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R.R Wilson Prize Lecture: Adventures with Accelerators
John P. Blewett

Brookhaven National Laboratory (Retired), 310 West 106th Street, New York, NY 10025

In this paper I plan to cover 60 years of Coolidge, the Lab's Director, was famous for
accelerator history in half a hour. In 60 years there his development of X-ray apparatus. He considered
are a little over a million half hours, so this will be the betatron to be an important X-ray source and, in
a compression by a factor of 106. I can't be very 1941, he welcomed Don Kerst who had built the first
complete-just a few glances at that history as seen betatron at the University of Illinois. With the
from wherever I was at the time. help of GE's engineers, Kerst built a 20 MeV machine

My first contacts with big accelerators were and then returned to Urbana. But GE's interest
in the mid-thirties when I was a graduate student at continued and it was decided to build a 100 MeV
Princeton. Every year we students made our way to machine at the GE Research Lab. This was done,
Washington for the spring meeting of the American primarily under the direction of one of GE's best
Physical Society, held at the Bureau of Standards engineers, Willi Westendorp. This was quite a
which then was a cozy affair out Connecticut Avenue spectacular machine operating at 60 Hz, making a
about a mile past the Shoreham Hotel. First we deafening noise and producing a truly lethal X-ray
found a cheap rooming house, then we made our way beam.
out to the meeting; about five hundred physicists During the war we were distracted from
attended in those days and everybody knew accelerators by the need for equipment to jam the
everybody else. We looked forward to the annual German and Japanese radar systems. This, with the
debate between Millikan, Compton, and Swann cooperation of the Radio Research Laboratory at
about what were the cosmic rays and where did they Harvard, we accomplished quite easily.
come from. Then we would troop to the Department In 1944 a letter to the editor of the Physical
of Terrestrial Magnetism to see Merle Tuve, Larry Review came to my attention. The Russians,
Hafstad, and Odd Dahl and their 1.3 million volt lwanenko and Pomeranchuk, presented a formula for
Van de Graaff machine-one of the most spectacular energy losses by electrons in circular paths and
physics operations to be seen anywhere in those suggested that this might set a limit to the energy to
days. which electrons could be accelerated. Since the

The next contact was back at Princeton where formula indicated energy losses proportional to the
Milton White and Malcolm Henderson had just fourth power of the energy, this evidently deserved
arrived, bringing us the cyclotron gospel from attention.
California. They were to build a machine with a 40- All innocent of the fact that the same
inch pole; its magnet yoke proved to be so huge that formula had been worked out by Lienard in 1899, I
it would not go through the laboratory door. A big worked through the electromagnetic theory and
hole had to be knocked out of the outside wall. The concluded that the Russians were right. Moreover, it
rest of us, doing tabletop experiments for our theses, appeared that the effects on a 100 MeV beam should
were stupefied by the grandeur of this operation. be easily detectable. The theory indicated also that

From Princeton I went to England-to the the radiation should be in a very narrow beam
Cavendish Laboratory-for a year of work under the directed straight ahead of the radiating electron,
direction of Lord Rutherford and Mark Oliphant. and so should exist in a spectrum with a great many
Cockcroft and Walton's voltage multiplier was still harmonics of the revolution frequency. But the
standing, but was superseded by a new multiplier vacuum chamber of the 100-MeV machine at GE was
built by Philips in Holland. An intriguing feature opaque, so nothing could be seen. However, it was
was an electric typewriter built by Wynn-Williams easy to show that energy losses should make the
to record data from the Cockcroft-Walton set. But radius of the electron orbit shrink appreciably at
Wynn-Williams had left and nobody else could the end of the acceleration period. Westendorp had
make the typewriter work. already observed an unexplained orbit shrinkage; I

My work was on the range-energy relation calculated its predicted amount and found complete
for slow alpha particles-relatively unimportant, agreement with the observations.
but every day "the Lord," as Rutherford was I published my calculations and our
affectionately called by his students, came around observations on the 100-MeV machine in 1946. Only
about noon to ask how the work was going. later did I become aware of Lienard's work

I returned to the U.S.A. to a job, paying (remember, he was the one who invented retarded
$3,000 a year, in the Research Laboratory of the potentials) and of another monumental opus, the
General Electric Company in Schenectady. 327-page Adams Prize Essay of 1908 by G.A. Schott,
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scholar of Trinity College, Cambridge on faint. So now it is called "synchrotron radiation"
"Electromagrntic Radiation." That essay contained although it was first detected in a betatron.
the complete theory of radiation from accelerated We were not the first to produce an operating
charged particles. Its only weakness was that the synchrotron. The British team of Goward and Barnes
formula describing the spectrum of the radiation was had very quickly thrown together a tiny 8-MeV
expressed in Bessel functions of very high order not machine which worked long before ours was
to be found in available tables. This was rectified in finished.
1949 when Julian Schwinger published his elegant In 1946 1 heard about the founding of the
paper, "On the Classical Radiation of Accelerated Brookhaven National Laboratory; it was to be a
Electrons," in which he converted Schott's spectrum center for all sciences involving the nucleus and it
formula to one using tabulated functions, was to build equipment so big that single universities

It should be noted that, at that time and for could not afford it. Stan Livingston who, with Ernest
some time thereafter, this radiation was regarded Lawrence had built the first cyclotron, was to head
as nothing but a nuisance, setting an upper limit to the accelerator group. He wanted to build the
achievable energies. No one appreciated the largest cyclotron ever seen for 750 MeV but he was
possibility that the radiation might be a useful overruled by I.I. Rabi who decreed that
experimental tool. Brookhaven's first accelerator should surpass a

It was then that the synchrotron appeared billion volts. This meant that it had to be a proton
on the scene. We read Ed McMillan's paper with synchrotron-a machine that presented many
fascination. Did his phase oscillation equation unsolved problems. All of this was very exciting for
indicate a stable oscillation? To the me and I decided to leave GE and get in on the
mathematically sophisticate it was evidently OK, founding of the new Laboratory. So I departed
but I thought it would be nice to solve it with a new Schenectady and moved to Long Island.
calculating engine that GE's engineers had created. Unfortunately the 70 MeV synchrotron at GE wasn't
It performed integration with a system of discs finished yet, so I missed the first eyeballing of
revolving in contact with the surfaces of other synchrotron radiation.
rotating discs and took up a room 85 feet long. It had The Cosmotron, as we named our prospective
been quite useful in solving some problems of electron proton synchrotron, presented rather terrifying
orbits in vacuum tubes, so I fed it the phase problems associated with size and shape. Electron
oscillation differential equation. To my distress, it synchrotrons like McMillan's 300 MeV machine
supplied a solution that continually increased in involved relatively small magnets arranged around
amplitude. After some thought, I decided to feed it a circular orbit about six feet across. His vacuum
the equation for an undamped sine wave. To my chamber was a toroid with an aperture of a couple of
relief, the machine again yielded an increasing inches in the radial direction and about one inch
amplitude. The conclusion was that backlash in the high. But our energy was ten times higher-we
integrating mechanisms made the machine chose to aim for three billion volts-and protons are
unsuitable for equations with periodic solutions, not bent into circular orbits as easily as are electrons;

About this time Ed McMillan himself our orbit would be at least sixty feet in diameter.
appeared in Schenectady to ask for advice on how to How much space needed to be provided in the
construct the laminated magnet for his proposed 300- vacuum chamber for proton excursions from the
MeV synchrotron. Westendorp and I, with several equilibrium orbit restrained only by weak focusing?
others, spent a good deal of time with him, showing Remember, strong focusing had yet to be invented.
him our so!.,tions to problems with the betatron The problem of aperture also was faced at
magnet. Then he went home and we began to think Berkeley at Ernest Lawrence's Radiation
about our skill in building machines and about all Laboratory, which had been approved at the same
the parts we had lying around. Herb Pollock, Bob time as we were for a machine twice as big as ours to
Langmuir and I, with several of our associates, said be called the "Bevatron." Estimates of necessary
to ourselves, "Suppose we put together a machine aperture at Berkeley ran from one by four feet to four
for, say 70 MeV? We could be the first in the world by fourteen feet. The Bevatron finally was built so
to produce an operating synchrotron." And, indeed, that the aperture could be four by fourteen feet, but
that is what we did. Our machine operated in 1947; pole pieces could be inserted if it turned out that all
it had a transparent vacuum chamber and almost that space wasn't needed. As a check on these
immediately the electron radiation was observed, a guesses, they built a quarter-scale model of their
small bluish white spot at the side of the chamber machine with shutters that could be closed down to
where the beam was approaching the observer. At see at what aperture the beam disappeared.
lower energies the spot changed color; at 40 MeV it Our approach was quite different. Our little
was yellow and at 30 MeV it became red and very group included two very bright young theorists,
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EBmot Cowant and Nelson BDhmaL They worked in Fig. 1. The final shape of the gap was the result
out the details of the proton orbits, taking into of magnet model measurements and many hours of
acc*ut the achievable vacuum and all effects of tedious calculation. We tried to get help from a
componme mnltlpments, wad concluded that a gap "computing bureau" in New York that consisted of
nine Inches high and thirty-six inches wide would twenty people with mechanical adding machines,
be quite adequate. With considerable daring, we but they were virtually useless and the complex
decided to disregrd the Berkeley guesses and build relaxation calculations of field patterns in the end
as we were told by Courant and Blachman. After were done by Hildred Blewett.
deep thought, I proposed the magnet structure shown
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Figure 1. Cross section of the Cosmotron magnet

There were a host of other problems to be Berkeley quarter-scale model was completed and
solved in the first proton synchrotrons. With tests on it showed that the beam was lost at an
injection at 4 million volts from High Voltage aperture larger than we were building into our 2000-
Engineering's first Van de Graaff machine, the ton magnet. Today it is evident that the model did
proton velocity is less than one tenth of the final not meet the mechanical tolerances that we built
velocity-which is quite close to the velocity of into the Cosmotron, but at the time we were very
light. So the radio frequency accelerating field must scared.
change in frequency by more than a factor of ten and Then Fortune befriended us. At Berkeley and
the accelerating cavity had to be tuned over that Livermore a huge, very secret project was started
range. For this purpose, we introduced to the United aimed at production of fissionable material for the
States the ferromagnetic ferrites that had just been national defense program. The whole Bevatron staff
discovered at the Philips Laboratories in the was transferred to this project for two years and we
Netherlands. were given the chance to be first to a billion volts.

We wanted very badly to be first in the We made it in May of 1952. It was a glorious victory;
world to a billion volts, but we were terrified that it was indeed a critical victory. If the Cosmotron
the mighty Berkeley powerhouse of talent and had failed, Brookhaven's splendid program in high
experience would beat us to it. Then, in 1949, the energy physics might never have been started.
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Caqupmtly, I feel that the Cosmotron was about left over, so we very quickly built a small model of a
the most important project in my career. strong focusing, high-gradient magnet that provided

That summer of 1952 we heard about the the basis for the first CERN magnet design. But the
organization of the CERN Laboratory, to be a new most important project we undertook for CERN was
European center for high-energy physics. They were to persuade them that PS design projects scattered
well Impressd by the design of the Cosmotron and all over Europe would make no rel progress until all
planned to build a scaled-up version of our machine were assembled in Geneva, the final site of CERN.
to reach 10 billion volts. We learned that they In September of 1953 at last we all moved to Geneva.
would visit us during the summer of 1952 to ask our A month later the CERN group was subjected to a
advice about a variety of problems. Livingston was public examination by accelerator experts from all
anxious to be of all assistance possible and he over the world. Though suffering from beginners'
suggested a design change to reach higher fields in terrors, they passed the examination with flying
our magnet. The Cosmotron magnetic field pattern colors. In 1954 we came home, confident that CERN
above about 13 kilogauss was affected by saturation was headed for a brilliant future. We indeed were
effects so that the field gradient increased to levels justified.
where weak focusing was no longer possible. I note in passing that confidence in strong
Livingston suggested placing some magnet returns focusing was not universal. We, CERN and Bob
outside the orbit so that the high gradients would Wilson at Cornell proceeded with strong focusing
average out to the low gradient required. He asked machines. But, even after our announcement of the
Ernest Courant to analyze the effects of alternating new method, old fashioned weak focusing machines
gradients on the orbits and to Ernest's surprise, he were built at Argonne (the ZGS), at Princeton (the
found that the focusing was much improved when Princeton-Penn accelerator), and at the Rutherford
the gradients were such as alternately to focus and Laboratory (Nimrod).
defocus the beam. The higher the gradients, the We returned to find Brookhaven's AGS well
better was the focusing strength. Hartland Snyder underway. While we were at CERN, BNL had
came by and reminded us of the optical analog: the decided to build an "Electron Analog" to test our
combination of a focusing lens and a defocusing lens of ability to pass through the "phase transition"-a
equal strength is focusing, no matter which comes sudden phase shift that hadn't existed in the
first. Thus was strong focusing born. Immediately it Cosmotron, but would be necessary in the AGS. I took
was evident to me that this was the solution to the a dim view of this project. Kjell Johnsen had
fundamentally defocusing accelerating fields in analyzed the problem and concluded that it would
linear accelerators. All that is necessary is to be easily solved. Anyway, the analog worked as
include alternating focusing and defocusing Johnsen had predicted and people no longer feared
quadrupoles-either electrostatic or magnetic-and the phase transition.
proton or ion linear accelerators of high intensity The AGS and the CERN PS worked as
become possible. Our papers on the strong focusing expected and, indeed, are still working after over 30
synchrotron and focusing in linear accelerators years. Meantime a group of us turned our attention to
appeared in The Physical Review in December of the next big accelerator. Official Washington
1952. decided that this was to be for 200 GeV, that it was

The visitors from CERN--Odd Dahl, Frank to be designed at the University of California, that
Coward and Rolf Wideroe-appeared shortly after the Atomic Energy Commission would conduct a site
this discovery. We told them our story; they lost no search and that Brookhaven should study future
time in abandoning their 10-GeV Cosmotron and machines for up to 1000 GeV. After a fair amount of
raised their sights to a new strong focusing machine administrative foolishness and disagreement within
in the energy range of 30 GeV--almost exactly the the high energy physics community, the Fermilab
machine which we now had in mind. Also, they emerged to become the distinguished center that it
invited Ernest Courant, Hildred Blewett and me to now is.
come to Europe and help organize CERN's proton Meantime at Brookhaven, Luke Yuan and I
synchrotron effort. Hildred and I accepted, and organized a number of studies of "super energy"
early in 1953 we found ourselves located in Bergen, machines and raised questions with the high energy
Norway where Odd Dahl, the head of CERN's PS physics community about what they wanted in the
group, lived as head of the Mikelsens Institute. We future. In 1963 at a Brookhaven summer study, we
soon made friends with a promising young could find only three experts who favored colliding
Norwegian protege of Dahl's--Kjell Johnsen-and beams. Under pressure from the Columbia group
found ourselves established in the Physics headed by Leon Lederman, it was decided that
Department of Bergen University. They had just colliding beams should be left to CERN.
built a betatron and had some magnet laminations Brookhaven should concentrate on souping up the
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intensity of the AGS for improved studies on sure you know, the project has been a great success
neutrinos, with, by now, over two thousand users from

Eventually, we came to a design for a new universities, industry and other institutions.
colliding beam machine, known as ISABELLE-ISA Now, light sources are springing up world
for "Intersecting storage accelerators" and BELLE for wide. I am particularly attached to a 13 GeV ring
good measure. ISABELLE lived long enough for us to in Taiwan having been a member of its Technical
construct a two-mile tunnel, now about to house Review Committee since 1984. It is a beautiful
RHIC, a heavy ion colliding beam ring. I think it machine and is just now coming into operation. Its
fair to suggest that ISABELLE was an important staff reminds me of Cosmotron days when a
stepping stone on the way to the SSC. collection of beginners gradually turned into

During President Carter's regime, I professional accelerator builders.
orpnized a program at Brookhaven for development I conclude with a mention of a graph which I
of energy sources, but eventually I found my way back evolved around 1960 of logarithm of achieved
to accelerators and formed an alliance with Ken accelerator energy against date. This proved to be a
Green, Rena Chasman and Jules Godel to start a reasonably straight line indicating an increase of
project for a synchrotron light source for Brookhaven. energy by a factor of ten every six years. Stan
By now it had become evident that synchrotron Livingston and I wrote a book about accelerators in
radiation could be useful in a great number of fields. 1962 in which we published this graph. It is
The pioneers in this area were at Cornell and at the interesting to see how this plot looks at present. In
University of Wisconsin, where the remains of adding points for colliding beams I use the
MURA (Midwestern Universities Research equivalent energy required for a static target. The
Association) had refused to die and had begun to linearity of the graph persists quite nicely-still a
exploit the radiation from one of MURA's electron factor of ten every six years. Drawing the line as
models. Now it seemed appropriate for Brookhaven carefully as I can, it seems to predict that the LHC
to provide a "National Synchrotron Light Source." I will be completed around the year 1998, while the
edited the proposal and Ken and Rena provided the SSC is not due until the year 2003.
basic design. We were quickly approved and, as I am
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Abstract (eV/cm) for ne expressed in electrons/cm"3 . This gives I <

We describe the results from recent experiments1 on the Eaccel < 10 GeV/mn for 1015 < ne < 1017 cm"3 and a modest

plasma beat wave accelerator (PBWA) scheme at UCLA. A wave amplitude of 30%. Potential applications of this

relativistic electron plasma wave (which is the accelerating technology are in compact GeV-scale linacs and perhaps more

structure) is resonantly excited in a plasma by the beating of affordable TeV-scale linear colliders. This pan presents some

two CO-pOrPagating electromagnetic waves (obtained from a recent experimental results on one such plasma accelerator
C02 lae operating simultaneously 00 two wavelengths). A concept. namely the plasma beat wave accelerator.

2 MeV. 200 mA (peak-current) electron beam, roughly I nsec
(FWHM) in duation is used as a source of test particles for PHYSICAL MECHANISM

meisuring the longitudinal fields of the plasma wave which The accelerator structure in the plasma beat wave scheme is
itself is moving with a relativistic Lorentz factor of about 34. an electron plasma wave which is a normal mode of the
Accelerated electrons are energy-selected with an imaging plasma. The means by which this wave is excited is
sector magnet and detected simultaneously with a cloud illustrated in Fig. 1. When two laser beams of slightly
chamber and surface barrier dtectors. Initial experiments show different frequency are propagating together, there is
that electrons are accelerated up to 20 MeV over roughly 1 cm constructive and destructive interference of their transverse
(the uniform length of plasma) indicating an gradient of electric fields forming a beat envelope as shown in Fig. 1(a).
acceleration of more than 1.8 GeV/m. In this case, there is a longitudinal modulation to the total

field intensity. The plasma electrons experience a force, called
INTRODUCTION the ponderomotive force, which is proportional to the gradient

In the last 5 or 10 years, there has been a great deal of of the field intensity and is thus directed towards the local

interest in advanced accelerator concepts.2 The primary minima of the beat-envelope patter. This tends to bunch the

motivation behind this research is to increase acceleration electrons into the minima of the beat envelope (as shown in

gradients to levels beyond the - 100 MeV/m limit of Fig. 1(b)) with a period given by the difference wavenumber

conventional rf technology. Much of this effort has been in Ak. As the beat envelope propagates (to the right in Fig. 1),

the area of collective acceleration using plasmas.3 Plasma the electrons oscillate longitudinally at the difference frequency

technology has the potential for 10-100x higher gradients than Ac). Now, because the plasma ions are too massive to

state-of-the-art rf technology. For example, for a working respond to the beating force, they do not move and so the
electrons will also feel a restoring force due to the space-charge

2 field between the bunched electrons and the stilf uniform ions.
SThe plasma frequency O~pe is the natural frequency of this

mode of oscillation (where plasma electrons are displaced from
0their equilibrium position). If the plasma density and thus the

...... plasma frequency is chosen such that rpe = Am, then the
plasma wave will grow rapidly with time until a nonlinear

-2 12 relativistic saturation4 limits the amplitude to e - 40%
Au dsw (typically) for our experimental parameters.

.; .'. ,OVERVIEW OF EXPERIMENT

b A cartoon of the top-view of the experiment is shown in Fig.
obet 2. The two-frequency laser beam 5 is focused into a vacuum

Figure 1: (a) Interference or beat pauen formed by two lae chamber filled with about 140 mT of hydrogen gas. The
beams of slightly different frequencie. (b) Density bunching
caused by the longitudinal ponderomotive force from the plasma is formed by laser-ionization of the gas through
intensity gradients in (a). tunneling ionization. 6 Upon full ionization, the plasma wave

grows up and, since the bunched electrons resemble a grating,
plasma density of ne and a plasma wave amplitude of e, the the wave can scatter optical beams, thus allowing optical
accelerating electric field Eaccei is given by Eaccel - e(ne) 1/2 diagnostics of the wave. The parameters for the laser and
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nwave ae given in Table 1. An important point Table 1: Experimental parameters for the laser, plasma,
to note is that the Rayleigh range is about I cm and this will plasma wave, and electron injector.
be one of the limiting factors in the experiment. Tile electric Laser

fields of the wave are probed directly by injecting electrons Source C02 laser
from an electron linac. 7  The linac parameters are also Wavelengths 10.591, 10.289pm
summarized in Table 1. The electrons are focused through a Energy per line (typ.) 60 J, 15 J

Spot radius wo 150 pm
7" ""4 %uu.m PmmeRayleigh range 2zo 1.3 cm

sourc Electron quiver vel. 0.17,0.07
Pulse risetime 150 psec
Pule FWHM 300 psec

Plasma

Source Tunnel ionization
Density 8.6 x 1015 cm"3

Gas Hydrogen
Plasma period Vp" 1  1.2 psec

lte c dian ce"• '"Plasma wave wavelength 360 pm

Figure 2: Cartoon overview of the main experimental Lorentz factor Ypl 34

apparatus. Accel. gradient for 11% wave I GeV/m

small hole drilled in the large CO2 laser focusing mirror, Electrons
allowing the electrons and laser to propagate collinearly as is Source RF LINACEnergy 2 MeV
necessary for the experiment. The electrons are focused to a Peak current 200 mA
spot of about 260 pm diam which is smaller than the laser Emittance 6n mm-mrad
spot allowing good coupling of the electrons to the plasma Focused spot radius 130 pm
wave. A double-focusing sector magnet selects the energy of RF frequency 9.3 GHz
the accelerated electrons which are detected by the electron Micropulse separation 107 psec
diagnostics. These will be discussed in more detail in a later Electrons per micropulse 1.7 x 107

section. Micropulse length 10 psec

time-dependent density one thereby calculates can be inserted
into a computation of the plasma wave growth. The result of

0.15 T 1 1 such a modeling is shown in Fig. 3. The plasma reaches full
ionization at best focus after about 25 psec into the 150 psec

CD rise of the lasr pulse. At this point, the plasma wave begins
" ".0.05 - ............... ..... Ion to grow until relativistic saturation occurs after about 70 psec.

..... Instab. This particular calculation was for oi,,.= Aa. If one sets ap
0" slightly above A4, the relativistic saturation is delayed and a
E0.05 .

peak wave amplitude of 40% can be expected. 10

The timing of the CO2 laser and the 1 nsec FWHM linac
-0.15 1 I 1 macropulse is set to within ±100 psec. However, due to the

-300 -200 -100 0 100 200 300 technique by which the C02 pulse is generated, it is not
Time (psec) possible to phase the exact micropulse timing to the timing of

Figure 3: Bottom graph shows a calculation of the plasma the peak fields in the plasma wave. A typical streak of the
wave amplitude vs. time for our laser parameters and the laser electrons (from Cherenkov light) is shown in the image above
rising at t=O psec. The model cannot predict what happens later the graph in Fig. 3. One can see that there will be roughly a
in time due to ion instabilities. The top image is an actual streak 50% probability that a micropulse will interact with a field of
of Cherenkov light from the linac electrons with the same time at least half the maximum fields of the plasma wave. The
scale as the graph. probability of interacting with higher and higher fields

continues to drop until there is an approximately 10% chance

MODELING OF THE EXPERIMENT of a micropulse interacting with the peak plasma wave fields.

With the laser parameters listed in Table 1, one can model DETAILED EXPERIMENTAL SETUP
the experiment8 to find out.what sort of dynamics to expect in
the experiment. For example, the plasma formation can be A more detailed view of the experimental setup is shown in
modeled using the proven tunneling ionization theory9 and the Fig. 4. The CO2 laser and the electrons are both focused into
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the plasma which is located at the cente& of a cross piece in the produce some ionization of the gas and thus visible tracks, the
vacuum chamber. The back- and forward-scattered CO2 light tracks are typically short and kinked as they are due to low
as well as the Thomson scattered probe beam are indicated by energy (<50 keV) electrons which are kicked out by the x-ray
arrows. These three scattering diagnostics comprise the optical absorption in the dry air. The actual signal due to accelerated
diagnostics of the wave amplitude mentioned earlier. electrons should appear quite distinct from these tracks. They

"1b Fomrd smtt Suda b :1.should be straight tracks, traversing the entire field of view of
SemM the camera and they should appear to originate form the

-- aperture in the chamber.

CloudEXPERIMENTAL RESULTS
Chanftr Null tests

C& k•L- Ideally, the presence of signals on the two electron
Mora 1"Me detectors should only occur if the three main components of

a__ the experiment are present. These are; (1) the plasma, (2) the
injected electrons, and (3) the beat wave. If any of these are

"-"tln turned off, we would expect that there would be no signal on
P' sMl ---- fi, the electron detectors unless some other physics is occurring

bm -- besides beat wave acceleration. The result of these null tests
f • l.=M.are summarized in Table 2. As indicated in the third column,

VACUUM we see no evidence of acceleration by the laser beam itself, of
i acceleration of non-injected electrons (from for example,

Figure 4: Detailed view of the experimental setup. instability-heated electrons), or of spontaneous generation of
an accelerating structure through some mechanism other than

Injected elecrons which do not interact with the plasma beat wave (as in, for example, Raman forward scattering).
wave follow a small-radius trajectory and are dumped in a Cloud chamber data
plastic beam dump as shown in Fig. 4. Electrons which are When the plasma, external electron source, and two-
accelerated follow a larger radius trajectory and are detected in frequency laser are fired up simultaneously in about 140 mT of
one of the electron diagnostics: a silicon surface barrier hydrogen gas, tracks are observed in the cloud chamber as seen
detector (SBD) or a diffusion cloud chamber. in Fig. 5. For the image in Fig. 5(a), the electron

The SBD, along with a preamplifier, produces a signal of spectrometer was set to direct 5.2 MeV electrons into the
about 20 mV per electron and can thus easily detect single aperture of the cloud chamber and the magnetic field
electrons. It also has the advantage of providing a quantitative surrounding the cloud chamber was off The tracks have the
measurement of the number of electrons over a large dynamic characteristics of high-energy electrons discussed earlier, that
range (by changing the preamplifier gain). But it has one is, straight lines, long range, and directionality. The scatter in
major disadvantage and that is its sensitivity to x-rays. In fact, the angles is probably dominated by scatter in the 25 ;Lm
one cannot discern the difference between an electron signal and Mylar vacuum-exit window and the - 6 cm of 1 ATM air
an x-ray signal except through the statistics of many data shots between the vacuum window and the beginning of the field of
and null tests. For the experimental setup shown in Fig. 4, view. Subsequent calibrations indicate that Fig. 5(a) is
the contribution from x-ray noise varies from about 30
electrons worth of signal when the electron spectrometer is set Table 2: Summary of the key null tests performed.
to 3.5 MeV down to < 1 electron worth of signal when the
spectrometer is set to 20 MeV. Condition Result Conclusion

The other electron detector is a simple, home-made Linac & 2-frequency Only usual* No acceleration by
diffusion cloud chamber11 which uses a methanol bath at dry laser but no plasma x-ray noise. laser only.
ice temperature in a chamber of I ATM of dry air. A piece of (chamber evacuated).
felt wicks the methanol up to the top of the chamber and the 2-frequency laser & No signal No trapping of
methanol vapor falls back into the bath, going through a plasma but no linac at all. background
region of supersaturation. The electrons ionize the air and the (linac beam blocked), plasma electrons
methanol condenses on the ions along the electrons' path. The or SRS-generated
chamber is shielded in lead and surrounded by a coil which can tail.
be energized to provide a - 260 G vertical magnetic field Single-line laser & Only usual* No substantial
throughout the active region of the cloud chamber. The tracks linac & plasma (no x-ray noise. level of stimulated
are recorded by frame-grabbing CCD camera. The big second frequency). Raman forward
advantage of the cloud chamber aver the SBD is that it 1. scattering.
essentially immune to x-ray noise. Although x-rays do of signal.

e No signal => less than 1 electrons worth of signal.
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composed of about 103 tracks. 12 For Fig. 5(b), the external about 8% or so. This is probably due to hydrodynamic
magnetic field was energized causing the electron trajectories expansion of the plasma column during the -100 psec time

and therefore the tracks to bend. For this shot, the electron scale of the interaction. The individual points on Fig. 6 are

spectrometer was again set to 5.2 MeV as in Fig. 5(a). An single laser shots. All the shots which show electrons signals

image with a small number of tracks was chosen in order to above the x-ray noise (which is around 200-300 mV) also

see individual tracks. Three theoretical trajectories calculated show evidence for a large-amplitude plasma wave on the three

for 5.2 MeV electrons are overlaid onto this image. The good optical diagnostics. 8  Shots with small electron signals

agreement indicates that the electrons were within 10% of 5
MeV; i.e., 2.5 times higher energy than the injection energy
of 2 MeV.... ... - .... 3.5MeV

n 4.1 MeV
4 0 6.5MeV

• 10 t .............. X 5.OMeV

+ 7.3MeV
St f•X A• 8.6MeV

S1031 ............... ............ b .. Cou h m e

(a) aperture 0 Cloud Chamber:
w o

Accelerated Low energy 2. 0 . 0

electron track noise 100 120 140 160 180 200

Pressure (mTorr)

Figure 6: SBD signal vs. vacuum-chamber fill pressure for
various settings of the electron spectrometer. The open points
are from Detector A and the solid point is from a calibration of

3.4 cm the intensity of the tracks in Fig. 5(a). The hatched bar is the
range of the expected resonance.

near 140 mT either did not have a plasma wave (according to
the optical diagnostics) due to lack of two frequencies in the

Calculate trajectory laser or they did have a plasma wave but the electrons were
unsynchronized due to the micropulse structure of the linac

4 - 7.25 cm - beam. The data in Fig. 6 were taken with the experimental

(b) arrangement of Fig. 4 and for this arrangement, the SBD
detector is refenred to Detector A.

Figure 5: Images of tracks in cloud chamber with the electron Detector A is limited to viewing energies below 9 MeV
spectrometer set to send 5.2 MeV electrons into the aperture of due to the maximum field obtainable in the electrons
the cloud chamber. (a) No external magnetic field. Relative
location of the aperture is shown. (b) With 260 G external field. spectrometer. To extend the electron energy measurements to

Calculated trajectories are overlaid as the thin white curves, energies beyond 9 MeV, a new port was added to the electron
spectrometer at about 5x the radius of curvature shown by the

SWface barrier detector data long-dashed curve in Fig. 4. In this case, two SBD's were

While the cloud chamber dramatically confirms the collecting data for each shot: Detector B at the low energy

existence of accelerated electrons, it is not a very quantitative position and Detector C at the high energy position. A

diagnostic. The SBD, however, is quantitative since the signal summary of the number of detected electrons (SBD signal indiagnstic.mV times electrons/mV sensitivity of the detector/preamp

level is directly proportional to the number of electrons

striking the silicon detector. Figure 6 shows the SBD signal combination, corrected for any limiting lead apertures placed

vs. fill pressure of H2 gas in the vacuum chamber for a variety over the detectors) vs. the energy location of the detectors.

of electron spectrometer settings. Since we expect that the gas Although this data was accumulated over many laser shots, we

is fully ionized and since the bealwave is a resonant can see that the numbers are falling off rapidly with energy,

phenomena, we can predict the range of pressures over which a going out to 20 MeV. This rapid fall-off with energy can be

substawtial level of plasma wave will exist. This is shown by expected for two reasons. First, the electrons are not pre-

the hatched bar along the pressure axis near 135 mT. bunched and therefore occupy all phases in the acceleration

Experimentally, we find that we must overfill the chamber by buckets. Secondly, energy-bunching is expected to occur only
for longer acceleration lengths where transient or start-up phase
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slippage is not importanL In this experiment, however, the technology, one could envision building a small plasma
electom execute a large swing in pm=e as they accelerale from accelerator based on the beat wave concept which would
y- 5 (well below the Loren factor for the wave, 7i,• 1o 7- Wmppch the GeV energy range.
20 (slightly above yph).
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extension of the current C02 laser experiment in that it
requires no new physics. Thus, with today's glass laser
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.-I bstract and excites wakefields in the resultant plasma in synchro-
nism with the first laser. Energy change of the test elec-The peak power of 3OTW and the pulse width of ips pro- trons caused by the wakefield is measured by an energy

duced by the Nd:glass laser system is capable of creating a analyzer.

highly-ionized plasma of a moderate density gas on an ul- Whavens
Lrafst imescae an geerainga lrge mpltud plsma We have not yet conditioned the lps laser to attain the

wrafast time scale and generating a large amplitude plasma full power. Consequently, no conclusive demonstration of
wave with an accelerating gradient of the order of GeV/m. the acceleration has not yet observed.

We are going to demonstrate particle acceleration inject-

ing electrons of a few MeV emitted from a solid target by 2 THEORETICAL PREDICTIONS
intense laser irradiation.

We assume the Gaussian beam optics, in which the laser

1 INTRODUCTION beam has the wavelength A0 , the peak power P, the radius
wo(z) at the waist and the vacuum Rayleigh length zR.

Recent progress in ultrashort super-intense lasers allows The linear model with an unmagnetized, cold plasma of
us to test the principle of the Laser Wakefield Accelera- classical electrons and immobile ions gives the longitudinal
tor (LWFA) [1] . An intense, short laser pulse with peak wakefield excited by the Gaussian laser pulse as[2]
power of 30TW and pulse width of Ips is delivered by the mec 2Eo cos(kpz - wpt) 2
Nd:glass laser system GMII in Osaka University. This laser eE. = exp
achieves 1017_-1018W/cm 2 intensity, strong enough to cre- ZR[ + (zR) 2 ] _1+_(Z

ate a fully-ionized plasma on an ultrafast time scale by the (1)
tunneling ionization process. In a plasma with appropriate with the vacuum resistivity go = 37711, the plasma fre-

density, a large amplitude of wakefield is generated behind quency wp,, k = wpirvp with a phase velocity of the plasma

the laser pulse propagating through the plasma due to the wave vp, and

ponderomotive force. The phase velocity of the plasma = 0p ( f exp(-A0 . (2)
wave is highly relativistic so that the wakefield can accel- '0 = evrM2C4 A•-p 4
erate charged particles trapped by the plasma oscillation.

In these experiments, a chamber is filled with H2 or wher the plse length. The weldtis mae,-
He gas beforehand, whose pressure mates with the opti- mum when the plasma density gives the relation wit = ve-mumplamadenit fo acelratonif it is completely The maximum energy gained by an electron with re-
mnum plasma density for acceleration iitscopely locity equal to the phase velocity of the plasma wave isionized. Two 1.052pm Nd:glass laser beams are injected lociteq by te the aelociy fte along the is
iito the chamber. One with 200ps duration and 200GW obtained by integrating the axial wakefield along the laser
peak power bombarded a solid target to produce test elec- beam axis,
Irons whose energy ranges to the order of MeV. The other, (AE)m.. = E,(z)dz = xrmc 2 o. (3)
with ips duration and 30TW peak power, ionizes the gas 00

0-7903-1203-1/93$.003 01993 MM
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Figure 1: Evolution of the electron density n., the density
perturbation n and the axial electric field E, excited by a Figure 2: Experimental layout for electron acceleration.
1 ps Nd:glass laser pulse of the peak intensity 1018 W/cm2 .

cm 3, the density perturbation and the axial electric field
Trhe Ips, 30TW laser pulse at wavelength A0 = 1.052pAm excited by a 1 ps laser pulse with the peak intensity
should be able to produce the maximum energy gain of J0 = 101W/cm2 .
45MeV.

The trapping condition for an electron with energy 3T
and velocity /3 = v/c is given by 3 EXPERIMENTAL APPARATUS

eE,/(mecwp) 2 y(1 - /300) - 1/7y, (4) The chamber is filled with H2 or He gas beforehand with

static pressure to mate with the optimum plasma density

where ##~ is the phase velocity of the plasma wave and -o for acceleration when completely ionized. It is also possible

is the relativistic factor of its phase velocity defined as to feed the gas pulsively in synchronous with the laser
pulse. Two 1.052pm Nd:glass laser beams are injected into

,3= 1 the chamber. One bombards a solid target to produce test
= _ __ -#0 (5) electrons whose energy ranges to the order of MeV. The

C W -2• WP other with Ips duration and 30TW peak power ionizes
the gas and excites wakefield in the resultant plasma in

The trapping and the acceleration occur at the waist in synchronism with the first laser. The energy change of the
the Rayleigh length. The minimum threshold kinetic en- test electrons caused by the wakefield is measured by an
ergy to be trapped by the plasma wake is about 40keV for energy analyzer.
excitation of a 101'W/cm 2 intensity. The lasers are almost linear polarized. They are pro-

The present experiments utilizes the ability of tunneling cessed as follows[3]. A primary Nd:YAG laser pulse of
ionization of a short pulse laser. The phenomenon on an 130ps duratioii is coupled to a single mode fiber of 1.85km
ultrafast time scale (< 10fs) is distinct when the intensity in length. The beam is split into two at the exit of the
is greater than 1015W/cm 2 . The onset of tunneling ioniza- fiber, each has 200ps duration and 1.8nm bandwidth. One
tion is predicted by a simple Coulomb-barrier model. The is amplified and used for the electron production. The
threshold intensity [4] for the production of charge state Z other is also amplified to an energy of 41J with a beam
of the atom or ion with the ionization potential Ui is given diameter of 14cm, and it is finally compressed to a pulse
by width of ips by a pair of gratings. The output from the

Ilh = 2.2 x 101 5Z- 2(Ui/27.21) 4  W/cm 2 . (6) compression stage is focused into a vacuum chamber con-

The ionization rate (51 for a hydrogen atom is given by taining H2 or He gas with a focal spot size of ,- 100pom.
Because the wavelength for maximum gain in the ampli-

W = .110.87Ea 1/2 r 2Ea fiers (1053nm) is different from the central wavelength of

H&= 1.61¢ [10.8t E ] exp [- 1, (7) the charped pulse(1052.3nm), the spectrum of each of the
two amplified pulses is shifted downwards.

where w..,. is the atomic unit ,wi frequency(4.1 x 1016 s-') The repetition rate of the laser system is less than once
and E.,,. is the atomic field strength (5.1 x 10s V/cm). per hour. The pair of gratings, a focusing lens and the se-

Fig. 1 depicts the evolution of electron density in hydro- tups of Fig. 2 are contained in the chamber and evacuated
gen plasma with initial atomic density no = 2.415 x 1015 to - 10- 5 torr. The laser power and the time structure
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can be measured at the exit of the plasma chamber by a 2M0.

calorimeter and a streak camera with 0.6ps time resolu-
tion, respectively. In the course of optical alignment and
timing adjustment, the sourse Nd:YAG laser is used at the
pulse rate of 5H1. The alignment used a metal sphere with
a radius of 100pm, which was placed at the point to be fo- 1500

cused and whose image was observed by a CCD camera E
from the end windows. The direction and the position of
a final mirror were adjusted so that the sphere hides the 8
laser beam completely. " 100

The test electrons with energy satisfying the trapping •
condition are produced by irradiating a solid target by • -

the 403, 200ps laser. The electron production may be ex- C.
plained by the Raman instability or resonance absorption Soo
of the laser radiiation[6]. In order to inject electrons emit-
ted from the target into the laser wakefield at the waist of
the laser beam, a dipole magnet is used to select the elec-
tron energy in the range of 0.2- 3MeV. This spectrograph ._,_,___,_,_,
is placed between the target and the image point of elec- 0

trons, as shown in Fig. 2. The electrons are injected along 0.0 0.5 1.0 1.5 2.0

the axis of the main laser beam. The time delay between Eiectron Momentum (MeV/c)

two laser beams are adjusted by the optical path lengths
of two laser pulses. It takes account of the time-of-flight
of the electrons, which amounts to 1.8ns for electrons of Figure 3: Energy spectrum of test electrons.
1.5MeV/c. The test electrons are thus selected both by
the spectrograph and the time-of-flight.

The acceleration occurs at the waist of the laser beam from the plasma. We have to calculate the plasma density
characterized by a Rayleigh length of 25mm in the plasma from the gas pressure at the present.
chamber. The test electrons are bent by an angle of 900 We have tried acceleration experiments using the lps
in the dipole field of the spectrometer placed in the exit of laser beam with power less than 5TW. It is found that the

the plasma chamber. This spectrometer covers the energy energy spectra of electrons are certainly different with and

range of 10 - 45 MeV at the dipole field of 4.3kG. The without the existence of the test electrons; i.e., with and
without the operation of the 200ps laser. However, because

each of which is assembled with a 3 cm wide scintillator of the poor signal-to-noise ratio of the energy spectra, we

and a 1/2-in. H3165 photomutiplier. Shields of lead blocks refrain from publishing the results. The ratio has been pre-

and plates were necessary to reject background noise. The dicted by the simulation which numerically integrates the

pulse heights of the detector array are measured by the fast two-dimensional equation of motion. It gives the probabil-

multichannel CAMAC ADCs gated in coincidence with the ity of the electron trapping in this range of laser power to

laser pulse. The energy resolution of the spectrometer is be < 10'. We expect that the ips laser with the designed

1.3MeV per channel. power will give clear results.

4 EXPERIMENTAL RESULTS 5 REFERENCES
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A Wea rot keytwa followed by illustrative data and numerical
We have proposed that a new type of microwave simulatiou. We conclude with a brief discussion of a typical

resonator, based on Ptnmic Band Gap (P0G) structummy configuration for a PBG cavity smitable for an acceleramor,
be particularly useful for high energy accelerator. We and an outline of our test progru. We have presened a more
provide an explanation of the PBG concept and present data detailed introduction the idea of utilizin PBOsrtmes
which illusbt some of the special propaerties msociated with accelerator cavities (1]. We refer the reader to several prior
such structures. Frther evaluation of the utility of PBG aticla that may also be specifically useful [2,31.
resonators requires laboratory testing of model structures at
cryogenic empera• and at high fields. We provide a brief
discussion of our test program, which is currently in pqpn . IL A PHYSICAL EXPLANATION OF THE PBG

RESONATOR

I. INTRODUCTION The principal component of a PBG resonator is a
phoonic lattice; that is, a configuration which has a

The use of high Q cavity resonate. has become an periodically varying dielectric constant in at least one
integral part of the accelerator technolosy applicable to directon, and i unifomrin nil other pow"tnlections. We
present and future experiments in high energy particle define the dimension of the PSG element a the number of
physics. Currently, the resonators in use or under directions i which the dielectric function varies periodically.
construction, are based on geometric structur where the A I-D PBG structure, for example, could be a waveguide
normal modes are readily understood as a consequence of the filled with a set of dielectric slabs periodically spaced along
electric field satying the bunday conditiou imposed by its lngth. A 2-D Prg system could be a auice of very long
the metal walls of the cavity. The nature of both the parallel dielectric rods. A 3-D PBG structure could be
fundamental and higher order modes can often be composed of dielectic scatterers placed, for example, on a
qualitatively visualized, even though accurate evaluation of diamond lattice.4 The dimension of the photonic lattice
the mode frequencies may be numerically demanding. In plays an important role in determining the electromagnei c
contrast, the resonant cavities that we have proposed for mode chanuatrisics of the PBG resonator.
potential use in a future generation of accelerators are based Any actual PBG resonator will contain a dielectric
on what has been termed Photonic Band Gap (PBG) lattice terminated in some way (e.g., conducting walls or
structue and they ate sufficiently different from both the absorber). While it is difficult to solve the general boundary
traditional metal walled cavities or the diverse types of value problem, Maxwell's equations for an infinite periodic
dielectric resonators, that they have to be analyzed and dielect lattice can be solved numerically with relaive ease,
evaluated in their own right. Because the criteria for and the solutions obtained reflect the dominant properties of
establishing the resonant modes in a PBG structure are so any significantly large, but finite, section of such maeriaL
differnt, they (presently) cannot be designed or evaluated The essential characteristic of a periodically varying
with the level of intuition normally applicable to the dielectric medium, common to any dimension, is that regions
traditional cavity designs. Indeed, the differenc in mode of frequency exist for which no propagating modes are
densities may be one of the principal advantages of PBG present for waves traveling in a particular set of directions in
structures, with he possibility, for example, of designs that the lattice. These frequency regions are called bad gaps. In
have negligible or even no higher order modes. general, one finds band gaps for every direction of

In this paper, for the convenience of the reader, we propagation for which there is periodic modulation of the
present a physical explanation of the PBG structur and its dielectric conStant. However, if ther is a frequency region

where these band gaps overlap for all the possible
propagation directions, then the system is said to possess a

*This work mapponed by the Naonl Scine F=oWa DMR- comple photonic (i.e., electromagnetic wave) band gap. In
93-02913, and the Depaeunm of EnerAy, conurwu DE-PG-03- 1-D some complete band gaps are guaranteed for any
93ER40793 md DF-AC.03-76SF00515. periodicity in the dielectric constant, since there is only one

0-7803-1203-193"03.00 O 1993 IEEE
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direction of propsgatiouL In hgh dimensions, wbete or periodic lanice often produces a defect mode with dhe desired
not a complht PBG exists depends on the type of lattice, properties.
filling factr, dielectric mismatch, and scaerer strucme. To utilize the preceding type of resonance to

Once we have identified - infinite dielectric lattice accelerate an electron beam we consider modes where the
with a complete PSG, we may then ask how a finite section electric rf field is everywhere normal to the metal plates
of such a lattice will behave. Rather than having absolute with a maximum at the center (i.e. a monopole character).
forbidden frequency regions, a finite lattice will now have The bunched electron beam, suitably phased, would eater via
modes in the bond gap region which grow or decay in sone a hole in one plate, and emerge with increased energy
direction with exponential dependence. As a practical through a similar hole in the other plate. As with other types
example, if we imagine varying the frequency of a wave of resonant cavities, there would have to be provisions for
incident on a lattice and measuring the power which is coupling drive power into a cavity, which in tua could feed
transmitted, we would find regions of nearly perfect many other resonant cavities all at the same frequency, and
tramsmittaice, usually design d as pw brids, separed by suitably coupled by adjustments to the ktiercavity qap res.
regions of strong tenummt coresanding to the bead gaps. An illustration of a possible 3 section, 2x accelerator
If we are to apply the solutiom obtained from the infinite modular unit based on a triangular periodic lattice is
lattice to a finite lattice, we require that the length scale of presented in Figure 1. As we shall discuss, the triangular
that lattice be at least several times larger dan the largest lattice appears to be particularly advantageous as a PBG-
attenuation length in the lattice. defect resonant cavity for accelerator applications.

Having defined a PBO structme, how can it be useful
for devices requiring a cavity-like resonance? Let us now HgDieleri
restrict our discussion to a specific 2-D geometry. u Cylinders
structure simply consists of a periodic array of dielectric
cylinders, with the axe of the cylinders perpendicular to a
pair of bounding conducting plate on top and bottom. This
configuration may be tested (either in te laboratory or via
numerical simulatim) and it is found that indeed there are
regins of frequencies for which the tVanmission through a
finite length of the structure is exponentially enualted Ifir
waves incident frm my dirction. We will see later that it is
quite practical to find such configunation for 2-D systems at
microwave frequencies, and that the characteristic
attenuation lengths can be comparable to the lattice constant.

We now consider a sample of the structure that is
made with any circumferential geometry, as long as the
distance from boundary to center is many times the value of
the longest attenuation length for the frequency range of
interest. One can make a perturbation to the dielectric region Conducting
near the center of this lattice, and arrange to couple energy Plates
into that region via a suall probe placed in a hole drilled
hrough one of the metal plates above e perturbed site. We Figure 1. A schematic view of the proposed 2x

know that no energy radiating from the probe will propagte accelerator unit. In this example the unit consists of three
radially outward, because waves in all directions are triangular photonic lattices, separated by superconducting
exponentially attenuated for frequencies within a complete sheets. Each of the lattices has a cylinder removed to allow
PBG. Thus, in general, the energy incident via the probe will the formation of a defect mode with an electric field

be fully reflected. However, if the perturbation to the maximum in the center. Holes drilled through the conductingplates would allow a particle beam to be accelerated through
dielectric is strong enough, it may be possible that for some dhe uni al
frequency, occurring within the PBO region, the
elctromagnetic fields may just match onto the exponentially 11. NUMERICAL SIMULATIONS AND
decaying waves perfectly, for all directions, and constitute a ILLUSTRATIVE EXPERIMENTS
resonant mode of that system. Indeed, we find that we can
make configurations with the properties just described. The As a first approach to designing a potential PBG
perturbation is termed a "defect!, and the resonant mode is a accelerator cavity, we need to determine whether the structure
defect mode. In this special circumstance we would frind has complete photonic band gaps. This information can be
that energy can be coupled into the "cavity" where the found by computing what has come to be termed the photonic
electromagnet fields corresponding to that mode will build band structure. Since we are concerned with 2-D
up until the losses equal the incident power flow. As it um s, and we wish to accelerate particles frone
out, completely removing a cylinder from an otherwise
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plate te do , we r urict ouanon to modes in which 2
the electric fil.ds we polarized along the cylinder axes (TM
mod.). Thus, doe wave equation we solve tedwes innMI~). "l~i~l~wl~qnl~lwe• l•1.6 •

V2E(i) = -.N'e(I)E(x) 
(1) 1

whom, the dielectric function satisfies

1.2

The vector i Is my primitive lattice v tr e methods for
solving Eq. (1) ae well-known [1-51; the solutions ae Bloch ,
waves, which have theform ,

E(I) = uj(i)e" (3)

where ui(i+d)=ui(i). Th vector i indexes solu=, 0 r x M r
and is referred to a the wave vector. For each value of k F 2. The plotonic bandaucture far the square
there is a discrete set of solutions with a discrete set of lattice of cylinders with dielectric constant e=9. The lattice
frequencies (ain(k)). The solutions for a given n we cylinder diameter is 1 cm, and the lattice spacing is 1.27 cm.
conminous as a function of the wave vector, forming sheeos in Mw three bond gaps ar indicated by the shaded aea.
reciprocal space. Them sheets ar known as halds, and n, the

band index, refers to a given sheet. The bnds, due the along the (10) direction. The sample was a 7 X 19 array of
periodicity of the lattice in coordinate space, ar also periodic cylinders, with dielectric constant e--9, set in a precision
in reciprocal spaue it is thus sufficient 10 view the solution an uired Styrofoam template. Microwave absorber was placed
a I ted region of reciprocal space called the Brillouin surrnding the scattering region, which minimized reflection
Zone (BZ). Because the rel lattice has fourfold rotational tck into he lattice. Notet sharp attenuation at frequencies
and reflection symmetries, only the solutions for a single corresponding to the gap region in the calculated
octaut of the square BZ ar unique. A plot of the mode bandstructure of Figure 2. The transmittance is reduced by
frequencies ({u(k)) corresponding to lattice vectors along over 40 dB, and has reached the noise floor of the microwave
the boundary of the BZ comprises the phlic binad sctm, sweeper (a Hwewlet-Packard 875%A scalar networ analyzer).
The Brillouin Zones od band ucues for lattices wih other The configuration used for Figure 3 also had one central
symmetries can be similarly defined. cylinder removed. Note the appearance of the sharp

When we calculate the band structure for a given resonance in the gap, corresponding to the resonant defect
lattice configuration, we expect to learn at what frequencies mode.
complete band Vl occur, and how lIrge the bsnd gaps me. In Figure 4 we present a detailed mapping of the
An example of a photoaic bond structueC calulaton is shown electric energy density (eE2 ) as a function of the distance
in Figure 2, where we find three band gaps in the spectrum around a removed cylinder from a square lattice. The mode
within the lowest fomteen bands. We uad others [5,A have wrsponds to a resonance similar to the one shown in Figure
systematically studied the behavior of band gaps for 2-D 3, except the lattice spacing is 1.33 cm. The defect mode
lamices over a large va'iation of delectric constants and filling shown is a monopole mode (antinode in the center), has the
factors, and for a variety of lattice types. The lattice four fold symmetry of the lattice, and is weil localized. The
coniguraton include the square and tringular lattices with fields decay most gradually along the (10) and related
dielectric cylinders at the lattice sites, as well as the, inverse symmetry directions. A plot along a cut in these directions
case of dielectric hosts with holes (ml) at the lattice sites, logarithmically revealed the lie decay length to be

Experimena confirmation of pheooniC band gaps can approximately 0.6 lattice constants. We will compare this
be readily obtained through transmission experiments. As value with numerical simulations in Section IV.
discussed above, waves incident on a photonic lattice with
frequencies corresponding to the band gap region of the IV COMPLEX BANDSTRUCTURE
lattice, decay into the lattice with exponential dependence.
Thus, band gaps in the band smucture will be manifest as In addition to the Bloch type of solutions with real
regions of attenuation in a transmission measurnent. A wave vector k, the wave equation also has solutions with real
schematic diagram of our test apparatus is found in reference frequency corresponding to complex values of k. These
[31. We ae able to make simple transmission measuements solutions will exist only when the periodicity of the lattice is
with the equipment, as well as make measurements of the broken, for example at a surface or defect. The analytic
electric energy density of standing wave modes. In Figure 3
we present the tanunission spectrum through a square lattice
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frequency, the collection of these real frequency lines form

.10 paths which wind their way through the bhamntructm. If we
select my given frequency, we find each path gives us no
more dum one solution at that frequency.

-2 The complex bandstructure provides us with
relatively quick insight which can be useful in many
instances. As an example, when we consider a lattice

-30 geometry for possible use as a PBG structure, we can find
from the complex bdstructure not only the d ise of the gaps.
bu also the aftenuation length of the given gap. The longest

A aenumtion length available to the system will dictate the
minimum lawral dimension of the strcture parameters can
thus be roughly opimibed to find a smallest structure. Note
that in the second gap dhere are duve real frequency paths

-50 shown with imaginary k (there are, of course, infinitely many
solutim with imaginary k at any frequency); however, the
smallest imaginary k has a mid-gap value of 0.83,

-60 .... corresponding to a field decay length of X,= 1.21 lattice
8 9 10 11 12 13 14 constants. This is in good agreement with the power decay

Frequemy(GHz length of 0.6 lattice cnstant along the (10) direction of the
Figure 3. Trnmittnc vs. frequency of mithrough defect mode, measured from the experimental data above.

arquat mittice vf7x19cylinders. Tuencyficerowaves o While the complex badstructure is important for insight and
a squrme lattice of 719 cylinders. TT cylindrs have rdiu for certain calculations such as surface modes and
ai cm, id lattice constant du=.27 cm (0.5"). The deletric transmission spectrums, it is necessary so perform a complete
constant of the cylinders is e=9. The gap which is shown calculation to verify the existence of a desired defect mode,
corresponds to the second photonic band gap in Figure 2. Uhe and then to evaluate near field shape, symmetry, etc., of the
sharp spike in the band gap occurs only after a single central
cylinder is removed and is the resonmce of inerest. 1.5

properties of the solutions to the Scrodinger equation with a " - .perod potentid have been rathe thoroughly analyzed 7.

Fr llustration we restrict the propagation vector to lie along -
the (10) direction of the lattice. In Figure 5 we present the ,.
calculated complex bandstructure for the (10) direction of a .i -A . .. '"
square ltIce The dimensions of the lattice ar the. -m as I
the lattice used to make the defect mode in Figure 4. Real
frequency lines with complex k must either form loops

0.5

r X

Figure 5. Complex band structure for the (10)
direction. The parameters for this calculation match those
used for the lattice used in Figure 4. The solid lines' --ween r
and X correspond to pure traveling waves. TheMw 4,4 lines
on either side of that region correspond so the imaj, -z.:ry (Le.,

Figure 4. A spatial map of the electric energy density of a atenuative) part of the complex wave vector.
defect mode corresponding to the resonance shown in the
band gap in Figure 3. All parameters of the lattice are the mode. Calculations such as these have been successfully
same as those for Figure 3, except for the lattice constant carried out with very good accuracy for both two- and three-
which in this case was d = 1.33 cm. dimeaioial structures [8].

connecting one band to another, or must come up from minus
infinity and connct to a band. The trajectory of any given
real frequency line must increase monotonically with
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V. DISCUSSION AND FUTURE EXPERIMENTS thde are formidable poblems to be investigated and solved in
order to make PBG reson•nt structures a practcal replacement

Extemive numerical simulation studies are required than those of the usual resonant cavities. We suggest that
to design an optimum PBG resonant structMe. An important other interesting applications may arise, particularly as the
criterion will be to find a structure dt has no resonant higher special features of PBG structures and resonators become
order modes. As another example, we find that the fully appreciaLed.
exponential decay of the fields for a triangur lattice can be
-30% faster than that of the square lattice with similar VII. REFERENCES
parameters. This in turn means that one can have a smaller
physicalstructureforagivendesignvalueofunloaded Q(le [1] N. Kroll, D. Smith, S. Schultz, "Photonic band-gap
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Abstract the velocity of light. This arrangement has sev-
The inverse terenk'v acceleration (ICA) eral advantages over the earlier Stanford experi-

experiment is being performed on the Accelerator ment [2]. The ATF C02 laser has >150 times
Test Facility (ATF) located at Brookhaven higher peak power than the Stanford laser. This
National Laboratory. This facility presently will result in over 10 times more energy gain than
features a 50 MeV e-beam and a -10 GW peak the Stanford experiment.
power C02 laser. In the experiment 1.7 atm of H2
gas is used to slow the phase velocity of the light •sR EM
wave to match the electron velocity. The
&erenkov angle is 20 mrad and the interaction -- CF.
length is 20 cm. A peak energy gain of -12 MeV
is predicted assuming 5-GW of laser peak power , .
delivered to the interaction region. An update of &8EAM
the experiment's progress is presented. j=M

L INTRODUCTION AX .p

The Accelerator Test Facility (ATF) has Figure 1. Basic arrangement for inverse &erenkov
been constructed at Brookhaven National acceleration.
Laboratory and is available for laser acceleration
experiments. This new facility features a 50-MeV
linac and a high peak power (-10 GW) C02 laser. H. REVIEW OF MODEL PREDICTIONS
The inverse &erenkov acceleration (ICA)
experiment will be the first laser acceleration A Monte Carlo computer model of the ICA
experiment to use the new facility, process has been developed [4] and used to

ICA was first demonstrated at Stanford predict the performance of the experiment. These
University in 1981 [1]. The ATF ICA experiment predictions are shown in Figure 2. (Note, we
will be investigating an improved configuration assume a 50% efficient optical system resulting in
developed by Fontana and Pantell [2]. This is 5 GW of peak power delivered to the interaction
illustrated in Figure 1. A radially polarized laser region.)
beam [31 is focused by an axicon onto the e-beam A peak energy gain of >12 MeV is
inside a gas cell at the &erenkov angle Oc given by predicted corresponding to 24% energy gain and
cOSOc = (1/n•), where n is the index of refraction an acceleration gradient of >60 MeV/m. Since theofthe g-s and wheren is the rao of ec rovelactitton gain scales as the square root of the laser peakof the gas and_._ is the ratio of electron velcity to power [2], a 50-GW delivered laser beam would

* Supported by US DOE Contract No. DE-AC06- produce -38 MeV energy gain and an acceleration

83ER40128. gradient of 190 MeV/m.
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III. DESCRIPTION OF EXPERIMENTAL a gas cell where the ICA interaction occurs, an
APPARATUS electron beamline system, and an optical system

for converting the linearly polarized ATF C02
The experimental hardware has been laser beam into one with radial polarization.

fabricated and installed at the ATF. It consists of Figure 3 is a schematic of the beamline system.
A schematic plan view of the internal gas

70 cell components is given in Figure 4. An axicon
"mirror is used rather than a transmissive axicon

60 (see Figure 1). The incoming laser beam enters
the gas cell and reflects off a 450 mirror towards

z50 the axicon. Both the 450 mirror and axicon have a
I- central hole for the e-beam to pass through. The
C-- 40o 40axicon focuses the laser beam onto the e-beam,
-j which enters and exits through 2.1-gm thick
UJ 30 diamond windows sealed on the ends of the gas
0 20- - cell. Phosphor screens inside the cell are used to

20 monitor the position of the e-beam.
Liim
M 10
D

-14-12-10-8-6-4-2 0 2 4 6 8 101214 [T---- -.t• l -L

ENERGY SHIFT (MeV)

(a) No Laser PresentI, I
Va@-mm

5 ý T

0I.- _

-J

2 Figure 3. Schematic of ATF ICA beamline
0 system.

1

z •.
0
-14-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14

ENERGY SHIFT (MeV)

(b) Laser Present

Figure 2. Model predictions for the ATF 68 MOW

ICA experiment for Oc = 20 mrad, L = 20 "
cm, laser beam OD = 1 cm, P = 1.7 atm H2, &= "

e-beam focused to r = 0.18 gm, and 2.1-grn _

thick diamond e-beam windows are used. "-W -

(a) No laser present; (b) laser present at a P--

delivered peak power of 5 GW. Figure 4. Schematic plan view of gas cell.
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IV. EXPERIMENT UPDATE This first run revealed several modifica-
tions to the experimental system that need to be

The experiment is divided into two phases. implemented. First, the system devised to view
Phase I consisted of laser only experiments the positions of the e-beam and laser beam within
without the ATF e-beam, and were completed last the gas cell needs to be improved. This is
year. During Phase I the radial polarization important to ensure the physical overlap of the
converter system was successfully tested with beams within the gas cell. Second, the high power
the ATF C02 laser beam. Alignment and focusing laser beam tends to damage the 45' mirror and
of the laser beam into the gas cell was also axicon around the holes in their centers. This is
demonstrated. Initial investigations of any because the radially polarized beam is not purely
possible nonlinear effects (e.g. gas breakdown) annular in shape and a significant amount of laser
occurring in the gas due to the presence of the energy strikes the edges of the holes.
high peak power laser beam proved negative.
Critical optical components also passed optical V. FUTURE WORK
damage tests, and the e-beam windows survived
exposure to an e-beam provided by the National Modifications to the experimental system
Synchrotron Light Source (NSLS). will be made before the second run to rectify the

Phase II is the actual electron acceleration problems encountered during the first run. We
experiment in which the Phase I ICA hardware is expect to observed acceleration of electrons
fully integrated with the ATF linac. This integra- within the next several months.
tion has been completed and the first Phase II
experiments have begun. VI. REFERENCES
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Abstract with this approach is that the geometrical (alignment

We examine the various high power RF sources on the ba- and manufacturing) tolerances at small dimensions, as-

sis of the next linear collider requirements. The discussion sociated with the increased frequency, become very tight
is based on classification of the sources according to what (0.5pim). (ii) Another approach is that of pulse compres-
we consider the most informative criteria. In the conven- sion adopted by SLAC and KEK in which an X-band

tional acceleration scheme (e.g. SLAC) multiple sources (11.4GHz) klystron generates 50MW for 1.5psec. This
generate the RF power. A variety of sources are consid- pulse is then compressed 4 times in power and 6 times in

ered and they cover the spectrum from 9 to 19GHz. In the time such that the nominal pulse is 200MW for 250nsec.
two beam accelerator scheme all the modules are driven A similar approach was adopted at VLEPP which oper-

by the same beam which has multi MeV (LBL/LLNL) ates at 14GHz and the compression method is different;
up to a few GeV (CERN) electrons; the current carried we shall discuss this system later in more detail. (iii) The
by the beam is of order of kA. Two types of RF sources last approach to overcome the breakdown problem is to
have been suggested: traveling wave (TW) structures and use a distributed interaction in a TW structure. This ap-
free electron laser (FEL). The operating frequency varies proach has proven to be successful at SLAC(2 ), Cornell(3 )
from device to device in the range of 9 to 35GHz. and with the Choppertron(4 ) (Haimson/LLNL). The idea

I. INTRODUCTION here is to generate a high power pulse (100-400-41W) for
I. Ithe duration required for acceleration (> lOOnsec). TW

The typical requirements from an RF source for the next structures are also part of the CLIC extraction section.
linear collider (NLC) are: 200MW/m at 10-30GHz with The issue of distributed interaction leads us to the third
an efficiency above 40%. The pulse duration varies from classification criterion namely, we would like to distin-
one scheme to another, but the net pulse for accelera- guish here between (i) slow wave devices (Cerenkov) and
tion is expected to be above 100nsec and to generate a (i) fast wave devices (FEL, CARM(5 ), Gyrotron("- 7) and
gradient on the order of 100MV/m. The luminosity re- Magnicon(S-8 )). This is schematically presented in Fig.2.
quirements determine the repetition rate and according Each of these categories has its own advantages and dis-
to the system it can vary from 50 - 1400Hz( 1 ). The de- advantages. If we limit for a moment the discussion to
tailed specifications of any RF source are established as traveling wave amplifiers (TWA) and gyrotrons then the
part of the design of an entire system. According to the former operates in a single TM mode whereas in the latter
acceleration system one can divide these sources into two a massive higher mode suppression is necessary for "sin-
groups: sources which drive (i) a Two Beam Accelera- gle mode operation". On the c. ' ." TWA
tor (TBA) e.g. at LBL/LLNL/MIT, KEK, JINR(Dubna) the breakdown at the corrugated walls reu. rr
and CERN in which a single beam generates the whole (though not as severe as in the klystron) whereas w ,
required power and (ii) a conventional multiple sources rotron the smooth walls minimize this problem. As for
system e.g. SLAC, KEK, DESY, VLEPP, Cornell and now it is difficult to assess what weight to attribute to
Univ. of Maryland; see Fig. 1. This is our first classifica- the cost of the applied magnetic field and its required
tion criterion. accuracy( 7 ) since the power levels reported so far are al-
If in the past the klystron was practically the only RF most one order of magnitude lower than the TWA('0 ).
source used for acceleration purposes, the beam-wave in- For 27MW at 9.85GHz a field less than 6kG was re-
teraction in today's systems tends to expand beyond the quired with an accuracy of 50G. This magnitude is similar
limits of a fraction of the (vacuum) wavelength. The main to that of the guiding field in either TWA or relativistic
reason for this trend is the breakdown problem associated klystron but these two are practically insensitive to varia-
with the high power, frequency and efficiency imposed by tions in the magnetic field - on the scale mentioned above.
the NLC requirements. The approach followed to over- We shall now examine some of the RF sources which have
come the breakdown pioblem provides our second classi- been investigated recently in the view of the classification
fication criterion. There are several such approaches. (i) mentioned above.
It is possible to increase the frequency (to 30GHz and
above as is the case for the TBA); doing so the power II. TWO BEAM ACCELERATOR
level required is much smaller since for the same gradient The TBA concept first suggested in 1982 by A. Sessler(01)
the power scales like f-2. Thus an increase by a fac- relies on the interaction of a sing/e high power beam with a
tor of 3 in the frequency lowers the power requiremmnt radiation field in the presence of a wiggler. The radiation
by almost an order of magnitude. However a problem power is extracted from discrete (extended) cavities, thus
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NLC Requirements:

200MW/rn, 100MV/m, > lO0ns

10-30GHz, >40%,5010H

CONVENTIONAL: multiple source TW BEAM ACC. : single source

CCompression) CNo Compreso FEL & Re-ac 7W- & No Re-aecc.

SLAC & JLC Cornell LBL / LLNL & MIT CERN/ICLIC

Klystron(NLCTA) "Narrow Bandý TW 33MeV,lkA,l15ns (500GeV)
0.44MeV,0.35kA lMeVlIkA,7Ons LLN FE 195 3.3GeV

1.5 Jisec, 180(150)Hz 2IW ýN2%ý9G~zI GW,34%,34.6GHz buncher: 10MeV,
50M ,45,11GHLBL: SW-FEL lkA,300Hz-FEL.
5OMW45% 11*4G MI: 60MW FEL TW: 40MW, 1 1.4ns

SLED II: G140Hz rep. rate
T: x6-> 250ns BNL
P: x4 -> 200MW .lse lsrn.a

0.45MV,0.kA~li. -0.8McV,0.n5-0.7kA,
VLEPP Cussia) : 27MWx 42 =1GW, : ~noW ai

Kly tr n TW --) 70% at 11.40Hz 0 940Hz T ea c
1MeV,0.3kA,0.7l.i.s
63MIW at 14GHz,
21%, 50Hz JImRubna Russa) LLNL / Haimnson
VPM:2-'1hoprrn
T: x6.5 ->lO07ns tMeVO.5A,7Ons kA,7Ons
P: ? I 0M ra 35~ 42OMW at 1l.4GHz1

Maryland

Gyorokystrn
I0.43MeV,0.2kA, lg s
I27MW, 32%,

Fig. 1: Classification of RF sources according to acceleration scheme.

2568



the notion of standing wave FEL. The proof of principle shall limit the discussion to a single representative from
dates back to 1985 when a 3.3MeV, IkA beam generated this family namely, the gyrotron. The gyrotron(e- 7) or its
IGW of power for 15nee at 34.6GHz corresponding to combination with TW and klystron version called gyro-
34% efficiency(12 ). Recently 30MW at 9.4GHz were gen- twystron has a significant appeal since the TW structure
erated at KEK(13 ) for 80nsec with 0.8MeV, 0.5 - 0.7kA helps to keep the magnetic field at relatively low levels
in an FEL. At JINR(Dubna)(1 4 ), a similar amount of when the RF power levels (and thus the current) are sig-
power was generated for 70nsec but at 35GHz with a nificantly higher. The operation of the extraction section
3MeV, 0.5kA beam. All three have the FEL interaction designed to fit the second frequency harmonic is also in
in common. The beam is planned to be re-accelerated by progress.
induction linac cells which are crucial for the adequate In the category of the bare klystron we would like to men-
operation of the following RF extraction units. Accord- tion the Cluster Klystron. As presently envisaged it is
ing to our third classification the standing wave FEL is a to be driven by a 0.45MeV, 0. kA, lysec beam. There
fast wave device. There is no reason why the fast-wave will be 42 such beams generated on the same cathode by
interacting cells can not be replaced with slow-wave typecell. Tis s te cse n th LLL/Himsn(4 exer- magnetron injector guns which will generate beams with
cells. This is the case in the LLNL/Haimson(") exper- a local current density as high as 40A/cmr2 . At about
iment (Choppertron) in which a 2.5MeV, IkA, 70nsec 70% efficiency each klystron will generate 26MW with
beam is injected in two consecutive traveling wave struc- an overall 1.1GW RF power at 11.4GHz; this is the first
tures; power in excess of 400MW at 11.4GHz was mea- s discussed so far that has not been tested exper-
sured in this case. Similar structures are used at CLIC system that h anot b stes this
following a very unique design. The electrons are bunched imentally. Basically there are two major obstacles thisby an FEL when injected with an initial energy of 10MeV system has to overcome: the generation of controllable

this a wmultiple beams from a single cathode and, assuming that
(lkA of current). They are bunched at 30GHz in this this was accomplished, the combination of all outputs in
stage and then accelerated to .3Ge. This beam feeds
short traveling wave sections which generate about 40M1 a single waveguide at a well defined phase.
of power, each for 11.4nsec. Note that the 40MW in this As illustrated in Fig.2 the VLEPP klystron lies some-
design can generate a similar gradient as the 400MW of where between the slow wave devices and the klystron
the Choppertron at 11.4GHz. falnily. It consists of a series of cavities but its extraction

section consists of a traveling wave section. Its injection
section is unique: the electrons are generated and guided

(stby a 25WV electrostatic optic system and afterwards ac-
VLEpp (slow wave) celerated by a 1MV dc voltage source. Since the driving

KystroL DEY voltage is high, the required power can be supplied by in-
SLAC, DESY, KE Cornell IN=[ jecting a modest amount of current (300A). This fact has

Cbduster T CeRC two implications: (i) the beam can be guided by a per-
SN E & manent periodic magnetic field and (ii) according to V.

Balakin( 15) it has the potential of a very efficient device
SW-FEL due to its low (0.3) micro-perveance. The dc guiding of

TBA - LB the beam makes the device very attractive from the finan-
Gyro- ..y stro cial point of view since a significant portion of the cost of

yfr GyroTWT an RF generator is the cost of the magnets. The design

(fast wave) of this system is very ambitious and it is planned to reach
almost 80% efficiency. At the present time the output

Gyrotron is 63MW which corresponds to 21% efficiency. This is
CARM the typical efficiency one can expect from an uniform TW

section without any optimization.

Magnicon The last subject to be considered in the category of con-
ventional sources is the traveling wave amplifier (TWA).
We have investigated this device at Cornell both exper-
imentally and theoretically in the past several years. In

, 2: Classification of RF sources according to interac- a two stage TWA we have reported generation of more
Li.vi type. than 400MW in the X-band for a pulse duration of 70nsec

using a 1MV, lkA beam. However the spectrum of the

III. CONVENTIONAL SOURCES signal was unacceptably broad (300MHz) due to the pres-
ence of asymmetric sidebands. Theoretical studies indi-

When examining conventional sources it is convenient to cated that these effects are a result of amplified noise at
divide them according to the interaction type. We shall frequencies which are selected by the interference of the
discuss first the fast wave devices. In this presentation we two waves which bounce between the two ends of the TW
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structure. In order to eliminate the problem of the re- FEL, are the natural candidates for the input section of
flections (the increased noise is unavoidably part of the any RF system. The main section can be a set of isolated
modulation process) we suggested(16 ) building an ampli- cavities as in a klystron, a TW section or a combination of
fier in which the time it takes the EM energy to reach the the two. However the breakdown problem will force us to
input end after being reflected from the output end, is of use a TW structure as an output section with one or more
the same order of magnitude as the electron pulse dura- extraction ports. This brings us to the last subject which
tion. In order to satisfy the above condition the group is discussed in more detail in another work(1 s) regarding
velocity has to be very small (in our case less than 0.01c). the beam-wave interaction in quasi-periodic structures.
This subject is presented in Ref.10. The output in the A high power traveling wave structure is conceived as a
most recent experiments indicate power levels of about section of a periodic disk loaded structure and its electro-
200MW at 9GHz in a frequency range which is less than magnetic characteristics are determined as if the system
50MHz. This has been achieved in an uniform structure was infinitely long. Practically these are a set of cavities
in which the only optimization was making the last disk which are coupled through the disk aperture. At the other
lmm thick instead of 6mm. This allows the EM mode to extreme, the klystron is a set of a few isolated cavities. In
leave the system since for the disk radius this wave is well the former case the beam interacts with a wave continu-
below cutoff("). This result can be probably improved ously, whereas in the klystron the beam interacts with the
significantly by a better design of the output TW section. field in the close vicinity of the cavity. The interaction in

a uniform periodic structure (TWA) or in a few uncou-
IV. DISCUSSION pled cavities (klystron) is relatively well understood. But

Although the variety of concepts and devices is not par- we lack analytical or even quasi-analytical tools to accu-
ticularly helpful in the attempt to identify a global trend, rately investigate the interaction in transition region of a
we believe that there are clear indications of local trends. high power microwave device - which is exactly what is re-
The clearer among these trends is that of the TBA source: quired for construction of an adequate output section. For
neither of the devices under consideration use the klystron this purpose we have developed an analytical method to
as a basis for their RF generator. In fact it is fairly clear investigate the beam-wave interaction in a quasi-periodic
that the distributed interaction either in a fast or slow structure. The method relies on an arbitrary number of
wave device replaces the local beam-wave interaction of pill-box like cavities of any dimension and an arbitrary
a klystron. However the cavity effects, say in a standing number of radial arms. The only constraint is that the
wave FEL, are still there, and as was indicated in Ref.(17) radius of the coupling pipe has to be fixed. So far we
the analogy to klystrons can be quite helpful. have successfully employed this method for cold design -
With respect to conventional schemes, the scaling of the in particular for the extraction region of the two stage
klystron to the X-band and to long pulse operation in amplifier reported in Ref.(10).

conjunction with the compression scheme indicates that
the klystron is still a potentially viable competitor for V. SUMMARY
the next linear collider RF source. As an intermediary Let us now summarize the main conclusions regarding
stage the compression schemes proposed by SLAC and high power radiation sources for acceleration applications:
VLEPP will probably meet the requirements but they will (i) There is a clear advantage to operate at the highest
not solve the long term problem. Over the long term we frequency the alignment constraints permit. Iii) At very
have to remember the limitations of both the klystron high power local beam-wave interaction (as in a klystron)
and the compression schemes - especially with respect to is disadvantageous comparing to distributed interaction in
breakdown. One of the alternatives we mentioned in our traveling wave structures due to the breakdown problem.
second classification criterion was a medium length (100- (iii) Radiation sources need to expand further beyond the
200nsec) high power (100 - 400MW) pulse. This kind limits of the bare klystron. (iv) The expansion so far is
of system eliminates the neccessity for compression and "equally" divided towards fast and slow wave devices. (v)
still provides the required power levels. But to withstand In two beam accelerators the klystron, in its present con-
high electric field associated with these power levels it will figuration, will play little, if any, role. (vi) In conventional
require a TW output section( 2 -). Since this scheme has sources the traveling wave structure with one or multiple
the potential to solve the problem it seems probable that output ports will have an increasing role at least in the
TW output sections will become an integral part of future output section of a high power RF source. Accordingly
RF extraction systems. It is this trend which we wish to the interaction in transition regions will require more and
further discuss next. more attention.
The starting point is the constraint imposed by the NLC
requirements on the RF structure. The output frequency VI. ACKNOWLEDGEMENT
requirement limits the input section of any source to a I would like to thank J.A. Nation for his help in gather-
very good frequency selective device. From this perspec- ing the information and for the clarifying discussions at
tive the klystron cavity or a combination of a cavity with various stages of this work.
a magnetic field as in the case of the Choppertron or an
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Criteria for Comparing the Suitability of Microwave Amplifiers for
Driving TeV Linear Colliders

V.L. Granatstein and G.S. Nusinovich
Laboratory for Plasma Research, University of Maryland, College Park, MD 20742, USA

I. INTRODUCTION (throughout this paper mks units are used unless
otherwise noted), while the structure fill-time is given

Many types of microwave amplifiers are being by
considered at various institutions as candidate sources t! ; 2.3 x 10- 5 \A3/ 2 . (2)
for driving future linear colliders. The choice of op-
erating frequency ranges from 2.85 GHz to 35 GHz. Thus, the required microwave pulse energy per unit
Peak microwave output power and pulse duration length is
also vary widely. In this paper, we propose three
criteria for evaluating and comparing amplifier op-
tions. These are as follows: 1) Nt, the number of am- Then, a single microwave amplifier with peak output
plifiers required to drive an accelerator with a given P and
final energy and a given accelerating gradient; 2) V, pow er, of pu lerator truwouleto drive a length of accelerator structure
the voltage required to operate the microwave am-
plifier; and 3) ,q., the overall efficiency including the = Pprp'- •, 3.6 x 1011 PpE'Ac (4)
output efficiency of the amplifier, the efficiency of u Ea (4)
the pulse compression circuit if any is used, and the
high voltage modulator pulse-shape efficiency. All of where we have used Eq. (3), and iqc is the efficiency
these criteria will affect the cost of a linear collider of any pulse compression circuit that is used. If we
system. The cost of the microwave amplifiers will, estimate that each factor of 2 in pulse compression
of course, equal the cost of each amplifier (with its can be achieved with 90% efficiency, 2 then
associated power supplies, magnets, and pulse com-
pression circuit) multiplied by the number of ampli- = 0.9 exp [log2(rp/t 1 )]. (5)
fiers, Nt. The cost of each amplifier and its power The required overall length of an accelerator with
supply/modulator will increase with the voltage, V. final energy, If, is
In fact, we have chosen to restrict our considera-
tion of specific amplifiers to those in which V < 1 L = U1/eE. (6)
MV; at voltages above 1 MV very large insulators
and more exotic pulsed power supplies such as in- while the total number of microwave tubes required
duction linacs would be required and these might be is obtained from Eqs. (4) and (6) as
excessively costly. Overall efficiency will, of course, 2

influence average power consumption as well as the N = 1.7 x 107 UfEaA (7)
size and cost of power supplies. tPprpc

II. THE NUMBER OF AMPLIFIERS REQUIRED Accelerator cost will increase both with the length
TO DRIVE A COLLIDER of the required tunnel, L, and with the number of

microwave tubes, Nt. However, since L - Ea1 and
First, consider the relationship between peak mi- Nt , E., the choice of an optimum Ea is not obvious,

crowave power required per unit accelerator length, and involves a complicated analysis of such factors
p, the accelerator gradient, E., and the microwave as tunnel cost versus microwave tube cost.
wavelength, A. Perry Wilson has recently presented1  Once U! ar are chosen for a collider, Eq. (6)
the result that for an accelerator structure consist- together with ) and (2) may be used to evalu-
ing of a chain of pillbox TM010 resonators, the mi- ate Nt. It may :en from Eq. (6) that Nt could be
crowave power per unit length is given by decreased by choosing a higher microwave frequency

p • 1.2 x 10- 7 E2A1/ 2  (1)if PTr decreased less rapidly than A2. In addition,
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high frequency has the advantages of increased limit- purposes of comparison the performance character-
ing values of E. as determined by rf breakdown 3 and istics of the S-band SLC klystron is tabulated on the
increased pulse repetition frequency 4 which dimin- first line.
ishes problems caused by ground jitter. However, It will be noted that both the X-band klystron
there is a practical upper limit on frequency that is and the two gyroklystron experiments show signifi-
currently estimated to be in the neighborhood of 35 cant progress in reducing the value of Nt from the
GHz. At higher frequency, fabricating and aligning SLC klystron value. The free electron laser, ex-
the smaller accelerator structures becomes increas- tended interaction klystron and traveling wave tube
ingly difficult; this might be alleviated however by would have lower values of N1 if they could be made
using higher order transverse modes in the accelera- to operate with longer pulses. An acceptable value
tor cavities which would not substantially affect the of Nt might be 1000-2000 and thus new higher power
values of tj or N1 . experiments are of interest. For example, a 17.4 GHz

amplifier operating with an output pulse of Pp = 100
III. OVERALL MICROWAVE AMPLIFIER MW and rp = lps would have Nt • 1300.

SYSTEM EFFICIENCY It will also be noted that none of the higher fre-
quency amplifier experiments have yet equalled the

A typical microwave amplifier system consists of SLC klystron in efficiency and improvement in qi

the microwave tube, the pulse compression circuit, is emphatically called for. Perhaps energy recovery
and the high voltage modulator (plus other elements schemes such as depressed collectors should be seri-
which will not be considered in this first-cut analy- ously studied.
sis). Accordingly, the total system efficiency may be
defined as This work was supported by the U.S. Depart-

" = ?7aT7c% (8) ment of Energy.

where %/ is the output efficiency of the microwave
amplifier (i.e. microwave output power divided by V. REFERENCES
the power of the electron beam in the amplifier), 1. P. B. Wilson, "Pulsed RF Technology for Fu-
ik is defined in Eq. (5), and q, is the pulse-shape ture Linear Colliders," invited talk presented at the
efficiency of the high voltage modulator. Washington, DC meeting of the American Physical

In contrast to the behavior of pulse compression Society, April 21, 1992 (Bull. Am. Phys. Soc. 37,
efficiency, the high voltage modulator pulse-shape ef- 941 (1992)).
ficiency, 9t, decreases as pulse duration rp, b omes 2. Z. D. Farkas, G. Spalek and P. B. Wilson, "RF
shorter due to the increasing fraction of en Pulse Compression Experiments at SLAC," SLAC-
ergy in the rise and fall of regions of the rn to PUB-4911, March 1989.
pulse. The efficiency %, is thought' to have the form 3. W. D. Kilpatrick, Rev. Sci. Instru. 28, 824

7v -rp ()(1957).

rp + Vur-d• 4. V. L. Granatstein and A. Mondelli, "Microwave
Sources and Parameter Scaling for High Frequency

where we estimaate empirically that the constant a = Linacs," in Phys. Particle Accelerators, ed. M. Month
0.25 x 106 sec. and M. Dienes, AIP Conference Proceedings 153 (New

York: 1987) pp. 1506-1571.
•IV. COMPARISON OF EXPERIMENTAL 5. G. Caryotakis, private discussions.

MICROWAVE AMPLIFIERS 6. W. Lawson, et al., Phys. Rev. Lett. 67, 520

The performance parameters of a number of lead- (1991).
7. S.G. Tantawi, e lIE rn.Pam

ing microwave amplifier experiments are displayed 7. 20, 205 e19Er).

in Table 1 together with the calculated values of W Sci. 20, 205 (1992).

and Nj. The various experimental studies are in dif-

ferent stages of maturity and so the tabulated data 9. M.E. Conde and G. Bekefi, Phys. Rev. Lett.

indicates only what has been demonstrated by the 67, 3082 (1991).
10. D.L. Goodman, et al., Proc. SPIE 1407, 217

beginning of 1993 and not ultimate potential. For 1).
(1991).
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11. D. Shiffier, et al., J. Appl. Phys. 70, 106

Table 1. Demonstrated amplifier performance (V < 800 kV); Nt is the total number of amplifiers
required to drive a 1 TeV accelerator with E. = 100 MV/m.

Type of Research f PP -p 17a V Nt VT/

Amplifier Institution (GHz) (MW) (ps) (%) (kV) (%)
SLC klystron SLAC 2.856 65 3.5 45 350 17 k 28
X-band klystrons SLAC 11.4 50 1.0 22 447 5.6 k 10
X-band gyroklystron6'7  U. Md. 9.85 27 1.4 32 425 10 k 15
K-band gyroklystrons,** U. Md. 19.7 30 0.8 27 440 4.2 k 11
Free electron laser9  MIT 33 61 0.02 27 750 19 k 6
Extended interaction

klystron1° SRL" 11.4 100 0.05 43 440 42 k 13
Traveling wave tube11  Cornell 8.76 200 0.1 24 800 16 k 9

*Science Research Laboratory in collaboration with Haimson Research Corp. and MIT.

**In the K-band gyroklystron the output cavity operates at twice the input frequency.
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High Gradient Acceleration in a 17 GHz Photocathode RF Gun*

S. C. Chen, J. Gonichon, L. C-L. Lini, R. J. Temkin, S. Trotz, B. G. Danly, and J. S. Wurtele
Plasma Fusion Center, Massachusetts Institute of Technology

Abstract

The physics and technological issues involved ...- - i

in high gradient particle acceleration at high mi- CARM RV GUN STAGE I

crowave (RF) frequencies are under study at MIT.
The 17 GHz photocathode RF gun has a 11 cell [' I

room temperature copper cavity with a peak ac-
celerating gradient of about 250 MV/m. The an- CO.MTE

ticipated beam parameters, when operating with a LIC C&"S M-LKR

photoemission cathode, are: energy 2 M eV, nor- . ..... A -----------------------

malized emittance 0.43z mm-mrad, energy spread ,.M.T

0.18%, bunch charge 0.1 nC, and bunch length 0.39 a =

ps. The goal is to study particle acceleration at high 0 0&LAT

field gradients and to generate high quality electron T,,C SCENT

beams for potential applications in next generation I S, ar

linear colliders and free electron lasers. The experi-I "- -

mental setup and status are described.

I. INTRODUCTION

To meet the stringent requirements set by fu-
ture applications such as high-energy linear colliders Fig. 1: Schematic of the 17 GHz photocathode
and next generation free electron lasers, efforts have RF gun experiment
been made recently to create novel electron beam The beam dynamics and the interplay between
sources.[l] While existing RF guns operate 144 MHz time-dependent RF forces, space-charge forces, and
to 3 GHz, a 17.136 GHz photocathode RF gun has nonlinear RF forces have been studied using the sim-
been constructed and is currently under cold test ulation code MAGIC [3]. The main operating pa-
at MIT.[2] The 17.136 GHz operation is very at- rameters at 17 GHz are summarized in Table 1.
tractive despite potential technical difficulties and Table 1: 17 GHz RFG Designed Beam
physics issues associated with high frequencies. It Parameters
allows us to achieve a high accelerating gradient,
to make the system compact, and to generate high
brightness beams. In this paper, the status of the Peak accelerating gradient 250MV/m
17 GHz photocathode RF gun experiment is pre- Laser pulse length l.4ps
sented in detail. A general layout of the experiment Final bunch length 0.39ps
is shown in Fig.1. It consists of three parts: (1) the RF phase for laser pulse 120
RF gun cavity and the transport line (including the Current density 6.7kA/cm 2

power source and the vacuum system), (2) the laser Cathode radius 0.525mm
and timing system, and (3) the beam transport and Bunch charge 0.1 nC
diagnostic line. Each of these subjects is described Emittance 0.437 mm-mrad
successively in Sections 2, 3, and 4. Section 5 sum- Energy spread 0.18%
marizes the status of the experiment. Current 258A

II. RF CAVITY AND TRANSPORT LINE Brightness 1.43 x 1014(mr-ad)

A. RF Cavity and Waveguide Coupling The TE10 waveguide mode is coupled to the cavity

Figure 2 shows the vacuum assembly that houses through two rectangular apertures, one on each cell
the RF gun structure and the coupling waveguide. of
A vacuum of 10-9 Torr has been achieved inside the
RF gun chamber. The peak accelerating gradient is
chosen to be 250 MV/m, corresponding to a peak
surface field around 300 MV/m.

- * This research is supported by DOE under
Grant DE-FG02-91-ER40648
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power. The theoretical modelling of the waveguide-
cavity coupling is presented in a companion paper

V..--IW in this volume[4].S~F• O.6 dO
S.E do/

-24.121 do

0:0
lm- -o --I..

Fig.2: RF Gun Vacuum chamber. The gun START is.70060606 OHS
structure is located at the center of the chamber. STO 17. 26 0S0060 GH

the cavity, to excite the ir mode resonance. An Fig.4: Reflected Power as a function of fre-
intensive study of this waveguide sidewall coupling quency of a tuned gun structure
scheme has been conducted both theoretically and
experimentally.44] We have cold tested both electro- B. RF Source and Transport
formed and machined/brazed OFHC copper cavities The power source used to feed the RF cavitywith similar results. The reflected power from the is a gyro-amplifier under development at MIT [5].waveguide-fed RF gun cavities was measured using The RF source will deliver 5-10 MW peak power in a
a network analyzer. Fig.3 shows the reflected power pulse of 30 ns at a repetition rate of 10 Hz. The out-
as a function of frequency of an untuned gun cav- put RF is in a circularly polarized TE31 mode andity. The two resonances are about 100 MHz apart must be converted to the TE10 mode in the rectan-
and each cavity has a Q value of about 1000. Each gular waveguide that couples to the RF cavity. Thecavity absorbs over 80% of the incident power. RF transport line consists of a long overmoded 2"
mF 6.6 do guide, a 2" to I" taper, a TE31 to TE, converter, aS -8 .9S dO/

-9.-9- do TE1I (rotating) to TE11 (linear) polarization con-verter, and a circular to rectangular transition. The
, -- -I line is followed by a dual directional coupler, a high-6.9 8287! oM - - -" vacuum RF window, a flexible waveguide, and (op-

tion ally) an arc sensor. The TE 31 to TE11 converteris under fabrication. The RF source is transit time
isolated from the gun cavity by the 10 ft transport
line.

The complete RF line, less the TE3 1 to TE11-- converter, has been assembled and vacuum leak checked
at 10-5 Torr. The VSWR for the flexible waveguide
is 1.23. The VSWR for the high power window does
not exceed 1.2 between 16.9 and 17.1 GHz. The ef-

-.. ... ..- -- - - ficiency of the mode converter is at least 98 %.

START 16.700000000 O,,

S•OP 17.020000000 OHM III. LASER AND TIMING SYSTEM
Fig. 3: Reflection as a function of frequency of

an untuned gun structure

Figure 4 shows the reflection as a function of A. Laser
frequency after the gun cavities are tuned. The sin- The parameters of the laser system are summa-
gle resonance absorbs more than 90% of the input rized in Table 2.
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Table 2. Parameters of the Laser System 0.1%. The charge will be measured with a Fara-
day cup. Several methods for measuring the bunch
length are under investigation.Wavelength 220-280 nm

Repetition rate 0-10 Hz (adjustable) V. SUMMARY
Energy 200 pJ
Energy fluctuation < ±10 % A 17 GHZ photocathode RF gun experiment
Pulse Length <2 ps is under developments. The designed peak accel-
Phase Jitter <1 ps erating gradient on axis is 250 MV/m. The accel-
Timing Jitter <3 ns erating structure and the RF transport line have
Polarization > 99 % been fully cold tested. The first stage experiment
Beam Divergence 0.5 to I mrad involves powering the structure with high power 17
Beam Pointing Error < 10 prad GHz microwaves. The goal of the initial experiment
Mode-Lock Frequency 82 MHz is to condition the cavity, and to study field emission

and RF breakdown at 17 GHz.
The second stage of the experiment will inte-

An Argon Ion pumped Ti:Sapphire laser oscil- grate the laser system with the RF source and the
lator produces a regeneratiely modelocked CW train gun system. Detail characterization of the beam
of microjoule pulses which enter a pulsed Ti:Sapphire property are planned The following systems will be
laser amplifier. The amplifier is pumped by a 1J integrated with the 17 GHz RF gun system in the
Nd:YAG laser. The amplified IR pulse is then fre- second stage of the experiment. A UV laser system
quency tripled into the ultraviolet by an KDP/BBO and the related timing system are being tested to
combination and is directed into the RF cavity, generate picosecond electron bunches through pho-

B. Timing toemission from the cavity wall. Successful acceler-

As shown in our simulation studies [3], the elec- ation of these bunches under high field gradient will

tron beam quality is strongly dependent on the RF provide high brightness electron beams suitable for

phase of photoemission. The phase jitter is required applications in next generation linear colliders and
to be less than 1 ps in our experiment. The highly in short wavelength free electron lasers.

stable Ti:Sapphire laser system serves as the system
clock in the timing chain. The modelock frequency VI. REFERENCES
of 82 MHz is defined by the round-trip time of the
laser cavity. The laser oscillator cavity mirrors are [1] For a review, see C. Travier, "RF guns, bright
mounted on Invar tubes to minimize length vari- injectors for FEL", Nuclear Instruments and

ations. The 82 MHz signal is multiplied up by a Methods in Physics Research, A304, p 285, (1991)

solid state frequency multiplier (x 204) into 17 GHz and the references therein.

to drive the RF amplifier chain. [2] S.C. Chen, J. Gonichon, C.L. Lin, R.J. Temkin,
S. Trotz, B.G. Danly, and J.S. Wurtele, "High

IV. B3EAM LINE AND DIAGNOSTICS Gradient Acceleration in a 17 Gllz Photocath-
ode RF Gun", in Advanced Accelerator Con-

The beam line consists of a quadrupole triplet cepis, AIP, New York (1993).
and bendn lane t. of a point [3] C.L. Lin, S.C. Chen, J.S. Wurtele, R.J. Temkin,ont iabending magnet. The 90 bend forms a point- and B.G. Danly, "Design and Modelling of a 17
to-point imaging system to be used for energy spread GHz Photocathode RF Gun", Proc. 1991 IEEE

measurement. The position and the horizontal thick- Particle Accelerator Conf., p. 2026 (May, 1991)

ness of the fluorescent spot give the energy and the [4] CL. Lin, S.C. Chen, J. Gonichon, and 1.9.

energy spread, respectively. The quadrupole triplet W4rtelL, S.C. C he g ui d Si

can also be used to measure the emittance: the Wurtele, "A Study on the Waveguide Sidewall

bending magnet is switched off and the spot pro- Coupling Problem for Photocathode RF Guns",

duced by the electrons on another screen positioned in this Proceedings.
along the RF gun axis is observed. The gradient of [5] W.L. Menninger, B.G. Danly, C. Chen, K.D.
alongo the R unaxiu s is observed. The gradiento oy tPendergast, and R.J. Temkin, "CARM Ampli-
one of the quadrupoles is varied in order to vary the tiers for RF Accelerator Drivers", Proc. 1991

spot size on the screen. A least-square analysis of IEEE Particle Accelerator Conf., p. 754 (May,

the beam transverse dimension vs. the gradient in 1991). See also the paper in this Conference

the quad gives the transverse emittance. Proceedins.

The program TRACE3d was used to obtain a

preliminary design. Simulations of the same line
with the program PARMELA show that the res-
olution of the spectrometer should be better than

2577



An Inverse Free-Electron-Laser Accelerator*
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Brookhaven National Laboratory, Upton, NY 11973

J. Saudweiss
Department of Physics, Yale University, New Haven, CT 06511

Jyan-Min Fang
Department of Applied Physics, Columbia University, New York, NY 10027

Abstract the wiggler parameter K., the period A., or the field B.
fixed. The choike is restricted by the maiu practical

Recent work at BNL on electron acceleration using the In-
verse Free-Electron Laser (IFEL) has considered a low-energy, wiggler field and the minimum wiggler period. The maxi-

mum rate of acceleration, averaged over the full accelerator
high-gradient, multi-stage linear accelerator. Experiments are length, is obtained for a constant-Bveh accelerator [5], and this

planned at BNL's Accelerator Test Facility using its 50-MeV lhoite is oad for a IFEstin acleratorlthoughnduthis
lina an 100GW 02 lser Wehavebuit an teted choice is made for the EFELs in Table I1. Although such alinac and 100-GW CO2 laser. We have built and tested structure could be constructed using permanent magnets, the

a fast-excitation wiggler magnet with constant field, tapered variable period would be costly and dre ifcult to adjust. In-

period, and overall length of 47 cm. Vanadium-Permendur fer- stead, we have developed a fast-excitation electromagnet [I-10n
romagnetic laminations are stacked in alternation with copper, with stacwable, geometrically alternating substac s of identi-

eddy-current-induced, field reflectors to achieve a 1.4-T peak cal ferromagnetic (Vanadium Permendur, VaP) laminations,

field with a 4-amm gap and a typical period of 3 cm. The laser assemale tic (a nadiuknes u r t by non-

beam will pass through the wiggler in a low-loss, dielectric- assembled in (Aw/41-thickness substacks separated by non-

coated stainless-steel, rectangular waveguide. The attenuation magnetic laminations (Fig. 1). Four straight conductive rods,
parallel to the axis and interconnected only at the ends ofand transverse mode has been measured in waveguide sections the assembly, constitute the single loop that drives the wig-

of various lengths, with and without the dielectric. Results of

I-D and 3-D IFEL simulations, including wiggler errors, will gler. The stacks are easily assembled, are compressed by

be presented for several cases: the initial, single-module ex- simple tie rods, and allow any combination of wiggler peri-
epreentedith fo sever= 39 e: te initi, fr -module d giving ods. A dramatic improvement results from using copper for

periment with Ao = 39 MeV, a four-module design the nonmagnetic laminations, so that the induced fields from
IRE = 100 MeV in a total length of 2 i, and an eight-module the eddy currents uncouple the wiggler's "up" fields from the
IFEL with AE 210 MeV. "down" fields. These "field reflectors" significantly enhance

I. IFEL ACCELERATOR DESIGNS the maximum achievable field on axis.
Both two-dimensional mesh computations (POISSON)

An inverse free-electron laser (IFEL) accelerates an elec- and measurements of short wigglers were used to develop the
tron beam through its interaction with high-power laser lamination design. Reference [I1] presents measurements of
radiation and a periodic wiggler field. This concept has a full-length prototype with a tapered period. The wiggler
been pursued at Brookhaven National Laboratory for several is able to satisfy the requirements of Table I. Measurements
years [1-4], most recently in the form of low-energy (!5 I GeV), with a constant period of 3.75 cm [12] found an rms field
high-gradient, multistage, linear accelerators [5]. error of under 0.15% and low harmonic content (3% in the 3rd

Three sets of IFEL parameters are presented in Table 1. harmonic).
All use constant-field wigglers (described in the following
section), assembled in 60-cm-long modules. In an initial III. C02 LASER WAVEGUIDES
demonstration of IFEL acceleration [6], a single-stage IFEL Since the wiggler gap is 4 mm, the maximum practical
will be tested with the 50-MeV electron beam at Brookhaven's insidehdametelforgabeam ipemthough mheiwiglerait3cmm

Accelerator Test Facility (ATF), which offers a high-brightness If a Gaussian laser beam is focused to a wi-m radius wo
50-MeV electron beam and a high-power picosecond C0 2 laser. (where the power drops by e- 2), then the corresponding
Assuming that a 200-GW peak power in a 6-ps pulse will then Rayleigh length ZR is 30 cm. Waveguiding can occur even
be available (20 GW in 30 ps has been demonstrated to date, in the 47-cm length of the wiggler for the single-stage IFEL,
but shorter pulses with higher powers are under development), since the free-space beam radius w (z) will exceed the aperture
an acceleration gradient of 83 MV/m should result. Extending of the waveguide. In a multistage IFEL, waveguiding will be
this design to eight modules and higher laser power gives an unavoidable-and helpful in confining the beam. Consequently,
exit energy of 257 MeV. A third set of parameters [7] responds we are investigating the mode structure and attenuation in
to the challenge presented at the Port Jefferson Workshop on C0 2-1aser waveguides.
Advanced Accelerator Concepts (June 1992), for an energy Our present design uses rectangular stainless-steel guides,
increase of 100 MeV in a total length of 2 m, by using four with an inside cross section of 2.8 mm x 2.8 mm. Stainless
modules and a relatively modest laser power of 100 GW. has good vacuum properties and a conductivity low enough

II. FAST-EXCITATION WIGGLER to allow penetration of the pulsed wiggler field. To reduce
the expected attenuation, some of the test waveguides were

To maintain synchronism as an electron accelerates in a prepared (following Zakowics [13]) with a 1/4-wavelength
laser field with a constant wavelength Al, the wiggler must dielectric coating (germanium) deposited on two opposite
be tapered. The taper can be accomplished while holding inner walls, in order to reduce surface currents. Subsequently,
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it was realized that this model strictly applies at lower Table 1: Simnlation parameters for the single-module IFEL

frequencies, where the metal walls can be treated as nearly experiment, an $-stage IFEL, and an IFEL with AE =

perfect conductors. At infrared wavelengths and giancing 100 MeV.

angles, the metal behaves mostly as a dielectric, and the wall
losses are greatly reduced, even without the germanium. _ Single S-Stage 100 MeV

To investigate coupling into the waveguides, transmission Electron Beam
los, and transverse mode structure, eight test guides were
built, half with the germanium coating. Six guide sections N energy 48.9 46.9 49 MeV

were 10-inches (254-mm) long; two were 5-inches (127-mm) Exit energy 88.0 256.9 150 MeV

long. All had precision alignment pins and sockets to permit Mean gradient 83 53 50 MV/m

accurate assembly of lengths of up to 35 inches (889 rmm) of Charge I I I nC
either coated or uncoated guide. The beam was focused to Peak current 100 100 100 A
a Gaussian waist with an adjustable radius at the entrance Emittance e. (a) T7 TV TV AM
to the first guide. The beam profile was measured uaing a Radius (a) 0.3 0.3 0.3 mm
pyroelectric vidicon TV camera and a digital frame grabber.

The coupling tests demonstrated optimum coupling near Wiggler

a waist radius of 1.0 mm. The transmission (including both Number of modules I a 4

coupling and attenuation losses) ranged between 80 and 95%, Module length 60 60 60 cm
measured with lengths from 10 to 35 in, for entering waists Total wiggler length 47 395 200 cm
of 1.0 and 1.3 mm, and for both coated and uncoated guides. First period 2.86 2.86 2.86 cm
In all cases, the transmission of the coated guide was :z2%
greater than the uncoated guide. For the longest length tested Last period 4.32 9.08 6.29 cm

(35 in), the best result was 88% for the coated guide with a Gap 4 4 4 Mnn

1-mm entering beam radius. Peak field 1.25 1.25 1.25 T

To measure the transverse beam profile versus distance, Laser
the camera was placed within a few millimeters of the exit Power 200 620 100 GW
for guides of various lengths. Fig. 2 shows that when no Peak electric field 13.6 24 9.6 GV/m
guide was present, the beam diverged according to zR, but Waveleth 10.2 10.2 10.2 pm
within a guide, the beam radius decreased and oscillated about

a smaller value, suggesting that some of the energy was in Pulse length 6 6 6 ps
higher-order modes. The beam sizes were not the same for the
coated and uncoated guides. Any misalignment of the beam
entering the guides or of the junctions between guide sections VaP substacks CU Reflecs
produced a mode that was not symmetric. The transmission C R\f . ,

was much less sensitive to alignment.
The laser power must be efficiently coupled into the

desired mode. Approximating with an overlap integral, Za-
kowics [13] predicted a coupling efficiency of 95% for a beam
focused at the guide entrance to a diameter equal to 71% of d ... -..

the guide aperture. To determine the transition region over L(WqM = 48 cm
which the mode becomes established, we performed a series
of 2-D (zz) scalar diffraction calculations to find the fields
propagating from the coupling aperture. The mode pattern
transforms from the input Gaussian to a stable field distri-
bution over a distance which is comparable to z.R. For our
waist sizes, after the mode has stabilized (in about 50 cm),
the amplitude typically fluctuates by ±5% and the phase by
±0.05 radian, due to a coupling into high-order modes. These -

calculations suggest a 90% coupling efficiency into the de-
sired mode, but because of the 2-D scalar approximation, the VaP I

ib ff 0.254 mun
coupling into the real waveguides may not be as pure.

IV. IFEL SIMULATIONS Figure 1: The fast-excitation, variable-period wiggler. The

To model the acceleration process in a waveguide IFEL, lower portion shows the VaP laminations configured for the

we have developed a I-D particle simulation code incorporating two field polarities.

self-consistently the longitudinal electron dynamics and the
laser field. The code also takes into account the properties
of a realistic electron beam, i.e., finite radius, emittance and space (z,dz/dz, y,dy/dz,) determined by the Twiss parameters
energy spread. Subsequently, the multiparticle-simulation linac Gz, jz, ay, 8y and the transverse emittances e. and cy; (b)
code PARMELA [14] was modified to simulate the full 3-D an arbitrary longitudinal initial electron distribution in phase
aspects of the IFEL interaction. The electron beam dynamics 0 and energy W; (c) a realistic piecewise-constant tapered
include: (a) an arbitrary initial electron distribution in "trace" wiggler, allowing for both horizontal and vertical focusing.
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and non-accelerated) in the vertical plane; the ezuittances wre
1.6 * comparable to the initial value. The evolution of the energy

1.4W"Gw" AL spectrum along the wiggler, in Fig. 3, clealy illustrates the
1.4 - fraction, of accelerated electrons (:z50%).

For the eight-stage IFEL of Table 1, the l-D simulation
1.2 - code was used to optimise the sequence of tapered wigglers for

3 ~a given lase power, resonance phase angle and peak wiggler
lo0- -- field. The vertical transverse focusing action of the planar

wiggler was taken into account. Instead of shaping the wiggler
~O.S poles for horisontal focusing, external focusing was added.

0.6 * - V. CONCLUSION
0.4 - , The study of the IFEL acceierator is coutiruing with

ZZI&'U'AAlftnear-term emphasis on low-loss guide development, transverse
02 and longitudinal phase space transport and the furthcr opti-

misation of a multimodule 1-GeV accelerator. For a single
0.0 demonstration stage, aimed at approximately doubling the

0 1 10 1,5 20 25 ý3 ý5 beam energy, a CO2 laser power of 1011 W is satisfactory.
A cascaded IFEL accelerating to I GeV would require a
laser power of 1012 W to make the overall device technically

Figure 2: Beam radius w at the exit of stainless-steel competitive.
waveuids o vaiou legths wih ad wthot aWe wish to acknowledge the assistance of T. Romano and

wavgude ofvaios lnghs wih ndwitou agermanium J. Aredrs (wiggler measurements), and of S. Coe and M.
coating, for beam waist radius wo of 1.0 mam at the guide Wn wvgiemaueet)
entrance. The radius without a waveguide is also shogwwvnu.masrmet)
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Phase Control in High-Gradient Laser Particle Accelerators*

L.C. Steinhauer and W.D. Kimura
STI Optronics, Inc.

2755 Northup Way, Bellevue, WA 98004

Abstract mirror. The entrance optic, nominally a flat mirror
High gradient acceleration can be achieved with a central hole for passage of electrons,

in a free-space laser particle accelerator by reflects the incoming laser wave through the
generating an interference pattern in the laser interaction zone (shown as a shaded area in the
wave in which electrons move in phase with the figure). This zone is terminated downstream by
laser in regions of constructive interference and the exit optic, another flat mirror with a central
out of phase in regions of destructive interference. hole. As described later, the surface of the
The desired interference pattern is created by entrance optic will be suitably engraved with a
proper design of a holographic grating on the holographic grating surface to achieve the desired
surface of the entrance optic. The approach for interference pattern in the e-beam path.
designing such a system is described and
examples are presented.

I. INTRODUCTION i "laser S.• pa•

Laser particle acceleratior (LPA) is a exit
promising method for high-gradient acceleration, electron optic
The most difficult aspect of LPA is phase match- path
ing between the laser wave and the electron
beam. Proposed solutions have either introduced entrance
gaseous or plasma media into the interaction optic -

region, or else have conditioned the electron beam output laser
(using a magnetic wiggler) or the light wave path..--
(using evanescent waves from a nearby grating).
A recently proposed alternative is to operate in
vacuum and limit the length of the laser-e-beam Figure 1. Basic laser-e-beam interaction zone
interaction region [1]. Such free-space acceler- design.
ation does not require exact phase matching
between electrons and the light wave. A novel In some ways this arrangement resembles a cavi-
approach is examined here that creates an ty. Note, however, that the surfaces at each end
interference pattern which achieves both high c -tot be perfectly flat mirrors else no net accel-
acceleration gradient and reduced laser intensity eration can occur. The actual surface shape will be
on optical surfaces. discussed briefly in Section V.

II. PHYSICAL ARRANGEMENT III. ELECTRIC FIELD "DESIGN"

The arrangement of one section of a free By limiting the length of the interaction
space accelerator is shown in Figure 1. This zone, net acceleration can occur even though the
geometry is axisymmetric and the laser beam axis electrons slip relative to the laser wavefronts.
coincides with the electron beam path. The This was shown in Reference [1]; although, no
incoming laser beam is annular and radially- attempt was made there to improve performance
polarized and has been prefocused by an axicon by tailoring the intensity and phase structure of

the incoming laser wave. The objective here is to
* Supported by US DOE Contract No. DE-ACO6- design the electric field structure with two

83ER40128. purposes in mind: (1) maximize the energy gain

0-7803-1203-1/93$03.00 0 1993 IFEE 2581



for a given laser power, and (2) minimize the peak each mode and are related as follows:
laser intensity on optical surfaces.

The approach here is to assume a desired a2 + K2 = k2 (5)
longitudinal electric field structure on the ' (
geometric axis where k = 2r/A, and A is the laser wavelength.

E, (r = 0, z) = F (z) sin (km z) t", ()Using these electric fields and making the
(1) Born approximation, the energy gain by an on-axis

where F(z) is the envelope, the sine function electron traversing the interaction region is
gives the phase structure, and (o is the laser
frequency. The envelope function is assumed -W = eL , Aj (WCj cos yo + WS-j sin wo), (6)
symmetric about z = LJ2, where the interaction jos
zone in Figure 1 is between the range 0 < z < L.
In order to realize propagating waves that cross
the geometric axis, the propagation constant ku where wo is the electron entrance phase (z = 0); e
must be less than k w &c. The phase factor is is the electron charge; and
assumed to have the same symmetry about z = cos cj-l - sin aj
L/2 and to vanish at the boundaries (consistent WCj - ; (7)
with low laser intensity at the optical surfaces). 2 0 ; WS, - 2aj
Thus, kM = (2N- 1)&r/L, where N is an integer. The
given field structure can be Fourier analyzed using - + (2j- 1) x. (8)
a sine series on the interval 0 < z < L. Then the
electric field on axis can be expressed in terms of
Fourier modes: Here P is the relativistic parameter. The ± in Eq. 8

indicate left and right moving waves, respectively.
[The sin(kMz) phase structure includes both.]

Ez= Aj sin (Kijz) eit, (2) Only right moving waves (+ z direction) need be
i•i considered since only they cause significant

acceleration of right moving electrons.
where Aj is the amplitude and xjis the propaga-
tion constant for each mode, Kj = (2j-l)xlL. Only IV. PERFORMANCE IN EXAMPLE CASES
odd harmonics are used because the function is The acceleration and other properties are
symmetric about z = L/2. Indeed only input found for the following example envelope function,
functions with this symmetry property are of
interest since only the odd harmonics produce net
acceleration. F (z) = sin (x/zL) sin2 (NL~rz/L), (9)

Given the Ez structure on axis (Eq. 2), theGivn te E stuctre n ais Eq.2),the here NL is the number of lobes desired in the
corresponding electromagnetic field structure w
elsewhere can be found using familiar Bessel interference pattern. Figure 2 shows the electric
function solutions. Assuming only that the fields field on the axis for a particular example. This
are axisymmetric and radially polarized: example has a relatively short interaction zone

(L/A = 108) and a steep principal crossing angle
00 (Om = 397 mrad, where kmlk = cos0m). Given

Ez (r,z,t)= . Aj Jo (ajr) sin (K.z) ei(01, (3) L/A, an optimal combination of N and NL was
fri chosen so that the electron with the proper initial

phase will be in phase with the wave in the
Er (r,z,) f Aj .JI (ajr) cos (cjz) eiw. (4) regions of high field amplitude (constructive

j=1 "J interference) and out of phase in the regions of
low amplitude (destructive interference).

The factors aj and Kj are the radial and The electric fields at the entrance optic for
longitudinal components of the wave vector for the same case are shown in Figure 3. The fields
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shown are actually those on a viewing cone at an Examples of this concept are summarized
angle which minimizes the apparent phase in Table I based upon a CO2 laser. Evidently,

high acceleration gradients of hundreds of (eV/in
over single section lengths of order 1 cm are
possible. These examples also have reduced laser

o enwlo-• intensity at optical surfaces; the maximum electric
jf eunvele field at the entrance optic is less than the

1,• I ] $• S accelerating field in the electron path.

At k % Table I. Examples for 10.2 gtm Laser Wavelength.

0r L L (cm) a (cm) PLz- Xm M

field at position dz E
of moving electron

0.42 0.11 50 GW 470 0.55
1.04 0.18 50 GW 190 0.95
1.04 0.18 1 TW 850 0.95

Figure 2. E, on axis for the case L/A = 108, 1.04 0.18 10 TW 2700 0.95
N = 100, NL = 8.

V. DISCUSSION
variation (modulation) of the wave. The electric
field scale, E0 , is the same as in the beam path The examples here show that properly
shown in Figure 2. Here the radial scale is a = designed interference patterns allow electrons to
LlcosOm; a ray of light at the principal crossing effectively remain in phase with a laser wave over
angle 0m passing through r = a at z = 0 will cross significant distances. The question then is how to

the axis at z = L. produce input waves with electric field patterns
like that shown in Figure 3. This is possible by
(1) optically modifying the incoming laser beam

__ intensity pattern and (2) engraving the proper
holographic grating structure on the entrance

Er optic. Since the required electric field distribution
can be analytically calculated, the necessary holo-
graphic structure can also be numercially com-
puted. Computer controlled diamond machining
can then be used to cut the holographic structure

0 .. on the entrance optic. Similarly, a holographic
"0, V, V- Ja grating on the exit optic can be used to convert the

" Ez laser beam back into one that can be recycled for
another interaction with the e-beam.

Future work on this concept will address

Figure 3. Fields at entrance optic (on several topics: (1) optimization of the design for a

viewing cone: r = s cosOp, z = s sinOp (0 < single interaction cell and (2) recycling the lasers < a) where O= - 85.2 mrad is the beam, i.e., collecting and reinjecting the exit laser
wave into the adjacent interaction cell. (See

crossing angle of the last propagating Figr 1).
mode ( = 108).

VI. REFERENCES
In this example the maximum electric field on the

entrance optic is Em=, = 0.89E 0 , i.e. it is slightly [1] L.C. Steinhauer and W.D. Kimura, J. Appl.
less than the nominal peak acceleration field Phys. 72, 3237 (1992).
experienced by the electron (Fig. 2).
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Beam Quality in a Cyclotron Autoresonance Accelerator'

B. Hafizit, P. Spranglet and J. L. Hirshfieldl
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tBeam Physics Branch, Plasma Physics Division
Naval Research Laboratory, Washington, DC 20375
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Abstract - The axial velocity spread for a gyrating eration can occur. Means for arranging this in prac-
electron beam produced by cyclotron autoresonant ac- tice include the use of dielectrically-lined waveguides
celeration is determined. The parameter range chosen or coaxial waveguides operating in the TEM mode.
for analysis is that of interest in harmonic generation For the former, acceleration gradients determined in
of cm-wavelength radiation to drive a next-generation our analysis to date have been smaller than those for
electron-positron collider. fast wave unlined waveguides. For the latter, elemen-

tary considerations show that axicentric orbits expe-
rience acceleration to an energy no greater than the

I. Introduction potential drop between the inner and outer conduc-
tors. For properly phased electrons with fixed, small
off-axis displacement of guiding centers, the energy

The cyclotron autoresonant accelerator (CARA) increases with time like t2/` in the asymptotic limit.
may have application as a compact, low-energy mi- This is to be compared with the t2 / 3 scaling for the
jector for a high-gradient accelerator or for use in a conventional autoresonance acceleration. As a result,
source of radiation that requires low-energy electrons. consideration here will be limited to fast-wave accel-
Recent calculations of the efficiency for production erators for producing 20-100 MW beais in the energy
of rf power at a harmonic of the rotation frequency ra tors for u se in the energy
for an electron beam prepared using a CARA show range up to 1 MeV for use in the harmonic generation
that good beam quality is important for achieving of cm-wavelength radiation to drive a next-generation
high efficiency.' For example, when a nonlinear (reso- electron-positron collider. In this paper we present re-
nant) taper in magnetic field is employed in the har- sluts from time-dependent simulation of the CARA to
monic convertor, 5-th harmonic conversion efficiency illustrate the quality of the electron beam generated,
at 14.25 GHs was predicted to fall from 70% to 30% as measured by the axial velocity spread.
when the axial velocity spread was increased from zero
to 2% in a 7 A, 150 kV electron beam. It is thus crucial
to understand the origins of finite velocity spread dur- II. Numerical Results
ing cyclotron autoresonant acceleration, in order to
design accelerators capable of producing beams with The simulation results presented here are obtained
spreads below 1%. This paper presents preliminary by following the motion of a group of 100 electrons
results of a numerical study of the evolution of axial in the field of a TE1u mode in a circular waveguide
velocity spread during acceleration by a CARA oper- which is immersed in a guide magnetic field. The am-
ating in the TE11 mode at S-band. plitude of the rf field is assumed to vary slowly due

Prior theoretical studies of the acceleration process 2 to beam loading of the circuit. The guide field is ta-
have shown that rapid trapping of particles occurs pered along the z axis in order to maintain resonance,
at the resonant phase", that substantial energy gain i.e., (10/7 = w(1 - nfl.), where (1o = IeIBo/mc is the
can be obtained 4, but that a practical upper limit gyrofrequency in the axial component of the guide
to beam energy will exist when a fast wave if ac- field Bo(z), e is the charge and m is the mass of an
celerating field is employeds. If an accelerating field electron, c is the vacuum speed of light, -y is the rela-
with a phase velocity equal exactly to the light ye- tivistic mass factor, P. = v,/c is the ratio of the axial
locity is employed then-in principle-unlimited accel- velocity to c, w is the rf frequency and n = c/(w/k.) is

the refractive index for the waveguide mode with ax-
'Supported by ONR & DoE ial wavenumber k,. Tapering of the axial component

0-7803-1203-1/93$03.00 O 1993 IEEE
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of the guide field implies the presence of transverse
components since the magnetic field is solenoidal and . (0
approximately irrotational. The Lorents equations
of motion for the electrons are simplified by retain-
ing only the resonant terms and integrated by a 4-th 26
order Runge-Kutta method, using 10i mesh points.
The slow-scale spatial variation of the rf is expressed A 2.2

as exp{fi d[k + ir(z')]}, where Ak(z) is the v
wavenumber shift and r(z) is the damping rate. The 1.0 +
slow-scale Maxwell equations then lead to explicit ex-
pressions for Ak(z) and r(z). The electrons enter the
waveguide as a pencil beam consisting of axicentric 1.4
orbits, but with finite emittance. The parameters for
the simulation results presented here are shown in Ta- 1.0
ble 1. The initial emittance value of 14.14 mm-mrad ... . I ,
is twice the ideal emittance for a 50 A beam drawn 2.8
from a 5 cm 2 thermionic cathode at a temperature of (b)

0.16 eV. 2.4

Table 1 E 2-0
Frequency w/2w 2.85 GHz 1.6
Input Power 50 MW A
Waveguide Radius 8.824 cm Q 1.2

Refractive Index 0.937 V

Waveguide Length 168 cm 0.8
Initial Energy 100 keV 0.4

Final Energy 1 MeV
Current 50 A 0

Initial Normalized Emittance 14.14 mm-mrad 1.5 , , ,

Initial Beam Radius 0.638 mm
Final Beam Radius 2.7 __ 1.3 (

Initial Axial Velocity Spread 0.015 %
Final Axial Velocity Spread 0.11 % 1.1
Initial Magnetic Field 0.592 kG
Final Magetic Field 1.45 kG C 0.9

Table 1: Parameters for simulation of CARA at
S-band. 0.7

The waveguide radius is chosen to be large enough 0.5
so that the refractive index is close to unity and, there- 0 s4 168
fore, the interaction is close to autores,)nance. As a Z (cm)
consequence the waveguide is somewhat overmoded
and supports all TE and TM modes through TM21. Fig. 1: Results from numerical simulation ofHowever, other simulations show that CARA opera- CARA operating at S-band with 100 keVtion below cutoff for the TMsh mode is also possiblep initial electron energy. (a) Mean beam rel-

ativistic factor; <> indicates an average

over the electron distribution. (b) Mean
beam gyroradius. (c) Ratio of gyrofre-
quency to rf frequency.
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1.4 Y ... Figures 1(a), (b) and (c) show the mean -y (averaged
over the ensemble of electrons), the mean gyroradius,

1.2 p "- 7VI/fl0 where vj is the transverse component
of the electron velocity, and the ratio of the gyrofre-

1.0 quency to the rf frequency, flo/w, all as functions of

A 0.8 axial distance z. (In the figures, <> indicates the
f average over the electron distribution.) Figure 1(a)
V 0.6 shows that the beam energy increases to about 1 MeV

in a distance of 168 cm. Beyond - 100 cm, the rise
0.4 in energy is principally directed into the transverse

component of the electron velocity. To maintain res-
0.2 onance this is accompanied by a rise in the magnetic

field which tends to reduce the axial electron veloc-
0 ity due to the transverse components of the magnetic
0 field. This, in turn, leads to a further rise in the

field to preserve the resonance. The net effect is the
rapid rise observed in Fig. 1 (c) and is responsible

_ - for restraining the beam radius from approaching the
'a waveguide radius, as indicated in Fig. 1(b).

Figure 2(a) shows the increase in the mean beam

•o -tj_/L/z as the electrons are accelerated. The accel-
a. eration process, of course, leads to depletion of the rf
LA_ power down the waveguide, as shown in Fig. 2(c). Fi-0: -12 nally, the root-mean-square (rms) spread in the axial

velocity of the electrons, normalized to the mean axial
velocity, is shown in Fig. 2(c). It is observed that the

-16 . spread in the axial velocity, which is the key figure-of-
. . .merit in evaluating the quality of the beam for radia-

0.20 tion generation purposes, is much smaller than 1%.
A (c) III. Conclusion

N
> 0.16

N We have presented some preliminary numerical re-

>' 0.12 sults for a > 95% efficient CARA operating at S-band.
In particular, we have shown that the quality of the
electron beam generated by this accelerator, as mea-

V 0.08 sured by the axial velocity spread on the beam, is
a
P consistent with the requirement for efficient genera-
C. tion of cm-wavelength radiation in a 5-th harmonicV) 0.04

converter.

0 . . . . . . . .
0 84 1680 (m 161Referencesz (M

Fig. 2: Results from numerical simulation of [1] J. L. Hirshfield, Phys. Rev. A 46, 5161 (1992);
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Superlattice Crystal Accelerator: Acceleration Beyond GeV/m

S. ABogacz
Accelemr Physics Department, Fami National Accelerator Laboratory

P.O. Box 500, Batavia. 3L 60510 USA

SFurthermore, the electrostatic crystal fWeds involve the
Here, an idea of using a visible light wave to accel- line averaged nudear field and am be two or more orden

erame relativistic paices via the inverse FEL mecha- of magnitude larer than the equivalent fields of macro-
aim is exploed. A strain modulated crystal stucture - scopic magnetic undulamors. Both of these factors hold
the superlanice, plays the role of a microscopic undula- the promise of greatly enhanced coupling between the
tot providing very strong ponderomotive coupling be- beam and the waeleratmg eectoma wave.
tween the beam and the light wave. Purely classical
treatment of relativistic protons channeling through a II. SUPERLATTICE CHANNELING
supedattice is performed in a self consistent fashion in-volving the Maxwell wave equation for tie accelerating One can describe a high intensity proton beam in
volenthgetwfield and the relativistic Boltzmann terms of a classical distribution function, f(p, x, t),electromagnetic fil n h eaiitcBlzangoverned by the relativistic Boltzmann equation. The
equation for the protons. It yields the accelerating effi- transverse dynamics of relativistic protons propagating
ciency in terms of the negative gain coefficient for theitrans modulatedsuperlattic modl byoagar-
amplitude of the electromagnetic wave - the rate the en- in a stain modulated superattice is modeled by a bar-

ergy is extracted from the light by the beam. Presented monic crystal field potential' and leads to generation of
analytic formalism allows one to find the acceleration a transverse current. This couples the Vlasov equationrant in a simple closed form, which is further evaluated to the Maxwell wave equation. Therefore, presented

for a model beam - optical cavity system to verify fea- problem reduces to a self consistent solution of the

sibility of this scheme. Viasov and the wave equations.
Collective behavior of a particle beam channeling

I. INTRODUCTION along the z axis can be described in terms of the rela-
tivistic Vlasov equation

The main idea of using a modulated crystal struc-
ture as an undulator is illustrated schematically in Bf 1(p +()

Figure 1. A beam of relativistic particles while channel- at my (p cA
ing through the crystal follows well defined trajectories.
The particles are periodically accelerated perpendicular to + [ (p - e AD) LAp -=0.
their flight path as they traverse the channel. The undu- -mcf c W W
lator wavelengths typically fall in the range 50-500 A, Here A is a vector potential of an electromagnetic field
far shorter than those of any macroscopic undulator. and # is a phenomenological harmonic crystal-field po-

tential2, which describes both transverse focusing of the
beam and longitudinal modulation of the minimum of
the harmonic potential well

* *+1 (x - x1 Cos gz) 2, (2)-=0+ -- o

where g = 2x/4 (is the strain modulation periodicity
and x1, 1,. 4o are parameters of the potential.

Eq. (1) will be treated iteratively and only linear
terms in the A-field will be retained. In the 0-th order
solution A f0, and the corresponding distribution
function f = is obtained from the solution of

St - e 50 (3)
./J/.•/" i my axe ax

S . . . . * * * A class of solutions, fo), describing a beam with a
S .. sharply peaked initial momentum distribution, A can be

constructed as follows
Figure 1 Center of the channeling trajectory in [1101 °(O) = no 8(x - x(°)) 8(p. - p0.) )A(p1 - p0), (4)

direction in a strain-modulated superlatice.
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where no is a concentration of particles per unit area of one can model the effect of coupling by adding a small
the channeling plane and the steady state trajectory is complex part iKt* = e + ip* to the k-vector, here a is a
described as follows gain/loss coefficient and P describes a small shift in the

phase velocity of the optical mode. Deamplification of
(0) = the back traveling wave can be summarized by the fol-x l = cos lowing expression

_(0) ax(°) 0

0"P

(0) =P za--• n y L r(v -), (11)

Here U = g/k,, where, k. is a focusing strength of the -G
crystal channel given explicitly below wh~er

k 2 (6) v- = mkc/pz + k - g, (12)

and

We have assumed that only the transverse component of gx
the A-field is present and A a A(z, t). We seek a per- c I - U (13)
turbed solution, fP,) in the following form Here,

f) = no 08(x - x(°)) f(p-pO) ) h(z, p. .t) , (7) F(x) * sin(xL/2))2 (14)

where h describes bunching of particles due to the pres- ( (14)
ence of the A-field. Substituting Eqs.(4)-(7) and (2) is the characteristic form occuring in diffraction theory,
into Eq.(1) leads to the following kinetic equation for h with the puincipal maximum at x = 0.

ah+ Ph_ . gxS __ cmW sin gz=0"(8) IM. ACCELERATION RATE
t mImposing resonant condition, v- = 0p in Eq.(l)

The inhomogeneous term in the above equation rixes the wave vector of the optical mode as follows
plays the role of a driving force representing accelera-
tion of the particles by the ponderomotive force due to g = mykcipz + k (15)
the transverse motion (induced by the crystal field) in Oto
the presence of the A-field. The resulting transverse cur- O~ a oieta~ pr rmasol ayn ucrent couples Eq.(8) to the following wave equation tion Q, the remaining functions occurring in the inte-grand in Eq.(l 1), namely, A and r are sharply peaked

a2 i a2 A functions of momentum characterized by the respective

W jcW ) widths:

00e (16)4nue dpz h Pz gx1 si P r9) OR (16

c f my 1 -j Uzsingz, (9) Now one can compare relative sharpness of both func--00 tions; A and F. Typical value of the relative momen-

resulting in a closed system of equations for h and A. turn spread is of the order of 10-4. Assuming superlat-
Here the A-field can be identified as a sum of the tice modulation of 500A and crystal length of 5 cm al-
macroscopic driving field and a self consistent electro- lows one to evaluate the width of F. Both characteristic
magnetic field propagating in the crystal structure. We widths can be summarized as follows
start with a single plane wave solution of arbitrary w (l) (pi)
and k propagating in free space along the z axis in both P )A ( r
directions and use it as a 0-tb order iteration step

A0 _ A0 -e -i t ikz The integration in Eq.(l 1) is carried out assuming that
A± - (10) the sharper function, namely r, is approximated by the

Putting A = A (left and right propagating waves) in 8-function. This reduces the gain/loss coefficient to thePutting~~~olown sipl expresfsionih wpaain wvs)i
Eq.(9), one can solve it analytically for h = - following sibple expression

2 -2

constructing a Green's function with the appropriate X (18)
boundary conditions built in it. The solutions for 2 =-- In P• A
Al)(z) can be written explicitly in terms of the Green's
iunction for the Helmholtz equation. On the other hand,
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The above final result will serve as a starting point for where v1.,v, are transverse and longitudinal components
further feasibility discussion. of the particle velocity, respectively.

For small values of y (U 1), the following sim-
IV. THREE WAVE MIXING pie physical criterion allows one to estimate the maxi-

Spontaneous bunching of the proton beam channel- mum value of Q. Dechanneling will occur if the trans-
ing through a superlattice and interacting with the elec- verse kinetic energy of the particle exceeds the binding
tromagnetic wave results in energy flow from the wave energy of the harmonic potential (a particle leaves the

to the beam. This particular kind of particle density channel). If the maximum transverse velocity of a

fluctuation, h, has the form of a propagating plane channeling particle is v1 and a is the distance between
wave of the same frequency, wo, as the emitted electro- adjacent channels (for (110) channeling in Si a = 5 A),
magnetic wave. The phase velocity of the moving the above condition can be written as follows:

bunch matches the velocity of protons in the beam.
Therefore, the quantity YMo/pz a kb represents the v2 eI - (20)
wave vector of the propagating particle density bunch. my (2)

Keeping in mind that the periodicity of the undulator The equality sign in Eq.(20) along with Eq.(19) fix the
represents a static wave with a wave vector g, and that k maximum allowed value of the undulator parameter as
is the wave vector of the electromagnetic wave, we can
analyze our results in the language of three wave mix- -[

ing3. Q7 9 a - -=c q mTc2 (21)

Furthermore "momentum" conservation of all three c2 Y
modes yields the, V- = 0 conditions. The last condition, The above expression can be evaluated for relativistic
kb = g - k, is equivalent to a momentum "recoil" be- protons channeling through our model superlattice as
tween the particle density "bunch" and the electromag-
net wave (deamplification of the backward propagating Q0-24 cm1 (22)
wave), where a four momentum (0, g) is transferred = 7 2 0
from the backward propagating wave to the forwardmoving proton bunch. Now, one can evaluate Eq.(I 1) assuming only one pro-

ton - by assigning n to be an inverse area of the chan-

V. FEASIBILITY ASSESSMENT neling plane per one particle for typical values of the
beam concentration 5 , n = 1016 CM-2. This way a de-

We will discuss the feasibility of the proposed scribes the rate of optical amplitude depletion per one
scheme by considering (110) planar channeling in a particle - the acceleration rate. Assuming y of 2, 1-
strain modulated Si crystal'. We write the widulator pe- 500A and
riod as 1= Nd, where d = 1.92 A is the spacing between
successive lattice planes and N is the number of such ( _ =10-4 (23)
planes. The strain modulation, of course, requires a sec- P)A
ond component, such as Ge; however, we will use the yields the following value of the acceleration rate
parameters of Si for convenience.

Relativistic particles while channeling along the a = 3.53 x 10-4 cun'. (24)

path undergo transverse harmonic oscillations from the The nominal acceleration efficiency in units of eV/cm
crystal field potential, an analog of the betatron oscilla- will, obviously, depend on the energy density of the ac-
tions, with the characteristic frequency (o 0 = 4ý /m. tual optical cavity, which is left out for further discus-
One can see from Eq.(13) that if the angular velocity of 'sion elsewhere.
a particle traversing thF strain modulated path, (o =
2xvV1, approaches toP y (Doppler shifted betatron fie- REFERENCES
quency), the undulator parameter, Q, has a resonance (U . B. L. Berman, et al, Nuclear Instruments and
-+ 1), which would enormously enhance the gain/loss B.L. inPhysics Nusear Instruments9and
coefficient. However, the excessive growth of the undu- Mh in S icRarh, ,918.
lator parameter would soon result in a rapid dechannel- 2. K.A. Ellison, S. T. Picraux, W. R. Allen and
ing of the particles. One can see this easily if Q is W. K. Ehu, Phys. Rev. B, 37, 790 (1988).rewritten in the following form 3. J. A. Ellison, Phys. Rev. B, 18, 5948 (1978).

4. S. Datz, et al, Nuclear Instruments and Methods
= V.IMal (19) in Physics Research B, 2, 74 (1984).

c vn 5. M. A. Kumakhov, Soy. Phys. JEPT, 4, 781
(1977).
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Design Study of a Microwave Driver for a
Relativistic Klystron Two-Beam Accelerator*

T.L Houck
Lawrence Livermore National Laboratory

University of California, Livermore, California 94550 USA

Abstract bilities in induction accelerators. The microwave
In two-beam accelerators, the reacceleration of a extraction cavities are treated as a continuous

modulated drive beam can enable high conversion distribution along the drive beam of the RK-TBA. The
efficiency of electron beam energy to rf energy. transverse instability is assumed to be due to the
However, the stability issues involved with the excitation of a single dipole resonant mode with
transport of high current electron beams through rf frequency oe. Within this frame work the asymptotic
extraction structures and induction accelerator cells are behavior of the transverse instability can be studied
critical. We report on theoretical studies and computer using the well-known multicavity model equations:4' 5

simulations of a two-beam accelerator design using 'a2

traveling-wave extraction structures. Specific issues + Oz A =y (1)
addressed include regenerative and cumulative lat 2  Q at
transverse instabilities. a [3-]+ 3k =A, (2)

I. Introduction a _
where • is the transverse displacement of the beam

A collaboration between the Lawrence Livermore centroid from the axis. A n Ap./Lg pz) is the normal-
National Laboratory's (LLNL) Microwave Source ized z-averaged transverse angular change of the beam
Facility and the Lawrence Berkeley Laboratory's centroid per unit length, L. is the cavity spacing, ApJ. is
Collider Physics Group has been studying the feasibil- the change in transverse momentum, and p, is the
ity of a Relativistic Klystron-Two Beam Accelerator longitudinal momentum. The strength of the coupling
(RK-TBA) as a possible linear collider. In a RK-TBA, between the beam and the dipole field is represented
one beam line is a high-gradient rf linac whichaccelerates electrons or positrons to very high .nris by the term G = c wo(ZJ/Q) I/Lg 14) where Io = mc3/e =

h energies. 17 kA. For solenoidal focusing k4 should be interpretedThe second beam line, the subject of this paper, is an as one half of the cyclotron wave number and 4 is equal
induction linac which includes microwave generating to the phasor x + iy. In the RK-TBA concept the aver-structures located at regular intervals along the beam tohepao +iyInheR-Acnetteavr
line. These structures extract energy in the form of age energy of the induction beam remains constant overline.wavese struchtres extrahenuerg triv the formof lian extraction-reacceleration cycle. In the continuous
mdcrowaves which are then used to drive the rf linac, distribution approximation I will treat y as a constant.
In a RK-TBA design, the microwave generating Equations (1) and (2) can be solved by Fourier
structures are rf structures, e.g. standing-wave cavities transforming from t to o and using the WKB method.
or traveling-wave structures (TWS). Experiments at The transform inversion to recover , can only be done
LLNL have shown that traveling-wave structures are analytically in a few special cases of initial/boundary
capable of producing the desired high-power micro- anditions. few genial inf tiondary
wave pulses (100's MW per output).1 However, these conditions. However, general information on the
experiments also indicated that the major difficulty in growth of the transverse instability can be obtained if
designing a feasible RK-TBA is the transverse instabil- t
ities resulting from the propagation of kiloamperes of k >> W02 G
average current through the narrow apertures of x-band O (wo2- - i COo W/Q)
microwave structures.' This paper addresses both ana- and the instability growth is sharply peaked near the
lytical and numerical modeling performed to study resonance, c = a). The solution can then be approxi-
damping of the transverse instability in such systems. mated as:

II. Analytical Modeling k A(Qo)0 oek.ot+i ' (
To model the RK-TBA, I have used Caporaso's 2nQ " f0 2ykl "[2¥ksJ

technique3 for studying the growth of transverse insta- where A( 0(o) is determine by boundary conditions.
Equation (3) exhibits the exponential growth with

*The work was performed under the auspices of the distance that is characteristic of this instability.
U.S. Department of Energy by Lawrence Livermore Phase mixed damping due to a spread in energy
National Laboratory under contract W-7405-ENG-48. across the beam can be included in the analysis by using
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the techniques of hose instability theory.6 The beam is second equation is used for the y-polarization as well
divided into "beamlets" with different energies, as single particle equations of motion in the x and y
oscillation amplitudes, and betatron wavelengths such directions. While equation (10) is similar to equation

that k2 = lk,, where 4c is the maximum wave number, (4), there are several features in the BBU Code neces-
0 : q < 1, and 4,, are the associated oscillation sary for modeling a realistic structure:
amplitudes. The model equations are a. RF structures are treated as separate entities

/,2 a with specific rf properties,
t Q +•/,and (4) b. RF structures have a finite longitudinal length,

St J c. Electromagnetic coupling can exist between
+adjacent rf cavities (needed for TWS cells),

8-2+k where (5) d. Variable current profiles can be used, andaz2

= I1 e. Actual solenoidal fields included for focusing.

- •'i) =n db ¥ - •) y di and g ) dq = 1. The electromagnetic coupling of cells allows the effect
0 Jof regenerative BBU to be modeled. A limitation is

For this analysis, let the distribution function be: that the beam is treated as a series of rigid disks.

I OforO097j<1-e Thus, beam parameters such as current and energy can
1/E for 1 - E <'q:5 1, (6) only be varied longitudinally.

A dispersion relationship can be obtained from equa- Modeling parameters used in the simulations

tions (4) and (5) by Fourier transforming co to t and z to k presented below are given in Table 1. For some simula-

and using the distribution in equation (6): tions five different configurations of TWS's were used.
r2 1 Two configurations were modeled after TWS's tested

1 W2 G i17) during the Choppertron experiments, 1 and a third after

y (-cao2 _, i Co. (O/Q) e k2 a structure to be tested in the near future. The final two

I will again assume that the greatest growth in the configurations have rf characteristics bracketed by the

instability occurs when co = caw, and then solve for k: others. De-Q-ing circuits8 mentioned below refer to a

2 I technique for damping the dipole modes in TWS's used
k=l1+ 14 l-Z-+i. (8) at LLNL. TWS's that are de-Q-ed are simulated by

1 - e,2 2 2  reducing the Q of the first two cells to about 20. In all

where = e y kW(G Q) If = u, k will be a purely real the simulations the current is modulated at 11.4 GHz,
number and 4 will not exhibit exponential growth. the 2x/3 longitudinal mode of the TWS's, with each

microbunch covering 120( of phase. Beam energy is kept
III. Numerical Modeling constant, although it is possible to simulate energy

The Beam Breakup (BBU) Code 7 developed at extraction and reacceleration with the BBU Code.

LLNL was used to numerically study the transverse TABLE 1.
instability in a microwave generator comprised of many TWS Modeling Parameters in Simulations
equally spaced traveling-wave structures (TWS). The ipole mode lower "HEM11 branch"
BBU Code assumes a single dipole cavity mode is uency (GHz) 13.75, 13.675, 13.6, 13525, 13.45
dominant and the x-polarization of the electric field in hase advance 142.50 per cell
the nth cavity can be expressed as cells per TWS 7

(,t) = fnt)Zn(;) rel, (9) S electrical length 6.1278 cm
-n ell aperture (mm) 13, 13.5, 14,15, 16

where F denotes an eigenmode with eigenfrequency con. oup velocity 0.12 c, 0.13c, 0.14c, 0.15c, 0.16c
Here co denotes a characteristic frequency of the gener- wall (cells) 3000 (2), 7000 (5)
ator assumed near the transverse instability resonance. ext (damped cells) 20
It is possible to show that the excitation amplitudes f4, L/Qwall 18.33 fl/cell
are governed by the following circuit equations: S spacing 50 cm (center to center)

a2fn 2ico +2 - i02 _ i c/rf currents 650/600 amps

at2 Q. " --- )fn ( ulse length 110 ns (includes 5 ns ramp time)
a10) mm energy 10MeV

Kn 1 f.-I + K.+1 f +1 + Z0l alx e-ii't+,n} nitial offset 0.1 mm
C c2 IQ Jnat lenoidal field (Bz) 8 KG

where Q,~ is the quality factor of the nth cavity, Kn~'t
denotes the coupling of the n and n t1 cavities, I is the Figure 1 illustrates the effect of adding de-Q-ing

circuits to the first two cells of the TWS's. The
current, x is the transverse displacement of the beam displacement of the beam centroid is measured midway
centroid in the x direction from the center line, * is a between TWS's. Points are plotted whenever the
phase advance, and Z1. is the transverse impedance. A centroid displacement has doubled after passing
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through a TWS. The abrupt growth in the case of no mixed damping due to a longitudinal variation in
de-Q-ing indicates the current was above the threshold energy along the beam (modulated at 11.4 GHz). Five
for regenerative BBU in an individual TWS. With suf- different de-Q-ed TWS's are used in all cases. Larger
ficient damping, as in the de-Q-ed case, cumulative spreads in gamma, Ay, would require greater resolution
BBU is the principle mechanism for instability growth. (thinner current disks) for accuracy.
Figure 2 shows the effect of varying structures along the IV. Conclusions
beam line (staggered tuning). For example the curve "5
TWS" represents a beam line comprised of repeating It is essential to sufficiently damp the BBU
sets of five different TWS's. Structures are de-Q-ed in resonances within individual TWS's to prevent the
all cases. This effect is similar to lowering the Q for a onset of regenerative BBU. It is also necessary to limit
single configuration. Figure 3 shows the effect of phase electromagnetic coupling between adjacent TWS's to

10 - Regenerative BBU in avoid regenerative BBU between TWS's. This condi-

first TWS prevents tion was assumed in the simulations. Phase mixing isppgation of beam. / the best means of defeating the cumulative instability,po i oalthough large energy spreads will make beam
De-in reve ntitransport 

more difficult. To further increase the
1 re ingeperatvenBBt s practical number of rf output structures in an RK-TBA, I

regenerative BBUmulati , will examine more aggressive de-Q-ing, different TWS
but not cumulative geometry's, and the use of standing-wave cavities.

BU Also, additional work needs to be accomplished to

Not De-Q-ed De-Q-ed determine a more realistic current density distribution
.1.. .- a . I I -- ". and to model two-dimensional phase mixing.

0 2 4 6 8 10 12
# TWS V. Acknowledgments

Figure 1. Effect of the de-Q-ing circuit. I would like to thank G. Caporaso, J. Haimson,

10 V.K. Neil, D. Whittum, and S. Yu for their advice and
3TWS insights on beam instabilities. I thank G. Westenskow

(13.675, to325 Hz• for guidance and encouragement.
(13.6GwVI. References

1[11 T.L. Houck and G.A. Westenskow, "Status of the
Choppertron Experiments," Proc. 16th Int'l LINAC5 Conf., Aug, 1992, pp. 498-500.

5 TWS [21 G.A. Westenskow, et. al., "Transverse Instabilities
(13.75 to 13.45 GHz) in a Relativistic Klystron Two-Beam Accelerator,"

• 1 ' Proc. 16th Int'l LINAC Conf., Aug. 1992, pp.263-267.

7 8 9 10 11 12 13 14 [31 G.J. Caporaso, "The Control of Beam Dynamics in
# TWS High Energy Induction LINACS," Proc. 13th Int'l

Figure 2. Effect of staggered tuning. LINAC Conf., June, 1986, pp. 17-21.

I0 ' ' " ' ' ' [41 W.K.H. Panofsky and M. Bander, "Asymptotic
AY- 1-5 Theory of Beam Break-Up in Linear Accelerators,"

Ay= [51 V.K. Neil and R.K. Cooper, "Coherent Instabilities
in High Current Linear Induction Accelerators,"
Part. Accel. 1, 111 (1970).

&Y= [61 E.P. Lee, "Resistive Hose Instability of a Beam
with the Bennett Profile," Physics Fluids 2_1 Aug

&y =3.5 1978, pp. 1327-1343.
[71 T.L. Houck, et. al., "BBU Code Development for

.1...High-Power Microwave Generators," Proc. 16th
8 10 12 14 16 18 20 22 24 Int'l LINAC Conference, Aug, 1992, pp. 495-497.

# TWS [81 J1Haimson ard B.Mecklenburg, "Suppression of beam
Figure 3. Effect of phase mixing due to energy spread. induced pulse shortening ...," SPIE Vol. 1629 Intense

Microwave and Part. Beams III (1992), pp. 209-219.

2592



The Standing Wave FEL/TBA: Realistic Cavity Geometry and Energy Extraction*

Jin-Soo Kim, Hen Henke(a), Andrew M. Sessler, and William M. Siaqp(b)
Lawrence Berkeley Lablteray

University of California, Berkeley, California 94720

Abstract longer pulses (for better efficiency), with longer cavities
A set of parameters for standing wave free electron (for BBU considerations[5]) than previously considered, and

laser two beam accelerators (SWFEL/TBA) is evaluated for with realistic engineering constraints. Induction linacs have
realistic cavity geometry taking into account beam-break-up leakage current the order of 100 A and need much higher
and the sensitivity of output power to imperfections. Also current than this level to be efficient Switching time for such
given is a power extraction system using cavity coupled wave a high current takes about 10 nsec and thus beam pulse lengths
guides. significantly longer than this are needed for a good efficiency.

An output energy of about 10 J/m is desired. Reacceleration
I. INTRODUCTION can also not be too large, since about 30 cm long ferrite

material is needed for 0.25 MeV reacceleration. With these
For the next generation linear colliders, a high constraints transverse and longitudinal beam dynamics are

gradient acceleration structure is necessary. As a possible considered and lead to a set of parameters for SWFEL/rBA.
source of energy for such colliders, a SWFEL/TBA has been
proposed[l,2]. A schematic diagram of a FEL(IBA is shown Hf. BASIC MODEL
in Figure 1.

Within a cavity the particles and fields of a SWFEL
Reacceleration can be examined by the conventional wiggle-averaged FEL

Init I equations[6]. Using the subscripts s for signal waves and wLow Energy for wiggler quantities, and representing the vector potential by

Electron the usual normalized quantity a=A/(mc2/e), the equations for
Beam cavity particle phase, Oj, the j-th particle energy, y, and the field

Beam • amplitude, as, with phase, 0, are given by the following.

dt, ,. o - 2cr. [L~ k2DxasO ji+K-)
High Envgy0 rC2j 2

e+Connecting I - x!L as +
Bearn d -z C .so+) 1

High Gradient Structure d(ase'1) ic(2ýr ](RJ ) • 1 ]/e " •

Figure 1. Schematic diagram of SWFEITBA

There have been some parameter studies of Here, Yr is the resonant beam energy, I is the average beam
SWFEL/TBA parameters. Preliminary optimizations were current, z is the axial coordinate, s is the distqnce from the
made for the constancy of output energy and phase with respect leading bunch, and the jitter term DxlI/2 .The ,agle brackets
to de-tuned energy for short pulse bunches[3]. The sensitivity are averages over particles of a bunch. The brackets are
has been reduced further by utilizing drift tubes between the redundant since in our analysis we make the approximation
cavities[4]. that only one macro particle per bunch. The shunt impedance

In this paper, we optimize the parameters with is then given by

The work was supported by the Director, Office of Energy R 4- aL2 ).(z)eXp

Research, Mffice of High Energy and Nuclear Physics, Division of -Z- I dz-
High Energy Physics, of the U. S. Department of Energy under Q VLW-:0. "•2 VZ Vs (2)
Contract No. DE-AC03-76SF00098.

(a) Permanent address: Technische Universitat Berlin, Institute where i is the particle velocity, vz is the z component of the
fur Thec:etische Electrotechnik, Einsteinufer 17, D-1000 velocity, o) is the FEL mode angular frequency, V is the
Berlin 10, Germany. volume of the cavity, and L is the length of the cavity.

(b) Permanent address: Lawrence Livermore National Once a particle leaves a cavity, the FEL field bounces
Laboratory, University of California, Livermore, California back to the other end of the cavity as a standing wave. Thus,
94550, USA. the field should be updated accordingly.
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The bunches in a pulse are then considered as blocks by making the nonsinusoidal component of the particle phase
of 2N. Since the particles do not interact much with the equation in Eq.(l) small. For 17.1 GHz, kw=0.16 is good.
relected waves, the first 2N bunches behave identically where A set of parameters is summarized in Table 1 taking
N =L/c. The next 2N bunches see the reflected field of the into account BBU, beam sensitivity and engineering
previous 2N bunches. Thus we need to examine only one
bunch per every 2N bunches. Utilizing the drift tubes between
cavities, and by adjusting the beam energy for each 2N 34
particles, it is possible to make each 2N particles behave •
identically through each cavity, thus yielding a stable high 33
power energy for a long device as described in Reference [4].

The output energy is then proportional to the square 32
of RIQ and the total charge of the pulse Lp . 4 b)

21
The proportionality constant not shown in the above equation, 2 d_
depends on the geometry of the cavity. 1 ----

Ill. GEOMETRY EFFECT 0 0 , _ _

The geometry of cavities and irises affect the field -1 3
equation, the third equation of Eq.(l), through R/Q. Although cavity'number 3

the quantity RIQ depends on the beam energy and wiggler
fields, the geometry dependence affects the FEL performance Figure 2. Particle energy (a), field energy (b), particle phase,
through this quantity only. Thus, we can evaluate FEL field phase, and the ponderomotive phase (c) of j-th particle for
performance for various geometry by simply evaluating this the first three cavities. Drift tube regions are not shown, and
quantity and using the usual FEL equations. simply indicated as a vertical dotted line.

Now it is easy to understand the geometry effect since
the geometry term affects only the field equation, and at the
same time the averaged beam current affects only the field aj
equation. Therefore, the geometry effect can be easily 2 4 a)

compensated by adjusting current, keeping I RIQ constant.
Thus sensitivity of output power to various errors is as in an
ideal cavity. The output energy may be different. This, 2 0
however, is not a problem since it is necessary to have
constant output energy but the magnitude of the energy is not 2.5 DI)'SO important. 1.5I -- '". ...--.. .

IV. NUMERICAL RESULTS O. 5 I *

Eq.(l) is advanced by the fourth order Runge-Katta 24 C),. T - _c)_II

method. Assuming no slippage between particles and fields, ,,
the field equations are evolved in z (replacing s by z). The 2 1
initial field phase was set to zero and the initial particle phase VRV.1:T-WI4 IT1 WT

is given as x/3.
A typical evolution of FEL variables, in the absence 1.69 )

of errors, are illustrated in Figure 2. In the absence of any
errors, the dynamics of each 2N block is the same for the 1.68
cavities. Thus only the first 3 cavities are shown. The particlelose energy (a) as it traverses a cavity while the field amplitude 1.6 7I V2 0-.
increases (b). The lost energy of the particle is replenished Uavity num~et'
before entering the next cavity, thus repeating the same
motion again. In (c) particle phase, field phase, and the Figure 3. Output energy (a) and field phase (b) versus device
ponderomotive phase are shown. length for 0% (straight line), 0.5% (dotted curve), and 1%

For stable FEL performance, it is important to keep (solid curve) de-tune in beam energy for the parameters in
the pondromotive phase V/ = Oj + 0 invariant. In principle Table 1. The same quantities are shown in (c) and (d) for 0%

we do not have to consider phase change of 0 and 0 (straight line), 2% (dotted curve), and 4% (solid cur,,e) for
independently. However, best results are obtained by random cavity errors in R/Q.
minimizing the variation of the particle phase within a cavity,
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The bunches in a pulse are then considered as blocks by making the nonsinusoidal component of the particle phase
of 2N. Since the particles do not interact much with the equation in Eq.(1) small. For 17.1 GHz, kw-=0.16 is good.
reflected waves, the first 2N bunches behave identically where A set of parameters is summarized in Table I, taking
N =L/c. The next 2N bunches see the reflected field of the into account BBU, beam sensitivity and engineering
previous 2N bunches. Thus we need to examine only one
bunch per every 2N bunches. Utilizing the drift tubes between
cavities, and by adjusting the beam energy for each 2N 34
particles, it is possible to make each 2N particles behave a
identically through each cavity, thus yielding a stable high 33
power energy for a long device as described in Reference [4].

The output energy is then proportional to the square 32
of RIQ and the total charge of the pulse I Lp . 4 5)

W.69.- (I P), R(3)3SL Q) " ¢)
2 ___j___ __

The proportionality constant not shown in the above equation, 2 c_ T
depends on the geometry of the cavity. 1 J

III. GEOMETRY EFFECT 0

The geometry of cavities and irises affect the field - 1
equation, the third equation of Eq.(1), through RIQ. Although 1 cavity'number 3
the quantity RIQ depends on the beam energy and wiggler
fields, the geometry dependence affects the FEL performance Figure 2. Particle energy (a), field energy (b), particle phase,
through this quantity only. Thus, we can evaluate FEL field phase, and the ponderomotive phase (c) of j-th particle for
performance for various geometry by simply evaluating this the first three cavities. Drift tube regions are not shown, and
quantity and using the usual FEL equations. simply indicated as a vertical dotted line.

Now it is easy to understand the geometry effect since
the geometry term affects only the field equation, and at the
same time the averaged beam current affects only the field a
equation. Therefore, the geometry effect can be easily 24 8) I

compensated by adjusting current, keeping I RIQ constant.
Thus sensitivity of output power to various errors is as in an
ideal cavity. The output energy may be different. This,
however, is not a problem since it is necessary to have
constant output energy but the magnitude of the energy is not 2.51 D5J• j
so important. 1.5.-

IV. NUMERICAL RESULTS 0.5

Eq.(1) is advanced by the fourth order Runge-Katta 24 Wou 1 I
method. Assuming no slippage between particles and fields,
the field equations are evolved in z (replacing s by z). The 21M - 1
initial field phase was set to zero and the initial particle phase 2 p IT"5v-w W rW, "l
is given as x/3. .1.

A typical evolution of FEL variables, in the absence 1.69 1 /
of errors, are illustrated in Figure 2. In the absence of any

errors, the dynamics of each 2N block is the same for the 1.68 --- -cavities. Thus only the first 3 cavities are shown. The particle I
lose energy (a) as it traverses a cavity while the field amplitude 1.67 Gift 0__
increases (b). The lost energy of the particle is replenished Zirvity numffe'0
before entering the next cavity, thus repeating the same
motion again. In (c) particle phase, field phase, and the Figure 3. Output energy (a) and field phase (b) versus device
ponderomotive phase are shown, length for 0% (straight line), 0.5% (dotted curve), and 1%

For stable FEL performance, it is important to keep (solid curve) de-tune in beam energy for the parameters in
the pondromotive phase ly = 6j + 0 invariant. In principle Table 1. The same quantities are shown in (c) and (d) for 0%

we do not have to consider phase change of 0 and 0 (straight line), 2% (dotted curve), and 4% (solid curve) for
independently. However, best results are obtained by random cavity errors in R/Q.
minimizing the variation of the particle phase within a cavity,
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THE ARGONNE WAKEFIELD ACCELERATOR-
OVERVIEW AND STATUS*

P. Schoessow, B. F ojnacki, W. Gal, C. Ho, R. Konecay,
1. Power, K losing. . Simpson

Argonne National Labetorsy, 9700 S. Cas Ave., Argonne IL 60439

Absrad

The Argonne Wakefield Accelerator (AWA) is a new f ,ilty ,---OST UcI,,

for advanced accelerator research, with a partcula emphasis on SETOEE
studies of high gradient (-100 MeV/m) wakefield accelerstion.
A novel high curren short pulse L-Band photocathode gun and
preaccelertor will provide 100 nC elecum1n bunches at 20 MeV
to be used as a drive beam, while a second high brightness gim
will be used to generate a 5 MeV witness bea= for wakefield
meawunema. We will present an overview of the various
AWA systems, the status of construction, and initial
commissioning results. LASE CO, ROOM

PHOTOCATI400C ACCELERATOR

The goal of the AWA program is to develop wakefield based
high gradient acceleration tedmiques for future linear collider.
In the process of developing the drive beam previously lie 1. Plan view of AWA Phase I
unexplored regimes of rf photocatbode source operation will beinvestigated. In order to minimize radial spince charge forces draing the

photoemission process, a lre photocathode (2 cm
The AWA project is planned as a series of phases, leading up diameter) is used. In additio, a curvature of the laser

to a I GeV demonstration linac based on wakefield technology. wavefront is induced using special optics [1]. Simulations

Phase I of the AWA is presently nearing completion, and indicate an optimal shape for the laser wavefont to be

consists of an L-band 20 MeV drive line and photocathode concave (electrons frther out in radius we emitted first),
source capable of delivering 100 nC, 20 ps ( HM) pulses, a with a satta of 17 p.
5 MeV high brightness photocathode gum to provide a witness
beam as a probe of wakefields generated by the drive beam, There is a strong correlation between the radial position and
and associated instrumentation for beam monitoring and energy of the electron pulse emitted from the gun. In order

wakefield measurements A plan view of AWA Phase I is to minimize the spot size at the exit of the drive lnac,

shown in figure 1. Additional details of the various AWA solenoids employing nonlinear focussing (spherical

subsystems may be found in other papers at this conference aberration) were designed. The shape of the magnetic field
can be modified if necessary by changing the iron pole
pieces.

High Current Photocathode Source and Drive Linac Two standing wave Ms-loaded cavities are used to

At the core of the AWA is a laser photocathode source, capable accelerate the drive beam to 20 MeV [3]. In order to

of delivering 2 MeV, 100 nC electron bunches to the drive minimize wakefield effects in the linac, large diameter (10

linac. TMe source represents a significant extension of present cm) irses are used. Tbe drive linac is shown in figure 2.

photocathode gun capabilities, and several novel techniques
have been developed to deal with the challenge of generating a
beam of this intensity. Details of the gun design and beamdynamics simulations may be found in reference [51. The witness gun [4] Is used to generate a low current, anall

emittance pulse which acts as a probe of wakefields

"Wonk supported by U.S. Department of Energy, Division of generated by the drive bunch. A 6-cell ids-loaded L-bnad
High Energy Physics, Contract W-31-109-ENG-38 cavity operating in the 2703 mode produces 0.1 nC_ 5

MeV bunches with a transverse emittance
0-7803-1203-1/93503.00 0 1993 IEEE
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A B B

Figure 2. Drive lina. A: Photocalhode gun, B: Nonlinear focussig solenoids, C: Lina cavities, D: Lawe inijection port. 1Ue
backing solenoid which anuls the magneftc field at the photocathode is nam shwn.

:9 1 x~ mm-mrad. The delay between the witniess and drive Diagnosing the 2 MeV high curent sour= presents special
bunches is adjusted by varying the witness gun rf and lase problems. The trinverae bunch shape can be measured
inection phases siutnosy using a huninscat screen, but the bunch energy is too low

for gas Cherenkov cells to be used as lnIt~udinal
A simple chicane as used to transport fthdie an w tnew diagnostics. Multiple scattering effect in general limit the
bunches throgh the test section containinig the wakefield device utlt of higher refractive ndxradistors.
under measurement. For the initial experiments the drive and
witness bean will puas cofmlnay through the teat section. A diagnostic to measuem the shape of the leading edge of the
Measurements requiring noocoflinear (paralel) drive and drive bunch at the gun ecit is under development and is
witness bunches, such as thos involving wakefield transformer shown schematically In fig 3. A series of quartz beads are

structures (see below) are possible with a sligl* reconfiguration strung on a thin tungsten wire. Cherenkov light generated

of the beamline. by the beam impinging on the bead any is transorte to
the streak camera. Because of multiple scattering and

After passing through the test section, the beams are diagnosed multiple reflection effects the streak length gives only an

uWsin a magnetic Spectrometer. A typical wakefield experiment ipper limit on bunch length at that point. However, the

involves measuring Mhe energy modulation an rnses start of each streak gives the time of arrival of the leadfing
deflection of the witness bunch as & functon of the relative edge of the bunch at the corresponding bead.

drive-witness delay.

Laser ~eeto ~c b
Curve elca bn b

The AWA laser system is used for both drive and witness beam WMS

generation. Thle l=ae can produce 8 Wi, 2 ps pulses at 248
mu. This is sufficient to permit the use of robust but low aI~l~

quantum efficiency Photocathode materials such as Yttrium orP

mnanlirrorm army [1] is used to introduce a curvature of *ai~

the laser wavefzoat for drive beam generation. The laser pulse
delivered to the witness gun is not shaped. 0.3 -m (typ.)

Diagnostics 
% jhrno tkcmaias

The AWA will make extensive use of luminescent screen beam Figure 3. Bead armay diagnostic for measuring the shape of
position moniton viewed by CCTrV cameras. The video signal th lcrnplee ittdfom hn fgn
can be digitized for annalyuis and storag [2). Button pickups thelcinpsemted tefgu

* for nondestructive monitoring will be loae at Expermenta program
awound the AWA beanlines. Eprmna rga

Gas Cbemeu~v cells we used to diagnose the pulse lengt of The generaton of 20 pi, 100 uC electron bunches from the
the 20 MeY d~rive bean. The duration of die Cherenkov lih drive linac: is in itself an important experiment. of

flash can be measured by the sUtrak camera with a 2 ps particular interest is the characterization of the drive gun
Insolution.
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and comparison of measured beam parameters with the Statm and C u
predictions of the codes used for the design simulations.

The drive linac components have been fabricated and
The first wakefield experiments will concentrate on the study of assembled, and witness gun fabrication is underway. Aftr
breakdown, charging and radiation damage effects in high a setback due to the default of the vendor, the rf system is
gradient collinear dielectric structures. These issues will need nearing completion, and cavity conditioning in expected to
to be resolved for any practical dielectric-based wakefield begin this mme. Commissioning of Phase I of the AWA
accelerator. will be completed by the end of CY1993.

The noncollinea drive-witness configuration will be used to
investigate wakefield transformer schemes which offer the References
potential of generating high. accelerating gradients without the
stringent injection tolerances required by collinear geometries [i] W. Gal, J. Simpson, N. Hill, C. Ho, P. Scboessow,
to suppress single bunch beam breakup effects. One particular these proceedings
class of devices being developed by the AWA group are
coupled wake tube structures [6]. The wake generated by the [2] P.Schoessow, C.-lo, J.Power, F.Chojnacki, these
drive bunch in a dielectic loaded guide is transferred via quarter proceedings
wave matching section to a smaller bore accelerating structure.
Figure 4 shows a nmnerical calculation of the gradient step up [3] E. Chojnacki, R. Konewy, J. Simpson, K. Rosing,
for a particular geometry as a function of matching section these proceedings
length, demonstrating that the expected transfer efficiency can
be attained. Note that the optimum matching section length is, [4] J. Power and E. Chojnacki, these proceedings
as expected, slightly less dun ;4 due to end effects.

[51 C.Ho, PhD Thesis, UCLA 1992
........... J.....I.....J...... ...... '

[6] E.Chojnacki et a., Proc. 1991 IEE Particle
Accelerator Conference, pp.2557-2559

2.4 -- [7] J.Rosenzweig, B.Breizman, T.Katsouleas, J.Su,

Phys Rev A R6189 (1991).

4'J

• 2.2

2.0
Optimal A/4

0.4 0.5 0.6 0.7 0.8 0.9
Matching Section Length (cm)

FIgure 4. Numerical simulation of gradient step up as a function
of matching section length for a 20 GHz coupled wake tube
transforer. The expected step up of 2.5 is attained.

The drive bunch generated at the AWA is sufficient to perform
the first experimental investigations of the Briezman effect in
plasma wakefield acceleration [71. In this regime all electrons
are ejected from the plasma behind the drive bunch, resulting
in extraomdinary gradients. The plasma wakefield experiment
planned at the AWA is predicted to generate gradients of 1
GeV/n.
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A Self-Consistent Theory of Ferromagnetic Waveguide Accelerators
Driven by Electron Beams

Han S. Uhm
Naval Surface Warfare Center

10901 New Hampshire Ave, White Oak
Silver Spring, Maryland 20903-5640

including the geometric configuration, the material properties
Abstract of dhe waveguide, and so on. In addition, evolution of the

acceleration field in time is again a sum of the evary radial-
A fully self-consistent theory of ferromagnetic mode evolution. In this regard, we develop a fully self-

waveguide accelerators driven by a relativistic electron bern consistent theory of the wakefield accelerators, which consists
is developed. The theoretical analysis is based on Faraday's of a waveguide with a ferromagnetic material.
law, which provides a second-order partial-differential FAA E WII -EINERGY STORAGE:
equation of the azimuthal magnetic field, under the assumption HIGH LOW-CONDUITIVfY
that ae > > 1. Here IL and e are the permeability and MATEUIL
dielectric constant of the waveguide material. The azimuthal
magnetic field and axial acceleration field are obtained in
forms of integral equations for an arbitrary profile of the
drive-beam current I(t). R2

I. INTRODUCTION 3.

An induced electric field appears whenever the
magnetic field changes in time. This induced electric field is f
an excellent means for charged particle acceleration. One of
the most advanced devices for intense electron beam
accelerators is the induction linear accelerator (Linac),1 where
each module of many local accelerators applies its electric
field to a cluster of traveling electrons. The electric field of Fig. 1. Ferromagnetic waveguide accelerators.
each local accelerator in Linac originates from the time
varying magnetic field, which is excited by an electrical U. BASIC ASSUMPTIONS
current carried by a wire. In recent years, there has been a
strong progress in the high-current electron-beam technology. The theoretical model is based on the induced electric
Electron beams with an energy of 10 MeV and a current of 10 field due to decay of the field energy stored in an energy
kA are easily available in the present technology. In addition, storage device. As shown in Fig. 1, we assume that an
a tremendous improvement has been made in the effective electron beam with current 1(t) propagates through a hole with
control of these electron beams, including the focus, radius of R1 in the field-energy storage with radius of R2.
modulation, and a timely termination of the beam current. Note that the electron-bearn current I(t) carries both charge
Thus, the electron beam itself is used as a drive current in the and current, which store the electric- and magnetic-field
wakefield accelerators, where a short and intense bunch of energies in the energy storage device. The line charge density
electrons passes through a plasma2 4  or dielectric 1(t) carried by the current I(t) is given by 1(t) - l(t)/Pc,
waveguide,- 7 leaving behind intense electromagnetic field, where Pc is the beam velocity and c is the speed of light in
The axial component of this electromagnetic field accelerates vacuum. In the subsequent analysis, a polar coordinate
charged particles in the witness beam, which follows the drive system is introduced with the z-axis along the axis of
electron beam. Based on the transverse magnetic (TM) symmetry, r represents the radial distance from the axis and
waveguide modes, a preliminary theory6 ,7 has been developed 8 is the polar angle. The system is azimuthally symmetric
to estimate the acceleration field, which is the fiudamental- around the axis. Due to a slowly changing current l(t), the
radial mode in most cases. However, in reality, the azimuthal magnetic field Be in the energy storage material is
acceleration field is a sum of the whole radial modes, which given by
is a complicated fniction of various physical parameters,

This work was supported by the Independent Research Fund at the - 2itI)Cr
Naval Surface Warfare Center.
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where p is the penneability of the energy stoge material.
Similarly, the radial electric field E, in the range of r B,(ra) - f•dXati(kr)Oxp(-)kO. (6)
satisfying R, < r < R2 is given by

,(r () - .- , (2) where JI(x) is the Beael function of the first kind of order

epcr one and Ak is the generalized frequency. Substituting Eq. (6)
into Eq. (5) and defining

whem e is the dielectr constant of the energy torage
material. Ie field energy associated with the magnetic and 2x o / 400o2 Oct (7)
electric fields in Eqs. (1) and (2) is stored in the mergy - ",
storag terial.

We note from Eqs. (1) and (2) that the induced we find that the generalized frequency Ik is expressed as
electric field due to the radial electric field Er is negligible in
comprison with that due to the azimuthal magnetic field Be '%k - -- i (8
for the emergy storag material with e& >> 1, which is
common in present applications. In this context, in the Defining the critical wave number k0 by
subsequent analysis, we use the relation

2k o - F• (9)
-a (r) -I (r) a (3) C0-•,

in evaluation of the induced electric field resulted from a fast- we can express the time profile of the solution in Eq. (6) by

changing drive current. 0 < k

III. ACCELERATING FIEID FOR DRIVE-BEAM l(t) q -t)-eXp(-)kLt - ¥*p'1tI 0 A C k >

As shown in Eq. (3), the induced electric field (10)
increases drastically as the drive current decreases quickly.
Remember that a high induced electric field is needed for which satisfies the initial and final conditions, qk(t=O) = 1
efficient accelertfion of charged particles. When the drive and qk(t=-) = 0. Substituting Eq. (10) into Eq. (6), the
current changes quickly, the induced electric field must be desired solution is expressed as
determined in a self-consistent manner. Ampere's law in the
Maxwell equation is written as B(r,) - fý,&,kJ(A)q(. (1)

vxB - Ie !Z÷+ 4X. it (4)
C C

We now calculate the magnetic field Bo(r,t) driven
where B is the magnetic field, E is the electric field, and the by the current I(t) = I(t')U(t-t'), where U(x) is the Heaviside
total current density JT represents both the steady-state beam step function defined by U(x) = I for x > 0 and 0,
current and the induced current .in" Assuming dt the otherwis. It is obvious that Be = 0 for t < t' by the
conductivity of the energy storage material is o, the induced causality. The magnetic field at the time t > t' is expressed
current density is expressed as Jin = o]. Making use of as
Faraday's law, the cud of Eq. (4) is expressed as

4(t)-2 - rJ- -P, 1-r)(r-R1)I + f"•.•(,, -)8 1. r• 4x, AB,- •, •,,, - 0. (5)
ii: rar e & C2 &2(12)

in the storage device defined by the range of r satisfying R, where the first term in the right-hand side represents the
<r < R2 . In obtaining Eq. ;5), we have neglected the term steady-state solution and the second term represents the time-
(012IaC)4 _ (l/p 2c2X82/Vt)B9, which is much less than transient solution. Note that the time-tansient solution in Eq.
the term proportional to pe in Eq. (5) provided p>> 1. (12) vanishes at the time t -. -. In obtaining Eq. (12), we

have neglected the steady-state solution outside of the energy
The solution of Eq. (8) is expressed as storage material, assuming that the magnetic permeability of

the material is much higher than unity (i > 1>).
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Makting use of dhe initial coodition qk(t-t') - I at ft the tinis derivative of the azimuthal magnietic field as shown
-t', we obtain in Eq. (3). Substituting Eq. (18) into Eq. (3) gives

UId(R -rrR) t d "- (13) a--~, AA f

from Eq. (12). Multiplying Eq. (13) by r.1(k'r) and making jf 'de(A) "-q1 t-r').
use of the orthogonality of the Bessel finction de W~ a

f.XJq ~ -(X 8(- g (14)
J O'Swhere use has been made of the relation (I&4tq - -

(8a/')qk. Neglecting the azimuthal magnietic field outside
we obtain the aiergy stompg material (r > R2,), we approximate the

boundary condition of the axial electric field by Ez(r,t) -0
a,, -- 2pA- 1 V0 (kR.j - 4O(A)j IS at r - R2. Integrating Eq. (19) over the radius r, the axial

Celectric field in the energ storag material (R1 < r < R2,) is
given by

where J0(x) is the Besse function of the first kind of order
zero. Substituting Eq. (15) into Eq. (12), the magnetic field J~r,'(P) - ffA
at the time t> t' is therefore exprehsed as E.k ktj-(kg)JkQ

- r C (16) -Va

- JO~j~~kr~&(9r).Because we neglect the axial electric field due to the
for R, < r < R2. azimuthal magnetic field in the hole (r < RI), the axial

electric field Ez, which accelerates the charged particles at the
It is necessary to evaluate the magnetic field due to axis, is approximately given by the electric field at r - R1.

the drive beam pulse defined by 1(t) - I(t')U[(t' + At'-tXt-t')] Equation (20), together with Eq. (18), is one of the main
with the pus length At'. Paralleling the derivation of Eq. results of this article and can be used to determine the
(16), the magnetic field at the time t > t' + At' is given by acceleration gradient for a broad range of physical parameters,

A~gr~t 2pI~d -&Vincluding properties of the energy storag material, geometric
A5(r) -- 2AA!). p AV configuration of the system, species of the charged particle.,

C (17) and intensity of the drive-beamn current. Specific examples of

- ~k~)J1 fr(--q)d ' application of Eq. (20) will be presented in the following
- JO )IJIr)(;;qjtIpapers.
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Wakefield Accelerator Driven by a Reatfivistic Electro Beam
in a Ferromagnetic Waveguide

Han S. Uhm
Naval Surface Warfare Center

10901 New Hampshire Ave, White Oak
Silver Spring, Maryland 20903-5640

Abstract U. WAKEFIELD FOR THE ACCELERATION

A novel high-gradient waktefield accelerator is The theoretical model is based an the induced electric
preseteOiM hih h drive-bern current leaves behind a field due to decay of the field energy stored in an energy

high-gradient wakefield , accaelerting doe witness bern to very storage device. We assume that an electron beam with
high eneirgy. The theoretical analysis is based on Faraday's current I(t) propagates through a hole with radius R, in the
law, which provides a second-order partial-differential field-energy storage with radius of R2. The energy storage
equation of the azunutbal magnetic field, under the assumption device is a waveguide with a ferromansetic material.
that pe >» 1. The accelerating field can be more than one Whenever die drive-beam current I(t) decreases, the induced
half of cone gigavoltlmeter in an appropriate choice of system electric field Ez(r,t) appears in the system. The induced axial-
parameters- electric field Ez is calculated from the Faraday's law and

given by
1. NRMODUCFION 2 A [~j .

In recent years, there has been a stron progress in N.R 1 t - kL~ ( 0 k 2  *k~l

the high-current elctobeam technology. Electron beams *fdt' ALr) 2-qL-9
with an energy ofl10MeV and acurrnalofl10kAame easily T- d1 d t' a~ktt)
available in the present technology. In addition, a tremnendous(1

impoveenthas been nade in the effective control of these
elcrnbeams, including the focus, modulation, and a timely wheom J0(z) is the Bessel funiction of the first kind of order

terminati~on of the beam current. Th~us, the electron beam zero,
itself is used as a drive current in the wakefield accelerators, 2
where a boht and intense bunch of electrons passes through qj(t) - * -2o o(k (2)
a plasmal-3 or dielectric wave&&d,4- leaving behind intense
electromagnetic field. The axial component of this
electromagnetic field accelerates charged particles in the is the time function and a is the residual conductivity in the
witnes beam, which folflows the drive electron beam. Based material although it is very small (zero in a practical sense).
on the transvere magnetic FMW) waveguide modes, a Substituting Eq. (2) into Eq. (1) and carrying out partial
prei~fminary theory 5-6 in a dielectric waveguide accelerator has integrations in time and radial coordinate, I obtain the
beeni developed to estimate the acceleration field, which is the accelerating field
fundaznttal-radial mode in most case. However, in reality,
the acceleration field is a sum of the whole radial wkmodes, E(t) .1 - 1 f 'dt' f-s fdk [-Y(kR 2 )

whic a acomplicated Aouction of various physical SC 4d'(

parameters, including the geometric configuration, the-J( )] i ct-'
material properties of the waveguide, and so on. In addition, kk]2gonEc1,
evolution of the acceleration field in time inspagin a sum of V-e(3)
the every radial-mode evolution. In this regard, I develop a
fMly self-consistent theory of the wakefield accelerators, where the abbrieviation Ez(t) represents Ez(O,1). In obtaining
which consists of a waveguide with a fertroansetic material. Eq. (3), 1 have neglected the terms proportional to the residual
An will be seen late, the accelerating field is psqportiontal to condactivity o.
doalsume root of the parameter Wue. where pa and a are the For convenience in the subsequent analysis, the
permebiity mddielectricconstantof tewaveguide mateia. normalized times v I and T2are defined by
The hiohe the permeability, the higher the accelerating field. 11-c( t- t) T2- c tt (4)
This work was supported by the Independent Research Fund at the 2 R, v'iiie 2 R2 V/Iie

Naval Surfmae Warfre Center.
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Ahnr we so*e duat iI - 3t2: 2 AR1 . For R 2 »> RI. the In order to investigat the long pule-driven
uznnaelaad turniv,a isnauck IoWge than the ime T2- Making accelerator, we consider the drive current defined by
useof Sq. (4), wscmn rewrite Eq. (3) by

r,0 -2 JYXftdt;/ Ar.)f'djja I
CR IVaGJ-4. ' 1(t) r.(1 ...L oct:(AC1  (9)

(Esin(2:1 x) + !Li(2x

-2R, .TO (Rlx;)- sin (212x) 1.
A .7. (x)where; the parameter At is the termination time of th drive

beam current. In realty, fth drive-beami currant I(t) at t <
in the remw.naan of this aritcle, the analyuis is restricted to the 0 increases very slowly to I.at t - 0. Thus, Eq. (9) is a
case when the imner radiuis R, of the energy stooag device is good approximation. Substitin Eq. (9) into Eq. (8), and
much less than the outer radius R2, i.e., R, «R 2 . In thi making use of tedefinitions in Eq. (4) and
limit, we note several points fromi Eqs. (4) and (5). First, the tC
term proportional to ain2T1 x) in the integrand in Eq. (5) - 11 - (10)
dominates. The corrections, associated with othe ternm are of R/i
"th order (P.I/R2)11 or lows. Second, the peak values of the
integration over the variable x in Eq. (5) occur around the the acceleration field can be expressed as
ti'm t stisfying TI - 1,1 2 -mIad 12 -(R1 IR2)2 ,which 21 ý -

correspond to the contributions from the terma proportional to Ae q-) (11)q
sin(2i 1 x), (Ri/R2)sWn2T2x) and Jo(RIx/R2d, respectively, in ZiR1,C Fie (1
the right-had sid of Eq. (5). In the early stae fthe term
proportional to sin(2vlx) dominates. In this regard, we keep where the function q(:) for the drive current in Eq. (9) is
the term proportional to sin(2 1 x) in Eq. (5), negleicting other defined by
terms. ff needed, the correictions asociated with other team
can be calculated in a straightforward maner. q(T) ,q f dtU(vwl-v') [K(:2l) U(1-TIL)

The integration over the variable x is carried out by 0 012

making use of the integral 7  + -LK(-L) U(T1 -1l(2

xfde4x) in2rx) K ± (.2 ) TIL> 1, and T' ' T -TI

Figure I presents plots of the function q(:) versus
the normalized time:T obtained from Eq. (12) for q = 0.05

where K(x) is the elliptical funiction of the first kind defined, (solid line), 0. 1 (broken line), 0.2 (dotted line), and 0.4 (thin
by broken line). Several points are noteworthy in Fig. 1. First,

the shorte the normalized termination time the higher fth
K(x) - 'x (1+ (_1)2xa+ (_L_.Z4 . (7) peak value ofthe function q. Second, the peak value of the

2 2 2 4 function q(:)is about 2.5 even for arelatively slow
termination time. This peak value occurs at T - 1. Thir,

After carrying out a straigtowr calculation, I show that the function q(:) is always positive for the choice of the drive
the acemleration field Ez in Eq. (5) is approximate by current in Eq. (9). Fourth, the value of the function q in the

2 ~range of:v satisfying 0 < T < q increases linearly with time
ZM - - 2 YI f (AL) i. As we note from Eq. (9), the drive current decrases

RCRI 9 '-- dte (8) linearly to zero in thisrange of t. Because the qvalue of
-Rtir1 1 ) U(1-r1) + 1(L 1 (11 this tail portion of the drive beam increases with tine, the

-T (- UT 1 -J temination slope stiffenis fuirther. This mechanism may

decrease fth normalized termination time qi as time goes by.
where U(x) is fth Heaviside step funiction. Equation (8) can Finally, we emphasize that the time duration of the high
be used to calculat the acceleration-gradient field for a broad acceleration field is quite broad. This property is important
rnge of system parameters, where the drive current changes for a long witness beami. In the limit when the normalized
fast. Note that the drive-beam current I(t) in Eq. (8) is not termination time i is much less than unity, i.e., q < < ,
specified yet. Eq. (12) is approximated by

2603



0C:(1 it less tmn 300 nanocoulonib. Tailoinag the beam Pulasas
2 mentioned above is very important to achieve a high

',- ) 1t<(1a1, ackltin gradient. Obviously, the wakefield accleratormin
2() - (13) a ferromagnedc wavogtude has a gret potential for high

1.4+11M . 2- n1(v14, gradient acceleration of electrons.
2 11

1 i 2.) In order to achieve the high acceleration field, we
" ' ' 1must overcome two technical problems. First, the magnetic

field in the energy storage material is limited by the saturation
field B., which is expressed as

which agrees reasonably well with the numerical result in Fig. 21pX
1 even for - 0.4. Be- --- . (15)

3.5"

' 0.05 Once the magnetic field in the stora material is saturated by
3.0 0.1 the drive current I., any additional increase of the current

2M5.2 does not help much. Eliminating the current Lm in favor of
the saturation field B., we rewrite Eq. (14) as

2.0". 0.4 .B, (16 )

q(T)1050.4 
B-

1.0 for the saturation current satisfying Eq. (15). Equation (16)
clearly indicates that acceleration field is lineady Proportional

0.5 to the saturation field of the material. The higher the
saturation field the higher the acceleration field. Second,
reversal time of the magnetization in the storage material must

WO0 0.5 10 T 1.5 •20 2.5 be on the order of anosecond or less. A
reversal time has bern accompished svral decades ago for

Fig. 1. Plots of the function q(v) versus the normalized time a small amount of high-permeability materials with pI of 100
v obtained from Eq. (12) for T4 = 0.05 (solid line), 0.1 or more. 8 However, the wakefield accelerator for a high-
(broken line), 0.2 (dotted line), and 0.4 (thin broken line), current beam requires a bulk stomp material. Establishing

a short reversal time of the mgnetization in a bulk material
may require further research on the mateil science.

As an example, I assume that the current termination
parasmer is equal to q = 0.05, for which the peak value of Ell. REFERENCES
the function q is 3.2 and the accelerating field is given by

21 ZA[1] P. Chen, J. M. Dawson, R. W. Huff, and T. Katsouleas,
B. - R Vks. (14) Phys. Rev. Left. 54, 693 (1985).

LC Fie 1[21 J. B. Rosenzweig, Phys. Rev. A 40, 5249 (1989).

[3] J. B. Rosenzweig and P. Chen, Phys. Rev. D 39, 2039
Assuming that the drive current Im = 20 kA, the hole radius (1989).
R1 = 0.4 cm and It/l = 4, we find from Eq. (14) that the [4] M. Rosing, E. Chojnaki, W. Gai, C. Ho, R. Konecny, S.
accelerating field is given by Em =- 0.6 gigavolt/meter, which Mtingwa, J. Norem, P. Schoessow, J. Simpson, Proc. of
is very encouraging number. The current termination 1991 IEEE Pa[ile Acceleatr Confence May 6-9,
parameter q = 0.05 corresponds to the real termination time 1991, Sa Franciaco, Cal. Vol. I, 555 (1991).
of At = 2.6 picosecond for pe = 4. As shown in Eq. (9), [5] E. Chojndak, W. Gai, P. Schoessow, and J. Simpson,
the risetime of the drive-beam current must be considerably Prec. of 1991 MEE Particle Acceleatmr Confrence May
longer than the termnation time. The risetime of 26 6-9, 1991, Saa Francisco, Cal. Vol. IV, 2557 (1991) and
picosecond may be mough for present example. The the references therein.
accelerating field in Eq. (14) for a ferromagnetic waveguide [6] S. K. Mtingwa, Phys. Rev. A43, 5581 (1991).
is six times of that in a dielectric waveguide5 for similar [7] 1. S. Gradshteyn and 1. M. Ryzhik, Table of Integrals,
system parameters. I remind the reader that the whole pulse Series, and Pmductu, (Academic Press, N.Y., New York
length in the example is leas than 1 cm, thereby practically 1980) Chap. 6.
indicating that the drive beam is an intense bunch of electrons. [8] M. Pnatton, Thin Fecromsaetic Fims, (Spottiswoode,
The total charge of the drive-beam curnt in the example is Ballantyne and Co, London, 1964) Chap. 6.

2604



g tiField-Decay Accelerator Driven by a Relativistic Electron Beam
in a Ferromagnetic Waveguie

Han S. Uhm
Naval Surface Warfare Center

10901 New Hampshire Ave, White Oak
Silver Spring, Maryland 20903-5640

the required drive current for the saturation field is given by
Abstract p =- 660 kA, which is equivalent to Im - 660 A for it -

I000. The total charp of this drive beam pulse is Q = 85
A novel high-gradient magnetic field-decay nanocoulomb for I. = 660 A.

acceleator is presented in which the drive-beam leaves behind
a high-gradient accelerating field produced by the magnetic
field decay. The ec fields indicate a decaying 1l. EVALUATION OF ACCELERATING FIELD
finction of the time. As an example, we obtain the
acceleration field for the case of a short and intense drive The theoretical model is based on the induced electric
bunch, which is represented by a parabolic function of time. field due to decay of the field energy stored in an wergy
With approprn physical parameters, the acceleration storage device. We assume that an electron beam with
gradient of the magnetac field-decay accelerator can be easily current l(t) propagates through a hole with radius of R, in the
more than 150 megavolt/meter. field-energy storage with radius of R2. If the current drops

abruptly, the magnetic field stored in the material decays,
I. INTRODUCTION thereby generating an acceleration electric field

in recent years, there has been a strong progress in E( 1 t- -.Ef-AV(k, I
the high-current electron-beam technology. Electron beam s 2  . k (1)
with an energy of 10 MeV and a current of 10 kA are easily (I)
availbl in the present technology. in addition, a tremendousf t(--q -')
improvement has been made in the effective control of thesen di'
electron beams, including the focus, modulation, and a timely
termination of the beam curmt. Thus, the electron beam where the time function qk(x) is defined by
itself is used as a drive current in accelerators. In this
presentation, we study the acceleration mechanism based on kt-r) - eXp[- t

the magnetic field decay.I The magnetic field energy is 4--(
stored in a high-permeability material by a continuous beam
current. If the current drops abruptly, the magnetic field and a and It are the conductivity and magnetic permeability
stored in the material decays, thereby generating an of the energy storage material. Substituting Eq. (2) into Eq.
acceleration electric field. Physics of the accelerating field (1), we show that the acceleration electric field Ez is
aising from the finite conductivity waveguide is very similar expressed as

to that of the longitudinal resistive wall instability293 which
has been investigated for application to circular accelerators. f 4 $ $dl()f -kVSZ.
In this presentation, a theory of the magnetic field diffusion is EA (3)
developed, in order to estimate the acceleration gradient_2, ,
whever the sustaining beam current drop. As an example, - (ktR)jex2 p(- t-'j.
we obtain the acceleration field for the case of a short and 4%oap
intense drive bunch, which is represented by a parabolic
function of time. The acceleration field is given by Em =
150 MV/m, for the waveguide hole radius of RI = 0.5 cm, For convenience in the subsequent analysis, we define
the saturation magnetic field Bs = 15 kG, and At = 10.16 the normalized times C and C' by
second. Assuming that the parameter io = 80 siemens/m,

This woik was supported by the Indpedxt Research Fund at the 2Ox ,, 2oRI4
Naval Surface Warfare Center.
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Making ue of Eq. (4), Eq. (3) is rewritten as which is one of the main result in this section and can be used

I to calculate the accelerating field for a bread range of system
NO- - f' ,(AJ) f ,dz4Vo(KJ,) parameters. Note that the drive current 1(t) in Eq. (10) is no

2moa - I specified yet. I remind the reader that Eq. (10) is valid for C
(5) - C' < 10. This requires tht the observation time C must be

(C . 0C3M, . close to the time C', at which the maximum current-change
2 occurs. As will be seen later, the peek acceleration field

occurs right after the maximum current decrease. Therefore,
The integration over the variable x is carried out by making the restriction .- C' < 10 is well justified. Similarly, the
use of the integrar4 magnetic field at r = R1 is obtained from BO(RIt)

f 'zdxrjcp- p~xI 4(=x)J,(Px) -(&/&r)Az(r,t) and given by

SI *2- A C R C-C '

2pg T 4pg ) 2p2

which will be used to estimate the magnetic field at r - R,
of the Bessel functions. The accelerating field in Eq. (5) is only for a fast-changing drive current.
expressed as

As an example, we consider the case when the drive

-t(() --L __ol 1'- 10- electron beam has a very short pulse with the pulse profile
2x ~ dt' 8 C 8 C 8 C defined by

P i * #) 14 ](I) - (1 -•)U(A,•t-r') (12)

+ T)0(-L4)t
8C J4 6C R1,

a Iwhere At is a constant related to the beam pulse and U(x) is

- o2 ( 1 ,IR+Rjpt •0, 1 , the Heaviside step function. Substituting Eq. (12) into Eq.
26C 8C (11) and carrying out the integration over the time t', we

obtain the acceleration field

'where 8C C --C'. E,) - J ,

The contribution of the second and third terms in the3%cR F ; At

square bracket in the right-hand side of Eq. (7) is less than 20
percent if the parameter R2 /R1 is larger than five in practical where the function q(u) is defined by
applications. Thus, we neglect these terms and Eq. (7) is .(/T+ (2a-1), - u l
simplified to q(u) -_I .I (2u_ I),-1•<(+, (14)

Et)- - 1' fdt( 19)i[.8q,(- 1 0( M.( (ru -+I(2 -1) - %u -1(2u +1). u >1.
Shown in Fig. I is plot of the function q(u) versus the
normalized time u obtained from Eq. (14). Value of the

Recognizing the approximation function q at early stage of the drive-beam pulse is negative,
indicating that the drive beam transfers its kinetic energy into

l-oxp(_ o , 1 (9) the field energy in the energy storage device. This large
X X x ý2•gx' negative value of the function q inside the drive pulse

decelerates the beam itself quickly. In this regard, the pulse
for the variable x satisfying x < 10, we can further simplify profile in Eq. (12) is not appropriate for efficient acceleration
the acceleration field in Eq. (8) by of the witness beam. The negative value of q(u) in the pulse

must be minimized by a gradual increase of the drive-beam

E,4) - 1 r d•- (A-), (10) current. However, this simple profile is good for the
(2g)o•l•rR •_ feasibility study, which is the purpose of this article. As

shown in Fig. 1, the function q increases from its minimum
as the normalized time u increases from u =-0.5 to 1. By
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self-evolution, this portion of the drive pulse will stiffen the
termination slope of the current, ventually increasing the .At
peak value of the function q. The peak value of the function k "a (1s)
q(u) occurs at u = 1, where the rive pulse ends. Eectrons
trailing the drive beam Set their maximum energy gain. In
reality, the peak value of the function q measured at the axis Eliminating the beam current in favor of the saturation field
occurs little later than u = I because there is a traveling time B8, the maximum acceleration field is expressed as
of the acceleration field from r = R, to r = 0. Eq. (14) (or '(1
Fig. 1) exhibits tat there is no negative value of q(u) outside E. - At B(
the drive beam pulse (u > 1). In this regard, this system is
not useful for accelmeaon of positrons. The positive peak
value is about q(u- 1) = 1.5. Therefore, the maximum which is remurkably proportional to the hole radius R1 . For
acceleration field is given by specified saturation field and pulse length, the acceleration

field increases linearly as the hole radius increases.

1= (15) As an example, we consider the case of R 1 = 0.5
E. sR cmthe saturationnmagnetic field Bs - 15kG, and At =10-10 second. The acceleration field for these parameters is

given by Em = 150 MV/m obtained fromEq.(19). Assuming
from Pq. (13). that the parameter Iso = 80 siemens/m, the required drive

2.0 current for the saturation field is given by pIm = 660 kA,
which is equivalent to Im = 660 A for ip = 1000. The total

1.5" charge of this drive beam pulse is Q = 85 nanocoulomb for

1.0. Im = 660 A. Therefore, the acceleration field per unit charge
for these parameters is given by Em/Q = 1.8 MV/m/nC,

0.5. which is similar to the result obtained from the wakefield
accelerator study for similar physical parameter.

___0.0 _ A high-current relativistic electron beam with
relatively low energy propagates through a hole bored along

-04 the field storage device. Obviously, there should be a
physical mechanism to maintain an equilibrium condition of

1.0- the beam, The axial magnetic field is an excellent means to
hold the beam electrons together. However, in this case, the

1.0 -0.5 0.0 0.5 1.0 1.5 2.0 magnetic field may not penetrate well through the high-
u permeability material. We thus propose to use the ion-

Fig. 1. Plot of the function q(u) versus the normalized time u focused-regime (IFR) propagation? of the electron beam.
obtained from Eq. (14) for the drive current profile in Eq. When a relativistic electron beam propagates through a
(12). preionized channel, channel electrons are expelled by the

electrostatic force generated by the head of the beam, leaving
It is important to determine the magnetic field at r - an ion channel behind. This ion channel partially neutralizes

R1 because the field there must be less than the saturation the space charge field of the electron beam, thereby permitting
value B.. Substituting Eq. (12) into Eq. (11) and carrying out a focused beam. The IFR propagation of a relativistic
a straightforward calculation, we obtain electron beam has been well demonstrated.

- 21=At g[ t() (16) Ill. REFERENCES

15iiR~ I At At [1] H. S. Uhm, Proc. of 1991 IEEE Particle Acceleratr

CQnfaenc May 6-9, 1991, San Francisco, Cal. Vol. IV,
where the function g(u) is defined by 2566 (1991).

[21 V. K. Neil and A. M. Sessler, Rev. Sci. Instnam. 36, 429
g(u) - --+1"(3 + u - 2u'). (1') (1965).

[3] H. S. Uhm, Phys. Fluids 25, 690 (1982).
The magnetic field increases from zero and reaches its peak [4]I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals,
value of 3.67 at u = 0.5 and decreases as the time progresses Series, and Products, (Academic Press, New York 1980)
from the head of the beam to infinity. Making use of this Chap. 6.
peak value, we can approximately relate the drive current to [5] R. Smith, R. F. Schneider, M. J. Rhee, H. S. Uhm and
the saturation field by W. Namkung, J. Appl. Phys. 60, 4119 (1986).
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Three-Dimensional Simulation Analysis of the First Sections of a
Standing-Wave Free-Electron Laser Two-Beam Accelerator*

Changbiao Wang and Andmew M. Sessler
Accelerator and Fusion Research Division, Lawrence Berkeley Laboratory

University of California, Berkeley, California 94720

Abstract frequency of 17.1 GHz and have a peak rf current of 984A. Then
A 3-D. time-dependent code is used to simulate an array of the prebunched beam goes into the FEL sections after it passes a

standing-wave free-electron lasers (SWFELs) in the two-beam 119-cm drift pipe with a 7-period tapered linear wiggler. In each
accelerator. It is shown that for an array of SWFELs with 9 FEL section (figure 2), there is a cavity with a width of 5 cm, a
cavities and a 100.6-ns, 0.5-kA, 7.98-MeV electron beam height of 3 cm, and a length of 86.88 cm, a reacceleration cell 6
prebunched at 17.1 GHz, an averaged energy output of 14.7Jhn cm long, and a drift pipe 9.12 cm long. The linear wiggler is
can be obtained with a fluctuation of less than 11%. uniform and its period is 17 cm. The cavity has a resonance

frequency of 17.3 GHz and a wall-dissipation quality factor of
I. INTRODUCTION 10.000 and an external quality factor of 16, operating at

TEO, ,96 mode. The width and height for all the drift pipes are,

In the standing-wave free-electron laser (SWFEL) two-beam respectively, 4 cm and 0.8 cm.

accelerator (TEA), 1 a low energy, high current drive beam
alternatively loses its energy for generation of microwave Prebuncher Tapered Wiggler Drift Region
power in standing-wave cavities and has its energy replenished
in induction cells. The microwave power is coupled into high- I 2 3 4 I
gradient rf structures to accelerate an extremely relativistic

electron beam of low average current. Hence the drive beam Beam FEL Sections
behaves as an energy converter, which converts the energy from Source
the induction cells into rf energy. In the TEA configuration, the Figure 1. Block diagram of an array of
extraction of microwave power from each free-electron laser the standing-wave free-electron lasers.
(FEL) cavity is small (usually only a few percent) compared to
the electron beam power so that the phase-space distribution of
the electrons is not severely distorted by the rf fields. _ Reacceleration Coll
Therefore, if the FEL cavities are periodically set in such a way
that the energy-phase phase space of the beam before each Drift Pipe
cavity has the same distribution, then the fluctuation of the rf
ouput powers from these FEL cavities will be small and the I caElectron Beam
output energy per unit length of the array of SWFELs in the TBA
becomes relatively stable. -L Output

Many studies have been made on the SWIFELs in the TBA
using the continuum-cavity model1"3 and the discrete-cavity ý WitgglerM
model4 ,5 and the impedance-based analysis method. 6 These
treatments are all based on a one-dimensional assumption. Figure 2. A FEL section.
Recently, a three-dimensional, time-dependent code, RKFEL,
written based on the code RKTW2D,7 has been used to It should be noted that the length of the FEL section is
investigate a multi-cavity FEL. 8 However, no reacceleration taken as an integer multiple of the wiggler period to ensure that
structures were taken into account. In this paper, we use the the beam before each cavity has the same equilibrium
code RKFEL to study the first sections of a SWFELrTBA, distribution in the phase space and thus to reduce variations of
through which a well-prebunched electron beam is passing. The output power. In fact, however, the phase-space distributions
beam after each cavity is reaccelerated by induction cells so that before the FEL sections can not be made to be exactly the same
its average energy remains constant from cavity to cavity. It is because of the spread in velocities and the three-dimensional
shown that for an array of SWFEILs with 9 cavities and a 100.6- effects of the wiggler magnetic field such as betatron motion.
ns, 0.5-kA, 7.98-MeV electron beam prebunched at 17.1 GHz, The vector potential of the linear wiggler magnetic field,
an averaged energy output of 14.7J/m can be obtained with a provided by parabolically curved magnet pole faces, is given by
fluctuation of less thanl I%. the following analytic expression 9

lI. DESCRIPI'ON OF THE ARRAY OF SWFELS A,= 7Tz)A&ch(kzx) ch(ky) sin(kz), (1)
4

So as to be specific, and because of computer cost, for the B. k
array of SWFEILa we have only used nine identical FEL sections, Afi-T1z )-- sh(ký,) sh(kyy) sin(kwz), (2)
as shown in figure 1. Each FEL section is 102 cm (6 wiggler k, k,
periods) long. A beam source provides a 0.5-kA, 7.98-MeV where Bo is the wiggler magnetic field amplitude on the axis,
electron beam with a radius of 3.17 mm. The beam is assumed to the wiggler wave number is given by kw=2x/Aw with Asw the
have passed through a prebuncher and be well bunched at a__________________wiggler period, k•+k,--=k,z and the tapering factor is given by
* The work was supported by the Director, Office of Energy T(z)=z/7Aw when z<7Aw, and T(z)=l when z07Aw. When kx=O,

Research, Office of High Energy and Nuclear Physics, Division not only the rf field but also the wiggler field is independent of
of High Energy Physics, of the U. S. Department of Energy x, and the transverse canonical momentum Px is a constant,
under Contract No. DE-ACO3-76SF00098. which is used to check the computational precision.
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II. SIMULATION RESULTS 17.5 L
We rno the code RKFEL to simulat the array of the SWFELs 17.01

with 200 computational particles. The wiggler amplitude 8,, is 16.5
taken as 0.455 T with kx=ky, corresponding to a detuning 16.0 (d) Before the 3rd FEL section.
frequency of 1.28%. Figure 3 shows the input beam energy and 15.5 1 . I , wt
current versus time before the prebuncher. The 100.6-ns pulse 7493 7495 7497 7499
has a 4.7-ns rise time, 91.2-ns flat top, and 4.7-ns fall time.
We assume that through the prebuncher, a distribution with an 17.5

initial energy spread AIV<T.=I% and an initial phase spread Aol 17.0
--0.2x is loaded, where y is the electron relativistic factor and w 16.5
is the drive wave frequency. The 200 particles are randomly 0 16.0 (e) Before the 4th FEL section.distributed within this phase-space rectangle. Figure 4 shows
the phase-space distribution for the 50th bucket (about the 60th 15.5 - wt
ns) of the beam right after the prebuncher and before each FEL 7882 7884 7886 7888
section. In the tapered wiggler region, the energy spread and 17.5
the wiggler three-dimensional effect cause increase in the phase 1
spread, and the phase-space rectangle before the tapered wiggler 17.0
region is changed into a parallelogram before the first FEL 16.5 "':
section. From the fifth section on, the distributions are quitesimilar, and the fluctuation of output energy becomes much 16.0 (f) Before the 5th FEL section.=mle. The phase spread does not change very much compared 15.5 •w

with the initial spread. However, simulations indicate that in a 8270 8272 8274 8276
state without rf fields, the phase spread can become very large 17.5
with increase in cavity number beacause of the spread in
longitudinal velocities. So, the FEL interaction has the effect 17.0 •

of constraining the phase spread at the expense of increasing 16.5 "
the energy spread. 0 16.0 (g) Before the 6th FEL section.

15.5 - wt
8659 8661 8663 8665

08 17.5 - ' w

4 16.5"

17.50 ~*

156 " ' ""•17.0 -
17.5 •8 628 616.5 . 1V17.0 r0 16.0 (h) Before the 8th FEL section.

• 17.0

17.5 15.516.5

16.5 9437 9439 9441 9443

016.0 (a) After the prebuncher 17.5

15.5 aWt g u17.0
6280 6282 6284 6286 16.5

17.0 16.0 s Ened wre the 9th FEL rc:.H
1 7.0 1 5 .5  t f .

16.05 b eoete1tFLsci 9826 9828 9830 9832

16.0 (5 ) Before the 2nd FELsection. id Figure 4. Beam distributions in the e-yspace.
6715 6717 6719 6721

17.5 .*FigureS5 shows the dependence of representative cavity
L j output power on time. The output power pulse is a little

17.0 1shortened with increase in the cavity number. However, the
thn15 MW for the flat part of the pulse. Simulations also

016.0 (c) Before the 2nd FEL section indicate that for a too small detuning frequency, the FEL
15.5 , a, I wt interaction can not lock the phase spread effectively and,

7104 7108 7108 7110 further, greatly increase the energy spread so that the output
power is rapidly decreased with cavities. For a too large
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detuning frequency, however, the output power for the cavities In conclusion, iLt - array of SWFELs with many cavities
becomes too small. ein the TBA structure, t.,, phase-space distribution before each

Figure 6 shows the electron efficiency and power efficiency cavity becomes quite simalar after the beam passes through only
versus cavity number for the 50th bucket. The electron a few cavities, and a stable energy output can be obtained.

efficiency is defined as ?le=(<Yin>-Yo>)<",in>, when <rjn> V. REFERENCES

and <.co> are the averaged rbefore, and after, a cavity. The
power efficiency is defined as qp=PoUtIPb, where Pout is the [1 A. M. Sessler, D. H. Whittum, J. S. Wurtele, W. M. Sharp,

and M. A. Makowski, "Standing-wave free-electron laseroutput power of a cavity and b is the input beam power. The two-beam accelerator," NucL. Instr. and Meth. A306,
electron efficiency is a little greater than the power efficiency 592(1991).
because some power is lost on the cavity walls. [2] W. M. Sharp, A. M. Sessler, D. H. Whittum, and J. S.

Figure 7 shows the output energy and fluctuation versus Wurtele, "Simulation of a standing-wave free electron
cavity number (solid circles) during the whole output pulse. The laser," Nucl. Instr. and Meth. A304, 487(1991).
maximum is 16.6 J and the minimum is 14.4 J. The averaged [31 W. M. Sharp, G. Rangarajan, A. M. Sessler, and J. S.
energy output over the array of FEL sections is 14.7 J/m. The Wurtele, " Phase stability of a standing-wave free-electron
fluctuation of the output energy is caused by the non-exact laser," Proc. SPIE Con.ference 1407, 535(1991).
periodicity of the electron beam distribution in the phase space. [4] G. Rangarajan and A. M. Sessler, "Sensitivity studies of a
Many factors may influence the periodicity of a beam standing-wave free-electron laser," to be published in
distribution. The wiggler three-dimensional effect, energy Proceedings of the Third Workshop on Advanced
spread, and action of rf fields can all deteriorate the periodicity. Accelerator Concepts, June, 1992; Lawrence Berkeley
To find out how much different the single-particle model and the Laboratory Report LBL-32463, June 1992.
multi-particle model1 are, we ran the code with an initial phase [5] G. Rangarajan, A. M. Sessler, and W. M. Sharp, "Discrete
spread of 0.002z and a beam radius of 0.0317 mm (1% of the cavity model of a standing-wave free-electron laser," Nucl.
original ones). As shown in figure 7 (hollow circles), they are Instr. and Met. A318, 745(1992).
in reasonable agreement. The averaged output energy is [6] J. S. Wurtele, D. H. Whittum, and A. M. Sessler,
different only by less than 3.5% of the original one. Therefore, "Impedance-based analysis and study of phase sensitivity

in slow-wave two-beam accelerators," to be published in
Proceedings of the Third Workshop on Advanced
Accelerator Concepts, June, 1992; Law rence Berkeley

Electron Efficiency Laboratory Report LBL-31848, June 1992.
4 5 [7] R. D. Ryne and S. Yu, "Relativistic klystron simulationsD.L using RKTW2D," Proceedings of the 15th Int'l LINAC2 •Conference, 177(1992).

C 4.0 [8] C. Wang, and A. Sessler, "Three-dimensional simulation
Power Efficiency analysis of the standing-wave free-electron laser two beam

accelerator," to be published in Proceedings of SPIE on
ED 3.5 - Intense Microwave Pulse, January, 1993; Lawrence

0 1 2 3 4 5 6 7 8 9 10 Berkeley Laboratory Report LBL-32481, January 1993.

Figure 6. Electron efficiency 1/e and power [9] E. T. Scharlemann, "Wiggler plane focusing in linear

efficiency i/p versus cavity number N. wigglers," J. Appl. Phys. 52 ?7 54(1985).
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Reacceleration Experiment to Demonstrate the Concept of Efficiency

Enhancement in a Relativistic Klystron Two-Beam Accelerator*

G.A. Westenskow, and T. L Houck

Lawrence Livermore National Laboratory
University of California, Livermore, California 94550

Abstract
High conversion efficiency of electron beam

energy to rf energy can be achieved in two-beam I :Lu on % t 12\RF a t
accelerators using reacceleration of the bunched drive RF output #1 FIF output
beam. To study issues with these designs we are ri e Ro
planning a demonstration in which a modulated \
beam's energy is boosted as it passes through induction
accelerator cells. For this experiment we will use the
front end of the Choppertron to modulate a 5 MeV .
electron beam at 11.4 GHz. We have now tested the
5-MeV Choppertron and are reporting on the results.
For the reacceleration experiment we plan to use three
stages of rf power extraction interspersed with two ppww /

stages of reacceleration.

I. INTRODUCTION Figure 1. Schematic of the proposed reacceleration

We are designing an experiment based on the xperi

Choppertron to study the reacceleration of a II. THE 5-MEV MODULATOR EXPERIMENT
modulated beam as a verification of the feasibility of
building a relativistic klystron two-beam accelerator Initial computer simulations 3  for the
(RK-TBA). The motivation of our research program reacceleration experiment with a 2.5 MeV electron
at the LLNL Microwave Source Facility is to develop beam showed a significant decrease in the available
microwave sources which could be suitable drivers forfutre eV iner ee~ ollder Th Chppetro 1 '2 beam power for extraction due to debunching of the
a future TeV linear e+e" collider. The Choppertronl,2 modulated beam by longitudinal space charge effects.
is a microwave generator which used transverse Therefore, we added 10 induction cells to our beam
modulation to generate x-band microwaves. It was line, which increases the beam energy to 5.0 MeV
originally designed for a 2.5-MV, 1-kA drive beam before it enters the Choppertron. We have now tested
and configured with two traveling-wave structures a modified version of the Choppertron designed for
(TWS). Although the Choppertron has demonstrated the 5-MeV induction accelerator beam. These
high-power pulses, >150 MW per output at 11.424 modifications included aggressive suppression of
GHz with stable phase and amplitude and >400 MW higher order modes in the two output structures, and
total peak power, the conversion efficiency of beam lengthening of the modulation section. Figure 1 shows
energy to microwaves was only about 30%. To be a a layout of the proposed reacceleration experiment.
competitive rf source for a collider the conversion Our simulations indicate relatively consistent power
efficiency would have to be significantly increased, extraction of 100-150 MW from each of the TWS and
One means of improving the efficiency is by no beam breakup due to excitation of higher order
reaccelerating the beam and extracting additional modes (HOM).
power. The application of this concept to a linear Output rf power in the initial Choppertron was
collider is referred to as the RK-TBA. limited by the excitation of HOMs. The HOM
The work was performed under the auspices of the damping in the the recent experiments proved

U.S. Department of Energy by Lawrence Livermore effective at reducing this problem. However,
National Laboratory under contract W-7405-ENG-48. operation with the damped structures did not increase
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the output power levels to the designed' 250 MW. We 350 '
now believe that beam's emittance is a primary factor
in limiting the obtainable output power in the present
configuration of the Choppertron. In our experiments, 3
the emittance of the beam determines the beam radius 3
at various positions along the beam line. This is 0
especially important in the modulator section where 1.
the betatron resonance and emittance are matched 1 to 9 250

produce a desired betatron wavelength and beam
radius.

A collimator, which consists of a 2-cm diameter
1-m long pipe surrounded by four solenoids, is located I 1=0.7S kA, en=7 -c-
after the injector. It serves as an emittance selector - 1=1.0 k, e=104 x-cm-mr
allowing only the portion of the incident beam which ,--- kA, c.,=132 ,.n.-mr
can maintain a radius equal or smaller than the 150
collimator's pipe radius to pass. By varying the 1.0 1.2 1.4 1.6
magnetic field of the collimator, the amount of current Axial Magnetic Field (kG)
transported through the pipe is adjusted from the 8 Figure 2. Predicted rf current for different beam
kA emitted from the cathode to the desired beam emittances and dc currents, drive level = 1.2 MW.
current. Measurements indicate that at I kA the
electron beam has a normalized edge emittance of
about 104 x-cm-mr, and at 0.5 kA a normalized edge
ernittance of 52 x-cm-mr.

When the Choppertron was initially being s 8o
designed, the intention was to operate it on a different
accelerator which had an normalized edge emittance 60
of about 60 x-cm-mr. A number of simulations3 were 0
performed using the relativistic klystron code RKS24  0_ 40
to determine the best values of drive power, -W
solenoidal fields, and incident current to maximize C.

output power with no further modifications of the Z 0
modulator. Figure 2 shows the variation of generated 0 20 40 60 80
rf current with solenoidal field for about 1.2 MW of
deflection cavity drive and at four different values of
eminttance/current. The emittance values used in Figure 3. RF power produced in recent experiments.
these simulations agree with emittance measurements
made on the injector at those currents. The rf current investigate other possible sources of the electrical
produced by the modulator has a broad maximum breakdown such as the rectangular waveguide flanges
with magnetic field, drive power and beam current. and the rf loads used in the experiment.
The 320 amps of rf current shown in Figure 2 is During the recent experiment we studied the rf
expected to produce about 130 MW of rf power per power which is reflected off the loads used to absorb
output structure. the high power rf generated in the output structures.

In the recent 5-MeV experiments a combined peak The loads only have a low VSWR close to the 11.424
power for the two structures of 260 MW was measured GHz operating frequency. The leading edge of the rf
(110 MW in the first TWS and 150 MW in the second output pulse has frequency components which are
TWS). However these high peak power pulses were reflected off the loads. This reflected power results
very narrow, due to electrical breakdown. Wide pulse in higher electrical fields in the TWS during the
up to 100 MW could be produced in both output leading edge of the pulse and can lead to breakdown.
structures (Figure 3). Additional rf conditioning may A VSWR of 1.35 for the load experimentally
be required to achieve higher output power. We plan decreased the sustainable output power by -60%.
to install other components to the experiment before Similar problems will occur when the output
spending additional conditioning time. We will also structures are connected to the high energy accelerator

structures in a two beam accelerator. A slower ramp in
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the front edge of the rf pulse may be desirable to suppression of higher order modes propagating down
alleviate this problem. stream of the structure. We also hope to test a feed

Operation of the Choppertron at low input beam forward phase and amplitude stabilization system
currents (500 amps) has been useful in understanding with this TWS.
the operation of the device. At these lower currents
the beam has a lower emittance which results in good V. CONCLUSION
current transmission through the output structures.
Also there are lower electrical field stresses on the Initial experiments using the Choppertron with
surfaces. a 5-MeV drive beam have been completed. Beam

breakup due to the excitaion of higher order modes in
IIM. MODELING FOR THE REACCELERATION the travelhig-wave output structures was successfully

EXPERIMENT suppressed. We have identified the beam's emittance
as being a constraint on maximum achievable rf output

Computer simulations3 has been performed to power. Additional running time will be needed for
study the reacceleration of a modulated beam. Our conditioning the rf surfaces in these output structures
simulations indicate that approximately 250 MW/m to obtain output power greater than 100 MW. We
can be achieved (assuming a 1 kA drive beam with have shown that the front end of the Choppertron can
normalize emittance of 104 x-cm-mr). The two serve as the modulator for the reacceleration
induction cells used for reacceleration should not experiments which will start later this summer.
adversely effect the electron beam dynamics.
However, a completely redesigned induction cell VI. ACKNOWLEDGMENTS
which takes advantage of the small bore of the beam
line and has significantly reduced impedance We would like to thank G. Fiorentini for her
characteristics is needed for larger reacceleration work on computer simulations of the Choppertron. We
experiments. Similarly, the growth of transverse would like to thank J. Haimson, B. Mecklenburg, A.
instabilities caused by the traveling-wave structures Sessler and S. Yu for their continued interest and
should not be significant for this experiment, but will insights in the Choppertron experiments. For
require further study5 as the number of output technical assistance, we thank S. Hawkins, A. Myers,
structures is increased. We intend to use data from a S. Petz, and C. Holmes.
currently operating experiment to improve the
modeling for the reacceleration experiment. VII. REFERENCES
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Inverse terenkov Laser Accelerator*
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Abstract upon inverse &erenkov acceleration (ICA) and
The analysis of a 100-MeV demonstration can be performed at the ATF using much of the

experiment based upon inverse &erenkov accel- existing equipment.
eration (ICA) is presented. This experiment
would use the Accelerator Test Facility (ATF) at II. EXISTING ICA EXPERIMENT
Brookhaven National Laboratory. With 50-GW of
delivered laser peak power from the ATF C02 An inverse &crenkov laser acceleration
laser, our analysis indicates the 65-MeV ATF e- experiment is currently being performed at the
beam can be accelerated to >165 MeV using three ATF [1]. Hydrogen gas (P = 1.7 atm) is used in a
stages of acceleration in -1 in of total length. The gas cell to slow the phase velocity of the laser
number of electrons accelerated can be raised to light to match the electron velocity. The beams
-109 by prebunching the e-beam using an already intersect at a &erenkov angle of Gc = 20 nrad with
available device, an interaction length of 20 cm.

The ATF ICA experiments are testing an
I. INTRODUCTION improved geometry [21 that focuses a radially

Laser particle acceleration research has polarized laser beam onto the e-beam. Assuming
been akingsteady p rogrt ess.A aelfesea r-h h 5-GW of laser peak power delivered to the

been making steady progress. A number of exper- interaction region (for a 10-GW input into a 50%
iments are in progress. The Accelerator Test efficient optical system), an energy gain of -12
Facility (ATi) has been constructed at Brook- MeV is predicted. This gain scales as the square
haven National Laboratory and is available for root of laser peak power. Thus, a peak power of
laser acceleration experiments. This new facility 50-OW delivered will result in 38-MeV energy

features a 50-MeV linac, which will be upgraded Gain.

to 65-MV, and a high peak power (-10 GW) g .The present gas cell design is already near
C02 laser, which also can be upgraded to optimum for the ATF conditions and can be used
generate 100-GW of peak power. as the basis for a multistaged 100-MeV ICA

The US Department of Energy (DOE) is demonstration experiment. Since one stage gives
interested in a near-term 100-MeV laser accel- 38-MeV energy gain (assuming 50-GW delivered
eration demonstration experiment. The DOE is laser peak power), three stages will yield >100
also interested in the design for a I-GeV linac MeV energy gain. The only major changes to the
based upon laser acceleration. ie nrygi.7b nymjrcagst h

Tbhis paper describes the design of a 100 existing ICA experiment needed are upgrading the
Tipae demonstration priment t ht d sig o basd ATF C02 laser to produce 100-GW peak power

MeV demonstration experiment that is based and modifying the gas cell system to recycle the

Supported by US DOE Contract Nos. DE- laser beam. This latter issue is discussed in more

AC06-83ER40128 and DE-FG03-90ER40545. detail next.
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III. CONCEPTUAL DESIGN FOR 100-MeV This first concept is very similar in arrangement to
DEMONSTRATION EXPERIMENT the existing ATF ICA experiment [1], which uses

a flat axicon rather than a curved one, has only
Figure 1 is the simplified conceptual one stage of acceleration, and does not use

arrangement for the 100-MeV ICA demonstration cylindrical mirror tubes.
experiment. A small portion of the drive laser
power (-120 MW) is sent to a prebuncher, the
rest of the power (-100 GW) is sent to the 3-
stage accelerator.

0 W Figure 2. Concept for a 3-stage ICA accelerator.

OMM-- - ATWA Onedisadvantage of the first concept is
S-the length of gas-filled space between the accel-

eration stages, which leads to additional scat-
"Zb tering of the electrons by the gas molecules.

Figure 1. Conceptual arrangement for the 100- Similar to the present ICA experiment, each
MeV demonstration experiment, interaction region is 20-cm long. This means the

space between the stages must be >20 cm.
Prebunching the e-beam before it enters Hence, for this first concept the total 3-stage

the multistaged accelerator will significantly accelerator length is -110 cm.
enhance the experiment. Without prebunching the Figure 3 depicts an alternative concept for
electrons enter the multistaged accelerator at all the 3-stage accelerator that minimizes the
phases resulting in only a small fraction of distance between stages. The incoming radially
electrons being accelerated to the full 100-MeV polarized laser beam travels through a 450 mirror
energy gain. The existing gas cell being used in with a large hole in its center. The laser beam
the current ICA experiments can be used as a reflects off a waxicon, which converts the beam
prebuncher. Only -120 MW of laser pe.-k power
is needed to drive the prebuncher and will give an LAM

optimum bunching distance Zb - 20 cm. At this
point the prebunched e-beam will enter the 7
multistaged accelerator. .- -~
A. 3-Stage ICA Accelerator Concepts,-

Two possible arrangements for the multi- -

staged accelerator are shown in Figures 2 and 3. -
In the first concept (Figure 2), the incoming
radially polarized laser beam reflects off a 45°
mirror, which has a small hole in its center for Figure 3. Alternative concept for 3-stage ICA
passage of the e-beam. The laser beam then accelerator.
reflects off a curved axicon and is focused down
onto the e-beam. (The purpose for using a curved into a hollow one while maintaining its radial
axicon will be explained later in Section rI.B.) polarization characteristics. This hollow beam is
After intersecting the e-beam in the first stage, directed off the 45° mirror to the curved axicon
the spent laser beam reflects off a slightly conical where it is focused onto the e-beam. The spent
cylindrical mirror tube.. This tube functions the laser beam then immediately reflects off the
same as the curved axicon and focuses the laser slightly conical cylindrical mirror tube towards the
light back onto the e-beam in the second stage. second stage, and the process repeats itself for
The process repeats itself for the third stage. the third stage. Since the incoming laser beam
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does not need to travel through the mirror tubes Hence, if for example, Oc = 20 mrad, ri = 100 ps,
as in Figure 2, the diameter of the tubes can be and L = 110 cm (see Figure 2), then the amount of
reduced thereby decreasing the space between slippage is 1.5% of the laser pulse length. There-
acceleration stages. The total accelerator length fore, recycling the laser pulse should not be an
of this second concept is -70 cm. issue.

B. fl-Slippage Compensation IV. SUMMARY
In the preceding concepts, te curved axi-

con helps compensate for phase slippage between Table 1 summaries the estimated perfor-
the electrons and light wave as the electrons gain mance for the 100-MeV ICA demonstration
energy within each interaction region. The experiment.
berenkov angle Oc, given by cos~c = (1/nl),
where n is the index of refraction of the gas and Pi
is the ratio of electron velocity to the velocity of Table 1
light, changes as the electrons gain energy. By Estimated Performance of 100-MeV ICA

varying the &erenkov angle within the interaction Demonstration Experiment.
region it will be possible to maintain near optimum
phase matching as the fi of the electrons ATF Parameter Assumed Value
increases. This can be done by using a slightly Injector 65 MeV e-beam
concave axicon such that the angle of intersection C02 Laser Peak 50 GW (delivered)
is slightly larger (-1 mrad for the ATF conditions) Power
at the end of the interaction region than at the
beginning. The slightly conical shape of the ICA Parameter Estimated Performance
cylindrical mirror tubes also accomplishes this Energy Gain 95 to 125 MeV (net)
same effect. An alternative method for P-slippage # of Accelerated >5 x 108
compensation is to use a slightly converging laser Electrons/Pulse
beam reflecting off a flat axicon and straight Energy Gradient 1st Concept: >92 MeV/m
cylindrical mirror tubes. 2nd Concept: >143 MeV/m

C. Recycling Laser Beam
Another issue implied in the preceding The effect on e-beam emittance requires

concepts is being able to reintersect the laser additional analysis to extract emittance infor-
pulse with the electron bunch in the second and mation from the models. Emittance growth is less
third stages. Due to differences in the electron of an issue for high-ye-beams; however, the ATF
drift velocity relative to the effective group e-beam energy is relatively low which will impact
velocity of the laser pulse, the relative drift the emittance growth of the accelerated e-beam.
distance between the electrons and light pulse
over a distance L is V. REFERENCES

Azd= 02 L. (1) [1] W. Kimura, I. Pogorelsky, G. Kim, L.
Steinhauer, S. Tidwell, and K. Kusche,

The laser pulse length in space is Az/ = cri, "Update on the ATF Inverse terenkov
where 'r is the laser pulse width in time. Thus, Laser Acceleration Experiment," see
the ratio of these two distances is Conference Record of the 1992 IEEE Particle

Accelerator Conference.
AZdri tL (2) [21 J. R. Fontana and R. H. Pantell, J. Appl.
Az Phys. 54, No. 8, 4285 (1983).
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An Inverse Free Electron Laser Driven Linear Collider Electron-Positron B-

Factory

N. BAROV and C. PELLEGRINI, UCLA, Dept of Physics, Los Angeles, CA 90024

J. SANDWEISS, Yale Univ., New Haven, CT 06511

Abstract linac.
By altering the waveguide dimensions, it is

We discuss an electron-positron linear collider possible to modify the slippage of the bunch relative to
B-Fatory using Inverse Free Electron Lasers (I'EL) to the radiation pulse. The zero slip regime offers theaccelerate the beams. The requirements on luminosity, possibility of adjusting the tapering to compensate foraelrarge the be3 cms 2 s,1, and energy spread of a B the loss in power of the radiation. Also, because thislarger than approach lends itself more readily to using multiple
Factory introduce stringent conditions on the accelerator acceleration sections, the power density required of the
and the interaction region. We study the longitudinal drive laser is decreased.
dynamics through the IFEL, the efficiency of the The average power and repetition frequency
acceleration process, and the ratio of particles which requirement on the drive laser make a free electron laser
become accelerated, and fall within the resonance. The the most likely candidate for this task a lf. Driven by a
device is found to perform well in the presence of large superconducting cinac, such an FEL, assuming 40
variations in the laser field intensity over the beam. We perconting linacisucan FeL, assumigalsodisussthelasr sste poerig te IELand percent energy extraction, can insure good wallplug
also discuss the laser system powering the IFEL, and efficiency for the entire system.some of the system tolerances.

Introduction Table 1. Beam and Collider Parameters
Beam Energy (GeV) 5

The set of beam requirements demanded by a Luminosity (cm'2s"i) 1033
linear collider B-Factory, summarized in Table I is very Average Beamstrahlung. AE/E 2 xl0V
difficult to satisfy, and represents a challenge for a novel No. Particles/Bunch 1.14 x1010

acceleration technique such as the IFEL. The set of Pulse Repetition Rate (sec"1) 104
parameters needed at the interaction point (IP) for such (t (m) 0.249
a B-Factory were identified in a previous paper I11 on P* at I.P. (rm) 0.31
which this work is based. Such an accelerator must meet 3aP (mm) 0.31
stringent requirements for the beamstrahlung fractional 7z (mm) 0.31
energy spread, the final energy spread of the Disruption Parameter 16
accelerator, and the luminosity. Pinch Enhancement 6

Because the particles are delivered from the Invariant Emittance (m-rad) 2 xl0'
injector at a random phase with respect to the optical
wave, care must be taken to match these initial particles IFEL Designs
to the acceleration buckets. This matching is crucial to
achieving a final energy spread which has a maximal We envision an IFEL which begins with an
overlap with the Upsilon(4S) resonance, having a full untapered prebunching section, then a set of
width of 24 MeV. We examine the efficiency of this acceleration modules, and finally a section which
matching and present simulation results. reduces the energy spread. We choose a constant period

An advantage of the IFEL over conventional wiggler, which is not the optimum case but the easiest
accelerators is the efficiency in utilizing the incoming to examine. The resonant phase Wr, describing the
electromagnetic energy. This is the result of having the particle which does not undergo synchrotron
radiation confined to a region close to the bunch. The oscillations, is set to ic/4, as a compromise between high
efficiency of energy extraction, or beam loading, is acceleration rate and sensitivity to parameters. Several
influenced by the choice of parameters, such as the studies have been made of the waveguide used to
beam current. An upper limit on this beam loading contain the radiation which suggest that low loss
must be chosen based on the effect on the acceleration propagation is feasible [4,5,61. With a suitable choice in
process as a result of modifying the peak electric field. waveguide parameters, the amount of slippage between
We note that in the IFEL, beam loading does not directly the particles and the radiation can be altered. Case A of
lead to an energy spread, such as in a conventional Table 2 has no slippage control and consists of a single
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module, while Case B is an example of zero slip 171 and radiation field over the extent of the beam. A slight
has 18 modules. The application of the zero slip variation in Eo will modify Vr and cause synchrotron
condition leads to a severely restricted waveguide oscillations for the microbunch. In a more severe case,
aperture, (2 nun). While an actual device using these the nonlinear effects will filament the distribution.
parameters may have problems with beam propagation,
this example will demonstrate what is possible using the Numerical Results
zero slip approach.

We note that before reaching the IP, it is We present simulation results motivated by the
necessary to wash out the bunching existing on the concerns raised in the last section. To this end, the high
optical scale with a dispersive section, so as not to radiation intensity and large y allow us to neglect the
exacerbate the beam-beam effects. optical properties of the beam (guiding, index of

refraction, etc.) The system can be modeled through a
Table 2: IFEL Characteristics straightforward application of the wiggle period
Parameter Case A Case B averaged equations of motion for the particles, found in
Laser Wavelength (pim) 10 10 reference [21. An extra term containing Xc, the cutoff
Injection Energy (MeV) 500 500 frequency of the waveguide, can be added to the usual
Dimensions of Waveguide (cm) 0.8 x 0.8 0.2 x 0.4 equation for the phase evolution:
Peak Laser Electric Field (Vim) 1.04 x10"' 1.84 x1010  

2 2/2
Laser Power Density (W/cm2 ) 1.45 x10 13 4.49 x1013  d= _ 1.a, (2)
Laser Pulse Energy (oules) 104 4.9 dz X X 2 • 2y'2
Bunch Train Rep. Rate (Hz) 104 104 In this model, we have not considered the effect of
Optical Pulses per Train 1 18 betatron motion, and also assume that the particles do
Average Laser Power (Watts) 1.04 x10 6  8.8 x10 5  not see the variation of the fields off axis.
Max. Wiggler B-Field (Gauss) 5 x10 4  2.3 x10 3

Wiggler Period (cm) 26.5 160
Total Length of Wiggler (m) 146 282 1800 ... ........ ,..........
Acceleration Gradient (MV/m) 31 16 .600 .. . ...... - -

14001 4 0 0 ... . ................ ... ... ..... . ..... ..... .... .................. ................. .. . .. . .. .

Initial Matching 1200 .A.A..
--20 0 -- .. . . . . . .... ... ' ...... £ ..... ........ ......... i....... .; ......... . .. . . ..

In the interest of utilizing the maximum number 1000 ......................................................
of 500 MeV initial particles, it is necessary to
precondition the beam, increasing the overlap with the 800 ............... ................ . ... . ..............
acceleration buckets. In addition, the parameters of
Table 2 have buckets which are deeper than the 600 tp(.......ou f2.0 .• a I 1 trapped (out of 2000}

allowable energy spread. To avoid problems with this, 400 .A...........
the beam conditioner can also be used to match the 4A overlap with resonance V 2000)

initial distribution to the longitudinal phase space. 200

The small oscillations near the resonant particle 0.7 0.8 0.9 1 1.1 1.2 1.3
are described by ellipses characterized by, E/E0

&•=t "2 2 law2 COS(Or) (1) Plot 1: The overlap with the resonance when different
2sections of the beam see a variation in the laser field E.

where y is the Lorentz factor, fb is the Bessel function
factor, as=eEoX/2inmc 2 (Eo is the peak radiation field), For Case A, the combination of slippage and
aw=eBLw/2nm1c 2 (B is the peak magnetic field), and Vr beam loading assures that the radiation in the vicinity of
is the resonant phase. In order to stay away from the the beam's leading edge will diminish in intensity. The
nonlinear parts of the phase space, which may cause situation which is simplest to compute is one where each
filamentation, we wish to match the initial distribution slice of the beam is exposed to a constant intensity
to these ellipses. If an untapered wiggler section is used throughout the acceleration. For Case B, the interest in
as a buncher, only a fraction of the particles will be keeping the radiation pulse as short as possible again
matched, the rest being close to the separatrix or brings unwanted intensity variations. Plot 1 is the result
untrapped, of a series of runs in which the peak electric field was

This matching will be undermined by any varied. The parameters relevant to Case B were used for
variation in parameters such as a difference in the this, but the results are also valid for Case A because
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here the final energy spread is always slightly smaller. about the computer code.
The particles were initially injected in a 15 MeV band
and with random phases. The prebunching and final References
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section and a 9 m untapered section utilizing a 1.84 x10 9  acto Proc. of the Brookhaven Workshop on
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distribution in the longitudinal phase space so that 8y 121 E. D. Courand, C. Pellegrini, and W. Zakowicz,
comes to a minimum. The benefit of this energy spread Phys. Rev A, 2,2813 (1989).
reduction technique is strongly limited by conservation 131 U. Amaldi, Pro. USCERN School on Part. Acc. at So.
of phase space area and nonlinear dynamics. Padre Island, Texas, October 1986, ed. M. Month

These results reveal that the performance (Springer Verlag, 1988).
degrades gracefully even when the electric field is 141 R. Palmer, SLAC-PUB-44295, (1987).
lowered by as much as 20%. The difference between the 15) W. Zakowicz, J. Appl. Phys. 55 9,(1984).
number of trapped particles and the number which 161 J. Sandweiss, BNL 35444, August 1984.
overlap with the resonance indicates the amount of [71 S. K. Ride, Appl. Phys. Lett. 57 1283 (1990)
wasted energy. In summary, effectively 60 per cent of
the particles from the injector end up effectively in the
resonance. A similar analysis for the trapped particles,
which take energy away from the radiation, reveals that
80 per cent of them overlap with the resonance.

The above simulation work did not implicitly
treat energy balance. This may seem not to be the correct
treatment for Case B, where Eo is diminished by 5 per
cent near the end of edch accelerating section. We have
carried out additional simulation work to verify that this
effect is not very detrimental, but in a more realistic
accelerator design the rate of tapering would be adjusted
to compensate for this.

Conclusions

The previous section suggests that the amount
of energy extraction from the radiation can safely be
made higher - perhaps to the 15 or 20 percent level. Such
a change would lead to a favorable impact on the
amount of power required of the drive laser. In
reference [11, a drive laser design using an FEL is
presented, making use of a 23 kA and 9 kA drive beams
for Case A and Case B respectively. A twofold increase
in efficiency, assuming that any relevant instability
issues are studied (such as side bands), would result in
lowering these beam requirements to more reasonable
levels.

There is ample opportunity to optimize the
parameters of this accelerator. For example, the wiggler
can have a tapered period, to bring about a reduction in
the maximum required magnetic field near the end of
the device.
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Abstract which stops the bunch E,1. The excitation of nonlinear

The results of REB - plasma interaction numerical sim- stationary waves in a plasma by a sequence of periodically
ulation by means of our relativistic particle EM code are spaced electron bunches was studied in ref. [5, 6], where

presented. Nonlinear evolution of a single REB injected in- it was shown that the electric field of the wave increases
to underdense and overdense plasmas is studied in detail for with increasing relativistic factor -f , but only in the case
cylindrical geometry. It is found that in case of comparable of comparable bunch nb and plasma n. densities.
bunch and plasma densities an instantaneous amplitude of The experiments performed in the nonlinear regime of
excited longitudinal electric field substantially depends on the PWFA displayed interesting three dimensional effects,
density ratio, relativistic factor and space density distri- but only one dimensional treatments of nonlinear plasma
bution of REB. Transversal electric field can considerably wake-fields currently exist (see for example [6] and cited
exceed the longitudinal one, causing more severe restric- references). In ref. [7] a high-intensity rigid electron beam
tions to initial phase and radial position of particles to be is used to excite extremely nonlinear, transverse motion
accelerated. dominated plasma oscillations.

I. INTRODUCTION II. SIMULATION RESULTS

The accelerating of charged particles by means of space- In this work the results of full-scale numerical simulation
charge waves in plasmas and in unneutralized charge- of a single or a sequence of relativistic electron bunches in
particle beams (1] is a basic direction in collective accelera- plasmas is presented. Excitation of wake fields by them

tion methods. One of the main advantages of this method is studied using our 2.5D axial-symmetric electromagnetic
is that it can produce strong electric fields in plasma which code [8]. Recently this code was applied to an induction
are directed along the propagation direction of linear or accelerator [9] and modulated REB simulations (10].
nonlinear waves with phase velocities vth <. c, c- light ye- A. Mathematical model
locity. This makes possible to keep continuously the wave Dynamics of REB is described by relativistic Vlasov
matched with particles to be accelerated. The possibili- (Beliaev-Budker) equations for distribution functions of
ty of strong accelerating fields achievement simply follows plasma species and Maxwell equations for self-consistent
from the circumstance that the field amplitude is propor- E and B fields. Two component bulk plasma (rn4/m. =
tional to the variable component of the charge density. The 1840) with density np was initially cold and filled the whole
last can reach the equilibrium value of the plasma density. simulation region [0, Z] x [0, R]. Usually Z and R were tak-
Since this density can be made very high, the electric field en as 25 and 3c/wp respectively, we is Langmuir plasmas
can reach values up to 107A-09 V/cm [1, 2]. frequency. At the plane Z = 0 we organized one or a train

Chen et al. [3] suggested a modification of Fainberg pro- of cold relativistic electron bunches injection in accordance
posed acceleration method [1]: switching to acceleration with a formula (n means the injected bunch number)
by waves train excited by a finite sequence of periodical-
ly spaced REB moving through a dense plasma. The se- nO(Ro - r)G(vbt - z + (n - 1)Ap)G(z - vbt + Zo + (n - 1)Ap)
rious difficulty of plasma wake-field acceleration (PWFA)
method has been eliminated by Katsouleas [4], who pre- Here beam velocity v6 = c (1 - 1/,y2)1/2, Zo and Ro -
sented a proof that if a bunch with a uniform density dis- initial sizes of bunches were equal to 1/3 and 1/6 c/w,.
tribution is replaced by one asymmetric along it's length, A, = 2rc/w., nb = 1/2n,- mean density of REB. Note,
then due plasma wave electric field excited behind a bunch that as in experiments [6], initial transversal R0 and lon-
E.g, accelerating particles injected from the outside of the gitudinal Zo bunches sizes were less than c/lw. Bunches
system, can be many times greater than the electric field could leave the simulation region at it's two corners z = 0
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and z = Z as well as plasma species, which were addition- 0.05
ally pumped back into the volume. At the inner surface of
cylinder r = R all particles were reflected. Boundary con-
ditions for fields were the following: metallic at the r = R
and free radiation of EM waves at corners. In computa-
tions we used explicit schemes, time and space steps were Er
constant and equal to 0.05c/wp and 0.025w• 1 respectively.
So, the mesh size was 512 x 64, a silent start technique was
used. Model particles weight was a function of their radial
position, to represent plasma with a less number of par- -0.051
tides per cell in less disturbed regions far from axis. The 0 z (c/w,) 25.6
total number of particles was approximately 300000. Note,
that all simulations were carried out using PC/386/20 and Figure 1: Transversal electric field E,
we applied the fast modification of particle-in-cell method.

III. RESULTS AND DISCUSSION 0'°5

The numerical simulation of one bunch propagation in
plasma demonstrates that it's transversal size changes in E
wide range. This leads to essential changes in it's densi- E5
ty (up to one order) as well as in the wake field excited by
them. Longitudinal distributions of transversal Er and lon-
gitudinal E, electric fields corresponding to radius r = Ro
and time t = 18w;"1 are shown at Fig.1 and Fig.2 respec- -0.05 0 25.6 1
tively (in mr.cwp/e units).You can see that immediately af- 0 z (c/wP)
ter the REB withy = 430 shapes of radial and longitudinal
electric fields differ from sinusoidal, and their amplitudes Figure 2: Longitudinal electric field E,
are not more constant. This is due to transversal oscilla-
tions of bunch particles in self-consistent fields connected 4.
with an absence of both charge and current compensations. 4r
To study a relationship between an excited fields and a ad RI Shod

number of injected into plasma bunches with initial energy
mnc27 two runs were considered.

A. Comparison of two runs

Run 1 is shown at Fig.3 (t = 15w, 1 ) and has the follow-
ing parameters: N = 3, 7 = 430. Run 2 (shown at Fig.6 -7.
(t = 50w-1)) has eight bunches (three ones are shown at a 0 z 25.6

moment) with 7 = 43.
At Figs.4,7 longitudinal distributions of radial electric Figure 3: Three bunches, density p

field E, and at Figs.5,8 axial electric field E, correspond-
ing to Runs 1 and 2 respectively are represented. In addi-
tion, the shape of each bunch is shown in magnified scale 0.05
at top of Figs.3,6. You can see that amplitudes of both
longitudinal and transversal fields increase with the bunch
injection. This amplitudes nevertheless are not proportion-
al to the number of injected bunches, as it should be for Er
"rigid" bunches. At Fig.9 longitudinal electric field energy
time dependence for Run 2 is shown. Each step on the
curve corresponds to a moment, when new bunch inter-
acts the simulated system boundary. The non-monotonic -0.21
character of excited field grow take place after third bunch 0 z (c/'P) 25.6
injection, signifying formation of non-linear regime of train
propagation. Figure 4: Three bunches, field Er
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Abstract can be divided into three qualitatively different regions.
The extreme leading edge, or head of the beam receives

Our program for an experimental plasma wake no focusing from the plasma, causing it to expand. The
field accelerator (PWFA) to take place at the Argonne body of the beam, which travels in the completely
Wakefield Accelerator (AWA) facility, in the recently rarefied ion channel, receives the maximum focusing
proposed blow-out regime[l] relies on the propagation force. In the transition region between these two, the
of an intense electron beam through an underdense beam evolution cannot be described with linear optics,
plasma with a minimum of degradation. This paper due to the remaining population of plasma electrons.
presents a near-equilibrium model of beam propagation For short pulses (oz-,kp"1 , kp = (op/c), the evolution of
using the Maxwell-Vlasov equations governing the the beam head and the transition region are very
beam's transverse behavior. Numerical results are important in determining the effective propagation of
presented which use this model simultaneously with the the beam over long distances.
plasma electron cold fluid equations. A solenoidal For the ultra-relativistic case, the beam head
magnetic field, which is necessary for high density expands freely, due to its finite emittance, retarding the
plasma containment, also provides an initial beam response of the plasma electrons at later time steps. This
equilibrium to begin the calculation. We compare the diminishes the focusing force for the next beam slice,
equilibrium model with a discrete beam particle leading to what is called emittance driven erosion. A
simulation, which verifies the basic conclusions of the simple 1-d model predicts that after some initial
equilibrium model, and shows the collisionless damping expansion, the erosion happens at a very slow rate. In
approach to equilibrium in the beam head. The initial addition, previous particle-in-cell simulation work by
matching requirements for the beam's entry into the Krall, et al. [21 has shown that for emittance-driven
plasma are examined. We also discuss the possibility of erosion, the point on the beam where the plasma
performing an adiabatic lens experiment. becomes completely rarefied, termed the pinch point,

Introduction moves very slowly, and a near equilibrium develops.
Inspired by this result, we develop a model in which

The recently proposed nonlinear blow-out regime beam physics is described by a Maxwell-Vlasov

for the PWFA[l], in which all of the plasma electrons equilibrium and the plasma electrons are described by

become expelled from the region of the beam, has the fully relativistic cold fluid equations. This model also

advantage of linear focusing for the trailing includes the effects of a solenoidal magnetic field. Such a

(accelerated) bunch and a very high acceleration field is required for the containment of the plasma in the

gradient. This regime requires a very intense, high PWFA, which can in some cases help to further stabilize

quality drive beam. Since the acceleration can be this erosion.

prolonged by using a more energetic drive beam, the Numerical Treatment
long term propagation of this beam through the plasma of Beam Near Equilibrium
needs to be addressed.

When an intense electron beam propagates The response of the plasma due to the beam's
through a plasma in the underdense regime (no < nbeam, electromagnetic field is modeled using a technique
no is the plasma density), a sufficiently long bunch developed by Breizman [3]. This model relies on a wake
length will cause complete rarefaction of the plasma field type assumption: any plasma perturbation
electrons, forming an ion channel. This is called the ion translates at the beam velocity. Further, the beam
focusing regime (IFR) due to the intense magnetic self- velocity is taken to be the speed of light. The plasma
focusing forces of the beam as it propagates through the electron currents can then be modeled by the cold fluid
ion channel. For a fully rarefied ion channel, the equation,
equilibrium beam radius or is given by, +(v.V)p = -e(E+ 1(vxB))

1]/2
S= and the continuity equation. Implicit in using a cold

fluid model is the fact that the plasma electron velocity
where enis the normalized emittance, re is the classical quickly becomes much greater than the initial
electron radius, and y is the Lorentz factor. The beam temperature of the plasma. The plasma can be treated as
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a fluid only when the motion is laminar. This is satisfied
to a very good approximation in the first half cycle of In Figure 1, this method is applied to a 1014 cm"3

the plasma motion, making the cold fluid model well plasma, using the future AWA beam parameters [41: 100
suited to studying the effects on the beam. These nC charge per bunch, cz = .7 mm, y = 300, and e --400 x
equations are used along with the Maxwell equations for mm-mrad. The final peak density mimics the initial
VxE and VxB. The speed of light condition, gaussian density quite well. This run produced a
a&z= -a/act is used to eliminate the time variable in longitudinal wake field capable of sustaining greater
these equations, which yield a self consistent than a 1 GeV/m acceleration.
instantaneous representation of the plasma disturbance.
We use conducting wall boundary conditions in the Initial Matching: Time Dependent Aspects
radial direction and further assume that the plasma is
quiescent ahead of the beam. The equilibrium model of the last section relies on

The body of the beam is assumed to be initially a trumpet shaped beam, an condition which may be
matched to the linear focusing force of the ion channel. difficult to produce from a longitudinally uncorrelated
For the transition region, the nonlinear focusing brings profile. In this section we examine the requirements for
about a mixing of the transverse phase space in just a initial matching into the focusing channel and present
few betatron periods. If we assume that the emittance computational results which reveal the efficacy of such
increase, which is very difficult to compute, can be matching. In order to minimize the betatron oscillations
neglected, the phase space can be described by the of the beam head, the largest possible initial beam radius
equilibrium Maxwell-Vlasov equation, setting a/&t = 0: must be used. This is important when the period of

-ar, Pr) = Pr) af(r, Pr0 these oscillations is longer than the stopping distance of
f(r, Pr) P r +fr, P Fr(r) 0 the beam through the plasma. It is therefore

where f(r,pV) is the distribution in the transverse phase advantageous to use the focusing properties of thespace, Pr is the transverse momentum, p is the Lorentz plasma in such a way as to reduce the radius of thefactor, m is the electron mass, and Fy is the radial force beam body, while leaving the beam head unaffected.
factorin fm ithe plastronmafesI anddFristionadial for) m The initial ramp in the plasma density at the start of anyarising from the plasma fields. In addition, f(0,0) must actual device can be useful for this task. We have
be constant due to conservation of phase space area.

The matching of the beam body implies that the studied the effect of a plasma profile which builds up as
head will undergo betatron oscillations. For the purpose one side of a gaussian and remains flat afterward.
of the model, we assume that the head is itself matched Although this does not represent the ideal focusing
to the solenoid. This is in part justified by the small scheme, it is a good approximation of the experimental
number of particles which feel no plasma focusing.

40 ........ I................ 0.035 . .

35 : -beam o 0.030

30 nbeam/no - finale

25
0.020 . /

20
0.01515

10 0.010 -- or tail (cm)

5.0 0.0050 ..... r for entire beam (cm)

0 .0 0 .0 1 , . , C . . . I a a . . I . , .

15 10 5 0 0 5 10 15 20

Distance behind Beam Head (k p-1) Propagation Distance (cm)

Figure 1. Final (equilibirum) and initial beam density Figure 2. Matching of the beam into plasma with a
normalized to plasma density using AWA beam gaussian ramp, a = 2 cm. For this run, the beam has a
parameters, no =1014 cm"3 , and a solenoidal field of virtual waist of 0.026 cm at a position 4 cm into the
B=2000 Gauss. The matched equilibrium is achieved device. The magnetic field was 2000 Gauss.
very early in the the beam pulse.
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To simulate these time dependent effects, we used is more realistic experimentally. Figure 3 presents
the same numerical techniques as in the last section to simulation results for such a lens. The body of the beam
treat the plasma dynamics. The beam in this case was is focused, in good agreement with the theoretical limit
composed of a set of discrete particles, treated self- assuming a completely rarefied ion channel. Note that
consistently with the plasma dynamics. It is assumed the 0 r averaged over the entire beam never becomes
that the variation in no over the extent of the beam can small due to phase differences and the insufficient
be neglected. Figure 2 shows results, using the AWA focusing of the beam head.
beam parameters, for ramp which builds up as a
gaussian from no = 1012 cm-4 to no = 1014 in 8 cm, and 0.060
remains flat afterward. A slight mismatch of the beam
body is tolerable since it does not diminish the radial 0.050 .
force seen by the plasma electrons, which have already
left the region of the beam. 0.040

Through observing the evolution of the phase
space we have witnessed a new mechanism for the 0.-
suppression of erosion of the beam head. The presence 0.030 . .
of any erosion diminishes the focusing strength of a
given z-slice very slowly. Thus, the slice's or is 0.020 .body
adiabatically increased until it becomes matched to the ..... or (cm)
solenoid, approximating the equilibrium discussed in 0.010
the last section. In the case of a weak solenoid, this
predicts that a small portion of the beam head will 0.0
become lost, while the rest of the beam propagates in a 0 4 8 12 16 20
near equilibrium. Z (cm)

Adiabatic Focusing Figure 3: Adiabatic lens for the AWA beam, no starts at
25 x10 11 and increases to 5 x1013 at z=15 cm. The body

There has been great interest in using a plasma of the beam (the core population containing half the
lens for the final focusing in a linear collider[5]. Chen et beam) is focused quite efficiently, down to 100 microns
al. [6] has proposed making such a lens adiabatic, with a at z=16 cm.
smoothly increasing focusing strength. The ad lantages
of adiabaticity are to reduce the effects of synchrotron This work was supported by US Department of
radiation, lessening impact of the chromatic aberrations, Energy under Grant DE-FG03-92ER-40493
and diminishing the sensitivity to initial optical
mismatch. Because the equations governing the plasma References
motion have a simple scaling with no, the results of a
sub-GeV, experiment can yield a good prediction for [1] J.B. Rosenzweig, B. Breizman, T.Katsouleas and J.J.
larger y and an no of 1018 cm-3 In addition, as no Su. Phys. Rev. A - Rapid Comm, 44, R6189 (1991).
increases, the condition z»>> kp"1 becomes easier to [21 J. Krall, K. Nguyen, G. Joyce, Phys. Rev. A, 44, (1991)
satisfy. Thus, a proof of principle experiment at low [31 B.N. Breizman, T. Tajima, D.L. Fisher, and P.Z.
energy would circumvent some of the experimental Chebotaev, University of Texas Fusion Institute Preprint
difficulties of an actual final focus experiment. The (1991), unpublished
AWA beam, with its high peak current, and 141 M. Rosing, et al., An Update on Argonne's AWA
accompanying access to the underdense regime, can be 1991 IEEE Particle Accelerator Conference, P.555
used to experimentally study such a device. The discrete [51 See B. Barletta, et al. , and references therein Plasma
particle method developed above has been used to Lens Experiment at the Final Focus Test Beam these
numerically study the adiabatic lens. The AWA beam is proceedings.
intense enough to cause blowout at very early times [61 P. Chen, K. Oide, A.M. Sessler, S.S. Yu, Particle
after the arrival of the beam. In addition, the charge and Accelerators, 31 (1990)
energy can be scaled down to study a large parameter
space.

The work by Chen, et al., suggests the use of a lens
in which the 0 function is linearly decreased. This lens
has the feature that the plasma density is increasing very
rapidly near the end. We have studied a lens whose
density increases only exponentially, which we believe
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NUMERICAL SIMULATIONS OF DRIVING BEAM DYNAMICS IN THE
PLASMA WAKEFIELD ACCELERATOR*

Glenn Joyce, Jonathan Krall and Eric Esarey
Plasma Physics Division

Naval Research Laboratory
Washington, DC 20375-5346

1. INTRODUCTION

Novel plasma basedaccelerationdevicesl 1,2] numerical solutions of this equation to results
have become the subject of active research because of obtained via two-dimensional axisymmetric (rz)
their ability to support acceleration gradients in particle simulation using the FRIEZR particle
excess of 10 GeV/m. The plasma wakefield simulation code.
accelerator (PWFA) is one such device which consists
of an intense electron beam (the primary beam) 11. THE ENVELOPE EQUATION
whose purpose is to excite a plasma wave which, in
turn, accelerates a trailing electron bunch (the Consider the envelope equation. of Lee and
secondary beam). Two issues of current interest in the Cooper' for an axisymmetric relativistic electron
PWFA are 1) the equilibrium and stability of the beam:
driving beam and 2) the effect of the wakefield on
the quality of the trailing electron bunch. The PWFA pd +_ dP!Ay ,R÷ .- =(
is currently the subject of experiments to be d y * dg - R1
performed at the Argonne National Laboratory
(ANL)[3J and the University of California, Los where R is the rms radius of the beam, y is the
Angeles (UCLA)[4]. relativistic factor, and the beam is assumed to be

In the UCLA experiment, a question of moving in the z-direction with v. >> v1 . We have
particular interest is the equilibrium state of the used as the definition for the rms emittance,
driving electron beam. Two intriguing suggestions E-=E.,./(h.
have been made. The first is that in the limit that the Each term of Eq. (1) has a physical meaning.
beam density greatly exceeds the plasma density, the The first two terms above account for inertial effects.
plasma electrons will be completely expelled from the The third term accounts for self-field effects,
axis. It was recently pointed out[51 that the resulting
ion channel will have a focusing force that varies 1 ' 2xrJ,(r)
linearly with radius, preserving the emittance of the U- 1er( ._[E,_8 9 J] (2)

trailing electron bunch. The second is that, in C 20 a b ym

parameter regimes of interest, the driving beam will where Jb is the beam current density, Ib is the beam
experience a severe radial pinching force.experiencalef a suvestedial pchig el roneam current, and E, and B, are electric and magnetic
Specifically, Ref. 4 suggested that the electron beam fields. The fourth term represents the expansion of
could be pinched via ion focusing in the plasma by as the beam due to emittance. In applying Eq. (1) to
much as a factor of 10 (from rb=3 0 0 prn to rb=3 0pm). this problem, we have assumed that r. > c/co, > R,
What such extreme pinching does to the beam and where , (o,(4ine2/mn), n. is the initial plasma
whether or not an equilibrium state at r.730 pm an be density, and r. is the radius of the plasma chamber.
achieved are questions that have yet to be addressed. This condition ensures that return currents do not

These ideas suggest that a highly nonlinear wakefield fliw witin eletron beam. If we mk t
with favorable focusing properties could be produced additin assumption that If w n at e pam
by a driving electron beam in a tightly focused additional assumption that n,, z: n., the plasma

by adriing lecronbeamin tihtlyfocsed electrons will be expelled from the region of the
equilibrium state. Furthermore, this mode of operation beam.

may be accessible in new PWFA experiments to be For a beam with a Gaussian radial profile,

performed at ANL and UCLA. In order to
investigate these assertions, we first consider the

envelope equation for an electron beam propagating

in a plasma with n. k- u. We then compare

0-7303-1203-1/93503.00 0 1993 IEEE



simulation code is an axisymmetri (rz) fully
1,[kA]l 0 2 electromagnetic, fully relativistic particle code that
17- 1R2" 9 (3)makes use of uspeed of light" coordinates through a
17 s 2yc2 change of variables: =ct-z, T-t. The plasma is

when our notation is such that lb < 0 for an electron represented by partile electrons imbedded in an
beam. Asmuning dV'dz-0, Eq. (1) becomes immobile neutralizing ion background. The

relativistic beam, also represented by particles, is

d'R d. 2R 42 (4) injected into the plasma with density

*2 Rt Oysmw 2y,2' Vt
With Eq. (4), it is straightforward to solve for the r(
equilibrium radius of a beam with given y, n. and e. r2- 3 "
For p>1 we have

2€ In the ((.%) coordinates, the head of the relativistic
R" -EL)V6 (5) beam remains near ;-0 with the tail of the beam at

T UP ;0.18 cm. The simulation proceeds for 5 cm,
As an example, we consider an electron during which the beam energy remains approximately

beam with y-40 (20 MV), charge QelnC, initial constant (12.i-36). Figure I (dashed line) shows the
rms radius a,-100 pm, longitudinal half-width at half beam radius versus c at C-0. 1 cm. It is evident that
maximum a.-6001tm, and e.=l0mm-mrad the beam is being pinched and is undergoing
propagating through a plasma of density n.=2.0x l101 mismatch oscillations. Figure 2 shows the beam
am'. In this cas, nu0l.67xlO" cm4 and -I4- 0.252 density nt. the plasma density n,, and the axial
kA. With these values, Eq. (5) gives "•41 pm electric field E on axis at ct=-5.0 cm. In this figure.
indicating that the beam is mismatched. Once the &iU-n,l. E=0. IE• E,,,aumceJel.4 OV/m. Also,
beam begins to pinch, we will have n. > n.. Thus, the beam is moving towards the left and E.>0 is
we cam integrate Eq. (4) to obtain an estimate of the accelerating. The envelope equation solution and the
beam dynamics, shown in Fig 1. This figure shows particle simulation result are in rough qualitative
severe pinching of the beam, with a minimum radius agreement at early times (Z<lcm). The results then
of 17 pm. One might expect significantly strong diverge because the plasma electrons are not
variations in the wakefield generated by such a beam. completely expelled from the axis (see Fig. 2) and

because the beam emittance grows as the radial

in Fig. 3, which shows beam emittance at C-0.1 cm
80 % plotted versus x. An interesting and somewhat

surprising result is contained in this figure, which
Se0 7also shows the peak accelerating electric field E,•,

versus -. While the beam radius is varying by 50%,
40- the accelerating field is varying by only 20%. We

speculate that this occurs for two reasons. Firstly,
20- _ _ _ because the plasma is not entirely expelled from the

axis and because the plasma electron density varies
0 -over the length of the beam, the simulation shows0o 2 3 4 5c-0 (cm) that the frequency of the radial mismatch oscillations

varies as a function of ;. Secondly, in the limit that

Fig 1. Beam radius R versus timec from a numerical nb >> n, the wake is driven by a large radial electric
solution of Eq. (4) (solid line) and from simulation field that pushes the plasma electrons to r >> R. At
at fixed C-0. I cm (dashed line). such large radii, E, is function only of the amount of

beam charge enclosed within this radius. Additional
III. SIMULATIONS simulations have confirmed that the wake amplitude

is insensitive to the details of the beam profile in this
To address this question in greater detail, we limit.

resort to particle simulation. The FRIEZR particle
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density 8,/n (solid line), and axial electric field cm and E.•, (solid line) versus c for a simulation
Et/%, (dashed line) plotted versus on axis at with initial R-R., -41 pjm.
0c-5.0 cm.

