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In a dielectric-barrier discharge between diametrically opposite sides of a narrow tube, discharge fila-
ments stabilize at regular intervals along the tube’s length. Three types of periodic patterns are observed,
as is a disordered state in which filaments fire at apparently random positions and times. Time-resolved
current measurements indicate that for each spatial pattern, a particular number of discharge stages oc-
cur during the voltage half-cycle. A preliminary model of the pattern-formation dynamics is described,
motivating further work on time-resolved imaging and investigations of surface charge distributions.

PACS numbers: 47.54.+r, 05.45.Ac, 05.65.+b, 52.80.Tn

Dielectric-barrier discharges (DBD’s) comprise a spe-
cific class of high-voltage, ac, gaseous discharges that
typically operate in the near-atmospheric pressure range.
Their defining feature is the presence of dielectric layers
that make it impossible for charges generated in the gas to
reach the conducting electrodes. With each half-cycle of
the driving oscillation, breakdown leads to the formation
of narrow discharge filaments that deposit charge on the di-
electric surfaces. Accumulating charge reduces the voltage
drop across each filament until a discharge can no longer be
sustained, whereupon the filament is extinguished. Since
the low charge mobility on the dielectric limits the lateral
region over which the gap voltage is diminished, parallel
filaments can form in close proximity to one another. A
typical filament may be roughly 0.1 mm in diameter and
last only about 10 ns.

The DBD’s unique combination of nonequilibrium
and quasicontinuous behavior has motivated a range of
applications and fundamental studies. Its use in industrial
ozone reactors has generated interest in optimizing specific
chemical processes and prompted studies of different gas
mixtures, electrical characteristics, and geometries [1-3].
Related work has focused on maximizing the ultraviolet
radiation produced by excimer molecules in DBD’s [4-6].
Models of single-filament dynamics have accounted for
two- and three-body reactions involving electrons, ions,
neutral atoms, and photons [7-9]. On another research
front, it has been seen that the transverse distribution of
discharge filaments in 2D, parallel-plate DBD’s can take
the form of stable, large-scale patterns reminiscent of those
associated with magnetic domains or Rayleigh-Bénard
convection [10—13]. These patterns have been modeled
using methods that apply generally to pattern formation
in nonlinear dynamical systems [14—16]. Thus, the
dynamical interactions between filaments, as well as the
chemical and electronic interactions within filaments, have
proven interesting.

In this paper we present observations of periodic fila-
ment patterns and apparent spatiotemporal chaos in an ef-
fectively one-dimensional (1D) DBD configuration—that

0031-9007/00/85(18)/3817(4)$15.00

is, a DBD in which filaments are constrained to a line per-
pendicular to the applied electric field. Our discharge cell
is a 30-cm-long, cylindrical glass tube with a 2.0-mm inner
diameter and a 7.5-mm outer diameter. Stripes of silver
paint, 3 mm wide, are applied on diametrically opposite
portions of the outer surface. Sparking around the outside
of the cell is avoided by means of a jacket of insulating
transformer oil, which is contained within a second glass
tube. A sinusoidal ac voltage is applied across the cell
electrodes, which extend through rubber seals at opposite
ends of the outer tube (see Fig. 1). The 1-to-20-kHz signal
is derived from a function generator, fed through a 2-kW
audio amplifier, and then stepped up with a high-voltage
transformer. The present investigations of He-Ar mix-
tures make use of a simple mixing manifold, into which
each gas flows continuously at a rate indicated by a flow
meter. Adjustable balance valves on either side of the
tube provide precise control over the rate and direction
of mixed gas flow through the discharge region. We nor-
mally set these valves to cancel the opposing flows in
the tube.

Owing to the curvature of the inner surface of the cell,
our DBD is tightly constrained in one lateral dimension and
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FIG. 1. Schematic of experimental setup. A video camera (not
shown) is used to capture close-up images of the discharge gap,
where filaments form periodic patterns along the tube length.
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supports purely 1D patterns along the tube’s length. With
larger inner diameters, we have seen some wandering of
filaments in the dimension perpendicular to the cylindrical
axis. However, having chosen a tube with an inner radius
smaller than the characteristic size of a discharge footprint
(i.e., patch of deposited surface charge), we observe a sup-
pression of filaments not localized to the plane contain-
ing the electrode axes. Thus, we call this an effectively
1D system and expect to model it using 1D charge and
current distributions integrated over the azimuthal dimen-
sion of the cylindrical gap. We expect this simplification
to contribute to a unified understanding of individual fila-
ment behavior and the dynamics of spatiotemporal pattern
formation.

A video camera and frame grabber allow us to record
pictures of the discharge and to analyze the digitized
frames. The spacing measurements presented below were
obtained with a resolution of 115 * 2 pixels/cm along
the tube axis. The average spacing (A) is calculated for
each image as the distance between the centers of widely
separated (nonadjacent) filaments, divided by the number
of intervening filament spaces. The mean deviation from
this large-scale average is one of two dominant contri-
butions to our uncertainty in A. The other arises from
gas mixture uncertainties. All experiments presented here
utilize a gas mixture with a He:Ar number-density ratio
of 2:1 at a pressure of 760 £ 20 Torr. We estimate that
an uncertainty of about 2% in A is introduced by possible
short-term mixture and pressure fluctuations. This value is
added in quadrature to the average local spacing deviation
in order to generate the statistical uncertainty represented
by our error bars for A.

