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ABSTRACT

The initial stage of breakdown in a switching device based on capillary discharge with plasma cathode (eptron) has been investigated. The
discharge in the switch develops in two stages due to different mechanisms of plasma creation in the capillary and plasma cathode, which
leads to the reflection of the ionization wave from the weakly ionized plasma of the cathode. Increasing its concentration by means of pulse
repetition rate, initiating pulse energy, and gas pressure variation suppresses voltage fluctuations on the load and brings both discharge stages
closer, enabling subnanosecond switching times.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0289661

I. INTRODUCTION

In recent years, methods of generation of high-voltage pulses
with subnanosecond and picosecond leading edge duration, including
high repetition rate devices, have been intensively developed. Their
realization is based both on the improvement of traditional switches
using gas, mainly spark discharges,1–6 and on the development of vari-
ous types of semiconductor devices.7–10 The first group includes
plasma switching devices (eptrons) based on the development of cur-
rent in a capillary discharge with a plasma cathode with various meth-
ods of plasma creation inside it.11–13 Their advantage, as well as some
other systems based on semiconductor devices,10 provides pulse power
generators the opportunity to operate at voltages of tens of kilovolts
and pulse repetition rates of tens to hundreds of kilohertz. The applica-
tion of such generators refines frequency-energy characteristics of
lasers on self-terminating transitions12,14 and allows us to obtain a sta-
ble volumetric current flow of atmospheric pressure discharge with
high energy input.13

The peculiarity of the eptron, which is a consequence of the use
of two types of discharge in one device, is the two-stage breakdown
operation mode.12 At the first stage, the breakdown in the capillary
channel is realized due to the development of discharge on the capaci-
tive components of the device. At the second stage, the main current
growth is realized due to secondary processes of electron emission
from the cold cathode or by the formation of high-density plasma in it.
Usually, the switching time at both stages is less than 1ns, but the delay

time of the second stage relative to the first stage is in units of nanosec-
onds. This reduces the switching efficiency in this time interval up to
70%–80% and is accompanied by rapid fluctuations of both the voltage
pulse, even on the Ohmic load, and the current through it. This unde-
sirable phenomenon stimulates the need for a detailed study of the ini-
tial stages of breakdown with subnanosecond resolution time, which is
the purpose of the present work.

II. EXPERIMENTAL SETUP

The experimental study of the initial stage of breakdown was car-
ried out with a capillary structure made of Al2O3 ceramics with a
length of 50mm and a cross section of 1� 15mm (Fig. 1). To prevent
the generation of runaway electrons and consequently increase the
delay of discharge development, a square-wave type capillary channel
with a length of 6mm sections was used. The experiments were carried
out with two types of cathodes. The first one was made of silicon car-
bide SiC ceramics with length l¼ 24mm and inner diameter
d¼ 28mm (inner volume, 15 cm3), Fig. 1(a). The second variant was a
stainless-steel cathode with l¼ 11mm and d¼ 13mm (inner volume,
1.5 cm3), Fig. 1(b). The sides of both cathodes were closed by glass
plates with a thickness of 4mm. A rectangular hole with a cross section
of 20� 3mm was milled in the plate adjacent to the capillary channel,
through which the discharge from the capillary reached the cathode.
On the other side of the cathode, an electrical input was inserted to
organize the preionization discharge in the hollow cathode assembly.

Phys. Plasmas 32, 123501 (2025); doi: 10.1063/5.0289661 32, 123501-1

VC Author(s) 2025

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

 01 D
ecem

ber 2025 23:45:57

https://doi.org/10.1063/5.0289661
https://doi.org/10.1063/5.0289661
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0289661
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0289661&domain=pdf&date_stamp=2025-12-01
https://orcid.org/0000-0003-2320-8317
https://orcid.org/0000-0002-4431-471X
https://orcid.org/0000-0002-9153-9436
https://orcid.org/0000-0002-6386-6683
https://orcid.org/0000-0002-2364-1228
mailto:zakrdm@isp.nsc.ru
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0289661
pubs.aip.org/aip/php


Two variants for generating the initiating pulses were used. In the
first case, parameters of preionization pulses were the same for both
cathodes and were realized by discharging capacitance Cpre¼ 500 pF,
preliminary charged to voltage UCpre¼ 5 kV during�100 ns. The initi-
ating pulses were applied with an adjustable delay relative to the volt-
age pulse on the anode of the eptron.

