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The generation of runaway electrons (REs) at a subnanosecond breakdown of a “plane—needle” gap caused
by the development of a positive ionization wave starting from a grounded needle electrode (anode) has been
studied experimentally for the first time. Using a four-channel ICCD camera, a Hamamatsu streak camera,
and an original method for measuring the displacement current generated by an appearing and propagating
ionization wave, the generation of REs has been studied together with the dynamics ionization waves in air
and nitrogen at pressures from 20 to 100 kPa. Current pulses of REs shorter than 100 ps have been observed
in air at pressures of 60 kPa and below and in nitrogen in the entire pressure range. Double current pulses of
REs have been observed in both gases at pressures below 50 kPa. It has been established that the generation
of REs occurs after the arrival of the ionization wave at the planar cathode rather than at its start near the nee-
dle electrode, as could be expected. The energy of REs under these conditions is lower than the breakdown
voltage by a factor of 4 or more. The data obtained indicate that REs are generated in the cathode layer.

DOI: 10.1134/50021364022601580

INTRODUCTION

The generation of runaway electrons (REs) in
nanosecond discharges at atmospheric pressure is cur-
rently an ordinary widely studied phenomenon [1—
14], interesting in itself and for understanding of the
mechanisms of preliminary ionization of a gas ahead
of the ionization wave front. The generation of REs in
discharges formed in a sharply inhomogeneous elec-
tric field is particularly well studied because this phe-
nomenon under these conditions is easily reproducible
and is of practical interest [15]. A discharge in a
sharply inhomogeneous electric field usually has a dif-
fuse form both in pure atomic and molecular gases and
in their mixtures, and the generated plasma has a high
electron temperature and a low temperature of heavy
particles [3]. The discharge is formed in the diffuse
form in any gases (even in SF; [16]) at low and high
pressures owing to the ionizing action of REs gener-
ated in the pre-breakdown stage of the discharge in the
region of a high electric field strength both near the
needle electrode and at the front of the ionization
wave. However, this is true only in the case of the
development of anode-directed (negative) ionization
waves. In the case of the development of cathode-
directed (positive) ionization waves, electrons propa-
gate toward the anode. It is suggested that X rays emit-
ted by decelerating REs can ensure the preliminary
ionization of the gas ahead of the front of positive ion-
ization waves. However, the generation of REs under

these conditions has never been studied by direct
experimental methods. Only measurements of X rays
were performed by different methods independently of
the dynamics of the subnanosecond breakdown, and
there are theoretical studies [3, 14, 16—20]. Any reli-
able published data on the possibility of generating
REs under these conditions are absent. What mecha-
nisms are responsible for the RE generation? Do elec-
trons enter the runaway regime in a high electric field
near the needle anode or at the front of the positive
ionization wave? What is their energy? It is important
to answer these question to understand the develop-
ment of positive ionization waves in pure gases. Nev-
ertheless, discharges in the sharply inhomogeneous
electric field at the positive polarity have a diffuse form
both in pure gases and in mixtures in a wide pressure
range [3, 16]. Existing models describe well the forma-
tion of such discharges in air, where the preliminary
ionization of the gas is ensured by the ionization of
oxygen molecules by radiation from nitrogen mole-
cules [21—-27]. However, REs play a significant role
even in the formation of negative ionization waves in
air [28].

In this work, we attempt to detect current pulses of
REs upon the development of positive ionization
waves and to determine when and where REs are gen-
erated. To this end, we use a new method for studying
a discharge by means of the measurement of the dis-
placement current generated by the redistribution of
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the electric field in the process of formation of the
plasma [29, 30]. It is known that a time-dependent
electric field induces the displacement current. Dis-
placement currents in the gas discharge gap can be due
both to the variation of the external field (e.g., at
increasing and decreasing voltage) and to the redistri-
bution of the electric field caused by charged particles
from the ionization of the gas. An appearing streamer
(ionization wave), whose head has a volume charge,
causes the redistribution of the electric field in the gap.
Correspondingly, a displacement current appears. Its
magnitude depends on both the velocity and the
dimensions of the ionization wave. This displacement
current was specifically called the dynamic displace-
ment current (DDC). Previous measurements of the
DDC together with the current of REs show that REs
can be generated even after the breakdown of the gap
[31, 32].