Another diagnostic involves the circuit shown in
Fig. 1. We monitor the voltage across the tube [V =
Vosin(2arvt)] and the voltage across a series capacitor
(Vc), the latter being proportional to the charge (Q)
stored on the electrodes. To maintain proper tuning of
the circuit, we make sure that, for V, below breakdown,
a Vc-vs-V oscilloscope trace (or QV plot) falls along
a line with slope proportional to the capacitance of the
discharge tube. With a discharge running, the jumps in Q
corresponding to filamentary discharges cause the trace to
take on an open, sliverlike shape. We will have occasion
to examine the temporal distribution of these jumps more
closely in the following discussion.

Figure 2 shows a sequence of ten horizontal images
of the discharge tube, which is driven in this case at a
frequency » = 16 kHz. Each image corresponds to a dif-
ferent Vj and is integrated over four voltage cycles. Sta-
tionary (repeating) filaments are seen as bright, vertical
stripes that widen at the tube wall. The patterns formed by
these filaments are of three distinct kinds, which we give
the following names: type A patterns appearing in the gen-
eral range of 450 < V) < 610 V and exhibiting narrow
filaments with relatively wide separations; type B patterns
(610 < Vo < 940 V), with narrow filaments separated by
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FIG. 2. Ten images of the DBD for » = 16 kHz and various
driving amplitudes (V; indicated for each image). Images (a)
and (b) show patterns of type A, with (b) also revealing a stable
pattern front that can occasionally be seen for Vj = V4_p.
Images (c)—(e) display type B patterns; (e) and (f) exhibit a
long-wavelength bunching effect that can sometimes be found
in the type B pattern as the system approaches a second instabil-
ity. For voltages between those indicated in (f) and (g), filaments
strike at random times and places. Images (g)—(i) show type C
patterns, which are most distinct when V| is near the center of
the stability window. Image (j) shows the lack of filament pat-
tern (chaos) that is characteristic of higher voltage amplitudes.

roughly half of the typical type A spacing; and type C pat-
terns (980 < Vi < 1200 V), characterized by alternating
bright, wide filaments and dim, narrow filaments.

For V between 940 and 980 V or above 1250 V, fila-
ments strike at apparently random locations—behavior
that may indicate spatiotemporal chaos. Such a charac-
terization must be qualified by time-resolved data such as
that shown in Fig. 3. In plots 3(a)—3(c), sharp steps in V¢
reveal that discharge types A, B, and C are associated, re-
spectively, with the presence of one, two, and three distinct
discharge stages in each voltage half-cycle. However, for
conditions producing spatial disorder on time scales down
to the half-cycle, all but one or two of the V¢ steps disap-
pear and discharges occur over an extended interval [plot
3(d)]. The disappearance of V¢ steps indicates that an
abrupt increase in temporal disorder accompanies the tran-
sition to spatial disorder.

Three additional features in Fig. 2 are noteworthy. First,
image 2(b) shows A and B type patterns separated by
a “front” that can be made stationary if Vj is set pre-
cisely. Second, a long-wavelength bunching effect is ob-
served in images 2(e) and 2(f), possibly suggesting a
zero-wave-number instability setting in when Vj is on the
verge of pushing the system into disorder. Third, in order
to acquire images of stationary patterns, we sometimes find
it necessary to adjust the gas-flow balance valves slightly,
with the effect of stopping an otherwise moving pattern.
The flow required to balance the pattern motion generally
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the labeled traces shows V¢ data after subtraction of an appro-
priately scaled sinusoid that is in phase with the 16-kHz driving
oscillation (indicated at top). Trace (a), with a single discharge
stage per half-cycle, corresponds to a type A pattern. Trace (b)
exhibits a pair of discharge stages and corresponds to a type B
pattern. In trace (c), we see that one of the three discharge stages
corresponding to a type C pattern actually strikes in the direc-
tion opposing the applied field, indicating that the surface-charge
field has become dominant. Trace (d), which corresponds to a
spatially disordered state, shows an extended period of filament
formation replacing the otherwise distinct discharge stages. Each
trace is actually centered at zero volts, with offsets being intro-
duced for the sake of presentation.

increases with Vj, but we have not completed a system-
atic study of traveling pattern modes. Such rich behavior
invites further analysis of the dynamics and stability of the
system.

