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Nonlinear interaction of homogeneously oscillating domains in a planar gas discharge system
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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 numbd(s): 05.45.Xt, 52.80-s

I. INTRODUCTION differing in amplitude and frequency can be established by
applying a spatial nonuniform irradiation of the semiconduc-
Systems that are capable of self-organized pattern formdor. These domains can be separated from each other by
tion are well known in different branches of science, amonghonoscillating regions and can act as independent oscillators.
them biology, chemistry, and physi§d—4]. The evolving The strength of the interaction between these oscillators can
patterns can show a rather complicated spatiotemporal b&e controlled by the width of the nonirradiated regions.
havior. The first bifurcation from a stationary and spatial\When the separating regions are small or when they are not
homogeneous state usually creates a relatively simple statformed, a significant interaction between the oscillating do-

Frequently observed bifurcations are the Turing bifurcationf"@ns can be observed, which results in a typical nonlinear
behavior, such as periodic pulling and global synchroniza-

leading to a spatial periodic pattern and the Hopf bifurcation.ion
Undergoing a simple Hopf bifurcation, a system remains ~* . . .
. oo S It has been shown earlier that gas discharge systems simi-
;patlally homogeneous while it performs an oscillation Ir]Iar to that studied in the present \?vork at cryc?gen)i/c tempera-
time. _— . I . tures (T~90 K) demonstrate the Turing instability as the
Self-OSCI".a'[Ing regimes qf noneqt_nhbnum spatially ex- first bifurcation from a homogeneoueeference state[12—
tendgd ”]Ie'd'ia are cohmmon in S:"Ch thersfe r::lreas as ;he 98k). We remark also that planar gas discharge systems with a
eration of pulses in the neuronal activity of the briil, the  soiconductor electrode can serve as fast converters of in-
periodic variations of densities of biological species in eco+,5req images to the visiblEL7]. Therefore, studying the

systems[6], oscillating modes of chemical reactiofig.8],  gapility of their operation is important for these and other
and electrical networkE9]. To a large extent, the dynamics technical application18—20.

of these systems is determined by the cooperative movement

of local oscillators in a spatially extended medium. One of

the important phenomena that are observed in this context is

the synchronization of local oscillatof&0]. The experimental setup is sketched in Fig. 1. The studied
In the present work, we show that a dc-driven planar gagystem is essentially a sandwichlike structure composed of

discharge device with a semiconductor gallium arsenide

electrode operating at room temperature presents a flexible gas discharge gap

and experimentally convenient system to study the Hopf bi- | | semiconductor

furcation in a spatially extended nonequilibrium media. At gioss plie transparent gold layer

the studied set of experimental parameters, for the discharge

in nitrogen a subcritical bifurcation to a homogeneously os-

cillating state has been revealed. The oscillation exists within

Il. EXPERIMENTAL SETUP

illuminated area

a wide range of control parameters which determine its char- - \®
acteristic properties, such as frequency and amplitude. One f . -

of the control parameters is the conductivity of the semicon- camera system
ductor electrode. Due to the photosensitivity of the semicon-
ductor, its conductivity can be controlled by irradiation with
light. In contrast to other oscillating gas discharge devices
(e.g., the one in Refl11]), several domains with oscillations

light source and
optical system

FIG. 1. Sketch of the experimental setup. The diameter of the

discharge area is 30 mm, the width of the discharge gap is typically

*Also at the A. F. loffe Physico-Technical Institute, Russian 0.5 mm. The device is filled with nitrogen at a typical pressure of
Academy of Sciences, St. Petersburg 194021, Russia. 40 mbar.
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parallel layers. The two parts mainly specifying the proper- T 150 16)

ties of the system are a semiconductor and a gas layer. In our g

case, the semiconductor material is semi-insulating gallium € 100} 1

arsenide with a specific resistivity of 26.0°Q cm [21]. = SRR

The thickness of the semiconductor electrode is 1.5 mm. ? 50F ‘\
Opposite to the semiconductor layer, there is a glass plate o)

