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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
accelerator history in half a hour. In 60 years there
are a little over a million half hours, so this will be
a compression by a factor of 106. I can't be very
complete—just a few glances at that history as seen
from wherever I was at the time.

My first contacts with big accelerators were
in the mid-thirties when I was a graduate student at
Princeton. Every year we students made our way to
Washington for the spring meeting of the American
Physical Society, held at the Bureau of Standards
which then was a cozy affair out Connecticut Avenue
about a mile past the Shoreham Hotel. First we
found a cheap rooming house, then we made our way
out to the meeting; about five hundred physicists
attended in those days and everybody knew
everybody else. We looked forward to the annual
debate between Millikan, Compton, and Swann
about what were the cosmic rays and where did they
come from. Then we would troop to the Department
of Terrestrial Magnetism to see Merle Tuve, Larry
Hafstad, and Odd Dahl and their 1.3 million volt
Van de Graaff machine—one of the most spectacular
physics operations to be seen anywhere in those
days.

The next contact was back at Princeton where
Milton White and Malcolm Henderson had just
arrived, bringing us the cyclotron gospel from
California. They were to build a machine with a 40-
inch pole; its magnet yoke proved to be so huge that
it would not go through the laboratory door. A big
hole had to be knocked out of the outside wall. The
rest of us, doing tabletop experiments for our theses,
were stupefied by the grandeur of this operation.

From Princeton I went to England—to the
Cavendish Laboratory—for a year of work under the
direction of Lord Rutherford and Mark Oliphant.
Cockcroft and Walton's voltage multiplier was still
standing, but was superseded by a new multiplier
built by Philips in Holland. An intriguing feature
was an electric typewriter built by Wynn-Williams
to record data from the Cockcroft-Walton set. But
Wynn-Williams had left and nobody else could
make the typewriter work.

My work was on the range-energy relation
for slow alpha particles—relatively unimportant,
but every day "the Lord,” as Rutherford was
affectionately called by his students, came around
about noon to ask how the work was going.

I returned to the U.S.A. to a job, paying
$3,000 a year, in the Research Laboratory of the
General Electric Company in Schenectady.

0-7803-1203-1/93$03.00©1993 IEEE

Coolidge, the Lab’s Director, was famous for
his development of X-ray apparatus. He considered
the betatron to be an important X-ray source and, in
1941, he welcomed Don Kerst who had built the first
betatron at the University of Illinois. With the
help of GE's engineers, Kerst built a 20 MeV machine
and then returned to Urbana. But GE's interest
continued and it was decided to build a 100 MeV
machine at the GE Research Lab. This was done,
primarily under the direction of one of GE's best
engineers, Willi Westendorp. This was quite a
spectacular machine operating at 60 Hz, making a
deafening noise and producing a truly lethal X-ray
beam.

During the war we were distracted from
accelerators by the need for equipment to jam the
German and Japanese radar systems. This, with the
cooperation of the Radio Research Laboratory at
Harvard, we accomplished quite easily.

In 1944 a letter to the editor of the Physical
Review came to my attention. The Russians,
Iwanenko and Pomeranchuk, presented a formula for
energy losses by electrons in circular paths and
suggested that this might set a limit to the energy to
which electrons could be accelerated. Since the
formula indicated energy losses proportional to the
fourth power of the energy, this evidently deserved
attention.

All innocent of the fact that the same
formula had been worked out by Lienard in 1899, I
worked through the electromagnetic theory and
concluded that the Russians were right. Moreover, it
appeared that the effects on a 100 MeV beam should
be easily detectable. The theory indicated also that
the radiation should be in a very narrow beam
directed straight ahead of the radiating electron,
and so should exist in a spectrum with a great many
harmonics of the revolution frequency. But the
vacuum chamber of the 100-MeV machine at GE was
opaque, so nothing could be seen. However, it was
easy to show that energy losses should make the
radius of the electron orbit shrink appreciably at
the end of the acceleration period. Westendorp had
already observed an unexplained orbit shrinkage; I
calculated its predicted amount and found complete
agreement with the observations.

I published my calculations and our
observations on the 100-MeV machine in 1946. Only
later did I become aware of Lienard's work
(remember, he was the one who invented retarded
potentials) and of another monumental opus, the
327-page Adams Prize Essay of 1908 by G.A. Schott,




scholar of Trinity College, Cambridge on
"Electromagnetic Radiation.” That essay contained
the complete theory of radiation from accelerated
charged particles. Its only weakness was that the
formula describing the spectrum of the radiation was

in Bessel functions of very high order not
to be found in available tables. This was rectified in
1949 when Julian Schwinger published his elegant
paper, "On the Classical Radiation of Accelerated
Electrons,” in which he converted Schott's spectrum
formula to one using tabulated functions.

It should be noted that, at that time and for
some time thereafter, this radiation was regarded
as nothing but a nuisance, setting an upper limit to
achievable energies. No one appreciated the
possibility that the radiation might be a useful
experimental tool.

It was then that the synchrotron appeared
on the scene. We read Ed McMillan's paper with
fascination. Did his phase oscillation equation
indicate a stable oscillation? To the
mathematically sophisticate it was evidently OK,
but I thought it would be nice to solve it with a new
calculating engine that GE's engineers had created.
It performed integration with a system of discs
revolving in contact with the surfaces of other
rotating discs and took up a room 85 feet long. It had
been quite useful in solving some problems of electron
orbits in vacuum tubes, so I fed it the phase
oscillation differential equation. To my distress, it
supplied a solution that continually increased in
amplitude. After some thought, I decided to feed it
the equation for an undamped sine wave. To my
relief, the machine again yielded an increasing
amplitude. The conclusion was that backlash in the
integrating mechanisms made the machine
unsuitable for equations with periodic solutions.

About this time Ed McMillan himself
appeared in Schenectady to ask for advice on how to
construct the laminated magnet for his proposed 300-
MeV synchrotron. Westendorp and I, with several
others, spent a good deal of time with him, showing
him our soli.tions to problems with the betatron
magnet. Then he went home and we began to think
about our skill in building machines and about all
the parts we had lying around. Herb Pollock, Bob
Langmuir and I, with several of our associates, said
to ourselves, "Suppose we put together a machine
for, say 70 MeV? We could be the first in the world
to produce an operating synchrotron.” And, indeed,
that is what we did. Our machine operated in 1947;
it had a transparent vacuum chamber and almost
immediately the electron radiation was observed, a
small bluish white spot at the side of the chamber
where the beam was approaching the observer. At
lower energies the spot changed color; at 40 MeV it
was yellow and at 30 MeV it became red and very
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faint. So now it is called "synchrotron radiation™
although it was first detected in a betatron.

We were not the first to produce an operating
synchrotron. The British team of Goward and Barnes
had very quickly thrown together a tiny 8-MeV
machine which worked long before ours was
finished.

In 1946 1 heard about the founding of the
Brookhaven National Laboratory; it was to be a
center for all sciences involving the nucleus and it
was to build equipment so big that single universities
could not afford it. Stan Livingston who, with Emest
Lawrence had built the first cyclotron, was to head
the accelerator group. He wanted to build the
largest cyclotron ever seen for 750 MeV but he was
overruled by II. Rabi who decreed that
Brookhaven's first accelerator should surpass a
billion volts. This meant that it had to be a proton
synchrotron—a machine that presented many
unsolved problems. All of this was very exciting for
me and I decided to leave GE and get in on the
founding of the new Laboratory. So I departed
Schenectady and moved to Long Island.
Unfortunately the 70 MeV synchrotron at GE wasn't
finished yet, so I missed the first ¢yeballing of
synchrotron radiation.

The Cosmotron, as we named our prospective
proton synchrotron, presented rather terrifying
problems associated with size and shape. Electron
synchrotrons like McMillan's 300 MeV machine
involved relatively small magnets arranged around
a circular orbit about six feet across. His vacuum
chamber was a toroid with an aperture of a couple of
inches in the radial direction and about one inch
high. But our energy was ten times higher—we
chose to aim for three billion volts—and protons are
not bent into circular orbits as easily as are electrons;
our orbit would be at least sixty feet in diameter.
How much space needed to be provided in the
vacuum chamber for proton excursions from the
equilibrium orbit restrained only by weak focusing?
Remember, strong focusing had yet to be invented.

The problem of aperture also was faced at
Berkeley at Ernest Lawrence's Radiation
Laboratory, which had been approved at the same
time as we were for a machine twice as big as ours to
be called the "Bevatron." Estimates of n
aperture at Berkeley ran from one by four feet to four
by fourteen feet. The Bevatron finally was built so
that the aperture could be four by fourteen feet, but
pole pieces could be inserted if it turned out that all
that space wasn't needed. As a check on these
guesses, they built a quarter-scale model of their
machine with shutters that could be closed down to
see at what aperture the beam disappeared.

Our approach was quite different. Our little
group included two very bright young theorists,




Ernest Courant and Nelson Blachman. They worked
out the details of the proton orbits, taking into
account the achievable vacuum and all effects of
component ts, and concluded that a gap
nine inches high and thirty-six inches wide would
be quite adequate. With considerable daring, we
decided to disregard the Berkeley guesses and build
as we were told by Courant and Blachman. After
deep thought, I proposed the magnet structure shown
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in Fig. 1. The final shape of the gap was the result
of magnet model measurements and many hours of
tedious calculation. We tried to get help from a
"computing bureau” in New York that consisted of
twenty people with mechanical adding machines,
but they were virtually useless and the complex
relaxation calculations of field patterns in the end
were done by Hildred Blewett.
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Figure 1. Cross section of the Cosmotron magnet

There were a host of other problems to be
solved in the first proton synchrotrons. With
injection at 4 million volts from High Voltage
Engineering's first Van de Graaff machine, the
proton velocity is less than one tenth of the final
velocity—which is quite close to the velocity of
light. So the radio frequency accelerating field must
change in frequency by more than a factor of ten and
the accelerating cavity had to be tuned over that
range. For this purpose, we introduced to the United
States the ferromagnetic ferrites that had just been
discovered at the Philips Laboratories in the
Netherlands.

We wanted very badly to be first in the
world to a billion volts, but we were terrified that
the mighty Berkeley powerhouse of talent and
experience would beat us to it. Then, in 1949, the

Berkeley quarter-scale model was completed and
tests on it showed that the beam was lost at an
aperture larger than we were building into our 2000-
ton magnet. Today it is evident that the model did
not meet the mechanical tolerances that we built
into the Cosmotron, but at the time we were very
scared.

Then Fortune befriended us. At Berkeley and
Livermore a huge, very secret project was started
aimed at production of fissionable material for the
national defense program. The whole Bevatron staff
was transferred to this project for two years and we
were given the chance to be first to a billion volts.
We made it in May of 1952. It was a glorious victory;
it was indeed a critical victory. If the Cosmotron
had failed, Brookhaven's splendid program in high
energy physics might never have been started.




Consequently, I feel that the Cosmotron was about
the most important project in my career.

That summer of 1952 we heard about the

tion of the CERN Laboratory, to be a new
European center for high-energy physics. They were
well impressed by the design of the Cosmotron and
to build a scaled-up version of our machine
to reach 10 billion volts. We learned that they
would visit us during the summer of 1952 to ask our
advice about a variety of problems. Livingston was
anxious to be of all assistance possible and he
suggested a design change to reach higher fields in
our magnet. The Cosmotron magnetic field pattern
above about 13 kilogauss was affected by saturation
effects so that the field gradient increased to levels
where weak focusing was no longer possible.
Livingston suggested placing some magnet returns
outside the orbit so that the high gradients would
average out to the low gradient required. He asked
Ernest Courant to analyze the effects of alternating
gradients on the orbits and to Ernest's surprise, he
found that the focusing was much improved when
the gradients were such as alternately to focus and
defocus the beam. The higher the gradients, the
better was the focusing strength. Hartland Snyder
came by and reminded us of the optical analog: the
combination of a focusing lens and a defocusing lens of
equal strength is focusing, no matter which comes
first. Thus was strong focusing born. Immediately it
was evident to me that this was the solution to the
fundamentally defocusing accelerating fields in
linear accelerators. All that is necessary is to
include alternating focusing and defocusing
quadrupoles—either electrostatic or magnetic—and
proton or ion linear accelerators of high intensity
become possible. Our papers on the strong focusing
Synchrotron and focusing in linear accelerators
appeared in The Physical Review in December of
1952.

The visitors from CERN—Odd Dahl, Frank
Goward and Rolf Widerbe—appeared shortly after
this discovery. We told them our story; they lost no
time in abandoning their 10-GeV Cosmotron and
raised their sights to a new strong focusing machine
in the energy range of 30 GeV—almost exactly the
machine which we now had in mind. Also, they
invited Ernest Courant, Hildred Blewett and me to
come to Europe and help organize CERN's proton
synchrotron effort. Hildred and I accepted, and
early in 1953 we found ourselves located in Bergen,
Norway where Odd Dahl, the head of CERN's PS
group, lived as head of the Mikelsens Institute. We
soon made friends with a promising young
Norwegian protege of Dahl's—Kjell Johnsen—and
found ourselves established in the Physics
Department of Bergen University. They had just
built a betatron and had some magnet laminations

left over, so we very quickly built a small model of a
strong ing, high-gradient magnet that provided
the basis for the first CERN magnet design. But the
most important project we undertook for CERN was
to persuade them that PS design projects scattered
all over Europe would make no real progress until all
were assembled in Geneva, the final site of CERN.
In September of 1953 at last we all moved to Geneva.
A month later the CERN group was subjected to a
public examination by accelerator experts from all
over the world. Though suffering from beginners’
terrors, they passed the examination with flying
colors. In 1954 we came home, confident that CERN
was headed for a brilliant future. We indeed were
justified.

I note in passing that confidence in strong
focusing was not universal. We, CERN and Bob
Wilson at Cornell proceeded with strong focusing
machines. But, even after our announcement of the
new method, old fashioned weak focusing machines
were built at Argonne (the ZGS), at Princeton (the
Princeton-Penn accelerator), and at the Rutherford
Laboratory (Nimrod).

We returned to find Brookhaven's AGS well
underway. While we were at CERN, BNL had
decided to build an "Electron Analog" to test our
ability to pass through the "phase transition"—a
sudden phase shift that hadn't existed in the
Cosmotron, but would be necessary in the AGS. I took
a dim view of this project. Kjell Johnsen had
analyzed the problem and concluded that it would
be easily solved. Anyway, the analog worked as
Johnsen had predicted and people no longer feared
the phase transition.

The AGS and the CERN PS worked as
expected and, indeed, are still working after over 30
years. Meantime a group of us turned our attention to
the next big accelerator. Official Washington
decided that this was to be for 200 GeV, that it was
to be designed at the University of California, that
the Atomic Energy Commission would conduct a site
search and that Brookhaven should study future
machines for up to 1000 GeV. After a fair amount of
administrative foolishness and disagreement within
the high energy physics community, the Fermilab
emerged to become the distinguished center that it
now is.

Meantime at Brookhaven, Luke Yuan and |
organized a number of studies of "super energy”
machines and raised questions with the high energy
physics community about what they wanted in the
future. In 1963 at a Brookhaven summer study, we
could find only three experts who favored colliding
beams. Under pressure from the Columbia group
headed by Leon Lederman, it was decided that
colliding beams should be left to CERN.
Brookhaven should concentrate on souping up the




intensity of the AGS for improved studies on
neutrinos.

Eventually, we came to a design for a new
colliding beam machine, known as ISABELLE—ISA
for "intersecting storage accelerators” and BELLE for
good measure. ISABELLE lived long enough for us to
construct a two-mile tunnel, now about to house
RHIC, a heavy ion colliding beam ring. 1 think it
fair to suggest that ISABELLE was an important
stepping stone on the way to the SSC.

During President Carter's regime, I
organized a program at Brookhaven for development
of energy sources, but eventually I found my way back
to accelerators and formed an alliance with Ken
Green, Rena Chasman and Jules Godel to start a
project for a synchrotron light source for Brookhaven.
By now it had become evident that synchrotron
radiation could be useful in a great number of fields.
The pioneers in this area were at Cornell and at the
University of Wisconsin, where the remains of
MURA (Midwestern Universities Research
Association) had refused to die and had begun to
exploit the radiation from one of MURA's electron
models. Now it seemed appropriate for Brookhaven
to provide a "National Synchrotron Light Source.” 1
edited the proposal and Ken and Rena provided the
basic design. We were quickly approved and, as [ am

sure you know, the project has been a great success
with, by now, over two thousand users from
universities, industry and other institutions.

Now, light sources are springing up world
wide. | am particularly attached to a 1.3 GeV ring
in Taiwan having been a member of its Technical
Review Committee since 1984. It is a beautiful
machine and is just now coming into operation. Its
staff reminds me of Cosmotron days when a
collection of beginners gradually turned into
professional accelerator builders.

I conclude with a mention of a graph which I
evolved around 1960 of logarithm of achieved
accelerator energy against date. This proved to be a
reasonably straight line indicating an increase of
energy by a factor of ten every six years. Stan
Livingston and I wrote a book about accelerators in
1962 in which we published this graph. It is
interesting to see how this plot looks at present. In
adding points for colliding beams I use the
equivalent energy required for a static target. The
linearity of the graph persists quite nicely—still a
factor of ten every six years. Drawing the line as
carefully as I can, it seems to predict that the LHC
will be completed around the year 1998, while the
SSC is not due until the year 2003.
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Demonstration of Plasma Beat Wave Acceleration of
Electrons from 2 MeV to 20 MeV

C. E. Clayton, K. A. Marsh, M. Everett, A. Lal, and C. Joshi
Department of Electrical Engineering
University of California at Los Angeles
56-125B Engineering IV
Los Angeles, CA 90024

Abstract

We describe the results from recent experiments! on the
plasma beat wave accelerator PBWA) scheme at UCLA. A
relativistic clectron plasma wave (which is the accelerating
structure) is resonantly excited in a plasma by the beating of
two co-propagating electromagnetic waves (obtained from a
CO? laser operating simultaneously on two wavelengths). A
2 MeV, 200 mA (peak-current) electron beam, roughly 1 nsec
(FWHM) in duration is used as a source of test particles for
measuring the longitudinal fields of the plasma wave which
itself is moving with a relativistic Lorentz factor of about 34.
Accelerated electrons are energy-selected with an imaging
sector magnet and detected simultaneously with a cloud
chamber and surface barrier detectors. Initial experiments show
that electrons are accelerated up to 20 MeV over roughly 1 cm
(the uniform length of plasma) indicating an gradient of
acceleration of more than 1.8 GeV/m.

INTRODUCTION

In the last 5 or 10 years, there has been a great deal of
interest in advanced accelerator concepts.2 The primary
motivation behind this research is to increase acceleration
gradients to levels beyond the = 100 MeV/m limit of
conventional rf technology. Much of this effort has been in
the area of collective acceleration using plasmas.3 Plasma
technology has the potential for 10-100x higher gradients than
state-of-the-art rf technology. For example, for a working

Figure 1: (a) Interference or beat pattern formed by two laser
beams of slightly different frequencies. (b) Density bunching
caused by the longitudinal ponderomotive force from the
intensity gradients in (a).

plasma density of n, and a plasma wave amplitude of &, the
accelerating electric field Egqc,; is given by Egccel = £(n)1/2

0-7803-1203-1/93$03.00©1993

(eV/cm) for n, expressed in electrons/cm™3. This gives 1 <
E accel < 10 GeV/m for 1015 < n, < 1017 cm™3 and a modest
wave amplitude of 30%. Potential applications of this
technology are in compact GeV-scale linacs and perhaps more
affordable TeV-scale linear colliders. This paper presents some
recent experimental results on one such plasma accelerator
concept, namely the plasma beat wave accelerator.

PHYSICAL MECHANISM

The accelerator structure in the plasma beat wave scheme is
an electron plasma wave which is a normal mode of the
plasma. The means by which this wave is excited is
illustrated in Fig. 1. When two laser beams of slightly
different frequency are propagating together, there is
constructive and destructive interference of their transverse
electric fields forming a beat envelope as shown in Fig. 1(a).
In this case, there is a longitudinal modulation to the total
field intensity. The plasma electrons experience a force, called
the ponderomotive force, which is proportional to the gradient
of the field intensity and is thus directed towards the local
minima of the beat-envelope pattern. This tends to bunch the
electrons into the minima of the beat envelope (as shown in
Fig. 1(b)) with a period given by the difference wavenumber
Ak. As the beat envelope propagates (to the right in Fig. 1),
the electrons oscillate longitudinally at the difference frequency
Aw. Now, because the plasma ions are 100 massive to
respond to the beating force, they do not move and so the
electrons will also feel a restoring force due to the space-charge
field between the bunched electrons and the still uniform ions.
The plasma frequency @), is the natural frequency of this
mode of oscillation (where plasma electrons are displaced from
their equilibrium position). If the plasma density and thus the
plasma frequency is chosen such that @p. = Aw, then the
plasma wave will grow rapidly with time until a nonlinear
relativistic saturation? limits the amplitude to € = 40%
(typically) for our experimental parameters.

OVERVIEW OF EXPERIMENT

A cartoon of the top-view of the experiment is shown in Fig.
2. The two-frequency laser beam? is focused into a vacuum
chamber filled with about 140 mT of hydrogen gas. The
plasma is formed by laser-ionization of the gas through
tunneling ionization.® Upon full ionization, the plasma wave
grows up and, since the bunched electrons resemble a grating,
the wave can scatter optical beams, thus allowing optical
diagnostics of the wave. The parameters for the laser and
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plasma/plasma wave are given in Table 1. An important point
to noie is that the Rayleigh range is about 1 cm and this will
be one of the limiting factors in the experiment. The electric
fields of the wave are probed directly by injecting electrons
from an electron linac.” The linac parameters are also
summarized in Table 1. The electrons are focused through a

laser boam

Vacuum
chamber

Focus El::nm
1)
irror®

Electron Electron

linsc diagnostics
Figure 2: Cartoon overview of the main experimental
apparatus.

small hole drilled in the large CO, laser focusing mirror,
allowing the electrons and laser to propagate collinearly as is
necessary for the experiment. The electrons are focused to a
spot of about 260 pm diam which is smaller than the laser
spot allowing good coupling of the electrons to the plasma
wave. A double-focusing sector magnet selects the energy of
the accelerated electrons which are detected by the electron
diagnostics. These will be discussed in more detail in a later
section.
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Figure 3: Bottom graph shows a calculation of the plasma
wave amplitude vs. time for our laser parameters and the laser
rising at t=0 psec. The model cannot predict what happens later
in time due to ion instabilities. The top image is an actual streak
of Cherenkov light from the linac electrons with the same time
scale as the graph.

MODELING OF THE EXPERIMENT

With the laser parameters listed in Table 1, one can model
the experiment3 to find out what sort of dynamics to expect in
the experiment. For example, the plasma formation can be
modeled using the proven tunneling ionization theory? and the

Table 1: Experimental parameters for the laser, plasma,
plasma wave, and electron injector.
Laser
Source CO9 laser
Wavelengths 10.591, 10.289um
Energy per line (typ.) 60J,15)
Spot radius wg 150 um
Rayleigh range 2z, 1.3¢m
Electron quiver vel. 0.17,0.07
Pulse risetime 150 psec
Pulse FWHM 300 psec
Plasma
Source Tunnel ionization
Density 8.6 x 1015 cm-3
Gas Hydrogen
Plasma period vp'] 1.2 psec
Plasma wave wavelength 360 um
Lorentz factor Yph 4
Accel. gradient for 11% wave 1GeV/m
Electrons
Source RFLINAC
Energy 2 MeV
Peak current 200 mA
Emittance 6n mm-mrad
Focused spot radius 130 um
RF frequency 9.3 GHz
Micropulse separation 107 psec
Electrons per micropulse 1.7x 107
Micropulse length 10 psec

time-dependent density one thereby calculates can be inserted
into a computation of the plasma wave growth. The result of
such a modeling is shown in Fig. 3. The plasma reaches full
ionization at best focus after about 25 psec into the 150 psec
rise of the laser pulse. At this point, the plasma wave begins
to grow until relativistic saturation occurs after about 70 psec.
This particular calculation was for wp, = Aw. If one sets @)
slightly above Aw, the relativistic saturation is delayed and a
peak wave amplitude of 40% can be expected.10

The timing of the CO2 laser and the 1 nsec FWHM linac
macropulse is set to within £100 psec. However, due to the
technique by which the CO9 pulse is generated, it is not
possible to phase the exact micropulse timing to the timing of
the peak fields in the plasma wave. A typical streak of the
electrons (from Cherenkov light) is shown in the image above
the graph in Fig. 3. One can see that there will be roughly a
50% probability that a micropu'se will interact with a field of
at least half the maximum fields of the plasma wave. The
probability of interacting with higher and higher fields
continues to drop until there is an approximately 10% chance
of a micropulse interacting with the peak plasma wave fields.

DETAILED EXPERIMENTAL SETUP

A more detailed view of the experimental setup is shown in
Fig. 4. The COz; laser and the electrons are both focused into
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the plasma which is located at the center of a cross piece in the
vacuum chamber. The back- and forward-scattered CO; light
as well as the Thomson scattered probe beam are indicated by
arrows. These three scattering diagnostics comprise the optical
diagnostics of the wave amplitude mentioned earlier.

Figure 4: Detailed view of the experimental setup.

Injected electrons which do not interact with the plasma
wave follow a small-radius trajectory and are dumped in a
plastic beam dump as shown in Fig. 4. Electrons which are
accelerated follow a larger radius trajectory and are detected in
one of the electron diagnostics: a silicon surface barrier
detector (SBD) or a diffusion cloud chamber.

The SBD, along with a preamplifier, produces a signal of
about 20 mV per electron and can thus easily detect single
electrons. It also has the advantage of providing a quantitative
measurement of the number of electrons over a large dynamic
range (by changing the preamplifier gain). But it has one
major disadvantage and that is its sensitivity to x-rays. In fact,
one cannot discem the difference between an electron signal and
an x-ray signal except through the statistics of many data shots
and null tests. For the experimental setup shown in Fig. 4,
the contribution from x-ray noise varies from about 30
electrons worth of signal when the electron spectrometer is set
to 3.5 MeV down to < 1 electron worth of signal when the
spectrometer is set to 20 MeV,

The other electron detector is a simple, home-made
diffusion cloud chamber!! which uses a methanol bath at dry
ice temperature in a chamber of 1 ATM of dry air. A piece of
felt wicks the methanol up to the top of the chamber and the
methanol vapor falls back into the bath, going through a
region of supersaturation. The electrons ionize the air and the
methanol condenses on the ions along the electrons' path. The
chamber is shielded in lead and surrounded by a coil which can
be energized to provide a = 260 G vertical magnetic field
throughout the active region of the cloud chamber. The tracks
are recorded by frame-grabbing CCD camera. The big
advantage of the cloud chamber aver the SBD is that it is
essentially immune to x-ray noise. Although x-rays do

produce some ionization of the gas and thus visible tracks, the
tracks are typically short and kinked as they are due to low
energy (<50 keV) electrons which are kicked out by the x-ray
absorption in the dry air. The actual signal due to accelerated
electrons should appear quite distinct from these tracks. They
should be straight tracks, traversing the entire fiekl of view of
the camera and they should appear to originate form the
aperture in the chamber.

EXPERIMENTAL RESULTS

Null tests

Ideally, the presence of signals on the two electron
detectors should only occur if the three main components of
the experiment are present. These are; (1) the plasma, (2) the
injected electrons, and (3) the beat wave. If any of these are
turned off, we would expect that there would be no signal on
the electron detectors unless some other physics is occurring
besides beat wave acceleration. The result of these null tests
are summarized in Table 2. As indicated in the third column,
we see no evidence of acceleration by the laser beam itself, of
acceleration of non-injected electrons (from for example,
instability-heated electrons), or of spontaneous generation of
an accelerating structure through some mechanism other than

" beat wave (as in, for example, Raman forward scattering).

