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An Observation of Energetic Electron Beams in Low-

Pressure Linear Discharges

P. CHOI, H. H. CHUAQUI, M. FAVRE, AND E. S. WYNDHAM

Abstract-Experimental observations of energetic axial electron
beams in a linear Z pinch operating in the pseudospark mode are pre-
sented. The device is driven from a fast Marx generator and allows
reproducible production of electron beams over a wide pressure range.
Evidence of the importance of electrons generated in the cathode recess
in the formation of the beams is presented. An electron beam of high
energy which is not associated with formation of the discharge is iden-
tified. A second beam of high current density and lower energy asso-
ciated with gas breakdown is also observed.

I. INTRODUCTION
IN RECENT YEARS there has been a considerable re-

search effort into the electrical breakdown of gases in a
class of linear devices operating at pressures below the
minimum or "'critical point" in the pressure-distance (p
- d) product of the Paschen curve. These devices all share
a common feature in that the cathode has a hole on axis.
The discharge that forms is known generically as the
pseudospark region of electrical breakdown and typically
covers p * d products of between 1.5 and 8 torrt mm at
applied voltages up to 30 kV for hydrogen [1]. Although
spark discharges at low pressure have been investigated
in the past, both theoretically and experimentally [2]-[4],
the current pseudospark devices exhibit a variety of inter-
esting phenomena which are not well studied. First is the
production of intense collimated electron beams with cur-
rent densities above 106A . cm-2 from multiple electrode
devices [1], [5]. The production of intense ion beams has
also been reported [5]. Second, the pseudospark discharge
exhibits a short recovery time and low impedance allow-
ing it to be operated as a triggered switch with low jitter
and up to megahertz repetition rate [5].

In this paper we present results from a Z pinch modified
to operate in the pseudospark regime. The device was
driven from a fast Marx generator and gave rise to intense
axial electron beams over a wide pressure range, covering
pseudospark behavior down to a p * d product of 1 torr
mm in air. The differences of the present study as com-

pared with previous works are: a) the different aspect ratio
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of the discharge geometry; and b) the fast-rising driving
voltage instead of the relatively slow-ramp or semi-dc
driving discussed elsewhere. The device is not triggered
and the results are that of spontaneous breakdown.
We describe a range of pressure-dependent behavior of

the breakdown. We show that as the pressure is lowered
there is an increase in delay between the application of
the voltage and the subsequent breakdown. This could be
as high as tens of microseconds, and for a ramp or slowly
rising voltage this delay would manifest itself in the form
of an increase in breakdown voltage.
We identify two distinct modes of electron-beam for-

mation. The first type is characterized by a smooth beam
of high energy with relatively small fluctuations in beam
current. The second type is marked by rapid and large
fluctuations in beam current which ends in the breakdown
of the gas and consequent collapse of the voltage across
the electrodes. At high pressure only a single fast beam
is observed. As the pressure is lowered both types of elec-
tron beams are observed and in particular the time sepa-
ration between them increases as pressure decreases. At a
pressure when the p * d product is below 1.3 torrt mm
in air we observe a smooth electron beam without gas
breakdown at an applied voltage of 45 kV.

II. APPARATUS

A modified Z-pinch chamber 10 cm long and 4.5 cm in
diameter is driven from a Marx generator designed to work
to 400 kV. A 10-Q resistor is placed in series to critically
damp the circuit when the discharge is formed. The volt-
age rise time is below 80 ns. In the present experiment
we depressurized the switching column of the generator
to operate with applied voltages between 30 and 50 kV.
The stored energy is 20 J at an applied voltage of 40 kV.
A schematic of the apparatus is shown in Fig. 1. The

electrodes E1 and E2 accept disc inserts 1, and I2 with var-

ious diameters of shaped axial orifices 01 and 2, con-
necting the main discharge volume to the cavity volumes.
The electrode El was normally the cathode, although we

have reversed the polarity of the Marx generator or re-

duced the series damping resistor to allow effects of op-
posite polarity to be observed.
Two beam diagnostics were used consisting of a cylin-

drical capacitive charge monitor C and an electron detec-
tor based on solid target X-rays which are produced when
the electrons that pass through the orifice in I2 collide with
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Fig. 1. Schematic cross section of the modified Z pinch and the electrical
equivalent Marx generator circuit.