that is covered with a transparent and conductive indium tin = 0% 10 20 30

oxide (ITO) layer. The space between the glass plate and the position [mm]
semiconductor is the gas layer. The discharge gap is filled
with nitrogen; its width is typically changed in the range FIG. 2. Image(with 40 ms exposure timeof the stationary
between 0.5 and 1.5 mm. In our case, the gas pressure is gfatial homogeneous state of the gas disch@gevhich is used as
the order of 40 mbar. The outer plane of the semiconductoa reference state, and a profile of the glow intensity along the hori-
wafer is covered with a gold film of a thickness of approxi- zontal diameter of the discharge chanft®l The experimental pa-
mately 40 nm. Therefore, it is transparent to visible lightrameters aréJo=533 V, ¢ =0.94,d=0.5 mm, andp=47 mbar.
with a transmission of about 10%. The sheet resistance of thEh€ active area has a diameter of 30 mm.
ITO layer is in the range between 15 and’ 201 and that of ) ) )
the gold film is of the order of 1Q/0. The resistances are across wafers of a large diameter. The gallium arsenide wa-
negligible when compared with the sheet resistance of théers applied in the present research did not show any defects
gallium arsenide layer, which is 2ZL0*Q/C in the nonir- that \_/voold create eosentlal inhomogeneities in the current
radiated case. The ITO and the gold electrode are connect&gnSity in the experimental system sketched in Fig. 1. Be-
to the external electric circuit, which consists of a dc highc@use of this, an electronic extended system with high homo-
voltage supplyJ, and a serial resistdR, that is included to  9eneity both of fixed and control parameters can be de-
measure the current in the circuit. signed. At the appropriate set of experimental parameters,
Gallium arsenide is a direct semiconductor with a bancfhe stationary spatially homogeneous _distribution of current
gap of 1.42 eV at room temperature. When the radiation i4S Stable for low current density. At this state, the homoge-
absorbed, electrons are excited and perform transitions frofeity of the initial(referencg state can be checked. The typi-
the valence band to the conduction band. This internal photd=al image of the discharge domain as well as the correspond-
effect lowers the resistivity of the material. In our experi- g distribution of the glow intensity along the diameter of
ments, illumination from a halogen lamp was used. To en_th.e discharge channel at these conditions are represented by
sure spatial homogeneous illumination, a homogeneoug'g- 2. . . i .
beam was prepared by a simple optical arrangement. Increasing the gIoboI current in the dowce either Wlth the
When the voltage supplied to the electrodes of the systerff€ding voltageJ, or with the irradiating light fluxg, gives
is high enough, breakdown in the gas layer occurs. In thé!Se tO the appearance of oscnlatlons. They can be obser_ved
present experiments, the semiconductor layer acts as tfpoth in the dlscharge current and in th_e intensity of the dis-
cathode. The discharge can burn on a circular-shaped ar€garge glow. The bifurcation to the oscillatory state creates a
with a diameter of 30 mm. In the following, this area is often homogeneously oscillating state, which means that different
referred to as the active area. The light that is emitted by th@@'ts of the extended system are phase-synchrofiefiec.
gas discharge can be observed through the ITO layer and tA&B). The frequency depends di, and ¢, . The photo-
glass plate(cf. Fig. 1. The global light emission can be e_:lectncal control of th_e current density enables us to estab-
measured with a photomultiplier. The spatial distribution ofliSh several domains in the extended system. Each of these
the emitted light has been investigated by using an approprf;iomallns is irradiated homogeneouoly but with an intensity
ate camera system. In the experiments, both a conventiongat differs from that of other domains. Thus, different do-
CCD camera operating with videofrequency and a fast-gatef@ins oscillate Wllth different frequencies. The space be-
intensified camera with a temporal resolution on the order of?Ve€n these domains can be kept at low current density, be-
some 100 ns have been used. low the threshold for the bifurcation to oscillation. Such a
The global discharge current is measured as the voltag@€ometry of the experiment leads to a study of the interac-
drop at the serial resistd®, =100 Q. This voltage drop is 10N of self—orgao!zed oscnlatlng domains. Under these ex-
negligible in comparison with the applied high voltage. perimental conoltlon_s, it has been found that stronger oscil-
Therefore, the voltage at the electrodes of the semiconductéftors (those with higher frequency and more dissipated
gas discharge system is virtually equal to the applied voltage®!€ctrical energypull weaker oscillators in a manner that is
The spatial distribution of the current density in the activeSimilar to that observed on externally driven oscillatars
area cannot be measured directly but it is proportional to theec. 1O. ) o
light density emitted by the discharg#5]. Therefore, mea- As mentioned, the oscillation can be controlled by several
surements of the spatial distribution of discharge glow givP@rameters. One of the main control parameters is the dis-

also information about the corresponding behavior of thecharge voltageJ,. The other one is the intensigy of the
current. light, which is used to irradiate the semiconductor. In order

to quantify this parameter, the influence of the incident light
. EXPERIMENTAL RESULTS beam on the resistance of the semiconductor is measured.
This has been done as follows. We assume that a homoge-
neous stationary Townsend dischaf@@] is established in
Modern technology produces high-quality semiconductoithe gap at appropriat&)y. This mode of discharge is ob-
materials, which provide high homogeneity of propertiesserved for low currents between the point of ignition and the

A. General features of the observed phenomena
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FIG. 3. Specific conductivity of the semiconductor layer as a
function of the intensity of the irradiation.

