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A set of five experiments to study the microwave emission accompanying the high voltage
pseudospark discharge are reported. The generation of the microwaves in all cases but one is
attributed to electron beam-plasma interaction. In the other case, Cherenkov radiation was also
considered as a possible mechanism of generation. Initial simulation studies were carried out which

predict a background peak plasma density on the order of 1-2X 10%cm

Institute of Physics. [S0021-8979(98)03106-5]

I. INTRODUCTION

The pseudospark discharge is a low pressure gas dis-
charge in a hollow cathode and a planar anode configuration
operating on the left-hand branch of a characteristic break-
down curve which is similar to the Paschen curve for parallel
electrodes. This phenomenon was first reported by Chris-
tiansen and Schultheiss.! The pseudospark discharge has sev-
eral interesting features. One important feature has been the
observance of highly pinched electron beams with current
densities of up to 10° A/cm? during the breakdown phase.

A high voltage (300-400 kV) pseudospark experiment
was designed and executed with the intent of eventually ex-
tracting these ion-focused electron beams into vacuum. Gen-
erating electron beams at these high energies was intended to
reduce the self-space charge fields. The pseudospark dis-
charge was accompanied by a wide variety of microwave
signatures.

It is of great interest to investigate the interaction of an
electron beam with the plasma formed as a result of ioniza-
tion collisions of beam electrons with molecules of a neutral
gas in the absence of a magnetic field. This study may be
important in the development of a physical model to describe
the processes which accompany the polar aurora formation.?

While there have been other experiments®™ to investi-
gate the microwave radiation accompanying the passage of
the electron beam through low pressure gas, the pseudospark
experiment reported here is different in the following man-
ner.

In a pseudospark device, electron beam generation and
propagation through a gas filled environment are closely
coupled. In other experiments, a monoenergetic electron
beam was generated first and then introduced in a gas filled
drift tube. In the case of the pseudospark discharge, the en-
ergy of the ejected electron beam is a function of the anode-
cathode voltage wave form and therefore, a function of time.
The electron beam is generated in a self-pinched manner.
The typical dimensions of the electron beam (operating volt-
age 370-400 kV) lie in the range of 4-0.5 mm.>® The higher
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energy electrons are not pinched and the electron beam has a
diameter of 4 mm. The pinched lower energy electron beam
(generated later in time) has a diameter of the order of 0.5
mm. The pinched electron beam is associated with a growing
background plasma. The plasma produced by the beam is
narrow and inhomogeneous.

Although microwave emissions have been observed pre-
viously in a pseudospark experiment’ (a back-lit thyratron),
the high voltage pseudospark experiment reported here dif-
fers in the following manner.

(1) Microwave emission was observed directly on axis on
the anode side in contrast to the back-lit thyratron
experiment, where it was observed on the cathode
side.

(i) The voltage of operation of the device was much
higher. In the case of the back-lit thyratron, the volt-
age of operation was on the order of 20 kV.

(iii) In the case of the back-lit thyratron experiment, mi-
crowave emissions were observed in the frequency
range (20-100 Ghz) whereas in the triggered high
voltage pseudospark experiment, microwaves were
mostly observed in the frequency range 8—33 GHz.

Initial experiments to investigate the microwave emis-
sions are reported in this paper. The paper is organized as
follows. Section II deals with the experimental setup, Sec. 111
contains a description of the experiments, and in Sec. IV, the
experimental results are discussed and finally the conclusions
from the experiments are drawn in Sec. V.

