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ABSTRACT Re-pulsing glow discharges in gaps up to 2 cm were experimentally investigated in atmospheric
pressure air. Discharge was ignited as a sequence of spark and glow discharge and sustained in a glow regime
after ignition. It was confirmed that the discharge with defined parameters could be ignited without any
adjustments after initiation of the discharge. The discharges were characterized by a high-speed camera,
current and voltage measurements, and optical emission spectrometry (OES). Typical structure of the
glow discharge consisting of cathode glow, dark faraday space, positive column, and anode glow was
observed. Transition from subnormal to normal glow mode was confirmed by analysis of current and voltage
waveforms. It was found by OES that the type of discharge strongly affects the ratio of produced reactive
species. It was confirmed that with change of discharge from subnormal to normal glow regime, rotational
temperature could vary across a wide range (from 1650 to 3500 K). The developed device allows glow
discharge to be ignited with defined parameters, which makes the control of the gas temperature and ratio
of reactive species possible by presetting the discharge parameters. Additionally, it was demonstrated that
corona discharge or repeating spark discharges could also be generated using the developed device without
additional manipulations of the experimental setup by adjusting the discharge parameters.

INDEX TERMS Glow discharge, gliding arc, OES, air plasma.

I. INTRODUCTION

Recently, atmospheric pressure plasmas are of great interest,
owing to simple operation (not employing vacuum system),
reduced processing cost, and the possibility of the applica-
tion of plasma to samples which are not compatible with
low-pressure conditions [1]-[5]. On the other hand, the fast
development of non-equilibrium (also called non-thermal
or cold) plasmas in the last two decades has allowed the
application of plasma technologies in medicine and agricul-
ture [3], [6]-[10]. In this case, the non-equilibrium nature
of the plasma (temperature of electrons is much higher than
temperature of gas) allows the creation of reactive species
without excessive heat of the gas and treatment of targets
which are sensitive to overheating (polymers, plants, tissues,
etc.) [3], [7], [11]. A large number of possible applications
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results in the requirement of atmospheric pressure plasmas
with various parameters, depending on applications.

One of the most well-studied non-equilibrium discharges
is glow discharge [12]-[17]. However, it appears that main-
taining low gas temperature of atmospheric pressure glow
discharge is not an easy task [18]. The gas temperature of
glow discharge is defined by the rate of energy transfer from
electrons accelerated by electric field to the neutral gas and
cooling of gas (molecules could leave the discharge area or
transfer heat to electrodes). In the case of operation at low
pressure, cooling could overcome heating, resulting in low
temperature of the gas; however, cooling efficiency in the
case of atmospheric pressure plasmas is decreased owing to
the decrease of cooling surface at the same power compared
to the low pressure [18]. Additionally, in the case of molec-
ular gases, transfer of energy from electrons to molecules
could be more effective, owing to additional energy
modes of vibrational and rotational energy [13]-[15], [18].
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Typically, electron temperature is comparable to the
vibrational temperature of the molecule, resulting in effective
electron energy transfer to the vibrational modes, with follow-
ing transfer of energy from vibrational to rotational modes
through relaxation [18]. As a result, the heating of molec-
ular gases by atmospheric pressure plasmas is much higher
compared to atomic gases. Higher temperatures of molecular
gases result in significant limitations of use in biomedical,
agricultural, and surface modification applications.

The use of noble gases (Ar or He), together with the flow
of gas through the discharge area, allows to achieve low
temperatures, which is a common approach in medicine and
agriculture [3], [6]-[8]. Non-equilibrium atmospheric pres-
sure plasma jets (NE APPJs) employing Ar or He as a process
gas could be operated at temperatures below 37 °C, which
is safe for the human body [19]-[21]. In this case, dielectric
barrier discharge (DBD) plasma could be directly exposed to
the target (wound, plant, seed, etc.), resulting in the appli-
cation of electric field, UV radiation, and reactive species
produced by plasma. It was reported that reactive oxygen and
nitrogen species (RONS) are important for the positive effects
observed after plasma treatment (bactericidal effect, blood
vessel relaxation, wound healing, selective killing of cancer
cells, etc.) [22], [22]-[26].

However, the use of noble gases increases the cost of
the treatment. Moreover, Ar or He DBD plasmas are not
effective for the production of RONS, because the RONS
are mostly generated by dissociation of molecules from air
(N2, O3, and H,0), which enter the discharge area from the
surrounding gas [21], [27], [28]. The most cost-effective way
to produce RONS is via the use of air as a process gas,
owing to presence of the oxygen and nitrogen required for
generation of RONS and low cost; however, the use of air
typically results in elevated temperatures of the gas (above
2000 K), making application in medicine, agriculture, and
various sorts of surface treatments (e.g., treatment of poly-
mers) impossible [18], [27], [29].

