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Abstract
A parallel 2D code for modeling nanosecond surface dielectric barrier discharge (nSDBD),
combining a discharge description, detailed kinetics and hydrodynamics, is developed and
validated. A series of experiments and numerical modeling for a single pulse nSDBD in
atmospheric pressure air at a voltage amplitude of 24 kV have been performed. The measured
and calculated velocity of the discharge front, electrical current, 2D map of N2

( P  P) (C N Bu g
3

2
3 ) emission and hydrodynamic perturbations caused by the discharge on the

time scale –0.2 5 μs are compared. The data are presented and analyzed for the negative and
positive polarity of the streamers. A set of parametric calculations with different dielectric
permittivities and different dielectric thicknesses is presented.

Keywords: nanosecond surface dielectric barrier discharge, modeling, measurements, nSDBD

1. Introduction

The special attention paid to surface dielectric barrier dis-
charges (SDBD) over the last three decades is explained by
their potential application for the active control of airflows.
The dynamics of near-surface electric discharges and their
interaction with the airflow is a subject of a recent review [1],
in which the authors distinguish four types of flow pertur-
bations: (1) low-speed near-surface gas motion generated by
electrohydrodynamic interaction (ion–wind); (2) spanwise
and streamwise vortices formed by both electrohydrodynamic
and thermal effects; (3) weak shock waves produced by rapid
energy release (fast gas heating) in pulsed nanosecond

discharges; and (4) near-surface localized stochastic pertur-
bations in sub-millisecond time.

High pressure nanosecond surface discharges in noble
gases or in excimer mixtures (noble gases with the addition of
reactive gases containing elements of group 17, such as
fluorine or chlorine) were studied for laser applications in the
1970s and 1980s (see, for example, [2]). Pioneering experi-
ments where nanosecond SDBD (nSDBD) in atmospheric air
were used for flow control date to the beginning of the 21st
century [3, 4]. Since then, an intensive study of nanosecond
DBD actuators has been conducted by different groups [5–8].
It has been confirmed that the reason for the flow reattach-
ment over a wide range of discharge pulse frequencies is the
generation of thermal/pressure perturbations by nanosecond
SDBD actuators.
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In spite of the fact that the principal reason for nSDBD
discharge–flow interaction has been found and proved, the
parameters of nSDBD plasma and the physics of the dis-
charge are not yet clearly understood. The present work is the
first of two papers. Part1 describes the measurements and 2D
modeling of an nSDBD, and the morphology, propagation of
the discharge along the dielectric and hydrodynamic effects in
the early afterglow are discussed. Part2 presents the exper-
imental and numerical study of plasma parameters in atmo-
spheric pressure single shot nSDBD discharge.

Only a few well-established experimental facts regarding
nanosecond discharges can be found in the literature. The
morphology and dynamics of nSDBDs are usually measured
by nanosecond ICCD imaging in the UV and visible range of
spectra. The available data provide a top view above the di-
electric [4], while the fine structure of the discharge in the
direction perpendicular to the dielectric remains virtually
unstudied. Only a few attempts to measure the distribution of
emission in the direction from the dielectric to the bulk of the
plasma [9, 10] exist in the literature. In [9], the surface barrier
discharge is initiated over the ceramics or glass-ceramics by a
5–14 kHz sinusoidal voltage of 2.2–2.8 kV in amplitude. A
segment corresponding to about 10mm of the discharge
along the dielectric was monitored using a photon counting
technique. The conclusion was made that the thickness of the
discharge is about 1mm. In [10], cross-correlation
spectroscopy was used to obtain a 2D picture of N2 emission.
The thickness of the emission layer did not exceed 1–2 mm.
Because of the coplanar geometry of the electrodes in [10],
the results cannot be directly compared to nSDBD in a
classical airflow configuration.

A reduced electric field was derived in [11, 12] from the
measurements of the ratio of emission of the first negative ( -1 )
and second positive ( +2 ) systems of molecular nitrogen—the
technique developed for uniform plasma [13, 14]. The fol-
lowing conclusions were made on the basis of joint exper-
imental and numerical analysis [12]: (i) the electric field in
nSDBD is high but cannot be measured from the optical
emission without special precautions; the emission of the -1
and +2 systems comes from different spectral regions near the
surface of the dielectric within a scale of tens of microns; (ii)
to compare the experimentally measured ratio of emission and
numerical modeling, it is necessary to integrate the results of
the calculations in space, ‘imitating’ the light collection by the
spectral system; (iii) a comparison of the experiments and
numerical modeling provides similar values for the negative
polarity nSDBD and different values for the positive polarity
streamer: there is a region of a high electric field producing
‘more emission’ of the -1 system in the experiments.

Recent measurements of the electric field above the water
surface [15] should be mentioned since the developed tech-
nique can be adapted for nSDBDs. The field was measured by
picosecond four-wave mixing in a 0.6mm gap volume DBD
in collinear phase-matching geometry using an absolute
calibration provided by measurements of a known electro-
static electric field. The resolution of the technique is 0.2ns,
and the time resolution of the measurements was controlled

by the jitter between the discharge pulse and the laser pulse,
which was approximately 2ns.

The SDBD excited by a single pulse of a few tens of
nanoseconds is an efficient object to study the physics of surface
DBDs, in particular, to compare the experimental data and
results of numerical modeling. The discharge starts from the
edge of the high-voltage electrode as a set of synchronous
streamers—the delay between the streamers is less than 0.1ns,
and the propagation of the discharge along the non-charged
surface simplifies the interpretation of the experimental data.
Although in the experiments the nSDBD has a 3D structure, the
synchronous motion of the streamers is the reason why, in
numerical modeling, the nSDBD is represented by a 2D plasma
layer. Modeling the nanosecond surface discharge demands
significant computational efforts. It is complicated compared to
the modeling of a volumetric streamer because a region with
high gradients exists not only in the streamer head but also near
the dielectric. Pioneering papers mainly considered electro-
hydrodynamic forces and aerodynamic flow acceleration in
SDBD [16, 17] in air. Later, Gibalov and Pietsch [18] discussed
numerical modeling in three possible configurations of barrier
discharge—volumetric, coplanar and surface discharge
arrangements—and provided a broad review of the available
experimental data. The paper described the general peculiarities
of cathode- and anode-directed streamers in any barrier dis-
charge configuration.

Recent publications [19–22] describe the development and
propagation of a nanosecond surface streamer. We believe that
this is the most detailed and complete analysis of the physics of a
nanosecond SDBD available at present. On the basis of the
coupled solution of Poisson’s equation, transport equations for
charged particles, photoionization and a minimum set of kinetic
equations for charged species, the propagation of the streamer
initiated by a high-voltage nanosecond pulse has been studied.
Different shapes of the discharge were reported: diffuse dis-
charge for negative polarity, with a thin (a few microns) layer of
a high electric field and low electron density in the vicinity of the
dielectric, and a ‘streamer–like’ discharge for positive polarity—
the thickness of the layer of the high electric field under the
streamer is tens of microns. The specific energy distribution in
the discharge was calculated on the basis of the current density
and electric field. It was shown that in the negative polarity
discharge, the energy is concentrated near the high-voltage
electrode (cathode) whereas in the positive polarity streamer, the
energy is spread almost uniformly along the streamer. This
statement seems to contradict the experimentally observed
pressure perturbations, producing similar shadow or Shlieren
images at a typical time of a few microseconds [23].

Paper [24] presents a comparative numerical study of
nSDBD discharge for both polarities for a high (e = 16) value
of a dielectric permittivity, with a voltage of 12kV and a di-
electric thickness of 0.5mm. Calculations were performed using
two different approaches. Calculations using a 2D fluid model
were compared with the calculation using a new hybrid model.
The hybrid model considered bulk electrons in a fluid approx-
imation, while electron Monte Carlo simulation (EMCS) was
used to treat energetic secondary electrons in a kinetic way. The
calculation confirmed the qualitative behavior of the positive and
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negative polarity streamers obtained earlier. A consistent set of
velocities, isolines of the electron density, ionization source and
electric field near the streamer head, has been presented. It was
shown that the positive polarity streamer does not change when
using the EMCS module. With a negative polarity applied to the
high-voltage electrode, the anode layer is formed between the
streamer body and the surface. The electrons are trapped in the
sheath region by the electric field and produce a thin near-sur-
face layer ahead of a streamer.

Linking together Poisson’s equation, transport equations,
the stiff system of detailed chemical kinetics and hydro-
dynamics is a challenging task for numerical modeling. For
multi-scale modeling to be a practical predictive tool that is
reasonably time-efficient requires highly optimized codes and
parallelization of the calculations.

