A high-voltage triggered pseudospark discharge experiment
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The design and execution of a pulsed high-volte@E0—-400 keV triggered pseudospark discharge
experiment is reported. Experimental studies were carried out to obtain an optimal design for stable
and reliable pseudospark operation in a high-voltage regimd50 kV). Experiments were
performed to determine the most suitable fill gas for electron-beam formation. The pseudospark
discharge is initiated by a trigger mechanism involving a flashover between the trigger electrode and
hollow cathode housing. Experimental results characterizing the electron-beam energy using the
range-energy method are reported. Source size imaging was carried out using an x-ray pinhole
camera and a novel technique using Mylar as a witness plate. It was experimentally determined that
strong pinching occurred later in time and was associated with the lower-energy electroh896©
American Institute of Physic§S0021-8976)00321-0

I. INTRODUCTION A. Power supply

The pseudospark is a low-pressure gas discharge in a A quasi-dc(long pulse 35us), high-voltage(500 kV),
hollow cathode and a planar anode configuration operatingnipolar power supply was built using a 1:16 high-voltage
on the left-hand branch of a characteristic breakdown curvgulse transformer. The equivalent circuit of the power supply
which is similar to the Paschen curve for parallel electrodes(with respect to the primary side of the pulse transfopniger
This phenomenon was first reported by Christiansen anghown in Fig. 1. The transformer is represented as a combi-
Schultheiss. nation of a shunt primary inductance of value equal to 400

The pseudospark discharge has several interesting feaH and a series leakage inductance of value equal g2
tures and one important feature has been the observance e power supply is essentially an LC circuit with a switch
highly pinched electron beams with current densities of up tqa triggered spark gapThe storage capacitor ©.68 us) is
10° A/cm? during the breakdown phase. Interest in thesecharged with the help of an external dc power supply. An
electron beams has been stimulated by their potential applexternal inductor(L =264 uH) and the primary of the
cations in such diverse areas as thin-film fabricétiand  transformer constitutes the total inductariceThe diode in
materials processing. the primary circuit clips any positive swing of the voltage

Several experiments have been repdftédver the last wave form. The voltage on the primary is stepped up by the
decade in which high-brightness electron beams have beeni6 pulse transformer to the required high voltage. The
produced in pseudospark devices operating in the voltagpseudospark is connected to the secondary of the transformer
range 20-50 kV. The extraction of these ion-focused, highby a charging resistance equal to 9 K~32 Q primary
current-density electron beams into vacuum requires the geide.
eration of these beams at energies comparable to those
achieved in the field-emission diodes associated with pulse .
line acceleratord® With this objective in mind, we reported B- Design of the pseudospark assembly
experiment§® wherein a high-power pulse line accelerator  The main design requirements are that the pseudospark
was mated to a hollow cathode discharge experiment operagultigap assembly should have the ability to withstand high
ing in the pseudospark regime. In those experiments, reliablgoltages(>300 kV) and reliable long-path gas breakdown
operation beyond 200 kV proved difficult due to frequentshould take place only along the central axis originating from
field-emission-induced high-voltage breakdown. In this arthe hollow cathode and terminating through the anode hole
ticle we report a high-voltage triggered pseudospark whereifpseudospark regimeAlso, the design of the system should
we have been able to scale the the voltage to 400 kV. Thge sufficiently simple so that it can be fabricated easily fa-
device operates reliably at these voltages. As the device iglitating quick modifications.
triggered, the device operation is well controlled. Poor reliability of our earlier desidr! beyond 200 kV

The article is organized as follows. The experimentalconstituted the main driving force behind our new approach.
setup is described in Sec. Il and experiments are described R the earlier design the electrode-to-electrode distance was
Sec. lll. In Sec. IV, the experimental results are discusse@.635 cm in the multigap arrangement. Each electrode had a
and finally the conclusions are drawn in Sec. V. 0.635-cm-diam aperture. It was thought that by increasing

the number of gaps in a multigap system one could reduce
Il. EXPERIMENTAL SETUP the macroscopic field and thus operate at higher voltages.