FIG. 4. Examples of a time series of the discharge curigita)
and of the intensity¢g of the light that is emitted by the gas
discharge(b) in the oscillating state. The parameters brg=540
V, ¢.=0.61,d=0.5 mm, andp=40 mbar. Additionally, a spec-
point where negative differential conductivity is observed intrum of the discharge current is showe). The frequency isfo
the gas characteristic. An example is represented by the stafe#3° kHz.
shown in Fig. 2. The voltage-current characteriktyfl ) of
the device in this state yields a straight line, reflecting thethese parameters, the frequency can be typically changed in
Ohmic behavior of the semiconductor electrgda example the range between 100 and 600 kHz, and the amplitude
of such a characteristic in a similar system can be found iA(lp) of the oscillation of the currentthe difference be-
Ref. [23]). The voltage drop at the discharge gap for thistween maximum and minimum values of the curjeraries
discharge mode is independent of the current. Therefore, tha the range between 0.5 and 4 mA. In this work, the prop-
slope of theU(Ip) characteristic provides the resistance oferties of the oscillating system will be described by using the
the gallium arsenide layer. Then, the specific conductivitysignal of the discharge current. Equivalently, the signal of
can be computed from this resistance and the geometric dihe light intensity emitted by the discharge could be used,
mensions. The conductivity as a function of the intensity ofbecause the amplitude of its oscillation is proportional to that
the irradiation is shown in Fig. 3, wherg is normalized to  of the current when control parameters are varied.
the maximum output of the used light source. The conduc- When the active area of the device is halved, the oscilla-
tivity of the semiconductor increases monotonically whention persists with nearly unchanged frequency, while its am-
the intensity of the irradiation is raised. In the consideredplitude decreases to approximately half of its initial value.
experiments, the conductivity of the semiconductor electroddhis gives an indication that the oscillation is actually spa-
has been varied within approximately one order of magnitially homogeneous. The direct proof of the spatial homoge-
tude. We remark that the dark conductivitihe case¢,  neity of the oscillating state is given by making snapshots of
=0) of 3.85x10 8(Q) cm)"! as it is given by the supplier the discharge glow at different phases of an oscillation, see

[21] is near the measured value of 3.208(Q cm) 1. Fig. 5. The obtained images are rather noisy because of the
necessity to keep short exposure times, whereas the intensity
B. Spatially synchronized oscillations of the light emitted by the discharge is low. These data show

that the discharge oscillates quite uniformly across the active

Spatial homogeneous oscillation occurs when the stations e, The |ast picture shown in the sequence refers to a situ-
ary homogeneous state is destabilized by increasing either

the supply voltageéJ, or the intensity of the irradiatio, .

The amplitude and frequency of the oscillation are indepen- (a)
dent of time when the control parameters remain fixed. This
evidences the existence of an attractor of the system. The
oscillation can be observed in the discharge curigngs

well as in the intensity of lightpg emitted by the gas dis-
charge. This is demonstrated by typical time seriekyodnd

¢¢ that are shown in Figs.(d) and 4b). The general shape 4 [(b) —
of the signals is similar. However, they are not exactly in 3
phase. The current reaches its maximum somewhat earlier %’ 2
than the discharge glow, whereas the falling edges of emitted — ;
light peaks are less steep when compared with the current —

peaks. This last phenomenon can be explained by the exis- 0.001 0.000 0,001 0002
tence of the afterglow of the discharge. An example of the
spectrum of the discharge current is shown in Fig).4The
spectrum consists of a sequence of distinct peaks. In the case gig_ 5. pictures taken with the intensifying camera during the

shown, the fundamental frequencyfig=435 kHz. The fol-  (ise and fall of one peak. The exposure times are 630 ns for picture
lowing peaks are higher harmonic components at integef1) and 300 ns for picture€), (3), and(4). The position and length
multiplesnf, of the fundamental frequency. The spectrum ofof the corresponding pulses, with which the camera is triggered, are
the emitted light(not shown hergis similar to that of the marked in the oscilloscope trace for the current. The frequency of
discharge current. The frequency of the oscillation dependthe oscillation isf,=175 kHz. The parameters atg,=583 V,

on experimental control and fixed parameters. By alteringp =0.42,d=1 mm, andp=40 mbar.

t[ms]
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FIG. 6. Domain of existence of the homogeneous oscillation in ol . . .

the Ug, ¢ ) parameter plane fqo=40 mbar andl=0.5 mm. The 50 50 50 580 0z 04 06 08
circles denote the bifurcation from homogeneous stationary to ho- UM 4
mogeneous oscillatory states. The crosses indicate points of transi-

tion to spatial inhomogeneous structures. FIG. 8. Fundamental frequendy and amplitudeA(lp) of the

oscillation along cross sections of th&){,¢, ) parameter plane.
ation where the current has nearly reached its minimunfor casega) and (b), the irradiation is kept constant g =0.40
value. No significant emission of light could be recordedand the voltage is increased. For caggsand (d), the voltage is
with the applied technique, while measurements with a phokept constant al,=528 V and the intensity of the irradiation is
tomultiplier tube give evidence of light emission on this Vared. In all cases the other parameters pre45 mbar andd
stage[cf. Fig. 4b)]. =0.5 mm.