A common approach to overcome the problem of excessive
heat of molecular gases in atmospheric pressure plasmas is
the treatment of gas flow and exposure of effluent to the
target, avoiding contact with plasma. If gas flow and distance
from the target are well tuned, it is possible to achieve low
temperature of the effluent (even below 37 °C) and high con-
centration of reactive species delivered to the target, which
allows low temperature processing [27], [30]-[32].

An additional problem is the scaling of the discharge for the
treatment of a large amount of gas. Typically, for initiation
of the discharge in air, about 10 kV per centimeter of the
discharge gap length is required, which results in a bulky
power supply in the case of gaps of a few centimeters. Com-
monly used approach to scale up the glow discharge in air is
initiation of the discharge between electrodes with a smaller
gap and the following extension of the gap length to desired
value [12], [18]. Another approach is the use of an additional
high frequency discharge system (breakdown voltage is lower
in the case of high frequency systems) or hollow cathode
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discharge for initiation of the glow discharge [33]. In the
case of the extension of the gap, the main disadvantage is
the necessity of the use of a manipulator, when in the case
of the use of high frequency discharge pre-ignition, it is
necessary to use an additional power supply, which makes
discharge setup more complex and costly.

A possible approach to increase the gap without a manip-
ulator is the use of electrodes with extending length of gap,
as shown in Figure 1.

Planar Coaxial

Low temperature
area

Moderate
temperature area
High temperature Gas
area flow

@ -

Gas flow

High voltage power supply ——

FIGURE 1. Schematic of planar gliding glow discharge (left) and rotating
coaxial gliding glow discharge (right).

A planar knife-shaped electrode structure (Figure 1, left)
allows to initiate the discharge at the place with a smaller
discharge gap (lower area, typically gap length below 1 cm),
and to extend discharge by the airflow to the region with a
longer gap (upper area, gap length up to 10 cm depending
on used power supply) [34], [35]. In this case, discharge
will be initiated at a high temperature (above 3000 K) in
a normal glow, abnormal glow, or arc mode, depending on
input power and discharge conditions, and transferred to
strongly non-equilibrium state (subnormal glow discharge)
with extension of the gap between the electrodes. The exten-
sion of the gap results in a decrease of the discharge cur-
rent with an increase of voltage and reduction of the gas
temperature, resulting in moderate (2000-3000 K) or low
(below 2000 K) temperature of the gas in the upper part of
the discharge (Figure 1, left). When discharge is extended
to the maximal length that can be sustained by the power
supply, the discharge will be terminated and restarted at the
area with the shortest discharge gap. In the literature, this type
of discharge is commonly called ‘“gliding arc™ discharge.
The term “gliding arc” was suggested based on the visual
appearance of the discharge; however, the study of current
and voltage characteristics, the structure of the discharge, and
optical emission spectra suggests that the discharge burns in
a glow regime rather than arc [36]-[38]. Therefore, in the
present work, the authors use the term “‘gliding glow™ dis-
charge instead of ““gliding arc.”

Another approach to treat large volumes of gas is the use
of coaxial electrodes, as shown in Figure 1 (right). In this
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FIGURE 2. Experimental setup.

case, discharge is also initiated at the place with the shortest
discharge gap and extended by the flow of gas. Additionally,
rotation of the discharge could be achieved by the use of
tangential gas flow, ensuring the effective treatment of large
volumes of gases [29], [39], [40].

Gliding glow discharges are widely used in gas conversion,
medicine, agriculture, and other studies; however, gliding
glow discharge has a number of significant disadvantages.
Firstly, in most applications, some range of plasma param-
eters is required for effective treatment, and typically, it is in
subnormal glow regime (low temperature area on Figure 1),
when another part of the plasma in a higher temperature
region is not required or vice versa [34]. The changing of
plasma parameters across a wide range when the desired point
of interest is a small part of it results in ineffective electric
power use. Additionally, the presence of plasma with unde-
sired parameters could result in the production of unwanted
reactive species, which could limit the application. Another
drawback is the constantly changing plasma impedance,
which results in problems with load matching and large val-
ues of reflected power. On the other hand, the constant change
of current and voltage and the restrike of the discharge results
in the presence of significant electromagnetic (EMI) noise
during operation.

The perfect solution will be the initiation of the discharge
in the larger gaps at desired parameters, avoiding elongation
of the discharge. In this work, we demonstrate generation of
the glow discharge at defined conditions in a centimeter-order
gap (up to 2 cm) using a single power supply, which does not
require any adjustments after the start of the discharge.

Il. EXPERIMENTAL SETUP

In the present work, re-pulsing glow discharge was generated
between two copper rod electrodes (99.5% Cu, CU-112544,
Nilaco, Japan) by supplying high voltage to the upper
electrode (anode) when the lower electrode (cathode) was
electrically grounded. High voltage was supplied using a
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Cathode

custom power supply consisting of a push—pull generator
powered by a regulated direct current power supply (DC
PSU), a high voltage transformer, a diode rectifier, and a
reservoir capacitor. A schematic of the experimental setup is
presented in Figure 2.