Il. EXPERIMENTAL SETUP

The experimental setup for the high voltage pseudospark
is shown schematically in Fig. 1. The apparatus has been
described elsewhere.5 A quasi-dc (long pulse 35 us), high
voltage (500 kV), unipolar pulse is applied to the cathode
through a charging resistor of 9 k). The trigger system de-
sign helps the initiation of the discharge by providing a small
flashover between the trigger electrode and the surrounding
wall of the cathode. A six gap multistack system was chosen
with an aperture size of 0.635 cm, insulator thickness (gap
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FIG. 1. High voltage triggered pseudospark setup. Side view of the multi-
stack pseudospark with the external capacitor and trigger circuit. This setup
was used for experiments | and 2.

distance} of 1.3 cm, where the thickness of the individual
electrodes was 0.32 cm. The diameter of the electrode was
7.62 cm and the diameter of the insulator was 9.53 c¢m. The
reason for this small diameter was the ease of fabrication of
the insulators and floating electrodes. To boost the capaci-
tance of the system, a low inductance paralle! plate capacitor
was used. One plate was directly attached to the cathode and
the tank wall formed the other plate. The plate that was at-
tached to the cathode was made out of a glass epoxy (G10)
board, with the copper stripped from the side facing the tank.
The total capacitance of the system was 80 pF.

A. Diagnostics

An exit wall current monitor (a fast current transformer)
was used to measure the total electron current ejected out
from 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 voltage divider
monitors the voltage at the output of the transformer and a D
probe monitors the pseudospark voltage. A Pirani gauge was
used tc measure the ambient gas pressure in all experiments.
The microwave measurements were carried cut on axis. Mi-
crowaves broadcast into free space from the output window
(made of plexiglass) were collected by a pyramidal horn (X
brand/K band), carried into a screen room by waveguide
pipelines (X band/K band) where they were rectified by crys-
tal detectors,

flh. EXPERIMENT

A series of five preliminary experiments were carried
out. The voltage of operation was between 350 and 400 kV
and discharge took place on command with the help of an
external trigger.
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FIG. 2. Typical microwave signal in the X band (lop), time coordinated
with the ejected beam current (bottom) and associated with the experimental
setup in Fig. 1. The detected peak power density is 35 mW/em? (detected
power/horn area). The peak current is 200 A and the time scale is 1 div:50
ns.

In the first experiment (see Fig. 1), the electron beam
was propagated into a 4 in. diameter drift tube. The micro-
wave emissions were monitored using a series of succes-
sively higher frequency directional couplers, bandpass filters
and diode detectors. In this run, X band (8-12 GHz)
waveguides were used to conduct the signal into the screen
room. This signal was separated into the X band (8-12
GHz), Ku band (13~18 GHz), K baad (18-26 GHz), and Ka
band (2640 GHz). The voltage of operation was 368 kV.
Figure 2 shows a typical microwave signal (K band} time
coordinated with the ejected beam current.

Note that the microwave signal is not associated with the
initial peak in the current waveform. It was experimentally
determined that the initial peak consists of runaway electrons
which had left the hollow cathode when there was full
anode-cathode voltage.® It is well known experimentaily®’
that the current growth after the initial peak is accompanied
by a growing background plasma density. This has been
shown in simulations as well.'® That the microwave emission
is associated with the ejected eleciron beam current in this
phase suggests beam-plasina coupling as a mechanism for
microwave emission. This will be discussed further in the
next section. Figure 3 shows the relative power density in the
various bands. Figure 4 illustrates the time evolution of the
various bands. In this figure, the central frequency of each
band is plotted against the time when emission in this band
starts. Note that the power density falls with increasing fre-
quency. l

In the second experiment, microwave emissions in the X
band were monitored for the vartous fill gases. Table I shows
the measured power density at various charging voltages and
for different gases. The variation in operating voltages was
due to the varying breakdown voltages of the various gases.
From Table I, it is obvious that microwave emission is a
function of the gas species. This again suggests the beam
plasma interaction as & strong comtender for the radiative
mechanism because the plasma formation would be infiu-
enced by the gas species. Comparing the microwave emis-
sicn when helium is the fill gas to the case when argen or
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FIG. 3. Relative peak power density (arbitrary units) vs frequency associ-
ated with experiment 1 (setup Fig. 1). Note that the frequencies represent the
central frequency in cach of the varicus bands. The beam is propagated in
the drift tube without any confining structure like a diclectric tube.

neon is used reaffirms previous experimental findings® that
plasma formation is not as great in the case of helium as in
the experiments where argon and neon are used. Note that X
band waveguides and a K band low pass filter (HP K362A)
were used. A beam collector was used to prevent the beam
from hitting the endplate.

