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Abstract. In the experimental part we report on a typical bifurcation scenario of the current distribution
in the discharge plane of a planar dielectric barrier discharge system. Increasing the amplitude U of the
sinusoidal driving voltage after breakdown a large number of dynamic solitary filaments is observed and
the subsequent decrease of U results in a pronounced hysteresis with decreasing number of filaments. In
this way isolated single stationary filaments can be generated. In the theoretical part the latter are modeled
by a reaction-drift-diffusion equation that is solved in three dimensional space numerically without any
fitting procedure. As a result we obtain well defined stationary filaments of which size an shape essentially
are independent of the initial conditions and having a width and an amplitude that agree with experiment
rather well. On the basis of the numerical results we consider mechanisms of filament stabilisation. This
includes the discussion of the well known surface charges as well as an additional focusing effect of volume
charges.

PACS. 52.65.-y Plasma simulation — 52.80.Hc Glow; corona — 89.75.Kd Patterns — 89.75.Fb Structures

and organization in complex systems

1 Introduction

Dielectric barrier discharge (DBD) systems play an im-
portant role in many technical applications, like plasma
display panels, ozone generation and environmental tech-
niques [8]. Due to the rich amount of patterns in the dis-
charge, DBD are also of great scientific interest within
the field of Nonlinear Dynamics and Pattern Forma-
tion [1,3,5,7,11,18], where the usual set-up consists of
two plane-parallel electrodes. Among other things, com-
monly observed patterns consist of an arrangement of
single, a few, or many current filaments. The filaments
within one pattern usually have all the same size and
shape and are independent of the boundary conditions.
The patterns are stable for many thousand driver peri-
ods, i.e. the dynamic of the pattern takes places on a
much slower timescale [18]. Filamentary patterns occur
over a very wide range of parameters. Therefore the gen-
eration of current filaments is a generic phenomenon and
of considerable interest. Thereby the understanding of the
single current filament is the necessary basis for the un-
derstanding of all the complex filamentary patterns that
are observed.

However, so far there are only few theoretical works
about self-organised patterns in DBD systems. A qualita-
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tive description of a stabilising mechanism based on the
surfaces charges on the dielectric barriers is given in [4].
To our knowledge the only quantitative descriptions of the
filamentation process are given in [9,11], which are calcu-
lated in 2D, and in [16], which describes the filamentation
process in full 3D space. In this work we want to introduce
a numerical investigation on the long-time stability of a
single filament in a planar DBD system. The often used
radial (r, z) coordinates are not sufficient in this case, as
they hide non-radial instabilities, that are important in
this work. Instead, we perform a full 3D simulation.

In the experimental part (Sect. 2) we want to describe
a typical experimental set-up and some basic properties of
the discharge (Sect. 2.1). In Section 2.2 we present a typ-
ical experimental bifurcation scenario and how to prepare
a single filament in the experiment. In the theoretical part
(Sect. 3) of this article we first introduce the model and
then (in Sect. 3.1) we demonstrate numerically that our
model is able to reproduce the experimentally observed
filament correctly. Finally, in Section 3.2, we analyse the
mechanisms of stabilisation of a single filament.

2 Experimental system
The set-up of a typical experiment is shown in Figure 1.

The system consists of two parallel glass plates with the
thickness @ = 0.5-1 mm. On the outer side they are
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Fig. 1. Typical experimental set-up. Two glass plates of thick-
ness a are separated by a spacer defining a circular gas-
discharge space being filled with a gas at pressure p and having
the discharge length d and the diameter D. On the outside the
glass plates are coated with ITO which represents the metal-
lic electrodes. Through one of them the gas discharge can be
observed via the emitted luminescence radiation density using
sufficiently fast cameras. The system is driven by a sinusoidal
high voltage supply with frequency f and amplitude U.
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Fig. 2. Typical evolution of voltage and real-current. There
is one real-current peak per half-period of the driving voltage.
Parameters: a = 0.5 mm, d = 0.5 mm, D = 40 mm, p =
200 hPa, f = 200 kHz, helium.

covered with a transparent and electroconductive ITO (in-
dium tin oxide) layer. The spacer between the glass plates
has the thickness d = 0.5-1 mm and defines a circular dis-
charge area with the diameter D = 5-50 mm. The work-
ing gas may be helium, argon or nitrogen at a pressure
p = 100-500 hPa. The ITO electrodes are connected to
an a.c. power supply providing a sinusoidal voltage with
the frequency f = 50-500 kHz and the amplitude U up
to approximately 1000 V. The discharge may be observed
through the transparent ITO layer. Great care has been
taken to provide for homogeneous conditions in the dis-
charge plane.