The calculated concentration of plasma in the cathode cavity
achieved with such preionization pulses is ne0 � 5� 1013 cm�3 for the
cell with a SiC cathode and ne0 � 5� 1014 sm�3 for the cell with a
stainless steel cathode. The charge concentration in the plasma could
be varied by installing ballast resistors Rb¼ 0–300 X in the discharge
circuit. In some cases, enhanced preionization with voltage on Cpre up
to UCpre¼ 10kV was used. A detailed description of the electrical cir-
cuit of discharge cell excitation is given in Ref. 13.

In the second case, the initiating pulse was automatically synchro-
nized with the main pulse applied to the eptron by generating it using
the circuit shown in Fig. 2. The operating voltage was generated by dis-
charging capacitance C1¼ 2 lF through a set of 8 IRG4PH50U tran-
sistors. The voltage of the generated pulse with a duration of �1 ls
and an amplitude up to 800V was increased by a transformer up to
30 kV and then compressed by a two-stage magnetic line so that the
operating capacitance C2¼ 500pF was charged by a positive pulse dur-
ing the time �150ns. Figure 3 shows the voltage oscillograms at the

eptron and across the Ohmic load RL¼ 200 X for the 1st, 2nd, and
13th pulses when using operating gas Ne at pressure pNe¼ 3.5Torr. In
the time interval of 0–200ns, both capacitances, Cpre and C2, are
charged. After 200 ns, the ionization pulse discharge develops, which is

FIG. 1. Eptron designs based on slit capil-
lary discharges with plasma cathode: (a)
Cell with a SiC cathode; and (b) Cell with
a stainless-steel cathode.

FIG. 2. Auto-synchronized pre-discharge ignition circuit.
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accompanied by a delay in the voltage rise across capacitance C1.
This is followed by a renewed increase in the voltage across the
capacitance, eventually leading to the development of a discharge in
the eptron and the generation of voltage across the load. Switching
time and efficiency are independent from the initiation method, pro-
vided that the initial voltage across the working capacitor C2 is the
same. However, the second initiation circuit variant is distinguished
by high stability in the discharge development delay for both the initi-
ating and main pulses. Helium, neon, hydrogen, and their mixtures
were used as operating gases. To excite the discharge, the burst length
of 20 pulses was used, the burst repetition frequency was 25Hz, and
the repetition frequency of pulses in the burst f varied up to 100kHz.
The quasi-stationary mode of operation was set depending on the
amplitude voltage on C2 by the second or third pulse, as can be seen
from the oscillograms in Fig. 3. In the general case for noble gases,
the discharge development delay in the second pulse is significantly
shorter than in the first one. In the third and subsequent pulses, the
delay is statistically equal to the delay in the second pulse. For hydro-
gen or its mixtures with noble gases, the delay of the second pulse rel-
ative to the first one is much less pronounced. Therefore, it can be
considered that the quasi-stationary regime for these cases is estab-
lished starting from the second pulse. All measurements were carried
out for the 13th pulse. The voltage on the eptron’s anode and load
was registered by Ohmic voltage dividers made of low inductive TVO
resistors. The current signal was detected using Ohmic shunts with
Rsh¼ 0.1–0.5 X made of SMD1225 resistors. The pulse parameters

were measured using a Tektronix MDO 3104 oscilloscope, which has
a bandwidth of 1GHz and a sampling rate of 5GHz..

