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Spatiotemporal filamentary patterns in a dc-driven planar gas discharge system
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In a dc-driven planar gas discharge system with a semiconductor electrode, the homogeneous stationary
discharge state can be destabilized in favor of current filaments. A filament consists of a succession of spatially
confined breakthroughs of the gas layer that repeatedly take place at approximately the same position. A
pulsating filament is thus slowly moving over the active area of the system. At fixed parameters, processes of
creation and quenching of filaments are observed, while their average spatial density depends on control
parameters. Depending on the density, filaments arrange in different configurations. At an intermediate value of
filament density, a pattern on a two-dimensional domain is found: it is a spatially anisotropic chain pattern that
is specified by two characteristic spatial scales. It is suggested that the observed phenomena are due to a
Hopf-Turing instability arising in the system.
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I. INTRODUCTION

Spatiotemporal self-organization of nonlinear dissipat
systems is a well-known phenomenon@1–3#. It has been in-
vestigated in systems of different origins, such as chem
@4–6#, biological @7,8#, and physical systems@9,10#. Among
the emerging patterns, one can distinguish between peri
patterns like Turing stripe patterns and solitary objects, a
known as quasiparticles@11,12#. In cryogenic planar gas
discharge systems with semiconductor electrode, both k
of patterns have been shown to exist@13–20#. The solitary
structures in the gas discharge are filaments of electric
rent. In some aspects, they behave like quasiparticles. T
can interact with each other and form ‘‘molecules’’ or larg
clusters@18#. While the filaments are able to move across
gas discharge area, they carry a time-independent curre

A qualitative description of pattern-forming processes c
be given in many cases by reaction-diffusion equations.
solutions of such equations include Turing and Hopf patte
and their mixed modes as well as solitary objects. This
proach can also be applied to planar gas-discharge sys
with a semiconductor electrode@13,21#. The behavior of cur-
rent filaments in cryogenic gas-discharge systems agrees
qualitative manner with the properties of quasiparticles t
are found in coupled reaction-diffusion systems.

In the present experimental work, a planar semicondu
dc-driven gas-discharge system at room temperature
been used. In contrast to the cryogenic systems, the lea
destabilization of the stationary homogeneous low curre
density~reference! state has been found to be the instabil
that gives rise to a spatial homogeneous oscillation@22#. This
oscillatory state can be destabilized through the appear
of a small number of oscillating current filaments, whi
then coexist with their oscillating background. The discu
sion of such phenomena shall be given in a detailed man
in another paper. On the other hand, for the case of
conductivity of the semiconductor electrode~typically three
times smaller than for the oscillatory case!, a direct transition
1063-651X/2001/63~2!/026409~7!/$15.00 63 0264
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from the reference state to complicated spatiotemporal
terns is observed, without the intermediate state of homo
neous oscillation. Spatial patterns that are stationary in t
have not been found in the parameter range considere
this work. In this contribution, emerging spatiotemporal fil
ments and their creation and disappearance processes a
vestigated. Depending on the average number—which
be influenced by the control parameters of the system—
filaments arrange in different spatial constellations. An
vestigation on a shorter time scale~of the order ofms) re-
veals the underlying temporal characteristics of filament p
terns. Independent of the actual pattern that they form,
filaments consist each of a series of short and spatially c
fined breakthroughs. Due to the fact that the position
breakthroughs just moves slowly, the filaments become
ible on a large time scale of the order of 1 s.

II. EXPERIMENTAL SETUP AND RESULTS

The experiments discussed in this work are carried ou
a planar gas-discharge system with an active area of a m
mum diameter ofD530 mm ~cf. Fig. 1!. One of the elec-
trodes is fabricated from semi-insulating gallium arsen
with a thickness ofaGaAs51.5 mm. The other electrode is
metallic transparent indium tin oxide~ITO! layer that covers
a glass plate. The discharge gap has a width ofd50.5 mm
and is filled with nitrogen. The pressurep lies in the range
between 40 and 60 hPa. The outer side of the semicondu
electrode is covered by a thin gold contact, which is appro
mately 40 nm thick. By applying a high voltageU0 between
the gold contact and the ITO layer, a discharge is ignited
the gap. The global discharge currentI is measured through
the voltage drop at a small serial resistorRI5100V. The
voltage drop at this resistor~of the order of 100 mV! is
negligible with respect to the supply voltage. The transpar
ITO electrode allows a visual observation of the discha
©2001 The American Physical Society09-1