2.1 Characterisation of the discharge

Figure 2 shows the typical evolution of voltage and real-
current in the discharge system. The reactive current due
to the capacitive load of the discharge system is sepa-
rated off using a Wheatstone-bridge. Both for a homoge-
neous and a filamentary discharge there is only a single
real-current peak per half-period of the driving voltage.
The discharge is a classical ac glow-discharge (definition

e.g. [14]).
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Fig. 3. Typical experimentally observed bifurcation scenario.
The upper part shows the bifurcation diagram with the ob-
served structure against the driving voltage U. The struc-
tures are N: no pattern, S: single filaments, L: loose arrange-
ment, H: hexagonal arrangement, HF: areas with hexagonal
arranged and fast moving filaments, F: fast moving filaments.
U, is the ignition voltage of the system. The letters a—f depict
the according images (a)—(f) below. Parameters: a = 0.5 mm,
d=0.5 mm, D =40 mm, p = 200 hPa, f = 200 kHz, helium,
texp = 1/250 s.

2.2 Bifurcation behaviour

A typical bifurcation scenario obtained in systems like
those depicted in Figure 1 is shown in Figure 3. Thereby
the amplitude U is increased starting at U =0V. As soon
as the ignition voltage for the first breakdown U; =315V
is reached, the gas discharge ignites. The first few break-
downs are nearly homogeneous, but after about 10 break-
downs a many filament pattern is generated, that, depend-
ing on the surface properties of the dielectrics, may move
erratically. A detailed examination of the process of fil-
amentation can be found in [16]. As the emerging gas-
discharge acts as an additional load for the voltage supply,
the driving voltage amplitude decreases to approximately
310 V after ignition. Therefore, instead of the hexagonal
pattern H a loose arrangement L of filaments is observed.
The filaments are all of the same size of approximately
1 mm full width at half height. The filament size varies
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only little with the discharge parameters. For a higher
driving voltage or a higher gas pressure the filaments be-
come slightly smaller.

As the driving voltage is increased additional filaments
are generated and filaments organise in a hexagonal ar-
rangement (H) at 2311 V. In this experiment the hexag-
onal pattern is static!, but there are experimental condi-
tions leading to the motion of the whole pattern or parts
of it [17]. Passing ~328 V areas containing fast moving fil-
aments arise (HF). With an exposure time tey, of 1/250 s
they appear blurred in the images (Fig. 3e). With in-
creasing driving voltage the areas containing fast dynam-
ics grow, and at =333 V all filaments are in fast motion
and the pattern appears blurred (F). In all the discussed
patterns the system operates in the glow mode and the
time dependence of the applied voltage and the current
response is typically of the form Figure 2.

In Figure 3 we also depict the scenario that follows by
decreasing U. During the decrease first the same patterns
as before appear in reverse order until we reach U ~307V.
In this region the bifurcations occur within the measuring
uncertainty at the same voltages as for increasing driving
voltage. If the driving voltage is decreased below ~307 V
also the short-range order gets lost, so we refer to these
structures as single filaments (S). The single filaments are
stable over a wide range of the driving voltage. In this sit-
uation according to surface conditions the filaments may
move or stay at rest. However, the lower the driving volt-
age is, the higher is the probability that some filaments
extinguish spontaneously. If the properties of the dielec-
tric surfaces allow for moving of the filaments, from time
to time there are collisions between them resulting in the
additional annihilation of one of the collision partners. If
the driving voltage decreases below U=~269V discharge
extinguishes.

From the above follows that the system exhibits hys-
teresis in the voltage interval between the extinction and
ignition voltage. If this interval is entered from lower volt-
ages no gas discharge will be ignited. Even if the system
contains some ignited filaments an increase of the volt-
age within this interval will not re-ignite new filaments.
To generate new filaments it is always necessary to ex-
ceed the ignition voltage. A similar hysteretic behaviour
is known from in the pattern formation process in planar
DC gas discharge systems. However, in DBD systems the
hysteresis originates from the role of surface charges, as
it will be seen later, whereas in DC systems the current-
voltage characteristic of the discharge causes the hystere-
sis [15,19].