A self-oscillating push—pull generator, which is a modified
version of the Royer converter, was used for the generation
of a sinusoidal signal, which was fed to the primary of the
transformer [41], [42]. The push—pull generator provides high
efficiency (up to 90%) and features small parts count, which
are essential for the development of a low-cost power supply.
Power consumed by the push—pull generator is varied by
the current and voltage set on the DC PSU. High voltage
sinusoidal signal on the secondary winding of the transformer
is rectified by a high voltage diode rectifier and supplied to the
reservoir capacitor, resulting in the charging of the capacitor
during positive half cycles and in the increasing of the output
voltage by up to 25 kV. One significant drawback of the push—
pull generator is the frequency shift caused by variation of the
load (plasma impedance); however, despite frequency shift,
the efficiency remains high and the frequency shift does not
have a significant effect on the plasma parameters.

In the present work, the gap between the electrodes was
adjusted using a manipulator prior to the generation of the
discharge, and was kept the same during diagnostics of the
discharge. To avoid disturbance of the discharge caused by
external airflow, the entire discharge setup was placed in an
airtight chamber.

Optical emission spectra of the discharge were recorded
using a broad range optical emission spectroscope
(HR4000CG-UV-NIR, Ocean optics) and a high-resolution
spectroscope (Shamrock 500 monochromator with iStar
DH734-18U-03 ICCD camera, Andor; optical resolution
of 0.045 or 0.15 nm depending on used grating) with a lens
(PF10545MF-UYV, Nikon). The wavelength of the spectro-
scopes was accurately adjusted using a Hg reference lamp.
Images of the plasma were recorded using a conventional
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camera (D5100, Nikon) and a high-speed camera (Phantom
v1610, Vision Research).

Ill. RESULTS AND DISCUSSION

A. GENERATION OF THE DISCHARGE

The power supply used in the present work allows to generate
corona discharge, repeating spark discharges with corona
discharge and re-pulsing glow-like discharge between two
metal electrodes with spacing up to 2 cm. The discharge
is generated in a same way as was reported elsewhere for
the pin-to-liquid electrode setup, with sub-centimeter spacing
between the electrode and surface of the liquid [25], [38]. The
type of the discharge depends on the parameters set on the
DC PSU.

In the case that there is no current passing through the load
of the generator or the value of current is small (a few ©A),
it works as a DC high voltage power supply. To demonstrate
performance of developed generator at low current mode,
current supplied from DC PSU to the push—pull generator
in the primary winding was limited by 1 A and voltage set
on DC PSU was varied in a range from 5 to 25 V. In that
case the reservoir capacitor is charged by rectified sunusoidal
signal from the push—pull generator to the voltage defined
by the turn ratio of the transformer and the voltage set on
the DC PSU. After reaching maximum value, the voltage
remains at the same level; however, some AC ripple with
an amplitude dependent on load current could be observed
in the voltage, because a low pass filter was not employed
in the present work. If the voltage produced by the gener-
ator is sufficient, then positive corona could be observed.
An example of current and voltage waveforms of corona
discharge generated using current limited by 1 A and voltage
set on DC PSU of about 23 V is presented in the Figure 3a.
Corona discharge intensity and volume depends on voltage,
and could change from a barely visible point (at voltage
between the electrodes of about 15 kV) to a diffuse mode (at
voltage between the electrodes of about 22 kV) that fills the
entire volume between the electrodes (Figure 3b) similarly to
diffuse corona discharge reported elsewhere [43].
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FIGURE 3. Current and voltage waveforms (a) and photo of corona
discharge generated between two Cu rod electrodes with 2 cm spacing.

With further increase of voltage set on DC PSU (using
the same limitation of current by 1 A) corona discharge
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will transfer to the transient spark discharge if the voltage
between the electrodes is sufficient, in the same way as it
was reported elsewhere [44]-[46]. Current and voltage wave-
forms of repeating spark discharges generated using current
limited by 1 A and voltage set on DC PSU of about 25 V are
presented in Figure 4a.
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FIGURE 4. Current and voltage waveforms of repeating spark discharges

(a) and photo of spark discharge (b) generated between two Cu rod
electrodes with 2 cm spacing.

(=1

If the spark discharge is initiated, then the high conduc-
tivity of the spark plasma leads to a fast increase of current
and a rapid drop in the voltage on the reservoir capacitor due
to loss of charge. After termination of the spark discharge,
the voltage on the capacitor starts to increase because of the
current supplied from the transformer during positive half
cycles of rectified sinusoidal signal. After the increase of
voltage to the threshold value, firstly, corona discharge will
appear, and at the moment when the voltage on the capacitor
reaches breakdown voltage, the corona discharge will transfer
to the spark. Both the corona discharge and the spark dis-
charge are visible in the photo (Figure 4b), owing to the long
exposure time of the camera. In this regime, repeating spark
discharges could be observed. Breakdown voltage depends on
the gap between the electrodes and gas filling the discharge
gap. In the present work, the discharge generated in ambient
air with a gap between the electrodes of 2 cm resulted in a
breakdown voltage of about 22.5 kV. The frequency of the
spark discharges could be controlled by the current set on the
DC PSU. An increase of current supplied to the push—pull
generator will result in faster charge of the reservoir capacitor
and faster reaching of the breakdown voltage, leading to an
increase in the frequency of spark discharges.

