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In a dc gas-discharge system we observe experimentally periodic and turbulent behavior of solitary
structures, the latter having the form of filaments. It can be shown that turbulence develops due to four

kinds of fundamental interactions between the solitary structures:

creation, annihilation, elastic

reflection, and clustering. It is believed that the experimental results are of general importance for pat-

tern formation in distributive active media.

PACS number(s): 51.50.+v, 52.80.—s

I. INTRODUCTION

The spontaneous generation of inhomogeneous struc-
tures in dissipative active media can be found in biologi-
cal [1,2], chemical [3-5], physical [6-9], and many other
systems far from thermodynamic equilibrium. One of the
most astonishing features of these patterns is that al-
though they originate from different branches of science,
there exist some fundamental structure elements which
look quite the same. Notice, for example, the similarity
of spiral wave patterns in the Belousov-Zhabotinskii reac-
tion [10] and in dense cell layers of the slime mold [11].
Another example is the appearance of meanderlike struc-
tures in gas-discharge systems [12,13], hydrodynamic sys-
tems [14], and biological systems [15]. From these and
other examples one may conclude that in many cases
there exist fundamental building elements from which
patterns in dissipative active systems can be constructed.

Elementary building elements in the form of filaments
have been found e.g., in special lateral gas-discharge sys-
tems [12,13,16—21] but also in semiconductor materials
[22-27], electrical networks [28,29], and various other
dissipative active systems. In the present article we in-
vestigate the above-mentioned special gas-discharge de-
vice consisting of a semiconductor anode and a metallic
cathode which are separated by a narrow discharge gap.
In earlier experiments we found besides spatially inhomo-
geneous structures commonly known as current-density
filaments [17,20] also spatially periodic patterns [18]
which are discussed in the literature also under the name
Turing structures. Spatiotemporal patterns in the form
of splitting filaments [12,13], traveling-wave patterns
[19], or spatiotemporal chaotic motion of current-density
filaments [12,13] have also been observed. Many of these
patterns could be found as solutions of a phenomenologi-
cal reaction-diffusion model equation which has been in-
vestigated by means of analytical and numerical methods
[8,13,16,18,21-24,30]. Also, swinging internal layer solu-
tions have been found in a two-component reaction-
diffusion system [31].

This contribution deals with current-density patterns
in the form of standing filaments or filaments rocking be-
tween the boundaries of the discharge gap. Turbulence
can be found if several filaments are generated. The in-
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teractions of the filaments can be of four different kinds:
creation, annihilation, elastic reflection, and clustering.
These interactions are believed to be of fundamental im-
portance not only for our special gas-discharge device but
also for other dissipative active systems. The rest of this
article is organized as follows. In Sec. II we give a
description of the experimental setup and the electrical
and optical data recording system. In Sec. III the experi-
mental results are discussed in detail. Finally, in Sec. IV
we discuss the results and draw some conclusions.

II. EXPERIMENTAL SETUP

In Fig. 1 a schematic drawing of the experimental set-
up can be seen. The gas-discharge device is a two-
electrode system. The cathode is made of copper and the
anode consists of a high ohmic semiconductor material
made of commercially available doped silicon with a
specific resistivity on the order of some k) cm. In order
to connect the semiconductor anode to the external cir-
cuit we have prepared an ohmic stripe contact at one side
of the electrode by using a conventional diffusion tech-
nique in connection with a photolithographic process.
The metallizing of the contact follows from vacuum
deposition with a thin aluminum layer in a high vacuum
system. The whole electrode arrangement is of rectangu-
lar shape with typical dimensions /=30 mm, ¢ =3 mm,
b=10 mm, and d =0.3 mm. We note that the value of d
is very small in comparison to the other dimensions of
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FIG. 1. Experimental setup of the gas-discharge device.
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the discharge gap and therefore one may consider the
system as being quasi one dimensional. To assure a one-
dimensional discharge behavior in addition two glass
plates cover the discharge gap from the bottom and from
the top such that the discharge takes place only between
the face plates of the electrodes. A water-cooling system
guarantees approximately constant temperature during
the operation of the device. This precaution is necessary
because there is considerable heat production in high
current regions. The described device is mounted in a
vacuum receptacle which is provided with a glass window
to ensure visual observation of the discharge pattern.
For all experiments described in this article the vacuum
receptacle is filled with argon. To drive the gas-discharge
device we use a high-voltage power supply generating
voltages U, up to 3500 V at a peak current I of 40 mA.
The whole discharge system is connected to this voltage
source via a load resistor which can be varied between
some k() and 2 MQ.