Cloud chamber data

When the plasma, external electron source, and two-
frequency laser are fired up simultaneously in about 140 mT of
hydrogen gas, tracks are observed in the cloud chamber as seen
in Fig. 5. For the image in Fig. 5(a), the electron
spectrometer was set to direct 5.2 MeV electrons into the
aperture of the cloud chamber and the magnetic field
surrounding the cloud chamber was off The tracks have the
characteristics of high-energy electrons discussed earlier; that
is, straight lines, long range, and directionality. The scatter in
the angles is probably dominated by scatter in the 25 um
Mylar vacuum-exit window and the = 6 cm of 1 ATM air
between the vacuum window and the beginning of the field of
view. Subsequent calibrations indicate that Fig. 5(a) is

Table 2: Summary of the key null tests pe R
Condition Result Conclusion
Linac & 2-frequency | Only usual* | No acceleration by
laser but no plasma | x-ray noise. laser only.
(chamber evacuated).
2-frequency laser & | No signal No trapping of
plasma but no linac atall. background
(linac beam blocked). plasma electrons
or SRS-generated
tail.
Single-line laser & | Only usual®* | No substantial
linac & plasma (no | x-ray noise. | level of stimulated
second frequency). Raman forward
scattering.

* Usual x-ray noise = 10 electrons worth of signal.
% No signal => less than 1 electrons worth of signal.
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composed of about 103 tracks.!2 For Fig. 5(b), the external
magnetic field was energized causing the electron trajectories
and therefore the tracks to bend. For this shot, the electron
spectrometer was again set to 5.2 MeV as in Fig. 5(a). An
image with a small number of tracks was chosen in order to
see individual tracks. Three theoretical trajectories calculated
for 5.2 MeV clectrons are overlaid onto this image. The good
agreement indicates that the electrons were within 10% of 5
MeV; i.c., 2.5 times higher energy than the injection energy
of 2 MeV. '
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Figure 5: Images of tracks in cloud chamber with the electron
spectrometer set to send 5.2 MeV electrons into the aperture of
the cloud chamber. (a) No external magnetic field. Relative
location of the aperture is shown. (b) With 260 G external field.
Calculated trajectories are overlaid as the thin white curves.

Surface barrier detector data

While the cloud chamber dramatically confirms the
existence of accelerated electrons, it is not a very quantitative
diagnostic. The SBD, however, is quantitative since the signal
level is directly proportional to the number of electrons
striking the silicon detector. Figure 6 shows the SBD signal
vs. fill pressure of H2 gas in the vacuum chamber for a variety
of electron spectrometer settings. Since we expect that the gas
is fully ionized and since the beaiwave is a resonant
phenomena, we can predict the range of pressures over which a
substaritial level of plasma wave will exist. This is shown by
the hatched bar along the pressure axis near 135 mT.
Experimentally, we find that we must overfill the chamber by

about 8% or so. This is probably due to hydrodynamic
expansion of the plasma column during the ~100 psec time
scale of the interaction. The individual points on Fig. 6 are
single laser shots. All the shots which show electrons signals
above the x-ray noise (which is around 200-300 mV) also
show evidence for a large-amplitude plasma wave on the three
optical diagnostics.8  Shots with small electron signals
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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
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
laser or they did have a plasma wave but the electrons were
unsynchronized due to the micropulse structure of the linac
beam. The data in Fig. 6 were taken with the experimental
arrangement of Fig. 4 and for this arrangement, the SBD
detector is referred to Detector A.

Detector A is limited to viewing energies below 9 MeV
due to the maximum field obtainable in the electrons
spectrometer. To extend the electron energy measurements to
energies beyond 9 MeV, a new port was added to the electron
spectrometer at about 5x the radius of curvature shown by the
long-dashed curve in Fig. 4. In this case, two SBD's were
collecting data for each shot: Detector B at the low energy
position and Detector C at the high energy position. A
summary of the number of detected electrons (SBD signal in
mV times electrons/mV sensitivity of the detector/preamp
combination, corrected for any limiting lead apertures placed
over the detectors) vs. the energy location of the detectors.
Although this data was accumulated over many laser shots, we
can see that the numbers are falling off rapidly with energy,
going out to 20 MeV. This rapid fall-off with energy can be
expected for two reasons. First, the electrons are not pre-
bunched and therefore occupy all phases in the acceleration
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 important. In this experiment, however, the
clectrons execute a large swing in phase as they accelerate from
7= 5 (well below the Lorentz factor for the wave, %4) 0 7=
20 (slightly above ).

g 100000 Py X.--D“m A
e o...Detector B
.g 10000 A..PMT/Cherenkov
ot +...Detector C
g 1000
g 100 g
S LA
10 e
'§ +‘4: iy
2 0 5 10 15 20 25
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Figure 7: Number of detected electrons vs. energy location of
the detectors. Data is from many shots. Detectors B and C were
on-line together. Triangle point is from a gaseous Cherenkov
tube coupled to a photomultiplier.

The maximum energy seen in these shots was 20 MeV.
This is an energy gain of 18 MeV over the nominal 1 cm of
interaction length which corresponds to an average accelerating
gradient of 1.8 GeV/m. From the engineering formula given
in the introduction, this corresponds to a wave amplitude of ¢
=~ 20%. This is within a factor of two of the best one would
expect for our experimental parameters. The maximum energy
gain may be limited by the dynamics discussed in connection
with Fig. 6.

CONCLUSION

To summarize, the acceleration of an externally injected
beam of electrons in a relativistic electron plasma wave has
been demonstrated. Acceleration is only observed when the
linac injector, the two-frequency laser, and the plasma are all
on simultaneously. The numbers of accelerated electrons is
correlated with independent optical diagnostics. Energies out
to 20 MeV have been observed implying an average gradient
(over =~ 1 cm) of about 1.8 GeV/m, only about 2 times lower
than the optimum expected for our experimenta parameters.

To conclude, it appears that the plasma beat wave
accelerator concept can be relied upon to provide energy gains
nearly in accordance with theory. If one chooses a different
parameter space--for example, replacing the CO; laser with a
two-frequency laser operating at a wavelengths around 1 um--
one can find theoretical energy gains of several hundred MeV
from gradients ximately 10x higher than demonstrated in
this experiment.® Such an experiment would essentially be an
extension of the current CO7 laser experiment in that it
requires no new physics. Thus, with today's glass laser

technology, one could envision building a small plasma
accelerator based on the beat wave concept which would
approach the GeV energy range.
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Abstract

The peak power of 30TW and the pulse width of 1ps pro-
duced by the Nd:glass laser system is capable of creating a
highly-ionized plasma of a moderate density gas on an ul-
trafast time scale and generating a large amplitude plasma
wave with an accelerating gradient of the order of GeV /m.
We are going to demonstrate particle acceleration inject-
ing electrons of a few MeV emitted from a solid target by
intense laser irradiation.

1 INTRODUCTION

Recent progress in ultrashort super-intense lasers allows
us to test the principle of the Laser Wakefield Accelera-
tor (LWFA) [1] . An intense, short laser pulse with peak
power of 30TW and pulse width of 1ps is delivered by the
Nd:glass laser system GMII in Osaka University. This laser
achieves 10'7 — 10'¥W/cm? intensity, strong enough to cre-
ate a fully-ionized plasma on an ultrafast time scale by the
tunneling ionization process. In a plasma with appropriate
density, a large amplitude of wakefield is generated behind
the laser pulse propagating through the plasma due to the
ponderomotive force. The phase velocity of the plasma
wave is highly relativistic so that the wakefield can accel-
erate charged particles trapped by the plasma oscillation.

In these experiments, a chamber is filled with Hy or
He gas beforehand, whose pressure mates with the opti-
mum plasma density for acceleration if it is completely
ionized. Two 1.052um Nd:glass laser beams are injected
into the chamber. One with 200ps duration and 200GW
peak power bombarded a solid target to produce test elec-
trons whose energy ranges to the order of MeV. The other,
with 1ps duration and 30TW peak power, ionizes the gas

0-7803-1203-1/93$03.00 © 1993

and excites wakefields in the resultant plasma in synchro-
nism with the first laser. Energy change of the test elec-
trons caused by the wakefield is measured by an energy
analyzer.

We have not yet conditioned the 1ps laser to attain the
full power. Consequently, no conclusive demonstration of
the acceleration has not yet observed.

2 THEORETICAL PREDICTIONS

We assume the Gaussian beam optics, in which the laser
beam has the wavelength Ao, the peak power P, the radius
wp(z) at the waist and the vacuum Rayleigh length zp.
The linear model with an unmagnetized, cold plasma of
classical electrons and immobile ions gives the longitudinal
wakefield excited by the Gaussian laser pulse as[2]

2

_ mec’eo cos(kyz — wpt) exp (‘ will +,; / m)’]) '
1 F4
(1)

B = =¥ Gl

with the vacuum resistivity 29 = 377Q2, the plasma fre-
quency wp, kp = wp /v, with a phase velocity of the plasma
wave vp, and

where o, is the rms pulse length. The wakefield is maxi-
mum when the plasma density gives the relation A, = #o,.

The maximum energy gained by an electron with ve-
locity equal to the phase velocity of the plasma wave is
obtained by integrating the axial wakefield along the laser
beam axis,

(AE)max = /_ ” E.(z)dz = mm.c%eo. (3)
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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
1 ps Nd:glass laser pulse of the peak intensity 10'® W/cm?.

The lps, 30TW laser pulse at wavelength Ap = 1.052um
should be able to produce the maximum energy gain of
45MeV.

The trapping condition for an electron with energy 7
and velocity # = v/c is given by

eE.[(mecwp) > 7(1 = BeB) — 1/76, (4)

where 4 is the phase velocity of the plasma wave and 74
is the relativistic factor of its phase velocity defined as

v w3 1 wo
Bo=-L=\1-F, 1=—F——==—. (5)
o= o T

The trapping and the acceleration occur at the waist in
the Rayleigh length. The minimum threshold kinetic en-
ergy to be trapped by the plasma wake is about 40keV for
excitation of a 10'3W/cm? intensity.

The present experiments utilizes the ability of tunneling
ionization of a short pulse laser. The phenomenon on an
ultrafast time scale (< 10fs) is distinct when the intensity
is greater than 10!W/cm?. The onset of tunneling ioniza-
tion is predicted by a simple Coulomb-barrier model. The
threshold intensity [4] for the production of charge state Z
of the atom or ion with the ionization potential U; is given
by

Lin = 2.2 x 108%2-%(U;/27.21)F W/em?. (6)

‘The ionization rate (5] for a hydrogen atom is given by ,

Wi = 1.61way, [I—Mg,—oE‘—“‘]mexp [_3535_0.,] (7

where w, . is the atomic unit ot frequency(4.1 x 1016 s 1)

and E, . is the atomic field strength (5.1 x 10° V/cm).
Fig. 1 depicts the evolution of electron density in hydro-

gen plasma with initial atomic density ng = 2.415 x 10'®
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Figure 2: Experimental layout for electron acceleration.

cm~3, the density perturbation and the axial electric field
excited by a 1 ps laser pulse with the peak intensity
Io = IOISW/sz.

3 EXPERIMENTAL APPARATUS

The chamber is filled with H; or He gas beforehand with
static pressure to mate with the optimum plasma density
for acceleration when completely ionized. It is also possible
to feed the gas pulsively in synchronous with the laser
pulse. Two 1.052um Nd:glass laser beams are injected into
the chamber. One bombards a solid target to produce test
electrons whose energy ranges to the order of MeV. The
other with lps duration and 30TW peak power ionizes
the gas and excites wakefield in the resultant plasma in
synchronism with the first laser. The energy change of the
test electrons caused by the wakefield is measured by an
energy analyzer.

The lasers are almost linear polarized. They are pro-
cessed as follows[3]. A primary Nd:YAG laser pulse of
130ps duration is coupled to a single mode fiber of 1.85km
in length. The beam is split into two at the exit of the
fiber, each has 200ps duration and 1.8nm bandwidth. One
is amplified and used for the electron production. The
other is also amplified to an energy of 41]J with a beam
diameter of 14cm, and it is finally compressed to a pulse
width of 1ps by a pair of gratings. The output from the
compression stage is focused into a vacuum chamber con-
taining H2 or He gas with a focal spot size of ~ 100um.
Because the wavelength for maximum gain in the ampli-
fiers (1053nm) is different from the central wavelength of
the charped pulse(1052.3nm), the spectrum of each of the
two amplified pulses is shifted downwards.

The repetition rate of the laser system is less than once
per hour. The pair of gratings, a focusing lens and the se-
tups of Fig. 2 are contained in the chamber and evacuated
to ~ 10~5torr. The laser power and the time structure
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can be measured at the exit of the plasma chamber by a
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 5Ha. The alignment used a metal sphere with
a radius of 100um, which was placed at the point to be fo-
cused and whose image was observed by a CCD camera
from the end windows. The direction and the position of
a final mirror were adjusted so that the sphere hides the
laser beam completely.

The test electrons with energy satisfying ‘the trapping
condition are produced by irradiating a solid target by
the 40J, 200ps laser. The electron production may be ex-
plained by the Raman instability or resonance absorption
of the laser radiation[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-
trons, as shown in Fig. 2. The electrons are injected along
the axis of the main laser beam. The time delay between
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
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
characterized by a Rayleigh length of 25mm in the plasma
chamber. The test electrons are bent by an angle of 90°
in the dipole field of the spectrometer placed in the exit of
the plasma chamber. This spectrometer covers the energy
range of 10 — 45 MeV at the dipole field of 4.3kG. The
electron detector is an array of 32 scintillation counters
each of which is assembled with a lem wide scintillator
and a 1/2-in. H3165 photomutiplier. Shields of lead blocks
and plates were necessary to reject background noise. The
pulse heights of the detector array are measured by the fast
multichannel CAMAC ADCs gated in coincidence with the
laser pulse. The energy resolution of the spectrometer is
1.3MeV per channel.

4 EXPERIMENTAL RESULTS

No conclusive demonstration of the acceleration has not
yet observed. We have not yet transmitted the full power
of the 1ps laser to the plasma chamber.

As the target to produce test electro..s, an aluminum rod
and a gold plate were tried, but no substantial difference
was found. The maximum electron energy was around
IMeV. The increase of the laser energy increased not the
energy but the number of electrons. The energy spectrum
of test electrons from the aluminum target produced by
the 200ps, 25.9J laser beam is shown in Fig. 3.

We had prepared optical plasma diagnostics to measure
the plasma density, the Stark broadening[7], the blueshift-
ing of the incident laser spectrum(8], etc.. However, suffi-
cient light intensity for such diagnostics has not obtained
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Figure 3: Energy spectrum of test electrons.

from the plasma. We have to calculate the plasma density
from the gas pressure at the present.

We have tried acceleration experiments using the 1ps
laser beam with power less than 5TW. It is found that the
energy spectra of electrons are certainly different with and
without the existence of the test electrons; i.e., with and
without the operation of the 200ps laser. However, because
of the poor signal-to-noise ratio of the energy spectra, we
refrain from publishing the results. The ratio has been pre-
dicted by the simulation which numerically integrates the
two-dimensional equation of motion. It gives the probabil-
ity of the electron trapping in this range of laser power to
be < 10~4. We expect that the 1ps laser with the designed
power will give clear results.
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Abstract

We have proposed that a new type of microwave
resonator, based on Photonic Band Gap (PBG) structures, may
be particularly useful for high energy accelerators. We
provide an explanation of the PBG concept and present data
which illustrate some of the special properties associated with
such structures. Further evaluation of the utility of PBG
resonators requires laboratory testing of model structures at
cryogenic temperatures, and at high ficlds. We provide a brief
discussion of our test program, which is currently in progress.

I. INTRODUCTION

The use of high Q cavity resonators has become an
integral part of the accelerator technology applicable to
present and future experiments in high energy particle
physics. Currently, the resonators in use or under
construction, are based on geometric structures where the
normal modes are readily understood as a consequence of the
electric field satisfying the boundary conditions imposed by
the metal walls of the cavity. The nature of both the
fundamental and higher order modes can often be
qualitatively visualized, even though accurate evaluation of
the mode frequencies may be numerically demanding. In
contrast, the resonant cavities that we have proposed for
potential use in a future generation of accelerators are based
on what has been termed Photonic Band Gap (PBG)
structures, and they are sufficiently different from both the
traditional metal walled cavities or the diverse types of
dielectric resonators, that they have to be analyzed and
evaluated in their own right. Because the criteria for
establishing the resonant modes in 2 PBG structure are 30
different, they (presently) cannot be designed or evaluated
with the level of intuition normally applicable to the
traditional cavity designs. Indeed, the difference in mode
densities may be one of the principal advantages of PBG
structures, with the possibility, for example, of designs that
have negligible or evea no higher order modes.

In this paper, for the convenience of the reader, we
present a physical explanation of the PBG structure and its

*This work supported by the National Science Foundation DMR-
93-02913, and the Department of Energy, contracts DE-FG-03-
93ER40793 and DE-AC-03-76SP00S15.

0-7803-1203-1/93503.00 © 1993 IEEE

key properties, followed by illustrative data and numerical
simulations. We conclude with a brief discussion of a typical
configuration for a PBG cavity suitable for an accelerator,
and an outline of our test program. We have presented a2 more
detailed introduction w0 the idea of utilizing PBG structures as
accelerator cavities (1]. We refer the reader to several prior
articles that may also be specifically useful [2,3].

IL. A PHYSICAL EXPLANATION OF THE PBG
RESONATOR

The principal component of a PBG resonator is a
phownic lattice; that is, a coafiguration which has a
periodically varying dielectric constant in at least one
direction, and is uniform in all other poteatial directions. We
define the dimension of the PBG element as the number of
directions in which the diclectric function varies periodically.
A 1-D PBG structure, for example, could be a waveguide
filled with a set of dielectric slabs periodically spaced along
its length. A 2-D PBG system could be a lattice of very long
parallel dielectric rods. A 3-D PBG structure could be
composed of dielectric scatterers placed, for example, on a
diamond lattice4 The dimension of the photonic lattice
plays an important role in determining the electromagnetic
mode characteristics of the PBG resonator.

Any actual PBG resonator will contain a dielectric
lattice terminated in some way (e.g., conducting walls or
absorber). While it is difficult to solve the general boundary
value problem, Maxwell's equations for an infinite periodic
dielectric lattice can be solved numerically with relative case,
and the solutions obtained reflect the dominant properties of
any significantly large, but finite, section of such material.
The essential characteristic of a periodically varying
dielectric medium, common to any dimension, is that regions
of frequency exist for which no propagating modes are
present for waves traveling in a particular set of directions in
the lattice. These frequency regions are called band gaps. In
general, one finds band gaps for every direction of
propagation for which there is periodic modulation of the
dielectric constant. However, if there is a frequency region
where these band gaps overlap for all the possible
propagation directions, then the system is said to possess a
complete photonic (i.e., electromagnetic wave) band gap. In
1-D some complete band gaps are guaranteed for any
periodicity in the dielectric constant, since there is only one
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direction of propagation. In higher dimensions, whether or
not a complete PBG exists depends on the type of lattice,
filling factor, dielectric mismatch, and scatterer structure.

Once we have ideatified an infinite dielectric lattice
with a complete PBG, we may then agsk how a finite section
of such a lattice will behave. Rather than having absolute
forbidden frequency regions, a finite lattice will now have
modes in the band gap region which grow or decay in some
direction with exponential dependence. As a practical
example, if we imagine varying the frequency of a wave
incident on a lattice and measuring the power which is
transmitted, we would find regions of nearly perfect
transmittance, usually designated as pass bands, separated by
regions of strong attenuation corresponding to the band gaps.
If we are t0 apply the solutions obtained from the infinite
lattice to a finite lattice, we require that the length scale of
that lattice be at least several times larger than the largest
attenuation length in the lattice.

Having defined a PBG structure, how can it be useful
for devices requiring & cavity-like resonance? Let us now
restrict our discussion 10 a specific 2-D geometry. Our PBG
structure simply consists of a periodic array of dielectric
cylinders, with the axes of the cylinders pespendicular to a
pair of bounding conducting plates oa top and bottom. This
configuration may be tested (either in the laboratory or via
numerical simulation) and it is found that indeed there are
regions of frequencies for which the transmission through a
finite length of the structure is exponentially attenuated for
waves incident from any direction. We will see later that it is
quite practical to find such configurations for 2-D systems at
microwave frequencies, and that the characteristic
attenuation lengths can be compearable o 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
near the center of this lattice, and arrange (0 couple energy
into that region via a small probe placed in a hole drilled
through one of the metal plates above the perturbed site. We
know that no encrgy radiating from the probe will propagate
radially outward, because waves in all directions are
exponentially attenuated for frequencies within a complete
PBG. Thus, in general, the energy incident via the probe will
be fully reflected. However, if the perturbation to the
dielectric is strong enough, it may be possible that for some
frequency, occurring within the PBG region, the
electromagnetic fields may just match onto the exponentially
decaying waves perfectly, for all directions, and constitute a
resonant mode of that system. Indeed, we find that we can
make configurations with the propertics just described. The
perturbation is termed a "defect”, and the resonant mode is a
defect mode. In this special circumstance we would find
that energy can be coupled into the "cavity” where the
clectromagnetic fields comresponding to that mode will build
up until the losses equal the incident power flow. As it turns
out, completely removing a cylinder from an otherwise

periodic lattice ofien produces a defect mode with the desired
properties.

To utilize the preceding type of resonance to
accelerate an electron beam we consider modes where the
electric rf field is everywhere normal to the metal plates
with a maximum at the center (i.c. a monopole character).
The bunched electron beam, suitably phased, would enter via
a hole in one plate, and emerge with increased energy
through a similar hole in the other plate. As with other types
of resonant cavities, there would have to be provisions for
coupling drive power into a8 cavity, which in tumn could feed
many other resonant cavities all at the same frequency, and
suitably coupled by adjustments to the intercavity apertures.
An illustration of a possible 3 section, 2x accelerator
modular unit based on a triangular periodic lattice is
presented in Figure 1. As we shall discuss, the triangular
lattice appears (0 be particularly advantageous as a PBG-
defect resonant cavity for accelerator applications.

High Diclectric
Cylinders

Conducting
Plates

Figure 1. A schematic view of the proposed 2x
accelerator unit. In this example the unit consists of threc
triangular photonic lattices, separated by superconducting
sheets. Each of the lattices has a cylinder removed to allow
the formation of a defect mode with an electric field
maximum in the center. Holes drilled through the conducting
plates would allow a particle beam to be accelerated through
the unit.

III. NUMERICAL SIMULATIONS AND
ILLUSTRATIVE EXPERIMENTS

As a first approach to designing a potential PBG
accelerator cavity, we need to determine whether the structure
has complete photonic band gaps. This information can be
found by computing what has come to be termed the photonic
band structure. Since we are concemed with 2-D
configurations, and we wish to accelerate particles from one
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piate 10 the next, we restrict our atieation t0 modes in which
the electric fields are polarized along the cylinder axes (TM
modes). Thus, the wave equation we solve reduces to:

VB(3) = - S e(R)E() m
where the dielectric function satisfies
e(i + 5) =¢(X) @

The vector d is any primitive lattice vector. The methods for
solving Eq. (1) are well-known [1-5}; the solutions are Bloch
waves, which have the form

E(X) = ug(%)e™* ®

where n;(x+d =uy;(X). The vector k indexes solutions,
and is referred to as the wave vector. For each value of k
there is a discrete set of solutions with a discrete set of
frequencies {owp(k)}. The solutions for a given n are
continuous as a function of the wave vector, forming sheets in
reciprocal space. These sheets are known as bands, and n, the
band index, refers t0 a given sheet. The bands, due the
periodicity of the lattice in coordinate space, are also periodic
in reciprocal space; it is thus sufficient 10 view the solutions in
a restricted region of reciprocal space called the Brillouin
Zone (BZ). Because the real lattice has fourfold rotational
and reflection symmetries, only the solutions for a single
octant of the square BZ are unique. A pilot of the mode
ﬁeqmcm[mn(k)] corresponding to lattice vectors along
the boundary of the BZ comprises the photonic band structure.
The Brillouin Zones and band structures for lattices with other
symmetries can be similarly defined.

When we calculate the band structure for a given
lattice configuration, we expect to leam at what frequencies
complete band gaps occur, and how large the band gaps are.
An example of a photonic band structure calculation is shown
in Figure 2, where we find three band gaps in the spectrum
within the lowest fourtecen bands. We and others [5,6] have
systematically studied the behavior of band gaps for 2-D
lattices over a large variation of dielectric constants and filling
factors, and for a variety of lattice types. The lattice
configurations include the square and triangular lattices with
dielectric cylinders at the lattice sites, as well as the inverse
cases of dielectric bosts with holes (e=1) at the lattice sites.

Experimental confirmation of photonic band gaps can
be readily obtained through transmission experiments. As
discussed above, waves incident on a photonic lattice with
frequencies corresponding to the band gap region of the
lattice, decay into the lattice with exponential dependence.
Thus, band gaps in the band structure will be manifest as
regions of atienuation in a transmission measurement. A
schematic diagram of our test apparatus is found in reference
[3). We are able to make simple transmission measurements
with the equipment, as well as make measurements of the
electric energy density of standing wave modes. In Figure 3
we present the transmission spectrum through a square lattice
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Figure 2. The photonic bandstructure for the square
lattice of cylinders with dielectric constant £=9. The lattice
cylinder diameter is 1 cm, and the lattice spacing is 1.27 cm,
The three band gaps are indicated by the shaded area.

along the (10) direction. The sample was a 7 X 19 amay of
cylinders, with dielectric constant £=9, set in a precision
drilled Styrofoam tempiate. Microwave absorber was placed
surrounding the scattering region, which minimized reflection
back into the lattice. Note the sharp attenuation at frequencies
corresponding to the gap region in the calculated
bandstructure of Figure 2. The transmittance is reduced by
over 40 dB, and has reached the noise floor of the microwave
sweeper (a Hewlett-Packard 8756A scalar network analyzer).
The configuration used for Figure 3 also had one central
cylinder removed. Note the appearance of the sharp
resonance in the gap, corresponding to the resonant defect
mode.

Inanm4weptesentademledmappmgofthe
electncenergydensnty(eli ) as a function of the distance
around a removed cylinder from a square lattice. The mode
corresponds to a resonance similar to the one shown in Figure
3, except the lattice spacing is 1.33 cm. The defect mode
shown is a monopole mode (antinode in the center), has the
four fold symmetry of the lattice, and is well localized. The
fields decay most gradually along the (10) and related
symmetry directions. A plot along a cut in these directions
logarithmically revealed the 1/e decay length to be
approximately 0.6 lattice constants. We will compare this
value with numerical simulations in Section IV.

IV COMPLEX BANDSTRUCTURE

In addition to the Bloch type of solutions with real
wave vector k, the wave equation also has solutions with real
frequency corresponding to complex values of k. These
solutions will exist only when the periodicity of the lattice is
broken, for example at a surface or defect. The analytic
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Figure 3. Transmittance vs. frequency of microwaves through
a square lattice of 7 x 19 cylinders. The cyli have radius
a=1 cm, and lattice constant d=1.27 cm (0.5"). The dielectric
constant of the cylinders is e=9. The gap which is shown
corresponds to the second photonic band gap in Figure 2. The
sharp spike in the band gap occurs only after a single central
cylinder is removed and is the resonance of interest.
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propexrties of the solutions to the Scrodinger equation with a
periodic potential have been rather thoroughly analyzed (7].
For illustration 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
square lattice. The dimensions of the lattice are the same as
the lattice used to make the defect mode in Figure 4. Real
frequency lines with complex k must either form loops

Figure 4. A spatial map of the electric energy density of a
defect mode corresponding to the resonance shown in the
band gap in Figure 3. All parameters of the lattice are the
same as those for Figure 3, except for the lattice constant
which in this case wasd = 1.33 cm.

connecting one band to another, or must come up from minus
infinity and connect to a band. The trajectory of any given
real frequency line must increase monotonically with

2562

frequency; the collection of these real frequency lines form
paths which wind their way through the bandstructure. If we
sclect any given frequency, we find each path gives us no
more than one solution at that frequency.

