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Abstract. The research introduces a system for pulsed volume discharges ignition at atmospheric
pressure within gaps reaching 125 mm. The corona discharge is used for the volume discharge initiation.
A damping oscillations pulse generator is used as a high-voltage power supply. The pulse repetition
rate reaches 1 kHz, while the rate of damping high-frequency harmonic oscillations can reach megahertz
units. The volume discharge electric and spectral characteristics were analyzed. The study revealed
that O+

2 emission spectrum dominates in the UV region. The potential of using pulsed volume discharge
for cleaning biological surfaces was demonstrated in the research. The survival rate for E. coli under
the influence of 15 seconds long pulsed volume discharge has decreased by 30 times.
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1. Introduction
Low-temperature plasma has an extremely wide
range of application. The main applications of low-
temperature plasma are, for example: plasma-assisted
chemical vapour deposition, etching, polymerization,
gas-phase synthesis, protective coating deposition,
toxic and harmful gas decomposition, destruction of
warfare agents, electromagnetic wave shielding, gas
laser excitation and odour control, etc [1]. Successful
use of low-temperature plasma for medical purposes
has led to the appearance of a whole area of its prac-
tical use - plasma medicine [2–4].
There are many methods to generate atmospheric-

pressure low-temperature plasma. All of the methods
can be categorized into 4 main groups: DBD - di-
electric barrier discharges, corona discharges, RF and
microwave discharges, and volume discharges. The
most commonly applied method in experiments is the
DBD method due to its structural simplicity and ease
of implementation. Due to its low voltage level (tens
of kilovolts) it allows the use of standard power supply
sources. Its short-range action is the only disadvan-
tage of the discharge method.
For instance in the researches on treatment of un-

even surfaces [5] it is shown that the maximum possi-
ble height of the unevenness in the experiments does
not exceed 2 mm. This discharge type exists mainly
in filamentary mode [6], but it has configurations for
ignition of homogeneous discharges [7].
Corona discharge can exist in different modifica-

tions, be it an incomplete single-electrode or a com-
plete double-electrode. It can run on direct or pulsed

voltage and possess different voltage and power levels
ranging from units of kilovolts and units of milli-watts
[8] to hundreds of kilovolts and tens of kilowatts [9].
The advantage of this discharge type compared to
the barrier discharge is its long-range action and abil-
ity to generate significantly higher volumes of low-
temperature plasma.
RF and microwave discharges are mainly used to

produce plasma-jet and micro-plasma systems [10] and
are widely used for medical purposes. The problem is
such discharge ignition requires expensive inert plasma
forming gases or their mixtures. Another inherent
disadvantage of these discharges is their treatment
area locality. The system for ignition of DBD RF
discharge on Ar-air mixture is demonstrated in [11].
Also when in use [12] the uniform RF discharge can
burn in the air after it is ignited in the inert gases
environment.

A pulsed volume discharge is of utmost interest for
generating considerable amounts of low-temperature
plasma in the range of tens of centimeters [13]. These
discharges do not use dielectric barrier layers, and as
such are different from the recently widely researched
atmospheric pressure glow discharges (APGD). The
pulsed volume discharge and classical steady-state
glow discharge are similar to one another, where the
both methods have cathode and anode fall, faraday
dark space and a positive column. At the same time
the volume discharge significantly differs from the clas-
sical glow discharge in a number of ways. Firstly, the
gas for the volume discharge needs to be pre-ionized,
which can be accomplished with an auxiliary discharge
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such as a DBD, corona or spark discharge. Secondly,
the volume discharge is a non-steady type of discharge.
If the discharge duration is not artificially limited, it
is bound to constrict into a single conducting chan-
nel. Another difference lies in its peak power density
that can exceed 1 MW/cm3 significantly outweighing
similar characteristics of the classical glow discharge.

