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This paper performs a numerical simulation of concentric-ring discharge structures within the scope of a two-

dimensional diffusion–drift model at atmospheric pressure between two parallel circular electrodes covered with thin

dielectric layers. With a relative high frequency the discharge structures present different appearances of ring structures

within different radii in time due to the evolvement of the filaments. The spontaneous electron density distributions

help understanding the formation and development of self-organized discharge structures. During a cycle the electron

avalanches are triggered by the electric field strengthened by the feeding voltage and the residual charged particles on

the barrier surface deposited in the previous discharges. The accumulation of charges is shown to play a dominant role

in the generation and annihilation of the discharge structures. Besides, the rings split and unify to bring and annihilate

rings which form a new discharge structure.
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1. Introduction

High-pressure dielectric barrier discharges (DBD)
exhibit a rich variety of spatial characteristics, which
reveal their underlying physics and indicate their
application performance. Depending on their op-
erating parameters and their interaction with sur-
rounding boundaries including the electrodes, DBD
may appear to be filamentary, spatially diffuse, or
self-organized.[1−3] Recently, various interesting dis-
charges under the laboratory conditions have been
the subject of great interest.[4−8] For example, a
concentric-ring pattern in a short-gap planar DBD
is observed at a gas pressure of several hPa.[4] Spi-
ral patterns and spiral defect chaos are also found
in DBD in atmospheric argon-air mixture.[9] Similar
complex patterns are reported in a needle-plane elec-
trode configuration in atmospheric helium or atmo-
spheric argon.[10] At a high frequency of 500 kHz,
using MgO coated dielectric barriers, we find that
self-organization of discharge filaments occurs with
a symmetric appearance.[11] Self-organization in gas

discharges may occur as unstructured and localized
patterns, often known as traveling spots[12,13] or as a
static striate pattern formed along the length of the
discharge plasma.[14] In the time domain, these spa-
tial discharge structures may appear periodically or
chaotically.[15,16]

Complex spatial patterns in DBD are scien-
tifically both interesting and important as their
understanding is critical to the development of
their diagnostics methodologies and their industrial
applications.[17] At present, theoretical studies of
plasma patterns in high-pressure DBD are far be-
hind their experimental studies. This is compliant
by the very few two-dimensional (2D) simulations of
high-pressure DBD that are critical for theoretical
studies of plasma patterns. In this paper, a self-
consistent fluid model of atmospheric DBD is used to
study the generation and evolution of the concentric-
ring discharge structures, similar to those observed
experimentally.[4,9,10] The numerical simulation in our
work may provide a significant insight into the under-
lying physical process of the formation of concentric-
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ring patterns. The instability of the spontaneous fila-
ments of a DBD plasma is simulated.[18] With spectral
resolved photonic secondary processes, a fluid model
for barrier discharges in air at atmospheric pressure
is preformed with general finite-element software to
show the movement of a filament.[19] The current pat-
terns in physics system due to electrical current flow
have been described for a certain class of systems, in-
cluding certain semiconductor and gas discharge sys-
tems, by a two-layer model in terms of the electrical
current density and the electrical potential.[20] In our
model, the temporal and spatial evolvement of the dis-
charge rings which form the discharge structures are
analysed by the charges deposited on the barrier sur-
face and the field in the gas gap. It should be pointed
out that the discharge structures are likely to be uni-
form radially with a not too high frequency.[18,21,22]

Recently a very interesting concentric-ring discharge
structure is described by Stollenwerk,[23] and the sim-
ulations are performed in 3D and without simpli-
fications suggested in Refs. [24] and [25]. As the
frequency increases, the discharge structures become
non-uniform radially. In order to investigate the dis-
charge mechanisms with relative high frequencies, the
driving frequency of the applied sinusoidal voltage is
set to 100 kHz.

2. Model

We consider a typical DBD configuration, in
which two thin dielectric layers are used to cover
two parallel electrodes, and the dielectrically insulated
electrodes are separated by a thin gas gap. In or-
der to decrease the calculation time a simple model
is used with three species, namely, electrons e, he-
lium ions He+ and background helium atoms He. The
model includes the reactions of direct electron im-
pact ionization and dissociated ion–electron recombi-
nation. The elementary processes and the correspond-
ing coefficients in the model are the same as those
used in Ref. [22]. The simulation of the discharge is
based on the 2D continuity equations for electrons and
ions, with a much simpler current conservation law
to replace the Poisson equation for electric field so
that the solution would automatically obey the Pois-
son equation.[24,25] Azimuthal symmetry is assumed
and cylindrical coordinates (r–z) are used. The basic
equations are:
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where n and j are the density and flow density of
species respectively, S is the source term including
generation and loss of particles, the subscripts e and i
donate the electrons and ions respectively, Er and Ez

are the transverse and longitudinal components of the
electric field respectively, jc is the conductivity cur-
rent density, j0 is the total current density, ε0 is the
permittivity of vacuum. A and B are constants re-
lated with the working gas (4.4 and 14.0 respectively
in helium according to Ref.[26]), p is the gas pressure
and β is the recombination coefficient. In our calcu-
lation, the Schartetter–Gummel scheme is used.[24,25]

