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Nonlinear interaction of homogeneously oscillating domains in a planar gas discharge system

C. Strümpel, Yu. A. Astrov,* and H.-G. Purwins
Institute of Applied Physics, Mu¨nster University, Corrensstrasse 2/4, D-48149 Mu¨nster, Germany

~Received 27 March 2000!

A planar dc gas discharge system with a high Ohmic semiconductor cathode is investigated with respect to
temporal destabilization of the stationary homogeneous state. A subcritical Hopf bifurcation is observed,
leading to a spatial homogeneous oscillation. The dependence of the oscillator’s properties on control param-
eters is investigated. By applying spatial nonuniform optical control of the semiconductor cathode, several
domains that may oscillate on different frequencies can be created. These spatially homogeneous domains can
interact with each other through common boundaries. By adjusting the strength of coupling of the domains,
their interaction can be controlled. In this interaction, regularities have been found that are, in some aspects,
similar to those observed in externally driven nonlinear oscillators.

PACS number~s!: 05.45.Xt, 52.80.2s
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I. INTRODUCTION

Systems that are capable of self-organized pattern for
tion are well known in different branches of science, amo
them biology, chemistry, and physics@1–4#. The evolving
patterns can show a rather complicated spatiotemporal
havior. The first bifurcation from a stationary and spat
homogeneous state usually creates a relatively simple s
Frequently observed bifurcations are the Turing bifurcat
leading to a spatial periodic pattern and the Hopf bifurcati
Undergoing a simple Hopf bifurcation, a system rema
spatially homogeneous while it performs an oscillation
time.

Self-oscillating regimes of nonequilibrium spatially e
tended media are common in such diverse areas as the
eration of pulses in the neuronal activity of the brain@5#, the
periodic variations of densities of biological species in e
systems@6#, oscillating modes of chemical reactions@7,8#,
and electrical networks@9#. To a large extent, the dynamic
of these systems is determined by the cooperative movem
of local oscillators in a spatially extended medium. One
the important phenomena that are observed in this conte
the synchronization of local oscillators@10#.

In the present work, we show that a dc-driven planar
discharge device with a semiconductor gallium arsen
electrode operating at room temperature presents a flex
and experimentally convenient system to study the Hopf
furcation in a spatially extended nonequilibrium media.
the studied set of experimental parameters, for the disch
in nitrogen a subcritical bifurcation to a homogeneously
cillating state has been revealed. The oscillation exists wi
a wide range of control parameters which determine its ch
acteristic properties, such as frequency and amplitude.
of the control parameters is the conductivity of the semic
ductor electrode. Due to the photosensitivity of the semic
ductor, its conductivity can be controlled by irradiation wi
light. In contrast to other oscillating gas discharge devi
~e.g., the one in Ref.@11#!, several domains with oscillation

*Also at the A. F. Ioffe Physico-Technical Institute, Russi
Academy of Sciences, St. Petersburg 194021, Russia.
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differing in amplitude and frequency can be established
applying a spatial nonuniform irradiation of the semicondu
tor. These domains can be separated from each othe
nonoscillating regions and can act as independent oscilla
The strength of the interaction between these oscillators
be controlled by the width of the nonirradiated region
When the separating regions are small or when they are
formed, a significant interaction between the oscillating d
mains can be observed, which results in a typical nonlin
behavior, such as periodic pulling and global synchroni
tion.

It has been shown earlier that gas discharge systems s
lar to that studied in the present work at cryogenic tempe
tures (T'90 K! demonstrate the Turing instability as th
first bifurcation from a homogeneous~reference! state@12–
16#. We remark also that planar gas discharge systems w
semiconductor electrode can serve as fast converters o
frared images to the visible@17#. Therefore, studying the
stability of their operation is important for these and oth
technical applications@18–20#.

II. EXPERIMENTAL SETUP

The experimental setup is sketched in Fig. 1. The stud
system is essentially a sandwichlike structure composed

FIG. 1. Sketch of the experimental setup. The diameter of
discharge area is 30 mm, the width of the discharge gap is typic
0.5 mm. The device is filled with nitrogen at a typical pressure
40 mbar.
4889 ©2000 The American Physical Society
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parallel layers. The two parts mainly specifying the prop
ties of the system are a semiconductor and a gas layer. In
case, the semiconductor material is semi-insulating gall
arsenide with a specific resistivity of 2.63107V cm @21#.
The thickness of the semiconductor electrode is 1.5 mm

Opposite to the semiconductor layer, there is a glass p
that is covered with a transparent and conductive indium
oxide ~ITO! layer. The space between the glass plate and
semiconductor is the gas layer. The discharge gap is fi
with nitrogen; its width is typically changed in the rang
between 0.5 and 1.5 mm. In our case, the gas pressure
the order of 40 mbar. The outer plane of the semicondu
wafer is covered with a gold film of a thickness of appro
mately 40 nm. Therefore, it is transparent to visible lig
with a transmission of about 10%. The sheet resistance o
ITO layer is in the range between 15 and 20V/h and that of
the gold film is of the order of 10V/h. The resistances ar
negligible when compared with the sheet resistance of
gallium arsenide layer, which is 1.73108V/h in the nonir-
radiated case. The ITO and the gold electrode are conne
to the external electric circuit, which consists of a dc hi
voltage supplyU0 and a serial resistorRI that is included to
measure the current in the circuit.