However, if the current supplied to the primary winding of
the transformer is high enough (above 2.5 A for the present
setup with 2 cm discharge gap) to provide current in the order
of a few mA on the secondary winding, some continious dis-
charge could be generated after the spark. Current and voltage
waveforms and photos of such a discharge with variation of
the current and voltage supplied to the push—pull generator
are presented in Figure 5: current and voltage waveforms and
photos of the re-pulsing discharge generated at a DC current
of 3 A and a voltage of 8.5 V (a,b); current of 3.9 A and
voltage of 8.5 V (c,d); current of 5 A and voltage of 11.5V
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FIGURE 5. Current and voltage waveforms and pictures of re-pulsing
discharges generated between two Cu rod electrodes with 2 cm spacing

at currents supplied by DC PSU of 3 A (a,b), 3.9 A (c,d), 5 A (ef), and
5.5 A (h,g), respectively.

(e,f); and current of 5.5 A and voltage of 15 V (g,h) supplied
to the push—pull generator by the DC PSU.

It could be observed that continious discharge actually
re-pulses with pulsation rate related to the frequency of oscil-
lation produced by the push—pull generator. The current and
voltage waveforms of each pulse are complex and depend on
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the conditions. The observed pulsation occurs during cyclic
variation of charging and discharging of the reservoir capac-
itor during half cycles of rectified sinusoidal signal. Contin-
ious changes in charge accumulated in the reservoir capacitor
and impedance of plasma, together with the ripple caused
by switching of the push—pull generator, result in complex
shapes of each discharge pulse (Figure 1S, supplementary
data).

When plasma is stabilized, re-pulsing happens repro-
ducibly if there are no external factors (e.g., external airflow)
that can interfere with plasma. Depending on input power
supplied to the push—pull generator, the current and voltage
waveforms change.

With an increase of power, the current of the discharge
increases and the voltage decreases (Figure Sa,c.e,g), and
intensity of the optical emission and volume of the plasma
also increase with an increase of power (Figure 5b,d,f,h).
Despite changes in the shape of the current and voltage
waveforms, it could be noted that for all presented conditions,
plasma discharge pulse is generated when the voltage is above
some threshold value and discharge is terminated when the
voltage is below the thresold.

B. RELATION OF CURRENT AND VOLTAGE

DURING THE DISCHARGE

It was observed in Figure 5 that with an increase of the
discharge current, the voltage supplied to the electrodes is
decreasing. Observed feature is typical for the transition from
subnormal to normal glow discharge (Figure 2S, supplemen-
tary data). In the case of DC glow discharge current and
Voltage are constant; however, in the present work current
and voltage waveforms of re-pulsing glow-like discharge are
complex and maximal values of current and voltage diring
the pulse of the discharge are not clearly representing fea-
ture of the discharge. Therefore, average values of current
and voltage during large number of pulses were analyzed to
investigate relation of current and voltage.

Average values of voltage as a function of the average
discharge current for the discharges generated in a wide range
of power supplied to the push-pull generator and gaps from
0.5 cm to 2 cm are summarized in the Figure 6.

Points on the curve for discharge gap of 2 cm on the
Figure 6 when values of current are 0.74, 1.24, 2.98 and
16.9 mA are corresponding to conditions represented on
the Figure 5(a), Figure 5(c), Figure 5(e) and Figure 5(g)
respectively.

For the 2 cm gap between the electrodes average voltage is
dropping rapidly from about 4300 V to 2400 V with increase
of average current from 0.74 to 2.98 mA, when further
increase of current to 8 mA results in decrease of voltage
from 2400 V to only 2100 V. Further increase of current does
not result in such a drop of voltage as it was observed in the
case of average current below 3 mA. It could be concluded
that re-pulsing discharge is behaving like subnormal glow
discharge in the case of average currents below 3 mA, after
that having some transition from subnormal to normal glow
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FIGURE 6. Average voltage applied to the electrodes as a function of the
average discharge current with varied length of the discharge gap.

discharge state (hereafter “transitional glow’’) at currents
between 3 and 8 mA and transfers to a normal glow regime
at higher currents. Discharge at the average current of about
45 mA was maximal achiavable by the generator used in the
present work.

In the case of smaller discharge gaps discharge behavior is
the same. Average voltage drops rapidly with increase of aver-
age current of up to about 3 mA, and with a further increase
of current up to 10 mA, there is some transitional area with
moderate voltage drop, and voltage starts to decrease at a
slower rate and becomes constant (which is clearly observed
on the curve for a 0.5 cm gap), indicating that the discharge is
transferring from a subnormal to a normal glow-like regime.
Only one difference is observed with a decrease of the gap
length between the electrodes, which is the decrease of aver-
age voltage for the similar values of average current, which
is related to a decrease of the threshold voltage for initiation
of the discharge.