In the third series of experiments, relative power emis-
sion in the X band was determined as a function of voltage.
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FIG. 4. Time evolution of the central frequencies associated with experi-
ment 1 (setup Fig. 1), No confinement implies that the beam is propagated in
the drift tube without any confining structure like a dielectric tube.
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TABLE L. Comparison of microwave emissions for various fill gases.

Voltage (charging) Power density Taturt Tpalse
&V) Gas (mW/em?) (ns) {ns)
368 neon 99 150 50
368 neon 292 170 50
368 neon 115 140 50
368 helium 16 140 50
316 argon 33 140 50
354 argon 115 140 50

A smail diameter (2.54 cm)} Pyrex tube was placed in the
drift tube to reduce the discharge volume and the confine the
plasma formed in the smaller volume. This is shown in Fig.
5. Microwave emissions were monitored in the X band using
a K band pipeline. Figure 6 shows the peak power density
(arbitrary units) at different voltages for neon. From the fig-
ure it appears that the charging voltage has little influence on
the microwave emissions in the K band. Typically, the de-
tected peak power density was in the range 95-30
mW/cm?. The detected peak power densities were compa-
rable to the detected peak power densities in experiments 1
and 2. This suggests that the plasma column is very narrow.

in experiment 4, a polycarbonate {(dielectric constant
3.0} drift tube with an inner radivs of 0.65 cm and outer
radius of 1.77 cm was used to confine the beam plasma sys-
tem. Figure 7 shows the experimental setup. It was felt that
the polycarbonate dielectric tube would be advantageous in
the following sense: As the electron beam streams along the
dielectric tube, the tube wall becomes negatively charged
due to electrons hitting the wall, thus providing initial elec-
trostatic focusing. The small diameter tube also confines the
plasma to a smaller cross-sectional area thus increasing the
plasma density. Typically, in the case of electron beam-
plasma interaction in the absence of a magnetic field, the E,

T

N
(
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FIG. 5. Experimental setup for experiment 3. A Pyrex tube was used to
confine the plasma to ta smaller volume.
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FIG. 6. Microwave emission in the X band at different voltages with Pyrex
glass confining the plasma. The detected peak power densities at the X band
horn; arbitrary units) are plotted against charging voltages. It appears that
the charging voltage has little influence on the power magnitude confirming
the fact that the elecirons generated later in time have energies much less
than the charging voltage equivalent.

component of the electric field (TM modes) is the strongest
at the plasma boundary {surface modes) and declines very
rapidly in either direction from the plasma boundary. Thus
the power flux is small outside the plasma region. It was
hoped that with the use of the thick walled dielectzic tube the
rapid decline of the electric field would be retarded and the
power flux in the dielectric region would increase transform-
ing the surface mode to the volume mode.'! This would have
the effect of releasing the trapped plasma waves. There was
significantly higher detected power, but the exact reason be-
hind the increase in the detected power is still not clear.
Figure 8 shows typical shot of microwave emission in
the X band. The first burst is associated with the initial peak
and the second burst occurs a little later in time (after 100
ns). The peak power density associated with the first burst is
103 W/cm? and the peak power density associated with the
second burst is 390 W/em?. Similar power densities were
obtained in subsequent shots. These peak power densities are
computed by dividing the detected X band power by the
effective horn area (X band). However, the dielectric tube
was severely damaged. It appears that the initial burst is due
to the interaction of the initiai high energy electrons in the
waveguide mode. The dielectric tube inserted inside a 2.5 in.
conducting cylinder constitutes a slow wave structure. For
the electron beam te interact there should be synchronism
between beam velocity and the phase velocity of the electre-
magnetic mode. The following relations should hold:
o=
BN
B=v,lc, (1

e=dielectric constant.
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FIG. 7. Experimental setup for experiment 4.

