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APRIL 1, 1983 THROUGH MRCH 31, 1984

A. Collective Acceleration and Related Studies

1. Experimental Research

a) Collective Acceleration of Ions from a Laser Produced Plasma.

In these studies, an intense relativistic electron beam (1 MeV, 30 kA,

30 ns) is injected into a laser produced plasma immediately downstream

of the beam injection point, and ions are accelerated by the collective

fields of the electron beam. The use of the Q-switched ruby laser (0.1-

15 J, 15 ns) has allowed the investigation of ions from plasmas one to

three orders of magnitude denser than in the previous puff valve ion

source experiments, and has provided preionization of the plasma as

well. By carefully varying the laser energy and target material, and

using time of flight, range/energy, and Thomson spectrometry as

diagnostics of the ion energy, we have found an operating regime in

which both the accelerated ion energy and current have been increased

dramatically. In summary, we have accelerated protons, C, Al, and Fe

ions to peak energies in the range 10-20 MeV/amu at current levels in

excess of 100 Amperes. Approximately 10% of the injected electron beam

energy has been converted to ion energy in these experiments, more than

an order of magnitude better than previous results from the puff valve

ion source. These results, achieved this past summer, have not yet been
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published, although early results and a description of the experiments

were published in a paper entitled, "Collective Acceleration of Laser

Produced Ions," (IEEE Trans. NS-30, 3186, 1983) enclosed in Appendix A.

b) Collective Acceleration of Ions from a Localized Gas Cloud.

This work, which constitutes Linton Floyd's Ph.D. thesis studies (a copy

of which will be sent to AFOSR under spearate cover), includes the first

collective ion acceleration energy spectra extending to below the

injected electron beam energy. A paper detailing these latest results

is currently under preparation.

c) "Beam Front Accelerator" Studies. This concept, in which

enhanced ion energies are achieved by control of the propagation

velocity of the electron beamfront using a helical slow wave structure,

has been the subject of considerable effort during the past year. The

major result of the work has been the successful control of the beam

front velocity using the helical slow wave structure, a result detailed

in a paper, "Studies of the Helix Controlled Beam Front Accelerator

Concept," (IEEE Trans. NS-30, 3183, 1983) enclosed in Appendix A. Ion

acceleration studies, in which we attempt to accelerate ions in the

potential well of the beamfront, are currently underway.

Ir
d) Beam Propagation Studies. We have conducted two experimental

studies of beam propagation in vacuum, one in which radial force balance

is achieved by a confining magnetic field, and one in which it is

achieved by the charge neutralization provided by positive ions
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introduced at the injection point. The major results of these studies

are detailed as follows:

i) Intense Electron Beam Propagation in Vacuum in the Presence of an

Applied Magnetic Field. These studies were undertaken to determine

to what extent actual beam currents observed in laboratory

experiments agree with available theory and simulation results. The

major results of this study are: 1) At high magnetic fields, the

current that can be propagated in a given size drift tube is in good

agreement with the space charge limiting value given by Bogdankevich

and Rukhadze:

3 ( 2/3 3/2
=4irom c ( - I)

L e b1+2 Zn-
a

where b is the tube radius and a is the beam radius, and 2) The

maximum current that can be propagated down a given size drift tube

occurs at different values of the applied magnetic field in each

case but is approximately independent of tube size. This is

consistent with the above limiting current for the case a = b. Good

agreement with theoretical expectations has been achieved in these

studies (see Part 2 of this section ), and a paper detailing these

studies is currently under preparation.

ii) Intense Beam Propagation through a Localized Plasma into Vicutm. A

preliminary study of the propagation of charged particle beam energy

into vacuum after passing an intense electron beam through a



localized plasma (from the puff valve or laser ion source) has been

conducted. The major results of this study, detailed in a paper,

"Electron Beam Propagation through a Localized Plasma into Vacuum,"

(submitted to Phys. Rev. Lett. for publication and included in

Appendix A) include:

(1) Electron beam current well in excess of the space charge limiting

value IL (here about 8 kA assuming the radius of the beam is

equal to the current collector radius) can propagate into a

vacuum drift tube if a localized source of ions is provided at

the injection point.

(2) The propagation of electron beam current to a given axial

position is critically dependent upon the peak pressure (and,

therefore, the density of ions potentially available for charge

neutralization) of the localized gas cloud; this implies that the

propagation results from charge neutralization provided by the

localized source, rather than from ions drawn off the drift tube

walls or from the background vacuum.

(3) The time delay between the arrival of the electron pulse at the

collector and the injected current pulse increases with distance

as one might expect; at the same time, however, the width of the

collector pulse decreases with distance; a fact which indicates

to us that the electrons arriving at the collector come from the

late part of the injected beam pulse.
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(4) The total energy deposited in the downstream collector at 38 cm

is about 50% of the injected beam energy and decreases as the

axial position of the collector is increased, even when the peak

electron current collected remains about the same.

(5) Neutron production seems to correlate reasonably well with

effective propagation of the beam current. However, we should

note that although effective electron beam propagation is not

observed without ion acceleration, effective ion acceleration

does not imply effective beam propagation in every case.

In addition, studies at higher plasma density using the laser ion

source indicate that in some cases the electron beam transfers its

energy into a moving plasma column that may be close to charge and

current neutral. These results form the basis for the research we

propose to do during the next grant period.

2. Theoretical Research

During the past year, our theoretical efforts concentrated on two

areas: (I) numerical studies of ion acceleration from an intense

electron beam interacting with a localized neutral gas and (2) the

maximum current that can be propagated down a drift tube as a function

of applied magnetic field. Each of these areas is summarized below.

a) Numerical Studies of Ton Acceleration. The lastest in a series

of studies in this area was presented at the 1982 Plasma Physics
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Conference (Ref. 33, Appendix B). The model and initial studies with

this numerical code were presented in the Progress Report last year.

The geometry and schematic of the CIA model is again shown here in Fig.

1. As pictorially shown in this figure, we insert a charge neutral

plasma at a certain rate in the vicinity of the virtual cathode, i.e.

the position of peak beam electron density. Though the insertion rate

remains constant in this series of studies, we self-consistently move

the neutral plasma injection location with the movement of the virtual

cathode yet continue neutral plasma injection at all previous locations

(at a geometric rate of injection). In Figs. 2 and 3, we have shown

phase-space plots of the beam electrons and the plasma ions at various

times. The various parameters of this study are given in the figure

caption. As seen from the beam electron phase-space plots, the

beamfront continually moves away from the anode plane z = 0; at t = 0.2

ns, the beam front is near 2 mm, and at t = 1.6 ns, the beam front is

near 13 mm, indicating a beam front velocity of about BF .02-.03.

Also note the increase in beam thermalization behind the beam front as

charge neutralization occurs. From the plasma ion phase-space plots, we

see a small group of ions accelerated to a velocity v. 2.0 x 107 m/sec

equivalent to a proton energy of 2.1 MeV, i.e. four times the beam

energy. Also note that this velocity is very near to twice the beam

front velocity.

b) Limiting Current as a Function of Applied M.inetic Field. The

purpose of these studies is to understand the properties of an electron

beam that is propagating along a grounded drift tube immersed in a

,A i
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FIG. 1. Geometry and schematic of CIA model.
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uniform magnetic field. These studies will allow us to estimate the

conditions under which the maxi-um electric field produced by the

electron beam occurs. Recall that these conditions are very important

for CIA, especially in the helix controlled studies. A very symmetric

approach was taken in these studies with the latest results published in

IEEE Trans. NS-30, 3183 (1983) and enclosed in Appendix A. In summary,

the model can determine the maximum current that can propagate down a

drift tube of radius b as a function of applied magnetic field for a

solid, uniform density, irrotational, monoenergetic beam of radius a

injected through a hole in one end of the drift tube. In the high

magnetic field regime, the limit is closely given by the BR limit

17 (Y2/3 _ 1)3/2

IBR 0 b kA
1 + 2 n -

a

where a = Ra, the injection hole radius. As the magnetic field is

lowered, the beam radially expands a > Ra, allowing more current to

propagate than IBR* This continues until the beam finally fills the

drift tube, a = b. Further decrease of the applied field from this

value sharply reduces the limiting current and finally goes to zero when

there is no applied field. The agreement between experiments performed

and this model is very good.

B. Compact Pulsed Accelerator

A new concept, "Current Charged Transmission Line with Opening

Switch," as a compact pulsed accelerator was invented. A prototype

device was constructed and preliminary experiments were carried out. In
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this prototype device, the plasma focus was employed as an opening

switch and also as a load. The load behaved as a bipolar ion diode in

which both the ion beam and electron beam are accelerated in the forward

and reverse axial direction, respectively, by the induced pulse

voltage. We have demonstrated this principle by measuring the output

voltage by a capacitive voltage probe and also by measuring the ion

energy. The results of these preliminary experiments are summarized in

the following paragraphs and are detailed in three papers enclosed in

Appendix A.

1. Ion Beam Generation and Thomson Spectrometer Analysis

Ion beams of various species (H, He, N, Ar, Ne) are produced by the

prototype device. The majority of ions produced were found to be of the

gaseous elements used for the filling gas. The charge states of ions

have been analyzed by a Thomson spectrometer and found to he up to

triply ionized in all ion species except H and lie ions. By counting the

tracks of the Thomson parabolas on the detector, charge state resolved

energy spectra were constructed for the ions. The resulting spectra of

the different ions species and their charge states are similar to each

other.

2. Electron Beam Production Experiment

As expected in the bipolar diode, the ratio of the electron current

to the ion current is appproximately Ie/I ( Thus, the main
e Th

portion of the output pulse energy is delivered to electron beam

energy. A new plasma gun was designed in order to extract the electron
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beam in the forward axial direction. Preliminary experimental results

show that electron beam currents as high as 10 kA were measured. The

heavier fill gases appear to be the most efficient for the purpose of

generating a reproducible electron beam. The unstable behavior of the

electron beam injected into a gas filled chamber has been photographed

using an open shutter camera.

3. Study of Ion Production Efficiency

Total ion flux and energy has been measured with the intention of

investigating the efficiency of stored energy conversion into total ion

energy. The ion flux is measured with a CR-39 track detector masked by

a copper plate which has pinholes at various radial positions. The ion

tracks on the CR-39 detector are directly counted with the aid of a

scanning electron microscope. The ion energ-y is inferred from the

energy spectra obtained from the Thomson spectrometry. This total ion

energy is compared with the stored energy which is directly measured

from the main current waveform.

4. Development of New Diagnostics

A Thomson spectrometer of compact size has been developed. The

system is calibrated with several different methods which are found to

be in good agreement with each other within an error of 2%. A simple

magnetic electron anlayzer of the Dembster type has been constructed.

The energy of electrons in the range 10 KeV to I MeV can be detected by

different detectors. Both systems can he used to analyze the ion beams

and electron beams from compact pulsed accelerators.

L
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Submitted for publication in Physical Review Letters

ELECTRON BEAM PROPAGATION THROUGH A LOCALIZED PLASMA INTO VACUUM

W. W. Destler, P. C. O'Shea, and 1. Reiser

Laboratory for Plasma and Fusion Energy Studies
University of Maryland

College Park, Maryland 20742

The propagation of an intense relativistic electron beam (IREB)

through a localized source of ions into a vacuum drift tube has been

investigated experimentally. About 70% of the peak injected electron

beam current (I MeV, 27 kA, 30 ns) was found to propagate to a collector

55 cm downstream of the injection point after passing through a hydrogen

gas cloud with an effective width of - 2 cm. A model is proposed

linking electron beam propagation with collective ion acceleration that

results in the formation of charge-neutral, current-neutral plasmoids

capable of propagation in free space. It is suggested that such

processes could play a role in cosmic ray acceleration and laser

experiments (high-energy positive ions escaping from target plasma).

The generation and propagation of intense relativistic electron

beams (IREB) have been the subject of many theoretical and experimental

studies, and the work prior to 1982 is reviewed in the book by R. B.

Miller.

With respect to beam propagation, one distinguishes between

propagation in (a) vacuum, (b) plasma, and (c) neutral gas, and the beam

current I is generally related to the space-charge limiting current I

in (a), and the Alfvdn-Lawson current2 ,3 IA in (b) and (c). Thus, in a

vacuum drift tube and in the absence of charge-neutralizing ions, IREB

propagation is possible only if I < IL and if a focusing magnetic field

11, -A
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B is present. The space-charge limiting current then depends on whether

both the cathode and the drift tube or only the drift tube are immersed

in the magnetic field. 4  In the first case, the assumption that

B + a yields the formula for IL by Bogdankevich and Rukhadze.
5

For a beam with co-moving ions, as in our experiments, neither IL

nor IA can be applied. One can, however, derive a general upper limit

for the current from power-balance considerations, i.e. from the fact

that kinetic energy is spent to build up electromagnetic field energy

along the path of propagation.6  If fe and fm define the fractional

charge and current neutralization due to positive ions, (y - l)mc 2

2O

and (yf - I)mc 2 the kinetic energy at injection and at the beam front,

b/a the ratio of drift tube radius to beam radius, one obtains the

following relation for the beam current:

2f)( f _______/2
(y Yf - 2Y 

2  
-1) 1/2

0 b 22 22 (1)
[0.25 + £n !I]-[(I y + (l - f (yf -)

a e f+( f) Cf-1)

where I0 4irc mc 3/e - 1.7 x 104 A for electrons. The limiting current
0

I - Ip due to power balance can be found from the condition 3I/ayf = 0.