C. OVERVIEW OPTICAL EMISSION SPECTRA

Another characteristic important for understanding the type
of discharge is the optical emission spectra. Emission spec-
tra of the discharge in a wide range of wavelength was
recorded using the Ocean Optics HR4000 optical emission
spectroscope with quartz optic fiber. Optic fiber was placed
at a distance of 3 cm from the discharge (so as not to
interfere with the discharge) in the middle of the discharge
gap. The recorded optical emission spectra for subnormal
glow-like discharge (1.24 mA), transitional glow discharge
(2.94 mA), and normal glow-like discharge (16.9 mA) are
depicted in Figure 7.

The dominant emission lines observed in the spectra are
OH emission lines at 307 and 309 nm, N, second positive
emission bands at 337, 358, and 382 nm, and NO y bands
in the wavelength range of 220-290 nm. Despite the strong
emission of the OH originated from the dissociation of water
molecules presented in the air, emission lines of hydrogen
(486 nm H, and 656 nm Hg) were not observed in the
spectra.
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FIGURE 7. Optical emission spectra of the discharges generated in 2 cm
gap with varied discharge current.

The authors do not have a clear explanation for the broad
continious emission observed in the region between 450 and
800 nm for discharges with currents of 2.94 and 16.9 mA.
Considering that this continuum emission was not observed
in the case of 1.24 mA discharge, it could be concluded that
it comes from the white area of the plasma (Figure 4fh),
which does not appear in the case of low current (Figure 4b,d).
Taking into account the higher power of the discharge, white
continuum emission could be attributed to the overlapping of
abundant energy levels for the diatomic molecule (N> (B-A))
and black body radiation [16], [47], [48].

The other difference which is observed with variation of the
discharge current is the ratio of OH and N; emission intensity.
An increase of current results in a significant increase of OH
emission intensity when N emission intensity decreases.

All other emission lines (except the peak for Cu at 593 nm
observed in the case of current of 16.9 mA) remained in a
similar ratio with change of the discharge current.

The presence of a second positive system of Nj in the
emission spectra and the dependance of the voltage on the
discharge current discussed above suggests that the re-pulsing
discharge observed in the present work burns in a subnormal
or normal glow regime.

D. HIGH-SPEED CAMERA IMAGING

The other indication of the glow regime of the discharge is the
structure of the plasma column. Figure 8 illustrates images
of the discharge obtained with various exposure times of the
camera. No image was recorded from the subnormal glow dis-
charge at 300 and 700 us exposure time (Figure 8a,b, respec-
tively), owing to the low intensity of the optical emission.

It could be observed that, irrespectively of discharge cur-
rent, the structure of the discharge is similar. There are two
bright areas in the area of the electrodes which could be
observed in the plasma, even at a short exposure time, when
the bulk of the plasma is not visible (Figure 8c,f,i). Addi-
tionally, emission on the bottom electrode (cathode) could
be observed in Figure 8¢ when emission from the top elec-
trode (anode) is barely visible, indicating that the intensity of
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FIGURE 8. Images of the plasma at a current of 1.24 mA (a-d), 2.94 mA
(e-h), and 16.9 mA (i-I), recorded with an exposure time of 100 us (a,e,i),
300 us (b.f,j), 700 us (c,g k), and 1900 us (d,h,l).

Cathode

the emission from the cathode area is higher compared to the
anode area.

With an increase of the exposure time, the bulk of the
plasma could be visualized. In all of the cases, some small
dark spaces between cathode emission and the plasma bulk
are clearly visible (Figure 8c,d,g,h,j-1). It could be con-
cluded that the emission consists of a strong cathode emis-
sion, dark space, plasma bulk, and anode emission, which
is the same as the structure of the glow discharge (cath-
ode glow, dark Faraday space, positive column, and anode
glow) [13]-[15], [18], [49].

It could be concluded that re-pulsing discharge has the
structure of the glow discharge, featuring cathode glow,
dark Faraday space, positive column, and anode glow. Con-
sidering the dependency of the voltage on the discharge
current, the presence of a second positive system of Ny,
and the structure of the discharge, it could be stated that
the discharge studied in the present work burns in subnor-
mal or normal glow regime, depending on the discharge
parameters.

In the case of the higher currents (2.94 and 16.9 mA),
firstly, the center of the positive column was visualized
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FIGURE 9. Spatially resolved normalized intensities of OH and N,
prominent emission lines for discharges at currents of 1.24 mA
(a), 2.94 mA (b), and 16.9 mA (c).

(Figure 8g,j) when the white emission surrounding the
plasma core was visualized only at longer exposure times
(Figure 8h,k,l), indicating that the white emission (pos-
sibly responsible for the continuum emission in the
region 450-800 nm) has lower intensity compared to the
plasma core.