Gallium arsenide is a direct semiconductor with a ba
gap of 1.42 eV at room temperature. When the radiation
absorbed, electrons are excited and perform transitions f
the valence band to the conduction band. This internal ph
effect lowers the resistivity of the material. In our expe
ments, illumination from a halogen lamp was used. To
sure spatial homogeneous illumination, a homogene
beam was prepared by a simple optical arrangement.

When the voltage supplied to the electrodes of the sys
is high enough, breakdown in the gas layer occurs. In
present experiments, the semiconductor layer acts as
cathode. The discharge can burn on a circular-shaped
with a diameter of 30 mm. In the following, this area is oft
referred to as the active area. The light that is emitted by
gas discharge can be observed through the ITO layer and
glass plate~cf. Fig. 1!. The global light emission can b
measured with a photomultiplier. The spatial distribution
the emitted light has been investigated by using an appro
ate camera system. In the experiments, both a conventi
CCD camera operating with videofrequency and a fast-ga
intensified camera with a temporal resolution on the orde
some 100 ns have been used.

The global discharge current is measured as the vol
drop at the serial resistorRI5100 V. This voltage drop is
negligible in comparison with the applied high voltag
Therefore, the voltage at the electrodes of the semicondu
gas discharge system is virtually equal to the applied volta
The spatial distribution of the current density in the act
area cannot be measured directly but it is proportional to
light density emitted by the discharge@15#. Therefore, mea-
surements of the spatial distribution of discharge glow g
also information about the corresponding behavior of
current.

III. EXPERIMENTAL RESULTS

A. General features of the observed phenomena

Modern technology produces high-quality semiconduc
materials, which provide high homogeneity of propert
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across wafers of a large diameter. The gallium arsenide
fers applied in the present research did not show any def
that would create essential inhomogeneities in the cur
density in the experimental system sketched in Fig. 1.
cause of this, an electronic extended system with high ho
geneity both of fixed and control parameters can be
signed. At the appropriate set of experimental paramet
the stationary spatially homogeneous distribution of curr
is stable for low current density. At this state, the homog
neity of the initial~reference! state can be checked. The typ
cal image of the discharge domain as well as the correspo
ing distribution of the glow intensity along the diameter
the discharge channel at these conditions are represente
Fig. 2.

Increasing the global current in the device either with t
feeding voltageU0 or with the irradiating light fluxfL gives
rise to the appearance of oscillations. They can be obse
both in the discharge current and in the intensity of the d
charge glow. The bifurcation to the oscillatory state create
homogeneously oscillating state, which means that differ
parts of the extended system are phase-synchronized~cf. Sec.
III B !. The frequency depends onU0 and fL . The photo-
electrical control of the current density enables us to es
lish several domains in the extended system. Each of th
domains is irradiated homogeneously but with an intens
that differs from that of other domains. Thus, different d
mains oscillate with different frequencies. The space
tween these domains can be kept at low current density,
low the threshold for the bifurcation to oscillation. Such
geometry of the experiment leads to a study of the inter
tion of self-organized oscillating domains. Under these
perimental conditions, it has been found that stronger os
lators ~those with higher frequency and more dissipat
electrical energy! pull weaker oscillators in a manner that
similar to that observed on externally driven oscillators~cf.
Sec. III C!.

As mentioned, the oscillation can be controlled by seve
parameters. One of the main control parameters is the
charge voltageU0. The other one is the intensityfL of the
light, which is used to irradiate the semiconductor. In ord
to quantify this parameter, the influence of the incident lig
beam on the resistance of the semiconductor is measu
This has been done as follows. We assume that a hom
neous stationary Townsend discharge@22# is established in
the gap at appropriateU0. This mode of discharge is ob
served for low currents between the point of ignition and

FIG. 2. Image~with 40 ms exposure time! of the stationary
spatial homogeneous state of the gas discharge~a!, which is used as
a reference state, and a profile of the glow intensity along the h
zontal diameter of the discharge channel~b!. The experimental pa-
rameters areU05533 V, fL50.94, d50.5 mm, andp547 mbar.
The active area has a diameter of 30 mm.
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PRE 62 4891NONLINEAR INTERACTION OF HOMOGENEOUSLY . . .
point where negative differential conductivity is observed
the gas characteristic. An example is represented by the
shown in Fig. 2. The voltage-current characteristicU0(I D) of
the device in this state yields a straight line, reflecting
Ohmic behavior of the semiconductor electrode~an example
of such a characteristic in a similar system can be found
Ref. @23#!. The voltage drop at the discharge gap for th
discharge mode is independent of the current. Therefore
slope of theU0(I D) characteristic provides the resistance
the gallium arsenide layer. Then, the specific conductiv
can be computed from this resistance and the geometric
mensions. The conductivity as a function of the intensity
the irradiation is shown in Fig. 3, wherefL is normalized to
the maximum output of the used light source. The cond
tivity of the semiconductor increases monotonically wh
the intensity of the irradiation is raised. In the consider
experiments, the conductivity of the semiconductor electr
has been varied within approximately one order of mag
tude. We remark that the dark conductivity~the casefL
50) of 3.8531028(V cm)21 as it is given by the supplie
@21# is near the measured value of 3.231028(V cm)21.