The aim of this work is to present together a parallel 2D
code for modeling nSDBD, and a comparison of experiments
and numerical modeling for the same experimental condi-
tions. The measured and calculated velocities of the discharge
front, electrical current, 2D map of N2 ( P  P) (C N Bu g

3
2

3 )
emission, and hydrodynamic perturbations caused by the
discharge on the time scale 0.2–5 μs are compared. The data
are presented and analyzed for the negative and positive

polarity of the streamers. A set of parametric calculations with
different dielectric permittivities and different dielectric
thicknesses is suggested.

2. Experimental setup and technique of
measurements

A standard airflow configuration of the nSDBD [1] was used in
the experiments. The electrode system is shown schematically in
figure 1(a). The aluminium bar was ´ ´W L10 mm , where
W is the width (or span) and L is the length of the ground
electrode. The 0.3mm thick PVC dielectric layer (dielectric
permittivity e = 3.5) was glued by a silicon glue (e » 3) on the
upper surface of the aluminium bar. The summary thickness of
the dielectric layer was equal to 0.5mm. For the high voltage
electrode, a rectangular piece of copper foil ´ W12 mm mm
and 50μm thick was glued on the PVC layer. The thickness of
the conductive glue did not exceed 10μm. The span of the
electrode system, W, varied between 25mm and 80mm, and
the length was taken to be constant and equal to L=80mm.
The experiments were carried out in atmospheric pressure air at
ambient temperature without gas flow.

Figure 1. Experimental setup (a)electrode system; (b) profiles of applied voltages; (c)general scheme of the experiment. TG is a triggering
generator, HVG is a high voltage generator, BCS is a back current shunt.

3

Plasma Sources Sci. Technol. 26 (2017) 125004 Y Zhu et al



Figure 1(a) presents a general scheme of the experimental
setup. The electrode system was connected to a 30m long
coaxial cable. The high-voltage pulses of positive or negative
polarity (20 ns duration at FWHM, 2 ns rise time and –10 30 kV
amplitude) were transmitted from the high voltage generator
(commercial FID Technology pulser, FPG20–03PM/NM) to the
electrodes with a frequency of 2Hz or lower. A back current
shunt (BCS #1) installed with the electrode was used to syn-
chronize the opening of the ICCD camera with a high voltage
profile. A calibrated back current shunt (BCS#2) in the middle
of the cable was used to measure the voltage on the high voltage
electrode, the electric current and the deposited energy. Electrical
signals were registered by a LeCroy WaveRunner 600MHz
oscilloscope. ICCD images of the discharges were taken with a
Pi-Max4 Princeton Instruments ICCD camera with Edmund
Optics 50mm focus length objective.

Measurements by back current shunts are based on the fact
that the voltage between the central wire and grounded shield is
related to the electric current in the cable as U = IZ, where Z is
the cable impedance. The velocity of the propagation of the
electromagnetic signal in the cable is limited, em=v cc ,
where c is the velocity of light in free space, ε and μ the di-
electric permittivity and magnetic permeability of the media,
respectively. The pulse coming from the high voltage generator
(the incident pulse, Uinc) and the pulse reflected from the dis-
charge cell (the reflected pulse, Urefl) are separated in time at the
point where the back current shunt is situated. The value of the
voltage on the electrode is equal to = +( ) ( ) ( )U t U t U tinc refl at
the conditions of DBDs, where the impedance of the load is
much higher than the impedance of the cable, U≈2Uinc. The
waveform of the voltage on the high voltage electrode is given
in figure 1(b). (For further details, the back current shunt tech-
nique can be found elsewhere [25, 26].)

To study the microstructure of the discharge,
shadowgraph images and optical emission images were
obtained using an optical system where a system of quartz
lenses, presented in figure 1(c), was used instead of the
objective of the ICCD. A Thorlabs green LED M505L3-C
with a 505nm central wavelength and 30nm bandwidth was
used as a light source. To increase the intensity of the back-
ground light, the LED was powered by a custom-made pulsed
source, the pulse duration being 15μs. A symmetric system
of lenses provided a uniform light beam from the LED and ´2
magnified image of the discharge. A diaphragm 5mm in
diameter was installed after lens3; although the intensity of
the light decreased, the increased depth of field significantly
exceeded the length of the high-voltage electrode, so the
distortions of the emission caused by the presence of adjacent
streamers were minimized. A camera was placed at the 2D
translation platform. A Γ-shape mask from the copper foil (20
μs in thickness) was used: (i) to check the depth of field; and
(ii) to ensure that the electrode system was perpendicular to
the axis of the optical diagnostic system. The spatial resolu-
tion of the system was equal to 6.4μm/pixel at an ICCD
camera gate equal to 0.5ns; the jitter was less than 0.1ns.

3. Numerical approach

A 2D parallel PASSKEy (‘PArallel Streamer Solver with
KinEtics’) code coupling plasma and hydrodynamics has
been developed to model nSDBD development. The com-
putational model is a 2D self-consistent description of a
multi-species mixture under the action of discharge and
hydrodynamic expansion in the early afterglow, with detailed
chemical kinetics and energy release in chemical reactions.
The code is optimized using a hybrid OpenMP–MPI parallel
approach.

3.1. Governing equations

The continuity equations combined with the Poisson’s
equation and discharge/afterglow chemical kinetics were
solved to describe the behavior of charged, neutral, excited
species and the electric field. The continuity equations for the
species are

¶
¶

+  = +· ( )j
n

t
S S 1ph

where n is the number density of the species of interest, j is
the flux of species, S is the source term of the species due to
chemical reactions, and Sph is the source term due to photo-
ionization. Based on drift–diffusion approximation, the flux
term j can be expressed as

m= -  ( )j En D n 2

where D, μ are the diffusion coefficient and mobility of the
charged species, and E is the electric field. In the code,
 =· j 0 for neutral species was postulated.

The chemical source term S is described by detailed
kinetics in the code. The kinetics scheme in [27], suggested
by Pancheshnyi to model streamer propagation, and part of
[28] suggested by Popov to describe fast gas heating, were
combined and used. The following neutral, charged and
excited species are taken into account: e, N2, S+( )N A u2

3 ,
P( )N B g2

3 , P( )N C u2
3 , +N2 ,

+N4 , O2, O, O(
1D), +O2 , O

−, -O2 . The
scheme includes 13 species and 38 reactions.

The photoionization model [29] describing the ionization
of oxygen molecules by VUV-radiation coming from elec-
tronically-excited N2 in Pb u

1 , b’ S+
u

1 , c’ S+
u4

1 states is con-
sidered. The model is based on the assumption that the major
contribution to the rate of photoionization comes from the
radiation in the spectral range –98 102.5 nm; the radiation
below 98nm is absorbed by molecular nitrogen, and the
wavelength 102.5nm is the photoionization threshold of O2.
The photoionization source term Sph is calculated by intro-
ducing three-term Helmholtz equations [30, 31]:

å= ( )S S , 3
j

j
ph ph

l - = -( ) ( )S p S A p I, 4j
j O

j
j

2
ph

2
ph O

2
2 2

4
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x am=
+

( )I
p

p p
En , 5

q

q
e

where α is the Townsend ionization coefficient, mE is the
absolute drift velocity of electrons, p is the ambient pressure,
pq is a quenching pressure of PC u

3 , pO2
is a partial pressure of

O2. lj and Aj are fitting coefficients for photo-ionization
functions obtained in experiments and taken from [30].
Quenching pressure is expressed as t=p kT kq 0 q, where k is
the Boltzmann constant, T is the gas temperature, t0 and kq are
the radiative lifetime of the transition and the rate constant of
collisional quenching respectively.

Poisson’s equation is solved taking into account different
values of dielectric permittivity:

åe e f -  =· ( ) ( )q Z n 6
i

i i0 e

where qe is the absolute value of electron charge, e0 is the
permittivity of free space and ε is relative permittivity. Zi is
the charge of species i, and ni the number density of species i.

Finally, the system of equations is closed with Euler
equations:

¶
¶

+
¶
¶

+
¶
¶

= ( )U F G
S

t x y
7

r
r
r

r
r

r

r
r

r= =
+

+

= +
+

=

⎡

⎣
⎢⎢⎢

⎤

⎦
⎥⎥⎥

⎡

⎣

⎢⎢⎢

⎤

⎦

⎥⎥⎥

⎡

⎣

⎢⎢⎢

⎤

⎦

⎥⎥⎥

⎡

⎣

⎢⎢⎢

⎤

⎦

⎥⎥⎥
( ) ( )

( )

U F G S
u
v
e

p uu
uv

e p u

v
uv

p vv
e p v S

, , ,

0
0
0

8
heat

where ρ is the total density of air, u and v are the velocities in
two dimensions, and e is the specific total energy. The reac-
tive Euler equations are closed by the equation of state:

g r= -( ) ( )p i1 9

where = - +( )i e u v 22 2 is the specific internal energy.
The energy, released in fast gas heating and calculated

from kinetic equations in plasma code, is used as a source
term in equation (8). The calculated density, pressure and
temperature from the Euler equations are further used for E/N
calculation, Helmholtz equations and kinetics.