EXPERIMENTAL SETUP AND METHODS
OF MEASUREMENTS

Studies were performed at the setup shown in
Fig. 1a. A gas discharge chamber was equipped with
two 1-m-long transmission lines (Z= 75 ) with built-
in capacitive voltage dividers. They allow the simulta-
neous measurements of the incident voltage wave and
the voltage wave reflected from the gap. The voltage
across the gap was reconstructed right during the
experiment using oscilloscope mathematical utilities.
The current of REs was measured using a collector
made of a Radiolab 5D-FB PVC coaxial cable (Z =
50 Q) with the central wire 1.8 mm in diameter. The
end of the cable without the outer shell was placed in a
metallic tube 6 mm in diameter, which was a part of a
grounded electrode. A copper diaphragm 1.8 mm in
diameter was sealed in the end of the tube. The dis-
tance between the diaphragm and the end of the cen-
tral wire of the cable was approximately 1 mm. Thus, a
signal was formed only by REs moving toward the wire
of the cable (collector). The grounded truncated cone
electrode (transmittance of 40%) was made of a 100-
wm-thick grid. The larger and smaller bases of the
truncated cone had diameters of 6 and 2 mm, respec-
tively. The edge of the smaller base of the truncated
cone ensured an increase in the electric field strength,
as shown in Figs. 1b and 1c. The distributions of the
potential and electric field strength were calculated in
the two-dimensional axisymmetric geometry using
the ELCUT 4.1 software. The high-voltage truncated
cone electrode was made of one aluminum piece. The
larger base of the cone directed to the grounded elec-
trode had a diameter of 22 mm and a rounded edge.
The distance between the electrodes was 5 mm.

In the experiments, we used nanosecond voltage
pulse generators based on the FID technology [33]. A
GIN-55-01 generator produced negative-polarity
voltage pulses with an amplitude of —37 kV, a FWHM
duration of 0.7 ns, and a rise time of 0.7 ns at a
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matched load, whereas a GIN-50-1 generator formed
positive-polarity voltage pulses with an amplitude of
12 kV, a FWHM duration of 13 ns, and a rise time of
2.2 ns.

To study the generation of REs in correlation with
the dynamics of the formation of the positive ioniza-
tion wave, it is necessary to measure the current of REs
and the displacement current both separately and
together.

Measurement of only the displacement current 1.
In this case, the incidence of REs on the collector
should be prevented. This was ensured by placing a
printer paper sheet with a thickness of about 100 pm
ahead of the diaphragm of the collector. About
100 waveforms were recorded in the experiment.

Measurement of only the current of REs Iy. In this
case, the displacement current should be excluded. To
this end, a small-cell metallic grid was placed in the
diaphragm. About 100 waveforms were also recorded
in this experiment.

Measurement of the current of REs together with the
displacement current Iyg, + 14, Selecting grids with
different sizes of cells, we ensured the conditions
under which the current of REs and the displacement
current were of the same order of magnitude. About
100 waveforms were also recorded in this experiment.

In the entire set of data, we chose and compared
waveforms with the same breakdown time delay.

The formation of the discharge was studied by opti-
cal methods with a HSFC-PRO four-channel ICCD
camera and a Hamamatsu C10910-05 streak camera
during the measurements of the current of REs and
the displacement current. The minimum exposure
time of the ICCD camera was 3 ns. However, the time
delay between the channels could be varied in the
range of 0.2—3 ns. The input slit of the streak camera
was oriented along a line that was perpendicular to the
surface of the high-voltage electrode and passed
through the edge of the grounded electrode. The width
of the slit was 0.02 mm, which ensured a time resolu-
tion of about 10 ps.

Signals from the capacitive voltage divider and col-
lector were recorded by a Tektronix MSO64B oscillo-
scope (8 GHz, 20 GS/s).

The gas discharge chamber was evacuated with a
forevacuum pump and then filled with air or nitrogen.
The pressure was varied in the range of 20—100 kPa.