By setting fe = 0, fm = 0, one obtains the special case Ip = IL -

For beam propagation when I > IL, a plasma or neutral gas is

usually provided to achieve charge neutralization by stationary positive

ions, 7 and the current is limited by I 4 1p (with fe = 1, fm = 0).

Propagation into free-space vacuum is possible if co-moving pirticles ot

opposite charge are present to assure both charge and current

neutralization (e = 1, fm

In our present paper, w lescribe experiments in which IREB
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propagation in a vacuum drift tube is achieved with currents I >> IL

when a source of positive ions is provided at the drift tube entrance.

These studies were motivated by observat ions with col lctive ion

acceleration experiments at our laboratory where an IRIB pulie is

injected through a localized gas cloud or plasma into a vacuuim drift

tube. 8 We found that the presence of such an "ion source" at the drift

tube entrance not only produced high-energy positive ions by collective

acceleration effects, but also facilitated the propagation of a large

fraction of the electron beam current down the drift tube. 9  Similar

effects were also observed in collective acceler-'ion studies by other

groups. 10 To obtain a better understanding of the conditions for beam

propagation and of the correlation between propagation and collective

ion acceleration, we initiated a systematic experiEntal investigation,

the first results of which are reported below.

The experimental configuration used for the studies is shown in

Fig. 1. An IREB (I MeV, 27 kA, 30 ns FlIM) from a 3 rm diameter

tungsten cathode was injected through a 26 mm hole in the stainless

steel anode plate (located 6.3 mm from the cathode) into the drift tube

region. The drift tube diameter was 15 cm, and the vacuum pressure was

in the range 10-5-10-4 torr. No focusing magnetic field was used. A

well localized hydrogen gas cloud with an effective width of about 2 cm

was produced on the downstream side of the anode by firing a fast gas

puff valve 540 ps before electron beam injection. By varying the

charging voltage of the capacitor bank that powers the puff valve, the

effective pressure in the cloud seen by the electron beam could be

varied up to a peak pressure of about 100 mTorr. Ionization of the gas

__V A



results from electron-impact and ion-avalanche processes.

The current reaching a given position in the drift tube was

measured using a low-impedance (14 mohms) current collector with a

carbon beam stop 7.4 cm in diameter. Figure 2 shows typical waveforms

from the current collector for (a) the injected current at the anode,

(b) the current at z = 38 cm from the anode with no gas cloud present,

and (c) at z = 38 cm with a gas cloud at optimum pressure present at the

anode.

A thermistor embedded in the carbon beam stop was used to measure

the temperature rise of the beam stop which yields an estimate of the

total beam energy (electrons and ions) propagated to a given axial

position in the drift tube. This calorimeter was calibrated by moving

the current-collector/calorimeter to a position near the anode hole and

measuring simultaneously the injected beam current and voltage waveforms

and the temperature rise of the carbon beam stop. With a total

deposited beam energy of approximately ' kJ, the beam stop temperature

was increased by 120 C. Thus, each degree of temperature rise recorded

results from about 80 J of beam energy deposition.

As an additional diagnostic, a silver activation neutron detector

was placed exterior to the drift tube and used to detect neutrons

produced by accelerated protons striking the stainless steel drift tube

wall.

Figure 3 shows the results obtained from all three diagnostics for

beams injected through the localized gas cloud into evacuated drift

tubes of axial lengths 38 and 55 cm.

Figure 4 is a photograph of a 20 Mil Lhick copper witness plate

A~
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placed 70 cm downstream of the anode and exposed to the bea.n under

conditions where effective beam propagation is observed. The dama,.;e

pattern results from thermal effects associated with beam energy

deposition. The small size and circular symmetry of the witness plate

damage patLern are a clear confirmation of the effective beam

propagation due to the gas cloud.

The results of our experiments may be summarized as follows:

(1) Electron beam current in excess of the space charge limiting

value IL (here about 8 kA) can propagate into a vacuum drift tube

if a localized source of ions is provided at the injection point.

(2) The propagation of electron beam current to a given axial

position is critically dependent upon the peak pressure of the

gas cloud; this implies that the propagation results from charge

neutralization provided by the localized source, rather than from

ions drawn off the drift tube walls or from the background

vacuum.

(3) The time delay between the arrival of the electron pulse at the

collector and the injected current pulse increases with distance

while the width of the collector pulse decreases indicating that

the electrons arriving at the collector come from the late part

of the injected beam pulse.

(4) The total energy deposited in the downstream collector at 38 cm

is about 50% of the injected beam energy and decreases as the

axial position of the collector is increased, even when the peak

electron current collected remain!; about the same.

J. A



6

(5) Neutron production by accelerated protons seems to correlate

reasonably well with effective propagation of the beam current.

These conclusions support a description of the propagation process

which we present here as a plausible explanation of the observed

phenomena. In this concept, which is based on the model described in

Ref. 6, the electron beam enters the drift tube at a current I > IL.

Collisional ionization of the gas provides positive ions for charge

neutralization and permits the beam to propagate to the edge of the

cloud. As the beam enters the vacuum region downstream from the cloud,

the space charge forms a "virtual cathode" from which the electrons are

reflected back.9  The high electric fields of the virtual cathode raw

ions from the cloud until the electron beam can propagate further into

the vacuum drift region. This process may repeat itself until a channel

of ionization has been produced stretching from the anode to the

collector, at which time the remaining beam electron current at the back

end of the pulse may flow through the channel at nearly the speed of

light and be collected. Thus, the fraction of the injected current

pulse arriving at the collector depends upon the time necessary to

establish the channel of ionization. As the axial position of the

collector is moved further downstream, this time increases until it

becomes equal to the injected current pulse duration. At this point,

the current observed at the collector falls to zero.

The dependence of the propagation on the gas pressure can be

explained as follows. At low pressures, ions are not available in

sufficient number to achieve the partial neutralization required for

*Z.
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efficient propagation. Thus, the beam spreads iadially as it

propagates, resulting in more current collected at z = 38 cm than at 55

cm, etc. As the injected gas pressure is increased, an optimum value is

reached. Beyond this value, more ions than required for radial force

balance are available, and the inertia of the excess ions slows the

propagation velocity of the ionization channel. As a result, at higher

pressures, effective electron beam propagation cannot be achieved as far

down the drift tube than is observed under optimum conditions.

The propagation of charged particles in vacuum is of fundamental

interest in many areas such as astrophysics, laser fusion, ion

propulsion, etc. Alfv~n, 2 in one of the first papers on this topic,

studied the propagation of relativistic electrons through an

interstellar plasma and concluded that the pinch force due to the

magnetic self field of the electron stream results in the upper

limit I < IA = 1 0y. In the absence of a charge neutralizing plasma, it

is clear from our results and the preceding discussion that propagation

requires co-moving positive ions to assure charge and current

neutrality. Thus, if an intense flux of relativistic electrons is

ejected from an object (e.g. star, laser pellet) into free-space vacuum,

the negative space charge forms a "mirror" reflecting the electrons back

towards the surface. If a plasma is present, collective acceleration of

positive ions facilitates propagation away from the surface. This

process is different from ambipolar diffusion in that the relativistic

electrons provide the energy source for propagation into vacuum. A

large number of reflecting electrons accelerates a smaller number of

ions until the electron pulse terminates, or the supply of ions is cut

4NOW -



off, or the co-moving ions at the front of the stream have reached the

same velocity as the injected electrons6 (in which case no further

electron reflections occur at the front and a charge and current

neutralized "plasmoid" is formed). Thus, collective ion acceleration

associated with the propagation of intense electron streams into free

space vacuum could play a role in the generation of high-energy cosmic

rays whose origin is still an open question.
1 1

This mechanism could also explain the energetic positive ions

observed in laser-target interaction experiments 12 when the fast

electrons produced in the target try to escape from the target-plasma

surface. We hope that future results of our investigations will provide

further understanding of the correlation between collective ion

acceleration and beam propagation in vacuum.13
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FIG. I. Experimental configuration for the beam propagation studies

with the puff valve ion source at the anode.

FIC. 2. Current collector waveforms for (a) injected current, (b)

current at z = 38 cm with no gas injected, and (c) current at z = 38 cm

with optimized gas cloud pressure at injection.

FIG. 3. Results of a) current collector, b) calorimeter, and c) neutron

detector measurements at z = 38 cm and z = 54.6 cm as a function of gas

cloud peak pressure at time of beam injection (Ap 50 - p 50
ma x

mTorr).

FIG. 4. Photograph of copper witness plate at z = 70 cm with optimized

gas cloud pressure at injection.
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COLLECTIVE ACCELERATIO'l OF LASER PRODUCED IONS*

J. T. Cremer and W. W. Destler

Electrical Engineering Department
University of Maryland

College Park, Maryland 20742

Summary Al, Fe, and Ta targets and on ..0C03" Al foil, .0)04"
Fe foil, and .0O02" Ta foil targets for var.oas angle

Experimental studies of the collective accel- pairs (e.,
9

), where O is the angle of laser
eration of laser produced ions have been conducted. incidence and 0 is the angle of ion detection. Data
An Intense relativistic electron beam (I MeV, 30 kA, Las been obtained for angle pairs with respect to the
30 ns) is emitted from a 4 mm diameter tungsten target normal of (50,00), (400,450), (00,450),
cathode and passes through a 2.4 cm hole in a (450,00), (22.50,22.50) and (1900,00). The relative
stainless steel anode into a 14 cm diameter downstream Ion charee state distribution is measured using a 1273
drift tube. Ions are provided on the downstream side electrostatic analyzer located about 2 m from the

of the anode plane by firing a 4-10 J, 15 ns Q- target. In the analyzer detector, ions produce
switched ruby laser pulse at solid or foil targets secondary electrons when they strike an aluminun knob
mounted on the downstream side of the anode plane. biased to -20 kV, and the secondary electrons are
Accelerated ion energies are measured using time of accelerated onto ME102 scintillant, where the light
flight and range energy/track etching techniques. Ion produced is detected using a photomultiplier tube. A
charge states are measured using an EAB Thomson typical result of these studies is shown in Fig. 2,
spectrometer. Results will be compared with where the relative ion number for each charge state is
measurements of the pre-acceleration characteristics plotted as a function of ion energy. It is eal ly
of the laser produced ions from these target seen that for the solid aluminum target results shown,
geometries obtained using an electrostatic analyzer. the ion population is predominantly in charge states

1-3, with a maximum charge state observed of 5. An
Introduction indication of the actual ion current has been obtained

using biased charge collectors located 20 cm from the
Studies of t'e collective acceleration of ions target. The current collected, if assu-.ed to be in

from an independently controllable ion source using an the same charge state distribution as that measured by
intense linear electrom beam have been conducted In the electrostatic analyzer, can be used to obtaina

our laboratory at the University of Maryland for the rough estimate of the total ion number. For this
past several years.

1 6  
This work was a natural particular case, it is estimated that about i0

]
' Al

outghowth of early experiments by Graybill, et a1
7 

and ions are produced from the target on each shot.
Luce who initially investigated collective accel-

eration In the gas-filled and evacuated drift tube It is interesting to compare this number withi the
geometries, respectively. This early work was total number of atoms vaporized by the laser as
followed by experimental and theoretical Investigabi~ obtained from measurements of the volume of the pit in
of this phenomena at several other laboratories, V? the solid produced by th- laser. For thi case, such
as well as our own. During this period, we have measurements show that about 1019 ato-.s are lilerated
reported the acceleration of a large number of ion from the surface of the solid, an indication that only
species from puff-valve and laser-target ion sources a small fraction of these atoms are ionized.
to peak energies I about 5 MeV/amu independent of the
Ion mass, In these experiments, the electron beam The complete results of this survey are too
pulse was 1-1.5 MeV, 30 kA, 30 ns FWIN. Protons have extensive to be detailed here. The main conclusions
been accelerated to energies of 16-20 MeV in related of the study are as follows: 1) The highest charge
experiments, states and ion currents are observed when 8 - 0' and

4 00 < 1 < 450 for all targets, 2) Sold targets
Initial experiments of the collective accel- deliver substantially more ion current at all charge

eration of laser produced ions reported by our group states than do thin foil targets, and 3) The highest
indicated that although laser preionization did not charge states observed are 7 - 6 for aluminum and Z =
result in higher peak Ion energies, it did appear to 5 for iron and tantalum.
increase the number of ions that are accelerated to
high energy (3-5 eV/amu). For this reason, we have Collective Acceleration of Laser Produced Ions
initiated a systematic study of this configuration in
which the characteristics of the laser-produced plasma The general experimental configuration used for
from different target configurations have been these studies is shown in Fig. 3. An intense
measured using an electrostatic analyzer. The ion relativistic electron beara (I HeV, 30 kA, 30 ns F'hiM)
energies sand charge states of the preaccleration Is emitted from a 4 mm diameter cold tungsten
plasma can then be compared to those measured after cathode. The anode, a 6 m thick stainless steel

collective acceleration occurs, plate, has a 24 n diameter hole on axis through which
the beam passes Into the downstream drift region. The

Studies of Laser Produced Plasmas diameter of the downstream drift tube is 14 cm. Ions
from Solid and Foil Metallic Tarvets to be accelerated are provided by firing a 4-In J, 15

ns Q-switched ruby laser at solid or foil targets

A comparative study of laser produced ions from mounted in the downstream drift region. The tining of
solid and foil metallic targets has been performed in the laser firing must be adjusted such that Ions are
which an electrostatic analyzer and biased charge produced before electron beam injection, but not so
collectors were used as diagnostics. The experimental early as to short the diode. In these experiments, a
configuration is shown In Fig. 1. A O-witched, 4-10 laser-electron beam firing delay of 0.5 microseconds
J, 15 ns ruby laser is focused to 1011 W/cm

2 
on solid was found to be optimum. Accelerated ion- are usually

not observed when the laser Is not fired.
T"work supported by'thne Air Force Office of Scientific

Research and the U.S. Department of Energy

00Ri89499/93/OROO 31R5(40.00 :)193 irrr.