3.2. Numerical schemes

Poisson’s equation and Helmholtz equations are solved by a
preconditioned conjugate-gradient solver [32, 33]. A semi-
implicit time integration scheme was used for Poisson’s
equation to release the limit of the dielectric relaxation time
[34, 35]. For the transport equations, a 1st order splitting
method is used for time integeration:

=+D D D D ( )V C D R V 10t t t t t t

where +DV t t and V t are the solution of equation (1) at t and
+ Dt t, respectively. DC t, DD t and DR t represent the drift

(convection), diffusion and chemistry operator respectively
applied on the duration Dt. Different schemes are used for
each operator. For the drift term, an explicit UNO3 scheme
(3rd order in time and space) [36] coupled with the Strang
operator for spatial splitting is used. For diffusion, an explicit

2nd order central discretization scheme is used, while for
chemistry, the stabilized Rouge–Kutta–Chebyshev scheme
[37] is used.

Euler equations are calculated at every iteration after
solving the plasma equations. The updated neutral densities,
temperature and reduced electric field are used in the next
iteration for plasma calculations. The Z/B flux vector split-
ting scheme [38] is used to capture strong spatial dis-
continuities of solutions during simulation.

3.3. Initial and boundary conditions

To ignite the discharge, an initial cloud of seed plasma was
chosen according to the electric field from the very beginning
of the start time. In this calculation, the voltage (the 24 kV
waveform shown in figure 1(b)) starts from 1.5 kV instead of
0 kV to pass the non-important and time-consuming voltage
increase and non-discharge period. With this initial voltage,
we calculated the electric field, giving the range of the region
where ionization starts (E>32 kV cm−1), and then dis-
tributed seed plasma in this region by following formula 11
(in cm−3 and cm):

=
= - -

( ) ( )
( ( ) ( ) )) ( )

n x y n x y

x y

, ,

10 exp 0.002 0.002 . 11
ie

12 2 2

Several numerical tests have validated that the range of
this Gaussian peak value from 109–1013 cm−3 does not affect
the propagation of the surface streamer after 0.1 ns.

For Poisson’s equation, classical Dirichlet boundary
conditions were used for the metal surfaces, f = ( )U t .
Newmann boundary conditions were written for the non-
metal boundaries, f¶ ¶ =n 0. Surface charge is accumulated
on the dielectric surface during each time step by collecting
the charge flux flowing towards the dielectric on the boundary
of the plasma region. The accumulated charge is then stored
in the edge of the finite volume mesh cell, and was taken into
account as additional charge when solving Poisson’s
equation. For the Helmholtz equations, =S 0ph was set on the
boundary of the domain (far from the plasma region).

For transport equations, the boundary conditions are
summarized in table 1. It has to be noted that we assume the
secondary emission coefficient on both the metal and di-
electric, g = 0, as calculations carried out have shown that
the results do not visibly depend on γ ranging from 0.01–0.1.

For Euler equations, classical non-slip wall boundary
conditions were given to the entire calculation domain; the
flux is given as:

= [ ] ( )Z p p0 0 . 12w

Table 1. Boundary conditions for transport equations of species.

Boundary
condition

Flow towards
boundary

Flow away from
boundary

Electrons ¶ ¶ =j n 0e g= -j je i

Ions ¶ ¶ =j n 0i =j 0i

5
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3.4. Domain, mesh, timesteps and parallelization

A total computational domain of ´5 cm 5 cm is shown in
figure 2(a). To reduce the computational cost, the transport
equations, Poisson’s equation, Helmholtz equations, and
Euler equations were solved in different sub-domains. A fine
and uniform square mesh was distributed in the streamer
propagation region, while in the rest of the computational
domain, the mesh size grew exponentially, as can be seen in
figure 2(b).

All grids were integrated simultaneously with the same
time step, which is limited by different characteristic time
steps [39], including the drift dynamics time step

D = D D⎡
⎣⎢

⎤
⎦⎥( ) ( )

t min ,c
x

v

y

v
i

x i j

j

y i j, ,
, the diffusion dynamics time step

D = D D⎡
⎣⎢

⎤
⎦⎥

( ) ( )

( ) ( )
t min ,d

x

D

y

D
i

x i j

j

y i j

2

,

2

,
, the kinetics time step

D =
⎡
⎣⎢

⎤
⎦⎥( )

( )
t minI

n

S
k i j

i j

,

,
and the dielectric relaxation time step,

D = e
m

⎡
⎣⎢

⎤
⎦⎥( ) ( )

t minDiel q ne e i j e i j

0

, ,
. The limit from the dielectric

relaxation time step is removed due to the use of a semi-
implicit scheme for Poisson’s equation. Thus, the general
time step Dt was defined as:

x x xD = D D D( ) ( )t t t tmin , , 13c c d d I I

where x = 0.1c , x = 0.1d and x = 0.02I .
Despite the removal of the dielectric relaxation time

limit, the time step during calculation is still very small due to
the high reaction rates, and the computation cost grows sig-
nificantly with an increase in the kinetics dimension.

To accelerate the calculation, an OpenMP–MPI hybrid
approach was developed in this work, with OpenMP paral-
lelization operated on 16 CPU cores to perform time inte-
gration of the transport equations and to perform LU
factorization and iterations for the Poisson and Helmholtz

equations, while MPI parallelization operated on different
nodes according to the dimension of the kinetics scheme. The
suggested hybrid approach combines the advantages of both
the OpenMP method and MPI techniques, and avoids the
drawbacks of intense and time consuming message exchange
between different nodes in pure MPI codes.

The calculation time depends mainly on the scale of the
mesh and kinetics. For 106 cells and 38 kinetic reactions, the
calculation of a 2cm surface streamer propagating under a
voltage pulse of about 24kV in amplitude takes 8–20 h on a
single HPC node (Intel Xeon E5, 2.40 GHz, 16 cores).

4. Code validation

A few benchmark cases of atmospheric pressure discharges
were selected, namely a case of a volumetric streamer pro-
pagation in point-to-plane geometry with minimized dis-
charge kinetics containing ionization and attachment [40],
streamer development taking into account detailed chemical
kinetics [27], the development of a nanosecond discharge at
high overvoltage [41], and SDBD [12, 22, 24]. For all
selected cases, the main results are correctly reproduced by
the developed code. Two examples, for volumetric [40] and
for surface [12, 22] streamers, are presented below.

4.1. Streamer in point-to-plane geometry

Paper [40] is a classical study of streamer propagation. The
calculations [40] were conducted for a hyperboloid anode
placed 1cm over a plane cathode in atmospheric pressure air.
A constant voltage of 13kV was applied to the anode. The
rate of collisional ionization was calculated in the approx-
imation of the local electric field, m a=S E ni e, where α is the
first Townsend ionization coefficient. Two-body dissociative

Figure 2. Computational domain and mesh distribution (units are in meters) (a) computational domain for different equations. Transport
equations: dark grey domain; Poisson’s equation and Helmholtz equation: entire domain; Euler equations: light and dark grey domain;
(b) structured cartesian mesh, uniform square mesh with a size of 5–8 μm in the dark grey domain exponentially growing in the rest of the
computational domain.
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attachment and three-body attachment of electrons to oxygen
molecules were taken into account. Electron mobility, the
diffusion coefficient, Townsend coefficient, and the reactions
between charged particles were taken to be the same as in [40]
with the aim of reproducing the calculations. Similar to [40], a
small plasma spot was placed at the anode tip to initiate
streamer formation.

Figure 3 compares the results of the calculation of the
present work with the reference results taken from [40].
Calculated in the present work, axial profiles of the electron
density and isolines of the electric field are shown in
figures 3(b) and (d) respectively. Different computational
approaches to photoionization have been used in [40] and in
the present work. Both codes use the classical photoionization
model developed by Zheleznyak et al [29]. In [40], the
photoionization was calculated by integration over the region
containing the emission sources; the region was a restricted
volume related to the streamer head. The present work uses a

three-exponential Helmholtz model summarized in [30] spe-
cifically for photoionization in air. Despite the described
difference, the results calculated by the PASSKEy code
provide good agreement with [40] (see figures 3(a) and (c)).
The streamer is initiated in a high Laplacian field close to the
anode and expands along the axis of the discharge and in the
radial direction until it reaches a radius of approximately
1mm. After this, the streamer propagates along the axis of
the discharge gap with an almost constant radius of the
channel and virtually constant velocity.

