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Abstract

®

CrossMark

The aim of this work is the experimental and theoretical study of nanosecond Surface dielectric
barrier discharge (SDBD) parameters in atmospheric pressure air. Measurements of electric
current and delivered energy, ICCD images of the discharge at all stages of its evolution, and gas
heating in the discharge and near afterglow are performed. The paper presents the results of 2D
numerical modeling of the nanosecond SDBD. The results of the calculations are compared
with measured data on the dynamics of current, energy input and gas heating. Special attention
is paid to the study of the spatial structure of the discharge, in particular, to the distribution of
gas temperature and the second positive system emission intensity in the direction perpendicular
to the surface of the dielectric. It is shown that the results of temperature measurements in
SDBD using optical emission spectroscopy technique are severely influenced by this spatial
structure. The parameters of a probe discharge of smaller amplitude, which is formed by a
reflected pulse 500 ns after the main discharge, are also calculated. The possibility of using the
second diagnostic pulse to measure the gas temperature in the afterglow discharge is discussed.

Keywords: nanosecond SDBD, temperature measurements from rotational lines,
numerical modeling of nSDBD, fast gas heating, energy efficiency

1. Introduction
Surface dielectric barrier discharge (SDBD) has been extens-

ively studied in recent years due to its potential applications
in the field of aerodynamics [1-4]. In an SDBD setup, the

* Authors to whom any correspondence should be addressed.

electrodes are typically arranged in a planar configuration,
with a powered electrode placed directly on the surface of a
dielectric layer and a ground electrode placed on the opposite
side beneath the dielectric. This configuration is traditionally
called ‘airflow’ or ‘actuator’ design of the SDBD [5]. At atmo-
spheric pressure, microdischarges appear in the vicinity of the
high-voltage electrode and develop into streamers propagating
along the dielectric surface; in nanosecond SDBDs, the start
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of the streamers from the edge of the high-voltage electrode is
synchronous with the accuracy of at least 0.2 ns [6]. Studies
of fast gas heating (FGH) in SDBDs are of particular interest,
since this effect can be important for plasma actuators [7, 8].

FGH is an abrupt increase in gas temperature in non-
equilibrium low-temperature plasma due to relaxation of elec-
tronically excited states of atoms and molecules [9]. The
observed heating can be as high as thousands of kelvins
during tens of nanoseconds at atmospheric pressure [10]. In
the flow control, FGH is responsible for thermal frequency
perturbations in the range of unstable frequencies of flow
instabilities. Experimental studies of FGH in pulsed nano-
second discharges have been carried out under various condi-
tions, over a wide range of reduced electric field E/N =90 —
400 Td. Atmospheric pressure discharges [10-13], medium
and reduced pressure discharges, namely P =100 Torr [14],
P =27 mbar [15], P=3 — 10 mbar [16] at different specific
delivered energy (SED) were investigated. Measurements of
gas temperature in nanosecond discharges are often based on
analysing the population of rotational levels of N,(C>IL,, v)
by measuring the emission of the second positive system,
N»(C?IL,) — N,(B*IL,). Less commonly, spontaneous Raman
scattering [12, 13], and picosecond CARS spectroscopy [14]
are used to measure the gas temperature.

According to [9, 17], the existing theoretical models
describe most of the available experimental data on FGH in
the field range E/N < 500 Td. At higher fields, studies of FGH
have been carried out in [6, 18-20]. In these works, a SDBD
was ignited in atmospheric pressure air, the pulse duration was
25 ns, and the applied voltage on a high-voltage electrode U <
42 kV. In addition, in [20] FGH was studied in N,:0, mixtures
at different oxygen fractions, 0%—50%, for the pressure range
P =450 — 760 Torr. The gas temperature was measured on the
basis of the rotational spectrum of the second positive system
of molecular nitrogen [21, 22]. The spectra were integrated
over the pulse and measured in the discharge and in the near
afterglow, at 1 us. To excite the gas 1 us after the main dis-
charge, a reflected pulse was used, the amplitude of the probe
pulse being approximately 5 times smaller than the amplitude
of the main pulse. The part of energy spent on FGH, 7z, was
found to be only slightly changed with the applied voltage and
the gas pressure. It was reported that ng significantly increases
after the discharge pulse: for example, at U = +41 kV on the
high voltage electrode (+20.5 kV pulse amplitude from the
generator) in air at 600 Torr the part of energy spent on the
FGH immediately after discharge is ng ~15%—-20%, and at
1 ps after the discharge ng > 60% (see figure 5 of [20]).

Optical emission was used to measure gas temperature in
atmospheric pressure nanosecond SDBD in [23, 24]. The spec-
tra were taken at U = 45 kV on the electrode with 1 ns time
resolution and 1 mm space resolution. It was shown that during
the first few nanoseconds, gas heating of 70-80 K is observed.
According to estimates [23], the average specific deposited
energy near the high-voltage electrode comprised w =0.1 eV/-
molecule, providing the efficiency of the FGH ng =15%—-17%.

Fast heat release in reactions involving charged and
electronically excited species has been analyzed for an

atmospheric-pressure nanosecond SDBD [25] using 2D
numerical modeling with the help of PASSKEYy code [26]. The
model was based on the direct coupling of a self-consistent
fluid model with detailed kinetics, photoionization and Euler
equations. The reduced electric field and the electron dens-
ity were examined for U = 424 kV voltage pulses on a high-
voltage electrode. The main processes contributing to the FGH
in nanosecond SDBD were quantitatively analysed. The distri-
bution of FGH energy over the processes was compared with
findings in the literature.

The studies discussed above were conducted in single-shot
mode or at low pulse repetition frequencies, typically on the
order of a few Hz. In addition, nanosecond repetitively pulsed
SDBDs have also attracted attention [7, 27]. A key focus of
the review [7] is the dynamics and kinetics of near-surface
discharge plasmas in SDBD systems driven by AC and repet-
itively pulsed waveforms. Particular attention is given to dif-
fuse and contracted discharge modes. It is shown that the use
of alternating polarity pulse waveforms accelerates the con-
traction of SDBDs and promotes the formation of filamentary
plasmas.