III. RESULTS OF THE STUDY OF THE INITIAL STAGE
OF BREAKDOWN
A. Verification of two-stage switching by eptron

In a wide range of operating voltages from the minimum anode
voltage U¼ 5 kV up to U¼ 30kV, composition and pressure of the
operating gas, and similar switching characteristics are registered.
Voltage oscillograms on the eptron U and on the load UL (RL¼ 100 X)
without initiating pulse and with initiating pulse are shown for the cell
with SiC cathode at pulse repetition frequency f¼ 15kHz and hydro-
gen pressure pH2¼ 1Torr, Figs. 4(a) and 4(b). Figure 4(a) clearly dem-
onstrates the two-stage breakdown mode with the voltage
development time (at the level of 0.1–0.9) at the first stage, s1 � 1 ns,
and at the second stage, s2 � 1.5 ns. The total voltage rise time due to
the gap between the stages is s � 7 ns. Applying the initiating dis-
charge with ballast resistance Rb¼ 0 in the discharge preionization cir-
cuit reduces this time to s� 2.7 ns, and in contrast to the mode
without preionization discharge, the main part of the voltage on the
load, up to �70%, is realized at the first stage, Fig. 4(b). For the cell
with a stainless-steel cathode, Fig. 4(c), or at an increased energy of
preionization pulse (UCpre¼ 10kV) for the cell with a SiC cathode,
Fig. 4(d), both stages merge into one with a voltage rise time on the
load s � 1.5 ns. The application of a ballast resistor in the preioniza-
tion circuit separates the stages of discharge development, and at
Rb¼ 200X, results similar to those presented in Fig. 4(a) are realized.

The parameters of the voltage pulse on the eptron and load
remain unchanged up to f � 15 kHz. Increasing the frequency above
15kHz gradually brings the development stages closer to each other,
and at f > 50kHz they merge into a single one. An example of oscillo-
grams at f ¼ 70kHz for a cell with both SiC and stainless-steel catho-
des is shown in Figs. 4(c) and 4(d). Nevertheless, the different stages
are distinguishable: the first one with duration s1 � 1.2 ns, in which
up to�15% of the voltage is realized, and the second, with duration s2
� 1.5ns with a voltage rise rate on the load 4 times faster. Fast voltage
fluctuations on the anode and load are observed for all cases when
two-stage breakdown is realized after switching. For a cell with a
stainless-steel cathode, the stages are indistinguishable, and the switch-
ing time is reduced to s � 1.5ns at U¼ 15kV with no evidence of
oscillations on the oscillograms. At U> 20 kV, slight oscillations occur
for this case as well.

B. Modeling of the discharge development process

Typically, the breakdown in the high-pressure discharges is asso-
ciated with the formation of the ionization wave that gradually propa-
gates between electrodes.15–18 The design feature of the eptron is that it
consists of a capillary dielectric channel that extends into a cathode
chamber with a much bigger active cross section. Therefore, in contrast
to the numerical modeling in Refs. 16 and 17, the processes on the
walls of the capillary and in the transition region between the capillary
and the cathode chamber should have a significant influence on the
breakdown development. To elucidate the origins of the breakdown
scenario and current oscillations in the high-voltage plasma device
(eptron), the discharge dynamics were studied in numerical
simulations.

FIG. 3. Waveforms of the voltage on the eptron U and the load UL for the 1st (a),
2nd (b), and 13th pulses (c). Ne, pNe¼ 3.5 Torr, f¼ 25 kHz, and RL¼ 200X.
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The fluid model of discharge includes continuity equations for
electrons, ions, and mean electron energy Ue,

dne
dt

¼ div leEne þr Deneð Þð Þ þ aineng � bneni;

dni
dt

¼ div liEni þr Dinið Þð Þ þ aineng � bneni;

d neUeð Þ
dt

¼ div luEneUe þr DuneUeð Þð Þ þ eE leEne þr Deneð Þð Þ
� �uneng ;

and the Poisson equation for the determination of electric field E,

divru ¼ 4pe ne � nið Þ; E ¼ �ru;

where ne, ni are electron and ion densities, ng is the neutral gas density,
and e is the elementary charge.

The transport coefficients in the continuity equations for elec-
trons and their mean energy are calculated from the electron energy
distribution function (EEDF) fe(e), calculated once for a wide range of
electric field magnitudes, in local approximation, when EEDF is sup-
posed to depend only on local electric field magnitude E. The EEDF is
found by solving the Boltzmann equation for a given E and neutral gas
density. For example,

De ¼ 1
ne

ð
v eð Þ

3ngr eð Þ fe eð Þde;

le ¼
�e
ne

ð
v eð Þ

3ngr eð Þ
dfe eð Þ
de

de;

Du ¼ 1
ne

ð
ev eð Þ

3ngr eð Þ fe eð Þde;

lu ¼
�e
ne

ð
ev eð Þ

3ngr eð Þ
dfe eð Þ
de

de;

where ne ¼
Ð
feðeÞde, vðeÞ is the electron velocity for energy e, and

r(e) is the electron transport cross section. The values of De, le, Du,
lu, ai, and �u are found once before simulation.