It would be more appropriate to call this discharge
a high-pressure glow discharge, but the term "volume
discharge" became widely used before their similarities
were established. The adjective "volume" emphasizes
the fact that the characteristics of this discharge are
determined primarily by the process in the discharge
itself and are not related to its interaction with the
chamber walls as in the classical glow discharge.
The volume discharge has wide practical use. It is

this type of discharge that is used for laser pumping
for various technological applications. Furthermore,
it is used to construct plasma-chemical reactors and
also to initiate and support various processes on the
surface of solid bodies [14].
This research introduces a system for low-

temperature plasma generation through the use of
pulsed volume discharge triggered by corona discharge
at atmospheric pressure. The paper lists character-
istics of the discharge and for the first time demon-
strates the possibility to is it for surface biological
decontamination.

2. Experimental setup and methods
To study the parameters of pulsed volume discharge
and its use for biological decontamination of surfaces
an equipment system consisting of DOPG-0.7 high-
voltage generator (a detailed description is given in
[15]) was used in the research.
The generator is capable of forming damping har-

monic oscillations pulses with a frequency of up to
1 kHz. But the rate of high-frequency oscillations
themselves can reach megahertz units. The maximum
energy of the output pulse at optimal resistive load
at frequency of 1 MHz reached 0.4 J. The advantage
of such generator is its capability to repeatedly gener-
ate plasma between the discharge gaps. This results
in the increase of plasma interaction time with the
treated object in full possession of pulse mode advan-
tages. It also increases the actual repetition rate of
discharge pulses that will be equal to the multipli-
cation of generator operation rate by the number of
plasma generation moments per one pulse.

The discharge set to "multi-needle high-voltage elec-
trode to grounded plate" was ignited between the
gaps of 75 mm to 125 mm. The electric measurement
facilities included a P6015A high-voltage probe and
current shunts. The shunts had a proper signal rise
time of no more than 1 ns. A TDS 684B oscilloscope
with a 1 GHz bandwidth and Barth Electronics wide
band signal attenuators were used for recording out-
put pulses. Photo images were made with the Pentax

Figure 1. Incomplete single-electrode streamer corona
discharge.

K-X camera. Optical characteristics were studied us-
ing a photomultiplier with UV-VIS spectrum region
sensitivity (220-600 nm). Spectral measurements of
the discharge were conducted using a device manufac-
tured by "MORS" LLC (Russia, Troitsk). Spectra were
recorded using a photoreceiver containing a diffraction
spectrograph and multi-channel optical recording sys-
tem, representing a joint of an image converter tube
and a linear charge-coupled device. Two photoreciev-
ers were used to record spectra in wavelength ranges
of 200-400 nm and 400-900 nm. Error of wavelength
measurement for the first range was +/−0.2 nm, for
the second - +/−0.5 nm.

As an object of exposure the bacteria E.coli strain
M17 were used during the operation. The nutrient
medium in the Petri dish was a beef-extract agar.

3. Experimental results
3.1. Electrical properties of pulsed volume

discharge
In the process atmospheric pressure gas discharge was
ignited in two different modes. The first mode was
the incomplete single-electrode corona discharge that
exists in the area of high-voltage electrode. It ignites
when there are large inter-electrode distances and field
strength is weak enough so as not to perforate the gap.
This discharge exists mainly in the streamer mode
(Figure 1).

A photo depicting generator operating in the fre-
quency mode was made with the 1 s long exposure and
it is possible to see thin streamers, originating from
bright spots at the external surface of the toroidal
electrode made of aluminum. Supposedly these spots
are the emission centers providing there is negative
polarity at the high-voltage electrode. At such a po-
larity the high-voltage electrode is considered to be a
cathode emitting electrons under the influence of the
photoemission, autoemission and ion bombardment.
In [13] it is noted that in some cases the aluminum can
possess an abnormally high photo- and ion-electron
emission. It is explained by the presence of films and

141



Ponomarev A. V., Spyrina A. V., Mamontov Y. I. et al. Plasma Physics and Technology

Figure 2. Development of the corona discharge from
the side of high-voltage electrode (a-c); emergence of
pulsed volume discharge (d).

Figure 3. Development of a back corona discharge
from the low-voltage electrode side (a-d).

micro-particles on its surface. Thus several local emit-
ting centers can create current of single to tens of
amperes. The size of the spots is around 1 mm and
less which exceeds the size of cathode spots in arc
mode at indicated rate of current by 2 times. With
each pulse the spots appear in a new place with some
almost constant offset relative to the previous location.
This leads to the appearance of bright intermittent
stripes on the surface of the high-voltage electrode on
the photo.