Homogeneous oscillations exist in a broad range of ex- .
perimental parameters, see Fig. 6, where the domain of theﬁpe.se structures may be refe_rred to as current filaments,
existence in the control parameter platg, (¢, ) is shown. V.Vh'Ch In our case are F‘O”.Sta“."”ary' thus the state C.)f spa-
The full points indicate the subcritical bifurcation, which de- t|aIIy_ homogeneous oscnlat|o_n is replaced by a complicated
stabilizes the homogeneous stationary state in favor of thgpanotemp_oral pattern. Th? filamentary states usually appear
oscillatory state. A detailed description of the bifurcation isWhe.n' starting from an osgllatory state, either the voltage or

the irradiation of the semiconductor is increased. We remark

given in Fig. 7, where a typical example is presented. There L . .
a hysteretic transition to the oscillatory state can clearly b _at itis also 'possmle to rgach the spatially structureq stgtes
ithout crossing the domain of the homogeneous oscillation.

noted when the irradiation of the semiconductor is used as . " .
hese direct transitions from the stationary homogeneous

control parameter. A peculiarity of the system is that after : K irradiati <01) of th icond
the bifurcation to the oscillatory state, a further increase iplate require weax irra lationgb( <0.1) of the semiconduc-

the control parametes, leads to a transition back to the :Eor. Unéj5e(r) th%sgo%o\r}dl_}_lﬁnsfl,l they :ake ;;Iatlce t?lt volta}ges be-
stationary statécf. Fig. 6). This transition shows a hyster- Ween >ou and bV V. 1he filamentary statés t(hemseives rep-
resent an interesting object to study, but a detailed discussion

esis, too. The width of the hysteresis loops is approximatelyfth h is b dth fh i K
equal for both cases that are shown in Fig. 7. We note that! tese phenomena Is beyond the scope of the present work.
In the parameter range of existence of the homogeneous

the points in the map of Fig. 6 that mark the bifurcation to ilati the d q f the d ical ch teristi

oscillation refer to an increase in the control parameters angSciiation, the dependence of the dynamical characteristics

that the bifurcation points are slightly shifted when com—.Of the_oscnlatmg state on _th_e expenmental parameters can be
investigated. While it is difficult to give a full description of

pared with the corresponding ones in Fig. 7. This shift is S ) .
probably due to aging processes of the semiconductor catljihe characteristics for the two-dimensional parameter space

ode because the two discussed measurements were donesl;i‘fh as that depicted in Fig. 6, examples of data for two

different points in time cross sections of this space are given in Fig. 8. Profiles along
In addition, data for bifurcations to more complicated parallel cross sections are similar. Again, the hysteresis in

structures are also shown in the map in Fig. 6. In most casegqe transitions is not shown; the data_ refer only to the in-
Ctease in control parameters. Increasing the supply voltage

F T U, at constant irradiation of the semiconductor leads to a
20} km.\\ 1 decrease in the frequency and an increase in the amplitude of
Téks- - . 1 the oscillation[Figs. 8a) and 8b)]. These regularities are
.10k o T 4 ] expressed near the bifurcation point. At a further increase of
%‘30_5_ l/ ] the voltage, a tendency for saturation of both the frequency
ook ot to ] and the amplitude is observed. The variation of the irradia-
0.0 015 055 0.60 tion of the semiconductor at a constant value of the supply
& voltage gives rise to an increase in the frequency of the os-

cillation, while the amplitude changes nonmonotonously.
FIG. 7. An example of bifurcations from a stationary to an os-JUst after the bifurcation to the oscillatory state, the ampli-

cillatory state[with amplitudeA(I )] when ¢, is varied while the ~ tude grows, and after passing a maximum, it decreases until

supply voltage is fixed at/y=510 V. Two subcritical bifurcations ~the transition back to the stationary state takes pl&ogs.

are observed. The directions of change of the control parameter afc) and 8d)].

indicated with arrows. The further parameters dre0.5 mm and The characteristics of the oscillating system also depend

p=40 mbar. on other parameters of the device such as the discharge gap
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width d and the gas pressupeHowever, there exists a rather
broad range of these parameters where the characteristics of
the oscillation vary only slightly. For example, far=0.5

mm, variations irp between 25 and 55 mbar give only slight
changes in the frequency and the amplitude of the oscilla-
tion. Whenp becomes smaller than 20 mbar, a significant
decrease of the amplitude can be nagichbout 50%, while

the frequency is only marginally affectdd varies by less o) 0012ms | 15[e)
than 5%. 157 ]
The thickness of the discharge gap has an influence on the 10 10
properties of the oscillation, too. For larger gaps, while other E
conditions remain unchanged, the frequency diminishes. For - 0.5} 05
example, atd=0.5 mm the typical range of frequency is
from 250 to 600 kHz. When the gap is increaseddte1 0.00 0.02 0.04 0.00 0.2 0.04
mm, the frequency range drops to values between 100 and t[rms] t [rns]

250 kHz. If the gap is made very lardge.g.,d>2 mm), the
oscillation ceases to exist. The amplitude of the oscillation
decreases when increasidgrFor example, the largest ampli-
tude, which has been observeddgat=1 ford=1 mm, is 2.5
mA, whereas under the same conditions the maximum am-
plitude ford=0.5 mm is 4 mA.