In the experimental investigations we are interested in
the spatiotemporal behavior of current-density distribu-
tions appearing in the discharge gap. For the observation
of the latter we use a streak-camera system combined
with a high-speed digital oscilloscope. The complete
measuring setup is shown schematically in Fig. 2. The
most significant part of the measurement arrangement is
the streak camera which operates as follows. The light
emitted from the gap of the gas-discharge system is pro-
jected via a lens system onto a slit diaphragm placed at
the entrance of the streak tube. The resulting slit image
is focused on the surface of a photocathode. The photo-
cathode converts the incident light into electrons. By ap-
plying a voltage of a few thousand volts between the pho-
tocathode and a mesh electrode placed very close to the
front of the photocathode the electrons are accelerated in
the direction of an electron deflection system. A ramp
voltage generator provides a sawtooth pulse to the
deflection plates just at the time when the incoming elec-
tron beam enters the deflection system. This results in a
deflection of the electron beam along the vertical direc-
tion. After having passed the deflection field the elec-
trons enter a microchannel plate, the function of which is
to amplify the electron beam. The amplified electro-
optical streak image is subsequently converted into a visi-
ble image on a phosphor screen. Due to the deflection of
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FIG. 2. Setup for measuring the spatiotemporal behavior of
the current-density distribution in the discharge gap.
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the electron beam from the top to the bottom of the phos-
phor screen the vertical axis represents the time axis,
whereas the horizontal axis is the space coordinate. The
final streak image contains the spatiotemporal informa-
tion about the incident light and since the light intensity
is proportional to the electrical current density within
5% we are able to measure the current-density distribu-
tion rather directly. The temporal resolution can be
modified by changing the slope of the sawtooth voltage
applied to the deflection plates. Finally, a silicon
intensifier target camera picks up the streak image and
the resulting video signal is fed to an image processing
unit. For a more detailed description of the function of
the streak-camera systems, see Refs. [32,33].

Besides the measurement of the spatiotemporal behav-
ior by means of the streak-camera system we use a digital
oscilloscope to measure the voltage Uj, across the
discharge device and the value of the total current I. The
current is determined from the voltage drop across the
resistor R, and the voltage across the discharge is mea-
sured by using a probe with a division ratio of 100:1. The
pulse and the delay generator allow for the synchroniza-
tion of the streak-camera record and the digital oscillo-
scope to make the measurement in the same time inter-
val. This is possible because the streak unit has a fixed
but well-known delay time z; between the arrival of the
trigger pulse and the firing of the camera. The delay gen-
erator, the output signal of which is applied to the exter-
nal trigger input of the oscilloscope, serves to compensate
this effect by generating a delayed output signal with the
delay time ¢;.

III. EXPERIMENTAL RESULTS

The experiments described in this section have been
carried out in an argon atmosphere at gas pressures be-
tween 10 and 20 hPa using two different semiconductor
electrodes with specific resistivities of 2600 and 900
Q cm, respectively. In what follows we will call the form-
er high- and the latter low-resistivity electrodes. In both
cases the generation process of rocking filaments is simi-
lar for low values of the driving voltage U, or the average
total current, but especially for large U, the system
shows a different behavior. In the following we will first
discuss some general features of rocking filaments in both
systems and then point out the differences in the high-
and low-resistivity cases. In this connection we point out
that a system parameter that we can change easily is the
external driving voltage U, (see Figs. 1 and 2). However,
in gas-discharge physics the total current I or the aver-
aged total current I, are the most important quantities.
Therefore, though in the strict sense the latter are not pa-
rameters in our setup, we have often chosen these quanti-
ties to describe the gas-discharge patterns, occasionally
stressing that in reality the voltage U, is predetermined.
In addition, the latter is always given in the figure cap-
tions.