a target foil F. The capacitive monitor was placed 2 cm

behind insert I2, which is at ground potential, while the
position of the target foil can be varied to measure diver-
gence of the electron beams. Most of the results we pre-
sent are measurements of target X-ray induced scintilla-
tion in a small rectangular block of NE102, S, with an

active surface of 6 x 6 mm. The scintillator light output
is coupled by a 1-mm plastic fiber-optic cable FO to a

photomultiplier. Aluminum foil was wrapped around the
scintillator to provide light tightness. The target materials
used were plastic, aluminum, and copper. Different foil
filters were then used to analyze the X-ray energy. In some
measurements additional plastic foils were placed in front
of the target to give an estimate of the beam energy.
The diameter of the orifices (01 and 02) tried ranged

from 1 to 30 mm. The pumping of the active volume was

achieved through orifice 02. To measure the voltage
across the pinch tube, we used a capacitive voltage mon-

itor C close to E1 and a resistive divider at the load side
of the damping resistor which has a nominal value of 10
Q. A Rogowski coil R in the earth return circuit is avail-
able to measure the current through the discharge.
To allow time-correlated measurements of the scintil-

lator light output and applied voltage or other signals on

a single fast oscilloscope, a fast signal multiplexer was

designed to display two signal channels simultaneously.
The circuit switches between channels up to 400 MHz
with a subnanosecond transition time between channels.
Details of the circuit will be published elsewhere.

In order to characterize the electron beam current and
beam energy simultaneously, we developed a novel Far-
aday cup in conjunction with the scintillator. The Faraday
cup was designed to have a 50-Q coaxial geometry and
had a nanosecond response time. The scintillator was re-

moved from the position shown in Fig. 1 and the Faraday
cup was positioned on axis 6 cm behind I2, through a

flange in place of the end window W. The 1-cm2 collect-
ing surface of the Faraday cup is in the form of a thin
plate of copper alloy and is normal to the discharge axis.
The energy of the electrons impacting the front surface of
the Faraday cup was then analyzed by detecting the target
X-rays produced by the beam. The same scintillator as

used earlier was placed approximately 1.5 cm in front of
the Faraday cup at an angle of 450 to the front surface.

Foil filters were placed in front of the scintillator as be-
fore.

III. EXPERIMENTAL OBSERVATIONS
Observations of the gas breakdown and beam produc-

tion show a reproducible behavior over a pressure range
of 7-150 mtorr in air, with a number of clearly defined
transitions. The results presented here were taken with a
voltage of 40-48 kV and with an orifice diameter of 3.5
mm for both 01 and 02.
At pressures below 13 + 1 mtorr in air, an electron

beam pulse is always observed without voltage break-
down. The electron beam as seen from X-rays produced
in the target foil is a 1-Its FWHM pulse with a double
exponential shape, characterized by a fast rise and fall
followed by a slowly decaying tail of variable time con-
stant. The pulse begins about 0.7 ,ts after the Marx volt-
age as may be seen in Fig. 2(a), which shows the scintil-
lator output relative in time to the Marx voltage. The
electron target consists of 25-,tm Al. It should be noted
that in all of the figures showing relative timing between
these two signals, the Marx voltage signal ha, an extra
delay of 18 ns relative to the X-ray signal. Fig. 2(b) shows
the scintillator output with a 25-,um copper foil target and
an additional filter of 25-ixm aluminum strongly atten-
uating X-rays below 10 keV. The waveform is very sim-
ilar in both cases, indicating a high proportion of hard X-
rays. Upon enlarging the orifice at I2, we observe an in-
crease in signal proportional to its area. However, the fi-
nite active area of the detector precludes a detailed mea-
surement of beam size or divergence.
As pressure is increased above 13 mtorr we observe the

onset of gas breakdown and the formation of an axial dis-
charge in the chamber with a bright spot accompanied by
surface pock marking on the cathode near the orifice. Fig.
3(a) provides an example of the scintillator output at 18-
mtorr air with the same filters as used in Fig. 2(b). A
smooth pulse of electrons is seen to form about 0.6 its
after the application of voltage. There follows a quiescent
period after which a much more irregular signal is de-
tected which ends abruptly as the voltage across the gas
collapses. As the operating pressure is increased, the
quiescent period between the two types of pulses short-
ens, and eventually the two merge as may be seen in Fig.
3(b), which was taken at a pressure of 21 mtorr. The volt-
age is seen to collapse in 50 ns coincident with the end of
the scintillator signal. When breakdown occurs there is a
formation of a bright channel along the axis, with an ap-
parent diameter of 3-5 mm.
A third regime in beam formation is found at pressures