For ions, the transport coefficients are taken as

li ¼
3e

16ngri

p
mikT

� �1=2

1þ 9p2eE
512ngkTri

 !�1=2

;

Di ¼ likT;

where k is the Boltzmann constant, T is neutral gas temperature, mi is
the ion mass, and ri its transport cross section.

For the boundary nodes on the surfaces, an additional sink term
is added to the continuity equations,

Ce;i ¼ ale;ine;iE? þ 1
4
vTne;i;

where E? is the electric field normal to surface, a is 1 for drift
directed to the surface and 0 in the opposite case, vT is thermal
velocity, depending on energy Ue for electrons, and for ions Ti is
taken equal to gas temperature T. In the equation for Ue, the sink
term is CeUe.

The electrons emitted by the ion bombardment were described
by solving the Boltzmann equation for the electron distribution func-
tion with the 2D PIC–MCCmethod. The kinetics of electrons included
the elastic collision with background atoms, excitation, and ionization.
The Boltzmann equation for emitted electrons was solved self-
consistently with the fluid model equations.

FIG. 4. Voltage oscillograms of the eptron U and the load UL (a) without preionization
discharge and (b)–(d) with preionization discharge. Experimental conditions: Cell with a
SiC cathode (a), (b), (d), RL ¼ 100 X, H2 at 1 Torr. Cell with a stainless–steel cathode
(c), RL ¼ 65 X, H2 at 3 Torr. f ¼ 12.5 kHz for (a), (b) and 70 kHz for (c), (d).
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The chamber design used in the numerical simulations is shown
in Fig. 5(a). The anode, to which a positive potential is applied, is
located at the end of the dielectric capillary at z¼ 0. On the opposite
side at a distance of 60mm there is a cathode chamber, the walls of
which are at potential U¼ 0. From the outer side, the capillary is par-
tially covered by a conductive screen withU¼ 0.

The study of the discharge ignition dynamics was carried out
using a hybrid approach, including hydrodynamic and kinetic descrip-
tions of the plasma. Combined modeling is necessary for correct calcu-
lation of the high-energy group of electrons. Since the operating
voltages reach tens of kilovolts, the electrons emitted by the ion bom-
bardment of the walls gain significant energy in the cathode sheath.
Therefore, the energy of fast electrons is not a local function of the
electric field strength E, and their dynamics were modeled ab initio by

the PIC–MCC method. The system of equations describing the
dynamics of the gas discharge included the Boltzmann equation for
the distribution function of high energy electrons, the continuity equa-
tions for the electron concentration, ion concentrations, and the mean
electron energy, and the Poisson equation for the distribution of the
electric potential and field strength. The charge on the inner surface of
the capillary was calculated by integrating the fluxes of ions and elec-
trons on the wall. The elementary process cross sections for electrons
in helium are well known (see, for example, in Refs. 19 and 20).

The ion–electron emission coefficient was varied from c¼ 0 to
c¼ 0.3. In numerical simulations, the initial plasma volume concentra-
tion in the cathode chamber was varied from ne0¼ 1011 cm�3 to
ne0 ¼ 3� 1013 cm�3, and ne0¼ 109 cm�3 was taken in the capillary.
Calculations were performed for the helium gas pressure
pHe¼ 4 Torr and the maximum voltage U¼ 20 kV. The anode
voltage increased from zero to the peak during 120 ns, Fig. 6(a). As
the current increased, the anode voltage dropped according to
U¼U0–I�RL, where RL¼ 65 X.

In the beginning of the discharge ignition, the ionization wave
appears near the anode surface inside the dielectric capillary and
begins to propagate in the cathode chamber direction. An example of
parameter distributions at the time from the beginning of the voltage
rise Dt ¼ 80ns is shown in Figs. 5(a)–5(d), when the anode voltage is
U ¼ 12kV. The concentration of electrons in the cathode cavity is
ne0¼ 3� 1011 cm�3. This case with ne0 ¼ 3 � 1011 cm�3 refers to the
f¼ 15kHz voltage repetition rate. As seen in Fig. 5, the concentration
of electrons at the ionization front reaches ne � 1014 cm�3 at an

FIG. 5. Spatial distributions of electric potential u (a), electron concentration ne (b),
ionization rate � i (c), and average electron energy e (d). The concentration of elec-
trons in the cathode cavity ne0¼ 3� 1011 cm�3.