A. Some general features

Under certain conditions an increase of the external
applied voltage U, leads to the breakdown of the voltage
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drop Uy at the device. The breakdown goes along with a
large increase of the current I. Choosing appropriate
outer circuit parameters one observes the appearance of a
lightening region between the electrodes. Looking at the
discharge gap with the naked eye one can see a homo-
geneously glowing discharge region filling a part of the
discharge gap. In the direction of the current flow a
stratification of the discharge pattern can be observed. A
further increase of the voltage U, leads to a further in-
crease of the current I and to a broadening of the lighten-
ing area until finally the whole gap is homogeneously
lightening. Up to this point one would expect to investi-
gate a homogeneous stationary discharge pattern, but if
we measure with the oscilloscope the voltage drop U,
across the discharge device and the total current I flow-
ing through the system we notice that the behavior is
much more complicated. Figure 3 shows the plot of a
typical time series taken just above the breakdown volt-
age. In the upper part of Fig. 3 we see the corresponding
current signal I and in the lower part the voltage signal
Uy,. Therefore exceeding the breakdown voltage does
neither lead to a stationary voltage drop U, nor to a con-
stant current flow I.

From Fig. 3 it follows that the current oscillations ex-
hibit a spikelike behavior while the corresponding voltage
oscillations are comparatively smooth: The current
varies between 0.22 and 0.62 mA, whereas the voltage
shows a modulation of about 20 V at an average value of
approximately 370 V. We also note that the current sig-
nal has an additional fast modulation. By performing
streak-camera measurements we will now show that it is
possible to find a correlation between the temporal oscil-
lations in the current and the voltage on the one hand,
and spatiotemporal oscillations of the light (current) den-
sity distribution in the discharge gap on the other hand.

In Fig. 4 we represent a three-dimensional plot of a
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FIG. 3. Measured current I (upper part) and voltage U=U)
(lower part) just above the breakdown of the voltage drop across
the discharge device. The explanation of the marked time inter-
vals is given in the text. The parameters are /=28 mm, b=38
mm, d=0.25 mm, p=2.6 kQQcm, p=18 hPa, a=3.4 mm,
Ry=1MQ, and Uy=990 V.
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streak image taken from the positive column of the
discharge gap. This spatiotemporal signal is measured
simultaneously with the oscillations shown in Fig. 3. The
total recording time of the streak image has been about
700 ps and the imaging system has been positioned in
such a way that the image of the discharge gap of length /
(see Fig. 1) covers precisely the input slit of the camera.
The third axis is the measured light density.

