Applied Physics, 2025, Ne 5 65
PLASMA PHYSICS AND PLASMA METHODS

UDC 537.523 PACS: 52.80.—s

EDN: UUNYOR

Charge estimation at the output of the micro-hollow cathode discharge
E. A. Shershunova’, S. V. Nebogatkin, A. V. Klubkov and K. I. Romanov

Institute for Electrophysics and Electric Power RAS, St.-Petersburg, 191181 Russia
E-mail: eshershunova@ieeras.ru

Received 30.04.2025; revised 29.05.2025; accepted 20.10.2025

In this work, an experimental assessment of the amount of charge carried out from a coaxial
plasma reactor with a micro-hollow cathode is carried out depending on the supply voltage and
the rate of gas pumping through the active zone of the reactor. It is shown that the amount of
charge carried out of the reactor is determined not only by the pumping of the gas discharge
gap and the distance to the target, but also by the discharge mode. A comparative analysis of
different power supply modes revealed a significant difference in the efficiency of charge
generation and transport: under DC high voltage, the extracted charge is five times higher
than that obtained in pulsed mode. This difference is attributed to both a higher discharge
ignition frequency and longer duration of ionization processes in the continuous regime.
At the same time, it has been demonstrated that combining a controllable pulsed high-voltage
power supply with adjustable gas flow enables flexible control over the charge extraction
dynamics, thereby providing the capability for precise, localized, and dose-controlled plasma

treatment.

Keywords: micro-hollow cathode discharge; pumping; charge; discharge mode.

DOI: 10.51368/2949-561X-2025-5-65-70

Introduction

Plasma technologies using cold plasma are
applied in various fields, including: medicine,
agriculture, industry, materials production
technologies, energy, and others [1-6]. There are
different methods of cold plasma generation. The
installations using surface and volume barrier
discharges [7-9], and corona discharges [10, 11]
are most common. Due to advanced applications
as part of devices of illumination [12], micro-
propulsion, and precision surface processing,
there is significant interest in micron-sized
plasma [13, 14], which can be generated in a
microhollow cathode discharge, where the
cathode contains a cavity tens to hundreds of
microns in diameter [15]. Such a micro-discharge
can be generated at the very low power
consumed: single watts, even at the atmospheric
pressure. Furthermore, the microhollow cathode

discharge can achieve power densities of up to
100 kW/cm?, making it a unique plasma source.

Typically, a process setup for cold plasma
generation includes a plasma reactor with
a system of electrodes with the electrical
discharge burning between them, a high-voltage
power source supplying this reactor, and a
working medium flow system that transports the
plasma from the reactor's active zone to the
processing surface area. Air or inert gases (such
as argon, neon, etc.) are often used as the working
medium. The type of the high-voltage source is
determined by the type of electrical discharge
used in the in a diven technology. High-voltage
sources of both direct and sinusoidal industrial
frequency voltage, as well as sources of pulses
with various waveforms, are employed [16, 17,
18].

Depending on the design of the plasma
reactor, electrode system, and presence of gas
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flow, plasma sources are categorized as direct and
indirect. In the case of a direct source, the plasma
is generated between the electrodes, one of which
is the object. In the case of an indirect source, the
plasma is first generated within the reactor and
then delivered to the object, which can be either
at the floating or ground potential [19]. Indirect
plasma sources are sometimes also referred to as
plasma jets. The parameters of plasma jets, the
transferred charge, and their composition depend
both on the discharge parameters, voltage on the
reactor electrodes, working medium flow rate
rate, and on the target onto which the jet is
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directed, its material, electrical potential, and
distance from the source [18].

This paper evaluates the charge transported
from a coaxial-design plasma reactor being
pumped, where a microhollow cathode discharge
is formed, when different voltage waveforms —
direct current and rectangular nanosecond pulses —
are applied to the reactor electrodes.

Experimental Setups

The diagram and photo of the experimental
setup are shown in Fig. 1.

Fig. 1. Diagram (a) and photo (b) of the experimental setup

Two different high-voltage power sources
were used in the experiments. Experiments of the
first series used a high-voltage pulse generator
(HVPG) capable of producing positive polarity
pulses with the amplitude of up to 6 kV, duration
of 600 ns, rise time of 25-30 ns, and repetition
frequency from 100Hz to 3kHz [20].
Experiments of the second series used a DC
high-voltage power source "Plazon™ IVNR-30/10
with the maximum output voltage of up to 30 kV
and load current of up to 10 mA. The discharge
reactor consisted of a quartz glass tube with an
internal diameter d =24 mm, with a refractory
tungsten needle with a diameter of w=1mm
positioned in the center and sharpened on one end
to a tip radius of r= 0.2 mm. The high voltage
from the generator was applied to the needle via