0 40 80 120 0 40 80 1200
C. Interaction of domains oscillating on different frequencies f (k] f k]

Due to the application of photoelectrical control of the  FG. 9. Examples for the situation in which the system contains
semiconductor’s conductivity, it is possible to create severajwo or three different oscillating domains. The domains are sepa-
spatially extended homogeneous domains with different lorated by nonirradiated areas. The presence of two oscillators is il-
cal conductivity in the gas discharge device. In the precedingustrated by the picture of the gas discharge gi@y the corre-
section, it has been shown that the conductivity influencesponding time series of the global discharge curi@nt and the
the frequency of the oscillation. Therefore, each domain willspectrum(c). The values for the irradiation are 0.39 and 0.61 for the
oscillate on its own frequency. In order to suppress the inleft- and for the right-hand side, respectively. The situation of three
teraction of neighboring oscillating domains, they can bedifferent oscillating domains is illustrated by the picture of the dis-
separated by nonirradiated parts of the semiconductor elegharge glow(d) and the corresponding time seri@s and spectrum
trode, which have to be broad enough_ In this way, an enﬁf). Here the values for the irradiation are 0.32 for the lower left,
semble of noninteracting oscillators can be created. Then, tH&55 for the upper, and 0.61 for the lower right part, respectively.
width of the interfacial domains may be decreased to thé©r both cases, the further parametersidge-540 V,d=0.5 mm,
extent needed to activate the coupling of oscillators. In théndp=45 mbar.
experiments described in this section, systems containing
two and three oscillating domains have been studied. T¢he amplitude is only slightly lower than that of the right side
reach an appropriate configuration, the formerly homogefcf. the profile in Fig. &)]. An example of the time series of
neously irradiated semiconductor is now irradiated with athe global current is shown in Fig(l9 and the correspond-
light beam that has a nonuniform cross section. This isng spectrum in Fig. @). In the global spectrum, two fun-
reached by introducing an array of optical neutral filters intodamental frequencies can be recognized in the present case at
the homogeneous light beam. In this way, the semiconductdr; =399 kHz andf,=483 kHz. The lower frequencf; can
electrode is excited by a nonhomogeneous optical patterbe assigned to the domain with weaker irradiation, while the
that is projected onto it. The filters have transparencies in thaigher frequencyf, belongs to the stronger irradiated do-
range 50—90%. To create the nonactivateeparatingdo-  main. There are also distinguished peaks at integer multiples
mains, the light beam is covered at appropriate areas. As @f these fundamental frequencies. This spectral characteristic
result of the variation of the coupling strength of neighboringindicates a linear superposition of two oscillators that are
oscillating domains, the frequency characteristic of theformed by the two different domains in the system. This is
whole system is changing. The measurements presented harenfirmed by the time series of Fig.(l®, which clearly
have been carried out at constant values of supply voltagshows beating of the two oscillatofthe beat frequency is
Uy=540 V and irradiation intensityy, =0.61. the reciprocal of the distance between two successive peaks

Figure 9a) illustrates the situation where two different with maximum amplitudg As follows from these data, the
oscillating domains are established in the device. There, beat period is approximately 0.012 ms; this corresponds to a
picture of the gas discharge area made with a CCD camera eat frequency of 82.4 kHz. This value is in good agreement
shown. The dark stripe on the image shows the position andith the difference between the two fundamental frequencies
the width of the nonirradiated stripe-shaped domain. In thén the spectrum of Fig. @), Af=f,—f,=84 kHz.
case shown, the irradiation of the left side is 64% of that of The case of three separated oscillating areas is demon-
the right side(which is ¢, =0.61). This leads to a signifi- strated by the image of the discharge in Figd)9 For the
cantly lower fundamental frequency for the left side, while situation shown, the lower right part is irradiated without a
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FIG. 10. Dependence of the spectrum of the total discharge f[rrs]
current on the coupling between two oscillating domains. The width
of the separatingdark) stripe isb=3 mm (a) andb=0 mm (b).
The values for the irradiation are 0.39 and 0.61 for the left- and for,
the right-hand side, respectively. The fundamental frequencies ar
f1=408 kHz,f, = 498 kHz in the first caséa) andf,;=450 kHz,
f,=489 kHz in the second cagb). The further parameters are the
same as in Fig. 9.

FIG. 11. An example of time series of the total discharge current
in the absence of a separating stripe=0 mm) (a), from which the
spectrum in Fig. 1®) is derived. To demonstrate the simultaneous
mplitude and frequency modulation due to the interaction of the
two domains, the maximum of each peak maj((b) and the in-
stantaneous frequenct) ~* (c) as functions of time are shown.

