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Stripe Turing structures in a two-dimensional gas discharge system

E. Ammelt,1,* Yu. A. Astrov,1,2 and H.-G. Purwins1
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Pattern formation phenomena in current density distributions have been investigated experimentally in a
dc-driven planar gas discharge semiconductor system. Patterns are observed and recorded via a light density
distribution in the discharge gap, which can be seen through one of the electrodes. Under appropriate condi-
tions the spatially homogeneous discharge glow undertakes a transition into hexagonal or striped patterns as
the global current is increased. The observed phenomena are interpreted as a Turing bifurcation into a patterned
state. The transition into a striped pattern is studied in detail. Transitions both to stationary and to slowly
moving stripe patterns have been observed. It has been ascertained that the typical velocity of stripes, which is
of the order of mm/s, is independent of the distance from the bifurcation point in a rather broad range of
variation of the bifurcation parameter. The underlying mechanism of pattern formation, as well as the move-
ment of the patterns, is discussed.@S1063-651X~97!11206-5#

PACS number~s!: 82.40.Ck, 05.60.1w, 52.80.2s
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I. INTRODUCTION

In 1952 Turing@1# proposed a theoretical model for th
description of morphogenesis in nature. This principle is s
supposed to be basic for the understanding of spatial s
organization in a variety of real systems@2,3#. However, au-
thentic experimental investigations, in which the Turi
mechanism is shown to play a decisive role for the crea
of diverse spatial patterns, have been published only rece
@4–7#. Among the mentioned experimental setups the inv
tigations on Turing patterns in chemical reactions with
disk-shaped active area have become most famous. This
be attributed to their two-dimensional geometry, thus reve
ing patterns like stripes and hexagons@4,5,8#.

In his pioneer work Turing considered diffusion as one
the most important mechanisms to be responsible for
instability of a nonequilibrium state in chemically reactin
systems. Nowadays, his model has been applied to sys
of quite different origin. This provides the possibility to d
scribe these systems in the frame of the same mathemati
chemical systems, which are destabilized by diffusive tra
port processes of the reacting substances.

Gas discharge systems generally are essentially nonli
devices, which can manifest a variety of instabilities@9#.
Spatial pattern formation is a widespread phenomenon
these systems. In this context investigations of several t
dimensional dc- and ac-driven systems@10–15# and on a
quasi-one-dimensional dc-driven structure@7,16,17# are to be
mentioned. Gas discharge systems with laye
‘‘semiconductor-discharge gap’’ structures@15#, contrary to
conventional systems containing metallic electrodes, are
special interest. It was shown earlier that these systems s
pattern-forming properties and can be theoretically con
ered in the frame of the reaction-diffusion mechani
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@18,19#. With this approach one was able to comprehend
experimental observations of both spatially regular patte
and solitarylike states~filaments! in these systems@18–21#.
In contrast to chemical reactions, in which the transport
material is a basic property, pattern formation phenomen
electronic media are related to the transport of charged
riers and the redistribution of the electric potential. From t
point of view electronic media are basically different fro
chemical or hydrodynamical systems. Nevertheless, phen
ena that are similar to those observed in chemical reac
can be found also in electronic devices, in particular in g
discharge systems@14,15#. In contrast to chemical media, i
electronic systems spatial structures with small amplitu
are observed less frequently@7#. This fact can be mostly
attributed to the strong kind of nonlinearities pertinent
electronic systems. However, under appropriate conditi
the nonlinearity can be adjusted in such a way that also s
mode bifurcations of the Turing type can be observed@7,18#.
Up to now the main research on semiconductor-gas
charge systems has been done on quasi-one-dimens
structures@7,16–18#. In @15# we have reported that at th
conditions of the cryogenic discharge in nitrogen also tw
dimensional regular patterns, hexagons, and stripe struct
can be observed experimentally in these media. In the c
publication it was reported how the bifurcation to stationa
patterns occurs.

In the present paper we describe results of the furt
research of pattern formation processes in this system.
experiment provides a very well controlled transition from
narrow linear regime of the discharge to a nonlinear doma
and various kinds of spatial patterns can be observed. On
one hand, we present some scenarios of pattern formatio
the system; on the other hand, we give results of the qua
tative study of stripe patterns that are known to be among
generic spatial forms appearing in pattern forming syste
Experimental evidence suggests that the formation of a st
pattern in the considered system usually is accompanied
slow drift of the pattern. However, also bifurcations into s
tionary stripe patterns have been verified. In the present w
i-
6731 © 1997 The American Physical Society



ng
vi

g
T
ho
y
e

la
ar
e
ge

g

lt
e
.
t
fe

as
ur
-

a
e
a
e

tri
ig

f t
ge
rg
t i

rns.
ther

o-
eal-
n

ec-
t.

ent

am-
f
sta-
ine
re-

s
by
t
ter

ur-
ers.
ing
as
lt-
too.
with
en-

is

o
ca
an
ng
b
tr

l

6732 55E. AMMELT, YU. A. ASTROV, AND H.-G. PURWINS
the main attention is paid to the defect-free, slowly drifti
stripe patterns. Their behavior is compared with the beha
that is specific for stationary patterns.