between 21 and 75 mtorr in air which corresponds more
closely to pseudospark behavior described elsewhere. In
this regime there is a much more rapid breakdown of the
gas. In this pressure range we observe three kinds of scin-
tillator signals. The classification depends on the duration
and the rise and fall times of the signal. At around 45
mtorr the three types of signals occur with equal proba-
bility. To illustrate this, Fig. 4 shows the three types of
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(a) (a)

(b)
Fig. 2. Electron beam generation without voltage breakdown at low pres-

sure detected by different target foils. (a) Aluminum foil. Upper trace
shows applied voltage, and lower trace shows scintillator signal, in ar-
bitrary units. (b) Scintillator signal with copper foil. Time base: 500
ns/div.

scintillator signals at a pressure of 44 mtorr. The first type
is shown in Fig. 4(a). The voltage is seen to collapse in
less than 20 ns to a low-impedance state of less than 0.1
U. Both the rise and fall times are equally fast and the fall
coincides with the conduction of the gas. In Fig. 4(b) we
see a much wider pulse reminiscent of operation below 21
mtorr but on a shorter time scale. In Fig. 4(c) a single
rather regular pulse is seen of approximately Gaussian
form. In this pressure range the time to breakdown lies
between 150 and 500 ns.

In the pressure range between 75 and 150 mtorr in air
we observe an electron beam of energy above the filter
cutoff for a much shorter duration as may be seen from
Fig. 5, which shows a single scintillator pulse of 10-ns
FWHM with a rise time limited by the photomultiplier
rise time. As at low pressure, this pulse coincides with
the period just before breakdown. Within this pressure
range the trend is for the amplitude of the X-ray signal to
decrease as pressure is increased. The delay to breakdown
is between 150 and 350 ns. At pressures above 150 mtorr
no electron beam was detected by the system.
When the scintillator detects the presence of an electron

beam, the output from the capacitive monitor is consistent

(b)
Fig. 3. Electron beam characteristics. (a) Formation of two types of elec-

tron beams as detected by the scintillator at 18 mtorr. Time base: 500
ns/small div. (b) Merging of both types of beams at 21 mtorr. Upper
trace shows applied voltage, and lower trace shows scintillator signal in
arbitrary units. Time base: 200 ns/div.

with an electron beam entering the region in front of the
scintillator. The monitor gives pulses as short as 3-ns
FWHM at the high-pressure end of operation. Fig. 6
shows a typical signal from the capacitive monitor when
a low value of series damping resistor is used so that the
driving voltage is allowed to reverse. This trace was taken
at a pressure of 50 mtorr and shows a number of instruc-
tive features. First, we see the bulk movement of elec-
trons shortly after the Marx erects, followed by the in-
tense main electron beam at electrical breakdown of the
gas. At the time of voltage reversal, an opposite polarity
signal is observed and is inferred to be caused by an ion
beam. In the present work, however, we did not study
this. When the polarity of the Marx charging voltage is
changed so that 12 is now at the cathode, an electron beam
signal is not observed at the time up to electrical break-
down, but is detected by the capacitive monitor during the
voltage reversal. As the applied voltage is low at voltage
reversal, the target X-rays are of too low an energy to
excite the scintillator with the filtering used and no signal
is detected by the scintillator.
With the Faraday cup in position and with the scintil-

lator looking at the X-rays from the front surface of the
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Fig. 5. Scintillator signal, in arbitrary units, showing short duration and
fast beam pulse at pressures above 75-mtorr air. Time base: 5 ns/small
div.

Fig. 6. Capacitive monitor signal at low pressure and when applied volt-
age is oscillatory.