asymmetry with respect té,, namely, the components at
filter, the irradiation of the lower left part is 52% and that of lower frequenciesf<f, are stronger than those at higher
the upper part is 90% of the illumination of the lower right frequencies > f,. This behavior is characteristic for periodic
part (which is againg, =0.61). While the time series of the pulling [24], which can occur at an incomplete entrainment
discharge current recorded for these conditipRig. 9e)]  of a nonlinear oscillator by an external harmonic driving
demonstrates no clear regularities, the spectrum of the signédrce near an area of total frequency synchronizataso
[Fig. 9f)] indicates the linear superposition of three oscilla-called Arnol'd tongug¢ The time series, from which the
tors with different frequencies. Three fundamental frequenspectrum has been calculafege Fig. 14a)], shows nonlin-
cies f;=339 kHz, f,=433 kHz, andf;=466 kHz can be ear beating with a period that is again determined by the
noted in the spectrum, together with the higher harmonidifference between the fundamental frequencies in the spec-
components at multiple integers of the fundamental frequentrum, which isf,—f;=39 kHz. To demonstrate the simulta-
cies. The upper part of the structUfeig. 9d)] oscillates on  neous anharmonic modulation of amplitude and frequency of
the frequencyf,. For the demonstrated case, it is close to the p(t), the envelope of the time series is plotted in Fig(td1
frequencyf;, which belongs to the lower right part, becauseas a function of time. The modulation of the frequency can
the irradiations of both parts differ only slightly. The irradia- be seen when the instantaneous frequency is plotted as a
tion of the lower left part is much weaker. Therefore, itsfunction of time. Information about this frequency can be
fundamental frequency; is clearly separated from the two obtained from the distanceAt between successive zero
other fundamental frequencies. points of a time series, which have the same sign of the first

In both cases of two and three different oscillating do-derivative[25]. In our case, the time seridg(t) —(Ip(t))

mains, an interaction of the oscillations was suppressed blgas been used to calculate the instantaneous frequency
separating the neighboring homogeneous areas by nonirradiAt) ~, which is plotted as a function of time in Fig. (L
ated stripe-shaped domains. By making the separating are&s the example considered, both the amplitude and the fre-
narrower, it is possible to gradually introduce an interactionquency are modulated with a period of 0.026 ms; the fre-
between the neighboring oscillators. In the cases illustratequency is 38.5 kHz.
in Figs. 9a) and 9d), the widthb of the separating stripe is The spectra shown in Figs(® and 9f) reveal that, as the
6 mm. In Fig. 10, the spectra of the discharge current for thevidth of the separating stripe decreases, the frequédncy
casesb=3 mm andb=0 mm for the system with two os- shifts towardsf,, while f, remains nearly unchanged. A
cillators are presented. These studies show that, when tlguantitative measurement of this effect is given in Fig. 12. It
separation of oscillating domains decreases, the oscillatoiis interesting to note that the shift 6f can be detected even
begin to interact with each other. This can be detected via th&shen the spectrum of the current does not show a clear sign
occurrence of additional components in the spectra at freef the nonlinear interaction. At the same time, it becomes
quenciesnf;=mf, (wheren,m are small integer numbers more pronounced when the additional components due to the
Some of these components are marked in Figa)lOrhey  nonlinear interaction begin to emerge in the spectrum. For
appear due to the nonlinear interaction between the two oshe conditions of getting the data in Fig. 12, it occurshat
cillators. When the interaction becomes very str@ihg case ~4 mm. Interpreting these results, the oscillator operating
of no separation between the two oscillating domiitise  on the frequency, can be considered as a driving oscillator,
spectrum has the shape shown in FigthlOAs compared to  which tries to entrain the neighboring oscillator having the
the case of small interaction, the frequerigynow has been lower fundamental frequenck. In the course of this syn-
pulled towardsf,. At the same time, the spectrum shows anchronization process, the frequency of the driven oscillator is
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520F 7 ' ' ' ' "] system on the ratio, is observed—see the curvé§(r ,)
P e S S - ——® andfj,(r,) in Fig. 13. Theref; andf; are the fundamental
480} 1 frequencies in the spectra of the global current. At a large
§ value of Af=f3—f9 (caused by a small ratio,), the sys-
g 4401 1 tem’s spectra resemble the one shown in Fig);Stheir
= ,\\' asymmetry evidences the periodic pulling regime. There, the
400} e : lower frequencyf; is pulled towardsf;. The interaction of
X\x\x the oscillators influences also the frequency of the “stron-
360} 1 ger” oscillator, which is shifted to higher values. In the
0 2 4 3 § 10 course of increasing,, and decreasing\f, the frequency
b [rom] component of the pulled oscillator disappears. For the con-

sidered case, this occurs igf~0.65. The spectra now con-
FIG. 12. The two fundamental frequencies(—x —) andf,  tain only the fundamental frequendy and its higher har-
(—®@—) in the spectrum of the total discharge current of two 0S-mgnics. This indicates the establishing of the global
cillating areas as a function of the widthof the separating nonir- - gynchronization in the system, a state where it oscillates on
radiated domain. The parameters are the same as for Fig. 9. 6 frequency of the stronger oscillator, although the external
photoelectrical control is applied in a spatially honhomoge-

shifted towards the driving frequency. neous way.
While in the experiments described above the effect of a
nonlinear influence of a stronger oscillator on a weaker one IV. DISCUSSION AND CONCLUSION

is observed, the complete synchronization of the two oscil-

lating domains has not been registered. This may be related The discharge current in the dc-driven planar semicon-
to the large differencef of their fundamental frequencies. ductor gas discharge system under consideration is able to
In other experiments, when the valueff is decreased, the perform self-organized nonlinear oscillations. The funda-
effect of global synchronization of the interacting oscillatorsmental frequency and the amplitude of the oscillation can be
can be observed. This is demonstrated on the system contai@@ntrolled by the supply voltage and by the irradiation of the
ing two domains of equal siz&lomains 1 and 2 The irra-  semiconductor.