4.2. Surface streamer

Additional validation of the PASSKEy code was based on the
calculations of the nanosecond surface discharge at atmo-
spheric pressure. Numerous simulations of the surface strea-
mers with rather different numerical approaches and
configurations are known [12, 18, 22, 24, 42, 43]. Currently,

Figure 3. Validation of PASSKEy code developed in the present work on the benchmark case describing the volumetric streamer. (a), (b)
Axial profiles of the electron density [40]. Time moments are 1–23ns, step is 2ns, the streamer propagates towards z=0 (a) results of [40];
(b) PASSKEy code; (c), (d) contour lines of absolute values of the electric field, in logarithmic scale, time moments are 5, 11, 17, and 23ns.
The contours are 30, 40, ... kV cm−1. (c) Results of[40]; (d) PASSKEy code.
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there is no ‘classical’ benchmark for the case of an atmo-
spheric pressure surface streamer. In this work, [12, 22] were
selected for comparison.

Using the same geometry and voltage waveform, a 2D
map of the absolute values of the electric field and the
dependence of the electrical current upon time were calcu-
lated. They are shown in figure 4, together with the results
taken from [12, 22]. The surface streamer starts from the edge
of the high-voltage electrode, near the triple point (a junction
point of the metal, dielectric and air), and propagates along
the dielectric surface. With the enhanced electric field at the
ionization head, the propagation velocity of the surface
streamer is much higher than the volumetric streamer.

There are two principal differences in the model devel-
oped in [12, 22] and in the present work. A detailed
description of the approach [12, 22] can be found in earlier
papers [19]. The photoionization in [12, 22] uses model [29]
and is calculated as the integral over the region of interest.
The kinetic model used in [12, 22] is restricted by reactions of
ionization for O2 and N2, recombination, dissociative
recombination and detachment. The PASSKEy code uses the
three-exponential Helmholtz model for photo-ionization [30].
The kinetic model contains 38 reactions, including the main
set of reactions [12, 22] but also considering the reactions
responsible for a fast energy release (fast gas heating) in
reactions with charged and excited species.

It has to be noted that another difference between these
two models is the treatment of the flux boundary condition of
the dielectric. The boundary condition used in PASSKEy
is given in table 1, which is quite classical and widely used
for the plasma–dielectric interface in many groups [24,
42, 44, 45]. The boundary condition of the benchmark case is
more sophisticated and specialized; an additional boundary
flux term concerning thermal flux for electrons based on
phenomenological estimations of elementary kinetics was
introduced. As a result, when the electric field is negative in
the Y direction over the dielectric, the electron flux flowing

away from the dielectric surface will be reduced and the
charge separation will be weaker, leading to a slightly thicker
region between the streamer body and the dielectric.

In spite of the described differences between the PASS-
KEy code and the model presented in [12, 22], the results give
a very good agreement for the streamer morphology and
dynamics. The values of the electric field are similar at similar
positions, and the electrical current through the high-voltage
electrode is identical, indicating that the flux of species and
the electric field near the boundaries are calculated correctly.

5. Results and discussion

Typical time-resolved ICCD images of the nSDBD discharge
taken with the 1ns ICCD gate are presented in figure 5. Here
and elsewhere, the ICCD images are taken without any
spectral selection of emission within the spectral range

–300 800 nm. The camera sensitivity is the same for all the
results presented in the figure. According to the current
knowledge of nSDBDs, the optical emission in the mentioned
range corresponds mainly to the second positive system of the
emission of molecular nitrogen, P  P( ) ( )N C N Bu g2

3
2

3

transition. The quenching time of N2(C Pu
3 ) is determined by

the collision with molecular oxygen, the rate constant being
equal [46] to = -·k 2.7 10Q

O 102 cm−3 s−1. The efficient life
time of N2(C Pu

3 ) is 0.7ns at atmospheric pressure, thus
ICCD imaging adequately reflects the spatial structure of the
discharge, and the resolution is limited by the camera gate.
Two peaks of emission are observed during the development
of the discharge (we will also use the terms ‘the first stroke’
and ‘the second stroke’, similar to [22])—one corresponding
to the ionization wave charging the surface, on the rising front
of the voltage pulse, and another, corresponding to the
removal of the electrical charge from the surface on the
trailing edge.

Figure 4. Validation of the PASSKEy code developed in the present work on the benchmark case describing the surface streamer (a) contour
lines of the electric field at first 0.5 ns (Td) [12]; (b) electrical current through the high-voltage electrode [22].
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5.1. Measurements and modeling of streamer velocity and
electric current

Similar ICCD images are usually used to plot the x−t dia-
grams, presenting subsequent discharge front positions at
different time instants, and to calculate the nSDBD propa-
gation velocity. A few x−t diagrams are shown in figure 6(a).
The experiments were carried out in airflow geometry in
quiescent ambient pressure air for the same high voltage pulse
with amplitude = U 24 kV. The shape of the pulse is pre-
sented by a dashed line in figure 6. The length of the
grounded electrode, L=80mm, was always longer than the
maximum length of the discharge propagation. The span of
the electrode system (the length of the high voltage electrode)
changed from W=25mm to W=80mm. For the 50mm
span, the data are presented for both the rising front and the
trailing edge. Two waves of emission, corresponding to two
ionization fronts, are clearly seen (indicated as I and II in the
figure).

The first ionization front (the first stroke) propagates
differently for negative and positive polarities of the high-
voltage electrode: the velocity is significantly lower for the
negative polarity discharge. The second ionization front (the
second stroke) propagates with a similar velocity for both
polarities. The maximal length of the propagation of the
discharge Lmax along the grounded electrode decreases with
the length (span) of the high-voltage electrode, W. This effect
is significant when passing from the 25–50mm HV electrode
(the transition is indicated with arrows in figure 6(a)), but then
the maximal propagation length changes slowly with the HV
electrode length, approaching to some asymptotic value. The
x−t diagram for the 50mm span and 80mm span are quite
similar. The x−t diagram obtained for the 63mm long HV
electrode in the coaxial system similar to the system described
in [47] is in good correlation with the data obtained for the
airflow electrode configuration. To plot the x−t diagrams
from the numerical results calculated by the PASSKEy code,
the position of the front of the discharge was selected as a
position of the front of the electron density. It can be clearly
seen that the results of the numerical calculations are in
excellent agreement with the experimental data for
W=50mm and for longer HV electrodes.

The instantaneous speed of the discharge front was cal-
culated for all time intervals of the first stroke presented on
the x−t diagram. The results are shown in figure 6(b). The
experimental data are given by the hollow symbols for
negative polarity and by the filled symbols for positive

Figure 5. Typical time-resolved ICCD images of the nSDBD discharge (top view) of the negative and positive polarities of the applied pulse.
The width of the high-voltage electrode (a span of the system) is W=25mm. The camera gate is 1ns, and the time delay is indicated under
each frame. Single-shot images without accumulation of the signal.

Figure 6. Experimentally obtained and calculated dynamics of the
nSDBD propagation. (a)x−t diagrams. I and II show the first and
second ionization fronts, and the waveform of the voltage pulse is
given by a dashed line; (b) velocity of the discharge front as a
function of time. The synchronization with the data shape of the
high-voltage pulse (a.u.) is indicated with a dashed line. Filled
symbols represent positive polarity discharge; open symbols
represent negative polarity discharge. Half-filled triangles represent
numerical modeling. Data for different spans of the electrode system
are marked by different symbols (see the legend).
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polarity. The half-filled symbols represent the results of
numerical modeling. A quantitative agreement between the
experimental data and calculations for both polarities is evi-
dent. It should be noted that in the calculations, the few first
points were omitted: at the early stage of the discharge the
velocity increases, reaches the maximum, and only the right
branch of the velocity versus time was taken into account. No
maximum velocity is observed experimentally. The reasons
will be discussed in the final section (figure 14).

The velocity of the negative polarity streamer is sys-
tematically lower than the velocity of the positive polarity
streamer. The velocity is about 2–3 mm ns−1 for negative and
∼5mm ns−1 for positive discharge at the early stage of
propagation. It drops down to 0.1mm ns−1 and less for the
negative polarity streamer, while the positive polarity strea-
mer continues to propagate with a velocity progressively
decaying to 0.4–0.5 mm ns−1 at the end of the pulse.