In Fig. 4 we plot A vs Vj for the images in Fig. 2 (plus
additional points taken during the same run). Each of the
three branches shown in the plot corresponds to one of
the three patterns. We have obtained data similar to that
of Fig. 4 for various frequencies between 4 and 20 kHz,
with qualitatively similar results. While experiments are
reproducible in detail in the course of several hours, we
find that the transition voltages V4—p, Vp—_.chaos> Vchaos—C>
and Ve_chaos can vary by up to a factor of 2 over several
days, perhaps as a result of low-level contamination or
changes in ambient pressure. However, the A, B, and
C branches are always seen to fall in the same ranges
of A whatever the applied frequency. And all our data
are consistent with the rough proportionality Vp_.chaos =
(1.4 £ 0.2)Vaop.

We now sketch the beginnings of a model that we are
developing to explain the observed patterns, addressing
first a general mechanism that contributes to the long-term
stability of any DBD filament pattern. Assuming filaments
to form and transfer charge as discussed elsewhere [1], we
note that a single, isolated filament will tend to remain
stationary because the surface charge it deposits during one

Driving voltage amplitude (volts)

FIG. 4. Bottom: Measured average filament spacings (A) vs
driving amplitude (V,). Each of the branches corresponds to
one of the three pattern types observed. Shaded regions indi-
cate voltage ranges for which the filament distribution appears
spatially and temporally disordered. The data are for increasing
Vo; if Vy decreases, slight hysteresis is seen in the transition
voltages. Top: Three schematic representations of a single cycle
of V¢. Each dark spot shown on the voltage trace indicates the
position of a jump caused by a discharge stage. Patterns of type
A, B, and C correspond, respectively, to one, two, and three
distinct discharge stages per voltage half-cycle.

half-cycle produces a field enhancement when the voltage
changes sign. That is, the localized site of charge deposited
in one half-cycle is a probable site of filamentation in the
next half-cycle. In the context of pattern formation, this
“memory” effect helps ensure that each filament stays in
nearly the same place, so that patterns remain stationary
once they are formed.

Along with reasons for filament stabilization, we wish
to find reasons for uniform filament spacing. We con-
sider the distribution of charge along the dielectric surface
and the alteration it produces in the profile of the electric
field in the gas. For convenience, we make the simplify-
ing (strictly incorrect) assumption that positive and nega-
tive charge footprints have similar spatial distributions, of
which we consider only longitudinal variations. We also
assume that nearly identical filaments form along the full
length of the tube, and we describe the tube ends as having
ramped boundary conditions with a characteristic length
scale of about 1 cm. This scenario leaves room for signifi-
cant longitudinal slippage of the endmost filaments and is
consistent with our observations. Within this model, we
expect uniform filament spacing to arise from a balanc-
ing of two competing effects: On one hand, a sufficiently
high electric field tends to initiate filament formation; on
the other, charge deposition partially cancels the field (un-
til the applied voltage changes sign).
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Type A patterns appear if, after a single discharge stage,
the fringe fields from adjacent footprints hold the local
field below breakdown, even as the voltage reaches Vj.
This condition gives rise to a maximum filament spac-
ing for type A patterns that depends on Vj and on the
footprint charge distribution. A minimum filament spac-
ing must also exist, since every footprint field suppresses
nearby filamentation. We expect the footprint size itself to
be a characteristic measure of the minimum spacing. The
reproducibility of type A patterns suggests that the mini-
mum and maximum spacing values are in fact equal, so that
the filament spacing is unique over most of the V range.
Conceivably, this would be the situation in our model if
the footprint charge could be distributed appropriately.

Our model also affords some understanding of type B
patterns. As V) is increased along the A branch, the first
discharge stage appears more and more in advance of the
driving voltage maximum, and the electric field increases
significantly after the first stage is completed. When V|
reaches V4, p, breakdown can occur in the spaces between
the first-stage footprints, where the rising field is attenu-
ated least. This onset of a second discharge stage initiates
the transition to a type B pattern, during which the density
of filaments is roughly doubled. Correspondingly, for rea-
sons that are not yet clear, the footprint size appears to be
roughly halved. Given the low time resolution of our cam-
era, we are unable to determine experimentally whether
the type B pattern is an interleaving of two patterns that
appear during consecutive discharge stages or whether in
fact all of its filaments fire twice during each half-cycle.
Our model leads us to argue for the former scenario, but
without time-resolved images, we remain unsure which is
the case.

Except for very general notions regarding the possible
interactions of charge footprints with the applied field and
with each other, we have little understanding of the de-
tailed shape of the A and B branches in Fig. 4. Neither do
we have much insight as to how type C patterns are stabi-
lized. Our model would seem to allow a pattern of alternat-
ing wide and narrow filaments to occur if the appropriate
footprint charge distributions could be established. How-
ever, we have yet to develop a quantitative understanding
of footprint profiles for any of the three pattern types. In
future experiments, we will therefore focus on obtaining
footprint measurements from images like those in Fig. 2.
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We also plan to develop time-resolved imaging techniques
that will allow us to associate spatial filament structures
with particular discharge stages. With such information in
hand, we will likely be able to develop and test a quanti-
tative version of our 1D model. We thus hope to advance
the understanding of DBD patterns generally, possibly to
an extent that will allow patterns to be used to diagnose
specific plasma conditions in applications requiring con-
trol over chemical or radiative processes.
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