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Data that explain the generation of runaway electrons after the breakdown of a gap with a sharply inhomoge-
neous distribution of the electric field strength are presented. Using a special technique for measuring a dis-
placement current caused by the appearance and propagation of a streamer, the voltage and current wave-
forms of runaway electrons have been synchronized to each other, as well as to the dynamics of the streamer
formation, which has been recorded using a four-channel ICCD camera. It is shown that the first runaway
electron beam is generated near the pointed cathode at the time when the streamer appears. The second run-
away electron beam is generated at the time when a backward ionization wave reaches the pointed cathode.
It is assumed that the generation of the second runaway electron beam occurs in the cathode layer. This is
confirmed by the fact that the second runaway electron beam does not appear in those discharge implemen-
tations at which the cathode spot is observed before the gap is bridged by the plasma.
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INTRODUCTION
A nanosecond gas discharge, as an efficient tool to

generate a low-temperature plasma, attracts world-
wide attention. It can be used to sterilize medical
instruments, food, and packing products; purify
exhaust gases and wastewater; and process the surfaces
of metals, semiconductors, insulators, and living tis-
sues [1]. The wide possibilities of using the nanosec-
ond discharge plasma are due to the variety of chemi-
cally active types of atoms and molecules formed
during ionization, excitation, dissociation, and
recombination.

The formation of nanosecond gas discharges is
often accompanied by the generation of runaway elec-
trons (REs). The effect is especially pronounced in the
discharges formed under high overvoltage. This is
ensured by the use of gaps with a sharply inhomoge-
neous distribution of the electric field strength and a
nanosecond duration of high-voltage pulses. The role
of REs in the formation of discharges, including atmo-
spheric discharges, is being actively discussed again in
connection with the development of both theoretical
models and measuring techniques [2–14]. Thus, it was
shown in recent theoretical studies that REs are capa-
ble of providing preliminary gas ionization ahead of
the front of a negative streamer formed in air at atmo-
spheric pressure disregarding photoionization [3]. It
was found in experimental studies that REs can be
generated not only in the pre-breakdown stage of the

discharge but also after the breakdown of the gap at the
voltage drop [15]. In this case, two RE current pulses
with durations of about 0.1 and 0.3 ns, respectively,
were observed, and the delay between them was 1 ns.
It is assumed that the generation of the second pulse
occurs during the propagation of secondary ionization
waves. Double RE current pulses were also observed
recently in [16] at the voltage across the gap an order
of magnitude higher and at the air pressure 4 times
higher than those in [15]. The delay between RE cur-
rent pulses was ≈0.15 ns. It is assumed that the gener-
ation of the second flow of REs occurs in the partially
ionized gap after the passage of the first f low of REs.
Earlier, the generation of double RE current pulses
was also observed in [17, 18].

In this work, we attempt to reveal the mechanism
of the generation of the second RE beam under condi-
tions (voltage, gas pressure, gap) similar to those in
[15]. To this end, the formation of the discharge was
studied using high-speed shooting methods, as well as
using a new method for studying the discharge by
measuring a displacement current caused by the
streamer motion [19]. This method was used to deter-
mine when the generation of REs occurs with respect
to the dynamics of a negative streamer formed in air at
atmospheric pressure [20]. Thus, the aim of this work
is to determine the mechanism of the generation of
REs after bridging the gap by the plasma.
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Fig. 1. (Color online) (a) Layout of the experimental setup: (1) high-voltage cable, (2) high-voltage nanosecond generator,
(3) coaxial transmission line, (4) capacitive voltage divider, (5) start generator, (6) oscilloscope, (7) high-voltage electrode,
(8) grounded electrode (grid), (9) grid, (10) collector, (11) ICCD camera. (b) Waveform of the voltage pulse at a matched load.
EXPERIMENTAL SETUP 
AND MEASUREMENT TECHNIQUES

The experiments were carried out on a setup con-
sisting of a gas-discharge chamber combined with a
transmission line (Z = 75 Ω), an NPG-18/3500N gen-
erator of high-voltage nanosecond pulses, a LeCroy
WaveMaster 30Zi (16 GHz, 20 GS/s) oscilloscope,
and an HSFC-PRO four-channel ICCD camera. The
layout of the experimental setup and the waveform of
the voltage pulse at the matched load are shown in
Fig. 1.