'74'



31S7

Effect of Target enmetrv. ion energy is attributable to t!e fart that th beam
energy was abo,it I MeV in this case, is cnorired to

A variety of different target geometries were about 1.5 MeV in the time of fliht neasurenents of
tested, including 1) Foil targets stretched across the Ion energy.
anode hole and irradiated on axis by the laser just
before electron beam injection, 3) Wire targets (0 mil In contrast to previo,is studies of toe co:ectlvC
diameter) stretched across the anode hole in a similar acceleration of ions from a locali:,,d gas cloud

J-

fashion, 3) Rods (62 mil diameter) installed in a impurity contamination (particularly by protons) of
manner similar to the wire, and 4) Solid targets the accelerated ion beam is a concton occurrence. This
mounted off axis on the downstream side of the anode contamination can be reduced, but nor elifinared, by
plane, as shown in Fig. 3. A typical ion time of firing the laser at the target to clean the surface
flight measurement is shown in Fig. 4. In this case, Immediately before a shot. The results for tantalum
the ion time of flight between two charge collection and iron are diffcult to Interpret, because the
probes 30 cm apart is measured after any accompanying resolution of the spectrometer is not good enough to
electrons are swept away using a transverse magnetic resolve individual charge states. In addition,
field. The photograph shown is for an off-axis tantalum has a high adsorption coefficient, and proton
aluminum solid target, and indicates a peak velocity (and possibly nitrogen) contamination of the ion bean
of about 0.1 c, or about 5 MeV/amu. The peak ion Is routinely observed. When accelerated protons are
energies obtained in this manner for the various observed, however, they are accelerated to
target geometries are shown in Fig. 5. It is approximately the same peak velocity as the fastest
interesting to note that all of the configurations heavy ions. In the previous studies of the collective

that potentially perturb the electron flow through the acceleration of ions from a localized gas cloud, it
anode hole (wire, rod, and foil targets) resulted in was also observed that all charge states were
lower peak accelerated ion energies than did the off- accoleratgd to approximately the sa=e peak
axis targets. All subsequent measurements have been velocity. Within experimental error, this appears to
performed with off-axis targets. be the case in this work as well. These results

appear to imply that the acceleration process is not
Charge State Measurements electrostatic, in which case hipher charge state tons

should reach higher energies, but more likely the
Acceleaied ion charge states were measured using result of a moving potential well acceleration process

a Thomson EI6 spectrometer see Fig. 3) similar to similar to that used by Olson to descrihe ion

that designed by M. J. Rhee. The ion beam is first acceleration In the gas filled geometry.
9

collimated by two 0.3 mm pinholes separated by 23
cm. A magnetic field transverse to the collimated Range-energy measurements of the accelerated ion
beam is provided by a permanent magnet and two pole energy are consistent with those obtained from the ion
pieces located inside the drift chamber. An insulated time of flight measurements, except when protons are
conducting plate located on the inside surface of one present as contaminants in significant numbers (e.g.
pole piece is connected to a high voltage power supply for Ta). This is a result of the fact that in tils
to provide an electric field parallel to the magnetic energy regime, the proton range is much greater than
field. Typical values for E and B are 6 x 105 V/m and the heavy ion range for the same energy/nucleon.
0.15 T, respectively. Ions deflected by these fields
are detected by a CR-39 track plate located 2.1 cm Referpnces
downstream of the pole pieces. The ion tracks become
visible under a microscope after the exposed plate is I W. W. Destler, L. Floyd, and 9. Reiser, IEEE
etched in an NaOlH solution. Trans. Nucl. Sci. 26, 4177 (1979).

2. W. W. Destler, L. E. Floyd, and M. Reiser, Phys.
Ions of a given charge to mass ratio Z/A and Rev. Lett. 44, 70 (1980).

varying energy trace out a parabola on the tracl plate 3. L. E. Floyd, W. W. Destler, M. Reiser, and H. M.
given theoretically by Shin, J. Appl. Phys. 52, 693 (1981).

5.2 x 10-gE !(LE)
2 

+ 2LEL )]y2  4. W. W. Destler, L. E. Floyd, J. T. Cremer, C. R.
x . 5 x1 12 (meters) Parsons, M. Reiser, and J. W. Rudman, IEEE Trans.

B Nucl. Sci. 28, 3404 (1981).
Z I Z 2 5. W. W. Destler and J. T. Cremer, J. Appl. Phys.

Xff fB (z)dzdz] 54, 636 (1983).0 0 6 6 WN--'.W. .Destler, Rev. Set. Inst. 54, 253 (19S3).

where x is the coordinate In the direction of E and B 7. S. Craybill and J. Uglum, J. Appl. Phys. 41, 236
(and therefore the direction of electric field (1970).
deflection) and y is the direction of magnetic field 8. 1. S. Luce, Ann. N. Y. Acad. Sci. 20, 336 (1q73).
deflection. The distance L over which the electric 9. C. t. Olson and U. Schumacher, In SIrener Trats4
field is applied is assumed to be equal to the pole in Modern Phvsics: Collective Ion AIc'.rat In.
piece axial length. The post eleciric flejld drift edited by G. H1ohler (Springer, New YorK, 19;'J),
distance to the track plate is L , and L is the Vol. 84.
distance ovIr which the magnetic fied is applied (in 10. J. A. Nation, G. Providakes, and V. Serlin, In
this case L2 - 0). Proceedings of the Fourth International Topical

Conference en Hfigh Power Electron and Ion Beam
Fig. 6 is a photograph of a typical track Reserach and Technology, Palaiseau, France. 1981,

plate. The coordinate axes and origin are obtained by p. 667.
setting either P or Bx  to zero, or both, and 11. L. S. Bogdankevich I. L. nhelvazkov, and A. A.
accelerating ions In the normal fashion. The results Rukh.idze, Soy. Phv , JETP V), 174 (1970).
of these measurements are summarized in Table I. It 12. M. ".asuzaki, Y. Tamagawa, . Kaada. S. Wat.lnabe,
is easily seen that the highest charge state observed S. Kawasaki. Y. Kubota, and T. NakAnishl. J1n. 1.
Increases with Ion mass. Peak energies determined Appl. Phys. 21, 1326 (19R2).
from these measurements were in the range 1-2 MeV/snmu, 13. J. w. Poukey and N. Rostoker, Plasma Phyq. 11,
althoigh Thomson spectrometry is not a particularly 997 (1971).
good diagnostic for determining ion energy, since 14. M. J. Rhee, IFEE Trans. Nucl. Set. .1, 2663
resolution is poorest at high energy. This lower peak (I9l).
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TABLE 1. Results of charge state measurements.

Target / A wJ (.a) Observed

Maeilmax max amu Vv

Carbon 5/12 2 l

Aluminum 10/27 1HOt "

Iron -15/56 1.5 H+~, I*

Tantalum 45/!81 1 H+ S -

S Detector

lel,,,- FIG. 4. Typical ion c irrent wayefor . from loi t-, of
Target ~~flight studies. To trace-frnt pro~e I A/di co,,)n
Chamberbottom trace- bae'h probe (3) cm. do,.nrtrea. , 0.1

5-1 C-t C.11:wA/division.

DrfT Tube 1.0,O

10'-" 127'
45 .4 Electrosot~c

Analyzer6

FIG. 1 Experimnental configuration for studies of laser
produced ions fromi solid and foil metallic targets. 0

1.0-

0.80 Sod Al~ummum Target C0
2

01 2A 5 o
3 4 CH2  C 41 T, reLc."_
/r I / /04 2 1

03 -~ 3'

F~/~ / ~IG. 5. Peak ion velocity for various t,,npet

0.20 2/ Igeometries and materials.

2 . - 3, -

0.0 1.0 .0 3.0 4.0

ION ENERGY (Key) ~'V
FIG. 2 Typical ion energy spectra for Al+l to A1+5 as t

observed with the electrostatic analyzer.
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FtC,. 3. E~xperimiental canftgurattion for studies of the
collective acceleration of laser produiced tons.
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STUDIES OF THE HELIX CONTROLLED BEAM FRONT ACCELEPAIDR CO',CEPT*

W. W. Destler, P. G. O'Shea, M. Reiser, C. D. Striffler, 0. Welsh, and H. H. Fleischmannt

Electrical Engireering and Physics Departments
University of Maryland

College Park, Maryland 20742

tOn luave from Cornell University, Ithaca, New York, 14950

Summary and at high freqoencies by vh c sin(0) where 'N is

Helix controlled collective ion acceleration the helix pitch angle. In tdis manner, the propaga-

involves the use of a helical slow wave structure to Lion velocity of the electron beam front could be

control the propagation velocity of an intense controlled by varying the helix pitch along its

relativistic electron beam front, in which ions could length.

be trapped and accelerated to high energy. Experimen- In experiments to date, the initial charging of

tal and theoretical studies of the propagation of an the helix has been accomplished by the early part of
IRER inside both cylindrical and helical conducting the electron beam pulse. The grounding of the input

boundary systems have been conducted. In the exper- end of the helix wai accomplished by sucface breakdown

iments, an IREB ( MeV, 30 kA, 30 ns, confined by an across an insulating support. The pitch of the helix

applied axial magnetic field) is injected from a 1 cm was chosen to match the ion velocity readily obtained

diameter hollow stainless steel cathode through a 2.4 in such systems without the helix. For a 1 MeV

cm diameter hole in a stainless steel anode into electron beam a helix pitch in the range 0.05-0.1 was

either cylindrical or helical downstream drift used,
2 

and an enhancement of the accelerated ion
chambers. Beam propagation in the cylinlrical systems energy over that achieved without a helical slow wave

is in good qualitative agreement with theoretical structure of a factor of two was achieved. In this
calculations based on a modified Bogdankevich, paper, we report a systematic study of the electron

Rukhadze beam model.
3  

When a helical slow wave beam propagation characteristics in both cylindrical
structure is used as the conducting boundary, the beam and helical conducting boundary systems as a function
front velocity is significantly reduced to values of applied magnetic field.

approaching those associated with the helix pitch

angle. II. Experiments

I. Introduction The general experimental configuration is shown

S d on Accelerator
1

,2 in Fig. 1. An intense relativistic electron beam l
MeV, 30 kA, 30 ns FWM) is emitted from a I cm

concept first proposed by H. Kim, involves the use of diameter hollow stainless steel cathode 1.2 cm

a helical slow wave structure to control the propaga- upstream of a stainless steel anode plate. A 2.4 cm

tion velocity of an intense relativistic electron diameter hole in the anode allows virtually all of the
beasifront. Positive ions can then be trapped in the electron beam current to pass into the downstream

space charge potential well at the beamfront and drift tube. An axial magnetic guide field constrains

accelerated to high energy by varying the helix pitch the radial motion of the beam electrons over the
angle along its length. The concept is dependent upon entire experimental length. The current reaching the

the fact that the maximum electron current that can end of the drift tube is measured using a low
propagate in a grounded cylindrical drift tube is impedance Faraday cup.
limited to values less than or equal to the space

charge limiting current, given approximately by Beam Propagation in Cylindrical Drift Tubes. The
peak electron beam current measured at the downstream

17,000(Y
2
/
3 

_ 1)3/2 end of the drift tube using the Faraday cup is plotted
I R [A] (1) as a function of applied magnetic field for two

different diameter drift tubes (grounded at the input
(I + 2 In ! )(l - f) end) in Fig. 2. Two important features are apparent

b from these results: 1) The maximum current that can

where y is the relativistic mass factor of the be propagated is independent of tube radius , and 2)

injected electrons, Rw is the tube radius, Rb is the The propagated current at high magnetic fields is

beam radius, and f is the fractional neutralization, greater for the 3.8 cm diameter tube than for the 9.8

if any, provided by ions.
3  

If the tube is initially cm diameter tube. Both of these results are in

charged to a negative potential V0 , the electron qualitative agreement with theoretical expectations.