II. EXPERIMENTAL SETUP

The experiments have been carried out with a planar
discharge system represented schematically in Fig. 1.
discharge gap is enclosed between a semiconductor cat
and a transparent anode, which is a glass plate covered b
indium-tin-oxide~ITO! layer. As the semiconductor cathod
a silicon plate that has been doped with deep impurities
gold or zinc is used. On the external surface the silicon p
carries a transparent, conductive electrode that is prep
either by implantation of B1 into the semiconductor surfac
or by evaporation of a thin layer of Ni onto it. The dischar
gap is filled with nitrogen at a pressurep in the range 60–
200 hPa. Typical values of the thickness of the discharge
dg and the silicon plateds aredg'ds'1 mm, whereas the
diameter of the active region is 20 mm. The dc supply vo
ageU0 being applied to the ITO and to the conductive lay
on the semiconductor surface ranges from 1.5 to 3.0 kV
load resistor withR0525 kV is placed in series for curren
measurement. As the total current usually is less than a
tens of microamperes, the voltage drop acrossR0 can be
neglected with respect to the supply voltage. The device
whole is operated close to the liquid-nitrogen temperat
(T'90 K). By cooling the semiconductor down to this tem
perature its specific resistivityr rises up to 107–109 V m.
Taking advantage of the internal photoelectric effect,r can
be varied by illuminating the semiconductor plate with
tungsten lamp. This experimental arrangement is rather fl
ible with respect to changes of experimental parameters
scenarios of self-organization processes. Therefore, som
the parameters can be changed interactively.

At low current density the spatially homogeneous dis
bution of the discharge in the system is stable due to the h
resistivity of the semiconductor. By increasingj the dis-
charge passes from the Townsend regime to a range o
charge carrier density in which longitudinal space char
arise, thus entering the nonlinear regime of the discha
layer. Therefore, it is the nonlinearity of the gas layer tha

FIG. 1. Experimental setup of the gas discharge system. It c
sists of two planar electrodes enclosing the discharge gap. The
ode is made of a photosensitive silicon plate and the anode is tr
parent for the visible light emitted by the discharge. By illuminati
the semiconductor its specific resistivity decreases. This may
followed by the destabilization of the spatially homogeneous dis
bution of the discharge.
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supposed to be responsible for the generation of patte
Another consequence of the low current density is the ra
small power consumption, being in the rangeP
<20 mW/cm2. During the experimental runs, a variable, h
mogeneous illumination of the semiconductor has been r
ized. For the quantitative determination of the illuminatio
densityF in a silicon photodiode~BPW 544! is installed in
the light beam.

According to the model we refer to in a subsequent s
tion, the current densityj is the dynamic variable of interes
Since the luminous densityFout emitted from the discharge
gap is related toj , a spatially resolved analysis ofj can be
carried out.Fout has been recorded through the transpar
ITO anode by a conventional charge coupled device~CCD!
camera or a CCD camera with microchannelplate image
plifier, respectively. In both cases the exposure time oT
<50 ms was short compared to the dynamics of the non
tionary patterns we report on below. In order to determ
the lateral current density distribution quantitatively, the
lationship betweenFout and j should be well known. For this
purpose the spatial mean value ofFout has been measured a
a function of the total electric current. As being suggested
the linear fit in Fig. 2,Fout is proportional to the curren
density j in a rather good approximation in the parame
range of interest.

III. EXPERIMENTAL RESULTS

The system we investigate shows a rich variety of bif
cation scenarios while varying the experimental paramet
In the following measurements the current density, be
controlled by the illumination density, serves exclusively
a bifurcation parameter. Without restrictions, the supply vo
age can be used as experimental bifurcation parameter
The results we present here refer to a particular system
a silicon cathode being heavily doped with Zn at a conc
tration of up to 231016 cm23. We notice, however, that the
same behavior can be found when silicon doped with Au
applied as resistive electrode too.

n-
th-
s-

e
i-

FIG. 2. Mean value of the light densityFout emitted by the
discharge layer as a function of the current densityj . As suggested
by the linear fit,Fout is proportional toj in a broad range of the
current density. The offset forj50 is due to the electro-optica
equipment and has no physical meaning.
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55 6733STRIPE TURING STRUCTURES IN A TWO- . . .
A. Qualitative behavior

For low F in , when the resistivity of the semiconducto
electrode is high, the increasing ofU0 to a value that exceed
the ignition voltage is accompanied by the appearance
homogeneous glow in the gap. Starting from this stateF in is
increased gradually, resulting in a homogeneous increas
Fout until a critical value ofF in is overstepped. Beyond th
threshold valueFin>Fth a spatially nonhomogeneous distr
bution of Fout evolves. Depending on the systems para
eters, especially on the gas pressurep and the electrode dis
tancedg the resulting pattern may be either stationary
nonstationary. In the following our interest focuses on va
ous kinds of stationary or slowly moving patterns. Within t
class of stationary structures hexagonal and stripe patt
represent the basic patterns evolving when passing the
cal value of the current in the device. In Fig. 3 typical e
amples for both kinds of patterns are shown. In all case
further increase of the illumination density leads to nons
tionary patterns. This transition is rather independent of
kind of pattern being produced at the first stage of the pat
formation process. Figure 4 shows schematically differ
cascades of bifurcations we have observed. It is worth m
tioning that the stripe pattern may not only develop via
primary bifurcation from the homogeneous state but m
also result from the hexagonal pattern in the course o
secondary bifurcation. Results concerning the studies of

FIG. 3. Density distribution of the emitted glow. Principally tw
basic kinds of spatial patterns can arise as a result of the instab
~a! a hexagon pattern and~b! a stripe pattern. The parameters a
p5142 hPa, dg50.80 mm, and ~a! U051.886 kV, j57.4
mA/cm2 and ~b! U052.142 kV, j520.4mA/cm2.