150 IV. CONCLUSIONS

The radial pinching forces that we have
0 observed in our simulations can be especially

1wben nb > n., where n, and n, are the beam and

plasma densities, respectively. This paramete" regre
is of interest because of the highly nonlinear

50 wakefields that can be generated. In addition, the
filamentation (or Weibel) instability that was
observed in the simulations of Keinigs and Joaus(7]

......................... and Su it al.[S] is avoided in this limiL Our

o 0 2 3 4 simulations suggest that a highly nonlinear wakefield
cT (cm) with favorable focusing properties can be generated

Fig 3. Beam emittance e (dashed line) at fixed • - by an electron beam in a tightly-focusing equilibrium
0.1 cm and peak accelerating field E,,& (solid line) state.
versus '.
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Abstract-A new configuration of the laser wakefield ac- density is required (assuming L fixed), the wakefield will be
celerator is proposed in which enhanced acceleration is increased: E. - n:/12. Secondly, the resonant mechanism
achieved via resonant self-modulation of the laser pulse- excites a very-high-amplitude wakefield in comparison to

I requires laser power in excess of the critical power for the standard LWFA. Thirdly, since P _> P,, relativistic fo-
relativistic -guiding and a plasma wavelength short com- cusing further enhances the laser intensity, increasing ao.
pared to the laser pulse-length. Relativistic and den- Fourthly, simulations show that a portion of the pulse will
sity wake effects strongly modulate the laser pulse at the remain guided over multiple laser diffraction lengths, ex-
plasma wavelength, resonantly exciting the plasma wave tending the acceleration distance.
and leading to enhanced acceleration. The mechanism can be understood by considering a long

I. Introduction luer pulse, L > A,, with power P = P,, such that the
body of the pulse is relativistically guided [3]. The finite

Plasma-based accelerators are being widely researched rise-time of the pulse will create a low-amplitude wake-
as candidates for the next generation of particle acceler- field within the laser pulse. In the wakefield, each region
&tor. [1]. One promising concept is the laser wakefield of decreased density acts as a local plasma channel to en-
accelerator [2,3] (LWFA), in which a short (rL < I ps), hance the relativistic focusing effect, while each region of
high power (P > 1 TW) laser pulse propagates in plasma increased density causes defocusing [7]. This results in a
to generate a large amplitude (E > 1 GV/m) wakefield, low-amplitude modulation of the laser pulse at A,. The
which can trap and accelerate a trailing electron bunch. modulated laser pulse resonantly excites the wakefield and
In the standard LWFA, efficient wake generation requires the process continues in an unstable manner. This insta-
L = A,/2, where L is the full-width-at-half-maximum bility, which is observed to develop on a time-scale asso-
length of the laser intensity profile on axis, N = 2rc/w, ciated with laser diffraction, resembles a highly nonlinear
is the plasma wavelength, wp = (4rnoe2/m) 1

2 and no is 2-D form of the usual forward Raman scattering instabil-
the ambient plasma density. In this case, the peak axial ity. It is distinguished by its 2-D nature and by its growth
electric field is given by [2,31 E. - (r 2Ymc 2/e)a8/(4A,-y±), rate, which increases dramatically when P > Pc.
where -y± - (1 +4 / 2 )1/2 and ao = eAO/mC2 is the normal- In the standard LWFA, the acceleration distance is lim-
ized amplitude of the laser vector potential field [4] which ited by the diffraction length, or Rayleigh length, of the
is assumed to be linearly polarized throughout this paper. laser pulse: ZR = (ko/2)r2, where ko = 21r/A0 and ro is

In this paper, we describe a self-modulated-LWFA[5] the radius of the laser waist. At the high plasma densi-
in which enhanced acceleration is achieved via resonant ties and extended laser diffraction lengths associated with
self-modulation of the laser pulse. This occurs when a) the self-modulated-LWFA, single-stage acceleration can be
the laser pulse extends axially over several plasma wave- limited by detuning due to the reduced group velocity
lengths, L > A,, and b) the peak laser power satisfies vg of the laser pulse, rather than by diffraction. Here,
P > P, = 17(Ap/A0)2 GW, where P. is the critical power V9 = c[1-(A0/APy±) 2 /2], where L > Ap has been assumed.
[6] for relativistic optical guiding and Ae is the laser wave- One-dimensional theory indicates that phase detuning lim-
length. At fixed laser parameters, both conditions can be its the maximum acceleration to Ay,.,. = wA~aj-y./(2A),
met by choosing a sufficiently high plasma density. Oper- assuming fixed a0 and A/ae/Ao > 1.
ation in the self-modulated regime could have a dramatic We will illustrate the self-modulated LWFA via two nu-
impact on LWFA experiments now being planned. merical simulations. The first is a standard case which is

optimized in the usual sense, with L = A,/2. The second
II. Self-Modulation is a self-modulated case, in which the plasma density is

In the self-modulated regime, enhanced wakefelds are increased such that L > Ap and P > P. are achieved (all

generated, i.e., accelerating fields are more than an order other parameters remain unchanged).

of magnitude greater than those generated by a laser pulse III. Model Equations
with L = A,/2, assuming fixed laser parameters. Acceler-
ation is enhanced for four reasons. Firstly, since a higher These simulations were based on the laser-plasma fluid

"lSuppat by DOE and ONR model described in Rf. 7, which utilizes (r,C = z-ct,r=
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Figure 1: Peak accelerating field versus time for the Figure 2: Peak particle energy versus time for the
no= 1.4 x i07 cm-3 case (dashed line) and the no = 1.4 x 1017 CM-3 case (dashed line) and the

no= 2.8 x 1013 CM-3 case (solid line), no = 2.8 x 1018 CM-3 case (solid line).

t) coordinates. The laser pulse moves in the positive z time-resolved electric and magnetic wakeflelds of the srn-
direction such that the front of the laser pulse remains ulation. Here, we consider a continuous electron beam
near C = 0. The physical region of interest extends from with initial energy of 3.0 MeV and normalized emittance
C = 0, where the plasma is unperturbed, to C < 0. The e,, = 130 mm-mrad. The beam is initially converging such
model is valid when ZRt > L, ZRt > A,,, Ao < ro and that in vacuum it would focus to a minimum RMS radius
A. < A,. To include phase detuning effects, the 82/OC&r ,b = 200 pum at ci- = 3ZR. After ci- = lOZA = 3.0 cm, a
term is retained in the wave equation, in contrast to Ref. 7. small fraction (0.1%) of the original particle distribution
This model neglects certain laser-plasma instabilities. In has been trapped and accelerated (simulations show that
particular, Raman side-scattering could limit the effective this fraction can be increased by using a lower emittance
longitudinal extent of a laser pulse with P >P. [a]. beam). At cr =3 cm, the peak particle energy is 48 MeV

(see Fig. 2, dashed line).
IV. Simulation Results We now consider a self-modulated-LWFA simulation

with parameters nearly identical to those considered above.
In these runs, we will consider a Gaussian laser pulse Here, the plasma density has been increased to no =

with A0=l1pjm, ao =0.70, ro = 31;m and L =45 Am 2.8 x1018 CM-3(A = 20 pm). This reduces the criti-
(150 U~), such that ZR = 0.3 cm. Here, we define ao to cal power to P. = 6.8 TW, such that P = 1.5P'. As the
be the amplitude of the laser vector potential af at the laser parameters have not been changed, the laser pulse
point of minimum focus in vacuum. In this case, the peak now extends over several A,. In this run, one might expect
laser power is P = 21.5(aor0/A0)2 GW = 10 TW and phase detuning to limit the acceleration to A-y,,.. = 340
the energy per pulse is 1.5 J, well within the bounds of (170 MeV). However, we will see below that self-focusing
present technology [9]. We begin at r = 0 with the laser enhances the laser intensity by a large factor (> 10) such
pulse outside the plasr. a. The plasma density is "ramped that much higher electron energies can be obtained.
up" to reach full density at cr = MZR. The laser pulse Figure 3 shows the normalized laser intensity at (a)
is initially converging such that in vacuum it would focus ci- = 2ZR ojust as the laser enters the full-density plasma)
to a minimum spotaize of ro = 31 pm at ci- = 3ZR. The and (b) ci- = 3.2ZR (Oust beyond the vacuum focal point).
simulation continues until ci- = 1OZRt = 3.0 cm. The axial electric field at ci- = 3.2ZR is shown in Fig. 4.

According to standard LWFA theory [2,3], the optimum The laser pulse has been modulated (three peaks are ob-
wakefield will be obtained at a plasma density for which servable in Fig. 3(b), separated by = A,) and the plasma
A, = 2L =90 ism, or no = 1A4X 1017 cm- 3 . At this density, wave is highly nonlinear. In addition, relativistic and den-
P < P, 140 TW. The presence of the plasma has little sity wake effects have focused the laser to a much higher
effect on the evolution of the laser pulse, which reaches a intensity than was observed in the previous simulation.
peak normalized intensity of ga, 12 = 0.56 at ci- = 3ZR. Figure 1, which shows the peak accelerating field versus
This is illustrated in Fig. 1 (dashed line), where the peak time, indicates that the laser pulse is optically guided over
accelerating field, plotted versus time, is symmetric about 5.5ZR. Note that the leading portion of the "beamlet"
cr =3ZR. structure, with length < Ap/(2-y±L), diffractively erodes

To study the acceleration and trapping of electrons by [3,81. However, the extreme focusing of the laser pulse
the wakefield, a particle code is used to accelerate a dis- increases -yj. such that the erosion is minimized. In addi-
tribution of 30,000 non-interacting test particles in the tion, the group velocity within the modulated pulse varies
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Figure 4: Axial electric field E, versus C plotted at
cr = 3.2ZR.

modulated-LWFA[5] relative to the standard LWFA [1-3].
Figure 3: Laser intensity lai11, sampled over a coarse grid We have further demonstrated the feasibility of the self-
(the numerical grid is much finer), at (a) cir = 2 ZR and (b) modulated case by confining our simulations to currently-
cr = 3.2ZA. The laser pulse is moving towards the right, available laser parameters. It is a notable aspect of these

simulations that, by increasing only the plasma density,
one can test both the simple linear theory and the highly

locally with laser intensity and electron density, further nonlinear, self-modulation regime described here.
distorting the pulse profile. The laser beamlets continue Acknowledgement&s-The authors thank G. Joyce, G.
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Abstract We present an initial design of a proof-of-principle GeV/n and electron energies in excess of 100 MeV can be
experiment oan the Laser Waelfield Accelerator (LWFA). The obtained in a single stage.
experiment will utilize the NRL Table-Top Terawatt (T3) laser
system as the driver for the wakefield in a pulsed-valve gas jet II. APPROACH
plasma, and a -1 MeV Febetron as the electron beam injector.
The LWFA will be opeated in the self-modulated regime [1] A schnmatic of a proof-of-principle LWFA experiment is
where enhanced acceleraion gradIents and extended ineraction shown in Fig. 1.
distances can be achieved. Numerical simulations demonstrate
that with the present parameters of the T3 laser, peak T laser
accelerating gradients can readc >300 GeV/m and single stage ea
energy gain of >100 MdeV cam be attaned. wods

I. INTRODUCTION Analzer

Plasma-based accelerators have recently been the subject Feb.o
of intense research because of their potential for high Stewing O.A.P.Ca mirro Gasjet E~lectron
accelerating gradients, compact size and low cost compared detector
with conventional rf-driven accelerators 121. While
conventional rf-drven accelerators are limited to fields on the
order of 100 MeV/m, plasma accelerators have been shown Fig. 1. Schematic of the proof of principle LWFA
experimentally to support gradients of -I GeV/n [31 in the experiment. An electron beam from a compact injection
Plasma Beat Wave Accelerator (PBWA), and awe predicted acceleratr is accelerated by the laser plasma wakeflekl and then
theoretically and numerically to support gradieuts exceeding energy resolved with an electron spectrometer.
300 GeV/ni [11 in the LWFA.

Two configurations of the LWFA have been proposed, (i) A pulsed-valve is used to deliver a high density gas jet
the "standard" LWFA [41 and (ii) the "self--modulated" inside an evacuated chamber. The gas jet is ionized through
LWFA.[1] In the recently proposed self-modulated LWFA, multiphoton ionization to form a plasma column by either a
enhanced acceleration is achieved via resonant self- precursor pulse or the prepulse of the driver laser pulse. The
modulation of the laser pulse. This occurs when (i) the laser driver laser pulse is focused into the plasma column with
pulse extends axially over several plasma wavelengths, L >> appropriate optics such as an off-axis paraboloid (O.A.P.) at
Ap and (ii) the peak lawme power satisfies P 2 Pe, where high intensities to generate the wakefield. The characteristics
Pc is the critical power [51 for relativistic optical guiding, of the plasma wakefields are measured with the Thomson
Pc[GW] - 17(0pVO) 2 and L0 is the laser wavelength. At scattering diagnostics. An electron beam with energy high
fixed l parameters, both conditions can be met by enough to be trapped by the wakefield is injected into the
choosing a sufficiently high plasma density, n. This is the plasma after being transported and focused. Accelerated
case since Pc li/n and Xp oc INn. Operation in the self- electrons are detected and analyzed with a magnetic
modulated regime has very significant advantages over the spectrometer for the energy spectrum. The parameters for the
standad configmation. experiment are shown in Table L

The newly developed T3 laser tehology [61 is capable of
deliveting the short (< I ps), ultrahigh power (> I TW) laser HI. APPARATUS
puises required by the LWFA. Simulations based on the NRL
T3 laser parameters and the self-modulated LWFA This experiment consists of five major components: A)
configuration indicate that accelerating fields in exeu of 300 the NRL T3 laser to drive the wakefield, B) the NRL Febetron

electron accelerator for electron injection into the wakefield, C)
a gas jet plasma source to support the wakefield, D) a

"Wk s prlced by U.S. DOE and ONR. Thomson scattering diagnostics for characterizing the
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wakefield, and E) =n electron specrometr to measure the synchronization. The Febetron is capable of producing several
m Sely g o the ijected electrons. kA's of beam current. However, to avoid peturbing the

plasma with a high currnt electron beam, the Febeom beam
Laser parantems: current will be limited to -10 A by mismatching the diode and
Wavelength 1.054 pm, collimating the beam with a pinhole aperture (few mm). The
EMy -1.5 J collimation also acts as an emittance filter mid produces a high
Puls length -750 fs quality electron beam which can be focused with a magnetic
Focal spot radis (FM optics) -10 pm lens for better matching to the acceptance of the plasma
Intensity -1.3 x 1018 W/cm2  wakefield.

Wake"ield parameters: C. Plasma Source
Plasm density -1.25 x 1019 cm 3

Plum wavelength -10 pm By operating the LWFA in the self-modulated regime,
Accelmationgradlent >300 GeV/m substantially higher gradients and longer interaction distances
Interaction length -0.2 cm can be achieved. This can be accomplished by using a higher
Pump depletion length -2 cm density plasma, while utilizing the same parameters for the
Phase detuning length -0.4 cm laser and the electron beam. By incorporating an ultrasonic
Enrygain >100 MeV nozzle to a pulsed-valve gas jet, neutral gas density of > I x

1019 cm"3 can be obtained. The Corresponding critical power
emrm beam parameters: for relativistic focusing for this plasma density is 1.7 TW and

Eanerg -1 MeV the plasma wavelength is only 10 pm. Many periods of
Cune ~-10 A plasma wakefields can be excited in the 750 fs laser pulse.
Pu length -sons
Focused beam rdius -100pm D. Wakefield Characterization
Numberofelectro•s tap -108

Coherent Thomson scattering (7) will be used to detect
Table I. Typical laser, wakefield, and electron beam the plasma wakefields and measure its frequency and
pamelers for the pWof-of-principle LWFA experiment. amplitude. In this process, a light wave is scattered by a

plasma wave. The scattered light wave is frequency shifted by
A. Laser Diver the plasma wave frequency. Thomson scattering from the

plasma wave is performed with a synchmmized colline longer
The NRL T3 laser is based on the chirped pulse laser pulse (-20 mJ, -100 - 150 ps, of either I pm (m) or 0.5

amplification (CPA) concept [61 which takes advantage of the pm (2o)) light) derived from a separate but synchronized
fact that laser amplifiers can better amplify a long pulse than a transform-limited laser developed at CUOS. The wavelength
short pulse. By incorporating frequency chirping in a long shift for an electron plasma density of 1016 - 1019 cm-3 is
pulse, the amplified pulse can be compressed by use of found from phase matching conditions to be approximately
gratings into a short pulse with much higher intensity. The &X = 30 - 950 A for 0 and 8 -240 A for 2w light, which can
NRL T3 laser system has been operaional since Oct 1992. It be measured with a conventional double grating specneter.
has an energy per pulse of -1.5 J and a pulse length of -750 The amplitude of the plasma wave, An/n, is obtained
fs, giving a laser power of -2 "W. The high quality laser from the amplitude of the scattered light through the Bragg
beam produces a spot size of -20 pnm at 1.4 times diffraction scattering formula [8]. Assuming a plasma wave amplitude of
limited with an f/6 lens, giving a peak intensity of -1.3 x 10% and probe pulse energy of 20 mJ, as many as 108 - 1014

1018 W/cm2 . It also has a high contrast ratio of -10-6 photons will be scattered. It is expected that the plasma wave
between the amplitude of the prepulse to the central peak. The amplitude can be increased to beyond the nonrelativistic cold
repetition rate is one pulse/4 minutes. plasma wavebreaking limit, An/n = 1, where nonlinear

behavior of the plasma wave is prominent. The nonlinear
B. Electron Beam Injector regimes of wakefield generation can be studied by measuring

the harmonics of the plasma wave frequency in the spectrum
In a practical LWFA, the electron bunch must be of the scattered light [9].

synchronized in both time and space to the wakefield for
maximum accelerating gradient and minimum energy spread. E. Electron Energy Analyzer
However, for a proof-of-principle experiment, the minimum
required bunch length is determined by having enough The energy of the accelerated electrons will be measured as
electrons to be accelerated for detection. The NRL Febetron a function of laser intensity, plasma density, and acceleration
electron beam, which has a pulse length of 50 ns, will behave distance. Because the electron bunch is much longer than the
as if it is CW, and therefore eliminate the problem of plasma wavelength, electrons would interact with the
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wakefield at arbitrary points along the wave and thus column, electrons with -1 MeV will be trapped by the
experience arbitray gradients. A large energy spread (I -100 wakefields. The boundary of the gas jet is mor well defined
MeV) would be expected regardless of the input electron at the earlier stages of the gas jet evolution. It is important to
energy spread. A magnetic electron spectrometer is most synchronize the ionizing laser and the driver laser with respect
Pit" for analyzing electron beams with large energy spreads to the gas jet so as to create a plasma with a sharp boundary.
due to its large dynamic range. By allowing a collimated This will facilitate more efficient trapping of the electrons in
electron beam to enter a narrow gap separating two magnetic the injection electron beam.
poles, the beam velocity can be determined from the resulting
radius of curvature. The curved electrons can be detected with V. CONCLUSIONS
solid state detectors, scintillators or Cerenkov detectors.
Magnetic monochromators, where the electrons go though We have presented a preliminary design on a 100 MeV
fixed radius of curvature, are more suitable for lower energy proof-of-principle experiment of the LWFA operating in the
electrons (1-10 MeV). For higher energy electrons, the energy self-modulated regime. The experiment is based on the NRL
spectrum can be studied with constant field magnetic T3 laser driver and the NRL Febetron electron accelerator. We
spectrometers, attenuation filters, and Cerenkov cells. Direct have discussed the various diagnostics for wakefield
observation of the electrons in a Wilson cloud chamber is also characterization and electron energy analysis. We have also
possible [3]. discussed the importance of using a gas jet as the plasma

source, and the propagation and focusing of the electron beam
IV. DISCUSSION for better trapping of the electrons. A proof-of-principle

LWFA experiment that can produce very high accelerating
The number of electrons that may be trapped by the gradients and final energies appears to be feasible.

wakefield can be estimated as follows. Assuming the
wakefield has a spatial extent of - 20 pzm and an amplitude of VI. ACKNOWLEDGEMENTS
a fraction of the nonrelativistic wave breaking field, the
acceptance of the wakefield in phase space is typically an The authors are grateful to X. Liu, S. Gold, G. Joyce, C.
elongated vertical ellipse because of the very large radial Manka, P. Mora, K. Marsh, C. Clayton and C. Joshi for
wakefield that is excited together with the longitudinal useful discussions.
accelerating wakefield. On the other hand, the electron beam's
phase space area is typically a horizontal elongated ellipse as it VII. REFERENCES
comes out of the Febetron accelerator. For a good emittance
electron beam (-5 x mm mrad), it can be focused down to [1] J. Krall, A. Ting, E. Esarey and P. Sprangle, submitted
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good quality electron beam and a sharp boundary plasma
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Recent Work on Short Pulse Laser-Plasma Accelerators*

T. Katsouleas(1), W. B. Mori(2), C. Decker(2), T. C. Chiou(1 ), J. S. Wurtele(3), G. Shvets(3)

I t( 2)University of Southern California, Los Angeles, CA

(2)University of California, Los Angeles, CA

(3)Massachusetts Institute of Technology, Cambridge, MA

Abstract Another possible !i'mitation to the energy gain and beam

Theory and simulation of short-pulse laser plasma quality in a plasma accelerator is the dephasing between the
accelerators is presented. The plasma beat wave and laser particle and the wave. Therefore, in laser plasma accelerators
wakefield accelerators are examined for the parameters of it is important to understand the relationship between the
recently developed high-brightness lasers. For typical laser's parameters (i.e. shape, amplitude, and frequency) and the
parameters, energy gains of .3 to IGeV over a few centimeters excited plasma wave phase velocity. In the limit of small
length appear fe-asible with a short pulse beat wave design. Vos eAo
Issue. important for extending these designs to multi-GeV laser amplitude, i.e., - mc< 1, the plasma waves
acceleration of beams with high beam quality are examined, phase velocity is equal to the laser pulse's group velocity.
including optical guiding of the lasers, non-linear laser and However, as the laser amplitude increases these relationships
wake vck;eJty shifts, and long-term stability of the laser become more complicated because the laser's group velocity
pulses. (Ug) depends on its amplitude and the wake's phase velocity

I. INTRO)DUCTION (uw) depends on pump depletion. In Sec. IV we examine the

The recent success of the plasma beat wave accelerator at non-linear laser group velocity and wake phase velocity

UCLA (see C. Clayton, these proceedings), coupled with the analytically and computationally.
rapid advancement of laser technology point to a promising Finally, in Sec. V we examine one technique for guiding
future for short pulse laser-plasma accelerators. It is natural laser pulses over many diffraction lengths.
then to consider what are the key issues for next generation
experiments at the 100 MeV to GeV level and beyond. These
issues include long-term stability of intense laser pulses, non-
linear effects on the laser group velocity and resulting An illustrative example of a short-pulse beat wave
accelerating wake velocity, and techniques for guiding the laser accelerator is given in Table 1 and Figure 1. We call this a
pulses over many diffraction lengths, hybrid design because it uses very short laser pulses like thelaser wakefield scheme but two frequencies as in the beat wave

First, we illustrate with an example that with present scheme.

technology it is possible to design a GeV experiment that is a
straight forward extension of the UCLA experiment. In the
UCLA experiment, it was demonstrated that short pulses could .' 2' 0.17 .. ......
avoid competing instabilities and that the energy gain of .4

approximately 20 MeV was consistent with an acceleration
length equal to the laser depth of focus.

Then we take up the long-term stability of laser pulses. .
The parametric instabilities of radiation in plasmas has been -2
long studied. For pulses shorter than an ion plasma period all
of the ion instabilities can be avoided. Thus we consider the 3.5 1 6 3,0 04,4 4o0 446 40' .

coupling to electron plasma noise known as Raman scattering.
For pulses shorter than a few times the c-folding time of the _1 .2 , , .--

Raman backscatter instability (TB = 2-12KVO)S/c) r]
where Vos/c = eAd/mc 2 is the normalized laser amplitude and
wo is its frequency), this can be avoided. On the other hand, -
even for pulses shorter than the Raman forward scattc' .,

iemporal growth time (tF - 22 I(Vos/c) (op/tol ) this

instability can still be important because the decay waves A
travel in the direction of the pulse at nearly c. We consider for 3 3o7 3,0 390 400 4, 0 420 430 44, 45, 40.

the first time the spatial-temporal growth of the forward Figure 1. PIC simulation of Plasma wake (above) and
Raman instability for arbitrarily intense laser pulses. laser in hybrid example
*This work has been supported by the US Dept. of Energy

(Grant #DE-FG03-92ER40745)
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The parameters are typical of a CPA Nd: Yag laserd. As through the plasma longer than the pulse length) and large ao:

shown in the moving PIC simulation in Fig. 1, the plasma X, a grow as cr whcre
wake grows resonantly, but only over a few plasma cycles.
So the homogeneity requirement on plasma density (Ano/no < r = 2 ynl Fy (3)
one over the number of growth cycles) is greatly relaxed over 2
previous beat wave designs. For this example the energy gain TYn = '?o/X 0 and yo is the usual small-amplitude temporal
is limited by the laser Rayleigh range to about 300 McV in 2 a0/2 [2- 0)0)
cm. growth rate (yo =

Table I IV. NON-LINEAR GROUP AND WAKE
VELOCITY

Hybrid Wakefield/Beatwave Accelerator An analytical expression for the nonlinear group velocity

An Example: is obtained by starting from the conservation of energy
equations for a fluid plasma

Laser Wavelengths 1.05, 1.06 gim i) [E 2 +B2 +in 2  2

Laser Pulse Length 1.4 psec t 8L• - c " y - nomc2

LaserPower IOTW +V. [ E x B + n mc2y -0 (4)

Laser Spotsize (2o) 100 gim 14nL

Rayleigh Length 0.8 cm where - is the electron momentum and y = [1- -. A
Plama ensty 017cm- C2 •

Plasma Density 1017 cm-3  group velocity is given by the ratio of the energy flux to the
Plasma Homogeneity +/-20% energy density. For long pulses this provides the expression

Accelerating Field 160 MeV/cm c2/•) 5

Acceleration Length* 6.4 cm Ug 2 (5)

Encrgy I (XX) MeV I (OP no - 1
2(02 y±o(y±o+1)

Assumes optical guiding. Max energy without guiding is e A 2
300 MeV where TL- (1 + < (---)2>)1/ < > represents averaging

mc"

of the laser oscillations and Faraday's law was used to relate B
to E. An expression for uo is provided by the well known

2 1
III. FORWARD RAMAN INSTABILITY OF results of Ahkiezer and Polovin, p= -2 . Therefore,

SHORT PULSES p

We consider a laser pulse of vector potential A s mc 2 a/e

propagating in a plasma of density n2 mw/4ne. The in the nonlinear limit uo 1g no longer equals c2 . Note that
p i iexpression (4) does reduce to the linear results as T.Lo 1. If

coupled equations for the laser potential A and plasma 2
potential - (a - I)mc2 are found in the coordinates %V = t - . nTbo + 1 0
x/c and " = I: we define y. a (1 - !& )-1/2 then 'gs = 2C2 =2 (OP

-2 3/i)a a = A (1) while if ug then _g y"L0  The relationshipX U0 (Op
2 1 L+a2  between ug and uw was investigated using PIC simulations.

+ [1 - -y ] 02 (2) Analytical results are difficult because the wake's phase
velocity is influenced by Ug, linear and nonlinear dispersion,

This is the quasi-static approximation 2. We expand these for photon deceleration (pump depletion), photon acceleration and
2 = 2 a pulse distortion.

large a and X about X = Xo + S• where = I + , a =- l
2 2 It was found that the group velocity of symmetrically

ei0o + 2+_ el0. + L ei0- + c.c, Oj = - kyv - (o~j - kj ) ', SX shaped pulsed of length !5 2t c/0p is always above the linear
+e d t 2g but below the nonlinear 'g of long pulses. However, the

= 8Xseie, and 0± = 0 ± 00. Te details and an exact solution wake's phase velocity monotonically decreases from the linear
in W and "t are given in a longer paper 3 . Here we give the ug as the laser's amplitude is increased. We believe this arises
asymptotic growth rate for T > W (i.e., distance moved from pump depletion which causes the front of the pulse to

distort. Furthermore, we have found that pulses with slow
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rise times and rapid fall times provide wakes with phase
velocities exceeding the nonlinear group velocity. We note Simulations*
different conclusions regarding Ug and vw have been reached
when the lowest order non linearities and times exceeding the 1.4
pump depletion time were considered. Clearly, further work is 1 (4
needed to fully understand the dependence of -w on laser
parameters. eE_

V. HOLLOW CHANNEL LASER ml" l
WAKEFIELD ACCELERATOR 4

In order to guide a short pulse over long distances without - 1.4 2
diffraction we consider a hollow evacuated channel in the 0 c/Op 20
plasma. Since the index of refraction in the channel (c = 1) is (a) Initial laser pulse2 2
greater than that in the surrounding plasma (t = 1 2/(0o)1
the channel guides the laser as would an optical fiber. The 1.4 (b)
channel can be formed by a precursor laser (of high frequency, b
low intensity and long pulse length) or by hydrodynamic
means prior to ionization (e.g., a partially blocked gas jet). eEx

The laser excites a wake on the surface of the channel; the mo-
fields of the wake extend into the channel where a particle
beam can be accelerated. The wake is illustrated in Fig. 2 and
the laser pulse, initially and after 13 Rayleigh lengths, is - 1.4 _

shown in Fig. 3. do0 c/tP 60
The hollow channel scheme presented here has several

attractive features: (1) The Rayleigh length limit on (b) Laser pulse after 13 Rayleigh lengths
acceleration length is overcome. (2) The wake is nearly
uniform as a function of radial position in the channel, so 161
beam quality should be good. (3) The laser and wake velocity
are higher than in a uniform plasma, so phase slippage is
reduced.

Further study of the stability of such pulses is planned. S

0
40 50 c/o 60

(c) Plasma channel ( = I

Figure 3.
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Plasma Lens Experiments at the Final Focus Test Beam*
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Abstract experiments were 6 to 7 orders of magnitude lower than the
We intend to carry out a series of plasma lens experiments nominal colliding beam density at the SLC and the next

at the Final Focus Test Beam facility at SLAC. These generation linear colliders, so that the experience is
experiments will be the first to study the focusing of particle insufficient to design or evaluate a plasma lens in a high
beams by plasma focusing devices in the parameter regime of energy collider detector. A beam such as the FFTB offers a
interest for high energy colliders, and is expected to lead to unique environment to test all aspects of plasma focusing of
plasma lens designs capable of unprecedented spot sizes. high energy, high density, and low emittance beams.
Plasma focusing of positron beams will be attempted for the 11. PARAMETER STUDIES
first time. We will study the effects of lens aberrations due to
various lens imperfections. Several approaches will be applied When ignoring the effects due to the return current, the
to create the plasma required including laser ionization and focusing strength for underdense plasma lenses is governed by
beam ionization of a working gas. At an increased bunch the plasma density np,
population of 2.5 x 1010, tunneling ionization of a gas target K = 2)rr , (2.1)
by an electron beam - an effect which has never been observed yKn
before - should be significant. The compactness of our device whereas for the overdense plasma lenses the strength is
should prove to be of interest for applications at the SLC and determined by the beam density nb,
the next generation linear colliders. K = 2"r'rb .(2.2)

-. E2TRODUCTION.
The plasma return current tends to reduce the focusing effect of

Plasma focusing devices are compact, simple, and very the lens [12]. The effect is approximately given by
strong focusing elements. The focusing strengths for typical K, - K (2.3)
parameters are equivalent to -109 Gauss/cm focusing magnets. I +(kpaO) 2  (

In principle, such strong fields are capable of focusing beams where ar is the rms size of the beam and kp = 4 is the
to very small spot sizes [1-6] and perhaps even capable of plasma wavenumber. The effect is appreciable only when the
avoiding [71 inherent (Oide) limitation [8] in discrete strong plasma is considerably denser than the beam.
focusing. Our goal is to show the effectiveness of plasma
lenses in the parameter regime of interest for SLC and the next Beam Parameters Case 1 Case 2 Case 3

generation high energy linear colliders. The experience gained 6 [GeV] 50 50 50
is expected to yield new final focus designs capable of N [1010] 1.0 1.0 1.0
producing spot sizes smaller than ever produced before. £,dl10 5 m-rad] 3.0 3.0 3.0

There are two low energy, low density beam experimental 10- m] 3.0 3.0 3.0

results which confirm the theory of the beam-plasma PO [cm] 7.5 7.5 7.5

interaction performed at ANL [9,101 and Tokyo University o*0 [ptm] 4.74 4.74 4.74

[111. While such experimental results have been useful, 3o [cm] 8.03 8.03 8.03
however, the beam densities involved in the ANL and Tokyo (To [Igm] 4.91 4.91 4.91

c; [mm] 0.47 0.47 0.47
*Work supported by DOE contract DE-AC03-76SF00515. nbo [1016 cm-31 5.3 5.3 5.3
'Argonne National Laboratory, Argonne, Illinois2University of California, Los Angeles, California Lens Parameters -
3Florida A & M University, Tallahassee, Florida np, [ 1017 cm"3] 0.2 1.0 104Lawrence Berkeley Laboratory, Berkeley, California kpoy 12.5 28.0 88.5
5Lawrence Livermore National Laboratory, Livermore,
California s0 [cm] -2.0 -2.0 -2.0

6Massachusetts Institute of Technology, Cambridge, l [cm] 0.3 0.3 0.3
Massachusetts

7National Central University, Taiwan f[cm] 3.80 2.92 3.60
SNational Laboratory for High Energy Physics (KEK), Focused Beam
Tsukuba, Japan 0*" [mm] 3.7 2.1 3.4

9National Tsing-Hua University, Taiwan
I°University of Rochester, Rochester, New York 0; [4tm] 3.35 2.55 3.23
1 IUniversity of Southern California, Los Angeles, California s* [cm] 1.95 1.07 1.75
12Stanford Linear Accelerator Center, Stanford, California
13Utsunomiya University, Utsunomiya, Japan Table 1: Round Beam Focusing

0-7803-1203-1/93$03.00 C 1993 IEEE 2638



A. Round Beam FocusingLO
The plasma is created by an intense laser before the arrival

of the particle beam bunch. The gas density will be varied to
cover all regimes of the plasma lens from underdense to
overdense and to the total compensation limit, at which 10,.1V
focusing degrades due to return current, Typical parameters N
corresponding to these lenses are shown in Table 1.In the table, c is the beam energy and eý is the normalized ••-\ •

emittance. The initial beta at the vacuum waist is PO and so is 8anqgu

the beginning of the lens with respect to this waist. The beta ,
function at the entrance to the lens is PO and I is the lens [w]
thickness. The focal length of the lens is f = s* - so - F / 2
where s* is the distance of the new focal point from the initial igure 1: Outline of Plasma Lens Experimental Setup
one without plasma. The plasma density is np and nrb is the III. EXPERIMENTAL DESIGNS
peak beam density at the entrance to the plasma. A. Experimental Setup

B. Flat Beam Focusing The outline of the experiments is shown in Figure 1. The
With the designed FFTB beam parameters while setup mainly consists of a vacuum chamber with a plasma

N = 2.5 x 1010, the beam is intense enough to produce a high chamber embedded and ports for ionization laser, plasma
density plasma by impact ionization and should even reach the diagnostics and beam size measuring devices. The setup is to
tunneling ionization threshold when close enough to the be installed at the FFTB final focus region near Station 1027.
initial focal point. Theory [6] and simulations [131 of such a An isometric view of the design is shown in Figure 2.
scheme suggest substantial plasma focusing. Typical
parameters for such plasma lenses are shown in Table 2.

In Case 4, the tunneling ionization threshold is reached /--m L" Eqqft
right from the start of the lens, and the ionization is quickly
saturated. With the complimentary impact ionization, we
expect that the plasma so produced should be reasonably
uniform, and the aberrations should be much mild. In Case 5,
the vertical beam size goes down to -38 nm, which is less
than 2/3 of the 60 nm designed FFTB minimum vertical beam
size.

Beam Parameters Case 4 Case 5
E[GeV] 50 50 Do

N [1010] 2.5 2.5
e,, / e• [10"5 m-rad] 3.0 / 0.3 3.0 / 0.3 Figure 2: Plasma Lens Experiments at the FFrB.

M1 [O [mm] 3.0/ 3.0 3.0/0.12(F* C * 0[nB. Plasma Chamber
-o /Jo [nm] 1000/ 333 1000 / 60 The plasma chamber is shown in Figure 3. The chamber
- /0,o 0o [nim] 4.33 / 4.33 4.33 / 33.5 itself is a small (1 - 3 mm) pipe machined out of a metal
co / ao [nm] 1200 / 400 1200 / 1000 block which allows easy variation of lens thickness and good

oz, [nu] 0.47 0.47 structural integrity. The particle beam enters the gas pipe and
nbo [1018 cm"3] 7.7 2.8 exits through 0.01 cm holes at the center of the block. A

Lens P r pressure differential is maintained between the gas connections
31n a e MOM M for a laminar gas flow through the pipe, which should reduce

n, [10's cm"3] 2.0 2.5 gas loss. Pumping chambers are provided on both sides of the
kpcz 125.1 139.9 gas pipe to capture most of the leakage before it enters the

so [mm] -2.0 -2.0 vacuum chamber. Ionization, diagnostic, and beam size
I [mm] 1 1 measurement lasers are injected through windows on the

fmm] 11.38/0.87 chamber. The shield in front of the chamber blocks photons
Focused Beam •accompanying the particle beam. Hydrogen gas will be used to

minimize the background from beam-plasma interaction.
, / I [mm] 0.9 / 0.9 0.75 / 0.047

aZ / cO [nm] 520 / 165 480 / 38 C. Vacuum System
s /smm] 0520/0105 480./38 For the maximum plasma density in Case 5 ofL s/np =2.5xl018 cm"3 , a H2 pressure of 38.8 torr at room

Table 2: Flat Beam Focusing temperature is required. In order to keep pumping requirements
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a'- •laser is shared with the FFrB version of the monitor by
mechanically inserting a beam splitter/mirror into the existing

A[liIIIAlaetrsptli.
The series of experiments to be performed will serve to

characterize plasma focusing devices, and if successful, will

M lead to practical applications at the SLC and the next
-. .generation of linear colliders. The primary goal of our

i p4 t # experiments is to study the focusing of high energy and high
-I density particle beams by plasma lenses of various densities

SEC-IMMA. and thicknesses. Plasma focusing of positron beams will be

Figure 3: Plasma Chamber demonstrated for the first time. With a bunch population of
about 2.5x 1010 from the FFTB, we will demonstrate the

within a practical range, the body of plasma chamber is tunneling ionization of a gas target by an electron beam, and
hollowed out to create two pýmping chambers as shown in establish the plasma lens as a simple, compact and economical
Figure 3, which enable the majority of the gas to be picked up add-on device for luminosity enhancement in linear colliders.
at a high pressure using a 30 liter/sec mechanical pump. The Furthermore, the total compensation of beam self-fields by the
gas then flows out of the plasma chamber through two plasma can be of interest for beamstrahlung suppression in
narrow, high impedance openings into the vacuum chamber fume linear colliders.
for the experiments. This vacuum chamber is pumped through
two 12.7 cm (5") ports by a 1000 liter/sec turbo molecular V. REFERENCES
pump to a pressure of l.x 10-6 torr. The beam line is a very (1] P. Chen, Part. Accel. 20, 171 (1987).
large restriction to the flow of hydrogen out of the vacuum [2] P. Chen, J. J. Su, T. Katsouleas, S. Wilks, and J. M.
chamber. Approximately 6x×10-1 gm/sec flows down the Dawson, IEEE Trans. Plasma Sci. 15, 218 (1987).
beam line where it is captured by two ion pumps. With the [3] J. B. Rosenzweig and P. Chen, Phys. Rev. D 39, 2039
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vacuum system should not be a problem. [4] P. Chen, S. Rajagopalan, and J. B. Rosenzweig, Phys.

D. Laser Systems Rev. D 40, 923 (1989).
The ionizing laser pulse for the experiments will be [5] J. J. Su, T. Katsouleas, J. M. Dawson, and R. Fedele,

generated from the same 1 pim wavelength laser system which Phys. Rev. A 41, 3321 (1990).
is currently being developed for the E-144 [14] experiment at [6] P. Chen, Phys. Rev. A 45, R3398 (1992).
the FFrB. The high-powered Nd:glass laser is based on the [7] P. Chen, K. Oide, A. Sessler, and S. Yu, Phys. Rev.
concept of chirped pulse amplification and compression (CPA) Lett. 64, 1231 (1990).
[15-18], which will produce pulses of I ps duration with [8] K. Oide, Phys. Rev. Lett. 61, 1713 (1988).
energies up to -2 J (-2 TW) at 1 Hz. The laser will be [9] J. B. Rosenzweig et al., Phys. Fluids B 2, 1376 (1990).
synchronized to the electron beam with an accuracy of -I ps. [10] J. B. Rosenzweig et al., Phys. Rev. Lett. 61, 98 (1988).

For the plasma lens experiments, a small portion of the [11] H. Nakanishi et al., Phys. Rev. Lett. 66, 1870 (1991).
laser energy will be splitted off and frequency doubled to [121 D. H. Whittum et al., Part. Accel. 34, 89 (1990).
provide a 0.5 ptm wavelength pulse for plasma diagnostics [13] P. Chen, C. K. Ng, and S. Rajagopalan, SLAC-PUB-
[19]. The bulk of the energy will be focused with a cylindrical 5954 (1992); submitted to Phys. Rev. A.
lens to form the plasma lens. [14] "SLAC Proposal E-144," SLAC (1991).
E• Beam Size Monitors (BSM) [15] S. Augst, D Strickland, D. D. Meyerhofer, S. L. Chin,

and J. H. Eberly, Phys. Rev. Lett. 63, 2212 (1989).
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-2 - 4 pim are involved. The BSM for these cases is a wire [17] P. Maine, D. Strickland, P. Bado, M. Pessot, and G.
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should allow the measurement of beam sizes to -2 gtm and [18] Y. H. Chuang, D. D. Meyerhofer, S. Augst, H. Chen, J.
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ae measured using existing bremsstrahlung detectors installed (1991).
for the FFTB wire scanners. [191 J. Sheffield, "Plasma Scattering of Electromagnetic
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A Plasma Lens and Accelerator Based Upon Magnetically Driven Charge Separation

Scot Robertson
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University of Colorado, Boulder, CO 80309-0391 USA

Absoract IH. EQUATIONS OF MOTION
An electrostatic lens is described in which a pulsed

magnetic field is used to create a radial charge separation in We assme a cylindrical plasma baving a length
a cylindrical plasma. The radial field can be made strongly much longer than its radius so that axial motion can be
ftousing for a positively or negatively charged beam passing neglected. We also asumie that the plasma is oilisionless
along the axis. On a longer time scale, the ions initially in and that the canonical angular momenta of the particles are
the plasma are accelerated to the axis with energies of up to conserved. The angular momentum P& for the electrons is
0.3 MeV. The device may be useful as a generator of
neutrons as well as a lens for charged particle beams. Pulsed
radial electric fields exceeding 100 MV/m should be possible P0 = qrA +ymr 20=-erA.=, V)l
from modest magnetic compression fields

where q - -e is the electron charge, r is the radius, Ae is the
I. INTRODUCTION time dependent vector potential, A,0o is the initial vector

potential which determines the conserved value of Pe, - is
Several collective accelerators have been described the relativistic factor, mi is the rest mass of the electron, and

and tested in which ions are trapped in the space-charge e is the azimuthal coodiate. The subscript zero denotes
electric field of a non-nw Aral rotating electron ring which is the value at the initial time. For a uniform field the vector
subsequently accelerated by a magnetic gradient'. The potential can be written
advantage of such schemes is that the space-charge electric
field of the electrons can be stronger than accelerating fields A9 = 0/2w" =rB,/2, 121
created by other means In this work, we describe a lens
based upon a cylinder of charge-neutral plasma in which where 0 is the flux enclosed at radius r and Bz is the time
there is a radial, space-charge electric field due to a pulsed dependent axial field. The angular velocity is then
magnetic field acting unequally on the electrons and ions determined by the change in the vector potential:
(Fig. 1). We show that potentials of the order of 0.5 MV can
be created. The device is similar to a collective lens which 2 2

has been experimentally demonstrated 2j ,4.5 . -= -_(B- - -i. L.. 2DL.,-.O , [31

[ Coil Coild where

Q .. = IqlB,/2"p1. 141

is the Larmor frequency (half the cyclotron frequency), Bo
"-'s-'- . •is the initial field which determines the initial canonical

angular momentum, and 1l1,o is the initial Larmor

frequency for which y = 1.
The radial equation of motion is

Fig 1. Schematic diagram of the plasma accelerator. A (ymi) -_m o = -e(Er +,?B')
rapidly rising magnetic field pushes the electrons and ions dt'1

toward the axis. The difference in masses causes a radial
electric field which retards the inward motion of the where Er is the space-charge radial electric field. The

electrons and which accelerates the ions. angular velocity is known from 131 thus [51 becomes

0-7803-1203-1/93503.00 01993 IEEE
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magetc field accelerates the electrons azimthafly and they
~~2 1 begin to spiral toward the orgin. A radial, space-carg

d 7110+ W.0 (. 161 electric field develops which prevents the electrons from
T-( IM.f[ -( - =-e,. 161 moving radially more quikldy than the mort masive tons. If

an initial magnetic field is suddenly decas, the electrons
begin to spiral outward which creates a radial spcechae

The radial equation of motion for ions is found in the same field of the opposite sign.
way with the simplification that the ions can be treated
nonrelativistically: Ill. OPERATING LIMITS

( 2 1=e2 A. Upper bound on charge denuity
X;-FL2. = The analysis assumes that the azimuthal current

L" -+ r 2 i induced in the plasma does not reduce the magnetic field at
the axis. This assumption places an upper bound on the
plasma density. For relativistic electrons, the current density

The electric field is found from Poisson's equation. can be estimated by assuming that the electron tangential
If we assume a sufficiently large plasma density, then a small velocity is the speed of lighL From the current density and
fractional difference in charge density can provide the Ampers law we find that
electric field. This quasineutrality assumption allows us to
set the electron and ion densities equal. The continuity = pnecr/B., 1121
equation then requires that the radial velocities be equal.
The equations of motion can then be summed to yield asingle equation where AB~z/z is the fractional change in the field.

Requiring this to be smail we find

nF = r .•). o 3" 181 r( P.,/c)(co /,oa.) << 1, 1131

where raeis the nonrelativistic electron plasma frequency
where we have used that yin, << min. This can be further and 6), eBz/m. is the nonrelativistic electron cyclotron
simplified to frequency.

In the nonrelativistic limit, the electron angular(2 0LH '2 / velocity is given by the Larmor frequency and the fractional

" = -rV 4 L.H- [191 change in the field is

where we have defined a hybrid Larmor frequency AL :_!knenL.r'. [141
B, 2

2 e2 B2  Requiring this to be small we get
= 'n - 47mLn 1101 -~ 1 2

=4ymm 2 * 2)(-r2) << 1I

P. 2
and an initial hybrid frequency GLO The electric field is which places an upper bound on the product of the density

( r4r12 • and the square of the radius. This condition is written to
o L..o_ m [11] show that it corresponds to having the magnetic skin depth
y 2r4  " c/rp,0 longer than the radius of the plasma. For example, a

plasma density of 1012 cnr 3 results in c/pe -- 3 cm.

The last term in the above equation can be ignored because r
and y vary on the hybrid time scale. The electric field rises B. Lower bound on charge density and upper bound on the

linearly from the center to the edge of the plasma column. magnetic field

If there is no initial field, 191 is an harmonic The assumption of quasineutrality places a lower

oscillator equation at the hybrid frequency. If the magnetic bound on the plasma density. If we require that

field is instantaneously increased from zero to a value Bz,
both the electrons and ions accelerate to the axis in a time (n, -n)In. <<1 , [161
W72f 1 ,. The electric field induced by the increasing
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*ftPWIONue$ "uiom0 uqir duilty. The upper bound. on magneti fiel is satisfied by a
Aded of 5000. The hybrid Larmor period for a plasma with

~2 3 bariums Ines is 161 usectrad. The magnetic fiel should rise
(171 to a constant value in a time shorter than this period. The

ro PA~ period for a hydrogen plasm is much less; and a magnetic
Soeld with sufficent risetime, would be difficult to create. If

This lowe booed an chiarge density has the effect of being thie plasmn radius is increased to 30 cm, themaiu
an upper bound on the applied magnetic ield density Whf to 109 cm-3, the maximumiin field fAll to 500G,

and the hybrid period hor a deuterium plasma is 139
C. Combnbled limits =Odcra&.

The greatest electric BW is rcrated by operating at As a radial accelerawo, the law may have promise
the upper bound on density and the upper bound on magnetic as a amon= of fusion neutrons due to the line, focus of the
Ofted We estimate the maximpum field by Weting UV642 - accelerated ions. The anerW which can be imparted to

qoýto appeoximaite the upper bound set by 1171, by setting deuserium or tritium ions is of die order of 0.5 WeV which is
0ý2- 2c2/r to approximate the upper bound set by 1131, wvell abovd the threshold hor fusion reactions. For this

and obtain from (III application it may be advantageous to locate a solid
clilndrical target on amis If an initial field is used to
confine the plasma, this target should have a radius

2-wy, V"2yu~ = 7x2Ir. .1I orepndn to the radius where the ion energy is
4 2 ' maximized. The fusion yield without a target depends upon

the minimum radius to which the plasma is compressed. In
This; places an upper bound on the electrostatic potential at the case of no initial fild the minimum radius is
the surfaice of e#~ - ymt,c. Thus do. peak potential must be determined by the initial angular momentum from the
kept below 0.5 MV to avoid violating the assumptions of the thermal motimon ftdi ions and electrons.
derivatious.
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Abstract In this paper, we discuss a preliminary experiment,
We present a pWogress repoct on a pWogram to develop a employing only two 5.7 GHz deflection cavities, the first

high-power X-band magnicon amplifier for lea acleor driven by an external source. We have performed prametric
appications, The goal of the program is to generate 50 MW studies of the gain between these two cavities, prepeatory to
at I I. GHAM using a 200 A, 500 keY edectron beam produced the design of a complete deflection sys•t that will spin up
by a cold-cathode diode on the NRL Long-Pulse Accelerator an electron beam to high a for injection into an 11.4 GHz
Facility. The initial experiment, designed to study the gain output cavity. Here, a is the ratio of perpendicular to pwral-
from the first (driven) deflection cavity to a second (passive) lel velocity.
deflection cavity, has been completed. A gain of -15 dB has
been observed in the preferred circular polarization, at a fre- Du Er

quency shift of approximately -0.18%, in good agreement Wakr

with theory and simulation. In addition, a design study for a oo11.8
complete magnicon circuit is under way.

I. INTRODUCTION ACYM ,===T-M a

The magniconu+- 3 a "scanning beam" microwave ampli-
fier tube related to the gyroCon,4 is a potential replacement TunV U V
for the klystron for powering future high-gradient linear ac- CAVITIE(W.GH4 9WVIT "4QH4

celeratos. Scanning beam devices modulate the insertion
point of the electron beam into the output cavity in synchro- iure I. NRL magcon design concept
niam with the phase of a rotating rf wave. This synchronism H. A
creates the potential for an extremely efficient interaction in
the output cavity, since every electron will in principle expe-
rience identical decelerating rf fields. In the magnicon, the This experiment was carried out on the NRL Long-Pulse

output interaction is gyrotron-like, and requires a beam with Accelerator Facility.5 It employed a field-emission diode

substantial transverse momentum about the applied axial [see Fig. 2], designed with a flat magnetic field of 1.7 kG in

magnetic field. The transverse momentum is produced by the anode-cathode gap, followed by adiabatic compression to a

spinning up the electron beam in a sequence of TM110 deflec- final magnetic field of 8.1 kG, to generate a 500 keV, -200 A,

ocavities, the first of them driven by an external rf source. 5.5 mm diam solid electron beam with low initial transverse

The output cavity employs an rf mode that rotates at the same momentum. Simulation results using a version of the Stan-
frequency as the deflection cavity mode. As a result, thebeam ford Electron Optics Code6 suggest a mean a-0.03. This

entering the output cavity is fully phase modulated with beam was used to powc- a two-cavity amplifier experimeat.

respect to the output cavity mode. The optimum magnetic The two cavities are of identical pillbox design, with 3.20 cm

field in the deflection cavities is approximately twice the radius and 2.265 cm length. The length was chosen so that the

cyclotron resonant value at the drive frequency. On the other transit time of a 500 keV electron equals half of an rf period.

hand, the output cavity operates as a first harmonic cyclotron They are separated by a 1-cm-diam drift space 1.132 cm long.

device. These two constraints lead naturally to the design of This length is approximately half of an electron gyroperiod.

a second-harmonic amplifier, in which the output cavity oper- The cavities were fabricated from stainless steel, to permit

ates at twice the frequency of the deflection cavities and em- the penetration of pulsed magnetic fields, with a copper coat-

ploys a T 2 10 mde. The overall design concept is shown in ing on the interior surfaces to decrease the ohmic losses. Each

Fig. 1. This circuit will include a drive cavity, two simple has four coupling pins spaced at 900 intervals in one end-walL

half-wavelength deflection cavities, a two-section penulti- Two adjacent "coupling" pins are "long," for use in driving

mate cavity, and an output cavity, the two linear polarizations of the cavity, and the remaining
two "sampling" pins are "short," in order to measure the

* Work supported by U.S. DOE and ONR. cavity fields without significantly loading the cavity. The
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first cavity was driven in a circularty-polarized TM 110 mode axis electron, since this should be a good approximation to
by a C-band magnetrn at --57 GHz. Circular polarization the phase that is driven by a finite electron beau
was generated by driving the two coupling pins with a x/2
phase difference using a 3 dB hybrid coupler. In the second IV. EXPERIMENTAL RESULTS
(gain) cavity, the two sampling pins led to matched loads,
while the two coupling pins were connected through coaxial The response of the first cavity, and the gain of the seond
attenuators to crystal detectors. cavity were measured as a function of frequency in each cdrcu-

lat polrizatio of the TM 110 mode. The menuaeats were
I carried out at 500 keV, with a beam current of -170 A, and a

DWM Pas"magnetic field of 8.1 kG. This magnetic field corresponds to
CaftC-M*the theoretical value at which, for the preferred circular0= 1 Fl at Ipolarization (which corresponds to electron gyromotion in

the same sense as the rotation of the mode), the beam does not
load the cavity Q.I____________ The predicted and measured response of the first cavity as
a function of frequency in the preferred circular polarization
are shown in Fig. 3. Simultaneous measuremnts are made at
the cavity sampling pins in each linear polarization of the cav-

Figure 2. Schematic of the two-cavity experiment. ity. The data are normalized to the calculated signal level
from the cavity at constant magnetron drive power at the cen-

The cavities, their pickups, and all other microwave com- ter of the cold cavity resonance in the absence of the electron
ponents were fully calibrated using a microwave scalar net- beam. This normalization is based on cold tests of all comn-
work analyzer. Five microwave signals were monitored on ponents of the system. Theory predicts that the center of the
each experimental discharge, including the magnetron signal, resonance will be shifted by -0.18%, and that the beam load-
signals from each linearly polarized sampling pin of the first ing should be very close to zero. This is indicated by a curve
cavity, and signals from each coupling pin of the second cav- whose height is normalized to one, and whose width is con-
ity. In addition, a balanced mixer was used to combine the sistent with Q -1100, the value measured in the absence of
first cavity signal with the signal from a separate local oscil- the beam. The experimental center frequency and resonance
lator tuned as closely as possible to the operating frequency width are in good agreement with theory. In addition, while
of the magnetron. This "mixed" signal was used to set the the experimental data for the two linear polarizations con-
exact magnetron frequency (using a mechanical tuner), to sistently differ by -3 dB, perhaps due to cumulative calibra-
adjust the magnetron voltage to avoid excessive frequency tion errors, the two data sets bracket the theoretical curve.
chirp, and to guard against frequency drift. In addition, phase
or frequency shifts due to the effects of the beam on the drive 2.0 .. ........
cavity could be observed. A Polanzation 1

Z N Polarzation 2
III. MAGNICON THEORY AND SIMULATION -°

The linear theory of the magnetized deflection cavities oa 1.0
was first presented by Karliner, et aL.,l and is developed in c.
detail by Hafizi, et A7? The linear theory has been evaluated ccArqey

for a single on-axis electron, with no initial transverse 0.5 . I
momentum, and without finite beam radius and finite veloc- *1

ity spreads. Furthermore, it assumes that the electron energy 0,
is not changed by transit through the deflection cavities. In 5.65 5.66 5.67 5.68 5.69 5.70
order to consider the use of more realistic beam parameters, a Frequency [GHzJ
numerical simulation code for the deflection cavities was
developed. 7 It is a self-consistent steady-state code that Figure 3. Response of the drive cavity in the preferred circu-
propagates particles through the TM 1I 0 fields of the first lar polarization--theory and experiment.
(driven) deflection cavity, through a drift space, and then
through successive deflection cavities and drift spaces. The rf The predicted and measured gain of the second cavity in
field amplitudes are made (by iteration) self-consistent with the preferred circular polarization are shown in Fig. 4.
the finite value of cavity Q and with the energy lost by the Theory predicts a gain of -15 dB, with the resonance shifted
electron beam in transit through each cavity. The rf phase in by -0.18% from the cold frequency of the second cavity. The
each of the passive cavities is assumed to be the optimum experimental gain measurements are in good agreement with
phase to extract electron beam energy from an initially on- the theoretical curve in amplitude, center frequency, and
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bandwidth. However, there is a persistent imbalance in the electron radial and velocity spreads on the gain measured in
two linear polarizations, which may be in part calibration the present experiment is predicted to be quite small. Never-
erxr, but also may reflect a true asymmetry in the cavity theless, such spreads may have a large effect on the quality of
excitation (elliptical polarization), perhaps due to a small the final high a electron beam generated by a full sequence of
misalignment of the electron beam, or some asymmetry in the deflection cavities, resulting in a lowering of the efficiency
mode of the drive cavity, of the output cavity interaction. 9 In this regard, the real test

of the final multicavity deflection system will be to produce
20 1..... ... . a high a electron beam, while minimizing the spread in

A Poladzation 1 energy, a, and gyrophase. A design study for a complete
15 0 Polaization 2- magnicon circuit is under way.
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Abstract - In the output cavity of a frequency- with frequency w ; w0, which is twice the drive fre-
doubling magnicon amplifier the electrons interact quency. Since the electrons entering the output cav-
with a rotating TM2 1 0 mode via a gyro-resonant ity are almost completely phase-bunched and rotate
mechanism. The efficiency of a magnicon may be in synchronism with the TM210 wave, the transverse
extremely high since the electrons enter the output efficiency may be extremely high.
cavity almost completely phase-bunched and rotate
in synchronism with the rf wave. Results from time-
dependent simulation of the electron beam-circuit in- II. Time-Dependent Simulation
teraction of a magnicon operating at X-band are pre-
sAted. Efficient (> 50%), accessible and stable op- The time-dependent simulation results presented
eration of an amplifier employing an electron beam here are obtained fromthe fullset of Maxwell-Lorents
with a -w±/vo0 - 1, where v± and vzo are the veloc- equations, following the motion of a single electron
ity components transverse to and along the z axis, is through the cavity and studying the build-up of the
demonstrated. rf field over a much longer time scale. In Ref. 7 we

present a detailed analytical and numerical study of
1. Introduction the output cavity. Based on single-electron, steady-

state simulation of the reduced and scaled Maxwell-
Lorents system of equations we have identified the

The magnicon'- is an advanced version of the regions of parameter space wherein high-efficiency op-
gyrocon6 and employs a scanning beam that is ob- eration may be possible. The time-dependent simu-
tained by the passage of a magnetized pencil beam lation results herein are intended to demonstrate the
from the electron gun through a deflection system. accessibility and stability of one such high-efficiency
The deflection system consists of an input cavity and operating mode employing a beam with a = 1.
one or more passive cavities, separated by drift tubes, Table I lists the parameters for the simulation with
with the entire system immersed in an axial magnetic initial beam a = 1, the cold cavity frequency being
field, B0 . The cavities support a rotating TM110 mode 11.4ia4 GHz. Figures 1(a), (b), and (c) show plots
with a frequency thatý is -. 1/2 the gyrofrequency, of the electric field amplitude, (b)1, the rf phase, p,
w Io =_ leIB/7omc. Here, e is the charge and m is f m e the if ps e,the mass of an electron, 70 is the relativisticf and the efficiency of energy transfer to the externaland t is the vacuum speed of light. The purpose of the circuit, Y1, as functions of time. Observe that the sys-
adeflctn isysthev m isped tof ight.The purptos og th- tem settles into a steady state after a transient that
deflection system is to spin the beam to high trans- lasts st 60 ns. Figure 1(a) shows that the electric field
verse momentum; i.e., a -- ./V,0 > 1. Here, vj builds up to about 305 kV/cm, Fig. 1(b) shows that
and iz0 are the velocity components transverse to and up to ab 35 ymtFig 1(b) ow thatalon th z xis Aftr pssig troug th delecionthe rf phase settles to an asymptotic value of 1.1 rad,
along the z axis. After passing through the deflection and Fig. 1(c) shows the final efficiency in this field issyitem, the beam transverse momentum is used to about 52 %.drive a gyrotron-like interaction in the output cav-
ity. The entry point- of the electrons in the output Figures 2 (a), (b), and (c) show plots of the axial
cavity rotates in space about the cavity axis at the momentum normalized to its initial value, pz/pzo, ef-
drive frequency. In the frequency-doubling version, ficiency, and a for an electron traversing the output
the output cavity supports a rotating TM2 10 mode cavity in the final steady-state field. The modulation

of the electron momentum is seen to be correlated
1Supported by DoE & ONR with the modulation on the efficiency curve. The
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scale-length for the modulation is ;: 2wrvto/w. The3W-( ,
length, L, of the cavity has been chosen to be 4.75 cm
so that, on exiting the cavity, the axial momentum
is a minimum, and therefore the efficiency is a maxi-
mum. In this sense, the optimal length for the output 20
cavity is :z 2wnv.o/w, where n is an integer. Figure 200

2(c) shows that the value of a declines as the electron >
spins down on traversing the cavity. -•

STable 1 100
Frequency w/2wi 11.43 GHs

Voltage 500 kV
Current 180.1 A o0. . ..
Cavity Radius 2.145 cm .
Cavity Length L 4.75 cm (b)

Cavity Quality Factor 200
Beam a 1 -0.5

Magnetic Field B 0  6.455 kG
Detuning(w-ww)L/vo 3.776 -, o
Frequency Shift Aw/2w 6 MHz I

Table 1: Parameters for time-dependent simula- -1.5

tion of an X-band magnicon amplifier out-
put cavity. Initial beam a = 1.

HI. Conclusions

In conclusion, we may summarize the single-electron
simulation results as follows. First, as indicated in
Figs. 2, for an ideal beam, it is possible to choose the 25
cavity length so as to convert not only the transverse
momentum but also part of the axial momentum into
rf field energy. Second, based on the run made with
the time-dependent code, we have found a final state
that is accessible and stable to an amplifier in which
the signal in the output cavity builds up from noise. 0 0 4 . .. . .
Third, an efficient (> 50%) final state witha=Iis 0 40 80 120
achievable. t (ns)

Multi-electron steady-state simulation using the pa-
rameters in Table 1 indicate that the efficiency is sen-
sitive to a spread in the beam parameters, declining Figure 1: Results from single-electron, time-
by ; 10% as the beam a spread increases from 0-40%, dependent simulation of X-band agnicon
or the beam radius spread increases from 0-60%, or with initial beam a = 1 and detuning
the energy spread increases from 0-3%.7 A = 3.776. (a) Electric field amplitude,

JEoj; (b) RF phase, 8; (c) Efficiency, ig- Ab-
scissa is time.
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Figure 2: Results from single-electron, time-
dependent simulation of X-band magnicon
with initial beam a = 1 and detuning
A = 3.776. (a) Axial kinetic momentum
normalized to initial value, pl/pzo; (b) Ef-
ficiency, j7; (c) a. Abscissa is distance along
cavity. These plots correspond to motion of
an electron through cavity in final steady
state.
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I. GENERAL

Magnicon [1,2] belongs to the class of high power RF
sources, where a modulation is provided by the beam circular
deflection and it is an advanced version of a gyrocon [3]. 6

The first magnicon has been built and tested in Novosibirsk -RF
in the middle of 80-ths. in

The power of 2.6 MW has been obtained for the frequency
915 MHz and pulse duration 30 mcsec, the electron efficiency
has been 85% [1].

Good results obtained during investigations show that the 7
magnicon can be an adequate RF source for the next genera- 1
tion of accelerators, especially for future linear colliders [4]
and accelerators for transmutation of nuclear waste [5].

The magnicon conception described in present paper al- L I
lows to increase significantly the beam perveance, compared R -

with the first magnicon, and to achieve the pulse power of tens

and hundreds megawatts at the beam voltage not greater than 1 12
400-600 kV. The device is an amplifier working in frequency
doubling mode [2,6] and is a prototype of RF source for linear 0600
coiiders with high acceleration gradient.

Magnicon is designed for an output power of 50 MW, an
operating frequency of 7 GHz and a pulse duration of 2 mcsec.

Q0 BE T EzII. MAGNICON DESIGN
TMI1 o TM 2 to

The magnicon sketch is shown in Fig 1. The beam source Figure 1. Sketch of the magnicon.
is the diode gun 1 with oxide cathode of 120 mm diameter. The 1- electron gun; 2- gate vacuum valve; 3- drive cavity;
voltage pulse from a step - up transformer is applied to the 4 - passive deflection cavity-, 5m- penultimate cavity;,
gun. The main feature of the gun is a high degree of a beam 6 - solenoid; 7 output cavity;, 8 - collector;
transverse area compression (over 1500). The step - up trans- 9 - pole piece; 10 - vacuum chamber; 11 - flange;
former is placed in the tank with SF6 under pressure of 4 12 - vacuum pump.
atmospheres.

The pulse voltage source of the step - up transformer is a
modulator based on Blumlein PFN. deflection angle up to 50-60 deg is provided in passive cavities

The beam from electron gun pass the resonance system, exited by a predeflected beam.
which consists of a beam circular deflecting system and an A cylindrical output cavity 7 with the TM210 wave (Fig.1)
output cavity. Beam deflecting in the drive cavity 3 and in two travelling in azimuthal direction is used to convert the beam
passive cavities 4,5 is provided by transverse magnetic field of energy to RF one. The eigen frequency of the output cavity is
the TM110 wave travelling in azimuthal direction (see Fig 1). twice greater than deflection one [6]. This cavity is placed into
The cavities are placed into biasing magnetic field that is biasing magnetic field too, the field value is determined by the
excited by coils 6. conditions which are necessary to achieve an effective long

Drive cavity 3 that is excited byexternal generator provides term interaction of the electron beam with RF-field [1,2]. The
a small angle of the beam deflection. Further increase of the RF power extraction is provided by two similar slots in side

0-7803-1203-1/93$03.00 0 1993 IEEE 2650



cavity wall, which are shifted on 135 deg in azimuthal direction that the surface electric field of the penultimate cavity is
to support the wave travelling in azimuthal direction. determined by these fringing fields.) The action of fringing

The RF system is made of separate cooper parts which are field on beam dynamics produces two problems.
assembled by indium gaskets. A collector is made of cooper, First, these fields produce beam energy and angle spreads,
is cooled by water too and is insulated for current measure- which lead to the efficiency drop when the beam diameter
ments. increases. Simulated picture of behavior of electrons in

process of deflecting and deceleration is shown in Fig.3 for
III. CH NGE initial beam diameter of 2.5 mm. Thus, to obtain high efficien-

1. Because the electric field in output cavity of magnicon is cy it is necessary to use the beam with the minima initial
considerably small [1,2], the main problem with electric diameter, Le., with the diameter close to Brilluin one. To
breakdown takes place in the last deflecting (penultimate) overcome this problem a special electron optics system has
cavity, where the main beam deflection is produced. In been developed [7].
described magnicon design unlike the classic design [1,21 the
relevant deflection angle (that is about 50-60 deg) is achieved R(CMI
in the last passive cavity. Here, if a single cavity would be used -UIIKEU)=198. DUfKEU:)-218. EFF(%.=5.6
as a last deflecting one, the surface electric field will exceed PAIMW)=-5. PD(KWI= 307. DF(MKZ)= 9.2
reasonable values. To overcome this problem two means are 32.48
used in present design.

First, because the output frequency is twice higher than U -
the deflecting one, the gaps of deflecting cavities are two times
greater than for a magnicon working as an amplifier. 24.36

Second, the penultimate cavity 5 (see Fig.1) consists of a
pair of coupled cavities, which are excited by a predeflected
beam in a counterphase mode. Thus, a "deflection angle ad- 16.24
dition"mode, or a long term interaction between the beam and
deflecting RF field is realized [6].

These means allow to decrease the maximal surface
electric field to the value 200 kV/cm (approximately the same &.126
as in the output cavity). R
2. Some more problems appear because of necessity to have
a large deflection angle in the beam deflecting system. In this 0.8 _
case it is necessary to have large beam holes in the walls of 25.65 33.77 41.89 50.81 58.13 Z(CMI
cavities (the holes diameter must be about four Larmore Figure 3. Beam behaviour in process of deflection
radii). This holes produce perturbation of RF field and deceleration. R - radii, U - energies of the beam
distribution, mainly, near the holes there appears the large particles.
transverse electric field. In Fig.2 a fringing field distribution
near the beam holes for penultimate cavity is shown. (Note Second, transverse fringing fields decelerate electrons, i.e.

near the beam holes electrons of the beam transfer their
ERIN'/M energy to the RF field. For the beam current of hundreds

Ampers, it can lead to an instability, which is specific for
magnicon. This instability is realized as self - excitation of a
single cavity on the operating RF mode, without any external
feedback. For coupled cavities the current threshold is lower

3.365- /than for a single cavity. It is possible to overcome this problem
using a special cavity geometry and a biasing field distribution
along the tube axis. In particular, decreasing the biasing field

. near penultimate cavity increases beam loading of this cavity,
decreasing it's quality factor and so increasing the current
threshold of the instability for relevant value. Simultaneously,

-10.1 it allows to reduce a quality factor of other deflecting cavities
to obtain compromise between gain and a bandwidth.
3. For coupled cavities there may be a klystron-like instability,

33- 9 403 46.8 4 53.31 59.782(C1) i.e. instability with the frequency lower than operating one (on

Figure 2. Transverse electric field distribution the mode TMO10). In the first design version of the present
along the axis of penultimate cavity. magnicon three strongly coupled cavities have been used asthe penultimate cavity. The coupling coefficient was about
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20% [2,61. This cavity was selfexcited on the frequency 2.6 This tests have been .tarted only a month before this
GHzwhen the current reached 50 A. It corresponds to the x/2 conference. The tube is being in the state of conditioning and
mode, which has a minimal current threshold because of a we expect to get beter parameters in the nearest future.
large bunching distance. In present design this problem is V. REFERENCES
solved by using two coupled cavities with small coupling
(coupling coefficient is 0.5% for TM010). Besides, the relativedifference of TM010 mode cigen frequencies for thos caite [ 1] Karliner M.M. et al. The Magnicon - an Advanced Version
is greater then coupling value, of the Gyrocon. Nuclear Instniments and Method in Physics

Reseach, 1988, v.A269, N3, pp.459-473.
IV. EXPERIMENT

the electron g [2] O.A.Nezhevenko. The magnicon: a new RF power source1. At the first stage of the experiment th lcrngnws for accelerators. IEEE Pwrticle Accelerator Conference,

tested. While testing the following data were obtained: power Sfa-Fraccisco, pp.2933-2942, 1991.

P = 100MW at U = 430 kV and microperveance 0.82, pulse

width 2 mcsec and the repetition rate up to 5 pps. [3] G.I.Budker et al. Paticle Accelerators, v.10,pp.41-59,1979.
The beam diameter, measured with the help of special

movable graphite diaphragms [81 is less than 3 mm (i.e. area
compression ration exceeds 1500.1 and energy density is 5 [4] R.Siemann. Overview of Linear Collider Designs. This

kJ/cm2). Conference.

The main problem arising in the process of investigation [5] G.P.Lawrence. High-Power Proton Linac for Transmuting
were caused by the last passive cavity. A few different version The Long-Lived Fussion Products in Nuclear Waste.
of this cavity had been examined (with three and two coupled IEEE Particle Accelerator Conference, San Francisco,
cavities) before succeeded to do away with selfexcitation of EEP aA98-2e00,l99l.
both, klystron-like and operating mode TM110.
2. For the time being the very initial test of the magnicon have
been carried out. The parameters obtained are listed in Table 61 V.E.Akimov et al.High-Power X-Band Puls Magnicon.
1. Figure 4 presents the oscillogram of the output pulse. European Particle Accelerator Conference, Nie, VoL1pp.10 0 0 -1 0 02, 1 99 0 .

Table 1.
[71 Y.B.Baryshev et al. Electron Optic System for Forming 100

FrequencyGHz 7 MW Beam with High Current Density and Microsecond
Power,MW 20 Pulse Duration for X-Band Magnicon. Proc. of the Eighth

Pulse widthmcsec 1.1 International Conference on High-Power Particle Beams,
Efficiency,% 25 Novosibirsk, Vol.1,p.598-603, 1990.

Repetition rate,pps 2 [81 Y.B.Baryshev et al. Electron-Optical System for the
Drive frequencyGHz 3.Formation of a 100 MW Beam with High Density of

Gain,dB 47 Current of a Microsecond Duration for a 7 GHz
Beam voltage,kV 400 Magnicon. NIM to be published.
Beam currentA 200

OUT 1 2.200 V

2 4 As

Figure 4. Output pulse os-illogram.
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TM-FEL With a Longitudinal Wiggler and an Annular Beam *

L. Schichter, T.J. Davis and J. A. Nation
Laboratory of Plasma Studies and School of Electrical Engineering

Cornell University, Ithaca, NY 14853 USA

Abstract to the phase term which causes a significantly different
We investigate theoretically the interaction of an electron behavior of the particles relative to the wave.
beam with a TM mode in the presence of a longitudinal Although typically an FEL requires a higher quality
wiggler. The electron motion is longitudinal and radial beam than a TWT, its inherent advantage of a very sim-
therefore adequate for interaction with the electric field ple (smooth waveguide) electromagnetic structure has its
components of the mode. There are two facts which make own appeal - in particular for high power microwave gen-
this device unique: firstly, the equations which describe its eration where problems of breakdown become significant.
dynamics are practically identical to the equations of the It was exactly this issue which triggered the question of
traveling wave tube(TWT) rather than the free electron whether it is possible to force the electrons to oscillate pri-
laser(FEL) thus its sensitivity to beam quality is signifi- marily in the z direction by means of a magnetic wiggler
cantly lower, and the efficiency in the absence of tapering and to achieve in the upper range of microwave frequen-
is higher. Secondly the interaction is possible only with cies (10- 30GHz) operation similar to a TWT based on a
an annular rather than a pencil beam as in a regular FEL slow wave structure. Our study indicates that this is pos-
- therefore the amount of current it is possible to inject is sible. The wiggler is not the regular wiggler of an FEL
larger. Optimal operation at 20.56GHz is examined. but a set of periodic magnetic lens - or practically a longi-

tudinal periodic magnetic field which has zero transverse
I. INTRODUCTION component on axis and it has an exponentially growing

From basic electrodynamic arguments it can be shown [1] radial component off axis.
that the total power of the spontaneous radiation emitted The interaction in this kind of device has been investi-
by a charge accelerated parallel to its velocity is larger by gated in the early eighties by McMullin and Bekefi [5-6] in
72 than that obtained if the acceleration perpendicular an attempt to achieve higher frequencies (300- 400GHz)
to the velocity - assuming the same acceleration in both than in regular FEL's for the same electrons energy. Some
cases. With regard to stimulated (coherent) process the experimental work was done a few years later [7]. The
situation is similar. In order to illustrate the problem we present approach differs from theirs in four aspects: (1)
shall briefly consider here two devices: first the traveling we consider the interaction of the electrons with the TM
wave tube (TWT) where the interaction of the electrons mode rather than the TEM mode, (2) our system can
is with the TM mode - thus the acceleration of the elec- operate only with an annular beam rather than a pencil
tron is parallel to its main velocity component. The other beam. (3) We adopt the single particle equation of mo-
device is the free electron laser (FEL) - where the accel- tion rather than the fluid approximation to describe the
eration is transverse to its main velocity component. electrons dynamics. (4) The frequency range which has

The equations which describe the dynamics of both moti-ý-ted this work is much lower (10 - 30GHz) than
TWT and FEL are summarized in Table I - the details that considered in the past.
can be found in Refs.(2-3) for TWT's and [4] for FEL's.
In both cases a is the normalized amplitude of the elec- II. SYSTEM DYNAMICS
tric field, 7i is the relativistic factor of the i0' electron, Let us consider a beam of electrons injected into an
Xi is the phase of the ith electron relative to the wave, uniform pipe of radius R . The pipe is immersed in a
a is the coupling coefficient, S1 = wd/c, K = kd is the magnetic field which in the interior of the pipe is given by
normalized radiation wavenumber and K. = kd is the
normalized wiggler wavenumber; d is the total length of
the system. The coupling coefficient a is completely dif- Br(r, z) = 6BI1(kwr)sin(kz)
ferent in the two cases but for the present purpose the
explicit expressions are not important. Furthermore, the
amplitude a in the TWT case represents the longitudinal B5 (r, z) = Bo + 6BIo(k.r)cos(kz) ; (1)
component of the electric field whereas in the FEL it rep-
resents the transverse field. In addition we present the B0 is the guiding magnetic field, 6B is the amplitude of
spatial growth rate. The major difference between these the undulator on axis (r = 0) and k. = 21r/L where L is
two sets of equations is the factor 1/(713)2 which appears the spatial periodicity of the wiggler.
in both the amplitude and particle equations of the FEL Due to the periodicity of the magnetic field it will
- as a result of the transverse oscillation. In the ampli- be natural to expect that the motion of the electrons will
tude equation it introduces a different weighting function follow a similar periodicity. Furthermore, the presence of
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TWT FEL TM-FEL

Amplitude k a = a ka = c(fie-jxi)
Dynamics

Equation ""i = -. I[aejXi + c.c.] -a + C.C.] d"f, - -½[afieix' + c.c.]
of Motion

Phase -x =f, -K kxi=nVK-K kxi = n

E quation __ 
K_-_ K w

Global Energy [< >-1+ a[< -t > -1 + Ja - [< - > -+ La
Conservation 2 +* - 2*

Spatial q=% = ol( 1 )1 q=V t

G r o w t h R a t e 1 2 _ _ _ _ __1[_ __7w2_ _ _ _

Table I: The equations which describe a TWT, FEL and TM-FEL.

the magnetic field (and in particular it's modulation) will subject to the condition 7pkw R > pl. At the limit
cause the electrons to gyrate. If we now assume that this 7/pkw R = Pt the beam line intersects the EM mode line in
gyration is much faster than all other time variations i.e. a single (tangent) point. In the present study the radius

eB of the pipe is taken to be R = 1.6cm and the periodicity
»>> c>k>,ck,, , (2) of the wiggler is L = 2.0cm. For these parameters the

energy of the injected electrons has to be at least 55keV

then the effect of this motion on the TM 0 1 mode averages in order to have at least one resonant frequency.
out to zero. Subject to this condition, the trajectory of
the electrons can be approximately described by Magnetic Field: The ratio between the amplitudes of the

wiggler is taken to be 6B = 0.107B 0 . The trajectory of
F Ro + Rlcos(ki,£) ; (3) the electrons was calculated assuming that Bo = 200G.

in this expression we ignored higher harmonics contribu- The two amplitudes Ro and R 1 of the electron trajec-
tions. The equations which describe the dynamics of such tory are correlated for a given magnetic field. Based on
a system (also assuming single mode operation) are pre- this correlation we have numerically calculated f(RO =

sented in the third column of Table I. The filling factor 0.57R) = 0.14.

is
Spatial Growth Rate We shall now use the analytic ex-

1 j 2V, pression for the spatial growth rate presented in Table I
*sof d CO 8•' J (pi R---cosO) . (4) in order to determine the optimal regime of operation.

0 In Figs.1 and 2 we present the frequency and the growth
If the beam is very thin such that the variations of f(R0) rate for the low and high resonant frequencies respectively
are negligible, then the form factor does no longer de- as a function of the normalized velocity 8 = V/c. The
pend on the index of the particle: at this stage one can coupling as a function of the initial velocity is calculated
redefine:anew ind axof * f(Ro) and rtcle: = Oths tae (Ro). assuming a 200A current and a total interaction length

With these newly defined ,, antities the equations of the of d = 30cm. In these plots we defined q*(dB/cm) =

TM - FEL are completely identical to those of the TWT. q* = 201og(e`m[f(fi )])/d. The large peak in the gain of
the low resonant frequency occurs at the point of zero

III. SYSTEM OPERATION group velocity. Exactly at cutoff our approximations are

Kinemnatics: The beam line intersects the electromagnetic no longer valid - however the general trend of opera-
mode line in two points. For a given geometry and velocity tion with low group velocities in order to achieve high
we conclude from the resonance condition that there could gain has been identified also in the beam-wave interac-
be two resonant frequencies: tion in metallic corrugated waveguides [8]. The gain per

unit length for electrons of energies lower than 127keV
is less than 0.5dB/cm therefore it is not attractive. At

= 6 [1 A: ()2 (PIFZ)2 (6) about the same energies we obtain the maximum gain per
7 9 1 r -_k.R unit length for the high resonant frequency waves. The
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corredin frequency is f+ = 20.56GHz and q+ = staAe and "clea'. The Poynting vector integrated over
1.588dB/a,. the waveguide cras section indicates about 2MW (25%).
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Fig. 1: The lower frequency and the spatial growth rate
as a function of the normalized velocity 19.

0.0 0.3

300 1.6 Fig. 3: Electron trajectory as calculated with MAGIC.

-4. 1.5 IV. DISCUSSION AND SUMMARY

200 1.4 We have presented preliminary results from the study
13 of the interaction of a beam with a TM mode in a Ion-

gitudinal magnetic wiggler. For a thin beam the sim-
"" 1.2 plified set of equations which describe the dynamics of

'44 100 /• l~l • such a system are identical to these of a traveling wave
Stube and differ from the regular transverse wiggler free

-1.0 electron laser. The quasi-saalytical model indicates that
_0.9 the TM-FEL has a low sensitivity to initial spread of the

0 -- , 0.9 kinetic energy - like the TWT and high (11%) "bare'
0.4 0.5 0.6 0.7 0.8 0.9 efficiency (nc tapering). With a prebunched beam the

efficiency can be increased. The trajectories of the elec-
trons are stable even at saturation and are determined by

Fig. 2: The higher frequency and the spatial growth raw the wiggler. Combining these results with the very siM-

as a function of the normalized velocity P. pie geometry required for the electromagnetic structure
(smooth waveguide), make the device appealing for high

Quasi-AndoiceJ Approach. Based on the set of equations power microwave generation in the range of (10-30GHz).
presented in Table I, we can simulate the operation of
the device as an amplifier. At f = 20.56GHz, for 400A V. REFERENCES
and a 128kV beam with 6kW of power at the input the [*] Work supported by USDOE and AFOSR.
maximum gain is about 30dB corresponding to more than [1] 'Classical Electrodynamics' by J.D. Jackson, John
11% efficency. For a prebunched beam the efficiency can Wiley & Sons. Inc. New York 1962 - p.474-5.
be doubled without tapering the magnetic field. [2] L. Schichter; Phys. Rev. A 43(7) 3785(1991).

Particle in Cell Simulations. The analytical and quas- [3] L. Schachter cf. al.; Phys. Rev. A. 45 8820(1992).

analytical results presented above have been tested with [4] C. Roberson and P. Sprangle Phys. Fluids 1,3(1989).

the particle in cell code MAGIC -excluding the TE modes. [5] W.A. McMullin and G. Bekefi; Appl. Phys. Lett.

Fig. 3 depicts the trajectories of the electrons. Typically 39(10), 845(1981).

these remain unchanged even when the phase space distri- [6] W.A. McMullin and G. Bekefi; Physical Review A.

bution is significantly altered; the density of particles may 25(4), 1826(1982).

vary significantly from one location to another. The sys- [71 1. Shraga cf. al ; Appi. Phys. Lett. 49(21),

tem was driven at 7.2GHz which is, at the input energy, 1412(1986).

the resonance frequency of the system - close to cutoff [8] "Two Stage, High Power X-band Amplifier Experi-

(7.176GHs). The spectrum of the radiation generated is ment", E. Kuang et. al.; in this Proceedings.
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CARM and Harmoaic Gyro-Amplifier Experiments at 17 GHzi

W.L Menningor, B.G. Danly, S. Albertit, C. Chen, E. Giguett, J.L Rullierl, RJ. Temkin
Pleam Fusion Center

Masschusetts Irat! e of ecnoloy
Cambridge, Maessadseas 02139

Abmwet w - k~w. = 8, where to is the rf wave frequency, k. is

Cyclotron resonance maser amplifiers ate p e the parallel wave number, v, is the axial electron velocity, s

for applicatiom such as electron cyclotron resonance heating is the harmonic number, and Q. S q.B/ymoc is the relativis-

of fusion plasmas and driving high-gradlent rf linear accel- tic cyclotron frequency. For the gyro-amplifier, the kv,, term

erators. For accelerator drivers, amplifiers or phase locked- in the resonance condition is small, but the CARM makes use

osiletous are required. A 17 GHz cyclotron autorebonance of this term to operate at a significantly upahifted frequency

er (CARM) amplifier e rment and a 17 G thirdbar-with phase velocity close to unity. This operating regime has

manic gyro-amplifier experiment are presently underway at the the unique feature that the electrons maintain resonance with

MIT Plasma Fusion Center. Using the SRIIMrr SNOMAD H the rf wave even as they lose energy, hence the term, "au-

induction accelerator to provide a 380 kV, 180 A, 30 ns flat- toresonance." This autoresonance combined with the upshifted

top electron beam, the gyro-amplifier experiment has produced frequency make the CARM an appealing rf source.

5 MW of if power with over 50 dB of gain at 17 GHz. The A gyro-amplifier using harmonic interactions obtains the

gyro-amplifier operates in the TEst mode using a third har- same advantage as the CARM--ower magnetic field for a given

monic interaction. Because of its high power output, the gyro- operating frequency-with the added advantages of being less

amplifier will be used as the rf source for a photocathode rf sensitive to beam quality. For both the CARM and the gyro-

electron gun experiment also taking place at MIT. Preliminary amplifier, tapering the magnetic guide field offers the added

yroa4mplifier results are presented, including measurement of benefit that the electrons can be kept in resonance as they lose

rf power, gain versus interaction length, and the far-field pat- energy, thereby enhancing the efficiency of the amplifier.

tern. A CARM experiment designed to operate in the TEu
mode is also discussed. II. DESIGN

Initially, we designed a 17 GHz CARM amplifier utilizing
I. INTRODUCTION a 500 kV, 500 A, 30 ns flat-top beam pulse generated by

the SRLMIT SNOMAD-H linear induction accelerator[41 A
A. Next Generation Collider Refdremat diagram of the experiment is shown in Fig. 1. A three period

At present, designs for the next generation colliders have bifilar helical wiggler with a wiggler period of 921 cm and a
Aettlpresnt desi0g s forathenexgenoreratonae ofield of up to 60 G is used to add pitch to the beam, which is

quencies. Some parameterintions put the optimum operating injected by a thermionic Pierce-type gun. The design pitch for

frequency at 17 GHz[1,2]. The typical peak power that will the CARM is a = 0.4. The beam then travels through a region

be required per source is in the 500 MW to 1 GW range, with of adiabatic compression where the magnetic field increases to
rf pulse lengths in the neighborhood of 2S-50 ns[l]. For such 4 kG for extracting energy via the upsbifted CRM resonance.
a design, agcelerting gradients may be on the order of 200 A 17 0Hz input signal is injected into the interaction region
MVdm. using a 450 wire-mesh coupler. This signal copropagates with

Sources capable of fulfilling the requirements of these ac the beam in 1.27 cm radius waveguide, where the signal is

celerators are under development, Promising sources ar resonantly amplified.
gyroklystrons[3], free electron lasers[2], CARMs, relativistic Using the experimental setup for the CARM amplifier, weklystrons, and gyro-TWT amplifiers, observed a TE31 gyro-amplifier mode at third harmonic. The

beam settings for operation in this mode are 380 kV, a = 1.0,

B. CRM £heory and a 2.7 kG guide field.
Cold-beam studies predict efficiencies of -20% for the

In cyclotron resonance masers, electrons undergoing cy- CARM amplifier [4] in the absense of magnetic field tapering,
clotron motion in an axial magnetic field couple to a fast and -15% for the third harmonic gyro-amplifier, for this unop-
electromagnetic wave. The CRM resonance condition is timized design, given our beam parameters. These efficiencies

nSWpowd by ,So DMpsmm Of E , A W EAvg Pwje" of- can be improved by magnetic field tapering. Optimized rel-
Am, uder coarac DE.FWr2-89ER140W2. Additioml suppm liu Sciemce ativistic harmonic gyro-amplifier designs can be expected to
Rmomc Labhomq, DARPA. a&d LLNL a paisfully ackwdwsed, yield up to > 40% efficiency at the second harmonic [5]. The

fSappiusd by Swim Nado Sducs Foondat, Fdlomup NO 20 gyro-amplifier efficiency drops off much more slowly than that
30"S..

tAWo with Thomom Tms lMmowlqmss Vfizy. Fame. of the CARM as beam quality deteriorates, however. At 10%-
ISupspemd by CEAMICEr& Fmae. 15% axial velocity spread, for example, CARM operation is
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Figure 1: Experimental diagram (to scale).

0 - --- 0
infeasible, while the gyro-amplifier efficiency still can be as 4
high as 10*. 2

I1. ExPERIMENTAL RIUr-100 RF E

To date, CARM amplifier operation has not been observed. 0

Our beam transport must be improved in order to achieve beam >
qualities necessary for CARM operation. -300 volta-e"-30 -100

B. Gyro-Wfplijer

Operation of the third harmonic gyro-amplifier at high power -.- 100

has been observed, and unprecedented results have been ob- 0 25 50 75 100
tained. We measured 5 MW of power in the TE31 mode for
a beam voltage of 380 kV and a beam current of 180 A, giv- TiSe (rs)
ing an efficiency of 7*. The current, depending on whether
we run the cathode temperature limited or space-charge lim- Figure 2. Voltage and rf pulses.
ited, can be from 150-300 A. Interestingly, increasing the cur-
rent does not greatly increase the rf power, possibly indicating
that at higher current, the space-charge limited electron beam subsequent TB mode content and power calculation is shown
has significantly poorer beam quality than a temperature lim- sFbsequ e stimate ten tnd p ower measuremen
ited beam. A typical voltage trace and rf pulse for the gyro- in Fig. 3. We estimate the error in this power measurement
amplifier is shown in Fig. 2. Experimental evidence suggests to be i-2 dB. Plans to measure the power using a calibrated
that the rf pulse is narrower than the voltage pulse due to directional coupler are in progress.
onset of absolute instability. We observe that as we increase The injected if drive power was also measured using a far-

the pitch in the beam, absolute instability occurs at earlier time field pattern measurement; however, the uncertainty in the

and has an increasingly detremental effect on the amplified rf measurement is larger since we cannot rule out TM modes

power- from the distribution. The input pattern clearly contains a wide

Our output power for the gyro-amplifier was calculated by mix of modes, with power in the synchronous TE3 1 mode es-

measuring a I-D far-field pattern from the output rf window timated at not more than 50 W minimum in order to obtain rf

with a calibrated detection horn, attenuator, and diode. We amplification, for a total of over 50 dB of rf gain.

then use the pattern to obtain relative power in the various TE We measured the rf power gain versus interaction distance
modes. Normally this cannot be uniquely determined from a 1- by sliding a strong "kicker" magnet down our interaction tube
D pattern, but by ignoring TM modes and the TEO1 mode since to eject the beam at various distances along the interaction.
they have very little coupling to the CRM resonance for an axis The results of this measurement are shown in Fig. 4. The
encircling beam, we can obtain a unique distribution of power. optimum magnetic field profile is also shown in the figure,
By integrating the measured pattern, we then obtain absolute verifying that a taper in the field allows increased if power.
power in each of the TE modes. A typical far-field pattern and The gain history measurement was made by putting the detec-
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Figure 3: Far-field scan of the amplified rf. Figure 4: Gain history and magnetic field profile.

tion diode at the peak angle for TEnz output. Note that at small Output power of 5 MW at 17 GHz with gain of over 50 dB
interaction distances, the signal from the magnetron masks the from a gyro-amplifier operating at third harmonic is unprece-
TB31 signal because the magnetron injects only a fraction of dented. Nevertheless, substantial improvement of the opera-
TE3i power. Also, due to limitations in positioning the kicker tion is expected with optimization of the amplifier for operation
magnet, the rf drive power is injected into the interaction re- on this mode. This power level, combined with the low oper-
gion 15 cm before the point marked as 0 cm in Fig. 4. Thus ating voltage and field, makes the harmonic gyro-amplifier a
the total gain of the system is over 50 dB even though the promising source of rf power.
figure only shows an increase of 48 dB from start to finish.

The theoretical output power of the gyro-amplifier depends
strongly on beam pitch. This is a difficult quantity to measure. References
Simulations predict that our pitch is a = 0.75 - 1.0. For our
beam parameters of 380 kV and 180 A, with a in this range, [1] R. Palmer, "The interdependence of parameters for TeV
predicted output power for a non-tapered magnetic field and linear colliders," Tech. Rep. SLAC-PUB-4295, Stanford
a cold beam is 8-12 MW. As we increase our pitch, abso- Linear Accelerator Center, 1987.
lute instabilities occur. For a guide field of 2.7 kG, absolute []R og .RnG etukw .'z .Hpis

eei mentablt ibsprdedvationocra, ., ossetwt and A. Sessler, "A 17.1 ghz free-electron laser as a mi-
ncrowave source for TeV olliders," NucL Instr. Methods

V.CONCLUSIONS Phys. Rs. A, vol. 296, pp. 776-783, 1"90. Proceedings of
. Athe Eleventh International Free-Eectron Laser Conference.

Third harmonic gyro-amplifier operation has been observed to
producei5 MW of 17 GHz Ta 3g rf power at 7% efficiency with [3] W. Lawson, J. Calame, B. Hogan, P. Latham, M. Read,
a tapered magnetic field. The g tyro-amplifier shows a single V. Granatstein, M. Reiser, and C. Striffer, "Effcient op-
pass gain of over 50 dB, which allows it to operate with very eration of a high power x-bend gyroklystron," Phys. Rev.
low power drive sources. This third harmonic gyro-amplifier is Leta, vol. 67, pp. 520-523, July 1991.
presently the planned source for the 17 GHz rf gun experiment
at MIT. A second harmonic gyro-amplifier experiment has also [4] W. Menninger, B. Danly, C. Ct•• K. Pendergast,been designed and will be tested s y Temkin, D. Goodman, and D. dB ", 'Cyclotron au-

The output power and efficiency of the gyro-amplifier are toresonance maser (CARM) amplifiers for RF accelerator
still much lower than theory predicts, even for very poor qual- drivers," in Proceedings of the 1991 Paricle Accelerator

ity (,,,5% axial velocity spread) electron beams. Plans for im- Conference, pp. 754-756, IEEE, 1991.
p arvement of our beam transport include shorten in our Ila R5 G.lNesinovich and H. U, "Large-signal theory of tyro-
helical wiggler, shortening of the entire system by redesigning traveling wave tubes at cyclotron harmonics," IEEE Stanfs.
the magnetic transport, and minor modifications to the electron Plasma Science, vol. 20, pp. 170-175, 1992.
gun geometry. Design of a sever to damp absolute instabilities

is also in progress.
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Stability of Gyrotwistruns

P.E. Latham, G.S. Nusinovich, and J. Cheng
Laboratory for Plasma Research, University of Maryland, College Park, MD 20742, USA

Abstract 3. We averaged the equations over fast gyrophase.
The stability of gyrotwistrons against the exci-

tation of parasitic modes is studied. A method is 4. We assume that nmLrL < 1 (kr is the perpen-
described which can be used to compute the nonlin- dicular wave number, rn is the Larmor radius).
ear saturation amplitude of the parasites when the To simplify Maxwell's equations, we average over
operating mode is present. An example relevant to a wave period as well as the fast gyrophase, and
driving particle accelerators (near 10 GHz and 500 assume that only two modes are present: the op-
kV) is discussed. erating mode and one parasite. We consider the

I. INTRODUCTION case where these two modes are incommensurate; i.e.
81/s2 # wi/w 2 where a is the harmonic number, w is

One possible source for driving particle acceler- the frequency, and the subscript "1" and "2" refer to
ators is the relativistic gyrotwistron,' in which the the operating mode and parasite, respectively. And
output cavity of a standard gyroklystron amplifier is finally, we work in the steady state regime, so the
replaced by a traveling wave section. The primary wave amplitudes are fixed in time (but not space).
reason to consider the gyrotwistron over the more What we wish to find in this analysis is the am-
conventional gyroklystron amplifier is efficiency: be- plitude of the parasite as a function of its reflection
cause the interaction region is relatively long, the coefficient at the output cross-section. In fact, there
magnetic field can be tapered to keep the particles in is generally more than one amplitude for each re-
resonance, thereby extracting a large fraction of the flection coefficient, and not all of them are stable.
available energy. On the other hand, because of the The stable solutions are the ones for which the re-
long interaction region gyrotwistrons are highly sus- flection coefficient increases as the amplitude of the
ceptible to instabilities. In this paper we consider a parasite increases. Thus, we need to compute the re-
relativistic gyrotwistron operating in the TE01 mode flection coefficient of the parasite versus amplitude
and study its stability with respect to the parasitic over a range of amplitudes. This computation must
TE1 1 mode. Without the operating mode present be done at frequencies ranging from cutoff to a large
the TE1 1 mode is unstable when the reflection coef- enough frequency that the beam and wave lose res-
ficient at the output cross-section goes above .07%. onance.
The question we consider here is: what effect does
the operating mode have on the parasite? In the III. RESULTS
next section, we briefly outline the equations we will
use. Section III contains our results for a specific We consider a gyrotwistron relevant to the Uni-
case (425 kV, 160 A, 9.85 GHz, fundamental TEoi), versity of Maryland experiment.2 This experiment
and Sec. IV contains our summary and conclusions, can operate over a range of parameters; for definite-

ness we consider fundamental operation in the TE01
II. EQUATIONS mode at a frequency of 9.85 GHz, a voltage of 425

The equations we use are the Lorentz force equa- kV, a current of 160 A, a pitch ratio (v0o/vzo) of 1.2

tions for the particles and Maxwell's equations for and an RMS axial velocity spread of 6%. These are

the wave. The electron motion is studied under the rather easily attainable values. The output waveg-

following simplifying assumptions: uide has an initial radius of 1.825 cm and a 0.5 de-
gree taper; the taper helps stabilize the system by

1. We neglect space charge. ensuring that no mode can remain near cutoff for too

2. We neglect guiding center drift caused by the long. Instead of an initial cavity, we start the parti-

wave (although we include drift caused by the cles uniformly distributed in phase but with a kick in

tapered external magnetic field). perpendicular momentum, and then let the particle
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bunch ballistically in the drift section. As a result above .07%. With the operating mode present the
of the kick, at the entrance to the output waveguide TEII mode is still linearly unstable; now near 5.2
the distribution in phase 0' and normalized perpen- instead of 6.4 GHz. However, it has a relatively low
dicular momentum u.s. are given approximately by saturation amplitude: for reflection coefficients up to

50%, the TEII mode saturates at about 1% of the
= 'o +0 - 1) + qcos(P0) power of the operating mode. However, even at these

U± = u±0 - Ko cos(4o) low levels it reduces the operating mode efficiency:

at 50% reflection, the maximum efficiency falls from
we and is uniforasayophat distributedn in phaser- be36% to 23%, and the final efficiency falls from 28%
0 and 2i , ul 0 has a top hat distribution in per to 20%. At lower reflection coefficient, the falloff is
pendicular momentum, q is the standard bunching similar: at 5% reflection, the maximum efficiency is
parameter, and Ko is proportional to the kick the 26% and the final efficiency is 23%. The parasite
partides receive in the first cavity, was also unstable at other frequencies besides 5.2

We first consider the operating mode. Because GHz, but at those frequencies it had a much lower
both the forward and backward waves are excited, saturation amplitude.
there are boundary conditions at both ends of the
circuit: the particle phases and momenta are speci- IV. SUMMARY
fled at the beginning of the output waveguide accord-
ing to the above distribution, while the wave ampli- F the mod TEII for the ou era
tudes are specified at both ends (the initial forward wting mode and TEp1 for the parasite), we found that
wave amplitude and the final backward amplitude with the operating mode present, the power in the
are zero). Thus, a hunt and shoot method must be parasite saturated at a level about 100 times lower
used to find the correct amplitude and phase of the than that of the operating mode. However, signif-

backward wave at the beginning of the circuit. We icant degradation in the efficiency of the operating

chose a relatively small bunching parameter, q ý_ 0.1. mode was observed; its final efficiency dropped from

This made it easy to find an equilibrium satisfying 28% to about 20% at 50% reflection. We suspect

the boundary conditions, although a larger bunch- that we can improve this result by using a larger

ing parameter would probably have helped suppress bunching parameter so that the operating mode sat-

the parasites. In future work we will consider such urates more rapidly, and by decreasing the magnetic

larger values. The magnetic field had a fairly strong field faster to decrease the operating regime of the

taper; it started at 5.6 kG, and then fell to about parasite. One thing we did not consider was the

half that value in 20 cm. The maximum efficiency simultaneous existence of parasites over a range of

was 36%, which occured at about 18 cm, but the frequencies. Since the unstable spectrum was fairly

final efficiency was 28%. We integrate past where narrow, we suspect that it is a good approximation

the efficiency is a maximum because we use the ac- to 4ssume that the parasite is excited at a single

tual experimental coils to specify the magnetic field, frequency; nevertheless, this issue deserves further

so there are constraints on its profile. We should investigation.

be able to increase the final efficiency by abruptly
decreasing the magnetic field at 18 cm, and we are This work was supported by the U.S. Depart-
working in this direction. ment of Energy.

Analysis of the parasites proceeds as described V. REFERENCES
above. Typically there are a large number of modes
that are capable of interacting with the electron beam 1. G.S. Nusinovich and H. Li, "Theory of the
at the specified magnetic field: 10 to 20 if only the Relativistic Gyrotwistron," Phys. Fluids B, 4,
first and second harmonics are considered; more if 1058 (1992).
the third and higher harmonics are also included. 2. W. Lawson, B. Hogan, P.E. Latham, M.E. Read,
To demonstrate our procedure, here we will consider V.L. Granatstein, M. Reiser, and C.D. Strif-
only the parasitic TE11 mode operating at the fun- fler, "Efficient Operation of a High Power X-
damenta! cyclotron frequency (S2 = 1). Without the Band Gyroklystron," Plys. Rev. Lett., 67,
operating mode present, this mode is unstable at 6.4
GHz if the reflectivity at the output cross-section is
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Optimum Operation of Gyrotwistrons

P.E. Latham and G.S. Nusinovich
Laboratory for Plasma Research

University of Maryland, College Park MD 20742, USA

Abstract The first and third assumptions are fairly rea-
Relativistic gyrotwistrons, which can, in princi- sonable; the second needs some explanation. This

pie, achieve efficiencies in excess of 50%, are promis- assumption stems from the observation that the
ing sources for driving particle accelerators. The perpendicular velocity spread is an adiabatic in-
optimum operating point for these devices repre- variant. Thus, if a given value of A#.10//3- 0 can
sents a tradeoff between maximizing the available be achieved at some value of the pitch ratio, it can
energy and minimizing the deleterious effects of ye- be achieved at any other value of a by adiabati-
locity spread. The former increases with Doppler cally varying the magnetic field. Since an electron
upshift and pitch ratio, while the effects of velocity gun can be constructed to produce a beam over
spread are made worse by both of these quantities. an extremely broad range of magnetic fields, it fol-
We discuss the issues that go into deciding how to lows that the perpendicular velocity spread is inde-
achieve maximum efficiency, with particular atten- pendent of both magnetic field and pitch ratio. Of
tion paid to the role of beam current. course, in a particular electron gun this will be true

only over a range of magnetic fields.
I. INTRODUCTION The task now is, in principle, largely numeri-

cal: simply optimize efficiency with respect to ini-
One possible source for driving particle acceler- tial pitch ratio and magnetic field, with the axial

ators is the relativistic gyrotwistron,1 in which the wave number chosen to satisfy the resonance con-
output cavity of a standard gyroklystron amplifier dition given above. This is, however, a big job;
is replaced by a traveling wave section. There are especially since the efficiency needs to be optimized
two issues involved in designing a gyrotwistron: sta- with respect to the magnetic field profile. To nar-
bility and efficiency. In another paper ("Stability of row down the parameter range, in this paper we
Gyrotwistrons," by P.E. Latham, G.S. Nusinovich, estimate, using simple physical arguments, the pa-
and J. Cheng, these proceedings), we consider issues rameters which are likely to yield high efficiency.
of stability; here we ask the question: what param- This will give us a good starting point for a numer-
eters yield the optimum efficiency? In addressing ical investigation, which will be carried out in future
this question, we make the following assumptions: work. In the next section we discuss the issues rel-

1. The electron beam voltage and current are evant to high efficiency gyrotwistrons, culminating

fixed. with a single graph (at each harmonic) which dis-
plays our results. Section III contains our summary

2. The electron beam has a perpendicular veloc- and conclusions.
ity spread, APJ.o/0/3o, that is independent of 11. DISCUSSION AND RESULTS
magnetic field and pitch ratio a (a =_±/(z).

3. The axial wave number, k~, is chosen so that As mentioned, the optimum operating point for

the beam and wave are initially in resonance; a gyrotwistron represents a tradeoff between maxi-
atthe be ginning ofe the outputi wavreguce, mizing the available energy and minimizing the ef-

i.e. at the beginning of the output waveguide, fects of velocity spread. The available energy is

w - sfl - kz-) = 0 given by the maximum single particle efficiency, 2

-7o+1 a2  w
where w is the operating frequency, s is the 17-p = 270 1 + a 2 .SO

harmonic, .l is the initial cyclotron frequency
and ii is the initial average velocity, where 7o is the initial relativistic factor. The single

particle efficiency, which is easily derived by not-
ing that the Hamiltonian depends on a single phase
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and thus has two conserved quantities, has a simple well known fact that large Doppler upshifted de-
physical interpretation: the available perpendicular vices are sensitive to velocity spread. However, the
energy increases with pitch ratio, and the available sensitivity comes not so much from the kv, term
axial energy increases with increasing Doppler up- in the resonance condition, but from the weak cou-
shift (the w/afl, term). pling that occurs when the perpendicular wavenum-

With no velocity spread, typically one is able to ber becomes small. Note that a slow wave de-
achieve efficiencies on the order of 70% of the single vice would have significantly different scaling, as the
particle efficiency. However, with velocity spread coupling would not vanish at large k,. For small ks,
the picture changes dramatically. A good measure the dominant terms are T and (1 - 8fs/,w).

of the effect of velocity spread is the spread in phase The former arizes because the noriualized current
which it induces. To estimate this, we write down is inversely proportional to k,, so the coupling in-
the zeroth order equation' for the slow gyrophase creases as the axial wavenumber decreases. The
0b: latter term, which is proportional to k.v. because

di. _ 1 - s.Q/w - k.v.l/w of the resonance condition, reflects the fact that de-
dV W/•p. vices operating near cutoff are insensitive to veloc-

where I is the normalized current and v = /7-(l/c)z ity spread.

is the normalized length with c the speed of light. The other dependences in this expression are

The normalized current for the TEm o. mode is fairly easy to understand: Ap increases as the beam
current decreases and velocity spread increases. The

I - [&kLc/sfc] 2(8-1) (k1L&) 2 .- k.T./• dependence on the pitch ratio is slightly more com-
kzc/W • plicated: because of the /3(- term, A, decreases

4eI *-I) [ ]2 J .(kjrg) as a decreases only up to the second harmonic. At
S-, . .,. (J ,- ).T2,, the third harmonic AV, depends weakly on the pitch

where Ib is the beam current, e and m, are the elec- ratio, and at the fourth harmonic and above Ap
wheron cishar beamgrrente and mass, reseactually incre-ses as a decreases. Thus, harmonics
tron charge and mass, espectively, k.L is the per- above two at .ot good candidates for operation at
pendicular wave number, rg is the guiding center small pitch ratio.
radius, v,, is the nth root of the derivative of the In Fig. 1 we plot level curves of both the single
Bessel function: J,'n(v,,.n) = 0. In these units the particle efficiency and Ao for the first, second and
current appears only in the zeroth order equation third harmonics (Figs. la, lb and 1c, respectively).
of the phase, so we can estimate the effects of the The value Ap = 0.30 corresponds roughly to the pa-
current by looking exclusively at this term. Bars rameters of the University of Maryland experiment 3

denote an average over the initial velocity distribu- (voltage near 425 kV, current near 160 A, pitch ra-
tion. tio near 1, and perpendicular velocity spread near

The phase spread induced by the velocity spread, 6%.) At these parameters, numerical simulations
which we denote Ap, is defined to be indicate that we can achieve gyrotwistron efficien-

. td•\ cies on the order of 35%.
A,31 T ; The salient feature of these plots is that at a

fixed pitch ratio, AV increases rapidly as we move
A straightforward calculation yields into the regime of high single particle efficiency; ad-

jacent level curves of AV, increase by a factor of
1/2 / 1- ) &2 A four. For instance, to move from the level curveAL = A-k / ,-) A,, = 0.30 to A, = 1.20 and still extract a large

fraction of the available energy, either the velocity
where we used A/id/pe o -o

2A/3p0 /fbi0 (recall that spread would have to decrease by a factor of 4 or
magnetic field)e the current would have to increase by a factor of

m orlargnet f pld. .16. Both of these are extremely difficult techno-
For large Doppler upshift, i.e. k• near one, theloiay.Tusnetemxumpchrios

most important scaling in this expression is the ge rally T ed bin st abite and re ted pr
term(kjclw-*,whih idicaes raid ncrasegenerally limited by instabilities and reflected par-

term (k , wncreases.Thich indica nsites aa id h ic e ticles, there are severe constraints on the achievable
in A¢k as k2 increases. This is consistent with the
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efficiency in a realistic gyrotwistron.

III. SUMMARY AND CONCLUSIONS
1.0 :a) o0.
0.8 0. -30 1.20. We have examined, using simple physical argu-

S•.. - ments, the parameters that lead to optimum op-
0.6 / ., 4.8 -i eration of a gyrotwistron. The two key concepts

1.06 in this analysis were the single particle efficiency,

can 0.4 , --- which is a measure of the available beam energy,
"0. -- } and the phase spread induced on the beam by the

0.2 ••iA, velocity spread. We found that large beam current
0.0- could offset the effects of velocity spread and thus

0.0 0.5 1.0 1.5 2.0 increase efficiency. Thus, high current devices will,

Pitch Ratio in general, yield large efficiencies than those with
low current (assuming that the other parameters
are fixed).

1.0 2 - This work was supported by the U.S. Depart-

0.8 / 013.2- -- -.2Q ment of Energy.
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Figure 1: Level curves of single particle efficiency
(solid lines) and Ap (dashed lines), a) TEo1 , fun-
damental operation; b) TEE1, second harmonic; c)
TE21, third harmonic.
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LARGE ORBIT GYROKLYSTRON DEVELOPMENT AT LOS ALAMOS

R. M. Stringfield, R. M. Wheat, D. L. Brown, M. V. Fazio, J. Kinross-Wright, B. E. Carlsten, G. Rodenz, R. J. Faehl, R. F.
Hoeberling

Los Alamos National Laboratory, Los Alamos, New Mexico, 87545

Abstract NegaUve Field
Helmholtz Coils Shaping Electrode

We have designed and are testing a large orbit gyroklystrou Solenoid Drift Sever

amplifier for 1.3 0Hz operation in 65 ns pulses. The ultimaft
power output goal is 500 MW with a gain in excess of 20 dB.
This initial investigation is intended to lay the groundwork for End view

operation at 11. I0 Hz for particle accelerator applications, and
also at frequencies of up to 35 GHz for other uses.
Computational design has been performed with the resonant
cavity code MAFIA and the particle in cell codes MERLIN and
ISIS. Electron beam optics through a magnetic cusp was also
studied with ISIS and MERLIN, and verified experimentally, to RIF put

develop a suitable electron beam trajectory from the diode into Ecn BP

the resonator region. Performance tests of a single stage device Eg or Curen1'stwi
have been performed. An unsaturated gain of 43 dB has been Konitr cusp Velvet mitter

observeed using 4 kW of input drive, yielding an amplified
output of 100MW. Figure 1. Large orbit gyrotron and gyroklystron

geometry. Two resonator stages are shown, although single
Introduction stage operation also will be investigated.

A large orbit gyrotron (gyroklystron) (LOG) amplifier Rf is fed into the cavity using two loops, one in each of
operating at 1.3 GHz is being developed to operate at powers of two of the vanes at the axial midplane. The standing wave
up to 500 MW for 65 as pulses. While this initial investigation pattern of the cavity will couple to the rotating beam, prvvided
is being performed at 1.3 GHz, this device can be scaled to the beam angular velocity is in synchronism, in such a way that
higher frequencies in a straight forward fashion. LOG an azimuthal density perturbation will grow on the beam with
oscillators have operated at 15 GHz and higher frequencies with three density maxima around the azimuth. The magnitude of
comparable performance to that at lower frequencies. the density variation will grow as the beam propagates down the
Amplifier operation has been examined theoretically and length of the resonator, influenced both by the applied
experimentally, but less extensively [1-41. oscillating fields, and the space charge self fields of the beam

These devices produce microwaves by the interaction of a that drive the negative mass instability. The instability will
helically rotating electron beam with the oscillating fields of a grow as the electron beam propagates through the system.
resonant cavity structure. The beam is formed by injecting a Feedback from the beam instability drives the cavity fields to
hollow, non-rotating beam, born in an axial magnetic field, greater amplitude.
through a magnetic cusp positioned at the anode plane. An The downstream end of the first cavity has a central
annular slot is cut into the mild steel cusp plate to allow the opening which forms the entrance to a cylindrical, non-vaned
beam to pass into the downstream resonator. In the cusp, a electron beam drift pipe. The pipe is intended to serve the role
portion of the axial beam energy is converted to rotational of an rf isolating sever between the first and second cavities,
energy. Typical ratios of rotational velocity to axial velocity and also as a region in which the beam bunching can grow by
(defined as alpha) are in the range of 1.5 to 2.5. The electron the negative mass instability, independent of applied microwave
beam entering the resonator has an energy of 500-700 keV, a fields. An optimum drift pipe length will be determined
current of 1-3 kA, and a radius of 5-8 cm. The device, shown in experimentally to maximize azimuthal beam bunching. A
Figure 1. employs a cylindrical resonator with three vanes in the second, output resonator designed to be strongly coupled to the
wall spaced equally in azimuth. beam will be place downstream of the drift pipe at the point of

The amplifier is designed as two resonator device, with optimum beam bunching to extract rf energy.
cylindrical resonators of the type describe above, The vane Both 2.5 D particle in cell modeling with the code ISIS
stuctue is used to evoke coupling of the rotating electron beam was used to design the electron gun, and subsequent
with the TE(0,1,n) resonant cavity mode of the cylindrical experiments were performed that correlated well to the
structure by modifying the normally circular electric field computer design. The electron beam from this design is an
pattern of the mode into a scalloped pattern, similar to the annulus 0.5 to 1.0 cm thick, at a radius of 7.1 cm, at an energy
TE(3,1,n) mode, but near the lower TE(0,1,n) resonant of 650 kV, a current of 2 to 3 kA, and an alpha ranging from 1.5
frequency for a non-vaned cylindrical wall with an intermediate to 2.5, depending upon the magnetic field strength, that ranged
radius.

0-7803-1203-1/93503.00 O 1993 IEEE
2664



from 300 to 500 G. More detail of the design of the electron excess of 40 dB. The frequency purity as indicated by the FFT

beam is contained in a previous paper[5]. shows the amplified bandwidth to be 25 percent narrower than

Experimental Studies RF Input Drive Power (4 kW) ON, Sample Size - 8

The experimental configuration consists of the diode, Stub Horn Duration RF Energy FFr Frcq FFT FWHM

cusp and magnetic field coils, downstream resonator section, (w) ( (arb) (MHz) (MHz)

and a dielectric vacuum window for radiating the microwaves
into an anechoic volume downstream of the vacuum chamber. Mean 5450 60 3.27 1285 27
A 4 kW 1.3 GHz source provides rf input drive to the reoator Std. Dev. 729 16 0.98 2.5 17
in these initial studies. Up to 20 MW is available as input drive
but will require device modifications for aperture coupling to
accommodate the power. Presently, magnetic loops are situated
at the base of two of the vanes for cavity input drive. A loop in
the third vane is used to monitor the standing wave field in the input Drive Power OFF. Sample Size - 17
cavity. A stub waveguide receiver is positioned in the anechoic
volume downstream of the open resonator end to monitor the S Ho D R Energy FF Fmq FF1FWHM
radiated power in the far field. (w) H 10 Darb) K& r Hz

We evaluate amplifier performance by comparing the
radiated microwave power in three different circumstances. Mean 7406 42 3.11 1284 36

First, the radiated power due to the 4 kW input drive alone is StL De,. 2W U L96 29 25
measured. Second, the radiated power with no input drive, but
with the electron beam injected, is measured. Finally, the Table 1. Mean values and standard deviations for several
radiated power when both input rf drive and injected electron performance characteristics comparing the cases of if input
beam are present in the resonator is measured. Relative power drive on and off for magnetic field strength and beam voltage of
measurements among shots are performed by comparing 330 G and 775 kV. Listed are stub horn power amplitude
detected signals received with a waveguide stub placed at a (watts), if power pulse duration (ns), time integrated if energy
fixed location in the far field downstream of the open ended (arbitrary units), and fast Fourier transform (FF1) frequency
resonator. specta

Two significant operating regimes using the single
resonator were found. The first regime, operated at a higher No Inpux Lrk

ratio of magnetic field to beam voltage (330 gaussM75 kV), sho s42 )W 'laS"bH- P-sr Sot 542 Stau Horn Mie. LO. -1175 MHzappears to be attractive for the two stage gyrklystron (Frignre i-l ;;. ! I
I) to establish an initiating beam modulation in a first cavity.

This ratio is an experimental analog to B/y, the crucial I- .. . .
parameter governing the cyclotron frequency of the rotating . 1
beam. whe initial bunching in the first cavity would be allowed . I .... . ...
to grow as the beam drifts to the second cavity. This operating ,. ...
regime showed significant rf production both with and without
rf input drive, indicating a tendency for the device to oscillate. 4kWdofpt RIF DdV

However. when if input drive was present, improvements in the sbts Deecld Pa e Sa 5aw43 ScubHomMbUr.LO. - t1175 Mz

pulse length of the detected rf power signals, pulse energy, I ......
frequency purity of the fast Fourier transforms, and the shot to ....... ......
shot statistical consistency were observed. For example, this ..
operating regime yielded ff pulse lengths of only 42 ns when the.........

input drive was off. This effect represents a 55 percent incre~sew....r..e...d.p........ ...w.......I '
in pulse length due to the presence of if input drive. Table 1 _ .-...... I
summarizes these results. Figure 2 depicts typical detected
power and downconverted mixer signals for the cases of no
input drive and 4 kW of input drive. Figure 2. Typical detected diode power and downconverted

The second operating regime appears to be most mixer signals for the cases of Table 1. Stub horn power is 10
applicable to a single stage amplifier. It uses a slightly lower kW full scale. The FFT scale is arbitrary, and the same for both
ratio of magnetic field to voltage (340 gauss850 kV). In this cases. The time scale is 20 ns/div.
case we saw a significant increase in output power and energy
using inputif drive of 4 kW. ,mpared with the output when no the bandwidth without input drive (2.0% vs 2.5%), suggesting
input if was used. While inal output power determinations that the bandwidth is approaching but not quite at the Fourier
have not yet been completed, approximately 100 (+/- 3 dB) MW limit, growing narrower with longer pulse length. Saturated
of additional power is produced from the device when 4 kW of gain has not yet been measured due to temporary difficulty in
input drive is used. This corresponds to an amplifier gain in connecting a more powerful input drive source to the

experiment. Hence, device efficiency as a percentage of electron
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beam power has not been determined. Table 2 lists the
operating conditions which yielded significant power gain in the No loput Div

single resonator amplifier. Figure 3 depicts representative sM 790 " sHorn Power Shag 790 Stub HosisrLO -. 125 MHW
detected power and downconverted mixer signals for the two I I
cases. Using the method described above for estimating I-
amplifier output power from the stub horn power (9807 W) the i:;
total power radiated was 157 MW.

Summary 4"

The study and construction of a large orbit gyrotron and No I". Drw,

two stage gyroklystron amplifier are underway. Modeling and s"" D etectedotub Horn Power SM,712 S1.b HaM%.LO.- *225 MH.

experiments have been performed to design these devices. I-

Experiments are ongoing to measure and optimize the i
performance of the single stage device, in preparation for i: i I
subsequent two stage operation. Improvements in the quality of
the rf output pulse produce by the first (rf input) cavity of the
device have been found as the result of injecting input rf power •

into the cavity. This work has been supported by the Los
Alamos National Laboratory Independent Research and 4 kW ofa RFDrif

Development Program, sponsored by the U. S. Department of sat 79 DtctedStvHorn Pow Sbot 71 Stub Ho Wier. ,LO. -1125 MW

Enemv. I I
RF Input Drive Power (4 kW) ON, Sample Size - 14 .. .-- .- ....

Stub Honi Duration RF Energ FFT Freq FFT PWHM
(V) (ma) (arb) (MHz) (MHz) i

Mean 9807 427 2.69 1280 44.1

Std. Dev. 5318 13.3 1.78 14.7 37.9

Figure 3. Typical detected power and downconverted mixer
signals for the cases of Table 2. Two shots without input drive
are shown to indicate the upper and lower limits of self
oscillation with no drive power. Stub horn power is 10 kW full

input Deve Power OFF. Sample Sie - 14 Scale. The FFT scale is arbitrary, and the same for both cases.
The time scale is 20 ns/div.

Stub Hom Duration RF EWerV FFT Freq FFr FWHM
(W) (m) (arb) (&z) (M~z) 1. W. W. Destler, et al, "High-power microwave generation

from large-orbit devices," IEEE Trans. on Plasma Science PS-
Mean 3060 22.3 16(2), April 1988, p71.

s51 De,. 2027 19.1 US 17.5 37.9 21-Y. Y. Lau and L. R. Barnett, "Theory of a low magnetic
field gyrotron (gyromagnetron)," InL J. of Infrared and

Table 2. Mean values and standard deviations for several Millimeter Waves3 (5), 1982, p. 619.
performance characteristics comparing the cases of rf input 3. J. Y. Choe, K. Boulais, V. Ayres, W. Namkung, and R.
drive on and off for magnetic field strength and beam voltage of Uhm, "Preliminary study of cusptron amplifier," Microwave
340 G and 850 kV. This case shows clear amplification from a and Particle Beam Sources and Directed Energy Concepts, SPIE
single stage device. 1061(1989) p. 132.

4. K. R. Chu, et al, "Theory, design, and operation of large-
orbit high harmonic gyroidystnm amplifiers," IEEE Trans. on
Plasma Science PS-13 (6), December 1985, p 435.
5. R. Stringfield, et al, "Large Orbit Gyroklystron Development
at Los Alamos," Proc. 1992 Linear Accelerator Conf., Ottawa,
Ontario, Canada, August 1992, AECL-10728, Vol. p. 190-192
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Initial Operation of a High Power, K-Band, Harmonic Gyroklystron
for Accelerator Applications*

J.P. Calame, KW. Matthews, W. Lawson, B. Hdpn, M.KE. Lee, J. Cheg
V.L. Gmanatalein, Ruer, and C.D. Striffle

Laboratory for Plaum Research and Electrical Engineering Departmntm
University of Maryland

College Park, MD 20742

Abstract operate the output rari*y at the second harmonic of the drive
Studies of ampification and stbility 'in a lquency. In this configuration the input and buncher cavi-

se of multi-mena wast , 19.7 GHz, second harmonl c ties are designed to resonate at one-half of the desired output

gamplifli tubes suitable for driving future linear fhequecy The output cavity extracts energy from the pre-
bunched beam via an inteactim of the cavity RF fields with

sp ron tubes reported." Four ditfere an achi theb second harmonic cyclotrm wave. Further advan-
gyreklyiton tidie have been constucted and tesed, and each ~ ~ :-s - inaietlsstm r
am has hduUite higher power, larger efficiency, and im- t of this dece oe pury fundamet systems am

proved stability compared to its predecessor. The latest Iowacapital cos, simplified cooling and reduced magnetic

remilts include the production of peak outpu powers in exc field levels. Altesnathv, the harmonic gyroklystn can be

oftan efficiency of 27% aviewed as a meam of doubling the operating frequency with
little or no decrease in output power capability compared to a

I. INTRODUCTION fundamental gyroklystron.
To test the viability of the harmonic concept with our

The economical construction and operation of linear elec- emsting beam generation equipment, we have construct a

tron-positren colliders with center-of-mass energies in excess series of two-cavity, harmonic gyrokiystrons with

of 1 TeV will require the development ofa new generation of TEo 11 , 9.85 GHz input cavities and TE21, 19.7 GHz output

high-frequency microwave amplifiers. Candidate amplifiers cavities. The studies have culminated with peak powers in
should be capable of producing approximately 100 MW, 1 A excess of 29 MW at 19.76 GHz, with 27% efficiency and 25

pulses with an output flquency in the 10-20 GHz range. dB gaim. In the following sections we will describe the
Pulse compression techniques would be employed to further eFperiimental setup and detail the most recent results.
increase the ou r pow level to several hundred MW prior

to injection into the accelerating structure. One promising I. EXPERIMENT
candidate source for this application is the gyroklystron am- TMe modulor, eectron gun, magnet system, magnemn
plifler, a device which combines the energy extraction
mechanism of the cyclotron resonance mase and the ballistic sre and beam dump for the second harmonic ex-pmime arethe same as these used in the fundamental
bunching approach of the klystrn. Gyroklystrns can oper- e Te eectron gun produces a rtting, small
ate with overmoded cavities, which allows the production ~ uobit, annular electron beam which flows into the microwave
high output powers with low current density beams and low tube under test. The present group of experiments generally
cavity electric fields compared to those of klystrons and other employs beams in the 400-450 kV, 150-250 A range with
conventional sources. Furthermoe, the electron source usu- computed oL (v±/v) values near 1.0. The 2nd harmonic
ally employed in gyroldystrons (the magnetron injection gun gyroklystron tubes are modified versions of our 9.85 GHz
or MIG) exhibits favorable scaling with frequency compared two-cavity devices. The old 9.85 GHz, TE01 I outpit cavities
to linear beam guns. Over the past several years, we havedeveloped a series of two- and three-cavity, 9.85 0Hz weereplaced by TEo2 cavities with resonant frequencies

near 19.7 GHz. Cavities with gradual radial transitions were
gyroklystrons which ultimately produced 24-27 MW of output used to avoid mode conversion to the TEo1 waveguide mode
power for 1 s at up to 33% efficiency [1-3]. These devices and help achieve a high forward-to-reverse power ratio. In
employed the TEO, I mode in all of the cavities, and produced addition, the intercavity drift space was modified to improve
amplified power via a fundamental cyclotron wave interac- the attenuation to a 19.7 GHz, TEO, drift-tube mode while
tioe. maintaining good attenuations to all other modes in the 6-13

In order to increase the output power capability of a Glz range. This was generally accomplished by modified
gyrokly on at any particular frequency, a larger diamet placmngts was gey d t acopiheadi byomoified
electron beam, drift tube, and output cavity must be placements of lpssy dielectridc and the addition of resonant
employed. The greater degree of overmoding in these larger traps. A diagram of the third circuit tested is shown in Fig.
structures would almost certainly lead to increased mode The spent eectron beam and output radiation pass
competition problems. One way around this problem is to through a nonlinear uptaper and the beam dump, and the

* Work supported by the U.S. Department of Energy. radiation continues through a second non-linear uptaper and
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a ,-renms nt window into either an anechoic chamber or a at 19.76 GHz, with an efficiency of 27% and a gain of 25 dB.
large directional coupler/liquid calorimeter. New nonlinear These optimal results were obtained at 435 kV and 238 A,
tapers which preserve the TEo2 output mode were employe with an a of about 1.
in these experiments. In addition, the pickup antenna system
in the anechoic chamber and the directional coupler were
modified for K-Band operation. Peak power measurements
obtained with each of the fthre measurement systems(b
(anechoic chamber + crys detector, directional coupler +
crystal detector, and liquid calorimet dierentr thermal 20 300
measurements + coupler/crystal detector waveformn shape) y
were found to agree within 7%.

0 1 2 3 4 5
Time (,a)

Figure 2. Typical wa-eforms from Tube 4; (a) voltage, (b)
example ofa fairly narrow, high power pulse, and (c) a wider,

Figure 1. Section view of harmonic gyroklystron Tube 3. moderate power pulse.

HII. RESULTS 301 ..

The first tube employed a long (5 cm) high-Q (650) output
cavity and was plagued by severe instabilities that prevented
amplification at the second harmonic. The instabilities ! 20
resulted from fundamental cyclotron interactions in the out- %
put cavity region. A second tube was constructed using a .
shorter (3 cm) output cavity with a somewhat lower Q (500) 8 J .
and a fairly rapid post-cavity radial uptaper. It also employed 10 . ,:
an inproved set of drift tube traps. This circuit produced
peak amplified powers near 12 MW at 19.74 GHz with an
efficiency of 15%. However, performance continued to be ,i-,'-"
limited by a variety of instabilities. These included a group of 0 %
14 MW, TE 1 -like modes at 6-7 GHz which coexusted with 1 2 3 4
the amplified signal, and a 6.9 GHz oscillation which would Time (m5)
"cut into the amplified sibnal as the beam oL and/or current
were increased. Figure 3. Power vs. time waveforms from Tube 2 (dotted),

Based on the assumption that the output cavity region Tube 3 (dash), and Tube 4 (solid).
continued to be the source of the instabilities, a third tube
with a lower Q (350) and a somewhat steeper post-cavity up- Typical output power vs. time waveforms from Tube 4 are
taper was constructed. It produced peak powers in excess of shown in Fig. 2. The wider, lower power pulse (c) was
21.5 MW at 19.76 GHz, with 21% efficiency and 23 dB gain obtained by adjusting the magnetic field profile to over-bunch
[41. These results were obtained with a 437 kV, 232 A, the beam in the input cavity. Fig. 3. shows the highest
vA0.9 electron beam. In addition, at the point of peak power reproducible peak power waveforms from each tube. In all
production the amplified signal strongly suppressed the 6-7 cases the power builds up slowly over time. This results from
GHz background instabilities. Power production and the a gradual increase in beam a over the duration of the flattop
range of stable beam parameters were still limited by the of the voltage pulse [1]. This effect, due to compensation
onset of instabilities at 6.9 and 12.7 GHz Working on the problems in the resistive divider that drives the modulation
possibility that the 19.7 GHz resonant trap section of the drift anode in the gun, combines with the strong sensitivity of sec-
tube was creating reflections at these frequencies, a fourth ond b- 'ic gyroklystrons to changes in aL to produce the
tube was created by removing the traps from Tube 3 and trianE I1ses observed.
replacing them with extra lossy dielectric. The change elimi- Sys[,,. -uc studies of output power as a function of beam
nated the instabilities over a broad range of beam parameters. voltage, beam current, and drive frequency in Tube 3 are
To date we have obtained output powers in excess of 29 MW shown in Figs. 4, 5, and 6, respectively (similar studies at the
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25 29 MW level in Tube 4are just getting under way at the timne
of writing). In each study, only the parameter of interest is

2 •allowed to change from the optimal value; the other parame-
20 ters and the circuit magnetic field profile remain fixed. How-

ever, at each pout on the graphs the magnetic comprsion
[7 (beam a) was adjusted to jut maintain stability and therefore

maximim power. In the voltage study, the power falls off on
10 either skide of the optimal value (440 kV) as the beam-wave

interaction lips out of resonance. - the beam current study,
the power initially rises as the current increases, due to the
existence of additional beam energy. However, at high cur-
rent the power falls off for a variety of reasons, including a

0 J decrease in beam quality (due to space charge effects), beam-

400 410 420 430 440 450 induced detuning of cavity resonances, and the onset of

Beam voltage () instabilities (which we suppress by reducing aL and thus the
amplified power decreases). In the frequency study, the

Figure 4. Effect of beam voltage on output power in Tube 3. observed FWHM bandwidth of 14 MHz is only slightly
smaller than the value expected on the basis of the cavity Qs

25 , , (lI7MHz).

20 IV. SUMMAARY

The results of this proof-of-principle experiment indicate

15 that second harmonic gyroklystrons can produce large
amounts of output power with reasonable efficiencies. The
powers measured in the latest second harmonic tube are
actually higher than those obtained in our earlier two-cavity
f1ndamental experiments (although the efficiency is some-

5 what lower). These results suggest an advanced capability for
driving future linear supercolliders. Future experiments will
include studies of hannonic output cavities with discrete

0 radial transitions and experimental measurements of beam a.
180 200 220 240 A 100 MW output power, 17 OHz, second harmonic experi-

Beam current (A) ment with a new electron gun and an upgraded modulator is
also under construction [5].

Figure5. Effect of beam current on outj ý--erinTube3.

V. REFERENCES25 [1) J.P. Calame et al, "Experimental studies of stability and

amplification in four overmoded, two cavity gyroklystrons
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15 [21 W. Lawson et al, "Performance characteristics of a high
power X4xmd two cavity gyroklystron," IEEE Trans.Plasma Sci. 20, 216 (1992).

10 1[31 S. Tantawi et al, "High power X-band amplification from
an overmoded three cavity gyroldystron with a tunable
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0 . ' [41 W. Lawson etal, "High power operation of a K-band
-10 -5 0 5 10 second harmonic gyroklystron," submitted to Phys. Rev.

Input frequency shift ("kz) LeA. in March 1993.
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Figure 6. Effect of a shift in drive frequency on output power
in Tube 3.
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Abstract AbstractTable 1: System parameters.
At the University of Maryland, we are explor-

ing the suitability of gyroklystrons for linear col- 100 MW 400 MW
lider applications. In this paper we discuss the Parameter System System
design of a two-cavity, coaxial gyroklystron that is Beam voltage (kV) 440 500
designed to produce over 100 MW in 1 ps pulses Beam current (A) 225 800
at the second harmonic of the cyclotron frequency. Velocity ratio 1.0 1.5
We detail modifications that will be required of our Avg. beam radius (cm) 0.78 3.10
test facility, present the simulated performance of Circuit magnetic field (kG) 5.45 5.05
a 400 MW, 500 kV single-anode Magnetron Injec- Output frequency (GHz) 19.75 17.14
tion Gun, and describe the design of the coaxial Drive power (kW) 100 200
microwave circuit.

I. INTRODUCTION current capability of our thyratrons, and reorga-

nizing the HV tank to decrease stray capacitance.

In an effort to expand the frontiers of high- The latter modification should yield a 14% increase

energy physics, e--e+ colliders with center-of-mass in our voltage capability, as indicated in Table 1.

energies approaching 1 TeV are being planned. The eight water-cooled magnetic field coils will re-

These machines will require efficient, reliable, pulsed main unchanged but the current capability of the

microwave amplifiers with peak power levels that supply which drives the gun coil will be doubled.

exceed the current state-of-the-art. At the Univer- No modifications are required for the magnetron

sity of Maryland, we have been performing a se- modulator, but the magnetron itself will be re-

quence of experiments based on the cyclotron res- placed with a lower frequency, more efficient one.

onance instability. Initial studies with fundamen- Furthermore, the output waveguide (nonlinear ta-

tal mode two-cavity gyroklystrons have produced pers, beam dump, and output window) and the

over 24 MW of power at 9.87 GHz in 1 Ps pulses microwave diagnostics will have to be replaced. Fi-

with 32% efficiency and 34 dB gain in the TEoi nally, we will need a new electron gun and mi-

mode [1]. Recent experiments with two-cavity sec- crowave circuit. Progress on the designs of these

ond harmonic tubes have produced nearly 30 MW components is described below.

of power at 19.76 GHz with 27% efficiency [2]. This 11. ELECTRON GUN
performance level represents the maximum we can
achieve with our current test facility. A single-anode Magnetron Injection Gun (MIG)

We are currently undertaking a major upgrade was selected for the electron gun because of its
of our facility that will enable us to pursue ampli- simpler configuration, wider range [3], and absence
fiers in the 100 MW range. Table 1 summarizes of an intermediate voltage requirement. The new
the major parameter differences between the cur- beam guiding center (Table 1) was selected to keep
rent (100 MW) and future (400 MW) test facili- the current density in the circuit region equivalent
ties. The facility is shown schematically in Fig. 1. in the two systems. The standard design formal-
Upgrades to our line-type modulator include dou- ism was followed [4] and EGUN [5] was used to
bling the number of PFNs to eight, increasing the perform the simulations.

0-7803-1203-119W$03.00 0 1993 EE
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Table 2: MIG parameters Table 3: Microwave circuit parameters.

A. Specifications Inner Outer
Cathode radius (cm) 9.58 radius radius Length
Emitter strip length (cm) 1.67 Section (cm) (cm) (cm)
Cathode half-angle 400 A. Input Cavity, Q = 60
Magnetic compression ratio 9.9 1 2.000 4.205 2.000
Cathode loading (A/cm 2 ) 5.95 B. ft Tube

B. Performance 1 2.325 3.825 5.000
Axial velocity spread (%) 6.70 C. Output Cavity
Space-charge limiting current (A) 2,190 1 2.234 3.920 0.978
Peak electric field (kV/cm) 90.0 2 1.914 4.205 0.922
Avg. emitter electric field (kV/cm) 51.6 3 2.358 3.798 0.422
Beam thickness (cm) 1.28 4 2.356 4.415

The electrode shapes, together with the beam wall. The quality factor is defined in part by two
envelopes, are shown in Fig. 2. The key parameters thin carbon-impregnated Aluminum-Silicate rings
are listed in Table 2. The magnetic compression is located against the cavity end walls. The drift
fairly low and the beam voltage and cathode load- tube will be loaded with various lossy ceramics to
ing have been achieved before [4]. The velocity achieve stable operation. The radii are chosen so
spread indicated is at the nominal current of 600 that only the TE11 , TE21 and TE31 modes are not
A and is due to ballistic considerations only,. The cut off at the operating frequency. The output cav-
emitter strip is curved by ±4- to minimize this ity operates predominantly in the TE021 mode at
spread. The peak cathode field is also compara- a point relatively close to cutoff. There is an inter-
ble to the previous gun. The anode electric field mediate step in the radius of the main section to
nowhere exceeds 30 kV/cm. The nominal current minimize the amount of power in the TE01 mode
is less than 28% of the space-charge limit. Beam which is directed into the drift region.
electrode clearance in the circuit region is approx- With an axial velocity spread of 9.5% and a
imately 1.1 mm. pitch angle of 1.5, this circuit achieved 25% effi-

The dependence of velocity spread on beam ciency; with no velocity spread the efficiency was
current is shown in Fig. 3. The current affects around 35%. The relatively low efficiency is due to
the velocity ratio due to self-field effects; these are interaction with the third harmonic, which acceler-
compensated for by adjusting the magnetic field ates rather than decelerates particles. This places
at the cathode. Axial spread approaches 6.4% as a constraint on the magnetic field and reduces our
the current approaches zero and remains below 9% operating parameter range. We are looking into
through the entire current range. This wide cur- ways to decrease the effectiveness of the third har-
rent range is directly attributed to laminar flow in monic interaction and thus increase our efficiency.
the single-anode MIG. We are currently considering two changes in the

microwave circuit. The first is to incorporate a
III. MICROWAVE CIRCUIT TE0 31 output cavity. This would increase the sep-

aration to neighboring modes and promote stable
A schematic of the coaxial two-cavity microwave operation. The second change is to use nonlinear

circuit is shown in Fig. 4 and the nominal cir- tapers rather than abrupt transitions to define the
cuit parameters are given in Table 3. The in- output cavity. This should help improve mode pu-
put cavity is defined by sharp transitions in the rity and the left-to-right power ratio.
radial wall. It is driven in the TE011 mode at
half the output frequency via a slot in the outer
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Figure 1: The gyroklystron test facility.
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Figure 2: Electrode shapes, axial field profile, and

beam envelope of the single-anode MIG.

Figure 3: The dependence of velocity spread on
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I. INTRODUCTION Here w and 0 are the operating frequency and

Gyroamplifiers are very promising sources electron cyclotron frequency, respectively, v.

of coherent, phase-controlled, powerful elec- is electron axial velocity, and Ld, is the length

tromagnetic radiation for driving future par- of the drift region.

tide accelerators. At a given wavelength the For a two-cavity gyroklystron the electron

interaction space in gyroamplifiers is much gyrophase relative to the electromagnetic

larger than that for klystrons. Therefore, gy- (EM) field phase at the entrance to the out-

roamplifiers usually operate at short wave- put cavity may be written as eet = 00 -

lengths (< 3 cm) where the problem of minia- q sin 00 - Ed7 . Here 00 is the initial gyrophaselenghs c 3cm)whee te poblm o miia-at the entrance to the first cavity and q is
turization of the interaction space is, for con- the entran ete firtityan q isventona klstros, xtrmelysevrethe bunching parameter proportional to the

Two years ago the operation of relativis- field amplitude in the first cavity and the driftTwo ear ag th opratin o reatiis-space length, Ld,.. Both q and Od, depend on
tic gyroklystrons in a 10 GHz frequency range elen loc Bt h qradd
was successfully demonstrated [1]. The next eetron v elocity spread
step in the gyroamplifier development is di- We studied the effect of pitch angle spread
rected towards improvement of electronic ef- (a = V.L/v, is the pitch angle, i.e. the ra-

ficiency, enhancement of radiated power and tio of orbital to axial electron velocity com-

an increase in operating frequency. Some con- ponents) in a monoenergetic electron beam

cepts of relativistic gyroamplifiers aimed at on the efficiency of relativistic gyroklystrons.

improving these output parameters are con- The equations of motion of relativistic elec-

sidered below. trons averaged over fast electron gyration were
used. The axial structure of the output res-

II. GYROKLYSTRON WITH ZERO onator field was described by sin(7rz/L). The
TRANSIT ANGLE IN A DRIFT REGION orbital velocity spread was described by a

Electron velocity spread is one of the most triangular distribution with the width corre-
important factors reducing the efficiency of sponding to a 6% RMS spread. The oper-
gyroklystrons as well as other microwave tubes. ating voltage was taken close to 500 kV and
Since in gyroklystrons the first, modulating both the bunching parameter and the pitch-
cavities are separated from the output cav- ratio for the central fraction of the electron
ity with a rather long drift region it is desir- beam were equal to one.
able to minimize the effect of electron velocity First we found the dependence of the elec-
spread on electron transit through the drift tron efficiency, optimized with respect to the

space. We will show that this can be done by phase of the EM field and the cyclotron reso-

minimizing the electron transit angle through nance mismatch in the output cavity, on the
the drift space, field amplitude and the length of this cav-

Ldr ity for the ideal electron beam (no velocity
0 dr =0 [(w- l)/v,] dz. spread). Then we considered the effect of

0-7803-1203-1/93$03.00 0 1993 IEEE 2673



spread for two cases: a) magnetic field con- case of an ideal electron beam the Doppler
stant along the drift region and output cavity, upshifted operation is more efficient (46% ver-
b) magnetic field in the drift region tapered sus 26% for the second harmonic gyroampli-
so that the transit angle, Odr, is close to zero fier). Then, electron velocity spread causes
for all electrons. It was found that for pa- the degradation in efficiency which, in princi-
rameters predicting 44% efficiency of opera- pie, for the frequency upshifted operation, is
tion with the ideal beam the velocity spread more pronounced than for the harmonic one.
in the first case reduces the achievable effi- The latest studies show that, nevertheless,
ciency to 29%. At the same velocity spread the optimized efficiency of gyrotwistron op-
the corresponding tapering of magnetic field eration becomes equal the efficiency of ideal
in a drift region permits one to realize 36% second harmonic operation (26%) only when
efficiency. So, it becomes possible to mitigate the RMS value of the pitch-angle spread is
the spoiling effect of velocity spread on the about 22% (at this velocity spread the maxi-
gyroklystron efficiency about 2 times by cor- mum second harmonic efficiency is only 16%).
responding tapering of the magnetic field in So for a wide range of electron velocity spreads
the drift space. the frequency upshifted operation of the gy-

rotwistron may be more efficient than that of
III. CONCEPTS OF GYROAMPLIFIERS the second harmonic. This is because in the

FOR WAVELENGTH SHORTENING case of operation with large axial wavenum-
bers (like in gyrotwistrons) the energy may

In general, for gyrodevices operating at be extracted from both the rotational and
the cyclotron resonance condition, to provide axial electron motion. Note that successful
the operating frequency increase one has to second harmonic operation of the relativis-
increase the external magnetic field. That tic gyroklystrons has been recently demon-
makes the microwave system (including mag- strated [3] and experiments with relativistic
nets) more expensive. However, there are two gyrotwistrons are planned.
possibilities for increasing the operating fre- The authors are thankful to 0. Dumbrajs
quency at a fixed value of the magnetic field. for his valuable help in numerical simulations.
Both of them follow from the cyclotron reso- This work was supported by the U.S. De-
nance condition partment of Energy.
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EXPERIMENTAL PROGRESS TOWARD A 1 GW, 1 jiS PULSE LENGTH,
HIGH CURRENT RELATIVISTIC KLYSTRON*

M. Fazio, B. Cadrlte, R. Faehl, W. Haynes, T. Kwan, R. Stringfield
Los Asosm National Laborakry

MS H851, Los Alamos, NM 87545

Abwact tuning ring which gives flexibility in inductively tuning the
A I ps pulse-length, high-current relativistic klystron cavity. The output cavity is a noseless pillbox design with

is being developed with adesired peak output power of lGW several annular coupling slots near the outer diameter which
at 1.3 GHz. The tube consists of an input cavity, a single couples power into a low impedance coaxial transmission line.
idler cavity, and an output cavity. Power levels as high as The coax tapers out into standard 6-inch-diameter, 50 0 line
475 MW have been experimentally observed. Current where power is measured by a directional coupler with 25 dB
experimental results are presented. Physics and engineering direvity and then dissiated in a dummy load.
issues affecting klystn performance awe discussed. The complete klys tro tube has been assembled and

is undergoing testing. The beam modulation section
L INTRODUCTION consisting of the input cavity and idler cavity is perfonning as

designed, and is providing a modulated electron beam with a
Los Alamos is developing an L-band high current harmonic curent I1- 0.6 I0 where I1 is the fundamental

relativistic klystron ampifir (RKA). Although the present harmonic at 1.3 GHz, and 10 is the dc beam cun€ t. The
experiments are singe pulse, the long term goal is to achieve extracted rf power has been increased from about 10 MW to
1 kJ/pulse with repetitive pulse capability at a PRF of 5 Hz, 475 MW. Currently about 475 MW of peak power is being
with a longer term goal of 100 Hz. The RKA has an input extracted from the output cavity in a pulse of I ps duration.
cavity, a single idler cavity, and an output cavity. The The energy residing in the pulse is about 140 j.
buncher section, which consists of the input and idler cavities, A graph showing the output power overlaid with the
has been experimentally tested and is performing as designed, beam voltage and current is shown in Fig. 2. The rf output
The design was done with the help of particle-in-cell (PIC) power pulse shape approximately follows the beam current
code calculations using the Los Alamos code ISIS. PlC code shape until the if output terminates at the peak value of 375
modeling has proven to be very important for a successful MW. At this time the total rf pulse energy is about 160 J.
design because of the highly nonlinear nature of the RKA The rf pulse terminates before the beam voltage and current
caused by the intee space charge effects.[l] The mostrecent reach their maximum values. It is not yet certain why the df
efforts involve improving the performanc of the output cavity pulse is terminating prematurely. The most reasonable
and optimizing the output power and pulse length to reach the explanation is that the output cavity gap field is high enough
design goal of I kJ/pulse. A number of expected Problems to reflect electrons back up the beam-line and/or start some
have been encountered with the output cavity that are being oscillation phenomenon such as a virtual cathode. At the time
systematically addressed. These problems include rf the if pulse terminates, a highly ff modulated electron beam
breakdown in the cavity and matching the beam impedance to pulse propagates upstream and is detected by B-dot loops
the cavity gap shunt impedance for the most efficient coupling located in the idler cavity and input cavity, and by the
of modulated beam to microwaves. This paper summarizes directional coupler between the drive magnetron and the input
the the current experimental results. The electron gun and the cavity. All of these signals have a spike at the time the rf
modulation section consisting of the input and idler -avities output power goes away. These signals are bandpass filtered
have been discussed elsewhere. [2-4] with a bandwidth of several hundred MHz around 1.3 GHz, so

the spike appears to be the result of an rf modulation on the
II. EXPERIMENTAL WORK beam traveling back up the beam toward the cathode. The

interpretation of the observation could be complicated by the
The RKA configuration is shown schematically in fact that the output gap could be breaking down at this time as

Fig. 1. The electron beam is formed from a 6.2 cm-diameter well. In Fig. 3 is the trace representing the magnetron's
annular field-emission cathode and is slightly compressed by a reflected power (or power flowing from the input cavity toward
converging 0.5 T axial magnetic field to a nominal 5.9 cm the magnetron). The spike at 2.3 ps is the result of the
diameter beam with a 5 mm thickness. The typical beam electron reflection back upstream. The electron reflection is a
voltage is 620 kV with the current increasing from 3 to 6 kA manifestation of the intense beam's space cha-ge effects
during the pulse. This increase is caused by the drop in resulting in the severe potential depression of the beam as it is
electron gun impedance due to plasma closure of the anode- decelerated in the output gap.
cathode gap during the pulse. The input cavity is driven by a
500 kW L-band magnetron: The idler cavity has an annular

* Work supported and funded jointly by DOE Defense
Programs and the Army Research Laboratories.
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Fig. 1. Schematic diagram of the RKA.
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Fig. 2. Rf output power overlaid with the beam voltage and Fig. 3. Magnetron's reflected power signal (power flowing
currenL from the input cavity toward the magnetron). The spike at 2.3

Its is the result of the electron reflection in the upstream
direction from the output cavity.

i1I. DESIGN MODIFICATIONS

The power extracted can be expressed as desired gap geometry, and a significantly lower shunt
impedance and loaded Q. This will lower the output gap
voltage, thereby eliminating electron reflection and rf

p,=½1vb.M breakdown across the gap. Once the electromagnetic cavity
simulations are complete, the new cavity geometry will be
compared to the old geometry with the particle-in-cell code
ISIS to model the electron beam in the gap to determine if the

where 1I is the beam's average fundamental harmonic current problems have been sufficiently addressed.
in the output cavity and Vbeam is the available voltage that The new pillbox-shaped cavity has a considerably
can be extracted from the beam before the space-charge smaller outside diameter which will make the cavity less
limiting current is reached. To efficiently couple the rf likely to induce virtual cathode formation caused by the large
energy from the modulated beam, the output cavity must have space-charge bunches passing through the gap. The design Q
a low enough shunt impedance that the gap voltage induced by is about 4. The decreased Q will help prevent the cavity fields
11 does not exceedVbeam. A very low cavity shunt impedance from reaching the point where electrons are reflected. The
is necessary to efficiently couple to the low impedance beam. coupling slots have been increased in both height and angular

The loaded Q (without beam) of the output cavity in width.
these most recent experiments was about 10. This is
obviously not low enough. We have started an overall redesign IV. SUMMARY
of the output cavity using a three dimensional rf structures
simulator program (HFSS-High Frequency Structures A three cavity high-current relativistic klystron is
Simulator) to confirm that the new cavity will have the operating at 1.3 GHz with a peak power of 475 MW and an

2676



energy per pulse of about 150 J. The rf pulse length is I ps.
The limit to performance is the output cavity which has a
shunt impedance high enough to produce electron reflection,
and possibly virtual cathode oscillations, leading to beam
disruption and rf termination. An effort is underway to build a
new output cavity with a much lower shunt impedance in
order to reach the goal of I GW peak power and an energy of I
k in a I ps pulse.
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Relativistic Plasma Klystron Amplifier in Connection with
Application to High Gradient Accelerators

Han S. Uhm
Naval Surface Warfare Center

10901 New Hampshire Ave, White Oak
Silver Spring, Maryland 20903-5640

An axial electric field accompanied by the modulated electron
Abstract beam excites space charge waves in the plasma column, which

acts like a inductive medium amplifying the electrostatic
A novel plasma klystron amplifier is presented in waves. The physical mechanism of self-amplification of the

which current modulation of a relativistic electron beam is electrostatic waves is the longitudinal two-stream instability of
achieved by the unstable two-stream interaction between the the beam-plasma system.
electron beam and a plasma column. A model to describe
current modulation is developed. Due to a relatively large
growth rate of the instability, required interaction length of the FIRST EXTRACTION
beam and plasma column is short for most applications. A RFINPUT CAVITY CAVITY
full current modulation can be achieved in the plasma klystron \
amplifiers. INTRODUCION ELECRN BEA

1. INTRODUCTION...... ....... ...

The generation of intense coherent radiation from the .•.. ,'. . ... ............. *

relativistic klystron amplifierslt 5 (RICA) is one of the renewed
interests in the microwave communi*ty, because of high-power
capability and high efficiency of RICA. High-power
relativistic klystron amplifiers have various applications,
including the high-gradient RF accelerators and high-power R1
radar. One of the main issues in RKA is enhancement of 4=0 4 OUTPUT

power and frequency simultaneously. Cavity size and opening
should be reduced to increase the excitation frequency.
Therefore, a high-power high-frequency klystron amplifier has Fig. 1. A Schematic presentation of plasma klystron amplifier.
inherent problems due to reduced size of cavities, including
electron emission at the gap opening and shorting, etc. In II. STABILITY ANALYSIS
addition, high-power RF signal is needed in the input cavity
for high-power klystrons. In order to eliminate some of these Analysis of the two-stream instability of the beam-
intrinsic problems in the high-power RKA, I present a novel plasma system is carried out within the framework of the
plasma klystron amplifier in which current modulation of the linearized hybrid-Maxwell equations, where beam electrons
electron beam is accomplished by the two-stream interaction are described by the Vlasov equation and plasma electrons are
between the beam and plasma column. Because of a large described by a cold-fluid model. In the stability analysis, we
growth rate of the two-stream instability, interaction length of adopt a normal mode approach in which all perturbations are
the plasma klystron is short. assumed to vary according to 80(x,t) = f(r)exp[i(kz - wt)],

where w is the eigenfrequency and k is the axial wavenumber.
As illustrated in Fig. 1, a relativistic annular electron The eigenfunction of the longitudinal two-stream instability is

beam with radius of Rb enters the drift tube with radius of Rc. the axial electric field Ez(r).
In the plasma klystron, there are no intermediate passive
cavities, which often present problems associated with self- To solve the eigenvalue equation, we assume that the
oscillation and RF breakdown. The electron beam is pre- plasma density is uniform inside and drops abruptly at r =
modulated at the first cavity before it enters a space between Rp. For the present purpose, the stability analysis is restricted
the drift tube wall and a plasma column with radius of Rp. to the long-wavelength low-frequency perturbations. Under

these conditions, the eigenvalue equation is obtained6 ,7 and
This work was supported in part by the Independent Research Fund solved, and the dispersion relation of the two-stream
at the Naval Surface Warfare Center and in part by SDIO/IST. instability is expressed as
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plasma klystcn' amplifiers con be produced by thermionic arc
_____ . ___ t (00- __discharges9_10. Thee discharge devices are frequently

-k •)' (1 operated at the room-temprature vapor pressure of mercury(1) which provides plasma densities in the range from =10"

-ebeP(Peg _ )Y cm"3 to np = 1013 cm"3 for 10-to-30 cm long •schrge

- kt( _w) - ' 
tubes.

III. NONLINEAR MODE EVOLUTION

where the parameters ob and a, e the beam and plasma We now describe the current modulation of an
dielectric effects, and the c factor g is defined by g electron beam propagating through the space between the
- IW*Rb/RP)A*nRc/L). Equation (1) can be used to plasms column and drift tube wall. An axial electric field
investigate properties oT the longitudinal two-stream instability accompanied by the pre-modulated electron beam enters this
in an annular electron beam propagating through a plasma region and initiates excitation of the space charge waves.
column. Strength of this axial electric field is determined in terms of

the system parameters prior to this region. 5 The plasma
Stability analysis of the dispersion relation in Eq. (1) column responds to the initial perturbations of the axial

is carried out in a special case when the beam contacts the electric field and amplifies the field strength by acting as an
plasma, i.e., g = 0. Then, the last term in Eq. (5) is inductive medium. The physical mechanism of the field
neglected and the dispersion relation is significantly amplification is the two-stream instability mentioned above.
simplified. Defining the phase velocity of the unstable wave We assume the initial condition that a beam segment labeled
by w/k = Opp, the instability condition is given by8  by to enters the region at time t = to. Then, the axial electric

1 3 (2) field E(zto) acting on the beam segment to is expressed as
E3(CI) " - E0Xp(x#5 CIJ)~8flO, (4)

where y2 = (p 2 )-1. The electon beam velocity in the
plasma ilystron ampiifier is close to the speed of light (Pb - where E0 is the initial axial electric field, C = wz/obc is the
1) for high power. Instability occurs only when the parameter normalized propagation distance, 0 = wto is the normalized
Sin the order of unity or larger, as we have seen in Eq. time and x1 is the normalized growth rate of the instability
(2). In this context, we conclude that the plasma klystron obtained in Eq. (3).
amplifier requires an opaque plasma. The parameter % is
much less than unity for most applications, satisfying eb < < Energy modulation of the beam segment labeled by
a,,. In this case, the phase velocity of the unstable wave is 0 is obtained from dy/dz = -eEz/mc 2 . Without loss of
close to the beam velocity and the dispersion relation in Eq. generality, we assume that the axial coordinate z equals zero
(1) is further simplified. 8 Defining Doppler-shifted frequency at the beginning of the plasma column. Integrating along the
x = (o-kplbc)/kc, it is shown that the w m.•um growth rate propagation distance and neglecting the initial modulation, we
occurs at the phase velocity satis ying Pp0Pb = obtain the relativistic mass ratio
(ep/ebl 13/[l +(ep/I)I/ 3 ] and is given by° *,j0) - y + e0 exp(r/P)sln0,

x,- mx)-2-Z(eb-Fe)" (3)
l -
2 y& 2 of the segment 6 at the propagation distance C. In Eq. (5),

eO = Pb2eEo/mcwxi < < 1. The instantaneous velocity
P(C,O)c of the beam segment 0 is expressed as

For the present purpose, we consider an example
where an annular electron beam with radius of Rb = 2 cm .b - 1 + Yb-Y (6)
and energy of Yb = 1.67 enters a drift tube with a radius of P Yb(Yb2l)
ki= 2.5 cm. The drift tube contains a plasma column whose

radius is R- = 2 cm and density is np = 6.5 x 1011 cm"3 .
For these plasnm conditions, el) is calculated to be a,, = 0.7. where Pbc is the beam velocity at the injection point. Making
The electron beam current is issumed to be 5.5 kA, which use of the velocity definition dz/dt = Pc and the definition 9
corresponds to ab = 0.037 for the beam parameters = wt, we obtain
mentioned above. The normalized electron beam velocity is
Pb = 0.8. Note that these beam and plasma parameters 4p - e eexp(--¢)sine. (7)
satisfy the instability criterion in Eq. (2). Therefore, the - p
normalized growth rate xi is estimated to be xi = 0.17
obtained from Eq. (3). The plasma column needed for the
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where use has been made of the fict that the parameters e = which has a significant meaning because it deterninmes th

'10b/Yb(yb2-1)xi < < 1. Equation (7) relates the present length of the klystron amplifier. Remember that the
time t to the initial time to. Differentiating 9 in Eq. (7) with parameter l/e in Eq. (13) is much larger than unity in
respect to 0 gives general. Several points are noteworthy from Eq. (13). First,

the microwave tube length (z.) is inversely proportional to
At - I - exa(51LCcos6. (S) the normalized growth rate (xi) of the two-stream instability.
A We have observed in the stability analysis that the growth rate

xi is a slowly changing function of the plasma density, but it
is sensitive to the beam current. The growth rate can be
significantly increased and the tube length can be considerably

The beam current at the injection point is a constant shortened, by increasing the beam current Ib or the ratio of
value of lb- The beam segment to passes the injection point Rc/Rb. Second, the tube length is proportional to ln(l/e),
at time t = to. When this segment arrives at z in time t, it is indicating that it is a weakly dependent function of the initial
stretched by a factor of dt/dto. Thus, the beam current of the energy modulation at the first cavity. In this regard, a
segment to at z is proportional to dOld9 . In this regard, the relatively low-power microwave input in the first cavity may
normalized current ratio F(C,O) is expressed as well excite the two-stream instability in the beam-plasma

region and may deliver a highly modulated electron beam to
F(C,6) - ) - NO (9) the extraction cavity. Third, the length of the microwave tbe

Is IddI/del is inversely proportional to the frequency. The higher the
frequency, the shorter the tube length. Equation (13) also

where the normalization constant N(C) is defined by indicates that the tube length can be drastically reduced by
decreasing the beam energy. As an example, we consider a

-- - "'Irde lde. (10) system where e = 0.01, xi = 0.13, Pb = 0.8, and the
N(C) 0 microwave frequency is 3.5 GHz. Substituting these

parameters into Eq. (13), we find the tube length zm = 30
The normalization constant N(C) ensures the charge cm. These parameters are easily attainable in the present
conservation, experimental conditions. There is a broad range of system

parameters, which the present technology allows. Obviously,
Substituting Eq. (8) into Eqs. (9) and (10) gives the the plasma klystron amplifier has a great potential for high-

current modulation power high-frequency microwave device. There will be many
different plasma configurations, which may be more

(i---/----(1 -fcose), C < C. advantageous for the plasma klystron amplifiers. For
F(C,0) - example, an electron beam can propagate through a plasma

N(C)II1 -fOOSe, C > C",, cylinder, providing a large plasma volume.

where the exponential function f(C) is defined by IV. REFERENCES
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Sheet-Beam Klystron RF Cavlties"

David Yu, DULY Research Inc., Rancho Palos Verdes, CA
Perry Wilson, SLAC, Stanfor,4 CA

We consider in this paper several design issues unique
to the sheet-beam klystron cavities. In rectangular cavities,

A high-frequency sheet-beam klystron operating at a the electric field is not uniform across the transverse
low perveancelper square can produce high peak power at direction perpendicular to the sheet beam. Electrons
high efficiency . In order to provide beam stability and to arriving at different points along the gap at the same time
maximize power extraction efficiency for a flat beam with would experience different axial forces which could destroy
a finite width, we have designed rf cavities in which the the beam coherence downstream. Another potential
electric field is nearly constant across the width of the problem is rf feedback for the fundamental TM mode be-
beam (on the order of several wavelengths). However, in tween adjacent cavities. If this mode is coupled to an
such cavities, the electric field in the fundamental mode can above-cutoff TE mode which is excited in the drift region,
couple to the TE propagating mode in the drift section if power can leak back upstream. This can occur, for in-
any cavity or beam asymmetry is present. The dipole field stance, if there is asymmetry in the cavity or beam current
can couple between adjacent cavities even in the absence of as a result of manufacturing imperfections. Similar consid-
these asymmetries as long as the frequency is above cutoff erations apply to higher order modes, some of which can
of the drift tube. The effects of coupling between rf couple even in the absence of any such asymmetries.
cavities are calculated using an equivalent circuit model. Fortunately, this problem can be cured, if necessary, by the
Threshold parameters for onset of rf ospillation in the use of one or more quarter-wave chokes. The conditions
fundamental mode as a result of cavity coupling are under which the choke joints are necessary will be estab-
obtained. We have designed choke cavities which effective- lished.
ly prevent such possible oscillations. ,F C"If

Anf VOWu cm ot•,t caft

Introduction

The sheet-beam klystron (SBK), Fig. 1, can alleviate
many limitations on the efficiency of conventional round- _ --d/

beam X-band klystrons. Some of these include space
charge effects at high current densities, electrical break-
down across small gaps at high voltages, and potential
metal melting due to beam interception at high power
densities. By flattening out the beam spatially, the SBK F/

significantly extenuates the space charge effects. It can Sheekt,,
achieve high power by sustaining a high total current, while
keeping a low current density and a moderate voltage. It Figure 1 Schematic of Sheet Beam Klystron

can also avoid the serious potential problem of metal
melting by keeping a low power density. As a function of SBK Cavity Desihn
frequency, the power output of a sheet-beam klystron falls
only linearly with wavelength, making it more suitable for The electric field of the lowest TM mode of a simple
high frequency applications. metallic rectangular cavity has a half sine distribution which

In an earlier design study', .'e found that a sheet-beam peaks at the middle and vanishes at the boundaries. In
klystron operating at 11.4 GHz and a low perveance per order to accommodate a sheet beam several wavelengths
square (about 0.1 micro-perv.) is capable of producing over wide, the rectangular cavity must be modified so that the
200 MW of power at 65% efficiency. Typical operating axial electric field, at least in the region where the beam
parameters of a sheet-beam klystron are: a cross sectional passes through, is approximately constant. One design
area of 0.4 cm x 16 cm, a moderate voltage of about 400 strategy is to operate the center portion of the cavity near
keV, a strip gun compression ratio of 10:1, a cathode cutoff, with a widened I ortion about a quarter of a wave-
loading of 12 A/cm2 and a longitudinal focusing field of 3 length long at each end . We have used the MAFIA code
kG. These results were obtained with CONDOR simula- to design these cavities and found that good field uniformi-
tions, in which cavities were treated as ports with proper ty can be achieved in this way. Fig. 2 shows the axial
voltages and phases. The cavity geometry must be estab- electric field of the fundamental mode at the midplane
lished in a detailed design. (perpendicular to the beam line) of such a *barbell* rectan-

0-7803-1203-1/93$03.00 0 1993 IEEE
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gular cavity, 12.6 cm wide and 6.885 mm high at the mid-
section, and 1.3 cm high at the ends. The cavity is connect-
ed to a beam pipe 5 mm high. Th'e cavity parameters .
calculated with MAFIAare f=11.42GHz, Qo= 6438and - , , , ,,----

R/0 0 - 17.3 ohms. The axial electric field of the funda--
mental mode as a function of the transverse distance along Figure-
the centerline of the cavity is shown in Fig. 3. Fundamental Mode of

0_ Two Coupled Asymmetric Cavities
0( 9 0 0 CC' C1, " 0C, C) K3)0 0 Alternately, the external Q of an asymmetric cavity

0 !coupled to the beam pipe can be calculated using the Kroll-Figure 2 Barbell Cavity Yu (KY) method 3. Making four URMEL runs with

different pipe lengths, we find Qet = 246.

7_ The electric field of the dipole mode for two coupled
symmetrical cavities is shown in Fig. 6. Because the cavity

field pattern for this mode reverses directions about the
' center plane, the asymmetry naturally allows coupling to

- I TE in the beam pipe, resulting in strong coupling between
I \ ± the two cavities. The coupling constant and the external Q

Figure 3 are calculated similarly as above. We find in this case
me -t Axial Electric Field - k=0.127 and Q,,=l.4. Introduction of an artificial cavity

of Barbell Cavity asymmetry as in Fig. 5 does not affect these results signifi-
"- __ cantly.

Coupling between RF Cavities

The electric field of the fundamental mode of two Fgr
rectangular cavities separated by a distance (2.32 cm) is Dipole Mode of Twvo Coupled Cavities
shown in Figs. 4 and 5. In Fig. 4, each cavity is assumed to The transient and steady-state cavity voltages of two
be perfectly symmetric about the center plane. The perfect coupled klystron cavities are calculated using an equivalent
symmetry in this case precludes any coupling between the circuit model shown in Fig. 7. Each cavity is represented
cavities. In Fig. 5, a large artificial asymmetry is introduced by a parallel RCL circuit. The circuit resistance, capaci-
in the cavity geometry: the height of the upper cavity is tance and inductance (R, C and L) are computed from the
greater than that of the lower cavity by 14.3%. In this case, shunt impedance, frequency and R/QO of the cavity.
the TM cavity mode readily couples to a TE mode in the _____

beam pipe. Thie coupling of the two cavities via the beam ''

pipe splits the uncoupled frequency into two normalI
modes: a symmetrical and an antisymmetrical mode. The k. C TL L L LIIIE }
coupling strength k between the two asymmetric cavities is
directly proportional to the frequency splitting, Af. For j
these cavities, we find k=Atf/f=O.0467.n:

Figure 7 Equivalent Circuit

_F- --To simulate the klystron operation, the first cavity is
driven by a current source at a frequency, w at or near the
fundamental frequency of the cavity, wo= lIVLC, T~he
second cavity is driven by a current controlled by the
voltage of the first cavity with a gin g=IjYcV,, where I

Figure 4 and V are the current and voltage of the respective cavity
Fundamental Mode of and Yc is the cavity admittance, Yci I/R+elitceL+jwC The

Two Coupled Symmetric Cavities increased rf current in the second cavity results from
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velocity modulation of the beam due to its interaction with the effective value of Z0 to Zo+R%(R/Zo,). The cavity
the first cavity and with the drift tube. The two cavity voltages can be stabilized in the presence of strong coupling
circuits are coupled by ideal transformers connected by a by choosing a suitable value of RX/.
transmission line with a characteristic impedance Zo and a
phase delay, 81, where 8 and I are, respectively, the Choke Joints
propagation constant and the length of the transmission
line. The coupling constant4' 0(-Qe/OQ) is also equal to A very effective way to decouple adjacent resonating
the ratio of the transmission line transconductance to the cavities at a given frequency is by placing a choke cavity an
cavity transconductance, divided bt the square of the trans- odd multiple of quarter wavelengths away from the end of
former turns ratio, or 80-(1/n )(R/Zo). We use the the main cavity. The choke cavity height is about a quarter
PSPICE program to simulate the circuit performance. In wavelength. Fig. 9 is an URMEL field plot of the funda-
general feedback in coupled cavities, if unabated, could lead mental mode of an asymmetric cavity with a choke joint.
to an exponential rise in voltages. However, with proper Compared with Fig. 5, the TE propagation in the beam
choice of parameters, it is possible to essentially uncouple pipe has been clearly halted by the choke. Using the KY
the cavities. Fig. 8 shows a simulation in which the method, we calculate Q., for this waveguide loaded cavity
voltages gradually rise and reach steady state in a few rf with the choke joint to be 9.9 x 104, sufficient to prevent
cycles. The cavity parameters for this case are: R= 1 x 10W oscillations up to a gain of 15. A choke joint for the dipole
ohms, f=11.424 GHz, R/Qo==20. The transformer is mode can be similarly designed. Fig. 10 shows an URMEL
assumed to be perfect, i.e. n=-. The transmission line is plot for this case. The calculated Q., for the dipole mode
characterized by Zo=1 x 107 ohms (a.=.01) and Bl=w/2. with choke is 5.9 x 103, compared to 11 with no choke.
The second cavity is driven by a current gain of 10 over the
first cavity.

4-S

2-

0. Figure 9 Choke Cavity for Fundamental Mode
1ý 0 30 4W0 ae0tne)

Figure 8 Transient Response from PSPICE Simulation

The allowable gain without onset of oscillation can be -.-..-.- - -

derived from the steady-state solution. Thus, we find - -.....- -

1 P, P.

Figure 10 Choke Cavity for Dipole Mode

where x a tan(BO), and

y'-YJGY/.1R-l+J2Q.8; 6-(W-W)/)(,. We thank R. Miller, W. Herrmannsfeldt, K. Eppley

and D. Farkas for helpful discussions.
At critical coupling (I3o=1) the allowable gain is g=2 for
any x. On the other hand, if 15o•, i.e. weak coupling or Work supported by DOE SBIR Grant No. DE-FGO3-
Qen0Q0 , then IgI-l/80 except when x is close to zero. 91ER81116 and DOE Contract No. DE-AC03-76SF00515.
Thus to facilitate a pin of 10, for instance, the value of
Q., must be greater tha- &4 x 104. 1D.U.L Yu, J.S. Kim and P.B. Wilson, AlP Conf. Proc.,

Parasitic oscillations between cavities can also be Third Advanced Accelerator Concept Workshop, Port
prevented using absorptive materials in the drift section, or Jefferson, Long Island, N.Y., May, 1992.
using choke joints. The latter will be discussed in the next 2K.R. Eppley, W.B. Herrmannsfeldt and R.H. Miller,
section. To simulate absorption, we add a series resistance, SLAC-PUB-4221, Feb., 1987.
It, on either side of the transmission line in our circuit 3N.M. Kroll and D.U.L Yu, Part. Accel., 34, 231 (1990).
model. The series resistance has the effect of increasing 4p.B. Wilson, SLAC-PUB 2884, Sec. 3.5, Feb., 1982.
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Beam-Wave Interaction in a Quasi-Periodic Structure *

L. Schfichter and J. A. Nation
Laboratory of Plasma Studies and School of Electrical Engineering

Cornell University, Ithaca, NY 14853 USA

Abstract we have to consider the entire spatial spectrum of waves

An analytic method to analyze a quasi-periodic disk therefore the magnetic vector potential reads

loaded waveguide is presented. We rely on Cauchy residue
theorem to formulate the transmission and reflection from
a system composed of radial arms and grooves provided A,(r, z;w) = I dkA(k)Io(rr)e-j3k (1)
that the inner radius is always the same. The quasi- -00
analytical approach is not limitted to slow variations of where r 2  = k 2  /C2 , Io(x) is the modified Bessel
the geometry. function of the first kind and the system is assumed to be

I. INTRODUCTION in steady state (ehwt ). In the arms or grooves the electro-

The constraint imposed by the NLC requirements on the magnetic field should be represented by a superposition
output spectrum of an RF source limits the input section of modes which satisfy the boundary conditions on the

of any system to a very good frequency selective device. metallic walls. In principle an infinite number of such

From this perspective the klystron cavity or a combination modes is required. Our experience indicates that as long

of a cavity with a magnetic field as in the case of the as the vacuum wavelength is about 5 times larger than

Choppertron(1 ) or an FEL(2), are the natural candidates the groove/arm widlth the first mode (TEM) is sufficient

for the input section of any RF system. The main secti for most practicaln

can be a set of isolated cavities as in a klystron, a traveling
wave (TW) section or a combination of the two but the t
breakdown problem will force us to use a TW structure as
an output section with one or more extraction ports(3- 4).
A high power traveling wave structure is conceived as a

section of a periodic disk loaded structure and its electro- JV CON•L

magnetic characteristics are determined as if the system
was infinitely long. Practically these are a set of cavities
which are coupled through the disk aperture. At the other TLJ
extreme, the klystron is a set of a few isolated cavities. In
the former case the beam interacts with a wave continu-

ously, whereas in the klystron the beam interacts with the Fig. 1 The schematics of tle quasi-pcriodic system.
field in the close vicinity of the cavity. The interaction in
a uniform periodic structure (TWA) or in a few uncoupled This assumption is by no means critical ror the present
cavities (klystron) is relatively well understood. But we analysis and the arguments are very similar when a larger

lack analytical or even quasi-analytical tools to accurately number of modes is required however we use it since it

investigate the interaction in transition region - which is makes the presentation much simpler. Within the frame-

exactly what is required for construction of an adequate work of this approximation we can write for the magnetic
output section. For this purpose we have developed an vector potential in the input arm

analytical method to investigate the beam-wave interac-
tion in a quasi-periodic structure. The method relies on A,(rz;w) = A,,U')(tr)+D H'2)(
an arbitrary number of pill-box like cavities of any dimen- A ) r) (2)
sion and an arbitrary number of radial arms. The only
constraint is that the radius of the coupling pipe has to where H(l)(z) and H(2 )(z) are the zero order Hankel func-
be always the same. tion of the first and second kind respectively; Ai,, repre-

II. BOUNDARY CONDITION PROBLEM sents the amplitude of the incoming wave and D, is the
amplitude of the reflected wave which is yet to be deter-

The system described above is illustrated in Fig.1. For mined. In the nth (1 < n < N) groove we have
the purpose of this presentation we shall describe only
the system without the beam and we shall indicate where A n(r, z;w) = DnTo,.(wr) , (3)
the differences occur when a beam is present. Unlike in c
a periodic structure where the field in the inner cylin- Dn is the amplitude of the magnetic vector potential,
der (0 < r < R/nt) can be represented by Floquet series To,n(tr) = Jo(•r)Yo(5 ýRext,n)-Yo(Qr)Jo(QResgn) and
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R.,g,. is the external radius of the nth groove; later we
shall also use the function T1,n('er) = J.1('r)Yo(!R..t,n)-
Yi (t r)Jo(Q R.s,,n). Finally in the output arm 0 ,50- 2 zJ d ej&("-13)

A. w) DNU 2 (-r) (4) =I°(A) = 1 k +-r+
c (10)

In order to determine the various amplitudes we next im- where r. = (p./Rwnt) 2 
- (W/c)2 . The last integral is the

pose the boundary conditions in a way which is similar to Green function of a uniform waveguide and is easily eval-
what is being done in the case of a periodic structure. The uated as G(z: 1z2) = F ~er -1 This result permits
main difference is that we no longer can look at what hap- us to express the matrix X in terms of analytic functions:
pens in a single cell to characterize the entire system but for n = m
we have to consider each individual region. The bound-
ary condition problem is formulated next in terms of the
amplitudes in the grooves and arms in a matrix form: Xn0n[=-e 0e-e"sihc(e,,,)] (11)

Sn,mDm= SnAin (5)
m=1

where and

r,,m = 4 '1,n6 n,m -,0,mXn~m

S , = H (' + J41 '(a)X ni (6) X = T *=I (12)

otherwise. In this expression sinhc(z) = sinh(z)/z and

L1(k) = -I dzefh.d (7) o.,, = r.dn/2. The electromagnetic problem has been
dn J,.-d, /2 now simplified to inversion of a matrix whose components

are analytic functions. The transmission pattern of the
structure fits well the predictions of the dispersion relation

, H(2 )(() n = 1 or n = N (8) of an infinite structure.
.T~,,(a) 1 < n < N In the presence of the beam, using the fluid model, the de-

and nominator in Eq.(9) is a more complex function than the
Io(A), which in addition to the electromagnetic modes it
includes the space charge modes. Once the poles are iden-

dm •/0f 1.(A) tified the only aspect which remains to be consider is the
X*,m = - dk L- (k)Lm(k) (9) fact that the space charge waves, unlike the electromag-

netic waves, always propagate along the beam.

With v = 0, 1; zn is the location of the center of the n"s IV. DISCUSSION
groove or arm and d4 is the corresponding width. Finally

t=Rint and A = rR,.. Next we shall illustrate the potential of this method. And

III. CAUCHY RESIDUE THEOREM the first goal is to determine what should be the location
of the arms for adequately feed power into a 9 cell narrow

The next step is to evaluate the integral which defines the band structure (Rezt = 14.2mm, Rint = 6.2mm, L =
matrix X in terms of analytic functions. This is done by 12mm and d = 6mm). Fig. 2 illustrates the geometry of
using the Cauchy residue theorem. First we substitute the the narrow band structure with 9 cavities and two arms.
explicit expressions for Ln(k) from Eq.(7). Second, we ex- In the first case the arms are 6mm from the first cells
amine the integrand we observe that there are an infinite and we observe that the average transmission coefficient
set of poles which correspond to Io(A) = 0. Bearing in is -20dB. When the drift region was shortened to lmm
mind the relation between the modified Bessel function the transmission coefficient increases dramatically to an
and the regular one(Jo(z)) we realize that the condition average value of -3dB (this result was qualitatively ob-2

above is satisfied for P2 = (1)2 _ 2,-; here p, are all served in experiment).

the zeros of the zero order Bessel function of the first kind Let us now assume for a moment that we have matched
i.e. Jo(p,) 0 0. According to the Cauchy's theorem the the cold system fo a given frequency i.e the gain in dB,
contribution to the integral will come from the poles of lOlog(IDNI2dNI/Aiin 2d1) is zero. We know that in the
the integrand hence the integral in Eq.(9) reads narrow band structure very high gradients develop in the
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interaction process - in particular in the last couple of quency. Fig. 4 illustrates the transmission characteris-
cells. tic of system driven by IMV, IkA beam whose radius is

-, 3mm. The two sections are separated by a 3cm long drift

0 L region and thus electromagneticaly they are completely

L 4 isolated. In the left we present the geometry and in the
-20 right the transmission coefficient. The location of the drift
4 tube is critical as illustrated. The periodic structure was

a. L designed with a phase advance of 2v/3 and we observed

SI that when varying the location of the drift region, each
-60 three cells the picture repeats.

-100 I
8.6 8.7 8.5 8.9 9.0 9.1 2L

freq (GHz) J

Fig. 2: The transmission coefficient for the two structures -C 2S 4 , 1 K U U V? U U VA 9. #.3

1 hown in the right corner. I tow

Uaim ai}urm

£0

U UO 9A -3a246812U1 ,a.,$ o919f l 7  ~ :Fig.~ 4: Transmission coefficient of an active system. T'he

"drift region is 3cm long.

4 In conclusion, we presented a method to calculate the

12- W 6. electromagnetic characteristics of a quasi-periodic struc-
a o U 9•1 ture which consists of radial arms and a set of coupled disk

plihed vnersina predisene here woe usedt conlytant sInglhe smodSplified vrinpresented heewe usdonly a single md

S Lm - I to represent the field in the grooves and arms this can be
1mextended to a larger number of modes. However this is

7 22-L a. more than 1/5 the vacuum wavelength; accordingly the

Sa 9A order of the matrix r increases.
r(OW V. REFERENCES

Fig. 3: Transmission coefficient of three structures. Work supported by USDOE and AFOSR.
In order to avoid rf breakdown we want to increase the [I1 Suppression of beam induced pulse shortening modes
volume where the electromagnetic energy is stored and in high power RF generator TW output structures";
by that we lower the energy density and consequently the J. Haimson et. al. SPIE Proc. Vol.1629 p.209 (1992).
field. We started with a "linear" tapering of the external [2] "Two-beam linear colliders" by K. Hubner in XVth
radius (of the last three cells increases linearly). We have International Conference on High Energy Accelera-
varied the width of these cells and their separation in a tors, HEACC'92 Hamburg 1992,p. 791.
wide range of parameters to bring the transmission coef- [3] "High-gradient electron accelerator powered by a rel-
ficient to OdB at given frequency and the best we could ativistic klystron", M.A. Allen et. al. Phys. Rev.
achieve was -3dB which is not acceptable; see Fig.3. At Lett. 63 p. 2 4 7 2 (1989). Rev. Sci. Instrum., 57, 855
this stage we returned to the initial geometry only that (1986).
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Abstract the narrow bandwidth structure. In this work the
At output powers in excess of 100 MW we have noted shunt impedance is defined by the relation

the development of sidebands in many TWT structures. E.(r = 14)lrri'
To address this problem an experiment using a narrow Z. 2P
bandwidth, two-stage TWT is in progress. The TWT
amplifier consists of a dielectric (e = 5) slow-wave struc- where E,(r = R4) is the longitudinal electric field at the
ture, a 30 dB sever section and a 8.8 - 9.0 GHz passband beam location, ri is the inner radius of the structure, and
periodic, metallic structure. The electron beam used in P is the total power which flows in the system (both quan-
this experiment is a 950 kV, 1 kA, 50 ns pencil beam tities are calculated in the absence of the beam). The
propagating along an applied axial field of 9 kG. The di- high shunt impedance of the narrow bandwidth ampli-
electric first stage has a maximum gain of 30 dB measured fiers leads to high values of electric field in the structure.
at 8.87 GHz, with output powers of up to 50 MW in the Calculations and simulation results show that for output
TMo1 mode. In these experiments the dielectric amplifier powers of 200 MW the electric field on the wall will be
output power is about 3-5 MW and the output power of , 200 MV/m.
the complete two-stage device is -, 160 MW at the input
frequency. The sidebands detected in earlier experiments I. EXPERIMENT
have been eliminated. We also report measurements of the
energy spread of the electron beam resulting from the am-
plification process. These experimental results are com-
pared with MAGIC code simulations and analytic work _

we have carried out on such devices.

I. INTRODUCTION

Earlier experiments [1] using two-stage ripple wall
TWTs with - 1.8 GHz bandwidths have achieved out-
put powers in excess of 400 MW at -, 9 GHz. However
at these levels up to 50% of the output power is emitted
in asymmetric sidebands. Analytic work [21 has suggested
that this process is due to finite length effects and reflec- Fig 1. Schematic of the two-stage narrow band ampli-
tions from the transition regions in the slow wave struc- (1) sibcamadide , (2) dlriow wave structure,
tures. To address this problem we have designed several (3) silicon carbide sever, (4) narrow band structure, (5)
low group velocity, narrow band structures (NBS) to ef- output horn, (6) input waveguide, (7) magnetic field coil.
fectively transit time isolate the input from the output. The dielectric first stage of the amplifier (fig. 1)
In addition since the inner diameter of these slow wave preamplifies the 20-50 kW magnetron input by -20 dB.
structures is beyond cutoff we achieve significant atten- A silicon carbide sever is used to attenuate by 30dB the rf
uation of any reflected signal from the output. For the wave amplified in the first stage while allowing the space
forward amplifying wave the attenuation is unimportant charge wave to propagate into the second stage of the am-
because the electron beam couples successive cavities of plifier. In addition, the sever attenuates the reflected wave
the amplifier, from the output end of the second stage, and prevents sys-

The interaction in the narrow band structure has tern oscillation due to feedback. The narrow band ampli-
been studied both analytically and with the particle-in- fier serves as the second stage of the system and consists
cell code MAGIC. As a result of the interaction process of a ten period iris loaded waveguide. The structure has a
the energy spread of individual electrons can be as high as 1.2 cm period, and a 1.42 cm external radius. Each iris is
60% of the initial beam energy, while the average energy 0.6 cm long with an internal radius of 0.62 cm. To couple
of the beam is reduced by less than 10%. The analytical the power out of the narrow band structure, the width
results indicate that a gain of 5 - 7 dB/cm can be ex- of the last iris is reduced to 0.1 cm. This modification
pected compared to 1 - 2 dB/cm in the broad passband is essential for efficient output coupling. The system is
structure. This results from the high shunt impedance of driven by a 950 kV, 1 kA, 50 ns, 0.6 cm diameter elec-

tron beam. The output power is determined using far field
• Work supported by USDOE and AFOSR. measurements and has been confirmed calorimetrically.
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As stated earlier substantial electron energy spreads spectrum is shown in fig. 4 for three sets of conditions.
occur during the interaction, with some electrons gain- 600
ing energy while others loose energy, depending on their '
phase relative to the wave. The electron energy spread re- 450-
suiting from the amplification process is measured using a til
small deflection angle magnetic spectrometer. The spec- q
trometer field can be varied to change the energy range of V_ 300-
the particles detected by a strip of electron sensitive film. ,"
The film is then optically scanned to produce an output L. 150
electron energy spectrum with the electron deflection cal-
ibrated to measure the particle energy. 0

380 643 964 1285

III. EXPERIMENTAL RESULTS FeAF(MHz)
Fig 3. FFT of the measured output signal showing single
frequency output.

The output power of the TWT's is measured using 50.0
far field measurements of the gain. An independent mea- #2204
surement, up to output levels of 65 MW is obtained from 40.0
a calorimeter (31.

The output power of the single stage alone is of order 3. -(a)

3 MW, and has been increased to 50 MW before rfbreak- 20.0
down occurs on the dielectric. The power from the two
stage device is measured as a function of input frequency 10.0
and is shown in fig. 2. Power levels from the calorimetric -- "
measurements are also shown to correlate well with the 0.0
gain data up to 65 MW. Above this level the pressure 0.1 1.0 10.0
transducer in the calorimeter saturated. The maximum 50.0
output power is - 160 MW. At these power levels the rf #2205
pulse duration matched that of the driver electron beam. 40.0

30.0 (b)

200
e Fa Filod 20.0

150 10.0-

0.01000. " .. . .' . . . .
10 0.1 1.0 10.0

9. o 0 50.0so 0 
#2208

0 . • o • o o . 40.0

8.5 9.0 9.5 " 30.0 (c)
Frequency (GHz)

20.0

Fig 2. Measured frequency response of the NBS amplifier. - 0.0
0.1 1.0 10.0

The frequency content of the sampled output signal is Energy (MeV)
measured with a double balanced mixer using heterodyn-
ing techniques. A typical fast Fourier transform (FFT) is Fig 4. Electron energy spectra at the amplifier output.
illustrated in Fig. 3 and is within :20 MHz of the input (a) Injected electron spectrum, (b) output energy spec-
frequency. Note that the output is single frequency and trum without rf input, (c) output onergy spectrum with
the sidebands have been eliminated. The electron energy rf input.
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Fig. 4a shows the spectrum of the injected e"ectron The elimination of the sidebands can also be viewed
beam. In fig. 4b we show the spectrum without any rf as a transit time isolation. It the 15cm long NBS. with
input. In this case the wave grows in the amplifier struc- a wave energy velocity of V.,r = 0.007 c, it takes about
tures from noise, causing a substantial change in the elec- 75 ns for a reflected wave to reach the input. This is
tron momentum distribution. The main peak is at the longer than the electron pulse duration, and consequently
injection energy of 900 kV, but there is also a significant the beam is unaffected by the time the reflected wave am-
component at 250 kV. This component is not present in plitude becomes significant at the input to the amplifier.
the absence of the amplifier structures and is clear ev- At present we are exploring the use of somewhat broader
idence that the wave growing from noise has extracted band structures e.g. 400 - 800 MHz to identify the lim-
energy from the electron beam. The spectrum with rf its under which we can operate without sidebands. The
input, fig. 4c, shows a larger spread in electron energies shunt impecance of a structure is inversely proportional to
extending from 0.25 - 2 MV with a clear component at the wave group velocity, so the broader band devices will
higher energy than that of the injected beam. In addition have a lower shunt impedance and hence the electric field
the lower energy peak has been smeared out, possibly due of the wave will be lower for a given power flow through
to the amplifier being too long and some electrons being the TWT. In addition we are exploring the possibility of
reaccelerated. interacting with the first space harmonic of a slow wave

IV. DISCUSSION OF RESULTS structure in order to reduce the wave growth rate, and
the wave electric field, for a given power flow.

The dispersion relation of the narrow band structure In conclusion, we note that the use of traveling wave
compared to our earlier wile bandwidth (1.7 GHz) de- tube structures offers an alternate approach for the gen-
vices is shown in fig. 5. In the wide pass-band structures eration of ultra high power microwave signals. Operation
an electron velocity spread between 0.8 c - 1.0 c gener- may be in a mode in which a TWT amplifier is used as
ates noise in a 300 MHz frequency range. In the narrow a stand alone device for microwave generation or as the
pass-band (200 .11Hz) structure described here the noise output structure for a klystron. In the latter scenario the
generated is restricted to a range of 20-30 MHz. This, in output structure may have additional gain or may be used
effect, overlaps the input signal and eliminates the side- simply as a device for power extraction. In either case the
bands. MAGIC simulations of narrow band amplifiers use of the TWT allows for a reduction in the electric field
show single frequency output up to high power levels as strength at the output port.
shown in fig. 6. V. REFERENCES
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Abstract As shown in Fig. 1, the amplifier has three sections: the
beam-injection and signal-input section, the slow wave inter-

A high-power X-band traveling-wave tube CTWT) amplifier action section, and the output section. The input signal comeshas been designed. A disk-loaded circular waveguide is used from a 10 kW magnetron. The input coupler is of the type
as the slow wave structure (SWS) for wave interaction with a commonly used for high power TWTs(3]. The coupling from
450 kV, 80 A solid electron beam. From Pierce theory, the TE10 mode in the feed rectangular guide to TMo1 mode in the
predicted gain at 9.7 GHz is 1.94 dB/cm with an instantaneous tube is provided by a sidewall coupler placed in the first cell.
bandwidth of 5% and a phase advance of Xc/2 for the TMOI A movable stub tuner along the SWS axis serves to match
mode. Cold dispersion measurements show good agreement the microwaves into the structure and also allows an optimal
with the simulation. coupling over a wide bandwidth.

Introduction
There has been considerable attention in recent years toward _
high power microwave devices for applications ranging from
heating of fusion plasmas, to drivers for new generation of high
energy electron accelerators and radar systems. In the X-band
regime, high power TWT experiments have been successful
in acquiring large instantaneous bandwidth[l] and producing fill[ I a

high power[2]. For our current project, the X-band TWT am-
plifier is designed for 20 MW peak power, at 9.6 GHz, an
instantaneous bandwidth of 5%, and a saturated gain of 30 dB.
The electron beam used will have a 2.5 lis (Il.s fiat top) pulse Figure 1: Design of 9.6 GHz Relativistic TWT
length, 450 kV beam voltage and 80 A beam currenL Since
the energy per pulse is much greater than in previous experi- Disk-loaded waveguide is used as a slow wave circuit. Two
ments, study of interest will include phenomena such as power different structures have been designed, one with waveguide
saturation and sideband effect. radius b = 14.5 mm and disk radius a = 8.0 mm (designated the

In the following sections we present a description of the ex- R8 structure), the other one with b = 13.9 mm and a = 7.0 mm
perimental design followed by results of simulation and cold- (designated the R7 structure). Both structures have a periodic
test measurements. length of L = 6.0 mm and a disk thickness of d = 0.8 mm.

The number of periodic cells can be varied fru.m 32 to 64.
In order to minimize reflections from the output sections, aExperimental Configuration tapered disk-loaded section is placed between the SWS and a
smooth cylindiical waveguide. The linear tapering of the disksA high-voltage 2.5 jis (1 its fiat-top) pulse modulator pro-> inner radius occurs over two guide wavelengths. Finally the

vides the accelerating potential (450 kV) to the Pierce type smooth cylindrical waveguide leads to a conical taper with an
thermionic electron gun which has a measured perveance of output window.
0.27 uP, resulting in a beam current of 80 A. After being fo-
cused by a magnetic field with a maximum intensity of 3 kG,
the solid electron beam has a radius of 4 mm with minimal Simulation Results
scalloping.

'Supported by Swiss National Science Foundation, Fellowship No.8220- The dispersion relation of the slow wave sLucture is calculated
30665 using the URMEL code. The two structures were investigated.
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The TMW disperiuon curves for these two srcures am given
in Fig.2, Both curves intersect the 450 kV beam line ar x/2 Co [_ (2)
point at 9.6 OHLz. Z6 21(y+ 1)

where Z6 - Vb/l/ is the beam impedance, and y is the relativis-
tic factor of the beam panicle. Prom the values of coupling
impedance Z, obtained above, the calculated gain at 9.7 0Hz
for the R7 and R8 structures is 1.94 dB/cm and 1.59 dB/cm,I Irespectively. The total gain for 32 periodic cells of R7 StUcM-
ure is shown asa funcon of frequency in Fig4. It can be

seen that the maximm gain is 30 dB with an instamaneow
badwidth of 500 MHz.

I9 --- URMEL

1R7 measured (6 ceNs) 30
* measured (5 cels)

0 .3 .6 .9 1.2 -25

Figure 2: The dispersion curves for the disk-loaded structures. 20

URMEL is also used to obtain the coupling impedance,
which is defined as Z. = E24o/2k•P, where Eo is the first 1%
space harmonoic electric field amplitude of the synchronous 9.0 9.2 9.4 9.6 9.8 10.0
component of the E field, hq is the parallel wave number, Frequency (GHz)
and P is the power flow in the structure. The calculated cou-
pling impedance as a function of frequency for the R8 structure Figure 4: Total gain for 32 cells of the R7 structure as a
is shown in Fig. 3. function of frequency.

150 ----_ ------------- Cold-Test Results
120 The disk-loaded structures have been cold-tested with an

8 "12., HP8510 network analyzer by measuring the resonant frequen-
I I cies of the standing waves in a section of the SWS structure

90 -V.. composed by five and six cells(5]. The experimental setup forWm-94 r,,O.4cn 'V,_ this measurement is shown in Fig.5. The measured resonant
- I- rfrequencies agree extremely well with the dispersion relation

b-434cm . calculated from URMEL, as shown in Fig. 2.
30 a-O.7Ogcm 7Uu. The input coupler has also been cold-tested. The result

LwOsern shows that coupling with less than -10 dB return loss can be0 6.0.0cm .- i achieved with the designed coupler over a frequency range of
9.0 95 10.0 10.5 11.0 9.2 GHz to 9.8 GHz (See Fig.6). In order to avoid self oscil-

Frequency (GHz) lation of the tube for high gain operation, the implementation
of distributed losses and severs is foreseen.

Figure 3: Coupling impedance versus frequency at two differ-
ent radial positions r = 0.0 mm and r = 4.0 mm obtained from Conclusion
URMEL.

The design of an X-band traveling-wave tube amplifier has
According to Pierce theory[4], when the Pierce space charge been completed. The structure will be powered by a long-

parameter QC is negligible, the TWT maximum gain can be pulsed, high energy electron beam. Simulation indicates a
written as, gain of 1.94 dB/cm dB for the structure with an instantaneous

bandwidth of 5%. Cold dispersion measurements show good
G[dB] = -9.54 +47.3CN (1) agreement with the simulation. Design of broader instanta-

neous bandwidth structures as well as theoretical studies of
where N is the amplifier length in number of guide wave- the linear and nonlinear regime using field theory are under
lengths ad the Pierce gain parameta C is given by way.
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Tapered Tube, Microsecond Electron Beam Gyrotron Backward-Wave-Oscillators

R. M. Gilgenbach, M. T. Walter, P. R. Menge, and T. A. Spencer*
Intense Energy Beam Interaction Laboratory, Nuclear Engineering Department

University of Michigan, Ann Adbr, MI 48109-2104

Abstract power and long pulse operation [3). Recently, improvement
Experiments have been performed to test microave in gyro-BWO performance has resulted from tapered-

efficiency enhancement and pulselng&h extension of the interaction tubes [4). A summary of gyro-BWO experiments
gyroeron-backward- wave-oscillator (gyro-BWO) through the on taped interaction bibes is presented hem.
use of a tapered interaction tube. The MELBA accelerator
has bew utilized to generate electron beams with parameters: H. EXPERJMENTAL CONFIGURATION
V=-0.7 to -0.8 MV, 1=1-4 kA, and puelemgths from 0.5-1 ps.
The microwave frequency is magnetically amabe in the ram The expeimental configuration is depicted in Figure
from 4.6-6 0Hz. MAGIC code modeling has guided the 1. Electron beams are generated by the Michigan Electron
experimental selection of taper magnitudes to enhance Long Beam Accelerator, MELBA, at diode parameters:
efficincy and pulselength. The optimal taper magnitude voltage = -0.7 to -0.8 MV, Idiode= 1-10 kA, and
found in both the experiment and model has been a 10% pulselengths=0.5-1 ps. A velvet button cathode is utilized,
downapered tube, which gave a significant increase in both which reduces diode closure, to provide relatively flat current.
microwave tube power (factor of -2, up to about 80 MW) and The diode magnetic field coils are pulsed to generate about 1
pulselength (- 30 % average increase up to 0.38 in) over kG magnetic field. A graphite anode apertures the e-beam to
uniform tubes. Integated microwave pulse-Men y is also 5 cm diameter. The beam ent a solenoidal magnetic field
maximized for the 10% downtapered tube. Taper magnitudes coil on the transport tube, which generates 3-8 kG. This range
larger than 10% gave reduced microwave power and energy, of magnetic field allows the frequency to be magnetically

tuned from 4.6-6 GHz. A number of interaction tubes and
I. INTRODUCTION orientations were run: 1) copper tube with uniform cross

section and 1.9 cm radius (20 cm long), 2) tapered tube,
High power, long-pulse, microwaves have many average radius of 1.9 cm with 10% decrease in direction of e-

applications in RF acceleratos, defense electronics testing, beam propagation (defined here as downtaper or-
and plasma heat. One of the major challenges has been to orientation), 3) tapered tube with average radius of 1.9 cm
simultaneoly generate multimegawatt microwaves while with 23% taper (both + and - orentations tested), 4) tapered
maintaining the microwave oscillation mechanism over a tube with average radius of 1.9 cmn with 43% taper (both +
fraion of a microsecond. During the past several years, the and - orientations tested). Microwaves were extracted by an
uniform tube gyrotron-backward- wave-oscillator (gyro- S-band waveguide antenna at the diode-end of the machine.
BWO) [1,21 has shown considerable ifirnise for both high

To Wavegue S-Band Recngul WaveguideTo

0.64 cmt Lucie Window Diffusion

Mae Soleoidt Coilse

SMagetic InteactiagTu e t

Cathode st

Field Coils

Figure 1. Experimental Confi••aon for tapered gyro-BWO.
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Code Uses Group with Mision Researh Corp. PR. Meuge also received a fellowship from the UM Rackham Graduate

* T.A. Speuces permat adtessais the Air Fcxe Phillips Laboratory, Kirtland AFB, NM.
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Recent frequency-swept measurements of the microwave downtapered tube is more than a factor of two higher than the
coupling have shown a maximum coupling efficiency of -7.5 peak tube power (-30 MW) found thus far from the uniform
dB (-18%) between tube microwaves and this antenna. The tube. The high power microwave emission magnetic tuning
gyro-BWO microwave output was split by directional band was much larger for the tapered tube, as expected.
couplers and further attenuated for measurement with MAGIC code simulations predicted that the gyro-
calibrated diode detectors. Reflected microwaves were BWO power enhancement from tapered tubes was expected to
typically directed through a lucite window at the far end of the be optimal for the 10% downtaperd case, out of all the cases
gyro-BWO into a large tank lined with microwave absorber. run (±10%, ±23%, ±43%) This is in qualitative agreement

with the experiments, which showed reduced power at tube

III. EXPERIMENTAL RESULTS tapers of ±23% and ±43%, relative to the unifonm-tube case.
Significant increases in the microwave pulselength

Figures 2 and 3 show examples of gyro-BWO were also observed with the 10% downtapered-tube gyro-
experimental signals detected for the uniform tube and the BWO, as seen in Figure 4. The average pulselength with the
10% downutapered tube. Voltage and current signals from tapered tube was 380 ns compared with 300 ns for the
MELBA are fairly flat over at least the first microsecond of uniform tube, about a 30% increase. By integrating digital
the e-beam pulse. Generally, the microwave emission was oscilloscope microwave signals it was found that inferred
longer and the power was higher for the 10% downtapered integrated energy was also greater with the 10% downtapered
tube versus the uniform tube. Assuming the maximum value tube, compared to the uniform case.
of coupling (-18%) between the tube and antenna, the peak
microwave tube power (up to about 80 MW) for the 10%

Figure 2. Data for gyro-BWO with uniform tube: Figure 3. Data for gyro-BWO with 10 % downtapered tube:
a) Beam voltage (310 kV/div), a) Beam voltage (310 kV/div),
b) Microwave detector signal (25 mV/div). b) Microwave detector signal (100 mV/div).
c) Transported beam current (2 kA/div), c) Transported beam current (2 kA/div),
Solenoidal field is 5100 G. Solenoidal field is 5100 G.
Time scale is 100 ns/div. Tune scale is 100 ns/div.
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Quiet Start and Autotasking
for PARMELA

J. Gonichon, S. C. Chen, L. C-L Lin, P, J. Temkin,
Plasma Fusion Center

MIT

A bstract
.050 . . . :. ... .. .. . . . .Mhe simoulation Cods PARMBLA has been widely used in die * ~ ~ '

accelerator community far many years. Because of its simplic- ~ .. ::

-.. -, .. ..

however, he results forthe ematance and the other bem ,;:. a..

codes. ibi discrepOIcy comes in part ftrom the noise in- >- 3' ~**
trduced by the point to point space charge calc~ulai used .. .'* **

in PARMELA, when the particl. distribution is not uniform. -.025 -~~
luur we present a now losding scheme whi~ch mae the ji. *:n5..*. :
tal distribution in tde phase spaces mare uniform and redo=e

the same trns, the code has been slightly modified in ardier -.050 -.02S 0 .025 .050
to Permit ausolasking and vectorlzation on CRAY computers; x(Mthe speed up factor obtained far the calculation time is pro- x(m
partional to 4 times die number of CPU available on the comn-
POWr Prlminary simulations of a 17 GfHz RP Gun with the
PIC code MAGIC and PARNMLA show relatively good agree. Figure 1: 787 particles sampled randomly in the transverse
meat cousildering that PARMELA does not handle Wakeflelds s~P
and radiations.

succesfully tested in PEL simulations, which greatly reduces
L. INTRODUCTION this local bunching is described. Using this scheme, die calcu-

lated ernittuce is far less dependant on the number of pwcartceIn PARMELA, the space charg can be modeled by a point in the simulation. In Section III, we briefy describe fth mod-
to point calculation: each particle is assigned a super charg Ificatian of the source code in ardier to allow vectorization aid
and the Coulomb intracio between the particles is evalu- a10ultating. ]Finally, Section IV ptesents a prelimiinary cam-
ated at each time suep. When the number of particles in the parison between the Particle in Cell code MAGIC, and this
silAtioui is larg enough, this method gives relatively ac- nlew version of PARMELA.
cuat results; however, because the CPU time scaes as the

square of the number of particles, it very quickly becomes
PtahlbitIVeOus0emom O danafew thousand particles. If the IL QUIET STARTinitial distribution far the particles is not uniform, artificial lo-
cal baichag can a pear leading to high charge density arem Figure 1 shows a typical distribution of the particles on the
which we ntu physical; th1is phenomeno is enhuiced when photocathode are of the 17 0Hz Phosocathode RP Gun beingthe charge per MMW=encle is increased, or when the number constructed at Mrr [1]. Me3 particles are sampied using theof pairticles in doe simulation, for a c~sanstu total charg, is St~andr For=xu random, number generaor. It is easy wo see
decresed In Section II of this paper, a new loading scheme, htokes. and "bunches" due to the limited number of particles

*11ivUk Mis sqpaMd by the U.S. Dqmn ofFww~ generated. As mentioned earlier this artificial local bunchingN06 MB-FGW-9l-U4O6ss. leads to an increase in emittance which is not real. Figure 2
0-7803-12013-1/9S3.O@993" IM EE
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Emittance as a function of the number of particles

.050 .. .... 5

.025 4 [\,

>".*'2..........*..** *.*. *art-*.*..*_...
Random

..025 ">:•.. ...... e.s...-....
1'"

o1 . .. ... . . . .... . . ...-.0250 -0.

".0 -.025 0 .025 .050 102 103 104 10"

X (cm) Number of particles

Fiure 2. 787 particles sampled in the transverse space using Figure 3: Emittance calculated using random and quiet sum
Hammensly's sequence. x is sampled with r=-1 and y with
r=2

the CRAY computers [3] [4], the inner loop was vectorized
and the outermost loop was parallelized. It should be noted

shows the sane distribution sampled using the Hammersley' however, tot the calculation of the effect of the image charge
sequence (2]. Although there still are a few closely spaced in the cathode plane had to be eliminated. Work will be done
points, the particles are evenly distributed in the tranverse in the future to reimplement this important effect. The speed
space, The Hammersley's sequence is defined as follows: up factor with only one CPU is 4 due to the vectorization of

the inner loop. When using multi-CPU computers, the out.
{(j - l)/N,4 ),(jJ)43(),(J),...,0r0j,...), j e,....N ermost loop is distributed among the different CPUs and the

wall-clock time goes theoretically like the inverse of the num-
where 0,(j) is the radial inversion function in the base of a ber of CPUs. However, because the code is not 100 % parallel
prime number r: and because of the overhead produced by Autotaskin& typical

(j)aor- +alr-2+..., j=ao+alr +... speed up factors of up to 10 for the walil-clock time on the 16
Processor CRAY YMP C90 have been observed. The extreme

This yields for r=2 and r=3: 02(j) = 1/2,1/4,3/4, /8... un shown on Figure 3 correspond to 40000 particles nd 113
0s(j) = 1/3,2/3,1/9,1/3 + 1/9,... time steps, corresponding to 12 hours of CPU time with one

CPU.
A set of simulations for a 17 GHz photocathode RF Gun

cavity was done using the two types of distribution (random
and quiet start) and varying the number of particles simulated. IV. COMPARISONS WITH MAGIC
Figure 3 shows that the eminance calculated using the Quiet
Start(Hammersley's sequence) is lower and much less depen- The 17 GHz photocathode RF Gun cavity being constructed
dant on the number of particles than the one calculated using at MIT has been simulated using the PlC code MAGIC and
the random start. PARMELA. The fields calculated by MAGIC have been im-

plemented in PARMELA in order to account for non linear

III. AUTOTASKIICIG AND RF effects. Figures 4 to 6 show the beam parameters at the
exit of the cavity as a function of the charge, calculated by

VECTORIZATION the two programs. The number of particles in the simulation
in PARMELA is 500 and the effect of image charge in the

Whem the number of particles in the simulation is more than a cathode plane is included. The cathode radius is 0.5 mm, the
few hmdrad, rat of the calculation time is spent in the sub- laser pulse length 1.4 ps, and the initial phase is 12 degrees.
routine usd to simulate the space charge effects. This subrou- The results for the radius and the divergence agree to within
tine is cmlpoed of two nested loops performing the point to 10 % and those for the emittance and the bunch length agree
point caklcladm. By mdiu minor modifications inside the to within 30 %. The situation is less favorable for the energy
inna loop, ad using the Fortu preprocessors available on spread where the results can differ by a factor of 2 at low
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Figure 4: Eminance at exit of RF Gun cavity. Charge (nC)

charge. The reason for this discrepancy is still under investi-
ation.Figure 5: Bunch length at exit of RF Gn cavity.

V. CONCLUSIONS

A new loading scheme (Quiet Start) has been implemented in
PARMELA; it makes tho diatalbtion of the partic in the
transverse space more unifom and consequently reduces the
noise level introduced by local bunching. The emittance is
then much less dependant on the number of particles in the
simulation. The point to point calculation subroutime has been
parallelized and vectorized, leading to speed up factors of 4 1.25 .... .. . ..
in CPU time and potentially reducing the wall-clock time by . . ....

a factor roughly proportional to the number of available CPUs 1. .
on the computer. Preliminary comparisons with the PIC code / 1.00
MAGIC show an agreement to within 30 % for the emitance.
However, it is not yet understood why the energy spread can •..75 Parmnla //
differ by as much as a factor of 2 between the two codes. The im-"
reasons for this discrepancy am still under investigation. I .50 / "ai
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Waveguide Side-Wall Coupling in RF Guns
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Waveguide
A bstract Side-Wall Coupling

Waveguide side-wail coupling for RF guns in investigated RF -1
both theoretically and expermentaily. We model this
aperture-coupling problem by an integral equation which
is solved by the method of moments. The analysis yields
an equivalent circuit representation of the system. Of the
two normal modes of cavity resonance, the w-mode and ot

0-mode, we show that only the v-mode is excited. Exper- sia Ink=

imental results show good agreement with theory. Figure 1: A 1i-cell RF cavity coupled to a waveguide via

side-wall apertures.

I. INTRODUCTION
fed through the coupler. It is sufficient, from the equiva-Photocathode RF guns are promfising high brightness .e- lence principle, to solve for the unknown tangential electric

tron beam sources for free electron lasers and next gen- field on the aperture (denoted as 9')[4). The fields else-
esation linear colliders. Among existing systems, the I - where can be uniquely determined by V'. We introduce an
cell RF cavity design with a waveguide-side wall coupling equivalent surface magnetic current M. = Z' x A, where
scheme is most widely used[1,2]. This coupling scheme 6 is the unit vector normal to the aperture. M, can be
has been shown experimentally to successfully excite the expanded by a linear combination of basis functions Mj
desired r-mode resonance. However, until now there has (i = 1, 2,..., N): M. = E'j V Mj. From the continuity of
been no solid theoretical understanding of the coupling. the H field on the aperture, one obtains
In this paper, we present a theoretical study of the waveg-
uide side-wall coupling. First, we represent this problem [ywfI + Y"]V = I, (1)
by an integral equation based upon the equivalence princi-
ple. Next, we solve this integral equation by the method of with
moments. Then we construct an equivalent circuit repre-
sentation for this problem; a trasmission line shunt with YWJ = .H"DdsI4' H (Mj), (2)
a coupled GLC circuit. This circuit can be solved read-
lhy. The experimental data[3] are in good agreement with Y,• = I/ d1. .HK (Mj), (3)
theory. Js

Ih = -//dsM, . H'-', (4)

I1. THEORY AND COLD TEST
where H'(Mj) denotes the H field generated by Mj (for

RI z sU L T S z = wg, cv), W" denotes the incident H field, and S de-
notes the aperture region. The formulation is greatly sim-

Consider a pru-cell hF cavity coupled to a waveguide via plified if, on either side of the aperture, one has a canonical
side-wall apertures, as shown in Fig. 1. The aim is to px- geometry for which a Green's function in close form exists.
cite the v-mode resonance for the RF cavity with power In our waveguide side-wall coupling problem, the waveg-

•Tbie ruesr is osed by DOE under prnt DE-FG02-91- uide is a canonical geometry, but the 1 -cell RF cavity is

El•0s. not. However, it is obvious that the two cells are coupled

0-78031203-1/93$03.00 0 1993 I



Figure 2: An equivalent circuit for the waveguide side-wall Figure 3: An equivalent circuit for the case when the
coupling problem. waveguide is shorted at quarter-wavelength away from the

aperture.

to each other primarily via the waveguide rather than via
the circular iris (note that the circular iris is below cutoff, GLC circuits to the other side of the transformer, one ob-
while the waveguide is not). Therefore, one can adopt the tains the circuit shown in Fig. 3.
following steps to solve this problem: (l)Simplify by ignor- We define the variables
ing the iris and by representing each cell as apillbox cavity . Li.
- a canonical geometry. (2)Solve the simplified problem ai = + j (12)
by using the moment method and construct an equivalent 2 V 2
circuit representation. (3)Include the effects of the iris by for i = 1, 2 such that Jai 12 = stored energy in the i-th cell.
introducing a reactive junction in the equivalent circuit. Because one is interested only in the vicinity of resonant

The details of deriving Y.7' and Y." using Green's func- frequencies of both cells, the following approximations can
tions are given in [5]. Once Y" and Y"C are calcu- be used: (1)1 - ()2 = (I+ )(I-A) 2(1-AL),and
lated, the coefficients V, can be obtained using Eq. 1. se W, Wi 2(
Then one can obtain the reflection and transmission co- (2)ai - r Vi/eJe"'s. The circuit is readily solved given the
efficients in the presence of the surface magnetic culrrent above approximations:
M, = Vý. VMj using the Green's function for the waveg- r W - 1 rIl a,
uide. Then one can construct an equivalent circuit, as 1 I- jw -• ]' a2 ] [b] (13)
shown in Fig. 2, which gives the same reflection and trans- - (w- 2 ) a2 2

mission coefficient as those in the original problem. The where
equivalent circuit elements are

_____ __ _ _____ (14
= Im{lY) I m{Yl',1 •)/2 o (5 C + '•' (14)

Re{Y1') - Re{Y'Ful l-

(Im{Y? 2 ) Im{Y,$))/ 2 Y,, (6'2U .. ¢
X2 = ,,{yA,) =,,Y 12  " '() - 2 ' (15)

Xm{Y2'} =j__ _ (16)
- 2YoRe{YI4') (7) 2, C2 1

Cd = Xr0o JljI(xo1)J2  (8) -=. ,jWC1 (17)d ' 87'(Yo + .T,,,q
Li = wC/Q,, (10) b2 =jc&C ), (18)

-2Ax9? 1/ V8C2(YO + jWG3)'
n -2=,C (11) = C + C12 + C1s, (19)

I poX3V-dYoRe{Y ' C = C2 + C12 + C2, (20)

where R., di, w•,, and Q are the radius, length, resonant C = C13 + C23 -. (21)
frequency, and quality factor of the i-th pillbox cavity,
respectively, Ax, is the aperture width for the i-th pill- It is convenient to normalize frequencies with respect to
box cavity, and Yo is the characteristic admittance of the the coupling coefficient X: = . Then the eienvalues
waveguide. and eigenvectors of this system are

From the equivalent circuit, it is obvious that the waveg- n + n-
uide must be shorted a quarter wavelength away from the f = 2 2.)2 + 1, (22)
aperture so as to obtain maximum coupling. In that case, 2 9  -sn2
by using a Y- A transformation and transforming the S = [ a+ a. 1 o= sin cos 0 (23)
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( = W{ + VW22 + 11 (24) 0

The eigenmodes a+ and a- are known as the symmetric -4

(w-) and antisymmetric (0-) mode, respectively. The re- -6
spouse a is a linear combination of a+ and a-: a = Se -

c+a+ + c-a_ with c = S-'A'-b. Consider three special _10 -a."MHz
cases: (I)IM-i-l > I and Wl, > W2. Here, the two cells !--_12 mo.17.051G1{;
are nondegenerate and the first cell has higher resonant fre- I(p-mode)
quency. (2)I1ij"rr1 > I and W, < W2. Here, the two cells 1

are nondegenerate and the second cell has higher resonant -16
frequency. (3)11 Bi3fkI < 1. Here, two cells are degenerate. 16.7 16.8 16.9 17.0 17.1 17.2
The resonant frequencies ();, normal modes a*, and co- frequency (GHz)
efficients c* for these three cases are summarized in Table
1. In general, it is very likely that the cavity will be in Figure 4: The reflection coefficient for the untuned cavity.
either Case (1) or Case (2) before tuning; in either case
both the i-mode and 0-mode can be excited. To excite a
pure i-mode, one must tune the cavity until Case (3) is 0
reached. Then, if the condition c- oc (b2 - bl) -. 0 holds, -2"
one can efficiently suppress the 0-mode. -4

Cae (1) Can (2) Case) (-

nl+ wlx W2 +" 1 10
+1 12L0 al--121

0l - [ W2 o wl 14 -1 . 6 t
o~[~ 1] :[ 1  -1] 14 17.067GHz

C,.2xa-Y.) 16.7 16.8 16.9 17.0 17.1 17.2
c_ X (I Or- 7 V(n-n'_) frequency (GHz)

Table 1: Eigenmodes and their coefficients for three special Figure 5: The reflection coefficient for the tuned cavity.

cases.
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A High-Current Micro-Pulse Electron Gun*
Frederick M. Mako and William Peter

FM Technologies, Inc.
10529-B Braddock Road, Fairfax, VA 22032 USA

Abstract The best of these have somewhat higher brightness than the
A novel concept for a high-current-density micro-pulse injector in reference [1], but the reliability depends on the

electron gun has been studied. The concept employs the choice of photocathode material, with the more reliable
resonant amplification of an electron current by secondary materials requiring intense laser illumination.
electron emission in an rf cavity. We have studied this Summarizing, the methods used to date are rather
"multipacting" process in detail, including space charge, and complex, cumbersome, expensive, and have very definite
have found the parameters necessary to make use of the limits on performance. The method to be described appears
phenomenon to produce a micro-pulsed electron beam. One to be promising in large part because of a natural bunching
wall of the cavity is made partially transparent to electrons but process.
opaque to the input rf electric field. It is shown from self-
consistent analytic theory and two-dimensional, fully II. CHARACTERISTICS OF THE HIGH
relativistic, electromagnetic particle-in-cell (PIC) simulations CURRENT MICRO-PULSE GUN (MPG)
that the current density scales with frequency cubed. The
natural "bunching', or resonant phase selection of the particles Micro-pulses or bunches are produced by resonantly
gives rise to high current densities (20-5600 A/cm2), high amplifying a current of secondary electrons in an if cavity.
charge bunches (up to 100 nC/bunch for a solid beam and up Bunching occurs rapidly and is followed by saturation of the
to 1000 nC for a hollow beam), and short pulses (36-3.5 ps) current density within ten df periods. The bunching process
for frequencies from 1.3 to 8 GHz. The beam pulse width is is not the conventional method of compressing a long beam
found to be typically 4.6 % of the if period. Beam extraction intoa shr convet resuing parles t eai
through the transparent wall was studied using a 2-1/2 hto a short one, but results by selecting particles that are in

dimensional PIC code. Good beam transmission (52-85%) phase with the rf electric field, i.e.,resonat. One wall of the
with low normalized emittance (9-18 mm-mrad) could be cavity is highly transparent to electrons but opaque to the input
wchithed. low best normalized emittance (9-18 cha-rgadicirf field. The transparent wall allows for the transmission of

mrad/nC. Tuning to the resonant parameters has been shown the energetic electron bunches and serves as the cathode of a

to be very tolerant. Electrical breakdown is not a problem, high-voltage injector. Axial and radial expansion of the pulse

and materials are available to, satisfy the secondary emission is minimized outside the cavity by using rapid acceleration and
a combination of electrostatic and magnetic focusing. Insideyield requirements for this device. Applications are

accelerator'injectors and if generation at a high harmonic of the cavity, radial expansion is controlled by electric and/or
the fundamental frequency, magnetic fields. Both analytic theory and PIC simulationprovide verification of this concept. This micro-pulse electron
I. INTRODUCTION gun should provide a high peak power, multi-kiloampere,

picosecond-long electron source Which is suitable for many
applications.

The development of high-current, short-duration pulses of

electrons has been a challenging problem for many years. III. RESONANCE AND CURRENT DENSITY
High-current pulses are widely used in injector systems for GAIN
electron accelerators, both for industrial linacs as well as high-
energy accelerators for linear colliders. Short-duration pulses
are also used for microwave generation, in klystrons and In Fig. 1 is shown an rf cavity operating in a TMo1o mode.
related devices, for research on advanced methods of particle Now assume at one of the electrode walls (the screen or grid)
acceleration, and for injectors used for free-electron laser of the cavity there is a single electron at rest near the axis.
(FEL) drivers. This electron is then accelerated across the cavity and strikes

During the last few years considerable effort has been the surface S. A number 6 of secondary electrons are emitted
applied to the development of high power linac injectors [1-2] off this electrode. Provided the average transit time of an
and particularly to laser-initiated photocathode injectors [3-8]. electron in the cavity is one-half the if period, and that the

secondary electrons are in the proper phase with the rf field,
these electrons will be accelerated towards the screen. If 6 is

"Supported by the Small Business Innovation Research also the secondary electron yield per primary electron of the
Program, US DOE. screen, then upon reaching the screen, 6T electrons will be

0.7803-1203-1/93$03.00 1993 E2702



transmitted, where T is the transmission factor. The number with initial conditions v,(t =t,,v~t =t•,:t~t, and
of electrons which are not transmitted is then 6(1-7).This is xw(t =-) -0. The subscripts f and b refer to the front and
the number of electrons which are stopped by the screen, and back electrons and the top and bottom sign, respectively. The
can thus produce 62(1-7) secondary electrons. In order to quantities E4 and E,,r are the magnitudes of the if and space
have a gain of electrons, the number of secondaries produced charge electric fields, respectively.
must be greater thanunity, that is, 62(1-7)>1. The gain of At resonance when =-Oam+ v, where 9'i,Of - wt,,, and
electrons at time t after a number of transits is derived to be Ob=- utbo, the particles must cross the gap, or x.-d and

G=-[[6(1 -T7)]"1 , where T/w is the half-period of the radian xbfid -x,. Assume that vo,-v,=O. The following expression
if frequency w. If there is a *seed" current density J, in the is obtained from the solution of the equation of motion (1),
cavity at t=0, then at time t the current density will be given
by J - G -J,[8((1 -7)t]"'• until space-charge and saturation I [1 a,(W2/2) - (x,/d) (
limit the current. The current density limit will be shown in 0j, arccos a--( 2 +2-)'12 (2)

later sections. The seed current density can be created by any
of several sources including cosmic rays. For a very low seed
current density a high current density can be achieved in a where 0 = arctan (2/,W), on eE. eE,
very short time. For example, if 6 =8, T=0.75, and J, = 14 MW° d ' d

x 10.WO amps/cm2 , at ten if periods then J =1500 amps/cm2 . E,,= neA/2eo and ec is the permittivity of free space.
Consider Ob and therefore the positive quantity in brackets

in Eq. (2). If we increase the space charge parameter a, with
all other parameters fixed, the back electrons will go out of

• cavity - resonance when the quantity in brackets exceeds one. Thus to
(side view) B maintain resonance and the maximum space charge we must

satisfy the following equation

Outut2 (3)
Outpt 0.. i [(12 +22)112-1 +jo]

- Beam
Emitting ae. j The peak steady-state current density can be calculated from

surface S T the expression J = nev and the above results,
Coeff. = Transmitting and

Emitting double screen j 2aecosO + Tra,4
or grid .1 (0Aid)(4B Coeff.= 8 r (A/d)

where

Jo =,om°f~d (5)
e

Figure 1: Schematic of micropulse gun for solid beam (TMac)
mode. A coaxial feed is used for if input (not shown).

From the solution of Eq. (1) we can calculate

MODEL WITH BEAM (Theory) _ S2SbIV. DSTEADY-STATE PARALLEL-PLATEwTaBEAM Thory[ .... sine.-s ,(B-0,+-)c.f- .(9-b+,1)c ,]

In this section we will solve self-consistently for the steady ct, '+ 3 +(0e_)0" x
state or saturation current density for a beam (charge slab) that +'•- "O(-O0 + r)2 + -- + (6)

is already *bunched". The axial bunch length or charge slab of-b +'r

thickness is A, the axial gap spacing between the parallel As will be seen in the section describing the PIC simulations,
plates or electrodes is d, and the beam density is n. We
evaluate the equations of motion for electrons "attached' to the the imor scaling of the saturated current derived above is an
front ('f") and back ('b').of the charge slab. The equations important scaling law for the micro-pulse gun. This scaling
of motion are is also denvable from the time-dependent current-voltage

relation in a diode first derived by Kadish, Peter, and Jones

d .2..J =(elm)[Eosinca ± E (1)[9].
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V. CURRENT DENSITY AS A FUNCTION OF of simulations with gap length 0.5 cm and drive parameter
TIME (PIC Simulation) a -0.453. For comparison, we also plot the theoretical curve

for J, vs. frequency from the theory described in Section IV.
Figure 2 shows a plot of the current density J across the Note the excellent agreement between theory and simulation.

gap (d=0.5 cm) as a function of time for a simulation with an The 0 scaling for the MPG provides an important
rf frequency of 6.4 GHz and a voltage of 105.2 kV. The characterization of the proposed device. Note that the rf
current density is measured near the second (right-hand) voltage must increase in proportion to w to maintain a fied
electrode which, in an actual experiment, would be the exit
screan or grid. Hence, this is the current pulse which will exit
the device. The top trace, corresponding to a positive current
density, is that current which is emitted from the second
(right-band) electrode and propagates back to the first Comparison of Theory and Simulation

electrode. The bottom trace (negative current density)
describes the beam that would leave the cavity. The curves
are not symmetric about J.-O because the beam pulses have
substantially different charge densities and velocities when 00 . . ....... ........ ....................
they cross the position of the probe. In the case for which the i
current density is positive (i.e., electrons are propagating in 3

the negative x direction), the electrons have just been emitted A
from the electrode and form a high-density bunch at a S imulatio

relatively low energy. In the case for which the current density o3/
is negative (i.e., electrons are propagating in the positive x
direction), the electrons have already crossed the gap and are 0- ..... ......-................... . ...... ...... ,..
at a relatively high energy, and have spread somewhat due to 2 c e 5 (GHZ)

space charge effects. The simulation ran out to a total of 2 ns
and reached a peak amplitude of 2.8 kA/cm2 for d=0.5 cm.
At a gap length of 1.0 cm, the resulting current density Figure 3: Comparison of peak current density in kA/cmi
increased to 7 kA/cmi. Both cases use a. =0.453. versus frequency for simulation and theory for a gap length of

0.5 cm and drive parameter a0 =0.453.

5 i i

4 We thank Dr.'s L. Len, T. Godlove, and P. Sprangle for

useful discussions.
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Knife-Edge Thin Film Field Emission Cathodes*
B.Lae, H.P.Demroff, M.M.Drew, T.S.Elliott, T.K.Masumdar,

P.M.Mclntyre, Y.Pang, D.D.Smith, and H.-J.Trost
Department of Physics, Texas A&M University

College Station, TX 77843-4242, USA

Abutract of the cone and can support field emission. The emitted

Cathodes made of thin-film field emission arrays current density J is described by the Fowler-Nordheim

(FEA) have the advantages of high current density, pulsed equation [6]:
emission, and low bias voltage operation. We have devel-
oped a technology to fabricate knife-edge field emission J = AE 2exp(-B#3 / 1 /E)

cathodes on (110) silicon wafers. The emitter geometry
is optimized for efficient modulation at high frequency.
Cathode fabrication progress and preliminary analysis of --------
their applications in RF power sources are presented.

I. INTRODUCTION -
The RF power sources needed for future e+e- linear€olliders and RF-linac-driven FEL's both require an elec- IL

tron source with the capability of emitting electrons in
high density pulses. Traditional dispenser cathodes used
in klystrons, for example, provide a d.c. current den-
sity <10 A/cm2 and require a buncher to achieve pulsed (a) (b)
beams. The bunching process usually increases the beam
emittance and introduces instability limits to bunch cur- Figure 1. The cross section geometry of Spindt-type FEA
rents and length. As an alternative, our gigatron project (a) and the knife-edge FEA (b).
[1] features a gated field emitter array that produces
pulsed electron beams in the form of ribbons. The ribbon where A and B are two parameters close to constant and
beams are accelerated in a diode, and then pass through a is the work function of the emitter material. For high per-

traveling wave coupler where the RF power is extracted. formance FEA's, it is desired to have large current emis-

By eliminating the bunching process and minimizing the sion at low bias voltage. This requires that the emitter

transit of bunched beam to the output coupler, extreme structure is designed to maximize the field at the emitter

beam stability and excellent RF efficiency should be fea- apex. This includes a small emitter radius and a small

sible to attain. The first demonstration of emission from gate opening. The Spindt-type FEA has a tip radius

FEA's was reported by Spindt et at. at SRI [2]. Gray [3] around 500 A, a gate diameter of about 1 pim, and a

and many others [4] have also actively worked to develop gate/base gap of about 1 pm. With these dimensions, the

FEA's for vacuum microelectronics. Spindt's FEA's have emission starts with -100 V bias. For modulated emis-
produced current densities as high as 1000 A/cm2 from sions, however, the Spindt-type FEA's have a drawback:
an area of -1 mm2 [4], but the frequency modulation the gap between the gate and the substrate is small and

achieved is below 1 GHs [5]. For the gigatron it is neces- the sandwich structure presents a large parasitic capaci-

sary to develop a new type of FEA which can support ef- tance to the modulation driver. The cutoff frequency is

ficient modulation and high current density at frequencies IT = gm/2wC, where g. is transconductance of the emit-

>10 G1s. The focus of this work is to fabricate knife-edge ter, g,. = (AIr/AVg)Jv.. Spindt has improved the fab-

thin film field emission cathodes on (110) silicon wafers. rication process to reduce the overlapping area between

Preliminary studies show that this cathode can meet the the gate and the base layers, but this only increases the

requirements of the gigatron. estimated fT to -1 GHz.
The gigatron is designed to operate at 18 GHz or

II. FIELD EMISSION ARRAY CATHODES higher frequencies; for this goal, we have proposed a new

The Spindt-type FEA is so far the most successful fabrication approach [7] that makes knife-edge field emis-
FEA cathode. Its structure is shown in Figure l(a). The sion arrays (KEFEA) on (110) silicon wafers. A cross
emitter is a metal cone sitting at the center of a cay- section of the structure is shown in figure l(b). We have
ity formed on a metal-insulator-semiconductor sandwich increased the gate/base gap to about 8 pm and reduced
structure. The top metal layer serves as the modulating the gate opening to '-0.2 pm. The capacitance per unit
gate. When a voltage is applied between the gate and area is reduced thereby by a factor 20 from Spindt-type
the substrate, a electric field E concentrates near the tip FEA's. Figure 2 shows a POISSON [8] simulation of the

* Work supported by U.S. Department of Energy, Office of High Energy Physics, under contract no. DE-FG02-91ER40613

0-7803-120)-I/9303.0 O 01993 IEE 2705



potential distribution in both the Spindt-type FEA and process is carried out at temperatures below 10000C, and
our KEFEA structure. The smaller gate opening in the serves to sharpen the corner at the top of the Si/SiO2
KEFEA produces higher field for the same voltage bias, interface. Our measurement shows that the edge radius
with lower parasitic capacitance. Both effects increase the obtained this way is less than 200 A. A study by Marcus
transconductance. et al. [9] has shown that a radius of 10 A can be obtained

in this way.

(a) (b)
Figure 2. POISSON simulations showing the equipoten-
tial lines of Spindt-type FEA (a) and KEFEA (b).

Figure 4. The knife-edge array formed on a (110) silicon
wafer.

The insulator material used in the Spindt-type FEA
is SiO2 , which has a dielectric constant of 3.9. For the
KEFEA, we use a layer of polyimide coating (PI). PI has
a lower dielectric constat (2.9 to 3.3), giving a further re-
duction of capacitance. We apply the polyimide as a spin-
on liquid with a layer thickness of -10 pm. This allows
us to make the knife-edge structure -8 jm high. When
PI is applied, it planarizes above the knife edges. The PI
is then etched in an 0 2 /CF 4 plasma which isotropically
removes -3 pm of the PI material, and exposes the top
-1 pm of the knife edges. The top edges of the native
silicon inside the SiO 2 layer is then located at about at

Figure 3. SEM picture showing the wall structure formed the same level as this etched PI surface.
by KOH solution etching. The metal used for the gate layer is applied using

RF sputtering, with a thickness of -0.5 pm. We then
III. FABRICATED STRUCTURE OF KEFEA apply a layer of photoresist and etch it back to expose the

The fabrication starts with a plain (110) silicon wafer. top portion of the metal covered knife-edges. The metal
We use photolithography to put down a Si0 2 pattern of layer is then etched to expose the SiO2 layer over the knife
width -4 pm. Orientation-dependent etching of the wafer edge. Using a HF solution we then strip away the SiO2 to
in a KOH solution forms a structure as shown in Figure 3. expose silicon emitter edge. Since we can precisely control
The silicon is etched along crystal planes to produce rect- the thickness of the thermally grown SiO2 layer, we can
angular prisms -10 pm high, which serve as the "blanks" produce a gate-emitter spacing -0.1 pm.
from which the knife-edges will be formed. A second etch Figure 5 shows the finished structure of our KEFEA.
in a solution made of HF, HNO 3 and CH3 COOH (Dash The height of the emitter and the gate/base gap is about
etching) sharpens the top portion of the wall-like struc- 8 pm. The emitter-edge is at the same level as the gate.
ture (Figure 4). The cross section of this knife-edge is very The metal is etched back and a gap is opened over the
similar to that of Figure 1(b), with an edge half anle of knife edge. (This sample was overetched, giving a wider
about 50. Our measurement from a scanning electron mi- gap than that of our design.)
crograph (SEM) shows that the radii of these etched edges
are less than 500 A. To further reduce the knife-edge ra- IV. DISCUSSION
dius, we use a thermal oxidation process to grow a surface The challenges for modulating FF,1 cathodes at mi-
layer of SiO2 into the knife-edge structure. The oxidation crowave frequency are:
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"* shrinking the control gap to enhance transcouduc- The improvements - high field concentration, 10
tance and reduce transit time; times less parasitic capacitance, and 10 times more

"* isolating the gate from the substrate to reduce para- in emitter density - translate directly into improved
sitic capacitance. transconductance and bandwidth. The ultimate high-
In KEFEA we have devised a means to fabri- frequency limit would come from transit time in the

cate knife-edges with extremely small edge radius and edge/gate gap. For a modulation -10V and a gap of
gate/edge gap. The thermal oxide procem is key to achiev- -,.0.1 prm, the transit time would be -10-13 sec, corre-
ing both features. It sharpens the tip radius to --100A, sponding to a cut-off frequency fT- 4 00 GH5.
and provides an accurate means of making a controlled Present development of the KEFEA technology has
gap of -,0.1 pm between tip and gate. This process is achieved all of the process steps. Currently the edge/gate
a new development in vacuum microelectronics and pro- geometry is being fine-tuned in the final ete-' ,ps, and
duces the same field enhancement factor at a knife-edge initial emission experiments will begin soor ý direc-
as the best enhancement attained on Spindt-type tips. tion for further development is the possibihit, eposit-

ing a low-work-function material onto the finished tip sur-
face. Candidate materials include CVD diamond and cer-
met. The development of modular KEFEA cathodes for
the gigatron and other applications is in progress.
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by a separation comparable to the edge/gate spacing (the [8] Los Alamos Accelerator Code Group, The POIS-
spacing at which adjacent regions are isolated from one SON/SUPERFISH Group of Codes, LA-UR-87-115
another's space charge). For a 10 pm knife-edge spac- (January 1987), version 4.12 (17 March 1993).
ing and an edge/gate gap of 0.1 pm, the emitter density [9] R.Marcus et al., "Formation of silicon tips with <1
should be - 108/cm 2 . nm radius", Appi. Phys. Leit. 56, No.3, 236 (1990)
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The Oxidized Porous Silicon Field Emission Array*
D.D.Smith, H.P.Demroff, T.S.Elliott, T.B.Kasprowics, B.Lee, T.K.Masumdar,

P.M.Mclntyre, Y.Pang, and H.-J.Trost
Department of Physics, Texas A&M University

College Station, TX 77843-4242, USA

Abstrac diode configuration he obtained stable electron field enis-

The goal of developing a highly efficient microwave sion from microtips of highly doped silicon left over from

power source has led us to investigate new methods of the anodisation reaction that creates the porous layer.

electron field emission. One method presently under con- See Figure 1. Sustained diode currents of -20 A/cm2

sideration involves the use of oxidized porous silicon thin were obtained with a bias voltage of -10 V.

films. We have used this technology to fabricate the first
working field emission arrays from this substance. This
approach reduces the diameter of an individual emitter Pon= Lse
to the nanometer scale. Tests of the first samples are en-
couraging, with extracted electron currents to nearly 1
mA resulting from less than 20 V of pulsed DC gate volt-
age. Modulated emission at 5 MHB was also observed.
Development of a full-scale emission array capable of de-
livering an electron beam at 18 GHs of minimum density
100 A/cm2 is in progress. Bulk SiB=.

I. INTRODUCTION Figure 1. Schematic side view of the OPSFED.

A. Motivation
The gigatron is a project currently under develop- C. Trode Development

meat by the High Energy Accelerator Physics group at A means of extracting the electron beam from the
Texas A&M University [1). It is a high-efficiency MIL porous layer needed to be found in order for this approach
crowave power source primarily intended for use in the to be useful for a gigatron cathode. No group had ever
next generation of linear accelerators, succeeded in this endeavor. The key to extraction is to

One of the key innovations required for the gigatron provide a surface metallization on the (dielectric) porous
design is its cathode, which delivers a directly modulated silicon surface, which would provide a boundary conduc-
electron beam. This improvement eliminates the need for tor to effectively modulate the field in the pores. The
beam bunching and greatly improves the system efficiency metalliuation must however be thin enough to leave the
compared to conventional power systems that rely on d.c. pores open at the vacuum interface.
electron sources. A metallisation scheme developed at Ford Motor

The search for a technology capable of delivering a Labs by Dr. R. C. Jaklevic et al. was tried [4]. Approxi-
high-intensity, high-current electron beam at 18 GHs led mately 40 A of gold were applied by Dr. Jaklevic's group
our group to investigate the use of porous silicon field to the surface of four field-emissive oxidized porous silicon
emission devices, layers we prepared.

After metallization, the samples were diced andvices otested. All four samples yielded extracted emission cur-
c s i m erent, and a new, device was born: the oxidized porous

Porous silicon is a remarkable material. By galvan- silicon field emission array.

ically etching silicon in an HF solution, a dense array of

nanoecopic pores are etched in the surface. The pore di- II. FABRICATION AND TESTING
ameter and spacing are -100 A; the pores can be etched D. Fabrication
up to 100 pm deep with remarkably uniform cross-section. The proof-of-principle triode prototypes were fabri-
A companion paper in this conference [2] describes the cated in four steps: anodization, hydrofluoric acid re-
morphology of porous silicon. moval, oxidation, and metallization.

Dr. W. K. Yue began research on the subject of emis- Anodization is the process by which porous silicon
sive oxidized porous silicon films while he was a graduate is formed. A silicon wafer is immersed in a solution of
student [3]. He developed a device known as the Oxidized concentrated hydrofluoric acid and ethanol. A galvanic
Porous Silicon Field Emission Diode (OPSFED) whose current is then passed through the wafer. The idea is
interesting properties led us into this area of study. In a illustrated in Figure 2.

* Work supported by U.S. Department of Energy, Office of High Energy Physics, under contract no. DE-FG02-91ER40613
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Process parameters include crystal orientation of the III. RESULTS
wafer, dopant type and concentration, anodisation cur-
rent density, HF concentration, and time of anodisation. As mentioned earlier, all four sets of oxidized
The damples we used fnr the triodes were o < 100> Si, porous silicon triodes produced extracted emission cur-0.001cm.Theysamps wer aed for 10e trios uere 300% S. rent. Fowler-Nordheim plots of both I, and Is as functions
0.0010 1cm. They were anodized for 10 s under .30% wt. of V9 were made. Peak I1 for all traces was on the order
[HF], and the current density was varied, of several hundred microamperes, and Vs was below 20 V.

After anodisation the wafers were placed under vac- The curvature of the 1,-V, plots is in qualitative agree-
uum for several hours to remove all residual HF from the ment with the model calculations of R. Johnston [4] for
pores so that no further silicon etching could take place. emission from extremely sharp silicon tips. See Figure 4.

HFFoofrW-Noriwin P~W of V9 v&. le fNorn. Ism . YIe" OW

Sl0.3 t, IS 0 &

eeeooet e° • •.41. lSU•.4/IS

electro es Powe "( "

tanks Th Go "~VI
-13- 908KAW001S

Pt i--$

Figure 2. Apparatus to make porous silicon. "

Oxidation of the films is carried out in a diffusion -&
furnace. The temperature of the oxidation is kept well ,•,
below that needed to initiate thermal SiO 2 growth in the
bulk silicon. Figure 4. Fowler-Nordheim plot of collector current vs.

The metallisation was an evaporation at ultrahigh applied gate voltage for all four samples of oxidized porous

vacuum with the substrate held at liquid nitrogen tern- silicon field emission arrays.

perature. Forty angstroms of gold were applied. This Fowew-#*@rW~m Ml of V# vs. g9 fo Pesg. SMga rVidu

step was done for us at Ford Motor Research Labs.
The samples were laser-scribed into 2 mm squares

and attached to TO-5 transistor headers as shown below.
See Figure 3.

ultrahin Au

,/41
SM. Figure 5. Fowler-Nordheim plot of the gate current vs.

the applied gate voltage.

bukaste sutubWe The geometry of the first triodes inevitably led to a
to cose and grounded large gate current, because many pores were obscured by

the connection to the gate layer. We used this data along
Figure 3. A field emission array ready for testing. with the area of the gate connection to determine the

emission current density. The gate connection was about
E. Biperimental Setup 0.5 mm in diameter, and supported currents to above 2
The mounted samples were placed in a vacuum chain- A in pulsed mode, leading to a current density of about

ber and pumped to a base pressure of 2 x 10-s Torr. A 450 A/cm 2. Fowler-Nordheim plots of Ig-V, show the
curved stainless steel tube approximately 2 mm from the field-emissive nature of the gate current, as shown in Fig-
gate served as the collector. ure 5. Plate characteristics were measured by holding Vs

A curve tracer and a variable duty cycle pulser pro- fixed and measuring 1. as V. was varied. A typical plate
vided gate voltage (Vs) waveforme to the devices. The characteristic is shown in Figure 6.
collector current (1Ie) and gate current (I#) were measured Modulated gate signals were applied to the devices
as a function of Vs and collector voltage V.. and emission was recorded. Figure 7 shows modulation
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of an aMy at different frequencies. The upper oscillo- and this result in a 3 dB point above 15 GHz, suitable
scope trace is the voltage signal applied to the gate, and for gigatron operation.
the lower trace is the collector current read through a 10 The use of oxidized porous silicon is a new approach
kG resistor. Frequency cutoffs were consistent with the to the fabrication of field emission devices, which holds the
predicted RC cutoffs for the measured resistivities and possibility of improving both the peak output of large-
capacitances of the test devices, scale emission arrays and the frequency at which field

emission cathodes can operate.Plete Characterumtic ror OPS Triode 1042

____________________Emission ftgions,

'® " " " =' • '•" " '; •=Figure B. Geometry.l"or the O xdi zd,. Porous Silicon
"*' Stripline Field Emission Array.

Figure 6. Plate characteristic of the oxidized porous sili-
con field emission array. V. REFERENCES

[1] H.M.Bizek et aL., IEEE Trans. Plasma Sci. 16, 258

IV.SUM ARY(1988); P.M.McIntyre et ai., IEEE Trans. Electron. De. 36, 2720 (1989).

The next generation of field emission arrays will uti- [2] y.Pang et aL., Study of Porous Silicon Morphologies
lize a geometry consisting of alternating emission and bias for Electron Transports, these proceedings.
feed areas. See Figure 8. This geometry radically ira- [3] W.K.Yue, Dissertation, Dept. 'of Electrical Engineer-
proves power gain by blocking gate current while increas.: ing, Texas A&M University (1991).
ing the total active emission area. The optimum design [4] R.C.Jaklevic et al., AppL Phys. Lett. 58, 1656
parameters are still under consideration. Calculations in- (1988).
dicate that a device capacitance of 20 pF/mm2 is possible [5] R.Johnston, Surf. Sci. 246, 64 (1991).

.............

*1 *... *

a. b.

Figure 7. Oscilloscope traces showing modulated emission from an oxidized porous silicon field emission array
at (a) 200 kHz, (b) e MHz, and (c) 5 MHz.

S710



Study of Porous Silicon Morphologies For Electron Transport*
Y.Pang, H.P.Demroff, T.S.Elliott, B.Lee, J.Lu, V.B.Madduri,
T.K.Masumdar, P.M.Mclntyre, D.D.Smith, and H.-J.Trost

Department of Physics, Texas A&M University
College Station, TX 77843-4242, USA

Abstract film serves as a gate electrode in the OPSFET to obtain

Field emitter devices are being developed for the gi- high electronic field strengths for extracting electron emis-

gatron[l], a high-efficiency, high frequency and high power sion efficiently. The morphology study presented in this

microwave source. One approach being investigated i paper is aimed at providing a technological means to dis-

porous silicon, where a dense matrix of nanoscopic pores tinguish differences in morphologies of the porous silicon

are galvanically etched into a silicon surface. In the samples that were prepared under the same conditions

present paper pore morphologies were used to characterize as the porous silicon for OPSFED's and OPSFET's were
fabricated.

these materials. Using of Scanning Electron Microscope

(SEM) and Transmision Electron Microscope (TEM) im- II. SAMPLE PREPARATION
ages of both N-type and P-type porous layers, it is found The porous silicon samples for morphology study
that pores propagate along the < 100 > crystallographic were all anodized in an anodisation cell with a 1:3 mixture
direction, perpendicular to the surface of (100) silicon, of 99% wt. ethanol : 49% wt. HF solution. After bak-
Distinct morphologies were observed systematically near ing at 65*C for 10 minutes all the samples were pumped
the surface, in the main bulk and near the bottom of down to 10-7 Torr vacuum overnight for evacuating the
N-type (100) silicon lift-off samples. It is seen that the residual HF solution from the pores. Afterwards, sam-
pores are not cylindrical but exhibit more or less approx- ples prepared for SEM, AFM and STM were oxidized in
imately square cross sections. X-ray diffraction spectra the furnace at 845°C for 45 minutes. STM samples were
and electron diffraction patterns verified that bulk porous placed onto a substrate cooled to 77*K and coated with
silicon is still a single crystal. In addition, a Scanning 40 A gold by thermal evaporation. Both P-type and N-
Tunnelling Microscope (STM) and an Atomic Force Mi- type (100) silicon were investigated.
croscope (AFM) were successfully applied to image the
40 A gold film structure which was coated upon a cooled
porous silicon layer. By associating the morphology study
with the measured emitting current density of the Oxi-
dized Porous Silicon Field Emission Triode (OPSFET),
techniques for the surface treatment of porous silicon will
be optimized.

I. INTRODUCTION

Yue[2] demonstratedthat diodes formed using porous (a) (b)

silicon films can sustaiýt remarkable transconductance, •1
that the process is field emission, and that the emitted
electrons are transported in the vacuum pores of the ma-
terial. He dubbed this device~the Oxidised Porous Silicon
Field Emission Diode (OPSFED). Both N- and P-type
silicon with different orientations and doping concentra-
tions were used to investigate field emission properties of
the OPSFED. Further study [3] showed that the OPSFED
fielci emission current density was higher with P-type than (c) (d) 400 nm
with N-type silicon. With an operation voltage of less
than 20 V, the current density reached more than 100 Fig.1 Plan-view SEM images of porous silicon samples be-

A/cm2 . Next, an Oxidized Porous Silicon Field Emission fore and after RIE. (a) and (b) P-type (100), 0.010 cm,

Triode (OPSFET) was developed with P-type (100) sili- anodization current density is 40 mA/cm2 , (a) after 2

con, anodized with current densities from 40 mA/cm2 to min RIE, (b) before RIE. (c) and (d) N+-type (100),

70 mA/cm2 . In order to obtain a smooth gold layer over 0.0010 cm, 75 mA/cm 2, (c) after 1 min RIE, (d) before

the porous silicon but keep the fine pores open, a thin gold RIE.

film was evaporated onto the porous silicon substrate that The instruments that we have used in our experi-
had been cooled to liquid-nitrogen temperature. The gold ments are: SEM: JEOL 6400; TEM: Zeiss 10C, JEOL

* Work supported by U.S. Department of Energy, Offlice of High Energy Physics, under contract no. DE-FG02-91ER40613

o.T83-1203-1j93$03.000 1993 lOW
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2010; AIM: Naascope 3; STM: Nanoscope 2; RIE: Dry- A similar result was reported by Chuang and Smith [41.
toch DIuE-100; and Dual Ion Mill: 600 series. The porous silicon formation mechanisms were discussed

by Smith and Collins (5].
II. EXPERIMENTS AND RESULTS C. Pore sie and density

A. Poros *Scon in the top layer and main bulk Samples from P+-type, 0.001 ficm, (100) silicon
Fig.l(a) and Fig.1(c) showthe plan-view SEM images wafers (UP+") were anodized at current densities of

of the N+-type porous silicon surfaces after reactive ion 2OmA/cm2 , 4OmA/cm 2, 6OmA/cm2 8OmA/cm 2 and
etching (RIE) for I minute and 2 minutes respectively by 150mA/cm2 respectively. These samples were investi-
using SF. gas at a low rate of 7 sccm, a power of 200 gated by TEM and AFM. Fig.3 shows pore sizes in croa
W and a bias of -550 V. RIE etches the top porous layer sectional TEM (XTEM), increasing with the anodization
about 600 A /min. The etched thicaness was measured current density. The pore sizes and densities were mea-
using an ALFA stepper. ComparingSEM imags before sured from both cros sectional and plan-view TEM im-
and after RIE etching, it is seen that N+-type oxidized ages, and are listed in Table 1. TEM electron diffrac-
porous silicon has different pore densities between the top tion pattern and X-Ray diffraction spectra indicate that
surface layer and the main bulk. porous silicon is still single crystalline.

(a) 50nm

(a) (b) 25 nm

Fig.3 XTEM images of P+ porous silicon. (a) anodiza-
tion current density 150mA/cm 2. (b) anodization current
density 80mA/cm 2.

Table 1 Pores size and density in porous silicon

doping anodization pore size pore density
type cuurent density

(mA/cm2) (nm) (1O' 1/cm 2)

(b) 10 nm P+ 150 5-16 2-5.0
80 4-11 2-4.5

Fig.2 Plan-view TEM images. (a) N+-type porous silicon 60 4-9 2- 4.5
lift-off sample, 0.001 Q cm, near lift-off side. (b) P+-type 40 3- 8 2- 3.5
porous silicon, 0.001 A0cm, anodisation current density: 20 3- 6
60mA/cmý N+ 60 4-6 6-7

B. Pore shape and propagation D. Structure of gold gate electrode layer
The lift-off technology was used in preparing samples. A 40 A gold film was coated onto the surface of

Anodization was ended by slowly increasing anodisation porous silicon by thermal evaporation in a 10-8 Torr oil-
current to 360 mA/cm 2 for I minute so that the porous free vacuum chamber [6]. The substrates were cooled to
silicon membrane was lifted off from the substrate. Fig.2 liquid-nitrogen temperature during the coating process.
(a) shows a TEM plan-view image near the lift-off side The low temperature is expected to limit migration of de-
made from N+-type silicon. Pores in this view exhibit posited gold atoms, preventing formation of islands and
mostly square cross-section. Fig.2 (b) shows a TEM plan- thereby creating a smooth thin film. This technology has
view image made from P+-type silicon. It is found that been successfully used with various kinds of dielectric sub-
pores propagate along the < 100 > crystallographic direc- strates [6]. The coated gold thin film is used as a gate elec-
tion, perpendicular to the surface of (100) silicon wafers. trode layer, which could be used to extract emitted elec-
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tron current from the porous silicon to the anode if those may be the origin of field emission current. Efforts are
pores remain open after coating. Porous silicon devices being made to deposit a gold gate layer upon the porous
which were used in OPSFET's were chosen from those silicon without plugging pores. Cold gold evaporation and
wafers that demonstrated high emission current densities surface treatment to reduce the surface chemical potential
at low operation voltage in OPSFED's. are being studied.

20 nm

Fig.4 STM image of 40A Au layer on P+ porous silicon, Fig.5 Plan-view TEM image of P+ porous silicon,
40mA/cm2  40mA/cm 2

Fig.4 shows a STM image of the thin gold film coated V. ACKNOWLEDGEMENTS
on the porous silicon which was anodized with a current The authors thank the staff in the Electron Micro-
density of 40 mA/cm2 in 30% HF solution. Apparently, scope Center of Texas A&M University, and V.P. Swenson
this coated surface is smoother than the normal coating and Dr. Xueping Xu for the help they have provided.
but still small (-25 nm) gold islands were formed. The
TEM plan-view image for the same kind of sample shows VI. REFERENCES
that the average size of pores is about 5 nm (Fig.5). By [1] P.M.McIntyre et al., "Gigatron", IEEE Trans. Plasm
comparing the STM image with the TEM image it can be Sci. 26, 2581 (1988).
seen that the gold islands cover some pores and the thinfilm is not completely continuous. It is speculated that [2] Y.K.Yue, D.L.Parker, and M.H.Weichold, "Oxidized

porous silicon devices", The 3rd Int. Vacuum Micro-
non-uniform deposition may have been caused by an in- electronics Conf., Monterey, CA, July 1990.
crease in the surface chemical potential during the electro- [3] D.D.Smith et al., these proceedings.
chemical anodization process. Further study is necessary [4] D.F.Chuang and R.L.Smith, "Preferred crystalo-
to improve gold deposition on porous silicon and thereby graphic direction in porous silicon layers", The Tech-
to enhance the efficiency of field emission into vacuum. nical Digest of Solid-State Sensor and Actuator

IV. CONCLUSION Workshop, Hilton Head Island, SC, p.151, June 6-9,
P+ (100) porous silicon shows high field emission 1988 (IEEE, New York).

properties when produced with an anodization current (5] R.L.Smith and S.D.Collins, "Porous silicon forma-
from 40 mA/cm 2 to 70 mA/cm 2. The densities of pores tion mechanisms", J. Appl. Phys. 71, No.8, 15, R1
are 2-5X10 11/cm 2 , pore sizes are 3-10 nm, the pore (1992).
walls are 5-12 nm in those porous silicon samples. Pore [6] R.C.Jaklevic, L.Elie, W.Shen and J.T.Chen, "UI-
structures exposed with XTEM appear as small channels trathin Au film studied with the scanning tunnel-
with numerous "budding" side branches. Those fractal ing microscope: Topography of insulating surfaces",
branches form tiny sharp tips with nanometer sizes, which AppL Phys. LeUt. 52, No.20, 1656 (1988)
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Cold test Measurements of a BWO Slow-Wave Structure
W. Main, Y. Carmel, K. Ogura, J. Weaver and S. Watanabe

Laboratory for Plasma Rsech
University of Maryland, College Park, Maryland 20742

Abstract resonant frequencies are easily measured with a
microwave network analyzer, but to find Pr we must

Bead-on-string perturbation techniques have measure the axial field structure in the cavity. This is
been primarily used to study particle accelerator done by perturbing the field near the axis of the
cavities. These techniques are now extended to cavity with a small metal bead. The resulting shift in
measure the dispersion relation and axial modes of resonant frequency is related to the E and H fields at
several transverse magnetic (TM) modes in a slow- the position of the bead. The number of axial
wave structure with sinusoldally varying radius. This variations in the field nr can be found by counting
type of slow-wave structure Is commonly used in high number of peaks in a plot of Af vs. axial bead
power backward wave oscillators (BWO). The position. For a structure with N periods of length L
dispersion relation is found from the discrete this condition for resonance can be stated as
measured resonant frequencies and wave numbers of a
cavity containing six periods of the slow-wave NL f (ii,4)(2f)
structure. The measured axial and radial field profiles where nr is the number of half wavelengths along the
are compared with the results of a 2-D code specially axis of the structure. The axial wave number Pr is then
developed for calculation of the fields In these found from n r using the above equation. The
generators. For the first three TM modes the complete dispersion relation can easily be constructed
frequency error was less than 0.7%. from these points. For convenience, the dispersion

I. INTRODUCTION relation was measured on a "cold-test" structure built
just for this purpose. This test structure had special

We present a study of a slow-wave structure end plates with access holes for positioning a bead;
which consists of a cylindrical waveguide with and an antenna for launching TM modes. We chose a
sinusoidally varying radius. A similar version of this cold-test structure with six axial periods, giving us
structure was used in numerous X-band relativistic seven points on our oap diagram.
high-power backward wave oscillator experiments
[1,2], however, until now there has not been a Numercal

systematic analysis of its electromagnetic properties. I Exrlmet
The purpose of this study is twofold, first to - "'i I I . I""
experimentally determine the dispersion relation of . 0.-.---F -- . 0
the structure and second to test our numerical model - ...-. - .
of the fields inside the structure. . .4.- - I .... .. L....L....
Dispersion Relation - - I l

A slow wave structure containing N periods .. -------..-.....
will exhibit N÷I resonant frequencies associated with 76 ... ....-

each transverse magnetic mode when shorted at planes 3 :
of mirror symmetry. Discrete points on each branch .. .... .i
of the dispersion relation are found by recording 7.2 , , , 7.,

10-1-2-3-4 0 0.5 1 1.5 2 2.5 3 3.5resonant frequencies fr and associated axial wave Rdkefim dBfl 8 L
numbers Pr for the se of axial modes associated with Figure 1. Left graph shows resonances as seen
each transverse magnetic mode. Figure 1 shows the from a one-port measurement on a network

analyzer. Right graph shows derived dispersion
seven TM01 resonance peaks and derived dispersion relation.
relation for a six period slow wave cavity. The
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Experimentl Veroftcaotm of Numerncal Model II. EXPERIMENTAL ARRANGEMENT

Using the dispersion relation we can find the Three components were required to measure
relation of beam energy and Interaction frequency. the cavity properties: the mode launcher, the network
However, to understand the more complex behavior of analyzer and the perturbing object. Figure 2 presents
an intense beam In a slow wave structure we must use a schematic diagram of the measurement apparatus.
nonlinear particle codes. These codes require an The dimensions of the system appear in Table I. The
accurate model of the fields in the structure. We use a launcher was a simple axial wire which could be
model developed by Ogura [3] in which the fields are moved In and out of the cavity to adjust the coupling.
expanded in a spatially harmonic series, according to Before making measurements the reflection from the
Floquet's theorem. Solving the dispersion relation for antenna was stored in memory and subtracted from
the sinusoidal boundary of the slow wave structure subsequent measurements. This procedure made the
gives us the expansion coefficients. For resonances easier to Identify.
computational reasons we truncate our expansions at
nine terms.

Due to the complexity of this model it is
important to experimentally verify the fields at various
points in the cavity. Although we cannot directly
measure the fields Inside the cavity, we can test the 6 )d low-Wave ShuctuNe
numerical model by Inserting the same perturbing
object in the numerical model and in the experiment
As a perturbing, object we introduce a small
conducting bead Into the cavity. In the experiment,
this bead Is suspended by a small string, and the Otmin2be c
resulting frequency shift is measured with a network
analyzer. In the numerical model we use perturbation weight path
theory to calculate the effect the bead has on the Wigha
resonant frequency. For a small spherical bead, apparatus
where the field Is almost constant over AV, integration
is unnecessary and the frequency perturbation is given
by Table I Dimensions of slow wave structure.

Afr = (2i/3) rJ3•4/2 -Eo2) Structure Period 1.667 cm
fr Total Length 10 cm (6 periods)

where Eo and Ho are the field amplitudes normalized Radlus[cm] 1.5 + .41 Sin(3.7z)
to the total field energy in the cavity. By comparing Bead diameter 0.239 cm
the measured and calculated frequency shift we can string at radius 0.543 cm
judge how well the numerical model agrees with
experiment.

The perturbing object used for the majority ofSince the only field component on axis is Ez, this work was an 0.239 cm OD spherical aluminum

the simplest test would be to perturb the field on the bead. The bead was suspended by a 0.010 cm OD

cavity axis. But, because of the difficulty in having nylon thread which was connected to the bead

both the bead and the antenna on axis, the bead was tronughrad .033cmh holeonnthebead's axis. Four

kept 0.543 cm away from the axis. At this radius It sets of access holes were drilled in the cavity for the

was still possible to find kz for the TMOl modes by nylon thread. One parallel to theaxsofthe cavity, at

counting peaks In the frequency shift. nlntra.Oeprle oteai ftecvta
a radius of 0.543 cm and three in the radial direction
at axial positions corresponding to the maximum,

average and minimum radii. The bead was positioned
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in the cavity by connecting one end of the thread to a (a)
dial caliper. The other end of the thread was heal
taught by a small weight. The effect of the nylon
string on the resonant frequency was less than
500 KHz In all cases.

III. RESULTS

Disperuiou Relation

The dispersion relation results appear both as
tables and plots of fr and Pr. All measurements are "1
compared with numerical calculation. The dispersion -2

measurements agree very well with the boundary 3

specific calculation of Ogura and the general 14 0_ _

boundary calculation using the code Superfish [4]. 0
The experimental data for the TM1I mode were on -5 0 '

-2 0 2 4 6 8 10 12average, 0.17% higher than Ogura's results and 0.03% Axi Pewion (cm)

lower than Superfish, and for the TM02 mode the
experimental data were 0.05% lower than Ogura's (C)
results. Superfish data was not available for the TM02 [ . . . .
modes. 1

Graphical comparison of the experimental
results with Superflsh were presented in Figure I.
This figure shows the dispersion curve and reflection 'data with a common frequency axis. The Superfish 26 1, ,1 .

-2-1.5$-1-0.5 0 0.5 1 1.52

results, which were calculated as 7 points are presented a Peof,, (M)
as a smooth curve to show the form of the curve and
ad In comparing with experiment. In the T 2 cw Figure 3. Results for the TM01 20/3 mode.

(a) Field lines produced by numerical modelwe were not able to experimentally excite the x-mode, (Ogura), (b) comparison of measured and
although Ogura's code did find this resonance, calculated field perturbations for axial bead

traverse and (c) radial bead traverse.
Field Calculation

Calculations were made for each of seven axial IV. REFERENCES
modes on three TM modes. For each of these field
structures we calculated the frequency perturbation
along the axis and along a radius. We present the 2. R.A. Case et al, "High Power BWO driven by a

Relativistic Electron Beam", IEEE Trans. Plasma Sci. PS-13results of the cavity field calculation In several forms pp 559-562(1985)
for the TMO1 2x/3 mode. To help visualize the field 3. W.MaiD, Y. Carnel, J. Weaver, K. Ogura,"The
structures we present plots of the field lines (Fig. 3a) Electromagnetic Properties of Finite Length Slow-Wave
along with the axial (Fig 3b) and radial (Fig 3c) Structnres for Interaction with a Relativistic Electron Beam,"
frequency perturbation plots. The perturbation plots IEEE Trans. MIT Submitted.

are only used to compare the numerical and 4. K. Halbach, R. Holsinger, Proceedings, Particle Accelerator
experimental results. In these plots the magnitude of Conference pp. 213 (1976)

the frequency perturbation should not be mistaken to
be proportional to the magnitude of the field squared.
This is only true when either the E or H field
dominates, i.e. on the axis of the structure where
H=0.
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COLLECTIVE ACCELERATOR WITH VARIABLE ENERBY
AND WIDE SPECTRUM OF ACCELERATED IONS.