The complex bandstructure provides us with
relatively quick insight which can be useful in many
instances. As an example, when we consider a lattice
geometry for possible use as a PBG structure, we can find
from the complex bandstructure not only the size of the gaps,
but also the attenuation length of the given gap. The longest
attenuation length available to the system will dictate the
minimum lateral dimension of the structure; parameters can
thus be roughly optimized to find a smallest structure. Note
that in the second gap there are three real frequency paths
shown with imaginary k (there are, of course, infinitely many
solutions with imaginary k at any frequency); however, the
smallest imaginary k has a mid-gap value of (.83,
corresponding to a ficld decay length of A=1.21 lattice
constants. This is in good agreement with the power decay
length of 0.6 lattice constant along the (10) direction of the
defect mode, measured from the experimental data above.
While the complex bandstructure is important for insight and
for certain calculations such as surface modes and
transmission spectrums, it is necessary 0 perform a complete
calculation to verify the existence of a desired defect mode,
and then to evaluate near field shape, symmetry, etc., of the
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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 T’
and X correspond to pure traveling waves. The dot: "1 lines
on either side of that region correspond to the ima, ary (ie.,
attenuative) part of the complex wave vector.

mode. Calculations such as these have been successfully
carried out with very good accuracy for both two- and three-
dimensional structures [8].




V. DISCUSSION AND FUTURE EXPERIMENTS

Extensive numerical simulation studics are required
to design an optimum PBG resonant structure. An important
criterion will be o find a structure that has no resonant higher
order modes. As another example, we find that the
exponential decay of the fields for a triangular lattice can be
~30% faster than that of the square lattice with similar
parameters. This in turn means that one can have a smaller
physical structure for a given design value of unloaded Q (The
periphery of a PBG resonator has absorber 30 as to reduce the
Q of all other frequencies, and this in turn means that the
unloaded Q will be set by the net Poynting energy flow to the
periphery of the finite PBG lattice). Using superconducting
niobium plates and high purity sapphire for the dielectric
cylinders, we can expect to achieve intrinsic unloaded Q
values of >10°. While such high unloaded Q values are
required for the regions cooled to liquid helium temperature,
we note that the loaded Q for other superconducting designs is
typically only ~108. For the structures discussed, we can
expect to reach such Q values with a radius of <10 lattice
constants,

Our immediate experimental program is to0 determine
several key properties via measurements in a cryogenic
apparatus. These include the demonstration of unloaded Q
>109, operation at high gradients (>10 MV/m), and an
investigation of the frequency stability, tunability, intercavity
coupling, and extemal power coupling. One may expect
particular difficulties due to dielectric breakdown at high field
strengths. Once the cryogenic tests are successful, we plan to
place a modest multi-cavity unit on a beam line and determine
for the presently available superconducting cavities.
However, we feel this effort is particularly worthwhile
because the properties of PBG structures are so very different
the limitations set by multipaction, charging, etc. Clearly

there are formidable problems to be investigated and solved in
order 10 make PBG resonant structures a practical replacement
than those of the usual resonant cavitics. We suggest that
other interesting applications may arise, particularly as the
special features of PBG structures and resonators become
fully appreciated.
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Abstract

The inverse Cerenkov acceleration (ICA)
experiment is being performed on the Accelerator
Test Facility (ATF) located at Brookhaven
National Laboratory. This facility presently
features a 50 MeV e-beam and a ~10 GW peak
power CO, laser. In the experiment 1.7 atm of Ha
gas is used to slow the phase velocity of the light
wave to match the electron velocity. The

Cerenkov angle is 20 mrad and the interaction
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
the experiment’s progress is presented.

I. INTRODUCTION

The Accelerator Test Facility (ATF) has
been constructed at Brookhaven National
Laboratory and is available for laser acceleration
experiments. This new facility features a 50-MeV
linac and a high peak power (~10 GW) CO laser.

The inverse Cerenkov acceleration (ICA)
experiment will be the first laser acceleration
experiment to use the new facility.

ICA was first demonstrated at Stanford
University in 1981 [1]. The ATF ICA experiment
will be investigating an improved configuration
developed by Fontana and Pantell [2]. This is
illustrated in Figure 1. A radially polarized laser
beam [3] is focused by an axicon onto the e-beam

inside a gas cell at the Cerenkov angle 6. given by
cos6; = (1/nf), where n is the index of refraction
of the gas and B is the ratio of electron velocity to

* Supported by US DOE Contract No. DE-AC06-
83ER40128.

0-7803-1203-1/93¢ 3.00 © 1993 [EEE

the velocity of light. This arrangement has sev-
eral advantages over the earlier Stanford experi-
ment [2]. The ATF COj laser has >150 times
higher peak power than the Stanford laser. This
will result in over 10 times more energy gain than
the Stanford experiment.

RADIALLY POLARIZED
LASER BEAM

Figure 1. Basic arrangement for inverse Cerenkov
acceleration.

II. REVIEW OF MODEL PREDICTIONS

A Monte Carlo computer model of the ICA
process has been developed [4] and used to
predict the performance of the experiment. These
predictions are shown in Figure 2. (Note, we
assume a 50% efficient optical system resulting in
5 GW of peak power delivered to the interaction
region.)

A peak energy gain of >12 MeV is
predicted corresponding to 24% energy gain and
an acceleration gradient of >60 MeV/m. Since the
gain scales as the square root of the laser peak
power [2], a 50-GW delivered laser beam would
produce ~38 MeV energy gain and an acceleration
gradient of 190 MeV/m.
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1II. DESCRIPTION OF EXPERIMENTAL
APPARATUS

The experimental hardware has been
fabricated and installed at the ATF. It consists of
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Figure 2. Model predictions for the ATF
ICA experiment for 6, = 20 mrad, L = 20
cm, laser beam OD =1 cm, P = 1.7 atm Ha,
e-beam focused to r = 0.18 pm, and 2.1-um
thick diamond e-beam windows are used.
(a) No laser present; (b) laser present at a
delivered peak power of 5 GW.

a gas cell where the ICA interaction occurs, an
electron beamline system, and an optical system
for converting the linearly polarized ATF CO2
laser beam into one with radial polarization.
Figure 3 is a schematic of the beamline system.

A schematic plan view of the internal gas
cell components is given in Figure 4. An axicon
mirror is used rather than a transmissive axicon
(see Figure 1). The incoming laser beam enters
the gas cell and reflects off a 45° mirror towards
the axicon. Both the 45° mirror and axicon have a
central hole for the e-beam to pass through. The
axicon focuses the laser beam onto the e-beam,
which enters and exits through 2.1-um thick
diamond windows sealed on the ends of the gas
cell. Phosphor screens inside the cell are used to
monitor the position of the e-beam.

VALVE
—
> SEAM

Figure 3. Schematic of ATF ICA beamline
system.

Figure 4. Schematic plan view of gas cell.
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IV. EXPERIMENT UPDATE

The experiment is divided into two phases.
Phase I consisted of laser only experiments
without the ATF e-beam, and were completed last
year. During Phase I the radial polarization
converter system was successfully tested with
the ATF CO2 laser beam. Alignment and focusing
of the laser beam into the gas cell was also
demonstrated. Initial investigations of any
possible nonlincar effects (e.g. gas breakdown)
occurring in the gas due to the presence of the
high peak power laser beam proved negative.
Critical optical components also passed optical
damage tests, and the e-beam windows survived
exposure to an e-beam provided by the National
Synchrotron Light Source (NSLS).

Phase II is the actual electron acceleration
experiment in which the Phase I ICA hardware is
fully integrated with the ATF linac. This integra-
tion has been completed and the first Phase II
experiments have begun.

At the time of this writing (May 1993), the
first run with the laser and e-beam has been
completed. The e-beam was successfully sent
through the gas cell, including the 1-mm diameter
entrance and exit diamond windows, and the 1-
mm diameter holes in the axicon and 45° mirrors
(see Figure 4). Approximately 4 GW of laser
peak power was delivered to the interaction
region.

This first run revealed several modifica-
tions to the experimental system that need to be
implemented. First, the system devised to view
the positions of the e-beam and laser beam within
the gas cell needs to be improved. This is
important to ensure the physical overlap of the
beams within the gas cell. Second, the high power
laser beam tends to damage the 45° mirror and
axicon around the holes in their centers. This is
because the radially polarized beam is not purely
annular in shape and a significant amount of laser
energy strikes the edges of the holes.

V. FUTURE WORK

Modifications to the experimental system
will be made before the second run to rectify the
problems encountered during the first run. We
expect to observed acceleration of electrons
within the next several months.
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Abstract

We examine the various high power RF sources on the ba-
sis of the next linear collider requirements. The discussion
is based on classification of the sources according to what
we consider the most informative criteria. In the conven-
tional acceleration scheme (e.g. SLAC) multiple sources
generate the RF power. A variety of sources are consid-
ered and they cover the spectrum from 9 to 19GH z. In the
two beamn accelerator scheme all the modules are driven
by the same beam which has multi MeV (LBL/LLNL)
up to a few GeV (CERN) electrons; the current carried
by the beam is of order of kA. Two types of RF sources
have been suggested: traveling wave (TW) structures and
free electron laser (FEL). The operating frequency varies
from device to device in the range of 9 to 35GH z.

I. INTRODUCTION

The typical requirements from an RF source for the next
linear collider (NLC) are: 200M W/m at 10—30G H z with
an efficiency above 40%. The pulse duration varies from
one scheme to another, but the net pulse for accelera-
tion is expected to be above 100nsec and to generate a
gradient on the order of 100MV/m. The luminosity re-
quirements determine the repetition rate and according
to the system it can vary from 50 — 1400H z(1). The de-
tailed specifications of any RF source are established as
part of the design of an entire system. According to the
acceleration system one can divide these sources into two
groups: sources which drive (i) a Two Beam Accelera-
tor (TBA) e.g. at LBL/LLNL/MIT, KEK, JINR(Dubna)
and CERN in which a single beam generates the whole
required power and (ii) a conventional multiple sources
system e.g. SLAC, KEK, DESY, VLEPP, Cornell and
Univ. of Maryland; see Fig. 1. This is our first classifica-
tion criterion.

If in the past the klystron was practically the only RF
source used for acceleration purposes, the beam-wave in-
teraction in today’s systems tends to expand beyond the
limits of a fraction of the (vacuum) wavelength. The main
reason for this trend is the breakdown problem associated
with the high power, frequency and efficiency imposed by
the NLC requirements. The approach followed to over-
come the breakdown pioblem provides our second classi-
fication criterion. There are several such approaches. (i)
It is possible to increase the frequency (to 30GH: and
above as is the case for the TBA); doing so the power
level required is much smaller since for the same gradient
the power scales like f~2. Thus an increase by a fac-
tor of 3 in the frequency lowers the power requirem:nt
by almost an order of magnitude. However a problem
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with this approach is that the geometrical (alignment
and manufacturing) tolerances at small dimensions, as-
sociated with the increased frequency, become very tight
(0.5um). (ii) Another approach is that of pulse compres-
sion adopted by SLAC and KEK in which an X—band
(11.4GH ) klystron generates SOMW for 1.5usec. This
pulse is then compressed 4 times in power and 6 times in
time such that the nominal pulse is 200M W for 250nsec.
A similar approach was adopted at VLEPP which oper-
ates at 14GHz and the compression method is different;
we shall discuss this system later in more detail. (iii) The
last approach to overcome the breakdown problem is to
use a distributed interaction in & TW structure. This ap-
proach has proven to be successful at SLAC), Cornell®
and with the Choppertron(*) (Haimson/LLNL). The idea
here is to generate a high power pulse (100 —-400 M W) for
the duration required for acceleration (> 100nsec). TW
structures are also part of the CLIC extraction section.

The issue of distributed interaction leads us to the third
classification criterion namely, we would like to distin-
guish here between (i) slow wave devices (Cerenkov) and
(¥i) fast wave devices (FEL, CARM(®), Gyrotron(®-") and
Magnicon(®=9). This is schematically presented in Fig.2.
Each of these categories has its own advantages and dis-
advantages. If we limit for a moment the discussion to
traveling wave amplifiers (TWA) and gyrotrons then the
former operates in a single TM mode whereas in the latter
a massive hizher mode suppression is necessary for "sin-
gle mode operation”. On the c*™ ' -nd ‘.. TWA
the breakdown at the corrugated walls reu. e
(though not as severe as in the klystron) whereas 1. .

rotron the smooth walls minimize this problem. As for
now it is difficult to assess what weight to attribute to
the cost of the applied magnetic field and its required
accuracy(”) since the power levels reported so far are al-
most one order of magnitude lower than the TWA(19),
For 2TMW at 9.85GHz a field less than 6kG was re-
quired with an accuracy of 50G. This magnitude is similar
to that of the guiding field in either TWA or relativistic
klystron but these two are practically insensitive to varia-
tions in the magnetic field - on the scale mentioned above.

We shall now examine some of the RF sources which have

been investigated recently in the view of the classification
mentioned above.

II. TWO BEAM ACCELERATOR

The TBA concept first suggested in 1982 by A. Sessler(11)
relies on the interaction of a single high power beam with a
radiation field in the presence of a wiggler. The radiation
power is extracted from discrete (extended) cavities, thus
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NLC Requirements:

200MW/m, 100MV/m , > 100ns
10-30GHz , >40% , 50-1500Hz
CONVBNTIONAL multiple sourc} C O BEAM ACC. : single source
@o Compressi@ GEL & Re-accj CTW & No Re-ach
SLAC & JLC Comell LBL /LLNL & MIT CERN /CLIC
Cppuonr ) (e BTV (Gl || S0
0.44MeV,0.35kA 1MeV,1kA,70ns 1GW, 34% 34, 6G buncher:10MeV,
1.5 pusec, 180(150)Hz} | 200MW,20%,9GHz LBL SW FEL 1kA.30GHz-FEL
S50MW,45%,11.4GHz TW: 40MW, 11 4ns
SLED II: 1400Hz rep. rate
T: x6->250ns | ~ BNL
VLEPP (Russia) [27MWx42=1GW, * | g0ns, 30MW at
[ Klystron / TW \ ‘7% at1l14GHz .\ 94GHz CTW &R j
1MeV,0.3kA,0. 7 s e-acc.
63MW at 14GHz, .
\2,;&’ 50Hz JINR(Dubna, Russia) Cl;nlgph;Le r/tr I‘-)I:fmson
T: x6.5->107ns 3MeV,0.5kA,70ns | | 5 sMeV, 1kA 70ns

e

Maryland

Gyrotro-klystron
0.43MeV,0.2kA,Iu s
27TMW, 32%,

.85GHz

_J

30MW at 35GHz
1Hz rep. rate

420MW at 11.4GHz

Fig.1: Classification of RF sources according to acceleration scheme.
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the notion of standing wave FEL. The proof of principle
dates back to 1985 when a 3.3MeV, 1kA beam generated
1GW of power for 15nsec at 34.6GHz corresponding to
34% efficiency(!?). Recently 30MW at 9.4GH z were gen-
erated at KEK(!3) for 80nsec with 0.8MeV, 0.5 — 0.7k A
in an FEL. At JINR(Dubna)(!¥), a similar amount of
power was generated for 70nsec but at 35GHz with a
3MeV, 0.5k A beam. All three have the FEL interaction
in common. The beam is planned to be re-accelerated by
induction linac cells which are crucial for the adequate
operation of the following RF extraction units. Accord-
ing to our third classification the standing wave FEL is a
fast wave device. There is no reason why the fast-wave
interacting cells can not be replaced with slow-wave type
cells. This is the case in the LLNL/Haimson¥) exper-
iment (Choppertron) in which a 2.5MeV, 1kA, TOnsec
beam is injected in two consecutive traveling wave struc-
tures; power in excess of 400M W at 11.4GH > was mea-
sured in this case. Similar structures are used at CLIC
following a very unique design. The electrons are bunched
by an FEL when injected with an initial energy of 10MeV
(1kA of current). They are bunched at 30GHz in this
stage and then accelerated to 3.3GeV. This beam feeds
short traveling wave sections which generate about 40M W
of power, each for 11.4nsec. Note that the 40M W in this
design can generate a similar gradient as the 400MW of
the Choppertron at 11.4GH 2.

r—

(slow wave)

Gyro-TWT

(fast wave)

Gyrotron
CARM
FEL
Magnicon

15, 2t Classification of RF sources according to mterac-
Ut type.

III. CONVENTIONAL sOURCES

When examining conventional sources it is convenient to
divide them according to the interaction type. We shall
discuss first the fast wave devices. In this presentation we

shall limit the discussion to a single representative from
this family namely, the gyrotron. The gyrotron(6-7) or its
combination with TW and klystron version called gyro-
twystron has a significant appeal since the TW structure
helps to keep the magnetic field at relatively low levels
when the RF power levels (and thus the current) are sig-
nificantly higher. The operation of the extraction section
designed to fit the second frequency harmonic is also in
progress.

In the category of the bare klystron we would like to men-
tion the Cluster Klystron. As presently envisaged it is
to be driven by a 0.45MeV, 0.1kA, 1usec beam. There
will be 42 such beams generated on the same cathode by
magnetron injector guns which will generate beams with
a local current density as high as 404/em?. At about
70% efficiency each klystron will generate 26 MW with
an overall 1.1GW RF power at 11.4GH z; this is the first
system discussed so far that has not been tested exper-
imentally. Basically there are two major obstacles this
system has to overcome: the generation of controllable
multiple beams from a single cathode and, assuming that
this was accomplished, the combination of all outputs in
a single waveguide at a well defined phase.

As illustrated in Fig.2 the VLEPP klystron lies some-
where between the slow wave devices and the klystron
ta:nily. 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
by a 25kV electrostatic optic system and afterwards ac-
celerated by a 1MV dc voltage source. Since the driving
voltage is high, the required power can be supplied by in-
jecting a modest amount of current (300A). This fact has
two implications: (i) the beam can be guided by a per-
manent periodic magnetic field and (i) according to V.
Balakin(!®) it has the potential of a very efficient device
due to its low (0.3) micro-perveance. The dc guiding of
the beam makes the device very attractive from the finan-
cial point of view since a significant portion of the cost of
an RF generator is the cost of the magnets. The design
of this system is very ambitious and it is planned to reach
almost 80% efficiency. At the present time the output
is 63MW which corresponds to 21% efficiency. This is
the typical efficiency one can expect from an uniform TW
section without any optimization.

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
a two stage TWA we have reported generation of more
than 400 M W in the X-band for a pulse duration of 70nsec
using a 1MV, 1kA beam. However the spectrum of the
signal was unacceptably broad (300M H z) due to the pres-
ence of asymmetric sidebands. Theoretical studies indi-
cated that these effects are a result of amplified noise at
frequencies which are selected by the interference of the
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-
flections (the increased noise is unavoidably part of the
modulation process) we suggested(!®) building an ampli-
fier in which the time it takes the EM energy to reach the
input end after being reflected from the output end, is of
the same order of magnitude as the electron pulse dura-
tion. In order to satisfy the above condition the group
velocity has to be very small (in our case less than 0.01¢).
This subject is presented in Ref.10. The output in the
most recent experiments indicate power levels of about
200MW at 9GH z in a frequency range which is less than
50M H z. This has been achieved in an uniform structure
in which the only optimization was making the last disk
1mm thick instead of 6mm. This allows the EM mode to
leave the system since for the disk radius this wave is well
below cutoff(!®). This result can be probably improved
significantly by a better design of the output TW section.

IV. DISCUSSION

Although the variety of concepts and devices is not par-
ticularly helpful in the attempt to identify a global trend,
we believe that there are clear indications of local trends.
The clearer among these trends is that of the TBA source:
neither of the devices under consideration use the klystron
as a basis for their RF generator. In fact it is fairly clear
that the distributed interaction either in a fast or slow
wave device replaces the local beam-wave interaction of
a klystron. However the cavity effects, say in a standing
wave FEL, are still there, and as was indicated in Ref.(17)
the analogy to klystrons can be quite helpful.

With respect to conventional schemes, the scaling of the
klystron to the X-band and to long pulse operation in
conjunction with the compression scheme indicates that
the klystron is still a potentially viable competitor for
the next linear collider RF source. As an intermediary
stage the compression schemes proposed by SLAC and
VLEPP will probably meet the requirements but they will
not solve the long term problem. Over the long term we
have to remember the limitations of both the klystron
and the compression schemes - especially with respect to
breakdown. One of the alternatives we mentioned in our
second classification criterion was a medium length (100—
200nsec) high power (100 — 400M W) pulse. This kind
of system eliminates the neccessity for compression and
still provides the required power levels. But to withstand
high electric field associated with these power levels it will
require a TW output section(2~%). Since this scheme has
the potential to solve the problem it seems probable that
TW output sections will become an integral part of future
RF extraction systems. It is this trend which we wish to
further discuss next.

The starting point is the constraint imposed by the NLC
requirements on the RF structure. The output frequency
requirement limits the input section of any source to a
very good frequency selective device. From this perspec-
tive the klystron cavity or a combination of a cavity with
a magnetic field as in the case of the Choppertron or an

FEL, are the natural candidates for the input section of
any RF system. The main section can be a set of isolated
cavities as in a klystron, a TW section or a combination of
the two. However the breakdown problem will force us to
use a TW structure as an output section with one or more
extraction ports. This brings us to the last subject which
is discussed in more detail in another work(!®) regarding
the beam-wave interaction in quasi-periodic structures.
A high power traveling wave structure is conceived as a
section of a periodic disk loaded structure and its electro-
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
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
field in the close vicinity of the cavity. The interaction in
a uniform periodic structure (TWA) or in a few uncou-
pled cavities (klystron) is relatively well understood. But
we lack analytical or even quasi-analytical tools to accu-
rately investigate the interaction in transition region of a
high power microwave device - which is exactly what is re-
quired for construction of an adequate output section. For
this purpose we have developed an analytical method to
investigate the beam-wave interaction in a quasi-periodic
structure. The method relies on an arbitrary number of
pill-box like cavities of any dimension and an arbitrary
number of radial arms. The only constraint is that the
radius of the coupling pipe has to be fixed. So far we
have successfully employed this method for cold design -
in particular for the extraction region of the two stage
amplifier reported in Ref.(10).

V. SUMMARY

Let us now summarize the main conclusions regarding
high power radiation sources for acceleration applications:
(i) There is a clear advantage to operate at the highest
frequency the alignment constraints permit. /ii) At very
high power local beam-wave interaction (as in a klystron)
is disadvantageous comparing to distributed interaction in
traveling wave structures due to the breakdown problem.
(#ii) Radiation sources need to expand further beyond the
limits of the bare klystron. (iv) The expansion so far is
"equally” divided towards fast and slow wave devices. (v)
In two beam accelerators the klystron, in its present con-
figuration, will play little, if any, role. (vi)In conventional
sources the traveling wave structure with one or multiple
output ports will have an increasing role at least in the
output section of a high power RF source. Accordingly
the interaction in transition regions will require more and
more attention.
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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

Many types of microwave amplifiers are being
considered at various institutions as candidate sources
for driving future linear colliders. The choice of op-
erating frequency ranges from 2.85 GHz to 35 GHz.
Peak microwave output power and pulse duration
also vary widely. In this paper, we propose three
criteria for evaluating and comparing amplifier op-
tions. These are as follows: 1) N, the number of am-
plifiers required to drive an accelerator with a given
final energy and a given accelerating gradient; 2) V,
the voltage required to operate the microwave am-
plifier; and 3) nr, the overall efficiency including the
output efficiency of the amplifier, the efficiency of
the pulse compression circuit if any is used, and the
high voltage modulator pulse-shape efficiency. All of
these criteria will affect the cost of a linear collider
system. The cost of the microwave amplifiers will,
of course, equal the cost of each amplifier (with its
associated power supplies, magnets, and pulse com-
pression circuit) multiplied by the number of ampli-
fiers, N;. The cost of each amplifier and its power
supply /modulator will increase with the voltage, V.
In fact, we have chosen to restrict our considera-
tion of specific amplifiers to those in which V < 1
MYV; at voltages above 1 MV very large insulators
and more exotic pulsed power supplies such as in-
duction linacs would be required and these might be
excessively costly. Overall efficiency will, of course,
influence average power consumption as well as the
size and cost of power supplies.

II. THE NUMBER OF AMPLIFIERS REQUIRED
TO DRIVE A COLLIDER

First, consider the relationship between peak mi-
crowave power required per unit accelerator length,
p, the accelerator gradient, E,, and the microwave
wavelength, A. Perry Wilson has recently presented!
the result that for an accelerator structure consist-
ing of a chain of pillbox TMg;o resonators, the mi-

crowave power per unit length is given by
p~1.2x 1077 E2\V? (1)

0-7803-1203-1/93503.00 © 1993 IEEE

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

t; ~ 2.3 x 1075232, (2)

Thus, the required microwave pulse energy per unit
length is

u=pt; ~ 2.8 x 10712E2)2. 3)
Then, a single microwave amplifier with peak output

power, Py, and pulse duration 7, > t; would be able
to drive a length of accelerator structure

P,y
~ 1 LpTplk
~3.6x10 —_EZ,\'*’ ,

P,1,1
t, = 277k
1 o (4)
where we have used Eq. (3), and 7. is the efficiency
of any pulse compression circuit that is used. If we
estimate that each factor of 2 in pulse compression

can be achieved with 90% efficiency,? then

(5)

The required overall length of an accelerator with
final energy, Uy, is

nec = 0.9exp [logy(7p/t5)] -

L=U;/eE, (6)
while the total number of microwave tubes required
is obtained from Eqgs. (4) and (6) as

L UsE )?
N === 17x10" 12—

()

Accelerator cost will increase both with the length
of the required tunnel, L, and with the number of
microwave tubes, N;. However, since L ~ E;! and
N; ~ E,, the choice of an optimum FE, is not obvious,
and involves a complicated analysis of such factors
as tunnel cost versus microwave tube cost.

Once Uy ar * ' are chosen for a collider, Eq. (6)
together with ) and (2) may be used to evalu-
ate N;. It may .  .en from Eq. (6) that N; could be
decreased by choosing a higher microwave frequency
if P,7, decreased less rapidly than A2. In addition,
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high frequency has the advantages of increased limit-
ing values of E, as determined by rf breakdown® and
increased pulse repetition frequency* which dimin-
ishes problems caused by ground jitter. However,
there is a practical upper limit on frequency that is
currently estimated to be in the neighborhood of 35
GHz. At higher frequency, fabricating and aligning
the smaller accelerator structures becomes increas-
ingly difficult; this might be alleviated however by
using higher order transverse modes in the accelera-
tor cavities which would not substantially affect the
values of ¢, or N,.

II1. OVERALL MICROWAVE AMPLIFIER
SYSTEM EFFICIENCY

A typical microwave amplifier system consists of
the microwave tube, the pulse compression circuit,
and the high voltage modulator (plus other elements
which will not be considered in this first-cut analy-
sis). Accordingly, the total system efficiency may be

defined as
T = NaNeN (8)

where 71, is the output efficiency of the microwave
amplifier (i.e. microwave output power divided by
the power of the electron beam in the amplifier),
7. is defined in Eq. (5), and 7, is the pulse-shape
efficiency of the high voltage modulator.

In contrast to the behavior of pulse compression
efficiency, the high voltage modulator pulse-shape ef-
ficiency, 7,, decreases as pulse duration 7, b~ nmes
shorter due to the increasing fraction of v on-
ergy in the rise and fall of regions of the n stor
pulse. The efficiency 7, is thought! to have the form

(9)

- ™
T+ ,/a‘rp

where we estiinate empirically that the constant a =
0.25 x 167 sec.

Ny

IV. COMPARISON OF EXPERIMENTAL
MICROWAVE AMPLIFIERS

The performance parameters of a number of lead-
ing microwave amplifier experiments are displayed
in Table 1 together with the calculated values of nr
and N;. The various experimental studies are in dif-
ferent stages of maturity and so the tabulated data
indicates only what has been demonstrated by the
beginning of 1993 and not ultimate potential. For

purposes of comparison the performance character-
istics of the S-band SLC klystron is tabulated on the
first line.