FIG. 4. Observed bifurcation scenarios when varying the illum
nation densityF in of the semiconductor cathode. The spatially h
mogeneous state may be destabilized via different cascades
pending on the parameters, the initially homogeneous state ma
destabilized in favor of a hexagon or a stripe pattern. The hexa
structure may perform a transition to a stripe pattern or to non
tionary structures.
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hexagonal patterns will be published elsewhere. Here
only notice that both slightly and pronounced subcritic
transitions from a homogeneous state to hexagonal patt
can be recorded; the latter occurs predominantly at high p
sures. Concerning the stripe pattern, a supercritical trans
from the homogeneous state has been observed exclusi

B. Quantitative behavior

In the following the supercritical bifurcation into a per
odic stripe pattern is investigated in dependence on the
mination densityF in . Two gap distancesdg50.6 and 0.8
mm were used in these experiments. The nitrogen pressu
the discharge gap was adjusted in such a way that higher
pressures were used at lower interelectrode distances. I
experimental run, starting from an established structu
F in is decreased gradually far below the bifurcation po
while the stripe pattern vanishes steadily. Subsequen
F in is increased again and thus the stripe pattern reappe
In this way we are able to register transitions to both stati
ary and moving patterns. Since the measured velocityv of
moving stripes is rather low (v,1 mm/s) such patterns ar
considered to be quasistationary. Although the illuminat
densityF in is the experimental controlling parameter, th
mean current densityj is used as the bifurcation paramet
for the following reasons. Accompanying measureme
proved that the mean current density depends linearly on
luminous density in a good approximation. From the phy
cal point of view the current density is more characteris
for a discharge system thanF in and at the same time it is
easier to measure. Furthermore, as shown above, the
current density is proportional to the emitted light densi
Therefore, the local glow intensity is a good measure for
local current density.

In order to measure the evolving pattern quantitative
the spatial distribution of the emitted discharge glow h
been recorded successively with the camera while vary
F in gradually. From each image being captured, a rectan
lar section extending over the entire active region was
tracted and processed by a two-dimensional Fourier trans
mation. In order to diminish the arbitrary influence of th
boundaries on the results, the image has been weighted
‘‘Hanning’’ window previously.

While repeating the experiments at constant external c
ditions, the system reflects reproducible results in gen
features. However, some peculiarities in the behavior of
system might be different. For example, for the lowest g
pressures, which was about 60 hPa in the present exp
ments, we could register moving stripe patterns only. For
intermediate-pressure conditions that we will discuss in
present paper, we could observe transitions of the sys
either to a stationary or to a moving stripe pattern for som
almost equal conditions. But after evacuating and cooling
system its behavior was reproducible while repeating exp
mental runs. Having in mind such a behavior of the inves
gated system, we will present experimental data obtained
transitions both to moving and to stationary patterns, wh
have been observed at intermediate pressures, and com
them.

1. Bifurcation to a moving stripe pattern

Typical results observed for the transition to movin
stripes are represented in Figs. 5–11. In Fig. 5 o
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6734 55E. AMMELT, YU. A. ASTROV, AND H.-G. PURWINS
dimensional luminous density distributions in the case of
emerging of a stripe pattern are shown for different values
the controlling current densityj . The distributions have bee
measured along the diameter of the discharge plane and
pendicular to the stripe pattern. The initial value ofj
52.61mA/cm2 corresponds to some homogeneous state
is specific for low current density. Forj510.02mA/cm2 the
distribution reflects the systems state being close to the
furcation point. At some large value of j ( j
520.38mA/cm2) the stripe pattern is fully developed. No
tice the spatially decreasing amplitude of the stripe patt
when moving from the center to the boundaries.

Figure 6 shows a linear representation of the contour
of a section of the two-dimensional amplitude spectrum
the high-amplitude stripe pattern introduced in Fig. 3~b!.

FIG. 5. Light density distributions in the stripe pattern for d
ferent values of the control parameter. The parameters are the
as in Fig. 3~b!.