The aim of this work is the experimental and theoretical
study of the parameters of the nanosecond SDBD in atmo-
spheric pressure air. Measurements of electric current and
delivered energy, ICCD images of the discharge at all stages
of its evolution, and gas heating in the discharge and near
afterglow are performed. The paper presents the results of
2D numerical modeling of the nanosecond SDBD. The res-
ults of the calculations are compared with measured data on
the dynamics of discharge current, delivered energy and gas
heating. The peculiarities of gas temperature measurements
by optical emission spectroscopy in nanosecond SDBD are
discussed.

2. Experimental setup

SDBD discharge was studied in a classical airflow con-
figuration. The electrode system is schematically shown in
figure 1(a). High-voltage and low-voltage electrodes made of
0.1 mm thick copper foil were glued to different sides of a
0.5 mm thick PVC layer. The dimension of the high-voltage
ABCD and low-voltage DCFE electrodes are indicated in the
caption of figure 1(a). External edges of the high-voltage elec-
trode (DA, AB and BC) were protected by an additional dielec-
tric layer to avoid parasitic discharges. The waveform of the
voltage pulse on the high-voltage electrode used in this paper
is given by figure 1(b).

Figure 2 provides a schematic of the experimental setup.
High-voltage pulses were delivered from the high voltage
generator FDS 3-1NM1 (FID) to the electrodes by 50 m
long coaxial cable. The central wire of the cable was con-
nected to the high-voltage electrode, while the shielding
was connected to the low-voltage electrode. In this config-
uration, the SDBD cell acted as the terminal load of the
coaxial cable. The high-voltage cable connection to the elec-
trodes was thoroughly insulated, the absence of electrical
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Figure 1. (a) The scheme of the electrode system. |AB| = |DC| = |EF| = 25 mm; |AD| = |BC| = 10 mm; |CF| = |DE| =6 mm; (b) a
typical waveform of the high voltage on the electrode. Orange color is for copper, violet is for PVC.
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Figure 2. Experimental setup for the measurement of the optical emission spectroscopy illustrating the following equipments. HVG: high
voltage generator, TG: triggering generator, SDBD: Surface Dielectric Barrier Discharge, OSC: oscilloscope, BCS: back-current shunt, L:
lens, OF: optical fiber, SP: spectrometer, PMT: photomultiplier Tube, ICCD: ICCD-camera, PC: personal computer.

leakage or parasitic discharges was checked with ICCD
imaging. The key parameters of the voltage pulse at the
high-voltage electrode were as follows: rise time of 4 ns,
pulse duration at FWHM of 20 ns, and a voltage amplitude
U=+4275kV.

To measure the current and energy delivered to the plasma,
a custom-calibrated back current shunt (BCS2) was soldered
into the shielding of the high-voltage cable at a distance of
11.5 m from the discharge cell. Additional BCS unit (BCS1)
was placed at 12.5 m from the high-voltage generator (HVG)
and used for triggering. The attenuated signal from BCS2
was recorded using a Tektronix DPO5104B oscilloscope. The
energy due to charging of the electrode capacitance and the
attenuation in the cable were taken into account. The electrical
current through the discharge was calculated as the difference
between the pulses incident and reflected from the discharge
cell. The energy was determined from the difference between
energies of incident and reflected pulses. The details of the
technique concerning the advantages of long coaxial cables
and back current shunts can be found elsewhere [28-30].

Spectrally integrated plasma images (200-800 nm) were
captured by ICCD camera (PIMax4, Princeton Instruments)
equipped with a Canon TV Zoom lens (TV 6X18). The emis-
sion of atmospheric pressure SDBD in UV-vis in air corres-
ponds mainly to the Np(C3IL,) — N2(B3Hg) transition (the
second positive system of molecular nitrogen, SPS) [31]. The
quenching time of the excited levels is determined by the

collision of excited nitrogen molecules with molecular oxy-
gen, the rate constant being equal [32] t0 2.7 - 10710 cm?® s~
The efficient lifetime of N,(C’IL,) is 0.7 ns at atmospheric
pressure. So the emission reflects instantaneous excitation
of N,(C?II,) by electron impact: e + NZ(XIE;) — e +
N,(C311,), and the resolution is limited by the camera gate.
A series of high-resolution images was also taken with a long-
distance microscope (LDM-1UYV, LaVision), achieving a spa-
tial resolution of 7.2 um-pixel_l.

To take optical emission spectrum, the diaphragm was
installed in the vicinity of the discharge so that it allowed
emission from the region 0 to 2 mm from the edge of the
high voltage electrode. The emission was collected by the
optical fiber and delivered to the entrance of the Acton SP2500
spectrometer (Princeton Instruments, 1200 In-mm~! grating)
coupled with the ICCD PI-Max4 camera. A spectral transmis-
sion function was calibrated using a Hg/Ar lamp (Princeton
Instruments).

The optical emission spectra of the No(C3I1,) — N»(B>IL,)
transition were used to measure the rotational temperature in
the pulse and in the afterglow. The modeling of the spec-
tra was performed using the SpecAir code [22]. The spectra
were recorded using a 1 ns ICCD gate at the rising and trail-
ing edges of the initial pulse. To measure the temperature in
the afterglow, a probe pulse of lower amplitude arriving at
the high-voltage electrode with 500 ns delay, was used. After
the primary pulse reached the electrode, most of the energy is
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reflected and travels back along the cable. Due to the design
of the FID generator, this reflected pulse decreases signific-
antly by 80% in amplitude, then travels back to the electrode
as a probe pulse with an amplitude of approximately 5.2 kV.
This probe pulse was sufficient to re-ignite the discharge and
provide the N »(C3I1,) emission, although less intense than in
the first pulse. The ICCD gate for the probe pulse was equal to
40 ns. The absence of optical emission of the second positive
system before the probe pulse was verified.