he
at
e
o
di
o
pe
%
on
it
i

n-
he
a

n

a
th
i
m

ai
n-

ts
nt

n-

ve
ng
g

i

a

lle
e

ic
the
rrent
tabi-
by

the
ur-

he

re.
ing
iven

t is
ate
bse-

of
-

d, is
ipe
ing

o
e-

nd
a at

ially
se of
his

the

nts.
e
ents

m
s
e
re

irr

arge
me
ot
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glow. The pictures of the discharge are recorded with eit
a conventional charge coupled device camera or a g
light-intensified camera, which allows short exposure tim
Due to the internal photoeffect, the specific conductivity
the gallium arsenide electrode can be manipulated by irra
tion with light. This is possible because the gold contact
the outer surface of the electrode is transparent with res
to visible light, its transmission coefficient being about 10
When the light is absorbed by the material of the semic
ductor electrode, electrons from the valence band are exc
into the conduction band. Hence, the specific conductivity
raised. The conductivity varies almost linearly with the i
tensity of the incoming light, which is used to irradiate t
semiconductor. In the following we will present data th
depend on the normalized radiation flux in the visiblew.
When the gallium arsenide is not irradiated (w50), its spe-
cific conductivity is of the order of 331028 (V cm)21 @23#.
For the maximum irradiation used in the present experime
(w51), a conductivity of 2.531027 (V cm)21 has been
reached. When some parts of the semiconductor are irr
ated and some are not, qualitatively different states of
discharge can be realized, e.g., nonirradiated areas being
low-current state accompanied by low emission of light fro
the discharge gap. The homogeneously excited dom
~called active areas! may be prepared in different spatial co
figurations by applying appropriate masks. Besidesw, the
feeding voltageU0 can be changed easily in the experimen
Therefore, these two quantities are used as the main co
parameters. Other parameters like gas pressurep and dis-
charge gap thicknessd remain fixed or are changed disco
tinuously in a narrow range.

A typical development of the discharge can be obser
in the device by varying the control parameters in the ra
of U05400– 1200 V andw50.03– 0.12. The correspondin
specific conductivity of the semiconductor electrode then
in the range ofsGaAs5(0.50– 1.18)31027 (V cm)21. Under
these conditions, a spatial homogeneous stationary disch
is ignited in the gas gap of the device atU0'400 V. This
state of low current discharge corresponds to the so-ca
Townsend discharge@24#. Raising the voltage in this mod

FIG. 1. Sketch of the experimental setup. The maximum dia
eter of the discharge area is 30 mm, the width of the gap id
50.5 mm, and the thickness of the semiconductor electrod
aGaAs51.5 mm. The gap is filled with nitrogen at a typical pressu
p in the range of 40–60 hPa. The semiconductor electrode is
diated by light with radiation flux densityw.
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leads to a linearly growing current, indicating the Ohm
behavior of the semiconductor electrode. The voltage at
gas gap is constant and independent of the discharge cu
in the Townsend mode. This discharge mode can be des
lized by a further increase in current that can be done
increasing either the feeding voltage or the irradiation of
semiconductor electrode. The resulting patterns in the c
rent density that become visible in the distribution of t
discharge glow are nonhomogeneous and nonstationary@25#.
The nonstationarity is both spatial and temporal in natu
While the spatial aspects are considered in the follow
paragraphs, the discussion of the temporal aspects is g
further below.