Voltage pulses were applied to the input of the
transmission line using a high-voltage coaxial cable
3 m long with a characteristic impedance of 75 Ω. The
voltage pulses were recorded using a capacitive voltage
divider installed in the transmission line. The voltage
across the gap was recovered from the incident
(Fig. 1b) and reflected waves. A high-voltage elec-
trode 5 mm long was made of a sewing needle with a
base diameter of 1 mm and a radius of curvature of the
needle tip of 75 μm. The grounded electrode was f lat
with a hole in the center 1 cm in diameter. A perforated
grid with a transmittance of 0.75 was installed in the
hole. The hole edge was rounded and polished in order
to eliminate the nonuniformity of the electric field dis-
tribution at the edge–grid interface. This made it pos-
sible to avoid the closure of the discharge channel to
the edge. The distance between the electrodes was
8.5 mm.

The RE current  was measured using a collector
located behind the grounded grid electrode. A grid
with a transmittance of 0.3 was located in front of the
receiving part of the collector (see Fig. 1a). This made
it possible to exclude the effect of the electric field

REI
passing through the grounded grid electrode. How-
ever, in the absence of a grid in front of the receiving
part of the collector, it is possible to simultaneously
measure the RE current  and dynamic displace-
ment current  caused by the redistribution of the
electric field in the main gap during the formation of
the plasma [19]. From the waveform of the dynamic
displacement current , it can be determined with
high accuracy at what time the streamer appeared and
when it reached the f lat grounded electrode [19]. Hav-
ing the sum of two signals  and , one can accu-
rately determine when the generation of REs occurs
[20].

The development of plasma emission in the gap
was studied using a four-channel ICCD camera. This
camera produces four consecutive images with a
known delay with respect to each other per one imple-
mentation. The minimum exposure time for one
frame is 3 ns. In the experiment, the exposure time was
3 ns for three channels and 20 ns for the fourth chan-
nel. Thus, the first three channels (C1–C3) made it
possible to study the dynamics of the discharge forma-
tion, and the fourth channel (C4) allowed obtaining
an integral image of plasma emission per one imple-
mentation. In this case, channel C1 at the time of
switching on formed a sync signal, which was recorded
by the oscilloscope simultaneously with the signals
from the capacitive voltage divider and the collector.
This made it possible to synchronize the ICCD images
and the voltage and current waveforms of REs.

In a separate series of experiments, the dynamic
displacement current , caused by the redistribu-
tion of the electric field strength in the gap during the
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Fig. 2. (Color online) (a) Images of discharge plasma emission in air at a pressure of 100 kPa. (b) Voltage, , and current,

, waveforms of runaway electrons recorded during experiments with the four-channel ICCD camera, and voltage,
, and current, , waveforms of runaway electrons with the dynamic displacement current  recorded in a sepa-

rate experiment. The green curve is the no-load voltage waveform. (c)  and  current waveforms of runaway
electrons and the difference of these signals. C1, C2, C3, and C4 are the channel numbers of the ICCD camera. The rectangles
show the moments of switching on the camera channels. The length of the rectangles corresponds to the duration of the exposure.
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formation and propagation of the streamer, and the
RE current  were measured using the collector. As
a result, the current waveforms of REs were synchro-
nized with the voltage across the gap, reconstructed
from the incident and reflected waves.

The gas discharge chamber was evacuated with a
forevacuum pump and then filled with air. The pres-
sure was varied in the range of 12–100 kPa.