3. Model description

As noted previously, SDBD consists of a system of plasma
channels that propagate from the high-voltage electrode along
the dielectric surface. Numerical modeling of these chan-
nels is a three-dimensional, time-dependent problem in which
all discharge plasma parameters exhibit significant spatial
and temporal variations. Currently, there is no comprehens-
ive quantitative description of SDBD parameters within the
framework of a full-scale 3D model. In most studies, SDBD
modeling relies on a two-dimensional approximation, which
accounts for plasma inhomogeneity in the direction of dis-
charge propagation and perpendicular to the dielectric surface,
while assuming homogeneity in the third direction [25, 26, 33,
34]. As aresult, the evolution of a uniform plasma layer along
the dielectric surface is considered, while the transverse struc-
ture of the discharge is neglected.

To follow the FGH dynamics and to obtain a deep insight
into the measurements of gas temperature in SDBDs, a
2D computational framework is designed with PASSKEy
(PArallel Streamer Solver with KinEtics) code, which has
been used and validated in nanosecond surface discharges [25,
26, 35, 36], pin-to-pin discharges [37], pin-to-plane dis-
charges [38], capillary discharges [39], and other works invest-
igating short pulsed discharges [40—-43]. Detailed mathem-
atical formulations and the strategy for multiphysics and
multiscale coupling can be found elsewhere [26, 42, 44, 45].
Here, only a brief introduction to the solved equations is
presented below.

3.1 Equations for plasma module
The drift-diffusion reaction equation for species is:

an,-
ot

:Si+Sph7i:1727-”7Nl0lal (1)

n; is the number density for each species i. S; represents the
source term of the species i, calculated based on detailed reac-
tion kinetics. The kinetic scheme of our previous paper [37] is
used here, which effectively describes the streamer dynamics
and the FGH process in the air. The scheme includes in total 24
species and 92 reactions. Following neutral, charged, excited
species are taken into account: e, No, Ny, N+, NJ7, Np (A3 ),
N2 (B3IL), Na(a’'s, ), No(C31L,), N, N(D), N(*P), Os, O,
0o('D), 0(!S), 05,0, 0f,0~,0;.

The term S, represents the source of photoionization and
is determined by three-exponential Helmholtz equations. The
flux for species i is:

T = (gi/lqi|) pimiE — DiVn;,i = 1,2,...,Nep (2
where g;, 1; and D; are the number density, charge, flux, mobil-
ity, and diffusion coefficients for each species i, respectively.
E is the electric field.

The electron energy equation for mean electron energy is
given as:

%(ngem) +V -Te+ V- (neen - ug)
=—|ge| Te - E—P(en) 3)

Fe - _neem,ueE - Dev (neem) (4’)

where €, e, De are mean electron energy, electron energy
mobility, and diffusion coefficient, respectively. P(e, ) repres-
ents the power lost by electrons in collisions. The local mean
energy approximation (LMEA) is employed in this work,
whereby the rate coefficients for electron-impact reactions,
electron transport (swarm) parameters, and the power loss by
electrons are assumed to depend solely on the local mean elec-
tron energy, €,,,. These dependencies are determined by solving
the Boltzmann equation in the two-term approximation using
the BOLSIG+- solver [46]. The relevant quantities are precom-
puted as functions of ¢,,, tabulated, and subsequently interpol-
ated during simulations based on the locally calculated ¢,,.

In equations (1) and (3), three correction terms are con-
sidered in the governing equations to account for the coup-
ling between plasma and fluid. V - (n; - ug) and V - (n.€,, - ug)
represent the convection terms of plasma species and electron
energy, respectively, induced by gas flow. V - (D;Vn;) repres-
ents the diffusion term of the species.

The electric field is determined by solving the Poisson
equation coupled with space charge:

\Y (€0€r (—VCI))) = —Pg ~ Pc (%)
E=-Vo (6)
Nen
pg= > ngi @)
i=1
ap th
5 =24 (=V T ®)

i=1

where ¢ and ¢, are the vacuum permittivity and relative per-
mittivity, respectively. ® is the electric potential, p, is the
space charge, and p, is the surface charge determined by the
flux of ions at the interfaces between the plasma and the
dielectric.
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3.2. Equations for fluid module

The Fluid Module solves the two-dimensional Navier—Stokes
equations, which are expressed in the following form:

oUu OF 0G
—+—+——=S5 9
ot Ox 0Oy ©)
p L
U= " F= PUHP T (10)
pv PUV — Tyy
pE (PE+p)u— k%z — UTye — VTy
pv 0
_ PUY — Tyx _ | giniEx
G= pv:+p — Ty S = qiniEy (1)
(PE+p)v— k%; — UTyx = VTyy 0,

where p represents the mass density, p is the gas pressure, u and
v are the velocity components, pE is the total energy density,
k is the thermal conductivity, T denotes the gas temperature.
Txxs Txy» Tyxs and Ty, are viscous stress components.

qgin;E represents the electric force generated by the net
charge. Q, is the heat source term, calculated as the sum of the
gas energy changes caused by reactions (inelastic collisions)
between heavy particles:

Q, = ZRjAEj (12)
J

where R; and E; are the reaction rate and the energy release of
the reaction j, respectively.

3.3. Geometry, initial and boundary conditions

The SDBD electrode configuration, with a computational
domain of 3 cm X 3 cm, is shown in figure 3, which is extracted
from the experiment. The simulated initial condition is 1 atm
pressure and 300 K. A uniform mesh size of 2 pm is assigned
for the plasma domain, beyond the plasma domain the mesh
size grows exponentially until the end of the entire computa-
tional domain.

The initial electron density is n.0 = 10* ¢cm™3 uniformly
distributed in the plasma region, and the ion density is given
based on quasi-neutrality. The initial mean electron energy is
set as 0.5 eV. The details of the boundary conditions of trans-
port equations, Poisson’s equation and Helmholtz equations
are described in [42, 45]. 2D maps of calculated plasma para-
meters are presented in the appendix A and will be discussed
below.