Just beyond the destabilization, a state organizes tha
illustrated by the example given in Fig. 2. To demonstr
the dynamical properties of this state, a sequence of su
quent pictures~taken at a repetition ratef rep525 Hz with an
exposure timetexp540 ms! is shown. At the point marked
by P1 in Fig. 2~a!, a filament has appeared. In the course
time @Figs. 2~b!–2~e!# it fades out, thereby retaining its cir
cular symmetry. In Fig. 2~f!, it is merely visible and a time
step later it has vanished completely~not shown here!. The
situation at the point marked withP2 in Fig. 2~a! is some-
how different. There, a solitary structure that has appeare
almost a semicircular stripe. In the course of time, this str
gets combined with other stripes resulting from the fad
out of other filaments appearing in Figs. 2~b! and 2~c!. This
can be seen in Fig. 2~d!. The resulting longer stripe als
vanishes in Fig. 2~f!. The speed of propagation of the d
scribed stripes is of the order of 10 mm/s.

Increasing the voltage far beyondU05400 V leads to a
spatial stabilization of the originally fading-out filaments a
the patterns that are observed in the gas-discharge are
higher voltages are composed of filaments that are spat
stable in the sense that they keep their shape in the cour
time. The current density distribution corresponding to t
situation is depicted in Figs. 3~a!–3~i!. The corresponding
time average of the discharge current in dependence of
supply voltageU0 can be seen in Fig. 3~j!. The discharge
current grows due to the increase in the number of filame
In Fig. 3~a! there is only a small number of filaments in th
gas-discharge area. In this stage of the process, the filam

-

is

a-

FIG. 2. A sequence of subsequent snapshots of the disch
glow in the state of moving wavelike structures taken with a fra
repetition rate off rep525 Hz. The exposure time of each snapsh
is texp540 ms. The experimental parameters areU05655 V, w
50.035@sGaAs50.5431027 (V cm)21], and p560 hPa.
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SPATIOTEMPORAL FILAMENTARY PATTERNS IN A . . . PHYSICAL REVIEW E63 026409
are moving in a random manner on the active area; the
erage velocity of this movement is of the order of 3 mm
Because of the relatively low velocity the filaments seem
be fixed in snapshots obtained with 40-ms exposure ti
WhenU0 increases, the density of filaments increases co
spondingly and a qualitatively new feature in the patte
arises. Namely, filaments start to form linear obje
~‘‘chains’’ !. Raising the voltage leads to generation of
creasingly longer chains that finally extend across the c
plete active area@Figs. 3~b! and 3~c!#. In most cases, the lon
chains are ‘‘connected’’ to edges of the active area with b
ends, while there can be also some short chains isolated
boundaries as well as single filaments. The chains to
boundaries at an angle of approximately 90°. This beha
is even more pronounced when the active area is not
circular shape but is formed by straight boundaries. In Fig
examples of a triangular and a rectangular active area
given. We note also that independent of the actual shape
size of the active area, the chains arrange in a way that
try to align parallel to neighboring chains. The distance
tween adjacent chains at the described experimental co
tions is of the order of 5 mm and is virtually independent
control parameters.

Like single filaments, chains are not fixed to certain po
tions in the gas-discharge area and they are not rigid obje
In the course of time~i.e., on the scale of seconds!, they can
bend and twist. Also, they can break up at some point al

FIG. 3. Current density distribution in the gas discharge,
images are taken withtexp540 ms and the parametersw50.05
@sGaAs50.6531027 (V cm)21], D525 mm, andp542 hPa. The
respective feeding voltagesU0 are~a! 820 V, ~b! 850 V, ~c! 880 V,
~d! 910 V, ~e! 940 V, ~f! 1000 V, ~g! 1060 V, ~h! 1120 V, and~i!
1210 V. In ~j! the time average of the global discharge curren
plotted as a function of the supply voltageU0.
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a chain and be split into several parts. But at the same ti
new chains are formed that have the same characteristic
tures as their predecessors. A further increase in the su
voltage accompanied by an increase of the density of fi
ments leads to a situation where filaments no longer orga
themselves in ‘‘parallel’’ chains@Fig. 3~d!#. Now chains do
not maintain a fixed distance to each other any longer
they may even be connected, thus generating a kind of
structure. Finally chains disappear completely and filame
are scattered across the active area in an arbitrary ma
@Figs. 3~e! and 3~f!#. These stages are comparable to tho
observed at lower voltages before the formation of cha
@cf. Fig. 3~a!#. Now, however, we have a much larger dens
of filaments. Raising the voltage even more results in
formation of a state, where the complete active area is c
ered with filaments in an almost uniform manner@Figs. 3~g!
and 3~h!#. When the system is filled up with filaments,
further increase in the supply voltage does not enlarge t
number. Instead, this increase is accompanied by the incr
of the filaments’ speed. At this stage, images of the discha
glow taken withtexp540 ms show a smeared discharge
diation density distribution@Fig. 3~i!#. As a consequence th
dynamics of filaments cannot be followed any more
means of a conventional video technique.