B. Spatially synchronized oscillations

Spatial homogeneous oscillation occurs when the stat
ary homogeneous state is destabilized by increasing e
the supply voltageU0 or the intensity of the irradiationfL .
The amplitude and frequency of the oscillation are indep
dent of time when the control parameters remain fixed. T
evidences the existence of an attractor of the system.
oscillation can be observed in the discharge currentI D as
well as in the intensity of lightfG emitted by the gas dis
charge. This is demonstrated by typical time series ofI D and
fG that are shown in Figs. 4~a! and 4~b!. The general shape
of the signals is similar. However, they are not exactly
phase. The current reaches its maximum somewhat ea
than the discharge glow, whereas the falling edges of emi
light peaks are less steep when compared with the cur
peaks. This last phenomenon can be explained by the e
tence of the afterglow of the discharge. An example of
spectrum of the discharge current is shown in Fig. 4~c!. The
spectrum consists of a sequence of distinct peaks. In the
shown, the fundamental frequency isf 05435 kHz. The fol-
lowing peaks are higher harmonic components at inte
multiplesn f0 of the fundamental frequency. The spectrum
the emitted light~not shown here! is similar to that of the
discharge current. The frequency of the oscillation depe
on experimental control and fixed parameters. By alter

FIG. 3. Specific conductivity of the semiconductor layer as
function of the intensity of the irradiation.
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these parameters, the frequency can be typically change
the range between 100 and 600 kHz, and the amplit
A(I D) of the oscillation of the current~the difference be-
tween maximum and minimum values of the current! varies
in the range between 0.5 and 4 mA. In this work, the pro
erties of the oscillating system will be described by using
signal of the discharge current. Equivalently, the signal
the light intensity emitted by the discharge could be us
because the amplitude of its oscillation is proportional to t
of the current when control parameters are varied.

When the active area of the device is halved, the osci
tion persists with nearly unchanged frequency, while its a
plitude decreases to approximately half of its initial valu
This gives an indication that the oscillation is actually sp
tially homogeneous. The direct proof of the spatial homo
neity of the oscillating state is given by making snapshots
the discharge glow at different phases of an oscillation,
Fig. 5. The obtained images are rather noisy because o
necessity to keep short exposure times, whereas the inte
of the light emitted by the discharge is low. These data sh
that the discharge oscillates quite uniformly across the ac
area. The last picture shown in the sequence refers to a

FIG. 4. Examples of a time series of the discharge currentI D ~a!
and of the intensityfG of the light that is emitted by the ga
discharge~b! in the oscillating state. The parameters areU05540
V, fL50.61, d50.5 mm, andp540 mbar. Additionally, a spec-
trum of the discharge current is shown~c!. The frequency isf 0

5435 kHz.

FIG. 5. Pictures taken with the intensifying camera during
rise and fall of one peak. The exposure times are 630 ns for pic
~1! and 300 ns for pictures~2!, ~3!, and~4!. The position and length
of the corresponding pulses, with which the camera is triggered,
marked in the oscilloscope trace for the current. The frequenc
the oscillation is f 05175 kHz. The parameters areU05583 V,
fL50.42, d51 mm, andp540 mbar.
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4892 PRE 62C. STRÜMPEL, YU. A. ASTROV, AND H.-G. PURWINS
ation where the current has nearly reached its minim
value. No significant emission of light could be record
with the applied technique, while measurements with a p
tomultiplier tube give evidence of light emission on th
stage@cf. Fig. 4~b!#.

Homogeneous oscillations exist in a broad range of
perimental parameters, see Fig. 6, where the domain of t
existence in the control parameter plane (U0 ,fL) is shown.
The full points indicate the subcritical bifurcation, which d
stabilizes the homogeneous stationary state in favor of
oscillatory state. A detailed description of the bifurcation
given in Fig. 7, where a typical example is presented. Th
a hysteretic transition to the oscillatory state can clearly
noted when the irradiation of the semiconductor is used a
control parameter. A peculiarity of the system is that af
the bifurcation to the oscillatory state, a further increase
the control parameterfL leads to a transition back to th
stationary state~cf. Fig. 6!. This transition shows a hyster
esis, too. The width of the hysteresis loops is approxima
equal for both cases that are shown in Fig. 7. We note
the points in the map of Fig. 6 that mark the bifurcation
oscillation refer to an increase in the control parameters
that the bifurcation points are slightly shifted when co
pared with the corresponding ones in Fig. 7. This shift
probably due to aging processes of the semiconductor c
ode because the two discussed measurements were do
different points in time.