In this section the power supply, the trigger circuit, the However, it was observed that by increasing the effective
design of the multigap pseudospark assembly, and the diagnode—cathode distan@acreasing the number of ggpshe
nostics are described. pressure regime became low with the effect that the pseu-
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FIG. 2. Pseudospark assembly showing the external capacitor, multigap

dospark discharge in the self-breakdown mode was very e'p_seudospark device, and the connections to the pulse transformer.

ratic and also the pseudospark multigaps often broke down

successively in a domino manner. This resulted in highegp then the discharge hagiddD dependency implying that
voltages being applied over a successively shorter distanCge aperture plays a role. It has been well determined that in
This invariably reduced the lifetime of the device. a typical pseudospark device that the initial electrons origi-
A new design approach was employed here. The strategy,te from the hollow cathode!! This mandates the use of a
was to keep the distance of the anode cathode around 8~ ,metry where the aperture in the hollow cathode plays an
cm (sufficient ambient gas pressirend to decrease the jnnortant role. When the scaling law is applied to an indi-
number of multigaps by increasing the insulator thicknessg;jqa gap of a multigap system with a thickness of 1.3 cm,

and reducing the thickness of the floating electrodes. Thig, aperture size of 0.635 cm satisfies the condition dhiat
would have the effect of reducing the local electric fieldS|qgq than ® .

near the triple poin_(metal—insulator—gas interfacand alsg In the final design, a six gap system was chosen with
reduce the probability of surface breakdown along the INSUzperture size 0.635 cm, insulator thicknégap distancel.3
lator. “cm, and the thickness of the individual electrodes 0.32 cm.

~The thickness of the floating electrode was 0.32 cm. Ini-rhe giameter of the electrode was 7.62 cm and the diameter
tially, the insulator thickness was 2.3 cm. Using this thick-of the insulator was 9.53 cm. The reason for this small di-
ness no pinching of the electron beam was observed and Qfyeter was the ease of fabrication of the insulators and float-
examining the system no evidence was found of activitying electrodes. Near the triple point, the insulator interface is
around the hollow cathode. Th'_s was also the case for 180t straight but has a 135° angle with respect to the floating
cm, too, however, when the thickness was around 1.3 ¢Myjactrode closer to the hollow cathode. This is done to in-
evidence of pinched electron beam was sgadio chromic . aa5e voltage standdft.

paper, copper foil witness platewhen the insulator thick- To boost the capacitance of the system, a low-inductance
ness was greatgr than 1.3 cm discharge took plac_e when t"f}?;lral|e|-p|ate capacitor was used. One plate was directly at-
device was subjected to high voltage; however, it was NOf;ched to the cathode and the tank wall formed the other
clear whether the long path discharge took place along thgiate The plate that was attached to the cathode was made
central axis with the hollow cathode playing a role. Lack of 5 o 5 glass epoxyG10) board with copper stripped from
activity near the cathode aperture and no pinching of electrog,q sige facing the tank. The total capacitance of the system
beams suggested that the discharge did not originate near tﬂ%s 80 pF. A picture of the assembly is shown in Fig. 2.

cathode aperture/hollow cathode region. It should be notegdjaple high-voltage grading rings are attached to the exter-
that in the case of finite duration pulse charged high-voltage, parallel-plate capacitor.

device, collapse of voltage cannot be a good criterion of
pseudospark discharge as voltage collapse can also be in
ated due to field-induced electron emission. Note that, durin
these investigations, the pseudospark was operated in the A trigger system was designed, whereby the discharge
self-breakdown mode. was initiated by having a small flashover between a trigger
An explanation for the successful operation at this par-electrode and the surrounding wall of the cathode. Figure 3
ticular thickness and aspect ratiaperture size 0.635 om shows the trigger electrode in the hollow cathode. The trig-
can be found in Liu and Rhee’s scaling law for a single gapger circuit is shown in Fig. 4. The potential difference be-
systemt® They experimentally determined that if the anodetween the 100% and 75% taps present on the pulse trans-
cathode distancd was more than B, whereD is the aper- former is used to trigger the circuit as shown in Fig. 3. A 500
ture size, then the breakdown characteristic hgadlalepen- pF, 30 kV high-voltage capacitor is charged through the
dency(p being the ambient gas pressur€he parallel-plate  charging resistof9 k), a 2 K resistor, and then finally
system has such a dependency. This implies that the apertutterough a 50 K resistor to the 75% tap. The charged capaci-
has no role in the discharge. However, wtekiis less than tor, a small spark gap, and the trigger electrode/cathode