FIG. 6. Contour plot of the two-dimensional amplitude spectr
of the established stripe pattern@Fig. 3~b!#. The central peak corre
sponds to the spatially homogeneous fraction of the pattern, w
the others represent the periodic stripe pattern. As a result of
nonlinear behavior, also the first harmonic rises above the n
level. The parameters are the same as in Fig. 3~b!.
e
f

er-

at

i-

n

t
f

Apart from the contribution of the offset atk50 two peaks
appear representing thek value of the periodic stripe pattern
In addition, the first harmonic of the stripe pattern can
noticed. For the quantitative analysis the total power of
leading wave has been calculated by summarizing the s
tral power density in the contributing vicinity of the esta
lished wave number. This characteristic of the pattern plot
as a function of the mean current density is shown in Fig
Crossing the bifurcation point atj c510.560.5mA/cm2, the
power increases monotonically with the current. For lar
values of j a discrepancy between the ascending and
descending curve becomes evident. Within the experime
resolution there was no hysteresis in the vicinity of the
furcation point. Referring to the curve in Fig. 7, the bifurc
tion point is not defined very sharply; instead a smooth tr
sition into the rather linear regime can be observed. We a
remark that for the conditions represented in Fig. 7,
power of the first harmonic did not exceed 0.5% of that
the leading wave. This indicates that in a broad range of
current the emerging pattern remains rather harmonic.

In the course of this bifurcation the wave number of t
evolving stripe pattern varies systematically. Figure 8 sho
the wave number as a function of the mean current dens
The exact wave number has been determined by calcula
the center of mass of the spectral power distribution in
vicinity of the maximum value. In a wide range of the bifu
cation parameter the wave number decreases slightly
increasing mean current density.

The error bars shown in Fig. 8 are related to some s
tematic error of the measuring procedure. They reflect
error of all data points as a whole, whereas the individ
errors of the data points are much smaller. Therefore,
data presented in Fig. 8 give evidence for a smooth, cont
ous variation ofk while j changes. In particular the linea
fits, shown in the diagram for both upward and downwa
current changes, suggest a linear and nonhysteretic varia
of the wavelength of the pattern as dependent on the con
parameter.

The following measurement is devoted to checki
whether the spatial orientation of slightly moving stripe p

me

le
he
se

FIG. 7. Power of the leading wave number of a moving str
pattern for both the increase and decrease control parameter.
pattern evolves when crossing the critical current density. Bey
the bifurcation point the power of the leading wave numb
smoothly increases as a function of the bifurcation parameter.
parameters are the same as in Fig. 3~b!.
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55 6735STRIPE TURING STRUCTURES IN A TWO- . . .
terns in the plane of the two-dimensional system rema
fixed under variation of the bifurcation parameter. As
quantitative measure for the orientation of the pattern
angle of the leading Fourier component against the vert
axis of the experimental system may be chosen. This a
has been determined by calculating the angle of the cente
mass of the spectral power density of the related peak.
result is shown in Fig. 9. Although the main direction of t
stripe pattern is maintained while the bifurcation parame
changes, a slight rotation of the whole pattern has been
vealed. For current densities close to the bifurcation point
scattering of the data points is rather irregular because
total power of the spatial wave is small. At larger values
the mean current density a more systematic behavior ex
iting a hysteresis can be found.

In order to estimate the velocity of the moving stripes a
function of the control parameter the phases of the lead

FIG. 8. Wave number of the stripe pattern as a function of
bifurcation parameter. In the course of the bifurcation the w
number of the stripe pattern decreases. Due to the small pow
the leading wave number in the vicinity of the bifurcation point t
error of the wave number increases drastically. The linear fits
both the increase and decrease of the control parameter reflect
linear dependence. The parameters are the same as in Fig. 3~b!.

FIG. 9. OrientationV of the stripe pattern dependent on th
current density. For large values of the bifurcation parameter a
tematic deviation of the orientation from that at the bifurcati
point can be found as well as a hysteretic behavior ofV. Close to
the bifurcation point the error is rather large. The parameters are
same as in Fig. 3~b!.
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wave number in subsequent images have been compa
thus yielding a value for the phase velocity of the stri
pattern. In Fig. 10 the related data are presented. Obviou
the variation of the velocity is small. Again the precision
the method decreases in the vicinity of the bifurcation po

Figure 9 shows that at the bifurcation point the patte
moves in quite a definite direction with the velocityvW . This
direction can be considered as belonging to some attracto
the system. By increasing the value of the global current
vector vW is enforced to deviate from the direction that
preferred at the bifurcation point. It is interesting that t
number of attractors that control the direction of the mov
ment of the pattern in space may be more than one in this
strictly homogeneous system. In this respect we notice
in addition to the global attractor, some other~higher! attrac-
tors that correspond to different spatial orientations of
moving pattern may be adopted by the system. Th
‘‘higher’’ states can be occupied for some time, but a
metastable. The system can be enforced to make a trans
from a global attractor into such a ‘‘nonequilibrium’’ con
figuration by some strong perturbation. An example of su
a behavior is represented by a set of images, shown in
11.