energy will be2 reduced to a value given by Beam Proacation in Helical Slow Wave

Y Y - eV /m c , thus reducing the limiting Structur,'. The peak propagated current measured at
curren? subs'larlially. An electron beam with I < IL  the dwu.Istream end of two different 3.8 cm diameter

in the unbiased drift tube could be effectively helical slow wave structures (grounded at the input
prevented from propagating in the biased tube by this eni) mounted coaxially inside a 9.8 cm diameter outer
effect. If the input end of the biased tube were then cylindrical boundary is also plotted in Fig. 2. This
shorted to ground, a grounding wave would propagate data is for the case where the helix chirality (sense

along the cylinder at the phase velocity of of helix winding) is such that the return current
transmission line waves in such a system. For a flowing in the hehix produces an axial magnetic field

simple cylindrical boundary system, this velocity in the same direction as that of the applied field.
would be c. For a helical slow wave structure of When the helix is wound with opposite chirality. much

radius a inside of an outer conducting boundary of higher magnetic fields must be applied to achieve

radius b, this velocity is given at low frequencies by effective beam propaRstion. This result is consistent

c sin() with the calculated transmission line impedance of
v p2b 2  (2) abotit 600 ohms for the .07 pitch helix system andVph [----- --n(2) abyste bOndohmt fo thet .f tc helix ytemh ad u

(I - I)cos2 V1/
2  

about 300 ohms average for the .1 * .27 pitch helix
2 tn b/a system, indicatinK that if the helkcas are charged up

to a sizable fraction of the beam energy, the return
*Work supported by the Air Force Office of Scientific current would be several kiloamperes, prodicing a

Research and The Dep.rtment of Energy. large axial magnetic field, which my enhance or

9v'199) 117T.
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detract from the appIled ma.3'.net ic f o-1 I The i.
propagated current is vi rt u.i Iv anc iii V.1 whR-t h"
input end is floated, perhaps beciuse inict 'J.. 'rV
isolation afer the firit lew turns 011,w ,-lt t LV,' mf.r) ';r'

charging of the h. I i x even wh.-n the inptit end i e ( )* ( r) *B'r -V' v:
grounded. sr

The arrival t ime of tie pe'a K - 1-t r, n i- To solv.e the 1) .q w.. ns~~the'
Current propi-,, t iug in helIi x svst T:, it L' Pit-, .. down . i clhar; ~s
cup relative to that ohtain.-1 in a c'vli todricil dri-.t i.e., (r) P , and 1) ' r ( ' . n, the1.
tub.? o f the same diameter i s p IoLt=A1 v s. appi I L I as sumti io, o1 )1 )fti aminr fl impl i% s thb. r--at is. radi ii
magnet ic field in Fig. 3. It is e,uiv ; e,-,n rtu po s itto n o f in e Il' Iri iLn t ho b,,as is cnrs a n t
substantial delays in the arrival t~m ot t he I- rt-garlh!-ss of be am ia:s e . , r Ir - Rb/B3 .
beam current are on ly observe'd for app 1 1 .- a'tt.. iv Because is liti-ir in r, We a',uLMe Ithe aJtithalj
fields in the ranee 3-6 kiloea,,ss, a realt ,:onsi .,it V'. Iloci ,Y is of the form V = kr . In addition,
with the expectation that both hielIIx c h Ir,' i, anl ass tmini V *(r) is rleat iv..ly cnt ant irt r, B,, can be
beam-helix interaction shouli be maximizeA wh-n t im, calIv qaI d by f in1 i n4 an r s;u-h t ha'2 (r
beam current flows near th- !elix wall. V V tr). With the furthe.r aqsunntt ion tli' all

se~ i .I' n ic fieldis a re cont tinmed ins ide t he
An attempt to meaiur. the be.vnfrunt velI ,- i tv contI.,ct ing wall, we can c alIculate- all sel1f f ieids and

opt ica Lly has been made us ing the ront icuratmo 10-1Shi puitiai.1 Thus , know-.ni Ra p. 1,and B.z andi
in Fig. 1. Plast ic scint i Ilant: (NEIO2 I was plac* I n't. ~ntrmba a u , ecnio
along the Outside of tile helIiX ai shown, and lt 7t C'31 ' .'L, the ot10r -1 ui i br iurn properties, 0
emitted when electrons st ruc:K the sci nt I 1tit was V b
picked up by fiber optic transrtissioin li.'s. Th. vaEs 3-S. hspoeu. i

ligt ipe .were th.,-n aligned vert ically in ord,-r ot iterit.J u nt il thi' corr.,ct - r is foun!I. Firial :,., the

their axial pos it ion and the lizht 'ob.erved ws wtital, inbea y Urlse calcual the b h R, (i
wi ; nsed tt -s qa h injec. F beamphotographed using an image converter camera operating cu Irnt.

in the streak mode. Typical results obtained for both
a fast and slow he 'lix are shown in Fig. 4 These, Ca!,calated beam prope rties are shown in Fio.. 6
results show a beam front velocity of about 0.08 c for for the case Ra = 1.0 cm, Rw 4.8 cm and y = 3.0.
the .07 pitch helix and about .1 c for the .1 -. 27 The-. ro-ults show the variat ion of beam cur'rlnt with
pitch helix. Both of these exampl.-s are for the ca-- beam radios, externally appliedJ magnetic fi,: d, and
where the helix chirality was such thatL the return beam density. The beam density is expressed .1s the
current in the helix produced a ma~ etic field tita potent ial depression on axis -divided by the accel, ra-
reduced the applied magnetic field behind the bestm tion voltalge. We find that r =0.5 Rbn gives the be: t
front. In this case, there is reason to believe tlia fit. _In the limit of BAZ approaching intl sitv aitd
substantial beam current would strike the scintillattit when r =0 , our results reduce to the Bogdankmvich'-
behind thet beaafrunt . In the case wh.'re th.' he! ix ukhadze curve with tie limit ing current given in Eq.
field added to the applied field, the pltotovraphs are? (l) with f = 0. The calculations show our assumptiis
much more difficult to interpre't, perhaps hecaus. of V,(r) being linear in r and '.'(r) being constant
electrons do not reach the stint illant as effectively. are quite good.

Ill. Model of Solid SBeam Equilibrium To intersrut Fig. 6, select a magnet ic field
an itn, st rongtt and follow that line until the i njectL ion:

To calIculIat e the properties o f cuIrt ts rrent is reached, the boom radius equals the drift
relativistic electron beam as a function oif a pple I rais or th bembcms untbe h
magnetic field and acceleration potential, we cons;ider current limit when the beamr becomes unstable is due to
the system shown in Fig. 5. Our analysis assumes the loss of radial force balance occurring near the boam
beam expands adiabatically to a.radius Rb wh~re a axis. Onl our curves, this region occurs at potential
laminar flow equilibrium is obtained far from th end depths beyond the maximuma current that can propagate
walls. More specifically, a solid, uniform density for a given beamn radius. If more current is injected
electron beam of radius R. is injected into a long, than the system allows, the excess current is lost to
hollow, grounded drift tube of radius Rw Tie entire the walls. For example, if B AZ I kG, 10.5 k-, woujldsystem is immersed in a uniform axial magnetic field ppa.tesa3. cmbm, utAZ 2 Aijetdba
AZ* Th n edba sirttoa n oo would propagate as a 4.8 cm beamn with only 17.25 kA.

energetic with ener gy mc 1( 1- 1) = eV .The down- However, at BA7 - 1.5 k,1 a 4.8 cm beam will not
stea bamprpetis ho n b' Fig. z' P ~rpga te regar Jess of injection current; the largest

11sr B and B55 along with the above assumptions beam at 1 .5 kG is 3.6 cm at 12.5 kk current.
are inerrela' ed by:

Consrv. ionof artcle n~r,,yThe -above interprs'tat ion leads to Fig. 7 which
Coseveio o Prtcl Eerycompares theoretical predictions to experimental

'r) Y+e f~)() results. We have plotted maximm beam current vs.
2 i*r applied magnetic fieldl for two wall radii, 4.8 cm and

mc / 82(, 2 ()1.9 cm. Experimental results, points "0"' and %.," for
41 z these two) cases are also diSplased. When the applied

where 8 V /c, 08 . V /c. and - r) is the electric magnet i- field is relatively low, the beam current is
potentil1; l 1imited, because the beam fills th,. tube. At hi-heir

Conservat ion of Canonical Angular Monontum magnetic F ield st renutls , the beam current is limi ted
2 by heam de nsitv, be'cause electrons near tle~ beam axis

eB Zra.rmr) haye laIrve Pote.ntial cnergi,'s but insufficient kinetic
2 rm~t~v (r) - eA ()1 (4) ene.ryy to) create the V19 forces whith keep th-im in2 equilibrum. In this magnetic field regime, A virtual

where A (r) is the downstream vector potential and r~ cathod.- forms if the inle-cted current is above- the
is thle 4articles' radial position at the anole; and st.ay State limit plott'.d. Thouvh there is fairly

good Ire-thtwe,-n the solid b,'am model ani tli
exp.'rimeitail data, we cl..irly need A less restrictive
mod., I.
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BEAM FRONT ACC .:LI~RAC..S (Invited paper presented at the ,<',.tiv-

M. Reiser "The Challenae of Ultra-Hiqih Energies'Oxford, September 27-30,19J2)

University of Maryland, College Park, MD, USA*

ABSTRACT

An intense relativistic electron beam cannot propapate in a
metal drift tube when the current exceeds the space ch;,.rq
limit. Very high charge density and electric field cradicrti

4(102 to 10 MV/m) develop at the beam front and the electr-ns

are reflected. When a neutral gas or a plasma is present,
collective acceleration of positive ions occur, and the
resulting charge neutralization enables the beam to propa cate.
Experimental results, theoretical understanding, and sclier-es

4to achieve high ion energies by external control of the bean
front velocity will be reviewed.

1. INTRODUCTION

When an intense relativistic electron beam (IREB) is injected into a

metal drift tube, or encounters a discontinuity in its environment, such

that the beam current exceeds the space charge limiting current, it stops

propagating. A "virtual cathode" associated with very high charge density
2 3and electric field gradients (10 to 10 MV/m) develops at the beam front

and the electrons are decelerated and reflected by the negative space-

charge potential. When the drift tube is filled with a neutral gas at a

suitable pressure (e.g. 112 at It 0.1 Torr) or when a plasma is present at

the entrance of the drift tube, collective acceleration of positive ionrs

from the gas or plasma occurs, and the resulting charge neutralizaticn

enables the beam to propagate. This effect was first discovered acciden-

tally by Graybill and Uglum in 1968 during experiments with an intense

electron beam in a gas-filled drift tube )
. The typical geometry of such

an experiment is illustrated in Fig. Ia.

After the discovery of Graybill and Uglum, many experiments with ,as-

filled drift tubes were performed during the early seventies. It was found

that the peak ion energy increafted with pressure until an upper pressure

limit is reached beyond which no ion acceleration occurs. For ions with

positive charge Ze, the kinetic energy, Ei, can be expressed in terms of

the electron kinetic energy, Ee, or the electron beam voltage, Vb, as

*presently on leave at GSI Darmstadt with support from the Alexander yen

Humboldt-Stiftung (Humboldt Award)
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where a is the energy amplification factor. The experimental energy

spectrum has an exponential shape with an effective value of a 1 1 for the

bulk of the ions and with a "-. 3-10 for a distinct high-energy tail. Though

many theoretical models were proposed, the best explanation of the many

experimental observations was given by Olson in his comprehensive theory.
2 )

Olson also proposed the Ionization Front Accelerator (IFA) as a scheme to

control the beam front propagation velocity and thus achieve higher ion

energies. We will discuss this scheme in Section 3 of this paper.

METAL DRIFT TUBE Figure I
ANODE
(THINFOIL) Typical experimental configur-

ations for collective ion accel-

eration with intense relativistic
electron beams (IREB): (a) IREB

7 -ELECTRON BEAM -- injection into drift tube filled

T with neutral gas, (b) IREB in-/ I NEUTRAL GAS

CATHODE eg H2 at- 0.1 Tarr jection through localized gas
cloud or plasma into a vacuum

a) Gas- filled drift tube geometry drift tube.

METAL DRIFT TUBE

ANODE
ION SOURCE (gas cloud, piasmoetc

-1~j3L-ELECTRON BEAM --

/ fJ VACUUM
CATHODE _________________

b) Vacuum drift tube geometry

In 1974, J. Luce at Livermore pioneered a somewhat different collec-

tive ion acceleration method . Ile used dielectric material in the anode of

the IREB generator and injected the electron beam through a hole in the

anode into a vacuum drift tube. With such a system, now known as a "Luce

diode", and by using special ring-shaped electrodes (called "lenses" by

Luce) in the vacuum drift tube, he reported ion energies that were signifi-

cantly higher than those in the gas filled drift tubes. The highest value

-12
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Subsequently, experiments with "Luce diodes" were perfor-ed t :o

University of Maryland and several other laboratories. The >'.crla:id .r,[-7,

recognizing that the dielectric served as the source of positi' i,, ,

developed a new system which provided better reproducibility and externial

control of the experiments. In this new configruration, the dielectric is

replaced by a standard metal anode and the electron beam is i:nj.tc-.ad in.to

the vacuum drift tube through a well localized ion source in tlie form c: a

gas cloud or a laser-produced plasma. This system is shown in FiL. lb. In

experiments with such a system, positive ions of various gas and metal
4)

species were accelerated to peak energies of about 5 .-U per nucleon

The total kinetic energy of about 900 MeV for Xenon ions is the highest

energy achieved so far in collective acceleration experiments anywhere.