diation ¢, ; of the first domain is varied while the excitation ~ To understand the basic mechanism of the homogeneous
¢ » of the second domain is kept at a constant level, whictpscillation, one should consider the different current-voltage

is always larger than that of the first domaiw(;/¢, ,  Characteristics of the two essential layers of the system. The
=<1). In the absence of interaction, the states of the twgemiconductor has a linear characteristic when the electric

subsystems vary in a simple way, as the rafig field is weak enough. For the gas discharge we operate the
= ¢, 1/, , is changed—see curve‘Q(r@ and fg(r¢) in  device up to the current range where the the nonlinear char-

Fig. 13. The frequencieb’i andfg are measured for the case acteristic has a negative slope due to the transition from low
where only domain 1 or domain 2, respectively, is irradiatecturrent Townsend dischargat the voltageU across the
with the according intensity, while the other domain is in the9@P t© high current glow dischargeat the voltageU g,
stationary homogeneous statevithout irradiation. For  @Cross the gapIn the present experiment, an important re-
maximum interaction §=0) of the oscillators, a compli- quirement for the occurrence of instability is that the operat-

cated dependence of the global dynamical properties of thi&'9 Point of the gas discharge is shifted towards the region
where the slope of the characteristic becomes negative. The

operating point is defined by the intersection of the load line
440 '_.’/0\. | _U= Uo— RSCI p with the dis_charge characterist_ic, whérec
is the resistance of the active area of the semiconductor elec-

trode (cf. Fig. 14. Thus, the destabilization can be achieved
I by increasing the supply voltagd, or by decreasing the
360k J resistancdRgc by intensifying its irradiation. For example, in
L Fig. 14 the operating poir®1 is shifted to the poin©2 by
320} . . . . R increasing the voltage. Due to the negative differential resis-

0.6 0.7 0.8 09 1.0 tance of the discharge characteristic, in the present experi-
ment the current can increase while the voltage across the
¢ gap decreases. Because the voltbigeat the outer metallic
electrodes of the system is fixed, this leads to a rise of the
voltage Ugc across the semiconductor which leads to a

of the unperturbed oscillation of the domains, which are irradiatedﬁ_Iigher current. The in(_:reage of th_e current due to this posi-
with intensities ¢, and ¢, ,, respectively. f; (denoted by tive feedback mechanism is restricted. When the voltage at

—x —) andf} (denoted by— ®—) are the main frequencies from the gap falls belowJ,,,, the discharge cannot be sustained
the spectra that result from the nonlinear interaction of the oscillat2ny more. ThereforeUsc cannot exceedJo—Ugp, and,

ing domainsr , denotes the ratig,_;/¢, ,. The two domains are consequently3 the current is Ilmlted: If the requirements for a
in direct contact with each othéthe width of the nonirradiated area Stable glow discharge are fulfilled, it has to carry the current
is b=0 mm). The further parameters at#,=540 V,d=0.5 mm, defined byUsc (e.g., at the operating poii@2 in Fig. 14.
andp=45 mbar. Usually, a glow discharge adapts its lateral extension to meet

f kH
I
S

FIG. 13. Internal synchronization of two oscillating domaif'%.
(dashed Iintandfg (straight ling are the fundamental frequencies



4896 C. STRUMPEL, YU. A. ASTROV, AND H.-G. PURWINS PRE 62

voltage U served[25,27]. In the case of small initiaA f, we observe
. entrainment, where both domains oscillate with the same fre-
: qguency. This effect offers an explanation for the homogene-
u, | ity of the oscillation described in Sec. Il B. Although in this
/' case the system is excited homogeneously, there are always
O] / small unavoidable inhomogeneities. When the active area is
divided into a large number of small domains, each of them
current |, would oscillate on a slightly different frequency than its
N neighbors. But the experiments show that these “local” os-

FIG. 14. Sketch of the static current-voltage characteristic of &illators are able to synchronize, thus performing a common
gas discharge containing the Townsend and the glow discharge r@scillation that is, despite small inhomogeneities, homoge-
gime. The operating points are defined by the intersection with thé€0us across the complete area. In spite of the large interest
load line, which is determined by the resistance of the semicondudhn studying the collective behavior of ensembles of oscillat-
tor electrode and the feeding voltage. Two different load lines aing systems in a homogeneous medium, which is mainly
two different voltages are included here with operating points in thereflected in theoretical resear(see, e.g/28]), experimental
Townsend regime@1) and the glow discharge regim®2), re-  data on the subject have been rather scarce up to now. Partly,
spectively. The stability of the operating points is discussed in thehis may be related to the lack of proper physical objects
text. which could provide the needed experimental flexibility. We

believe that the experimental system applied in this work
the conditions, because the current density at the cathode éhables us to carry out an extensive study of the problem.
constant{22]. The experimental results show that this does The synchronous oscillation in different points of the spa-
not happen in our case. Instead, the transition to the highially extended system suggests the existence of a mecha-
current state does not result in a stable state and the disism of efficient phase synchronization. The simple semi-
charge is extinguished arg as well adJgc are decreasing. phenomenological reaction-diffusion model for the processes
A new Townsend discharge is ignited when the voltage ain a semiconductor gas discharge system that has been pro-
the gap reached, and the process can be repeated. posed in[14] suggests that two variables are included: the