RESULTS AND DISCUSSION

When negative-polarity voltage pulses with an
amplitude of —37 kV, a FWHM duration of 0.7 ns, and
a rise time of 0.7 ns were applied across the gap filled
with air or nitrogen, a diffuse discharge was observed
in the entire studied range of pressures. Separate dif-
fuse channels were observed at a pressure of 100 kPa,
but they were joined with decreasing pressure.
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Fig. 1. (Color online) (a) Layout of the experimental setup: (/) gas discharge chamber, (2) coaxial transmission line, (3) capac-
itive voltage dividers, (4) receiving part of the collector (wire of the Radiolab 5SD-FB PVC coaxial cable), (5) quartz window,
(6) high-voltage electrode, (7) grounded grid electrode, (&) diaphragm with a grid or with a printer paper piece, (9) streak camera,
(10) four-channel ICCD camera, (/1) oscilloscope, (12) high-voltage generator, (/3) high-voltage coaxial cable, and (/4) trig-
gering generator. (b, c) Distributions of the potential and electric field strength in the gas discharge gap.
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Fig. 2. (Color online) (a, b) Images of discharge plasma emission in air and nitrogen at a pressure of 50 kPa obtained by the four-
channel ICCD camera: (C) cathode, (A) anode, (c) receiving part of the collector, and (/) dark space. (¢) Time evolution of dis-
charge plasma emission in air at a pressure of 50 kPa obtained with the streak camera.

Figures 2a and 2b show images of discharge plasma
emission in (a) air and (b) nitrogen at a pressure of
50 kPa obtained by the four-channel ICCD camera at
different times per one pulse. Images C1—C3 in
Figs. 2a and 2b demonstrate the formation of the dis-
charge and image C4 shows the total emission during
the pulse. It is seen that the plasma appears near the
grounded needle electrode (anode), where the electric
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field is enhanced (see Figs. 1a, 1b). The front of the
plasma gradually propagates toward the planar high-
voltage electrode; i.e., a positive ionization wave
appears. After the bridging of the gap by the plasma,
we observed the diffuse discharge, cathode and anode
spots, and dark space near the cathode.

Time evolution of discharge plasma emission along
the gap obtained with the streak camera in the first
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Fig. 3. (Color online) Waveforms of the voltage and cur-
rent of runaway electrons recorded during the discharge in
air at various pressures. The vertical dotted straight lines
mark the time of detection of the current of runaway elec-
trons on the collector with respect to the voltage across

the gap.

several hundred picoseconds is shown in Fig. 2c. It
also confirms that the formation of the plasma begins
near the anode. It is seen that the front of the emission
propagates from the anode to the cathode and bridges
the gap in 80—90 ps. The average velocity of the posi-
tive ionization wave was =5.5 cm/ns. Under these con-
ditions, we detected current pulses of REs.

Figure 3 presents the voltage and RE current wave-
forms during the discharge and idle modes in air. The
idle mode was achieved after the evacuation of the gas
discharge chamber by a forevacuum pump to a resid-
ual pressure of ~1 Pa. Under these conditions, the
voltage pulse reflected from the gap was equivalent to
the incident pulse.

The pressure of the gases was varied in the range of
20—100 kPa, but current pulses of REs in air were reli-
ably detected at a pressure of 60 kPa and below. In the
case of the discharge in nitrogen, REs were also
observed at a pressure of 100 kPa. For demonstration,
we chose pulses with close time delays of the break-
down differing by no more than 30 ps. It is also note-
worthy that the length of the measuring line was not
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varied with the pressure. Only at a pressure of 20 kPa,
an attenuator with a known delay was added in the
measuring line.

It is seen that the amplitude of current pulses of
REs increases with decreasing gas pressure, as
expected. In the air pressure range of 30—60 kPa, the
FWHM duration of pulses is 68 ps, which corresponds
to the response time of the oscilloscope. This means
that the real duration of current pulses of REs can be
shorter. The duration of pulses at a pressure of 30 kPa
and below exceeded 68 ps. A pair of current pulses of
REs were observed at an air pressure of 40 kPa and
below. The amplitude of the second pulse could
exceed the amplitude of the first pulse.