For additional validation of the model, calculations of the
FGH in SDBD were performed for the experimental condi-
tions [23, 24] (pulse duration = 20 ns, applied voltage on
the electrode of positive polarity U =45 kV). The results of
comparison of the calculated results and experimental data are
given in the appendix B.

2.5

1.5

Y (mm)

0.5

LA N B N [ N B

=
<

- Dielectric
i LV

T T T [NT TR T N | M M 11
-10 -5 0 5 10 15
X (mm)

Figure 3. The geometry and mesh distribution. High-voltage
electrode: red domain; dielectric: green domain; grounded
low-voltage electrodes: yellow domain.

4. Results and discussion

4.1. Experimental results

Nanosecond SDBDs have been experimentally studied in two
configurations: when the grounded electrode is much longer
than the maximum length of streamer propagation L« [24,
26], and when the grounded electrode is comparable to or
shorter [6, 47] than Lp,«. The first configuration is preferred
as a base case for fundamental studies and comparison with
numerical simulations, when the grounded electrode is con-
sidered infinite in the direction perpendicular to the edge of
the high-voltage electrode [26]. The second case is of interest
when a more localized plasma is required, or when in numer-
ical modeling the accent is made on a few first millimetres of
the discharge propagation [34, 48]. It is important to note that
at the first few nanoseconds of the voltage pulse applied to the
electrodes the SDBD in both configurations is rather similar.

Figure 4 compares the ICCD images of the positive polar-
ity discharge in 1 atm surrounding air in these two config-
urations: 60 mm low-voltage electrode for (a)—(d) [24], and
|DE| = 6 mm low voltage electrode for (e) and (f) of the
present work. The optical emission corresponds to the second
positive system of molecular nitrogen.

The character of the discharge development is similar:
for both configurations, rapid (5-7 mm ns~!) synchronous
propagation of streamers is observed from the edge of the
high-voltage electrode at the leading edge of the pulse, then
the absence of radiation, and then, at the trailing edge of the
pulse, a second radiation front is observed, slower (around
1 mm ns~!), also moving from the edge of the high-voltage
electrode. The ‘side view’ images ((c), (d)) provide a charac-
teristic diameter of a streamer: 150-200 pm. Will note that in
the case of a 60 mm low-voltage electrode, after 5 ns the dis-
charge continues to spread and the streamers travel 25-30 mm
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Figure 4. General ICCD images of SDBD discharges with ICCD gate equal to 1 ns. Numbers in each frame mean the time delay from the
beginning of the discharge. (a), (b), (c), (d) — similar geometry with longer grounded electrode (|DE| = 60 mm) [24]; (e), (f) — ICCD
images of the discharge in the setup corresponding to this paper, |DE| = 6 mm.
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Figure 5. Zoomed ICCD-images of streamers starting from the edge of the high-voltage electrode taken with the help of the long distance
microscope. Gate 10 ns. (a) — trailing edge of the main pulse, (b) — rising front of the probe pulse, (c) — trailing edge of the probe pulse.
Numbers in each frame mean the time delay from the beginning of the discharge.

during a 20 ns pulse [26], while in the case of a |DE| = 6 mm
low-voltage electrode the plasma remains ‘confined’ above the
low-voltage electrode, without further spreading.

In addition, taken through the long distance microscope
zoomed ICCD images show more detailed structure of the sur-
face streamers. The trailing edge of the main pulse (figure 5(a))
and the probe pulse (figures 5(b) and (c¢)) images are compared.
The rising front of the probe pulse (figure 5(b)) is quite sim-
ilar to the main (first) pulse: the same number of streamers
is observed, although the streamers seem to be less similar
to each other in length for a given time instant. The trailing
edge of the probe pulse (figure 5(c)) shows different structure:
a typical diameter of streamers is smaller; their density per
unit length of the edge of the high-voltage electrode seems to
be higher.

Experimentally measured power and total energy depos-
ited in plasma are given by figure 6. The energy increases
monotonically, reaching the value of 11.1 mJ at 19 ns. At
the trailing edge of the pulse, the energy increases again and
reaches W~ 12.7 mJ. The power waveform presented in the
same figure shows that the maximum power is deposited to

plasma in relatively high fields near the discharge front, but
the deposited energy increases monotonically and, as a result,
most of energy is deposited after the front, where the fields are
significantly lower.

Synchronized waveforms of emission of the second pos-
itive system, electric current and voltage on the high-voltage
electrode are given by figure 7. A good correlation between
the time behavior of emission measured by ICCD and by pho-
tomultiplier is observed. Two separate peaks of emission are
observed. For both rising front and trailing edge, the FWHM of
the emission pulse is twice shorter than the FWHM of the cor-
responding peak of the electric current, comprising 2 ns/4 ns at
the rising front and 5 ns/10 ns at the trailing edge respectively.

Both emission peaks were used to measure the rotational
temperature. An additional measurement was performed in the
probe pulse, 500 ns after the main pulse. A long coaxial high-
voltage cable ensured the absence of any electrical reflections
and, accordingly, any disturbances on the high-voltage elec-
trode between the main and the probe pulses, which was con-
trolled by the back current shunts. Rotational spectra in the
middle of the edge of the high—voltage electrode collected
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Figure 6. Experimentally measured power and energy deposited in
plasma.
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Figure 7. Experimentally measured by ICCD and by PMT
waveforms of optical emission at A =337.1 nm superimposed with
the electrical current and the voltage on the high-voltage electrode.

from 0 — 2 mm distance from the electrode with the ICCD gate
1 ns, are presented in figure 8. Temperature uncertainties are
+15 K. Short-dashed thin curves represent temperature incre-
ments of 5 K around the modeled temperature.