This behavior is dictated by the difference in mechanisms
of the negative and positive polarity streamers, described in a
number of publications [12, 19, 22, 24]. The head of the
surface streamer and the nearest region behind the head

represent a complex structure combining the features of the
volumetric streamers (photoionization and ionization by
electron impact) and the presence of the dielectric surface
(charge deposition on the dielectric with consequent
enhancement of the electric field near the surface). When the
length of the surface streamer exceeds a few millimeters, the
head and the ‘channel’ are clearly distinguished. We will
use the term ‘channel’ to designate a structure of the surface
streamer behind the head, although for negative polarity, the
electric field in this region is rather diffuse. For both pola-
rities, there is a narrow region of high electric fields near the
dielectric. For negative polarity streamers, it is reported to be
a few micrometers, while for positive polarity, it comprises
tens of micrometers [12, 20]. So, the channel consists of a thin
zone of a very high electric field and low electron density and
of the ‘body’ of the channel, described by contours of the
electron density.

The principal difference in propagation is explained by
the structure of the streamer head [12]. In the negative
polarity streamer, the electrons produced in the cathode layer
near the high-voltage electrode move to the surface, produ-
cing a negative charge surplus; finally, the electron density
and the electric fields ‘stick’ to the surface compared to the
positive polarity discharge. In the positive polarity discharge,
on the contrary, the electrons go from the surface, and the
ions virtually do not move. As a result, the structure of the
field and the electron density pattern is different—the electric
fields in and below the streamer head are very high and the
propagation of the positive streamer is faster. Another
important point is that the conductivity of the negative
polarity streamer is lower. The drop of potential along the O–
X axis consists of a near electrode drop (cathode or anode
fall), a potential drop along the channel and a potential drop in
the streamer head. A lower conductivity of the channel of the
negative streamer results in a higher longitudinal electric field
in the channel, a lower electric field in the head and, conse-
quently, lower propagation velocity.

The described difference is clearly illustrated in [24]
where the ionization sources, electron densities, and electric
field in the vicinity of the streamer head of negative and
positive polarity are calculated.

A simple estimate made in [47] for a negative polarity
streamer was based on the idea that when the streamer stops,
the electric field in the streamer head is close to zero.
Assuming that the voltage on the cathode layer [48] is small
compared to the potential of the cathode, it is possible to
calculate the reduced electric field ( )E N ch in the channel of
the negative polarity streamer. For = -U 24 kV and for

»L 10 mmmax , at P=1bar and T=300K, the value
»( )E N 100 Tdch . When the positive polarity streamer

propagates at much longer distances, it is reasonable to
assume that the longitudinal electric field in the streamer
‘body’ is lower than in the case of the negative polarity
discharge.

To analyze the influence of possible edge effects, the
experiments with two different spans were selected to mea-
sure the electrical current: W=25mm and W=50mm.
Figure 7 presents the experimentally measured total electrical

Figure 7. Discharge electrical current per unit length for negative (a)
and positive (b) polarity nSDBD. The current was measured for two
spans of the electrode system, W=25mm and W=50mm. The
half-filled triangles represent the numerical modeling.
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current through the discharge divided by the span of the
electrode system and numerical results for the current per unit
length. It is important to note that the electrical current
corresponding to the charging of the electrode system in the
absence of the discharge was subtracted when treating the
data. In the numerical modeling, the current was calculated as
an integral of fluxes of negative and positive charges through
the surface of the high-voltage electrode.

The agreement is rather qualitative for both polarities.
For discharge of negative polarity (figure 7(a)), the current
peaks at 16A/cm for the 25mm span, and at 13A/cm for
the 50mm span. The result obtained by numerical modeling
for the same conditions is 25A/cm, with the secondary
emission coefficient on the electrode being g = 0.1 and ion
mobility ranging between 1.4 and 2.5 cm2/V·saccording to
[49]. For the discharge of positive polarity (figure 7(b)), the
current through the electrode is mainly the current of elec-
trons; experiments give almost the same peak current value
for 25 mm and 50 mm span, 18 A/cm and 19 A/cm. The
result in the numerical simulation gives a two times higher
peak current value in the first 5 ns (40 A/cm), and a decaying
current that behaves similarly to the experimental ones.

Despite the difference in the peak current values, a good
agreement is observed for the measured and calculated
absolute values of the current after the peak; qualitative
behaviour of the current as a function of time is also well
reproduced. A detailed description of the shape of the pulse of
the current linked to the phases of the development of the
negative polarity discharge can be found in [22]. According to
[22], the first peak of the current (20–40 A/cm in figure 7(a))
is due to the ion current from the cathode layer to the HV
electrode. High electron densities and a high electric field
result in strong charge separation [22] and a sharp rise of the
current. The electrons produced in the cathode layer drift to
the dielectric surface and charge the surface negatively. As a
result, the y-component of the external electric field is shiel-
ded and ionization inside the cathode layer decreases.
Another feature is the behaviour of the current on the plateau
of the electrical pulse. This stage with a slowly decreasing
electrical current (3–15 ns in figure 7) is due to the formation
of the near-surface plasma layer [22], and is observed in both
the calculations and measurements. The current in both cal-
culations and experiments, and in both polarities, decay
progressively to 0 at almost the same rate in the tail.

The formation of the near-surface plasma layer is an issue
which is extremely complicated for experimental study. In the
available numerical calculations [12, 19, 22, 24], the electric
field in the case of the negative polarity discharge has a dif-
fuse structure. Although some authors [19] say that ‘there are
no streamers at negative polarity’, we would prefer to main-
tain, similar to [24], the terms ‘negative streamers’ and
‘positive streamers’. In both negative and positive streamers,
there is a sheath region near the dielectric. In the sheath, the
strong electric field is directed perpendicular to the dielectric
surface, and the electron density is low. The thickness of the
sheath predicted numerically for atmospheric pressure
SDBDs is a few microns for the negative polarity discharge

and 40–50 μm for the positive polarity discharge. Later in the
paper, we will turn our attention to the role of the sheath for
(i) streamer propagation; (ii) production of active species; (iii)
resulting hydrodynamic perturbations.

5.2. Modeling of electron density and electric field

Two approaches to the nSDBD description—theoretical and
experimental—are different, first of all, by the definition of
‘streamer’. In the theory and numerical calculations, a strea-
mer is represented by isolines of the electron density and/or
the electric field. In the experiments, measurements of the
electron density are complicated because of relatively low
absolute values of ne and high demands to spatial resolution.
Two wavelength Shack–Hartmann-type laser wavefront sen-
sors were successfully used to measure the 2D time-resolved
electron density in extinguishing atmospheric arc discharges
with currents of several tens of amperes [50], but the lower
electron densities reported in [50] were on the order of
1017cm−3. Measurements of the electric field are limited by
measurements of the ratio of emission of two bands with
different thresholds integrated over the thickness of the
streamer [11, 12], as discussed above. A picosecond four-
wave mixing can be adapted for the measurements of the
electric field in a surface discharge, but at present only the
measurements in volumetric nSDBD are available [15]. As a
result, in the experiments, the surface streamer is defined as a
region corresponding to the optical emission in the UV and
visible range of spectra. The aim of the next two sections is to
provide a comparison between the two ways of describing a
surface streamer.

The evolution of the electron density in the negative and
positive streamer at foursuccessive time moments is shown
in figure 8. The time moments are different: 1, 5, 10 and 15ns
for negative polarity and 2, 4, 6 and 8ns for positive polarity.
The point ( )0, 0 corresponds to the triple point. The scale on
the X-axis is also different: 0–10 mm for negative polarity,
and 0–20 mm for positive polarity. The vertical scale is the
same for negative and positive polarity; a represented region
takes 1.1mm above the dielectric electrode. Similar to
[22, 24], a negative polarity streamer is more diffuse; this can
be seen from the 2D plots of the electron density near the high
voltage electrode. For both polarities, the electron density
increases and then decreases when moving in a vertical
direction from the dielectric surface. For positive polarity, the
thickness of the region of a high electron density is
approximately two times higher.

With time, a diffuse ‘cloud’ of the electron density near
the high-voltage electrode at negative polarity remains vir-
tually unchanged with a typical vertical size of about 0.4mm,
in excellent correlation with the calculations of [24]. The size
of the streamer head is much smaller than the size of the
‘cloud’—about 60μm at 5ns at a distance of 7.5mm from
the high-voltage electrode, and about 30μm at a distance of
10ns at 9.6mm from the high-voltage electrode. The cross-
section of the negative streamer maintains a triangle-like
shape with a diffuse ‘cloud’ near the high-voltage electrode
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and a ‘needle-like’ head during the discharge propagation
along the surface. For positive polarity, a ‘sandwich-like’
structure is observed for the electron density: the thickness of
the layers with a constant electron density changes only
slightly along the streamer.