To analyze the spatial order in filamentary patterns,
spatial correlation of filaments has been evaluated. For t
the pair correlation function has been calculated from
discharge radiation density distribution. At first the positio
of filaments were determined. In the algorithm, objects in
image of the discharge glow are identified as filaments w
their brightness exceeds a certain threshold. For a given
ment the numbernr of filaments between distancesr and r
1Dr from the primary one is counted, whereDr 50.09 mm
is determined by the resolution of the camera that has b
used. For the calculation, only filaments inside a redu
area around the center of the active area are taken into
count. The diameter of this reduced area is 12.5 mm, wh
is half of the total diameter of the active area that in this c
is D525 mm. The maximum distancer max of analyzed pairs
is set atD/456.25 mm to ensure that the vicinity of eac
filament considered lies completely in the active area of
system. Nownr is determined for each filament on the r
duced area. This procedure was repeated for a sequen
250 pictures and finally averaged. This givesnr

e

s

FIG. 4. Current density distributions on active areas of wh
the boundaries consist of straight lines: triangular~a! and a rectan-
gular ~b! geometry. The geometry has been defined by a mask
pared for the incident radiation falling on the semiconductor el
trode. The circular area has a diameter of 30 mm. In both cases
parameters are U05833 V, w50.03 @sGaAs50.5031027

(V cm)21], and p540 hPa.
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5pr(2prDr) from which it is easy to calculatepr . From pr
we obtain the normalized probabilityr r by division with the
average number of filaments within the reduced area.r r is
the probability density to find a filament at distancer from a
given filament. We refer tor r as the pair correlation func
tion. The correlation functions for the filamentary stat
shown in Figs. 3~a!–3~h! are presented in Fig. 5 where the
are denoted by respective letters. In Fig. 5~a!, r r has a small
peak atr'1.5 mm that indicates the tendency for formati
of pairs of filaments~this can also be seen in the correspon
ing image!. The formation of filamentary chains leads to t
development of a second peak in the correlation function
r'4.3 mm @Fig. 5~b!# that becomes even more express
when the chains are fully developed@Fig. 5~c!#. This value is
in good agreement with the distance between neighbo
chains of filaments. The existence of the pronounced pea
small values ofr indicates the presence of ordering of fil
ments along a chain. When chains are destroyed, the se
peak disappears while the first one diminishes@Fig. 5~d!#
until it also vanishes@Fig. 5~e!#. In this case,r r has an al-
most constant value at distances that are larger than the m
mum distance that isr'1.7 mm. When the density of fila
ments grows even further, a new regularity develops. T
filaments tend to maintain a fixed minimum distance, s
Fig. 5~f!, where a new peak atr'1.8 mm has emerged
While raising the voltage further, this peak becomes hig
and narrower while it is shifted to smaller values ofr, which
is approximately 1.5 mm in Fig. 5~h!. When the active area
of the gas-discharge domain is densely covered with fi
ments, the respective correlation functionsr r @Figs. 5~g! and
5~h!# have a characteristic shape. Besides the highest pe
small r that evidences the strong correlation between spa
positions of adjacent filaments, there is also a we
pronounced peak at twice this distance.