FIG. 6. Temporal distributions of voltage at the eptron U (a) and current through the
eptron I (b). He, pHe¼ 4 Torr, U¼ 20 kV. The concentration of electrons in the cath-
ode cavity: ne0¼ 3� 1011 (1); 3� 1012 (2); and 3� 1013 (3) cm�3.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 32, 123501 (2025); doi: 10.1063/5.0289661 32, 123501-5

VC Author(s) 2025

 01 D
ecem

ber 2025 23:45:57

pubs.aip.org/aip/php


average electron energy of up to e � 1 keV, which provides an ioniza-
tion rate �i � 4� 1022 cm�3s�1. During the initial phase of the ioniza-
tion wave propagation in the capillary, the potentials and electron
concentrations in both the undisturbed capillary region and cathode
chamber remain unchanged. The anode current remains negligible
until the ionization front approaches the capillary–cathode junction
boundary.

Figure 6(b) shows the time dependence of the current at the anode
for different initial plasma concentrations in the cathode chamber. As
the plasma concentration increases, the maximum current at the anode
increases from I¼ 170 A for ne0¼ 1011 cm�3 to I¼ 210 A for
ne0¼ 3� 1013 cm�3. The characteristic time of the current rise is
1–2ns. The change in the potential distribution on the eptron symmetry
axis as the ionization wave propagates in the capillary is shown in Fig. 7.

The ionization front formed near the anode reaches the middle of the
capillary with a propagation velocity of tf ¼ z/Dt� 8 � 107 cm/s,
Fig. 7(a). In self-consistent numerical calculations, the cathode sheath
forms near all walls of the chamber. In Fig. 7(a), the sheath near the top
of the chamber (at z¼ 8 cm) has 0.18 cm, and the ion density in it is
approximately 1.3� 1011 cm�3. The virtual cathode, Fig. 7(b), appears
near the junction of the capillary and the cathode chamber due to the
large difference of the plasma concentration, Fig. 7(b). The sheath of
positive ions similar to the cathode sheath forms near the junction due
to the much higher mobility of electrons. This potential well separates
plasmas in the capillary and the cathode chamber.

As the ionization front approaches the cathode chamber, the vir-
tual cathode disappears, which allows the electrons from the cathode
chamber to enter the capillary. The discharge current quickly increases,
and the anode voltage drops. The curves 4–7 in Fig. 7(a) show a
change in the potential distribution during the current rise. The poten-
tial distribution becomes almost linear in the capillary, while the region
of quasi-neutrality is preserved in the cathode chamber. In Fig. 8, the
spatial distributions of discharge current, ionization rate �i, electric
potential, and electron concentration are shown at a time when the
discharge current has a maximum for ne0¼ 3� 1013 cm�3.

The spatial distribution of the current and the potential inside the
capillary constitutes strong oscillations, Figs. 8(a) and 8(c). The
increase in ionization rate and plasma concentration growth are
observed inside the cathode chamber in the contact zone with the
capillary, Figs. 8(b) and 8(d). Since the plasma in the cathode chamber
remains quasi-neutral, accounting for the secondary electrons’ contri-
bution to the current has little effect.

C. Experimental studies of oscillation development

Significant oscillations of current and voltage are observed
depending on the experimental conditions during 1–6ns from the
moment of breakdown, Fig. 4. The presence of a series resistance in
the discharge circuit stabilizes the operation of volumetric discharges.
Therefore, in order to carry out measurements over a wider range of
current and time intervals, the eptron characteristics with a short-
circuited load were studied.

Figures 9(a)–9(c) present oscillograms of the anode voltage and
current through the eptron in the absence of the switch auxiliary preio-
nization discharge. These measurements were taken with the SiC cath-
ode cell filled with neon at a pressure pNe¼ 2Torr and anode voltages
U¼ 7.5, 12.5, and 25 kV, respectively. The development of oscillations
is clearly visible and is evident over the entire range of voltages investi-
gated and working mixtures used. When the initiating discharge is
switched on, the shape of the oscillograms changes dramatically.