To compare the behavior of the emission of a particular
molecular band for different polarities, information regarding
the electron density and the electric field is required. The

evolution of the absolute value of the electric field in the
negative and positive streamers at the same time instants of
the electron density is shown in figure 9. For both polarities,
high values of the electric field are observed in the streamer
head. The maximum of the color scale presented by figure 9
corresponds to approximatively 300kV cm−1 (1200 Td at

Figure 9. The evolution of the absolute value of the electric field for
negative (a) and positive (b) streamers. Time instants are 1, 5, 10,
15ns for the negative polarity streamer and 2, 4, 6 and 8ns for the
positive polarity streamer. The scale on the OX-axis is –0 10 mm for
the negative polarity streamer and –0 20 mm for the positive polarity
streamer. The scale on the OY-axis and the scale for the electric field
are the same for both polarities.

Figure 8. The evolution of the electron density for negative (a) and
positive (b) streamers. Time instants are 1, 5, 10, 15ns for the
negative polarity streamer and 2, 4, 6 and 8ns for the positive
polarity streamer. The scale on the OX-axis is –0 10 mm for the
negative polarity streamer and –0 20 mm for the positive polarity
streamer. The scale on the OY-axis and the scale for the electron
density are the same for both polarities.
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atmospheric pressure), in reasonable correlation with [12, 24].
Higher electric fields in the head of a positive polarity
streamer at a distance of a few cm from the high-voltage
electrode compared to negative polarity are also in correlation
with the calculation of [24].

A principal difference in the behavior of the electric field
for negative and positive polarity is that at negative polarity, a
weak electric field is observed at significant distances from
the dielectric in the vertical direction, starting from tens of
microns to y=1mm and more. The absolute value,

* ( ) –E N 20 30 kV cm−1, or 80–120 Td (light blue color in
figure 9), is not enough for efficient ionization, so it is often
neglected in a ‘standard’ streamer representation, where the
electron density and the ionization source are typically plot-
ted. But these values are efficient for the excitation of the
N2(C Pu

3 )-state of molecular nitrogen. Indeed, in the outer
perimeter of the streamer head, the electric field is

»( ) –E N 50 100 kV cm−1, or 200–400 Td (green color
in figure 9). The ratio of the rates of excitation of the
N2(C Pu

3 )-state by electron impact and of ionization at
=E N 400 Td is about 3, while at =E N 80 Td, this ratio

is equal to 240. As a result, the emission of the second
positive system should be visible, not only in the front and
near the electrode, but also between them. At positive
polarity, the field between the streamer head and the near-
electrode region at significant distances,  –y 30 50 μm, is
low, * ( )E N E N . As a result, the calculated emission of
the second positive system of N2 in the case of positive
polarity should be visibly concentrated in the streamer head
and near the high-voltage electrode.

The aim of the next section is to compare, for both
polarities, the calculated and measured experimental 2D time-
resolved streamer emission for the second positive system of
molecular nitrogen, and to compare the numerical and
experimental streamer ‘appearance’ for the same conditions.

5.3. Modeling and measurements of 2D time-resolved
streamer emission

The emission observed by 2D imaging is mainly (at least with
the accuracy of a few percent) the emission of the second
positive system of molecular nitrogen. The only ‘concurrent’
of the second positive system in the UV and visible (200–800
nm) range of spectra at short time periods at high electric
fields in air is the first negative system of N2, with a strong
¢ =   =v v0 0 band at l = 391.4 nm, partly overlapped
with 3 6, l = 389.5 nm and 2 5, l = 394.3 nm bands
of the second positive system. We performed a set of addi-
tional experiments with 340±5nm and 390±5nm narrow
band filters, trying to separate the emission from the second
positive and the first negative system at the front of the dis-
charge with a time resolution of 0.5ns, and we failed; no one
time instant and no spatial zone, where the emission of
l = 391.4 nm can be clearly distinguished on the background
of the 2+ system under the mentioned method of visualiza-
tion, were found. Two conclusions were made from these
preliminary experiments: (i) using photomultiplier tubes with
a gain an order of magnitude higher than the ICCD camera

gate and selecting the emission strictly by molecular bands, it
is possible to separate experimentally the first positive and
second negative systems in the nSDBD [12] and to judge the
absolute values of the electric field [13, 14]. The experiments
to separate the emission in 2D in the time-resolved mode are
possible but demand more precautions. (ii) The emission
observed experimentally and presented below is the emission
of the second positive system of molecular nitrogen.

The emission intensity at any point in any time instant is
defined by a product of electron density ne and the rate
constant of N2 excitation by electron impact, which is a
function of the reduced electric field E/N. The density of
N2(C Pu

3 ) in nSDBD is governed by the following equation:
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where ( )k E Ne is a rate constant of excitation of N2(C Pu
3 ) by

electron impact, t0 is the lifetime, kq
i and [Mi] are the rate

constants of quenching and the densities of quenchers
respectively, and the emission intensity is proportional to the
density of molecules on the upper state: ~ P[ ( )]I N C u2

3 .
The calculated 2D map of N2(C Pu

3 ) emission at
sevensuccessive time moments is shown in figure 10. The
time moments are different: 1, 2, 3, 4, 5, 10 and 15ns for
negative polarity and 1, 2, 3, 4, 5, 6 and 8ns for positive
polarity. The scale on the OX-axis is 0–10 mm for negative
polarity, and 0–20 mm for positive polarity, similar to
figures 8 and 9. The vertical scale is the same for negative and
positive polarity and twice smaller than for the electron
density and electric field; a represented region takes 0.6mm
above the dielectric layer.

At negative polarity, two distinctive features of the
calculated profile of emission should be mentioned
(figure 10(a)): (i) during the first few nanoseconds, the
emission reproduces the behavior of the electron density; (ii)
after 10ns, the emission flattens against the dielectric, and the
visible thickness of the discharge decreases by a factor of 4–8.
The observed gradual flattening of the emission is connected
with a slow decrease of the absolute value of the electric field
in the ‘body’ of the streamer channel, tens and hundreds of
micrometers above the dielectric surface.

The evolution of the positive polarity nSDBD
(figure 10(b)) also reflects the distribution of the electric field
in time and space. Two regions of the high electric field and
relatively high electron density are observed—in the streamer
head and near the high voltage electrode. As a result, the
emission pattern is divided into two parts (2–4 ns), more and
more separated in space with time, and finally (6–8 ns and
more) no optical emission is observed from the streamer
‘body’ between the streamer head and near-electrode region.

The calculated emission presented in figure 10 was
compared with the measured emission plotted in figure 11.
The experimental 2D map of the emission is taken at 0.5, 1,
1.5, 2, 2.5, 8 and 10ns for both polarities. A synchronization
between the calculated and measured picture is present but the
initial moment can be shifted by 0.5–1.5 ns; in the

13

Plasma Sources Sci. Technol. 26 (2017) 125004 Y Zhu et al



experiments, the t=0 instant was defined as a point 0.5ns
before the first image with a visible emission. No special
experiments were conducted to synchronize the electrical and
optical measurements or to measure the emission at the
beginning of the discharge with increased ICCD sensitivity.
No reverse Abel procedure has been conducted, but a quali-
tative analysis of the profile of emission assuming that all
streamers are identical shows that the maximum of emission

is observed inside the streamer channel, decreasing to the
periphery. The picture is not symmetrical; the central ‘axis’ of
emission is shifted toward the dielectric. The maximum of
emission is observed at a distance of about 35% of the

Figure 11. The evolution of the measured N2( P  P) (C N Bu g
3

2
3 )

emission intensity (a.u.) for negative (a) and positive (b) streamers.
The span of the electrode system is W=25mm. The ICCD camera
gate is equal to 0.5ns. Time delays relative to the start of the
discharge are 0.5, 1, 1.5, 2, 2.5, 8, 10ns for both polarities. The
scales on the OX and OY-axes and the sensitivity of the ICCD
camera are the same for both polarities. See the text for the
explanation of point A.

Figure 10. The evolution of the calculated N2(C Pu
3 ) density in unit

´10 cm15 3 for negative (a) and positive (b) streamers. Time instants
are 1, 2, 3, 4, 5, 10, 15ns for the negative polarity streamer and 1, 2,
3, 4, 5, 6 and 8ns for the positive polarity streamer. The scale on the
OX-axis is –0 10 mm for the negative polarity streamer and –0 20 mm
for the positive polarity streamer. The scale on the OY-axis and the
scale for the N2(C Pu

3 ) density are the same for both polarities.
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diameter of the total emission channel over the dielectric. It
should be noted that the emission intensity near the surface
was not corrected for the solid angle; as the angle of the light
collection decreases when approaching the dielectric, a visible
intensity of emission should also decay.

For negative polarity, the shape of the measured emission
profile during the first few nanoseconds is similar to the shape
of the calculated emission and electron density. Similar to the
electron density, a vertical cross-section of the negative
streamer has a triangle-like shape with a diffuse ‘cloud’ near
the high-voltage electrode and a ‘needle-like’ head during the
discharge propagation along the surface. After 8–10 ns,
similar to that observed in the calculations, the optical emis-
sion flattens and significantly decreases in amplitude.