R.Mfmhchwrov, 8.Datskikhs V.Krasn•polsky,
V.Rybalko, V.Sazhin, IIRTI Russia, 113519.
A.Vasiliev, MAE Russia.

S Cnperloents the intense relativistic electron bea propa-
gates doin a cylindrical copper passive cavity of H-type.

Experimtal results on the slow cyclotron and space The scheme of the experimental set up is shom in Fig.l.
charge (plasma) waves excitation in intense relativistic
electron beam ( IRE ) are presented. Large amplitude (10-
50 Me/i) and loe phase velocity (in order of 0.01 c) saves M M M 0 M a M M AD
have been obtained. Collective ion acceleration remlts,
which aere recieved by using microsecond pulse duration

electron beats are reported. A concept of a fus stage
collective accelerator with an energy and particle type
control is also considered.

I. IfITUihUCTIlhI

The RF linacs are the most preferable accelerators for Fig.l. Experimental set up scheme: 1-cathode, 2-anode,
producing ions in the energy range of tons and hundreds 3 - vacuum chamber, 4 - magnetic coils of solenoid,
NhV. Iowever, there are two essential deerits which have 5 - diaphrage, 6 - cavity, 7 - collective acceleration
to be taken into account when constructing and exploiting channel, 8 - magnetic loops, 9 - IRE1 collector.
linacs, namely, the high cost of the RF supply system and
the difficulty to control an energy and type of the acce- The H-cavity length is 0.34 s. The cavity involves 15 drift
leratsd ions in the wide range, tubes, which have 4 cm in aperture and are installed with

The collective methods of ion acceleration based on period of 2 cm. The electron beam propagation excites the
the utilization of intense relativistic electron beaus may large amplitude self-sustained RF oscillations in the cavi-
result in development of a new generation of ion linacs ty. The interaction between electrons and cavity fields re-
(so-called 'collective linacs'). It is the most natural say suits in the constrained generation of a slow cyclotron
to develop such collective linacs which are similar to the wave. It is found that the beau save generation is also
conventional RF linacs, but provide direct transferring produced, when in equality between the structure period and
a part of the alE energy to the accelerated ions without the cyclotron save length is not supported. The generation
using an expensive RF supply system. These linacs may be is occured in a wide magnetic field range from 0.4 T to
based on utilization of the slow cyclotron and plasma waves 2.0 T. The phase velocity of wave is varied and controlled
excited in the 1IE. As it was show in the ea"ly w•rks by value and distribution of magnetic field. 1hen energy of
T1J,[2) the electric fields of the cyclotron and plasma electrons is about 500 key and beam current equels approxi-
saves are such larger than those in the conventional ion metly I kA, it is excited a cyclotron wave with amplitude
linacs. Noreover, intense iop beats with currents of 1-10 A of about 10 NY/@ and frequency of 667 fzt. Durations of the
nay be acceltrated by the cyclotron and plasma waves. But wave generation and the cavity oscillation process are
the most attractive feature of these waves is that their about 0.5 - 1.0 roks ( beam pulse duration equels 10 inks ).
phase velocities may be controlled by a longitudinal sag- A breakdown of the generation process is explained by
netic field. The last peculiarity may be used for control- arising of discharge in the cavity drift tube gap.
ling an energy and a particle type in the wide range. To test the effect of the collective ion acceleration

by the cyclotron wave field it was proposed to use the col-
I. CYCLOTRON UK EXCITATION AND lector plasma as ion source and to accelerate the ions

COLLECTIVE ION ACCELERATION opposite to the electron stream (Fig.l) (5]. In carried out
experiments the protons were accelerated up to 1.5 NeV. The

The slow cyclotron waves in the electron beams of protop dynamics calculation showed that protons were acce-
a small power M3J or a high power, but a short pulse length lerated up to 0.5 NeV in the acceleration channel and up to
141 had been produced in early experiments by using of the 1.5 NeV in the cavity. The current of accelerated protons
radio-frequency supply from the external powerful generator was about I A. It was registered that the ion beam had a RF
and the helical guide, as an amplifier structure. In our structure corresponded to the MxAWted save frequency.
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III. RIIHA IE EXCITATION ion accelerator concept with a Velocity mad s control
bas been developed doe to above factors.

The problem of plasma move excitation was solved in The accelerator c is the saem, as experimental
early experiments 1219,(6. The experimnts of ow collvo- met up Scheme. The rather wide spectrum of ions, such as p,
gun (61 aere conducted with using the annular lIED of d, h, he , C*, C÷•, N*, 0* cat be used for acceleration.
energy 53 keY, current 4.5 M and pulse duration lodes. Relation of magnetic fields is defised as
The experimntal set up consisted of a disk-loaded wove-
guide and drift tubes of verious diameters. Plam wves Bll/D#* ( * ZeElIU. )• (2)
were excited in lID as a result of the interaction between
the IND and the waveguide. The wveqguide had following pa- where Z - relative ion charge, E - accelerating electric
rameters: relative phase velocity- 0.37, frequecy of 3 lah field of wave, 1 -acceleration section length, 11-injection
and shunt impedance of abut 20 N1Obao. The 1IED was con- energy. Naximum value 1i is limited by the technical
fined by the longitudinal magnetic field of about 0.7 T. capability ( 2.5 T for that experimental set up ). Minimm
The parameters of plasma wave; were msred by magnetic value 3o is determined by the electron beam equilibratiMo
loops mounted inside a drift tube. (about 0.1 TI. This magnetic field range is quite enough to

The experimental results showed that the slow plasm capture and accelerate ions of the above spectram. Using
waves of large amplitudes were excited. The measured values relation (2) one can produce estimates of the accelerator
of phase velocities were 0.4 c, 0.27 c ad 0.16 c ( c- parameters for two boundery cases. The first case is the
light velocity) when the diameters of drift tubes equaled proton acceleration up to 21 NeY (NI a 1.0 Ney). It may be
4cs, 7co, and km correspondingly. The estimates made for obtained, if Dim 1.0 T, Be: 0.22 T and f - 667 N1z. In this
these cases gave the fellowing values of electric field case the most 4fast' cyclotron vwve (.$ - 0.046-0.21 1 is
amplitudes: 4.5 WIl, 20 W/o and 50 Wna. The lowest phase creating.ln the second case the acceleration of oxygen ions
velocity Was obtained when 1l61L 0.9, where Is - beam cur- with mass-charge ratio of 16 is produced up to the same
rent and IL - space charge limiting current. Consequent output energy and the slowest cyclotron wave (. = 0.006-
utilization of plasma waves for ion acceleration is advi- 0.052 1 is used. It is occured, whem l a 2.0 T, Be= 0.31 T
sable when initial onergy of ions is sufficiont high (about and f a 230 MNz. In both casespor 2, 1 z 2m, E a 10 Mis.
20 NeY). In order to control the growth rate of wave and the output

energy, the respective axial magetic field distribution
IY. ION ACCELERATOR CONCEPT VITH AN ENERBY must be taken. In our experiments the longitudinal magnetic

MND PARTICLE TYPE CONTROL field gradient was exchanged by mens of the solenoid coil
conmmtation and the timn displacement of the electron bean

The above experimental research has demonstrated out pulse relative to the magnetic field pulse. This method of
capabilities of collective ion acceleration by means of the the magnetic field distribution control was used suck ass-
intense electron beam. A rather low value of ion energy fully by ourself in the experiments on the collective ion
experimentally measured can be explained by using collector acceleration and the microwave radiation [51,[71.
plasma, as a low energy ion source, and choosing a small The output ion energy can be increased by increasing of
value of the synchrotron acceleration phase to demonstrate wave amplitude and acceleration length. The ion energy is
collective acceleration physical effect. However, accelera- rised until 100 NeY, if E = 20 WINi and 1 = 5 o.
tion rate about 10 NeYlm can be taken for estimates, if The acceleration of ions up to hundreds leY can be
electron beams with paraseters described above is used. realized by using a few stage collective accelerator. For
Energy and current of ions can be increased,if the indepen- example let us consider a two-stage accelerator which can
dent ion injector is applied, be based on scheme shown in Fig.2. The first stage consists

The phase velocity of the cyclotron Nave moving of an ion injector, a high-intensity electron diode, a pas-
together with ions is controlled by the external magnetic sine H-cavity and the first acceleration section. The first
field 3(z): stage corresponds to above considered concept and can pro-

vide the ion acceleration up to 100 MeV. The second stage
A"j 2s2xi'af/eD(z) (1) consists of an electron diode, a disk-loaded guide and the

second acceleration section. The ions accelerated in the
e, a , fi and tr are charge, mass, relative velocity and first stage are injected into the second stage through the
energy of electrons respectively, f - frequency of the pro- hollow cathode tube of the second diode. The second stage
pagating wave. The capture of ions with different mass and is based on using the plasma Naves and can produce a high
charge can be produced by varying of Bi (magnetic field in gradient acceleration because very high fields were
capture area).The output ion energy can be varied inversely obtained in the above described experiments 161. The phase
3. (output magnetic field). The passive H-cavity has a line velocity of plasma waves depends on the relation r/R, where
spectrum with lower frequency of 230 MNz. Cavity frequency, r - beam radius and R -tube radius of acceleration section.
c'osely equel to f, can change according to excited mode In a magnetized electron beam its radius r is definded by
and depends on the electron beam paraseters. The collective the magnetic field value. Therefore, changing a distribu-
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Fig.2. Few stage collective accelerator scheme: I - ion injector, 2 - electron diode, 3 - H-cavity,
4 - first acceleration section, 5 - electron beam, 6 - electron heal collector, 7 - magnetic coils,
8 - disk-loaded guide, 9 - second acceleration section, 10 - accelerated ion bean.

tio, of tt4 magnetic field one can vary the phase velocity supply system and may provide acceleration of intense ion
along the acceleration section. This property provides a beass.In this case a single requirement must be fullfilled,
possibility to accelerate different type ions and to namely, the resonance structure frequency must be varied
control their energies without overdesigning the accelera- when the mass-charge ion ratio changes.The resonance struc-
ting structure. It should be pointed out that the higher is ture may be driven at different frequencies depending on
the injection energy of ions the more effective is the modulated beam frequency. The electron bean is modulated by
acceleration process. Therefore, the injection energy of means of two gaps coaxial resonator. This method has been
protons chosen for the above considered example is quite described in the papers C8),[91. According this method
high (U NeY,. In order to produce high energy ions, one the operating frequency may be obtained by means of mecha-
can propose to use the resonance accelerating structure nical tuning the resonator and simultaneously supplying a
driven by an electron bean 181. Such injector needs no RF negative bias to the cavity drift tube.
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High Gradient Experiments with Nanosecond Pulses

Vincent Baglin, Helmut Haseroth, Jurgen Knott
CERN, CH-1211 Geneva 23, Switzerland

Frederic Chautard
SSCL, Dallas, Texas 75 237, USA

According to a study of the transformer effect with a
scale model, a gain in voltage by a factor of 20 seems quite
feasible [2]. By switching pulses of 50 kV amplitude into

Abstract the structure one will get 1 MV at the output. We have
not yet got the expertise for the very fast laser switching,

Within the framework of studies related to pulsed ac- but in the case of very high current discharges there may
celerating techniques, in particular for the switched power be further restrictions for the gain due to saturation effects
principle, the voltage hold-off for very short pulses has been and the intrinsic impedance of the switch itself.
measured for different materials. Following a presentation
of the subject and the requirements, a brief description
of the experimental set-up is given. So far gradients of B. Voltage hold-off
900 MV/m have been obtained with pulses of two nanosec-
onds and flat electrodes. The results are compared to mea- The highest surface fields will have to be held for only
surements based on different experimental techniques. 10 ps in the center of the transformer structure. Another

critical place is the input to the structure, where the switch
voltage must be held prior to the laser discharge, but pos-
sibly only for a few nanoseconds.

I. INTRODUCTION
Any investigation into the voltage hold-off problems for

Future lepton linear colliders, will require much higher the very fast pulses in the center requires a transformer

accelerating gradients than the ones actually used, in order network operating with the fast laser switch. We therefore

to obtain a substantial reduction in length as compared to prefered to study first the breakdown problems with more
desobtaigns basustantlreduonpresntihnoloiesAth aow eries, t conventional instrumentation in the nanosecond domain.designs based on present technologies. At lower energies, This will correspond to the charge of the laser switch and

i.e. for high brilliance guns, higher gradients may help to poal all forrexrpao to shorte lse lenths.

diminish space charge problems. probably allow for extrapolation to shorter pulse lengths.

For conventional r.f. accelerating structures the ten-
dency goes to shorter wavelengths, which are more C. Ezperimental approach

favourable for voltage hold-off. Different schemes have
been proposed to achieve the high gradients. The switched The few experimental results available so far on break-

power principle [1] suggests using very short pulses to ex- down limits for nanosecond pulses suggest that gradients
cite a passive transformer network for producing pulses of of the order of 500 MV/m should be possible [3], depend-

1 MV during 10 ps into 1 mm wide accelerating gaps. The ing on the cathode material. Most of the experiments

realization presents a series of challenges and we have so far have been done with pointed needle electrodes in order to

investigated the generation of short pulses and the related achieve the required high fields and by measuring the de-

voltage hold-off problems. lay to breakdown when submitted to sufficiently long high
voltage pulses. The interpretation of these results has to
account for changes in the effective cathode radius due to

II. GENERAL CONSIDERATIONS thermal effects during the discharge. Further the small
needle points are not really representative for the required

A. Short pulse generation large area switching of the switched power principle.

The idea is to excite a radial transmission line by dig- We therefore intended to examine large flat electrodes,
charging a photocathode with a fast laser and to amplify at the expense of having to deal with very small gaps to
chargsuting aphotocatde wiabathc amfastnlaerandtormampif, obtain the high gradients. Well defined short pulses are
the resulting pulse by adiabatic impedance transformation, used in order to avoid excessive surface damage.

rather than switching the high voltage directly into the ac-

celerating structure.
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III. BREAKDOWN MEASUREMENTS The latter is surrounded by a guard electrode to ensure
a homogeneous field in the test gap. The surface exposed
to the high voltage has an area of 0.5 cm2 and the gaps

A. Ezperimental set-up, can be adjusted to distances as small as 10 pm. The signal
from the anode is output via a coaxial UHV feedthrough.

We use a coaxial transmission line, about one meter long
and 110 mm in diameter, with the outer conductor serving C. Signal observation
as the vacuum vessel. The line is closed by two impedance-
matched glass windows. The operational pumping is done The detection of breakdowns is done by observing the
with an ion pump. The experimental spark gap is inserted current collected by the anode with a fast oscilloscope.
in the middle of the line and connects via r.f. spring con- Due to the large area of the test gap there is unfortunately
tacts to the inner and outer conductor. already a strong capacitive coupling of the high voltage

pulse to the anode, even when there is no breakdown.
Openings for pumping ports, gauges, broadband voltage

probes and observation windows are matched in impedance In the beginning this has raised some problems to dis-
to give less than 2 % perturbation at 1 GHz. Only the test tinguish the real breakdowns from the signal pick-up. A
gap causes 6-7 % reflections because of its relatively high differential method using a second probe with a similar
capacitance. We have further tried to keep all possible time constant as the anode proved to be useful to elimi-
mismatches sufficiently far away from the test electrodes, nate the residual signal. In the meantime we have found
in order to avoid perturbations disturbing the breakdown out how to distinguish the signature of breakdowns from
signal. the combined signal.

A coaxial generator of the Blumlein type, loaded by a
capacitor bank discharge, delivers 12 kV pulses into the IV. EXPERIMENTAL RESULTS
coaxial structure. The rise and fall times are 200 ps and
the half-height pulse width is 2.2 us. The measurements for a wide range of cathode materials

B. The spark gap are summarized in Fig.2 and compared to the results from
Mesyats and Rohrbach [4] to give a consistent picture for

The test gap forms a compact preassembled block, con- pulses ranging from nanoseconds to microseconds.

sisting of the interchangable fiat cathode and the isolated
anode. E [MWmVj]

1000" TIA WInox A--- cERN
out Nbh&Mo

500tý Antlco {
ceramic •l

anode-- gar 260"

cathode C61 k URhbc100 Al
046m0

11!48ramTI

50

coaxial 20
line

0l 110 mm t
t -0

1 2 5 10 lOOns 1F*

Fig. 1 Schematic cross section of the test gap Fig. 2 Results of measurements
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The values indicated correspond to the threshold for gra- cause of the increased stored energy in the pulse forming
dients hold with no breakdown after the initial condition- networks and the physical size of the impedance trans-
ing of the electrodes, former, as the dimension of the latter is proportional to

the pulse length.
Most of the measurements have been done with 10 pm

gaps, but despite the tricky adjustment the results are well Therefore, both the fast and the slow version of the
reproducible. For materials with lower breakdown limits switched power concept are for the time being mainly
we could also prove the surface gradients to be constant of interest for the design of a single or few stage device,
for gaps as large as 50 pm. like a high brillance electron gun. This assumes that the

stringent laser requirements or the bigger size of the slow
Our breakdown fields are generally slightly higher than transformer can be outweighed by a significant reduction

the results obtained by Mesyats, except those for copper of space charge effects during extraction.
cathodes. But both sets of results are in reasonable agree-
ment, if one takes into account the different measurement
methods. There may also be a difference in the composi- VI. REFERENCES
tion, of materials. For example, we used electrodes made
from aluminium and titanium alloys instead of pure met- [1] W. Willis "Laser Acceleration of Particles," AIP Cony.
als. Probably we also had better vacuum conditions (10-' Proc. No.130, page 421, 1985
mbar). Other explanations for the difference are under [2] S. Aronson et al. "Model Measurements for the Switched
consideration, like the influence of surface or thermal treat- Power Linac," Proceedings of the 1987 IEEE Particle Ac-
ments of cathodes prior to testing, or the possible impact celerator Conference, Washington, D.C., Vol. 1, page 121-

of the anode material on the cathode initiated breakdown. 123
[3] G.A. Mesyats, "Pulsed Electrical Discharge in Vacuum,"

An analysis of the electrode surfaces by secondary elec- Springer Verlag, Berlin-Heidelberg, 1989
tron microscopy has shown that the breakdowns during [41 F. Rohrbach, "Isolation sous vide," CERN yellow report

conditioning are equally spread over a large area of the gap, 71.5 (TC.L), 1971

proving the relative flatness of the electrodes. Breakdown
currents may amount to several hundred amperes and can
produce craters of the order of 5 to 20 pm in diameter and
a few pm deep. Although the surfaces submitted to break-
downs look quite uneven at the microscopic level, there is
no obvious reduction in the voltage hold-off.

In addition, we have observed a material transfer be-
tween the anode and cathode, which is not yet completely
understood. In a few cases local fusion has led to short
circuits between the electrodes. This was generally found
to be due to accidental discharges of the capacitor bank
directly into the test gap, caused by internal sparking in
the Blumlein generator.

V. CONCLUSIONS

The present results confirm that the high gradients re-
quired for the switched power principle can be held. But at
present the complexity and the low quantum efficiency of
the laser switching pgevent the application of the switched
power principle on a large scale.

We can further conclude that these high fields can for
some metals already be achieved with nanosecond pulses.
This opens the opportunity for a pulsed device using
"slow" switching, possibly without using expensive fast
laser technology.

But the longer pulses also have their disadvantages, be-
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Development of the Alternate Entry Port for the ATF*
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Absbact

We discuss a seond entry port for the Acceleratoz LAW "•"

Test Flcility (AT?) imjectios system at Brookhaven Na-
tional Laboratory, whick cams of a photocathode if
gun ead a stdght - ahead boamline directly into the 50 P .U,,Os LAmW

MeV linac. The proposed second entry port should ira-
prove the bean quality and lower the emittance needed for
FEL (Fre Electron Laser), and laser - acceleration exper- SA
iment. A disusioa an the loser driven high brightness
p o t through the primary entry port (a low en-
orgy 160 degrees achromatic double bend transport line) I "M W
now in operation, &W a beam analysis for the proposed •1M
secondary port is also given. -- OUAOK.W

L INTRODUCTION

The high bightnessw lase driven photoelectron beams;UA
(with low emitteac and high current) are required for
new methods of aceelesation suoh as FIL, IFEL (an in- FIgure 13 Sketch of the BNL ATF injection system. The
vme reeo4ectrom ase) and future development of linea transport beamline from the gun to the linac entrance
cofliders. To achieve high brihtness and rapid accelera. showing the positions of the magnetic elements.
tion, an rf Lu operating at 2.816 GHs, with 1-1/2 cels,
r- mode resonant, disc-loaded structure (with cathode ystem in section 11. A summary and references are given
placed at the start of the fAint 1/2 cell), has been de- .
signed and operating as the injector for the two S-band in section IML
Sac sections at the BNL Accelerator Test Facility (ATF). L ALTUMATN INJ3CTION SYSTNM
The cathode is illuminated with a frequency quadrupled
Nd:YAG laser with photon energy of 4.65 MeV at the Lsu We have considered various schemes to improve the
exit. beam quality and preserve the low emittance and high

The Accelerator Test Facility at BNL is an experi- brightness beam needed for experiments at AT? [6]. in
mental Facility for accelerator and beam physics experi- this section we present some of our calculations and
ments. A major research interest is in the interaction of simulation results obtained for a 2nd entry port for ATF.
laser driven photoelectrons with the electromagnetic Aelds. The alternate (straight-ahead) injection system consists of
ATF's present injection system consist of a photoelectron a solenoid + a Lun + solenoid combination that is placed
Lu and a low energy transport beamline which consists directly into the linac.
of two sets of quadrupole triplets and a 180° achromatic
double bend, (Fig. 1). The photoelectrons are ejected alp am
from a photocathode rf Lun into the transport beam line B o_1___t
and then accelerated through 2 S - band lia sections
to 50 MeV [1,2]. The lnac consists of two r/3 - mode,
3.05 m long, disc loaded, traveling wave SLAC linear ac-
celerator sections that was produced at IHEP, Beijing,
China. The gu and the linac are driven by the same XK5 LINAC
klystron, delivering about 25 MW of peak power with a
3.5 micro-second pulse at 2.85• GHs [2].

With the existing injection system, the beam diverges I _.., z

quickly at the Son exit and gets large in going through the
double bead transport line into the finac [3,4]. We have Figure 2: Sketch of the alternate injection system for
considered and studied various schemes [6] and will present AT?. A solenoid + gun + solenoid (gun+s) combination
some results for the proposed ATF alternate injection is placed in line with the finac. (Not scaled).
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frT~iFF~ 13L BUAM DYNAMICS AND ANALYSIES
" "" " " • • - In our analysis of the beam from Cathode through

3 .the lia exit we have considered various initial charge
distributions, lawe spot vime (r,) laser pulse lengths

a (2r.), field on the cathode R and accelerating tkdl of
the linac, etc.[6. Table 1 Mustrates some of our results

- obtained with the Wti parameters of interest for ATF
" 1 + '° a 'a and the proposed UVFEL project at BNL. For example
'" " 4 6";4 " A......... with initial B = lOOMV/r on the cathode, laser pulse

length (2r.) of 10 ps, and varied spot sizes (e.g. 0.9
Figre 3as Shows the beam profile at z = 7.9cm (exit mm), and various values of d (e.g. 62 cm, the distance
of the gun cavity). From the top in c.w.direction: phase from cathode to linac entrance), solenoid strength of 2.2
spectrum, x vs change in phase, y vs x profile and change KG and initial phase of 43 degrees we can preserve the
in energy vs change in phma with program PARMELA. beam quality and achieve high brightness, low emittance

beam at the linac exit, which is needed for the FEL
-l .... - ...... and laser acceleration experiments at ATF. With program

- V ~PARMELA [51 With ir, = 1mm and 0.9 mm (uniform
- beam distribution) we obtained beam emittance of few

tenths of cm-maad with energies of about 46MeV and; ..... brightnsess (B =/P'•kl"eCv, ) of Orden of 1013 for the

. ...... beam emerging from the exit of the linac, (Fig.4). We
"-I--.. . -- " . have used 10 pa puke length in our analysi since q, =5

pa is the value noted obtainable at AT? [1].

For Bo =2.14KG, , =5 ps,, V =1mm, Q =InC
and an initial uniform distribution, the beam energy
and emittance at the liac exit become w = 46 MeV,

, "....4 "8 Nm = .32 and eNn.m .276. Whereas for the same
;. a set of parameters and an initial gaussian distribution the

beam emittance grows larger, e.g. at the linac exit. How
Figu•e Sb: Shows the beam profile at z = 702.3cm (the easy is the production of the uniform distribution (flat

ainac exit). From the top in c.w.direction: phase spectrum, beam) depends on the quality and bandwidth of the laser
x vs change in phase, y vs x profile and change in energy [1]. For detailed beam analysis with Gaussian and Rician
vs change in phase with program PARMELA. distributions see e.g. [1,6].

This scheme would allow the production of the low Fig. 4 shows the change in the beam size along the
emittance and high brightness beam needed for the exper- beamline from cathode through the linac. As can be
iments and preserves the present injection system which seen the beam converges to a waist in the linac. Where
can be used alternatively for diagnostic measurements etc. the change in the solenoid strength or d would shift
Where the beam is injected from a 2nd entry port (using the position of the beam waist in the linac and would
a 2nd gun) directly into the linac without going through change the beam parameters. For example a 2% in-
the bending magnets. crease in the solenoid strength will increase the emittance

Selections of d the distance from the gun (cathode) from (eJrm" = .278, e•,M = .243) to (4,'ma = .390,
to the linac entrance and solenoid strength are important eN,-, = .333) at the linac exit. keeping all other param-
and would effect beam quality (see Section III). For other eters fixed [1].
injection schemes and a more detailed analysis see refer-
ences. In this analysis the fields off axis for solenoids For the proposed alternate injection system for ATF,
are calculated to sixth order using the expansions: a pair of solenoids are placed before and after the gun to

compensate the beam emittance dilution due to the space
, r= B, (z, 0) - d2B charge, such that the coil proceeding the cathode bucksB, (z, r) B, dz2  the field due to the second solenoid and produces a zero

d4 (dB r2 dfB r' field on the cathode. To avoid beam loss through the linac
+ 42 Z-4 16 - 6 iI) a proper matching of the beam into the linac is crucial.
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- -~ - ' Tabl It AT? Soleaoid+Gun+Solenoid+ Linac system -
simulation parameters.

me ~ zuumber of Solenoids 2

BLngho f Solenoid (KG ] 2

Length of Solenoid [cm] 1

Inital pase[degree] 34
La Spta ,[m].11..

~ ~Lase Pulse Length (2. PI10
I~. M4.R3. Frequency [GHs] 2.856

Figure 4: Shows the change in position x [cm]l, phase Radius of Aperture [cm] 1.0
* -o# [dpegre] and energy v- we(KeV] of particles at Field on the Cathode [MV/m] 100
each element location, from the cathode through the linac charge [ACj 1
exit. With 2.2 KG solenoid, d 70Tctr = ,ma and with d[cm] 62 -TO

ff,= ss.Linac Accel. Gradient (Ave.) [MV/rn] 7.0
IV. SUMMARY At Limec zilt: Energy [MeV] 46- 4T

We presented an alternate injection system for the dp/p [%] 0.18 -0.2

AT? at Brookhaven National Lab, using a pair of solenoids eN IV cma-mrnd] 0.2 -0.4

and an rf gun placed directly into the hnaic. Earlier results Brightness (B =-" 1P e/w eyN)X13
showed that with the present injection system at AT? the-
beam become too large through the double bend transport ZA8,Jn 98 .FseJ ihr .pgrl
hne, leading to a large emnittaace growth and a large beam skAy, pr unae 1988m A.nictosher, lo. Fiseffr, c. pgr
loss. With solsoid+gun+wsoeoid straight isjection into Z.~ P~ans at~ec cofmnai on laser M pesoran c o e.;d n
the linac scheme we can reduce the emittance dilution Z*g Barsghnes Bfeam- of489 (199de3M).an Solnod Pon a
due to space charge forces, and produce the beam needed IEEE PACItns BMaymT m2, WahnL ton D.C (1993) adPo.
for FEL, EFEL and other lawe acceleration experiments. IE PCMy120WahntnD.(93)
We obtained small emittance (few tenths of cmmrd 2. K. Batchelor, 1. Ben-Zvi, I. Bigio, T.S. Chou, R.C.
&and high brightness of orders of 103 We note that a Fernow, J. Fischer, J. Gallardo, H. Kirk, N. Kurnit,
proper beam matching at the linac entrance is crucial so K.T. McDonald, L.B. Palmer, Z. Parsas, C. Pellepmini,
as to avoid beam loss through the hiac. The effects of J. Sheehan, T. Srinivasaa-Rao, S. Ulc, A. Van Steen-
variations in the solenoid strengths and d the distance bergen, M. Woodle, "Operational Status of Brookhaven
from the cathode to the linac entrance can be detrimental Accelerator Test Flacility", Proc. March 20-23,1989
to the beam quality along the transport hie and through IEEE PAC, Chicago, Ml, #89CH26W9- (1990).
the linac. The beam converges into a waist after it 3. Z. Pam1a "On Beam Emittance and Invariants - Ap-
enters into the linac. The position of this waist changes plicutions to ATF Beamline", Proc.2nd EPAC, Nice-
with the change in initial parameters such as the solenoid France, Nile Ed., Frontiers, (1990); BNL Report BNL-
strength and the distance between the cathode and the 44364 (1990) and Ref.therein.
linac entrance. To avoid beam loss or emittance dilution, 4. Z. Pam&, and L. Young, "Modeling of the BNL Photo-
there madt be a careful control of the parameters such as cathode Gas wuth the Code PARMELA ", Nuci. Inst.
the length and strength of the solenoids, laser spot sis & Meths. A318 (1992) 254-258.
and pulse length, distance between the cathode and linac 5.LYon,(rvt ms) PREA193e-
entrance, the accelerator phase and accelerator field. In s.ioungW (Priate c.ounsg PArMEA 1993fu dicusi-s

tianlssteAdofaxsfrsolenoids were calculated o;W thn L.Yugfrelfldsusn,
t thi anlyister. ls 1 . o modifications to the programs and collaborations.

6. Z. Pams, "An Alternate Injection System for the BNL
VI. REFUBRUNCUS Accelerator Test Facility", BNL-48403, APS April 12-

*Work performed under the auspices of U.S. Dept.of 15, Washington D.C. (1993); Z. Parsa, "Interactions
EegcotatDE-ACO2-76-CH0OO16. Beye hred Particles and RF Space Charge and

Energ conractWake Field. in an Accelerating Structu~re", Particles
1. Z. Pams, 'Preliminary Emittaasce Measmurements and and Fields 9 1, Vol. 2, 1073, Ed. David Axen, Douglas

Ceknlatinsa of the Lawe Escited Beamt from the Bayman and Martin Comyn; Z. Pams, Accelerator
BNL Accelerator Test Facility Radio Frequency Blec- Physics and Modeling, BNL- Report BNL-52379, 65-
tron Gsa"', VoL.1, Sec.II, p1-54, BNL-52292 (1991) 165 (1993).
and References therein; K. McDonald et al., Proc.,
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Sbatus of Supecous1WAhmcg MagetDevelopment
(SSC, RHIC9, LHC)

P. Wianderer
Dmocklaven National Laboratory

Upion, Now York 11973

A&~t successfully last sumnur[3).
This Ppers summarizes recent --ooducting The quench performice of both Fermila/GDSS

acculursor maugust coonstucion and te stctivities at the and BNL/WEC magets at 4.35 K and 3.85 K was excellent
S meonucting Super Collider Laboratory (SSC), the Larg [4]. Measurements of the aeuduital and axial force during

Hard. Collde at CERN (LHRC), and the Relativistic Heavy cooldown and excitation indicatedo thatde effects of the
1I= Caldurw at roahkhaven (URC). Future -ln are also Lorentz force were generally as expected[SJ.

L. INTODUCTION WAMAe- bw

This pape reviews the status of the uprconducting
magst progums for doe URC, SSC, and LHiC acceerator .10

projects. Most of the focus is on dipole magnets, because of0 0 00
thw er aotnd technical difficulty. Critical technical imemews
inclue tde quench perfomance, geometric field qumlty, and
time variation of &De fields. Condutctor development for fthese
magnets was reviewed last yea~lJ. m

designed for mna values of the allowed harmnonics, cold 0
mdm yk which helps suppot the coil against motion, fýa

aperture in the range 0 - S0 umm, and length in the imng 100
- 15 m. RHIC, with the lowedt field requirement, -o only0 0
a singl layer coil. LHC, with the MOges field requirmennt, '
will operate at 1.SLK

bdMM BOW

IT. SUPERCONDUCTING SUPER COLLIDER o

A. CoMdw D4,ota
ASSTDiWJ1 Following a difficult but ultimately 11gw 1. Cross section of SSC Collider dipole cold

successful R&D proprs. with 41 mmn-aperture, 17 rn-long
dios2, the sperure was increased to S0 nmi The curret

lattice has 7964'dipole of 15 mi length and 496 of 13 ni
length At 4.35 K, the quench current is typically 7.4 kA The part of the magnetic field that is determined by
(6.7 kA corresponds to 6.7 T central field and 20 TeV). conductor placement and the saturation properties of iron was

The task of the R&D program for the S0 -u well understood in term of calculations, measurements, and
sperure dipole, was to provide magnets built by staff from the sizms of the magnet components, within dhe limitations
indiustry for an Accelerator Systems String Test (ASSI) with imposed by low statistics[6,7].. There was good correlation
a half cell of magnets (five dipoles, one quadrupole, one between the *cold" measurements and those at room
spool piece). At Fermilab, ASST magnets were built by temperature.
staff from General Dymanics Space System (GDSS). At At injection, the expected harmonics due to
Brookhaven (BNL), ASST magnets were mae& by magnetization were in agreement with calculations for the 6
Westinghus Electric Corp. (WEC). A cross section of the gu-diameter NbTi fllamentaf 8]. Also at injection, the
FermI.PKDSS cold mass is shown in Fig. 1; the DNL magnetic field was measured for an hour, the length of time
design is slightly different. The ASST was operated needed for filling both rings of the collider. The drift of the

sextpole was within toerance. The drift of the skew
________________________quadrupole needs to be controlled throug the basic

Va&~ p~Wwr 0iM 4 Ms. D 7AM4mfM %t do U.S dW~w offm. mechanism underlying this, effect, which is not yet

0-831203-1JM$MOO @ 1993 IEEE
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uqenche. Reftrining after a thermal cycl began about 8.2
Magnet quench lperformnce was studied as a kA. Ramp rates up to 200 A/sec have had negligible effect

fmctian of ramp raft up to 300 A/usc. Harmonica we on the quench cumrts. Full-length magnets a• due this
measured up to 64 Vasec. For the Collider ramp, 4 A/usc, fall.
ome mnts eld accept"ble eddy current effects but sono

did not. All mgets exhibited ignificant eddy cuednt C. Hgh EAwV Booer (MD) Dipole
effets at the High Energy Bonder (HEB) kmp rate, 62 To take advantge of previous R&D, the desip
A/we. The ffects we strongly correlated with cable requirements ar a close as possible to those of the Colider
vendor. The mt obvious source of such effets, for both dipoles. The HER dipoles will have a much larger sagitta
"quich currents and harmonc is eddy currats, which in than the Collider dipoles. Also, there are two importan
turn ar a function of the interutrand resistance RI of the operational differaces: 62 A/sec ramp rate and bipolar
cable. Studies of the factors which determine R, are being operation. Tsts at BNL this ye confinmed that the nnet
carried out as part of thi HIR dipole R&D. quench perfommrnce was unaffected by the current polarity,

Recef t Activity 191: At Fermilab, four 15 . R&D as expected.
dipoles were made by Permilab staff after the completion of The R&D contract for developing the HER dipole is
the ASST work. One.of thes magneat was tested at 1.8 K, hold by WEC. Based on information from the ASST
where it reached a quench current of 9990A (9.5 1) with magnets and other experience, WEC is nuking magnets with
little training, cable of different interatrand resistances (untreated cable,

Much of the tsting at BNL the past year has oxide-coated cable, and a third, undesignated, choice that
focussed on eddy current measurements. Good quench could be alternate untreated and oxide-coated strands). Tests
localiati information has been provided by a "quench of short models have begun and will run through the end of
mtenna system, similar to the one first used at the LHC. the year. Production of the first prototype is planned for a
The ramp rate-induced quenches were found to be located in year from now.
turns near the midplau, where eddy current efferts ar
largest. D. Other Superconducing Magnetr

Harmonic measurements were made at the axial The HEB quadnipoles will operate on the am bus
location of the eddy current quenches. Current distribution as the HEB dipoles and have design central gradient 190
calculated from these harmonics were largest near the T/m, length 1.23m, and aperture SO -m. The industrial
midplane. Thus, the recent tests reinforced the conclusion design is being developed at Saclay. The first test is
that the ramp rate effects ar due to eddy currents in the expected next year.
cable and can be limited by controlling 1R. Two 1 models of the insertion quadrupoles have

. Aeiv3tx: As the "leader, GDSS has been made and quench tested at the SSC. They trained from
completed a magnet design taking into account the ASST an initial quench current of about 7.3 kA to the conductor
results and SSC requirements. The first 15 . practice coils limit, about 8.4 kA, in a few quenches.
eagnet have been wound and cured at the GDSS pngt.
Completion of this magnet is expected in August. III. LARGE HARDON COLIDER

Two 15 m dipoles made at the SSC Magnet
Development Lab are scheduled to be tested at BNL this A. Dipole Design Pammeters
summer. The SSC Magnet Test Facility will be To make the most effective use of the existing 27
commissioned late in the summer. km LEP tunnel at CERN, magnet R&D has been directed

toward reaching the highest possible field level. The target
B. CoUlder Quadrupel range has been 8 T to 10 T. The options include NbTi

Collider quadrupoles will have a central gradient 220 operated at 1.8 K and NbSnat 4.35K. At present, NbTi is
Tim at 6.7 kA, with a 5.2 . magnetic length. Six full-length forueen for the magnets, although work continues with NbSn
quadrupoles with 40 mm aperture have been made at high-field models. Space limitations in the tunnel cross
Lawrence Berkeley Lab (LBL) by staff from LBL and a section point toward a single cryostat and cold mass, but with
Babcock & Wilcox - Siemens collaboration (BW). Initial two apertures [11] so that the flux passing through one
quenching was in the range 6.6 - 7.2 kA [10]. Typically the aperture is returned through the other (Fig. 2). With 1300
magnets trained to about 8 kA and then retrained from 7 kA twin aperture dipoles, each 13.5 m long, a 9.5 T central field
after thermal cycling. Harmonics were better than the yields a beam energy of 7.7 TeV. More detailed information
specificaions [9]. Correlation betwen warm and cold on the lattice and magnets can be found in recent reviews
harmonics was found at the level of 0.5 units. [12,13,141.

The BW quadrupole collared coils are mnufactured Initially, cables for a two-layer magnet capable of 10
in Germuny mad the ret of the magnet in the U.S. Three 1 T operation were designed. The subsequent R&D program
m models have been quench-tested thus far. The initial has explored several options for the remainder of the magnet
quenches in each we at currents near 7.5 kA, with the design, as follows: The collars supporting the coils could
magnets reaching the conductA limit near 8.4 kA in a few encompass both coils in a single stamping or just a single
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coil. Thw collas could be uolmisam or nonagn-tic stainles the CERN group deviaed a clever analysis for the field
sul. 1U support of the collars by the yoke could be disturbance which occurs during a quench. It was detected

accmpliled at room temperture or dmins cooldown by yokes by mill coils in die bore of the magnet [13]. The anlysia
of severl diffent gemetries. For the most pet, this work was confirmed by voltage tap data from the KEK s
has been carried out by contat with different ies, aperture ngnet [161.

It was found that most of the quenches oiginated in
the ends of te inner layer turns close to the pole, where5 al windigs rot, difclt oi ofth imca
originated in the gnet straght section, lo near ft pole.

6 Given the need for rapid turnaround and datailed
investigation, a manemt R&D facility was started at CERN
about a year and a half ago. Recently, new coils of the
MTAI design were made in industry and assembled at
CERN in a tdhree-t yoke. At 4.2 K, this umaget rechad

2 the limit of die conductor, 8. I T, after one quench. At 2 K,
the magnet had its firtt quench above 9 T and subsequently

4 tained to a record cntral field of 10.5 T. After thermal
cycle to morn temperature the first quench was at 9.74 T
[17].

7 In twin aperot magnets, the normal quadrupole is
an allowed harnonic because left-right symmetry is not
preserved in the yoke design. In one magnet, measurements

3 at fixed currets wvi nade to 10 T. The value of the
norima quadrupole varied from low to high field in
agmeement with calculation. The normal sextupole was

Si-similarly well behaved. Measurements of the relative dipole
* angle between the two apertures await completion of the
S-- ;horizontal test facility.

A twin aperture version of the KEK design has been
rqgure 2. Croms sectio of LHC twin aperture dipole cold recently tested at 4.35 K [18]. The magnet has separately-
mass, type MTAL. 1. Coils, 2. Collars, 3. Yoke, 4. Iron collared coils basically similar to the one in the single
insert, S. Clamp, 6. Gap, 7. Outer shrinking cylinder, aperture model. It reached 8.12 T central field after six

training quenches. 1Te magnet will be tested in superfluid
at CERN.

10m1. twin anerture model: HERA-type coils were
B. Dipole R&D Raudb used to construct a twin-aperture prototype (TAP) to gain

Short. sinsle anere models: Initially, two models operational experience with full scale two-aperture magnets.
with 50 -m aperture were made with HERA-diameter NbTi The magnet was tested at CEN, Saclay. At 4.5 K it reached
strand, for speed. At 1.S K they trained quicly to 9.3 T, the the limit of the conductor, 5.8T, on the first quench. At 1.8
conductor limit. A model with Nb3 Sn strand was also K, it reached the conductor limit of 8.3 T after five
successfully tested. quenches.

A KEK model with fully-keystoned cable and other
novel features trained well at 4.35 K but did not reach the C. Future Dipole Program
conductor limit at 1.8 K. 50 nm lpoftr: Ten 10 m long twin aperture

Short. twin aM=rture models: Using LHC-design dipoles have been ordered from four vendors. The magnets
cables, four 50mm aperture models (designated MTAl) have will 'be highly instrumented and four will eventually be
been made by different firms. For each magnet, choices assembled into a half cell test. Five of the magnets will have
were made among some of the construction features the MTA1 design. One will have the three-part-yoke design
(soldered, partially soldered, and unsoldered cable; common recently tested, with additional variants for the other four.
and separate collars; etc.), but all used the same design for The initial magnet is due for delivery soon; the others will
the yoke. The quench results of the magnets were quite follow at two-month intervals.
similar. At 4.35 K they reached 7.9 T within a few To explore further the NbjSn route, a 11.5 T twin
quenches. However, at 1.8 K, they trained slowly above ) aperture model is being built in the Netherlands by a FOM-
T. One reached the conductor limit, 10.02 T, after about 55 UT-NIKHEF-CERN collaboration.
qu1ehes 1151. The magnets retrained after a thermal cycle. 56 nun 1erture: Accelerator studies made

It was concluded that the training was due to a following the increase of the design beam intensity indicated
common feature of the magnets. To localize the quenches, the need for a larger physical aperture, so the LHC aperture
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has beusinwmed fom 50mm to 56 mm. As a bonus, this Now of the 9.7 in magnets has quniched below
".1w iWrmlw field qt.lity. Tooling in the CERN magnet 3.85 T. Ramp rate effects have been insignificant up to
faeility is being built for this aperture. A shot twin apertum twice the design of 83 A/sec. This insemitivity has been
mndd is being built thee by a Finnish-Swedish-CERN confirmed for the production cable in a short model. With
collaboration for an operating field of 9.5 T. After a first cable production underway, the emphasis is on minimal
ver•so with NbTi, this magnet will be equipped with ternary change.
alloy, NbTiTa, coils. The time drift of the harmonics is much less of an

Rteduced field o iemLast fall, a decision was made issue with RHIC than SSC because the filling time is only I
to design a magnet using cable of the dimensions developed minute instead of I hour. Measurements made on this time
for the SSC. The SSC strands and cables are significantly scale confirm that drifts are negligible. As a further
smaller than those used for the 10 T LHC design (e.g., 0.81 precaution against magnets with different drift times, the
mm vs. 1.29 -m for the inner layer strand). By applying the cable will have no cold welds.
experience in the construction of the 40 mm and 50 mm SSC
nagnets to a 56mm maperture, the effort at CERN could be
concentrat on design issues unique to twin aperture
magnets. A short twin aperture model built with cable W -W _,uom
supplied by the SSC is mderway. Its operating field is 8.6 W
T. The high-field version magnet and the SSC-cable magnet
will be completed about the end of the year. Details of this n0,

program are given by G. Brianti [171.

D. Other LiIC Magnets
The arc quadrupoles have been designed and built by w .w- -+ W

a CEA, Seclay team in collaboration with CERN. They will We
be powered in series with the dipoles and have an operating

gradient of 250 T/m. Two twin aperture, 3 m prototypes,
with 56 mm aperture, are due to be completed in mid-'93.
One will be tested at the end of the month. COMM HMO

Prototypes of the correctors have been tested in the H A
UK at Rutbhford Lab. Prototypes of tuning magnets are m a ve. Voa

underway in Spain, with testing expected soon.

IV. RELATIVISTIC HEAVY ION COLUDER (RHIC)

Figure 3. Cross section of RHIC dipole cold mass.RHIC magnets stand exactly at the threshold of -as

production. Contracts for the 80 mm aperture arc magnets -
about 270 dipoles, quadrupoles, and sextupoles - have been
let, with the first magnets due this year. Production of the B. Arc Quadrupole/Sextupole/Correctors (QSC).
arc correctors and the 130 mm aperture insertion quadrupoles In each half cell, the quadrupole, sextupole, and
at Brookhaven is scheduled to start within the month. corrector are assembled into a single cold mass with 80 mm

The production cable run of 567 km of 30-strand aperture. The = udrunIes have a central gradient of 71
cable for the arc dipoles and quadrupoles is well underway at T/m at their operating current of 5 kA and a 1.1 in effective
Oxford Superconducting Technology (OST) and is due to be length. A series of eight magnets made at BNL is nearly
completed by the end of the year. The production of 83 km complete. Systematic harmonics have been identified and
of 36-strand cable for the insertion magnets has begun at OST reduced to acceptable levels. Production will be at GAC.
and Furukawa and will be completed next spring. The am• stolje have an integral field of 550 T/m

A full cell (two dipoles, quadrupoles, sextupoles, at ± +00A, with 0.75 in effective length. Four R&D
corretor=) using production designs is scheduled for magnets, built at BNL, have been used to debug the design.
operation this fall. Everson Electric Corporation is scheduled to delived the first

of the production models in July.
A. Arc Dipoks Four coaxial layers 0.6 m long make up the an

The 9.7 m-long dipoles generate a central field of corrector package, providing decapole, octupole, quadrupole,
3.45 T with a current of 5 kA in the single-layer coil, for 100 and dipole harmonics. Four R&D models of these have been
GeV/u nuclei (Fig. 3). A total of twelve full-length R&D made using an industral process for making circuit boards
magnets have been made, with the last two scheduled for test ("Multiwire"). Tooling now set up at BNL will be used for
in the next month. These two magnets were used for the production run.
technology transfer to Grumman Aircraft Corporation (GAC).
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C. Iassndo Quad"Wpjea ibid., pp. 686-691.
The lattice calls for three lengths (1.44, 2.1, 3.4 in) [6] P. Wanderer at al., *Magnetic Design and Field Quality

of insertion quadrupoles, but all with thsae - cross section Maueet for Full Length 50-mm Aperture SSC
for economy of tooling. The central gradient is 48 T/m at 5 Model Dipoles Built at BNL,'In Jk.A Moat Phov. A
kA. Two 1.44 mnodels have been successfully tested. The (Proc. Suqppl) 2B. pp. 641-643 (1993).
production run of each length is 26 magnets. [7] J. Strait at al., OMagnetic Field Measurements of Full

Length 50-mm Aperture SSC Dipole Magnets at
V. GENERAL VIEW OF TRAINIG Fermilab', ibi&, pp. 656-59.

[8) Y. Thso at al., 'Current Dependence of Harmonic
An interesesing paaeeiainof the quench Field Coefficients of 5-cm-Aperture, 15-rnLong SSC

performance of 'well-built' inngnta in terms of conductor Dipole Magnet Prototypes,' MEE 7hans AppL
properties was developed last year [19]. The Saqwrco#L Vol. 3, No. 1, pp. 674-677 (1993).
1arainetrmution quantifies the ability of the copper in the [9] Many of these results were presented at fth Vth

I .strands to carry the current during a local International Industrial Symposium on the SSC, San
heat -us in t&= of an winstability factorm, a, which is Francisco, CA, May 6-8, 1993.
proportional to the square of the current density in the [10] A. F. Lietzke at al., *Quadrupole Magnets for the
copper. Well-built magnets fall on or near a straight line in SSC,' -IEEE Than,. AppL Supmron., Vol. 3, No. 1,
a log-log plot of a versus the number of training quenches. pp. 629-635 (1993).
For example, the improved quench performance of the most [11] Magnets of this type have, been successfully tested at
recent MTA1 LHC ,model at 4.35 K falls on this line. BNL: P. Dahl at al., 'Performance of Four 4.5 an

Thus far, rather few magnets have been tested in Two-in-One Superconducting R&D Dipoles for the
superfluid. The 10 T LBL model [15] falls near the line. SSC,' IEEE Trans. NucL Sci., Vol. NS-32, No. 5, pp
The LHC TAP dipole and the SSC 50 mmn magnet fall 3675 - 3677 (1985),
directly on the line. The LHC MTA1 magnets lie above the [12] N. Siegel, 'Recent Status of LHC Magnets,' Proc.
line, possibly indicating: that the limitations in 1.8 K quench ICFA Workthop on AC S&Vercondudaivy, pp. 6 -14,
perfomance lie in magnet construction rather than in the KEK Proceedings 92-14 (19M).
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ELECTRICAL PERFORMANCE CHARACTERISTICS OF THE SSC
ACCELERATOR SYSTEM STRING TEST

W. Robinson, W. Burgett, T. Dombeck, J. Gannon, P. Kraushaar, A. Mclnturff, T. Savord, and G. Tool
Superconducting Super Collider Laboratory1

2550 Beckleymeade Avenue, Dallas, Texas 75237

Abstract Industries (HSPRE). A Dynapower Corp. DC current power
The string test facility was constructed to provide a supply was used to provide a maximum current of 6500 amps.

development test bed for the arc regions of the An energy dump was used with the string to evaluate the
Supercoducting Super Collider (SSC). Significant effort has energy extraction system. A refrigerator with a nominal
been devoted to the development and testing of cooling capacity of 500 watts was used to provide the
superconducting magnets, spools, and accelerator control cryogenics environment. The string cryogenics system is
systems required for the SSC. The string test facility provides described in another paper presented in this conference.[21

the necessary environment required to evaluate the operational Each dipole magnet consists of four superconducting
performance of these components as they are configured as an coils. The differential voltage across each coil is monitored
accelerator lens in the collider. This discussion will review by the quench protection monitor system and a data
the results of high current testing of the string conducted to acquisition system. There are four strip heaters for each
evaluate magnet element uniformity and compatibility, the magnet that are positioned along the length of the outer coils
splice resistance used tc connect the magnets, and system in a quadrant configuration. The strip heaters in opposing
respcnse to various quench conditions. Performance results of quadrants are electrically connected together in parallel Each
the spools, energy bypass systems, energy dump, and the set of strip heaters is independently controlled by a heater
power supply system are also discussed. firing unit. This configuration protects the magnet by

providing a level of redundancy that ensures the outer coils
I. INTRODUCTION quench despite a failure that may occur in one of the heaters

or firing units.
The intent of the Accelerator System String Test (ASST) Figure 1 illustrates the electrical configuration of the

is to obtain data for model verification and information on the string. In order to reduce the amount of inductance in the
magnitudes of pressures and voltages encountered in an system, each half cell is composed of two independent
accelerator environment. The ASST milestone run was circuits. Each circuit is powered using one of two power
accomplished in August, 1992, and consisted of demonstrating busses that run through the magnets. The first three magnets
that the accelerator components could be configured together are powered from the lower bus. The remaining dipoles and
as a system operating at full current.[11 Following the the quadrupole are powered through the upper bus. The lower
milestone run, the string was warmed to correct some design and upper busses are connected together at the HSPRE.
flaws that limited the operational range. The string was again Diodes are connected across each set of dipoles to provide the
cooled to cryogenic temperatures in October, and a required isolation between circuits during quenching
compebensive power testing program was conducted through conditions. When a quenching condition is detected in a
the end of January, 1993. This paper describes how the magnet, the strip heaters contained in the magnets within the
collider arc components operate in an accelerator environment quenching circuit are fired, and the power supply is turned off.
during quenches induced by firing both strip heaters and spot The large resistive voltage that develops across the magnet
heaters. Evaluation of the data illustrates how variations in circuit from the propagating quench condition places a
the design parameters of magnets used in a suing environment forward bias voltage across the diodes. Current that is flowing
can impact system performance. from the non quenching magnets bypasses the quenching

magnets through the lower impedance path offered by the
II. CONFIGURATION diodes. Approximately one second after the quench is

detected, the energy dump switch is opened and energy
The ASST is composed of five 50-mm aperture dipole remaining in the string is dissipated through the energy dump.

magnets that are 15 meters in length, a five meter long 40-mm Energy contained in the quenching portion of the string is
aperture quadrupole magnet, and recooler, feed, and end dissipated into the cryo system through the magnet coils.
spools. The dipole magnets used in the string were industrial
prototypes constructed by General Dynamics personnel II. ASST TEST SUMMARY
utilizing facilities at Fermi Lab. Those magnets includedDCA313, DCA314, DCA3I9, DCA3I5, and DCA316. The The string was operated at T = 4.65 K partly because of
quadrupole magnet was built at Lawrene Berkeley Lab. The the limitations of the cryogenics plant, but also to keep the
three spool pieces were built to SSCL specification by Meyer amo6w of operating margin in the magnets small. A total ofTool (HSPRF), Cryenco (SPR), and Consolidated Vacuum 66 pX •r tests involving the magnets have been conducted

from July 9, 1992, through January 29, 1993. Of those tests,
18 were involved in system commissioning, and 13 were strip

tOperated by Universities Research Association under heater and spot heater quench tests. One test was the
contract with the Deportment of Energy. Manuscript received Congressionally mandated milestone demonstration test.[l]
May, 1993. The remainder of the tests involved energy dump testing or
0-7803-1203-1/93$03.00 0 1993 IE 2731
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Figure 1. Electrical configuration of the ASST.

magnet goes resistive in a shorter period of time. The time
bypass lead testing. The opportunities to conduct quench rate of resistance growth (dR/dt) is increased in a strip heater
testing were limited because it took the cryogenics system induced quench due to the joule heating of the outer coils,
three to four days to recover from a full current quench test. while other magnets in the same circuit remain in a
In addition to quench testing, resistance of four splice joints as superconducting state. Energy from the other magnets
a function of current were measured. supplies energy to the quenching magnet. By the time the

other magnets in the circuit quench, the dR/dt of those coils is
A. Quench Analysis much lower than in the magnet initiating the event.

Operation at lower temperatures increases the operating
Peak voltage in the ASST string configuration is of margin of the magnets. Once a quench is detected by the

concern because the dielectric strength of the components in quench protection system and the heaters are fired in the other
the system must be able to withstand this voltage. The peak non quenching magnets, the time it takes these magnets to
voltage is influenced by several factors including the method reach a normal state is increased due to the additional
of quench initiation, circuit inductance, string temperature, operating margin. Meanwhile, the quenching magnet that
and differences in the low temperature (non superconducting) initiated the event continues to build resistance from joule
resistance between magnets. heating.

Strip heater induced quenches generate higher voltages One of the unexpected results from testing was the effect
than spot heater quenches because a larger segment of one that differences in the residual resistivity ratio between
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magnets had on the system quench response. (The residual where i is the current, A is the cross-sectional area, d is the
resistivity ratio, or RRR, is defined as the 300 K resistance density, C is the heat capacity of the conductor, B is the
divided by the 10 K resisance.) Problems were encountered magnetic field team for the magneto-resistance, and p is the
during string testing from using magnets with different RRR electrical copper resistivity. An approximation for p is
values in the same circuit. Table I outlines the RRR 1545

b- -,teristics of the dipole magnets used in the string. From P(TRRR) - +

Figure 1, DCA313, DCA314, and DCA319 are grouped 2.32547z 109 9.57137_ x 105 .62735x 10"2x ]
together electrically, and DCA315 and DCA316 are wired T24 + T +. T.O-c
together. Some magnets in the circuit were dissipating more T
of the stored energy at a high rate, while other magnets
trnsfetrred much of their stored energy to the magnets with The parenthesis on the right is an approximation to the
lower RRR. Figure 2 Illustrates the MilTs (millions of amps Grineisen integral formula for the phonon scattering
squared integrated over time) and peak voltage to ground that resistivity.[3] As the RRR of the material is uniformly
were attained during strip heater induced quenches on reduced, its copper resistivity at low temperatures is increased.
DCA319. The test was terminated at 6000 amps because the The MIlTs are reduced because the effective time constant of
voltage was projected to reach 2300 volts at 6500 amps. the system is shorter. Stored energy in the magnets dissipates

more rapidly when the cold resistivity of the material is
RRR VALVES of ASST MAGNETS higher. Since the resistivity is increased, the peak voltage

Manet UI RRR UO RRR LO RRR LI RRR attained during quench also increases. In a string
E ' 14environment, quenching magnets with lower RRR experience

DCA313 170 174 171 173 higher MIlTs, voltages, and temperatures than anticipated.
DC31 174 177 174 171 These higher values are due to the additional energy dissipated

1A319 7 96 97 1- in those magnets that is provided from magnets in the system
DCA315 162 173 174 177 with higher RRR.
DCA3161 7 109 ' 78 Energy deposition estimates were made using the coil

voltage Vc(t), which is a combination of the inductive voltage
Table 1. UI is the upper inner coil, UO is the upper outer coil, that results from change in current in a coi of inductance L,
LO is the lower outer coil, and LI is the lower inner coil. and a resistive voltage resulting from current passing through

the copper in the composite superconducting wire. The

Volts to Ground and MiITs vs Quench Current developed coil resistance Rc~() is given by

10.0 (2100 Vc(t) di

9.5 19o0 Rt)- i(t)9.0 -" - ND•• '• _ / 1700

! 83.5 1500 ! where di/dt is calculated from the current decay of i(t). Given
1300 i the resistance of each coil, an estimate is made on how the

7 -.0 1100 • energy is being dissipated in the string. The total energy
V 1 L12.

-- 70- 900 stored in the string is given by WL = 2 ,where L is the
-63 700 string inductance (approximately 75 mH/dipole and 7.5

2 6.0 ----- 1(- 500 mH/quadrupole), and !o is the string current before a quench

- . 300 occurs. For 4, = 6500 amps, the energy storage in the string

5.0 100 is WL - 8 Mloules. The energy deposition for each coil is

45 -1-00 determined by

2000 3000 4000 5000 6000 WRc= f R,(t) i2 (t) dt ,

Quench Current to

Figure 2. MilTs and voltage to ground as a function current where to represents when resistance in the coil is detected.
when initiating a string quench by firing the strip heater in Figure 3 illustrates how the string energy is dissipated in
DCA319 (T = 4.65 K). the string during Event #285 when all strip heaters are fired

simultaneously. DCA319 dissipated the most energy because
Using the MilTs integral to quantify energy dissipation it had the lowest RRR of the three dipoles in its circuit (see

into heat, it is seen that RRR has an important role in Figure 1). Although the RRR of DCA316 is similar to
determining the response of the system. The MIITs is DCA319, there was only one other dipole in the DCA316
determined by circuit. The total energy dissipated by Event 285 was 7.79

MJoules. The 3.68% difference from the expected energy of
6 16f2(t) d 62 = 6A2 _T QT) 8.08 Mloules is due to the change in the dipole inductance

MIlTs =10d = . . j ,RRR,B) dT, from the high field iron core saturation.
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Energy Dissipation Profile for Event 285 where L is the system inductance of 382.5 mH, dildt is the
- desired ramp decay in amps/sec. t is the time interval, and l0 is

2.5 the initial current. Since the initial decay raze at 1o = 6500
amps for a dump resistance of 10 mil was 237.2 amps/sec, the

2.0-0 system load including the power bus resistance is calculated to
be 14.8 mil. Assuming the incremental change in the dump
resistance is accurate, the above equation can be used to solve

1.5- 00for system inductance. Changing the system load impedance
by 2 mfX, the inductance is 368 mH. Increasing the load
resistance by 4 Inn, the system inductance is approximately

1.0- 367 mH. The percent change in inductance of 3.79% is
consistent with results from the joule deposition calculation
presented in the previous section. Using the new inductance

0.5 in the above equation leads to a system impedance of 14.24
infl when using the 10 nfl dump resistance.

0.0 D. Spot Heater Testing

IThe limited operations schedule permitted only two spot
heater tests at the full current of 6500 amps. We induced full
current spot heater quenches on DCA313 and DCA319. This

Magnet provided a comparison for voltage to ground and MilTs
Figure 3. Profile of energy dissipation for Event 285 where development between dipole magnets of different RRR values
all strip heaters were fired simultaneously. Peak current for (see Table 1). Table 3 summarizes the comparison between
this event was 6475 amps. DCA313 and DCA319 as well as lower current spot heater

tests conducted on DCA319. As expected, the maximum
MilTs developed on DCA319 occurred below 6500 amps.

C. Ramp Rate Study
SI L I = 1,r. IVlt

Significant effort has been expended on understanding DCA3M13 T 6500 Vl566 11.55

dipole ramp rate sensitivity during single magnet testing. The DCA313 6500 5 110.5

test facility at used at FNAL did not have an tnergy dump and DCA319 6500 1232 10.99
was unable to conduct decay ramp sensitivity tests. The DCA319 I 6000 923 11.3
baseline dump resistance used in the ASST was increased DCA319 j 5000 418 10.95
from 10 mnQ to 16 nfl in order to reduce the time constant of Table 3. Spot heater test results.
the system. Table 2 summarizes the result of the test.

An unexpected event occurred during the spot heater test
Event # Dump Q dl/dt am sc conducted on DCA313 that was simila to a full current strip359 10 mh 237.2 beater quench conducted earlier on the same magnet (Event

10 m i 2376.2 335). Normally when a quarter cell quenches, the heat from

3Tl 1e mQ 276.0 the quench propagates into the magnet in the adjoining quarter
369ZZ~~ZIZI 13cell causing a thermally induced quench. We ordinarily

Table 2. Ramp rate sensitivity tests. DCA313 and DCA315 would have expected DCA315 (in the fourth dipole position)
quenched at 5300 amps during Event 369. to experience a thermal quench. In both cases, when DCA313

was quenched at full current, DCA316 (in the fifth dipole
During energy dump using a dump resistance of 16 Ina position) experienced a thermal quench. One possible cause

dipole magnets DCA313 and DCA315 quenched due to eddy could he heating from the recooler in the SPR due to the
current heating. Of the magnets used in the string, DCA313 differential pressure that develops from the induced cryogenic
and DCA315 exhibited the highest sensitivity to di/dt during flow impedance. We currently do not have enough data to
single magnet testing.[ 4 ] It is possible that if we were accurately characterize this process.
operating the string at 4.35 K, we would have been able to
successfully dump the system using the 16 mn dump E. Bypass Lead Testing
impedance without quenching.

Calculations to estimate the resistance change required to The bypass leads located on the SPR are composed of
obtain a desired ramp rate were performed. The relationship stainless steel that are used to conduct current from the
for estimating resistance is superconducting power bus to the outer cryostat during

quenching conditions. The stainless steel is used to provide
S/di) thermal isolation without excessive heat leak into the cold

L Ij mass. Since stainless steel is a relatively poor electrical
R"--in 1- t o conductor, care must be taken not to overheat the lead during
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agio. The lead must be designed to withstand the MilTs IV. FULL CELL RUN
developed inmg i energy dump which is determined by

We are curently reconfiguring the string as a full cell that
~~1 A I 2L is scheduled for cool down sometime in July. The full cell is

Mis =10 () & 16-, e) d 0 . 1006. composed of 10 dipole magnets and two quadrupole magnets
0~ 2R xlTOhe dipole magnets are grouped together based on RRR into

four families. We expect the energy dissipation of the system

Per the Coillder, the maximum operating current is -=7 kA. to become more balanced as each RRR family is conflgured

the circuit inductance is 39 It and the dump resistance is together through one bypass circuit The full cell will be
appi lIG. T11eMr requirementfor thebypass operated utilizing one of the sector reftigerators that has beena uleadi y 1000 The conductedasreuirem ofo dex bya built for the Collider. The reftigeraw will permit opeion at
"lead Is 1000eMITs We cnducted aseresofexperiments lower temperature.and will recover from a full power quench
designed to evaluate bypas lead performance. The lower in a much shorter time than the refrigerator used previously.
bypas lead wus tested to 1400 MUTs, and the upper bypss We plan to continue monitoring splice joint resistance and to
lead u tested to 2040 MIITs. conduct stude s empower bus quenches. A fully instrumented
F. Spe Joint Resiuance SPR will replace the original SPR. The additional

instumenttion allows us to study quench dynamics between
half cells. The corctor package in the SPR is opendonal.

Voltage taps wee Placed on each side of four splice joinsThe additional instrumentation in the SPR may o allow us
in the string. The voltages across the joints were monitored to understand how a full current quench in the rs dipole
while ramping the string to full current Figure 4 illustres ndes a f ul quench in the sPo.
the splice joint resistances from 2000 amps to the full current induces a thermal quench in the dipole adjoinig the SPR.

of 6500 amps. These were also the first joints fabricated in V. CONCLUSIONS
the field so it is expected that the impedance will become

lower as our processes continue to improve and experience is Important pre has been made on the Coflide design
gained in joint fabrication. The change in resistance as a I pethe
function of current is due to the superconducting properties of in the past two years. We have identified several problems
solder at low currents. The differences between splice early enough in the design cycle to have significant impact.

impedance at high current is probably due to differences in the With the exception of the problem encountered in matching

solder composition or thickness between joints. The thickness RRR values between dipoles, we have not encountered any

can be thought of as the distance between superconducting operational problems that would prohibit full current operation

composite strands in the opposite sides of the joint with of the Collider. The problem encountered with RRR matching

respect to each other, is currently being addressed at the design level, and will be
solved before magnet production for the Collider has begun.
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Overview of the Final Foc= Test Boom AIgmment System*
V.E.Bressler, R.E.Ruland, D.Plouffe
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Abstract must have closest vertical approach of no moreAbstractthan 30tim.

The Finl Fooam Test Beam was conceived as
a technological stepping stone on the way to the 4#0
next linear colilder. Nowhere is this mom evident u ov_
than with the alignment subsystems. Alignment 100 ~UM
tolerances for components prior to beam turn are
almost an order of magnitude smaller than for

previous projects at SLAC. Position monitoring Pa.*Imi of hp -t
systenms which operate independent of the beam 2 ,
are employed to monitor motions of the unvata

component locally and globally with FRum 2. FF nt hialal agmnnt aolananees EusSa-d.
unprecedented precision. An overview of the 2.2 TooIgP~tV
anr Aariwmn syste isoi preenedterin
FFTB alignment system is presented herein. The 30pm vertical alignment tolerance applies to

23 quadrupole magnets and 4 sextupole
1. INTRODUCTION magnets[1,2]. We have fiducialized these magnets

The primary objective of the Final Focus Test to within 124tm using a technique developed here
Beam (FFrB) is to consistently and repeatably at SLAC3]. The fiducials for these magnets are
focus a 50 GeV electron beam onto an area which press fit into invar tooling plates. Two of these
is 1 pm wide (horizontal) and 80 am tall (vertical), tooling plates are kinematically mounted on the
The FFrB alignment system contributes in three horizontal and vertical split planes of each of the
ways. 23 quadrupole and 4 sextupole magnets. The
(1) Tight initial alignment tolerances reduce the mounting scheme of the tooling plates on a
time required to initially focus the beam. quadrupole is illustrated in figure 3. One spherical
(2) Sensors which monitor the motions of magnets contact point touches the vertical split plane, two
during a run, independent of the beam, are new spherical contact points touch the horizontal split
took which improve our ability to focus and . ff- plane and 3
control the beam. spherical contact
(3) Sensors which monitor motions of the magnets points Pan
between runs reduce the time required to return to O aginst the

a successful configuration. WO magnet in the

longitudinal
2. INITIAL AULGNMENT m1 spa PbS direction. We

2J ToIner s i ms. TTb pi" an Lvab. have found that
"The FFTB is composed of four straight sections as these tooling
shown in figure 1. plates may be removed and replaced on the magnet

to within 3tam of their original location.st•UN ......... i. Mounting slots for 2 wire position monitors

Horho" (WPMs) are located on each tooling plate. WPMs
Swill be described in section 3.2.

Fbm. 1. FF13 4 mposed at 4 IWt c 2.2AfigsnetlIxsmmwext
In addition to theodolites, we will use two new

Initial alignment tolerances for FFIB quadrupoles alignment instruments for FFrB initial alignment:

and sextupoles are quite small: 30prm horizontally (1) Laser Tracker (2) Portable Water Hydrostatic
Level.

and 100pm vertically. Additionally, the 2.2 Levr. Tr

intersctions between adjacent straight sections Tle laser tracker[41 is an interferometer whose

pointing direction tracks" a retroreflector mounted
"Wo.k Imlsd by ihe US.Depqtmo of Ef rder oaraft DE-ACB-76Sl00515

Conated to he ParwtieAccelmaar Comferece (PAC'93) WahinStm DC, May 17-20 1993
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inside of a 1.5 inch diameter sphere. By moving observe subtle chases in the relative alignment of
the sphere between fiducilss, one may quickly the magnets in one straight section. Previously
measure the relative azimuth and elevation such changes were observed indirectly via beam
between the fiducias, as seen by the tracker, to position monitos and other devices which monitor
within a few arcseconds. Relative line of sight the beam.
distance between fiducials -y be measured to 3.2 Sbrtcked i•r dgamemf sytm
within about 10prm. .. �..__ ... . Our colleagues
2.2.3 PartabA wuter ivevel - from DESY have
In order to achieve 30pm vertical alignment of the provided a
magnets we will use a portable hydrostatic stretched wis e
level[5]. The measurement range of this " alignment system
instrument is approximately 25mm, and we which will be used for on line (and off line)
typically achieve 10pum repeatability after a series monitoring of magnet positions. The system
of measurements spanning several meters and consists of a pair of wires for each of the 4 straight
taken over the course of an bour. For increased sections. Three WPMs are installed on the tooling

accuracy over large distances, the hydrostatic plates of each of the 23 quadrupoles and 4
level, and the laser tracker will use the Fresnel sextupoles. Each WPM is similar to a beam
laser system as a global straight line reference. position monitor (BPM) in that it contains 4
2.3 Freaa Lae e c e m santenna and the differential signal strength

The SLAC linac received from opposite pairs of antenna is the
Fresnel laser quantity of interest. However, unlike a BPM
alignment system has which receives its signal from a packet of charged
been extended to the particles, the WPMs receive their signal from a

FFrB[6]. Thirteen stretched wire which is excited at the fixed end

new zone plates have with a 3 Watt, 140 MHz signal and which is
been installed and grounded through a 2500 resistor at the pulley
calibrated to within end. The wire is centered to within +/-l50pm
10pm with respect to inside an 8mm (inner diameter) brass tube. The
fiducials on the tube serves as the outer conductor in a coaxial
outside of their structure which presents a constant impedance to
respective laser the 3 Watt signal and which shields the signal from

stations. By detecting the images produced from the outside world
these zone plates we may compute to within where it would
5pm[7] the relative offset of each zone plate from interfere with FM
a straight line which goes through the center of two radio broadcasts.
zone plates. Thus the relative positions of the laser A precision made

station fiducials throughout the FFTB may be aluminum
computed to within about 10pm. These fiducials extrusion provides

will serve as a straight line reference extending the a straight and rigid ..

length of the FFTB. support for the FIgure 6. Support structure

brass tube. for the wire system.

1 3. ON UNE MONITORING The 3 WPMs on each magnet allows us to measure
3.1 Diemiption horizontal, vertical, roll, pitch and yaw motions of
On Hue monitoring is the process by which the the magnet. The standard deviation of a set of
stretchedeading from one WPM is typically less thanrelative motions of the magnets in a straight rdns The stretched wire oscillates at
section while the beam is turned on. Each of the
magnets with tooling plates is installed on a mover approximately 5 Hz with an amplitude of several

which can roll the magnet in increments of several micro meters. Therefore it is necessary to average

pradians and 'which can move the magnet readings from each WPM for about a second in
order to achieve sub micro meter standard

horizontally and vertically in increments of deviton.

approximately 1pm. On line monitoring using the

stretched wire system will allow us to directly
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maintained muntant to withi 1/1000 depee C.
Thie homazotal displacement of the bridge with
aespect to the loser station is monitored to within
2pm. by a proximity amor. Using thes sesms- ~and a nmber of lesuperstueaen som located on
the wire terminator and the lase station, we will- ~monifor the horizotal and vertical motion of the
wine ends with mospect to the laser station to within
a1 few micro meters11.

Fu,7. Vm~~snI ~ hubn SimMsaY

4L RECONFIGURATION * Initial alignment of the FIF1 will be achieved
41 ~by splmenting theodolifts with two new

We anticipate that the FFrh Will haive runs lasting suve intumns a lasr tracer and a
for ne eek r la. epartedby own ime of portable hydrostatic leveling system, used in

one or more weeks. Therefore, it is important toocinwthtelsrrfeec ytm
be able to tretur the ma@pets to thi prviu On line mtonitoring Of each F17 taih
positions quickly. Our goal is to teconfigore th seto wi beactrahe inghth
FF118 to within .I-l0prn using the alignment stection wirl e alcgnmplsent usystem.e
system. Rcniuato applies sot only to the
alignment of magnets on one straighit section bust *Reconfiguration of the F713 after a down
also to the intersection of adjacent straightt time will be accomplished using information
sections, see figure 2. In order to do this we need a from the stretchied wire system, the lase
way of monitoring the motions of the ends of th reference system and the bridges which
wires Connect them.

Refemee

[1) These magneft were constructed for the coilabotation
by the Institue of fbysies, Novosibirakt, Russia.

[2] The FF1 also includes tiree quadnapoles just
upstream of the foale point which are aligned to within
Siam with mospect to one another and which are mounted
on their ow table which may be translated horizontally,
vertially, fialed, pitched and yawed with sub-micro
meter precision. Ibis entire system provided to the
collaboration by KEK laboratory, Japan.

[3] GAEFaicher et al,"Precision Fiducialization of

*8 .A Transport Componenta", Proc. EPAC 1992, p. 138.

7ke bridge bs a rigid invar structure which transfier [41 Cbessapeak Corp, Lanhamn, Maryland USA
the motion of a wire terminator to the top of a laser
station Whose location may be monitord with [51 Pellisarer Instrument Corp., Denver, CD US.A
respect to other laser stations; throughout the FF13B 6 ~edre I Hg eouinFenlZn
The bridge rests on a ball which touches the top of Pl6] V.Lmler Ainent at.,t"Hig Reoltion ree Zone192p
the laser station, and the bridge is attached to th at 16e13.net ytm rc.EA 19,p
wire bteminator via a precision hinge. 7The ends of163
4 wives, spanning 2 straight sections, are also [7] V.Breaaer at aI., "Ibe Final P~ocus Teat Beam Laser
mounted on the wire terminator. 71e roll of the Reference System", Proc. PAC 1993
bridge is monitored with sub micro radian
precision by a tilt sensor whose temperature is
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Long Term Experience with Cryoplant Operation for Superconducting
Magnets and RF Cavities at CERN

D. Delikaris, J.-P. Dauvergne, P.K. Frandsen, F. Haug, G. Passardi, J.-M. Rieubland and J. Schmid
CERN, CH-1211 Geneva 23, Switzerland

Absww II. CHARACTERISATION OF THE

Eih Hi.luid-halium cryoplns a remmdy in use at CRYOGENIC SYSTEM
CEIRN, fm of them cmmissioned in 1992. Unit capacities Table I summarises technical and operational data of the
(entropy equivalent) range from 0.1 to 6 kW/4.5 K. Four cryoplim The following points should be noted:
even larger cryoplants (12 kW/4.5 K, upgradable to . The cryopelts for experiments are installed close to the
18 kV'. 4.5 K) are in the process of installation and detectors in the exerimental halls (underground halls for
commissioning. Apart from feeding laboratories for experiments); compressors a housed ian special
development and test of cryogeaic equipment, the ciyolftw buildings above ground. Because of the large distances (of

rovidecooling for n tng detector and accelethe order of 10 km between LEP experiments)
magnets and superconducting RF cavities, where their
uninterrupted availability is crucial for efficient accelerator centralisation of compressors was possible only for the

opration. Integrated running time in 1992 was of the order of lab and for the complex OMEGA47 BOC cryoplant -
100 000 hous. Ths paper summnarises experience from all
phases of operation. nrmIal u e cool-dow ex-ISR cryoplant
and warm-up. Some information is given on software " The cryoplants for experiments (with the exception of the
controls, data acquisition, and fault analysis, and on OMEGA veteran plant) are usually operated in remote
conclusions concerning corrective or preventive maintenam control mode from a central Cryogenic Control Room.
and advisability of investments for increased availability of Centralisation of cryoplant operation will also be

cyogemucs, implemented for cavity cryogenics in a later stage (RemoteCryogenics Commissioning Room); in the present
I. INTRODUCTION LEP200 construction phase involving frequent non-routine

By the end of 1991, 14 liquid-helium cryoplants were in operations, local control is often the preferred operational
operation at CERN, totalling a cooling capacity e t t mode. Cryoplants of the test facilities and of the Central
6.6 kW at 4.5 K. Nine of them were used to cool the Li arolled locally.
superconducting magnets of various particle detectors [11 None of the plants is operated by round-the-clock shdfts of
(including Iow4 quadrupoles integrated into the LEP detectors operators. At night time and week-ends, operators are,
ALEPH, DELPHI, L3 and OPAL [2]), three of them to however, on standby duty, and can be called in by an
provide liquid-helium for test facilities, mostly for the automatic alarm system.
development of LEP200 superconducting cavities and • Table I mentions the year of commissioning of each
superconducng magnets for LHC, and two served for the cryoplauL Note the tremendous increase of plant efficiency
cooling of superconducting cavities in LEP and SPS [3]. The (170 kWcompressor power for 150 W cooling power, i.e.
typical unit cawity c.- Ame phnts was 500W. 1100 W/W, in 1968 versus 2500 kW for 12 kW, i.e.

In the framework of the LEP200 Project [41, two much 210 W/W (design value) in 1993. This improvement by a
larger cryoplants of 6 kW equivalent capacity were factor of 5 is a very important step forward towards
commissioned in 1992 (and, in addition, two 400 W phats). economy in power consumption, which accounts for a
and another four cryoplants of 12 kW capacity (upgradable to substantial part of the operation costs of a superconducting
18 kW by addition of compresr) are presently (in 1993) accelerator. The increase in efficiency is probably related
being installed and commissioned. The cooling capacity to the requirement of utmost compactness for plants to be
installed at CERN has thus newly tripled in 1992 and will by installed in an accelerator tunnel, where space is at a
1994 have increased by a factor of ten with respect to 1991. premium, since compactness requires heat exchangers of

In this paper, experience with operation of the highest efficiency, which in turn increase the overall

18 cryoplants in service last year will be reported. efficiency of the plant.

0-7803-1203-j93$03.00 0 1993 EM
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CERN cryplanm biucal das, me asddowntime 1992

Function jCryol Noamind Cma 1Runinig Nminbv of Lib Izuenwsi
ommgis- powr. boom ade amnmy of Lle

uioned in pow at kW 1992 full stops widmto delivery to
4.5K cooling mers

(Oaopmc houre bows
eO&dIM) origin origin

W

Fixed-target experiaents

OMiGAdeuecu 1971 800 850 6200 0 6 0 15

NA35 1976-79 400 450 2200 0 0 0 4

NA44 1979,1991 400 450 2900 0 0 0 0

NA47 1976-79 400 450 5700 1 1 20 26

RD5 1976-79 400 450 3200 0 0 0 0

LEP collider experiments

ALEPH 1988 800 600 6400 3 9 0 18
(incL iow-f quadnoles) (low-B: 5) (ow-B: 10)

DELPHI 1988 800 600 6800 1 7 0 10
(incL Iow-0 quadnpoles) (low-1: 5) (low-0: 0)

OPAL low-P quadtupoies 1976-79 400 450 6200 1 7 5 10

L3low- qiuadpoles 1976-79 400 450 5950 0 6 5 12

Superconducting RF cavities in the SPS (injection of electrons/positrons into LEP)

SPS BA4 1989 120 110 5000 0 0 0 0

SPS BA4 19921 400 450 4100 0 1 0 12

Superconducting RF cavities in LEP

LEP Point 2 1992 6000 1350 6200 1 6 0 Operation

LEP Point 6 (1993) 12000 2500 0 according t
accelelator

LEP Point 8 (1993) 1200 2600 0 1 requizuents

Test facilities for superconducting cavities and magnets

Hall 892: 1976-79 400 450 5550
LHC magnet test lab

Hall 180. BOC cryoplant 1977 335 800 4000 Intermittent operation according

Hall 180:. ex-ISR cryoplant 1980,1990 1200 600 2100 to test requirements

Hall SM18: 1992 6000 1800 6000
LEP200/LHC tests

Central liquefier and Cryolab

A.D. Little liquefier 1968 150 170 5370 intermittent operation according

Sulzer liquefier 1992 400 450 7400 to requirements
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M11. OPERATIONAL EXPERIENCE It may be worthwhile to comment on this point.
AND FAULT ANALYSIS It is a characteristic of cryogenic systems that immediate

In the last five columns, Table 1 gives the number of restart after utility failure is possible only if this failure is of
running hours of the cryoplants used in rqglar operation with very short duration. (Cryogenic buffering, e.g. by provision
the accelhrator and current experiments, the number of of an intermediate liquid-helium dewar for increased tolerance
accidental stops of the plant and the duration of inerupeton of against perturbations, as mentioned, is possible in exceptional
liquid-helium supply to the user. The second last column cases only, typically when the load is of a nature suitable for
indicates a certain autonomy for some systems, being cooled cooling in liquefier rather than refrigerator mode ). In most
from an intermediate dewar and therefore less vulnerable by cases the time required to restore thermodynamic equilibrium
short-term interruptions of power supply. after severe perturbation is a multiple of the utility downtime

Table 1 shows that of a total of 50 interruptions, only 7 that provoked this perturbation, in particular if a large and

were due to malfunctioning of a component of the cryogenic delicate system is concerned, e.g. if the interruption of cooling

system. That this number is so small is not only due to the has lead to the quench of a superconducting magnet. Even if

quality of the installations, but also to the rapidity and interruptions of utilities cannot be excluded, it is of prime

competence of the operators on stand-by duty, who were called importance to keep their duration as short as possible and to

in 230 times by an early warning of the automatic alarm make arrangements for their fastest possible restablishment,

system, and who cleared the situation before aggravation led to with high priority of cryogenics versus other less critical

a breakdown of the system. The total number of lost hours components.

for accelerators and physics experiments was 117 (coincidence
of cryogenic downtime with physics data taking), from which IV. REFERENCES
only 22 were associated with cryogenic equipment failures. [1] J.P.Dauvergne et al, "Helium Cryogenics at the LEP
Regarding the 61 000 normal running hours, the fault rate Experimental Areas", CERN/EF/89-10, 1989 Cryogenic
was about 1.9-10-3 for all stops and only 3.6.10-4 for the Engineering Conference, UCLA, Los Angeles, USA:
stops caused by cryogenic equipment failures. The high Advances in Cryogenics 1990, Vol.35, p.901

availability of the cryoplants is essentially due to the careful [21 Ph.Lebrun et al, "Operational Experience with the LEP
Low-Beta Superconducting Quadrupoles", CERN/AT-preventive maintenance during shutdowns (Computer Aided MA/92-03, 1992 Third European Particle Accelerator

Maintenance is being introduced at present), and the Conference, Berlin, Vol.2, P. 1641
competence of the operating team. [3] G.Passardi et al, "Long term Operational Experience and

Reasons for the interruptions originating in the cryogenic Upgrade of the Cryogenic System for the Superconducting
system were the failure of a 24 V power supply (including its Cavities in the SPS Accelerator". 14th International

backup unit), process software crash, failure of a control valve Cryogenic Enginneering Conference (ICEC 14). Kiev,

and impurities in the helium cycle. The remainin Ukraine: Cryogenics 1992. Vol.32, ICEC Suppl. p.146
a [4] M.Barranco-Luque et al, "Status of cryogenics for the

43 interruptions were mostly caused by interruption of water LEP200 energy upgrade project at CERN", 14th
and electric power supplies and by perturbations in the International Cryogenic Enginneering Conference
communications network. Looking at these figures, it appears (ICEC14), Kiev, Ukraine: Cryogenics 1992, Vol.32,
to be good policy to invest, for a reduction of cryogenic ICEC Suppl. p.151
downtime, in the reliability of utilities.
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Axial Variation in the Magnetic Field
of Superconducting Dipoles and Quadrupoles"

A.L. Olbh, K.E. Robins and W.B. Sampson
Brookhaven Nationd Laboralty

Upton, Now York 11973

Abarea The amplitude of the oscillations increases with
A periodic variation in the magetic field along the current but generally is not reversible. The magnitude of

axis has been olbsrved in both quadrupole and dipole magtas the axial variation may be smaller on the up-nma (Fig. 3) or
mib from mpu$11MsMChIagCable. rubiosillation is present larger (Fig. 4). Similarly when the magnet is maintained at
in all components of the fild and baa a wavelength equal to high current th amplitude may increase or decrease with
the tranposition egt&hof do cable. In general the amplitude time (Fig. 5). In Fig. 4 the nmagne was held at 6000 amps
of these vamntio ncreamse with magne current and is not for approximately I hour while the amplitude decayed. The
revesb rhe ridual field pattern at mm current depends cycle depicted in Fig. 3, however, did not have a similar
on the energizing cycle sad increases with tihe spent at high wating period. A peak to peak amplitude of approxinmately
field. The decay of the oscillations has a complex time 2 gamus was present at zero current in both cases due to the
dependence which contains somn extmdely long time previous histmy of dt magnes. For a magnm just cooled
constants. Unbalaced currents in the individual stands of into the sueroducing state no oscillations would be
the cable appear to cause theseffects and the field variations present and the curves of Figs. 3 and 4 would start at the
can only be completely eraed by raising the magnet above its origin. Once oscillations have bew established they can only
critical temperature. be completely eliminated by raising the magnet windings

above their critical temperature. The differnce in behavior
I. INTRODUCTION exhibited by dipoles 211 and 213 does not seem to be related

to any obvious magnet parameter since they were constructed
Axial field oscillations were first observed in the using th me tooling and conductor made to the same

sextupole component of HERA dipoles in 1990.91 Similar specifications.
variations were soon observed at other laboratories and it
became apparent that such pattern are present in the field of
all magnets made with multstranded conductor.mx Since
thse field variations we small (typically a few gauss) they to . . . .

ae mt apparent at low fields end can easily be seen when -7000A
the power supply is turned off after a high field cycle in
which the current km been maintained at the peak value for 5
several minutes. The pattern is present at all field levels and
in both the normal and skew components of the field.

H. FIELD DEPENDENCE o
C4

The muasuring technique used to investigate the axial
oscfllations has been described elsewhere.m Most of the
measurements reported in this paper concentrate on the first
allowed term; aextupole in dipoles and duodecapole in
quadupolmes. Figure 1 shows the normal sextupole field for
a portion of dipole DCA213, a full length SSC prototype -1o 0 1 ' ' '

when powered at 7000 amps. The axial variation of 0 10 20 30 40 0 m 70 80 9 100

approximately 10 gauss peak to peak is much larger than the Z-positon , cm

nominal aextuple& field (-4 g) and many times larger than
the nmetization sextupole (0.3 g) at this field (7 1). Fv'm 1. Oscillations in the normal sextupole component
Similar patterns occur in quadrupoles, the variation in the of the field of SSC dipole DCA213 near the peak field

duodecapole compone n along the axis of RHIC quadrupole (TT).
QRB003 is shown in Fig. 2.

"V & -MMA MA t Cid ft8..7 ICIMhh3I v& *A U.S. MMt df BM.

0-7803-1203-1/9M.000 1993 IEEE 2742



-a3-

* -~A DCA21 3
S-2 - 0CA212

mom

0.
-s0 1000 2000 3000 4000
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Fitgure S. Time evolution of the aextupole oscillation

lMgw 2. Oscillatsio in the residual 12-pole componmt amplitude at 6000 A in the SSC dipoles DCA212 and
of RHC qwanapo QRU03. DCA2I3.

6 MIL. EFFECT OF LOCAL HEATING
OCA21

5 Some of the magnets examined were provided with
spot heaters used to initiate normal zones for coil protection

4studies. One of these heaters was used to see if the axial
3 field patemn could be altered by pulsing the heater without

qumching the magnet. Dipole DCA211 was powered to
2 500 A and th heamt energized to progressively higher

values while scanning the region on either side of heater
location. No changes in the pattern were observed at any

0 power level below dot which provoked a quench. This

0 1 2 3 4 5 6 experiment was rpeated with the magnet at 25 A but with a

MAGNET CURRENT, M large field oscillation present due to an earlier excursion to
high field. Since the pulse power supply was not capable of

gM 3. Oscillation amplitude as a fuiction of current producing a normal zone at this low field level it was

for SSC dipole DCA211. replaced with a dc source. The heater current was increased
in one amp increments while scanning the region one half
meter on either side of the heater. No change was observed

6 until the heater current reached 10 Amps where the
QDCA2 i3 amplitude inrae significantly as shown in Fig. 6. This
5 change occurred almost instantly and over the whole region

of the scan. No futher change was observed with the heater
4 continuously powered on turned off. This increase of almost

*I7K 50% in the oscillation amplitude decayed back to
M .approximately the original level in about two hours. When

S2 ~the heater current was later increased to 12 Amps another0sigificantjump of 70% occurred in the sextupole oscillation
2 1 amplitude. Unfortunately higher heater currents were not

possible due to limitations in the wiring which was originally
0 0 2 3 4 5 6 only intended for pulsed operation.

MA,•r CUMWWN M One of the 1.8 meter model SSC dipoles DRSK19
was equipped with heaters on its leads at the point where

lqpm 4. Oscillation amplitude as a function of current they enter the body of the windings. When these heaters

for SSC dipole DCA213. were powered they modified the residual dipole pattern as
shown in Fig. 7. In this case the amplitude was dramatically
reduced and the average value of the residual field increased.
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5he current in dht half turn dies out leading in this case to an

BEFORE icease in the oscillation amplitude. Higher hear power is
o4. ...... AFTER nx e to quench a smilar regio in the net turn'a d

..• ., ' -. produce a firther change in the amplitude. Presumably spot

-• , . . heaters at other locations in the winding would produce the
co 3  ; opposite effect and reduce the oscillation strength. It is not

.6.0obvious why such standing wave patterns -Jiould have the
0 2 very long time constants observed in these experimnents

E V which imply an extremely low effective resistance between
strands.

0 _The 
time evolution and the magnitude of the

0 10 20 30 40 50 oscillations were also found to be dependent on the ramp rate
used to power the magnets. Measurements are underway to

Z-position, cm try to understand the nature of this ramp rate dependence.
Tbe results of this study will be reported in the near future.

Figure 6. Sextupole oscillations in DCA211 before and
after powering the mid-plane spot heater located at 25 cm. The measurements of oscillating fields performed to

date are on prototype dipoles developed for various
accelerator projects and as such must be done in the time

15 available between quench testing and the more conventional...... BCFORE HtATING magnetic measurements. Parasitic measurements are always
-- AFTER HEATING limited by time considerations resulting in a somewhat

confining mixture of data from different magnets. A
complete understanding of the exact nature of the current

o i I, , ., patterns producing these axial variations will probably
S0 require the construction of special dipoles equipped with

c . , .s •" ". internal heaters and voltage taps and dedicated to resolving
0Sthe many loose ends in the present understanding of this
E phenomenon.
n-

V. ACKNOWLEDGMENTS
51
50 60 70 s0 90 100 The authors would like to thank the BNL magnet

Z-position , cm test section for their help in performing these measurements.
The Magnet Science group of the Test and Data Management

Figure 7. Oscillations in the remnant dipole field of Department of SSCL has supported and encouraged this
magnet DRSK19 before and after powering the lead work.
heaters.

VI. REFERENCES

[I] H. Briick, et al., DESY HERA, gi-Ol, 1991
IV. DISCUSSION AND CONCLUSIONS [21 A.K. Ghosh et al., Supercollider-4, Plenum Press,

New York, pp. 765-772, 1992
The fact that field oscillations are present as soon as [3] A.K. Ghosh, et al., Int. J. Mod. Phys. A (Proc.

the magnet is energized and increase with current implies Suppl.) 2B, pp. 665-667, 1993.
large unbalanced currents in the strands of the cable. A [4] A.A. Akhmetov and T. Ogitsu, SSCL Report
possible mechanism for such periodic currents has been MD-TA-245 (1993).
described by A.A. Akhmetov.[41 The unusual increase in
amplitude observed in the spot heater experiments suggests
that the oscillation pattern is the sum of contributions from
different portions of the magnet and that the unbalanced
currents in a specific length of conductor can be damped out
by inducing a small normal zone. Standing waves in each
half turn reflecting from the ends of the magnet might explain
the experimental observations. When the spot heater raises
a small region of the cable above the transition temperature

2744



Large Aperture Quadrupoles for RHIC Interaction Regions*
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M. Rehak, W. Sampson, R. Shutt, P. Thompson, P. Wanderer, E. Willen
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Abstract

The ultimate luminosity performance of the Rela- -XNL amL

tivistic Heavy Ion Collider (RHIC) depends on the field
quality in the large aperture (130 mm) superconducting "m-
quadrupoles in the interaction regions1 ,2 . In this paper we oft
discuss the design features that are incorporated to obtain COL

a good field quality. Coil midplane gap and pole shims
may be adjusted to remove certain field harmonics due to
systematic errors in construction. Iron tuning shims will sr

be inserted at eight strategic locations in the assembled M-+
magnets to correct the measured values of harmonics in
each magnet. The performance of two prototype magnets
and upgrades under consideration will be discussed.

I. INTRODUCTION LDW -

A total of seventy two 130 mm aperture quadrupoles jma re
will be used in 24 focusing triplets in six interaction
regions. The parameters of these quadrupoles (Q1, Q2
and Q3) are shown in table 1. The beam will be
squeesed to the smallest possible size (0*=1) at the
crossing point in the two low-beta interaction regions to Figure 1: Cross section of the 130 mm quadrupoles for
obtain the highest possible luminosity. An unavoidable RHIC interaction region.
consequence of that squeesing is the increase in the beam
size in these quadrupoles. Moreover, a rapid variation
in the beam size within the focusing triplet limits the Table 1: The basic design parameters of the large

effectiveness of the local and lumped global corrector aperture quadrupoles for RHIC interaction regions.

system2 . Therefore, good field quality large aperture Parameter Value
quadrupoles in the interaction regions are crucial to beam Superconducting wire diameter 0.65 mm
life during the high luminosity operation of RHIC. Since Number of wires per cable 36
the maximum luminosity is desired at the top energy, the
field errors will be minimised at the maximum operating Copper to superconductor ratio 1.8

gradient. Cable mid-thickness/width .... 1.16/11.7 mm
In quadrupoles, the skew (a' ) and normal (b.) field Cable insulation ............... Kapton Ci

harmonics in prime units are defined as follows : Critical current at 5.6T, 4.2 0 K >10100 A

By+ b, = 10-4, Gx R cc R Number of turns per pole.......27
,,=0 Coil inner diameter ............ 130 mm

where B, and By are the field components at (z, y), G Coil outer diameter ........... 154 mm
is the gradient at the center of the quadrupole and R is Yoke lamination thickness ..... 6.35 mm
the reference radius, chosen as 40 mm for these magnets. Yoke inner radius at midplane . 87 mm

II. BASIC CONSTRUCTION Yoke inner radius at pole ...... 92 mm

In the design of these quadrupoles, the yoke also acts Yoke outer diameter ........... 350.5 mm
as a collar. A 6.35 mm thick stainless steel shell is welded Magnetic length, Q1, Q2, Q3 1.44, 3.4, 2.1 m
after the collaring keys are inserted in the compressed Min. beam spacing in triplet 424 mm
yoke. The space between the coil and yoke is taken by
a thin glass filled phenolic spacer. The magnet contains Design current............... 5.0 kA
constant perimeter ends in which the turns are uniformly Design gradient ............... 48.1 T/m

distributed. The two Q1 quadrupoles of the inner and Operating temperature ........ 4.60 K
outer rings will share a common cryostat. Computed quench gradient .... 75.3 T/m

I Field margin .................. 57%
*Work supported by U.S. Department of Energy. ld m
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III. CROSS SECTION The maximum space available for the magnetic tun-

The quadrupole cross section is shown in Fig 1. The ing shim is -6.6 mm. The nominal design has 3.3 mm
coil has a total of 27 turns per octant in three blocks. The of magnetic and 3.3 mm of non-magnetic material. All
coil midplane gap has been increased from a minimum 0.1 changes in shim sise will be made relative to the nominal
mm to 0.2 mm in the iterated cross section. Any change 3.3 mm of magnetic material. In table 2, we have list-

in coil size in production magnets will be accommodated ed the maximum amount of correction possible in each

by changing the midplane gap by about 40% of that harmonic with +1 mm and/or -1 mm relative change in
amount and the pole shim by about 60%. This would shim. The locations which produce a maximum positive

result in the same pre-compression and the same bs. In value for each harmonic for this relative change is also

addition, a variation in midplane gap and a variation shown. Some of the harmonics listed in table 2 are cou-

in pole shim size provides a simple but powerful tool for pled to each other, e.g. b; and b7 (in general, harmonics

tuning the field harmonics in production magnets without 2n+1 and 2n+5 with n=0,1,2,...). This means that if b;

changing the basic coil cross section. is changed, b; will also change according to the b3/b7 ra-

In cosine 0 magnets, the iron aperture is circular. tio given in table 2. Therefore, the eight shims can not be

However, in order to reduce b' saturation we have de- used to make any arbitrary eight harmonics zero. But the

signed a yoke where the aperture is defined by two radii correction in the ddkeu, and normal" harmonics and in the
- 87 mm at the midplane and 92 mm at the pole. This "odd and eien" harmonics are orthogonal to each other.
has been very effective in reducing the b's saturation from Therefore,, one can still, make the desired eight harmonics
15 to 1 unit. It forces an early saturation at the yoke (a2 ,a3 , a4, a5 and b Obb4, b's) independently zero. Since

midplane and delays/reduces at the pole. adequate space for shimming is available, the correction

There is a phenolic spacer between the coil outer will only be limited by the acceptance in the higher order

diameter and yoke inner diameter having a width of 10 harmonics generated in the process.

mm at the midplane and 15 mm at the pole. However, A computer program SHIMCAL has been written

there are eight places where there is a -- 7mm wide space to compute the values of eight shims to minimize an

between the spacer and the yoke. These spaces will be error function consisting of measured and desired values

used for accommodating the magnetic tuning shims, as of field harmonics. The harmonics will be corrected for

shown in Fig. 1. The other holes and cutouts in the the top energy operation; at injection there will be about

yoke have been placed such that the symmetry breaking 10% over-correction to account for the loss due to iron

harmonics are less than 0.1 unit in the design range of saturation. In mass production, the correction will be

operation. The cross talk induced harmonics (by the based on warm measurements. However, a warm to cold

quadrupole in the other ring) are also less than 0.1 unit. (5 kA) correlation will be developed in the beginning.

IV. SHIMMING Table 2: Maximum change possible by +1 mm and/or
-1 mm relative change in shim size at the given locationsThe random errors in harmonics are primarily deter- at50A.Siloton1,,ecarshwinFg.

mined by the limits in the accuracy of the parts and the a -k

process used in manufacturing the superconducting mag- +1/-1 mm Change +1/-1 mm Change
nets. To overcome these limitations, we have developed locations (Units) locations (Units)
a method of shimming. The basic principle of this is to ao 1234/5678 18.64 bo 1278/3456 18.64
insert the iron shims in the eight suitable locations be- , 1357/2468 -. 37 ' All/None 22.50
tween the phenolic spacer outer radius and the yoke inner aI Al
radius to reduce the measured harmonics. The approxi- a2 5678/1234 9.85 b; 1278/3456 9.85
mate angular location of shim No. I is 300, No. 2 is 600, a3 3478/1256 7.37 b 1458/2367 6.36
No. 3 is 1200, etc., as shown in Fig. 1. Since the har- a, 2358/1467 2.99 b' 1368/2457 2.99
monics will be corrected magnet by magnet, the method 28.N2
will also reduce any systematic value, if present. a5  4_7b o_.

Methods based on the same general principle have a6 2358/1467 1.0 b6 2457/1368 1.0

been used before in conventional magnets. It is more com- a7 1256/3478 0.04 b? 2367/1458 0.72
plicated in superconducting magnets because (a) there is a; 1467/2358 0.25 b; 2457/1368 0.25
usually no access to the iron aperture and (b) when the ag 1357/2468 0.16 b9 None/All 0.08
magnet is opened and assembled again the harmonics are
not reproduced at the desired level. However, the design
of the RHIC large aperture quadrupoles is such that the V. MEASUREMENTS, ANALYSIS
eight iron shims can be inserted easily without opening AND UPGRADES
the magnet after the magnetic measurements are per- The quench performance of the two pre-production
formed. The actual shim package will always be molded quadrupoles QRIO01 and QRI002 is shown in Fig 2. The
to the same thickness but a part of it will be made of first quench occurs at 28% above the maximum operating
magnetic steel (laminated and insulated) and the rest will current. Though not critical to the machine operation, the
be made of the non-magnetic material brass. quench performance is expected to improve significantly
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Table St Average values of the measured field harmonics
in the two pre-production magnets QRI001 and QRI002
in the body (ee text), lead end mad return end.

Body Lead Return Body Lead Return
x end end end end

units units units units units units
S•n ×m m ×m xm

a; 1 0.09 -2.51 1.44 ; 0.51 -0.10 0.33bwee-d-a_ 0.28 0.36 0.08 3; 69 -0.29 -0.10
r, 0.03 0.13 0.03 0g 0.30 0.13 0.04

CO - 3 a 0.39 -4.92 -0.08 bý 7.02 8.44 1.45
a, . -0.08 -0.o6 0.05 b . 0.04 0.01 0.055

S. . . .t. . •. . • -0.02 1-0.02 -o.o1 T, 7 .03 0.04 0.01
Qunc Nube 6o; 4 0.05 1-0.01 1-0.0i bs8 -0.03 0.04 0.02

Figure 2: Quench performance of the pre-production - -

quadrnpoles QRI001 and QRI002. The actual position of the wires in the assembled

magnet was measured by a coordinate measuring machine
from a cross sectional slice cut from the magnet QRI001.

in QRI002 rebuild and in production magnets when the The analysis shows that the centers of the upper and
pole lead, just coming out of the straight section, is solder lower coil halves were away from the horisontal axis by
filled and thus better supported. -0.25 mm. The coils were bent inward by about the

The azimuthal stress on the coil has been measured same amount in the horizontal plane. Analysis of the

at all eight pole locations. The average stress was 10.5 yoke inner surface shows a similar behavior. The bending

kpsi (72.3 MPa) at room temperature. A significantly is thought to be the result of applying compression on

higher (3 kpsi) stress has been observed in the four strain the coils through the yoke loading fiat. The quadrupole

gauges located nearest to the horizontal plane. After the symmetryIis broken by this deformation, and a positive
cool down the average stress was 3.3, 2.1 and 1.5 kpsi at a b3 is created. A similar b3 has been observed in the 80

current of 0, 5 and 6.6 kA; the asymmetry in stress data mm apertureRHIC arc quadrupoles based on a similar
persisted. The ends were pre-loaded by a varying amount design. This b3 was successfully reduced to a small value

in two magnets and in a rebuild of QRI002; no unusual in those quadrupoles by using an asymmetric midplane

behavior was noted. gap between the horizontal and vertical plane. However,
in these quadrupoles, we can also use the magnetic tuning

In table 3, we have given the average values of inea- shims. A final choice, or a combination of the two, would
sured harmonics in QRI001 and QRI002. The harmonics depend on which scheme produces a smaller b;.
in the two magnets were quite close to each other. The
body (straight section), lead end and return end harmon- VI. CONCLUSIONS
ics are derived from the measurements at several locations The field quality in superconducting magnets can be
with a 0.229 meter long measuring coil. For computing significantly improved by using the techniques described
integral harmonics (in units), the end harmonics must be in this paper. The magnetic tuning shims can be used
divided by the magnetic length of Q1, Q2 and Q3 before to correct a number of harmonics after the field mea-
adding to the body harmonics in table 3. The presence surements without opening the magnet. The midplane
of a large b3 in the body will be discussed later. The gap and pole shims can be used to control the field har-
non-sero b5 and b; in the body are due to a change in the monics in addition to accommodating the variations in
insulated cable thickness after the design. The cross see- coil sizes. These techniques are specially suited for the
tion has been iterated to reduce these harmonics for the interaction region quadrupoles where'a few magnets basi-
production magnets. The large as and b5 in the lead end cally determine the ultimate luminosity performance of
are caused by eight -0.2 meter long leads connecting the the machine.
four coils. A new lead design is expected to reduce most
of these harmonics by a factor of three. A current de- VII. REFERENCES
pendence due to iron saturation has been observed in the 1. R.C. Gupta, et. al., "RHIC Insertion Magnets",
allowed quadrupole harmonics. The difference between 2 Proceedings of the IEEE 1991 Particle Accelerator Con-
kA and 5 kA is -0.47% in transfer function (GIl), 0.3 ference, San Francisco, May 6-9, 1991 (Page 2239-2241).
unit in b'5 and 0.2 unit in b;. A small value in b-5 satu- 2. J. Wei, R. Gupta, S. Peggs, "Magnetic Multipole
ration means that the two radii method for reducing iron Compensation for the RHIC Triplets", Paper Ga86, this
saturation in quadrupoles has worked well. conference (PAC 1993).
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Desolp of Suerclnduang Quadrupole Magnt• for CEBAs Ha A

R. Kreutz, E. BrOtch, K. Dreher. H. Gr0neberg. H. L-Gkehaus,
W. MNck, H. Pee,. B. Rzeoxnk F. Sommer, P. SchAfer
Siemens AG, KWU, Accelerator and Lag" Technology
W-51425 Bergisch Gladbach I and MWIhem, Germany

by CEBAF [11. The main parameters are given in
Table. 1:

Abstid
Table 1: Main Parameters and Characteristics

The detailed design for the construction of the OM2/03
quadrupole magnets for CEBAF's Hall A High Magnet
Resolution Spectmters i presented. The
quadnhpoles have a warm bore diameter of 60011ra * Length of quadrupole coil 232 cm
and a cryostat length of 3 m. The quadrupole coil will * Magnetic length 180 cm
be wound from a cable conductor carrying a current of 9 Magnetic gth
1850 A, the field gradient is 3.5 T/m. A set of eight • Quadrupole field gradient 3.5 T/m
superconducting mu"tlole coils is positioned In the • Quadrupole gradient unformity 1 x 10-3
helium vessel within the bore of the main coil. Each * Operating current 1.85 kA
multipole coil is supplied by a separate current lead. o Stored energy 592 kJ
The cold mass is suspended by eight support rods of e Peak field of main coil 2.5 T
Titanium, sized for a static load of 3g *Superondct on(2)
omnidirectionally, which are fixed at the iron yoke a mu "( cois
tube sourrounding the magnet cryostat. Cold and muatipole (6)coils
alignment of the quadrupole coil relative to the iron max. operating current 100 A
yoke is possible via these supports. The detailed o Weight of cold mass 2.7 t
design of the quadrupole coil, the multipole coils, the
current leads, the cryostat and of the iron yoke is Cryostat
described.

* Diameter of warm bore 60 cm
1. Introduction * Length 295 cm

• Outer diameter 115 cm
The Continuous Electron Beam Accelerator * Oeiamte 284cm

Facility (CEBAF) at Newport News, Va. will perform 9 Height 284 cm

the experiments within three experimental halls. In Iron Yoke:
Hall A two High Resolution Spectrometers are to be
installed. Each spectrometer consists of one small
quadrupole (01) magnet and two bigger quadrupole * Outer diameter 150 cm
magnets of identical design, one before (02) and one 9 Wall thickness 17.5 cm
behind (03) a 450 dipole magnet 9 Weight approx. lot

In November 1991 Siemens got the order from 3. Design of the Quadrupole Coil
CEBAF for designing, building and testing the four
02/03 quadrupole magnets. One eights of the cross section of the quadrupole

coil is shown in Figure 1 which is composed of two
After a period of 10 months for the detailed layers without a splice. Figure 2 shows a top view of

engineering the design was finished. In chapter 3 and the coil ends of a single coil.
4 the design of the quadrupole coil and the multipole
coils, respectively is described. The current leads are The coils are wound from a cable conductor with
described in chapter 4. In chapter 5 the main features 30 strands and a cross section of 1.64 mm x 14.7 mm
of the iron yoke surrounding the cryostat are given, wrapped with Kapton of a total thickness of 0.1 mm
The design of the cryostat and its components are and a 0.1 mm thick layer of glass fabric. The
described in chapter 6. conductor is would around a center post of stainless

steel. The three sections of each layer are separated
2. Main Parameters and Specifications by copper keys in the straight part and 3D shaped

copper spacers in the end regions where additional
The coils and the cryostat of quadrupole magnets spacer of G10 material will be provided. The head

were designed according to the specifications given blocks are of copper.

0-7M03-1203-1/9303.00 0 1993 iMME
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After assembllng the four single coils on a mandrel reference system for the alignment of the quadrupole
the quadrupole coil wil be wrapped with a bandage of coil.
epoxy with annular channels left for better helium
batasparency to the coil. The coil assembly will be 7. Cryostat
surrounded by a tube of aluminium shrinked onto IL It
is designed for a 50 MPa prestress in the coil at liquid A general requirement from [1] for the design of
helium temperature. The thickness of 63 mm of the the cryostat was to design for a 3 g omnidrectionally
aluminium tube guarantees an unclrcularity resulting mechanical load.
from the Lorentz forces of not bigger than * 0.15 mm.
The circularity for the manufacture and assembly of In order to avoid unacceptable mechanical
the quadrupole coil is tolerated with * 0.25 mm. deformations or high costs for the vacuum vessel the

concept of suspending the cold mass at the iron yoke
At both ends of the quadrupole coils flanges of was chosen.

Aluminium bound to the Al tube provide for an axial
boundary. The width of the vacuum vessel tower is nearly of

the same size as the diameter of the vacuum vessel
4. Correction and Multipole Coils in order to have enough space for the current leads,

for four cold valves with actuators, a liquid nitrogen
A set of eight superconducting correction and vessel for the shield cooling, and the corresponding

multipole coils will be installed on the inner tube of the piping for the cryogenic helium and nitrogen supplies,
helium vessel. They all are wound on G10 plates with see Figures 3 through 5.
a winding core from a 0.9 mm thick wire capable of
canying a current of 125 A. The inner correction coils The cryostat was designed for the required heat
(sextupole, octupole) are composed of two layers, the load limit (1] of 20 W at 4 K.
six multipole coils consist only of one layer. In order to
save space in radial direction the splices are The radiation shield is made of copper and cooled
positioned In the end regions, therefore, the coils are by liquid nitrogen. Liquid level sensors for helium and
designed for different lenghts. The radial thickness of nitrogen are provided.
the total set of coils is 25 mm.

At both ends of the vacuum vessel flanges for the
5. Current Leads vacuum beam line are integrated.

The current lead for the quadrupole coil are gas 8. Conclusion
cooled and designed for a current of 2 kA. The poles
are connected to the leads of the quadrupole coil via The design of the 02/03 quadrupole magnets was
flexible copper tapes in order to compensate an axial performed according to the global requirements of [1].
motion of 4 mm of the coil relative to the current lead These implied a high challenge for the manufacturing
which are chosen to be fixed at the head of cryostat design of the quadrupole coils and for the mechanical
tower for reasons of helium tightness at the design of the cryostat under cost saving aspects and
feedthrough. with respect to the complexity of the electrical and

cryogenic supply, especially under restricted
The 16 leads of the correction and multipole coils geometrical i~oundaries in the axial direction.

are each coupled to an bundle of insulated brass
wires. They are altogether thigtly bundled and guided References:
through a tube and cooled by gaseous Helium. At the
top of this tube the leads are separated and [1] J. Alcorn et al.; Technical Specification, TS6521-
connected with the feedthroughs. 0001, "Four Superconducting Quadrupoles in the

Cosine 20 02/03 Geometry for the 4 GeV/c High
The arrangement of the current leads can be seen Resolution Spectrometers to be Installed within

from the cross section of the cryostat tower in Figure Experimental Hall A at the Continuous Electron
3. Beam Accelerator Facility (1992)

6. Iron Yoke

The iron yoke is made from AISI 1006 steel
according to the magnetic material requirement of [1].
It is composed of two halve shells and bears the
vacuum vessel of the cryostat It supports the cold
mass via eight cold-tu-warm sunports with titanium
rods which are fastened to the iron yoke via a support
structure, see Figure 4 and 5. It is the geometrical
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Abstract
The physical engineering designa or a 7.5 Tesla supercon-
ducting wiggler for the P'LS is described. The design is
based on three parallel superconducting dipoles. The field
is produced by six racetrack NblTi-coils assembled symmiet-
rically above and below the vacuum chamiber. The current
den~sity for the central pole was chosen to obtain optimal
field-current characteristics within the conductor packages. --

The use of iron ples and return yokes miakes it possible to
produce higher fields than the corresponding values when
no iron is used.

I Introduction
A strong field wiggler (wavelength shifter) will be installed
in a straight section of the Pohang Light source (['IS) s--______
torage ring power [1] to enhance Lthe pewrformance of the
machine. for short wavelength users and to provide new AUMX. MOE AXM
possibilities for SR experinwnits. The wiggler is not. one
of the main elements of thme lattice amid does not reduce
the reliability of the machine. Hlowever, lattice nmatchinjg
and compentsation of wiggler effects on Lthe electron beam
dynanmics are needed.

A superconducting wiggler is under construction now at
the Budker Institute of Nuclear Physics (RINP), Russia and
will be delivered to PIS at the end of 1994, which is also Figure 1: General view of thme Superconducting Wiggler
the expected completion date for the PLS.

In this article, the design of the Superconducting Wiggler
and the radiation properties of the wiggler will be briefly separate coils. The current density in each of thme coils was
presented. choseni to obtain optimial field-current characteristics.

Thle iron poles and yoke surround the coils, providinig a
II Wiggler Design flux path, and supporting Lthe coils. The use of iron poles

amid yokes makes it possible to produce a higher field than
A view of the three-pole wiggler is p~resenited iii Figure I- is possible for similar geometries when no iron is used. In
The wiggler design is based omi three parallel supercondluct- addition, the outer poles act as the mechanical restraint
ing dipoles. The magnetic field is produced by six racetrack to the very large magnetic forces generated by the main
Nb'lri-coils assembled symmetrically above and below the pole coils. The non-magnetic stainless steel slab located
vacuum chamiber. The conductor is insulated with KaPton between the upper and lower wiggler halves is simultane-
film, and the coumpleted coils will be imipregnatedl with #- ously a part of thme helium vessel and a support for the
poxy resin. The two central coil packages are split into two halves.

*Wm* stopportM~ by Ministry of Sciencr AMd Teict~nogy. I yinstw The umagnetic field of the wiggler magnet was calcuilat-
Ekecrical Engineerimag Co., Ltd. aamrl th Budker hotiittmie of Nuclear edl with Lthe MERMAID code developed at BIN P. (21 TIhe
Phys"c flux distribution is shown in Figure 2. The distribution of

o.70-1203-L*3S03.00 O 1993 IEEE
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Maxinmum field onl beam axis
_______Central pole (T) 7.5

__________Outer poles (T) -1.7
Pole gap (mm) 40Ve(t. gaftevcucabr(u) 2
Veriz. gap of the vacuum chamber (nmm) 240

Stored energy (kJ) 150
\\\ \t Total weight of cooled parts (Kg) ~ -1000

Table 1: Main parameters of the 7.5 T wiggler

Diameter 0.85 mm
(09I mwt nu.

Ratio(0.95 nun with58:ul4)
I Ratio. of CNbTi fiam nt 8910.4

%Critical Current 360 A (at 7 Tesla)

1 170 K/cm 3 1 6 A/cn' 5 35. KAcml Table 2: Properties of tile superconducting wire

2 9 ?1 KA/crvl 4 296f- KA/CmI.

Figure 2: Magnetic flux dist~ribumtion and overall current
densities for each coil region operate with differenit current density, depending on the

coil. We will use tile superconducting wire specified in
Table 2.

the magnetic field along the wiggler axis is presented in
Figure 3. The ma~ximumn central field is 7.5 Tesla and tile
flux density along Lthe side poles it; about -1.7 Tesla. Cal-
culated beamt trajectories are also plotted in Figure 3. The
maximutm deviation fromt the equilibriumiu orbit is approx-. III Radiation Characteristics
imately 15 nin and the nmaximnum slope of the trajectory
is 6.5 inrad, or about 3.80. Tlhe main parameters of Ltme Ihere and below anl electron energy of 2 GeV and anl electron
wiggler are summarized in Tblde 1. heania current of 100 mA are assumed. In Figure 4 the ver-

For Lthe central pole coils and the side role coils, two tically integrated intensity for a 1 mrad horizontal opening
high stability powe~r supplly uniits are listed. Rteferring to angle and 0.1 % bandwidth is shownu for a central pole field
Figure 2, CIoil I and C~oil 3 are conanected in series with one strength of 7.5 T and side pole field strength of -1.7 T. The
supply, and Coils 2, 4, andl 5 are excited by thle other power spectral photon flux at thle critical wavelength A, = 0.62 A*
supply. Such connection peramits us; to control tile field (critical energy e = 20 keV) is I = 3.2 x 1012 photon-
integral and match it to zero within the requmired accuracy. s/sec/0.l% BW/narad.
We need only one type of suiperconiducting wire which will The total radiation power from thle 7.5 T superconduct-

ing wiggler is approximately 3.4 MW
The 7.5 T superconducting wiggler deflects 2.0 GeV elec-

trons in the horizontal plane by a total angle of about
ag :.8". For the case when thle wiggler is located in thle

center of a 6.5 nm straight section, the design of the III's
~' vacuum chanmber miakes it p)ossible t~o have a maximum
I horizontal angular aperture for radiation output approxi-

JS niately equal to 2A19 = 20 mrad. This is corresponds to anl
gall ouatput power of nearly 0.5 kW, with the remainder of the

.. * total 3.4 kW emitted power being stopped by several wat~er
.... ....... cooled copper absorbers installed in Lthe vacuum chamber

between the wiggler and the beaanline port.
Insertion of the special absorber units inside the PLS

it 04 a I "1 0.3 all vacunum clianiber will not result in a reduction of the honi-
IN'trnt M' lo t.". 0,."* zontal aperture of thke electron beami, which is ±35 mmi.

Thie preliminary location of the absorbers has been com-
p~utedl and incorporated into the designa of Lthe vacuum

Figure 3: Magnetic field prorile amid reference orbit. chambers.
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-0 analog ce',v-. ters.

Control System

* The wiggler control system has to provide for control and
_.5_T imonitoring of the wiggler operation during cooling, ramp-

ing on amd operation conditions. The main functions of
6 r1 7 ". T the control system are:

b ,, * control and monitoring of the power supply.

* magnetic field ramnping.

* control of the quench protection system.

* monitoring of cryogenic equipment.

10 .10000 10000. 9 wiggler operation statistics.

WYAVELENGTH V Summary

Figure 4: Photon flux integrated over the vertical opening A superconducting wiggler is being built for the PLS a-
angle. torage ring. The design is based on three parallel super-

conducting dipoles. The field is produced by six racetrack
Maximnun output current 2 x 300 A NbTi-coils assembled symmetrically above and below the
RMS Stability 0.01% the cenitral pole is optimized to obtain optimal field-current

Line voltage 220/380 V-60 liz characteristics within the coils, The use of iron poles and
Cooling , water yokes makes it possible to produce higher field than the cor-

responding values when no iron is used. The central field
Table 3: Parameters of wiggler power supply is expected to be about 7.5 T, giving a critical wavelength

of A, = 0.62 A at an electron energy of E=2.0 GeV. This
IV Miscellaneous superconducting wiggler will enhance the performance of

the PLS for short wavelength users and provide new poe-

Cryogenics sibilities for synchrotron radiation experiments.

The inner helium filled vem,,l is surrounded by a nitrogen
shield to reduce the heat transfer rate between the outside References
and the helium inner part. 'rite space between the heliuim f[i1 Conceptual Design Report of Pohang Light Source, Po-
vessel and the nitrogen screen, as well as that between the hang, POSTECI! Press, 1992.
nitrogen screen and the external warna stainless steel vessel,
are filled with aluminized mylar insulation to reduce heat [2] A. Dubrovin and E. Simonov, Computer code for mag-

transfer rates. netic field computation, preprint from BINP (in print-
The wiggler coil current iplmts are cooled by boiled he- imig).

lium vapors. T'rie vaemnunn pipe where electrons pass is at
room temilmratuire so imnot to interfel e with the machine.
The approximate thermal inflow is 1.4 W, and the expect-
ed helimnn consumlption rate is 46 liters/day. Detail design
of the cryogenics system is iuow in progress.

Power Supply

Two separate power supply units are needed to feed Lite
wiggler coils. Preliminary design parammieters of power slup-
ply units are listed in Table 3. Each power supply Ihas
a three phase tyristor rectifier, a rectifier filter and elec-
tronics for the feedback sysltemi, as well as cmmrrent control
anti monitoring. A zero-Ilmax ctirreut transformer is used

for high precision output. curreut nmeasureuments. The pow-
er supplies are comnpmter commirolled using 16-bit. digital t.o
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Calculations of Magnetic Field for the End Design
of the RAMC Arc Dipole*

S.A. Kahn, R.C. Gupta, AK. Jain, G.A. Morgan, and P.A. Thompson

REIC Project
Brookhaven Nationa Laboratory, Upton, NY 11973

ABSTRACT 2. CONDUCTOR INTEGRATION

This paper describes the results of a 3D calculation The field at a point in space is obtained by integrating
of the magnetic field in the end. region of the RHIC the Biot-Savart relation over the entire conductor path.
anc dipole magnet. Multipole harmonics ar obtained in The coils consist of 32 turns of cable in each half. Each
the end regioas of the magnet. Comparisons of these turn is represented by a straight section plus an ellipse in
harmonics are made to the measurements of harmonics the unrolled cylinder plane for the end region. For field
on the actual magnets. calculations each turn is subdivided by 3 in thickness and

by 5 in width with each subdivision being approximated

1. INTRODUCTION by a flament at its center. The infinite permeability iron
is approximated by including the image current to each

This pper summarises the D calcultions Per- filament in the iron cylinder. The method of images is not
formed on the ends of the REIC dipole magnet. The strictly correct since the non-axial components of current
design of the ends depends both on magnetic and me- do not form images in the cylindrical geometry. However,
chaamal considerations. The magnetic objectives are to the non-axial components do not contribute to the field
minimize integrated hamonics and to reduce fields at the harmonics.
conductors in the end region. The mechanical consid- MM, Return end outer edges
eration is to minimise the strain enagy of the cable in ._._._._ ._._.
the end configuration. The cable can be viewed as a rib-
bon with an eaq direction (perpendicular to the ribbon
plane) and a Ard direction (in the plane of the ribbon)
of bend. Strain would be minimized if the cable would
bend only in the easy direction. In the end, the cable tra-
verses a path where the outer edge is on a cylinder. On
the surface which describes the mid-plane of the ribbon o
the edges of the cable should ideally be geodesic of the
surface. The mathematical treatment of the end design is
patterned after Boesert et al". The outer and inner edges
are assumed to be ellipses whenthe cylinder on which it
lies is unrolled. This procedure of using developed con-
tours for the cable has made the winding of the ends
reasonably easy. 0 2 4 6 i *0 - 14 16 io

The RHIC dipole magnet has a single layer with four Figure 1: Outer edge of the RHIC dipole return end.

blocks in the 2D cross section. Spacers are placed in the
ends to spread the positioning of the various turns so as
to control the field harmonics. This is performed by a The field is Fourier analysed in terms of harmonics
minimisation technique. Fig. I shows a projection of the defined as follows:
outer edge of the return end of the coil onto a plane.
The four blocks merge into seven regions in the end with 104X -~

diferent spacer sizes. B, + = +

Calculations of the magnetic fields can be performed
based on this model of the ends. Results using the Biot- where B. and B. are the field components at (a, y), R is
Savart integration on the conductors arn given in section the reference radius chosen to be 25 mm and Bo is the
2. Comparisons are made to measured data for these 2D field at the center of the magnet. V. (a.) represents
magnets. Section 3 describes similar calculations that the normal (skew) field harmonics. Fig. 2 shows the
are in progress made with the 3D finite element program calculated normal field harmonics as a function of axial
TOSCA2 which takes into account the iron saturation. position in the end region of the return end (the end
Also the TOSCA calculations will be used to study the without the lead connections) of the magnet. The axial
peak field in the vicinity of the conductor. position is somewhat arbitrary with =0 approximately 3

0-78031203-1/9M.003 0 1993 IEEE 2754



magnet. A sequence of seven steps coven the length
of the DRS009 and DRS010 short dipole magnets. To

10 smimste the measurements, a convolution is made of the
0 end calculation at a point z with a 9 inch band centered

44ým -a around it. Fig. S and Fig. 4 show thies convoluted
-u a -40

in . ...... calculations for the normal return end and Iend end

4 41- , a aharmonies as the continuous curve. The non-convolutedS•- 1end effect of the harmonics ha an aciv range of about

• 9 inch (22.9 cm) band the convoluted harmonics are near

%. so since the ends were designed to have harmonics that
-1 ...I L. ..... ~. j-u 0 W -0 0 M 40 integrate to sero. Men upper and lower edges of the 9

,,W , V5 z inch band parn through the activ range a positive and
•I "a negative refectiop of the profile appear, separated by

S:v--.-9 inches. The measured 9 inch coil data from DRS009

-e 0 and DRS010 at 2000 amps ane amso shown in Fig. 3
-. and Fig. 4. This current is chosen since it is below

-20 0 • 0 0 the turn-on of iron saturation effects and above most
____z of the superconducting magnetisation. The arbitrariness

of the relative axial position between the measured and

llguw. 2s Calculated normal field harmonics for the calculated harmonics is removed by matching BO at the
REIC dipole return end. Axial position is in cm most sensitive 9 inch measurement segment. Furthermore

the calculated harmonics are corrected to match the
measured harmonics at the position in the middle of the
magnet. This is done since the crude representation of

Return 8 Return Q the iron in the cilculation does not take into account
IONG the fine iron details such as notches and other cutouts

1 present in the return yoke. The agreement between

O 1•-• -- .:L..z the calculation and measurements are remarkably good
[: Lj ........... . with the possible exception of 6., however higher order

-40 -M 0 N0 40 -40 -M 0 M 2 harmonics are generally more difficult to calculate.

R•tur • Return b8

I.1 A Leod Ba Lead b2
10 71M

-400 -M0 01 M 4001 -400 -M0 0 20 4me
2000

Return bW

A ORSW009 L_ 4 Leoad b6

-10 -23,
SI .... I . .... . . l- -, AAL - ,, .... I V .. . .. I...

-400 -200 0 200 400 -400 - 0 US 400

Figuim 3: Return end normal harmonics convoluted Leod b8

with 9 inch rectangular function simulate the measure- - A •S0o9

meat if it were performed at that z position. Correspond- 0o DRS010
ing harmonics for actual measurements are superimposed. -'

The z position is quoted in mm in this figure. -40 ) 200 4W

cm before the beginning of the curved part of the end. Figure 4: Lead end normal harmonics convoluted with
Negative numbers are inside the straight section of the 9 inch rectangular function simulate the measurement if
magnet. it were performed at that z position. Corresponding

Measements in the end region of a magnet are harmonics for actual measurements are superimposed.
made with a 9 inch long coil. The measuring coil The z position is quoted in mm in this figure.
is stepped in 9 inch increments through length of the
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The end uarmwnim can be defied as described by a constant perimeter conductor with a de-
veloped ellipse in the end region in a simila manner to

b*.d_-- - 6 xýd x L. 11 that which was used in the previous section. The iron is
a simple cylinder with the correct inner and outer yoke

where the effective lengh, L' 11 ' is 10-' x b6w'. This radii. Other structures in the iron are ignored since the
non-standard definition3 of end harmonies is used to segmentation available on a 3D mesh is not sufficient for
allow the direct comparison of the calculation with the such detail. The first part of the study is to understand
measured data. Using the 9 inch measurements the end the behavior of the field harmonics after the onset of iron
harmonics can be separated into contributions from the saturation. The measured harmonics at high field show
Ind and return ends. The kead and return end harmonics effects in the b2 term due to saturation.
are considered spacially localised contributions to the The second part of the study is to examine the field in
accelerator lattice in addition to the 2D body harmonics, the vicinity of the conductor in the end region. The peak
6!14. Table 1 presents the return and lsad end harmonics field near a conductor can potentially cause a quench at
for DRS009 and DRS010 along with the calculated values, that location. It is desirable that such high fields not be
The agreement is reasonably good. The skew harmonics, in the end region where the coil support may be less rigid.

ra', are also given. The calculation of a.d are made Differences of a few percent in field can be important.
from the leads alone. The comparison indicates that 4. REFERENCES
these skew harmonics are associated largely to these
leads. The leads in the measurement test apparatus 1. R.C. Bossert et al, Analytical Solutions to SSC Coil
are unfortunately positioned to give large harmonics. In End Design, Superco~lider I, (1990).
the accelerator these leads are designed to have minimal 2. TOSCA is a computer code marketed by Vector
effect. Fields, Ltd.

Table 1: Integrated harmonics for return and lead ends. 3. Definition of the end harmonics used for field measure-
Results are listed as unit-meters. ments are described by A.K. Jain and P. Wanderer in

an internal note, MDN 482-11 (RHIC-MD-186).

End n DRS9 DRSO Calc *Work performed under Contract No. DE-ACO2-76CH00016

Return bo 0.00 2.92 0.00 with the U.S. Department of Energy.
b2 0.78 1.43 0.20

b4 0.39 0.25 -0.01

66 0.07 0.06 0.01
be -0.25 -0.22 -0.17

42 0.15 0.43
a4 0.08 0.22

a6 0.00 0.03

Lead bo 0.00 2.79 0.00

b2 13.53 14.37 10.12

b4 -0.83 -0.79 -0.55

b6 0.63 0.65 0.51

bs -0.23 -0.23 -0.15
a2 -7.53 -7.93 -7.41

a4 1.81 1.65 1.26

a6 -0.75 -0.71 -0.28

as 0.22 0.21 -0.05

3. CONCLUSIONS

The good agreement of the low field measured har-
monics with the calculations implies that the conductor
geometry in the coil ends is as it should be. Currently
in progress is an analysis of the RHIC dipole end us-
ing the saturable iron computer program TOSCA. This
program solves Poisson's equations in 3D using a finite
element method. In this program each turn of the coil is
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Collider Scenario Implications of ASST Operation

A. D. Mclnturff. W. Burgeu, M. Christianson. T. Dombeck, J. Gannon. D. Haenni, P. Kraushaar, M. Levin, M. McAshan, G.
Mulholland, D. Murray, W. Robinson, T. Savord, R. Smellie, F. Spinos, G. Tool, J. Weisend IL and J. Zatopek

Superconducting Super Co~lder Laboratory*"
2550 Beckleymeade Avenue, Dallas. TX 75237

Abstract the lower buss, had in earlier string tests produced the highest
After the achievement of the SSCL's Congressionally quench voltages[2.3 ]. Therefore, it was decided to induce

mandated milestone, the Accelerator System String Test quenches in this dipole at 500 Amps intervals up to 6.5 kilo
(ASST) half cell under went a series of power tests. These amps until it was deemed prudent not to, because of high
tests involved quenches induced in various configurations and voltage. After completing a series of induced quenches at the
in power levels up to the maximum operation point. These maximum operating fields. the energy of the string was
tests have produced data which has defined various parameters dissipated into an external dump in order to bracket the
and requirements for the individual elements and system. maximum down ramp rate that the half cell could be full field

de-energized and stay superconducting. The value of the dump
I. INTRODUCTION resistor was varied from 12 to 16 =n0 to obtain the various

ramp rates. The next experiment was a series of spot heater
After careful data analysis of the first operational period of quenches induced from 5.OKA to 6.5KA in the third dipole to

the ASST, and its comparison to previous string dam, (1,2] simulate a spontaneous quench. The suing was reconfigured
there were a series of unanswered questions and unmeasured or such that the current from the power supply (see figure 2)
unacceptable parameters that needed to be addressed. (31 There entered the "SPR" safety lead (upper buss) from a group of
were also a few problems encountered during the preliminary MCM cables, on the floor parallel to the first 5 dipoles. Once
run that experimentally limited the parameter range available, in the cryostat it passed through the quadrupole windings and
The half end spool's 20K control valve and lines' problem exited the cryostat through the end spool power lead. After

required their rerouting and its replacement. See Fig. 1. exiting the end spool power lead it returns to the power supply
These repairs and changes resulted in lower flow rates for the via another set of MCM cables on the floor. The
end spool power leads. The required 20K shield flow rate reconfiguration scheme for the lower buss safety lead was for
during power cycles decreased by a factor of 5 to 10. The low current to enter the lower buss power lead in the end spool and

high voltage breakdown of all the spool's voltage tap exit the lower buss safety lead in the "SPR." The last

connectors required their replacement. See Fig. 2. The experiment was a spot heater induced quench in the first dipole.

ultimate cold hipot limit of the high voltage and current bus
plus voltage taps increased from 700 volts to 2.6KV in 4.6K, FEEDf SPOOL SPR END SPOOL
4 ATM helium. The ability to reconfigure the half cell for
various special tests (Le., the spool piece containing recooler MLO

"SPR's" safety leads' response) was implemented. There were ' "

subsequently approved to be done as schedule permitted in OK
addition to the standard verification of the operation range.
Induced quenches up to and including the peak operating field 2- 1
were performed. A series of thermal load measurements were I I
taken as weil. In addition to the 21 induced quenches that
occurred during the initial summer run, the half cell was
subjected to 18 more induced quenches including 8 at 6.5KA.

11. EXPERIMENAL PROCEDURE

The typical procedure followed first validates the quench
protection system. Then the string is powered below the CM.
cryostable point and the system's energy is discharged into the LI
dump resistor. Subsequently at a magnet current a few hundred
amperes over the cryostable point, at least one heater circuit
per magnet is powered to check its ability to drive the coils
normal. The third dipole in the string, which is connected to Figure 1. Cryogenic Diagram

+++ Operated by Universities Research Association under The cryogenic loads were measured after the system had

contract with the Department of Energy. Manuscript received been at operational temperature, commissioned, and completed

May, 1993. 75% of the experimental program. The system was held at the
operating conditions with the notable exceptions of the full
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opeiuional flow and 4.6K instead of 4.25K due to the size of The additional two higher resistance dumps were
the refrigerator available. There were also a series of load performed to determine the maximum rate at which the half
eistors placed in the various cryogenic circuits that loads cell could be de-energized and stay superconducting. Those

were to be determined. This allowed an independent heat load values used were 12 and 16 milliohms. These data points
measuremen calibration and error determination, indicated that at an operating temperature of 4.6K the half cell

would not quench on the down ramp from 6500 amps at a rate
Gb rePMW~n of 258 A/sec, however, it would quench on a 328 A/sec one.

ne m ' These results will be repeated and possibly bracketed closer
during the next full cell run this summer and at the lower
operating temperature of 4.3K. The magnet protection is

P.S. Z-- divided up so that the QPS will quench either the upper or
P lower buss magnets and bypass them and continue to down

V, W1 " 1 1 •ramp the other quarter cell. In the case of the 328 A/sec down
""..T ...T" . T" ... '" .". .... F-"----""T2 rate magnets from both busses went normal. The upper buss

(last in the helium coolant path) magnets were slightly ahead
of the lower buss magnets, 4.46 and 4.82 seconds into the

- -7 -down ramp, respectively. This resulted in the upper buss
" magnet (34) receiving 10.3 Miits and the lower buss magnet

.................... .(D1) 9.8 Mitts. "Miits" is defined as million ampere squared
L seconds of energy into the original "normal" volume per unit

resistance. The quench occurred at a current of 5300 amps and
produced only 230 volt to ground. This resulted in a helium
pressure wave with a peak of 170 psig which was very typical

Figure 2. Electrical Diagram of 6500 Amp quenches. Therefore, it appears that the planned
200 A/sec down ramp at 4.3K is probably not a constraint, and
could be slightly increased.

The heat load measurement [41 for the ASST appears to be The commissioning tests comprised a series of twelve
influenced by end effects originating in the feed spool, recooler protection strip heater irdi'ced quenches at 2000 Amps (300 to
spool piece, and the special end spool. After the end spool 500 Amps greater than , cryostable point of the conductor
repair, the heat load in the return end of the half cell appeared used in the coil windings). These tests were performed to
to be significantly reduced. insure that the protection strip heater couln1 indeed drive their

The sequencing of the quench valve versus position of the associated magnets normal at a low enough current that the
initial quenching element evolved during the commissioning. magnets were not at risk. The remaining induced quenches
This was done in an attempt to confine the quenched volume were done to study the peak Miits, the maximum voltage to
to a quarter cell. ground and the peak pressure generated in the helium.

III. RESULTS There were several interesting aspects to these data; first
the voliage to ground which will only be briefly mentioned as

The commissioning test and validation checks of the QPS it is a subject of another paper this conference [5]. The
and associated hardware required twelve SCR switched events maximum observed voltage to ground was 1700+ volts during
that resulted in de-energizing the half cell into the "dump an induced quench at 6000 Amps. This result would have
resistor." These dumps varied from 500 to 6500 Amps. There scaled to 2300 volts at 6500 Amps and the system was
were no problems encountered during these dump sequences. subsequently hipotted to 2600 volts after this event. This, of
There was a mechanical "backup" switch to the SCR's. This course, assumes that the voltage would have continued to rise
being required due to the most common anticipated failure at its previous rate from earlier quenches at lower currents.
mode being an inability to gate the SCR's off. There were The "Miits" appeared to be leveling off in the 9 to 11 region
three "mechanically" switched opened events (SCR'S having with a solder melt limit being approximately 16+ Miits. The
been not activated for these tests) which were done at 500 parameter that correlated to this particular magnet producing
Amps, 4000 Amps and 6500 Amps. The mechanical switch high voltage was its relatively high low temperature resistance
performed satisfactorily during these tests. There were also compared to the other elements in the quarter cell that were
two 6500 Amps dumps made with different values for the bussed in series with it. This has lead to an additional
dump resistor in order to bracket the maximum down rate that requirement that the low temperature resistance of the units in
the half cell would operate and not quench in the process. The the quarter cells have the same outer coil value within 10%.
power lead voltages tripped the "QPS" on two occasions, but The high pressure helium wave front that is generated by
did not result in the half cell magnetic elements going normal. the quench was carefully measured to ascertain magnitude and
The first occurred because of the original 20K valve and lines' speeds. It appears that there is a large pressure drop across the
problem which required a flow adjustment to correct. This recooler when the pressure front passes through it. The peak
additional flow and shield operation was later reversed on the pressure observed during an induced quench event was 205
second run by correction of the end spool problem. The psig. This occurred when a quench was strip heater induced in
second trip was due to the lead flow being turned up too late the dipole next to the "SPR" at 6500 amps. The quench valve
before the ramping cycle had started, therefore, leaving the lead that had been activated to relieve the pressure was on the
cold flag temperature too high. opposite side of the recooler.

2758



The spot heater quench events which simulate some types This is particularly true because of the differences with the
of spontaneous quenches could be compared to strip heater earlier lower 40mm string coldmass load measurements. The
quenches as follows; a) the Miits at a given current were low temperature <20K resistance of the outer windings of the
larger by approximately 10%; b) the peak voltage to ground magnets in a quarter cell will be matched to 10%. There were
was about one half plus or minus 10%. These characteristics however no data obtained that would preclude a successful
wene valid for both magnets, D1 and D3 for which data existed collider operation.
for compamison.

The "SPR" safety leads' resistance ranged between 0.9 to V. ACKNOWLEDGMENTS
1.3 milliohms according to the duration and history of their
powering. The thermal time constant for their exit gas The authors would like to recognize the contribution of
temperature appears to be -20 minutes. The response of the the many individuals and groups to the operation of the half
quench stopper located at the base of the safety lead suggests cell during these tests. The cryogenics crew chief, R. Ahiman,
the lead thermal time constant to be on the order of hours. the string assembly crew chief, C. White, and operations tech
The lead design has a very large safety factor. It was tested to supervisor, M. Hentges, and all the members of their teams
twice the energy input required for a standard ramp down and it deserve a special vote of thanks for the long hours.
did not raise the superconducting cable side of the quench
stopper more than a few 100 milliKelvins. Therefore, it VI. REFERENCES
would seem possible to reduce its present size and subsequent
heat leak. The time to remove the heat from the present safety [1] A. Mclnturff, R. Flora, B. Norris, J. Theilacker, D.
lead even with the lead gas flow greater than 120 l/sec is on Wolff, S. Augustynowicz, C. Dickey, G. Tool, D.
the order of hours. This represents an operational constraint Wallis, and J. G. Weisend II. IEEE Trans. on Mag.
and must be mitigated. The quench stopper in the "SPR" was Vol. 28, No. 1, 512 (1992).
able to keep the buss stabilized even with AT of 16K across it. [2] A. Mclnturff, S. Augustynowicz, W. Burgett, R.

The thermal measurements on the string are summarized Coombes, C. Dickey, T. Dombeck, W. Feitz, R. Flora,
in Table 1 [4]. J. Gannon, D. Haenni, P. Kraushaar, M. Levin, M,

McAshan, G. Mulholland, D. Murray, W. Robinson,
T. Savord, F. Spinos, G. Tool, J. Weisend II, D.

Table 1. Cryogenic Load for Various Circuits Wallis, D. Voy, and J. Zbasnik, IEEE Trans. on
Applied Superconductivity. Vol. 3, No. 1, 622 (1993).

Watts/(Dipole + Interconnect) [3] W. Burgett, M. Christianson, T. Dombeck, J. Gannon,
D. Haenni, P. Kraushaar, M. Levin, M, McAshan, A.

Circuit % Feed DI D2 D3 D4 D5 SPR Bgt Mclnturff, G. Mulholland, D. Murray, W. Robinson,
/Run # Error Spool T. Savord, R. Smellie, F. Spinos, G. Tool, J. Weisend

or. II, and J. Zatopek. "Full-Power Test of a String of
Cold ±33 Large 9.5 2.4 0.4 1.7 4.1 (30- .36 Magnets Comprising a Half Cell of the
Cold ± 28 Lare 9.0 2.4 --- 1.5 2.2 (20- .36 Superconducting Super Collider" to be published in
MCl ±/2 Load? 6)* Particle Accelerators.

[4] W. Burgett, D. Franks, P. Kraushaar, M. Levin, M.

20K /2 ±01 --- 9.6 4.8 --- 5.2 3.8 --- 5.1 McAshan, A. Mclnturff, R. Pletzer, D. Revell, W.
Robinson, V. Saladin, G. Shuy, R. Smellie -Ia J.

80K/ I ± 14 --- 27. 29. 26 16 20. -.- 37 Weisend, II. "Cryogenic Characteristics of ui a6-
80K /2 ± 16 23. 25. 23 13 19. 37 Accelerator Systems String Test (ASST)" to be

*Very erratic one test to next. published in Proceedings of the Fifth IISSC, USA,
**No Estimate 1993.

[5] W. Robinson, W. Burgett, T. Dombeck, J. Gannon, P.
The minimum total load estimate of the liquid return and Kraushaar, A. Mclnturff, T. Savord, and G. Tool,

cold mass was -130 watts, therefore, this would indicate the "Electrical Performance Characteristics of the SSC
end spools are > 40 w each. As can be seen in the table, there Accelerator System String Test." Paper N3 this
are indications that the high beat leaks present in the end and conference.
feed spool pieces corrup! the cold mass thermal load
measurement.

IV. CONCLUSIONS

These data and those obtained from other experiments not
presented have modified our approach to collider operations.
Several problems will need to be addressed to limit their
impact. The pump out times for the system have been
modified. The maximum operating pressure is now determined
by the cool down rate not quench pressure. The design of the
safety lead will be revised with respect to quench recover;
time. The high coldmass heat load will have to be understood.
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Preliminary Analysis of Coil Wedge Dimensional Variation
In SSC Prototype Dipole Magnets

D. Pollock, G. Brown, S. Dwyer, R. Gatu, D. Warner
Sug Super Collider Laboratory *

2550 Beckleymeade Avenue, MS-104
Dallas, Texas 75237 USA

Abstract
The wedges used in SSC Prototype Dipole Magnets described in Figure 1 [3]. The features of the wedge are: (A)

determine the relative position of conductor blocks within Top Width; (B) Delta Width; (C) Large End Height; (D)
magnet coils. They serve to compensate partially for the less Bottom Width; (E) Small End HeighL The copper wedges are
than full keystoning of the superconductor cable and to adjust produced using rolling-mill technology in approximately 18 m
current distribution with azimuth to determine the magnetic (60 ft.) lengths. They are cut to intermediate length for
field shape. The ability to control the size and uniformity of shipping and later cut to 1.8 m lengths (6 ft.) for wrapping
wedges therefore is an important factor influencing magnet with kapton insulation. The wedges are installed in the magnet
field quality. This paper presents preliminary results of a during coil winding.
Statistical Quality Control study of wedge dimensional
variation and predicted field quality. Dimensions of samples
hum outer wedges for magnet DCA102 have been measured
using a programmable optical comparator. The data is used to
evaluate wedge manufacturing process capability, wedge
uniformity, and to predict changes in conductor block position B--=•
due to wedge deviation. Expected multipole variation C
attributable to observed wedge variation is discussed. This
work focuses on a Prototype Dipole Magnet being built at the
SSCL Magnet Development Laboratory (SSCL MDL) in E
Waxahachie, Texas. The magnet is of the same design as the
DCA3xx series magnets built at Fermi National Accelerator D
Laboratory (FNAL) in 1991-92 and later used in the 1992
Accelerator Systems String Test (ASST).

I. INTRODUCTION Figure 1. Outer Wedge (2D Cross Section).

The SSCL Magnet Systems Division Quality Assurance III. WEDGE SAMPLING AND MEASUREMENT
department (MSD QA) is currently investigating several A. Measurement Method
sources of. manufacturing variation in SSC Prototype Dipole Several methods are available for verifying wedge
Magnets. The work focuses on features of the cold mass dimensions. Two methods have been studied by MSD QA one
production process which are believed to influence magnet using a Coordinate Measurement Machine (CMM) and the
field quaiity including coil azimuthal size and modulus, as other using an Optical Comparator (OGP). Due to
well as wedge, collar, and yoke dimensional variation. In this programming difficulties and schedule limitations only the
paper we present preliminary results of a study of outer wedge OGP technique is described at this time.
data from wedges made for the DCA3xx and DCAIxx Sixteen bare outer wedges (each 1.8 m long) were selected
magnets (DSX201B/W6733B cross section) [1, 2]. The at random from SSCL MDL inventory. Small slices were cut
method of wedge measurement is described. Measurement from each end of each wedge and mounted on glass
error is quantified. A comparison between drawing tolerances microscope slides for measurement. Each feature of the
and observed results is provided. The relationship between wedge was measured ten times using the automatic mode on
dimensional variation and manufacturing process capability is the OGP. Details of the measurement method will be
discussed. Finally, the expected influence of wedge variation distributed in a future MSD QA Note.
on multipoles is described, using the normal sextupole (b2) as
an example. B. Measurement Error

II. OUTER WEDGE DESCRIPTION The OGP machine certified accuracy and repeatability are
coil wedge 2D c section is both 0.00254 mm (0.0001"), for individual observations.

Calibration accuracy and repeatability have been verified

Operated by the Universities R*esearchAssociation, Inc., for using a NIST traceable certified pin and ten repeat
the U.S. Department of Energy under Contract No. DE-AC35- measurements. Measurement capability has been compared to
89ER40486. wedge tolerance using the Standard Error of the Mean (SEM)
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of the ten repeat meormaents on the certified pin. According
to this mehed, die OGP capability is approximately 3.5% of +
the nominal outer wedge tolerance, as described in Table 1.

. ~11.8 -I

Table 1 Optical Comparator Masurement Error + +

Caliraio Accuracy and Repeatability 4
Accuracy (deviation from pin) - 0.00127 mm (0.00005") k 11.7 +
1 a Repeatability - 0.00147 mm (0.000058")
SEM =cI/sqrL(n)=0.00046mm(0.000018") *

Machind Capability vs. Wedge Tolerance,.-
Nominal Tolerance -= +/-0.013mm 11n2 2 ,cmiaus• wami? t-a' $iu 4
SEMWwed e Tolerance = 0.035 (3.5%)

C. Samplig Error Figure 2. Outer Wedge Bottom Width-
Each feature has been measured 10 times for each of 31 Start End Mean and 1 a Error Bars for 10 repeats.

wedge samples (16 from start ends, 15 from finish ends). The 11.9 ............

average standard error of the slice measurements is typically
less than 12 % of the part tolerance, as listed in Table 2. x

+

Table 2 Sample Standard Error (for 10 repeats) "::11.8 x . x +

Figure I Average SEM SEM +

Feature of 31 Samples 0.013 x x + x

+ X,
A 0.001566 mm 0.1197 11.7 +
B 0.001188 mm 0.0914------------------- .

C 0.000491 mm 0.0378+ +
D 0.001414 mm 0.1087
E 0.000533 mm 0.0410 11.6 . . . . . . . . . . . . . .

Based on One Way Analysis of Variance (ANOVA), WEDGE (+) - Start (x) - Frish
"Between" sample (slice-to-slice) variation explains 98.4% of
the observed wedge feature variation, on average. "Within" Figure 3. Outer Wedge Bottom Width:
sample variation (sampling error) accounts for only 1.6% of Start (+) and Finish End (x) for each Wedge Sample.
the observed variation. Figure 2 describes the relationship 11.9 ... ......
between measurement error and outer wedge variation for the
Bottom Width. Each point on Figure 2 shows the wedge slice
mean (+ symbol) and standard deviation (error bars) for the ------............--------------

start-end of each of the 16 wedges in the study, (tolerance
limits are shown as well, 11.66 mm, +/- 0.013 mm). 11B

IV. ESTIMATE OF PROCESS CAPABILITY
A. X Process Limit Calculation

Using the Shewhart X Control Chart for variables [4, 51, 11.7 ------------------
±30 process limits have been calculated for the outer wedge
features. The sample size is 16 (wedges in the study) and the 8
subgroup size is 2 (slices measured from the ends of each
wedge).Theaverageofl0repeatobservationsfromeachslice 11£ , .1. n 22. ,

is used as the feature value. To demonstr ., Figure 3 shows
the Bottom Width for start and finish eno of each wedge with WEDGE

the tolerance band, while Figure 4 shows X (the mean of the Figure 4. Outer Wedge Bottom Width:
2 slices) for each wedge with estimated ±3a3 process limits. X Chart of wedge sample means (subgroup size = 2).
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B. Process Capability Caicuation Table 4. Outer Wedge Deviation vs. Obeervedb2.
The Upper and Lower Process Limits calculated for each

feature describe the 3a range within which similar samples Data Source: DCA311 - DCA319, Z-Scan data
from the source manufacturing process may be expected to Average b2 (at 2 kA): 1.463 units [8]
occur 99.73% of the time, if the sample is a fair representative Design b2 (at injection): 0.165 units [2]
of the process. Typically one would not draw firm conclusions Average Deviation from Design: 1.298 units
from as small a sample as has been studied so far. But for Estimated Outer Wedge influence: 0.079 units
demonstration purposes and to draw preliminary conclusions Fraction Attributable to Outer Wedge: 6.1%
we feel the reported results are importanL Process Capability
(Cp) is defined as the ratio of the Tolerance Range (max - C. Outer Wedge Deviation and Systematic Tolerance
min) to the process ±3a range. If this ratio is less than 1, the The Systematic tolerance for b2 at high field is +/- 0.8
process is not statistically capable of holding the specification units [9]. The influence estimated from outer wedge average
tolerance. Under such conditions, causes for the variation in deviation (0.079 units) alone represents approximately 10% of
the process should be investigated and (if possible) the normal sextupole high field systematic tolerance.
eliminated. Table 3 shows the Process Capability estimate for
the outer wedge data studied. VI. CONCLUSION

Table 3 Outer Wedge Process Capability Estimate Using an approach similar to the one described in this
paper, we plan to expand this study to include inner wedges.

Fig. 1 Feature ±3a" Range Process Capability We plan to estimate the combined influence of variation in alr
wedges on observed normal multipoles for DCA3xx and

A 0.078mm (0.0031") 0.333 DCAlxx Prototype Dipole Magnets. Working with
B 0.141 mm (0.0056") 0.184 Production Engineering and our wedge suppliers we will also
C 0.054 mm (0.0021") 0.481 investigate possibilites for improving wedge process
D 0.161 mm (0.0063") 0.161 capability.
E 0.070 mm (0.0028") 0.371 VII. ACKNOWLEDGMENTS

V. WEDGE INFLUENCE ON FIELD QUALITY
Ramesh Gupta, Brookhaven National Labratory, Upton,

A. Estimated Change in b2 Due to Wedge Average Deviation Long Island, New York.
The wedge angle described by the outer wedge small end

height and the outer coil inside radius (to the center of the VIII. REFERENCES
magnet) is one of the dimensions used to determine normal
multipoles (beven) for the design cross section [6, 7]. The [1] SSCL document: MD-MKA-A-93-001, "Requirements
influence of the average deviation from design nominal for and Specifications for SSC 50mm Coilider Dipole
the outer wedge has been estimated for the normal sext:'pole Magnet (DCA311 - 319, ASST Dipole Magnet Baseline
(b2) multipole harmonic. If the pole angle is fixed (i.e., no Design)," August 8, 1991.
pole shims are used, as is the case for the DCA3xx magnets [2] R. C. Gupta, S. A. Kahn and G. H. Morgan, "SSC 50
[1]) the change in b2 has been predicted to be -0.11 units per mm Dipole Cross Section," Supercollider 3, Plenum
0.05 mm change in the outer wedge small end height [2]. For Press, New York, 1991.
the wedge data in this study, the average deviation of the [3] FNAL drawing number 0102-MB-292038.
small end height from the drawing nominal is -0.036 mm. [4] D. C. Montgomery, "Introduction to Statistical Quality
Therefore, the estimated influence of the observed deviation Control, Second Edition," John Wiley & Sons, New
on b2 is: York, 1991, pp. 201 ff.

(-0.036/0.05)x (-0.11) = 0.079 x 10-4 units. [5] H. Stenson, "QC STAT: A Supplementary Module for
SYSTAT," version 1.1, SYSTAT, Inc., Evanston, IL,

B. Outer Wedge Deviation and Observed Field Quality 1990.
Based on the assumption that the wedges studied fairly [6] R. C. Gupta, "Correcting Field Harmonics After Design

represent the wedges used in the four outer quadrants of the In Superconducting Magnets," Supercollider 4, Plenum
DCA3xx ASST Prototype Dipole magnets, the fraction of Press, New York, 1992, pp. 773 - 780.
observed b2 deviation from design nominal attributable to [7] R. C. Gupta, private conversations, February 1993.
measured outer wedge average deviation has been estimated [8] SSCL document: MD-TA-233, J. DiMarco, "Summary
to be 6.1%, (see Table 4). When results from the three inner of Axial Multipole Data from 50 mm Dipole Magnet
wedges are added to the study, the cumulative influence of Prototypes DCA311-322," October 7, 1992.
wedge deviation is expected to be significantly larger. [9] SSCL document: M80-000001, Revision A, "15 Meter

Collider Dipole Manget, Magnet System Specification,"
January 10, 1992, p. 14.
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SSC String Test Facility for Superconducting NMagnt: Testing Capabilities
and Program for Collider Magnets

P. KMauhas, W. kipa, T. DombeCk, A. McdkWXf W. RMAW=o and V. Saladin-~am Super Ce -ami
2550 Bcddeymeade Avenue, Dallas, TX 75237 USA

Abstract program needed to provide for the measurenmeti o ital
The Aceleto Systems String Test (ASSI) R&D component parameters that could no be verified in sinle

Testig Facility has beestablished at the SSC Laboratoy to component testing. Two examples of this would be the heat
test Collider and High Energy Booser (HEB) Ieak to the 4K wyogec circt for cllid, magnet and the

magne strins. Te facility is Operational response Of spool pe compomets to mqnt quenches.
and has had two testing periods utilizing a hhalfcell of collider The Collider Machine Group asumed the responsibility
protoypcllw magnets with the associated spool -m and for the program management and the initial operation of the
support systems. This Pape presents a descrptlion of the ASST. The ASST Test Group was ftmed frot meniber of
teWting capimtim of the fclity with respect to components the Coider Machine Group and the Project Masagemn
and supoting subystems (cryogenic, pow, quench OMce (MO) who participated in the milestone effort, and
proetion, controls and ), the planned testing the suport personnel from the ASST Task Force. [4]
program for the collider magnets.

1. THE ASST SYSTEMS CAPABILrTES
I. INTRODUCTION

The ASST complex conssts of the AS string, the
The -Super Coider Laboraotoy(SSCL) refgeralor, the magnet power supply and the regerator

constructed a magnet string testing complex at the Opessor ildins. The last three areas are panl eo the
labonoatos NIS site in order to fulfill a Co e NI5 Utility complex that will save the Collider when in
madaed milestone hr the project This milestone was to operaion. T ASST buildig consiMs of alak 29mby
demonstrae the operation ea half-cec/iothe Colidera e 9.8 m laydown area for the receiving and checkout of string
under full powr conditions. The half-cell tsted cosisted of components, and the magnet string enclosure which is 200 m
five 15 Mer, 50 mm aperture dipoles, one 40mmapeture long and 5.2 m wide. The string enclosur was built with the
quadrupole and the necessary spool piec This task was same curvature asthe Colider tunnel. A niche ar is
succesdsuy Completed in August, 19, when the sti was provided to comin the quench protecmio 6ym and other
ramped to 6520 amps, six weeks ahead of schedul. The test cunic& Located adjacent to the niche ae two
results of this first test run and a discuion otie milestone trailers, each 5.5 m by 18.3 m. One is configued to provide
bjectives occurs in reference [1]. offlice space for techical personnel and the other seves as

The milestone completon marked a transition point in the ASST control room. The remote operation of the Mri
the mission of the ASST facility and the management subsystems and the monitoring of the tedmical components
structure it operated under. The SSCL utilized a task force unde" test is accomplished from this control room. These

anization for the milestone effort and once completed, the systems include cryogenics, magnet power, quench protection
task force dissolved. Prior to this, a planning effort was (QpS), controls (data acquisition and procem), andm sfety.
started to prepare for the transition of the ASST to testing The initial cyrogenics system for the ASST was built
ft for supecnducting accelerator lattice components. around a small 550 watt helium refrigerator (Plan B) which

Th motivation for the organizational strure adopted was could provide 135 I/hr of liquid helium. This system
simple. The SSC Laboratory required a facility where delivered 50 g/s mass flow of helium to the sing. [71 The
tcnc components could be integrated into collider Plan B refrigerator was adequate to cool and opemte a half-
prooypical systems and subsystems for testing and cell string and was purchased as a backp to the primary
operation. Without this capability, the SSCL could not meet refrigerator, Plan A. Plan B was used in Rum 1 and 2 when
the quality assurance goals stated for the Collider Project. the primary system was delayeod The Plan B refrigerat has
Test verification of the two superconducting acceleratoe's, been removed from the ASST and will be used at the SSCL's
(Collider and the High Energy Booster (HEB), level 3B Central Facility as part of the spool piece test stand.
Sis required[2,3]. Besides providing a facility The Plan A refrigerator has been commissioned and will
for system testing and personnel training, the ASST test support the ASST program from now on. This refrigamtor is

part of the NI5 Arc Sector Refrigerator and will eventually
support the operation of the Collider. This system is capable

*Opeaatd by the Universities Research Association, Inc., under of providing 4000 watts of refrigeration at 0 g/s of
contac with the U.S. Department of Energy. Manuscript received liquefaction. During normal operations, the system will
May, 1993.
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provide 2,200 watts of refrigeration and 22 /s liquefaction. tesns requested for the fuil cell configuration, RIDAS will log
The maximum liquefaction rate is 40 W/s. The nominal mass data from over 420 separate sensor channels. The periodic
flow of helium is 100 Wis with a minimum flow capability data logging has been performed at a sample rate of five
expected to be near 20 g/s. The minimum operating minutes. The transient dat system can accommodde up to
temperature is 2.8 K. The opeating pressure of the string is 320 channels with its ten A/D modules. This system can
4 bar. This system will be used at the ASST for the first time accommodate a wide range of sampling rates and collection

amund June 1993 to cool down and operate the fuil cell times. During the half-cel tests, sampling rates and
being tested in Run 3. collection times varied from 2000 samples per second for 30

The magnet power system consists ofa high current DC seconds to 10 samples per second for 30 mimnt. In addition
powe supply and an energy dump or extraction subsystem to RIDAS, the controls system contains the cryogenic pVarosa
The DC power supply capable of supplying a maximum of controls system which monitors 80 sensor channels from the
8000 amps of current at up to 40 volts with a total output string and controls 25 remote devices. The is also a
devaluation of ±100 ppm. This supply does not meet Collider vacuum process controls system which has approximately 40
requirements but is adequate for the ASST program. A small sensor channels.
low conductivity water (LCW) supply system was assembled
to provide cooling water for the power supply system. The IH. COLLIDER MAGNETS TEST PROGRAM
energy extraction subsystem consisted of a dump resistor
which could be placed in series with the magnets. The dump The initial test (Run 1) was the milestone demonstration
resistor has a maximum resistance of 40 mtn with taps at 10, effort and was successful from that point of view. t was,
20, 30, and 40 nm. These taps correspond to the nominal however, not a test progra for determining performance
values reqnuired for a half-cell, full cell, one and a half cells pamm for the half-cell configuration of magnets and
and two full cells respectively. The resistance values are spools. During Run 1, some test data was acquired on the
selectable in 2 nv. steps. The dump switch consists of a SCR thermal behavior of the string and the electrical response
backed up by a mechanical switch. This switch is rated for during ramping and quench, but only enough to verify that
currents in excess of 7500 amps. much more was neQad to understand the behavior of the

The magnet power system is controlled by a local components. A: the conclusion of Run 1, the string was
processor named the Collider Excitation Controller and warmed to room temperature so that equipment modifications
Regulator (CECAR), and is monitored from the ASST and repaircould be made.
Control Room. The operators can select the type of ramp, Th repaired string was cooled down to cryogenic
ramp rate and current value. The console display provides a temperatures in October 1992, and the testing program
schematic of the string under test and displays key electrical resmaed with Run 2. This program ran though January 1993
parameters. in real time. These observables are stored in data with a two week break in December when the cryo system
buffers which can be read out and later stored in the ASST was shut down and the string allowed to warm on its own.
database. Over fifeen different test requests received testing time and

The quench protection system (QPS) works in ,here able to collect data.
conjunction with the magnet power system. During Runs 1 Examples of the type of tests attempted include:
and 2, the system had one quench protection module (QPM) measurements of the thermal performance of the magnets and
which monitored quarter coil voltage taps on the string's SPR spool; the quench response of the half-cell at various
magnets. This system is being expanded for Run 3 to include current levels from quenches induced with either spot or
a second QPM to allow for tests that requis QPM to QPM quench protection heaters; the evaluation of the SPR bypass
operations. Like the power system. the QPS is controlled and lead; the dipole down ramp sensitivity in the string, cold
monitored in the control room. The console displays allow mass vibration monitoring;, and superconducting splice joint
for the monitoring of the voltage taps and other diagnostic measurements. Many of these tests and the results are
information. During a quench event, the voltages and discussed in references [5,61.
currents which occur in the magnets and the bypass circuits The first run of a full cell of ASST magnets will begin
are recorded in data buffers for later display and analysis. in June 1993. Using the results from Run 2, several magnets
The magnet power and quench protection systems used at the were changed in the first half-cell and the second half-cell
ASST are discussed in reference [8]. installed. A specially instrumented dipole magnet (DCA323)

The ASST has an integrated controls and data was added to the first half-cell to measure where heat leaks
acquisition system which records data from the numerous occur in the dipole cryostat design. The string will include a
sensors monitoring in the string components ad new recooler spool (SPR) which is also heavily instrumented
subsystems supporting the test operations. The Research to provide data on lormance that could not be acquired
Instrumentation Data Acquisition System (RIDAS) is the before. The primz ctives of Run 3 are to acquire data
primary data acquisition system for test data. RIDAS is on the thermal peiutmance of the dipole magnets, the
broken down into a VXI based data logging system and a electrical response of the string components at 4.25 K, the
VME based transient data recording system. To support the performance of the SSCL designed SPR spool and finally, to
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test two vendor designed and manufactured SM spools. The configuration. The test group has a co rehensive and
first p of this run is expected to last four to five months. aggressive test program planned for approximately the next
At that point, the string will be warmed to room temperature three yer using a full cell configuration of collider prototype
and an of the vendor SPR's installed and tested This will be and preproduction magnets. This program is based on the
repeated two months later for the second vendor spool. This requirements and priorities established by the Collider
pat of the testing program will end in the spring of 1994. Machine Group with iput from the technical divisns. The

The first three test runs of the ASST magnet string used results from this program will be fed back into the
or will use the ASST style magnets designed by the laboratory engineering effort for the superconductn components in the
and fabricated at either Fermi National Accelerator accelerator lattice to improve their operational performance
Laboratory (FNAL) or at Brookhaven National Laboratory and lifetime. The basic Collider test program will culminate
(BNL) by industry. The test data will be used by the with the Early Cryo Loop Test, which is another M1
laboratoiys industrial partners (General Dynamics, milestone for the SSCL. At this point, the HEB Machine
Westinghouse and Babcock & Wilcox) during the Group will be utilizing the ASST surface facility to conduct a
development process of modifying the laboratory design for HEB magnet string testing program.
the dipole and quadrupole into the industrial design that will
eventually be manufactured in large quantities and installed V. ACKNOWLEDGMENTS
in the collider. Planning is in progress for a full cell string
test using industry designed and built collider dipole and The authors would like to express their appreciation to
quadrupole magnets, and spools. This string test has not yet the a individuals have contributed to this facilityi s
been officially approved by the laboratory management. tce In particuar, we wontrike to this the
These magnets will most likely be preproduction units as suntess. In particular, we wouldl rdugze the
opposed to prototypes. Assuming that the Collider contribution made by J. Grossholz during the construction
installation contract is awarded in June 1994, this tea could phase and the continuing conterL tion by the crews of support
then to take place in the first half of FY95. Te pri personnelworking under L. Cromer (CAD and engineering
objectives of this string test would be to verify the mechanical ispport), H. Carter (crto operations), C. White (mechanical
design and stability, the thermal and electrical respon installation) and es Hentges (testing and operations).
under varied ramping and quench conditions and the vacuum
performance during cool down for the string. Secondary VI. REFERENCES
objectives would be to test the magnet installation techniques
and to provide experience to the installation contractor's [11 W. Burgett et. al., "Full-Power Test of a String of
personnel prior to any installation effort in the actual collider Magnets Comprising a Half-Cell of the Superconducting
tunnel. Super Collider, SSCL-Preprint-162 (1992), to be

The Early Cryo Loop (ECL) test is another Ml level published in Particle Accelerators.
milestone for the SSCL. The results of MI milestones are [2] Project Management Plan for the Superconducting Super
reported back to the DOE and Congress. The ECL tt =,• ring Collider, SSCL Document No. P40-000021.
will be installed in the Collider tunnel. This st,1 --ill [31 Element Specification-Collider Accelerator Arc Sections,
consist of four cells of Collider magnets and spools oioled SSCL Document No. El0-000103.
at the N15 Arc Sector Refrigerator feed point and proceeding [4] P. Kraushaar, "The Accelerator Systems String Test
northward. The four cells will be split between the upper and Program", Proceedings of the Fifth Annual International
lower Collider rings. In addition to the dipole and Industrial Symposium on the Super Collider, 1993.
quadrupole magnets, this string will contain two empty [5] W. Robinson et. al., "Electrical Performance
cryostats (ECQ which provide cold drift space in the lattice. Characteristics of the SSC Accelerator Systems String
Although the planning for this test is still in the early stages, Test", these proceedings.
the basic test objectives are the same as in earlier tests. ThMse [6] A. Mclnturff et. al., "Collider Scenario Implications of
are to verify the operation of the components, subsystems and ASST Operation", these proceedings.
systems required to operate the Collider accelerator. The [7] G. T. Mulholland, "The ASST Cryogenics", Proceedings
ECL test will be the first opportunity to test the ability of the of the Fifth Annual International Industrial Symposium
Arc Sector Refrigerator to deliver cyrogens to magnets a on the Super Collider, 1993.
couple hundred feet underground in a controlled manner to [8] G. Tool, "Electrical Systems for the Accelerator Systems
cool down and operate a part of the Collider lattice. String Test", Proceedings of the Fifth Annual

International Industrial Symposium on the Super

IV. SUMMARY Collider, 1993.

The ASST is an operating test facility for
superconducting magnet strings at the SSCL. Two test runs
have been completed using prototype magnets in a half-cell
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Table Is RHIC Arc Quadrupole Parametes The overll mechanical structure is very similar to
that of the dipoles; the single laye coil is spaiced from

Plarm te Value the cold iron by a 5 mm thick plastic(RX-430) insulator
which incorporates the pole spacers. The iron collars

Nube ED 16 Mware compressed and keyed. Thus the iron serves the
Coi ID 80 mm purposes of both return yoke and mechanical constraint.

Design Gradient T1 T/m at 5000 A Mechanically, the iron has two fold(dipole) symmetry,

Quench Gradient 10T T/m Zt T750 A allowing the use of the same press and techniques for
assembly as the dipole. Calculations indicate that the

Mgnec L 10.1 min coarser features of this symmetry breaking do not produce
Ica ID 109.2 mmt significant field perturbations. Detailed study reveals two
SIron OD 266.7 mm problems:

ABSTRACT Pole Motion In the dipole it is possible to key the
pole directly to the iron because during assembly, there is

A series of prc-production superconductinad no relative motion. This is not possible with a two part
rupole hs been constructed at Brookaven National quadrupole assembly. The system used in these magnets
Labatory. Theme manets have a operating gradient is to key the insulators at the iron joints; during assembly
of TI Tesla/mete with a coil bore of 80 mm. The eight the insulators and the cois slide within the iron until
magnes are emet prototypes of the quadrupoles which the tabs on the insulators contact the iron. This is less
wil be used in the arcm These mgnets were tested and accurate and more complex than keying directly at the
measured and met the accelerator specifications. pole.

L. INTRODUCTION

The Relativistic Heavy Ion Collider (RHIC) will be Iron Deformation The" necessary prestress is ap-

a colliding beam facility with design energy of 100 x plied with the iron collars. These collars bend under the

100 GeV/u for ions as heavy as Au. The necessary applied load distorting the inner circumference and the

focusing will be supplied by 492 superconducting main coil. The same distortion occurs during dipole amembly,
quadrupoles and 72 superconductig trim quadrupoles. but produces dipole symmetric terms which are easily
Of these, 420 will have a coil inner bore of 80 mm, and compensated by coil design. In the quadrupole this dis-

design gradient of 71 Teda/meter at a design current of tortion produces 40,89, ... terms which can not be easily

5000 A. The two accelerator/stora rings aredivided into compensated for in the coil design.

"regular arcs and intersection regions. The arcs contain 3. MAGNETIC FIELD
276 quadrupolds of bore 80 mm and magnetic length 1.11.
meters. In addition the insertion regions contain 144
additional 80 mm quadrupoles with lengths rangig from The magnetic field is computed with a combination
0.93 to 1.81 metes. These magnets will use the same of analytic techniques for the coil cross section and finite

superconducting cable and mechanical configuration as element codes for the iron yoke. For the central sec-

the dipoles. tion of the magnet, the allowed harmonics( 2,6,10 9) are
readily caDSulated. Fig. I shows the calculations and the

2. DESIGN CONSTRAINTS measurements for the fundamental and the first allowed
The basic machine requirement is for quadrupoles harmonic(see appendix for definition of units used). The

with 80 mm bore and design gradient of 71 T/m. Practi- deviations are compatible with the mechanical uncertain-
cal considerations force maximum commonality with the ties (50 pm) in the coil at 4 K.
dipole magnets. The same 30 wire copper stabilised NbTi The central harmonics are summarised in Table 2.
superconductor has been used. Thus the quadrupole op- Aside from the octupole(b 3) only the sextupole(b 2 ) is no-
erting current is nominally equal (5000 A) to that of ticeable. The large fluctuation in this term indicates that
the dipoles (the quadiupoles are NOT in series with the it is due to some random variation in magnet construc-
dipoles). Overall parameters are specified in Table 1. tion.
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Table Its Quadsupol. Central Harmonics Messuued(average
Smr QRSM0?.12) sad Calculated. Values Measured at ORBOOS-00 12 Magnetic Saturation
3000 A, up ramp

a ý bCult b. avo r b.. units
1 1.5107 1.522 0.006 G/A-cmn Transfer-meoaurud

2 0 -0.822 0.949 b*1awr
3 9.V 7.443 0.681 b3l

4 0 0.040 0.687 64'- 2
5 -9.82 -8.732 0.425 6,'

6 0 4O.072 0.096 be.1I
T 0.05 0.09 0.051 6,' -

8 0 0.005 0.048 be$ b5IA

.9 -1.50 -1.752 0.050 NoI
a a. Cale a.ave dramn units

1 0 ... G/A-cD1 0 m mremtan

2 0 0.600 0.63T a,'1

3 0 -0.535 0.730 ag'9

4 0 -0.207 0.188 S4. 1 V"u 1: Central Section Fundamental(B1) and First
IHarmionic(BS) as a Function of Current, Calculations are

5 0 0.332 0.083 as Soi Curves.
6 0 0.035 0.143 a_____

7 0 -0.043 0.090 &
8 0 0.023 0.050 as'
9 0 0 .043 0.016 B' 8

a.. mee discussion of oc-tupale moment100

4. END FIELDS

The ends of these magnets are discussed in more -400 -210 0 20 4W0 no0

detail by Kahn et all. The A"ld have been, calculated R
with two different numerical integration programs, with 3
rough agreement. There is signilcant uncertainty in the 20O

shape in the assembled magnet, in addition, one end of

to accommodante the heads. The LA"d are varying over - 40 -30 2 o 00 4W M

distances comparable to the coil radius, which makes B9_________
measurement difi~cult. The measurements have been
carried out wiha rotating coil 229 mm long, which[ LAD :-

is stepped through the magnet. Fig. 2 compares the 0
calculations with the rotating coal maue nt.Even -2
though the calculations have been integrated over 229 -OW -400 -no 0 noo 4W0 o0
-ni they show rapid variation. The agreemient for 65 is

"di appinting, but the larg contribution from the lead. is
apparent. The cross section of this series, of magnets was
adjusted empirically to cancel the 65 contribution of the Figure 2: Comparison of 229 mmn Coil Measurement and
leads, so that the total would be -- 0. The calculations Calculations for length of magnet. * are measurements,
can be integrated to produce fall length harmonics. The solid lines BND3D calculations. Vertical axis is b',,,
equivalent measuremsents are done with a 2000 mm long horisontal is Min, the central region has been compressed
coil. Table 3 presents these data. There are significant to 600mnm. Dotted lines show the end. of the straight
random b2/&2 and b4/a4 contributions from the ends. secton.
These can aistie from differences (- 2=m) in the coil
lengths and twisting of the end.. The difference for 65 is
due to the discrepancy for the central section.
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"b as Quadrupole Integral Harmomcs Measured(av=
fao QRBW?-012) a"d Calculated. Values Measured at RHIC ARC OUADRUPOLE QUENCH TESTS
3000 A, up ramp • - "

U U
-F -a elk

a b,, Cal bave ahb units
L 1.020 1.097 0.0002 ? mete
2 0 -1.413 1.398 b2 '

3 9.r" 7.300 o.50 bt-' -................. ............ --- -- ----------------

4 0 0.672 0.613 b4' 4
5 -0.228 2.2582 0.529 b"-
7 0 -0.053 O.O8 b i.

7 0.05 0.172 0.049 bW' W

8 0 -0.133 0.041 be'
9 -1.02 -1.167 0.342 b9'

a m Calc a ave W a% a units
0 0 20 30 0 s0 s039 ...... ala W. 6

2 0 -1.897 1.304 002

3 0 -0.028 0.731 a5'
4 0 2.738 0.522 a4' Figure 3 Quench Currents as a function of event

number for these quadrupoles. Design curreat(5000 A) is
5 -1.6 -3.708 0.146 _ _ aindicated with dashed line, predicted critical current limit

6 0 0.172 0.114 _ _ in shown with dotted line. Legend identifies which of the
7 0 -0.027 0.122 &T' 4 coils in magnet quenched.

8 0 0.048 0.087 as'
9 0.02 0.342 0.023 sa'

APPENDIX
5. OCTUPOLE The field on the midplane of a quadrupole can be

Mixin quadrupole(20) and dipole(10) symmetries expressed a:
produces octupole(40) and higher 4n terms. Substan- By = Grad*Rref b' x 10- 4(z/Rref)*

tial octupoles have been observed in all RPIC quadru- (the cos(n+l)o term)

pow. In the process of clamping the coil with the steel B_ = Grad*Rref a,' x 10-4(z/Rref)"

collars the collars are distorted. Detailed measurements of (the sin(n+1)0 term)

this distortion have been made on a larger aperture quad- Grad = Quadrupole gradient Rref = 25 mm.

rupoIC3 . These Show that the inner radius is reduced, and With this definition, the 'primed unitse represent the

that the angle (nominally 180) swept by the half yoke is field deviation measured at a radius of 25 mm as parts in

increased. This appears to account for the observed oc- 104 of the Gradient field at 25 mm.

tupole in the 130 mm quadrupoles. The only mechanical 7. REFERENCES
measurements on 80 mm magnets are on dipoles. Since
the assembly technique is the same, these are used to cal- 1. S.A. Kahn et al,Calculatios of Magnetc Fiele r tke
culate the octupole. The measured deformation is 150 End Design o.f te RHIC Are DipokeThis conference
Om. poster Jc3, (1993).

6. QUENCH PERFORMANCE 2. P.A. Thompson et al,Satu. of the Quadrpolk for
RHIC, IEEE Particle Accelerator Cona, pp. 504-506

The quench behavior of these magnets is shown in (1989).
Fig. 3. The design has a large margin, 44%, and the 3. R. Gupta et al,Large Aperture Quadr/pole. for RHIC
worst case quench is 22% above the design gradient. The Interaction Regions, this conference, paper N$,(1993).
Ift critical current limiting field is calculated in the same
way as for dipoles, where it gives a prediction of quench *Work performed under Contract No. DE-A02-T6CH00016
plateau within 2%. Interestingly, these quadrupoles (snd with the U.S. Department of Energy
others constructed at this laboratory) consistently exceed
this limit by - 10%. The training may be due to
the mechanical constraints on the leads. This will be
investigated.
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FERMILAl-BUILT SSC COLLIDER DIPOLES USING LOW TEMPERATURE CURING
INSULATION SYSTEMS WITH AND WITHOUT GLASS TAPE

T. S. Jaffery. R. Coombes, A. Dewed, 1J. D ,arco. T. Ogitsu, R.E. Sims, J.C. Tompkins and M. Wake S('1-lmIL•,Tev*
UL& R. Bossert, J. Caom, S.W. Delchamps, . Gonczy, S. Gourday, R. Hanft, M. J. Lam, P Mazur, D.Oris, amd J. Strait

Fermilab. Batavia.llinnis - U.SA.

Abstract-- Polyimide with epoxy impregnated glass tape included their effect on the coil crossection, magnetic field,
was used in Feamilab baseline design of several SSC Collider quench and mechanical behavior of the magnet. A strong
dipole magnets which were used in the SSC Accelerator insulation is needed on the coils to avoid turn to turn short.
System String Test (ASST). Later in the magnet R&D Fermilab magnet program for SSC used polyimide, with and
pogrm several magnets were built using conductor insulation without glass tape, in combination with adhesives which
in which adhesive that cures at 1400 C was coated directly on cured at low temperatures as compared to the melting
the polyimide film. Some alternate materia for coil end parts polyimide insulation system of CDM baseline design. By
and coil winding were also tested. The data taken during the using lower curing temperature, for the coils, it is possible to
tests of these magnets are compared with results from 10-stack avoid the eddy current heating related to ramp rate sensitivity
studies of the two insulation systems and design expectations of these magnets. So, an insulation system with lower curing
and correlated with changes in assembly methods. temperature is desirable. As a backup, some insulation

schemes without glass tape were tested in last nine magnets
I. INTRODUCTION built at Fermilab. Polyimide is more homogeneous so it is

easier to handle for mass production of coils. The elimination
Fermilab built and tested several long (15 meter) and model of glass tape makes the coil smaller. So, another conductor

(1.5 meter) collider dipole magnets for the SSC project, based turn, could be added to the coil which could increase the
on the baseline design of ASST. The mechanical design of the current density and thus the field. Cryorad adhesive has a high
21) cross section is discussed in detail in (1,21. The return yoke resistance to radiation. It was tested in two model magnets.
of all 50 mm aperture SSC dipoles built at FNAL were Several materials and techniques were studied for mass
vertically split. Tlhs gives support to the horizontal mid-plane production of coil end parts [Table I]. This paper outlines
under all conditions and the collar deflections are minimized some of the advantages and disadvantages of the above
under Lorentz (IxB) force [1]. The inner (outer) coils are made variations. The mechanical behavior of magnets using all
of 30(36) strand NbTf cable with six micron filament diameter. polyimide insulation is correlated with changes in the magnet
Several extensions to the baseline design were incorporated design and assembly methods.
into last 5 short and last 4 prototype SSC dipoles. The primary
purpose of these magnets was to study the effect of alternate
insulation schemes, various coil end part designs and variation H. INSULATION SYSTEMS
in manufacturing parameter on the performance of magnets
under cryogenic conditions. The choice of alternate parts was In Fennilab baseline design the collars are designed to
considered to find ways that are more conducive for mass position the conductors as determined by the magnetic field
production of SSC magnets and to demonstrate the alternatives without the use of pole shims (2]. Due to thin polyimide the
to present manufacturing techniques without altering the desired coil size, after curing, carefully calculated pole shims
existing design. Some important factors in the selection of all and brass shims on all copper wedges had to be applied. The
polyimide insulation and changes in other magnet parameters, preload in the coil is created by the oversize pressure of the

TABLE L Salient Features of Later Model Collider Dipoles Built by Fermilab
RTM=molded eys and sadles: I = Spaulding vart: 2 = Amoco Toron 5030 with 30%,lass fiber Part: 3 = Cryorad vaft:

Magnet End Parts Pole Shim (nun) Coil Insulation
Inner/Outer Inner I Outer

DSA 330 G-10CR+RTM-(1) 0/+0.25 2H+butt LT one side / 2H+2LT one side--scotch 2290 adhesive
DSA 332 G-10CR-as ASST 01 +0.51 2H+butt LT one side / 2H+2LT one side
DSA 333 G-10CR+RTM-(2) +0.09/+0.2 2H+butt LT both side / 2H+2LT both side

Apical film with Cryorad adhesive; cured at 140-1450 C
DSA 331 G-10CR-as ASST Lo Inner+0.13 /0 3NP one side / 2NP one side+2NP one side
DSA 334 G-lOCR+RTM-(3) 0/ +0.20 2NP+butt NP both side / 2NP+2NP both side

DCA 320 G-10CR-as ASST 01+0.13 2H+butt LT one side I 2H+2LT one side-scotch 2290 adhesive
DCA 321 G-10CR-as ASST -0/+0.13 2H+butt LT one side / 2H+2LT one side

DCA 322 G-1OCR-*as ASST 0/0 2NP+butt NP both side / 2NP+2NP both side-2290 adhesive
DCA 323 G-10CR-as ASST 0/0 2NP+butt NP both side / 2NP+2NP both side

Work Supported by the U.S. Department of Energy. coil against the collar. Therefore the measured relationship

Manuscript received on May 17, 1993. between the coil and shim size with that of prestress was used
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to determine the correct molded col sue (6]. The coil size was producing the end pans than machining them [81 particularly
carefully made to have the same characteristics as Fermilab when a large number of magnets ame to be manufactured.
baseline design magnets. DSA333 end pans were machined out of Torion injection

molded tubes. The quench behavior of this magnet indicates
Polyimide Insulation System With and Without Glass Tape that the bonding between the end pars and the coils might not

have been ideal. The epoxy used to bond the end parts with
The polyimide insulation system with glass tape consists of coil seemed to cure very well but its behavior at cryogenic

a layer of 0.025mm x 9.5mam Kapton type H film overlapped tempemaures is not well understood.
by 50% surminded by one layer of 0.1amm x 9.5mm glass tape Aluminum is a material of choice for the outer end cans. It
impregnated with B-stage epoxy. The coils were cured at is cheaper to make and it has a higher coefficient of thermal
135 0 C. It was successfully used on Fermilab built ASST contraction which allows it to shrink more at cryogenic
magnets which showed very little training [5,8,7]. temperatures.

Low temperature curing insulation system without glass
tape was used with different combinations of end parts and IV. COLD TEST DATA
shimming on last 9 magnets (Table 1,31. The insulation
variations used on these magnets included polyimide only and Fermilab-built magnets are instrumented with voltage taps
its equivalent (Apical) cable insulation films of thickness for quench localization. The strain gages located in the collars
0.025 mm x 9.525 mm(0.001 in x 0.375 in). The variation in measure azimuthal stress between the collars and the coils.
thickness of polyimide films of different kinds is not Four end force gages were used to measure the coil pressure on
significant, but presence of glass tape in insulation scheme has end plate due to differential thermal contraction during
a large effect on curing pressure. The thickness of glass tape is cooldown and the Lorentz force due to magnet excitation.
3.5 mil/layer which conrespond to 2.6 times of Kapton. In the Tests at liquid helium temperatures were performed on both
absence of glass tape as part of the insulation, the coil size long and short dipoles. Model magnets were tested in a 3.6 m
becomes smaller for a given pressure. The observed effect of vertical dewar and long magnets were cryostated. The strain
creeping of all polyimide insulation is about twice as normal gages on all magnets measured absolute stress at 4K [2,3]. Coil
"Kapton with glass" insulation, and it is comparable to the 10- pressures were monitored throughout the cooldown and
stack data (5]. Studies show that the thermal contraction and magnet excitation. The desired prestress was achieved on all
creeping of all polyimide is higher as compared to other magnets. This was possible, by careful handling of the process.
insulation systems that were tested (7]. So, there is a large even when the glass tape was eliminated from the insulation
dynamic range for the cured coil size. system. If a layer of thick polyimide was used instead, a large

The loss in coil pressure after curing (coil creep) can be pressure drop could have occurred upon cooldown due to high
reduced by using lower number of polyimide insulation layers. thermal shrinkage of insulation. The prestress loss due to
Due to thinner insulation, the coils were smaller radially and in cooldown is a fraction of a collared coil's initial (295K)
azimuth. The poles were shimmed using adhesive backed pressure [3,7]. The change of pressure due to thermal
polyimide, and copper field wedges were shimmed with thick contraction during cooldown were higher for the inner coils
brass to make up the difference in coil size [3]. Despite the use (Fig. 1) than for the outer coils (3.7). There were some
of thinner insulation, the incidents of turn to turn shorts in unusual behaviors which can be attributed to manufacturing
magnets with all polyimide insulation were not any greater processes.
than magnets with polyimide and glass tape insulation. 50 DU......

P 0CA312 4 DCA319MT. END PARTS 0. VC31 L C,, I .m
40- OCA31I N OCA,323 3i4T

Several processes and materials were considered for end G 40 W 0A3N

parts of the magnets for their cost effectiveness, ease in 1 'u" .= -
4.prouctonuniformity and quality, their strength and radiation I. * C

resistance. Fermilab baseline design for magnet ends uses a ; .- o
collet clamping system, consisting of a metal can which .= L

K 1
clamps four azimuthal G-10CR insulating blocks around the b. A

coil to provide prestress for the end region [2]. Several *s

materials were molded into end parts except the collets. The . K

details on combination of end parts used on model magnets U '- . F-"'
using all poly,.ide ate given elsewhere [3, Table 1]. _ _ ._ .,.

Resin transfer molding (RTM), compound transfer molding 0 0o 70 o o ,0 6

(CTM) and injection molding processes were investigated for Premr. ef.ro. ce•.ldwn (UP.)
use in end parts. The keys and saddles on some magnets [Table Figure 1: Prestress loss due to cooldown vs coil pressure
I] and test coils [81 were made using RTM. It turns out that end before cooldownfor Fermilab built magnets for the SSC.
parts made with RTM with fiber glass preform are stronger
than CTM parts because in RTM the fibers are aligned in a V. EXCITATION BEHAVIOR
direction to give maximum strength. Although G-10CR has the
highest flexural strength and despite the production complexity The absolute loss in inner coil pressure of Fermilab model
of machining G-10CR end parts the tooling is least expensive and prototype magnets at 7 kA is shown in Fig. 2 Tbe magnets
for this process, molding process is a better way of mass with higher prestress tend to lose more pressure during magnet
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excitbon. The pressure loass characteristics were maintained in interaction. Any unusual response is obvious, e.g., DCA311
all magues due to cooldown and excitation [3). Any unusual shows very little end farce, at 7 kA, hma expected because of
excitation behavior, such as DCA311. can be easily observed, smaller collar-yoke interaction as explained earlier. Bullet
DCA311 shows higher than average loss upon excitation, gage preloads changed over thermal cycle in some magnets
although the pomss is not very high. This unusual change in but these changes did not affect the quench performance of
inner coil pressure, with excitation, is attributed to the Fermilab vertically split yoke magnets, as they have tight
diminishing support of the collars from the yoke.This is collar-yoke interaction.
because the yoke lamiatioms on DCA311 were cbevroned due
to lome packing. VI. CONCLUSION

A O CA31 Quench performance of some of the magnets was not so
35 C O m s XSCM stable (91. This could have been due to too many shims,0 WlA3114 L OCAUS

T owlsam KAMinsulation itself or it could also be associated with
A0 . manufacturing process. A slight modification in manufacturing

"process can affect the magnet performance, as observed in
, -,~,'a • 1 .' some magnets with two piece pole end key [3). Magnets with

267 At xIN7 all polyimide film insulation need to be studied more to fully
Sb " understand their behavior. We have shown that "thinner

RUN -insulation without glass tape" with low curing temperature can
be used successfully in SSC coilider dipoles. One of the

16 magnets of this series DCA322 (all polyimide) was tested at
• .• ..- . • I.8K at about 9.5 Tesla, showing the Fermilab design to be

* .......... I .... I .... I .... I .... robust. This gives a confidence in the mechanical design and
to 20 30 40 so 00 7O the choice of insulation for Fermilab built magnets. This is

2e Curmt Pr (M*) very promising for SSCs future and a success of 2D design.
Figure 2: Absolue pressure loss in inner coils as a function of Thermal contraction and coil relaxation is an important design
initial cod pressure issue for magnets with all polyimide insulation with no glass

tape. It is impor•tt to use as little insulation as possible
The pole stress on all magnets remains positive, during without risking turn to turn breakdowns.

excitation, and there is no sign of unloading (3,5,9] at 7 kA. By
mantamng the coil crossection for all magnets, there does not We would like to acknowledge the work of many engieers
seem to be any noticeable difference in their excitation and technicians who made it possible to present these results.
behavior due to different types of insulation.
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Abstract and therefore the big attention was paid to the fabriction

At present N=EFA is designing superconducting technique In series production conditions.

tion magnets for UNK. UNK magnetic field correction
system includes about 1500 various correction windings: II. THE MAIN PARAMETERS AND
dipole, quadrupole, sextupole and octupole. The mag- ASSEMBLY OF MAGNET
net consisting of 3 concentric saddle type maltipole coils
with common iron yoke (U*pool..pmeItype) was selected Except the di@m e rence of coil design, all three model were
as basic one. Esach of the correction coils has tie n the same arrtanement r ad sid lar csp truction They con-optical force aextupole--600 (T/m2 ).m, quadrupoh--5.5 rist of 3 concentric saddle shaped winding. enclosed in
(ticalm force:ispole--0.e8 T(n• Total, length abolt.6 mthe common cylindrical laminated iron yoke with helium
(T/m).ma, dipole-0.68 T-m, lbtal length is about 1.6 m, channels on its outer surfame The 4mm stainess steel
operating current <20 A. The 4 fMll scale models of the shell onits outer wail of helium vessel and serves, at the
basic correction magnet with different types of conductors sae me, outer all of h el The s mweest of
sad various technique of winding have been built. This re- same time, s mechanical bafi age. The cross-ection of
port describes the main design parameters of models sad the models is shown in figure 1.
the paxticaurs of their constructionL The results of man- Superconducting wire parameters are given in table 1.
ufacturing sad tests (quench behavior and magnetic field
measurements) are discussed. Table 1: Parameters of wire

L INTRODUCTION Diameter of wire (mm) 0.3
Superconductor NbTi alloy

The basic element of magnetic field correction system of Matrix CI

second UNK stage is a superconducting corrector with Cu / NbTI ratio 1.7

70mm diameter aperture. It has 3 correction windings: Number of filaments 150

dipole is to correct the orbit, quadrupole is to correct the Diameter of filament (in) 15

betatron frequencies and sextupole is to correct the chro- RleP/R/.. ratio >100

maticity and to compensate the sextupole errors from the Critical current density at 5 T (A/m2) (2.0-2.2).109
main dipoles. These windings has optical forces of 0.68 Critical current at 5 T (A) 52-57

T.m, 5.5 (T/m).m sad 600 (T/m2 ).m accordingly. The
"appol-pieP conception [11 was chosen as basic. A gabarit Chosen wire ha, a big margin of the critical current (op-
sie limitations sad, particulrly, low operating current erating current of all models is between 12-20 A in the field,
(< 20A) had led to the necessity of preliminary modelling. up to 1.3 T). It had been done to avoid the training up to
Fbur full-scale models of the correction magnet SCM-1 (2 operating current that was one of the main requirements.
models), SCM-3 and SCM-4 with different construction of The main dimensions of models are given in table 2.
the coils has been designed, built and tested. About 400 In table 2 the turns density is a number of turns per unit
correction magnets will be made for the second UNK stage of the coil cross-section. The meanings of the short sample
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Table 2: Main dimensions of models (mm)

Dimension eta Qu dru- l
I pole pole

COILS:
inner radius 40.0 46.5 49.9
Outer radius 46.2 49.6 56.1
Angle dimension (grad) 20.8 27.8 58.9
Tbtal length 1370 1290 1190
Straight length 1320 1220 980
Coils per magnet 6 4 2
Sections per coil 2 4 8I ~~~(SCM-1 only) •
Layers of ribon per coil
(SCM-3 only)37 511
Turns per coil:

SCM-I 624 408 1760
SCM-3 592 464 1965
SCM-4 384 266 1260

Turn density (1/cm2 )____
SCM-1 7.3
SCM-3 6.2
SCM-4 3.8
IRON YOKE:

Inner rmdius 56.9
Outer radius 84.0

6 Total length 1400
MAGNET:

Figure 1: Cross-section of SCM models. 1-sextupole coil, Total diameter 176
2-quadrupole coil, 3-dipole coil, 4-laminated iron yoke, o legh 1440
5--helium channels, 6-helium vessel shell

limit are given for the joint ramping of all three windings 4
(in more detail see below).

The electrical sand magnetic parameters are presented in
table &

After winding the coils were premed to the design dimen- *-4
sion and were cured at the temperature of 160* C. The
fixation of the windings one about another was achieved
with the advance assembly of the coils in the semi-blocka 1 2
consisting of three sextupole, two quadrupole and a dipole
coils. Complete coils were assembled in the semi-block on
the cylindrical mandrel with epoxy impregnated ground in- Figure 2: Tbp view of the winding package. i-sextupole
sulation. Then semi-blocks were pressed relatively to the coil, 2-quadrupole coil, 3--dipole coil, 4--current leads
middle plane of the package, were cured again and assem-
bled in the winding package. The top view of the winding
pack•ge are displayed on figure 2.

Laminated iron yoke was made of the stamped mag-
netic steel sheets, which in advance were set up in the
100 mm long semi-packages and were welded on outer aur- assembly. Separate wire were twisted together, wrapped
face. Semi-packagen of the iron yoke were amembled on with the thin copper wire and then soldered.
the complete winding package, pressed along the vertical
axis by the pressure of 150 kg/cm2 and then welded with The coil resistance measurements and testings of the
two seams in the middle plane of the package. Coil con- ground insulation had made after each operation during
nections were made at the top Range of the magnet after of the manufacturing and assembly.
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Table 3: Electrical and magnetic para.meters of models (SCM-I/SCM-3/SCM-4)

Parameter Units Sextupole Quadrupole Dipole
II (N=2) N=1) (N=0)

Optical force (T/ Ný-m 600 5.50 0.68
Centre field (gradient) T/m 448 4.37 0.59
Operating current A 12.2/130/20.0 11.7/10.4/18.5 13.1/12.5/20.8
Short sample limit A 54/56/69
Constructive current density .10' A/m 2  0.90/0.80/0.80 0.96/0.66/0.67 0.96/0.73/0.75
Inductance (calculated) H 3.7/3.2/1.4 1.4/1.9/0.6 15.5/18.8/6.8
Active resistance at 300 K
(measured) kfl 3.4/3.4/2.4 1.5/0.9/1.1 3.2/3.8/2.5
Stored energy U 0.27 0.10 1.4

III. PARTICULARITIES OF THE COIL C. SCM-3
DESIGN

One of the ways to reach the regular turns distribution
A. SCM-i is a winding with the ribbon conductor [2]. Ribbon has

the width equal to the radial coil thicknes sad consists

The coil consists of the several sections with square cros- of several parallel secured wires which are connected se-
section. This approach allows to receive the more regular riesly on the coil end. In the model SCM-3 the coils were
distribution of the turns in the coil. Ead section was ran. wound with the ribbon conductor that was made in original
dom wound by the single wire with 25 Am polyamidimide method. The ribbon was made with the binding a Rum-
enamel insulation in the separate fUat mandrel. During the ber of parallel wires by the polyimide thread with follow-
winding the wire was put through the bath with epoxy ing impregnation with the small number of polyamidimide
resin. After the winding the section was pressed to the varnish Lad curing for making ribbon stability during of
design dimension, formed on the cylindrical mandrel Lad the winding. The ribbon wires has the increasing diameter
cured. After that the complete sections were assembled from the inner to outer edge of the ribbon to compensate
together around the central G-10 former. Then separate increasing of the coil angle length from the inner radius
sections were connected seriesly. to outer. The ribbon for the dipole and sextupole coils

The experience of the two models SCM-I shown that consisted of 16 wires, and for quadrupole-of 8.

this technique, on the whole, allows to make the magnets The coils of the model SCM-3 were made like its of model
corresponding to presented requirements. However, it is SCM-4. After the curing the separate wires were joined
sufficiently complicated and difficult. Besides, it was no seriesly. The construction of series connection is similar to
possible to avoid completely of the turn shorts, which were the described in above.
observed in approximately 10% of sections. The use of the ribbon conductor speeds up the winding

process much and allows to increase the turns density in
about 1.6 times as compared with the random winding.

B. SCM-4 Polyinide thread securing the separate wire in the ribbon,
make the additional insulating distances between its, that

In the model SCM-4 for the elimination of the turn allows to exclude the turns shorts. At the same time they
shorts was used the wire with combined insulationu-15 Im make the coils "transparent" for the penetration of epoxy
polyamidimide enamel and 50 ism fiberglass braid. The coil resin. One can suppose that it will make possible to receive
was all random wound in the cylindrical mandrel around the monolithic coils without vacuum impregnation. On the
G-10 former. In other respects the winding and assembly whole, one can say that the winding of the coil with the
process was just the same as in the model SCM-1. ribbon conductor is, perhaps, the most preferable of all

Application the add insulation allowed to exclude the testing variants.
turn shorts. Unfortunately, in this came we had to decrease
the turn density comparing with the model SCM-i (see
table 2) and to increase the operating current till the lim-
ited meaning of 20 A. Besides the random winding brought IV. THE TESTS
to the nonuniformity of the turns distribution on the coil
cross-section (especially in dipole coil), therefore even af- The models were tested in L 3 meter long vertical cryostat
ter pressing and curing the coil is very friable and needs in at 4.2 K. SCM-1 Lad SCM-4 models were cooling twice and
vacuum impregnation and special equipment for it. SCM-3-one time.
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Abstract
The quench voltage, especially the turn-to-turn voltage. 0.31 0.3

and the maximal temperature rise due to the quench in

50-mm-aperture Superconducting Super Collider collider Insulation

correctors are calculated for various currents. The calculation Cu:Sc=2.2 1
shows a lower copper-to-superconductor ratio gives a lower
quench voltage and a lower temperature rise as the result of Y

much higher heat capacity of the superconducting material and
lower copper resistivity at lower temperature. It also shows that Xx
when the copper to superconductor ratio is 2.2 to 1, each z
individually powered magnet is self-protected, and for the Figure 1. Typical section of coil winding in SSC collider
series of 24 correctors that are powered together in the collider, correctors.
a parallel 20 resistor on each magnet will provide needed
protection. The energy loss on these resistors during powering where (yC6 and (yC)m6 are the volumetrc heat capacity

up is less than 5% of the energy stored in the magnet at the averaged over the whole coil cross section and the metallic

operating current. constituents only, respectively; kq is the transverse thermal
conductivity determined by the insulation; and /q is the

I. INTRODUCTION longitudinal one mainly contributed from the copper and NbTi

When a quench occurs in a superconducting coil, the constituents. a is around 0.02-0.03 for these corrector coils.

normal zone starts to grow so that the resistance of the magnet Therefore, at any time t after a quench starts at time t = 0,

increases until all the stored electro-magnetic energy has the normal zone is a rotating ellipse centered at the quench

dissipated through the ohmic heating(l]. This process causes starting point. The rotating axis is longitudinal before it hits any

temperature rise and high voltage in the coil. Can the quenches coil boundary, or its two ends meet in one of the three directions

in the current Superconducting Super Coilider (SSC) coilider [4]. The long axis of the ellipic is %7t and the two short ones are

corrector design damage the superconducting windings? o~t. When a coil boundary is encountered or two normal zone

In answering this question, we first study how the normal ends meet. the normal zone stops its growth on that direction.
zone grows in the coil windings under the adiabatic assumption but continues on the other directions until the stored energy is

to find the way for calculating the time- and geometry- exhausted or the whole coil turns normal, whichever comes

dependent coil resistance. RAa(t). Then we use a computer to firs. The resistance R(t) of this normal zone at any given time

simulate the elecmuic circuit that includes the quenching magnet tO is evaluated by dividing the whole region into subregions

with the resistance, Rma(t). Finally, some suggestions on the according to their quenching time t( and a small time interval

quench protections will be made for the cases where excessive A t. When the coil boundary is not involved, each subregion is a

heat and/or voltage are expected by the simulation results. shell in the rotating elliptic, with long axis it' and shell
thickness vAt on that direction. The MITS value,

1I. NORMAL ZONE GROWTH
AND ITS RESISTANCE MiffS: = /

A typical cross section of the SSC collider corrector t
winding is rectangular, as shown in Figure 1. The area of each is computed for each subregion. A comparison of this MUTS
unit cell is A. The longitudinal (along the z-direction) normal value to the temperature-MUTS tables for the copper and NbTi
zone growth velocity, v, is determined by the thermal with the given RRR (residual resitivity ratio) value (51 is made
properties of the metal part of the coil" it also depends on the to get the temperature rise in this subregion. The
current and conductor packing density t1][2][3]. The transverse semi-empirical expression of the copper resistivity for the
velocity, Vt, is much smaller than the longitudinal one because temperature range 0- 1000K (5],
of the much lower heat conductivity of the insulation. The ratio 1 545
between the two is [I] p(TRRR) I R +

, 0... 11/2, (2.32547 1 ,0'+ 9.57137 x 105 + 1.62735 x O2

is invoked to find the resistance. A summation of the subregion
resistance over the normal zone is carried out to provide the

*Operazed by the Universities Research Asscation. Inc.. for ft U.S. magnet resistance, RA,(".
Department of Energy under Contract No. DE-AC35-89ER40486. T of U.S. OoeermvM undw Ccntyad

No. OE-AC35-UR4o04s. Accoe%*. tn U.S.

0-7803-1203-1/93$03.00 O 1993 IEEE ioVn tom abh orerdux&,e. eu -rc a
6-~m to putbh or rlxoduce ow• pAI61wd form od
this ontribution, or alow othert to do go. for
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Note that the adiabatic assumption has been used r /-
throughout the preceding calculation. There is no beat (+ vd
conducted out of the col. Inside the coil, beat is also absorbed 1 n1adt] - I((n-l-)t] + 4/[(n-l)d:t
to produce the normal zone growth. but this latent heat is not jilndt] (-I 40-)] +,r/[(n-Ikdt)]
deducted when th temperature rue of the conductors is
evaluated. So an overestimate of temperature rise and and
resistance of the normal zone is expected from this procedure.

MI. QUENCH CIRCUIT SIMULATION 4.o

The method to calculate the resistance of the corrector x (z[(i + 0&1)4 + z(idtl2{z[(i + lldtJ-z[idt]}
magnet coil during a quench was worked out in the previous where A is the proportion of the metal constituents in the coil
secdion. One other important electric parameter is the unit cell, and element i (<n) is the subregion of the ellipse
inductance of the magneL We use PE22D1 to do mentioned in the previous secion. which turns to normal at
two-dimensional field analysis and stored energy calculation time I' = idt. Its temperature 774 n4tJ is evaluated via the
for different currents. The circuit in Figure 2 is for a magnet METS iteration formulas.
powered individually. When a quench is detected, the switch is
closed and the power supply is shut down. Usually a quench PdIITS1[ndt) - MIITS(n-.4t)] + A'
detection has a few millisecond delay to the quench itself, and the MITTS tables in Reference (5].
compared to the 100 ms to 200 ms for the whole quench time
scale. This delay can be treated as zero without any significant IV. RESULTS
impact on the results. The switch also can be replaced by a An SSC collider dipole corrector with the winding
diode that introduces -0.6 V voltage across the diode, but that configuration shown in Figure 1 has the following additional
voltage can be ignored compared to the hundreds to thousands p
of volts inside the magnets across the normal resistance zone. __ _ _ _ __ _ _ _

PMwer Maximal operating field 2.21 T
yCoi width 10.4 mm

R Coil height 24.15 mm

Coil length 1.36 m
Number of coils 2

Inductance 2.4 H
Maximal operating current 86 A.

4,• (t)) (60% wire short sample) __

Figure 2. Quench circuit for individually powered corrector. The calculated maximal wrn-to-turn voltage, maximal
resistive voltage across the normal zone. and temperature rise

Assuming the quench starts in a corner of the coil winding of the conductor in which the quench starts under various
at time t - 0 and quench current lo, we have the initial currents are plotted in Figure 3. It shows that the turn-to-turn
conditions, voltage will not exceed 210 V, the total resistive voltage across

f : 0.001 sec the resistance of the normal zone is less than 2000 V, and the
z(0] -0 temperatur rise in the hottest spot is less than 300 K when the

[0o] - i0 magnet is operated below the maximal operating current 86 A.
R.W[0] - 0 Therefore the magnet is self-protected during the collider
440] - -4tOR,,t/LA(lo) operation. Figure 3 also shows that during the magnet quench

0 testing, when the current exceeds 105 A, some protection

miIs 1  a-0 - 0 for all integer i a 0, measure should be taken to prevent any damage in the
A[ insulation due to overheating.

o All the other collider arc correction magnets are smaller
where z(t] is the half-rotating axis of the normal zone ellipse than the dipole corrector, so they are all self-protected when
(Figure 1). they are individually powered. But when 24 quadrupole or

At time t =nd t, the iteration relations become sextupole correctors are connected in series, the inductance
will be higher than 45 K. and the single quenching magnet
cannot absorb the tremendous energy stored in all 24 magnets.
So a current bypass system is necessary to protect this magnet.
A 2-0 resistor can be connected parallel to each member in the

I- PE2D is a trademark of the Vector Field. Inc. series for the protection. To minimize the influence of single
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magnet quench on dhe corrctor system operation. two opposite The simulation code is also checked with the testing data
parallel diodes arm preferred rather thani one resistor for the for some prototype correction magnets. A comparison is shown
bipolar current operation. in Figure 4 for the current decay over time. The difference is

Quench simulations are also done for difterent believed due to ignoring the cooling effect mentioned in
copper-suecnutor ratios of the superconducting wire Section 11.
around 2.2: 1. It shows that higher superconductor contents ________________

lower the quench voltage across the normal resisance zone and -____ ---- mauesi ltio
thu temperature rise caused by the quench. We believe that in jmae iia o
our range of study, the much higher heat capacity of the NbTi
and lower copper resistivity at a lower temperature are the 140
$Ource Of this effect.12

&Maxi~mal Tom to Tamn Voltage vs. Geench cisus:n
Yoitags 100)

IN 16n 30 4 4 ?aN 764 l6Oie in in 140 t,%

60
4" 60

310 ..- . ... .. .. .... 301 0
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10 UU U ~ 6 ,- ~.Figure 4. A comparison between the simulation and
__an (A) measured current decay for an SSC corrector dipole

b) Nxisl Rsistve eltge a. Qenc cazmtprototype.
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Variation in a, Saturation in SSC Coflider Dipoles*

Ramesh C. Gupta and Animesh K. Jain
RHIC Project, Brookhaven National Laboratory, Upton, Long Island, NY 11973 USA

Abstract for all magnets. The variation with current is commonly
referred to as a, "saturation" since the major source of this

Analysis of the variation in the saturation of the skew variation is the off-centered placement of the iron yoke in the
quadrupole (a,) is presented for the 15m long, 50mm aperture magnetic cryostat vessel. However, in practice this variation
SSC collider dipole magnet prototypes built at BNL. The may also include several other sources. In this paper we
variations within a magnet are shown to be correlated with explain the cause of the measured variations in a, saturation
local top-bottom asymmetry in the iron yoke weight. On the and present a simple formula which can be used to predict a,
other hand, magnet to magnet variations in the saturation of saturation in long 50 mm aperture SSC dipole magnets with
integral skew quadrupole are shown to be correlated with the horizontally split yokes.
geometric a1.

1. INTRODUCTION II. SOURCES OF a, VARIATION

Magnets DCA209-DCA213 are a set of 50mm aperture, In this section we list some of the sources which may be

1 5m long SSC collider dipole models built at BNL[ 1]. The responsible for the variation in a, as a function of current For
field quality in these magnets is expressed in terms of the each of these sources, we also give estimates of the magni-
normal and skew haemonic coefficients bs and a, in dimen- tude of the change, 8a1, between 6600A and 2000A (referred

nomlands ke hanics" cofinedbytheficients bxpandsion dm to as "saturation a,"). Given below is a brief discussion of
sionless "units" defined by the multipole expansion some of the sources which may be responsible for the

OD observed 8al:

n=O (a) Off-centeredyoke in the cryostat:

where x and y are the horizontal and vertical coordinates, B0  At high currents the flux lines are not contained in the iron
is the dipole field strength and R is a "reference radius", cross section and start leaking outside the yoke. At this stage
chosen as I1cm for these dipoles. A large amount of variation the magnetic iron in the cryostat vessel provides the additional
has been observed in the value of the skew quadrupole field magnetic path to return the flux lines. However, since the
coefficient a, as a function of current at different axial posi- center of cryostat does not coincide with the center of yoke, an
tions in a single magnet and also from magnet to magnet. As up-down asymmetry would be generated in the field at the
an example, Fig. I shows the current dependence of a, meas- center of the dipole. The calculations show a noticeable
ured with a one meter long measuring coil in magnets current dependence in a, above a primary field of 6.0 Tesla
DCA209-DCA2M3. To facilitate comparison, the curves are (I- 6kA) and the computed Sal is - -0.2 unit.
offset along the y-axis such that the value of a, is zero at 2kA

02 (b) Difference in the packing factors of the yoke halves:

0.1 ---- -- The packing factor is basically the ratio of the amount of

0_ yoke material actually present to the maximum amount of
0CM -- yoke material possible in the design volume. Though the

-- OCA2,0 overall difference in the packing factor between the top and
-02 - -- - - ----- - -7-•, bottom yoke halves is well controlled (typicaly within:.3 . .A.. .- 2 -0.01% in DCA209-213), there may be some local variations

S- -- CA21 along the length of the magnet. The iiwn weight is measured

foreach7.6cm(3")block inthetoporbottomyoke. Sincethe
length of the measuring coil is one meter, a top bottom weight

2-3.4 difference in the yoke in a one mewe region would be seen in

Maw,,,cvrr*M.,) the field harmonics. Our 2-d calculations show that a 0.1%

Fig.1 Cwvent dependence of skew qua&%pole (a,) in magnets higher packing factor in the upper yoke half would give about

DCA209 to DCA23. The cues are offset such that al at -0.1 unit of 8a1 . This effect is noticeable above 3000A.

2kA is zero for all magnets. However, the difference in packing factors is likely to have

* Work Supported by the U.S. Department of Energy.
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opposite sign in neighboring pauk to mitin a low overall o
difference in the packing factor. This implies tha 2-d calcu- e
labons may be over-estmating the effect because in reality __

the field lines would not only move from bottom to top, but
may also move in the axial direction. We will discuss this item 0100

in more detail later in Sec.lIl.

(c) Offcentered coi in the yoke:

If the coil center does not match the yoke center, an addi-
tional 8a, would be seen. This will also give a geometrica!. alE
Our calculations show that for a coil placed 25pAm (0.001") WW
above center, there would be an additional 8a1 - +0.1 unit 0 10 30 400 1 a60

and the geometric al would be approximately -0.12 unit. Z-PS mmm eah")
-- OCA2OS -.- DCA210 ---- OCA211 --- K- CA212 --.- OCA213

(t) Derewce i" the top and the. bottom coil sizes Fig.2 a, auration (ba,) in DCA209-DCA2)3 Magnets

A difference between the top and the bottom coil sizes
gives a geometric al. The calculations show that if the upper ill. 8a, VARIATION WITH POSITION

coil half is 25pim larger (which means that the midplane is Axial scans have been made in the magnets DCA209
shifted down by half this amount), the geometric al would be through DCA213 at 2000A and 6600A. It has been found that
~ +0.7 unit It also gives a small additional contribution to the 8a, varies significantly along the length of a magnet (Fig.2).
saturation related 8aj, which is about 1% of the geometric at. Amongst the various mechanisms proposed in the previous

There is also a second effect of the coil size difference. It secton, the off-centered yoke in the cryostat and the persistent
is possible that when there is an initial difference in the size currents [(a) and (f) in Sec.ll] can not account for the variation
between the top and bottom coil halves, the already displaced with position. A difference in the packing factor between the

coil midplane may shift more as a result of the inteaction upper and lower yoke halves can be examined most readily
between the iitial mechanical forces and the dynamic (12 from the data on individual yoke block weights. Fig.3 (open
dependent) Lorentz forces. We have not done the mechania boxes) shows the local asymmetry in the top and bottom yoke
calculations to compute the mount of this displacemenL block weights averaged over the length of the field measuring
However, it may be pointed out that merely a 2.Sinm addi- coil (one meter), as a function of block number (position
tional displacement of the midplane would give a contribution along the magnet) for the magnet DCA213. The asymmetry is
of about 0.14 unit to the observed 8al. defined as

wt. of bottom block - wt. of inn block x100%
(e) VcialWn pose holes in one yoke pack : asymmetry average of top and bottom wts.

At about 5m (200 inches) from the lead end, the strain As can be seen from the figure, although the average
gauges are installed in all the long magnets. In order to bring asymmetry for the entire magnet is nearly zero, there could be
the wiring out, two 3/8" diameter holes are drilled in one yoke a local asymmetry of up to m+0.10/%, when average values over
pack from the iron inner radius to the two He bypass holes. one meter length are considered. The asymmetry is most
This is done only in the bottom half of the magnet This gives prominent when the measuring coil center is located around
a large local al saturation. Our 2-d estimates suggest that in a
I meter long measuring coil, an additional 8at of- -0.15 unit z01S0o0 (3,40S oo

should be observed. 0.2 1.0

0 Persistent Cwurents 0.15 0.1

If an up-down asymmetry is present either in the coil .,

geometry (which also gives geometric al) or in the coil cables 0.05 -o

used in the top and bottom coil halves (for example, the cables -0..2

may have a different Ji,), an al due to persistent curents -0.3

would be present. Depending on the mount of asymmetry, .o.1 .0.4
the value may be noticeable at 200b.' and negligible at 0.os . _._. .0.5
6600A. This would also contribute towards the observed 8a1 . 0 20 40 60 60 100 120 140 160 160 200

We have not done any detailed calculations here, but 6al due Elock No. at Measuring Coil Center
to persisteit currents is expected to be within 0.05 unit, based - Asymmoey -- a1 sauQufon

on the measured values of al at 2000A during the up and thedown ramps in magnets DCA2O9-2 13. Fig.3 Variaton of Top-bottom weight asymmetry and 6a1 along
the length of the magnet DCA213
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block numbers 60 and 90. Fig.3 also shows the variation of 0
8al with postion (filled boxes, dashed line). A very good
correlation between the yoke asymmetry and &at is seen. A -.0.
similr correlation has been obtained for the magnet DCA212 ,
also. Thisshows that the major camsof 1 variation along /
the length of the magnet is a local top-bottom asymmetry in -

the packing factor. It is interesting to note that a similar axial -0.1:
variation in b, saturation is seen in the Fermilab magnets, -oXl - - T

which may have a left-right asymmetry in the packing factor
because of the vertically split yoke design.

An examination of the a, saturation profiles for all the -0.25 " ---- _--
magnets (Fig8) reveals that the maximum a, saturation is I ,
seen at about 200 inches in all the magnets, which is also the .
location of special purpose holes [Sec.Il(e)]. The location and 4. 0

the magnitude of the dips in 8at in Fig2 suggest that the holes -. 0 00. (unIs)

are contributing to &at at about 200 inches. It should be noted al at 2000A (units)

that these holes will not be present in the production magnets. Fig. 4 Correlaton betwen geomenc and sawation a,.

The constant term in the above equation agrees with the
V. MAGNET TO MAGNET VARIATIONS OF value of -0.2 unit calculated from the effect of off-centered

INTGRAL Sl yoke in the cryostat in the absence of any other asymmetry
[See Sec.Il(a)]. The second term gives the dependence of the

Since the total weight in the top and bottom yoke halves is integral 8aI on the geometric integral ap. A coefficient of
well controlled (within -0.01%) in these magnets, we should 0.104 implies that there is a -10% enhancement in coil asym-
not see any appreciable magnet to magnet variations in the metry at 6600A due to Lorentz forces. A similar expression,
integral (or the average) &aj. Table I lists the average values perhaps with a somewhat different coefficient, is expected for
and RMS variations (along length) in ao(2000A), al(6600A) magnets built elsewhere.
and 8at for the magnets DCA209-213. Only the straight
section data are considered for the averaging. V. CONCLUSIONS

Table I shows that contrary to expectations, the integral
&al does show some magnet to magnet variation (o = 0.085 We have examined the possible mechanisms for variation
units). In fact, there is a strong correlation between the of 8al in different magnets, and at different locations in a
integral values of geometric a, and 8al. We suggest the given magnet. There are large variations within a magnet
following mechanism as the possible cause for this corre- which are correlated to the yoke density variations and posi-
lation. A geometric a, implies a mechanical difference tion of special purpose holes. A good correlation is also found
between the top and the bottom halves of the coil as seen from between the integral values of the geometric a, and the satu-
the midplane. At high current, the asymmetric Lorentz form ration induced 8a1 in the magnets built so far. Since the
due to asymmetric coils could modify ihis coil asymmetry systematic value of the geometric a, is expected to be zero for
[Sec.-i(d)]. The experimental data are examined in Fig.4 the production magnets. this variation would only add slightly
which shows the integral 8al as a function of integral geo- (-10%) to the random a, at high field. The variation of
metric a, in magnets DCA209-213. A linear dependence of integral 8al in these magnets has a = 0.085 units, which is
8at on a, is seen, which may be parameterized as small compared to the axial variations and is much smaller

than the SSC tolerance of o = 1.25 units for ap. This is
8a, = -0.209 + 0.104 x a1(2000A) achieved because the total weights of the upper and the lower

yoke halves are very well controlled.

Table L Integral a, and 8a! in magpets DCA209-DCA213 We thank Peter Wanderer for many useful discussions and
a critical review of the manuscript.

Magnet Integral* integral* integral
al(200A) al(6M6 A) 8at VI. REFERENCE

DCA209 0.26+0.41 0.09+0.42 -0.175 [1] P. Wanderer et a]., "Magnetic design and field quality
DCA210 -0.23 ±0.23 -0.47+0.21 -0.245 measurements for full length 50mm aperture SSC model
DCA211 1.76 ±0.62 1.72 +0.71 -0.034 dipoles built at BNL", Proc. XVth International
DCA212 -0.19+0.20 -0.42 +0.22 -0.230 Conferece on High Energy Accelerators, Hamburg,
DCA213 0.61 ± 0.34 0.48 + 0.35 -0.130 Germany, July 20-24, 1992 in Int. J. Mod. Phys. A (Proc.

*Eor bars refer to RAE variations along the axial position. Suppl.) 2B, pp.641-3 (World Scientific, Singapore, 1993).
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Spool Pieces at the SSCL

T. Clayton, Y. Cai, R. Smellie, S. Stampke
Supemonducting Super Collider Laboratory *

2550 Beckleymude Avenue Dalls, Tcxas 75237 USA

ABSTRA(T 3.) Input/Output Spools

The basic features of the Superconducting Super The I/0 Spools include three types, the Feed, End
Collider lattice are the two beamlines formed by and Isolation Spools. These three spools have specific
superconducting dipoles (7736) and quadrupoles (154). functions which are fundamental to the input (Feed),
Thpern tn dipoles contraintwo20 and prodnbeams ( ) turn-around (End), and separation (Isolation) of cryo-The dipoles constrain two 20 TeV proton beaes into genics and main power throughout the Collider and HEBcounbTomtating cdosed orbits of 86.2 Km The rings.
quadrupoles (FODO) require cryogenic cooling to LH-Eteperatures. Ths requiremcryogenic oolates tho an The top categories of spools (Standard, Transfer, andtemperatures. This requirement i s te a I/O) do not contain just 5 types of spIs as describedmagnets from the outside world. The interface required, above. The three primary types ly into several vari-
the Spool, is a crucial component of superconducting ations due to limitations in space adthe need for special
lattice design and machine operation. There are over functions in specific locations. One example is the need
1588 spools in the Super Collider. We present here SSCL for a mirror image of all three types of spools. This is not
spool designs which consist of 1) housing for satisfied by just rotating the spool 180 degrees, because

crecti the cross-section of any spool and its functions are notsuperconducting dosed orbit and multipole o on .sy�etrical. An ongoing effort exists to standardize and
magnets, 2) cryogenic function, magnet quench limit the types of spools. The obvious drivers of such an
protection, system power, and instrumentation effort are design costs, spares, and maintenance.
interfaces, and 3) cold to warm transitions for warm 2.1 STANDARD SPOOLS AND ARC CELLS
magnet and warm instrumentation drift spaces.

The Standard spools principle location is in the
1. INTRODUCTION Collider and HEB arc half-cells. A Collider arc half-cell

contains a main quadrupole magnet, spool, and five
There are two sup uctin cryenic machines dipole magnets. This spools principle fuihction is cryo-

"in the SSCL complex, The ollider Hig Energy genic control, quench protection and housing of correc-
Booster (HEB). Tie Collider is filled with 2 TeV proton ton magnets. T -cell makes up the fundamental
beams by The HEB. The HEB is a 10.8 Km supercon-
ducting machine. The common task for the Collider and -cell contains a main quadrupole
IEB is to design an interface that meets all the require- A oHEB arc half-c e ainsa main q pole
ments of such arg~e machines while maintaining costs magnet, spool, and two dipole magnets. This spools hasand provi"ding relbility in operation. Thee large quanti- the same principle function as the Collider arc spool ofties of spools and their criticality to machine operation cryogenic control, quench protection and housing ofdirectly effe spools pndtheiroducticosrility opratond correction magnets. This half-cell makes up the funda-
directly effect spool production cost, reliability, and mental (FODO) cell of the High Energy Booster.m aintainability.3 .S O L D I G
2. SPOOL CONCEPTS AND FUNCTIONS 3. SPOOL DESIGN

There are thre primary types of spools that perform All spools provide an outer cryostat that contains
alThere funcnalrequiremep ntyps, of thools that p _r plumbing, temperature shields, an inner cryostat and aall the functional requirements of the Collider anid HEB. ba ue h oldrrn einhstocutr

Theseare a follws: am tube. The Collider ring design has two counter-
rotating rings with one above the other. Spool design for

1.) Standard Spools wcolider must take into account that a second spool
will be suspended above a Collider spool.

The Standard Spool is found primarily in the arc
sections of the Collider and HEB. Its principle functions The HEB ring design is for a bipolar machine. This
are cryogenic control, quench (magnet) protection, requirement of being able to accelerate protons in either a
correction magnet support, and vacuum isolation. clockwise or counter-clockwise direction requires the

2.) Transfer Spools HEB spool design to consider instrumentation and
control differences. The main effect takes place in the

The Transfer Spools provide most of the functions of location of the Beam Position Monitor (BPM), which is
the Standard Spoo[ in addition to their principle function housed in the spool. The requirements for the BPM that
of transferring the liquid cryoes•dmi peoftrasferring t hel d cyogens wand main pwet directly effect the spool design in the Collider and HEB
busses to ryogmic bypasses in warm driftrs are that the BPM must be located as close to the main

quad of a half-cell as possible. In the case of the HEB a
. Operated by Universities Research Association, given BPM will be down-stream of a main quad and up-

Inc., for the U. S. Department of Energy under stream of the correction quads while accelerating protons
contract No. DE-AC35--89ER40486. in the clockwise direction. In the next phase of accelera-

0-7803-1203-1/93$03.00 ) 1993 MEE
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tim (counter-clockwise) the same BPM will be up-stream The spools as a component of the Collider and HEB
of the main quad and down-stream of the spools correc- are limited to the rate at which heat can be put into the
tion packages. It turns out that operation and control cooling system. These rates are part of a budgeted
corection schees, areabetout thandpero nd ontrl amount based on ciyo plant specifications. The standardcreto schemes are able to handle the difererces mn spool heat load budgets are as follows:

clock-wise versus counter-clockwise alleviating the need
for special 5PM placements in the HEB. This however HEB Standard Spool Heat Load Budget
does not release the requirement of the BPM being posi- Table2.0
timed close to the main quad. In the Collider and HEB Load Type Liquif. 4K 20K 80K
there are locations other than the arc cells that fail to be as g/s Watts Watts Watts
straight forward. These locations such as the abort and Static Heat 0.072 2.73 15.71 57.87
transfer line straight sections position spools up and Dynamic Heat 0.29
down-stream of the main quads. This requires the BPM
and other components of the spools to a mirror image. Total 0.072 3.01 15.71 57.87

3.1 Spool Design - Standard Spool 3.1.1 Vacuum Barriers

3.1.1 General Components, Cryogenic Piping The standard spool within the HEB has two configu-
rations. The differences are the vacuum barrier and

The Standard spool contains many pipes, valves, recooler components. Due to design envelope limits and
power leads, and instrumentation. This is bkeause it is the the complexity and size of both a vacuum barrier andSrincile interface into the superconducting rings. The recooler, only one of these co ts can be in a single
==ll~ g table lists the basic components of a standard HEB spool. The Collider s lolalonagpr design enve-Spool: lope than the HEB and is able to contain both a vacuumbarrier and recooler in the same spool. There is a design

Standard Spool Requirements requirement that a cryogenic machine maintain a vacuum

Table 1.0 to certain levels within the inner and outer cryostats of all
Beam tube with connections the magnets, spools and drift spaces. By design the

vacuum chambers of adjacent mignets and cryogenic
Beam tube vacuum port components are connected. The vacuum barrier is a
Beam tube vacuum valves - warm component that breaks up the cells of a machine into
Beam Position Monitor (BPM) manageable vacuum chambers. Several design require-
BPM mounting interface to cryo pipe #1 ments for the vacuum barrier are opposing. The vacuum
Beam Position Monitor lead interface barrier n'ust be robust enough to withstand fault condi-

tions with atmospheric pressure on one side and evacu-
Safety lead pair with quench stopper ated conditions on the other side, and at the same time the
Lead port correction element-6 pair, 83 A avg heat leak requirements of the barrier want as little mass
Lead port instrumentation function (2) for heat flow. The vacuum barrier must be able to sepa-
Quench vent valve 1-phase to 20K He rate the insulating vacuum between the lead and return
Valve cool-down / warm-up end of the spool. This allows for separate vacuum

domains in each half-cell of the Collider and each cell of
Relief valve-cryostat to outside the HEB. All spools have two separate operating vacuum
Relief valve-liquid helium to outside systems. The beam tube vacuum is the principle system
Relief valve-liquid helium return to outside and operates at or below 107 Pa. The other system is the
Relief valve-gaseous helium return to header cryostat insulating vacuum which is required to operate
Relief valve-liquid nitrogen to outside (2) at or below 10 Pa. The systems are independent and
CRyesiat vac-luum putpouento portsidves (2) maintained by flowing cryogens around and through the
Cryostat vacuum pumpout ports w/ valves (2) respective evacuated spaces. The vacuum requirements
Cryostat vacuum barrier are maintained by cryo-pumping. This is the improve-
Cryo pipe #1-liquid helium cold mass ment of a vacuum by means of the adsorbtion of condens-
Cryo pipe #2-liquid helium return able gases on cold surfaces. Liquid helium at 4.2 K flows
Cryo pipe #3-gaseous helium return around the outer ,urface of the evacuated beam tube andCryo pipe #4-K helm ucryo-pumps. The insulating vacuum is maintained by the
Cryo pipe #4-20K He Khelium and 80K nitrogen gas which flow through the
Cryo pipe #5-80K Nitrogen cryogenic pipes in thermal contact with the 20K and 80K
Cryo pipe #6-80K Nitrogen shields which cryo-pump. At start-up vacuum is
Shields-20K and 80K achieved by mobile pump carts that pull a vacuum on the
Multilayer Insulation-20K and 80K beam tube and insulating chambers until cool down with

Insulation vacuum instrumentation cryogens enables a cryo-pumping condition.

Correction element supported in cryo pipe #1 3.1.2 Recoolers

The Collider and HEB spool cryogenic piping The recooler is a component in the spool. It is a heat
requirements are the same as the cryogenic piping exchanger that takes 4.25K liquid helium at its inlet and
requirements of their respective main dipole and quadru- cools it to 4.K at the outlet The recooler is designed to
pol magnets. The HEB pipes are defined in Table 1.0. perform at 100 watts @ 4K. The LHe return line supplies

the recooler shell. This liquid helium is sent through the

2782



ramoler valve and into the fill port of the recooler. The
G that is produced by expansion across the valve is
vented to the CH return line. As a component of the
spool the rewoler maintains the cryogenic temperatures
requirdf~or balance operation throughout the circum"fer- m L11 ru ,M M

vce of the Collider and HEB. I=R BE us st sMVARlD X

SXA YIS 3AM. STAND)ARD X 1m
3.1.3 Quench Stopper I Quench Suppressor sM , NOW3. STANDR X 1W

8FAXA NO Um STAND)ARD X o

Quenches are the localized increased resistance SF4AmRI, YES Un. STANIARD X X o0
within a magnet that produces heat and propagates 3O/V YE U VA. N E= X X 00x

throughout the magnet and ring if left unchecked. Worst OmT yS 5=0 RAIM M x x O0
case quenching would destroy a magnet. The quench nRAT/W8i YES UI. IRANSTM X X W

stopper stops the quenches from propagating by s 7 x
Ei YES 7iHs PUDV=E X 0directing heat conduction through the bypass lead to the s3 YES 7•b ILAsD4 xam• YES 7.350m WMOATIN X O02

outside of a quenching half-cell. The quench system as a 3"XARIS'Xr NO 3A75o RIf 'UN X X 00M
whole includes instrumentation which senses a quench in S r NO I=m TRN
a local mian magnet and initiates a quench stop sequence. SE(ITSMAI NO I•m OW 0w
The events include the diversion of the propagating
quench heat and pow er on the bus around the quenching .................................................................................................................
half-cell. from the previous cold magnet, and then routes the
3.1.4 Correction Magnets and BPM cryogen plumbing-and power-busses at a 90 degree angle.

SThere is a cold to warm transitional interconnect that has
The Collider and HEB have requirements for correc- just the warm beam tube continuing down the rings

tion of dosed orbit errors both linear and higher order closed orbit. The straight sections are the locations in the
ring that require warm drift sections. These warm

multipoles. The Spool is required to provide a means of sections contain kickers and warm magnets for beam
housing and operating these superconducting correction abort, injection, and transfer to Collider. The warm
magnets. There is a requirement for Corrector Element sections also contains Radio Frequency (RF) cavities for
Power Leads (CEPL) to power and control the corrector acceleration of the proton beams. The table in section 4.0Powe Leds CEPL topowr ad cotro th corectr SoolTypes, shows the various conffigurationsan u-
fields. The spool must support the superconducting T ypeof spools that can be of the transfer type.

correctors by means of cooling with liquid helium and

alignment and support by rails fiducialized to the spool 4.2 Feed, End (Return Box), & Isolation Spools
and BPM. These alignment tolerances require state of the In addition to the same functional requirements as
art manufacturing and a fiducialization that will allow In additionl, the same function s
alignment to the closed orbit beam when the spool is the standard spool, the Feed spool performs the functions
installed in the tunnel. The Beam Position Monitor (BPM) as the main connection for power and cryogens to theresides in the interconnect region of the spool. This is power control and cryogenic plants. The End spool
outside of the inner cold mass, but as close to the leading performs the turn around of power and cryogens for aend of the corrector package rail support, cryogenic sector. The cryogenic sector is the portion of aring maintained by a given cryogenic plant. The Collider
4.0 SPOOL TYPES has 10 cryogenic plants and the HEB two. The Isolation

spools are placed periodically around the Collider and
First draft effort at detailing, exceeded 20 types of HEB rings to allow for isolation of cryogenic sectors in

spools for the Collider and HEB. The Collider counted a various maintenance, warm-up, and cool-down modes.
quantity of over 1580 spools and the HEB over 340 spools. The Return Box is a variation of the End spool which
An ongoing effort to lesson the quantity of types is critical allows for turn-around of cryogens and power in warm
to reliability, design costs, and the quantity of spares that drift areas. The cryogens are only redirected in this case to
would have to be purchased and stored. The types, quain- the cryogenic bypass where they then continue in the
tities, and component functions of the HEB spools are nominal flow direction.
listed in the table that follows:

4.1 Transfer Spools 5.0 ACKNOWLEGMENTS

As defined in paragraph 24) Spool Concept and f - The authors would like to thank D. E. Johnson, E.

tins, the principlepurpose of the Transfer Spools is the Kindler, J. Austin, D. Strube, E. Cleveland, D. Bryant, G.
transportation of liquid cryogens and the main power Shuy, and V. Yarba for their continued support on this
busses to the cr enic bypasses. This occurs in areas design effort.
where warm drift e are needed. This spool is a T
box, where the cryogens and power busses leave the ring
toa bypass cryostat.-lt has the typical interconnect joining
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Quench Simulation of the 40 mm Aperture SSC-Quadrupole Magnet
Connected in Series with 50 mm Aperture SSC-Dipole Magnets

G. L6pez
Superconducting Super Collider Laboratory*

2550 Beckleymeade Ave., Suite 125
Dallas, TX 75237

Abstract profile along the conductor [3]. The heat is not transferred
to the helium because it has a small effect on the quench

The hot-spot temperature is estimated for a Collider characteristics. The transverse quench propagation is esti-
Quadrupole Magnet (CQM) conncted in series with 001- mated using the experimental values (current dependence)
lider Dipole Magnets (CDM's) and for a quench appearing from Reference 1. The voltage between the normal zone
in CQM. An active protection system is studied where all and the s.c. zone in the magnet is approximated by the
magnets except the CQM's have heaters. These heaters following expression
cause a spot quench in each of the CDM outer layer con-
ductors. Results indicate that the scheme is safe for a total V = RQI(I - M/L) + MVC,/L, (3)
induced quench time delay of less than 230 ms.

where Rq is the total quench resistance in the coil (nor-

I. INTRODUCTION mal zone), I is the current, V., is the voltage across the
magnet, L is the magnet self inductance, and M is the

Preliminary simulations of the quench protection system mutual inductance between the part of the coil formed by
for the SSC [1] considered only the Collider Dipole Magnets the normal zone and the other part of the coil which is still
(CDM). These simulations were made with the program superconducting (s.c.).
SSC-RR which calculates the longitudinal quench velocity The hot-spot temperature, the highest temperature
for each conductor in the coil using the adiabatic quench reached in the coil during a quench (which normally is
velocity expression (2] located where the quench first appears), is the most impor-

tant parameter affecting magnet safety. The peak voltage
V 7(6)m /1 .- q + 60/(Oe - 9,) (1) between the normal zone and s.c. zone (approximately the

peak quench resistive voltage) is the other parameter of
importance when internal breakdown voltage- are in con-

where n is the magnetic field dependent critical cur- sideration. The characteristics of the CQM -DM can
rent density at the bath temperature 9,, L, = 2.45 x be found in Reference [4]. It is clear that the rt. etic field
s0-c WfuK- 2 is the Lorentz number, , is the copper to in the conductor must be taken into consideration to calcu-
superconductor (s.c.) ratio, Gr is the critical temperature late the quench velocity and resistance developed. In what
at zero current, q is ratio of the operation current density follows, the analysis of a single CQM passively protected
to the critical current density, 60 is a small shift in the and one CQM with several CDM's connected in series and
generating temperature, 09 = 9, - (0. - 0.)q, and (6C)m actively protected will be presented. In the active protec-
is the average of the product of the density 6 times the tion system, CDM's will have heaters but the CQM does
specific heat C of the metal components in the conduc- not have a heater.
tor. The temperature 0 for each conductor is estimated
through the solution of the equation II. SINGLE CQM (SELF PROTECTED)

(6c)ýW = pj 2  (2) The model for the electric circuit can be seen in the
Figure 1. The initial current is 6500 A. The inner coil

where p is the total resistivity of the conductor, J is the quench appears in the last conductor from the midplane

current density flowing in the conductor, t is the time, and (by symmetry only a quarter of the coil is considered) after
(6c) is the average of the product of the density times the the copper wedge in conductor 8. The quench propagates
specific heat of all the components of the conductor. The all the way down across the wedge and upward across the
thermal conductivity of the conductor is ignored in equa- insulator layer between the inner and outer coils. The first
tion (2) since the quench velocity is much higher than the conductor quenching in the outer coil will be the closest one
thermal diffusion velocity. However, this thermal conduc- to inner conductor 8 which is conductor 13. In the outer
tivity effect is considered when calculating the temperature coil case, the quench starts at conductor number thirteen,

and propagates all the way down and into the inner coil,
"Operated by the Universities Research Asociation, Inc., for quenching conductor 8 first.

the U.S. Department of Energy under Contract No. DE-AC35- The -n hes b- authoeod by a
89ER40486. o f do Uh U.S. Gmnmmt urnr Conad
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1" p. io Iuish or rep•d tuc te s p lished -orm o
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Figures 2 and 3 show the temperature evolution of these III. ACTIVE PROTECTION SYSTEM FOR
conductors for the inner and outer coil quench, indicating ONE CQM IN SERIES WITH CDM'S
the CQM is a self protected magnet (the hot-spot temper-
ature is less than 170 K). The model for the electric circuit can be seen in Fig-

ure 4. The initial current here is also 6500 A. Since
'a I LoQM ROO the difference in temperatures for the inner and outer coil

quenches is not significant, the inner coil quench case will
be the only one presented here. After the CQM quench
initiates, the heaters induce a CDM quench at the time
"bypass - time + m' at a single point (worst case

RD = 0.5 fheater performance) on each conductor of the dipole outer
.L coils. The quench velocity on these magnets and all the
N quench characteristics (temperature, peak voltage, resis-

tance, etc.) are then calculated. Figure 5 summarizes

iP W_ -C Sunch the evolution of the temperature in the CQM for several
L 0 0 t cm S40 k nkc dipoles connected in series with a quadrupole. Figure 6
N a Number of dkoles I me 6"r shows that when the quadrupole is connected in series with

I dipoles, the longer current decay time results in a higher
Figure 1. Passive Protection Syst-rn Circuit Model. and more uniform temperature in the CQM bringing about

Pas" wuench proecio (inno higher total resistance. This fact is very important for a
2CC ,correct estimation of the quench behavior of the system.

An underestimation of this resistance may result in the
design of an unnecessarily complicated quench protection

10system. In the above calculations the heater time delay for
Innern - -8 the dipole magnets has been set to T'h = 45 ms. Figure 7

shows the number of miits developed in the quadrupole
magnet for several CDM's connected in series and for three

0(K) 100 heater delay times. As can be see in this figure, even for
a heater delay time of about m = 150 ms, the hot-spot
temperature for the configuration D+D+Q will be about

50 Outer turn - 13 400 K.
The case for a dipole quench in the system can be seen

in the Reference 1. The presence of the quadrupole in this
00 010case is irrelevant since its stored energy is one order of

0 0.1 0.2 0.3 0.4 magnitude lower, and most of the stored energy is dissi-
ne (Sac) UR- pated in the dipoles (mainly in the one where the quench

Figure 2. Quench Starts in the Inner Coil (turn 8). appeared first).

Passive quench protection (inner)
T T I NCOMROI Roo

150 Outer turn -13Ro=O,)

100

(K) L - Sel ke ictr Opdole)
i ,. curre flowi•g in magnets

50 Inner turn - 8 a. Cunrnt foi ins
No - Nwibw ol mGnt proected by dode
1 - TWO deay to "M. orw quenhee (heaeW)
Rd - Odon rM odnce iode

Tw--(a72

Ti0. ( 0.0) Figure 4. Circuit Model for the Active Protection System.
TIP-033=7

Figure 3. Quench Starts in the Outer Coil (turn 13).
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COM quench protection (inner)
T0' ' T I T T I I I

tOQM qu ench prm hKmn ( Wn w ) •

300 20 
.

1100

-000 
1 2 3

_. . . .____,________,_______. . .___ ,_" Numberoatdipl es~

0T0. 0. 0.3 0. Figure 7. GQM Number of Miits Developed for several

The~ec IPO37 CDM's.

Figure 5. CQM Hot-Spot Temperature Evolution for var-

ious CDM's in Series. IV. SUMMARY AND COMMENTS

C~ilque ch potetion(in er)Passive protection system sim ulations agree with the ex-

0.5qenh innr perimental fact that the 40 mm aperture quadrupole m~g-

0,Spol net for the Collider is self protected. Active protection

Ssystem simulations suggest that the sch.eme as shown here

0.4 "iQ+04SY~ten_ 
presented is a safe quench protection scheme. ASST ex-

i i " 4. msperiments could test this option for the SSC. In the simula-

-0.3" 
tions it is assumed that the heaters cause a quench at a sin-

" - gle point of each conductor of the outer CDM coil, then the

quench propagates according to the longitudinal quench

0,?._ - velocity, the time delay for transverse propagation, the

magnetic field, etc. Actually, the heaters will be capable of

Hence, the assumption taken here should reflect the worst

00 . . . case scenario. Recall that the heater time delay m in the

001 02 0.3 04 simulation is in addition to the approximately 80 ins of

Tine (ese) • -• delay from the start of the quench in the quadrupole. This

Figue 6 Toal QM Rsisanc Deelopd i th Sytem is the time required for current in the system (D's+Q) to

Figu e 6 Toal QM R sisanc De elop d i th Sytem bypass the magnets and it is assumed in the simulations

CQM+CDM. 
that at this time the quench is detected. Therefore, the

total time delay safe limit, after the start of quench in the
quadrupole, is about 80 ns + 150 ms - 230 ms. Finally, it

is pointed out that these results will be also valid in case
of changing the 40 mm CQM for a 50 mm CQM.
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Effective Stress of The SSC 80 K Synchrotron
Radiation Liner in a Quenching Dipole Magnet*

Kent K. Leung, Q. S. Shu, K. Yu, and J. Zbasnik
Magnet Systems Division

Superconducting Super Collider Laboratory
2550 Beckleymeade Ave., Dallas, TX 75237 USA

Abstract The effective stress analysis employs SSC 50-mm
dipole test dam to establish the eddy crrent loadings and re-

This paper describes the effective stress on a proposed sponse of the liner. By designing the copper stress within the
SSC beam tube. The new issue for the Collider compared to yield strength limit, the liner can be operated over hundreds of
earlier accelerators is the combination of synchrotron radiation quench cycles in 25 years of operation without increasing addi-
with the4.2-K bore tubeofthe supercducting magnets [1]. One tional power loss.
design option is to use a liner within a bore tube to remove the
radiated power and the accompanying photdesorbed gas that IL LINER TUBE DESIGN
impair the bearn tube vacuum. Design of the SSC 80-K synchro-
tron radiatin liner requires vacuum luminosity lifetime =150
hours and liner electrical conductivity, oat > 2E5 0-1. [1]. The diure 1 shows the po SSC dipole magnet liner
bimeallic liner tube is subjected to cool down and eddy current systandesign (4].
loads [2,3]. The liner tube is a two-shell laminate [4] with
Ninuruc-40 steel for strength and a copper inner layer for low U. E
impedance to the image currents induced by the circulating
protons. High electrical conductivity of the copper layer is
essential for minimizing the power losses. Perforated holes are O _• i
used toremovegbephotdesorbedgases forvacuum maintenance.
The tube is cooled by 80-K lines. Structural design of the linerca
is not covered by the ASME code [5]. The life of the liner
involves structural integrity and keeping the copper laminate
within yield sumss limits to maintain the high surface finish for
minimizingthepowerlosses. The copper layerstress governs the TZ.4
structural design of the liner. The liner tube analysis is a three
dimensional non-linear stress problem. Thermal transient cool
down stress [6] is not considered in this analysis because of the ss

floaing supportdesign of the liner. This analysis will address the
axial thermal stress, non-axisymenxical eddy current loads,
dynamic and non-linear material effect on the liner that have not
been consideredinpublications on beam tube structural analyses Figure 1. SSC Dipole Liner System.

I. INTRODUCTION The liner tube (25.3 mm LD.) is a bimetallic lamination

with a 0.5 mm copper bonded by a steel tube wall of 0.75 nun.
The proposed SSC liner is a beam tube with two Radal standoffs are used to suppot the liner tube from the bore

concentric tubes. A perforated liner tube inside a bore tube is tube. Torsional restrains wre placed in some locations to avoid
designed to remove the plitodesorbed gases and synchrotron disturbing thedipole magnetic field. Bellowsare used in the liner
radiation heat, and to withstand the eddy current and cool down to reduce the axial load induced by the temperature rise of the
load without stressing the copper beyond yield. The steel bore tube from the heated coils during quench. Two 80-K cooling
tube is subjected to external buckling pressure caused by vapor- tubes are attached to the finer tube for removing synchrotron
ized liquid Helium from the quenching dipole [7]. The liner is radiation heat rated as 0.14 watts per meter [4]. The holes are
designed to have the same reliability level as the ASME code [5]. designed to maximize the luminosity lifetimeofthelinersystm.
The liner design can be predicted by nuclear quality code [8] T s n of the holes have significat effect on
employing adequate finite element modeling [91 to include eddy the stress and impedance (<170 mohms/m) of the liner. The
curent load, bimetallic effect, and dynamic amplification, present design uses circular holes in a bend pattern with the cut-

out area in a ratio of 29 along the axial direction. An intensive
uTnder wup bytheUtutedStateDeim, tzent of EnerNgy R and D study is underway to search for the hole shape and
wider Contact NO. DE..AC(?2-89ER40486.

pattern.
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M. EDDY CURRENT LOAD Al I Z dipeoKIs modsele an this AlLrnzfre
(A) noe equaio of equatofial eddy current pressure Side to rwseeu* the therma controldel Al or*ppienta thre

(Aftimum Losenta pressure) [2J is: ad fIn the liner tube ore fa ed of the

PLauxu B *(dB /dl) 0b t %W...a
D (tscaa = dipole field strengd[10I
dEBt (Ndavinc) - rat of chanp during quench.[10j
(aso see lFigue 2)
b, (in) = momt radius of doe copper layer.
t (in) = thicknes of the copperlayer.
a(0-1 m-l)mcoppereleciricalcomductivityatteapera
live, magnetic flux density and cold-worked condition

X Fx0.0 Is conuideredoan
880 50 mm COSI (0CA320) Experimental Quench Data this side by using cowlse 7

lo- WonAmt sedava~sc)

o ta

.5 5 Lorentz Force Edges of the FB.4 Model is 50% less
10 than the Force at the Center of the F94 Model

ILI 2 02 02 OA Figure 4. SSC Dipole Uner Tube FEM Model.

rime (Seconds) PLAS FOR MATERI AL 4 AHOY 5 4. 41A
Figur 2. B(t*x~dBW/)Qt as Function of Time. 32 7I111

0 SIG----------------------PtEP? M&TERI ALS
Fros WSC dipole magnet ans dat and usig emnT

12 :46
(a) the eddy current pfessure is calculated as 0.8 Mfa (70 psi) 72000 -------------------- 1 T i

including a dynamic factor of 1.25.a shown in Figure 3:---------------------- ---. 0

0I 51-0.
56000----------------- -0r.5

46000-------------------- VF *.S

400000 32000 r -

Lonion'zFomm 24000----- --

Figure 3. Eddy CurrentPressure at Copper Linmr 16000

Eddy cmret t orqueor lateal [2,3,11] famceam devel- -G

0 0 0." 0.1 0.2 0.31 0.4

and copper plating pfocesses. Torque or lateral foce induced .04 0.12 .2 0.26 0.30

messs ar use forbelOW and torque r.ajigtS design t I A33SY P.rforated Linecr( 0. 75.. 306. 6t qveeacA.606(#sl.lu

Cliflifllfte additional stresst th lier Figure 6. Non-linear Copper Stress-Strin.

IV. FIRiT ELEMENT MODEL Effective stress analysis of the finer by the finite cle-
Three-dimensional finite elem~ent model (Figur 4) is meat method requires factors Obtained from a test. (A) A carty-

employed to study die liner because the axial bimetalli efect over factor is used to account for area reduced by the perforated
combined with eddy curnmt load which may collase the. tube, holes. The factor is 1.286. (B) Dynamic factor based on the eddy
maYdeveloPbimesalcbondsqmtilca pinducesaresbeYOnd currnt pulse shape is 1.25. (C) Stres concentration factor for
the copper yieldhlmis(figure 5) that diminishes the thermal and circular hole is 2.0. The last factor is applied to the result of the
elecaicalperfonnacofdthelinertubeandpmoduce unaceptable finite element analysis is local effect on the overall effective
powe loss. Stress.
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V. RESULT OF ANALYSIS stoppers are required to reduce suess on tie liner. The high
The yield strength of annealed copper depends on grain sle ratio fthe liner tubes (lf>200) practically deduct

size and purity. Te average yield at 80 K is 44 MP& (6. ksi) [7]. the liner to zero axial load capacity. The non-axisymmetrical

The combined stresses for the liner at areas away from the holes eddy current Loads [5] will destroy the bellow and liner suppors

ae 53.8 MPa(7.8 ksi), see Figure 6, which is over the yield at 80 if torque stoppers are not used [3,11]. (D) This analysis is based
K (12] but within the ASME seiied yield [. Te on annealed copper properties . Cold work or residual stress will

around the hole will increase to 108 MPa (15.6 ksi) which is rise inpostyield.Theresidualresistivityratio(RRR)isameasure

within the copper ultimate strength but its affect on the electrical of the extent of physical defects such as lattice imperfections due

perforan priicet of the liner requires aditti investione. ei to cold-working[12]. Additional analysis shows that stress at

steel tube wall thickness may be increased to keep the copper areais 44MPa(60ksi)forhardcoperlayerwhichhasa

stress within yield or eliding copper plating around holes. The yield stress of 207 MPa [30 ksi] and is not recommended to be

steel wall stress of the liner is 289 MPN (42 ksi). The sum at the used. Pure copper wire has an RRR of 50, but very high-purity

hole area in the steel wall will increase to 578 MPS (83.8 ksi) copper, well annealed, could have an RRR of 2000 [121. The liner

which is smaller than the 1034 MPa (150 ksi) of the Nitronic-40 fabrication technique by the electrode-posited method is prefer-

steel's yield stress at 80 K. able. It is possible to use high purity copper or gold for the liner
using 0.25 mm for the conductive layer, and increasing the steel
layer to 1.0 nun from the existing 0.75 mm. If the design
guideline [ 1] for the copper conductivity as o=4E8(fnm)" (80K

, a Copper Yield [51 ASME in 6.IT. dipole field) is modified to =8E8(Qn)'y with identical

9 Copper Yield [12] NIST liner as specified by [4] , the liner stress will be reduced to the
comfortable level for a indefectible structural designed liner.

"• [0 Copper Ultimate [121 NISTtI-
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Improved Cable Insulation for Superconducting Magnets"
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Brookhaven National Laboratory

Upton, New York 11973
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I. INTRODUION
Several years ago, Brookhaven joined with DuPont

in a cooperative effort to develop improved cable insulation
for SSC superconducting dipole magnets. The effort was
supported by the SSC Central Design Group and ltr the
SSC Laboratory. It was undeutaken because turn-to-torn andmidplae shrt were rouinel being exp~enece during the 0.375" f.010-r WOE ,.377 .0(rWI
assembly of with coda made of do existing KqtOvE FIRGss. NO KA H FIMV

/Fiberglass (K/FG) system of Kaplon film ovewrapped with O - SO

epoxy-ipregnated fiberglms tape. Dissection of failed
magnets showed that insulation disruptim mad punch-through
was occrng ner the inner edges of urms close to the
magnet midplane. Col prure of greaer than 17 kpsi
wer sufficient to disrupt the insulation at local high spots
where wires in neighborng urns crossed one another and 0.37 ." * ,• WELCAL

where the cable had been stmnly compacted in the WRAPD a-,. RCaI-2 FULMAS

key st Ia opeaion during Cable nsnufacture. OIG 1 ga

In the joint delopment program, numerous KFpan 1. Kinsulftibergo tm) i asulaion (top) and

combinations of polyinude films manufactured by DuPont saptou C1 inslation (bottom) as applied to

with varying configurations and properties (including gcame.

thiduckness) were subject to test at Brookhaven. Early teats
were bench trials using wrapped cable samples. The most II. DESCRIUPTION

candidates wer used in coils and many of these Kapton Ci is a 100% polyimide cable insulation system.
smbleand tested as magnets in both the SSC and RHIC The inner wrap, 120CI-1, is a 0.001" thickness amorphous

magnet programa currently underway. The Kapton CI (C0) Kapton film with 0.0002" thickness polyimide adhesive on
system dta has been adopted represents a suitable the outside surface. The outer wrap, 135RCI-2, is a
compromise of numerous competing factors. It exhibits 0.00095" thickness mineral-filled amorphous Kapton film
mproved performance in the critical parameter of with a total thickness of 0.0004" polyimide adhesive, half on
compressive punch-through resistance as well as other each surface. The adhesive is composed of aromadic
advantages over the K/FG system: diamines plus aromatic and co-aromatic dianhydrides. This
0 Supeior mamufactumrbility all-aromatic product ensures ductility at cryogenic

0 Relaxation of product storge requirements temperature and has superior resistance to ionizing radiation
* Reduced coil curing time as compared to a system that uses epoxy. Upon reaching a
0 Improved accommdation of component size variation temperature of 217 C, the adhesive bonds in sevend seconds
* Reduced mold cleanup after cure to form a strong bond. (peel strength -0.2 lb. per inch of
* Improved coil repair/rework capability width, about half that of K/FG), although some bonding

* Increased radiation resistance occurs at lower temperatures. It flows out from areas of
* Retention of ductility at cryogeni temperature high compression to fill adjacent voids in the coil structure,
* Improved conductor placement uniformity thus forming a structure that spreads the compressive coil
Figure 1 shows the K/FG system in common use and the new load over a wider area. It does not, however, lose viscosity
CI, system. A technical description of the construction nor flow into areas without compressive force.
process for SSC magnets is given in Ref. 1. Pbotomicrographs of coil sections show that the Kapton films

and adhesive of this system have, after a coil is molded,
merged into a uniform matrix of polyimide material that
partially fills the voids and interstitial spaces normally seen

"W0whn valor Cmma No. DAM 76cHcM6 wt do-U.S. Dlmom at Im, in cross sections of coil structure. The adhesive shows no
tendency to bond to the wires of the cable, an undesirable
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chaacuis that could lead to premature magnet quenching coil size uniforfity can only be achieved for a more limited
if it occurred. Coils made with CI have a per turn thickness range of component thickness variation and by using a
-0.00075" greater than those made with K/FG. "double step' process in which molding cavity size is

adjusted based on a coil size masuremnt made during the
iML TESTS & CHARACTERISTICS molding process. A relat characteristic is the unifomity

Compressive punch-through tests were performed with of coil azimuthal size along the length of a coil. While
the apparatus shown in Fig. 2. Results of numerous tests can strongly tooling dependent, it is found that CI coils am equal
be summarized as follows: CI cables fail in the range of 100 to or improved in this important feature with respect to K/FG
to 150 kp•i, depending on molding history; K/FG cables fail coils.
in the range 30 to 40 kpsi. These bench tests are confirmed
by the experience with coils and magnets built with CI: no 12 1 1 I 1 1 I
compre•ive failures have been experienced in over 20 short
(I to 2 m) magnets of various types nor in 4 long (10 m or a
more) SSC and REHIC dipole magnets. Particularly 10
compelling were the results from coil sections that were
compressed with 10 kpsi pressure and that then had turn-to-
turn voltage applied to each pair of neighboring turns: CI
coils were able to withstand over 5 kV without failure 8

whereas K/FG coils routinely failed by arcng before 2 kV )

was achieved and before funll pressum was aplied. of

P (pal) -0.5 -0.25 0 025 0.5 0.75 1.00 1.25

GABLE MEAN THC ES VARIATION (mns)
INSULATED
CABLE JFigre 3. Kapton Cl molded coil size variation with

variation in cable thickness. The allowable cable
W thickness variation is ±0.25 mils.