Figure 11~a! presents a snapshot of a stripe pattern tha
drifting in the direction indicated by the arrow. It is pre
sumed to belong to the global attractor because the pa
does not show any tendency to change the direction of mo
ment during reasonable time of the experiment, say, for so
minutes. The system may be strongly perturbed by shad
ing some part of the active area of the structure. This is d
with a nontransparent mask that is installed in the light be
exciting the semiconductor. In the shadowed domain the c
rent density is strongly suppressed. An example of the s
tem’s response to such a perturbation is shown in Fig. 11~b!.
One can see that the pattern loses its regularity: There
tendency for stripes to orientate orthogonally to the new
ternal sharp boundaries. After the mask is removed the
tem passes through a complicated transient behavior,
characteristic feature of which is the creation of defects, th
‘‘curing,’’ and the reconstruction of the whole pattern. F
the conditions shown in Fig. 11 such a stage may last as l
as several seconds. One of the characteristic appearanc

e
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FIG. 10. Phase velocityv of the stripe pattern as a function o
the current density in ascending direction. Only a slight variation
the velocity has been observed within the range of change of
bifurcation parameter. The parameters are the same as in Fig.~b!.
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FIG. 11. Appearance of the stripe pattern~a! before,~b! during, and~c!–~f! after some intentional local perturbation of the system. Th
images show the complex transient behavior of the system while it attempts to comply with the most preferable direction of mot
observed directions of the steady movement of the pattern are indicated by arrows. The parameters arep5160 hPa,dg50.80 mm,U0

52.530 kV, andj59.5mA/cm2.
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this behavior is shown in Fig. 11~c!. After the relaxation
process has finished, the system again finds a striped
figuration. It may occur that the regular stripe pattern n
drifts in some other direction. This behavior is represente
Fig. 11~d!. In this case the new direction does not represe
stable configuration. However, there is a tendency for
system to return to the former configuration, which is rep
sented in Fig. 11~a!. To achieve this, a new instability deve
ops being accompanied by the appearance of stripes
propagate in some new direction@Fig. 11~e!#. Finally, the
system finds its initial configuration again: The regular str
pattern moves in the same direction that would be obser
before the external perturbation@Fig. 11~f!#. It is worth no-
ticing that in the course of the relaxation of the system to
global attractor, a sequence of attempts to overcome the
rier that separates a higher attractor from the global one
be observed: In the course of such attempts the instabilit
the kind shown in Fig. 11~e! starts to develop, but then th
system may return to the configuration of the Fig. 11~d!. At
last there may be a successful attempt, and the system p
into a stable final configuration@see Fig. 11~f!#, which cor-
responds to the initial state@Fig. 11~a!#.

2. Bifurcation to a stationary stripe pattern

As it was pointed out above, the tendency to form a s
tionary stripe pattern is more pronounced at higher pressu
It is necessary to have in mind that higher voltages are to
used to feed the system for increased pressure, while o
parameters are equal. But applying too-high voltages~in our
case>3 kV! may be not feasible because of the danger of
electrical breakdown of the photoconductor of the syste
That is why, from an experimental point of view, while usin
higher pressures, it is appropriate to diminish the intere
trode distance in the discharge gap, thus keeping the vol
in a reasonable range. In this part of the paper we pre
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experimental data that have been obtained for increased p
sure and a diminished value ofdg in comparison to those
discussed in the preceding part.

Figure 12 shows the bifurcation curve obtained for t
transition of the system from a homogeneous state to a
tionary stripe state. When comparing this result with th
shown in Fig. 7, one can conclude that the bifurcation
havior is similar to that which has been observed in the c
of the slowly moving stripe patterns. It is also worth remar
ing that the spatial period of the stripe patterns has b
diminished by lowering the value ofdg . As in the case of
slowly moving stripe patterns, considered above, station
stripes at the specified experimental conditions also do

FIG. 12. Power of the leading wave number for both the
crease and decrease of the bifurcation parameter for the case
stationary stripe pattern. At the bifurcation point, a periodic str
pattern evolves. Beyond the bifurcation point the power of the le
ing wave number increases monotonically as a function of the
furcation parameter. The parameters arep5190 hPa, dg
50.62 mm, andU052.750 kV.
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55 6737STRIPE TURING STRUCTURES IN A TWO- . . .
manifest any pronounced nonlinearity in their shape.
However, when comparing the data of Figs. 7 and 12

somewhat different behavior of the spectra can be obse
for low current densitiesj, j c . The data of Fig. 12 show a
continuous increase of the spectral component at the
tem’s leading wave number before the regular pattern
pears. This effect is evidently related to the increased in
ence of spatial inhomogeneities in the discharge area on
distribution of the glow brightness. Nevertheless, the prin
pal features of this transition remain the same as those
have been observed for transitions to the slowly drifting p
terns.

As has been mentioned previously, some discrepancy
tween the ascending and descending branches of the sp
power of the leading wave in the case of moving strip
becomes evident for relatively large values of the bifurcat
parameter; see Fig. 7. This behavior is not considered to
typical for this system, neither for moving stripes nor f
stationary ones. Instead, the difference between b
branches may be attributed to a slight parameter drift, wh
may occur while the discharge takes place. This param
drift is assumed to be related to some heating of the se
conductor and complicated processes on the surface o
electrodes that may affect the electric properties of the s
tem rather sensitively. However, these processes are not
posed to be relevant for the pattern formation process
focus on. Therefore, the discrepancy in Fig. 7 is not int
preted in terms of hysteretic behavior. Furthermore, the sp
tral power function of patterns is shifted for values rath
distant from the bifurcation point only, while the critical va
ues of the bifurcation parameter coincide for the case of
increasing and decreasing.