Figure 10(a) shows the oscillogram of the anode voltage U and
current through the eptron I at the starting voltage U0¼ 7.5 kV “with-
out” and “with” the preionization discharge. Figure 10(b) shows the
same characteristics, but at U0¼ 20kV. It can be seen that without
preliminary initiation the “low-current” discharge is realized first, the
current oscillograms of which, depending on the conditions, can take
various forms:

• rapid increase during �1 ns followed by a several-fold drop after
5–10 ns, Figs. 9(a) and 9(b);

• weakly changing current during �10 ns followed by a sharp
increase, Fig. 10(a);

FIG. 7. (a) spatial distribution of potential along the symmetry axis (r¼ 0) at the
moments of time: t¼ 73.3 (1); 92.2 (2); 116.3 (3); 117.2 (4); 118.2 (5); 118.5 (6),
and 119.1 (7) ns. The inset shows a zoom of the potential distribution near the
upper wall of cathode chamber at z¼ 8 cm. (b) Change in the potential well at
the capillary–cathode cavity boundary at t¼ 115–116 ns. t¼ 0, it is a moment when
the voltage starts to increase from U¼ 0. The concentration of electrons in the cath-
ode cavity ne0¼ 3� 1011 cm�3.
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• relatively slow increase over �10 ns followed by a sharp accelera-
tion at high voltages, Fig. 10(b).

The latter is in qualitative agreement with the simulation results,
Fig. 8. Voltage oscillograms at this stage always register sharp ran-
domly arranged voltage peaks with a duration of�0.5–0.6 ns. It is pos-
sible that in reality they are even shorter, since the used oscilloscope
has a limited bandwidth.

After the end of the “low-current” stage, a sharp transition to the
“high-current” stage with continuing current and voltage fluctuations
is always realized. The time between the beginning of these stages
decreases with increasing voltage and at U� 20 kV is equal to 4–5ns.
When the initiating discharge is switched on, the stages become indis-
tinguishable, but at the initial stage the rate of current increase is twice
lower than in the subsequent stage. The difference in the oscillograms
for eptrons with different cathodes is clearly visible. For the eptron

with a SiC cathode, in which an order of magnitude lower than the ini-
tial electron concentration is realized, the amplitudes of peaks are
much higher than in the cell with a stainless steel cathode. For it, cur-
rent irregularities are almost absent, Figs. 10(a) and 10(b). Increasing
the working gas pressure and pulse repetition rate also favors the sup-
pression of oscillations and leads to almost complete stage merging.
The current rise rate dI/dt exceeds hundreds of A/ns, and the capillary

FIG. 9. Oscillograms of anode voltage U and current I without preionization dis-
charge: Ne, pNe¼ 2 Torr, f¼ 10 kHz.

FIG. 8. Spatial distributions of current I (a), ionization rate � i (b), electric potential u
(c), and electron concentration ne (d) at the maximum value of current at the anode.
The concentration of electrons in the cathode cavity, ne0¼ 3� 1013 cm�3.
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plasma retains high conductivity for a long time. Figure 11 shows oscil-
lograms of voltage and current oscillations in neon, characterizing
their attenuation when discharging the working capacitance C2

through the eptron. According to the known formula for the resistance
of an oscillating circuit, R¼ 2T0

2/4p2Cse (T0, oscillation period; se,
time of amplitude decrease in “e” times), the active resistance of the
eptron, Re, can be calculated. For the given conditions U0¼ 18.5 kV
and pNe¼ 2Torr, resistance is as low as Re¼ 2 X. For hydrogen and
helium and similar conditions, Re is larger by �40% and 70%,
respectively.

In Figs. 12(a)–12(c), the voltage dependences of the current
amplitude through the eptron in the first peak, its rise rate dI/dt, and
the value of the parameter (dI/dt)/U in hydrogen H2 for different pres-
sures are shown for the stainless-steel cathode. Accordingly, similar
parameters are given for Ne [Figs. 13(a)–13(c)], He [Figs. 14(a)–14(c)],
the Ne þ H2 mixture [Figs. 15(a)–15(c)], and the He þ H2 mixture
[Figs. 16(a)–16(c)] at different component ratios. It can be seen from
these data that the highest current growth rates are realized in the
He þ H2 mixture and reach dI/dt� 700 A/ns. It is interesting to note
that the rate of current development grows faster than the initial volt-
age. Hence, we can conclude that the presence of a finite inductance

(�50nH) in this realization of the discharge circuit does not limit the
rate of current growth, and the achieved value of dI/dt is not limiting.