To obtain a single filament, first, the system is driven
above the ignition voltage. And many filaments are ig-
nited. This corresponds to a loose arrangement of fila-
ments (pattern L, Fig. 3c). Then, the driving voltage is
decreased to drive the system to the regime of single fila-
ments S, Figure 3a. If one now waits for a few ten seconds
filaments are annihilated spontaneously or via collisions.

L For the rest of this article we want to consider a pattern
to be static or stationary if the breakdown behaviour does not
change in time and space from period to period.
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Finally, in general a single filament is left that may be
stabilised by a small increase of the driving voltage of the
order of some ten volts.

3 The model

In this work we use a classical reaction-drift-diffusion
model (often simply called drift-diffusion model) assum-
ing charge transport due to electrons and one type of ions.
Any further plasma chemistry is neglected. Therefore the
evolution of the particle densities of electrons n. and ions
np is given in terms of two continuity equations. In the
case of helium for which we want to present the numerical
solutions we assume as ions He™. The electric field E is cal-
culated from volume and surface charges self-consistently
via the Poisson equation

Oinep +V -Tep=Sep, (1)
Tep=Fneyp Ne,p(E)E - De,p(E)vne,p; (2)

£0&- V2 = e(n, — ne), E=-Vo. (3)
The mobilities of electrons . and ions p, depend on the
reduced electric field (local field approximation) and are
tabulated [6,12]. The diffusion constants for electrons D,
and ions D, are taken from Einstein’s relation D, =
ue, pkTe, p/e with an electron temperature of 2 eV and a
gas (ion) temperature of 0.025 eV. The permittivity ¢ is
1 for the gas and 7.6 for the dielectric layers.

As we regard only one ion species, the source terms S,
and S, are equal. They comprise solely the direct impact
ionisation in the gas volume. The ionisation coefficient «
depends on the reduced electric field, the values are also
tabulated [12].

The current of ions that hit the dielectric surfaces gen-
erates secondary electrons and contributes to the surface
charge. Each ion hitting the dielectric surface is supposed
to be discharged and therefore delivers one elementary
charge. The secondary emission coefficient + is set to 0.05
as in previous calculations [16]. The electron current onto
the dielectric surfaces contributes to the surface charges as
every electron simply sticks to the surface. Surface charges
of opposite sign introduced by ions and electrons anni-
hilate each other. Boundaries of the discharge area that
are not covered with dielectric surfaces are treated with
Neumann zero flux boundary conditions.

The model equations are numerically solved with the
3-dimensional version of the software [2]. The same pro-
gram has been successfully used in [16] to describe the evo-
lution to a self-organised pattern in the form of a stable
dense filament arrangement. A 2-dimensional variant of
the model was used to describe plasma-display-panels [10,
13]. Here the model is applied to investigate a single sta-
tionary filament.

The simulation domain is shown in Figure 4. It consists
of two dielectric layers and the gas gap. The electrodes
cover the whole surface. The working gas has a pressure p
of 200 hPa. The sinusoidal driving voltage with amplitude
U =400V is applied to the electrodes.
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Fig. 4. The simulation domain consists of two dielectric layers
and the gas gap. The electrodes cover the whole surface. Ini-
tially there are surface charges deposited on the inner surfaces
to initiate the current filament. The system is mirrored in y
and z-direction by zero flux boundary conditions. The numer-
ical resolution is X y X z = 60 x 60 x 60 in space and 0.5 ns
in time.

The experimental transients leading to a single fila-
ment lasts a few seconds, i.e. some thousands of driving
periods and therefore is out of reach for numerical simula-
tions. Therefore we have chosen the approach to introduce
an initial surface charge which is in shape and size near
the expected self organised filament. The initial surface
charge distribution o has a Gaussian shape given by

(4)

and the signs of the charges are opposite on the two dielec-
tric surfaces. The values of o .y and rg are estimated from
the experiment. The centre of the initial charge distribu-
tion is positioned into one corner of the discharge area,
as it is seen in Figure 4. Due to the mirroring through
the boundary conditions this corresponds to a full, round
charge distribution. As in the experiment, the driving volt-
age is chosen to be below the ignition voltage to avoid
ignition that is spread over the discharge area.