It should be noted that at high rotational numbers J, the
rotational distribution of N,(C*II,,, v =0, J) appears overpop-
ulated. These ‘hot’ rotational states are distinctly visible in the
spectra recorded at the trailing edge of the first main pulse.
To ensure accurate fitting, these overpopulated regions were
excluded from the spectral analysis. A possible origin of this
‘hot’ group is the electron-ion recombination of N ions, N
+ e = No(CIL,) + Na(X'2) [49, 501, see the kinetic curves
for Nj and N,(C>I1,) discussed later (figures 11 and 16).

The most significant impact of these ‘hot’ states on
the experimentally determined temperature was observed
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Figure 8. Distribution of emission in rotational spectra of N, at
different time delays, 4 and 26.5 ns for the first pulse (ICCD gate is
1 ns) and 520 ns for the probe pulse (ICCD gate is 40 ns covering
500-540 ns time interval), and corresponding rotational
temperatures. The insert shows the full-scale view of the spectra.

at the tail of the rotational distribution, corresponding
to wavelengths A <335 nm. Consequently, this interval
was deliberately excluded from consideration during data
processing.

To relate a rotational temperature of the excited state, Ty
to a gas temperature T, the analysis of the N, (C311,) thermal-
ization should be made [15, 21, 51], comparing the relat-
ive values of the RT-relaxation time (7gr) [52] and a char-
acteristic time during which the excited species is produced
or quenched. Under the conditions of the present work, the
characteristic RT—relaxation time is 7rT = 0.4 ns [52], and we
accept Ty = T.

4.2. Results of numerical modeling

4.2.1. Discharge parameters in the first (main) pulse.

Figure 9 shows the measured and the calculated temporal evol-
ution of the discharge current together with the voltage pulse
(U =+27.5 kV amplitude) on the high-voltage electrode. In
numerical modeling, the current per unit length was calculated
and multiplied by the electrode width (|25 mm in the figure 1).
Excellent agreement between measurements and calculations
is clearly observed. Both the experiments and the simula-
tions reveal two peaks in the electric current, corresponding
to two distinct ionization waves appearing within the main
(first) high-voltage pulse. The first ionization wave occurs at
the rising front of the high voltage pulse, when the polarity
of the high-voltage electrode is positive relative to the dielec-
tric surface. During this period, the surface of the dielectric
becomes positively charged. After 7 > 15 ns, the voltage on the
high-voltage electrode begins to decrease, reversing the differ-
ence of potentials between the high-voltage electrode and the
plasma. The high-voltage electrode then becomes negatively
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Figure 10. Temporal evolution of calculated reduced electric field
E/N and specific delivered energy w at the point (x;y) = (1 mm;
12.5 pm) for the conditions of figure 9.

charged relative to the positively charged dielectric surface.
Consequently, another ionization wave, corresponding to the
trailing edge of the main voltage pulse, propagates from the
high voltage electrode of negative polarity. 2D maps of cal-
culated electron density and reduced electric field in the first
(main) pulse are given in appendix A. These two ionization
waves can be clearly seen at 3 and 23-28 ns.

Calculated waveforms of the absolute value of the reduced
electric field E/N and specific energy deposited in gas, SED, at
the selected point over the dielectric are presented in figure 10.
While the electric field at the head of the surface streamer
reaches high values of E/N = 1000-3000 Td, the majority
of the discharge energy is deposited in the gas later, within
a range of reduced electric fields of E/N = 70-170 Td (indic-
ated by horizontal dashed lines in the figure). This field range
is referred to as the effective reduced electric field, (E/N).st,
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20
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Figure 11. Time behavior of the electron density, density of ions
and atomic oxygen at the point (x;y) = (1 mm; 12.5 pm) for the
conditions of figure 9.

since it represents the conditions under which most of the
energy transfer to the gas occurs. The peak electric fields is
mainly responsible for ionization: the electron density reaches
N,=4-10" cm™3 at t=3.5 ns (see figure 11), and this cor-
responds to the SED rise.

The fraction of discharge energy spent to the FGH, denoted
as ng, can be estimated using the data on the effective reduced
electric field, (E/N)etr. Based on experimental measurements
[10-12, 53] and computational results [9, 17], at E/N =70-
170 Td, the energy efficiency for FGH is ng = 6%—14%.
Under these conditions, with a specific energy input of
w = 0.42 eV/molecule, the expected gas temperature increase,
AT, should be about 120-270 K.

Figure 11 shows the kinetic curves of atoms and charged
particles calculated at a distance of 1 mm from the high-
voltage electrode at 12.5 pum from the surface of the dielec-
tric. The electron density decreases significantly (40-50 times)
during the first 20 ns due to the electron—ion recombination
with O;‘ and Oj‘ ions. The decay of the emitting N»(C?1I1,)
state is even faster, demonstrating excellent agreement with
experimental observation of the short emission and long cur-
rent peaks for both the rising front and the trailing edge of the
main pulse. The production of atomic oxygen is quite efficient,
the concentration of atoms reaches [OCP)] = 4 - 10'7 cm™3.
The density of negative ions is relatively low.

This work places special emphasis on analyzing the accur-
acy of temperature measurements based on the emission from
the rotational bands of the second positive system of molecular
nitrogen. This method is widely used to measure the gas tem-
perature in SDBDs. Now we focus on the non-uniform gas
temperature distribution along the OY axis, perpendicular to
the dielectric surface, T, (y). The measured temperature 7T,
depends not only on the actual temperature but also on the spa-
tial distribution of SPS emission intensity, integrated over the
detector’s depth of field (DOF). Assuming the DOF is com-
parable to or larger than the streamer diameter (approximately
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Figure 12. Temperature as a function of time in the main pulse:
symbols are experimental data, curves are the results of
calculations: dashed curve represents calculated gas temperature
T, (1) at the point (x;y) = (1 mm; 12.5 pm), solid curve provides
Tin (1) calculated by equation (13) (see text) at x =1 mm.

0.2 mm at atmospheric pressure), the expression for the expec-
ted to be measured temperature 7, is as follows [15]:

[N
P A— (13)
" N0l

O =~

where [N»(C)] is a density of N,(C3I1,)-state, and L is the
thickness of the plasma region in the OY direction.