D. Eptron switching time and discussion of the results

According to Ref. 11, the estimated eptron switching time ssc (by
level 0.2–0.8) can be calculated by the equation ss¼ ln4/(a td p), where
a is the electron multiplication factor, td is the electron drift velocity,
and p is the gas pressure. In terms of its physical nature, the switching
time is the time of rapid current rise, formed after the ionization wave
passes through the discharge gap at the final stage of discharge devel-
opment. In the experiment, this period corresponds to the first stage of
breakdown, Figs. 4(a) and 4(b). At large load resistance RL > 3 kX, it is
close to the time calculated by the formula for ss with an accuracy up
to �20%, and at such values of RL, the second stage of breakdown is
not observed. The appearance of two stages of breakdown occurs at RL
< 1 kX and at RL � 100 X, as in Fig. 4(a), where it is pronounced. In
order to eliminate the reflection of the ionization wave from the cath-
ode cavity and maintain continuity of the current in the discharge cir-
cuit, the plasma in the cavity must have appropriate conductivity. For
example, at RL � 100 X and U¼ 20 kV and electric field strength at
the capillary outlet E/N¼ 10�14 V� cm2 (E¼ 2 kV/cm at pHe
¼ 6Torr), the required current I� 200 A is provided according to the
equation I¼ e ne S td at ne � 4.5� 1013 cm�3 (S is the capillary cross
section), which is observed experimentally. The same level of ne is
required in the first 0.5–1 ns, when the cathode cavity electron multi-
plication has not yet become their main supplier. In hydrogen, at
E/N¼ 10�14 V� cm2, the drift velocity td� 1.2� 108 cm/s is 1.6 times
smaller compared to td � 1.9� 108 cm/s in helium, and, therefore, at
the preionization pulse energy used, a single-stage breakdown does not

FIG. 10. Oscillograms of anode voltage U and current I with preionization (Uþ, Iþ)
and without preionization (U�, I�) discharge, Rb¼ 0.1X: (a) cell with SiC cathode.
H2, pH2¼ 2 Torr, f¼ 2.5 kHz; (b) cell with stainless-steel cathode. Ne, pNe¼ 6 Torr,
f¼ 10 kHz.

FIG. 11. Oscillograms of anode voltage U and current I without preionization dis-
charge: Ne, pNe¼ 2 Torr, f¼ 10 kHz.
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occur. This is achieved only at a high pulse repetition rate due to
incomplete recombination of the plasma in the inter-pulse interval.

At elevated hydrogen, pH2 > 2Torr, and helium, pHe > 10Torr,
pressures, the current rise time at the first peak decreases, but due to
the decrease in drift velocity, a higher energy of the preionization pulse

is required. Therefore, studies over a wider range of ss parameters were
performed in an eptron with a stainless-steel cathode providing an ini-
tial concentration of ne0 > 1014 cm�3. The measurement was carried
out in two modes. In the first one no preionization of switching with

FIG. 12. Dependencies on anode voltage U: current I (a); current rise rate dI/dt (b);
parameter (dI/dt)/U (c): H2, pH2¼ 1.7(D); 2.2((); and 3(�) Torr, f¼ 10 kHz, cell
with stainless-steel cathode.