In contrast to the experiments with neutral guis, the results obtained

in vacuum drift tubes are not yet fully understood. However, theoretical

studies at the University of Maryland have identified several key features

of the acceleration mechanism. In particular, a moving virtual cathode

appears to be most consistent with the experimental data. The motion of

the beam front and the virtual cathode can be influenced by the use of

special electrodes (as was demonstrated by both Luce and the Maryland

group). This led to the proposal of the helix-controlled Beam Front Accel-

erator (BFA) which is now being studied at the University of Maryland. The

BFA concept will be discussed in Section 4.

Collective ion acceleration in the beam front motion schemes (IFA,

BFA) is intimately connected with the propagation of electron beams near

or above the space-charge limit. Therefore, in Section 2, we shall first

present a brief review of the various phenomena that limit the propagation

velocity of an IREB in neutral gas or vacuum. Before doing so it is worth-

while to point out some major differences between the beam front acceler-

ators (IFA, BFA), on the one hand, and the Electron Ring Accelerator (ERA%)

and the Wave Accelerators, on the other hand. Both the EB.\ and the wave

accelerators originated from theoretical ideas by Veksler, Budker and

Feinberg in the fifties before intense relativistic electron beam gener-

ators were developed and experiments performed. By contrast, the beam

front accelerator concepts evolved from theoretical analyses of experimen-

tal observations that occurred almost accidentally and that were neither

expected nor predicted. It took many years of research and development to

-133-
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been successful so far though the generation o: slow ,aves with modi.-t

electric field gradients (0, 10 MV/m) has, been demonstrated. Hi'<'.'r, tf,<

parameter dependence and scaling in these schemes is wull under-tco, , ::

they are based on theoretical models. By contrast, collective iun accer-

ation in the beam front accelerator occurs naturally; the problem is to

understand the observation and to control the natural processes and t.

develop scalable acceleration schemes. Another difference is the fact that

beam front accelerators operate at higher currents (near and above the

space charge limit), and that the field gradients in the beam front accel-

erators are at least one order of magnitude greater than in the ERA and

wave accelerator cases.

2. LIMITING CURR'NTS AND ELECTRIC FIELD GFADIENTS IN INTEN-SE RELATIVISTIC

ELECTRON' BE'!S

The electron beams used in these collective ion acceleration experi-

ments are single pulses, typically between 10 and 100 ns long, with peak

currents in the range from 10 to 100 kA, and peak energies between 0,5 to

5 MeV. All experiments so far have been done on a "single-shot" basis,

i.e. one shot at a time which is repeated every few minutes. Repetition

rate capability for these accelerators is being developed at Sandia

Laboratories and at Livermore. A high-voltage pulse is applied to a diode

(cathode-anode), and the electrons emitted from the cathode are accel-

erated and injected into a metal drift tube through either a thin foil or

a hole in the anode. In the drift tube the electron beam can be focused

by applying a uniform axial magnetic field or via charge neutralization if

a neutral gas is present.

The electron beam generates very high electric and magnetic fields

which have a strong effect on the motion of individual electrons. More-

over, the energy stored in these fields must be supplied from the kinetic

energy of the beam. If a neutral gas is present, ionization takes place by

collision with the beam electrons. The secondary electrons from these

ionizing collisions are instantly ejected from the beam region to the

walls and the remaining positive ions provide partial or full charge

neutralization of the electron beam. Comoving or counterstreaming ions

and electrons may also affect a partial or full current neutralization.
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Fi ,zure 2

Potential distribution of eloctrcn
beam with radius a enterin2 a drift
tube with radius b = 2a. Top:

2 1" equipoLential lines in units of
V, = 30 I/.. BoLtom: potential
variation alon beam a:xis.

V ~

'/, / "
2 3 4

2

3+ '

Fig. 2 shows the electrostatic potential distribution of a cylindri-

cal beam with radius a and uniform charge density injected into an evacu-

ated metal drift tube with radius b. The equipotential lines are shown

near the anode for the case b - 2a. Potentials are indicated in units of

I 30 1(2= - -21 (2)
s 4-c v

At a distance z >12b, the elettric field has only a radial component

(assuming a constant beam radius in this uniform beam model). The poten-

tial difference between beam axis (r = 0) and beam edge (r = a) is Vs,

given in (2). The potential difference between beam axis (r = 0) and wall

(r = b) is

V = V ( + 2 ln ba) , (3)o s

and the maximum radial electric field at the beam edge (r a) is

2V 60 1
E = - (4)r,max a Ba
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As an example, for I = 3x104 A, 1 1, a = 6x10- 3 j, b = 2a, 'n 'ets

V = 0.9 MV, E " 300 MV'/m, and V 2.15 MV. Thus, if V denotes the
s max o' b

accelerating diode voltage, the kinetic energy of the eectrcons, eV., muSt
be greater than eV to overcome the negative potential barrier on the

beam axis. In our example we must have eVb > 2.15 MeV. Incidentally, from

the calculated field pattern of Fig. 2, one infers that there is a high

axial electric field at the anode plane z 0, r = 0) given by

E 75I1 (5)zmax a

In our example this implies a gradient of 375 MV/m.

What happens when the potential on the beam axis approaches the

accelerating diode voltage ? As V - Vb, the beam is stopped by its own
0

space charge, and the electrons are reflected back to the anode. The

current where this limit occurs is known as the space-charge limiting

current. It was first derived by Bogdankevich and Rhukadze in 1971 and
5)

may be expressed in the form

(Yb 2/3 - 1)3/2

L (1 + 2 In b/a) (1 - fe (6)

3 4
where I - 4irce mc 1.7xi0 A for electrons, and rb is the relativistic

0 cb

energy factor defined as

(Yb-1) mc = eVb , (7)

The factor f in the denominator represents fractional space charge
e

neutralization by positive ions.

In addition to the radial electric field E, there is an azimuthal

magnetic field B0 due to the beam current. The associated Lorentz force

v B on the beam electrons is radially inward, i.e. focusing and counter-ze

acting the repulsive electric force. A net strong focusing force results

when the space charge field is neutralized (f = 1). As was first shown by
6) 7)e

A1fv~n and later by Lawson , this force stops and reflects the beam

electrons (pinch effect) when the current exceeds the critical limit

L -136-
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IA I ° y = 1.7 x 10 (2- ) 1/ . (

Note that IA > IL'

The energy stored in the clectric and magnetic self fields of an electron

beam of length L is given by
9 9I'L 1( 1-2

=4 (+ I n e + (1 - f )21 (9)
4 a f2 m

where f represents the fractional charge neutralization and f thee m

fractional current neutralization.

This field energy must be supplied from the kinetic energy of the

beam electrons, i.e. the kinetic energy at the beam front equals the

kinetic energy at injection minus the field energy. This energy conserva-

tion law may be expressed in the form of a power balance, namely

2 2
1) mc 1 - 1) mc W

f e o e L f

Of particular interest is the case of a charge-neutralized beam

(fe = 1) where an upper limit is reached when vf = 0, i.e. all of the in-

jected beam power is converted into magnetic field energy. Tle current in

this power-balance limit is given from Eqs. (9) and (10) by

IP=1 4 Yb (Yb _1i

P I + 4 In b/a Y - 1

It differs from the magnetic limit IA mainly by the geometry factor

4/(0 + 4 in b/a) which represents the field between beam (r = a) and wall

(r = b) that was neglected by Alfv~n and Lawson. Solving (10) for 6f in

the case yf = 1 (Vf = 0), one obtains an upper limit, the so-called

power-balance limit, for the beam front velocity:

Vb  1
Of = - (12)

I 7.5 (1 + 4 In b/a)

This limit plays an important role in the Olson theory of collective
2)

ion acceleration in neutral gas , as will be discussed in the next

section.
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The above theory, in particular the Ipce-cn~rrc li:itim, ,,;r:-ont ,

based on the nonphysical "uniform" beam m,,odul which by i::.pl icati.: ,

that an infinite axial ma?!netic field forces all electrons to trav.i al

straight lines. A more accurate self-consistent theory of a mac neticaAlv

focused electron beam was presented by thle author in 1977 It ids '.h]

following relations for the beam current I, the relativistic energ.y fact>,r

)b' and the applied uniform magnetic field 130:

2

1 /2 "a0- ' 1) (- -I13)
2

2
Yb Ya Yab
- = + (-_ - ) n(14)1

YO YO Y 2 a

0

Y a2 / Y
_ c a 1/ a (a "00mc(_ 1) [(c +~ 1) - - 1)a] (15

o e a 2, V

where y0' Ya9 Yb refer to the electron energy at the beam axis (r = 0)

beam edge (r a) and wall (r = b).

These three equations relate the experimental parameters I, y B, a, b;

given two of the five parameters one can calculate the other three quan-

tities.

From the above equations we can derive the modified space-charge

limiting current by setting 3I/,3y = 0. in the case b a, one finds for

y the relation
; 21

Y 2 " [(0 1 8 ya)1 -11 (16)

Substitution of (16) into (13) yields the space-charge limiting current.

Finally, we note that the beam front velocity in this self-consistent

model is defined as
(2 - 1)1/2

(Y2_W1
0 (17)

f YO

Let us now briefly discuss what happens when the beam current exceeds

the space-charge limiting current IL. Only a simplified, one-dirensional

theory yields analytical answers in this case. For I I L' one finds that
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a virtual ca thade "orms at i verv smat L distance d ro::l - ,. .d-m

jection) plane. The charge density at the virtual cathode is many tim.s

greater than the injected beam density, and the potential at th mi:,imum,

V may be less than the cathode potential Vb , as illustrated in Fi.:. 3.
m b

Both d and V oscillate with small amplitudes about mean values obtainc
m m

from the theory.

Figure 3

IREB injection into drift tube when
current is above the space-charge

2 ,limit (I > IL). Top: Beam front stops

at short distance dm from anode,
t electrons are reflected. Bottom:

3 .. 5 6 Typical potential variation along
- beam axis; the potential minimum V,.

at virtual cathode exceeds the beam

voltage Vb.

V(r:O)

1 2 3 4 S 6

-Vb

-'

d'~-

Of particular importance with regard to collective ion acceleration

is the electric field at z = 0 which may be expressed in the form

[ ] 2.04 (11/2 2 - /4 (iS)
a br]

-2
As an example, for I = 210 = 34 kA, Yb = 3, a 10 m, one finds

E 485 MV/m. On the other hand, for I = 5I 0 85 kA, "yb = 5 and

a = m0 in, one -tains E = 1,010 MV/m. These high electric field

gradients and the potential well associated with the virtual cathode at

the beam front play, according to our understanding, a crucial role in

in the next two sections.
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When an IREB is injected into a metal drift tubL i - , n'Irr

gas at a pressure p, ionization of the gas molecules by tb' ci,!ctvr,:.,

place. As positive ions are formed and acceIerat t i 1i t. C ttVost it i

potential well of the beam, they too can contribute to ioniz.,ticn bv c_! -

2)sion with gas molecules. Followinz Olson's theory triu Most importrant

parameter determining the physical effects is the ti:::e: , it taks to

neutralize the space charge of the beam (i.e. the ion density eqnals the

electron density). For hydrogen gas (H,) Olson obtained the relation

-1

TN - 1.0 [p(Torr)] nsec (

i.e. T is inversely proportional to the pressure p, as one expects. ThV

beam physics and ion acceleration depend on the rise timte tR and total

pulse length t of the electron beam and the pressure p of the neutral gas.
P

It the low pressure regime (p < PT' LN > tp), a virtual cathode forms,

the electrons are reflected and no beam propagation occurs. It is assui::ed,

of course, that the beam current during the entire puls e length remains

above the space-charge limit. Positive ions created in the potential well

of the electron beam can be accelerated to kinetic energies of E i . eV b

(assuming a potential well depth of Vo = Vb)"

In the high pressure regime (p > pT' 'N < tp), the beam becomes fully
To N p

neutralized in time TN which is less than the pulse duration tp. Thu beam,
N p

therefore, is able to propagate with a beam front velocity Bf = LW /- NC,

where LW is the wicth of the ell region. Positive ions trapped in the

moving potential well on the beam front are accelerated to a maximum

velocity of v. = v - L /T which in view of (19) increases with gas
f W N'

pressure p. When the gas pressure gets high enough such that the electron

beam gets neutralized during its rise time tR before the current I reaches

the limiting value I no virtual cathode forms, the beam never stops and

no ion acceleration should occur. The condition for this to happen is

TN ! TR = (IL/I)tR" Olson calls it the "runaway regime". Fig. 4 illus-

trates the beam front and ion velocity variation with pressure for the

three regimes. At pressures p > pR' where no ion acceleration takes place,

the electron beam front velocity is limited by the power-balance relation

(12). In most experiments this velocity was significantly greater than the
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maximum ion vclocitY ob srv d, in areLcnt wunL 1 . ' Lhecry

A

Po.er Ba ln, Limit P p [p

T . . . . .1.t
Fixture 4

Electron bean front and ion velucitv
variation with neutral gas according

T, C to Olson's theory.

p
L~w p T Hqgh p R Runaway

Regime I ReQfie 1Reme

It is clear from the above model that further increase of the ion

energies can be achieved only by avoiding the runaway effect, i.e. by ex-

ternal control of the beam front velocity. Olson proposed to accomplish

such control in the Ionization Front Accelerator (IFA) concept schemati-

cally shown in Fig. 5. The drift tube is filled with a "working gas" at

a pressure low enough that ionization by beam electrons is insignificant.