Iék. Trigger circuit and assembly
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FIG. 4. The trigger circuit. The 500 pf capacitor is charged by the voltage
difference between the 100% and 75% taps of the pulse transformer. The

housing constitute the local trigger circuit. When the sparkvoltage on this capacitor is applied between the trigger electrode and cath-
gap closegthe time when it does relative to the main pseu-ggqeingogfslﬂg I?ing‘i?d a trigger. The small spark gap is used to control the
dospark charging pulse can be controlled by changing the '
gas pressure in the spark gaphe entire voltage of the

charged capacitor is applied to the trigger electrode/cathodgas, and role of the trigger are briefly described and in the
housing. It can be shown that the voltage on the 500 pfsecond category experiments related to the characterization

capacitor is given by the following equation: of the electron beam are described.
Vit VRC e
Ve(t)=————(1-e ). (1) A Pseudospark discharge

Heret' is the instance when the small spark gap clo&ss, 1. Left-hand side operation

is the time constant of the trigger circ80.5 us), andV' is Generally, for a parallel-plate system, the Paschen mini-
the peak of the voltage difference between the 100% and th@um occurs aroungd=0.75 Torr cm for most gasésThis
75% taps. The voltage between these taps has been modeledl value has been used as a rough guide to establish left-
as a ramp with a rise time of about 1. Therefore, if the hand side operation. The multigap pseudospark operated in
peak charging voltage of the pseudospark is 400 kV in 13he regime whergpd was on the order of 0.4 Torrcm. A
us, the voltage on the 500 pF capacitor is about 20 kV. Thigonfirmation of operation in the left-hand side was provided
is sufficient with the field enhancement provided by theby the following experiment. Initially, an attempt was made
pointed trigger electrode to flash over introducing seed electo feed the gas directly to the hollow cathode side; however
trons in the hollow cathode. this resulted in the discharge taking place in the gas tube
instead of the pseudospark device. This clearly established
the fact that the pressure regime was along the left-hand
D. Diagnostics branch of the breakdown curng-path breakdown Fig-
An exit wall current monitor(fast current transformgr ~ Ure 5 shows the voltage at which the discharge begins versus

was used to measure the total electron current ejected ofitd for a six gap and eight gap system in neon. The voltage
from the downstream end of the device. A Faraday cup wa8as been plotted againgfd rather thanpd as the pseu-
also used to measure the total beam current as a function 8pspark onset voltage haspdd dependenc for a fixed
distance along the system axis. A capacitive voltage dividefPerture diameted. Even though the use of a trigger alters
monitors the voltage at the output of the transformer afd a the actual breakdown characteristic, the curve shows left-
probe monitors the pseudospark voltage. A Pirani gauge wa2dnd operatiorirising voltage with decreasing’d). Figure
used to measure the ambient gas pressure in all experimenfs Shows a typical voltage trace at the transformer output
In addition, special diagnostics were constructed to charadMonitored by a capacitive divider, peak voltage 400).kV

terize the electron-beam energy and spot size. These are dE?€ trigger manifests as a spike on the voltage waveform.
scribed in later sections. Notice the slow voltage rise and the sudden voltage collapse.

2. Fill gas

In the pulse line experimerftd argon was used as a fill

The experimental results in this section have been digas; however, for higher voltagés200 kV) argon was not
vided into two categories those related to the pseudosparatisfactory as the ambient pressure was (@8~27 mTory
discharge and those related to the characterization of thend the operation erratic. Neon and helium were both tried
electron beam. Under the first category experiments relatebecause, for a given voltage and a given anode cathode dis-
to the establishment of the left-hand operation, type of filltance, the ambient pressure of né86—50 mTory is greater

IIl. EXPERIMENTAL RESULTS
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system in neon. 140 A (70 A/div). The faraday cup was placed about 15 cm from the anode
aperture.

than that of argon, and that of heliu®8-110 mTory is

greater than that of neon. However, neon was finally chosergrder of 40-50 A and the second peak on the order of 90 A.
because the electron beam current for neon was much highar the case of neon there are three distinctive features on the
than that for helium. Figure (@) shows the electron-beam current wave form: There is the initial current peak between
trace for helium at 360 k\(top: wall current monitor at the 120 and 160 A, then the second peak between 200 and 220 A
anode exit; bottom: the Faraday cup 15 cm away from thend finally there is the biggest pe&00—-800 A. It is shown
anod¢ and Fig. 1b) shows the electron-beam trace for neonin the following subsectiorienergy measurementhat the
(top: wall current monitor; bottom: Faraday guplotice that initial peak is associated with the full voltage, the second
in the case of helium, the electrons are ejected out in severgleak has lesser energ¥50—200 keV, and the third peak
phases. Currents associated with the first peak are on tHenax peak is basically very low-energy electror{plasma
electron3. Moreover, evidence on copper foil targets shows
that in the case of helium the electrons are not strongly
pinched unlike the case of neon. The main reason for this
difference in behavior between helium and neon can be at-
tributed to the difference in atomic mass number and differ-

Voltage ent ionization potentialéhelium has higher ionization poten-
' tial and is lighter than neogn For pinching to take place
A charge neutralization is required without current neutraliza-
. ion. Iti i i ium i Iti
100 kV/div tion. It is possible that the lighter helium ions move resulting

in a partial cancellation of the current.