FIG. 13. Dependencies on anode voltage U: current I (a); current rise rate dI/dt (b);
parameter (dI/dt)/U (c): Ne, pNe¼ 1.7(D) and 3(�) Torr, f¼ 5 kHz, cell with
stainless-steel cathode.
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time ssl was used. In the second mode, under conditions with preioni-
zation, complete merging of breakdown stages with switching time ssf
occurred. The time interval of voltage change from a level of 0.2 in the
first peak to 0.8 in the second peak was taken as ssl and ssf. An example
illustrating these measurements is shown in Figs. 17(a) and 17(b) for
pH2¼ 1.2Torr, U0¼ 22.6 kV, f¼ 100 kHz, and RL¼ 80 X. An impor-
tant feature useful for practical applications is the much higher switch-
ing efficiency in the presence of a preionization discharge. For this
case, UL/U0 � 0.96, while without it, UL/U0 � 0.85. The energy spent

on preionization of the cathode cavity when equal capacitances are
used is (UL/U0)

2�100%¼ 5% and decreases to�2.8% at U0¼ 30 kV.
The measurement results demonstrated in Figs. 12–16 allow us to

estimate the switching times over a wide range of mixture composi-
tions and operating voltages and to calculate subnanosecond commu-
tation times, assuming that they correspond to the calculated value
ssc � I/(dI/dt), where I � U0/RL. For example, Figs. 18(a) and 18(b)
show the dependence of the switching time on the voltage for cases
with and without preionization discharge ssf and ssl, as well as the

FIG. 14. Dependencies on anode voltage U: current I (a); current rise rate dI/dt (b);
parameter (dI/dt)/U (c): He, pHe¼ 4.5(�); 6(D) Torr, f¼ 10 kHz. Cell with stainless-
steel cathode.

FIG. 15. Dependencies on anode voltage U: current I (a); current rise rate dI/dt (b);
parameter (dI/dt)/U (c): Ne þ H2, component ratio 1:1, pR¼ pNe þ pH2¼ 1.7(D);
2.3((), and 3(�) Torr, f¼ 10 kHz. Cell with stainless-steel cathode.
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parameters ssf/ssc and ssl/ssc in hydrogen H2 with pH2¼ 3Torr and a
mixture of Ne þ H2 with pressures of 4 and 2Torr and RL¼ 80 X. It
can be seen from the figure that ssf is several times smaller than ssl.
Nevertheless, the value of ssf is noticeably larger than the calculated ssc.
The explanation for this, on the one hand, is that the voltage on
the eptron decreases during the switching time. On the other hand, at

ssl < 1ns, the switching time measurements are significantly influ-
enced by the insufficient bandwidth of the oscilloscope. This may be
the reason for the increase in ssf/ssc for U> 15 kV.

IV. CONCLUSION

The initial stage of current development in eptron (a device
with nano- and subnanosecond switching times based on capillary
discharge with a plasma cathode) was investigated. The interest in
this class of switches stems from numerous challenges in power
electronics, particularly for high-frequency applications (tens to
hundreds of kHz) requiring subnanosecond switching of high-
voltage pulses (tens of kV).

Experimental results demonstrate that discharge in the eptron
typically evolves in two distinct stages, a behavior arising from diver-
gent plasma generation mechanisms in the capillary and the plasma
cathode cavity. This difference causes ionization wave reflection during
current development, manifesting as observable current and voltage
fluctuations during breakdown. By artificially enhancing cathode
plasma charge density through increased pulse repetition rates, higher
initiating pulse energy inputs, or elevated gas pressure, it is possible to
suppress load voltage fluctuations, eliminate the two-stage breakdown
characteristic, and achieve subnanosecond duration breakdowns.
Simulations reveal the cathode cavity plasma remains quasi-neutral
with potential drops below tens of volts, rendering variations in the

FIG. 16. Dependencies on anode voltage U: current I (a); current rise rate dI/dt (b);
parameter (dI/dt)/U (c): He þ H2, component ratio 2:1, pR¼ pHe þ pH2¼ 2(D);
4.5((); and 6(�) Torr, f¼ 5 kHz. Cell with stainless-steel cathode.

FIG. 17. Oscillograms of voltage at the anode U and load UL without preionization
(a) and with preionization (b) discharge: H2, pH2¼ 1.2 Torr, f¼ 100 kHz, RL¼ 80X.
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ion–electron emission coefficient c¼ 0–0.3 insignificant for current
development. Comparative studies of helium, neon, hydrogen,
and their mixtures show the highest current growth rates, dI/dt� 700
A/ns, occur in He þ H2 mixtures when two-stage switching is elimi-
nated. The observed superlinear increase in dI/dt relative to initial volt-
age confirms that discharge circuit inductance does not limit current
rise rates, indicating the measured dI/dt values do not represent inter-
nal switch limitations.
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