Instead, the intense light pulse from a laser source is used to ionize the

gas. Light pipes of increasing length allow one to control the arrival

time along the drift tube and thus the propagation velocity of the beam

front. Positive ions trapped in the unneutralized space charge well at

the head of the beam are accelerated as the well propagates with increasing

velocity that is determined by the arrival sequence of the laser pulses.

The upper limit for the beam front and ion velocity is given by the power

balance relation (12). Olson estimated that a 100 ns IREB pulse should be

more than sufficient to achieve I GeV protons.

-I

IREB Ion source Ion buch ressur Fi 'ure 5
, / orkirg caesI

The Ionization Front Accele-
rator (IFA) scheme. The IEES

H i1 ~ ThI Iis charge-neutralized by
Intense laser-light ionization of a
lih lites low-pressure working gas.

gulse L- The unneutralized beam front

forms a potential well for
positive ions. Beam front velocity and thus ion acceleration is controlled
by arrival of light pulses via light pipes of increasing length. (Courtesy
of C.L. Olson).

IL



It iS important to point out that t I7'A sc :: ir .

below the space charge limit IL . In this case t. I. t: ra-

even without the laser. However, the liser ioniz.tie: icrcu c'5 a .ir:

transition within the beam pulse behind which tlie n om is u n:.,tr:!-

ized and in front of which the space charge is unn,-utralized. A ,:.t'

obtains an ionization beam front which travels at an incr,,os n-, ye 1

(less than the actual beam front) as determined by thf sw".-p of tl;. ]ah,, r

pulses.

After completion of a "proof-of-principle" experiment (lFA-I) withc

encouraging results (proton energies of about 5 Oe) , 0lsLo has reccntv

started the "test bed accelerator" project (11A-2). 'Iiis project air:s at

proton energies of 100 MeV. It features an impro.d electron bea.m ,enr--

tor with better reproducibility and low jitter, and a ne.' working pas

(NN dimethyl aniline - D.A1) that operates at ro:c temp:c-rat,:re and req,:-.es

only one laser (XeCI) for the ionization process . RIIsult., with thit,

new system are expected within the next year. i

4. COLLECTIVE ION ACCELEP\TION IN VACUUM, THE BFA CC.P(,'-iT

The physical mechanisms involved in collective ion acceleration when

an IREB is injected through a gas or a plasma (see Fig. ib) into a

vacuum drift tube are not as fully understood yet as in the ileutra] ga:;

case. However, the experimental data at the University of Maryland are

consistent with a moving virtual cathode. Positive ions produced by

collisions in the gas cloud or by laser bombardment of a solid target

material are accelerated by Ihe !strong electric field of the virtual

cathode that forms on the vacuum side of the gas cloud or plasma. The

positive ions neutralize the electron space charge and, as a result, thc

electron beam front with the virtual cathode moves further down-stream.

This "self-synchronized" propagation of electrons and co-moving ioas de-

pends on the ion density in the gas cloud or plasma, the rise time and

pulse length of the electron beam, the drift tube geometry, the ratio of

beam current to the space-charge limiting current, the beam voltage, and

other factors. Many more systematic experiments will be required to explore

the parametric dependence and to optimize the ion acceleration process.

The major results of our studies at the University of Naryland so far can

be summarized as follows:

-II* 2



a) The maximum proton energy increases roughly witl. the squar,. rOOt 11

the electron beam power, i.e E. (IV b) .This is in re
agreement with the formula (18) for the maximum electric field of tii

virtual cathode.

b) Positive ions of various gas species (from H to Xe) r accel-atd

to the same peak velocity of v = 0.1 c (corresponding: to a kinetic

energy of 5 MeV/n) independent of the ion -:)as,. This result supports

the concept of a moving potential well. We have so far, however, no

satisfactory explanation why the peak velocity was 0.1 c in our experi-

ments. Further systematic investigations showing how thi, velocity

depends on experimental parameters have to be carried out in the futur.

c) The total charge of the accelerated ion bunches is roughly constant

(independent of ion species). This result indicates that the electron

beam propagates as soon as a certain amount of fractional charge

neutralization, fe' is reached. It also shows indirectly that the num/rcr

of accelerated ions is inversely proportional to the mean charge state

of the ion distribution.

A special advantage of the evacuated drift tube compared with the

neutral gas case is the fact that one can place electrodes into the bean

path and try to control the beam front velocity. Preliminary experiments

with one or two ring-shaped electrodes I0) and subsequently with helical

structures were very successful. Such "slow-wave" structures affect the

beam front motion and allow a group of accelerated ions to remain in step

with the potential well at the head of the electron beam. So far, we have

demonstrated that a group of ions at the high-energy tail can be separated
10)from the low-energy distribution and accelerated to higher energies10 A

factor 2 increase of the ion energy was achieved so far.

The early success with one or two ring-shaped electrodes led to the

development of the helix-controlled beam front accelerator 11) which is

schematically illustrated in Fig. 6. After passage through the gas cloud

or plasma and initial ion acceleration, the electron beam enters a slow-

wave helical structure. The inner radius b of this structure is chosen

small enough that the space-charge limiting current is greater than the

beam current when the helix is at ground potential. However, if the helix

is charged to a sufficiently high negative potential, the limiting current
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(a) Helix-controlled beam front accelerator geometry The B3eam Front Accolerator
scheme: A slew-wave striur, (c.

eDrift Tbe Wll helix) inside the vacuum drift tu:t

0 Helix is charged to neative potenti al
r ,- .. ..... Velocity V_ which is grounded with a switcllcrn r e an m/i,- -- 

-- -

0 0 0 0 0 0 0 0 when the IPEB arrives. The :ro,:n' -
itch II  wave traveling alone the structure

_ with* phnse velocity Vp controls the
beam front velccitv and thus the

(b) Helix potential Vh (---) ond total potential Vt acceleration of positive ions ir.
with beam space charge (---) on the beam oxis the potential well at the beam

front. (a) Schematic of experimental
configuration. (b) Electrostatic

-Vh  z potential variation alonr beam axis
at time corresponding to beam front

location shown in (a); positive ions

trapped in potential well at beam
front are accelerated as v p(t) in-
creases with distance z.

decreases below the beam current and beam propagation stops. The energy
2=factor 'b in Eq. (6) must be replaced by yb-Yh' where ()h- ) mc eV

represents the decrease of the electron kinetic energy due to the negative

helix potential V1 . The helix can be discharged by triggering a switch at

the upstream end. The discharge voltage pulse, which grounds the helix,

travels downstream with a phase velocity v that depends on the pitch an!nleP

angle T of the helical structure and is given by

v c sin Y (19)P

for high frequencies. By increasing the pitch angle one can increase the

beam front velocity and thereby the energy of the ions that are trapped

in the potential well of the virtual cathode.

In our experiments so far, the helix was charged up by the initial

part of the electron beam pulse. The gap in the switch was adjusted such

that voltage breakdown occurs when a threshold value is exceeded. Helix

charging by an external geonerator and external triggering of the switch

have to be studied in the future. It may in fact not be necessary since

the image charges and currents in a slow-wave structure travel with
12)velocity v which may be sufficient to slow down the beam front

P
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5. ELECTRON 1WII'uAGAT IO:: I CLI T I c . ': ....:

PLASXOID" MODEL

From the previous discussion it is clear that elect rnai r -

gation and collective ion acceleration are intim:ately connected. I:

metal drift tube, an inten ;e electron beam can propa ;atu only a:i, n t:.

beam current I is less than the space char,,t li:it I . If not, tian

requires the presence of a charge-neutralizing.- posit ive ion bac:.<c,:o

so that I < IL .

W.hien the drift tube radius is very large or when the eluctren 1acm ir

injected into free space (ideal vacuum), the space char.e limit i..

current is practically zero (IL = 0). Electron beam propagation in this

case is possible only when co-moving positive ions are present. (An

analogous situation exists in ion propulsion where co-moving electron

beams are generated to neutralize the positive ion beam that emertes fro: .

the rocket engine.) When an intense electron beam is injected into frc,.

space from a solid conducting surface, the virtual cathode due to th-

negative space charge becomes a "mirror" which reflects all electrcm. biack

to the surface. If the solid conductor is replaced by a plasma with :.ilc

charged particles, positive ions are extracted from the plasma surface and

accelerated by the electric field associated with the electron space

charge mirror. Provided that the plasma and ion density is sufficiently

high, the layer of accelerated ions fully neutralizes the electrn b.-

and the reflecting space charge mirror moves further downstream. The

electron mirror in front of the electron and co-moving ion beam can be

compared with the action of a "piston" 1
. This action which forces

positive ions to follow the electrons is,in a scnse,self-synchronizi:-g

and should continue, in principle, until the electron pulse terminates,

or the supply of ions is cut off, or the co-moving ions have reached the.

same velocity as the injected electrons, whichever comes first. In the

last case, the mirror disappears, no further electron reflections occur,

electrons and co-moving ions form a charge and current-neutralized

"plasmoid". Since the electric and magnetic fields associated with such

a "plasmoid" are practically zero, no kinetic energy of the electron beam

is converted into field energy. This "piston-plasmoid" model thus provides

a mechanism by which ions are accelerated to the velocity of the injected

electrons. The process is illustrated in Fig. 7 which shows schcmtically
the various phases of the advanci n; electron and ion charg-e density
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Fig,,ure 7

'PLASMA SURFACE Suggested phases ofpisidf-
Phase 1: tion when an intense t21.A:tron hr::

ELECTRON BEAM is inj cc ted into f reet space t~::
V1=O a high-density plasma. Phase 1:

9, =Electron Charge dpnsity Electron char;ee density -Cwith,
~Vrt~l tahodevirtual cathode (mirror) at t ozc

injection. Phase 2: Positivc ions~
PhaseZ2: 9, Ion Charge density of charge density :i are extracted

Electrns - ~fron plasma; beam front with
Doctons V < V virtual cathode moves with veloci:\'

9.V < ,(= elcrnvelocity a

injection). Phase 3: As vf ap-
Phase3 i 9proaches vo, a second virtual

FI~--~ cathode (mirror) forms upstream
-V, Sv separating the electron-ion bunchi.

9- Phase 4: The charge- and current-

vi= V 0 propagating with velocit':.
Phase4: 9 f=

j PLASMOID

distributions. Just before the plasi-moid state is reached, a second vir-

tual cathode or electron mirror forms upstream from the beam front. This

mirror prevents the reflected electrcn- from leaving the plasmoia and

thereby separates the plasmoid from the rest of the beam.

In this model, the virtual cathode or mirror at the front off the ad-

vancing electron beam provides a mechanism to transfer energy to the

positive ions. Indeed, each reflected electron gives up momentum in the

amount

=p 2p e= 2mcB , l (20)

which is transferred to the positive ions extracted from the plasma. Let

J e= en ev edenote the electron flux, v.i and 11 the velocity and mass of

the ions, n.i the ion density, and L the length of the ion bunch. The

momentum transfer (per second and square meter) from the reflecting
13)

electron stream to the ion bunch is then

!A-.6



dp d (ll1

dt dt

For Ln. const, one obtains in the non-relativistic approximation tI
1

result

- 2[1 + n0 (t t)] -
11 e ( 0 0HLni

which indicates that v. v for t

This rather simple analytical model needs to be refined and studied by

numerical simulation. However, the main question is whether such plasr-.aids

can be formed in laboratory ex-perments. There are a few observations

which seem to indicate that short ion pulses with a current comparable to

that of the electron beam have been generated. But further studies are

needed to obtain conclusive data to test the validity of the piston-

plasmoid model. The fast ion tail ejected together with electrons fret.

the plasma formed by bombardment of small pellets or other solid targets

With a high-power laser beam also suggest that such a plasmoid effect

takes place. It may well be that this mechanism plays a role in cosmic ray

acceleration. As is known from laser fusion and other studies, a large

amount of the available energy generates streams of relativistic electrons.

An energy-releasing event on the surface of a star could produce intens,

jets of high-energy electrons. These electrons cannot escape into the

vacuum of free space. They are reflected by their own space charge which

in turn provides a mechanism to accelerate ions from the plasma on the

surface of the star.

To summarize, the key feature of the plasmoid model is that many

reflecting electrons transfer momentum and thus kinetic energy to a small

group of ions until the ions have been accelerated to the same velocity

as the injected electrons. The question remains to be answered whether

laboratory conditions can be achieved in which such self-synchronized

ion acceleration and plasmoid formation takes place or whether we must

rely on external control as in the IFA or BFA concepts discussed in the

previous sections.



b. CONCLUDING RE-MARK S

It is interesting to compare the flow of energy in a conventicl',,

high-energy accelerator with that in a collective acceleraitor. In the

conventional system, the electric energy from the power source is fir-,t

converted into kinetic energy of the eluctron beams in the micro-wave

tubes 4Klystrons, etc.). This kinetic energy of electrons is then converted

into the radio-frequency waves that finally accelerate the charg;ed par-

ticles. Depending on the power requirements many such r.f. generators or

amplifiers are placed at suitable intervals along the particle accele-

rator.