In addition, data for bifurcations to more complicate
structures are also shown in the map in Fig. 6. In most ca

FIG. 6. Domain of existence of the homogeneous oscillation
the (U0 ,fL) parameter plane forp540 mbar andd50.5 mm. The
circles denote the bifurcation from homogeneous stationary to
mogeneous oscillatory states. The crosses indicate points of tr
tion to spatial inhomogeneous structures.

FIG. 7. An example of bifurcations from a stationary to an o
cillatory state@with amplitudeA(I D)# whenfL is varied while the
supply voltage is fixed atU05510 V. Two subcritical bifurcations
are observed. The directions of change of the control paramete
indicated with arrows. The further parameters ared50.5 mm and
p540 mbar.
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these structures may be referred to as current filame
which in our case are nonstationary, thus the state of s
tially homogeneous oscillation is replaced by a complica
spatiotemporal pattern. The filamentary states usually ap
when, starting from an oscillatory state, either the voltage
the irradiation of the semiconductor is increased. We rem
that it is also possible to reach the spatially structured st
without crossing the domain of the homogeneous oscillati
These direct transitions from the stationary homogene
state require weak irradiations (fL,0.1) of the semiconduc-
tor. Under these conditions, they take place at voltages
tween 550 and 600 V. The filamentary states themselves
resent an interesting object to study, but a detailed discus
of these phenomena is beyond the scope of the present w

In the parameter range of existence of the homogene
oscillation, the dependence of the dynamical characteris
of the oscillating state on the experimental parameters ca
investigated. While it is difficult to give a full description o
the characteristics for the two-dimensional parameter sp
such as that depicted in Fig. 6, examples of data for t
cross sections of this space are given in Fig. 8. Profiles al
parallel cross sections are similar. Again, the hysteresis
the transitions is not shown; the data refer only to the
crease in control parameters. Increasing the supply volt
U0 at constant irradiation of the semiconductor leads to
decrease in the frequency and an increase in the amplitud
the oscillation@Figs. 8~a! and 8~b!#. These regularities are
expressed near the bifurcation point. At a further increase
the voltage, a tendency for saturation of both the freque
and the amplitude is observed. The variation of the irrad
tion of the semiconductor at a constant value of the sup
voltage gives rise to an increase in the frequency of the
cillation, while the amplitude changes nonmonotonous
Just after the bifurcation to the oscillatory state, the am
tude grows, and after passing a maximum, it decreases
the transition back to the stationary state takes place@Figs.
8~c! and 8~d!#.

The characteristics of the oscillating system also dep
on other parameters of the device such as the discharge

n
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FIG. 8. Fundamental frequencyf 0 and amplitudeA(I D) of the
oscillation along cross sections of the (U0 ,fL) parameter plane.
For cases~a! and ~b!, the irradiation is kept constant atfL50.40
and the voltage is increased. For cases~c! and ~d!, the voltage is
kept constant atU05528 V and the intensity of the irradiation i
varied. In all cases the other parameters arep545 mbar andd
50.5 mm.
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PRE 62 4893NONLINEAR INTERACTION OF HOMOGENEOUSLY . . .
width d and the gas pressurep. However, there exists a rathe
broad range of these parameters where the characteristi
the oscillation vary only slightly. For example, ford50.5
mm, variations inp between 25 and 55 mbar give only slig
changes in the frequency and the amplitude of the osc
tion. Whenp becomes smaller than 20 mbar, a significa
decrease of the amplitude can be noted~of about 50%!, while
the frequency is only marginally affected~it varies by less
than 5%!.

The thickness of the discharge gap has an influence on
properties of the oscillation, too. For larger gaps, while ot
conditions remain unchanged, the frequency diminishes.
example, atd50.5 mm the typical range of frequency
from 250 to 600 kHz. When the gap is increased tod51
mm, the frequency range drops to values between 100
250 kHz. If the gap is made very large~e.g.,d.2 mm!, the
oscillation ceases to exist. The amplitude of the oscillat
decreases when increasingd. For example, the largest ampl
tude, which has been observed atfL51 for d51 mm, is 2.5
mA, whereas under the same conditions the maximum
plitude for d50.5 mm is 4 mA.

