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Emittance and energy measurements have been performed on a high-brightness electron beam
(>10 10 Nm2 rad2

) with diameter in the range 1-3 mm and energy in the range 150-170 keY. This
electron beam is generated by the mating of a hollow-cathode discharge device operating in the
pseudospark regime to the output of a high-power pulse line accelerator. The measured effective
emittance lies in the range between 30 and 90 mm mrad and increases with axial distance. Electron
energy measurements indicate that the high-energy electrons are generated during the first 20-30 ns
of the discharge. Both the emittance and energy experiments were performed at two different
ambient argon gas pressures (92 and 152 mtorr). Beam expansion as a function of axial position has
also been studied and a lower bound on the beam brightness has been obtained.

I. INTRODUCTION

The pseudospark discharge phenomenon was first re
ported by Christiansen and Schultheiss.' The pseudospark
discharge is a gas discharge in a hollow cathode and a planar
anode configuration operating on the low-pressure side of a
characteristic breakdown curve which is similar to the Pas
chen curve for parallel electrodes. Highly pinched electron
beams with high current densities (106 Ncm2) have been
observed to exit the discharge on-axis during the breakdown
phase. Interest in these high-quality, high-current electron
beams has been stimulated by their potential applications in
such diverse areas as electron-beam lithography and plasma
processing. In addition, the development of novel coherent
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observed to exit the discharge on-axis during the breakdown
phase. Interest in these high-quality, high-current electron
beams has been stimulated by their potential applications in
such diverse areas as electron-beam lithography and plasma
processing. In addition, the development of novel coherent
radiation sources such as the free-electron laser and the strin
gent source requirements for advanced accelerators have
spurred interest in new methods for producing low
emittance, high-brightness electron beams. Moreover, the
high-power microwave tube community would welcome the
development of high-brightness beam sources, especially if
total beam current and energy could approach that currently
achieved in high-power pulse-line accelerators.

Several experiments have been reportedv " over the last
decade in which high-brightness electron beams have been
produced in pseudospark devices operating in the voltage
range 20-50 kv, Ion-focused electron beams with normal
ized brightness values as high as 1012 Nm2 rad2 have been
produced. The extraction of these ion-focused electron
beams into vacuum, however, is complicated by the low
energy and very high current density of these electron beams.
The beams would quickly blow up if injected into vacuum
due to the strong self-space-charge fields of the beam.

In order to reduce the self-space-charge fields, these
beams should be generated at energies comparable to those
achieved in the field-emission diodes associated with pulse
line accelerators. With this objective in mind, we reported
initial experiments'' wherein a high-power pulse-line accel
erator was mated to a hollow cathode discharge experiment
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experiments undertaken to characterize the beam emittance
and energy. This article is organized as follows. The experi
mental setup is described in Sec. II and energy. studies are
described in Sec. III. Emittance studies are discussed in Sec.
IV and conclusions and future experiments are discussed in
Sec. V.

11. EXPERIMENTAL CONFIGURATION

The experimental configuration is shown in Fig. 1. A
multigap hollow cathode discharge device is mated in series
with a 200 n resistor to the output of a pulse line accelerator
which is capable of routine operation at 150-600 kv, 5-40
kA, 1 JLS. This pulse-line accelerator, which normally oper
ates at 200-800 kYo 40-120 kA. 100 ns. was modified to

The experimental configuration is shown in Fig. 1. A
multigap hollow cathode discharge device is mated in series
with a 200 n resistor to the output of a pulse line accelerator
which is capable of routine operation at 150-600 kv, 5-40
kA, 1 JLS. This pulse-line accelerator, which normally oper
ates at 200-800 kYo 40-120 kA, 100 ns, was modified to
produce a longer pulse duration by eliminating the output
pulse forming switch and connecting the load directly to the
output of the pulse transformer via a water coax section. The
experimental configuration used for the present studies is
different from the setup described in our last experiment' in
two ways.