When reducing the inter-electrode distance the dis-
charge proceeds to the second mode. Field strength in
the inter-electrode gap becomes sufficient to ignite the
pulsed volume discharge. Here corona discharge pro-
vides the necessary initial concentration of electrons
for its ignition. Corona discharge also has the UV ra-
diation facilitating the emergence of such a discharge
type.

Figure 2 shows the photos of the volume discharge
development from the high-voltage electrode side per
one pulse.

The photos depict the moment of a single-electrode
corona discharge emergence along with the develop-
ment of incomplete streamers (Figure 2-a). Then the
discharge develops towards the low-voltage electrode
(Figure 2-b,c). Figure 2-d demonstrates that the gap
is completely filled with discharge plasma that leads
to the emergence of a volume discharge. The pres-
ence of a current in the low-voltage electrode circuit
testifies to the emergence of such a discharge. In ear-
lier research we supposed that we were dealing with
the complete double-electrode corona discharge of the
flash type. In [16] it was noted that positive charging
of the corona electrode could lead to the formation of
large current impulses with a magnitude significantly
higher than the steady-state positive corona current.
Such a regime, they called it a flashing corona dis-
charge, and these current impulses are associated with
the formation and development of positive streamers.
Although in our case, judging by the photos of the dis-
charge development, it is not the streamer mode, but
diffusive mode that the discharge develops in. This
allows us to label it the pulsed volume discharge.

Since the output voltage of a generator is a variable,
the pulsed volume discharge initiation can occur either
from the high-voltage electrode side, in the case of a
negative corona, or from the grounded electrode in
back corona [17] mode.

Figure 3 shows the photos of discharge development
stages from the low-voltage electrode side. There is
a possibility for the back corona to emerge on oxide
or organic films, or on the inclusions into the elec-
trode material. The plasma front starts its movement
towards the high-voltage electrode and the gap is com-
pletely filled with plasma. In this case, the low-voltage
electrode functions as a cathode.
As opposed to the high-voltage electrode, the sur-

face of the low-voltage electrode does not have sharp
points, thus amplifying the field strength locally.
Therefore, practically no streamers are formed from
it unlike with the corona development from the high-
voltage electrode side. The source of electrons is the
electrode’s surface, exposed to discharge photons and
ions. Ions accelerate in a length insignificant to cath-
ode fall, the length of which [18] is estimated at 100
µ m in such conditions. But it should be noted that
in the area of high currents, reaching 10 A in pulse,
the discharge near the surface of the low-voltage elec-
trode is heterogeneous. Along with the homogeneous
illumination brighter local spots appear on the surface
that also has a size of about 1 mm and less. Upon
close examination of the discharge photos it was noted
that given spots are the source of plasma torchers,
possessing higher plasma density than its remaining
volume. Making a comparison to the abnormal glow
discharge will explain the emergence of local areas
of cathode surface with more intensive emission. By
increasing the current in the glow discharge the area of
cathode surface increases [19]. By further increasing
the current and it is no longer possible to increase
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Figure 4. Schematic of the experimental setup.

the emission surface area, the glow discharge proceeds
to the abnormal stage. At this the emission current
density increases and the discharge current continues
to grow.

This way at discharge currents reaching 10 A during
the experiment, homogeneous photo- and ion-electron
emission is not enough, which leads to the emergence
of local areas with increased emission.

In [20] it is indicated that anode and cathode spots
in homogeneous glow discharges of homogeneous gas
discharges have a non-arc nature. Being the center
of ionization, they provide the ion and electron flow
to maintain the gas discharge. When reducing the
amplitude of the current the number of spots gradually
decreases up to their full disappearance. In this case,
the discharge illumination near the electrodes becomes
homogeneous.