From Fig. 4 it becomes obvious that the current and
voltage oscillations are accompanied by the periodic
motion of a single well-defined region of high light densi-
ty which we consider as an elementary building element
of the dynamic pattern that we observe. In what follows
we call this object a “filament.” Therefore the observed
pattern can be described in terms of a filament rocking
between the boundaries of the discharge gap. The rock-
ing filaments appear instantaneously at the boundary of
the gap when the breakdown voltage is exceeded. When
the filament reaches the boundary it is reflected and
moves in the opposite direction while the shape of the
filament stays the same and the velocity remains con-
stant. The process is repeated when the filament reaches
the opposite boundary. Therefore we conclude that we
observe a periodic spatiotemporal oscillation of one fila-
ment reminding us of a billiard ball elastically reflected at
the edges of the table. Consequently, the first kind of in-
teraction that we observe is an elastic reflection which in
this case takes place at the boundary. If we look very
close to Fig. 4 we realize that for a very short time just at
the beginning of the generation process two filaments ap-
pear; just one of them at each boundary. However, after
about 70 us one filament extinguishes while the other one
moves with constant velocity towards the boundary of
the gap. This is the second kind of interaction that we
observe and we call it annihilation, in this case due to a
collision between two filaments. Because the shape and
velocity of the filament remain unchanged after the in-
teraction the filament has a “solitary” character.
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FIG. 4. Three-dimensional streak-camera image showing the
spatiotemporal behavior of a rocking filament just above the
breakdown of the voltage drop across the discharge device. The
streak camera image has been taken simultaneously with the
measurement shown in Fig. 3 (see the streak-time interval
marked in Fig. 3).
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If we look more closely at the correlation between the
temporal and the spatiotemporal behavior we notice that
the time interval between the spikelike current oscilla-
tions in Fig. 3 is about 70 us. Figure 4 confirms that this
is the time the filament needs to move from one boundary
of the discharge gap to the opposite one. In addition, we
notice that the current I always reaches a minimum and
the voltage U, a maximum value when the rocking fila-
ment is reflected at the edge of the gap. In other words,
the resistivity of the gas-discharge device reaches its max-
imum value when the filament is situated at the bound-
ary. When the filament reaches the boundary the current
changes very rapidly, whereas the change of the voltage
is more slowly.

By increasing the temporal resolution of the streak-
camera system it has been possible to find the reason for
the additional modulation of the total current in Fig. 3.
This is demonstrated in Fig. 5, where we have plotted the
current I and voltage Uy, on the left-hand side and the
corresponding streak-camera image on the right-hand
side using an increased time resolution.

From Fig. 5 it becomes obvious that the modulation of
the time signals is not due to system noise produced by
internal fluctuations which may appear in the gas-
discharge system, but is due to a current modulation
caused by a stratification process superimposed by the
rocking of the filament. While the filament moves from
one boundary to the opposite one the strata appear and
vanish nearly 25 times. Experimental investigations on
the stratification process between two metal stripe elec-
trodes carried out in the gas discharge similar to that
shown in Fig. 1 can be found in Ref. [34]. In what fol-
lows we will disregard the generation of strata and con-
centrate our interest on the rocking of filaments. To con-
sider these effects separately is justified because the rock-
ing of filaments and the generation of strata take place on
different time scales and so far we did not find any hint
for a coupling of these phenomena.

By increasing the voltage U, the average value I, of
the total current I increases too. At the same time not
only the amplitudes of the current and voltage oscilla-
tions but also the velocity of the rocking filament are al-
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FIG. 6. Velocity v of a rocking filament as a function of the
average value I, of (a) the total current I and (b) the pressure.
The parameters are as follows. (a) /=28 mm, b=10 mm,
d=0.28 mm, p=0.9 kQcm, p=19 hPa, a=4.8 mm, R;=1
MQ. U, was changed from 690 V at I, =0.35 mA to 890 V at
I,=0.55 mA. (b) /=28 mm, b=10 mm, d=0.28 mm,
p=0.9kQcm, a=4.7 mm, Ry=1 MQ. This measurement has
been taken at an average total current of I, =0.4 mA. To main-
tain constant current U, was changed from 734 V at 20 hPa to
751 V at 10 hPa.

most constant. However, the latter can be changed by
varying the gas pressure. Figure 6 shows the measured
velocity of a rocking filament as a function of the average
value I, of (a) the total current I and (b) the pressure p
for a typical set of system parameters.