IV. DISCUSSION

One basic experimental feature of the system descr
here is the supercritical evolution of a periodic stripe patte
This behavior does not depend on whether the emerging
tern is stationary or slowly drifting in space. In the expe
ments described, the electric current serves as the bifurca
parameter. The study of the initial state of the system sh
that before a bifurcation occurs there exist both smooth
dial and smooth angular inhomogeneities in the initial dis
bution of the current density. The contour plots~Fig. 13!
show the light density distribution within a section of th
whole active region for a value of the bifurcation parame
slightly below@Fig. 13~a!# and slightly above the bifurcation
to the drifting stripe pattern@Fig. 13~b!#. From Fig. 13~a! the
global inhomogeneity in the initial current density for th
case studied can be evaluated to be in the ra
610–20 % of the mean value before the bifurcation occu
As a result, by passing the bifurcation, the critical value
reached at the center first, therefore, the bifurcation does
take place homogeneously. It is worth remarking also t
when carefully prepared, the experimental system provid
high homogeneity of the bifurcation parameter over the s
tial scale of the order of the pattern’s wavelength. This m
be the reason why for cases of small spatial gradients in
bifurcation parameter that are observed under these co
tions, generally there is no essential pinning effect that co
be responsible for the anchoring of the pattern. We also n
a
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the absence of pronounced distortions of the patterns du
their drift that could occur as a consequence of these non
mogeneities. On the other hand, strong localized inhomo
neities in the system can be responsible for the trapping
pattern or its strong deformation. An example of this
shown in Fig. 14. This picture has been obtained from
pattern that developed when, prior to the start of the exp
ment, an unintentional contamination of the surfaces of
electrodes had occurred. This had happened due to the
densation of some impurities from the gas-filling system d
ing the cooling of the experimental cell. For these expe
mental conditions the initial state~not shown! was recorded
to contain localized bright spots in the distribution of th
discharge glow even at the conditions of the homogene
illumination of the discharge system.

The regular radial variation of the semiconductor resist
ity results from the fact that the semiconductor is cooled o
at the boundary, thus leading to a radial variation of t
temperature. This is followed by a radial dependence of

FIG. 13. Contour plot of the light density distribution in a ce
tral spatial section for a bifurcation value slightly below~j
510.0mA/cm2, left! and slightly beyond~j510.6mA/cm2, right!
the bifurcation point. The variation of the brightness of the ima
over the analyzed area as expressed in relative units is from 5
75 on the left plot and from 60 to 80 on the right plot. The ste
width between neighboring lines is 5 each. The parameters are
same as in Fig. 3~b!.

FIG. 14. Example of the stationary stripe pattern in a syst
with relatively strong localized inhomogeneities. As a result
these unintentional inhomogeneities, the pattern is not strictly p
odic and is trapped by inhomogeneities. The parameters arp
5101 hPa, dg51.50 mm, and ~a! U052.50 kV, j526.2
mA/cm2.
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physical parameters of the semiconductor electrode inc
ing its sensitivity to the incoming light. Consequently, t
resistivity increases radially. Taking into account this inh
mogeneous distribution of the resistivity, all the quantitat
measurements mentioned above should be carefully con
ered as the result of a convolution between the spatial
rameter distribution and the local system properties. Furth
more, Fig. 13~a! reveals a slight anisotropic orientation of th
inhomogeneity in the region of the maximum light dens
Fout. Figure 13~b! shows the light density distribution in th
same spatial section as in Fig. 13~a! for the slightly devel-
oped stripe pattern. Obviously, the pattern evolves just in
region of the maximum ofFout in Fig. 13~a! and the direc-
tion of the pattern is the same as that of the anisotro
central region in Fig. 13~a!. Thus the slight intrinsic inhomo
geneity of the system provides the ‘‘seed’’ for the spat
orientation of the final pattern. The correlation revealed
tween the geometry of the inhomogeneity of the system
the orientation of the developed pattern is in accordance w
the theoretical considerations on systems with ramped c
ditions @22#.

The experimental system has natural boundaries that
der the current channel. These borders serve as pronou
inhomogeneities imposed on the system. It is appropriat
recall that the experimental cell we are working with has
aspect ratio, which is the ratio of the diameter of the d
charge channel to a period of a pattern, that is rather low

For bifurcations to stripes the ratio was typically 10–1
see Fig. 3~b!. It is surprising that for these conditions a pa
tern, even if it occupies all the active domain, can d
slowly with a steady velocity, withoutjumpsin space. Dur-
ing the movement of the pattern, stripes that are decay
while leaving the active area, as well as incoming stripes
are created on the diametrically opposite side, undert
some deformation, but the core of the pattern moves a
rigid object.

Despite the system’s boundaries influence on the per
ery of the pattern they seem to undertake no essential e
on thewave selectionof the emerging and moving patter
because a very smooth dependence of thek value on the
control parameter could be registered~see Fig. 8!. This sug-
gests that the characteristic wavelength of the pattern is
intrinsic property of the system and is not essentially de
mined by the presence of the systems boundaries even
the system whose aspect ratio is rather small. Howe
when diminishing the gap distance in general the wave n
ber of the stripe pattern increases.