A schematic of the experimental setup is shown on
Figure 4.
Waveforms of the output voltage (a), the signal

from the photomultiplier (b) and the collector current
(c) per a single pulse at the oscillation frequency of
680 kHz are shown on Figure 5. The voltage of the
high-voltage electrode was measured with a capaci-
tance divider. The light emission from the discharges
was detected by a photomultiplier. The collector cur-
rent (flat electrode at ground potential) was measured
with a resistive shunt. Unfortunately, the authors have
to acknowledge the low accuracy of the measurement
of the amplitude of the first RF oscillation periods
since the plasma-filled high-voltage gap distorts the
readings of the capacitance divider.
The waveform of a collector current indicates that

the volume discharge in a gap exists only during the
first high-voltage half-cycles. Subsequent pulses of
lower amplitude are not capable of igniting the volume
discharge due to insufficient field strength in a gap.
But the light emission continues to be present in the
absence of collector current signal.

It is evidence of the fact that at lower voltages the
discharge proceeds to the stage of incomplete corona
discharge in the area of the high-voltage electrode.

The current asymmetry of a collector is a result of
the applied asymmetric form of the electrode configu-

Figure 5. Waveforms of generator operation: output
voltage (a), photomultiplier output signal (b), grounded
plate (collector) current (c).

ration: multi-needle high-voltage electrode-grounded
plate. Positive polarity current predominates, where
a flat-grounded collector acts as a cathode. In this
case only the volume discharge ignites effectively. It
is probably connected with the fact that when a flat
polished low-voltage electrode acts as a cathode, the
voltage at the gap is higher and the field strength is
enough to ignite the volume discharge. When using a
symmetrical configuration of electrodes the current of
volume discharge also becomes symmetrical.

3.2. Emission spectrum of the pulsed volume
discharge

The optical emission spectrum (OES) allows the anal-
ysis of the radiation emitted by the atoms, ions,
molecules and radicals. In [21] in the emission spec-
trum of the air surface discharge plasma the emis-
sion of N2 lines dominate in the wavelength range of
250-700 nm. Lines O and OH can also be observed.
According to the authors it is reactive O and OH that
play a significant role in the activation.
The authors [22] detected the emission spectra of

DC discharges in the ultraviolet, visible and near
infrared regions. They observed the spectrum of the
second positive nitrogen system in the UV region,
which was accompanied by the first positive system
in the visible region. This points to the production of
A3 ∑+

u states of N2, the long-living meta-stable states
that are important as the energy reservoir, supporting
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Figure 6. Emission spectrum of the pulsed volume
discharge: (a) - wavelength range of 200-400 nm, (b)
- 400-900 nm.

chemical reactions running in plasma. Besides that,
spectra show the emission of OH and NO radicals,
the emission of the first negative system of O+

2 and
atomic lines N, O, H. Due to their high reactivity and
bactericidal ability these emissions play a key role
during the biochemical disinfection, surface and water
sterilization. In the [23] research, when studying the
optical emission of the air plasma in the wavelength
range of 250-800 nm, the dominant lines of N2 emission
as well as spectrum and O-atom emission were also
detected. It is known that O atoms are very active
and play a very important role in the applications of
plasma in medicine. In [24]the authors studied the
spectral range of 180-900 nm emission of the dielectric
barrier discharge of atmospheric cold plasma. Strong
lines of N2 and N+

2 emissions were detected, but there

Figure 7. Petri dishes with contaminated agar: un-
treated control (a); treated by pulsed volume discharge
for 5, 10, 15 s respectively (b-d).

were not detected any main peaks corresponding to
active oxygen.
Figure 6 demonstrates the emission spectra of

pulsed volume discharge within ranges of 200-400 nm
(a) and 400-900 nm (b). As seen on the Figure 6 (a),
emission lines of O+

2 , NO, N2 and N+
2 molecules are

present in the ultraviolet spectrum region, whereas the
visible region is presented by the emission spectrum
of the first positive nitrogen system (Figure 6(b)).

Thus our case observes not quite a typical spectrum
of air plasma that was noted by the authors in re-
searches [21–24]within the ultraviolet region. Namely
the second positive nitrogen system is virtually ab-
sent and the most present lines are the lines of O+

2
emission. There is no data on the bactericidal activity
of the positive oxygen ion, but it is obvious that it is
a strong oxidant with the activation energy of about
11 eV.