12 1 I I I I I I I

Ygur I. Apparatus for conducting compressive C

punch-through tests. 4 0

A desirable characteristic in the manufacture of coils is go
the capability to accommodate component (cable, wedge,
insulation) thickness variation in such a way that final coil .4
azimutlud size variation is small. This helps to ensure that i i i
magnets can be assembled within the required prestress 10 12 14 16 is 20
window and that the magnet's field is uniform. Fig. 3 shows COIL CURE STRESS Oqm
the range that was achieved for RHIC arc quadnrpole coils
(16 turns). Here, it was possible to achieve final coil sizes
within an acceptable 0.003" band using a fixed cavity mold Figuge 4. Kapton CI coil azimuthal size variation
despite (intentional) cable thickness variation of 0.00125' by resulting from variation in the curing stress.
simply varying the coil molding pressure over the range 10.5
to 12.9 kpsi. Alternatively, it was found that for constant The compressive modulus of CI coils is found to be on
cable thickness, the molded coil size could be varied over a the order of 1200 kpsi for 8 cm RHIC dipole coils. This is
range of 0.012" with a molding pressure variation of 6 kpsi about the same as that of K/FG coils and it is quite suitable
(Fig. 4). Coil modulus varied -10 % for this range of for magnet assembly. Fig. 5 shows the stress vs. strain
molding pressure. Thus the proper size for CI coils is easily relation for an SSC 50 nun inner coil. The higher resistance
achieved by proportionally adjusting the molding cavity size of CI coils to compretsive insulation failure gives a safe
opposite to the sum of the variations of component sizes, as window for magnet assembly stress of at least 10 kpsi, more
determined through incoming inspection data. These results than twice that which is safe for K/FG coils. This is hiShly
cannot be achieved with K/FG coils. For such coils, coil-to- desirable in a production setting where component size

variations within legitimate tolerances must be expected. An
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experimmnt to test coils built with all-polyimide film but using Kapton CI coils were initially molded by bringing their
epoxy (3M-2290), which might give improved punch-through temperur up to 225 C, then back to room temperature,
rseistance without the need for molding at a high a while maintaining a pressure on the coils of nominally 10
temperature, gave a relatively lower modulus of 750 kpu and kpsi in a molding press. It was found that coils made in this
lower punch-through resistance values a compared to CI way exhibited low interstrand resistance and magnets built
coils. with these coils experienced strong and undesirable ramp-

rate-dependent effectsM. A modified molding program in
10 which the pressure on the coils was removed during the two

temperature ramps between 135 C and 225 C and reduced to
a low value at the 225 C temperature plateau was found to
ameliorate this effect. In this modified program, coil sizing
is accomplished by maintaining high pressure on the coil for

6 30 min. while at a temperature of 135 C on both the up and
down temperature cycles. The interstrand resistance of coils

4 mde& in duis way is similar to thot of K/FG coils nmde with

the traditional cycle of 7 kpsi pressure during a temperature
2 cycle to 135 C, and in some cases has been found to result

in a higher level of interstrand resistanceS. Extensive
0 0 . . I invesigation into the general question of interstrand

STR-N0t A.) resistance have revealed it to be a poorly understoodphenomenon dependent on numerous factors including cable
manufacturer, manufacturing process, level of oxidation of

Figre S. Stress vs. strain for a Kpton CI SSC 50 the wire in the cable, etc., and it '%as become the subject of
-um inner coil. extensive investigations in the SSC and RHIC magnet

program. It has been found that the interstrand resistance
An early concern about coils made with all-polyimide is quite reproducible if the manufacturing proes for the

cable insulation was that during a magnet quench, helium cable is held constant. Thus, magnets that show repeatable
might be trapped inside the cable insulation and mpture the and acceptable eddy current effects can be manufactured with
insulation as the pressure of the gas increased. Tsts were either K/FG or CI cable insulation if the cable characteristics
performed on molded coil sections under conditions are controlled.
sinmlating those in a magnet to measure the impedance to the
flow of helium from within the coil. This was done by fitting IV. SUMMARY
coil sections with buffer volumes at each end and measuring The Kapton CI cable insulation system described in this
the flow of helium under various pressures out from the paper has been shown through extensive testing to be robust
sections while the sections we compressed as they would be and reliable. It does require higher molding temperatures but
in a coil. It was found that the all-polyimide sections leaked these can readily be accommodated through proper design of
helium at approximately 1/7 the rate as the very porous K/PG the coil tooling. Its characteristics are equal to or superior
sectionsm, but still sufficient to alleviate concern. In in all known respects to those of the Kapton/Fiberglass
addition, a magnet thathad been built with spot heaters to system that has been used to date. In paricular, its
initiate quenching was extensively tested and then dissected to improved punch-through resistance gives a significant
look for insulation damage; none was found. Thus, there is reduction in the probability of electrical faults in the current
no concern that trapped helium can cause insulation damage generation of high field, high prestress accelerator magnets,
during magnet quenching, a characteristic that will be critical for successful operation

Another concern with early al1-polyimide coils was that of large machines built of such magnets.
the increased amount of plastic material in these coils would
lead to increased lose of coil prestress during cool down to V. REFERENCES
operating temperatu. Indeed, it was found that mgnets [1] A. Devred et al, -About the Mechanics of SSC Dipole
made with early versions of the new insulation system lost Magnet Prototypes", AIP Conference Proceedings: The
50-60% of their room temperature prestress during cool down Physics of Particle Accelerators, January 1992 and
as meamred with stain pups monitoring the aziuthal SSCL-Preprint-6, November, 1991.
prestress in the magnets. This effect was improved by [21 W. Sampson, private communication.
including a mineral filler in one layer of the cable wrap. [31 P. Wanderer, 'Test Results from DSA209",
Magnt built with the CI system, in which the outer layer of presentation at SSC Magnet Systems Integration
cod insulation is a filled material, lose typically 40-50% of Meeting, May, 1991 (unpublished).
their room temperature prestress, a loss very similar to the [4] M.D. Anerella, A.K. Ghosh, SSC Internal Tech. Note
loss experienced by K/FG magnets upon cool down and not SSC-MD-273, (1991).
detrimental to ultimate magnet peformance.
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Treatment of the Results of Magnetic Mapping of the SIBERIA-2 Magnets

V.Korchuganov, E.Levichev, and A.Philipchenko
Budker Institute of Nuclear Physics

630090 Novosibirsk, Russia

makes it possible to read the signal directly with the digi-
tal voltmeter. A special constant current source was built

Abstract for the measurements with the relative current variation
< 10-4.

Recently the fabrication and the assembling of all the main Prior to the measurement Hall probes were calibrated
magnetic elements for a 2.5 GeV dedicated SR source against a high precision NMR probe [4] using a dipole mag-
SIBERIA-2 have been completed. The paper reports a net with a high uniform field. The calibration curves were
technique for high accurate measuring the field of differ- fitted by a spline interpolation technique in the range of
ent types of magnets. The measurement results have been ±2.2 T.
treated statistically and an effective mechanism to correct All the electronics involved was produced in CAMAC stan-
the magnetic length of the dipoles and quadrupoles has dard. The data were read by a microcomputer. The soft-
been developed, ware for analyzing, plotting and storing the measurement

results was developed.

I. INTRODUCTION The Hall plates array is transversal aligned in the mag-
net gap with the precision < 0.2 mm using the alignment

The 2.5 GeV SIBERIA-2 storage ring is a dedicated SR marks.
source. It has optimized low-emittance lattice with six-
fold symmetry [1] which contains 24 zero-gradient dipoles,
72 quadrupoles of three different lengths, 36 sextupoles and III. DIPOLE MAGNETS
12 octupoles. The design of the magnets was presented in
ref. [2]. All the magnets except the quadrupoles were built The main. characteristics of the dipole are given in Table
and installed at the ring. The manufacture of quadrupoles 1. The specific feature of the H-shaped solid Armco-steel
will be completed in the near future. All the magnets were magnet is its "soft-end" which is a constant field region
involved in series magnetic measurements. The test pro- with the field equal to one quarter of the main field to
cedure and the treatment of the magnetic mapping results produce softer radiation [2]. For symmetry this soft-end
are described in this report. pole must be alternatively at the left or at the right end of

magnets, thus creating two separate families.

II. HALL PLATES MEASUREMENT Table 1. Dipole design parameters

Main pole Soft-end pole

A familiar Hall probes technique waa chosen for magnetic Bend angle 14.330 0.67*
tests. To make point-by-point measurements of the mag- Field (2.5 GeV) 1.7 T 0.425 T

netic field the Hall plate bench system for VEPP machines Bending radius 4905.4 mm 19622 mm

[3] supplied by Karl Zeiss Jena was used. The mechanical Magnetic length 1227 mm 230 mm

positional accuracy along the magnet axis is 6 pm. The Gap 42 mm 42 mm

single pas scan length available is 0.8 m. To extend the Turns per pole 4 1

scan length it is possible to shift the initial scanning coor-
dinate without any accuracy reduction. The Hall probes, Point-by-point measurements have been carried out with
which have low temperature coefficient (5 x 10-s/0 C) do an array of 11 Hall probes with 18 mm spacing. Table 2
not need special control over the probes temperature. A lists the results of the excitation curve measurements for
set of probes was glued on the support, and the distance the central part of the main pole. The optimized yoke ge-
between adjacent probes was measured at an accuracy bet- ometry has permitted us to reach the nonlinearity of the
ter than 6 pim. A sufficiently high output (lOpV/Gauss) excitation curve < 3% at 2.5 GeV.

0. 73-12W-t.3o3( 1993 ME
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1.0 the SIBERIA-2 dipoles are presented in Table 3.
.- 1 101 Table 3. Dipole effective lengths parameters.

section section section

-0._-_1 (m) 1.2422 m 0.052 m 0.175 m
0. 1.196 mm 0.397 mm 0.416 mm

- 1.0 ,i/! 9.6 x 10-4 7.6 x 10- 2.4 x 10-3

Fi. presents the relative deviatin of the bend angle of
Figure 1: Dipole magnet field uniformity. 1 - 6.5 kA, 2 - individual dipoles with respect to its average value over all
8.5 kA and 3 - 10.5 kA the magnets.

Table 2. Field versus current for the dipole main pole '

[T(kA)j 1 2 3f4~f Z5IIJ I
B T .24 .47 .72 .95 1.19 0"
I (A 6 7 8 9 10.5
B (T) 1.41 1.64 1.82 1.95 2.17 6
ig. Isowsomogene center of the 0 5 10 I. 20 .... -- 2 2 6 1

dipole at several excitation levels. Despite the operation Mognot number 10, X69/9

current is 7.3 kA (1.7 and 2.5 GeV), the measurement re- Figure 3: Relative deviation of the bend angle of dipoles
suits demonstrate rather good field quality at 10.5 kA (2.17 with respect to its average value over all the magnets.
T and 3.2 GeV). The field deviation is within the limit
-5 x 10-4 in the region ±3.1 cm at the excitation level 7.5
kA and is within the limit ±5 x 10-4 in the region +2.8 cm
at the excitation level 10.5 kA. One can see that satura- IV. QUADRUPOLE MAGNETS
tion effects do not seriously degrade the field quality. Due
to the large pole width (260 mm) in radial direction the Three types (A, B and C) of quarupole magnets differing

horizontal distribution of the field integral in the working by their yoke length constitute 6 families [2]. The main

aperture is practically the same as the field profile. parameters of quadrupoles are summarized in Table 4.

Field mapping was performed directly through the mag-
net with a 1 cm point spacing. After that, the field profile Table 4. Main parameters of SIBERIA-2 quadrupoles at
was calculated using spline interpolation near the electron 5 GeV
trajectory which was previously found. The field profile Type A B C

along the electron trajectory is given in Fig. 2. To use Max. radien 30 Tm 36 Tm 3. m
Max. gradient 30 T/m 36 T/m 30.5 T/m

Steel length 26.4 cm 36.2 cm 28.8 cm
T.0-Urns per pole 15 15 14

p Max. current 0.66 kA 0.81 kA 0.67 kA
o..•i 1l the quadrupoles are mad of solid Armco-steel. A- and

B - types quadrupoles are of the conventional "close-side"
0.0c• .............. design, while the yoke of the C - type quadrupole is split

0. 0.5 1.0 1.5 into two symmetric halves - top and bottom - to pass the
LENGTH (m) SR beam lines, without steel connections between them.

Figure 2: Longitudinal profile of the dipole field. The halves are joined through strong aluminum spacers.
The pole profile is shaped as y = 392/x hyperbola which

a hard-edge approximation, the proper ratio between the is ended by 5-mm-wide strips at x = 42.15 mm. The good

main and soft-end pole field integrals in the intersection gradient region is formed by the pole profile without shim-

region should be taken into account. Calculations with nuing being inefficient in our case, because the shimms iron

MERMAID [5] have been done and the integral ratio co-
efficient was found [6]. The effective length for the ap- (4.W
propriate part of the dipole was determined as the ratio x4.6
of the field integral of this part to the central field ampli-
tude. Unlike the previously used model, a three sectionized L f

magnet (main pole region, zero field region, and soft-end
region) has proved to be more convenient. According to
the measurement results, the effective lengths variation in CURRENT
the working field interval does not exceed +0.05%. The
mean effective lengths and their rms deviations over all Figure 4: SIBERIA-2 quadrupole excitation curve.
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14 -2 0 2 ,in the quadrupole centre and I is the excitation current.

j •1 /I"Table 5. Quduole saturation effects characteristics

, ]-2 1 f SG(& Go GC(s)dll fG(,v)d,,IGo4 -2 2(T) 4 (Tm) (T/kA) (in)

x (CM) 0.75 9.9010 33.951 13.20 0.291

Figure 5: The quadrupole gradient uniformity. 1 - 0.75 kA 0.50 6.9697 23.805 13.94 0.293

and 2 - 0.50 kA 0.25 3.5046 11.965 14.02 0.293

is saturated due to the high magnetic field. V. ACKNOWLEDGEMENT

The excitation curve measurement results are demon- The contribution of S.Mikhailov to the development of the
strated in Fig. 4. measurement system and software for treating the results
The measurements were performed with a set of 11 Hall as well as for performing magnets measurements are grate-
probes of 6 mm spacing a. several excitation current lev- fully acknowledged.
els. The set of probes was located horizontally (in the mid
plane) and vertically (normal to the mid plane) in the lens
aperture, and the field was mapped point-by-point with a REFERENCES
).5-cm spacing in longitudinal direction.

In Fig. 5 the gradient uniformity for different current levels [1] V.Anashin, A.Valentinov et al, "The dedicated SR
in the A - quadrupole center is shown. The quadrupoles source SIBERIA-2", The proceedings of the 11-th
edge fields have a considerable effect on the integrated gra- Russian Particle Conference, Dubna 1989, p.277-280
dient uniformity, and special studies have been carried out (in Russian).
to find optimal pole chamfer sizes. Fig. 6 shows the inte-
grated gradient homogeneity for several chamfer sizes. The i2] G.I.Erg et al, "Magnetic lattice of SIBERiA-2 - ded-
6 mm x 450 chamfer was chosen on the basis of the results 1989.

-° 20 1 7450 [3] P.Vobly et al, "The VEPP magnetic measurements",
S15- 17,m"/ The Proceedings of the 3-th USSR Particle Confer-

10 - / V,4sl ence, Moscow 1973, vol.2, p.87-90 (in Russian).
i5 ] [4] N.Zinevitch et al, "NMR field measurement system",

51 1 , 6,, The proceedings of the 10-th USSR Particle Confer-
0 1 2 3 ence, Dubna 1986, vol.1, p.3 4 2 -3 4 7 (in Russian).

Figure 6: The contributionco'fthe edge field to the inte-
grated gradient homogeneity for several chamfer sizes. [5] A.Dubrovin, "MERMAID Reference Manual, INP In-

ternal Report, Novosibirsk 1992.

obtained. Fig. 7 demonstrates the integrated gradient ho- [6] S.Mikhailov, private communication
mogeneity of the same A - quadrupole at two excitation
levels. The good integrated gradient region (within the
specified limits ±5 x 10' ) lies within ±2.2 cm.
In Table 5 the characteristics which demonstrate the
effect of saeuration on the quadrupole parameters are
listed. (f G(s)ds)/Go determines the dependence of the
on-axis effective length on the exitation current, whereas
(f G(s)ds)/I also incorporates the yoke saturation caused
by the transverse magnetic flux. Here Go is the gradient

1

-2

-4 -2 X (cm)0 2 4

Figure 7: The integrated gradient homogeneity at several
excitation levels. 1 - 0.75 kA and 2 - 0.5 kA
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Prototype Quadrupole Magnets for the PLS Storage Ring
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K. H. Park, J. R. Yoon, H. K. Lee, and J. E. Milburn
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Pohang Institute of Science and Technology,

P. 0. Box 125, Pohang, KyungBuk 790-600, Republic of Korea

May 13, 1993

Abstract Type of magnet Qi Q2
Max. field gradient [T/m] 18 18

Two prototype quadrupole magnets for the 2.0 GeV PLS Core length [mm] 204 204
storage ring have been built and their magnetic properties Pole tip radius [mm] 36 36
have been measured. The prototype quadrupoles have a C- Good field radius [mm] 30 30
shaped core geometry to facilitate installation of the vacu- Ampere-turns (efficiency=0.994) 9338 9338
urn chambers and photon beam lines. Pole end chamfering Number of turns/pole 68 16
experiments to reduce 12-pole and 20-pole errors, and core Current [A) 137.32 583.63
shimming experiments to compensate the effects of the core Voltage drop/magnet [V] 35.24 58.86
asymmetry, have been performed. After compensation, all Current density [A/mm 2] 8.39 8.89
multipole error levels are less than the tolerances set by Power dissipation/magnet [kW] 4.84 8.08

the beam dynamics requirements.
Table 1. Major parameters of QI and Q2 type quadrupole
magnets

I Introduction II Manufacturing

The PLS storage Ring lattice is a Triple Bend Achromat The poles profile of these quadrupoles is designed by con-
structure with 12 superperiods and a 280.56 m circum- formally mapping a pole profile from a dipole geometry
ference. Each superperiod has mirror symmetry about which satisfies the required field quality.
the central dipole. Each half superperiod contains six The steel used is the same low carbon steel material used
quadrupoles; three in the dispersive section and three in in our dipole magnet[l]. The bore diameter is 72 mm. Die
the non-dispersive straight section. clearance are kept to within 25 microns along the critical

There are six different types of quadrupole magnets; pole profiles. Sorting the laminations within a magnet type
Q1 through Q6. All types use same lamination. All SR will be performed in the production phase. Since the lami-
quadrupole magnets are designed to have a C-shaped core nation has no symmetry axis for flipping the lamination to
geometry to facilitate installation of the vacuum chamber- remove material thickness variations, the material will be
s and photon beam lines. Core lengths are 204 mm for flipped before punching.
QI and Q6, 314 mm for Q3 and Q4, and 494 mm for The core assembly is glued, using a full coverage epoxy
Q2 and Q5. Magnet types which are the same length d- film between each lamination. Each core is stacked using
iffer in their coils. Series powered magnets use a large a fixture with precision reference surfaces. The epoxy is
cross section conductor, and individually powered magnet- cured while the core is under compression in the precision
s use a small cross section con|ductor. Both types of coils fixture. After stacking, the core is compressed by fixture
have the same exterior dimensions. The major parameter- bars which go completely through the core.
s for QI and Q2 are shown in Table 1. The end view of The coils are constructed as an inclined pancake. A hol-
the prototype Q2 magnet is shown in Fig. 1 Qi and Q2 low copper conductor (4.6 mm-square with a 2.5 mm hole)
type prototype quadrupole magnets have been built, and is wound in four layers of 17 turns each. The conductor is
the results of the magnetic measurements are summarized, insulated with 0.13 mm thick by 20 mm wide Dacron tape,
Both prototypes use the smaller cross section conductor. half lapped, and coil pancakes are "ground wrapped" with

0.25 mm thick by 20 mm wide fiberglass tape, half lapped.
After the coil pancakes are installed on each half core,

the top and bottom halves are joined with stiff tie bars as
*This work stpported by the Misilstry of Science and Teditology shown in Fig. 1. The two halves are aligned by means of

and Pohmng Steel Co. Ltd. steel dowel pins in two V grooves.
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Figure 2: Profiles f)r pole-end chamfers

harmonic field on quadrupole magnets. Allowed multipole
errors (ii=6,10,14..... ) are induced either by imperfect pole
shaping or by end fields, and can be corrected by choosing

-- ] - - --- a proper profile on the pole-ends.
Pole rotation is achieved by placing shims in the "V"-

grooves shown in Fig. 1. The effects of core motions on
niultipole error fields are giveni in K. Hlalbach's [2J per-
turbation table. For rp = 36 ram, the optimum required
shims for 90° "V"-grooves are calculated to be 0.404 mm
for groove 1 and 0.202 mm for groove 2. However, with
the intention of slight overcompensation, we chose shims
of 0.46 mm for groove I and 0.23 mm for groove 2. The

Figure 1: End view of prototype Q2 magnet expected sextupole error level with these shims is

III Magnetic Measurements -1.11 X103+0.16790.23V2 30 = 1.54 x 10-4

36 36
III-A General which is well below the specified sextupole random toler-

Magnetic measurements are made to investigate magnetic ance of 9.9 x 10-4 for the Q2 magnet. The measured sex-
efficiencies at different excitations, to determine an accept- tupole error level after shimming is 1.1357 x 10-1 which is
able pole-end profile for the production magnet design, to close to the value predicted by the perturbation theory.
correct asymmetric core effects on multipole error fields, Next, the n=6 multipole error is reduced by pole-end
and to find an appropriate procedure for assembling mnag- chamfering. The measured normal n=6 component at
nets. A prototype quadrupole rotating coil is used to mea- I = 100 [A] and a normalization radius of 30 mm is
sure integrated field properties and multipole error levels. -1.779 x 10-3, and the specified n=6 systematic and ran-
The rotating coil has two windings; an inner and an outer dom tolerances for the Q2 magnet are 1.68 x 10-3 and
winding. The voltage response of each winding is the same 3.3 x 10-, respectively. The reason that pole-end chain-
for the fundamental field, and is different for multipole er- fers reduce the n=6 multipole error can be understood by
ror fields. The fundamental field is measured with the out- an analogy to the correction of n=3 multipole errors in a
er winding. For tile multipole error field measurement, a dipole magnet[3]. In a quadrupole magnet, the length of
null measurement is used. The windings are connected in three dimensional fringe fields will be longest at the center
series, with opposing polarities, so that the response of tlie of the pole and shortest at the pole edge where the gap is
fundamental field is nulled, resulting in a better signal to narrowest. The required cuts can be approximated with
noise ratio for the multipole error field measurements. a straight chamfer as in Fig. 2. In Fig. 2, the additional

iron at each of the pole edges provides a fringe field bump

III-B Measurements and Compensations and introduces a n=6 multipole field in opposite polarity
to that from the fringe fields of the original unchamfered

For the as-assembled (unchamfered) Q2 magnet, the multi- magnet. The amount of n=6 multipole error compensa-
pole error components are measured. All multipole errors, tion with a straight chamfer depends on the depth and
except n=3 and n=6 are below the tolerance level, the angle cut on the pole. To determine a proper cham-
• The n=3 multipole error originates from the asymmet- fering profile, we test four different chamfer profiles. The
ric, C-shaped geometry and can be corrected by rotational optimum cutting depth and cutting angle is found to be
motions of the poles. The n=6 multipole error is an allowed L = 17.5 mm and 62*. With this profile, the measured
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n=6 error is -5.25 x 10-5. By designing the pole profile Normalized at 1=82.6 A. *; as assembled, A; chamfered
well, so that the contribution of ni=6 error in the central and shimmed Qi, and +; chaaiifered and shimmed Q2.
region of the magnet is small, the same pole end profile
should work on any length quadrupole magnet.

After chainferinig the pole-ends and shimming the core, IV Conclusion
all multipole error levels ate measured over the full excita-PrtypqudpoemgtsfrteLStraein
tion range, and the results are given in Fig. 3. The result- Prootye beuadrupgned magneuitse foratire PLSstoraetring
s show that the described shims and pole-end profile aeiron cores to facilitate the installation of the vacuum chain-
good enough to set all multipole error components below hers and photon beam- lines. Results of magnetic measure-
the specified criteria. mnso h rttp uduoemgesaesma

Q uadrupole excitation properties are measured on tile nized. Tofme the prttpecifuatiuone magets bytebare dyumma-
unchainfered Q2 magnet and the chamfered Q1~ and Q2 reqire.Tomeets ted specinficatind setmbynthexbeaimednatis

magets Th cainer ngl i 62 wih rspct o te pleare performed oil the Q2 magnet, which has eight remov-
faces, and the depth of cut is 17.5 mim. Before taking data, able pole-end pieces. The corrected magnet has an efficien-
the magnet currenlt is cycled three times from 0 Amperes cy > 99.5% for magnetic field gradients G < 17 [T/m], and
to 130 Amperes to condition any hysteresis effects. Then, higher order multipole error levels are less than the speci-
the magnetic fields are measured at each excitation cur- fled tolerances for all excitations, indicating that the mag-
rent. The current normalized quadrupole field j, r.B'dl/I net has appropriate properties for the PLS Storage Ring
is maximum at I = 82 [A], and is 2.277 x 10 _Tml for quadrupole magnet..
tile unchamfered Q2, 2.062 x 10-3 fT-rn] for tile chlam-
fered Q2, and 0.885 x 10-3 [T-nij for the unchamnfered Q1. Rfrne

A plot f efficency fr,,D'(I)d -I vesscrn-Rfecs

A potofffciecy(f r.B'(1=82.6)dI [1)vesscurn Conceptual Design Reporl of Pohang Light Source, Po-
t is shown in Fig. 4. Assuming thlat the contributions of hlang, POSTECII Press, 1990.
fringe fields to the effective lenlgth are the same on both tile
chamnfered Q1 and- the cllamfered Q2 magnets, and using [2] K. Ilalbach,"Tables and Graphs of First Order Per-
(Loll = Ler + Lf rin .), and from the field integral inca- turbation Effects in Iron D~ominated Two Dimensional

surei=ent 2 =2330 at 1=82.6 [A], we have Symmetrical Multipoles", UCRL-18916
sur Aen =~ 0.0O7309

Llprnge 49.0 mmn. Then, the effective length of the Qi [3] B. K. Kang et al., PLS-N1N067, 1992
and Q2 magnets are LQ1  218 mm, L Q2= 508 mmi re-
spectively. The field gradients calculated with thlese effec-
tive lengths compares well with the theoretically (p = oo)
calculated B'.

The measured magnet efficiencies are greater than 99.5%
for all excitations, indicating that the levels of saturation
are acceptable for both magnets.
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field variation in Figure 1 is less than 2xl0"3 and will not be
AbYmw harmful for the positron beam.

-FbmW memuranhat M1000 JAI
The magnetic measurement data of the first 34 of the ...... Eibmood AsHkm1 9W meammunara

required 68 production magnets for the inje synchrotron are
summarized. Th magnetic measurement method of the field 0.7500 ........ t ................... . ..... ..........
strength and field shape relative to a reference magnet is E 0.74 5 ... ... ..... .. . ..... .. . ........... i .......

described. The standard deviation of the integrated field 0.749..
strength for the 34 magnets is 3.3x104 and the variation of j0.740
the integrated field with transverse displacement of ±25 mm is i 0.748
less than 2.5x104. 0.7.85

0.7480 .... - .* ... V '1I. INTRODUCTION .[078

L0NR D C I N.7475 . ....-.. .............. :......... ..... -:............ ............. .

0.7470 :
The injector synchrotron dipole magnets for the 7-GeV 0 1.5 .1 0.5 0 0.s 1 1.s

Advanced Photon Source (APS) are to be excited from 0.0447 zlff
T to 0.7011 T during a ramp time of 0.25 s. The magnetic
length and pole gap are 3.077 m and 40 mnm, respectively. Figure 1. Magnetic field along the beam cubit. The solid line
The relative tolerance for the integrated field strength is 24l0"3 shows the measured field and the dashed line shows the

and the tolerances for quadrupole and sextupole coefficients at a estimated field ftm the gap measurement.

radius of 25 mm are 5x10"4 and 1.2x10"3 , respectively. A
Detailed descriptions of field shapes of the integrated, 2-D, and A general d[2].To sei of the magnegr ale-lent syftem
end field for the pre-production magnet, including 3-D is given in Ref. [2]. Two sets of integral coils, one for thecalculations, aresmmamrizedin Ref. [1]. Tlhemeasured data refeenmce magnet and one for prdcto maes are made by
for the first 34 of the required 68 producTion magnets are placing two layers of seven printed circuit (PC) coils on andescribed in 3 pope6, aluminum block along the beam cbitL For measurement ofan average magnetic field inside 1.5 in, a short version of the

PC coils is placed on top of the full integral. coil.
II. MEASUREMENT When the magnet current is ramped up tad down between 0

A and 1025 A (7.7 GeV) in 120 s, a 0.5-s trigger signal

The integrated field strength, not the local field variation, generated by a time-base and gated trigger units is fed into four

along the beam orbit is an important parameter to be digital integrators and a digital multimeter. The coil signal
from the reference magnet (reference signal) and the buckedmeaget axis for a laminced magnet depends on how smoothly signal between the coils for the reference and production

the aimination are stacked, the variation of the veical field magnets are integrated. Then, the integrated data for theand magnet pole gap are measured. In Figure 1, the field reference magnet and the current transducer readings are least-an , measured every 2.5 cm with a Hall probe, and the square-fitted to a straight line and the fitting coefficient and theinverse of the gap along the beam orbit are plotted. Here, the signal form are used to check the measurement condition. Theaverage measue gap of 39.88 mm nid th geaver aee, integrated data of the reference and bucked signals are alsofield of 0.7488 T oat 1 80 Aare used for the plOt. It as seen least-square-fitted to a straight line. The fitting coefficient
thet the field variation closely follows the of t. It iss represents the relative magnetic field strength between thebeen ldentified that the gap variation is due to displacements of reference and the production magnets. The positioning error of

the laminations during welding of the bolting fixtures and the integrated coil is estimated to be less than 1x 4 , and the
support steel plates after the lamination stacking. The local repeatability of the fitting coefficient when measured

consecutively is better than 210"s.

*Work supported by the U.S. Department of Energy, Office of
Basic Energy Sciences. under Contract No. W-31-109-ENG-38. The swubtted mansecrint hoa ben atho
0-7803-1203-1/9M .00 0191 M mund contract No. W-31t-f0ENG

-0Accordins. thm L S. Goanwmnt ratai
nonemsJichw. royslty-frne Uie,. w Iput
or mpoduce te pubmldsd fom of
contribtison, or Saw others to do to
U. & Goveriu•en: wpuom.
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The integrated field shape is measured by moving the same The measured data for the 34 magnets are listed in Table 1.
integral coils in the transverse direction. When the integral Magnet BDPOO3 is used as the reference. The first two
coil in the testing magnet is moving in the transverse columns after the magnet number in the first column ame the
direction, the trigger signals are generated from a linear encoder relative integrated and 1.5-m average 2-D fields, respectively,
and the integral coil signal is measured using the digital and are plotted in Figure 2. Except for the magnets BDPOO6
integrators. and BDPOO7, the relative field strength varies less than lxl0.3.

Table 1.
Measured data for the 34 production magnets.

Magnet ABL ABo Residual Survey ABL ARL ABL ABL
Number BnjL BrejLo Field Angle BL BL BL BL

[x 104] [x 10-4J [Gauss] [mamd] in ±25 mm in ±25 mm in ±25 mm in ±25 mm
at 60 A at 300 A at 930 A at 1025 A
[x 10-4 [x 10

4
] [x 10-41 X 10-4

BDPOO3 0.0 0.0 12.02 0.067 3.0 2.0 1.5 1.5
BDPOO4 -1.6 0.3 12.24 0.045 1.4 2.0 1.2 1.1
BDPOOS 0.2 0.1 12.64 -0.171 1.5 1.5 1.0 0.9
BDPOO6 -13.7 -10.6 12.50 -0.035 1.3 1.8 1.0 1.0
BDI0O7 -14.8 -11.0 12.90 -0.381 2.2 2.2 1.2 1.0
BDPOO8 -5.7 -5.3 13.23 -0.027 1.4 1.6 1.0 0.8
BDPOO9 -5.4 -4.3 12.84 -0.143 1.9 1.6 1.2 1.0
BDi10 -2.3 0.0 12.15 0.156 1.6 1.6 1.1 0.9
BDPOII -3.8 -2.3 12.06 -0.018 1.7 1.5 1.0 0.8
BDI 12 -3.6 -2.1 1221 -0.323 1.8 1.8 1.2 1.0
BDPI03 -92 -5.7 12.47 -0.065 1.9 2.0 1.3 1.0
BDP014 -3.9 -2.4 12.33 0.046 1.7 1.6 1.1 0.9
BDP015 -1.6 -0.5 12.09 -0.033 1.6 1.5 1.0 0.8
BDPOI6 -3.6 -3.3 12.65 -0.182 1.3 1.7 1.1 1.0
BDP017 -4.6 -2.8 12.43 0.040 1.3 1.8 1.2 1.0
BDPI08 -7.4 -3.0 12.54 -0.139 1.7 1.8 1.2 1.0
BDP019 -1.9 1.8 12.57 0.010 1.9 1.5 1.0 0.8
BDPO20 -3.4 -0.7 12.33 -0.095 2.3 2.0 1.4 1.2
BDPO21 -7.0 -4.3 12.98 -0.034 2.4 2.1 1.6 1.4
BDPO22 -5.1 -1.6 13.35 0.108 2.0 1.9 1.4 1.2
BDPO23 -4.9 -1.2 13.15 -0.009 1.9 2.0 1.5 1.3
BDPO24 -5.0 -1.7 13.20 0.137 1.5 1.9 1.3 1.2
BDPO25 -4.4 -1.4 12.73 -0.059 1.8 1.7 1.3 1.2
BDPO026 -3.4 -0.5 12.29 0.104 2.1 1.8 1.2 1.0
BDPO27 -3.7 -1.1 12.42 0.032 1.8 1.9 1.5 1.3
BDPO28 -1.6 2.7 12.65 -0.042 1.6 2.1 1.4 1.2
BDPO29 -4.7 -1.3 12.24 0.458 1.5 1.6 1.0 0.8
BDPO30 -1.8 0.2 12.19 0.093 1.9 1.8 1.3 1.1
BDPO31 0.4 3.4 13.74 0.091 1.9 1.8 1.2 1.0
BDPO32 -4.7 -0.8 11.98 0.090 1.8 2.2 1.5 1.3
BDIP033 -2.4 1.6 12.25 0.086 2.0 1.9 1.3 1.1
BDPO34 -5.0 -2.1 12.52 0.052 2.5 2.1 1.5 1.3
BDPO35 -1.5 0.9 11.91 0.007 2.4 2.2 1.5 1.3
BDPO36 -3.7 -0.1 12.42 -0.035 1.6 1.9 1.4 1.2

Averag -4.3±3.3 -1.7±3.1 12.54±0.4 1.8±0.4 1.8±0.2 1.2±0.2 1.1±0.2

(ABLo/Brefiv in the third column is the 2-D average field with Lo = 1.5 m.)
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Figure 2. Variation of relative magnetic field strength. Figure 4. Integrated field variation with the tranverse
displacement of ±25 umm.

The survey angles in the fourth clumn in Table I are the
differences between die angles at the survey reference positions
and the average angles for 20 measurements along the magnet III. CONCLUSION
length, which wre also plotted in Figure 3. The angles vary
within ±0.5 inrad along the longitudinal positions. There For the 68 required production magnets for the injctor
seems to, be a systematic tendency in fabrication procedure that synchrotron of the 7-GeV APS, measured data for 34 magnets
at the negative z end, all but a few of the magnets twist to the show that one standard deviation of the integrated field strength
same direction. is 3.3xl10' and the integrated field quality with transverse

0.8 displacement of ±25 mm is better than 2.5x10--. The
tendency of the integrated field strength to vary frwn magnet to

Smagnet seems to be decreasing as magnet production
0A.4 .......-. continues.
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Figure 3. Twist angles along the magnets relative to the
survey reference positions for the 20 magnets.

The last four columns in Table I are the data for the
integrated field variation with the transverse displacement of
±25 mm at four excitation currents. The data at the injection
and extractioncurrents are plotted in Figure 4. Slightly less
field variation at the extraction energy seems to be due to a
smget field saturation at the pole shims. The field variations
for the two currents are less than 2.5 x 10-4.
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used as the bucking coils for the field-integrWal and 2-D field
Aharad measurements. These coils an calibrated agains the Hail-cart

mepusmemmL
A miagit measurement facility for semi-automatic The probe coils are flat printed circuit coils connected in

measurement control and real-time data analysis has been series according to the curvature of the magnet. A printed
developed to measure moie than 1000 magnets for the Advance circuit coil is 0.5 m long with an average width of 6.8 mm,
Photon Source (APS). One dipole and three rotating coil height of 3.3 -m, and 170 turns.
measurement systems and corresponding probe coils are
descnbdbe Table I

Main Characteristics of the APS Magnets

. INTRODUCTnON agnetdc Pole gap, Field No. of
lenath(m) din(mm) stranxth mahnet

The APS magnet system requires more than 1000 SR dipole 3.06 60 0.599T 80
conventional resistive magnets for the storage ring (SR), IS dipole 3.10 40 0.696T 68
injector synchrotron (IS), positron accumulato ring (PAR), PAR dipole 0.80. 45 IA4Tr 8
and beam transports [1]. Main chacterisitics of the magnets, SR quad .5/.6/.8 80 18.9T/m 400
excpt those for th beam transport, are listed in Table 1. The SR set 0.24 100 490T/m2  280
magnets •e required to measure and evaluate the field strgth IS qusl 0.60 56.56 . T/m 80
and field quality to a few parts in 104 to verify the tolerance IS sext 0.20 70.01 i. .lT/m 2  68
requirements. Equally important parameters to be measumrd for PAR quad 0.25 120 4T/m 16
the magnet alignment am the magnetic axis and roll angle with PAR sext 0.20 130 1OT/n 10
repect to a fiducial within tolerances of 60 pin and 0.3 mrad,
respectively. The measured data is also being used for the 3ID ]
quality control of the magnet fabrication procedures and the
corection of some magnets with unacceptable tolerances.

In order to meet the project schedule and technicalC
requirements of the measuements, a magnet measurement
facility has been developed. The facility includes a dipole "'--'---- I I

measurement system, three rotating coil systems for
quadrupole and sextupole magnets, Hall-probe field mapping, 0

and various types of probe coils. The measurement systems I
have been extensively tested in parallel with the development D 4W =8"
of various potoype magnets.

IL DIPOLE MEASUREMENT SYSTEM Cm

A block diagram of die dipole system is amiain Fig. 1. 02

A 3-D mapping nit with a cdlirted Hail probe measures [A .A , .
detailed idfeldr* and 2-D fied-shap for the prototype and C__fwfp
reference magnet.. A Hallcart unit is used to measure the o

field integral along the deigned beam orbit of the reference
111818110t. A IM

The production dipo. are measured comparatively with [d
reapect to a rlefesa dipois. Two ane of curved coils we. used,
one. fixed in the reference mapet and one in the testing
tIodunak magnet "lb two coils i therefaere magwarepl Fiure 1. Block diagram of the dipole measurement system.

*Work supponhd by doe Us. Depormet of Energy, Offiwe of The ami~tted mumuscript ims ban euwatr.W
k lar Sdo8 m,. mder Crmaut No. W-31-10f-bN-38. b a conutor of do U. L Gwumnoot

d ctant No. W-31-1ENC•4•i.0-7803-1203-W3$0.OO 0 1993 MEOwo.K r*Wm aO

Sor mWrodso thd pitidud• won f.
U h • In. AjWo.sto doat.to



Four high-precision digital integrators, which awe voltage- such as different probe lengths. Shown in Fig. 2 is a block
to-frequency convertrs. are used; one each for dhe field integral diagram of the rotating coil system. A rotating coil cylinder,
and 2-D field of the reference magnet and two for the respective supported by two air-bearings, is rotated by a DC motor. A
bucking signals between the two magnets. Since the integrator 15-bit absolute encoder triggers the integration of the induced
connections conform to 0-64 Gespec Crate specifications, voltage in the coil at 256 angular positions per turn.
IBM digital I/0 interffaces and other modules, developed for the Since the air-bearing positions are fixed to the bose table,
measurement control and data acquisition, were modified to the magnet positio has to be controlled and pie-aligned to the
configure to Gespec Crate requirements. rotating coil axis using five steppmg motors. A precision laser

An operating system shell on MS-DOS called GPDAS has and ploto-quadr•nt detector are used for the alignment. The
been developed to provide greater flexibility when taking position of the laser, mounted on one end of the base table, is
measurements and performing data analyses [2]. The shell precisely measured from the axis of the rotating coil cylinder.
contains the software drivers to inerface with GPIB and digital The detector, mounted in a Taylor-Hopson ball, is placed on
I/O boards, Gespec Crate, and other required PC boards. top of the testing magneL From the harmonic analysis of the

The measurement procedures, including control of the rotating coil measurements, the magnet is aligned tr
magnet current and data analyses in "real-time," are automated. rotating coil axis. Then, the detector reads the fiducial po
For measurement of IS dipoles, which have an "H-type" cross with respect to the magnetic center.
section, the probe coils are installed and removed manually
through one end of the magnet. However, since the pole gW
of the "C-type" SR dipole is accessible from one side of the x•OIL
magnet, this measurement procedure is fully automated.

During the prototype and production measurements of IS x-COIL x/2-COL
dipoles, it has been firmly established that relative accuracy
and reproducibility of the field strength and field shape
measurements we better than lxl0"4. &

IT[. MULTIPOLE MEASUREMENT SYSTEMS A COL

Two of the three systems ae modified versions of the
rotating coil measurement bench developed at CERN and
fabricated by Danfysik [3]. The third system, developed at
Argonne, has additional features for measurement flexibilities

Figure 3. Cross section of the radial and tangential coil•__r _ iv.,•• 1._j ._ •geornelies.

SSOM. 
ROTATING COIL PROBES

W nOne of the critical components for the multipole
measurements is the rotating coil probe. Figure 3 represents
the cross section of a rotating coil geometry. The probe in

U20W "Fig. 3 has two different types of coils: "radial" and
"tangential." The radial coil set is located in the plane of the
x-axis, while the tangential coil set is installed on the cylinder

KUM"Ic r [ ]esurface. The radial coil set consists of two separate coils, one

for measuring the main field and one for multipole
0 coefficients after bucking the main field.

31 In Table 2 parameters of the two types of coil sets for
quadrupole and sextupole measurements we listed. The ratio of

Wthe number of turns and the radii of the coils are denoted as
coWQ 3U•oo. I rI, ia. @us) Na/Nb and ra/rb, respectively.

The tangential coil set in Fig. 3 consists of a A-coil. x-

Figure 2. Block diagram of the rotating coil measurement coil, and two x/2-coils. The x-coil measures thc dipole field

system. component, while the two n2-coils measure the quadrupole or
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Paamiears crotmating coils S

NAJNB in 6/21_
tAlArA2 0.5 0.5 -0

fBM~A2 0.625 0.6266 ~ 1
MIF~A2 0.125 0.4214

ND)N 1/ 1-o -a- X (aso
NQJNA 1/6 V)7 I Y(a

N$1NA A- X (Rod)
A-cai 19.471 15.388r -30Y(Rad

two /2-coils measmrefB' messure B%~ Bpi -- X (Tan)
i-coil measure Be I3SuIUBe -0.. .. A- -Y (Tan)

sextupole field component depending onthe connection of the 0 1 2 3 4 5 6
two coils. These coils ate also used for bucking the main field Time [hour]
and measuing lower harmonics.

The advanage of having two "ypa of coil sets on the same Figure 4. Stability of the law hean and the magnetic center
cylinder is that the validity of the measurements can be cross- in-aureie- t using radial and tangential coils. The initial
exanined at the sane condition. For the SR quadrupoles, for data have offsets.
example, the measured sextupole coefficients from the two 0.6 - -

coils agree within 0.4x10- at a radius of 25am. __

For the alignment parameters, however, the two codl sets 0.4 .- .......--- --

behave some what differently. Shown in Fig. 4 is the -- i-0 (Roo) I --.- 4*-,
measured position of the manetic center for six hours. The 0.2 -j-s- (Tan) -i .
laser detector, which is positioned on top of the magnet, AO £ (Nlv.U-r
monitors the stability of dhe laser bean. The magnetic center" 0.0 I
rmeureetsrm the two coils agree to within 15 pmand -E_

vary I=sthan10 pm in both the x- and y-axes. Theroll angle .0O.2 won-'.
measremntsin Fig. 5 show diat the tangential coil .2 *U~:.l U

mauements amestable to within 0.1 mrad, while dthse for F -0.4 .-- .... ----

the radial coil vary ±0.5 mmad.-
-0 .------

V. CONCLUSIONS -0.8 - -j.
*-4-*-~ -.. I-.--..........4........

The magnet measurement facility meets the technical-1. I
requirements for measurement accuracies. The relative 0 1 2 3 4 5 6
measuremnentaccuracy and reproducibility of the field integralsTie[or
and field ishpes for dipoles awe better than Ix1O-4. I'h Tihreeur
rotating coil systms; mea== the 2-D and 3-D integral values Figure 5. Stability of the magnet roil angle measurements
of the main fields and multipole coefficients with relative using radial and tangential coils. The electronic tiltometer
accuracies of ±1xl04. The measurement accuracies of the roll (Nivel) reading hos an initial offset
angle of the main field and the magnetic center ID the fiducal
positions ame ±0.3 mrad and ±60;um, respciely. General Purose Data Acquisition Shell (GPDAS) at the

Advanced Photon Source," Conference Record o~f the
VI. REFERENCES 1991 IEEE Particle Accelerator Conference. Vol. 2, pp.

1299-1301,1991.
[11"7-evAdvanced Photon Source Cocpta Design [31 0. Pagano P. Robmnig, L. Walkiers and C. Wyss, "A

[1] rt. Aron ainlLbrtrAL9-5 Highly Automated Measuring System for the LEP
Reot"1roneNtoalLbraoy.AL75 Magnetic Lenses,* fth Intern'l Conf. on magnet
1987Y. hnadKKi,-v pmtadApiaino Technology, J1. de Phyulqsee, Vol. 45, Colloque Cl, 949,
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Absa"W plane of the magnet as shown in Fig. 1. The magnet has
pole-end bevels of 9.6 mm x 17.4 mm and pole chamifers of

The odcinquadrupole magnet for the. Advanced 16.5 mm [2]. The shims at both edges of the hyperbolic pole
Photon Source (APS) storage ring has been tested. The face have 6-mm-straight consours perpendicular to each other,
multipale coefficients meet the tolerance requirements. The and are used as the reference directions for stacking the
field-gradient integrals are measured relative to a reference laminations
quadrupole. By using two laser beam units, dhe magnetic and Listed in Table 1 are the design puramecters for the five-
geometrical axes of the magnet are aligned within 0.2 mrad. famili, quadiuoles, QI, Q2, Q3, Q4 and Q5, and excitation
The dependencies of the exiupole coefficient and the. magnetic efficiencies meftured for =a 0.8-in pre-produiction magnet at
ceninr on the excitation current are corrected by shunting the the corresponding operating currents. By asymmetrically
magnetic potentials of the top and bottom yokes. widening the poles, the efficiency for the 7-0ev operation is

better than 96.5%.

I. DNTODUCTON
I. MAGNETIC MEASUREMENTS

The AMS stoage ring (SR) requires 400 normal
quadrupole magnets, consisting of five families with three A. Meewemenan Methods
different magnetic lengfts [11. The quadrupoles are
conventional resistive maet each of them is excited by an Field-gradient integrals and multipole coefficients are
indtependent DC power sup*I. All the'magnets, have the same measured usfn a rotating coil technique. The probe coil
2-D geometry and bore radius of 40 mm. consists 'of a aradlslh integral coil and a 0.4-in-long

.In *hie of the conventional nature of the quadrupole, die *tavngeia coil on fth sane cylinder [3]. The latter meastues
design of the magnet cros section is severely restricted for the the 2-D "body* multipole coefficients averaged over a 0.4-m

accoodation of the vacuum chamber as shown in Fig. 1. axial length of the magnet.
The top and bottomi halve of the magnet are nam connected Using a laser beamn unit, the rotating coil axis is aligned to
with flux-return yoke; they are connected mechanically with the magnetic axi by adjusting the magnet position and
aluminum spICws bewma the halves. Each of the top and minimizing the dipole component of the harmonic analysis.
bottm halves consists of two welded quadrants stacked with Prior to this procedure, the geometrical axis of the quadrupole
1.5-mm-thick laminations. is aligned to the axis of two air-bearings as in the following

In order to maximize the excitation efficiency, the pole method. A second laser beam unit is installed and aligned with
bases are asymmietrially widened 22 mm towards the vertical the air-bearing axis. A photo-quadrant detector is placed at the

- geometrical axids of the magnet aperture By detecting the beam
Table 1 position along the aperture axis, the magnet is aligned. Since

Puumeters for the 400 quadrupole magnets the rotating coil cylinder is supported by the two air-bearings,
______ _______________________ te coi aE~tut at the ai-barn axs This procedure not only

____ 1 02 03 4 Q5 enue paralelis between the geometrical and magnetic
#*mag so 90 s0o8 so so axes willim,±0.2mrad, but it also enables measureamnt of the
L (in) ,6.50 0.80 0.50 0.50 0.60 offset of the two axes.
B' Cr/W) -10.843 15.79 -10.585 -18-90 18.248 The field-gradient integrals are also measured relative to a
B'L (I -5.421 12.634 -5.293 -9.451 10.949 reference quadrupole with a measurement reproducibility of
I (A) 215 312 210 386 370 ±1x10-4. Figure 2 shows the cross sections of the gradient-
o (%) 100 99.5 100 96.5 97.3 codl probes: one on the reference magnet and one on the testing
I (A)R 230 350 225 442 419 magnet. A probe consists of two flat printed-circuit coils.

S 100 98.3 100 92.5 94.2 Th probe in the reference magnet is fixed at the geometric or
a ftr is..ev oeraionmagnetic center supported by a G-10 plate. The probe in the.

*Work suppuaused by di. U.S. Departunat of Edery, Office of
Bod awic e'jduancounderi Contract No. W-31-109-ENO-38. Til WAjk aba umv

ufiw flhS~No. W-31-1064NO4L
0-73O3-1203-1i93S6MO @1993 WME Ow0 LL&Ovnmtsb aid

or reproda uce d mAis p I tfof, tOk
cftuIh or fwdso ~tr Wdow..for

U. L Gmmarfnun Fm~u



testing magnet bs installed in a G-10 cylinder. Since the
VACeUUMeen CaMERI s conducted after the rotating coil measuremets,

AUJN~~ OTH the probe in the testing magnet is located along the magnetic
axi..

B. Madtipol Coqfficint

Shown in Fig. 3 we the normal multipole coefficients for
the pro-production magniet. at four excitation currents. The
coefficients, measured at an aperture radius of 35 mmi, are
calculated at 25 mm. Thie magnitudes of the coefficients are
well within the tolerance of the SR random multipole allowed

- - -- - - - -- - errors, 2.5x10-4. The measured values of the first two
allowable coefflicients after the main quadrupole field, b5
(duodecapole) and b9, are -O.lxlO"4 and -O.45x10-4,

Iespectivey. The 2-D calculations for the two coefficients
agree with fthmeasrmet better than 0.05xl104 at a 25-
mm radun

2.00

150 5 210(

ALUMINUM SPACER i450 (Al
41' 1.00 - ........ .......

.. ..1 ...

Figure 1.Crou sctim of do quakupole adfthevacuum to .
cabr Umagnet apetinre dimtri 0m.ATaylor- eC 0.00 4A.1

Hopson balland alignrmet notch for the memmements of
magntic xis nd ofl ngk e don. 0.50 ............. ........

.1.00 L____

2 3 4 S g
Mupole Inex

GRADIENT
COIL Figure 3. Multipole coefficients at four excitation currents (b2

= semxtuoe coefficient).

C. Ambien Field

Since the top and bottom yokes are not connected
magnetically, ambient field (mainly the Earth field) affects the
sextupole and dipole coefficients of the Magnet. Plotted in
Fig. 4 are variations of the sextupole, coefficient: with and
without shunts of the magnetic scalar potential between the

G-10 top and bottom yoke, and with three external fields using a

CYINDER Helmholz coil to compensate for the Earth field. The
coefficient b2 varies 4 x10-4 between 100 and 450 A without
shunts. By shunting with five 1.5-mm-thick and 76-mm.
wide saps on both sides of the magnet, the variation of b2 is

Figu 2.Cmasecionof he obefor di field- grdin corrected to within WxO-4 . Similarly, it was corrected by
F~gun 2. tremsctiong of 111pr111 applying magnetic fields of 0.4 and 0.8 G.
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0.0
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Cwrnt (A) - No straps-a-0.8 G
150 5U- avaw -'--1.60G

-0-- OA G
Figure4. Sextupole cofficients oft the quadrupole with noO0.8 100- - -

and 1.60G.

Plottd inFig. 5anedo daft for offselsof die manefic 0 - -- -

ow due to die ambient fie-ld When die yokes am shunted at
the ambient &Mie s compeouand. die offset in the i-direction
does not deped on die magnet excitation currents. As -0 100 .. I0 .0.400 10

expected, the offset in the y-dlrtion, which is due to a 0 [A)00 30 0

horizontal field, does not -qm on thqeambieuK fields F . h f t emaneti cet[iAte)-ady

directions due to ambient field.
M.L CONCLUSIONS

Mhe restrictions ofi the design geometry due to the, vacuum IV. RENE~ CES
chamber have been ovmromed by widening dipoe PI 70vAvie htnSuc ocpulDsg
ammetri anb.md ma excitation defficyuc better than 96.5% [1] R7-epov Advanned Naotonalore La om etory A Des7ign
has been achieved. The multipole coeiffiiets are measured at CO% MS NfoWLbrty.A -815
the magnetic axis, which is Pam"ie to the geometrical axis of [2] S. H. Kim, K. Kt Thompson, &. L. Black and J. M.
the magnet within ±0.2 muad. The coefficiets ar less thm Jagge, -Fabrication and Tests of Protoype Quadrupole
2.5 x 10-4 in magnitude auid muent the tolenmrmieqY~uirements. Mbpagn for fth Storage Ring of fth Advanced Photon
Using two acts of gduuden coils, the fied-gadient. mgingas are Source," Coolfereace Record of the 1991 IEEE Paricle
measured reabive to a reference quadrupole to within Ix 1O-. Acelekrator Coo'erece, VoL.4, pp. 2375-2377, 199 1.
The sextupole coeffcient and the magnetic axis, which deped [3] S. H. Kim, K. Kim, C. Dewse, R. Hogrefe and R. Mal,
on the ambient field, wre stabilized by shiunting the top and "Magnetic Measurement Facilty for the. 7-0ev Advance
boto_ ols Photon Source.- thesm proceedings.
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Design and Tests of the In~jector Synchrotron Magnets
for the 7-GeV Advanced Photon Source*

K. Kim, S. H. Kim, K. M. Thompson. and L. RL Turner
ArtonoNational Labratory

97M S. Cass Avenu
A*=%.. Illinois 60439

AbktmC IL DIPOILE MAGNET

Design ad magnet~ or the repduon The cross section of the symmetrical dipole is shown in
dipole quadupole and sextupole magnets for the 7-GeV Figurle 1. Thle laminated steel length of the core is, 3.0 m.
Advancd Photon Source (APS) injector syncitrotron (IS) we Thle top and bottom sections of the magnet are clamped
desgind. together with bolts on both SideS. The reqjuired tolerances for

quadrupole and aextupole coefficients at a radius of 25 mm ane
5X10-4 ui 1.2410-. respectively.

L INRMODUCI'ION

The APS injectoir synchroro requires 68 dipole, 80
quahuele ad 64 sextupole magnets [I]. The magnets we

lieryexcited to accompgodate thes energy of the positron
bern betwesen 04506V and 7 GeV with a up time of'0.25
s and an excitation repetition rafte of 2 Hz. The main
parmeters for the three major magnets, we listed in Table 1

Table 1.L
Man wursfor mm*o infector synchrotron magnets J

No.ofuingnets 68 s0 64
Magnetic length 3.077 m 0.5 m 0.12 m Figur 1. Cros section of the dipole magnet.
Pole VP 40 mm, 56.56 wan 70 mm The integrated field strength and field variation with

Injecton 0.045 T 0.96 Tim 8.8 T/m2  transvers displaemeft am masieitd using 3.5-..IiiMo Curved
(60 A) (35 A) (4 A) coils (2). Tbe Integrated and 2-D field shapes at the extraction

Extraction 0.701 T 16.6 T/m 24g.0 T/m2  energy are plotted in Figure 2. The field variations with the
_ _ _ _ _ (930 A) (600 A) (116 A) transverse displacement of ±t25 mm at the injection and

extrationk fields are less tha 2.5x 104 and 1.5XIO',.
respectively. From the least square fitting of the measured data
within ±30 mm transverse position, the quadrupole and

The 1.5-mm-tick laminations used for the magets weo of sextupdle coefficients at 25 mm are calculated as 0.5xl10 and
low carbon steel with coercive force less than 1.0 Oe. The 407xl&4, repectively.
laminations are coaWe on both sides with an epoxy. The pole-end bevels are designed so that the integrated and

Tb. nuget , oss sections Wte symmnetrical and designed to 2-D field shapes ate not Significantly different. as shown in
allow easy installation of the vacuum chamber by lifting th Figure 2. The end field shapes are measured with 0.5-M-long8
upper half of the magnets. Pre-production Magnets haeee coils extending 0.25 m outside the core end. Figure 3 includes
fabricated and the required magnetic and mechanical tests the field shapes for two bevel geometries with the solid line
completed. The pole-end bevels for dipole and quadrupole showing the measurement data for the final geometry (bevel
magnetss have been finalized during the pre-prodluction #2). The integrated field for the 0.5-rn-length found from 3-D

meaurmens.computations for bevel #2 is shown in Figure 3as adashed
line (3]. The calculations agree with dhe measurements to
within 0.1%.

OWock supportied by fth U.3. Depwutmn of Energy. Office of
B~dCEMW3CWW uderCmuad o. -3t109ENG38.The sunabmvmd n xwwuopt hu an mew thoredDmicEnery Siencs, nderConractI4~ W-3-10.ENG38.b¶V a emtsrutoe of the U. S. Governmtet

unider cofitroat No. W-31-IMgENG-35.
O780342034f351/O OO0 M99 IEM Accardingly. the U. &. Govsrnment reawnsa

flOWNexINCUdv. mOYAltY411e tI"e to publish
Or reproduc the Published form of -the
c~ntributlofi. or diow 0thor to do so. for
U. &. Govermnmt purpose,.
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k* ijm In order to assur the field reproducibility of the dipole
1.0 " - - - - t i before and after installation of the vacuum chamber and

0. associated removal of the upper half of the magnet, the
o.----.....--- ...... de... .pendence of thefield integrals on the clamping fore of e

0.0 bolts in Figure 1 were determined. There are 26 bolts on each
0.0 ....... side of the magnet Figure 4 shows the reproducibility of the

- - I =ield Integrals for several values of the torques on the bolts..9 The data indicate that cldnpig at higher torques distorts the
1.0 omagnet geometry. It was indeed confirmed with gap height-1.1 tMheight and decreases in field integral Repeatability of the field

integral is best achieved within 0.7x104 at a lower torque of
........................ .t-lb.-00 . ..03- .0 -001 0 010.0200 0.04 . : '

Figure 2. lategated ud 1.5-in averaged 2-D field at the15 --

extaction energy with respect to the Umverse dsplaemeUL 1.0 "-
10

SS~~dSI 0.5 .2

S 0.0 .--......
S...... 3-) addobn for bgwd r0

' " - ,, ,- 1 .0 - --. .

1. -..-•<• 4 ..... ........ t .. ... ......... .......... .......... ' ..." ...... - . ...S- - - '- - • - ,•
100 2' t-.

-2.2

0 so 100 1S0 200 2SO
50 . ....... ..... . .... t .......... ... ...... ..........

2 ~Torque lb-El

Figure 4. Variation of the dipole field integrals with bolto ........ 4. ... o, ,o
clamping torques at the extraction energy. (See Table 2 for

. descriptions of the data points.)

-0.04 .0.03 -0.02 .0.01 0 0.01 0.02 0.03 0.04

PAhpoeftniml 1I. QUADRUPOLE AND) SEXTUPOLE
MAGNETS

Figure 3. 0.5-m end section field shape at the extraction
energy with respect to the transverse displacement The cross sections of the quadrupole and sextupole magnets

are shown in Figure 5 (a) and Wb). The quadrupole magnet has
Table 2. pole-end bevels of a 30"-cut on five laminations. The

Description of the data points in Figure 4. magnetic lengths of the quadrupole and sextupole are 0.5 m
and 0.12 m, respectively.

Measurement Remak AB.L A rotating coil system is used for the magnetic
NuIber BL measurements [2]. The measurements are conducted when the

I initially torqued to 150 ft-lb -l.7x104 rotation coil is aligned to the magnetic axis. The radii of the
2 reassembled & torqued to 50 ft-lb 1.0xl0"4 probe coils for quadrupole and sextupole are both 25 mm.
3 torqued to 100 ft-lb 0.24104 Relative multipole coefficients of the quadrupole magnet at
4 torqued to 150 ft-lb -0.9x 104 a radius of 25 mm are shown in Figure 6 at four different
5 reassembled A torqued to 150 ft-lb .0.2x104 excitation currents. The skew and other normal coefficients
6 reassembled & torqued to 150 ft-lb 0.3x 10.4 less than 1x 104 are not included here. There are relatively
7 measurement repeated 0.3x104 small variations with current. Since the rotating coil axis is
8 reassembled & torqued to 50 ft-lb 1.7x 104 aligned to the magnetic axis, the dipole component, which is
9 torqued to 100 ft-lb I.SxI04 not shown in Figure 6, is zero. Since the two poles in each
10 torqued to 150 ft-lb 0.7x10-4 lamination are accurately located, the sextupole component is
11 torqued to 175 ft-lb .0.7x10-4 negligibly small. The bevels increased b5 (dodecapole) by
12 torqued to 200 ft-lb -l.7x104 27.0x104 with respect to an unbeveled case, while decreasing

bg (20-pole) by 3.1x10-4.
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&2 - 2 ................o..... ........

0

1M 3

1 1-4 . ....

.5

0.0

.20 so

10 175 [A
.25

n4 n=6 n-8 nw14

- .~ I Figure 7. Multipole coefficients of the sextupole at four
different currents.

IV. CONCLUSION

By choosing correct geometries for the laminations and
pole-end bevels, the integrated Field shape of the dipole magnt

-. is flat within 2.5xI1O4 in the required field region. Clamping
force between the top and bottom sections of the magnet was
optimized to reproduce the field strength to within O.7xl104.
The geometry of the pole-end bevel for the quadrupole was
selected with the multipole measurements. Multipole

g0U4 @3/3/~3coefficients of the quadrupole and sextupole magnets sautisy
the required field qualities.

(b) sextupole V. REFERENCES

Figure 5. Cross sections of the magnts [1) "7-0eV Advanced Photon Source Conceptual Design
Report," Argonne National Laboratory, ANL-87-15,

The multipole coefficients of the sextupole are shown in 1987.
Figue 7 Th manet oesnothav poe-en beels whch (21 S. H. Kim, K. Kim, C. Doose, and R. Hogrefe "Magnet
F~gue 7 Th manetdoe no hav poe-ed bvel, wich Measurement Facility for the 7-GeV Advanced Photon

makies bj a relatively large negative value. Since the rotating Source," these proceedings.
coil axis is aligned to the magnetic axis, the quadrupole [3) L. R. Turner, S. H. Kim, K. Kim, and L. Kettunen, "3-D
coefficient b1 vanishes. The measured dipole field of the Field Computations for Accelerator Magnets Using Finite
magnet was less than 0. 1 G. Element and Integral Codes," 1992 Int. Conf. on

Electromagnetic Field Prob. and AppL , Oct. 14-16 1992.
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Final Analysis of the ALS Lattice Magnet Data*

Rderich Keller
Lawrence Berkeey Laboraoy

University of California. Berkeley, CA 94720

Absunt are listed in the tables below as transfer functions T(W) of the
A preliminary analysis of the measured magnet data of the excitation current I [A], with B. local flux density [IT; L,

multipole magnets to be installed in the Advanced Light effective length [m]; x, horizontal coordinate [m]; n=2 for
Source (ALS) storage ring had been given in the last con- quadipoles; and 113 for sextupoles.
ference of this series [1]. That analysis was based on measure-
ments of about one-third of the entire magnet complement, The commonly used k-values are computed from, these
and some of its findings had to be revised after obtaining more values as:
data. The present paper gives an account of the integrated 1 d" (B L) (
fundamental field strengths of all installed storage ring lattice Y, = P, - --i (I
magnets. For the multipole magnets, these values are listed as
analytical expressions with four or five parameters, that cover The beam rigidity is always BI p = 5.00536 [T m].
the entire excitation range and include residual strength. Based
on this final analysis, all gradient and quadrupole magnets The tolerance band for the relative errors of integrated mag-
were qualified for installation, whereas the sextupole magnets net strengths was set to ±I x 10O3 for the la width of the ac-
had to be individually trimmed to bring their effective funda- tual distribution, with an absolute cut-off limit of ±2 x 10-3
mental strengths into the desired tolerance band.

I. INTRObUCTON III. APPROXIMATION FORMULAE

The measurements of all ldtice magnets for the Advanced Magnetic measurements have been carried out on each of
Light Source (ALS) [21 storage ring have been completed the individual lattice magnets after three times cycling the ex-
since the last conference of this series [3). For the production citation current from zero to the maximum of the power
magnets, the main concern lies in the mashet-to-magnet repro- supply and back to zero. Various excitation values were then
ducibilty of their funtamental excitations, wbe"' the higher- set by monotonically raising the current from zero to the
order multipole errors are largely determined by the given pole desred level. This procedure means that in the course of the
shapes, optimized in earlier investigations of engineering measurments a transition from the upper to the lower branch
models of each basic magnet type [4]. of the hysteresis loop has been made, see Figure 1, and this

The quadrupole and sextupole magnets were measured fact is relevant for all quadrupole measurements.
using rotating, integrating coils. Their excitation curves are
approximated by analytical expressions that include two fitting
parameters for the saturation effect and, in the case of quadru-
poles, another fitting parameter to compensate for residual J
excitation. These approximations are more refined than the
on=s published earlier [11.

An measurements have been taken with rising excitation
current, after conditioning every magnet to the maximum
power supply current and then reducing the excitation current
to zero. For the storage ring gradient magnets elaborate Hall
probe scans had to be perfomed to ascertain sufficient accuracy
for the measurements of their quadrupole components. These4.
Hall maps were numerically integrated to derive integrated E
dipole and quadrupole components, effective lengths, and effec-
tive edge angles-.0

The evaluation procedures and results will be discussed in F
detail for every magnet type. All nominal magnet parameters
given below refer to the standard beam energy of 1.5 GeV.

11. DEFINITIONS I, Excitation current

Integrated strengths of multipole magnets, dn-I (BLydxn-1, Actual hysters, lower branch

*This work was supported by the Director, Office of Enegy Figure 1. Construction of the lower branch of a hysteresis
Reseftrc, Office of Bas Energy Sciences, Material Sciences loop from magnet measurements Fi,meas (open circles)
Division, U.S. Deortment of Energy, under Contract No. affected by residual fields. Residual field and saturation effects
D&-AC03-76S000098, are exaggerated in this illustration.

0-7803-1203-1193SO @ 1993 IBEE 2811



To reconstruct the lower hysteresis branch for a magnetic where magnets are set on the upper hysteresis branch after
quantity F (e.g. integrated gradient for quadrupoles), the data exciting them with maximum current, I + Ic is the appropriate
FijnM measured near zero current have to be reduced to ideal choice. For the lower hysteresis branch, I - Ik is taken.
data Fj by subtracting twice the measured residual value Fres.
This reduction then must gradually vanish as the measured Figure 2 shows as an example for one quadrupole, the der-
points approach the actual hysteresis I ranch. An exponential ived fitting curve T(I - Ic) together with the reduced measured
expression (2) with a fitting parameter C was developed to data Fi / (I - 1c).
provide the reduction, assuming that ten measurement with
running number i have been taken, with beginning saturation 0.06-3-
effects at the last three values:

Th c e ~ e uren c ab oltevaue s et md edby0. 0 3 O .O ............. i........... .... ... ........ ............. .........................Fi=Fi~meas-2Freslexp (IuI(C Ic)) [1:5i- 101 (2) . ......

The coercive current Ic (absolute value) is determined by Uw 0 .0628 ... ....... .... .............. ......

Ic =Fres ITraw (3) oaIc = re ITr w 3) • 0.052-6 ............. " .......... .... ............. .............. ......... .............. ............ .

with an approximate "raw transfer function" given by:

Traw . .<Fi,meas /I li> [4 .i.<.7] (4) 0.0624 ............ ............................ .. .............. .

C is recursively optimized such that the reduced value at 0.0522
the first current, F1, matches the average reduced transfer func- 0 20 40 60 80 100 120 140

tion T of the other values in the linear part of the hysteresis: E Ewuon~ Current [ A

F1 / (I1 - Ic) = Tlin a <Fi / (li - Ic)> [45 i < 71 (5) Figure 2. Reduced measured transfer function values and
fitting curve for the integrated gradient of quadrupole QF17 as

For the three quadrupole families, the individual optimum a function of the effective current, I - Ic.
C values were separately averaged, and these values were then
applied once more to each data set. No residual fleed measure-
ments had been made with the sextupoles, and therefore the IV. RESULTS
lower excitation values have been given less weight in the Bend Magnets
evaluation of transfer function coefficients. The storage ring bend magnet is a straight, parallel-ended

To determine a closed expression for the transfer function combined-function magnet with the following main parame-

T(I) at arbitrary excitation currents I over the full range of t ters: bend angle, 100; magnetic length, 0.865 m; and effective

constructed hysteresis curve, a saturation term is introduced: field edge angles of 2o (wider toward the outer side). From Hall
probe scans [1], [3] at 700 A excitation current, the main

T(I) = Tlin /I{ 1+((I - Ic)/Is)A 1 (6) characteristic data, i.e. integrated dipole field, integrated gradi-
ent, core field, and core gradient were evaluated. Core is here

where A is a fitting parameter that is kept constant for all defined as the central ±250 mm of the magnet. Field integra-
magnets of one family (A - 3 for quadrupoles) and the "satura- tion was performed numerically, with trapezoidal approxima-
tion current" Is is individually calculated as: tion. Statistics for all produced magnets are given in Table 1.

One should note that the measured quantities apply to straight
Is = <(li - Ic) x (Tlin/Ti - 1)WIA> [8 < i < 10] (7) paths along the magnet, whereas the beam follows a curved

with trajectory. Furthermore, after installation on girders the fringe
Ti = Fi / (Ii - Ic) (8) field of the bend magnets is clipped by adjacent magnets, and

this effect changes the actual, integrated quantities by a small
The optimization of A is performed by minimizing the but significant amount.

differences Ri between all individual Fi / (I - Ic) values and the
determined average transfer function T(I - Ic) from eq. (6): Table 1

Ri = T(I -Ic) - Fi / (I -Ic) [1 < i < 10] (9) Storage Ring Bend Magnets Fundamental Parameters
BL GL I B I G

The following expression can then be used to compute ac- BTm] ITL IT] IT/m]
tual values of the magnet strength of interest for a given Avea 0.9059 -3.420 1.047 -4.039

power supply current, I: Avre 0.58 0.60 1.045 -40.5
Crei [1O-31 0.58 0.60 0.45 0.57

F(I) = Tlin/{ l+((I ±Ic)Is)AI x (I ±I c) (10) Max.Rel.Dev. [10"3] 1.53 1.91 . 1.11 1.00

using tabulated values of Tlin, Ic, Is, and A. With Equ. (10) Quadvpok
one has to select one of the two branches of the hysteresis There are three families of quadrupoles with identical cross-
curve, depending on operational practice. In the case of ALS, sectional shape but different effective lengths: QFA (focus-
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wg), 0.445 m; QF (focusing), 0.350 m; and QD (defocusing), Fitting parameters for the transfer functions, separately av-
0.200 m. The nominal core gradients, G = dB/dx, are 15 T/m eraged for the two sextupole families, are given in Table 5. As
at 400 A excitation current with 0.621 T pole tip field (QFA) mentioned above, no actual residual field measurements .fere
and 13.4 T/m at 89 A with 0.434 T pole tip field (QF, QD). made for sextupoles, and the derivation of fitting parameters
The problems with poor magnet-to-magnet reproducibility, follows a simpler scheme than outlined in Section 111. The
reported earlier [1], were solved by using a better suited rotat- effect is insignificant at the operation point of the sextupoles.
ing integral coil with higher quadrupole sensitivity [3]. Statis- For the purpose of computing integrated sextupole strengths,
tics for fundamental strengths and averaged parameters of all S = d2B/dx 2 , from Tables 4 and 5 for a given current, Equa-
produced quadrupoles are given in Tables 2 and 3. tion (11) is to be used:

Table 2 S L = Tlin x I/I 1+(I / Is)AI +Fes (11)

Storage Ring Quadrupoles Fundamental Statistics Table 5

Average Max. Rel. Storage Ring Sextupoles Average Measured Parameters
Tlin Orel Deviation

[_T A- 1 1 10-3 ] [10-31 Fres A is
QFA 0.017223 0.49 1.1 [T m-1] [Al

QF 0.052922 0.61 1.2 SF 0.221 5 797

QD 0.028754 0.68 1.3 SD 0.216 5 796

Table 3 V. CONCLUSION

Storage Ring Quadrupoles Average Measured Parameters
A iMeasured magnetic field data of all ALS storage ring lattice

Fres [c [A] magnets were analysed to judge the variance of their fundam-
[__ T__ A L AA[ JAL. ental field strengths. A new algorithm was developed that

QFA 0.045 2.65 29.51 3.1 2250 allows reducing the measured magnet strength values to
QF 0.035 0.661 29.58 2.8 604 represent one branch (the lower one) only of the hysteresis
QD 1 0.020 0.711 31.02 4.3 353 curve and further to approximate the saturation part of the

hysteresis in one closed expression. All lattice magnets for the
Sextupoles ALS storage ring could be qualified for installation without

All sextupoles belonging to the two families, SF (horizon- observing a particular placement order; the sextupoles, how-
Allsexupoes elogin tothetwofamlie, S (hrizn- ever, had to be shunted to keep their effective fundamental

tally focusing) and SD (vertically focusing) are built identical- strghs thunte to keep therance bnnd.

ly. In addition to their main function, they are equipped with strengths within the ±1 x 10- tolerance band.

trim windings to produce horizontal and vertical steering and a VI. ACKNOWLEDGMENTS
skew quadrupole excitation, but for this report their sextupole
functions only are being discussed. The nominal fundamental
parameters for 1.5 GeV beam energy are: 0.484 T pole tip The author would like to thank J. Tanabe for providing the
field (395 T/m2 ) at 290 A excitation with 0.2 m effective raw data for this analysis work and R. Alvis for her valuable
length. After measuring all magnets, the spread of fundamen- assistance in data processing and preparing graphs of the
tal strengths exceeded the tolerance band by nearly a factor of results. Thanks are also due to A. Jackson and K. Halbach for
four. Because the sextupoles are being excited for storage ring many discussions and advice in defining the evaluation
operation by two common power supplies it was decided to procedures.
shunt most of them such as to match the weakest members of VII. REFERENCES
each family [6]. Statistics for both cases, without and with
shunting, are given in Table 4. [1] R. Keller, "Magnetic Data Analysis for the ALS Lattice

Magnets" Conference Record of the 1991 IEEE Particle
Table 4 Accelerator Conference, Vol. 4, pp. 2113-2115.

Storage Ring Sextupoles Fundamental Statistics [2] "1-2 GeV Synchrotron Radiation Source, Conceptual De-
sign Report," LBL Pub. 5172 Rev., LBL Berkeley, 1986.

Average Max. Rel. [3] Measurements performed at LBL Berkeley under the guid-
Tin Orel Deviation ance of J. Tanabe, D. Nelson, and MI. Green.

[T m[T A"1] [10-31 [1-y3] [4] J. Tanabe et al., "Fabrication and Test of Prototype Ring
SF No Shunt 0.5361 3.7 7.1 Magnets for the ALS," Conf. Record of the 1989 IEEE
SF Shunted 0.5323 0.05 0.09 Particle Accelerator Conference, Vol. 1, pp. 566-568.

SD No Shunt 0.5362 j 3.3 5.0 [5] A. Jackson, "Magnetic Field Tolerances in the ALS
Storage Ring," ALS LSAP-56, LBL Berkeley, 1989

SD Shunted 0.5335 0.18 0.62 [6] J. Tanabe, "Calculation of Shunts," LSME-486A LBL
Berkeley (1992).
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Design and Measurement of the Sextupole Magnet for the APS Storage Ring*
L. R. Turner, K. M. Thompson. S. H. Kim, K. Kim

Advanced Photon Source, Argonne National Laboratory
9700 S. Cass Avenue, Argonne, Illinois 60439

Abstract The magnet is excited with six coils made of water-cooled
copper conductor insulated with a preapplied polyimide/poly-

A prototype sextupole magnet has been designed, ester/glass film and vacuum-impregnated epoxy. The coils ex-
constructed, and measured for the storage ring of the Advanced tend beyond the ends of the core; no steel need be removed from
Photon Source. The design approaches very closely to 1200 the core corners under the coils.
rotation symmetry, in order to minimize all forbidden multipole
components. The core is made of three identical stacks of lami-
nations, each lamination consisting of two poles and the return
yoke joining them. The antechamber of the thick aluminum
vacuum chamber fits between two neighboring stacks. Com-

putations and measurements of the sextupole strength B" and
multipole field components, both in the central region and inte-
grated in the beam direction, show that the magnet meets the re-
quirements for positron beam dynamics.

1. INTRODUCTON

The storage ring of the Advanced Photon Source (APS)
produces synchrotron radiation for experiments in material sci-
ence, biomedical research, and other fields. The ring maintains
a 7-0eV positron beam for a lifetime of 10 hours or more. The
ring includes 280 sextupole magnets to control the chromaticity
of the positron beam. These sextupole magnets operate at a
strength of up to 405 T/m2 and have an effective length of
0.24 m.

The long beam lifetime requires a vacuum of I nTorr or bet-
ter, but synchrotron radiation desorbs gases from the vacuum
chamber, leading the vacuum to degrade. For this reason, the Figure 1. Prototype sextupole magnet for the APS storage ring.
vacuum chamber of the APS consists of two chambers; the ante-
chamber entraps the outgassing and high-speed distributed Table I
pumping removes it. Parameters for the Storage Ring Sextupole

This large, two-chambered vacuum chamber makes the (7.0 GeV Operation)
design of the magnets for the storage ring more difficult. Earlier
designs for the ring sextupole did not exhibit the 1200 symme- Effective Length 0.24 m
try of an ideal sextupole, and both computation and measure- Central Field Strength 405 T/m2

ment showed the presence of unacceptable dipole and other for- Bore Diameter 98 mm
bidden multipole components of the field. Magnetic Core Length 0.21 m

Maximum Current 161 A
Number of Tums per Pole 42
Maximum Power Losses 2.8 kW

II. DESIGN OF THE SEXTUPOLE Coolant Temperature Rise 8.6 °C

Figure 1 shows a photograph of the ring sextupole mag- The magnet core is assembled from three identical stacks

net, and the cross section is seen in Fig. 2. The design a- of laminations, each with two poles and the return path joining

proaches very closely to 1200 rotation symmetry, in order to them. The antechamber of the thick aluminum vacuum cham-

minimize all forbidden multipole components. Table I lists her lies in one of the 102-mm air gaps between neighboring

some of the parameters. stacks. The 1.52-mm-thick laminations are made of low-car-
bon steel, coated on both sides with a 13-jun--thick B-stage

*Work supported by the U.S. Department of Energy, Office of Basic epoxy. During curing in a precision fixture, tie bars and tie rods
Energy Sciences, under Contract No. W-31-109-ENG-38. are also epoxy bonded into the core. At each end 12.7-mm-
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thick sutiy steel plates hold the core sections in position; in part by using a fimr mesh with mow elements, but at the cost
they ae pinned and bolted t the core sections with an assembly of more computing time and memory. Even with the finer
fixture. mesh, computing magnet parameters must be done with care

since the computed field varies only linearly within each ele-
o ment.

0 In the 2--D computations, three kinds of triangular meshes
were generated over the bore region and compared: (a) an adap-

0tive mesh automatically generated in the polygonal regions of
the bore; (b) a regular annular mesh, defined between radii 5
mm and 42 mm and over 300 of arc, then reflected to fill the
180W or 3600 considered; and (c) an equilateral triangular mesh
generated over a 600 parallelogram then reflected to form a
hexagon. In all thre case, an adaptive mesh was used outside

0 the regions specified. It was predicted [41 that an equilateral
mesh gives a potential (at the nodes) correct to sixth order. How
the potential varies within a triangular element depends upon
the interpolation methods supported by the code. For the 3-D
computations, a hexahedral mesh was used, square in the plane
perpendicular to the beam direction. This mesh should result
in a potential (at the nodes) correct to fourth order (4].

In the bore of a sextupole magnet, the ratio B/r2 should be
constant, where B is the modulus of flux density and r is radial

o distance from the beam centerline. Contour plots of this ratio
- showed it to vary less for the annular mesh than for the adaptive,

and less for the equilateral than for the annular.

Figure 2. Cross section of the storage ring sextupole magnet
with vacuum chamber IV. MEASUREMENT OF THE SEXTUPOLES

The sextupole strength and the multipole coefficients (ratio
Ill. COMPUTAMION OF THE SEXTUPOLE of a specified multipole field to the sextupole field) were men-

Computations were c4pied out wi$h the 2-D finite-ele- sured for the prototype ring sextupole SSX-2. In each case both
ment code PE2D and the 3-) codeTOSCA [ 1]. Asthe effective the integrated (3-D) and body (2-D) fields were measured, us-
length of the niagnet is 0.24 m while the core length is 0.21 m, ing a rotating-coil technique (5]. The probe consisted of an
the flux density is higher in the magnet poles than it would be 0.8-mn-long radial coil for the 3-D measurements and an
for a longer magnet with the same ampere-turns. Thus mea- 0.08-m-long tangential coil for the 2--D measurements. The
surement and 3-D computation show the onset of radial coil extended well beyond the magnet and the fringe field
saturation effects where 2-D computation does not. regions at either end. The tangential coil was located entirely

With this design, in the absence of assembly misalignments within the magnet, away from the end regions. Measurements
there can be no forbidden multipole terms; any that appear in were taken at a radius of 35.7 mm, and the multipole coeffi-
the computation must be artifacts of the mesh and/or of the field cients were normalized to a 25-mm radius. Before measure-
evaluation within the mesh. The first allowed multipole beyond ments were made, the magnetic axis of the sextupole was
the sextupole is the 18-pole. The pole tips were deliberately aligned to the axis of the rotating coil.
made narrower than optimum for this magnet to facilitate In Fig. 3, the ratio of integrated sextupole field strength to
installing the coils over the poles. A consequence is a negative excitation current is plotted against current. At low currents the
18-pole component of about 0.12% at a reference radius of 25 ratio is independent of current; the excitation efficiency is said
mm. Beam orbit computations show that an 18--pole field of to be 100%. Above 150 A, effects of steel nonlinearity begin
this size has no influence on the dynamic aperture [2]. The mul- to enter, and the excitation efficiency decreases steadily. In Fig.
tipole field ratios were found by computing the potential over 4 the same ratio is plotted for the body (2-D) sextupole field
an arc of a circle, and then fitting the potential to a multipole strength. The 3-D efficiency is seen to be only 0.6% lower than
series using the HARM subroutine from the code POISSON [3]. the 2-D efficiency.
Measured and computed multipoles are compared below in Field multipole coefficients were determined from the
Table 2. measurements. Table 2 shows the 18-pole coefficient bg is

In the.bore region, the sextupole field varies quadratically large and negative, it is found to be largely independent of cur-
with position. Hence the analysis should be carried out with rent. The 10-pole component b4 (both body and integrated)
third-order finite elements, which exhibit quadratic field varia- was observed to increase from I x 10-4 to 3x 10-4 as the current
tion. PE2D, TOSCA, and most other codes support only first- increased from 50 to 200 A. All other field multipoles were
and second-order elements. This limitation can be overcome about Ix10-4 or smaller over the total current range.
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016 Table 2
Ratio of 19-P01e to Sextupole Field at 200 A

CL - - -- - - ---- -- - -- - --- -- - -(x-10- 4 at the reference radius of 25-m)

an --- --------------- ----- Computed Measured

3-D Interatd) -3.1-12.7

om ----L ---- I ---- ---- 11------V. CONCLUSIONS

Geometrical and field measurements of the prototype demi-
0.54 . .. .. . .onstaed that the design and the assembly method will produce

Cuffw (A Imagnets that meet the requirements of the positron beam
Cuwwi(A Idynamics and production schedule. To reduce the saturation

Figure 3. Variation of the ratio of integrated sextupole effects demonstrated in the magnetic field measurements, the
steghtocret BL)with currnt L core length of prowduton magnets will be increased by 6%

stregth o crren (B LA)(12.7 mm). T7he overall length of the magnets will not be

changed.

* I VI. REFERENCES

[1] Codes PE2D) (now called OPERA-2D) and TOSCA are
9%2 --- --- available from Vector Fields, Inc., Aurora, IL, USA.

(21 Eliane Lessner, Argonne National laboratory, personal
communication.

a---------------------- ------------ (3] POISSON is available from the Los Alamos Accelerator
Code Group, Los Alamos National Laboratory.

14-----I---'---------- [41 Klaus Halbach, Lawrence Berkeley Laboratory, personal
communication.

[51 S. H. Kim, K-KimC. Doose, & Hogrefe, and R. Merl,

_______________"Magnet_ Measurement Facility for the 7-GeV Advanced
0 50 100 SO W PhtonSource," these proceedings.

Figure 4. Variation of the ratio of body sextupole strength
to current (B'7I) with current I.
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A Pulsed Septum Magnet for the APS

L. R. Tumr, D. G. Mc•oe, F. E. Mills, and S. Reaves
Advanced Photon Source, Argonne National Laboratory
9700 South Cass Avenue, Argonne IL 60439, U. S. A.

Abstract Table I
A pulsed septum magnet has been designed and Septum Magnet Parameters

constructed for beam injection and extraction in the Advanced Maximum Field 0.75 T
Photon Source at Argonne National Laboratory. The magnets Magnet Length 400 mm
will be similar for the Positron Accumulator Ring (PAR), the In- Aperture Width 70mm
jector Synchrotron, and the Storage Ring. The septum itself is Aperture Height 20 nun
2 nun thick and consists of 1-mmu-thick copper and S 1010 steel Septum Thickness
explosion-bonded together. The PAR magnet is driven by a copper 1.0 mm
1500-Hz, 12-kA half sine wave current pulse. The core is made steel 1.0mm
of 0.36-mm-thicklaminations of silicon steel. The nearly uni- Pulsed Current
form interior field is 0.75 T and the exterior field is 0.0004 T drive 5960 A
at the undisturbed beam position and 0.0014 T at the bumped septum 5954 A
beam position. Testing of the magnet awaits the completion of Pulse Shape half sine wave
the power supply. Pulse Frequency 1500 Hz

I. INTRODUCTION
Pulsed septum magnets are used for injection and extrac-

tion of the particle beam in circular accelerators. For the Ad-
vanced Photon Source (APS), now under construction at Ar-
gonne National Laboratory (ANL), these magnets will be used
in the 450.MeV Positron Accumulator Ring (PAR), the
450-MeV to 7-GeV Injector Synchrotron, and the 7-GeV Stor-
age Ring. Requirements for the septum magnets include good
field homogeneity in the aperture, low stray field, a thin septum,
and rapid excitation and discharge. Both transformer-driven
and direct driven septum magnets were analyzed. Analysis
showed that for a septum consisting of 1-amm-thick copper and
S1010 steel strips explosively bonded together, the transformer-
driven magnet has lower external fields and more uniform inte-
nor fields than the direct driven, if the septum current is
constrained to all flow in the gap region.

The design of the septum magnet described here grows out
of earlier septum magnets at ANL [I] and Fermilab [2].
Construction of the first magnet is comnpiee, and testing awaits
the completion of the power supply. Tab' i shows the parame-
ters of the septum magnet.

II. COIL AND CORE ASSEMBLY Figure 1. The core assembly with septum and coil, readyfor installation in the vacuum enclosure.
The core assembly with septum and coil is shown in Figure

1, and the cross section of the septum magnet is shown in Figure Because the coil is inside the vacuum system, polyamide
2. The single turn primary coil consists of a continuous length was chosen as insulating material for its good vacuum and di-
of OFE copper of rectangular cross section, 15.9 mm by 6.35 electric properties. It has good mechanical properties both at
nun, with a 4.8-mm diameter hole for water cooling. The coil operating temperatures and at 260 °C during vacuum bake-out.
is formed to the final shape in a winding fixture. The lead ends Insulating sleeve parts are machined from the polyamide and
are left long enough to extend beyond the vacuum enclosure, then cleaned by total immersion in an ultrasonic bath. The coil
ensuring there are no braze joints within the vacuum system. is then enclosed by the sleeve parts, and the laminations are

stacked around this assembly in the core stacking fixture to
*Work supported by U.S. Department of Energy, Office of Basic form the core.
Sciences, under Contract No. W-31-109-ENG-38.
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copper inner face of the enclosure. After electrical checks are
PRIMARY completed, the top of the enclosure is welded in place. Vacuum

COIL feedthroughs and flanges complete the assembly.

IV. ELEC'ROMAGNETIC DESIGN

The electromagnetic design involved choosing between a

CORE directly driven or transformer-driven magnet, choosing the
SEPTUM ASSEMBLY form of the septum, and considering the consequences of cur-rent above and below the level of the aperture. The electromag-

netic design was carried out with the magnetostatic, steady-
state AC, and transient solvers of the 2-D analysis code
OPERA-2D (formerly PE2D) [3].

Both directly driven and transformer-driven septum mag-
nets were considered. For the direct drive, the current in the
septum of necessity is exactly that which is needed to produce

Figure 2. Cross Section of the Septum Magnet. the required field in the gap. For the transformer drive, the driv-
en current determines the field in the gap, and the septum cur-

The core is made of 0.36-mm-thick laminations stamped rent is somewhat less, just enough to establish a zero current in
from AISI type M-22 steel with an AISI C-5 surface insulation the exterior region. The transformer-driven case was found to
coating. The laminations are baked at 750 0C in a vacuum oven yield an exterior field about a factor of ten lower than the direct-
at a pressure of Ix 10-4 Torr, a cleaning process for ultra-high ly driven case, at both the bumped beam position and the undis-
vacuum systems. The laminations are stacked with 13-mm- turbed beam position as seen in Fig. 3.
thick low-carbon-steel end plates in the stacking fixture, which
maintains the required surface tolerance. Two 6-mm-thick low-
carbon-steel bars are welded to the lamination stack and end

0.0=
plates to constrain the core. The core assembly is structurally . -
robust and can easily withstand the electromagnetic forces it 0.
encounters. m 0

Ell. SECONDARY TURN AND VACUUM 0.001a .

ENCLOSURE 0.001
0.00N

The septum is a crucial part in the design of the magnet .... ___....... .... ____ "_-_"
Because it is thin and subject to magnetic, thermal, and machin- -21.0 -17.0 -10 -. 0 &0 -1.0

ing forces, the proper bonding between copper and steel is es- x (mM)

sential. Explosion bonding was selected over brazing or roll
bonding because it can consistently achieve void-free, very
strong mechanical bonds. After 3.2-mm-thick low carbon steel Figure 3. Flux density (T) as function of position (mm) outside
and C102 OFE copper are explosively bonded together, the sep- the septum. Upper curve: with directly driven septum. Lower
turn is machined to its final thickness: 1 mm of copper and 1 curve: with transformer-driven septum.
mm of 1010 steel.

The weld between the septum and the core must carry the
combined thermal and magnetic forces. Electron-beam weld- For the composite septum, the steel part of the septum con-
ing was selected for this critical joint because of the dimension- tains the flux that penetrates the copper part. That effect was
al precision that can be attained and because of the depth of pe- found to more than compensate for the fewer skin depths of cop-
netration of the weld. The resulting welds at the transition per with the composite septum.
between the laminations and the septum steel are very smooth It is necessary to locate the septum in slots in the yoke, in
and continuous. Examination of test samples showed that these order to restrain it against magnetic forces. Consequently, there
joints were not contaminated by copper. is some current flow above and below the 20-mm-thick region

The completed core assembly is placed inside the vacuum of the aperture and septum. Some earlier experiences [2] sug-
enclosure, made of plates of the same bonded steel and copper gested that those currents could lower the homogeneity of the
as the septum. The secondary turn is made up of the copper pan- field in the aperture and increase the field leakage outside. But
els that face the inside of the enclosure. The enclosure is analysis of geometries with and without such currents showed
welded, then cleaned by total immersion in an ultrasonic bath. effectively no differences. Uniformity of the field in the aper-
The secondary turn is completed by welding the septum to the ture is shown in Figure 4.

2818



83

84

___ ___ __ EC2 A

Figure 4. Flux density within the apertum. Coatour

spacing: 0.0002 T. Contours above 0.742 T and below
0.7406 T are not shown. Figure 5. Diagram of the Septum Magnet Power Supply.

VI. CONCLUSIONS
This design is found to satisfy the conditions required of a

V. SEPTUM POWER SUPPLY pum magnet, both mechanically and elect-iro neticay.
Voltage and inductance testing has begun, and field properties

The four single-turn transfonmer septum magnets for die will be measured when the power supply is available.

PAR, the Injector Synchrotron, and the Storage Ring are pow-
ered by capacitor discharge circuits. These we designed to pro- VII. REFERENCES
duce half-sine-wave pulses with a base width of lW3 ms and peak [1] M. Foss, K. Thompson, and W. Pieeg, "A Transformer
currents repeatable within 0.05% and adjustable from 470 A to Septum Magnet," IEE Trans. Nucl. Sci. NS-26, pp.
4.7 kA. The capacitor discharge circuits we transformer 4024-4026(1979).
coupled for impedance matching to the magnet. The peak cur- [2] J. A. Satti and S. D. Holmes, "A Pulsed Septum Magnet for
rents of the transformer secondaries range from 11.4 kA to the Fermilab Antiproton Source," IEEE Trans. Nucl. Sci.
16.888 kA. Figure 5 shows a diagram of the power supply. The NS-32, pp. 3628-3630 (1985).
switch S4 may either be gated or not, depending on the need to [31 OPERA-2D (E2D) is available from Vector Fields, Inc.
reset the magnet steel. Aurora, IL, USA.
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The ELETTRA Storage Ring Magnets

Sinerot 1ronesMe~ade, rcimn 99,.W412 Trles~teay

Abarme simulations have been compared to experimental
24 dipole magnets, 106 quadrupoles, 72 sextupoles and fieasuvemess which have been made os prototypes (1]. To

82 lip P, Ps, w needed In the storage ring. The vmy stringent test the protr~ype mad to check doa the units delivered by the
requiremtsa for th. magnets field qualty were met with the conaractors actually complied with the &Mel rquiruemeem two
use of a combloatlos of 2D) and 3D, magnetic design. mficron poeso controlle measuring systems have been

Mhe dipoles am combined function elements with a field designed mad built [2J.
index u=13 and a maximum magnetic field of 1.5 T at the
central ottit. The curved (R=.5.3 m) pole profiles were
obtained by machining the stacked laninatlons. I1. DIPOLES

The quadrupoles and sexupoles are made by assembled
pole pairs in a C shaped structure with the aperture; on the The 24 bending magnets (Figure 1) am C shape, with a
oute side of the ring. To hnoer the vacuum chamber inside the radius -of curvature of 5.5 mn and parallel end faces. The
magnets this stucture allows a symmetric opening of the relevant main parmneters wre lised in Table 1.
yoke.

The stmeer magnets provid both horizontal and vertical TAI F 1- Dipole magnes main parmuedes
miagnetic fields; an invested U shape with a 3D, optimization
of the vertical field coils sizes and positions was studied to Number of units 24
provide space for the connection of vacuum punps. Field 0 2.0(GeV 1.212 T

Hleld index '13
L INTODUCTION Nominal, ratis of curvatur 5.5 mn

Yokeinugth 1.37.i
A. Gewwl Magnedc length 1.4mi

Overall length 1.57 mn
Elatra has been designed to provide high brightness Cav gSp 70 mm

photos beans over a wide rainge of energies (10 eV-30 keV) Number of turn 48
from insertiomn devices in a. low emnittance 1.5-2.0 GeV Cmdordienionsi 23xI345.5 mm
election stompg ring. The machwin s now being comapleted on Maximum currenit (@1.49 .1) 1950 A
the Carno plateau near Treste. lbs coms ionns foreseen Mxmmectd pwr35 kW
within 1993. The periodicity of the rit Is 12, with dispersion TodWilt6Ton
free straight sections 6 mn lont to accommodate insertion
devices. The magnets, are all raon, temaperatuire, DC magnets.
t-or the steerer magnets a feedback controlled correction for
frequencies up to,50 Hz can be superposed on the DC fied
controlled by a feedback system. The design of the magnets
allows the insertion of the vacuum chamber horizontally from
the outside of the ring. The yokes of all the magnets,
including the steerers, have been made of low carbon steel
laminations, Walquately MrAte in order to keep the coercive
force below 0.9 Oe. The dipoles quadrupoles and sextupoles
have been mounted with adjustable feet on a 20mmni thick iron
plate, which was fixed to a coafrte block well attached to the
Cmso rock in order to shield the magnets against externial
vibrations. The steerer magnets have been mounted on
alumionu supports on which also the corrsponding vacuum
punmps arelocated

A D4,vg method and tsss

All the Stoag Ring magnets have been designed byT
using both 21) (POISSON) and 3D, (the Cern licensed TOSCA
by Vector fields Lid) packages. The results of the computer Figure 1. The Storage Ring Dipole on its support.
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The yoke is composed of a stack of 1.5 mm thick low All the dipoles ae presendy installed and aligned in the
carbon lte inatons ending with two 40 mm thick plates. Storage Ring.
"lbe I abdom we kept together by mans of II longlitdinal
c.urved plates welded on its outside surfaces. Tim insulation •iL QUADRUPOLES AND SEXTUPOLES
between the laminations has been provided by plain blue-
stm Sing. Te quadrupoles (Figure 3) and sextupoles (Figure 4) are

Being supplied in series, all the dipoles must be as C shaped magnets with the aperture toward the outer side of
similar as possible to each other. This imposed tight the ring, made with the same steel as that of the dipoles. The
tolerances on the magnetic length (±0.2 nun) and the filling iron poles are assembled from precision-punched laminations,
factor (97%). Frthlemore, each magnet has been constructed stacked between two thick end plates and held together by
using laminations coming from all the melts, equally mixed. bolts and longitudinal welds on the outside of the stack. The
"Ilbe magnetic properties and the content of impurities of the poles are then assembled in independet pain in order to allow
laminations has been monitored during the manufacture, the the symmetrical opening of the yoke for the insertion of the
melts exceeding a value of coercivity higher than 1.9 Oe for vacuum chamber by a horizontal displacement Tbe opening of
the plain and 0.9 Oe for the sheets have been discarded, the quadrupoles is obtained by a hinge-like rotation, that of the

The required tolerance of the pole proflle was very high sextupoles by a vertical displacement of the two outer pole
(±20 pIm). To meet this requirement the manufacturer pairs. To meet the field quality requirements tight geometrical
suggested to machine the profiles of the assembled yokes on a tolerances have been imposed particulary on the pole surface
vertical numerically controlled lathe . Unfortumately the result profile and on the azimuthal position between the pole pairs
of the machining was not as homogeneous as expected, and (W70 l along the whole length).
two groups of magnets were obtained, tat magnets with a very
satisfactory integrated gradient uniformity, and the other
magnets with an unacceptable spread (Figure 2). After several
attemps the problem was finally solved by adding shims close
to the pole ends (gradient and sextupole correction) and by
radially displacing the magnets on the ring as needed for field
correction [3].

Integrated gradieý - before correction

UI

0 10 20

Mage" No.

ligure 2. Dipole magnets integrated gradient along the central
trajeciosy before adding the pole-face shims.

Each coil is made by thee double pankakes following the
curvature of the pole with 24 turns per pole. The coils are
insulated with glass tape and radiation resistant epoxy resint.
The electrical and hydraulical connections between the

-atakes mad toward the power leads and the water distribution
-are made in the center of the coils in order to achieve a good
kwgitudind smmetry of the magnet

For alipment two sockets for Taylor Hobson spheres
have been fixed on the magnets with a 3D machine with a
precision of ± 0.02 mm with respect to the magnet reference
marks which have been used for the magnetic measurements Figure 4. Storage Ring Sextupole
and for the pole profile machining.
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Tie quadupoles (Table 2) have been made in three
diflfren• lengths, the sextupoles (Table 3) in two. The results IV. STEERERS
of the magnetic measurements made on the series production
.sowed acceptable random and systematic harmonic errors The Steerer magnets (Figure 7) provide both horizontal
(Figum 5 and Figure 6). The dodecapolar field component of and vertical magnetic fields. The limited longitudinal space
the quadrupoles, due to end effects, was reduced by an available and the need of a complete aperture on the bottom of
appropria cdamfer on the end plates. the magnets in order to allow the connection for the vacuum

pump required a detailed 3D design leading to an inverted U
TABLE I Storage Ring Quadnapoles main parameters shape with an optimisation of the current density distribution

in the vertical field coils. An external feromagnetic screen has
Short Medium Long been added to shield the lateral fringing field.

N. of mits 60 24 24
Inscn'bed dineter 75 mm 75 mm 75 mm TARTEA4 Storage Ring Steerer magnets main parameters.
Maximum gradient 19.6 T/m 19.6 T/m 19.6 T/m
Maximum current 300 A 300 A 300 A Number of units 82
Length of iron 230rmm 380mm 470 mnm Length of iron 150rmm
"Total length 400 m 550 mm 640 mm Total length 220 mm
"Total weight 425 kg 580 kg 700 kg Horizontal free aperture 110 mm

Maximum magnetic field 500 Gauss (both H and V)
Maximum integrated field 15000 Gauss-cm

TBLE 3 Storage Ring Sextupole main parameters Maximum current 16 A
Total weight 60 kg

Short Long
N. of units 24 48
Insaribeddiuneter 90mmn 90 mn
Maximum strength 280 T/m2  280 T/M2

Maximum current 300 A 300 A
Length of iron 125 mm 240 mm
Total length 310 mm 425 mm
Total weight 280 kg 450 kg

116 QW*Wdses, kiOs A, 67% of bon re nl

0.12"

0.0_,

0.04 Figure 7. The storage ring steerer magnet.

1-0.02 V. CONCLUSIONS
0.00•

2 3 4 5 6 10. . .N All the storage ring magnets have been delivered and have

IiguSe 5. Harmonic measurments on the quadrmuoles. been individually measured [3,4].The installation and
74 UmI•Wpo I-= A. 5% of bmir#E alignement of the magnets are nearly completed, the
&38 commissioning of the Storage Ring will start in September

* 8Immact am 1993.
0.2- VI. REFERENCES
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Figure 6. Harmonic measurements on the sextupoles [4] D.Zangrando and R.P.Waiker, these Proceedings.

2822



Experience with the Source Evaluation Board Method of Procuring
Technical Components for the Fermilab Main Injector

D.J. Harding, J.P. Collins, G.R. Kobliska, N.S. Chester, E.G. Pewitt, W.B. Fowler,
Fermi National Accelerator Laboratory,

P.O. Box 500, Batavia, IL 60510

II. PROCEDURE

Since Fermilab had never used an SEB, a procedure had to
Abstract be developed. The Procurement Department of the Fer.

milab Business Services Section wrote a procedure which

Fermilab has adopted the Source Evaluation Board (SEB) has been reviewed and adopted by the Laboratory. The
procedure is based on the DOE SEB Handbook, adapted

method for procuring certain major technical components to Fermilab's requirements. We describe here this proce-
of the Fermilab Main Injector. The Sex procedure is de- dure, which we have followed over the last year in selecting
signed to ensunre the eficient and efective expenditure of vendors to be awarded subcontracts for fabrication of mna-

Government funds at the same time that it optimises the vor s to the dipoles for orication S B

opportunity for attainment of project objectives. A quali- jor subassemblies of the dipoles. Your anisation's SEB

tative trade-off is allowed between price and technical fac- procedure may vary.

tor. The process involves a large amount of work and is
only justified for a very limited number of procurements. A. Parti'pan
Fermilab has gained exjierience with the SEB procm in

awarding subcontracts for maor subasemblies of the Fer- The key participants in the SEB procedure are the Source
milab Main Injector dipoles. Selection Official (SSO) and the SEB members. At Fermi-

lab the SSO is usually the Head, Business Services Section
(BSS). The SSO appoints the SEB. He reviews the state-
ment of work and qualifications and the evaluation criteria.

I. INTRODUCTION And, lastly, he makes the final decision (subject to review
by DOE) regarding selection of a source.

Government-funded laboratories have become accustomed The SEB at Fermilab consists of three to seven anm-
to make purchases by the process of awarding subcon- bens, preferably an odd number to avoid tie votes. There
tracts to the lowest-priced responsive and responsible of- must be at least one member from the Procurement De-
feror. Sometimes this involves pre-assigning relative values partment and at lest one fomr the project organisation.
to various technical elements in order to determine the best Each member is required to sin confidentiality and con-
price/performance ratio. While this is usually appropriate, lict of interest statements.
in some cases it would be more advantageous to be able to
consider the trade-off between price and technical merit.
Private industry has this flexiblity. In government this can B. Dete"minatien
be implemented using a Source Evaluation Board (SEB). The SEE procedure is only used for "certain major pro-

In May 1992 representatives of the Fermilab Main In- curements". Then procurements are those that have suf-
jector Project (FMI) met with a Department of Energy ficient fiumcial and/or project risk to require the efforts of
(DOE) Business Strategy Group (BSG) to discuss the pro- the SEB. The decision to utilize the SEB depends on the
curement of dipole magnets for the FMI ring. At that time complexity or nature of the procurement, type of subcon-
we were advised to consider using the SEB method for so- tract, extent of competition, specialised terms and condi-
liecting the vendors for certain major submemblies of the tions, and other factors pertinent to the overall risk. The
dipoles. decision is made by the Head, BSS. Most procurements

sufficiently major to require an SEB will have required
• Orst. by Udmi d .Rum Ani --de tt an Advanced Procurement Plan (APP) which discusses,

with Lb. UitWd Slates Depqrm of hors among other things, the decision to use an SEB.
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C. Pvpav.*wu is so cost information in the technical and busi-
The Aid thing thatirequiredeisaaftll, detaied section. This material is then evaluated
tioh fidor ,thin A t dIore k The Sa B f s respoesibe independently of the evwuation of the cost material. Any

ties ~ ~ ~ ~ ~ ~ ~ ~ ~ pooa atd/o stdoes1 ok h IBI epnsbefr~ not meet the qualilicationk criteria is
reviewing the specification to ensure that it is appropriate. elimina te frmhtd heo consideration.
Thk will become the basis for the Request for Proposal The SEB then ranks the proposals based on the merit of
(RPP) that is the vehicle for the solicitation. . . the technical and busim /management proposals. Gener-

The next requirement is a act of quaiation criteria ally this is accomplished by the Board agreeng on a numer-These tcimcal evaluation factors. The relative
Irero's proposal. These qualification criteria must be weights of the factors will have been already determined.

dlearly defined, unamb smeasurable, and just e. The cost proposals may then be examined for additional
All mandatory rquirements are listed here. Any proposal technical iformaton and the scores adjusted, if necessary.
which Al to meet any required criterion is not evaluated The SEE then compares the cost of each proposal to the
further. Required criteria are listed an such in the RFP. relati steth of t proposal.

The key difference between a uual procurement and the Basen th if evluopc o.
SEB proem is that in the latter the award is not necessar-
ily made to the lowest priced responsive and responsible possible. If there is & clearly superior firm with a low price,

offeror. The SEB process providfes for more detailed anal- then the SBB can recommend that that the proposal be
ysas of evaluation criteria which are used to determine an accepted based on the initial offer. This recommendation
offeror's understanding of the speciflication, potential for can be subject to confirmation of the qualifications of the

succesful completion of the job, and comparative com- offeror through a visit to the plant to validate the technical

petitive status. The SEB develops a plan for scoring and proposal. Otherwise, the SEB determines a *competitive

ranking the proposals based on the evaluation criteria. The range', a list of the initial offerors who have a reasonable

evaluation criteria and their relative importance are "- chance ofimproving their proposals tothe point of winning
cluded in the RFP. Details of the relative weights are not subcontract.

given. The SEB then enters into adiscussion? with the firms in

Evaluation criteria require much thought. To be useful the competitive range. The purposes of the discussions are
they must be factors that can be objectively evaluated. twofold. First, the Board can elicit additional information

They must be relevant to the probability of success in per. from the offerors. It can visit the firms to confirm the

forming the subcontract. They must not be absolute re. information presented and observe the general practices of

quirements; those belong in the qualification criteria. They the firms. A discussion of the proposal can reveal how well

should provide the SEB members the ability to differenti- the offeror understands the processes proposed and how

ate the offeron. If all of the acceptable offerors are going to well they are prepared to deal with them.

get a set a high score on a criterion, then it should not be Second, the Board must tell each offeror about the de-
an evaluation criterion but rather a qualification criterion. fncies in its proposal that should be improved. The

A typical "good' criterion is the amount of experience the Board must be very careful in these discussions not to

offeror has in doing jobs comparable to the one at hand. disseminate information from one offeror's proposal to an-

In the SEB evaluation of proposals, cost is not assigned a other offeror. The comments must point to the weaknesses

"numerical weight and the technical evaluation is not preas- but not suggest specific remedies. For example, the Board
signed a financial value. Whether the cost or the technical would say that it believes that a shipping container is not
factors is more important must be determined initially and strong enough for the item, not that the offeror should
stated in the RFP. Neither can be completely ignored, but add gussets in the bottom comr s. This would be espe-
either one can be more important. The SEB should also cially critical if another offeror had proposed a shipping
state in the RFP how the cost information is to be pre- container with gussets. Any mandatory submissions or
iented, e.C. on Form SF1411. This is essential to allow qualifying criteria that the offeror may have missed on the
comparisons of the proposals on equal footing. initial submission must be called to their attention during

In a procurement that is sufficiently complicated to war- discussion.

rant an SEB, it may be useful to conduct a pre-proposal Upon completion of discussions, all outstanding ques-
conference. At that conference there can be a free discus- tions and concerns about any of the proposals should have
@ion of the requirement. after the potential offeronr have been answered. The offerors in the competitive range are
had a chance to study the RIP. There certainly can be no then invited to submit Best and Final Offer (BAFO's).
private communication with a single potential offeror after When the BAFO'I have been received the SEB eval-
the RFP has been distributed. uates them, following essentially the same procedure as

with the original proposals. In some cases there will only

D. Evaluation be s Uimited amount of supplementary information. Other
offerori will submit new, complete proposals incorporating

When the proposals are received, the Procurement rep- any changes or additional information.
resentative surveys the proposals to ensure that there The SEB must then make a recommendation to the SSO.
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This rmcomnedation takes into account their evaluation Bringing in more people, especially procurement profes-
d the quality of the proposals and the associated costs, sionals, might seem like the efficient solution to the man-
conidering the agmeed upon relative emphasis on the two. power problem. We do not feel that it would have been ad-
The bads criterion is to select the proposal that is in the vantageous. The issues were technical and required much
best interest of the Laboratory, not necessarily the lowest discussion among the technical staff to reach agreement.
proposed price. The recommendation is written up in a The preparation, the evaluations, the visits to the offer-
detailed report. ore, the discussions, the documentation, the writing, the

editing all took significant amounts of time. A major les-
E. Dispos son that we have learned is that one can not undertake

an SEB procurement lightly. It requires a major commit-
The SSO reviews the report from the SEB. He can then ment of time from both the procurement staff and from
take any one of four actions. He may select the recom- the technical staff.
mend source. He may direct the SEB to continue negotia-
tions with all of the firms in the competitive range through B. Vendor Reaction
BAFO's. He may request further information from the
SEB. Or he may make an independent decision to award The rection to this process from our vendors ha genepr-
to an offeror other than the one recommended by the SEB. any been favorable. Most of them work with both pri-
Whatever the decision, the SSO issues a selection state- Onate industry and with government-funded laboratories.
ment. As with any subcontract of this sise, DOE approval One firm, much more accustomed to dealing with industry,must be obtained. Finally the Procurement member of th commented that this was the way things were supposed to
SEt begins the final neotiation, with the selected offeror work. Another firm, seemingly more accustomed to gov-ernment work, had a difficult time accepting the fact that

this was not a straight low bid procurement. The major
III. EXPERIENCE complaint has been the length of time that our inefficien-

cies and inexperience introduced into the process.

After over a year of preparation and work we have awarded
six subcontracts for fabrication of three portions of the IV. CONCLUSIONS
R&D dipoles for the FMI. We have awarded a subcontract
for twelve coils sets for our 12 R&D dipoles, with options Now that Fermilab is familiar with the SEB process and
for fabrication of bare copper coils for the dipoles. We have has an approved SEB procedure, we expect to make ad-
awarded subcontracts to three firms for insulating the coils, ditional procurements this way. In some cases the advan-
each firm fabricating three coils sets and Fermilab doing tages are tremendous. However, the effort involved pre-
three. We have awarded subcontracts to two firms to stack cludes routine use of SEB's. For most procurements they
half-cores from Fermilab supplied laminations. are not needed.

It is also clear that good communication between the

A. Fermilab Assessment technical and procurement staffs within Fer-Uilab is men-
tial, as is communication between Fermilab and thg De-

Overall we are quite happy with the results of the process. partment of Energy.

In some cases the firms that were judged most qualified
were the lowest price offerors and some cases they were not.
In each case the SEB is confident that the best interests of ACKNOWLEDGMENTS
the Laboratory have been served by the selection that was
made. We would like to thank the members of the DOE Business

The process has taken much longer than was anticipated. Strategy Group, who initially guided us in this direction,

The extra time has come from several sources. In part we and particularly the Chairman, Jerry Zimmer. Chicago
were inefficient in executing the proces because it was so Headquarters and Batavia Area Office staff have graciously

unfamiliar to us. In part we could not perform as effec- offered valuable guidance. Jim Finks, our Source Selection

tively as we might otherwise have because we each had so Official, and Dick Auskalnis, our Procurement Head, have

many other responsibilities at the same time. We suffered been very supportive of our efforts. Dave Gassman and

from trying to execute three procurements simultaneously. Greg Wojciechowski have offered pertinent legal advice.
And finally, the process was inherently much more time- Steve Holmes, Fermilab Project Manager for the FMI, has

consuming than any of us had imagined, encouraged us throughout the process. We thank Dixon

As we gained familiarity with the process the evalua- Bogert, Associate Project Manager, for enlightening philo-

tions progressed more smoothly. We have learned about sophical discussions.

selecting good evaluation criteria. We became comfort-
able with the level of documentation required to support
the recommendations.
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Sextupole Magnets for the Fermilab Main Injector

D.J. Harding, N. Chester, and R. Baiod,
Fermi National Accelerator Laboratory,

P.O. Box 500, Batavia, IL 60510

length of 0.457 m (18 in). This leads to a field strength
of 120 T/m2 . The beam pipe size limits the dimensions of

Abstract the pole faces.
The cost and complexity of fabrication, installation, and

A sextupole magnet has been designed to satisfy the dy- operation of the magnets, the power supplies, and the
.iical, geometrical, and electrical requirements of the buses must also be taken into account. The dipole end

Fermilab Main Injector. The steel length is 0.457 m. The packs have been designed to provide a sextupole compo-
top and bottom pole tips are 26.4 mm from the center line; nent small enough that the sextupoles may be run on a
the side pole tips are 48.0 mm from the center line. The unipolar power supply. To allow use of 300 MCM cable for
design integrated strength is 55 T-m/m2 at 294 A. the bus work, we want to keep the root mean square cur-

rent under 200 A during all of the operating modes except
the short duration Collider injection cycles. The reduc-

I. INTRODUCTION tion of the current by the usual technique of increasing
the number of turns increases the inductance. The rapid

The natural chromaticities of the Fermilab Main Injec- change in the current needed in switching the sign of the
tot [1, 2] (FMI) are -33.65 horisontally and -32.87 verti- chromaticity at transition limits the allowable inductance.
cally. The lattice has been designed to have low P andq To allow convenient testing of the magnets at peak field,
(58 m and 1.9 m are the mnximum values). Thus, very the cooling water circuits must be capable of cooling the
strong sextupoles are needed to cancel natural chromatic- coil during DC operation at the peak current.
ity. The configuration chosen places an F(D) sextupole at

each F(D) main quadrupole in the arcs, where Y) is uignifi-
cant. The sextupoles must also compensate for large sex- III. CONCEPTUAL DESIGN
tupole components in the dipole magnets induced by sat-
uration of the steel as the energy approaches 150 GeV and The conceptual design of the FMI sextupole was done psn
by eddy currents in the beam pipe. These effects produce the spreadsheet program 20/20. A model of the aextupole
inherent chromaticities of -77 horisontally (at 150 GeV) crom section was built in a worksheet. Input parameters
and -55 vertically (near 20 GeV). include the required integrated field strength, the magnet

The chromaticity sextupole magnets for the FM' are a length, the number of turns in the coils, and the pole tip
new, nonsymmetrical design, tailored to the geometrical, radius (distance of closest approach of the pole tip to the
optical, and electrical requirements of the ring. central axis). From this we obtain the required current.

Adding the conductor crasm section dimensions, includ-
ing the central hole for cooling water, allows calculation

II. REQUIREMENTS of resistance, power dissipation, water flow, and thus tem-
perature rise. Adding a few additional dimensions and

We take as a requirement that the sextupole be cap. angles allows calculation of comer coordinates of the lam-
ble of producing a corrected chromaticity of 10 in each ination and conductor. The spreadsheet plots the corners
plane through the entire ramp, -10 below transition and and points along the pole face and presents a fairly good
+10 above transition. The sextupole requirements have picture of the magnet. It also calculates some critical clear-
been calculated using the natural chromaticity and the ances where the coils will need to slip past the poles during
measured sextupole contributions from the dipoles[3]. The assembly. Material quantities are calculated to provide a
suxtupoles need to have a peak integrated field strenh of cot estimate.
55 T-m/m2. We were restricted by space to to a steel The model was used to try a large number of combina-

•0 Operated b Uniw ks Remmb Amodato under contract tions of magnet parameters. The chosen design satisfies
with the United Staue D up nt of u Sawu the requirements while striking a balance among the other
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crosection. Figure 3 shows the effect on the skew compo-
nents of horizontal motion. As expected from the symme-
try, all components vanish in the unperturbed case. The
effects of vertical motion are comparable.

NORMAL FIELD AMPLITUDES
9W POL.E H0RMNTALLY DISPLACED• S

7' 
M I or=

Figure 1: Cross section of the Fermilab Main Injector Sex-

tupole showing the lamination, cunductors, and beampipe

2" -1& AS- " a
competing design factort. To reduce the resistance and
inductance of the magnet the design is not six-fold sym- Figure 2: Normal Field Component Amplitudes as a Func-
metric, but rather matches the beam pipe with top and tion of Horizontal Displacement of One Side Pole
bottom poles that are closer to the axis than are the side
poles The number of turns on the top and bottom poles
is correspondingly smaller. The cross section of the mag-
net is shown in Figure 1. The basic magnetic, electrical, SKEW FIELD AMPLITUDES
and mechanical properties are summarised in Table 1. The SIDE POLE HOROMTALLY DISPLACED

six coils are connected in series electrically. In operation 75.e

the water paths will be connected in series as well. During
testing the top and bottom halves will be cooled in parallel se.0
to allow running DC at the peak current.

A portion of the worksheet was arranged to gener- 2S.0

ate an input file for the detailed magnetic modeling pro- -.
gram PE2D. This allowed maintenance of the full two- - A
dimensional magnetic model in synchrony with the other
properties. It allowed testing changes to the magnet model
by varying a single worksheet parameter and propogating -
the changes through to the magnetic model, avoiding ty-
pographic errors or inconsistancies. 50.6

We have also studied the sensitivity of the field purity /

to the position of the pole tip. Experience has shown that .7s., -0-
during production the largest variations in the lamination .u., -,sW -. f ,
geometry come in the distance between poles, not in the
shape of an individual pole. We moved a single pole tip
by varying amounts, ran the model, and analysed the re- ior 3f Skew Fieldcoment Amplide P al n
sulting field for its harmonic components. Figure 2 shows tion of Horizontal Displacement of One Side Pole
the effect on all normal harmonics up to the decapole of
moving one pole horizontally by varying amounts. The
quantity plotted is the field one inch from the magnet cen- IV. MECHANICAL DaSIGN
ter due to the relevant component normalized to the field
due to the sextupole component at one inch. Note the The half-cores of the FMI sextupole will be fabricated
non vanishing decapole field resulting from the assymetric from stamped steel laminations. The laminations will be
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0.467 m (18.0 in), ft) T12 "
Color Yellow
Pole tip radius

top/bottom 26.4 mm
sides 48.0 mm

Number of turns
top/bottom 2
sides 12

Current (peak) 294 A
Conductor 6.35 mm x 12.7 mm

(0.250 in x 0.500 in)
Resistance 4.2 mG
Inductance 0.7 mR
Water now 0.019 1/. 0 0.070 kg/nmmr

0.30 gpm O 100 psi

"Table 1: Main Injector Sextupole Magnet Parameters

stacked on a dedicated fixture and compressed with a screw
mechanism. The outside edges will be held together by
bas inserted in notches in the laminations and welded
down the length of the core. The pole tips will be held
in compression by steel rods threaded at one end to accept
a nut and washer.

The copper conductor will be insulated as it is wound
onto a bobbin. The coil will then be pround wrapped,
impregnated with epoxy in a mold, and cured. The coils
will be installed into the half cores and brased together in
series.

The two half core assemblies will be bolted together to
form a complete magnet. After testing, the complete mag-
net will be stored until it is needed in the tunnel. Installa-
tion will require separating the magnet into its halves and
reassembling it around the beam pipe in the tunnel.
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Design and Measurements of Prototype Fermilab Main Injector Dipole
Endpacks

D.J. Harding, H.D. Glus, J.-F. Ostiguy, B.C. Brown, F.A. Harfoush, C.S. Mishra,
Fermi National Accelerator Laboratory,

P.O. Box 500, Batavia, IL 60510

II. EFFECTIVE LENGTH OF THE ENDS

A. Requirements
Abstract The parameter of prime interest is the integral through

the magnet of the main component of the magnetic field,
The end field regions of the dipole for the Fermilab Main Z(z, y, 1). The bend angle of a particle traversing a magnet
Injector contribute significantly to the overall field quality is proportional to this quantity and inversely proportional
and magnet performance. The end effects which we must to the momentum. The FMI geometry assumes that the 6.
control are the variation in effective length as a function of m and 4-m dipoles have integrated strengths in the ratio of
current and the variation in field shape across the magnet 3 to 2. To keep the beam on the same path throughout the
aperture. We employed an iterative process of numerical acceleration cycle, the bend angle must remain the same
calculations and prototype testing to refine the design of in each of the magnets. Some variation can be accomo-
the endpack steel configuration. dated by the 104 horisontal dipole correctors in the ring.

The final design is an approximation to a Rogowski pro- However, it is not prudent to dedicate a large fraction of
file, which limits effective length variation to 1.8 mm per their range to adjusting for effects that could be avoided
end between 0.1 T and 1.7 T, and includes small shims with a good magnet design.
to compensate for the intrinsic negative sextupole of the Since the momentum of a particle does not vary as it
ends. We discuss details of the design process and present traverses the ring, the relative values of X(1) need to re-
the effective length, field shape, and harmonics measure- main constant as a function of current. Calling the field at
ments for various endpack designs. the center of the magnet B0, we can characterize the field

integral as the product of the central field and an effective
length, L.11. Thus 1(1) = L.11(I)Bo(I).

We define the effective length of the ends as the dif-

I. INTRODUCTION ference between the measured effective length and Lc, a
somewhat arbitrary constant length. For practical pur-
poses we set Lo to the maximum extent of the magnet

The Fermilab Main Injector[1] (FMI) will use dipoles of steel in the axial direction.
a new design[2]. There will be 216 6-meter dipoles and
128 4-meter dipoles in the ring. All of the dipoles will be L,,d = (L. 11 - Q/2
wired in series. In normal operation, beam will be injected
at 8.9 GeV/c, accelerated to 120 GeV/c or 150 GeV/c, and
extracted. The dipoles must provide a uniform or easily Z(1) = Bo(J)(L.td(1) + Lo + L,,md(I))
correctable magnetic field over the range of 0.1 T (,- 500 A)to 1.7 T (,- 9400 A). Bo(1) and L..,1(I) should behave the smne way for the

6-m and 4-m dipoles. The steel lengths do not change
We have built two prototype dipoles. After testing the during the acceleration cycle. Therefore, to maintain the

bodies, we have built and tested a series of end packs, at- ratio of I(I) between the two lengths, we need to keep the
tempting to optimize the performance. The measurement ratio n of(b the toendsnwean ee
and analysis techniques are described in Reference [3].
The results are presented in more detail in References [4]
and (5]. B. Achievements

If the pole face of a dipole ends (as a function of z) with a
*Op&..W by Univmit,.m RewArb Aociatimt uander cbact hard corner, the steel there will saturate at a lower current

wt the United Stet. Dqetmen a( Rarng than will the body. The effective length of the end will fall
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an the current increases. To combat this effect, the ends Our computer 3-D models have not been able to accu-
of magnet pole faces ae often tapered. The initial design rately predict the changes in effective length. We attribute
of the FMI dipoles had a single straight cut in the central this to difficulty in modeling the anisotropy of the lamin
50 mm of the pole. The cut angle matched the angle of the tions and insufficient computing resources to model a large
sides of the pole. This produced an acceptable variation in enough volume with fine resolution.
the effective length of the end of 2.7 mm per end between
0.1 T and 1.7 T. This variation, along with some other
representative endpacks, is shown in Figure 1. 111. ENDFIBLDSHAPB

A. Re~quinemeata

I effective length relative to 1500 A

E o The body field of the FMI dipoles is quite uniform as a
0 -I.... - function of x, especially at low current. The goal of the

-1 0 end pack design was to not degrade that uniformity in the

-2 £ £ total field integral. We expect and ignore a quadrupole
0 •component of the end field due to the magnet being con-

structed with parallel ends rather than as a sector. Any
-4 sextupole or higher component is of concern. The end
-5 I Endpack 1 field shape must be studied in concert with the shape of

the body field and the shape of the field generated by eddy
-6 A Endpeck 2 currents in the beam pipe. We wanted to get the sextupole

-7 0 Endpock 3 0 component of the end field low enough so that the chro-

- A Endpock 9 0maticity correction sextupoles could adjust the chromaticy
-8 or. En k over the desired range without changing polarity[7].

ng ... s .. .t 6,i. .. .

0 2000 4000 6000 8000 10000
current. A B. Achievements

Figure 1: Effective length (relative to 1500 A) vs current When it is normalised with respect to its value at a = 0,
for endpacks #1, original straight cut; #2, stepped Lp- the field of a magnet naturally falls off on the sides of
proximation to straight cut; #3, Borda profile; and #9, the end region. To first order, this effect is purely geo-
Rogowski profile. metric and introduces an excitation-independent negative

sextupole contribution in the integrated field expansion.
The rest of the end pack had a more complicated shape, Since the rate of fall off of the field is larger when the

making machining somewhat expensive. We therefore de- gap to width ratio increases, profiled ends tend to have an
cided to fabricate the production end packs by building even larger sextupole than a plain rectangual end. To com-
them from laminations trimmed in advance to produce pensate for that effect, the original design provided large
the desired contours. Fermilab has successfully used this bumps on each side of the end pack protruding from the
technique in the past. We built a set of endpacks that fiat tapered surface. These provided additional effective
approximated the straight cuts of the initial design with length to the sides by keeping the field stronger.

steps three laminations (4.5 mm) deep. This stepped ap- Measurements of the end field shape on the original end
proximation to the straight line produced an unacceptable pack and the stepped approximation to it agreed quite well
variation of 4.5 mm per end, as shown in Figure 1. with each other[5]. However, the variation with position

We then tried an end pack following the Borda profile[6], was unacceptably large, comprising about half of varia-
which we hoped would reduce effective length variations by tion in total field integral at the critical injection field
making the saturation uniform along the pole profile. The (1=500 A). As expected, the shape was not a strong func-
stepped approximation to the Borda profile produced an tion of current.
even larger variation of 8.6 mm over the range of interest, The 3-D computer model of the field was able to re-
as shown in Figure 1. A retrospective analysis showed produce the measured field shape qualitatively fairly well.
that we had failed to recognise problems with nonuniform However, the same considerations that limited the effective
saturation in the bulk of the end pack. length calculations affected the shape calculations as well.

Finally we tried the Rogowski profile[6] and made an We assumed that the shape measurements on the Borda
end pack which approximated the Rogowski profile (with profile endpack, which had no transverse variation in steel
steps) in the central region. To reduce the iteration time profile, would be our best approximation to what the Ro-
we machined an existing set of end packs, carefully cutting gowski profile would produce with no transverse structure.
just to lamination boundaries. This shape produces an ac- We compared the measured sextupole component of that
ceptable variation. After the adjustments described below end field with the sextupole expected (from a 2-D calcu-
to the sides of the end pack, the effective length variation lation) due to a notch in the pole face. We found that
is only 2.0 mm, as shown in Figure 1. a notch of the depth and length of the first step required
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for the Ragoweli profl produced apprnumly the right
mont o upo to compensa for the coma - d On d hp at 10 A
zake.. While this approach has the advantage of being N 2. ody f10

easser to calculate than a complicated 3-D shape, we ex- 2 13 total (body + 2.end)
pect it to saturate at a lower current. At that point the j
body set tupole will be dominating the total integral, so a 1.5detrarfon of the end will be acceptable. II t04

We carefully trimmed of the original bumps, step by 0J
step, measuring the end field after each step. We reduced 0.5
the sextupole component each time, until we were left with 0 - *
only one set of laminations that were not fiat. We adjusted -0.5 Tow'
the width of the central notch to reduce the sextupole a
little moae, and declared victory. The final end pack is -4
shown in Figure B.. The resultant field shapae are shown -1.5.
in Figure 1 of [3]. The dif'erence between the final shape -2
and the shape of a tapered endpack with no transverse 240

shaping is in excellent agreement with the integrated field X. cm
predicted by multiplying the result of a 2-D calculation by Figure 3: Relative shapes at 1500 A of the body field and
the length of the notch. integrated field for Endpack 10 (Rogowski profile). The

estimated total field shape is superimposed.

We thank Arnie Knauf for his drawings of each end pack
in turn and Ran Evans for coordinating the rapid machi
ing of each trial. We thank Dave Hartness, Shree Arpawal,
and Mark Thompson for their careful work taking the mea-
surements.
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PhIAl Meulti ot manetic of 128 is obtained, 5 with tho bobbin rotafting amc direction

quarupoals and 32 smxtpoles are presented. There are and 5 with the rotation in the other direction. Prior to a
amay -la is the'Sil cosaplex where these magnets ad of Measurements, the boalbin is centered on the
wil be operated frome a comamon power supply. For the magnetic axis byr mitiuuiui the dipole (quaidrupole) tern
quadrupols =nAgata therm are 4 octets, 4 triplet and 18 for the quadrupole (semtpole) magnet to be memasred,

d d ous the manets have been matched to 1 0.1% in using the 90' (45-) coil.
.ulninreqmeo for the operaft rnge correspondin

toO0. -10 GeV. For the sextupoles, there are four octets gna a m m*m
whet the (pairwise) matching has generally been made
to the *03 level. PAN ameteri9tioof the data as won-----l--
as fits wre described and examples of the magnet
grouping wre shown.

L ENTODUCMONAI
The Minm M~rF-ates South Hall Ring (SHR) will :l
prdd both hig (85%) duty-factor extracted beams as

well ax big curent (up to 80 mA) circulating beams for 12234 6 170 16 1 SU12131416SUI71UUU21 228242
intena target pimysica in the eaerVr range of 3W0 MeV to
I1GeV. ime pr*c has been described elsewhere"'. In
order to complete the SHR projct, a total of 128M~ima*-
quadrupoles, and 32 sextupoles, were manufactured.
Magnetic mesuemnt hav -been made on each of these....
multipole elementa in order to determine harmonic
content and similarity of repne ic ayof these e
mnpets, wil be, powered tr OmI comn oe supplies. SAN
Previously, we have desrie teeq Adrpoe and *A

show. results from the first 24 of them to be measured". A
is that reference we desribd the magnetic: measurement
technique and the equimehnt that was used, thus we shall 12 84 66 a SUa il 121Ul4Wgugwflumuu

Only suMman fthi infrmation here The seXtupoe are
re-As of MB L1ht Source-Booster sextupolesmi, which FIgure 1. The relative harmonic strengths for a) tyical
were fabiricated hor u by Everson Electrie'"' quad at 40 Amps (9'coil not sensitive to

n-4Al~etc.) and bi) ' ~al setupole at 8Amps (45'
EL NEASURE WIM ND REULIScoil not sensitive to n -V16,ý24,etc.)

Our multipole magnetic measurement equipment
cosit of a harmonic analyzer table which was built for The data are then analyzed with a Fast-Fourier

usat Cha& RiveAm The heart of thin system is a ceramic Transform (FF1) from which the harmonic strengths are
bobbin that contains two tagnilcis(n ih90' obtained. Figur 1 shows the harmonics relative to the
and one with 4V nominlopnn angle) which is rotated desired one for both a typical quadrupole and sextupole,
on dhe axis of the muioe h ignal from om of the where in both casesa the correct magnet and coil geometry
coatis i input to a voltage-to-frequency (V/0) converter is used. For the quadrupoles the quantity B.L,/a(I is
with 1MF~z per full scale bipolar output. Pulaes from the obtained, while for the sextupoles the quantity obtained
V/f awe accumulaftd in 256 bins per each revolution of is B4,/a2 ~([), where in both cases the correct magnoet and
the bobbin. Data are accumulated with a PC, which in coil geometry is used. For our quads, the effective length
also used to cycle the power supply controlling the is 300mm and the aperture radius is 32.5 mmn, while for
multipole. At each, current setting a total of 10 data sets the sexupoles, th effective length is 121 -m and

This work is supprted in part by the US. Department of Energ under contract # DE-AC02-76ER03069.
0-7803-1203-1/93$03.00 0 1993 MME
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7.35

0 AM s 75 100 1250 a 50 71 10 too 1s
quadrupole Serial number Qusraupale Serial num.ber

Quads -- 4OAmzp cyce -- fit to UO00e&0/a Quad trm4 Amp cyclie fit to 0o~laff/s

I ~s 20
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L

00275 0.03 0.0325 OGOC. 0.0375
.0 (Tesal) r

736 7.36 7.4 7.42 7.44
F1gw 2. The residual field terms % obtained from fits at (Teda.)
to Eq.lIfor the 40A"pcycle data. a) shows the Figne3Similar toPigre 2 for the rnaw terma,
scatter vs. Serial Numnber and b) Shows the Statistics of from fits to the data fiw the 40 Amp cycle data.
the distribution.
aperture radius is 35 MAIL We then fit the obtained spreaid of t5 -in the distzatiom., which is much
strenglths to the form (e@g. for the quads): narrowr than the spread in esift dua Aded term.

Howeme, the criterom thot the acclerator phaysicists had
BGL/XJ -w +al(/15) +as1110Y (g Oen us was to match qudad to *.I* over theoertn
DJ>~/a(ue,+a1(/1SO) +~(I/1SO~ (1) of the Sirn. We were able to meet tlscitra

a,(l/LI)' .. (Il5O)' ~andft examples are slam in Ftguet4 Each arc of the

hu whc wecnnuecmarsn'adlo for lattice has a triplet (60 Amp positive polarity) in addition
m~atches. Initially, we wmeasred each quad on each of 5 to ani octet (40 Amp ntegative polarty). 7Ue data in
different cycle currents (corresponding to the maim Figur 4 are shown relative to the lt for the reference
values of the quad power supplies), which proved to be lq=Ad and owe can wee that the fit meets the criterion over
very time intensive. After approximately two-4thirds of the range of 8 AmipS to 25 Amps, which is the operational
them had been measured and we were beginning to make range of die octet.
tentative, matches, we realized that about one-third of
them would require polarity changing. At that point we For the sextupoles, all magnets were measured, on a
decided to mecasure each quad on only one common cycl single 9 Amp cycle. Half were chosen to be cue polarity
and make chioices baoed upon that cycle's results. Our (deflecting electrons to the right) and half the other. We
Silk lattice, which contains 79 quadrupoles, has four Aspre mnatched, themi to aprswhately ±3% ovea
octetsall 32 of these quads, we on 40 Amp cycles, which the operating range of the sestupoles, which was

therf ~ the ycl ofchoie. he rmaiing deemed acceptable to the acmclrator physicists.
quadrupoles wer all scanned at 40 Amps. Shown in An5. peo i sxuoemthn i hw nFgr
Figur 2 we the residu field terms to obtained firom fits
of all our quadrupoles to Eq. 1 for the 40 Amp cycle In comcimioe we have met the design criteria of the
data. It should be pointed out that with our LA/1a, the SH in th lcmn of the quadrupole and seqxtuee
residual fields are scattered about a value of roughly 30 multipole elements. From the 128 quadrupoles it was just
Gauss. Shown in ftsure 3 are fth linear terms, a, in the possible to Select the octets, within each of which the
fit to the data, nd oune an wee that there is a natural
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A Permanent Magnet Dipole Correction Element for the Tevatron

J. E. Goodwin, T. Anderson, A. Franck, N. Gelfand. H. Jostlein
Fermi National Accelerator Laboratory

P.O. Box 5(}0, Batavia, IL 605 10

Abstract
We have constructed four Halbach-typeI permanent

magnets for use as correction dipoles in the Tevatron. Each
magnet consists of 16 trapezoidal prisms of Ferrite, arranged in
a cylindrical shell. The magnets may be rotated freely about
the beamline by a stepper motor, and are used in pairs to
provide any field integral between 0 and 0.6 T-m, in any
plane. The , rectors buck the dipole component of the static
magnetic field caused by the various towids of the DO detector,
and thun prevent a closed orbit distortion in the Tevatron. The
tight space constraints (6" square by 12" long for each pair)
and difficulty of getting utilities beyond a dc control cable to
the location led us to choose a permanent magnet rather than a
Copper-Iron one. We describe briefly the principle of their
design and operation. Next the mechanical design, motion
control system and field quality are discussed. We conclude
with a summary of our operating experience.

INTRODUCION
Static magnetic fields capable of perturbing the Tevatron

beam at 150 GeV are gencrated by the EF, CF, and SAMUS
toroid components of the DO detector. At the time the
magnets wer designed, the integrated field in the DO detector Fig. 1. The Permanent Magnet Dipole Corrector (PDC)
was anticpated to be as large as 0.4 T-re. 2 This field i consists of a cylindrical shell filled with ferrite. The magnet is
expected because the main toroid does not have symmetrically rotated by a stepper motor to any position about the beam
placed excitation coils. Since this is equivalent to a 66 Pra axis. The field is normal to the parting plane of the two half
bending of the proton beam at 150 GeV (the Tevatron shells.
injecton energy), or about 15% of the strength of a Tevatron
cortection dipole, it was decided to correct the field locally with DESIGN
one magnet at each end of the detector. Because of the tight The design of the PDCs is an approximation to a
space constraints at the desired location (6" x 6" x 12"), and Theddesign of t ic materia an app o ntinuoul
because an engineering analysis showed that a properly sized cylindrical shell of magnetic material with a continuouslyelectromagnet would be difficult to design, a permanent varying direction of magnetization M. Such a configuration

gives a perfect multipole n provided that 0, the direction of
magnet of the Halbach design was chosen.I The magnets were M, varies as twice the azimuth angle 4: 0= 2n p. For a
designed and built by Permag Corp., a division of Dexter dipole, n = 1 and so 8 = 2 9. In Ref. I and references cited
Magnetics-3 therein, Halbach has shown that using piecewise 'oustant

A total of four units, dubbed Permanent Dipole Corectors approximation to a continuously varying M gives a
(PDCs) wen constructed. See Fig. I for an end on view Of reasonably good multipole. We used 16 trapezoidal prisms,
one magnet. Two PDCs were installed at each end of the DO each having a constant and properly oriented M direction, to
detector. A pair of magnets, both having the same strength B, build up a cylinder.
can create any net field from 0 to 29 by rotating the field The geometry of the cylinder is fixed at the inner diameter
direction of each member in a scissors like motion. In by the beampipe. The outer diameter is set to acheive the
addition, the plane of the net field can be chosen by an overall desired field quality and to satisfy geometric constraints.
roation of both members. In practice, one chooses the Fortunately, it proved possible to acheive our desired field
horizontal and vertical field components desired independently quality of multipoles not in excess of 1% of the dipole field at
and selects orientations that satisfy both planes 1/2" and to still stay within the 6" square alotted, while using
simultaneously. Provided Bx 2 + By 2 < B 2, the request can ferrite instead of the more expensive SmCo. The overall
be satisfied. parameters of the magnet are given in Table 1.

Operated by Universities Research Association under contract

with the U.S. Department of Energy.
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magnet cylinder. The 3-phase stepper motor makes steps of
MAGNET CONSTRUCTION 360 degrees, but intemal gearing includes a 60:1 reduction.

The Wapezoidal segments were constructed by cutting and Thus, with the external gear, it takes 1260 steps to make one
grinding trangular prisms having their easy magnetic axis rotation, so the magnets can be positioned to a precision of
properly orientated. Trianglar prisms were then paired to form ±0.3 degrees. The magnets' rotation is monitored by a
trapzodal prisms. The prisms were next epoxied together potentiometer that is geared similarly to the stepper motor. In
inside a form consisting of an aluminum half-shell and a thin addition, for redundancy there is a microswitch that senses a
alumninum coverplate. (The coverplate protects the magnetic machined flat on the cylinder surface. There are thus two
surface from ferromagnetic debris that might inhibit free methods for controlling the angular position-dead reckoning
rotation about the beampipe). from the microswitch position and reading the potentiometer

The magnetic field was mapped using a standard rotating position. In practice both are used because although the
coil magent mapper at the Fermilab Magnet Test Facility. potentiometer gives a more reliable reading than counting
The results are presented in Table 2. The integrated dipole steps there is a dead space of a few degrees when the
field proved to be consistent to the 1% level. The mulitpoles potentiometer "turns over."
were within tolerance for this undemanding application. The The PDCs are controlled by a Fermilab C057 CAMAC card.
most important constraint is how well the dipole fields for This card was developed for stepper motors used to control
each pair can be matched, since this sets the minimum net collimators, and thus provides a standard interface to the
field in the off (antiparallel) configuration. The mapping accelerator control system. Since the present application
results show that by pairing magnets a residual field of 2 involves rotary motion, several control signals had to be re-
Gauss-m is obtainable, interpreted. In addition, because of size restrictions, a special

stepper motor was used. An interface card was designed to
translate from the C057 to the commercial stepper motor

TABLE 1. Parameters of the Permanent Dipole Correctors driver.
When tested at 100 Hz, the motion control system

Number of units 4 performed satisfactorily but the drive train exhibited excessive
Trapezoidal element% per unit 16 vibration. Since the PIDCs are designed to be moved
OD of magnetic material 5.600" max. infrequendy, the step rate was lowered to 10 Hz and no further
ID of magnetic material 2.600" min. problems were encountered.
P•C unit ID 2.560" min.
Beampepe OD 2.5" nominal
Magnetic Length 5.875" max.
Min. Integrated Field 12000 Gauss-in

TABLE 2. Field Quality of the PDCs. The PDCs were
mapped at the Fermilab Magnet Test Facility using a standard
rotating coil magnet mapper. The multipoles higher than
dipole are given in Fermilab standard units as a fraction of the
dipole field at a I" radius. 2-pole means quadrupole, 3-pole
means sextupole, etc. The magnets are listed in the order
installed, proceding from North to South.

Multipole UPI UP2 DN1 DN2

Dipole (T-m) 0.0349 0.0347 0.0353 0.0352
Normal 2-pole -0.002 -0.012 0.003 -0.003
Skew 2-pole 0.0004 0.002 0.003 -0.001
Normal 3-pole -0.010 -0.013 -0.007 -0.008
Skew 3-pole 0.005 0.013 -0.0004 0.001
Normal 4-pole -0.0005 -0.003 -0.0002 -0.001
Skew 4-pole -0.002 -0.003 -0.0003 0.001
Normal 5-pole 0.001 0.005 -0.008 -0.007
Skew 5-pole 0.008 0.005 0.004 0.003 Fig. 2 The PIX? with cover removed to show the stepper
Normal 6-pole -0.003 0.001 --0.0005 0.0005 motor (rear) and potentiometer (front). The stepper motor
Skew 6-pole 0.003 0.001 0.0002 0.0001 drives a 7:1 gear clut into the surface of the magnet cylinder via
Serial No. 003 (WI (X02 (X4 a small pinion. The potentiometer is geared similarly.

()WIERATIN(; EXPERIENCE
MOTION CONTROL SYSTE.M The PI)'s haveh been tested, although they are not used

A stepper motor is used to rotate the PIXCs via a pinion operationally, since it has been found that the DO toroids in
and a 7:1 reduction gear cut into the outside surface of the fact have a %,ery sinallI effect on lthe Tevalron beaon. about 0.1
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mm tin disoortion ofthe be=.. Tie PDC units we caple of
producng a 0.7 mmn RMS distortion with a cusp at DO when
fthy we bunted to, the parallel configuration. The horizontal

and vertical pkims. ame sufficiently decoupled that only a 0.1
ma d~oimira is obseved in the orthogonal pln (See Fig..
3). Tie magnets may find opekoratoa use in a planned
upgpaf. of lb. DO detector to include a solenoid.

Ithe authors would like to than R.. Stelter of Dexter
MagnOtICS for numeous informative disussions, during the
design and construction phase; and B. Brown for his ashistuice
in Mapping the PDCs. P. Bolan was instrumental in
assmbling and installing the finished units.

RING

Fig. 3 Ihe upper trace shows horizontal orbit with two
PDC magnets parallel, fields vertical. A total orbit distortion
of 0.7 mi RMS is observed. In the vertical plane (lower
trace) there is hardly any effect. Both orbits are subtracted
from the normal closed orbit of the Tevatron. In both cases
the scale is ±5mmu.
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PRECISION MEASUREMENT OF TRANSPORT COMPONENTS*
P. Tenenbaum, J.K. Cobb, D.R. Jensen, D. Sawyer, W. Wagner, H.V. Walz, S.H. Williams

Stanford Linear Accelemtor Center, Stanford University, Stanford CA 94309

Absvwc In order to meamsre the magneic memo of the magnet,
We report on themetht of m c the wire is swept by a known horizontal or vertical distance

u rnents of thei centers and moments of magnetic f (8x or B"y respectively) about a point (x~y). The expwmnsa to
elements for the Final Focus Test Beam at SLAC. The magnordier of s u benluineconpouet's
magnetic center is located by observing an electromtive foae m field ise
(BMF) generated on a vibrating wire within the magnetic Bx = Box + Gny + Gsx + 2Snxy + Ss(x2-y2),
aperture. It is found that the center can be located with a By - Boy + Gnx- Gsy + Sn(x2-y2) -2Ssxy, (1)
precision of a few microns. The multipole coefficients can where Box and Boy are the horizontal and vertical field
also be meaured by using a grid of stretched-wire sweeM and components at the origin, respectively; Gn is the normalmapping the time-integrated voltage throughout the apertur. quadrupole (preserving midplane symmetry); Gs is the skew
By fliing directly to this map, the dipole, quadrupole, and quadrupole (violating midplua symmetry); and Sn and Ss are
sextupole rms of the magnetic field are extracted. The design the normal and skew sextupole compon , respectively [3].
fields of quadrupoles and sextupoles can be measured with a When dhe wire is swept dtough the magnetic field, fte die-
p s better than 0.1%, and the resolution of sextupole integrated EMF across the wire is a function of the center
aberations of quadrupole magnets is well below design point of the motion and of the total distance traveled in each
tolaraces. This method has been used to process twenty-five direon:
quadrupoles and four sextupoles. Results of these measure- bvdt=L(8x [Boy+Gnx-Gsy+Sn(x 2 -y2)-2Ssxy+Sndx2/121
ments w presented. - dy [Box+Gny+Gsx+2Snxy+Ss(x 2 -y2)-Ssdy2/12]) , (2)

I. INTRODUCTION where L is the effective length of the magnet. The wire is
The Final Focus Test Beam (FFrB) is a transport line moved to locations throughout die aperture of the magnet, and

designed to test both concepts and advanced technloogies for swept by known amounts, vertically and horizontally. The
application to future linear colliders. It is currently near corn- potential difference across the wire is monitored by an integra-
pleion at SLAC in the straight-ahead tunnel at die end of the ting voltmeter, which allows direct measurement of the time-
linac. The primary optical elements of the FFrB are a family integrated voltage as a function of position and sweep vector.
of quadrupolk magnets and a family of sextupole magnets used By fitting the mapped measurements directly to the equation
for chromaticity correction. In order to achieve the desired spot above, it is possible to extract the coefficients of the magnetic
sizes at the focal point (cyx = I pm, oy = 60 nm), tolerances expansion direcly. Note that Eq. (2) is only correct up to an
on alignment, design field strength, and aberration field overall sign, which is influenced by the connection between
strength must be met [1]. We describe below our use of a the voltmeter and the wire, among other variables.
sarthed-wire technique for measuring each magnet's compli-
ance with its tolerances, and discuss our experiences with the r-----------------
apparatus to date.

1U. CONCEPT OF THE METHOD s•
Figure I below depicts a schematic of our apparatus. A

compiter-control Cordinate Measuring Machine (CMM) -- t
is used to establish a coordinate system parallel to the me- M
chanical axis of the magnet, with x = y = 0 on the axis and
z = 0 at the longitudinal midpoint of the magnet. A thin wire a
which has been stretched lengthwise down the magnet
aperture is then made parallel to the longitudinal axis to
within a few tens of microradians.

The technique for measuring the magnetic center of the E
magnet relative to the mechanical center has been described in -"
detail elsewhere [2]. In brief, the wire is set to vibrate at its I.y tP I T Unoonkold
resonat frequency w, and the resulting ElF is monitored on ..-
a spectrum analyzer. By nulling the EMF at the driving fre- Clean Room T. 20 * 036
quency in horizontal and vertical planes, the magnetic center
can be located and measured relative to the mechanical Figure 1. Schematic diagram of apparatus, includ-
coodinate system, via the CMM. ing Stage Controller (SC), Integrating Digital Volt-

meter (IDVM), Spectrum Analyzer (SA), frequency
Work Supportedby the Department of Energy Contract DE- generator (FG) and switch box (SB). Not shown:
AC03-76SF00515 mounting table and CMM.

0-7803-1203-1/93$03.00 0 1993 IEEE 2838



ilL DETA/LS OF THE APPARATUS E. The Magnets
As shown in Figure 1, the principal elements of the The outer surfaces of the four quadrupole quadrants wen

measurement apparatus ae the wire, the oscillation drivers, machined with "split-plane" slots to allow access to the
the stages which move the wire, the integrating voltmeter, mating planes. In all, 30 standard quads were made, of which
the mounting table upon which the apparatus rests, and the 28 were dstned for installation in the FFrB beunline. After
magnets themselves. Many of these components have been an initial acceptance test using a rotating coil to measure
descrbed in detail in Reference [2], so for these only supple- excitation curves [4], each quad was disassembled for
mentary information is given, installation of a precision Beam Positon Monnir (BPM), and
A. The Wire reassembled on a remote-controlled mover app•ratus for beam-

The wire employed is a 35 pm gold-plated tungsten wire, based alignment [5]. At this point, 25 quads were retested
of the type often used in drift-chamber applications. Under the using the present technique, both for u•erance-checking and as
conditions of the experiment, the overall sag of the wire is a final quality control checkout before installation. Two of the
12 pm. If the height of the wire is measured close to the quads were not retested because of time constraints, and one
entrance and e of a half-met long magnet, the effective sag was not retested because it had not been split and was
correction is about Ipm. The sag causes no alteration to the downstream of the focal point; therefore, its aberration content
fitted field gradients, and an alteration to the sextupole terms was not critical. All measurements were made at a currem of
that is immeasurably small 165 amperes on the rising leg of the hysteresis curve.
B. The Wire Stages The standard FFTB sextupoles have a bore diameter of

2.065 cm and an effective length of 25.0 cm. The sextupoles
The wire is moved within the magnet by a set of precision were constructed in a fashion similar to the quadrupoles,
stages made by the Newport Corporation. Four stages were and are each capable of producing sextupole coefficients of
used, one for x-motion and one for y-motion at each end of 7,100 T/m2 . Each sextupole was subjected to an initial
the wire. The stages were moved independently to align the acceptance test similar to that of the quadrupole, and was then
wire parallel to the magnet, and then in pairs (x or y) to sweep mated to a remote-controlled mover. Although the sextupoles
the wire parallel to the magnetic axis for field measurements. were not disassembled after delivery, it was necessary for
The stages are controlled from a PC vis a GPIB interface. The alignment purposes to mount each sextupole on the apparatus
stage system has internal monitoring and feedbacks, and in described above, and subsequently each one was measured
principle each mover is capable of 0.1 pm precision. In using a swept wire in the same fashion as the quads.pratice, this requires that the wires repeatedly iterate their Sextupole measurements were all made at a current of 215
motions, and for our purposes a tolerance of approximately amperes on the rising leg of the hysteresis curve.
0.3 Pm was chosen. In experimental tests with the wire and
CMM, it was found that the x and y motions have a difference IV. RESULTS
in scale of approximatly 0.3%, which varies slightly between A. Vibrating- Wire Measurements
magnets. This scale factor was detrmined for each maguiet by Magnetic center location was accomplished by placing
fitting, and is believed to be due to non-inhogonality between the wire at six different small angles (<I mr) with respect to
the x-movers and the magnet z-axis. The absolute accuracy of the magnet axis, and zeroing the first harmonic EMF signal
the stages over millimeter-sized motions was highly variable, each time. The resultant six lines were used to find the point
but always on the order of microns. at which the average distance from the point to each of the
C. The Integrating Voltmeter lines was minimized. This fitting would produce a magnetic

The time-integrated voltage on the wire was measured by center point unconstrained by any mechanical reference to the
a Solartron-Schlumberger Model 7061 Systems Voltmeter. magnet. In all, 28 magnets were measured using this
The voltmeter was controlled and read out by a PC via a GPIB procedua
interface. The voltmeter has a built-in time-integration Figure 2 shows the distribution of z positions, and the
function which returns values in volt-seconds. By integrating average distance from the fitted center point to the six lines, d.
the voltage in DC mode, the voltmeter rejected high-frequency Note that the longitudinal center points are clustered around
transients, such as 60 Hz line noise. The integration time was -2 nun from the mechanical longitudinal centers. The RMS
set to 5 seconds, which was found experimentally to be long deviation of any line from the point of closest approach was
enough to allow the wire to stop oscillating after being swept. less than 4 pm relative to the external fiducials of the
D. The Mounting Table magnet.

The magnet, Newport stages, the wire, and the Coordinate B. Swept-Wire Measurements
Measuring Machine are mounted on a polished flat, 3.2-ton For the swept-wire measurements, the area of the magnet
granite block that is seismically isolated from the ground by aperture mapped was limited by interference of the apparatus.
soft rubber pads in a temperature-controlled clean room. As The total length of each sweep was chosen to be 2 mm, and
pt of the pemeasurement procedure, the magnet is made fiat the centers of each sweep were separated by 2 mm. A square

with respect to the table through CMM measurements of the grid was used, containing a total of 25 center points, and each
table and the magnet split-planes (see below). point centered a vertical and a horizontal sweep, for a total of
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I I Iprecision was as good asU10-5 . With the exception of
0.007 * naeairmnent that wen clarly anomalous, there was a mys-

tematic deviation of 0.11±L0.011 TAD between our result mid
0.006 thoae obtained with a rota"n coil. whinch box intrnsc reol-

ution simla to out own. This deviation is believed to be due
0.06 -to asWihl different absolute calibuations of th two systems.

U The conmhructos tolerance os sextopole content of the
quadrupoes magneft isa sextupole contribution to the magne-v 0.004 -tic fichi not to exceed 1xl~r3 of the qumlrqpole contribution

* at 70% of the. speture [7). This translates to a limit of
0.003 * un 7.7 T/Im 2 at aquad stegth of 62Win for outnmagnets Out

ofo the 25 mant tetdo u apparatus, we found tdat 14
-4 -2 0 2 4 by small amounts, mnd six gave anomalous readings due

40(Z MM) n" to apparatus difficulties. Typical reslution wen 1 .0 to
2.0 TWn 2. Because this was the first, seutupole memasuement

Figure 2. Z mid d distributions of magnetic centes made of theme magnets no comparison figures awe available.
relative to mechanical Center The sextupele components of the sextupole magnet wer

found to have a poore:r emoluti on hn these in the quadrupole
50 mesuements. This pawne was repeated ten times, and an magnets, typically 4/rn 2 at a sextupiole strength of
average and rins deviation was computed for each Of the- 50 6500 T/n 2. for a precision of 64104. Becaus the currnts

amiementS. For moat magnetc measu~remenfts. the ris were not recorded diring these measurements, no compaison
wMs f*wed to be consistenit with the m~easured in~trnusic noise with th W~n cod ftt Is possbl&
of the system. about 8D nV sec. but in some cans it was up
to an onret of magnitude hege. In the lanet case it was also ACKNOWLEDGMENTS
found that the absolute accuracy suffered, as did the resolution We wish to acknowledge the contributions of many
of1dm measurements. It is believed that high temperatures 'in mmeso h LCsaf npriua .Mxo nthe equipment room, which was outside the climate-conto memberse for thei SelpC witaff din partula H. Maon and

mum affected the performance of1th Newport stp 0. Dorseyfr help with theIT appraus G. E.cisman fortehiaan
unit. Six out of1dme 25 quads wer so affected; their results awe hihlpwtMIUTmd0..scefotcncaad
included in the quad strength analysis, but not in the couce'itial assisiice.
sextupole Aberation REEENCES

It was also, shown that the rims of the measurements did
not describe well the deviations of themaueen ts fro [1] F. Bulos et al., "Review of Toleraces at the Final
rottd values. It was speculated that although the movers have Focus Test Beam," in the IEEE Trans. of Nuclear
a precision of 0.3 pm, their absolute accuracy might be Science, Proc. of the Part Accel. Conf., San Francisco,
somewhat lower. We found that an absolute accuracy of 1991; SLAC-PUB-5485 (1991).
approximately 3 pm described do deviations quite wen. As [2] 0. E. Fischer et al., "Precision Fiducialization of
the tempeasture in the equipment room came down, we found Transport Components," in Proc. 3rd European Part.
that this number also cane down, to approximately Ipm.~ Accel. Conf., Berlin 1992; SLAC-PUB-5764 (1992),

Fitting of the magnetic field expansion was done by a 13] We am using so-called "TRANSPORT" units for Our
specialpurpose FOTA program uitilizng ft CERNLI expansion. See 1D. Carey, Charged Particle Optics,
fitting engine MINUJT which returned fittd values for the Harwood, 1987.
paruneters errors on the fitted values, and a final chi-squared [4] J. K. Cobb aid ID. Horelick, "A New Precision Mess-
for the fit [6]. In fitting the magnetic field expansions, it urement System for Beam Transport Type Magnets,"
proved useful to add three parameters, x0 , yo, and 0, Proc. 3rd Int. COmnf on Magne Technology,, Hamburg,
corresponding to origin offset and roll angle, respectively. By 1970;, SILAC-PUB-0750
introducing these. it was possible to eliminate three magnet [51 S. Wagnr et al., "Precision Magnet Mover for the

I -Pi rm q (1). Final Focus Test Beam," SLAC-PUB-6132, in
1he fitted quadrupole coefficients, 0 n, of the normal quads pE~p&M3WL
wen found to have a resolution of10.015 TAD at an excitation [61 F. J ames and M. Ross,"MWIN~T: Function Minimiza-
of approximately 62 TAD, corresponding to a precision of tien and Error Analysi, CERN Program Ubrary D506.
2.5x lor-4. This was dominated by the 3 pm wire mover [7 This is the construction tolerance of the standard quads
accuracy. For measurements with better accuracy, the and is significantly tighter than the operational tolerance.
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Abstract IH. FIELD MESUREMENT

A 30 Mev compact cyclotron used for medical

radioactive isotope production is in construction. To make the measurement results more reliable fol-

A program controlled mapping instrument wh a- lowing measures are taken before and during the map-

curacy 10-4was devoloped. Its probe moves automatically ping.

in the 30 mm gap covering a circular area more than 1600

mm in diameter. It makes the mapping efficiency and ac- a, To assist in performing the measurement, check
curacy- list were given for operating the system and preset control

An iteration method was used for both hanomic and switches for each type of measurement planned.

average field shimming. The results were so good that b, Consistency check. The consistent of the rotated

made the first hamonic from more than 10 guass reduce center of the instrument and field center is important. But

to about 5 guass in the most of the radius and 70 g s to the difference of the two centers exists certainly. To re-

about 10 guass in the central region. Meanwhile the total duce the difference, the probe moved slightly along the

phase shift which represents the isochronous from more radial direction to make sure the probe was located cls-

than ± 90 * to about ±t 20 ing to the center that the diffcrences of field value at dif-

ferent azimuthal positions were small enough to be con-

I. INTRODUCTION sidered as a same point. The limitation in our case is ± 2

guass.

In order to keep the most of beam accelerated to the c, Radial position check. A azimuthal angle is chosen

final energy, the magnetic field of a cyclotron should be as 0 * . After 0 * fixed a serial field data acquisited and

shimmed to close the isochronous and the imperfect stored in the differnt radii from 0 to 84 cm steped by 2

harmonics should be kept as small as possible. There is no cm. If the field value in a given field point is not the same

trimming or harminic coils in this cyclotron, the field as stored before in the mapping process, the warning

mapping and shimming become very important. would be given. Then the radial position will be checked.

The field adjustment was implemented by the sector The data might be given up when the difference is too

pole edge modified. The aims of the field adjustment are: large.

the first harmonic is limited to 10 guass or less except cen- d, The start point and the final point is a same point

tral and extracted region where 30 gauss is allowed and for each turn, so is the field. It will be checked if the two

the total phase shift is kept in the range less than ± 30 °. value are not the same.

The full magnetic field survey of the cyclotron at e, The field curve will be displayed on the screen to

CIAE was carried out based on an automatic mapping show whether the shape is reasonable, and whether there

system. The sequencing of the probe movement and re- is any point is out of the estimation.

cording of field value is controlled from a step motor

power supply and a PC286. GROUP3 Hall probe was MII. HARMONIC ANALYSIS

used as the field detector with the accuracy 10-4.
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Harmonic analysis is taken on the range [0,2x] for

each given radias. A code used for Fourrier analysis com-

putation is called after mapping. Usually the coefficients .3 3.3 365 6.6 6.3 1 .i 36s t .U

up to 40th harmonics are considered.

Fig. 1 shows the imperfect first harmonic distribu-

tion along radial direction.

ULU
1.n .31 .. A

.3 W U." W. O a~m WO a 63 u.u WOs.N~~~~W a1.1 wem 40-0 0.0 40.0 M.0m 0.01.

-~• it Jmm mUm 5.m mz•

um/s 33~ .1 ** 6i 0mSmmm1. .0• .

ti. o a.. radiaaia betatn o A

.40 3 .11 1063.0 0.6 X.0 400

tonm Fig. 5 The adial betatron oscillations

.M show inFi .3 6 . . . . .

.0 00 amam 46 009 a0 700.W

l V. BEAM DYNAMIC ANALYSISg. 5.

40.00

FiF. 6h The di agram of data post processor of mappg

pin
fwg Data 5.-0.4 41 0004 0 00m 4.1 1

Fg.ra 3 T.hei total phs shie aiia calcutron ostrlation

"- "u shown in Fig. 6
.44

.31
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Fig. 2 The Flutter varies with the radius _+I I___• P 1Ii -+ P•

Based on measured data the phase shift, betatron +'•ll+ 1 l • |•_i 1

oscillations in radial and axial direction could be calcs- .I IP
lated. They are shown in Fig..3, Fig. 4 and Fig. 5.

a... Fig. 6 The diagram of data post processor of map-
"4 . . 6.3 ", •.u . ping

• 4.3 mmn t•6Jm -6.3

mppi (~~ 5Jmp 3.3V. FIELD ADJUSTMENT AND SHIMMING

Fig. 3 The total phase shift is calculated at radius

The results show that the field is not acceptable
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becuase the imperfect harmonics was too large and the amount would become positive using cut only.

average field dirfted out the ischronous much more than Fig. 8 show the process how the total phase shift of

the requisted. The reason for them was the sectors were the accelerated ion is improving after few times of

not machined on NC machine. The sizes are slightly dif- iteration.

frent each other.

The sectors could not be modified any more. What

we were able to do is use the pole edges. 41.

Fig. 7 shows the improving process of the first 40.40

harmonic after 4 times of the iteration. ,.0
.633.63. 6366N6 .6., 3 3. a0

1.1 -we -U.

01.10 0-4at , 10 0,4m .0 -4. -amam J0S

I'm SM ewt-" LM RL.A." -ft.," IM "M 1J.010 -81.01

A-..0Eal b-1 l m ____________

S 3. 35.

Fig. 8 The proem of the total phase shift improving
t0m10.10

A3 To make sure the field is acceptable under the possi-

,IiM of FirSt ,t Mb1 ble worst conditions, several assumptions have been ad-
ded to test whether the field works. No vacuum correc-

Fig. 7 The improving process of the first harmonic tion and maximum possible correction have been tested.

after 4 times of the iteration Also different initial phase angle ( ± 30 - )for the acceler-

ated particle have been supposed. The results prove that

After the field successed with an acceptable small the fields are good enough for a quite large region of the

imperfect harmonics, the average field is ready to be working conditions.

shimmed to meet the requirements from the isochronous.

The pole edges are used again for the purpose. But an im- VI. CONCLUSION

portant matter must be kept in mind is the shimming

should not destroy the harmonics which is in the requist- An iteration method was taken for both hanomic

ed amount whenever the pole edges have to be modified and average field adjustment. The results were so good

to produce the field close to the isochronous. The phase that made the first hamonic from more than 10 guass re-

shift would exest if the average field is off the isochronous duce to about 5 guass in the most of the radius and 70

in a fixed frequency. We can not add some iron to the guass to 20 guass in the central region. Meanwhile the to-ina ahs fixft freqench Werset can nothonu adfromro o h

pole edge but cut in practical modification. In order to tal phase shift which represents the isochronous from

make up for such deficiency what we have done is to re- more ±90 * to about ±20 *.

duce the frequency a small amount to make the requisted

isochronous field slightly smaller. Then the modified The quality of the field is acceptable and it would en-
sure the machine work properly.
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Magnetic Measurement and Alignment of the ELETTRA Storage Ring
Quadrupole, Sextupole and Steerer Magnets

D. Zoagr•ndo and R.P. Walker
Siacrotrone Trieste, Padriciano 99,34012 Trieste, Italy

Aren of the alignment ao (i.e. pitch and yaw earrs). The ima
coils were used to check that the multipole terms scaled

he results of magneic measurement of the quadrupoles, corect y with radius, and hence dta roaion rots wee mt
sextVoles and ner. magnets for the ELMMrA samp ring intrducing fl harmomic
are prsaented. The performance of the rotating coil The system also allows a Hall plate to be installed (radius
measurement beach and the system used for positioning the = 29.7 mm) in order lo deamnin the carl field esmao and

I a rgsets is also descibe hence magwic length, and also to make a harmonic analysis
of the field at my dewed lougitudinil position.

During routine operation about 4 hours we needed for
I. INTRODUCTION installation, measurement and alilgnent of each magnet.

The EL A sW ding contaim 109 qua m• i Thus, 3 magnets were regularly measured per day, however
three famlies sofdifferaen rngctis, 72 sof two only 13 magnets per week could be achieved due to need to

three families of differenat lengths, 72 sxtupoles of two check the system alignment using a reference magnet (see
different lengths and 82 sleers [1,2]. All of the magnets have below). e relMWducibility of the system a detmmined by
now been constructed : the quadrupoles and sextupoles by measuemen of the referece magnt, wa within 0.01% for
Ansaldo Componenti, Italy, the steerers by Tesla both the main and the muldpole components.
Engineering, England. A previous report dealt with the Since the poles of the magnets have to be opened to
measurement of the prototype magrets [3]. This report install the vacuum chamber, the measurements have been
prese • the dfnive results of ft magnu c measurements performed afte opening of the poles. The reproducibility
of all the qtuidupoke, and seUxtuoe series production using the measured afte two successive opening and closing operaions
ta system developed at CERN [4] and later transferred to w within 10-4.
Trieste. Also presented ae some preliminary results of the
steer. magnetf B. Alignment System

The location of the magnetic axes of the quadrupole and
IL ..ASJDEj AND AMd.JIG4 sextupqe magnets must be determined with good accuracy [5]

SYSTEM to install and align correctly the magnets in the msage ng.This operation was executed by means of a Micro-Alignment

A6 Ge~n'a/ telescope manuftctured by Rank Taylor-Hobson. During the
magnetic measurements supports for Taylor-Hobson survey

Magnetic measurements have been carried out with a targets and an adjustable reference plane were positioned on
rotatng coil system. The voltage induced in the coil during each magnet. The sensiivity was about 20 pim for the targets
one constant speed rotation (T=25.6 sec.) is read out by a and 20ta-d for he reference plae.
3852A HP voltmeter. A WI' analysis is then executed to To align the telescope axis to the coil axis so as to define
calculate the harmonic components of the signal. In order to
maximize sensitivity different coils have been used for a vertica f lame we used the following prcedoi: align the
quadrupoles and sextupoles having as large an outer radius as magnetic axis of a loyo-quadpso wit h the coil axis; cendre
possible - 36.17 mm for the quadrupoles (inscribed radius = the Tay-or-Hobson spheres with the telescope axis and level
37.5 mm), and 43.69 mm for the sextupoles (radius 45.0 the reference plane; rotate the magnet around the vertical axis
mm). The accuracy of the system is about 0.5 jiV, which by 1800 and re-align it using the Taylor-Hob spheres and
corresponds to between 2 10-5 and 10-4 of the main the reference surface. Then, if the telescope axis is aligned to
component at the coil radius at maximum current level, the coil axis the measured displacement between the magnetic
depending on the magnet type. At the reference radius of 25 axis and the coil axis is zero. Otherwise a correction is made
mm the sensitivity to the higher multipole components is to the telescope axis and the operation repeated. In practise
evenIi -Ie , about 4 magnet roations were necessary to perform a bench

Calibrations have been calculated directly from the alignment to within 25 pm.
eometric paramew of the coil. Each coil assembly includes a Some problems were experienced with maintaining a

total of 4 separate coils: divided between left and right, and
between outer (radius R) and inner (radius Rf2). Each c h good alignment of the measremenmt system even though die
g turns and can be selected sepately or together with another measuremet area was temperature stabilized within 5 OC. It
coil in orer to obMain the sum or the difference of the indued is presumed that this was caused by ground movements due to
voltage. The alignment of the quadrupole or sextupole either settlement and/or external temperature changes. As a
mag•etic axis to the coil axis is performed using the left and result it was necessary to check the alignment at the
right coils separately, in order to eliminate any compensation beginning and end of each week using a reference quadrupole.
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ff mm w dM 30 Ps -WO men a r4eupmemm of the Table 2. lutipole content of the horta qum•upoles (60)
-b -m. Aftweuh IsligumAte eahdie a Nornal Components (S)

wnmw M d ad .mmmed to confirdm that survey 100 A 200A 300A
pa sm- .efecm magnetw me athedwit o n syst. mad. syst. reta. syst. SuIMx

U g of cfh magnetw ed withraspectm to 2 0.125 0.134 - 0.174
th CO wlle 0.010 BVWVWr the accuracy Of MW dhe 3 0036 0.023 0.027 0.024 0025 026
ad b iA. the effective SURI POW of the measurement 4 0.019 0.019 0.024 0.021 0.029 0.023

WI ± *0.02, determined by the spirit level that was 5 0.001 0.003 0.001 0.003 0.001 0.003
iNot 6 -0.001 0.002 -0.005 0.002 -.0418 0.00

The maximtm asignment ewo penmitted between the 10 .0-011 0.0 -0.011 0.0 .0412 0.0
W mqpale or matpole magmatic axis and the coil axis (left Skew Componet (S)

ad* coil aquranly) was 10 pAm. 100A 200A 300A
n syst. nmd. sysL mid syst. luad.

IL QUADRUPOES 3 0.0 0.027 -0.001 0.026 .0.004 0.029
4 -0.002 0.003 .0.002 0.004 -0.002 0.004

Thble 1 presens d main magnetic measurement results for 5 .0.001 0.003 -0.001 0.003 0.0 0.003
the three typoMw qadrupol

Table1. MTable 3. Multpole content of de medium quadrupoes (24)

at maximum current (300 A). Norms Components (%)
100A 200A 300A

Short Medium Long n syst. mnd. syst. rand. syst. rand.
Pe* guadient C(ln) 19.6 20.4 20.6 2 - 0.065 - 0.064 - 0.083
Peak "ulpated gradient (C) 5.07 8.27 10.16 3 0.028 0.029 0.019 0.029 0.014 0.034
Magnet lenh (m) 0.26 0.41 0.49 4 0.016 0.015 0.025 0.016 0.033 0.017

5 0.003 0.004 0.003 0.004 0.003 0.004
The specified integrated strengths am obtae with a cWrreM 6 -0.009 0.002 .0.013 0.002 -0.028 0.002
of about 295 A, at which level the saturaion is 15% for the 10 -0.007 0.0 -0.007 0.0 -0.009 0.0
short quadropole, 12% for the medium quadupole and 11% for Skew Components (%)
the. long qidpole. 100 A 200A 300A

Tables 2.4 summarize the variations in the main n syst. and. syst. rnd. syst. Mnd.
component and the multipole components at 1/3, 2/3 and 3 -0.009 0.024 -0.010 0.023 .0.015 0.020
maximum current level. The numbers of each type of magnet 4 -0.001 0.004 -.0001 0.003 -0.001 0.004
we indicated. Both systematic (average) and random (r.m-s.) 5 0.0 0.002 0.0 0.002 0.001 0.002
parts we given, separately for normal and skew components.
The values refer to the percentage field erro at a reference Table 4. Multipole content of the long quadrupoles (24)
radius of 25 rm. Only components with systematic or
rndom compots above 0-5 we shown. Normal Components (%)

With respect to ieprototp eresults [31 it can be seen 100A 200A 300A
that an improved technique for pole positioning has led to a n syst. mid. syst. rod. syst. mid.
reduction in components n=3,4,5, while selection of a 2 - 0.118 - 0.120 - 0.109
sitableead-cut has significantly reduced the dodecapole •=6) 3 -0.012 0.038 -0.019 0.041 .0.020 0.042
component. Some changes in tdo systematic octupole (n=4) 4 0.013 0.027 0.025 0.029 0.038 0.031
and dodecapole with current can be seen; the former due to a 5 -0.003 0.005 .0.003 0.005 .0.003 0.005
small closmre of the C-shaped support structure, the latter due 6 -0.004 0.003 -0.008 0.003 -0.022 0.003
to saturation effects. 10 -0.006 0.0 -0.006 0.0 -0.008 0.0

"The performance is within specificton [61 apart from the Skew Components (%)
random variation in quadrupole strength and systematic 100 A 200 A 300 A
nomal octupole component, which are at most two times n syst. raid. sysL rand. syst. and.
lorger than the specified values. However, calculations have 3 -0.006 0.029 -0.007 0.027 40.010 0.026
shown that the magnets we acceptable (7]. 4 40.001 0.003 -0.001 0.003 -0.002 0.003

The magnets were aligned magnetically at 300 A. The 5 -0.001 0.002 -0.001 0.003 0.0 0.003
cenfr of the magnetic axis moves slightly with current in
both planes, but on average by less than 10 pm between 100 Table 5. Main component (B/r2 ) in the two sextupoi types
and 300 A. and with a maximum displacement of 50 pm. No at maximum current (300 A)
appreciable chge in angle was seen (5 0.010).

Short Long
IV. SEXTUPOLE Peak stegth Cr/m2) 262 282

Table 5 summarizes the main results for the two sextupole Peak integrated strength (T/m) 40 74
""Ps- Magnetic length (m) 0.152 0.264
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The specified strength is reached at 247 A for the short V. STEERERS
sextupole, and 278 A for the long sextupole, at which level The steerer stage ring magnets (82 umits) [21 have been
the smtuaion is 6 % and 4 % respectively. designed to provide both horizontal and vertical correction.

Tables 6 and 7 summarize the measurement results for the Memnts of the first magnet have been performed with
sextupoles, referred to a radius of 25 mm. As for the the same rotating coil bench used for the quadrupole and
quadupoles, immwev technique for pole positioning has sextupole magnem The series magnet measurements win be
led to significant reductions in the n=4,5,6 erro with respect carried out in June. In Table 8 are shown the magnetic
to the prototype [3]. The magnets are within specification measurement results of the prototype.
spat from die random variation in sextuipal strength, Table 8. Main field components in the

random normal and skew octupole components, which in both t e 8. rin fiel m agnet
cames are up to two times larger than dte originally specified • s ring steer magne
values. Later cakulations however showed that the magnets Horizontal Field Verical Field
areaccept.o I (A) 12 16

The sextupoles also contain small systematic and random BO (G) 493.9 450.9
dipole erros, with maximum values (300 A) of 1.3 10-4 Tm IB dI (G m) 139.0 126.9
for the short sextupoles and 3.2 10-4 Tm for the long Lmas (in) 0.281 0.281
sextupoles.

Alignment was carried out in this case at 150 A. The Table 9 shows the integrated field homogeneity of the
maximum displacement of the magnetic centre in the range magnet measured at maximum current, referred to a radius of
100-300A was 20 n in the horizontal plane and 40 Pn in 25 mm. The harmonic content does not change appreciably
the vertical. The maximum angle error was less than 0.02r. with excitation level.

Table 6. Multipole content of the short sextupoles (24) Table 9. Harmonic content of the steerer magnet (%)

Normal Coponents (%) (N) = Normal component, (S) = Skew component
100A 200A 300A

n syst. fad sySt. rand syst. rad. n Horizontal Field Vertical Field
3 - 0.234 - 0.232 - 0.182 2 2.1 (N) 0.1 (S)
4 -0.021 0.031 -0.025 0.030 -0.019 0.032 3 1.2 (S) 0.8 (N)
5 0.001 0.012 -0.001 0.012 0.012 -0.002 4 0.15 (N) 0.02
6 0.015 0.013 0.016 0.012 0.018 0.012 5 0.02 0.1
9 -0.023 0.001 -0.023 0.001 -0.024 0.001 6 !0.01 0.1
Skew Components (%) > 7 5o.01 :50.01

100A 200A 300A
n syst. rad. syst. rand. syst. rand. VI. ACKNOWLEDGEMENTS
4 0.034 0.046 0.031 0.042 0.022 0.037
5 -0.014 0.017 -0.015 0.017 -0.014 0.016 It is a pleasure to acknowledge the contributions of P. del
6 0.001 0.003 0.001 0.002 0.001 0.003 Giusto, R. Ciuch and M. Maselli for the magnetic

measurements and for the accuracy in the positioning the
Table 7. Multipole content of the long sextupoles (48) fiducial targets.

Normal Components (%) VII. REFERENCES
100 A 200A 300 A [1] ELETTRA Conceptual Design Report, April 1989,

n sysL raid. syst. rardL syst. rand. Sincrotrone Trieste.
3 . 0.147 0.165 - 0.182 [2] G. Petrucci and D. Tommasini, these proceedings.
4 0.001 0.039 0.002 0.038 0.014 0.037 [31 F. Gnidica et. al., Proc. 3rd European Particle Accelerator
5 0.008 0.012 0.006 0.012 0.006 0.012 Conference, Berlin, March 1992, p. 1358.
6 0.018 0.012 0.024 0.012 0.031 0.012 [41 G. Petrucci et al, Proc. 2nd European Particle Accelerator
9 -0.007 0.001 -0.007 0.0 -0.008 0.001 Conference, Nice, June 1990, p.1139
Skew Components (%) [5] A.Wrulich, Sincrotrone Trieste Internal Report, ST/M-

100 A 200 A IJ0 A TN-90/26, December 1990.
n syst. rnl. syst. raid. syst. rand. [6] A.Wrulich, Sincrotrone Trieste Internal Report, ST/M-
4 0.020 0.045 0.017 0.046 0.007 0.045 TN-88/23, October 1988.
5 -0.007 0.014 -0.006 0.013 -0.007 0.013 [7] F. lazzourene, Sincrotrone Trieste Internal Report, ST/M-
6 0.0 0.002 0.0 0.002 0.0 0.002 TN-93/6, May 1988.
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Measurement and Correction of the ELETTRA
Storage Ring Dipele Magnets

I. P. Walkr and D. Zoanwado
Siacorone Tdesl, P"tkliaao 99,34012 Wate., Italy

Abuerace Both bhale of each magnet weoe measured at an
The itauks of magnetic ineamrement of the 24 gradient excitation corresponding to initial opertmion at 1 .5 GeV. A

dipole magnets for dhe ELBMt1A storage ring are jPrese-ntAed.ll malrnumber of magneft were mensuied at other currents.
The method of correcting the variations in dipole, quadrupole Linear scum were also c aed1 out in the magnet Centre (zu0)
and sextupoie components using shims is described. ant each maget
Trajctry uad path length effects are also consdered. II. MEASU EE NT REULT'S

L INTRODUCTION
Table 1 summarizes the average properties of the

The ELETIRA storage ring [1) contains 24 gradient magnets while figure 1 shows the measured variations in the
bending magnets with a nominal field of 1.2 T and field index integrated fiel components, as wl as th fild (. n
of 13 at the final operating energy of 2 GeV [2]. A previous gradient (0.) in the centre of the magnets, at 1.5 GeV.
report dealt with the measurement of the prototype magnet [3] .2
using the test system developed at CERN for the ELETTRA02
magnets [4). Thie system has since been transferred to Trieste
and used to measure the 25 series production magnets, 0.1.
constructed by Ansaido Componenti, tl~y.0.

II. FEELD MEFASUREMENT AND ANALYIS B

The measurement system consists of an automated three- -0.1
axis bench with a temperature stabilized probe containing a
linar array of 15 SBV-585-SI &Hal plates, with 1 cm spacing. __02________

Field maps with a rectangular grid of points were measured in0 5 0 1 20 2
the median (x~z) plane of the magnet, with variable density Mogno~o
along the louigitudinal direcion (z). A standard measurement
(half magnet) contained 38 points in z. up to zn1.06 m,. at1
which point the field was less than 0.25 % of its central value.
The point spacing in z varied between 5 cm in the magnet
centre andlI cm at the edge. In the x direction thee were 10
points with 1 cm spacing. All 15 plates were read at each
posnt. Subsequent analysis consisted first in averaging the 0 .a
field values at each point. The number of points in x was such
that dthr were at least 4 measurements of the raied at each
point in the region of interest. nv t*The trajctory of the electro that starts from the magnet
centre and exits with the correct angle (7.50) wa determined -1
by iteratively traciting elections with different energies. Fold 0 5 10 i5 20 25

integrals were then evaluated along a serim of curves parallel M"N

to the electron trajectory i~e.. with constant radial separation, r. O0
Interpolation between measurement points was carried out
using a two dimensional cubic spline. The field integrals were
rottd with a third order polynomial in order to determine the
multipole field components defined as follows: -

tg_-0.5 t- a

IBdl=aso +al r +82r 2 + 13r 3 -3a

The mis relative eirro of the fit over ± 3 cm was 1-.r-
Although this method results in a different energy for each __0.__ _1____

magnet, the results are valid also at fixed energy since to a 0 10 I5 20 25
very good approximation small shifts in the x-direction (dx)Me No
produce a relative change in field integral, and hence energy,1 Vrain ndpoe(~r.qaruoe(mdl)
(for fixed bend. angle) given by (00/B0 )d withtout significant Figturoe 1.Vratnd indipole (uower), qualdru edpole (middle),.
change in magnetic length or othe field c etuoe n otple(owr fed nte iol ages
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Tille 1. Avuge magmetic properties of the dipole magnets, before shimming: a&, a2, a3 values refer to 1/2 magnet.

I (A) E (OeV) Bo M Go (T/m) Lm" (m) al M a2 CUM) a3 Tr/m2)
700.0 1.6048 0.60i8 1.496 1.4581 1.049 -0.32 -0.5

1050.0 1.5019 0.9008 2.240 1.4560 1.565 -0.51 -2.4
1420.0 2.0021 1.2067 2.993 1.4489 2.059 -1.10 -2.0
1950.0 24695 1.5086 .3.640 IA295 2.429 -2.62 -11.3

Is is clear from Mhe corrlation between Do and as, and Each shim consists of a piece of magnet lamination, 1.5
between 0 and al, that the variations are caused by mm thick and 2 mm wide, embedded in a brass holder which
differences in the pole profile throughout the whole mage is bolted onto the mgnet end plate so tdio the lamiatiom lies
The dipole vaiaion of 0.34 % (pe-to-pc ) ceponds to flat on the pole surface. The centre-to-centm spacing of the
a Sep variation of 0.24 mm, while the .8 % gradient variation shims was a compromise between maximizing the effect on
is equivalent to a 0.9o change in pole angleý By contrast the the gradient and minimizing the effect on higher order field
magnetic length variation is much smaller, 0.08 %, conP00ue-
cMr•e•nd to 12 mm. It is evident that the errr are due Pairs of shims on the open side of the magnet decrease
to the final machining operation which was carried out on the gradient while those on the closed side increase it; both
groups of 5 magnets : numbers 1-5, 6-10 etz. The largest sets increase the sextupole field. Initial measurements Oowed
changes occur between the first 10 and the remaining 15 that the effect was linear with shim length and that the effects
magnets which corresponds to a gap of several months of two pairs of shims added. Shim lengths were then

between the machining opations. calculated for each magnet to reach a common gradient and
The effect of such dipole and quadrupole erroas if supole value, chosen in order to minimize the maximum

uncorrected would lead to unacceptable closed orbit and p required shim length (61 mm). Shims with similar length were
function eanm [51. The sexmpole and octupole components then grouped to obtain an acceptable number of types of shim
are however mull and within specification. The maximum (7) and magnet groups (5). A prototype was constructed of
values in fig. I correspond to relative field errors at the edge each pair, and all 5 groups tesed on one magnet (no. 16) at

of the good field region (± 25 mm) of 5 10-4 and 1.1 10-4 excitations corresponding to 1.5. 2.0 and 2.4 GeV. Two shim

respectively, groups which gave the largest effects of the gradient were also
In order to overcome tie dipole field variation the tested on a second magnet (no. 8) with different gradient from

magnets will be displaced radially from their nominal the fir magnet.
Positions by up to 0.68 mm. In order to correct upthe The measured effect of the shims agreed very well with

(and also sextupole) variation it was decided to adopt the the expected results, with the exception of the shortest shim
simplest and cheapest solution - a passive correction using (10 -un), for which an adjustment of the length was required.
AWL 7Uhresults also demonstrated that the effects were the same

for either magnet, and so could be applied to the whole group
IV. SHIMMING TECHNIQUE withou the need to test each magnet.

The expected performance of the magnets based on the
shim measurement data is shown in fig. 3. It can be seen that

Various attempts were made before arnviga and the gradient dispesion has been reduced to 0.2 %, within the
solution that was sufficiently stable mechanically, and desired 0.4%. The variation in sextupole value has also
sufficiently independent of magnet current level to be decreased significantly. The variation in octupole field has
effective over a range of ring energies. Solutions involving increased, but is considered acceptable.
additional end plates and washers had to be rejected as being
too dependent on magnet excitation, due to saturation in the V. PERFORMANCE AT HIGHER ENERGIES
end-field region. The final solution is illustrated in fig. 2.

The limited number of measurements that were made at
higher energy (7 magnets at 2.4 GeV) are sufficient to show
the good correlation between integrated and central field and
gradient, as at 1.5 GeV. The additional variation at 2 GeV
(0.2 %) and 2.4 GeV (0.5 %) with respect to 1.5 GeV is very
similar for both field and gradient, and is clearly an effect due
to saturation.

Measurements of the shims at different energies show a
systematic reduction in the average gradient due to shim
sairation, however the maximum variation introduced is only
0.02 % at 2 0eV and 0.08 % at 2.4 GeV, which are therefore
small compared to the effects of magnet saturation.

Figure 4 shows the estimated dipole and gradient
variations at different energies, taking into account both

Figure 2. Position of shims for correcting the dipole magnet and shim effects, and assuming a perfect correction of

magnets, the dipole errors at 1.5 GeV by means of radial positioning.
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Figure 3. Estimated quadrupole (upper) and sextupole Figure 4. Estimated dipole (upper) and quadrupole (lower)
Mcwpole (ower) field vaWiakms at 1.5 (3eV after shimming. field variations at 2 GeV and 2.4 GeV after shimming.

At 2 GeV there is Uittle difference to the stuaion at 1.5 GeV: will be displaced outwards with respect to their nominal
the dipole variatio is 0.14 % and the gradient 0.26 %. At 2.4 positions by AL/sin(O) = 0.68 mm, 0=7.50. To take into
GeV however there is a significant increase due to saturation : account both effects, the dipoles will be displaced inwards by
0.47 S in field and 0.83 % in gradien. In order to provide for 0.86.0.68 = 0.18 mm, in addition to individual displacements
a posi'ble future operation at high energy, it has been decided to account for the dipole field variations describe above.
theefore to distribute the magnets in such a way as to
Minimizthe effects on the optics [61. VII. ACKNOWLEDGEMENTS

VI. TRAJECTORY EFFECTS The €ontutions of G. Petrucci and other CERN staff to
the successful transfer of the test system to Trieste is

The actual electron trajectory in the magnet deviates gratefully acknowledged. Magnetic measurements were
significandy from the ideal circular arc with nominal bending carried out by A. Gubertini, R. Cinch and P. del Giusto. D.
radius (5.5 m) due to the fact that the magnetic length and Tommasini contributed significantly to the mechanical design
hence the radius of tie electron trajectory ae slightly greater of the shims and A. Wrulich to discussions on the
than the nominal values, and also due to the effect of the implications of field errors and tajectory effects.
ringe field. The result is thdo e trajectory is displaced in the

xdrection (Ax) and also dt the path length is different (AL) VII. REFERENCES
with rspect to the hard-edge case. These quantities have been
found to be equal for all magnets and are Ax = - 0.86 mm, AL [1] ELETIRA Conceptual Design Report, Sincrotrone
= -0.089 mm, at 1.5 GeV. The shims have a negligible effect Trieste, April 1989.
on both quantities. [2] G. Petrucci and D. Tommasini, these proceedings.

The effect of the displacement in x is that due to the [3] F. Gnidica eL al., Proc. 3rd European Particle
gradient, the field and hence current required for a given Accelra Conference, Berlin, March 1992, p. 1358.
energy would be different to the measured values. This could [4) G. Petrucci et. al., Proc. 2nd European Particle
be acceptable, however will be corected along with the path Accelerator Conference, Nice, June 1990, p. 1139.
length effeCL The toial path length error is 4.3 mm, [5] F. lazzourene and A. Wrulich, Sincrotrone Trieste
corresponding to a momentum deviation of 1 %, given the Internal Report, ST/M-TN-9317, May 1993.
ring circumference (259.2 m) and momentum compaction [61 A. Wnalich, private communication.
factor (1.6 10"3). To overcome this effect all ring components
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Magnet Costs for the Advanced Light Source*

Jack Tsmbe, Jim Knapnick, Egon Hoyer, uid Aln Paerson
Lawrence Berkeley Laboratory, University of Califoira

I Cyclotron Road, Berkeley, CA 94720 USA

Abstract precautions including limitadon of access to the working areas
The Advanced Light Source (ALS) accelerator is now and the use of protective wear and breathing apparatus were

completed. The numerous conventional magnets required for rigidly enforced for the in-house fabrication of the coils.
the booster ring, the storage ring and the low and high energy Hazard information and the LBL Operational Safety Procedure
transfer lines were installed during the last two years. This (OSP) were also supplied to the industrial coil vendor. These
paper summarizes the various costs associated with the Safety precautions added substantially to the cost of coil
quantity fabrication of selected magnet families. lhese costs fabrication. Although the vacuum potting technique was only
include the costs of prototypes, tooling, coil and core needed for the booster magnets due to the high voltages
fabrication, assembly and magnetic measurements. Brief generated by pulsed operation, this technique was utilized for
descriptions of the magnets and specialized requirements for the storage ring magnets as well. High quality potting molds
magnetic measurements are included in order to associate the were needed for precise coil dimensions required for the
costs with the relative complexities of the various magnet storage ring sector chamber cutouts. Also, the economies of
systems. fabricating the large coil quantities for the storage ring

magnets could easily capitalize the initial high cost of the
L INTRODUCTION sophisticated reusable tooling.

In addition to the coil and core fabrication, the magnet
The ALS is a 1.5 GeV electron storage ring, optimized to effort included the assembly of major parts, busses, interlocks,

take advantage of undulators and wigglers to produce water fittings and hosing, interlock tests, measurement of
synchrotron light. It is located at Lawrence Berkeley electrical parameters, impulse and hipot tests of coils and the
Laboratory (LBL) in the hills above the University of magnets. Magnetic measurements and the location of magnet
California at Berkeley. Construction began in 1988. All fiducials for survey and alignment are included in the
magnets had been installed by the spring of 1992 and constrution costs. Not included in the costs are engineering
commissioning is presently underway. The main components and design efforts and the detailed design and drafting of
of the accelerato system are a full energy booster ring, with a magnet components, assemblies and tooling. In addition, the
repetition rate of 1.0 Hertz and a storage ring designed for cost of documenting fiducial data and summarizing the results
operation at 1.5 GeV and capable of ramping to 1.9 GeV. The of magnetic measurements and other tests are not included.
booster magnets were designed for possible operation at 10
Hertz. III. BOOSTER MAGNETS

II. MAGNET FABRICATION The magnet fabrication for the booster ring peaked during
fiscal year 1989. At this time, the average LBL construction

All the booster ring magnet cores were assembled using fabrication and assembly labor rates were $36.20/hour.
0.025 inch thick (0.6 mm) M36 silicon steel laminations with
C-5 insulation to reduce the effects of eddy currents due to the A. Booster Dipole
time vaying excitation at a future possible 10 Hertz maximum This magnet has a curved core which follows the beam
injection frequency. All storage ring magnet cores were orbi.L The curved geometry minimizes the stored energy, to
assembled from 0.060 inch thick (1.5 mm) uninsulated low reduce the power supply requirements for the pulsed operation.
carbon steel laminations to take advantage of the economies of The coil design includes substantial insulation to ground for
this fabrication technique for large numbers of DC magnets the high voltage operation at a future potential 10 Hertz
and to distribute systematic variations in steel properties oiperation.
uniformly around the storage ring lattice. With the lone " Prototype Cost 109.6 KS
exception of the booster dipole magnet cores, which were Production Cost 567.2 KS
welded because of curved geometry, all other cores were Tooling Cost 102.5 KS
fabricated either by gluing, or using mechanical frames Number of production magnets 24+1 spare = 25
combined with a modified gluing technique. It was felt that a Core Weight 3940 lbs
higher quality magnet could be achieved by avoiding Coil Weight 370 lbs
distortions in the core assemblies due to the thermal effects of Magnet Weight 4310 lbs
welding.

All the ring magnet coils were vacuum potted using rigid B. Booster Quadrupole
reusable molds. The potting compound was an epoxy mixture Two different lengths of this magnet were required.using Tonox as a flexibilizer in order to avoid the long term Prototype Cost 83.0 KS
development of cracks in the coil insulation. Because of the Production Cost 464.5 KS
well known carcinogenic hazards of Tonox, thorough safety Tooling Cost 160.1 K$

Number of production magnets 2X(16+1 spare)=34
*This work was supported by the Director, Office of Energy Core Weight 860 and 540 lbs
Research, Office of Basic Energy Sciences, Materials Sciences Coil Weight 65 and 50 lbs
Division, of the U. S. Depatnent of Energy under Contract No. DE- Magnet Weight 925 and 590 lbs
ACo3-76SFOO098.
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Tooling Cost 179.8 KS
C. Boomr Sextupole Number of production magnms 3X(24 + 1qim) -75

The coils for dui magnet wee wound from solid conductor. Core Weigs 2M000, 142D and 750 lb
Prototype Cost 13.5 KS Coil Weight 120,120 and 68 les
Productim Cost 137.0 KS Migep Weighs 2120, 1540 and 818 Ins
Toown Cosn 96.3 KS
Numberofprodhction magnets 20+ Ispr=21 C. SWWeRingSextopole
Core Weight 114 lbs This was perhaps the most complicated magnet design in
Coil weight 18 lb the entire ALS system. The sextupole had to satisfy four
Mane Weight 132 lbs functions. In addition to the sextupole windings, the magnet

required coils wound to produce vertical and horizontal
IV. STORAGE RING MAGNETS steering as well is a skew quadrupole field in the same yoke.

As a result, the coil system included twelve separate coils with
The man fabrication for th storage ring peaked during eighteen separate windings. Electrical bussing needed to be

fiscal year 1990. At this time, the average LBL construction accomplished at both ends of the magnet in order to
fabrication and assembly labor rates were $38.55our. The accomodate the electrical connections for the four separate
unit production cost for the storage ring magnets reflects the magnet functions. In addition, the core was divided among
increased costs due to inflation and the increased complexity three segments. Precision assembly and alignment of dte three
of the magnets fabricated for the storage ring. In general, the separate segments was demanding and costly. Magnet
field quality and reproducibility requirements for the storage measurements included rotating coil measurements to
ring magnets were mor demanding than the specifications for determine the excitation and the error multipole spectrum for
the booster magnets. In addition, the requirement for each magnet in all its operating modes; sextupole, horizontal
providing photon beam clearance and the difficulty in steering, vertical steering and skew quadmpole.
installing magnets along a more congested lattice than the Prototype Cost 164.0 KS
booster ring resulted in substantially more demanding designs. Production Cost 925.1 KS
The higher unit costs for the stoagne ring magnets due to these Tooling Cost 157.7K$
inflating forces was offset by the experience gained in Number of production magnets 48 + I spare = 49
manufacturing the booster magnets. Core Weight 980 lbs

Coil Weight 120 lbs
A. Storag Ring Dipole Magnet Weight 1100 lbs

The storage ring dipole magnet is a gradient magnet.
Because of the high precision required for the field quality, it V. DETAILED BREAKDOWNS
was decided to fabricate the core with a one piece lamination.
The field quality requirement forced a wide pole and a narrow Limitations were enforced in the level to which accounting
throat in the one piece yoke for the gradient geonetry. As a information could be broken down in this extremely large and
result, the coil design required six thin pancakes which could complex construction project. Thus cost distinctions among
be installed in the core through the narrow throat. Magnet the coil fabrication, core fabrication, assembly and magnet
measurements were tedious and costly. Hall probe testing efforts were not available in the accounting structure.
measurements were made on a finely divided grid for each Countless job and purchase orders were issued for the
magnet at an equivalent excitation at 1.5 GeV storage ring fabrication of each magnet type. It is possible, after very
operation for 100% of the magnets. In addition, Hall probe tedious and time consuming effort, to obtain costs for orders in
maps were required at excitations for storage ring operation at each one of the major effort categories for the fabrication of
1.0 and 1.9 GeV storage ring operation for approximately 20% magnets and add them up in order to get the actual costs of
of the magnets. these categories. However, it is felt that a reasonably accurate

Prototype Cost 147.5 KS division of the various effort categories could be obtained by
Production Cost 1180.6 KS looking at the updated cost estimates which -ere required
Tooling Cost 147.3 KS periodically throughout the project. In particular, the cost
Number of production magnets 36 + I spare = 37 estimate after the evaluation of the prototype and before the
Core Weight 6380 lbs expenditure of the production budget would be a fairly
Coil Weight 720 lbs accurate projection as to the relative costs among the various
Magnet Weight 7100 lbs effort categories. At the end of the prototype effort, a fairly

accurate picture of the fabrication effort as well as the
B. Storage Ring Quadrupole assembly and scope of the required magnet measurement effort

The strage ring quadrupole design was a "C" shape variant is available.
of the booster quadrupole design. Three different models Magnet Core Coil Assy/Test
(lengths) were fabricated, the QFA, the QF and QD families. Storage Ring Dipole 35% 39% 25%
The QF and QD magnet families used smaller conductor than Storage Ring Quadrupole 41% 25% 34%
used for the QFA in order to optimize the design for individual Storage Ring Sextupole 32% 40% 28%
power supplies. The magnet measurement effort required Average (To be applied to 36% 35% 29%
shimming of the two magnet halves in order to reduce the the Booster Magnets)
sextupole errr introduced by the asymmetric design. Applying these numbers to the actual expenditures for all

Prototype Cost 134.1 KS the production magnets, one can develop an approximate unit
Production Cost 1054.0 KS cost for the coils and cores related to coil and core weights.
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Maoot Number of Production Cos Codt per Total Magna Total Core Total Coil
.AmM iMn w Weight tIbf) Weight (ibs)

Dooms. Dipole 25 $567,165 $22,687 4310 3940 370
BomrWQuadrupole 34 $464,511 $13,662 758 700 58
Booster Sextupol 21 $137,026 $6,525 132 114 18
StMaW Ring Dipole 37 $1,180,604 $31,908 7100 6380 720
SloarwRimgQuacdrupo 75 $1,054,032 $14,054 1493 1390 103
Storage Ring Sextuole 49 $925,096 $18,880 1100 980 120

Magnet No. of No. of Total Total Coil Core Individual Unit Core Unit Coil Assy &
Core Coils Core Cost Cost Segment Coil WL Cost Cost Test

Se-ments -- ($fb) (b L$d=L
Booster Dipo 2 2 $204,179 $198,506 1970 185 $2.07 $21.46 $6,579
Booster Quad 2 4 $167224 $162,579 350 14 $7.03 $83.16 $3,962
Booster Sex 2 6 $49,329 $47,959 57 3 $20.61 $126.88 $1,892
Storage Ring Dipole 1 6 $413,211 $460,436 6380 120 $1.75 $17.28 $8,296
Storage Ring Quad 2 4 $432,153 $263,508 695 26 $4.15 $34.22 $4,778

Storage Ring Sex 3 12 $296,031 $370,038 327 10 $6.16 $62.93 $5,286

Unit Costs of Core and Coil

Sto

0 10

C

1 10 100 1000 10000

Weight (Ibs)
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LBL labor rates were quoted for the period of manufacture The authors wish to acknowledge the help and support of
for each magnet family. The amount of labor should not be some of the numerous individuals involved in this effort. Alan
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Automatic Bench for Precise Magnetic Measurements of Linac
Multipole Focusing Elements
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hIatitute for Theoretical sad Experimental Physics
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Abstract 2 MATHEMATICAL APPARATUS

Automatic Hall-type magnetometer for magnetic measure- We describe the field B(r, i, s) In a maltipole leas work.

meats of focusing channel elements with arbitrary field ing apace by a scalar potential function U: Bi =- -sdU,

coui•urntion Is described. Hall probe housing supported which satisfes Laplace's equation In losed volume limited

around periphery provides 3D precise movement in 75% of by cylindrical surface. The solution of this equation and

aperture space. The measurement technique and mathe- hence a field B can be written in terms of Pourler-Bessel

matical treatment developed to create the spatial model of series with coefcients depending on boundar conditions.

the field are given. The magnetometer ensures the accura- According to our technique the longitudinal size 1 of

cy 0.3% of maximum field value in a whole magnet working cylinder where the field is measured must be chosen to

space. Measurement runs for quadrupole lenses of ISTRA be long so much that the field value on both sides (a =

linac focusing charel am presented. '0.6*li) of cylinder is les than required accuracy (Pig.1).
In this cas all three spatial components of the field can
be calculated in each internal point if we measure only the
radial component on cylinder surface. In practice L. is

I MAGNETOMETER PARAMETERS greater than geometric len length . by approximately
2a. To meet the homogeneous conditions on sides we cut

The experience of focusing chsanels development for lin- out measured data lower accuracy level (Pig.2) and join
ear accelerators with given kind of charged particles shows a pieces of some simple curve (parabola or some other)
preferable permanent magnet quadrupoles (PMQ) [1,21. following down to nero at a, (on the left side) and & (on
Suck magnets require to be careful on a manufacturing the right side) instead of infinite long actual tail with very
stage to ensure tolerances because of wide initial spread small field value. The piece I - s - ao is the length of a
(t- 20%) of its magnetization like both piece-to-piece difer- 0 , T

0.36

Table 1: PMQ main parameters for ISTRA accelerator. O.aO
I tank 2 tank

N Parameter DT DT DT 0.16 - W
1+33 1+33 35+64 PMQ

1. Aperture, 2r", 11 S- W' *18 W°'° 0.10 I /
mm 000_ \ /_00

2. Lensnlength,li.k., 50 100 150
__mm _____0.06

3.Top field, Bi, T 0.50-0.54 0.29 0.22
4. Gradient, G,, 56.60 32 24 0.00 0T/m I I,004 -0.02 0.00 0.02 0.04

Tolerances on Z, m
5. Gradient, % ::0.5 Pigure 1: Choice of field expansion length. B,(s) - field
6. Magnet axis dis 0.030 radial component in a PMQ pole plane at r = const.

placement, mm

7. % 0.7 field expansion into double Pourler-Bessel series.
8. vie-m0.•st % 3 Representing measured field distribution B,(r, v, s) on
9. Median 30' the cylinder surface r = r" by corresponding series and on

displacement the base of equality

ences and within volume limits of each magnet element.The B:(r',V,,) = R1,.(r")x
kal n1=:

main parameters of PMQ for ISTRA proton linac ae rk(s- 2.)
shown in the Table 1. The tolerances given can be con- X (WCos n + T  sin 1 ) sin
sidered typical for such kind of machine.
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a '10000, T In Our Cam It Is

so .U(r,0, Z)=x

25.
rk(z-s-%)to IxX .comnup+ Ak,. sinnip) sin , (2)

"o Insertedltai an~d defined the complete distribution of the mtiltipole lens

-- I /- futn u field 90r, ip, z) in the whole working space.

- dleomtenebeTh 3 MAGNETOMETER
0 L-, _________ -i-'-- The-~* 3D movement of Hall probe is carried out by automat-

-43 -40 -81 -- 83 3 0 -20 -2 ical power-driven system which operates iii correspo~ndence
Z' MMwith control program from computer (Pig.3). Analog aig-

Figure 2: Tail joining. Points - experimental B, data, nal from Hall probe through amplifier and analog- digit
curves - approximating lines.

MoakTable 2: Instrument parameters

Ampl m~t-digt PC merov~xN Parameter Codnt

R __ Z
1. Movement range 7 mm 395* 300 nmm
2. Instrument 10jim 0.080 15jim

discreteness
i= n 73. Speed max -'/a1 1

Speedmin ;n/s 3/s 140 p/
Hall probe PMQ 4.Hlprb os 18 mm

Figure 3: Block diagram of magetometer. - ing OD_________

(1024 bit) block comes to PC hard disk. When measure-
where ment cycle is completed all information from PC memory is

directed to MicroVAX computer where the mathematical
- ~ Ta+ treatment is fulfilled.

Riar)..)/I(E) The main uait of magnetometer in shown in Fig.4; its
main parameters are given in Table 2.

we determine coefficdents X"1, =i,. of scalar potential U. A multipole lens is fixed in the left,-side support in such

Figure 4: The main unit of automatic beach for multipole lens measurements.

2854



30 , T/m 200oo Deviation, microns

15

0 -- Z

-20 -10 0 10 20 30

--- -- - Figure 6: Magnetic axis displacement from geometrical ax-
40 -80 -20 -10 0 10 20 80 40. is. 1 - deviation along x-axis, 2 - deviation along y-axis, 3

Z, m total deviation.

Figure 5: Gradient distribution in 25 mm long rod-type
Sm-Co PMQ for ISTRA accelerator. 1 - calculated val- of field distribution on the other.
ues (points) from experimental data, 2 - theory depen- The total error of absolute measurements does not ex-
dance, 3 - curve of diference (.100). r.m.s. deviation= ceed :0.3% of maximum field value. It contain in general
6.4. 10-3(0.02%). digital transformation uncertainty being 4-l bit.

4 APPLICATION
a way that its longitudinal axis coincide with axis of two

coupling holes by ground finger with accuracy 101im. The The described magnet measurement complex was used an
Hall probe is mounted inside the long rod of 18 mm OD a bench during manufacturing of focusing channel for IS-
70 mm far from its left end and is oriented with its normal TRA accelerator. It provided both to eliminate errors in
along radial direction. In the right side one can see the magnetisation distribution and to carry out computer aim-
movement system with position pickups and the Hall signal ulation of beam dynamics. But probable applications of
preamplifier box. that device are much more wider. It can be used for mag-

Tha measurement procedure runs in following sequence nets with arbitrary field configuration as well as for precise
* Instrument calibration, field tuning when observation of continuous field changes
9 Routine loading into PC memory. is desirable. The developed method of spatial modeling
* Field sampling in points of cylindrical surface. gives a possibility to determine al required performance

* Data processing and producing of main result. characteristics from spatial harmonics spectral description

* Checking the lens measured for quality. to integral distributions of a field. On Fig.5 and Fig.6 the

On the instrument calibration stage the special dipole longitudinal distribution of gradient and magnetic axis dis-

magnet with homogeneous Aield and NRM device are used, placement for short PMQ are given respectively. It shows

Within 0.3T range of ield values it is possible to substitute a possibility to detect and localize signficant imperfections

the real voltage-field Hall probe dependence by linearized at low level of values.

one due to small deviation of 0.5 mT (r.m.s.). In the case of
wider field range the program simulated regime of voltage- 5 ACKNOWLEGMENTS
field conversion is provided in accord with real dependence, Authors thank all specialists of division for automatic de-

Sefore measurements the necessary sensitivity is cho- velopments which took part in manufacturing of magne-
sen by appropriate selection of attenuation factor in ampli- tometer.
fer channel to match the maximum llading of analog-digit
transformation range at maximum field value in a lens to 6 REFERENCES
be measured.

The total running time depends on number of points [1] LM.,apchinskiy, V..SkRachkov et al."Drift Tuba for a Fo-
where the field is measured. It is usually 15 minutes and cusing Channel of Ion Linear Accelerator". Proc. of 1998
is provided due to short time response (25M) through Hall PAC, MEE3, vol.2, Chicago, USA, p.1073.

probe signal channel. During that period the information [2] D.J.Lisma, and L.B.Dauelaberg."A Ramped Gradient Drift

in about 10o points on cylinder surface is accumulated. It Tube Linac". Proc. of 1987 PAC.

gives a possibility to fulfil a statistical treatment of acciden-
tal errors on one hand ani to provide a detail description
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Measurements of Loma Linda Proton Therapy Gantry Dipoles

Henry D. Glass, Peter 0. Masur, James W. Sim
Fermi National Accelerator Laboratoryf

P.O. Box 500, Batavia, IL 60510

II. MEASUREMENT APPARATUS

Each magnet was mounted on MTF Test Stand C and
A batact powered by two PEI power supplies connected in paral-

lel. Magnet current was measured by a Holec traneductor
and read out by a digital voltmeter. The Low Conductiv-

We describe the procedures used by the Fermilab Mag- ity Water (LCW) system provided cooling at a nominal
net Test Facility (MTF) to perform tests of dipoles to be 26.5 liters/minute flow rate. Thermocouples attached to
installed in the beam lines of the Loma Linda University the supply and return monitored coil temperatures. The
Medical Center Proton Therapy Facility. The dipoles were Hall Probe was read out by a Digital Teslameter (Group-3
manufactured in two styles, one style having a 450 bend- Corp. Model DTM-141), which featured a digital display
ing angle and the other a 135* bending angle. The tests and a GPIB interface for computer readout.
included magnetic field measurements using a Hall probe The probe was mounted on a wheeled cart which was
and the measurement of coil temperatures, voltages, and positioned longitudinally by rolling inside the magnet's
water flow rates. The probe was mounted on a movable beam tube. Stainless steel extension tubes, having the
cart which could be wheeled along the magnet beam pipe; same cross section as the beam tube (5.08 cm x 2.54 cm),
we mounted extensions onto each end of the beam pipe to were attached to each end of the magnet to allow the cart-
allow for the probe to measure the magnet end fields. The mounted probe to measure the magnet's end fields. The
probe was also mounted at varying transverse positions far end of the extension tube on each end extended 54.0
on the cart to allow for field shape measurements, from cm beyond the plane of the first lamination.
which body quadrupole and sextupole coefficients were de- A cloth tape measure was attached to the cart and ran
termined. A longitudinal sampling of the field down the along the inner radius of the beam tube and out the lead
entire length of the magnet allowed us to measure the total end of the magnet. The longitudinal (s) position was mea-
integrated field of each magnet. Hall probe measurements sured by reading the tape measure at the end of the exten-
were controlled by a C program running on a Uuix work- sion tube. Transverse (x) position was defined to be sero
station. at the center of the beam tube, and to increase toward

the convex side of the magnet. Different probe x-positions
were obtained by using screws to mount the probe at the
desired position on the cart. Mounting holes were drilled

I. INTRODUCTION allowing x-positions of 0., ±6.35 -m, and ±12.7 mm.
Figure 1 displays a conceptual topview of a Loma Linda

This report describes the procedures used by the Fermilab magnet as it was mounted on the test stand. The figure

Magnet Test Facility to perform tests of the Loma Linda shows the coordinate system used.

gantry dipole magnets, and also to present the measure-
ment results. The dipoles consisted of two classes, a 450 111. MEASUREMENT PROCEDURES
class (of which there are two styles called Type 1 and Type
2), and a 1350 class. The tests included magnetic field Magnetic field measurements were controlled using the
measurements with a single Hall probe and some auxiliary ptacan (version 1.22) program, which was developed at
measurements of coil temperatures, voltages, and water MTF for controlling Hall and NMR measurements of Main
flow rates. Injector magnets. This program, which runs on a Unix

workstation, operates by reading a set of commands con-
"*Oprated by Universities Research Association under contract tained in a file called a 'checklist.' The checklist contains

with the United States Department of Bnern all of the commands needed to perform the measurement

0-7803-1203-1/93503.00 01993 IEEE
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IV. MBASURPEMNT RESULTS

The data for each magnet are reported in [1]. The data
report includes a tabular listing of the measurements from
each checklist, a set of graphs, and a list of calculated re-
sults (field integral and hamonics). The tabular listings of
magnetic measurements include: a and z positions, trans-
ductor voltage; magnet current, B field reading from Hall
probe, and time from beginning of measurement sequence.
Listings of nonmagnetic measurements included the coil
voltage, water supply and return temperatures (thermo-
couple readout), the LCW flow rate, and the water supply

Figure 1: Top view of a typical Loma Linda gantry dipole. and return pressures.

The z origin is at the end of the Lead End extension tube. A. Field Integral Calctdation

sequence. The ptacsa program, as it executed the check- The quantity f Bdl was calculated by combining the data

lists, instructed the measurement technician to manually for the end fields and the longitudinal scan. This calcula-

position the probe. Magnet current was set under com- tion was performed by the following method:

puter control, and was digitally displayed on the work- 1. A radius of curvature correction was made to the z-
station screen. The probe position was entered manually position measurement. As listed in the data tables, s
by the measurer, while magnet current and probe read- is the tape measure reading along the inside radius of
ing were obtained by reading GPIB instruments. All data the beam tube. To find s along the center of the beam
were then recorded to a data file. All current ramps were tube, we calculated
executed sufficiently slowly (100 A/s typically) to avoid
overshoot. In each of the checklists indicated below, we R
first measured the probe offset by placing the probe in- ZCWnAI = z,,pa R - ,a/2
side a mu metal shield. This offset was automatically sub-
tracted from the data by the readout device. Prior to where R is the beam tube radius of curvature (134.6
taking field measurements, one or more hysteresis ramps cm) and w is the beam tube width (5.08 cm).
were executed. 2. We wanted to measure the field at constant current,

but the power supply was observed to fluctuate and
A. Checklists drift over the course of the measurement, and also the

mean measured current was different from the nominal
1. Central Field Measurement: Position probe in masnet current. For each data point, we calculated the field

center; loop from I=0 to 13=100 A in 100 A steps; then at the nominal current io from the measured field at
loop from 1=3100 A to 0 in -100 A steps. current i by applying the correction

2. Body Field Measurement: Loop from 1=0 to 1=2500 1dB)
in 500 A steps; then from 2600 to 3100 in 100 A steps. B(io) = B(i) - (i - io)

Measure at 3 different longitudinal positions.
The field derivative dB/di was calculated from the

3. End Field Measurements: measure longitudinal pro- Central Field measurements and was assumed to be
file of each end at 12.7 mm intervals. Do at 2000 A constant in z.
and 3100 A.

3. The corrected B fields were calculated from two mea-
4. Off-Axis Measurements: At three different longitudi- surement sets: in the 'pass 1V set, the probe sampled

nal positions in body, measure field at z = ±12.7 mm, the field as it was moved towards increasing z, and in
±6.35 mm, and 0. Do at 2000 A and 3100 A. the 'pass 2' set the probe moves toward decreasing z.

We calculated the average field at each z and standard
5. Longitudinal Scan: Measure longitudinal variation of deviation from these two sets.

field inside body of magnet in 2.54 cm steps (for 450
magnets) or 5.08 cm steps (for 1350 magnets). Do at 4. We then integrated the field over the s-range which in-
2000 A and 3100 A. cluded the entire magnet and extended 33 cm beyond

each end. This was far enough out so the end field
6. Water Temperature, Coil Voltage, Flow Rate ecord had fallen below 1% of the body field. Integration

these quantities as a function of current from 0 to 3000 was performed using the trapezoidal rule. The sta-
A in 500 A steps. tistical error in the integral was calculated from the
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standard deviations in B(z). A systematic scale error
of 0.2% for the 45s magnets was estimated from the
observation that the cloth tape measure reading de- . ,
pended on the tension applied by the measurer. For aj
the 13W0 magnets, we switched to a fiberglass tape ',

measure, which had an advantage of being much lm ,•

vulnerable to stretching, and for these magnets we did
not list a scale error. 1.3

We note that while the Hall probe, whose active area 2 A

was about 2.5 mm x 2.5 mm, significantly undersampled ,•
the z variation of the field, we believe the error due to
undersampling is small.

B. Harmonics Caklcation .....................

We estimated the normal quadrupole and sextupole (b, z. inches

and b2) from the off-axis measurements by fitting the mea-
sured field shape to a polynomial. This calculation was Figure 2: Longitudinal scan of a typical 45* magnet at
performed in the following way: 2000 A. The two longitudinal segments are joined at z =

42.
1. A current correction to the B fields was made using

the Central Field dB/di measurement as described in joining is not as tight as would be desired, and a small gap
the previous section. may be observed.

2. At each x position, the off-axis fields were normalized The longitudinal behavior of the 135° magnets is much

to the fields at a = 0 by calculating more complex. The magnets are built from 6 joined sec-
tions, plus endpacks, and a 6-fold structure is observable

B(s) - B(0) in the body s-scans. At 2000 A, the amplitude of the mod-
B,.( = B(0) ulation in field is about 6 mT out of a 1.332 T mean, or

about 0.5% fluctuation. At 3100 A, the magnets are heav-

3. The normalized fields B,(a) were averaged over all s's ily saturated, with a typical sextupole of -22 units.

and standard deviations calculated. This was an at-
tempt to approximate an integrated field shape; since cv e4 A f BdI, T-m Ib, units [ b2, units
only three x positions within the body were measured, 2000 1.42272 -3.4 ± 0.8 5.9 ± 1.7
this approximation is rather coarse, but the field shape 3100 1.94910 -1.7 1 1.8 -23.9 ± 3.8
did not vary substantially within the body.

4. The harmonic coefficients were estimated by doing a Table 1: Field integral, bl, and b2 for a typical 450 magnet.
least squares fit to a polynomial The field integral error was - 5 x 10-1 T-m.

B8 (z) = blz + b2X 2.

Only the off-axis points (a $ 0.) were used in the fit; VI. ACKNOWLEDGEMENTS
the a = 0 data point was accounted for by constrain-
ing the fit to pass through zero. The authors would like to thank the following individuals

at MTF for their contributions to this effort: S. Agrawal,
The results are reported in units, where 1 unit is defined A. Bianchi, J. Garvey, P. Hall, D. Hartness, C. Reid,

as 104 times the relative strength of the multipole to that E. Schmidt, H. Stahl, M. Thompson, and D. Validis.
of the dipole at 2.54 cm radius from the center of the beam The authors also appreciate useful conversations with
tube. G. Coutrakon, J. Johanning and M. Notarus of Loma

Linda University Medical Center.

V. OBSERVATIONS
REFERENCES

In the 450 magnets, the center of each magnet in z was
characterized by a dip in the field. Figure 2 shows a typical [1] H.D. Glass, P.O. Mazur, and J.W. Sim, "Loma Linda
case. This corresponds to the point where the two halves Gantry Dipole Measurements," Fermilab Magnet Test
of the magnet lamination packs are joined together. The Facility Report, MTF-92-014.
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Techniques for Measurement of Dipole Endfields With a Rigid Integrating
Coil

Henry D. Glass
Fermi Na~tional Accelerator Laberetorle

P.O. Boz 500, Batavia, IL 60510

probe records the difference in flux between sero current
and current .

A bstrect By aligning the long axis of the probe with the longitudi-
nal (s) aids of the magnet, we easily recover the integrated

The endfield in often one of the most critical regions in con- field over the length of the probe:
ventioal accolerator magnets. While the magnetic field
structure of dipole ends can be complicated, it can be well _ 2"

described by a few parameter which include the effective J(zi,SI) = B(z)dl = - w
magnetic length, ,,&, and the integrated harmonics. Both
of these parameters can be measured using a rigid coil where N is the number of turns and w is the probe width;
which measures f Bdl in the endfield region as a function
of insertion depth z and transverse displacement a. We uasd a re the endpoint coordinates of the probe. Weamlo data analyms technique which uses these mea- used a coordinate system where a is sero at the first lami-
employ ata analys iel wchrutse the end nation of the endpack, and is positive going into the mag-
surements to remoe body field contributions to the end net. This relation between field integral and flux does not
field integral, resulting in the effective integrated endfield include a correction for the remnant field.
shape. A least squares polynomial fit is then used to es-. n e aortion fo th e remnat field.
timate the harmonic coefficients up to decapole. We also We positioned the probe so that s is far outside the
present the technique for measuring Leff as a function of magnet, in a region where the field is negligible. One may

magnet current. These measurement techniques were suc- therefore approximate zi as being equal to -oo. The into-

ceufully used in a study to fnalise the design of the end- gral then becomes a function solely of the endpoint of the

packs for the ermilab Main Injector Dipole. The tech- probe that is inside the magnet.

niques are sufficientiy general to be useful for other appli- For the endfield shape measurements, data were ac-
cations, such as the testing of the SSC Medium Energy quired using Flatcoil probe in the set= mode, in which the
Booster endpacks. magnet current is kept constant and the probe scans hor-

isontally across the magnet aperture. By positioning one
end of the probe a depth zo inside the magnet (the other

I. INTRODUCTION end being outside the magnet), we measured the field in-
tegral as a function of depth and transverse position.

We describe endfield measurement techniques that were

developed for studying various endpack designs for magnet
IDM0O2, the 2nd prototype dipole for the Main Injector[l].
The endpacks were measured using a 2.032 m long rigid II. EFFECTIVE LENGTH
probe called & Flatcoil. The probe has 24 turns of 0.254
mm diameter wire wound around an aluminum bar Of A. Measurement Procedure
width 0.635 cm. The turns were spaced in a geometry
which minimises the sextupole contribution of the flux, as We measured the field integral at up to 10 different cur-
expanded about the probe center. The total flux, summed rents and over a range of probe depths, 0 < z < 50.8 cm,
over all turns, is very nearly proportional to the field in- stepping every 5.08 cm in z. At each position the data ac-
tegral along a path running down the geometrical center quisition program (running on a VAX) recorded the mea-
of the probe. The probe was mounted on a movable stand surements of the current, the z position, and the flux to
which allowed us to insert the probe to various depths in- a data file. The z position was the only quantity of the
side the magnet. In the baseuise mode of operation, the measurement process under manual control, both in terms

"*Opasmd by UsivuRatle. Amci u cmutrt of positioning (via alignment with a steel ruler mounted
with the United Stats Depamrent of ZnerS on the test stand), and recording.

0-7803-1203-1I93$03.00 0 1993 IM
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B. Effe ve Length Caculation which we attribute to the combined influence of noise plus
The total effective length for a mat eted to a p positioning errors. The error due to s positioning alone

is then estimated from these data to be 0.18 mm. Aver-
fled current i is aging the results of this procedure at selected s positions

( f*. B(i) (1) gave 0.13mm, which led to a systematic error in L.W of
W= 0.37 mm.

Some endpacks were measured more than once, usually
where BO is the mean body field. The total integral may to determine measurement repeatability or to understand
be measured using a probe which extends the entire length the effect of varying some of the measurement conditions.
of the magnet, and Bo may be measured by a probe which A test of the long-term repeatability of these measurements
samples only the body field. In a high quality dipole, was done by comparing measurements of Endpack 1 taken
the body field is very uniform, only falling off as one ap- one year apart. During this interval, not only had the
proaches close to the ends. With this observation in mind, endpack been removed and subsequently remounted, but
we can re-express Eq. 1 in terms of the steel length, L,, the magnet itself had been removed from the test stand
and a quantity L.d which we call the ead effective m# for a period of time. The agreement between the two data

sets is very good, beng typically 0.2 mm at most currents.4..(s) = L. + 2L..d(s) (2)

The factor of 2 is present because of our definition that III. FIELD SHAPE MEASUREMENTS
Lmd is the effective length of each end of the magnet.

We used a measurement procedure which measures L.d This section describes how the endfield harmonics were
using the 2.03 m probe. If the probe is inserted a distance estimated from measurements of J(a, so). At each selected
s into the magnet, then the quantity current we measured J(z, s) over the longitudinal range

0 < z < 50.8 cm in 5.08 cm steps. At each s position we

-Jsz) = • (3) scanned transversely from -6.35cm < x < +6.35 cm in
BO 0.254 cm steps. Four scans were made at each x, and for

should become constant and approach L as z becom each z position we recorded the average of the four scans

larger. The body field, Bo, is determined by performing a and the standard deviation 0.8 tht data file. We inserted

linear fit to J(z). The slope is identified as the mean body the probe at an angle of 00 with respect to the lamination

field in the region z,.,. < • < za, over which the fit is face, which coincides with the beam direction.

made.
The relative effective length describes the change in Ld A. Body field / End field separation

with current and can be determined by choosing a reference The first step in the data analysis was to separate the com-
current, io, and using Eq. 3 to obtain ponent of the flux that is attributable to the end field from

3(i. a) - J(o'oZ) the body field. For probe positions z > zj., where z."
(i, z) = ,z) - I(io, )= (i) B(io,) (4) is the location inside the magnet beyond which end effects

e Bo(i)are unimportant, we can make a linear approximation to
The average of &L(i, z) for z > azi, is used as the value the field integral as a function of z:
of AL.d(i). One may see from Eq. 4 that this quantity is
insensitive to positioning errors in z, a dominant source of
systematic errors. The function f(a) can be identified as the body field shape,

Using the procedure described above we calculated B(z). We can identify a() as the effective end field inte-
L..d(i) and ALd(i) for each endpack. The results are Wal:

presented in [2]. gral: end
O(X)= B(z, z)dz (6)

C. Error estimates That is, it is the field integral over some region containing

A set of measurements was taken in order to understand the end of the magnet, with the body contribution sub-
the contribution of a positioning errors to the total error tracted. Note that we do not specify precisely what the
in the flux. First, we took four runs at 1500 A with the upper limit on this integral is, nor do we need to, as long as
probe fixed at z = 50.8 cm. These runs produced a stan- the probe integrates over a region at least as large as any re-
dard deviation of the flux equal to o'./f = 1.6Ix 10-. This gion in which end effects are important. This is equivalent
error was identified as being due to a combination of elec- to choosing z,,n,, large enough so that B(zi,) contains
tronic readout noise and accuracy in magnet current read- only body field. For this ar" we chose za,, = 25.4
out. Another four runs were then taken, in which the probe cm. The error estimated fol -(., z) was determined
was removed and then repositioned at a = 50.8 cm prior from the measured standard &ion in the flux and an
to each run. In this case we obtained .t/f = 3.6 x 10-4, estimate of the a positioning error.
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B. Ea*L ahapes The fit parameters J in Sq. 7 are identified as the in-
Fi of a teated normal harmonics over the end region. We chose

Figure 1 Shows a superimpoed vaew th endpackfi ie to report results in terms of normalized harmonics, where
hast 1500 A. The field shapes are the endield integrals the normalisation is relative to the body dipole integrated

of Eq. 6 normalized by the quantity B0 L and multiplied by o the length of the magnet:
104. The endfield shapes are observed to be approximately
independent of current. The distinct two-hump shape seen J.(
in many of the endfields can be parameterised by a large BL' (9)
positive sextupole combined with a weaker negative de-
capole. The magnitude of the sextupole is correlated with The value to choose for p and the region in x over which

the sise of the noses on the endpacks. Endpack 10 is seen to perform the fit were chosen experimentally. Strictly

to have the most desirable shape, in that its deviation from speaking, one may not perform a harmonic fit over a re-

sero is smaller than any of the others. gion larger than a circle that just fits within the magnet
aperture. Inside the body of the Main Injector magnet,
the vertical aperture is 5.08 cm and the horisontal aper-

CfidPGsk W@IG r ~ ehpt 1500 A ture is wide open. Body field shapes are theoretically con-
12 * 2strained to be fitted over regions a,.,i < a < a,. such

8 ,ndpock23 that xu.- ,a,, < 5.08 cm. Note that we are only con-
t A edpoft 5 , iS sidering regions that are centered vertically (y = 0), and

4,0 £ enPO therefore skew harmonics can be neglected. At the ends,
4 ,,pk, , however, the vertical aperture opens up as a function of

0 aWP•C a z, and the formal constraints on the fit region become less
0 o ,,p, , severe. Wechoe to fit over the region IxI < 5.08cm. With
A ,o 1 regard to the proper choice of p, we note that for dipoles

4 one may expect important decapole contributions, which
4 suggests choosing p at least as large as 4; the next "al-

". , *."lowed' harmonic after decapole in 14-pole, corresponding

"" to p = 6. We tried both 4 and 6; the fit to Endpack 10
.. i,."". .ndicates a need to use p = 6 to achieve a good fit at the

0 # ....... higher currents. The results are reported in [3].
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tance on this work: S. Agrawal, A. Bianchi, B. Brown, J.
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Figure 1: Integrated field shapes for all endpacks. tiguy, H. Stahl, and M. Thompson.

C. Estimation of normal harmonics REFERENCES

We obtain the normal harmonics by fitting the function [1] Fermilab Main Injector, Title I Design Report, August,

a(z), obtained from Eq. 5 to a polynomial: 1992.

[2] H. Glass et. al., "Effective Length Measurements of

a(z) E Ja" (7) Main Injector Dipole Endpacks," Fermilab TM-1815,
S= oDec. 1992.

Prior to performing the fit, the dipole term, a(0) is sub- [3) H. Glass et. al., 'Field Shape Measurements of Main

tracted from a(z); this defines an endfield shape function, Injector Dipole Endpacks,* Fermilab TM-1820, Dec.

s(m) = a(m)-a(0). In subtracting this constant from a(m), 1992.

we also remove the systematic error due to the probe z po- [4] D. Harding et. al., 'Design and Measurements of Pro-
sitioning error, since this source of error is the same for totype Main Injector Dipole Endpacks,* in Proeedinag
all values of x. We note that there is a simple relation of the 1993 Particle Accelerator Conuference, Wsking-
between the effective length due to the endfield and this ton, DC, May 17-20, 1993. Institute of Electrical and
dipole term[2]: Electronic Engineers, 1993.

2= (8)
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Lamination and End Plate Design Studies of SSC Low Energy Booster
Magnet Prototypes

Nanyang Li

Supeconducting Super Collida Lbcraory*
2550 Becklcymead& Avn. Dallas TX. 75237

I. INTRODUCTION complex parts, such as the main quadrupole

The LEB machine includes six kinds of laminations. But this does not necessarily mean that

laminated magnets and 4 kinds of laminations it will have the necessary accuracy. Industry is

The main quadrupole magnet and low field and familiar with conventional industry standards. It

high field corrector quadrupoles use the same is a rather new thing for them to cut accelerator

lamination shape. The chromaticity sextupole, magnet laminations which are thin and have big

corrector dipole, and main dipole have different transverse dimensions; the shape is rather

lamination designs. To test the physical design and complicated as well. If we do not carefully choose a

production procedure for the magnets, it is necessary good company and do not have a test program for

to build 2 or 3 prototypes for each kind of magnet. laminations, but just simply believe in the laser
The ZVI plant in Moscow, manufactured all 4 cutting technique itself; it is very likely we will

kinds of lamination punching dies for the LEB have poor quality laminations, even worse than one

magnets. Each die takes 3 to 5 months to fabricate. would expect from conventional tooling methods.

SSCL manufactured laser cut laminated magnet When we have poor quality laminations to make the

protot•pes in the SSC shop at the same time. prototype, the physical design problems will be mixed

Since the LEB cycles at 10 Hz, the high with the mechanical tolerance problems, and it will

frequency current and laminated end plate design be hard to separate the physical design errors from

causes a delamination problem on the magnet end. the mechanical fabrication errors. The result is that

This problem is of concern and will be addressed. the prototype can only offer a production procedure
study but not a physical design study.

II. LASER CUT LAMINATION From our experience, the conclusion is that using
laser cutting techniques to cut laminations may be a

A. Quaity of theaser Cut aian good method to build laminated magnet prototypes.
To speed up prototype production and in order to It saves time, but it is a very sensitive method as

offer some magnetic field information to the well. Special attention must be paid to the
Russian collaborators; the SSC shop used laser cut programming and the program running lamination
laminations to build the LEB magnet prototypes. samples.

The laser cutting technique is advertised to have B. Different Property between Laser Cut Laminations and Die
a very high machining accuracy of 0.01 mm Punched Laminaidons
tolerance over a 200 mm length. But for the 5 kinds of The laser cut laminations have a major
laser cut laminations, only the main quadrupole difference from the die punched laminations. The
laminations have reached the +/- 0.0125 mm design laser cut laminations have no burrs, so the stacked
tolerance requirements for the critical segments. core canasiy halmo 100% packingstactedThe orrcto qudruole amiatin (he amecore can easily reach almost 100% packing factor.
The corrector quadrupole lamination (the same But the die punched lamination core will have adesign as the main quatrupole but made by a rather lower packing factor. Our laser cut main
different company) pole segment error is around a ratruler packing factor an
factor of 10 larger than the requirements. The quadrupole prototype has a 99.8% packing factor and
deviation of the main dipole pole segment on the the die punched lamination prototype has a 98.5%
straight part is around 15 times larger than the packing factor.
design. Even for the very simple shaped trim dipole, The burr characteristic also gives the core
one pole on the straight part is still 4 times over the stacked from the laser cut laminations a high
tolerance band. This situation attracted our resistance under high voltage. But the die punchedattention. The laser cutting technique can cut very lamination core definitely can not obtain the same

value. For the die punched lamination core, the stack
resistance is composed of 3 factors: 1. the resistance

* Opcrated by the Universities Research Association, Inc,. of lamination coating insulation which is very
for the U. S. Department of Energy under contract No. DE-AC high; 2. the resistance of steel sheet which is much
35-89ER40486 lower than the coating one, if the stacking
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compression is reasonable, this resistance can be
ignored; 3. the resistance of the lamination edge
area which is caused by burrs and can be considered
as the steel resistance. When you test the lamination C laniatiac is asaWied to tad to open
stack insulation, in fact, you can only observe the Figure 1. LEB Sextupole Lamination
lamination edge area resistance. Therefore, it is a It is a common knowledge that this kind of
non-comparable value with the resistance value of lamination tends to open after punching because of
laser cut lamination stack. The 10 cm thick stack the materials inner-stress. In general, it is
insulation test shows that the resistance value of the te te tworsteps t n generatiomain quadrupole prototype made by the die punched sugested to use two steps to punch the lamination.

ohiqema nde r by t ucm First, a rough shape stamp that allows the release of
laminations is 2.8 to 4.0 ohm under 5 kg/cm2 the material's inner-stress and then a punch step to
compression at 50 V, the dipole is 0.9 to 1.0 ohm under achieve a accurate size pole segments and packing
the same condition. But the 3.0 cm*3.0 cm*0.9 cm reference segments on the lamination. For the LEB
testing samples obtained 1.11" 105 ohm resistance at sextupole, its outline dimension is about 479*220*0.5
1.0 V/mm. mm; it is rather small and thin. The ZVI plant

As stated above, the packing factor and the designed only one die to punch the lamination. They
insulation value which were achieved from the did not adjustments to the die for the opening
prototype made by laser cut laminations can not be problem. The inspection results by ZVI in Moscow
used as a criterion to judge the die punched showed very good quality laminations. Opening did
laminations. Otherwise, the two kinds of prototypes not occur on the laminations at all. The lamination
made by different laminations should share the samples were then delivered to the SSC, we re-
same mechanical tolerance and the same magnetic measured them. The inspection values were
field results. different from ZVI report, but in the tolerance band.

The interesting thing is that the right and the left
Im. PUNCHED LAMINATION poles of the lamination and the right and the left

A. Quality of•theDie Punched Laminadon clamping ears of the lamination consistently
The LEB quadrupole, main dipole, and the demonstrated that the lamination did open slightly.
chromaticity sextupole lamination punching dies I believe there may be ageing. I will continue to
have been developed and several thousands study more samples during the sextupole lamination
laminations have been punched. Inspections show lot production; if the phenomenon indicated above
the laminations have very good quality. All 3 kinds exists in the majority of inspected laminations, it
of laminations are qualified for the +/- 0.0125 mm may give us some new information about the
tolerance requirements on the critical segments. It opening problem of the C shape lamination. We will
is a real surprise that they are much better than the get some experimental data between the lamination
laser cut laminations. ZVI chose the refined die size and the opening ratio. We may find that we can
method for the LEB magnet lamination fabrication. ignore the opening problem for certain size
There is no clearance between the guide pins and laminations.
bushings; pins and bushings are never out of touch
with each other, the clearance between the die and the IV. LAMINATION INSPECTION
punch is as small as 0.02 mm. ZVI built the main A. The Principle for Set Up of the Inspection System
quadrupole lamination die and the punch as one
solid piece. ZVI took full advantage of the EDM There are many ways to set up the lamination
technique and took the risk as well. If any spot of the inspection system, i.e. the measuring coordinates.
die or punch cutting edge is broken, the only way to uts the system that most accurately and directly
repair the die is to build a brand new piece. It will reflects the possible deviation of the critical part of
cost significant money and time. This adventure laminated core after packing should be the favorableobviously supplied a very high quality die and, of one. Such as for the quadrupole magnet, the pole
course, very high quality laminations. The burrs diameter and the gap size between the adjacent polesare as small as 0.02 mam, this means that the are the most critical mechanical values to ensuredeburring procedure can be total eliminated, good magnetic field quality. And the datum featuresof the lamination to reflect these values are the 2
B. Th Sextupole L4minadon yokes , i. e. the mating surfaces between adjacent

The sextupole laminations show something very quarter cores. So the measuring system should be set
interesting. The LEB sextuple design is composed of on these two features. Then inspection numbers will
2 half cores, i. e. each half has 3 poles, so it is kind demonstrate exactly the pole diameter and the gap
of a C shaped lamination, value. Using the same principle for the dipole
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lamination inspection, measurement should use the VI. END PACK DESIGN
features which will be chosen for the core packing To save LEB machine space and avoid eddy
datum as the X and Y axis. For the sextupole we currents, the LEB magnets all adopt the glued and
should choose the bottom most edge and the laminated end plate type of design. As the LEB is a
symmetrical line of the lamination to be the X and Y 10 Hz machine, it is assumed that the high frequency
axis. vibration will cause the delamination of the end

To take just the LEB main quadrupole prototype plates. The glue is not reliable under radiation and
lamination as an example : for long life times. ZVI made an experiment on a

The SSC inspection sets up the measuring system special main dipole model for studying the
as indicated in the left side of figure 2; the ZVI delamination problem. This model has two different
inspection sets up the measuring system as on the end plates. One is glued and another is not glued.
right. The laminated, unglued end plate was shaking

baddly and each lamination was dancing crazily
under the 10 Hz power. Just a little tremble could beYoke Y felt on the glued end plate. But the tear resistance of
the glued end plate obviously is a negative factor over
the machine life time with such strong split forces.

0 X The INP people proposed a new design to improve

- •the unity property of the LEB dipole magnet end
X plates. They put a frame of low carbon steel on the top

of the laminated end plate and this frame will beActual Profile Actual Pwelded with the bending plate, which will make it
Figure 2. Setup Measurement System and the core a single element. The frame pushes a

The two inspections show different results. The solid block of G10 type material toward the
laminations measured by the SSC system were out of laminated end plate and this G10 block is fixed to the
tolerance on the pole tip and the laminations pole tip of the end plate by two insulated screws made
measured by the ZVI system were in tolerance. Of of non-magnetic stainless steel.
course, the right system is reasonable and reliable. For the main quadrupole end plate, there is a stud
This example shows us that since the magnet through the hole on the pole tip of the core to hold tight
laminations have very tight tolerance requirements, the laminated packs and end plate as an entire piece.
an inappropriate measurement system may lead to a But since the end plate is chamfered, the end plate
wrong conclusion. will still tend to be split by the 10 Hz vibration. The

The establishment of a lamination inspection delamination was observed when we were trimming
system should be thoughtfully considered for each the end plate chamfer of the main quatrupole
individual magnet . prototype even before running AC measurements.
B. The Inspection Programing The reason is that the glue did not permeate into the

Apart from the trim dipole, the LEB magnet gap between laminations thoroughly, and the
anarti adhesion was partly destroyed during milling thelamination poles are a broken line type of design. chamfer. We are going to make some structural

This kind of design raises a question of lamination change We are to make some endtpl

inspection: there are two normal lines crossing at change to improve the main quatropole end plate

the intersecting point of 2 adjacent small straight rigidity to ensure it will work as a solid plate.The
lines; which one should the inspecting indicator laminated end plate design was used by Fermi Lab

trace? The best way is to write a program which for their DC machine. But there is no experience for

smooths each two intersected broken lines on the use of this design on AC machines.We will
continually study problems and find ways to solve

pole into an arc and therefore the normal line of the them.
tangent line of this arc will be the trace of the

inspecting indicator.
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Design and Fabrication of a Multi-Purpose Panofsky Magnet

J. Budnick, T. Hall, D. Li, and S.Y. Lee
Indiana University Cyclotron Facility

Bloomington, IN 47408

Abstract

A fast, tlexible magnet system, consisting of a Panofsky- end terminations allows use as both dipole and quadrupole;
style ferrite picture-frame magnet and pulsed power supply, modeling also suggests sextupole configurations.
has been developed. Magnet specifications are: 8 cm x 8 cm
aperture, 23 cm length, 500 A pulsed/160 A DC, and 1 ps 1I. MAGNET DESIGN
risetime. Designed for general accelerator physics studies, the
magnet may be quickly converted from dipole to quadrupole We had on hand a large number of 2.54 cm x 5.02 cm
or sextupole and higher multipole configurations by easily cross-section, 22.9 cm long ferrite slabs. These were cleaned
changing winding end terminations. In the quadrupole and glued together with a commercial cyanoacrylate ester
configuration a field gradient of 0.5 T/m is achieved at 500 A. instant adhesive [3]. The ferrite frame was strengthened by
This magnet has become an important tool for nonlinear beam bonding 0.32 cm thick G-10 fiberglass sheets to the femte
dynamics experiments at the IUCF Cooler Ring. outer walls using silicone RTV. The assembled ferte frame

measured 15.2 cm x 15.2 cm outside dimensions, 23 cm long,
I. INTRODUCTION with a 10.2cm x 10.2 cm inner aperture (effectively reduced to

8 cm x 8 cm by the later addition of the copper conductors
It is well known that beam loss occurs at sum resonances, and fiberglass carrier plates). The top ferrite slabs are free to

when the betatron tunes v., v, satisfy slide in and out of the lower "U" shaped ferrite frame. This
allows insertion around a beampipe by temporarily

mxv, + mtv2 = integer, disconnecting the end termination cables, raising the magnet
from below the beampipe, reinstalling the top fernte/conductor

with integer min, mn. Thus, beam dynamics experiments at assembly, and recotnecting the end termination cables.
sum resonances is important in accelerator physics; correction The winding conductors were fabricated from 1.9 cm wide,
of these sum resonances can improve accelerator performance. 0.64 cm thick copper bars. Because the turn-to-turn voltage
A typical beam dynamics experiment is usually performed by during the I ps current ramp-up exceeds several kV, conductor
measuring the Poincard map at a resonance condition. edges were radiused to minimize E-field strength, which
However, the beam current within a sum resonance is too otherwise leads to flashover during turn-on. Winding ends
small to obtain any useful information; e.g., the stopband width were drilled and tapped for #8 screws to form end connections.
of vX + 2vz = 13 resonance at the IUCF Cooler Ring is Carrier plates, constructed of 0.64 cm thick G-10 fiberglass,
typically 0.01. A fast quadrupole capable of producing a tune were milled out to accept the copper bars. These bars were
shift of the order of 0.03 at a rise time of I as would serve the bedded into the G- 10 with a thin RTV layer, the G-10 carrier
purpose for accelerator physics experiments. The method is to plates similarly attached to the ferrite inner walls (Figure I.).
jump onto the sum resonance by using the fast quadrupole and removeable
observe the beam response as a function of initial betatron top
amplitudes. Such a process can be achieved by firing a fast
quadrupole and then allowing the magnet current (and tune) to ferrite I
die away from the resonance band, back to the original DC
tune. One useful operational outcome of such a technique is G10 I end
the ability to jump over intrinsic depolarizing spin resonances carrier termi nations:
and thereby accelerate beam with little polarization loss [I].

To investigate these behaviors and related nonlinear r screw

dynamics at the IUCF Cooler Ring we developed a fast ferrite (windings)
magnet and pulsed power supply. The magnet uses Panofsky- cable
style picture frame construction [21, with solid copper windings
embedded along the ferrite inner walls. By designing the ferrite
windings as separate from the winding end terminations we
have achieved a magnet of considerable flexibility. Changing scale: - i ca

Support by U.S. National Science Foundation. NSF PHY 9221402 Fig. I Magnet construction
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The completed magnet was mounted on a support base with The ignitron approach gives timing jitter of the order of
leveling & centering screws. 200 ns over several dozen pulses (and total system delay of

For low frequency modulation field monitoring, a about 2 pis). Jitter is not as good as with thyratrons but (with
demountable, compact field pick-up coil can be attached inside Cooler ring single-bunch orbit time of I ps at 45 MeV)
the magnet aperture. This connects to integrator/amplifier acceptable. Peak ratings for the GL-7703, at 100 kA and 25
electronics mounted on the base plate, providing a high-level kV, far exceed figures for thyratrons of comparable price.
field monitor signal over 30 Hz to 300 kHz. Tube robustness and simplicity is another advantage of the

ignitron approach. improving reliability by eliminating costly
III. POWER SUPPLIES precision filament supplies and reservoir heaters.

Present limitations on higher current performance for the
For pulsed current work, a supply using capacitor energy supply/magnet system come from the IN5603 high-voltage

storage and ignitron switch tube was designed and built (Fig. diodes. Extensive testing with T = 3 ms has set a peak pulse
2). Both high- and low-voltage capacitor banks in the supply current rating of 500 A as an upper limni

ro 1 •.& For low-current, low-frequency work a bipolar 20 A power
W to--•A• supply is used. Measurements on stainless steel beampipe of

rdo 0.23 cm wall thickness gives an upper -3 dB rolloff at 1.2 kHz
• M • • sV 1[41, allowing modulation studies [5] at these low frequencies.

U*C*TubeM""IV. MAGNET MODELING AND MAPPING

T- The Panofsky design makes use of conductor images
c Ns mUqOw damv "OW appearing in the fertite such that, with proper geometry, a

a~ 3 symmetrical, infinitely repeating arrangement of current
Fig. 2 Pulsed supply topology carrying conductors effectively exists. As conductor symmetry

is critical in establishing imaging and desired field uniformity,
are precharged from 10 kV and 200 V charging supplies. A
trigger pulse fires the GL-7703 ignitron tube; magnet current
resonantly rings up when the charged, 44,000 pF, 12 kV
capacitor bank is placed across the magnet. As the magnet :
approaches peak current at 1/4 cycle (I ps) into the sinusoidal dipole
ring, magnet voltage approaches zero crossing. At this point
the 1N5603 diode stack forward biases, placing the 22,000 pF U
low-voltage sustaining current capacitors across the magnet. H
The magnet and capacitors then discharge as a simple RC
combination with T = 3 ms time constant. Circuit construction
utilizes 22 paralleled 2000 pF, 12 kV plastic capacitors for the , •.
high-voltage capacitors and four 5500 p*F, 250 V capacitors for
the low voltage bank, allowing considerable flexibility in
adjusting rise/decay times for different magnet loads. High-
and low-voltage capacitors must be charged in a certain ratio, quadrupole

with a low-voltage offset added for diode forward drop.
Tracking is handled by an analog charge programming circuit,
adjusted for optimum high-to-low-voltage transition (Fig. 3)./N A ' -.. •... .... . .

fr4 Is

_ _ _ _

, ji 0 PSi sextupole

I _-___ _-

Fig. 3 Pulsed supply current (into quadrupole) Fig. 4 Magnet multipole configurations (By(x))
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minor misalignments create error multipoles. Although, in good quadrupole field linearity. Four passes smoothed out the
principle, single sheet conductors along the ferrite walls could mapper data, which is running at about the hardware noise
be used to establish field, in practice this has the disadvantages floor here. The 0.19 T/m gradient matched the POISSON
of requiring high currents and causing non-uniform current result; at a 500 A supply limit this gives 0.5 T/m.
distribution during short current risetimes. After evaluating To evaluate pulsed performance, a pickup loop and passive
supply requirements and mechanical complexity, the RC integrator was employed to observe the B field pulse
compromise of 4 conductors/side was chosen. As seen in Fig. leading edge. Figure 7 shows quadrupole results, indicating
I, mechanical details prevent the 8 comer conductors from excellent linearity across the aperture.
being placed symmetrically with respect to the ferrite (the
conductor-ferite edge gap should be half the conductor- 'r " 5)/ A

conductor edge gap). This creates, in the dipole example of 1urr- eit

Fig. 4, about a 6% scxtupole component on top of the dipole 'C

field. To correct this effect we evaluated the addition of small fiefdt
corrector windings in the comers; optimum results were ..-:' I- t -
obtained by making corrector winding current 1/4 of main - - -
conductor curremn, shown in Fig. 5.

[ I I " .- , .~-:-" )"right
corrector windting '. ". 3ew..r"/"

Fig. 7 Quadrupole pulsed field map (hbozontal scan)

V. RESULTS AND FURTHER PLANS

__-"_-'-_ The magnet has been successfully used as both dipole and
quadrupole. For low-frequency work the magnet is inserted
around normal 0.23 cm wall thickness stainless steel beampipe.

Fig. 5 Dipole with symmetry corrector windings High speed pulsed runs require insertion around a 7.6 cm
diameter ceramic beampipe. Future work may employ the

We used the POISSON modeling code to evaluate DC magnet in quadrupole mode which, in conjunction with a fast
performance; figure 4 shows dipole, quadrupole, and sextupole kicker, would allow beam echo studies.
results. To establish DC field maps we ran the magnet at its
temperature-rise-limited rating of 175 A, with figure 6 showing VI. ACKNOWLEDGEMENTS
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Magnetic Septa Design and Performance For Injection And Extraction
To And From The MIT-Bates South Hall RIng(SHR)"

R. Averill, I. Dow, H. Enae, J. Flaw, E. Ih1off M. Farkhoudeh, C. Sibley
Mrr-Bates Linear Accelerator Center
P.O. Box 846, Middleton, MA 01949

2 gropad bars which allow a space for rear access at the
AbsWct mid point for coil lead passage. The bars dimensions are

This report discusses the design, construction, testing 19.18xl429"x0.567 LUxWx. The frame is bolted together
and installation of 2 magnetic septa in the South Hall
Ring Lattice for the injection and extraction of an
electron beam of energies from 0.3 to 1.0 GeV. The by 2 parallel rows of bolts to provide damping of the core
report covers magnetic design and performance of the assembly. A cross section of the septa is shown in
following, steel return frame, electrical coil design, power Figure 1. A photograph of the septum assembly mounted
supply, vacuum vessel, supports, fiducialization, and on the beam line is shown in Figure 2.
magnetic measurements.

III. ELECTRICAL COIL DESIGN
I. GENERAL Several design were considered using square OD

The magnetic septa specifications are to horizntally hollow copper conductor, but the available profiles did
bend an electron beam of up to 1.0 GeV energy twough not fill the gap with enough copper to maintain the design
60 mr. The septum width must be less than 8 mm to temperature rise and to help reduce the stray field outside

allow sufficient clearance for the injected and extracted the septum. Consideration was given to rolling a square
beam and the circulating beam. Multi-turn injection and conductor down to a rectangular profile to obtain more

resonant extraction are planned. The magnet gap, copper in the gap and lower the temperature rise. Our
window, and length dimensions were determined to be designers, through persistence, located a Finnish supplier,
1.44 cm, 7.0 cm, and 99 cm respectively. The final Otukumpu, with the desired profile listed in their catalog.
configuration for the core was modelled on POISSONtP'. Engineers were able to obtain from the vendor's US
The low external side fields outside the septa were offices a small quantity (200 lbs.), which more than
reduced further by the addition of a 80% nickel, 0.75 mm supplied our conductor needs. The conductor, an OFHC
thick, cylindrical magnetic shield. The shield tube also CDA 102 copper alloy, has dimensions of 6mm x 5mm
acts as a shield for the S-band %Jectron bunches and OD/ 3mm RD-ID. This conductor provides an excellent
reduces the beam/tank structure interaction. The match to the design gap and septum width specifications.
watercooled
C-frame septa are mounted on flanges to allow the units The conductor has a resistance per foot of 229.1
to be installed on the vacuum side of the large UHV micro-ohms. The coil length for 2 turns is 20 feet,
tanks. Flange mounted support bars support the septum resulting in a magnet resistance of 4.58 milii-ohms at 20C.
110 lbs. weight. All connections for electrification and To drive the gap to 2000 Gauss requires a current of
cooling water are external to the vacuum and there are no about 1150 amperes, a voltage of about 6.00 volts and a
electrical/water joints inside the vacuum envelope, power consumption of 6.8 kW. Each turn conductor

carries 1 GPM of water at 80 psid; such that the

II. STEEL ALLOY RETURN FRAME temperature rise of the water is less than 13.oC at the

The return iron material is 4750 forged alloy obtained maximum current of 1150A for 1.0 GeV operation.

from Scientific Alloys Inc. of Westerly, RI. The material
was machined to within 1/16" of final dimensions and Insulation designs considered for the conductor were:

then annealed at 2150" F for 4 hours and oven cooled to ceramic clips, hard coated aluminum sheets, to flame
reduce the coercive force of the material. Final sprayed alumina. Information from G. Fischer of SIACm
dimensions were achieved by Blanchard grinding with on a qualified flame spray vendor, BBC of San Jose,CA.
water based coolants and then a 0.5 mil thick electroless- resulted in the selected insulation design of 10 mils (t 3)
nickel plating was applied for corrosion protection and for inus of AL203 being flame sprayed onto the conductor.
reduction of surface vacuum outgassng rates. The septum The coil ends are saddled, turned up/down, to allow the

steel consists of 2 plates for top and bottom with beam to pass through. Early designs called for field

dimensions 39.0"x4.53"x1.092" LxWxH. The gap is set by clamps/supports for the coil ends, but assembly and

* Tis work is supported in part by the Depatment of Energy under contract #DE-AC02-76ER03069.
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teaing determined that the coil ends were self-supporting. VI. MAGNETIC MEASUREMENTS
The coil/frame assembly was high potential tested to 1000 The magnetic measurements on the septa were made out
volts DC and no leakage was noted. The four end of the vacuum tank to allow access to the septum gap and
conductors for the windings come out of the vacuum via external stray fields using the Bates X-Z table with
a flange with 4 insulating feedthroughs. The conductors precision Hall probe. Measurements of the end field,
slide out through the feedthroughs and are brazed via a internal gap field, and septum external field were taken
matching interface copper disc to the feedthrough after versus distance and excitation. The reduction of the stray
final fit up is achieved. From then on the magnet is tied septum field when the magnetic shield was installed was
to the vacuum tank large rectangular flange and is also measured. Plots of the vertical magnetic fields versus
handled as a flanged assembly. axial distance (z); in the septum for the injected/extracted

beam, in the shield for the circulating beam are presented
The 2 turns are connected, outside vacuum, in series in Figure 3. A photograph of the septum mounted on the

to produce the required magnetic field and are connected main flange is shown in Figure 4.
with fittings for parallel turn water cooling supply and
return. Temperature sensors are installed on the water VII. FIDUCIALIZATION
outlet conductors and with flow switches are part of the The completed assembly of septum/flange was
septum interlock protection system. Large tabs are measured to allow use of external fiducial points on the
connected to the input terminals so that 6-4/0 AWG flange to set the horizontal and vertical position of the
flexible cables can be connected to each terminal. The 12 septum with respect to the beam position at the septum
cables for supply and return are interleaved in the path beam entrance and exit points. The success of this
from the power supply to reduce stray fields and program allowed the beam to be directed through the
couplings to other circuits. septum on the first attempt to inject the electron beam.

IV. VACUUM TANK DESIGN VIII. CONCLUSIONS
A rectangular design was chosen based on the The septa were constructed and tested on the injection

availability of a suitable 8"xl0"xW wall 304 stainless steel side of the SHR. Both units performed well with electron
rectangular pipe. Various ports and flangements were injection at about 330 MeV. The first unit was removed
provided for; beam entry and exit, vacuum pump port, to modify some tank dimensions. There are some
windows for a beam monitor screen, support and fiducial mechanical improvements in the second unit based on the
mounts, and the large side flange for the septum magnet experience gained with the construction of the first unit.
assembly. Articulation of the septum is accomplished over
the motion of the entrance and exit bellows and by IX. ACKNOWLEDGEMENTS
adjustment of the 6 strut support system, which allows The authors thank the following: D.McCurley,
vertical, horizontal and azimuthal motion in an J.Gostanian, and C.Russo for their efforts in the design
independent way. phase of the magnetic septa, the Mechanical Group for

The tanks were built by Mill Lane Engineering, assembly and test efforts, and the Electrical Group for

Lowell, MA and no problems were noted in fabrication. power supply and cabling efforts.

Cleaning and bakeou: processes performed allowed a XREFERENCES
base pressure 10*exp(-9) Torr to be achieved with an 0- X. RFErENCes
ring seal. A Helicoflex Delta Seal is planned to be used N1 a POISSON/Superfish Group of Codes, Los Alamos
for the final assembly sometime in the future. National Lab., LA-VR-87-126 (1987).

V. POWER SUPPLY [2] J. Bit-veld et al., "DC Septum Magnets for the
The design of the power supply was specified and an Damping Ring of the SLC SLAC Linear Collider",

order was placed with Bruker Inc., Billerica, MA. for 2 IEEE Trans. on Magnetics, Vol. 24, No. 2, March
units rated at 12 Volts and 1300 Amperes DC, with 1988.
current regulated to 10 ppm/°C long term. The units
were delivered, installed, tested and determined to be [31 Design Work on Magnetic Septum for the Bates
within specifications without any problems. The power Stretcher Ring, H. Enge, Deuteron, Inc. Sept. 1988.
supplies are a distance from the septa due to the
radiation associated with the electron beam injection,
storage and extraction activities planned.
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Octupole Magnet Design for the 1/2 Integer Resonant Extraction
of Electrons from the South Hall Ring(SHR)"

R. Aveil, J. Flanz, E. nhlo"f D. T'eger
MIT-Bates Lonear Acceklear Center
P.O. Box 846, Middleton, MA 01949

Absoct
The MIT-Bates SHR, a 190m long race track shaped design calls for Bp - 6000 Gauss. In the cps system of

electron storage rWg with a 9.144m bending radius, is units this is also Hp - 6000 Oersted The assumed
designed for nuclear ph*= experiments using two variation of H(R) is cubic and can be expressed as:
modes; the STORAGE mode with internal targets or the
PULSE STRETCHER mode, which uses the 1/2 integer H(R) - Hp(R/Ro)exp(3)
resonance and 2 ramped quadrupole magnets and 3
octupole- manets to (smoothly) extract the stored Integration of this function over R (0 - 3.25 cm) allows
electrons of up to 1.0 GeV energy and 80 mA intensity determination of the MMF (gilberts) needed to exite the
over a period as short as I millisecond into the extraction pole.
line. MMF/p = Hp(Ro)/4 = 4875 Gilberts

L INTRODUCTION
This report summarizes the design features and results NI/p - MMF/0.4(pi) = 3789.4 a-t/p

obtained for the octupole magnets, which are
characterized by poles of 24.89 cm axial length, located The magnetic efficiency of the magnetic path is

3.25 cm from the electron beam axis and having variable assumed to be 0.97, therefore the a-t/p = 3789.4/0.97 or

pole-tip field strengths of up to 6.0 kG, with the pole/coil 4000 a-t/p for the coil excitation requirements.

assemblies mounted in a cylindrical steel return frame. mI. MECHANICAL DESIGN

H. MAGNETIC DESIGN The return frame is based on a thick wall pipe/tube of

The octupole specifications call for a variable octupole 1018 carbon steel with OD/ID of 11.5"/8.5 nominal size,
field with a minimum of other multi-poles, which is which is "rough machined* to within 1/16" of the final

achieved through the appropriate pole tip contour defined dimensions, annealed at 1500-1800 degrees F for 1-6
by the radius to the pole from the beam axis and by the hours and oven cooled to relieve internal strains after the

angle (a) from the pole location angle. This radius slowly auxiliary brackets and support blocks were welded on,
increases from the minimum Ro of 3.25 cm according to then honed to the correct ID. A final electro-less nickel
the following relationship."tII plating of 0.5 mils thickness is added, to provide corrosion

protection, completing the frame fabrication.