C. Interaction of domains oscillating on different frequencies

Due to the application of photoelectrical control of th
semiconductor’s conductivity, it is possible to create seve
spatially extended homogeneous domains with different
cal conductivity in the gas discharge device. In the preced
section, it has been shown that the conductivity influen
the frequency of the oscillation. Therefore, each domain w
oscillate on its own frequency. In order to suppress the
teraction of neighboring oscillating domains, they can
separated by nonirradiated parts of the semiconductor e
trode, which have to be broad enough. In this way, an
semble of noninteracting oscillators can be created. Then
width of the interfacial domains may be decreased to
extent needed to activate the coupling of oscillators. In
experiments described in this section, systems contain
two and three oscillating domains have been studied.
reach an appropriate configuration, the formerly homo
neously irradiated semiconductor is now irradiated with
light beam that has a nonuniform cross section. This
reached by introducing an array of optical neutral filters in
the homogeneous light beam. In this way, the semicondu
electrode is excited by a nonhomogeneous optical pat
that is projected onto it. The filters have transparencies in
range 50–90%. To create the nonactivated~separating! do-
mains, the light beam is covered at appropriate areas. A
result of the variation of the coupling strength of neighbori
oscillating domains, the frequency characteristic of
whole system is changing. The measurements presented
have been carried out at constant values of supply volt
U05540 V and irradiation intensityfL50.61.

Figure 9~a! illustrates the situation where two differen
oscillating domains are established in the device. Ther
picture of the gas discharge area made with a CCD came
shown. The dark stripe on the image shows the position
the width of the nonirradiated stripe-shaped domain. In
case shown, the irradiation of the left side is 64% of that
the right side~which is fL50.61). This leads to a signifi
cantly lower fundamental frequency for the left side, wh
of
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the amplitude is only slightly lower than that of the right sid
@cf. the profile in Fig. 8~d!#. An example of the time series o
the global current is shown in Fig. 9~b! and the correspond
ing spectrum in Fig. 9~c!. In the global spectrum, two fun
damental frequencies can be recognized in the present ca
f 15399 kHz andf 25483 kHz. The lower frequencyf 1 can
be assigned to the domain with weaker irradiation, while
higher frequencyf 2 belongs to the stronger irradiated d
main. There are also distinguished peaks at integer multi
of these fundamental frequencies. This spectral character
indicates a linear superposition of two oscillators that
formed by the two different domains in the system. This
confirmed by the time series of Fig. 9~b!, which clearly
shows beating of the two oscillators~the beat frequency is
the reciprocal of the distance between two successive p
with maximum amplitude!. As follows from these data, the
beat period is approximately 0.012 ms; this corresponds
beat frequency of 82.4 kHz. This value is in good agreem
with the difference between the two fundamental frequenc
in the spectrum of Fig. 9~c!, D f 5 f 22 f 1584 kHz.

The case of three separated oscillating areas is dem
strated by the image of the discharge in Fig. 9~d!. For the
situation shown, the lower right part is irradiated without

FIG. 9. Examples for the situation in which the system conta
two or three different oscillating domains. The domains are se
rated by nonirradiated areas. The presence of two oscillators i
lustrated by the picture of the gas discharge glow~a!, the corre-
sponding time series of the global discharge current~b!, and the
spectrum~c!. The values for the irradiation are 0.39 and 0.61 for t
left- and for the right-hand side, respectively. The situation of th
different oscillating domains is illustrated by the picture of the d
charge glow~d! and the corresponding time series~e! and spectrum
~f!. Here the values for the irradiation are 0.32 for the lower le
0.55 for the upper, and 0.61 for the lower right part, respective
For both cases, the further parameters areU05540 V, d50.5 mm,
andp545 mbar.
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4894 PRE 62C. STRÜMPEL, YU. A. ASTROV, AND H.-G. PURWINS
filter, the irradiation of the lower left part is 52% and that
the upper part is 90% of the illumination of the lower rig
part ~which is againfL50.61). While the time series of th
discharge current recorded for these conditions@Fig. 9~e!#
demonstrates no clear regularities, the spectrum of the si
@Fig. 9~f!# indicates the linear superposition of three oscil
tors with different frequencies. Three fundamental frequ
cies f 15339 kHz, f 25433 kHz, andf 35466 kHz can be
noted in the spectrum, together with the higher harmo
components at multiple integers of the fundamental frequ
cies. The upper part of the structure@Fig. 9~d!# oscillates on
the frequencyf 2. For the demonstrated case, it is close to
frequencyf 3, which belongs to the lower right part, becau
the irradiations of both parts differ only slightly. The irradi
tion of the lower left part is much weaker. Therefore,
fundamental frequencyf 1 is clearly separated from the tw
other fundamental frequencies.