The waveforms of current pulses of REs were
matched to the voltage as described below. The posi-
tion of current pulses of REs on the time scale with
respect to voltage pulses that is marked by the dotted
vertical straight line in Fig. 3 corresponds to REs
reaching the collector.

The measurement of the displacement current
induced by the ionization wave together with the cur-
rent of REs by the collector allows one to determine
the time of generation of REs with respect to the ion-
ization wave [31, 32]. However, the displacement cur-
rent was never measured previously in this configura-
tion of the gas discharge gap, and it was first necessary
to determine the amplitude—time parameters of the
DDC generated by the ionization wave in the pure
form without the effect of the displacement current
induced by increasing or decreasing voltage and by the
current of REs reaching the collector. A positive-
polarity rectangular voltage pulse with a wide plateau
and sufficiently fast rise and fall edges is ideal for these
aims. The GIN-50-1 generator produces just such
voltage pulses.

Figures 4a—4c present images of the discharge
plasma emission in air at a pressure of 100 kPa
recorded by the four-channel ICCD camera at the
positive polarity per one pulse, as well as the corre-
sponding voltage and the displacement current wave-
forms.

As in the case of negative polarity, the formation of
the plasma begins near the grounded needle electrode,
which serves as the cathode in this case. It is seen in
Fig. 4a that several negative streamers move toward
the high-voltage electrode (anode). However, only
one of them finally forms a high-current channel
(Fig. 4a, image C4). Figures 4b and 4c¢ show the volt-
age and displacement current waveforms correspond-
ing to this implementation of the discharge, as well as
to the idle mode. The displacement current waveform
(Fig. 4c) was matched to the voltage pulse through the
capacitive current /. = CdU/dt, where C is the capaci-
tance of the gap and U is the voltage. It is seen that the
appearance of the plasma near the grounded needle
electrode (cathode) is accompanied by the generation
of the displacement current because of the fast redis-
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Fig. 4. (Color online) (a) Images of discharge plasma emission recorded by the four-channel ICCD camera at positive polarity:
(A) anode, (C) cathode, (c) receiving part of the collector, and (C1—C4) channels of the ICCD camera. (b, ¢) Corresponding
waveforms of the voltage and displacement current during the (solid lines) discharge and (dotted lines) idle modes, rectangles
C1—C4 indicate the operating time intervals of the respective camera channels, and SP marks the streamer propagation stage. (d)
Waveforms of voltage and discharge current during (solid lines) the discharge and (dotted lines) in the idle mode at negative
polarity. (e) Waveforms of displacement current during (solid lines) the discharge and (dotted lines) in the idle mode at negative
polarity. (f) Waveforms of (dotted lines) the displacement current in the idle mode and (solid lines) the sum of the current of run-
away electrons and displacement current. (g) Difference between the signals in panels (f) and (e). (h) Waveform of the measured
current of runaway electrons. Panels (a)—(c) and (d)—(h) refer to the discharge in air and nitrogen at a pressure of 100 kPa, respec-

tively.

tribution of the electric field. This current is the DDC.
The polarity of the DDC signal indicates that the elec-
tric field strength near the grounded needle electrode
drops sharply when the plasma appears near it. When
the DDC signal crosses the zero level, the electric field
strength near the needle electrode reaches a local min-
imum. However, the backward ionization wave then
reaches this region and the electric field strength
begins to increase (positive polarity of the DDC). It is
seen that the voltage across the gap decreases after that
because the breakdown occurs. The average velocity of
the streamer estimated from the duration of the nega-
tive-polarity DDC signal is =0.5 cm/ns.