For the positive polarity discharge, the velocity of pro-
pagation is much higher starting from the first nanoseconds.
At the time period 8–10 ns and later, no emission is observed
behind the front of the streamer. A ‘separation’ of the two
regions with a decrease in the thickness of the streamer in the
central part can be clearly seen at 2.5ns in figure 11.

A feature which does not exist in the numerical modeling
is a ‘bottleneck’ separating a bright near-electrode region
150–200 μm in length and the main streamer channel. The
bright region exists from the very beginning of the streamer
propagation; it elongates and disappears at 2–2.5 ns. The
feature is experimentally observed for both polarities of the
high-voltage pulse (see point A in figure 11).

It is important to note that the thickness of the region of a
well-pronounced N2(C Pu

3 ) emission (‘the emission zone’) is
about 200–250 μm, well above the calculated thickness of the
near-dielectric region of high electric fields, a few micro-
meters for negative polarity and tens of micrometers for
positive polarity. When the threshold of excitation of the
N2(C Pu

3 )-level is 11.03eV [51], the emission describes a
region where the electric field is still high * ~( ) –E N 80 100
Td, and the electron density is already high enough to provide
the efficient excitation of electron levels, and so, efficient
dissociation. The emission zone is the most important zone of
the discharge when considering the nSDBD as a plasma-
chemical reactor.

Another important issue is the temperature increase due
to fast gas heating [28] on tens–hundreds of nanoseconds and
more due to VT-relaxation [52] on a microsecond time scale.
A local increase of gas temperature can (i) provoke a che-
mical reaction when the reaction rate is an Arrhenius expo-
nential function of gas temperature; (ii) create a
hydrodynamic perturbation and a low density region. The last
action is accepted to be the most important factor in gas flow
control using nSDBDs [53].

5.4. Hydrodynamic perturbations initiated by nSDBD

Hydrodynamic response was calculated using the same mesh
as for plasma equations. Unlike widely used mesh mapping or
interpolating methods in coupling fluid and plasma code,
using the same mesh for both plasma and fluid sacrifices the
resolution of the fluid problem far away from the electrode,
but enables the possibility of resolving the early response of

the fluid during and after the discharge in a very short time
and very fine spatial scale.

The generation and propagation of compression waves in
nanosecond SDBDs is one of the most typical nSDBD phe-
nomena observed both in experiments and simulations
[4, 42, 54, 55]. In the present paper, the calculation is focused
mainly on the formation and propagation of the hydro-
dynamic perturbation within a small spatial scale at an early
stage, <t 1 μs, referred to as the ‘early stage’. The longer
time scale, < <t1 5 μs is considered mainly for the refer-
ence to the majority of available experiments.

Figure 12 shows the calculated pressure map after the
discharge initiated by positive and negative polarity voltage
pulses. In both cases, a strong perturbation of pressure is
observed along the dielectric surface (‘wave 1’ hereinafter)
and at the edge of the exposed electrode due to fast and local
heat release in chemical reactions (‘wave 2’). The waves
propagate with approximately constant slightly supersonic
velocity at < -t 2 2.5 μs and then slow down. For negative
polarity discharge, waves1 and 2 are well distinguished and
propagate with =v M1.21 and =v M1.51 respectively. For
positive polarity nSDBD, wave1 is more uniformly dis-
tributed above the dielectric; = »v v M1.351 2 . For negative
polarity, an increased energy release in the near-cathode
region can be clearly seen (‘wave 3’, =v M1.53 ). The near-
cathode layer with elevated specific energy deposition and an
increased density of dissociated oxygen has been observed in
the calculations for atmospheric pressure air performed in
[56]. A typical size of the layer was about 10μm in the x–
direction at 30ns from the moment the discharge began. The
authors of [56] concluded that the discharge of negative
polarity should ignite the combustible mixtures better due to a
concentrated energy release, and they proved this experi-
mentally on the example of C2H2:air mixtures for initial
ambient temperatures and initial pressures in the range of
0.6–1 atm. A typical shadowgraph and Schlieren measure-
ments reported for a few microseconds and longer do not
demonstrate a significant difference for different polarities of
the discharge [57]. To the best of our knowledge, no direct
experimental confirmation of a high energy release at the
early stage was available before in the literature.

The shadowgraph images of the nSDBD discharge in the
same configuration as the experimental system described in
the above optical emission images (figure 11) are presented in
figure 13. Already at 200ns, a perturbation, which began
from the near-dielectric zone along the streamer channel
(wave 1), is clearly seen for both polarities. The perturbation
moves up in the vertical direction. At this stage, the pertur-
bation near the high-voltage electrode (mainly above the
electrode) can be distinguished only for negative polarity
(wave 3). At a later time scale, >t 1 μs, experimental mea-
surements provide fairly similar impressions for negative and
positive polarity: a cylindrical wave propagating from the
edge of the high-voltage electrode (wave 2) and a set of
waves, ‘enveloping’ each streamer (wave 1). A qualitative
difference between the experiments and numerical modeling
is an appearance of these waves. In the numerical modeling,
waves 1 and 2 appear simultaneously; the intensity of wave2
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at negative polarity is stronger, and at positive polarity is
comparable to the intensity of wave1. In the experiments,
wave1 along the streamers appears first. Wave2, from the
edge of the electrode, becomes clearly visible only starting
from 1μs. The intensity of wave 1 enveloping the streamers
is visibly higher at the early stage. The intensities of waves1
and 2 are nearly equal at >t 1 μs. The additional perturbation
above the high-voltage electrode, wave3, observed in the

numerical modeling and in the experiments at negative
polarity, appears at an early stage and is visible up to a few
microseconds in the modeling, but does not exist a few
microseconds into the experiment.

Comparing the numerical modeling and experiments, it is
important to note that in fast gas heating, different classes of
reactions can be selected as a function of the reduced electric
field. At high electric fields, >E N 500 Td, the main heat

Figure 12. The evolution of the calculated pressure perturbations (in Pa) (a), (b) short time scale, –0.2 1 μs, (c), (d) long time scale, –0.5 4 μs;
(a), (c) negative polarity discharge, (b), (d) positive polarity discharge. The OX and OY scales are kept similar for (a), (b) cases and similar for
(c), (d) cases. The short-time scale maps are zoomed relative to the long-time scale images. Waves 1, 2 and 3 are marked in 800 ns frame (see
the explanation in the text).
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release is due to the reactions involving charged particles,
while for » –E N 200 400 Td, quenching of N2(C Pu

3 ) and
N2(B Pg

3 ) states by molecular oxygen provide more than 50%
of the fast gas heating [28]. At our experimental conditions,
the main picture of the hydrodynamic perturbations is formed
due to the reactions of the quenching of N2(C Pu

3 ) and
N2(B Pg

3 ) by molecular oxygen, and the reaction of O(1D)
quenching by O2. Calculations show that a different appear-
ance of wave3 and waves1 and 2 correlates with the
quenching of the N2(C Pu

3 ) level: at negative polarity,
N2(C Pu

3 ) is produced in the thin layer over the high-voltage
electrode; as a result, the flat wave3 (see figure 13(a)) starts
from the electrode. In the authors’ opinion, the sensitivity of
the hydrodynamic perturbation to kinetics can be used in the
future to ‘measure’ the input of different classes of reactions
in fast gas heating, comparing experimentally and numeri-
cally a fine structure of hydrodynamic perturbations at the
early time scale, <t 1 μs.

5.5. Parametric calculations: different dielectric permittivities
and different thicknesses of the dielectric layer

To analyze nSDBD morphology and velocity at different
conditions, a parametric study has been performed. Calcula-
tions were performed for atmospheric pressure air and for the
parameters of the high-voltage pulses of the present work for
two different cases. The case (A) was calculated for a constant

thickness of the dielectric, =d 0.5 mm, and for three dif-
ferent dielectric permittivities: e = 41 , e = 162 and e = 803 .
The case (B) considered the constant dielectric permittivity,
e = 4, and the thickness of the dielectric changed:

=d 0.5 mm1 , =d 1 mm2 and =d 5 mm3 .
Figure 14 presents the instantaneous speed of the dis-

charge propagation front for different ε values and a few
selected 2D maps of the electron density and electric field for
different polarities of the high-voltage pulse. The ascending
branch of the velocity in the early stage of the discharge
development has been never observed experimentally.
According to the calculations, the N2(C Pu

3 ) emission inten-
sity at <t 1 ns is 1–2 orders of magnitude lower than for the
longer time periods. This is the reason why only the des-
cending branch of the velocity dependence upon distance is
compared with the experimental data in figure 6(b). A change
in the discharge velocity and morphology is directly related to
changes in the deposition of the electrical charge and changes
of the electric field in the vicinity of the dielectric.