;. 3. Role of the trigger
s There are two main reasons behind the decision to trig-
B ger the high-voltage pseudospark device. First, the trigger is

. very important in a device like ours which is pulse charged
Time 2.5ps/div and where the general ambient pressure is rather low. The
device is subjected to jitter due to the finite duration of the

FIG. 6. Typical voltage trace at the transformer outf@0 kV/div) with pglse. SeCOI"ld., the tr.iggering of this device ensures that the
the trigger shown as a spike before collapse. Time scale 1 divu®.5 discharge originates in the hollow cathode.
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TABLE |. Ejected electron-beam current magnitude in the first and second
peak for different charging voltages and delatjse interval between trig-
ger and collapse of voltageHere 7 represents the duration of the current

100

(first peak and second 360 kV
Neon
V (kV) Delay (us) l1st (A) 7(n9 [2ng (A) 7 (n9
350 <1 120 120 200 100 l L) Experimental
350 <1 80 100 200 120 L — Theory (Blueler)
350 2.5 160 100 200 130 -
360 <1 120 80 200 120 S i First peak
374 2 160 120 200 160 @ 60 [~
384 <1 120 80 200 120 g -
2 L
= |
<
L)
. . = 0 [
Typically, the voltage collapse begins 1+3 after the 2 L

trigger. Also, the duration of the first peak is a function of L
the time interval between the trigger and the onset of the -
voltage collapse. Typically, the duration is greatgaration 20
of the first peak is of the order of 100 )nfor larger time r
intervals between the trigger and onset of the discharge. In r
general, the triggering of the device results in an increase of "

the current of the first peak and also the duration of the first 0
peak. These results are summarized in Table I. 000 006 011 017 023 028 034 039 045
B. Electron-beam characterization Aluminum foil thickness (mm)

1. Energy analysis FIG. 9. Percentage transmissi@theoretical and experimenjals thickness
In order to determine the beam energy, electron range(,aluminum for the initial electrondfirst peak. The theoretical curve was

. - i i ic el f keV. The cl h
energy studies were undertaken. For these studies, a rangﬂé_rwed using monoenergetic electrons of energy 360 ke e close matc

. . ; . . tween theoretical and experimental values suggests that the initial elec-
energy probe was made with self-integrating Rogowski c0ilSrons have energy comparable to the full charging volt@§® kv).
on both sides to measure the incident and transmitted current

simultaneously. Figure 8 shows the incident and transmitted

el_ectron-b_eam cgrrent when it &ig 1 mil_(0.0025 crr)_ alg- are compared with the theoretical curve based on the formula
minum foil. Notice the pulse _sh_ortenlng of the_ incident gy eq by Bleuler and Zunt? The transmission defined as
beam. The photograph clearly indicates that the high-energy,o factionN/N, of the initial intensity remaining in a ho-

electron beam.oci?lirs early in time like the pulse line p,se“fnogeneous beam of electrofisitial energy E,) after tra-
dospark experimentAluminum, copper, and tantalum foils versing a distance, through an absorber is

were used as stopping foils. In Fig. 9 the percentage trans-

mitted current versus thickness is plotted for the first peak in E—ex B on (x)dx @
aluminum at 360 keV. Notice that the experimental points N, 0 @
where
1 E(x)+0.511 \* | 3
a)=144 ErolE+1.029) ™ ©

Here E(X) is the energy in MeV of the electrons after pass-
ing through a thickness and is related tx in the following

I manner:*

_ E(x)=1.97R(x)2+0.22R(x)]%%, (4)
Incident &
Transmitted where
currents
superimposed R(x)=Ro—2.7, ®)
200 A/div 2,05

p— 0 —
R0—0.5(0.0484+ 3.684) 0.11. (6)