In the studies reported previously, a matching resistor of
10 n was used. This was changed to a current limiting resis
tor of 200 n for the following reasons. The peak line current
in our earlier setup was about 20 kA and the extracted beam
current rose to about 3 kA after voltage collapse. The peak
ejected electron-beam current was therefore a small fraction
of the observed line current, an indication that most of the
postcollapse current flows from electrode to electrode and is
returned to ground at the anode. Most of the high-energy
electrons are emitted in a short burst of approximately 20 ns
before collapse. In an attempt to delay the switch collapse to
the highly emissive final conduction state, it was decided to
limit the line current in the system.

In addition, the number of grading electrodes was re
duced from ten to six. This was done to increase the electric
field between the anode and cathode and allow more reliable
discharge formation. Each electrode plate had an on-axis ap-
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FIG. 1. Basic experimental configuration.
FIG. 3. Schematic of range-energy probe.

III. ENERGY STUDIES

III. ENERGY STUDIES

In order to determine the beam energy, electron range
energy studies were undertaken. For these studies a range
energy probe was made with Rogowski coils on both sides to
win tre 'mvesugatea ill IUIUre expenmems.
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monitor records a peak injected electron beam current of
about 1 kA. If the capacitances in the system are ignored and
the current is assumed to be determined by the current lim
iting resistor, a current of about 850 A would be expected at
this operating voltage. The fact that a peak ejected current
greater than 850 A is observed suggests that the various ca
pacitances in the system (multielectrode pseudospark stack,
line capacitance) store charges as the line is charged and
quickly discharge when the voltage collapses, contributing to
the ejected current. This is a preliminary hypothesis which
will be investigated in future experiments.

In order to determine the beam energy, electron range
energy studies were undertaken. For these studies a range
energy probe was made with Rogowski coils on both sides to
measure the incident and transmitted current simultaneously,
as shown in Fig. 3. Figure 4 shows current wave forms of the
incident and transmitted beam pulse without any stopping
foil. As is evident, the wave forms are in good agreement.
Energy-range studies were performed with aluminum foils
ranging in thickness from 0.35 mil (0.008 mm) to 3 mils
(0.0762 mm) and also with Mylar varying in thickness be
tween 1 mil (0.0254 mm) and 7 mil (0.18 mm). Figure 5(a)
shows the incident and transmitted current for 1 mil Mylar,
and Fig. 5(b) shows the incident and transmitted current for
0.5 mil aluminum. These studies were conducted at two am
bient argon gas pressures of 92 and 152 mTorr and the break
down voltage ranged from 162 to 172.3 kYo In the case of

hollow cathode region were accelerated through these aper
tures to the extraction point on the anode side of the device.
The discharge was initiated in argon gas with ambient pres
sures in the range of 92-150 mTorr.

A. Diagnostics

The exit beam current monitor used is a fast current
transformer that measures the total electron current ejected
out the downstream end of the device. A Faraday cup was
also used to measure the total beam current as a function of
distance along the system axis. A capacitive probe was used
to measure the line voltage and a B -dot probe was used to
measure the line current in the pulse line accelerator. In ad
dition, special diagnostics were constructed to study
electron-beam energy and emittance. These are described in
later sections. A Pirani gauge was used to measure the am-
bient gas pre~sure in all experiment~: _
to measure the line voltage and a B -dot probe was used to
measure the line current in the pulse line accelerator. In ad
dition, special diagnostics were constructed to study
electron-beam energy and emittance. These are described in
later sections. A Pirani gauge was used to measure the am
bient gas pressure in all experiments.

TYpical pulse-line voltage (upstream) and current wave
forms (exit current monitor) are shown in Fig. 2. The voltage
is seen to rise smoothly to about 170 kV prior to voltage
collapse. Note that the voltage does not immediately fall to
zero as in our previous experiment' because of the presence
of the current limiting resistor. In these experiments, the
charging voltage was approximately 170 kV.The exit current

FIG. 2. Tvoical Dulse line voltaze (too. 37 kV/div) and exit beam current FIG. 4. Incident and transmitted electron beam current vs time without any
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FIG. 7. Percentage transmission vs range in aluminum at 92 and 152 mTorr
ambient gas pressure at charging voltages in the range 162-172.3 kYo
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FIG. 5. (a) Incident and transmitted electron beam current vs time for a 1
mil (0.0254 mm) Mylar stopping foil (breakdown voltage 162-172.3 kV,
ambient gas pressure 92 mTorr). (b) Incident and transmitted electron beam
current vs time for a 0.5 mil (0.0127 mm) aluminum stopping foil (break
down voltage 162-172.3 kV, ambient gas pressure 92 mTorr).