The particle fluxes are as follows:

jre,i = ∓µe,iErne,i −De,i
∂ne,i

∂r
, (6)

jze,i = ∓µe,iEzne,i −De,i
∂ne,i

∂z
, (7)

where D is the diffusion coefficient and µ is the mo-
bility. The applied voltage is assumed to be

V = V0 sin(ωt). (8)

The secondary electron emission effect at the cathode
surface is described as

je = −γji, (9)

where γ is the secondary emission coefficient and is
set to 0.01. The calculation begins with a spatially
uniform density for ions and electrons (both set as
107 cm−3), and with a homogeneous electric field of
10 V/cm. The surface charge and the total discharge
current density are set as zero. Electron and ion dif-
fusion coefficients and mobilities are supposed to be
constants (De = 729.4 cm2/s, Di = 0.53947 cm2/s,
µe = 486.3 cm2/(V·s) and µi = 10.4 cm2/(V·s)),
which come from Refs. [25] and [26].

3. Results

In our numerical simulation, the background gas
is helium at atmospheric pressure. The gas gap be-
tween the two dielectric plates is 2.2 mm and the
thickness of each dielectric barrier is 1 mm with a
permittivity of 7.5. The electrodes are assumed to be
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circular with a diameter of 12 mm. The excitation
frequency is fixed at 100 kHz, and the peak applied
voltage is 1.6 kV. Figure 1 shows the waveforms of
the applied voltage and the discharge current. The
one current pulse every half cycle of the applied volt-
age is typical of atmospheric DBD, as observed both
experimentally[10] and numerically.[22] While previous
1D simulations usually assume a transverse unifor-
mity, our 2D simulation shows a concentric pattern.
As shown in Fig. 2 for four different instants marked
near the current peak in Fig. 1, the discharge cur-
rent density is clearly non-uniform in the radial direc-
tion. The radially concentric-ring pattern of the cur-
rent density is likely to be a result of the transverse
diffusion of the background gas. As the discharge cur-
rent evolves through its positive peak in Fig. 1 at the
four instants of 140.6, 140.8, 141.0 and 141.1 µs, both
the intensity and the complexity of the concentric-ring
pattern evolve.

Fig. 1. The global current in positive half-cycle. The

spots a, b, c and d correspond to the time scales 140.6 µs,

140.8 µs, 141.0 µs and 141.1 µs respectively.

Fig. 2. The total current density at 140.6 µs (a), 140.8 µs

(b), 141.0 µs (c), 141.1 µs (d) with the unit of mA/cm2.

In Fig. 2(a), the discharge is characterized by two
rings and a central spot. This evolves into a pattern
of four bright concentric-rings that decay over a spa-
tial scale of 1–2 mm in Fig. 2(b). At t = 141.0 µs

when the discharge current reaches its positive peak,
the pattern is now dominated by a very bright and
broad ring close to the centre and an equally bright
ring at the electrode edge sandwiching a less bright
narrow ring located at a radius of r = 4 mm as shown
in Fig. 2(c). As the discharge current reduces from its
peak, the concentric-ring pattern changes little apart
from reduced current density as shown in Fig. 2(d).

Figure 3 shows the 2D profile of the electron den-
sity at the axial position for the maximum electron
density and again at the four instants of 140.6, 140.8,
141.0 and 141.1 µs. Again these show a clear pat-
tern of concentric rings. As shown in Fig. 3(a), the
electron avalanches are first triggered at the locations
with the radii of 0.15 mm, 3.3 mm and 4.95 mm.
Subsequently at 140.8 µs and in Fig. 3(b), this first
set of discharge rings is extinguished and the elec-
tron avalanches are triggered at three other locations
of r = 1.05 − 2.55 mm, 4.05 mm and 5.85 mm. In
Fig. 3(c), the electron density at r = 5.85 mm is
stronger than that at r = 4.05 mm, possibly due to
the different charge accumulation and the nonlinear
charge transport. The corresponding maximum elec-
tron densities are 4.2×1011 cm−3 and 2.2×1011 cm−3

respectively. It is clear that the electron density at
the peak discharge current in Fig. 3(c) is several times
greater than that in Fig. 3(a), which is about half-way
towards the current peak. Finally at 141.1 µs and in
Fig. 3(d), the electron density becomes smaller.