0 = Omax exp(—r2/2r§)

3.1 Numerical results

In Figure 5 the results of numerical simulations for two
initial charge distributions are shown. According to equa-
tion (4) they both have a hight of opax = 7 nC/cm?,
but differ in their width, which is r¢ = 0.5 mm and
ro = 0.3 mm respectively. The sinusoidal driving voltage
has an amplitude of 400 V in both cases. In the beginning
of the run, in both simulations the surface charge dis-
tribution undergoes noticeable changes after every break-
down. However, after approximately 12 breakdowns, the
surface charge distribution does not change significantly
any more, and the steady state being approximated is
nearly identical in both simulations. To assure the sta-
bility of the steady state, both simulations are continued
another 12 breakdowns. In Figure 5 the surface charge
distributions after 24 breakdowns are shown. Notice, that
the area occupied by the current filament is much smaller
than the discharge area.
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Fig. 5. Charge density distribution o on the dielectric surfaces.
The development of two different initial surface charge distri-
butions (according to Eq. (4): 7o = 0.5 mm, omax = 7 nC/cm?
and ro = 0.3 mm, omax = 7 nC/cm?) is shown. The stable
surface charge distribution is the state reached after 24 break-
downs. The two filaments do not differ in size or shape any
more.

If the initial surface charge density is chosen to be far
away from that of the self-organised filament in the sim-
ulation we could not reach a final stationary stable fil-
ament state. If the initial surface charge distribution is
much broader than the self-organised filament, the dis-
charge splits up into several filaments. Note that this pro-
cess can not be described in a radial (r, z) coordinate sys-
tem. If the initial surface charge distribution is too small,
the filament does not ignite.

The driving voltage and the results of the simulations
for the real current are shown in Figure 6a. They are
in rather good agreement with the experimental curves
shown in Figure 2. A quantitative comparison of experi-
mental and numerical data is given in Table 1. The phys-
ical parameters in both cases were the same, and both
systems were driven below ignition voltage U;. The agree-
ment of experimental and numerical data is very good.
Hence, we conclude that our basic reaction-drift-diffusion
model comprises all important physical effects necessary
to describe self organised filaments in glow mode DBD.

3.2 Mechanism of stabilisation

We want to demonstrate in this chapter that the numeri-
cal simulations also allow for some insight into the mecha-
nisms being responsible for the stabilisation of the current
filaments in DBD systems of the kind that are used in
the experimental part of this article. The role of surface
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7 nC/cm? in equation (4).

(b—f) Depict a cut along the z-z-plane at y = 0. Graph (a) shows the driving voltage and the real current in the simulation.

The arrows indicate the times for graphs (b—f).

each comprise three parts; the
e/cm®. The data are generated
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the discharge gap is shown, containing arrows depicting the electric field. In regions where the electric field is below 400 V/mm,

upper and lower part show the smoothed surface charge distribution on the upper and lower electrode respectively. In between
no arrows are drawn. Grey shaded areas indicate a net positive volume charge of more than 10

Fig. 6. Surface charge distribution and electrical field during a breakdown. The graphs (b

by a 3D calculation starting with a charge density distribution given by rg
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Table 1. Comparison of experimental and numerical results.
Experimental parameters as in Figure 2, pattern type L accord-
ing to Figure 3. Numerical parameters as in Figure 6. The ex-
perimental filament diameter is taken as double variance of the
luminescence distribution, the corresponding numerical value
is the double variance of the ion density distribution averaged
over one half-cycle. The breakdown voltage refers to the on-
set of the breakdown in the steady state, e.g. the point a in
Figure 6a.

Experiment Numeric
filament diameter 0.61 mm 0.52 mm
(double variance)
real current pulse FWHM 100 ns 110 ns
charge per filament 20pC 12 pC
breakdown voltage 200V 320V

charges in the filamentation process has been discussed
qualitatively in [4]. In the present work, we support this
argumentation with quantitative data and furthermore ex-
tend the mechanism by including the important influence
of space charges.