R(a) -Ro/[cos 4(a)Jxp(25) The poles are made from bar stock of 1003 carbon

A compromise must be made between the optimum steel to ensure good permeability at high magnetic field

pole angle and the space needed to install the water strengths. The poles were rough machined on a CNC
cooled copper coil and insulation. Iteration of several Machining Center to within 1/16" of rmil dimension and

configurations using the POISSON program m resulted in then annealed, and finally machined before plating
the selected design where (a) varies from -12 to + 12 completes the pole(s) fabrication.
degrees about each pole tip and which allows a physical
space for installation of reasonable coils. Reasonable coil The octupole magnet steel parts were preassembled
parameters of; turns/pole, current, voltage, power, without coils to establish the proper alignment of each
cooling, and temperature rise were achieved for the pole to the axis and to each other and then bolted up
selected design. after which the pole/frame interfaces were maked and

pinned (Dutchman) to the frame at each end to allow

To determine the required ampere-turns per pole reassembly of the magnet after the coils were mounted on
(a-t/p) it is assumed that the field strength varies as the the poles. The magnet final assembly involved the sliding
third power of the radius up to the pole-tip where the of the coil/pole assemblies non-lead ends into the frame,

"This work is supported in part by the Department Of Energy under contract #DE-AC)2-76ER03069.
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locating posie by th pn and bolins up tUgL The desg effort to produce the three octupole
Tolerances for the pole locations r"qre the poles to be magnets was sccessful One unit of 3 delivered has been
within t 0.002" to the axs and 0t004 to each other. measured. Figure 3 shows a drawing of the octupole.
Mesuemets completed indicate that the required
tolerances we met in the assembly of the mainet VIII. ACKNOWLEDGEMENTS
fre and the pos. The authors thank H. Enge (Mr) for useful

discussons, D. Nicol for the design drafting and
IV. C•oILS S.Holmburg for the technical support during

The coil design is based on a copper hollow measurements. Alpha Magnetics, Inc., HaywardCA
conductori"I of CDA 102 OFHC alloy with OD/ID fabricated the octupoles in a sraight forward manner.
dimensions of 0.162 SO/0.090 RD. The copper is serwd
with an wrap of double dacron/glass fiber to a thickness IX. REFERENCES
of 0.006" for turn to turn and layer to layer insulation [11 Parzcn,G. Magnetic Fields For Transporting Charged
requirements. Each of the coils have 12 turns per layer Beams, BNL REPORT BNL 50536 ISA 76-13 January
for a total of 24 turns per coil. The total magnet 1976
resistance is calculated to be 0.202 Ohms at 40 C. The
total octupole magnet voltage and power at 167 amperes [21 POISSON/SUPERFISH Group of codes, Los Alamos
DC current is calculated to be 33.8 Volts and 5.6 kW Accelerator Code Group, LA-UR-87-115
respectivly. A ground wrap of fiberglass 0.015 thick was
placed on the external coil surfaces to provide additional [31 Anaconda Hollow Copper Conductor, Technical
insulation between the coils and the steel frame. The coils Publication 56, June 1956
were vacuum impregnated with epoxy in a mold. The
power supplies chosen to excite the octupolc magnets
have a rating of 50 Volts and 200 Amperes (10 kW).

V. AUXILUARIES
"There are attached to the cylindrical steel return frame

a number of brackets and blocks to interface the
octupoles to the outside world such as; power terminal
blocks, interlock boa, manifolds for coolig water supply
and return, support blocks for support and position
adjusters, and fiducial bars for survey and alignment of
the octupole magnetic axis on the beam line. The coil
ends are arranged to have the cooling water enter and
lea the coils in a combined way to reduce the number
of hoses to 5 for each manifold.

VI. MEASUREMENTS
The octupoles weigh about 200 lbs. The coils

resistance has been measured to be 0.024 Ohms and the
total resistance measured to be 0.194 Ohms at 24 C. The
flow rate at 70 psid was measured at 1.0 GPM total for
the first unit delivered. The temperature rise across the
manifolds was measured to be 25 C degrees at 179.9
amperes DC with a 1.0 GPM flow rate.

The pole-tip fied is linear with current upto 5 kG and
then departs from the airgap line by about 10% at 6.0 kG.
Measurements of the strength of the octupole and the
higher pole content were made on the Magnetic Analyzer
at several current excitations induding zero. Figurc 1
shows the mutipole content for the maximum excitation

current and the associated k value W . Figure 2
shows the k value divided by I vs. I and this curve is fairly
constant indicating a linear octupole.
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Ramped Quadrupole Design and Performance for
the MrU-Bates South Hal Ring(SHR)"

R.AveriflK J.Flaz, W4 D.Tieger,
Mrr-Bates Linear Accelerator Center
P.O. Box 846, Middletou, MA 01949

This report discusses the design and perform•= of 2 Te planned location has a 20m P value where the
Ramped Ouadrupoles (RO). They are to be used to expected tune shift per R0 at 250A and 1.0 GeV will be
rapidly move the horizontal tune close to the half integer about 0.06, which is conservative given the operating
(7.5) for extraction of the up to 1.0 GeV electron beam storage nux value of 7.42, which is moved towards the 7.5
stored in the SHR. The design chosen is an 8 conductor half integer value for extraction of the electron beam by
array symmetrically placed about the beam axs at ± 15 the excitation of the ROs.
to the 4 axes and connected to produce a quadrupole
field. The conductors are half imbedded in a ferrite shield I1. FERRITE RETURN FRAME
assembly, outside a ceramic vacuum chamber, and when Several manufacturers quoted to the RO Drawings for
powered at 250 amperes produce a gradient of about 30 the ferrite shield. A contract was placed with NMGL
G/cm over the radius of 4.5 cm and along a 30 cm length. Bethlehem, PA for a number of ferrite rings (H Material)
The ceramic chamber is internally conductively shielded with 8 half round slots for the conductors to sit into on
to present a smooth bore surface for the S-band bunches, the ID of the ring. The OD/ID/t of the rings is
but allow the up to 20 kHz quadrupole field components 5.4(r/33"/0.625" respectively. The depth of the 8 half
to pass through the shield and influence the electron round grooves is 0.125? at t 15" to the principle axes to
beam. accommodate the OD/ID 0.250/0.180" hollow hard

drawn copper conductors. A prototype assembly of the

L GENERAL RO was constructed to verify Bo*Leff/a for the air and

The SHR design calls for a half integer beam shielded design approaches. Because the ferrite shield

extraction system to smoothly extract the stored electron rings were not available a solid steel pipe was substituted

beam of up to 80 mA average and up to 1.0 GeV energy fortheshdandprovedtheexpectedfactorof2field
during periods as short as 1.0 ms during the interpulse enhancement could be approached. The achieved

periods of the linac (1000 pps maximum and 1.32 micro- Bo*Leff/a at 192.5 Amperes was 0.0852 Tesla. For non-

seconds pulse length for 2 turn injection). There are 3 nested conductors a factor of 1.72 was achieved, while

octupoles and 2 ramped quads which make up the placing strips of magnetic material on either side of the

resonant extraction beam line components. A review of conductor to simulate 1/2 buried conductors produced a

approaches taken by others in the literature include: factor of 1.83 enhancement of the field. The final

current sheets in airl3 , current tubes in vacuum, current measurements of the completed final assembly show the

tubes within flat ferrite plates, and some others with very field enhancement factor to be about 2. Fgre 1 shows

complex end connections as the number of current a drawing of the unit.

elements becomes large. Aircore calculations using
MATHCAD determine the resulting field gradients for Il. ELE TICAL DETAILS
symmetrically placed current elements about the axis. The 8 axial conductors are end connected symmetrically
Calculations were performed for a number of conductors as possible to produce the desired quadrupole field and
(4,8,12,16,20) at various angles and radii from the beam are powered in series. With the ferrite shield outside the
axis. The selected design was a compromise between a conductors the inductance is expected to be about 5.4
simple conf4iration and a good field region over a fair micro-Henrys, which is 2 times the inductance without the
fraction of the aperture. By placing the conductors half magnetic shield. The resistance for DC current was
buried in a ferrite shield, a boost in the internal field measured at 3.4 milli-Ohms and increases with applied
strengths by about a factor of 2 and a significant frequencies due to eddy currents induced in the water
reduction in external stray fields could be expected. This cooled conductors. The maximum current is designed to
design approach, reduces the required current and power be about 250 Amperes and the first order current shapes
by factors of 2 and 4 respectively, while doubling the will be trapezoidal or sawtooth. Tune shift control by
inductance. programming the current to the ROs is required. The

period of the excitation will be 1 millisecond or greater
The horizontal P-function value at the lattice location depending on the injection-storage repetition rates of the

of the ROs affects the mount of tune shift obtainabl.

SThi work is auppoed in part by the Deimtmeat of Enewr under contract #DB-ACO2-ERM3069.
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bjectar limr- The htal circuit design is not yet finlaized, VI. CONCLUSIONS
but i is ezpaced that we will drive the carrsn into and The requirements for a relatively fast quadrupole set
out of the ramped quadrupoles by Waig a gear amplifier to rap lily nmov the horizota tume firom 7.42 to done to
to gain xerec in the extracted beam behavior at the 7.5 half intege vau for smooth resonat ewtaction
vasiou energies from 0.3 to 1.0 GeV. five the SHR has resulted in the costruatkiui, testing

and installation of the above described unt.k Thec use of
IV. TESTIG ferrite ruap to both boost the internal fields and to

The tests performed on the RQs were done with the provide shielding has proved successful. The array of
ferrite shield and DC current on the Harmonic Analyw"r conductors has provided the required field strengths in a
to measure the harmonics of the quadrupole fields. relatively simple arrangement. The excitation circUit
Figure 1 shows the relative strengths of the various while not finalized appear to be feasible and will be
harmonics as measured at various currents. coastructed in the ear fuxture. The system to product a

Measremntsof the median plane field and gradient resonantly extracted electron beam is expected to be tried
srntsversus raidius are shown in Flgur 2. Harmonic in the 2nd Quarter of this year.

fedratios for the ramped quadrupole are shown in
Figure 3. VII. REFERENCES

[1l H. Ebeling, 'Kouzeption, Bau und Test eisenloser
V. AUGNMENT Quadrupole fur die -coazztato aus ELSA*, Bown

The Ros will be measured to determnen their Report R-87-35 Sept. 1987.
magnetic axes, fiducialized and aligned using M]IT-Bates
standard methodsF'4. The R~s can be placed in the SHR [2] JD. Zumbro, et al, PAC91 IEEE Particle Accelerator
lattice to within ± 100 microns horizontally and vertically Conference, Vol. 4, 2125 May 1991.

ungthese techniques.
[3] S. Sakanaka et al, *Construction of an RF Quadrupole
for Suppressing Transverse Coupled-Bunch Instabilitices,
WIEEE Particle Accelerator Conference, Vol. 3 1836 may
1991.

[4J M. Farkhondeh et al, *Survey and Alignment of the
MIT-Bates, South Hall Ring', Proceedings of the 1993
Part. Accel. Coaf., May 1993. Poster Sessio JC71
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LAMBERTSON UPGRADE PROGRAM
Katharine J. Weber

Fermi National Accelerator Laboatoy
P.O. Box 500, Batavia. Ill. 60510 USA

Ahwac Stabilized grades of stainless are given a treatment at
Am investigation of a vacuum failure of a Lambertson the mill to ensure that the material is properly stabilized.

magnet has resulted in a program to re-evaluate the This treatment consists of heating the material to its
materials and the method of construction of these solution temperature to dissolve any carbide that may be
mapeft. Three additional failures have occurred since the present. A subsequent heat treatment in the sensitization
first event. Lambertson magnets are now being built and range precipitates carbides with the stabilizing element.
repaired based on knowledge gained through research such as titanium, as opposed to chromium.
abmed at eliminating this type of failure in the future. Although stainless steels are susceptible to several

forms of localized corromve attack, with aropriate grade
I. INTRODUCTION selection, stainless steel will perform for very long times

A Lambertson consists of an inner core, surrounded by with minimal corrosion. An inadequate grade of stainless
a vacuum skin, an outer core and coils. The inner core, can corrode and perforate more rapidly than plain carbon
consisting of a stack of laminations, tightly enclosed by a steel will fail by uniform corrosion. The corrosion
vacuum skin, sits inside an outer core of stacked performance of stainless steels can he strongly affected by
laminations. There is a cover over the entire top of the practices of design, fabrication, surface conditioning and
magnet- maintenance. Corrosion failures in istainless steels can

Over a two year period, four Lambertsons were found often be prevented by suitable changes in design or
to have leaks in the vacuum skin. In addition, three process parameters and by use of the proper fabrication
additional Lambertsons are suspected to have leaks. As a technique or treatment.
result of this, an investigation was conducted and a repair The vacuum skin on the failed Lambertsons was
and replacement program was instituted. The conclusion analyzed and determined to be type 304 stainless steel.
of the investigation was that the stainle•s steel vacuum This grade could not provide the corrosion resistance
skins were failing due to intergranular corrosion. required for the application. In addition, the material was

Intergranular corrosion may occur when the stainless sensitized during the fabrication process as well as
steel undergoes a thermal cycle, called sensitization. exposed to corrosives.
When the stainless has been sensitized there is The repair and rebuild program effected not only the
precipitation of a carbide, nitride or other inter metallic upgrade of stainless steel used, but re-evaluated all the
phase. This causes the dissolution of the grain fabrication processes as well. This program is detailed in
boundaries, or closely adjacent regions. If the the following paragraphs.
precipitation is relatively continuous, the depletion
renders the stainless steel susceptible to intergranular II. MATERIAL SELECTION &
corrosion.121 PREPARATION

In austenitic stainless steels, such as the type used for A. Vacuum Skin Material Selection
vacuum skins, the cause of intergranular attack is the Data from log books indicate it was a common
precipitation of chromium rich carbides at grain occurrence to bake the inner core in the sensitization
boundaries. This leaves the stainless steel vulnerable to region. Actual samples removed from the failed skins
rapid attack by all forms of corrosion. Certain alloys that were examined. They were all found to be sensitized. In
are highly resistant to general and localized attack, such as addition, samples of the stainless grades used for vacuum
the 300- and 400-series of stainless steels can be affected jackets were subjected to the conditions outlined in the
by intergranular corrosion. Sensitization of austenitic log book. Under microscopic examination all the
stainless steel can occur when heated in the range of 425 samples proved to be sensitized. Type 321 stainless is a
to T70C, with the maximum effect occurring near 675C. grade that has been stabilized with titanium to prevent
Sensitization of stainless often occurs in non-stabilized chromium carbide precipitation. Since this grade is the
grades during the welding prcess. most commercially available of the stabilized grades, 321

Stainless steels that have normal carbon content but was chosen for the new vacuum skins. Samples of the
do not contain any carbide-stabilizing elements are most 321 stainless were subjected to the bake conditions in the
susceptible to sensitization and intergranular corrosion, log book, and none were sensitized. An additional test
Type 304 stainless can be sensitized in about 1 minute at was done on the purchased material to verify that the 321
677C. The most common stabilized grades of stainless stainless had a sufficient concentration of the stabilizing
are 321, -347, 316Ti, 30)Cb and 31OCb. These stabilized element, titanium, and that the material had indeed
grades use titanium, or niobium with tantalum in received a stabilizing treatment at the mill. [2]
concentrations of about ten times the carbon content. B. Surface Finish
When these grades are subjected to thermal cycles in the The optimum surface fimish for a satisfactory service
sensitization range, the carbon-stabilizing element ftorms a life should be one that is smooth and free from surface
precipitate with carbon leaving the chromium in solution, imperfections, scale and other foreign material. Rough
The stabilized grade remains resistant to corrosion. :;urfaces are more likely to catch dust, salts and moisture,
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which can contribute to corosive attack. An 2BA surface manufacturers culminated in a specification outlining all
frmish is an example of a smooth surface finish, required properties for the lamination steel.I 12 Crieion

Type 321 stainless can only be obtained with a 2D was set for acceptance testing of the material. These tests
finish. In addition, because of the titanium content, this were done by Femnilab or an independent vendor.
material is difficult to mechanically polish. It was mandatory that vendors not use any chlorinated
Eketropolishing proved to be the best choice for this solvents on lamination material, since the lamination
application, stack is encaed by the 321 stainless skin.Elec o g can reduce the micro-inch value of a F. Lamination Cleaning
surface by 33% to 66%. Electropolishing removes the Laminations were washed by Fermilab before
"skin" and along with it, all sources of impurities that stacking. They were cleaned in an automated cleaner with
could become a point for corrosion. This process a solution of detergent and water. Laminations were
provides a superior resistance to corrosion as compared to rinsed and hot air dried. After washing, laminations were
passivation. vacuum baked to improve permeability, reduce core loss,

In addition, electropolishing is beneficial in vacuum reduce absobetd gases and as a final deaning.131

applications by eliminating gases, vapors, and volatiles
absorbed on surfaces, which would later be released during III. ASSEMBLY MODIFICATIONS
pump-own for high vacuum. [21 A. Stacking
C. Vacuum Skin Cleaning Failed inner core vacuum skins can be replaced by

Samples taken from the failed vacuum skins revealed removing the old skin and replacing it with a new skin.
significant amounts of chlorine present in the depleted Because of the difficulty involved in the reskinning as
grain boundary areas. Steps were outlined for the new well as the alarming frequency with the failures were
type 321 stainless steel skins to keep them from having occurring a decision was made to make more spare cows.
contact with any corrosives.[2] In the case of a failure the entire inner core could be

In order to minimize the possibility of corrosion, replaced with a new inner core. The failed inner core
chemicals should not be used on or near stainless steel could then be allowed to cool to an acceptable radiation
whenever possible. Any chemical that does come into level for repair. The reskinning would take place at a
contact with the stainless steel should immediately be more relaxed pace.
washed off, followed by a liberal rinsing with alcohol Previously built Lambertsons have a press fit between
then distilled water. No chemical should be allowed to the cores, due to the curvature of the inner stack.
remain or evaporate on the stainless steel. Examination of the cores proved this to be true, as

The most common corrosive is chlorine, such as in indicated by hammer marks as well as laminations out of
chlorinated solvents, tapping compounds, cutting fluids alignment with the stack.
and fluxes. Chemicals containing chlorine should never The failed inner core had relatively deep scratches on
be used. Many manufacturers are now distributing these the exterior of the vacuum skin, apparently from the
types of products in a non-chlorinated form.141 Sensitized process of assembling the inner core into the outer core.
stainless steel in combination with chlorine is especially Scratches like these can contribute to the failures, by
likely to exhibit extensive corrosion. Any chlorine becoming a corrosion site.
residue can initiate cormsion in unsensitized stainless Tie bars are welded along the stack of laminations to
.,teel, particularly if the steel is subsequently heated. hold them in alignment. The laminations generally have
Hydrochloric acid formed from residual amount of a four tie bar slots, two along the top and two along the
common solvent, trichloroethylene, has caused severe bottom. The laminations were previously stacked with
attack in stainless steels. two of these slots on top and two on the bottom. This

Oil and grease can be removed by using a detergent required that the two top tie bars were welded, the stack
and water solution. Weak concentrations of cleaners that turned over, and the remaining two tie bars welded. This
contain phosphoric acid have also proved to be successful manipulation of the lamination stack (approx. 20ft long)
in removing dirt and grease.[4I All cleaning solutions with little or no support on the three remaining sides
should be rinsed thoroughly after cleaning. An alcohot caused laminations to move out of alignment. The
rinse will dissolve any cleaner residue left. Follow this deformation was permanent and led to the assembly
with a liberal distilled water rinse, then dry with warm air, problems, and corrosion sites.
dry nitrogen or dean wipes. Unfortunately we were not able to change the
D. Storage lamination design. If we had been able to do so, careful

Parts that will be stored for any period of time should reevaluation of the lamination shape could have reduced
be wrapped in brown Kraft paper and placed in box. The some stacking problems.
box should be kept in an out of the way area, protected The new replacement inner cores were stacked at 900
from weather and any accidental spills, from the original stacking position. This left all four tie
E. Lamination Material Selection bar slots exposed. All tie bars are welded before the

Lamination material from the original Lambertsons lamination stack is moved. In addition all welding is
still remained in stock. Inspection and testing of this alternated to eliminate any heat concentration in one ara
material revealed the coating on the material to be which can lead to stack deformation as well. After
protective in nature but not offering any resistive stacking the core is straight to approximately
properties. Discussions with physicists and .002".(5],[6],[9],[10],[II
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Alter welding, the resulting inner core stack is straight F. Surveying The Completed Assembly
to less than 1/4" from end plate to end plate, After assembly there is a final survey of the magnet,
approximately 2Oft. to assure the required straightness through the aperture.

In the same manner, the outer core stacking procedure The magnet is placed on a granite table and a target is
was changed. Outer cores have eight tie bars and three tie pulled through the magnet. Measurements are plotted to
plates. The new procedure calls for all tie bars and plates determine where the magnet needs straightening. Shrink
with the exception of the two smallest tie bars to be welds ame made on the outer core to pull the magnet into
welded before moving the stack. Welding is done in the the desired alignment. After each shrink weld has cooled,
same fashion as on the inner core. Outer cores are then the aperture is measured again. The data is replotted and
surveyed. If the alignment along the inside edge varies by shrink welds made as needed. This procedure continues
more than .007" over the length of the core, shrink welds until the entire magnet is within .007" over its entire
are made on the fie plates to bring the core back into length.[ 51

alignment.!5 1

B. Skinning IV. CONCLUSION
The focus in skinning the inner core was to move the The Lambertson upgrade program has produced

core and handle the materials as infrequently as possible. magnets which have an increased life expectancy over the
Every time an inner core is moved during skinning, it is previous magnets. After fmal survey these new magnets
supported on a minimum of two sides. The 'top' skin is we also much straighter through the aperature, since they
placed on a skinning table, then the inner core is placed were much straighter throughout the assembly process.
on this skin. The remaining pieces to form the vacuum Careful evaluation of every step, from material selection
jacket are then welded around the inner core. The top skin to final assembly procedure is responsible for the success
is tack welded in place before the skinned inner core is of this program. All steps outlined above are well
turned over and the final welds made.!51  documented in procedures, sign off sheet and log books.
C. Baking This program is proof that extra time spent in the design

After the inner core has been skinned and leak checked, and planning phases of a program can produce superior
it undergoes a vacuum bake. The core is baked for 14 t sults.
days. Special controllers on the heat tapes make sure that All documents related to this program can be obtained
the temperature never exceeds 400C. After the bake is through the author.
completed another leak check is done. Ion pumps are then
turned on and left to run until the vacuum reaches lx l0-9 V. ACKNOWLEDGEMENTS
Torr. T'e inner core is then ready for assembly or Thanks to M. Kaneshige and R. Kellett for their
storage.[5],[ 8] contributions to the project, and to R. Andrews for his
D. Assembly encouragement and support

In preparation for assembly, the outer core is placed
on the assembly table. The outer core sits on level VI. REFERENCES
support bars. The coil is installed in the outer core with [1] R. Kellett, "Lambetson Inner Core Removal
spacer insulation in the space between the two ctoes. The Fixture", Fermi Spec. #1323-ES-296052.
inner core is lifted by four lifting eyes that are welded to [21 K. Weber, "Corrosion of Stainless Steel Lambertson
the tie bars. The inner core is centered in the beam Skin", Fermi Spec. #1312-ES-296056.
direction over the outer core and slowly lowered. There is [3] K. Weber, "Cleaning of Lambertson Laminations",
a slight clearance between the two cores if they are both Fermi Spec. #1352-ES-296169.
perfectly straight. The inner core is lowered into the outer [4] R. Kellett, "Mixing & Using Stainless #330
core as far as it will freely go. If the inner core is not Aluminum & Stainless Steel Cleaner", Fermi
completed seated, bar are then placed across the inner cure Spec.#1301-ES-296069.
to- help push it into place. There is protective cribbing [51 R. Kellett, "AO D.S.,6" Sym.,F-17,EO Lambertson
placed between the bars and the vacuum skin before the Assembly Spec.", Fermi Spec.#1303-ES-296086.
bars are bolted to the table. In increments of no more [61 R. Kellett, "Lambertson Inner Core Lifting
than 1/4" the core is lowered by tightening down the bars, Instruction", Fermi Spec.#1303-ES-296092.
alternating along the length of the core. After the inner [7] R. Kellett, "Lambertson Outer Stack Lifting
core is completely seated, the cover is bolted in Instruction", Fermi Spec.#1303-ES-296093.
place.[5[,[6],[7] [81 R. Kellett, "Inner Lamination Vacuum Bake", Fermi
E. Disassembly Spec.#1301-ES-296126

In the event a Lambertson needs to be disassembled, [91 M. Kaneshige, "Lambertson Construction Lifting
such as a vacuum failure or for inspection, a special Fixture, Fermi Spec.#1323-ES-296090.
fixture has been built for this purpose. In the past, the [10] M. Kaneshige, "Lambertson Inner Core Lifting
inner core was pulled by the lifting eyes on one end then Apparatus", Fermi Spec.#1323-ES-296097.
the other until the inner core was jarred loose. The new [11] M. Kaneshige, "Lambertson Inner Core Rotating
fixture pulls on all four lifting eyes with a constant force, Bars", Fermi Spec.#1323-ES-296098.
eliminating any possibility of plastic deformation from [121 R. Kellett, "Steel Specification for Lambertson
the extraction[ 1] Lamination", Fermi Spec.#1351-ES-296025.
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Computer Studies of a Combined-Function Bend Magnet
for a Proposed Redesign of the SLAC SLC Damping Rings*

P_ A. Early and T. 0. Raubenheimer
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309

Abstract In the following sections, we describe the design cal-
A proposed redesign of the SLAC SLC Damping culations using POISSON [2] and TOSCA [31, then we dis-

Ring requires a combined-function bending magnet. Th cuss some of the properties of and experience with vana-
magnet will operate with a main field of 1.8338 T, and diurn permendur, and finally, we describe the construction
quadrupole and sextupole gradients dB,/dz, d2Bv/dz2 of tolerance calculations.
-14.1 T/m and -477 T/m2 , respectively. Because the or- II. DESIGN CALCULATIONS
bit sagitta in the magnet is In excess of 2 cm, the pole will The bending magnets are 18 sector-bend magnets.
be curved with a 2 m radius of curvature. Furthermore, The beam enters and exits at right angles to the pole face,
since the current must be variable over a range of 12 per- although we plan to introduce a rotation to compensate for
cent, we have considered using vanadium permendur poles quadrupole roll-off due to end effects. The first computer
to avoid adverse saturation effects. Studies were done us- studies were done using POISSON, starting from an ap-
ing POISSON in 2-D and TOSCA for 3-D end effects. prodimation to the poleface that was obtained with poten-

I. INTRODUCTION tial theory. The poleface optimization program hURT R]
A possible redesign of the Stanford Linear Collider was then used to shape the pole such that the required

(SLC) damping rings is under consideration [1]. The new field harmonics were obtained within a 1-cm radius of the
ring is designed to have horizontal equilibrium emittances beam path. The pole profile is shown in Figure 1. The
of ye.= 9 x 10-6 mn-rad; this is over three times smaller pole is ll.4-cm wide at the base and has a height of 7.3
than that in the current SLC damping rings. The reduc- cm. It is curved with a 2.2-meter radius of curvature and
tion in the emittance is achieved by replacing the present the beam path is offset 1.6 cm horizontally from the center
bending magnets with combined function magnets. The of the pole where the half gap is 1.3 an.
bends are 68 cm long and operate with a main field of A profile of the full magnet is shown in Figure 2. The
1.83 T for a beam energy of 1.19 GeV. They have both yoke is only slightly larger than those in the existing SLC
quadrupole and sextupole gradients of dB,/dx = -14.1 damping-ring bend magnets. An extra layer of coil has
T/m and d2B./d•2 = -477 T/m2. Each magnet will re- been used so that the 1.8 Tesla field could be generated
place two of the present SLC damping-ring bend magnets with 300 amps; this is well within the capacity of the
which are 30.4 cm long and have peazc fields of 2.02 T. Fi- present power supplies.
nally, the beam orbit has a 2.2 meter radius of curvature
and a sagitta of 2.7 cm in the 68-cm bends. Thus, the pole Coil -
needs to be curved, following the beam trajectory, to pre- D in 60 tuns ea
vent variation of the bending field and gradient through t
the magnet.

The magnetic gap in the bends was chosen to be equal
to the aperture in the quadrupoles, 1.3 cm radius. This al- I_
lows a constant radius vacuum chamber without the aper-
ture transitions that can increase the impedance of the " I.4
ring. But, this 2.6-cm gap is 30% larger than the gap in 6.48 4.8 16.8
the current damping ring bends, and thus makes it harder

to achieve the desired field quality. - 28.01 !-.01

We decided to design the pole with vanadium permen- iSIMI

dur because of its high saturation inductance. This allows Figure 1 Pole profile of the bending magnet; the main mag-
us to achieve the desired field quality while reducing the netic field is 1.83 T with gradients of dB,/d =- -14.1 T/m
fringe fields. It also prevents differential saturation across and d2B,/dz2 - -477 T/m2 .
the pole so that when the main field is changed by :1:2%,
the relative strength of the gradients changes by less than TOSCA was used to study the effects of the ends on
10-3 and higher-order multipoles are not introduced; this harmonic content. Two views of the mesh are shown in
would allow the energy of the damping ring to be varied Figures 3 and 4. The coil is a saddle coil because there
in a straightforward manner. is very little space between magnets in the damping rings.

We used the version of TOSCA that is running on the
• Work supported by Department of Energy, contract NERSC CRAY 2 at Lawrence Livermore National Labo-

DE-AC03-76SF00515. ratory. The curvature of the magnet was ignored in the
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Figure 4 Alternat, view o the oTOSCA finite element wmhF igu re2 P roi le ofthe b ni ngd m a gn et; the p ole d uin forthe b nd ng m ag ne.
with Vanadium Pemuendur while the yoke is to be tructe tb g
of magnet iron; all dimeniionesw in centimeters .

.. / ! . -,10000

.• .. • . : , • . m•-2000WI

"10000

-1000 -
Figure 3 TOSCA finite eement mesh for the combined fc- -2000I

tn bending magnet showing the coil position. Only one half C 20 40 60
of the iron need be modeled, but the full set of coils is required. b Z (CM)

Figure 5 Harmonic content versus longitudinal position in the
3-D modeling. The problem was run with cylindrical sym- bn;()mi il,()qarpl opnn tr- m n
metry in POISSON with a 2.2-m radius and no significant (c) sextupole comnponent at rM1 cm.

chane ws oservd i fild dstrbuton.was 0.36 percent higher and the sextupole 5.2 percent
The harmonic content versus longitudinal position in lower. When integrated over the length of the magnet,

the magnet is shown i;-, Figure 5. Field uniformity within the quadrupole component decreases in absolute value by
the magnet is good and the fringing fields decay rapidly. 6 percent, while the sextupole increases in absolute value
Without chsmrfered nose pieces, the effective length, ob- b ecn.Wr sI rgest orc hs fet

tie i TSA, is 6% lsonger than the physical, l •ength. withb a a~retcombination ~rof i• tnprole-endrotationt cor~and shapin.thsfet

I Idfr pOS

The two-dimesional barmonics obtained with TOSCA func-en20001 I I

varied from neRT results because the number of points
on the le. was smaller. The q c n enuadrupole component
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III. VANADIUM PERMENDUR looser and the octupole tolerance will be tighter. Al-

Vanadium permmndur is an alloy of iron and cobalt in though this tolerance is tight, it is important to note

equal proportions with about 2 percent vanadium and has that it applies only to a systanatic error along the
been disM000d in previousmpapers [5,6]. It has a steep B-H entire length of the pole. If the phase of the sinn-
curve and a high saturation induction (B-pH) near 2.3 soldal error varies along the magnet, the effect will av-
T, that makes It useful in the design of magnets in coes Wag to a smaller contribution. Finally, these results
where fields an high, but constant magnetic properties ar were verified with POISSON calculations.

desired. Table 1. Construction tolerances.

So far, five magnts using vanadium permendur poles Fiducial: X -150 um
have been built at SLAC. We changed our annealing pro- Fiducial: Y ::.lOAM
cedure to A lower temperature than used in Refrenrce 5.
Machining can be difficult unless the material is annealed Pole offset: z -300pmn
first. At present, our procedure calls for a four-hour an- Full gap: g +140;an
neal at 750WC with a slow cool. A second annealing procem
is done before the final machining. The procedure leaves Flatness: ±__ __ _,50 __

roughly 0.5 nm for final machining. One problem which
was encountered with our first magnet of thi type Pole contour: a with A = 2.5cm 5an

that the material had been forged and some distortion was V. DISCUSSION
encountered during annealing. This is the reason for doinga second anneal before final machining. We described a high-field combined-function bending

aV. secondUCTION aRnel fmagnet that uses vanadium permendur for the magnet
IV. CONSTRUCTION ERRORS pole. We conclude that it should be feasible to build the

It was initially thought that the construction toler- magnet, provided that proper quality control is exercised
ances on this combined-function magnet would be very during construction. Previous experience has shown that
tight. Fortunately, this does not seem to be the case. Dy- vanadium permendur can be used in this application, al-
namic aperture calculations show that random quadrupole though it is quite expensive at this time. We plan to mea-
and sextupole field tolerances of ABD ;S 0.14 T/m and sure the field quality by means of a Hall probe mounted on
AB 2 ;S 9.5 T/m2, and random and systematic octupole a computer-controlled positioning device. This device has
field tolerances of ABD 3 50 T/m0 are acceptable; higher been used to obtain field maps of several magnets at SLAC.
multipoles were not considered. In addition, tuning studies ACKNOWLEDGEMENTS
show that recovery is possible from even larger systematic The POISSON/MIRT program package was run on
quadrupole and sextupole field errors. Finally, the emit- both the SLAC IBM 9021 and the NERSC CRAY 2.
tance coupling sets a tolerance of AS 1 ! 0.1 T/m on the TOSCA was run on the NERSC CRAY 2 and we are grate-
skew quadrupole field. ful to A. Paul for his support.

Thus, we have studied five sources of error: accuracy
of the alignment fiducials relative to the magnetic center, [1) T. 0. Rat' . |eimer et. al., "A Possible Redesign of
relative horizontal alignment of the two poles, variation of the SLAC : Damping Rings," presented at this
the magnet gap, flatness of the pole base and the yoke, and conference.
the accuracy of the pole contour. The first three sources do [2] K. Halbach, "POISSON Lectures at LBL," unpublished
not need explanation. The fourth effect, the flatnes of the (1972).
pole base and the yoke, principally changes the quadrupole [3] J. Simkin, C. W. Trowbridge, "Three-dimensional Non-
component and skew quad component because the angle linear Electromagnetic Field Calculations, Using Scalar
of the pole contour is changed when the pole is bolted to Potentia," IEEE Proceedigs, vol 27, Pt B, No.6, Nov,
the yoke. 1980.

The last effect refers to the accuracy of the pole con- [4 K. Halbach, -A Program for Inversion of Systems Anal-
tour. Assuming a systematic sinusoidal variation of the ysis and its Application to the Design of Magnets,"
pole contour: f(z) = f"#(z) + asin(kz + 0), we can UCRL-17436 (1967).
calculate the multipole component using a perturbativeexpansion: [5] R. Early, et. a/., "Design Calculations and Measure-

ments of a Dipole Magnet with Permendur Pole Pieces,"

JAB,,-I k'+1 SLAC-PUB-4883, Proc. of 1989 IEEE Part. Ac. Conf.,
Bo = a (kh), (1) Chicago, IL (1989).

s6k J. Cobb and R. Early, "Some Initial Results from the

where h is the half gap and k is 2w/A of the error. The SLAC Permeamneter," SLAC-PUB-5168, Proc of Acc.
tolerance listed In Table I corresponds to the sextupole Computer Code Mtg., Los Alamos, NM (1990).
tolerance; the quadrupole tolerance is a factor of three
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COMPARISON OF COMPUTER PREDICTIONS AND MAGNETIC FIELD
MMASUREMENTS FOR AN IRON SPECTROMETER MAGNET*

G.T. Danby, J.W. Jackson W. Meng, C. Spaam
AGS Depertamnt, Brokhaven National Laboratory

Associated Universities, Inc.
Upton, New York 11973

Absrct beams. For the 44.1 degree beam, daft was also taken with
TMres dimmenional computer calculations using the the straight trk normal to the poloeand faces and displaced

Program TOSCA have been mnde for a complex-shaped iron sideways. With the combination of data the basic and
mnet Precision field measuremnts were nude on this dominant polo edge fringe field can be well described and
magnet in preparation for its installation in a new Low Energy small discrepancies between mechanical and magnetic lengths
Sepwared Berm for the post-Booster high proton intensity can be removed from the ray traces.
AGS at Brookhaven National L.aboratory. Point-by-point Beyond the pole tip ends, both tracks extended outward
direct comparsons for field values will be described en- through the fringe fields in a direction normal to the pole edge
compaming the entire useful acceptamce. The predictability of face. Hall probe measurements were used to supplement the
higher order multipoles will be described, including the region search coil measurements in the far fringing fields.
of the magnet ends. Computer predicted focal properties will NMR was used at the center of the magnet to normalize
be compared with remslts of experimental data analysis. Th the search coil signal to absolute Gauss. All data was taken
method of measurement and analysis, as well as comments on on a down eycle, starting from a few percent above the
the computer calculations will be described. Conclusions will highest nominal field to mini magntization effects.
be drawn on the accuracy of calculations with respect to The field was recorded at a very large number of linearly
higher order moments and the impact on future beam optical encoded longitudinal positions. The field was substantially
design and execution of three dimensional computer codes. known everywhere relevant in the magnet at a variety of

central field values.
I. DESCRIETON OF MAGNET

MI. COMPUTER PREDICTIONS VERSUS
The seco magn•t for the LESBM i shown in Fig. 1. MAGNETIC FIELD MEASUREMENTS.

Following the target two quadupoles form the beam which
than enters the nector magnet and is bent through 44.1 Th requirements for extensive field mapping provided an
degrees. An electrostatic separator follows the sector magnet. excellent opportunity to check the precision of computed
The LESBDI, which operates up to 800 MeVIc in momentum, fields. Calculations were made on TOSCA using mechanical
traverses the sector nagnet as a parallel beam in the vertical data for the iron and coil geometry and a nominal 1006 per-
plane and almost pallel in the horizontal plae. Protons meability table. Figure 2 shows the measured field, passing
which survive target and two secondary beams are of entirey through the magnet, at the center of the 0 degree
much higher momentum, so are only deflected slightly by the forward beam. Superimposed is the TOSCA generated field.
staight away portio of the sector magnet. Thus the straight At the level of visual inspection, i.e. about 1%, the results
away portion has parallel pole edges for the upstream and including the fringing fields are indistinguishable. Thus the
downstream ends. (See Fig. 1.) The magnet gap is 6 inches horizontal deflection and vertical edge focusing will be very
and the length of the pole tips in the forward direction is 48 well predicted by TOSCA. Note that the central field
inches. normalization is done based on measurements, since the

computations do not include magnetization. However beam
II. METHOD OF MAGNETIC optical properties do not depend on absolute magnitudes to

MEASUREMENTS. high precision in most cases.
Figure 3 shows a point-by-point difference between the

Point-like search coils were mounted on a moveable measured and computed fields, again for the zero degree
trolley. A straight trak was used in the foward direction. central ray.
A curved track which traversed 44.1 degrees with the am Figure 4 shows an azimuthal first difference between
radius of curvature as the LESBIII central ray was used for adjacent measured points. Note the near identity of the first
the LESB portion of the field, difference on both ends: the peak amplitude and the width at

Both the straight track and the 44.1 degree track were half maximum. Also note the flatness over more than half of
displaced horizontally to map the entire acceptance of both the magnetic length. Furthermore, the point-to-point jitter in

the data due to either positional error or field measurement
* Work perbrmed under the auspices of the U.S. Department error is at the 1 x 10' level of field.
of Energy.
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Referring back to Fig. 3, we must conclude that the normalized to the experimental value, so the differences are
diferenmcus w mainly due to errors in the computed fields, due to differences in relative field shape along the length of
"The anrsymmetric pauts of the peaks at -50 cm and +50 cm the magnet. including ends.
could be simply due to a displacemoet of the Z-0 of the The last column indicates TOSCA agrees with experiment
experment compared to TOSCA. In other words, any Z=O to about 1/3 percent discrepancy. The last column is identical
displaceme will qualitatively look like Fig. 4. to an integration over Z of the point-by-point differences in

Not in Fig. 3 that on either side of Z-0 them is a lack Fig. 3. Th first column shows the measured field is quite
of flatness, at the few parts in tO' level, which must be in the uniform inside the magnet.
TOSCA results. Also the peaks which approach greater than
1 % difference, do not occur at the regions of the maximum IV. DISCUSSION
slope of Fig. 2. This indicates slight errors in prediction, not
Z displacement. 1. Figure 2 shows the agreement of field shape between

Figure 5 shows the experimental field measured along the TOSCA and experiment azimuthally through the magnet is
central ray of the 44. I degree LESBIU beam. Figure 6 shows good enough to very well predict horizontal deflection except
the first difference in the direction of the beam of the for the most exacting precision requirements.
measured field data. As was seen from Fig. 4, the 2. The vertical or wedge focusing should also be predicted
smoothness of the data shows the meamrments are of high quite well, since the field shape in the rapidly changing end
accuracy. Note in Fig. 6, the differences are expressed per region is quite close to experiment and the vertical focus end
inch of displacement, whereas in Fig. 4 the differences were impulse is not very sensitive to exact details.
per .050 inches. Thus the amplitude of the first difference is 3. Transverse nonlinearities in the horizontal and vertical
20 times bigger at the peaks in Fig. 6 compared to Fig. 4. planes, based, on these limited results, may not be adequately
The upstream peak is otherwise the same in both cases, since known for higli precision beams from TOSCA alone.
the upstream end is common to both the 0 degree and the 4. The large body of measurement data that exists on this
44.1 degree beams. Again, the downstream peak at 44.1 and other spectrometers will permit further studies of
degrees is almost identical to the upstream peak, indicating computer predict',ons of aberrations.

the magnet has essentially the same fringing field shape 5. It is clear that even at the level demonstrated by these
t and leaving both beams. This result strengthens the early comparisons, TOSCA does a very good job.

interpretatiom that errors in the measured field data are not Adcowledgemem
responsible for the differenm seen in Fig. 3. The magnet was built under the direction of W. Leonhardt

Table I lists for the 0 degree beam central ray (x=0) and of BNL Members of the first experimental collaboration to
at sever parallel displaced lines the measured and computed use the beam were responsible for the design. (Private
field integral. The calculated field at the magnet center was communication from A. Otter of TRIUMF.)
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Design and Performance of the Dipole Magnet for the SRRC Storage Ring

C.H. Chang, H.C. Liu, and G.J. Hwang
Synchrotron Radiation Re-march Center

No. I R&D Road VI, Science-Based Industrial Park, Hsinchu 30077, Taiwan

Abstract the quality of the pole profile is within the tolerance. But the
22 combined function dipole magnets have bccn effective dipole length is 9 nun longer the designed value

fabricated for the SRRC storage ring. The dipole magnet is a and J Gds / J Bds is found to be 5.3% smaller than the design
curved shaped with rectangular edges which creates a constant value 1.293 due to edge saturation effects. In order
nominal field strength of 1.2407 Tesla and a gradient to compensate these deviations. The field gradient is
strength of 1.71 T/m along the magnetic center at 1.3 GeV. increased from 1.60444 T/m to 1.7102 T/m and the stacking
The errors of dipole and quadrupole fields in the radial core length is shorten 9 mm. The original 1.8 -m clearance
direction is within ±Ixl0"4 and ±2x10"3 over the useful between magnet and vacuum chamber for the prototype I was
aperture. The deviations of the integrated dipole field and the too tight for the vacuum heater and thermal insulator. The
quadrupole field strength for all the 22 magnets am smaller temperature rise of local iron core was over 550 C when the
than ±+xl0-3 and ±2x10-3 , respectively. Shims with vacuum chamber was baked up to 1500 C. To avoid the core
thickness 3 nm are added on each pole edge for correcting deformation, the nominal magnet gap is modified from 50
the sextupole component in the end fringe field. mm to 52 mm.

The combined function bending magnet is specified to
I. INTRODUCTION produce a magnetic field strength of 1.2407 Tesla at the

nominal gap of 52 mnm and a defocusing field gradient of
A third generation 1.3 GeV synchrotron radiation 1.71T/m for the 1.3 GeV energy. The geometry of pole

accelerator has been constructed in Taiwan by March, 1993. profile is given by the equivalent magnetic potential line. In
The magnet lattice is designed with a 6-superperiod triple the neighborhood of the central orbit. the magnetic potential
bending achromatic (TBA) structure for a minimum beam V at a point P(xz) may be described by V(x~z)= -B0 z (l±kx)
emittance machine and easy adjusting optics and tunes. Each The C type magnetic circuit was chosen for easy extraction of
superperiod is 20 meter long and contains three combined the photon beam lines. The configuration of dipole magnet is
function bending magnets, eight quadrupoles, four sextupoies shown in Fig.l. The two dimensional field distribution was
and nine correction magnets. The 1.22 m bending magnet is calculated using the "MAGNET" and the "POISSON"
a curved shape with rectangular edges. The radius of computer code. A current density of 4.45 A/mm2 was chosen
curvature of the bending magnet is 3.495 m and it bends the for balancing between construction and operation costs.[21

electron beams by 20 degrees. The main nominal The optimal field quality is computed at 1.3 GeV energy to
characteristics of the dipole magnet are shown in table 1. obtain the pole profile in the good field region. The good

field region includes the allowance for the required beam stay
Tablel Main characteristics of dipole magnet clear. A good field of width greater than 60 mm for AB/B s

±2x10"4 and "G.G < ±2x10"2 is shown in Fig.2 and Fig. 3
Magnetic length In 1.22 respectively. shwinFg2adi.3
Nominal field T 1.2407 repcilySeveral different mesh sizes were calculated forField gradient T / m 1.7102 checking the field errors. The field saturation was checked
Magnet gap on center mm 52 with 1.0 -1.5 GeV energy. The field sensitivity is analyzed
Good field (width x height) mm 60x24 with mechanical error of-± 0.025 mm in the pole profile. The
Number of tu3 56 maximum field strength of 1.424 T at orbit center is also
Current A 939 calculated for 1.5 GeV operation. The good field width
orrentdensity A m2  4. AB/B :< ±2x10-4 was reduced to ± 19 mm and AGIG s

Voltage drop V 14.2 ±2x10-2 was within ± 18 mm. The sextupole component due

The nineteen dipole magnets are electrically connected in to the field saturation on the pole edge is produced about -0.7
series with a power supply. The dipole magnets must have the T/m 2 .
same good quality to provide a large dynamic aperture. The
typical criteria for the relative integrated field errors are IT[. MAGNET CONSTRUCTION
J(AB/B)ds : ±2xl0"4 and (A&G/G)ds 5 ±2x10"3 in the ± 12
mm field region. A. Core construction

The magnetic field errors will reduce the performance
U. MAGNET DESIGN of the storage ring. The most possible field error in the

magnet gap is caused by the accuracy of pole profile. The
After evaluation of the TBA dipole magnet prototype I field variation along the central orbit may be produced by the

with center air gap 50 mmn,(l] the distribution of the fluctuation of the permeability and the coercive force of the

difference between the calculated and measured fields AB/B core materials. In order to produce a uniform and identical

asd AM in the midplane are quite small. They showed that magnet. The quality requirement has to be follow strictly in
fabrication and assembly of magnets. The magnet cores were
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made of 1.5 urn thickness AISI 1006 low carbon steel sheet. field of 2-D measurement results are quite close to the
The permeability of core material was measured to have a designed value and are shown in Fig. 2 and Fig 3 respectively.
deviation about 5 % at 1.2 Tesla field strength. The That means the precise punching and accurate stacking were
laminations have to be shuffled to provide the uniformity of done in the pole profile. The mapping trajectory is moved
magnetic property- along radial direction. The distribution of integrated dipole

The laminations were punched to a precision of ±25 and gradient field strength are shown in Fig 4. and Fig 5. The
pun in the critical profile. To avoid the welding distortion, the integrated sextupole strength of 1.075 T/m2 is close to the
laminations were glued with the 3M brand epoxy and kept tolerance margin at 1.3 GeV and of 2.492 T/m2 at 1.5 GeV is
the epoxy as thin as possible to increase the stacking factor of out of the tolerance. In order to compensate the strong
the core. Before the stacking, half of the laminations were sextupole field at the end of magnet, different shims at pole
flipped to minimized the top-bottom SymUmnetry error. Blocks edges were added for correcting the sextupole component.
of 144 mm thickness were stacked using stacking fixtures. According to the measurement results, 31mm thickness (2 by 2
The iron core with a total length of 1152 mm was assembled pieces) shims were required on the pole edges of mageL[3]together with 8 core blocks. The blocks of core were picsshmweerqrdonteolegsofant t ]toethefr w ith 8 thore blcnst.n maet leogth ofcor werge. The integrated sextupole strength was then reduced to 0.262
reshuffled for keeping the constant magnet length and weight. Thm2 .Tegofilrgonfthitgaedipe d
0.5 mm thickness laminations were inserted for compensating T h go field region of the integrated dipole and
the fluctuation of length. The deviation of the length of pole gradient field strength is increased more wider as shown in

is controlled within ± 0.5 mm. Detachable end-shims were Fig 4 and Fig 5. This improvement will benefit the quality of

used for overcoming the sextupole and higher-order field beam line and more stable operation at 1.5 GeV. Table 2 lists
errors at the magnet ends. The non magnetic bolts are used the summary of dipole magnet at nominal excitation current

to tightly attach the end-shims on the end blocks for 939.3 A.
prevnti he separation due to magnetic force. Table 2: Summary of the dipole magnet

B. Coil fabrication Item Specification Measurement
The coil was designed by considering the number of B(0,0.0) (T) 1.24090 1.23999

turns, the height of pole gap, the specification of power G(0,0.0) (T/m) -1.71084 -1.71609
supply and the water cooling system. The excitation coils are S(0,0,0) (T/m2 ) 0 -0.027
made of 16x16 mm square hollow copper conductor with 0(0,0,0) (T/m3 ) 0 4.88
hollow 7 mm diameter. The coil is insulated by 0.5 mm 1)(0,0,0) (Trm4 ) 0 -105.7
thickness fiber glass and impregnated with epoxy resin in a lBds(0,0) (T-m) 1.5137 1.5137
vacuum mold. The voltage in an impulse tester up to 5 kV is fG4s(O,O) ( -1.9574 -1.972
used to detect the defective coil inter-turn insulation. The JSds(0,0) (T/m) 0 -0.262
waveform patterns were checked and compared to find the fOds(0,0) (T/m2) 0 14.45
defective coil. Each dipole magnet has four pancake-type
coils with a total of 56 turns. Auxiliary coils are also d0,0) (im3) 01-50.8
provided for trimming 1 % field strength of individual Leffdip (i) 1.22 1.2221
magnets. * The integrated field strength values are rms. value of

c. Fiducial work eighteen dipole magnets

The beam orbit analysis requires the position deviation The field enors of all dipole magnet is less than the

of the magnet ftita the ideal orbit should be within ± 0.1 mm. specified. Although the magnetic effective length is 2.1 mm

In order to ensure the accuracy, the survey and alignment longer than the designed value. It should not affect the

curved fixture has three reference points the entrance, center machine performance. The deviation of integrated dipole

and exit point of the magnet for fixing the survey pad on the field strength was measured within lxlO"3 and given in Fig.
top of magnet. The mechanical fiducial work is measured 6 It is found all dipole magnet are uniform and acceptable.
using a digital 3-D measuring machine. The measuring The commissioning of the storage ring has been started
precision of ±:0.02 mm allows the magnet geometry successfully in April 1993. The first turn beam was run
transferred from the midplane to the top of fiducial mark. without any exciting the correction magnets. These TBA
The measurements also check core length and the assembly dipole magnets have been provided a good guiding field in
accuracy of the median plane. The exact magnetic field center the storage ring.
is established by the field mapping based on the fiducial
mark. V. CONCLUDING REMARKS

IV. Field Mapping Results The good field region is obtained for all magnet.
Because of the consmtction errors were under control during

The magnetic field was measured by Hall probe mapping the fabrication and assembly of magnets. The mechanical
system. The Hall probe is calibrated using an NMR gauss tolerance of punching and stacking laminations has been

meter to achieve the accuracy of + 2x10"5 . The field measured within ± 0.025 mm. The laminations and assembly

distribution mapping was performed in the midplane along the core blocks were shuffled for averaging the permeability of

radial direction at the magnet center. The dipole and gradient magnets. The laminations were gluded to avoid the welding
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d*mno. Te deviation of coae iength was mesmued within
:M. -M. In eXder to correct the sextupole field in the end of
romer, 3 mm hickness shinms were added oan the pole edges. 0. 04-2-D cal " ion
Thfield qumlity wd the good field regon were improved 0.02.
an will bemiefit the sotae oertion..

VI. ACKNOWLEDGMENT .04 -0. .0.02

The authors would like to tank our consultant Mr. -0.04
H.C.H Hsieb for checking the magnet design and valuable
disusdon during the study and co tuion of the maet
Thanks Mr. C.S. Hwang and the field mapping group for Fig. 3 the quadrupole field distribution of the calculated and
their careful magnetic measurements and supplying the measured results in the midplane along the radial

• dwa. direction.

VII. REFERENCES o. we .,i "' With 2-2, sims

[1) C. H. Clang, C.H. Hiwang, J.C. Lee, W.C. Chou, J.H. -,A 04 U
Huang, -P4.- Tseng, C.S.Hsue, GJ. Hwang "The TBA 0.00%
Prtotype Dipole MagNet of SRRC 1 Ith International
Conference on Magnet Teclmology, 1989. -0.001oo

[21 G.E.lsher, "Iron Dominated Magniets", SLAC-PUD- -0.0 ooil3726, July 1985. 7) :0'~Vit2-2
(31 P.K. Tseng. C.S. Hwang "The analysis methods of Hall 0.0

probe mapping system for the combined function dipole
magnet", XV th International Conference on High Fig. 4 the integrated dipole field strength distribution in the
Enegy Acceleura July 20-24,1992 nidplane with and without 3 mm (2-2) shims.

d(jds jFds
0. 04.

0. 02 1
So. o-0./4

With 2-2 shins

Without 2-2 shims

Fig. I the configuration of the combined function dipole Fig. 5 the integrated quadrupole field strength distribution
magnet. in thei midplaic with and without 3 mm (2-2) shims.

0.0

0.0004 ac
0.0002

00002 0 a

* f o t 0 4 A Is I' A

Fig. 2 the dipole field distribution of the calculated and the 4. No

measured results in the midplanc along the radial Fig. 6 the deviation of integrated dipole field strength of anl
direction.

the dipole magnets.

2888



Specific Features of Magnet Design for the
Duke FEL Storage Ring*

I. Burnham, N. Howe, V.N. Lkvmk JM•J. Madey. Y. Wu
Duke University Fe Electrom Laser Lmorry

Box 90319 Duke University Durham, NC 27706-0319

L INTR ODUCI7ON Paunmeters of the Duke FEL smoa ring can be
found elsewhere [3-4). The storage ring arcs and south

Tbe I GeV Duke FEL morag ring is dedicated to WSWiht section have bilateral lattice symmetry with respect to
drive UV mad VUV ee eect lasr deces. The high dipole. quadrupole, and sextupole fields.
k*Ame and low emitance electron beams needed for thoe
devices demmad high performance and ight tolerances the d Il. COMBINED FUNCTION QUADRUPOLES
mware ing maaet lc. Tight tolances include close

spacing of magnetic elements. In this per we show how Natural chromaticity should be corrected by a
combined function magnets wre used to eliminate discrete suitable sextupole component of the magnetic field lattice.
elements and odd shaped end pieces which cause magnetic The most t*pical method to perma the mextupo component
coupling, saturation and severe undesireable field is by discrete smupole magnets. In the Duke smarage ring,
onnaies. Using this scheme we we able to achieve with dispersion freem straight sections, the sextupole magnets

desireable ring dynamic aperture with only minor should be placed in the aes where only 18 cm of space
modification of existing hardwe, between each dipoleuadrupole pair is ava•labfe. It was

Also included is a discussion of a non-standard discovered that the initial amempts ID use the dipole magnet
sepun magne with stray field compensation which will be with nose mand dimples as main fixed sextupoles coupled
employed by thd mragr. Te design, testing procedrs with discrete adjusta"l poles caused mqc asymmetric
md preliminary results we outlined for this magnet. saturation of the dipole and a lao amount of magnetic flux

between the sextupole yoke and the nearby dipole magnet.
IL MEASUREMENT PROCEDURES The stay fields between the magnets also caused seven non-

linear components while dipole magnet saturation caused
Magnetic measurements of all magnets were serious orbit distortiom. All of these l hems We together

performed pro to installation on te stoap ring. In order to would have made it almost impossible to commission a
facilitste fmae da acqtaisi* of larg data sets of magnei damping storage ring at Stanford.
fields accurately we make use of a Hall probe army. This We decided to us the awe quadrupole magnets as
amy contains ele individual Hall probes mounted on a combined function variable strength main quadrupoles and
non-magnetic plate, each one calibrated using a NMR sextupoes. The arc quadrupoles am wired so that the inner
magmnetom. Tb1 elements we Separated by approximaely pli of poles (toward the inide of te rin re independent of
7m mmod he exact distances we measured to within afew the outer pair of poles. When the two sets ae excited by the
mic"o usinga miroc . Te voltage signals ae sent in same acufrot there is only a quadrupok momenL With more
parallel to a and read by a 20 bit A/D converter in current separation sextupole and dipole moments can be
a CAMAC crabt to a Macintosh computer running LabView iMducied oveaig quad le. The dipole moment 1n
[1]. Magnet power supplies we controlled by 16 and 20 bit the magnet offsets the magnetic center (2 mm for designed
DACs and a t of precise shunms and naaduclasarwe used for values of sextupole moments). We have therefore designed
curt" read b This paricular sysem wa p h fom the ring so that the central orbit will pass through this new
the. udker Institute of Nuclear Physics in Novosibirsk magnetic cent.
Ras)" as part of a cooperative effort between Duke
University and MnPr2J.

The high resolution of the army and its electronics
yield a magnetic measureent accuracy of better than one part
in 10,000 and we can make a two dimensional map with only
oen though each magnet. A set of tracks ae used for thde
precise positioning of te array in each magnet. Since the
magnet lattice includes closely spaced elements, it is
important tht all measurements be taken in a real
envitosnet. The nmpet test bed at Duke hs room to place
neighborig magnets aound die magnet under est as would
be dhe case when the magnet is eventually placed into the
swrap ring. In this mamn we can better understand the
fing field eecm oclosely spaced elements.

nutl wok smpWsd by APOSR Wast 090.0112.

0-7803-1203-1&M)3.00 @ 1993 Ii Fiure 1. Flux plot from MERMAID.
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Using a two dimensional magnetic field computer In order to iunderntand the higher order momenets of
code called MERMAID [51 we wene able to accurately model the quadrupole, fields it is necessary to use the measured fields
she efects, of asymmetric canon excitatio of the quadrupole arid subract out the fined lowar order moments. What is left
coils. We foun we were able to introduce required sextupol over are the strengths, in this case, for octupole and higher
moments into the magnets using this method, and f~rom the order terms. In the case of die Duke storage rnag quadnapoles
results of the BMEMAID calculations we began testing the the lowest moment is dodecapole.
magnets In the some configuration. A sample flux plot from There is a built in correction tern for higher orders in
MERMAID for asymmetric excitation is shown in Figure: 1. these magnets. Figure 4 shows a plot of the integrated

We have take larg data sets of all of the quadrupole moments above seutupole for both the cenra part of the
magnets in field mappings and current runpings and created a magnet and the. fring fields. One curve is the integral of the
computer routine to fit the multipole moments using spline fields inside the magnet steel (without edges), the other for the
interpolation in mulidiesional space. These data will be fringe. fields. The two very nearly cancel out overall higher
used in the control system to achieve the desired strengths in Order moments.
the quadrupole. Typical current settings (varying because of amnnf P re Cmoet
the properties of magnet steel) required to maintain .GWW WA oo
quadrupole and sextupole strengths proportional to the 1.00 -g-- - 1
electron energy are shown in Figure 2.

Current Swings vs. 9ke604M Energy

35 0.215 0.50.

so -.t-.-....--...i-.---.I. 0.21
10.00

I I 0.205P0 2 140.50

0.19 -100

64861M~r -13 -2 -1 0 1 2 3
10 - -.---.V DiM W PodIun (Wr4

Figure 4. Integrals of higher order moments.

0.2 0.4 0.6 0.6 1 1.2 IV. COMBINED FUNCTON DIPOLES
MIIMMW Pt

Figure 2. Settings for quadrupole excitation. At I We replaced the odd shaped nose and dimple dipole
GeV gradient is 3.5 k0sAzi, sextupole is 300 end pieces with new parallel edge smooth symmetric end
0*tnA2 pieces required to extend dipole magnietic length. Thi allows

us smoothly to reach saturated symmetric magnetic field
The typical longitudnal distribution of moments is shown in behavior up to 20.5 k~s (15.9 k~s is required for I GeV
Flgm 3. operation). We have devised a way to make the dipole

Measured Moment vs. Longltudin.I Posiio magnets combined function while maintaining a higher level
aoo" 350 1200 Dpoet Field vs. Transverse DIstance

I2500 ~ -- * -j- 2501K. 1 12000
2000 ---- 4 200j
15500 -------- was101110

500- t

o 0 116001
.20 -15 -10 -5 0 5 10 15 20 4 W2 1 M1 2 "

-WM~ P.f- Y"

Figure 3. Woud moments in combined fmicbion Figure 6 Combined functio dipole field.
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of symmetry by eiuducing thin steet shim stock in the center one power supply. The magnetic test results confirm the
of the lmgnet Tis etra bump eams a sextupole field of predictions.
the dsired sign as shown in Figure 5. The steel shims The finite permeability of the steel create a small
themselves we mounted on aluminum strips, so the whole unit variat of the magnetic field inside the gap along dte pole
is easily replaced if desired Tie steel shim stock measures width which masures 14 cm. This variation was predicted by
only 6.4 cm long by 2.5 cm wide in a 33 cm long magnet MERMAID. Even though the fiWld quality satisfies design
Mie measured sxupole moment as a function of longitudinal requirements we suggested one more flat coil (2 x 4 cm wide)
distance is shown in Figure 6. just below the notch above the main pole. Only 15-25 A

SMpes• Memo vs. Lentuda•l Petuon current is required to make the magnetic field uniform (within
0o - - 0.5 Gauss) in the area of ±5 cm.

aSepeum Loak Field vs. Cawe

-4 ......t- . 6.0 ----so .... ....

t-- --- - - -- 6.00. ....... 40 ... .

-1 -0 - .. ....... ...... ..

-14 °° - Ii" 
.- --,,o 0 .0 .... . ...... ..... ..... ...

"-40 "30 "20 -0 130 20 0 40 "
Le~d Ieen m)-2.00 i i i

Figu 6. Memured sextupole moment in 1 10 200 o 00 400 500combined functio dipole Cwm (A)

V. SEPTUM MAGNET Figure 7. Measured septum leakage field in "V" notch.

A Lmmbertson type septum magnet is used for • Stored Beam
injection iato the Duke storage ring. We modified the "V"
notch angle to 450 and made the top piece separable for
conveimence of vacuum chamber installation. The sharp edge
measues only 0.5 mm. This magnet employs an 18 turn main
col made fium 2 x 66 mm2 copper sheet and cooling plate 

.

mounted on the botton. The coil is fully enclosed by magnet In ted Bem col
steelThe stray fields fion this magnet are very low because
of this isolation, no more than 10 gauss in the "V" notch,
whe the • stored beam passes (see Figure 7). It is only I nmm
away hm the main gap where the field is 9 k•s. We have
found a way to compensate this field both horizontally and
vertically down to a level of less than I gauns. The horizontal

stray field is caused by asymmetrical saturation of the magnet
steel and is compensated by using a five turn coil around one .. .... .

half of the magnet to bamae satuation effects. This coil has
a tOtal of only 10-15 amp-turns. Figure 8. Septum magnet basic design in cross section.

Using MERMAID we determined that a flat coil laid
into the sides of the notch would be Sufficient to cancel most VI. REFERENCES
of the vernical field component. The single turn coil measmures
4 cm wide by 0.05 mm thick by 1.6 m total length and will [1] LabView software for Macintosh, National Instruments.
carry a current of upto I Iamps. An exaggerated view of the [21 S.F. Mikhailov, calibration for Duke Hall probe array,
Septum magnet is shown ill Figure B. private communication.

Stray fields are also prevalent in the groove where [31 V.N. Litvinenko, et al., "UV-VUV FEL Program at Duke
the walls of the -V- become vertical. Into this notch is placed Storage Ring With OK-4 Optical Klystron", these
another one turn compensating coil which carries roughly one proceedings.
half the value of the current in the flat coil. Assuming this [41 Y. Wu, et aL, "Lattice and Dynamic Aperture of the Duke
ratio to be constant we can make the flat coil and this FEL Storage Ring", these proceedings.
particular compensating coil from the same piece of copper [51 MERMAID software by AN. Dubrovin for two
sheet. In this fa•hon we can run the compensation from only dimentsional magnet design and magnetic field

calculations. Budker Institute of Nuclear Physics.
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DIPOLE DESIGN FOR THE EUTERPE STORAGE RING

JJ.LM BOOM.n CJ. Thnanwurmn. B. Mi, IL Heiler,
I.L Hagedoora, P. Brlnkgreve, B. Dekke•, .LM d.

Eindhoven University of Technology
P.O. Box 513. 5600 MB Eindhoven, Netherlands

Abatat II. DIPOLE DESIGN

The magnet system of the Eindhmoven synchrotron In the philosophy of the Enlerpe ring project an aempt
radiation mom Erl B (400 MeV) consists of dipoles of was made to be able to sm electrons of th highest possble
unmnentional design and construction. Laminated raetngular energy using roohe small bending magneft. in the present

blocks of transfomer stee we fixed togethe and comprise the &lelg of thre dipoles the maimumi miagntic induction is 1.35
dipole Masnet (dim. 4335 cmI). Apart ftm a small T with a bencing radius ofI m, implying a sagift of 3A cm.
qimfupolJ compoment, a field unifrmity ABA of 2xl0W over This leads a rectangul pole aer and ao to a recSular
4 cm at 1 T is obbined in a 2.5 cmgnp. The support system block shaped C-magnet. In this way, making laminated
is based on static ad dynamic maalysis. The resultant "six magnets avoids complicated curving procedum.
degree of freedom! manipulat (position accuracy - 0.02 mm) kt is to be mentione her that the poles are completely
can easily adjust 3 positions and 3 aingles of rotation of the flat no tapering or pole profiling is performed. The width of
magnet Because of the sre of die adjustable rods being the pole is sufficient for good homogeneity of the magnetic
mall (-5 mm), themrods have "elatic hinges" asuatwhment fildd. The actual magnet shape has been determined n the
points. Design mid construti have been done at the Central basis of POISSON-calculations. According to this, 14 kA-tums
Design and Engineering Facilities of the Eindhoven University. is needed for IA T. where saturation plays a role, with a
A description of the magnet system, prototype magnetic field cuent loss factor of 6.6%.
measurements and detail an Ot cnution, including that of A technique applied in the transormer industry is the so-
the support system, will be presented. called modular core technique to assemble transormers and

chokes [6]. Fabrication of the laminated stee core modules is
L INTRODUCTION done by collecting equal parts stamped off a flat steel sheet

coil, which is available in a range of standard sizes. The sheet
The Eut starage ring is a 400 MeV electron ring coil contains the adhesive for cementing a module.

under construictio at the Accelerator Laboratory of the
Eindhoven University (NL). The ring is to be used as an
experimental l for accelerator physics studies as well as for Table I
the study of radiation phenomena e.g. in undulators. Limited Main Eutere parameters
use of the machine for applications of synchrotron radiation is
foreseen. This is a university project with somewhat different
objectives as for facility projects. Design, constmuction and Max. energy 400 Mev
testing is an exercise for the accelerator group of the university
and their students, with strong backing from the umiverity Inj. energy 75 Mev

hope budget for the machine is small, but there is B cuent 100 mA
no time pressure for building it. Many components of dhe ring.
e.g. the complete magnet system, are made in the university Focusing structe TBA
itself.

Eutrpe has a circumferemce of 40 m and it has a four- Supeiperiods 4
fold symmetric lattice with a triple bend achromatic structure, R 45 hz
and 2 m long dispersion free stmight sections. Various ion- _F______y_4 ___

optical modes for different applications can be set by adjusting RF voltage 50 kV
the focusing properties [1,2]. The injection takes place from a
75 MeV racetrack microtron [3]. The dipole units ar small Mmn. emittance 7.4 rm
with a small gap of 2.5 cm. This small value may give rise to
limiting effects on the beam lifetime an account on these n length 3 cm
effects in Euterpe is given in reference [4]. Alignment require- Cri. wavelength 8.3 nm
ments for the magnet system, together with the alignment pro-
cedur is given separately [5]. Table 1 lists the main Euterpe
paramees.
0-?703-120-1/93503.00 0 1993 ME 2892



Modules to form a truaormer rchoe m fixed toee
with rods. Table 2

We have bougit msch modules to compoe the C-dshped Dipole data
dipoles. However, the method to fix these together for a Type: rectmagular, C-shoped, luinated
complete dipole u diffrent. Because the magnetic forces in the size (lawxb) 410x350x90 mm'
dipoles can be high, clamping the blocks with mrd si not pos-
sible witho"t unwua•ed dimensiond deformation. Other alter- Total Weight 600 kg
natives where weldng the blocks together, or cementing the
blocks. OCmen is cementing with epoxy adhesive which ia Bending radius 1 m
temperature stabilized. Cementing has given very accurate and Sagitta 3A cm
stress free results. However the film thickness of the epoxy has
to be controlled within tight limits. Effective orbit length 52A cm

Since the magnetic properties of the steel sheet depend
on the orientation of it (the highest magnetization occurs in the Pole size 120x480 nun'
roll direction), the magnetic circuit is optimized by a proper Gap width 2.5 cm
orientation of the laminated modules. In our case 0.35 mmG
sheet of VM 111-35 iron with a maximum saturation ferric Coil cross section 4.5x8 cmI
induction of 1.7 T is used. The "pole" blocks with a cross
section 12x 18.25 cm2, two mid blocks of 13.5x9.5 Cm2 and one Magn. field at 75 MeV 0.25 T
return yoke block of 13.5x39 cm2 form the magnet. At the pole
ends shimming plates have been attached, whose widths will Magn. field at 400 MeV 1.35 T
be adjusted for obtaining equal magnetic lengths of all dipoles. Power @ 400 MeV 6 kW

For the coil construction hollow copper conducter of 6x6
mm2 and a bore radius of 3.5 mm is used. The coil consists of
7x12 turns with a cross-section of 4.5x8 cm2. The coil weight In classical mechanical design actual and virtual back-
is 20 kg. lashforn the Achilles heel of the behaviour. These have to be

Table 2 gives a summary of dipole data. avoided or, if not possible, have to be limited to close toleran-
ces. Virtual backlash is the positional inaccuracy as a result of

Il. SUPPORT SYSTEM friction combined with limited stiffness. Actual backlash is the
positional inaccuracy as a result of clearance.

The support system is a six degrees of freedom manipu- In this case a solution was aimed for in which:
lator with the following specifications :- x,yz stroke :5 mm; - All components of the support system are attached to one
accuracy ±0.02 mm- %,%r% stroke ±10 : accuracy ± 0.0050 another by means of welding (clearance free).

- The strokes are realized by means of predetermined elastic
deformation (no friction and no clearance) of "elastic hinges".

The basis of this solution for the support system is the
S:: "solid mass" of the magnet which is supported by e vertical

rods (1,2,3 fig. 1). The movement of the remaining system is
transduced to the points A and B. This movement is now limi-

, ted by rods 4,5 and 6. The six rods mentioned can be varied in
, •length. They actually control the six degrees of freedom the

". .' ., magnet has in relation to the outside world.
The mechanical stiffness of these rods predominantly

determines the stiffness of the support system. The rods are di-
mensioned accordingly. The ends of these rods are attached

-------------- 3 between the mass of the magnet and the outside world by
means of "elastic hinges".

Because of thermal effects (a temperature up to 1100 C
for the magnet could be allowed) the mechanical elements of
the magnet and its support system can change in dimensions up
to 0.5 mm. These changes may result in excessive mechanical
forces. These forces can cause possible plastic deformation and
or creep effects in the mechanical elements of the system.

5 Because of that dimensional changes and inaccuracy will
occur. Therefore the magnet is attached to the support system

Figure 1 Dipole and support system with three leaf springs (A,B,C fig.2). The orientation of these
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Flge 4 Radial field profile

slope at low excitation for both curves is due to a slightly
Figr 2 Attachmtent points support system different gap value. Figure 4 shows the radial field profle at

120 A (171). A small quadrupole component is present, which
is due to a radially varying gap value. This will be corrected

springs is such that the relative position of the magnet with in the cemented versions. Then the expected field uniformity
respect to the support system remains the same. The same is better than 1O4 over 4 cm. The length of the effective field
mechanical design concept has been chosen for the attachment boundary at either side of the magnet is 17 mm. At an
of the support system to the ground (DE,F fig.2). excitation of 200 A (1.5 1) a sextupole component of 8

Mechanical stability is determined with the dimensioning gausstm` strength is present.
of the stiffness of the support system. A theoretical mechanical
resonance frequency of 15 Hz in all directions was chosen (the
mans of the magnet is 600 kg). The pototype was measured in
three diections and the actual resonance frequency is 14 Hz. V. CONCLUSION
Combined with the supposed mechanical noise level of the la-
boratory these results an adequate for a good dynamical A modular core technique has been applied for the
tolerance of place and stability of the dipole mass. Euterpe dipole magnets. The assembly of modules and of the

The realized support system has proven to be accurate, overall dipole is completely carried out using epoxy adhesive
cheap to produce and user friendly, even for physicists. and resin.

A rigid support and manipulating system has been
IV. PERFORMANCE & FIELD MEASUREMENTS adopted.

Field measurements on a prototype show the expected
Measurements have been performed on a completed performance.

prototype magnet, consisting however of modules welded
together. This procedure leaves about 20% less area for the
return flux, compared to the newer cemented types, sooner VI. ACKNOWLEDGEMENT
leading to saturation effects. Figure 3 shows the excitation
curve, as calculated by POISSON and also by measurement. The authors like to thank the collegues from the engin-
The maximum induction is about 1.6 T; the difference in eering group, in particular J.AXN. Ketelaars, GJ.M. Klitsie and

1.6- 1 1 1 J.M.P. van Laarhoven.
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DESIGN OF A LAMBERTSON INJECTION MAGNET
FOR THE RHIC MACHINE"

E. Rodger, N. Tioupas, J. Claus, H.W. Foelsche
Brookhaven National Laboratory

Associated Universities, Inc.
Upton, New York 11973

Abstract magnets, thus saving the cost of a separate large power
supply. This and the fact, as mentioned in the preceding

A Lambertson magnet has been designed to serve as an section, that the geometry changes along the magnet, made
injector into the Relativistic Heavy Ion Collider (RHIC) under laminated construction unnecessary and impractical.
construction at Brookhaven National Laboratory. The design
is predicted to achieve field uniformity of DB/B < 6 x 104 b. seeL Characteristcs
at B0 =L 9.5 KG transverse to the beam direction over the Two and three-dimensional computer modeling showed
width of the beam path and stray fields in RHIC's circulating that the design parameters could be met and exceeded by
bern pipe of less than 0.2 Gauss. In addition, the magnet is fabricating the magnet body out of an ultra-low carbon (<
ultra-high vacuum compatible in that only the insides of the 0.005 ) steel in the unannealed condition. The material
beam tubes are exposed to the vacuum and the entire assem- (called "INTRAK [1]) is available in large slabs and can be
bly is bakeable in situ to 3000C. machined without significantly altering the magnetic proper-

ties.
I. INTRODUCTION

c. Beam Tube Maweriak
The injection Lambertson magnets described herein will The material for the circulating beam is critical as it

be the last elements in the beam transfer line between the serves a number of functions. First, it must be ultra-high
Alternating Gradient Synchrotron (AGS) and the Relativistic vacuum compatible, which means prefiring at a temperature
Heavy Ion Collider (RHIC) at Brookhaven National Laborsto- of at least 950°C in a vacuum of at least x 10" Torr and
ry. They ae designed to deflect the injected beam onto a should be corrosion-free like stainless steel. In addition, it
path horizontally parallel to the circulating beam Two such serves a vital magnetic shielding function. The tube is spaced
magnets will be used, each one injecting into one of the from the surrounding ultra-low carbon steel by a 1 -u air
counter circulating beams of the RHIC machine. The two gap and intercepts leakage fields. For this function, it must
magnets will be identical magnetically, but will be physical have high permeability at low field levels. It must also have
mirror images of each other. sufficient physical strength to resist the vacuum loads with a

relatively thin wall. finally, it helps if the thermal coefficient

I. DESIGN PARAMETERS of expansion is close to that of the magnet body. These
conditions are all met by a material called "ennalloy 80" [2].

Extensive parametric studies arrived at the following To reach the required annealed condition, it must be heated to

design prmete. I 150*C after fabrication. 7tis also serves as the vacuum

firing.
1. Bend angle - 38 mrad @ Bp = 100 T sM/rad The injection tube material selected is Inconnel 625. It

2. Laigth = 4 M (Bo = 9.5 kG) is completely non-magnetic, has good vacuum and thermal

3. Field non-uniformity < 6 parts in 104 over beam path expansion properties, and has high stiffness and yield strength

4. Stray fields < 0.2 Gauss to resist vacuum loading. Both the beam tubes can be welded

5. Vacuum level < I x 10-10 Torr into the common stainless steel downstream chamber (see

6. 26.1 mm vertical aperftre Figure 1).
7. 67 mm i.d. circulating beam tube

1II. MECHANICAL DESIGN

a.Stab Cowiruatin
A mijor consideration from the start was to operate the

injection magnet in series (d.c.) with the transfer line dipole

*Work perdformed under the auspices of the U.S. Department

of Energy. Figure 1.
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,BakAa 2. The magnet length of 4 meters was chosen in part to limit
Because of the difficulty of trying to heat the injection the magnet's gap field to 0.95 Tesla. This choice is

tube (which is in intimate contact with the poles) independent- compatible with the chosen steel becaue the steel does
ly of the mngnet, it was decided to heat the entire magnet. not nu into saturation in the critical septum region.
The coil was thermally insulated from the core and is water 3. The pole tip edges wom shaped to maximize the good
cooled during bakeout. A covering heater blanket of 20 kW field region. Tnhisshaping took into account the apertume
will heat the assembly to 250-C in 12 hours. geometry, the steel characteristics, and the field levels in

the steel.
C. Verical Motion 4. As mentioned in Section il. c., the circulating beam tUbe

During injection, the magnet must be positioned so that material (Pemblloy 80") was chosen in part because of
the circulating beam almost touches the upper inside surface its high permeability at relatively low field levels. This
of the circulating beam tube. This condition represents an enables the circulating beam tube to shield the interior of
aperturestriction for the REIHC machine during the subse- the tube from the fields leaking from the metum am.
quent operating cycle. To solve this problem, provision has These leakage fields ame on the order of seve&W Gauss.
been made to rase the entire magnet, after injection, so that The 50 mil. thick Permalloy 80 tube is predicted to
the center lines of the cirulatmg beam tube and the circulat- reduce these down to 0. 1 Gauss within the tube.
ing beam coincide. This is to be accomplished to an accuracy 5. The septum region has been shaped (see Figure 2) to
of ± 0.1 mm by coupling the three support jacks to a minimum stray fields and make the gap field as uniform
common motor with suitable position feedback and limit as possible. The results of this optimization appear in
switches. Figure 3, which shows a cross section of the mapnet with

zone areas depicting variations of the By gpP field. Each
IV. MAGNETIC DESIGN AND zone boundary corresponds to a5 Gauss field change.

PERFORMANCE The rectangle inside the magnet's aperture represents 2
sigma (standard deviation) of the beam size.

The magnetic calculations wen separated into two prts.
First, the apertue field uniformity and stray fields well within
the magnet were modeled in two dimensions using the PE2D
code [3]. Next, the field behavior and stray field level within _

the circulating beam tube near the exit sad entrancm of the
magnet were modeld using the TOSKA [3] three-dimensional
code. The two-dimensional study had two purposes. The
first was to verify a magnetic field uniformity of DB/B < 6
x 104 tnsverse to beam direction over the entire beamn path,
and second, to show that the stray fields inside the circulating
beam tube could be held below 2 Gauss. The predicted
performance meets or exceeds the goals. This was accom-
plished by the following means.

1. The ultra-low carbon steel selected for the magnet body Figure 2.
saturates at a relatively high field level, thus creating
relatively low stray fields in the air. Table I shows the
experimental B vs. H curve for this material.

TAX$
H(oe) B(kG)

1 2.5

2 8.0

4 13.5

10 15.5

100 18.2

Figure 3.
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A thsedimensionl saudy was undertaken to i V. CONCLUSION
do stray fields in d circulating bem tube where it enters
and exits the mgnt. Theme entrance and exit areas required As designed, the RHIC Lamboetson magnot has met or
speial attention ae they ar subject to the stray fields of both exceeded the deign goals and represents a state-of-&t-aft
the gap and the coil. In addition, the highly permeable (and injector in terms of vacuum compatibility, field uniformity,
easily saturated) circulating beam tube must pas through and stray field levels.
these areas. This study showed that if special protective
measures were not taken, the field levels inside the circulating VI. REFERENCES
beam tube could reach 1M00 Gauss at these areas. Como-
qumetly, the following design features wrew• dded to the ds [1] Tradema& of Inland Stedl.
of the magnet. [21 Trademark of Sprang Specialty Metals.

[31 Trademark of Vector Fields, Inc.

1. The bottom pole piece (septum) was extended 7 cm and
4 cm beyond the top pole piece at the entrance and exit
of the magnet, respectively. This shielded the circulating
beam tube from the fringe gap field (see Figure 4).

2. Field clamps* were designed to shield coil end fields
(see Figure 4).

The results of the shielding can be seen in Figure 5,
which shows the magnitude of the field inside the circulating
beam tube on a rectangular surface that is parallel to the top
part of the beam starting 30 cm inside the magnet and ending
30 cm outside. The field levels below this rectangular
surface, where the beam is, are lower.

Figure 4.

45 *•?•

Figure 5.
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Combined ac Corrector Magnets

A.J. Otter, P.A. Reeve',
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. V6T 2A3

N. Marks
Daresbury Laboratory, Warrington, England WA4 4AD

Abstrsct

Conceptual designs have been made for two types of mul-
tipole corrector magnets for use in TRIUMF's proposed
KAON Booster ring which operates at 50 Hz. The lack
of space in the synchrotron lattice makes it attractive to
combine dipole, quadrupole and sextupole correctors in the
same yoke structure. drupoerupole

A conventional constant current density winding design sextupole dipole

is compared with an alternative magnet with twelve poles A dipole B sextupole

and windings distributed in slots and at the pole faces. The
problem of induced voltages in the windings is discussed. Fig. 1. Magnet Cross Sections: a) Cylindrical Yoke, con-

stant current density windings; b) Multipole with inter-
I. INTRODUCTION pole and pole face windings.

TRIUMF's Kaon Factory Booster ring design calls for of space as the windings requiring the most ampere turns
extended families of corrector magnets which operate at are placed closest to the inner diameter. A radial space of
50 Hz. A suggestion to combine dipole and quadrupole 0.5 cm was maintained between each set of coils and the
correctors was made in 1989 [1] and a preliminary design steel yoke to allow for coil formers which woulA ? : nested
presented. Further work was carried out in 1992 to add a together in the magnet assembly. The sextupole, i inner
sextupole field to such a magnet. This paper presents two radius has a 0.8 cm allowance over the 6.2 cm inner radius
designs for a combined dipole, quadrupole and sextupole specified. Because the steel yoke enhances the fields of the
magnet. Each type of field requires independant current individual coils and its inner radius is not initially known
control. several iterations of the design equations are needed to

The first design presented is for a magnet with a cylin- determine the coil radii. The magnet parameters are given
drical yoke and constant current density windings and the in Table 2.
second is for a 12 pole magnet with interpole and pole face
windings. Table 2 Cylindrical yoke magnet parameters.

Winding Inner Outer Current Coil
II. REQUIRED FIELD PARAMETERS Radius Radius Density Angle

cm cm A/cm2  Degrees
It was decided to investigate a magnet with the param- Dipole 14.25 14.75 415 60

eters listed in Table 1 which would cover the magnets Quadrupole 11.5 13.75 475 30

in the arcs specified with sextupole fields which would Sextupole 7.0 11.0 460 20
be the most demanding. Production magnets would be Steel Yoke 15.25 18.25 - -
made with variations e.g. some magnets would have skew Magnet Bore - 6.2 - -

quadrupole windings but not dipole windings.
Calculations from the formulae given in [2] and the

Table 1 Parameters of Study Magnets POISSON code show that the magnet will produce the
Minimum bore radius 62.0 mm specified fields. The field quality requirements are also ex-
Good field radius 52.0 mm ceeded although the dipole does have an N=5 component
Magnetic length 0.3 m of about 1% and an N=7 component of about 0.2%. It
Dipole field 0.027 + 3.1 % T would be possible to reduce these if necessary by modi-
Quadrupole field 0.865 + 2.3 % T/m fying the winding configurations [3]. The harmonics are
Sextupole field 17.3 - 1.1% T/m2  essentially unchanged when the windings are excited indi-

vidually and simultaneously.
III. CYLINDRICAL YOKE MAGNET WITH It has been assurmied that each component of the magnet

CONSTANT CURRENT DENSITY WINDINGS would have the same effective length, but in view of the

The section shown in Fig. Ia is a conceptual design based differing coil radii this may not be exactly true. Before a
on[2] which meets the criteria of Table 1. The winding magnet was dsigned in detail this would be checked using

onfiguration was che to m abte 1. efficing the TOSCA code and if necessary the operating currents
configuration was chosen to make the most efficient use would be adjusted. The yoke flux density is low, being

lalso University of Victoria, Victoria, B.C. V8W 3N6 about 3.2 kG maximum.
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The windings would be made from square hollow cop- The windings use the same conductor at similar current
per conductor 0.162 in. square x 0.090 in. ID ( 4.1 mm densities as the previous design. Except for the pole tip
square x 2.29 mm ID ) each winding would operate at ap- windings the conductors ae in low field regions between
proximately 100 A peak. The coolant temperature rise the poles so eddy current losses will not be large.
was limited to 20 C to allow a margin for eddy current The maximum flux density in the poles and yoke with
losses caused by transverse fields in the conductor mate- all coils excited is 1.1 T.
rial. These looses are estimated at 5.6 Watts/m for this
conductor in a transverse field of 3 kG. At this level the The minimum power supply ratings for each component

losses are similar to the coil resistive loses, estimated for the inductive component only, are given in

The power supply requirements, Table 3, are estimated Table 5.

from resistive losses and stored energies. Operating mar-
s and any allowance for core losses have not been in- Table 5. 12 pole magnet power supply requirements.

cluded. The operating frequency is 50 Hi. lple Quadrupole 9Rtupole
AC RMS Current (A) 27.78 38.75 40.56

Table 3. Biased power supply requirements. RMS Voltage (V) 14.92 129.0 155.8
A rms V rms VA rum kVA Rating (kVA) 0.43 5.0 6.32

Dipole 60.32 15.7 947
Quadrupole 61.85 101.5 6278
Sextupole 63.2 56.6 3577_

Each coil would be cooled with a single cooling circuit
except for the quadrupole which might need two circuits
per coil because of pressure drop considerations.

IV. A 12 POLE MAGNET WITH INTERPOLE AND
POLE TIP WINDINGS

An alternative multipole design is shown in Fig. lb,with
parameters listed in Table 4. It is similar in concept to d

dc magnets used at Daresbury as multipoles in the SRS, 4. -, 4, 4 .4 .%7 , We oi s .lt ,
but with ac excitation as provided by the programmed
quadrupoles in the earlier synchrotron NINA at the same
laboratory [4-7].

The sextupole field is superposed on the basic 12 pole ge-
ometry with only alternate poles excited. The quadrupole "
coils each surround two poles with four poles unused. Each
dipole coil couples to six poles with a distributed winding
that grades the ampere-turns according to the angle of the
pole. The magnet bore is larger than specified to obtain
adequate field quality for the quadrupole harmonic. The
pole face windings on the unused sextupole poles are nec-
essary to offset the field distortion caused by these poles. ..

Table 4. 12 pole magnet parameters.

Clear bore radius 8.5 cm
Pole tip radius 11.0 cm
Pole width 2.8 cm
Pole height 7.5 cm
Yoke radial thickness 3.5 cm
Outer radius 22.0 cm
Dipole Number of Turns 30

Peak Current 81.4 A
RMS Current 49.8 A

Quadrupole Number of Turns 38
Peak Current 109.6 A
RMS Current 67.1 A C

Sextupole Number of Turns 55 e4. 4 * to .@ as. Its @t.0 It. at

Peak Current 114.7 A
RMS Current 70.3 A Fig. 2. Multipole Magnet Flux Contours: a) Dipole;

b) Quadrupole; c) Sextupole.
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and if rn: n V=O
but ifn =m V = iamb cos

•f " e M.• V Therefore in principle each coil will only pickup from it's
AV own harmonic. However if the coils are not perfectly made,

SA•k* any imperfection harmonic will be picked up.
This conclusion was confirmed by using the PE2D code1 . and by measurements on a small scale simple models.

VI. MANUFACTURING CONSIDERATIONS
__A

Both magnet designs are similar in size and complexity
and the choice between them will be made on a cost basis.
Detailed engineering designs have not been made. It is
anticipated that the coils will be preformed and cast in

,- sub-assemblies that will be assembled together. The length
-1 constraint is such that saddle end coils will be specified and

it will be necessary to assemble the yokes around them.
00-d • e, mThe laminations for the cylindrical magnet will be made

J0 from two overlapping halves and there may have to be six
laminations to form the multipole geometry.

___g BVII. CONCLUSIONS

We believe that both designs are feasible. They are sim-
ilar in size and operating current densities and both meet

I the field criteria specified. The multipole design has a bet-
ter sextupole and dipole profile but a poorer quadrupole.
The power supply kVA rating for the constant current den-
sity design is a factor of two lower than for the multipole
design mainly due to the smaller radii of the winding.
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Longitudinal Profile and Effective Length of a Conventional
Dipole Magnet

Jean-Frangois OSTIGUY
Fermilab: P.O. Box 500, Batavia, IL 60510

with the origin of the coordinate system in the center of
the magnet

Abstract_ _ _Abstme L.(I) = 1(,O, By (1;0,O,s)ds (2)
Magnetic saturation in the vicinity of longitudinal edges re- By (1; 0, 0, 0) L

suits in a small decreme in effective length with increasing The deflection can then be written in the form
excitation current. This phenomenon does not pose any
problem in a machine where all dipoles are identical. In 0(I) =B,(l;O,0,O)4(I) (3)
the Fennilab Main Injector lattice, dipoles of two different F

physical lengths are used. The effective length variation When the permeability is infinite, the vertical field on
is caused by end effects and is essentially independent of axis and the effective length can be estimated by solving in
the physical length of each type of magnet. However, the the y - a plane for the magnetic scalar potential assuming
reJati e variation is larger for the short magnets. Since all that the poles are equipotential surfaces. Unfortunately,
dipole magnets are on a common bus, the closed orbit is this approach fails when the permeability is finite or when
modified in an energy dependent way. Although this effect there is saturation; furthermore, it tends to overestimate
can be compensated with corrector magnets, a better ap- the field beyond a distance of the order of one gap width
proach is to design the dipole magnets so as to minimize away from the physical end of the magnet. A full three-
absolute effective length variations. This can be accom- dimensional solution is required to correctly model non-
plished with a suitable longitudinal pole profile in the end uniform saturation and the faster field decay due to the
region. Theoretical considerations and numerical calcula- finite width of the magnet.
tions leading to the choice of this profile are presented. It should not be too surprising that a simple rectan-

gular end results in relatively large variations of Le with
increasing current. The high flux density in the corner re-
gion causes non-uniform saturation that tends to make the

I. INTRODUCTION flux in the end region weaker, resulting in a decreasing L.
Clearly, the poles must be profiled longitudinally to con-

The net (horizontal) angular deflection experienced by a trol nonuniform saturation effects. As a starting point, it

particle of momentum p going through a dipole magnet is is natural to consider two classical profiles: the Borda and

given by the Rogowski profiles.

#= !j= o f• .)B,(ZYs)d, (1) II. BORDA PROFILE

The Borda profile (which has also been attributed to
For highly relativistic particles,/• • 1. Accelerator mag- Helmholtz) is well-known in classical hydrodynamics. It
nets are generally designed in two dimensions. Since by corresponds to the the curve defined by the streamlines

smertefeddenohaeayailcomponent in orsod otetecredfndb h temiemetry, the field does not have any axialoin for a fluid issuing from a large vessel by an aperture in athe midplane, a straightforward two-dimensional calcula- plane wall. In magnetostatics, the streamlines correspond
tion tends to accurately predict the field in that plane. To to lines of constant vector potential. When the permeabil-
separate bulk saturation effects from the small changes in ity is infinite, the Borda profile is such that the magnitude
the longitudinal field profile, it is convenient to introduce of the magnetic flux density along the profile is constant.
an "effective'or "magnetic" length L., defined as follows, Since the saturation level depends on the magnitude of the

"*Opmted by the Univertite Research Association, Inc., der field, it seems reasonable to expect that the Borda profile
contract with the U.S. Department ot Enew. would help minimizing the variation in L. by making the

0-7803-1203-1/93503.00 0 1993 IEEW
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mm4repsi atursti uniformly. We shallseethatinprac- or, withz-z+iysandw=u+it
"tie, th" is not really the cm, An analytical expresion
for the oris profle can be obtained using standard con- 2g(u 1+ e co v) (7)
formal mapping techniques [2]. In parametric form, the = = .- + e

lt i ( 21(,v + e in,) (8)

2, 2+,r _(I_() -hee v< r and-oo< u< oo.
i 2 was actually first introduced by Maxwell and describes the

equipotentials lines of a semi-infinite capacitor. If the fieldwhereO0< €< u/2 and2g isthe total gap in the uniform inuthe uniform region is H0,the magnitude of the field is

field region. The Borda profile is shown in figure 1. Note

that the ratio of the maximum to minimum aperture is Ho(z+ 2)/i. lH =" (9)(1 + 2=vl+el+2eU cos v

S-When -r/2 < v < r/2, the field strength has its maxi-1 mum value in the homogeneous field region and decreases
monotonically within the curvature with increasing values

I u. Rogowski chose the profile defined by v = w/2 and
-co < u < co because it is the most compact profile that
has this property. Since the field in the end region is al-

3jways weaker than the body field, the end region can be ex-
pected not to saturate significantly until the body is well

• •saturated. This should help keeping the effective length
constant, at least for excitations below the level required
to saturate the end region significantly. This approach
turns out to work fairly well in practice. Note in passing
that the Rogowski profile can also be defined as the profile
which makes the vertical component of the flux density in
the pole constant along the pole surface.

-3 -2 -1 0 N1Uinr "WIAI
X .zt:•my mitae [

Figure 1: The Borda Profile. I 1,
III. ROGOWSKI PROFILE I

This profile was introduced in the context of study of elec-
trical breakdown in gases. Rogowski realized that paral- I
lel metal plates of finite dimensions create a problem of 2 _ _

electrical strew control at the edges of the plates. De-
pending upon the material to be tested, the breakdown
strength may be very sensitive to local high fields within _

the whole electrode arrangement. Therefore, the highest
strew should only be present in the homogeneous field re-
gion, where the plates are parallel. A certain profile of
electrodes is necemary outside the plane region but the 0 - j

field strength at the curved edges should never exceed the a - .bit- =its)

value Ho = V/2# where V is the applied voltage and 2g the
distance between the plates. Rogowski proposed electrodes Figure 2: The Rogowski Profile.
whose profile follows the analytical function

z = -(w + 1 + e") (6) The Rogowski profile is shown in figure 2.
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IV. 3D CALCULATIONS [21 Horace Lamb, *lydrodynarnic?, Cambdridge Univer.
- ity Press 1879 (Reprinted by Dover Publications NY

The initial attempt at computing changes in effective 1945).
length for difiweat profiles weoe not very succamfu. As
part af the Main InJector magnet R&D program, measure.
ments were therefore performed on mndpacks mae& out ofI
stacked laminations, far both the Dorda and Rogoweki pro-
flSo [2). The Dorda, mndpack was measured Anrs and the
results were not encouraging; however, the Rogowski end-
pack met the -pedflatiac

Bletter computer facilties subsequently became available
and the calculations were perfonned again, this time with
much umproved resolution. 7%e results for one end piece

are presented in Table 1. Note that only the changes i

half of a magnet approximately 50 cma long. The agree.M
ment with the mesreet presented in reference [2) is
now relatively gpod, considering the fact that the computer
model inan idealized smnooth profile and that so attempt- - - -.

has been made to model the permeability anisotropy intro-
duced by the laminations. For example, at 9500 Amperes,
the model predicts a derasem of 6.6 mm per end for the
Bords, profile. The measured value is 4.5 mm. For theIL
Rogowoki profile, the measured decrease is approximately l--
I mm and the calculated value is 0.3 ram.a 41 a a 4 0 a 2

Ee type oo =0 1=7 A I 6W Figure 3: Calculated Longitudinal Field Profiles (3D

I Bonka Profile I51.6612 cm J5.07cam 51.0017 cmnmde)
54.7420 cm:]54.7327 cam 54.7116 cm

Table I.Cluae fetive Legth (D Model)

The calculations also demonstrated that the problem
with the Borda profile is the presence of rather non-uniform
saturation in the bulk of the pole, right above the tapered
region. The calculated longitudinal field profiles are illus-
trated in figure 3. Note the almost linear decresse of the
field within the body of the magnet.
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Magnetic Flux Shielding for the Precision Muon g-2
Storage Ring Superconducting Inflector,

W. Meng, W.B. Sampson, M. Suenaga
Brookhaven National Laboratory

Upton, New York 11973

Abstract field of the main storage ring magnet, so that the beam

The muon g-2 experiment (E821) 1 at the AGS requires & enters as close as possible and about tangentially to the
precision in the magnetic field over muon orbit at the level equilibrium orbit of the ring. The design of the infiector
of 0.1 ppm. Injection is done with a superconducting inflec- was based on the truncated double cosine principle which
tor involving a double cosine theta winding approximately minimizes the fringe field by the cancellation of current
cancels its fringe field. Nevertheless its residual field would distributions.[31 In the physical realization, the idea sur-
effect the homogeneity of the storage ring magnetic field. A face current distributions must be replaced by SC wind-
method of using a superconducting sheet surrounding the ings (Fig.1), hence the cancellation will not be complete
inuector to further reduce the fringe field is being investi- due to the discretization and manufacture tolerance. A
gated. The experimental program to explore this technique fhinge field at the order of a few ppm over the storage re-
is described and some test results are presented. gion is estimated. Since this fringe field is a very rapidly

varying function of position, it is quite difficult to correct

Ou-0ter C"t• it by using the conventional iron compensation method.
In order to eliminate this residual a superconducting sheet

""At -- / will be used to create a opposite multipole currents.

11. PRINCIPLE

Kos sbm When a superconducting surface surrounds a magnetic
device, currents are induced in the surface which oppose
the changes in magnetic field and effectively reduce the
field outside the shield to zero. This supercurrent acts very

'---. much like the eddy current described by Faraday's Law of
NbTi Sheet induction and Lens's Law, except they do not decay. Such

_,_ shielding is effective up to the critical current density of the
material used and requires that no discontinuities exist in
the surface where currents must flow to produce the desired
field distribution.

Figure 1: The infiector for the muon storage ring

III. CONCEPTUAL DESIGN

I. INTRODUCTION Unlike most applications[4J (in which the aim is to shield

The goal of BNL AGS E821[1] is a measurement of relatively large fields), the residual fringe field of the g-2
T oa = B(g - 28)1/2) to 0-35 meafacto r emn of 20iinflector is fairly low. This suggests the possibility of using

., (a, = (g - 2)/2) to 0.35 ppm, a factor of 20 improve- a plain NbTi sheet containing no stablising normal metal
meat over the CERN experiment which achieved 7.2 ppm as a relatively unsophisticated shield The ideal location of
in 1977.[21 Improvements include much higher proton beam the SC sheet is on the outer surface of the infiector housing

intensity at the AGS due to the booster, and a superferric thegSC)shee the terature wl remin at 46K slng

storage ring which is to be homogeneous over the storage (Fig.a ) where the temperature will remain it 4.6 K as ionl
reio to 1 ppm and effective magnetic field average around an the inflector in in operation. The magnitude of the field
rengiknown to0. 1 ppm and effetive mangnenticeragce, derond on this surface is estimated at several hundred gauss.

the ring known to 0.1 ppm. At the ring entrance, differing The inflector must stay above the transition tempera-
from the coaxial pulsed device in CERN, a superconduct- ture when the storage ring magnet is energised, so that the
ing I)C infiector was proposed, which locally cancels the flux of the main magnetic field can penetrate the SC sheet

tWork performed under the auspices of the U.S. Dept. of Energy. which is in the normal state. After the main field reaches

0-7801203-1/93-03.00 0 1993 IMEE
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its steM. value (1.45 T), the infector together with the -2
shield ean be cooled to liquid helium temperature. As the
current o the infector increases, dB/dt induces supercur-
rents in the sheet, which keep the fringe flux from entering NbTi Sheet
the interior of the sheet.

IV. MATERIAL EVALUATION

Magnetisation measurements can be used to determine
the critical current density of superconductors in sheet S.S. Tube
fromn, sextupole

A piece of Nb-46.5w/oTi sheet,. 0.5 mm thick, was pro- windings
vided by Teledye Wak Chang. Figure 2 shows the critical
current density J. as a function of magnetic field at 4.2 K, Figure 3: The experiment arrangement used to test the
measured by BNL Materials Science Division. While this shielding properties of the 0.5mm NbTi sheet.
current density is very low compared modern multifilamen-
tary composites, it is high enough to provide significant
shielding at low field levels, the shield in both the superconducting and normal states.

The results are shown in Fig.5. The sextupole is somewhat
V. SHIELDING TEST longer than the flux shield and is positioned so that one

end is not shielded. The transition from the the shielded to
In order to examine the shielding capabilities of this the unshielded region occurs smoothly despite the sudden

sheet before the completion of the inflector, it was tested change in the local conditions.
in the RHIC Magnet Division, using an existing super- In order to observe some flux penetration, one has to in-
conducting SSC sextupole coil to simulate the infiector. crease the temperature of the sheet by adjusting the power
Figure 3 shows the experiment arrangement. The NbTi of the heater. This is illustrated in Fig.6 where the maxi-
sheet surrounds a superconducting sextupole magnet and mum current density induced in the NbTi sheet is plotted
is equipped with a heater made from stainless steel rib- against temperature. The current density was computed
bon, which controls the temperature of the shield. Two from the flux change inside the sextupole and the tem-
Hall probes HI and H2 were used for monitoring the mag- perature estimated from the heater power input. In the
netic flux densities inside and outside of the flux shield. temperature range between 4.2 K and 6 K the flux that
They are situated at position where the flux lines are per- can be shielded is erratic indicating a lack of stability of
pendicular to the shield surface. Figure 4 shows the field the higher current densities in this simple shield.
seen by the probes, as a function of the sextupole current.
The shield was capable of excluding flux from the outer re- VI. CONCLUSION
gion upto the maximum current of the sertupole coil (256
A) where the field at the sheet surface should be about The material evaluation and shielding test verified the
1250 puss. With the sextupole current set at 100 amps, feasibility of using superconducting material to eliminate
probe H, was moved along the total length of the coil with the inflector fringe field. Further tests are planned using

250O

201a100 - .5 NORMALis000

J HLd 7AK SHIELDSC

8000 -

-50010 • ' '

0 O _0_00 150 200 250 300 350
S

0. SEXTUPOLE CURRENT, A

Figure 4: The field at Hall probes I and 2 as a function
Figure 2: The critical current density of the NbTi sheet of sextupole current with the flux shield in the supercon-
deduced from magnetisation measurements ducting and normal state.
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Figure 6: The critical current induced in the supercon-
ducting shield as a function of temperature

higher J. stabiised NbTi sheet(fi on an inflector prototype
made by Japan KEK. These tests will be in a background
Aed of 1.45 T to smulate more accurately the actual con-
ditions the inflector will experience in the storage ring.
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Three Dimensional Field Analysis for the AGS Combined
Function Magnets

W. Meng and M. 'Nnala
Brookhaven National Laboratory

Upton, New York 11973

Abstract
In order to study the particle trajectories in the fringe

field of the AGS ring during the single bunch multiple ex-
traction ( or fast extraction) from the the AGS to the muon
g-2 experiment and to the RHIC, the magnetic field of the
AGS combined function magnets were calculated by us-
ing the TOSCA program. The results are compared with
the field maps of the previous measurements. The particle
tracking is achieved by using the TOSCA program post-
processor.

I. INTRODUCTION 
WK-66 won .. C *= 0

The design of the AGS new fast extraction beam Figure 2: Pole Shape (open type)

(NewFEB) system for the g-2 experiment and RHIC in-
jection[l] requires detailed magnetic field knowledge about H. AGS MAGNETS
the AGS main magnets, so that one may predict the trajec-
tories of 29 GeV/c protons in the finge field region during
the extraction (Fig.I). 2d and 3d magnetic field compu- The AGS combined function main magnets perform two
tations have been done by using POISSON and TOSCA functions: a) guiding the proton beam into the circle and
programs. Partial results are described in this note. The b) focusing the beam. Each of the 240 magnets around
comparisons between calculated field values and measured the AGS ring deflects the protons by 1.5 deg, or 360 deg in
kield maps show that if one properly handles the TOSCA all, to complete a nearly circular path. The reference circle
program, high accuracy can be achieved. Further studies is 128.46 meter in diameter. The physical length path of
will show that particle tracking by using the post process the magnets occupies about two thirds or the circumfer-
of the TOSCA program is feasible[2]. ence, the rest being available as straight sections between

magnets for other equipment. According tc, the principle of
AG • alternating gradient strong focus, two types of magnets are

utilised -'Open" type and "closed" type. Figure 2 shows
the pole shape of a "open'type[4]. The pole surface of the

-, AGS magnets was well designed many years ago, based on
constant magnetic scalar potential surface. The material
of the magnets is the Electrical Grade M-36 Steel Lamina-
tions, which contains 1.80% silicon and 0.03% carbon. The
laminations are insulated from one another by a coating of
varnish to inhibit eddy currents. The stacking factor of the
laminations is about 0.98[3]. The B-H data used in calcu-

li lations was based on a measured magnetisation curve. It
/ was interporated in order to ensure the smoothness of its

first derivatives and the continuity ofits second derivatives.
Figure 1: New FEB in AGS

'Work performed under the auspices of the U.S. Dept. of Energy III. TOSCA CALCULATIONS
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The advent of relatively inexpensive and powerful com- Authors like to comment the TOSCA program and com-
puten has inspired the development of the large scale three putations on the following points.
dimensional codes. TOSCA is one of the most well known (a)Time Consumption. The time cost for constructing
commercial codes which is widely used in the industry and the finite element model depends on the problem size, com-
accelerator field. plexity and the experience of the user. The computer CPU

Based on the reference [4], a finite element model of one- time has reduced tremendously since softwares are avail-
quarter of the "open"type AGS magnet was constructed. able on the UNIX machine (IBM RISC System). Generally
Figure 3 only shows the steel part. The origin of the coor- speaking, to obtain a field map with a reasonable accuracy,
dinate system of the TOSCA calculations is in the middle it takes less man power by using TOSCA program than by
of the magnet and also at the beam center which is 2 inch carrying out a measurement. Nevertheless measurements
away from the geometrical center of the pole. The positive are always indispensable, since it is the most important
x direction is pointing the ring center. way to examine the computed results, as long as the mag-

Figure 4 shows the landscape plot of the vertical com- net is existing and accessible.

ponents of B-field on the median plane, around the edge of (b)The Accuracy of the TOSCA program. The local er-
the magnet. The base area 1-2-3-4 stands for the part of ror at a field point is determined by (1) the size of the
the median plane. The cartesian and polar coordinates of elements surrounding the point; (2) the types of these el-
these four corners are listed on the right side of the figure. ements (linear or quadratic); (3) the method required to
The vertical height of the surface stands for the magnitude calculate the field value from the potential array (differen-
of the component B, at particular position on the median tiation of shape function, interpolation of nodal averaged
plane. On the base area, there is a family of curves which values, or integration of magnetization and currents); (4)
represents the equal-height contours (or constant By lines), the far boundary conditions and the potential types. From

Followings are part of the comparisons between the first glance, one could say that the accuracy is strongly
TOSCA results and the measured data. linked to the size of the elements which is limited by the

(a) Compare with the low field measurements: capacity of the program, but this is not the only factor.
Measured data file A[51 is the field map with the applied By making correct choikes from factors (2), (3) and (4),

current 2880 ampere per coil. The center field is about reasonablely high accuracy is achievable. According to thecurent288 amerepercoi. Te cnte fild s aoutresults presented in this note, the error of the TOSCA
815 gauss, corresponding to 2 GeV/c protons. Figure 5
shows the comparison between the measured data and the computation is within the error of the measurements.
calculation, on the median plane, near the center of the The TOSCA output file contains the complete informa-

magnet. The difference is about 0.6%. Figure 6 shows the tion of the magnetic field, and its post-processor is capable
comparison along the central beam line; the difference is of performing particle trackings. Figure 9 shows an exam-

about 0.7%. Figure 7 shows the comparison in the fringe ple of 29 GeV proton trajectory in an AGS opend type

field region (6 inch away from the center); the difference is magnet. Further studies about the beam tracking in the

about 0.3%. fringe field region will be carried out.

(b) Compare with the high field measurements:
Measured data file B[5] is the field map of a open type V. ACKNOWLEDGMENT

AGS magnet; the applied current is 41000 ampere per coil
(5150 ampere per pair), corresponding to 29 GeV/c pro- Authors appreciate the AGS initiator G. Danby for his
tons. instructive guidance and discussion.

Measured data file BF[5] is again the field map of a open Authors appreciate R. Them who reserves useful mea-
type AGS magnet, except it measured only in the fringe sured data files about the AGS magnets.
field region along the open side of the magnet.

Figure 8 shows the comparison between the above two VI. REFERENCES
measured field maps and the TOSCA calculated results.
The measured data B covers from z = 0 cm to z = 18 cm. [1] M. Tanaka and Y.Y. Lee, BNL-45344.
The difference between this measured data and the calcu- [2] W. Meng and M. Tanaka, to be published.
lation is about 0.5%. [3] Alternating Gradient Synchrotron Project Construc-

The measured data BF covers the region x from -40 cm tion Completion Report, December 1966.
to 0, along the z axis. It is noticed that near the point [4] Engineering Drawing D03-M-666-5, D03-M-667-5.
z = -9.14 cm, the second order derivative shows some
discontinuity. Accordingly one may estimate that the mea- [5] R. Them, private communication.
surements error could be about 1.1 %. These possibly arose File A=AGBU01.MPA; File B=B5150A.MPA; File
from relocating the equipment and remaining magnetiza- C=A5150A.MPA.
tion in the steel core during the measurements.

IV. DISCUSSIONS
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Survey and Alignment Data Analysis for the ALS Storage Ring*

Roderch Keller
LawWne Berkeley Labora•y

University of California, Berkeley, CA 94720

Abs&trct The general survey and alignment concept for the ALS
[I] is based on a network of fixed monuments installed in the

The survey and alignment effort for the Advanced Light building floor, to which all component positions are referred.
Source (ALS) accelerator complex has been described Contrary to the original intent, the commercial software pack-
elsewhere [I]. Data analysis for this task comprises the age ECDSS is being used for data acquisition, bundling, and
creation of ideal data, comparison of measured coordinates with transformations from observation-station into object coor-
ideal ones, and computation of alignment values, taking into dinate-systems. Theodolites only are used as observation
account the effects caused by finite observation accuracy. A instruments with ECDS, and an absolute scale has to be estab-
novel approach has been taken, using personal computer lished by observing some object of precisely known length.
spreadsheets rather than more conventional programming
methods. This approach was induced by the necessities to For the tasks of creating ideal data and computing align-
create and frequently refine the analysis procedures while ment values, spreadsheets were developed by the author using
measurements were already underway, and further by hardware the application EXCELS for Macintosh® computers. Choice
constraints that limited the use of an available surveying code. of a spreadsheet method rather than conventional programming
A major benefit consists in the ability to identify and deal techniques proved very convenient when in the course of this
with discrepancies that occasionally arise when different tech- work the sheets had to be progressively modified under severe
niques are used to observe the same object, in a timely and ef- time pressure to include new effects and help redefine the ob-
ficient manner. As a result of the performed survey and servation procedures. With spreadsheets, varying input data
alignment work, the ALS lattice magnets have been positi- formats coming from the survey crew could be easily accom-
oned with accuracies well exceeding the original specifications. modated, and adding numerous consistency checks as well as

N CV

5m

Figure 1. Storage ring magnet lattice in one curved section, with outlines of vacuum chamber (solid line) and girder (broken
line). For magnet designations, see Table 1. Four monuments, Mon., are used as survey references; two of them, near the
adjacent straight section centers, are not shown in this figure.

I. INTRODUCTION generating additional ideal data for special alignment tasks was
possible without much effort. Dedicated spreadsheets were

The Advanced Light Source (ALS) electron storage ring, created for each of the 12 curved sectors of the storage ring.
now being commissioned at Lawrence Berkeley Laboratory, is
the main accelerator of a third-generation synchrotron radiation In this paper, the features of these spreadsheets are pres-
source designed to produce extremely bright photon beams in ented, and the obtained alignment results for lattice and correc-
the UVand soft X-ray regions [2]. The 1-1.9-GeV ring cons- tor magnets are discussed.
ists of 12 superperiods with 196.8 m total circumference and
has, particularly tight positioning tolerances for lattice II. SCOPE AND TOLERANCES
magnets and other components to assure the required
•,aracteristics. Storage ring objects designated for precision alignment

include: a), lattice magnets (36 bend magnets, 72 quadrupoles,
• Work supported by the Director, Office of Energy Research, and 48 sextupoles); b), 46 corrector magnets; c), special
Office of Basic Energy Sciences, Material Sciences Division, magnets (2 septa and 4 bump magnets); d) 12 storage ring
U.S. Department of Energy, under Contract No. DE-AC03- vacuum chambers, represented by 96 beam position monitors
76SF00098.
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(BPM), g per chamber;, e), 2 rf cavities; and f), special objects sytem, and the final alignment of the vacuum chambers was
(photon beam-line components and gate valves). A list of re- performed using optical tooling methods since most chamber
quired local tolerances for objects discussed in this paper is fiducials are hidden by the magnets themselves.
given in Table 1. These values are understood as 1-o half-
widths of every error distribution, with a 2-a cut-off. No strict All alignment values are ultimately expressed in local,
global tolerance value is established. beam-following coordinates along the main object axes to

facilitate the orientation of dial indicators with which the
Every magnet carries four fiducial posts that are welded alignment is controlled on every fiducial. Even the alignment

to its upper side without attempting to achieve any precise to monuments, executed by moving girders only, is monitored
positioning; the positions are determined by a coordinate on selected magnet fiducials, to achieve final alignment of lat-
measurement machine. Different exchangeable targets are used tice magnets to the global ALS coordinate system in the most
on these posts, either optical targets with engraved circle and direct manner.
center point for surveying or tooling balls, for alignment in
combination with dial indicators. The BPMs can be equipped IV. CREATION OF IDEAL DATA
with one target, each.

Ideal data for all objects included in the survey and align-
Table I ment effort are created in another line of spreadsheets, based on

Local Alignment Tolerances mechanical fiducialization data [3] and magnetic measurements

[4]. Special effects are accounted for, such as magnetic-to-
Object Aw Au Av Au' Av' Aw' mechanical axis offsets for quadrupoles and sextupoles, and

[rM) [mm] [mnn [mrad] [irad] [mrad]i roll angles introduced by shimming the two halves of every
B 0.15 0.15 0.15 .J. .J. 0.25 quadrupole.

QD 0.3 0.15 0.15 .J. .J. 0.5
QF 0.3 0.15 0.15 .J. .J. 0.5 These data, together with an accelerator lattice file [5]

QFA 0.3 0.15 0.15 .J. .J. 0.5 and the information on the lattice position of any given
SF 0.5 0.15 0.15 .J. .J. .J. magnet in the entire ring are being used to convert all fiducial
SD 0.5 0.15 0.15 .J. .J. ./. data from local magnet systems into a generic girder system

HVC 1.0 1.0 1.0 .J. .J. 2.0 whose origin horizontally coincides with the intersection of
BPM 0.15 0.15 0.15 .J. .J. .J. the tangents to the ideal beam trajectory on both sides of the

central bend magnet. The transformation into the global ALS
B, bend magnet. QD, defocusing quadrupole. QF and QFA, system is done inside the 'monument sheets,' individually for
focusing quadrupoles. SF, focusing sextupole. SD, every storage ring sector.
defocusing sextupole. HVC, horizontal and vertical corrector
magnet. BPM, beam-position monitor. Tolerances are V. GIRDER SHEET
described in local, beam-following coordinates: w, in beam
direction; u, radially away from the ring center; v, vertically The Girder Sheet is the first of the two spreadsheet varie-
up. u', pitch; v', yaw; w'. roll. J. indicates that these values ties in which ideal and observed magnet fiducial positions are
are predetermined by other values in this table. compared and then adjusted correction values are computed. As

a first step, the ideal magnet fiducial data are modified to
1Il. INSTALLATION AND ALIGNMENT account for the measured offset of the vacuum chamber center

against the ideal girder system. The chambers cannot be
Magnets and vacuum chambers are mounted on girders moved in this area because they are anchored on a pinned

spanning one of the twelve curved storage-ring sectors each, stanchion. After calculating the ideal-to-observed position
see Figure 1. In the first phase of installation, the vacuum differences in all three directions of this modified girder
chambers are precisely aligned to their girders, represented by system, the longitudinal difference values are compensated for
12 girder fiducials. Then the magnets are installed and fine- thermal expansion of the girder at the time of surveying.
aligned to the girders as well. As a last step, girders and their Observed lateral girder deformations, caused by their inner
objects are aligned to the global 'ALS Coordinate System' support structures, ultimately made it necessary to maintain
represented by the four floor monuments in the immediate the entire storage ring tunnel at the design temperature (23.9
neighborhood of every girder. This scheme led to the creation ±10C) during surveys, but the longitudinal compensation
of two families of spreadsheets in which object-alignment data algorithm is kept in the girder sheets as a safeguard against
were computed, the so-called 'girder' and 'monument' sheets. larger actual temperature excursions.

This concept of separation between local alignment of Two kinds of consistency checks are permanently
objects (magnets or chambers) to girder fiducials and final included in the Girder Sheets, a comparison of the distances
global alignment of girders to monuments is well suited in between all fiducials of one magnet from both, optical and
principle to minimize the entire effort, but in reality it failed mechanical measurements, and a comparison of all distances
because the girders bent too much under the weight of the between the four observed monuments with the same values
installed magnets, and thus the original girder fiducialization derived from the latest dedicated monument survey. These
was lost. Therefore, some magnets had to be fine-aligned to latter ("ideal") monument distances are included as constants in
girders using survey data related to the global monument the ECDS data file to provide absolute scaling.
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To facilitate an easy set-up of the dial indicators the de- ges and mechanical load, changes of the scaling reference,
rived magnet correction values are transformed from the com- ground motion, and bakeout of two vacuum chambers, it took
mon girder coordinate system into individual magnet systems. 7.7 surveys on the average to reach good alignment for all
Because of the redundancy of information provided by 12 coor- magnets. Two girders actually needed three surveys only, each.
dinate values some adjustments are made before the correction The final lattice magnet alignment exceeded the requirements
values are finalized. The precision of the original installation, by far. As an illustration, two sets of data are presented in
compared to magnet dimensions, allows one to compute the Tables 2 and 3. They represent standard deviations of the re-
adjusted corrections sequentially, rather than as a true rigid- maining position errors for all lattice magnets in absolute,
body movement. For every magnet, the average shifts along Table 2, and after subtracting a linear fitting line separately for
its own major axes are calculated first, and the remaining every girder in the transverse coordinates, and the average error
correction values are used to evaluate average yaw, pitch, and in the longitudinal coordinate, Table 3. Roll errors are given
roll angles which are then translated back into fiducial shifts as absolute standard deviations, Table 2, and as averages of
along the magnet axes, to be superimposed on the average absolute errors , Table 3.
shifts.

Table 2
VI. MONUMENT SIEET Final Absolute Alignment Errors

The Monument Sheet computes the final alignment dw [mm] du [mm] dv [mm] Roll [mrad]
values for all magnets, to be executed by moving entire QF 0.17 0.11 0.20 0.07
girders only. This implies that all magnet correction values QD 0.15 0.08 0.20 0.08
are averaged to yield global girder corrections, i.e. average QFA 0.14 0.08 0.19 0.08
shifts in three directions and three angular rotations. These
global corrections, however, are then expressed as shift values B 0.14 0.09 0.19 0.07
for fiducials on the two focusing quadrupoles at the end of
every girder (horizontal directions) and on the central bend Table 3
magnet in the girder center (vertical direction). Monument Final Local Alignment Errors
Sheets include the same consistency checks as Girder Sheets,
but their input and ideal data are expressed in the global ALS dw [mm] du [mm] dv [mm] Roll [mrad]
coordinate system. One given set of observation data can be QF 0.13 0.03 0.04 -0.06
easily transformed by ECDS into both, ALS and individual . 0.10 0.04 0.02 -0.05
girder systems. QD 0.10 0.04 0.02 -0.05

QFA 0.05 0.03 0.02 -0.07
After the initial calculation of ideal-to-observed fiducial B 0.08 0.03 0.02 -0.04

position differences in the ALS system, these values are trans-
formed into the corresponding girder system, and the temp- VII. ACKNOWLEDGMENTS
erature compensation algorithm is applied. At this point there
is the option to merge individual magnet corrections, resulting T. Lauritzen is the lead engineer for the ALS survey and
from executing the values obtained from the Girder Sheet, into t Lafrt, ith rengies for te chnical andthe onuentShet, rducng ts emaningcorectonsac-alignment effort, with responsibilities for all technical andthe M onument Sheet, reducing its remaining corrections ac- p ro nl ap cs n ti l auet c n w e g h
cordingly. The average shifts for all magnts are calculated personnel aspects, and it is a pleasure to acknowledge the
next, and from the remaining correction values the three angu- friendly and efficient collaboration with him in this field over
lar corrections are determined. For pitch and yaw, only mag- five years. Thanks are also due to the survey crews from LBL,
nets at the ends of the girders, including the outer berd mag- led by W. Baldock and R. De Marco, and from SLAC, led by
nets, are taken into account, and for roll, only those fiducials M. Gaydosh, for their accurate, professional work and many
are taken that are more than 250 mm away from the girder useful suggestions how to improve procedures. Last not least,
mid-line. The evaluated angles are then used for a second-order I want to thank R. Alvis who diligently processed most of the
correction, assuring that the average shift for all fiducials incoming raw data and created several sets of ideal data herself
resulting from the angular corrections is exactly zero. In ad- and G. Krebs who took over my responsibilities in this field
dition, the differences between all individual corrections and and contributed some data used in this paper.
the effects of the computed global corrections on every magnet IX REFERENCES
fiducial are displayed for visual inspection. All fiducial cor-
rections resulting from the global girder corrections are trans-
formed into local magnet coordinate systems, but the reference [1] R. Keller, T. Lauritzen, and H. Friedsam, 2 nd Int. Work-
fiducial corrections to be used to monitor the girder alignment shop on Accelerator Alignment (DESY Hamburg, 1990).
are together displayed again, for the alignment technicians' [2] 1-2 GeV Synchrotron Radiation Source, Conceptual De-
use. sign Report, LBL Pub. 5172 Rev. (LBL Berkeley, 1986).

[3] Magnet fiducialization was performed by members of the
VII. RESULTS ALS Mechanical Engineering group, guided by T. Laurit-

zen, J. Tanabe, and T. Henderson.
Ideally, 3 surveys and 2 alignments are the minimum [4] Magnetic measurements for these purposes were perfor-

number, but due to girder deformation under temperature chan- med at LBL Berkeley, guided by J. Tanabe and D. Nelson.
[5] H. Nishimura, private comm. (LBL Berkeley 1989).
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A Mechanical System for the Positioning
of Accelerator Magnets

Robert Viol and Richard Matin
SSC Labomtiory-

2550 Beckleymeade Ave., Dlas, Texas 75237 USA.

A mechnical support and adjustment system was U. DESIGN GOALS
devdoped for the precise positioning of the SSC accelerator
magnets. This "Ball/Roler*" system was designed to be The BalRlIc system was desned with the SSC main
stable, truly kinematic and capable of accommodating a ring magnets In mind; it therefore needed to be capable of
magnet's thermal expansion or contaction. nIe system's supporting supercondncd dipoles with a mass in excess of
mechanisms ae described In detail aad its adjustment range, 14,00 ks. It was nquied that the system provide true
resolution and perfonmance are discussed. Techniqes for nea support control of all six of a ragnepes degrees of
interfacing the system to magnets of various eometries ame freedom without reduaimcy1 . e support also had to alow
presented. A motorized version of the Bal/Rolf system was for thermal expusion of a magnet without buckling or tilting.
also developed for applications which require maguets to be The rage of motion needed to be at least +/- 25 mm with
manipulated remotely. "he design and pertfrmance of this resolution of better thal 10 microns. Finay, the geometry of
motorized system are presented. the system had to allow for predictable adjustment of each

degree of freedom as wen a easy acss to its actuator.
L INTRODUCTION

I.L BASIC SYSTEM DESCIPFION
AM particle accelerators require that their lattice elements

be located accurately in space. The system which is used to The Ball/Roller is a three-point support and adjustment
support and position latice elements is therefore critical to an system patened after the jack system used to support the LIT
accelemato's performance. An adjustment system must be dipoles at CERN 2. A magnet is supported by three identical
capable of micron level movements and yet also be rugged mechanisms each of which is adjustable in the vertical and one
enough to survive the tunnel environment over the life of the lateral direction but free to move in the other lateral direction.
machine. The three mechanisms are arranged to provide a triangular

This paper describes a kinematic adjustment system support base with the orientation of one of the mechanism
designed t provide stable magnet support while also meeting rotated 90 depges with respect to the other two. By working
all key performance requirements associated with alignment, the meclansms' actuators in combination, all six degrees of
The Ball/Roler design has the flexibility to accommodate freedom cam be centrlled.
either convenional ar superconducting magnets with a variety Details of a single mechanism's design can be seen in
of geomneries and weights. Several drive options are available Figure 1. A central block slides on a base frame and is
depending on the the particular aligmnent application, threaded to accept a large diameter cup screw. The cup screw

HORIZWa.L 3LOCL .

F-igure 1. nasic Ball/Roiler Mechanism
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acts as a jack for ajusting a obje's vertical position. The It should be noted that the preceding discussion assumes
screw's diameter is a function of the load being supported, a that the object which is being supported behaves as a rigid
full size dipole required a cup screw diameter of 60mm. The body; in practice, accelerator magnets often have a good deal of
horizontal travel of the block is controlled by lead screw fixed flexibility. In the case of long conventional magnets it is
within the mechanism's frame. It should be noted that this sometimes possible to adjust a magnet's roll independently at
horizontal lead screw bears no load; the weight of the object either end when using a traditional four point support system.
which is being supported is transferred directly from the block While this approach may allow fabrication twist to be adjusted
to the frame. out of the magnet it also leads to a statically indeterminate

A hardened stainless steel sphere acts as the interface system and is generally considered undesirable. It is not
between the mechanism and the object being supported. This possible to introduce twist into a magnet using the Ball/Rolle
sphere is captured within the cup screw and fits into a groove system.
in the bottom of the object (Figure 2). This groove is
oriented at 90 degrees relative to the direction of the adjacent IV. PERFORMANCE TESTS
horizontal lead screw. The steel sphere rolls along this groove
and allows an object to translate freely in this direction. TIe Several versions of the basic Ball/Roller adjustment
original interface plates developed for SSC magnets used a system have been built and tested at the SSC Laboratory.
trapezoidal shaped groove. However, current designs use a They have been used to support main ring quadrupole magnets
semi-circular groove for a more even stress distribution3 . as well 40 mnn aperture and 50 mm aperture versions of the

dipole magnet. Results of these tests indicate that, in general,
the Ball/Roller system's performance exceeds design goals.

The geometry of the prototype system was chosen to
S provide a range of motion of +/- 30 mnm in all directions.

This value could certainly have been increased but was kept
low in order that the individual mechanisms could be made as
compact as possible. Motion in all directions was smooth and
free of "stiction" over the entire range. The play and run-out
of the individual mechanisms was negligible.

The Acme threads used on both the horizontal lead screws
-and the cup screws had a pitch of six threads per inch. Even

with this relatively coarse pitch incremental movements as
small as 5 microns were possible after some practice. Since

-the motion of the magnets was measured directly the
Ball/Roller's minimal backlash did not present a problem.

The ball-in-groove interface between the system and the
magnet proved to be self centering: magnets could be mounted
or removed very quickly with little or no pre-alignment
required. The system was stable over time with no locking
screws or rings necessary. Lateral and axial "up-set" loads
consistent with impact or quench were easily withstood.
However, because the Ball/Roll system provides simple
support some sort of earthquake restraint would be required in
a seismic environment.

Inputs to the system's actuator were made using a standard
socket wrench for the horizontal lead screws and with a
modified spanner wrench in the case of the cup screws. This
technique was satisfactory but not optimal. The torque
required to raise and lower the heaviest magnets tested was 450
N-m. This high torque necessitated a rather long "cheater" bar
on the spanner which would become awkward in confined
spaces. Alternative approaches are currently being explored.

V. MOTORIZED ACTUATORS
Figure 2. Single and Double Groove Interface Plates

An automated version of the basic Ball/Roller system has
been developed for use in those applications which might

All mechanism components are made of steel and are require continuous adjustment of an object's position or
plated to prevent corrosion and reduce friction. Selected adjustment of its position in a remote location. An example
components ame hardened as required. of this type of application would be the support of the final

This system is not purely orthogonal, there is cross- focus quadrupoles in the SSC interaction regions. The design
coupling between rotations and translations. However, the of this system uses Sumitomo AC Gearmotors to drive the
individual mechanisms are orthogonal thus allowing each lead and cup screws (Figure 3). The lead screw itself has been
degree of freedom to be individually and predictably adjusted.
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used to define its WWiia location. Mbs goetry of the magnet
and its interface grooves will uniquely determine the
coordinaftes of the tinge support sphiere.. For mny arbitraryy
new locaidon In spaew (as deined by a new set of coordinates
for the externad fiducials) a corresponding set of new support
sphere loatoms cam be computed. The geometry of a
Bal Weler Imehns can then be used to compute0 the load
screw rotations required to move the m=gnet to this new
loctiton. Ibis procedure is independent at the systems Inilial

A variation of this tedinique allows for the very acurate
pse-alignment of magnets. If the ideal coordivnae of the
magnets external fkhuclash we known they can be used to
compute the ideal coordinates of the support spheres. Prior to
the nmagns instailation, the support sphere vs -elae with
target sphere. of the sames dianeter which vs equipped with
either optical or laser tagets.lbsw comfigmation of the system
cmi then be rapidly adjusted sodl that dese largaetsv moved
to the Mea coordinates. With the support sphere back in
Plac fth magnet is set anutmatically into its proper
-mnl I_ =A

Of course, there vs other valid strategies for adjustiang
objcts pouition; pure translations, and woaiwsdo could be made
in sequence if desired, ibis approach would be Particularly
well suited for an automated system using synchronized
motors.

VII. CONCLUSION
Figur 3. Automated BallIRoller

It has been shown thot the Balflitoller adustment system
bs capabl of meeting its performance goals. Tbe design

off-set in the central block to allow for an in-line connection continues to be refined with mad eye onii proving access to
of the cup screw to to its motor via a spline shaft, and reducing the torque requirements of the manual actuators.

Because sliding surfaces were unacceptable in a system By off-setting the horizontal lead screw In the basic system the
subjected to continuous adjustment they have been eliminated cup screw becomes accesuible from below. Thi in tamn WOul
from the motorized Ball/Rofler. In this version the central allow a standard socket drive to be used rather than the
block is, support by four THK linear motion guides mounted spanner. Incorporating ball screws into the basic system could
on a pair of low profile rails. This arrangement not only significantly reduce the torque required to make vertical
elismlaes sliding friction but also resists the twist which is adjustments. An evaluation of these modifications is currently
kepprted to the block by the offset lead screw. Mwe Acmne underwa.
tineaded lead and cup screws have been replaced by ball screws The control system of the motorized Ball/Roller will be
of the appeopriase sizes which interface to lbs central block via modified in order to explore "dosed-loop" position adjustment.
ball nuts. These ball screw/nut combinations significantly
reduce the torque required to move ma object, especially in the
cue of the large diameter cup screw; this in turn reduces the * Operated by fth Universities Research Association Inc.,
size of the AC motors required. for dhe U.S. Department of Energy under Contract

Results of initial tests on the motorized Ball/Roller No. DE-AC35419ER40486.
system indicate that its range, resolution and load capacity
exceed those of the basic system. [I] D. Vukobratvich, "Component Design Chioices,"

VI. POSiTONING AN OBJECT Newport Optics 1991, pg. B-2 throgh B-13.

[21 JY Quesnel, CERN, Privte Correspondence dated
For both the basi and the motorized system the general March 26,1992.

strategy for positioning an object is the same. For any
con afigrto of the support system there exists one and only [31 E. Kindler, SSCL, "Stress Analysis of Bali Mount

one crepnig object locaton In space. In the case of Support," 1993
aligning a magnet the magnet s external fiducial targets vse
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PRELIMINARY STUDIES ON A MAGNETO-OPTICAL
PROCEDURE FOR ALIGNING RHIC MAGNETS*

M.A. Goldman, R.E. Sikora, T.J. Shea
AGS Dqertmeot, Brookhaven National Laboratory

Upton, NY 11973

Aboai the fiber cable is placed at the focal point of a 15 cm focal
Colloid dispersions of mngetite wie used at SLAC and length. f4, achromatic lens to generate the collimated light

KEK to locae multipole magnet centers. We study here beam. Polarizing filters are tbefore and after the cell.
POible adption of ds method, to align RHIC magnets. A Variable Wis stops placed along the beam pth asis in optical
proc10r for locating magnetic centers with mopect to alignment. The cell is observed with a Farrand type 3560

tMWal fihcial makers, using electronic coordin•e deermi- alignment telescope, equipped with horizontal and vertical tilt
nation mad digital TV image processing is described, plate optical micrometers, which displace the image by a

I. INTRODUCTION calibrated amount, up to ± 0.12', with precision of 0.2 milli-
Direct measurement of mantic centers of certain RHIC inch.

r;p Pquadrupolas and sextupoles is of intedst. The measurement method is shown in Fig. 1. The
Mechanical fiducial referencing of coils to external magnet telescope is mounted to sight the magnet bore. A line of sight
fiducial markers is difficult, and may not be possible after is first established on a boresight close to the magnet's
magnet cryosts ar sealed. One wishes, for example, to geometric axis; precise boresight on axis is not needed.
check co-alignment of the low-beta quadrupoles of the Boresaght is established with telescope micrometer tilt plates
inserti region quadrupole triplet, or co-alignment of beam set for null image displacement reading. This boresight is
PUE's with sextupole and quadrupole magnets in th arc QSC referenced spatially to external reference fiducials, by setting
assemblies, in particular. If om can make such measurements two Taylor-Hobson balls, each containing a microscopically-
"opicwaly, at low msgnetic fields and room t centered surveyor's target, along the boresight. The balls sit
installation and alignment of these assemblies is significantly on kiematic-locating spherical seats, on 2-axis transverse
simnld motion translators. The balls can be removed to clear the line

Hea we examine possibilities for uteding magneto- of sight and then replaced, or rotated in position, to allow
optV l alignment methods developed by Cobb and Mury [11, viewing by theodolites, without shift of position of survey
biaed on work of Johnson [2], and developed by Sugahara, target centers.
Kubo and Oosawa [3], to alignment of RHIC multipole The cell is mounted on a rail support in the magnet bore,
sasemblis. Tese methods use a cylindrical optical cell and aligned, by back reflection, with windows normal to the
containing colloidal magnetite between crossed polaroid filters, beam. Prior to inserting the cell in the bor, thepolarizes are
iUmiated by a collimated light beam, to geneuae a taro crossed, to give Amp extinctin of the lig beam. When the
patten. The pattern is produced by field-induced optical magnet is energized. a characteristic cmos or spoke shadow
ansotropy. cued by aligment of magnetite particles along Pattern is seen. centrally-symmetric about the magnetic axis.
th local moaetic field. An alignment Weescope typically Vertical and horizontal components of the axis' displacement
views the arget pattern, which is symmetric about the frmn the previously established boresight are measured
maoetic adis of 6m magnet. directly, by displacing the viewed pattern (by tilt of the

We emi e. pos lity of usig TV digital itu c er ( io
;--enimn, tolew with electroi coordim nesmunt, set on boresight) coincides with the pattern's center, and
to extend the uhd to the problems mentioned above. reading the micromets. One can rotate and recross the

11. DESCRIPTION OF THE ALIGNMENT polarizers to geowte a rotated shadow pattern with the asa
PROCEDURE cen point, to get an independent 1n- PaF1 t of the axis.

Multipole magnet centers ar determined as follows. An This provides a check, to verify the measurement of transverse
optical fluid cell is placed in th magnet bore. Thm cell has displacement of the magnetic axis from boresight.

l fit d par windows at ea.h and, ad is As an aid to focus the telescope on the cell, we found it
oiented qaproxinmeely paallel to the magnet axis. A fiber helpful to leave an air bubble in the cell. A bright spot is seen
optic llmindor, wfth 2 to 5mm dia aperture at fdedof in the bubble. One focuses on the spot. Tests involving
*Woatl perwlmd nder tf aupices of the U.S. Dept. of repeated measurement of location of the shadow pattern center,

after defocusing and refocusing the telescope, have demon-
strated that parallax is not a problem.

0-78031203-l93$03.00 0 1993
2916



At RHIC we usea LEICA (Heerbrugg, Switz.) ManCAT viewing the cell in collimated light, while crossed Ronchi
coordinate measuring system, together with type T-3000 grills were placed in front of the cell window, through the
electronic digital-readout theodolites, to acquire, log, and telescope. Refraction gradients appeared as curve distortions
analyze survey data. Typical accuracy of transfer of target of the grill pattern.
position coordinates to external fiducials is 1 to 3 milli-inch. Relaxation time for the colloid particles to align to a
This system can be used to tnsfer boresight coordinates from mgnetfield was about one second. This was seen by setting
Taylor-Hobson ball targets to an external reference coordinate the cell onto a V-block, in collimated light, between crossed
frame. In this system, two or more theodolites equipped with polarizers. A permanent magnet was held near the cell so that
digital angle readout in turn simultaneously view: one another, a field of 50 to 100 Oersted passed transversely through the
a calibrated length reference bar, a set of known survey cell, generating a bar shadow pattern. The cell was rotated
reference fiducial targets and, finally, survey points whose manually about its axis. The shadow pattern initially co-
coordinttes are to be determined. Theodolite directional data rotated with the cell, but returned to its initial orientation
is entered directly into a computer, for coordinate determina- within two seconds.
tion in a coordinate fram of choice.

_ _T

FLS KLS KLS 2

Fgr 1. FL - Fa optic Ligh source, ACH-Achromnatio Colimator Lems; TB - Survey Tarlet Ball. KLS-Kinematic Ball-
Locati-Surfmc•; M - Magnet, CC-Colloid Cali, P1P2 - PolariZe Plates; FST - Field Stops, AT-Abignment Telescope, OM-

optic Micrometer.

....... 4 11..

-• : - -, •

Figure 2. Cell, Magnet, and Optical Setup Used for Colloid Tests.

III. PREPARATION OF THE COLLOID CELL
The fluid is a suspension in glycerol, of magnetite The cell was tested for separation out of particles in a

particles, coated with polydextrose (Pfizer Specialty Chem- strong gradient field. The cell sat in a permanent magnet
icals, Clifton, NJ), to prevent aggregation. The suspension quadrupole's field gradient of 6.6 kOelcm for 3 hours. No

was prepared by E. Norton, of the BNL Chemistry Depart- separation to the walls or any change of the optical shadow

ment, using the protocol in [3]. pattern was seen.

Our fluid differed from that reported in [3] by the fact Sensitivity of the cell to low fields was tested by placing

that the particles could pass through a 0.5 micron Millipore a 1.5" long cell inside of a loosely wound solenoid coil, with

filter, this did not affect optical properties of the fluid adverse- the cell's axis perpendicular to the solenoid axis. The cell was

ly, and in fact may have decreased any tendency for particle observed in collimated light, between crossed polaroids. With

separation in the strong field gradient of our magnet. no solenoid current, the optical field was uniformly dark. At

The fluid was checked to eliminate inbomogeneity due to a current sufficient to produce 20 Oersted throughout the cell,
coexisting unmixed aqueous and glycerol phases, so that it was the optical field brightened significantly. (Light transmission

of uniform refractivity, free of strise. This was done by through a cell depends of course on the particular fluid, and
cell length, as well as on magnetic field intensity. Quantitative
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studies to optimine cells have not yet been made, but are of Intrinsic resolution of the measurement is in fact good, when
future intrs.) bright illumination is employed. This result encouraged us to

IV. TEST MEASUREMENTS examine the possibility of using digital television image
Measurements were made first on a permanent magnet processing to extract the axis' location from a digitized TV

quad=pol. of type designed by Halbech [41, using a test setup image of the shadow pattern. This could be of particular value

and 1.5- long cell shown in Fig. 2. Development work was in attempting to perform warm magnet co-alignment of beam
dram with this simple test set. During development, an pickup electrodes with the RHIC arc sextupoles. Sextupole
appoounity appeared to tet the colloid method on a cold SSC patterns are wider than quadrupole patterns, because of
4 cm quadrupole, at BNL. A * a long cell using our fluid quadratic dependence of magnetic field intensity with radius;
was built by R. Viola (SSC, Dallas). This cell was built with digital image processing then becomes advantageous. Also,
integrally cemented crossed polaroids, attached collimating when viewing sextupole patterns, the visually dark core of the
leas, and illuminating bulb, and was placed in a warm finger pattern may exceed the scan range of the optical micrometer.
in the bore of a cold SSC 4 cm quadrupole magnet. This is not a problem if video digital image processing is used.

The cell was viewed with a jig transit, at 10 meters Preliminary tests with TV imaging are encouraging; work is

distance (the alignment telescope was unavailable). The still in progress. A camera is easily aligned behind the

magnetic center was visually located to 0.002" in each telescope. After the telescope reticle and colloid cell are
coordinate. [We note that the cell, collimation, and telesope visually focused on the reticle plane, a real image of cell and
had not been optimized for this test; prior observation of the cross hair is formed beyond the eyepiece lens of the telescope.
%" and 1.50 cells, in the permanent magnet quadrupole The image can be viewed with a target card placed after the
showed, in fact, that the shadow pattern for the 1.5: cell was telescope eye lens. The camera can be centered on this image.
appreciably sharper than for the %" cell used in this test.] When using video, it is important that no automatic gain

A weak trim sextupole magnet was also observed, under control, or other image servo, be employed, so that the fine
conditions of 5 cm pole radius, 72 turns/pole, 24 ampere dark shadow pattern will not be washed out by averaging with
current. The bore field profile is comparable to that available adjacent brightly illuminated pixels.
for warm RHIC sextupoles. A 2.50 long colloid cell was VI. DISCUSSION
used. A clear shadow pattern was visually observed, but was The fact that our colloid cells switch from light to dark
too wide for direct optical micrometer measurements. at fields of tens of Oersteds, and that intrinsic resolution is

V. USE OF PHOTOGRAPHY AND VIDEO good, as indicated by photographic exposure series, suggests

DIGITAL IMAGE PROCESSING that warm alignment of RHIC insertion quadrupoles, and beam

The resolution claimed for colloid localization of magnet PUE's with arc section QSC assemblies is practical. Studies

axes is about 20 micro-meter [1,31. But published photo- to optimize optical design are in progress.

graphs [1,3] show shadow patterns with apparently far worse REFERENCES
resolution. Our optical micrometer measurements are consis- [1] J.K. Cobb and J.J. Muray, Magnetic Center Location in

teWt with the claimed resolution. To investigate this apparent Multipole Fields; Nuclear Instruments and Methods 46 (1967)
Paradox, we photographed shadow patterns, with a range of 99-105.
exposure times. Photos of a 1.5" long quadrupole cell were [2] R.M. Johnson, Internal Report BeV-687, Lawrence

taken, both directly behind the polaroid analyzer and at 3m Radiation Laboratory, Berkeley, California (1961)

distance, through the alignment telescope. [Figure 31. [31 R. Sugahara, T. Kubo and Y. Oosawa; A Colloidal

Figure 3. Pwmnew magne quadnpol sadow pmem, viewd direMly.
a. Exposure %, s. b. Exposure 3 sm. c. Exposure 6 se.

Photographic resolution improves greatly when long Solution of Fe3 04 Crystallites to Optically Locate the

exposure is used. This is due to the enormous dynamic range Magnetic Center of Multipole Magnets; KEK Report 89-9,
of illuminationi in the viewed pattern; the crossed polaroids September 1989, National Laboratory for High Energy
have extinction ratio exceeding 10,000. The brightly illumi- Physics, Tsukuba, Japan.
nated area of the field saturates the film, while the shadow [4] K. Halbach, Strong Rare Earth Cobalt Quadrupoles,
interior remains underexposed unless long exposure is used. IEEE Trans. Nucl. Sci. NS-26. 1979, 3882-3884.
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RHIC SURVEY AND AUCHrMENP

F.X KuI, R.R. Aiximu% MA. Gokhmni FJA Jkmir,
D. KamwkJr., T.T bkoczkovuki, J.C Roccldein
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dock of two hm aorioil motion tanumbion stages. The upper stagr Nkkmnwwe-30 K4,51. Dauctions along intauunomm t lines am
ho~ids al t ~ribucto locioecidwea ME.-SOCO tdcnvteEDMK prism neainmd with doeWild (LBJCA) T-3000 theodolite. Each of these

m~riufectror optical pleaumne An opaung in each stage allows instuments as provided with digital electronic readout mid mn
downward viwing, Umungl die phunnees triuint suppor end barn ption' for either numul or electoni control. The disince mode

pinilnpipe, to *a beil tga in U. tiuie The qxatum gap bonds, indie N1mmoetes~,resmpone werecalcuited in advanice,

*Work perforated under the auspice of the U.S. DepL. of Inergy
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to -nt that farbkklm dstmnes, wer not to be meaumied among
the shaiter swey distanes I. MAN ET~I FIDCaALZIflll AND AtZ?#.WM

A ZBOS lqto corapite, looded with GEONE [ 1,21 contro and RHIC dipioles and quadrupoles are provided with twoe sets of
dat upilink softwom is used for def wuxpisition in a foisat suitable fichicial markers cold mas fldiieials mid cryat fichicials. The
for cla basing mrid reuhction by GBOE(IE Dat processing is cold mafichicialsarme balls whichd seat mn fixed position relative
carried out afier daa file brmufer to a 486 PC or other work station; to survey notches cut into the manet cold -as steel plate. These
a local arma link allWs data tuansfiat to the BNL VAX Custe fichicials are wvell defined relative to the base cide of the manet

nhuwcomuater, to provide additional date.odame mid steel. Q~stat fichacials are spli bails on shefts Which seat tone
jxocasug cid~. WVA= used for control survey, die Mdwmeter bushing sleeves on die nupie aciastat body. Qrystot fichacial balls

mi teodolites atmeoaunted om special tripod stands, bolted to de ame carnalily accessible at each eid of the nuumet Cold m
uuuiel floor, at the nmutaits to be muwred, on 2-ads houizontal fiducials me acoessibile to survey only before the magnet is fully
cmsn feeds. A Kenn instunmmt mount Armow each survey instrumet assmbled. Cold masmiad awstat fichicials me surveed relative
to be levelled mid forcecauterd so that the instrhumnt aids coincides to one mother before final assemity of the neweL ilie NbiCAT
with the mnount aids. In this way a IMdkineter, theodolite or optical electronic rcoca finate measuring *-iAm (LEICA (Gmbh, Heerbrug
plummnet can be mnounted at the same lurinzital position above a Switz~) will be used to savvy cold mas fichacials relativ to aYU~tKt
1!usut 1la hisnslzmets cmi be located above the target bell at &haucials. Magnetic measuiements of field cte, mi ad field roll
the monument to a horizontal mis radius of two ailli-incies osiatatioin relative; to cold mas fichacials will be nude before

Magnet stands me installed using die folowing procedhure. A nugnet assembily. Aligunmet of magnets in the RHIC tunnel will be
tempiqlte was flibrcated with a circuldar hole pattern Which is the made relative to the survey of the aiosa fichacials relative to cold
hoirizontal flo porjmeLtio of the bolt pattern, of doe nugne u~qwp mas fdiccials, wbMic n buin relate to the nmagnetic ate nmd roll
stand, together with the pln projectiont of two nugnet crystat of te manet.L 113 pmness of aligning magnets in the twuiel
fichacial target bails which will lie 4aCeact to that staid wheni the consists of setting row fichacial nuksm to lie at thei compusted
magnet is installed. The tenmplate is surveyed into pliace by surveing locations. Those locitiuns me generted in tum by the lattice, magnet
the fichicials' floor projecticin ciroe r FtaFs to thei proper horizutal desi*% meaured fichacial point positions relative to the **yscu
locationis. 1he sanmd bolt locati. ame thai stencilled onto fte tunnel structure of fte indivicheil magni aid survey control station.
flooir from. the teiqilte To help hrinitialy locatng the maeix on absoue positions as determined by tunnrel contro survqn. ibhis
its stanid, t~he ca' of fte adjacent magnet fichacial ball Xrc~etions process of setting negoets into position takes no acocut of relative
me: also loicated WIth fine ciu nusi on the floo. To do ft latte misalignment of rieigboring npets caused by random error
operation, owe uses an opicnegtrarifer punch device: inbuhaced in fth irmllation of individuial magnets. Idally when

(SabeRieTool Casqmaots, Mr., Gmdeuum CA) to transfer die ring magnets ame installed, die bearn dosed orbit would be a smooth
prs target wads to the punch wads and floor point. amr of low degree, widui our indivichal manetý and would be mn

From the magoddsinsetfe locations called out for the mrc whiici joined cuntinacuisly, to a sufficnietly high order of
cryostst fidicial balls on the magnet mid the magne lattice derivative, curve sgnets thouigh acbjacet manets. BKt local
-o hi eI SI a daa bowe set of lorizatal survey coordinates for the relative dislocations mid tilts of tde axes of successive nagnets can
awiistat fidchacals is compiutedL View, directionis for theodlolite sigtting cause more serious bendnmclproblems than. global long scale
of the flooir prctious of the a)rlsta fichacials me conuiutedL Also radial or vertical ngpIt displacemenets. Onie then needs a
the slut distances, ame casqiuted, of a Distona EDM mounted on the sinoxihing adjustment of magnet locations to set magoets onto a
theodo.lite, to strinl retror efleeto 6 j--Arisms mounted on die tariplate smooth cunve Which lies globally within a tUbula envelope of
above the fichacial ball lurjecticmu 113, conmputed distances and allowable radial and vertical arror bounids about the beamn trajectory
directions ame a data bowe to allow die tempiate to be surveyed into curv specified by the accelerator lattice. The shape of die smoothed-bi Ontom die cuool monumenet net. oxve follows flun. the particular magnet installation data set to be

Survey dda acuivsition, rechactiwi and acflutmnnt is dame using fitted, rather thmfaun fmma analytical formalism. Studies of
GBCOET survey codes [1,2]. After inital data redhuction, an smoothing procedures wer carried out at SLAC and CERN [8,9].
.. I I ieudt aclutmnut is done using STR*NET survey codes[3]. SLAC smoothing codes and proceduzres are being incorporated, into
113 latter codes me conrvemnit for blunder detection mid survey GEONET software; it is expecte that they will be available to users
graphical presentations, and ame a useflu compilenent to GEONET. in 1993. It is anticipated that a smoothing procedurae similar to that
Moidel control surveys ame simulated using die ERRORP codes of used at SLAC will be used at RHIC.
GBOt.~E when control survey procedures mre to be exanined.

l~fanees5. T.W Copelarid-Davis, The KERN ME5000 Mdkometer and
Shout Distance Measuremnets, CERN Repart LEP/SU 89-2, Feb. 5,

1. FL Nred=;n R. Pushaou, R. Rulmid, A Realiization Of An 1989.
Altonuted Data Flow For Data *BcmProcessimg Storing And 6. J. Claus and I-L Fodce Bean Transfer F~rom AGS To RHIC,

Rerivng-GE(I~hT. Stmiford Linear Acelivratw SLAC- RFHC Tedhnical Nete No. 47, BNL Accelerator Division Repart
ftB-4142 Nov. 19686. AD/RHIC-47, 1988. See also Jan. 9, 1990 Addendum.

2.I- Fneqdsun, Notes (tinpMishecr) SurMyAnid AligMait 7. RE. Thrk Line Geometry, AGS To RHIC Beam
WdsoOrt Data ftocessInTIZhing Geoniet For AcceleatorAligin- Traspasrt Line. BN= ~ Fikie ARHIC13, Sep 12 1988.

WOW dLnaAccaeraiii Center, Stanlronkd i March 8. T.Ha te, incipal Curves And Surfaces, SLC Report-276,
3aFnAiklr U'NETrl Software c. In danctCA. 94610. STAN-LS- 1, UIC-32 ft) Stanford Linear Accelerator Center,
4. D. Mleir mid R. Nkr:-as koneter ME00-EnNeuer Nov. 1984.

FkAllgeneine Vermessuugs-Nahr. (AMN) 9. Applied Goode.- For Particle Accelerators, CERN Repast 87-01,
oL93, pp 1S2-190 (1986)4eea Feb. 9, ?9F7.
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Effect of Magnet Sorting Using a Simple Resonance Cancellation Method on
the RMS Orbit Distortion at the APS Injector Synchrotron*

F. Lopez, R. Koul, and F. E. Mills
Argonne National Laboratory

9700 S. Cass Avenue
Argonne, Illinois 60439

Abo~act Irs D7

The Advanced Photon Source injector synchrotron is a 7- k W -

GeV positron machine with a standard alternating gradient +2 17. (-')i ( cs((" /(3)
lattice. The calculated effect of dipole magnet strength errors i j V

om the ofbit distortion, simulated by Monte Carlo, was reduced
by sorting pairs of magnets having the closest simulated where the ij are pairs of magnets and D is a constant
mmeured strengths to reduce the driving term of the integer depending on p, v, D and the magnet length. The sum on i
resonance nearest the operating point. This method resulted in and j is over the N magnets. The cosine terms of N/2 pairs of
a factor of four average reduction in the rms orbit distortion sorted magnets can be selected to cancel the first term while
when all 68 magnets were sorted at once. The simulated effect uncorrelated pairs of magnets will contribute zero on the
of magnet meamurement experimental resolution was found to average.
limit the actual improvement. The P-beat factors were
similarly reduced by sorting the quadnupole magnets according
to their gradients. II SORTING ALGORITHM AND SIMULATION

The lattice functions 13 and # were generated by the standard
I. INTRODUCTION transport code COMFORT. Figure 1 displays the horizontal

phase as the polar angle, and the radial coordinate is 0 at the
The method for magnet sorting is based on the Floquet- center of each dipole magnet. Dipole magnet sorting is

Fourier decomposition of the orbit in the presence of error accomplished by minimizing the coefficient of the k = 12
fields [11. The expression for the orbit is: integer resonance for the APS synchrotron since the horizontal

tune v = 11.76.

A..= Yak ex2i" k/](I) a. "
'P b.. 2"- 22

Go

where # is the betatron phase, v is the tune, and ak is the 1 I
codefient given by:.

0 a
0

C-u

ak - I ds I Bexp[. i # k / v] (2)2xpvJB-2 - MlCO NI

where 8B is the measured field error in a dipole magnet, B is .3

the Wiald, undp is the radius of vature.3 -2 -1 0 1 2 3

Similar expressions exist for the P-beats where the Figure 1. Dipole Phases
coefficient is obtained by integrating over the gradient errors at
twice integral multiples of the betatron phase. When all 3 are The large number of dipole lattice sites approximately
the same, as in the case for the APS synchrotron, the kth Tde lar t n p ole latthe sites apprim .
coefficient is a vecto sum in the complex plane of the field 180 degrees apart in phase suggests the simplest algorithm.
errors multilied by the exponential factor in (2). Magnets with the closest measured errors are assigned to lattice

An analytic expression for the rms x orbit can be derived The a,,bmited manusc'ript has been authored

from the above expressios: by a contractor of the U.S. Government
under contract No. W-31-109-ENG-38.

Work suppor by the U.S. Department of Energy, Office of Accordingly, the U. S. Government retains a
Basic Emegy Sciences, under Contract No. W-31-109-ENG-38. nonexclusive. royalty-free license to publish

or reproduce the published form of this
contribution, or allow others to do go, for0-7803-1203-1"303.00 0 1993 M ME 2922 U. S, Gooaim~me purpose.



points with nearly opposite phase on the polar plot. The numbers of dipoles sorted at once. The case of N=22, one third
magner errors were simulated by a Gaussian distribution as of the ring, is better than the case of 34 magnets because of
was the magnet measurement resolution. reduction of the k=2,3 coefficients due to the periodicity of the

lattice. The experimental magnet measurement resolution does
not dramatically affect the results for resolution of up to 10%

m. RESULTS AND DISCUSSION of the nns of 8B/B. In comparison, the tolerance specified on
the rms 8B/B is 10-3 and the estimated measurement
resolution [2, 3] of the APS synchrotron dipole measurement

A. Dipoles system is 10-4.

The comparison of the random assignment of dipoles with
the sorted case of all 68 magnets, assuming zero magnet B. Quadrupoles
measurement experimental error, is shown in Figure 2. The
mean reduction in rms x orbit is a factor of approximately four The sorted results for the rms P-beat factors are reduced by
and agrees with (3). The random selection case also exhibits a a factor of six over the unsorted results. The 40 focusaig and
long tail of upward fluctuations. 40 defocusing quadrupoles are sorted separately according to

their gradients. The difference in sorting improvement
compared to the dipoles is primarily due to the properties of

I~ranom I [the lattice resulting in sites with better cancellation. In the
so L2.. te!. case of the quadrupoles, the best result was obtained by

assigning pairs of magnets with opposite gradient errors to the
40 same value of twice the phase on a polar plot. The cancellation

using sites with twice the phase appoximately 180 degrees
30 apart was not as effective and resulted in a factor of 3.5 average

improvement in the beat factor.

20 S20IV. CONCLUSIONS

10

S01 i ý7 A simple method for sorting magnets that relies on basic
0 tMA theory yields reduction factors of 4 in orbit for the dipoles and

0.2 0.6 1 1.4 1.8 2.2 2.6 3 3.4 3.8 6 in beat factors for quadrupoles at the APS synchrotron.
XWm [m Similar reductions can be obtained without having the entire

Figure 2. Random vs sorted orbits for 40 machines sample of magnets to choose from. Analytical estimates and
Monte Carlo methods yield the same average results. This
procedure can be used to gain an added margin for safety in

a 88 mannets magnet manufacture. The reductions in xrms obtained from
- 22 magnets sorting using a more sophisticated method would be limited by

2.5 to 34 aagnlts
0 le maanmts the magnet measurement resolution unless the ratio of nms

measurement error to rms field error were smaller than 10%.
2 -random resut
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Identical random field errors were used for both cases. The
k=1,2,3 coefficients have the largest contribution to the orbit
after sorting. Figure 3 shows the mean nms orbit for different
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Optimal Magnet Sorting Procedure and Application to the
APS Injector Synchrotron*

R. K. Koul, Fredrick LoAez and Fredrick E. Mills
APS, Argnn National Laboratory

Argonne, IL 60439

Abstract H(p, L1) is some function of p mid Li, whe ft, and 4. are

A magne sorting procedure for accelwators is devedoped the beta fwnctioa of the beam at the ith element and the length

It is impkemented in two steps. The first step is completely ana- of the ith elementrespectively; fi is the measured error at the ith
lytical in character while the secnd step involves the compari- location; and ij - (Or- 4•) is the phase difference of the tra-
son of computed values with the meased eraor values. The jectory between the ith and the jth locations phases 1 and 0j.
method has been implemented for sorting the Advanced Photon The optimal procedum has two steps. In the first step acer-
Source (APS) injector synclhuron dipoles and quadrupoles tain linear set of equations has to be solved, and in the second
with excellent reslts step some matching of the calculated and the measured values

has to be performed. The first step can be carried out in either
of two ways. Both ways are outlined below under the headings

. INTRODUCHON "Procedure I" and "Alternate Procedur I."
Suppose we are given a set of magnets whose magnetic

field errors have been measured. Then the question arises
whether thee is some optimal way of placing them around the EIl. STEP 1 (PROCEDURE 1)
accelerator ring to minimize the effect of the magnetic field
enWs Suppose we minimize function I with respect to the phase

One of the simplest ways to answer this question is to try diffeences Vp, thereby considering the Vi•j as variables. Hav-
all possible permutations of the Imown errors on the magnet ing obtained the equations from variation of I with respect to
locations and choose the combination which produces the mini- %j, we ask another question: What values should fi, (i.e earm)
mom effect. However, the number of combinations grows as ni, assume, such that the given %ji satisfy the variational equa-
where n is the number of magnets to be sorted. tions? If we answer this question, then we have found that for

In the put, another method has been used for the simulated the calculated values of fi, given V,j minimize the amplitude
euo which, for lack of a better name, we will call the "Main function L However, it is important to point out the following.
Harmonic Cancellation Method" (see Lopez [1]). The idea of Notice that for ipj, Vpj = -. j p and V,, = 0. We are left
this method is as follows. Let us say we want to sort dipole mag- with only n (n- 1) 12 variables, but all of these n (n - 1)/2, 'i'j
nets on dipole err. The magnets of equal strength are are not linearly independenL Since we are dealing with the
selected and placed x radians apart in phase of the particle tra- phase differences, we can fix a position, say position number
jeclory so that the equal strength eors make equal but opposite '1', and compute %j for all j~l, out of the total of n (n - 1)12,
contributions to the paricle trajectory. pi. Then it is easy to see that for all i and j, 41 = Oir4ti i.

Sometimes the method of simulated annealing may be used Hence for 'n' positions corresponding to the 'n' magnet, there
for sorting. This method, also used in simulation for sorting the are only (n-l) linearly independent V j. Therefore, to mini-
injector synchron dipoles over simulated earo gave a slight mize I with respect to the phase differences we will give varia-
imnetover the Main Harmonic Cancellaton Method tions only with respect to Vp,. Carrying out the variation and
when used in simulation for the APS injector synchrotron (see assuming that at least one of the errors, say fl, is known we get,
Sampson [2]). For detsas see Kikpatrick [3] or Flauney[4].

H1. OPTIMAL PROCEDURE "=

The new sorting procedure is based on solution of the linea- -"H(PL~fsinV,,. = H(P,,L,)fSinVpk, (2)

rized equations of motion. For details see Koul [5] or Courant

[6]. The solution characterizing the effect of erors is given by
amplitude function I expressed below.

which can be formally written as a matrix equation:
1=8 J-"

I = C >j H(P, L) H0 1,L) fifcsa 1 . (1)cos
01 J,. YMkAf = H(.3l,L1)fsin1P•k- (3)

5-2

* Work supported by U.S. Department of Energy, Office of Basic

Energy Sciences under Contract No. W-31-109-ENG-38.
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Theq.(2)1.2 istnuforalkkm(2,...,n). It isimpotant
to remember that the calculaoe values (f2, .... fQ) will be differ-
ea from the actual measured values in fh magneis. However
we will delay the discussion of this paint. . u, wm Rmx,

ERROR DRWTMON
IV. STEP I (ALTERNATE PROCEDURE 1) " OUT-Off

We assume that at leot one of the ernro is known and is
different from zero. We next consider the rest of the f, as van-
ables and take the derivative of the amplitude function I with
respect to these fVs. Let us assume hint we know the value of L

the first erro. Thena = 0isasetof linearequations whose

solution, in terms of the known phases and the known errors,
gives the set of unknown errors whose placement at the corre-
sponding phases would minimize 1. Carrying out the above
derivative and rearranging the terms, we get for all k, k = (2 .... -
n), Rom I

> H(0jLj)fjcosV1kj = -H(PlL1)flcOSVkl. (4) APS BoosTER Di.oLs
J-2 7

Comments similar to ones made in "Procedure I" are valid
for this alternate procedure. S

V. STEP 2
Having solved the set of linear equations obtained from one

of the above procedures, we ask how does this information get
translated into the placement of the measured error values. It
was answered in the following way. We ordered the measured
error values and compared the largest measured error value to
the calculated values. The measured error was placed in the
position of its closest calculated value. Starting from the largest 0
absolute error value we worked our way through towards the 0
smallest e-ror3. In this way we associate the measured errors Mkg# (
with a position in phase. Figure•2

100

VI. IMPLEMENTATION OF THE APS BoosTER QuADRupoms

OPTIMAL PROCEDURE
We simulated 45 machines for the dipole errors in dipoles s

for the APS injector synchrotron. Figure 1 shows the sample
random distribution functions used in the simulation. Figures -;

2 and 3 show the frequency with which the amplification factor 0
I was improved in each machine, over the randomly placed "
dipoles and quadrupoles, respectively. 0

It may be pointed out that it is not necessay to specify only one of the
unknowns to start. We can specify more than one measured value at dif-
ferent positions and solve for the remaining ones in terms of the known 2 -
quantities.
2 Even though we formally have'(n-1) linearly independent equations in
Eq. (2), it may still be that a set of equations is not linearly independent 0 S
byvirtue of the coefficientofthe matrix M vanishing forcertain values. 1 2 3 4 5 4 7 8 , 1, I 1 20 -02 2 2 27
3 Note that as we go from the largest value to the smaller values the num- Figure 3
berofchoices formeasured error to beplacedkeeps decreasing. Inparnic- The only comment in favor of this procedure is that it worked extremely
ular. the lastmeasurederror hasonly oneplace to go. Therefore, thismay well for the simulations run with simulated random errors used for the
not be an optimal way to relate measured values to the calculated values. APS injector synchrotron dipole and quadrupole errors.
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The frequency di ibutin of the amplification factor for is for the gain factor, defined as . as a function of
Sorted and radom machines is shown in Figure 4. Figure 5 is the number of dipoles sorted
a similar plot, but heme both se in the plot refer to the amplifi-
cation factors obtained after sorting. One corresponds to sort- om
ing 68 dipoles at a time and the other corresponds to sorting 34 c*
magnets at a time.
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Geodetic Concept for the Storage Ring EUTERPE

S.FC.L WeMWla. CW. Tlnniurmnss', G(L. Webers. PAJ. Schooliek~, WkLM Botmm, HILL Hagdoorn
*Cyclo~m Laboratory. lAboralory of (enummofical Meesommmmen Technology

Ehibown University at Tedmology. P.O. Box 513.5600 MB Ehidhoven, The Nelborlands

Ahairec This ring has been dedsoignea the first plaes as a Woo
for charged particle besma dynamics studies. In the second

At proment a 400 MeIV electron swoage ring EUTERPE is plc it serves am a facility for studies utilizing the synclvo-
being developed at the Eindhaoven University of Tlechnology Von radiation and for tbs eduction of students who we
OEUM. ht is a University project. set up for studies of bern intrdemed in thi field.
dynommics, applications of syiuornrdainand for the The rmg will beoeoperatioanal avsem phomes. in
education of Odomt hin this field. The cimsunerence, of the the fisthm - the myndhroamronrdiation in the UV and XUV
ring is approx. 40.m wihb 12 dipoles and 32 quadnapoles. rgonm (the, critical wavelengt is L3.m) will be provided
The critical wavelength of thie emitted photon specormu as from the regular dipole =&mages Ltronw am m 1w second
8.3 mm for the regular dipoles. The mnajor rang cornponents phase, a 10 T wiggler magne (corresponding to a critical
are being constructed at the own University Central Design wavelength of 1.2 mm) and odwo special insertion devices
and Engineering Faocilities, will be added. In this way other applications and beamm

The concept of the geodetical systemn and the instnanwn- dynamnic studies will be feasible. Special sattetion will be
tation are briefly described. devote to problesm relevant to larger f~acilities, but which

camnot be studied there due, to a lack of the available beson
L. NRMODUCTON timte.

EUTERPE is a low-mergy ring. It is being bulk by 6he
In the Cycloton Laboratory of the Eindhoven Univrsity EUT staff and the Central Design and Engineering Fkaclte

of Technology (E~LM reseanb is done mainly in two areas of the EUT~ within the roup budget. In the ika phase it will
viz. ion beamn analysis and its applications, such as proton- also, be supported by EUfl stinualation fuihig.n The capital
induced x-ray mission, and accelerator todunology. The urvemnau*.k including the UHV systm, power supplies, and
Eindhoven University of Technolog Ring for Protons and computer cono is estmanted at 2.5 million DFL Iahow
Electrons (EUER ), including the hijection systm consus- costs of the Engineering Facilities we not charged to the
ting of a linee accelerator LINAC 10 MeV and the Race- group to its full amnount.
track Microftro Eindhoven (RTME. up to 75 MeV), is a At present, the LINAC 10 and the RTh(E are under con-
University proec (see Fig. 1) [1,21. struction. The dipoles of EUTJERPE are in the early tes+ phase. The other components (quadruoles, sextuoles etc.)

EUTERPE are still in developmient.

400MmeV II. TECHNICAL ASPEMT OF THE RING

The mnagnetic structure of EUTERPE is already known
(gee Fig. 1) and consists of twelw dipoles (30r bending). 32
quadhupoles for the beam focusing. 8 inextupoles and closed

m orbit distortion correction manexts There we foss 2 m long
dispersion-free straight sections. One of these straight sec-

HF-cvitytions will be used for the HF-cavity, necessary to comapen-
sate the energy loss due to the synchrotron radiation.

Microtron Another straight section is allocated for the injection pocem.
UNA 75MeVThe remainig two are useful for insertion devices such as
11 O rM OVundulators and wigglers, to study fundamental problems.

The bending magnets are of the parallel faced C-configu-
ration which is beneficial for couling out the synchrotron
radiation. The dipole-dbimensions are: block lengt 48 cmt,
height 39 cm, width 35 cm, pole width 12 cn, gap 2.5 an

F~.1. LAY-out of EUTERPE. and a weight of about 600 kg each. The quadrupoles have an
aperture radus of 2.5 cm and a rectangular outer shope of
25 x21 x21 cm' [31.

The level of the reference beam is about 1.20 m above
0-7803-1203-1/93$03.00 0 1993 IEEE 22



lbe floor. The ring circumlerene is ahowt 40 m. The By meses of an optical ph=Kuiu, pilmi will be centred
mRUMM ptOJec is slhoed hin the ball of the Cyclotron above, thm floormirks with an accuracy of 0.02 mm. These
Labs. p~ll. (1.60 m high. enuring a level which is sbove the

lene of the components of the rhing) will provde a mounting
M. THE ALIGNMENT for the theodoflte mid the qitical Warpm which we used to

meeme w tmPosition Q( the components (dioles qimik.-
An ovwAl algumnst Welmmnoe for ibm electron storage poles NOc. relativ to tim geodetical amtwo&*

rhing is specified - *02 mm hin all directions. a ulaslign- Owl tick with optical Oar"e (Tayloi-Hobso spheres)
mist to, nekghbowhing compnens~ts of max. 0.1 mm hin all plaed ~reodiidby on each dipole mid a similar rack for the
directions and a MMx twist of 02 mrad. qa 1-p serves as a reference for Om position

The geodetical basi network will be foamed by 8 refe- Of thes COwPOOents withi the networkc. The lay-out dwwin
taenr points. tim floormerlks fixed Mes below tim surface, of the dalgiment meisuieiment of a dipole, is visualized hin Fig.
the11Am ihick floor of tmbafl(weeFig. 2). 3

4E.3 veve fla-u iiniioeams-ns

mm2Te hi oiinwl eieaieymaue i

ftid 3. Ovrveon a-u dipoles adiqarpoie ess relativ

I m thirstie canpthentswl be dinied ysi hed gi they 0
F~~~~~g,~~~~ 2m) The gedtdlntw fEJDE hooie mir pstim tag ws imlb lrtvl meeuunen c anbe don

frI steneral poineso hi thore netlorke From.allethree angula
Th oiino hs lormc n ob nw wIt at orw insuasto mm position ak own thS e diolesad ovur oth-

least~~~~~~~ ~~~~ thermk will accrac as Is equiedforti positionhig rfplswth h ai oriaessu a efdetemnced.M

th omoens Ti Is-z ao pleis-e by6 meerhi posFiteihig of the dixpdgres and freedompof thecam-t
lenghs nd im agle beweenpoits nd agmats lon dua ift cas prvded byte adjutalean fmmmsB onwhchmg they

tim omplte crozuferece som diaonal of m m osied.ra Thins imtertie newrkc. Hof sinnA its apd ad-
newi.The meositeion of Aw lom geodetical basiownetwork ja murent wll bel lseadto heie position of the dpism udu

the onmyponeonce, bs inc themfopo e byn conta vins the flo. ocmponents. i dp f reomo ecm

mints is 30 yews old and thus very stable.
The resul of the meusureinent is a rigid network in IV. REFERENCES

which the position of thm floorumak is indicated by their xz-
coordinates within tim .win coordinate symtm. The origin of (1] Boling Xi et aL., 9Des study of the storage rng
this coordinate system is chosen in such a way that Al EM RM NucLI. so hu, n Methods in Plays
relevant Points hay positiv coordinate. Moreover the Reseerch, 968 (1992) 101-104.
origin is chosen such that the x- and z-coordinates a( the [2] JM.K Botman et al., *The EU~r=P (acilitym
pentre of the ring wre qufite different In this way many Review of Scientific Intubmaits Vol. 63. No. 1, Jan.
simple ercos during alignment armmnnt e preented. 1992.
The desired Position Of the dipole and quadMpoes defte, [31 JI.M. Botmanm. PAC93 continbution.
mined by the ion-optical calculation. using the prop=a
DDMAD, can be converted into xz-coordinates in the main
coordinat "suma
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ALIGNMENT OF CEBAF CRYOMODULES*

W. J. Schneider, J.J. .Bisopao, j. Fischer, D. R. Douglas- Macha, J. MOnmouser, W. Orn, J. Preble, J. Robb, M. Wiseman
Continuous Electron Beam Acdelerar Facility

12000 Jefferson Avenue, Newport News. VA 23606-1909 USA

Absows pitch or yaw angle caused by misalignment times the ratio of

CEBAF, the Continuous Electron Beam Accelerator energy gain to the energy in the cavity. The effect of finge
Facility, when compleed, will house a 4(GeV recirculating fields was ignored, which resulted in the original tlerance of
accelerOr. Each of the accelerators two HMa contains 160 ± I mm from the central orbit. This specification was

Sradio ftequency (SRF) 1497 MHz niobium supported by several simulations-York and Tang [6], and
cavities [1] in 20 cryomodules. Alignment of the cavities Kewisch et al., [71-which were consistent with the
within the cryomodu with respect to bemn axis is critical to specifications. During a review of the tolerancies it became
achieving the optimum accelerator performance. This paper apparent that die models in question [8] wer pessimistic in
discusses the rationale for the current specification on cavity regard to the effect of cavity misalignment since they ignored
mechanical alignment 2 msd (rms) applied to the 0.5 m effects of cavity fringe fields.
active length cavities. We describe the tooling that was A Mafia study was performed to determine the effect of

developed to achieve the tolerance at the time of cavity pair cavity assembly errors. Because of computer mesh
assembly, to peserve and integrate alignment during limitations, the grid size was constrained to 2.5 to 5.0 mm,
cryomodule assembly, and to translate the alignment to minimum size. The cavity manufacturing and assembly
appropriate installadon in the beam line. tolerances were routinely 10-20 mils (0.2-0.5mm) or an

order of magnitude smaller than the mesh size. These studies,
L INTODUCTION concluded that the most critical assembly awrror is tilts in the

cavity equatorial plane. For assembly errors on the 10-20
The cryomodules for the Continuous Electron Beam mil range, one can then expect pitch and yaw errors equivalent

Accelerator Facility (CEBAF) located in Newport News, to a few mrad.
Virginia, will provides a low emittance, 200 ptA beun with
energies up to 4 GeV for fundamental experimental studies in HII. ALIGNMENT SPECIFICATION
nuclear physics [2]. The acceleration is achieved from a
conventional bunched electron source at 500 keV; a The accelerating field misalignment studies supported the
superconducting injector, containing 2 1/4 cryomodules, 2 mrad rms tolerance. The simulations were a factor of two
which provide a nominal energy gain of 45 MeV; and two too sensitive as they neglected the fringe fields. Similarly the
recirculating linacs containing 20 cryomodules, each linac studies were a factor of two too optimistic since they
capable of achieving an energy gain of 400 MeV. After five neglected cavity assembly errors. The specification was then
recirculation passes, the two antiparallel linacs produce a set where 2 mmnd rms toledance with a 2 a cutoff wp assigned
beam of 4 GeV to dhce end stations. to cavity assembly, measurement, and fiducialization errors.

Exercises conducted during the Front End Test in the All of these errors, such as cell tilts, electromagnetic axis
spring of 1991 indicated significant transvers beam steering determination, fiducial transfers to flanges, etc., ae to be
by the accelerating cavities. These effects are attributable to limited to this level. The factor of two attributable to fringe
cavity cell orientation and cavity pitch and yaw. fields offsets these effects. The remaining 2 mind rms error
Measurements taken at that time indicate that cavity with a 2 a cutoff is assigned entirely to mechanical alignment
misalignment of 1-2 mrad was not uncommon, and one of the cavity. An error budget was then set up consisting of
cavity was reportedly at 6 mrad [3]. three sources: Individual cavity alignment, cavity pair

alignment, and cryomodule alignment. The misalignment was
II. ALIGNMENT RATIONALE defined in wtrms of net transverse momentum impulse applied

to the beam by a single cavity. Reasonable errors were
The original cavity alignment specification was limited to estimated for the three source terms, which resulted in 0.5

the alignment of the mechanical structure and did not consider mrad level for cavity alignment, 1.25 mrad for cavity pair and
the dynamical relevant accelerating field. This specification 0.1 mrad level for cryomodule net alignment. When added in
was in exisence at the time of the PCDR [41 and was based on quadrature this results in less than 2 mrad, which is in the
earlier estimates by Leemann and Penner [5]. The model specified range [9].
employed for this estima assumed a uniform accelerating
gradient of 5 MV/tn over the 0.5 m active length cavity; the IV. CEBAF CAVITIES
transverse beam steering for each cavity was then the cavity

The design, manufacture [10], test and performance [11]
"supported by U.S. DOE contract DE-AC05-84ER40150 of the CEBAF superconducting radio frequency (SRF)
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cavities ar reponod elsewhem. Cavities received from and alignment is maintained by the fixtuing of the Thompson
Siemens undmp receip inqiectici-which includes tMing, rails and b•eings.
mechical wa eme and initial cbemisy.

The cavities them undergo finld chemistry, ae rinsed, and VI. CEBAF CRYOMODULE
assembled into pais on the ali fixture.
Figure 1. Cold ceramic windows, pair parts (elbows, beam A cryomodule consists of four cryounits, each of which
pipe), HOM loads and dished head assemblies are attached. contains a cavity pair, two end cans and five sets of bridging
One of the larger aris associated with the cavity pair components. In the cryomodule assembly arcs, a precision
alignment was attributable to the end dish assembly as it assembly bench, consisting of steel "I" beams equipped with
mounts to tie cavity. A special fixture was manufactured to Thompson rails, allows die alignment built into die cryotm to
ensure alignment of the beam pipe to cavity centerline, be transferred to the module, Figure 4. Initially, a return end
Erors, for a single cavity, aft the inclusion of this additional can is installed on the rail , then the four cryounits followed by
step, translated into an achievable 0.5 mund level. The pairs the supply end can. Connections between cryounits are
an sealed hermetically while in a class 100 clean room to completed under a laminar flow hood, and consist of beam
mitigate cavity contamination that can degrade performance. pipes, three helium connections, and thermal and magnetic
After this the pair is evacuated, mass spectometer leak shielding covered by the bridging cylinder. Access to the
checked, rotated vertically, transferred to a dewar assembly, beam pipe flange within the vessel is achieved through a port
tested at 2 K in a vertical dewar, where the performance at the midplane on each side of the bridging rings. Special
qiulificario-Qo versus Eacc-is accomplished. The pair is tooling equipped with an optical cross hair is installed on each
then warmed up Isferred back to the alignihent fixture and of the beam pipe flanges which project out to the module
turned over for ait assembly. Cavity alignment surveys midplane. When the assembly bench was installed, four
conducted before and after the vertical tests indicated a granite blocks were installed at the ends on either side. Scope
repeatability of measurements of better than 114 m total mounts were set up at one end and targets placed at the other.
error. A rough alignment of the cryounits is performed initially as

they are installed. After assembly the bridging rings are
V. CEBAF CRYOUNITS welded. Initially we were concerned, as we were for the

welding on the helium vessel, that alignment would be
Assembly of cryounits [121, each consisting of a cavity compromised. Although we do see movement when welding

pair housed in a helium vessel within an insulated dewar, is the helium vessel, the bridging ring welds do not affect
accomplished outside of the clean room. Tuners. fundamental alignment. The moment of inertia of the vacuum vessel is
power coupler extensions (FPC's) and electrical wiring are large; hence there is little deflection of the cavities. Despite
installed while the pair is mounted on the fixture. The pair is this, final alignment is completed while the welded module is
inserted into the helium vessel, Figure 2, which is supported supported at the quarter points, thereby cancelling out this
on a hydraulic adjustable stand. Alignment is maintained by effect. By sighting down both sides simultaneously both the x
sliding the fixture on bearings riding on Thompson rods and the y components can be corrected. Typically alignment
through the open vessel. The FPC's are connected to the of the module is better than a 1/4 mm, which when added with
vessel; wiring is brought out through feed throughs; titanium the cryounit errors comes in at the 1.25 mrad level.
cavity supports, which match the Niobium thermal expansion,
are added, and the alignment and installation fixture is VII. CEBAF INSTALLATION
removed. The cavity pair alignment is now preserved by the
helium vessel. After leak check of the connections, closure Following the alignment of the cryounits into a
heads am added at both ends, allowing the beam pipe to exit cryomodule, a series of external reference points are placed on
the vessel mad thereby providing a fiducial, and the heads are the outside of the vacuum vessel. These fiducials, which are
welded up. After leak check of the welded vessel, the used to place the cryomodule in its proper position in the
magnetic shielding, Multi-Layer Insulation (MLI) thermal tunnel, are surveyed with a theodolite-based industrial
shield, and additional MLI are added, and the unit is inserted measurement system [13]. This procedure, through a rigorous
into the vacuum vessel equipped with additional magnetic three-dimensional survey and least-squares adjustment,
shielding. The vacuum vessel is supported on a fixture which transfers the transverse and angular orientation of the
allows the beam axis to be preserved through a pair of cryomodule centerline as defined by the granite monuments to
Thompson rods and bearings, Figure 3. Nitronic rods are the reference points. The ideal coordinates in the overall
installed which support and axially restrain the helium vessel machine coordinate system can then be calculated by knowing
inside the vacuum vessel. Adjustment of the rods aligns the the cryomodule's design position on the beam line and the
mounted pair inside the cryounit. A top hat assembly, measured target offsets.
including a pair of waveguides for RF, wiring connections, Transfer of the cryomodule to the tunnel is accomplished
dtrmal and magnetic insulation and the top hat cover, on a specially equipped air ride trailer. Tunnel alignment
completes the installation. Alignment has now been consists of two steps, both of which utilize a reference control
irnferred outside of the vessel to the two beam line flanges network which defines the machine's position in the tunnel.
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Control of Roll in Fiducialization of Quadrupole
Magnets for the MIT-Bates South Hall Ring*

M. Farkhondeh, K. A Dow and W. W. Sapp
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Bates Linear Accelerator Center

Middleton, MA 01949.

Abstract

The South Hall Ring (SHR) requires for all 94 quadrupoles-
in the lattice a roll tolerance of low than 2mr. An impor-
tant step in achieving this tolerance is the fiducialisatios:_
the relating of the magnetic axes to the position of the
survey targets fxed to the magnet. The fiduealisation
procedure which we developed involved a harmonic ana-
lyser system and the SLAC Industrial Measurement Sys-
tem. After flducialisason and database generation had
been completed for over 1/3 of the elements, aad after the
precision installation had begun, we noticed a random roll
well outside the tolerances. The roll had been overlooked
partially because the harmonic analyser system is insen-
sitive to rotations about the coil axis. We were able to
overcome the problem through software by developing an
extensive algorithm and regenerating the database with- Figure 1: A photograph of the Harmonic Analyser table
out a need for refiducialisation. This correction process with a quad mounted for magnetic measurement and fldu-
for both the roll and the pitch will be presented. cialisation.

two planes. The specified tolerance should assure that this
1 Introduction couDling is less than 10%.

During the initial precision survey and alignment of the
The SHR currently under commissioning will be a high quadrupoles [2] in the injection line area, the presence of
intensity pulse stretcher facility providing high quality cw a random but significant roll and pitch was detected. The
electron beams with energies between 0.3 and 1.0 GeV. It problem was soon traced to an oversight in the fiducialisa-
can be operated in storage mode for internal target ex- tion of the quads and usage of a Harmonic Analyser system
periments and in extraction mode for more conventional which is insensitive to small rotations (a photograph of the
experiments. A detailed description of the ring is given in, table with a quad is shown in Fig. I). In this report we
ref. (1) will describe the issues relevant to the control of the roll

The SIUR quadrnpoles follow the design of booster and will present solntions tn overcome the roll prnlvlrms n.
ring qundrupoles for the Advanced Light Source at the encountered.
Lawrence Berkeley Laboratory. The laminated iron yoke
consists of two identical cores joined at the horisontal mid-
plane. Mechanical imperfections in these cores result not 2 Fiducialization and Rotation
only in non-circular apertures but also in apertures whose
profile is a function of position along the magnet axis. A detailed description of the flducialisation of these

The critical tolerances for the quad positioning are the quadrupoles is given in ref. [3] and a schematic of the
transverse (XY plane) tolerances of 0.1mm element-to- setup with four Kern theodolite locations is shown in Fig.
element and a rotational roll tolerance of 0.1 deg (1.7mr). 2. However, a brief summary of it is given here with an em-

Rotational misalignment of quads will mix the X and Y phasis on the rotation issue. An integral part of this fidu-
components of the field, coupling the phase space in the cialisation system was a Harmonic Analyser (HA) which

was used for magnetically measuring the quadrupoles and
*L%.;irk st, .irted in part by DOE contract DE-AC02-76ER03069. is briefly described in ref. [41. It consists of a rotating
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Figure 2: Schematic diagram of quad fiducialisation Figure 3: Statistical results of Roll and pitch of the HA
setup. table and the quads in the database.

cylindrical ceramic bobbin with wire coils wuund on it, a with the magnetic axis of the quad.
moveable support table holding the bobbin and survey tar- An oversight occurred during the rough mechanical
gets, and five micrometers for aligning the table supporting alignment of the bobbin in which random table rotations
the bobbin relative to the quad. The quad is supported by well outside the tolerances were introduced. This oc.curred
three posts mechanically isolated from the bobbin support. in the process of making the custom spacers fit into the

quadrupole aperture by randomly changing the microme-
To position the magnet on the HA for the magnetic mea- ters. Since the HA with a long bobbin extending well out-

surements and fliducialisation it was first necessary to level side the fringe field regions is insensitive to roll or a small
the magnet using the three support posts. A precision bub- amount of pitch, the subsequent magnetic measurement
ble level was placed on a heavy steel plate (approximately and dipole minimisation could not detect the rotation of
30 cm square) resting on a thin foam pad which "integrated the HA table relative to gravity and the quad.
out" the small surface irregularities of the laminated yoke. The oversight was discovered after about 1/3 of the
It was earlier determined that the top surface was parallel quads were measured and installation began. All quads
to the mechanical midplane within the needed tolerances. were installed at the prope survey target heights, but
After the magnet had been leveled, the bobbin axis was for some, the precision bubble level reported significant
positioned to coincide roughly with the mechanical axis amount of pitch and/or roll. These random rotations were
of the quad. An alignment shaft with custom spacers re- as large as 10 mr, well outside the rotational tolerances.
placed the bobbin for this operation. The magnet was then Figure 3 presents a statistical analysis of the roll and pitch
energised and the measured dipole component was nulled for nearly all 128 quadrupoles; the roll is typically larger
by fine-tuning the position of the bobbin, being careful to than the pitch. We were able to correct these undesirable
adjust the positioning micrometers such that the axis was rotations by correcting our database without any need for
only translated and not rotated about any axis. refiducialisation. This was possible, primarily because di-

We also fiducialised the HA table relative to the axis of rection of the gravity was implicitly defined by the vertical
the bobbin; this one-time survey measured the coordinates angles of the theodolites which were recorded in ench •hlu-
nr nil II survey targets affixed to the table relative to the cialisation file.
nv . ,.r fhi I,,bhin n.m described in ref. [3]. These measnred
coordinates are fixed relativt. to the gravity vector as long
as the HA micrometers are left alone or changed for only 3 Control of Roll and Pitch
translational movement of the bobbin.

The quad fiducialization was done with the SLAC In- After the source of the rotation problem was detected we
dustrial Measurement System (SIMS)[5] using a total of added a procedure for ensuring that during each quad mea-
four theodolite locations viewing the 11 targets on the HA surement, the HA table orientation relative to the gravity
table, the quad survey targets and the end targets on a vector was the same as it was during the one-time table
precision invar scale bar. A bundle adjustment [6] with fiducialisation. We reconstructed this orientation by mak-
the coordinates of the 11 table targets (measured in the ing the relative differences between the vertical coordinate
table calibration) as input produced a set of coordinates of the table targets exactly the same as they were in the
for the quad targets in the bobbin coordinate system. As calibration file. We then installed a ground plate with
described above, the bobbin axis is adjusted to coincide three point contact on a fiat region of the table, leveled
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I .The process was automated by a Fortran code which
- . manipulated the coordinate database and performed all

the transformations.

4 Commissioning Results
-0 -- The SHR is undergoing its completion and commissioning

rMay' Jul Sep Now Jan War Alay Jut Sep phase. In March of this year and on the first day of com-

nducialzatUon Date (Month) missioning of the ring lattice, electron beams were stored
for as long as 20 ms which corresponds to over 30,000 turns

Figure 4: Roll of the HA table as a function of time of before it was lost due to synchrotron radiation loss with
quad fiducialisations between 1990 and 1992. no RF cavity in the ring. With one turn injection, beam

currents as high as 40 mA were stored later, meeting the

the plate with a precision level and permanently attached design goal for 1-turn injection.

it to the table. Prior to each quad fiducialisation, the plate
was leveled with a precision level, thus ensuring the correct 5 Conclusions
orientation of the table. However, there always were some
residual rotations which were corrected in the software. We have developed and executed a comprehensive survey

When the surveying part of the fiducialisation of a quad and alignment program for controlling the roll and pitch of
was completed, the coordinates of the quad survey targets the SHR quadrupoles. The residual rotations were nulled
were determined in the table coordinate system by using by correcting the coordinate database, which was based
the survey data and by keeping the calibration coordinates on a fiducialisation of individual quads using a harmonic
of the I I table targets (control coordinates) fixed; this step analyser table insensitive to small rotations. The database
assumes that the table orientation stayed unchanged since correction process was automated and the alignment of all
the calibration. Since the quads were leveled during the 94 SHR quads has been completed to - -0.25mm. The
survey, any residual rotation of the table introduced during initial commissioning of the beam verified the success of
the mechanical alignment manifested itself as a rotation of the handling of the roll.
the quad in the opposite direction. Denote the coordi-
nates of the iAh survey target on the quad in the table• ,* References
"object" coordinate system as Xo = (zio, sY4, ) and the
amount of rotation as R(oli) and P(itch). In order to de-amout o rottio asR~of) ad P(itcý I orl tode- [11 J.B. Flans et al., Proceedings of the 1989 IEEE Parti-
termine the true orientation of the table, we performed a
bundle adjustment in the "local" coordinate system of the c Accelerator Conference, March 20-23, 1989, p.3 4 .

control theodolite and calculated a set of coordinates for [2] M. Farkhondeh et al., Proceedings of the 1993 IEEE
each quad survey target denoted as X, = (z:, f, z4). Using Particle Accelerator Conference, Mayl7-21, 1993.
a 9-parameter coordinate transformation from SLAC be-
tween these two sets of coordinate systems we calculated [3] M. Farkhondeh et al., Proceedings of the 1991 IEEE
the tran~qnrmsf inn matrix including R and P angles. The Particle Accelerator Conference, Mnvl7-21, 1001
rot ation angles always were determined with no ambigu- p.6 3 4 .
ity to better than 0.01 degrees. Figure 4. shows a history J.D. Zumbro et al., Proceedings of the 1991 IEEE Par-
profile of the the table rotation during the period between tice Accelerator Conference, May17-21, 1991 P.2125.
1990 to 1992.

The correct coordinates of the quad targets in the quad [5] A PC-based acquisition and analysis software sys-

system X, were then calculated by a rotation matrix tem for 3-dimensional survey and bundle adjustment,

r =(R](P] with [R] and. [P] the normal 3 x 3 rotation ma- Bernard Bell, Proceedings of the First International

trices: Workshop on Accelerator Alignment, July3l-August
2, 1989 p. 162, SLAC-PUB-375.

x, = rxo [6] Bundle Adjustments and Tri-dimensional Coordinate

Determination, SLAC-PUB-4717.
with
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Massachusetts Institute of Technology

Bates Linear Accelerator Center
Middleton, MA 01949.

Abstract SA o

The South Hall Ring (SIIR) is a pulse storage/stretcher
ring with a circumference of 190m . The complex con-
tains over 200 magnetic elements, most of which must
be positioned to tight tolerances to achieve efficient in-
jection and extraction and to obtain storage times of sev-
eral seconds for internal targets. In particular, the lattice
quadrupoles have transverse position tolerances of +-100
microns magnet-to-magnet, and the circumference has a
tolerance of l5mm. For the survey and alignment of the
ring, we have used automated data capture, data flow and
database generation. Alignment of all magnets to approx-
imately ±1/4 mm has been completed. The final survey
followed by a smoothing of the lattice will begin soon. The
present status and issues of the survey and alignment pro-
gram will be presented, along with the latest alignment Figure 1: South 110 Ring Complex.

aspects of the beam test results.

cation we used a customized version of PC-GEONET [21

1 Introduction from SLAC.
The main sources of errors in achieving these design

The SHR, currently under commissioning, will be a high goals are network errors, fiducialization, final survey and

intensity pulse stretcher facility providing high quality cw smoothing.Table I
electron beams with energies between 0.3 and 1.0 GeV. It SHR tab le r cSRAlignment Tolerances
can be operated in st6rage mode for internal target ex-
periments and in extraction mode for more conventional Element Quantity Tolerance

experiments. A detailed description of the ring is given in X/Y Roll

ref. [1] . A plan view of the ring is shown in Fig. l and a Turn mr

list of positioning tolerances is given in Table 1. Quads 128 0.1 2.0

The design requirements of high quality storage rings Ring Dipoles 16 0.5 0.7

demand tight tolerances on the positioning of the adjacent Dipoles 18 0.5 2.0

magnets as well as on the overall circumference of the ring. Sextupoles 32 0.2 2.0

To accomplish this task two options were available: con- Octupoles 2 . 2.0
ventional optical tooling and a triangulation system using Septa 4 0.3 2.0
a database. We adopted triangulation heavily relying on a Kickers 2 0.3 2.
database, software and automated data capture and data
flow with an emphasis on redundancy. Our primary source 2 Adjustment Systems and Sur-
for software and consulting has been the SLAC alignment
group. The survey and alignment of the SHR is based on vey Instruments
a network of floor monuments to which all the components
are referenced. For data processing, storage and communi- Whenever possible, three point supports were used for all

components and their stands. For adjustment, we adiopted
Work,,rte l, lsy Ist)i)p; (.ouirflr I)1'; AbO2 7(;DOlEhsnd:u9A7. the LBL 6-strut system for all but the heavier dipoles,
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which used three struts and three jacks. The 16 main 00 It
benders have their own built-in adjustment and elevation --

system. The strut system provided essentially independent
adjustments in X, Y anti Z except for the short sextupoles, I
for which some coupling was evident.Motions of more than I!

Sr mm were provided by coarse adjustment systems con-
sisting of machined stainless steel plates and push screws.

Our survey equipment included two Kern electronic Q)
theodolites (E2 and E21), a Wild NL optical plummet,
a Wild N3 optical level with 10 mm micrometer, a cal-
ibrated invar scale kit, a 2m elevation rod, two HPII0
laptops, a portable and a stationary 386 PC. For centering
systems, we used SLAC type aluminum tripods, three sets
of the CERN forced centering system, and SLAC adaptors
for merging Kern plates and the CERN system. SLAC-
style slanted targets with K&E bullseye targets were used Figure 2: Absolute error ellipses for the SHR geodetic net-
throughout. During the initial survey of the geodetic net- work.
work, we used an ME5000 distance meter (on loan) from
CEBAF.

0.8mm over a - 60m long distance in a six month period,
well within the tolerances required by relative positioning.3 SHR Geodetic Network System

For the SHR we have chosen to separate the horisontal 4 Fiducialization
coordinates (X,Z) from the vertical (Y) direction. The
horisontal locations of all pouition-sensltive elements were The magnetic/mechanical axes of each element were re-
referenced to a global SHR coordinate system. The origin lated to several fixed fiducial targets on the element as
of this geodetic system as shown in Fig. I is at the intersec- follows. Survey targets were inserted into drill bushings
tion of the west straight and north straight sections. The coarsely positioned on the top surface of the element and
transverse network consisted of over 80 floor monuments their positions were precisely measured using SIMS as de-
which provided sufficient observation points to overcome scribed in ref. [61 and 161. For the dipoles, fixtures were
sight line obstructions caused by the large benders. The used to precisely position targets in the midplanes and
network was surveyed in the Fall of 1990 one year after on the design orbit. The coordinates of magnet targets,
the completion of the conventional construction and be- fixture targets, invar rod targets and some auxiliary tar-
fore any floor occupancy. The survey was accomplished gets were measured in the coordinate system of one of the
with an ME5000 and two theodolites and with help from theodolites positioned close to the center of the magnet.
SLAC and CEBAF. An optimum measurement plan was A coordinate transformation from the theodolite system
developed using the GEONET simulation facility. A sub- to the element system completed the fiducialization. Nor-
sequent measurement of a subset of these floor monuments mally, the transverse positions of survey targets were de-
and some fiducials from the existing beam line was neces- termined to better than 50 im.
sary for relating the orientation of the SHR network to
the rest of the complex. Fig. 2 shows the monuments
and their absolute error ellipses; error propagation caused 5 Database and "Ideal Coordi-
the enlargement of ellipses further away from the origin. nates"
The relative errors are smaller than the absolute errors and
have a more uniform size than the absolute ones shown. The design position of the magnetic axes of each element

A smaller geodetic network of floor monuments was in- in the SIIR global coordinate system was specified by
stalled for alignment of the Energy Compression System TRANSPORT optics codes and the output files were trans-
(ECS) dipoles and quads at the end of the linac . This ferred to the PC-GEONET. Because the fliducialisation
network was surveyed using the SLAC Industrial Measure- files contain the relation between the coordinates of the
ment System (SIMS) [31, a PC-based bundle adjustment fixed survey targets and the magnetic axes, combining the
[4] and triangulation system integrated with multiple elec- two output files with proper rotation of the fiducialization
tronic theodolites. data determined the ideal location of each survey target

The SHR and ECS also have a network of elevation mon- in the global SHR system. These "ideal coordinates' were
uments for vertical references. This network was period- actually calculated using customized Fortran codes which
ically resurveyed for seasonal changes in the floor eleva- also included corrections for dipoles whose measured effec-
tion. We have noticed seasonal elevation changes of up to tive field length was different than the nominal value used
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in the TRANSPORT calculations. The ideal coordinates 8 Commissioning Results
were integrated into the database for use with various sur-
vey and alignment software systems. In March of this year on the first day of commissioning of

the ring lattice, electron beams were stored for as long as
20 me corresponding to over 30,000 turns, before they were

6 Alignment Using Intersection lost due to synchrotron radiation with no RF cavity in the
ring.

For alignment of ring elements to an accuracy of '- 1/4mm
we used triangulation based on intersection of sightlines 9 Conclusions
from two theodolites. This was facilitated by an interactive
software package (CLASH) (71 which provided communica- We have developed and executed a comprehensive survey
tion between two theodolites and a laptop loaded with the and alignment plan for the SHR by adopting computer
ideal coordinates of the survey targets and the monuments. based geodetic systems. The quality of our alignment work
The accuracy achieved with CLASH is strongly geometry has been tested in an ongoing commissioning of the ring by
dependent. After a magnet was positioned to within a few successfully storing beams without any need for reposition-
centimeters of its ideal location using conventional meth- ing a single element or excessive steering. The final survey
ods, it was precisely leveled using an optical level and the and smoothing plans have been finalized and will begin
CLASH database. For horisontal positioning, two theodo- soon. Considering all sources of errors in our survey and
lites were positioned precisely over two monuments at op- alignment procedure, we are aiming for overall relative po-
timum locations near the element, and CLASH calculated sitional uncertainties of -i0.I5mm for the quads. The au-
the direction of theodolites pointing at the ideal target. thors would like to thank the SLAC alignment group, par-
The theodolites were set to those directions and the mag- ticularly Horst Friedsam, now at the Argonne Advanced
net was moved until the target was at the intersection of Photon Source.
the two lines of sight. At the end of this iterative process
involving several targets, all survey targets were within
+1/4mm of their ideal positions. References

[1] J.B. Flans et al., Proceedings of the 1989 IEEE Parti-

7 Final Survey and Smoothing cle Accelerator Conference, March 20-23, 1989, p. 3 4 .

The remaining tasks are the final survey of every element 12] H. Friedsam, R. Pushor, and R. Ruland, SLAC-PUB-

and the ensuing smoothing of the beam trajectory. 4142, 1986

Final Survey- Plans are underway for a complete pre- (3] Bernard Bell, Proceedings of the First International
cision survey of the SHR elements with SIMS, simultane- Workshop on Accelerator Alignment, July31-August
ously determining both horizontal and vertical coordinates 2, 1989 p. 162, SLAC-PUB-375.
of all survey targets. The survey includes both the network
monuments and the survey targets on the individual corn- [4] Bundle Adjustments and Tri-dimensional Coordinate

ponents. Overlapping regions will Le surveyed in adjacent Determination, SLAC-PUB-4717.

sections ensuring continuity and redundancy. The bundle [51] M. Farkhondeh et al., Proceedings of the 1991 IEEE
adjustment will be done by keeping the nominal coordi- Particle Accelerator Conference, May]17-21, 1991
nates of two endpoint survey targets in a region fixed and
letting the monument coordinates vary. If the fixed points
are not at their ideal positions, this method can cause a (6] M. Farkhondeh et at., Proceedings of the 1993 IEEE
small wrinkle in the beam line, but relative coordinate de- Particle Accelerator Conference, Mayl7-21, 1993,
terminations of adjacent elements will be ensured. Section Jc72.

Sm -oothing- The coordinates of each element determined
in the bundle adjustment will be used for determining the (7] A PC based alignment software using intersection
positional adjustment necessary for creating a "smooth" with two theodogites, written by Bernard Bell, SLAC
beam trajectory. We have customized the SLAC smooth- Alignment Group.
ing software [8] which is based on a Principle Curves and 18] Hlorst Friedsam, Will Oren, Proceedings of the First
Surfaces algorithm [91; this will allow a minimization of International Workshop on Accelerator Alignment,
the number and the amount of movements while satis- July3l-August 2, 1989, p.152, SLAC-PUB-375.
fying the -I100ptm element-to-element tolerances for the
quadrupoles. All necessary software has been written and [9] Principle Curves and Surfaces, SLAC-PUB-276.
survey work will begin later this year. The movements will
then be made and monitored with three sets of digital dial
gages registering three tooling balls on each magnet.
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Abstract

The South Hall Ring (SIIR) lattice uses sixteen large
dipoles originally designed for the Princeton-Pennsylvania
Accelerator. These 3.6m long, 30 ton dipoles have bend
radii of over 9 meters and gaps of only 7.8cm. The require-
ment that the four dipoles be powered in series, as well
&s other restrictions, resulted in magnetic and mechanical
alignment tolerances which are very demanding for mag-
nets of this size and shape. Two independent methods were
used for measurement of the field integral along the design
orbit. Field integrals were measured on all dipoles using
a long coil excited by ramping the field. On four dipoles,
the integrals were also measured using Hall probes moving
along the design orbit. The techniques and results will be -
presented. The fiducialisation of these dipoles was accom-
plished using precision-machined fixtures and the SLAC Figure 1: One SHR dipole.

computer-aided Industrial Measurement System. Position
corrections due to different measured effective lengths of
these magnets will be discussed, and details of fiducializa-
tion and alignment will be presented. hoses. A ±2.2mr relative pole tip inclination produces an

n = 1/2 magnet. The pole blocks introduce some small
gap variations along the length of the magnet resulting in

1 Introduction field variations of +0.07% from block to block. The design
requirements and magnetic tolerances for these dipoles are

The 190 meter circumference SUIR, currently under com- summarized in Table I.
missioning, will be a high intensity pulse stretcher facility
providing high quality cw electron beams with energies be- Table I
tween 0.3 and 1.0 GeV. It can be operated in storage mode Magnetic Tolerances
for internal target experiments and in extraction mode for Quantity [ Value Tolerance
more conventional experiments. A detailed description of Effective length 3.591m 1mm
the ring is given in 111. Gap 7.6cm 0.75mm

The 360 degrees of bend in the ring are provided by 16 Bend angle 22.5deg 0.1mr
C-profile laminated dipole magnets, each 3.6m long with a Efr. Field Boundary lmm
7.rcm gap and a nominal n value of 1/2; one such magnet Field settability - 10-'

is shown in figure 1. The yoke of each magnet consists Field stability long term 10-.
of c-shaped laminates of high p steel with the pole tip Field stability short term 10-'
field defined by crenelated laminated pole blocks each 2
inches wide. The gap is determined by a vertical spacer The tolerance on the effective field length is very tight
plate separating the upper and lower pole pieces; the upper because the beam passes through these dipoles many times
pole pieces are forced onto the spacer plate by pressurized and the effective field length enters the overall circumfer-

*'Wurkrnulul,,,rlnIlhtlrng hr ly)4)l' ,,ttirnd|)l" ,A('II2 7(;T6Illt1134;). ence of the ring which has a tolerance of 5mm. Each of

t(mgrrriol Add(IrM•: Imp Alnteo, Nati.mal Iaim,rai'.'ry, |m, \l-t,, these dipoles has been magnetically measured, fiducialised
NM, n75+1. and aligned.
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2 Magnetic Measurements -S"

After extensive studies two measurement techniques were
developed: stepping a flail probe along the design orbit to -
produce a field map, and measuring the EMF induced by 363

a ramped field in a coil centered about the design orbit.
Two-dimengional field maps with the XZ table provided
the f B -dl along the beam trajectory, n value, and an in- I I
dication of field variations in the uniform region. The long 3 . 15

coil measurement determined the effective length along the
nominal beam path. 3.010

2.1 XZ Table Measurement , I .. . I . . I

0 10 15
A two-dimensional mapping table (on loan from NIST) Dipome Number

was developed for field measurements using temperature-
compensated Hall probes at predetermined points on a Figure 2: Effective field length for each dipole (solid points
plane [81. Two axes of motion of the table are instrumented are XZ results, open points are Long Coil results).
and controlled by computer via CAMAC; the vertical axis
is controlled manually by a micrometer stage.

The dipoles are so long that the table had to be placed where W is the average width of the coil and L,11 is the
at each end of the magnet. Field maps were made using a effective magnetic length of the magnet. The 6 turns of
long arm holding two Hall probes separated by 54cm, and wire in the coil produced a 5 mV signal for a 6 Amp/see
a complete map of a dipole required joining the four men- ramp. The field on the design orbit was measured at one
surements from the two Hall probes from each end of the location by two NMR probes inserted in a machined slot in
magnet. This required a good cycling procedure for the the form. Prior to each measurement, the Dymec 2401-A
magnet, a stable power supply, and an overlap in mapping Integrating Digital Voltmeter was calibrated.
points of the two probes. The XZ table origin was related The largest uncertainty in determining the effective
to a reference point in the magnet; we chose the inter- length was the uncertainty in the average width of the coil,
section of the design orbit with a line parallel to the first resulting from variations in the placement of the wires in
lamination in the end pole block. This point was optically the grooves.
referenced using a precision machined fixture holding a sur-
vey target. The same fixture was used in the fiducialization
of the magnet. The transverse origin was determined using 2.3 Results and Comparison of the Two
a magnetic blade attached to an aluminum block of precise
length with its end registered against the inner land of the Methods
upper pole tip. Radial field maps confirmed the design n The XZ maps were more time consuming than the long coil
value of 1/2; the higher multipoles were consistent with measurements and required complicated off-line analysis
sero in the uniform field region and had high values near for deriving the integrated field. The XZ map was used
the pole faces at each end of the magnet. for absolute measurements while the long coil, due to the

uncertainty in the absolute value of the coil width, was
2.2 Long Coil Measurements used for relative measurements of the magnets. Figure 2

All 16 dipoles were magnetically measured using the long shows L,1j for all 16 dipoles for both techniques.

coil. The long coil consists of an arc-shaped aluminum The absolute value of the field integrml wasq measured
plate with an arc length equal to the physical length of with the XZ table Io By IM '1 ,i I - Il-:1 depending primar-
the magnet arc plus 10 gaps, with grooves for the closed ily on the Hall probe scale tol (in other words, depending
loop signal wires. When installed in the magnet for mea- on the magnet current) and fir nltinlute value of the ef-
surement, the long coil form positioned a fiat coil of wid#16 fective length was measured to 3 c 10- 1. Field integrals
2.055 ± 0.004 inches on the midplane, centered about twe were measured at 4 currents corresponding to a range of
design orbit. As the current was ramped from 0 to a set beam energies between 0.3 and 1.1 GeV. The absolute and
point (or from a set point'to 0), an EMF was induced in relative uncertainties in the long coil measurements of the
the coil; magnetic flux or the time integral of the induced effective length are 8 x to- and 3 x t0-1. A polynomial fit
voltage 0 = f ViIt is proportional to the area of the coil to the NMR probe field as a function of magnet current for

and the change in the field, the long coil data sets produced coefficients which are used
by the SHR control system to set the magnets for a given

V di A dB = W [ Lrjj- (B, beam energy; the control system also takes into account

• = A =• B-) the varying bend radii p = L• 1 !/(w/8) of the magnets.
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3 Fiducialisation a magnet in the ring coordinate system are achieved by
merging the TRANSPORT output of magnet location and

In the fidueialisation process, the magnetic and mechani- the result of the fiduclalisation. A magnet was positioned
cal axes of each magnet were related to five fixed fidurial to within a few centimeters of its ideal location using con-
targets on top of the magnet. Precision fixtures hokling ventional methods, then precisely aligned using the monu-
survey targets on the midlplane were positioned on the pole ments and the database. A Wild N3 optical level, 2m sur-
tip at the edge of last lamination block at either end of the vey rod and a network of elevation rivets were used to level
magnet such that one of the targets in each fixture was on and set the magnet at its ideal height. With two theodo-
the design orbit. We defined the midpoint between these lites positioned precisely on monuments at optimum loca-
two targets as the magnet origin. tions near a dipole, the CLASH interactive software from

For fiducialising all SHR magnets we uaeed the SLAC In- SLAC [1] calculated the direction to point the theodolites
dustrial Measurement System (SIMS) [2], with two Kern for each target. In an iterative process, the theodolites
electronic theodolites. With the help of simulation soft- were set to the direction for each target, and the magnet
ware, six theodolite locations surrounding a dipole were moved until that target was at the intersection of the two
chosen to achieve maximum sensitivity to both vertical lines of sight; then the height of the magnet was corrected.
and transverse locations of the survey targets on the mag- In the end, ell five targets were within 1/4mm of their ideal
net and on the design orbit. positions.

The SIMS bundle adjustment software [3) generated the
coordinates of magnet targets, fixture targets, targets on
either end of a calibrated invar rod [4], and some auxiliary 5 Conclusions
targets with respect to the coordinate system of one of the
theodolites positioned close to the center of the magnet. We have developed and executed procedures for precision
A coordinate transformation from the theodolite system magnetic measurements and survey and alignment of 16
to the origin of the magnet was performed using software very large dipoles for the SHR. The results of the magnetic
from the SLAC Alignment Group. The coordinates of the measurements have been implemented in the ring control
five fixed targets were stored for the next step, alignment. system. The success of the measurements and the align-

The magnet origin found in the fiducialisation procedure ments was confirmed by a successful storage of the beam
must be adjusted to account for the different measured ef- on the first day of commissioning, for a time limited only
fective lengths of the magnets. Each magnet must be po- by energy lones due to synchrotron radiation, as the cw
sitioned such that an electron of the proper energy is bent RF cavity was not installed.
by 22.50 and its path intercepts the fiducialisation targets
on the design orbit. Thus, a suitable axis for these dipoles References
is a line connecting the effective field boundaries of the
magnets which are by requirement on an arc of subtended [11 J.B. Flans et al., Proceedings of the 1989 IEEE Parti-
angle 1. A transverse shift of this axis is necessary because c Accelerator Conference, March 20-23, 1989, p.3 4 .
the effective field boundary is further outside the magnet
than the design value. [2] A PC-based acquisition and analysis Poftware system

developed at SLAC for tri-dimensional survey and
4 Alignment bundle adjustment, SLAC-PUB-375.

[3] Bundle Adjustments and Tai-dimensional Coordinate

For the SHR survey and alignment [6], we adapted a Determination, SLAC-PUB-4717.
computer-assisted database survey and alignment systemfrom SLAC [7] which provided sufficient redundancy and [4] Model # 803M, Invar geale kit, Brunson Instrument,

error analysis did not require extensive experience with Kansas City, Mo.
optical tooling techniques. The main steps are: [5] PC-based alignment .oftware u.-ing interse'ting sight

1. Survey of the network of SIIR floor monuments, lines with two theodolites, developed by Bernard Bell,
SLAC Alignment Group.

2. Calculation or ideal coordinates of magnet survey tar-

gets, [6] M. Farkhondeh et al., Proceedings of the 1993 IEEE
Particle Accelerator Conference, May 17-20, 1993,3. Integration of 1) and 2) into a database, and

4. Alignment of magnets using the database and inter- [7] 11. Friedsam, R. Pushor and R. Ruland, SLAC-PUB-
secting sight lines of electronic theodolites. 4142, 1986.

The SHR has a network of over 80 floor monuments [8] M. Farkhondeh et al., Bates Internal Report B/SHR
whose locations in the ring coordinate system are part of 90-05.
the database. The ideal coordinates of survey targets on
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PMaed Taut-Wfre eNd of the Magmetic AIgNmment
of the ITS Induction Cdis"

J.G.Mehon. MJ.Dun., D.J.Homberger
Los Alamos Natioml Laboratory

Los Alamos, NM 87545

The mechanical and mngnetic aliumuern of the first eight ACCOMUATR EL.L CinS-Sci J()"

induction- l, solenoid magnets of the Integrated Test Stand
(MTS) for de Dua-Axis Radiographic Hydrodytmic Test
(DARHT) &aility were me rasue by observing dhe deflection
of a fine, tM wire carrying a pulsed curmi. To achieve the
required aligment (less than 0.25 -u offset and le than 5
mrad tilt), die magnt desig use quadmufilar whuling aidWP

iron fleid-sm oo t.h ing s& . A fter deai e m ea suretien of sa N ,° 4 M ,C ,, VA .,, W

each solenoid mapet, the cells are assmbled and then ,Is o.. •,. ,,,W-s

mechanically aligned using a laser and an alignmen target"
moved along the cell cenmeine. Af/e the cells are in final
position, the pulsed wire method is used to vaeiy the Figure I. Cross-sectio of ITS Induction Cell.
magnetic aligmn. The measuremes show an average
offset of the mngnetic axes from the mechanical axis of 0.15 cells are moved to their final location awd aligned with respect
mm, with a maximum offset of 0.3 mm. TM average tilt of to the injector cathode. The mechanical alignment is meamsred
the magnetic ax was 0.7 mind with a maximum tilt of 1.4 once aain. After final assembly, die pulsed wire method is
mind. Tilts are corrected to less than 0.3 mrod, using dipole used to memre and confirm the magnedc aligmnet.
trim magnets assembled into each cell. Conrrt is limited
by power supply resolution and by back~gro noise. 1H. DESCRIPTION OF THE METHOD

I. INTRODUCTION The pulse taut-wire method of determining magnetic
alignmen and measring magnetic field rors has been used

The Los Alamos ITS electron beam accelerator is a by several groups to measure de magnetic fields in
prototy• of the DARHT facility and consists of a 4-MV accelerator systeMs.4 Many variations of the basic method
inor and eight 250-kV linear induction cells. Each have been developed to match the circumsnces of die
induction cell contains a solenoidal focusing magnet and x- particular experiment. The basic method consists of sending
and y-dipole steering magnets. A cross-sectionl view of the a pulse of current through a taut wire suspended in a steady
induction cell is shown in Fig. 1. Special care was taken in or quasi-steady magnetic field and observing the motion
the cell design to control mechanical tolerances so that good induced in the wire by the resultant Lorentz force on the wire.
mechanical aligment could be achieved. The magnets are If the magnetic field is relatively simple, characteristic
referenced with respect to the beam tube, so a good patterns of travelling waves are established on the wire that
mechanical alighment should result in a good magnetic can be easily related to field structure. In particular, the
alignment. The mechanical specification is for the offsets of residual magnetic field errors produced by very good
the individual cells to be 0.25 -u or less and for the tilts to solenoidal magnets are typically an offset of the magnetic axis
be 5 mrad or less. from the mechanical center of the solenoid and a tilt of the

The magnet windings are quadrufilar to reduce field magnetic axis from the mechanical axis. The two types of
errors produced by winding errors al mcurrent feeds. Between wave patterns produced by these errors are sufficiently
the magnets and the beam tube are six axially distributed, iron different that they can be easily distinguished. Figure 2 shows
homogenizer rings to further duce field errors caused by typical tilt and deflection waveforms before corrections are
winding errors.1.2  made. If the fields from several cells are superimposed,

The cells are first assembled and mechanically aligned however, and if reflections are present due to the ends of the
in blocks of four in an alignment fixture. The procedure uses wire, the wave patterns can become too complicated to
a HeNe laser measurement system and a cart thu travels along interpret easily.
the bore of the induction cells carrying an aligmeent target. Our measurements are done with the induction cells
After the initial alignment and assembly, two blocks of four mounted in finad position. To accomplish this, we have

developed special mourning awd positioning fixtures that
'Woik pgtmmi ua~r a sof ls U.S.Depmazta. of •Enut. accurately position the wire with respect to the assembled

07803-1203-1193$03.O0O 1993 IEEE
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cell horizontally and on the rixhanical axis.
The ends of the wire ,e . hed to adjustable slides.

which can be moved with repft ,&de fixed mounting fire
by two micrometers on each cad controlling horizontal and
vertical move==er. The mournting fixtures are fixed to the

Scells at each end by expansion collar ara ngemem which
O.S me 20 mV locate the fixture with respect to the bore of the ced cells.

Optical detectors to sense vertical and horzDoml motion of die
< me 2wire are mounted on the adjuabl slides. Each hasOA e 2 MV .i. 1 ented x- and y-adjutmn mirmtr. "lbis

ftgnet 6 BauMlne arrangement allows the detectors to be moved around die
centered wire to position the detectors for luamr response, and

LVer HNduonb Mon o(00set) allows the wire to be centered in the beam tube without
Lower, Veil Mullen,(1 * off(M t) affecting the detector aligmem.

The motion detectors are a pair of orthogonally mounted
GaAs LED-photoansistor detector assemblies (Motorola

Figure 2. Usmoaedd OMt and Tilt SigMls H21AI 9030), amplified by a single operational amplifier.
The overall sensitivity of the detector/amplifier circuit is about

centerline of the cell blocks (to within about 0.05 mm). Also, 50 mV/pm of deflection. Measured signal levels are 20-50
the measuremenmust be done with a long wire (over 4 m mV before corrections, corresponding to about 1 pim of
long) in an acoustically noisy environment, which produces deflection at the detector position, and about 5 mV after
extraneom vibrations in the wire. To subtract these vibrations, corrections. Signals produced by room vibrations are typically
we must average over many shots. 20 mV, with a major component at 120 Hz coming mostly

Our m are made simpler because we only from vacuum pumps and ventilation fans.
measure tbe offset of the magnetic axis and correct only for The current pulse to the wire is supplied by a HP214B
the magnetic tilt. Since we produce a null in the motion Pulse Cenerator. It produces 0.3 A in tde 57-0 wire. T7e
detector signal, we do not have to measure the absolute current pulse is I ms in duration and very square in shape,
amplitude of the signals. A detailed field map is not produced. indicating that the risetime of die current pulse is not limited

Our procedure consists of the following steps: (1) The by the inductance of the wire circuit. The signals are recorded
wire is carefbUy tensioned and centered at the cectring on a LeCroy 9450 oscilloscope that provides real time signal
collars at the two end cells. (2) The optcal horizontal and averaging and storage of reference waveforms.
vertical motion detectors and amplifiers are calibrated and set
to a region of linear response. (3) Before each cell is IV. EXPERIMENTAL PROCEDURE
examined, a correction is made to the ends of the wire to
correct for catenary sag of the wire at the cell of interest. (4) Before making a series of measurements, the wire is
With no power to the mapets of the cell, a zero base line is centered in the bore of the two end cells by moving the wire
established for residual room vibrations by applying a pulse of untl it maKIes contact with a straight edge precisely located by

uarrent to the wire and averaging the signal over 20 shots. (5) locating pin. ThW straight edge is then rotated 90- to a second
Current is then applied to the solenoid Maget, the wire is set of pins and the wire is moved until contact is made.
pulsed 20 times, and the averaged waveform are compared Contact is detected by electrical continuity. The continuity
to de reference. (6) Tli ends of the wire are moved using the check has proved to be a very sensitive indicator of contact
x- and y-microeters until the lack of offset signal indicates between the wire and the straight edge positioning tool. It
the wire is on the magnetic centerline. This measures the locates the wire to within one wire radius of the line
solenoid offset. (7) With the wire located on the magnetic established by the straight edge.
centedine, current is applied to the x- and y-dipole steering After the wire has been positioned in the center of the
magnets to null the signals produced by tilt of the solenoid beam tube, the detectors are moved with respect to the wire
field. (8) lie procedure is repeated separately for each cen. to establish tde range of signal and to select an operating poin

in the center of the linear range. The ends of the wire are then
III. HARDWARE DESCRIPrlON adjusted to compensate for the catenary deflection at the

location of the cell under test. Then, with no current applied
Ti wire used in these experments is 0. 1-nun-diameter to the solenoid magnet, an averaged reference base line is

BeCu, 4.2 m long. It is tensioted to about 97% of its recorded. Current is applied to the solenoid magnet of the cell
breaking strength by a system of low-friction pulleys and under test, and the averaged signals are compared to the
suspended fixed weights which hold a constant tension. reference waveforms. The ends of the wire are moved to null
Elonugtion of the wire is included in the compensation for the deflection signals. Then current is supplied to the x- and
catnary sag. Sag is compensated by moving the ends of the y-dipole steering ma ts to null the tilt signal. Usually, about
wire upward to cause it to pass through the center of the test
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VW** TmO a 0,I increase the accuracy witt which we could detect the signal

ow.bnli llt- 0.0 a~ OAnull. It intrxluced the additionml complication of frequent wire

breakages because of increased mechanical and thermal stress.

VI. SUMMARY OF RESULTS
Figure 3. Corrected Deflection Signals

The pulsed taut wire method was used to measure the
The dipole steering man currents needed to correct magnetic alignment of the eight iductmion cells of the ITS

for tilt are typically very low, about 0.5 A compared to 20 A facility. The offsets and tilts of the magnetic axes were within
mximim available frm the power supply. Consequently, we the design specification. The design approach taken, to control
are not able to fine tune steering current better than 0.2 A. the magnetic alignment by careful control of mechanical
However, the full power supply current output could be tolerances and assembly, and to reduce the effects of winding
required if the magnetic tilt were larger. The 20 A current eums by using multifilar windings and using field

compensate for 30 mrad tilt. homogenizing iron rings, has produced acceptable field eors.
We are developing improved pulsed-wire methods to apply to

V. EXPEREMENTAL RESULTS each of the DARHT accelerators, which will be more than 25
m long.

The results of the aligmen measurements on the eight
cells ae summarized in Fig. 4. The vectors drawn from each VII. REFERENCES
point indicate the tilt of the magnetic axis for that cell. The
vectors ar scaled to Wdicate the deflection that occurs over [1] Michael Burns, et.al., "Magnet Design for the DARHT
the length of the cell (50 cm). The average value of the radial I inea Induction Accelerators," Conference Record of
offset of the eight cells is 0.15 am, and the maxUiaDi offset the 1991 IEEE Particle Accelerator Corference, 2110.
is 0.3 -u for cell #4. The average tilt of the magnetic axes [21 M. J. Burns, et.al., "Technology Demonstration for the
is 0.7 muad and the maximum tilt is 1.4 mrad for cell #8. DARHT Linear Induction Accelerators," 9th

1The accuracy of the method is limited at present by Internaional Conference on High Power Particle
background noise, and by the limit in accuracy to which we Beams, Washington, D.C., May, 1992. Also, Los
can set the steering magnet power supplies. We estimate the Alamos Report LA-UR-92-1675.
accuracy of the method to be about ±. I mm and ±.3 mrad. 131 F. J. Deadrick, L. V. Griffith, "Progress in ETA-I1
Hence, after corrections are made for tilt, there could be a Magnetic Field Alignment Using Stretched Wire and
residual tilt of 0.3 m tad. This residual tilt error corresponds Low Energy Electron Beam Techniques," 1990 LINAC
to a dipole field of about 0.34 G. Conference, Albuquerque, NM, Sept. 1990.

After performing the measurements described here, we [41 C. M. Fortgang, et.al., "Pulsed Taut-Wire Alignment of
tried to improve the signal-to-noise ratio (hence the Multiple Permanent Magnet Quadrupoles," 1990 LINAC
"accuracy" of the method) by using a larger current pulse Conference, Albuquerque, NM, Sept. 1990.
through the wire. Th'e 0.3 A pulse was increased to 10 A.
While this increased the sigmnl levels and reduced th number
of shots over which we had to average, it did not significantly
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APPLICATION OF PRECISION MECHANICAL ENGINEERING
TECHNIQUES TO THE DESIGN OF A MODERATE ENERGY BEAM
TRANSPORT FOR THE FAA EXPLOSIVE DETECTION SYSTEM*

R. Lji and K. Chrsleasen
Los Alamos National Abomalwy

P.O. Box 1663, Los Alamos, NM 87545 USA

Abstract The four EM's and the debaucher cavity were mounted on
This paper discusses the application of precision an adjustable upporstaMd. The supptrstand consists of a

mouning and alignment techniques to a modeae energy 1.25 inch thick alumirnum plate bolted to a structural steel
beam transport system (MEBT) used on the exit of a 1.75 frame adjustable in X, Y, and Z. The MEBT components
MeV RPQ. While frequently found in optical systems, were aligned to the theoretical beam line within a
techniques such as kinematic mounting, and degree-of- diametrical tolerance of .002 inch and they wer aligned
freedom decoupling, are not as widely umd for accelerator azimuthally to the RFQ within 1.00. A target assembly,
components. lhe MEBT consists of one penmanent magnet provided by the experimenter, was attached to the
quadrupole, four electro magnet quadrupoles, and one downstream end of the accelerator. Figure 1 shows a
debuacher cavity. Included in the paper ae discussions of schematic of the accelerator with the target assembly
design aid fabrication as well as, installation, attached.
alignment and operations experience during the succesafl

Imlmettinon a working accelerator. TAME? ASSEPULYrr

L INTRODUCTION

Los Alamos Group N-2 (Advanced Nuclear

Technology) has undertaken a project to prototype an
acbelerator-amsed system for explosive detection using the
nuclear resonance absorption technique. We were asked to t_
provide the mechaical design for a beam transport starting z
at tde end of the 1.75-MeV radio frequency quadrupole
(RQ to the target location, some 166 cm downstream.
The physics design of this moderate energy beam transport
(MEB') called for one rare earth permanent magnet O U ASTALE SUPPORT STAND

quadrupole (PMQ) at the exit of the RM•, followed by two
electro-magnet qudrupoles (EMQ's), a debuncher cavity,
and finally two more EMQ's. Fig. 1. Schematic of Accelerator.

Our goal was to provide a robust mechanical design that Several mechanical techniques were used to fulfill the
would at the same time employ some of the precision alignment requirements of the accelerator components The
alignment techniques found in optical systems for the PMQ was held in the center of its holder with a Tolerance
positioning of the MEBT components in five of the six Ring.+ The azimuthal position of the PMQ was fixed by
degrees-of fredem. pinning it to the holder using a standard .060 inch diameter

In order to minimize alignment time we attempted dowel pin. Another pair of standard .125 inch diameter

wherever possible, to decouple the degrees-of-freedom, dowel pins were used to orient the PMQ and holder

thereby eliminating the time consuming "cross talk" assembly to the RFQ end flange.

between the axes. The EMQ's were attached to kinematic mounts that

II. DESIGN were designed to allow for adjustment in the Y direction.
The kinematic mounts used hardened steel elements for a

The PMQ used for focusing the beam was mounted directly cone, yee groove, and flat that mated with commercially

onto dhe downstream vacuuin her of wae otd l available hardened steel tooling balls. The relative position
in Y of the tooling balls with respect to the magnetic center

*Work supportd by s Federal Aviation Administration under of the EMQ was adjustable. The tooling balls were each

the auspices of the United Stat Depuiment of Energy. +A poduct of USA Tolerance Rings, West Trenom, New Jersey.

0-7803-1203-1/93503.00 0 1993 IEEE
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acehed I* tho end of a W-24 threaded shaft which was RPQ. As a result, fabrication of the PMQ holder was
peloded against a base plate. A dial indicator of .001 inch simplifi• and te need for aive alignment of the PMQ
Uadhdswas mounted noe each of the dweaded shua/. was eliminated. Pgm 3 shows the tolerance specifications
Th dial indicators measured the relative vertical assigned to the PMQ holder.
displacement of the MQ. By rowing the ftee threaded
shafts until each dial showed the same amount of -- RM ."-A
movemen•te vertcalmotionwasenasued. By usDing thiso.
system, it was possible to resolve the vertical moton of the
EMQ 10 a remluion O fss then .001 inch.

To accomplish roll adjustment, each EMQ was 0

mounted in a ves block and the •MQ was rowed with a
lever arm attached to the magnet ring. Hardened steel
weaing surfaces wee attached to both the EMQ and ID the
vee block to minimize ww end to ensure precise rotation.
Rotation was actuamed by tmning a commercially available
threaded bali foot against one side of the lever arm. To
eliminate lash, the lever arm was piloaded against the bell
with a commercially available spring plunger.

To provide axustment in die X direction, the assembly
was mounted on a commercially available dovetail slide
whom axis of travel is pependicular to the bean direction. DEm. CD

Figure 2 shows th EMQ •nd its mourting system.
Fig. 3. PMQ end Holder Assembly.

Our previous experience in the design of kinematic
systemns revealed diet cones and we grooves for kinemati
moundng devices having the proper geometry and hardness

x are not commercially available. Typically, they need to be
custom fabricated for each application. However, for the

SEMQ's and debuncher cavity we determined, that by using
/ ''• "w• •other readily available, inexpensive, hardened steel

MV- ,,.O a elemenis, the me kinematic effect could be accomplished
EfND SUWIT 514-24 /•.1, 3for substantially less cost. A cone effect was accomplished

by using a steel drill bushing of hardness RC 62- and .500
inside diameter mated with a .625 diameter tooling ball. A
vee groove effect was accomplished by mounting two
standard .500 diameter steel dowel pins of hardness RC 36-
42, with their axes parallel to each other and perpendicular

SPM . -t. PLUNGE POoE LD to the axis of the 58-24 threaded shaft. The flat used in the
kinematic mount was a commercially available steel rest

Fig. 2. EMQ and Mounting System. button of hardness RC 40-45. Figure 4 shows the three
elements of the kinematic mount used for the EMQs and

The debuncher cavity was also mounted on a system dte debuncher cavity.
similar to that of the EMqs. Provisions for roll adjustment
to the debuncher cavity were not necessary. The two wear plases on the magnet ring of each EMQ

were made from A2 tool steel. They wer premachined,
III. FABRICATION hardened, then attached to the EMQ. They were then final

ground concentric with a precision alignment pin that was
After final magnetic mapping of the permanent magnet sized to the four inside pole tips of each EMQ. Doing this

quadrupole, a .0643-.0663 groove was machined into its ensured precise rotation of the EMQ about its magnetic
outer aluminum jacket. The groove position was 45" from center. ++
the north pole of the magnet. Subsequently, the fit and
position of the mating dowel pin in the holder were ++!is mechanical detenim of the magnefic axis was used
careully specified, as were the mating conditions of the b a of the exii fiducals oAin the manei axs
outer dowel p for assembly with the end flange of the hod
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holes at ENhas Imad 4 was made colimar with the lin
scope using the munair stand adjustments. Thbe remaining

C .OW PW MG two EMqs and the debuncher cavity were brought into
position by using die X and Y adjustments while sigtin on

Tus .ALL O .T M SHAFTC back lit pm holes such as those used oan EM s 1 and4.
- TMe PMQ and holder assembly was attached to the down

-am end flange of the RFQ. A final operation to check
the repeatability of the kinematic mounts was then
perfonred by lifting each EMQ and the debuncher cavity
completey off their kinematic mounts then replacing thm.
No meastable X and Y displacement of these elements was

* obsqrved The angular alignments ofthe EMQ'swa
deternined by the experimenters during assembly of the

T) beam tube& A quartm window was inmstalled on the end of
selected segments of the beam tube and each EMQ was
adjusted until the desired visual beam spot was obtained.
T7U target assembly was installed an the downsmun eid of

omWL. eum.H 1CaIm IST ou"Ml ,LA.A the beam tube to complete the assembly. Figure 6 shows

the completed accelerator.

Flit 4. Elements of Kinatic Mount.

Figur 5 shows the machining technique used for machining

the EMQ wear platsm

Fig. 6. Assembled Beam Transpoxt System.

/P V. CONCLUSION

WA PLAT• S The accelerator was commissioned and experimental
data has been obtained. During initial installation of the

Fig. 5. Grinding EMQ Wear Plates. beam tube and diagnostics and during routine maintenance
it has been necessary to remove and replace the PMQ,

IV. INSTALLATION, ALIGNMENT AND EMQs and debuncher cavity by disassembling them at their
OPERATION kinematic mounts. Each time they have been replaced on

the beam line with no measurable shift in their positions.
The next step was to install and align the MEBT When it is necessary to re-adjust some of the beam

components on the beamline. A line of sight through the elements, each adjustment is made predictably and without
RFQ was established using a Brunson model 160 line scope concern for coupled motion effects. The application of
sighting through the center of the injector and a backit pin precision mechanical engineering techniques to the design
hole in the exit end of the RFQ. The four EMQ's, the of this accelerator has proven to be effective.
debuncher cavity and their mounts were assembled and
pinned to the top plate of the support stand. Initially,
EMQ's 1 and 4 were positioned on their mounts so that all
adjustments were in mid-range. A precision fit pin having a
back-lit pin hole through its axis was inserted into the
centers of EMQ's I and 4. The line established by the pin

2949



The Findl Foci. Test Boom Laser Reference System*
V.E.Breasler, R.E.Ruland

Stanford Uticar Accelerato Center, Stanford University, Stanford, CA 94309 U.S.A.

AbstradA precision bWnge which enables the zone plate to
meurn to the same position with each actuation is

The original design for the SLAC linac Wiid only one zone plate may be lowered into
included an alignment reference system with 270 th light at one time.
diffiaction gratings situated along the 3000 mfter An inxesv CCD comers with an arry of
linac. These gratingp have provided SLAC with & size- 8x6mm is used. FFIh images are much
global reference line repeatablie to within 200 larger than this CCD army. Therefore the camera
micro meters. For the Fmal Focus Test Beam, thi must be moved many times in order to detec:t One
laser system has been extended and 13 new FFrB image[1J. The accuracy of the camera
diffraction gratings have been installed. positinig System is Approximately 10 micro
Improvements in the image detection system, in mete=s. However, PFTB images have high
the calibration of the targets and the availability of sensitivity, figure 2, and need only be detected to
new instrumeuts allows us to evaluate the within tent Or hundreds of micro meters in order to
performance of the lasr reference system at the 5. achieve alignment information at the zone plate
10 micro meter level. An explanation of the with precison of a few micro meters.

ft i~umm: Dkhn 6=r Zuts PkW
System and the results of our evaluation are Ml.Msqf fhedftpob

presented. u=.d*W

1. INTRODUCTION N
Components of the FFTB laser alignment

system are illustrated in figure 1. A 1 mW HeNe
laser provides images with peak intensity of Figre 2. Derfintion od sens"it.
approximately 1 luxi at the detector. (Note that all
FFTD zone plates are less than 150 m from the
laser). The divergent lens is chosen such that the 2. IMAGE MEASUREMENTIS
intensity of light at the edges of the zone plate is______________
about 75% of the intensity of light at the center of
the zone plate.
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Three days of data from the FFTB laser These imperfections are stable; cross sections
alignment system are show in figure 3. This data taken on different days contain the same
was produced by lowering a single zone plate and imperfections.
repeatedly measuring the image from this zone Looking at figure 4, one might wonder if the
plate. Motions indicated by the data are a computed center of such an image is a good
combination of motions of the zone plate, the measurement of the center of the "ideal" image.
camera and the laser. Motions of the camera and Figure 5 illustrates the image detection algorithm.
the laser may be eliminated when a set of three or By varying the Reference Level and
more different images are monitored. However remeasuring the center of the image, one may gain
that was not done in this case. The data from a sense of how well we are computing the center of
figure 3 is useful in order to evaluate the standard the ideal image.
deviation or quality of the measurements made by
the image detection system. The standard Th 0of ft

deviation of these measurements, computed in .,...... H

Figure 3 illustrates the repeatability of the '
measurement of zone plate images. However, this act 10 " cm"tmdate says nothing about the accuracy of these .......................

measurements. Notice that the standard deviation Figume 5 Ouikk paufiof ftimagedeleclimaoodftm
of the vertical measurements is less than the
standard deviation of the horizontal measurements. The data from fi re 6 is taken directly

Ile algorithm which is used to detect the center of from the database which is attached to the image
the image uses (1) the vertcal cross section of the detection program. This data consists of 12
image to ompustrte the v edefea b imietyrements of the center of the LSX7
center of the image and (2) the horizontal coss image at 4 different reference levels. X and Y are
section of the image to compute the horizontal the horizontal and veecal coordinate of the image
coordinate of the center oftha the standr in inches as eas n coordinate system of

the image detector. Etime is the time required for

T ~ ~ ~ ~ la fm7 he algorithmwhcisue to deetohncnerovfoetedaaa e w ich iseatcheds tonther imag
the imae uses(1) th vetcalcossscino h etcinporm hs aacnit f1

*ams Io Horizd th I determines the effective reference level.

Ofnmulaiion.
theb agr th To ovrein scds. i Cente Aj
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Therefore if the standard deviation of the The total range of all the Y (vertical)
computed vertical coordinate of the image is less measurements is 440tim and 840tam for the X
than the standard deviation of the computed (horizontal) measurements. Translating these
horizontal coordinate of the image, we would measurements into distance at the zone plate we
expect that the vertical cross section of the image have: Vertical Range: 5 .6 pm Horizontal Range:
would be of better quality than the horizontal cross
section of the image. Figure 4 illustrates that this 2.9cnc. As far as the image detection algosthm is
is indeed true. concerned, these images are quite symmetric.

The imperfection in the images shown in Therefore when we compute the center of the
figure 4 are caused primarily by stray light, "imperfect image, we are computing the position
reflected off the interior of the vacuum enclosure.

2951



of the center of the zone plate to within about 2) Hw" md ,Mgt*m m daote ot a , be Wukd

5Mm. SmiwImm umlhran for M. WT LXB .S 0.-N9 m. e.•424.S n%"N4} r-,ni zom pkb. the dmbbd mono - hs bemn

6. IMAGE SIMULATIONS ,dti rn o f ur mOuled heb haun bee onnuled.
Prior to the construction of the FFIB laser I & . i' .. ..j.:4

alignment system we investigated the feasibility of 10 :
a Fresnel zone plate laser alignment system with 5 uI"-

Saccuracy. Several of the questions on our V r . ,-,| I :- !-i-. ... .....!.-.-.÷. .. . ...- -- ..-•....--. ... ...i-. ...... .-- -i .
mind were:(01) Howpreciselymust the slots of a:I i ......H '"i'"÷ . ........... r'i"'. ".. '' . ..""-.'.". '
zone plate be fabricated? (Q2) How large must a '•4............4

zone plate be? (03) Does the angle of the zone S"" ulo, ... : ...... 20 .
plate with respect to the incident light wave A("' v
matter? (04) What happens when light from the
laser is not symmetrically distributed across the Dow doan&ofthme fthree spectto

surface of the zone plate? the Wh w n~W?

In order to answer these questions we n IVwoUtthwmh the nma tlrncs
conducted one and two dimensional simulations ncident

which assumed (1) Light incident on the zone plate Z that U 0 ang 0 doe noflot wpiInrI

has a gaussian intensity profile and has spherical / e~eoHe lige pvowedbt mlopble for v, du of 0 kNthne Nvw ml
phase, originating at the laser. (2) The zone plate is derees.
located at distance R from the laser. (3) Tne zone
plate may move horizontally or vertically with "W~t nmto •iet W
respect to the laser line. (4) The zone plate may aphwW vin.

pitch or yaw with respect to the laser line. (5) The (04) h w ft rom the Iner is not
camera is located distance S from the zone plate. s dntft*W acroaa te .awfe of lve zone ph•e?

Available space does not permit a description Guamalm

of the simulation algorithm, therefore we will • • k
simply present results. La, L mie

k*Molb ---- csotP10110 tan ofmte
(01) How srge must a zone piate be. cmdemd an acti amW

die zone 48 mm wide
By~W " .iiy me•, ww at %awie to qui nunaerof •at inm pW.

zone pOaf? TMM ie mi wImlat uMue slne a Ile Olto became
en.l nRW muke of l•si zone plaib boýWicN kAla ly diik lflusile a*l M I oiie
adW penwve. Te unuber aof Mo Mi e zonerm Ia ge by I i 5n Is 3. buy
onrer of Ihe zone pia, N. 0 MR 3.0 urn

10=~n 7.OUrn

M,,20 N, 10 bino you can noMat ON H Ms. t, CONCLUSION:

db• peN,,12 Fresnel zone plate alignment systens can: : don, giamly

m"uaim ft- provide alignment information with relative: : . ovoldlwiclor

I "m ....... ...... accuracy from zone plate to zone plate of 5 tAm

... .... without expensive image detection hardware and
•vdo.a o _N NT1 1with zone plates fabricated to 5 Pm tolerances.vilt• of N. j., ..

WM n .......+.......•. ..... FFTB Fresnel zone plate alignment images have

been shown to be, (1) Symmetric to within 5 pm
(2) Re-measurable to within 5 pun.
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Thermal Modeling of Cryogenic Accelerator Structures*

H. Muller, P. Smith, D. Walend, J. Kirchgessner
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853-5001

Abstract oriented input section prompts the user to describe the modeled
section in terms of the following parameters:

A software package has been created for examining the

thermal behavior of cryogenic partide accelerator structures. It e Geometry- rectangular or cylindrical
models the steady state heat flows in waveguides and beampipes • Size- length and aperture
while in operation, treating both diffuse and specular infrared * Temperature- endpoint tanperatures
reflection. The programs runs effectively on small computers, * End conditions- open, reflective, or black body
since only a few simple geometries are treated, and the output * Material- 304 SS, Cu, Al, or Nb
display options are limited. Overall accuracy for simple test • Pating- material and thickness
cases is on the order of a few percent, but on short structures * Surface finish- roughness
with very wide apertres the errors can be up to 10%. An * RF enviroument- frequency and power level
analysis of radiative heat load in the B-factory cavity is
presented, and thermal management strategies for the input Heat exchangers can also be specified for the section, in
waveguide are discussed. terms of tube size, shape, thickness, material, and gm flow

rate.
I. INTRODUCTON The material data necessary to perform radiative and

conductive heat transfer calculations are stored in a library
Early in the design of the B-factory test cryostat, it w which can be expanded to accommodate any additional materials

recognized that some features of the cavity would make the of interest. Most of these data are available from published
design of a low heat leak system a challenge. Specifically, the literature, but some are not. For example, to accurately treat
relatively large beampipe (240 mm diameter) and input specular radiation, it is necessary to know both the diffuse
waveguide (100mm x 430 mm) could allow a significant reflectivity and specular reflectivity of the material concerned.
amount of infrared radiation into the cavity, and thus introduce The data is not available for niobium, the material used in
a large heat source into the helium coolant bath. Further superconducting cavities. This motivated a series of optical
thermal study was warranted, but no simple analytical tchnique measurements on unpolished niobium[l]. The results of this
could treat both specular and diffuse radiative heating, as well as study, which are incorporated in the material properties database
RF heating, wake field heating, and conduction. Sophisticated contained in ASTModeler, were that niobium has an emissivity
finite element codes, such as COSMOS/M 1 , were capable of of .05, and that it is constant for all wavelengths from 5 #im to
such analysis, but for this task, they would have required too 20 pm. In addition, the specular portion of reflected energy
large and investment of time and resources to be cost effective, varies smoothly from 85% at 5 pm to over 95% at 20 pm.
A software package was developed at Cornell to conduct
thermal modeling of accelerator structures. This package, called
ASTModeler, provides an inexpensive and useful tool for III. COMPUTATION TECHNIQUES
accelerator design.

The computational package has three main parts; a
II. PROGRAM DESCRIPTION conduction solver routine, a radiation solver routine, and an

additional routine which incorporates RF heating calculations
To make this software package easy to use, a number Of and heat exchanger cooling calculations.

compromises were incorporated into it from the beginning. The conduction routine is the starting point of the program.
First, only simple geometries can be accommodated, either Because of the simple geometry, the conduction problem
cylindrical or rectangular pipes. This avoids the problems of reduces to one dimensional formalism. This routine segments
specifying and meshing complex shapes, but still allows the the model structure and then applies a finite difference form of
treatment of many structures commonly found in particle Fourier's law to "iese segments. The net heat flow into each
accelerators. Because of this restriction on the model geometry, segment is calculated by summing the heat flows from the
it is also possible to limit the output to simple two adjacent segments, as well as an external heat flow determined
dimensional plots without any loss of information. A iCe by other routines. In the steady state, all segments but the end

ones should see no net heat flow. Each segment temperature is
perturbed to see whether this causes an improvement or

* Work supported by the NSF and the US-Japan collaboration deterioration in the segment heat balance. This effect is used to
1 COSMOSIM is a registered trademark of Structural Research estimate the temperature adjustment necessary to balance heat

0.7803-1203-1I930 3 ._00 1993 IEEE 2953



flow through the segment. The iterative adjustment process is cylindrical structure with the same thernal properties as the
stopped when total heat flow for all segments are balanced to cavity had to be specified. This was done by using a 2-D
some small fraction of the heat flow to an adjacent segment. Monte Carlo simulation of the behavior of infrared rays
This convergence criterion is adjustable, and is usually set to a propagating in the beampipe and cavity. Each ray was launched
fraction of a percent. With a convergence criterion of 0.1%, from one aperture with a direction determined by a Lambertian
this routine agrees with analytical results to within 2%. weighted random number generator. The ray then experienced

The radiation routine uses the segments defined in the either specular reflection or complete absorption at every
conduction routine to define a set of surfaces interacting boundary collision, with absorption probability equal to the
through radiation and absorption. These surfaces define a boundary emissivity. The simulation indicated that the cavity
greybody enclosure, with temperatures set by the results of the absorbed more infrared radiation than the beampipe, due to
conduction routine. As with the conduction problem, in steady multiple reflections from its concave surface. This absorption
state, the heat flow to and from any surface balance. The pattern could be simulated by a cylinder with a darkened region
problem can be expressed and solved in matrix form through (lower reflectivity) at the cavity location. The model shape,
the use of view factors, or geometrical factors quantifying the with an 85% reflectivity in the darkened region and 95%
degree to which radiation from one surface impinges on reflectivity elsewhere, was used in ASTModeter to make further
another. The calculations of these factors is difficult in the thermal calculations. These calculations indicated that the total
general case, especially when specular reflections are considered heat load due to radiation from 300K surfaces was 10.4 W, with
[2]. These calculations become merely tedious in the simple another 10.3 W due to conduction along the walls of the
geometries considered by ASTModeler, and they need only be beampipe. Since the black body radiation through both beam
performed once for each model. The most elaborate of these ports was calculated to be 40 W, it is dear that most radiation
calculations involves the interaction between the end plates of simply passed through the cavity without causing heating.
the model enclosure, and the truncation of this series creates the A similar analysis was conducted on the input waveguide
largest error in the radiation routine. For models in which this bringing RF power into the cavity. In this case, since the
end to end interaction is large, as for a short, large aperture rectangular waveguide was terminated by a coupler at the cavity
beampipe, the disagreement between calculations and analytical end, much of the IR radiation was absorbed in regions cooled
results[3] can approach 10%. by liquid helium. For mechanical reasons, it was necessary to

The last routine contains the formulas necessary to calculate have two 90 degree E-bends in the waveguide, so it was decided
RF heating in model structures, as well as a heat exchanger to cool the bend most distant from the cavity to low
modeler. The RF heating formulas[4] incorporate the effects of temperatures with liquid nitrogen. This avoided a line of sight
anomalous skin depth in conductors[51 and of BCS surface path from room temperature structures to cryogenic ones, but
impedance in superconductors[6]. The heat exchanger routine ray tracing simulations indicated that nearly 15 W of radiant
determines the heat conducted from each segment to the gas energy would be delivered by reflections off the waveguide
passing through the cooling tube attached to that segment. A walls. In fact, the waveguide made an effective light pipe for
boundary layer thermal resistance is calculated from fluid infrared -*diation, due to the high reflectivity of niobium.
Reynolds number, and the series combination of that and wall This effect was controlled by putting small steps inside the
thermal resistance determines the effective resistance from waveguide elbow. In both simulations and optical experiments
segment to cooling gas. on scale models, nearly 90% of incoming radiation was

The three main routines are executed in series, with the reflected back to its source, while in ungrooved elbows, less
conduction routine determining a trial solution for segment than 3% was returned.
temperatures. Those temperatures are used by the radiation Analysis of this revised waveguide design indicated that
routine to determine radiative heat fluxes for each segment, and 17.2 W would still be conducted into the helium coolant, and
by the third routine to calculate any heat flows in, from RF that as much as 12 W of this was from RF heating of the
heating, or out, from heat exchanger cooling. The calculated waveguide section between the cooled (80K) elbow. This,
external heat flows are then returned to the conduction routine, when added to the heat loads already calculated for the
and temperatures are altered until the heat flows are again beampipe, was more than allowed by the refrigeration budget.
balanced. The process is iterated until adjustments become Thus, it was decided to incorporate a helium gas heat exchanger
negligible, on the waveguide section between the two E-bends. The

optimization procedure required a large number of calculations
involving various cooling tube geometries, sizes, and flow

IV. DESIGN EXAMPLES rates. Semi-circular channels were selected over simple tubes
because they exhibited much better heat transfer properties.

One of the first problems examined with this package was Rectangular channels were as good as semi-circular ones from a
the heat load presented by the B-factory beampipe. Since the heat transfer standpoint, but they were rejected because of
cavity connected to that beampipe was not cylindrical, a assembly difficulties. Studies of cooling as a function of gas
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flow raw incdicated that the optimum flow was about 50 mg/s
of huinum vapor. At this flow rate, tol comduction doig the
wavoguide was 3.9 W. = acceptable figure. Additiound flow
did provide mn cooling. but the nmqind improvement did
not compaumat for the rdiquificatiou cost of the warmed
heliumn.
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Cryogenics for the LEP200 Superconducting Cavities at CERN

D.Gfisewell, M.Barnnco-Luque, S.Claudet, W.K.Erdt, P.Frandsen, Pb.Gayet, J.Schnnid, N.Solheim, Ch.Titcomb, G.Winler
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Abstract The cryogenic system of the LEP200 cavities was designed to
The cryogenics for the LEP200 Project cover the cooling cover the thermal load estimates given in Table 1.

requirements of up to 64 modules containing each four
superconducting (SC) cavities at 352 MHz RF. This includes Table 1
bath cooling for the cavities themselves by liquid helium Refrigeration load design figures per 4-cavity module
boiling at 4.5 K, and use of cold helium gas for intercepting
heat from accessories. Helium refrigeration is provided by Static losses <90W
separate powerful cryoplants at each of the four interaction Share of distribution losses < 60 W
points of LEP with 12 kW equivalent refrigeration at 4.5 K Refrigeration equivalent of gas cooling 100 W
and cryogenic distribution lines of up to 810 m length, and by (Conversion 125 W per I g/s)
two 6 kW plants for the new test center SM18 where the RF losses at standard RF conditions 200 W
acceptance tests of both SC cavities and magnets are carried (Ref.field of 5 MV/m with Q- 3.109)
out. Most of the hardware is installed, commissioning of the Spare capacity to cover higher field
systems in LEP is progressing and experience in testing the values or reduced surface quality >300 W
new cavities from industry is accumulating. First conclusions
and performance results are reported, and problems listed which TOTAL 750 W
require further work.

I. INTRODUCTION III. BASIC FEATURES OF THE CRYOGENIC
SYSTEM

The LEP200 Project was started at CERN in 1989. By 1995
192 SC cavities should he operational in LEP to boost the The cryogenic system for the LEP200 Project was mainly
e+/e- energy above the W* threshold. The status of the Project designed to cover the LHe bath cooling requirements of up to
is summarized elsewhere at PAC93 [11, and recent results from 4 x 64 RF cavities, made either from ntisobm (Nb) sheet or
cavity testing are presented [2]. This paper gives an updated Nb sputtered on copper, but it included already all features to
status of the cryogenics for this collider cavity program; a make its main components also suitable for a future proton-
more detailed description was given at ICEC14 [3]. proton collider (LHC) in the LEP tunnel.

Special solutions had to be adopted to integrate this new large-
scale cryogenics into the existing LEP environment without A major constraint was to avoid new underground civil
requiring additional underground civil engineering. The engineering work in LEP, but to integrate the cavity
LEP200 systems will increase the helium cooling power at cryogenics into the existing shaft and tunnel infrastrctnre of
CERN almost by an order of magnitude and use about 23% of LEP. To allow contract splitting after competitive tendering in
the 300 MCHF LEP200 Project funds. Compatibility with CERN member countries and to keep the new systems
the operation techniques developed for the numerous smaller compatible with the operation practice for the existing
refrigerator plants running since years at CERN and cont refrigerators, CERN orderdn control hardware and softwase
splitting to avoid dependence on a single vendor were other separately (ABB, CH/S). An energy saving design wasmanagement targets which determined basic technical choices, encouraged by a bonus/malus system including electricity cost

over 10 years of running. This led to proposals using 6-8
turbines at different temperature levels between 200 and 4.5 K.

II. COOLING REQUIREMENTS OF THE LEP200
CAVITIES Due to the depth (50 - 150 m) of the LEP machine tunnel and

the need to operate the cavity bath at constant pressure slightly
For the energy upgrade of LEP to approach 90 GeV, initially above atmospheric, LHe production at ground level and the
forty-eight 4-cavity modules will be installed in the straight associate static head effects of cold helium had to be excluded.
sections of LEP, four on cach side of points 2 and 6, and eight
on each side of points 4 and 8 [1]. At a later stage, points 2 As a first step, for the prototype cavity string at LEP point 2
and 6 may also be brought to 8 + 8 modules. and the reception test hall SM18, two very compact 6 kW

refrigerators were ordered in May 1990, one each from
The LEP200 cavities are cooled by a bath of boiling liquid SULZER (CH, now LINDE) and L'AIR LIQUIDE (F). This
helium (LHe), operated slightly below 1.3 bar or 4.5 K. A few was following the concept of an 'horizontal split' with
percent (0.2 g/s per cavity) of the evaporated helium is used installation of compact cold boxes in both service tunnels
for intercepting heat conducted along RF couplers, the beam close to the cavity strings.
pipe transition to room temperature and the nickel bars used
for frequency tuning, before returning at ambient temperature In 1990 the basic concept was change: "ter match LHC
to the refrigerator, requirements and to overcome the 2 x dimitation given

by the space in the service tunnels. A .•.•vel concept of a
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'vertical split' of the cold boxes near the access shaft was All components below 20 K were grouped into T-shaped
adopted, with a potential of later reaching at least 18 kW of "Lower Cold Boxes" (LCB) for which a position could be
cooling power at 4.5 K. found, amidst cable trays and ventilaion ducts (Figure 2), in

the steel structure at the lower end of the access shaft (typical
Four such 12/18 kW cryoplants were ordered in December weight 15 t. including 3 turbines).
1990, two each from SULZER/IUNDE and L'AIR LIQUIDE,
including screw compressors for all LEP200 cryoplants from The Upper and the Lower cold boxes had to be interconnected
the same manufacturer STAL (SE). by vacuum-insulated transfer lines. The 20 K separation level

turned out to be particularly convenient: at this temperature
The screw compressors and their gas purification system are beat insulation is not very critical and gas density is low
installed in separate sound-proofed buildings near the LEP enough not to give static head problems and not to require big
access shafts. Each compressor set consists of 2-4 low pipe diameters; only four respectively five interconnecting cold
pressure (LP) and 1-2 high pressure (HP) units, with variable pipes were considered necessary: the two main HP and LP
flow in the 30-100% range and a recovery mode using only pipes, two screen gas pipes, and, in the solution adopted by
one unit to limit electric power requirements. All cryogenic L'AIR LIQUIDE, one bypass for specific cooldown modes.
components working above about 20 K were grouped into an
"Upper Cold Box" (UCB), which could be integrated into the Each cavity bath requiring about 200 1 of LHe, a total of
existing surface buildings covering the access shaft (Figure 1). 16000 1 of LHe or 12000 Nm3 of helium gas must be

available at each LEP point with SC cavities. For ease of
operation during shutdown periods, it was decided to rely on
gas rather than liquid storage. Fifty vertical steel vessels were
ordered (75 m3 , 20 bar), mostly from RUZCHIMMASH
(Russia) as a result of agreements between CERN and Russia.

The cold helium distribution is done by a pair of separate
transfer lines, one for LHe supply (65 mm inner bore and
25 bar design pressure for LHC service) and a second for the
cold gas return (100 mnm bore, 16 bar). Both contain also a 22
-mm bore screen cooling pipe with helium gas circulating in

the 50-75 K range, cooling a 'soft' radiation screen which is
., -made by wrapping of aluminium strips between inner and

- outer layers of superinsulation and clamping the strips on the
screen pipe at regular intervals.

Figure 1 The transfer line pairs for LEP points 2 and 6 with initially
Integration of Upper Cold Box at top of LEP shaft 32 cavities each (2 x 275 m length) were ordered from L'AIR

LIQUIDE. The lines for LEP point 8 (2 x 405 m length) were
Although the space limitations in the surface building were ordered from the Russian firm CRYOGENMASH.
not as stringent as for the compact 6 kW cold box installed in
the tunnel, the UCB had to be of hoi izontal construction too, IV STATUS OF INSTALLATION AND
and use horizontal heat exchangers, but its dimensions were COMMISSIONING
not critical (typical weight 50 t, inclhding 4 turbines). A. Cr, ,,o

Of the tm,., o kW plants, only the 7 turbine SULZER/LINDE
plant was finally installed underground at LEP point 2, to cool
the first cavity modules in LEP before the 12 kW plant will
there be available. The 6 kW plant of L'AIR LIQUIDE
(3/4 turbines) was installed in the SM18 test hall. Both plants
were commissioned in spring 1992 and have since been
running most of the time [5]. The SULZERILNDE plant has
a power factor' of about 240 W/W, and the L'AIR LIQUIDE
plant achieved 290 W/W with only 3 turbines. Reports on
both plants will be given at the forthcoming CEC93 [6].

Two of the four 12 kW plants are presently in the process of
commissioning, the two others are being installed. The
LINDE 12 kW plant at point 6 was first priority for CERN
and came already, during tests. in April 1993 close to the

Figure 2
Integration of Lower Cold Box at bottom of LP 'expressed as ratio of total electric input to equivalent cooling

power at 4.5 K
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design perform= aid a record power factor of 220 W/W, as V. CONCLUSIONS AND OUTLOOK
shown in Table 2.