The charging voltage in this experiment was 320.7 kV. This
implies that the peak value of B8is 0.78. Therefore 1/5 equals
1.26 and ve=3.0is 1.73. These values are sufficiently close
that the stimulated Cherenkov emission cold be a possible
mechanism for the observed emissions. This is discussed in
the next section. The burst observed later in time is due to
beam-piasma interaction. Note that in these measurements X
band waveguides were used and an X bandpass filter was
used. The X band power density in experiment 1 was 10
Wicm?, Clearly, confining the beam plasma system to a
small cross-sectional area tube improves microwave emis-
sion.

in experiment 5, a ceramic tube (dielectric constant 7.0)
was introduced in the dielectric tube used in experiment 4.
The cross-sectional view is shown in Fig. 9. The inner radius
of the ceramic tube is .53 cm and the outer radius is 0.65
cm. The poliycarbonate extends from 0.65 to 1.77 cm. The
purpose of using the ceramic tube was to disturb the syn-

Detected X band |
signal F
1st burst 103 W/em

R . }
| Time 00 ns/div

FIG. 8. Microwave emission in X band (fizst peak 103 W/em?, second peak;
390 W/cm?); Bottom: current (200 A/div). Time scale 100 ns/div.
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FIG. 9. Experimental setup for experiment 5.

chronism responsible for the Cherenkov emissicn. Figure 10
shows a typical pulse of radiation in the X band (peak power
density is about 8 W/ecm?). In the X band, the peak power
density is in the range 4-8 W/cm?. Again, the peak power
densities are computed by dividing the detected power by the
effective area of the X band horn. The reason behind the
decrease in detected power between experiments 4 and 5 is
not clear. There was a single burst with a peak power density
at 82 W/cm?, Note that the microwave burst associated with
the initial electrons has disappeared. The voltage in this ex-
periment was in the range 370-376 kV. This implied a
B=0.81 and a 1/8=1.5. This can be attributed to the loss of
synchrosnism with the siow wave due to change in the di-
electric constant (from 3 to 7). A higher dielectric constant at
the beam-dielectric interface would cause a steeper decline
of the electric field at the interface. In the K band, the peak
power density is between 400 and 2000 mW/cm?®. Figure 11
shows the microwave emission in the X and K band simul-
taneously. Separate band waveguide pipelines, separate band
specific horns, bandpass filters, and detectors were used in

Detected X band
signal 5
Peak 8§ W/em”™

Time 100 ns/div

FIG. 10. Top: Microwave eniission in X band in a dielectric tube with two
materials (e;=7, €,=3.0) (experiment 5). The detected peak power den-
sity at the X band horn was 8 W/ecm?. Bottom: Ejected electron beam trace
(200 A/div): The time scale is 100 ns/div.
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detected K band signal
peak 5 W/cm2

detected K band signal [aassensus ISP e
peak 0.365mW/cm” '

Time 50 ns/div

FIG. 11. Microwave emission recorded simultaneously for X and K bands.
Top: X band peak power density 5 W/em? (at the horn). Bottom: K band
peak power density 0.365 mW/cm? at the homn. Note separate band specific
components {waveguides, horns, filters and detectors were used). Time scale
160 ns/div.

this experiment. Microwave emissions starts in the X bard. it
is followed by the X band emission. Note that only X and K
bands were monitored in this experiment. Once the X band
emission stopped, K band emission began. The detected peak
power density recorded in Fig. 11 was 5§ W/em? for the X
band and 0.365 W/cm? for the X band.

Table I summarizes the five experiments for compari-
SOR.

V. DISCUSSION

The electron beam associated with the pseudospark dis-
charge is emitted in two phases—high energy electrons emit-
ted in an earlier stage and the lower energy electrons emitted
in a later stage. The experiment described in ap earlier sec-
tion clearly shows that in all cases except one, microwave
emissions for the pseudospark discharge were associated
with electrons ejected later in time. In experiment 4 (the
propagations of the electron beam through polycarbonate} it
was observed that in addition to the usual microwave emis-
sions seen with the lower energy electrons there were other
emission associated with the initial high energy electrons.
The mechanisms behind these microwave bursts will be dis-
cussed in the following paragraphs.