The sequence of filamentary states shown in Fig. 3 rev

FIG. 5. Pair correlation functionsr r for filamentary states
shown in Figs. 3~a!–3~h!. The respective correlation functions a
marked with the same letters as in Fig. 3.
02640
s

-

at
d

g
at

nd

ni-

e
e

r

-

at
al
-

ls

that while raising the voltageU0 the numberN of filaments
grows. To count the number of filaments at a given set
parameters and evaluate the corresponding fluctuation,
same algorithm as for the determination of positions of fi
ments has been used. It turns out that the number of
ments undergoes temporal fluctuations at fixed parame
To describe these fluctuations, a sequence of 250 pict
taken during the period of time of 10 s has been evalua
for each set of parameters. In a first step, the video pictu
have been divided into their two half-frames~each with
texp520 ms!, so that the number of evaluated half-frames
actually B5500. Finally, the number of imagesP(N) con-
tainingN filaments is determined. For the state that is rep
sented by the snapshot in Fig. 3~c!, the distributionP(N) is
shown in Fig. 6~a! as a representative result. In all the oth
states illustrated in Fig. 3, the distributions have a sim
shape, meaning that they have a distinct maximum an
certain breadth. From these distributions the average num
of filamentsN̄5(N50

` NP(N)/B has been determined whil
the fluctuations are characterized by the standard devia
s5@(N50

` (N2N̄)2P(N)/B#1/2. To be more general, the re
sult in Fig. 6 is given by using the average density of fi
ments r̄5N̄/(pD2/4). The error bars indicate the corre
sponding fluctuation in the density. The minimum density
filaments calculated from Fig. 6~b! is about 5 cm22 and it
grows monotonously with the voltage until it reaches satu
tion at about 43 cm22. This level indicates the state wher
the active area is covered with filaments to the maxim
extent. As it has been pointed out above and as it is dem
strated in Fig. 3~i!, a further rise in voltage does not lead
an increase in number of filaments but to an increase in t
velocity.

The number of filaments fluctuates in time due to th
generation and disappearance processes. In all experim
runs, only one type of generation process has been obse
This is illustrated by the sequence of pictures in Fig.
where the region of interest is marked by a white circle.
new filament is created by the splitting of an existing one.
Fig. 7~a!, this process has just begun. The primary filam

FIG. 6. ~a! Typical shape of the frequency distributionP(N) of
number of filamentsN that can be registered in the gas dischar
area at fixed values of control parameters. The presented dat
obtained as a result of the processing of 500 subsequent
pictures of the discharge glow taken withf rep550 Hz andtexp

520 ms.~b! Dependence of the average density of filamentsr̄ on
the feeding voltageU0. The error bars indicate the standard dev
tion in filament density due to fluctuations of their number. T
parameters arew50.05 @sGaAs50.6531027 (V cm)21], D525
mm, andp542 hPa. The representative distribution shown in~a!
has been measured at a voltage ofU05880 V.
9-4
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SPATIOTEMPORAL FILAMENTARY PATTERNS IN A . . . PHYSICAL REVIEW E63 026409
has altered its circular shape to an elliptical shape. In the n
step ~40 ms later!, the ellipsis became stretched@Fig. 7~b!#
and another 40 ms later, the deformed filament has spli
and two filaments are distinguishable@Fig. 7~c!#. As time
goes on, the distance between these two filaments beco
larger as can be seen in Fig. 7~d!. This snapshot has bee
taken 160 ms after the previous one. The splitting proces
the reason for the existence of pairs of filaments that can
observed, e.g., in Fig. 3~a!. These pairs are not create
through combination of two single filaments but exist as
transient state after a splitting event has occurred.

The collapse of filaments also proceeds through a sin
process. This scenario is documented by the sequenc
pictures in Fig. 8 where the region of interest is aga
marked by a white circle. The experimental conditions
the same as those corresponding to the data of Fig. 7.
brightness of the marked filament decreases in states re
sented by the sequence of snapshots Figs. 8~a!–8~c!, until
finally the filament has disappeared@Fig. 8~d!#. The annihi-
lation of a filament seems not to be triggered by any int
action with other filaments. It happens in an unpredicta
manner: A filament can disappear just after it has been g
erated by the splitting process described above, but it
also exist for several seconds. Both cases can be obse
experimentally.