The measurements represented in Fig. 6(a) have been
taken at a gas pressure of p =19 hPa. Between I, =0.35
and 0.55 mA a filament appears, moving with a constant
velocity of about 320 m/s between the boundaries of the
discharge gap. The retention of a constant velocity of the
rocking filament has been found in the whole pressure
range between 10 and 20 hPa, whereby the current inter-
val where the velocity stays constant depends on the pres-

600

500

400

300

200

counts (arb. units)

100

0 50 100
time t (ps)

FIG. 5. Current I and voltage U (left-hand side) and plot of the simultaneously measured streak-camera image (right-hand side)
recorded with relatively higher time resolution. The streak-time interval is marked in the diagram on the left-hand side. The param-
eters are / =28 mm, b=8 mm, d =0.25 mm, p=2.6 kQ cm, p=18 hPa,a=3.5mm, Ry=1MQ, and U,=1310 V.
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sure. Furthermore, the velocity of the rocking filament is
not the same in the whole pressure interval between 10
and 20 hPa. In Fig 6(b) the dependence of the velocity v
as a function of the pressure is represented. Within the
limit of the uncertainty in the determination of the veloc-
ity from the streak image, there is a linear decrease of the
velocity with increasing gas pressure.

The experimental results may raise the question of
what happens outside the current and pressure intervals
shown in Figs. 6(a) and 6(b). Concerning the pressure in-
terval, we remark that up to now the rocking of filaments
has only been observed at a pressure between 10 and 20
hPa. Especially, above 20 hPa a scenario resulting in the
generation of multiple stationary filamentary structures
has been observed [12,13,17]. Outside the current inter-
val of constant rocking velocity the behavior of the sys-
tem is quite different from the situation described above.
For a rather small value of the total current the break-
down of the device voltage U, leads to the generation of
a filament at its boundary which moves instantaneously
into the direction of the center of the gap. After having
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moved a short distance the filament extinguishes and the
process is repeated. The distance the filament has trav-
eled is influenced by the value of the current and it in-
creases with increasing current, until finally, the filament
reaches the opposite boundary. The rocking of the fila-
ment results from a further increase of the current. From
the aforementioned we see that the filament can undergo
also an interaction in the form of an annihilation but here
in the form of a simple disappearance retaining the soli-
tary character until it vanishes.

B. The high-resistivity case

So far the influence of the specific resistivity of the
semiconductor electrode has not been discussed. Howev-
er, for relatively large values of the total current it is pos-
sible to distinguish between a high- and a low-resistivity
case. In this subsection we are going to discuss the high-
resistivity case.

The series of photographs shown in Fig. 7 have been
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FIG. 7. Streak-camera photographs of rocking filament scenarios for the case of a high-resistivity electrode and for increasing
averaged total current I,. Due to the increase of the number of solitary filaments and due to their interactions turbulence appears.
The parameters are [ =28 mm, b =8 mm, d =0.25 mm, p=2.6 kQ cm, p =20 hPa, ¢ =3.25 mm, and R,=250 kQ. (a) U,=500V,
1,=0.59 mA; (b) Uy=518 V, I, =0.65 mA; (c) Uy=573 V, I,=0.89 mA; (d) Uy =585V, I, =0.94 mA; (e) Uy =670 V,1,=1.23 mA;
(H Uy=T723V,I,=1.43mA;(g) Uy=766V,1,=1.60 mA; (h) Uy=847V, I, =1.88 mA.
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taken with the streak-camera system using a semiconduc-
tor electrode of 2600 2 cm. The vertical axis displays the
time, the horizontal axis the space coordinate. The pro-
jection of the discharge gap onto the input slit of the
streak unit (see Fig. 2) has been chosen in such a way that
the spatiotemporal behavior of the light (current) density
distribution of the whole discharge gap could be record-
ed. The exact gap position for the complete series of pho-
tographs is marked in Fig. 7(a): one boundary is located
at /=0 mm and the other at 1=28 mm. We note that
the photographs shown here exhibit some distortion due
to the curvature of the TV monitor from which the pic-
tures were taken.