A, Initial microwave bursts

The initial electrons of the pseudospark discharge are not
associated with any growing background plasma and consti-
tute the runaway electrons at full anode-cathode potential.
The fact that the miicrowave emission is associated with the
propagation of these electrons through a polycarbonate
tube—a dielectric medium where e is ciose to 1/8 of the
beam. This suggests Cherenkov emission as 2 mechanism of
radiation. Here the dielectric acts as a slow wave structure.
The disappearance of the radiation when resonance is dis-
rupted as with the ceramic tube in experiment 5 further sup-
ports this mechanism. However, further investigation must
be carried out before it can be established as the most likely
mechanism. Typically, in a2 dielectric Cherenkov maser the
beam is propagated in a strong magnetic field to prevent the
beam from hitting the dielectric wall. This would cause the
charging of the tube and surface breskdown. In experiment
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TABLE II. Comparison of the five microwave related experiments. Note that peaks 1 and 2 refer to the ejected
current peaks. The power densities refer to the detected peak power densities at the horn obtained by dividing

the detected power by the effective area of the horn.

Power density (mW/cm?)

Exp V (kV) X Ku Ka Gas Peak 1 Peak 2
1 268 10x 10° 1x10° 8 Ne ®
2 ~368 16-115 He-Ne-Ar )
3 306-368 95-230 Ne ®
4 320 103x103 Ne )
390x 10° ®
5 370 6x10° 400-2X10 3 Ne [ ]

4, the ¢ beam was propagated without any magnetic field and
the dielectric tube was damaged due to surface breakdown. A
beam-surface plasma interaction is not conclusively ruled
out. The ceramic tube in experiment 5 was not damaged.

B. Microwave emissions later in time

In all the experiments, microwave emissions were asso-
ciated with electrons ejected later in time. At this time, the
background gas is strongly ionized and there is an ambient
plasma. This points to the fact that the mechanism behind the
microwave generation may be a beam plasma interaction. In
this interaction, the electron beam passing through plasma
sets up plasma oscillations'? (the energy of the electron beam
in this experiment is far too low to interact with the electro-
magnetic modes). The beam intersects with the slow wave
modes of the plasma. As a consequence of bounded plasma
formation without magnetic field, the plasma is very inho-
mogeneous, the electric field associated with the plasma os-
cillations cannot generally be separated into independent lon-
gitudinal and transverse components (with respect to the
beam direction). This causes the possible subsequent conver-
sion into electromagnetic radiation.>!?

The frequency of emission increases with time. The
most probable reason is the following. As the beam energy
falls, the slope of the beam line in the w—k, dispersion dia-
gram decreases. The beam line therefore intersects with the
plasma mode at higher frequencies. Also, the plasma density
is increasing concurrently.

C. Simulation studies

A numerical simulation program developed by Dr. Ana-
toly Sckvarunets at the Institute for Plasma Research, Uni-
versity of Maryland to study the plasma guide modes (TM)
of an electrodynamic system with an inhomogeneous plasma
profile was used to determine the intersection points of the
beam line with slow plasma modes. This study was carried
out to determine the range of plasma densities and the fre-
quencies for which intersection was possible.

The profile of the plasma density for which the investi-
gation was carried out is shown in Fig. 12. The plasma pro-
file was made small in diameter to generate the pinched
beam plasma column with which the late time microwave
emissions was associated.

This numerical investigation was carried out in the fol-
lowing manner. The simulation was carried out in two loops.

In the outer loop the beam energy was fixed. In the inner
loop the plasma density at the peak was fixed and the fre-
quency was swept from the peak plasma frequency down-
wards for which a solution (the intersection of the beam line
with a plasma mode) was obtained. The highest frequency
solution was chosen. Note that the TM mode was studied
because it was felt that the electron beam with its greater
energy in the longitudinal direction would interact most
strongly with a TM mode (E, component). Once the inner
loop was completed, the plasma density is changed and the
inner loop was repeated to determine new solutions. The
plasma densities (peak) and the corresponding plasma fre-
quencies (peak) for which the study was carried out are
shown in Table III.