where

Mylar (see Fig. 6), there is a clear difference in the results
obtained at the two pressures. This is also observed in the
aluminum foil (Fig. 7), although the difference is not as
great. One reason for this difference in transmission between
the two ambient pressures could be that the lower-energy
electrons lose energy via scattering with the ambient gas
molecules. Figure 8 shows the mean-free-path lengths for
electron-impact ionization collisions with argon gas at two
different pressures (92 and 152 mTorr).6 Note that for the 
high-energy electrons collisions with the ambient gas mol
ecules are not an issue (mean free path -1.8 m).

In order to estimate the soread !Jl enerzv in the electron
molecules. Figure 8 shows the mean-free-path lengths for
electron-impact ionization collisions with argon gas at two
different pressures (92 and 152 mTorr).6 Note that for the 
high-energy electrons collisions with the ambient gas mol
ecules are not an issue (mean free path -1.8 m).

In order to estimate the spread in energy in the electron
beam, a set of theoretical energy-range curves for monoen
ergetic electron beams was created based on the formula de
rived by Bleuler and Zunti," The transmission defined as the
fraction N /N 0 of the initial intensity remaining in a homoge
neous beam of electrons (initial energy Eo) after traversing a
distance x through an absorber is

(
E+0.511 )2

a(x)= 14.2 E(E+ 1.022) em" L. (2)

Here E is the energy in MeV of the electrons after passing
through a thickness x. Bleuler and Zunti assume that for a
given Eo, E and x may be related through a range-energy
curve. These curves were verified against the experimental
data of Marshall and Ward.8 The practical ranges of the theo
retical curves are about 14% less than those of the experi
mental curves. Figure 9 shows the data from the experiment
(aluminum) superimposed on the theoretical curves for mo
noenergetic electrons.
curvE';-TneSe -curves'wete" verlheo ' -agamsr irre'expemnentlll
data of Marshall and Ward.8 The practical ranges of the theo
retical curves are about 14% less than those of the experi
mental curves. Figure 9 shows the data from the experiment
(aluminum) superimposed on the theoretical curves for mo
noenergetic electrons.

From the results the following conclusions may be
drawn. First, the electron beam clearly has a significant time
integrated spread in energy. Second, the high-energy elec
trons constitute a small fraction of the beam. The second
conclusion is also evident from Fig. 5 where the high-energy
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FIG. 11. Slit mask for emittance measurement.

IV. EMITTANCE MEASUREMENTS

electrons are observed to be produced in the first 20 ns and at
lower current levels than are the lower-energy electrons.

The effective emi.iance," which is widely used as a mea
sure of beam quality, is defined as

also to determine the emittance of only the high-energy elec
trons, a 5 mil (0.127 rom) Mylar film is used as a protective
cover for the radiochromic film. The Mylar film acts as a
filter eliminating electrons of energy less than 100 keV, The
response of this film is linear with electron exposure.l! The
exposed film is later scanned to obtain a distribution in the
image plane. Figure 12 shows a microdensitometer scan of a
typical shot. The emittance was measured both as a function
of axial distance as well as ambient gas pressure. Figure 13
shows the effective emittance as a function of gas pressure as
well as axial distance. The voltage on the pulse-line accel
erator varied shot to shot from 148 to 172.3 kYo Hence, the
invariant normalized emittance En = f3YE was also calculated
(see Fig. 14). From Figs. 13 and 14, it is evident that the
emittance grows as the axial distance is increased. The emit
tance of the electron beam lies between 30 and 90 mm mrad.
Space-charge forces are a likely reason for the observed
growth in beam emittance with axial distance. This will be
invariant normalized emittance En = f3YE was also calculated
(see Fig. 14). From Figs. 13 and 14, it is evident that the
emittance grows as the axial distance is increased. The emit
tance of the electron beam lies between 30 and 90 mm mrad.
Space-charge forces are a likely reason for the observed
growth in beam emittance with axial distance. This will be
investigated in future experiments.