RESULTS AND DISCUSSION
The formation of a streamer with a large diameter

was observed at the air pressure of 100 kPa (Fig. 2), as
in previous studies [2, 4, 15, 19]. The characteristic
features of the dynamics of the formation of such
streamer are the high velocity of the streamer at the
start and before reaching the opposite electrode [21],
as well as the f low of a noticeable current in the exter-
nal circuit during the formation of the streamer, the
value of which is proportional to its velocity. We call
this current the dynamic displacement current to
emphasize that it is due to the redistribution of the
electric field in the gap caused by the formation of a
streamer rather than to the external change in the elec-
trode potentials [19]. In addition, the appearance and
formation of a streamer (Fig. 2a) is accompanied by
the voltage drop across the gap (Fig. 2b), since the cur-

REI
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rent is already f lowing in the external circuit. This
effect was also described theoretically [22, 23]. The
higher the streamer velocity, the stronger the voltage
drop (see voltage waveforms in Figs. 2–4).

The dynamic displacement current  can be
measured with a collector located behind the
grounded grid electrode (Fig. 1). This is possible
because the electric field penetrates through the grid
with a large (about four orders of magnitude [20])
attenuation. The  waveform can be used to deter-
mine the time of the appearance of the streamer (the
rise of , Figs. 2b, 2c) and the time of when it
reaches the opposite grid electrode (polarity reversal
of , Figs. 2b, 2c), and it is also possible to deter-
mine the time of the generation of REs with respect to
the streamer dynamics [20]. In addition, the electric
field strength  can be calculated near the grid
electrode in absolute units [19].

Figure 2b shows the RE current waveform 
measured in the experiment using the ICCD camera
and the waveform of the sum  measured in
a separate experiment. It should be noted that
~102 waveforms were recorded in each experiment,
and then the cases with the same breakdown delay
time were selected. It is seen that, if the ionization pro-
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Fig. 3. (Color online) (a) Images of discharge plasma emission in air at a pressure of 25 kPa. (b) Corresponding voltage, U, and
current, , waveforms of runaway electrons. The green curve is the no-load voltage waveform in the open mode. C1, C2, C3,
and C4 are the channel numbers of the ICCD camera. The rectangles show the time of switching on the camera channels. The
length of the rectangles corresponds to the duration of the exposure. Forward and backward ionization waves are marked as IWs.
The figure corresponds to the case where the cathode spot is absent at the initial stage of the discharge.

REI
cesses start under the same voltage conditions in two
different experiments, then the dynamics of the dis-
charge formation is reproduced (Fig. 2a,  and

). This makes it possible to synchronize the
RE current  to the voltage across the gap 
and to the dynamics of the streamer formation shown
in Fig. 2a.

Figures 2b and 2c shows that the RE current pulse
is recorded by the collector ≈80 ps later than the
beginning of the current . However, it is neces-
sary to take into account that the velocity of REs with
the energy ≈35 keV is less than the propagation veloc-
ity of the electromagnetic wave causing the signal

. The estimates that took into account the distri-
bution of the electric field strength in the gap without
plasma show that REs generated near the cathode
reach the collector ≈75 ps later than the electromag-
netic wave caused by the appearance of the plasma
near the cathode. The energy distribution of electrons
was not taken into account. Thus, the RE current
pulse should be shifted ≈75 ps to the left, which corre-
sponds to the time of the generation of REs with
respect to the streamer appearance. It follows that REs
are generated directly at the start of ionization pro-
cesses near the cathode. The FWHM duration of the
RE current pulse is ≈77 ps.
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The time point when the polarity of  changes
(Figs. 2b, 2c) corresponds to reaching the maximum
of . Then,  decreases because of the gas ion-
ization near the grid surface and the redistribution of
the electric field strength occurs. We believe that a
backward ionization wave is formed during this stage.
In [21], the characteristic propagation of the emission
front in the opposite direction was observed in images
obtained with a streak camera. The data obtained for
~102 pulses under different conditions show that the
backward ionization wave is formed always.

Figure 3 shows the ICCD images of the discharge
plasma emission, as well as the corresponding voltage
and current waveforms of REs at an air pressure of
25 kPa. The time of switching on and the exposure
duration of the ICCD channels of the camera C1–C3
are shown by rectangles in Fig. 3b.