E. EFFECT OF THE DISCHARGE PARAMETERS ON THE
INTENSITY OF OH AND N, OPTICAL EMISSION

In the overview spectra the highest differences were observed
for N, and OH emission bands. To analyze the effect of the
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conditions on the OH and N, emission ratio, optical emission
spectra were recorded in a region between 300 and 345 nm
(Figure 3S, Supplementary data) using a high-resolution
spectroscope (optical resolution of 0.15 nm), and the intensity
of the prominent peaks (309 nm for OH and 337 nm for N3)
were compared. The recorded emission intensity was nor-
malized to the emission of Ny in the cathode area. Spatially
resolved normalized intensities of OH and N, prominent
emission lines for the discharges at various currents are pre-
sented in Figure 9.

It could be observed that for all discharge currents, emis-
sion from OH in the cathode area is neglible and most of the
emission comes from the Np. Additionally, in all of the cases,
emission intensity at the cathode area is stronger than that in
the anode area, which correlates well with the observation by
high-speed camera and the type of discharge discussed above.
Intensity of both OH and N; decreases in the center of the gap,
which also correlates with the weaker intensity observed in
the central area by the high-speed camera.

For the discharge in the subnormal glow regime
(Figure 9a), the intensity of the OH is much lower than the
intensity of Nj in the entire discharge gap, indicating a small
amount of OH radicals. Meanwhile, in the case of transitional
glow (Figure 9b), the level of OH emission is higher com-
pared to subnormal glow; moreover, the normalized intensity
of the OH emission is higher than that of N5 in the top area
of the positive column.

From the photo (Figure 5f), it could be noted that the
area of high OH intensity is the area where white emission
around the core plasma could be observed. In the case of
normal glow discharge (Figure 9c), the normalized intensity
of the OH emission is higher compared to the subnormal and
transitional glow regimes; also in the positive column, the
intensity of OH is higher than that of N> in the entire area of
observation. In the case of normal glow discharge, the entire
positive column featured white emission with stronger inten-
sity in the anode area (Figure 5h), which clearly correlates
with the spatially resolved normalized intensity of the OH
emission line (Figure 9c¢).

The increase of OH emission could be explained by an
increase of electron excitation energy with an increase of
the power supplied to the plasma. The excited states of
OH are mostly produced by dissociative excitation of water
molecules (threshold 18.5 eV), when the N, excited state
responsible for emission around 337 nm is produced by direct
excitation with lower energy (threshold 11.18 eV). The pres-
ence of mostly N, emissions in the case of subnormal glow
indicates that the energy of the electrons is not enough for
dissociative excitation of water, when in the transitional glow,
the energy of the electrons in the upper part of the positive
column increases above the threshold of 18.5 eV, and in the
case of normal glow discharge in the entire positive column,
there are enough electrons with energies higher than 18.5 eV
for dissociative excitation.

It could also be concluded that the area with white
emission observed for transitional and normal glow
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discharge features some electrons with relatively high energy
(above 18.5 eV) for the production of a larger amount
of OH.

F. ESTIMATION OF ROTATIONAL TEMPERATURE

Another important parameter for understanding the plasma
discharge process and for possible practical applications is
the temperature of the gas. In the case of non-equilibrium
atmospheric pressure plasma, rotational temperature is close
to translational (gas) temperature due to frequent collisions
among heavy particles [18], [50], [51]; therefore, rotational
temperature will represent the same dependency on the dis-
charge parameters and could be used as an estimate for the
gas temperature.

Estimation of the rotational temperature of N, was done
by comparison of the measured N, emission band to the
simulation. In the present work rotational emission band from
the second positive system of Ny (C3IT,(v’ = 0) —>B31'I‘g
(v’ = 0)) with bandhead at 380.5 nm was used. As discussed
above, gas tempertaure has been assumed equal to rotational
tempertaure of nitrogen in the N, (C(v’=0)) state.

In order to get rotational tempertaure, the mentioned
emission band was calculated using the optical constants
reported by Herzberg [52] and convoluted with the actual
resolution of the used monochromator, in a similar way
as it was reported elsewhere [50], [53], [54]. The spectra
calculation procedure included three steps: the calculation
of the rotational line positions in each of bands, applica-
tion of the line intensity factors (Honl-London factors) and
numerical convolution of the obtained spectrum with the
intrumental function of the monochromator. Spectra were
simulated in the range of rotational temperatures from 300 K
to 5000 K with step of 20 K. The temperature was determined
from the best match (using least square method and manual
matching) of simulated spectra and measured experimental
spectrum.

An example of the measured (optical resolution of
0.045 nm) and simulated spectrum is presented in Figure 4S
(supplementary data). The measurement of spectra suitable
for reliable matching to the simulated spectrum required a
large integration time to reduce noise (owing to low emission
intensity in the area of 380.5 nm). In the case of subnor-
mal discharge at low current (0.74 mA), the discharge was
fluctuating, resulting in distortion of the measured emission
spectrum. In the case of normal glow discharge, long accu-
mulation of the signal was not possible, owing to the heating
and melting of electrodes during accumulation time. There-
fore, rotational temperatures were estimated for subnormal
glow (1.24 mA) and transitional glow (2.94 mA) discharges.
Figure 10 represents the spatially resolved rotational temper-
atures on N; for subnormal and transitional glow discharges.