By taking the above mechanism into account, some of theoncentration of charge carriers in the discharge gap and the
features of the oscillation can be explained. Intensifying thevoltage drop on the semiconductor electrode. The lateral
irradiation in an oscillatory state should increase the amplicoupling is provided by diffusional spreading of both of
tude of the oscillation. In our case, a monotonic rise can behese variables. It follows from the geometry of the studied
found at rather weak irradiations. Increasing the voltage at éayer system that the characteristic length of the lateral
constant irradiation should also result in a larger amplitudepropagation of the potential should be of the order of the
Indeed, in our case, the amplitude initially increases with thehickness of the system, which in our case is 2 mm. This
voltage. The constant level that it finally reaches indicatewvalue of the characteristic length is in correspondence with
that the current is limited by another mechanism, which maythe observed distance between separately oscillating do-
be related to the metal semiconductor junction that is formednains, when their interaction becomes esseniifl Sec.
by the gold film on the gallium arsenide electrode. III C). Such a mechanism of diffusional coupling turns out to

The possibility of controlling the fundamental frequency be quite efficient, providing a complete spatial phase syn-
of the oscillation with the irradiation of the semiconductor chronization of oscillations in the homogeneously excited
allows us to establish a number of domains with differentsystem.
frequencies by applying spatial nonhomogeneous irradiation. In relation to the results in the present work, we notice
If they are spatially separated by domains that are nonactthat the very similar cryogenic semiconductor gas discharge
vated with light and are broad enough, the oscillating do-device [13] demonstrates a Turing bifurcation as the first
mains become independent of each other. On the other hanchechanism of destabilization of the spatially homogeneous
when they are able to interact, scenarios which are knowstationary state of the discharge. The semiconductor material
from driven nonlinear oscillators can be observed. Thereforefor the electrode in this case has been silicon doped with
the interaction of two oscillators in the system can be dezinc. The observed behavior has been in correspondence
scribed in general terms of nonlinear dynamics without conwith the reaction-diffusion model dfL4] at some set of the-
sidering the specific origin of the oscillators. A weak inter- oretical parameters. On the other hand, it has been theoreti-
action leads to a quasiperiodic state, which is indicated byally established that, depending on the parameters of the
additional components in the spectrum. When the interactioproblem, the first bifurcation can be either Hopf or Turing
becomes more intense, the stronger oscillator shifts the frg29]. We believe that it is the dynamical properties of the
qguency of the weaker oscillator towards that of the stronglischarge that are dependent on the gas temperature, and that
one. Depending on the differendef between the two non- are responsible for the qualitative difference in pattern for-
interacting domains, there are different final states when thenation phenomena as it is observed at cryogenic and room
interaction becomes strongest. In the case of a large initidkmperatures. In the course of taking preliminary measure-
Af, the final state is characterized by periodic pulli2g], a  ments in a cryogenic device with a gallium arsenide elec-
state that can also be observed, e.g., at driven van der Pdfode, a bifurcation to an oscillation has not been found.
like oscillators near their point of synchronizatip26]. In Instead, the reference state is spatially destabilized. To gain
general, the driver is an external oscillation, while in somemore detailed information on the role of temperature, further
cases, the interaction of two internal oscillators has been olexperimental investigations are needed.

U

glow [




PRE 62 NONLINEAR INTERACTION OF HOMOGENEOQUSLY . .. 4897

To gain further insight into the theoretical description of tions can be of supercritical or subcritical nature, depending
semiconductor gas discharge systems, the reaction-diffusiamn the system parameters. A decision as to which kind of
equation used in29] shall be discussed. It is a two- bifurcation takes place is not possible for the present situa-
component equation for the current density and the voltage ajon because this will be dependent on details of the param-
the gas gap. This equation can be derived by modeling theters entering the model. The determination of the param-
experimental system with the help of discrete componentgters of the equation from the experimental parameters
such as Ohmic and nonlinear resistors, capacities, and indugznnot be made with sufficient precision because too many
tivities [30]. The equation enables us to describe many feagpproximations have been made in the model. We believe
tures of gas discharge systems in a qualitative way. If Wehat for a quantitative description of the gas discharge system
believe that this equation also describes the present expepnsidered, a model similar to that used to explain pattern

ment qualitatively, some conclusions with respect to the kindormation in ac gas discharge syste[82,33 is appropriate.
of bifurcations that occur can be drawn. The analysis of the

stability of the homogeneous stationary state gives the fol-
lowing results[31]. In general, the state can be destabilized
via the homogeneous or, alternatively, via a spatial periodic
mode. In the first case, we deal with a Hopf bifurcation, in The support of the present work by the Deutsche Fors-
the second with a kind of Turing bifurcation. Both bifurca- chungsgemeinschafbFG) is gratefully acknowledged.
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