In both cases of two and three different oscillating d
mains, an interaction of the oscillations was suppressed
separating the neighboring homogeneous areas by nonir
ated stripe-shaped domains. By making the separating a
narrower, it is possible to gradually introduce an interact
between the neighboring oscillators. In the cases illustra
in Figs. 9~a! and 9~d!, the widthb of the separating stripe i
6 mm. In Fig. 10, the spectra of the discharge current for
casesb53 mm andb50 mm for the system with two os
cillators are presented. These studies show that, when
separation of oscillating domains decreases, the oscilla
begin to interact with each other. This can be detected via
occurrence of additional components in the spectra at
quenciesn f16m f2 ~wheren,m are small integer numbers!.
Some of these components are marked in Fig. 10~a!. They
appear due to the nonlinear interaction between the two
cillators. When the interaction becomes very strong~the case
of no separation between the two oscillating domains!, the
spectrum has the shape shown in Fig. 10~b!. As compared to
the case of small interaction, the frequencyf 1 now has been
pulled towardsf 2. At the same time, the spectrum shows

FIG. 10. Dependence of the spectrum of the total discha
current on the coupling between two oscillating domains. The wi
of the separating~dark! stripe isb53 mm ~a! and b50 mm ~b!.
The values for the irradiation are 0.39 and 0.61 for the left- and
the right-hand side, respectively. The fundamental frequencies
f 15408 kHz, f 2 5 498 kHz in the first case~a! and f 15450 kHz,
f 25489 kHz in the second case~b!. The further parameters are th
same as in Fig. 9.
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asymmetry with respect tof 2, namely, the components a
lower frequenciesf , f 2 are stronger than those at high
frequenciesf . f 2. This behavior is characteristic for period
pulling @24#, which can occur at an incomplete entrainme
of a nonlinear oscillator by an external harmonic drivin
force near an area of total frequency synchronization~also
called Arnol’d tongue!. The time series, from which the
spectrum has been calculated@see Fig. 11~a!#, shows nonlin-
ear beating with a period that is again determined by
difference between the fundamental frequencies in the s
trum, which isf 22 f 1539 kHz. To demonstrate the simulta
neous anharmonic modulation of amplitude and frequenc
I D(t), the envelope of the time series is plotted in Fig. 11~b!
as a function of time. The modulation of the frequency c
be seen when the instantaneous frequency is plotted
function of time. Information about this frequency can
obtained from the distancesDt between successive zer
points of a time series, which have the same sign of the
derivative @25#. In our case, the time seriesI D(t)2^I D(t)&
has been used to calculate the instantaneous frequ
(Dt)21, which is plotted as a function of time in Fig. 11~c!.
In the example considered, both the amplitude and the
quency are modulated with a period of 0.026 ms; the f
quency is 38.5 kHz.

The spectra shown in Figs. 9~c! and 9~f! reveal that, as the
width of the separating stripe decreases, the frequencyf 1
shifts towardsf 2, while f 2 remains nearly unchanged. A
quantitative measurement of this effect is given in Fig. 12
is interesting to note that the shift off 1 can be detected eve
when the spectrum of the current does not show a clear
of the nonlinear interaction. At the same time, it becom
more pronounced when the additional components due to
nonlinear interaction begin to emerge in the spectrum.
the conditions of getting the data in Fig. 12, it occurs atb
'4 mm. Interpreting these results, the oscillator operat
on the frequencyf 2 can be considered as a driving oscillato
which tries to entrain the neighboring oscillator having t
lower fundamental frequencyf 1. In the course of this syn-
chronization process, the frequency of the driven oscillato

e
h

r
re

FIG. 11. An example of time series of the total discharge curr
in the absence of a separating stripe (b50 mm! ~a!, from which the
spectrum in Fig. 10~b! is derived. To demonstrate the simultaneo
amplitude and frequency modulation due to the interaction of
two domains, the maximum of each peak max(I D) ~b! and the in-
stantaneous frequency (Dt)21 ~c! as functions of time are shown.
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shifted towards the driving frequency.
While in the experiments described above the effect o

nonlinear influence of a stronger oscillator on a weaker
is observed, the complete synchronization of the two os
lating domains has not been registered. This may be rel
to the large differenceD f of their fundamental frequencies
In other experiments, when the value ofD f is decreased, the
effect of global synchronization of the interacting oscillato
can be observed. This is demonstrated on the system con
ing two domains of equal size~domains 1 and 2!. The irra-
diationfL,1 of the first domain is varied while the excitatio
fL,2 of the second domain is kept at a constant level, wh
is always larger than that of the first domain (fL,1 /fL,2
<1). In the absence of interaction, the states of the
subsystems vary in a simple way, as the ratior f

5fL,1 /fL,2 is changed—see curvesf 1
0(r f) and f 2

0(r f) in
Fig. 13. The frequenciesf 1

0 and f 2
0 are measured for the cas

where only domain 1 or domain 2, respectively, is irradia
with the according intensity, while the other domain is in t
stationary homogeneous state~without irradiation!. For
maximum interaction (b50) of the oscillators, a compli-
cated dependence of the global dynamical properties of

FIG. 12. The two fundamental frequenciesf 1 (232) and f 2

(2d2) in the spectrum of the total discharge current of two o
cillating areas as a function of the widthb of the separating nonir-
radiated domain. The parameters are the same as for Fig. 9.