Investigating the total currentI through the gas-discharg
device, we find a significant time dependence. An exam
of a typical time series is presented in Fig. 9. It belongs t
situation with developed chains of filaments similar to th
illustrated by Fig. 3~c!. The recorded global currentI exhibits
a nonperiodic succession of narrow peaks, each peak h
width of about 300 ns. Most of the peaks have approxima
the same height~in the given example about 1 mA!. The
time series of the other states represented by the sequen
pictures in Fig. 3 resemble that of Fig. 9 but, depending
the parameter set, the succession of peaks on the time

FIG. 7. Generation of a second filament due to splitting o
primary one. The distance in time between pictures~a! and~b! and
between pictures~c! and~d! is 40 ms, the distance between pictur
~c! and ~d! is 160 ms. The parameters areU05935 V, w50.043
@sGaAs50.6031027 (V cm)21], p560 hPa, andtexp540 ms. The
active area has a diameter ofD513 mm.

FIG. 8. Annihilation of a filament. The experimental conditio
are the same as in Fig. 7. The repetition rate of the frames isf rep

525 Hz. The further parameters areU05935 V, w50.043@sGaAs

50.6031027 (V cm)21], p560 hPa, andtexp540 ms. The active
area has a diameter ofD513 mm.
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varies. The frequency of peaks is larger the higher the a
age number of filaments in the discharge, while the am
tude of peaks is virtually equal in all states. The appeara
of such dynamics of the global current suggests that e
discharge current peak is related to the ignition of a filame
which then exists only for a very short period of time. Th
fact that filaments can be seen on a video camera pict
which is actually the result of the integration of the dischar
glow over several breakthroughs, leads to the conclusion
a subsequent breakthrough is supported in regions whe
filament did exist before. To verify the above conclusio
directly, one has to investigate the temporal behavior o
single filament. This can be done by restricting the act
area in a way that only one filament can exist. Practica
this is accomplished by irradiating only a small region of t
semiconductor. This region can still be chosen larger th
one filament—which has typically a diameter of the order
0.6 mm—thereby ensuring that the filament is still not ess
tially influenced by the boundaries of the system. An e
ample of the time series for such a situation is shown in F
10~a!. This result illustrates that the dynamics of a sing
filament actually consists of a sequence of breakthrou
that are relatively short in time as compared to the char
teristic time interval between them. It is also revealed t
the breakthroughs do not occur periodically, althoughDt lies
in the limited range of 0.02–0.033 ms@cf. Fig. 10~b!#.

By using a fast light-intensifying camera, it is possible
record pictures of the gas-discharge domain in the stud
system on the time scale of the repetition rate of filamen

FIG. 9. An example of a typical time series of the global curre
for a filamentary state characterized by long chains of filaments
that shown in Fig. 3~c!. The average discharge current is 0.25 m
The parameters areU05846 V, w50.09 @sGaAs50.9531027

(V cm)21], D525 mm, andp560 hPa.

FIG. 10. An example of the time series of the discharge curr
~a! and the timeDt between successive current spikes~b! for the
situation of a restricted active area with appearance of only
filament. The average discharge current is 0.09 mA. The parame
are U05854 V, w50.12 @sGaAs51.1831027 (V cm)21], D53
mm, andp560 hPa.
9-5
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Such pictures with short exposure timestexp are shown in
Fig. 11, where the active area is smaller than that co
sponding to Fig. 3. Due to the short exposure time, a h
amplification of the discharge glow is necessary and, the
fore, the presented snapshots are more noisy. For com
son, a video camera picture withtexp540 ms is also included
@Fig. 11~f!#. In the case oftexp53 ms, there are either one o
two filaments visible@Figs. 11~a! and 11~b!#; at the same
time, for a given exposure time, it is possible to get pictu
with no filaments at all. In contrast to a video camera pictu
in these cases of short exposure time, only one breakthro
per filament is registered. Whentexp is made longer, more
and more breakthroughs that occur at different positions
the active area can be recorded@Figs. 11~c! and 11~d!#. Until
now we have found no temporal correlation between s
tially correlated filaments, e.g., the pictures reveal that t
adjacent filaments~for example, two filaments in a chain! are
not correlated in time. Attexp5300ms, the picture of the
discharge virtually shows no difference to a correspond
video camera picture.