It will be noted that both the X-band klystron
and the two gyroklystron experiments show signifi-
cant progress in reducing the value of N; from the
SLC klystron value. The free electron laser, ex-
tended interaction klystron and traveling wave tube
would have lower values of N; if they could be made
to operate with longer pulses. An acceptable value
of N; might be 1000-2000 and thus new highe: power
experiments are of interest. For example, a 17.4 GHz
amplifier operating with an output pulse of P, = 100
MW and 1, = lus would have N, =~ 1300.

It will also be noted that none of the higher fre-
quency amplifier experiments have yet equalled the
SLC klystron in efficiency and improvement in nr
is emphatically called for. Perhaps energy recovery
schemes such as depressed collectors should be seri-
ously studied.

This work was supported by the U.S. Depart-
ment of Energy.
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Table 1. Demonstrated amplifier performance (V < 800 kV); N; is the total number of amplifiers

required to drive a 1 TeV accelerator with E, = 100 MV/m.

Type of Research

f A o | 4 Nel o
Amplifier Institution (GHz) (MW) (us) (%) | (kV) (%)
SLC klystron SLAC 2.856 65 3.5 45 350 ) 17k | 28
X-band klystron® SLAC 11.4 50 1.0 22| 447156k | 10
X-band gyroklystron®’  U. Md. 9.85 27 14 32| 425| 10k | 15
K-band gyroklystron®** U. Md. 19.7 30 08 27| 440 | 4.2k | 11
Free electron laser® MIT 33 61 002 27) 750] 19k 6
Extended interaction
klystron!® SRL* 11.4 100 005 43| 440| 42k | 13
Traveling wave tube!!  Cornell 8.76 200 0.1 24| 800 16k 9

*Science Research Laboratory in collaboration with Haimson Research Corp. and MIT.
y p
**In the K-band gyroklystron the output cavity operates at twice the input frequency.
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Abstract

The physics and technological issues involved
in high gradient particle acceleration at high mi-
crowave (RF) frequencies are under study at MIT.
The 17 GHz photocathode RF gun has a 13 cell
room temperature copper cavity with a peak ac-
celerating gradient of about 250 MV/m. The an-
ticipated beam parameters, when operating with a
photoemission cathode, are: energy 2 MeV, nor-
malized emittance 0.43r mm-mrad, energy spread
0.18%, bunch charge 0.1 nC, and bunch length 0.39
ps. The goal is to study particle acceleration at high
field gradients and to generate high quality electron
beams for potential applications in next generation
linear colliders and free electron lasers. The experi-
mental setup and status are described.

I. INTRODUCTION

To meet the stringent requirements set by fu-
ture applications such as high-energy linear colliders
and next generation free electron lasers, efforts have
been made recently to create novel electron beam
sources.[1] While existing RF guns operate 144 MHz
to 3 GHz, a 17.136 GHz photocathode RF gun has
been constructed and is currently under cold test
at MIT.[2] The 17.136 GHz operation is very at-
tractive despite potential technical difficulties and
physics issues associated with high frequencies. It
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
17 GHz photocathode RF gun experiment is pre-
sented in detail. A general layout of the experiment
is shown in Fig.1. It consists of three parts: (1) the
RF gun cavity and the transport line (including the
power source and the vacuum system), (2) the laser
and timing system, and (3) the beam transport and
diagnostic line. Each of these subjects is described
successively in Sections 2, 3, and 4. Section 5 sum-
marizes the status of the experiment.

II. RF CAVITY AND TRANSPORT LINE

A. RF Cavity and Waveguide Coupling

Figure 2 shows the vacuum assembly that houses
the RF gun structure and the coupling waveguide.
A vacuum of 10~ 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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Fig. 1: Schematic of the 17 GHz photocathode
RF gun experiment

The beam dynamics and the interplay between
time-dependent RF forces, space-charge forces, and
nonlinear RF forces have been studied using the sim-
ulation code MAGIC [3]. The main operating pa-
rameters at 17 GHz are summarized in Table 1.

Table 1: 17 GHz RFG Designed Beam
Parameters

Peak accelerating gradient 250MV/m
Laser pulse length 1.4ps
Final bunch length 0.39ps

RF phase for laser pulse 12°

Current density 6.7kA/cm?
Cathode radius 0.525mm
Bunch charge 0.1 nC
Emittance 0.43r mm-mrad
Energy spread 0.18%
Current 258A
Brightness 143 x 1014 Ao

The TE,; waveguide mode is coupled to the cavity
through two rectangular apertures, one on each cell
of
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Fig.2: RF Gun Vacuum chamber.

The gun
structure is located at the center of the chamber.

the cavity, to excite the # mode resonance. An
intensive study of this waveguide sidewall coupling
scheme has been conducted both theoretically and
experimentally.{4] We have cold tested both electro-
formed and machined/brazed OFHC copper cavities
with similar results. The reflected power from the
waveguide-fed RF gun cavities was measured using
a network analyzer. Fig.3 shows the reflected power
as a function of frequency of an untuned gun cav-
ity. The two resonances are about 100 MHz apart
and each cavity has a Q value of about 1000. Each
cavity absorbs over 80% of the incident power.

REF 0.0 4B
5.8 d8/
V -9.999 @8

- (

-

START 16.700000000 OH2
SToP 17.200000000 GH:

Fig. 3: Reflection as a function of frequency of
an untuned gun structure

Figure 4 shows the reflection as a function of
frequency after the gun cavities are tuned. The sin-
gle resonance absorbs more than 90% of the input

power. The theoretical modelling of the waveguide-
cavity coupling is presented in a companion paper
in this volume[4].
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Fig.4: Reflected Power as a function of fre-
quency of a tuned gun structure

B. RF Source and Transport

The power source used to feed the RF cavity
is a gyro-amplifier under development at MIT (5].
The RF source will deliver 5-10 MW peak power in a
pulse of 30 ns at a repetition rate of 10 Hz. The out-
put RF is in a circularly polarized T£3, mode and
must be converted to the TE,y mode in the rectan-
gular waveguide that couples to the RF cavity. The
RF transport line consisis of a long overmoded 2”
guide, a 2” to 1” taper, a TE3, to TE); converter, a
TE\; (rotating) to TE); (linear) polarization con-
verter, and a circular to rectangular transition. The
line is followed by a dual directional coupler, a high-
vacuum RF window, a flexible waveguide, and (op-
tionally) an arc sensor. The TEj3; to TE); converter
is 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; to TEy\

converter, has been assembled and vacuum leak checked

at 10° Torr. The VSWR for the flexible waveguide
13 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 %.

III. LASER AND TIMING SYSTEM

A. Laser

The parameters of the laser system are summa-
rized in Table 2.
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Table 2. Parameters of the Laser System

Wavelength 220-280 nm
Repetition rate 0-10 Hz (adjustable)
Energy 200 pd
Energy fluctuation <+10%
Pulse Length <2 ps
Phase Jitter <1 ps
Timing Jitter <3 ns
Polarization >99 %
Beam Divergence 0.5 to 1 mrad
Beam Pointing Error < 10 prad
Mode-Lock Frequency 82 MHz

An Argon Ion pumped Ti:Sapphire laser oscil-
lator produces a regeneratiely modelocked CW train
of microjoule pulses which enter a pulsed Ti:Sapphire
laser amplifier. The amplifier is pumped by a 1]
Nd:YAG laser. The amplified IR pulse is then fre-
quency tripled into the ultraviolet by an KDP/BBO
combination and is directed into the RF cavity.

B. Timing

As shown in our simulation studies [3], the elec-
tron beam quality is strongly dependent on the RF
phase of photoemission. The phase jitter is required
to be less than 1 ps in our experiment. The highly
stable Ti:Sapphire laser system serves as the system
clock in the timing chain. The modelock frequency
of 82 MHz is defined by the round-trip time of the
laser cavity. The laser oscillator cavity mirrors are
mounted on Invar tubes to minimize length vari-
ations. The 82 MHz signal is multiplied up by a
solid state frequency multiplier (x 204) into 17 GHz
to drive the RF amplifier chain.

IV. BEAM LINE AND DIAGNOSTICS

The beam line consists of a quadrupole triplet
and a bending magnet. The 90° bend forms a point-
to-point imaging systern to be used for energy spread
measurement. The position and the horizontal thick-
ness of the fluorescent spot give the energy and the
energy spread, respectively. The quadrupole triplet
can also be used to measure the emittance: the
bending magnet is switched off and the spot pro-
duced by the electrons on another screen positioned
along the RF gun axis is observed. The gradient of
one of the quadrupoles is varied in order to vary the
spot size on the screen. A least-square analysis of
the beam transverse dimension vs. the gradient in
the quad gives the transverse emittance.

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

0.1%. The charge will be measured with a Fara-
day cup. Several methods for measuring the bunch
length are under investigation.

V. SUMMARY

A 17 GHZ photocathode RF gun experiment
is under developments. The designed peak accel-
erating gradient on axis is 250 MV/m. The accel-
erating structure and the RF transport line have
been fully cold tested. The first stage experiment
involves powering the structure with high power 17
GHz microwaves. The goal of the initial experiment
is to condition the cavity, and to study field emission
and RF breakdown at 17 GHz.

The second stage of the experiment will inte-
grate the laser system with the RF source and the
gun system. Detail characterization of the beam
property are planned The following systems will be
integrated with the 17 GHz RF gun system in the
second stage of the experiment. A UV laser system
and the related timing system are being tested to
generate picosecond electron bunches through pho-
toemission from the cavity wall. Successful acceler-
ation of these bunches under high field gradient will
provide high brightness electron beams suitable for
applications in next generation linear colliders and
in short wavelength free electron lasers.
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Abstract

Recent work at BNL on electron acceleration using the In-
verse Free-Electron Laser (IFEL) has considered a low-energy,
high-gradient, multi-stage linear accelerator. Experiments are
planned at BNL'’s Accelerator Test Facility using its 50-MeV
linac and 100-GW CO3 laser. We have built and tested
a fast-excitation wiggler magnet with constant field, tapered
period, and overall length of 47 cm. Vanadium-Permendur fer-
romagnetic laminations are stacked in alternation with copper,
eddy-current-induced, field reflectors to achieve a3 1.4-T peak
field with a 4 mm gap and a typical period of 3 cm. The laser
beam will pass through the wiggler in a low-loss, dielectric-
coated stainless-steel, rectangular waveguide. The attenuation
and transverse mode has been measured in waveguide sections
of various lengths, with and without the dielectric. Results of
1-D and 3-D IFEL simulations, including wiggler errors, will
be presented for several cases: the initial, single-module ex-
periment with AE = 39 MeV, a four-module design giving
AF = 100 MeV in a total length of 2 m, and an eight-module
IFEL with AF = 210 MeV.

I. IFEL ACCELERATOR DESIGNS

An inverse free-eleciron laser (IFEL) accelerates an elec-
tron beam through its interaction with high-power laser
radiation and a periodic wiggler field. This concept has
been pursued at Brookhaven National Laboratory for several
years [1-4], most recently in the form of low-energy (< 1 GeV),
high-gradient, multistage, linear accelerators [5].

Three sets of IFEL parameters are presented in Table 1.
All use constant-field wigglers (described in the following
section), assembled in 60-cm-long modules. In an initial
demonstration of IFEL acceleration [6], a single-stage IFEL
will be tested with the 50-MeV electron beam at Brookhaven’s
Accelerator Test Facility (ATF), which offers a high-bl:ightneu
50-MeV electron beam and a high-power picosecond CO5, laser.
Assuming that a 200-GW peak power in a 6-ps pulse will then
be available (20 GW in 30 ps has been demonstrated to date,
but shorter pulses with higher powers are under development),
an acceleration gradient of 83 MV /m should result. Extending
this design to eight modules and higher laser power gives an
exit energy of 257 MeV. A third set of parameters [7] responds
to the challenge presented at the Port Jefferson Workshop on
Advanced Accelerator Concepts (June 1992), for an energy
increase of 100 MeV in a total length of 2 m, by using four
modules and a relatively modest laser power of 100 GW.

II. FAST-EXCITATION WIGGLER

To maintain synchronism as an electron accelerates in a
laser field with a constant wavelength A;, the wiggler must
be tapered. The taper can be accomplished while holding

0-7803-1203-1/93803.00 © 1993 IEEE

the wiggler parameter Ky, the period Ay, or the field By
fixed. The choice is restricted by the maximum practical
wiggler field and the minimum wiggler petiod. The maxi-
mum rate of acceleration, averaged over the full accelerator
length, is obtained for a constant-By accelerator [5), and this
choice is made for the IFELs in Table 1. Although such a
structure could be constructed using permanent magnets, the
variable period would be costly and difficult to adjust. In-
stead, we have developed a fast-excitation electromagnet {8-10]
with stackable, geometrically alternating substacks of identi-
cal ferromagnetic (Vanadium Permendur, VaP) laminations,
assembled in (Ay/4)-thickness substacks scparated by non-
magnetic laminations (Fig. 1). Four straight conductive rods,
parallel to the axis and interconnected only at the ends of
the assembly, constitute the single loop that drives the wig-
gler. The stacks are easily assembled, are compressed by
simple tie rods, and allow any combination of wiggler peri-
ods. A dramatic improvement results from using copper for
the nonmagnetic laminations, so that the induced fields from
the eddy currents uncouple the wiggler’s “up” fields from the
“down” fields. These “field reflectors” significantly enhance
the maximum achievable field on axis.

Both two-dimensional mesh computations (POISSON)
and measurements of short wigglers were used to develop the
lamination design. Reference [11] presents measurements of
a full-length prototype with a tapered period. The wiggler
is able to satisfy the requirements of Table 1. Measurements
with a constant period of 3.75 cm [13] found an rms field
error of under 0.15% and low harmonic content (3% in the 3™
harmonic).

III. CO, LASER WAVEGUIDES

Since the wiggler gap is 4 mm, the maximum practical
inside diameter for a beam pipe through the wiggler is 3 mm.
If a Gaussian laser beam is focused to a 1-mm radius wy
(where the power drops by e"n), then the corresponding
Rayleigh length zp is 30 cm. Waveguiding can occur even
in the 47-cm length of the wiggler for the single-stage IFEL,
since the free-space beam radius w (z) will exceed the aperture
of the waveguide. In a multistage IFEL, waveguiding will be
unavoidable-and helpful in confining the beam. Consequently,
we are investigating the mode structure and attenuation in
CO;-laser waveguides.

Our present design uses rectangular stainless-steel guides,
with an inside cross section of 2.8 mm x 2.8 mm. Stainless
has good vacuum properties and a conductivity low enough
to allow penetration of the pulsed wiggler field. To reduce
the expected attenuation, some of the test waveguides were
prepared (following Zakowics [13]) with a 1/4-wavelength
dielectric coating (germanium) deposited on two opposite
inner walls, in order to reduce surface currents. Subsequently,
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it was realised that this model strictly applies at lower
frequencies, where the metal walls can be treated as nearly
perfect conductors. At infrared wavelengths and glancing
angles, the metal behaves mostly as a dielectric, and the wall
losses are greatly reduced, even without the germanium.

To investigate coupling into the waveguides, transmission
loss, and transverse mode structure, cight test guides were
built, half with the germanium coating. Six guide sections
were 10-inches (254-mm) long; two were 5-inches (127-mm)
long. All had precision alignment pins and sockets to permit
accurate assembly of lengths of up to 35 inches (889 mm) of
either coated or uncoated guide. The beam was focused to
a Gaussian waist with an adjustable radius at the entrance
to the first guide. The beam profile was measured using »
pyroelectric vidicon TV camera and a digital frame grabber.

The coupling tests demonstrated optimum coupling near
a waist radius of 1.0 mm. The transmission (including both
coupling and attenuation losses) ranged between 80 and 95%,
measured with lengths from 10 to 35 in, for entering waists
of 1.0 and 1.3 mm, and for both coated and uncoated guides.
In all cases, the transmission of the coated guide was ~2%
greater than the uncoated guide. For the longest length tested
(35 in), the best result was 88% for the coated guide with a
1-mm entering beam radius.

To measure the transverse beam profile versus distance,
the camera was placed within a few millimeters of the exit
for guides of various lengths. Fig. 2 shows that when no
guide was present, the beam diverged according to zg, but
within a guide, the beam radius decreased and oscillated about
a smaller value, suggesting that some of the energy was in
higher-order modes. The beam sises 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
produced a mode that was not symmetric. The transmission
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
the guide aperture. To determine the transition region over
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 zz. For our
waist sizes, after the mode has stabilised (in about 50 cm),
the amplitude typically fluctuates by +5% and the phase by
40.05 radian, due to & 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
coupling into the real waveguides may not be as pure.

IV. IFEL SIMULATIONS

To model the acceleration process in a waveguide IFEL,
we have developed a 1-D particle simulation code incorporating
self-consistently the longitudinal electron dynamics and the
laser field. The code also takes into account the properties
of a realistic electiron beam, i.e., finite radius, emittance and
energy spread. Subsequently, the multiparticle-simulation linac
code PARMELA [14] was modified to simulate the full 3-D
aspects of the IFEL interaction. The electron beam dynamics
include: (a) an arbitrary initial electron distribution in “trace”

Table 1: Simulation parameters for the single-module IFEL
experiment, an B8-stage IFEL, and an IFEL with AF =
100 MeV.

Single | 8-Stage | 100 MeV
Electron Beam
Injection energy 48.9 48.9 49 MeV
Exit energy 88.0 256.9 150 MeV
Mean gradient 83 53 50 MV/m
Charge 1 1 1 nC
Peak current 100 100 100 A
Emittance ¢, (o) = = ™ pm
Radius (o) 0.3 0.3 0.3 mm
Wiggler
Number of modules 1 8 4
Module length 60 60 60 cm
Total wiggler length | 47 395 200 cm
First period 2.86 2.86 2.86 cm
Last period 4.32 9.08 6.29 cm
Gap 4 4 4 mm
Peak field 1.25 1.25 1.25 T
Laser
Power 200 620 100 GW
Peak electric field 13.6 24 9.6 GV/m
Wavelength 10.2 10.2 10.2 pm
Pulse length 6 6 6 ps

Figure 1: The fast-excitation, variable-period wiggler. The
lower portion shows the VaP laminations configured for the
two field polarities.

space (z,dz/dz,y,dy/dz,) determined by the Twiss parameters
az,Bz,ay,fy and the transverse emittances ¢; and ¢y; (b)
an arbitrary longitudinal initial electron distribution in phase
¢ and energy W; (c) a realistic piecewise-constant tapered
wiggler, allowing for both horisontal and vertical focusing.
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Figure 3: A 3-D simulation of the evolution of the energy
spectrum in the early portion of the multistage accelerator.

The results of these calculations are given more fully
in Reference [7]. The transverse phase space at the end of
the wiggler shows some emittance growth in the horisontal
plane and two well defined groups of electrons (accelerated

and non-accelerated) in the vertical plane; the emittances are -
comparable to the initial value. The evolution of the emergy
spectrum along the wiggler, in Fig. 3, clearly illustrates the
fraction of accelerated electrons (=50%).

For the eight-stage IFEL of Table 1, the 1-D simulation
code was used to optimise the sequence of tapered wigglers for
a given laser powez, resonance phase angle and peak wiggler
field. The vertical transverse focusing action of the planar
wiggler was taken into account. Instead of shaping the wiggler
poles for horisontal focusing, external focusing was added.

V. CONCLUSION

The study of the IFEL acceierator is continuing with
near-term emphasis on low-loss guide development, transverse
and longitudinal phase space transport and the further opti-
misation of a multimodule 1-GeV accelerator. For a single
demonstration stage, aimed at approximately doubling the
beam energy, a CO; laser power of 10'! W is satisfactory.
A cascaded IFEL accelerating to 1 GeV would require a
laser power of 10’2 W to make the overall device technically
competitive.

We wish to acknowledge the assistance of T. Romano and
J. Armendaris (wiggler measurements), and of S. Coe and M.
Weng (waveguide measurements).
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Abstract

High gradient acceleration can be achieved
in a free-space laser particle accelerator by
generating an interference pattern in the laser
wave in which electrons move in phase with the
laser in regions of constructive interference and
out of phase in regions of destructive interference.
The desired interference pattern is created by
proper design of a holographic grating on the
surface of the entrance optic. The approach for
designing such a system is described and
examples are presented.

I. INTRODUCTION

Laser particle acceleratior (LFA) is a
promising method for high-gradient acceleration.
The most difficult aspect of LPA is phase match-
ing between the laser wave and the electron
beam. Proposeq solutions have either introduced
gaseous or plasma media into the interaction
region, or else have conditioned the electron beam
(using a magnetic wiggler) or the light wave
(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
interaction region {1]. Such free-space acceler-
ation does not require exact phase matching
between electrons and the light wave. A novel
approach is examined here that creates an
interference pattern which achieves both high
acceleration gradient and reduced laser intensity
on optical surfaces.

II. PHYSICAL ARRANGEMENT

The arrangement of one section of a free
space accelerator is shown in Figure 1. This
geometry is axisymmetric and the laser beam axis
coincides with the electron beam path. The
incoming laser beam is annular and radially-
polarized and has been prefocused by an axicon

* Supported by US DOE Contract No. DE-AC06-
83ER40128.
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mirror. The entrance optic, nominally a flat mirror
with a central hole for passage of electrons,
reflects the incoming laser wave through the
interaction zone (shown as a shaded area in the
figure). This zone is terminated downstream by
the exit optic, another flat mirror with a central
hole. As described later, the surface of the
entrance optic will be suitably engraved with a
holographic grating surface to achieve the desired
interference pattern in the e-beam path.

-~ -
= - input laser
< path

-~ -
output laser
path . —

o

Figure 1. Basic laser-e-beam interaction zone
design.

In some ways this arrangement resembles a cavi-
ty. Note, however, that the surfaces at each end
c ot be perfectly flat mirrors else no net accel-
eration can occur. The actual surface shape will be
discussed briefly in Section V.

III. ELECTRIC FIELD "DESIGN"

By limiting the length of the interaction
zone, net acceleration can occur even though the
electrons slip relative to the laser wavefronts.
This was shown in Reference [1]; although, no
attempt was made there to improve performance
by tailoring the intensity and phase structure of
the incoming laser wave. The objective here is to
design the electric field structure with two
purposes in mind: (1) maximize the energy gain
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for a given laser power; and (2) minimize the peak
laser intensity on optical surfaces.

The approach here is to assume a desired
longitudinal electric field structure on the
geometric axis

E;(r=0, z) = F (z) sin (kp z) i@, (1)
where F(z) is the envelope, the sine function
gives the phase structure, and @ is the laser
frequency. The envelope function is assumed
symmetric about z = L/2, where the interaction
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 k,,
must be less than k = w/c. The phase factor is
assumed to have the same symmetry about z =
L/2 and to vanish at the boundaries (consistent
with low laser intensity at the optical surfaces).
Thus, kpg = (2N-1)n/L, where N is an integer. The
given field structure can be Fourier analyzed using
a sine series on the interval 0 < z < L. Then the
electric field on axis can be expressed in terms of
Fourier modes:

(2)

E, =Y Ajsin(xjz) eio¥,
=

where A; is the amplitude and x;is the propaga-
tion constant for each mode, k; = (2j-1)n/L. Only
odd harmonics are used because the function is
symmetric about z = L/2. Indeed only input
functions with this symmetry property are of
interest since only the odd harmonics produce net
acceleration.

Given the E, structure on axis (Eq. 2), the
corresponding electromagnetic field structure
elsewhere can be found using familiar Bessel
function solutions. Assuming only that the fields
are axisymmetric and radially polarized:

E;(rz8)=Y, AjJo(aj)sin(Kjz) ei@t,  (3)
=
Er(rzn)=Y Aj %Jl (o) cos (xjz) eier.  (4)
=

The factors a; and x; are the radial and
longitudinal components of the wave vector for

each mode and are related as follows:

2 = k2
aj+x}2-k,

(5)

where k = 27/A, and A is the laser wavelength.
Using these electric fields and making the

Born approximation, the energy gain by an on-axis

electron traversing the interaction region is

AW =eL Y, A;(Wc; cos yo + Ws; sin yo), (6)
=1

where yyg is the electron entrance phase (z = 0); e
is the electron charge; and

L d

Sj=

) sin o
20; 20',-

@

oj= Li(Zj—l)}n. (8)

B

Here B is the relativistic parameter. The + in Eq. 8
indicate left and right moving waves, respectively.
[The sin(kpz) phase structure includes both.}
Only right moving waves (+ z direction) need be
considered since only they cause significant
acceleration of right moving electrons.

IV. PERFORMANCE IN EXAMPLE CASES

The acceleration and other properties are
found for the following example envelope function,

9)

where N, is the number of lobes desired in the

interference pattern. Figure 2 shows the electric
field on the axis for a particular example. This
example has a relatively short interaction zone
(L/A = 108) and a steep principal crossing angle
(6,, = 397 mrad, where &, /k = cos6,,). Given
L/A, an optimal combination of N and Ny was
chosen so that the electron with the proper initial
phase will be in phase with the wave in the
regions of high field amplitude (constructive
interference) and out of phase in the regions of
low amplitude (destructive interference).

The electric fields at the entrance optic for
the same case are shown in Figure 3. The fields

F (z) = sin (@z/L) sin®> (N mz/L) ,
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shown are actually those on a viewing cone at an
angle which minimizes the apparent phase

field at position
of moving electron

Figure 2. E, on axis for the case L/A = 108,
N =100,Ng =8.

variation (modulation) of the wave. The electric
field scale, Eg, is the same as in the beam path

shown in Figure 2. Here the radial scale is g =
L/cos@,,; a ray of light at the principal crossing

angle 6, passing through r = g at z = 0 will cross
the axis at z = L.

Eo
/E'
l
0 s "
~ A T qr‘/v\a‘__‘cw—*‘
E;

Figure 3. Fields at entrance optic (on
viewing cone: r = 5 c0s@), z = s sinf) (0 <
§ < a) where 6p = 85.2 mrad is the

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

In this example the maximum electric field on the
entrance optic is E,,;, = 0.89E), i.e. it is slightly
less than the nominal peak acceleration field
experienced by the electron (Fig. 2).

Examples of this concept are summarized
in Table I based upon a CO, laser. Evidently,
high acceleration gradients of hundreds of GeV/m
over single section lengths of order 1 cm are
possible. These examples also have reduced laser
intensity at optical surfaces; the maximum electric
field at the entrance optic is less than the
accelerating field in the electron path.

Table 1. Examples for 10.2 um Laser Wavelength.

Lem)la(em)| PL |(dW) (MeY)| Epa
dz m Ey
| o e L S o - |
042 | 0.11 ][50 GW 470 0.55
1.04 | 0.18 |50 GW 190 0.95
1.04 1018 | 1 TW 850 0.95
1.04 | 0.18 | 10TW 2700 0.95

V. DISCUSSION

The examples here show that properly
designed interference patterns allow electrons to
effectively remain in phase with a laser wave over
significant distances. The question then is how to
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
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
on the entrance optic. Similarly, a holographic
grating on the exit optic can be used to convert the
laser beam back into one that can be recycled for
another interaction with the e-beam.

Future work on this concept will address
several topics: (1) optimization of the design for a
single interaction cell and (2) recycling the laser
beam, i.e., collecting and reinjecting the exit laser
wave into the adjacent interaction cell. (See
Figure 1).
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Beam Quality in a Cyclotron Autoresonance Accelerator

1

B. Hafisit, P. Sprangle! and J. L. Hirshfield}
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Abstract — The axial velocity spread for a gyrating
electron beam produced by cyclotron autoresonant ac-
celeration is determined. The parameter range chosen
for analysis is that of interest in harmonic generation
of cm-wavelength radiation to drive a next-generation
electron-positron collider.