Similar voltage and displacement current wave-
forms but at the negative polarity of the planar high-
voltage electrode were obtained in nitrogen at a pres-
sure of 100 kPa (see Figs. 4d—4h). In this case, the dis-
placement current and the current of REs were mea-
sured simultaneously (see Fig. 4f). The current of REs
and the displacement current had the same order of
magnitude in the experiment with the 1-mm-cell grid
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made of wires 100 um in diameter. Figures 4d and 4e
show the (d) voltage and (e) displacement current
waveforms during the (solid lines) discharge and (dot-
ted lines) in the idle modes. The displacement current
waveforms are matched to the voltage waveforms
through the capacitive current I = CdU/dt. As in the
case of positive polarity (Figs. 4a—4c), the appearance
and propagation of the cathode-directed ionization
wave are accompanied by the DDC. The DDC signal
(Fig. 4e) exactly indicates when the streamer appears
and bridges the gap. According to the duration of the
DDC, the average velocity of the streamer was
=4 cm/ns.

Figure 4f shows the sum of the displacement cur-
rent and the current of REs measured simultaneously,
and Fig. 4g presents the difference between the signals
shown in Figs. 4fand 4e. The current waveform of REs
measured without the DDC is presented in Fig. 4h for
comparison. It is seen that the beam of REs (Fig. 4g)
reaches the collector =250 ps later than the DDC sig-
nal induced by the streamer. If the electron beam were
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generated near the grounded needle electrode (anode),
whose edge was located at a distance of 4 mm from the
collector, at the start of the positive ionization wave, so
the energy of these electrons would be ~0.7 x 10° eV
(i.e., v ~ 1.6 x 10° cm/s), which is hardly possible.
Another variant is the generation of REs in the cath-
ode layer after the bridging the gap by the plasma. This
mechanism of the generation of REs occurs after the
breakdown of the needle—plane gap at voltages of 10—
100 kV [31, 32], as mentioned in the Introduction. In
this case, to estimate the energy of electrons, a dis-
tance of 9 mm from the cathode to the collector
should be taken into account, and the time delay of the
current pulse of REs should be measured from the
time when the streamer reaches the cathode (=110 ps).
In this case, the energy of electrons is ~2 x 10%eV (i.e.,
v ~ 8.3 x 10° cm/s). These estimates correlate with the
energy of electrons measured by the foil method,
where either a 10-um-thick aluminum foil or 2-um-
thick dielectric kimfol film coated with aluminum
0.2 um thick, which are transparent to electrons with
energies of approximately 32 and 10 keV, respectively,
was placed in front of the diaphragm of the collector.
Thus, single RE beam current pulses in the studied gas
pressure range were observed only with the kimfol
film.

The results reported above indicate that REs are
generated in the region of the cathode potential drop,
where the electric field strength can exceed the critical
strength necessary for electrons to enter the runaway
regime and can ensure the emission of electrons from
the cathode owing to field electron emission and the
photoelectric effect and at the ion bombardment of
the cathode surface. This hypothesis is also supported
by a decrease in the amplitude of current pulses of REs
by a factor of 2 or more when the planar high-voltage
cathode was covered by 100-pum-thick Teflon film. If
REs were generated near the grounded needle elec-
trode (anode) or at the front of the positive ionization
wave, the Teflon film did not affect the parameters of
the current of REs.

CONCLUSIONS

To summarize, the reported experimental studies
have shown that runaway electrons are generated
during the breakdown of “plane—needle” gaps, which
is due to the development of a positive ionization
wave. However, the mechanism of their generation is
fundamentally different from the case where the
breakdown is caused by the development of a negative
ionization wave. Runaway electrons are generated
after the plasma bridges the gap rather than at the start
of the ionization wave or at its front. After the positive
ionization wave reaches the planar cathode, the vol-
ume positive charge at its front apparently leads to the
formation of a cathode layer with a high electric field
strength, which ensures the emission of electrons from
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the cathode. Some of these emitted electrons can enter
the runaway regime. The result obtained in this work
extends the representation of generation of runaway
electrons in nanosecond discharges in a sharply inho-
mogeneous electric field. Together with previously
obtained results, this indicates that the formation of
the cathode layer and the generation of runaway elec-
trons in it are ordinary phenomena accompanying
nanosecond gas discharges. This effect can be both
favorable and unfavorable because of the generation of
accompanying X rays. This particularly concerns
devices based on a discharge in helium for which the
critical electric field strength is about one-fourth of
that for nitrogen [2].
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