Figure 7(a) has been taken at a value of the averaged
total current I, where the filament is moving between the
boundaries of the gap. The intensity modulation of the
filament trace is due to moving striations, the appearance
and behavior of which have been mentioned above. It be-
comes obvious that the filament is reflected within a time
interval of a few microseconds at the boundaries. Espe-
cially, by using a higher temporal resolution of the streak
camera it can be demonstrated that the filament does not
extinguish at the boundary. Figure 7(b) has been taken
after increasing I,. This streak image shows the genera-
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tion of a second filament by a splitting of the first one.
Therefore we observe besides reflection and annihilation a
third kind of interaction which is a creation of a filament
due to splitting. This second filament does also rock for a
short time interval but then disappears by a collision with
the first one. This kind of interaction has been observed
already in Fig. 4 and has been discussed above. Again,
the solitary behavior of the filaments as fundamental
building elements is demonstrated by the fact that the
shape of the filaments is retained after interaction. For
higher values of the total current these features become
even more obvious as can be seen from Figs. 7(c) and 7(d).

In Fig. 7(c) two rocking filaments moving with nearly
the same velocity are visible. Both of them are reflected
when reaching the boundary of the discharge gap, but be-
cause the direction of motion can be opposite a collision
between the two filaments is inevitable. Now different
possible solutions of this “collision problem” can be ob-
served which correspond to different kinds of interac-
tions. One realization is the change of the direction of
both filaments. This kind of interaction is a reflection,
but this time an elastic repulsion of two filaments. Such a
process can be seen in the upper part of Fig. 7(c). The
second possibility is the change of direction of only one of
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FIG. 7. (Continued).
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the filaments, which means that one filament forces the
other one to reverse the moving direction. This case can
also be found in Fig. 7(c) after a recording time of 100 us.
We want to call this interaction “clustering” because one
has the impression that one filament forces the other
along its way. Such a situation can be seen also in Fig.
7(b). From other experiments we know that the probabil-
ity of appearance of the first or the second process is
mainly determined by the spatial position of the collision
point. If two filaments strike each other near to the mid-
dle of the gap both of them change the direction of prop-
agation; otherwise, the filament nearest to a boundary is
forced by the second filament to change its direction of
motion.

Figure 7(d), which results from Fig. 7(c) by increasing
the current I, further, gives the impression that the fila-
ments try to arrange themselves in the gap in such a way
that each of them moves in different but equally large
areas and the interaction is mostly dominated by elastic
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reflection of two filaments. In addition, in the upper part
of Fig. 7(d) a third rocking filament becomes visible dur-
ing a short time interval. This filament disappears when
it hits the rocking filament at the right-hand side of the
gap and disappears due to annihilation interaction.
Figures 7(e) and 7(f) result from a further increase of
the averaged total current I,. Figure 7(e) has been taken
at the transition regime between two and three rocking
filaments. During a certain time interval there exist only
two filaments but then, as a result of a creation interac-
tion in the form of a division process, a third filament ap-
pears. On a longer time scale we will always find a com-
petition between these two states. If there exist three fila-
ments each of them also tries to claim equal areas in
space. On the one hand, one may conclude that there is a
certain tendency of the system to arrange a symmetric
distribution in space, but on the other hand the distur-
bance of the structure due to collision and annihilation
processes can be observed very often. This behavior can
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FIG. 8. Streak-camera photographs of the generation of rocking filaments for the low-resistivity semiconductor electrode system
for increasing voltage U, corresponding to increasing average total current I,. Due to the interaction of the filaments a turbulent be-
havior in the form of spatiotemporal intermittency appears. The parameters are /=28 mm, b =10 mm, d =0.28 mm, p=0.9 kQ} cm,
p=14 hPa, a=4.8 mm, and R,=1 MQ. (a) U,=800V, I,=0.4 mA; (b) Uy=880V, I,=0.5 mA,; (c) Uy=950 V, I,=0.6 mA; (d)
Upy=1090V, I,=0.74 mA; (e) Uy=1125V,1,=0.78 mA; (f) Uy=1340V, I, =1.0 mA; (g) U,=1830 V, I,=1.5 mA; (h) U;=2010

V,1,=1.7mA.
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also be found in Fig. 7(f), where during the short time in-
terval between 60 and 100 us also four filaments appear.
Therefore, this kind of spatiotemporal disorder can be
called turbulent or more precisely spatiotemporal inter-
mittence. It is interesting enough that the observed tur-
bulence is based again on fundamental solitary building
elements which have the shape of solitary filaments.