I. Introduction

The cyclotron autoresonant accelerator (CARA)
may have application as a compact, low-energy in-
jector for a high-gradient accelerator or for use in a
source of radiation that requires low-energy electrons.
Recent calculations of the efficiency for production
of rf power at a harmonic of the rotation frequency
for an electron beam prepared using a CARA show
that good beam quality is important for achieving
high efficiency.! For example, when a nonlinear (reso-
nant) taper in magnetic field is employed in the har-
monic convertor, 5-th harmonic conversion efficiency
at 14.25 GHz was predicted to fall from 70% to 30%
when the axial velocity spread was increased from zero
to2%ina T A, 150 kV electron beam. It is thus crucial
to understand the origins of finite velocity spread dur-
ing cyclotron autoresonant acceleration, in order to
design accelerators capable of producing beams with
spreads below 1%. This paper presents preliminary
results of a numerical study of the evolution of axial
velocity spread during acceleration by a CARA oper-
ating in the TE;; mode at S-band.

Prior theoretical studies of the acceleration process
have shown that rapid trapping of particles occurs
at the resonant phase®, that substantial energy gain
can be obtained*, but that a practical upper limit
to beam energy will exist when a fast wave rf ac-
celerating field is employed®. If an accelerating field
with a phase velocity equal exactly to the light ve-
locity is employed then-in principle-unlimited accel-

1Supported by ONR & DoE
0-7803-1203-1/93$03.00 © 1993 IEEE

eration can occur. Means for arranging this in prac-
tice include the use of dielectrically-lined waveguides
or coaxial waveguides operating in the TEM mode.
For the former, acceleration gradients determined in
our analysis to date have been smaller than those for
fast wave unlined waveguides. For the latter, elemen-
tary considerations show that axicentric orbits expe-
rience acceleration to an energy no greater than the
potential drop between the inner and outer conduc-
tors. For properly phased electrons with fixed, small
off-axis displacement of guiding centers, the energy
increases with time like £3/5 in the asymptotic limit.
This is to be compared with the t3/3 scaling for the
conventional autoresonance acceleration. As a result,
consideration here will be limited to fast-wave accel-
erators for producing 20-100 MW beams in the energy
range up to 1 MeV for use in the harmonic generation
of cm-wavelength radiation to drive a next-generation
electron-positron collider. In this paper we present re-
sults from time-dependent simulation of the CARA to
illustrate the quality of the electron beam generated,
as measured by the axial velocity spread.

II. Numerical Results

The simulation results presented here are obtained
by following the motion of a group of 100 electrons
in the field of a TE;; mode in a circular waveguide
which is immersed in a guide magnetic field. The am-
plitude of the rf field is assumed to vary slowly due
to beam loading of the circuit. The guide field is ta-
pered along the z axis in order to maintain resonance,
i.e.,, Qo/7 = w(1 — nP,), where gy = |e|By/mc is the
gyrofrequency in the axial component of the guide
field By(z), e is the charge and m is the mass of an
electron, ¢ is the vacuum speed of light, v is the rela-
tivistic mass factor, 8, = v, /c is the ratio of the axial
velocity to ¢, w is the rf frequency and n = ¢/(w/k,) is
the refractive index for the waveguide mode with ax-
ial wavenumber k.. Tapering of the axial component
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of the guide field implies the presence of transverse
components since the magnetic field is solenoidal and
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
order Runge-Kutta method, using 10* mesh points.
The slow-scale spatial variation of the rf is expressed
as exp{i J; dz’[Ak(2') + iT'(2')]}, where Ak(z) is the
wavenumber shift and I'(z) is the damping rate. The
slow-scale Maxwell equations then lead to explicit ex-
pressions for Ak(z) and I'(z). The electrons enter the
waveguide as a pencil beam consisting of axicentric
orbits, but with finite emittance. The parameters for
the simulation results presented here are shown in Ta-
ble 1. The initial emittance value of 14.14 mm-mrad
is twice the ideal emittance for a 50 A beam drawn
from a 5 cm? thermionic cathode at a temperature of
0.16 eV.

Table 1
Frequency w/2x 2.85 GHz
Input Power 50 MW H
Waveguide Radius 8.824 cm ||
Refractive Index 0.937
Waveguide Length 168 cm
Initial Energy 100 keV ||
Final Energy 1 MeV ||
Current 50 A
Initial Normalised Emittance 14.14 mm-mrad u
Initial Beam Radius 0.638 mm ||
{| Final Beam Radius 2.7 cm ||
Initial Axial Velocity Spread 0.015 %
Final Axial Velocity Spread  0.11 % N
Initial Magnetic Field 0.592 kG
| Final Magnetic Field 1.45 kG |

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

The waveguide radius is chosen to be large enough
so that the refractive index is close to unity and, there-
fore, the interaction is close to autoresonance. As a
consequence the waveguide is somewhat overmoded
and supports all TE and TM modes through TM;.
However, other simulations show that CARA opera-
tion below cutoff for the TM;1 mode is also possible.
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Fig. 1: Results from numerical simulation of
CARA operating at S-band with 100 keV
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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Fig. 2: Results from numerical simulation of
CARA operating at S-band with 100 keV
initial electron energy. (a) Mean beam a.
(b) Depletion of rf power. (c) Ratio of
root-mean-square spread in axial velocity
to mean axial velocity.

Figures 1(a), (b) and (c) show the mean vy (averaged
over the ensemble of electrons), the mean gyroradius,
p = vy /Sy where v, is the transverse component
of the electron velocity, and the ratio of the gyrofre-
quency to the rf frequency, f)y/w, all as functions of
axial distance z. (In the figures, <> indicates the
average over the electron distribution.) Figure 1(a)
shows that the beam energy increases to about 1 MeV
in a distance of 168 cm. Beyond ~ 100 cm, the rise
in energy is principally directed into the transverse
component of the electron velocity. To maintain res-
onance this is accompanied by a rise in the magnetic
field which tends to reduce the axial electron veloc-
ity due to the transverse components of the magnetic
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
waveguide radius, as indicated in Fig. 1(b).

Figure 2(a) shows the increase in the mean beam
a = v) /v, as the electrons are accelerated. The accel-
eration process, of course, leads to depletion of the rf
power down the waveguide, as shown in Fig. 2(c). Fi-
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
spread in the axial velocity, which is the key figure-of-
merit in evaluating the quality of the beam for radia-
tion generation purposes, is much smaller than 1%.

III. Conclusion

We have presented some preliminary numerical re-
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-
sured by the axial velocity spread on the beam, is
consistent with the requirement for efficient genera-
tion of cm-wavelength radiation in a 5-th harmonic
converter.
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Abstract

Here, an idea of using a visible light wave to accel-
erate relativistic particles via the inverse FEL mecha-
nism is explored. A strain modulated crystal structure -
the superiattice, plays the role of a microscopic undula-
tor providing very strong ponderomotive coupling be-
tween the beam and the light wave. Purely classical
treatmeant of relativistic protons channeling through a
superiattio: is performed in a self consistent fashion in-
volving the Maxwell wave equation for the accelerating
electromagnetic field and the relativistic Boltzmann
equation for the protous. It yields the accelerating effi-
ciency in terms of the negative gain coefficient for the
amplitude of the electromagnetic wave — the rate the en-
ergy is extracted from the light by the beam. Presented
analytic formalism allows one to find the acceleration
rate in a simple closed form, which is further evaluated
for a model beam — optical cavity system to verify fea-
sibility of this scheme.

1. INTRODUCTION

The main idea of using a modulated crystal struc-
ture as an undulator is illustrated schematically in
Figure 1. A beam of relativistic particles while channel-
ing through the crystal follows well defined trajectories.
The particles are periodically accelerated perpendicular to
their flight path as they traverse the channel. The undu-
lator wavelengths typically fall in the range 50-500 A,
far shorter than those of any macroscopic undulator.

Center of the channeling trajectory in [110]
direction in a strain-modulated superlattice.

0-7803-1203-1/93503.00 © 1993 IEEE

Figure 1
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Furthermore, the clectrostatic crystal fields involve the
line averaged nuclcar field and can be two or more orders
of magnitude larger than the equivalent fields of macro-
scopic magnetic undulators. Both of these factors hold
the promise of greatly enhanced coupling between the
beam and the accelerating electromagnetic wave.

II. SUPERLATTICE CHANNELING

One can describe a high intensity proton beam in
terms of a classical distribution function, f(p, x, 0),
governed by the relativistic Boltzmann equation. The
transverse dynamics of relativistic protons propagating
in a strain modulated superlattice is modeled by a har-
monic crystal field potential! and leads to generation of
a transverse current. This couples the Viasov equation
to the Maxwell wave equation. Therefore, presented
problem reduces to a self consistent solution of the
Vlasov and the wave equations.

Collective behavior of a particle beam channcling
along the z axis can be described in terms of the rela-
tivistic Viasov equation

Sty (- A"‘)ax"‘ *

s[5 (p-2a) %s anl_ %] am=0.

Here A is a vector potential of an electromagnetic field
and ¢ is a phenomenological harmonic crystal-field po-
tential?, which describes both transverse focusing of the
beam and longitudinal modulation of the minimum of
the harmonic potential well.

@

¢ = ¢t %4»1 (x - X, cos gz)z. @

where g = 2n/(, (is the strain modulation periodicity
and x, §,, ¢, 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 = 0, and the corresponding distribution

function f = ¥ is obtained from the solution of
A gt A ] A
at +m-{ x® ap° =0 . &)

A class of solutions, {®, describing a beam with a
sharply peaked initial momentum distribution, A can be
constructed as follows

(¥ =0, 8 - x 8, - PD)AD,-p). @




where n is a concentration of particles per unit area of
the channeling plane and the steady state trajectory is
described as follows

X
@ =Tl cos @) ®)

©
© _  OX
Py =Py
Here U = glka where, k. is a focusing strength of the
crystal channel given explicitly below
2 - e¢|
N A

©

We have assumed that only the transverse component of
the A-field is present and A = A(z, t). We seek a per-
turbed solution, £, in the followmg form

" =0, 8- x) 8(p, - pP ) bz, p, .0 . D

where h describes bunching of particles due to the pres-
ence of the A-field. Substituting Eqs.(4)-(7) and (2)
into Eq.(1) leads to the following kinetic equation for b

ah _;_ah C_E_ gxl aAaA .
8t+m7&z cmy 1 &zap 3p, Singz=0.®)

The inhomogeneous term in the above equation
plays the role of a driving force representing accelera-
tion of the particles by the ponderomotive force due to
the transverse motion (induced by the crystal field) in
the presence of the A-field. The resulting transverse cur-
rent couples Eq.(8) to the following wave equation

2 2
8 1 2 )A_
_ 4rne P £
=" dpzhmy ——zU sin gz, )

—00

resulting in a closed system of equations for h and A.
Here the A-field can be identified as a sum of the
macroscopic driving field and a self consistent electro-
magnetic field propagating in the crystal structure. We
start with a single plane wave solution of arbitrary ®
and k propagaling in free space along the z axis in both
directions and use it as a 0-th order iteration step
—ion & ikz

AD=A e (10)

Putting A = A(o) (left and right propagating waves) in
Eq.(9), one can solve it analytically for h = h by
constructing a Green's function with the appropnate
boundary conditions built in it. The solutions for
A‘i’(z) can be written explicitly in terms of the Green's
iunction for the Helmholtz equation. On the other hand,

one can model the effect of coupling by adding a small
complex part ix* = a* + i* to the k-vector; here a is a
gain/loss coefficient and B describes a small shift in the
phase velocity of the optical mode. Deamplification of
the back traveling wave can be summarized by the fol-
lowing expression

-_ _ ! 2___;_ aA
O =-7n fd Q my ap Lrev7), (b
where
V- =myke/p, + k- g, 12)
ad
- ¢ 8
e ioo a3
Here,
. 2
s (B2 o

is the characteristic form occurring in diffraction theory,
with the pszincipal maximum at x = 0.

III. ACCELERATION RATE

Imposing resonant condition, v~ = 0, in Eq.(11)
fixes the wave vector of the optical mode as follows

g =mykc/p, +k (15)

One can notice that, apart from a slowly varying func-
tion Q, the remaining functions occurring in the inte-
grand in Eq.(11), namely, A and I” are sharply peaked
functions of momentum characterized by the respective

widths:
), = (D=t

Now one can compare relative sharpness of both func-
tions; A and I". Typical value of the relative momen-
tum spread is of the order of 107%. Assuming superlat-
tice modulation of SO0A and crystal length of 5 cm al-
lows one to evaluate the width of I". Both characteristic
widths can be summmarized as follows

(), (),

The integration in Eq.(11) is carried out assuming that
the sharper function, namely I, is approximated by the
8-function. This reduces the gain/loss coefficient to the
following simple cxpression

Ly r(éﬂ) as)
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The above final result will serve as a starting point for
further feasibility discussion.

IV. THREE WAVE MIXING

Spontaneous bunching of the proton beam channel-
ing through a superlattice and interacting with the elec-
tromagnetic wave results in energy flow from the wave
to the beam. This particular kind of particle density
fluctuation, h, has the form of a propagaling plane
wave of the same frequency, ©, as the emitted electro-
magnetic wave. The phase velocity of the moving
bunch matches the velocity of protons in the beam.
Therefore, the quantity Ymw/p, = k, represents the
wave vector of the propagating particle density bunch.
Keeping in mind that the periodicity of the undulator
represents a static wave with a wave vector g, and that k
is the wave vector of the electromagnetic wave, we can
analyze our results in the language of three wave mix-
ing3.

Furthermore "momentum” conservation of all three
modes yields the, v = 0 conditions. The last condition,
k, = g - k, is equivalent to a momentum "recoil” be-
tween the particle density "bunch” and the elecoromag-
netic wave (deamplification of the backward propagating
wave), where a four momentum (0, g) is transferred
from the backward propagating wave to the forward
moving proton bunch.

V. FEASIBILITY ASSESSMENT

We will discuss the feasibility of the proposed
scheme by considering (110) planar channeling in a
strain modulated Si crystal*. We write the undulator pe-
riod as {= Nd, where d = 1.92 A is the spacing between
successive lattice planes and N is the number of such
planes. The strain modulation, of course, requires a sec-
ond component, such as Ge; however, we will use the
parameters of Si for convenience.

Relativistic particles while channeling along the
path undergo transverse harmonic oscillations from the
crystal field potential, an analog of the betatron oscilla-
tions, with the characteristic frequency Wy = ed,/m.
One can see from Eq.(13) that if the angular velocity of
a particle traversing thg strain modulated path, @ =
2rv /[, approaches w /Ny (Doppler shifted betatron fre-
quency), the undulator parameter, Q, has a resonance (U
- 1), which would enormously enhance the gain/loss
coefficient. However, the excessive growth of the undu-
lator parameter would soon result in a rapid dechannel-
ing of the particles. One can see this easily if Q is
rewritten in the following form

max
v

_€ 1
Q-c v,

(19)

2589

where v, v, are transverse and longitudinal components
of the particle velocity, respectively.

For small values of y (U = 1), the following sim-
ple physical criterion allows one to estimate the maxi-
mum value of Q. Dechanneling will occur if the trans-
verse kinetic energy of the particle exceeds the binding
energy of the harmonic potential (a particle leaves the
channel). If the maximum transverse velocity of a
channeling particle is v , and a is the distance between
adjacent channels (for (110) channeling in Sia=5 A),
the above condition can be written as follows:

4, (1)2
my\2/ "’
The equality sign in Eq.(20) along with Eq.(19) fix the
maximum allowed value of the undulator parameter as

v,i2 (20)

Oy
myc \’72_1

The above expression can be evaluated for relativistic
protons channeling through our model superlattice as

Q™ =7.5x \/;;Y_—lx 102 cml? g | (22)

Now, one can evaluate Eq.(11) assuming only one pro-
ton — by assigning n to be an inverse area of the chan-
neling plane per one particle for typical values of the
beam concentration’, n = 10'® cm™2. This way a de-
scribes the rate of optical amplitude depletion per one
particle — the acceleration rate. Assuming yof 2, (=

mex_e€ 2
Q™= 5 @

500A and
(9-9) =10 @)
P/aA
yields the following value of the acceleration rate
a=353x10%cm™. 24)

The nominal acceleration efficiency in units of eV/cm

will, obviously, depend on the energy density of the ac-

tual optical cavity, which is left out for further discus-
“sion elsewhere.
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Relativistic Klystron Two-Beam Accelerator*
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Abstract

In two-beam accelerators, the reacceleration of a
modulated drive beam can enable high conversion
efficiency of electron beam energy to rf energy.
However, the stability issues involved with the
transport of high current electron beams through rf
extraction structures and induction accelerator cells are
critical. We report on theoretical studies and computer
simulations of a two-beam accelerator design using
traveling-wave extraction structures. Specific issues
addressed include regenerative and cumulative
transverse instabilities.

I. Introduction

A collaboration between the Lawrence Livermore
National Laboratory’s (LLNL) Microwave Source
Facility and the Lawrence Berkeley Laboratory’s
Collider Physics Group has been studying the feasibil-
ity of a Relativistic Klystron-Two Beam Accelerator
(RK-TBA) as a possible linear collider. In a RK-TBA,
one beam line is a high-gradient rf linac which
accelerates electrons or positrons to very high energies.
The second beam line, the subject of this paper, is an
induction linac which includes microwave generating
structures located at regular intervals along the beam
line. These structures extract energy in the form of
microwaves which are then used to drive the rf linac.
In a RK-TBA design, the microwave generating
structures are rf structures, e.g. standing-wave cavities
or traveling-wave structures (TWS). Experiments at
LLNL have shown that traveling-wave structures are
capable of producing the desired high-power micro-
wave pulses (100's MW per output).] However, these
experiments also indicated that the major difficulty in
designing a feasible RK-TBA is the transverse instabil-
ities resulting from the propagation of kiloamperes of
average current through the narrow apertures of x-band
microwave structures.© This paper addresses both ana-
lytical and numerical modeling performed to study
damping of the transverse instability in such systems.

II. Analytical Modeling

To model the RK-TBA, I have used Caporaso’s
technique? for studying the growth of transverse insta-

*The work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract W-7405-ENG-48.
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bilities in induction accelerators. The microwave
extraction cavities are treated as a continuous
distribution along the drive beam of the RK-TBA. The
transverse instability is assumed to be due to the
excitation of a single dipole resonant mode with
frequency w,. Within this frame work the asymptotic
behavior of the transverse instability can be studied
using the well-known multicavity model equations:4>

(2 003, alacwdcesy
or* Qat

aiz[v%]wkihn,

where & is the transverse displacement of the beam
centroid from the axis. A = Ap;AL;p.) is the normal-
ized z-averaged transverse angular change of the beam
centroid per unit length, L; is the cavity spacing, Ap. is
the change in transverse momentum, and p,is the
longitudinal momentum. The strength of the coupling
between the beam and the dipole field is represented
by the term G = ¢ @0 (Z.1/Q) ULg L,), where I, = mc3/e =
17 kA. For solenoidal focusing kg should be interpreted
as one half of the cyclotron wave number and § is equal
to the phasor x + iy. In the RK-TBA concept the aver-
age energy of the induction beam remains constant over
an extraction-reacceleration cycle. In the continuous
distribution approximation I will treat y as a constant.

Equations (1) and (2) can be solved by Fourier
transforming from t to ® and using the WKB method.
The transform inversion to recover § can only be done
analytically in a few special cases of initial/boundary
conditions. However, general information on the
growth of the transverse instability can be obtained if
two simplifying assumptions are made;

ks >> 03G ,
v (@3 - ? - i @0 w/g)
and the instability growth is sharply peaked near the
resonance, @ = @,. The solution can then be approxi-

mated as:
£ B0 o ibotei I k-5 g5 | - ex GQ’], 3)
2nQ 0 2vkp 2vkp

where A(w,) is determine by boundary conditions.
Equation (3) exhibits the exponential growth with
distance that is characteristic of this instability.
Phase mixed damping due to a spread in energy
across the beam can be included in the analysis by using

(1)

2)
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the techniques of hose instability theory. The beam is
divided into “beamlets” with different energies,
oscillation amplitudes, and betatron wavelengths such

that k'z. = nkﬁ, where kg is the maximum wave number,
0<sm s 1, and §, are the associated oscillation
amplitudes. The model equations are

;ia,&i'» m%)A = w3GE)/y, and
t

4)

"’2‘5" +k3.§,, = A, where (5)

®=L gn)&ndn ¥ =L‘ gn) ¥ dn, and Ll gn)dn=1.

For this analysis, let the distribution function be:
Ofor0<n<l-¢
= . 6
&) {1/efor1-e<nsl )
A dispersion relationship can be obtained from equa-
tions (4) and (5) by Fourier transforming o to tand z to k
and using the distnbutxon in equation (6):

Kk§ - K2

Y(03-o -,mom/Q kﬁw{kﬁ(l-e)-kz]' 7

I will again assume that the greatest growth in the
instability occurs when ® = @, , and then solve for k:

el gkt

where ¢ = a‘yki/(G Q). If ¢ = &, k will be a purely real
number and § will not exhibit exponential growth.

(8)

III. Numerical Modeling

The Beam Breakup (BBU) Code’ developed at
LLNL was used to numerically study the transverse
instability in a microwave generator comprised of many
equally spaced traveling-wave structures (TWS). The
BBU Code assumes a single dipole cavity mode is
dominant and the x-polarization of the electric field in
the nth cavity can be expressed as

En(F.t) = fult)En (F) €%, 9)
where &, denotes an eigenmode with eigenfrequency o,
Here ® denotes a characteristic frequency of the gener-
ator assumed near the transverse instability resonance.

It is possible to show that the excitation amplitudes f,
are governed by the following circuit equations:

2 .
é.f_;+(9& - Zio))-aﬁ-r(m?\ - w? --—"""’“)fn =
(10)
Kl,:- fn-'l + Knﬂ f +1 + m“ (J-) alx i(u"’n)’
where Q, is the quahty factor of the nth cavity, !
denotes the coupling of the n and nt1 cavities, I is the
current, x is the transverse displacement of the beam
centroid in the x direction from the center line, ¢ is a
phase advance, and Z, is the transverse impedance. A

second equation is used for the y-polarization as well
as single particle equations of motion in the x and y
directions. While equation (10) is similar to equation
(4), there are several features in the BBU Code neces-
sary for modeling a realistic structure:
a. RF structures are treated as separate entities
with specific rf properties,
b. RF structures have a finite longitudinal length,
c. Electromagnetic coupling can exist between
adjacent rf cavities (needed for TWS cells),
d. Variable current profiles can be used, and
e. Actual solenoidal fields included for focusing.
The electromagnetic coupling of cells allows the effect
of regenerative BBU to be modeled. A limitation is
that the beam is treated as a series of rigid disks.
Thus, beam parameters such as current and energy can
only be varied longitudinally.

Modeling parameters used in the simulations
presented below are given in Table 1. For some simula-
tions five different configurations of TWS’s were used.
Two configurations were modeled after TWS's tested
during the Choppertron experiments,! and a third after
a structure to be tested in the near future. The final two
configurations have rf characteristics bracketed by the
others. De-Q-ing circuits® mentioned below refer to a
technique for damping the dipole modes in TWS's used
at LLNL. TWS’s that are de-Q-ed are simulated by
reducing the Q of the first two cells to about 20. In all
the simulations the current is modulated at 11.4 GHz,
the 2r/3 longitudinal mode of the TWS’s, with each
microbunch covering 120° of phase. Beam energy is kept
constant, although it is possible to simulate energy
extraction and reacceleration with the BBU Code.

TABLE 1.
TWS Modeling Parameters in Simulations
dipole mode lower “HEM1 branch”
uency (GHz) 13.75, 13.675, 13.6, 13.525, 13.45
hase advance 142.5° per cell
cells per TWS 7
S electrical length 6.1278 cm
ell aperture (mm) 13,13.5,14,15,16
oup velocity 0.12 ¢, 0.13c, 0.14c¢, 0.15¢, 0.16¢
wall (cells) 3000 (2), 7000 (5)
ext (damped cells) 20
l/Qwa“ 18.33 Q/cell
S spacing 50 cm (center to center)
c/rf currents 650/600 amps
ulse length 110 ns (includes 5 ns ramp time)
ener 10 MeV
nitial offset 0.1 mm
lenoidal field (B;) 8 KG

Figure 1 illustrates the effect of adding de-Q-ing
circuits to the first two cells of the TWS’s. The
displacement of the beam centroid is measured midway
between TWS’s. Points are plotted whenever the
centroid displacement has doubled after passing
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through a TWS. The abrupt growth in the case of no
de-Q-ing indicates the current was above the threshold
for regenerative BBU in an individual TWS. With suf-
ficient damping, as in the de-Q-ed case, cumulative
BBU is the principle mechanism for instability growth.
Figure 2 shows the effect of varying structures along the
beam line (staggered tuning). For example the curve “5
TWS"” represents a beam line comprised of repeating
sets of five different TWS’s. Structures are de-Q-ed in
all cases. This effect is similar to lowering the Q for a
single configuratxon Fxgure 3 shows the effect of phase

E Regeneratwe BBUin
= first TWS prevents "
£ propagatnon of beam. .
E De-Q-ing prevents -
o regenerative BBU, E
A but not cumulative .
° BBU. i
g b
-} Not De-Q-ed De-Q-ed
8 A7 -t T v

0 6 8 10 12

# TWS

Figure 1. Effect of the de-Q-ing circuit.

10

ll 5TWS
(13.75 to 13.45 GHz)

¥ 4 T L3 Ll L ]
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# TWS

Figure 2. Effect of staggered tuning.
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Figure 3. Effect of phase mixing due to energy spread.
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mixed damping due to a longitudinal variation in
energy along the beam (modulated at 114 GHz). Five
different de-Q-ed TWS’s are used in all cases. Larger
spreads in gamma, Ay, would require greater resolution
(thinner current disks) for accuracy.

IV. Conclusions

It is essential to sufficiently damp the BBU
resonances within individual TWS’s to prevent the
onset of regenerative BBU. It is also necessary to limit
electromagnetic coupling between adjacent TWS’s to
avoid regenerative BBU between TWS’s. This condi-
tion was assumed in the simulations. Phase mixing is
the best means of defeating the cumulative instability,
although large energy spreads will make beam
transport more difficult. To further increase the
practical number of rf output structures in an RK-TBA, |
will examine more aggressive de-Q-ing, different TWS
geometry’s, and the use of standing-wave cavities.
Also, additional work needs to be accomplished to
determine a more realistic current density distribution
and to model two-dimensional phase mixing.
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The Standing Wave FEL/TBA: Realistic Cavity Geometry and Energy Extraction®

Jin-Soo Kim, Heino Henke(8), Andrew M. Sessler, and William M. Sharp(®)

Lawrence

University of California, Berkeley, California 94720

Abstract

A set of parameters for standing wave free electron
laser two beam accelerators (SWFEL/TBA) is evaluated for
realistic cavity geometry taking into account beam-break-up
and the sensitivity of output power to imperfections. Also
given is a power extraction system using cavity coupled wave

I. INTRODUCTION

For the next generation linear colliders, a high
gradient acceleration structure is necessary. As a possible
source of energy for such colliders, a SWFEL/TBA has been
proposed(1,2]). A schematic diagram of a FEL/TBA is shown
in Figure 1.

Reacceleration
| Wiggler I

Electron
Beam [ cavity | J
| |
== )
e+g°r e.egy | w— Connecting |
Beam rTTTTT lllw%mﬁ—rl-
—® L il i il

High Gradient Structure

Figure 1. Schematic diagram of SWFEL/TBA

There have been some parameter studies of
SWFEL/TBA parameters. Preliminary optimizations were
made for the constancy of output energy and phase with respect
to de-tuned energy for short pulse bunches[3]. The sensitivity
has been reduced further by utilizing drift tubes between the
cavities[4).

In this paper, we optimize the parameters with

* The work was supported by the Director, Office of Energy
Research, Ofiice of High Energy and Nuclear Physics, Division of
High Energy Physics, of the U. S. Department of Energy under
Contract No. DE-AC03-76SF00098.