The distance 2% is expressed in g/ctn(range units for

_ _ aluminum(density 2.7 g/c). R, is the theoretical range for
FIG. 8. Incident(l ;5 160 A) and Tr_ansmltt_ec(lﬁrsl 130 A) electron-beam __monoenergetic electrons of ener@ in aluminum. The
current through a 0.0025 cm aluminum foil. The wave forms are superim- . . .
posed. The vertical scale is 200 A/div and the horizontal time scale is 5¢heoretical curve compares very well with the experimental

ns/div. points confirming the fact that the initial peak is at the energy
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10 — 1 “thick” target of tantalum(high-Z materia). A target is de-
0 50 100 150 200 250 fined as thick if the scattering and energy loss processes
would have an appreciable effect on the energy of the elec-
Stopping energy (keV) (Al tron beam. X rays were produced locally on an area compa-

rable to the spot size of the electron beam. The source was
FIG. 10. Percentage transmission of electron-beam current vs stopping eﬁhen Imaged °”t9 an x-ray phosphor scrégadolinium O.X_
ergies(corresponding to different foil thickness of aluminyfor the second ~ YSulphide deposited on a glasthrough an array of nine
peak. The charging voltage is 360 kV. pinholes forming multiple images.

Initially, a magnification of 1 was used between the

source plangtarge} and the image plane. A tantalum foil of
equivalent of the full charging potential of the pseudosparky mil (0.0051 cm was used as the target-8 cm from the
(360 kV in this case Figure 10 shows the percentage trans-gnode and charging voltage of 360 k\Figure 13a) shows
mission at different stopping energies of aluminum foils an injtial image with a small camera aperture. Nine images
(varying thicknesk for the second peak. Here the stopping are seen. Based on this image size, the spot size is about 0.5
energy corresponds to the energy of the equivalent monoemnm (diametey. This image suggests the pinching of the
ergetic electron beam for which the given thickness of alupegm. In Fig. 1&), the photograph is taken with a larger
minum constitutes the range. Therefore, a significant transgperture. In each imageorresponding to each pinhola
mission at a given energy would imply the presence ofarge bright spofon the order of 1.5—-3 mjrand a smaller
electrons with energy higher than the stopping energy. It iyt more intense spd0.5 mm is seen. This image clearly
clear from this figure that the electrons in the second peakstablishes that the pinching occurs separately. In order to
are quiet energetic though at a lesser energy compared to titermine if the brighter spot is of higher energy, a piece of
first peak. Energy analySiS with the other foils was ConSiStenéopper fo||(0075 mn) eﬁective|y b|ocking some of the pin_

with the range-energy results for aluminum. In Fig. 11 thengle images was placed very close to the phosphor screen.
scanned electron microscope image of the damage on a 0.2

mm copper sheet is shown. There is a large $giameter 1
mm) and a small spotdiameter 0.200 mirto the right-hand
side. It is believed that the large spot damage due to higher-
energy electrons and the small pinched spot seen to the right-
hand side of the large spot is due to lower-energy electrons
which originate later in time. The experiments describing
spot size imaging using an x-ray pinhole camg@tascribed

in the following subsectionalso appear to confirm the asser-
tion.

camera

2. Spot-size imaging

In this experiment, an x-ray pinhole camésae Fig. 12
is used to determine, the spot size of the beam. The aim in

this experim_ent_ is to es_tablish t_hat the_ strongest pinching tantallum pinholes phosphor
occurs later in time and is associated with the lower-energy
electrons. Basically the electron beam impinged on a FIG. 12. X-ray pinhole camera.
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FIG. 13. (a) Source images with very small camera aperture spot size 0.5

mm; (b) source images with larger camera aperture. In each image a large

bright spot(1.5—-3 mm and a smaller but more intense sgbt5 mn) is FIG. 15. Mylar witness platea) Image of the electron beam after it trans-

seen. mits through a 0.051 mm Tantalum fofl) image of the electron beam after
it passes through a 0.10 mm Tantalum foil.

This copper foil has a 50% transmission for photons of en- - -
ergy equal to 30 keV. Figure 1@ shows a photograph with images seen in Fig. 1d). These photographs indicate that

small apertures. Notice that only the images of the pinhole§he strongest pinching occurs lateecause the energy of the

not covered by the copper foil are seen. The beam appears {(?::t):)grhaoptﬁigsirigizr;rz ?&Eﬁ?g;ﬁégowever' that the

be pinched. In Fig. 1), the aperture of the camera is P
larger. The source images through the copper foil are seen.
The images appear larger than the pinched small diameter
3. Mylar as a witness plate