(b)

(c)

Fig. 4. (a)-(c) Three types of electron beam behavior at 44-mtorr air. Up-
per trace shows applied voltage, and lower trace shows scintillator sig-
nal, in arbitrary units. Time base: 100 ns/div.

cup, results such as those shown in Figs. 7 and 8 were

seen. Fig. 7 shows the temporal relation between the elec-
tron beam current and the voltage across the discharge at

a pressure of 1 8-mtorr air. The maximum current detected
is 20 A, and it is always observed to coincide with elec-
trical breakdown of the gas. In Fig. 8 simultaneous sig-
nals from the Faraday cup and the scintillator output at 30
mtorr are shown. The scintillator filtering consisted of 20-
,tm copper in front of 25-itm aluminum. The signals show
a number of interesting features which we observed over

Fig. 7. Electron beam current and applied voltage at 18-mtorr air. Upper
trace shows beam current, and lower trace shows applied voltage, in
arbitrary units. Time base: 100 ns/div.

a wide pressure range. These may be summarized as fol-
lows, in accordance with Fig. 8. Immediately after the
application of the driving voltage, a relatively slow rising
and falling signal is seen from the scintillator, with a

FWHM of 300 ns. This is accompanied by a compara-

tively small excursion in the Faraday-cup signal, corre-

sponding to a current of 1 A or less. This signal is usually
single humped. On the falling edge comes a second signal
that is always of shorter duration and more irregular in
form than the first signal but of comparable maximum
value. This, however, is accompanied by a Faraday-cup
signal more than an order of magnitude larger than the

(a)

431



IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. PS-15, NO. 4, AUGUST 1987

Fig. 8. Temporal behavior of electron beam current and beam target X-
rays at 30-mtorr air. Upper trace shows beam current, and lower trace
shows scintillator signal in arbitrary units. Time base: 200 ns/small div.

first. The maximum of the beam current occurs about 50
ns after the scintillator-signal maximum and marks the
onset of electrical breakdown.
To estimate the maximum energy of the electron beam

we placed a 100-/um mylar foil in front of the target. The
scintillator signal was attenuated by between one and two
orders of magnitude. Eventually the beam perforated the
mylar, creating a bum mark with a crater diameter of
about 1.5 mm compared with the 3.5-mm diameter of the
orifice on 12. We detected no signal after placing a 0.5-
mm layer of polythene in front of the target. From data
on electron beam attenuation we estimated the maximum
electron beam energy to be of the order 40-50 kV.

IV. DISCUSSION OF RESULTS
The X-ray production in the target is caused by the de-

celeration of the electrons by elastic and inelastic pro-

cesses in the material. For a 40-keV electron the extrap-
olated range in copper is about 5 1tm [6], [7]. The X-rays
produced in this zone, which are caused by K-shell line
emission and continuum emission, will then be absorbed
on their passage out of the target material to the scintil-
lator. In addition, Green [8] has found that the mean depth
of production of characteristic K X-rays is some fraction
of the electron range. Calculation of the reabsorption by
the 25-.sm Cu target and additional filtering by 25-iLm Al
indicates that more than 99 percent of X-rays
below 5 keV will be heavily attenuated. The 1 /e point of
X-ray transmission is 17.7 keV. We can thus infer the
electron energy as detected by the scintillator system to
be an appreciable fraction of the applied anode-cathode
voltage.
The results of the Faraday-cup and beam-target X-ray

detector shown in Fig. 8 provide clear evidence of a low-
current diffuse electron beam of high energy followed by
a second pulse of much higher current but with a corre-

spondingly smaller proportion of electrons of energy suf-
ficient to generate X-rays above 9 keV or so. This value
is determined by the convolution of the Faraday-cup tar-

get characteristics and the filters in front of the scintilla-
tor.
The electrons in the first pulse of high energy are in-

ferred to originate in the enhanced field region in and im-
mediatedly behind the cathode orifice. This is supported
by observations in the experiment when a smooth cathode
with no axial orifice is used whereupon the first beam is
not detected even though the second beam is observed.
The prebreakdown first beam is reminiscent of the phe-
nomenon seen in discharges in a coaxial flash X-ray tube
[9] in an apparatus in which the cathode has a central hole
with a small trigger electrode to form a low-density ini-
tiating plasma within the cathode orifice. It was reported
that an X-ray signal was observed after initiation of the
triggering arc but before the formation of the main dis-
charge. No explanations were put forward except that the
prebreakdown X-rays did not originate from the trigger
gap. In a discussion of electron beam generation in pseu-
dospark devices, Bloess et al. [5] attribute the electron
source to a region in and behind the cathode hole. Their
measurements, however, do not differentiate between the
two regimes of beam generation as we have reported here.
An explanation of sparking potentials well below the