III. SUMMARY AND DISCUSSION

In the present work, electrical transport processes i
planar dc-driven gas-discharge system with a high resista
semiconductor electrode are studied. The discharge in n
gen at moderate pressures is applied. The main patt
formation phenomenon observed is the formation of a m
tifilamentary current state. It has been shown that filamen
patterns are essentially nonstationary; individual current fi
ments are formed by repetitive electrical breakdown of
gas layer. The experimental data suggest that filamen
patterns arise as a result of losing the stability of the spati
homogeneous stationary discharge. The instability appea
the increase of current density in the device above so
threshold value. Such current control in the considered c
is mainly provided by the variation of the feeding voltage.
the course of the transition from the stationary homogene
state to a filamentary pattern, some intermediate stage in
tern formation process is observed. At this stage, local fi

FIG. 11. Records of the light density distribution of the ga
discharge with short exposure times:~a!,~b! texp53 ms, ~c! texp

510 ms, ~d! texp530 ms, and~e! texp5300 ms. For comparison, a
video camera picture taken under the same experimental condi
is presented~f!. The parameters areU05908 V, w50.04 @sGaAs

50.5831027 (V cm)21], and p560 hPa, the active area has
diameter ofD515 mm.
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mentarylike breakdown arising on the low-curre
stationary-homogeneous background generates waves
propagate across the active area of the system. The w
exist in a rather narrow range of control parameters. A f
ther increase in current, as compared to the critical value
the instability, gives rise to a pattern composed of filamen
Filaments can exhibit a pronounced cooperative behavior
sulting in formation of spatially extended structur
~‘‘chains’’ ! with two characteristic spatial scales. To be mo
explicit, the distance between neighboring filaments in
chain is essentially smaller as compared with the dista
between adjacent chains in a pattern. As a result, an an
tropic pattern is organized in the two-dimensional system

The formation of chain patterns and their intrinsic anis
ropy have been demonstrated to be quite a robust proper
the system. More explicitly, a change in the geometry of
active areas of the device is accompanied by a spatial re
struction of the chain pattern, while its internal symmetry
retained. By varying the control parameters, an increas
number of filaments can be generated in the system. WithU0

being further increased, chains are destroyed and the re
ing pattern reminds us of the liquid state.

In relation to these findings we notice that the formati
of filamentary patterns in dc-driven ‘‘semiconducto
discharge gap’’ systems have been earlier studied in, e
@16,19#. In this work nitrogen has also been applied. T
essential difference between the present and previous ex
mental conditions is, however, that the discharge system
@16,19# was kept cooled down to about 90 K. There, filame
tary patterns were composed of stationary filaments. For
tion of these structures could be satisfactorily described
terms of the Turing instability of the homogeneous discha
state.

In the present work, a qualitatively different filamentatio
process takes place where individual filaments oscillate
time. The recent investigation of the present system
slightly different parameters@22# has revealed the existenc
of a Hopf bifurcation from a stable stationary homogeneo
discharge to an oscillatory mode, the oscillations being
phase all over the total active area of the system. These
phenomena~the oscillatory mode of the spatial homogeneo
discharge and the existence of patterns composed of osc
ing filaments! seem to be closely related. It is tentative
suggest that the appearance of patterns composed of os
tory filaments is due to the fact that the system becom
unstable to both Hopf and Turing modes@26#.

The most intriguing phenomenon that is observed is
formation of anisotropic chain patterns that are characteri
by two spatial scales. At the moment, the peculiarities in
filaments’ interaction that are responsible for the format
of chain structures are not clear. An understanding of t
phenomenon requires, first of all, a description of the s
tiotemporal dynamics of a solitary filament. We believ
however, that the main driving force for the formation
oscillating filamentary patterns is the Hopf bifurcation in t
system@22#.

We would like to add also that filamentary patterns
various types have been studied in planar dielectric bar
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gas-discharges@15,27–29#. These discharges can be drive
only by an ac voltage. Filaments in these systems oscillat
a coherent way with the period of the driving force. As far
we know, ac-driven dielectric barrier discharges do not de
onstrate filamentary chain patterns that would be simila
those that are quite robust in our case.
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