It could be noted that rotational temperature is lower in the
cathode and anode areas for both subnormal and transitional
glow discharges, which is similar to the results observed in
the case of sub-centimeter DC glow discharges in ambient
air [13].
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FIGURE 10. Spatially resolved rotational temperatures of subnormal and

transitional glow discharges generated between two Cu rod electrodes
with 2 cm spacing.

In the case of subnormal glow discharge, rotational temper-
ature was about 2300 K in the top and bottom of the positive
column, when in the middle of the column, it decreased
to about 2100 K — which is in good agreement with the
image recorded by the high-speed camera (Figure 8d), where
emission in the center of the positive column was weaker
compared to the top and bottom areas.

A similar picture was observed for transitional glow dis-
charge, except in the upper area of the positive column. A plot
of the rotational temperature is in good agreement with a plot
for OH normalized intensity (Figure 9b), which represents
the amount of electrons with energies higer than 18.5 eV.
Additionally, the spatially resolved rotational temperature of
the transitional glow discharge is in good agreement with the
high-speed camera image (Figure 8h), where the intensity of
the emission was stronger in the upper area of the positive
column.

To check the effect of the current on rotational temperature,
glow discharge in 0.5 cm gaps could be used due to the
absence of discharge fluctuation caused by convection flow
and the lower rate of heating of the electrodes. Owing to
the lower power required for generation of normal glow
discharge in 0.5 cm gaps (Figure 6), it was possible to
measure reliable Ny emission spectra in the area of 380 nm
for discharge currents in the range of 0.97 — 31.2 mA, which
covers subnormal, transitional, and normal glow discharge
areas. Figure 11 shows the rotational temperature of N; as a
function of the discharge current for the discharge in 0.5 cm
gaps in the areas of the cathode, plasma bulk (positive col-
umn), and anode.

It could be noted that in 0.5 cm gaps, values of rotational
temperatures of the subnormal discharge in the positive col-
umn are similar to those in the case of 2 cm gap (about
2000 K for 0.5 cm and 2100 K for 2 cm). Moreover, tem-
perature increases in the case of transitional glow discharge
compared to subnormal glow, when temperature in the anode
and cathode regions remains low. In the case of 0.5 cm
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current for the glow discharge generated between two Cu rod electrodes
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gaps, temperature increases rapidly with transfer to normal
glow discharge reaching values of up to 3500 K. Consider-
ing the similar behavior of subnormal and transitional glow
discharges in 0.5 and 2 cm gaps, it could be considered that
in the case of 2 cm gaps, with the increase of discharge
current, rotational temperatures for the normal glow regime
could reach 3500 K and above, owing to the higher power
input.

The observed variation of the rotational temperature in
a wide range (from 1650 to 3500 K), which could be
controlled by setting parameters of the DC PSU, looks
promising for plasma treatment applications in various
fields (gas decomposition, radicals production, surface treat-
ment, etc.) where precise control of the gas temperature is
required.

G. TWO-STEP GENERATION OF RE-PULSING GLOW
DISCHARGE IN 2 cm GAPS

Commonly, glow discharge in molecular gases, such as ambi-
ent air, is ignited in sub-centimeter gaps, followed by exten-
tion of the gap between the electrodes to the desired length or
by using additional generators for ignition of high-frequency
discharge followed by generation of glow discharge. In both
cases, termination of plasma due to some external factor
(e.g., external airflow) leads to problems with reinitiation of
the discharge. If plasma was terminated, it will require to
manipulate electrodes or use an additional plasma genera-
tor for reinitiation of the discharge; therefore, an alternative
approach which does not require additional power supply
or manipulation of the electrodes is desired. The genera-
tor used in the present work looks promising for genera-
tion of re-pulsing glow discharge in centimeter-order gaps
as a sequence of spark discharge followed by re-pulsing
glow discharge, in a similar way as it was reported else-
where [44]-[46], [55]. In the case of 2 cm gaps between
the electrodes, it will require more than 22 kV of voltage
applied to the electrodes for generation of spark discharge
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to initiate re-pulsing glow discharge in the afterglow of the
spark. Voltage on the output of the generator depends on
the voltage set on the DC PSU, which powers the push—pull
generator; therefore, the voltage on the DC PSU should be
set to a value which ensures generation of more than 22 kV
on the secondary winding. For that reason, the voltage on the
DC PSU was limited by 30 V (enough to produce 25 kV on
secondary winding) and the amount of power supplied to the
push—pull generator was controlled by limiting the current
supplied by the DC PSU. By limiting the current, it was
possible to generate all three types of discharges (corona,
repeating spark, re-pulsing glow) discussed in chapter 3.A.
However, in the case of direct application of current sufficient
for sustaining glow discharge (above 3 A DC current supplied
to the push—pull generator), discharge happens as a sequence
of corona, spark, and re-pulsing glow discharge. Current and
voltage waveforms of the discharge generated by turning
on the DC PSU with a current limited by 5 A (which is
sufficient for generation of transitional glow) and voltage
limited by 30 V (sufficient for providing more than the 22 kV
required for breakdown of the discharge gap) are presented
in Figure 12.