(a) Permanent address: Technische Universitat Berlin, Institute
fur Thec:etische Electrotechnik, Einsteinufer 17, D-1000
Berlin 10, Germany.

(b) Permanent address: Lawrence Livermore National

Laboratory, University of California, Livermore, California

94550, USA.

0-7803-1203-1/93303.00 © 1993 IEEE

longer pulses (for better efficiency), with longer cavities
(for BBU considerations{5]) than previously considered, and
with realistic engineering constraints. Induction linacs have
leakage current the order of 100 A and need much higher
current than this level to be efficient. Switching time for such
a high current takes about 10 nsec and thus beam pulse lengths
significantly longer than this are needed for a good efficiency.
An output energy of about 10 J/m is desired. Reacceleration
can also not be too large, since about 30 cm long ferrite
material is needed for 0.25 MeV reacceleration. With these
constraints trangverse and longitudinal beam dynamics are
considered and lead to a set of parameters for SWFEL/TBA.

I1. BASIC MODEL

Within a cavity the particles and fields of a SWFEL
can be examined by the conventional wiggle-averaged FEL
equations[6]. Using the subscripts s for signal waves and w
for wiggler quantities, and representing the vector potential by
the usual normalized quantity a=A/(mc2/e), the equations for
particle phase, 6j, the j-th particle energy, 7, and the field
amplitude, ag, with phase, ¢, are given by the following.

dy. @ @ a2

J_ — w _ )
= s+ k== 2072 [I+ 2 ZDxawascos(t91+ dl
dy;

—L=0p ﬂfﬂas sin(9; +9), 0))

=-D, :
dz c‘yj

d(ad: ) (?2](91 aK :j

Here, 7, is the resonant beam energy, / is the average beam
current, z is the axial coordinate, s is the distance from the
leading bunch, and the jitter term Dy~1/2 . The aagle brackets
are averages over particles of a bunch. The brackets are
redundant since in our analysis we make the approximation
that only one macro particle per bunch. The shunt impedance
i then given by

R 4n

R, [;d,_u

Q VLe Li2 z (2)

where ¥ is the particle velocity, v, is the z component of the
velocity, w is the FEL mode angular frequency, V is the
volume of the cavity, and L is the length of the cavity.

Once a particle leaves a cavity, the FEL field bounces
back to the other end of the cavity as a standing wave. Thus,
the field should be updated accordingly.
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The bunches in a pulse are then considered as blocks
of 2N. Since the particles do not interact much with the
reflected waves, the first 2N bunches behave identically where
N =L/c. The next 2N bunches see the reflected field of the
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
particles, it is possible to make each 2N particles behave
identically through each cavity, thus yielding a stable high
power energy for a long device as described in Reference [4].

The output energy is then proportional to the square
of R/Q and the total charge of the pulse /Lp.

RV

W = L,)’(—) . &)
Q

The proportionality constant not shown in the above equation,

depends on the geomeltry of the cavity.

1II. GEOMETRY EFFECT

The geometry of cavities and irises affect the field
equation, the third equation of Eq.(1), through R/Q. Although
the quantity R/Q depends on the beam energy and wiggler
fields, the geometry dependence affects the FEL performance
through this quantity only. Thus, we can evaluate FEL
performance for various geometry by simply evaluating this
quantity and using the usual FEL equations.

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
equation. Therefore, the geometry effect can be easily
compensated by adjusting current, keeping I R/Q 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

so important.
IV. NUMERICAL RESULTS

Eq.(1) is advanced by the fourth order Runge-Katta
method. Assuming no slippage between particles and fields,
the field equations are evolved in z (replacing s by z). The
initial field phase was set to zero and the initial particle phase
is given as nt/3.

A typical evolution of FEL variables, in the absence
of errors, are illustrated in Figure 2. In the absence of any
errors, the dynamics of each 2N block is the same for the
cavities. Thus only the first 3 cavities are shown. The particle
lose energy (a) as it raverses a cavity while the field amplitude
increases (b). The lost energy of the particle is replenished
before entering the next cavity, thus repeating the same
motion again. In (c) particle phase, field phase, and the
ponderomotive phase are shown.

For stable FEL performance, it is important to keep
the pondromotive phase Y = 6; + @ invariant. In principle

we do not have to consider phase change of 6 and ¢
independently. However, best results are obtained by
minimizing the variation of the particle phase within a cavity,

by making the nonsinusoidal component of the particle phase
equation in Eq.(1) small. For 17.1 GHz, £,,=0.16 is good.

A set of parameters is summarized in Table 1, taking
into account BBU, beam sensitivity and engineering
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Figure 2. Particle energy (a), field energy (b), particle phase,
field phase, and the ponderomotive phase (c) of j-th particle for
the first three cavities. Drift tube regions are not shown, and
simply indicated as a vertical dotted line.
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Figure 3. Qutput energy (a) and field phase (b) versus device
length for 0% (straight line), 0.5% (dotted curve), and 1%
(solid curve) de-tune in beam energy for the parameters in
Table 1. The same quantities are shown in (c¢) anc (d) for 0%
(straight line), 2% (dotted curve), and 4% (solid curve) for
random cavity errors in R/Q.
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The bunches in a pulse are then considered as blocks
of 2N. Since the particles do not interact much with the
reflected waves, the first 2N bunches behave identically where
N =L/c. The next 2N bunches sce the reflected field of the
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
particles, it is possible to make each 2N particles behave
identically through each cavity, thus yielding a stable high
power energy for a long device as described in Reference [4].

The output energy is then proportional to the square
of R/Q and the total charge of the pulse /Lp.

RV
W, =< L,)’(—) . (&)
Q
The proportionality constant not shown in the above equation,
depends on the geometry of the cavity.

III. GEOMETRY EFFECT

The geometry of cavities and irises affect the field
equation, the third equation of Eq.(1), through R/Q. Although
the quantity R/Q depends on the beam energy and wiggler
fields, the geometry dependence affects the FEL performance
through this quantity only. Thus, we can evaluate FEL
performance for various geometry by simply evaluating this
quantity and using the usual FEL equations.

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
equation. Therefore, the geometry effect can be easily
compensated by adjusting current, keeping I R/Q 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

so important.
IV. NUMERICAL RESULTS

Eq.(1) is advanced by the fourth order Runge-Katta
method. Assuming no slippage between particles and fields,
the field equations are evolved in z (replacing s by z). The
initial field phase was set to zero and the initial particle phase
is given as ©t/3.

A typical evolution of FEL variables, in the absence
of errors, are illustrated in Figure 2. In the absence of any
errors, the dynamics of each 2N block is the same for the
cavities. Thus only the first 3 cavities are shown. The particle
lose energy (a) as it traverses a cavity while the field amplitude
increases (b). The lost energy of the particle is replenished
before entering the next cavity, thus repeating the same
motion again. In (c) particle phase, field phase, and the
ponderomotive phase are shown.

For stable FEL performance, it is important to keep

the pondromotive phase ¥/ = Gj + ¢ invariant. In principle
we do not have to consider phase change of 6 and ¢

independently. However, best results are obtained by
minimizing the variation of the particle phase within a cavity,

by making the nonsinusoidal component of the particle phase
equation in Eq.(1) small. For 17.1 GHz, k,,=0.16 is good.

A set of parameters is summarized in Table 1, taking
into account BBU, beam sensitivity and engineering

34
33&\\
32

4 D) ”

3 y /-
2 /

2 [©)

1 e¢+¢ !I
o L9

-1

T cavity’number 3

Figure 2. Particle energy (a), field energy (b), particle phase,
field phase, and the ponderomotive phase (c) of j-th particle for
the first three cavities. Drift tube regions are not shown, and
simply indicated as a vertical dotted line.
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Figure 3. Output energy (a) and field phase (b) versus device
length for 0% (straight line), 0.5% (dotted curve), and 1%
(solid curve) de-tune in beam energy for the parameters in
Table 1. The same quantities are shown in (c) and (d) for 0%
(straight line), 2% (dotted curve), and 4% (solid curve) for
random cavity errors in R/Q.
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THE ARGONNE WAKEFIELD ACCE!,ERATOR-
OVERVIEW AND STATUS

P. Schoessow, E. Chojnacki, W. Gai, C. Ho, R. Konecny,
J. Power, M. Rosing, J. Simpson
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Abstract

The Argonne Wakefield Accelerator (AWA) is a new facility
for advanced accelerator research, with a particular emphasis on
studies of high gradient (~100 MeV/m) wakefield acceleration.
A novel high current short pulse L-Band photocathode gun and
preaccelerator will provide 100 nC electron bunches at 20 MeV
to be used as a drive beam, while a second high brightness gun
will be used to generate a S MeV witness beam for wakefield
measurements. We will present an overview of the various
AWA gystems, the status of coaostruction, and initial
commissioning results.

Introduction

The goal of the AWA program is to develop wakefield based
high gradient acceleration techniques for future linear colliders.
In the process of developing the drive beam previously
unexplored regimes of rf photocathode source operation will be
investigated.

The AWA project is planned as a series of phases, leading up
to a 1 GeV demonstration linac based on wakefield technology.
Phase I of the AWA is presently nearing completion, and
consists of an L-band 20 MeV drive linac and photocathode
source capable of delivering 100 nC, 20 ps (FWHM) pulses, a
5 MeV high brightness photocathode gun to provide a witness
beam as a probe of wakefields generated by the drive beam,
and associated instrumentation for beam monitoring and
wakefield measurements. A plan view of AWA Phase I is
shown in figure 1. Additional details of the various AWA
subsystems may be found in other papers at this conference
((1-4D.

High Current Photocathode Source and Drive Linac

At the core of the AWA is a laser photocathode source, capable
of delivering 2 MeV, 100 oC electron bunches to the drive
linac. The source represents a significant extension of present
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 beam
dynamics simulations may be found in reference [5).

*Work supported by U.S. Department of Energy, Division of
High Energy Physics, Contract W-31-109-ENG-38

0-7803-1203-1/93503.00 © 1993 IEEE
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Figure 1. Plan view of AWA Phase [

In order to minimize radial space charge forces during the
photoemission process, a large photocathode (2 cm
diameter) is used. In addition, a curvature of the laser
wavefront is induced using special optics [1). Simulations
indicate an optimal shape for the laser wavefront to be
concave (electrons farther out in radius are emitted first),
with a sagitta of 17 ps.

There is a strong correlation between the radial position and
energy of the electron pulse emitted from the gun. In order
to minimize the spot size at the exit of the drive linac,
solenoids employing nonlinear focussing (spberical
aberration) were designed. The shape of the magnetic field
can be modified if necessary by changing the iron pole
pieces.

Two standing wave iris-loaded cavities are used to
accelerate the drive beam to 20 MeV [3]. In order to
minimize wakefield effects in the linac, large diameter (10
cm) irises are used. The drive linac is shown in figure 2.

Witness gun and wakefield measurement system

The witness gun [4] is used to generate a low current, small
emittance pulse which acts as a probe of wakefields
generated by the drive bunch. A 6-cell iris-loaded L-band

cavity operating in the 27t/3 mode produces 0.1 nC, 5

MeV bunches with a transverse emittance
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Figure 2. Drive linac. A: Photocathode gun, B: Noalinear focussing solencids, C: Linac cavities, D: Laser injection port. The
bucking solenoid which nulls the magnetic field at the photocathode is not shown.

€ 1 ® mm-mrad. The delay between the witness and drive
bunches is adjusted by varying the witness gun rf and laser
injection phases simultaneously.

A simple chicane is used to transport the drive and witness
bunches through the test section containing the wakefield device
under measurement. For the initial experiments the drive and
witness beams will pass collinearly through the test section.
Measurements requiring pouncollinear (parallel) drive and
witness bunches, such as those involving wakefield transformer
structures (see below) are possible with a slight reconfiguration
of the beamline.

Afier passing through the test section, the beams are diagnosed
using a magnetic spectrometer. A typical wakefield experiment
involves measuring the epergy modulation and transverse
deflection of the witness bunch as a function of the relative
drive-witness delay.

Laser

The AWA laser system is used for both drive and witness beam
generation. The laser can produce 8 mJ, 2 ps pulses at 2438
nm. This is sufficient to permit the use of robust but low
quantum efficiency photocathode materials such as Yttrium or

Copper.

An annular mirror array [1] is used to introduce a curvature of
the laser wavefront for drive beam generation. The laser pulse
delivered to the witness gun is not shaped.

Diagnostics

The AWA will make extensive use of luminescent screen beam
position monitors viewed by CCTV cameras. The video signal
can be digitized for analysis and storage [2). Button pickups
for nondestructive moaitoring will be located at various places
around the AWA beamlines.

Gas Cherenkov cells are used to diagnose the pulse length of
the 20 MeV drive beam. The duration of the Cherenkov light
flash can be measured by the streak camera with a 2 ps
resolution.

Diagnosing the 2 MeV high current source presents special
problems. The transverse bunch shape can be measured
using a luminescent screen, but the bunch energy is too low
for gas Cherenkov cells to be used as loogitudinal
diagoostics. Muitiple scattering effects in general limit the
utility of higher refractive index radiators.

A diagnostic to measure the shape of the leading edge of the
drive bunch at the gun exit is under development and is
shown schematically in fig 3. A series of quartz beads are
strung on a thin tungsten wire. Cherenkov light generated
by the beam impinging on the bead array is transported to
the streak camera. Because of multiple scattering and
multiple reflection effects the streak length gives only an
upper limit on bunch length at that point. However, the
start of each streak gives the time of arrival of the leading
edge of the bunch at the corresponding bead.

(r:urvedelecmbmch (V)]
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Figure 3. Bead array diagnostic for measuring the shape of
the electron pulse emitted from the sf gun.

Experimental program

The generation of 20 ps, 100 nC electron bunches from the
drive linac is in itself an important experiment. Of
particular interest is the characterization of the drive gun

2597




and comparison of measured beam parameters with the
predictions of the codes used for the design simulations.

The first wakefield experiments will concentrate on the study of
breakdown, charging and radiation damage effects in high
gradient collinear dielectric structures. These issues will need
to be resolved for any practical dielectric-based wakefield
accelerator.

The noncollinear drive-witness configuration will be used to
investigate wakefield transformer schemes which offer the
potential of generating high accelerating gradients without the
stringent injection tolerances required by collinear geometries
to suppress single bunch beam breakup effects. One particular
class of devices being developed by the AWA group are
coupled wake tube structures [6]. The wake generated by the
drive bunch in a dielectic loaded guide is transferred via quarter
wave matching section to a smaller bore accelerating structure.
Figure 4 shows a numerical calculation of the gradient step up
for a particular geometry as a function of matching section
length, demonstrating that the expected transfer efficiency can
be attained. Note that the optimum matching section length is,
as expected, slightly less than A/4 due to end effects.
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Figure 4. Numerical simulation of gradient step up as a function
of matching section length for a 20 GHz coupled wake tube
transformer. 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 (7). In this regime all electrons
are ejected from the plasma behind the drive bunch, resulting
in extraordinary gradients. The plasma wakefield experiment
planned at the AWA is predicted to generate gradients of 1
GeV/m.

Status and Commissioning

The drive linac components have been fabricated and
assembled, and witness gun fabrication is underway. After
a setback due to the default of the vendor, the 1f system is
nearing completion, and cavity conditioning in expected to
begin this summer. Commissioning of Phase I of the AWA
will be completed by the end of CY1993.
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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

Abstract

A fully self-consistent theory of ferromagnetic
waveguide accelerators driven by a relativistic electron beam
is developed. The theoretical analysis is based on Faraday's
law, which provides a second-order partial-differential
equation of the azimuthal magnetic field, under the assumption
that pe¢ >> 1. Here yu and ¢ are the permeability and
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).

I. INTRODUCTION

An induced electric field appears whenever the
magnetic field changes in time. This induced electric field is
an excellent means for charged particle acceleration. One of
the most advanced devices for intense electron beam
accelerators is the induction linear accelerator (Linac),! where
each module of many local accelerators applies its electric
field to a cluster of traveling electrons. The electric field of
each local accelerator in Linac originates from the time
varying magnetic field, which is excited by an electrical
current carried by a wire. In recent years, there has been a
strong progress in the high-current electron-beam technology.
Electron beams with an energy of 10 MeV and a current of 10
KA are easily available in the present technology. In addition,
a tremendous improvement has been made in the effective
control of these electron beams, including the focus,
modulation, and a timely termination of the beam current.
Thus, the electron beam itself is used as a drive current in the
wakeﬁeld accelerators, where a short and intense bunch of
rsses through a plasma 24 or dielectric
wavegmde g behind intense electromagnetic field.
The axial component oftlns electromagnetic field accelerates
charged particles in the witness beam, which follows the drive
electron beam. Based on the transverse magnetic (TM)
waveguide modes, a preliminary theory®:” has been developed
to estimate the acceleration field, which is the fundamental-
radial mode in most cases. However, in reality, the
acceleration field is a sum of the whole radial modes, which
is a complicated function of various physical parameters,
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including the geometric configuration, the material properties
of the waveguide, and so on. In addition, evolution of the
acceleration field in time is again a sum of the every radial-
mode evolution. In this regard, we develop a fully self-
consistent theory of the wakefield accelerators, which consists
of a waveguide with a ferromagnetic material.

MAGNETIC RELD-ENERGY STORAGE:

HIGH-PERMEABILITY LOW-CONDUCTIVITY

MATERIAL /

ELECTRON BEAM
Fig. 1. Ferromagnetic waveguide accelerators.

H. BASIC ASSUMPTIONS

The theoretical mode! is based on the induced electric
field due to decay of the field energy stored in an emergy
storage device. As shown in Fig. 1, we assume that an
electron beam with current I(t) propagates through a hole with
radius of R, in the field-energy storage with radius of R,.
Note that the electron-beam curreat I(t) carries both charge
and current, which store the electric- and magnetic-field
energies in the energy storage device. The line charge density
A(t) carried by the current I(t) is given by A(t) = I(t)/Bc,
where fc is the beam velocity and c is the speed of light in
vacuum. In the subsequent analysis, a polar coordinate
system is introduced with the z-axis along the axis of
symmetry, r represents the radial distance from the axis and
0 is the polar angle. The system is azimuthally symmetric
around the axis. Due to a slowly changing current I(t), the
azimuthal magnetic field By in the energy storage material is
given by

B4 - 2400, m
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where i is the permesbility of the energy storage material.
Similarly, the radial electric field E, in the range of r

satisfying R, < r < R; is given by

- 20
E(r9 prowy @
where ¢ is the dielectric constant of the energy storage
material. mﬁeldenagyamcmedwithﬂwmgmdcmd
electric fields in Eqs. (1) and (2) is stored in the emergy
storage material,

We note from Eqs. (1) and (2) that the induced
electric field due to the radial electric field E, is negligible in
comparison with that due to the azimuthal magnetic field By
for the energy storage material with ep > > 1, which is
common in preseant applications. In this context, in the
subsequent analysis, we use the relation

) 10
‘55:('-1) - :;Bo(’-‘) &)

in evaluation of the induced electric field resulted from a fast-
changing drive current.

1. ACCELERATING FIELD FOR DRIVE-BEAM K(t)

As shown in Eq. (3), the induced electric field
increases drastically as the drive curreat decreases quickly.
Remember that a high induced electric field is needed for
efficient acceleration of charged particles. When the drive
current changes quickly, the induced electric field must be
determined in a self-consistent manner. Ampere's law in the
Maxwell equation is written as

viB- E%z Sz, @
c &

4

where B is the magnetic field, E is the electric field, and the
total curreat density Jp represeats both the steady-state beam
current and the induced curreat J;;. Assuming that the
conductivity of the energy storage material is o, the induced
current deasity is expressed as J,, = oB. Making use of
Faraday's law, the curl of Eq. (4) is expressed as

2¢8)1- —Ean. 23:23‘ 0, ®

arrar

intheuongedevwedeﬁnedbythenngeofruﬁsfyingkl
< r < R,. In obtaining Eq. (5), we have neglected the term
(1aP)By = /B2 Pad) )Bg, which is much less than
the term proportional to pe in Eq. (5) provided pe >> 1.

The solution of Eq. (8) is expressed as

By(r) = [ dka,J, (kryexp(-2,9), ©

whers J;(x) is the Bessel function of the first kind of order
one and Ay is the generalized frequency. Substituting Eq. (6)
into Eq. (5) and defining

2 2 2
Y.-m ¢.-jwk- __4‘0 -5’_‘_'(’)

e ¢ pe

we find that the generalized frequency Ay is expressed as
lt-yk-iﬂr (8)

Defining the critical wave number kg by

- 2% |p )
- 2202

we can express the time profile of the solution in Eq. (6) by

oxp(a,n), 0 <k <k,
q{) - oxp(-1,9 - oxp("u‘)'g cos(o ) k> Ky
(10)

which satisfies the initial and final conditions, q(t=0) =
and qu(t=w) = 0. Substituting Eq. (10) into Eq. (), the
desired solution is expressed as

By(rd) = [ dka (k) g ). an

We now calculate the magnetic field Bg(r,t) driven
by the curreat I(t) = I(t')U(t-t'), where U(x) is the Heaviside
step function defined by U(x) = 1 for x > 0 and 0,
otherwise. It is obvious that By = 0 for t < t' by the
causality. The magnetic field at the time t > t' is expressed
as

50 - 228D upen, o)r-R)) + [} koS )01

12

where the first term in the right-hand side represents the
steady-state solution and the second term represeats the time-
transient solution. Note that the time-transient solution in Eq.
(12) vanishes at the time t <~ =, In obtasining Eq. (12), we
have neglected the steady-state solution outside of the energy
storage material, assuming that the magnetic permeability of
the material is much higher than unity (g > > 1).

2600




Making use of the initial condition qu(t-t') = 1 att
= t', we obtain

2050) opiRy-re-R)) + [ oy tr) - 0, (019

from Eq. (12). Multiplying Eq. (13) by J,(k'r) and making
use of the orthogonality of the Bessel function

fo “xdxJ,(nx)Jy(Ex) - —Gz;!l)-. (19

o - 2 gny - spry, 09

where Jo(x) is the Bessel function of the first kind of order
zero.  Substituting Eq. (15) into Eq. (12), the magnetic field
at the time t > t' is therefore expressed as
20y . 200 (-
Lxe) + L Carugery
- JolkR)J, (k) g (e-7),

forR{ <r < R,.

Byrd) - -

It is necessary to evaluate the magnetic field due to
the drive beam pulse defined by I(t) = It )U[(t' + At’~t)(t-t")]
with the pulse length At'. Paralleling the derivation of Eq.
(16), the magnetic field at the time t > t'+At’ is given by

a8rd) - - 265 [“arpy,my
a7

- Jo(kk,)u,(b)(%q.w.

which is the magnetic field contributed by a segment At' of
the drive beam current I(t'). In obtaining Eq. (17), we have

assumed that the pulse length At' is very small. Integrating
Eq. (17) over the time t', we can show that the magnetic field
Bg(r,t) due to a continuous drive beam is expressed as

B(rd - -2 L@y - 1R o)
(18)

'I_:d"’(") T:'; Ql(t "I) 4

which determines the magnetic field in the storage material for
an arbitrary time profile of the drive beam current I(t').

The induced axial-electric field E, is proportional to

the time derivative of the azimuthal magnetic field as shown
in Eq. (3). Substituting Eq. (18) into Eq. (3) gives

2EL4 - - 24 [T ayer) - 1R )L ) -

f a/(——)—q.(v-r')

where use has been made of the relation (d/k)q, = -
(3/x')qy. Neglecting the azimuthal magnetic field outside
the energy storage material (r > R;), we approximate the
boundary condition of the axial electric field by E (r,t) = 0
at r = R,. Integrating Eq. (19) over the radius r, the axial
electric field in the energy storage material (R; < r < Rj) is
given by

Erd - -2 [~ L U0R) - LRI ER
@
- Tl a’(%)-gm-r').

Because we neglect the axial electric field due to the
azimuthal magnetic field in the hole (r < R|), the axial
electric field E,, which accelerates the charged particles at the
axis, is approximately given by the electric field at r = R,.
Equation (20), together with Eq. (18), is one of the main
results of this article and can be used to determine the
acceleration gradient for a broad range of physical parameters,
including properties of the energy storage material, geometric
configuration of the system, species of the charged particles,
and intensity of the drive-beam current. Specific examples of
application of Eq. (20) will be presented in the following
papers.
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Wakefield Accelerator Driven by a Relativistic Electron Beam
in a Ferromagnetic Waveguide

Han S. Uhm
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Silver Spring, Maryland 20903-5640

Abstract

~ A novel high-gradient wakefield accelerator is
preseated in which the drive-beam current lesves behind a
high-gradient wakefield, accelerating the witness beam to very
high energy. The theoretical analysis is based on Faraday's
law, which provides a second-order partial-differential
equation of the azimuthal magnetic field, under the assumption
that ge > > 1. The accelerating field can be more than one
haif of one gigavolt/meter in an appropriste choice of system
parameters.

I. INTRODUCTION

In recent years, there has been a strong progress in
the high-current electron-beam technology. Electron beams
with an energy of 10 MeV and a current of 10 kA are easily
available in the present technology. In addition, & tremendous
improvement has been made in the effective control of these
electron beams, including the focus, modulation, and a timely
termination of the beam curreat. Thus, the electron beam
itself is used as a drive current in the wakefield accelerators,
whaeashmtmdmtenuhmchofdw&oumﬂ:rwgh

aphsuul':’ordnelecmcwavegmdc leaving behind intense -

electromagnetic field. The axial component of this
electromagnetic field accelerates charged particles in the
witness beam, which follows the drive electron beam. Based
on the transverse magnetic (TM) waveguide modes, a
prelimmrytheory’6mad|elecu1cwegundeweclmtorhas
been developed to estimate the acceleration field, which is the
fundaméntal-radial mode in most cases. However, in reality,
the acceleration field is & sum of the whole radial modes,
which is a complicated function of various physical
parameters, including the geometric coafiguration, the
mwterisl properties of the waveguide, and so on. In addition,
evolution of the acceleration field in time is again & sum of
the every radial-mode evolution. In this regard, I develop a
fully self-cousistent theory of the wakefield accelerators,
which consists of a waveguide with a ferromagnetic material.
As will be seen later, the accelerating field is proportional to
the square root of the parameter p/e, where p and ¢ are the
permeability and dielectric constant of the waveguide material.
The higher the permeability, the higher the accelerating field.

This work was supported by the Independent Research Fund at the
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II. WAKEFIELD FOR THE ACCELERATION

The theoretical model is based on the induced electric
field due to decay of the field energy stored in an energy
storage device. We assume that an electron beam with
current I(t) propagates through a hole with radius R, in the
field-eacrgy storage with radius of R,. The energy storage
device is a waveguide with a ferromagnetic material.
Wheaever the drive-beam current I(t) decreases, the induced
electric field E,(r,t) appears in the system. The induced axial-
electric field E, is calculated from the Faraday's law and
given by

E(R,6) = - 2B [7.2K (5, (kR,) - T (kR

fld

t’ dr - _cl '
(2L 2 qu(e-eh

(1)

where Jo(x) is the Bessel function of the first kind of order
zero,

(- 2’"’ t) cos (—=E ¢)

(t) - e
(t) Xp ﬁ'?

(2)

is the time function and o is the residual conductivity in the
material although it is very small (zero in a practical sense).
Substituting Eq. (2) into Eq. (1) and carrying out partisi
integrations in time and radial coordinate, 1 obtain the
accelerating field

E,(t) c‘/-l“- f_.dc’( dt,)fo dk [J, (kR,)
- J, 2gin[cle=t) 4,
o (kR,) 128in| — ]

3)

where the abbreviation E,(t) represents E,(0,t). In obtaining
Eq. (3), I have neglected the terms proportional to the residual
condactivity o.