the current-limiting resistor with the resistance of
1 kQ resistor when powered by the HVPG and
with the resistance of 6.2 MQ when powered by
Plazon power source, respectively. Perpendicular
to the needle, at the distance of h = 1 mm, a flat
electrode made of nickel foil with the thickness of
6 = 0.15 mm and having a hole with the diameter
of D =1 mm was positioned. The discharge was
ignited between the needle and the flat nickel
electrode. With the air pumped through the
reactor tube and out through the cathode hole,
discharge products were carried out directionally.
The cathode was grounded through the 32 Q
shunt resistor. The voltage across the shunt was
measured using TT-HV250 probe with an
attenuation factor of 100 and fed into channel 2 of
Keysight four-channel digital storage
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oscilloscope featuring the 500 MHz bandwidth.
The discharge current in the reactor was
determined from the voltage drop across this
shunt. The voltage drop across the reactor was
measured directly at the positive high-voltage
electrode (the needle) using high-voltage probe
RP 1018 H with the attenuation factor of 1000.
The signal from this probe was sent into channel 1
of the oscilloscope. At distance L from the reactor
nozzle, a conductive circular target with the
diameter of S =25 mm was placed. To measure
the charge, the target was grounded through high-
voltage capacitor KVI-3 with the capacitance of
6800 pF.  The voltage from this measuring
capacitor was fed via the probe with the
attenuation factor of 10 into channel 4 of the
oscilloscope. Distance L from the cathode to the
target varied.

Experimental Results

Based on the oscillographic measurements
of the voltage across the measuring capacitor, the
curves of the charge transported to the target vs.
the air flow rate, Quans = f(V), were obtained for
the reactor supplied with both DC and pulse
voltage. The air flow rate through the reactor was
changed using a compressor.

It should be noted that when the reactor was
powered by the DC voltage depending on the
average current, the discharge was generated in
two modes: self-pulsing mode at currents up to
1 mA, and continuous burning mode at higher
currents, which was also observed in the studies
[21, 22].

The curves of the transported charge at the
fixed distance to the target for the self-pulsing
mode and for powering with rectangular pulses
are shown in Figure 2. The curves derived show
that at equal air flow rates, the magnitude of the
charge transported when the reactor is powered
by a DC source is 5 times as high as the charge
generated when the reactor is powered by a pulse
voltage source.

This difference is partly related to the
different discharge pulse frequencies. When
powered by the pulse voltage source, the
discharge ignition frequency in the plasma reactor
was determined by the source's operating
frequency (3 kHz), which is more than two times
as low as the self-pulsing frequency (when
powered by the DC source) (Fig. 3a). The
discharge current pulse duration at half maximum
was approximately 30-40 ns when powered by
the DC source, while it was about 250 ns when
powered by the pulse voltage source. In self-
pulsing mode, the frequency is determined by the
gap capacitance [22], which is characteristic of
the microhollow cathode discharge. Furthermore,
in self-pulsing mode, the voltage waveform
across the discharge gap has a sawtooth shape
due to the charging process of the system's
intrinsic capacitance. During the gradual voltage
growth, ionization processes begin slightly before
the ignition voltage is reached, thus extending the
charge accumulation time respectively.
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Fig. 2. The charge transported to the target vs. the flow
rate through the reactor at the pulse (blue curve) and DC
voltages of positive polarity (red curve) (distance to the
target L = 3 mm)
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Fig. 3. Oscillograms of the voltage across the discharge gap, discharge current, and charge transported to the target at
the air flow rate of 2 I/min, with the reactor powered by: (a) - HVPG, (b) — Plazon source

Based on the electrostatic field pattern in
the reactor's active zone near the cathode at the
atmospheric pressure and 30 % humidity, drift
velocity of positive nitrogen ions V'* was
estimated.

The field pattern, as well as the graph of the
electric field strength along the shortest field line
(line No. 5 from the bottom), are shown in
Figs. 4a and 4b, respectively. The electric field
calculation was performed using BETAFields
software for finite-element modeling. The
software uses high-order (second and third)
triangular finite elements, and gradients are
calculated by the SPR gradient recovery method
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[23]. The calculation model accounted for the
geometry of the electrode system and electrical
properties of the reactor's construction materials.
The model did not account for the space charge.

Since the electric field strength near the
cathode surface is relatively weak being less than
1 kV/mm, the mobility can be considered
constant, and the ion drift velocity can be
assumed to depend linearly on the field strength.
According to data of paper [24], under the
conditions corresponding to the experiment, the
mobility of positive nitrogen ions in air is
ko = 1.42x10™ m?/(V-s).
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Fig. 4. Estimation of positive ion drift velocity: (a) — electric field pattern in the reactor’s active zone, (b) — curve
of the electric field strength along the shortest field line (line No. 5).
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When inserting the values of the electric
field strength and ion mobility, the characteristic
drift velocity of positive ions near the cathode
surface is approximately 120 m/s, which is only
an order higher than the characteristic flow
velocities of the pumped gas (42 m/s at the flow
rate of 2 I/min).