critical point of the Paschen curve requires a mechanism
other than the Townsend avalanche process, as has been
discussed by Dempster [2]. He saw the importance of the
release of electrons from the cathode material under the
impact of positive ions, and found that a 30-keV ion hit-
ting the cathode would yield 84 secondary electrons.
These electrons would then be accelerated towards the an-
ode, liberating more ions. This regenerative mechanism
for ions can be considered as ion feedback and is a prob-
able mechanism in low-pressure breakdown when Town-
send ionization is insignificant.
Lucas [4] performed an experiment in which a con-

trolled number of electrons was released at a cathode axial
orifice using UV light illumination. He measured the time
taken for the gas to break down as a function of the num-
ber of seed electrons, pressure, and applied voltage. It is
interesting to note that in his experiment as few as four
electrons liberated per microsecond at the cathode orifice
will cause breakdown after 2.5 jts for a filling pressure of
0.25-torr argon with 2.5 kV applied over an interelectrode
distance of 12.5 cm. With a filling pressure of 0.1 torr,
delay to break down extends to 10 its. He proposed a one-
dimensional model to describe the observed time to break
down with a variable number of seed electrons and as a
function of applied voltage. The model considers ava-
lanche multiplication until the local field at the avalanche
head reaches zero, with the subsequent formation of a
neutral field free plasma between this point and the anode.
Further avalanches, starting from the electrons emitted
from the cathode in the field as modified by space charge,
then cause this zero field point, a virtual anode, to move
towards the cathode and complete the breakdown.
The second beam of lower electron energy and higher

current density is probably associated with the formation
of the moving virtual anode as discussed by Lucas. More
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work, however, needs to be done to understand the dis-
charge, especially as the present studies are in a regime
where the product cx d of the Townsend first ionizing
coefficient oa and electrode separation d is less than the
values of Lucas's experiments and theory except at the
high-pressure end of this study.
Based on these observations we can consider the fol-

lowing explanation for the operation of our device. At low
pressures, the interelectrode gas is not expected to play a
significant role as the collision cross section is low. The
electrons that are accelerated from the cathode recess to
the anode cause ionization either on impact if of high
enough energy, as suggested by Dempster, or, at higher
pressures in the bulk of the interelectrode gas. The ions
produced, on returning to the cathode, will liberate more
electrons at the cathode, thus closing the chain of a re-
generative feedback process. As density is increased, the
number of such collisions will increase and some signifi-
cant ionization of the bulk plasma will occur, leading to
breakdown of the gap. At pressures above 50 mtorr, where
the theory of Lucas is applicable, the formation of a vir-
tual anode between the anode and the cathode provides an
explication of the cutoff of the source of high-energy elec-
trons originated from the cathode recess as well as an ex-

planation of the high-current beam.

V. CONCLUSION
We have presented experimental evidence of pseudo-

spark operation of a modified Z pinch, with a different
aspect ratio from that in previous investigations. We have
found evidence of a high-energy diffuse electron beam at
low p - d products of the order of 1 torr * mm in air with
an electric field of 450 V * mm- 1 without breakdown. At
a higher value of the p * d product there is a clear tran-
sition to a second regime of beam formation which leads
directly to the electrical breakdown of the gas. The time
between the two events decreases, eventually merging, as

the pressure is increased, and the behavior is that of a

typical pseudospark discharge. The fast pulse driving
voltage generator in the experiment allows easy distinc-

tion between the two types of behavior. We have diag-
nosed the essential features of both; the first beam is of
low current density and high energy and is associated with
the orifice at the cathode, while the second is of lower
energy but of high current density and is directly related
to gas breakdown. There is a trend towards shorter pulses
of energetic electron beams as pressure is increased.

There remain a number of interesting properties of this
device which need to be clarified, especially the forma-
tion of the plasma within the cathode orifice. A more de-
tailed characterization of the beam parameter should re-
veal more about the physics of the breakdown processes.
A program to study the effect of the external injection of
electrons through the cathode orifice is under way.
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