At negative polarity, the picture is complex. Already in
the baseline case (see figure 8(a)) the electron density pattern
can be considered as a combination of two distinctive shapes:
a diffuse ‘cloud’ near the high-voltage electrode, and a tri-
angle-like narrow pattern, sliding along the surface of the
dielectric. With an increase in ε, the ‘cloud’ elongates, pro-
pagating with a relatively slow speed. A triangle-like pattern

Figure 13. Hydrodynamic perturbations observed experimentally by the shadowgraph technique for different polarities of the high-voltage
pulse (a) short time scale, –0.2 1 μs; (b) long time scale, 2–6 μs.
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propagates faster but starting from a given distance, the field
behind the streamer head decreases noticeably. With a further
increase of ε in the calculations, the needle-like pattern dis-
appears, the discharge structure changes, and only a cloud-
like structure propagates along the dielectric—the electric
field and electron density being enough for the N2(C Pu

3 )
measurements. The ‘cloud-like’ structure and the triangle-like
pattern are designated in figure 14(a) as a ‘thick channel’ and
‘thin channel’ respectively; the difference in the velocities can
be clearly seen.

For positive polarity discharge, with an increase in ε, the
electric field map stays similar to the baseline case
( =d 0.5 mm, e = 4) with the only difference being that the
field in the streamer channel increases with ε. As a result, (i)
the thickness of the electron density pattern increases (0.5 mm
at e = 803 instead of 0.1mm at e = 41 ) transforming to a

shape close to ne at negative polarity, and (ii) a combination
of high electric fields in the streamer channel and high elec-
tron density results in high densities of N2(C Pu

3 ). With an
increase in the dielectric permittivity, a channel of the positive
polarity streamer should become ‘visible’ experimentally.

For both polarities, the electric current increases with ε,
reaching 50–100 A cm−1 for e = 162 and 150–200 A for
e = 803 . The following conclusion can be made from the
numerical calculations: with an increase in ε, the streamer
thickness (calculated by electron density) increases sig-
nificantly, by a factor of 5 as ε changes from 4–80; the
electric fields, for e > 10, should be enough to observe
the emission from the streamer channel at both polarities of
the high-voltage pulse. Special care should be taken to avoid a
breakdown of the dielectric with increasing electrical current.

Calculations for different thicknesses of the dielectric
show the following: for negative polarity discharge, the
‘cloud-like’ feature will stay near the high-voltage electrode,
and the ‘needle-like’ shape of the electron density will
transform to a shape close to the streamer at positive polarity
but with lower values of the electron density. The electric
field behind the streamer head will drop down, and finally, the
emission from the streamer channel will not be detected
experimentally. For positive polarity discharge, with a di-
electric thickness increase, the electric field in the channel will
be totally concentrated in the narrow, tens of microns gap
near the dielectric, and the electron density layer will not
change noticeably. As a consequence, no emission will be
seen experimentally from the streamer channel. The electrical
current decreases noticeably to 12–25 A cm−1 at =d 1 mm2

and to 3–6 A cm−1 at =d 5 mm3 .
Thus, it can be concluded that varying the dielectric

properties of the electrode is a more promising way to obtain
a comparison between the theoretical predictions and exper-
imental observations.

6. Conclusions

A 2D parallel PASSKEy code coupling plasma and hydro-
dynamics has been developed to model the development of an
nSDBD. The computational model is a 2D self-consistent
description of a multi-species mixture under the action of
discharge and hydrodynamic expansion in the early after-
glow, with detailed chemical kinetics and energy release in
chemical reactions. The code is optimized using a hybrid
OpenMP–MPI parallel approach. The kinetic scheme con-
siders 13 species and 38 reactions, including reactions
responsible for fast gas heating in N2:O2 mixtures. The code
is validated using benchmarks for volumetric and surface
streamers available in the literature .

Calculations of negative and positive polarity streamers
have been performed for atmospheric pressure air, voltage
amplitude = U 24 kV on the electrode, dielectric thickness
=d 0.5 mm and dielectric permittivity e = 4. The results

were compared with experimentally obtained data. The dis-
charge velocity, electrical current, time-resolved structure of
2D emission of the second positive system of molecular

Figure 14. Parametric calculations for different dielectric permittiv-
ities ε, velocity of the discharge front as a function of time for (a)
negative and (b) positive polarity of the high-voltage pulse.
Designations ‘thin channel’ and ‘thick channel’ at e = 16
correspond to the ‘needle-like’ and ‘cloud-like’ parts of the channel
of the negative polarity streamer described in the text. The inserts in
the upper right corner of the figures show 2D maps of the electric
field and electron density at t=5ns and e = 16 for (a) and at
t=6ns and e = 80 for (b).
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nitrogen and hydrodynamic perturbation measured in the time
interval 0.2–5 μs were the subject of comparison. To our
knowledge, this is the first detailed comparison of numerical
calculations and experiments performed for the same para-
meters of nSDBD. In addition, parametric calculations for
= –d 0.5 5 mm and e = –4 80 have been performed for both

polarities.
It was confirmed that for different geometries of elec-

trodes, the velocity of the discharge front is about 2–3 mm
ns−1 for negative and ∼5mm ns−1 for positive discharge at
the early stage of propagation. It drops down to 0.1mm ns−1

and less for the negative polarity streamer, while the positive
polarity streamer continues to propagate with a velocity
progressively decreasing to 0.4–0.5 mm ns−1 at the end of the
pulse. A good correlation between the experimental data and
numerical calculations confirm that the model takes into
account the main processes responsible for surface streamer
propagation. The measured and calculated electrical current
through the discharge are in reasonable correlation, com-
prising 20–50 A cm−1 depending upon the conditions.

2D maps of the electron density, the absolute value of the
electric field and N2(C Pu

3 ) density were calculated. The
existence of narrow zones of a high electric field, a few
microns for negative polarity discharge and a few tens of
microns for positive polarity discharge, has been confirmed
numerically. The 2D maps of the emission intensity for two
polarities of the nSDBD in the plane perpendicular to the
electrode system were obtained experimentally for the first
time. The main aim of the calculations was to compare the
structure of the experimentally measured and calculated N2(C
Pu

3 ) distribution, and to analyze the emission of the second
positive system of molecular nitrogen on the basis of 2D
distributions of the electron density and electric field.

Electron density distribution at negative polarity consists
of two distinctive zones: a ‘cloud-like’ diffuse zone near the
high-voltage electrode, and a ‘needle-like’ zone propagating
along the dielectric. The positive polarity streamer produces a
relatively uniform constant thickness pattern of the electron
density along the dielectric. The electric field in the bulk of
the streamer channel of negative polarity is high—about
100Td; for the streamer channel of positive polarity, the field
is low—less than 40Td. The calculated N2(C Pu

3 ) density
repeats the main peculiarities of the distributions of electrons
and field in time and space. The thickness of the channel of
the surface streamer calculated from the distribution of the
N2(C Pu

3 ) density is about 1.5 times larger than the radius
calculated from the electron density in the first 5 ns and then
becomes thinner. The most distinctive experimentally
observed difference, namely a non-zero level of emission in
the developed channel in the negative polarity streamer and
absence of emission in the positive polarity streamer, is
reproduced in the calculations.

Weak shock waves, appearing around the streamers and
near the edge of the high-voltage electrode at sub-micro-
second time scale, are a consequence of fast gas heating in
plasmachemical reactions. The main processes responsible for
the formation of hydrodynamic perturbation are reactions of
the quenching of N2(C Pu

3 ) and N2(B Pg
3 ) by molecular

oxygen, and the reaction of O(1D) quenching by O2. A spe-
cific zone of energy release corresponding to N2(C Pu

3 ) pro-
duction, was found numerically and experimentally over the
high-voltage electrode for the discharge of the negative
polarity.

Parametric calculations provided for three different di-
electric permittivities (e = 41 , e = 162 and e = 803 and three
different values of the thickness of the dielectric
( =d 0.5 mm1 , =d 1 mm2 and =d 53 mm) show that dis-
charge changes in quite a complex way. In general, the dis-
charge slows down with ε and d, but changes in the discharge
morphology cause a non-monotone behavior of the discharge
velocity in the negative polarity discharge with an increase in
ε. The electrical current and electron density increase with ε

and decrease with d. The optical thickness of the streamer
significantly increases with ε and slightly increases with d.

For all the calculated cases, there exists a long region of
plasma with relatively uniform parameters, a channel, where
plasma properties, in spite of the non-uniformity of the sur-
face streamer in the direction perpendicular to the dielectric,
can be analyzed on the basis of the electrical current and N2(C
Pu

3 ) emission. This region is the most important when ana-
lyzing nSDBD as a source of active species.
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