Figure 12 presents the calculated gas temperature for two
cases: (i) 7, is the gas temperature at the point (x;y)=
(1 mm; 12.5 pm); (ii) T, is the expected to be measured tem-
perature over the depth of field (DOF) at x =1 mm, provided
by the equation (13). It is evident that the measured temper-
ature, T,,, differs significantly from the actual gas temper-
ature, Ty, and that the measured temperature 7,,, calculated
by equation (13), is in good agreement with the experimental
measurements (shown by symbols).

To understand the cause of this discrepancy, the OY-profiles
of the gas temperature and the density of excited N»(C’II,)
molecules were calculated at various time instants. The res-
ults are presented in figure 13 for =3 ns, 23 ns, and 28 ns.
Although the maximum gas temperature increases with time,
the overall shape of the temperature distribution along the
OY axis changes insignificantly: for any time instant, the
temperature peaks within y ~ 0 —30 ym, with a maximum
about 12.5 pym. In contrast to the temperature distribution,
the OY-profiles of N»(C’II,) density vary significantly with
time, becoming increasingly flattened in the region y > 30 pm.
For example, at =28 ns, the calculated N»(C311,) density,
and consequently the SPS emission, extend into the region
of a relatively cold gas (figure 13). As a result, the measured
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Figure 13. OY-profiles of N»(C>II,) and gas temperature in cross
section x = 1.0 mm. Solid lines—N,(C>IL,,) density at t =3 ns,
23 ns, 28 ns; dashed line—gas temperature at t =3 ns, 23 ns, 28 ns.
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Figure 14. OY-profiles of electron density in cross section
x=1.0 mm at time instants t =3 ns, 23 ns and 28 ns.

temperature 7, defined by the equation (13) is significantly
lower than the actual gas temperature 7.

To explain the observed ‘flattening’ of the OY-profiles of
N,(C3IL,), corresponding distributions of the electron dens-
ity and of the electric field were calculated. Figure 14 shows
the OY-profiles of electron density at time instants =3 ns,
23 ns, and 28 ns. Over time, the electron density profile (V,)
in the region y > 30 pm becomes more and more flat. The
primary reason for this is the faster electron-ion recombin-
ation in regions with higher densities of charged particles.
Finally, it is important to note that for y > 10 um, the E/N
distribution along the Y axis is relatively uniform. As a res-
ult, [N,(C>I1,)] is approximately proportional to N,, meaning
that the N,(C>I1,) profile closely follows the electron density
profile.

It should be noted that similar OY—profiles of the electron
density at the initial stage of discharge that were obtained in
the numerical simulation of a surface DBD of positive polarity
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in paper [33]. It was shown that the plasma is polarized by the
electric field component normal to the dielectric surface. This
polarization exists until the Y—component of the electric field
inside the streamer channel reaches zero. As a result, a non-
uniform OY—profile of the density of charged particles with a
transverse size of 30 pm is formed with a maximum at a dis-
tance of 20-30 pm from the dielectric surface (see figure 6(c)
of [33]). These results are consistent with the data obtained in
our calculations and shown in figure 14 (see the curve corres-
ponding to f =3 ns).

Thus, in the SDBD under consideration, significantly dif-
ferent OY-profiles of gas temperature and NL(C?11,) density
can lead to substantial errors when measuring gas temperature
using optical emission of the second positive system of nitro-
gen. The calculations presented in figure 12 clearly illustrate
this point.

4.2.2. Discharge parameters in the second (probe) pulse.
Analysis of SDBD parameters in the secondary (probe, or dia-
gnostic) pulse, 500 ns after the main discharge, is of significant
interest. The main distinguishing feature of the probe pulse is
that it has a smaller amplitude and propagates through a gas
that contains low-density regions. Indeed, according to the cal-
culation results (see figure 13 and 2D map of the gas dens-
ity in the appendix A), a heated layer is formed near the sur-
face of the dielectric during the first pulse, specifically in the
region of y ~20-30 pm. The transverse dimension of this region
is approximately 30 pm. The characteristic gas dynamic time
(time of the gas pressure equalization for this area), is 7, =60-
70 ns. This indicates that at times ¢ >> 7, the region of reduced
gas density around y = 12.5 um is formed. It is in this region
that the main discharge energy is likely to be concentrated.

To analyse the SDBD parameters in the probe pulse, cal-
culations were conducted for an additional, ‘probe’ pulse. 2D
maps of the electron density and the reduced electric field at
t> 500 ns are presented in appendix A. While the first pulse
started at # = 0 ns and had the parameters shown in figure 9, the
second, a probe pulse, occurred 500 ns later, with a lower gas
density in the region mentioned above. The waveform of the
second pulse was assumed to be similar to that of the first (as
shown in figure 9) but with a lower amplitude of U = 45 kV.

Figure 15 presents the calculated reduced electric field and
specific delivered energy at the point (x;y) = (1 mm; 25 pm)
during the second pulse. The point corresponds to the max-
imum of gas temperature over the dielectric surface. Since
the voltage amplitude of the second pulse is approximately
one twentieth of the first, the specific energy input w is sig-
nificantly lower than in the first pulse. The E/N values in the
second pulse are also lower than those in the first pulse (com-
pare figures 10 and 15).

Kinetic curves of charged species and N,(C?II,,) density at
a distance of 1 mm from the high-voltage electrode at 25 ym
from the surface of the dielectric in the probe pulse are presen-
ted in figure 16. The curves are similar to those in the first
main pulse but with lower absolute densities of the species.
As in the first pulse (see figure 11 for comparison), the main
positive ions during most of the discharge are O; and Oj{,
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Figure 15. Temporal evolution of reduced electric field E/N and
specific delivered energy w at the point (x;y) = (1 mm; 25 pm) for
the conditions of the probe pulse.