FIG. 13. Internal synchronization of two oscillating domains.f 1
0

~dashed line! and f 2
0 ~straight line! are the fundamental frequencie

of the unperturbed oscillation of the domains, which are irradia
with intensities fL,1 and fL,2 , respectively. f 18 ~denoted by
232) and f 28 ~denoted by2d2) are the main frequencies from
the spectra that result from the nonlinear interaction of the osci
ing domains.r f denotes the ratiofL,1 /fL,2 . The two domains are
in direct contact with each other~the width of the nonirradiated are
is b50 mm!. The further parameters areU05540 V, d50.5 mm,
andp545 mbar.
a
e
l-
ed

in-

h

o

d

e

system on the ratior f is observed—see the curvesf 18(r f)
and f 28(r f) in Fig. 13. There,f 18 and f 28 are the fundamenta
frequencies in the spectra of the global current. At a la
value of D f 5 f 2

02 f 1
0 ~caused by a small ratior f), the sys-

tem’s spectra resemble the one shown in Fig. 9~c!; their
asymmetry evidences the periodic pulling regime. There,
lower frequencyf 18 is pulled towardsf 28 . The interaction of
the oscillators influences also the frequency of the ‘‘stro
ger’’ oscillator, which is shifted to higher values. In th
course of increasingr f and decreasingD f , the frequency
component of the pulled oscillator disappears. For the c
sidered case, this occurs atr f'0.65. The spectra now con
tain only the fundamental frequencyf 28 and its higher har-
monics. This indicates the establishing of the glob
synchronization in the system, a state where it oscillates
the frequency of the stronger oscillator, although the exter
photoelectrical control is applied in a spatially nonhomog
neous way.

IV. DISCUSSION AND CONCLUSION

The discharge current in the dc-driven planar semic
ductor gas discharge system under consideration is abl
perform self-organized nonlinear oscillations. The fund
mental frequency and the amplitude of the oscillation can
controlled by the supply voltage and by the irradiation of t
semiconductor.

To understand the basic mechanism of the homogene
oscillation, one should consider the different current-volta
characteristics of the two essential layers of the system.
semiconductor has a linear characteristic when the elec
field is weak enough. For the gas discharge we operate
device up to the current range where the the nonlinear c
acteristic has a negative slope due to the transition from
current Townsend discharge~at the voltageUT across the
gap! to high current glow discharge~at the voltageUglow
across the gap!. In the present experiment, an important r
quirement for the occurrence of instability is that the oper
ing point of the gas discharge is shifted towards the reg
where the slope of the characteristic becomes negative.
operating point is defined by the intersection of the load l
U5U02RSCI D with the discharge characteristic, whereRSC
is the resistance of the active area of the semiconductor e
trode~cf. Fig. 14!. Thus, the destabilization can be achiev
by increasing the supply voltageU0 or by decreasing the
resistanceRSC by intensifying its irradiation. For example, i
Fig. 14 the operating pointO1 is shifted to the pointO2 by
increasing the voltage. Due to the negative differential re
tance of the discharge characteristic, in the present exp
ment the current can increase while the voltage across
gap decreases. Because the voltageU0 at the outer metallic
electrodes of the system is fixed, this leads to a rise of
voltage USC across the semiconductor which leads to
higher current. The increase of the current due to this p
tive feedback mechanism is restricted. When the voltage
the gap falls belowUglow , the discharge cannot be sustain
any more. Therefore,USC cannot exceedU02Uglow and,
consequently, the current is limited. If the requirements fo
stable glow discharge are fulfilled, it has to carry the curr
defined byUSC ~e.g., at the operating pointO2 in Fig. 14!.
Usually, a glow discharge adapts its lateral extension to m
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the conditions, because the current density at the cathod
constant@22#. The experimental results show that this do
not happen in our case. Instead, the transition to the h
current state does not result in a stable state and the
charge is extinguished andI D as well asUSC are decreasing
A new Townsend discharge is ignited when the voltage
the gap reachesUT , and the process can be repeated.

By taking the above mechanism into account, some of
features of the oscillation can be explained. Intensifying
irradiation in an oscillatory state should increase the am
tude of the oscillation. In our case, a monotonic rise can
found at rather weak irradiations. Increasing the voltage
constant irradiation should also result in a larger amplitu
Indeed, in our case, the amplitude initially increases with
voltage. The constant level that it finally reaches indica
that the current is limited by another mechanism, which m
be related to the metal semiconductor junction that is form
by the gold film on the gallium arsenide electrode.