It should be noted that, regardless of pressure, the
breakdown most often occurred when the voltage
reached a plateau. It can be seen that two RE current
pulses are observed under these conditions. The sec-
ond RE current pulse is recorded when the voltage
across the gap drops. The RE current waveforms were
synchronized to the voltage waveforms by the method
described above. However, to determine the time of
the generation of each RE beam, it is necessary to take
into account the time of f light of electrons from the
generation zone to the collector. The first RE beam is
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Fig. 4. (Color online) (a) Images of discharge plasma emission in air at a pressure of 25 kPa. (b) Corresponding voltage, U, and
current, , waveforms of runaway electrons. The green curve is the no-load voltage waveform. C1, C2, C3, and C4 are the
channel numbers of the ICCD camera. The rectangles show the moments of switching on the camera channels. The length of the
rectangles corresponds to the duration of the exposure. Forward and backward ionization waves are marked as IWs. The figure
corresponds to the case where the cathode spot was formed during bridging the gap by the plasma.

REI
generated near the cathode at the start of ionization
processes. As already stated above, the RE current
pulse should be shifted to the left by ≈75 ps, which cor-
responds to the time of the generation of REs. The
second beam is presumably generated in the cathode
layer after the backward ionization wave reaches the
cathode. The second sharp voltage drop corresponds
to the propagation of the backward ionization wave in
the gap (Fig. 3b). The second RE beam is generated at
the voltage across the gap from –20 to –15 kV. The
time of f light of electrons from the cathode to the col-
lector is ≈100 ps at this voltage. The energy distribu-
tion of electrons was disregarded.

Apparently, when the front of the backward ioniza-
tion wave approaches the cathode, the reduced elec-
tric field strength E/p in the cathode layer increases
sharply and exceeds the critical value (E/p)cr necessary
for the transition of a significant part of the electrons
into the continuous acceleration mode. In addition,
the field emission current from the cathode should
increase sharply. Acquiring a high energy in the cath-
ode layer, electrons can continue to accelerate in the
plasma channel, since, as known, the quantity (E/p)cr
decreases with increasing electron energy.

The cathode layer can disappear because of the
explosion of microprotrusions on the cathode surface
and the formation of a cathode spot. It can be seen in
Fig. 3a that the cathode spot is absent at the initial
JETP LETTERS  Vol. 113  No. 2  2021
stage of the discharge. However, the cathode spot is
observed only in the image obtained for the entire
pulse (Fig. 3a, frame C4).

The cathode spot can be formed when the streamer
(the first ionization wave) reaches the anode (Fig. 2)
or when the backward ionization wave reaches the
cathode (Fig. 4). Only one RE current pulse was
observed in such variants of the implementation of the
discharge as shown in Fig. 4.

The generation of two RE beams was observed in
almost every pulse at an air pressure of 12 kPa. In addi-
tion, implementations of the discharge were observed
when only the second RE beam was generated. The
feature of the formation of the discharge at a given
pressure was that the plasma was adjacent not only to
the tip of the needle but also to its lateral surface, the
area of which is one or two orders of magnitude larger.
In this case, at a comparable discharge current (300–
400 A), the current density at the cathode j was one or
two orders of magnitude lower, which increases the
formation time  of the cathode spot by at least two
orders of magnitude (  [24]).

CONCLUSIONS
The data obtained in this work have shown that

runaway electrons can be generated at fairly low (tens
of kilovolts) voltages across the gap with a sharply
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nonuniform distribution of the electric field strength.
The presence of the cathode layer can provide the gen-
eration of runaway electrons even after the bridging of
the gap by the plasma of the first ionization wave. In
this case, the amplitude and duration of the runaway
electron current pulse is larger than those of the run-
away electron current pulse generated in the pre-
breakdown stage of the discharge. The fast transition
to explosive electron emission limits the generation of
the second runaway electron beam. The data obtained
expand the understanding of the generation of run-
away electrons. For example, the generation of run-
away electrons can be expected under conditions
where the distribution of the electric field strength is
uniform, but the formation of a cathode layer is
possible.
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