The collective acceleration with intense relativistic electron beams

discussed here by-passes the r.f. generation and converts electron kinetic

energy directly into positive ion energy. Whether this can be done in a
controlled fashion and used to achieve ultra-high energies remains an open

question and a great challenge for accelerator physics. Single-staged IFA

or BFA devices, as described in this paper, will undoubtedly be limited

to energies considerably below the TeV range required from an ultra-hizh

energy accelerator. As with conventional r.f. power amplifiers, staging of

collective accelerators would be necessary. The amount of kinetic enerl, -

that can be transferred to ions in each stage depends on the power IVb and

pulse length t of the electron beam. The upper limit for the achievabi,p

ion energy is given by the relativistic energy factor -C of the last

electron beam generator. This applies both for beam front accelerators as

well as for wave accelerators. If we take the design energy of 50 MeV of

the ATA project at Livermoreas a realistic, near-term goal, than

Ye = Yi = 100, corresponding to a proton energy of about 100 GeV. To go

beyond this limit, one has to explore "fast" waves - either shocks or

harmonic waves - that travel along the electron beam pulse from the rear

to the front with a speed greater than the electron velocity. At present

the main objective of the existing collective accelerator projects is

to demonstrate the feasibility of "slow-wave" schemes designed to

accelerate ions from rest to energies in the range between 10 and 10CC MeY.

The problems of staging and "fast-wave" schemes (which require the

injection of relativistic ions) can be explored after these experiments

have been successful.
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COMPACT PULSED ACCELERATOR*

H. J. Rhee and R. F. Schneider

Laboratory for Plasma and Fusion Energy Studies
University of Maryland

College Park, Maryland, 20742

Sumnarv in opposite directions, each being constantly

The formation of fast pulses from a current reflected from the shorted ends satisfving the

charged transmission line and opening switch is boundary conditions i.e., reflection coeficient p -
described. By employing a plasma focus as an opening l1 The resultant voltage along the line Is zero,
switch and diode in the prototype device, a proton while the current is equal to the charging current

beam of peak energy 250 keV is produced. The time 1 o. When one end is suddenly opened by an opening

integrated energy spectrum of the beam is constructed switch, which is connected in parallel with a

from a Thomson spectrograph. Applications of this transmission line and/or a resistive load of matching

device as an inexpensive and portable charged particle impedance, the positively traveling wave no longer

accelerator are discussed, reflects and proceeds towards the load forming a
rectangular pulse. The resultant output pulse has

Introduction voltage Vout Z 1 /2, current lout 10/~2. and pulse

To date, the pulse forming lines (PFL) evolved length rout = 2Ec. ut

from lumped capacitor circuit systems have been used
to produce short, fast rising, high power pulses. 1o
Since the energy in these systems is stored in the
electric field in the dielectric of the transmission
line, the maximum stored energy density is limited by ZZ
the dielectric breakdown strength. For the most O 0
commonly used dielectrics, water and transformer oil, (a)
the breakdown field strength is empirically found' as
Ebr ti•A/

10
- k. Typical breakdown strength for a10

practical system which has an electrode area A 1 1000
cm

2
, microsecond charging time, and k - 0.5 is about k25 MV/m, thus the corres~onding maximum energ r1P-

densities are about 200 kJ/m for water and 7 kJ/m (b)(b)
for transformer oil. V(X)

Recently we reported
2 

that magnetic field energy Z00 V+-
can be stored in the transmission line and a 2 X
rectangular high power pulse can be produced into a _V-
matched load. In contrast to electric field energy, Ip:- p:~l
the magnetic field energy density is not limited by (c)
the dielectric medium. Thus, a very high density V(X)
device i.., compact system can be built. The Zol ) l
dielectric in this case has to hold off only the 2 V X
output pulse field which is half of the charging field V-1 ;
of a conventional PFL and easily an order of magnitude - Z 0
shorter than the pulse charging period. The empirical (d)
breakdown field strength formula has been found to be
an underestimate for such a fast pulse.

3  
Therefore, FIG. 1(a). Transmission line initially shorted at both

the energy density of such a device can be increased ends and current charged with Io, (b) Superposition of
easily by an order of magnitude over that of a two waves I

+ 
and I-, (c) V

+ 
and V-. (d) When the

conventional PFL. Furthermore, the bulky and switch opens, V
+  

Z.70 /2 and 1+ - Io/2 proceeds
expensive voltage step up device, such as a Marx towards the matched load.
generator or pulse transformer, employed In most
pulsed power systems can be eliminated. Experiments

In this paper, we will describe our analysis of A prototype experimental device consists of a

pulse formation, from a current charged transmission capacitor, spark gap switch, coaxial transmission

line, a prototype experimental device, and preliminary line, and Mather geometry coaxial gun which are

results of ion beam production and its energy spectrum connected in series as shown in Fig. 2. The energy

analysis, initially stored in a 20 kV, 3 kJ capacitor is, by
closing the spark gap, transferred to the coaxial line

Current Charged Line and Pulse Formation in the form of the magnetic field energy. The coaxial

Analogous to the pulse formation from the transmission line of radii a - 2.54 cm, b - 7.3 cm and

(voltage) charged transmission line, one can show that length t - 30 cm has total inductance of L - 64 nH.

a rectangular pulse can be formed from a current Here, we utilize the plasma focus as an opening switch

charged transmission line and an opening switch and also as a plasma diode as the m - 0 Instability

system, by using basic transmission line theory. A occurs and pinches off the current carrying plasma

simple- transmission line of lngth t and of column. The coaxial gun electrodes are made of 10 cm

characteristic impedance ZO - (LIC)
ll
12 Is initially long copper tubing of 2.54 cm and 7.7 cm diameter

shorted at both ends, and is charged with a constant respectively, and are insulated by a 2 cm long pyrex

current 1o as shown in Fig. 1. The current charging glass tube of 2.54 cm outer diameter with one end

can be considered as a superposition of two traveling flared. Inserted between the transmission line and

waves of constant voltage amplitudes V+ - - Zno/2 coaxial gun is a 2.5 cm thick diagnostics ring, in
+ - - = proceeding which a Rogowski coil, a i probe and a 6 probe are

mounted. The Rogowakt coil is constructed by winding

*Work supported by the Air Force Office of Scientific 30 turnm of 3 an wide copper tape on a plexIglass ring
Research and the U.S. Department of Energy core of 3 mm x 3 m cross section and mesan radius of

0018.9499/83/000.3192501.00 )1983 IEEE
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7.65 cm and is mounted inside of the diagnostic Th nerrc-etpr
ring. The f probe is a capacitive probe consisting of

I cm radius disk separated I cm from the inner surface A Thomson spectrometer used in this w r' as .han

of the diagnostic ring. The slowest time constant for in Fig. 3 is similar in desi-n .I, r,.pr-e2

this probe is I ns with a water dielectric. The earltier.
5 ,6  

Two round bar ceramic magnets of 2.'2 cm
Thomson spectrometer is placed 60 cm downstream from diameter and 2.54 cm long are held together I'v a Ifl cm

the gun, and Is separated by a miniature gate valve diameter plexiglass disk maintaining a poie gap of 3

which maintains good vacuum for the spectrometer. mm. The magnetic field in the gap is me.,sour' to be
3.5 kG. The magnets are separately connected to an
external KV power supply to produce an electric field

CapAc cTm SPA" GAP DIASNOST'CS GATE VALVE T.CySO%
vmJE 3.4 SWITC. RI PIk"OLL S PECTPW, parallel to the magnetic field in the gap.

IWL TOP VIEW

'PLEXIGLASSDIELECTRIC R/ / '/-VLN G"TO VACUUM

N $
L ' CR-39
0 25 50 cm P

FIG. 2. Experimental setup: Prototype device and IONS- /H

diagnostics. N CERAMIC
MAGNET

The characteristic impedance of the coaxial line VACUUM S 7-
can be varied from 7 to 60 Ohms by using different
dielectrics in the coaxial line. The output pulse '"
characteristics strongly depend on the impedance of
the transmission line as discussed in the previous
section. The maximum current that can be charged
through the coaxial line, is found to be 240 kA,
assuming an ideal L-C circuit with charging voltage 20 5 cm
kV on a 15 LiF capacitor, 64 nH line inductance and 40
ni internal inductance of the capacitor. We tabulate FIG. 3. Cross sectional view of Thomson spectrometer.
the output characteristics of the device (or reference
purposes in Table I, assuming ideal circuit components Immediately downstream of this field region, a

such as spark gap switch, dielectrics, insulator, 10 in diameter pinhole on 10 in thick nickel dibk is

plasma focus as an opening switch, and a matched load. placed. The CR-39 detector plate is placed 5 mm
downstream of the pinhole. Another pinhole of

TABLE I. Output pulse characteristics vs. dielectrics, variable size is placed upstream of the pate valve
which is 50 ,-m upstream of the spectrometer, and

Dielectrics Cases Transformer Glycol Water serves as an arp'oxiite point source of Ions with anOr Cintensity that dejends on the pinhole size. TheOil__ - deflection angles of ions by the electric and magnetic

Dielectric fields of the spectrometer are given by

Constant 1 2.2 37 78.5 0 . ZeEL - Zeal.

Characteristic e TT- b /,&T
Impedance (Ohm) 60 40 10 7 and can be used to measure the energy per charge and

Output , the momentum per charge respectively, where E and BVoltage (V) 7.2 4.8 1.2 0.84 are electric and magnetic field extended in length L,Z is the charge state, A is the mass number, T Is the
Output kinetic energy of the ion, and H is the unit nucleon
Current (kA) 120 120 120 120 mass based on C

12
. The combination of both

Pulse deflections gives a parabola equation which can be

Length (na) 2 3 12 18 used to determine the charge to mass ratio of ions.
AM F. L 02

The system is operated at a typical charging voltage T o e d c th

of 18 kV and a fill pressure of 3 Torr hydrogen. The Two shots are needed to complete a Thomson
spark gap is triggered by activating a solenoid which spectrograph: one shot without applied voltage to theesecrode gagnps tolet trggre byn actvaingacalnoilyc
opens the gate valve and then closes the trigger electrodes (magnets) deflects all ions vertically,
contact point allowing the tons accelerated to pass which provides a reference axis (B-axis), and a second

through, while the static filled gas pressure remains shot with electric field by applying a voltage (I to
almost unchanged and good vacuum is maintained on the 0 kV) in addition to the magnetic field which makes a

other side. The total current through the parabola pattern of Ion tracks on the CR-39 detector

transmission line and the voltage induced are plate. Since the permanent magnets are built into the

routinely monitored by the Rogowki coil and system, it is difficult to make an E-axis in the

the 5 probe. Both signals are integrated by passive horizontal direction, as done In previous works.Se

R-C integrating circuits with time constants of We have found, however, that just enough neutril ions

50 us and 2.6 us respectively. Ions accelerated by (which may be neutralized by charge exch.inve or

the induced pulse voltage pass through the pinhole and recombination process after the acceleration) are

the gate valve, drift further downstream, and are present to mark the origin of the parabola

deflected by both the electric field and magnetic coordinates. This feature not only removes the

field of the Thomson spectrometer and recorded on the necessity of the extra shot for the F-axtsi but also

detector plate, allowq use of small magnets built Into the system.
thus making operation of the system very simple.
After exposure to the ion beams, the CR-39 plate is
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etched In 6.25 N NaOll solution at 70
0
C. The etching and plotted in Fig. 5. The spectrum can o fitted b'

time varies depending on the ion species, energies, a power aw with two diff,.rent expon.nt-,
and the means of reading the tracks. For protons, two and E It is interesting to note that this

hours' etching time is quite adequate for simple power law is similar to tlat of dence ilas-. fouc
optical microscope reading. produced deuteron betm reported by Gerdin ot al.

Experirental Results This spectrum, of course, is representative of the ion
beam on axis that passed through the 10 ,n diameter

The voltage monitored by the 6 probe at pinhole of the spectrometer.
diagnostic ring may be a close representation of the
output voltage across the plasma diode, in which both
ions and electrons are accelerated. The pulse width 00 ---
Is measured to be - 20 ns which is consistent with the
round trip electrical length of the water filled \
transmission line. 50

,*$. :. \~5;~I
' .0

CrFr

4 Cr

,. Iro N. 
s tu

0+o

50 100 2CC 500
E-AXIS ENER5Y, E(KeV)

_________FIGl. 5. Proton energy spectrum.

0 . w. C Co n, lo n

We have shown that hiph power pulses can be
produced by a current charptd transmission lice and

PIG. 4. Optical microscope photograph of a typical opening switch. A plasmi focus, as an opening switch
Thomson parabola showing protons anti Impurity ions. and a diode, has been Incorporated with a current

The Thomson spectrometer is particularly well charged transmission line to produce energetic charged
suited for Ion beam analysis. A typical Thomson particles. By analyzing Thomson parabola data,
parabola taken with hydrogen filling gas Is shown in protons and impurity tons have been identified. In
Fig. 4. The size of the upstream pinhole near the addition, the time integrated energy spectrum of the
gate valve is adjusted to 0.6 mms diameter which makes proton beam has been constructed. Although a great

the density of ion tracks on the detector plate low deal more effort Is required to understand the
enough to be counted by using a simple optical detailed dynamics of the plasmi focs opening switch,
microscope. Each track (dot) corresponding to each it has been demonstrated that the current charged
Ion is well separated as seen in Fig. 4. The transmission line and plasma focus system is an
uppermost parabola is identified as that of protons by attractive compact accelerator.
comparing with the calculated parabola and also by Arknowledeements
track size. A few more parabolas are found below the
H+ parabola. Three distinctive ones correspond to N+

,  
The authors would like to thank Professors i. H.