Conclusion

An experimental evaluation of the charge
transported from the coaxial plasma reactor with
the microhollow cathode was conducted. The
amount of charge was established to be directly
dependent on the velocity of gas flow through the
discharge gap. The charge amount was found to
be different for different voltage waveforms
applied to the reactor electrodes. When the
reactor was powered by the DC voltage source,

REFERENCES

the magnitude of the transported charge was
5times higher than the charge obtained when
powered by the pulse voltage source, which is
explained by the larger number of discharge
ignition events within a fixed time interval, as
well as by the longer duration of ionization
processes. However, despite the efficient charge
generation using the high-voltage DC source, the
use of the regulated high-voltage pulse source
combined with the adjustment of the air flow rate
through the reactor could allow controlling the
dynamics of the transported charge accumulation
process. This, in turn, can be useful, for example,
for ensuring localized treatment of surfaces made
from the most sensitive materials.

This paper was supported by the Ministry of Science
and Higher Education of the Russian Federation
(FFGR-2022-0007)

1. Metelmann H. R., von Woedtke T. and Weltmann K. D., Comprehensive Clinical Plasma Medicine. Springer,

2018.

2. LeeT., Puligundla P. and Mok C., Journal of Food Engineering 223, 168-174 (2018).
. Baldanov B. B. and Ranzhurov Ts. V., High Energy Chemistry 57 (6), 527-531 (2023).
. Anisovich A. G., Filatova I. I. et al., Lit'ye i metallurgiya, Ne 2, 85-91 (2019) [in Russian].

. Cheng C., Liye Z. and Zhan R. J., Surface and Coatings Technology 200 (24), 6659-6665 (2006).
. Lu X., Laroussi M. and Puech V., Plasma Sources Science and Technology 21 (3), 034005 (2012).

3
4
5. Kostov K. G. et al., Applied Surface Science 314, 367-375 (2014).
6
7
8

. Winter J., Brandenburg R. and Weltmann K. D., Plasma sources science and technology 24 (6) P. 064001 (2015).
9. Panousis E. et al., Plasma Sources Science and Technology 15 (4), 828 (2006).
10. Kuwahara T. et al., Thin Solid Films 523, 2-5 (2012).
11. Schutze A. et al., IEEE transactions on plasma science 26 (6), 1685-1694 (1998).
12. Kogelschatz U., Plasma chemistry and plasma processing 23 (1), 1-46 (2003).
13. Takao Y. et al., Japanese journal of applied physics 45 (10S), 8235 (2006).
14. ShinJ. and Tuyen P. D., IEEE Transactions on Plasma Science 39 (11), 2944-2945 (2011).
15. Schoenbach K. H. and Becker K., The European Physical Journal D 70, 1-22 (2016).
16. Bardos L. and Barankova H., Thin solid films 518 (23), 6705-6713 (2010).
17. Laroussi M. and Akan T., Plasma Processes and Polymers 4 (9), 777-788 (2007).
18. Shershunova E. A., Moshkunov S. I. and Khomich V. Y., IEEE Transactions on Plasma Science 47 (11), 4909—

4914 (2019).

19. Weltmann K. D. et al., Pure and Applied Chemistry 82 (6), 1223-1237 (2010).
20. Moshkunov S. I., Khomich V. Yu. and Shershunova E. A., Letters to the Journal of Technical Physics 45 (3),

34-36 (2019) [in Russian].

21. Moshkunov S. I., Nebogatkin S. V., Romanov K. I. and Shershunova E. A. 15th International Conference "Gas
Discharge Plasmas and Their Applications" GDP 2021, Ekaterinburg, 2021, p. 76.

22. Moshkunov S. | et al., Applied Physics, Ne 5, 11-15 (2021) [in Russian].

23. Lokhanin A. K., Larin V. S. and Matveev D. A., Elektrichestvo, Ne 7, 82-85 (2005) [in Russian].

24. Zhang B., He J. and Ji Y., IEEE Transactions on Dielectrics and Electrical Insulation 24 (2), 923-929 (2017).



70 Applied Physics, 2025, No. 5

About authors

Shershunova Ekaterina Aleksandrova, Cand. Sci. (Eng.), Head of the Laboratory of High-Power Pulse Technology
Institute for Electrophysics and Electric Power RAS (191181, Russia, Saint Petersburg, 18A Dvortsovaya Naberezhnaya).
E-mail: eshershunova@ieeras.ru SPIN code: 1314-5887, AuthorID: 630856

Nebogatkin Sergey Vyacheslavovich, Cand. Sci. (Eng.), Head of the Laboratory of Applied Electrophysics Institute
for Electrophysics and Electric Power RAS (191181, Russia, Saint Petersburg, 18A Dvortsovaya Naberezhnaya). E-mail:
snebogatkin@mail.ru SPIN code: 8374-9520, AuthorID: 172235

Klubkov Alexander Vladimirovich, Junior Research Scientist Institute for Electrophysics and Electric Power RAS
(191181, Russia, Saint Petersburg, 18A Dvortsovaya Naberezhnaya). E-mail: a-klubkov@mail.ru SPIN code: 4567-5421,
AuthorlD: 1181434

Romanov Kirill llyich, Engineer Institute for Electrophysics and Electric Power RAS (191181, Russia, Saint
Petersburg, 18A Dvortsovaya Naberezhnaya). E-mail: kiromanov@ieeras.ru SPIN code: 2258-4044, AuthorID: 1123274