The positive aspect of the given technology is the
presence of NO nitrogen oxide in the discharge. In
many researches, including [3, 25], this compound is
named as the main healing factor in plasma medicine.

3.3. Bactericidal properties of pulsed volume
discharge

The research includes a study on the bactericide prop-
erties of the pulsed volume discharge by using it to
treat the surface of contaminated agar in Petri dishes
of 90 mm in diameter. In the experiment, Petri dishes
were mounted on a grounded mobile carriage, with
which the agar had electrical contact.

E-coli were selected as the object of exposure which
is the most commonly used bacteria to evaluate the
effectiveness of the decontamination process in anal-
ogous experiments. One of the exposure results is
shown on Figure 7. In the upper left corner a photo
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Figure 8. Survival curve of e-coli exposed to the pulsed
volume discharge.

of the untreated control sample is shown. Three sub-
sequent photos show the treatment results with ex-
posures of 5, 10 and 15 s. On Figure 8 these results
are shown as a dependency curve of CFU number per
one cm2 of the treatment time.

Repetition rate of output pulses used in this exper-
iment was 250 Hz at a frequency of RF oscillations
which equalled to 0.7 MHz. The output power of the
generator in this experiment was less than 100 W.
The distance between the rounded multi-needle high-
voltage electrode with a diameter of 105 mm and
the surface of the agar amounted to 100 mm. After
discharge exposure the dishes were placed in a 37oC
incubator for about 18 h.

4. Discussion and conclusion
The main question for any technology of biological
decontamination using low temperature plasma is
which of the plasma’s exposure factors are destructive
to living organisms? Is it the effect of the electric field,
UV radiation, ROS and nitrogen compounds or is it
the influence of charged particles? Perhaps it is just
the burning effect of a plasma streamer or a filament
with high power density.

Unfortunately our study cannot give an unambigu-
ous answer to this question. Experiments have demon-
strated that bacteria die only when the surface of
contaminated agar represented the electrode of a dis-
charge system. When a Petri dish was placed in the
middle of the discharge gap under the floating po-
tential, the decontamination effect was insignificant.
Perhaps it is connected with the absence of atomic
oxygen in the positive column of the discharge. Ap-
parently the near-electrode processes play the main
role in the decontamination procedure.

The significance of the near-electrode processes role
is shown in [26], where it is said that cathode fall
has the most interesting impact on the surface. For
example, many short-living active species are not able
to reach the treated surface from a discharge. Only
some long-lived radicals such as ozone can reach the
surface. Only active species produced in the cathode
fall effectively reach the surface because the cathode
fall is very close to the surface.

Spots-segments with increased emission (that were
also detected on the agar surface during its treatment)
probably play an important role in the decontamina-
tion process. Based on the light intensity they have
significantly higher VIS-UV radiation intensity com-
pared to remaining treated surface. In addition, the
segments have high density of ions bombarding the
surface. Also the local thermal effect on the bacteria
in these spots cannot be excluded.
It may be noted that the examined discharge con-

figuration of high-voltage gap of around 100 mm is
not effective for decontamination of flat surfaces. The
biggest part of pulse energy is spent in a discharge
column and just a small part of it dissipated in the
near-surface layer. In that respect DBD-based sys-
tems at inter-electrode gaps measuring in millimeters
with the same power level in the discharge are more ef-
fective. But its disadvantage of short-range action has
already been mentioned above. The benefits of our
biological decontamination system can be displayed
during the treatment of large non-flat surfaces.
The research paper demonstrates only the poten-

tial to use the pulsed volume discharge for biological
decontamination of a surface. To address other issues
in every individual case it is necessary to select the
most effective discharge gap configuration and alight
power supply parameters according to it.
Nevertheless, the authors believe that pulsed vol-

ume discharge has great potential for decontamination
purposes since it is a diffuse discharge with high peak
power density, which, as already has been mentioned,
can exceed 1 MW/cm3. It will allow creating on its
basis powerful gas discharge systems for biological de-
contamination of surfaces. Furthermore, the absence
of streamer and filamentary modes in the discharge
will allow uniformly treating objects with a large sur-
face area.
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