In DBD, nonlinearities in the charge transport
in the background gas and the boundary conditions
on the dielectrically insulated electrodes are critical
in determining the appearance of complex spatiotem-
poral discharge structures.[8,23] During the first half-
cycle, the pattern of the two rings and a central spot
discharge at 140.6 µs is seen to be caused by three
avalanches at r = 0.15, 3.3 and 4.95 mm. This is con-
sistent with Fig. 4 in which the surface charge density
on the dielectric barrier surface is plotted as a function
of time for seven radial locations. At t = 140.6 µs, the
surface charge density at r = 0.15, 3.3 and 4.95 mm
has a large negative value which is resulted from the
residual charges from the previous half cycle. This
increases the gas voltage and enhances the electric
field in the gas gap to trigger the three avalanches
at r = 0.15, 3.3 and 4.95 mm. As shown in Fig. 5(a),
the electric field can reach as large as 19 kV/cm at the
momentary cathode at z = 2.2 mm. The locations at
which the electric field reaches its local maximum are
again at r = 0.15, 3.3 and 4.95 mm.
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Fig. 3. The spatial-temporal evolution of electron density at 140.6 µs (a), 140.8 µs (b), 141.0 µs (c), and

141.1 µs (d).

Fig. 4. The charging process on the barrier surface in

positive half-cycle.

As the discharge current reaches its maximum at
t = 141.0 µs, the surface charge density is seen in
Fig. 4 to have a narrow distribution and the electric
field in Fig. 5(b) is seen to have two large peaks, at
r = 1.05 − 2.55 mm and r = 5.85 mm, sandwiching
a smaller peak at r = 4.05 mm. These are consis-
tent with the spatial profile of the current density in
Fig. 2(c) and the electron density in Fig. 3(c). It
is worth mentioning that the peak electric field in
Fig. 5(b) is 28 kV/cm. Spatial distributions of the
current density, the electron density and the electric
field evolve as a result of gas breakdown and electron
avalanches triggered by the axial electric field as well
as the radial charge diffusion. It should be pointed
out that the deposited charges at r = 3.3, 1.05 and
2.55 mm are not shown in Fig. 4 for the definition of
the picture.

Fig. 5. Spatial variations of the electric field at 140.6 µs

(a) and 141.0 µs (b).

The formation and development of the concentric-
ring discharge structures have been explained above
from the viewpoint of electron avalanches. They can
also be understood from the evolution of individual
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discharge rings.[27,28] The radial and axial shapes of
the electron density in our azimuthally symmetrical
model are shown in Fig. 6 where the momentary cath-
ode is at z = 2.2 mm. In Fig. 6(a), three rings marked
as 1, 2 and 3 are seen at r = 0.15, 3.3 and 4.95 mm
respectively. After 0.2 s at t = 140.8 µs, ring 2 has
split up into two rings marked as 2-a and 2-b whereas
ring 3 has also split into two other rings marked as
3-a and 3-b as shown in Fig. 6(b). At t = 140.9 µs
in Fig. 6(c), ring 1 turns into two parts with the one
marked as 1-b moving towards ring 2-a. Simultane-
ously, ring 2-b and ring 3-a move towards each other

and combine together as a new ring marked 4. Ring
3-b moves further towards the edge of the electrode
where there was previously no gas breakdown. The
distance between the 1-b and 2-a rings is now smaller.
As time evolves further to t = 141.0 µs, ring 1-b and
ring 2-a merge to form a new ring as marked 5. Ring 4
and ring 3-b do not appear to have moved radially but
their electron density has undergone clear changes. It
is worth mentioning that the ring structure appears
to be strongest near the momentary cathode and pos-
sibly near the boundary between the sheath and the
plasma bulk.[29]

Fig. 6. The time evolution of the electron density in the negative half-cycle. The figures (a), (b), (c) and (d)

correspond to 140.6 µs, 140.8 µs, 140.9 µs, 141.0 µs. The moment cathode is at the top side.

4. Conclusion

In this paper, a self consistent 2D fluid model was used to investigate the spatiotemporal evolution of an
atmospheric helium DBD. A concentric-ring discharge structure has been demonstrated and its evolution has
been shown to be characterized by an alternative occurrence of electron avalanches and discharge extinction
in the radial direction. Surface charges on the dielectrically insulated electrodes and charge diffusion in the
radial direction are important. Finally it has been shown that the concentric-ring structure appears near the
momentary cathode and the atmospheric DBD structure near the anode is predominately uniform.

References

[1] Kogelschatz U 2002 IEEE Trans. Plasma Sci. 30 1400
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