N
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+4+ .  

The relatively low number density Fleischmann and 4. W. Destler for their helpful
tracks under nitrogen parabolas correspond to o', 0

+
-1

,  
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and 0
++ +
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Ions of He, N, Ar, and Ne are produced in a plasma focus device with
a current charged transmission line, and their charge states are analyzed
using a Thomson spectrometer. The chargc state resolved energy spectra
are constructed for the same ions from the track density distribution on
the Thomson parabolas.

Up to a few MeV of ions and electrons, which is many times the
product of their charge and the capacitor charging voltage, are observed
and reported by many laboratories. - 5 ' Similar results are obtained in a
pulse powered plasma focus device 6 and a current charged transmission
line with a plasma focus opening switch. 7 However, current understanding
of the physics in the plasma focus is rather marginal in contrast to the
simplicity of the device and clear experimental facts. For this, further
experimental studies such as the measurement of energy spectra is
suggested. Energy spectra of proton beams,1 ,2 deuteron beams, 1- 5 and
electron beams5 and some of Impurity ions 4 have been reported. The
Thomson spectrometer, particularly with a nuclear track detector, Is well
suited for analysis of ion beams produced in plasma focus. 8' 9  In the
experimental study reported here, ion beams composed predominantly of
fill gas elements of He, N, Ar, and Ne are produced by a plasma focus
device with a current charged line. The charge to mass ratio and energy
spectra of these ions are analyzed using a compact Thomson spectrometer
with CR-39 track detector.

The device used in this experiment to produce the ion beams is very
similar to the conventional plasma focus device, except that a transmis-
sion line Is deliberately inserted between the capacitor and the coaxial
plasma gun, as shown in Fig. 1. A 3 k, 20 kV capacitor Is connected to
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FIG. 1. Experimental 'onfiguration. FIG. 2. Compact Thomson spe~tro-
meter with CR-39 track detector.
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a Mather geometry coaxial electrode of diameters 2a = 2.54 cm, 2b = 7.7
cm, and length £ = 10 cm through a transmission line of radii a = 2.54
cm, b = 7.3 cm, and length £ = 30 cm, whose total inductance is 64 nH.
The characteristic impedance of the transmission line can be varied from
7 to 60 S1 by using different dielectrics in the coaxial transmission
line. Water, among the easily available dielectrics, gives the lowest
impedance (7 Q2) in the device and has been used throughout this work.

A compact Thomson spectrometer is placed at the end of the
downstream drift chamber, which is separated by a special homemade gate-
valve of 1.5 mm diameter aperture to maintain a good vacuum for the
spectrometer. The spectrometer, 7 the main diagnostic in this study, uses
two small permanent bar magnets to produce the magnetic field and also
the electric field by biasing them to a high voltage as shown in Fig.
2. Such small magnets for both fields built into the system and the use
of CR-39 plastic detector allow us to build a system so compact that the
whole system can be fit into any small vacuum chamber. A simple
advancing mechanism of the CR-39 detector plate (not shown in the figure)
is employed in the system to make multiple exposures on a detector plate
without breaking the vacuum.

The system is operated at a typical charging voltage of 18 kV with
various fill gases. The spark gap switch is triggered immediately after
the gate valve is opened such that the ions accelerated in the focus can
pass through the valve to be recorded in the specrometer while the
pressure in the gun chamber remains almost unchanged during this short
period of time, and a good vacuum is maintained in the downstream
spectrometer chamber. The main current through the coaxial line and
voltage induced at the, time of current disruption are monitored by a
Rogowski coil and a D probe respectively, which are mounted on a
diagnostic ring placed at the end of the transmission line. Each Thomson
spectrogram is constructed by two shots of exposure: one shot with both
electric and magnetic fields to produce parabolas and the other shot with
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FIG. 3. A typical Thomson spectrogram for Nitrogen.
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FIG. 4. Charge state resolved energy spectra for He, N, Ar, and Ne ions.

parabolas on CR-39 track detector, the charge state resolved energy
spectra are constructed for the same ions. The resulting spectra of
different ion species and charge states are similar to each other.
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only the magnetic field to produce a reference axis (B-axis). We have
found that neutral particles, identified with the aid of a scanning
electron microscope, always exist and conveniently define the origin of
the parabola coordinate system from which the E-axis is drawn as shown in
Fig. 3. The CR-39 detector is etched in 6.25 N NaOH solution at 700 C
after exposure to the ions. The desired etching time varies depending on
ion species and observation method. For protons, which make the smallest
size of track pit, two hours are needed for comfortable counting of
individual tracks by using the optical microscope. The heavier the ions,
the less etching time is needed. For the electron microscope, which can
improve the counting resolution easily by 10 times and also can identify
the ion species by the geometry of the track pit, 10 shorter etching time
Is desirable and advantageous in general. Spectrograms are obtained for
the He, N2, Ar, and Ne fill gases and are enlarged by using an optical
microscope. The Nitrogen parabolas are shown in Fig. 3 as an example.

The charge to mass ratio of unknown ions is found by comparing the
.magnetic deflection of the ions with that of reference ions at the same
electric deflection. In most cases, the protons exist as an impurity and
are easily identified. Using the protons as a reference, the charge to
mass ratio of the unknown parabola is given by

e 2
Z (8b)A b

where 0 and 0' are the magnetic deflections of the unknown ions and that
bof protons re~pectively measured at the same elecric deflection. The

parabolas shown in Fig. 3 are analyzed and the resulting charge to mass
ratios are very close to that of N+, N- + , and N -++ within an error of - I

Since the Thomson parabolas are separated by charge state, one can
construct a charge state resolved energy spectra of ions. The electric
deflection in the spectrometer is the measure of energy per charge:

2
mv I JEL

2 Z 2 0'
e

where the EL is the ideal electric field over a distance L. This term is
replaced with a calibrated constant which Is obtained by a few different
methods but will be presented elsewhere. The parabolas are divided
into many small segments of electric deflection angle AO . The number of
tracks ANI in each segnent of a parabola of charge stale Z is counted.
The mean energy E1  and energy increment AE of each segment is
calculated. Then the energy spectrum of ions with charge state Z In the
parabola is found as

AN AO
dN I I
dE A i AEI'

as afuntio ofenegy TF I 6i'
as a function of energy ET. The parabolas obtained with other fill gases
are also analyzed and their energy spectra are constructed and summarized
in Fig. 4.

In conclusion, we have analyzed the charge states of lie, N, Ar, and
Ne Ions by using a Thomson spectrometer. Up t,% triply ionized ions are
found in all species except Helium. By counting the tracks of the
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A preliminary investigation of the electron beam produced by a
plasma focus dcvice using a current charged transmission line Is
described. Electron beam currents as high as 10 kA were measured.
Interaction of the extracted beam and the filling gas was studied using
open shutter photography.

While the majority of plasma focus experiments have addressed the
measurement of accelerated ions,1 - 6 relatively little attention has been
given to extraction of the accelerated electrons and direct measurement
of their parameters (e.g., current, energy). 7-9  Such electron measure-
ments are of interest in developing a complete understanding of the high
fields present in plasma focus experiments. Also, there may be
application of the plasma focus device as a compact particle accelerator

for electrons.

The operation of a plasma focus as a compact pulsed accelerator
(CPA) for Ions has been previously reported. 5  This device uses a plasma

focus as an opening switch for a current charged transmission line to
produce a fast, high voltage pulse. The CPA consists of: (1) a single
energy storage capacitor, (2) a spark gap, (3) a coaxial transmission
line, and (4) a Mather geometry coaxial plasma gun. For a capacitor
charging volatage of 18 kV, a proton beam with peak energy of 250 keV was
observed.

The current charged transmission line has advantages over
conventional pulse forming lines in terms of: (1) increased energy
storage capability and (2) less stringent constraints on voltage hold-off

requirements. Both of these advantages allow the CPA to be more compact
than electron accelerators using conventional pulse forming ' nes.

The CPA, like other plasma focus devices, accelerates ions away from
the plasma gun and electrons toward the plasma gun. In the typical

plasma focus experiment, the energy storage capacitor bank is connected
to the plasma gun with parallel plate transmission lines or cables.

Therefore, there are no obstructions which prevent extraction of
accelerated electrons out of the rear of the gun If a hollow anode is
used. In the CPA geometry, both the capacitor and coaxial transmission
line block extraction of electrons. This paper describes CPA operation
for electron beam production by use of a new coaxial plasma gun design.
The beam was fired into a drift region containing the same gas
environment as the plasma gun. In this region, preliminary measurements
were performed on the electron beam.



Main components of the CPA are shown in Fig. 1. The energy storage
capacitor (15 PF, 3 kJ) was typically charged to 18 kV. Charging of the
coaxial transmission line was initiated by a high voltage trigger pulse
(30 kV) which was applied to a needle electrode inserted at the midplane
of the spark gap. The water filled coaxial transmission line (inner
radius 2.54 cm, outer radius 7.3 cm, length 30 cm) has an impedance of
7 11. A diagnostics ring connected on the end of the transmission line
contains a Rogowski coil and capacitive voltage probe. The Rogowski coil
measures the main current (Im) through the coaxial line, and the
capacitive probe measures the voltage induced at the time of current
disruption. Theory of operation for the CPA is found in Ref. 5.
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FIG. 1. The compact pulsed FIG. 2. Plasma focus gun.
accelerator.

A new plasma gun dLign which allows extraction of electrons from
the CPA is shown in Fig. 2. The copper electrodes have the same
dimensions as those used for the Ion experiments (i.e., 2.54 cm diameter
anode, 7.7 cm diameter cathode) and are separated by a pyrex insulator.
The center conductor of the transmission line (charged negatively) is
attached to the outer conductor (cathode) of the plasma gun. The outer
conductor of the transmission line is folded inward to become the center
conductor (anode) of the plasma gun. The plasma gun section was designed
so its characteristic impedance would match the 7 Q impedance of the
water filled transmission line. Electrons are extracted out of the
hollow anode through a 9 mm diameter aperture aid enter a 10 cm diameter
drift region filled with the same gas as the plasma gun. Filling gases
of H2 , He, N2 , or Ar were used. Typical current and voltage waveforms
measured with the diagnostics ring are shown in Fig. 3.

A second Rogowski coil placed at the drift tube entrance measured
the apparent current (Ia). Although this diagnostic gives a good
approximate representation of the actual electron beam current pulse
(Fig. 4), plasma return currents may alter the pulse's height and
length. The peak apparent current vs. gas pressure for He, N2, and Ar is
shown in Fig. 5. While peak currents were generally several kiloamperes,
in a few shots currents of 10 kA were observed. Actual beam currents may
be much greater since the beam is extracted through such a small aperture
(9 mm). The most reproducible current pulses were obtained with argon
gas, where the leading edge of the electron beam pulse always coincided
with the interruption of the main focus current. This was not true with
the lighter gases, where in some cases even multiple pulses were
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detected. Higher peak currents were observed in the lower pressure range
for all gases.

.74
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FIG. 3. Current and voltage FIG. 4. Oscilloscope trace of the
waveforms for the compact apparent current measured by the
pulsed accelerator. Rogowski coil placed in the drift

tube.
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FIG. 5. Plots of peak measured current (Ia) vs. gas pressure for He, N2 ,
and Ar.

Open shutter photographs were made for observation of the
interaction between the electron beam and filling gas. An acrylic tube
with a copper mesh insert was attached between the plasma gun and vacuum
pumping section for this series of shots. Observation of the beam-gas
interaction over a broad pressure range (0 2 torr Ar) revealed two
distinct propagation regimes as shown in Fig. 6. The structure observed
in the low pressure shot of Fig. 6 was very reproducible throughout the
low pressure regime. These measurements will aid in placement of beam-
diagnostics and interpretation of their results in future work.

The compact pulsed accelerator has been successfully operated in the
electron beam mode. The beam produced by the focus has a peak current
density of 15 kA/cm2 which is comparable to intense beams produced by
much larger electron accelerators. A heavy gas (Ar) was found more
efficient for providing a reproducible electron beam. Light gases supply
light ions which can be more easily accelerated across the plasma rpening
switch, thereby decreasing the efficiency of electron acceleration. For
the current pulses which were coincident with interruption of the focus



current, the acceleration can be linked to tl- fields created by the
plasma focus opening switch. Future work will include neasurement of tile
electron energy spectrum and a comparison with expected magnitude of tile
plasma focus fields.
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Fig. 6. Open shutter photographs of electron beam injection into a gas
filled drift tube. Results of (a) 0.4 torr Argon and (b) 1.6 torr Argon

are shown.
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