At high values of the total current besides rocking soli-
tary filaments also stationary filaments do appear. In Fig.
7(g) the first evidence for the generation of a stationary
filament is observed on the left-hand boundary of the
discharge gap. In the remaining area the turbulent rock-
ing continues and therefore we observe the interesting
phenomenon of a simultaneous existence of stationary
structures and turbulence. Figures 7(g) and 7(h) have
been taken at values of the total current where one [Fig.
7(g)] and three [Fig. 7(h)] stationary filaments exist.

From many experimental investigations on the gas-
discharge system described in this article we know that
the positions in space where stationary filaments appear
are not connected with spatial inhomogeneities. Before
carrying out the experiments we carefully polish the sur-
faces of the electrodes and especially check the semicon-
ductor electrode for spatial inhomogeneities of the
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specific resistivity. By applying a magnetic field or by ir-
radiating the discharge gap with UV light it is also possi-
ble to displace the filaments in space. This behavior
demonstrates that if there were inhomogeneities effecting
the filaments, their influence must be very weak. Also, as
can be seen from experiment the stationary pattern of
Fig. 7(b), e.g., can appear but must not appear at other
areas in space. In addition, it can be seen that there is no
indication that the filaments moving with a constant ve-
locity between the boundaries of discharge gap are
affected by inhomogeneities. Therefore we believe that
the structures observed in the present work are due to
real self-organization of the system.

C. The low-resistivity case

In Fig. 8 a series of streak-camera photographs for a
semiconductor electrode with low specific resistivity is
shown. Note that the temporal resolution is not the same
for all pictures. In Fig. 8(a) a filament appears at the
left-hand boundary of the gap and moves with constant
velocity to the opposite boundary where it disappears.
This process is repeated periodically in space and time.
For higher values of the driving voltage U, and therefore
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FIG. 8. (Continued).
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for higher average total current the filament starts rock-
ing between the boundaries. However, it may happen
that the filament disappears for a short time interval and
reappears to continue rocking [Fig. 8(b)]. A further in-
crease of the current leads to a behavior which is very
similar to that shown in Fig. 7(a).

So far there is no qualitative difference in the system
behavior for the high- and the low-resistivity cases. The
first significant difference becomes obvious in Fig. 8(d),
where U, and I, have been increased further. Contrary
to the behavior described above, there is no generation of
a second filament, but instead the rocking amplitude of
the filament changes. The large-amplitude oscillations
between the boundaries change to small-amplitude oscil-
lations and vice versa. The time interval of small-
amplitude oscillations increases by increasing the current,
whereby the interval of large-amplitude oscillations de-
creases. This is demonstrated in Fig. 8(e). This behavior
reminds us of temporal intermittency. Therefore we may
call this kind of pattern spatiotemporal intermittence. At
even higher values of the current the amplitude of oscilla-
tion decreases and finally as shown in Fig. 8(f) the fila-
ment becomes stationary. The generation of further fila-
ments resuits from a splitting process which has already
been observed in another parameter region [12]. In Fig.
8(g) a typical transition pattern from the one-filament
state of Fig. 8(f) to a two-filament state is shown. The re-
sulting pattern, consisting of two spatially separated fila-
ments, is represented in Fig. 8(h).