The possibility of controlling the fundamental frequen
of the oscillation with the irradiation of the semiconduct
allows us to establish a number of domains with differe
frequencies by applying spatial nonhomogeneous irradiat
If they are spatially separated by domains that are nona
vated with light and are broad enough, the oscillating d
mains become independent of each other. On the other h
when they are able to interact, scenarios which are kno
from driven nonlinear oscillators can be observed. Theref
the interaction of two oscillators in the system can be
scribed in general terms of nonlinear dynamics without c
sidering the specific origin of the oscillators. A weak inte
action leads to a quasiperiodic state, which is indicated
additional components in the spectrum. When the interac
becomes more intense, the stronger oscillator shifts the
quency of the weaker oscillator towards that of the stro
one. Depending on the differenceD f between the two non
interacting domains, there are different final states when
interaction becomes strongest. In the case of a large in
D f , the final state is characterized by periodic pulling@24#, a
state that can also be observed, e.g., at driven van der
like oscillators near their point of synchronization@26#. In
general, the driver is an external oscillation, while in so
cases, the interaction of two internal oscillators has been

FIG. 14. Sketch of the static current-voltage characteristic o
gas discharge containing the Townsend and the glow discharg
gime. The operating points are defined by the intersection with
load line, which is determined by the resistance of the semicond
tor electrode and the feeding voltage. Two different load lines
two different voltages are included here with operating points in
Townsend regime (O1) and the glow discharge regime (O2), re-
spectively. The stability of the operating points is discussed in
text.
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served@25,27#. In the case of small initialD f , we observe
entrainment, where both domains oscillate with the same
quency. This effect offers an explanation for the homoge
ity of the oscillation described in Sec. III B. Although in th
case the system is excited homogeneously, there are alw
small unavoidable inhomogeneities. When the active are
divided into a large number of small domains, each of th
would oscillate on a slightly different frequency than i
neighbors. But the experiments show that these ‘‘local’’ o
cillators are able to synchronize, thus performing a comm
oscillation that is, despite small inhomogeneities, homo
neous across the complete area. In spite of the large inte
in studying the collective behavior of ensembles of oscill
ing systems in a homogeneous medium, which is mai
reflected in theoretical research~see, e.g.,@28#!, experimental
data on the subject have been rather scarce up to now. P
this may be related to the lack of proper physical obje
which could provide the needed experimental flexibility. W
believe that the experimental system applied in this w
enables us to carry out an extensive study of the problem

The synchronous oscillation in different points of the sp
tially extended system suggests the existence of a me
nism of efficient phase synchronization. The simple se
phenomenological reaction-diffusion model for the proces
in a semiconductor gas discharge system that has been
posed in@14# suggests that two variables are included: t
concentration of charge carriers in the discharge gap and
voltage drop on the semiconductor electrode. The late
coupling is provided by diffusional spreading of both
these variables. It follows from the geometry of the stud
layer system that the characteristic length of the late
propagation of the potential should be of the order of
thickness of the system, which in our case is 2 mm. T
value of the characteristic length is in correspondence w
the observed distance between separately oscillating
mains, when their interaction becomes essential~cf. Sec.
III C !. Such a mechanism of diffusional coupling turns out
be quite efficient, providing a complete spatial phase s
chronization of oscillations in the homogeneously excit
system.

In relation to the results in the present work, we noti
that the very similar cryogenic semiconductor gas discha
device @13# demonstrates a Turing bifurcation as the fi
mechanism of destabilization of the spatially homogene
stationary state of the discharge. The semiconductor mat
for the electrode in this case has been silicon doped w
zinc. The observed behavior has been in corresponde
with the reaction-diffusion model of@14# at some set of the-
oretical parameters. On the other hand, it has been theo
cally established that, depending on the parameters of
problem, the first bifurcation can be either Hopf or Turin
@29#. We believe that it is the dynamical properties of t
discharge that are dependent on the gas temperature, an
are responsible for the qualitative difference in pattern f
mation phenomena as it is observed at cryogenic and ro
temperatures. In the course of taking preliminary measu
ments in a cryogenic device with a gallium arsenide el
trode, a bifurcation to an oscillation has not been fou
Instead, the reference state is spatially destabilized. To
more detailed information on the role of temperature, furth
experimental investigations are needed.
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To gain further insight into the theoretical description
semiconductor gas discharge systems, the reaction-diffu
equation used in@29# shall be discussed. It is a two
component equation for the current density and the voltag
the gas gap. This equation can be derived by modeling
experimental system with the help of discrete compone
such as Ohmic and nonlinear resistors, capacities, and in
tivities @30#. The equation enables us to describe many f
tures of gas discharge systems in a qualitative way. If
believe that this equation also describes the present ex
ment qualitatively, some conclusions with respect to the k
of bifurcations that occur can be drawn. The analysis of
stability of the homogeneous stationary state gives the
lowing results@31#. In general, the state can be destabiliz
via the homogeneous or, alternatively, via a spatial perio
mode. In the first case, we deal with a Hopf bifurcation,
the second with a kind of Turing bifurcation. Both bifurc
-

o

-

s

an

s,

E

E

.

on

at
e

ts
c-
-

e
ri-
d
e
l-

ic

tions can be of supercritical or subcritical nature, depend
on the system parameters. A decision as to which kind
bifurcation takes place is not possible for the present sit
tion because this will be dependent on details of the par
eters entering the model. The determination of the para
eters of the equation from the experimental parame
cannot be made with sufficient precision because too m
approximations have been made in the model. We beli
that for a quantitative description of the gas discharge sys
considered, a model similar to that used to explain patt
formation in ac gas discharge systems@32,33# is appropriate.
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