For convenience in the subsequent analysis, the
normalized times ¢, and t, are defined by

c(t-t)) ,
2R, Vi€

- cle-th

' 2R /E€’

4)

2602




where we note that t; = Ryty/R,. For R; >> Ry, the
normalized time +, is much longer than the time t,. Making
use of Bq. (4), we can rewrite Eq. (3) by

"m"—c%,'vll: [_:dt’(%) [ et

‘[sin(2%,x) + %sin(Zt,X) (-]

- 2;:‘ J"?‘ZQR‘) sin(2c,x)].
0

In the remain_or of this article, the analysis is restricted to the
case when the inner radius R, of the energy storage device is
much less than the outer radius R,, i.e., R; << R,. In this
limit, we note several points from Eqs. (4) and (5). First, the
term proportional to sin(2t,x) in the integrand in Eq. (5)
dominates. The corrections associated with other terms are of
the order (R;/Ry)!/2 or less. Second, the peak values of the
integration over the variable x in Eq. (5) occur around the
time t satisfying t, ~1,12-1mdt2-(RlIR2)1’2.which
correspond to the contributions from the terms proportional to
sin(2tx), (Ry/R,)sin(2t,x) and Jo(R;x/R;), respectively, in
the right-hand side of Eq. (5). In the early stage, the term
proportional to sin(2t,x) dominates. In this regard, we keep
the term proportional to sin(2tx) in Eq. (5), neglecting other
terms. If needed, the corrections associated with other terms
can be calculated in a straightforward manner.

The integration over the variable x is carried out by

making use of the integral’
K(f;)l
:!:dxdf(x) 8in(2¢,x) -{ 1

1
?;K( tl)' f1>10

T, <1,

(6)

where K(x) is the elliptical function of the first kind defined
by

K(x)-—g-[1+(%)’x’+(;—3)’x‘+-"] N

After carrying out a straightforward calculation, I show that
the acceleration field E, in Eq. (5) is approximated by

--_2 ‘de’ (9L
B ) - - 2 [E [ fae (4L,

-[K(t) U(1-1,) + L x(L)U(e,-1)],
T3 %,

®)

where U(x) is the Heaviside step function. Equation (8) can
be used to calculate the acceleration-gradieat field for a broad
range of system parameters, where the drive current changes
fast. Note that the drive-beam current I(t) in Eq. (8) is not
specified yet. :

In order to investigate the long pulse-driven
accelerator, we consider the drive current defined by

I, £<o0,
I(e) ={r,(1 - A—‘t), octcAat, (9)
0, t>At,

where the parameter At is the termination time of the drive
beam current. In reality, the drive-beam current I(t) at t <
0 increases very slowly to L, at t = 0. Thus, Eq. (9) is a
good approximation. Substituting Eq. (9) into Eq. (8), and
making use of the definitions in Eq. (4) and

ct cAt

- . g} 10
2R e’ | Zryme’ 19
the acceleration field can be expressed as
27T
E,(t) = ——-—t&'c@q(t). 1)

where the function q(t) for the drive current in Eq. (9) is
defined by

) --% [[ar'uin-+) [K(z,) O(1-5,)

1 1 _ (12)
+‘—IIK(‘!—1) U(“; 1)],

and t' = T - 7.

Figure 1 preseats plots of the function q(z) versus
the normalized time t obtained from Eq. (12) for n = 0.05
(solid line), 0.1 (broken line), 0.2 (dotted line), and 0.4 (thin
broken line). Several points are noteworthy in Fig. 1. First,
the shorter the normalized termination time the higher the
pesk value of the function . Second, the peak value of the
function q(t) is about 2.5 even for a relatively slow
termination time. This peak value occurs at ¢ ~ 1. Third,
the function q(t) is always positive for the choice of the drive
current in Eq. (9). Fourth, the value of the function q in the
range of t satisfying 0 < v < n increases linearly with time
€. As we note from Eq. (9), the drive current decreases
linearly to 2ero in this range of t. Because the q value of
this tail portion of the drive beam increases with time, the
termination slope stiffens further. This mechanism may
decrease the normalized termination time v as time goes by.
Finally, we emphasize that the time duration of the high
acceleration field is quite broad. This property is important
for a long witness beam. In the limit when the normalized
termination time n is much less than unity, i.e., n << 1,
Eq. (12) is approximated by
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Ty ¢
x(—z‘) "‘To 0<t<,
X(f--g')l

qft) = 1 2
1.‘*?1“(';") ¢ 1<x<1en,

n<ecl,
(13)

%m(%), T>1+,

which agrees reasonably well with the numerical result in Fig.
1 even for g = 0.4.

35

3.01

(v

0§ 10 _ 15 20 25
Fig. 1. Plots of the function q(t) versus the normalized time
t obtained from Eq. (12) for n = 0.05 (solid line), 0.1

(broken line), 0.2 (dotted line), and 0.4 (thin broken line).

As an example, 1 assume that the current termination
parameter is equal to n = 0.05, for which the peak value of
the function q is 3.2 and the accelerating field is given by

Assuming that the drive current I, = 20 kA, the hole radius
R; = 0.4 cm and p/e = 4, we find from Eq. (14) that the
accelerating field is given by E;, = 0.6 gigavolt/meter, which
is very encouraging number. The cusrent termination
parameter v = 0.05 corresponds to the real termination time
of At = 2.6 picosecond for pe = 4. As shown in Eq. (9),
the risetime of the drive-beam current must be considerably
longer than the termination time. The risetime of 26
picosecond may be enough for present example. The
accelerating field in Eq. (14) for a ferromagnetic waveguide
is six times of that in a dielectric waveguide” for similar
system parameters. | remind the reader that the whole pulse
length in the example is less than 1 cm, thereby practically
indicating that the drive beam is an intense bunch of electrons.
The total charge of the drive-beam current in the example is

(14)

less than 300 nanocoulomb. Tailoring the beam puise as
mentioned above is very important to achieve a high
sccelerating gradieat. Obviously, the wakefield accelerator in
s ferromagnetic waveguide has a great potential for high
gradient acceleration of electrons.

In order to achieve the high accelerstion field, we
must overcome two technical problems. First, the magnetic
field in the energy storage material is limited by the saturation
field B, which is expressed as
21,

R, (15)

B, -

Once the magnetic field in the storage material is saturated by
the drive current I, any additional increase of the current

does not help much. Eliminating the current L, in favor of
the saturation field B,, we rewrite Eq. (14) as
B
E, - =<, 16

for the saturation current satisfying Eq. (15). Equation (16)
clearly indicates that acceleration field is linearly proportional
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
be on the order of nanosecond or less. A sub-nanosecond
reversal time has been accomplished several decades ago for
a small amount of high-permeability materials with p of 100
or more.8 However, the wakefield accelerator for a high-
current beam requires a bulk storage material. Estabiishing
8 short reversal time of the magnetization in & bulk material
may require further research on the material science.
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Abstract

A novel high-gradient magnetic field-decay
accelerator is preseated in which the drive-beam leaves behind
a high-gradient accelerating field produced by the magnetic
field decay. The electromagnetic fields indicate a decaying
function of the time. As an example, we obtain the
acceleration field for the case of a short and intense drive
bunch, which is represented by a parabolic function of time.
With appropriate physical parameters, the acceleration
gradient of the magnetic field-decay accelerator can be easily
more than 150 megavolt/meter.

I. INTRODUCTION

In recent years, there has been a strong progress in
the high-current electron-beam technology. Electron beams
with an energy of 10 MeV and a current of 10 kA are easily
available in the present technology. In addition, a tremendous
improvement has been made in the effective control of these
electron beams, including the focus, modulation, and a timely
termination of the beam current. Thus, the electron beam
itself is used as a drive current in accelerators. In this
presentation, we study the acceleration mechanism based on
the magnetic field decay.! The magnetic field energy is
stored in a high-permeability material by a continuous beam
current. If the current drops abruptly, the magnetic field
stored in the material decays, thereby generating an
acceleration electric field. Physics of the accelerating field
arising from the finite conductivity waveguide is very similar
to that of the longitudinal resistive wall instability>~> which
has been investigated for application to circular accelerators.
In this preseatation, a theory of the magnetic field diffusion is
developed, in order to estimate the acceleration gradient
whenever the sustaining beam current drops. As an example,
we obtain the acceleration field for the case of a short and
intense drive bunch, which is represented by a parabolic
function of time. The acceleration field is given by E;, =
150 MV/m, for the waveguide hole radius of R; = 0.5 cm6
the saturation magnetic field B, = 15 kG, and At = 10!
second. Assuming that the parameter po = 80 siemens/m,
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the required drive current for the saturation field is given by
sl = 660 kA, which is equivalent to I, = 660 A for p =
1000. The total charge of this drive beam pulse is Q = 85
nanocoulomb for I, = 660 A.

II. EVALUATION OF ACCELERATING FIELD

The theoretical model is based on the induced electric
field due to decay of the field energy stored in an energy
storage device. We assume that an electron beam with
current I(t) propagates through a hole with radius of R, in the
field-energy storage with radius of R,. If the current drops
abruptly, the magnetic field stored in the material decays,
thereby generating an acceleration electric field

2p r-dk
E(R = - =5 [T5 VolkRy) - JeR)F o

|f* a4y 2 g t-o),
I (2 o)
where the time function gy (x) is defined by

ailt-#) - opl- X g, @
nop

4

and o and p are the conductivity and magnetic permeability
of the energy storage material. Substituting Eq. (2) into Egq.
(1), we show that the acceleration electric field E, is
expressed as

EQ) - - 5o [ a3 [T ke
3)

- ek )Porpl- S5

For convenience in the subsequent analysis, we define
the normalized times { and {' by
2 c2

JERELAL
2‘!0pr

C - 2 »
2xouR}

@
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Making use of Eq. (4), Eq. (3) is rewritten as

Bl - - —— L_a'( ) [, dxxUolxRyR,)
®
- Jocxn'om-ﬁ;—"lxﬂ.

The integration over the variable x is carried out by making
use of the in

[ xdxexp(-p*xW, (wx)(B2)
] atap? ()
- 2pzoxp( )1,(

of the Bessel functions. The accelerating field in Eq. (5) is
expressed as

E.(r)--z; < [£a S btk
+ oxp(- :Cf, ‘:cﬁ )
2 opt VR 1 Ry,
where 8{ = { - {'.

The contribution of the second and third terms in the
square bracket in the right-hand side of Eq. (7) is less than 20
percent if the parameter Ry/R is larger than five in practical
applications. Thus, we neglect these terms and Eq. (7) is
simplified to

E()-- 31c-)1o(5l()l- ®

1 t ., dl, 1
dt(==)—
2mm‘,f_ o

Recognizing the approximation
Tep- Dyl -

©)
,/ﬁ

for the variable x satisfying x < 10, we can further simplify
the acceleration field in Eq. (8) by

d((

1 4
10
(23)”0&2'[ "¢ d(' o

E() - -

which is one of the main result in this section and can be used
to calculate the accelerating field for a broad range of system
parameters. Note that the drive current I(t) in Eq. (10) is not
specified yet. 1 remind the reader that Eq. (10) is valid for {
- {' < 10. This requires that the observation time { must be
close to the time (', at which the maximum current-change
occurs. As will be seen later, the peak acceleration field
occurs right after the maximum current decrease. Therefore,
the restriction { - {* < 10 is well justified. Similarly, the
azimuthal mgneuc field at r = R, is obtained from Bg(R,t)
= <(3/0r)A,(r,t) and given by

b f‘ “ 0.

By(R\\{) - (1)

2v/5—

which will be used to estimate the magnetic field at r = R
only for a fast-changing drive current.

As an example, we consider the case when the drive
electron beam has a very short pulse with the pulse profile
defined by

- . 12
I - L A F)U(At’ ), (12)

where At is a constant related to the beam pulse and U(x) is
the Heaviside step function. Substituting Eq. (12) into Eq.
(11) and carrying out the integration over the time t', we
obtain the acceleration field

2 gl 0

Ed - 3ncR,

where the function q(u) is defined by
) {\/u+1(2u-1), “1<uc<i,
qu) =
Vu+1(2u-1)-Vu-1(2u+1), u > 1.

Shown in Fig. 1 is plot of the function q(u) versus the
normalized time u obtained from Eq. (14). Value of the
function q at early stage of the drive-beam pulse is negative,
indicating that the drive beam transfers its kinetic energy into
the field energy in the energy storage device. This large
negative value of the function q inside the drive pulse
decelerates the beam itself quickly. In this regard, the pulse
profile in Eq. (12) is not appropriate for efficient acceleration
of the witness beam. The negative value of q(u) in the pulse
must be minimized by a gradual increase of the drive-beam
current. However, this simple profile is good for the
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 fromu = - 0.5to 1. By

a9
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self-evolution, this portion of the drive pulse will stiffen the
termination slope of the current, eventually increasing the
peak value of the function q. The peak value of the function
q(u) occurs at u = 1, where the drive pulse ends. Electrons
trailing the drive beam get their maximum energy gain. In
reality, the peak value of the function g measured at the axis
occurs little later than u = 1 because there is a traveling time
of the acceleration field fromr = R, tor = 0. Eq. (14) (or
Fig. 1) exhibits that there is no negative value of g(u) outside
the drive beam pulse (u > 1). In this regard, this system is
not useful for acceleration of positrons. The positive peak
value is about q(u=1) = 1.5. Therefore, the maximum
acceleration field is given by

(15)

E, - L |
®cR,

from Eq. (13).
20
1.5
1.0
0.5
0.0

05

1o

q(u)

-1.5

0 05 00 05 10 15 20

u
Fig. 1. Plot of the function q(u) versus the normalized time u
obtained from Eq. (14) for the drive current profile in Eq.
(12).

It is important to determine the magnetic field at r =
R; because the field there must be less than the saturation
value B,. Substituting Eq. (12) into Eq. (11) and carrying out
a straightforward calculation, we obtain

21 At
- ), (16)
By(Ry.1) 15xR 8( )
where the function g(u) is defined by
an

gw) = Ju+ 13 + u - 243,

The magnetic field increases from zero and reaches its peak
value of 3.67 at u = 0.5 and decreases as the time progresses
from the head of the beam to infinity. Making use of this
peak value, we can approximately relate the drive current to
the saturation field by

1At

B
21|'.R,2

(18)

Eliminating the beam current in favor of the saturation field
B,, the maximum acceleration field is expressed as

E, - __251.3 19)

which is remarkably proportional to the hole radius R;. For
specified saturation field and pulse length, the acceleration
field increases linearly as the hole radius increases.

As an example, we consider the case of R; = 0.5
cm.thesammlonmngnehcﬁeldB = 15 kG, andAt =
10'10 second. The acceleration ﬁeldforthesepanmetmns
given by E,| = 150 MV/m obtained from Eq.(19). Assuming
that the parameter po = 80 siemens/m, the required drive
current for the saturation field is given by pl,, = 660 kA,
which is equivalent to I, = 660 A for p = 1000. The total
charge of this drive beam pulse is Q = 85 nanocoulomb for
L, = 660 A. Therefore, the acceleration field per unit charge
for these parameters is given by E,/Q = 1.8 MV/m/nC,
which is similar to the result obtained from the wakefield
accelerator study for similar physical parameters.

A high-current relativistic electron beam with
relatively low energy propagates through a hole bored along
the field storage device. Obviously, there should be a
physical mechanism to maintain an equilibrium condition of
the beam, The axial magnetic field is an excellent means to
hold the beam electrons together. However, in this case, the
magnetic field may not penetrate well through the high-
permeability material. Wethusgroposetousetheion—
focused-regime (IFR) propagation” of the electron beam.
When a relativistic electron beam propagates through a
preionized channel, channel electrons are expelled by the
electrostatic force generated by the head of the beam, leaving
an ion channel behind. This ion channel partially neutralizes
the space charge field of the electron beam, thereby permitting
a focused beam. The IFR propagation of a relativistic
electron beam has been well demonstrated.
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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 Andrew M. Sessler
Accelerator and Fusion Research Division, Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

Abstract

A 3-D, time-dependent code is used to simulate an array of
standing-wave free-electron lasers (SWFELs) in the two-beam
accelerator. It is shown that for an array of SWFELs with 9
cavities and a 100.6-ns, 0.5-kA, 7.98-MeV electron beam
peebunched at 17.1 GHz, an averaged energy output of 14.7J/m
can be obtained with a fluctuation of less than 11%.

I. INTRODUCTION

In the standing-wave free-electron laser (SWFEL) two-beam
accelerator (TBA),! a low energy, high current drive beam
alternatively loses its energy for generation of microwave
power in staiding-wave cavities and has its energy replenished
in induction cells. The microwave power is coupled into high-
gradient rf structures to accelerate an extremely relativistic
electron beam of low average current. Hence the drive beam
behaves as an energy converter, which converts the energy from
the induction cells into rf energy. In the TBA configuration, the
extraction of microwave power from each free-electron laser
(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.
Therefore, if the FEL cavities are periodically set in such a way
that the energy-phase phase space of the beam before each
cavity has the same distribution, then the fluctuation of the rf
ouput powers from these FEL cavities will be small and the
output energy per unit length of the array of SWFELSs in the TBA
becomes relatively stable.

Many studies have been made on the SWFELs in the TBA
using the continuum-cavity modell-3 and the discrete-cavity
model®> and the impedance-based analysis method.® These
treatments are all based on a one-dimensional assumption.
Recently, a three-dimensional, time-dependent code, RKFEL,
written based on the code RKTW2D,7 has been used to

investigate a multi-cavity FEL.8 However, no reacceleration
structures were taken into account. In this paper, we use the
code RKFEL to study the first sections of a SWFEL/TBA,
through which a well-prebunched electron beam is passing. The
beam after each cavity is reaccelerated by induction cells so that
its average energy remains constant from cavity to cavity. It is
shown that for an array of SWFELs with 9 cavities and a 100.6-
ns, 0.5-kA, 7.98-MeV electron beam prebunched at 17.1 GHz,
an averaged energy output of 14.7J/m can be obtained with a
fluctuation of less than11%.

II. DESCRIPTION OF THE ARRAY OF SWFELS

So as to be specific, and because of computer cost, for the
array of SWFELs we have only used nine identical FEL gections,
as shown in figure 1. Each FEL section is 102 cm (6 wiggler
periods) long. A beam source provides a 0.5-kA, 7.98-MeV
electron beam with a radius of 3.17 mm. The beam is assumed to
have passed through a prebuncher and be well bunched at a

* The work was supported by the Director, Office of Energy
Research, Office of High Energy and Nuclear Physics, Division
of High Energy Physics, of the U. S. Department of Energy
under Contract No. DE-AC03-76SF00098.

0-7803-1203-1/93503.00 © 1993

frequency of 17.1 GHz and have a peak 1f current of 984A. Then
the prebunched beamn goes into the FEL sections after it passes a
119-cm drift pipe with a 7-period tapered linear wiggler. In each
FEL section (figure 2), there is a cavity with a width of 5 cm, a
height of 3 cm, and a length of 86.88 cm, a reacceleration cell 6
cm long, and a drift pipe 9.12 cm long. The linear wiggler is
uniform and its period is 17 cm. The cavity has a resonance
frequency of 17.3 GHz and a wall-dissipation quality factor of
10,000 and an external quality factor of 16, operating at
TEgQ.1,96 mode. The width and height for all the drift pipes are,
respectively, 4 cm and 0.8 cm.

Prebuncher Tapered Wiggler Drift Region

y

i
|
!

i
FEL Sections

Figure 1. Block diagram of an array of
the standing-wave free-electron lasers.

1'23456789

Reaccelaration Cell
Drift Pipe

Electron Beam

Figure 2. A FEL section.

It should be noted that the length of the FEL section is
taken as an integer multiple of the wiggler period to ensure that
the beam before each cavity has the same equilibrium
distribution in the phase space and thus to reduce variations of
output power. In fact, however, the phase-space distributions
before the FEL sections can not be made to be exactly the same
because of the spread in velocities and the three-dimensional
effects of the wiggler magnetic field such as betatron motion.

The vector potential of the linear wiggler magnetic field,
provided by parabolically curved magnet pole faces, is given by
the following analytic expression9

A.=T(z)§ki9-ch(k,x) ch(kyy) sin(kuz), ¢))
A,=-T(z)§k-"'—°—:‘-sh(k,x) sh(k,y) sin(knz) [0)
w Py

where By is the wiggler magnetic field amplitude on the axis,
the wiggler wave number is given by k,,=2%/A,, with 4,, the

wiggler period, k2+k?=k3 and the tapering factor is given by

T(2)=17Ay when z<74yy , and T(2)=1 when z274,y. When k;=0,
not only the rf field but also the wiggler field is independent of
x, and the transverse canonical momentum Py is a constant,
which is used to check the computational precision.
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1. SIMULATION RESULTS

We ran the code RKFEL to simulate the array of the SWFELs
with 200 computational particles. The wiggler amplitude B.o is
taken as 0.455 T with kx=ky, corresponding to a detuning
frequency of 1.28%. Figure 3 shows the input beam energy and
current versus time before the prebuncher. The 100.6-ns pulse
bas 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
initial energy spread A¥<y>=1% and an initial phase spread Aax
=0.2% is loaded, where 7 is the electron relativistic factor and @
is the drive wave frequency. The 200 particles are randomly
distributed within this phase-space rectangle. Figure 4 shows
the phase-space distribution for the 50th bucket (about the 60th
ns) of the beam right after the prebuncher and before each FEL
section. In the tapered wiggler region, the energy spread and
the wiggler three-dimensional effect cause increase in the phase
spread, and the phase-space rectangle before the tapered wiggler
region is changed into a parallelogram before the first FEL
section. From the fifth section on, the distributions are quite
similar, and the fluctuation of output energy becomes much
smaller. The phase spread does not change very much compared
with the initial spread. However, simulations indicate that in a
state without rf fields, the phase spread can become very large
with increase in cavity number beacause of the spread in
longitudinal velocities. So, the FEL interaction has the effect
of constraining the phase spread at the expense of increasing
the energy spread.

-t
o

L | coor T T M )

d ]

)

adaboa ba b o

Beam energy (MeV)
and current (100A)

Beed Py L 'y ] 4

40 60 80

—d ! |

0 20

o N A O ®

100 (M)

Figure 3. Input beam energy and current versus time.
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Figure 4. Beam distributions in the ax-yspace.

Figure 5 shows the dependence of representative cavity
output power on time. The output power pulse is a little
shortened with increase in the cavity number. However, the
power difference between the maximum and minimum is less
than 15 MW for the flat part of the pulse. Simulations also
indicate that for a too small detuning frequency, the FEL
interaction can not lock the phase spread effectively and,
further, greatly increase the energy spread so that the output
power is rapidly decreased with cavities. For a too large
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Figure 5. Output power versus time.

detuning frequency, however, the output power for the cavities
becomes too small.

Figure 6 shows the electron efficiency and power efficiency
versus cavity number for the 50th bucket. The electron
efficiency is defined as 7,=(<7;,>-<%,>)/<¥;,>, Where <7;,>
and <7,> are the averaged Y before, and after, a cavity. The
power efficiency is defined as ﬂp=Pout/Pbo where Pyy; is the
output power of a cavity and Pp, is the input beam power. The
electron efficiency is a little greater than the power efficiency
because some power is lost on the cavity walls.

Figure 7 shows the output energy and fluctuation versus
cavity number (solid circles) during the whole output pulse. The
maximum is 16.6 J and the minimum is 14.4 J. The averaged
energy output over the array of FEL sections is 14.7 J/m. The
fluctuation of the output energy is caused by the non-exact
periodicity of the electron beam distribution in the phase space.
Many factors may influence the periodicity of a beam
distribution. The wiggler three-dimensional effect, energy
spread, and action of rf fields can all deteriorate the periodicity.
To find out how much different the single-particle model and the
multi-particle model! are, we ran the code with an initial phase
spread of 0.002x and a beam radius of 0.0317 mm (1% of the
original ones). As shown in figure 7 (hollow circles), they are
in reasonable agreement. The averaged output energy is
different only by less than 3.5% of the original one. Therefore,

o
=]

LA L L AL L AL L

Electron Efficiency

oz

Power Efficiency

»
*n

>
=]

3

WYY PYRYE BUET

Electron efficiency and
power efficiency (%)

PUS PN P RS P AN B PR PR T N
01 2 3 45 6 7 8 9 10

Figure 6. Electron efficiency 7, and power

efficiency 7)p Versus cavity number N.

w
»n

2610

18 rvrrrrtrytryrrrrrevry
ORTH .
3} ) h
£ '*[ —e— Muitiparticle J

12 [ —o0—— Single-particle ‘

10 -I.l.l.l‘_l._L,_L._L-l-ﬂN

0 1 2 3 4 5§ 6 7 8 9 10
;?20 LA D DL DR DELAED LN DL DA B S
= i ~—&— Multi-particle 9
% 10 F —o0— Single-particle j
§ oFr .
E o L
-10 | N
0 1 2 3 4 5§ 6 7 8 9 10

Figure 7. Output energy Wout and fluctuation
versus cavity number N.

for a well-bunched beam the single-particle model is a very good
approximation.

IV. CONCLUSION

In conclusion, i.: .- array of SWFELs with many cavities
in the TBA structure, . phase-space distribution before each
cavity becomes quite simalar after the beam passes through only
a few cavities, and a stable energy output can be obtained.
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Reacceleration Experiment to Demonstrate the Concept of Efficiency
Enhancement in a Relativistic Klystron Two-Beam Accelerator*
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Abstract

High conversion efficiency of electron beam
energy to rf energy can be achieved in two-beam
accelerators using reacceleration of the bunched drive
beam. To study issues with these designs we are
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 114 GHz. We have now tested the
5-MeV Choppertron and are reporting on the resuits.
For the reacceleration experiment we plan to use three
stages of rf power extraction interspersed with two
stages of reacceleration.

I. INTRODUCTION

We are designing an experiment based on the
Choppertron to study the reacceleration of a
modulated beam as a verification of the feasibility of
building a relativistic klystron two-beam accelerator
(RK-TBA). The motivation of our research program
at the LLNL Microwave Source Facility is to develop
microwave sources which could be suitable drivers for

a future TeV linear ete- collider. The Choppertronl.2
is a microwave generator which used transverse
modulation to generate x-band microwaves. It was
originally designed for a 2.5-MV, 1-kA drive beam
and configured with two traveling-wave structures
(TWS). Although the Choppertron has demonstrated
high-power pulses, >150 MW per output at 11.424
GHz with stable phase and amplitude and >400 MW
total peak power, the conversion efficiency of beam
energy to microwaves was only about 30%. To be a
competitive rf source for a collider the conversion
efficiency would have to be significantly increased.
One means of improving the efficiency is by
reaccelerating the beam and extracting additional
power. The application of this concept to a linear
ider i RK-TBA.

*The work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract W-7405-ENG-48.

0-7803-1203-1/93$03.00 © 1993 IEEE
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Figure 1. Schematic of the proposed reacceleration
experiment.

II. THE 5-MEV MODULATOR EXPERIMENT

Initial computer simulations3 for the
reacceleration experiment with a 2.5 MeV electron
beam showed a significant decrease in the available
beam power for extraction due to debunching of the
modulated beam by longitudinal space charge effects.
Therefore, we added 10 induction cells to our beam
line, which increases the beam energy to 5.0 MeV
before it enters the Choppertron. We have now tested
a modified version of the Choppertron designed for
the 5-MeV induction accelerator beam. These
modifications included aggressive suppression of
higher order modes in the two output structures, and
lengthening of the modulation section. Figure 1 shows
a layout of the proposed reacceleration experiment.
Our simulations indicate relatively consistent power
extraction of 100-150 MW from each of the TWS and
no beam breakup due to excitation of higher order
modes (HOM).

Output rf power in the initial Choppertron was
limited by the excitation of HOMs. The HOM
damping in the the recent experiments proved
effective at reducing this problem. However,
operation with the damped structures did not increase
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the output power levels to the designed! 250 MW. We
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,
the emittance of the beam determines the beam radius
at various positions along the beam line. This is
especially important in the modulator section where
the betatron resonance and emittance are matched! to
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
after the injector. It serves as an emittance selector
allowing only the portion of the incident beam which
can maintain a radius equal or smaller than the
collimator’s pipe radius to pass. By varying the
magnetic field of the collimator, the amount of current
transported through the pipe is adjusted from the 8
kA emitted from the cathode to the desired beam
current. Measurements indicate that at 1 kA the
electron beam has a normalized edge emittance of
about 104 n-cm-mr, and at 0.5 kA a normalized edge
emittance of 52 t-cm-mr.