IV. SUMMARY AND CONCLUSIONS

Figure 9 gives a summary of the experimental findings
of this article by schematically representing the spa-
tiotemporal behavior of the gas-discharge system for in-
creasing values of driving voltage U, or increasing total
current I. The gap length [ and its position are shown in
the figure on the left-hand side. While the use of the
high-resistivity semiconductor electrode leads to an in-
crease of the number of rocking filaments by increasing
the current, the use of the low-resistivity electrode does
not lead to a change of their number. In the latter case
the increase of the total current only affects the spatial
amplitude of the rocking filament.

In all experiments discussed in this article the current-
density distribution in the discharge gap appears in the
form of elementary solitary building elements which we
call filaments. The filaments can be characterized by
some fundamental features.

(a) The width and the current density of the filaments
are almost the same for a certain parameter set.

(b) The shape of a filament does not change when
changing the system parameters.

(c) In a certain range of parameters rocking filaments
do exist.

(d) Rocking filaments move with constant velocity be-
tween the boundaries of the discharge gap without chang-
ing the shape.

(e) The velocity of a rocking filament decreases with in-
creasing gas pressure.

(f) Rocking filaments can undergo transitions to stand-
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FIG. 9. Schematic representation of different kinds of rock-
ing filaments for increasing total current I. The upper part
shows the behavior for high resistivity, the lower part for low-
resistivity semiconductor electrodes. For a rather small value of
the total current 7 both systems are acting in the same way.

ing filaments and other structures as there are, e.g.,
pigtail structures [see Fig. 8(g)].

(g) Filaments can interact in four different ways:
creation, annihilation, reflection, and clustering.

(h) The shape of the filaments is the same before and
after an interaction.

(1) Due to the interaction of filaments complicated spa-
tiotemporal structures may evolve and, e.g., turbulence
can appear.

(j) Rocking filaments can coexist with stationary struc-
tures.

Comparing the present results with earlier investiga-
tions of similar gas-discharge systems [12,13,16-21], we
recognize that all observed current density distributions
can be interpreted in terms of filaments having the above
properties. Patterns consisting of filaments have been ob-
served also in many physical chemical, biological, and
other systems [1-4,9,22-29,35,36]. We therefore con-
clude that the system investigated in the present article is
a paradigm for a large class of systems, and consequently
the results of this and related articles should be of general
importance for understanding the mechanism of pattern
formation in dissipative active media.

From gas-discharge physics one knows that the under-
lying microscopic mechanism leading to patterns as they
are reported in this article are very complex, and there-
fore the theoretical description on a microscopic level
may be very complicated. However, by using a simple
two-component reaction-diffusion model it has been pos-
sible to describe qualitatively many features of systems of
the kind that are investigated in the present article
[8,13,18,21,22,24,30,31,36]. The corresponding model
equations turn out to be of a very general type supporting
again the importance of the results of this and related
work.
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FIG. 1. Experimental setup of the gas-discharge device.
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FIG. 2. Setup for measuring the spatiotemporal behavior of
the current-density distribution in the discharge gap.
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FIG. 7. Streak-camera photographs of rocking filament scenarios for the case of a high-resistivity electrode and for increasing
averaged total current I,. Due to the increase of the number of solitary filaments and due to their interactions turbulence appears.
The parameters are / =28 mm, b=8 mm, d =0.25 mm, p=2.6 kQ cm, p =20 hPa, ¢ =3.25 mm, and R,=250 k). (a) Uy =500V,
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FIG. 8. Streak-camera photographs of the generation of rocking filaments for the low-resistivity semiconductor electrode system
for increasing voltage U, corresponding to increasing average total current I,. Due to the interaction of the filaments a turbulent be-
havior in the form of spatiotemporal intermittency appears. The parameters are / =28 mm, b=10 mm, d =0.28 mm, p=0.9 k2 cm,
p=14 hPa, ¢ =4.8 mm, and R,=1 MQ. (a) Uy=800V, I,=0.4 mA; (b) U,=880 V, I,=0.5 mA; (c) Uy =950 V, I,=0.6 mA; (d)
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