The cryogenics for the LEP200 cavities had to be designed,
Table 2 Results of first reception tests of 12 kW cryoplait ordered and built on a very short time scale. Competent

supplied by LINDE [4] suppliers could be found, and thanks to their effort and their
willingness to accept the particular installation constraints in

Suction pressure of compressor set [bar] 1.01 LEP, almost all required hardware has been installed in time
Delivery pessure, compressor set [bar] 19.8 and will be completed in early 1994.
He mas flow [g/s] with suction gas at 295 K 712
Electrical input [kW] 2600 The slower initial pace of cavity module installation in the
Cooling peffWmmAMce as specifi& LEP tunnel is now giving the opportunity of doing a
Refigeration at 4.5 K [kW] 10 systematic running-in of the new 12 kW cryoplants and of
Cold gas returned warm (liquefaction lad') [g/s] 13 developing fully satisfactory procedures and software for
Screen cooling power at <75 K [kW] 6.7 automatic operation fron a remote control room. This control

room is unattended outside normal working hours, but
operators can be called in by an automatic paging system

B. Cold Distribution Systems triggered by luam signals from the plants.
Traner line systems for 32 cavities at each of the LEP points
2 mid 6 have been installed by LAIR LIQUIDE, partly in the A particular concern is the capability of a fast restart of the
machine and patly in service unmels, totalling 275 m for LHe cryoplants after accidental stops (in most cases due to a failure
and 275 m for cold gas return at each point. Average losses to of services [5]), to avoid downtime multiplication for LEP by
the 4.5 K pipes were measured, using helium gas circulation quickly stopping the LHe evaporation to achieve a fast
at 10-20 K to 0.9-1.0 Wir, including 2 x 8 unshielded refilling of the cavities baths. A study [7] is under way to find
flexible connections of 3.5 m length and cryogenic control a satisfactory solution for the 'AT problem of the biggest heat
valves on the manifolds. exchanger in the cryoplants where conservative temperame

rules of the manufacturers prevent a quick restart, once cold
At LEP point 8, the 810 m of double transfer lines were built helium evaporated from the liquid in the cold box and around
and installed by CRYOGENMASH. Good quality and the cavities has lowered the warm end temperatmr An external
installation speed were achieved and an identical system is now bypass for the cold gas is installed, and at restart early
ordered for LEP point 4. Frst results with the recently started reliquefaction amd a modulated increase of high-pressure flow
12 kW plant from L'AIR LIQUIDE gave about 0.9 W/m, here will be used to save LEP time without reaching dangerous
including losses in 2 x 16 unshielded flexible connections to stress levels in the heat exchangers.
the cavity modules and their cryogenic valves.

Another line of action is the development of systematic
C Experience with cavity cooling circuits preventive maintenance and failure analysis for the new plants
During the acceptance tests of cavities and assembled modules, to rapidly achieve the low failure rate known from smaller
the layout of the cryogenic piping and the cooling passages on refrigerators [5].
accessories inside the cavity modules [31 have been submitted
to extensive tests. This design had to take into account severe
space constraints due to the planned arrangement of LHC VI. REFERENCES
magnets on top of the LEP ring and the slope of the LEP
tumel reaching 1.4%. There was in particular no room for a [1] C.Wyss, "Progress of the LEP Energy Upgrade Project",
satisfactory LHe buffer and phase separation volume above the these poceedigs
cavity bath. [2] C.Benvenuti et al., "Superconducting Cavities for the

LEP200 Enery Upgrade", these proceedings
The module cryogenics worked in general up to expectations. [3] M.Barranco-Luque et al., "Status of Cryogenics for the
A few corrections had to be made to cope with the presence of LEP200 Energy Upgrade Project at CERN", Cryogenics,
helium vapour and partial phase separation in the 10 m long Vol.32, ICEC Supplement, 151 (1992)
liquid! manifold underneath the cavities; this is due to the heat [41 B.Chromec et al., "A Highly Efficient 12 kW Helium
input in the transfer line system and can reach 50% volume Refrigerator for the LEP200 Project at CERN",
fraction. A continuing concern is the limited cooling capacity Proceedings of IISSC, San Francisco, May 1993
available for the inner conductor of the Higher Order Mode [5] D.Delikanis et al., "Long-term Experience with Cryoplant
(HOM) coupler, where RF losses in normal operation are in Operation for Superconducting Magnets and RF Cavities
the mW range but may reach several Watts during at CERN", tesem proceedings
conditioning. Active cooling of the cables extracting the HOM [6] CEC93 (Cryogenic Engineering Conference and
power and of the beam pipe transition cones may have to be International Cryogenic Materials Conference),
added to haidle the losses expected when LEP will reach total Albuquerque, July 12-16,1993
beam current of 8 mA or more. [7] G.Owren, "Rapid Temperature Change for Plate-Fin Heat

Exchangers", CERN/AT-CR internal report
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Mehauremnmts of the Ground MotionVibratlon at the SSC

V. V. Parkhomchak,* V. D. Siltsev, H. J. Weaver
Sup ,,nducti Super Co,• .Abomt.ry

2550 Beckleymade Ave., Dallas, "IX 75237-3946

Abstract Physics. Again, two such probes were used in the study and
The results of seismic ground measurements at the both had a nominal sensitivity of 0.5 Volt/n/sec2 in the

Sup onduting Super Colider (SSC) Accelerator Systems vertical direction. The dynamic range of these probes (ove
String Tst (ASS-) sirt are prseonted Spectral analysis of the the frequency bandl0-2000 Hz) is 100 dD relative to the
data obtained in a lar frequency band from 0.05 Hz to 2000 acceleation of gravity Signals from all probes were digitized
Hz was perornmed. simultaneously by CAMAC 10-bit ADCs (with a variable

sampling fequency up to 32 kHz) and then sent to CAMAC
I. INTRODUCTION 256 K memory for storing. The maximum memory available

Vibration effects on collider performance have been for one channel was 64 K 24-bit words. ITis corresponds to

theoretically studed in several works [1,23,4]. Depeaing on 17.8 hours of permanent measurement time with a sampling

the frequency of the noise, one can distinguish two 'rate Hz or about 1 minute with 1 kHz. For long

mechanisms of beam perturbation. At low frequencies (much a low pass filter at either 2 Hz or 20 Hz was

less than revolution frequency), the noise produces a distortion used for fast analyses 2000 Hz and 10 000 Hz band filters

of the closed orbit of the beam. The acceptable level of Wase applfedm
The data• was .l 'atfer x rmte AA

uncorrated low frequency motion of any single SSC to IBM Pwa386 for subsequent processing in both the tine

quadrupole is about 0.1-0.3 micrometers [2]. Narrow band and frequency domains. The aalysis basicaly consisted of 1 )

high frequency noise centered near a fractional part of the

betatron frequency causes direct emittance growth. convert the raw data signals from voltage to vibration

Depending upon the final value of the fractal part of the tune amplitudes in microns, 2) compute the discrete Fourier

of the SSC (0.2-0.4) this band center will be located in a transform of the convered signals, 3) calculate the power

frequency rnge between 700-1200 Hz). For example, lu spectral demity (PSD) of the signals,. and 4) calcula the

frequency turn-to-turn jitter of every quad with an amplitude spectral correlation between all signal pairs, etc.. In

about 10-4 micrometer will cause emitaece doubling after performing the spectral analysis 64 averages were used to

only 20 hours, se Reference [4]. Experimental investigation reduce the signal noise and statistical errors in the data. The

of underground vibrations at the SSC site at frequencies 1-200 spectral correlation of two signals x(t) and y(t) is defined as

Hz was performed by The Berth Technology Corporation < X(w) Y(w) >
(Long Beach, CA.)in 1989 [5]. At the time of that study the K(w)=
main concern was with the low frequency closed orbit (< IX(Wj 2 1y(Wj 2>)1/2

distortion. Since that time, however, there has been a growing
interest in the higher frequency emittance growth issue. This where X(w) and Y(w) denote the Fourier transforms of x(t) and
paper present results of recently conducted seismic ground y(t) respectively. The brackets in the above expression denote
motion measurements at the ASST (located at the N-15 SSC the averaging process over the 64 measurements.
site) in the frequency range from 0.05-2000 Hz.

II. EXPERIMENTAL ITI. RESULTS
The PSD of the ground motion at the SSC site in quiet

Two types of seismic probes were used in the study. The conditions is shown in Figure I (lower curve). This type of
first was a commercially available model SM-3KV velocity data was collected on the slab of the ASST building during the
meter which was modified to accommodate a frequency range evenings and over weekends when the construction and
from 0.05-150 Hz. Two of these probes were used in the installation activity were at a minimum. In this figure we see
study and both have a nominal sensitivity of 8 x 104 the microseismic peak located at 0.1-0.2 Hz which is the so-
Volt/m/sec and were calibrated for use in the vertical called "seven second hum." We note that the actual location
direction. The second type of probe was a model TA-2 of this peak is not necessarily equal to 0.143 Hz (l/sec) but
accelerator produced by the Moscow Institute of Earth instead may vary from 0.07 to 0.25 Hz. It may also consist of

multiple peaks [6]. The origin of the "seven second hum" is
normally associated with ocean waves of the nearest seas (in

Guest aclestist from Buker Institute of Nuclear Physics 630090, the case of the SSC - the Gulf of Mexico and the Atlantic
Novosibirsk, Russia. Ocean). Consequently, one would expect the amplitude of

t Operued by the Universities Research Asociaim, Inc.. this peak to change significantly with time and weather
for the U.S. Deprmmer of EnmV under CotractaNo. D e.AC35-tM to40486. conditions. This fact has been verified by filtering all
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iquecy components above 1.0 Hz from do signal and the,, SSC site measurements
calculating the rms value of the resulting ground moton 'Noisy' conditions
sina. This operation was performed on recorded data lo, Quiet' conditions
spanning a three-week observation period from March 2 N 10o
to March 20, 1993. The result of this analysis is shown in lo'
Figure 2. As can be sen, the amplitude of the m ground (N,10 o"t"10 • bo-bo sprto
motion varies by an order of magnitude from 0.2 to 2.0 1 beaI,-bea separation
microns. Te behaviorof this valueis wea coaelaed with the c: 0.1 sigma (I.P.)

weather conditions in Florida and over the Atlantic Ocean at L 10 .
the time. Also, sharp peaks on March 5 coincided with small .- 10-3
earthquakes. During these earthquakes the amplitude of the F 10-'

10 -"
seismic motion at a frequency of approximately 0.05Hz lo -e

(below the 7 second hum peak) was about 100 microns. The F o10-'
motion from each quake lmed for about an hour Lo 1

-4- 10-1A second probe was located on the coldmass of a dipole 01o0

magnet which was resting alone on the support stand at room (Dl 10 %
temperature waiting to be installed in the ASST string. The () io -'I
data taken using this probe was during the day under "noisy" 10-"i

o14~conditos. The resulting PSD function is shown as the upper 10-1-
plot in Figure 1. The dashed line of Figure I represents an 0.01 o. 1 10 100 1000
acceptable level for the 0.1 of beam size beam-beam Frequency, Hz
separation at the interaction point of the SSC due to closed Figure 1. Measured spectra of the ground motion in noisy
orbit distortions caused by quadrupole motion and emittance and quiet condi ftons.
growth limitation according to Reference [4). As can be seen
from the figure, the vibrational motion at all frequencies MDL, ASST, 02-20 of March 1993
increased. Also. resonant frequencies of the coldmass above
10 Hz become evident. This exercise serves to point out that R.M.S. in band 0.1-1 Hz

such resonances must be taken into account when calculating
vibrational motion limits for the Colider components. It must
be carefully noted that the measurements presented here are
for a dipole magnet and the vibrational studies noted in the of)
introduction apply to quadrupole magnets. Preliminary U
analytical studies indicate that there are no quadrupole
coldmasm resonant frequencies located within the frequency
range of 700-1200 Hz where the emittance growth problem
manifests itself. These analytical predictions will soon be
examined and evaluated by experimental measurements taken
on a quadrupole magnet. Both PSD functions shown in Figure "I indicate significantly high ground motions below 0.1 Hz. 0

However, the corresponding ground wavelength at these "z
frequencies is on the order of 25 Kilometers which does not
present a serious danger to the operation of the machine. -o

Figure 3 presents real (solid curve) and imaginary (dashed "
curve) parts of the spectral correlation between two
SM-3 KV probes placed a distance of 130 meters apart. As 1O'0'• ' 45'A b'-1'1"""'"'"""'"1""
can be seen from this figure there is solid positive correlation 3 4 i n March
in a band around the seven second hum frequency. There is Time, day in March
also some corretion (0.5) at frequencies between 1.0-2.0 Hz. Figure 2. Three week observation of low frequency ground
However, no other significant correlation was observed over motion.

*he remaining portion of the spectrum. The decreasing of
arrelation below 0.1 Hz leads to the need for the underground

experiments at the tunnel for careful estimation of the
influence of this part of the spectrum on the closed orbit
distortion.
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Seismic ground measurements at the SSC site (ASST Part. Accel. Conf., San Francisco, USA, p. 3273, May
building) were caried out during March 1993. The equipment 1991.
used allowed us to obtain data in a very large frequency band
from 0.05 Hz to 2000 Hz.

It was found that at high frequencies (above 10 Hz) the
main source of vibration is human activity. Analysis shows
that under very quiet conditions, ground motion vibrations at
high frequency are not dangerous for the SSC transverse
emittance growth. Nevertheless, measurements made under
noisy conditions show that resonant frequencies of the
quadrupole magnet and support stand, if not properly
engineered, could lead to fast emittance growth. The
measurements in this paper were performed on the surface at
the ASST facility and as a result were quite sensitive to
various cultural noise. The next set of measurements will be
made underground at the bottom of the exploratory shaft and
the sensitivity of ground motion to surface activity examined.
It is also planned to experimentally measure the resonant
frequencies of the quadrupole magnets to verify the analytical
predictions that they are outside of the fast emittance growth
danger region.

The authors are grateful to Mike Hentges for his assistance
with the measurement preparations.

2961



Performance of Phttocathode RF Gun Electron Accelerators*

I. Bea-Zvi
National Synchrotron light Sore, BNL Upton NY 11973 USA

Absuc high yield of electronspsl e b photo emission, a very
In Poo-Iiijectors (PI) electm guns. electrons are emitted large current density, _ 104 to k5 A/cM2, is possible. This
f9uk a photocathode by a short lar pulse and tMen current density is much large than that possibe by
accelewad by intense RF fields in a resonant cavity. The begt thenimio emission (about 10 A/cm2 ). The normlize
known advtape of this technique is the high peak currew thermal ms brightness Bn, (for a cathode effective
with a good e4dd (high bghte). Th is importnt for Wtemp T) is Protiona to the current density:
short wavlength Free-Electron Lamer and lhnea colliders. ,2~k )
pis am in operation in many electron accelerator facsiti Bs 21 62 = (2 W)-'.
and a large number of new gns are under construction. Therefor a P1 can deliver a very larg brightness. The x-
Soe specialized applications have emerged, prviding, for Thereor e a era/vra rge bese x-

example, very high pulse charges PI have been operated over - orized ms emittanc is defined here as

a wide range of frequencies, from 144 to 3000 Mffz (a 17 r ~ - / 21/2
M gun is being deveoped). An exciting new possibiuty is e,. a (X2 )x(P" • mc)') - (AP/e MC)

the development of MsMupecductng Pls. A significant body The rapid acceleration also serves to reduce the
of experimet and theoretical work exists by now,
indicating the criticality of the accelerator elements that a e-chnindccedlenittance growth. It aso makestheP
follow the gun for the preservation of the Prs pefomance as a veCy compact accelerator. For example, the 3 1/2 cell 5-
well as possible avenues of improvements in brightness. band gun designed by a Grumman-BNL collaboration

Considerable research is being done on the l and provides 10 MeV electrons in a 20 cm long structure [5l.

photocathode material of the PI, and improvement is expected The mode-locked lasers that drive the Pls provide
in this area. interesting possibilities. The pulses can be made extremely

short (to sub picosecond) and intense (tens of nC at a few ps).
The spatial and temporal laser power distributions can be

INTRODUCTION tailored to arbitrary profiles. Particular profiles can lead to
Since the introduction of Photo-Injectors (Pis) [11 the reduction of the emiuance of the PI [61. The pulse format

about eight years ago, this new field has experienced an is very flexible and pulse trains of arbitrary length and
exponential growth. It is easy to understand the trend since spacing can be generated.
there is a continuing demand for improved injectors for
electron macs. Free-Electron Lasers (FELs) require high THE LASER PHOTOCATHODE RF GUN
brightness. Linear colliders also require high-charge, low
emittance, short pulse bunch trains, either for the accelerated A 1 1/2 cell PI is shown in Fig. 1. This 'BNL Gun'
beam or for the generation of rf power. With the rapid growth design [7,8] and somewhat modified versions are in operation
in the number of projects, the experimental and theoretical at numerous laboratories around the world. It uses a metal
results and the diversity of applications, there has been a photocathode that forms part of the wall of the 1/2 cell.
continued improvement in the performance of these devices. Cathodes can be changed by using the 'choke joint' access
Furthermore, this performanc has a considerable influence port. The rf gun is a resonant x-mode 1V cell cavity
of the trends in related areas. For example, due to the operating at 2856 MHz. The 78.75 m- long cavity is 83.08
availability of high-brightness Ph, there is a significant mm inner diameter and its beam aperture diameter is 20 mm.
progress in the design of Fourth-Generation Light Sources It has a Q of 11900 and a shunt impedance of 57 Mfl/m,
boend on linacs [2). A number of good recent reviews of which corresponds to a beam energy of 4.65 MeV at a struc-
microwave guns are available [3,41 tuJe peak power of 6.1 MW. At this power, the peak surface

The basic principl of the PI is simple: short bunches electric field is 119 MV/m and the cathode field is 100
of electrons are generated by laser pulses incident on a MVin. These operating conditions can be achieved after a
photocathode located inside an rf accelerating structure. The few days of careful rf conditioning. The rf field contribution
structure is operated at a high accelerating field to make the to the emittance is minimized in two ways. The first of these
electron bunch relativistic in a short distance. Thanks to the uses a choice of an optimal phase of the laser pulses relative
combination of the high surface field on the cathode and the to the rf wave for minimum emittance at the gun output. The

other involves providing a nearly linear dependence of the

* Work supported by the US Department of Energy under transverse fields on beam radius by a suitable cell design. To
contract No. DE-AC02-76CH00016. reduce the non-linear field components, the aperture can be
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shaped to approximate the idualized prescription [t8 near the The lase plays a significant role in the performance
aperture: of the PI. High power, short pulse lasers are complicated

systems and require considerable attention. Fortunately the

r=[a'-(4d/;)2log(sin 2d) wher a is t state.0fhe-rt of las has been advancing my rapidly
L Diode pumped Nd:YLF or Nd:YAG lasers provide short

aperture radius and d is the length of the cell. We have pulses with a considerable power at costs of about S200k. CW
verified that this prescription does indeed significantly reduce pumped Nd:YLF amplifiers can provide 2 to 4 mJ/pulse in
the non-linear transverse fields [t1 but not the (space-charge the IR and better than 0.4 mJ/pulse quadrupled (oh about 2

ps) at repetition rates of multi kHz. Other laser systems are
aser In based on a Ti:sapphire oscillator followed by various

(alternate port) amplifiers, such as Ti:sappir, alexandrite or excimer.
While these systems are generally more expensive, they

s U provide several advantages such as higher repetition rates and
u= ==•B a-• m the possibility of shaping the temporal intensity of the laser.
IOU An important issue is the phase lock stability

Electrons between the laser and the rf system of the gun (and linac).
_=out Sub picosecond phase lock systems are availableS..... .. ...............'•-- commercially for Nd:YAG and Nd:YLF lasers. Recently there

Laser In have been reports of similar or better performance in
(normal Inc. Ti:sapphire lasers. A technique of direct phase measurement

of the rf to laser radiation is being tested [131. This method
V, T= may solve the problem of long-term phase drift due to

Fig. 1. Cross section of a 2.856 GHz, 1 1/2 cell PI. temperature or barometric pressure changes.

dominated) emittance. With the advent of emittance THEORETICAL FRAMEWORK
correction schemes this prescription may become more An analytical model developed by K-J. Kim [14]
important provides scaling laws that provide insight into the

relationship of some of the design parameters of Pls. Using

THE PHOTOCATHODE AND LASER practical units, we have:

These subjects are fundamental to the performance e, • 3.8 103q(2o. + ab)-'(EoSino)-'
of the P1, however they are too vast to be covered here. The
ideal photocathode material would have high emission ef w2.7 1i0-Eof2o2oy
efficiency (for drive laser cost containment) and high where the normalized rms emittance contribution due to rf
ruggedness. A study of various materials [91 for the photoca- where the n d rms emto ace c oriuo e tm
thode has shown that certain metals have a good combination fields inxm and that due to space charge forces elc are
of quantum efficiency, high damage thresholds, and go expressed in ic mm nirad, E0 is the cathode peak electric field
mechanical and chemical stability. Copper and yttrium metal in MV/n, f is the gun frequency in Giz, q is the charge in
cathodes proved particularly robust. Yttrium has a work nC, related to the peak current by I=q/(2z) 5o.,, where ab is
function of about 3.1 eV and a quantum efficiency (QE) of up the rms bunch length in ps and ax is the rms transverse size
to 10-3 at 266 nm. Coppers work function is 4.3 eV and it in umm. *0 is the lauich phase, typically 500 to 600.
has a QE of up to 104. Semiconductor cathodes such as For a given cathode electric field, charge and beam
Cs3Sb or CsK2Sb offers a much higher QE, up to several size, the emittance is optimized by:
percent at 532 nrn (101, but require a much better vacuum
and have short lifetimes, a few days at best. Other researchers fp4 = 1.2 x 4(o'b axoSin o)- 2 + q0+2a. 1"/ 2,
[11) work on the improvement of the QE of rugged materials and then the optimized total emittance (neglecting
such as LaB6, achieving QE of up to 7 10-4 at 355 nm. The correlations as well as thermal emittance) is:
laser power required to drive the P1 increases as the QE
becomes lower, but also as the wavelength used is shorter e. ,,+61f' % 5.4xl03q(EoSinoo) (ab+2a.)'
due to the inefficiency of frequency multiplication (--0.5, Z Since the minimum emittance is proportional to the
0.3 to ;0.2 for 2,3 and 4th harmonics of the ~Itm charge q (and thus to the peak current), the highest
respectively in routine operation). It is reasonable to expect brightness is not necessadily associated with the highest
that new materials will emerge with significantly higher charge. Since we have left out the thermal emittance in these
quantum efficiencies as well as ruggedness. Furthermore, an expressions, one should not conclude that the brightness is
increase of the efficiency by a factor of 3 has been observed in maximized for a vanishingly small charge.
a PI using an illumination angle of 700 [121.
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The minimum emittance (using the given optimized cylindrical cavity mode and allowing the cavity to rng while
frequency) is inversely proportional to the electric field. Thus numerically damping out higher order modes. The fields are
clearly for a given set of beam parameters (charge, bunch then stored and used for later runs with particles. The
size), we would like to apply the highest possible electric damping of higher order modes is turned off for the particle
field. As we increase the field (ceteris paribus) the optimal runs.
frequency is lowered. However, for a number of practical The advantage of using the MAGIC codes is that the
reasons the technically achievable field is smaller at lower field components at the cavity apertures and beam exit are
frequencies. At some field and frequency the P1 will operate continuous, the method of calculating the space charge forces
at the limit of breakdown or available rf power. Once we is inherently more stable and wake fields are included. In the
cross that limit the assumptions of the optimization break computation the numerical grid for calculating the fields is
down and one can not apply these results. made very fine near the emission spot and the time steps are

The beam of a Pl has significant correlations of the small enough to avoid plasma frequency and grid type
longitudinal position and transverse phase space. This is the instabilities, and to properly resolve the temporal behavior of
key to 'emittance correction' schemes (discussed later on). the wakefields. The agreement between simulation and model
When one uses an emittance correction scheme of one sort or is quite good for such a closed-form simple model. Thus we
another, the space charge emittance is reduced. This will may use the model for initial parameter choice. The thermal
invalidate the conditions of the calculation presented above, emittance was left out of the model (but included in the
pushing the optimum towards lower frequencies, lower MAGIC calculation). The thermal emittance contribution is
electric fields and smaller beam size. difficult to estimate. The effective energy Ee of the

It is instructive to compare the Kim model with photoemitted electrons is not well determined and may be
beam dynamics modeling. There are a number of codes in anywhere between the cathode temperature and the excess
use, e.g., PARMELA [151 and MAGIC [161. The energy of the photon relative to the work function modified
comparison, shown in Fig. 2, has been done with the MAGIC t- the Schottky effect modified. The thermal emittance is
particle-in-cell code [5]. The simulation is for a 3 1/2 cell PI given by
operating at 2856 MHz, E0 =100 MV/m, ox=4 nun and Ob= 2

ps. The output energy is 10 MeV. This code includes the e. =0c,2,(M2_ The cathode spot size is set to
effect of image currents, space charge, and wakefields. The
MAGIC simulation was done with truncated Gaussian optimize the total emittance and thus depends on the charge.
distributions in r and t. This was compared to Kim's model Experimental results from PIs indicate that the thermal
with a full Gaussian distribution. The emittance is sesitive to einittance can be neglected at charges larger than 1 nC.
the distribution details, thus the somewhat better emittance of
the simulation is not surprizing. DESIGN CONSIDERATIONS

In designing a PI one must remember that it is but
ir mm mrad one component of a larger complex machine including an rf

source, laser, diagnostics, beam transport system and an
1accelerator. In certain designs there is also a cathode

preparation system and an UHV system or a cryogenic
W 10 system. To design a PI one must make use of accelerator

Kim's model physics, laser technology, rf cavity design and more. The
objective is not always a high brightness beam, but may be

6 high charge pulses or high duty factor. All of these
considerations influence the PI design. The high brightness of
the Pl will be diluted by any one of a large collection of
effects: Wake fields, beam transport aberrations, space

0_ charge induced emittance growth (both linear and non-

0 1 2 3 linear), skew quadrupoles and more. For example, ambient
magnetic field B on the cathode (from magnetic lenses or ion

Charge (nC) pumps), produces an emittance increase given by

Fig. 2. Normalized rms emittance vs. charge comparing the 6,- ', [,,0 + e2B 2 m7cM-2 ]112. Thus fields of the order of
MAGIC code to Kim's model. 10 gauss may be detrimental.

The phase space beam parameters of a PI electron
The axisymmetric gun geometry (2-D) was modeled bunch are highly correlated, leading to emittance growth on

with the exact gun fields. This is accomplished by one hand but to emittance correction possibilities on the
prescribing the magnetic field for the fundamental TMO1 other. Space-charge forces produce an energy spread in the
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bunch. This energy spread may appear in the middle of a The emittance correction techniques are expected to
magnetic transport system designed to be achromatic and exert a significant influence on the design of future PIs. The
defeat the achromaticity. Good design practices call for a optimization strategy described above leads a choice of
rapid acceleration of the beam to a few tens of MeV before frequency and cathode field. When an emittance correction
applying dipole fields. Thus, magnetic pulse-compression is scheme is in use the optimal frequency will be lower and the
better done above, say, 70 MeV. Pulse-compression has usable bunch length longer. Alternately the same gun
always been part of conventional electron gun technology, parameters may be used to produce a higher charge. At the
Although the beam pulses of a PI start out short, the higher charges, more attention will be necessary to non-linear
brightness can be further increased by magnetic pulse- space-charge effects and it is expected that non-linear
compression. A PARMELA simulation of the magnetic pulse- correction techniques will be necessary.
compression at about 80 MeV, the peak current of a 7 ps Another interesting line of R&D is the super-
long, 2.5 nC bunch was increased by a factor of 3 to 800 amp. conducting PI 1251. This device holds the promise of cw
The emittance, about 4 7c mm mrad before compression, operation at very low if power. Since the rf power is the
increased to 6 c mm mrad in the bending plane and largest cost item in a P1, superconducting devices also hold
unchanged off the bending plane [ 17). The accepted estimate the promise of lower system cost.
of the emittance increase due to magnetic compression is

Aen % 51"-2. This is much smaller than the simalation MEASURED PERFORMANCE

result, suggesting that some improvement may be made in 'he By now there have been many experimental results

magnetic compressor optics. of PI performance. In general, careful experiments are in

An interesting PI subject is emittance correction. We agreement with the simulation codes, thus it can be concluded

define the 'slice-emittance' as the transverse emittance that the better computer codes have been benchmarked.

measured for a short longitudinal slice of the bunch. It has
been observed [18,191 that the slice-emittance is considerably ng mmn mrad
smaller than the total emittance (that is integrated over the 50 PARMELA
full length of the bunch). This effect is due to the variation of 40
the space-charge force as a function of longitudinal position V
in the bunch. Carlsten 1181 proposed a simple scheme of 30 KiIDfs model
reducing the total emittance by using the space-charge force Z 20 \xp
to compensate its own effect. The method employs a lens set
to produce a beam size extremum with no cross-over. The 10
electrons 'reflect' relative to the beam axis due to space- 0_-_- __-_____ ,
charge forces. This condition, that can restore the effects of 0
the linear space-charge force, has been verified in 0 2 4 6 8
experiments (see next section). It has been assumed that to q (nC)
produce this emittance correction a solenoid lens must be
placed in proximity to the cathode and the cathode field must Fig. 3. Normalized rms emittance vs. charge for a the Boeing
not exceed a certain limit. This assumption has been proven PI compared to Kim's model.
wrong [17,201. A PARMELA simulation and an analytic-
approximate model show that this correction can be applied
to a 1 1/2 cell BNL gun operating at 100 MV/m with a 60- LANL/HIBAF exp.
solenoid placed at the exit of the gun. A drift space and
accelerating structure follow the lens. The acceleration V 50 PARMELA
'freezes' the corrected emittance against further space-charge 0 40 Kim's nodel \
effects. 

-M

The Carlsten technique corrects linear space-charge - 0
effects. Other correction schemes have been proposed
[6,19,211 to produce the same correction by laser pulse 10
shaping, Radio Frequency Quadrupoles and asymmetric rf 0
cavities, respectively. However the Carlsten scheme is simple 0 1 Z 3 4 5
and has been tested experimentally. Other correction schemes
have been proposed to correct rf time dependent effects [22] Charge (n)
and non-linear space-charge effects [21,231. Finally, a
correction scheme for ultra-short, disk-like bunches using an Fig. 4. N omaled rm emittance vs. c ar e firlthbeenproose by eraini LANL/HIBAF P1 compared to PARMvELA (with wake field)
optimized charge distribution has been proposed by Serafinimodel.
[24].
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Abstract
I. DESCRIPTION OF THE PHOTOINJECTOR

Tests of the Boeing Average Power Laser Experiment (APLE)
injector have demonstrated first-time operation of a The APLE RF photocathode gun injector consists of two low
photocathode RF gun electron accelerator at 25% duty factor. beta RF cavities operating at 433 MHz with a K2CsSb multi-
The multi-alkali photocathode was illuminated by a frequency- alkali cathode residing at one end of the first cavity. These
doubled, mode-locked Nd:YLF laser. The cathode was placed two cavities accelerate the electrons to 1.8 MeV and are
in the first cell of four single-cell cavities resonant at 433 followed by two additional 433 MHz cavities, which further
MHz. The 4 cavities accelerated the beam to 5 MeV. The accelerate the.beam to 5 MeV. Solenoids provide an axial
pulse duration was 8-3 ms and the repetition rate was 30 Hz. magnetic field to contain the electrons during acceleration.
True average beam currents of up to 35 mA have been The accelerator beamline uses three quadrupole doublets to
accelerated to 5 MeV for an average beam power of 170 transport the beam on a path through a three-dipole, doubly-
kilowatts. The 35 mA beam current exceeded previous achromatic chicane, or with the chicane dipoles off, straight
photocathode performance by a factor of 1000. ahead to a high-power beam dump. The first quadrupole

doublet is also used to prepare the beam for the emittance
I. INTRODUCTION measurements on the view screens SCI and SC2. Ferrite

current monitors and stripline beam position monitors are used
In order to increase the output power of free-electron lasers to determine the beam charge, current and location without
(FELs), it is necessary to increase the electron beam duty intercepting the beam. The stripline measurements are
factor while maintaining excellent beam quality. In recent especially important during high-power operation. A current
years, the photocathode RF gun injector has demonstrated the monitor, CMI, located between the two pairs of RF cavities,
required beam quality at duty factors in the range of a few and the drive-laser intensity are monitored to determine the
hundredths of one percent I. However, questions remained photocathode quantum efficiency and lifetime. Figure I shows
concerning photocathode lifetime at high RF duty factor due to the overall configuration of the APLE injector experiment
vacuum contaminants or damage by the drive laser. including both the beamline components and the optical path

of the drive laser. The optical path between the laser room and
The APLE injector test results presented here demonstrate the the photocathode in the accelerator pit is approximately 30
successful operation of a photocathode RF gun at duty factors meters.
up to 25%. rhe APLE injector operating parameters are given
in Table I.

Table I
Operating Parameters of the APLE Injector

Photocathode Parameters: Laser Parameters:
Photosensitive Material K2CsSb Multi-alkali Micropulse Length 53 pa, FWHM
Quantum Efficiency 5% to 12% Micropulse Frequency 27 x 106 Hertz
Peak Current 132 amperes Macropulse Length 10 ms
Cathode Lifetime 1 to 10 hours Macropulse Frequency 30 Hertz

Wavelength 527 mn
Gun Parameters: Spot Size 3-5 nun FWHM at the

Cathode Gradient 26 MV/meter cathode
RF Frequency 433 x 106 Hertz Angle of Incidence normal
Final Energy 5 MeV Distribution gaussia, space and time
Duty Factor 25% Micropulse Energy .47 microJoule
Energy Spread 100 to 150 keV Energy Stability 1% to 5%
Emittance (four x RMS) 20 to 40 pi*mm*mrad
Charge 1 to 7 nCoulomb

*Work supported by USASSDC/BMD contract DASG60-90-C-0106.
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Figure 1. Th Average Power Laser Experiment (APLE) RF gun photoinjector. The photocathode resides at one end of the first
RF cavity and is illuminated by a 527 nr drive laser. The drive laser is injected using a small off-axis mirror. The emittance
growth is controled by the injector coil and permanent magnet correctors located between the first two cavities.

Th photocathode is illuminated by a frequency-doubled, cw
mode-locked Nd.YLF drive laser which is injected slightly off .
axis of the electron beam, striking the cathode at near-normal 7..

incidence. The drive laser details have been discussed a so
elsewhere2. An optical mask slightly truncates the tails of the 0 I ,
gaussian drive laser beam to reduce the beam intensity by only .
20 to 30%. Computer simulations 3 indicate the electront -T- 1

beam emittance is sensitive to the drive laser shape and predict o 2 4 6 a ,0
that a sharp-edged, top-hat profile leads to the best emittance. biiPOPULM CHAR (f%,

Therefore, the emittances presented in this paper are not
necessarily the best achievable by this photoinjector. Figure 2. Optimized emituance as a function of micropulse

charge. The 90% and 95% PARMELA eminances exceed the
III. EMITfANCE MEASUREMENTS measured four times run emiUances.

The electron beam emittance was determined using the two- A customized PARMELA was necessary to properly model
screen method4 . The beam profiles were verified to be misalignments of the injector coil and their correction by
gaussian in shape for 90% to 95% of the beam intensity, permanent magnet dipoles5. The emittances are calculated by
This justified quoting the four times rms emittance as the circumscribing 90% and 95% of the macroparticles (usually
approximate 93% emittance. numbering 2000) in ransverse phase space with ellipses. The

ellipse areas are proportional to the emittance.
Figure 2 shows the emittance measured at charges of 1, 3, 5
and 7 nC per micropulse. For these measurements, the beam The calculated emittances are higher than the experimental
pulse format was I hertz with 100 microsecond-long values at all measured beam charges. A partial explanation
macropulses. This format was chosen to limit damage to the involves the five to ten percent of the beam which is outside
view screens. The profiles were obtained by orthogonal the assumed gaussian beam shape. Beam halo experiments
projection. The experimental data (shown with error bars) are performed during the high-duty test indicated that the halo
the best emittances at each micropulse charge. The optimum emittance at 3 nC per micropulse is approximately 200 x
value was experimentally obtained by tuning the injector coil mm-mR. Adding this emittance with the four times rms
carrent. The experimental emittance approximately follows emittance, with each weighted by its respective fraction gives
the linew dependence of (12.7 x + 4•Q) mm-mR where Q is 38.8 mnmemR, only five percent larger than 37 nmm~mR,
the micropulse charge in nanocoulombs. the four times rms value and cannot fully account for the

discrepancy with PARMELA.
The emittances calculated with a customized version of
PARMELA using the experiment conditions are also shown
in figure 2.
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TV. High-Duty Test Results lifetime is 2.3 hours, which again, demonstrates cathode
lifetime is not dependent upon duty factor but depends instead,

At averge beam powers in the range of 170 kW, it was upon the static or low-power vacuum pressure.
essential to operate the injector at low emitance and with
minimum beam halo. It was equally important to carefully lea__ _ _ _

adjust the beam transport to the dump, since only a tenth of s '_ -11_0

the beam power. if focused, would damage the vacuum pipe. , "se._.o_ | -

or if defocused, would lead to significant vacuum outgassing. 3 __/ I I |
Several beam interlocks were used to rn off the drive laser or _40 r,____ __|__ ___

crowbar the RF system in the event of unsafe operating 0 a
conditions. These interlocks included the RF cavity and 0.0 5.00 10.00 16.00 20.00 2.00

beamline vacua, cavity-reflected RF power, beam-loss LAPS.10 (•gewm-,.

radiation detectors, and beamline and beam-dump temperature
measurements. In addition, the last current monitor in the Figure 3. APLE injector accelerated micropulse charge and
beamline was used to detect the absence of electron beam when average beam power for three successive runs on the same
the drive laser was present. This loss-of-beam interlock had a cathode. The duty factors ranged between 15% and 25%.
response time of a few microseconds and was especially
effective in protecting the beamline during an RF system 10.0
crowbar. These interlocks allowed safe operation of the ___

injector at the higher beam powers. ._ _._L_. __ -

Conditioning the APLE injector for high-duty factor operation
was quite similar to the seasoning of a high-power klystron., UI,, j.

When the duty factor is increased, the accelerator gas load .0 -. = Mo:0
quickly rises and the beam has to be turned off to allow the
beamline and beam dump to recover. During repeated high-
duty operation, the beamline and beam dump are scrubbed by Figure 4. The photocathode l/e lifetime measured from .1% to
the electron beam, and the improved vacuum allows longer run 25% duty factor. Above 1%, the average lifetime was 2.3 hours
times. This means that operating time at high beam power with no significant dependence upon duty factor or beam power.
depends both upon the beam quality and transport efficiency,
and ultimately, on the history of conditioning performed at V. SUMMARY AND CONCLUSIONS
high power.

This work demonstrates the first-time operation of a
Figure 3 shows the electron beam micropulse charge and the photocathode injector at high-average power. The APLE
average beam power for three successive runs at duty factors injector has been successfully operated at average beam powers
between 15% and 25%. The micropulse charge was 5 nC or up to 170 kW, with a beam energy of 5 MeV. The average
greater, and the average beam power ranged from 80 to 170 cathode lie lifetime was 2.3 hours and was independent of the
kW. It is significant that these three runs were performed electron beam duty factor and beam power. Work is currently
using the same photocathode which survived repeated beam underway to incorporate this injector into an 18 MeV
shut down while operating at high beam power. This result accelerator as part of an average-power free-electron laser.
demonstrates that high quantum efficiency, multi-alkali
photocatodes can be used to generate high current beams for VI. REFERENCES
high duty factor free-electron lasers. The cathode lie lifetime
in this case was 2.7 hours. The second important feature of 1. D.W. Feldman. et al., IEEE J. Quantum Electron. QE-27,
figure 3 is that the runs lasted one to three minutes, and were 2636 (1991); P.G. O'Shea. et al., Nucl. Instrum. Methods
notsingle high-power shots. As discussed before, thelength A318, 52 (1992); R. Dei-Cas, et al., Nucl. Instrum.

Methods A318, 372 (1992).
of the runs was limited principally by beaMline and beam 2. G.E. Busch. et al.. Conf. on Lasers and Electro Optics.
dump vacuum conditioning and to a lesser extent by RF power 1992, Vol. 12, OSA Technical Digest Series (Optical
system reliability. Society of America, Washington DC), pp 278-279.

3. B.E. Carlsten, et al.. IEEE J. Quantum Electronics. Vol. 27,
Teused during te high- No. 12, December 1991, p. 2580-2597.

The l/e lifetimes for the u-4. B. Carlsten, et al., Nuci. Instr. and Meth. A272 (1988) 247
duty test are given as a function of duty factor in figure 4. and D.H. Dowell. et al., Nucl. Instr. and Meth. A318

(1992) 447.
The static, or no beam (0% duty factor data), lifetimes range 5. H. Takeda and B.D. McVey. Nucl. Instr. and Meth. A318

from less than an hour to ten hours, resulting from (1992) 644.

experiments performed under a wide range of vacuum and
cathode conditions. From 1% to 25% duty factor, the average
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Abstract WVUU
AbsvadRF WAVEGUIDE FORT

Free-electron lasers and high-energy physics accelerators FOCUSING
haveincreased the demand for very high-brightness beam sources. SOLENOID

This paper describes khe design of an accelerator which has
produce beams of 2.1 x mm-mind at 1 nC and emittances of 3.7
and 6.5 x mm-mrad for 2 and 3 nC, respectively. The accelerator //
has been operated between 10 and 18 MeV. The beam emittance RFAVrT

growth in the accelerator is minimized by using a photoinjector C 7MPING SLO.TS

electron source integrated into the design of the linac, a focusing N S
solenoid to correct the emittance growth caused by space charge,
and a special design of the coupling slots between accelerator -INAC VACUUM VESSEL

cavities to minimize quadrupole effects.

Introduction 
CATHODESCKET

Figure 1. AFEL linac schematic. The focusing solenoid provides
A new accelerator design that produces avery bright electron compensation ofspace-charged induced emitance growth. The Bucking

beam in a compact form has been constructed through the Solenoid is adjusted to give zero field at the surface of the cathode. The
Advanced Free-Electron Laser Initiative (AFELI) [1] at Los LINAC is an eleven-cell pi/2-mode structure. The UNAC can be
Alamos National Laboratory. State-of-the-art components were operated from 77K to greater than 400K. The support structures allow
incorporated so that the FEL system will be compact, robust, and only rotation of the accelerator on cool-down, not translation.
user friendly.

The design goals for the accelerator were: greater 2 nC The "slice" emittance is calculated by dividing a micropulse
charge per micropulse and an effective emittance of less than 5 into slices in time equal to a slippage length (the slippage length
x mm-mrad. Simple design is accomplished by using a single is the wavelength of the light times the number of wiggler
radio-frequency feed to drive the entire accelerator structure. periods). To ensure enough particles are in a slice to give
The accelerator (Fig. 1) design has the following features: reasonable statistics, the smallest time slice is limited to 1% of
maximum 20-MeV output energy, maximum average cell thetotalpulselength(4000particleswereusedinthesimulations).
gradients of 22 MeV/m, up to 100-Hz repetition rate, up to 30- We calculate the slice emittance because the electrons are not
ps long macropulses, 8- to 20-ps long micropulses, and liquid- matched to the wiggler over the entire pulse, but only for the
nitrogen operation capability. The accelerator operates with a middle portion (in time) of the pulse. Because temporal mixing
1300-MHz, 17-MW-peak-power klystron.[1] can occur downstream of the accelerator, the use of slice

emittance is only valid at the location of the wiggler.
Simulations

Emittance Compensation
The following definition is used for the normalized rms

emittance in the simulations, Surrounding the first few cells is a large focusing solenoid.
The use of a solenoid to correct emittance growth caused by space

an = yrex =xty[<x2 ><x' 2>-<x.x'> 2 ]l/ 2, charge has been discussed in detail in several papers.[2] A brief
explanation of emittance compensation follows. As an electron

where y is the relativistic factor, P is the particle velocity, divided bunch leaves the cathode, the bunch expands radially because of
by the speed of light, x is the transverse beam size, x' is the radial space charge forces. Since the space charge force acts
transverse beam divergence, and axis the unnormalized emittance. continuously on the bunch, nosingle discrete lenscan compensate
The emittance is calculated in two ways. The "full" emittance for the distortion of the distribution in phase space. However, a
is calculated in the conventional manner by using the entire simple lens can be used to focus the bunch. Then, to the first order,
micropulse in time and space. the same forces that acted on the bunch during expansion are

present while the bunch is focused. Thus, the emittance growth

*Worksuppoftedby LosAlamosNational Laboratory Institutional that has occurred can be significantly reduced by proper lens

Supporting Research, under the auspices of the United States placement. The position and magnitude of the lens is determined

Department of Energy. using PARMELA simulations. To accurately render the solenoid
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field profiles, we incorporated the POISSON field maps of the emittance. Except for statistical noise caused by the limited
solenoid directly into a modified version PARMELA. number of paticles in the simulation, the slice emittance is time

independent during the micropulse. However, the mnittance of
Coupling Slot Arrangemen the ful pulse is significantly larger. The larger full-pulse

emittance is caused from the variation in divergence throughout
The standing-wave, 1300-MHz, xt2-mode accelerator is the micropulse.

designed with on-axis coupling slots [2]. By incorporating TheAFELisdesigned to minimizecomponents and distances
MAFIA field maps of the coupling slots into PARMELA, we and to increase reliability and ease of use. However, the stability
found that coupling cells with only two coupling-slots produced ofacceleratoroperation does depend strongly onafew parameters.
a quadrupole lens in every accelerator cell. Therefore, it was The parameters that must be tightly contilled are the radius ofthe
necessary to change the coupling slot geometries to eliminate cathode; the magnitude of the solenoid field around the cathode
asymmetric focusing in the accelerator. region; the accelerator phase; and the magnitude of theaccelerator

The effect of coupling slots is significant for very high- fields.
brightness beams. A single slot produces a dipole lens, two slots
produce a quadrupole lens, four slots produces an octupole lens, Operation of the Accelerator
andsoon. Each acceleratorcell (except the cells at the accelerator
ends) has coupling slots on each half of an accelerator cell. The The electron source is a CsK2 Sb photocathode. The
relative orientation of the slots on either end of the cell will acceleratorpressureismaintainedat8xl0-10Torr. Thebeamline
determine the relative angle of the corresponding lens. The two- directlydownstreamoftheacceleratorisat2xl0- 8 Torr. Because
coupling-slotconfiguration gives aquadrupole lens at the entrance of contaminates produced during operation of the rf, the useful
and exit of the accelerator cell. The orientation of the slots will operational lifetime of a single cathode, for a minimum 1 nC, is
determine whether the focussing due to the quadrupole lens will 2 days. The accelerator has six cathodes available in a cartridge
add or subtract in each cell. Thus, the coupling cells can be type system. Thus, the cathode cartridge system was refreshed
configured such that the fields at each cell end cancel, giving a every two weeks. Typical time to replace a cartridge pack was 15
net effect close to zero for a relativistic beam. minutes. After replacement, a 4 to 5 hour bake degassed the

The coupling-slot design for the AFEL accelerator uses a components exposed to air (typically done during the night).
four-coupling-slot arrangement for the first two cells. Because The drive laser was Nd:YLF. The oscillator produces 5 0 ps
the four-slot arrangement has noquadrupole component, then the micropulses at 108 MHz. The pulses are then compressed with a
first two cells produce no beam asymmetry. The four-coupling- grating pair and a fiber-optic line to 8 ps. After compression, two
slot arrangement cannot be carried throughout the accelerator. At double-pass YLF amplifiers are used to increase the micropulse
high currents a dipole mode will build up which is easily coupled energy to 25 microjoules. A Pockels Cell is used to obtain
through a four-coupling-slot cell and causes beam-breakup for macropulses which ranged from a few micropulses to 10
more than twc cells. After the beam exits the first two cells, the microseconds. A KTP crystal is then used to double the
beam is relativistic, and the remaining cells have a two-coupling- wavelength to 526 nm with a micropulse energy of 8 microjoules.
slot arrangement that gives a very small net quadrupole focusing. The gaussian spatial profile of the laser beam is sent through an

iris that just lets the middle 40% of the light pas. This
Odter Design Features approximately-uniform spatial profile is then imaged onto

photocathode.
The first cell, a half-cell, is 9 mm longer than one-half of a The accelerator was initially conditioned for operation from

standard 1300-Mhz cell. A longer injection cell has two 9 to 16 MeV. Since this initial conditioning the maximum energy
advantages. First, the exit phase of the electron bunch depends has been extended to 18 MeV through the course of normal
on the cell length. Since the AFEL linac has a single rf feed, the operation. However earlier this year, after a year of operation, the
proper operating phase to minimize energy spread was met by accelerator has begun to multipactor. This has limited the
adjusting the first cell length. Second, a longer first cell increases minimum beam energy to 14 MeV. Since the FEL requires an
the electron-beam energy at the exit of the first cell. This reduces electron energy between 15 to 16.5 MeV, cleaning the accelerator
the space-chage effects and helps improve the final emittance. to eliminate the multipactoring will be done at later date.
The exit energy from the first cell is 1.5 MeV instead of 1.0 MeV
for a regular half-cell. Experimental results

Other engineering features of the AFEL accelerator are the
capability of operation at 77K; UHV design; and high-Q, high- Theemittance measurements were taken at an electron beam
gradient, iong-macropulse accelerator cells. energy of 13 MeV. A quadrupole is positioned 30 cm upstream

from an OTR screen. The FWHM of the electron beam was
Beam Depenencies measured as a function of the quadrupole field strength. The 1 nC

data set is shown in Fig. 2. Similar sets were obtained for 2 and
This type of accelerator is unique in that the electron-beam 3 nC micropulse charges.

distribution does not mix longitudinally. With no mixing, the rms The electron beam produced by this accelerator is
emittance calculation for the full pulse overestimates the beam characterized by a bright temporal core with high-divergence
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Figure 2. Experimenmal and simulation data for the I uC emlitaince I II I
measurement. The simulation data has statistical uncertainty due to the CHR (uC)
finite number of particle& and the distribution of simulation points into
bins. 7he solid curve Is a fit to a quadrupole san function that gives F~ re4 Comaio ofexrimental and simulation results for several
the beam emineance and other beam characteristics.Chw

wings at the front and back of the -.l Very little charge is
p entin these ings,butdue tothelre divergenice,the ofng The emittancee for 1, 2, and 3 nC are in Fig. 4. As state

tesigiialtly amncraeth of s dm rni c of the bem Baa=o earlier, the agreement is goo for 1 nC.' However, as the charge
otehed ml aon th e fxperimen ta wig r totnouob is increased the exp~erimental emittance is larger than expected.

Thaed onlyh meaprmnsto l charactr. h efo neoh We have not explorted the reason for the increase.
accelerator is to also simulate the quadrupole scan with
PARMELA, and then compare the experimental observable - the IMN
beam's FWHM size.. Figure 3 compares the full rms emittance At 1 nC, the emittance of 2.1 x mm-mind is in good
with the slice enittancie and the emittance an calculated by using ___meeatwithPARMELAsimulation.The masuread emitnces
the FWHM. The emittance as calculated from the FWHM is er for 2 and 3 nC are 3.7 and 6.5:x mm-mind, respectively.
close to the slice emittance (fth emittance used by the FEL)..

The FWHM simulation results for the 1 nC case is given in Rfrne
Fig. 2. The agreement between the experimnnt and simulation isRm e
good, indicating that the accelerator is performing as designed [1] L C. D. Chan,, R. H. Kraus, J. Ledford, ILL Meier, L. L Meyer.
for I nC. D. Nguyen, L. L Sheffield, F. E Sigler, L M. Yooug. T. S. Wang& W.

L Wilson, and L. L Wood, Nuod. Inst. Meth. in Phys., A318, 148
(1992) R. L Sheffield, B. E. Caristen, and L M. Young. P=oc Unear

full imsAccel. Conf., AECL.10728, 1,46 (1992).
12] B. E. Carlten Pror-10th Int. FEL Conf., Jerusalem, Israe, 1968,

slie rNocd. lnstr. and Moth., A285 (1969) 313; B. E. Caraten and L. L
15Y MNMSheffield, Poc. 1968 Urns Coaf., Williamsburg, Va, 1968 CEBAP

Report 89-001 ;1989) 365; B. E. Caristen, Poc. 1969 IEEE Pail. Accel.
Coef., Chicago, IL, IEEE Catalog no. 89CH2669-0 (1969) 313.

CHARGE (nC)

Figure . Comparison ofPARMELA emiltances calculated for the
whole beam (full nus), for the rms emittance of a slice (slice rms), and
for the FWHM measured fromn the plo of beam particle number versus
transverse dimension (FWHM).

2972



Performance of the SLC Polarized Electron Source
with High Polarization*

J. L Cleadin, R. K. Alley, HL Aoyagi,t J. C. Frisch, C. L. Garden, E. W. Hoyt, R. E. Kirby, L. A. Klaiuuer, A.V. Kuldk.,
C.Y. fetuco, P. J. Sem D.C. Schultz, HL TMg, J. L. Turner, MK Woods, A. D. Yeremian, and M. S. Zolotovev

Stanford Linear Accelerator Cemter. Stonfiud University, Stanfrd, CA 94309

Absowt ion has been increased to >60% at the IP, and the average
Frthe 1992 perating cycle of the SLAC Linear Co5 (peak) luninouity is now about 35 (45) Z°fh, or in excess of

(SLC) the polarized electaion source (PES) during its maiden 500 Z-/day.
n s l met the pulse intenity and overal efflci)cy For 1993, the SLC peak luminosity has been improved

requirements of the SIC. However, the polarzation of the primarily by reducing the betatron coupling in each of the

bulk GaAs cathode was low (-27%) and the pulse-to-pulse DmpinginP (DR) to produce flat beams. In addition, the

stability was marginaL We have shown that adeq charge average luminosity has been given an added boost by cameful

for the SLC can be extracted from a strained layer cathode attuetion to reliability dmils, leading to a sagniffant incrmse

having Pe- 80 % even though the quantum efficiency (Q in efficiency. To improve the polarization, the energy of de
is <1%. The recent addition of a separate chamber to the 6 DR was increased to produce the correct spin precession to
PES-which allows cathodes to be loaded into the gun after the linac-to-ring (LTR) spon rotator, thus reducing a 5%
the vacuum bake and after high voltage (HY) processing (relative) depolarization effect to -2%. However, the primarywithou breaking vacuum-incraasae the reliability for achie- reasmon for the increased polarization of the electron beam iswingout bra kin g dequatep hot oel etron yield.y A nw S - th intugu-ration in the PES of specially designed cathodesplg an adequate pbowelecmtoon of the SLat the that remove the degeneracy at die r point between dhe heavy-reuired wavhelengtwith permifcts opowera=of to e Py at t hole and light-hole valence bands. Photoexcitation of suchr e q w in w a v e l e n th w i t h s uf fi c ie n t p o w er t o fu l y s ou n u e th e c t o e , u i g c r u a l o a i e i h f t e p o e
yield, and thus improve the e- beamn stability. The perform- wath, using circularly polarized light of the proper
ance of the PES during the 1993 SWC operating cycle with wavelenth, produces higly p elecros.
these and other improvements is discussed. 19. CATHODES FOR HIGH POLARIZATION

I. INTRODUCTION The theoretical upper limit for the polarization of

In 1992, during the first SLC run with a polarized beam, n aLn.etrons from bak-yawn mMA GaAs is 50%. Typical-

the SW performance was a impressive improvement over ly, the actual polarization is much lower unless very thin

previous years. The luminosity of the accelerator and the active layers or cryogenic temperatres are used. For 1992, the

efficiency of the detector were improved sfficiently for t SLC PES operaed with a bulk GaAs cathode at room temper-

SLAC Large Detector (SLD) to log over 10,000 Z~s with an atm resulting ina polarization at the souce of only 27% [1].

average electron polarization at the Inteawction Point (IP) of Highly polarized electrons from photocathodes have been

23% durng a run of approximately four months. The average the focus of efforts at SLAC and other labouatores for nany

(best) luminosity achieved by the end of the run was 18 (25) years. The first demonstration of success was at SLAC [2] in

Z°jbour. The goals for 1993 were to achieve at least 50,000 1991, followed soon thereafter by similar results at Nagoya

Z's on tupe with an electron polarization >35% at the FP. To [3]. The technique employed is to introduce a uniaxial tensile

meet these goals. it was estimated that the average (ak) strain in the growth direction by growing tie active layer on a
lumosity should be about 23 (30) Z°ihour. As sown m substrate with an appropriately smaller lattice constait Above

Table 1, the SLC/SU) we well on the way to meeting these a certain critical thickness, the strain thus induced will

goals. As will be discunsed in mordet b t decrease, so the active layer must be kept no thicker than a
few hundred nanometes.

ile 1. SLQSLD _ A crystal cut from an MOCVD-grown [4] 2-inch diameter
Performaice 1993 wafer having a 300-nrm active (strained) layer of GaAs(100),

1991 ' parf-nance Zn-doped to 5x10 1 cm- 3 mad grown on a 2.5 Pim p-Gas.76
2 3P 0.24 sublayer, was measured at SLAC to have a peak polari-

0 45 zation of -80% at -860 nam (room temperature) [5,6J. How-
- - ---- - ever, the bw itensity QE measured at low voltage was only

Z-' toal 4 -0.1%, which gave rise to concern that it might be difficult
ZO loud 370 1 K IlK >50 K P

35 %% - D extract the high peak charge needed for the SLC (10 nC per
_____ 1 0 "1 0° 2% micobunchin de present mode of operation).

Pe Soan=c 0 10 2L 1-80% A second crystal cut from the same wafer was tested at

HV in the SWC gun [7] in a laboratory system having a high
t Pwamment umw: F=aulty of Scimce, Naoya Univeaty, power laser tuned to 850 nam, but at present having no
Na "4"64 . Jqapa. polarimeter. The saturated charge (i.e., the maximum charge

*Work mspred by Dqunem of Em" conict DE-AC03- for high laser power) was found to scale linearly with
76000515.
0-7803-1203-1/93M03.00 0 1993 IEEE 2973
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Figu•re 1. Sceai of the SL.C PE for the 1993 SLI/SL.D run.

cathode bias, whereas for a low intensity laser, the log of dhe and/or switching of cathodes takes about 8 hours, followed by
photocurrent scaled as the square root of the voltage (the a period of 10-20 hours in which the gun shroud is porged to
expected Schottky effect) [8]. A saturated charge of 19 nC, remove water vaor befoe operaing at HV. For simple addi-

very close to the space charge limit of -21 WC, was achieved tion of small amounts of Cs to the operating cathode, Cs

at 120 kV when the low intensity QE was I% measured a 830 channels [11] that encircle the c be=n we located in the gun

run and 120kV. The improvement in QE was probably due to chamber just downstream of the anode. The Cs channels are

the use of a load-lock system, as described later. This r operated remotely through the SLC Control Program (SCP).
"Yd'A schematic of the present PES is shown in Fig. 1. A cross

together with a third from the same wafer was in the cathode section of the g en is shown in Ref. [12A.
gay of *4 load lock when the polarized source was installed
atthe SLC for the 1993 run. IV. 1993 POLARIZED ELECTRON SOURCE

MI. RECENT POLARIZED ELECTRON PERFORMANCE

SOURCE IMPROVEMENTS The polarization of the 6- beam could be measured at
50 GeV by a M0lier polarimer at the end of the linac and byThe pulsed dye laser used in the 1992 run was limited by aContnoareertthI.Telterwsesiveo

powe ol lietie rquiemets o 75 nn, waelegthtoo a Compton polarimeter at the WP. The latter was sensitive to
power and lifetime requireaents to 71h nm, a wavelegth too the tuning of the Arcs. The wavelength of the PES laser and
low to permit may polarization gain with the new cathodes. A ~CmII oaiainwr oioe otnosy

newNd:AG umpd Tsaphir laerQ-sitced nd th Compton polarization were monitored continuously. A
new Nd.YAG pumped Ti:sapphire laser, Q-switched and sample is shown in Fig. 2. Combined with aMOlier measure-

cavity-dumped, designed and built at SLAC [91, was installed sample esrly in Fig un e with the -DR bypassed, the

for tis run. This laser, together with associated beam vn source polaization was found to peak at--865 nn (cathode at

port optics. provides up to 0100 PJ eergy at the cathode in s-ourc wiaf Pt-.80%.

eachd2.0tns FWHM aicopdlse at wavelengtls ua toca0m . In its first 10 weeks of operation with a strained layer
b e addition of a load lock thatmber alw a haotocather i cathode. the PES was able to provide a highly polarized e-

be Hinroduced ino the guan Camber after the phmber is baked beam for the SLC >95% of the time. During the run, the
and W rocessed has proven to be a majr step in imroving charge limit effect [13] was not a serious limitation [14],
the PES performance and reliability [101. Up to four cathodes although the low-tensity QE following a cesiation touchup
cut be stred at one time in the load-lock system. was only -0.5% measured at 830 nm and 120 kV.

The cathodes are activated in the load-lock system, in part me QE was monitored by detecting (using a nanomn-meter
to avoid Cs contamination in the gun itself. Cathode activation attached to the HV electrode) the photocurrent drawn
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f~rom the cathode by a modulated 830 um diode laser (gated 120. kV with all lasers blocked) to <50 nA [15i. To maintain
off during the beami pulse) attached to a side window of the the required charge, cesium was added in intervals of -3 days.
5UIL The uanounmeter was powered and alo conniected to the It was a simple matter to cesiate from the SLC Control
SCP through an optical link. Center using the SCINto lower the HV to1I kV, then to operma

The C intensity was controlled through a feedback the chasnne cesiato at a fixed 4 A for -4 minutes. To exiend
syssem that varied the size of die Ti sapphire lase spot on the the cesiation intervals, the cathode was usually cesiamed unti
cathode. The lase itself' was operated at very high energy so the photocurrent dropped -20% lower than its peak value.
as to keep the cathode always completely saturated. In this The whole operation took -25 minu-tes
manne the 6- pulseto-pulse intensity jitter could be kept V. NEXTr DEVELOPMIENTS
-1%, although the laser energy jitter was often >3%.
The charge limit did reduce the maximum charge availalhle as Three new developments may improve the source per-
a function of cathode surface conditions. forniance even further in the niear future. One of the. four SLC

The overall pressure in the gun was -10-11 Torr, domin- polarized guns has been modified to double the are of the
aued by H2. As shown in Fig. 3, the rate of decrease of the low semconductor cathode in order to increase the charge limited
intensity QE was nam affected the charge extracted f&M the currnt Ths will be tested soon in the laboratory. Operating
gun. The QE was found to decrease by <0.05%/day. The the gun at 150 kV instead of 120 kV should also increase the
cathode lifetime was probably extended in this vacuum system photoelectron emission 25% when charge limited.
by operating the cathode at -6*C and by the success of the IIV Sourc polarizations >90% can be achieved with even
processing that reduced the dark current (cathode current at thinner strained-layer cathodes [6]. The charge limit for such

cathodes is under investigation.
*Z-044 1 1111 1 1 il IWithin the next few months, a Mott polarimeter will be

C - added to die SLC high beam intentsity testing system allowing
0 -054-a crystal to be fuly qualified for Pe, QE, charge limit, and
I -vk - lifetime before this same crystal is installed in the operating
0 -0.64SLC gun.

80 p[3] T. Nakanishi et al., Phys. Leu. A1SS(1991) 345.

1 4 8 12161 [4] SPIRE Corp.,lIPatriots PutBedford, MA 01730.1 4 812 16 [51 T. Maruyama et al., "Data for Spire 0.3 -m strained
4-_ 1 April to 16 April 1993 44MGaAs (M05.-1684)," SLAC internal report (199),

Figure 2. Comparison of PES laser wavelength and published.
Compton polarization over a period of 16 days. [61 T. Maruyama et al., Phys. Rev. SO (I99) 4261.
The PES wavelength was deliberately changed on [7 Active area of SLC cathode has a 14 ni diameter.
April 6, 11, and 14: 853-*86 am, 859-4864 iImii [8] H. Tang et al., "O~bservatio of Non-Linear Photoemis-
and 870-*86 nm. respectively. sion Effects from III-IV Semicondactors," these

proceedings.
12[0J rsh ia. Oeato fteNw L oaie
s0 Electron Source Laser," these proceedings.

o 40 [101 R.E. Kirby et al., "An In-Situ Photocathiode Loading
Mir 0 ____________System for the SLC Polarized Electron Gun," these

____ ____ ____proceedings.

0O.5O 0 (11] Two SAES Cs channels each with17 mm active length
f *' 0 4 connected in series.

1 Luo . [12] D.C. Schultz et al. ,Proc. of the Third European Part.

9 0.20 -1 [13] M. Woods et al., SLAC-PUB-5894 (1992), to be
-'3 4 5 published inJ. Appl.Phys.

__0 2 April to 5 April 1993 7414A5 [14] The two microbunches required for the SLC were
Figure 3. aaaio ftelwitniyQ oi actually produced by separate Ti:sappire cavities. To

tamed through a period of -15 hours when the SLCmimzecag lmtng fetsorheeod
macropulse rate was dropped from the usual 120 Hz unpolanized nucrobunch, its laser was tuned to 770 nm.
to 30 Hz. The offset in the QE is probably an artifact [15] P. Sfiez et al., "High Voltage Processing of the SLC
of the instrumnentation. Polanized Electron Gun," these proceedings.
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Quantum Efficiency Measurements of a Copper Photocathode in an RF
Electron Gun*

P. Davis, G. Hairapetian, C. Clayton, C. Joshi
Electrical Engineering Department. University of California, Los Angeles 90024

S. Hartman. S. Park. C. Pellegrini, J. Rosenzweig
Department of Physics, University of California. Los Angeles 90024

RFGun LaSer

Bucking Coupling

Solenoid Solenoid BXCT

From Laser
Removable Mirror Gate

Valve

Figure 1: Diagram of the experimental setup

Abstract In most experiments, special consideration is givn to the
A 4.5 MeV photocathode RF Gun has been collection of all the charge produced by the injected photons.

commissioned at UCLA. A photo-injector drive laser Since our goal is to create an electron beam, we measure the
produces sub 2 ps pulses of UV (Q.266 nm) light with up to charge contained in the electron beam at the output of the rf
200 pJ/ pulse, and illuminates a copper cathode. The gun and use it in the calculation of quantum efficiency.
photoelectrons are accelerated to an energy of 3.5 MeV within Therefore, this measurement defines an effective quantum
the gun. The electron beam charge is measured as a function efficiency of the photo-injected rf gun system which
of laser energy using an integrating current transformer (ICT). incorporates the collection efficiency of the beam.
We present measurements of quantum efficiency as a function
of laser polarization for injection angles of 20 and 700 with II. EXPERIMENTAL SETUP
respect to the cathode normal. At 700 incidence a 50%
enhancement in quantum efficiency ( > 10-4) is observed for The photoinjector consists of a Cu photocathode placed at
p-polarized light over s-polarized light. the endwall of the 1/2 cell in a 1 1/2 cell rf gun. After

completion of the measurements, the field balance between the
I. INTRODUCTION 1/2 cell and the full cell was measured to be 1:1.8. This

limits the maximum electric field at the cathode to less than
The photocathode quantum efficiency is a fundamental 50 MV/m. A solenoid is used to transport the beam to

parameter in laser driven rf guns. It has been shown that the various beam diagnostics. The experimental setup is depicted
quantum efficiency depends on the wavelength, injection in Figure 1.
angle, and polarization of light used in producing electrons[ 11. For single photon photoemission, the photon energy
Furthermore, the quantum efficiency is strongly affected by must exceed the work function of Cu (4.65 eV)[31. The
experimental conditions such as the cathode surface, vacuum photoinjector drive laser wis designed to produce < 2 ps laser
conditions, and the applied electric field[2]. pulses at 266 nm (4.66 eV) with 200 pJ/pulse. This is

accomplished using chirped pulse amplification and
compression of a mode-locked YAG laser and frequency

*Work Supported by SDIO/IST through ONR Grant No. N00014- upconverting using two KD*P doubling crystals.
90-J-1952 and US DOE Grant DE-FG03-92ER-40493
0-7803-1203-1/93$03.00 0 1993 IEEE



measured to be 3.5 MeV using a dipole sectrometer.

Cu The Cu cathode received no special surface preparation.
Cathode / After machining, the cathode was installed in the rf gun and

4, baked at 1000C with the gun under vacuum. Highpower rf
conditionig was used to reach a vacuum level of 10-' Torr.

During operation of the gun, the laser spot was focused to
RF Gun sub mm spot sizes on the cathode. The high intensity of the
Ai laser pulses damaged the cathode surface further complicating

SAngle of Incidenc the emission process. The damaged spot is centered on the
Angle Of cathode and therefore all quantum efficiency measurements

*Po arization were made for photoemission from the damaged area.

III. EXPERIMENTAL RESULTS

Measurements of collected charge vs laser energy for three
representative cases are shown in Figure 3. From these

Electric Field~ measurements it is clear that saturation of the charge occurs at
Figure 2: Laser injection geometry laser energies above 50 IJ. Therefore values of quantum

efficiency 1) are taken in the low charge limit. Linear fits for
The laser injection geometry is shown in Figure 2. The laser energies below 25 pJ are presented and labeled with the

polarization angleo is the tan ge The electric field makes with quantum efficiency (q) corresponding to the slope of the line.
respect to the plane of incidence. Therefore, 00 corresponds to From these fits, an enhancement in quantum efficiency of 50%
p-polarized light and 90l corresponds to s-polarized light. A is observed for 700 p-polarized over 700 s-polarized light.
1t2 waveplate allows continuous rotation of the laser Measurements of charge vs laser energy were obtained for
polarization through a full 3600. The angle 0 is the angle of various polarization angles. For 20 injection, changing the
incidence of the laser beam with respect to the beam axis of polarization angle did not affect the charge collected.
the electron gun. We are limited to only two angles of However, for 700 injection, measurements resulted in curves of
injection, 700 and r. similar shape to those of Figure 3 but which lie in between

The electron charge is measured with two independent the 700 s-polarized and 700 p-polarized curves depending on the
diagnostics, the Faraday cup and the ICT. Both these angle of polarization. Figure 4 shows the polarization
diagnostics agree with each other to within 10%. Because the dependence of collected charge for a laser energy of 100 ptJ.
Faraday cup collects significant amounts of dark current, the Identical plots are found at different energies. The functional
ICT was used to measure the photo-induced charge per pulse form of this enhancement fits a cos' O dependence which
free of the dark current background. A phosphor screen was implies that the enhancement is dependent on the energy of p-
used to ensure the position of the electron beam was on axis polarized light rather than its electric field.
near the center of our diagnostics. The beam energy was

3.0~ 2.-.......I
-4 2 3 mm dia. FWFM spot size

2.5- - 266nmn laser pulse
2.5 - 1.9-- 2 ps FWHM

2.0 = I-.8

1.5  -1.7

U 1.0 1.6

0 0=2* any polarization 1.50.5- 0 0=70r p-polarized "-i

0 .0=74- -polze 1 .I . .
0.0 ,,1 .. . _ 0 45 90 135 180

0 25 50 75 100 125 150 175 Polarization Angle (deg)
Laser Energy ( Figure 4: Charge measurements at 700 injection vs

Figure 3: Quantum efficiency measurements polarization angle
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For laser spot sizes less than 3 mm in diameter, it was rf gun. However. experimentally the space charge problem is
possible to inject the laser pulses at 20 incidence without complicated by the cathode damage. Because of this damage,
impinging directly on the damaged area of the cathode. most of the electrons could be produced from microemitters on
Careful quantum efficiency measurements were not taken under the cathode surface. At these emitters the space charge could
these conditions however a factor of 3 decrease in the quantum be worse. Despite these limitations in the computer
efficiency was observed from the undamaged portions of the modeling, the PARMELA simulation showed saturation
cathode, similar to that of experimental data.

The increase in quantum efficiency for p-polarized vs s-
IV. DISCUSSION polarized injection is probably due to the difference in the

reflectivity of copper at these polarizations. The reflectivity of
Quantum efficiencies of lx l04 are surprisingly high for a copper mirror was measured as a function of incident angle

photoemission from Cu using 266 nm light (4.66 eV) since for both s and p polarized 266 nm light. According to the
the photon energy is very close to the work function of Cu generalized Fowler-Dubridge theory, Ti is proportional to
(4.65 eV). The quantum efficiency of Cu has been measured absorbed laser energy. A 90% increase in absorption was
to be 1.5x I0-5 using 248 nm light [41 and 6x I0-5 using 193 measured for p-polarized light over s-polarized light predicting
nm light [5]. Typically the quantum efficiency is higher for a 90% improvement of the quantum efficiency for p-polarized
light of shorter wavelength. Using the Fowler-Dubridge injection. The measured enhancement was only 50%. This
theory for photoemission [61, these previous measurements of discrepancy could be due to a difference in the relative
quantum efficiency can be scaled for our wavelength of 266 reflectivities of the damaged cathode i. comparison to those of
nm predicting i-10"8. The quantum efficiency can be the copper mirror.
increased in large electric fields (>10 MWm) through the
Schottky effect. In order to increase qi from 10-8 to 10-4 V. CONCLUSIONS
electric fields of almost I GV/m are necessary at the cathode
surface. As was mentioned above, macroscopic fields at the The quantum efficiency measurement of Cu in - rf gun
cathode of only 50 MV/m were reached, however, in the resulted in i=lxl0-4 . The photoemission from Cu under
damaged area electric field enhancement factors of 20 are macroscopic electric fields of 50 MV/m appears to be enhanced
possible due to the surface roughness. The enhancement of by damage on cathode. However, for charge levels greater than
quantum efficiency from the damaged area over undamaged area .25 nC the quantum efficiency is reduced by space charge near
could explain the factor of 3 decrease in quantum efficiency the photocathode. Despite the limitations imposed by space
observed as the laser spot was directed away from the damaged charge, up to 3 nC is produced from the electron gun. For 700
area. laser injection. p-polarized light results in a 50% increase in

A more recent measurement of quantum efficiency quantum efficiency over s-polarized light probably due to their
(1.4x 104) for polished, clean Cu with low applied fields relative reflectivities.
using 266 nm laser pulses was reported by Srinivassan-Rao et
al 12]. Although this value agrees with our measurement, it VI. REFERENCES
implies that field enhanced emission did not occur and does not
explain the difference in photoemission between the damaged [I I D.W. Juenker, J.P. Waldron, and R.J. Jaccodine."Vectoriai
and undamaged parts of the cathode. Photoelectric Effect in Clean Molybdenum,"J. Otp. Soc. Am.
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effect predicts a linear dependence of charge production on [2)T.Srinivasan-Rao, J. Ficher, and T. Tsang, "Photoemission
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energies nbove 50 jaJ. The saturation can be explained by [3]Handbook of Chemistry and Physics p. E-78
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High-Efficiency Target-Ion Sources for RIB Generation*
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Abstract have been made over the past few decades for ISOL
applications, many of which have been recently

A brief review is given of high-efficiency ion included in reviews by Ravn [41 and Van Duppen, et
sources which have been developed or are under al. [5]. For information on the latest deavepments
development at ISOL facilities which show paticular in on-line mass separators and target-ion sources
promise for use at existing, future, at radioactiveion associated with their use, readers arencouraged to
beam (RIB) facilities now under construction, consult the proceedings of the most recent
Emphasis will be placed on those sources which have elecdr_ a isotope sepraor (EMIS) conferences
demonstrated high ionization efficiency, species [6,7]. In the present paper, the requirement of brevity
versatility, and operational reliability and which have places limitatiom on the number md types of sources
been cardelly designed for safe handling in the high which can be included; therefore, the review will be
level radioactivity radiation fields incumbent at such restricted to examples of sources which represent
Sflities Particular attention will be given to the state-of4he-art developments of a particular source
sources which have been selected for initial or future type which have demonstrated high ionization
use at the Holifield Radioactive Ion Beam Facility efficiencies and reliable performances at ISOL
now under construction at the Oak Ridge National facilities.

2.0 CANDIDATE ION SOURCES FOR
1.0 INTRODUCTION RIB GENERATION

During the past few years, world-wide interest The ISOL technique is complicated by high-
has developed in the use of radioactive ion beams to temperature physics, chemistry, metallurgy,
address questions concerning the structure of the diffusion nmd surface adsorption processes which take
nucleus mid on the nucleosynthesis bun cycles which place in the target-ion source; all of thee processes
power stelha processes and which areresponsible for add to the delay times which result in losses of the
heavy element formation. Because many of the short-livedradioctive species of interest. For RIB
nuclear reactions important in nuclear, nuclear generation, the source should ideally exhibit the
structure, and astrophysics are inaccessible to following properties: high efficiency; high
experimental study using stable/stable beamAarxet temperature, operation in order to minimize the
combinations, they can only be studied with diffusion times from the target and residence times an
accelerated radioactive ion beams (RIBs). Such the surface; low energy spreads; chemical selectivity;,
beams, therefore, offer unique opprtuities to further flexibility for adaptation to different temperature
our knowledge of the nucleus and the energetics of ranges and modes of operation; target temperature
our solar system. As a consequence, world-wide control; long lifetime; and stable electrical and
interest has led to the development and proposed mechanical properties. Th source should, as well, be
development of RIB facilities in Asia, Europe, and designed for safe and expedimen insertion-unova from
North America [see, e.g., the facilities listed in the ISOL facility to permit changing of the target
Ref. 11. Of the several facilities listed in Ref. 1, material and source repairs as required in high
only the RIB facility at Louvain-la-Nenve is presently radioactivity radiation level fields.
operational (2], while the Holifield Radioactive Ion
Beam Facility (HRIBF) at the Oak Ridge National 2.1 Electron Beam Plasma Ion Sources
Laboratory has been funded and is now under
construction [3]. The FEBIAD ion source. Tue forced electron

Our present knowledge of the properties of nuclei beam induced arc discharge (FEBIAD) source,
far from the region of beta stability can be, in part, developed at GSI by Kirchner [8-10], differs from
attributed to the successful development of reliable, conventional plasma discharge sources in that it does
long-lived, and efficien ISOL ion sources with fast not require a minimum pressure for stable operation
release propeies. Many ion source developments
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(commonly referred to as the Langmuir criterion for therefore, move slowly through the ionization
stable discharg). The source operates a pressures of volume of the source. The ionization effmicnces for
more tOia one m rder of magnitude lower than the these atoms are close to those measured for the
Nielsen plasma discharge source [11] as clearly FEBIAD source. For example, the maximum
demontrat by Kirchner and Roeckl [12]. The efficiency recorded for Xe is 56% [151. However,
source is well suited for ISOL applications which those sources do not appear to ionize low-mass
involve the use of heavy ions to produce the elements or molecular materials efficiently,
radioactive species of interest in that it operates stably particularly those with high ionization potentials.
and efficiently over a pressure range of-I x 10-5 to The high-temperature version of the CERN
-2 x 10-4 Torr at elevated temperatures. Several ISOLDE source [161 has been selected as the first
versions of the source have been developed at GSI source to be used for the generation of radioactive ion
(see, for example, Refs. 8-10 for specific details on beams at the HRIBF because of its low emittance,
the respective sources); these sources differ in their (-2 x mmnmra) (MeV)1/2 relatively high ionization
materials of construction, ionization chamber efficiency, and capability for producing a broad range
volumes and achievable target temperatures, of radioactive species. Of equal importance, the
depending on the particular source geometry. The source has been clevrly engineered for remote
efficency of the FEBIAD ion source is quite high for installation, removal and servicing as required in safe
slow moving heavy ions; for low mass, fast moving handling of highly radioactive contaminated sources,
atoms with high ionization potentials, the source is source components, and ancillary equipment. The
not as impressive. For example, the measured smuce design also permits easy modification to lower
ionization efficiencies for the noble gas elements, as temperature rsions and conversi from electron
reported in Ref. 13, are, respectively, Ne: 1.5%; An impact ionization to either thermal or positive and
18%; Kr. 36%; and Xe: 54%. The following negative surface ionization sources.
equation is found to be useful in approximating the The HRIBF version of the CERN-ISOLDE
ionization efficncies zq for the noble gases: source is lescribed in Ref. 16. The high-temperature

target an, ionization chamber of the source are shown
(O [M ( . 31/2 schematically in Figs. 1 and 2. A collimated ion

1lcaL ip I-WdL4Te>) beam frun the ORIC will pas throughi a thin ReA0  Iwindow where it interacts with the refractory target
_______ 112 material chosen for th production of the desired

/11+ --- L N ' ---- <kT e -< >] (1) radioactive beam. The Ta target nmerial reservoir isAO A lined with Ir or Re instal as is the beam transport

tube and internal surfaces of the source.

Where (1 = average path length for a particle in the ORNL-DWO 93-9582
plasma; Do = constant (cm2 /S); AO = emission area m
of the source; k = Boltzmann's constant; Ti & ion
temperature; Te M electron temperature; Ip = ,-.

ionization potential; N* - number of elcons in the .
Valence shell of the atom with a gyven and Mi=
mass of species. The following values we used for mm
terms in Eq. I when estimating ionization - IM
efciencies for the FEBIAD ion source: (kTe) = 3
eV; Ti - 2273*K; and 4(< Do/Ao = 5.39 x 103
cms.--

The CERN-ISOLDE ion source. The CERN-
ISOLDE on-ine source is simil in principle to the E.-i
FENIAD source. The design features of several
versions of the source have recently been described by Figure 1. Cross-sectional side view of the HRIBF
Sundell and Ravn [14). The CERN ISOLDE high-temperature argevion source showing the target,
taget/om source has been utilized extensively for the vapor transport tube, and ionization chamber of the
production of short-lived radioactive species and has source [16].
boee cleverly eugieered to enable remote installation
and removal from the facility as required for safe The thickness of the target is chosen so that the
handling in high-radiation-level fields. Electron projectile has an energy spread within the target
impact ionization sources of the FEBIAD-CERN- medium which approximates that required for
LSOLDE type me quite efficient for low-ionizadon- optimum radioactive species production. The
potential elements and elements which are heavy and,
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unreacted beam exits the target through a second Re Table 1. Comparisons of calculated uad
window, then strikes a cooled C beam stop. This experimentaly memured ionization efficiencies i for
tchnique reduces the powe deposited in the tWat and electron beam plasma ion sourceL Eistimated
themby simpliflie te rstU contUru piublems. ionizatio efficiencies were calculated by using Eq. 1.

CIW ORNL-DWG93-9583 Z EIlsnfh W*V) No 'rim%) iW(%) Rd.

10 2% 21.56 2.0 1.6 10

. ... M..N 1W I Ar 15.76 8 16 19 10
24 4cr 6.77 1 37.0 2 10

P"o26 GY 7.90 2 452 30 10
32 70Gm 7.90 4 66.6 41 10

-36 owl 14.00 a 34.1 35 10
36 a% 14.00 34.1 36 17

46 IP4 5.3 15 5.5 :P-25 10
S47 1WA 75 1 36.7 47 10

---- 47 "Do 75 1 36.9 50 10
50 1M& 7.34 4 74.0 53 10
50 1046n 7.34 4 74.6 54 10

Figure 2. Cross-Sectional top view of the iMMF 5 12U 12.13 a 54.6 52 10
high-Umerture Wpeton sourc showing the target, 54 132U 12.13 5 54.5 53 10
vapor transport tube, and ionization chamber of the 54 r 12 .113 a 54.8 56 Is
source (16]. 79 W7A 923 1 32. 50 10

52 Mf 7.42 4 785 82.5 10

The Wget re•avtoir is positioned within the ier 83 2ft 729 5 29 8 60.3 10

diameter of a scrie-connec1ed resistively heated,
ree•cyliner, Ta tube. Theer voir cu be heated to 2.2 Thumal Ion Sources

tmVpe ratues exceeding 2100C by passing a current
through the ubul sructu•m. The power required to At high temperatures, collisions between gas
hest the assembly to 21000C is estimated to be 5.5 particles may produce ionization provided that their
kW (11 V at 500 A). Temperature control will be relative energies exceed the first ionization of the
mainitad within ± 2M by use of feedback circuitry atoms or molecules that make up the gas. For dte
driven by a two-color pyrometer to adjust the current case of a monoatomic gas, a fraction of the total
through the heater. number of gas particles will be in various s•s of

The electron emitter cathode is also made of Ta ionization at thermal equilibrium. For such
and is resistively heated to thermionic emission reaction, the law of mass action can be used to derive
temperatures, -k 21250C. The electron beam, an expression for the ionization efficiency as a
typically 2 250 mA, is accelerated through a potential function of temperature and pressure [18]. The first
difference of 200-300 V to the perforated anode p reported applications of this technique ar descrin
whee it psseino the cylindrical cavity of the anode Refs. [19] and [20]. Such sources are relatively
structure and ionizes the gaseous material. efficient for elements with ionization potemials Ip:5
Collimation of the electron beam is effected by -7 eV.
adjusting the coaxially directed solenoidal magnetic Ionization efficiencies for a number of elemenrm,
field so as to optimize the ionization efficiency of the including Ca, Sr, Nb, and La, all of the lanthanides,
species of interest. The cathode power required to and U, Pu, and Cm of the actinides have been
achieve themionic emission temperature will be -2 measured by use of the thermal ionization source
kW(400Aat 5V). described in Ref. 20. The efficiencies for ionizing

The electron beam generated plasma (EBPG) Ti, Cr, Fe, Ni, Sr, Pb, and U have been memured by
ion source. The electron beam generated plasma Kirchner [21]. The source can be very efficient as
(EBGP) ion source, developed for use at the OASIS indicated. A thermal ion source has also been
facility by Nitschke [17] has demonstrated high designed for use at the TRISTAN facility [22]. A
efficiencies and very high temperature operation thermal source is also now under design at the
(-2700*). Table I compares the efficiencies for a HRIF. The vapor transpcrt abe, made of W or Ta,
inumber of elemet, a calculated from Eq. 1, with will be resistively hemal to -21000C. In addition,

those meamred from the OBGP, FEBIAD, and the thermal ionization region of th. vaw transport
CERN-ISOLDE ion s•uces. tube will be heated to -26000C by electron

bombardment
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principle, have been developed for ISOL applications
2.3 Surface Ionization Soerces including those described in Refeences 27-29.

"The ECR ion source is superior in terms of
Posdw swybce ionhmdon For thermodynamic ionization efficiencies for low ma. high ionization

equilibrium processes, the ratio of ions to neutrals potential elements and in terms of their capabilities
that leave a ideal surface can be predicted from for producing multiply charged ion beams. Another
Laugmuir-Saha surface ionization theory. principal advantage of the ECR ion source is that it

Posidw swface ioniation sources. Positive does not rely on a negatively biased hot cathode for
suriofacenizadon sources are quite simple and easy to generating and sustaining the plasma which limits the
operate. The principle has been used at CERN- lifetimes of conventional electron beam plasma
ISOLDE [23] and TSIOL facility [24] to generate ion sources due to physical sputtering of the cathode
beams from low-ionization-potential elements. material. The principal disadvantage of the source is
Although they have limited applications in terms of that, in its present state of development, the discharge
species, the process is highly chemically selective, chamber can only be operated at modestly high
The CERN-ISOLDE source can be easily etrofitted temperatures which severely limits the number of
to accommodate the positive surfae ionization source species that the source can be used to process. The
mode of operation, as demonstrated at INS to ionize ionization efficiencies for condensable materials will
38K [25]. A positive surface ionization source will be less than those for more volatile elements.
be used as complementary to the CERN-ISOLDE However, due to the high probability for ionization
surce at the HRIBF The ionizer and vapor tasport during transit through the ionization volume of the
tube will be Ir coated tantalum and heated resistively sorce, there is evidence that the efficiencies for
to - oo00C. condensable materials may be relatively high, as well.

Negative surface ionation. For thermodynamic The ECR ion source, however, is particularly well
equilibrium processes, the ratio of ions to neutrals suited for the processing of highly volatile or gaseous
which leave an ideal surface can be predicted from materials and usually out performs election beam
Uamuir-seha surface inization theory appropriate plasma sources for low atomic number species. The
for negative ion formation. prototype on-line ECR ion source was first developed

The negative form of surface ionization is also at Karlsruhe [27] for ISOL applications; the source
highly chemically selective and, therefore, can be used has demonstrated efficiencies for C of 10%; for N up
for the generation of high-electrou-afflnity elements to 27%; for O up to 55%, for Ne up to 31% and Xe
such as the group VILA (halogens). UnfortMnately, up to 65%. This source was duplicated at TRIUMF
there is limited availability of a wide variety of [281. Ionization efficiencies of 189% for N, 37% for C
stable. low . work materials. LaB6 is the most and 14 % for Ne and 35% for Ar have been measured
fseqwmy used iow-work-funmtioa surface ionizer, with the on-line ECR ion sources at Louvain-la-
having a work function s u -23 eV for Neuve [29-31]. The ionization efficiencies for the
polain and 2.36 eV for single crystalline ECR ion source are sensitively dependent on the
pmlerial pressure in the discharge chamber as evidenced by the

Negaaive surface ionizaion sources. An on-line measurements made at Louvain-la-Neuve. These
formofthe negativesurfae ioion sources. hs -sources ae clearly more efficient for low mass, high

form of the negative surface ionization source d ionization potential elements than conventional, hot
been developedu at CERN-ISOLDE, which is equipped cathode electron beam plasma type sources such as
with a LaBg surface ionizer (26]. The CERN- the FEBIAD and CERN-ISOLDE type ion sources.
ISOLDE-type source can easily be retrofitted with a On the other hand, the ionization efficiencies for Xe
LSB6 ionizer and used to efficiently ionize high- in this source are close to those recorded at CERN-
electron-affinity elements as clearly evidenced by the ISOLDE [15] and GSI [13] for Xe (-54%). These
successful application described in Ref. 26. A sources are particularly impressive for difficult to
sphercal-geometry egative-swface sour, e is planned ionize elements such as He and Ne. A compact,
for ue at the HRIBF. single stage, permanent magnet ECR ion source is

now being developed for on-line use at GANIL for
2.4 ECR Ion Sources potential RIB applications [32].

Electons moving along the field lines of an 2.5 Plasma Sputter Negative Ion Sources
external magnetic field of flux density B can be
resonmdy accelerated by the electric field associated The technique of sputtering a surface covered
with microwave radiation of the proper frequency with a fractional layer of a highly electropositive
which matches the electron-cyclotron resonance adsorbate material such as cesium has proved to be a
condition, mECR -= (rf n Be/re. The region where universal method for generating atomic and molecular
the I condition is met is referred to as the ECR negative ion beams from most chemically active
zone. Several ion sources, based on the ECR
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elements. Positive ion beams, usually formed by double sheath surrounding the negatively biased
fther direct surfa ionization of a group IA dmuent sputter probe (spherical radius 30 mm and diameto r

or in a heavy noble gas (At, Kr, or Xe) plasma = 12.5 mm), which is maintained at a variable
discharge aseede with alkali metal vapor, are voltage (0-1000 V) relative to housing, serves as the
accelerated to energies between a few hundred eV and acceleration gap and ]es for focusing the negaive-ion
several ktV wher they sputter a sample containing beam through tie exit aperture (diameter - 3 mi).
the element of interest. A small fraction of the At this point, the ion beam is further accelerated to
sputt eecd particles leanve the adsorbate covered energies up to 50 keV prior to man anmlysis. The
auface as negative ions and m accelerated through an efficencies of several negative ion species have been
extraction aperture in the source. Several sources estimated by Tsuji and Ishlkawa [371. Their results
predicated on this principle have been developed, ae shown in Table 2.
some of which are described in Ref. 33. Sources
based on this principle am particularly appealing for Table 2. Estimates of the probability for negative
applications involving the poMcelrto of RMs ion formation by xenon sptering at optimum
with tandem accelerators such as at the HRIBF. In cesium wvmre (R 37)
particular, sources which use a plasma to sputter the
ample [34-37] am especially attractive becaue this isg.o IM C- %- CU- a.- Mm- To- W-
technique assures uniform sputtering and, P ¶5.6 12.1 13. (0.52) (1.5w U7
consequendy, good overlap of the bombarding g sP (,(
and the material containing the radioaive ion bean.

Figre 3 displays a schematcal representation of The emittance of the source is quite good (-4:
a plasma sputter source now wider design for use at mm mrad [MeV] 1I 2) as measured by Mori for the
the HRIBF. The source will be housed in the source compaot plasma sputter described in Ref. 36 when
vacuum envelope as the CERN-ISOLDE source. operated with mA beam of CO-. The emittance is

much lowe than dis acceptance of the 25-MV tandem
ORNL-DWG 93-957 accelerator (381 and, therefore, should be easily

,trm Mmanspored to the terminal s peW r in the machine.

W 2.6 Multi-photon Resonance Ionization Sources

SMulti-photon resonance ioniztion spectroscopy
(RIS) has been utilized for a number of years to
selectively ionize atoms [39]. The scheme is, in
principle, very simple, the difficult challenge is to
find the most efficient scheme for ionizing a
particular atom. Two or more laer are used to
selectively ionize the species of interest. BeAus the

oprocess epquires the precise matching of the
L photo energies to each of the energy levels of the

Sparticular atom, the proacs is resonant and uniquely
species selective; the RIS wchome is, thereore, highly
d against potential Contaminants. Thus,

Figure 3. Schematic drawing of a plasma sputte RIS offers a means of generating fully ionized,
negative ion source now under design for use in the isotopically and isobarically pure RIBs.
HRBF. The source will be complementary to the Approximately 80% of the elements in the periodic
CERN-ISOLDE electron beam plasma source chart can be resonantly ionized with the RIS
displayed in Figs. I and 2. technique with existing aMs.

Several giouis am actively developing RIS laser
Radioactive species from the target will be transported ion sources for future ISOL applications. The RIS
at high temperatures through the vapor transport tube scheme has been a d to resonantly ionize atoms
ino the plasma discharge chamber wher the vapor releawi from an ISOL target and effused through
will be condensed on the cold cathode surface. A tubular or insulated cavities which an operated at
Xenon plasma, seeded with cesium from an external high temperatures to prevent condensatiom. Two or
oven, will be ignited either by a filament or a rf oaiL three tunable dye laser beam am collinealy focused
The radioactive ion beam will be formed by sputter throgh the cavity with their wave lengfth chosen to
ejection of atoms or molecules from the negative resonantly iouize the species of intest. This source
hissed spherical geometry spumer probe covered witi is handicapped by the fact oht some of the atoms are
a partial layer of cesium adsorbate material. The in excited stut or may be thermally or surface
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ionized du to the high temaperatue.. required to this technology will rapidly advance in the fMtre.
prevent condensation as doe walls of die cavity. The The RIS technique offers tie idealistic prosec of
otherwise chemical selectivity cherucler of die RIS eliminating the need for expensive isotpe and Wiobr
Foces enit. therefore, compromised. ?deverthelems the electmagneti =Per$" devices.
lut cavity-RIS technique has been used off-line by Plasma or cesium spauter ion sources offer
Aatkeev, at al. to selectivel ionie Sr to efficiencies another possibility for the efficient formnation of
of 17% M40 and by Ames, et al to ionize Tc to negaitive ion beams from high electron affinity
efficiencIes of 13% [41]. Theme poops both employed elemen=s Sources, basnd on this well developed
Cu vapor laersi which opera P at high repetition rate tecnolgy, do not suffer firom poisoning effects asdo
to pump tUmab" dye losers. This MIS scheme has direc negative surlfe ionization sources end ars very
been duplicated by Alkhazov, at &I. to study the appealin for use at tandem accelerator bond RIB
ionization of die rare oth elements Yb, Ho. 7t, mid faclities such as die HRIBF.
Sm (42]. Mishin, at al. used tie MIS technique to Thermal and surface ionization sources have
determine die ionization efficiencies for Sn, Th, Yb, reached a certain degree of maturity in their
and U [43U Efficiencies up to 15% wone recorded for developmen but still play Impotan roles for the
Yb. In these studies, it was band that the initial efficint generation of ion beams from specifi
chemical selectivity faclor for Tie, conuprmised by elements. Surface ionization sources, in Particular,
surfaice and thermal excitatioa/ ionizedio Processes, offer a high degre of chemical selectivity and we
could be Inrammed from 10 to 10000 by the proper simplesond eay to oprae.
choice of cavty material mud by reducing the cavity
temperature the gun in selectivity was mae& by Akol~iw-upesn *hemod end muface, ioniation piuce...
Furthermore kt was found that another fiacor of 10 Specials thua ame extended to J. Dellwo, D. L.
coul be gained by using gooed deteton techniques Hlaynes mand 0. D. NMil for suplying several graphic
on the buniched beam. The. lser desorption technique illustrations included in die manuscript. The author,
has been used to dosop Pt and An which were ion as usual, is indebted to ML. Jeanett M~cBride for
implnted int sumples and to sotud the Pt-Au isobar Wtypingmd assembling the manuscript.
contamination problm by using the, RS technique.
Ionization efficiencies for dUs study only reached 5 x. Roe==uc
10-3 [44]. However, the demrption efficiencies for the
process reIAhe 6M%. [11 D. K. Olsen, Nucl. Instr. and Met& A32L

303(1993).
3.0 Cnlsos[21 P. Van Duppen, P. Decrock. M. Huyse,

Th. Delbar, W. Galster, P. Leleux, L Licot,
JSOL ion sourc development continues to be E. Lienard, P. Lipnik, M. Loiselet,

driven by needs for soures: with improved chemical C. Michote, 0. Ryckewaert,6 J. Verview,
selectivity, high duty faectors, and more universal P. Duhamel, and J. Vanhorenbeeck, Nucl.
species capabilities. Despite die fact that electron hins. aid Mledi. BMD 393 (199).
beaus plamsm son sources have poor chemical [31 A Proposal for Physics with Exotic Beans at
selectivity characterist~ics, they have a decided the Holifield Heavy Ion Research Facilty, eds.
advantage in that they am closer to being universal J. D. Garrett and D. K. Olsen, Physics
then other ISOL sources don have been developed to Divisoit, ORNL., March 1MI1 unpublished.
date. Of the electron beam sources, die CERN- [41 H. L. Rays, Nucl. Inst. and Moth., iDM 107
ISOLDE source is very appealing for RIB generation (199).
applications [51 P. Van Duppen, P. Decrock, M. Huyse, and

Although ECR ion source developrmen has made R. Kircne, Rev. Sci. Insur. fi 2381 (199).
cosdrable progess this source type silufes [6] Proceedings of the Eleventh Jut. Conf. on
from the falct that no really satisfactory sltotoElectromagnetic Isotope Separtors and

the ow all n-1watmpe prolemhasTechniques Related to Their Applications, Ed.
been founid; as a consequence, die source, in its W. L Talbert, Jr., Nuci. Instr. and Meth. 2
present stat~e velopment, has very limited species (1987).
capabilities for ISOL applications. However, dime is [7 Proc. of the Twelfth Int. Conf. on
ample incentive to solve this problem because of thecmgntcIotp eartr n
obvious advantage of the ECR source over Techniques Related to Their Applications, Eds.
conventional source types in terms of ionization K Fujioka, T. Shisozka, and Y. Kawase,
doUieNCY. Nucd. Instr. and Meth. Mi (199).

The results from tie testing of RIS lase sources
has been rather enouraging and it is expected that
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Absract

The Superconducting Super Collider (SSC) LINAC
Injector consists of an Ion Source, Low Energy Beam Ion
Transpor(LEBT) and Radio Frequency Quadrupole accelerator Source LEBT RFQ
0kFQ). The LINAC Injector is required to provide 25 mAof U000
H- beam (pulse width of 9.6- 48 Its at 10 Hz repetition rate) at - "0 ' ,
2.5 MeV with transverse normalized rins emittance ( __-_ __r__s)

of less than 012 mm-mrad and longitudinal normalized rms 00 0 "1ro [
emittance (el) of less than 0.82*10-6 eV-s. An RF-driven Extractor
volune source was chosen for the initial commissioning of
the SSC IUNAC Injector. The RF volume source generates Figure 1. Functional diagram of SSC LINAC Injector
beams with Et-n-rms as low as 0.06 % mm-mrad while
meeting all other SSC ion source operating requirements
(30 mA at 35 keV). The highly converging input beam
required by the SSC RFQ is provided by a dual einzel lens.
The initial experimental results from commissioning of the
SSC LINAC Injector and experimental results pertinent to the
performance of the SSC ion source and LEBT will be
discussed. ,.

I. INTRODUCTION

Figure 1 is a functional diagram of the SSC LINAC
Injector (Injector) showing the H- Ion Source, LEBT, and
RFQ. Figure 2 shows the Injector at its temporary location at
our R&D laboratory in Waxahachie, Texas. The Injector is
scheduled to be moved to its permanent tunnel location later
this year. First beam was successfully accelerated through the
Injector on April 8th, 1993. With 30 mA from the 35 keV ion
source, the Injector output current was 18 mA. After a brief
description of the Injector subsystems, details of experimental
results from the Injector output beam characterization will be
presented. Figure 2. SSC LINAC Injector

IL INJECTOR SUBSYSTEMS divides the source chamber into discharge and extraction
regions. The 2 MHz RF power, with electrons supplied by a

A. SSC H" RF Volume Source hairpin tungsten filament plasma starter, excites and ionizes
the hydrogen gas molecules in the discharge region. The RF

Multicusp plasma sources provide volume production of power is inductively coupled to the mixture via a two turn
low energy (<2 eV) H- ions leading to low emittance, high ceramic coated copper antenna: The magnetic field of the filter
brightness beams. An RF driven volume H- source, based on rods prevent the energetic plasma electrons from entering the
RF induction discharge, was developed for SSC by LBL [I]. I extraction region. Cold electrons, the positive and negative

A schematic of the SSC RF volume ion source is shown in ions, and the vibrationally excited hydrogen molecules can
Figure 3. The plasma is confined by the longitudinal line- drift across this magnetic field forming a plasma in the

cusp field produced by samarium-cobalt magnet that surround extraction region with a low electron temperatue . The cold
the sorce chamber and back flange. A pair of water-cooled plasma enhances the formation of H- ions by dissociative
F P a mP - gnet filter rods placed near the plasma electrode amtachment (2].

eeal a narow region of transverse magnetic field which We have extracted H- beam currents as high as 40 mA at
35 kV. The volume source has a high extracted electron to H

*OpwMed by the Uniersity Research Association, Inc. for the ratio (30:1). These unwanted electrons are separated from the
U.S. Deparment of Energy, under contract No. DE-AC35- H beam by a 4 cm long magnetic spectrometer at the extractor
89ER40486. electrode exit (Figure 3). The spectromete's magnets are

0-78O3-1203-I•W$ .00 1993 IEE
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EXTRACTOR be closer to 0.06 % mm-mrad. Figure 5 shows a typical
horizontal phase-space emittance contour plot of beam out of
the volume source. The beam is highly diverging and is about
0.8 cm in radius.

SPECTROMETER , ,

H'a

FILTER MAGNETS .o

400

Figure 3. $SC W-RF Volume Source 4 , A 42 *A 0.2 OA, *A 0
*MNI"0 (00)

housed inside a soft iron envelope to prevent fringe field from
penetrating the extraction gap and the volume source. Figure 4 Figure 5. A typical ion source horizontal phase-space
is a close up of the RP volume source as part of the Injector emittance contour plot
assembly (the LEBT vacuum shell and portions of the RFQ
are also shown). B. LEBTs

The divergent ion source beam is matched into the RFQ
by the LEBT. The LEBT housing also contains source
diagnostics and provides the differential pumping between the
source and the RFQ. The SSC RFQ requires a highly.
convergent input beam. The Twiss parameters for the design
input beam are otx,y =1.26 and Px,y =0.018 mm/mrad (140
mnad convergence and - 4 mnm in diameter).

A gas neutralized LEBT is not an option for SSC since
the neutralization time ( -50 tts) is longer than the SSC pulse
length. Thus, electrostatic LEBTs were the only viable option.
The 30 mA operating current is low enough that several
electrostatic focusing concepts can be considered. The einzel
lens and helical electrostatic quadrupole (HESQ) lens are the
leading candidates for the SSC LINAC and their characteristics
are being evaluated at the SSCL. The University of Maryland
is investigating a straight electrostatic quadrupole (ESQ) LEBT
concept [5] on our behalf and LBL is investigating a very
compact single ring lens concept [6].

The einzel lens is probably the most mature technology
for this application. Unfortunately this LEBT requires voltages
similar to the source voltage which results in nonlinear

Figure 4. RF volume source as part of the Injector assembly. aberrations. For the initial commissioning of the Injector, we
are using an existing dual einzel lens LEBT optimized to meet

Emittance measurements, at an axial position the SSC magnetron ion source requirements. This choice was
corresponding to the LEBT entrance ( -5 cm downstream of not the most desirable one but, in the interest of meeting our
extractor electrode), yield et-n-rms (rms normalized emittance schedule, it was the logical choice.
extrapolated to 100% of the assumed Gaussian beam (31 ) of The 30 mA output beam of the volume source and einzel
0.10 - (.15 x mm-mrad. Smaller emittance [4], Ei..n- iio = LEBT configuration was characterized at 35 keV. Figure 6
0.06 x mm-mrad, has been measured in the presence of Xe shows a typical horizontal beam phase-space emittance contour
neutralizing gas which minimizes space charge effects. The plot out of the einzel lens at an axial location corresponding to
neutalizingbeam whihminiz out pafthe ion hargrce isbelvedts. T the RFQ entrance. Nonlinear aberrations are quite pronounced.
actual H- beam emittance out of the ion source is believed to However, the shape of the vertical and horizontal phase-space
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0.3- C. RFQ

The SSC RF1 is a four vane smtcture designed and built
for SSC by LANL [81. The design parameters of the SSC
R., are given in Table I. The SSC RP has two unique
features. First, the design included the effects of higher
multipoles by using an S-term electric field potential to0.1. •optimize transmission. Second, the intervane voltage is
ramped along the length of the RFQ to minimize the beam

0.0. .losses and structure length.

*.. .. Table I
-0.1 .. ,RFQ Design Parameters

Prequmoy 428 MHz
Injeceion Energy 35 keV

-0.2- Output Energy 2.5 MeV
Injection curent 30 mA
Outt_ current 28 mA

-0.03 RN length 218 cm0-75 -0.50 -oin 700o o0 ovo -275kst 1
X Input aperture radius 0.198 cm

Final aperture radius 0.240 cm
Final modulation factor 1.93

Figure 6. LEBT Phase-space horizontal emittance contour plot Intervale voltage 54.82 to 88.5 kV
Peak msface field 36 MV/m (1.8 K)

emittance contour plots are similar. The measured e t-n-rms Cavity peak rf power <300 kW

ranges between 0.38 x mm-mrad in the vertical plane to 0.79 Input et-n-rms <0.2 x mm-mrad
z mm-mrad in the horizontal plane. This is 3-5 times the ion Output 4t-n-rms <0.2 x mm-iimrad

emittance. HoweYer, most of this LEST induced Output q <0.82.10-6 eV-s.
effective emittance growth Is due to the large, low particle- Output beam radius (rms) 0.75 mm
density, phase-space wings. As shown in Figure 6, the
converging core of this beam, which contains the majority of
partices, fits within the nominal acceptance space of the RFQ.
Computer simulations [7] have indicated a 40-65%
transmission of this beam through the RFQ. A 50% EIl. INJECTOR OUTPUT BEAM
transmissim, will provide a more than adequate Injector beam CHARACTERIZATION
(15 mA) to commission: the following stages of the SSC
LINAC. Figure 7 is a close up of the eiazel lens housing A set of toroids and Faraday cups (• placed in various
assembly as installed in the Injector.,The ion source extractor axial locations along the injector are used to measure the

and magnetic spectrometer are also shown in this figure. ail locations alng treusein iond h oughuthe RN.

A I#nrailay cup cm be inserted between the ion so,'rce and the
LEBT to measure the ion source beam current and to block the
bea from the rest of the Injectr. A non-ftecepting toroid in
the LESTme ures the RPQ input beam current. At the RFQ
output, the Injector current is measured by a torbid and a
downstream PC., The Injector outp&t beam current, as
measured by the RPQ output PC is shown in Figure 8.
The measured output beamd shape is an exact duplicate of the
measumd ion source output beam current (Figure 9). The
highest Injector output beam current achieved to dateis 20 mA
(for 30 mA input), this translates to a 66% transmission
through the.SSC RN.

An absorber-collector experiment has bracketed the output
beam energy to a value between 2.1 MeV and 3.3 Mev. In
this experiment a 2.1 MeV range-thick foil, placed upstream
of the output F.C., allowed the whole Injector output beam to
be collected while a 3.3 MeV range-thick foil stopped the
entire beam. This experiment also indicated a 100% accelerated

Figure 7. Einzel lens housing assembly beam at the nominal RN design field.
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uFigure 10. An Injector output beam horizontal phase-space
emittance contour plot

Vertical Axis : 4 mA/'div "25% larger than the SSC LINAC Injector goal. However, the
Horizontal axis : 20 jtsldiv large emittance is believed to be due to the use of the non-

optinized LEBT. We expect to improve the injector output
Figure 8. Injector output current time profile beam current and transverse emittance once the Injector is fully

optimized and tuned.
A slit & collector diagnostic [9] system has been used to A bunch shape monitor diagnostic built by INR 1101 was

measure the Injector beam emittance 21.6 cm downstream of used to determine the micro-bunch longitudinal phase profile.
the RFQ. Typical horizontal and vertical phase-space emittance The beam hits a thin wire at a 10 kV potential and secondary
contour plots of the Injector output beam are shown in figures electrons are emitted proportional to the beam intensity. The
10 and 11, respectively. The elliptical contours are well defined electron beam is collimated and "time stamped" with an rf
and the measured emittance in the transverse planes are deflector. The deflector phase ( w.r.t. the output beam phase) is
x-n-ms fy-n-rms = 0.25 t mm-mrad. These values are scanned, measuring the intensity of the electron beam at

different times during the micro-pulse to produce an intensity
versus phase profile. The first measurements of the SSCL
bunch shape monitor are in good agreement with theory.
Figure 12 shows a comparison of measured results with the
theoretical model at nominal RF power, 15 cm downstream of

I I I I I I I I I I

30

20

.40

Top trace : H- current 10 mA/div A 4A 3 02 Al OA 0. 1 U CA M
Bottom tae : electron current 500 mA/div u j=

Horizontal ai 20 ps/div Figure 11. An Injector output beam vertical phase-space

Figure 9% Ion source output current time profile emittance contour plot
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[4] K. Saadaund, et al., AlP conference Proceedings of Sixth
International Symposium of Production and Neutralization

Theoretical and Experimental of Negative Ions and Beams (1992), to be published.
Bunch Shape at 100% RF Amplitude [51 S. Guharay, et al., this Conference

0.14 [61 C.-F. Chan, et al., this Conference
-o [7] F. Guy, et al., this Conference

0.12 [8] T.S. Bhatia, et al., Conference Record of the 1991 IEEE
X n PAC, Vol. 3, P1884.

0.1 a Theorecal [9] Stanley Humphries Jr. "(;harged Particle Beams"
published by John Wiley & Sons, Inc. ,19 86 ,p 79-159.

0.08 - 0 X 3x x Experimental [101 J. W. Hurd, et al, this conferenceI X
0.04 - X

0.02 x
---,- m, I -- • .- i
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Relative Phase (Degrees)

Figure 12. Theoretical bunch shape predicted by PARMTEQ
simudation and experimental data as measured by the bunch
shape monitor for nominal vane voltage. The intensity is

normalized for a unit area.

rhe RFQ. The measurements indicate a well bunched beam
with an rms micro-bunch length of 10 degrees.

IV. FUTURE WORK

In the near future, we are planning to measure the output
beam energy more precisely using a magnetic spectrometer and
Rutherford scattering diagnostics. We will continue the
Injector output beam studies in an attempt to optimize the
3utput beam characteristics in the next few months.

V. ACKNOWLEDGEMENTS

The authors thank W. Funk, G. Leifeste, K.N. Leung, and
D. Swenson for many instructive and constructive discussions.
We also thank R. Brown, C. R. Chang, C. Cuevas,
C. Crist, P. Datte, A. Feschenko, P. Ferrel,
5. Jamieson, J. Sage, S. Volz, and W. Whittenberg for their
issistance in running the Injector experiments.

VI. REFERENCES

[1] K.N. Leung, et al., Rev.Sci.Instrum., 62, 100(1991).
[21 A. T. Forrester, "Large Ion Beams Fundamentals of

Generation and Propagation", p276, John Wiley & Sons,
Inc., 1988.

[31 P. A. Allison, AIP Conference Proceeding NO. 158, P465
(1987).

2990



Proposal for a Pulsed Optically Pumped Polarized H- Ion Source
For High'Energy Accelerators

A-N. Zelenski
Institute for Nuclear Research, Russian Academy of Sciences, 117312 Moscow, Russia

C.D.P. Levy, P.W.chtnor W.T.H. van Oers, and G. Dutto
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Y. Mori
KEK, Oho 1-I, Tankuba-shi, Ibaraki-ken 305, Japan

Abstract been obtained with this arrangement for both pulsed and

The acceleration of polarized protons in multi-GeV ma- cw modes of operation, and presently the H- current is
chines is a great challenge for accelerator physicists. An limited to less than 200 ,uA in a 1.0 ir mm-mrad normal-essential part of such development is the primary surce ized emittance. This limitation is to occur as a result of the

of polarized H- ions. Recent studies at TRIUMF and ECR plasma temperature (higher than 2 eV). The KEK

INR, Moscow, showed that pulsed Optically Pumped Po- pulsed OPPIS, for example, nearly achieved this current

larized Ion Source (OPPIS) could produce up to 1.2 rA limit [8]. The influence of rubidium ion space charge on

H- ion beam with polarization in excess of 80% within emittance degradation is also very important and is not

1.5 r mm-mrad normalized emittance. This current is ten yet well. understood. Another approach, implemented at

times higher than the best currently available from atomic INR, Moscow overcomes these problems (II] (see Fig. 1.).

beam sources. The pulsed OPPIS is quite inexpensive in In this technique a high intensity neutral atomic hydro-

comparison with atomic beam source, and is ideally suited gen beam is injected into a strong longitudinal magnetic

for high energy accelerator applications, field, where it is ionized in a pulsed gas helium (or neon)
cell. The resulting proton beam is then injected into an

I. INTRODUCTION optically pumped Na (or Rb) cell, which is situated in the

The importance of spin effects in the multi-GeV range same solenoidal field as the ionizer. In effect, the ionizer

of energies has been realized in recent years and as a result cell acts as a proton source in a high magnetic field. The

a number of experiments employing accelerated polarized proton yield from He at hydrogen beam energies of 5-8 keV

proton beams have been proposed for KAON [1], FNAL [2], is about 70% and about 40%:for neon. The He cell is iso-

BNL [3], and SSC [4]. Accelerator physicists have met this lated and biased at -I kV, allowing energy separation of the

challenge by implementation of the "Siberian snake" tch- protons from the primary neutral hydrogen beam. A con-

nique of preserving the polarization during acceleration [5]. ventional electromagnetic pulsed gas valve cannot be used

Another important part of such facilities is the primary in a high, magnetic field and a piesoceramic or pneumaticAnoter mpotan pat o suh fciftie isthepriaryvalve must be. used. A very bright neutral injector (the

source of polarized H-. Conventional atomic beam sources

are gradually being improved, and recent progress on a D- prototype was developed at the Budker INP, Novosibirsk)

plasma ionizer will probably lead to increased polarized H- produces up to 30 mA equivalent transmitted atomic beam
currents of up to 100 pA in 1.5 w mnm-mrad emittance, even current through the ionizer cell and the optically pumped
though H- ins not a favored ion for atomic beam sources [6]. cell. 1t is based on production of a low divergence proton
Typical currents of unpolarized H- ion injectors are about beam, which is extracted by a four-electrode multiwire sys-

50 mA [7]. A big difference in the polarized and unpo- tem from an expanded plasma c12]. The proton beam is

larised current will substantially restrict the possibilities focused, by a solenoidal magnetic lens and neutralized in

of studying polarization phenomena at the low duty-factor a pulsed hydrogen or alkali vapour cell. The geometry of
of stndyingy aeleriatior. pthe source extraction system and focusing lens has to behigh energy accelerators, chosen carefully to provide the conditions for space-charge

II. PROPOSAL FOR A PULSED HIGH compensation during beam formation, in order to avoid
CURRENT OPPIS increasing the beam divergence.

An alternative to the atomic beam source is the comn- The resulting polarized current is very close to estimates
paratively new technique of optically pumped polarized obtained from the measured initial beam and the efficiencyparaivel newtechiqueof ionization and charge-exchange processes in helium and
ion sources, which is particularly suitable for H- produc-

tion. In the last few years optically pumped polarized H- sodium. The polarized current doesn't depend on the mag-

sources have been put into routine operation at KEK [8], nitude of the magnetic field in the optically pumped cell,
LAMPF [9] and TRIUMF [10]. This has improved sub- but there is a loss of about 30%, because some additional

stantially the facilities for polarization studies at these lab- divergency is introduced during deceleration of the proton

oratories, beam at the exit of the He ionizer. The polarized H- cur-
Two basic OPPIS configurations are in use. At KEK, rent obtained at INR for a maximum polarization of 65%LAMPF and TRIUMF, ECR sources are used for produc- is 400 uA in an emittance of I ir mm-mrad. At higher

ing the primary proton beam. Very similar results have Na thicknesses in the optically pumped cell, the current

0-7803-1203-1/993M03 00 1993 1ME 2991



-- H+ kv:H- '(kv -H(- H-(P)
Fig. 1. Schematic layout of the pulsed optically pumped polarized H- ion source: 1-source of primary protons; 2-focusing
lens; 3-neutralizer cell; 4-pulsed helium ionizer cell; 5-superconducting solenoid 25-30 kG; 6-optically pumped Rb cell; 7-
dedectinS plates; 8-Son& transition magnetic shield and trim coil; 9-sodium ionizer cell; 10-ionizer solenoid 1.5 kG; 11-pulsed
TikSapphire laser.

increases to 600 pA but the polarization drops to 45%, based on a pulsed Timapphire laser could be used to pro-
because of radiation trapping within the sodium vapour. duce high polarization of the Rb vapor. The INR pulsed

Recent progress in OPPIS development has been the re- Timapphire laser produces up to I kW power in a pulse

sult of switching from dye lasers and optical pumping of duration of 200 psec, with a linewidth of 10-12 GHls and a

sodium to solid state Tisapphire lasers and optical pump- repetition rate up to 25 Hz. A longer pulse duration could

ing of rubidium [13] and potassium [9]. The advantages of be realized by using two such lasers, or an alexandrite laser.

Rb as a medium for optical pumping and the high power Very important results have been obtained recently at

of Tisapphire lasers have greatly improved the OPPIS pa- TRIUMP [14]. Proton polarization of over 80% was ob-

rameters. At TRIUMF even in a cw mode of operation, tained in a cw mode of operation, at a high magnetic field

up to 8 x 1013 Rb atoms/cm 2 with an electronic polariza- of 25 kG in the optically pumped cell. In the INR-type

tion of over 95% was produced. An efficiency of 50% for source, energy separation of the protons produced by ion-

capture of polarized electrons by the incident proton beam ization of the primary neutrals provides better background
was obtained. A high power pulsed Tisapphire laser was conditions and the polarization should be even higher.

tested in the INR source, where a 90% neutralization ef- Combining the INR results of highest current produc-
ficiency at the highest polarization was achieved, nearly tion and the experience with pulsed Tisapphire lasers and
doubling the polarized H- current compared with using the TRIUMF results of highest polarization, we propose
sodium. In such a way, it should be possible to produce the development of a pulsed polarized ion source which
at least 800 pA polarized H- beam in a 1.0 v mm-mrad will produce high current polarized H- beam having the
emittance. This current is expected to scale with emittance specifications shown in Table 1.
and, if 1.5 i mm-mrad emittance is acceptable - such emit-
tance is specified in the FNAL proposal on acceleration of Table 1. Pulsed OPPIS parameters.

polarized protons [2] -1200 pA could be available from a

pulsed OPPIS. As for possible improvements, the current Repetition rate 10-15 Hz

scales with the neutral beam intensity and development Pulse duration 100 Psec

in that area is definitely not exhausted. For example, the Pulsed polarized H- current > 1.0 mA

above current of 400 pA was measured at only half the Pulsed polarized H+ current 10 mA

neutral hydrogen beam intensity, which has been obtained Polarization 80-85%

from the Budker Institute prototype source. Normalized emittance 1.5 v mm-mrad

This technique is particularly suitable for high energy ac-
celerators having low repetition rates of 10-15 Hz (FNAL, Such a pulsed OPPIS will produce at least a factor of
SSC). At such low rates, the ionizer helium consumption ten times higher polarized H- current than the best atomic
is only 3x 1017 atoms/sec and vacuum pumping of the He beam source currently available. It's construction is less
ionizer cell is accomplished easily by one 1000 I/see turbo- expensive than that of an atomic beam source and we
molecular pump. A very simple, inexpensive laser system believe it is ideally suited to be used at high energy ac-
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Design and Performance of the Inter.RFQ Beam Transport
and Matching Section for the SAIC

PET Isotope Production Accelerator*

W. D. Cornelius, Science Applications Imie•fional Corp.

4161 Campus Point Court, San Diego CA 92121

AbsnuW

The SAIC PET isotope production accelerator is
comprised of a I MeV 3H-+ radio-frequency quadrupole (RFQ)J
accelerator followed by a ch ubler and pair of RFQ
accelerators to produce 8 MeV 3He++ ions. The inter-RFQ
section consists of a stripper and a transport system in ord to
match the beam into the following RFQ. This inter-RFQ
section is functionally equivalent to a single-sided beam
funnel where the bend magnet has been replaced with a
stripper cell. The operating frequency is doubled from 212.5
M& to 425 MHz and the beam must be matched transversely pmft
and longitudinally to the 425 MHz RFQ acceptance. The ."
transverse matching is accomplished using permanant magnet
quadrupoles and the longitudinal matching is accomplished
using a buncher cavity. Our particular design is unique in that "s M. -

the transverse x:y diameter ratio can be as high as 4:1.
Initially this asymmetry was thought to complicate the
transport, however the system can be designed to exploit the Figure 1. Line drawing of the PET accelerator. The 3He+ ion
uni4ue features of a large aspect ratio and has important beam is produced ina duoplasmron ion source and accelerated
implications at other facilities, to 1 MVe'. in the PreStripper RFQ operating at 212.5 MHz.

The ions are stripped of the second electron in the charge-

1. INTRODU TON doubler and matched into the PostStripper RFQ. The
PostStripper RFQ is divided into two segments by an aperture

The SAIC PET isotope production accelerator is plate. The first segment accelerates the beam to 5 MeV and

illustrated in figure 1. The 3He+ ions produced in an ion the second to 8 MeV. Upon exiting the PostStripper RFQ,
the beam is directed into the isotope production targetsource are accelerated to I MeV by a I mewe "PreStripper"

RFQ operating at 212.5 MHz.[] The I MeV ions are stripped
of the second electron in the "charge-doubler" section and II. TRANSPORT DESIGN
further accelerated by a 425 MHz "PostStripper" RFQ (2.8
meters) to a fina energy of 8 MeV. The 8 MeV beam is In the charge-doubler region, the I MeV 3He+ ion beam
focused into the isotope production target by a combination of exiting the PreStripper RFQ, passes through the first PMQ
quadrupole and multipole electromagnets to product. the four and enters the gas cell where the second electron is stripped to
common PET isotopes. make 3He++ ions. These ions are focused through the

The matching of the ion beam between the two RrQs is buncher cavity and matched to the PostStripper RFQ
accomplished in the charge-doubler section using a acceptc using three additional PMQs.
combination of peumanant magnet quadnapoles (PMQs)[2I and A conventional pillbox cavity operating at 212.5 MHz
a buncher cavity. In order to simplify the transport and would be very large and bulky. Also the small longitudinal
matching of the beam through this region, the final few cells distance available would result in a very inefficient cavity.
in the PreStrippeRlQ were modified.[l] Hence the PET buncher cavity was designed as a quarterwave

stripline resonator. This design minimizes the longitudinal
*Work sponsored by Strategic Defense Initiative Organization distance required and the drift-tube geometry provides two rf
Contract Number SDIO 94-99-C-0046. gaps, effectively halving the rf voltage required. The resonant

frequency is controlled by moving a sliding short along the
"stem" of the drift tube.

0-M-1213-1/903.00@ 199M ME
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1M1. EXPERIMEqTAL RESULTS gradients required to refocus the beam could then be darived
from TRACE3D.

The original transport solution performed poorly. The original buncher drift tube had a 5 cm bore to reduce
Although the emittance orientation of the I MeV beam geometric abeations. However analysis of this geometry
exiting the PrStripper RFQ agreed with the theory,[ 11 the indicated that a drift-mbt voltage of 1.5 MV would be required
transmission of the beam through the PostStripper RFQ was to achieve proper performance. Reduction of the drift-atbe
less than 20%. The reason for this poor performance was bore diameter did not appreciably improve on this
inadequat performance of the buicher cavity. pcrforom

The difficulty with the original transport solution is that
the rf defocusing produced by the buncher cavity must be
within 3.4% of the theoretical value to maintain a tMouMa
match. This means that insufficient bunching leads to not
only a longitudinal mismatch, but a transverse mismatch as
well.

Fortunately the features of the beam transport solution
provide a simple means of measuring the degree of rf
defocusing produced by the buncher cavity. Because the ' •
effective focal distance of the second PMQ is substantially
altered by rf defocusing, the degree of defocusing can be
derived from the chmage in quadrupole fild required to refocus 4-
the beam ions on a viewer downstream of the buncher cavity,
In addition it is not necessary to strip the beam ions to the 2+
state to observe this effect. Therefore a relatively simple 1 0 0

experiment can be performed to measure the degrme of rf 5
defocusing produced by the buncher and also calibrate the -

effective on-axis voltage as a function of rf power without
requiring measurement of the longitudinal emitance, phase, or
energy sp&

To measure rf defocusing, the PostStripper RFQ was 0i
replaced with a drift space and a beam viewer with an 0 100 201 306 400 5
electromagnetic quadrupole between the buncher and the lelati" Plse (DOW
viewer. The 3He÷ beam was accelerated in the PreStripper
RFQ and focused onto the viewer using the electromagnetic Figure 2. Typical data plot of quadrupole refocusing current as
quadrupole. As the phase of the buncher was varied, the a function of buncher rf phase. The data were fit with a sine
quadrupole magnet was adjusted to refocus the beam onto the function. The resulting amplitude is the change in quadrupole
viewer and the current required was recorded for a variety of rf magnet current required to refocus the beam onto the viewer
power levels, and is proportional to the degree of rf defocusing induced by

Figure 2 shows a typical result of quadrupole focusing the bunher.
current as a function of buncher phase at a fixed rf power
level. The amplitude of the refocusing current was derived by
fitting the data with a sine wave shown as the solid line in the The solution to this problem is based on abandoning the
figure. The effective rf defocusing produced by the buncher circular-aperture geometry. Although this approach runs
cavity was derived from the refocusing current and compared contrary to common practice, the key factor to consider is the
with results from TRACE3D.[3] necessity of increasing the effective on-axis rf voltage without

sacrificing additional rf power. The on-axis voltage is very
IV. THEORY sensitive to the relationship between the rf gap and the inner

diameter of the drift-tube. The narrow rf gap necessitated by
The theoretical rf fields were derived using electrostatic the low-energy ion beam places severe restrictions on the

field codes to compute the electric field amplitude and fitting inner diameter of the drift tube if high efficiency is to be
that amplitude with a time-varying Gaussian function. maintained.
Although the electric fields are not precisely Gaussian, this This situation is improved considerably by substituting a
difference does not lead to significant errors and the Gaussian "slit" for the circular drift-tube aperture. In this situation, the
expression can be integrated analytically to yield the effective effective on-axis voltage is determined by the geometry of the
rf gap voltage (E0 TL) used by TRACE3D. This effective gap smallest dimension of the slit and can easily attain more than
voltage was used to generate rf defocusing according to the 90% of the drift-tube voltage. A significant additional benefit
defocusing model internal to TRACE3D. The quadrupole of this approach is that rf defocusing can be neglected in the

direction parallel to the long axis of the slit.
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Substituting a 0.9 cm by 3.5 cm vertical slit for the between drift tubes and halves the length of the drift tubes,
circular drift-tube aperture increased the effective on-axis effectively reintroducing the low-energy end problemL
voltage to 93% of the drift-tube voltage and reduced the Designing these DTLs could be simplified with slit-
required rf power to less than 20kW apertures because the rf defocusing can be neglected along the

This situation represents a considemble improvement in long axis of the slit. In this case one needs only relatively
the stability of the beam transport solution because it weak focusing to keep the edges of the "ribbon beam"
virtually eliminates the sensitivity of the transverse beam confined. The strong focusing required in the other direction
matching to buncher operation. The horizontal beam might be achievable by shaping the edges of the drift tube
transport was already insensitive to rf defocusing and, with the around the slit to produce the desired focusing components in
slit geometry, the vertical focusing is insensitive as well. the rf electric fields. The efficiency of "short" drift-tubes is
Hence the new beam transport solution does not depend on also improved by the slit geometry because the effective gap
achieving a precise rf-defocusing effect from the buncher voltage is a greater percentage of the rf voltage on the drift-
cavity and the beam is always well-matched in the transverse tube. Transitioning from a ribbon beam to a circular beam
planes reguardless of the status of the buncher cavity, could be accomplished at higher energies where the drift-tubes

have sufficient volume to include magnetic focusing elements.v. EXPERIENCE
VII. CONCLUSIONS

The theoretical transmission of the original transport
solution was 6% without an operating buncher cavity. The The poor performance of the original charge-doubler
measured value was about 20%. The descrepancy is probebly section was traced to inadequate buncher operation. Transverse
due to modelling the performance with TRACE3D rather than and longitudinal matching of the beam into the PotStripper
a more precise code like PARMILA.[4J Without an operating RFQ required a precise degree of rf defocusing from the
buncher, the debunching of the beam exiting the PreStripper buncher. When this effect was not produced, the quality of the
RFQ is nearly complete by the time the ions arrive at the match was poor. Redesigning the buncher drift-tube with a
entrance to the PostStripper RFQ. Hence the tail and head of slit aperture resulted in substantially improved theoretical
the leading and following bunches overlap the bunch in the periance and the rf power required by the bnch decreased
middle. This overlap adds additional current to the central by a factor of 13. In addition, the new transport solution
bunch that can be captured and accelerated but is not accounted always matches the transverse emittances regardless of the
for by the theory. Adding one-third of the ions captured from condition of the buncber. This solution decouples
the overlap of the leading and following bunches to the beam longitudinal matching from transverse matching and provides
captured from the central beam bunch boosts the theoretical a much better solution to the inter-RFQ beam transporL
transmission from 6% to 18% and is in much better
agreement with the measured value, Acknowledgerentw

The performance of the new transport design has not yet
been quantified. Simulations indicate substantially improved Successful operation of this accelerator facility is a result
performance, but these predictions have not yet been verifie, of the combined efforts of many people. In particular I want

to acknowledge the efforts and contributions of Steve
VL IMPLICATIONS Schmidt, Mike Donovant, Russ Parker, Phil Young, Steve

Ringler, John Klaus, and Don Young.
The potential implications of the slit drift-tube apertures

are very interesting. Abandoning a circular geometry could References
have a significant impact on design of accelerators. For
example using a slit geometry in a conventional drift-tube [11W. D. Cornelius and P. E. Young, Nuci. Instr & Meth.
linac (DTL) could significantly improve the performance at DW1993)933
the low-energy end where the drift-tubes and rf gaps am "short" [2]Field Effects Inc. Acton Massachusetts
relative to the required apertures. The inlet end of DTL has [3]K. R. Crandall, TRACE3D Documentation, revised by D.
always been a design problem because the drift-tubes in this P. Rusthoi, LAUR-90-4146. Code available from the Los
region can be too short to include quadrupole magnets. The Alamos Accelerator Code Group, Los Alamos National
invention of the RFQ accelerator partially solved this problem Laboratory, Los Alamos NM 87545
by boosting the injection velocity, but this solution is [4]PARMILA (Phase And Radial Motion in Ion Linear
difficult to implement for heavy ions because the RFQs AcceleratorS), Code available from the Los Alamos Accelerator
producing the required injection velocities get very long at the Code Group, Los Alamos National Laboratory, Los Alamos
low frequencies required for heavy ion acceleration. NM 87545
Additionally it is desirable to increase the rf frequency to
improve the effective acceleration gradient and to support
beam funneling. Doubling the frequency halves the distance
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Electron Cyclotron Resonance Sources of Multiply Charged Ions
Lat Developments at Grenoble
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P.Ludwig, T.K.Ngyen, M.Potonuier
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Abstract om of the mot performant sources as to the 16-18 GHz
The behavior of compact ehecttci cyclotro resonance prototypes [31 for delivering special ion beams; Neomaflos

ion sources (ECRIS) is emphasized in this article, and [41, a source using only permanent magnets for its mag-
more specifically the Caprice ECRIS concept: a high B netic configuration; and Caprice, a compact source which
field (Q 1 T) source offering good po*raouices both in ex- got gradually improving [51.
tr&cted ion charge states and intensities, in a rather small
vabame, a source easy to handle and to operate. This II. THE CAPRICE CONCEPT
concept like the ECRIS concept itself originated from the Although the Caprice source is not the best today source
Grenoble group; it is quite attractive to continuous regime as to the performances of the multiply charged ion beams
cyclotrons requiring high stability ion beams, but it is also it can deliver, nevertheless it offers an outstanding com-
well suited to delivering very high intensity particle pulses promise between the so many desirable characteristics of a
(today a few ppM of Pbm or AuR?+ ion henris, a •few poiebtentes aydsrbecaatrsiso

multiply charged ion source that physicists of modern ac-mes long) of interest for synchrotron bunching. Finally celerators may wish to work with: high charge states, high
the developments and activities in the field of ECRIS at intensities, high stability, wide range of ion species, reliabil-
Grenoble, are shortly surveyed while giving some trnds ity and longevity (no cathode, no filament), simplicity and
and prospects. .modularity in the design (easy change of parts), a source

I. INTRODUCTION easy to handle and to operate.

The ECRIS are now widely used by the accelerators.
The Grenoble group which developed the first high charge
state ECR source [1], although not directly associated
with an accelerator facility, keeps on strongly working on
ECRIS development for improving their performances, and 4
on other plasma applications where radiofrequency waves-
plasmas interactions are very important. 16" 1 11

The ECR ion sources an outgrowth of the fusion plasma - .
studies in the so called ope-ended J machines [2] can
be shortly described as follows. It is made of a magnetic
configuration able to trap hot electrons heated by a res-
onant rf wave-electron interaction; as a consequence, in
order to satisfy the charge neutrality condition, the ions
get electrostatically trapped and undergo successive ion-
izations; the extracted ion beams out of an ECRIS are ac-
tually the losses of this magnetic configuration. This is why
tuning an ECR ion source in order to obtain high charge 10 an
state and high intensity ion beams, results in a difficult
compromise owing to opposite requirements: (i) confining Figure 1: Caprice source, ]-permanent magnet hexapole,
a high density plasma for ionizing high charge states, but 2-solenoid coils, 3-dosed mod-B surfaces, 4-rf poner input,
consequently having low lomes and offering low intensity 5-gas inlet, electric oven feedthroughs, 6-ion extraction.
ion beams, (ii) having high plasma losses and possibly high
intensity ion beams, which evidently does not allow the A. Description and main features
plasma density to build up, and may seriously jeopardize A sketch of the source is given in figure 1. The source
the ionization efficiency for high charge states ! is characterized by a small plasma chamber (16 cm long,

Various concepts of ECR ion sources have been con- 6.6 cm diameter) highly magnetized (i) by using electrical
structed, while trying to overcome this contradiction as coils for the axial field, --1.2T at the mirror throat owing
well as other difficulties both from the technology and from to a strong and thick iron yoke and to other iron parts such
the plasma physics. The Grenoble group built Minimaflos, as the puller electrode, (ii) by a high remanent induction

* O703-123-1303.O @1MME
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permanent magnet hexapole for the radial field, -. 0.9Tr at made with optimized lead ion beams, as an example, when
the plasma chamber radius, increasing the hexapole magnetic field and varying the

The rf power is launched by a coaxial feeder, and the technique of production of the metal vapor. The technique
source equally works at 10 G~z and 14 GHx (at a higher of independently heated micro-oven considerably improved
axial field) with quite similar performances, the capability of the source for delivering high charge state

The measured emittances at a constant extraction vot- high intensity ion beams, as compared to the former tech-
age vary in between 80 to 150 wmmmnrad (for 80% of the nique of metal/adide samples directly heated by the hot
beam intensity) for charge states below 10; at higher charge electron plasma; the main drawback of this former tech-
states the emittance gets better not only because of the in- nique was to kill some hot electrons, and then to reduce
creased ion beam velocity, but also because the high charge the ionization efficiency of the source, as well as not to
state ions are actually originating from the plasma center separate the functions of (i) vaporizing the metal and con-
along the main axis (electrostatic confinement), trolling its pressure, from (ii) the ionization and plasma

formation. A few instantaneous charge state distributions
B. Results in continuous regime are shown for lead and gold in figure 4, both obtained by

This is one of the main advantages of the Caprice con- this specific high temperature oven technique.
cept: it behaves exceptionally stable for long runs, i.e. tens
of hours of continuous operation, with usually no more .
than I kW of rf power. The data set shown in figure 2 X
gives the optimized results with a few gases obtained with
a Caprice source at 10 GHz. Is

103 -Pb

102 10

10. 31

10.

0.1

Figure 2: Optimized ion currents (e#A) for some gases. 2. AuAu
100.

1. ... . ...

10.

0.1 3 i

10 15 20 25 30 35 40 Figure 4: Charge state distributions from a 10 GHz Caprice
source for lead (optimized on Pb3 1 4 ) and gold (optimized on

Figure 3. Optimized lead ion currents (e#A) from Caprice Au26+), vertical scale in ejpA.
(a)4kG hexapole,Pb plasma-vaporised, (b)8kG hexapole,

Pb plasma-vaporized, (c)9.3kG hexapole, Pb oven-vaporized C. Results in pulsed mode: the afterglow effect

Recently for atomic physics studies, the Caprice source The pulsed mode of operation of the Caprice source is
proves its capability of delivering Arl?+ ions in the 1 enA even more impressive than the cw mode; this specific af-
range, and Ar 1s+ ions in the 20 epA range, which ranks it terglow mode, which the Grenoble group was first to inves-
well above other sources. tigate [3], is a consequence of the electrostatic confinement

The figure 3 illustrates how much progress has been of the ions in the space charge well of the magnetically con-
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fined hot electrons within the source, that makes it similar sity, brenmstrahlung and line X-ray spectrometry for the
to the EBIS. Once the ECR discharge has reached a steady electron energy and the ion characterization, diamagnetic
state regime, turning the rf power off causes the electron loops for the plasma energy content, electron cyclotron
population to collp: the cold electrons leave the trap emission for the electron energy, electron and ion losses
faster than the hot ones, and as the discharge is no longer electrostatic analyzer, visible light and VUV light spec-
sustained by the r field, i.e. not refuelled by new cold trometry, etc... The first data obtained at the frequency of
electrons, the confined ions are compelled to leave the trap 10 GHz are currently being processed.
because of the charge neutrality condition. This effect oc- B. Supconduct ECRIS
curing in the afterglow plasma is quite impressive; it may
be optimized so as to obtain a few particle pA pulses of In a joint venture INFN-LNS-Catania/CEA-DRFMC-
charge state -'30, a few mn long, at a frequency , a few Grenoble, the building of a superconducting source for the
tens of Ks: so far 2 ppA pulses of Pb"+ ions, I pjaA pulses K-800 cyclotron has just started. The source is designed
of Au 27+ ions (see figure 5); the pulse intensity is essen- so as to reach the highest magnetic fields so far used in an

tially limited by the metal vaporization process (here the ECRIS: 1.4 T radially at the chamber wall and 2.2 T axi-
oven technique), it should be possible to reach -3 ppA for ally at the mirror throat. This facility is expected to deliver

these ions. at high charge states the highest extracted ion currents,
(i) because of its capability of trapping a higher electron

density, and thus of delivering larger intensity ion beams,

30 than the today ECRIS;
(ii) because of its large plasma volume, that should en-

A + hance the plasma losses and the extracted ion currents (as-
suming a constant Af power per unit volume).

20 C. Prospects for Caprice
When considering the question how to get enhanced per-

formances with Caprice, it seems like, partly from observa-
tions and partly from speculations, that turning the knob
up for the Af power is not the solution. Thus the only se-
rious possibility would be to increase the plasma volume,
while keeping constant the other parameters. Nevertheless

0 this leads to increase the input rf power, so as to main-
tain the sameuf power per unit volume. But may Caprice

SP be upgraded in size without ruining the concept itself and
its compromise ? This is actually another challenge the

____ Grenoble group is facing with.
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Plasma and atomic physics diagnostics are developed in

order to measure and control the most important plasma
parameters: microwave interferometry for the electron den-
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Design and Construction a Full Copper Photocathode RF Gun*
XJ. Wang, K. Batchelor 1. Ben-Zvi D. Lynch, J. Sheehan and M. Woodle

Brookhaven National Laboratory
Upton, New York 11973

Asitrsi S-band linac structare can operate at f much higher

The design and construction of'an all copper S-band than 100 MV/m, the dark urrent beam loadin could be

one-and-half cell photocathode electron gun without a reduced if the RF gun can be conditioning at higher field.

choke joint is described. The methods utilized to de- IU. THE RF GUN CAVITY
termine the field balance at the operational frequency CONSTRUCTION AND TUNING
without usage of the bead pulling perturbation measure- The calculated frequency using SUPERFISH is about
ment is given together with the computational data. 15 MHz higher'than 28,5 MHz before any tuning work.

I. THE ATF INJECTION SYSTEM Based on the experience of building the first BNL RF gun,
following steps were taken for the construction of the full

One of the major development in accelerator technol- copper RF gun:
ogy in the last decade is the development of photocathode Target frequency. We first determined the tar-
RF electron gun for Free Electron lnser and other appli- get resonant frequency of the cavity in the air at room
cations. At the Brookhaven National Laboratory Accel- temperature(24"C) is 2858.3 MHz. From both calculation
erator Test Facility(ATF), an S-band, one and half cell, and measurement, the temperature coefficient of the reso-
photocathode RF gun is now in operation.' nant frequency is 50 KHz/deg., and the frequency change

As part of ATF R&D program, extensive study has from air to vacuum is about 800 KHz. In order to oper-
been performed to investigated the various options of ate the gun near 45"C of the SLAC-type linac operating
improving the ATF injection system.2 It was found that temperature, the target frequency should be near 2856.3
the large divergence of the electron beam from the RF gun MHz.
and the mismatch caused by the space charge are major Tuning range.There is a loop type tuner at each
sources of the emittance growth. Two simple techniques3  cell, the tuning range of the half cell is about I MHz, and
were studied to reduce the beam divergence. Making the the full cell's range is about the half of the half cell's.
half cell field 80% of the full cell's, the beam divergence Sise of the coupling hole. We estimated that to
can be reduced by half. It is also possible to reduce lower the resonant frequency from 2871 MHz near the
the emittance growth due to the beam divergence in the target frequency and realize reasonable coupling between
injection line using an elliptical laser spot, it matches the waveguide and the cavity, a coupling hole size I cm by
better to the strong focusing injection line. Recent study 4  2 cm is adequate for each cell(see Fig. 1).
suggested by using two solenoid magnets and place t.be
RF gun directly at the entrance of the linac, significant
emittance reduction can be achieved. A

The distance between the cathode and linac is about
75 cm for the new injection system, the arrangement was
made in such way, that the old injection system will be
left untouched for RF gun studies, second gun was built A
for the new injection system.

11. THE FULL COPPER RF GUN

Comparing the BNL one-and-half cell gun s and
Grumman-BNL multi-cell gun, a modified BNL gun was 1 1Q•
chosen for its proved performance. The BNL one-and-half
cell RF gun had achieved its designed parameters at both
ATF' and other labs.' The BNL RF gun is operated rou- .in -"0
tinely at lower field than designed value, because of the
break down near the choke joint and the beam loading
caused by the field emission current. The experimen- Figure 1: Parts for the RF gun.
tal results showed' that copper cathode can satisfy the
demands of the the ATF experiments, modify the BNL
one-and-half cell gun to a full copper RF gun will make it Frequency tuning.After the coupling holes were
much more reliable. The full copper RF gun may also re- machined, the resonant frequency was about 8 MHz lower
duced beam loading effect. It was demonstrated that than the target frequency. We can either machine the

cylinder of the cavity or the end wall of the each cell. We
Work supported by US. DOE. decided work on the end wall because its flexibility. Near
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Figure 3: The ATYfull copper RF gun.
Figure 2: The Smith chart of the waveguide.

Fianl assembly. The full copper RF gun was brazed
the cavity resonant frequency, the cavity can be described together at SLAC(Fig. 3).
by an equivalent LC circuit whose resonant frequency is, The Field balancing.The performance of the RF

gun will be affected by the accuracy of balancing the fields
between the two cells. The perturbation method is usually
used to balance the field, it is reliable but inconvenient.

1 We have been used following two techniques to balance

VLC. () the gun.

o Q-nieasuremt. We studied how the differ-
ence of the peak fields in the two cells affects
"the properties of the cavity.

Changing the depth oftthe cathode (or anode) penetration
into the cavity is equivalent to adjusting the capacitance,
since the cathode is located in the strong electric field re- Q x (GeometricalFpor) (2)

gion. The resonant frequency can be reduced by increasing =x(
the capacitance through increasing the penetration of the Pc )

cathode. Similarly, an increase of the resonant frequency
can be achieved by decreasing the cathode penetration. where p and po are permeabilities, 6 is the
The radius ot the areas were machined off is about 2.3 skin depth, V is the cavity volume, and
cm(Fig. I). S is the surface area enclosing the volume.

Eq. (2) shows that, since the ratio of surface
Critical coupling. After the gun cavity was tuned area to the volume in the half cell is larger

near the target frequency, the gun was under coupled. We than that of the full cell, the higher field in
can open the coupling to increase the coupling, which also the half cell will lower the Q of the whole
affects the resonant frequency. The method we used to cavity. Table 1 is the calculated results
achieve the critical coupling is equivalent to add another using SUPERFISH, where E, is the field
reactive load to the waveguide, so the total load for the at cathode surface and E2 is the peak field
wave guide is resistive. We placed a cooper block acres on axis of the full cell. It shows that field
the broad side of the wave guide across from the coupling balancing can be measured by measuring
holes. By adjusting the thickness of the block and it's the loaded Q(assuming the gun is at critical
position, the critical coupling was obtained (Fig. 2). coupling).
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Fiure 5: The mode separation for bal-
anced fields.

We wish to thank C. Biscardi and R. Harrington on
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rable 1: RF Cavity p help provided by Dale Sartan and Carl Rago of SLAC in
relatioU brazing the gun in short notice.
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Streak Camera Measurements of Electron Bunch Length from a Copper
Photocathode in an RF Gun*

G. Haltapeian, P. Davis. M. Everett C. Clayton, C. Joshi
Electrical Engineering Department, University of California, Los Angeles 90024

S. Hatman, S. Park, C. Pellegrini
Departmnt of Physics. University of California, Los Angeles 90024

RFGun lagerS~Coupling
Bucking Focusing Culingarda

Solenoid Solenoid BOXIYCup

From LawDetector
Removable Mirror Gate

Valve
Figure 1: Diagram of the experimental setup

Abstract constraints. Only a solenoid is ued to transport the beam to
Short laser pulses (sub 2 ps) of UV (X-=266 nm) light the radiator. The streak measurements presented indicate

with 200 pJ/pulse. we used to produce elections from a copper typical electron bunch lengths of about 15 ps.
cathode in a rf gun. The electabn bunch length is measured by
streaking the Cerenkov radiation (,=530 nm) from a thin (250 H. EXPERIMENTAL SETUP
pin) fused silica etalon. Streaks for both 00 and 70° laser
incidence angles with respect to the cathode normal are The photoinjector consists of a Cu photocathode placed at

presented with a temporal resolution of 3.6 ps. The shortest the endwall of the 1/2 cell in a 1 1/2 cell rf gun. After

electron bunch length measured was 9 ps. completion of the measurements the electric field ratio
between the 1/2 cell and the fall cell was measured to be

I. INTRODUCTION 1:1.8. This limits the maximum electric field at the cathode
to less than 50 MV/m and the electron energy to 3.5 MeV.

Although photoemission is a prompt process down to sub Electrons are created by a laser pulse incident on the
picosecond time scales, the production of very short (< 2 ps) photocathode at either 20 or 70*. The experimental setup is
elecuwn beams from a photocathode rf gun cannot be taken for shown in Figure 1.
granted. Photocathode rf guns are constructed to minimized For single photon photoemission, the photon energy
bunch length growth by allowing the creation of the electron must exceed the work function of Cu (4.65 eV)[lj. The
bunch in high electric fields (up to 100MV/m). Under these photoinjector drive laser was designed to produce < 2 ps laser
fields the electrons are accelerated to relativistic velocities in pulses at 266 mu (4.66 eV) with up to 200 Ip/pulse. This is
less than one centimeter. Most of the bunch length growth accomplished using chirped pulse amplification and
occurs before the beam becomes relativistic and before the compression of a mode-locked YAG laser (X-=l.064 pum) and
beam exits the rf gun. frequency upconverting using two KD*P doubling crystals.

The electron bunch length is measured using a Cerenkov A 250 pin thick fused silica etalon served as the Cerenkov
radiator viewed by a steak camea. The radiator is placed as radiator. The etalon side where the electron beam entered was
close to the exit of the rf gun as possible given physical sanded forming a diffuse surface to prevent bunch lengthening
_ due to multiple reflections Furthermore, the beam entrance

*Week Supported by SDKfIST through ONR Grant No. N00014- side of the etalon was covered with a 0.005" thick aluminum
904-1952 =d US DOE Grat DE-FG03-92ER-40493 foil which provides grounding of the Cerenkov radiator and

0-713O-12•3-/93SO3.0 @ 1993ME3B 3003



pIevents any scattered laser light from entering the field of
view of the Cerenkov light. The etalon was attached on a 1000

mount which was externally rotatable about an axis 10 mm dia.

pependiculair to the beam. For a relativistic electron beam, FWFM poXt size

the angle of Cerenkov radiation with respect to the beam axis 80 532m lasa

is 2 ps FWHM

0,= Cos-, R~~).n 600-

where n is the index of refraction of the medium. For fused
silica n =1.46 and therefore 0, = 47°. The Cerenkov radiator FWHM
setup is depicted in Figure 2. .' 400.-

This Cerenkov radiator allows 1 ps time resolution. The
limiting factor in the bunch length measurements is the streak .
camem We used a Hadk.id Imacon 500 streak camera. At the 200.
fastest sweep speed of 20 ps/mm, the time resolution is no
better than 3.5 ps.

The streak camera cannot be installed directly viewing the 0.
Cerenkov detector because of the high levels of radiation inside
the lead shielding. Therefore the Cerenkov light is transported 0 4 8 12 16 20

through a maze in the lead shielding. Because the light Time (ps)

intensity levels are near the detection limits of the streak Figure 3: Laser streak indicating streak camera resolution
camera, the Cerenkov image is reduced by a factor of 4 when
focused on the streak camera slit. To achieve 3.5 ps laser pulses were streaked after the first doubling crystal. A /2
resolution, a 25 pm slit is used at the entrance to the streak reduction in pulse width should occur when the green light is
camera. Accounting for the 400% reduction in image size, the doubled to UV. In streaking short pulses, care is taken to
25 pm slit infers a 100 prm acceptance at the Cerenkov avoid space charge saturation within the streak camera which
radiator. The maximum time delay possible -between any two can result in erroneous measurements. Figure 3 depicts a
Cerenkov photons created by an infinitely small thin electron typical laser streak and its corresponding integrated intensity
beam is 1 ps. When combined with the resolution of the plot.
streak camera, the overall resolution of the Cerenkcv streak The laser pulse streak resulted in a pulse width of 3.9 ps
system is 3.6 ps. FWHM. Since the resolution of the streak camera is 3.5 ps,

The streak camera resolution was verified by streaking the the actual laser pulse width is 1.7 ps. Autocorrelation
laser pulses. This steak camera cathode is sensitive to green measurements of the CW mode-locked YAG laser beam result
532 nm light but not to UV 266 nm light. Therefore, the in pulse widths of 2 ps FWHM. After doubling to green

light. the pulse width is expected to decrease by 42, producing
1.4 ps pulses in reasonable agreement with the streak camera

250 measurements.

00 mm • 8.0"1'V.II. EXPERIMENTAL RESULTS

6-Bem Radiation The streak images appear spotted due to the low light
e levels incident on the streak camera. Low light levels are

\730 required to avoid space charge lengthening in the streak camera
100 PMand to achieve 3.5 ps resolution. In analyzing CerenkovLens •streaks, the images are integrated along the space axis to

provide better statistics. Each array element corresponds to
.56 ps. Since the Cerenkov streak system resolution is 3.6

200un Lps, a smoothing algorithm is used to average over the 6
BG18 &VG9 Filters nearest neighbors in the integrated array.

Center Frequency: 530nm The first streak measurements were taken with 700 laser
Bandwidth: i00nm FWHM injection. Laser injection at 700 produces bunch lengthening

from a time delay across the cathode as the laser wavefront
strikes it. This produces an electron beam with a linear space

Strea Camera time correlation. This correlation is present in the Cerenkov
Mio streak shown in Figure 4. A laser spot size of 2 min produces

a time delay of

Figure 2: Cerenkov detector setup
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Time (pe) Figure 5: Electron beam streak for 2r laser injection on the

Figure 4: Electron beam streak with 700 laser injection undamaged part of the cathode

2m . lengthening and time structure of the streaks from damaged
ccos(70*) s portions of the cathode. PARMELA[3] simulations were

The measured delay from the streak in Figure 4 was 25 ps. performed for various output bunch charge levels from 100 pC
When the streak is corrected for the delay across the wavefront, to 1.3 nC. These simulations show a bunch lengthening as
the measured pulse width becomes 13 ps. output charge is increased. For typical charge levels between

At 2r injection, the time delay across the cathode is .4 nC aid 1.0 nC PARMELA predicts bunch lengths from 9
insignificant and the Cerenkov streaks indicate the electron ps to 15 ps. These bunch lengths predictions are within the
bunch length directly. By focusing the laser spot to 2 mm, scatter of the measured bunch lengths, however, the
we were able to move the laser spot to an undamaged portion measurements did not indicate a correlation with charge level.
of the cathode. A streak from the undamaged cathode is V. CONCLUSION
depicted in Figure 5. Streaks from the damaged portion of the
cathode resulted in slightly longer bunches due to an elongated In the present experiments, the electron bunch length does
taid. Bnot mimic the laser pulse length. The shortest Cerenkov

Bunch length measurements with the Cerenkov radiator streak measurements indicate 9 ps bunch lengths. The
and streak camera resulted in 9 ps to 15 pa FWHM for various physical mechanism for this bunch lengthening is under
charge levels from .2 nC to 2.6 nC, however, no correlation investigation. PARMELA simulations showed that bunch
was found between the bunch length and the charge output lengthening on the order of 10 ps can occur due to space
from the rf gun. charge, although, the bunch length measurements did not

IV. DISCUSSION show a correlation between bunch length and charge output
from the gun. However, even with the bunch lengthening,

AU the streak camera measurements indicate electron beam currents of 100 A are produced.
bunch lengths longer than 8 ps. Measurements for 20 VI. REFERENCES
incidence on the undamaged portion of the cathode provide the
shortest bunch length measurements averaging 12 ps. [Il]Handbook of Chemistry and Physics p. E-78
However, the 20 measurements from damaged parts of the [2JP. Davis et al, these proceedings
cathode clearly characterize longer bunches with more time [31K.T. McDonald."Design of the laser-driven if electron gun
structure and long tails. These measurements contradict the for the BNL Accelerator Test Facility,"IEEE Trans.Electron
assumption that electron bunches will mimic the laser pulses Devices, ED-35, 2052(1988)
in time.

One source for bunch lengthening is space charge. The
quantum efficiency data indicated significant reductions in
charge production due to space charge[2). Microemitters can
further aggravate this problem possibly accounting for pulse
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Possible Efficiency-Enhancement of Metal Photocathode for DISKTRON
Electrostatic Accelerator

T. Tanabe, Y. lamura, D. Lit and K. Toyoda

The Institift of Physical and OCemical Res ch (RIKtEN)

2-1 Hikswa, Wako, Sailus 351-01, Jalmn

Abomct The easiest and most general way to enhance the emission
efficiency is so change the geometric shape of the target to

Possibility of inceasing quantum efficiency of metal fully utilize the surface emission, namely to choose the
cod by geometric alteaion is-beig investigated. direction of the lot polarization and the shape of dte target to

The fourth harmonic light of Nd&YAG is used to produce maximize the pvbbility tht electrons can escape dte surface
photo mctrons on a metal surface. Te pulse ngth is about of the metal.
.0 ps (FWHM) and the peak current is greaser than 2 A at 0.7
MeV. This scheme employs grooved surface with adjusted It has been known that the quantum efficiency of
polaization and other pertminent parameters such as extraction photeectric effect depends on the ative relation between
voltage. Te meaurmnt redone after acceleration by electric field md te plane of incidence [5]. In this experiment

S R ewe hove shown a simple but effective way to increase the
DISKTRON elctrostac accelerator which, with a emission effciency of a phowathoe especially at low power
combination of a laser-induced photocathode, gives fairly level of the input laser. In order not to degrade the beam
conroUllable bright shor- e l bes amupp D the energy emittance, a finely grooved target is used. The dimension of
of over I MeV. This configuration permits us to find thte grooves is much larger than the wavelength of the input
overall improvement of e-beam characteristics for the future laser to avoid unexpected interference. Fig. I shows the
liser-undut-expernnt. p - of the e and sur of dear. The

angle of the lope with respect to horizontal diection is 55
L INTRODUC ON degree and the ar with grooves is 50% of the illumintd

surface. This method can be used in many of existing FEL
In the- last few years laser-induced phosocathodes photo injector just by replacing the target and adjusting the

have become one of the most pieferred methods to generate a polarization of the laser.
bright short-pulsed eUctron beam. However no material that
posese both a high quantum efficiency and high ruggedness
so far has been found. Therefo one could either improve the
propertie of the efficient but weakr materials or employ other .
means to enhance the efficiency of rugged ones. We have
chosen to use the latter method for the improvement due to a
rather moderate vacuum level in our experimental facility and
our operational requirements such as high stability of

-prto and low maintenance.

11. PRINCIPLES

There are several ways to improve photoelectron-
emission-eficiency of a metal. On is to use surface plasma
vaves (SPW) excitation that can also be explained by Brewster
angle reflection by modulated surfaces of complex refractive
index [1-3]. This method appears to be very promising as
long as te wavelength, incident angle of the laser fight, and 'p'
the pitch of the surface modulation are properly tuned. The
second one is to employ multiphoton process that requires a
laser with high power and short pulse [4].

tPrmaent address: Changchun Institute of Optics and Fine
Mechanics, Chinese Academy of Sciences, P.O. Box 1024,
ChagSchun, PRC

0-7803-1203-1/93M03.00 0 1993 IEEE Fig. 1 Microscopical pictures of Al photocathode.

3006



MI. EXPERBIMENT

A series of experiments was conducted in the p olaiato (Flat Surface)
coinfiguration of relativistic electron beam source

U(DISKTRONO electrostaftc accelerator uad a laeir-nduced a 2 - - T- T - -

Owtocathcde) for the future laser undulatar experiment at the
hauftit of Physical and Chemical Research (RuWN) [6].

Fg2 shows a cbemaic of the experimentaIIconiigumtion. 1.6. .-* ...+.........----
Mwe fourt harmonics ligh of a mode-locked Nd-YAG laser * I

illube detargtto produce an electron beam which is 1 12
sdwqmuedy aclamued by waetatceectric field to the energ of ~
0.7 MeV. 7be e-beam is wholly collected by a piece of I
Is initilaly measured by a power mete for calibmation and, is i.
monitore by a PIN diode during the measurements. A half- 0. !-**-
wooeplateis placed in fient of the entrance-beam-poa to alte U 1I

fth direction of the poarization of the lase lih. Wh degree 3
of polarization of the fourth harmonic of the Nd-YAQ has been 0____
measmurd to be ama than 90% and fth use of *ie half-wave th 0 - 6- 9-2 1
plat does not cons mny difference in muo of am m b 6 9 12 1
powWW on the target in two cases of which the direction of fth Lase Power Density .(W/cm2?)
light polarbztown is pependicular each other. The grooves wre
lined vertically to the experimental plane so that the
lxxizontafly polarized ligt is regarded as P-polariation.

V2 PtftFig. 3 (a) Laser power density vs. c-bean current for the light
asof vertia polarization using the flat target.

DOSKTON -polarization (Flat Surface)

Ge~d C
OR 12 ......... i ......

Figure7.Schematic ofthexperimaentalconflgmation. 0. ......(U... ... -- ------

Fig. 3a and 3b show the. relations: between lase power I.-
WAarewhich has aflat surface. Thereis no clardifference

between two cases with perpendicular polarization as is Z 0 a.. aS _

expected. Fig. a and 4b anthe results of the same kind of W 0 3 6 9 12 15
measurement after replacing the targt with the one having a
grooved suface. It is distinctly shown that the case of P- Laser Power Density (W/cml)
polarized light yields higher than that of S-polaried light.
Compsard to the flat target the farmer case gives slightly mar
than dffee times highe quantumn eficiency. Even though the, Fag. 3 (b) Laser power density v s. e-beam current for the light
available surface area is increased for the grooved target, after ofhrzn polarizatioi using theflat target.
maaing into it into the accounat tha only 50% of the surface has
slopes, the real yield increase app e-ar to be more than three
times. No noticeabl degradatio, of eanimance was observed
after comparing the sizes of c-eam spots at the focus in two
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Mblst~ (Grooved Surb")~ IV. CONCLUSION

S 2 kt baa bom dwwn diet the quint.. eficimnc of a metal
.-jk*tocdbode cam be. emiy embanced up to a fiact of thus
skeply by replacing aflat tVinr with a grooved orne. ~Unlk14 omethod. such a urtwfe-ptuma-wave mefthd
this method riam oresoumace conditiop so *Ab it can be

1.2 mde ttems feisting pbolo-injectaxs withou smy
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Fig. 4 (b) Law power density vs. c-beam current for the light
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3008



@@A Ielt of tookotdpe 1 aum
:•" ickael Lmsnpel

Rooketdyno Division
Rockwell International. Corporation

6633 Canoga&v., Canoga Park, CA 91303

Planhan Mhang
Physics Department

UCLA
405 Hilgard Av., Los Angeles, CA 90024

RF power input from the RFA and an
axial bole through which the

The RP gun to be used in, the accelerated electron beau also
oc•ketdyne 1 kW FIL was cold tested passes.

at UCLA. This -"n follows the twb The electron beam is generated in
cavity SYL design . DataW was %an, a quarter wavelength cavity, off of
using a HP§S10B network analysvr, a 3 ma dia. La%6 cathode. The
on frequen¶:tuning with a ro h9-•ig cathode is mounted on a linear
poddle in te firs (half) cWrity feedthrough so that its position can
and on "ireqency shift due to axial be chang&, axially to allow fine
movement of the LaB6 photocathode. tuning of electron beam parameters.
Results and analysis will be To compensate for the frequency
presented, shifts cathode notion induces the

cavity is also equipped with a small
'"Design of the Laser-Driven RF tuning paddle on the side wall which
Blectron Gun for the BNL Accelerator tunes the cavity inductively.
"pest FacilityTM, K. T. KCDONALD, IEEE The gun is coupled to the RFA by a
VANS. ELECT. DUV., VOL. 35, waveguide which ends with. a half
NO. 11, NOV 1988 wavelength stub past the coupling

slots to set boundary conditions
1. O on correctly for the cavities. The

stub also has a pumpout port in it
Rocketdyne has been developing to allow approximately 100 1/s

components for a kW class PEL t1], conductance from the cavities.
[2]. The recent delivery of the Finally both cavities have RF pickup
radio-frequency power assembly loop diagnostics.
(RFA), which consists primarily of
a SLAC 5045 klystron and a command 1XI. TMI KnBORMUJDN!3
charge, feed f•crvard modulator E3]
allows testing 0tZ the RF gun at high A Hewlett Packard model 8510B
power. Preliminary to this the gun Network Analyzer was used for the
was chocked out at the UCLA High measurements. The maximum power
Frequency Laboratory to verify its output of +20 dBm allowed pickup of
operating characteristics. This the signals through the high
paper will present the data obtained attenuation RF pickup loops
and analyses which verifies that installed into the two cavities of
nominal operating specifications had the gun. The RF probe was inserted
been met and calibration data for into the waveguide through the
diagnostics. pumpout port, so that coupling into

the cavities would be the same as
II. TIE GUN high power operation, while

minimizing the path the low signal
The RF gun consists of two RF had to travel.

resonant cavities, highly coupled All measurements were performed at
both through side slots which allow atmospheric pressure and
O-78034-1j9303.W 1993 IE
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approximately 750 F. with the cathode fixed at .200"
The measurements were made with (slightly retracted)

the Network Analyzer were:
Frequency as a function of axial These data show the doubly periodic
cathode placement for both 0-mode frequency tune shift of the paddle
and w-mode (tuning paddle fixed); with respect to rotation, with the
frequency as a function of tuning nominal midpoint (where the paddle
paddle position (cathode position has no net effect on cavity
fixed) ; VSWR with the cathode in frequency) near 2080±an odd multiple
position and removed; and pickup of 900.
loop attenuation.

VSWR measurements were 2.16 with IV. DATA ANALYSIS
the cathode removed and the tuning
paddle at 1720, and 1.93 with the The RF gun was specified to operate
cathode in place and the tuning at 2.8560 GHz ± 100 kHz at 350 C in
paddle at 2086, a position for vacuum. In order to compare the raw
which the r-mode and 0-mode are data presented it is necessary to
degenerate. correct for differences in

Table I gives data for temperature and pressure. The
frequency vs. cathode position. dielectric effect of dry air in

changing the frequency is about 800
TABLE I kHz, and the gun was originally

Dial.(in)c -ode (GHz I O-mode(GHzi tuned at the manufacturer (Schonberg
.223 2.8551875 2.8525750 Radiation Corp.) for a central
.222 2.8551875 2.8525750 frequency of 2.8552 GHz. This was
.220 2.8551875 2.8525750 done at the nominal operating
.215 2.8552125 2.8527375 temperature of 350 C. From the
.210 2.8552250 2.8528250 formula:
.205 2.8552500 2.8529250
.200 2.8552625 2.8529875 f - 2.405/(n*R)
.199 2.8552625 2.8529875

with f=freq., n=index of refraction,
with the tuning paddle position 1720 and R-radius of cavity. The change

Cathode position as measured on in frequency w.r.t. temp, T, is:
indicator from linear feedthrough,
with .205" corresponding to the 6f/6T = -(f/R)*dR/dT
cathode flush with the wall of the
cavity, so that travel corresponds With R*dR/dT = 5*E-6 cm/oC for
to .018" into the cavity to .006" Copper and taking f-2.856 GHz then
recessed back into the wall. the calculated change of frequency

Table II gives data for with temperature is:
frequency vs. tuning paddle
position. 6f/6T=- 14.3 kHz/OC

TABLE II.
Paddle Pos.(o' y-mode(GfHz This leads to a downshift of 0.514

75 2.8565000 MHz in going from 24oC (750F) to
170 2.8552000 350C (956F.) The central frequency,
208(degen) 2.8557250 corrected for temperature is then:
245 2.8565525
245(1 rot.) 2.8564875 2.85534 GHz
248 2.8565000
250 2.8565125 The manufacturer's measured central
252 2.8565125 frequency is:
252(1 rot.) 2.8565125
258 2.8565125 2.85520 GHz
340 2.8551875
348 2.8551875 The difference of 0.14 MHz is within
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tolerances for agr nt. VX.

V. C0LMUSIOU [1] R.A. Cover, G.T. Bennett, R.J.
Burke, M.S. Curtin, N.C. Laupel, G.

The Rocketdyne RY gun was Rakowsky, eSimulations of the
measured first at the manufacturer's aRocketdyne free-eloctron laser with
and then at the High Frequency Lab. a 4 a wiggler,," Nuc. Inst. &Neth. in
at UCLA vith good agreement after Phys. Res. A318 (1992) 623-627.
appropriate corrections. Additional
information needed for calibration (2] R.A. Cover, G.T. Bennett, R.J.
of rf pickups and the tuning loop Burke, M.S. Curtin, N.C. Lampel, G.
were also performed. This work has Rakowaky, J. P. Stone, *Rocketdyne FEL
prepared the rf gun for installation For Power Beaming Using a
onto the power distribution system Regenerative Amplifier,, OE LASE 193
from the radio frequency power SPIR Proceedings Vol. 1868, Jan. 18,
assembly, RVA, allowing the 1993.
Rocketdyne FIL program to proceed to
high power test and evaluation of E3] N.C. Curtin, these proceedings
the RY gun.
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D"O"Oan and COuutructlo Ofa High-DutY Factor Photocatode Electro Guns

IS. Lehman. ILA IkBM& , AL Calm R.L Honor, L. Sheu
(knaMdf Aeropace Coorpado. 4 lndee~aeba Way, Puoeoua^ WI 06540 USA

L Beo-Zvi. L Bahelor, L.C Womedo, ILO. KIdk. T. Srinivaom-Raon
BrookAVOn NalOsmi Laboasatey, Upema, NY 11973 USA

Under a JOWe 00961beraddo etwp-,OEn 0 mno and WOL.
a blghWdty ftcoor (> 1%) phaowcathode electr on giIs bein
coouoctund lbr use at the ATF faciit at BNL 7thi gun was
designedu asheelmcir ou -n, fordthe apnem UV FM SBAN

Ino ie W e alty BML Mwe thumaly biked - , exceedWAEGO
tho yiel wte%*a o(O'1IF cmpgper Fr d& ounan, tho gSo is CA"

fabricate fom G~ICop, an aluminum, oxide dispersion ACCESS PORTEI

1. ENMODUcTION

Mwe prposed UV FML Uuu's Facility at BNL4lJ will
require a photocatho&de lctra gon capabl of producing VCU .

bort ( 6 pec)n bmmhesof elecraw.athiohrepcetitonurmn(5TUE
kfz) low energ qxiud (4.0%), pe* cr w Pl n excess a( im1obW -1 elSn(o )
300 A Wiler couipenoss) ad a total bunch dlhrg In excess 1W . ~ ~ 112cl ia(u )
of 3uC 71 Terluce oftd h ow cm bmmdes it uqvired to
be belw 7: xmmommll (pmniaglled 114).

The construction of mach a gun (Gun E) is nearing

Labsty ssedacollbosatlon [2]. 7U1 uatorigpon for-

(Pon I) diown in FIg1. Fwgm2 xs dokyowssut o(Ouo IL
Gun 11 conuists of 3-14 calls which allows beam inerg0s i
excess of 9 IdsV to be achieved. The bean dynamics oldie
gun were modeled with tdo MAGIC[3J pwdcle4*ncenl cod&
'Ibis code is used to stu dy te mittnus grow of the elctron
boashes as they in accd=We *moog the Sum, as well as to
determine how the operational parameters effect its

chmcse IAtc ( divergen 6ce, momentom spread, energy,

The thermal and meclioical properties of the gun were Ifure 2. Cutawy view of Ow U slowing the locations of
modeled with the ANSYS(4J finite element code. Poiwer fte water coaling Chumek.
deposiio profiles5 were calcuated wit SUPMOF1SWS]. A

thmmalsftuctural analysis was performed to deteunine fth
temperatur profiles and the preassure and thermally Induced inpio h by premc 11g the magnetic field for the
SOrN=es anuetu TMbl cylinuhicl ca*t mode and allowing the

11.BEA DY~hG S M DELNOcavity to rint *hie numerically damping out higher coerf
IL BEAM YNAMICS ODELINGmodes. The fids are the stored and used for later rnsn with

pice.Figur 3 stom a vector plot of the electric fields for
The MAGIC code includes the effects of image currents, Gga IL

space charg and waokefields. 71e axisymmuetric: sun The advantage of usin the MAGIC code is tha the field
geommy (2-D) was modeled wit exact Sun fields. Thi is COmPOnent at the cavity qirtures and beam exit are

cotndom and the method of calculating the space charge
OM wrk upprle bydo nmmn Crpoatin ad f jeces is Inheenty -or staLe Typca simulations for a 3-

BrookhAven Niodoul LAbxntty unde US DOE coaustiUC 112 cell gus cuasismd of a VWi 2000 x 90 (Z x R) with 1500

0.831203-119M60.00S 199~3 MWE
3012



VECTO PLOTelect&i field is on the cathode rather than on the aperture as in
AT OTIME ist1 4 the previous cane. This should, allow die cathode field to
WMAX a .102E.s reach 110 MV/rn with the same conditioning that it takes to

--U ----; ...... : reach 100 MVIm in the present BNL gun. Table 2
sumariesthe beun, dynamics moddling for Gun ItL

0-2m0 Table 2. Madding~ results for Gun H
Z (in) ChWV (00 0.5 1.0 3.0

Emittanc (xi mm-mrad) 2.3 3A 899
f~tue 3. Vector ploc flu. MAGIC of fth electric field m doe IDer= (' Mad) 7.9 8.3 9.5

3-42 llgun (Pon~ II) oeumspread - 0.2% - 2.0% (selectable)
Launch phase 550 590 630
Peak current

Whroles. Particles are emitted in nearly mny functional form UIicoree 4PP11(A) 118 220 571
in radius and time to model fte laser illuination of th Compressed (A) 2705 4224 7429
cathode. Table 1 lists the operational parameters for Gun II.

Table 1. Opeational uMM urof Gun Ui 11. THERMAL AND MECHANICAL DESIGN
Number of cellsI
L=We radius (tar) 4 mm Operation at duty factors of 1% present significant
Pulse length (:t 2at,) 8 psec challenges in the heat removal aspects of the gun as well as
Cathode electric field (nominal) 100 MVhin the pressure and thermnally induced stresses and deformations.
Beam momnentum 10 MeV/k The half cell of the gun will be 3.5 cm long followed by 3 full
Peak power 12.5 MW cells each 5.25 cm (A/) in length. The longer ceil simplifies
Duty facior 1% tdo construction of the gun by reduced the space constraints.
RP frwenuscy 2.8560GHz The peak power in the gun is 12.5 MW, thus an average

power of 125 kW most be removed fro the structure. Since
Gun U will utfie a copper cathode, the cathode wail will be

Most of our simulations were done for a I-In2 cell gun constructed of a solid GlidCop plate without penetrations.
since they requir 1/4 of the computer time and uncover most The cathode plate, four cylindrical spool pieces and four
of doe maderlying physics. Tim brghtness, B, was used as one aperur pieces will be brazed together. The cathode plate is a
figuj of merit for our guo design. We use the definition 0.75 cm long cylinder 12.25 cm in diamete, with coolant

B=-L I=channels milled in a circular pattern. A second 0.75 cm long
B i, cylinderis brazed on the back to enclose the channels. A 2.5

ej f1 i~b cm long cylindrical spool piece is used to connect the
photocathode to the aperture. The spool pieces for the full

wher I s te pak crwrt. n i th RMSinvriat eim el ls are 3.25 cm long. All of the spool piece are cooled by
whQ is the petal ChuM and ab is the bunc lenvagath (divlidedby circular channel machined into each end. Each apertur is

Q i th toal hare, ad b s te bnchlenth divdedby designed as two cylindrical pieces. 1.0 cm long with two
the speed of liht). After the beam exits the gun, it enters a coolant, channels milled in a circular pattern, which are brazed
tranpor line whose function is to match the beam to the together. The aperture opening is a separate machining
111nac. In addition the transport line may Oerv to magnetically oprtin
comprens the bunch length, resulting in peak currents >1000 We have chosen to use GlidCop-25, an aluminum oxide
unpi. The compressibility was determined analytically and d~perm stregthenaed copper alloy, which combines good
used to determine the ideally compressed current. thermal, electrical, and structural properties. The GlidCop

The divergence of the beam is inversely proportional to Y, will be electroplated with OFHC copper to provide the good
the relativistic factor, and the space charge forces am electrical conductivity for the cavity and a barrier for the
inversely proportional to -P. Simulations of dr. full 3-W1 coil silver based braze alloyL.
go show that the addition of 2full cells for the.gun (GunlII) The thermal management of the gun requires heat
will double the momentum of electrons to 10 MeV/c which remnoval from a cavity only 8.31 cm in diameter with peak
should result in a bunch that is more easily translported an power densities of 22 kW/cm2 . The mode of heat transfer
cot IprO&ad chosen is turbulent forced convection, the Dittus-Boelter heat

A study was made to determine the effect of varying the transfer correlation was used. The heat removal is provided
length of the half cell on the emittance, divergence and by pumping pressurized water throgh strategically placed
r n g uibility. It was foud doat by increainng the length of coolant channels.
the hal cell Au. 2.65 cm QJ4) to 3.5 cm, the divergence The power density was supplied by the SUPERFISH code
was redn F d by 20%. the comresIblt increamed by a factor for the cavity configurations evaluated. The power density in
of 2, and the effect on the emittance was negl&igbe. The 3-5 the loge half cell is decreased by nearly 15%. The operating
cm frust coil offers a number of other advantages. The peak
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ppesse and temperatu distributions are input to the
smiurad model and the pressmur and thermally induced " Io M S ,U/ mE -3.6 ,D A.-,8.o38_06

defarmatou. and strese are calculated. ThIeultn _

a i asn as evaluated to detaene th variation in . -
6080ysfMuIons03 ipacding the frequencyand tuning Of dift

cavity. The stresses are evaluated and compared to the _._various g= cauori in, fte ASAMI Boiler and Pressure t-•--....i

vendl COde& **.---

The mpestm distribution (3-D) shows that the peak -" -

tmpertature of the gun should reach about 144 OC which ..-

corresponds to a fequency shift of 4A MHz. The maximum g ot log MAD 3 ES/ NE -40. 44 D8 3 2.3601 Eu

Von Mises stums is less than 21 ksi (145 MPa) with an - -g. 0

allowable of 31 kia (214 MPa). 3-D modeling indicates no - ,i -

significant increases in either the tempernture or stree {MAR R 1-2
occarwMe coupling slos Though • sa sslevels ae 4; M1 i '
well within the allowable evels for GidCop6 they exced dhe - \
allowab lelvels f OFKC copper (Yild Stress - Iksi). - - - -

IV. RF DYNAMICS - - ,.
GITAMT 2 ll47. 000 000 Wf STOP a 00O7. 000 000 H4it

Th design of Gun II requires that x-mode phasing be Figur 4. Network analyzer plots of the mode stuctur in
maintaind betwe cells I and 2 and between cells 3 and 4 Gur 4. ntwor an al e plots of the m o urei
In addition. we would li to vary die phase smoothly betweenGun Il Points 1eandp2eindicate tue lcion of the lood
cells 2 and 3. The araan geni of the couplin s and x-modes, respectively. Waveguide driven (top) and loop
distance of the waveguide short from the coupling slots OA4) )
preferentially couples to the z-mode. Figure 4 shows the
mode separation and relative amplitudes for the 0 and x-
modes when two adjacent cells are driven with a single loop assmblis will then be remeasure and tuned by poliing
coupler or with the waveguide. Notice that the single loop with copper wool in order to achieve 5% field tilt between
excls the 0-mode moat strongly by apeture coupling to the adjaEuit cells.
Mecond cavity. By compaison, the waveguide most strongly Once the rings and apertures are in final form, the

dties the x-mode The coupling constant is apprximalely 5 stai cooling tubes (-60 pieces) and exit tube will be
x 104. brazed to the GlidCop sections. The aperture and ring

In ordr to match te waveguide to te gn, tg sctions will thenbe brazed together and final frequencyslots must be sized forwcriticalveoupineg. , U coupling measurments will be made on the gun. If it is necessary to
slote must be sized for critical coupling. The coupling is comr ectfor the frequency of the cells at this point, material can
depill t on the Q of the cavity, therfe, die counpling alots be removed from the coupling slots to lower the frtquency of
will be slightly Undersized and the gun will be brazed ells. A shimn will be fitted and sized in the waveguide totogether. The final matching of the waveguide to the gun will ic a te opig olgty e od rf~ m pig h

thenbe chieed y sammig te heghtof he wvegade increase die coupling to slightly beyond critical coupling. Thethen be achieved by shimming fth height Of the waveguide final sop will be to brane the waveguides to the gun.
a*ve the coupling slots. This method is preferred over
cutting the coupling slots since the resonant frequency of the VL F NCE
cavity is significantly influenced by the size of the coupling
dots. [1IL Ben-Zvi, L.F. Di Mauro, S. Krinsky, K.G. White and

V. GUN STATUS L.H Yu, NucL Instr. and Meth. A304 (1991) 181.

[2]L S. Lehrman, L A. Birnbaum, M. Cole, et al, Proceedings
The lidCop apertum sections and cathode plates have been of the 1992 Linear Accelerator Conference, Ottawa, CA,
brazed into assemblies and have been leak checked. A 1 cm August 24-28, 1992 (1992)280.
thick disk was brazed between the aperture halves of the
apeut= which separates cells 2 and 3. This additional [31G.D. Warren, L. Ludeking, L McDonald, K. Nguyen and
thickneis was found to sufficiently reduce the coupling B. Goplen, Proc. Conf. on Computer Codes and the Linear
between cells 2 and 3. The apatures wce then machined to Accelerator Community, Los Alamos National Laboratory,
achieve the flial dimensions. The aperma and cathode were Jan 22-25,1990, ed. R. Cooper, LA-11857-Z (1990) 57.
polished with diamond paper to achieve better than a 4 micro-

inch finish. The ring sections have been completed as well. [4] ANSYS engineering analysis system, Rev 4.3A, Swanson
TIh apertures and rings have been clamped together and final Analysis Systems Inc. Houston, Pa. (1987).
tuning is nearly complete. We have been able to achieve
better thu 20% field tilt between adjacet cells. [5] M.T. Menzel and H.K. Stokes, Users guide for the

After the rings have been polished, all of the GlidCop POISSON/SUPERFISH group of codes, Los Alamos Natl.
pieces will be copper plated with 0.0015" of copper. The Lab. Rep. LA-UR-87-15 (Jan. 1987).
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Michael Bcrla4d
Argonne National Laboratory, 9700 So. Cass Ave., Arn, IL 60439

AbaW of the device. The last two techniques require a low-emiuance

The poisi linac for die Advanced Phton electron beam, but not necessarily a high-current one.

Source (APS) at Argonne National Laboratory can bc used to TU normalized RMS emitnce of the electron beam in the
accelerate electrons to 650 MeV. As part of a project to use this horizontal plane is defined as e. = x (x1} (p•)-(p~x) where
Inac to teat the quality of insertion devices, work hs been done px - Ny is the normalized transverse momentum in the horizon-
to develop a higher-brightness thermionic microwave gun of tal plane. For a sufficiently mono-energetic beam, the geomet-
the SSRL (1type. M I new gun design has mller m ce ricRMS emitance ise1j L sJy. It is well known that a neces-
by a factor of3 to4. The ratio of cathode field to maximum sur- condi for coherent undulator radiation is a.4y - V4.
face field isa more than doubled. The new alpha-magnet-based and similarly in the y plane, where X is the wavelength of the
Msporproinedesip duces negligible emittance degrada- radiation. At the boundary of this regime, the angular and s-

dn due t chomatic aberrations, in spite of die ±5% momen- tial distributions of the radiation are roughly equally deter-
um spread. mined by the properties of the electron beam and of the undula-

tar.
. INTRODUCTION AND MOTIVATION Using the usual expression for the wavelength of undulatr

The advane of using RIF fields to acceleratee e---radiation, one sees that coherent radiation is obtained only

off of a gun cathode are increasingly well-iiown. At S-band, when < (1 + K2/2)/(Senwhereuis the undulawr period
surface electric fields in excess of 300 MV/m are feasible [2], and K = xý..y. Hence, for a given normalized emitance, one

more than an order of magnitude greater th possible with DC can obtain cohrenet radiation by reducing the beam energy.
fields. The resultant rapid acceleration of elctrons leads to re- However, this is at odds with the desire to produce short wave-

duced space-charge effects in the gun. RF guns produce beams lengthradiation.
with energies of several MeV, giving reduced space-charge eL- Various undulators will be used at APS, with periods from
facts during beam trausport. 23 mm to 200 nun and K values between 0.3 and 2.7 (5]. With

Most RF gun work involves the use of liaser-pulsed pboto- beam energies between 50 and 650 MeV, a normalized emit-
cathodes to produce relatively short beam pulses directly at the tance of Ox - mc - pm gives coherent radiation in the UV to
cathode. While this has a number of advantages cost, simplic- IR for these undulator parameters. This emitance was chosen
ity, and reliability ame not currently among them. in contrast, as the goal for the new gun and transport line design.

the thermionc gun built at the Stanford Synchrotron Radiation
Laboratory (SSRL) and its associated systems are based on sim-
pler mchnology, yielding reliable performance do exceeds that
of simple DC-gun-based injectors in beam brighuness [3]. As with the SSRL gun, the APS gun is a sido-couled,

The primary mission of the APS is to provide X-ray beams iA2-mode, standing-wave structure, resonant at 2856 MHz,
from the 7-GeV posiom storage ring. Many of the beamlines withanormalizedloadimpedanceofabout4. In order to reduce

will use undulators, which must be carefully constructed in or- the beam emiuance, a number of aspects of the SSRL design
der to produce the desired X-ray beam properties for the user needed tobe improved. In considering what follows, the reader
without negatively impacting the positron beam dynamics. The may wish to refer to Figures I and 2, which show the new cavity
primary purpose of the APS RIF gun is to provide a high-bright- phase and field profiles, respectively.
ness electron beam to test insertion devices prior to installation. 1. Nonlinear radial dependence offields. The SSRL gun
It will also allow characterian of novel insertion devices cavity was based on a design optimized for high shunt imped-
prirto installation. The gun will be coupled with the 650-MeV ance, so that the gun has rather long, sharp cavity noses. These
APS c [4], now under conruction have been altered in the new design to produce a smoother vari-

A number of testing techniques are under consideration. ation in the on-axis longitudinal field. This is directly related
One can determine the transport properties of a device by mea- to the magnitude of the non-linear transverse dependence of the

suring the coordinates of a beam exiting the device as a function fields [31, which has a strong effect on the emittance.
of the input coordinates. The beam emittance can be measured As in the SSRL design, the APS design incorporates a mod-
before and after the device, to ascertain whether there has been ification of the cathode end-wall to produce radially-focusing

degradation. The spectral properties and angular distribution electrc fields. In the present design, the structure producing
of the radiation can be used as sensitive measures of the quality these fields is further from the beam and less abrupt, giving a

more linear dependence of Er on r. Evaluated at the cathode ra-

• Work supported by U.S. Departnment of Energy. Office of Basic dius of 3mm, the peak nonlinear content of the radial and longi-
Energy Sciences under Contract No. W-31-109-.ENG-38. tudinal fields have been reduced by a factor of three to four.

The msbnitted mnmsuript has been authoredbVt a contractor of the U. S. Gavemnut

wider contat No. 3o-109.ENG.-38. 0-7803-1203-1/93503.00 0 1993 IEEE
Accordl•ly, the U. S. Government retains a
normolueIv, rovalty-free lic e to publish
or repoduce th published form of this
contrtbulon, or ellow others to do to, for
U. s& Govenment Purposes.
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2. Mqaiade ofB at the catode. Since bodk the SSRL aide of space-charge effects on the drifting beam, however, a
and APS gm =e desi•ped for use with a magnetic compression shortening of the transport line is unde comidemation, probably
system, the output longitudinal phase-space must exhibit a at the expense of increasing the bunch lengths from I to 2 ps to
monousoc dependence of momentum on exit time. This re- about 5 ps.
ques that pertiles arrive in the second cell of the gSu behind One significant problem at SSRL was emittance degrada-
the RF crest, which in turn requires either lowering the first-cell tion due to quadrupole chromatic aberrations, particularly be-
field relative to the second [1, 3], or else moving the cathode causea lae momentu spread (±10%) was uilized. Simula-
ead-wall bck. In the SSRL gun, the peak on.axis fields in the tions predicted emittance increases by factors of 5 to 10, and
two cells were in the ratio a = Elipi o 3. In the APS gun, these were born out by experimen. As implied above, the pres-
the cathode end-wall was moved back 6 min, and the first-cell ent project will use a smaller momentum spread (±5%). In
fields were increased to give a = 1.63. The ratio on the peak additim, a strategy for correcting the chromatic aberrations was
surfte field to the cathode field has been increased from 0.13 developed.
to 0.2& For the same peak surface fleki, the maximum beam The common approach to correctipg abmrrtions is to make
momentum is about 75% higher. However, for dte same maxi- a first-order design with the desired optical prerties. usually
mum momemtum, the cavity wall power is appmrximately the building in symmetry to give cancellation of certain aberrations
same. [8]. One then adds nonlinear elements to compensate as many

of the remaining aberrations as possible. It was found that such
MI. GUN SIMULATIONS a procedure was very difficult for the present case. In particular,

In this section, I report on the results of simulations of the a system with first-order optical symmetry tends to be longer,
gun using the fully electromagnetic PIC code spiffe [6]. The have greater phase advance, and have mote elements than the
simulations were of the entire gun with a single bunch emitted solution used.
fom the cathode. Resistive effects in the cavity walls were not The solution adopted was to optimize the first- and higher-
included, so the fields were created by ringing the individual ord properties of the trensport line simultaneously. More pee-
cells, not by driving them to steady state. cisely, the tracking program elegant [61 was used to optimize

Because die fields are time-varying, particles exiting the the beam transport by tracking the initial phase-space calcu-
gun have a momenta from some maximum down to essentially lated with piffs.
zero; 45% to 55% of the charge is in the top 10% of the energy To understand this further, consider that the initial phase-
range. The transport line will incorporate a momentum filter space of the gun beam is roughly described by x' = ax, with
to select just this "useful, portion of die beam. (x) = (x'b) = 0, where a = AP/p0. For simplicity, I assume

Figure 3 shows the normalized RMS emittance of the use- that a is constant, giving an initially zero emittance beam.
ful beam versus the useful-beam charge, for a range of excita- If such a beam is sent through a thin-lens quadrupole of fo-
tion levels and beam currents. The maximum current for each 1 6o ant
level corresponds to a current density of J = 30 A/cm2 , which cal length fo. then the slopes become x,' x' and the

gives an approximate matched condition for the • 4 cavity. geometric RMS emittance becomes sa = xxLn6ns /fo. The
As in the SSRL gun, the cathode has a 3 mm radius, immediate conclusion from this result is that one should avoid

The emintances predicted are well below the desired level, strong focusing and large beam sizes in designing the bemnline.
particularly at low current. Note that the emittance of the useful This is one reason that optically symmetric systems are more
beam decreases with current forEP2 = 80 MV/in. This is a result difficult, since obtaining a -I matrix from the start to midpoint
of fhe selection of a fixed fractional momentum interval, which requires strong quadrupoles or a relatively long system. One
does not correspond to a fixed emission phase interval, ends up seriously degrading the emittance simply by attempting

Additional simulations were done to assess the space- to obtain the first-order optics solution.
charge-induced emintance growth for the gun beam in a drift Another lesson that can be drawn from this example is that
following the gun. These indicate that significant emittance the emittance degradation can be restored by another quadru-
growth can occur, particularly at the higher current levels. For pole. For example, if the initial beam has a = 0, then following
Ep= 60 MV/in and J = 20A/cm2 , the emitance increases 60% the first quadrupole by another of equal but opposite strength
in a 50-cm drift. This effect motivates a short gun-to-linac at a distance of 2fO will result in an emittance proportional to
transport system, which is in conflict with the needs of magnetic 68 -- i.e., the degradation is essentially cancelled.
compression. Unfortunately, this quadrupole pair does not form a useful

optical elemena The point of the example is to convince the
IV. TRANSPORT LINE reader that it is possible to recover the emittance even after deg-

As at SSRL, APS will employ an alpha-magnet-based radation, and therefore that a beamline can be designed without
magnetic bunching system [7, 3]. The optimal system for low separate chromatic correction elements. Figure 4 shows the
space-charge consists of an alpha-magnet and a total of 2 ta of RMS beam sizes and normalized emittances in the transport
longitudinal drift space. A significantly shorter drift length line designed for APS, using the optimization method just dis-
would require a much stronger alpha-magnet, since the optimal cussed. The initial phase space is from a spiffe simulation
gradient is inversely proportional to L2 . Because of the magni- withJ=5A/cm2 andE p 2=60MV/m. This gives just over 50 pC
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EXPERIENCE WITH A RADIO FREQUENCY GUN
ON THE SSRL INJECTOR LINAC*

J. N. Weaver, R. D. Genin, P. Goleff, H. Morales and J. Sebek
Stanford Synchrotron Radiation Laboratory at

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA

Abstract
"A-SSRL/Varian-Aseociates-built, one-and-a-half cav-

ity, microwave, thermionic-cathode gun has operated on
the SSRL Injector Linac reliably without changing the
cathode for over 10,000 hours, with no significant decrease
in emission. Thus, for a pulsed electron beam, with a
maximum of 0.5 A peak at 2 to 3 MeV from a 3.5 MW
peak rf pulse of 2 ps puke width at 10 pps, the appar-
ent but small amount of back bombardment of the cath-
ode has been tolerable. Use of a bunch-compression alpha
magnet and a stripline chopper after the gun produces the
required S-band 3 to 5 microbunches of electrons for injec-
tion into a standard 10-m-long linac and on into a booster
synchrotron, which in turn is used to fill SPEAR. Compo-
nent limitations and operating characteristics of the gun
and the linac's rf system are discussed.

I. INTRODUCTION
There are four thermonic-cathode, microwave guns of

the SSRL/VA/AET type [1,2,3] in existence, designathd
by the following model numbers: SSRL 1, SSRL 2, MG-
200, and MG-300, and listed here in the order in which 44&
they were built. SSRL 1 is being used as the source for Figure 1. Incident (full pulse) and reflected (with a
SSRL's injector for, SPEAR, and has logged over 10,000 porch) rf power pulses from the rf gun, 0.5 ps/div,
hours of operation on the linac. SSRL 2 has been operat- (a) [upper left] with the heater off and a 10 mW peak
ing for over 1000 hours as the source for a couple of exper- pulse from a signal generator (the incident pulse is not
iments at HEPL on the Stanford campus [4]. Both MG- shown in the osciliograph), (b) [upper right] with the
200 and MG-300 were ,built for ANL's new APS facility heater off and a 3.5 MW peak incident pulse, (c) [lower
that is still under construction, and have not been tested left] with the heater on at its norn-al, 9.0 W, operating
yet. After testing, one is expected to serve as a secondary level and a 3.5 MW peak incident pulse and (d) [lower
source [5]. Some discussion of the operating characteristics right] with the heater at 10 W and a 3.5 MW incident
of SSRL I follows. The complete layout of the SSRL linac's pulse.
rf system has been described elsewhere [6,7]. This system
has behaved reasonable well, with the excieption of some pulsed time on. The if gun and accelerator section fill
modulator reliability problems, and some outgassing and times are factors that have to be coordinated, since thearcing problems. The arcing problems, described below, same klystrons and modulators supply the whole rf net-seem mainly to have been associated with one particular work. Five time constants for the rf gun standing-waveelermainlytor s aeto end l soad, td wcavities are about 1.5 ps, and the linear fill time of theaccelerator section and load. travelling-wave accelerator sections is about 0.8 pn, so a

II. THE LINAC'S RADIO FREQUENCY 2-ps-long if pulse %th a nominal 1.5 ps flat top is suffi-
,GUN PERFORMANCE cient for operation. The gun cavity Q. = 14,000, as calcu-

lated from a slotted line measurement of 6 = 4.4 and from
The linac receives nominally three 120 MeV bunches determining the pulse decay time from Fig. 1(a), which

of 4 x 10' electrons each, with a bunch spacing of 350 ps, shows the reflected signal from the rf gun with the heater
at a repetition rate of 10 Hz from a chopper, alpha mak off and a square, signal-generator-level, incident pulse.
net and if gun source. Thus, the gun only has to pro- Within measurement accuracy, the values of Q. and 6 are
duce a steady beam for a relatively short time during its the same after 10,000 hours of operation as when built.
*Work supported by Department of Energy contract Figure 1(b) shows the incident and the reflected signals

DE-ACOS-T76F00515 and the Office of Basid Energy Sciences, from the gun, also with the heater off, but with a high-
Division of Material Sciences. power incident pulse. The reflected signal is much less
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ideal with the much-les-than-square incident pulse from a in the gun's drive, rectangular waveguide network arcs oc-
modulator pulse forming network. Figure 1(c) shows the casionally, abruptly dropping the incident signal's ampli-
same signals with the heater set at its normal operating tude. As a result, the reflected signal (actually only an
point, which result in a beam-loaded reflected signal. It emitted signal from the cavity remains) rises sharply, then
should be noted here that the cathode is run temperature- decays with the cavity's time constant, as the theory says.
limited in order to obtain the desired current from rf accel- Thus, there is reason to believe that the unexplained pulse
erating fields that allow the alpha magnet-to-bunch length shapes of some of the previous figures are real.
compress a few microbunches most effectively for injection The gun's first cathode died at an early age while un-
into the linac (2],(3]. If the heater power is increased by dergoing initial beam tests in one of Varian Associates'
10%, the same signals are as shown in Fig. 1(d). Clinac test cells under high rf fields and a long pulse length

It seems that the heavier the beam-loading, the ear- (close to 6 MW for 6 in). The initial test setup was not
lier the beginning of the rise in the reflected signal (from a fully instrumented with vacuum interlocks, so the appar-
steady, beam-loaded state to the cavity discharging state ent cause of failure was from poor vacuum during excessive
that accompanies turn off of the incident pulse). This phe- processing discharges and ez,.essive heating of the cath-
nomenon, together with the continually rising shape of the ode due to back bombardment. The gun's rectangular-
gun output current pulse, as seen in Fig. 2(a), may be an waveguide ceramic window cracked and the poisoned cath-
indication of the effects of back bombardment [8], and/or ode was found to be severely crevassed in some areas. Be-
off-resonance-rf driving, or something else. The SSRL 1 fore the failure, the heater power supply could be com-
gun has never had to Wse a bias or deflecting magnet to di- pletely turned off once emission was established, which is
vert the bavk-bombarding beam away from the cathode to a good indication of self-heating from back bombardment.
prevent ovt:heating. The SSRL 2 gun, which is being run With a long pulse and high fields, the current out of the
at higher power and is being studied extensively for such gun was found to increase exponentially after about 3 or
effects, is operated with a deflecting magnet [8], as was one 4 ls into the pulse. Thus the initial plateau value that was
of the earliest rf gunt [9]. reached some 2 to 3 ps into the pulse would rise to triple

or quadruple the current before pulse breakup occurred at
about 4 to 5 pa, from yet some other undiagnosed instabil-
ity. Subsequent tests of the gun on the linac have resulted
in relatively stable operation with less than 4 MW of peak
rf drive power to the gun at 10 pps and a 2 ;w pulse width.
The more than 10,000 hours now logged on the second
cathode have been under these leas strenuous running con-
ditions. It seems that rf guns with thermionic-cathodes do
have some interesting quirks that could bear further study.

III. ACCELERATOR SECTION AND RADIO
FREQUENCY LOAD PERFORMANCE

I The linac's three, 3-m-long, accelerator sections and
4,om rf loads were purchased from IHEP in Beijing, PRC. They

Figure 2. Current pulse (upper and inverted) directly have performed very well, with the exception of a not-
out of the rf gun as compared in time, 0.5 ps/div, to very-well understood arcing and outgassing problem that
(a) Deft] the gun reflected rf power pulse (lower), and occurred almost exclusively with one load. This problem
(b) (right] the current pulse (lower) after being scraped manifested itself in terms of high reflected power signals
and compressed by the alpha magnet. from either within the guide or from the kanthal-coated,

vacuum, rectangular-waveguide load of the SLAC-type.
Another complication occurs with the timing of the Most kanthal loads of this type are notorious sources of

compressed current pulse out of the alpha magnet, in com- prolonged outgassing and multipactoring. Thus, to be safe
parison with current directly out of the gun, as seen in after exposure to air and before rf processing, all the loads
Fig. 2(b). The amplitude of the former is reduced from are treated with a 1600C dry nitrogen bake for 24 hours
that of the latter by a low-energy tail scraper. Computer and then with a 1600C vacuum bake for several days.
calculations undoubtly predict that the maximum in the The duration of the vacuum bake depends upon the pump
high energy portion of the current pulse occurs before full down rate.
beam loading. However, since measurements of the rf field 5ome tests of a load on a SLAC klyston test stand in-
levels in the two cells of the gun during operation is only dicated a VSWR that increased from 1.05:1 at signal gen-
possible with MG-200 and MG-300 (which have coupling erator power levels to 1.26:1 at 0.1 MW peak, and to over
loops built into them), this will have to wait for computer 4:1 at 8 MW, peak. A permanent magnet passed along the
model verification. It turns out that, for 3.75 MW of in- length of the load could change the VSWR and the out-
cident power some component (a faulty vacuum window?) gassing rate considerably, suggesting some sort of discharge
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phenomenon. The high reflected power signals could be [41 Private communication with R. H. Pantell and H.
procese away, but they have also occasionally returned, Wiedemann, Stanford University, Stanford, CA 94305.
so the problem load has been replaced by a water load [5] M. Borland, "An Improved Thermionic Microwave
with double ceramic windows with a guard vacuum" in Gun and Emittance-Preserving Transporting Line,*
between. The guad vacuum is intrumented to hopefuilly Procedings o.f the1DDS Paricle Accelerator Confer-
give an early warning of any impending water-to.vacuum ence, Washington, D.C.
leaks. An improved, high peak power, high vacuum load [6] M. Borland et &l., "Design and Performance of the
with external water cooling is being sought. Some ideas Traveling-Wave Beam Chopper for the SSRL Injec-
and designs are on the horison (10]; currently, they are in tor,* Conference Record of the 1901 IZVE Particle
the process of being incorporated into a readily available Accelerator Conference, Vol. 2, pp. 976-8.
proven product [11]. [7] . N. Weaver et al., "The Linac and Booster rf Systems

for a Dedicated Injector for SPEAR," ibid., pp. 969-
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Design of a High Duty Cycle, Asymmetric Emittance
RF Photocathode Injector for Linear Collider Applications
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Fenni National Accelerator Laboratory
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Abstract the art in if photo-cathode technology. This state of
affairs naturally has prompted the suggestion that

One of the attractive features of the the electron beam in an SRF collider might be
superconducting. approach to linear collider design created by an rf photocathode source, doing away
is that the transverse emittances demanded are with the electron damping ring.
much larger than in normal conducting schemes.
For TESLA desip parameters, the damping rings IL ASYMMETRIC EMITTANCE RF
appear to be relatively large and expensive, and it is PHOTOCATHODE GUNS
therefore of some interest to look into alternative
sources. For electrons, a promising source candidate There is considerable experience in prod-
is an ff photocath6de. In this paper, we present using symmetric high brightness photocathode
conceptual design work towards development of an sources, whose charge per bunch and product of
asymmetric emittance rf photocathode source-which t i e are near that demanded
can operate at the TESLA repetition rates and duty bt LAn dersigns. Unfortunaely tit possible
cycle, and is capable of' emitting beams with the by TESLA designs. Unfortunately, it is not possible
required emittances and charge per pulse. to produce an asymmetric emittance beam from a

symmetric beam which has a smaller emittance in
1. INTRODUCTION one plane than the original symmetric emittance

(see discussion in the Appendix). Thus one must
In linear colliders, the transverse emittances start with an asymmetric beam, or >> ,y.

are generally asymmetric, for a variety of reasons. The scaling of the emittances with beam and
The most compelling have to do with ameliorating rf parameters rf photocathode sources has been
the effects of the beam-beam interaction by examined in previous work.[l] The emittances arise
colliding "flat" beams (oi>>o7). This allows the from three sources: the effective temperature of the
beamstrahlung energy loss and spurious pair photoelectrons (which is usually ignorable), the

time-dependence of the transverse if fields, andcreation to be minimized, while at the same time space charge.

loosening the constraints on the final focus system The if contribution to the rms emittances is,
and allowing the beams to collide at a small angle, following Kim[2]
easing the task of disposing the beam exhaust. In 2= 2Wk 0
addition, the standard way of obtaining low x. W

emittance e* beams is through the use of damping where W = eEf / m~c2 , and E,, and kf are the rf
rings, which naturally give horizontal emittances electric field amplitude and wave-number,
which are much larger than vertical (e, >> ey). respectively. This scaling pushes one to longer if

For the TESLA design parameters, however, wavelength and impacts the large dimension (x in
the higher average current allows for relaxation of our case) emittance much more severely than the
the beam sizes at the final focus. This in turn small dimension.
implies that the emittances can be substantial larger The space charge contribution has been

in an SRF linear collider. In fact the TESLA estimated from simulations and model calculations
parameter sets usually specify horizontal and to be, with laser injection phase q0 ,
vertical normalized emittances of 25-50 and 1 mm- 2Nr,
mrad, respectively. These numbers are nearly two ., 7xp.,sin( p(-34W,.
orders of magnitude larger than the corresponding als ing nh*f
normal conducting linear collider designs specify. It is also interesting to note that the product
These numbers are, in fact, near the present state of of the emittances takes the form
O07803-1203-I53$03.0 19991ME
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2Nbr.1exp(-34Wf ) the TESLA design goals (ee, <50 (mm -mrad)2 )

-7WJ by a factor of 2 to 4 in both transverse dimensions.
The exponential term is on the order of unity, and This is not as discouraging as it may seem, sinceso, at first glance, it would seem that one cani a both the rf and space charge contributions to theemittance can be mitigated. Dynamical correction
the emittances arbitrarily small by raising ora,, of the space-charge derived emittance is practiced
but this option is suppressed by the scaling of the rf at LANL and preliminary calculations[4] indicate
component to the emittance. In addition, the that it may allow TESLA design emittances to be
minimizing of ey is ultimately constrained by the obtained in a 1300 MHz photoinjector. In addition,
longitudinal space charge limit on minimum beam we are presently examining the effects of using an
spot size[l], which is asymmetric cavity, using the 3-D electromagnetic

2N,,r, code ARGUS, to minimize ef.
Wsin(1 0) 1.5.

This limit has been verified experimentally[3]. Use
of a beam at this limit allows us to rewrite the emit-
tance product as

<zy-f_0.04L wr Iu, a 1 I

This points out the need to maximize the beam
length, which can be exploited if one can circum- ,z
vent the scaling of X.,)* This point will be 0.5
returned to below.

HIL DESIGN: BEAM DYNAMICS - - -

It is clear that we would like to design a 0 5 10 15 20 25 30
source at as low a frequency as possible since we z (cm)
are pushed towards large or.. We also need, Figure 1: Evolution of the rms beam envelopes in 1.5 cell gun.

however, large accelerating gradients (large W), The beam dynamics in the gun are domin-
which implies higher frequencies. A good optimum ated by the alternating gradient if focusings, as is
appears to be at 1300 MHz, which is conveniently shown in Figure 2. Beam transport after the gun
the TESLA o f frequency. We have examined the must also be optimized to produce no emittance
behavior of an asymmetric beam in a 1.5 cell 1300 degradation. One common focusing element which
MHz standing wave x-mode gun, with parameters is not allowed is the solenoid. Even if one achieves
as listed in Table 1, by inputting an asymmetric a linear nx rotation to uncouple the beam, chromatic
beam profile into a form of PARMELA which uses focusing (and rotation) effects, as well as space-
a point-by-point space charge calculation algorith charge effects (even at 8 MeV, the transverse
Beam sizes (a,, o,, c,) 8,0.25,2 electric field will produce an E x A rotation

Beam population Nb 5 x 10'0 dependent on position in the beam), will destroy the
Accelerating field E, 90 MV/m smaller emittance e,.
Final energy Eb 8 MeVFina enrgy ,, ~ evIV. DESIGN: DUTY CYCLE EFFECTS
Final emittances e,,,e, 95,4.5 mm-mrad

Table 1. parameters for PARMELA design calculation of The TESLA duty cycle presents some diffi-
asymmetric emittance rf photocathode source. cult challenges to rf photocathode source design.

The most obvious is in rf power, both average and
For the input beam charge and dimensions peak. The shunt impedance of our gun design is

given, our final scaling law gives ee'> __400 Z7 2 = 27 Mfa/ m, and thus the peak power is 15
m-ad) 2  MW. This peak power must be applied for about I

(mmaine by whe simultion. aver calosen torht i msec, with a one percent duty cycle. During each
obtained by the simulation. We have fallen short of pulse 800 bunches are extracted at a one MHz rate.
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This is problematic in terms of both interest is a second order moment, which
obtaining and dissipating the rf power. A thermal considering only transverse phase space is
and structural analysis was performed, in which thee- +e, + 2 y)- y).
average power (150 kW) was not found to be 2 i momenvis'Y con(antxfyth
difficult to handle. This is not surprising, as the This invariant moment is a constant of the
Grumman/BNL gun[6] has a similar average power, motion even if the x and y phase space planes
with a smaller mass. The peak power and the long become coupled. Note that if one introduces an
rf pulse, may be more serious an issue. Fig. 2 shows infinitesimal coupling to a previously uncoupled
the maximum temperature in the structure for the system, it must be by applying a skew quadrupole
transient case, and we see that the peak temperature kick, which only changes the last term in the above
rise per pulse is only 15 degrees. The structural equation. In that case, it is easy to show that a kick
analysis is not complete, however, and so the issue of this form causes this additional term to be
of the effect of the heating on rf performance is not positive, (xy'Xx' y) >0. Thus the rms emittances
resolved. Also of impact on this design is the lack must grow if one couples the phase space planes, in
of a commercial klystron with the required specific- order to preserve the invariance of F2.

ations; the closest models in performance are Because of this, if one begins with
presently the Thomson TH 2115 and TD2104U. uncoupled phase space planes, one must always

380 completely uncouple the phasespace planesin
order to obtain a minimum sum of squares of the

360 V emittances. Now we have a second constraint on the
-. emittances, derived from the second order invariant,

2 e2 +62.
.-- 340 £2 = constant=£+,

"If we now apply both constraints on the
"320 .emittances, we can derive a condition for the final
-320 state emittances in terms of the initial emittances e,

300 and -,, as follows. We have
4--=-0.o + E 2 and = eo.

280 . . . , . . . " Solving this system for the final emittances, we
0 0.2 0.4 0.6 0.8 1 have

t (sec) 2 4 or4
Figure 2. Transient proffde of maximum temperature in rf Y , I = e,2,. or e2.

d gun The final emittances, under this uncoupled

The other major problem associated the condition, can take on only the value of either of
TESLA time structure is that of obtaining a uniform the initial emittances. Leaving the emittances
(in laser energy) 800 pulse train at a 1 MHz rate unchanged is obtained by any total transformation
during the if pulse. This subject is still under study. which contains a rotation of mr, and exchange of

the two emittances by any transformationAppendix: Impossibility of reducing the minimum containing a rotation of (n + 4)r (n integer).

emittance in a transverse phase plane
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Abstract
While the design peak current emitted by

The electron injector for the SLAC Linear this gun is above 200 A, the requirements of gain
Coherent Light Source[l] (LCLS) must produce a length in the undulator are such that the beam
low jitter, high brightness beam. This beam must must undergo longitudinal compression to raise
be accelerated and longitudinally compressed to the peak current by an order of magnitude. This
yield a. sub-picosecond beam which radiates a compression is very much dependent on both the
burst of self-amplified spontaneous emission x- phase of the accelerating rf wave and the
rays upon passing through a long undulator. As longitudinal wake-fields in the linac, and so the
the gain of this amplifier is very sensitive to the final bunch length will not be reproducible if the
emittance, energy spread and peak current the time of beam emission (laser beam injection)
electron source and subsequent transport, and/or the charge per bunch have large variations.
acceleration, and compression systems must Because of concerns on reliability and feasibility
reproducibly give a very high quality beam. The of the photoinjector, a design which takes
conceptual design of an rf photocathode gun maximum advantage of proven technology, and
which satisfies the requirements of the LCLS is recent experience in photoinjector development
presented here. has been explored, and is outlined below.

I. INTRODUCTION II. RF DESIGN

The proposed SLAC LCLS is designed to The rf gun structure chosen is of a type
be an R&D facility based on the FEL principle evolved from the high gradient guns in use at BNL
which provides sub-picosecond pulses of x-rays in and UCLA. It is a three-and-one half cell standing
the 2-4 nm spectral region. The LCLS injector, wave x-mode cavity, which is nominally operated
which must produce the electron beam which is with a peak accelerating gradient of E,, = 100
then accelerated in the SLAC linac to an energy MV/m. The frequency was chosen to coincide
of< 7GeV, must satisfy fairly stringent require- with the that of the SLAC linac structure, mainly
ments on beam quality. The beam emittance must because of ready availability of the power source,
be very small, while producing a nanocoulomb of but also because of the proven ability to reach high
charge in a picosecond bunch. length. The fields in other S-band structures. The large
parameters of the injector we have studied are accelerating field is chosen to minimize the
listed in Table 1. contribution of space charge to the emittance

growth the beam undergoes during acceleration.
Fmial energy E 10 MeV Both a replica of the BNL structure and a modified
Norm. emittance e 3 mm-mrad structure with larger iris openings were examined

for use in this gun; the modified structure, with its
Number of electrons N 6 x 109 higher intercell coupling, allowed superior mode

Bunch length o, 2 psec separation, more linear transverse rf fields, and
sc greater flexibility in regard to coupling of theRf structure 3 + f cell, x- mode cavity to the wave-guide.

Shunt-impedance ZT2 40 MO_/_ m The high field levels in the gun imply that
!Rf frequ 2856 MHz a peak power of 13.6 MW must be supplied to the
Lser wavelengt 2 nm structure, well within the reach of a SLAC XK5

___________A_ 248.LaB6  klystron. Assuming a maximum repetition rate of
__thd__material. LaB6 120 Hz, and a minimum pulse length of 2.25

microseconds (three if fill times), the average rf
Table 1: Parameters of SLAC LCLS photoinjector. power in the structure is 50 kW, which is

0-703-120-1/93503.0 0 M E993 30



approximately one-half that dissipated in a similar, half-cell, so that the kicks are unmatched at the
optimally cooled gun designed by Grumman and first iris, and the focusing there is made stronger
BNL[2]. than the balanced AG focusing. This case is

The use of a high gradient standing wave shown by the solid line, where the half-cell field
acceleratiag field also mitigates the need for amplitude is 82 MV/m, and the full cells are run at
external focusing, due to the strong ponderomotive 108 MV/n. The beam size and divergence at exit
(alternating gradient, AG) if focusing provided by of the gun are reduced by a factor of two over the
the backward wave[3]. A design with a lower field balanced field case. These reductions are quite
in the initial half-cell was also studied, to enhance important, as too strong of focusing employed
the rf focusing effect, and yield a smaller beam, after the gun tends to give significant transverse
with a smaller divergence at the exit of the gun. emittance growth from chromatic effects.

These effects can also be minimized by
controlling the energy spread at the gun exit. The

III. BEAM DYNAMICS longitudinal phase space at the gun exit, as
calculated by PARMELA for an optimum initial

The beam dynamics in the gun were launch phase of 62 degrees, is shown in Fig. 2.
analyzed using the simulation codes PARMELA, The energy spread in this case is 8p/p =0.18%.
which is calculates the particle trajectories using This phase space distribution was used as input for
an approximate (radiation free) treatment of the the transport and longitudinal compression simul-
beam self-fields, and ITACA[4], an axisymmetric ations performed by Seeman, et al[6
particle-in-cell (PIC) code which calculates the
fully self-consistent electromagnetic cavity, space- 10.1....
charge and (radiation) wake-fields.

10. 08- N"'••

0.4

.... 10"..,05.-

0 .3 .. ............... ,

0 0.2 10.03.
Ib baanced.

....... unbalanced
0.1 ( ... * .... . .... i, .... , . 3

"-0.3 -0.2 -0.1 0 0.1 0.2 0.3

0 5 10 15 20 25 AZ (CM)

z (Cm) Figure 2: Longitudinal phase space at gun exit, fromPARMELA simulation.
Figure 1: The nms transverse beam envelope, calculated by
PARMELA, for the cases of equal (solid) and unequal (dots) For the accurate calculation of the expected
field in half and full cells. emittance the PIC code ITACA, with its lower

The behavior of the beam envelope, inherent numerical noise level, was used. Several
obtained from 1000 particle PARMELA simul- methods of tailoring the beam distribution were
ations, is shown in Fig. 1. The dotted line used to minimize the final emittance, including use
corresponds to a uniform 100 MV/m field, and the of a longitudinally uniform beam pulse, and a
AG if focusing provided (which is equivalent to a cutoff transverse gaussian distribution. The latter
soenoidausagneticvfied ofhi is equ n 23 can be trivially achieved by collimation; the
solenoidal magnetic field of B, = E / = 2.3 form is perhaps more problematic, but might be
kG) controls the beam expansion inside of the gun. achieved by use of a saturable optical element.
The exit of the gun is effectively a powerful The normalized rms emittance calculated
unmatched defocusing lens of focal length by ITACA using a nonoptimized beam distrib-
f = 2Eb / E,-20 cm[5]. It is thus desirable to ution was 3 mm-mrad. If an optimized
keep the beam even smaller at this point, which distribution[7], which employs a beam with a
can be accomplished by using a smaller field at transverse gaussian cut-off at 1.5 o, is used, then

the transverse emittance is below 1.5 mm-mrad,
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which is near the thermal limit, This ia shown in psec rms) pulses derived from a mode-locked
Fig. 3I Only the dynamics in the first half of the diode pumped Nd:YLF oscillator[9]. The
gun, where nearly all of the emittance growth oscillator produces a 500 kHz pulse train which
occurs, is shown. due to the excessive computing has very small energy fluctuations, and which are,
time demanded for analyzing the full structure, by a phase feed-back system, timing stabilized

The beam transverse dynamics after the with respect to the rf phase to within 0.7
gun are still investigation. The preservation of the picoseconds. The energy output per pulse of the
emittance during subsequent transport and acceler. amplifier is 92 pJ, which after two stages of
ation must be examined in detail. This region of frequency doubling through nonlinear crystals,
the beazmline does not just present a challenge in yields 10 plat 262 rim. The fluctuations in output
preserving emittance, however. There are schemes energy, even with the nonlinear elements in the
which have been studied and implemented[8J in system, are at the 0.5% level.
which the space-charge derived emittance has In order for this laser to be useful for
been removed by appropriate beam transport. exciting a photocathode, the cathode material must

I havea relatively high quantum efficiency. RecentI.. work by Bamford, et al.,[10] has shown that a
quantum efficiency of 0.1% with 266 wn light at
"45 degree incidence on a properly prepared LaB6

S:cathode is possible. This choice of cathode is well
" . = suited to our application, since it is rugged (like a

relatively low quantum efficiency metal) but has
no lifetime problems or stringent vacuum
requirements (like a multi-alkali cathode). Using
this cathode material and the Lightwave laser

------------- "system, one can expect about 2.1 nC of charge,
--- which is well above our design criterion.

0.0" 0. i M i. 4. s. do. M*. W 0.0 Using these emerging technologies, this
photoinjector design should be able to produce a

Figure 3: ITACA simulation of the evolution of the high brightness electron beam which meets the
transverse rms emitance for the optimized beam stringent beam quality and jitter requirements of
distribution, in the first half of the gun. Shown: rms the LCLS project.
nomalizd (whole beam, solidK beam core, large dash) and
unnonmalized (mall duh). REFERENCES

IV. LASER AND PHOTOCATHODE 1. H. Winick, et al., these proceedings (abstract
F7).

The reproducibility of the x-ray pulse 2. 1. Lehrman, et al., 1992 Linear Accel. Conf.,
derived from the LCLS is critically dependent on Proc., 280 (AECL- 10728, Chalk River 1992).
the beam peak current. In order for the pulse 3. S. Hartman and J. Rosenzweig, Phys. Rev. E
compression to work properly, the beam's bunch- 47, 2031 (1993).
to-bunch charge fluctuations must be below one 4. L Serafini, et al., 1992 Linear Accel. Conf.,
percent, and the timing jitter of initial injection Proc., 796 (AECL-10728, Chalk River 1992).
(which is dependent on the laser) must be 5. R. Miller and R. Helm, in Linear Accelerators,
somewhat less than one picosecond (a degree of rf ed. P.M. Lapostolle and A.L. Septier, 115 (North-
phase). Holland, Amsterdam, 1970).

These requirements have not been met by 6. J. Seeman, K. Bane, and T. Raubenheimer,
photoinjectors in the past mainly because of these proceedings (abstract Jbl9).
difficulties associated with the laser. With the 7. L Serafini, et al., 1992 Linear Accel. Conf.,
advances made recently in the technology of diode Proc., 796 (AECL-10728, Chalk River 1992).
pumped solid-state, short pulse lasers, this may no 8. J. Gallardo and H. Kirk, these proceedings
longer be the case. (abstract Pa 150).

As an example of a system developed 9. M. Gifford, et al., Optics Lett. 17, 1788 (1992).
recently in industry, Lightwave Electronics has 10. D. Bamford, et al., Nucl. Instr. Meth. A 318,
tested a diode pumped Nd:YLF regenerative amp- 377 (1992).
lifler which amplifies 1047 nm, 8 psec FWHM (3
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Perfornmnce of the SLC Polarized Electron Source and Injector with the SLAC
3 km Linac Configured for Fixed Target Experimnents*

A. D. YElUMIAN, IL IL ALLEY, J. L. CLENQN , J. C. FRISCH, C. L GARDEN, L A. KLA1SNER A.V. KCULKOV,
L. K UMILER C. Y. PRE9CO17, P. J. SABZ, D. C. SCHUL7Z H. TANG, J. L TURNER, M. &. WOODS

M. ZOWOTOREV
SftanfGLki8sWAccderi~rC, fmtu

Stanford, CA 94309

AbWW the target at a repetition rate of 120 Hz and with at least
The SLC POW .'--A electonsorc (PES) ca be mod- 40% polarization was required. To accommodate these

i*iedo -`pwe..ongpulses, Inretln into the un requirements, the Candela dye laser at the SLC Polarized
V SLA3 km lna, with& aut -- ier Electron Source (PB) was modified to produce a low in-

ýý -than or SzMc Such~ bem an deial t fixe tenuity lase pulse >1 lasec. To improve the electron cap-
target -at MLAC requirin polarized electron tur by the lntor, an S-bend pre-buncher was installed

beauao(to 50 mA within an amrg spedo .% tupstreamn of teS-band bundier and capture section. The
ewglaolup o 26Gev Duing he an f iZ layout of the polarized ;n and the filat few meter of the

SLClnac was operated continuously for two months bea lin are shown in' zg '.unSLEDed with the PES dy Lase (711 nm) modified to The PE5 was operatloat 60 kV to produce a I Ilsec,
produce al1pacpus at 190Hz. An AIlaAs phtcth- 30 m electron pulse at 120 Hz from the, source.

dewas hugafledirnthe electron gun to ahee40% -
larizatlor%, and a prebuncher was added to the rII . LASER

ucan =r t- rofe cature foari3 eoplsecto beams Weors The Candela flash lamp-p~umpe dye laser used for
coguss teoperomandeL the the poarMe elcrnuenfo was miitied to produce a

long ~I~l OW~lO~l pule width >1 psec (Ref. U). This was acomlshed by
L DNTODUCTON ----e'- - the laser cavity losses by maldng two changem

1) the "2ye concentration was rdcdfrom 3 to
A fixed target experiment (B-142) was conducted at 2 x 104 mo0t/; and 2) the reflectivity of the output cou-

SLAC for which a 1-2 psec electron pulse of 10-20 mA at pler was increased from 55% to 80%. The laser output

~Lutr and
Phas Shifte for

SIonCor ne to Sbeam Pne u ote atcren oio a 0My Maonetor
Thin Lme M.S etrbam in up f otefs cr oior at 40 MeV.

SqpanmISL bprtin CIDzmn ofEnry o0rc
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Figure 2. Horizontal (LENSBOX H) and Vertical (LENSBOX V) QE scans of the cathode.

pulse was chopped and flat-topped with a pulsed-Pockels Adding 12% Al to the active layer increases the bandgap
cell and crossed-polarizer system, TOPS (Top Hat Pulse at (0C to about 1.63 eV (760 nm). By using a 0.3 mm thic
Shaper), to produce the desired light pulse. Although the A10.12Ga0.88As cathode operated at 00 C, the source po-
system was capable of producing a 2 pec long pulse under larization at 715 nm was expected to be -40% (Ref. 3). The
optimum conditions, during the E-142 run, the laser was typical electron polarization measured by M1ller in End
operated in the 1.0-1.3 pIsec range. A fast pulser, LPC (La- Station A (ESA) was 41%.
se" Pulse Chopper), upstream of TOPS, could produce a During the entire run the QE did not change signifi-
narrow SLC-type pulse that was detectable by the SLC cantly. The QE profile across the cathode surface started
linac beam position monitors. Normally the short pulse with a large peak on the "+" vertical side. Near the end of
was run at 1 Hz with the production pulse operating at the run, a dip in the middle of the horizontal scan was ob-
119 Hz. To optimize laser power and dye lifetime, the served (see Fig. 2).The horizontal (LENSBOX H) and ver-
Candela was operated at 715 nm with Oxazine 720. tical (LENSBOXY) scans of the cathode were made with

a HeNe laser (spot diameter -2 nun) on November 20th
UI. CATHODE and December 14th. The abscissa indicates motion of the

lens box in nun.
The active layer of the photocathode was 0.3 mm of The average QE as measured at 60 kV with a modu-

AI0.12Gao.8As, Be doped to 6 x 1018 cm-3. At final acti- lated diode laser operating at 750 nm varied over a period
vation of the cathode by heat cleaning and cesiation the of many days between 0.7% and 0.9%. These variations
initial quantum efficiency (QE) was 1.5% at 750 nm (at may have been entirely instrumental.
low V), rapidly dropping to 0.8% (at 60 kV). The cathode It is not known why the QE held constant. Certainly
temperature throughout the run was maintained at o0C, the lower voltage helped. The dark current at HV (laser
which in the SLC gun is thought to increase the lifetime of blocked) was typically about 10 nA, a factor of 5 to 10 low-
the cathode. The gun for this run was Diode Gun 1. er than during SLC 1992 run (for which the voltage was

For the SLC I12 run, a thick GaAs cathode was used, 120 kV with a different gun). The gun vacuum was also
for which the bandgap at 00 C is about 1.44 eV (860 nm) extremely low: the mass 4 (28) peak was about
(Ref. 2). At 715 nm, the polarization at the source was 6 (1) x 10-12 Torr, unchanged with HV on or off. The low
-27%. For E-142 the expected polarization at the source peak currents (compared to SLC 1992) may have helped
was increased by using a cathode with a larger bandgap. reduce electron stimulated molecular desorption from the
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vacuum components near the source cathode. All the V. SUMMARY
vacuum components except the cathode were at about
35"C, the temperature of the accelerator housing. There were about 1062 total hours in the E142 run.

The PES was available to provide full intensity beams to
V. ELECTRON BEAM INTENSITY the linac for 96% of that time. The downtime attributed to

the PES totaled only 41 h, of which 32 h were associated
The laser beam intensity at the cathode was kept con- with scheduled lamp and dye changes followed by resto-

stant by a hardware feedback system integral to TOPS. ration of the injector beams.
To compensate for changes in the QE, provision was The timing of the lamp and dye changes was driven
made for a software feedback system which monitored by downtimes scheduled as part of the turn on for the
the electron beam intensity at the first BPM (Beam Posi- SLC 1993 run, and thus was not optimum for PES efficien-
tion Monitor) and could adjust the attenuation of the laser cy. Nonetheless, the average interval between these
beam using the BIC (Bunch Intensity Control) located just changes was about 200 h (8.4 days).
downstream of TOPS. Since the QE was essentially con- Other than for maintenance tasks such as lamp and
stant, the software feedback was not activated, the BIC be- dye changes, the PES was operated entirely from the SLC
ing adjusted only occasionally and in manual mode in Main Control Center by the SLC operators.
response to changed beam requirements or sometimes,
near the end of a lamp/dye cyde, when TOPS could no REFERENCES
longer provide the desired laser intensity.

Since E-142 was the first fixed target experiment with 1. "Polarized Light Sources for Photocathode Electron Guns at
the full SLC linac, it is perhaps not surprising that al- SLAC," M. woods, J. Frisch, K. Witte, M. Zolotorev,
though the instrumentation for tuning the beam was ade- Dec. 1992, SLAC PUB 5965, submitted to the 10-th Int.
quate, it was not optimal. Midway into the run, the Symp. on H.E. Spin Physics, Nagoya, Japan (1992).
tranmission of the beam from the polarized gun cathode 2. "Polarized Source Performance in 1992 for SLC-SLD,"
to the beam switchyard through the 0.7% energy defining D. Schultz, R. Alley, J. Clendenin, J. Frisch, C. Garden, E.
slits was increased from 25% to 55%. This was accom- Hoyt, L. Klaisner, A. Kulikov, C. Prescott, P. Saez, H.
plished by adjusting the injector bunching and steering Tang, J. Turner, M. Wicks, M. Woods, D. Yeremian, M.
using the entire linac as a monitor. Zolotorev, February 1993, SLAC-PUB- 6060, submitted

For most of the experiment, the Candela beam diam- to the 10-th Int. Symp. on H.E. Spin Physics, Nagoya, Ja-
eter on the cathode was maintained at about 6 mm. (The pan (1992).
active area of the cathode has a diameter of 14 mm.) Thus 3. "Electron Spin Polarization in Photoemission From the Thin
the maximum current density drawn from the cathode AlxGAl-xAs," T. Maruyama, E. L. Garwin, R. A. Main,
was about 0.2 A cm"2. R. Prepost, J. S. Smith, J. D. Walker, SLAC-PUB-5367,

The Candela is a multimode laser with an intensity jit- 1992, to be published in Journal of Applied Physics.
ter of 3 to 4%. TOPS reduced this jitter by about a factor
of -2. The electron beam intensity jitter as measured on
the linac toroids at 40 and 200 MeV was typically the same
as the laser jitter at the TOPS output.
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An In-situ Photocathode Loading System for the SLC Polarized Electron Gun
R. E. Kirby, 0. J. Collet, K. Skarpaas
Stanford Linear Accelerator Center

Stanford, CA 94309 USA

An uhlrahigh vacuum loadlock system capable of operat-
gat h voltage has bees added to the SLC Polarized Elec-

Woaun. 00% e unit incorporates facilities for heet cleaning,
aivating and measuring the quantum efficiency of photocath-
odea A tray of up to four photocathodes can be exchanged
without bringing the activation unit or gun up to atmosphere.
Low voltage quantum efficiencies of 20% have been obtained
for bulk GaAs at 633 nm and 6% for a 0.3 micron GaAs layer
at 755 m. Results for other cathodes as well as operational
characteristics ae discussed.

I. INTRODUCTION

Polarized laser photoemission from GaAs, or related INl-V
copud phtctoe omtebssfrms oaie Figure 1. Cathode emitter tube. Mo leaf springs withcompund phtncthoes ormthe basis for most polarized sapphire roller bearings engage carrier tightly onto the

electron soure currently in use. Extremely clean vacuum

conditions are required to extend the usable lifetime of these plug end.

cathodes between re-activations. In addition, sources such as up to the first bend magnet. Each LoadLock and PEG incorpo-
the SLC Polarized Electron Gun (PEG) [1) must function rates an isolation valve, allowing each to remain independently
under high voltage conditions (peak fields of -10kV/mm). A under vacuum. Connection is via a low-volume short spool
high voltage discharge occurring in the gun is capable of irre- piece which can be evacuated and baked-out in a few hours.
versibly damaging the cathode, an event which is enhanced by The functional requirements defined for LoadLock were:
the presence of Cs used to activate the photocathode to -Heat clean and activate cathodes to negative-electron-af-
negative-electron affinity. In the past, the PEG has been baked finity using Cs and NF3.
and high voltage-processed to eliminate breakdown sites on the -Measure quantum efficiency.
gun electrodes. The cathode was then installed and the gun re- -Preserve ability to cool the cathode to ODC while in the
baked. It has been shown [21 that baking reactivates some PEG.
breakdown sites, requiring re-processing with potential for ,Vacuum environment consistent with that of the PEG.
cathode damage. Also, we have observed that quantum effi- -Require no changes to PEG electron optics.
ciencies (QE) tend to be higher for cathodes that have not been -Be able to introduce cathodes into LoadLock for use in
baked in large systems for long time periods. Cathode replace- PEG, preferably without bringing LomdLock itself up to

ment requires a lengthy and expensive reprocessing of the gun atmospheric pressure.
isetlf e lThe cathode cooling requirement has been satisfied by

itselfA ypreserving the PEG cathode emitter tube design without modi-
A aethode-loading system ("LoadLock") has been added fying the gun structure. The photocathode is mounted on the

to the PEG to address the concerns detailed above, but its use vacuum side of the tube, and cooling gas is injected from the
also adds a valuable capability to the polarized source Pro- atmosphere side [4]. Cooling has been useful for extending the
gram: As new, higher polarization cathodes become available, period between re-cesiation of cathodes. This requirement,
they may be easily introduced into the PEG operating on the however, means that the LoadLock unit itself is at cathode high
accelerator. This approach has proven immediately successful voltage during electron beam injection.
with a thin GaAs strained-layer cathode structure [3].

II. OPERATIONAL REQUIREMENTS 11I. LOADLOCK DESIGN

The structure of LoadLock consists of three sub units:
two identical LoandLock units were constructed: one for mechanical drive, cathode activation chamber, and cathode

use at the SIC injector and the second at the Gun best Facility tray. Cathode wafers are mounted onto individual Mo carriers
which consists of a PEG, laser and duplicate electron beam line using a Ta ring clamp. The carriers can be shuttled between the

emitter tube (Fig. 1) and the cathode tray (Fig. 2) using a sys-
*Supported by Department of Energy contract tem of bellows-sealed linear motions.
DE-ACO3-76SFW00515.
0-7803-1203-1/93$03.00 O 1993 IEEE 3030



Figure 2. Photocathode carrier tray shows both a position
occupied by a Mo wafer carrier (1) and an empty
position (2).

• n Figure 5. LoadLock attached to the PEG. 1-Isolation
valves, 2-Part of HV gas container, 3-010 support
cylinder, 4-Emitter tube and bellows, 5-Cathode exchange
linear motion, 6-Ion pump, 7-NEG pump, S-Cathode tray,
corona shield and high voltage container not shown.

5 by a combination of an 8 I/s diode ion pump (powered by a
fiber-optic-isolated supply) and by a room temperature S1707

r •non-evaporable-getter pump [5]. The residual gas composition1 is >9 9 .9 % H2 at a pressure of <lx O-"10 to rr. A gas e unit
• M3 inserted into the emitter tube allows heating of SLC 15 nunFigure 3. Mechanical drive. I-Support beam, 2-Ril, 3- diameter cathodes to -6000 C. During heating, the evolved gasEmitter tube transfer assembly, 4-Activation chamber (>99%) is H2, which has been shown [6] to be beneficial for(services not shown), 5-Isolation valves, 6-Carrier tray, removing oxides and hydrocarbons from GaAs surfaces. AItem 3 also shown in emitter tube-retracted position for completed LoadLock unit connected to a PEG at the Gun Testcathode activation/exchange (dashed). Facility is shown in Fig. 5.

The cathode tray is separated from the activation chamber
by an isolation valve so that a total of four carriers may be used
in LoadLock. A laser alignment screen in a carrier is occasion-
ally used for system alignment and then removed from PEG for
cathode replacement. The tray stays connected to, and is

.= AGpumped by, LoadLock during operation.
bTO IV. PERFORMANCE

- • -Troy •*" - LoadLock units were tested in two stages: initially by con-
nection to a simple vacuum chamber containing a cathode-
anode electrode structure, photo-electron current collector and

4-93
7300m light window, and finally, by connection to a PEG at the GunFigure 4. Schematic structure of LoadLock. Test Facility. Bulk GaAs(100) was used in the first system.

QE's and life times were measured down to 0°C. QE's as highThe main mechanical drive (Fig. 3) moves the emitter tube as 20% at 633 nm and 9% at 755 nm were achieved with lifethrough the activation chamber and into the PEG. After inser- times at 0DC, identical to previous PEG performance [4].tion, the drive unit is removed and the remaining LoadLock Measurements at the Gun Test Facility concentrated oncomponents are enclosed by a corona shield and a high voltage thin GaAs (300 nm) and 300 nm GaAs strained-layers. The INt-insulating gas containment vessel. After several hours of dry ter were used on the accelerator when the first LoadLock/PEG
airflow-through, the unit continually stands off a 120kV poten- combination was moved into operation. The thin GaAs QE attial. 120kV was 6% at 755 nm, measured at the Gun Test Facility.Figure 4 is a schematic of the services available in the Full details of SLC cathode performance are reported else-cathode activation chamber. The activation chamber is pumped where [31, but the current LoadLocked SLC strained-layer
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csftds n the linear accelerator produces 80% polarization [2) S. Bajic and R.V. Latham, "A New Perspective on the Gas
ad -IS QE at 830 rm, 120kV. Conditioning of High-Voltage Vacuum-Insulated Elec-

trodes," Journal of Physics D 21,943 (1988).
V. CONCLUSION [3] J. E. Clendenin, R.K. Alley, H. Aoyagi, J.C. Frisch, C.L.

Garden, E.W. Hoyt, R.E. Kirby, L.A. Klaisner, A.V. Ku-
Tim addition of LoadLock to the SLC electron source has likov, C.Y. Prescott, PJ. Siez, D.C. Schultz, H. Tang, J.L

mauldod in a muked improvement in source capability and reli- Turner, M. Woods, A.D. Yeremian and M.S. Zolotorev,

abilfty. LAW amounts of Cs, associated with high voltage "Performance of the SLC Polarized Elecuon Source with

IF* down, have ben excluded from the gun. A small channel High Polarization," these proceedings.
cosiar has repced the effusion cell on the gun proper. This [41 D. Schultz, R. Alley, J. Clendenin, J. Frisch, C. Garden, E.

allows emnote additions of Cs to the cathode during the run- Hoyt, L. Klaisner, A. Kulikov, C. Prescott, P. Siez, H.
Tang, J. Turner, M. Wicks, M. Woods, D. Yeremian, and

sing cycle when a full re-activation is not required. LoadLock M. Zolotorev, "Polarized Source Performance in 1992 for
has also allowed a rapid upgrade of source polarization fro SLC-SLD," 10th Int. Symp. on High Energy Spin Physics,
the 28% of the 1992 SLC/SLD experimental program toward Nagoya, 1992.
80% in 1993. [5] SAES Getters U.S.A., Inc., Colorado Springs, CO 80906.

[61 R.W. Bernstein and J.K. Grepstad, "Removal of the Sur-
VI. REFERENCES face Contamination Layer From CF4 Plasma Etched

GaAs(100) Substrate by Thermal Annealing in Hydro-[1] D.C. Scholhz, J. Clendenin, J.1Frisch, B. Hoyt, L. Klaisner, en," J. App!. Phys. 98,4811 (1990).

M. Woods, D. Wright and M. Zolotorev, "The Polarized

Electron Gun for the SLC," 3rd European Particle Accel-
ertor Conference, Berlin, 1992.
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HIGH VOLTAGE PROCESSING OF THE SLC
POLARIZED ELECTRON GUN*

P. SAIZ j. CJNDNM , C. GAD., E. Hofr, L KLA0E
C. PRESC(l, D. SCHULTZ, AND K TANG

Stanford Linear Accelerator Center
Stanford, CA 94309 USA

As simulation of the gun electrodes gave a maximum
The SKC polarized electron gun operates at 120 kV electric field of 7xl0 V/m on the cathode electrode [51

with very-low dark current to maintain the ultra high at 120 kV. Microscopic surface irregularities and/or
vacuum (UHV). This strict requirement protects t&e contaminants can enhance this electric field in such a
extremely sensitive photocatowde from contaminants way to produce field emission [3].
caused by high voltage (HV) activity. Thorough HV A nanoammter in series with the gun HV power
urcess is thus required. xray senitive photographic supply was used to study the behavior of the gun dark
Irm, a i in series with the gun power current at high voltage. Figure 2 shows that these data

supply, a radiation meter, a sensitive residual gas are well represented by a Fowler-Nordhelm form, where
analyzer and surface xray spectrmetr were usedto the slope of the curve indicates an electric field
study areas in the gun whee HV activity occurred. By enhamentof I - 500 at the field emitting point.
reducing the electric field gradients= careully preparing The field emitted electrons are accelerated to the
the HV surfaces and adrng to very strict dean anode surfaces where they desorb gases and generate
assembly procedures, we found it posile to process the xrays. Fgure 3 shows the spectrum of xrays emitted
gun so as to reduce both the dark current at operating from the electrode region at 110 kV. The data
voltage and the probability of HV discharge. -These Hvj approximate a Bremsstrahlung energy loss distribution.
preparation and processing techiques are described. Xrry sensitive photogrphic film [6] was used to map

the xray emitting sites inside the gun. Xrays going
L INTRODUCTION through a small aperture on a lead plate fiducial,

external to the gun, would cast an image on film
The polarized electron gun is essential for a new arranged around the electrode area. Multiple small spots

series of experiments at SLAC [1]. It uses a cesium on the film indicated that the field emitting sources were
activated GaAs photocathode to produce a discrete point sources. Ray tracing analysisshowed that
longitudinally polarized electron beam which is injected most field emitting points came from the cathode
into the accelerator. The activated photocathode is electrode and the cathode electrode support tube.
extremely sensitive to contamination and so must reside Surface samples taken from a gun after HV
in an UHV environment (total pressure -2x40 11 Torr). processing were viewed under a microscope and
HV of 120 kV is required to produce a sufficiently high analyzed using a energy dispersive rys
intensity electron beam and to properly inject the (EDAX). Figure 4 shows the copper surface of the
electrons into the accelerator. These conditions must cathode electrode support tube in Gun #1. The highly
coexist in a gun that will operate continuously for polished copper surface has been disturbed, probably by
several months with minimal intervention. on bombardment during HV nitrogen processing (see

The early SLC polarized guns (prior to 1992) had below). Figure 5 shows a fragment of stainless steel on
unacceptable HV problems. A single HV breakdown can the polished cathode electrode, presumably the
reduce the QE (21 in the photocathode. Reactivation, as
opposed to mere cesiation, is often required to restore Sprn
the QE and is not always successful in doing so. High G-10
pressure levels associated with high dark current Corona smr
accelerate the drop in QE with time. We will first discuss Domn Caf
how we diagnosed some of the HV problems and then Tupr Sp--Tb
describe the material preparation and 1W prcsIn
techniques that have given us stable and reliable guns. Photocathode

IL DIAGNOSTICS

One of the major sources of high voltage breakdown
is field emission from metal surfaces. At very high
electric fields (E - 3010 9 V/rn) the surface potential Aurn god
barrier for metals is small and thin enough for electrons L ernic Cathode
to tunnel out, producing field emission [3]. Figure 1 C-10- Electrode
shows the inside structure of the gun. EGUN [41 Flange Gun Suppo

support Vacuum
Work supported by Department of Energy contract f Flinge Chanter

DE-AC0346)0515. Figure 1. Schematic of the polarized electron gun.

0-7803-1203-L/30.00 o 1993 IEEE 3033
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Figure 3. Energy distribution of emitted xrays ans steel f-agrent an
for 110kV. polished cathode electrode and (b) EDAX

plot of fragment contents.

fragment is a remnant from HV arcing. Figure 6 shows
evidence of HV arcing activity on a polished electrode ITI. MATERIAL PREPARATION
surface contaminated with potasium chloride. Thepobuum Aorid conamintionmusthavebeen Selection and prprtion of materials to be used for
hdotuchloride contamination must have b high field areas is critical. The material used in these• durln thgun assembly.

Fowler-N heim ndots and spectra of emitted xrays areas is certified low carbon vacuum arc remelted
indicate that the IV activity comes from electron field stainless steel 304, 316, and on the electrodes 317. All
emission. The EGUN simulation and xray film analysis tubing was seamless stainless steel 304L or 316L
point to the electrode area as the source of these Samples of these materials were metallographically
electrons. The EDAX study shows that contamination evaluated for inclusion content and grain size. After the
during amnembly can harm the WI performance, electrodes are machined using UHV procedures, they

are chemically cleaned and hyroge fired to 100C for
10 minutes. Then they are polished to a one micron
finish. The material is cleaned again, inspected and
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decreases, which may occur gradually or may occur
suddenly after a HV discharge. To attain a dark current
of less than 50 nA at the operating voltage of 120 kV,
the guns are processed to 180 kV. The rate of risin
the voltage varies, taking from a few hours to a few
days. One technique that speeds the processing is to
introduce dry nitrogen from liquid nitrogen boil-off
into the gun to 10 Torr. When processing with
nitrogen, 180kV can be reached ina few hours 17].

Gun #3 showed unusually good behavior. It had
very few arcs during the initial processing. After
introducing and then pumping out some nitrogen
without HV, the gun achieved 180 kV in Just one hour
with much less than I ILA of dark current [81. The other
guns were more problematic and needed a few days of
HV processing.

V. CONCLUSION

Good HV performance of the SLC guns begins
with a design of low electric field gradients, continues
with the choice of the cleanest materials and their
proper outgasing at high temperature bakes, and ends
with careful monitoring of dark current, xrays and gas
pressures. The assembly process requires extreme
cleanliness to optimize HV performance as well as
UHV performance. The chief diagnostics, the
nsnoammeter and the RGA, are used on the accelerator
during beam operations to keep track of the dark
current, the ultra high vacuum and any high voltage

Figure 6. (a) High voltage arcing activity on polished problem that might occur. At present there are three
electrode surface and (b) EDAX plot showing guns which can operate at 120 kV, with a total pressure
contamination with potassium chloride, of - 2x1011 Tort and a dark current of 10-50 nA.

vacuum fired at 450(C until outgased. Finally we inspect REFERENCES
the surfaces, and assemble all the components in a class [11 Moffeit, K. C., "Polarized Electron Beams at SLAC',
1000 clean room. Extreme cleanliness is emphasize SLAC-PUB-6005 (1992).
throughout the process. Fixtures made of teflon are used [21 Quantum efficiency or photoelectron yield is the
for holding components during transport and extreme number of emitted electrons per incident photon.
care is taken to prevent any contact with polished [31 Latham, R. V., "High Voltage Vacuum Insulation:
surfaces. The gun assembly is baked at 25, 0C for a The Physical Basis", Academic Press, London (1981).
minimum of 100 hours until outgased. The gun is then [41 Herrmannsfeldt, W. B., "EGUN- An electron optics
ready for high voltage processing, and gun design program", SLAC-REPORT-331

(1988).
[51 Schultz, D., et al.,The Polarized Electron Gun for the

SLC," SLAC-PUB-5768 (1992), Proceedings of the
IV. HIGH VOLTAGE PROCESSING Third European Particcle Accelerator Conference,

The gun HV processing is intentionally Berlin, (1992).
conservative; we minimize the amount of dark current [61 Polaroid TPX System, Polaroid Corporation.
(< 20 ;LA) to prevent permanent damage to the electrode [71 Pure xenon was also used in HV processing.
structure. The main diagnostics used during processing 181 Following processing, gun #3 was used for the 1992
are the nanoammeter in series with the HV power SLC-SLD run. See Schultz, D., et al.,"Polarized
supply, a xray detector, and a Residual Gas Analyzer Source Performance in 1992 for SLC-SLD", SLAC-
(RGA) which measures the partial pressures of gas PUB-6060 (1993).
species in the gun vacuum.

Our experience with HV processing of the guns has
been as follows. The voltage is slowly raised to 60 kV
with only minor discharge (spikes in the current
together with small, short bursts of CO, H, and other
gases). Above -60 kV the guns start drawing 1-20 piA of
current. Constant voltage is maintained until the current
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Study of Non-Linear Photoemission Effects
in llU-V Semiconductors*

H. Tang, RIK. Alley, H. Aoyagit , LE. Clendenin, J.C. Fidsch, CL. Garden, E.W. Hoyt, R.E. Kirby, L.A. Klaisner,
AN. KuliWCv, C.Y. Precott, PJ. Saem, D.C. Schultz, J.L Turner, M. Woods, and MS. Zoiotorev

Stanford n Accelerator Center, Stanford University, Stanford, CA 94309, USA

Absract beam line with a beam position monitor, a fast gap monitor
Our experience at SLAC with photoemission-based' and a Faraday cup. Very high vacuum is maintained in the gun

polarized electron sources has shown that charge limit is an by means of nonevaporative getter pumping as well as ion
important phenomenon that may significantly limit the pumping. A residual gas analyzer (RGA) is used to monitor
perifomance of a photocathode for applications requiring high the gun vacuum. During normal operation, the total pressure
intensity electron beams. In the process of developing high in the gun is about Ix 10-11 Toff and the CO level is about
performance photocathodes for the ongoing and future SLC 1x10- 12 Torr. A large number of 1H-V semiconductor
high energy physics programs, we have studied the various photocathodes were studied, including 0.3 11 strained lattice
aspects of the charge limit phenomenon. We find that the (high polarization) GaAs/GaAs.76Po.24, 0.3 I, 1 V6 and bulk
charge limit effect arises as a result of non-linear response of a GaAs, and 0.3 IL A10.12Gao.SgAs, where the thickness refers
photocathode to high intensity light illunination. Th size of to the active layer, all doped with either Be or Zn to a
the charge limit not only depends on the quantum efficiency conentratiou of 5x10 18 to 2x10 19 /an3. ib cathodes are
of the cathode but also depends critically on the extraction activated by first heating to 610 TC for one hour, then applying
electric fiekL In addition, we report the observation of charge Cs until the photocurrent peaks, and followed by codepositlon
oversaturation when the intensity of the incident light of Cs and NF3 . Two continuous wave diode lasers of
becomes too large. wavelengths 750 nm and 833 nm operated at low power (< 1

L INTRODUCTION mJ) were used for QE measurements. Unless otherwise stated,
the cathode temperature was always kept at 0 C. All of the
data presented below are obtained from the 0.3 gt strained

Pola ized electron beams have been in continuous use for GaAs cathode, whose results are qualitatively representativethe SLC high energy physics program at SLAC since the of tosof the other cathodes.

spring of 1992 [1,21. The polarized electrons are generated by

the Polarized Elect=n Source (PES) consisting of an electron 1I. RESULTS AND DISCUSSION
gun with a GaAs-based photocathode and a laser operated
near the cathode bend gap. In addition to the requirement of1 sows the charge versus laser pulse energy data
high polarization, the SLC program also demands high beam o iaur e fo r the 0.3rg strased Gals c e. ta,intensities, i.e., two 2 ns electron bunches sepmaraed by 60n or saturation curve, for the 0.3 it strained GraAs cathode. The

Ti:Sapphire laser is tuned to a wavelength of 850 nm for the
with up to 10, 1 electrons in each. The gun is opemted at 120 Ieasurement "I'ue QE is 1.51% and.57% at 750 amnand 833
kV so that the amount of charge extractable in the space nm, respectively, measured with the laser spot fully
charge limit is about 1.2x1011 electrons per bunch for a fully illuminating the cathode area. The difference in the QE
illuminated photocathode (14 m- diameter), which is well
above the desired intensity. If a photocathode responds 8
linearly to the excitation light intensity, then, the mount of
photoemitted charge will increase proportionally with the light
intensity until the space charge limit is reached. In contrast to . 6
this expectation, earlier studies [31 indicated that, when the ,
quantum efficiency (QE, defined as the ratio of the number of
emitted electrons over the number of incident photons) of the 4
cathode drops below a certain level, the total amount of charge
extractable within 2 ns from a fully illuminated cathode
saturates to a value that is smaller than the space-charge 2
limited value, a phenomenon becoming known as charge limit
(CL). We report in this paper a more detailed study of this
nonlinear effect and other important properties in a variety of 0 .. ,,,, * . . , ,
I-V semiconductor photocathodes. 0 4 8 12 16 20

Laser Pulse Energy ('J)
n. EXPERIMENTAL Fig. 1. Photoemitted charge as a function of laser pulse

All of the experiments were performed by using the Gun energy at a wavelength of 850 im.

Test Facility at SLAC which is essentially a duplicate of the measured at the two wavelengths can primarily be attributed
first few meters of the SLC injector. The facility consists of a to the different number of photons actually absorbed by the
polarized electron gun with a loadlock system for easy 0.3 IL thick cathode for an equal number of incident photons at
cathode change [4], a YAG-pumped pulsed Ti:Sapphire laser the two wavelengths. From the figure it is seen clearly that for
tunable between 750 mn and 870 nm [5], and an electron low laser intensities the amount of emitted charge per pulse is

0-7803-1203-1/93503.00 1993 EM
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HEM ely PmeotIo to th law pile energy. However, the colnddeML However, it is cdear that dhe strong dependence
dainmce quly becomes nomlneau for Niogr energies cnot be explained by the Schotiky barrier lowering effect
and he =omt of emitted charge eventully satMates to a [101, which, as shown below, models very well the voltage
iiOt of 7x10 10 elctromlpulse. This behavior is consistent dependence of QE measured at low lwer power (Le., in the
with the results repted in Reference (3]. As the QE drop H une response regime).
witb time, 6e CUFF lii decreases almost proportionally.

The RMatr Of the charge limit Ui more clearly elucidated 8
in the time resolved electron intensity mauentwith the
OWp m0ntr. Two temporal profiles of the electron bunch with 7
low and high Iaftesity lawe illumination corresponding t
non-c hem and charge-limited cases, respectively, are
shown in Figure 2. At low laser energy, the electron pulse Q 6
shape is symmetric sad closely resembles tha of the laser
pulse, indicating that the cathode response to the laser 5
ifluminatlo is approximately linear. At the high laser energy
when the carge limit is reached, the electron pulse shape 4
beoe smmti n peaks at a significantly earlier tim s
than the light pulse. This behavior is very different from the
space charge limit manifested by a flat-topped symmetric 3 . .. . I .
pulse with the flat top amplitude determined by the space 60 80 100 120
charge limit effct. For our gun operated at 120 kV, the space Gun High Voltage OMV)

charge limit is about 10% higher than the peak in the charge Fig 3. Charge limit as a function of gun high voltage
limit pulse shown in Figure 2. measured with a 30 laser pulse at 850 orn.

_7 IFigure 4 shows two sets of data in the form of ln(QE)
versus E 112 (the square root of the extraction electric field atIthe cathode surface) for two excitation wavelengths [10]. Both
can be satisfactorily fit to a linear relation, establishing the4 -validity of the following expression:

_/ " -. x\ _QE=(QE) 0xexp(BEI#2), (1)

wwhere B is thesdope of theinear fit. Is-ereduction in the work
I_ I_ I_ III function due to Schottky effect is proportional to E1/2 [11].

'- lime (1 ns/div) 74,l 0.8
Fig. 2. Charge pulse shapes for incident laser pulse
enegies at 30 p3 (top trace) and 3 pg (lower trace), 0.6
showing charge limit and linear response behaviors, res-
pectively. The laser wavelength is at 850 am. 0.4

The decreased pbotmntio in the lat part of the pulse a
as revealed by the time profile in Figure 2 is characteristic of C 0.2 •750nm
the charge limit effect. In the deep charge limit regime, the
suppression of phowemission after the electron pulse peaks 0 * 833 um
may be so strong that the eectr pulse becomes significantly
shorter than the fight pulse. These results suggest that as a -0 -
large number of electrons are excited from the valence band
into the conduction band in the cathode, the work function at -0.4
the cathode surface increases and reduces the escape 0 0.2 0.4 0.6 0.8 1 1.2 1.4
probability of the excited electrons. Several models have been 1/2 1i2
proposed to account for the induced work function increase E (MVn)
[6-81. Although at present it is unclear which model is correct Fig. 4. Quantum efficiencies measured at 750 am and
- and it is possible that mote than one mechanism may be 833 rin, respectively, versus the extraction electric
responsible- the photovoltaic effect [91 does appear to be the fielL The lines are the best fits to the data.
primay cause for the charge limit effect.

To further explore the properties of the charge limit, we Therefore, equation (1) demonstrates that the excited electrons
studied its dependence on the gun high voltage The data can be characterized by an effective temperature when
shown in Figure 3 demonstrate that the charge limit is strongly reaching the cathode surface [12]. For the 750 an and 833 nm
dependent on the high v-_Aage, ali•ugh less so than the V3/2 excitation photons, we find the effective temperatures to be
dependence for space charge limit. The almost linear relation 201 meV and 193 meV, respectively. The fact that the
between the charge limit and the high voltage may be effective temperatures for electrons excited by the 750 un and
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833 m photons are alsms the tsme shows that she excited pulse decreases dramatically with increaing las energy.
iecms undergo rapid dermaiadon to the axnduction band Although there is also a small, but observable, decreae in the

nkimum, i.e.. the r point, via pbomon exchanges with the pulse height, it Is the decreased pulsewidth that is primarily
lattice, whose tnpeaum~ is about 23 meV at 0 -C. The responsible for the decrease in the emitted charge. The
thermallumd electron wre them acodulsed In the band-beeding oversaturatiam phenomenon further illusnates the complicated
region and become hotter when reaching the surface. The nature of the mon-linear photoemission effect
wak dependence of the effective temperture on the wave-
length of the excitation photons may be attributed to the IV. CONCLUSIONS
incompletely thermalized electros.

The rathe different voltage dependencies exhibited by the In conclusion, we have studied the various aspects of the
charge limit and QE indicate that QE is not the only Important charge limit phenomenon. The non-linearity in the
parame•r that determines the charge limit, as suggested in photocathode response at high laser intensitis arise from the
reference [3]. In addition to the surface barrier lowering due to induced increase in the work function. The strong voltage
Schottky effect, the external field appears to affect the dependence of the charge limit points to the advantage of
electron exraction efficiency critically, operating the gun at the highest possible voltage, for high

We now discuss the effect of the laser wavelength on the intensity and high polariztion electrm beams are produced
charge limit. When the excitation wavelength is changed from only in very thin cathodes which are almost always operated
760 mm to 865 run, the charge limit for the 0.3 p strained in the charge limit.
GaAs camtode (at -8 "C) is found to decrease by only about
20% while the QE as evaluated from the linear response * Work suported by DOE contruct DE-AC03-765F0515.
region in the saturation data decreases by more than an o€fir t Permamnt address: Faculty of Science, Nagoya University,
of magnitude. Meanwhile, the laser pulse energy required for Nagoya 464-01, Japan.
achieving the charge limit increases by more than an oder of
magnitude. These observations again show that the excited V. REFERENCES
electrons are rapidly themalized With the lattice aid therefore
become largely indistinguishable although at the beginning [1] D.C. Schultz, et al., "Pol source pefoa in
they may have very different kinetic energies depending on 1992 for SLC-SLD", presented st the l1th Int. Sym. on
the excitation wavelength. Thus, the charge limit is only 19 for sics, N tedya t e hv . Sy1,1o2
weakly dependent on the excitation wavelength mainly due to [ . CpiP , Nao, Nor. of 1992.
the iompleidy thenmalized electrons which are expected to [2 .E. Clendenin, at ar., "Performance of the SLC
be more energetic for higher photon energies. On t polarized electron source with high polarizatin, these
hand, the number of incident photons required to achieve the poceedings.
charge limit strongly depends, as does the QE, on the [31 M. Woods, et aL "Observation of a charge limit forsemiconductor photocathodes", SLAC-PUB-5894, J.
wavelength because of the strong wavelength dependence of Ae Phsis nm press.
the optical absorption coefficient near the bend gap. [4 p.. Pics, i n press.

Finally, we show in Figure 5 a saturation plot with the [4] E. Kirby, t aL, "An in-situ photocathode loading
laser pulse energy extending well over the level required for system for the SLC polarized electron gun", these
achieving the charge limit. It is striking to see that, after proceedingsf
reaching a maximum, the photoemitted charge decreases [5) J. Ffisch, et al., "Opeadou of the new SLC polarizedsubsantallyas he lserenegy frthr inreaes. empral electrnm source laser", these proceedings.
substantially as the laser energy further increases. Temporal [61 M. Zolotorev, "Nonlinear effects in photocathodes",

10 SLAC-PUB-5896 (1992).
[7] A. Herrera, et al., Stanford University, private commu-

nication.
8 [8] H. Tang, et al., "Modeling of the charge limit effect

%, •based on the photovolaic effect", unpublished.
1 6 - [91 Photovoltaic effect refers to the reduction in the band

C0. bending due to the photoexcitation-induced
accumulation of charges at the surface of opposite sig

4 o(electrons in our case) to that of the original surface
charges (positively charged ions in our case) which leads

2 to a reduction in the net amouint of surface charges.[10] The extraction electric field at the cathode is

0 , , I . I . I . proportional to the gun high voltage. At 120kV, the
0 10 20 30 40 extraction field is 1.827 MVhn.

Laser Pulse Energy (pJ) [11] See, for example, S.M. Sze, Physics of SemiconductorDevices, p. 250- 254, John Wiley & Sons, 1981.
Fig. S. Phowenmitted charge as a function of laser pulse [12] The effective temperature Te is related to 0 through the
energy (at 760 mn) over an extended energy range. following expreesion:

proiles of the charge pulses measured with the gap monitor at re = (e3/4o ) 1'2 4kB8,
various laser energies show that in the oversaturated regime, where e is the electron charge, Eo the electric permittivity
i.e, for laser energy greater than 4 IAJ, the width of the charge in vacuum, and kB the Boltzmann constant.
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for the SLC Polarized Electron Gun'

C L Ca ML W. HoytD. C Scldof KTwig
Sbwdmd Unu Awoodeno ate

Stardord, CA 9M, USA

Alabsgi used to muxlndze quantum effIciency (QE) and Q6
A low-voltap IMs Pyslas is used to qualify vaious Hkftim. and aid hin plioksca&ufd e hic n te MU CAM.

rn-v 2 a rin~mduIe mabwbl a;l hlo oan ahodes for the Materials own from diffhet sq)uppr [K1 and very in
SW.- Tbe system features a load lock to introduce struacture, doping leel, and dapust. Tisb system isLRI W Fapu ,ig pum in ed, a aemuitive reidal gas , tended'to ampm th QE of different materIask but is
analyzer, and Infirared temperatur detectr. Heat not equipped to meausre polarization. A new system
deemftg Cesidon, and auddaton procdures have been that will also measure polarization is under
studied to opibuiz cathode activation for achiefin an developuft. Ssee Figm Ifermiovrviewof theCMS
optimum NSA surface. VGF GaAs, MBB-grown
MICAs6 hMD GaAs layered on M)GaMs and MOCYD IL SYSTEM COMPOENT
C&asP cndahde with diferent active layer thIdowneies Th ch~e vacuum leve is monitored with a
and doping concentrations have been tested for rsda oaaye RA hthsms m f0
quantum efficiency and lifetime. New higher- resdua AMU anayier (RCA) th artihas pr~ma a of 10-1
poliarization strained-layer GaAs on GaAs M n ssistv opril rsae f11
photocatodes have also been tested. Results and Torr[21- Cathode temperature (above 450 C) is
oprtoaaw~wdsu d measured with an infrared temperature detector

specially designed for work with GaAs (31. An
L 1NTRODUCTION em~Isevity value of 0.7 for GaAs Is used, which was

calibrated by observing the congruent evaporation of
The cathode tes system (CTS) was established in GaAs at 663 OC 141. The temiperature memePII f
August 199Q, for muatrils qualication of dmifent ill- accurate to 15 IC
V s, ermconductr ploahde with a quick turn- Thee are two diferet cesium sources on the CM~ a
arounil time, aid to test d~iffrnt activation procedures set of chmuie culators (5 and a SLAC-buil effusion call
in an envlrhenwent that closely simulates the Pularized ceslator. No difernce between the performance (pek
Eectin Source (PU) Gun ill. Experince p@ined here is Qis achievable) of the two was observed, but the
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damas w mmmisch mlr to use. The channels hest up Manutues add a 50-00 A arsenic cap to the thin
and cool down rapidly, #vft uach greater control of active-layer MW grown structures, as these can not be
twm=Mtofce*AnumposWd. etched before they ar used. The arsenic cap layer is

T lkoad-lock (and bake) pump is a thirty-I/s ion removed by heat cleaning in the system. The same
pump. There is also a twenty-I/s ion pump used to procedure is used in preparing cathodes for the SLC
pump out the NF3 line. injector.