When the Choppertron was initially being
designed, the intention was to operate it on a different
accelerator which had an normalized edge emittance
of about 60 n-cm-mr. A number of simulations® were
performed using the relativistic klystron code RKS24
to determine the best values of drive power,
solenoidal fields, and incident current to maximize
output power with no further modifications of the
modulator. Figure 2 shows the variation of generated
rf current with solenoidal field for about 1.2 MW of
deflection cavity drive and at four different values of
emittance/current. The emittance values used in
these simulations agree with emittance measurements
made on the injector at those currents. The rf current
produced by the modulator has a broad maximum
with magnetic field, drive power and beam current.
The 320 amps of rf current shown in Figure 2 is
expected to produce about 130 MW of rf power per
output structure.

In the recent 5-MeV experiments a combined peak
power for the two structures of 260 MW was measured
(110 MW in the first TWS and 150 MW in the second
TWS). However these high peak power pulses were
very narrow, due to electrical breakdown. Wide pulse
up to 100 MW could be produced in both output
structures (Figure 3). Additional rf conditioning may
be required to achieve higher output power. We plan
to install other components to the experiment before
spending additional conditioning time. We will also

= 1=0.5 kA, £,=52 x-cm-mr [~
=0 [=0.75 kA, £,=75 ®-cm-mr
1 =& 1=10KkA, ;=104 mcm-mr [
O 1=125kA, £,=132 x-cm-mr
T T T ¥

RF Current at 11.4 GHz (A)

150

. 4

1.0 12 14 16

Axial Magnetic Field (kG)
Figure 2. Predicted rf current for different beam
emittances and dc currents, drive level = 1.2 MW.
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Figure 3. RF power produced in recent experiments.

investigate other possible sources of the electrical
breakdown such as the rectangular waveguide flanges
and the rf loads used in the experiment.

During the recent experiment we studied the rf
power which is reflected off the loads used to absorb
the high power rf generated in the output structures.
The loads only have a low VSWR close to the 11.424
GHz operating frequency. The leading edge of the rf
output pulse has frequency components which are
reflected off the loads. This reflected power results
in higher electrical fields in the TWS during the
leading edge of the pulse and can lead to breakdown.
A VSWR of 1.35 for the load experimentally
decreased the sustainable output power bv ~60%.
Similar problems will occur when the output
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
alleviate this problem.

Operation of the Choppertron at low input beam
currents (500 amps) has been useful in understanding
the operation of the device. At these lower currents
the beam has a lower emittance which results in good
current transmission through the output structures.
Also there are lower electrical field stresses on the
surfaces.

ITII. MODELING FOR THE REACCELERATION
EXPERIMENT

Computer simulations3 has been performed to
study the reacceleration of a modulated beam. Our
simulations indicate that approximately 250 MW/m
can be achieved (assuming a 1 kA drive beam with
normalize emittance of 104 x-cm-mr). The two
induction cells used for reacceleration should not
adversely effect the electron beam dynamics.
However, a completely redesigned induction cell
which takes advantage of the small bore of the beam
line and has significantly reduced impedance
characteristics is needed for larger reacceleration
experiments. Similarly, the growth of transverse
instabilities caused by the traveling-wave structures
should not be significant for this experiment, but will
require further study®> as the number of output
structures is increased. We intend to use data from a
currently operating experiment to improve the
modeling for the reacceleration experiment.

Figure 4 . The12-cell TWS to be tested next.
IV. NEXT EXPERIMENT

In our next experiment we plan on replacing the
two TWSs with one 12-cell TWS designed and
constructed by the Haimson Research Corporation (see
Figure 4). The structure was designed so that when it
is driven with 420 amperes of rf current it will produce
400 MW of rf output in fundamental waveguide.
With the 320 amperes of rf current we believe we are
now producing with the 5-MeV Choppertron it should
produce about 230 MW. This structure has mode
suppression similar to the de-Q-ing circuits used in
the present Choppertron output structures plus

suppression of higher order modes propagating down
stream of the structure. We also hope to test a feed
forward phase and amplitude stabilization system
with this TWS.

V. CONCLUSION

Initial experiments using the Choppertron with
a 5-MeV drive beam have been completed. Beam
breakup due to the excitation of higher order modes in
the travuiing-wave output structures was successfully
suppressed. We have identified the beam’s emittance
as being a constraint on maximum achievable rf output
power. Additional running time will be needed for
conditioning the rf surfaces in these output structures
to obtain output power greater than 100 MW. We
have shown that the front end of the Choppertron can .
serve as the modulator for the reacceleration
experiments which will start later this summer.
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Abstract
The analysis of a 100-MeV demonstration

experiment based upon inverse Cerenkov accel-
eration (ICA) is presented. This experiment
would use the Accelerator Test Facility (ATF) at
Brookhaven National Laboratory. With 50-GW of
delivered laser peak power from the ATF CO2
laser, our analysis indicates the 65-MeV ATF e-
beam can be accelerated to >165 MeV using three
stages of acceleration in ~1 m of total length. The
number of electrons accelerated can be raised to
~109 by prebunching the e-beam using an already
available device. ‘

I. INTRODUCTION

Laser particle acceleration research has
been making steady progress. A number of exper-
iments are in progress. The Accelerator Test
Facility (ATF) has been constructed at Brook-
haven National Laboratory and is available for
laser acceleration experiments. This new facility
features a 50-MeV linac, which will be upgraded
to 65-MeV, and a high peak power (~10 GW)
CO, laser, which also can be upgraded to
generate 100-GW of peak power.

The US Department of Energy (DOE) is
interested in a near-term 100-MeV laser accel-
eration demonstration experiment. The DOE is
also interested in the design for a 1-GeV linac
based upon laser acceleration.

This paper describes the design of a 100-
MeV demonstration experiment that is based

* Sup by US DOE Contract Nos. DE-
AQ06-83ER40128 and DE-FG03-90ER40545.
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upon inverse Cerenkov acceleration (ICA) and
can be performed at the ATF using much of the
existing equipment.

II. EXISTING ICA EXPERIMENT

An inverse Cerenkov laser acceleration
experiment is currently being performed at the
ATF [1). Hydrogen gas (P = 1.7 atm) isused in a
gas cell to slow the phase velocity of the laser
light to match the electron velocity. The beams

intersect at a Cerenkov angle of 6, = 20 mrad with
an interaction length of 20 cm.

The ATF ICA experiments are testing an
improved geometry [2] that focuses a radially
polarized laser beam onto the e-beam. Assuming
5-GW of laser peak power delivered to the
interaction region (for a 10-GW input into a 50%
efficient optical system), an energy gain of ~12
MeV is predicted. This gain scales as the square
root of laser peak power. Thus, a peak power of
50-GW delivered will result in 38-MeV energy
gain.

The present gas cell design is already near
optimum for the ATF conditions and can be used
as the basis for a multistaged 100-MeV ICA
demonstration experiment. Since one stage gives
38-MeV energy gain (assuming 50-GW delivered
laser peak power), three stages will yield >100
MeV energy gain. The only major changes to the
existing ICA experiment needed are upgrading the
ATF CO; laser to produce 100-GW peak power
and modifying the gas cell system to recycle the
laser beam. This latter issue is discussed in more
detail next.
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III. CONCEPTUAL DESIGN FOR 100-MeV
DEMONSTRATION EXPERIMENT

Figure 1 is the simplified conceptual
arrangement for the 100-MeV ICA demonstration
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.

o | e

Zp
Figure 1. Conceptual arrangement for the 100-
MeV demonstration experiment.

Prebunching the e-beam before it enters
the multistaged accelerator will significantly
enhance the experiment. Without prebunching the
eclectrons enter the multistaged accelerator at all
phases resulting in only a small fraction of
eclectrons being accelerated to the full 100-MeV
energy gain. The existing gas cell being used in
the current ICA experiments can be used as a
prebuncher. Only ~120 MW of laser peak power
is needed to drive the prebuncher and will give an
optimum bunching distance zp =~ 20 cm. At this
point the prebunched e-beam will enter the
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
passage of the e-beam. The laser beam then
reflects off a curved axicon and is focused down
onto the e-beam. (The purpose for using a curved
axicon will be explained later in Section III.B.)
After intersecting the e-beam in the first stage,
the spent laser beam reflects off a slightly conical
cylindrical mirror tube. This tube functions the
same as the curved axicon and focuses the laser
light back onto the e-beam in the second stage.
The process repeats itself for the third stage.

This first concept is very similar in arrangement to
the existing ATF ICA experiment [1], which uses
a flat axicon rather than a curved one, has only
one stage of acceleration, and does not use
cylindrical mirror tubes.

Sod STAGE
Figure 2. Concept for a 3-stage ICA accelerator.

One disadvantage of the first concept is
the length of gas-filled space between the accel-
cration stages, which leads to additional scat-
tering of the electrons by the gas molecules.
Similar to the present ICA experiment, each
interaction region is 20-cm long. This means the
space between the stages must be >20 cm.
Hence, for this first concept the total 3-stage
accelerator length is =110 cm.

Figure 3 depicts an alternative concept for
the 3-stage accelerator that minimizes the
distance between stages. The incoming radially
polarized laser beam travels through a 45° mirror
with a large hole in its center. The laser beam
reflects off a waxicon, which converts the beam

WAICON
Figure 3. Alternative concept for 3-stage ICA
accelerator.

into a hollow one while maintaining its radial
polarization characteristics. This hollow beam is
directed off the 45° mirror to the curved axicon
where it is focused onto the e-beam. The spent
laser beam then immediately reflects off the
slightly conical cylindrical mirror tube towards the
second stage, and the process repeats itself for
the third stage. Since the incoming laser beam
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does not need to travel through the mirror tubes
as in Figure 2, the diameter of the tubes can be
reduced thereby decreasing the space between
acceleration stages. The total accelerator length
of this second concept is =70 cm.

B. B-Slippage Compensation

In the preceding concepts, the curved axi-
con helps compensate for phase slippage between
the electrons and light wave as the electrons gain
energy within each interaction region. The

Cerenkov angle 6¢, given by cos@ = (1/nf),
where n is the index of refraction of the gas and 8
is the ratio of electron velocity to the velocity of
light, changes as the electrons gain energy. By

varying the Cerenkov angle within the interaction
region it will be possible to maintain near optimum
phase matching as the B of the electrons
increases. This can be done by using a slightly
concave axicon such that the angle of intersection
is slightly larger (~1 mrad for the ATF conditions)
at the end of the interaction region than at the
beginning. The slightly conical shape of the
cylindrical mirror tubes also accomplishes this
same effect. An alternative method for S-slippage
compensation is to use a slightly converging laser
beam reflecting off a flat axicon and straight
cylindrical mirror tubes.

C. Recycling Laser Beam

Another issue implied in the preceding
concepts is being able to reintersect the laser
pulse with the electron bunch in the second and
third stages. Due to differences in the electron
drift velocity relative to the effective group
velocity of the laser pulse, the relative drift
distance between the electrons and light pulse
over a distance L is

Azgrip = 962 . (1)
The laser pulse length in space is Az; =c17y,
where 7;is the laser pulse width in time. Thus,
the ratio of these two distances is

Hence, if for example, 6, = 20 mrad, 7;= 100 ps,
and L = 110 cm (see Figure 2), then the amount of
slippage is 1.5% of the laser pulse length. There-
fore, recycling the laser pulse should not be an
issue.

IV. SUMMARY

Table 1 summaries the estimated perfor-
mance for the 100-MeV ICA demonstration
experiment.

Table 1
Estimated Performance of 100-MeV ICA
Demonstration Experiment.

ATF Parameter Assumed Value

Injector 65 MeV e-beam
CO2 Laser Peak 50 GW (delivered)
Power

ICA Parameter Estimated Performance

Energy Gain 95 to 125 MeV (net)
# of Accelerated >5 x 108
Electrons/Pulse
Energy Gradient 1st Concept: >92 MeV/m

2nd Concept: >143 MeV/m

The effect on e-beam emittance requires
additional analysis to extract emittance infor-
mation from the models. Emittance growth is less
of an issue for high-y e-beams; however, the ATF
e-beam energy is relatively low which will impact
the emittance growth of the accelerated e-beam.
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Abstract

We discuss an electron-positron linear collider
B-Factory using Inverse Free Electron Lasers (IFEL) to
accelerate the beams. The requirements on luminosity,
larger than 1033 cm2 51, and energy spread of a B
Factory introduce stringent conditions on the accelerator
and the interaction region. We study the longitudinal
dynamics through the IFEL, the efficiency of the
acceleration process, and the ratio of particles which
become accelerated, and fall within the resonance. The
device is found to perform well in the presence of large
variations in the laser field intensity over the beam. We
also discuss the laser system powering the IFEL, and
some of the system tolerances.

Introduction

The set of beam requirements demanded by a
linear collider B-Factory, summarized in Table 1 is very
difficult to satisfy, and represents a challenge for a novel
acceleration technique such as the IFEL. The set of
parameters needed at the interaction point (IP) for such
a B-Factory were identified in a previous paper {1] on
which this work is based. Such an accelerator must meet
stringent requirements for the beamstrahlung fractional
energy spread, the final energy spread of the
accelerator, and the luminosity.

Because the particles are delivered from the
injector at a random phase with respect to the optical
wave, care must be taken to match these initial particles
to the acceleration buckets. This matching is crucial to
achieving a final energy spread which has a maximal
overlap with the Upsilon(4S) resonance, having a full
width of 24 MeV. We examine the efficiency of this
matching and present simulation results.

An advantage of the IFEL over conventional
accelerators is the efficiency in utilizing the incoming
electromagnetic energy. This is the result of having the
radiation confined to a region close to the bunch. The
efficiency of energy extraction, or beam loading, is
influenced by the choice of parameters, such as the
beam current. An upper limit on this beam loading
must be chosen based on the effect on the acceleration
process as a result of modifying the peak electric field.
We note that in the IFEL, beam loading does not directly
lead to an energy spread, such as in a conventional

- 0-7803-1203-1/93503.00 © 1993 IEEE

i

linac.

By altering the waveguide dimensions, it is
possible to modify the slippage of the bunch relative to
the radiation pulse. The zero slip regime offers the
possibility of adjusting the tapering to compensate for
the loss in power of the radiation. Also, because this
approach lends itself more readily to using multiple
acceleration sections, the power density required of the
drive laser is decreased.

The average power and repetition frequency
requirement on the drive laser make a free electron laser
the most likely candidate for this task [1). Driven by a
superconducting linac, such an FEL, assuming 40
percent energy extraction, can insure good wallplug
efficiency for the entire system.

Table 1. Beam and Collider Parameters

Beam Energy (GeV) 5
Luminosity (cmZs'?) 10%
Average Beamstrahlung. AE/E 2x103
No. Particles/Bunch 1.14 x10%°
Pulse Repetition Rate (sec™1) 10¢
ot (um) 0.249
B* at L.P. (mm) 0.31
Gz (mm) 0.31
Disruption Parameter 16
Pinch Enhancement 6
Invariant Emittance (m-rad) 2x10%

IFEL Designs

We envision an IFEL which begins with an
untapered prebunching section, then a set of
acceleration modules, and finally a section which
reduces the energy spread. We choose a constant period
wiggler, which is not the optimum case but the easiest
to examine. The resonant phase yy, describing the
particle which does not undergo synchrotron
oscillations, is set to /4, as a compromise between high
acceleration rate and sensitivity to parameters. Several
studies have been made of the waveguide used to
contain the radiation which suggest that low loss
propagation is feasible [4,5,6]. With a suitable choice in
waveguide parameters, the amount of slippage between
the particles and the radiation can be altered. Case A of
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 {7} and
has 18 modules. The application of the zero slip
condition leads to a severely restricted waveguide
aperture, (2 mm). While an actual device using these
parameters may have problems with beam propagation,
this example will demonstrate what is possible using the
zero slip approach.

We note that before reaching the IP, it is
necessary to wash out the bunching existing on the
optical scale with a dispersive section, so as not to
exacerbate the beam-beam effects.

Table 2: IFEL Characteristics

Parameter CaseA  CaseB
Laser Wavelength (um) 10 10
Injection Energy (MeV) 500 500

08x08 02x04
1.04 x10"° 1.84 x10%°

Dimensions of Waveguide (cm)
Peak Laser Electric Field (V/m)

Laser Power Dens]ty (W/m\z) 1.45 x1013 4.49 x1013
Laser Pulse Energy (Joules) 104 49
Bunch Train Rep. Rate (Hz) 104 104
Optical Pulses per Train 1 18

Average Laser Power (Watts) 1.04 x10¢ 8.8 x10°

Max. Wiggler B-Field (Gauss) 5x10¢  2.3x10°

Wiggler Period (cm) 26.5 160

Total Length of Wiggler (m) 146 282

Acceleration Gradient (MV/m) 31 16
Initial Matching

In the interest of utilizing the maximum number
of 500 MeV initial particles, it is necessary to
precondition the beam, increasing the overlap with the
acceleration buckets. In addition, the parameters of
Table 2 have buckets which are deeper than the
allowable energy spread. To avoid problems with this,
the beam conditioner can also be used to match the
initial distribution to the longitudinal phase space.

The small oscillations near the resonant particle
are described by ellipses characterized by,

_ w2 fo Yo%auae
5‘7—5\v‘j2n 2 l+aw2/2 cos(Vy) b

where ¥ is the Lorentz factor, fp is the Bessel function
factor, ag=eEgh/2nmc2 (E is the peak radiation field),
aw=eBAw/2mmc2 (B is the peak magnetic field), and yr
is the resonant phase. In order to stay away from the
nonlinear parts of the phase space, which may cause
filamentation, we wish to match the initial distribution
to these ellipses. If an untapered wiggler section is used
as a buncher, only a fraction of the particles will be
matched, the rest being close to the separatrix or
untrapped.

This matching will be undermined by any
variation in parameters such as a difference in the

radiation field over the extent of the beam. A slight
variation in Eg will modify yr and cause synchrotron
oscillations for the microbunch. In a more severe case,
the nonlinear effects will filament the distribution.

Numerical Results

We present simulation results motivated by the
concerns raised in the last section. To this end, the high
radiation intensity and large v allow us to neglect the
optical properties of the beam (guiding, index of
refraction, etc.) The system can be modeled through a
straightforward application of the wiggle period
averaged equations of motion for the particles, found in
reference [2]. An extra term containing A¢, the cutoff
frequency of the waveguide, can be added to the usual
equation for the phase evolution:

oy _2n[ A _1(2)_1+a,2f2 .
iz A|A, 2\A, 2y
In this model, we have not considered the effect of
betatron motion, and also assume that the particles do
not see the variation of the fields off axis.
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Plot 1: The overlap with the resonance when different
sections of the beam see a variation in the laser field E.

For Case A, the combination of slippage and
beam loading assures that the radiation in the vicinity of
the beam’s leading edge will diminish in intensity. The
situation which is simplest to compute is one where each
slice of the beam is exposed to a constant intensity
throughout the acceleration. For Case B, the interest in
keeping the radiation pulse as short as possible again
brings unwanted intensity variations. Plot 1 is the result
of a series of runs in which the peak electric field was
varied. The parameters relevant to Case B were used for
this, but the results are also valid for Case A because
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here the final energy spread is always slightly smaller.
The particles were initially injected in a 1.5 MeV band
and with random phases. The prebunching and final
energy spread reduction were optimized for the
reference electric field, and then kept constant. The final
energy spread reduction section consists of a dispersive

section and a 9 m untapered section utilizing a 1.84 x10%
V/m peak electric field. The effect is to rotate the
distribution in the longitudinal phase space so that 3y
comes to a minimum. The benefit of this energy spread
reduction technique is strongly limited by conservation
of phase space area and nonlinear dynamics.

These results reveal that the performance
degrades gracefully even when the electric field is
lowered by as much as 20%. The difference between the
number of trapped particles and the number which
overlap with the resonance indicates the amount of
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 Eg is diminished by 5 per
cent near the end of each 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 [1], 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

The results of REB - plasma interaction numerical sim-
ulation by means of our relativistic particle EM code are
presented. Nonlinear evolution of a single REB injected in-
to underdense and overdense plasmas is studied in detail for

‘cylindrical geometry. It is found that in case of comparable
bunch and plasma densities an instantaneous amplitude of
excited longitudinal electric field substantially depends on
density ratio, relativistic factor and space density distri-
bution of REB. Transversal electric field can considerably
exceed the longitudinal one, causing more severe restric-
tions to initial phase and radial position of particles to be
accelerated.

I. INTRODUCTION

The accelerating of charged particles by means of space-
charge waves in plasmas and in unneutralized charge-
particle beams (1] is a basic direction in collective accelera-
tion methods. One of the main advantages of this method
is that it can produce strong electric fields in plasma which
are directed along the propagation direction of linear or
nonlinear waves with phase velocities vpn < ¢, c- light ve-
locity. This makes possible to keep continuously the wave
matched with particles to be accelerated. The possibili-
ty of strong accelerating fields achievement simply follows
from the circumstance that the field amplitude is propor-
tional to the variable component of the charge density. The
last can reach the equilibrium value of the plasma density.
Since this density can be made very high, the electric field
can reach values up to 107-10° V/em [1, 2).

Chen et al. [3] suggested a modification of Fainberg pro-
posed acceleration method [1]: switching to acceleration
by waves train excited by a finite sequence of periodical-
ly spaced REB moving through a dense plasma. The se-
rious difficulty of plasma wake-field acceleration (PWFA}
method has been eliminated by Katsouleas [4], who pre-
sented a proof that if a bunch with a uniform density dis-
tribution is replaced by one asymmetric along it’s length,
then due plasma wave electric field excited behind a bunch
E,., accelerating particles injected from the outside of the
system, can be many times greater than the electric field

0-7803-1203-1/93503.00 © 1993

which stops the bunch E,;. The excitation of nonlinear
stationary waves in a plasma by a sequence of periodically
spaced electron bunches was studied in ref. [5, 6], where
it was shown that the electric field of the wave increases
with increasing relativistic factor v , but only in the case
of comparable bunch n, and plasma n, densities.

The experiments performed in the nonlinear regime of
the PWFA displayed interesting three dimensional effects,
but only one dimensional treatments of nonlinear plasma
wake-fields currently exist (see for example [6] and cited
references). In ref. {7] a high-intensity rigid electron beam
is used to excite extremely nonlinear, transverse motion
dominated plasma oscillations.

" II. SIMULATION RESULTS

In this work the results of full-scale numerical simulation
of a single or a sequence of relativistic electron bunches in
plasmas is presented. Excitation of wake fields by them
i studied using our 2.5D axial-symmetric electromagnetic
code [8]. Recently this code was applied to an induction
accelerator [9] and modulated REB simulations {10].

A. Mathemaiical model

Dynamics of REB is described by relativistic Vlasov
(Beliaev-Budker) equations for distribution functions of
plasma species and Maxwell equations for self-consistent
E and B fields. Two component bulk plasma (m;/m, =
1840) with density n, was initially cold and filled the whole
simulation region [0, Z] x [0, R]. Usually Z and R were tak-
en as 25 and 3c/wp respectively, w, is Langmuir plasmas
frequency. At the plane Z = (0 we organized one or a train
of cold relativistic electron bunches injection in accordance
with a formula (n means the injected bunch number)

n0(Ro - r)0(vpt — 24+ (n = 1)A,)0(z —vpt + Zo + (n — 1))

Here beam velocity vy = ¢ (1 — 1/9?)Y/2, Z, and R, -
initial sizes of bunches were equal to 1/3 and 1/6 c/w,.
Ap = 2xc/we, my = 1/2n.- mean density of REB. Note,
that as in experiments [6], initial transversal Ry and lon-
gitudinal Zy bunches sizes were less than ¢/w,. Bunches
could leave the simulation region at it’s two corners 2 = 0
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and z = Z as well as plasma species, which were addition- ¢ o5
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 0.05¢c/w, and 0.025w; ! 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- —0.05

ticles per cell in less disturbed regions far from axis. The 0 z (c/wp)

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.

25.6

III. RESULTS AND DISCUSSION

The numerical simulation of one bunch propagation in k

plasma demonstrates that it’s transversal size changes in

wide range. This leads to essential changes in it’s densi- E, '

ty (up to one order) as well as in the wake field excited by
them. Longitudinal distributions of transversal E, and lon-
gitudinal E; electric fields corresponding to radius r = Ry

and time ¢ = 18w;! are shown at Fig.1 and Fig.2 respec- —0.05

tively (in m,cwp /e units).You can see that immediately af- 0 2 (c/wp)

ter the REB with ¥ = 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

25.6

with an absence of both charge and current compensations

To study a relationship between an excited fields and a - Ry N - ‘

number of injected into plasma bunches with initial energy
mec3y two runs were considered.

p(ne)
A. Compariscn of two runs

Run 1 is shown at Fig.3 (¢t = 15w !) and has the follow-
ing parameters: N = 3, ¥ = 430. Run 2 (shown at Fig6 -7,

(t = 50w 1)) has eight bunches (three ones are shown at a 0 z (¢/wp)
moment) with vy = 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-

25.6

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 E,
“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 _ 9

character of excited field grow take place after third bunch 0
injection, signifying formation of non-linear regime of train

propagation. Figure 4: Three bunches, field E,

z (C/""p)
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0.1

0.07

0 2 (c/up)
Figure 5: Three bunches, field E,

25.6 0 t (1/wp) 50

Figure 9: E, energy, W;(t)

p(ne)
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Abstract

Our program for an experimental plasma wake
field accelerator (PWFA) to take place at the Argonne
Wakefield Accelerator (AWA) facility, in the recently
proposed blow-out regime[1] relies on the propagation
of an intense electron beam through an underdense
plasma with a minimum of degradation. This paper
presents a near-equilibrium model of beam propagation
using the Maxwell-Vlasov equations governing the
beam’s transverse behavior. Numerical results are
presented which use this model simultaneously with the
plasma electron cold fluid equations. A solenoidal
magnetic field, which is necessary for high density
plasma containment, also provides an initial beam
equilibrium to begin the calculation. We compare the
equilibrium model with a discrete beam particle
simulation, which verifies the basic conclusions of the
equilibrium model, and shows the collisionless damping
approach to equilibrium in the beam head. The initial
matching requirements for the beam’s entry into the
plasma are examined. We also discuss the possibility of
performing an adiabatic lens experiment.

Introduction

The recently proposed nonlinear blow-out regime
for the PWFA[1], in which all of the plasma electrons
become expelled from the region of the beam, has the
advantage of linear focusing for the trailing
(accelerated) bunch and a very high acceleration
gradient. This regime requires a very intense, high
quality drive beam. Since the acceleration can be
prolonged by using a more energetic drive beam, the
long term propagation of this beam through the plasma
needs to be addressed.

When an intense electron beam propagates
through a plasma in the underdense regime (ng < Npeam
ng is the plasma density), a sufficiently long bunch
length will cause complete rarefaction of the plasma
electrons, forming an ion channel. This is called the ion
focusing regime (IFR) due to the intense magnetic self-
focusing forces of the beam as it propagates through the
ion channel. For a fully rarefied ion channel, the
equilibrium beam radius oy is given by,

12
3
9 = [;72m,n°7 ]

where g,is the normalized emittance, re is the classical
electron radius, and y is the Lorentz factor. The beam

0-7803-1203-1/93$03.00 © 1993

can be divided into three qualitatively different regions.
The extreme leading edge, or head of the beam receives
no focusing from the plasma, causing it to expand. The
body of the beam, which travels in the completely
rarefied ion channel, receives the maximum focusing
force. In the transition region between these two, the
beam evolution cannot be described with linear optics,
due to the remaining population of plasma electrons.
For short pulses (oz-kp‘l, kp =@p/c), the evolution of
the beam head and the transiti