1015

—

o
-
-y

—

(=]
-
©w

10"}

—

o
-
-

Number density, cm™

‘L' \
530
Time, ns

1010

500 510 520 540 550

Figure 16. Time behaviour of the electron density, density of ions
and N,(C*I1,) density at the point (x;y) = (1 mm; 25 pm) for the
second (probe) pulse.

the role of negative ions is relatively small. The main dif-
ferences are observed at times corresponding to the trailing
edge of the voltage pulse. These differences are associated
with the relatively low values of E/N in the probe pulse dur-
ing the trailing edge of the voltage pulse (r =520-540 ns, see
figure 15). As a consequence, no increase of electron density or
densities of positive ions is observed at the trailing edge. The
peak of N,(C3I1,) is still observed but much lower than on the
rising front of the pulse, which means that if the ICCD ima-
ging is integrated over the probe pulse, mainly the first peak is
recorded.

A particularly interesting aspect is the comparison of the
spatial distributions of gas temperature and SPS emission
intensity during the second pulse. Figure 17 presents calcu-
lated OY-profiles of the gas temperature and density of excited
N,(C311,,) molecules at x =1 mm for time instants = 506 ns
and 528 ns. As observed, a correlation exists between these
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Figure 17. OY-profiles of No(C31I1,) density and gas temperature in
the cross section x = 1.0 mm. Solid lines—gas temperature; dashed
lines—N,(C’IL,,) density at t =506 ns and 528 ns.

distributions in the second pulse: the region of maximum
values of N,(C’II,) density and the region of high values
of gas temperature are approximately the same, OY= 20 —
40 pm. Consequently, the gas temperature in the second pulse,
determined using the distribution of emission over rotational
levels of the second positive system of nitrogen [22], should
provide an accurate representation of the corresponding gas
heating. This is in stark contrast to the first pulse, where
the spatial distributions of gas temperature and SPS emission
differed significantly (see figure 13).

4.2.3. Temperature over the main and probe pulses: calcula-
tions vs measurements. Let us consider the dynamics of
the gas temperature at the point (x;y) = (1 mm; 12.5 pm)
together for the first pulse and for the probe pulse (black
short-dashed curve in figure 18). The maximum heating of
the gas at this point is achieved at times # =30-70 ns and
the gas heating is equal to AT, = 185 K. This corresponds
to the energy efficiency of FGH ng = 10%. Main processes
responsible for the FGH mechanism during the discharge are
the quenching of the N, (a'Il,, B*IL,, C’I1,) states by oxygen
molecules and the quenching of excited O(' D) atoms by nitro-
gen molecules. Heating of the gas after the discharge pulse at
atmospheric pressure is associated with the quenching of the
N, (A3X}) states by oxygen molecules, with a characteristic
time of 100 ns. It should be noted that the gas temperature
drops relatively quickly at times # > 100 ns, which is explained
by the gas-dynamic expansion of the hot region. This fast cool-
ing is explained by the relatively small size of the heated gas
region, A = 15— 20 um (see figure 13). The minimal addi-
tional increase in gas temperature, a few degrees, occurs at
¢t > 500 ns due to the small specific energy contribution in the
second diagnostic pulse.

The solid and long-dashed red curve in figure 18 describes
the time behavior of the expected to be measured gas temper-
ature T,,(¢) at x=1 mm, provided by the equation (13) and
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Figure 18. Temperature as a function of time in the main pulse and
in the probe pulse 500 ns later: symbols are experimental data,
curves are the results of calculations: short-dashed black curve
represents calculated gas temperature T,(f) at the point (x;y) =

(1 mm; 12.5 pm), solid and long-dashed red curve provides T, (%)
calculated by equation (13) (see text) at x =1 mm.

taking into account the calculated OY-distribution of the dens-
ity of the emitting state. Experimental data, obtained by integ-
ration of the SPS emission over depth of field, are presented
by symbols.

The calculated T, for the second (probe) pulse is lower than
the experimentally measured temperature, even if the increase
of T, in the second pulse is qualitatively reproduced. This
difference can be due to the fact that the calculated data are
obtained within the 2D-approximation, while in the exper-
iment the system of plasma channels is 3-dimensional (see
figure 5). As a consequence, the specific energy contribution
in the experiment, and so the gas heating in the channels can
exceed the calculated 7,, values.

Summarizing the discussion above, it is possible to con-
clude that the low-energy probe pulse should be used for tem-
perature measurement by optical emission spectroscopy in the
afterglow of nanosecond SDBD. Additional control of the dis-
charge emission pattern is recommended to assure that no
strong changes in the discharge morphology are observed.

The gas temperature measured from the SPS emission in
the probe pulse hundreds of nanoseconds after the main pulse
approximately corresponds to the real gas temperature in the
region of maximum heating. The reason for this is that the
probe discharge is mainly concentrated in the region of lower
gas density (in the zone of high E/N values); as a result, the
main SPS emission comes exactly from the region in which
the maximum gas heating in the first pulse took place.

Finally, will consider the time interval between the main
pulse and the probe pulse, 30 < ¢ < 500 ns. During this period,
gas-dynamic expansion with a characteristic timescale 7, res-
ults in the cooling of the plasma channel heated by the first
pulse (see black dashed curve in figure 18). To account for this
difference and to determine the value of a possible maximum



Plasma Sources Sci. Technol. 34 (2025) 095010

B Zhang et al

value of gas heating T.x by the discharge, the following
equation [54] can be used:
)

1/~
= ( > ) (14)

where + is the heat capacity ratio, Ty and Py are the values of
gas temperature and pressure at the initial moment, Texpans 1S
the gas temperature measured after the expansion of the chan-
nel and reaching the initial pressure P = Py. Equation (14) is
obtained under the assumption that the expansion of the hot
channel is adiabatic (P ~ p7), and the main heating of the gas
occurs at times fne, much shorter than the gas-dynamic time
(theat <K Tp).