QE Is monitored using a 730-nm diode laser, and
occasionally a 633-nm helium-neon lawer QE versus IV. LOAD-LOCK OPERATION
wavdengoh dab is taken using a white light and a series Cathodes are installed through a small volume (1/2
of 10-nm bandwidth interference filters. The extraction liter) load-lock (see Figure 1). The view port on the top
voltage on the cathode is .132 V, supplied by a battery of the load-lock volume is removed and a photcahode
box. Mw electroe are collected by a wire loop anode on a molybdenum tray is lowered onto the seat of the

onediiun wre -bked abvo 4 C. dosed tee valve. During this operation the load-lock is
In i eniure s osoem pa s be ren pidu ever d to4509C. purged with 2-3 pai positive pressure of dry N2. The top

to 160 -C and laer to 20 kC. Fosowing bake the total yview port is then replaced, and the load lock is roughedpressure Is ylatey to250 *C 0. Following sakectrm tl down using a turbo pump.
pressur is typically 5 x 1011 Tort. h spectrum is Pressure is low enough to switch to the thirty-I/s
dominated by hydrogn, with a partial pressur of 2 to 3 ion pump in about thirty minutes. To transfer the
x 10.12 of CO. Figure 2 shows a typical RGA spectrum cathode into the main chamber, the tee valve on the
after a bke. load-lock area is opened, lowering the cathode to where

it can be picked up by a transfer fork and brought into
,, , ,- the main chamber. The transfer fork Is on a long

magnetically coupled arm 161. When the fork is moved, a
pressure rise due to gas desorption along the bearing of
the arm is seen, and pumps out almost immediately.
There is no rise in the main chamber pressure after a

cathode transfer is completed. It takes thirty minutes to
install the cathode onto the heater tower, after which the
tee valve to the bad lock is dosed.

"aw The cathode rests on a molybdenum tray during
transport and when installed, this molybdenum tray

n ,,rests on the heater tower. Figure 3 shows a dose-up
I I n aU I4. , a,. = U 3 , , M =U I =U 4a4 view of the cathode on the heater tower, and the

"ON 'Fowl P" " " positions of the anode ring and cesiators.
Figure 2. RCA spectrum after bake. I owo 5mb

IlL SAMPLE PREPARATION

Cathode materials are shipped overnight in a N2
atmosphere and are waxed to a glass cover immediately M " w.
upon receipt. The glass cover facilitates cutting the
wafers with a diamond wire saw (into 18-22-mm
diameter discs), and protects the surface from
contamination until use. The wax and glass cover are
removed in four Pyrex beakers of boiling mine--
semiconductor-grade trichloroethane, then the wafer is a.
rinsed with smiconductor-grade methanol and blown A
dry with nitrogen. IM' -

VGF GaAs cathodes are then etched for ten seconds ws
in a 4:1:1 solution of seuriconductor-grade sulfuric acid,
hydrogen peroxide, and de-ionized water. They are
rinsed with de-ionized water and semiconductor-grade
methanol and blown dry with nitrogen. All beakers and
tools used to prepare cathode materials are Teflon to
reduce the possibility of contamination. Figure 3. Close-up of cathode on heater tower, showing

cesiators and anode ring.

O4O



V. TYPICAL ACTIVAT1ON summarizedin Table1. QEsas high as14 percent at
The ypial ativtio cyce I asfoliws.The750 nm(20 percent at 633 nm) have been obtained for
Thetypcalactvaioncyce i a folow. TeGaMs and GaAsP. The results depend somewhat on

cathode is heated to 600 OC for one hour. Cesium is chamber history, the laser power used (Influencing
added (thlree minutes at five amps on two 17-mm electron desorption rate), and the number of previous
channel ceslators). T'he temiperature is ramped up to 640 activations of that cathode. Results using different
*C in thirty seconds, and the power is cut as soon as cathodes cut from the same wafer can vary 2 percent in
640 -C is reaiched. The cathode is allowed to cool one QE.
hour, until the cathode temperature is 30 -C or cooler. Electron poiarization of these photocathode
Using a 750-nm diode laser to monitor the photocurrent, materials is measured as 2:40 percent, except for the
cesium is added ( between four and five amps on the strained GaAs mnaterial, which gives electron
channel cesiators, depending on their age) until the polarization 2! 80 percent [71.
photocurret peaks, then NF3 co-deposition is begun.
The level of NF3 is adjusted to maintain a positive slope. MEERNCES
For optimal NF3 deposition a I x 1010 Tonr partial III "The Polarized Electron Gun for the SWC," D. C.
pressure (sum of mms 33, 52, and 71 peak heights) is Schultz et al., Pro. of Third Eumpoxw Padt. Acc.
used, with cesium channels at four to five amps. The Cof Beli(I) 109
NEA layer deposition takes about one hour. [21 V. G. Quadrupoles, model MSL200D5NUT, through

Fisons, Danvers MA.

VL ACTIVATION EXPERRMENTS [31 MODLINE V Series, operates at 950 run, IRCON
Inc., Niles IL

The hotcatodeis eatclenedat igh[4) B. Goldstein et al., Surface Science 57 (1976) 733.The hotoathde i hea clanedat hgh[51 SAES Getters, Colorado, Springs, CO.
temperature for 60 minutes. Heat cleaning to verny high [61 MDM Vacuum Components, Hlayward, CA.
temperature is essential for attaining high QE's. Heat [71 T. Marayumna et al., Phys. Rev. B 46(199) 4261; and
cleaning to 600 C is much (300 percent better than 11 Aoyagi et el., Phys. Lett. A 167 (1992) 415.

500 OC, and 620 OC is somewhat (10-30 percent) better 181 Photocathode Vendors:
AXT, American Crystals Technology, Dublin, CA.

than 60(0 C. Better QE (by about 10 percent) was SPIRE, Spire Corporation, Bedford, MA.
obtained by adding some cesium near the end of the EPI, Epitaxial Products International, Ltd.,
heat cleaning when the heat cleaning temperature is ~cumf, UK

NSI, Northeast Semiconductor, Inc., Ithaca, NY.
600 OC.UCB , University of California at Berkeley,

VII.SUMM RY O RESLTSBerkeley, CA.
VIL UMMAY O RESLTSQED, Quantum Epitaxial Designs, Bethlehem, PA.

Peak QE results for various cathode materials are

Active Layer
material 9E Vendor Composition Thickness Doping
VGF GaAs 13.90% AXT GaAs 635.Ovm 2 E+19 Zn

Strained GaAs 0.85% SPIRE GaAs on GaAsP 0.2pm 5 E+18 Zn
GaAsP 14.40% EPI GaAS.87P.13  2.Opm 6 E+18 Zn
GaAsP 13.00% EPI GaAS.8 7R13  4.Opim 2 E+19 Zn
AIGaAs 7.10% NES GaAs68sAtU1  1.SyM 6 E+18Be
AIGaAs 6.00% UCB GaAs ' 8A112  0.3pm 5 E+18 Be
AlGaAs 6.10% QED GaAs.88AI. 12  0.3pm 1 E+19 Be
AIGaAs 5.10% NES I GaAs.sAk 12  0.31im 1 E+19 BeI

Table 1: Summary table of results for various materials.
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Electron Qpantum Yields from a Barium Photocathode
Illuminated with Polarized Light*

M. E. Conde, S. Chattopadbyay, K.-4. Kim,
S.-L Kwont, K.-N. Leung, and A. T. Young

Lawrence Berkeley Laboratory
University of Califomia, Berkeley, CA 94720 USA

Abstract getter wire, is placed directly in front of the cathode surface.
Pbotoemission measurements with a barium photo- The passage of electric current through the wires

cathode and a nitrogen laser an reported. The cathode is pre- (approximately 5 Amperes per segment) raises their tempera-
pared by evaporating barium onto a copper disc. Radiation ture and causes the barium to evaporate. Some of the barium
from a nitrogen laser (337 trn, 10 us) is polarized and strikes vapor adheres to the cathode surface, forming a barium layer
the cathode surface at variable angles. An electron quantum that is a few microns thick. The getter assembly is then moved
yield as high as lx10-3 is observed. The dependence of the away from the cathode. The whole process of barium deposi-
quantum yield on the beam polarization and angle of inci- dion is performed in vacuum, and the pressure is kept in the
dence is investigated. The results indicate that higher quantum 10-7 Torr range.
yilds are achieved when the laser beam is incident at an angle
of -55o and is polarized pependicular to the plane of inci- ceramic shaft
dence. 1. INTRODUCTION insulators*",

The laser driven RF photocathode [1) holds great L

promise as a source of tightly bunched high-brightness elec-
tron beams. This is important for many accelerator applica-
dons, as well as for the generation of shortwave electranag- anode -, cathode
netic radiation. It is therefore imptant to improve and opti-
mize the photocathode erfiency.

It has been shown 12] that barium is an attractive
candidate for use as a photocathode material. It has a low
work function (-2.5 eV) and provides relatively high electron barium layer
quantum yields. This paper reports work on the optimization
of the performance of barium photocathodes. Studies are con- Figure 1. Schematic of the cathode and anode.
ducted on the dependence of the quantum yield on laser beam A schematic of the experimental setup is shown in
incident angle and polarization. The results shown here may Fig. 2. Nitrogen laser radiation at 337 nim with a pulse width
be relevant to other photocathode materials as well. of approximately 10 ns and a repetition rate of 22 Hz is used

11. EXPERIMENTAL SETUP to excite the photocathode. An iris limits the diameter of the
beam to approximately 4 mm. The laser beam is directed

A 22 cm diameter stainless-steel vacuum chamber through a spatial filter to improve the beam quality and polar-
pumped by a cryosoaptimo pump houses the photocathode. The ized by a calcite Glan prism. The beam power is then attenu-
typical base pressure in the chamber is 2x10W7 Torr. Te cath- ated to 0.05 - 1 pJ/pulse and enters the vacuuui chamber
ode consists of a solid copper disc (20 mm in diameter) onto through a quartz window. The photoelectrons are collected by
which a thin layer of barium is vapor deposited. mhe anode, a the anode, which can be biased to a maximum potential of 6
graphite disc (15 mm in diameter), is located directly in front kV.
of the cathode. They are mounted on a stainless-steel shaft by A photodiode monitors the laser power by using the
means of small cermic rods and separated by a distance of 40 small fraction of the beam that is reflected at the quartz win-
mm (Fig. 1). mTe rotation of the shaft allows for the variation dow. It is important to note that this reflection occurs at near-
of the laser incident angle on the cathode surface, while keep- nomal incidence, making the reflection coefficient *oensitive
ing the cathode-anode distance fixed. to the polarization state of the beam. This refle•u d -am is

Tme photocathode is prepared by evaporating barium subsequently deflected to the photodiode by a pixm. (This
from commercially available getter wires (SAES). A move- process is also insensitive to the beam polarization.)
able support, holding twenty 1.6 cm-long segments of barium III. MEASUREMENTS

* This work was supported by the Director, Office of Energy The time-averaged photocurrent is measured by a pi-
Research, Office of Fusion Energy, Development and Technology coammeter connected to the cathode. The quantum yield is
Divisi, of the US. Department of Energy under Contract No. DE- then calculated as the ratio between the number of emitted
AC03-76SNP0098. electrons and the number of incident photons. A calibrated
t Permanent address: Department of Physics, Kyonggi University, thermopile detector (Scientech, model S-3610) is used to mea-

Suwon, Korea.
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Figure 2. Schematic of the experimental setup.

sure the time-averaged laser power, thereby determining the Absolute values of the laser beam energy are meo-
number of photons. sured with the above mentioned thernopile detecto. The pre-

Figure 3 presents the measured quantum yield as a cision of these power measurements is -20% at these low av-
function of anode bias voltage and barium layer age. The erage power levels (<0.5 mW). More precise (although only
graph shows that the voltage applied to the collecting anode relative) power measurements are obtained with a photodiode
has to be sufficiently high to overcome the space-charge limit (see Fig. 2). In the next paragraphs we present the quantum
at the cathode. For high enough voltages die measured quan- yield dependence on the polaization and angle of incidence of
tum yield is independent of the anode voltage, indicating that the laser beam. In both caes the laser power is measured with
all the emitted electrons are collected. The figure also illus- the photodiode, therefore the quantum yield values awe just
tratws the decrease of the quantum yield as a function of the relative measurements.
cathode age, which is presumably a consequence of the con- Figure 4a shows the relative quantum yield as a
tanination of the barium surface, function of laser beam polarization (for a fixed angle of inci-

dence). The quantum yield reaches a maximum value when
1.4_ _ _ _ the polarization state is such that the component of the electric

1.4 normal fld aato th cathode sufa is maximized (cf. Fig. 4b).
Conversely, the quantum yield has a minimum value when the

1.2 electric field in the laser beam is parallel to the cathode sur-face.
ao/-O-O 45 mrin Figure 5 illustrates the dependence of the quantum

1.0 yield on the laser beam incident angle. Two curves ae shown,•o• "00 corresponding to two polarization angles of the beam,

(perpendicular to each other). The difference between the

0.8 / 80 min quantum yield of each polarization beounes larger as the inci-0. - dent angle is increased. The maximum quantum yield is
""�y v-Y-v- 115 mrin reached at an incident angle of -550, with the beam polarized

E 0.6 /--Y-,--- 145 min- perpendicular to the plane of incidence. Small angles of inci-
dence cannot be explorted because the anode would block the
lase beam. Measurements with very large angles are also dif-

C= 0.4 ficult; a fraction of the beam can easily "miss" the cathoder ~surface

0.2 IV. DISCUSSION

In these experiments election quantum yields of 10-3
have been measured with a barium photocathode at a wave-

0.0 length of 337 mn. These values are comparable to results in
0 2 4 6 8 similar experiments employing barium cathodes and at a

anode voltage (kV) number of excimer laser wavelengths [2]. Thus, it has been
demonstrated that barium is a vemy attractive candidate for use

Figure 3. Electron quantum yield as a function of anode volt- as a photocathode material. Barium presents quantum yields
age mad barium lay age. much higher than the values obtained with bare copper, with

vacuum requirements that are only slightly more stringent
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(-10.7 Ton'). Cesiated semiconductors [3) can achieve higher An enhancement of the photoemission has been ob-
quantum yields, but ultra-high vacuum is required for their served when the laser light is polarized such that the electric
operation (<10r9 Torr). field of the laser beam has a component normal to the cathode

surface. This effect is small at near-normal laser incidence,
1.0 and is amo pronounced for larger incident angles.

The effect of the beam polarization on the quantum

0.8 0 yield must be, in part, due to changes of the reflection coeffi-
0 -0.cient of the barium as a function of the angle of incidence and

0.6 0 the polarization of the lighL Thus, a smaller reflection coeffi-
0 . - 'cient allows a larger fraction of the incident photons to interact

S0.4 with the barium layer, yielding a larger number of photoelec-
>: . trons. We are presently investigating this topic. Preliminary

calculations of the reflection coefficient are consistent with the
0 0.2 0=60P (a) measue curves. These estimates are limited by the uncer-

_ _ _ __ -tainty in the values of the optical constants of barium, and also
by the unknown effect of the roughness of tht actual cathode

0 90 180 270 360 surface.
We have also observed these polarization effects with

polarization angle a (dog) lae power levels that differ by an order of magnitude. This

suggests that the effect cannot be attributed to field-assisted
potoemission in an obvious way.
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The 1992 Polarized Light Source
It Alley, M. Woods, M. Browne, J. Frisch, M. Zolotorev

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA

Abstract
Westacdt S ating at its quarter-wave voltage compose the Circular Po-
We d 9rsube the Polarieed Light Sources used at SLAC larizer System (CPS) to produce circularly polarized light.

dwing the 1992 rums of the experiments SLD and E142. A positive HV pulse on the CPS Pockels Cell produces
I. Introduction positive helicity light, while a negative HV pulse produces

Poalised electron sources utilizing photocathodes are negative helicity light. The sign of the HV pulse is set by
curmatly in use at many accelerators around the world, a random number pattern generator, which updates at 120
Two experiments utilizing polarized beams at SLAC are Hz. This effectively eliminates any false asymmetries due
SLD, run with the SLAC Linear Collider (SLC) at the Z0 to time-dependent behaviour of the accelerator. The ab-
remance, and E142 which is a fixed target experiment solute helicity of thv laser light was determined using total
ruaing in End Station A. The Polarized Light Source internal relection in a prism to generate a known helicity
(PLS) performance for these experiments is summarized laser beam.
in Table I. After the CPS system, the laser beam enters a 20-

II. The PLS for the 1992 SLD Experiment meter-long vacuum transport line to the photocathode.
This transport line contains a 6 m focal length imaging

In 1992, there were a five month SLD run and a two lens approximately midway between the CPS Pockels Cell
mouth E142 run at SLAC. The Polarized Electron Source and the photocathode. It also contains four mirrors to redi-
used for the SLD run is shown in Fig. 1. The laser used

was a flashlamp-pumped dye laser operating at 120 Hz and rect the laser beam to the photocathode while preserving

716 nm. A current puke, 15 J in 1.5 ps, is sent to each of circular polarization.

two flashlamps and produces (typically) a 5 mJ laser pulse Table I. PLS Performance
with a pulse width of 750 us.

A Laser Pulse Chopper (LPC) system consisting of a SLD E142
Pockels Cell between crossed polarizers is used to produce Repetition Rate 120 Hz 120 Hz
two 2 ns pulses separated by 60 ns from the initial 750 ns
pulse. The first of these pulses produces an electron bunch Pulse Energy 5 pJ 20 pJ
for e+e- collisions, while the second laser pulse produces.
an electron bunch for positron production. Following the
Laser Pulse Chopper, a Bunch Intensity Control (BIC) sys- Circular Polarization 99% 99%
tern consisting of a Pockets Cell between aligned polarizers
is used to reguate the intensity of laser light on the pho- Intensity Jitter 5% rnm 2% ris

tocathode.' Helicity Dependent < I0-3 < 10-4
The laser beam is linearly polarized through the BIC Intensity Asymmetry

system. A linear polarizer followed by a Pockels Cell oper-

ad

Figure 1. The Polarized Electron Source at SLAC. Figure 2. The Polarized Light Source for E142.
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The PLS ran continuously at 120 Hz for the five month The PLS efficiency for E142 is similar to its efficiency
SLD run in 192, with only a four hour scheduled down- for SLD, with typically four hours of scheduled mamte-
time every ten days for dye and fashlammp changes. The nance every 10 days for dye and lamp changes. The PLS
PLS delivered usable beams for SLD running with about delivers about 20 jAJ in a 1.2 ps pulse to the photocathode
95% efficiency for the run, including the scheduled down- with 99% circular polarization. Helicity-dependent inten-
time. Typically, 5 p.J in a 2 ns bunch was delivered to the sity asymmetries as large as 1.5.10-4 have been measured
photocathods with 99% circular polarization. The helicity- during E142 running. This helicity asymmetry is believed
dependent intensity asymmetry was determined to be less to arise from two effects-residual linear polarization in
than 5.10-4 from monitoring of the electron beam. The the laser beam coupled with a small transurision asym-
GaAs photocathode used had a typical quantum efficiency metry in the laser transport optics from the CPS to the
of 5% and produced 6.1010 electrons per 2 ns bunch (5 A photocathode, and steering of the laser beam by the CPS
peak current). The electron beam polarization was 2M%. Pockels Cell due to misalignment of the laser beam with

III. The PLS for the 1992 E142 Experiment respect to the Pockels Cell.' For E142, an AIGaAs pho-
tocathode was used. It had a typical quantum efficiencyFollowing the SLD run, the PLS was reconfigured for of 0.8% and produced 3.5.1011 electrons in a 1.2 jis pulse.

E142 as shown in Fig. 2. For long pulse operation, the The electron beam polarization was 40%.

dye laser was modified to produce longer output pulses at

lower peak power. Two beams from the pulsed dye laser VI. Conclusions
are produced - a 1.2-ps-long pulse for the experiment, and We have described the Polarized Light Source used to
a 2 ns short pulse for accelerator diagnostics and tuning, produce a polarized electron beam at SLAC. PLS opera-
Normal operating conditions during E142 were concurrent tion for the 1992 SLD and E142 experiments was very suc-
running of the long pulse at 119 Hz and the short pulse at cessful, having an uptime efficiency of 95% averaged over
1 Hz. seven months of running.

The Laser Pulse Chopper Pockels Cell system is sim- References
ilar to the one described above for the SLD experiment,
except that now the Pockels Cell is between aligned polar- 1. These effects are described in detail in R . Cates et.
izers, and only one pulse is produced. The Tbphat Pulse a9l., Nuc. Inst. Met . in Phpa. Ret. A2n8, 293
Shaper (TOPS) system shapes the dye laser pulse into (1989). This do points out that the transmission
a 1.2 ps long flattop pulse. A fast feedback system de- asymmetry in g optics transport line can be mini-
termines a correction voltage to the TOPS Pockels Cell mized by using pairs of phase compensating mirrors,
such that a photodiode signal following the TOPS system such as is oni the sLAC efc M ror the
matches a reference waveform, article also points out that steering effects from the

After TOPS is the BIC system which serves the same helicity Pockels Cell can be minimized by 1:1 imag-
purpose as for the SLD experiment, which is to regulate ing of the laser beam from the helicity Pockels Cell
the laser light on the photocathode and hence the intensity to the ca th thi i arimately accomplishe
of the long pulse electron beam. After the BIC system, the in our setup witthe 6 m imaging lens between the
short and long laser pulses are combined and sent to the CPS and photocathode.
CPS system, which is identical to that used for SLD. From
the CPS on, the PLSs for E142 and SLD are identical.
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Operation of a Ti:Sapphire Laser for the SLAC Polarized Electron
Source*

Josef Frisch, Ray Alley, Mike Browne, Mike Woods
SLAC Stanford CA 94309

Abstract. independent control of pulse timing and intensity.
A new laser system has been developed as the Commercial YAG lasers with the required output

light source for the SLAC polarized electron source for energy (5mJ at 532nm) were not available with
the 199S SLD physics run. A Q-switched and cavity- repetition rates greater than 60Hz. This necessitated
dumped Ti:Sapphire laser, pumped by a doubled YAG the use of 2 YAG lasers operating interleaved to pump
laser is used This laser delivers typically 50pJ to the each of the Ti:Sapphire cavities. Figure I shows the
photocathode with the required 2 nanosecond, double overall system layout.
pulse, 120Hz time structure. The laser operates at
wavelengths between 760nm and 870nm. The laser SLAC T:Saphr Poud Source Le Sys Layot
was installed on the SLAC linac in January 1993, and Y A0

is currently in use. , 2OW

I. INTRODUCTION 12OH ap o m
The polarized electron source for the SLAC linac vYAG 94.-

uses a semiconductor photocathode driven by a laser. 5 -, MW

For the 1992 physics run, a flashlamp pumped dye
laser was used[l]. The new high polarization strained- \ W:S C.,*-y"-'1
lattice cathodes[2] intended for the 1993 run required ca"
higher optical pulse energies and longer wavelengths _
than the dye laser could deliver. The requirements
for the new laser were:

Table 1. Laser Operating Parameters
Operating wavelength 760nm - 870nm Figure 1. Laser System Layout
Pulse energy to cathode 0 B. Optical Cavity Design
Timing jitter <50ps RMS The Ti:Sapphire cavities are Q-switched[41 andPulse structure 2 pulses, 62ns apart cavity dumped[5] with- an intra-cavity Pockels CellRepetition rate 120Hz and polarizer (Figure 2). When high voltage isEnergy stability <3% Rp applied to the Pockels cell, the polarization of the lightPointing stability <p% RMS in the cavity is rotated and lasing is inhibited.Reliability >95% uptime Removing the high voltage allows build-up of light inSystem Lifetime >10,000 Hours the cavity to begin. When the intra-cavity opticalpower reaches maximum, a fast high voltage edge is

No commercial lasers were available which could applied to the Pockels cell. This causes the circulating
meet these parameters, so a system was developed at light to be extracted through one of the cavity
SLAC. polarizers. This produces a pulse whose length is the

round trip length of the optical cavity.

II. LASER SYSTEM DESIGN SLAC ftizdSou= M:Sapphim Cavty

A Optical layout rn-UC

Titanium doped sapphire (Ti+3 :AI2 03 )(3] is the ADf
only commercially available solid state laser material
which can operate over the required wavelength T
range at the required powers and repetition rates.
Frequency doubled YAG was chosen as the most pow
practical pump source for Ti:Sapphire. 1" & cry",i•

We decided to use 2 Ti:Sapphire cavities to As&-

produce the first and second pulses. This allowed Mad 3w 120CD

. * Work Supported by U.S. Department of Energy Contract Figure 2. Laser Cavity Layout.
DE-AC03-76SP00515
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A Pockels cell with a fast (15psec rise and fall Pockels cell. Separate feedbacks are used for pulses
time) avalanche transistor driver chops the output generated by each of the pump lasers.
pulse to the required 2ns width. An additional Pockels
cell after each cavity is used to control the output C. Fast Feedforward
intensity. After the slow timing feedbacks have removed

drift in the build-up time of the optical power, the
B. Feedbacks major remaining source of jitter is pulse to pulse
The Polarized source laser is required to run for fluctuations in gain due to intensity jitter in the pump

long periods of time (weeks) without adjustment. A YAG lasers. A "Fast Feedforward" system is used to
number of feedbacks have been incorporated into its eliminate this effect to first order. The fast
design to allow long term stable operation (Figure 3.) feedforward measures the YAG output energy, and on

the same pulse, adjusts the stop time for the
SLAC Polarized Source LIaer Feedbacks Ti:Sapphire Q-switch to reduce the build-up time

11-11114 jitter. The fast feedforward reduces the output jitter
from the Ti:Sapphire cavities to <3% RMS.

YAG A III. SYSTEM PERFORMANCE
A Electron Beam Current

w The laser system is currently installed on the
SBPSLAC polarized source driving a strained lattice GaAs

wm 1photocathode. The maximum charge which can be
1111A- -ewaag. extracted in nanosecond pulses from semiconductor

photocathodes saturates as a function of incident laser
--._•psi,2• 0o" energy[6]. A charge saturation curve for the source

Pw2 cathode at a wavelength of 863nm is given in figure 4.

Photocathode Saturation Curve (typical)

Figure 3. Laser feedbacks 5
4.5 N a1 **

A pair of feedback loops stabilize the output 4 0

energy from each of the YAG lasers. A photodetector 3.5
monitors the output energy and adjusts the flashlamp Charge in 3
high voltage. Drifts in the YAG output beam steering 10e10 2.5

are removed by optics which image the YAG rods onto Electrons 2

the Ti:Sapphire crystals. 1.5

The primary source of intensity jitter in the 0

Ti:Sapphire cavities is variations in the optical gain 0.5

causing the timing of theQ-switched pulse to change. 0 20 40 60 80 100 120

As the cavity dump time is fixed by the accelerator

timing, these variations in build-up time cause Laser Energy in uJ

variations in output intensity. Feedback loops which Figure 4. Photocathode charge saturation
measure the build-up time of the light, and control the This saturation in the charge extracted from the
stop time of the Q-switch pulse are used to maintain photocathode reduces the sensitivity of the electron
the cavity-dump time at the peak of the optical pulse. beam current to fluctuations in the laser intensity.
The gain variations due to changes in each of the YAG The laser is typically operated at the maximum of the
lasers on each of the Ti:Sapphire cavities are saturation curve (approximately 50jJ) with a
independent so 4 separate timing feedback loops are
used. Without the timing stabilization, the output resulting output current stability of <1.6% RMS. The
intensity jitter from the Ti:Sapphire lasers is total current from the gun is adjusted by changing the
approximately 12%RMS. The feedbacks reduce this t spot size of the laser on the photocathode.appr~dmtely5% MS.The charge limit for the first bunch reduces the
approximately 5% RMS. . available total charge for the second bunch. The

The output power from the Ti:Sapphire cavities is arge totalarge for te ser wunch.stabilized by intensity feedbacks which read the charge limit is larger for shorter laser wavelengths.
a As the polarization of the second electron bunch is

optical energy and control the high voltage to a not important (it is used to generate positrons), we
are able to operate the Ti:Sapphire cavity #2 at

3048



shorter wavelengths (770nm). This increases the Table 2. Laser System Uptime
charge limit for the second bunch to allow production System Performance 1992 1993
of equal intensity bunches. Total hours 3980 2230

Uptime 97.0% 97.4%
B. Position Stability Downtime - scheduled 2.0% 1.6%
Position instabilities of the laser spot on the Downtime - unscheduled 1.0% 1.0%

photocathode are the result of two primary sources.
Motion of the YAG pump beams, and drift and Scheduled maintenance of the laser has been
vibration of the optical transport system. The dominated by wavelength and transport system
Ti:Sapphire cavities themselves do not introduce changes to optimize polarization. In the future,
significant beam motion. scheduled downtime will probably be dominated by

Motion of the pump beams causes the position of YAG laser flashlamp changes: 4 hours every 45 days
maximum gain in the Ti:Sapphire cavity to move and or 0.4%. The laser system uses 4 planar triode tube
the mode position to shift. This is particularly pulsers. Maintenance on these units will probably
troublesome because the drifts of the two YAG lasers increase scheduled down time to approximately 0.5%.
are independent, and the result is an )utpul- beam The largest unscheduled maintenance item has
position which alternates at 60Hz. This motion is been avalanche transistor Pockels cell driver failures.
typically 40prm RMS (for a 8mm FWHM spot) at the These units produce the 150psec rise time, 2ns wide,
photocathode. Vibration of the laser transport system 3KV pulses to chop the optical beam. The electrical
produces similar amplitude motions. Under normal performance of these units is excellent, and we are
operating conditions, these motions do not working to improve their reliability. Other
significantly effect electron beam operation. unscheduled failures totaled 0.4%.

C. Wavelength and Polarization D. Overall Performance
At the present time there is no polarimeter to This laser system has been used as the source for

measure the electron beam polarization directly from the SLAC linac for the production of >15,000 Z0
the photocathode gun. A combination of bosons (as of 5/1M93) with approximately 60% electron
measurements on the 50GeV beam and laboratory polarization at the SLD detector.
measurements on similar cathodes can be used to
estimate the source polarization as a function of laser IV. REFERENCES
wavelength. Note: the laser polarization is >99%. For [11 M. Woods et. al. "Polarized Light Sources for
wavelengths longer than 860nm, the electron Photocathode electron guns at SLAC" SLAC PUB
polarization at the gun is believed to be 80%±5%[7]. 5965. Submitted 10th intl. Symp. on H.E. Spin
For shorter wavelengths, the polarization decreases at Physics - Nagoya 1992
about 1% per nanometer. [21 T. Maruyama et. al. "Electron-spin polarization in

The only wavelength tuning in the laser system is photoemission from strained GaAs grown on
due to the limited bandwidth of the polarizers. The GaAsl.xPX" Physical Review B, Vol. 24, No. 7, 15
combination of polarizers in transmission and Aug. 1992
reflection produces a bandwidth of about 4nm FWHM. [31 A. Sanchez et. al. "Crystal Growth, Spectroscopy,
The center wavelength drifts (dependent on humidity) and Laser characteristics of Ti:A120 3 ", IEEE J. of
by ±3nm on a timescale of days. Quantum Electron., Vol. 24, No. 6, (995-1002)

The charge limit decreases and the optical energy 1998
required to saturate the cathode increases when the [41 W. Koechner "Solid State Laser Engineering"
wavelength is increased. We operate the laser at Springer-Verlag 1976 (411-421)
wavelengths between 862nm and 868nm to maintain [51 W.Koechner "Solid State Laser Engineering"
good polarization and charge limit. Springer-Verlag 1976 (441-445)

[6]M. Woods et. al.,"Observation of a Charge Limit for
D. System Reliability Semiconductor Photocathodes" SLAC PUB 5894
The laser system was commissioned on the SLAC (Submitted to J. Applied Physics)

linac at the end of January 199 Table 2 lists system [71 J. Clendenin et al. "SLC Source Polarization"
downtime since that time. 19-- run uptime with the SLAC SLCPOLSOURCE-TN-93-11 April 23, 1993
flashlamp pumped dye laser source are listed for (unpublished)
comparison.
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The Argonne Wakefield Accelerator (AWA) Laser System and Its Laser Pulse Shaper

W. Gai, N. Hill, C. Ho, P. Schoessow and J. Simpson
Argonne National Laboratory, Argonne, IL 60439

Abstract stepping motor. The frot surface of each cylinder is
optically polished and coated with dielectric to increase

Genertming a 100 nC, 20 ps (FWHM pulse length electron UV reflectivity. Laser pulses ae incident normally on
beam at the AWA requires a stable laser system capable these surfaces. By adjusting each cylinder's axial
of producing 1 - 3 ps, I mJ pulses at 248 nm and the position, the reflected wave frot 6i shaped accordingly.
capability of shaping the wave front. A wave front This scheme is flexible in its configuration and permits the
shaping device has been designed and built. It consists of production of nearly arbitrary wavehont shapes.
nine concentric cylindrical mirrors. Each cylinder's
position can be adjusted relative to the others by a system 2. Laser system configuration
of computer controlled stepping motors. The reflecting
surfaces were optically polished and dielectric coated. The schematic diagram of the laser system is
Detailed hawerizations of the laser pulse shaper's shown in the Figure 1. 11e system uses well known
performance using a streak camera and its associated technologies. The central component of the "front end"
optics ae presented. is a synchronously pumped mode locked dye oscillator

(Coherent 702). The dye laser is tuned to the desired
I. Introduction wavelength of 497 =m by a single-plate birefringence

filter. Coumarin 102 dissolved in benzyl alcohol and
The Argonne Wake-field Accelerator (AWA) is ethylene glycol is the lasing medium, and DOCI dissolved

under construction. Phase I of the AWA includes a linac in benzyl alcohol and ethylene glycol is the saturable
which can produce 100 nC, 20 ps (FWHM) electron absorber. A harmonic tripled mode locked Nd.YAG laser
bunches at 20 MeV. An L-band photocathode gun and is used to pump the dye laser. The frequency of the mode
standing wave preaccelerator are used to generate such locker is 40.625 MHz which is the 32nd harmonic of 1.3
high electron beam currents. One of the key components GHz rf hequency exactly.
of the gun is a pulsed laser system which produces 2 ps,
I ad pulses at 248 mu and operates at a ma. ,num
repetition.rafe of 30 Hz. A laser system constructed
jointly by Cohere*,Lambda Physik has been purchased to ,
fulfill these requirements. Details of AWA design and
construction status we discussed in reference [1]. The •- 90

design requires that the electron beam have a roughly
spherically concave shape as it is emitted from the
cathode, with the first electrons emitted from the outer F f
diameter of the cathode. A sagitta of about 17 ps has
been identified as a reasonable starting point. This
curvature has two important benefits. First, it reduces

,significantly the radial space charge forces as the electrons /
ae accelerated because of relativistic effects. Second, it Cumnt X an
prodce an energy and radial spatial correlation which
permits a smaller beam spot at the end when combined
with nonlinear focussing. Figur 1 Schematic Diagram of the AWA laser system

In this paper, we discuss the laser set up and the A single pulse from the dye laser output train is
smer pulse shaping device. The pulse shaper consists by amplified to 300 pJ through a thee-stage dye amplifier.

nine concentric cylinders. The axial position of each The dye amplifier is Lambda-Physik PL2003 pumped by
cylinder can be adjusted relative to its neighbor by a 100 mJ, 308 nm pulses from a Lambda-Phyisk LPXI05i

0-7803-1203-193$03.00 0 1993 EM
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excime lower 1he duration of the pump pus is shaper is shown in Figw 3. A small amount of the lose
M-o endP0 to 10 an so only out pulse from the dye beau were aplit off from output of the Goal amaplifer fur
oscillator is selected and unpllfed. 113 output from the the test because of full intensity low beam would damage
dye amplifier is fiequency doubled in a 3x3x7mmi angle the streak camera. The lase besm passed through a
matched BBO crystal. Output at 248 nm is typically 25 - diffuser, and illuminated the pus shoper. In order to
30 p3. preserve the timing and qwWla distribution of the veflected

laser beam, a focusing lens was used to image the pulse
Amplification of the ultra-shoft UV pulses is done shape at the target. For these tests, the targu was the

in a single stage KarF excinier how (Lambda-Physik input window of the streak comira The lens was made of
LPX 1051). The input pulse pass through the amplifier CaF2 and bad a focal length of 15 cm, and the
twice in order to utilize its fully stored energy. The arrangement produced a spatial magnification of 1/7. 11e
output energy from final amplifier is measured by using data acquired by the streak camera wene aem to the data
Molectroun f5 joule muder. An output energy of 8 - 10 acquisition system and stored in a computer for fuinhe
mW is obtained routinely. Depending on the discharge liV, analysis.
the ASE is - 5- 10%mewasured at 20cm ftomthe output
window. 113 length of the final pulse is measured by
Hamamatou streak camera (model C1597) which has________________
reolution of 2 pa. The typical measured pulse lengt
(FWHM) is 3 -4 ps. No satellite pulses are observed.
Thbe repetition rate of the of the laser can be as high as
35 Hz.

3 Laser Pulse Shaper and Its aaaracterizations

Figure 2 shows the mechancal drawing of the
1ws pus shaper. All the cylinders have a wail thickness VAdI

of I -u except the 4 mm diameter center rod. The
dianeter of the outer most cylinder is 2 cm. Thbe
cylinders ane made of carbon steel and machined for a
lapped fit imade each other. Each cylinder is controlled
by a stepping moto with 1/2 inch of motion with Figue 3 Expwdmeata maup for pulse dWerm uum
increments of 0.001 inch. The front surfaces of the
cylinders were optically polished at Argonie's machine As discussed in the introduction, the near optimal
shop, and subsequently a high reflection coating was design parameters for shout electron beam generation
applied at CVI lab. The measured reflection at 248 nm is requires a circularly shaped lose -us with sagett, of
about 65 % for normal incidence, about 17 ps. FRgure, 4 shows the reflected imag on the

streak camera monitor for this case. 17be lase pulse width
is about 3 ps. The apparently longer pulse is a result of
the slit of the stra camera, being opened wider tna
normal in order to capture all the image (the slit width is
not exactly uniform across its width and streak: tube
sensitivity also varies doe to the yeaw of abuse. Thu
explainw why itmensity of the dafta is not uniform). The

---------- Lfull scale fromn top to bottom is 170 pa, and detailed data
U a~~nalysis show tepulse does indeed have a17 pa sagitta.

--M cb

-- We also have taken the data for a circular shaped
low pulse front with a 30 pa sagitta. The streakt camera
image for this case is shown in Frgure 5.

Figov 2 Mwmkal mwingof dwpuln h~erA mountainrange plot of the data in figure 6was
Figre M~ha~caIdf3ifl OfdiC- iPIIdone to show the detailed reflected laser pus shape.

The configuration for the initial tests of the Some other forms of laser wave front were also
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.Usd, for unp, parabolic uxd linw dc. AN the daft
abow lood agreasuat with exmimuwas aet up.8

fure 6 Mountain ne plot of data in Rgurm 5.

iial AWA operution The ma pule dsaper was
-eugnd and fbdicmte Iborsory testing dsowe ha

this laser pulse saping method will satisfy omu psent
Fiure 4 The weak camer image of 17ps si@ga setting. demands. A higlhr reflection coating is planned to fImn r

enhance the r--tm's perfermuice.

This wek is seqpoded by US Depatment of
Energy, Hgh Energy Physics Division unde comw No.
W-31-109-ENG-38.

RefLeeces:

1. P. Schoessow et al, " Argonne Wakefield
Accelerator. Oveview and Status, ohm proceeding.

2. J. P. Roberts, A. J. Taylor, P. IL Lee, "Hligh-budiaice
248-nm laser system", Optics Leiter, Vol 13, p7 3 4 (1988)

3. P. Schoessow, C. Ho, J. Power, F. Cbojnacki, "Control,
Timing, and Data Acquisition for the Argome Wakefield
Accelerator", these proceedings.

Figue 5 Stweak image of cimutlar shaped 30 pa sagina setting

4. Summary

The AWA laser system has been installed and
tested. The results show that the system is ready for
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CANDELA Photo-injector: the Drive Lasr*

P. Geerpes, P. Thomas
IOTA, hu~ dQpdque MhWalep at Afffth Bk. 501,

&. JLami, C. 1av~W
LAL, L~babemite& rAceOMMlkilno. Bkt 2M,

UIPS, C=M ECks
F-91405 (rmy CZDW

AKAIcut syal. ThU pup hoer is focused an lhe crysta with a
cus'some I r duomha diclivocaulte.

In vimw ofshe how, linear collidema a bright photo- 7Uw two prime winopmews, ls ed to coupenasme the- named CANDELA is being constructed at LAL ypqki-s Group Velocity Dispersion (OVD) is the, rod and to
Ouuse. To il~mkw the photo-cathode a femtoseceod r ttasi vgy shut pulses. The mode locking is produced by
13,sq Ille laser has beo. developed. It consists of n am Haw effec (Kerr effect) in doe aylW imelL TIs effect
oscillator that delivers a continuous orain of feumtticoiit impcduca a pouith lI= tin g cavity dm1 changes the cavit
pube at a repetition rme of 100 MHiz. This trkis 1 then beam wiat In doe mode kichad regime romared -P with the cw
amplifid Is a rgenuarale amplifer pumped by a second regime. By properly alipn" ii. lase, we are *1. to have a
harmai 1 Q4whbsbd Nd:YAO bieor. The stems of the overall larg beaus a ew pegi. ma dec'Preases mai sin when the lowe
RPS P eeIua Us almso meadaed. operas insfouieoad regime. By siang 1,ulr (sl~it)

the cavit, we biroduce losse dhat wre - important uin the
L INTROUC1'ON cw ngregme To start the laser in pulsed regime, we mount the

Sims. th baginalug of 1990, the Laboratoipe do high reflective jilano minr on a plemoelectric transducer to
l'Acoildafr bigm (LAL) at Grsq, has -e to dee- cr0 a modulation in the bIer signal that initiates the, nam
a hig-brgheu phi-l* o g [1,2(I. The prqojct, named Hauear regime and so the mode iocking
CAN4DILA (-CApon DcbI@ par LAse'), consists of a The trmanducer is als used to synchroniz the optical
two cavity 3 01k adso -a-e ecare pm m oantas- am pubis with the RIF wav in die cavity. The phase locking of
independently Vaoid a he dod irt on is designed to minimize the lase is achieved by mixing the output of a monitor
the linear emiumee growth ad th e cond one is used to photedlede with a refmerece, signal to derive a phase-wa
IredAnceP the, enery spread. The dookt of the calculations that agael. Amplfcaion, insegmtimn aid level comparison of
ledto daisdesignam given in i~ene-e [31~. this signial Alow, a suitable ermo signal to be aiplie to the

The phooocathode, is illuminated by a TISapbre_ pimdowltf Ic beftercoillled cavity misror. The ooqu of
picaseusnid bier designed by die *Ins" dq)pt~p Thirique the lowr is so mainlined is phase with the reference signal
at Apliuie (UA) aid pousuuicd is thds paper. that also drives die UP cavites. We have eprmnal

recorded -n rms jitter of 2 p. between the optical pulses, and
IL LASER DESCRIPTIN the rfenesgmL

The laser system, we hav developed is based on the The aecillmor produces pulses in the range of 100 ft to 1
Mud=. Sappir crystal which has been proved lo be the ps at a 100 MHz repetition rae, but with a energy of a few
best assiriel to produ~ce very short uid Nogi energy pulsesm na mooles. In order to Increase the -ose energy, we have to

anqf dr.pulses to the millijoules level. This amplification
due near infraed [4-6J Thi cry~stal combines 1be: advaniaues i bie s eeeaieapiirpme ytescn
of the dyes wit a Impg fluorescence bandwidth (700100 harmobanicof a regeeraivced Nd g tamper wobin ath 10coHz
-u) and theme of the solid sutil medium with a iatuatia hamnco -wddN-a o odga 0H

finesse~~ MeI~2*'1 amplifier consists of two high reflective mirrors, a
The bler consists of iOtta kX fslolor oed by 38 IlUPlft~ rL.Salppiro crystal. a broadband polarizer and a Nockels cell

asshownin the Pigure 1. AFaa sltri sdt icidmteiptadte
The feastosecond oscillator is a self mode locked ou ff mlfe.Toeple1q addmigi

TkSqapphii bier on tatorigimai-iy protwdby Slmic accomplished safollows: initially the pockels cell is oriented
at aL (41 and IP IrouI g 100 ft at 79 mm. In the linear cavity to givesa quarter wave of static birefringenc in order to
the two curvatn ' m 1or am uied off axis in order to proven any lasing effect in the cavity. One pulse of the,
compeame doe ankimetism binroduced by die Bmwswl an oscillator is then trappd in the amplifier by applying a

quarie wav voltage, step on die Pockels; cel The pulse then
___________________ ravel lae the amplifiler, its energy increass until it reaches

* Wue* .appmtsbyIN. 3 =ad ULNIATMAI v ndinr dw. w-~u the saturation. At this level tie pulse is ejected from the
amw90O I cavty by applying a second quarter wave, voltag step on the

0-7803-1203-1/93$03.00 0 1993 IMW
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Pachksl cell Mhe eamp of she output pulse is typically 6
a). However in order so avoid no. linam effects in die V. RE1~RENCES
oesspoments of do amplffier (much asself focusing) we have (1] c. Treviw. j. Ga&% Proc. of tim 1990 &urpeas pwutd
to demu -th peak po~w of the smplifier pulses by using Accslaaa Conf., Nice. Jums 12-16, 1990. Ed. Proadk^s
the well-kmmw Chirped Pulse Amplification (CPA) pp. 706-708.

[21 L. Goo at al, Ptrc. of the 199 Ewopsua Panicie Acoduawa
ftchdwCouf., Balin. Muach 24-23, 1992. Ed. Prouike. pp. 1020-

This tecnique consists of a stretcher dost teaupomlly 1022.
1 r I P the pus befoeu die seeplifer aud a compessor M 131 1. GuN Nudl. lowt. & W&a A297 (1990),. M 335-342.
the anuplificaslo. in order to return to the initial pulse (41 D. Spmme P. Kam. md W. Sibbat OPt. LAM 16. 42 (1M)
duration. noe stretcher Consists Of a single graing (2000 [5]1. Squie. P. Wain. 0. Mouron, mid D. Hartr. Opt. LAiL 16.
peoverjinni used at Liltro an&l) and a lea. doa introduces 32 (M99)
a positive OVD. The stretching facuor is of the order of 1000 11.Kua~1 aklmd1 ow I s~1.10
to SM0. Ata few bathied of p& the peak power is decuiveed (91
by the sun amunomt mud the pulses can be anplified safely.
'Me compressor is based on a two parallel gratings
arangement (saoe as in the stretcher also at Ltittw angle)
giving the opposite (negaive) GVD. The oveaull truanmission
of the compressor is more dun 50 % and so the compressed .......

puse energy is typically 3 mi. Furthuermore by slightly .......
disalining the compressor we are able to vary the pulse
duration of due amplified -use and so it will be possible to 77i
study the performnrmce of the photo-injector as a function of
tue temporal chwacteristics of the ight pulses.

By using nm onwin effect (second and third order harmonic ......
geamution) in BBO crystals, we will prOdc ultrasbort pulses I
in the UV and so take advantage of the better quantum.......
effciency of the photocathode at this wavelength. With 3 mJ
in die nea infroard (78 nm) we expect to obtain 0.3.W at ~ T
260 nmu.

The lase was assembled in August 199, and has beenr.......
Wakn since then dn

MI. CANDELA STATUS EPXORT mbM.W

Some problems with the 1W power source (modulator, o
klystron RF network components) did not allow to start the
gun conditioning in the fail of 199 as scheduled. These OPsac7a0
problems am now solved and the gun will be conditioned boa"-
starting in May 1993 with the first po-ectnsscheduled
for the summer 1993...II.............

The gun was baked for 20 days at 150*C. After that theNO
vacuum measured just at the gun exit in the beam pipe was .....
3. 1040 Torr. This indicats that the vacuum inide the cavities.......
is pruobably very nuear 1010 Torr.

A U-shope beam transport line is being mssmbled It will
support several diagoostics used to characterize the beam
properties. Thes diagnostics will include Wall Current
Monitors for charge and position meauriements, slit and Frigure 1: Schematic of the Ti:Sapphire laser system
Faraday cup for energy, and 07R monitors for tranisverse
profile measurements. For these last measurements, we are
also trying to develop a gaz ionization monitor which has the
advantaep to be non-destructive for doe beam and the laser.

TV. ACKNOWLEDGEMENTS
All the people that participated in the construction of

CANDELA RF gun are acknowledged.
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A Fiat-Cathode Thermionic Injector for the PHERMEX Radiographic Facility

T. Kauppil L. Builts, M. Bums, W. Gregory, D. Homberger, and S. Watson
Los Alamos National Laboratoy

P.O. Box 1663
Los Almais, New Mexico 87545

and
T. Hughe

M ion Research Crp.
1720 Randolph Road SE
Albuquerque, NM 87108

Abstwt. U. EXPERJMENT.
The PHERMEX (Pulsed -igh-Energy Radiographic

Machine Emitting X-rays) sftdming-wave linear accelerator is The electron gun consists of a 5.08-cm-dimn thermionic
a high- current electron beam generator used for flash- cathode with a 7.5-cm A-K gap spacing. The anode hole dim
radiography. An improved electron gun has been designed is 16 cm. High voltage isolation is provided by 2 convoluted
employing a flat-dhemiaic cathode to replace the existing Al o3 ceramic insut . A schematic of the gun A-K gap
Pec-ge mtry gn. The flat cthode yields increased curren and solenoidal extraction magnets is shown in Fig. 1.
with the same applied voltage and cathode ar as the Pierce
gun. The ISIS code shnulations indicate a beam current of 1.5
kA at 600 kV I vs. 500A for the old Sn. The new geoetry
alo reduces the probability for high voltage breakdown in the
A-K pp. A re-eniraut magnet captures the expanding electron
beam and a bucking coil nulls cathode-fringe field. A third
coil is used to optimiz the extraction field profile and reduce
the effect of nonlinear space charge on the beam eanittace.
Time-resolved measurements of beam cmrrnt and voltage
have been made. In addition, a streak camena was used to C

measure beam emnittance and spatial profile. Camparisons of CATHoDE
measurements with simulations am presented.

I. INTRODUCTION. 1 L.4

The PHERMEX accelerator at Los Alamos National ODE

Laboratory is used for a variety of flash radiographic
experiments. me electron injector used a Pierce geometry gun f 5 41.3

employing a b-type thermionic cathode This injector has
remained relatively unchanged, and has performed reliably for 23.3 t7.3 .

over 25 years. To increase the injected current without
increng the probability of high-voltage breakdown, a new
gun has been designed with a planar A-K pp. This type of Figure. 1. Schematic of gun A-K gap
geometry has been used successfully on the REX 2 injector at
LANL. The beam is generated on a field-free thrmini The gun mechanical structure and ion plus-cryogenic
cathode, extracted with a system of three solenoidal magnets vacuum pumping system are the same for the existing
and transported with an additional three solenoids to the gun 4. Vacuum pressure during operation is approximately 5x
entrance of the accelerator. We report experiments measuring 10 -7 torr and cathode temperature is 1300 C. Both cathode
current, voltage and emittance. The experimental data is also field-forming structure and anode structure are molybdenum
modeled with SPEED 3, a 2D static bem-tnrajectory code. while the vacuum vessel is water-cooled stainless steel. The

pulse power drive for the gun is a 275 Rl li-stage open-air
cable Marx bank, which is capable of producing a 500-kV,

Work performed under the auspices of the U.S Department of 200-ns pulse into a matched load. Multiple-stage Marx banks
Energy. of this type are inherently high impedance and inductance

0-7803-1203-1/93$03.00 0 1993 IM
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pulsers, and therefore with the capacitance of the A-K gap, performed using an IDL computer code5 . The code displays
form an LRC circuit that exhibits damped ringing, the streak image and provides rapid analysis for shot-to-shot

Voltage was measured with a 945-0 resistor with an 0. 10 comparison.
divider in parallel with the gun. Extracted current was Il. RESULTS
measured with four-way summed and integrated b-dot sensor-
loops. A Tektronix RTD-720 digitizer with a 2-us sImPle rate A plot of extracted current vs voltage is shown in Fig.3.
was used to record the data. Typical voltage and current Initial calculation of gun perveance overestimated the
waveforms are shown in Fig. 2. extracted current (20 %). Measurement of the A-K geometry

100 100 t000

0. ---- -------------------- __ 0

t Ji I-'°°*
~-3O--------------------------- 700 ----------------------------- ------

-1000 5

-a00- ----- - ------ - ---------- --00 - - -

-700--------------------------------------------- --

-- 00 - 400
-600 --------- ----------------------

-900 - •-- ----- -500 300 ----- -------------------------------

50 100 150 200 250 300 350 400 450 500 55'0
hm. (rs) 200

200 250 360 35 O 460 45o 560 50
Figure. 2. Plot of current and voltage waveforms, Vta• (kV)

The beam was extracted with a system of three air core Figure. 3. Extracted current vs. voltage

solenoidal magnets. The first solenoid is a 19.3-cm-diam coil
with 116 turns. The second is 11.4-cm diam. with 26 turns determined that the cathode was inset 1.5-mm from the field-
The third coil is 22.3-cm-diam. with 52 turns. All coils a forming electrode. This reduced the electric field on the outer
quadrufiler wound using 0.65-cm square copper wire with annulus of the cathode where a substantial fraction of the beam
water cooling jackets. The third coil was placed with the current was generated. Subsequent recalculation with the

magnetic pole at the cathode-surface plane, bucking the first correct geometry matches the experimental results. A plot of

extraction magnet. Current on the bucking coil was adjusted the calculated radial current distribution from the cathode with

to produce a field ull on the cathode. The extraction magnet flush and inset cathodes is shown in Fig. 4. At 400 kV the

was placed in a re-entrant anode to capture the expanding flush cathode produces 790 A while the recessed was 690 A.

electron beam as close to the cathode as mechanically 16

possible. The second coil was also bucking the extraction
magnet. It tailors the radial field-profile by flattening Bz (r) 14 - [ ------
which reduces spherical aberration. The beam was then Cah fle h --w-

transported with three solenoidal magnets and matched to the 12 - .. ..

entrance of the accelerator. The transport magnets contain six • 10
iron homogenizing rings to reduce magnetic field tilt due to E 0 ---
random winding errors. N -8.- --

Emittance was measured by intercepting the electron beam
with a stainless-steel mask containing 0.4-mm-diam holes 6- -- --

spaced 8.0 mm apart The transmitted beamlets drift 203 mm
to a Bicron-422 scintillator and produce light proportional to
electron intensity. The light is relayed through a turning 2 ------------------------------------
mirror and telescope to the streak camera photo-cathode with a
Thompson-CSF large format streak camera with a velocity of 0

4 ns / mnm. To measure radial current distribution the 0 3 4 5 6

emittance mask was replaced by a mask containing a 0.75- R

min slit. The streaked images were then captured by an Figure. 4 Current density with flush and inset cathodes
optically coupled, cooled, 1024x1024 pixel back-thinned, 16
bit CCD camera and stored on a 486 PC. Analysis was
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A signdifcent contribution of the electron beam emittance is 140
cused by vate or twist " in phase-space. This twist is 120 -

produced by both nonlinear space-charge and solenoidal over
focusing, and is compensated by the introduction of the second 100 ... .-
solenoid. An emittance plot showing the twist reduction by .
the second coil is shown in Fig. 5. so

0.04- 60

0.03 - 40

ETriBm co 120 A E=0.04 an-r

0 .0 2 - - - - - - - - - - - 0 - - - - - - - - - - - - - - - - - -

Trbn adI0 0A E=.06 cwo -10 -8 -6 -4 22 4 6 8 1

-- 0.2 - - - - -- - - - - - - - - N-......Figure 6. Beam distribution after transport
V= 475 kV, I=860 A

"-0.04___1_1_IN_ I IV. CONCLUSIONS.
-0.04 -3 -2 - 4 5

x 0 13) The total current the injector produces is slightly lower
than predicted. This difference is attributed to the inset of the

Figure 5. Phase space plots showing improvement in phase- cathode from the cathode field forming electrode and predicted
space curvature by SPEED calculation. A new mechanical design will bring

the cathode forward and flush. The normalized rms emittanceThe emittance was determined by measuring the measured with the streak camera was 0.04 cm-rad, which

parametrically-fit Gaussian distributions of the streaked mpares fvrb th the SPeED calculato o05cm
beamet idts. rom he verge ositons th raialcompares favorably with the SPEED calculation of 0.05 cm-

beamlet widths. From the average positions, the radial rad. The effective cathode temperature is 6.0 eV. The injector
velocity of the beamlets can be calculated, while the line

widths are related to the transverse beam t ure. The voltage of 500 kV nominal produces 950 A. This corresponds

emittance is calculated according to the relati on to a perveance of 2.7 tiP. To produce the necessary current
density the cathode must be run at higher than desired
temperature, which reduces cathode lifetime and requires the

E = 3 4 x ims x' rms. (1) heater filament to be run at correspondingly large input power.
effective A new Spectra-Mat 311 barium ratio cathode with a

The center beamlet is used to determine thefunctive scandate-dopant will lower cathode operating temperature.
cathode temperature by fitting it to a Gaussian function and Based on the experimental results we expect this new gun may
correcting (deconvolving) the data for the finite hole size in double the output X-ray dose of the PHERMEX accelerator.

the mask to yield the angular spread. The spread is then

corrected for beam compression by the ratio of cathode to V. REFERENCES.
beam diam. at the mask. This angle when normalized to the
beam voltage is the angular spread at the cathode surface. Theeffective cathode temperature is given by [11 T. Hughes, D. Moir, R. Carlson, "Upgrade of the

PHERMEX Accelerator," Proc. 1991 IEEE Part. Accel.

Teff=.511 x 106 (0 y 0rms) 2=- 6.0 eV. (2) Conf. p. 245
[2] T.P Hughes, R.L Carlson, and D.C Moir, "High-

The corresponding Lapostolle emittance at the cathode is Brightness Electron-Beam Generation and Transport," J.
Appl. Phys. 68 (6) pp. 2662-2571, September 1990.

EL = 2 x Rcathode * [YO rms = 0.03 cm-rad. (3) [3] SPEED was written by J. Boers, Thunderbird
Simulation, Inc.

The radial current distribution is peaked at the outer radius [4] L.A. Builta "PHERMEX electron gun development"
where space-charge depression on the cathode is smallest. As Proc. 1983 Part. Accel. Conf.
the beam is transported through the remaining three solenoids [5] EMIT was written by S. Watson, Los Alamos National
the beam undergoes charge redistribution and flattens Laboratory.
considerably. A plot of the radial current distribution at 225 [6] S. Humphries, Charged Particle Beams (Whiley-

cm is shown in Fig. 6. Interscience, 1990), pp 93-101.
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The ALS Gun Electronics System*

C.C. Lo
Lawrence Berkeley Laboratory, University of California

I Cyclotron Road, Berkeley, CA 94720 USA

Abstract A small portion of this signal is sent bac out hough a coaxial
The ALS Gun Electronics system has been designed to cable for monitoring pmpose.

accommodate the gun with a custom made socket and a high
speed elecronics circuit which is capable of producing single Since low time jitter performance is required, all
and multiple electr bunches with time jitters measured at electronic circuits in the system utilize Emitter Coupled Logic
betier than 50 PS. The system generates the gated RF signal at (ECL) devices. The start and sp timing pulses from the ALS
ground level before sending it up to the 120 KV-biased gun Timing System[21 ae also ECL signals. The 125 MHz RF is
deck via a fiber optic cable. The current pulse width as a derived from the 500 MHz master clock, and it is the same
function of grid bias, using an Eimac 8847A planar triode
simulating an electron gun, was measured to show the
relationship between the two parameters. . SYSTM OPERATION

I. INTrRODUCTION
Figure 1 shows a block diagram of the gun electronics

The ALS Electron gun[l] is a grid cathode assembly, system. The tuansmitter receives its 125 MHz signal from a
HEY-171 made by Varian, Eimac Division. The cathode is the divider whose 500 MHz input signal comes from the master
dispenser type with I square cm area capable of producing 1.5 oscillator. The 125 MHz signal is amplified, shaped and
11p peak curent. The gun socket was designed and assembled translated into a ECL level signal. Part of this is used to trigger
with commercially available components with a grounded grid a one shot which generates a logic level which indicates that
configuration. The grounding of the grid is implemented using RF is present. This signal is used to enable a D Flip Flop
eight chip capacitors arrnged in a circular configuration. The which serves as an edge detector for the start and stop pulses.
cathode is driven by a gated burst of 125 MHz sinusoidal The pulses generated by this stage have a width of 300 ns
voltage whose amplitude is adjustable to control the cathode
current pulse amplitude. Best efforts were made to matche which is longe than the longest gate required. Without RF
gun socket to a 50 ohm transmission line which carries the 125 signal this stage is disabled and no output pulses can be
MHz drive signal from the power amplifier to the gun cathode. genea•td-

I ~ VE

1" INFI .0C

It. INTOR

•'STOP • MON

.CEI•VErr i 9 MONITO

SuFPtY BIF•R

M INDI(N-oR

Figure 1. Block diagram of the ALS gun electronics system. XBL-934-533

*5Spprt under the U.S. DOE Contract No. DE-AC03-76SF00098.
0-7803-1203-193$503.0 O 1993 IEEE

3058



The edge synchronizd start and stp pulses uw used to also ewler tie picture when higha current pulse amplitude and
geoulde a pa whose width is determined by the ume between narrower curenm pulse width are required. Different. schemes
the leaing edges of the start and stop pulses ftm the ALS of generating a higher amplitude and narrowe current pulse
Timing System. A coincident cbruit which follows geterates widt may be necessr If such requirme should exceed the
a burs of 125 MHz RF signal with this pge. In the mem i capability of the presen sysm. Figure 3 shows a typcal pulse
the trailing edge of the 300 us start pulse stats a 9•0 ms time trai o pr ese n sy te m. Figu3 a typic a
outV which is used lo disable the RF * ge for train produced by the ALS electon gun as monitored by a
duraion of time. When this gie is ctivWd via a jumper on Wall Curret Monitor3]
the circuit board, there is a 950 ms ded time afte one burst of
gun pulses. This is used to safeguard the gun from being
accidentally pulsed mor than once per secnd from extrnal ! ----

110111M -t- I- -Thneoutputbounthe RF pais aplfid dused todrive "•

an optica transmitter which operates at the wavelength of -A-- -

820m. A fiber optic cable transmits the optical signal to a RE
optical receiver on the high voltage deck. The output from the
optical receiver is amplified and filtered before it is used to - - -

drive a 25 watts wide band RF amplifir whose output in turn aa
drives the gun cathode. The grid bia control for the gun is also -

optically coupled to the high voltage deck and the bias level
can be set and read back via fiber optical cable. - -TAn externl RF shut down control hres been implementedu Ta -.c1N
to accommodate various operating requirements. The system

will accept an extenal differential TrL logic level signaland 0, - -- --

shut down the RF gate generator. No signal will be generated
to drive the cathode under this condition. - 1

HI. CURRENT PULSE WIDTH -- 09 -,.)
011D iI FIS (Vb ) (vo lts ) M 93 5 2XDL 924-532

An Eimac tube, 8847A[4], was used to simulate an Figure 2. Current pulse width and amplitude vs grid bias.
electron gun for the current pulse width measurement. A
toroidal transformer was used to monitor the current pulse
width and amplitude when various bias levels were applied to Vert. 0. 2 A/div Hor. 2.5 na/div
the grid under certain drive conditions. Using a 50V peak, 125
MHz sinusoidal drive signal, the measured transfer functions
of the current pulse width and amplitude versus the grid bias is I
given in fig. 2. The anode voltage was set at +400V for this 1 ,-0 -1 -000 -M"1"
measurement, at which point Vg (see below) was -5V. [ I I I 1 1 A I I
Although this measurement cannot represent the actual ALS M1 -

gun performance, it does show the bias can be used to lower I I -A I -

the current pulse width with a reduction in pulse current
amplitude. The deviation of the measured pulse widths at high -

bias voltages could be partly due to measurement irL 934-531
instrumentation bandwidth limitation.

The current pulse width generated by a sinusoidal drive Figure 3. MS gun pulses as monitored by the Wall Current
signal with a triode whose grid is biased beyond cutoff can be
represented by the following expression: IV. CONCLUSION

Tw = 90 -sin-' ((Vb-Vg+Vp) /2Vp) The Gun Electronics System was developed to provide the
180 f ALS with single or multiple electron bunches with low time

jitter performance. ECL devices are used in all timing and
where Tw = Output current pulse width at FWHM logic circuits to ensure low time jitter for the electron bunches.

-Vb = Grid bias The time jitter has been measured at better than 50 ps FWHM
-Vg = Bias voltage at which the triode starts to with available instruments on hand. The processing of mo't

conduct at the operating electric field signals on the ground end helps reduce the power requirement
gradient at the high voltage deck, and also reduces the optical

-Vp = Drive signal peak voltage component count of the system. The system has been operating
f = Frequency of drive signal in Hertz for many months without any problem. Further work on

producing a narrower current pulse width and a higher current
Figure 2 also shows the limitation of this mode of pulse amplitude may be needed if such parameters are desired

operation. Other limiting parameters in the supporting system in future operations.
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Witness Gun for the Argonne Wakefield Accelerator

J. POWER, J. SIMPSON and E. CHOJNACKI

Argonne National Laboratory, Argonne, IL, 60439, USA

Absmt Mi. GUN CONSTRUCTION

In order so prno wakeflelds of the Argonne Wakefield
Accelerka (AWA) a beam of medium energy (4 - 6 MeV) and Copper DielectrIc
relatively low charge (100 pC -1 nC is needed. Two options
for a witness gun meeting these specifications are currently Vacuum
under study. The first is a conventional iris loaded multicell
gun. The second is a dielectric-lined cylindrical cavity
operating in a pure TMOIn mode. Since a more accurate
probing of the wakefields can be obtained by improving the
witness beam quality, this factor of merit will determine which
gun is better suited for the experiment. It is thought that a
brighter beam may be obtained using the dielectric gun. Since (a)
the dielectric gun will operate in a single accelerating mode,
higher order modes will not be present. This in turn may lead
to a slower emittance growth. This potential benefit comes at Iris
the cost of a lower cavity Q and dielectric charSing
considerations. Details of design, bench test and simulation
results will be presented.

L INTRODUCTION

The AWA group is considering two options fa an electron
gun for generation of a witness beam for use in the AWA
project. After briefly describing why we are considering both (b)
options, the physical layout of each accelerating structure will
be presented. Simulation results done with PARMELA willthenbe resetedher forbot optonsin n atemp ~, Fig. 1) Schematic views of both guns. a) Dielectric-linedthen be presented here for both options in an attempt to gnb) 6 cell, Mark IV sun

compare the guns. Bench test have already been done on the gun
dielectric-fined gun using a network analyzer and a relatively A. Dielectric Gun
high cavity Q was found. The paper will end with some
concluding comments about the future course for the AWAcotnc guding cFor our initial test cases we designed the dielectric gun to
witness gun. run in a TM013 mode and we chose the dielectric to be quartz.

L MOTIVATION : e the rf power available has a frequency of 1.3 GHz and we
will operate at a phase velocity of 98% the speed of light, all

sshown() that two major causes of emittance g h dimensions of the cavity are fixed The inner radius of this gun
It isn th is 1 cm. The inner radius is the radius of the region labeled

are due to space charge and the nonlinearities present in thevaumnFil.Soigfrthoterdisbreiig
fedofan accelerating structure. For this reauon, we feel thr vacuum in Fig Ia. Solving for the outer radius by requiringfields of aaceetigsatt.Fothsraowfelhrethe particular phase velocity we obtain a radius of 5.44 cm.

may be some benefit in using a structure operating in a pure atclrpaevlct e banardu f54 m
nmodbe. The enfields in thediegalectricned praviti havPure The outer radius is from the center of the vacuum section to

TM d1n mode. The fields a m tne ie ariined cavity have be the copper/dielectric boundary. Lastly, the length of the cavity
calculated(2) and are very nearly linear in the region of is determirAd to be 32.57 cm.
acceleration. Whereas conventional slow wave structures using
irises create large nonlinearities in the region of the irises. B. Mark IV Gun
However, since the AWA project MUST have a functioning
witness gun for its experiments, we have decided to also design The Mark IV accelerator (an s-band structure) was the
a conventional copper cavity, for insurance purposes. The SLAC. We chodeig be ng sudi d isa s aled up ersi n o the MAR IV predecessor to dhe two mile accelerator at S A .W h s
deign being studied is a scaled up version of the MARK IV this design for several reasons. Since we will be running off

0-7303-1203-1193503.00 0 1993 IEEE 3061



the same modulator used to drive the preaccelerato 03),we win
have limited power available to operate the witness gun, about Although the modified PARMELA code fully calculates
4-6 MW. Due to both power and spatial limitations (not much space charge effects, it does not take wakefields into accounL
room for the gun, about 1 m) the gun will be operated in a The primary effect of the wakefields are to increase the energy
standing wave mode. We also wanted an iris loaded cavity spread of the bunch. We have estimated the energy spread due
optimized for low bunch charge that would provide a 4-6 MeV to wakefields in both guns analytically. The energy spread
beam. With only minor modifications the Mark IV gun proved calculated by PARMELA and due to the wakefields are given
to be an excellent choice. Since the modulator will operate at in table 2.
1.3 GHz we needed to scale the dimensions of the original
Mark IV gun up from s-band to l-band.The dimensions are as Dielectric Mark IV
follows, the length is 46 cm, the radius to the irises is 2.48
cm, the radius to the outer walls is 9.05 cm, the gap between Walekelds 1.1% 0.2%
irises is 7.68 cm and the thicknesses of the irises is 1.28 cm. P 0.69% 3.28%

MI. COMPARISION OF GUNS Total 1.79% 3.48%
Table 2) Energy spread due to wakefields and PARMELA.

In 1992 we preformed a bench test to measure the cavity Q
of the dielectric lined gun. Using alumina as the dielectric we
made the measurements at room temperature with a network IV. THE FUTURE
analyzer. The alumina tube was purchased from Coors and was
quoted to have a loss tangent of 104. Given this value and the For the purposes of the AWA experiment we will probably

dimensions of the cavity, we expected a Q of about 7000. The have to use the Mark IV gun since the dielectric gun is too

result of the bench test however was a Q of 12,500. We felt power consumptive. This does not rule it out altogether

that this was due to the particular sample we received from though. It still may be useful to someone looking at

Coors having a loss tangent of 0.5 * 10-4. In any case, we generation of a high quality beam of medium energy in a small

now feel reasonably confident about being able to find high Q space. As long as power is not your main limitation, the

dielectrics for our gun. For simulation purposes, however, we dielectric gun may prove to be a viable option. Since there are

used a very conservative (low) value of Q. so many parameters that can be adjusted for the dielectric gun,

Simulations are being carried out with a modified version We fully expect the beam parameters to improve further.

of PARMELA( 4 ) for both guns. For our initial studies we Simulations on the dielectric gun will continue. The
have chosen quartz as our dielectric and to run in a TMo13 immediate plan is to first build the Mark IV gun so we have a

mode (e = 3.87 & Q = 6880).With this low value of Q the working witness gun for the AWA project. We will then build

dielectric gun is power consumptive, needing about 15 MW to and run the dielectric gun both at low power (4-6 MW) and at

produce a 5.2 MeV bunch energy. However, the other figures high power (15 MW) for further investigation into the

of merit, emittance, energy spread and bunch length show the feasibility of a dielectric lined electron gun.

beam to be of high quality (see table 1). IV. REFERENCES
For the Mark IV gun we have chosen to use a 6 cell,

standing wave gun operating in a 2vr3 mode (see fig lb). This .Kwang-Je Kim, Nuc. Inst.and Meth. in Phys. Research
gun gives acceptable beam quality at low power. For4 MW of (1989) pg. 201-218, 'rf and space charge effects in laser-driven
power the emerging beam has an energy of 5.4 MeV and rfelectron guns'
sufficient beam quality (see table 1). 2. J. Power, Argonne HEP Division, Wakefield Note

For comparison purposes a list of output parameters is (1993)
given in table 1. A bunch charge of 100 pC is being run 3. M. Rosing et. al. , Argonne Wakefield Accelerator
through each gun. Both beams have an initial phase launch Update '92, Proc. 1992 Linear Accelerator Conf.
angle of 700 and the size of the laser pulse on the (OttawaOntario, Canada) Vol. 1, pg. 79
photocathode is 2 mm in the dielectric gun and 1 mm in the 4. C. H. Ho, Ph.d.Thesis, UCLA (1992)
Mark IV gun.

Dielectric Mark IV

Energy, 5.20 MeV 5.42 MeV
Emittance 1.01 mm*mrad 1.86 mm*mrad

Enew srea 0.69% 3.28%
Bunch length 1.8 Ps 3.57 ps

Table 1) Comparison of the dielectric and Mark IV guns
done with PARMELA.
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i Current, Low Energy Electron Beams Produced During the
High Current Phase of a Pseudospark*

T-Y Ihu, R. Liou, G. Kirkman**, and M. A. Gundersen
D ep weni of ctrical EngeElectricophysics

University of Southern California
Los Angeles, CA 90089-0484 USA

Abstract related to characteristics of the SEC beam, the influence of
Electron beams produced by the superemissive cathode of operation parameters, extraction of the SEC beam into low

a back-lighted thyratron (BLT) or pseudospark ar reported. pressure area, and the effect of dielectric tube.
The cathode is highly emissive, or superemissive during
conduction, producing a current density of >10i A/cm2 over an 11. EXERIM AND RESULTS
a of -1 cIM2. During conduction, electrons produced by the
cathode are accelerated through the anode central hole, forming The experimental setup for the SEC beam diagnotic is the
a beam that can be extracted. An electron beam of 120 A has same as in reference.[5] Figure 1 shows typical discharge
been observed with an efficiency of 10%. The beam current currents and beam currents produced by the BLT with an
increase with increasing applied voltages and decreasing gas external capacitor for energy transfer. The beam current
pressure. A pulse forming network can transfer energy to an extended well into the falling portion of the discharge current
electron beam with a duration of the discharge pulse. The indicating a SEC beam, as distinct from a HC beam. These
superemissive beam has energy of -400 eV corresponding to electrons are injected from the cathode fall region of the BLT
the cathode sheath voltage. Beam extraction into a low during the high-current conduction phase. The beam current
pressure area (<7 mTorr) was achieved by a differential terminates shortly after the maximum of the discharge current,
pumping scheme with a guiding magnetic field. A flat-top which is a result of fast voltage decay across the BLT during
spatial profile of the beam current distribution is obtained after conduction. Experiments also show that the beam current
the beam propagation through a narrow dielectric tube. increases with applied voltage (Figure 1) and with decreasidg

gas pressure within the operation range of 60 to 20 mTorr
. INTRODUCTION argon gas. This suggests that the voltage holdoff capability of

the BLT, thus the SEC-produced beam current, can be scaled
Th back-lighted thyratron (BLT) or pseudospark structure by a multiple-gap structure.[14]

have been studied for producing pulsed electron beams and
proposed as a potentially high-quality beam source for high 3k
power applications. Pseudospark-produced electron beams a)
during and briefly before voltage breakdown have been
reported, and is related to the hollow cathode (HC) . Ak................................
discharge.[l4] Electron beams generated by the back-lighted ,(c
thyratron (BLT) during the conduction phase, which is related 0 .
to the superemissive cathode (SEC) discharge, also have been c
reported.[5-71 The SEC in the BLT is self-heated, very robust, .-.......................
and produces extremely high, uniform current.[8-10] In the
low pressure glow discharge mode, typical of the BLT and the -20...-- .

pseudospark, high current density on the order of 10 kA/cm 2  -3__,,,_;____
over an area of I cm2 have been observed. New evidence and -2 0 2 4 6 8
theory show that vacuum arc type discharges also present on
the cathode surface near the center hole during the SEC time (x -7 sec)
conduction phase.[ !]1 During the conduction of the BLT, the
voltage across the gap is dropping down to the order of a FIG. I The discharge currents (positive) and the beam
hundred volts. Most of the voltage drop is across the cathode currents (negative) at 50 mTorr argon, applied voltages of (a)

fail region which forms a thin layer of few micron on the 10 kV, (b) 15 kW, and (c) 20 kV, using a 40 nF charging

cathode surface. The electrons generated by the superenissive capacitor and a 3 ohm load resistor.

cathode are accelerated across the cathode fall regio and inject The beam characteristics has been studied with several
into the bulk plasma. The formation and extraction of the different pulse forming network (PFN) as energy transfer unit.
SEC electron beam was simulated and predicted by Bauer sand Figure 2 shows typical beam pulses and the discharge current
Gundesen.[12,13] In this report, we present further data at different gas pressures. The beam has about the same

duration as the discharge current. The magnitude of beam
This work was supported in part by the U.S. Army pulse also increases with increasing applied voltage and with
Research Office, SDIO thro the U.S. Office of Naval decreasing gas pressure as shown in Figure 2. A voltage
Research, and the Lawrence Livermore National measurement shows a significant amount of voltage (- few

** G. Kirkman is with Integrated Applied Physics, Inc., hundred volts) is maintained and not decaying across the BLT

Waltham, MA.
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during current discharge. Measurements indicate that the >120 A is extracted into low pressure area by this simple
voltage across BLT increases with increasing applied voltage. setup.An electron beam transporting through a dielectric tube

Another setup with crossed glass drift tube, which provide results in beam collimation and focusing. This is mainly due
a portion of drift region with wider cross section, is to the impinging of the electron beam front on the tube walls,
constructed to look at the Larmor radii of beam electrons at resulting in surface breakdown and positive ion ejection,
different applied voltage. The magnet is placed right below compensating the space charge of beam electrons.[15-17] In
the crossed region of the glass drift tube. Results show that this case, the tube diameter should not significantly exceed
the Larmor radius of the SEC bcam increases with increasing that of the beam exiting the anode, since the charge
applied votage, indicating the tnergy of the SEC beam, just compensation effect is drastically reduced. The SEC beam has
like the energy of the HC beam, increases with applied been guided through a glass tube of 12 cm in length and I cm
voltage. The data shows the Larmor radius of the SEC in diameter right behind the anode back wall. The spatial
electrons is 0.85 cm at applied voltage of 20 kV. Knowing profile of the BLT electron beam was measured 18 cm away
the magnetic field at tube center (- 80 Gauss), the estimated from the anode back wall with and without the glass tube
energy of the SEC beam is 420 eV. At applied voltage of 13 (Figure 4). Based on the data, it is evident that the beam is
kV the SEC beam energy is 170 eV. effectively collimated when using the small diameter dielectric

tube. At 18 cm downstream, the central area of -I cm2 of the
2.5k .collimated electron beam is very uniform, with a current

density exceeding 60 A/cm 2.

- O0 .. .. ..... . . .. . . . ..... . ..........
25 AkWu

-200
-0.5 0 0.5 I i.5 2

time (x se) sec)
FIG. 2 The discharge and the beam currents at 15 kV applied
voltage and argon pressures of (a) 50, (b) 40, and (c) 30 4.3
mTorr, using a PFN of 750 ns pulse for energy transfer. 290

The behavior of the SEC electron beam in the low
pressure (< 10 mTorr) area is studied by a differential pumping (a)
scheme. The gas is fed in from the BLT cathode side and
pumped out from the diagnostic region. The differential
pumping effect results from the central holes of electrodes and *va
anode back wall. A longitudinal magnetic field is generated
for focusing the electron beam. Figure 3 shows the increase of

A .......... . . .(b)
.......... 4 The spatial and tepra.ro.eof the BLTpro

. .ele.ton beam (a) without and .b) with the glass tube.
.. . .. . I .

. . .

. .. . .

-160
S01IIs. CONCLUSION

time (x 107 sec)
FIG. 3 The discharge current (pouive) and beam currents An SEC electron beam produced by the BLT with a
(negative) at 15 kV applied voltage and 6 mTorr argon capacitive energy storage is terminated shortly after the
pressure in the diagnostic region when the magnetic field maximum of discharge current and is a result of fast decay of
increases from 0 to 400 Gauss. voltage across the BLT. With a PFN as the energy storage,

the BLT maintains a significant amount of voltage during the
beam current with increase of magnetic field at argon pressure whole discharge pulse and generates a beam pulse of equal
of 7 mTorr in the diagnostic region. An electron beam of duration. The energy, current, and duration of the SEC
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electron beam can be modified through the control of external [81 W. Hartmann and M. Gundersen, "Origin of anomalous
circuit elements and operation parameters. The spatial emission in superdense glow discharge," Phys. Rev.
uniformity of the SEC beam is improved by the guiding of a Left., 60, 2371 (1988).
dielectric tube. The fact that the SEC electron beam has (9] W. Hartmann, V. Dominic, G.F. Kirkman, and M.A.
extremely high current density and can be modified by Gundersen, "Evidence for Wye area super-emission into a
adjusting several different operation parameters makes the BLT high current glow discharge," App. Phys. Lett. S3 (18),
an attractive candidate as a high power electron beam source 1699 (1988).
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Abstract precisely, the evolution of the potential distribution in the
Pseudospark hollow cathode discharges (HCD) are sources gap. Measurements of the properties of this component of the

of intense electron beams. Reported in this paper are electron beam provide not only data needed for its eventual
theoretical and experimental studies of the HCD processes and optimization in terms of current and brightness, but also
the related electron beam production. The purpose of the work provide a stringent test of the prediction of numerical model of
is to develop a predictive model to guide the development of pseudospark discharges.
this high brightness electron beam. According to the model, A second component of the pseudospark electron beam is
the initial, rapid current rise is associated with the formation related to the operation of super-emissive cathode mode.[4,5]
of a plasma and its expansion in the hollow cathode region An electron beam with current - 200 A. duration on the order
(HCR). The space charge distortion of the applied field just as of glsecs, energy of several hundred eV has been
the plasma begins to fill the HCR is such that electron experimentally observed.[6]
multiplication is maximum at this point in time, and there is Our focus to date is to develop a predictive model to guide
a consequent rapid increase in the charged particle densities. the development of high energy, high brightness electron
The electron beam observed experimentally during the current beams generated in the initiation phase of the pseudospark
rise is predicted by the model. Electrons created in the HCR discharge. In this paper we present a semi-qualitative
are largely confined by the high field sheaths until they lose description of this component of the electron beam and show
most of their total energy in collisions. These low energy comparison between model prediction and measurements.
electrons are trapped in the low field region on axis behind the
cathode hole through which they diffuse into the cathode-anode IL THEORETICAL MODEL
gap, and then are accelerated in the remaining potential within
the gap. These electrons comprise the observed electron beam. An essential phenomena during the initiation phase of
The model indicates that the beam is a direct consequence of pseudospark discharge is the development of space charge. At
HCD and is therefore produced by a plasma cathode. The this moment the plasma is collisional even though the
difficulty in modeling an actual electron emitting metal surface electron mean free path can be on the order of the discharge
can therefore be overcome. Experimental results of a hydrogen dimension. The collisions between electrons and neutrals will
HCD electron beam are also presented. The pulse-length is dominate and the coulomb collisions between charged particles
usually 10's of nsecs, peak beam current of 170 A, efficiency can be neglected. The energy distribution of electrons is
of 21% was measured at -20 kV applied voltage. The therefore more energetic than that of ions. The result is a non-
experimental results and model predictions are in good Maxwellian electron energy distribution. For this reason the
qualitative agreement, and demonstrate the potential for model must be able to take into account the non-equilibrium
developing a first principles predictive model for electron beam charged particle transport and electric field distribution in a
current, emittance and brightness, self-consistent manner.

A two dimensional, self-consistent model of the electrical
I. INTRODUCTION properties of transient HCD which is used to describe the

initial phases of a pseudospark discharge has been developed.
Pseudosparks are transient gas discharges which occur in a The model consists of Poisson equation for the electrical field

special hollow cathode geometry and can produce electron coupled to a fluid description of the electron and ion transport,
beams of very high brightness (>1010 A/m 2rad2 ).[l-3] Two with the important feature that the ionization source term in
electron beam components can be observed in a pseudospark the electron and ion fluid equations is determined through a
discharge. The first one is produced immediately following Monte Carlo simulation. The fluid equations determine the
the breakdown event (which is usually triggered), and is time and space dependence of the charged-particle densities.
typically a beam with energy comparable to the voltage The space charge and self-consistent field from Poisson
switched, and peak current of - 10-1000 A. The width of this equation yield the particle currents. With the knowledge of
component in time and its spread in energy depend on the electron current density distribution leaving the cathode and the
evolution of the plasma produced in the discharge, or more electrical field distribution within the cathode-anode gap, the

Monte Carlo simulation determines the ionization source term
The work supported in part by the U.S. Army Research which, in turn, is input to the fluid equations. This model is
Office, SDIO through the U.S. Office of Naval Research, referred as a hybrid fluid-particle model.[71
the Joint Services Electronics Program through the Air Figure I shows a snap shot of both the equipotential
Force Office of Scientific Research, NATO and DRET. contours and the electron density contours for a 0.6 Toff

0-7803-1203-1/93503. 001993 IEEE helium at a constant applied voltage of 2 kV. The contours
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were taken at 50.4 nsec after the application of voltage. In
this particular calculation, the geometry is symmetrical (with MI. EXPERIMENTAL RESULTS
a hollow cathode and a hollow anode). The electrode thickness
and cathode-anode separation is 2.5 mm and 4.5 nun. Both Figure 2 shows the experimental setup. The HCR was
electrode central holes are 5 nm in diameter. The HCR has a made of copper with a cylindrical structure, a cathode on one
dimension of 3 cm in diameter and 0.7 cm in length. A end and a quartz window on the other. The HCR has a
trigger pulse is assumed to produce a uniform initial charged dimension of 3.5 cm in diameter and 2.5 cm in length. The
particle density in the HCR at the time when the voltage is electrode central hole size and the thickness of insulators were
applied (t=0). The electrical field at t=0 is almost uniform in both 3 mm. The discharge was initiated with a UV flash
the gap, with a small distortion in the region of the holes. As lamp at the back of cathode near the central hole through a
the initial electrons are pulled out of the cathode and towards quartz window. Cathode current was monitored through a
the anode, they produce ionization in the gas. The secondary 5 mil current viewing resistor (CVR) and the cathode voltage
electrons are accelerated towards the anode, leaving behind a through a Tektronix P 6015 high voltage probe. The electron
growing ion space charge field. If the trigger pulse is of beam was generated with an RC discharge circuit (22 fl,
sufficient amplitude, a plasma will form in the gap and distort 16 nF). The electron beam current was measured with a fast
the geometrical field. This will in term increase the potential Rogowski coil (<: 1 nsec) at - 1 cm behind the anode hole. A
in the HCR as shown in Figure 1-a. The space charge fast Faraday cup (< 2 nsec) is also available. Permanent
distortion of the applied field just as the plasma begins to fill magnets were used only for beam energy measurements.
the HCR is such that the electron multiplication is a
maximum at this point in time, and there is a rapid increase in UV
the charged particle densities. The result is shown in
Figure l-b where a high electron density core (on the order of Quartz window
1013 cm- 3 ) can be observed. During this time a large "!kP6015
displacement current spike has also been observed due to the - D r
increase in the field corresponding to this space charge. ,.

22 0

K A HCR&HCD K A 1nF

[ I•- Rogowski coil

To vacuum andElectron beam B- gas system

Pyrex glass tube, emaent magnets
Beam curent .(Energy measurement)
reumn path• Faraday cup

(a) Equipotential contours (b) Elctron density contours FIG. 2 The experimental setup for electron beam measurement.
FIG. I Snap shot of equipotential contours and the electron

density contours in a 0.6 Torr helium gas with 2 kV The drift tube is a 41 mm Pyrex glass tube. Two copper
applied voltage. The pictures were taken at 50.4 nsec screen cylinders were used to cover both sides of the glass
after the application of voltage, tube. The inner copper screen was to provide the plasma

In general, with the application of a high enough voltage electrons return path and was directly connected to the
the plasma will begin to form first in between the cathode- grounded anode. The outer screen provides the beam current
anode gap or close to the cathode hole. The plasma expands return path to the anode and can be detached from the anode
from this point of formation towards the cathode. The when necessary.
fromtentialhis h pointedf fmat stion to where the plasma is Figure 3 shows the typical discharge current and the
potential which existed at the position welectron beam current with -20 kV applied voltage with
first formed is pushed into the HCR as the plasma expands. 80 mTorr H2 . The peak of the discharge current is - 800 A
Electrons created in the HCR are largely confined to oscillate and the electron beam 170 A which gives a beam current to
between the high field sheaths until they lose most of their dithe ctren ram o 1%. Th give s - 50 cr
total energy in collisions. These low energy electrons are discharge current ratio of 21%. The pulse length is = 50 nsec.
trapped in the low field region on axis behind the cathode hole The pulse length is associated with the plasma formation
through which they diffuse into the gap and then are accelerate processes within the cathode-anode gap and not readily

in the remaining potential. within the gap. These electrons controllable with external circuitry. The discharge current has

comprise the observed electron beam. From simulation an a slower rise at the beginning of the pulse which corresponds

electron beam with current density - 20 A/cm 2 and peak to the build-up phase of the transient HCD. After this
of 700 eV was observed at 30.8 nsec after the trigger moment the discharge current increases over-exponentially as a

etnerg of 0ed wage o v t M result of fast increase of charge multiplication inside the HCR.
with an applied voltage of 2 kV. The electron beam current has a similar behavior and the peak

is coincided with the peak of discharge current.
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experimental results. The minimum beam energy is found to

S800.' be 1.2 keV :5El :52.7 keV for one pair of the permanent
4 magnets and 4.2 keV 5 E2 5 7.7 keV for two pairs of

400magnets. The source of error comes from the possible
0. 0 uncertainty of the precise position of Faraday cup in the

75 transverse direction (- T I mm). The upper curve of Figure 4
5' ~ is the cathode voltage. On the same curve the minimum

1501 energy from trajectory simulation was plotted at the time

W where electron beam corresponding to different magnetic field
0 200 400 600 800 vanished. The results indicate that the electron beam has

Time (nsec) energy close to and below the cathode voltage as predictedfrom the theoretic model.
FIG. 3 The discharge current and the beam current at I cm

behind anode . The turn-off of beam current is The propagation of this electron beam in an 80 mTorr H2
associated with the decrease of cathode voltage, was studied with radiachromic films at various locations

behind anode. The method is time-integrated in nature and a
Beam current dependence on gas pressure was also studied, beam divergence half angle - 5.00 is measured. Emittance can

A dramatic increase was observed when operated at lower gas also be estimated with the assumption that the beam waist is
pressure. The beam current increases by a factor of 4 with a at the anode position.[81 At 170 A and instantaneous energy
pressure reduction of only - 40% (from 140 mTorr to of 10 keV a normalized emittance of 25 mm-mrad is found and
80 mTorr). The beam current was also found to increase with a normalized brightness of 2.7x 1010 A/m 2rad2 is calculated.
increasing applied voltages. The beam current increases from
10 A to 45 A when the voltage is varied from -14 kV to IV. CONCLUSION
-20 kV in a 135 mTorr H2 . These results suggest that when
operated at a -40 kV voltage and 50 mTorr hydrogen, an In conclusion a theoretical model for the initiation phase
electron beam with current of kA is feasible. of the pseudospark discharge has been developed. The results

of the simulation correlate with the experimental observations.
10- The evolution of the discharge and the observed electron beam

< 2 are found to be in good qualitative agreement. The model is
1 j important because the electron beam generated from HCD is

S5 - basically from a plasma cathode. The emission can therefore
•b be modeled with microscopic details which are usually difficult

to obtain when associated with a metal cathode. In principle
0the model can be developed to predict beam parameters

Q:> 7.7 k including emittance and brightness based on a microscopic

20 _.- (: 2.7 keV) description of collisional, dissociative and ionizational

processes. The future work will include the theoretical study
401itee)• fba emittance, dependence on circuits, applied voltage,

50 100 150 gas pressure, and gas species.

Time (nsec) V. REFERENCES
FIG. 4 Electron beam energy measurement with high-pass
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that beam electrons experience when traversing a transverse [2] K. Jain, E. Boggasch, M. Reiser, and M. Rhee, Phys.
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prescribed field for a single electron trajectory computer [51 H. Bauer and M. A. Gundersen, Appl. Phys. Lett. 57,
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Abstract charge builds up inside the hollow cathode region (HCR) as a
A variable pulse-length electron beam source capable of result of low mobility of the ions produced by electron-neutral

10Ws lsec pulse to DC operation is reported. Long-pulse collisions. The release of a sufficient number of starting
electron beam generation was based on the steady-state electrons inside the hollow cathode initiates a transient HCD.
hollow cathode discharge mode of operation of the back- The short-pulse (-10-100 nsec) electron beam generation
lighted thyratron and achieved by modification of circuit during this transient HCD has also been subjected to some
parameters that control the discharge. Three different extensive studies.[11-14] In the process towards a high
discharge circuits were used in the experiment. An RC circuit discharge current operation, the increasing plasma density
(16 nF, I kG at -20 kV) was used to generate an electron beam eventually shields the electric field from the HCR. The
with duration - 100 Jisec. The energy of the beam is discharge current will then be taken over by the cathode
associated with the cathode voltage and a current density - surface at the aperture, the HCD ceases and the super-
10 A/cm 2 was measured. To further increase the pulse-length emissive process becomes doininant.[15-171 In this work the
a discharge circuit with 100 IaF and 500 Q was used. The BLT was running under a HCD condition (low current) and
pulse-length was extended to 50 msec FWHM. The third not the super-emissive condition. The low current condition
circuit was a pulse forming network which generated an non- prevents the BLT from entering into the super-emissive mode
decaying amplitude electron beam with a duration of of operation and a steady-state HCD is achieved.
200 msec FWHM. DC operation has also been achieved. The
results demonstrate the feasibility of controlling the electron II. RESULTS AND DISCUSSION
beam pulse-length with modifications of external circuitry.
The device is simple, robust, and compatible with a plasma A. Experimental Setup
environment. Applications include electron beam ionized Figure I shows the experimental setup. A single-gap
lasers, electron beam ion trap, electron beam assisted atomic BLT was directly built on a standard 2-3/4" conflate flange
layer epitaxy and plasma-filled microwave generators. and mounted on a 15 cy diameter vacuum chamber. The

INTRODUCTION HCR is a copper cylinder, with a cathode on one end and a
quartz window on the other. hlie HCR is 3 cm in both the
diameter and length. The cathode central hole size and

Plasma compatible electron beam sources are of interest cathode-anode gap are 3 mm and 5 mm. The cathode-anode
in current research areas that include plasma-filled microwave gap spacing is maintained with a 44-mm glasý dlator.
generation, electron beam ionized lasers and a long duration
electron beam is also essential for electron beam ion trap UV
(EBIT) experiments.[ 1-6] Electron beam generation is usually Quartz Wd
achieved through using thermionic cathodes, field emitters or ,, '
photocathodes. The plasma cathodes are of particular interest
in the generation of long pulse electron beam. In a glow Gas Inlet
discharge, electrons can be generated by ion bombardment
and then accelerated through the cathode fall.[7,8] This -HV Discharge T
feature makes glow discharge a promising candidate for Circuit To Mechanical
applications mentioned above. Pump

Recently the back-lighted thyratron (BLT) and /(Nanan SD-200)
pseudospark have been developed for high current pulsed Electron am ToChamber
power switching applications. [9) The BLT and pseudospark FIG. I Experimental setup. The chamber is evacuated with a
have several modes of operation, including a mode that is Varian 80 liters/sec turbo pump. Beam current was
essentially a hollow cathode discharge (HCD).[10] This is measured with a Faraday cup.
achieved with electrodes that are parallel discs, each with a
circular central hole and separated by insulators. With the The discharge (and therefore the electron beam emission)
application of sufficiently high voltage, a very low current is initiated with UV light illuminated on the cathode back
(typically < 10-6 A) Townsend discharge develops on axis due surface through the quartz window. During the experiment a
to the focusing effect of the electric field. A positive space working gas will flow into the cathode back space and be

evacuated through the cathode hole. The cathode-anode gap
* This work was supported in part by the U.S. Army is evacuated with a Varian SD-200 mechanical pump and the

Research Office, SDIO through the U.S. Office of Naval chamber a V-80 Turbo pump. Pressure in the chamber was
Research, and the Lawrence Livermore National monitored with a cold cathode gauge. Time-resolved beam
Laboratory. current was measured with a Faraday cup which could be
G 0. Kirkman is with Integrated Applied Physics, Inc., moved along the discharge axis. The Faraday cup has a
Waltham, MA. resistance of 0.25 Q and a rise time < 2 nsec. The area of
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Faraday cup is - 1.25 cm 2 . The electron beam is self- initial 20 keV down to 2 keV. The long-pulse electron beam
extracted with no extraction voltage nor axial guiding on the other hand had a much slower energy variation in time.
magnetic field (except for the DC operation). Cathode voltage The measurements indicate a two-phase operation. The
is monitored with Tektronix P 6015 high voltage probe. transient phase of electron beam has a peak current = 2.5 A
Various discharge circuits have been used to generate electron and duration - 130 nsec FWHM. The steady state phase of
beam with different pulse-length. the electron beam has shape and duration follow the discharge

current. The discharge current is highly overdamped with
B. 100 usec pulse-Length Electron Beam Generation peak current - 16 A and duration , 100 Pisec. The long-pulse

An RC circuit (16 nF, I kl) operated at -20 kV was used electron beam has a duration of- 100 gsec and current of
to generate the electron beam with pulse-length of 100 iec. several hundred mA. The minimum current density is
The I kQ resistor was chosen as a ballast resistor to limit the estimated to be = 10 A/cm 2 with the beam area assumed to be
discharge current so that a prolonged HCD can be sustained, anode aperture. The ratio of electron beam to discharge

current is - 4% at the peak of discharge current.

S-20 C. 100 msec Electron Beam Generation with RC Discharge

-15 An RC circuit with 100 ItF capacitor and 500 Q2 resistor
was chosen to extend the pulse-length. Figure 3 shows the

S-10 electron beam current, discharge current and the cathode
voltage when operated at -2 kV (capacitor rating: 2.5 kV).

-5

5 "60

4 40
20

2 - .0

0

' 0.52

S1.0 c

2.5>
.-0.5

-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 4) -1.0
Time (psec) I

FIG. 2 The cathode voltage, BLT cathode-anode impedance, and -1.5
the beam current at 2 cm behind anode for a 100 Psec We

pulse electron beam generation with both the transient and < -2.0
steady-state phases shown. 0 0.02 0.04 0.06 0.08 0.1

The top trace of Figure 2 shows the BLT cathode voltage. Time (sec)
The discharge voltage drops from the initial -20 kV to -2 kV FIG. 3 Electron beam generated with a low-voltage RC
in about 170 nsec; roughly equals to the duration of the discharge circuit (100 jiF, 500 11). Beam current was
transient electron beam. The discharge voltage then decays measured at 5 cm behind anode.
with a time constant of - 12 pLsec. The BLT impedance was
determined from the ratio of discharge voltage to discharge The discharge current is overdamped with a peak current
current. This varies from a blocking state (order of M11) to of 3 A. With 800 mTorr H2 in HCR and - 8 mTorr inside
about 200 Q during the voltage transient. Since the BLT is the chamber the self-extracted electron beam has peak current
maintained in a low discharge current operation the of 75 mA and FWHM pulse-length of 50 msec. The beam
impedance is much higher than what was usually found in a current to discharge current ratio is = 2.5%. The cathode
typical high current operation (order of 10 mfl.). On the same voltage drops from an initial applied voltage of -2 kV to -
time axis also shown is the electron beam current measured at -400 V and remains at that value for the rest of the discharge.
2 cm behind anode. A correlation between the discharge This behavior is similar to the familiar "normal glow
voltage and the electron beam currents is clearly seen. The discharge" between two planar electrodes where the discharge
transient electron beam had a wide energy variation, from an
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One-Dimensional Simulation Studies of Breakdown and Electron Beam Generation
Processes for a Hollow Cathode Pseudospark Discharge*

S. Y. Cai and C.D. Strifflier
Laboratory for Plasma Research

University of Maryland, College Park MD 20742, USA

Abstract 10 nsec period [10]. Such a flux is equivalent to 100
We have developed a 1-D model to study the im- A/cm2 if the applied voltage is 10 kV. Also, in or-

portance of some of the basic physical processes in- der for the electric-field-enhanced thermionic emission
volved in a low pressure discharge. Our results show to emit the measured current, the electric field at the
that during the early stage of the discharge, the emit- cathode surface has to be above 106 V/cm. The mech-
ted electron current comes mainly from the secondary anism which brings the discharge to reach the required
emission off the cathode. Meanwhile, a quasi-neutral high current flux and electric field is still unclear.
plasma column is being formed in the gap via ion- The present study is aimed at determining the
ization. The growing plasma oscillations are excited most important basic physical processes involved in
by the fast electrons from the cathode as they pass the pseudospark discharge. While the hollow cathode
through the plasma due to the two-stream instabil- has a 2-D structure, we believe that the basic physics
ity. The oscillation heats the background electrons involved should not be sensitive to the actual geom-
to energies above the ionization threshold and ulti- etry. Thus a rather simple 1-D model is used. The
mately leads to a rapid increase in both the plasma description and the results of the study are given in
density and electron current at the anode. To our the following two sections.
knowledge previous pseudospark models have not in-
cluded ionization of the ambient gas due to the heated II. NUMERICAL MODEL
background charged particles within the dense quasi- The numerical model is a 1-D particle-in-cell (PIC)
neutral plasma region. Under this 1-D model, the dis- model, which simulates an infinite parallel plate sys-
charge approximately satisfies a Paschen's Law in the tem with a background helium gas maintained at pres-
low pressure regime. sure p. A constant negative voltage -Vo is applied on

the cathode which is located at z = 0, and the an-
ode located at z = d is grounded. An initial uniform

There has been an increasing interest in pseudospark plasma of 10'/cm3 is present between the plates. The
devices [1-5]. One of the potential applications of this motion of the charged particles is non-relativistic and
kind of a device is as a high current, high brightness is governed by the equation of motion
electron beam source. At the University of Maryland d2z q
a series of experiments were performed to determine dt2= E(z), (1)
some of the properties of such a pseudospark discharge.
It was found that electron beams of current on the where z is the location of the particle, q and m are
order of 1 kA/cm2 and brightness as high as 1010 the charge and mass of the particle, respectively, E(z)
A/m 2rad2 can be produced from a low pressure dis- is the electric field at z. The electric field E(z) =
charge in a hollow cathode geometry [4,5]. -dV/dz is obtained by solving the Poisson equation

Besides experiments, progress has also been made d2V(z)
in theoretical studies of pseudospark discharges [6-8], dz&2  -p(z)/Eo (2)
although no existing theory is comprehensive. A re-
cent model, based on the experimental observation with boundary conditions V(z = 0) = -Vo, V(z -
that a melted area was found on the cathode surface, d) = 0, and where p is the uet charge density.
proposed that the high current originates from electric- Because pseudosparks usually operate at low gas
field-enhanced thermionic emission from the cathode pressure and high voltage, we only take into account
[9]. However, in order to melt the cathode surface, an ionizing collisions. The ionization cross-sections for
ion flux of the order of 109 W/cm2 is required over a electrons and ions in He are obtained from Ref. [11].
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When an ionization occurs, the incident particle's en- cillation. This in turn leads to a rapid increase in the
ergy is reduced. In addition, when ions hit the cath- electron current.
ode, secondary electrons are emitted. The secondary In addition to the above typical case where "break-
emission coefficient is dependent on the ion energy and down" occurs, we have also performed parametric stud-
is obtained from Ref. [12], assuming that the cathode ies of the pseudospark discharge with this 1-D model.
is made of Mo. When a new particle is created, we We looked for a critical voltage where the typical break-
assume that it has no initial kinetic energy. down behavior is observed for a given gap length d and

gas pressure p and plotted the results in Fig. 5. We see
III. SIMULATION RESULTS that our simple 1-D model obeys Paschen's Law fairly

well, namely that the critical voltage for breakdown
The 1-D PIC code is used in a series of simula- is a function of the product of the gap length d and

tions of high voltage, low pressure discharges. Figure gas pressure p. More studies need to be done on this
1 shows a typical plot of electron current collected at subject to quantify the dependence on d and p.
the anode versus time. The total current is composed * This work is supported by U.S.D.O.E.
of contributions resulting from ion-neutral ionizations,
electron-neutral ionizations, and secondary emissions. IV. REFERENCES
In Fig. 1, a rapid increase in the total current occurs
at about 108 nsec after the onset of the -20 kV volt- 1. Physics and Applications of Pseudosparks,

age. The simulation was stopped when the current edited by M.A. Gundersen and G. Schaefer
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A High Brightness Electron Beam Produced
by a Ferroelectric Cathode*

B. Jiang, G. Kirkman and N. Reinhardt
Integrated Applied Physics, Inc.

50 Thayer Road, Waltham, MA 02154 USA
Tel. (617) 489-1818

obtained electron densities of 1OA/cm 2 and Ivers et al. [31 of
Abstract Cornell obtained 70A/cm2 . Both groups have measured

We report experimental measurements of a high electron beam current, current density, repetition rate
brightness electron beam produced by a ferroelectric cathode. capability and temporal evolution of the emission. In our work
The experiments were carried out with a cathode of area we have for the first time measured the quality of the beam
3.7 cm2 ; up to 36A of current (10 A/cm2 ) were obtained at a produced by a ferroelectric cathode --- emittance and
voltage of 22.5 kV. The emission of the electron current was brightness. We have obtained a beam current density similar
carried out with a DC voltage held between the cathode and to that of CERN and have shown that the beam is produced
ground mode. Emission was gated by a 1-2 kV, pulse applied with low emittance.
across the sample by a solid state or krytron switch. The beam
emittance was measured with a mask, phosphor screen and II. Experimental Design
CCD camera; it was found to be 5z mm mrad yielding a
normalized rms beam brightness of 1.2x10 1 1 A/m2 rad 2 . This Electron emission is produced from LTZ
is the first reported measurement of the brightness of a ferroelectrics by rapidly changing the polarization of the
ferroelectric cathode beam; it exceeds that of a thernionic ferroelectric with a fast rising high voltage pulse. The emitted
cathode and is close to that of a photocathode. The results for electrons are then accelerated by an electron gun held at a DC
the ferroelectric cathode may be directly compared with a potential by an external circuit. The ferroelectric electron gun
preliminary experiment carried out in the same geometry with consists of a ferroelectric disk with specially prepared
a thermionic cathode. The ferroelectric cathode yielded higher contacts, an electron gun and two driving circuits --- one to
current density. provide the fast high voltage pulse to induce the electron

I. Introduction emission and the second to accelerate the beam in the electron
gun. The electron gun and driving circuits are shown

Ferroelectric materials such as lead lanthanum schematically in Figure 1.

zirconium titanate (PLZT) and lead titanate-zirconate (LTZ or
PZT) become spontaneously polarized when cooled below $ Am&

their Curie temperature resulting in a high charge density at E
their surface which is normally screened by a layer of surface .. • er Mi

charge. The spontaneous polarization can be as high as
20 pC/cm2 resulting in the accumulation of a screening charge KrW. " or
density of 1014 elementary charges/cm 2 . Altering the > cc:]
spontaneous polarization rapidly results in emission of the r-D
surface charge layer. This emission mechanism is unique and cmra
has potential advantages over emission mechanisms presently C, CD
considered for high brightness sources. Fast polarization 4

change and electron emission are accomplished by applying a c., R Chage
fast high voltage pulse to the ferroelectric disk. In our 02.1kV Rod,

DC Soply
experiment, the electrodes are deposited silver coatings; one S --
side is solid while the other is in a grid pattern leaving areas of uppl
the ferroelectric surface exposed. A 1-2 kV fast pulse is
applied to the ferroelectric disk by a solid state or krytron
switched pulse generator to change the polarization in the Figure 1. Electron gun and driving circuit for the ferroelectric

ferroelectric disk. experiment.

Electron emission from PLZT and PZT has been The driving circuit for inducing electron emission
previously observed. Gundel and Riege [1], [2] of CERN from the ferroelectric must produce a fast rising voltage pulse

of I - 2kV across the ferroelectric disc. The ferroelectric disc

* This work was supported by National Science Foundation has a capacitance of about 6 nF; therefore a high current
Grant No. ISI-9160797 through the SBIR Program. pulser is required. Two tested pulsers are a commercial solid
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state switched pulser capable of producing 20A at 2kV and a which is brazed to a Kovar ring, the entire assembly is welded
simple krytron switched pulser switching the charge stored in together using TIG welding techniques developed at lAP. The
a 10 nF capacitor to the ferroelectric. final assembly is made using high vacuum flanges and the

entire system is pumped on a diffusion pump to a base
The electron source is a disc of LTZ-2 obtained from pressure of 10-7 Torr. For this work, we kept the electrode

Transducer Products, Inc. The discs are 2.5 cm in diameter geometry of the thermionic electron gun, but replaced the
and 1 nun thick, with about 10 to 20 pm thick silver contacts thennionic cathode with the ferroelectric disk.
on both sides. The samples are pre-polarized in an electric
field of 4 kV/cm. To be used as an electron source the discs IV. Experimental Results for
must have one contact in a grid patern exposing the surface of a Ferroelectric Cathode
the ferroelectric. At Integrated Applied Physics (lAP), we
prepared this grid pattern by a photochemical etching process The measurements of the electron beam current
to give a pattern of 200 pm wide silver strips separated by versus applied gun voltage for the ferroelectric cathode are
200 pim wide spaces of bare surface. A ring of solid silver shown in Figure 3. The current increases linearly with the
material was left at the edge of the sample for electrical applied gun voltage and is higher than the result for a space
contact to the grid. charge limited thermionic cathode electron gun in the same

geometry. The highest peak current observed was 36A at a
IMl. Preliminary Experiments with a 22.5 kV gun voltage, which is a current density of about 10

Thermiomc Cathode A/cm2 . The current observed is about 10 times larger than the

expected space charge limited current for a thermionic
The electron gun was designed to operate as a cathode gun. At 15 kV the ferroelectric source gives 24A

thermionic cathode at 5 - 50 kV with space charge limited compared with the previously measured space charge limited
current for a flat thermionic cathode of a few A/cm 2 . The current of 2.2A at 15 kV using a thermionic cathode. The
space charge limited current of this gun was measured using results shown in Figure 3 qualitatively agree with the
the thennionic cathode to allow a direct comparison with the observations of the Corneli group (Ref. 3). However, our peak
performance of the ferroelectric source. Results for the beam current is lower than the expected circuit limit indicating
thennionic cathode are shown in Fig. 2. The gun has obtained that the electron gun or the ferroelectric source may be
its design perveance up to the limits of this measurement limiting the current.
which are 40 kV and -3A/cm 2 for a total current of 10A and a
perveance of 1.2 jtPerv. Beam Current vs. Gun Voltage

Current Density vs. Voltage

5M

E30 I
4

S2$00

CI
-0 00

0 10 20 30 40 s 0 5 10 15 20 25
V (Mv) Electron Gun Voltage (V)

Figure 2. Electron gun results for the thermionic cathode. The Fig. 3. Electron beam current produced versus applied gun
curve is the theory for a 1.2 pPerv gun; the open circles am voltage. In all cases the femrelectric was pulsed at 2kV.
the experimental results. To obtain the electron beam current,
multiply J by the cathode area, 3.7 cm2 . Beam emittance has been measured by using the

pepperpot emittance meter. In our implementation of this
The ferroelectric electron gun was fabricated using measurement, the pepperpot mask is a thin copper disk with

high vacuum ceramic-metal techniques which we havedeveope fo th farictio of ighpowr sitces.Allan array of diameter dff00i2pm holes separated by 1 mm. It is
developed for the fabrication of high power switch es . All placed at the center of the anode electrode of the electron gun.
electrodes are stainless steel, the insulator is A1203 ceramic A portion of the electron beam passes through the holes on the
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mask and drifts freely to a phosphor screen a distance D=214 The cathode was successfully prepared from a
mm away. The beam image on the phosphor screen is then commercial specimen of LTZ-2 by etching a grid pattern. The
recorded for analysis of the beam emittance. The beam is ferroelectric disk was mounted in an electron gun geometry
observed on the phosphor screen by using a CCD camera and sealed using high vacuum, ceramic-metal techniques. The
interfaced to a Macintosh computer. The image is captured final package is rugged and stable and should be capable of
and analyzed by using the program NIH Image 1.41. The long life operation. The ability to demonstrate a rugged
combined resolution of the camera and the phosphor screen is package for the novel ferroelectric cathode is another
better than 0.2 mm which allows us to measure beam important factor in applying the cathode in research and
emittance to about ±10%. The raw data of a density profile commercial applications.
obtained by analyzing the beam image captured by the CCD
camera are shown in Fig. 4. The ferroelectric cathode has many advantages over

the conventional thermionic cathode which is widely used in
'2100 microwave tubes, x-ray tubes, switches, etc. The present
a research gives direct experience in comparing the ferroelectric

so0 and thermionic cathodes in the same configuration. A
thermionic cathode was able to produce about 3A of current

•60 at 20 kV; in the same package, a ferroelectric cathode

produced up to 30A at 20 kV, an order of magnitude
40 improvement. Furthermore, the quality of the ferroelectric

, beam was higher than that of the thermionic beam. The
ferroelectric beam quality corresponded to an effective

• 20 cathode temperature near room temperature; the effective
temperature of the beam from a thermionic cathode is

2 0 •generally above 1000C.
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THE UV-FEL AT THE NSLS:
STRAIGHT INJECTION CONFIGURATION
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slice is relatively small, the area covering all slices is sig-
We present a designs of a coliner Re-photocasthode ru nificantly larger as is, consequently, the total emittance.

and linac sections for the ultraviolet free-electron laser under It is easily seen that the space charge is greater in the core

study at the National Synchrotron Light Source. Inverso of the beam than at the ends and as a result, the core

Roluholta solenoid pair is used to control the divergence of tends to have larger radius and as than the ends which

the electron beam and present a slightly convergent and small leads to ellipses in phase space of different orientation or

beam into a conventional SLAC linac. The relative distance

of the gun to the linac and the strength of the solenoidal field slope with the larger slope corresponding to the core of

are chosen to minimise the emittance growth of the beam the beam.

due to space charge. The simulation codes PARMELA and In Ref. [5], it was proposed ways to force the fan to

TRACE-3D are used to model the beam from the cathode to close and effectively correct the emittance. Here we

the entrance to the wiggler. follow the suggestion in Ref. [6]; we use a solenoid to
compensate the de-focusing forces of space charge. As
discussed in Ref. [9], the optimal situation leading to a
minimum of emittance corresponds to an ellipse in phase
space that rotates from the first to the fourth and back
again to the first quadrant with the particles in the tail

I. INTRODUCTION with larger x and z' than the corresponding coordinates
of the particles in the core of the pulse. In this condi-

The National Synchrotron Light Source (NSLS) is tion space charge alone tends to close the fan and conse-
studying the design and construction of an ultraviolet quently to decrease the total emittance of the bunch. At
free-electron laser (UV-FEL) capable of providing tun- this point, if the beam is left to drift, space charge will
able coherent radiation from 3000 to 750 nm. [1,2] eventually spread the fan again and restore the emittance

In this design study we use the by now well known BNL to its previous higher value. However, in our design the
RF-photocathode gun [3] supplemented with an inverse waist occurs inside of the linac. As the beam is accel-
Helmholtz solenoid pair [4] to control the divergence of erated, the slice ellipses are frosen with respect to each
a few picosecond and highly correlated electron pulse. other due to a decrease of space charge O( r). The fi-
The coils are located symmetrically with respect to the nal result after appropriate tuning is an emittance for
cathode to insure B, = 0 at the plane where the elec- the entire beam which is essentially the slice emittance.
trons are emitted. In the low energy section, the main The initial parameters of the electron beam are shown in
cause of emittance dilution is the space charge. [5] We table I.
will show in the next section that an interplay between
(linear) solenoidal focusing forces and de-focusing space TABLE I. Parameters used in the PARMELA simulations
charge fields lead to a minim-um of the transverse emit- for an axially symmetric I -cell gun in a w -mode configura-

tance inside of the linac. [6] tion with a solenoid pair.
The well known simulation codes PARMELA [7] and RF frequency [MHs] 2856

TRACE-3D [8] have been used as design tools. Radius of aperture [cm] 1.0
Radius of nose [cm] 1.0
First cell length [cm] 2.625

II. LONGITUDINAL BEAM SLICES AND Second cell length [cm] 5.23
EMITTANCE CORRECTION Field on cathode [MV/m] 100.0

Initial phase [degree] 45.0
To study the causes of emittance dilution in the trans- Laser spot sise (Uniform top-hat profile) [cm] 0.1

port and acceleration of a high brightness electron beam, Laser pulse width (Uniform top-hat profile) [psi 7.0

it is desirable to divide the few picosecond bunch in Ion- Charge (2.4 nC with a chicane) [nC] 2.5

gitudinal slices (<_ 10) of equal length. We follow each Solenoidal field Bo [kG] 2.2

slice through the transport system and observe that the Solenoid length [cm] 15.0

intrinsic emittance is small ( - 4 - 5v mm - mrad) but
the projection in 2-D phase space of all slices gives rise
to the typical fan plots. Although the area swept by each
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The emittance correction scheme just described only TABLE II. Electron beam parameters at the end of the

corrects linear forces. Therefore, a uniform laser illumi- transport line (case with a chicane) SLICES I AND 2

nation of the cathode with sharp edges is required, as Average energy [MeV] 362
only this type of distribution leads to linear space charge -y 710
forces. [10,11] An emittance (rms - normalize) plot as Q first two slices (80% of 2.4 nC) [nC] 1.88
a function of the longitudinal coordinate z is shown in Energy spread [%] 0.14
Fig. 1. In that figure we observe a fast increase of the Length of the pulse [ps] 2.75
emittance e"n°" occurring immediately after the gun and Current (820 x 0.75 + 276 x 0.25) [A] 684.0
a subsequent reduction to a rather broad minimum (in t.ne n. [r mm-mrad] 6.0
some cases there is a gentle asymptotic decrease) located rmt radius [mm] (x,y) 0.8 , 0.4
inside the first linac section. This behavior of e"°'wr re- rns divergence (x,y) -0.04 , -0.025

flects the interplay of (linear) solenoid focusing and de-
focusing space charge fields and illustrates the mechanism Without magnetic compression: The electron beam pa-
discussed above. rameters at the end of the transport line are in table I11,

notice we are retaining only 90 % of the 2.5 nC.

III. ELECTRON BEAM LINE DESCRIPTION In a work under preparation, we will include errors,
such as solenoids misalignment, stability of the coil power

The beam line consists of a high brightness electron supply and wake fields in the linac.

source, an accelerating and a transport section. The to- TABLE III. Electron beam parameters at the end of the
tal length of the beam line is about 25 meters. The 2.4 transport line
nC electrons are produced by an RF-photocathode gun Average energy [MeV] 326
with a pair of symmetric solenoids. A length adjustable If 640
drift (- 75 cm) after the gun is followed by the first linac rin Global energy spread [%] 0.3
section which increase the beam energy from 4.0 MeV rme Local energy spread [%] 0.06
to 70 MeV. The strength of the solenoids and the drift r'ni length of the pulse [ps] 3.1
length between the gun and the first linac section are ad- Current (I = ,) [A] 290
justed to have a convergence beam going into the linac t rnor, [ir mm-mrad 5.7
and a double waist at the end of it. The initial phase m (x,y) 4.7 , 5.7

of the cavity is tuned for the beam to have the correct [] (Xy) 6.4,6.4

longitudinal phase space for magnetic compression. The rni radius [mm] (x,y) 0.85 ,0.8
compression is achieved by a chicane designed to reduce rms divergence (x,y) 0.06 , 0.05
the length of the electron pulse by a factor of 2 and to
increase the current of the front of the pulse by a factor
of 3. After compression the electron are accelerated to
360 MeV by four additional linac sections. The beam is
accelerated a slightly off the peak of the RF wave to re- V. SUMMARY
duce the energy spread of beam. At the entrance of each
linac section, a quadrupole triplets is located to provide We have presented the design of a high-brightness
necessary focussing to keep the beam size small. It also injection line for the proposed UV-FEL at the NSLS,
provide a flexibility for later improvement and modifica- Brookhaven National Laboratory. The study of slices
tions. of the electron pulse is essential to tune the compen-

sating effects of the solenoid (focusing) and space-charge
forces (de-focusing) as emittance correction scheme. Fur-

IV. PARMELA RESULTS thermore, magnetic compression leads to a pulse with
- 685.A, global energy spread of 0.14 and normalized

We present results with and without magnetic com- emittance of : 6.0 rmm - mrad.
pression.

With magnetic compression: Fig. 2 depicts the pulse
length in picosecond and rms (global) energy spread of ACKNOWLEDGEMENTS
the pulse. Fig. 3 illustrates the current of individual
slices as the beam progresses through the transport line. The authors wish to thanks B. Palmer and H. Kirk for
We notice that the tail of the beam carries less than 25 % illuminating discussions. We also acknowledge the active
of the total charge. support and encouragement of I. Ben-Zvi. This research
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Progress on PEP-H Injection R&D*
E. Bloom, F. Bulos, T. Fieguth, G. Godfrey, G. Loew, R. Miller

Stanford Linear Accelerator Center
Stanford, CA 94309 USA

I. ABSTRACT AND INTRODUCTION 60 Hz. The extraction of the positrons takes place by means of
the DC chicane in Sector 4. The extraction of the electrons

The R&D program described in this paper focuses on an takes place in Sector 8 by means of the slow pulsed bending
improvement of the SLAC linac designed to extract and study magnet and lattice described in this paper.
a 9 GeV electron beam under stringent control of energy, The correct injection timing of the bunches, which in
energy spread, emittance, optical parameters, and timing. PEP-II are spaced 4.2 ns apart, is obtained by adjusting the

The extraction system begins with an on-axis pulsed timing of the damping-ring extraction kickers and the phase of
magnet, followed by a magnetic lattice and diagnostic the DR if (714 MHz) during the damping interval. The linac rf
equipment required for the measurement and optimization of frequency (2856 MHz) and the PEP-II rf frequency
the above beam qualities. Design, construction, and (476 MHz) are harmonically related and locked together.
installation of this system is the first step in the development
of the overall PEP-1I e±: injection system. TABLE 1: Selected PEP-II Injection Parameters.

This system is required to fill 1658 bunches of 9 GeV Beam energy
electrons (0.99A stored) and 3.1 GeV positrons (2.14A stored) High-energy ring (HER) 9 [range:8-10] [GeV]
in two separate rings in a total of about 6 minutes from zero Low-energy ring (LER) 3.1 [range: 2.8-4] [GeV]
ring current (i.e., full-fill mode, 0 to 100%) or in about 3 Beam Current
minutes from 80% ring current (i.e., topping-off mode, 80 to High-energy ring (HER) 0.99/4518 [A/10 10 e61
100%). Low-energy ring (LER) 2.14/9799 [A/10 10 e+]

This unprecedented rate of filling can be met1 by a Particles per bunch
judicious use of the SLC linac, damping rings, and positron High-energy ring (HER) 2.7 [10 10 e-1
source. Low-energy ring (LER) 5.9 [10 10e+]

Linac repetition rate 60/120 [Hz]
IL ROLE OF R&D PROGRAM IN OVERALL PEP-H INJECTION Linac current range during filling 0.1-3 [1010 e±/pulse]a

Invariant linac enmittance
The overall goals of the PEP-I1 Injection System are

summarized in Table 1. These differ from those given in Ex 4x10-5 [m- rad]

earlier papers 2 ,3 in that the current of the electron ring (HER) • 0.5x10-5 [ m- rad I
was recently lowered from 1.48 to 0.99A, and that SLC
operation showed that the transverse beam emittance can be Normal filling time

decreased by going to flat beams (ey~ex/8 ). These two factors Topping-off (80-100%) 3 [min.]

both ease the injection process. Full fill (0-100%) 6 [min.]
Revolution period 7.336 [ls]

E~tPSMNO -(A)IR Harmonic number 3492
S2 Number of bunchesb 1746-5%=1658

m , " -Vertical damping time
D1, -ftr/ HER 38 [ms]

on LER, with wigglers 40 [ms]
"Ta LER, without wigglers 68 [ms]

Fig. 1. Schematic of the B Factory e+ injection system, Nominal beam emittance

based on use of the SLC linac with bypass lines. HER, horizontal/vertical 48/1.9 [nm. rad ]c
LER, horizontal/vertical 64/2.5 [nm. rad ]c

Figure 1 shows a diagram of the entire injection system a Asu ing fllne ffic iency. The L rouinl

using the SLC. Alternate linac pulses accelerate the electrons a Assuming 75% filling efficiency. The SLC routinely

for HER on one 60 Hz time slot, and the positrons for LER delivers 2.8x10 10 e± per linac pulse at the detector.

together with the electrons which make the positrons on the For filling, the rings are divided into nine equal zones. A

next 60 Hz time slot. The electrons are stored in the North 5% gap leaves one zone partially unfilled.

Damping Ring (NDR) for 1/120th of a second, the positrons c Unnormalized, or geometrical, values.

are stored in the South Daviping Ring (SDR) for 1/60th of a
second. The first eight sectors of the linac are pulsed at 1H. EXTRACTION SYSTEM AND LATTICE
120 Hz, the remaining sectors up to the e± source are pulsed at The geometry and optical lattice of the extraction system

design4 are influenced by the desire to accomplish extraction
*Work supported by Department of Energy contract without significantly perturbing the optics of the linac. This
DE-AC03-76SF00515.
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will be conducive to the operation of interlaced beams and to is a matching section which matches the linac lattice to the
switching operating modes between SLC, beams for fixed Bypass lattice.
target experiments, and the PEP-Il studies. Finally, the first two cells of the Bypass lattice are

The extraction lattice has a phase advance of 90' per cell. represented in the last region, which can be continued by
Extraction dipoles are placed in pairs having equal but repeating this lattice until the end of the linac housing is
opposing bends, and are separated by four cells or 3600 in reached, and the beam line is connected to the existing north
phase advance. The extracted beam is thus made to be parallel PEP transport line going to the ring housing. The Bypass
to, but offset from, the linac beam, and the induced dispersion lattice also has a phase advance of 900 per cell with the cell
is suppressed overall, length designed so that there is one cell per linac sector. This

Figure 2 shows the optical functions of the beam line and short section of Bypass line is terminated by a beam dump and
Fig. 3 is a schematic of its components. Four regions are can be extended at a later time.
indicated. The first, Region I, where the beam is dispersed,
will be used for measurements pertaining to the beam energy. IV. EXTRACTION LINE BEAM-POSITION MONITORS
Also in this region, capability is provided to correct errors in Every quadrupole in the extraction system, and in the
the dispersion without modifying the overall monoenergetic subsequent transport lines, will be equipped with a beam-
parameters (i. e., beta and alpha functions), position monitor (BPM) capable of measuring beam position

150 .in the x- and y-plane, but only one coordinate will beISO measured from each instrument. A measurement of the orbit-
100 at 900 intervals in phase advance-throughout the dispersive
0LINAC Region I Ii _ and non-dispersive regions will allow separation of betatron

Lattce oscillations from energy dependent effects. These latter
0 L I ichanges in position due to energy will be monitored by a

S, ., feedback system to hold the energy constant.
ISO •ire Because of their importance to the beam parameter

Scanner Wimeasurements and their relatively large number and cost, the
E100 Scanner/BPMs must be engineered very carefully. In the linac housing,

wherever possible, two cables (for x or y) will be run from
each new BPM to a nearby existing linac BPM to which they

0- will be coupled with -10 dB loss couplers. This multiplexing,
- -Iu -7-- I which is already being used for the existing Positron Return

-r----I- Line in the linac housing, will save greatly on the cost.
0.5 Magic The position resolution of the extraction and transport linequad - BPMs is determined by the need to steer the beam through

0 - -apertures and to match it to the acceptance 6 in position, angle
S- and energy of PEP-Il. If the BPM resolution is better than the

--0.5 - beam Gx and %l everywhere in the extraction and transport

__,___--____,__,___,_.___ ,__________ ' line, then the beam position will be known well enough with

0.4 - I I I I I respect to their apertures. The minimum N or Py of the P3-
function maxima (where the BPMs will be used) is

- -40 meters. For a beam emittance of 2.5 x 10-9 m- rad, this
0 minimum size corresponds to a Y of 0.3 mm. The closest (in

- - rmm) object to the injected beam is a PEP-Il septum at 3.5 mm

-0.4 -- - (~-I0 ay). The PEP-Il energy acceptance is ±.5%. This
I i L I I , , corresponds to ±2 mm position resolution in x in the

700 800 900 1000 1100 1200 dispersive region (1 x - 0.4 meters) at the beginning of the

6.93 s (M) 749AI extraction line where the beam energy will be stabilized by the
feedback loop. An easily attainable resolution of 100 pgm for

Fig. 2. Machine function for the PEP-fl, 9 GeV electron all BPM position measurements will be comfortably less than
beam extraction system. these minimum as. This specification of a 100 gtm resolution

will apply for a pulse of I x 109 electrons, a value representing
Rhesegionter parovders, buthe facilit t orethegol m nerrs i the smallest quantum of charge that is planned to be injected.

these latter parameters, but again in an orthogonal manner,

that is, without changing the dispersion. This region is V. MEASUREMENT ANDADJUSTMENT OF BEAM PARAMETERS
equipped with a wire scanner and a single "magic"
quadrupole5 (see below) for the purpose of measuring beta, As mentioned above, the parameters of the extracted
alpha and the emittance of the beam in each plane. Region III electron beam will be measured and adjusted in the first two

regions shown in Figs. 2 and 3.
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Fig. 3. Schematic of optical components for electron extractor system.

In Region 1, where the dispersion is maximum, it The addition of instrumentation for measurement of beam
coguibutes as much as 15 times the monochromatic beam size charge and timing will complete the instrumentation. The
(./ftE). A wire scanner, located at a point of almost controls will be provided by utilizing the existing SLC control
maximum and equal dispersion in both x and y, will be used to system and its application programs.
measure the energy distribution. The expected scanner
accuracy is -50 gm and the beam size from dispersion is VI. CONCLUSION
-2500 gLm. Thus AE will be measured to ±2%, and AE/E to The proposed electron extraction system will be capable
about ±0.01%, assuming an incoming beam spectrum of of measuring all beam parameters important to the

.5%.As shown in Fig. 3, in Region I there are four pairs of development of an injection system for the PEP-H asymmetric
uA les shown per Fig. ap3, t in ReaoIhepir) are fourprse o collider. Modifications to the linac and its operations will be

quadrupoles (1800 per cell apart in each pair) which are used qutmoe.
to correct for errors in the dispersion. By changing the quite modest.
strength of these quadrupoles in each pair equally but in REFERENCES
opposite direction, it is possible to eliminate the anomalous
residual dispersion at all points in the dispersion-free Region [11 E. Bloom et al., "A Critical Examination of the PEP-I1
II downstream. This scheme has the virtue of leaving 13- Injection System and Alternative Proposals." SLAC-
functions unchanged in the downstream region, eliminating PEP-H-AP-NOTE-1-92, Sept. 1992.
the need for retuning. [21 LBL-PUB-5303, SLAC-372, CALT-68-1715, UCRL-

In Region II a second wire scanner and a single ID-106426, UC-IIRPA-91-01 (1991).
quadrupole are used to measure the emittance and Twiss [3] E. Bloom et al., "The Proposed Injection System for an
parameters of the beam. This quadrupole is called magic Asymmetric B Factory in the PEP Tunnel." Proc. of IEEE
because, unlike the behavior normally associated with Particle Accelerator Conference, San Francisco, CA,
q.,adrupoles, it does not change the shape of the beam which Vol. 2, p. 982, (1991), SLAC-PUB-5771 (1991).
for equal (unequal) emittance in both planes will always be [4] T. Fieguth et al., "Injection System for the PEP-lI
round (flat). Thus, at its nominal setting the beam is round Asymmetric B Factory at SLAC," Proc. of Third
(flat) and a minimum in size; it will stay round (flat) but European Particle Accelerator Conference, Berlin,
become larger for any change of the quadrupole strength in Germany, Vol. 2, p.1443 (1992), SLAC-PUB-5771
either direction. This allows measurement of the size of the (1992).
beam about its minimum in both planes simultaneously with [5] T. Fieguth, "Comments on Optics for Electron
reasonable changes in quadrupole strength. Extraction," PEP-Il Technical Note No. 12, May 1993.

The quadrupoles in the dispersion-free Region II will be [6] F. Bulos et al., "Optimizing the Injection Straight of PEP-
independently controlled to provide the capability of II Asymmetric B Factory at SLAC," contributed to the
correcting the Twiss parameters, and matching the proper International Conference on B Factories, Stanford, CA,
conditions for launch into the Bypass lattice. April 1992, SLAC-PUB-5800 (1992).

3086



New Pre-injector of the KEK 2.5-eV Linac and its Performance

S. Ohsawa, I. Abe, S. Anami, J.-Y. Choi, A. Enomoto, K. Furukawa,
H. Hanaki, K. Kakihara, N. Kamikubota, T. Kamitani, H. Kobayashi,

Y. Ogawa, T. Oogoe, I. Sato, T. Suwada, Y. Yamazaki, M. Yokota,
KEK, National Laboratory for High Energy Physics

Oho, 1-1 Tsukuba-shi, Ibaraki-ken, 305 Japan
and A. Asami

Naruto University of Education
Takashima, Naruto-cho, Naruto-shi, Tokushima-ken, 722 Japan

Abstract A. Electron Gun

The injection system (pre-injector) of the KEK We changed the electron gun to a newly
2.5-GeV linac has been upgraded so that we can designed one, which is under operation at 190 kV. A
investigate intense beam acceleration for the KEK ceramic insulator was changed from one 130 mm
B-factory project. It requires intense beams to long with ICF-203 flanges to at one of 300 mm long
achieve a short injection time in practice. An with ICF-253 flanges. The cathode is a
outline of the new pre-injector and its performance commercially available one (EIMAC Y- 796).
is given.

B. Bunching System
I. INTRODUCTION We adopted a multiple bunching system that

comprises double prebunchers and a high field
The pre-injector of the 2.5-GeV linac was buncher [1]. Our new system has several features:

extensively upgraded during the summer of 1992 [11, (1) The distance between the 2nd prebuncher and the
We installed the new pre-injector during the buncher was made as short as possible in order to
summer maintenance period from July 11 to obtain short bunches. This is also important to
September 27, 1992. At first we completely removed minimize any effect resulting from beam loading
almost all of the previous system in the tunnel. in the gun. If the beam energy is gradually reduced
Entire devises, including a supporting girder, were at the gun, multiple bunches are made at different
replaced with new ones, except for 2 quadrupole phases. The shorter distance requires a stronger
magnets and 2 accelerating guides. The first test modulating field, which makes the loading effect
operation with beams was performed on September relatively small. (2) The prebunchers were
24 to 25, as scheduled. Everything was completed designed to have very low shunt impedances and
within the period, except for some small items, large group velocities. The aim is to reduce any
Normal operation started well on September 28, as wake-field effects caused by an intense beam. (3)
prearranged. The buncher comprises two sections, each of which

This is the first step toward upgrading the linac has a high field (15 MV/mi). The beginning part is
to meet the requirements of the KEK B-factory [21, the bunching section, which has 6 cavities,
which is presently under consideration as a future including an input coupler. Each cavity has a
project. It requires intense beams, especially an different phase velocity, varying gradually from
intense e- beam for producing positrons. It is, 0.77c to 0.99c. A normal section with a phase velocity
therefore, important to understand how high- ofc directly follows the bunching section. (4) All of
intensity e- beams can be accelerated in the linac, the prebunchers and buncher are of the traveling-
as well as any instabilities of the beams. wave type. (5) The field asymmetry in the coupler

cavities was compensated for by offsetting the
II. NEW SYSTEM CONFIGURATION coupler cylinders instead of making a counter slot

on the cylinder wall [4].
The layout of the new pre-injector is shown in The field strengths and phase velocities of the

Fig. 1. Improved items extended over a wide area bunching system were determined by simulations
[3]. The main items are described in the following.

. •PRM & TRM

GUN PB1 k•B2 Bunicher OM ARM & ACC 0-1 OM ACC 0-2 -QM " _EMS 0 ... OM
TRM

Fig. 1 Layout of the new pre-injector of the 2.5-GeV linac

0-7803-1203-1/93$03.00 O 1993 IEEE
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with PARMELA. An example is shown in Figs. 2a double prebuncher system was adopted, one more unit
and 2b. The simulation predicts a bunch length of became additionally necessary for the rf adjusting
50 (FWHM) at the buncher exit for a 200 keV/ 8A system. This time we did not just add one unit for
beam from the gun [5]. The particles plotted in these the system, but also rearranged the entire system.
figures reach just 90% of the initial particles, which The new rf adjusting system is shown
indicates a high bunching efficiency. schematically in Fig. 4. It has the following

additional features: (1) The power dividing ratio for
20 the 2nd prebuncher and buncher, which is controlled

by the first unit, can be changed continuously without
15 -.---. any phase shift. (2) When the same unit is driven as

a phase shifter, all of the rf phases in the bunching
system are shifted simultaneously by the same
amount. This property is very useful for phasing the
beam with respect to the fixed rf phases in the

5 -following accelerating guides, since it does not affect
the beam bunches.

-100 -80 -60 -40 -20 0 -3dB
Phase / deg

Fig. 2a Simulation example of energy distribution
versus the buncher rf phase. -2OdB

AIr A~r
600 PM: Power Meter

PM1 PM2 PM3

500 + + + +
PB1 PB2 BUNCHER

i 400 + + + +2
300 + + + + Fig. 4 Schematic diagram of the new rf adjusting

200 + + + + system

100 + + + + D. Beam Monitors

0 ________ As the beam intensity increases, it becomes
-100 -80 -60 -40 -20 0 more important to transport beams at the centers of

Phasp / deg the accelerating cavities in order to reduce some of

Fig. 2b Current density versus the rf phase in the the transverse wake-field effects. We added some
same case. Each bin has a width of 20. fluorescent screen monitors, two of which have

additionally polished stainless steel as the
transition light emitter. A streak camera is used to

i a nalyze the transition light for measuring the
bunch lengths [7].

III. PERFORMANCE TEST

A. High-Current Acceleration

After the pre-injector upgrade, high-current
Fig. 3 Structure of the 2nd prebuncher and buncher, beam acceleration was performed with an 8-A/ 4-ns

which are connected mechanically, but beam, which contained 9.3x10 10 electrons. The
separated electrically. transport system was carefully adjusted only to the

C. RF Adjusting System center of the 2nd sector, since the positron-
production target had been assumed to be installed

It is necessary to optimize the power levels and somewhere up to that point. Electrons of 83% were
phases of microwaves fed into the prebunchers and accelerated to the 1st sector entrance and 73% to the
the buncher. We employed equipment that is capable 2nd sector entrance. The results are given in Fig. 5.
of changing the power level and the phase Monitor No. 11 is located at the 2nd sector center.
independently [3],[61. This is useful for simplifying After the upgrade, the beam currents increased as
the rf optimization in the bunching section. Since a well as the transmission rate, as was expected.
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Up to the center of the 2nd sector, beam profile was taken, while analyzing the transition light. The
deformation was not obvious on the screen measured bunch length (FWHM) is 9.8 ps, which is
monitors. In the following sectors, however, about twice as large as a prediction by a PARMELA
deformed profiles were observed, and the beam simulation. The reason for the discrepancy is under
charge was decreased to 5.0 nC at the center of the 4th investigation. Some reasons can be suggested: (1)
sector. The deformation that depended on the beam incorrect bunching parameters, (2) wake-field
positions indicates that it was caused by wake effects, and (3) bunch-monitor performance.
fields.

Beams that contained much more charge were C. Emittance
accelerated as a trial. They were longer beams with The beam emittance was measured just
lower densities. As can be seen in Fig. 5, electrons downstream from the buncher by the usual method
of high rate (83 to 89%) were accelerated to the pre- with a screen monitor and a quadrupole magnet.
injector exit. The beams were, however, The beam sizes were measured on the screen
considerably lost in the following sectors, especially varying a focusing strength of the quadrupole
in the first unit of the 1st sector. We are planing to magnet. Beam sizes were defined by the full width at
install a quadrupole magnet there in order to half maximum in the beam-density distribution. For
improve the transmission rate. Beam loss is caused a 4-A/15-ns beam, the obtained emittances were e, =
by a heavy beam-loading effect as well as 45 (mm mr) and Ey = 52 (mm mr).
transverse wake fields.

Pre-injector Ist Sector _2nd Sector V.FUTURE

- s 5AThe KEK B-factory requires for injection an s-•15ns, 5A

- 15n, 4A band single-bunched e- beam and an e+ beam of two,• 60. • ~~~~~~~15nts, 4Aobannasig-unhdbawarpeety
or three bunches that are about 100 ns apart. Toward
obtaining a single-bunched beam, we are presentlytA preparing a 476-MHz SHB and its driver, which will

CG 40. 2n5 1A be installed this summer. We will investigate soon

. .. . ..... what will occur in high-density single-bunched e"
Z T beam acceleration at the present state of the 2.5-GeV

linac. The purpose is, of cause, to determine what
S... should be improved so that our linac will meet its

o. _requirements.

0 1 2 3 4 5 6 7 8 9 10 11 12

Monitor Number VI. REFERENCES
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Hydrodynamic Calculations of 20-TeV Beam Interactions with the SSC Beam Dump
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Abstract correctly modeled energy deposition. We chose the MARS'
The 3001ts, 400 MJ SSC proton beam must be contained energy deposition code and both the Eulerian MESA 2 and

when extracted to the external beam dump. The current design Lagrangian SPHINX 3 hydrodynamics codes.
for the SSC beam dump can tolerate the heat load produced if IICOMPUTER CODES
the beam is deflected into a raster scan over the face of the A. MESA
dump. If the high frequency deflecting magnet were to fail, the MESA is a two- and three-dimensional Eulerian hydro-
beam would scan a single strip across the dump face resulting in dynamics code2 . While originally developed for simulating
higher local energy deposition. This could vaporize some mate- the interactions of military projectiles with armor, it is easily
rial and lead to high pressures. adapted to other hydrodynamic applications. A variety of

Since the beam duration is comparable to the characteristic analytical and tabular equation-of-state, material strength,
time of expected hydrodynamic motions, we have combined the and fracture models is available to complement the hydrody-
static energy deposition capability of the MARS computer code namics. The numerical hydrodynamics is divided into two
with the two- and three-dimensional hydrodynamics of the phases. The first phase is Lagrangian; the second is an Eule-
MESA and SPHINX codes. EOS data suggest an energy depo- rian advection. The Lagrangian phase is subcycled for
sition threshold of 15 kJ/g, below which hydrodynamic effects increased comrutational efficiency. The Youngs interface
are minimal. Above this our 2D calculations show a hole boring reconstruction , which assures that materials ,'.i advected in
rate of 7 cm/lis for the nominal beam, and pressures of a few the correct order, is a powerful feature of MEý .. It mini-
kbar. Scanning the nominal beam faster than 0.08 cm/ps should mizes the numerical diffusion characteristic of Eulerian
minimize hydrodynamic effects. 3D calculations support this. codes. This interface treatment allows fewer computational

I. INTRODUCTION cells to be used for the same numerical accuracy than earlier
Two- and three-dimensional hydrodynamic calculations codes because it handles the mixed material cells at material

using very high energy (TeV) particle deposition are required to interfaces so effectively. This feature is particularly important
understand the behavior of the SSC beam dump under abnormal in 3-D simulations with relatively coarse meshes.
beam aborts. The dump is currently designed as an 800 cm
long, 160 cm square rectangular block of pressed graphite. The B. SPHINX
20 TeV beam enters the dump about once a day through a 0.2cm Smooth Particle Hydrodynamics (SPH) is a gridless
thick titanium window. The other faces are contained by an alu- Lagrangian computational technique in which "particles"
minum cooling vessel. For simplicity, our modeling approxi- represent mathematical points at which the fluid properties
mated this structure as a graphite block. Normally the beam are known. SPH was first derived by Lucy5 as a Monte-Carlo
spot will be raster scanned across the beam dump face, keeping approach to solving the hydrodynamic time evolution equa-
the temperature of the dump below 1300K. If the scanning mag- tions. Later it was reformulated in terms of interpolation the-
nets fail, a worst case scenario allows the beam spot to remain ory, which was shown to better estimate the error scaling of
at a single location.A more realistic case has some linear spot the technique. Gradients that appear in the fluid equations are
motion across the face, due to the droop of the kicker magnet obtained via analytic differentiation of smooth interpolated
field. functions, or kernels. Each kernel is a spherically symmetric

We consider a limited set of beam characteristics: 20 TeV function centered at the particle location and generally resem-
protons delivered in 290 microseconds at two fluences, bling a Gaussian in shape. The interpolation is accomplished
4.5x10 17 and L.0x1 9 protons/s. The first is the nominal SSC by summing each equation or variable at any location over
design, the second, a higher value we used to explore scaling nearby known values at particle locations, each weighted by
effects. The SSC upgrade design has an intermediate fluence 3 its own kernel weighting function. By appropriately modify-
times the nominal. Because of the long distance from the kicker ing the normalization condition, the same code can easily
magnet to the dump, the standard deviation of the beam's trans- switch between ID, 2D, and 3D, spherical or cylindrical con-
verse Gaussian profile has expanded to 0.2 cm. figurations. The computer code SPHINX is our implementa-

Preliminary 2-D hydrodynamic calculations with mocked tion of SPH.
energy depositions led us to expect that the 400 MJ (energy
equivalent to 100 kg of TNT), could have explosive conse- C. MARS
quences. The small spot size could also lead to boring a hole MARS' is a Monte Carlo program for inclusive simula-
through solid material in the beam path. To study these phe- tion of three-dimensional hadronic and electromagnetic cas-
nomena and to guide mechanical designs for controlling these cades in matter and of muon transport in radiation shieldii,
effects, we sought to create a 3D hydrodynamic code which accelerator and detector components at energies up to 30 T V
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It allows fast cascade simulation with modest memory require- as a 800 cm long, 4 cm radius graphite cylinder. We studied
ments, providing the availability of complex geometries with two beam fluences, 4.5xl017(Figs. 1,2,3) and I.0x10 19 pro.
composite materials, presence of magnetic fields, and a variety tons/s with oa= oy= 0.2 cm. Figure 1 shows the temperature
of scoring possibilities. To construct a cascade tree only a fixed along the beam axis at 20, 60, and ISO ts. The curve at 20 pS
number of particles from each vertex is chosen (four in shows the temperature rise from energy deposition in static.,
MARS 12), and in the simplest case each carries a statistical homogeneous material. Material at the peak energy deposition,
weight which is equal to the partial mean multiplicity of the 210 cm, has just vaporized. By 60 ps vaporization extends
particular event. Energy and momentum are conserved on the from 90 to 500 cm; by 150 ps to the end of the dump. Figure 2
average over a number of collisions, at 60 ps shows why. Density on axis has been reduced allowing

MARS is well suited for use with a 3-D hydrodynamics the beam to propagate farther into the dump. Figure 3 shows
code. It was easily modified to allow arbitrary material densi- the pressure causing this expansion away from the beam axis.
ties, and runs quickly (five minutes of one CRAY YMP proces- Peak pressures of I to 2 kbar are present not only at this time,
sor can give a meaningful calculation). Since MARS may be but throughout the problem. Figure 4 shows the density varia-
called hundreds of times in a calculation, speed was crucial. tion with radius and length at 20 ps in a SPHINX/MARS cal-
However MARS only needs be called by the hydrodynamic culation of a 2 cm radius cylinder at high fluence. The teardrop
code when the distribution of mass has changed enough to shape to the low density hole is qualitatively similar to the
change the energy deposition calculation. This time between MESA/MARS calculation. Because SPHINX had not incorpo-
MARS calculations we estimated as 0.2 times the beam spot rated the Sesame EOS, results differ quantitatively.Tempera-
radius (1 a) divided by the maximum radial velocity in the ture is approximately uniform within the low density region,
deposition region. This time step control allowed us to reduce the pressure somewhat less so. The MESA/MARS calculation
by factors of 2 to 10 the time spent in MARS calculations. at the nominal intensity gives temperatures of about 4500 K
Nevertheless an unoptimized 2D MESA/MARS calculation at and pressures of 1-2 kbar. Although some of the graphite has
nominal fluence required 12 CRAY YMP cpu hours to reach a been vaporized, the dump might be designed to contain these
time of 150 ps. pressures. At the high fluence the temperatures are about 11000

K and peak pressures, 30-35 kbar. The existence of an EOS
D. Equation of State threshold suggested we should get little motion before 15is in

In order to perform hydrodynamic calculations we require the nominal case and 0.7 ps for the high fluence. This was
the dependence of pressure and specific internal energy on a observed in the calculations.
material's temperature and density. The Sesame Equation-of- These calculations show the SSC beam first depositing its
State (EOS) Library is a standardized, computer-based library energy into cold material, which as it evaporates creates pres-
which contains tables of thermodynamic properties for a wide sures opening an axial density hole which expands outward.
range of materials over a wide range of physical regions (from Because the density is low on axis, the beam penetrates farther
ambient to astrophysical conditions). The library currently into the dump, heating new material, and boring a hole through
contains data for about 150 materials, including simple ele- the dump. At the nominal fluence the penetration rate is about
ments, compounds, metals, minerals, polymers, mixtures, etc. 7 cm/Ms; at high fluence, 70 cm/ps. Since the beam strikes the
However for the beam dump application a new equation of dump for 290 microseconds, these rates are unacceptable.
state had to be created for compressed, porous, powdered IV. 3-D CALCULA1TONS
graphite. An EOS for full density graphite was created using The beam is not planned to dwell in one spot, but rather to
data from shock measurements at 1.948 g/cm 3, a melt tempera- perform a raster scan across the dump face. By moving the
ture of 4530K, and a vapor pressure of 0.01GPa at 4500K. beam deposition into fresh, cold material, the deposition in any
These gave a critical temperature of 8204K, critical pressure of one location should be below the threshold for hydrodynamic
2.04 GPa, and a critical density of 1.00 g/cm3 . A threshold effects. By integrating the lateral distribution of beam energy
crush pressure of 0.1 GPa is assumed with a linear ramp in deposition over radius at the position of peak deposition and
pressure as the porous graphite of density 1.71 g/cm3 is applying the hydrodynamic threshold, we obtain a minimum
crushed up to the 2.25 g/cm3 full density of graphite. scanning speed. Below this speed hydrodynamic effects occur.

The resulting EOS displayed an important characteristic. For our nominal SSC beam on graphite this speed is 0.08 cm/
Below a specific energy of 10 to 15 kI/g, the pressure remained pS; for high fluence, 1.7 cm/S.
very low. Above this threshold the pressure rapidly increased So far we have performed only one calculation, with
to values above 1 GPa (10 kbar). This specific internal energy SPHINX, to test three dimensional effects. Figure 5 shows
corresponds roughly to that needed for melt and evaporation, density after 20 ps with the beam ((Yf= ayf 0.2 cm) sweeping
Above this energy deposition threshold substantial hydrody- in the z direction at 0.1cm /Ms from 0 to 2 cm at high fluence
namic effects will occur. (well below the minimum scanning speed). The dump is simu-

1I. 2-D CALCULATIONS lated by a graphite cylinder 2.0 cm in radius and 400 cm long.
Although we ultimately desire a 3-D calculational ability, As expected the beam creates a hole between 120 and 400 cm

we performed 2-D calculations to test the codes and study the and an asymmetrical expansion. Temperatures are reduced by a
consequences of the beam remaining stationary on the dump factor of 0.75 compared to the non-moving beam calculation.
face.With the MESA/MARS code we modeled the beam dump
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Abstract value of more than one accepted positron per incident elec-
tron which represents the current design value for linear

Starting from extensive simulations of photon emission by colliderse5, 6].

channeled electrons in tungsten crystals, a test experiment Channeling radiation may be more intense than classical

has been proposed. It concerns a 2 GeV electron beam Cr e lung iagivn cry thiness for speciic

impinging on a 1 mm tungsten crystal oriented along its Bremsstrahlung in a given crystal thickness for specific
< I I axs. Rdiaionmeasremntsare nsued y a incident energies. For a tungsten crystal oriented along< 111 > axis. Radiation measurements are ensured by a te<11>aitertobtenteitniisdet

preshower detector followed by a lead-plexiglas calorime- the < a I11 > xis, the ratio between the intensities due to

ter. Channeling data are compared to those obtained for channeling and bremsstrahlung reaches unity for an energy

random incidence. They can be associated with simula- A tes expermentus t 2 GeV r
tions using shower codes (GEANT) for estimating perfor- A test experiment using the 2 GeV Orsay linac with a
mances of positron sources based on this principle. 1 mm thick tungsten crystal, oriented on its < 111 > axis

has been proposed; the first results are presented hereafter.

I INTRODUCTION II PRELIMINARY SIMULATIONS

Extrapolation of conventional positron sources to the pa-
rameters required for linear colliders led to the utilization The fundamental physical process on which the proposed
of high energy electron beams impinging on thick tar- set-up is grounded, i.e. photon generiation produced by
gets. Adequate set-up (high gradient RF sections, damp- channeled electron in a crystal, has been simulated by a
ing rings) is necessary to minimize longitudinal and trans- Monte-Carlo code[7]. From calculated electron trajectories
verse phase space extensions. Moreover thermic effects in a given crystal lattice the photon emission probabilities
are important and represent serious limitations[I, 2]. A and their complete kinematics are computed according to
different way to generate positrons has been initiated for the quasi-classical Baier-Katkov formula for radiation in a
VLEPP colliders and adopted in the DESY-THD linear non uniform field[8]. The multiple scattering is taken into
collider project: they use intense photon beams created account.
in helical wigglers by very energetic electron beams, to Simulation was done in the software environment usual
produce electron-positron pairs in thin targets[3, 4]. Such in High Energy Physics. Tht, detector simulation code
a method, though bringing loyver emittance and weaker GEANT[9] was adopted as the basis for working out the
power deposition in the target, requires a very high en- needed calculations. In this framework the code simulat-
ergy beam (100-250 GeV) and a very long wiggler (50-150 ing channeling was introduced as event generator. The
m). Instead of using a magnetic wiggler we may use an main physical processes involving electrons, positrons and
atomic wiggler of millimeter scale to generate the power- photons were taken into account.
ful photon beam to be sent onto the pair generation tar- Considering an electron beam having normal distribu-
get. Channeling of multi-Gev electrons in oriented crys- tion with rms value of I mm (radial) and 0.5 mrad (angu-
tals could produce enough photons to reach the expected lar) simulations on nhoton production have been worked

out. Photon yield as well as radiated intensities were eval-
"on lave of ambence from BINP - Novosibirsk uated in the energy domain 2 - 20 GeV and systematically
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compared for a crystal and an amorphous target of the IV EXPERIMENTAL RESULTS
same thickness[6J. Enhancement above 3 for the photon
yield and 2 for the radiated intensity were reported sim- A Experimental conditions
ulating the experimental conditions. Equivalent positron
yield increase was evaluated when putting an amorphous Recalling that efficient channeling needs an angular diver-
tungsten (1 mm thick) located after the crystal [6]. gence for the electron beam smaller than 1 mrad, partic-

ular atteniion was given to this problem. Two collima-

III EXPERIMENTAL SET-UP tors with 4 x 4mm 2 aperture and distant 60 meters apart
allowed maximum divergence better than 0.1 mrad. Elec-

The lay-out, represented on figure 1, comprises the follow- tron beam dimensions were controlled through a multiwire
ing elements: secondary emission profile monitor[10]. Typical FWHM

values were about 1.5 mm; crystal lateral dimensions be-
"* The tungsten crystal was grown at the Stuttgart ing 6 mm. Additional emittance monitoring using Optical

Max-Planck Institute frur Metallforschung. Mosaic Transition Radiation at the crystal location is installed.
spread controlled by -y - diffractrometry is no more
than 0.5 mrad; this value is lower than the Lindhard
critical angle, 1 mrad for 2 GeV beam on < 111 > B Results
axis.

Angular scans for both rotation axes (vertical Z and hor-
"* The goniometer from Microcontrole, has an angu- izontal Y) are registered. Crossing of the electron beam

lar resolution of 10-i degree. Rotation around two along the chosen < 111 > axis in the crystal requires that
perpendicular axes and translation are controlled by the beam direction be perpendicular to the entrance face
a microcomputer. (111). This condition is met for particular values of the

"* The detection of photons transmitted through a 2 rotation angles around the axes. At rather large angular

cm diameter collimator is provided by a scintillator - distance (- 1 degree) from these values, the crystal is seen

for photon counting - and a lead-plexiglas calorimeter. as a disordered structure (amorphous) by the beam.

"* Electron beam diagnostics for intensity and trans-
verse profile are provided

"* Bending magnet is used for electron beam sweeping
before the detector.

BEAMl 30W

T G A P C N CAL.
I-W•

T:induction monitor C:collimator -

G:goniometer-crystal N:scintillator .... ..... 340._._............

A:bending magnet CAL:calorimeter
P:profile monitor (SEM grid)

Figure 1: Lay-out of the experiment Figure 2: Angular scan around Z axis for scintillator (N.1)

and calorimeter (EE.,)

Step by step goniometer motion as measurement data
gathered on the scintillator (number of photons) and the Scanning around the vertical axis, for this particular
calorimeter (radiated energy) 4re processed by two micro- value of the rotation angle around the horizontal axis, is
computers. Beam pulse number and integrals of elemen- shown on figure 2 which gives the relative number N., of
tary goniometer steps could be chosen; angular limits of photons detected by the scintillator. On this figure, an-
motions are also usually fixed before starting an angular gular steps represent 0.05 degree. Enhancement by a fac-
scan. Multiscale spectra for photon number, radiated en- tor 2 - 2.5 may be observed when comparing the peak
ergy and incident electron beam intensity allow full ob- value (channeling conditions) and the quasi constant value
servation of these parameters during the angular scans. (amorphous). Corresponding enhancement (- 1.8) for ra-
Moreover, photon data normalization by incident electron diated energy EE., is also observed for the same angular
beam intensity will ensure efficient monitoring, parameters (figure 2). From these results, we can obtain
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the average photon energy, the nominal Lindhard angle for 2 GeV (1 mrad). This

EE-f is connected mainly with the contribution to the radia-
<B., >= tion process of above-barrier particles, i.e. slightly beyondN• channeling conditions. This has been previously observed

the orientation dependence of which is presented on fig- in other experiments [11].
ure 3. One observes that this average energy exhibits a Enhancement in photon production is slightly below
minimum in alignment conditions. computed estimates.

These first results constitute quite encouraging obser-
vations concerning the photon radiation. They could be
improved in the future particularly by background sub-

<Eý> traction.
Nevertheless, the enhancement of the photon yield al-

s.a lows equivalent improvement in positron production if one
refers to shower simulations.

A rough estimate of the cumulated number of inci-
dent particles on the crystal shows a total fluence of

10 5selecirons/mm 2 . No radiation damage is observed.
Further measurements are foreseen.
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New Target Results from the FNAL Antiproton Source'
S. O'Day, F. Bieniosek, K. Anderson
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Abstract Table 1
Nickel and compressed rhenium powder targets have Target Material Properties

been installed in the FNAL antiproton source target sta-
tion. Ni was chosen for its high melting point energy and
resistance to stress wave fractures. As well, compressed
powdered rhenium segments were constrained by a thin-
wall Ti jacket to insure resistance to stress fractures. The P-
yield of these new targets is compared with that of copper- T- t I.&. U.. Taa,, Icd Cw- u 1.

the previous standard production target. The target de- Al/p .255 .X .295 .43? .446 .n

pletion characteristics of nickel and rhenium for a beam ,ije g . stz/p) 45a 614 "4 104 613 low

intensity of 1.6 x 1012 protons per pulse are also presented. Y-dd Stmgth(P&) 1500 270000 500000 230060 T2000 13400

I. Introduction pr(P. KgJ) 50600 660 31000 1560 i0 ism,

The requirements placed on the antiproton produc- Skhd waW L.itJl) 200 6

tion target at Fermilab become more stringent as the linac
upgrade and Main Injector projects come to fruition. To
understand how to meet the yield and durability require-
ments that these projects will impose, a variety of targets
have been considered. The targets which were installed from primary hadron-nucleon interactions both contribute
for production and study in February of 1992 were select- to the p yield. The admixture of these processes is both ge-
ed carefully based on their material properties. ometry and material dependent. Figure I shows the target

The properties which are the most interesting are yield stack geometry which was used for this experiment.
strength, melting point and shock wave limit energies and In p production running, a 120 GeV beam of 1.6 x 1012
the Gruneisen parameter (which relates the differential protons per pulse (80 full bunches per pulse) impinges on
pressure to energy changes). Ideally, one would like to have a selected target. A lithium lens approximately 20 cm
a target material with a high yield strength and shock wave downstream collects and focuses the 8 GeV secondaries.
limit energy, but a small Gruneisen parameter to minimize These secondaries are then kicked horizontally 3 degrees
local pressure gradients. The melting point energy should by a pulsed dipole into the aperture of the AP2 beamline
be as high as is necessary to eliminate or at least minimise and transported to the Debuncher storage ring.
localized melting at the beam spot for a single beam pulse. During optimum running conditions, there may be as
Melting will reduce the density thus diminishing the yield. many as 2.1 x 1012 protons per pulse on target and the
Data for various target materials are given in Table 1. operating gradient of the lithium collection lens may be

Calculating the expected yields for various targets is as high as 890 Tim. Under such conditions, the measured
difficult. Efforts in the past have produced results which absolute yield into the Debuncher was measured to be 1.9 x
are only within a factor of 2 of measured yields1 . The an- 10-5 P/p or 4.0pA of current per pulse.
tiproton yield is only weakly dependent on the absorption
length(table 1) complicating even relative yield estimates. II. Measurements

As more data is collected, modeling efforts will show im- A. Y,. d AMeasurements
proved results. Qualitative statements can however be
made regarding the material dependence of p production. The yield measurements were made in the Debunch-
While targets with shorter absorption lengths experience a er using both a dynamic signal analyser(dsa) and a d.c.
greater number of interactions with 120 GeV protons, the beam current transformer(dcct). The signal analyser does
yield gain is tempered by the greater fraction of produced an FFT of the longitudinal Schottky power spectrum and
Ps which are re-absorbed in the target. Also, primaries integrates it over a specified bandwidth. The signal analvi-
from proton-nucleon inelastic scattering and secondaries er is calibrated to the dcct and is accurate to a few percent.

A summary of the results may be found in Table 2. The
* Operated by the Universities Research Association un- yield is normalised to the proton intensity on target as

der contract with the U.S. Department of Enern given by the toroid in the 120 GeV beamline(AP1) closest
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Figure l.Target Stack. Note that the target stack has ver- Figure 2. Yield enhancement at the target vertical edge.

tical motion for changing targets, horizontal motion per-
pendicular to the beam for changing the length of target P absorption. At the same time however, the probability

which the beam intersects and motion along the beam so of producing ps from energetic pions is reduced because

that the lens focal point may be varied. The beam direc- these will also escape through the aluminum with a much

tioa is into the page. lower probability of inelastic interaction.
To compare with theoretical predictions which ignore

Table 2 secondary p production, the collection lens was focused on
Yield Data Normalized to Ni the upstream end of the target. Here, a larger fraction of

the ps produced would be primary hadrons. Figure 2 shows
that edge enhancement on the order of 4-5 % is observed.
The overall yield is however reduced by 30 %. Future stud-
ies will include a 1 mm diameter wire target which should

Material DSA/AP1 Toroid DCCT/AP1 Toroid further enhance this effect and possibly increase the overall
_p yield.

Nickel 1.000 1.000 C. Target Density Depletion Study

Copper 0.979 0.997 A large energy deposition on target is expected to lo-
cally melt target materials. This will result in a diminished

Rhenium 0.994 0.998 hadron yield from those bunches of protons which arrive
after this melting has occurred. Since rhenium has a cal-
culated melting point energy below our energy deposition
level, we performed a study to demonstrate density deple-
tion using this target.

to the target. These data show no statistically significant The FNAL Main Ring provided a beam with an in-
differences between the p yields of the three targets. tensity of 1.6 x 1012 protons per pulse and a transverse
B. Target Edge Yield Study width(o) of .14 mm on target. Using a resistive wall mon-

itor in the Debuncher , the bunch structure of the beam
The 1 yield was measured when the beam hit near the during the first turn was measured. As well, a similar

interface between copper and aluminum. Copper is much wall monitor was used to measure the incoming proton
denser than aluminum. The study attempted to find out bunch structure. By integrating the individual bunches,
whether or not the yield was enhanced by allowing roughly the charge associated with each bunch was determined.
a third of the solid angle of primarily produced Ps to escape Comparing the production bunch charge with the corre-
through a lighter material thus lowering the probability of sponding proton bunch charge provides a measure of the
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pressed-powder target material and the seams of the titani-
um can. Radioactive xenon nuclei would then have decayed
to the daughter products observed(iodine and tellurium).
A similar, although much smaller, release occurred with
an intensity of 1.2 x 1013 protons per pulse.

It should be noted that no target depletion effects
Bunch Charge vs. Bunch Number(Rhenium Target) were observed for Ni( the standard production target at

20"- " this time). This is what one would expect since the ener-

I* Pber Yield gy deposition in Ni for an intensity of 1.6 x 1012 protons
0 Protons an*Target per pulse is 615J/gm while the melting point energy is

500 e 1100J/gm.

IV. Conclusions
40 -

From the measurements made, one can conclude that
. x the yields from quite different materials- Ni and Cu as com-
0e ap _ pared with Re, are similar. Also, the calculations and mea-

surements made were in agreement on the issue of target
+ %

0 + density depletion. The yield enhancement measuremen-

4 t leads naturally to a more sophisticated target geometry
experiment. Specifically, a wire target surrounded by a low

. . z material will be constructed sometime in the future to
020 40 60 so get more data on the admixture of primary and secondary

Bunch Number yield contributions. Further work, both theoretical(Monte
Carlo) and experimental is planned to improve the un-

3. derstanding of p production. This work will lead to the
Figure Yield vs. Bunch Length optimisation of future target and collection lens designs.

yield. The charge in arbitrary units for protons on tar- V. References
get and j = 1 particles in the Debuncher as a function
of bunch number is given in figure 3. The yield from the YiC. Hojst, A. Van Gxnneken,uCalculation of Antiproton
last 25 % of the bunches shows an obvious deficit which Yields for the Fermilab Antiproton Source",Nucl.hstrum.
increases with bunch number. By the eightieth bunch, the Meth.206:67,1983.
yield is down 8% ± 4% as compared with the first. 2. A. Leveling, AD Radiation Safety, FNAL. Private Com-

Also interesting is the number of bunches which hit munication. (January 1993.)
the target before the yield began to drop. The yield began
to drop after 45±5 bunches or after a Casim calculated 3. T.W. Eaton, C.D. Johnson, E. Jones,CERN/PS/868-
energy deposition of 600±65J/gm. This is consistent with 15,1986.
the melting point energy for rhenium from table I of 614
3/gm. A more sophisticated model assuming the relation-
ship dp/dT = -. 0001p for liquid rhenium and a 25% beam
absorption rate in the central beam region predicts that
Ap/p = -21%. Since the melting point of rhenium is
3180"C and a density drop of this magnitude correspond-
s to a temperature of 52800C, this implies that the the
melting began after 60% of the pulse hit the target. This
is once again consistent with the data.

Analysis of the target station airborne radiation mon-
itor filter revealed the presence of radionuclides(largely io-
dine, with smaller amounts of tellurium, sodium and potas-
sium) in the airborne radiation monitor2 . The total release
was quite small( about 5 mCi). This release is a by-product
of the spallation reactions between the 120 GeV protons
and the target nuclei8 and the subsequent nuclear fission.
These reactions produce noble gases( xenon in this case)
and result in void formation,swelling and embrittlement
of solid target materials. We hypothesise that the xenon,
normally trapped in the solid metal target, was released
as the target melted and escaped through the voids in the
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High Current Radioisotope Production with Solid Target System

W.Z. Gelbart, N.R. Stevenson, R.R. Johnson, F. M. Nortier*, J. Orzechowski and F. Cifarelli
TRIUMF, 4004 Wesbrook Mall, Vancouver,

B.C., V6T 2A3, Canada

1. Introduction 3. Target

Figure 1 shows an unassembled 12 kW solid target
Remotely manipulated solid target systems have with its shuttle in the background:

been developed at TRIUMF for the production of 2 01T1,
6 7Ga, "'I1n and 57Co radioisotopes. An extension of
these systems to accept a 400 pA 30 MeV proton beam . ,
has been designed. The design criteria included keep-
ing the temperature of the water-cooled silver face of
the target below 1400 during irradiation. A combination
of computer modeling and actual measurements employ-
ing thermocouples indicate the temperature to be signif-
icantly lower thereby permitting even higher beam cur-
rents. This paper will present these results and conclu-
sions and also summarise the refinements and changes
made to the hardware of the target stations and trans-
fer system which feature high radiation hardness compo-
nents to minimize maintenance and improve reliability.

2. Isotope Production at TRIUMF

Two isotope production cyclotrons (42 and 30 MeV) ~
are operated at TRIUMF for Nordion Int. Inc. A total
of four external beam solid target stations are in use
(in addition to gas and PET targets). The solid target
irradiation and transfer system was designed and built
at TRIUMF a decade ago and a few minor improvements Fig. 1. The new 4001A/30 MeV (12kW) target.
have been made over the years of operating these systems
although the basic concept has remained the same [1,2]. The target is assembled from two major compo-

A new target system [3] is being designed which, nents: a pure silver substrate incorporating integral wa-
ter cooling channels, and a copper plated aluminum

while still being based on the existing setup, incorpo- body. chese and a copper ted t fom

rates several significant changes and improvements fol- one assembly. The target material is electroplated onto
lowing past experience and the demand arising from the the silver face and exposed to the particle beam at a 7*
increase in beam capacity available (up from 6 to 12 kW angle to spread the beam out over the 43 x 100 mmp ac-
per beamline). Construction of a prototype station was tive area. The cooling water flow patters was optimized
started last year with completion and installation sched-
uled for later this year. *On leave from the National Accelerator Center, Faure, S. Africa.
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by the shape of the cooling channels in the silver to keep unchanged.
the surface temperature below 140* at the center for a
12 kW beam. This criterion is essential where low melt-
ing point target materials are used. In practice, 411OpAL M
represents about 90% of the beam at the target station
since about 10% of the beam is trimmed off on four col-
limators which form a rectangle shadowing the edges of
the target face. After the removal of the electroplated 4-+
target material these targets can be reused (about 10
times) after a short cooldown period.

4. Target Station VACUUM LANDING TERMINAL

IRRADIATION

The station is shown in Figs. 2 and 3. Three mod- BOX

ular subassemblies are mounted on an aluminum stand:

.10 MM I

Fig. 3. Front elevation and top view of the 12 kW target
station.

Fig. 2. The higher power (12kW) solid target station.
During operation the target (in its shuttle or "rab-

bit") is transferred via an air chute between the hot cell
terminal and the target station. Its progress along the
transfer line is monitored by a series of detectors actu-

landing terminal, vacuum/irradiation chamber and ma- ated by a permanent magnet attached to the rabbit. The
nipulator. By designing the target in such a way as to final detector, located close to the station, actuates a re-
take maximum advantage of the geometrical limitations verse air flow inside the landing terminal which acts to
imposed by the existing hot cell receive terminals and slow the rabbit to a "soft landing". During its descent
the transfer lines to the irradiation areas it was possi- the rabbit is oriented the required way (i.e. to face the
ble to leave these components of the solid target system extraction manipulator) by permanent magnets placed
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inside the terminal walls, actually lower than that expected by calculation. We an-
As the target is removed from the rabbit by the ma- ticipate a temperature rise of 700 above that of the inlet

nipuiator grabber cooling water connections are engaged. cooling water (- 200).
After the empty rabbit is returned to the receive termi-
nal in the hot cell the target is moved into the irradiation
position in the vacuum chamber and the chamber is then Beam Intensity = 29 uA/cm 2 Beamspill = 10%
pumped down before beam is put on the target. 120- 1 1

The complete operational cycle, as well as all inter-
locks, are controlled by an industrial programmable logic 0110_ Measured Curve

controller. Typically, complete target changes from the -- - - -- - - - - Modelled Curve
end of an irradiation on a target to the start of beam on 100
the subsequent target take about 20 mins. -.

5. Radiation Hardness • 90 "- -K

E
Past experience with the existing 6kW target system - 80

huhas shown some downtime caused by radiation damage o
to certain components. Bea ing this in mind the present ' 70
high current design had the aim of minimizing this dam- V)

age by prudent choice of materials and locations of com- 60- ,
ponents with respect to the beam and target. Pneumatic 6 8 10 12 14 16 18 20
cylinders, for example, are fitted with graphite pistons Water Flow Rate (L/min)

and rod seals. The vacuum chamber employs metal seals
in specially designed seats (Helicoflex) on all ports except
the target flange. The elastomer O-ring on the target
is used only for one irradiation. Electrical isolation is Fig. 4. Surface temperature predictions and measurements.
achieved by hard anodizing on aluminum or polyimide
plastic ("Vespel" from Dupont) components. 7. Conclusion

Long-term testing under actual operating conditions
for these materials (as well as others chosen for electrical The existing solid target system at TRIUMF will

wiring, water connections, etc. ) proved their radiation be replaced with a high power system in the near fu-

hardness and suitability for this application. ture. This will permit full usage of the beam available
from high current cyclotrons such as the EBCO TR30,

6. Target surface temperature installed at TRIUMF two years ago.

An essential parameter in the target design was the 8. REFERENCES
surface temperature which should be kept below 1400 1) Pinto, G., ei al., "Target Systems for Radioisotope
[1]. Finite element analyses were made [4] of the heat Production," in Proceedings of the 7th Conf. on
flux and temperature distributions in the solid targets the Applications of Accelerators in Research
under different operational conditions. The existing tar- and Industry, Denton, Texas, 1982.
get configuration and operational parameters were taken 2) Burgerjon, J.J., et al., "A High Power Target System
as a departure point and the various parameters were for Radioisotope Production," in Proceedings of
varied in order to establish limitations and ways of im- the 11th Conference on Cyclotrons and their
proving the thermal performance of the design. Applications, Tokyo, 1986.

To actually measure the temperature a special tar- 3) Stevenson, N.R. and Gelbart, W.Z., "External High
get was constructed. The silver face was coated with Current Targetry for Radioisotope Production," in
kapton except for certain spots which were masked off. Proceedings of the 13th Int. Conf. on Cy-
The kapton was then cured and a thin layer of nickel clotrons and their Applications, Vancouver,
was plated on top to produce a series of Ni/Ag thermal Canada, 1992, p 196, Ed. G. Dutto and M.K. Crad-
junctions with which the actual surface temperature (at dock, World Scientific Press.
the various locations) could be directly measured. The 4) Nortier F.M. and Stevenson N.R., "Thermal Analysis
concept was tested on a running production target up to of the TRIUMF Solid Target", Symposium on Iso-
7.5 kW and will be repeated up to 12 kW or more when tope Production and Applications in Medicine, Sci-
the high current target system is in place. Extrapolation ence and the Environment, Vancouver, Canada, 1993.
of the results (see Fig. 4) indicate a surface temperature
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ISOSPIN TARGET-ION SOURCE SHIELDING

Marcel M. Barbier
Marcel M. Barbier, Inc.. 3003 Rayjohn Lane, Herndon, VA 22071

We will study a shielding 7 groton
casemate built closely around an Fig. 1. Plan beam
isospin target for a radiatirn level
of I mrem/h (2.778 n/sec.cm ), i.e.
one where people can work 8 hours a
day. We assume a proton beam of 6.25 1%
10" p/sec., and an energy of 600 MeV,
i.e. a beam power of 60 KW. Taking 7-
the values measured at CERN for a
beam of this energy, we find a Ion
secondary high energy neutron Bea i
production of .6 per steradian and
proton at 00, .1 at 600 and .04 at 900
from the forward direction. One
calculates the following numbers of
mean free paths to attenuate the
resulting neutron fluxes to the value
mentioned above: 20.6 at 00 and
18.76 at 600 for a distance of 4
meters and 18.42 at 900 for a
distance of 3 m. To keep dimensions
small, we will take steel, and Fig. 2. Transvi rse Section
surround it with 3 ft. of ordinary F
concrete (2 mean free paths) to
absorb the iron window neutrons.
Then we find the thicknesses of steel
needed: 3.23 at 00, 2.91 m at 600 and
2.84 m at 900. The bunker would have Ion
the shape shown in figs. I (plan), 2 Beamr
(transverse section), 3 (longitudinal
section). The shielding needed on

top can be calculated to be 14.4 mfp
for skyshine to have 25 mrem/yr at a
site boundary 50 meters away, which
can be divided in 2.15 m of steel and
0.9 m of concrete. The philosophy of Fig. 3: Longitudinal Section
placing the whole shielding at the
target gives the minimum shielding
volume and dimensions. When this is Proton
achieved, one has more freedom in the Beam
placement of several target stations -

to be served by the same accelerator,
and to engineer the front end in
order to distribute the radioactive - -

beams from the different ion-sources
to all the analyzing systems.
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Beam Raster System at CEBAF

C. Yaw, J. Beaufait, P. Brindza, R. Carlini, W. Vulcan, and R. Wines
CEBAF, 12000 Jefferson Avenue, Newport News, VA 23606

temperature rise of 500 K occurs due to the worse termal
conductivity and the smaller specific heat.

Abstract
B. Heating effect in the cryogenic target

A cascade raster system will be used in Hall C at CEBAF

to generate a variable rastering pattern on the polarized In the case of a 10 cm liquid hydrogen target operating at
target, the cryogenic hydrogen target, and the beam dump 20 K the power dissipation due to the energy loss in the
with adjustable frequency up to 10 kHs and variable de- target cell by 200 pA beam is about I kW. The liquid hy-
flection angle from 0.05 mr to I mr. Each raster consists of drogen is overheated by the depossited beam energy and
two air-core bedstead coils providing transverse and verti- bubbles are formed, therefore, a density variation is even-
cal scans. The magnets are energised by individual MOS tually generated. In order to minimise this bubble forma-
power amplifiers controlled by a scan generator which de- tion effect and reduce forced flow velocity to a reasonable
termines frequency, amplitude, and phase shift between level (I to 10 m/s), the best solution is beam rastering.
the cascade rasters. The global and local beam heating analysis by [3] shows a

18 kHs rastering with 2 mm amplitude is preferable.

I. INTRODUCTION C. Heating effect in the beam dump

A. Heating effect in the solid target As discussed by [4], for an instantaneous spot size of 100
np m, the critical time constant for drilling a hole into the

Assume that a beam current is 200keA and the target pte window is 100 is. Also, any window material loses its
riphery is kept fixed at the initial target temperature 20 strength after an energy deposition of 1018 ergs/gram by
K. The beam spot sia e is about 0.2 mm diameter. A thin the beam. Therefore, the rastering speed and pattern have
molybdenum target of 2 2c cmrrisconsddered. The target to be selected carefully to avoid long dwell times. Tenta-
thickness is 0.2 mm, which corresponds to about 0.15% ra- tively, a spot size of 4x4 cm 2 at the dump was adopted.
diation length (0.204 g/cm2 ) for molybdenum. In this case The spot size at the beam dump entrance can be increased
thermal conduction through the metal target material and nearly arbitrarily by using high speed magnetic rastering.
the metal frame is considered as the major means of releas-
ing the heat deposited by the beam. With eliminating the
blackbody thermal radiation the steady state beam spot D. Rastering on the polarized target
temperature reachs 2500 K when the beam spot is fixed at The polarized target will have a useful width and height of
the center of the target. If the beam scans the target with 2.5 cm. To make full use of it, the rastering of the beam
a sinusoidal motion having frequency 100 Hs and ampli- on the target should cover at least 2.5 x 2.5 cm 2 [5]. An
tude 9.6 mm in one direction, the steady temperature is adjustable offset of rastering current is desirable for the
about 300 K over the target area except the four vertex beam alignment. In the polarized target experiment the
points of the motion [1]. A further simulation by [2] shows current densityi only 100 nA; it is reasoable to requre
that if a fast two dimensional rastering (f, = 2 kHz and 1 kHs rastering. The Moller polarimeter requires a linear
f2 = 0.1176 kHz) is applied to an aluminium target (20 rastering pattern on the iron target with amplitude of 2
mm x 20 mm), the temperature distribution on the target mm instead of moving the target [6]. The linear scan of
will be quickly saturated after 1 second exposure to 200 the beam will effectively reduce the temperature rise of
,A electron beam. The temperature rise At is below 70 the target and keep the polarization at a higher level in
K at an initial temperature 300 K. For the iron target a the beam current range from 10 to 100 pA.

*This work war supported by the U.S. Department of Enow, Table 1 gives rastering parameters required by different
under contract No. D&-ACoS-84.R40150. target materials.
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Table 1: Raster frequency and amplitude, FR: fast raster,
SR: slow raster

Parameter Cryogenic Polarised Beam Dump
Target Trgt materials

Position(m) 146.25 146.25 200.65
Current(pA) 200 0.1 200
Anea (cm2) 0.20.2 2.5x2.5 4x4

Frequency(kHs) 10-18 0.1-1 0.1
Operation FR FR+SR SR

X

Table 2: Specification of SR and FR magnets M

Design Parameter SR FR SCM
Central field (Gauss) 438.8 80.1
Bending angle at 6 GeV 0.84 mr 0.0588
f Ddl (kG cm) 16.8 1.2
FiAd uniformity 10-2 10-2 Figure 1: TOSCA layout of the fast raster raster magnet

Effective length (cm) 38.34 15 (PR).

Physical dimension (cm) 48 25
Inner radius (cm) 1.905 1.27 III. FREQUENCY CHARASTERISTICS
Number of turns 200 20
Ampere-turns (A-T) 4000 240 OF RASTER COIL
Current density (A/cm2 ) 148 100 A triangle waveform is selected to drive the raster coil.
Stored energy (Joules) 6.944 0.0167 Based on the Fourier theorem, an arbitary function F(x)
Inductance (H) 34.7x10' 84x10- 6  can be expressed
DC resistance (01) 0.916 3.02x10-b

RMS power (kW) 2.18 0.528
Type of conductors Awg 8 Litz F(a) = E[A. sin uw.z + B. cos nw.z] (1)
Rastering frequency (Hs) 60 10,000 n=1

where w. = 2 rf,, the amplitude of the n-harmonic is
/A + B, and the intensity of the n-harmonic is 4 + B2.

In the case of an identical triangle waveform

I-T-x -T < z < -T/2

II. RASTER MAGNET DESIGN BY z -T/2 < a < T/2 (2)

TOSCA T-a Tz -<x<T

the Fourier expension of the triangle waveform is

4T 00 (-1)%I sin (2n -l)irx 3Two bedstead air core coils are used as the raster magnets. Y = _J (2, -- 1)2

Based on TOSCA calculation, the specifications of these 1 %12 T

coils are listed in Table 2. 4T [ s( W ) 1 sin ""' + 3- s - ...] (4)

The geometry of the raster magnet is shown in Figure ; LT 9 25

1. The bedstead shape of the raster coil will generate a therefore, the ratios of the amplitudes and the intensities
larger uniform field region and keep the high order field of the first, the third, and the fifth harmonic compoenets
components, mainly the sextupole component, as small as are 1: 1: L and I : -L :1 -I respectively.
possible. In order to reach a higher rastering frequency The 20 kHs triangle waveform generated from the Tek-
up to 10 kHs, neither iron nor laminate iron material can tronix FG 501A 2 MHs function generator was experimen-
be used as the raster magnet. A ferrite magnet is also not tally analysed by an HP network analyser. The frequency
preferable because its small hysteresis makes it difficult for spectrum is displayed in Figure 2. The ratio of relative am-
phase control. plitudes of the fundamental frequency and the third and
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beam at the beam pipe walls.

o I I ...... .... Each sater system consists of two painr of bedstead
coils, one for horisontal scan, another for vertical scan.
Different rastering patterns have been simulated and com-

10- pared by two dimensional oscillascopic Lissajous figures.

10-2 The best ratio (1.721) of the two rastering frequencies was
found, which gives the longest trajectory traversal and fast

10 uniform distribution.
10 The FR magnet is driven by PA03 MOS power ampli-

10-4 fier (APEX MICROTECHNOLOGY CORPORATION),
L L which has excellent features of high supply voltage (150

V), high output current (30 A), and high internal dissi-

0 20000 4 .... .. 0. 0 . .0.0 pation (600 W). The SR magnet is driven by a resonance

"Fr--quucy (Hz) circuit, which consists of a i-type LC resonance circuits,
impedance match network, and low frequency power am-

Figure 2: Frequency spectrum of the triangle waveform plifLer. Both of those drivers are under development.
A ceramic duct should be used as the vaccum pipe of

FR magnet. The ceramic vaccum duct avoids the heating-
up effect and the field attenuation due to eddy currents

2040 induced by alternating magnetic field. A very thin metal
coating layer should be applied in the inner wall of the

2707 00- duct conducting the image current produced by the beam.
062 SR F

7TO BEAM. D ,TARGE W ""p 1760 _REFERENCES
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Figure 3: The raster system in Hall C beam line
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the fifth harmonics is as the same as the computation from (3] J. Mitchell, "Global and Local Beam Heating in the
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Losses in a conductor due to the skin effect and prox- Beam Lines to Experimental Ares, 28 November, 1992
imity effect should be considered. For the FR magneyt,
a round Lits cable 660/36 is used for the winding. For [5] D. Day and I. Sick, Memorandum, "Considerations
the SR magnet, Lits cable is replaced by awg 6 solid cable Concerning Chicane for G,,", July 23, 1992.
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IV. OPERATIONAL PERFORMANCE

The Hall C raster system is arranged as shown in Figure
3.

A fast raster (FR) system is placed at the entrance of
Hall C, just in front of the first chicane magnet (BE). With
a bending power 0.0588 mr at 6 GeV it is able to provide
2 X 2 mm2 rastering area on the cryogenic target. A com-
bined SR system which is located in front of the FR scans
the beam on the polarized target with rastering area 2.5x
2.5 cm 2 . The second SR near the target chamber, exe-
cutes two functions: in the absence of the polarised target
it scans the beam to a safety sise (4x4 cm 2 ) on the beam
dump, and in the operation of the polarised target, it de-
rasters the beam with opposite phase in order to reduce
the large ammount background generated from scattered
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Monitoring Production Target Thickness*

Michael A. Oothoudt
Clinton P. Anderson Meson Physics Facility

Los Alamos National Laboratory
Los Alamos, NM 87545 USA

Abstract During recent operating periods at LAMPF, a vacuum leak
Pion and muon production targets at the Clinton P. in the A2 target box has caused abnormally rapid erosion in

Anderson Meson Physics Facility consist of rotating graphite the thickness of the A2 target. The erosion produces pits
wheels. The previous target thickness monitoring procedure going completely through the thin edges of the target, which
scanned the target across a reduced intensity beam to in one case reduced the effective target thickness by 50%.
determine beam center. The fractional loss in current across Large segments have broken off when the erosion was
the centered target gave a measure of target thickness. This allowed to continue too long. Target replacement makes
procedure, however, required interruption of beam delivery to beam unavailable to experiments for up to three days to allow
experiments and frequently indicated a different fractional loss short-lived activation to die down, removal of the old target,
than at normal beam currents. The new monitoring procedure installation of a new target, vacuum pump down and retuning
compares integrated upstream and downstream toroid current- the beam.
monitor readings. The current monitors are read once per Attempts to fix the vacuum leak have been unsuccessful
minute and the integral of readings are logged once per eight- and a complete replacement of the target box is planned.
hour shift. Changes in the upstream to downstream fractional Until this replacement is performed, however, it is necessary
difference provide a nonintrusive continuous measurement of to optimize running conditions for experiments. Erosion of
target thickness under normal operational conditions. Target the A2 target reduces pion and muon fluxes to the two
scans are now done only when new targets are installed or experiments running off the A2 target. Raising beam current
when unexplained changes in the current monitor data are to compensate for reduced target thickness increases the rate
observed, of erosion and forces a three-day beam off period for six or

more experiments while the target is replaced. Thermal
I. INTRODUCTION fluctuations in the A2 target box change the vacuum leak and

therefore erosion rates, making it difficult to pick a single
The Clinton P. Anderson Meson Physics Facility (LAMPF) optimal operating current. The optimal strategy would be to

provides a high power beam of up to 1 mA of 800 MeV continuously monitor the target, adjusting beam current for
protons to Experimental Area A production targets. Pions, maximal secondary particle production for experiments while
muons, and neutrinos are provided to secondary channels for delaying the need for target replacement until scheduled
six or more concurrent experiments. The pion and muon maintenance periods when the beam would be off for other
production targets consist of rotating ATJ graphite wheels 3- reasons.
to 4-cm thick. Figure 1 shows a sketch of the production
target at the A2 location. 11. Original Monitoring Procedure

The original procedure for monitoring target thickness
made use of a Hardware Transmission Monitor [1] (HWTM),
which compared the outputs of toroidal current monitors
upstream and downstream of the target. The HWTM
compares the difference between the current monitors to an

, - Expected Loss set with a potentiometer on the module; the
difference between the measured and expected losses is the
Loss Deviation. For the A2 target, the full 4-cm thickness

29.68 cm corresponds to an Expected Loss of approximately 12%.
Variation in the Loss Deviation could indicate

I . missteering of the beam, causing part of it to miss the rim of
Beam dthe target;

4 cm • change in beam spot size also causing part of it to miss the
rim of the target;

Figure 1. A cross section of the A2 production target. * shift in target position with respect to the beam; or
The beam passes through the 4-cm-thick rim. The • change in target thickness.
nonrectangular shape of the rim optimizes production of
muons and pions relative to the secondary channel
acceptance. * Work supported by U. S. Department of Energy Contract

W-7405-ENG-36.
0-7803-1203-1/93$03.00 0 1993 IEEE
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The rmst two possibilities could be chocked by observing the 2) Reduce beam current to 70 pA to reduce thermal SUes
beam with wire scanners and harps without making beam on the target in the next step. This makes the beam
unavailable to experiments. Target position shifts have been unsuitable for most experiments.
observed, due either to malfunction of the target positioning 3) Scan the target by driving it across the beam, recording the
mechanism or thermal expansion of the 24-foot-long steel anm change in beam loss as a function of target position.
that supports the target. The original procedure checked all Figure 2 is a plot of such a scan.
four possibilities: 4) Center the target on the beam.

5) Reset HWTM Expected Loss potentiometer to give zero
1) Using wire scanners and harps, steer beam upstream and Loss Deviation.

downstream of the target to within 0.1 mm of centerline. 6) Raise beam current back to normal levels (200-800 pA for
Also check spot size 1992 running).

10.0
A2 Target Scan

8.0-

94.0

2.0 - Il llillle ......... ;j. 4.03

20

0 0.5 1.0 1.5 2.0 2.5 3.0
Target Position (cm)

Figure 2. Result of an A2 target scan. Short vertical lines indicate the reproducibility of the data. The solid line is a fit to
the data based on a Gaussian beam profde convoluted with the shape of the target. The Gaussian resulting from the fit is
shown at the position which centers the target on beam. The centering position (1.36 cm) is used in step 4 of the scanning
procedure. The target-shape model does not include the material in the radius between the rim and central web of the
target; this causes the large deviation of the fit from the data near 2.4 cm.

The HWTM Expected Loss setting is the measure of target 1I. New Procedure
thickness from this procedure. The procedure has several
undesirable features: The new procedure also makes use of the upstream and

downstream toroidal current monitors, but samples the data
• Beam is unavailable to experiments for up to half an hour. continuously and does not make beam unsuitable for
* Scanning the target causes stresses in the target drive and experiments. The current monitors are sampled by computer

rotation mechanisms. Failure of these mechanisms could once per minute, summed and recorded periodically. Plotting
require up to three days of beam downtime to repair. the fractional difference in upstream and downstream currents

* Scanning the target even at low currents exposes the target versus integrated current delivered to the target then gives an
to thermal stresses as the beam crosses the inner and outer indication of target thickness. During 1992, the fractional loss
edges of the rim. Such stresses could prematurely fracture was calculated daily. Figure 3 shows a plot of data for the A2
an eroded target. target taken with this procedure for the LAMPF 1992

* The HWTM Loss Deviation changes significantly when the operating period. Data were also taken for the 3-cm target at
beam current is raised to normal levels. (This may be due to the Al location; better vacuum at Al resulted in no detectable
a change in the ratio of electrons to protons passing through erosion of the Al target.
the current monitors. Electrons are produced by beam halos The new procedure was implemented near the end of the
intercepting nearby beam collimators.) This change makes lifetime of the first A2 target used during 1992. Earlier data
it difficult to interpret the meaning of later changes in the for the first target were extracted from archival records.
Loss Deviation. Because of the continuous nature of this procedure,

* To minimize loss of beam time for experiments, this confidence in the state of the target was much higher and
procedure was done no more often than weekly. The extrapolations of thickness were considered more trustworthy.
infrequent measurements made accurate extrapolation of Thus the second target was allowed to erode much further
target lifetime difficult. than the first before replacement. Target scans were done
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A2 Target Erosion In 1992
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Figure 3. The fractional current loss across the A2 target as measured by the new procedure plotted against integrated
current on target. The fractional loss is a measure of target thickness. Also shown is the fractional los measured by the
old procedure. Three different targets were used during 1992 running. The low rate of erosion of the third target was due
to low beam currents (200 MA) run during this time period.

only when new tagt were installed. Plans were to perform by avoiding the lengthy target scan procedure. Continuous
scans if unexplained changes in the losses were observed to monitoring of erosion also allowed correlation of with beam
check for lurches in target position; boweve, no significant current and vacuum pressure.
deviations from gradual erosion were observed and no Future uses of this technique may include recording
intermediate scans were done. ctrrent-monitor data as often as minute-by-minute to better

Based on these data it was possible to correlate target understand short term fluctuations in the losses. Use of ion
erosion with beam current and A2 vacuum pressure. It was chambers located near the production targets will be
found that at currents below 500 pA, target erosion was small investigated to see if data from them can be used as a cross
at all pressures observed. Below pressures of 0.2 microns, check on the current monitor data. In addition it may be
target erosion was also very slow for currents up to 700 pA. possible to use pairs of current monitors upstream and
However, for pressures above 0.2 microns, the erosion rate downstream of beamline collimators to better monitor beam
increased rapidly for beam currents above 500 pA. losses during beamline tuning.

IV. Conclusions V. REFERENCES

Use of the new procedure provided greater confidence on [1] A. Browman, "LAMPF Hardware Beam Transmission
the status of the A2 target and permitted better scheduling of Monitor Systems," IEEE Trans. Nucl. Sci. NS-28, NO. 3,
beam currents. Significant amounts of beam time were saved 2237 (1981).
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Beam Loss Handling at the SSC

I.S. Baishev, A.I. Droshdin, and N.V. Mokhov
Superconducting Super Collider Laboratory*

2550 Beckleymeade Ave., Dallas, TX 75237 USA

A bstat ct 3

the beam loss in the Collider of the Superconducting Super

Collider to a few predefined locations and by doing so to I
minimize the irradiation of superconducting magnets, to
sustain favorable background conditions in the Interaction
Regions (IR), and to reduce the impact of radiation on _A
other equipment, personnel, and the environment. Results UqIII
of full-scale simulation are presented for various systematic b l- M " W

and accidental beam loss.

I. INTRODUCTION

A fraction of the beam lost in the Collider due toFigure 1. Scraper System in the West Utility.

collisions at interaction points, beam-gas scattering, beam
halo scraping, various instabilities and errors will result in beam collimation system is a horizontal dogleg structure,
the irradiation of conventional and superconducting com- which provides a complete interception of neutral and low-
ponents of the machine [1]. Catastrophic effects of the energy charged particles out of the scrapers. The hori-
accidental beam loss should be minimized with some spe- zontal dogleg is created by two superconducting dipoles
cial measures. A very reliable beam collimation system is and a set of warm magnets including symmetric, asym-
-equired to protect accelerator equipment against irradi- metric Lambertson, and resistive magnets. To provide a
ation, to sustain favorable background conditions in the fine tuning of the beam on the scrapers existing in the util-
IRs, and to reduce the impact of radiation on personnel ity straight, eight spool pieces are used. A high-precision
and the environment, feedback system will be used to control a scraping inten-

Calculated beam loss rate due to beam-gas interaction sity.
is about 3 x 103 p/m/s at the baseline parameters. It The expected scraping rate is rather high [6]: about 1%
is distributed almost uniformly along the Collider. Local of intensity at the very beginning of acceleration and then
sources such as pp-collisions and scrapers add some peaks at flattop 3 x 10i p/s over the first 15 minutes and 4 x
to the above "pedestal". Results on beam los distribution 10i p/s during the collisions (24 hours). The overall design
in this paper are presented for those peaks only. of the jaws, cooling system and radiation shielding is not a

trivial engineering problem. The west utility straight has

II. SCRAPER SYSTEM near zero dispersion, so modifications to the east utility for
off-momentum scraping are under consideration.

The first approach to the Collider beam scraper sys-
tem is described in (2]. Primary features follow Tevatron III. IR COLLIMATORS
(3], UNK [4] and LHC [5] schemes. A current betatron
collimation system [6] is situated in the Collider west util- A set of collimators is required in the Interaction Re-
ity straight section and consists of horizontal and vertical gions to protect the final focus triplet and vertical bend-
scrapers and a set of collimators (Figure 1). Scrapers and ing magnets. The current set for the East IRs consists of
collimators have movable jaws controlled by high-precision 14 collimators with movable jaws and 4 collimators of the
motors. The jaws are surrounded with radiation shielding. fixed aperture. Optimal jaw position for the first group
Tungsten targets, 1-mm thick, are used to deflect halo par- is 20 o from the circulating beam axis. Each collimator
tides deeper into the scraper front face. The target-scraper includes a steel jaw 3 m long surrounded with radiation
offset is approximately 0.05 mm. The essential part of the shielding.

*Operated by the Universities Research Association, Inc., for The fixed aperture collimators (CIRO1-04) are placed

the U.S. Department of Energy under Contract No. DE-AC35- in the experimental halls just upstream from the low-/i
S9ER40486. quadrupoles. They deal with relatively low energy sec-
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ondaries produced at the interaction points (IP). Other CIR2 C3R6
collimators intercept high energy protons (mainly diffrac- -a
tive) produced in beam interactions all around the ma- 1.5*100-
chine. Collimators CIRI and CIR5 are used to intercept •
secondaries produced by beam-gas interactions. For each
ring, one collimator (CIRI) is situated upstream IP and CIR03.04
two more (CIR2, CIR3) - downstream IP, just down the C.R 1.0*10C-
common vertical bending magnets. Collimator CIR4 is CIR3 CIR7
placed in the middle of the hinge region at a nonzero dis-
persion point. Collimator jaw positions at injection and 95.0*10-
top energies are shown in the Table I and 2, respectively. CIR4

Table 1 CI CIR5
Scraper and Collimator Jaw Positions at Injection. 0.0.10 I I I I I I

Beta Beta Position Position 3 3 40 41 42 43

hor.(m) ver.(m) hor.(mm) ver.(mm) Path Length (km)
Scraper 611 430 -5.4 -4.5
CUT1 422 584 +7.1 +8.4 Figure 2. Beam Loss in IRM at Collisions (Collimators are

CUT2 423 621 -7.1 -8.7 ON).

CUT3 480 287 +7.5
CIR1 316 142 -6.2 -4.1 pp-collisions is a few times 10' p/m/s. Being added to
CIR0l 64 63 12.5 12.5 other sources this exceeds any possible limits [1, 6]. With
CIR02 64 65 12.5 12.5 the collimators at 20 o calculated beam loss distribution in
CIR2 178 462 -4.6 -7.5 the IRs is shown in Figure 2. Beam loss rate is decreased
CIR3 140 222 -5.2 down to (4 - 8) x 10' p/m/s at all the IR superconducting
CIR4 103 185 -3.5CIR5 318 141 -6.2 -4.1 magnets. Most of loss is intercepted by CIR2 and CIR6CIR5 318 41 6.2 4.1 collimators.
GIR03 63 65 12.5 12.5 cliaosCIR03 65 65 12.5 12.5 It turns out that the IR collimators can't protect com-CIR0 177 476 +4.6 +7.5 pletely the beta-peak region against protons outscattered
CIR7 138 230 +4.6 +5.2 of the scrapers. Beam loss distributions due to that compo-

nent calculated with and without collimators are shown in

Table 2 Figure 3 and 4, respectively. Even with the collimators on,

Scraper and Collimator Jaw Positions at Top Energy. beam loss rate in QL3 quads is unacceptably high. The
solution is three additional collimators in the West Util-

Beta Beta Position Position ity downstream of the abort Lambertson's magnets. They

hor.(m) ver.(m) hor.(mm) ver.(mm) provide good interception of most of the scraper protons.

Scraper 611 430 -1.7 -1.4
CUT1 422 584 +2.8 +3.3 V. ACCIDENTAL BEAM LOSS
CUT2 423 621 -2.8 0 The unsynchronized injection and abort system kicker
CUT3 480 287 +3.0
CIRl 4108 1554 -8.9 -5.5 misfire/prefire result in the additional beam loss in the

CIR01 799 791 12.5 12.5 Collider components. The above collimation system is in-

CIR02 791 799 12.5 12.5 tended to protect superconducting magnets in those cases

CIR2 2457 6389 -6.7 -11.0 also, if the injection timing error is shorter than 0.7 ps.

CIR3 1007 2605 -7.0 For the larger errors, the injected beam is lost in a few

CIR4 103 174 -1.4 superconducting magnets causing the catastrophic conse-

CIR5 4097 1591 -8.9 -5.5 quences.

CIR03 796 812 12.5 12.5 In case of injection kicker misfire, the beam must be

CIRO4 812 796 12.5 12.5 aborted from the Collider within one or two turns, because

CIR6 2448 6554 +6.7 +11.0 the transverse damping system is not designed to damp

CIR7 1001 2675 +7.0 injection beam displacement in this case to an acceptable
level. The IR collimators are used to protect supercon-

IV. BEAM LOSS DISTRIBUTION ducting magnets in this case.
The abort kicker prefire results in coherent betatron os-

With no movable collimators in the IRs a maximum cillation of the beam with rather high amplitude. Colli-
beam loss rate in superconducting magnets due to only mator CIR5 is used to protect the low-ft quads against ir-
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radiation in this event. Without that collimator the beam 9 IR
loss rate in the final focus triplet is 50 to 100 timL-d higher >1.5*10'-
of the quench level.

VI. CONCLUSIONS ,

The designed measures should provide the reliable IC
protection of superconducting components against exces- ~c~
sive irradiation. - .*( H
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ANALYTICAL STUDY OF RFQ CHANNEL

BY MEANS OF THE BQUIVALEDr CHARGES MWE

Vitaly M. Pirozhenko and Oles V. Plink

Moscow Radiotechnical Institute
113519 Moscow. Russia

Abstract The minimal distance from the longitudinal profile

A simple model of RFQ channel is proposed. The of a chosen equipotential to the channel axis gives the
channel bore radius a. the maxim.m distance defines the

model represents the periodic chain of tWin point modulation factor A.
charges with a screw symmetry axis and alternating sign
of the charges. For this approach the expressions both 3. L ITUDINAL HARMONICS OF POT IAL
for longitudinal and azimuthal potential harmonics are
determined in closed forms. The relationship of model The potential for the system in cylindrical
parameters with RFQ geometry is defined. The results of coordinates can be expressed in the following form:
calculations for different vane shapes are given M 3
including idealized electrodes and electrodes with (r.e.z) = Q E (-1)' ((Vh - z)2 )+ R?)-1/2
extremely large mxoulation. =4K 0 n--' 1-o In I

1. IN`m)UCTIa where Eo= 8.85 pF/m.

In most cases the well-known concept of idealized R = r 2+ b- 2rb sin(8 + AW/2).
electrodes or two terms potential is used when 1b 2n for i = 0.2
calculating the main parameters of RFQ accelerator (1]. in 2n+1 for i = 1.3
Further more accurate definition is accomplished by
means *of computer simulations [2]. The use of The longitudinal Fourier series expansion of the
electrodes with large modulation was supposed to potential is
increase both acceleration rate and output energy of
RFQ accelerators (3.4]. However the difficulties of (r,e,z) = E A (r.9) Cos lkz.
analytical and numerical studies of the RFQ with large
modulation restrict the application of this system.

In this paper the equivalent charges model is where r = Q/(21coh), k = f/h
proposed to calculate the RFQ parameters.The method of
the equivalent charges was earlier used to study Taking into account the relations
axisymmetric channel with alternating sign accelerating M
field [5]. It allowed to define harmonic contents of f((c0+ Z)l2 /2- (t+2 +2 )l/Z )dx = in c2/c,
the field in explicit form. tha channel capacitance per 0 2 X

unit length, the transit time factor and the field
enhancement factor. Optimization of the axisysmetric f (c2+ X )-"/Zos X. d. = Jr 2-c).

channel was also carried out by means of the equivalent 0 0
charges description of the channel (5].

The equivalent charges model of the RFQ channel where K0(x) is the modified Bessel function, we have
is described and studied below. On base of thisRFQ ge- the expressions for longitudinal harmonics of the
ometry is defined for the various vane shapes. A number potential:
of expressions was earlier obtained in the paper [6].

h 3

2. IKoDEL Dwcsipricm A or.01) = bh- ft(r.e.z)dz = 0.5 E(-1)'*1 1n R,.

To model the RFQ channel an endless periodic chain h 0 3 1(11)
of twin point charges is used (fig.l).. The system has a A Ir.0) = 2h- fV(r.ez)cos lkz dz -=E(-I) Ko (lkR
screw symmetry axis. The sign of charges alternates 0 0
along the channel axis. The charges of similar polarity The axis potential distribution coincides with
are located periodically in pairs. The period of the the axisyimetric case [6):
system is 2h = PX. The distance from the charges to the
channel axis b and the value of the point charge Q are
the fitting model parameters. For this approach various V(z) = 4T • A 2 1 +1 (O) cos((21+1)kz),
vane configurations can be generated by means of metal- 0
lizing different isopotential surfaces for different with A (0) K ((21]1)kb).
values of b . The value of Q is arbitrary as a matter 21+1 0
of fact.

Y 4. AZIMUTIAL HMMICS OF POIE'1IAL

For further transformations the following addition
theorems are used:

in RA = E--•.br)b)Iscos 0

where fl = r'÷ b2- 2rbcosO, r < bO
(x). K (x) are modified Bessel functions.

- Then the longitudinal Fourier coefficients are

connected with azimuthal ones
Figure 1. RFQ equivalent charges model
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* The equipotentials of the system can be either en-
A0 : - A0 2  1(0I) cos 2(2s+1)19. closed configurations or surfaces which are continuous

0 along the channel axis. For the systems with large va-

A2= -8 E A (0.1)cos 2(2s*+l)8. lue of kb the part of equipotentials is enclosed, the
01 21, 2(2*+1) others are the unenclosed surfaces modulated periodi-

M cally in the longitudinal direction. These types of
A 2 1+1  "21+A (P.1) +2 A, i.,1.)co4 s8 equipotentials are separated from each to other by the

20 boundary surface - the space separatrix (the curve nun-
where A ,(d)a Is. At,= K (IP)l1107. ber 3 at Fig.3). The cross sections of the electrodes

a0,.~ . kb. L or<b in X - Z plane are shown at Fig. 4. For v < ma the X - Z

Ot = bl/b. P kb. kb1 for r > b. equipotentials are closed, for y >) me they are

unclsed.kb-3.14

5. RFQ BQiIVALENr PARAJIrETHS

For proper choice RFQ geometry it is desirable to -- *

define the following characteristics of the channel.
The effectiveness of acceleration in RFQ is

characterized by

where is th = 29(O)TIV.

whee Vis heintervene voltage.

T X1A 1 ()/4 A, 1 +1 (0)) is the transit time factor.
1.0

The effectiveness of focusing in RFQ is
characterised byI

X=2¶TA ,(a/b)/VI..-

where a is the bore radius of the channel.Fiue3 qpontasfrk
When choicing RFQ geometry, it is necessary toFiue3Euiontasfrk 1

know the coefficients of unlinearity and asyummetry of
focusing field: -31

6 = j11 + E (a.R/2.0Wa(XV)j.

17 = 1 E (a.11/2.0)/E (a.0,O)I .

The above obtained results leads to

2IITK (kb)V. x = 2- r(a/b) /V.
0 z.

0 0

One can consider T = f1/4 for kb k 2. This result -.
corresponds to the one term potential distribution y4
along the channel axis.

6. ANALYSIS AND RESULTS wo

The different electrodes shapes can be synthetized Figure 4. Equipotentials for kb 21
by means of changing of the generating parameter *kb
As examples the results of calculations of isopotential 10.0. y
surfaces (electrodes shapes) are given at Fig.2 -5 for kb=1.57
kb S . kcb it1 and kb =11/2.

5.0-

5

2

0.0 3..........Z
-5.0 .05.0

21____----Figure 5. Equipotentials for kb = 79/2

I For small values of generating parameters kb

.......................... (Fig.5) equipotentials have the closed configuration.
_1.0 10.00 This case corresponds so called stem electrodes or the

Figure 2. Equipotentials for kb = 5 electrodes with extremely large modulation.
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The results of calculaticns are summarized in 8. ACNOLEDGMENTS
Tables 1 - 3. The authors wish to thank A.A.Krasnoborodko and

Table 1 T.S.Berkovich for their help and assistance in
Results of calculations for kb = 5 conducting the computer simulations.

Curve 1 2 3 4 5 6 9. REFERENCE
n.ub I.M.Kapchinskiy. "The theory of linear resonance

1(a 0.468 0.958 1.57 2.36 3.10 3.61 accelerators". Moscow. 1982 (in Russian).

m 2.23 1.47 1.30 1.32 2.K.R.Crandall. R.S.Mills and T.P.Wangler, "Radio -
frequency quadrupole vane-tip geometries". IEEE Trans.

x. 0.360 0.661 0.773 0.794 on Nucl. Sci. NS-30. No.4, p. 3 5 5 4 - 3 5 5 6 (1983).1

4ti/9 0.606 0.272 0.132 0.070 3.Donald A. Swenson. "Superconducting RFQ's in the iO0
1 MeV range", IEEE Trans. on Nucl. Sci. NS-32. No.5.

x 0.359 0.661 0.772 0.776 0.692 0.587 pp. 3 2 4 0 - 3 2 4 2 (1985).

4EMr 0.603 0.266 0.116 0.051 0.027 0.017 4.I.Ben-Zvi. A.Jain. H.Wang and A.Lombardi. "Electrical
characteristics of a short RFQ resonator". Proceedings

Table 2 of the 1990 Linear Accelerator Conference. pp. 73 - 75.

Results of calculations for kb = n5.O.Plink. "Electric field in the channel with
alternating sign accelerating field". Journal of

Curve Technical Physics. vol.59. pp.196-1 9 8 (1989).

number 224 6.B.Bondarev. A.Durkin. V.Pirozhenko and O.Plink.
"Development and study of the opposed vibrator

ka 0.390 0.933 1.15 1.57 2.20 resonator for RFQ compact ion linacs". Proceedings of
the Third European Particle Accelerator Conference. pp.

m 5.50 3.07 3.62 1337 - 1339 (1992).

x 0.105 0.350 0.466

491/5 0.862 0.528 0.393

x 0.111 0.361 0.425 0.474 0.403

4E/ff 0.860 0.488 0.379 0.225 0.098

Table 3
Results of calculations for kb = R/2

curvenurve 1 2 3 4 5number

ka 0.193 0.560 0.732 0.848 0.930

x 0.018 0.114 0.156 0.174 0.182

49/n 0.912 0.685 0.548 0.457 0.395

In Tables 1 - 2 the-effectivenesses of acceleration and
focusing for the idialized electrodes are also given.
They were calculated in accordance with [1]:

X, (=[(ka) + (mokaJ.U(mI h) + I(ma)).

4Ei/t = (1 -x I /Io(ka).

These relations can be used for the unenclosed
configurations with me < b. For such systems the
relationship of the effectiveness of focusing with the
model parameters has the simple form:

X= (1 + 4(b/a) K (kb)I,(ka))-1.
0 0

6 11/2 = (kb) 2 " Ko (kb).

7. CONCLUSION

The equivalent charges model allows to describe
various RFQ electrodes configurations beginning with the
idealized electrodes up to the electrodes with
extremely large modulation - the stem electrodes. The
use of electrodes with large modulation may allow to
increase an acceleration rate in RFQ. The additional
advantage of such a system is small value of
capacitpnce per unit length. But the increase of the
modulation leads to' rise of unlinearity of focusing
field. A final choice of the RFQ channel parameters
requires analysis of influence of this effect on beam
dynamics.
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Design of an 80-MHz RFQ Linac for Heavy Ions

0. Takeda, Y. Tanabe, K. Satoh and S. Kawazu
Toshiba Corporation

2-4, Suehiro-cho, Tsurumi-ku, Yokohama, 230 Japan
Y. Oguri, M. Okamura and T. Hattori

Tokyo Institute of Technology
2-12-1, Ohokayama, Meguro-ku, Tokyo, 152 Japan

Abstract II. NEW SIMULATION CODE QLASSI
At the Tokyo Institute of Technology (TIT) a four- In computer code QLASSI, the equation c" motion in

vane RFQ is to be applied for inertial confinement fusion the RFQ is expressed as
research[l]. The RFQ (TIT RFQ) is designed for d 2r
acceleration of particles with charge to mass ratio (q/A) of = q Im = - (qlm) V(Urfq + USU ) ...+ (1)
1/16 from 5keV/amu to 213keV/amu. The planned dt 2

maximum injection beam current is 10mA for 160+. Beam where Urfq, Usc and Uic are the external RFQ potential,
dynamics was calculateo Asing a PlC (Particle-In-Cell) the space charge potential and the image charge potential,
code which can take influence or the multipole components respectively. In the calculation, eq.(]) is numerically
in the intervene potential iate 2,count. For input beam integrated for each particle using fourth-order Runge-
current of 10mA L-anmission of 60% wa-s obtained. Kutta method. Harmonics up to the dodecapole moment

A half-scaled cold model was fat-,cated to are taken into account in Urfq. Usc is given by the sum of
investigate fundamental rf characteristics. In the cold monopole Coulomb potential from all other particles. Uic
model ,xperiment, the difference in electric field strength is determined by solving a 3D Dirichlet's boundary
between each quadrant was minimized to ±3% by using problem defined by the beam space charge and the metallic
side tuners and flat field distribution along the beam axis electrode surface.
was achieved by adjusting end tuners. Figure 1 shows axial transmission profile calculated

using QLASSI for the old design. For the injection beam
I. INTRODUCTION current of 10mA the transmission is only 34%, which is

In a previous paper[l ] a design of the TIT RFQ with less than half of the one calculated using PARMTEQ.
the vane-tip curvature radius of 0.75r0 was presented. The

computer code PARMTEQ was used to simulate the beam IlL NEW DESIGN OF THE TIT RFQ
dynamics in the RFQ and the computer code GENRFQ was The TIT RFQ was redesigned since the predicted
used to generate the vane parameters for PARMTEQ transmission was limited to 34%. In the new design the
calculation. For this old design the beam transmission was curvature radius of vane-tip was increased from 0.75r 0 to
expected to be 72% for the injection current of IOmA. r0 in order to suppress the multipole components.

In the meantime, one of the authors of this paper Parameters of the new design are summarized in Table 1.
developed a new simulation code "QLASSI (Quadrupole In oider to increase if focusing effect rO was decreased
Linear Acceleration Simulator with Space and Image charge
effect)"[2] which can simulate the beam dynamics including from 0.495cm to 0.466cm. The vane length becomes 20cm
influence of the multipole components in the intervane longer than that of the old design owing to the reduction

potential. This code was applied to calculation of the beam of rO. The total vane length is 422cm which corresponds to

dynamics for the old design. Since the result of this 273 cells including a radial matching section with 20 cells.
calculation showed very poor transmission efficiency of Figure 2 shows axial transmission profile calculated using
34%, the TIT RFQ had to be redesigned. QLASSI for injection current of 10mA. The transmission

In this paper we describe the modifications of vane- is improved up to 60%.
tip design as well as the cavity geometry, which are The cavity geometry was determined using computer
necessary to improve the beam dynamical performance. The code SUPERFISH. "lain rf parameters are summarized in
beam transmission performance for the new design is Table 2. The opera. .g frequency is 80MHz which is same
presented. Recent results on a half-scaled model including as that of the old design. The cavity diameter was
development of tuning device are also reported. decreased from 76.6cm to 72.5cm in order to keep a

resonant frequency to be 80MHz. The wall loss increased

0-7803-1203-1/93503.00 0 1993 IEEE
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Table I type end tuners and an end cap, were equipped on each end
Design Parameters of TIT RFQ plate and dimensions of these tuners were tested.

Charge-to-mass ratio kl/16 Although alignment of four vanes was carried out
Operating frequency (MHz) 80 using two end jigs and reamer pins, setting accuracy was
Input energy (keV/amu) 5 too poor to observe the quadrupole mode. Re-alignment

Output energy (keV/amu) 213 using a pin-gauge achieved the gap difference between vanes
within 30Itm along the whole vane length. The quadrupole

Nonalized acceptance (cm.mrad) O.05x mode could be excited after this re-alignment but the
Vane length (cm) 422 measured electric field strength of this mode was quite
Total number of cells 273 different in each quadrant.
Characteristic bore radius, r0 (cm) 0.466 The side tuners were adjusted in order to make the

electric field strength equal in each quadrant. The electric
Marginiu bore radius, () 0.24 field near the beam axis was measured with the bead-
Margin of bore radius, aminlabeam 1.1 perturbation method. The resonant frequency of quadrupole

Maximum modulation, mmax 2.05 mode is 192.0MHz and the frequency shift due to the bead-
Focusing strength, b 3.4 perturbation is shown in Figure 4. This result shows thatfocusing strength, A -the difference in electric field strength between each
Maximum defocusingstrength, Ab -0.051 quadrant is within ±3%. It is possible to make the

Synchronous phase, s(deg.) -90--+-20 difference smaller by repeating the fine side tuner

Intervane voltage (kV) 79 adjustment.
Flat electric field distribution along the beam axis is

Maximum field (Kilpat.) 2.2 achieved by using the end caps illustrated in Figure 5. One
Transmission (%) (OmA input) 87 end cap faces the side of four vanes and the capacity of end

(IOmA input) 60 region becomes much higher than that of the plunger-type
tuner, because the facing area is much larger.

The flatness F is defined as
Table 2 A

Main if parameters of TIT RFQ Eend
Resonant frequency (MHz) 80 F = Ecent
Calculated Q value 20000 cnCalossated nomalineve v , kwhere Ecent is the electric field strength at center andWall Ion (at nominal intervane voltage, kW) 89 c
Shunt impedance (MfWm) 29.5 Fend is the mean electric field strength of both ends,

Calculated maximum field (Kilpat.) 22 respectively. In Figure 4, the distance between end cap and
vanes is 5.4mm and the flatness F is 0.97. If the end tuners
were adopted, the gap between end tuner and vane would

Cavity diameter (cm) 72.5 be only 1.5mm in order to obtain the same F. It is clear
Cavity length (cm) 440 from this result that the end cap is preferable to avoid an

electric discharge and concentration of wall loss in the end
region.

from 81kW to 89kW.
The structure of the TIT RFQ is illustrated in Figure V. SUMMARY

3. Each quadrant of the cavity has six plunger-type tuners, Since the transmission performance calculated using
only one of which is movable because other five plungers QLASSI was very small, the TIT RFQ was redesigned. In
are fixed after adjustment. End regions consist of inductive the new design the curvature radius of vane-tip was
end cuts and a capacitive tuner like a pan (called an end cap determined to be r0 in order to suppress the multipole
hereafter). Since it is impossible to machine the 4m long components. The characteristic bore radius r0 was decreased
vane with sufficient accuracy, three tanks with 1.4m long
vanes are connected in series. to 0.466cm in order to increase rf focusing effect. Due to

these modifications, the beam transmission recovered to
IV. COLD MODEL TEST 60%.

The cavity dimensions were also redesigned toA cold model without vane modulation and a radial maintain the resonant frequency to be 80MHz. Owing to

matching section was fabricated. The tank length and the this change, the power dissipation increased by a factor of

tank diameter are 1.7m and 32cm respectively. Each 10cr.

quadrant has six plunger-type side tuners to obtain the A half-scaled cold model was fabricated without
quadrupole mode. Two kinds of capacitive tuners, plunger- vane modulation and a radial maching section. In the cold
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model experiments, the difference in electric field strength VI. REFERENCE
between each quadrant was minimized to ±3% and the V 0. Takeds etal., "Design Study on an 80MHz RFQ
flatness of the field distribution along the beam axis was Linac for Heavy Ion", Proc. European Particle

0.97. In addition, useful results on the vane cutting Accelerator Conf., Berin, March 1992, 1334-1336

method were acquired and applied to the design work of (21 Y. Oguri etal., "Beam Tracking in an RFQ Lnac with

the actual cavity. Small Vane-Tip Curvature", J. Nucl. Sci. And Tech.,
to be published
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Operational Characteristics of a 100-mA, 2-MeV
Radio-Frequency Quadrupole*

K. F. Johnson, W. B. Cottingame, G. 0. Bolme, C. M. Fortgang, W. Ingalls, J. Marquardt,
D. P. Rusthoi, 0. R. Sander, M. Smith, and G. T. Worth

Los Alamos National Laboratory, MS H818
Los Alamos, NM 87545 USA

Abstract Induced Neutralization Diagnostic Approach (LINDA) [6]

A 100-mA. 2.07-MeV Radio-Frequency Quadrupole (RFQ (longitudinal emittance), a momentum spectrometer

III) has been commissioned and operated routinely on the (momentum centroid and spread), and an x-ray detector [7]

Accelerator Test Stand (ATS) [1] at Los Alamos National (REQ rf field).

Laboratory. To characterize the REQ output beam dynamics, Ill. EXPERIMENTAL RESULTS
measurements were made of the beam transmission and of the
transverse and longitudinal phase-space distributions. Data The RFQ vane potential is the only adjustable variable of
were taken for different RFQ III operating conditions and the RFQ. It affects the transverse and longitudinal focusing of
compared to simulations. the beam. The RFQ vane potential was determined from end

point measurements of the x-ray energy spectrum generated by
I. INTRODUCTION electrons accelerated across the vane gap [7]. The x-ray energy

The ATS experimental program had the objective of spectra were measured versus cavity rf power and used to

comparing measured performance of an accelerating structure to calibrate rf pickup loops in the RQ. The pickup loops were

predicted performance. The evaluation was made by omparing used to set the REQ vane potential. The REQ operating

measured and predicted beam transmission, position voltage range was 95 to 138 kV.

centroids, energy and phase centroids, and transverse and
longitudinal phase-space distributions. RFQ III was the third too M ICUMM T¢ M1M,-

RFQ in a series of RFQs [2,3] to be tested on the ATS. A.nu-duo "-'I
Pertinent RFQ III design parameters: frequency is 425 MHz, g DATA .M> -

number of cells is 358, length is 289.23 cm, design vane 0/

potential is I II kV, average radius is 0.4047 cm, final radius
is 0.278 cm, final modulation is 1.83, initial synchronous ,0
phase is -900, final synchronous phase is -30°, peak surface 40

field is 32.7 MV/m, nominal current limit is 167 mA, and 30
design acceptance at 100 mA is 0.232 % cm-mradian. This 0
paper presents the RFQ III commissioning results. to I,,A

II. EXPERIMENTAL TECHNIQUE 10 W " 100 Ito

The H- input beam to the RFQ was obtained from the 110 ............... . . .
ATS, 100-keV source and accelerating column [4]. A low- I-I CR... - 25 IMSSIo

90 • eur" 'bWenergy, beam-transport section (LEBT) followed the column. 80 • #=@,raW
The LEBT consisted of four permanent magnet quadrupoles I
(PMQs) and two electromagnet horizontal and vertical steerers. 1

The PMQs could be moved along the beam axis. Moving the J0
PMQs varied the input match to the RFQ. The RFQ was 4o

operated at a low duty factor (0.025%). 130

The experimental objective was to fully characterize the 20

output beam of the RFQ to allow for a detailed comparison to 10 ,0

the simulation codes. To achieve this end, the output-beam 0 10.20 30 40 .0 60 V0 .0 go.....10o to 2o 0 40 sO 0 "o ( er cent) 11

current, beam transmission, and transverse and longitudinal v/V0 (pr cent

phase-space distributions were measured for a variety of RFQ Figure 1. Normalized beam transmission versus normalized
operating conditions, vane potential V for high- and low-beam currents.

Diagnostics for these measurements included broad-band The RFQ III beam transmission was measured versus the
toroids (current and transmission), a LEBT Faraday cup vane potential for various input beam currents. Figure IA
(current), an electric-sweep emittance scanner in the LEBT [5, shows the total beam transmission for beam currents >70 mA.
two pairs of slit-collectors (transverse emittance), Laser Figure lB shows the total and accelerated beam transmissions

*Work supported and funded by the US Department of Defense, for currents -25 mA. At high currents, the plots have the
Army Strategic Defense Command, under the auspices of the US same shape, regardless of input beam conditions. Although
Department of Energy. not shown, simulations show the same vane potential
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dependence as the data. The magnitude of the measured high data sets correspond to measurements from different days.
current transmission never exceeded -85%, whereas There was qualitative agreement between data and simulations
simulations predict -90% transmission. Typically the as the vane potential was varied. For RFQ II the agreement
measured transmission was 65% to 70% due to a beam was good [1]. The discrepancy for RFQ III probably is due to
mismatch at the REQ entrance. The transmission knee occurs differences between the as-built and as-designed RFQ, which
at a vane potential of 128 kV rather than the design value of have not been incorporated into the simulations. A
IlI kV. determination of these discrepancies will require off-line checks

The beam momentum was measured with a focusing of RFQ III at a future date.
spectrometer that consisted of two quadrupoles, primarily for __ RQ M H
vertical containment, and a horizontal 600 bending magnet Z75
with circular pole tips [3]. At the design vane potential the 2W : DATA

beam had the predicted energy of 2.07 MeV.

NwnmatWW nn&*azio @Ir) sRFQ 'VnO PtmnUa]

* DATA *

* - * * : * Oil-

O.M: %

-W.0.14J..•,-M.o -1WIL-10Ao - o -W -?D -4.0 -U .0 - &0 0 -1."ALPHA

0.45- RQ m Vaa CowmWtydoe

000I
S o 110 io 60 ,40 1DATA

Normalized Emittnc (Ost.) vs RFQ Vans FV L ntlao•- Delata and SmulaUon •

7010. uS-6O0 DATA 405

-3 -is -4 -1. -,
ALPHA

Figure 3. Horizontal and vertical CS parameters versus RFQ
III vane potential for 78% of the beam. The arrows indicate

0o . I , io SOo hO ,40 the direction of increasing vane potential.
Was IFLaiia OM~

Figure 2. Measured and simulated transverse emittances versus Figure 4 shows the vertical phase-space distributions for
normalized vane potential V for 78% of the beam. Vo equals data and simulations. The parallelogram shapes at lower vane
128 kV. Horizontal and vertical data are shown. potentials are due to off-energy particles.

The output RFQ transverse phase-space distribution was
measured versus vane potential. The phase-space distributions A

(horizontal and vertical) were measured with a standard slit and
collector technique [8]. The rms normalized emittances were
measured for the vertical and horizontal planes. The RFQ L W

input beam was matched in all cases. Figure 2 shows data and dke W Y W
simulations. The data sets correspond to measurements made
on different days. The scatter in the data gives the typical day-
to-day reproducibility of the beam. The measurement error //5

was 5 to 8% with background subtraction being the dominant / W

component. The agreement between data and simulations was
better in the vertical plane than in the horizontal. In both A GV / mslation,
planes, the emittance flattens off at -110 kV which is
consistent with the design value of Ill kV but inconsistent 'V W / M W

with beam transmission results.
The measured Courant-Snyder (CS) parameters were Figure 4. The vertical phase-space distributions for data and

compared to simulations. The data are shown in Fig. 3. The simulations for different vane potentials.
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The RFQ output transverse phase-space distribution was IV. SUMMARY AND CONCLUSIONS
measured versus the match of the input beam. For large
variations in the input mismatch factor [9] (i.e., in the shape RFQ III was successfully commissioned and operated routinely
of the input beam), the output CS parameters and emittance and reliably. The RFQ performance was largely as expected.
remained nearly constant; agreeing with simulations. The The longitudinal-emittance discrepancy between data and
beam transmission varied with the input match resulting in simulations is not understood but appears to be real.
decreased beam brightness for large mismatches.

Longitudinal phase-space distributions were measured IV. ACKNOWLEDGMENTS
using the LINDA technique [61. The measured and simulated
distributions appear similar (Fig. 5), but the measured The commissioning of the ATS RFQ would not have
emittance is -60% of the simulated emittance (Fig. 6). The been possible without R. D. Patton and the ATS rf team;
difference is many times the uncertainty in the data which is S. D. Orbesen and the ATS injector personnel; M. L. Milder
estimated to be -5%. This difference between the data and and the ATS facility support team; and the LINDA personnel.
simulations is not understood, but a likely explanation is the
difference between the as-built and as-designed RFQ. For the VI. REFERENCES
GTA RFQ, there was good agreement with data andsimulations [10] giving confidence in the measurement [1] 0. R. Sander, et al., "Review of the Accelerator Test
tecniuendsimulations[10]giving conides e Fr poer l revs 1Stand Performance and Expectations," Los Alamostechnique and simulations codes. For power levels:9120 kV National Laboratory report LA-CP-89-489 (July 1989).
the longitudinal phase-space distributions begin to change
from elliptical to crescent-shaped (Fig. 5). The change is [2] F. 0. Purser, et al., "Operating Characteristics of a 2.0-
caused by off-energy particles. These data indicate that RFQ MeV RFQ," Proc. 1983 Particle Accel. Conf., IEEE
III should be operated at 128 kV rather than the design value of Trans. NucI. Sci. 30, No. 4, (1983), p. 3582.
111 kV. [31 0. R. Sander, et al., "Operational Parameters of a 2.0-

MeV RFQ LINAC," Proc. 1984 Linear Accelerator
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41 S [4] P. W. Allison and J. D. Sherman, "Operation Experience
9 --M'-7 M with a 100-keV, 100 mA H- Injector," Proc. Production

a 130t W and Neutralization of Negative Ions and Beams, edited by
Krsto Prelec, (AIP Conf. Proc. No. 111, 1984), p. 511.

1D WkV [5] P. W. Allison, et al., "An Emittance Scanner for Intense
M Low Energy Ion Beams," Proc. 1983 Particle Accel.
' tConf., IEEE Trans. Nucl. Sci. 3.& No. 4, (1983), p.

k 1 2 112204.

[6] V. W. Yuan et al., "Measurement of Longitudinal Phase
I C08 W• Space in an Accelerated H- Beam Using a Laser-Induced

10 WNeutralization Method," Nucl. Instr. and Meth., A329
1_(X Suins (1993) 381.

[7] G. 0. Bolme et al., "Measurement of RF Accelerator
Cavity Field Levels at High Power from the

Figure 5. Measured and simulated longitudinal phase-space Characteristic X-ray Emissions," Proc. 1990 Linear
distributions versus vane potential. Accelerator Conf., Los Alamos National Laboratory

Exp ednmtal and lmul ndnal Eritance asreport LA-12004-C, March 1991, p. 219.
7f "r "tl [8] 0. R. Sander, "Transverse Emittance: Its Definition,

- S Applications, and Measurement," Proc. Accelerator
ShOInstrumentation, edited by E. R. Beadle and V. J.

5 Castillo, (AlP Conf. Proc. No. 212, 1989), p. 127.

90 41 [9] J. Guyard and M. Weiss, "Use of Beam Emittance
U -- Measurements in Matching Problems," Proc. 1976

If Data Linear Accel. Conf., Atomic Energy of Canada, AECL-
5677 (1976), p. 254.

2 [101 K. F. Johnson et al., "Commissioning of the Ground
Test Accelerator RFQ," 1992 Linear Accel. Conf. Proc.,
AECL Research, Chalk River Laboratories Report,
AECL-10728 (1992), p. 64.

,o too " to ta0 611 :0oVane Potentil (kV)

Figure 6. The rms longitudinal emittance for data and
simulation versus vane potential.

3120
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Abstract

A 4-rod-like Radio Frequency Quadrupole for the new
CERN lead-ion injector will be built at the Laboratori
Nasionali di Legnaro, Italy (1].

By means of 3D simulations with MAFIA codes [2] and
measurements on a cold model, an asymmetry was found
in the gap between the end plate and electrodes, yielding
a non-zero longitudinal component E. on the axis of the
RFQ and therefore a potential barrier in the gap.

In this paper an explanation is given for this fact and
possible solutions are proposed for end cell tuning, which
allow to eliminate the undesirable E. component and also
to obtain good inter-electrode voltage distribution along
the structure. Results of MAFIA calculations and cold ig. 1: MAFIA plot of the CERN Lead-Ion 4-rod RFQ
model measurements are shown. 000 o..

1 INTRODUCTION

We considered the structure shown in Fig. 1, representing
a part (4 supports instead of 14) of the Lead-Ion RFQ as I . ® e ' e .
modelled by MAFIA codes; the end plates are not shown I oo 00000 *S@So

for the sake of clearness. It is a 4-rod structure, similar 0 e, ao n
to the ones developed in Frankfurt [3] but having double 2 414669A e • •
symmetric supports and "vane-like" shaped rods. Fig. 2: MAFIA plot of . field (longitudinal section)

By means of the MAFIA codes, it was found that the
voltages at the end of the electrodes are not balanced with
respect to the external tank; actually, at their end, one " -

pair is near the full potential Ve, oscillating at RF, while
the other pair remains near the ground potential.

This doesn't affect the quadrupolar symmetry inside . ,-
the accelerating channel, but determines on the axis a po- .......
tential difference Ve/2 between the end of the electrodes _..
and the end plates. As a consequence, a longitudinal com- Fig. 3: MAFIA plots of d field (transverse sections)
ponent E, of the electric field arises, and such region be-
haves like a RF gap that may accelerate the particles pass-
ing throughout it. it depends on the geometry used and in our case happens

to be more evident than in other RFQ's.

2 ANALYSIS OF THE PHENOMENON In order to understand this phenomenon, we investigate
the behaviour of our RFQ by considering the electrical

We evaluated the B field distribution for the above struc- properties of a chain of five coupled oscillators: from the
ture. In Fig. 2 the longitudinal section at the vertical sym- RF point of view, it consists of coupled resonant cells, all
metry plane is shown; Fig. 3 displays two transverse sec- equal to each other except the ending ones, that have half
tions: through a support and in the center of a cell. length and are terminated with a metallic plate, separated

We can see that middle cells are filled with magnetic by a gap from the end of the electrodes.
field, whose lines are closing around the supports and the When the middle cell is excited (by a feeder loop) it res-
electrodes, while there is almost no field in the end cells. onates at a certain w0 = I/v-'Lý-o, where Lo and Co are its
This absence, confirmed by measurements on cold models, equivalent inductance and capacitance. The adjacent cells
is not peculiar of our "double support" structure, although have the same Lo and C0 and are strongly coupled, while
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J tune the latter, so to have there a proper electromagnetic
field. Thus, the E, component arising in the gap between

S. -I:end plate and electrodes disappears.
- Our approach follows from the one proposed by Pirki

[5], attempting to include the equivalent terminating re-
actance elements at the end of the electrodes relatively to
end plate. We analyse his proposal from the point of view. . ....... of end cells tuning, i.e. of electromagnetic fields in the end
cells.

Fig. 4: MAFIA plot of E field (detail) B C" B C"

0 o
the end cells have half the inductance (Lend) and a lower A C' A C' ---
capacitance (C..8 is half of Co plus the small capacitance
between the end plate and electrodes). Their resonant fre- /
quency is therefore much higher and the consequence is
that there is no f field (or just a small one) and no in-
duced currents (or small ones) in the ending regions, due
to the abser 4f a time-varying magnetic flux. C C

Anotht 11plementary effect is that the inter- Fig. 5: Equivalent lumped circuits
electrode vt ý5e V. drops in the middle of the structure
(see Fig. 9-left), also due to the difference in the end cells As a first attempt, we can try to connect "hot" ends of
behaviour. electrodes (B) to the external tank by means of conductive

In Fig. 4 it is shown a detail of 0 field in a longitudinal strips, i.e. we add an inductance L1 dd (Fig. 5-right). The
section through a pair of electrodes; we can see that the choice of Ldd is limited by two conditions:
potential symmetry condition (+V./2 on one pair of elec-
trodes and -V./2 on the other one, relatively to the end e To reach a balance between the cells, the resonant
plate) is not fulfilled at the end of the electrodes. frequency of the end cell should be equal to the middle

This is also illustrated by Fig. 7-left, where a detail of cell one:
S field in the gap is shown (in a transverse section near end (Lend + Ladd)Cend =- (4)
plate): on the axis, MAFIA codes evaluated a longitudinal As in our case the end cell length is half of the middle
component E. which integrated along the gap leads to a one, for symmetry reasons we have Lend = ILO and
voltage V./2. Cend = lCo; thus, to fulfill (4), it must be:

To explain this phenomenon, let us consider the sem-

plified equivalent lumped circuit of an end cell shown in Ldd = 2LO (5)
Fig. 5-left, where four rods are presented, for simplicity,

as a two-wire line. As seen before, there are almost nor * In order to fulfill (3), the voltage drop on L.d1 should
A field nor currents in the ending regions, so that we can be equal (in module) to the one on Led. As the same
evaluate potentials VAO and VB0 of the points A and B with current passes through both inductances, it means:
respect to point 0 (ground) as: L.dd = Lend (6)L

v0 -VAc + VC c+Vco 0 (1) L i+=.--0 LO

V30 % VBC- + Ve + VcIC + VcO % V. (2) It is not possible to satisfy both conditions (3) and (4)

While beam dynamics calculations were carried on in changing only the inductance of the last cell, in fact we

order to analyse the effect of this asymmetry on the heavy obtained (5) and (6) which are incompatible. Therefore

ion beam [4], we concentrated on finding an end cell con- one has to act simultaneously on both inductance and ca-

figuration achieving the condition: pacitance, adding L.dd at the "hot" electrodes and CPdd
at the "cold" ones. Inductance can be further increased

VA0 = -IV. Vso = + -V. (3) by changing the shape of the last support; capacitance by
To reach such goal on our RFQ, different versions of a vane-connecting ring or adding some plates between the

end cell tunino were simulated using MAFIA codes and end of the "cold" electrodes (A) and the end plate, i.e. a

the best one was then tested on a cold model. capacitance Cdd.

By MAFIA simulations, many different combinations

3 POSSIBLE SOLUTIONS of strips, plates and rings were tested on the cold model
geometry. Modifying their dimension and position, each

In order to cope with the above effects, which are due to version allowed to obtain a good longitudinal V. distribu-
the difference between middle and end cells, we need to tion (flatness within ±1%) and to reduce 4 -+15 times the
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. ---- • 5 CONCLUSIONS

""_"_." "..."....i:. The main result of this study is that both a good voltage

Fig. 7: MAFIA plot of A field in the gap (detail) symmetry in the region between end plate and electrodes
and a good longitudinal inter-electrode voltage distribution
can be reached by proper tuning of the end cells.

E. component in the gap. In principle, there are no limi- A more detailed analysis of the phenomenon is still
tations to reach an ideal tuning. needed to find a shape that could be used in practice, un-

The solution shown in Fig. 6 (two stripe and two plates) der working conditions (high power and vacuum problems):
gave quite good results: Fig. 7 shows A field in a transverse the aim of this paper is just to give hints of possible solu-
section near end plate for the initial configuration (left) and tions and proof of principle of the adopted methodology.
for the modified geometry (right); notice E. = 0 on the
axis. The smaller squares define the "interesting" region 6 ACKNOWLEDGMENTS
for beam dynamics. The authors are very grateful to W. Pirkl and M. Weiss

for their essential help in understanding the phenomenon,
4 MEASUREMENTS and to A.M. Porcellato for her assistance.
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Abstract

At present, many different resonant RFQ structures for ac-
celerating both light and heavy ions are successfully used.
Usually they are divided into two well known groups: 4-
vane and 4-rod structures, each of them having its merits
and drawbacks. In this paper a new resonant structure
is considered, which combines the advantages of both. It
may be seen as a 4-vane structure with holes ("windows")
in the vanes, or as a 4-rod one having stems located 900
apart from each other and from the beam direction. Thus,
changing the window size, such a structure can be modi-
fied from a typical 4-rod resonator, working at 50 MHz or
less, to a typical 4-vane one, working at higher frequencies
(up to 500 MHz) and having a better frequency distinc-
tion between operating and unwanted dipole modes, due
to the magnetic coupling between neighbouring quadrants Fig. 1: Full scale 100 MBs cold model built at ITEP
through the holes. It also should be noted that no volt-
age arises on the beam axis in the gap between end plate - RF power losses (to be minimized);
and electrodes, provided that horizontal and vertical win-
dows have the same longitudinal position. Computer sir- - mod sepion (tobe ma ntmi led);
ulations with MAFIA codes are presented and compared - endienions (feasibility);
with cold model measurements. - mechanical feas sibility).

1 INTRODUCTION To reduce RF power losses, it is necessary to choose
structures with a high shunt-impedance Z~h, defined as

The well known idea of "spatially uniform strong focusing", V,2 /P where V. is the inter-electrode voltage and P is the
proposed by Kapchinsky and Tepljakov [11, is very widely dissipated power. In general, the 4-vane RFQ has an higher
used for accelerating both light and heavy ions. Zh, with respect to the 4-rod one: in fact the whole inner

A suitable arrangement of accelerating and focusing tank surface is a part of the resonant system and this allows
fields can be provided by different RFQ resonant struc- to decrease the current density and hence to reduce power
tures, usually distinguished between resonant cavities (as losses. The same happens for our 4-ladder structure: from
4-vane, Double-H and Split-Coaxial) and resonant LC- the point of view of RF efficiency, it should be just a little
structures (as 4-rod, Spiral and Split-Ring) [2]. worse than a 4-vane.

A new version of 90°-apart-stem RFQ structure, hence- The need for a negligible emittance growth requires
forth called "4-ladder", which combines the merits of 4- a very stable RF field distribution inside the structure;
vane and 4-rod RFQ's, has been developed in the frame- it means first of all a good separation of the operating
work of a collaboration between ITEP and INFN-LNL in quadrupole mode from the dipole ones. It's kbown that a
contact with the CERN design grono of the "Lead Ion 4-rod RFQ (particulary a "double support" one) has abso-
Linac Facility". lute freedom from undesired dipole components, due to the

During 1992, a full scale cold model of a 100 MHB struc- coupling effect of the frames, so fdip is quite higher than
ture was built in ITEP (Fig. 1) and MAFIA simulations fquwd (even double). On the contrary, in a 4-vane RFQ the
were carried out at LNL. Both simulations and measure- difference is only of a few percent (with fdip < fqad) and
ments showed a reliable mode separation without any Vane VCR or other coupling mechanism have often to be used
Coupling Rings (VCR) and with a good RF efficiency. to reject undesired dipole modes; furthermore, there are

some problems with mode separation in long resonators

2 4-VANE, 4-ROD AND 4-LADDER RFQ (L > 2A). In the 4-ladder structure this separation is ex-
pected to be rather larger than in the 4-vane resonator,

The main parameters taken into account, for a proper de- due to the strong magnetic coupling between neighbouring
sign of an RFQ structure and its outer resonator, are: quadrants through the windows.
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A correct end regions tuning is needed in order to guar-
antee a fiat inter-electrode voltage distribution along the
structure. Moreover, a recent investigation [3] showed that
some types of 4-rod RFQ's have a longitudinal E. compo-
nent of the electric field on the axis in the region between
end plate and electrodes; this effect is in principle negative
as it perturbes the matching of the beam, nevertheless it
can be controlled and even used to provide a velocity mod-
ulation of the particle beam in order to reduce the emit-
tance growth in the accelerating channel [4]. From the
point of view of end region effects, our 4-ladder structure
is close to the 4-vane one, because the tuning may be ob-
tained by changing the size of the last window; nevertheless
we expect to have an E. component, because of the shift
between vertical and horizontal windows (i.e. of the shift Fig. 2: MAFIA plot of the 100 MHz 4-ladder RFQ
of the points exciting the accelerating channel). This effect
depends on the ratio between the distance of these points ----.-.----. .------ .....
and the wavelength A and we found that it is easily elim- a-*eo.,, -0 • a 0 0 . .. ®® - .
inated if we install the windows in the same longitudinal * 000 .
position. se e.-.-.a oo .... ft

The dimension of a 4-vane structure is larger in compar- • _ • • • ' ' ' .
ison with a 4-rod resonator, and it becomes impractically % a 1 z • ' i . , * , W .•, .
large at frequencies lower than 100 MHz. The 4-ladder A P • 0 0 -. ,... % w 4 "
structure is smaller in comparison with the 4-vane one and 09e e4.4 £060-

a little larger than the 4-rod one. e..
From the point of view of mechanical stability, rigid- .0 • 9 "

ity and simplicity, the 4-vane resonator is more attractive,
combining a very high accuracy in manufacture and align- Fig. 3: MAFIA plot of B field through the windows (left)

ment. The 4-rod structure, though being quite simple in and detail of i field in the end region (right)

manufacture, has many joints (by means of welding, bras- 1.oo0

ing or bolt connections) between supports and electrodes.
From this point of view, the 4-ladder structure is similar .98

to a 4-vane, because it has no joints between electrodes
and stems, thus keeping the same rigidity and accuracy of "'•-
manufacture.

It should be noticed that a 900 arrangement had been "
used earlier in the low energy /A/2 RFQ at Frankfurt,
where two orthogonally placed stems with a connecting -. 4 .3 -. 2 -. 1 00 .2 ..

strip are a typical inductance (having in contrast to the Fig. 4: MAFIA plot of normalized V. (z)
"90 0-apart-stem" structure practically no coupling with
the tank) and in the Split-Coaxial Resonator, where stems
are elements of joint that connect separated fingers to suit- actually three versions of the structure were tested. In the
able RF potential points of the resonator [5]. Besides, best case, the specific shunt-impedance RAb = 340 kfl.m
during the comparison study of RFQ structures for the was achieved, with Q = 1.5 x 10" (full copper structure).
Lead-Ion Linac at CERN [6], a version of "90 0-apart-stem" As foreseen, the dipole modes were found more than
structure had been considered, having cylindrical stems lo- 20 MHs higher than the quadrupole one; this separation
cated 900 apart from each other and from the axis, which is enough to guarantee their suppression. A plot of the
connect opposite electrodes by means of frames. harmonic magnetic flux density is presented in Fig. 3-left;

notice the B lines coupling a quadrant to another.

3 NUMERICAL SIMULATIONS An electric field E, was found on the axis, in the gap
between end plate and electrodes, as shown in Fig. 3-right;

Using the MAFIA codes [7], the structure shown in Fig. 2 on the other hand, simulations confirmed that it can be
has been studied with respect to all the previous features. eliminated by moving the horizontal and vertical windows

First of all it was optimized from the point of view of to the same longitudinal position. The inter-electrode volt-
RF efficiency: the tank diameter was not changed, but age distribution Ve(z) is shown in Fig. 4; the small drop
both the size of the windows and their position were ad- on the ends (-.2 %) disappears with a proper tuning of the
justed (keeping the same distance between their centers); end regions.
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In Tab. I the results from simulations are presented width xheight fqd) fdip Q-value R~h
(copper tank and aluminium electrodes). (m) (MHs) (MHs) (10') (kfl-m)

0.17x0.13 116.03 135.0 3.9 76
width x height fq..d &hp Q-value R.h 135.8

(m) (MHs) (MHs) (103) (kfl.m) 0.20x0.135 106.60 128.5 3.3 70
0.17x0.13 119.91 139.79 10.9 202 128.9
0.20x0.135 110.21 132.74 11.6 235 0.22x0.17 97.06 124.0 2.7 63
0.22x0.17 99.93 124.90 12.7 291 124.3

Tab. 1: Computed parameters in function of window size Tab. 2: Measured parameters in function of window size

This work is presently continuing for another structure, The idea of an orthogonal arrangement allows to design
working around 400 MHz; first results show the possibility structures for wide range of frequencies; indeed, for low
to tune end regions. frequency RFQ, one can use spirals instead of stems. The

stems can be connected directly to the electrodes without
4 MEASUREMENTS ON COLD MODELS any frames, or by means of frames. In the first case, there

In order to determine the accuracy of calculations, iea- is no limitation to install neighbouring orthogonal stems

surements were performed on the cold model shown in (in our case windows) at the same longitudinal position

Fig. 1, (without modulation of the electrodes) using all the and hence to eliminate completely the E, component on

three simulated versions. The dimensions of that structure the axis in the end regions.

are: It should also be noted that MAFIA codes are a very
good instrument of investigation for resonant structures,

- Inner tank diameter - 0.44 m allowing to get reliable information about all the parame-
- Length of the structure - 0.64 m ters of interest.
- Length of the electrodes - 0.60 m
- Aperture radius - 0.003 m 6 ACKNOWLEDGEMENTS
- Curvature radius of electrode tip - 0.003 m The authors are grateful to A. Lombardi for very useful
- Gap between end plates and electrodes - 0.02 m discussions, and to V.N. Sidorenko and K.V. Vosnecensky
- Distance between the centers of the windows - 0.24 m for their help in cold model design and measurements.
- Material of the electrodes - aluminium
- Material of the tank (and end plates) - copper 7 REFERENCES
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The SSCL RFQ System Integration'
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A bstct Figure 1 is a photograph of the RFQ as installed at CF,
The integration and performance of subsystems on the showing vacuum, temperature control and if connections.

Superconducting Super Collider Laboratory (SSCL) 428 MHz,
0.1% duty factor radiofrequency quadrupole accelerator is
reported. Results of low- and high-power rf measurements on I
the RFQ cavity are compared to design specifications.
Operation of the integrated RFQ vacuum, temperature and
supervisory control systems are described.

I. INTRODUCTION

The radiofrequency quadrupole (RFQ) accelerator for the
SSCL Linac is designed to accelerate up to 50 mA of H ions
from 35 keV to 2.5 MeV. The SSCL RFQ is the first to use
a ramped inter-vane voltage to maintain high transverse
(focussing) field strength through the accelerating sections [ 1 ].
The vane profile was designed using an eight-term potential
and the maximum peak surface fields were limited to a
conservative 36 MV/m (1.8 Kilpatrick).

The SSCL requirement for a high-reliability, low-risk and
low-cost RFQ design was satisfied by the choice of Figure 1. Photograph showing the RFQ as installed at the
demonstrated technology and fabrication techniques from the SSCL Central Facility.
Los Alamos National Laboratory (LANL) [2]. The RFQ
cavity is a 2.2 m (w, three wavelengths) structure fabricated
from tellurium-coppei The structure comprises two axial II. RF TUNING AND SUBSYSTEM INTEGRATION
segments bolted together to form the resonant cavity. Each
segment is a near copy of an existing LANL cavity design, A. RF Tuning
fabricated by electro-forming, at room temperature, four
identical vane/cavity quadrant sections together. The resulting The RFQ was first assembled at LANL for low level if
monolithic assembly features a stress-free integral vacuum tuning of the cavity [2]. LANL personnel reverified cavity
vessel with no cross-sectional if joints. tuning after the RFQ was assembled on the support stand at

Following shipment from LANL in August 1992, the RFQ SSCL. No significant post-delivery tuning deviations were
was assembled at the SSCL Central Facility (CF), in measured, and the RFQ met the field balance and voltage
Waxahachie, for final acceptance low level if tests. The ramp design requirements.
structure was then integrated with the vacuum and temperature The design requirement for the unloaded cavity Q for the
control [31, 600 kW if amplifier [4] and computer control SSCL RFQ was 7500. At LANL, the unloaded cavity Q of
subsystems. After passing an integrated operational safety - 7150 was measured. By installing aluminum and copper
review in early December 1992, DOE approval was granted to substitutes, it was determined that the low Q was due to the
start high-power rf conditioning. By the end of 1992, the SSCL endwall assemblies. At SSCL, the highest Q value
cavity was if conditioned to fields up to 115% of design (i.e., measured was i 6850. The assemblies are stainless steel with
2.1 K.). Details of the cavity conditioning and acceptance tests electro-deposited Cu rf surfaces; the quality/uniformity of the
on the if amplifier are presented in a companion paper [5]. plating is suspect (the design requirement was a minimum

The RFQ accelerated first beam in early April of this year. thickness 15 ptm, or three skin depths). The lower-than-design
Presently, the RFQ is undergoing beam acceptance testing to Q values were considered acceptable as they represent, at
verify the design energy, transmission and emittance. A most, a 10% increase in the if power requirement.
companion paper [6] discusses the preliminary acceptance test The RFQ cavity is required to operate at a resonant
results and describes the ion source/LEBT arrangement. frequency of 427.617 MHz. The cavity was tuned to resonate

at this frequency at 40.5*C. Figure 2 shows a plot of the
'Operated by the University Research Association, Inc. for the resonant frequency versus cavity temperature for the
U.S. DOE, under contract No. DE-AC35-89ER40486. completed cavity assembly. At 40.5*C, the resonant frequency
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is m 50 kHz higher than the design value. The difference is LCW through a network of channels in the RFQ vanes. An
attributed to vacuum isolation plugs, in the endwall bead-pull elevated LCW temperature, 40.50 C design, was chosen to
holes, which were not installed when the cavity was tuned. simplify the system by eliminating the need for a chiller. A
Unless the cavity is retuned, an operating temperature of temperature controller regulates the LCW temperature by
, 46.50C is required to operate at the required frequency. operating a heater or by bleeding in cooler water (30'C -

35*C) from the primary LCW supply. Resistive temperature
devices (RTD's) in the cavity walls monitor the temperature of

427.80 "".................................. the RFQ structure.

"The TCU was designed for a 35*C - 45*(C operating
range. However, satisfactory operation has been demonstrated

""3 at operating temperatures up to 50*C. To avoid retuning the
cavity, a 46.5*C operating temperature was established as the

, 427.70 nominal operating temperature (see Section II A).
STemperature stability is well within the ± 0.5°C design

requirement and the cavity temperature can be raised from
"% ambient to the operating setpoint within one-half hour (better

J than the one hour design requirement).

&427.60

ASSCL RFQ C. Computer Control
Resonant Frequency

Versus
SCavity Temperature The vacuum system and TCU are computer controlled

through a UN/X/CAMAC based, distributed control system.

The system is based on TACL (Thaumaturgic Automatic427.50 . . . .'. . . .'. . . .'. .

20 25 30 35 40 45 50 ss Control Logic) software, developed at the Continuous Electron
TCU Sot-Point Temperature (Celsius) Beam Accelerator Facility [7]. The system provides the

Figure 2. SSCL RFQ resonant frequency versus cavity operator with control/monitoring functions including: display
temperature. screens, hardware access routines and datalogging.

To simplify operation, the vacuum system is fully
automated. TACL provides a set of start-up, shutdown and

B. Vacuum and Temperature Control valve control sequences through "point-and-click" buttons on
a display screen. System pressures, valve positions and

Two parallel 450 I/s turbopump systems provide vacuum vacuum pump conditions are also displayed. The TCU
pumping on the RFQ [31 through vacuum manifolds at the recirculating pump and temperature set-point are computer
high- and low-energy ends. The manifolds connect through controlled, and LCW flows and temperatures are monitored.
bellows to 143 1/s conductance vacuum pumping ports on each Note: All safety interlock functions are hardwired.
of the four cavity quadrants. Gate valves provide vacuum To date, TACL has provided satisfactory control and
isolation between the pump systems and the manifolds. Sentry monitoring functions for the RFQ vacuum and TCU
valves and molecular sieves prevent migration of oil from the subsystems. However, TACL will be replaced by an VME
backing pumps to the RFQ cavity. Beam-line isolation valves based EPICS2 global control system which will be the SCCL
were custom-designed to fit in to the tightly-confined endwall standard. EPICS is currently used to control the rf amplifier.
spaces at the entrance and exit of the RFQ.

At the operating temperature, the base vacuum pressure D. RFQ Beam Diagnostics
(measured in the manifolds) is typically = 5x10' Pa, well
within the I.3x10" Pa base pressure design requirement (at Diagnostic instrumentation consisting of segmented
room temperature, the pressure falls by a factor of five). The apertures, Faraday cups and wire scanners are installed in the
pressure is also within the 6.5xl0"s Pa operating pressure RFQ endwalls. A companion paper describes these devices
design requirement when the isolation valve to the source is and outlines the current commissioning status [8].
open. The system has operated now for over 3000 hr, and
base pressures are routinely achieved within 15 minutes of III. RFQ CAVITY HIGH POWER OPERATION
starting a pump down from atmosphere (the RFQ is only back-
filled with dry N2). The endwall isolation valves provide an The RFQ cavity was successfully conditioned to cavity fields
adequate vacuum seal, and total cavity leak rates are less than up tom 115% of the 1.8 Kilpatrick design after only 10 hr [5].
the 2x10"0 Pa m3/s design requirement. Once conditioned, cavity power can be raised to design

A temperature control unit (TCU) [3] supplies
temperature-controlled, low-conductivity water (LCW) to the 2Software produced under US Government Contracts: W-7405-
RFQ to frequency-stabilize the resonant cavity. The TCU ENG-36 at LANL and W-31-109-ENG-38 at Argonne National
system comprises a pump and heater to recirculate heated Laboratory.
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levels almost immediately. Presently operation is virtually increase is well within the I 0.5C design stability
spark free, and spark-rates are unaffected by the source gas requirement. At design power, the increased cavity pressure
load. A reflected power trip on the rf amplifier (active after is within a factor of three of the 5x 10' Pa base pressure (well
the cavity fill time) has proven critical to maintain cavity within the 6.5x10"' Pa operating pressure design requirement).
conditioning; the trip level is typically set at 10%.

Figure 3 shows a plot of the RFQ peak inter-vane voltage IV. CONCLUDING REMARKS
at the high-energy end versus peak cavity power (the dashed
curve is a fitted square root function). The peak voltage was The SSCL RFQ has been successfully assembled and
determined from measurements of the vane-tip, x-ray integrated with its ancillary supports, rf amplifier and
bremsstrahlung endpoint energy (viewed through an exit end computer control systems. High-power operation of the RFQ
vacuum port) using a collimated, Ge spectrometer system. has been demonstrated to 130% of the design power and beam
Cavity power was determined from the rf amplifier forward operation has commenced. Operations at the SSCL Central
and reverse power, and is in agreement with measurements Facility will continue until the RFQ injector is moved to the
using the calibrated rf cavity probes [2]. Absolute errors on permanent tunnel location later this year.
the plotted values are estimated to be ± 5% on power and a
few percent uncertainty in voltage. V. ACKNOWLEDGEMENTS
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Abstract
ASiuatis oMany parameter study simulations (such as error studies)
Simulations of the SSC RFQ output beam, run on the have been run at LANL and SSC with the nominal design

Rmeasutarentil odte AMTQ l ainjectorsystem. c omred W beam in the course of design and analysis. We now have
measurements from the SSC linac injector system. Some recent experimental LEBT output beam data that can be used
simulated RFQ input beams are generated from experimental in simulations [61. Files of particle coordinates are generated
observations of the output beams of the SSC einzel-lens Low by random sampling from experimental slit-and-collector data
Energy Beam Transport (LEBT) that focuses the beam from files. These coordinate files are used for input to simulation
the ion source into the RFQ; this is the first LEBT to be tested codes and for plotting in the same format as simulation code
with the RFQ. output for easier comparison.