In the context of these observations of slowly driftin
patterns it is appropriate to consider the internal structure
the current channel inside the experimental cell. The d
charge gap extends laterally over a distance of 22 mm
diameter, but close to the physical boundaries of the cha
the current density was very low because the diameter of
light beam, which was used to excite the semiconductor,
restricted with a mask of a diameter of 20 mm only~see Fig.
1!. As a result, the current density decayed smoothly in
vicinity of the channel boundaries; see Fig. 5. Perhaps
peculiarity of the considered system is among the most
portant to provide the appearance of moving patterns, eve
all the active area is occupied by a pattern.

In contrast to the ‘‘natural’’ boundaries of the system
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which are rather smooth, some sharper boundaries with a
trary shape that are located in the central region of the ac
domain may affect the local behavior of stripes rath
strongly; see Fig. 11. The different influence of the syst
boundaries and some more artificial boundary in the cen
region, respectively, on spatial pattern formation can be
tributed mainly to the following: The system’s extern
boundaries have a rather small curvature and in the cas
spatially homogeneous illumination the pattern can acco
modate these boundaries without generation of internal
fects. ~Defects are ‘‘pushed out’’ beyond the boundarie!
But when, additionally, some strong perturbation is impos
on the internal area of the pattern, it cannot accommod
both the external and internal boundaries in a defectless m
ner anymore. As a result, a complex, nonstationary patter
generated by the system and its movement is accompa
by the complex dynamics of defects inside the pattern.

Mechanism of pattern formation

From the experimental point of view the underlying sy
tem evidently consists of two layers, which have quite d
ferent properties but are coupled electrically. This provide
starting point for a model description of this system. Vario
measurements at different parameter values yield that
silicon plate has to be considered as a linear, weakly cond
tive material, whereas the discharge layer is the nonlin
and therefore the active part of the sandwich structure.
tice that the semiconductor component in this experim
should withstand a voltage drop of greater than or equal
kV in order to operate linearly. Throughout these expe
ments this demand was met. This concept of the syst
being applicable in the present experiment, may not be v
for other discharge arrangements with the same geomet
setup. In particular it is found that a very similar system
stable at a small gap distance ofdg'100mm for a rather
large current density ofj@1 mA/cm2 @23#. For other cases
the appearance of lateral pattern formation is related to s
instability in the semiconductor cathode, which presuma
appears due to the process of charge carrier injection into
high Ohmic semiconductor at a high electric field, while t
discharge layer serves as a display medium only@24,25#.

In order to understand basic features of spatio temp
pattern formation in electrical systems, a phenomenolog
model was proposed by Radehaus and co-work
@19,20,26,27#. This model was applied to the description
discrete electrical networks@28# and a quasi-one-dimensiona
gas discharge system@27#. A basic presupposition of this
model is the composition of two layers with different cha
acteristic electrical properties. Although a detailed derivat
of the model, the description of its solutions, and its app
cation to a semiconductor-gas discharge structure were
lished elsewhere@19–21#, the basic ideas of this model an
its transfer to our experiments are outlined here. One of
layers is assumed to be linear resistive and corresponds t
silicon cathode, whereas the other layer, matching the
charge layer, is characterized by a nonlinear relationship
tween the voltage drop across this layer and the current d
sity.

The pattern formation in this two layer system can
properly interpreted with a model based on equations of
reaction-diffusion type@18,19#. The physical mechanism tha
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is incorporated into the model is quite transparent: The n
linear domain~the gas discharge in the case studied! pro-
vides anS-type current density–electric-field characterist
This behavior is due to the autocatalytic properties of
process of charge carrier multiplication in self-sustained d
charges@9#. The gas discharge domain with nonlinear tran
port properties is responsible for the destabilization of
homogeneous distribution of the current density over
conductive area. Contrary to discharge devices with meta
electrodes, for the system considered here the current de
in the narrow discharge gap is controlled by the resist
semiconductor electrode. This linear, spatially distribu
load has an inhibiting influence on the electric current d
sity in the gap.

The state of the system and its dynamics were sugge
to follow the reaction-diffusion equations@19#

]v
]t

5sDv1 f ~v !2w, d
]w

]t
5Dw1v2w. ~1!

The variablesv andw denote the normalized current dens
j within the discharge layer and the voltage drop across
semiconductor layer, respectively. Their dynamics are de
mined by some internal relaxation time constants in the
charge layer and the dielectric properties of the semicond
tor expressed ind as the relative time constant. The Lapla
operators take into consideration the lateral diffusion
charge carriers with the relative diffusion constants and the
lateral spreading of the electric potential in the interface
tween both layers. Additional terms that take care of
interaction between both components have been der
from the Kirchhoff rules. f (v) symbolizes the normalized
nonlinear current density voltage characteristic of the g
For appropriate values of the model parameters the hom
neous state can be destabilized in favor of some more c
plex spatial patterns that can be understood in the framew
of local activation and lateral inhibition processes@27#.