25000 200
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20000 F \ —— Current
Spark 4150
ar) ~
3 ’ E
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S 10000 - =
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FIGURE 12. Current and voltage waveforms of re-pulsing glow discharge
generated by the transition from the spark in 2 cm gap.

The DC PSU was turned on at about 80 ms (Figure 12)
and started to charge the capacitor, resulting in an increase of
voltage. When the voltage reached about 22.5 kV, the spark
discharge happened (150 ms, Figure 12) and was followed
immediately by re-pulsing glow. After initiation, glow dis-
charge fluctuated for some time (period from spark discharge
to 600 ms, Figure 12) and stabilized after. In the case of
transitional glow, the time after initiation of the discharge
required for stabilization was about 0.5 s and it reduced with
an increase of the discharge current (0.2-0.3 s for normal
glow). On the other hand, in the case of subnormal glow, sta-
bilization required a few seconds (1-5 s), and at low currents
required several spark discharges prior to the generation of
re-pulsing glow.

An advantage of proposed approach is that glow discharge
could be generated in centimeter-order gaps with defined
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parameters (limiting the current and voltage of the DC PSU
prior to the discharge), using a single generator without
manipulation of electrodes, by just turning on the DC PSU.
Moreover, if discharge is terminated by any external fac-
tor, it will just restart automatically as a sequence of spark
and glow discharge, which looks promising for practical
applications. A compact device which does not require any
pre-ignition or manipulation of electrodes could be used
for energy efficient processing, due to the possibility to
define discharge parameters and gas temperature before the
discharge, which eliminates power losses diring tuning of
plasma parameters before plasma treatment.

H. APPLICABILITY OF RE-PULSING GLOW DISCHARGE

TO TREATMENT OF THE GAS FLOW

The relatively high temperature produced by glow discharge
results in the formation of a temperature gradient and strong
convection flow of the gas. If the electrodes in the present
system are placed horizontally, discharge will be elongated by
upstream convection flow. Figure 13 illustrates images of the
horizontal elongated subnormal and normal glow discharges
generated in 1.5 cm gaps.

(a) (b)

FIGURE 13. Images of horizontal subnormal (a) and normal
(b) discharges generated with 1.5 cm electrode spacing recorded using
the same exposure time.

Despite elongation of the discharge caused by the convec-
tion flow, discharge stabilizes after a few seconds and remains
stable for a long time in the same shape. Current and voltage
waveforms of the discharge also remain the same, with some
insignificant fluctuations. The observed effect confirms that
it is possible to achieve stable plasma conditions, even in the
case that gas flows through the discharge gap. In the case
of precise tuning of gas flow and parameters set for the DC
PSU, it is possible to achieve stable glow discharges with the
desired parameters, similar to that discussed for the vertical
glow discharge system. The reported results suggest that the
developed device could be used as an energy efficient analog
to the commonly used gliding glow discharge systems. Addi-
tionally, considering the low cost of the device and the small
number of parts, treatment of gases by re-pulsing glow could
be easily scaled by an increase of the number of discharges.
However, further investigation of the discharge uniformity
and range of stable parameters needs to be conducted for
application in the treatment of flowing gases.
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IV. CONCLUSION

Re-pulsing glow discharges in centimeter-order gaps were
experimentally investigated in atmospheric pressure ambient
air. Discharge was ignited as a sequence of spark and glow
discharge, and sustained in a glow regime after ignition.
It was confirmed that discharge with defined parameters
could be ignited without any adjustments after initiation of
the discharge.

The discharges were characterized by a high-speed cam-
era, current and voltage measurements, and optical emis-
sion spectrometry (OES). The typical structure of the glow
discharge consisting of cathode glow, dark Faraday space,
positive column, and anode glow was observed. Transition
from subnormal to normal glow was confirmed by analysis of
average discharge voltage as a function of average discharge
current. It was found by OES that the type of discharge
strongly affects the ratio of the produced reactive species.
In subnormal glow, mostly N, second positive emission
was observed, when in the case of normal glow discharge,
OH emission lines were dominant. It was confirmed that
with the change of discharge from subnormal to normal glow
regime, rotational temperature could vary across a wide range
(from 1650 to 3500 K), which could be useful in practical
applications.

The developed device allows to ignite glow discharge with
defined parameters, which makes possible the control of the
gas temperature and ratio of reactive species by presetting the
discharge parameters. Additionally, the possibility of treat-
ment of flowing gas was demonstrated.

Further investigations concerning the non-uniformity of
the positive column in the case of longer gaps and effect of the
gas flow on plasma parameters are desired for uniform treat-
ment of gases or other targets by plasma using the reported
device.
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