I. INTRODUCTION Simulated RFQ output particles were transported through
the RFQ fringe field and drifted to the slit position of the slit-

Now that operation of the SSC RFQ has begun [1], and-collector (22 cm) or the wire position of the bunch shape
experimental beam output data from this machine can be monitor (15 cm) by the particle-following code PARMILA
compared to beam-dynamics simulation results from the [7]. There is a vertical (y) waist in the beam about 8 cm from
PARMTEQ multiparticle code. These comparisons are the RFQ output with an x-y aspect ratio of more than 3 to 1,
important in the preliminary setup of the RFQ and its therefore a 3-D space-charge subroutine was used.
diagnostics and are used extensively to establish whether the
RFQ is operating as expected. They can establish credibility III. RESULTS
for simulations of current RFQ operating conditions, and by
extension, to simulations of other operating conditions or input A. Input Beam
beams; for instance in error studies [2]. Finally, they can be An einzel-lens LEBT is presently being used to focus
used to verify, and if necessary to adjust, simulated RFQ beam and steer the volume ion source output beam into the RFQ.
outputs to accurately represent the RFQ output beam for Slit-and-collector emittance data was taken at the output of the
simulations of downstream components of the SSC Linac. LEBT with the einzel lens focusing and steering voltages

adjusted to give the best apparent match of the central beam
II. CALCULATIONS Twiss parameters to the RFQ input acceptance. This is the

The RFQ simulation code used in these calculations is input beam that was used in the simulations reported in this

derived from the Los Alamos National Laboratory VAX paper. The resulting experimental distributions are shown in
version of the PARMTEQ particle-following code [3]. The Fig. 1 with the nominal input beam ellipse.

LANL code was modified at the SSC to allow input from a file After the LEBT was mated to the RFQ and the RFQ was

of particle coordinates, to use an eight-term expansion of vane turned on, LEBT focusing and steering voltages were adjusted

field potential [4] rather than the original two-term potential, by hand to the settings that gave the highest beam transmission

to produce specialized outputs and to run on UNIX. A special through the RFQ. Beam transmission was found to be quite

version of the resulting SSCL code was further modified to sensitive to LEBT voltages (set using analog meters), therefore

investigate the effect of 3-D space-charge and image-charge the RFQ input distribution used for the calculations in this

effects, because these have been shown to result in decreased paper may be somewhat different from that measured at the

simulated beam transmission in some RFQs [5]. This version LEBT output. Input current for the simulations was 30 mA;

of the code was adapted to the SSCL Hypercube multi- measurements were made at approximately the same or

processor computer because of its long running time. perhaps slightly higher current.

The nominal input beam used in the RFQ design [4] was Simulations were also done with an input beam derived
from earlier measurements on a previous, slightly different,

amatched 4esD waerago with the version 0o2 P M TEQ mmve version of the source-LEBT combination. Simulated RFQ
mrad. Test runs with the SSCL version of PARMTEQ gave transmission of that beam was significantly better, up to 65%.
virtually the same results with this beam as were obtained atLANL 95 trasmisio anduncangd nomalzed We believe the difference in the input beams is due primarily

itane. 95% transmissn s a ndh , igchanged normaizd p to dissimilar settings of the focusing and steering electrodes
emittance. The 3-D space-charge, image-charge version pro- rather than to the mechanical differences of the devices. As
duced slightly higher zransmission but within statistical error time permits we intend to remove the present source-LEBT
and we consider the results to be essentially identical. from the RFQ and more completely characterize the LEBT

* Operated by the University Research Association, Inc. for the U.S. output beam with variations in focusing and steering. These

Department of Energy, under contract No. DE-AC35-89ER40486. measurements will provide data for further simulations.
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Figure 1. Experimental particle distributions (in cm and -o.o0 •
mrad) from the einzel lens LEBT. The design
specification beam emittance ellipse is shown. -o.o02 .

b. Output Beam: Transverse -.0.4 -0.3 -0.2 -1 0o 0.1 0.2 0.3 0.4

Y
In Figs. 2 and 3, y-y' particle plots of simulated and Figure 3. Transverse (y-y) particle plot (in cm and mrad)

measured output beams at the slit position are shown. The of measured output beam at the slit position.
y- projection was chosen because it is more compact than the
x-projection. Emittance ellipses of equivalent uniform beams TABLE I
(5 * Srms) are shown for measured and simulated beams. SIMULATED AND MEASURED BEAM PARAMETERS

Table I gives beam parameters. As can be seen, Twiss
parameters are similar but transmitted current and emittances Alpha Beta, Emittance, Current,
are larger for the measured beam. This may be a result of mm/ic-mind i-mm-mrad mA
differences in the RFQ input beam between the LEBT (mns-norm.)
measurements at the LEBT output and that used for the RFQ Simulated x -8.65 2.53 0.172 11.7
measurements. y -3.43 0.58 0.187

Measured x -10.5 3.00 0.247 16

y -2.39 0.40 0.249 16
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B. Output Beam: Longitudinal It is clearly evident that for the very-low-current case,
structure is produced in the RFQ output longitudinal phase

The longitudinal profile of the simulated beam bunch for distribution by "wrap-around" of the initial monoenrrgetic
a full-current beam is compared with data from the bunch beam in the RFQ bucket. This structure is destroyed by space-
shape monitor in Ref. [81 and shows qualitatively good charge effects if beam current is more than a few
agreement, with a smooth shape. Bunch shape monitor milliamperes. The details of the phase distribution of the RFQ
measurements were also taken with the LEBT defocused to output beam are influenced by the input beam distribution and
reduce beam current to a small value below the range of the current, and by the RFQ vane voltage, of which only the vane
RFQ output toroid. At this low current, the bunch length voltage was known with any certainty. A comparison of the
monitor was easily able to resolve a good signal, as shown in detailed structure of the measured vs. simulated low-current
Fig. 4. It contained much more structure than the high-current beams is likely to be unproductive until actual conditions can
beam signal. be better determined. Nevertheless it is interesting that the

bunch shape monitor can be used for such a comparison.

1.0- IV. CONCLUSIONS

0) These preliminary comparisons between measured and
"simulated output data for the SSC RFQ show remarkably good

"E agreement for an accelerator in the early stages of
0 commissioning. However, much work needs to be done withM 0.5-

4) detailed measurements and corresponding computer runs to
investigate the parameter range of this source-LEBT-RFQ
combination and to prepare for commissioning of downstream
linac components.

The SSC plans to test the Helical ElectroStatic
40.0 50.0 60.0 70.0 80.0 90.0 100.0 n10.0 Quadrupole (HESQ) [9] in the near future, and this will

Relative phase, degrees provide an opportunity to use measured HESQ LEBT outputs

in RFQ simulations.
Figure 4. Measured longitudinal phase signal from the
bunch shape monitor. V. ACKNOWLEDGEMENT
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Mechanical Integration of an RF Volume Source and Einzel Lens
LEBT to the SSC RFQ*

R.A. Valicenti, J. Lenz, N.C. Okay, L. Plesea, and K. SaadatmandSuperconducting Super Collider Laboratory2550 Beuldeymeade Avenue, MS 4008

Dallas, Tx 75237-3946 USA

Abstract II. ION SOURCE & LEBT SUBSYSTEMS

The Superconducting Super Collider (SSC) LINAC Parallel R&D programs were used to evaluate the perfor-
Injector is currently operating with an RF-driven volume ion mance and reliability of both a Magnetron and RF Volume H"
source coupled with an einzel lens Low Energy Beam Trans- sources for near term LINAC Injector commissioning. An RF
port (LEBT).The ion source, LEBT and beam diagnostics are Volume IT ion source, based on RF induction discharge, deve!-
integrated into a compact vacuum enclosure which is mounted oped for the SSC by LBL[ 1] was the best performing near term
to the upstream endwall of the Radio Frequency Quadrupole candidate. Beam is extracted at 35 keV and at a current as high
(RFQ). Beam dynamic requirements imposed a minimum lon- as 40 mA of H-. High electron current which is an inherent
gitudinal space of only 23.5 cm, thus creating a very challeng- characteristic of this type of ion source is deflected out of the
ing packaging problem. In addition, optimum beam matching beam by a spectrometer assembly. This ion source was chosen
to the RFQ specified a maximum gap of 1 cm between the not only because of its favorable beam performance[2], but
LEBT and the entrance endwall face, thereby excluding the use also due to its high reliability, simplicity of its controls and
of a bellows between the LEBT chamber and the RFQ. Vac- extremely short start up time.
uum system induced loads and vibrations are isolated from the Since the SSC LINAC requires short pulses, electro
beamline components by the use of a straddling support frame static LEBT candidates were suitable options. The 30 mA
which is an integral component of the vacuum system/ support operating current is small enough that several LEBTs using
cart. This paper will describe some of the unique aspects of the electric field focusing can be used. An einzel lens, HESQ and
mechanical design resulting from beam requirements, high gas ESQ have been fabricated and tested, and are currently under-
load, availability of the vacuum system and the need for going further R&D. The einzel lens was the best characterized
unconstrained attachment to the RFQ. In addition, the mobile LEBT[3] of the three at the present time and offered the sim-
installation cart and the fully automated vacuum control sys- plest integration for near term Injector commissioning.
team will be discussed.

I. INTRODUCTION

Figure 1 shows the SSC LINAC Injector set up for com-
missioning at its temporary location at the SSC Central Facil-
ity. The first 2.5 MeV output beam was successfully produced
on April 8, 1993. With 30 mA at 35 keV out of the source, the -

Injector output current was 18 mA, 60% of specified transmis-
sion. An extensive experimental schedule is planned to fully
characterize all injector subsystem components in order to
maximize their performance and reliability, thereby insuring
the long term availability of the LINAC.

The ion source and LEBT subsystems of the Injector are
not configured as fixed, floor mounted devices, but instead are
integrated into a mobile vacuum system /support cart which is
designed for rapid installation and removal to the RFQ as a Figure 1. SSC LINAC Injector.
unit. Thiis feature permits off-line operation for fine tuning of
the ion source and LEBT when necessary, while the RFQ III. MECHANICAL INTEGRATION
remains under vacuum and RF conditioned. Mobility of the ion A D
source/LEBT installation also allows for improved access to
the RFQ downstream endwall when servicing beam instrumen- The design requirements evolved early on as a combina-
tation modules and endwall isolation valves. tion set of worse case requirements for the two ion source and

the three LEBT candidate integration schemes. A universal and
upgradable approach was utilized for the final support frame
and vacuum system installation concept. Many of the solutions
applied to the RF Volume source installation were developed

*Operated by the University Research Asscoiation, I No . for the originally for the Magnetron/einzel lens combination.
U.S. Department of Energy, under contract No. DE-AC35 Three primary requirements drove the design and overall
09ER40486.
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configuration of te system. 1) The vacuum capacity (pumping Adjuste SO160

speed) at the chamber of 2000 I/s was a function of the ion/Fionge
source's gas load and the maximum allowable operating pres- Insutato
sure of 7.0 x 10 Pa in the LEBT. 2) Beam divergence and Separator

matching as a function of LEBT type, and the spacial relation- O

ship of components - this dictated the minimum length of the
vacuum chamber. 3) Existing mounting features on the endwall Spicer
and minimum induced loads at the RFQ. A cross section of the Sourc
packaging scheme that is used is shown in figure 2. All other Assyorod
features unique to the integration scheme were determined EBT Assy

from beam diagnostics, availability and serviceability of the Farodoy

subsystems, and general LINAC commissioning requirements. Cup
Table 1 summarizes the main features incorporated into the
design. 400

Table I
IECIMCAJ, INTEGRATION EBATU S Reent rant-

~ Flange
* Compact vacuum enclosure (23.5 cm Lg) VQC uun
* Vacuum enclosure cantilever mounted to the RFQ 0 Chamber

* Vacuum system supported independent from chamber
* (2) Pairs of opposing bellows (no induced vacuum loads)
* (4) 900 I/s (H2) Turbopumps with ceramic bearings 361

* (4) Automatic Vacuum Gate Valves with Iso 160 Flanges Figure 2. General Arrangement of RF Volume Source
* Fully automatic vacuum control system & einzel lens LEBT Integration scheme.
* (1) Current Toroid & (1) Deployable Faraday Cup
* (8) LEBT externally accessible alignment adjusters centrically within the support tubes spanning from the LEBT's

* Cart supports vacuum enclosure fsupport ring to mini conflat flanges welded to the chamber.
rfor off-line Four support tubes are bolted radially to each ring and after

* Source alignment adjustment in X, Y & Z axis their mounting bolts are fully tensioned, the assembly forms a

B. Vacuum Enclosure rigid support spider. Since the spiders consist of a mechanical
assembly only, they can be replaced to accommodate different

The vacuum enclosure is designed as a minimum enve- size LEBT lens.
lope, just large enough (35 cm ID) to prevent arcing from the The ion source is aligned to the LEBT in the transverse
35 keV reentrant flange of the ion source and to provide suffi- plane within :). I mm with the aid of four bucking screws act-
cient vacuum conductance for differential pumping of the ing on the source's rear flange. Axial position of the ion source
LEBT. The front flange provides a 12 bolt hole pattern and 0- assembly can be adjusted with a machined spacer. Component
ring groove for hard mounting to the RFQ endwall. The rear alignment can be referenced to either a datum on the chamber
flange is designed to interface with the ion source assembly. or directly to an RFQ reference. Prealigned installation to the
Enclosure length is a function of optimized beam matching RFQ is maintained and provided by two brass bushing/Inserts.
requirements - an 8 mm gap between the electron separator and
LEBT is available for locating a Faraday cup. Figure 2 depicts D. Beam Instrumentation
the chamber and the internal relationship of all the compo- A single current toroid is located at the exit end of the
nents. LEBT to monitor current transmission thru the LEBT. The tor-For ease of fabrication, and to make maximum use of oid was sized so it would mount directly on the LEBT casing,

commercially available flanges, the chamber was made from oin it so moue mith the LEBT casg,
304& 36 sainessstel. ourIso160flages spced90* allowing it to move with the LEBT during alignment. A graph-304 & 316 stainless steel. Four Iso 160 flanges, spaced 90 ite Faraday cup was located in the 8 mm gap between the elec-

apart allowed for compact installation of the vacuum pumnos, i tron separator and LEBT's first element. The cup is mounted
addition to providing 3000 l/s of conductance at the ch•+7,br.trnspaorndLBsfitelmt.Tecpsmutdadditeeqio emen t o f proid izigg 300 istof onducanc a the cspeci- on the end of a pivoting arm and is deployed by a I" travel lin-
The requirement of minimizing distortions of the RFQ speci- ear actuator. A rotational deployment scheme created a more

fled a 82 kg and 26 kg-m limit for the total cantilevered compact mechanal wihlimit the externa me

mounted assembly. Figure 3 shows the integrated chamber sion of the actuator.

installed to the RFQ endwall.

E. Support Frame and Vacuum System Cart

C. Component Alignment & LEBT Support Scheme An existing general purpose diagiaostic cart was utilized
for integrating design specific structural elements and all vac-The LEBT can be aligned externally to a precision of ui opnns h aecr sahaydt eddaui

±0.1 mm with the use of long piloted set screws acting inboard num structure that offered many moudning options. The

on the LEBT's casing. These adjusting screw are located con-
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packaging scheme adopted allows the ion source/LEBT sub- crate. All the signals required for operation are generated by
system to be fully mobile and functional in both Injector, and general purpose CAMAC boards. This control system also
off-line modes. Design specific structure consists of aluminum controls the RFQ vacuum system. The pumpdown sequence,
adapting plates and mounting shelves. A welded aluminum failure detection, recovery and stop sequence are completely
frame straddles the vacuum enclosure and carries all vacuum automated. The Controls Group has selected EPICS (devel-
induced loads and the weight of the pumps and gate valves. oped at LANL) as the control software which will be used at
The gate valves and bellows are mounted on plates with adjust- the SSC, and VME as the bus technology. EPICS is ideally
able mounting locations. Provision for aligning the cart and suited for controlling large systems and VME will allow
frame are incorporated into the design. The cart is designed for increased density, as well as a large base of available products.
multi mode use - it has provisions for supporting the vacuum The ion source vacuum control system will be ported to VME
chamber while being installed and removed from the RFQ, as and EPICS in the near future.
well as for off-line testing (operating while removed from the
RFQ). Figure 4 represents the as- built hardware. V. CONCLUSIONS

F. Vacuum System The successful mechanical integration of the RF volume
ion source and einzel lens LEBT to the RFQ, along with the

The vacuum system utilizes four 900 I/s (H2) ceramic extensive development of all other subsystems has created a
bearing turbopumps. Space limitations required pumps which world class Injector at the SSCL. Improved LEBTs are in
could be mounted in any orientation. Since the pumps are development which will be installed and operated to increase
mounted to the support frame which are connected to the the beam current transmission of the RFQ.
chamber via bellows, frequent separation of the bellows from
the chamber, necessitated the use of Iso flanges due to their VI. ACKNOWLEDGMENTS
quick disconnect feature. Automatic gate valves are used at
each location to allow removal of a failed pump without bring- The authors wish to acknowledge the technical assistance
ing the entire system up to air. The use of four pumps provides of A. Hessong and K. Johnson in the design, modeling and
an additional 1000 I/s of redundancy, allowing the ion source/ drafting of the ion source/LEBT integration hardware, and K.
LEBT to continue operating with one failed pump. Two identi- Jones for the Finite Element Analysis of the support structure
cal roughing pump strings service each pair of turbopumps. and vacuum chamber.
Sentry valves, electro-pneumatic in-line valves, automatic vent
valves, seven convectron gauges and a single ion gauge are ,r-bo Pump (4)

incorporated into the system, and are hardwired and interlock Belows (4)
to a fully automated control system. Figure 4 shows the u-bo Pump
arrangement of the vacuum system components. Support Frame-,,,, Mount;ng plate (4)

Gate Valve (4)

Source Assy

Adopting Plo tes

Cart Asy-.•

Alignment Wheels

Figure 3. Volume Source/LEBT installed to RMQ. Roughmng Pumps (2) -
Aliqnment Fixture-'

IV. VACUUM CONTROL SYSTEM Figure 4. Vacuum cart assembly.

The Ion Source vacuum control system is fully inter- VII. REFERENCES
locked and automated. A hardwired interlocking scheme was
implemented for machine safety. The control system software [1] K.N. Leung, et al., Rev.Sci.Instnum..62, 100(1991).
is TACL (Thaumaturgic Automatic Control Logic, developed [2] K. Saadatmand, et al., these Proceedings.
at CEBAF). The control system includes one supervisor/data- [3] J. Lenz, et al., "Comparison of Experimental and Simu-
base computer and one slave, which in turn controls a CAMAC lated Results for the SSC LEBT," these Proceedings.
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Segmented Resonantly Coupled Radio-Frequency Quadrupole (RFQ)*

L. M. Young
Los Alamos National Laboratory

Los Alamos, NM 87545

Abstract adjust the frequency of the dipole modes to minimize themixing of dipole modes with the operating frequency. The
In this experiment a 4-m-long radio-frequency APT RFQ requires cooling channels for cw operation. Some

quadruple (RFQ) resonating at 348 MHz was split into two of the cooling channels are shown in Figure 1.
2-m-long RFQs. The two RFQs were then rejoined with o.02-u GAPBIWE

resonant coupling1 to form a segmented 4-m-long RFQ. This COUPG PLATvEE TisA
coupling improved both the longitudinal and transverse -TIFATE

stability of the 4-m-long RFQ. The frequencies of all the-
modes near the RFQ mode and the sensitivity of the RFQ cOOuNG c-ANNELS

mode to perturbations were measured. This paper presents
the results of these measurements and the compares them
with measurements of the original 4-r-long RFQ Both the sr/
original RFQ and the resonant-coupled RFQ use four rods ROD

(dipole stabilizers) on the end plates to adjust the frequencies
of the dipole modes. Slug tuners distributed along its outer
walls tune the RFQ. Modifications to the program
RFQTUNE 2 allow its use for tuning the segmented RFQs.
This paper also describes the tuning procedure.

INTRODUCTION

The Continuous Wave Deuteron Demonstrator (CWDD)
RFQ cold model was originally built to determine the Figure 1 Details of the joint between segments
feasibility of building the 4-m-long CWDD RFQ.3 The
model has four 1-m-long sections that are bolted together to RESONANT COUPLING
form one continuous structure. The modifications for Resonant coupling in a segmented RFQ provides
resonant coupling consisted of (1) machining undercuts on longitudinal field stabilization. In this RFQ design resonant
the end of the vanes at the center joint and (2) joining the coupling also provides a stop band in the dipole mode
resulting two 2-m-long segments with a coupling plate (see dispersion curve around the operating frequency of the RFQ.
Figure 1) that separates the two segments. Each segment is a This stop band improves the transverse stability of the RFQ
complete RFQ with vane undercuts and dipole stabilizers on by eliminating the dipole modes close to the frequency of the
each end. operating mode.

Although each segment can be tuned to the correct Figure 2 shows the modes in the 4-m-long CWDD RFQ
frequency and field distribution before they are joined, in this cold model without segments. The modes labeled "1-3
experiment the two segments were joined before tuning. The dipole" are dipole modes with fields that are predominantly
coupling plate has a large center hole through which the in the quadrants labeled 1 and 3; the modes labeled "2-4
vane ends, above the undercut, partially extend. When the dipole" have fields in the quadrants labeled 2 and 4. The
two segments are joined, the vane tips almost touch. The quadrants are labeled clockwise from 1 to 4 with the lower
distance between the vane tips is adjusted to provide the left quadrant labeled 1, when viewed from the low energy
correct amount of capacitance between the two segments- end of the RFQ. Figure 2 also shows where the estimated
The coupling plate has dipole stabilizers on both sides. frequencies of the additional modes that are found in an 8-

Figure 1 shows the details of the resonant-coupling joint rn-long RFQ would lie if its dispersion curves were
in the 8-m-long RFQ designed for the Accelerator for the superimposed on those of the 4-m-long CWDD RFQ cold
Production of Tritium (APT) project. The coupling plate has model. Figure 3 shows the dispersion curves of this same
stabilizer rods mounted on both sides of it that are identical RFQ after it was modified with resonant coupling. This
to the stabilizer rods at the ends of the RFQ. These rods Figure also shows the estimated frequencies of additional

modes labeled "8-m RFQ," that occur in the 8-m-long RFQ
with resonant coupling. There are twice as many modes in a

*Work supported by the U. S. Department of Energy, Office given frequency range in the 8-m-long RFQ as in the 4-m-
of Defense.
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long RFQ. The mode numbers shown at the bottom of Figure In a resonantly coup/ed RFQ of this type the nearest
2 are for the 4-rn-long RFQ. The two orientations of the dipole is about 8 MHz from the operating mode. This
dipole modes are degenerate in a perfectly symmetric RFQ separation of the dipole modes from the operating mode is a
and the dipole dispersion curves lie on top of each other in factor-of-two improvement over the CWDD RFQ. This
both figures. separation of modes is also better than the mode separation

in the 2.2 m long Super conducting Super Collider (SSC)

370 RFQ4 which has dipole modes at ±6.4 MHz from the
operating mode.

365-

-- Quad 

3

33×

340"

335~ ~ I

341 1. diol 3 -0-Q

Mode number ; 1-3 dipole

Figure 2 Modes found in CWDD RFQ cold model. 320 8 m diO

The operating mode is the quadrupole mode near 348
MHz in these figures. In Figure 2 the operating mode is the X 315
quadrupole mode number 0. In Figure 3 the operating mode
is the quadrupole mode with 0 phase shift per segment. Note i: - I :
that the mode nearest the operating mode in both cases is a -1 .. 5 0 0.5 1
quadnupole mode. In the CWDD cold model the nearest Phase shift per segment (units of 7)
mode is the quadrupole mode number 1 which is 2.1 MHz
higher than the operating mode. Doubling this RFQ in Figure 3 Dispersion curves of the modes found the in
length would make the nearest quadrupole mode only 0.5 resonantly coupled CWDD RFQ cold model.
MHz higher than the operating mode. This slight difference
would probably make the 8-m-long RFQ difficult if not
impossible to tune. The dipole mode could be moved away
from the quadrupole mode in an 8-m-long RFQ but not by The effect of perturbations was measured.in the CWDD
more than 2 MHz. RFQ cold model before (Figure 4) and after the RFQ was

In the resonantly coupled CWDD RFQ cold model the modified with resonant coupling (Figure 5). Figure 4 shows

modes nearest the operating mode are at ±4.45 MHz. In the the percentage change in the fields from a 25-kHz

APT RFQ the nearest modes are at ±2.2 MHz. Therefore, perturbation. Figure 5 shows the percentage change in the

perturbations will tend to mix these modes equally but wh fields from a 100-kHz perturbation that consisted of two 50-

opposite sign with the operating mode. These modes will kHz perturbations.

have similar characteristics. Thus, the effect of mixing one Note that the vertical scale in Figure 4 is ±3%, while in
of these modes with the operating mode is canceled by the Figure 5 it is ±6%. The perturbation in the resonantly
other mode. This cancellation is one way of describing the coupled RFQ cavity is four times greater than that in the
stabilization of the fields in a compensated resonantly continuous RFQ's cavity. These perturbations distort the
coupled system. However, in a RFQ with 2-m-long quadrupole fields differently. However, the maximum
segments, the modes are different enough that there is only change in the coupled RFQ cavity is only twice as great for a
partial cancellation. In places where the modes actually add, four times greater perturbation. In addition, this comparison
the amplitude of the modes is small, also shows that the average field in the two halves of the
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resonantly coupled RFQ is almost unchanged, whereas the RFQ, is directly proportional to the magnetic field strength.
average field in the first two meters in the CWDD RFQ is The technique actually measures the magnetic field strength
about 2% less than in the second two meters. because the magnetic field dominates the perturbation near

3 -1 '1 1.1...1111111111 I . . I I I I .. I ... . I . . I . .I the outer w all.

"2 -ipole 1-3 The desired magnetic field profile as well as the bead-
Pole 24perturbation data is input to the program RFQTUNE. The

a.. measured f~requency of all the nearby modes must also be
input to RFQTUNE so that it can calculate the shape of each

o mode and the effect of a perturbation at each slug tuner.
Then, RFQTUNE calculates the position of each tuner to
adjust the fields in the RFQ to the desired profile. The

0 adrupo __ program has tuned the following RFQs: CWDD, the Ground
X -2 Test Accelerator, 6 SSC, and the 4-m-long resonantly coupled

CWDD cold model. The CWDD RFQ and the 4-m-long
CWDD cold model each have 80 tuners.

AT-1 Position (cm) Final rf tuning includes the following:
L= AM-M, 1. Machine the undercuts on the vane ends to achieve the

desired shape of the fields at the end of the vanes.
Figure 4 Percent change in fields in CWDD RFQ (25- 2. Machine the end of the vanes at the segment joints to

kHz perturbation), adjust the resonant coupling. This process adjusts the

frequency of the nearby dipole modes to equalize the
spacing of the dipole modes.

/-Dipole 1-3 I 3. Machine the dipole stabilizers to the proper lengths to
V 4 - le- 2-4- establish the optimum frequencies of the dipole modes.
a- •4. Machine the slug tuner lengths to achieve the required

frequency, the required quadrupole field profile, and the
"0o minimum dipole field.
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the segment containing the perturbation. As shown by the 1991), pp. 2093-2097.
perturbation measurements, which were performed about 4. T. S. Bhatia, J. I-L Billen, A. Cucchetti, F. W. Guy, G.
every 50 cm throughout the first segment, this localization of Neuschaefer, L. M. Young "Beam Dynamics Design of
the perturbation effects held true for all measured locations, an RFQ for the SSC Laboratory" in Conference Record of

TUNING the 1991 IEEE Particle Accelerator Conference (San
Francisco, CA., May 6-9, 1991), pp. 1884-1886

The field strength in an RFQ is measured with the bead- 5. E. L. Ginzton, "Resonant-cavity Characteristics:
perturbation technique.5 In this technique a metal bead is Measurement of Ro /Q0," in Microwave Measurements,
suspended on a nylon line and is drawn through the four (McGraw Hill, 1957), Chapter 10, pp. 435-461.
quadrants near the RFQ's outer wall. The bead perturbs the 6. K. F. Johnson, etal., "Commissioning of the Ground Test
structure and changes the resonant frequency, depending on Accelerator RFQ," in 1992 Linear Accelerator
the electric and magnetic field strength. In RFQs with Conference Proceedings, (Ottawa, Ontario, Canada,
constant capacitance between the vane tips and constant August 24-28, 1992), pp. 64-66.
cross section the electric field strength, in the bore of the
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Experiments with the High Current RFQ Prototype for GSI*

A. Kipper, A. Schempp, H. Deitinghoff, J. Madlung, T. Ludwig, K. Volk, 0. Engels, A. Firjahn-Andersch, H. Vormann
Institut for Angewandte Physik

Johann Wolfgang Goethe-Universitat
D-60054 Frankfurt, FRG

Abstract of the UNILAC at an energy of 1.4 MeV/u without stripping.
A new high current injector (HSI) for the UNILAC and This injector is designed for a beam current of 5 ItA at a duty

the SIS synchrotron for all ions up to Uranium is planned at cycle up to 50 %.
GSI [1],[2]. The Spiral-RFQ accelerator accepts low energy The high current injector HSI is designed to fill the SIS
(2.2 keV/u), high current (25 mA) beams with low charge up to the space charge limit and will accept e.g. U2* beams
states (U2) at an operating frequency of 27 MHz. Results of with currents as high as 25 mA at low initial particle energies
particle dynamics calculations and structure development for of 2.2 keV/u. The accelerator structure works at the Wideroe
the first crucial part of the HSI-RFQ, where all bunch frequency of 27 MHz, which allows a beam transfer without
forming is done, are presented together with results of rf frequency jump. A gas stripper at 216 keV/u produces a
measurements and first beam tests, reasonable fraction of the necessary charge state of Us1 * for

acceleration in the second Wideroe part of the UNILAC. The
I. Introduction second gas stripper at 1.4 MeV/u between the Wideroe and

The GSI upgrading program [3],[4] consists of the new the Alvarez part provides the U28 beam for postacceleration
18 Tm heavy ion synchrotron SIS, the experimental storage and injection into the SIS.
ring ESR and the two new injectors HLI
(Hochladungsinjektor) and HSI (Hochstrominjektor). With IH. The Spiral-RFQ-Structure
these new components and the UNILAC it is possible to A 4 Rod-RFQ with spiral shaped supports [81 is suitable
accelerate all elements up to Uranium to energies above for operation at the Wideroe frequency (27 MHz). The length
1 GeV/u. The SIS and the ESR are now working for more of a spiral arm is 1180 mm, the height is 450 mm. Using the
than 2 years. The HLI for the nuclear physics research spiral stems for the RFQ-accelerator allows the application of
program at the UNILAC is also succesfully working since a very compact vacuum chamber (e.g. with a diameter of
June 92. Figure 1 shows the plan view of the extended GSI only 600 mm). Figure 2 shows a scheme of the spiral
accelerator facility, structure.

nom

0 TO gronsler Be&lMe

IniekI•' In1ed kwz

UNILAC

L - Figure 2 Scheme of the spiral structure

Figure I Plan view of the extended GSI accelerator facilities The whole HSI-RFQ will have an overall length of about
35 m to reach an ion velocity corresponding to an accelerator

The high charge injector HLI [5] consists of a voltage of 26 MV. To achieve the space charge limit of
combination of an ECR ion source, a 4 Rod-RFQ [6] and an 0.2 mA times the ratio mass over charge state the electrode
IH-structure [7], both operating at a frequency of 108.5 MHz. voltage has to be 180 kV for U.*. A short test resonator of
The HLI enables direct injection of U2" into the Alvarez part I m length had been operated with even higher voltages [9].

* suppond by the BMFr and the GS1
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III. The Spiral-RFQ-Prototype C. Rf-MeasurementsA. a t e From low level measurements the quality factor ofA 4 m prototype of the 4 Rod-Spiral-RFQ with 20 s Q0=5400 could be observed. The field distribution along thesupports has been built for both, rf and beam test beam axis has a maximun deviation of less than 2 %. Rf-testspurposes [ b1,[11]. The electrodes consist of the first 231 have been performed upto 35 kW pulsed input power (67 kV)cells, one third of the HSIs total cell number. These 231 celis and 7.2 kW in cw operation, no mechanical and cooling

cover the crucial low-energy part of the HSI-RFQ, where the problems could be observed. From beam- and rf-

dc-beam is converted into a bunched beam. Therefore the 4 m measurements an Rp-value of 520 kin could be determined

prototype can give relevant information on beam properties which has been checked with x-ray spectroscopy.
e.g. emittance growth. Figure 3 shows the beam dynamics
layout of the 4 m RFQ-Prototype. A survey over the main IV. Beam experiments with He+
parameters of the RFQ-Prototype is given in table 1. First beam experiments have been done at the Institut fur

Angewandte Physik. Due to the limited rf-power and

W P Y I 1WIZ C 11 1 0extraction voltage light ions (He+) have been used for the
experiments. The corresponding electrode voltage and beam
current are 6 kV and 0.8 mA, respectively. Figure 4 gives a

4-s view of the experimental setup.
lot

dtoplasnd atmwn
Clo 

t 
oplasn'm n

•,~~~ ~ •.•;• enefmesAevice

4 Rod-Spiml-RFQ

.Figure 4 Scheme of the experimental setup

The beam was extracted from a duoplasmatron source
,€,,) .,, and injected into the RFQ by two electrostatic einzellenses.

For beam analysis an emittance-measurement-device, a fast

Figure 3 Beam dynamics layout Faraday-cup and an analyzing magnet had been installed.
Figure 5 shows the if-signal of a pickup loop and beam

Table 1 bunches behind the RFQ recorded with a fast Faraday cup.

Main Parameters of the RFQ
f 27.1 [MHz] Q0 5400 Wa.4 L"u L_ =-Ai W_. - -am./.

cells 231 Rp 520 [kWnm]
Tin 2.2 [keV/uI T.Ut 17.6 [keV/u]
p -90to-39["] a 7.0 - 6.02 [mm] - t - -

nm 1-1.458 xtrynh,(norm) 0.9n[mmmrad]4 - - - - -

ein 0.3 x [mm mrad] length 3950 [mm] ( -- -.

Ua 1.51 A/%[kV] spirals 20
Imax 0.23 A1% [mA] A~ A, 130

B. Alignment of the RFQ

For the RFQ-Prototype a rectangular vacuum chamber
made of aluminium has been chosen. Ten large lids simplify
the mounting and adjustment of the RFQ structure. The
structure has been aligned with an opto-mechanical system. REGO A, 0: 4v + * T,v +: 10, EC DC 92-10-26

For reasons of manufacturing each 4 m-electrode consists of Ce W. 5MV + 0MV .. OOIV A IS: SM 16

21 pieces. To achieve a high stability the electrodes are fixed Figure 5 Measured rf-signal and beam bunch behind the
and brazed on ten electrode carriers, each about 100 mm RFQ.
long. The electrodes are adjusted by washers with a precisely Corresponding to the synchronous phase of 42" - 38" in
milled thickness. The precision of the electrode alignment is the final part of the prototype, the proper output energy is
better than 0.12 mm, less than 3 % of the aperture radius. reached at about 70 % of the design electrode voltage, as can
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be seen in Figure 6. Measurements and calculations are in
goc.1 agreement.

~100

70 80

.260
40

I=• 6o • calculaU~tio4n

55 experiment A. e+ C a. a!

20 - . Me: =W. -
50 -H ,,. a .,AN +an

electrode voltae6/ kV 0 51 10 15 20 25 30 35 40

8.05 electrode voltage/ kV

Figure 6 Ion energy vs. electrode voltage. Figure 8 Calculated and measured transmission curves.

The maximum transmitted beam current was 980 itA,
but due to the input emittance with the typical aberrations of VI. References
einzellenses as shown in Figure 7 the transmission at design
voltage has been less than 40 %. PARMTEQ calculations [1] R. Bock, Gesellschaft ffir Schwerionenforschung,
with this input emittance delivered transmission curves which Scientific Report, GSI-89-41, 1989
are in good agreement with the measurements [12]. Figure 8 [21 D. Bohne et al., "The Performance of the SIS and
shows the calculated transmission curves vs. electrode Developments at GSI", Proc. 2nd EPAC, Nice, p. 18,
voltage for the design input emittance (...=--0.3 xr mm mrad, 1990
ca--0.8, P.=0. 1 mm/mrad), the emiktance with the aberrations [3] J. Klabunde, "The UNILAC Upgrade Project", Proc.
of the einzellenses (E-=0.5 x mm mrad, a,,=-0.8, P.=0.04 LINAC, CEBAF-Rep. 89-001, p. 242, 1989
mm/mrad) and the measured transmission. N+ in the beam, [4] N. Angert et al., "The UNILAC Modifications for an
caused by a leaky valve in front of the ion source, is Improved Synchrotron Performance", Proc. 2nd EPAC,
responsable for the tail of the measured transmission curve. Nice, p. 503, 1990
The calculated transport of N+ is also shown in Figure 8. [5] J. Klabunde, "The High Charge State Injector for GSI",

Proc. LINAC, Ottawa, p. 570, 1992
[6] J. Friedrich et al., "Performance of the GSI HLI-RFQ"

w , Xnrad2 DATEI: IIILIIteS.!MI Proc. LINAC, Ottawa, p. 609, 1992
- I E '..... [7] U. Ratzinger, "A Low Beta RF Linac-Structure of the91:t 0 15.5 .7512

S .IH- Type with Improved Radial Acceptance", Proc. LINAC,
o 0 .•8. ,8 CEBAF-Rep. 89-001, p. 185, 1989

, 2S.2 .239 [8] A. Schempp et al., "Development of a 27 MHz Heavy-KV-Nert :•
EN P rd): E.GE-I Ion-Spiral RFQ", NIM A278, p. 169, 1989

et 7.6T- [91 A. Kipper et al., Gesellschaft fur Schwerionenforschung,
"a(wmN dlm): i. Scientific Report, GSI-90-1, p. 339, 19894•5ron (ui) 5.6121[

s! 1 3: -sc-± [10] A. Schempp et al., "The GSI High Current RFQ
Sxe (p•nd): i.6-1E Prototype", Proc. of the 12th Int. Conf. on the
* (aft/E2 : I Application of Accelerators in Research and Industry,

-2e -0 1 is 25 3e X [m) Denton, 1992
[11] A. Kipper et al., "The High Current Spiral-RFQ

Figure 7 Measured Emittance at RFQ input. Prototype", Proc. LINAC, Ottawa, p. 416, 1992
[12] H. Deitinghoff, this Conference

V. Status and Schedule
The He+ experiments in the institute have been

successfully finished. Next plans are to operate the prototype
at the high current injector test stand at GSI with heavy ions
to check the full specifications.
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Transport of Ions in RFQ - Accelerators*

J. Dehen, W. Barth', A. Schempp and H. Deitinghoff
lnstitut ffir Angewandte Physik der J. W. Goethe - Universitit, Robert-Mayer-Str. 2-4

D 6000 Frankfurt am Main, BRD
,now at Institut fir Biophysik der J. W. Goethe-Universitit

Abstract I1. TRANSPORT EXPERIMENTS

Radio frequency Quadrupole (RFQ) structures [1,2] are Transport experiments have been carried out with a
well suited to accelerate all kinds of ions at low particle small proton RFQ [7]. The experimental setup is shown
energies with high transmission efficiency even at high beam schematically in fig. 1. The proton beam is extracted by an
currents. Like other if-accelerators they normally have a accel-decel-system from a plasma beam ion source, which
fixed velocity profile and corresponding fixed input and deliveres a high fraction ( 80%) of protons. The focusing of
output energies per nucleon of the accelerated ions. But - due the beam into the RFQ is done by a solenoid. The RFQ which
to the strong transverse focusing - the RFQ-accelerators can is of the split coaxial type [8) consists of 32 cells only and
also capture and transport very efficiently ions with energies bunches and accelerates protons from 6.5 to 50 keV at an
and specific charge states even far away from the design design electrode voltage U.,= 9 kV. The shaper is omitted
values [3]. Results of calculations will be presented and for a shorter length, which causes longitudinal losses. The
compared to measurements. RFQ operates at 50 MHz, the total length is 58 cm.

split-coaxial-RFQ enittance measurement
I. INTRODUCTION beam ion source device

RFQs serve today in manifold functions as pre- and
postaccelerators, injectors, implanters for light and heavy
ions, for low and high currents with small duty cycles up to
dc operation [4]. Also RFQs with unmodulated electrodes /
have been built for beam transport experiments [5] to extraction solenoid
investigate current limits and instabilities. Here the beam system Farsday-cup 90°.bending-masher

behaviour of transported beams will be described in RFQs,
which were designed and built for the acceleration of ions. Fig. I. Schematic drawing of the experimental setup
The RFQ design has to be made for the lowest charge to mass
ratio of the ions to be accelerated, input and output specific For the beam diagnosis behind the RFQ a Faraday cup, a
energy or velocity resp. are fixed and the cell length of the bending magnet and an emittance measurement device could
RFQ must fulfill the Wideroe resonance condition I = v,/2f = be used. First the operation at design values has been
IP,/2. Energy variable RFQs [61 can be built, when the checked. Fig. 2 shows the measured transmission curve as
frequency varies with the particle velocity v. - f. The function of electrode voltage for the design input energy of
electrode modulation will be adjusted for simultaneous 6.5 keV.
transverse focusing and longitudinal bunching and
acceleration along the RFQ. The applied electrode voltage I[KA
depends on the specific charge and is chosen in such way, so
that ý/AUcosp% is matched to the designed v, of the RFQ cell
considered. Small deviations U will be automatically
corrected by the ions slipping to another rf phase %,. Ions 60

with input energies much higher or smaller than the design U-1 9o

value cannot fulfill the Wideroe condition and get out of the 40
acceleration process, the same happens for too small
electrode voltages. The beam behavior for these cases has
been studied and some possible applications are discussed. 20

5.0 10.0 15.0 20.0 U [kV]

"Work supported by the BMFT under contract nr. 06OF3511 Fig. 2. Measured transmission vs. electrode voltage for
design input energy, T,="- 6.5 keV

0-7803-1203-1193$03.00 0 1993 IEEE
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As can be seen from the plot some fraction of the beam At the point of breakdown of the transmission the
is transmitted already, when no electrode voltage is applied, transverse phase advance is 180', to which a certain focusing
due to the short total length. With increasing voltage the gradient belongs. If the radius is known precisely, from this
transmitted beam rises already before acceleration starts value the electrode voltage can be determined. This could be
(UfJ=9 kV), the protons being transported through the RFQ. an additional method for checking the shunt impedance and
At high voltages the beam motion gets transversally instable efficiency of a RFQ [9]. As a final example the measured
and the transmission is breaking down at U,. The same energy spectra for the transport of protons as function of the
behaviour can be observed in fig. 3, where the measured electrode voltage are presented in fig. 5 for constant input
transmission is plotted as function of the electrode voltage for energy.
proton beams with input energies far lower than the design
value of 6.5 keV.

100 "

/H
2.0 krV

(110) U-Ikv U \2 kV
4-2.0 keV I -200 IA I 490OLA

5.5 E1 keVi 55 1. skv

L _ _ _ _ _ _ _ _ _ U=3kV U 44kV
4.0 8.0 12.0 16.0 U [kV] 1-b690jzA - 750 pA

Fig. 3 Transmission vs. electrode voltage for three beam son or

input energies: 1.0, 1.5 and 2.0 keV 1 I

Again the transmission first rises and drops at high 5'. 1 ElkoV) 5.5 EfkW'YJ

voltages, but now the break-down voltage U, is only 16.4 kV Fig. 5 Measured energy spectra for the transport of a
instead of 21.7 kV as before. This lower voltage can be proton beam with T,= 5.5 keV for different
explained by the change in the transverse rf defocusing, when electrode voltages below the design voltage.
the beam is transported instead of being accelerated. Fig. 4
gives a plot of the measured energy spectra for three different As can be seen from this curves the outpt.. .
e!ectrode voltages and T. = 1.5 keV. At the low voltage of constant, which means that transport takes place. The width
5.4 kV only some energy spread had been introduced into the of the curve, i.e. the energy spread, is directly proportional to
beam, at the high voltages a partial acceleration to 10 keV the applied electrode voltage.
(T1•,50 keV) took place.

III. RFQ WITH DIFFERENT OUTPUT ENERGIES
1. - 16.4 kV

- " 15A In the measurements steps in the output energy of the
beam could be observed, when the electrode voltage was
varied from low values to the design value for a beam with

U 16.1 kv design input energy. These steps could be reproduced for
1 1 ILA__ certain constant voltages and were better marked at voltages

clowser to the design voltage. This effect can be explained as

S5.V follows: for voltages below the design voltage the ions must
U = 5.4 kV t 4d

I- 67pA change to a lower synchronous phase to be stable accelerated.
_......__ ,, If the voltage is such low, that no stable phase could be

I1 10.0 ElkeVi found, particles can no longer reach the design energy. For a
Fig. 4 Energy spectra for different electrode voltages bunched beam with a small bunch width the whole bunch

and T. = 1.5 keV will I>- decelerated and can loose once, twice ore even more
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often the electrode voltage times charge state times " 'a) U.r O.8oUd.

acceleration factor in energy. PARMTEQ calculations came
out with the same results. This effect could be used for the
design of aRFQ with different output energies. Fig. 6shows ei* ~ 1111

as an example the longitudinal and transverse beam I~
behaviour along a RFQ. In the first part the bewn isminly CEL III iiil
captured and bunched before acceleration can start. .. 6 * ~ *~ )~

400a

2000 kVA

-20.0-
CELL NIumnizf

4 00 100 126 ii 4 01c ml, 2&1 210 24 l le c0 2J ..

0 t60EG at_____ AMu)

- -'50 -'00 -60 0 i 4 iSo 4.0 -1. 2a

Ce. lowb) U.i= O.62*Ud.

*, CELL NUMBER i 1 1

MEN 6.0 AW/W(*/.) epo#-4a Y(MM)

owe .. i do ' I. io Js Sa 2" So A 20.0

Es- 300 ksVto
Fig. 6. Transverse and longitudinal beam behaviour 0

along a RFQ20

If the RFQ at the end of the bunching process is cut into _00
two pieces, already two final energies are available: The -60.- X(M(DE) )~

bunched beam can be transported with the output energy of 4407---. C 020

part I through part 2 at low electrode voltages to maintain
transverse focusing, cr can be accelerated in part 2 to the Fig. 7. Example of longitudinal motion and output
original final energy at design voltage. Two more emittances for lowered electrode voltage
intermediate energies can be adjusted, when the voltage in
pert 2 is varied. Fig. 7 a shows the result of PARMTEQ
calculations for U., - 0.8U4=, fig. 7 b for Uj= 0.62U... The V. REFERENCES
final energies in these examples are 30 and 40% lower than
the energy with acceleration. Together with the transport [1] I. M. Kapchinskij, V. Tepljakov, Pribori Tekh. Eksp.
energy of 50% beyond, four different output energies are 119,2 (1970) 17
available with high transmission and good beam quality. [2] K. R. Crandall, R. H. Stokes, T. P. Wangler,

BNL-51143 (1980) 205
[3] J. Dehen et al., Ed. Frontieres, Vol. 2 (1992) 967

IV. CONCLUSION [ 4] e.g. A. Schempp, Habilitationsschrift (1991)
[ 5] N. Zoubek, Thesis, Frankfurt university (1987)

Measurements and calculations show, that transport of [ 6] A. Schempp, LA-12004-C (1991) 535
ions with good beam quality in RFQ accelerators is possible. [ 7] P. Leipe et al., NIM A278 (1989) 213
One possible application is the design of RFQs with different [ 8] R. W. Moller, BNL-51143 (1980) 148
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An ESQ Lens System for Low Energy Beam Transport Experiments
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Abstract

A low-energy beam transport system is designed ISO
with the aim of transporting a 30 mA, 35 kV H-
beam from a volume source and focusing it into an
RFQ. The characteristics of the beam from the source
are determined analyzing the emittance data. The
behavior of the beam through the LEBT is stud- 0
ied using simulation codes. The system parameters .

are optimized so that the LEBT has a very modest
contribution to the emittance growth (here a factor
of about 1.5) and the emittance budget of the linac
section is maintained.

-Is0
| I I I I I I i I I I I

I. INTRODUCTION .,0 00 ,0
positloio (cm)}

One of the vital considerations in modern high- Figure 1: Contour emittance plot.

energy accelerators is related to the design of an effi-

cient low-energy beam transport (LEBT) section so
that an intense, high-brightness beam (here we con- from the SSC volume source with the aim of design-

sider an H- beam) can be transported over certain ing a LEBT system to deliver a 30 mA, 35 kV beam

distance and finally focused into the commonly used matched with the RFQ input.

RFQ accelerator in the linac section. The emittance
growth in the LEBT is the key issue in developing II. BEAM CHARACTERISTICS
a good scheme at the low-energy end of the acceler-
ator chain. Thus, in order to achieve a good beam A. H beam themIoh SrceThe H- beam from the SSCL volume source is
quality and match it to the acceptance of an RFQ a measured at 10.13 cm downstream after the electrons
systematic study of beam dynamics in the preceed- (ratio of initial electron to ion current - 40) are de-
ing sections including the extraction optics of the flected away from the extracted beam current by a 10
ion source is warranted. We have experienced thatemittance measurements of the beam from an ion cm long magnetic trap. Figure 1 shows the contour
source meanduanmanalys of the deata tom canrion plots in the x - x' space from emittance diagnos-
source and an analysis of the data to chaxructerize tics; the flattening of the distribution in the upper
the beam at the extraction electrode are two impor- half is possibly caused by the space-charge force due
tant problems in the context of designing an efficientLEBT. Earlier we reported [1,2] on the beam char- to the electrons deflected upward. The beam pa-
acBt. Eleri o andreported[1,2]onte beam dr ha r- L rameters at z = 10.13 cm are: beam size D = 2.38
acterization and beam dynamics through a LEBT cm, full divergence AO = 260 mrad, 7r?, = 0.15377r
for H- beams from a Penning- Dud nikov type [3] mm-mrad. These data are used in an envelope sim-
and magnetron type sources. In recent years sig- ulation code to estimate the beam characteristics at
nificant progress has been made in the perf," aance the extraction electrode; space-charge effects due to
of volume sources [4,5]; normalized beam brightness the electrons in the extraction region are included.
approaches about 1011 A/(m-rad )2 for H- beams. teeetosi h xrcinrgo r nldd
Thisapproaches aboulhtsn 1e sad)y ofo H- beams. Figure 2(a) shows the assumed space-charge correc-
This article highlights on the study of H- beams tion factor, f, due to the electrons. Note that f is
0-7803-1203-1/93503.00 3 1993 IEEE
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RFQ. It has been shown earlier that a short (about 5'1 cm long) single einzel lens module between an ESQ
LEBT and the RFQ will be a good choice in satis-
fying the aforementioned stringent conditions of the

"- .. RFQ [2]. The ESQ LEBT transforms the highly di-
verging beam from the ion source into a moderately
converging one without any significant emittance di-
lution, and the einzel lens provides the final strong

"0o ' focusing. This analysis showed that the parameters
zCm) of the output beam from the ESQ LEBT should fol-

12
T low: beam radius - 3 to 5 mm, the corresponding

slope of the beam envelope - -30 to -50 mrad.

III. BEAM TRANSPORT THROUGH THE ESQ
LEBT

The design principles of the ESQ LEBT follow
the scheme as discussed earlier [1,2]. The present
configuration of the magnetic trap in the extraction

01 region of the SSCL volume source restricts the ESQ

0 4 12 LEBT's distance to the extraction aperture to aboutZ (cm) 10 cm. This causes the beam to blow up significantly

Figure 2: (a) Space-charge correction factor f; (b) (Fig.1). After a detailed analysis with such a beam

beam envelope. z = 10.13 cm corresponds to the it is recognized that the goal to deliver a matched

location of emittance measurements. beam to the RFQ for the full beam current (30 mA)
is a very difficult task. Our analysis suggests that
a shorter magnetic trap (about 5 cm long) will be

negative here and the beam perveance is to be mul- a better choice. Figure 3 shows the beam envelope
tiplied by the factor (1 - f). The beam envelope in through the ESQ LEBT when a hard-edge focusing
Fig. 2(b) is evaluated by integrating the K-V en- function for the external field is assumed. An initial
velope equations using a fourth-order Runge-Kutta drift space of 5 cm long is considered, and a pro-
method. This analysis suggests that the beam at the file of the space-charge correction factor due to the
extraction electrode emerges nearly parallel, and the electrons (Fig. 3, bottom) is assumed. The beam pa-
beam size is close to the aperture radius (= 4 mm). rameters at the extraction aperture are taken from

the analysis of Fig. 2. The maximum aperture ra-
B. Desired Output Beam Parameters from the ESQ dius of the quadrupoles is 22 mm; it was taken as
LEBT 12 mm when the LEBT was closer (1.5 cm) to the

The purpose of the LEBT section is to isolate extractor [1].
the RFQ from the ion source for a clean operation The distribution of the beam particles through
and also to deliver a matched beam to the RFQ. The the ESQ LEBT is estimated using a modified PAR-
SSC RFQ acceptance for a 30 mA, 35 kV H- beam MILA code [6]. Figure 4 shows the particle dis-
is given by the Twiss parameters: Ck = 1.26, /3 = tribution in phase space for I = 30 mA. The esti-
1.86 cm/rad, 7rZi = 0.2 7r mm-mrad. As the normal- mated output beam parameters are: X = 3.5 mm,
ized rms emittance of the H- beam from the source Y = 3.5 mm, X' = -51.7 mrad, Y' = -50.8 mrad,
is about 0.1537 ?r mm-mrad (Fig. 1), the LEBT is ?f 1r•/ = 1.5. The emittance growth is primarily due
to be designed under a very tight emittance bud- to chromatic aberrations.
get. The matching condition dictates that the beam
parameters at the tip of the RFQ vane should be: IV. CONCLUSIONS
beam radius = 1.3 mm and the corresponding slope
of the beam envelope = -89 mrad; this is located at Emittance measurements of a 30 mA, 35 kV 1-
about 3 cm downstream from the front wall of the beam from the SSCL volume source have been stud-

ied. The simulation results suggest that the H-
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beam envelope has a waist at the extraction aper-
ture. With this definition of the input beam and

1 Ia given set of characteristic parameters of the RFQ
- acceptance, we have designed a LEBT system. The

particular design of the LEBT consisting of six ESQ
lenses and a short einzel lens can transport the full
beam current and match it to the RFQ.

Beam transport experiments with a prototype
ESQ LEBT will be conducted to validate the simu-

,01 lation predictions. Further, the 3-D LAPLACE sim-
ulation scheme is being improved using a method of

0 moments where any arbitrary boundary can be rep-
resented numerically and the practical problems will
be simulated more realistically [7].

This work was supported by ONR/SDIO and
DOE.
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Test of the Transport Properties of a Helical Electrostatic
Quadrupole and Quasi-Octupole*

L. Xiu, S. Ohnuma, K. Wang
Physics Dept., University of Houston

Houston, TX 77204-5504 USA

and

C.R. Meitzler, Y. Xu
Physics Dept., Sam Houston State University

Huntsville, TX 77341 USA

Abstract transport intense negative ion beams. Encouraged by KEK's
success, we had designed a new continuous-type HESQ in

A third-generation continuous helical electrostatic January 1992. A summary of the design was presented in
quadrupole (HESQ) lens has been built and tested. The new Reference 1. The present paper presents a summary of a
HESQ is 21.5 cm long and has a 3.6 cm diameter aperture. series of in-beam tests during the fall and winter of 1992/93.
The HESQ has been tested under two separate conditions:
with a pulsed 25 keV, 0.5 mA proton beam; and a 25 keV, 10
mA proton beam. The input emittance was fixed using a II. Quadrupole Opeiazing Mode
multi-aperture collimator. A comparison is made between
experiment and numerical simulations for a wide variety of A continuous HESQ was designed using both the
operating conditions. A second possible operating mode is the experience gained from both experimental studies of the
quasi-octupole mode[l] which offers significantly reduced discrete HESQ, and from numerical simulations of it. Table
aberration when compared to the quadrupole mode. The I presents a summary of the basic design parameters.
results of preliminary tests in this operating mode will be
presented. For the testing program, a duoplasmatron proton

source[51 was used to produce the ion beam. The
duoplasmatron source had a single gap extraction system

I. Introduction capable of being biased up to 25 kV. The extractro was
followed immediately by an einzel lens operated in decel

The helical electrostatic quadrupole lens was originally mode. A 2.5 cm diameter collimator mounting flange was
proposed by Raparia[2] in 1990 as a way to transpon a low- located 20 cm from the einzel lens. Inside the collimator
energy H- beam from an ion source to a radio-frequency mounting flange, we were capable of installing a multi-aperture
quadrupole accelerator. Several "proof-of-principle" tests[31 set of slits to generate a controlled emittance which was
had been performed using a discrete helical structure which somewhat independent of the source's operating condition. For
showed that the basic principles of Raparia's design were large diameter beams, this set of slits was removed from the
valid. These tests had shown that the lens would provide mounting flange. Immediately after the collimator was a zero-
relatively strong focusing. Numerical tracking studies of this length faraday cup[6] constructed on a PC-board. The HESQ
early HESQ have shown that various types of beam shape was mounted with the alignment of each of the four segments
deformations in phase space are observed, with chromatic being independent.
aberration being the dominant cause of distortion.

Table 1. Parameters for third generation HESQ.

A continuous-type HESQ was used by Mori et al.14]
in 1991 to focus a 1 mA beam of Cu- ions with much less Number of segments 4
emittance growth than was observed when an einzel lens was Length of segment 5 cm
used in a similar test. Mori's test with copper ions was Helical pitch T!cm
significant in demonstrating the potential of the HESQ to Gap between segments I

Rod radius Al
* This work supported by the Texas National Research Aperture 36 mm

Laboratory Commission under grant RFGY9203. Total length 21.5 cm
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B. Low-Current Tests

4 .A four-aperture collimator was constructed to simulate
the emittance of the beam extracted from a magnetron ion

4 .source. The beam from the duoplasmatron was focussed onto
the collimator. Due to the low acceptance of the aperture
Ssystem, the beam was reduced from approximately 10 mA to
"0.5 mA. This reduction in the intensity permitted us to

examine the HESQ's transport properties when space charge
. "was not a dominating factor.

A set of over 1000 low-current measurements were
undertaken to map as much of the operating space as possible.The procedure followed in these measurements was similar to
that used in Section A: the beam emittance was determined;

2D BEAM EMITIANCE voltage was applied to the HESQ electrodes; the final beam
emittance was measured again. The results of a typical
showniemittance 2.aThement for both the X- and Y-plunes are

100 ,,shown in Figu 2. etn measuremenT for ed and punnomalized
beam emittances for this case are summarized in Table 2.

0,* " During the course of our measurements, we had noted

*that there was considerable steering as voltage was applied to

-100 Ii the electrodes. After the measurements, we dis-assembled the
HESQ and checked the alignment of the elettrodes. We
discovered that some of the electrodes were severely mis-

10 20 . aligned. This problem has been corrected, and a new set of
POSITION (mm) measurements are underway.

Table 2. Measured unnormalized emittances in units of X

Figure 1 Comparison of numerical simulation (top) and mm-mrad.
experimental data (bottom) for a large diameter beam X Y
incident on the HESQ. Source 13.6 17.8

After HESQ 16.1 20.0
alculated 24.7 40.3

A. Large Diameter Beams
II. Quasi-Octupole Operating Mode

A large diameter beam of protons was injected into
the HESQ. The emittance of the beam was measured without The quasi-octupole operating mode for the helical
any voltage being applied to the HESQ. The electrode electrostatic quadrupole structure was proposed in 1992 by Xiu
voltages were then set to 2.5, 5.0, 7.5, and 5.0 kV on first et al.l] The advantage of the quasi-octupole mode was that
through fourth segments, respectively. The beam emittance the lens would be able to transport higher currents with low
was then measured one more time. (The other plane was not electrode voltages. The HESQ was operated in quasi-octupole
measured at this time due to a problem with the current pick- mode by connecting the four electrodes to a single power
up in the emittance scanner: this measurement will be supply. The polarities of the power supplies for each segment
performed in the future.) were positive, and the potentials on the four segments were 4.0

kV, 10.0 kV, 7.5 kV, and 20.0 kV, respectively. A 25 kV
The results of an emittance measurement in one plane proton beam was injected into the lens, and the output

for a 30 mm diameter, 10 mA proton beam is shown in Figure emittance was measured with the Allison-type electrostatic
Ia. A numerical simulation, which includes space charge, of emittance scanner. We observed that we needed to apply 20
the beam transport through the HESQ using the known initial kV to the final electrode in order for the lens to focus the
source emittance is shown in Figure lb. The qualitative beam. This seems to imply the quasi-octupole mode for the
agreement betweent the experiment and simulation show that operated as a thick einzel lens.
we are properly including space charge in our calculation.
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Figure 2 Measured and calculated emittances of a low-current proton beam transported through the HESQ. RIGHT:
measured, LEFT: calculated
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Comparison of Experimental and Simulated Results for the SSC LEBT

J.W. Lenz, J. Hebert, N. Okay, D. Raparia, K. Saadatmand
Superconducting Super Coilider Laboratory*

2550 Beckleymeade Avenue, Dallas, Texas 75237

Abstract

The SSC LEBT (Low Energy Beam Transport) device
focuses and steers a divergent 30 mA H- beam extracted at
35 KV from the volume ion source into a strongly converging
beam to match the acceptance of the 2.5 MeV RFQ. Of the
LEBT candidates, an einzel lens and HESQ (Helical Electro-
Static Quadrupole) are presently under study at the SSC. The
experimental emittance results for the einzel lens at the RFQ
acceptance plane are compared to AXCEL simulations. A
comparison is made between the PARTEQ simulated percent
of beam transmitted through the RFQ with the experimentally
measured beam and with the simulated AXCEL beam.

I. INTRODUCTION

The SSC LEBT focuses the divergent 30 mA H- beam from
the volume H- ion source(lI into the 2.5 MeV RFQ as part of Fig.I Ion Source-LEBT-RFQ entrance Assembly.
the SSC Injector for the Linac. Electrostatic focusing LEBTs
were chosen because of the SSC requirement of a short pulse converging (140 mrad)-4 mm diameter beam. The acceptance
length (9.6-48 g. sec) beam. For such a short pulse length it Twiss parameters are: ax,y = 1.26, Px,y = 0.0186 mm/mrad,
was decided to avoid a LEBT using magnetic solenoids and and rnns~nor < 0.20 x mm-mrad. See Fig. 5.
neutralization gas focusing. The electrostatic lenses were well The beam optics geometry, potential lines, and beam ray
understood and were suitable for arbitrarily short pulses. A traces are shown in Fig. 2. Reference Fig. 2 for the following
photograph of the ion source-einzel lens-RFQ entrance dimensional location descriptions. A magnetic dipole electron
assembly is shown in Fig. 1. The RFQ acceptance separator occupies the axial space 0.0 to 3.2 cm. The axial
requirements are quite demanding, requiring a strongly space between 3.2 and 16.9 cm is expandable and depicts the

cm14.00 u. 1.00 cm

Ca04MOT: LDMI59130.,91V Lamf,-33.016V CYCJAE 10. PLMyr. 3. DATM 3-MAR-93

Fig. 2 Einzel lens geometry, potential lines,beam trajectory.

* Operated by the University Research AssociationInc. for the U.S.
Department of Energy, under contract No. DE-AC35-89ER40486.
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LEBT. The center electrode of the einsel lens is a split moo

quadrant used both as a quasi ground plane for the lenses and -d)

plane for the RFQ is at 20 cm (as shown by the indentation in

Fig. 2). The axial space between 17 and 20 cm is reserved for . ... "
diagnostic insertion. This drift space does limit the beam
convergence of this LEBT design.

I1. CALCULATIONAL METHOD ..-..

An experimental phase-space plot of the extracted beam is _

shown in Fig. 3. The HO beam has been subtracted. The
Twiss parameters are: ax= -21.38, Px= 0.1217 cm/mrad, and
ennsumor= 1.59 cm-mrad at the 91.8% contour line, assuming . .

a gaussian beam. The Y-plane phase-space plot is very similar "

except angled upward at 22 mrad because of the electron .
separator magnet. Because AXCEL[2] assumes cylindrical .M

symmetry, the X-plane plot was used for this simulation input ," •. ,..
The experimental ion source phase-space plot was generated . .

within AXCEL. With the experimental voltages applied to the
lenses (nominally 31KV upstream and 33KV downstream), X-r wXSsrrrN CYCLE: 10.
the phase-space plot of Fig. 4 was simulated at the RFQ a MW C 27.=A
acceptance plane. Ten iterations with 1,000 rays was used. AxcE "m,--30"v LE•3306V
The experimental phase-space plot from a slit and collector is
shown in Fig 5. In both Figs. 4 and 5 the nominal RFQ Fig. 4 AXCEL phase-space plot
acceptance ellipse is shown. The particles within the
described RFQ acceptance ellipse are transmited through the R57SS RFQ. Apr. 6 exp. datW
RFQ. The other particles are not transmited, due mainly to -f beta. am6tnce6 1.2600 t860000 O.0t3901
transverse mismatching (3]. 0.2 . a.,..a.

0.20.

ISO

100
0.05- -.

50 0.0 ............... .............. . ................................... .......... .

5(0..0.-.-

-0..05 .. -
-140

-0.20

- , I I I I I I I ' ' '"'

-0.25
-04& 46 44 -02 0.0 0.2 0.4 a.s 0. -0.5 -0.0 -0.25 0.00 0.25 OO 0.-

Po"U"_ (cm) X

Fig. 3 Experimental beam extracted from the ion source Fig. 5 Experimental phase-space plot

III. CONCLUSIONS Table 1.

a 1 Erms,unnor RFQ %
For comparison, the resultant Twiss parameters for all the cm/nmrad cn-mrad ra=s. simul

particles are shown in Table 1. Included is the important Exper. -2.018 0.0040 9.240 38.8

comparison of the sub-set of particles transmited through the 91.8%cont

RFQ, simulated by the multiparticle code PARTEQ [4]. AXCEL -2.029 0.0054 10.722 62.
90%cont
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Axial Magnetic Field Lens with Permanent Magnet

Yoshihisa Iwashita
Accelerator Laboratory

Nuclear Science Research Facility
Institute for Chemical Research, Kyoto University

Gokanosho Uji, Kyoto 611, JAPAN

Abstract It can be shown that the value is
A compact Permanent Magnet Symmetric (PMS) lens not finite when I/b -- -c keeping

which produces the axial magnetic field is studied. The 11r finite. Because the produced
proposed lens has no iron pole piece except for the return field is perpendicular to the easy
poles on both ends. It can produce the magnetic field on the axis of the magnet, the operating r 7t
axis more than the remanent field of the magnet material by point in the B-H curve will stay
the perpendicular field superimposition, in the upper half. If the magnet Z

material has no knee in the
I. INTRODUCTION second quadrant of the B-H

A 7-MeV proton linac was constructed at Institute for curve, which is easy requirement t 1

Chemical Research, Kyoto University. 1,21 The linac is for almost rare earth magnet

consisting of a 2-MeV RFQ linac and a 7-MeV Alvarez materials, no demagnetization is Figure 1. Geometry for
(DTL). The operating frequency is 433.3 MHz and the expected. Although it is only a field concentration test.
structure dimension is compact. Because of the poor vacuum logarithmic increase, it seems to

property of the RFQ cavity, two evacuation ports are located have no limitation.

at both the entrance and exit side of the cavity. The field concentration by perpendicular filed

In order to match the RFQ acceptance, the input beam has superimposition is verified by a rough experiment. Eight

to be focused strongly to the RFQ. Unfortunately, the entrance pieces of 10 mm x 10 mm x 30 mm magnets made of

side of the RFQ is occupied by the vacuum port and the final NEOMAX 35H, which has Br of 1.1 (T], are placed as shown

focus element has to be installed into the hole in the end plate in Figure 1. One block is consisted of four pieces which

of the RFQ. The hole has diameter of 40 mm and the depth of attract each other. Two of the blocks are fixed on jaws of a

60 mm. A compact focusing device which can fit in this size vice which is made of iron, and put close by pressing with the

had to be devised, vice to the gap of 2 mm. The maximum field is measured by

For future study of the simultaneous acceleration of both an axial Hall probe as 1.6 [T] which is more than Br.

positive and negative ions, einzel lenses are not preferable. Neglecting the second term of the equation (1) and

The RFQ requires the round beam in X-Y plane at the substituting the values for I and b, we get Bmax=l. 6 [T].

entrance, and the quadrupole lenses are not adequate in this Because the jaws of vice is made of iron, it acts like return

respect. A magnetic lens which produces the magnetic field of yoke. The magnetic field produced by the magnets with the

axial symmetry was picked up as a candidate for the purpose. iron return yoke is also calculated by PANDIRA [6]. It also

The field can be produced by a "solenoid". Applications of shows the value 1.6[T] as a maximum.

anisotropic magnet have been studied for charged particle
beam manipulations [3,4,5]. With a careful study of the III. PROPERTY OF MAGNETIC FIELD LENS
radially oriented anisotropic magnets, it was found that a The focal strength I/f for charged particles with the energy
compact strong Permanent Magnet Symmetric (PMS) lens canbe fbriate in he imied sze y aplictio oftheof eV in a magnetic field lens of axial symmetry is given bybe fabricated in the limited size by application of the

perpendicular field superimposition. 1= -e rBO2dz [m], V*4=Vl+2moc22 (2)

II. PERPENDICULAR FIELD f 8moV" J- m 2moc

SUPERIMPOSITION where e and mno are the charge and the mass of the particles at

Let us consider the anisotropic magnet configuration in the rest respectively.[7] It should be noted that the focal strength
two dimensional space as shown in Figure 1. The magnetic is proportional to B2 and 20% increase in the focal strength
field has the direction of Z, and the maximum at the center. will be obtained by 10% increase of the remanent field which
The analytical expression for the maximum field is calculated will be achieved by material developments. The drawback is
as follows; that the temperature coefficient of the focal strength is twice

as large as that of the remanent field. On the other hand, this
Br{ l•_,£ (12 P} property can also be used as a focal strength adjustment by

Bina1 ="-o log I+ - log1 1+ . (1) means of the temperature control. The typical temperature
) (b t~r)J coefficient of the Nd-B-Fe magnet is 0.1% / 'C.

0-7803-1203-1/93$03.00 0 1993 IEEE
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IV. MAGNETIC FIELD PRODUCED BY A both the calculated value by PANDIRA and the measured

RADIALLY MAGNETIZED MAGNET value. The measured peak value is about 10 % smaller than

Let us consider a radially oriented permanent magnet ring the calculated one. There are three reasons that can decrease

as shown in Figure 2. the field. 1) The azimuthal segmentation reduces the field. 2)
Because of the repulsive force and the tolerances, the bore
radius is larger than the designed value. 3) Because of the
surface finish for Ni plating on the magnet, the corners of the
magnet are rounded. It makes the effective bore radius larger.

b According to the PANDIRA calculation, 2 % increase of the
bore radius will result the 1 % magnetic field decrease. The
first one is thought to be the main factor in our model magnet
case.

Figure 2. Radially oriented permanent magnet ring

Integrating over the magnetic dipole, the magnetic field on number of ring 2
the axis of the magnet is given as outer radius of a ring magnet 17 mm

length of a ring magnet 25 mm
_) __Br log (I+ro)(l+b )1 ) number of segments in a ring 16B(z)=- 1 - 1-+-+1o +,____________ _ 5 m

2I b, ro bo (I+bo)(l+rr,) boreradius 5 mm
comer radius of a segment 8 mm

z- 2 2z- - outer radius of iron case 20 mm
r0 = = +•rJ bo _+••) length of iron case 60 mmcomer radius and thickness of lids 3 mm

S +(z+I2  (-+' 2  bore radius of entrance lid 7.5 mm
b= + ,bbb 1 (3) rremanent field 1.29 T

(3) Table 1. Model PMS dimensions

The .aagnetic field has a maximum at z=O, where the end of
the magnet is located. The value is

B(0) = Br r b + 1ogI+ lb12/ 4)

Again, it can be shown that the logarithm term is not finite if
keeping I1r finite, and I/b --- -. In the real applications, two
kinds of rings with different magnetization will be placed
alternatively. In the case, the magnetic field should be
superimposed and the maximum field is doubled. The
principle of the perpendicular field superimposition should
work here again. For example, a lens of two rings ( b=5 mm,
r=2 cm, and 1=2x2 cm ) has the maximum field of 1.22 Br. Figure 3. PANDIRA result

V. PMS LENS 1.5 B 1'".- .. 0.75

To fabricate the real magnet, one has to consider several 1 measured Bz ........ ......... .0 ........................ 0. 5

constraints. The ring should be segmented to realize the
radially oriented anisotropic property. The return iron yoke 0.5 0.25-.-...._

0 .5 ... . ........ ...------ .......... • ........ , .-........ .......... ......... 0 .25

has to be located around the magnet to reduce the leakage
field on the axis particularly to the RFQ side. The case of the I- -

F7 0 ........ .....
magnet can be made of iron, and acts as the return yoke. The .
corners of the magnets are rounded so that the lens has less -o5. -

aberration. The bore hole of the iron case at entrance side is
made large to accept a beam with large diameter. The magnet -. -05
material is NEOMAX 40 which has the remanent field Br of
1.29 T nominal. The final dimensions are shown in Table 1. L L I . . -0.

Photo 1 shows the assembled PMS lens. -5 -4 -3 -2 -1 0 1 2 3 4 5

The field calculated by PANDIRA is shown in Figure 3. Z (an]
Figure 4 show the magnetic field distribution plots on the axis Figure 4. Magnetic field distribution
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VI. BEAM OPTICS focal point calculated by equation (2). Because the integral

The beam dynamics simulations based on the calculated over Bz on axis of PMS lens is zero, the image does not rotate.
magnetic field distribution by PANDIRA are performed. The In this calculation, the space charge is not included yet.
equations of motion in the cylindrical coordinate are Further study will include the space charge effect.

ft m0, = -q v# B. + N0 v0/r. VIL ACKNOWLEDGMENT

mP% v = -q(v. B,- v, B.)-mN v, v9/r (5) The author would like to thank R. A. Jameson for the
useful information. The model magnet was fabricated by

The equations are integrated numerically. For less aberration, Sumitomo Special Metal Co. LTD.
the r dependence of B2 and d4rBr should be small. One typical
result is shown in Figure 5. Bz and dolBr at 10 different radii VIII. REFERENCES
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phase space plots are also shown at the initial point and the (21 A. Noda, et. al. "Improvement of the Proton Accelerator
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Fig 5. Beam dynamics simulation based on PANDIRA result.
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DESIGN OF A MERGING BEAMLET PRE-ACCELERATOR
FOR AN ELECTROSTATIC QUADRUPOLE ACCELERATOR (ESQ)

C. F. Chan and M. C. Vella
Lawrence Berkeley Laboratory, Berkeley CA 94720

Abstract II. LBL 200 KV ESQ
An experiment is planned to merge 200 mA of multi-

beamlet H- at 100 keV into a single channel electrostatic Matching requirements for the LBL 200 kV, 200 mA
quadrupole accelerator (ESQ), which will boost the beam to (proton equivalent) ESQ are: 100 keV input energy; Input
200 kV. The experiment is a collaboration based on a Japan radius < 1 cm; and Convergence -10 mrad to -30 mrad for a
Atomic Energy Research Institute (JAERI) volume H- plasma circular beam. Previous experiments used single channel
source and focused multi-aperture extractor, mated to the LBL positive and negative ion beams. The nominal 200 mA
200 kV prototype ESQ. A 2D particle code (WOLF) has been current was demonstrated with a space charge equivalent 100
200 prototypesign a Q Ae g 2Darle pre-acder(WoLF) has been mA He+ beam [2].
used to design a merging beamlet pre-accelerator. The key This ESQ has three quadrupoles in the matching section,
merging elements are a focus ring to enhance the locusing of and two quadrupoles forming a 100 kV acceleration section, as
the extractor and a gradient grid to produce a merged beam illustrated in Fig. 1. The design is modular, and could be
profile which matches ESQ acceptance and minimizes expanded in 100 kV sections to over 1 MV. The ESQ has a
emittance growth. 3.5 cm diameter aperture. If the input conditions are met, the

beam envelope can be kept within 80% of the aperture

I. INTRODUCTION diameter, and emittance growth due ESQ electric field non-
linearities should be minimal (3]. The short length of the 200
kV configuration makes it very tolerant of input emittance.This paper presents a design for an experiment to

demonstrate merging of the beamlets from a multi-aperture
extractor into a prototype ESQ. The experiment will use a
JAERI volume generation H- plasma source and focused
extractor [1), mated to the LBL 200 kV, 200 mA ESQ 1 04
prototype [21. If successful, this combination can be scaled to
amperes of megavolt negative ion based neutral beams, for
heating and current drive in future tokamak such as the
International Thermonuclear Experimental Reactor (ITER).

Two types of negative ion accelerators are under
development. Conventional electrostatic (ES) Pierce type dc W C/
accelerators have the advantage of being proven with low
currents up to several megavolts. Also, they directly matcb
the capabilities of available H- /D- cesiated volume plasma _______

sources. The reactor relevant challenges for ES accelerators are
voltage holding and insulator lifetime. Electrons stripped PROTOTYPE ESQ-FOCUSED CCVV ACCELERATOR

from the negative ion beam by gas, plus secondaries, can
generate a high x-ray flux. The LBL group is developing the Figure 1. Draw of the LBL 200 kV, 200 mA ESQ. The
ESQ accelerator because it is mechanically compatible with first three modubL, are used for matching, and the second two
long, low (electrical) stress high voltage insulators (< 4 modules for acceleration from 100 keV to 20 keV.

kV/cm). Also, the quadrupole fields are expected to filter out
energy mismatched particles, reducing x-ray loads.

The practical challenges for a multi-beamlet merging II. JAERI FOCUSED EXTRACTOR
experiment are: (1) Match the ESQ acceptance requirements;
(2) Demonstrate H- current density that scales to ITER The JAERI plasma source will be similar to the type
requirements; (3) Achieve acceptable emittance growth within tested at JAERI and Cadauache, and planned for JT-60U [3].
the ESQ. The usual cesium seeding is planned to increase output and

reduce gas pressure. The JAERI focused extractor (11 uses
curved plasma and extraction grids, with nineteen apertures and
embedded magnets for electron suppression. Three sets of
grids were built with nominal geometric focal lengths of 10
cm, 15 cm and 20 cm (i.e., plasma grid radius of curvature).

0-7803-1203-1/93$03.00 C 1993 IEEE
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The 15 cm and 10cm grids were tested at JAERI in 1992 [1]. launched with the energy expected for the beam at the
Except for curvature, these are similar to the flat grids used in extraction grid during the LBL experiment, 6.5 keV. They
the large JAERI injectors (4], including embedded magnets to were given a Maxwellian distribution equivalent to a
bury electrons in the extraction grid. The beamlets are defined temperature of I eV.
by 0.45 cm radius holes in the plasma and extraction grids. A Results for two geometries are presented: (1) Two
side view of the nominal 15cm grid set is shown in Fig.2a, ringlets, which corresponds to seven apertures with total
and a flat projection is shown in Fig.2b. current < 100 mA; and (2) Three ringlets, which corresponds

to using the nineteen available apertures with total current 5
200 mA. Current in the ringlets was distributed in the same
ratio as the number of apertures of the JAERI layout, i.e.,
1:6, for two ringlets (seven holes), or, 1:6:12, for three
ringlets (nineteen holes). This distribution most closely
resembles the current distribution of the beamlet layout, but
perhaps introduces some extraneous effects on emittance. For
comparison with the experiment, it is convenient to refer to

0.) these configurations as "seven holes" and "nineteen holes".
The effect of a gradient grid on convergence of the seven

hole trajectories is illustrated in Fig.3a, where a large aperture,
60 kV gradient grid with a thickness of I cm is added 6.0 cm
from the center of the extraction grid and 12.0 cm from the

V HA, ESQ entrance. The corresponding phase space is illustrated in
Fig.3b. Envelope convergence is greatly reduced after the

4"" )beam pass through the second gap. The 0.9 cm radius is a
t )good match to the ESQ. A quantitative measure of the
/+ collective beam envelope was obtained from WOLF by

calculating the rms parameters of the projectional phase space
ellipse. These rms parameters were used to calculate the
convergence angle of a K-V beam with equivalent projectional

Figure 2. The layout of the JAERI focused plasma and emittance. Based on this procedure, the beam in Fig.3a has a
extraction grid design is illustrated. (a) Side view, 15 cm focal K-V equivalent envelope convergence of -24 mrad, which
length; and (b) Projection of the beamlet layout, with one, matches the acceptance of the 200 mA ESQ. In general,
six, and twelve beamlets rings. increasing the gradient grid voltage (with respect to the

extractor) increases the beam envelope convergence, with a
small change in the envelope radius.

IV. 2D SIMULATION OF BEAM MERGING

The goal of these studies is to provide a conceptual design
for a b-zamet merger which would match the JAERI extractor
and the LBL ESQ. The merged beam should satisfy the 0 60.0 93.5kV

acceptance requirements of the latter as mentioned in Sec. II I' I I / -
above. To accomplish this we propose two additional optics
elements: (1) focus ring; and (2) gradient grid. A focus ring I= 100i

on the exit side of the extraction grid, just outside the last ring E0 6.5 kev

of beamlets, increases the curvature of the potential contours
for the outer beamlets. The gradient grid is used to tune the
envelope convergence. A relatively long gap to the ESQ is b

required to get a good input match, which should experience
low emittance growth, even in a long acceleration channel. -

As mentioned previously, limiting emittance growth due
to ESQ non-linearities requires that the envelope radius remain
within < 80% of the nominal aperture. This will be possible
if the ESQ acceptance requirements are met, but also requires
that the merging be accomplished in a way which minimizes
the electrostatic energy of the merged beam. This means we a"

should stack the beamlets against each other with minimal . (.)
overlap. In the planned experiment, given the 0.45 cm,
beamlet radius and the < I cm ESQ acceptance radius, beamlet
overlap after merging is unavoidable.

To adapt to the 2D symmetry of WOLF[5,6], the Figure 3. WOLF simulations for a 100 mA H- beam with a
simulated beam geometry was a set of concentric, focused center beam and one ringlet, accelerated from 6.5 keV to 100
cylindrical ringlets, which were set at radii equivalent to the keV. Beam trajectories are plotted in (a) and the r-r' phase
beamlets from the JAERI extraction grid. The ringlets were space is shown in (b).
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Trajectories and phase space diagrams for a nineteen hole the flexibility to match the ESQ acceptance. This design is
(i.e., three ringlet) design are illustrated in Fig.4a and b. adaptable to also testing seven beamlets. Self-consistent 3D
Changes from the previous design are an increased gap simulations are planned in the future to refine the design and
between the extraction grid and gradient grid (to 10 cm). to study emittance growth.
Beam radius at the ESQ entrance is about 1 cm and ACKNOWLEDGMENT
convergence is acceptable, -30 mrad.
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H-', the envelope was 0.65 cm in radius, with a -12 mrad
convergence. This is an easy match to the 200 kV ESQ.

The long path from the extraction grid to the ESQ in the
experimental layout raises concerns about stripping losses.
However, progress in volume source technology has
significantly reduced operating pressure in recent years. Also,
this ESQ was designed with a high conductance to handle gas
from older sources, with higher pressure than now expected.
Estimates are that stripping losses associated with the longer
path length will be a small fraction of the losses within the
extractor.

The conceptual design for the nineteen hole merger shou a
in Fig.4a offers a good match to the acceptance of the 200 kV
ESQ, and the expected current should scale to an ITER proof
of principal demonstration. The key optics elements are a
focus ring at the perimeter of the extraction grid and a large
aperture gradient grid. The focus ring effectively increases the
curvature of the extraction grid, and the gradient grid insures
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Low-Energy H- Injector Design for SSC RFQ*

Chun Fai Chan and Ka-Ngo Leung

Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720

Abstract compressed by the fourth electrode, which is also the
entrance to the RFQ. Several technical improvements have

We present a design for the low-energy H- injector. It is been made over the preliminary version reported earlier [3].
used in conjunction with a rf-driven multicusp source and They are described in Sec. II-IV below. Further
will deliver 30 mA of H- at 35 kV, at a pulse length of less improvements and extensions of the design are discussed in
than 1 msec to a RFQ downstream (used in the LINAC Sec.V.
booster of the SSC, for example). It has several
distinguishing features and meets the goal of having an
outgoing beam free of electron contamination, with small DESIGN COMPUTATION
radius, large convergent angle and small projectional
emitiancte. We use an axisymmetric 2-D ion beam optics code to

The specific example presented meets all the compute the charged particle trajectories. In order to be
requirements of the injector for SSC RFQ. However, the precise, we include the effect of the attenuation of the H"
principle and method used should easily be adapted for the beam due to gas stripping by modifying the current density
designs of injectors with similar requirements for other along the z axis with the function fi shown in Fig. 1. This
purposes. survival function ofji is a fit to the numerical result based on

the stripping cross-section of H- by neutral molecules, the
I. INTRODUCTION pressure profile of which comes from a molecular flow

I calculation performed previously[3]. For the extracted
Advances [1] have been made with the recent works on electrons, a method has to be devised to simulate their space

the rf-driven, cesium free volume production multicusp H- charge effect, at least in the direction of the symmetry axis.
source which operates at relatively low gas pressure (p - 10 We use the function fe shown in Fig. 1. It accounts for the
mT), and yields high ion current density (ji - 100 mAJcm2 ) full effect near the source aperture and is gradually turned-
with low extracted electron to ion ratio (je/ ji- 10) and low off about I cm away.
ion temperature (kTi - 1.5 eV). In this paper we describe a In order to compute the rms projectional emittance, it is
design of an injector that would couple with such a source necessary to use the "skew beam dynamics" described in

and would deliver a useful H- beam to a RFQ, for example, Ref.[4]. It also gives more accurate numerically convergent

with desirable matching parameters. In the specific example results.
provided, the exiting H- beam of 30 mA at 35 kV has to ModelofH-beamatenuation dueto ngppmgbyneuuralul

meet the following requirements in order to match the Twiss .
parameters for the RFQ: beam radius = 0.2 cm, convergent f .00

angle = 139 mrad, and l =0.018 ic-cm-mrad. The injector 0.30-

consists of four electrodes and is operated in an accel-decel- 0 ,.0 2.0 3.0 4.0
accel scheme similar to the other injector design [2]. The 1(cm)
first two electrodes employ an acceleration voltage of 50 H- Survival Frac,,o

kV to extract the negative ions and the unwanted electrons. f. I-B(I-e-Cs) e.g. R=0.01.,C=1.51trorp=I2mT

The latter are swept away by a pair of permanent magnets
embedded in the first electrode. (The reason to choose the MoI osebawml 2ndci,.,oidl.ecgbe.wcehl

50 kV value is to provide enough gap spacing for those
deflected electrons to reach the second electrode.) The H- 1.0
beam is then decelerated by the third electrode (normally 0.5
biased at the same voltage as the first one). The beam 0 3.0

expands as it slows down. It is then reaccelerated and Z(cm)
e Surv,ý ai Fraction

* Supported by SSCL and by U.S. DOE contract DE-AC03- f, =Ian-)- eg. ci-.o.6-0.3

76SFW)098. Fig. 1 Models of Beam Attenuations
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Ill. DESIGN GOALS AND THE RESULTS 0o 25 kV

The specific goal mentioned in Sec.l is fulfilled with
the design shown in Fig.2.

0 50 0 35 W b.1

Masac cm

03 L44 63- .0305
Extraction aperture radius = 0.3 cm

IH" 30mA at exit--

I CM El., 0.010 ncm-mrad at exit

J /1JH = I II at the source aperture .....

Hutracto apenuwe nadius -0.3 cm

1
HI-

3 0
M ms at exi

El, 0.009 1,-.,n-mrad at e.,it .

WjH" =1/1 atthe sourcepenure -. -. 2 - .! .2
.. ...................... ... ...... ................... .. )

Fig. 3 Axisymmetric Beam Trajectory Plot and Exit Phase
with a Larger Convergent Angle

-. 4 -. 2 -. 6 .2 .4

W(cm) that the magnets of proper size and strength to achieve this

Fig. 2 Axisymmetric Beam Trajectory Plot and Exit Phase result would also produce a B field of about 500 gauss at the
source aperture, extending and gradually diminishing into

An H- current density Ji = 115 mA/cm 2 is assumed at the the source chamber. Fig.4 shows the calculated and

source aperture which has a radius r = 0.3 cm. As the beam measured B field as a function of axial position. This

travels about 6 cm to the exit, it retains about 92% of its penetration would have a destructive effect on the H"
current according to the function fi shown in Fig.1. We also production there.

assume a uniform current density distribution at the aperture A method is found to solve this problem. We replace

and an ion temperature of 1.5 eV. Thus the initial rms the usual material copper for making the first electrode with

emittance is 0.006 x-cm-mrad at that location. The x-x' soft iron, with the location of the magnets shown in Fig.2

phase plot in Fig.2 shows 90% of the emittance as the beam and 3. This soft iron housing has the effect of shifting the

enters the last electrode. The length of the first gap is chosen peak of the B field away from the source and greatly reduces

in such a way that it nearly saturates the Child-Langmuir the penetration, as shown in Fig.5.

limit, once the acceleration voltage of 50 kV is chosen. The
shape of the first electrode is optimized to ensure a flat
plasma emitter, which is defined by the once-integrated 800
Poisson equation, and there is a relatively low electric field * 0C:, MEASURED

(E-1000 kV/cm) across this emitter. (The voltages of the 700- 0 C0J 0 0 Cu: CALCULATED

four electrodes are 0, 50, 0, and 35 kV. Alternatively, they • 600 • •
can be labelled as -35,15, -35 and 0 kV). 0

The potential of the third electrode is normally equal to X500
that of the first one. However, if a larger convergent angle 400 *

of the beam into the RFQ is desired, it should be biased at a 0 0
--

few kV negative. Thus one can adjust the beam anRle !u 300

continuously to provide the proper entrance angle for i LL 0 0.
particular RFQ requirement. An example is shown in Fig.3. p 2I- 2o

u 100 -

IV. DUMPING OF THE ELECTRONS 0 0

One of the problems of extracting negative ions from a -100
volume source is that the beam contains a large amount of U.75 -0.25 0.25 0.75 1.25 1.75

unwanted electrons. Putting a pair of permanent magnets Z (cm)

(e.g. SmCo) inside the first electrode can sweep those
electrons out of the beam at the early stage of acceleration. Fig. 4 Comparison of the Axial B Fields: Calculated and

However, a closer examination of this solution[3] reveals Measured, both with Copper Housing

3161



V. DISCUSSIONS AND CONCLUSIONS

0 o t-O--..,,. We have shown in Sec.Ill and IV a design of a conmpact

0 0 ieto to produce an H- beam with large convergent angle
40 0 0 0 and low emittance. The overall arrangement including the

X 4"osource, is shown in Fig.7. The exit emittance is about a
M 0 factor of two smaller than the SSC RFQ injector00

o 300 • requirement. Ibis is achieved by good ion beam optics and
W 0o the low H- ion temperature. In this study we have ignored

200 0 0 the contribution of the emittance growth due to the
- .perturbation of the ion trajectories by the magnetic field. as

W 0 well as its steering effect on the beam as a whole. However,Z 100 0 0010 0 we don't expect these effects to be dominant factors. We
0 oo°0.

0 0 intend to investigate them in 3-D calculations in the future.

-U.50 0.00 0.50 1.00 1.50 The question of how to dump the electrons without

Z (cm) interference with the source performance and ion beam
optics is a long standing problem for H- extraction. We

La Of " source SOUNG believe we have found a simple method, described in Sec.IV,

to decouple those issues. The modification of the present
design to accommodate dc operation is under study and shallFig. 5 Comparison of the Axial B Fields: Calculated (with be reported elsewhere.

Copper Housing) and Measured (with Soft Iron Housing)

In Fig.6 we simulate this shifted B field in a planar
calculation to study the trajectories of the electrons. The + ,O

exact landing location of the electrons on the second
electrode is not critical as long as they are stopped from
going further downstream. Since the present design is for Lll,,,,o, NJ"

NO.a - 'ttI

short pulse operation (less than I msec.) and low duty factor, Rw X
the heat loading should not pose a problem, especially if
active cooling is employed, of7

There is one further advantage of the accel-decel design. ANTENNA0 U

There exists an electric field reversal before and after the
second electrode. Any secondary emission of electrons
produced by the impact of the extracted source electrons on SAG
the upstream face of the second electrode would be confined
to the first gap and would not migrate downstream to cause
head-loading damage or to produce x-rays. .,;,- .o ,/

MAOEITS 0.4. COLLAR

Fig. 7 Schematic Diagram of the RF Multicusp Ion Source
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Lithium Lens for Focusing Protons on Target in the
Fermilab Antiproton Source

F.M. Bieniosek and K. Anderson
Fermi National Accelerator Laboratory *

P.O. Box 500
Batavia, Illinois 60510

Abstract

A lithium lens will be used to focus the 120 GeV proton of the lens should be as small as possible to minimize stresses
beam on the antiproton production target to a spot size of encountered in the cooling jacket which surrounds the lithium
about 0.1 mm, as part of the planned upgrade to the FNAL core. Experience at FNAL [Ref. I] and elsewhere [Refs. 2,3]
antiproton %ource target station. Improved focusing increases indicates that lithium lenses can be made to operate reliably if
antiproton yield and corrects for possible future emittance the magnetic field at the outer radius of the lens (to) is
dilution of the incident proton beam. The lens, with a radius maintained below 10 T. The minimum radius is dictated by
of 3 mm and length of 8 cm, is expected to operate at a the properties of the 120 GeV proton beam and transport line.
gradient of 2667 T/m and a current of 120 kA. The lens is TRANSPORT [Ref. 4] calculations for a 0.2x mm-mrad
similar in design to the antiproton collection lens. emittance beam with Ap/p = 0.2% (95% limits) in the

transport line retuned for the proton lens yield a half-beam size
I. INTRODUCTION of 1.7 mm at the upstream entrance of the lens. Allowing for

beam sweep on target, variations in emittance, and drift in
A lithium lens is a cylindrical current-carrying conductor. beam position, a 3 mm lens radius should be adequate for

If the current density in the lithium is uniform, the strength of efficient beam transport. A lens of 8 cm length located at the
the focusing magnetic field is linear with radius, and the device first collimator module of the target station (approximately
acts as a simple lens on high energy particle beams. Such 168 cm upstream of the target) and operated at a gradient of
lenses have been used routinely at FNAL for antiproton 2667 T/m would focus the beam to an RMS spot size on
collection downstream of the antiproton production target. target of ax = cy = 0.1 mm. At the design radius, the edge
This paper describes the design and operational parameters of a field will be 8 T. To provide flexibility in placement of the
lithium lens to be installed upstream of the antiproton lens, the design is based on a maximum operating field of 10
production target. The upstream (proton) lens design is based T. If the emittance of the proton beam should be larger than
on the design of the downstream (collection) lens. In addition, expected, it will be possible to maintain the desired spot size
the proton len. design incorporates improvements which may by placing the lens closer to the target and operating at a field
be used in future versions of the collection lens such as higher that 8 T.
improved optical quality and enhanced mechanical design of the A pulsed power supply delivers a half-sine wave current to
beryllium window and titanium cooling jacket. the lens described by I(t) = lo.exp(-.at).sin(tot) (0<ot<x),

where 1o is the peak current without damping, a is the
II. DESIGN CONSIDERATIONS damping constant, and (o is the angular frequency determined

by the capacitance and inductance of the pulser circuit. The

A. Lens Optics current and magnetic field diffuse into the lithium core on a
time scale that depends on the ratio of the skin depth to the
lens radius &/ro [Ref. 51. Aberrations in the lens are minimized

A short focal length final focus lens minimizes the spot size when the magnetic field approaches a linear radial dependence.
on target for an incident proton beam. In addition, a short Aberrations Ar at the focal point may be written as a function

focal length reduces local heating of the beryllium entrance of radial position at the lens r as:

window of the downstream collection lens by the proton beam.

The lithium lens was chosen over alternate focusing H(r)
technologies (e.g., plasma lens, pulsed quadrupoles) because Ar(r) = r- (!)
the design of the lens can borrow extensively from ex -irience
at FNAL gained in fabricating and operating the antiproton
collection lens. For a given magnetic field gradient. the radius where H(r) and G, the magnetic field at a given lens radius and

the gradient of the linear component of the field, respectively,
*Operated by the Universities Research Association Under may be calculated from the analytic solution of Reference 5.
Contract with the U.S. Department of Energy We calculate the RMS value of the aberration <A2>1/2 as:

0-78ý-l1203-1/93$03.00 0 1993 IEEE
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/2 be a significant factor in determining the attainable spot size.
= (H- rG)2 (2) The total beam absorption loss is 7.5% (i.e., 5.8% in the

wher lithium and 1.7% in the beryllium windows).

(H rG)=2)1
2  2 J(H - rG)2r dr (3)

r2 fo faf

0
125-

which is solved in Fig. I for S/ro - 0.6, 0.65, 0.7, and 0.75
(a =6760 sec-1 , o= 41 000 sec- 1 ).

0 .2 - .6 75

.65

0.15S.7 50 -,

.75

25'

0.0 1.0 2.0 3.0

Radial Position (nmn)

0.05

Figure 2. Temperature profile in lithium core at peak current
and after pulse during cyclic operation.0' , 5

0.4 0.5 0.6 0.7 0.8 B. Mechanical Design
Time - Units of Wil

A cross-section of the proton lens is shown in Fig. 3. The
Figure 1. Proton lens field linearity, current is introduced to the lithium through 1018 steel, which

has relatively low resistivity, adequate strength, and is
This calculation assumes that the incident proton beam is compatible with liquid lithium.

free to wander across the aperture of the lens. The ratio S/ro is The cooling jacket is machined from Ti 6AI4V ELI
set at 0.7 to allow for jitter in the trigger circuit of the lens billet bar stock. The various pieces of the water circuit
pulser; <Ar2 >112 remains less than 0.02 mm in radius over a septum are joined by electron beam welding. Great care is
5 ps time window, exercised in preparing and joining the septum components to

The ratio 8/ro changes as the lithium is heated during the minimize weld embrittlement and avoid formation of
pulse. Temperature and conductivity both vary significantly as deleterious microstructures. The central core of lithium is
a function of radius during the pulse; typical curves for the constrained by a 1 mm thick Ti 6A1-4V conductor tube which
temperature distribution are shown in Fig. 2. provides the path for heat exchange between the lithium core

The solution of Ref. 5 neglects the conductivity profile in and the cooling water. The thickness of the conductor tube
the lithium; solving the complete coupled equations requires a was selecttd such that it carries only a small fraction (i.e.,
numerical solution [Ref. 6]. The full solution has not yet <5%) of the total current, minimizes the combined stresses in
been completed in this case; however, if the conductivity the tube during operation, and minimizes the temperature
profile is parabolic, one can show that the spot size is not gradient across the tube wall. Calculations indicate that the
significantly degraded, although the timing of minimum spot largest stress in the cooling jacket occurs just after the pulse
size may change slightly, and is due primarily to the thermal expansion of the lithium

Multiple scattering, which amounts to about 27.5 prad, is core. The largest radial stress occurs at the inner wall of the
the dominant contributor to spot size growth from beam conductor tube and is estimated to be 14.7 ksi. The highest
interaction with the proton lens. The quadrature sum of all tangential stress (i.e., maximum principal tensile stress) also
lens contributions, including multiple scattering, finite depth occurs at the inner wall of the conductor tube and is calculated
of focus, and optical aberrations, to spot size is about 0.05 to be 52 ksi, which is well below the endurance limit of the
mm. This value is smaller than the limiting spot size for the material for 107 cycles. As delineated in Fig. 2, the
expected emittance of the proton beam delivered to the lens temperature of the lithium core remains well below the
(0.1 mm). As a result, lens imperfections are not expected to melting point of 1860 C during cyclic operation.
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Figure 3. Cross-Sectional View of Proton Lens Assembly

The septum endcaps feature a uniform gradation in cross- 210 atm will be maintained at ambient conditions to
section to provide the transition in wall thickness of 1 mm in counteract the maximum z-pinch at ont-_-i/2.
the conductor tube to 1.5 mm thickness in the outer current The proton lens body current contact area was designed to
director base. Such design minimizes stress concentrations due accommodate the same transformer package as that used in the
to changing wall thickness and provides adequate strength in 2 cm diameter collection lens. The total inductance of the
the critical endcap region. secondary pulser circuit is expected to be 30 nH; the secondary

As delineated in Fig. 3, the beryllium window features a circuit resistance is 490 .tQ, of which the lithium central
parabolic profile which minimizes the window thickness and conductor contributes 330 p.Q. The primary circuit consists of
consequently beam absorption while maintaining adequate a power supply capacitance of 260 pF, an equivalent circuit
strength to prevent fracture. Beryllium was selected to inductance of 2.5 pH, and an equivalent circuit resistance of 35
minimize beam absorption and multiple scattering which could mfi. For a nominal operating field of 8 T, the charge voltage
dilute the effective spot size on target. The minimum window on the capacitor bank is V = 2.0 kV, the peak primary circuit
thickness is 3 nun. The peak axial pressure exerted on the current is 15 kA, and the current pulse is 80 its long. The
window (about 30 ksi) is primarily due to the sum of axial corresponding lens current is 120 kA.
pressures generated by radially flowing currents in the end
region and by Poisson effect loads associated with radial III. REFERENCES
compression of the central lithium core. The inclined
boundary of the window serves to minimize the maximum (1) G. Biallas, et al.. "Power Tests of the Fermilab Lithium Lens
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Injector Design for High-Current CW Proton Linacs*
Ralph R. Stevens, Jr., Joseph D. Sherman, and J. David Schneider

Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract efficiencies are useful criteria for cw source selection. We
define the ion-source gas efficiency, iq, as

We present an injector design for high-power cw proton

linacs with particular emphasis on intense neutron-spallafion
sources. Long-term operational reliability and availability = 6.95 in. (A)JQH?(Scm) (1)
dominate over specific beam parameters for these where the proton current is expressed in Amperes (A) and the
accelerators. We discuss technical requirements for the ion hydrogen flow is given in standard cubic centimeters per
source and low-energy beam transport line and compare minute (scan). The power efficiency, C, is given by
different options. A prototype design for a 75-kV, 110-mA
cw proton injector is presented. = J H+(mA/cm 2)/Pd(kW) (2)

I. INTRODUCTION where jH÷ is the proton current density at extraction and Pd is

The development of radio-frequency quadrupole the discharge power. Other important operating parameters of
acc develeratorshsprdedant efi-fetventch b een d(RFQ) interest for a cw ion source are the proton current, proton

accelerators has provided an effective match between dc ion fraction, beam emittance, and source lifetime.
source injectors and radio-frequency, drift-tube accelerators Table I summarizes the demonstrated characteristics of a
which greatly enhances the practicality of building high- few candidate sources. These are the multicusp source with
current cw proton linacs for intense neutron siallation sources filament drive [2], the multicusp source with 2.0 MHz rf drive
[1]. These RFQ accelerators reduce the required injection [1t i the monocusp ion source [41, and the 2.45 GHz electron-
energy to a limit set by beam perveance rather than by linac cyclotron resonance (ECR) ion source [5]. Emitter radii are
beam dynamics and can support long-term, cw operation, given immediately below the source description in the first
Accelerator-based conversion (ABC) of weapons-grade fissile column, and the extraction voltage is given in the second
materials, accelerator transmutation of nuclear waste (ATW), column. The total beam current (proton current in
and accelerator production of tritium (APT) are possible parentheses) is given in the third column. A high proton
applications of this technology. After discussing the design fraction (the ratio of the proton current to the total currnt) is
considerations for these injectors, we present a preliminary desirable to limit beam perveance and -to eliminate mass
design for these applications, analysis prior to RFQ injection. Note that the monocusp

source results are for deuterium. The discharge power is
II. INJECTOR SPECIFICATIONS presented in the fourth column, while the power efficiency, C,

The cw injectors for neutron-spallation sources must is shown in the fifth column. The duty factor (dO) employed

provide stable proton beams with high availability. The total for the data is shown in the sixth column while the gas

number of protons on target will be an important measure of efficiency, il, is in the seventh column. Finally, the measured
will have to provide >100-mA cw normalized emittance at the 95% beam-fraction level is shownoperation. These injectors wlhaetprvd 10mc in the last column. A Gaussian beam-emnittance model has

proton beams at energies up to 100 keV with a 95% beam in use t olumn A 95% beam- emittance modes
fraction normalized emittance of 1.2 mmm-mrad at the RFQ been used to obtain the 95% beam-fraction emittane values.
match point. Table I

A design for an accelerator to produce tritium is being Comparison of Candidate Ion Sources for CW Linacs
developed at the Los Alamos National Laboratory (LANL).
This accelerator is expected to be on line for 7800 hours/year v, i Pd df E (95%)
with an overall availability of 85%. Injector availability must Wv (mA) (kW) (mA•c2kW) Ml t 0 mm-mnrd)
exceed 98% during the scheduled on-time. Periodic ion- Muti-cusp (2] 60 56 7.1 13 100 0.07 0.59
source maintenance may be done no more often than once a (ment) (45)
week during a single scheduled 8-hour maintenance period. re=0.4cm-

The injector fault rate (primarily high-voltage faults) must be Mwi-CUP 131 35 82 1i 12 .3 0.02 0.60
limited to less than one per hour. Means must be provided in (2.o Mft ro (70)
the injector to reestablish the beam in the linac quickly with re=0.32c_
minimal perturbation and beam spill. The low-energy beam Moe=.,p 141 200 200 1.5 60 100 0.14 -

transport (LEBT) line must provide proper matching and (rfdet) (120) D+
centroid control at the RFQ entrance. Non-interceptive beam r, = 0.65 am
diagnostics are needed to ensure proper tuning and on-line EC prow 15] 42 96 0.6 290 100 0.31 0.60
monitoring of the injector beams. (2.45 GHz) (67)

re =0.35man

III. ION SOURCE
The ECR ion source developed at the Chalk River

The choice of ion source for these cw applications will Laboratory is a promising candidate for this application based
be made on the basis of proven performance for long-term on proven cw performance and high gas and power
availability and operational stability as well as current and efficiencies [6]. A schematic diagram of this ECR source is
emittance requirements. Ion source gas and power shown in Fig. 1. The basic ECR geometry has been modified

to optimize the production of protons by eliminating the axial
*Work supported by an Exploratory Research & Development confinement geometry. The 2.45-GHz microwave frequency
Initiative under the auspices of the US Dept. of Energy. is sufficiently low that the required axial magnetic field of 875
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Gauss does not dominate the beam emittance after extraction. LOW-ENERGY BEAM TRANSPORT SYSTEM
Current densities up to 500 mA/cm 2 at 90% proton fraction
have been obtained. This source has been used for several The LEBT system transports and matches the beams
years with the RFQI project at Chalk River and has demon- extracted from the ion source to the RFQ accelerator. The
strated sufficient lifetime and stability at a 90 mA total current design beam predicted by the SNOW simulation has an
level to support extended operation of their cw RFQ [7]. envelope radius of 0.43 cm and an envelope divergence of

46 mrad, while the input beam required by (he RFQ has an
envelope radius of 0.21 cm and an envelope convergence of

PtA•S•A ELECTAWE A=- L ELC CAýc rEL (LE-W 41 mrad.
There are two basic approaches that can be used for the

beam-transport system depending on whether electric or
magnetic optics are employed. Electrostatic-transport systems
have been used to transport 100-mA, 100-keV 1" beams and
could be used in this application for proton beams [11. This
option is less sensitive to beam noise and beam instabilities
but is limited by space-charge effects for high-perveance
beams.

Magnetic-transport lines, on the other hand, generally
.. entail space-charge neutralized beams. A two-solenoid,

magnetic-lens system [12] preserves the cylindrical beam
---- -----------. symmetry and is extremely versatile in beam matching to the

REQ. This transport system requires that the beam be space-
charge neutralized to >95%. Figure 2 shows a layout of the
preferred two-solenoid lens, direct-injection LEBT. Beam
dynamics simulations with 85% proton fraction show that
<0.5 mA of H2+ and H3' contaminant ions enter the RFQ for
this design. These currents are much less than the expected
proton losses in the RFQ and should not pose an operating
problem.

Fig. 1. Schematic Diagram of the Chalk River ECR Ion
Source.

Another promising ion source for this application is the
rf-driven, multicusp, volume source [3,8]. A 2.0-MHz version
of this source has been tested and has demonstrated 85%
proton fraction for low-duty-factor beams [3]. The gas
efficiency of this source is expected to increase for cw (100% mw
df) operation. Tests are needed to extend the operation of this
source to full cw operation. Fig. 2. Layout of the High-Current Proton Injector.

Our initial preference for the ECR ion source over the rf-
driven volume source is based largely on the improved power In addition to the focusing lenses, steering elements are
efficiency. The ECR source operates with <1 kW of needed to correct for minor alignment errors. Steering
2.45 GHz microwave power, while the volume source may algorithms have been developed to provide independent
require >20 kW of 2 MHz rf power to produce similar beam control of both centroid position and angle in both transverse
currents densities. Additional testing of several candidate ion planes using two steering pairs. This control is needed to
sources under expected cw operating conditions is required provide optimum tune into the RFQ [13].
before a final choice can be made. A fast kicker magnet provides a means to turn off the

An injection energy of 75 keV has been selected based proton beam within several microseconds if a fault should
on previous experience with the Fusion Materials Irradiation occur anywhere in the accelerator or target systems. There is
Test (FMIT) injector [9]. We have designed an ion-extractor provision to insert a variable iris at the midpoint of the LEBT
system to produce the required 110 mA of protons assuming a to limit the beam current to the accelerator and to facilitate
proton fraction of 85% and H + and H3+ fractions of 7.5% beam turn-on. We plan to employ an accelerator design in
each. This design entails a total extracted current of 130 mA. which the tune is relatively itsensitive to beam current so that
The extracted current density is chosen to be 235 mA/cm 2, so the accelerator will be brought up to full power by ramping up
the emitter radius, r., is 0.42 cm. The equivalent electron a low-current, cw beam. This mode of turn-on entails less
perveance of this beam is 0.29 jiP. The extractor design was transient loading of RF systems and permits continuous
done using the SNOW code [10]. The electron trap is a adjustment of beam tune during ramp-up.
proven design used in the FMIT injector. Calculations have Non-interceptive, beam-diagnostic elements are included
been made varying the injected current from the ion source; in the injector to facilitate beam tuning and to diagnose
this geometry has a minimum emittance at the design current operating problems. Optical profile monitors provide
of 130 mA. Additional designs for lower proton fractions continuous, on-line beam profile monitoring. Tomographic
have also been developed, techniques can be used to deduce the beam emittance [14].
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Proper setting of the ion-source parameters can be achieved IV. SUMMARY
by tuning for optimum beam profiles. The tune of the
focusing and steering elements can also be monitored on line A basic injector design for high-current, cw, proton
by these profile monitors with a positional accuracy of linacs is Presented. With the advent of RFQ accelerators, the
±0.2 mm. Optimal monitoring locations are at the LEBT required injectors can be designed for much lower injection
midpoint and at the RFQ entrance. A dc transductor will energies with most of the ion-source, ancillary systems at
provide continuous monitoring of the LEBT beam current. ground potential. An ECR ion source operating with a
An insertable beam dump is provided for limited off-periods standard high-voltage column feeding a magnetic-transport
when it is undesirable to turn off the ion source. Water-cooled line using solenoid lenses appears to be a suitable design.
collimators and apertures will be used throughout the transport Particular attention must be paid to long-term, operational
line to intercept any errant beam. The H2+ and H3+ molecular stability and reliability. Further testing of this injector system
ion beams in large part will be intercepted on the collimators is needed to prove that the required long-term operation can
at the entrance of the RFQ and on the fixed collimator at the be achieved.
LEBT midpoint.
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A High Power Long Pulse RF-driven H- Source

J. W. Kwan, G. D. Ackerman, W.S. Cooper, G. J. deVries, K.N. Leung, R. P. Wells
Lawrence Berkeley Laboratory, University of California,

Berkeley, CA 94720

Abstract at a practical cw power level (e.g. at -20 kW).
We have tested the radio-frequency driven H- source and

have shown that the H- production efficiency and the beam II. APPARATUS
emittance are similar to those obtained from the filament A schematic diagram of the ion ý,urce is shown in Fig. 1.
discharge. Typically the numbers are 2.8 mA/cm2 /kW and The source dimension is similar to the one described in
0.017 x-mrad-cm (which corresponds to 1.9 eV) respectively, reference 1. It has a multicusp chamber l0-cm-diam by 10-
So far we have operated RF pulses of - 10 kW for - 50 ms cm-deep surrounded by 20 columns of samarium-cobalt
with a porcelain-coated antenna and -15 kW for - 1 s with magnets. The central field-free region is approximately 6 cin
additional layers of quartz sleeving. It is necessary to develop in diameter. Two pairs of filter rods (which have permanent
better antenna coating material that can withstand the intense magnets embedded inside) are used to generate the magnetic
plasma heating and sputtering in order to operate at higher field in front of the extraction aperture. When needed, cesium
power with longer pulse length. can be released into the ion source by SAES dispensers 3

mounted inside the source. The inner surface of the souce is
I. INTRODUCTION covered with molybdenum liners in order to minimize cesium

In the last Particle Accelerator Conference, Leung et alI condensation on the cold copper surfaces. Since we are
reported some encouraging results using a radio-frequency operating at -20 kW instead of 50 kW, the H- current density
driven multicusp source to produce H- ions. More than 30 is much lower than that obtained in reference I and 2. For
mA of W current was obtained with a 5.4-mm-diam extraction this reason, a larger aperture (15 mm in diameter) was selected
aperture and with an RF input power of 50 kW. As explained in order to produce sufficient HI beam current. Description of
by the authors, the RF discharge has many advantages over the the 100 keV preaccelerator with the electron trap can be found
filament discharge; these include longer lifetime, ease of in reference 4.
operation at high power, fast start-up etc. Similar to filament In the past, the same ion source was driven by two
discharges, the E- yield can be enhanced by introducing cesium tungsten filaments. In this study, the filament unit has been
vapor into the RF-driven discharge. Using the same RF replaced by an RF antenna. It has the shape of a two-turn
power, Leung et e12 obtained more than 90 mA of I- current induction coil (6 cm in diameter) and is made of 4.7-mm-diam
in a later experiment which confirms a factor of 3 copper tubing coated with a thin layer of hard porcelain
enhancement by the cesium injection. The above experiments material. A small tungsten filament is used as a starter to pre-
were done with discharge pulses typically less than a couple Of ionize the hydrogen gas before the RF discharge occurs and it
ms long. The purpose of our experiment is to test the ion can be turned off after the RF discharge has started.
source for a longer pulse length extending up to many seconds Apart from the antenna, the ion source itself is designed to

f I omen - . an- t enno ant enno

f tit ter rod tY:3nge

9d3G

grd 3b

grid 3c ,

cm o' o .,.6.,,,.o ,.:._.,__

Fig. 1. Schematic diagram of the ion source with an RF antenna.
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handle 36 kW of steady-state input power. During the initial discharge 4 . The H- production efficiency in that case was
testing, we found that the original RF antenna used in Leung's equal to 2.81 mA/cm 2 /kW. The pulse length was 270 ms.
experiments began to fail (at the porcelain coating) when the With a slightly reduced power of 14 kW and a smaller aperture
power exceeded 7 kW for pulses over a second long or for 10 (10 mm diameter), we have obtained up to 2.5 s of H- beam;
kW pulses over a few hundred ms. In our experiment, we the beam current started at 32 mA, stayed constant for about 1
found that adding one or two layers of quartz sleeving over the s and then drooped down to 29 mA at the end of the 2.5 s
porcelain-coated antenna can improve the antenna's operating pulse. We believe that this reduction of H- yield is due to the
range. However the quartz sleeving introduces another adverse accumulation of tungsten vapor on the cesiated surfaces during
effect to the production of H- ions. We will discuss this in the very long pulse.
more detail in the next section. We typically accelerate the H- beams to more than 70 keV

The RF circuit diagram is shown in Fig. 2. The RF energy, thus it is necessary to minimize the electrons extracted
power supply is capable of delivering 100 kW of cw RF from the ion source. In order to do this, the plasma electrode
power at -2 MHz. The RF power is transmitted from the must be biased positively with respect to the source anode.
power supply via a 50 ohm co-axial cable to a 5-stage 100 kV Unfortunately, a positive bias has the adverse effect of
isolation transformer. The final stage of the transformer is reducing the H- yield. 'Me electron problem is more severe in
coupled to a LC matching network. As usual, the antenna the case of RF discharge than the filament discharge and
itself can be represented by a transformer with a single turn therefore a high positive bias is required which further reduces
secondary while the plasma acts as a resistor in series with an the H- yield. This situation is different from that in Leung's
inductor. During operation, the RF frequency is tuned (in the e 2
neighborhood of 2 MHz) to obtain resonance in the matching experiments in which a negative bias was applied to the
network such that the voltage and the current at the input of plasma electrode.the soltio trnsfrmerarein has. Te tuns ati ofthe Fig. 3 shows the I- yield as a function of RF power with
the isolation transformer are in phase. the turns ratio of the and without cesium injection. The three series of data areisolation transform er is adjusted to bring the transform er input la e d as " o c iu ,"om c s u "an " or c su "impeanc (wth he pasm lod) loseto 0 oms.labeled as "no cesium", "some cesium" and "more cesium"
impedance (with the plasma load) close to 50 ohms. because we had no means of quantitatively measuring the
According to a power balance calibration, the isolation amount of cesium vapor in the discharge. Interestingly, the
transformer only has a power transmission efficiency of ,70% H- output current was proportional to the RF power without
(probably due to the lossy core material).

H- beam current is measured by a current transformer showing any sign of saturation at high power. Comparing the
downstream of a dipole magnet which eliminates all remaining performance between "no cesium" and "more cesium", the I-
electrons in the beam. The average current density reported yield was enhanced by more than a factor of 3. Given that the
here is defined as the beam current measured by the current aperture has an area of 1.77 cm2 , the H- production efficiency
transformer divided by the area of the source aperture. At a for RF is 2.76 mA/cm2 /kW (when there is plenty of cesium
typical source operating gas pressure of 10 mT, our Monte vapor in the discharge). This number is very close to the one
Carlo gas flow computation predicted a 45% stripping loss of found for filament discharge mentioned earlier. These beam
11- ions in the preaccelerator. data were obtained with discharge pulses that were >50 ms

long.
I1. EXPERIMENTAL RESULTS The pressure in the source was reduced from 15 mT in the

Our first interest was to compare the H- yield between case of "no cesium" to <I0 mT in the case of "more cesium".
filament driven and RF driven discharges. Previously, the ion The plasma electrode was typically biased at +10 V for all
source had been operated to obtain 75 mA of H- beam current
from a 14-mm-diam aperture using 17 kW of dc filament

------------------ N 60-
source plasma

antenna 50- More Cesium

S40

E 30 X Some Cesiumpream mai ap. isolation 2 .
main transformer .20.

•_••coax L •1 rw1=' °Csu

sine wave pulse C 0 5 10 15 20 25
oscillator generator matching RF power (kW)

network
Fig. 2. A circuit diagram of the RF system. Fig. 3. H- yield as a function of RF power into antenna.
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pulses (e.g. > 500 ms), it will be necessary to develop better
antenna coating material to withstand the intense plasma
heating and sputtering.

V. ACKNOWLEDGEMENT
We would like to thank D. Mouss&, S. Wilde, B. Leonard

and W. Steele for technical assistance. This work is
2- ... supported by USASDC under contract No. W31RPD-9D4039S• and by U.S. DOE Office of Fusion Energy under contract No.

1 : DE-AC03-76SF00098.

VI. REFERENCES
[1] K.N. Leung, W.F. DiVergilio, C.A. Hauck, W.B. Kunkel and

D.S. McDonald, Proc. of 1991 IEEE Particle Accelerator
Conference, (May 1991, San Francisco, CA) p.1919.

[2] K.N. Leung, D.A. Bachman and D.S. McDonald, to be
published in Rev. Sci. Instrum., April 1993

[3] Dispensers were manufactured by SAES GETIERS U.S.A.
40 Inc., Colorado Springs, CO.

Cn [4] J.W. Kwan, G.D. Ackerman, O.A. Anderson, C.F. Chan, W.S.
Cooper, G.J. deVries, W.B. Kunkel, K.N. Leung, P. Purgalis,

Fig. 4. An emittance diagram of a 70 keV, 41 mA H beam. W.F. Steele, and R.P. Wells, Rev. Sci., Instrum., 62. 1521,
(1991).

cases. The ratio of leakage electron to W current varied with
discharge power and cesium concentration. For example at 8.5
kW, the ratio was 4:1 in the case of "more cesium" and 8:1 in
the case of "no cesium".

Fig. 4 shows an emittance diagram of a 41 mA H- beam
obtained with 8.4 kW of RF input power. The pulse length
was equal to 50 ms. The normalized rms emittance was 0.017
n-mrad-cm which corresponses to an equivalent ion
temperature of 1.92 eV at the 15-mm-diam aperture. This ion
temperature is certainly within the same range as the ones
obtained in our previous experiment using filament dc
discharges4 .

As mentioned earlier, the original antenna design was
unable to withstand cw operation exceeding 7 kW of RF
power. The first place to show damage was the porcelain
coating at the center of the induction coil where the plasma
density was expected to be at its maximum. By moving the
antenna "return leg" to the outside of the loop, the situation
was improved but we are still unable to operate at > 10 kW
cw. Another approach that we have tried was to add quartz
sleeving over the porcelain-coated antenna. Apparently, the
quartz sleeving provided enough thermal shielding to the
antenna that it could operate at up to -15 kW cw without
incurring damage. Unfortunately we found that the quartz
sleeving was responsible for depositing a thin layer of
insulating material (most likely quartz) all over the inside of
the source. For this reason, the cesium enhancement effect
was suppressed and subsequently the W- yield was very low.

IV. DISCUSSION
So far the result in testing the RF-driven multicusp H-

source showed that the Hr production efficiency and the beam
emittance are similar to those obtained from the filament
discharge; they are typically at 2.8 mA/cm 2 /kW and 0.017 x-
mrad-cm (which corresponds to 1.9 eV) respectively.

The present porcelain coating on the antenna surface works
well only for short pulses or for cw low power applications.
In order to operate at high power (e.g. > 15 kW) with long
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Initial Operation of the CW 8X H- Ion Source Discharge*

H. Vernon Smith, Jr., Paul Allison, Carl Geisik, David R. Schmitt,
J. David Schneider, and James E. Stelzer

Los Alamos National Laboratory
Los Alamos, NM 87545

Abstract is transported up seven squirt tubes (0.22 cm o.d. x 0.013 cm
walls) to the end of each cathode tip. The water then reverses

A pulsed 8X source was built and the H- beam current, direction (1800 bend) and is transported down the annulus
emiance, and power efficiency were measured. These re s between the squirt tube and the 0.30-cm-i.d. cavity machined
were promising, so a cooled, dc version designed for operation into the cathode. The power deposited on the cathode is
at arc power levels up to 30 kW was built. Testing of the CW sported through a 0.17-cm-thick layer of molybdenum to8X source discharge is underway. -The design dc power loading tasotdtruha01-mtiklyro oydnmt
on shecathoure dschare is uneoay The densigndcry poer loadng the coolant passages. Good heat transfer is achieved by using
on the cathode surface is 900 W/cm2 

, considerably higher than the fluid velocity to suppress local burnout. The heated water
achieved in any previous Penning surface-plasma source from the annuli surrounding the 14 squirt tubes (7 in each tip)
(SPS). Thus, the electrode surfaces are cooled with is returned to a common plenum. The water is then
pressurized, hot water. We describe the source and present t transported to a specially built unit capable of removing up to
initial operating experience and arc test results. 46 kW. Because the anode power loading is four times lower

I. INTRODUCTION than the cathode loading, and because the emission-aperture-cap
power loading is assumed to be the same as for the anode, both

"The 8X source is under development for possible use in are cooled using conventional coolant passages [3]. A conical
the neutral-particle beam program. It may also be of interest collar in the drift region (Fig. 2) provides maximum e-
to other projects that require either dc or high-duty-factor, high- suppression with no degradation of the H- beam output [9].
quality W beams. The pulsed-8X source design and measured The anode, cathode, and emission-aperture cap are molybde-
performance are described in Ref. [1]. Grumman Space num, which has good thermal and structural properties in
Systems built [2] a cooled version of the 8X source, the CW addition to excellent H- production. More design details, and
8X source [3], that is designed to operate with dc arc. The the results of the design calculations, are given in [2] and [3].
source is now installed on the high-current test stand (HCTS) Figure 2 shows a CW 8X source assembly drawing. The
at Los Alamos for dc arc tests. The HCFS was modified to ac- variable magnetic field is provided with an electromagnet
commodate the additional equipment necessary for these tests, coil. Cesium vapor is provided by beating a mixture of
including installation of a water-cooling system and a titanium and cesium-clh. mate powders contained in a
Macintosh IIci-LabViewTh-based set-point, data-archiving separate oven (not shown). The source is heated initially to
computer system [4]. Previous work on cooled or long-arc- 185 0C by the water system. Once the arc is struck, the water
pulse Penning sources is described in [5], [6], and [7]. temperature is kept >150 0C to maintain the proper cesium

H. SOURCE DESIGN coverage on the electrode surfaces.

We observed a cathode power efficiency • = 640 mA/kW DRIFT APERTURREGION APERTUR
in our pulsed 8X source measurements [1] (C = jH-/Fc, where CAP

JH- is the emission current density and FC is the cathode power
loading). Researchers at Novosibirsk claim [81 dc operation of SQUIRT- TIP

an IF planotron SPS at cathode power loads FC = I kW/cm 2 . TUBES
Thus, we speculate that JH- > 640 mA/cm2 would be possible ANODE
for dc operation of the 8X source (a Penning SPS). BODY

The CW 8X source predicted performance, based on the
measured pulsed-8X-source performance [i1], is shown in Table I NSULATOR
I of Ref. [3]. We assume that for the dc source the effective H -ANODE
transverse temperature is 6.7 eV, the value found in the pulsed- CATHODE AEPLATE
8X-source emittance measurements [1]. For a 0.40-cm-diam BASE
emitter, 60-mA dc H- beams with rms normalized emittances e I

0.01 x cm mrad are anticipated. We estimate a cathode
power density of 900 W/cm2, low enough to permit dc
operation. However, the discharge power is 88 V x 340 A =
30 kW, with 20 kW estimated to go to the cathode and 10 kW
to the anode. Vigorous cooling of all surfaces contacting the
source plasma is provided.

The approach taken to cool the cathode and anode [2,3] SUPPLY SUPPLY
operating at power loads as high as 1.4 and 0.26 kW/cm2, re- NSULATORS RETURN
spectively, is illustrated in Fig. 1. To cool the cathode, water
* Work supported by the Dept. of Defense, US Army Strategic Figure 1. A cross-sectional view of the CW 8X source
Defense Command under auspices of the US Dept. of Energy. cathode, anode, and emission-aperture cap [2,3].
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H- OUT value by sending a portion of the water through a heatEXTRACTOR POE exchanger that has 46-kW cooling capacity. If a water leak is
sensed, air-actuated fast valves isolate the water system from
the manifolding and the source. Pressure-relief valves
automatically protect against over-pressure conditions.

"IV. SOURCE ELECTRONICS

In addition to the requirements imposed by having to
cool a 30-kW dc discharge, an additional complication is
introduced by the arc requirements. Approximately 400 V is
needed to initiate the Penning SPS discharge. We estimate
that 350 A of arc current is needed to produce the desired H-
current. One option is to use a 400-V, 350-A dc power supply
to start and to sustain the discharge. Instead, we use a 600-V

NODE "CATHODE arc pulser to strike the discharge and two 30-kW dc power
supplies (one rated at 150 V, 200 A and the other at 200 V,
150 A, arranged in parallel) to sustain it (Fig. 4). Schematics
"of the expected CW 8X source discharge voltage (Vd) and
discharge current (Id) waveforms are shown in Fig. 5.S~LOW-POWER

5 SW ITCH 0.5 POWER IfV

ELCRMGE i . o o ID x
COIL 0-- 5 20 A 5002CM~ 10.2 AR

Figure 2. An assembly drawing of the CW 8X source [3]. -TRA STOR
SWI ICH+

Il. WATER SYSTEM 2 A 1 - v

Figure 3 shows the layout of the HCTS. The 500 psi VH
(3.4 MPa), 200"C water system, purchased from Wellman
Thermal Systems in Shelbyville, IN, provides the deionized, EA MRODEL 2093
high-temperature water. During start up, the water is heated CN

by a 12-kW electrical heater coil. A 22-gpm (83-fpm) pump Figure 4. CW 8X source electronic circuit schematic.
circulates the water to the source through the manifolding.
Once the operating temperature is reached, a Honeywell UDC Two power supplies charge the 17.2-mF arc-pulser
5000 controller maintains the water temperature at the preset capacitors. Zener diodes placed in the control circuits of the

500-V power supplies limit their outputs to 300 V. At time t
= 0, the low-power transistor switch closes initiating the

PRSSUR RELIE source discharge. The 150-V, 350-A power supply continually
BUILOING WAL. draws current through the 8-fl resistor to improve its response

to the pulsed current demand. That demand comes at t =
1.0 ins, when the high-power transistor switch closes and the

P low-power switch opens. Large power diodes prevent crosstalk
BYPASS-,,WATER between the 150-V, 350-A power supply and the arc pulser.

WATER SYSTEM MANIFOLD The 150-V, 350-A power supply keeps the discharge running
cw 9x until the high-power transistor switch is opened.

V. INITIAL OPERATING EXPERIENCE
BOX NiOro brazing compound (82% Au, 18% Ni) was used to

join the molybdenum components together. A silver-copper
PROT over-braze was used to provide a vacuum seal for the cathodeand anode assemblies (the emission-aperture cap did not need

the over-braze). Before the source was assembled, pressure
E ViItests at 750 psi (5.2 MPa) revealed no leaks in the cathode,

ACCES PANELS BARCIER anode, and aperture cap assemblies. After 70 hours of pulsed
operation, the braze joints are still intact. The cathode

Figure 3. Schematic of the test-stand layout, assembly must be electrically isolated from source ground (the
including the water system. anode, emission-aperture cap, and water system) in the high-
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-300,-00

-400 500.

---Arc pulser
4000 1400' ~Id, A40

300300. dc Power Supply

'd (A) 200

100- 100

0 0
0 1 2 3 50 100 t(mg) 0 2 4 6 a 10

t, ms
Figure 5. Expected Vd and Id waveforms.

temperature water loop. This is done with KEVLARTm- Figure 6. Measured Vd and Id waveforms for a 1-ms-long arc-
reinforced, silicone-rubber hose assemblies thai were specially pulser pulse and a 4-ms-long dc-power-supply pulse.
made for this application by Preece, Inc. of Irvine, CA. We pulse repetition rate = 1 Hz, and H2 and N2 gas flow = 100
have not had any hose failures at temperature. The hose crimp and 1 sccm, respectively. The droop in the arc-pulser-driven
joints developed leaks after several thermal cycles, discharge current is due to the RC drain of the pulser capacitor
Recrimping the hose connectors sealed these leaks-no failures bank. The droop in the dc power-supply-driven current pulse
have occurred in the recrimped assemblies. is the turn-on response of the power supplies; the same shape

A heater power of 9 kW maintains the water unit, the is measured when the source arc is replaced with a short.
manifolding, and the source at 1840C, leaving 3 kW to raise
the temperature further if necessary (200°C is the design VII SUMMARY
maximum). We add 5 ppm each of NaNO 2 and The dc version of the 8X source is installed on the HCTS
Na2MoO4 -2H 2 0 to the deionized water to suppress corrosion at Los Alamos and the arc tests have begun. The arc pulse
of the molybdenum components. We also add 30 ppm of length will be extended from 6 ms to >1 s beforg Te prepare to
NaOH to the deionized water to elevate the pH of the water extract dc wi beam from this source.
from =6 to L9 to prevent corrosion of all the materials that
contact the water: 316L, 304L, and 316 stainless steels; REFERENCES
molybdenum; copper; silicone; teflon; KALREZTM and Parker
compound E962 0-rings; PEEKTM seals in the ball shut-off [11 H. V. Smith, Jr., P. Allison, and J. D. Sherman, "Penning
valves; and NiOro and silver-copper brazing compound. Surface-Plasma Source Scaling Laws - Theory and Practice,"

Proc. 6 th Intl. Symposium on the Production and Neutrali-
Cathode material is worn away by sputtering. In our zation of Negative Ion and Beams, Brookhaven National

pulsed 8X source tests, the sputtered molybdenum occasionally Laboratory, November 9-13, 1992 [to be published in the
bonded poorly to the anode and aperture cap, causing flakes to AIP Conf. Proc. series, 1993]. Also LA-UR-92-3664.
form which degraded source performance. Thus, erosion of the [2] R. Heuer, J. Porter, I. Birnbaum, T. Schultiess, and J.

Sredniawski, "Final Design of the 8X CW Negative Ioncathode can present a problem for long-term, dc operation. Source," Grumman Aerospace Corporation, Bethpage, NY,
Based on the 4X source pulsed operation data [10], we project Report, 1991.
that the erosion of the CW 8X source cathode due to sputtering [3] H. V. Smith, Jr., et al., "CW 8X Ion Source Development,"
will be =0.02 mm/h. Experience does not necessarily indicate in Ref. 1. Also LA-UR-92-4075.
a problem with this level of sputtering, but long-term effects [4] C. Geisik, D. R. Schmitt, J. D. Schneider, and J. E. Stelzer,"Computer System for the High-Current Test Stand," Losare unknown. The dc erosion rate may be much less than the Alamos National Laboratory report LA-CP-92-232.
pulsed rate because the dc discharge voltage is normally lower [5] R. B. McKenzie-Wilson, K. Prelec, and R. Hruda, IEEE Pub.
than the pulsed voltage. So far in our tests, we have im- No. 79CH1441-5 NPS, 225 (1979).
measurably small erosion of the CW 8X source cathode, and [6] W. K. Dagenhart, C. C. Tsai, W. L. Stirling, P. M. Ryan,

D. E. Schechter, J. H. Whealton, and J. J. Donaghy, AlP
the very-thin layers of sputtered molybdenum that deposited on Conf. Proc. No. 158, 366 (1987).
the anode bonded securely (no flaking has been noted). [7] H. V. Smith, Jr., N. M. Schnurr, D. H. Whitaker, and K. E.

Kalash, IEEE Catalog No. 87CH2387-9, 301 [1987].
VI. INITIAL RESULTS [8] Yu. I. Bel'chenko, G. I. Dimov, V. G. Dudnikov, and A. S.

Kupriyanov, Revue Phys. Appl. 23, 1847 (1988).
Figure 6 shows the measured discharge voltage and [9] H. V. Smith, Jr. and P. Allison, "Electron Suppression in

current waveforms for 1-ms-long arc-pulser and 4-ms-long dc- the H- Beam from a Penning Surface-Plasma Source," Rev.
Sci. Instrum. 64, (June, 1993). Also LA-UR-92-3337.

power-supply pulses. The source parameters for the [ 10] W. B. Ingalls, Los Alamos National Laboratory, private
waveforms shown in Fig. 6 are arc magnetic field = 420 G, communication.
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Volume H- Ion Source Development at LAMPF

R. L. York, D. Tupa, D. R. Swenson, and R. Damjanovich
Los Alamos National Laboratory, Mail Stop H838, Los Alamos, NM 87545

Abstract performance. The interior of the source housing is stainless
One method of increasing the intensity of the steel with individual recesses for each magnet arranged in

LAMPF Proton Storage Ring is to use a brighter H- ion circular patterns. The outer housing is aluminum rather than
source. To develop such a source, the performance of the iron for maintenance and construction considerations; the
small LBL dipole filter and the BNL toroidal filter volume PE-2D calculations indicated that the major features of the
H- sources are being investigated. Results of testing a new magnetic confinement and filter fields could be maintained
high-duty-factor design of the BNL toroidal filter volume without an iron return. The filament feedthroughs are of a
source are discussed. Results of experiments to reduce the concentrically cooled design that has been used reliably in
electron to H- ratio and modulate the beam intensity in the the production operation of our surface source for 10 years.
small LBL source are presented. The cylindrical cavity at the back of the source makes it

possible to optimize the filter strength by changing filter

I. INTRODUCTION magnets without breaking vacuum. The unique clamshell
design of the vacuum housing makes maintenance of the

The LAMPF Proton Storage Ring, PSR, and inside of the source possible without opening water passages.
proposed new projects, such as the National Center for This design also permits the plasma electrode position to be

Neutron Research, NCNR, require a high-duty-factor H- ion Optimized.
source capable of producing a 35 mA beam with an
emittance of 0.04 cm-mrad at 95% beam fraction. The LBL
dipole-filter [1] and the BNL toroidal-filter [2] volume H
sources have both demonstrated, at low duty factors (<1%),
the beam intensity and quality necessary for these facilities.
A development program to determine the high-duty-factor
capabilities of these sources has been in progress for one
year. LAMPF has operational experience and facilities to
evaluate high-duty factor H- ion sources.

Reducing the ratio of electrons to H- ions is
essential to minimize operational problems and maximize the
quality of the H- ion beam. Operational experience at
LAMPF has shown that, at duty factors greater than 5%,
impinging even a small amount of electron beam on the
accelerating lenses can produce an arc down rate that can
devastate the operational reliability of the source. Reducing
the electron ratio at the source is especially important at high
duty factors.

II. BNL TOROIDAL FILTER SOURCE Figure 1. The LAMPF high-duty factor version of

The BNL toroidal volume H- source, with its unique the BNL toroidal filter source.

conical shape magnetic filter, has been under study at BNL
since 1988 and its performance is well documented [2]. This For evaluation, the new source was installed in the
source is very attractive for high-duty-factor applications H- Cockrft-Walton dome[4]. To optimize the magnetic
because it produces Hr beam in excess of 30 mA with an filter, different sizes and strengths of filter magnets were

electron ratio of less than 5:1. With the assistance of Jim tested. The polarity of the magnets was changed from

Alessi at BNL, a high-duty-factor version of this source has attracting (the filter magnets are opposite in polarity to the

been designed and constructed. A drawing of this source is innermost ring of cusp magnets on the source front plate, as

shown in Figure 1. Extensive magnetic field calculations in the BNL design) to repelling (the filter magnets are the

were performed using PE-2D [3] to preserve the magnetic- same polarity as the cusp magnets). A representative sample

cusp and filter-field geometry while incporating the of these data is shown in Figure 2. Unlike BNL, for our

necessary changes to obtain reliable high-duty-factor source design, the performance of the repelling magnetic
configuration is superior to the attracting one. In this

*Work performed under the auspices of the U.S. D.O.E. configuration, the extracted H- current and electron ratio are

0-7803-1203-1/93$03.00 O 1993 IEEE 3175



comparable to the BNL results. An iron plate was added to
the front of the source and the plasma electrode was moved 20 20
to the inside front edge of the source to better simulate the
BNL design, but this was detrimental to the source 18 CS 18
performance for both filter polarities. ; 16 16d/

212 / 12-

8 /
1.5 E "8 _

1. •Repelling Configuration U"
t: 6 6

4 4
12 Cs 2

C Attracting Configuration 0 0
* 0 50 100 150 200

0.5 = Arc I (A)0.5 " 000

0 00 c

00 0 Figure 3. H" current and electron ratio vs. arc"00 current with and without cesium.

0 10 20 30 40 The emittance was meas, ued using a slit and

e/H- collector emittance station 1.5 meters from the source. For
arc currents of 50 to 150 A, the 95% values of the emittance

Figure 2. H- current vs. electron ratio for attracting are plotted in Figure 4. This shows that the emittance
Fndrepelingufiltere 2. gn curnt tron at foer atragth increases almost linearly with arc current. The reason for

and repeiling filter magnet configurations and filter strengths. this increase is not understood, but the beam emittance did

not appear to be increased by aberrations. The emittance ofFor hes stdie, to 15 UII dameer ungten an 8 mA beam with cesium at 100 A of arc current is also
filaments shaped in semicircle loops with a radius of 6.5 cm anotted.be w e siu m t 100 A of t 4a

were used. The performance of the source depended on the plotted. We were unable to measure the emittance of the 40
flament's beater cunt directions. The optimum beater mA/cm 2 beam because the high-voltage electrode spacing was

current pattern was different for two filter polarities. This inadequate to transport a beam of this density

supports the BNL observation that there is an interaction
between the filter magnetic field and the local magnetic 0.04
fields produced by the filaments.

Plasma electrode positions beginning at the inner • Cs added
front face of the source and spacing outward 1.0, 1.5, and 2.0 ' 0.03 --
cm were studied. Over this range, the HW current only varied
10%, but electron ratio inceased a factor of 5 as the plasma
electrode was moved away from the source. However, the
extraction optics are more difficult when the plasma electrode 0.02

is more reentrant.
The plasma aperture was opened to 0.4 cm2. The H

current and electron ratio as a function of arc current are 0.01
plotted in Figure 3. The pulse length was 800 psec. Data
taken at 4, 60, and 120 Hz showed no dependence on duty z
factor. The HW current and electron ratio produced after 0,,
cesium is added to the source are also plotted in this figure. 0 50 100 150 200
Without cesium, the source produces an 8 mA beam, which
corresponds to 20 mA/cm 2 with an electron ratio of 5:1. Arc Current (A)
When cesium was added to the discharge, the H- current
increased to 40 mA/cm2 with an electron ratio of 2:1. Figure 4. Normalized emittance vs. arc current.
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I1. SMALL LBL VOLUME SOURCE Modulating the beam intensity at the source with rise and fall

times of 100 ns or less would make final beam chopping

The small LBL volume H- source also has very easier by reducing the space-charge effects. This capability
impressive performance at low-duty factor. The 2 MHz rf would also be useful at accelerators such as SSC where beam

driven version of this source has produced currents greater pulses with sharp rise and fall times are desired.

than 40 mA without cesium at a 1% duty factor[lI]. However, Our studies show that the beam intensity of the small
reducing the electron ratio of this source would enhance its LBL Volume H- source can be modulated by biasing the
reliability for high-duty operation. Studies have shown that plasma electrode. The geometry of the plasma electrode is
using a plasma electrode aperture with an aspect ratio very important to this process. For these tests, a collarf I] and
(aperture diameter/thickness) of one greatly increases the plasma electrode aperture that is 3 mm in diameter and 3 mm

ability to reduce the electron ratio by biasing the plasma thick were biased at the same potential with respect to the

electrode. This technique reduces the electron current by a source housing. The tests showed that, with an arc current of

factor of 10 while reducing the HW current by only a factor of 150 A, 90% of the extracted beam current could be
2. The effects of magnetic filter strength, plasma electrode suppressed if the plasma electrode was biased at -150 or +40

spacing from the filter, and the use of a collar have also been volts. Using a simple Hexfet modulator circuit, the plasma
studied. These studies have revealed the effect of electron electrode can be pulsed to -150 volts in approximately 100 ns.
ratio on the beam emittance. Figure 5 shows how the beam The time response of the beam intensity was measured to
brightness increases as the electron ratio is reduced. For the exactly correspond to the applied voltage. This result proves
240 A case, when the electron ratio was reduced by a factor of that the plasma response is adequate to modulate the beam

7, the beam brightness increased by a factor of 5 while the H" intensity at the source with a beam tum-off time of 100 ns.
current only decreased 25%. Using a combination of these The plasma electrode discharge time and beam turn-on time
techniques, we have measured current densities in excess of of 100 ns were also been measured. Developing a voltage
35 MA/cm2 with a normalized emittance of 0.03 cm-mrad at modulator with faster response that operates reliably floating

95% beam fraction and an electron ratio of less than 5:1 at 80 kV has proven to be quite challenging. We hope to
without cesium. To study the high-duty-factor performance determine the time response limit of the beam-intensity
of this source, a 2 MHz, 100 kW rf drive capable of 10% duty modulation. We are also studying the geometry dependence

operation has been ordered. of the beam modulation.

1.2 V. CONCLUSION

•" • Both types of volume H- sources show the potential
S1 1 60A of providing the brighter beams required for PSR and NCNR.

0. 10 If the toroidal filter source beam intensity continues to scale
0.8 1with plasma aperture, it will provide adequate beam current

* 180A with small electron ratio. If the techniques to reduce electron
0.6 ratio work as well for the ff driven source as for the filament

240A source, it will also produce adequate beams. Modulating the

•0.4 beam intensity at the source on a time scale of less than 100
ns has numerous applications.

0.2~0.2 VI. ACKNOWLEDGEMENTS
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Figure 5. Beam brightness vs. electron ratio at VII'. REFERENCES
different arc currents.

[1] K. N. Leung et al., Rev. Sci. Instrum. 64, 970,(1993).

IV. BEAM MODULATION [21 J. G. Alessi and K. Prelec, "The BNL Toroidal Volume H"
Source," Conference Record of the 1991 Particle Accelerator

Neutron spallation sources such as PSR require 100 Conference, Vol. 3, pp. 1913-1915.

to 200 ns gaps in the beam for extraction purposes. Designs [3] Vector Fields Limited, 24 Bankside, Oxford OX5-1JE,

of the NCNR accelerator propose this chopping at energies of England.

approximately 100 keV. Calculations indicate that space- [4] Ralph R. Stevens Jr. et al, Proceedings of the 1984 Linear

charge effects will make this process very difficult. Accelerator Conference, pp. 226-228.
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Further Development with Heavy Ion Sources
at Brookhaven National Laboratory's

Tandem Van de Graaff Facility

M. J. Zarcone, D. B. Steski, K. S. Smith, and P. Thieberger
Brookhaven National Laboratory

Upton NY, 11973 USA

Abstract The signals from the wires are fed into a standard
The Ion Source Test and Development Group at Brook- HITL/AGS instrumentation package [81 for processing and

haven National Laboratory's Tandem Van de Graaff Facility display on an oscilloscope. These electronics are capable of
has been evaluating the Peabody Scientific [11 PSX-120 reading all four sets of fourteen wires but sampling was
negative ion cesium sputter source for use as the source of usually done in the horizontal plane on one harp at a time.
pulsed negative ion beams for injection of the Brookhaven The observed profile of positive currents for the negative
synchrotrons. The decrease in emittance due to the use of a ion beam is due to the secondary electron emission from those
spherical ionizer, as recently reported [21, may lead to im- wires that intercept the ion beam superimposed onto the
proved brightness of the beam injected into the MP Tandem profile of the electrons picked up as 'cross-talk' from one wire
resulting in improved beam output. Emittance measurements to the adjacent ones.
with the PSX-120 are presented for dc beams and some of the The cross-talk of emitted electrons tends to skew the rela-
first pulsed beam results are also discussed. tive currents from one wire to the next and needs to be elimi-

nated or at least greatly reduced. Studies [9] show that the
I. INTRODUCTION majority of these secondary electrons have kinetic energies of

less than 50 eV. The most prominent peak in the energy
The two MP Tandem Accelerators at Brookhaven National spectrum of the secondary electrons being the 'slow' peak,

Laboratory are, at present, the only devices [3-51 that can which occurs at very low energies, less than 6 eV.
satisfy the requirements for injection of heavy ions into the The method of reducing the cross-talk uses both planes of
AGS and will be used when the Relativistic Heavy Ion wires on the harp, one to measure the current and one to
Collider, RHIC, now under construction comes on line. With apply a bias voltage. The upstream plane of wires was
the commissioning of the BOOSTER in 1992, the mode of positively biased and the current measured on the downstream
operation of the Tandems has permanently changed from a plane of wires. The electron cross-talk is not altogether
three stage mode of operation [6] using both MP Tandem eliminated but is greatly reduced with a positive bias of 20
Accelerators to a two stage mode that uses only one of the Volts. Modeling the harps with SIMION [10], an electrostatic
MPs. This changes the conditions under which the ion sources lens analysis code, shows that the small number of electrons
can be run. In addition, although the current ion sources still being picked up are those that are emitted from the
provide adequate intensities of negative ions for the Heavy Ion outermost edges of the wires.
Physics Program, increased intensity and lower emittance
from the ion source will enhance the program, providing a IV. EMITrANCE MEASUREMENTS
wider range of operating conditions and a greater margin for
less than optimum performance. Emittance as used in this paper is defined as we which is

the area of the phase ellipse. Values quoted are for the
l0. MULTIWIRE BEAM PROFILE MONITORS normalized emittance given by r1eE12 with units of mm mrad

MeV1' where E is the energy of the ion beam in MeV.
The emittance measurements taken on the test bench were The formula used to obtain a value for the emittance can

a first approximation but nonetheless a valid and reasonable be derived from the transport matrices using a lens followed
representation based on the profiles of the beams. Two by a drift region [111. The one used for these emittance cal-
multiwire beam profile monitors or harps were constructed culations is given by:
using 14 - 0.040" stainless steel rods set on 0.200" centers, in
both the vertical and horizontal planes contained in a 3.5" e = (W 2

2
/(I 2-L,)) V1(Wtz/W 2 z-Liz/l.2r)

square frame of MacorO. The two harps are located at
distances of 1.21m and 2.78m from the center of an Einzel This formula computes the emittance using the half widths
lens (Ortec Model 345 Gridded Einzel Lens [71) which is of the beam profiles on the two harps, W1 (upstream harp) and
approximately 0.6m from the extraction electrode of the W2 (downstream harp) and the distances of the harps from the

source. Current measurements were made in the 'source' CUP center of the Einzel lens, L, and .2. This formula is derived

located 0.3m from the extraction electrode of the source and for a configuration where there is a minimum spot size (not a

in the 'object' cup located 0.2m before the downstream harp. waist) on the second harp.
The procedure was to minimize the beam on the down-
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stream harp, record the profile, read the current on the object If we compare the two graphs we can conclude that the
cup, put in the upstream harp without any adjustments of pa- emittance of the gold beams with the spherical ionizer is 45 %
rameters and record its profile, then read the current on the of that with the helical ionizer at lower intensities, but
source cup. The data was then fit to a Gaussian distribution gradually increases to 75 % over the range of intensity shown.
where the standard deviation was determined. The half width A few measurements of 30 kV Si- beams with both ionizers
used in the formula is obtained from 80 % of the beam profile. have also been made over the same range. These data average,

Several sets of data were taken on the test bench using the for 80% of the beam, to about 3.5w mm mrad MeV"2 for the
PSX-120 with the helical and spherical ionizers for gold and spherical ionizer and 8.2wr mm mrad MeV"' for the helical
a few for silicon, ionizer. The number of measurements are too few to deter-

mine how the emittance grows but is definitely less than that
2 for gold. This is consistent with space charge arguments for
S20 lower vs. higher mass ion beams.

I " HIL. PULSED BEAMS

10 - Most of the data taken on the test bench and at the
S• "Negative Ion Injector of the Tandem has been for the dc

5 mode. A 15 kV, 500 ,tsec pulser was built, tested and added
to the test bench in November 1992.

50 I00 ISO ZO 250 300 3 The PSX-120 with the spherical ionizer was run in the
CJ.ct Cu Int,,ty CWe-qm) pulsed mode with a gold target. Although in-depth studies

Figure 1. Emittance Measurements for the Helical Ionizer. have not yet been done, some initial results and observations
deserve mention. The procedure was to characterize the pulses
in the source and object cups while working toward improved

2 transmission to the object cup.
The input to the pulser is usually a 500 Itsec square pulse

at a repetition rate of 2 Hz. This high voltage pulser is capable
15 of producing up to a 15 kV, 500 Itsec pulse or an equivalent

voltage-time combination. The output voltage from the pulser
0 ohas a 30 psec rise time and a 60 usec fall time. In addition,

there is an initial 6% overshoot with a settling time of 110
Isec.

o 50 100 150 200 250 300 35O
Cbj~t CapD t~nlt~ty Cmfct,*lAw )

Figure 2. Emittance Measurements for the Spherical Ionizer.

In Figures 1. and 2. above, the data for the normalized
emittance of the gold beams using the helical and spherical
ionizers is shown. The energy of the extracted ions was 30 kV
with cesium accelerating voltages of 3.8 - 10 kV. The spread
in the data is representative of the difficulty in determining the
emittance by ihis method. These difficulties are due to 1)
moderate resolution on the harps from the diameter and
spacings of the wires, 2) the deviation of the beam from a Photo 1. 920 #A Pulse as seen in the Source Cup.
purely gaussian shape, and 3) measuring emittance of a beam
before mass analyzing (only trace amounts of elements other Photo 1. above, taken from the oscilloscope display shows
than gold but Au2- and Au3" each have an intensity of up to a 920 sA, 500 psec negative gold beam pulse observed at the
10% of that of the Au- beam). In addition, the secondary source cup close to the source. The extraction voltage was 35
electron emission coefficient of each wire can change as the kV and the cesium acceleration voltage was pulsed to 10 kV
wires are coated by the ion beam. from a base of 600 VDC. Part of the apparent beam pulse

The normalized emittance as measured with both ionizers overshoot is due to electrical cross-talk but otherwise the rise
can be seen to increase with intensity. A quadratic line was fit and fall times are similar to the ones of the high voltage
to the data points using a least squares program. The emit- cesium acceleration pulse. The other feature that distinguishes
tance growth is a result of the increase in space charge forces the source cup pulse from the HV source pulse is that the
but the form of this dependence is not straight forward [121 intensity falls off from the max of 920 tLA to about 840 IA.
and will be addressed in a later paper. This, it is believed, is due to the change in cesium and/or

3179



target conditions during the pulse. It remains to be studied if V. FUTURE PLANS
this can be compensated for by adjusting the trace voltage,
heating the cesium boiler or some combination of both. Clearly there is a need for further in-depth studies of the

The 920 uA pulse was sent down the line through the source with pulsed beams. More time needs to be devoted to
learning about space charge neutralization and improving
transmission. There should be a complete study of emittance
measurements for gold at various extraction energies and
pulser voltages. These should be made with both the spherical
and helical ionizers using harps with greater resolution and
some computer assistance.
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(abstract)
Acceleration of polarized deuterons in the KEK 12-GeV In Fig.l, a block diagram of the dual-optically-pumped

proton synchrotron is under discussion. To get a highly vec- polarized ion source is shown schematically. An energetic
tor polarized deuteron beam, a new type of optically pumped electron-spin polarized hydrogen beam is generated via pickup
polarized ion source (OPPIS) with dual optical pumping has of a polarized electron by a proton beam of a few keV in an
been developed. In the preliminary experiment, we found optically pumped alkali vapor. Then the atomic polarization of
that the dual-pumped polarized scheme had a large potential to the hydrogen beam is transformed into nuclear polarization by a
generate highly nuclear-spin polarized negative deuterium diabatic transition between hyperfine sub-levels (Sona transi-
ions. tion). Finally, the nuclear-spin polarized hydrogen beam is

ionized.
I. INTRODUCTION Although OPPIS is very useful to generate polarized

protons, it has been thought that OPPIS is inadequate for mak-
Polarized protons have been successfully accelerated in ing highly polarized deuterons. In deuterium atoms, because

the KEK 12-GeV proton synchrotron (KEK-PS) since 1985. the nuclear spin, 1=1, three hyperfine sub-levels (I =+1,0,-I)
Many experiments have been carried out with polarized proton exist. High polarization can not be expected if only a Sona
beams so far. Recently, several proposals for the physics ex- transition is used because of the 1--0 state. The theoretical
periments with polarized deuteron beams in the KEK-PS are maximum polarizations, in this case, are +-2/3 for vector polar-
under discussion. ization (P) and -1/3 for tensor polarization (P).

An ordinary deuteron beam was successfully acceler- To achieve a high polarization, a new scheme which
ated to an energy of I1.2GeV (5.6GeV/u) in the KEK-PS, the selects a pure nuclear-spin state is necessary. In 1988,
limiting energy of the ring, in 1992. [1] The beam intensity of Schneider and Clegg[71 proposed a new nuclear-spin state se-
the accelerated deuterors reached more than 2 x 10 12 ppp which lection scheme. Their idea is as follows: After picking up the
was almost the same as that for protons. Acceleration of po- polarized electrons from optically pumped alkali atoms, deute-
iarized deuterons in the synchrotron is rather easier than that of rium atoms are electron-spin polarized, for example, in the state
polarized protons. Since the anomalous magnetic moment (G) of m, =+1/2 as shown in Fig.2. These electron-spin polarized
of the deuteron is -0.1426, which is 10 times less than that of the deuterium atoms equally populate three hyperfine sub-levels
proton, the number of depolarization resonances that are 1=+1, 0, and -1 in a high magnetic field, which are labeled the
caused by the betatron motions of the beam and imperfection of states 1, 2, and 3, respectively in Fig.2. Using the Sona transi-
the ring are quite few during the acceleration of polarized deu- tion, the state I (m =+1/2, I =+I) goes to the state 1' (m, =-1/2,
terons in the synchrotron compared with polarized protons. I•=-1), the state 2 ýmj =+1/2, 1=0) goes to the state 2' (m, =+1/

As for polarized ion source, an optically pumped polar- 2,1,=-1), and the state 3 goes to the state 3' (m, =+ 1/2, I190),
ized ion source(OPPIS) has been used for generating nuclear- respectively as shown in Fig.2. Therefore, the deuterium at-
spin polarized negative hydrogen ions so far. It has been oms with only the hyperfine level of I,=-I (state V in Fig. 2) has
believed that this type of polarized ion source is not useful to an opposite electron-spin state, m. =-1/2, of the other two sub-
produce a highly nuclear-spin polarized(vector and tensor) den- levels (2' and 3) after Sona transition. When the alkali atoms
terium ions. In this paper, we report the preliminary experi- in the ionizer are also optically pumped and their electrons are
mental results which showed that the highly vetor polarized to be spin polarized in the m, =+1/2 state, only deuterium atoms
negative deuterium ions could be produced by OPPIS with with the electron-spin state of m. =-1/2 ( state 1' ) can form
dual-optically-pumped technique. negative ions because of the Paul, exclusion principle. This

process is shown in Fig.3 schematically. The nuclear-spin
II. OPPIS FOR DEUTERONS state of the negative deuterium ions in this case is I=-I, the

nuclear vector polarization becomes -1. The nuclear tensor
An OPPIS has been used for acceleration of polarized polarization is, in this case, -1. Using a proper rf transition

proton beams in the KEK-PS until now. The idea of this type simultaneously, a pure nuclear tensor polarization of -2 may
of polarized ion source was proposed by Anderson[21 and the become possible.
first operational ion source has been successfully developed at In spite of this possibility of making a highly polarized
KEK. [31 Afterwards, various institutes have developed the deuteron beam by optical pumping, they concluded eventually
OPPIS for their accelerators. [4][5][6] in their paper that this dual optical pumping scheme might be
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serious problem and highly polarized deuterons could be ob-
tained with the dual-pumped scheme.[8a

Recently, a preliminary experiment for proving the prin-
ciple of the dual-pumped scheme has been carried out at KEK.
The result of the experiment is shown in Fig. 4. The vertical
axis in the figure presents the nuclear vector polarization of

Opti• P•wi•nrnp oni negative deuterium ions. The horizontal axis shows the rela-
p R: tive change of the beam intensity of the negative deuterium ions

I by switching the optical pumping of the alkali atoms in the ion-
ik)Resin Eei•,bon Ze), C. irtd izi izer on and off. Deuterium atoms in only one hyperfine sub-INAuot Oviented H

1udRn• Rb ^to, Re•,w' level can become negative deuterium ions by picking up polar-
R, ized electrons from the optically pumped alkali atoms in the

,Rb D , ionizer. Thus, the beam intensity of negative deuterium ions
I)--- I)'(It 0) [ depends upon the population of deuterium atoms in each hyper-

fine sub-level after the Sona transition. This means that the
Ptauli • deuteron vector polarization (PD) and the electron-spin polar-

ization of optically pumped alkali atoms in the ionizer(P 1,,)
affect the beam intensity of negative deuterium ions. These
values are related each other as expressed in the following
equation.

Fig.1 Block diagram of the dual-optically-pumped polarized ion

source. PD= -2e/P,,,z(l-Ie). (2)

not practical because efficient optical pumping of the thick tar-
get in the ionizer is difficult due to radiation trapping. Radia- Here, e = (Iof-lu)/I where I,, and I, are the beam intensities
tion trapping is a re-absorption process of flourescense photons of negative deuterium ions when the optical pumping of the al-
in optical pumping and it limits the maximum polarization of kali atoms in the ionizer is tumed off and on, respectively. The
the pumped atoms. However, their conclusion was qualitative solid line in Fig.4 presents the relation between PD and e when
and they did not estimate quantitatively the effect of radiation Posz = 1. The closed circle in the figure shows the experi-
trapping. Recently, we have re-examined the dual-pumped mental result. The electron-spin polarization of alkali atoms
scheme in detail and found that radiation trapping was not a

Enery DO Rb D

mz ,=+ 1/2 mr = + 1/2 IM2 A

,_-o 3. , 2 ,z_-o

IZ -1 2' 3 1z=-c Puming
LWa-I

Iz -__. .4 lz=-I

lZ=0 6'5 lz=O

I nejtafierýHo #W~ ionizerj~ D(~1

0 Nnip.112 Vp1 2 nO-47If2DulOca mog
Magnetic Field LOOiD

Fig.2 Hyperfine sublevels of deuterium atom in Sona

transition. Fig. 3 Principle of dual-pumped polarized negative deu-

terium ion source.
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Fig.4 Relation between P, and E when P., = 1. The closed circle
in the figure shows the experimental result.

in the ionizer (P 1xoz) was measured using a Faraday rotation
method. The errors shown in the figure present the fluctua-
tions of the data taken at different times.

In the preliminary experiment, we obtained Pe- -0.55 +-

0.04. In the present apparatus where the magnetic field
strength at the neutralizer is 1.IT, the theoretical maximum po-
larization is limited to less than 80%. This is because the spin-
orbit coupling in neutral deuterium atoms, created by picking
up polarized electrons from the optically pumped alkali atoms
in the neutralizer, reduces the electron-spin polarization at this
magnetic field strength. Thus, the obtained deuteron-spin
polarization was almost 70 % of the maximum limiting value.
This is very encouraging and it may be said that the dual-opti-
cally pumped scheme for producing highly polarized negative
deuterium ions has worked in principle.

Ill. CONCLUSION

A new dual-optically-pumped scheme to obtain a high
deuteron-spin polarization in an optically pumped polarized ion
source has been examined in detail. The results of the prelimi-
nary experiment are very encouraging and it is shown that the
new scheme, in principle, has worked. It was previousy
thought that the optically pumped polarized ion source was not
useful for producing highly polarized deuterons. Our results
may open up a new possibilities for the optically pumped polar-
ized ion sources.

There seems to be no fundamental problem for polarized
deuteron acceleration in the KEK-PS.

The authors would like to appreciate Profs. M.Kihara,
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THE IUCF HIGH INTENSITY POLARIZED ION SOURCE PROJECT

M. Wedekind, R. Brown, V. Derenchuk, D. Friesel, J. Hicks, P. Schwandt

Abstract II. HIPIOS OPERATION

The IUCF high intensity polarized ion source has been A. Atomic Beam Development
completed and installed in the 600 kV terminal. The design is
based on the source in operation at TUNL, which employs During initial testing of the ECR it was noticed that the
cold (-30 K) atomic beam technology and an electron beam intensity from the dissociator drops by a factor of two
cyclotron resonance ionizer. It is expected to produce 1OOpA during the first few hours of operation. The drop in atomic
DC il* and D ion beams with a polarization of 75% or beam intensity with time is due to the coating of the cold
greater. Coupled with a wideband and resonant bunching nozzle with a white powdery substance analyzed to be SiO2.
system and a high transmission beam line into the injector Discussions with other groups that have had long-term
cyclotron, the source should allow 1010 protons to be stored in operating experience with RF dissociators led us to conclude
the Electron Cooled Storage Ring in a few seconds. Results that the powder accumulation was directly correlated with the
from source development and project status will be described, time integral of the RF discharge power, and therefore the

temperature of the dissociator tube during dissociation.
I. INTRODUCTION Several design modifications were made to the

dissociator in order to address this problem: a -20PC closed
To further enhance the unique opportunities in spin loop alcohol cooling system was installed in place of the

physics research using the Cooler ring, circulating beam water cooling system, the dissociator tube was modified to
intensities of 1016 particles/sec are required because internal provide cooling within 1 cm of the accommodator, and the
polarized target densities and/or reaction cross sections are N2 buffer gas which prevents recombination in the cold
very low. nozzle is mixed with the H-2 upstream of the dissociator,

In order to meet these experimental requirements, a high rather than being introduced directly into the accommodator.
intensity source of polarized ions, coupled with a high The dissociator now runs stably without any powder
efficiency bunching system and high transmission beam line' formation with the following operating conditions: 25 SCCM
to the injector cyclotron, should allow I0WO protons to be stored H-2, .030 SCCM N2, 33.5 K nozzle temperature, -10° C
in the Cooler ring in a few seconds. alcohol return temperature and 100 W RF power (with 23 W

The design for the high intensity polarized ion source reflected). We have consistently measured an atomic beam
(HIPIOS) was based on the source at TUNL2 , developed by intensity of 2.0 x 1016 atoms/sec with a density of 3.3 x 10"1
Tom Clegg and associates, which utilizes cold (30 K) atomic atoms/cm 3. New development projects include mixing 02
beam technology and an electron cyclotron ionizer (ECR). with the hydrogen to further increase the beam intensity, and

HIPIOS deviates from the TUNL configuration in three a modification to cool the downstream end of the dissociator
significant ways: the first sextupole is 50% longer to provide tube to 100 K since the rate of recombination reaches a
stronger focussing, the cesium charge exchange canal is minimum at that temperature.
replaced by a gridded, single-gap RF buncher with a ramp A collaboration between IUCF and Dr. Alexander Belov
waveform, and ion beam extraction from the source is from the INR, Moscow has resulted in the construction of a
achieved by raising the internal structure of the ECR ionizer to time-of-flight mass spectrometer which will be installed
20 kV potential. The latter was dictated by the necessity of immediately upstream of the ECR to measure the dissociated
operating the source assembly at local ground potential in the fraction of the beam. Dr. Belov also participated in the
600 kV terminal and has significantly complicated the design. modifications to the ECR extraction system design.

HIPIOS was initially built and tested off-line, the results
of which are described in the 1992 Cyclotron Conference B. ECR Ionizer Development
Proceedings3. The source has since been installed in the high
voltage terminal with modifications based on the knowledge Operation of the ECR at ground potential while the
gained from initial testing. The improvements achieved with permanent magnet sextupole was biased at 20 kV pesented
those modifications, and the current status of the entire project several problems - primarily one of radial and downstream
are described here. ion extraction resulting in excessive current draw on the high

0-7803-1203- 1193$03.00 C 1993 Ivoltage power supplies. Attempts to solve this problem by
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reverse biasing an entrance cone and screen around the HIPIOS diagnostics line as soon as funding and our work
permanent magnets was not entirely successful. Inspired by load allows.
the ECR ionizei design at PSI, a quartz tube was installed as
a liner for the permanent magnet sextupole to further reduce D. Buncher
the radial extraction of beam from the ECR plasma.

Since the quartz tube restricts radial pumping of the Tests of the gridded single-gap buncher with the 600 W
plasma region, the extraction system has been redesigned to wideband RF power amplifier were very promising.
allow for improved axial pumping (Fig. 1). The first design, Although the load is very reactive, a suitable coupling
with an emittance limiting aperture of 1 cm, has been replaced method was found which yielded the required waveform
by three molybdenum grids with 95% transmission in a linearity at voltages even higher than anticipated. This
diameter of 4.45 cm. The three grids are electrically isolated higher voltage leads to a greater range of allowed beam
and attached to independent high voltage supplies to allow for energies in the bunching region. Further testing with beam
testing of accel-accel and accel-decel extraction from the ECR. will determine the optimal beam energy.

Testing of the modifications has just begun, with Initial bunching factor measurements were taken before
encouraging results. With an atomic beam intensity of 2.0 x the source was moved into the terminal using a gridded
1016 atoms/sec as measured in a compression tube 10 cm pickup. The minimum phase width observed was 1000 and
upstream of the ECR, a total beam current of 1.2 mA was with the addition of a second molybdenum photo-etched grid
extracted at 10 kV as measured on a beam stop 10 cm we expect the system to operate as designed. We hope to
downstream of the ECR. With the atomic beam valve closed, compress all the beam into a 300 phase width, which would
the total beam current was measured to be 0.6 mA. consequently lead to linear bunching in the following

resonant (sinusoidal waveform) buncher.

E. Control System

The Vista control system' has been almost completely
implemented for HIPIOS and is working very reliably. We
are now controlling the source elements with DACs and are
developing a "combo" to run all of the extraction element
high voltage supplies with one DAC.

Ill. 20 keY BEAM TRANSPORT

The 20 keV ion beam emerging from the source is
electrostatically focussed and magnetically steered through
the 4 m long beam transfer line to the entrance of the

-- acceleration column. This beam line incorporates three
principal systems of note. A combination of a 900 bend,
spherical electrostatic channel and a pair of spin rotation
solenoids, placed at beam waists, is used to change the spin
alignment axis of the polarized beam from the axial
orientation at the source exit to vertical at the end of the
transfer line. A doubly focussing, doubly achromatic
magnetic beam translation system produces a 0.5 m vertical
parallel drop of the ion beam in the terminal to match source

Figure 1. ECR and Buncher assembly with quartz tube and beam height to the acceleration column. A unit
gridded extraction system. magnification electrostatic zoom lens system matches the

fixed transfer line optics to the variable acceleration column
C. RF Transition Units optics to provide controlled ground potential beam fine

injection over a wide range of terminal voltages. Assembly
Since we do not yet have a way to measure beam of the beam line is proceeding as manpower is available and

polarization, the strong and weak field RF transition units for is scheduled to be completed by the middle of August.
hydrogen were tested on the atomic beam source in Madison,
WI. The cavities performed as expected, but a polarimeter IV. HIGH VOLTAGE TERMINAL
will be essential for maximizing proton polarization out of the
source. A design for a 5-10 keV metastable atom polarimeter The 14' x 30' x 12' high stainless steel high voltage
was passed on to us by Anatoli Zelenski from the INR. We terminal (significantly larger than our existing terminals, but
are anxious to build this polarimeter and install it in the
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getting smaller every day) houses HIPIOS and the 20 keV the present system, while providing a sharper phase focus
beam transport line with room for an additional ECR source. (± 30). This should enhance transmission through the
The space will initially be used for the polarimeter so that injector cyclotron inflector system and actually eliminate the
polarization studies can be done without having to accelerate need for precise dispersion matching. The existing buncher
beam from the terminal. The terminal operates at 600 kV and will also be used to provide three stage bunching, allowing
is supported on eleven insulating legs, each consisting of three adjustment of the beam phase width at the longitudinal focus
ceramic insulators separated by two spun aluminum corona to optimize matching to the injector. A prototype buncher
rings. Two of the legs have a conductive surface glaze to element has been fully tested, and the mechanical design for
provide 900 Megohms voltage grading to ground, and the the tuneable elements is underway.
corona rings are cross-connected so that all surfaces at the All the beam bunching systems will be phase-locked to
same elevation have the same voltage. This design should the beam using hardware phase feedback loops, thus
require very little maintenance, unlike the water path grading eliminating the otherwise-required precise regulation of
system used on our existing terminals. AC power is delivered power supplies and beam properties. The phase feedback
to the terminal by a 125 kVA alternator driven by a 200 hp loops will have bandwidths of 10 kHz or higher. The beam
motor connected to a G-10 filament-wound drive shaft - a phase detectors require a dynamic range of over 40 dB for
design which we hope will require much less maintenance than operation with beam currents in the range 1 - 100 pA. An
the hydraulic system used to power the other terminals, additional hardware feedback loop will modulate the buncher

The terminal has been successfully tested at 600 kV voltage in proportion to the square root of the beam current
without sparking or excessive leakage current. Fabrication of to compensate for space charge effects.
the AC drive system is now underway with installation All of the elements for BLIC have been fabricated with
scheduled for July. First beam extraction from the terminal is the exception of the buncher and the slit assemblies.
scheduled for mid-September. Installation of the beam line is underway, and the required

modifications to the existing beam line upstream of the
V. 600 kV BEAM LINE injector cyclotron will take place during the upcoming

shutdown (May 24 - July 14). First beam into the injector
The 30 m beam line (BLIC) will transport beam from from BLIC is scheduled for the end %. • lember.

Terminal C to the injector cyclotron. BL IC was designed with
the goal of increasing the beam transmission efficiency from VI. ACKNOWLEDGEMENTS
the source through the main stage cyclotron from the present
10% to over 30%. The beam line is composed of four 1800 The authors express their appreciation to Alexander
betatron phase advance sections between each 450 dipole Belov, Tom Clegg, Anatoli Zelenski and the entire technical
which leads to alternating sections of high and vanishing staff at IUCF. The HIPIOS project is supported by NSF
dispersion, followed by a section to match beam phase space Grant PHY-891440.
to the injector cyclotron acceptance. This symmetry also
suggests a natural ordering for steering dipole and beam VII. REFERENCES
position monitor pairs (i.e. modula 900 in betatron phase
advance). [1] W.P Jones et al.,"Beam Transport System for the IUCF

Beam manipulation and diagnostic systems integrated into High Intensity Polarized Ion Source," Proceedings from the
the beam line design will measure the beam transverse 13th International Conference on Cyclotrons and Their
distribution at the beginning of the line, the beam envelope and Applications, Vancouver, 1992, pp. 609-611.
dispersion throughout the line, and the cyclotron transverse
acceptance. The diagnostic systems will also provide the [21 T.B. Clegg et al.,"A New Atomic Beam Polarized Source
operator with easy to use tools to match the beam properties for the Triangle Universities National Laboratory: Overview
to the measured acceptances. These tools will operate in an Operating Experience and Performance," submitted to NIM.
auto-tuning mode during routine operation after being tested in
a "manual" mode. Longitudinal diagnostic systems will [3] V. Derenchuk et al, "Performance and Status of the IUCF
measure and provide hardware control of both the first and High Intensity Polarized Ion Source," Proceedings from the
second moments of the beam longitudinal distribution. 13th International Conference on Cyclotrons and Their

The new diagnostics hardware required from Terminal C Applications, Vancouver, 1992, pp. 330-333.
to the injector consists of 30 beam position monitors, two wire
scanners, four beam stops, four slit systems, two phase [4] T. Capshew et al,"The IUCF High Intensity Polarized Ion
pickups, four longitudinal profilometers and a 600 keV 6Li Source Control System," Proceedings from the 13th
(p,x) polarimeter. International Conference on Cyclotrons and Their

The double-gap resonant waveform BLIC buncher, in Ainiications, Vancouver, 1992, pp. 641-643.
conjunction with the terminal buncher, will reduce the energy
spread caused by the bunching process by a factor of 4 from
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The High Current Ion Source System HOLCROSS

Nikolai R. Lobanovt
Moscow Engineering Physics Instit

Kashirskoye Chausse 31, Moscow 115409, Russian Federation

The duoplasmatron ion source consists of few
Abs•ract discharge chambers, followed by an small expansion

The model HOLCROSS ion source is designed for cup.The expander (7 mm diam and 5 nmn depth) with the
the production of high current and brightness ion beams extraction electrodefonn the modified Piace's system [2m.
for application in particle acceleator injection and ion In the region between intermediate electrode and anode, an
implantation. The cross type hollow cathode device in axial magnetic field, obtained by a permanent magnet, is
which the cross size of the cathode is greater than a applied. The magnetic flux lines are guided by
longitudinal size is described. This system allows the ferornagnetic material. The influence of the magnetic field
creation of a quiet, cold and stable plasma of all cross on the cathode region is negligible.
sections. Compared with traditional hollow cathode
systems this one is characterised by improved technical 5 6 3 8 4 1
and operational performance. In the case of a /F
duoplasmatron ion source the cross hollow cathode is 2 9
optimised for gaseous charges such as noble gases,
nitrogen, oxygen etc. A description of the source is given,
together with some recent results. With a one aperture
extraction system in which the square of the anode hole
equals 0,25 mm2 this source will produce more than 15
mA HI+ at 8 keV and 200 mA discharge current.

L INTRODUCTION

In the field of ion unplantation and paricle acceltrators _ _ - nonmagnetic; magnetic.
injection, there is a growing interest in ion beams of
different mass with high brightness and high current. The
project using an original hollow cathode ion source for a Figure 1. Th experimental setup: I- anode; 2-
MeV- RF implanter has been developed at the Moscow expedimeletr ode; 2-
Engineering Physics Institute [11. Preliminary studies expander; 3- interednwiat electrode; 4- additional
have been performed using only a cross-type hollow electrode; 5- cathode chcnbor; 6- circ plate; 7- gas inlet;
cathode device. This article summarises the investigations 8- magnets 9- extractor.
on a duoplasmatron ion source with cross-type hollow An electronic system has been developed and built tocathode (150-mm diam) performed in MEPhLA lcroi ytm a endeeoe.ndbitt

run a hollow cathode and duoplasmatron ion source in dc
mode. Cathode and anode are connected to the power

II.THE CROSS TYPE HOLLOW CATHODE supply. The cathode chamber is negatively biased with
ION SOURCE respect to the anode. The potentials of the internediate and

additional electrodes we floating.
All the measurements were performed with the source

The experimental setup has already been described in and extraction operated in dc mode. The ion optic system
a previous article [2],( see Figure 1). In brief, the hollow consists of an Einzel lens. The beam current was measured
cathode is fabricated from a air-cooled cylindrical stainless by a Faraday cup at a distance of 120 cm from the lens.
steel chamber (150 mm diam, 0-30 mm depth). The cross The beam energy was varied between 5 and 15 keV.
size of the hollow cathode is greater than the longitudinal
size. At the back of the cathode chamber, the operational HII. EXPERIMENTAL RESULTS
gas is let in through a tube 4 mm in diameter and is
pumped away through the anode aperture by a diffusion In order to determine the optimal conditions for1500 I/s oil pump. The square of the anode hole equals I re odtrieteotmlcniin o
0,250 ms o ci a pwnpThydgen suare oteande generating a plasma the effect of the discharge current (Ld),
0,25 mm2 . Technical hydrogen was used. discharge voltage (Ud) and the source pressure (Pa) on the

tCorrespondence should be send:Australian Institute of distribution of the charged particles were investigated. In
Physics, 1/21 Vale Street, North Melbourne VIC 3052 this experiment the intermediate and additional electrodes
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were pulled out. A cross hollow cathode discharge is discharge is transmitted into the high voltage ( electron
easily established when the operating pressure is of the beam ) mode.
order of 10 Pa. It is very stable discharge and transition Figure 2b illustrates the relationship of the discharge
into an arc discharge is not observed for the discharge voltage to the discharge current for another hollow cathode
current up to hundreds mA in dc mode. configuration. In this caw, the hollow cathode's depth is 6

Figure 2 shows the anode (discharge) voltage as rm. For a wide ranges of pressure and discharge current,
function of the source pressure for a constant discharge the discharge voltage remains approximately constant.
cumnt and a The average discharge voltage <U> on hollow cathode

depth h is plotted in Figure 3 for a constant source
pressure. The results show that there is an optimal valuefi U, V of A corresponding to the minimail discharge voltage.
Voltage of 340 V can be obtained for a hollow cathode
depth of about 6 mm.

400 <U>,V

300 .e Zia 37 03370

U,V

S340 32

0 15 30 h, mm

320 ] L -30Pa; -50Pa; n -120Pa

U'V Figure 3. Dependence of the average discharge voltage
<U> on the hollow cathode depth h for a constant

360 source pressure.

In the second part of the experiment, the visual
320 observation of the discharge through the transparent

cathode flange was conducted. A metal screen was installed
10 100 1000 P, Pa instead of the circle plate. The results are shown in Figure

4a-f. One can see that the plasma occupation of the
S200 mA;fl 100n m- 50cathode chamber can be efficiently achieved due to the-- 0 mA choice of combination of Id, Pa and h values

corresponding to the electron oscillation mode of the

Figure 2. Dependence of the discharge voltage Ud on the Th enn
The duoplasmtron type plasma generator is an

source pressure Pa for a constant discharge current Id: a)- h example of use of the cross hollow cathode with the
=0 mm; b)- h =6 nun; c)- h =16 mm. duoplasmatron ion source [2]. This system allows the

creation of a quiet, cold and stable plasma of all cross
cathode chamber depth h . It can be seen that for h =0 sections. Compared with traditional hollow cathode
mm (fig. 2a ) and for h =16 nun ; Pa>50 Pa ( fig. 2c ) systems this one is characterised by improved technical
the curves repeat the same dependence for a glow and operational performance. In the case of a
discharge. The voltage dependency of the pressure on duoplasmatron ion source the cross hollow cathode is
Figure 2c is divided into two parts. For a pressure below optimised for gaseous charges such as noble gases,
50 Pa and larger than 30 Pa the voltage is decreasing with nitrogen, oxygen etc. With a one aperture extraction
the pressure decreasing. But for pressures below 30 Pa the system this source will produce more than 15 mA HI+ at
situation is reversed. Now the voltage is rising and a glow 8 keV and 200 mA discharge current.For other monatomic
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ED

5-- dakgow D." faintglow * "bnght glow

Figure 4. Depiction of the plasma occupation of the cross hollow cathode's cavity for h =6 mm; ld= 100 mA ( for
direction of vision see the arrow on fig. 1 ): a- Pa= 10 Pa, Ud=360 V; b- 30, 340;, C- 50, 330~, d- 60, 335; e- 100, 350;,
f- 400, 370

gases the beam currents scale as the inverse square root of that dependent low pressure gas discharge is observed. AUl
the mass number A. these advantages secure the application of the cross hollow

cathode as an effective long-lived plasma generato.PurtherIV. CONCLUSION investigations of the cross hollow cathode system will be

published.
The cross hollow cathode system has certainV.R EENE

advantages over the source of the previous article [2] of V. ressreNces
the same power dissipation, such as: high ionisation
efficiency with low gas flow rates and good power [1] N.R. aanv,lasma source of charge particles,"
efficiency. Due to the modular construction of the Inventor's certificate NI163467, Byuli.hzobret. N9,
HOLCROSS system , it is fairly easy to introduce (1991).

modifications. One special version uses an internal [2] A.A.Glazkov, N.R.Lobanov, V.T.Barchenko
negatively biased sputtering target to produce ions from etal.,mDuoplasmatron-type ion source with improved
elemental metal samples. Another alternation is equipped technical and operational performance for linear
with an additional cross type hollow cathode system accelerator," Conference Record of the 1992 Third
placed between the auxiliary plasma generator and the European Particle Accelerator Conference, Vol.2,
extractor. A negative voltage is applied to the cathode so pp.993-995.
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Positive Hydrogen Ion Beam Production by an RF-driven Multicusp Source*

K. N. Leung, D. A. Bachman, P. R. Herz, D. S. McDonald, M. Olivot, and L. T. Perkins

Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720

Abstract I1. EXPERIMENTAL SETUP

A l0-cm-diam rf-driven multicusp ion source has been A schematic diagram of the rf ion source is shown in
tested for positive (H+) ion production in cw mode for future Fig. 1. The source chamber was a copper cylinder (10 an
use in the 870 keV Cockcroft-Walton preinjector at Paul diameter by 10 cm long) surrounded by 20 columns of
Scherrer Institute. The source is optimized for the best samarium-cobalt magnets that formed a longitudinal line-
atomic hydrogen ion species and extractable current. It is cusp configuration. The magnets were enclosed by an
found that the porcelain coating on the antenna is very anodized aluminum cylinder with cooling water circulating
durable and stays intact after days of continuous operation. between the magnets and the inner housing. The back flange
It is expected that the antenna will have a very long lifetime had four rows of magnets cooled by water passages drilled in
for an rf input power of -6 kW. the copper.

I. INTRODUCTION MAGNETC FLTER

An if-driven source has recently been developed at
Lawrence Berkeley Laboratory to efficiently produce H- ion
beams for use in the injector unit of the Superconducting_-
Super Coilider. Under optimum conditions, an H- beam
current as high as 40 mA has been obtained from a 5.6 mm ._ MASS

diameter aperture [1). The same source has also been tested SPECTROMETER

for other ion beam production and the results are reported in
Ref. [2].

ARF

The cyclotron at Paul Scherrer Institute (PSI) requires a ANTENNA

long lifetime positive hydrogen ion source that can generate
high current and high proton percentage. The present PSI GAS

source utilizes tungsten filaments for the plasma discharge.
The lifetime of the cathode is limited to about one month of EXTRACTION

low arc power and about ten days of higher arc power source P A ELECTRODE

operation. Results of the if-driven source testing in pulsed MAGNETS CM

mode indicate that it can satisfy both the current and ion
species requirement for the PSI Cockcroft-Walton injector Fig. 1 Schematic diagram of the if-driven multicusp source.
[2]. The objective of this experiment is to investigate the
extractable currrent, hydrogen ion species distribution and The open end of the source chamber was closed by a
the durability of the antenna when the if-driven source is two-electrode extraction system. Positive or negative ion
operating in cw mode. beams were normally extracted from the source through a 2

mm diameter aperture. A permanent magnet mass analyzer
The durability of the antenna is an important factor was used with a Faraday cup to measure the electron,

when considering the long-term performance of ion sources. positive or negative ion currents in the accelerated beam.
Antenna lifetime has been demonstrated for high power (>50 When multiple ion species were present, an electromagnetic
kW) pulsed operation at LBL, Grumman Corporation, and mass analyzer was used to determine the species distribution.
SSCL, but has not been tested for cw operation in a plasma
environment until now. The results are encouraging. The The rf antenna was fabricated from 4.7 mnm diameter
porcelain-coated copper antenna has been observed to have a copper tubing and was coated with a thin layer of hard
high durability after continuous plasma exposure. It is porcelain material. The thin coating was slightly flexible
expected that the antenna will have a very long lifetime and resistant to cracking. The rf system consisted of a series
when the source is operated with an rf input power of -6 circuit of capacitive and inductive components with a plasma
kW. acting as the resistive load (Fig. 2). Rf power was delivered

to the system by means of an isolation transformer with a
t Paul Scherrer Institute (PSI), CH-5232 Villigen PSI, step-down ratio of 10:1. To assure maximum power

Switzerland dissipation in the plasma and minimal power reflection, the
* Supported by Paul Scherrer Institute and by U.S. DOE matching circuit's impedance was adjusted to minimize the

contract DE-AC03-76SF00098. phase difference between the current and voltage. This
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tuning was done at an rf operation frequency of As a solution to this problem, an external blower was
approximately 1.8 MHz. installed to cool the isolation transformer by forcO.4 air

convection. The system pefdormnce improved marludly.
Since hmn, the ion source had been operted in cw mode at -
6 kW of rf power for over two weeks. Daily operation was

]o a R•-----. maintained at two hours or longer (total integrated time for
srRcAmpw source operation > 24 hours). After running for this
duration, the source chamber was opened. The antenna
showed no signs of deterioration with the only visible effect
being a grayish coating caused by vaporization of the starter
tungsten filament There was no measurable change in the
thickness of the porcelain coating. It appeared that
continued operation with the same antenna was still possible
for an extended period of time.

IlL. EXPERIMENTAL RESULTS

Multicusp generators are capable of producing large
volumes of uniform and quiescent plasmas with densities
exceeding 1012 ions/cm 3 . For this reason, there was a great
interest in the early 1980s in applying such devices as ion

IMn Soure sources for neutral beam injection systems and for particle
accelerators. To increase plasma penetration by a neutral
beam, a high percentage of H+ or D+ ions is required. It has47 mw- .been demonstrated that atomic species as high as 85% can be
obtained routinely if a multicusp source is operated with a
magnetic filter (3). The magnetic field generated by the
filter magnet is strong enough to prevent the primary
electrons from reaching the extraction region. The absence

Fig. 2 Schematic diagram of the complete rf power system. of energetic electrons will prevent the formation of H2 + in

In the initial operation of the system, a moderate rf 300

power of 4.8 kW could be coupled to the plasma in cw mode * Iso Gauss fler
with only a small amount of power being reflected from the o ISO Gaus SIr
matching circuit. However, as the source operation A 24 Gas Mar
continued, a shift in the rf coupling gradually d'veloped. 4
The current and voltage phase difference bIegan to increase, 4

thereby delivering less power to the plasma. The remainder a
of the power was then dissipated as heat in the matching <
circuit's components. The phase difference eventually E,200
became so pronounced that the system's circuit breakers
tripped due to excessive reflected power.

When the impedance of the- matching circuit was 0 0
z 0

remeasured, a significant change in phase had occurred. In w 0
addition, the isolation transformer had become exceedingly 0 0

hot. To try remedy the situation, the circuit was retuned I- A A

while hot and a plasma reignited. It soon became apparent Z 100 0 A
W othough, that the hot circuit was less efficient and that the a 0 A

circuit components could be damaged. A cw rf discharge r 0 AA AA

became difficult to maintain for any duration of over twenty D AA

minutes.

The majority of heat dissipation occurred within the
isolation transformer. Approximately 70 watts of the input
power was being dissipated in the primary and secondary 0
windings of the transformer. This heat may appear small in ) 1 2 3 4 5 6
comparison with a 5 kW input power but the cumulative RF POWER (M)
effect on the electrical components becomes significant
when there is no cooling to carry this heat away. The Fig. 3 Hydrogen ion current density as a function of rf
increasing temperature changed the transformer's ferrite core power.
permeability and accordingly the system became unstable.
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the extraction region, but dissociation of the molecular a much longer source lifetime. As a result, routine source
hydrogen ions (H2+, H3+) can still occur. As a result, the maintanence will be much reduced.
atomic ion species (H+) percentage in the extracted beam is
enhanced. Based on the results of this source testing, we are now

designing and fabricating a new rf-driven multicusp source
We have investigated the extractable current density and for positive (H+) ion production in cw mode for future use in

the hydrogen ion species composition in the rf-driven source the 870 keV Cockcroft-Walton preinjector at PSI.
with different source parameters. Source operating pressure Operational characteristics of this new ion source will be
was maintained between 4 to 6 mTorr. Figure 3 shows the reported in the near future.
hydrogen ion species as a function of rf power for three
different filter field strengths (The B-field is measured at the ACKNOWLEDGMENTS
mid-plane of the filter). As expected, the weaker the filter
field, the higher the extracted positive hydrogen ion current We would like to thank S. Wilde, G. DeVries, R.
density. The data indicates that a nominal current density of Wells and members of their group for technical assistance
150 mA/cm2 can be achieved by both the 150 G and 190 G and B. Thibadeau and W. Scharff for preparing this
filters at about 4 kW of rf power. Source operation with the
240 G filter can produce a current density of only 100 manuscript. This work is supported by the Paul Scherrer
mA/cm2. Institute and the Director, Office of Energy, Office of Fusion

Energy, Development and Technology Division, of the U.S.
Figure 4 shows a plot of H+ ion percentage versus rf Department of Energy under Contract No. DE-AC03-

power for the three different filter fields. The H+ ion 76SF)0098.
concentration increases as the rf power is varied from 1 to 5
kW. In the range of rf power considered, the 190 G filter REFERENCES
provides higher proton percentage than the other two filters.
According to the results shown in Figs. 3 and 4, one can [1]. K. N. Leung, D. A. Bachman, C. F. Chan, and D. S.
conclude that by using the 190 G filter, an H+ current McDonald, Proc. XVth Int. Conf. on High Energy
density of -100 mA/cm2 can be obtained by operating the rf Accelerators, Hamburg, Germany (July, 1992) p.200.
source at -4 kW of power. The H+ output current should
exceed the present PSI source performance and should have [2]. K. N. Leung, D. A. Bachman and D. S. McDonald,

Proc. 3rd European Particle Accelerator Conf. Berlin,
Germany (March, 1992) p.1038.

7 Iso ,ussfinter [3]. K. N. Leung and K. W. Ehlers, Rev. Sci. Instrum., 52,
70 o aG A 1452 (1981).
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Fig. 4 H+ ion species percentage as a function of rf power.
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Measurements of Emittance and Species Fractions of a Positive Hydrogen Ion Beam
Extracted from an RF-Driven Multicusp Source*

G. Gammel, T.W. Debiak, S. Melnychuk. and J. Sredniawski
Grumman Aerospace Corporation

11 I 1 Stewart Ave., Bethpage, NY 11714 USA

Abstract JBal for the bending magnet was 4070 G-cm, which nicely

resolved all three species. For some measurements, a 7.5 cm
Measurements of the H+.1 H2. and H3 + fractions and ID source was used with a 4.3 cm ID RF coil (reduced by the

emiutances of a hydrogen beam extracted from an RF-driven same ratio as the chamber ID's). The filter field strength was
multi-cusp source were mad using a bending m n fixed at 120 G, the aperture diameter was 5.6 mm. and Jal

electrostatic emittance scanner. The Hi fraction increased for the bending magnet was 3325 G-cm, which resolved the

with RF power. Fractions in excess of 90% were obtained. H+ peak, but the H2 + and H3 + peaks were still overlapping.

At a given RF power, the H4+ fraction increased with Typical raw data for a scanner sweep at one position,
decreasieng sourc prwessue +fandion increasingfterd wusing the large source, is shown in Fig. 2. The horizontal
decreasing source pressure and increasing filter rod axis is proportional to time and deflection angle - i.e. the
separation. When the "collar" surrounding the extraction peaks are separated in atg&g rather than in spatial position.
aperture (used for H- operation) was removed, the H+ The three species are resolved, and a small impurity of mass
current increased by a factor of-4, without changing the H* 17 or 18 (OH+ or H2 O+) is usually observed. With a well
fraction at a given RF power. With a large filter rod baked out and pumped out gas line. the impurity is <1% of
separation, H+ currents on the order of 100mA were the total current. The current in each species is proportional
achieved at -20kW of RF power. Using a modified extractor to the area under each peak summed over all sweeps as the
[1J operating at 35kV. H+ currents on the order of 60mA scanner moves through the beam. The fractions are obtained
were obtained with a 90% normalized rms emittance of from the ratios of the summed areas, and the current in each
0.012xcm-mrad. species is the fraction for that species times the Faraday cup

current. The analysis program also calculates the emittance
of each species separately.

I. INTRODUCTION For small source operation, the most deflected particles
entered the scanner at angles greater than the angular

CW H+ accelerators are receiving increased attention acceptance. Therefore, emittances are not quoted for this

recently due to increased interest in projects such as source. Also, the actual H+ fractions are slightly higher than
accelerator transmutation of waste(ATW), accelerator shown because relatively more H+ was missed than the other
production of tritium(APT), and accelerator-based species since H+ is the most deflected. For large source
conversion of nuclear weapons(ABC). The accelerators operation, the problem was corrected by tilting the scanner
envisioned for these projects require a reasonable emittance 75 mrad, as shown in Fig. 1.
and an ion source with a high H+ fraction. This paper
describes a technique used fck measurements of the H+, H2+. -

and H3+ fractions in a positive hydrogen ion beam, and __ -
presents some emittance, current, and H+ fraction
measurements. For all data, the beam was pulsed for I ms at
0.3% duty factor.

The emittance scanner on the Grumman Test Stand [21 -2
was used with a dipole bending magnet after the extractor to
measure emittance and hydrogen species fractions as shown
in Fig. 1. The scanner entrance slit was 17 cm from the
extractor. Current was measured using a 2-7/8" ID x 9" long
cup. The ion source for most of the measurements was a 10
cm ID RF-driven multi-cusp source with a variable strength
magnetic dipole filter field [31. The strength* was changed
by varying the spacing between the filter rods. The ID of the
RF coil was 5.8 cm, and the aperture diameter was 6.4 mm. -

Fig. I Scale drawing of experimental apparatus. I =
emittance scanner (tilted 75 mrad); 2 = bending magnet; 3 =

All references to filter field strength refer to the strength on 600 wedge plate; 4 = filter rod; 5 = collar; 6 = starter
axis in the midplane of the filter rods, which contain the filament; 7 = gas inlet; 8 = RF antenna.
magnets.
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Fig. 2 Raw data from emittance scanner, showing the three
species and a small impurity. The crossing lines are the RF power (kW)
voltages on the two deflection plates (AV = 0 = 0 at the Fig. 4 Current density vs RF power for the small source with
crossover point), and the hashy line in the middle is the a collar. Aperture radius = 2.8 mm.
current hitting the front face of the scanner.

II. RESULTS 1.0

A. Current and H+ Fractions 0.9, . +
C

Fig.'s 3 - 5 show total current density and H+ fraction 0
vs RF power for different filter field strengths. For the large 0.8,
source, at a given RF power, both the total current and the
H+ fraction increased as the filter field was decreased by 0.7-/
pulling the filter rods apart. In future studies, we will +
increase the separation even further. We will also vary the
filter field by changing magnets at a fixed spacing. Fig.'s 3 0.6
and 5 show that adding the collar (see Fig. 1) reduced the
current by a factor of four without affecting the H+ fraction. 0.5
The current densities in Fig. 4 should therefore increase by a 10 20 30 40 50 60
factor of four at a given RF power by removing the collar.

RF power (kW)

Fig. 5 H+ fraction vs RF power for some of the data from
80- o Fig. 3 plus additional small source data (x) with collar.

60- As the H+ fraction rose with power, we found that the
+ H2 + fraction remained roughly constant, while the H3 +

A5 + fraction decreased. Fig. 6 shows that the H+ fraction starts

S401 decreasing if the source pressure is too high.

C B. Emittance

20 £ C Fig. 7 shows results of a typical emittance scan for the

41 large source at 35 kV. The results for H2 + and H3 + are
similar, except the centroids shift due to the mass

o 0 " 2 " ' 50 differences. The measured angular centroids scaled
0 10 20 30 40 approximately as 1/iiias expected, and were close to the

RF power (kW) predicted values based on the measured JBal of the bending

Fig. 3 Relative current density vs RF power for the large magnet:

source. + = 400 G, no collar, A = 280 G, no collar, o = 190
G, no collar, 0 = 300 G, with collar.
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We observed that the H+ phase space is bowed (see
Fig. 7). At least part of the reason for this is that the scanner

0.9 moves vertically through the beam, which is not transverse to
the H+ beam since H+ emerges from the dump at a

* downward slant. Since the heavier species are not deflected
as much, they come out more on axis, so the bow should be

S0.8 m m rless obvious in their phase space plots. We do, in fact,
oo observe this. The bow makes the rms emittance artificially

M high.
. a Fig. 8 shows the normalized 90% H+ rms emittance

+ o.7- after straightening out the bow in the analysis program, vs
RF power at 30 kV and 35 kV. The extractor was running
overdense at 30 kV, and on perveance to overdense at 35 kV.

0.6 100 The highest power corresponds to an H+ current on the order
0 20 40 60 80 100 of 60 mA.

source pressure (mT) 0
* 0.012-Fig. 6 Pressure scan using the small source.

BEAM SPACE PROFILE : 0.010 o0
100.... .. ............ . ....... .... ........... 0.008 o

E 0
,, 0.006-so ... ... .... 0i l!OOoo

So....."i ............. ................. R oe (
N 0.002-

a40 ...... ......... ... ............. E,=3
I- 0.000

0 10 20 30 40
20..........................

BEAM RF power (kW)

-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0

Position (cm) III. SUMMARY
BEAM PHASE SPACE CONTOUR

140 -. -- --.-- : -- ,-"- •-.• --- • *"'" ""; ; " '•- ."""";
0...........:....... ..... :...... . Based on the large source species measurements, it is

o ......... .......... clear that increasing the filter separation is desireable for60......":.' "..'".............'" ..":.... ....'-";"".........

0..................".......".............. .obtaining a high H+ fraction at low power, but the effect on
20 ............ ...... .. ....

... .. .. . ... . h... emittance must still be determined. It is also clear that the H+
"o0-20 .............. .i fraction increases with power, and that a collar around the

.......... .... ..... .. .
E -60 ................ .emission aperture cuts down the current by a factor of four

100....................... without affecting the H+ fraction.
S-140 . .. - ..... ..*. Further work is planned to optimize the geometry and

Seo...... operating parameters of the RF-driven source for high H+
-220 fraction and high current at low power for ATW/APT
-260 applications, including full CW testing by late '93.
-300

-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 IV. REFERENCES
Position (cm)

[1] design provided by C. Geisik (LANL)

Fig. 7 Typical emittance scan data for the H+ peak only. The [2] R. Heuer et.al., "A New Stand-Alone Beam Emittance
plots for the other species show the centroid shifts, but are Measurement System", Nucl. Instrum. and Meth. in Phys.

otherwise similar. The wedge plate angle (60*) must be Research, B42 (1989), p. 135.

added to obtain the net deflection. [3] K. Leung et. al., "RF-Driven Multicusp H- Ion Source",
Rev. Sci. Instrum. 62(1), Jan. 91, p. 100.

3195



A New Design of the Sputter type Metal Ion Source
and its Characteristics of Ion Beam Extraction

W. Kim, B.H. Choi, J.T. Jin. K.-S. Jung
Korea Atomic Energy Research Institute, Taejon, 305-606, Korea

S.H. Do
Pusan National Fishers University, Pusan. 608-737, Korea

and
K.H. Chung

Seoul National University, Seoul, 151-742, Korea

Abstract II. PRINCIPLES OF PLASMA GENERATION BY THE
In an attempt to get a high current metal ion beam ION INDUCED SPUTTERING

of various solid ilem,,ts including refractory metals, a The concept and principle of the sputter type
gaseous duoPIGatron ion source was modified by placing a
grid type cathode and a sputter target in the PIG plasma generator with a single discharge chamber are
chamber. Tungsten mesh was adopted as the cathode grid, shown in Fig.1. Arc discharge is maintained in the
and Ar gas was used for a support gas for sputter chamber filled with an inert gas by applied voltage
induction. For Cu, Fe, and Al, ion current and ratio of between the filament and the mesh-type grid. Application
the metal ion were obtained at various conditions of of a few kV between grid and the target induces ion
sputtering voltage, support gas pressure, arc current, acceration from plasma to the target. Sputter-generated
magnet current, and beam extraction voltage. Results electrons and neutral particles enter the chamber
showed that the metal current density is linearly changed through the grid spacings. The neutral particles
with the sputtering voltage and magnet current. Ratio of further ionizes in the chamber, thus being extracted as
the metal ion in the total current is larger at lower ion beams or induces next sputtering. For a cylindrical
support gas pressure. Current densities for Al, Cu. and target, average sputtering angle of the secondary
Fe were 4 mA/cm, 5.5 mA/cmz, and 2 mA/cm, respectively, neutral particles is normal to the target surface and
at an arc current of 3 A, extraction voltag& of 20 kV, particle density is expected to be maximum at the centre
and a sputtering voltage of 1 kV. Ratios of the metals of axis.
in the extracted ion currents were 9%, 8%, and 5% for
Al, Cu, and Fe, respectively. 111. SPUTTER TYPE ION SOURCE

I. INTRODUCTION A variance of the dual discharge chamber
Metal ion source technology has been devloped for DLoPIGatron ion source is made for the implementation of

the separation of is(,topes, preparation of isotope the ion induced sputtering[Fig.2]. This modification
targets for nuclear physics, doping of semiconductor composed of the intermediate electrode with a filament
materials, and the injector section for the heavy ion inside, the main Penning discharge chamber for the plasma
accelerators. Studies on the modification of surfaces generation, and the ion beam extraction system.
as metals, ceramics, or polymers were started more than
twenty years ago and parts of the results are applied to
the industry[l]. For example, ions of Cr, Mo, and Ti Targ,

are used to strengthen the corrosion resistances and
wear properties of engineering materials like steels[2]. L d

Ion sources capable of producing currents of tens of

mA or current densities of a few mA/cm2 are required for (D

the wider utilization of the technology in industries.
However, those ion sources as Freemann type or CHORDIS 200V"

type[3,4] thus far developed until now have extraction 2kV-.

current capabilities for the metal ions of only a few
milliamperes. The conventional heating-evaporation 1

type ion sources have the problem of metal condensation.
The trend of the development of ion sources are thus
centered on those producing large currents like MEVVA
type ones[5]. Fig. Principle of a Sputter Metal Ion Source
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Rdiat ion ShieldingjrcFig.3 Pressure in PIG Chamer and the Sputtering

Supp_.roo • essi~on Current depending on the Sputtering Voltage

P.S I e ectode Collisional losses of ions with the electrode walls are

minimized by the proper ion-optical designing of the
electrodes dimensions. Neutral particles through the

Fig. 2 Schematic Diagram of a Sputter-Type system were rapidly removed through vacuum slots.

DuioP[Gatron Metal Ion Source
0v. CHARACTERIZATION EXPERIMENTS

A. Plasma Generation The 100 kV gas ion implanter in operation at KAERI
The PIG discharge chamber consists of one anode and was replaced of its ion source by the metal ion source.

a grid-type cathou:e. Electrons entering through the hole A power supply(5kV, lA) was added to the system for the
of the intermediate electrode to the PIG chamber are sputtering. Discharge pressure, extraction current, and
accelerated and produce ions through collision with the ion masses were measured for targets of Al, Cu, Fe,
neutral particles. Others reach the cathode and re- and C. Ion mass separation was performe=d by a magnetic
accelerated to the anode, making another collisions with dipole composed of a permanent magnet. Extraction
neutral particles. This multiple ionization process is currents were measured with the scanning Faraday cup.
enhanced by the axial magnetic field formed by the A. Ch~aracteris tics of the plasma formation
source magnet. The target section to produce the metal Each of the targets was tested for the plasma
ions consists of a grid and a target. Wall side and characteristics using Ar as the support gas. Sputtering

bottom side of the grid cathode are meshes of nickel and current and pressure were measured for voltage
tungsten, respectively. Target is bucket-shape holding variations using Al as the target at an Ar pressure

the grid inside and has a hole at the bottom. ttaintained at 7.5 x 10. torr(Fig.3). Increase of the
Application of 1-2 kV between grid and target induces neutral particles with the sputtering energy would be
acceleration of ions from the plasma to the target. the cause oft e nincreased pressure at high voltages.
Secondary electrons, ions, and neutral particles are Saturation of the sputtering current at larger than 200
ejected from the bombarded target and the ejected v is thought to be from the space charge limit effect.
electrons and neutral particles pass through the grid to B. Beam Extraction Characteristics

enter the PIG chamber, thus making added ionizations. Extaction currents for each kind of ions with the
Within the experimental conditions that the yield of Al target at a constant discharge condition are shown in
the ejected neutral particles is larger than 1, Fig.4. Total ion current is constant for the sputtering
self-sustained discharges with only sputtered particles voltage variations, but Al ion current increases with
become Possibl e possble sputter olts increase can be ascribed by the

B. Ion Ream Extraction System increase of sputtering yield. In coaparision with the Al
Ion beam extraction is made possible by the proper ion current and the sputtering yield at various

attachment of an accelerating electrode and a voltages, the increase of the current with sputtering
decelerating electrode to the rear of the target. The voltage is thought to be resulted from the increased
target has a hole of 5.5 ch in diameter and an sputtering yield with voltage. Efficient confinement of
accelerating electrode is distanced 6 mm from the ions and electrons by the strengthened magnetic field
target. Behind the accelerating elctrode, the can increase the resultant current densities(Fig. 5).
decelerating electrode is located at 2 -h apart.
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Fig. 4 Ion Current Densities arid Sputtering Fig.7 [on Current Density with Alumintum Target
Yield as a fuction of Sputtering Voltage System depending on Extraction Voltage

4 Each component of the ion current depending on the
Sfeed gas pressure is shown Fig.6. The total Ar ion

current shown as Ar is constant for the pressure
range. The figure shows the self-sustained discharge as

• 1 the major mechanism for the generation of the neutral
3 m • =•]--'particles. Fig.? shows the ion current densities

! depending on the extraction voltage. For Al, Cu and Fe,

2 umt 270

/ 4-I the current densities were 4 mA/cm', 5.5 nA/c,., and 2

j• __-" ___"/• mA/cm' epetvl, at si-ilar operational condlitions.V.CNLSO

i A sputter-type ion source which can produce ion

Mqna~m•(A)ones has been devloped by applying the principles of ion
induced sputtering and reflex arc discharge. Results of

Fig.5 Ion Currents with Al Target System the performance test showed that the pressure of the
depending on Magnet Current discharge chamber and the extracted current density of

the metal ion components were increased linearly with
the sputtering voltage. Extraction current density of

•-- jthe metal ions were a few mA/cm2 and the ratio of the

--• • •'+ _____.Smco:abg. - v :20w] ea o e~ ihcreto e Awr band t w ea metal ions and total ions was about 10 x. Continuous
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Fig.6 Ion Current Density in Aluminum Target

System as a function of Feed Gas Pressure
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K+ Ion Source For The Heavy Ion Induction Linac System Experiment ILSE*

S. Eylon, E. Henestroza, W. W. Chupp, and S. Yu

Lawrence Berkeley Laboratory
I Cyclotron Road

Berkeley, California 94720

Abstract requirements. The K+ ion beam is emitted thermionically into
a diode gap from alumino-silicate layers (zeolite) coated on a

Low emittance singly charged potassium thermionic porous tungsten cup. An improved potassium alumino-silicate
ion sources are being developed for the ILSE injector. The (Spodumene analog) uniform coating technique was
lLSE, now under study at LBL, will address the physics issues developed leading to a source with a uniform high emission
of particle beams in a heavy ion fusion driver scenario. The current density and a high depletion charge density. A 1"
K+ ion beam is emitted thernionically into a diode gap from diameter K source was fabricated and tested in the SBTE
alumino-silicate layers (zeolite) coated uniformly on a porous injector setup. Initial measurements showed a maximum
tungsten cup. The Injector diode design requires a large space charge limited extracted ion beam current of 95 mA,
diameter (4" to 7") source able to deliver high current (- 800 corresponding to a density of 19.5 mA/cm 2 . The maximum
mA) low emittance (En < .5 x mm-mr) beam. The SBTE density achieved thus far is limited by the source diode optics,
(Single Beam Test Experiment) 120 keV gun was redesigned and not by source emission. The normalized emittance
and modified with the aid of diode optics calculations using measured was 0.059m mm-mrad, corresponding to a transverse
the EGUN code to enable the extraction of high currents of temperature of 0.2 eV. Nondestructive life tests showed that
about 90 mA out of a one-inch diameter source. We report on the source can be operated under ILSE continuous operating
the 1" source fabrication technique and performance, conditions for more than a month (twenty, eight-hours days
including total current and current density profile with 1 ps long pulses at 1 second repetition rate). D. C.
measurements using Faraday cups, emittance and Phase space destructive life tests showed that - 30% of the total stored K
profile measurements using the double slit scanning can be ionized and extracted, allowing for years of ILSE
technique, and life time measurements. Furthermore, we shall operation. Following these encouraging results, larger sources
report on the extension of the fabricating technique to large with diameters of 4" and above have been fabricated and
diameter sources (up to 7"), measured ion emission tested.
performance, measured surface temperature uniformity and
heating power considerations for large sources. II. SOURCE FABRICATION

I. INTRODUCTION The source uses a porous (80%) tungsten cup with a
high heating efficiency. The potassium alumino silicate

The potassium thermal Ion Source is being developed (zeolite) is spread on the porous tungsten cup surface and fired
at LBL for the HIFAR (Heavy Ion Fusion Accelerator in a vacuum oven to a temperature of 150" C allowing it to
Research ) 2 MV Injector Program and the ILSE (Induction melt and soak into the curved surface pores. The source is
Linac System Experiments) experiment. The Injector [11 cooled slowly at a rate of 150" C/hr allowing the
consists of a diode of up to 1 MV followed by electrostatic crystallization of the alumino-silicate into a uniform thin
quadrupoles (ESQ) to simultaneously focus and accelerate the cristabolite phase layer. The coating is mechanically bonded
ion beam to 2 MV. A 2 MV Marx pulse generator is used to to the cup surface allowing high current density and charge
drive the injector ESQ-diode system. The Injector diode depletion out of the source. This technique is used to coat the
design requires a large diameter (4" to 7") curved source 1" source as well as the large diameter curved surface sources.
capable of delivering a high current (- 0.8 A) low emittance
(En < .5 n mm-mr) singly charged potassium K+ beam. The Ill. SOURCE CURRENT MEASUREMENTS
size of the source together with the tight injector emittance
budget imply that the source emittance must be nearly The total ion current was measured using a Faraday
temperature-limited. Furthermore, as a critical component of cup collector. The current waveform is monitored across a 50
the ILSE and driver injector, the .ource must have sufficient ohm resistor using the Tektronix 2440 oscilloscope. Looking
reliability, life time and reproducibility, for the source emission and space charge limits the current

was measured at various source diode voltages and heating
Two types of sources have been studied [2], namely powers. The SBTE injector consists of the source emitter and

plasma sources and a thermal surface sources. The alumino a series of accelerating planar electrodes. The extracted
silicate surface thermal source was found to meet the above current depends mostly on the first --lectrode voltage and

distance, to which we shall refer to as Ugap and Dgap. The
other electrodes are used mostly for controlling the beam

* Work supported by the Director, Office of Energy Research, Optics.
Office of Fusion Energy, U.S. Department of Energy under
Contract No. DE-AC03-76SF00098.
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EGUN calculations were used to design the source difference of 6% between the measured and calculated
configuration including gap voltages, gap distances and perveance could be because of uncertainty in the diode gap
different Pierce electrode geometries to maximize current distance.
extraction from the source and transport through the series of
electrodes into the Faraday cup.

The results presented in Figure 1 represent a set of
current measurements taken using a Dgap of 2.05 - 2.25 ca
Pierce electrode with focusing angle of 55" - 67.5. Ugap is 16

set to .3 - .4 of the full MARX voltage. The heater power A
varied from 50 - 150 W (980"). There is a grid in the exit 12

ground electrode. A total current of 95 mA was measured 8
leading to a current density of 19.5 mA/cm2 . The source
emission limit was not reached. A further increase in the
source current may be possible with additional modifications
to optimize the beam optics. A source perveance k of 5.48 ,
nPerves was obtained from the measurements which obeyed
the Chldd-Langmuir Law. The EGUN calculated k was 5.72
nPerves. 0 1 2 3 4 5 6

Exit aperture (cm2)

Figure 2. SBTE diode current vs. beam aperture area,
showing a uniform current density profile.

_14

12.E 12 V'++ 4

2.O,2 Eio0 1000
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- eprucurrente
Tstdensity
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Rt gap VOUNMag. I(VM32 I E

Temperatured
Figure 1. SBTE source current vs. diode voltage to the 3/2 2
showing the source emission limit for given heater powers po
(surface temperature) od . . .

-6 -4 -2 0 2 4 6

slit position (cm)
the beam transverse current density profile was

measured using a varying diameter aperture across the beam
(Figure 2). The measurement was taken at a MARX voltage Figure 3. Four inch source current density and surface
of 120 kV gap voltage of 31 kV, total current of 20 mA, Dgap tempertureC Profiles.
= 3 cm, and a Pierce electrode angle of 67.5% One can see
that the beam has a uniform current density profile in
agreement with EGUN simulations. IV. TRANSVERSE EMITTANCE AND

TEMPERATURE
Recently we ran emission tests on a newly fabricated

four inch diameter source. A curved graphite extraction The beam transverse rms unnormalized emittance
electrode was designed and placed to obtain a planar diode was measured using the double slit scanner. We have used the
configuration with a 6 mm gap. Ten parallel 20x2 mm slits usual SBTE setup, as in the current density measurements.
were cut in the extraction electrode to allow current density The measured unnormalized emittance is 6x mm-mrad,
measurements using a Faraday cup and temperature leading to a normalized emittance En of 0.059x mm-mrad.
measurements using a hot wire pyrometer. The extraction
voltage pulse up to about +15 kV is supplied to the source, The source intrinsic temperature kT in eV can be
allowing the extraction electrode to be at ground potential. calculated [3] knowing the measured normalized emittance
Figure 3 shows the source surface temperature and current (Figure 4):
density profiles found to be uniform. The measured source
perveance was found to be 24.7 nPerves; the calculated source kT = En2 (C/2R) 2mi/q = 0.2 eV
perveance for a 6 mm gap planar diode is 22.5 nPerves. The
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where C is the light velocity (3e+8 m/sec), R is the beam VI. CONCLUSIONS
radius (1.25e-2 m), and mi/q for the potassium ion is 4.08e-7
The measured source surface temperature is about 980°C, i.e., Alumino silicate K+ sources were evaluated for
0.13 eV within 60% of the evaluated 0.2 eV. applications in the ILSE injector and in a possible driver in an

Heavy Ion Fusion (HIF) scenario. The measured source

r .transverse emittance and current density were found to meet" • i i• ILSE requirements. Beam transverse emittance and
temperature were found to be consistent with the source

SI JAintrinsic temperature and emittance within a factor of two.
A A 1 Our new Zeolite coating technology was successfully

extended to the costing of large diameter, up to 17 cm, curved
surface sources. ibis technique allows a uniform coating withJ t. A •lasting mechanical bond to the source surface. Life test

,- -AW1 showed that the source can be operated under ILSE conditions
for more than one year and for about one month in a fusion

I, scenario driver. Destructive deletion tests showed that more
than 30% of the K atoms estimated to be stored in the alumino
silicate costing can be extracted as K ions. One can see that
the alumino silicate K zeolite sources can meet the special
requirements given by the ILSE experiments. The fabrication
of a new ILSE source, the design of which is presented above,
is to be tested soon in a diode configuration.

Figure 4. Beam phase space profile in x (radius) and x'
(angle). VII. REFERENCES

[1] S. Yu et al., Intl. Symp. Heavy Ion Inertial Fusion,
V. LIFE TESTS Frascati, Italy, May 1993.

The objective of the test was to show the source [2] H.L. Rutkowski et al., The Berkeley Injector, Particle
performance during experiments that are the equivalent of a Accelerators 37, 61 (1992)
one-month of continuous ULSE operation, i.e., twenty eight-
hour days with 1 Its long pulses at a one second repetition [3] JD. Lawson, The Physics of Charged Particle Beams, p.
rate. The source was fired about 50,000 times with extended 201 (Clarendon Press, Oxford), 1978.
pulse duration of 7 to 40 microseconds with repetition rates
from one in 12 seconds to one per second, extracting a total
charge of over 3.7 mCb/cm 2 above the required 2.4 mC/cm2 .
The source was kept at a temperature 980 0C for over 160
hours. We have not observed any depletion or evaporating
effects during and after the test.

A D. C. depletion destructive life experiment was
performed on small 1/4" sources. A total depleted charge (25
micro Amp. 12 hour) of 1.6 Cb/cm2 was extracted, more than
is needed by ELSE over years of operation.
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On the Magnetic Compression of Electron Beams
in E.B.I.S. or E.B.I.T.

J.L Bobin, G. Giardino*, E. Mercier,
Universite Pierre et Marie Curie, T. 12, E 5,4, place Jussieu, 75252, Paris, FRANCE.

"L.P.A.N. associe au C.N.R.S.

Abstract by 100 the current density, using magnetic
compression in Brillouin mode (Br = const in a

Conditions for compression of a laminar non- rigid rotator beam) up to 3 Tesla axial magnetic
relativistic dense beam by an inhomogeneous field (Fig. 1).
magnetic field B are investigated theoretically and
numerically. A generalized Brillouin regime is B
defined in which an efficient beam compression Ide Magnetic Heaviside
may proceed according to the scaling Br = const, B'----------------field function
provided the field undergoes slow variations: Bar. a

adiabaticity condition. The initial density profile Lro mantc , ghign
and radial velocity are found critical for subsequent
laminanity. -

S• .•x• •sx,.W- I1110 r ' r

1. INTRODUCTION. ,o , W 0
I. IN~oDU~~oN.B Br--------------- (OP WBBr. V'• < Vz

A large electron density in the beam of an z
EB.I.S. or E.B.I.T. is of paramount importance to o
obtain a large number of multiply charged ions. Fig. 1
Adiabatic magnetic compression starting for In our E.B.I.S. design and with the beam conditions
example at the gun exit or further downstream in a at o00 Gaus. designpatd trajecories
Brillouinlike beam is a way to reach this goal. It at 3000 Gauss, the computed trajectories (2D-
will be shown in section II that numerical simula- axisymetric Thomson-CSF-TTE code with space
tions refering to actual devices indicate an charge) lead to a Br 2 = const (Fig. 2) beam
unfavorable Br2 = const scaling law. Furthermore compression scaling (constant flux) instead of the
"beam scalloping" easily occurs depending on expected Br = const law (Brillouin mode).
initial conditions and beam geometry. It appears 0.8
then worthwhile to investigate magnetic compres- 0.7- o r calculM
sion both theoretically and numerically. An 0.6
important requirement is the laminarity of the
electron flow. Since the whole analysis deals with 0.5
electron trajectories, laminarity is defined by 0.4
nonintersecting trajectories.0-rfu 

s

0.1 rB =Cte -..

II. IDEAL BRILLOUIN BEAM AND o.o
MAGNETIC BEAM COMPRESSION 200 3oo 400 0oo 6oo 7oo

We need to use an electron beam in Brillouinlike Z ( Fig. 2

conditions (= 0.5 mm envelope beam radius, Beam enveloppe when fhe magnetic field increases from 3000
constant beam profile all along the beam section, Gauss to 3 Teslas. Squares are computed values. Vertical scale
3000 Gauss axial magnetic field) and to increase in millimeter.
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We then investigate the better way to reach high -2m q y
current density beam, with a special emphasis on U2 ), = " (larorequency)
initial beam conditions. Two simulations were 2
performed starting with a perfect Brillouin beam where w is the angular velocity around the beam
(0.5 mm, 10 kV, 0.054 A, 386 Gauss, constant axis, w•p is the plasma frequency and Q is the gyro
current density). We used a 2D-Thomson code and frequency of the electrons. The beam then behaves
alternatively a Runge-Kutta procedure integrating like a rigid rotor. perfectly laminar flow. Now,
the equations of motion. It appears immediately a Busch's theorem holds, i.e., for every electron
beam envelope scalloping (Fig. 3) corresponding to jery
the inhomogeneous magnetic field structure (a

gradient of the radial magnetic component is d _ _
associated with any axial magnetic field component W=- =
rise). dt 2xmr2

Two comput radius .mwhpe d-• tron beam in Ihomo.os. 4D is the magnetic flux through a disk centered on
nwvw &bi wt Opm • ha wlI ' bml eeile ceudmi: the beam axis with radius is r, the distance of the

I () .CANOI4KI T1WkUWUWt4.V .i¶5(0 w~eo0, electron to the axis. cp0 is a constant of the motion
0.4 _ )-., which vanishes in the Brillouin regime. Now in a"0.t non uniform field with azimuthal vector potential

A,, assuming an homogeneous compression and an1°.2 almost constant longitudinal velocity vz (this is
°.:: close to reality), a radial electric field is

0 io 0 o 2 k 40 so 0 o 70

it t3 Er = m , where W0 r4 ) r'dr'.e r ,weeW'

When analysing accuratly the motion of an electron
in an axisymetric magnetic structure with space
charge (beam charge density), trochoridal In the case (Do = 0, a transverse reduced effective
trajectories are found with conspicuous beam potential energy is
translaminarities (Fig. 4).

.eff(e - 2W0  •
E b&W;, A i

- "This potential has a minimum at rmin such that
88 - W- d 2 0,z)

-.. 
------.. •_.. _ 

in

d2 q0,z) 1,Q(0,z) dz2
ft4 d.2

which in the "superadiabatic" limit

We can explain these results using the transverse
reduced effective potential energy leading to 8W 0 d2 20,z) 1
extented laminar flow expressions (low magnetic 3(0.z) dZ2
fields up to high magnetic fields). reduces to

rmin = 2 fW , i.e. B(O,z) rmin = const.
III. A GENERALIZED BRILLOUIN q0,z)

REGIME
A laminar flow (generalized Brillouin regime) is

In a uniform magnetic field parallel to the beam, obtained when every electron trajectory follows the
the socalled Brillouin flow corresponds to the limit: bottom of such a potential valley (line C Fig. 5).
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r Although the better way to transport electron

Fig, 5 beams with space charge in a constant magnetic
field is to use a constant profile density beam in theBrillouin regime (rigid rotator conditions), the

The corresponding requirements are: laminarity of such a beam is not conserved along an
increasing field. Looking then for laminarity

i) r0 = rn(Z--0), conservation, we have shown that suitable
conditions are 0•0 = 0 for every electron trajectoryo(ro)- -- L Bz- at the initial field increase, a parabolic density beam

2m profile, an inhomogeneous rotating beam and an
adiabatic magnetic field increase.er0)=•- _0 m__2_'0_(l d2__(0,0_

e2 C0,0) d-2 References:

and since R.C. Davidson, in: The Physics of Nonneutral Plasmas,
Addison Wesley (New-York, 1990)

Q2 (0,0 = , (00) I •0 d2 (O,0 + ..) J.D. Lawson. in: The Physics of Charged-particle Beamss,
ii ro =11(00) 2C(0,0) dZ2 • Oxford WAnd Oxford, 1977) § 2

The Brillouin matching C02P g• holds only on the L rloiPy.Rv 7(95 6

bemai.2 F..D. Donet, IEEE Trnms. Nucl. Science 23 (1976) 897

R.E. Marrs, M.A. Levine, D.A. Knapp and JI.R. Hedro,

ii) the ratio of initial radial vs longitudinal hsRv.Lt.6(1"75

velocities has to be carefully optimized. H. Busch, Annilen der Physik 81 (1926) 974

E. Durand, Electrostatique et Magn~ostatique, Masson
These initial beam conditions (longitudinal and (Fa.ePki, 1953)
angular beam velocity for each beam radius) added
to the 00 = 0 Busch condition allow a favourable G. Giardino, Etude de r~ffsation d'une sourcme d'ion du type

super EBr~r, Doctorate thesis Universiti Paris 7 (France,compression mode of electron beams in pros, 1992)
inhomogeneous axisymetric magnetic fields
(Fig. 6).
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Choice of Hexapole Parameters for ECR Ion Source

V. P. Kkhtin, R A. Lamaia, YL P. Severgin, S. IR Sytckoveky
D. V. Bfemov Sciontiic Research Institute of Blectrophysical Apparatus

189631, St.-Petesburg, RuiLa

Abstract IL OPTIMIZATION OF HEXAPOLE
PARAMETERS

Some results of optimization of Nd J% B hexapole laan'- The hexapole represents a set of segmented magnet rings,
etes, carded out on the baum of analytical and numerical whose magnetization vector M lies in the plane perpen-
calculation for a 14 Gib compact ECR ion source are Pre dicular to the longitudinal axs. Continuous law of the
seated. On providing the requred value and distribution magnetisatioa distribution over the ring in the asimutkal
of magnetic ield it has been enabled to minimise the mnu direction, corresponding to the ideal hexapole came, is de.
netized volume of the hexapole. The number of bars and frued as
otter radii of Halbach hexapole magnetic rings at fixed in- M - Me (e# os 3 - o, sin 3),
her radius, dfned by otter radius of the plumsm ckamber,
have been varied, where e#, e, are the orts of the polar system of coordinates.

Il an actual contraction it is approximated with a polyline
in accordance with the number of segments assembled of a
homogeniouuly textured material.

L INTRO)DUCTION For the case of an ideal hexapole with a given inner rar
dias R, and otter radius A, magnetic induction depen-
dency upon the coordinates in presentation B = H+4r M,

At present, in ion beam physics a considerable progress is where H in the magnetic lield strength, is the followisg.
aemn. It Is directly attributed to the development sad con-
struction of ECR ion soure with the operational principle o(e sin 3 + e cos3),
based on lon extraction from hot electron plasma heated0<

by electron-cyclotron. resonance to the temperature neces-B= 2 Mrw' ,sn
saryforthegeneratlonofmaltlchargedionsofthe workiag 2rMo [3 (ein + 1 e) co3s#J
substance. I _f < i

For stable plama, conflnement a magnetic leld of umin- 0, R 2 < r

limam B" configuration, increasing to all sides from the Simple analysis of these expressions permits to make the
region occupied by the plasma, is used. Such Ifeld coagt- following condusions

ration in the ion source rmults from the superposition of

the telds produced by coaxial coils and a multipole struc- * Magnetic induction in the hexapole aperture (r < RI)
tare. Usually, a kexapole, made of permanent Sm Co or is B - 2;

Nd Fe B magnets, is employed a a multipole stMctWre.
The hexapole produces magnetic field increasing in radial In the cae ofRA > vrR1 , near to the points r = R1,

direction. A coil sytem i a simple mirror trap with the M k = 0,1,..,5 a working point on the mag-

mirror ratio of 1.5-2 and provides feid increase in the axial netisation curve B = B(H) lies in the 3-rd quadrant.

direction. For the contemporary magnet materials it can pro-
duce the unwanted efects of the hexapole inner layers

Lack of the axial symmetry in the magnet system neces- demagnitization by outer layers.
slates the 3-dimensional calculations of the hexapole feld,
in particular, the identification of the character of edge 9 Negecting the demagnetistion effects, maaimum
felds distribution because of probable appearance of the probable induction in the hexapole aperture on its in-
spuriouns resonances in the area of the ion beam extraction ner surface is BS - B -= 1.6 B 0, where Bo - 4WM 0

and RP power input. is the residual induction. In a particular case at

This paper presents the investigation sad optimization - % Bs - Bo.

results for the permanent magnet hexapole for the ECR For the analysis of the hexapole edge fields, the 3-
source of malticharged ions at 14 GH. microwave fre. dimensional calculations have been done. The programm
quency, corresponding to the 0.5 T resonance magnetic complex DIAMOND has been developed for the calculation
field. of permanent magnet systems.
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2Uble 1: Dependency of the magnetic field on the number of segment.

INumber of sectors, N I12 I18 I24 I2400
olgBa 0.86N0 0.9404 0.9662 1.0000

Flpure 1: The longitudinal cross-section of the hexaPOle
for the ECR ion source

Design optimiuation of the htexapole with the specified
length and radius A,, determined by the ionilation chain- 7.gAuL
ber outer radius Lad length, consists in the variationf of
Ar-radii and the number of magnet ring. segments. As La L

criterion, the eacidency of the permanent magnet material L
ue was considered on condition that the requirements for
the magnetic field magnitude Land profile distribution were 4
kept. The table 1 gives the dependency on the number of Ui

segments of the magnetic field value, reduced to the sur- &0

face value D,- ,, or te rto A. ,-Sm1
r. = 0.75 RI.

The number of segment@ N = 18 seems to be optimal in Vol M
technological aspect. FIg.1 shows schematically the longi-L
tudinal crowssectloz of the accepted hexapole construction W .... LS i .. . ....
for the ECR source of niultickarged, ions. The hkexapole the distance, from the bexapole Centre. em
is composed of 4 AMng of equal length with the N = 18
segments madie of Nd Ab B magnets with the residual in- Figure 2: The magnetic hield distribution in the longitudi-
duction of Do - 10.5 kG.. The outer diameter of the nal direction
extreme rings can be reduced proceeding from the plasma,
stabilty conditions. The magnetic hield, distribution for the
Itexapole aperture in the longitudinal direction is shownt in
Flg.2 as a function Of rdius.
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Stripping Efficiencies for 277 MeV/amu Gold Beam on Copper Foils*

Thomas Roser
AGS Department, Bldg. 911B, Brookhaven National Laboratory

Upton, NY 11973 USA

Abstract
Stripping efficiencies were measured for 277 MeV/amu

Auss+ ions with Copper foils ranging in thickness from
25pm to 100pm. The charge state distribution was an-
alyzed using the beam line magnets of the transfer line Us76u+ AU
between the AGS Booster and the AGS at Brookhaven. ' MAU LSTA

The relative charge state abundances were analyzed to find
the optimum foil thicknesses for fully stripped Au 79+ and
Helium-like Au 77+. It was also possible to extract electron .•

stripping and pick-up cross sections.1

1 Introduction

For the first acceleration of Gold ions in the AGS complex to *

to 11 GeV/amu Auas+ was accelerated in the AGS Booster
to 277 MeV/amu and then transferred to the AGS where
the final acceleration to the top energy took place[l]. Typ- 0
ically a 50prm thick Copper foil was used in the transfer * 0
line between the Booster and the AGS to strip Auas+ to *

Au"h+. The higher charge state allows acceleration to much , I .... I ... I . . I . . I ... I
higher energy in the AGS but is also required because the -win -um -a 0 so t9
relatively bad vacuum in the AGS would lead to excessive X (Mm]
beam loss due to stripping by the residual gas. However,
it is expected that Helium-like Au77+ can be accelerated Figure 1: Fit to the charge state distribution of the mea-
in the AGS without significant losses and, as shown below, surements with the 50 um thick Copper foil.
can be produced with higher efficiency than fully stripped
Au 79+. states 77+, 78+, and 79+. The gaussian distributions all

had the same width and were separated by equal distances.

2 Measurement of Stripping Effi- A typical result is shown in Figure 1 and Table 1 gives the
fitting parameters for the four foil measurements.

ciencies From the variation of the peak position of charge state
77+ with the foil thickness one can extract the energy loss

By varying two dipole magnets following the stripping foil in the Copper foil of 99 e The expected value
in transfer line between the Booster and the AGS the rel- obtained from the Bethe-Bloch equation[2], which leads to
ative abundance of the charge states Au77+, Au7s+ and the scaling law
Au 79+ could be studied with a multi-wire profile moni-
tor. Measurements were made for 25, 37.5, 50, and 100pm dEl Z 2  dE I (P=Ex~
thick foils. One profile alone did not cover the full charge I -X x -= (1)
state distribution. Therefore, several profiles had to be

taken with different settings for the analyzing magnet. The is 80 M' u ,in good agreement with the measured
profiles for different magnet settings were then combined v T on l

by fitting all profiles with a single distribution made up fore about 9 MeV/amu.

from three gaussians corresponding to the three charge The increase of the width of individual charge state

"Wor'k performed under the auspices of the U.S. Department of peaks is due to multiple scattering in the foil which leads
Ener-y to an increase of the divergence and of the energy spread
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Foil Thickness [pm] 25 37.5 50 100
Center of 77+ Peak [mm] 22.6±0.2 7.2-±-0.2 3.9-0.2 -18.74±0.3
Width of Peaks (mm] 8.2 -0.3 9.1 ± 0.2 10.7 - 0.3 13.6 - 0.4
Abundance of 77+ [%] 51 5 13 ±1 9 1 4 9
Abundance of 78+ [%] 40 5 44 ± 1 46 1 42 4
Abundance of 79+ [%] 10 1 44 ± 1 45 1 54 5

Table 1: Fitting parameters for the four foil measurements

of the beam. In gaussian approximation the multiple scat- LO
tering adds in quadrature to the initial beam width which
results in the following dependency of the beam width o
on the foil thickness d:

o = 10,2 +ad (2)

The result of a fit is 00 = 4.8 mm and ca = 1.7 " 2

The contribution to o from increased divergence baseson A
the gaussian approximation to Moliere's theory[3] is only U70u

0.92 ram-, where we used the calculated projection factor 9
of 9.8 n for the beam transport between foil and mon- : 0.4 U76+
itor. This suggests that half of the increase in the beam
width is due to increased energy spread.

Clearly the foil leads to a significant beam emittance
blow-up of up to a factor of 8. A more optimized situation U77+

should include a thinner foil, as discussed below, and a
smaller beam spot at the foil.

0.0 . . .

3 A i peMo el o 40 1000L0 taoo

3 A Simple Model Foil Thicknur [0.001 mm]

The relative abundance of the three charge states can be
understood within the framework of a simple model if we Figure 2: Relative charge state abundance vs. foil thick-
assume that after a short distance do all electrons except ness. The Au 7 9 +, Au 78+, and Au77+ abundances are
the K shell electrons are stripped off. Beyond this initial shown as circles, squares and crosses, respectively, together
stripping foil thickness the relative abundances of the three with the model calculations. The model is based on rate
charge states are then determined solely by single electron equations between these three charge states only.
pick-up and stripping between the three charge states 77+,
78+, and 79+[4]. This can be described by a set of coupled
differential equations: with

/ r79 (-PI 8 ) 0 r79 a 2 = p 2s-2pip2+2pis,+2p2s,

-- r -r7 J PA -(s$+pi) 82 r78 - 2Pls2 + 2P22 - 2s,812
r77~' 0 P2 -- S2 / r~77/ (3) A fit to the data is shown in Fig. 2 and gives the following

where r79, r7s, and r77 are the relative abundances as listed results:

in Table 1. s, and 82 are stripping probabilities for 78 -+ = 22.4±0.5 pm
and 77 -+ 78, respectively, whereas p, and p2 are the pick- do = 0.20 ± 0.04 pm-
up probabilities for 79 -- 78 and 78 -- + 77, respectively. 82 = 0.27 ± 0.04pm-1
The system of linear differential equations can easily be 82 = 0.27 -± 0.07 pm- (5)
solved. The eigenvalues are: P2 = 0.19 ± 0.04 pm- 1P2 = 0.06±40.02pro-

A1 = 0 This simple model describes the dependency of the abun-
A = (PI+p2+,1+,2) (4) dances on foil thickness very well, which is reflected in a2

A3 = -a-(J'+P2+,1+,2) confidence level of 40% of the X2 distribution. For a very
2
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thick foil these probabilities result in asymptotic abun-
dances of

r77 = 10%
r7s = 44% (6)
r79 = 46%

The probabilities calculated above can be used to deter-
mine absolute cross sections:

This experiment Predicted
a(78 79) (24 ± 5) x 10- 2 1cm 2  9 X 10-2 1 cm 2

oa(77-- 78) (32 ± 8) x 10- 2 1cm 2 22 x 10-2 1cm 2

a(79-- 78) (22 ± 5) x 10- 21cm 2  12 x 10-21cm 2

o0(78 -- 77) (7 ± 2) x 10- 2 1cm 2  6 x I0-21cm2

The predicted cross sections are based on the relativis-
tic Bethe-Bloch theory[2] for the stripping cross sections
and on an extrapolation of eikonal calculations of non-
radiative-capture for a Xe projectile on a Cu target[5].
Note that the prediction for the contribution of radiative
capture is a factor of 10 smaller for a heavy target such as
Cu.

4 Conclusion

This analysis shows that, even with this relative high en-
ergy beam, it is possible to produce Helium-like Au77+
ions with high efficiency. This can be achieved with a thin
22 pm thick foil which also introduces only minimal emit-
tance growth.
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Management of High Current Transients in the
CWDD Injector 200 kV Power Systenm

John A. Carwardine, Geoff Pile, AEA Technology, Culham Laboratory, Abingdon, England
Thomas E. Zinneman, Argonne National Laboratoij, Argonne, IL

Abstract U. TEST METHODOLOGY

The injector for the Continuous Wave Deuterium When a breakdown occurs, energy stored in stray capaci-
Demonstrator is designed to deliver a high current CW nega- tance of the high voltage circuit is discharged, exciting
tive deuterium ion beam at an energy of 200 keV to a Radio resonances in the low megahertz range. The result is a radio
Frequency Quadrupole [1]. The injector comprises a volume frequency transient of several hundreds of amperes flowing
ion source, triode accelerator, high-power electron traps and around the power circuit, generating huge RF voltages across
low-energy beam transport with a single focusing solenoid. stray inductances and coupling into all parts of the system.
Some 75 Joules of energy are stored in stray capacitance The currents are so large that even very weakly coupled
around the high voltage system and discharged in a few micro- circuits can be catastrophically affected.
seconds following an injector breakdown. In order to limit
damage to the accelerator grids, a magnetic snubber is incor- Bulk-Current Measuremem and Bulk-Current Injection are
porated to absorb most of the energy. Nevertheless, large used in Electromagnetic Compatibility (EMC) testing to mea-
current transients flow around the system as a result of an sure conducted emissions and conducted susceptibility of
injector breakdown; these have frequently damaged power equipment [2]. It has been established in previous tests at
components and caused spurious behavior in many of the sup- Culham and in similar tests at JET [31 that conducted inter-
porting systems. The analytical and practical approaches ference was by far the most significant problem on this equip-
taken to minimize the effects of these transients are described. ment, even though radiated levels in excess of 140 dB#V have
Injector breakdowns were simulated using an air spark gap been measured. Bulk-Current techniques were used to mea-
and measurements made using standard EMC test techniques. sure RF currents flowing in power and control circuits during
The power circuit was modeled using an electrical simulation actual breakdowns and simulated breakdowns at low voltage
code; good agreement was reached between the model and to allow measurements within the high voltage equipment, and
measured results. quantify the level of susceptibility of various equipment. In

order to provide a consistent test scenario, an air sparkgap
I. INTRODUCTION was used to simulate injector breakdowns.

High current ion injector systems have frequently suffered Figure I shows the main components of the injector high
from reliability problems associated with grid conditioning of voltage power circuit. Transient currents are shown for a
the dc accelerator. As requirements head towards higher ion sparkgap setting of 56 kV; peak breakdown currents are in
currents, higher duty factors, and increased energies, the reli- amperes. The current transient is principally a damped sinu-
ability problems have become more evident and seemingly soid at I MHz lasting approximately 6 ps, produced as stray
more difficult to overcome, capacitance in the high voltage isolation transformer and the

high voltage feedthrough are discharged through the busbar
During initial testing of the injector system at Culham system.

Laboratory, reliability problems occurred when operating
above 150 kV, with both power and control circuits being fre- Surprisingly large currents were measured in the high
quently damaged. A program was initiated to solve these voltage power supply switched-mode electronics (HV Con-
problems after the system was installed at Argonne National troller). These can be explained when it is realized that con-
Laboratory. The natu= of these problems are now better siderable voltages are generated along the machine ground
understood, and hardware modifications have been imple- busbar. The busbar between the machine star-point and the
mented to improve reliability. The system is now operating HVPS Ov connection had an inductance of 15 ILH. At 1 MHz,
routinely at and above the design energy of 200 keV. In this the impedance of this connection was 94 0 and could, there-
paper, the High Voltage Power Supply (HVPS) is used to fore, be expected to develop approximately 20 kV across it.
illustrate techniques and solutions that were implemented. This voltage then appeared as a differential across the HVPS
These same techniques and solutions were also used on other isolation trnsformer, which coupled the transient by way of
subsystems of the injector. stray capacitance and an imperfect primary scree.

"-Supported Under U.S. Government Contract No. W31 RPD-2-D4072.
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Significant transients (up to one ampere) were measured An existing aluminum skin covering the walls and floor
on control cables between the injector and the control room, of the high voltage areas offered a low impedance ground
even though they are DC isolated. However, for RF, thease system and was close to an ideal coaxial arngement. Power
cables an in parallel with the busbar connecting the machine system ground connections were removed from the bus bar
sta,-point to building ground and, therefore, carry a portion of and connected to this skin. Since this skin is so wide, the
the feedthrough discharge currents. limiting factor in minimiming ground impedance became the

connections from the equipment to the skin. In addition to

III. CIRCUIT ANALYSIS ground system modifications, each subsystem was modified to
improve internal grounding for radio frequencies, and filteig

A simplified equivalent circuit of the injector high voltage was installed to shunt transient currents to ground.

power system is shown in Figure 2. Most of the capacitance
valueq were obtained by measurement, whereas the inductance Sparkgap testing was repeated at 56 kV and then at

values were calculated. 200 kV. Unwanted currents had been reduced by at least a
factor of four, and in the case of the busbar currents to

An analog circuit analysis program for personal con- ground, a factor fifty improvement had been made. Indeed,

puters, Micro-Cap IV [41, was used to generate current and at 200 kV, the HVPS currents are now lower than previously

voltage waveforms for various nodes of the circuit. For corn- measured at 56 kV.
parison, generated waveforms are shown in Figure 2 at the
same locations as the measured waveforms in Figure 1. Both Modeling of the new arrangement was made in order to

the measured and calculated waveforms decayed exponentially, predict improvements in unwanted currents. Accurate model-

reaching equilibrium in 6-10 /s. Overall, the analysis agreed ing was found to be more difficult since the new ground sys-

well with reality, although peak values of the calculated wave- tem impedance was difficult to calculate. However, the model

forms were generally higher than those of the measured wave- did predict improvements comparable to those seen when

form. One possible reason is that small resistive components sparkgap tests were performed.
were not included in the model except around the HV
controller. V. SUMMARY

A major component of the HV circuit is the magnetic Conventional power system approaches are clearly inade-
snubber. This device is designed to absorb much of the quate when designing high voltage systems for today's injec-
available energy generated during an arc discharge. The tors. Further considerations are necessary to successfully
energy is dissipated by means of eddy ;.urrent losses in a manage the transients resulting from dc accelerator
transformer core. The CWDD snubber is similar to the snub- breakdowns.
bet developed by Lawrence Berkeley Laboratory [5]. In the
analysis, the snubber has been represented by a resistor in Breakdown transients have been measured on the CWDD
parallel with an inductance. injector and their effects are now understood. Dramatic

improvements have been made in the reliability as a result of
The Berkeley paper assumes a nonoscillatory current sug- modifications, such that the high voltage systems now operate

gesting that the value of inductance, L, is so large that it can more reliably at 200 kV than previously at any voltage.
be neglected, and that the resistance is a function of time. For
large values of L, breakdown transients should decay exponen- The system's behavior has been modeled to first order
tially, similar to overdamped or critically damped circuits. using relatively simple circuits. These proved helpful in
However, observed transients on the CWDD injector are oscil- understanding failures caused by breakdowns. Proposed
latory, similar to that of an underdamped circuit. Attempts to modifications were tested on the model before implementation
measure the snubber inductance produced values in the 10 to on the real system. Overall improvements predicted by the
40 ,H range. Using the lower value of L in the circuit analy- model compared favorably with those obtained in practice.
sis resulted in calculated waveforms more closely resembling
measured waveforms than when using higher values. The effect of the magnetic snubber on a resonant circuit

needs further work. At 1 MHz, the CWDD snubber is clearly

IV. SOLUTIONS less effective than expected-far less energy is dissipated, and
peak currents appear to be limited as much by stray inductance

It became clear that the grounding system must be modi- as by the snubber itself.

fled to minimize impedances and, hence, voltage drops. To
reduce currents in the HV controller, the HVPS elements must Experience on CWDD has shown that with proper man-

all be connected to the same ground point. Breakdown current agement of transients, a high level of reliability can be

paths must be localized as much as possible, to reduce cou- achieved on high voltage, high power injector systems.

piing to other circuits.
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"Design and Results of the Radio Frequency Quadrupole RF System at the
Superconducting Super Coilider Laboratory

J. Grippe, E. Marsden, and 0. Marrufo
Superconducting Super Collider Laboratory*

2550 Beckleymeade Ave., Dallas, TX 75237 USA

A. Regan, D. Rees, and C. Ziomek
Los Alamos National Laboratory

Abstract L-
The Superconducting Super Collider Laboratory (SSCL)

and the Los Alamos National Laboratory (LANL) entered into
a joint venture to design and develop a 600 kW amplifier and its no
low-level controls for use in the Radio-Frequency Quadrupole
(RFQ) accelerating cavity of the SSC. The design and
development work has been completed. After being tested
separately, the high power amplifier and low level RF control
system were integrated and tested on a test cavity. Results of
that tests are given. Tests were then carried out on the actual Figure 1. RFQ RF System.
RFQ with and without the presence of the accelerated beam.
Results of these tests are also given, along with the phase and
amplitude information. II. TOPOLOGY

I. INTRODUCTION The amplifier consists of three stages of RF amplification.
The first stage is a solid-state amplifier which takes the input RF

The prF cavity requires 225 kW of power at each of two and amplifies it by approximately 48 dB. The intermediate
RF input ports at a frequency of 427.617 MHz. To provide this amplifier consists of a cathode-modulated Eimac 8938 Triode,
power with n a dequate amount of safety margin and enough cavity, and a high voltage power supply. The tube is air cooled
drive to ensure a fast cavity fil time, a 600-kW amplifier was and has a gain of approximately 15 dB. The final power stage
designed and built. The reqarements [1] placed upon 1 consists of a Burle 4616 tetrode and its associated cavity, a
amplifier are as shown in Table 1. 25 kV anode power supply rated at 2 kW average power output,

Table 1 and the necessary grid supplies. The tetrode operates in Class
RFQ Amplifier Requirements AB with approximately 5 mA of bias current from the high

Operating Frequency 427.617 MHz voltage power supply. At the 600 kW output level the efficiency

Bandwidth 300 KHz Minimum is approximately 60%.
The low level RF circuitry is VXI based and uses the

Power Output 600 kW peak in-phase (1) and quadrature signal components (Q) or more
Gain 77 dB nominal commonly called an I&Q detection system. The cavity field

Pulse Length 100 microseconds sample is downconverted to 20 MHz, where a vector detector
performs I&Q detection. The resulting I&Q baseband signals
nae fed to a pair of Proportional Integral Differential (PID)

Pulse Droop 1% maximum controllers, one for the I signal and another for the Q signal. The

Linear Range <0.5 db within any one hour setpoints for the I&Q channels are also fed to the PID
period controllers where the cavity field error signals are generated

and processed. The outputs of the I&Q PID controlle are fed
Phase Stability <10deg. within any one to a 20 MIz vector modulator, the output of which is

hour period upconverted to the 427.617 MHz operating frequency. The

The purpose of the low level RF, along with providing the output of the upconvert•r passes through a fast RF switch and

drive power to t amplifier, is controlling t additional amplification before driving the high power

amplitude of the cavity RF. The RF field in the RFQ cavity is to Many signals in the low level F crate a available as

be maintained within 0.5 degrees of the desired phase and 0.5% analog signals on the module front pel and, once per beam

of the desired amplitude.
A block diagram of the RQ F System [2--4] i ow n pulse, are monitored through sample and bold circuits which

are then sent to slow speed, on board A/D's. Additionally,
Figure 1. certain critical analog signals can be remotely selected and fed

across the VXI backplane to a twisted pair line driver for remote
-Operated by the Universities Research Assocation, lnc.,for the U.S. viewing or fast digitizing. All timing pulses for low level RF

Departiem of Energ under Contract No. DF-AC35-4ER40486.
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circuitry and the high power amplifier gate are derived on board 70 FREQLE.CY RESPONSE

each VXI module through the use of a programmable timing
generator triggered by a single 10 Hz pulse from the Linac
timing system.

RF transmission components at the output of the power
amplifier consist of a high power circulator to isolate the
amplifier from the high reflected power during the cavity fill £
time, a six-port coupler to provide amplifier reverse and 4-

forward power to the low level RF and a manual high power "
waveguide switch that can be used to direct the RF energy to a
dummy load for test purposes.

II1. MEST RESULTS 4 . :7 476 427. 4N 4n: 42% 4

Table 2 lists the results obtained when testing the amplifier F REQU2N. Y (MHz)

into a high power water load. Figure 2. RFQ amplifier.

Table 2 amplitude is controlled within 0.1%. Figure 4 illustrates the
Amplifier Test Results field in the test cavity with simulated beam loading, with both

Gain 77.4 dB LLRF feedback control and feedforward consisting of a square
input pulse to the PID controllers 0.2 microseconds before the

Linear Range 200 to 500 kW beam pulse. The maximum phase variation in this case is

3 dB Bandwidth 900 kHz 0.2 degrees and the maximum amplitude variation is 0.4%.

1 dB Bandwidth 550 kHz These tests prove that the SSC RFQ RF system can meet its
phase and amplitude performance requirements with a

Maximum Power Output 625 kW combination of feedback and feedforward in the control

Efficiency 63% system.
The photograph of Figure 5 was taken, open loop, with the

The frequency response data for the amplifier is listed in RF amplifier delivering 365 kW of power at 427.617 MHz into
Table 3. The data is plotted in Figure 2. the RFQ cavity. A 20-milliampere, 2.5-MeV beam was present.

The lower trace of the photo shows the high VSWR during the
Table 3 cavity fill time. Immediately after the fill and before the beam

Frequency Response arrives, the mismatch of the cavity to the amplifier can be seen.

FREQ Po Pin GAIN During the beam the improved match is apparent followed by
(MHz) (kW) (I) (d0) the high reflection at the end of the pulse. The upper trace shows

427.1 225 the effect of beam loading on the cavity RE4.1•g12.5 71.1 _______

427.2 323 12.5 72.6 T= - -1

427.3 443.2 12.5 74 II
427.4 546 12.5 74.9 [1I,- i I I
427.5 611.8 12.5 75.4 . . i I

427.6 620 12.5 75.4 I T f1I I

427.7 615 12.5 75.4 [ i - •, I ti i
427.8 566.5 12.5 75f1j.i.4
427.9 498.6 12.5 74.5I

428.0 432.2 12.5 73.8 1 1

428.1 343.6 12.5 72.9 "

428.2 261.4 12.5 71.7 1 '3. 1 I H,-'EPAE 2i-.+ 1

Tests of the RF system, LLRF and amplifier ae shown in __

the following figures. Figure 3 llustrates the field in a test Figure 3. Amplitude (Upper Trace) and Phase (lower trace)
cavity without a simulated beam. After initial cavity filling and of a test cavity without beam loading simulation. Phase I
settling time the phase is controlled to within 0.1 degree and the degree per division.
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- '. - :-. - IV. SUMMARY

,_ .From the data taken during the testing of the RFQ RF

subsystem it has been shown that the system meets all the
design requirements placed upon it. Testing into a test cavity

was done by using a 60-dB coupler from the main RF power line
I, I since the test cavity was only capable of accepting 2 watts.

- i -: I : Testing into the RFQ cavity is ongoing at the SSC central

* IT I I itfacility. As of this writing the 2.5 Mev. 20 milliampere design
SI I t�7 goal has been achieved.1 i iV. REiERENCES

I I([1] Element Specification (Level 3B) For the Linear

II Accelerator of the Superconducting Super Collider17 I -Laboratory, No. E1000025, July 22, 1991. W.B.S.
S1 I 1.1.2.1 p. 45.

"- " [2] R.I. Cutle, et al., "SSC Linac RFQ RF System."
~11,. 2____ ,._ _ I JConfeence proceedings of the 1992 Lie

, C,1 M. L Accelerator Conference, Vol l, pp. 130-132.

I[3] J.M. Grippe, et al., "ITe Superconducting Super
I Collider Linac RF System," Conference Record of the

Figpre 4. Cavity amplitude (upper trace) and phase (lower 1992 Twentieth Power Modulator Symposium,

trace) of test cavity with beam loading simulation. Feed pp. 53-56.

forward and feedback present. Phase I degree per division. [4] A. H. Regan, et al., "RF System Description for the
Ground Test Accelerator Radio-Frequency
Quadnrpole," 1992 Linear Accelerator Conference
Proceedings, pp. 680-682.

Figure S. PhWtograph of amplitude (upper tace) and
relected power (lower Ue) taken durmin 20 uillampere
beam in RFQ cavity. System is unning open loop.
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Initial Operation and Beam Characteristics of the UCLA
S-band RF Photo-Injector*

C. Pellegrini, N. Barov, S. C. Hartman, S. Park,
J. Rosenzweig, G. Travish, R. Zhang

Department of Physics, University of California, Los Angeles 90024

P. Davis, C. Joshi, G. Hairapetian
Electrical Engineering Department, University of California, Los Angeles 90024
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Figure 1.

Abstract paper to a summarization of the overall performance of the
The UCLA rf photo-injector system has been gun and our plans for its' future development. The

commissioned(l). All of the sub-components such as the photocathode rf gun has also been used to study a thin plasma
high power rf, pico-second laser, rf photo-injector cavity, lens(2). This experiment demonstrated electron beam focusing
diagnostics, and supporting hardware have been tested and are and confirmed theoretical expectations.
operational. We briefly discuss the performance of the various . ACCELERATOR SYSTEM DESCR ON
components since the details of each subsystem are very A. RF System
lengthy. The laser delivers a sub 4 ps pulse containing 0- The gun is powered by a SLAC XK5 type klystron
300pJ of energy per pulse. The photo-injector produces 0-3 producing 24 MWatts of rf power with a pulse duration of 4
nC per bunch with an if induced emittance of 1.5 x(mm- pouig2 wtso fpwrwt us uainonpnd), ps. The rf system is driven by a signal produced by a master

oscillator clock at a frequency of 38.08 MHz. This signal is
I. INTRODUCTION multiplied 75 times to produce the klystron operating

We report the initial results of the operation of the UCLA 4.5 frequency of 2.856 GHz and is then sent to a 1 kwatt solid
MeV Photocathode RF gun. This electron source is part of a state amplifier. The amplifier signal in turn feeds the
20 MeV compact electron linac described before(l). It will be klystron. This ensures the timing and a feed back loop
used for studies of the interaction of relativistic beams, stabilizes the laser pulse to rf jitter to less than 4 ps.
plasmas and the generation of coherent radiation. All the B. RF Photo-Injector
components of this system have been built and tested. Full The photocathode if gun is based on the Brookhaven
assembly will be completed during the fall of 1993. Our design(3). It consists of a one and a half cell standing wave
initial work has been dedicated to a characterization of the derat cns a oe an a hl tandin we
photocathode rf gun, which is the electron source for the Producing accelerating gradients of up to 100 MV/r are
system. As part of this work we have measured the electron achieved.
beam emittance and the quantum efficiency of a copper cathode
under different conditions. Detailed descriptions of the results C. Laser System
of these measurements and the techniques used are reported in The drive laser is a mode locked Nd-YAG oscillator
other papers presented at this conference. We will limit this cavity. To compress the pulse the laser is matched into a

500m fiber to produce a frequency chirp. The chirped pulse is
*Work Supported by SDIO/IST through ONR Grant No. N00014- then amplified a million times by a regenerative amplifier and

90-J-1952 and US DOE Grant DE-FG03-92ER-40493
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measure the energy and energy spread of the beam.
1000.

10 mnm dia. II. QUANTUM EFFICIENCY
FWFM spot size

800- 532un laser pulse A. Quantum Efficiency Results
2 ps FWHM The quantum efficiency measurements are described in

detail in (4). The quantum efficiency has been measured as a
600. function of input laser energy, illumination angle, and

polarization. In the first series of measurements the cathode
3.9ps was initially damaged by over focusing the laser to a small

FWHM spot size. This produced local melting and damaged the copper
400, cathode surface. The damage limited the possibility of

I producing a beam with the design spot size of about 3 mm,
since most electrons where produced by the damaged area. The

200 resulting effective spot size was about 0.3 mm. This small
spot size led to large space charge effects at small charge, so in
this series of measurements space charge was always a
dominant effect.

0.
0 4 8 12 16 20

Time (ps) Angle of Polarization Quantum

Figure 2. Incidence, Derees Effi_ _

2S 9x10"5

sent to a grating pair where it is compressed. Once it leaves 2 P 9x10"5

the compression stage the laser beam is frequency upconverted 70 S 9x10"5
to green by a KD*P crystal. Then it is doubled again to UV, 70 P 1.3x10"4

266 nm, by a second frequency doubling crystal. The up
conversion efficiency is typically 10%. The laser was Table 1.

measured with a streak camera and is shown in figure 1. The main results for the damaged cathode quantum
efficiency are given in Table 1. One can see that the quantum

D. Diagnostics efficiency depends on the incidence angle and the light

The electron beam diagnostics are as follows. The main polarization. The largest quantum efficiency, 104, is obtained
diagnostics are the phosphor screens which monitor the spot for 70 degrees incident angle and P polarized light. The
size. An Integrating Current Transformer, ICT, is used to dependence of the quantum efficiency on the polarization an le
measure the electron beam charge along with faraday cups at * is shown in Fig. 3 and can be fitted with a cos *
various locations. Some of the phosphor screens are floated dependence which implies single photon emission.

so that they can double as faraday cups. A dipole is used to III. ENERGY and ENERGY SPREAD

2.1 . . I " I v I . . il Dark Current Peak Momentum Fluctuations

2 3nmm dia. FWFM spot size
266nm laser pulse 0/ 0.2T1.9 -- \ 2 ps FWHM / I02•.. .. ,.. .. ,..

1.9/ 2_ 0.15 a=0.067%

S1.8 0.1

11.7 • 0.05

U1.6 I.

1.5 -0.05 0 oo

1.5 "O -0.1 o

1.4 . i. . . . . -0.15
0 45 90 135 180P o lariza tio n A n g le 0 (deg ) -0 .2 " ,.. . '. . . . ' . . . . ' . .

0.00 5.00 10.00 15.00 20.00 25.00

Figure 3. Figure 4.
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The time jitter of the laser pulse and the fluctuations in the rf 0 %
voltage are of deep concern for future FEL experiments. In oP= 4 psec
Fig. 4 we show the fluctuations in the dark current energy end 14

point, showing the level of the rf system fluctuations. In Fig.
5 we show the jitter in peak momentum of the photoelectrons. 0. 5 -
which includes also the laser pulse jitter. One can see that the 9"
resulting rms momentum fluctuation is 0.25% and is due O1

mainly to the residual laser pulse jitter. The dependence of the o.
bunch energy on the initial rf phase is shown elsewhere(5). %•This dependence shows that the accelerating field in the two -0.

cells is unbalanced with a larger field in the full cell.
Introducing this unbalance the data can be fitted using the
analytical theory of Kim . From the beam energy " 2kJ ... bV 73@ l
measurements we can also determine the gun shunt impedance Shot Number (in order of ascending
which is evaluated to be 36 MfO/m, smaller than the value
expected from the Superfish calculations. The beam energy
spread measured at low current, 50 pC, is less than 0.2%.
However, due to the large space charge effects it increases Figure 5.
rapidly with charge, when using the damaged cathode.

experiments completed at UCLA.
IV. EMITIANCE

V CONCLUSION
The ince has been measured(5) using a pepper pot.

Measurements at a charge smaller than 50 pC, show an The UCLA photo-injector has been operated successfully.
emittance dominated by rf effects with a minimum of 1.5 The measurements show that the emittance scales as expected.
mnm-mrad rms. At larger charge the emittance is dominated The important thing to note is that for these set of emittance
by space charge effects, in the case of the damaged cathode and runs the rf photo-injector had a field imbalance. The filled in
unbalanced gun. These results as well as the results for the the full cell was 1.8 times that in the half cell. This
energy spread are compatible with the assumption of an initial contributed to emittance blowup as did the phosphor screens
spot size of 0.3mm radius, rms. The rf photoinjector is used to measure the emittance. The phosphor screens were
clearly a very brilliant electron source, capable of producing placed onto the beamline at a 450 angle. This created
beams with time structures determined by the incident laser broadening of the line widths
pulse. Metal cathodes are very robust but put strong
requirements on the laser fourth harmonic generation References
efficiency. Importance of reducing amplitude fluctuations and 1. S. C. Hartman et al., Photocathode Driven Linac at
time jitter is also noted. The potoinjector produces a beam of UCLA for FEL and Plasma Wakefield Acceleration
supiorer quality as exemplified by the successful plasma lens Experiments, Particle Accelerator Conference Sanfransisco,
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