How does this model explain the bifurcation into period
stripes? By increasing the density of the cathodes illumi
tion, the conductivity of the semiconductor is increased,
sulting in a growth of the discharge current density. Beca
of this the discharge gradually executes the transition fr
the Townsend discharge mode to the creation of sp
charges, thus resulting in a glow discharge state. This
cess is accompanied by the decrease of the differential s
in the current density-voltage characteristic. At the critic
value the negative resistance of the discharge differenti
overcompensates the losses in the resistive layer and
activation sets in: Just this destabilization is reflected by
model. Let the slope off (v) pass a critical valuef c8 . Then,
under an appropriate choice of the system parameters
one-dimensional stability analysis yields a supercritical
stabilization of the homogeneous state in favor of a perio
wave pattern. The critical wave numberkc is determined by
the electric properties and the thickness of both the nonlin
and the linear layer. For the one-dimensional pattern the
malizedkc value can be expressed as@21#

kc5A 1

As
21. ~2!
-
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As s is proportional to the inverse of the specific resistiv
of the semiconductorr the critical wave numberkc is ex-
pected to decrease with a decrease ofr.

This behavior is correlated with the experimental data
Fig. 8. We remark, however, that the perturbation theo
which has been used to obtain the relationship~2!, is valid
for the bifurcation point exclusively. In the experiment th
monotonic decrease of the leading wave number of the
tern is observed in a broad range of current density. T
continuous dependence of the pattern period on the dista
from the bifurcation point is a rather general phenomen
that has been extensively studied for hydrodynamic syst
@2,29,30#. It was theoretically considered in the frame of
weakly nonlinear analysis of pattern formation on planfor
in the domain where the harmonic approximation is val
When the distance from the bifurcation point increases,
number of unstable modes also increases. A stable pa
being formed is controlled by the mechanism of mode se
tion. At the moment we are not aware of results of a cor
sponding theoretical analysis of this problem for reactio
diffusion systems. It is worth also adding to the point that t
analysis of possible transformations of patterns on a p
form, as dependent on the spectral content of grow
modes, has revealed other regularities, which are usu
graphically presented by the ‘‘Busse balloon’’@29#. It shows
domains of stability of modes ink space against instabilitie
of different symmetries, when the control parameter
changed. Up to now preliminary experimental attempts
observe further pattern transformations described by
theory have not given positive results. When the system
driven further from the domain to which the experimen
data of Figs. 7–11 refer, there tends to be a strongly non
tionary behavior of the system. In particular, defects in re
lar patterns are generated. This process is usually accom
nied by the complicated movement of a pattern due to
movement of defects, their recombination, and the crea
of new ones.

In addition, for the one-dimensional case, the power
the leading wave number can be calculated by means of
center manifold theory@18,31#. It was found that the powe
of kc increases linearly in the vicinity of the bifurcation poin
when exceeding the critical value. This behavior has b
found in this experimental system too; see Fig. 7.

One of the problems raised in the present work is
mechanism of the pattern movement. The intriguing exp
mental fact is that in a broad range of the control parame
the velocity of a stripe pattern is constant. This effect, as w
as the movement of patterns itself, may be explained in te
of the reaction-diffusion mechanism. The theoretical analy
of this problem shows@32# that inhomogeneities~gradients
of parameters! suspend the translational invariance of t
system. An inequivalence of different directions in the pla
then tries to force the pattern to slide along the active are
is interesting to point out that if there is a gradient of t
diffusion coefficient of at least one of the variables~which is
not dependent on the current!, then the pattern velocity will
not depend on the current value@32#. This is just the case we
have observed experimentally~Fig. 10!. It seems that a stable
and continuous movement can exist in a rather perfect
tem that contains no strong localized imperfections t
could attach a pattern to the electrode surfaces.
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V. CONCLUSION

The quasi-two-dimensional electronic~gas discharge! dc-
driven system studied shows different scenarios of pat
formation. In the present work these processes have b
investigated experimentally with the measurement of the
eral light density distributions emitted by the glow of th
discharge. From various spatiotemporal structures be
formed, stripe patterns have been discussed in detail.
pending on the parameters, the stripe pattern turns out t
stationary or drifting at a low and constant velocity. T
quantitative analysis of the moving stripe pattern shows
the power of the related wave number increases linearly
function of the bifurcation parameter in a good approxim
tion. Furthermore, the wave number of the established
tern decreases slightly with increasing bifurcation parame
These experimental results have been discussed in the f
of a quasi-one-dimensional reaction-diffusion model w
two components, proposed earlier for electrical two-la
systems. It has been observed that the orientation of
stripe pattern formed in the plane of the gas discharge ce
hy
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the bifurcation point is related to an intrinsic inhomogene
of the system studied. This result is in accordance with t
oretical predictions for roll~stripe! patterns in physically
ramped systems. However, it has been revealed that und
special strong perturbation the system may undergo tra
tions to other states with different directions of the mov
ment of the pattern. These states may be occupied for a
time, but are metastable. The system finally relaxes to
initial state, which has to be considered as the global m
mum. Finally, this work has demonstrated that the syst
studied may show quite universal pattern forming behav
with the formation of low-amplitude regular patterns, whic
has been the subject of research for hydrodynamical
chemical systems for a long time.
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