To get insight into the processes being associated with
the formation of current filaments, several states during
a breakdown are depicted in Figure 6. Although the cal-
culations were performed in three dimensions, for a sim-
plicity a 2-dimensional cut in the x-z-plane at y = 0 is
shown. To avoid numerical artefacts (that yield to the
rough shape in the surface plots in Fig. 5) the surface
charges are smoothed in Figure 6. The initial surface
charge had a distribution that is described by ro = 0.5 mm
and opmax = 7 nC/cm? in equation (4). The pictures are
obtained after 28 breakdowns.

The arrows in Figure 6a depict the times for which
the state of the discharge is drawn in Figures 6b—6f. Fig-
ure 6b shows the state of the system shortly before the
onset of the breakdown. The surface charges are the result
of the last breakdown and hence depict the former posi-
tion of the filament. The lower dielectric is covered with
positive surface charge, the upper dielectric with negative
one. The electrode above the discharge gap is the tempo-
rary cathode, the electrode below is the temporary anode.
The force on the electrons (i.e. the negative electric field
—E) is largest in the centre of the filament. This is be-
cause the electric field from the surface charges enhances
the electric field from the external power supply. Conse-
quently, breakdown starts at the centre of the filament of
the preceding breakdown.

In the course of time, the driver voltage, and hence
the voltage over the discharge gap, increases. Thus, the
breakdown voltage is reached also in the surrounding of
the filament centre. However, the filament does not grow
arbitrarily in size. That is for two reasons. First, as long
as there is no contribution to the voltage drop from the
surface charges far away from the centre of the foregoing
filament, a self-sustaining discharge does not take place.
Second, there is a self-focusing effect of electrons into the
filament centre induced by the volume charges occurring
in the filament. In Figure 6 the sites in the discharge gap
with a positive volume charge (i.e. e(n,—n.)) of more than

The European Physical Journal D

10! e/cm? are shaded. In Figures 6¢ and 6d, depicting the
beginning and the middle of the breakdown, the force on
the electrons at the filament border points in direction to
the filament. At the end of the breakdown in Figure Ge
the focusing force becomes weaker but does not vanish.
Especially in the second half of the breakdown (Figs. 6d
and 6e) this opposes the effect expected from the surface
charges, as they have changed their sign in the filament
centre and hence reject electrons.

The self-focusing of electrons within the filament
drains electrons from the filaments surrounding. Hence,
a breakdown near a filament becomes inhibited. The self-
focusing of electrons is also reflected in the particle density
distributions, which is 0.52 mm (double variance) wide for
ions but only 0.22 mm wide for electrons. Notice, that in a
discharge driven above ignition voltage the self-focusing of
electrons is the only effect preventing the direct surround-
ing from breakdown. Therefore, the self-focusing effect of
the volume charges is essential to understand the filamen-
tation in that case.

After breakdown has taken place, in Figure 6f, the
surface charge distribution is the same as before the break-
down in Figure 6b with the two dielectric surfaces ex-
changed with respect to each other. The external elec-
tric field from the driver now is weakened by the surface
charges, and the gap voltage is too small to sustain the
discharge.

4 Conclusion

In the experimental part (Sect. 2) of this article we intro-
duced a planar dielectric barrier discharge system which is
known to exhibit self-organised patterns in the current dis-
tribution of the discharge plane. In general the discharge
is filamentary and leads to a single real current peak per
half-cycle of the driving voltage. We gave a systematic
overview of the most commonly observed filamentary pat-
terns, thereby particular emphasis has been put on the
parameter range where hysteresis is observed. We pointed
out a way to prepare a single filament experimentally. In
a wide range of parameters the filaments have a diameter
of order of 1 mm and do not change their shape.

In the theoretical part (Sect. 3) we used a classical
reaction-drift-diffusion model that is known to be able to
describe the filamentation processes [16]. In this article
we proved that the same model also describes single iso-
lated filaments in the sense of a stationary state over many
breakdowns. The model predictions of filament diameter,
duration of the breakdown, and charge transfer per fila-
ment agree quite well with the experimental findings. Last
not least, we explained the mechanism of filament stabili-
sation in glow mode due to the interplay of surface charges
and focusing volume charges which is significantly differ-
ent from commonly known filamentation mechanisms in
spark discharges.

This work was financially supported by DAAD and DFG.
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