Texpans (1> T,)
Ty

Pmax
Py

Tmax
Ty

5. Conclusions

This paper presents the results of experimental and theoretical
studies on the parameters of a nanosecond surface dielectric
barrier discharge (SDBD) of positive polarity (U = +27.5 kV
on the high-voltage electrode) in atmospheric-pressure air,
with a pulse duration of 20 ns. The study includes measure-
ments of the discharge current, delivered energy, and discharge
morphology using ICCD imaging, as well as gas heating both
in the discharge and in a probe pulse occurring 500 ns after the
initial main pulse.

The results of 2D numerical modeling of nanosecond
SDBD are presented. The calculations are performed using the
model described and tested in detail in [25, 26], [40, 41]. The
calculation results are compared with experimental data on the
discharge current, total delivered energy and temperature.

Calculations show that the main energy deposition into the
gas does not occur at the peak electric fields (E/N =1000-
3000 Td) in the ionization front, but rather during their sub-
sequent decline to moderate values (E/N =70-170 Td) at the
leading edge of the voltage pulse and under similar moderate
fields at the trailing edge. The fact that the major part of energy
is deposited under relatively low-field conditions explains why
the fraction of energy spent on fast gas heating (FGH) during
the discharge pulse does not exceed ng = 10%.

It is shown that, in the main discharge pulse, there is a
significant difference between the OY-profiles (normal to the
dielectric surface) of gas temperature and the emission intens-
ity of 27 system of molecular nitrogen. As a result, measure-
ments of the gas temperature based on the 2+ emission during
the falling edge of the pulse can lead to significant errors. The
reason for the difference of these profiles is that the spatial dis-
tribution of gas heating is formed at the first nanoseconds and
changes weakly with time, while the emission intensity profile
follows the electron density distribution, which becomes flat-
ter with time due to the electron-ion recombination. A signific-
ant contribution to the total intensity of 2+ system of nitrogen
is made by the emission from regions with a relatively low gas
temperature.

Calculations of SDBD parameters are also carried out in a
second (probe) pulse of smaller amplitude 500 ns after the first
discharge pulse. The main distinguishing feature of the probe

pulse is that it propagates through the gas containing regions
of smaller gas density. As a result, the OY-profiles of gas heat-
ing and intensity of the nitrogen 27 system are similar. As a
result, the temperature can be measured correctly on the basis
of the SPS emission under conditions that no strong changes
in the discharge morphology leading to additional heat are
observed.

It should be noted that during the time interval between the
main and probe pulses, a noticeable cooling of the hot channel
occurs, which is associated with its gas-dynamic expansion.
Therefore, the gas temperature measured at times ¢ > 7, will
differ from the temperature Ty,.x at the end of the main dis-
charge pulse.

The conclusions above may apply not only to SDBD but
also to volumetric nanosecond discharges. It is worth noting
that an alternative temperature measurement technique, such
as Spontaneous Raman scattering [12, 55] or CARS [53], can
be used to determine gas heating in the discharge afterglow—
however, these methods are more complex than emission spec-
troscopy of rotational manifold of the second positive system
of molecular nitrogen.
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Figure 19. Calculated evolution of the electron density (left) and reduced electric field (right) during the main pulse. Time instants are

marked within each frame.
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Figure 20. Calculated neutral gas density at 506 ns.
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Figure 21. Calculated evolution of the electron density (left) and reduced electric field (right) during the main pulse. Time instants are

marked within each frame.
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Figure 22. Temporal evolution of measured applied voltage at the
HV electrode and calculated reduced electric field E/N at the point
(x;y) = (1 mm; 12.5 pm) for the conditions of [23, 24].

Appendix B

To test the model suggested in the paper, the SDBD parameters
were calculated for conditions corresponding to the experi-
ments [23, 24]. The discharge was studied in air at atmo-
spheric pressure at positive polarity pulse, duration at FWHM
of 20 ns, and a voltage amplitude U = +45 kV. Differently
from the present work (see figure 1), the length of the grounded
electrode was much longer, |DE| = 50 mm. The waveform of
voltage on the HV electrode used in the calculations is shown
in figure 22.

Temporal evolution of the measured applied voltage and
absolute value of the calculated reduced electric field E/N at
the point (x; y) = (1 mm; 12.5 pm) are presented in figure 22.
Despite the high electric fields at the head of the surface
streamer, where E/N reaches 3000 Td, the majority of the dis-
charge energy is deposited in the gas at reduced electric fields
of E/N = 60-170 Td.

In [23, 24], similar to the present work, the optical emission
of 27 system of nitrogen was used to measure gas temperat-
ure in nanosecond SDBD. The spectra were obtained over the
region 0—2 mm counting from the HV electrode with the ICCD
camera gate equal to 1 ns. Figure 23 shows the results of the
comparison of the calculated and experimental time profiles
of gas temperature, the points are experimental data [24]], and
the curves are the calculation results: 7, is the gas temperature
at the point (x;y) = (1 mm; 12.5 pym); T, is the expected to
be measured temperature over the depth of field at x =1 mm,
provided by equation (13) of the present work (see [15] for
details).

As observed, the calculated temperature waveform expec-
ted to be measured, 7},,, shows a reasonable agreement with the
measured data (points), indicating that the developed model
adequately describes the gas temperature increase and takes
into account peculiarities of measurements. The overall time
evolution of the gas temperature follows a similar pattern to
that shown earlier in figure 12: a rapid temperature increase
occurs within the first 3—4 ns, during the leading edge of the
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Figure 23. Temperature as a function of time in SDBD under the
conditions of [23, 24]: symbols are experimental data [24], curves
are the results of calculations: dashed curve represents calculated
gas temperature T, () at the point (x;y) = (1 mm; 12.5 pm), solid
curve provides Ty, (¢) calculated by equation (13) at x=1 mm.

voltage pulse, followed by the next temperature rise at the
trailing edge of the pulse. Will note that a significant discrep-
ancy is observed between measured 7, and calculated T,: for
example, at the end of the discharge pulse, at =25 ns, the
temperature difference AT = T,—T,, reaches 150 K. As in
the case discussed in the section 4.2.1, this difference comes
from the difference in the OY profiles of the gas temperature
and the SPS emission intensity.
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