The plot of beam radius versus axial position was ob
tained for two different gas pressures and is shown in Fig.
15. The beam radius was determined by scanning the image
of the electron beam on radiochromic film. Based on the
beam current measured after transmission through a 5 mil
Mylar film (100 A), a lower bound on the normalized bright
ness has been derived. The normalized brightness is defined
as

(3)

(3)

(4)(</»=! </>p(X,X')dX dX',

FIG. 9. Theoretical range-energy curves for monoenergetic electrons in alu
minum. The experimental curves (breakdown voltage in the range 162
172.3 kV) at two different ambient gas pressures (92 and 152 mTorr) are
superimposed.

where p is the projected density in two-dimensional trace
space and is assumed to be normalized.

The emittance is measured using the slit-hole method.l"
The experimental setup is shown in Fig. 10. The electron
beam passes through the slit mask and forms four to seven
beamlets which then strike a radiochromic film which acts as
a beam detector. The detector is located 13 mm from the slit
mask. The slit mask was made by carefully laying 10 mil
(0.254 rom) wires on two 56 threads/in. screws. The slit
mask is shown in Fig. 11. In order obtain clear images and

where X' is the gradient of the particle trajectory given by
X' = dX /dz = Px/Pz' and the angular brackets denote aver
age values over the two-dimensional trace space as

where X' is the gradient of the particle trajectory given by
X' = dX /dz = Px/Pz' and the angular brackets denote aver
age values over the two-dimensional trace space as

sure of beam quality, is defined as
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FIG. 12. Microdensitometer scan showing optical density of images vs
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FIG. 13. Effective emittance vs axial position at different ambient gas pres
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FIG. 15. Electron beam radius vs axial position at different ambient gas
pressures (92 and 152 mTorr).

V. CONCLUSIONS AND FUTURE EXPERIMENTS

where En is the normalized emittance. Figure 16 shows the
beam brightness at various axial distances at two different
ambient gas pressures.

.152 mTorr

.l 92 mTorr

6

energy comparable to the discharge voltage (170 keV)
and is generated in a 20-30 ns burst immediately before
voltage collapse.

(3) The effective emittance of the ejected high-energy com
ponent of the electron beam was measured and found to
be in the range 30-90 rom mrad, a value comparable to
photocathode beam sources constructed at considerably
greater cost and complexity.

(4) Beam emittance and brightness deteriorate as the beam
propagates away from the output of the device, probably
due to space-charge forces.
Future experiments are planned in which the discharge

_.-"pfiotocatllode-oearn"sources co~sln1ctea-if cJnst<fef~6ty

greater cost and complexity.
(4) Beam emittance and brightness deteriorate as the beam

propagates away from the output of the device, probably
due to space-charge forces.
Future experiments are planned in which the discharge

voltage will be increased to 400 kV to determine if the high
brightness and low-emittance values observed in these ex
periments are scalable to higher beam energies. In addition,
injection of the beam into vacuum will be studied at these
higher electron energies to determine whether such beams
can actually be injected into rf structures, FELs, etc.
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In this article experiments designed to characterize the
high-brightness electron beams generated in a high-voltage
pulse-line-driven pseudospark discharge are reported. The
major conclusions to be drawn from this work are as follows.
(1) High-brightness (>1010 Nm2 radZ

) electron beams have
been generated in a hollow cathode discharge operating
at approximately 170 kV. Ejected electron-beam diam
eters in the range of 1-3 mm have been observed.

(2) The high-energy component of the electron beam has an

In this article experiments designed to characterize the
high-brightness electron beams generated in a high-voltage
pulse-line-driven pseudospark discharge are reported. The
major conclusions to be drawn from this work are as follows.
(1) High-brightness (> 1010 Nm2 radZ

) electron beams have
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FIG. 14. Normalized emittance vs axial position at different ambient gas
pressures (92 and 152 mTorr).

FIG. 16. Beam brightness (lower bound) vs axial position at different am
bient gas pressures (92 and 152 mTorr).
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