Once the solutions were determined for all the plasma
densities, the energy of the electron beam was varied. This
study was carried out for electron beams with energies 50—
100, 200, and 360 keV (full charging voltage). In Fig. 13, the

-h

e © o o
o N o

Plasma density (a.u)
o
n

0.4
0.3
0.2
0.1
0
0 0.1 0.2 0.3 0.4 0.5
Radius (cm)

FIG. 12. Assumed plasma profile for numerical calculation. Plasma density
is shown in arbitary units. Note the plasma profile was assumed in this
manner because the pseudospark generated electron beam has a diameter in
the range 1.5-0.5 mm for lower energy electrons.
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TABLE III. Peak plasma density and corresponding peak plasma frequency.

Peak plasma density 10'%cm® Peak plasma frequency GHz

6.4 227
7.2 24.09
8.0 25.39
8.8 26.63
9.6 27.82
111 29.91
13.3 3274
15.5 35.35
17.7 37.78
19.9 40.05
21.0 41.15

highest frequencies for which a solution exists (intersection
of the beam line and plasma mode) are plotted against the
peak plasma densities for various energies of the electron
beams. It is clear for the diagram that for higher frequencies,
only electrons with low (50-100 keV) energies have solu-
tions for plasma densities in the range 6—20% 10'> cm™>.
For lower frequencies, all the electron beams (50, 100, 200,
and 360 keV) have solutions. However, for electrons of en-
ergies 200 and 360 keV, the plasma densities have to be
greater than 1Xx10' cm™3. Since the lower frequencies (X
band) are generated early in time, and the electron beams
have higher energies, the plasma densities should be of the
order of 1-2%10'3 cm™3, As the plasma density increases
and the beam energies fall, the microwave emission shifts to
higher frequencies.

The numerical studies while by no means exhaustive,
support electron beam-plasma interaction for plasma densi-

30
©50keV
1100keV o
254  A200keV o n
0 360keV ¢ OO
= °
g 204
o
5 o7 oo
g 151 oo
: Y
o o o
® 104 f A
w AA

] 4 ¥ } t

0 5 10 16 20 25

Peak plasma density 10'?/ cm®

FIG. 13. Highest frequency solutions (intersection of the beam line with a
plasma mode) vs peak plasma density for electron beams with different
energies.
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ties in the range 1—2X 10> cm™ with falling beam energies
(with time) a possible mechanism for the microwave signa-
ture accompanying the psuedospark discharge. A further
confirmation of the plasma densities can be made by com-
paring the electron beam density with the electron current at
lower energy 240 keV is of the order 240 A.® The diameter
of the electron beam varies with the energy. The initial
higher energy electrons have a diameter of the order 3—4 mm
and the self-pinched lower energy electrons have a diameter
of the order of 0.5 mm.® Using 1.5 mm as an estimate of the
diameter of electron beam of energy 200 keV, the beam den-
sity was calculated to be ~1.62X 10'* cm™3. This is compa-
rable to the peak plasma density.

V. CONCLUSIONS

An initial set of five experiments were conducted to in-
vestigate microwave emissions from a multistack pseu-
dospark device. The generation of the microwaves in all
cases but one (experiment 4) was attributed to an electrons
beam-plasma interaction. The microwave emission in these
experiments were associated with lower energy electrons
emitted later. In the case of experiment 4 (propagation of
electrons through a polycarbonate tube), microwave emis-
sions were associated with the initial electrons in addition to
the bursts seen later in time. Cherenkov emission was sug-
gested as a possible mechanism of generation. However, fur-
ther investigations need to be carried out before it can be
established as the most likely mechanism of generation.

These are preliminary experiments. Further work has
been planned to carry out a more detailed study of the beam-
plasma interaction. The issue of higher detected power den-
sities in the case of beam passage through a dielectric tube
will be studied using both simulation and experimentation.
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