In this experiment a novel imaging technique of using a
thin Mylar foil of thickness 1 mil(0.0254 mm thick to
monitor the electrons after being scattergdab2 mil (0.051
mm) tantalum foil (stopping energy 200 keVand a 4 mil
(0.10 mm (stopping energy 325 keMwas employed. In-
tense light proportional to the beam current and diameter
(due to luminescené® was emitted. The mechanism of
light emission is not cherenkov emission because the elec-
trons after passing through range-thick target foils are not
relativistic. Figure 188) shows an image of the electron
beam after it hits a 0.051 mm tantalum foil. The true size of
the image is on the order of 0.48 cm. While the large diam-
eter of the image can be attributed to the scattering pro-
cesses, the sharpness of the image seem to indicate that the
beamfront is axisymmetric. This is again reinforced in Fig.
15(b) which shows the image of the beam after transmission
through a 0.102-mm-thick tantalum fdgpot size 0.863 cimn
Caution should, however, be exerted in that the response of
the film (Polaroid 667 to this light is not known.

4. Shot reproducibility

FIG. 14. (a) Source images with pinholes partially covered with copper foil A series of shots was taken repeatedly on a 0.2 mm
(0.075 mm and small camera aperturéh) source images with pinholes copper sheetstopping energy 400 ke\placed 8 cm away

partially covered with copper f0i{0.075 mm and large camera aperture. from the anode hole to see if the beam wandered in pOSitiOI’l
The images are seen through the copper foil. The images through the coppe !

foil do not appear pinched indicating that the higher-energy electrons are n(ﬁhot to shot. The damage patt?m on the_O.Z_mm copper sheet
pinched. revealed that there was very little variation in position. The
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damage due to these shots lay in a circle of diameter 0.25drocessesing. The overall diameter being still small, the dis-

cm. Generally, single shot damage on range-thick targets reéinction between the spot sizes of the electron beams origi-

sulted in two spots. There was, as previously mentioned, aating at different times may not be important.

larger diametef~1 mm) spot and a smaller spdiiameter

~0.2 mn) which varied in its position. Sometimes this spot

lay on top of the larger spot and sometimes adjacent to it,

Tr):is Waspalso seen i% theF;-ray pinhole imagsse JFig. 13, \/ CONCLUSIONS AND FUTURE WORK

bottom. This article reports on the design and execution of a
high-voltage triggered pseudospark experiment. The major
conclusions that can be drawn from this work are as follows.

IV. DISCUSSION OF RESULTS The role of geometry and aspect ratio in the scaling of

Considering the various experimental evidence of damlOW-voltage pseudospark experiments to a high-voltage ex-
age on copper foil, x-ray pinhole images, and Mylar imag-Periment havg been conflrr_ned. A multigap pseu.dospgrk de-
ing, it is almost a certainty that the initial electrons are notvice was designed and built which operated reliably in the
pinched and strong pinching occurs only later in time when &0ltage range 300-400 kV.
plasma channel is established. The picture that emerges is_FOr this device neon as a fill gas was found to be better
the following. The initial electron beams feeling no pinch suited than helium as far as electron-beam generation was
effect are of larger diameter. The beam electrons are helgoncerned. _
together primarily by the the relativistic nature of the beam. __1he electron beam was generated in several stages. The
Later in the beam pulse, as the plasma channel develops, thHatial burst of electrons(120-160 A was found to have
pinch is fully developed. There are several important issue§N€rgy equivalent to the full anode—cathode potential. The
associated with pseudospark operation that merit attentioff/eCtrons which were generated later in time also had sub-
First, the process of electron-beam generation and propagdt@ntial energy although less than the initial peak. .
tion through gas are intimately linked from the hollow cath-  Strong pinching was associated with the electrons which
ode to the anode exit hole and beyond. The fact that th&/€re generatec_i Iat_er in time. 'I_'he initial hl_gh-energy electron
initial electrons are at energy equivalent to the full anodeP®am is larger in diameter. This was confirmed using source-
cathode voltagé350—400 keY when measured 8 cm away SIZ€ IMmaging techmqu_es employlng both an x-ray pinhole
from the anode, seems to indicate they suffer very few col€@mera and the luminescence with passage of electrons
lisions (mean-free-path lengths are on the order of maters through thin Mylar foils. _ .

The initial burst constitutes these runaway electrons. This Future experiments are planned in which the pseu-
implies that the lower-energy electrons which evolve later indospark generated electron beams will be used to generate
time are involved in the establishment of the plasma channdicrowaves. Also, the inherent capacitance of the device will
as the electron—neutral ionization cross sections are verye Poosted by increasing the diameter of the electrodes and
large for lower energies. An estimate of the number densitynSulators.

of the electrons in the initial peak using the following typical

numbers for currentl60 A), energy 360 keV, and diameter
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