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Formation of Clusters of Localized States in a Gas Discharge System
via a Self-Completion Scenario
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Formation of extended structures composed of localized states via the self-completion scenario is
observed. The localized states are actually current filaments in a dc driven planar semiconductor—
gas discharge system. The structure grows from a solitary localized state in the subcritical domain,
where the homogeneous state is stable. It is proved that compact hexagonal clusters form due to
the attractive interaction between distant filaments. A semiphenomenological model of the activator-
inhibitor type is proposed which suggests that the Turing mechanism triggers the phenomenon.
[S0031-9007(97)04156-2]

PACS numbers: 52.80.Dy

Extended systems driven out of equilibrium are known10* Pa. To provide high resistance of the electrode the
to form structures where the homogeneous backgrouncell is cooled down t@ = 90 K. The value of the dis-
coexists with excited spatially localized domains [1].charge current is controlled by the feeding dc voltdge
Such components of patterns have been referred to @hd by the resistance of the electrode which in turn is con-
localized states (LS) of active media [2]. In different trolled by the homogeneous stationary illumination from
treatments LS’s became known also as autosolitons [3 tungsten lamp. More comprehensive descriptions of the
or dissipative solitons [4]. The intriguing problem is the device have been given in previous works, where spon-
formation of complex structures composed of the LS’staneous formation of small-amplitude stripe and hexagon
with their quasiparticle character (see Refs. [5—7]). Inpatterns [12] and zigzag instability of solitary stripes [13]
their pioneering numerical simulations of morphogenesishas been reported. As compared with experimental condi-
Meinhardt and Gierer have demonstrated development dfons of these works lower resistance of the electrode has
structures from LS’s via the appearance of new LS’'sheen applied in the present research. The destabilization
around those emerged earlier [8,9]. Later such a scenarf the homogeneous state is followed in this case by the
was namedelf-completiorf3]. We are not aware of any filamentation of current. In contrast to other works deal-
unambiguous experimental proof of the self-completioning with gas discharges where spontaneous formation of
mechanism, whereas the other scenario of multiplicatiopatterns was observed (see Refs. [10,14—-16]), the system
of LS’s, via their division, has been observed [10,11].  under study exhibits pronounced planar geometry on the

In the present Letter we report the formation of clustersone hand, and reveals pattern formation at low dc electric
of LS’s via the self-completion scenario in a quasi two-current on the other.
dimensional (2D) gas discharge system. In our case the At low voltage U, the discharge is not ignited and the
LS’s are filaments of electric current. The experimentalsystem is characterized by the “dielectric” bran&}) [n
results are supported by simulations based on the origkig. 1. At some threshold voltagl, a self-sustained
nal semiphenomenological model, which demonstrates theomogeneous stationary discharge develops in the gap. Its
Turing type of instability. Both experiment and numeri- current grows nearly linearly with voltage as shown by the
cal results reveal the attractive interaction between distarftonductive” branchB) in Fig. 1. With increasing voltage
LS’s. Thus, the latter can form compact hexagon clusterswve observe the spontaneous formation of a hexagon pattern
However, LS's retain their individual particlelike nature. composed of current filaments. This occurs at the voltage
In the experiment, under the action of unavoidable noisel/,,; see branch@) in Fig. 1. Generally, the number
they can escape from a cluster, wander over the active ared filaments in the pattern grows with further increase
of the system, and stick again to a cluster edge. in voltage. When diminishing the control voltage along

The experimental setup used is a planar gas dischardganch D) in Fig. 1, the number of filaments in the
cell equipped with a resistive electrode made of siliconpattern decreases. At the poith,w, the last filament
doped with deep impurity of Zn or Au. The thickness of disappears, and no current can be detected in the device.
the silicon wafersi; is in the range.45-1.0 mm and the In order to reignite the discharge, we again go along
diameter of the active area of the cel2®@ mm. The dis- the dielectric branch/A) on the hysteretic loop. The
charge gap, whose width, is in the rang®.8-1.4 mm, is  observed subcritical behavior is in accordance with general
filled with gaseous nitrogen at the pressire= (1-2) X regularities of spontaneous formation of hexagon patterns
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FIG. 2. Growth of the hexagon cluster from a solitary LS
the self-completion scenario). The sequence of snapshots
a)—(f) is obtained under a slight increase of the feeding

FIG. 1. The characteristic current-voltage loop connected wit
the filamentation of current in the deviceA)(dielectric branch;

(B) conductive branch: Ignition of the homogeneous discharg oltage in the domain of transitiof¥) in Fig. 1. An image

at the critical voltagel, = Uy; (C) spontaneous formation of 5. jisition technique working with the framing rate 25 Hz was
a hexagon pattern from the homogeneous state at the crmc%lged. The linear dimension of the area showd is 14 mm.

voltage U,,; (D) successive decay of the number of filaments _ — _ % 10*
in the pattern; €) branch for one filament (solitary LS)F) Zarim3<92t§(gs<i/g L4 mm, d, = 045 mm, P = 1.5 X 10" Pa,
formation of a hexagon cluster, induced by a LS, at the critical b '

voltage U < U,. The diameter of the discharge area is . . .
20 m?n_ E;"élrgmeté‘?ﬁg —1.0mm.d, = 1.0 mm. N F?ressure a number of theoretical (analytical and numerical) works

P =168 X 10* Pa. [3,4,6,8]. An increase in the voltage leads to the appear-
ance of other filaments, which grow almost exactly on the
in nonequilibrium systems [1]. However, in our case thering [see Figs. 2(b) and 2(c)]. Figures 2(d)—2(f) show
value Uqown is much lower than the voltagé,, needed the further growth of the pattern, which develops through
to form a hexagon pattern. This indicates the stronghe building up of new filaments on hexagon lattice sites.
subcriticality of the system. The final pattern in Fig. 2(f) for the given voltage is a lo-
Decreasind/, along branch) of the loop in Fig. 1, we calized hexagon cluster on the homogeneous background.
can achieve a state with a single stable filament, which i§ince the cluster formation from the initial LS occurs in the
actually the solitary LS. Brancli] in Fig. 1 alsoillustrates very narrow range of the feeding voltage, it corresponds
the response of the system containing one LS to the voltage vertical branchK) in Fig. 1. Formation of a structure
increase. The arrowr) marks the voltage level where the via successive building up of additional LS’s on maxima
hexagonal structure develops from the solitary LS. Theof oscillating tails of existing LS’s has been described in
intrinsic noise of the device makes it difficult to determine several theoretical works [3,6,8]. Following Ref. [3] we
exact values of the critical voltagds,, andU,,1): The  refer to this phenomenon as the “self-completion” process.
lower U, is compared to these values, the longer is the time The nonlinear properties of the system depend on experi-
that is needed for a corresponding transition to occur. Wenental parameters (such as the valuespPofand d,).
also note that pattern formation occurs at small currenfThe self-completion scenario is pronounced when the
i.e., at low power dissipated in the device. This is alsathresholds for spontaneous and induced generation of LS’s
valid for the data presented in Figs. 2—4, where we do nofvoltagesU,, andU,y(1)) are well separated. This implies
specify the current amplitudes. the strong subcriticality of the system. The amplitude of
Figure 2(a) shows an example of a single filament statd.S’s against the homogeneous background also depends
The filament consists of a bright core which is surroundedn the experimental parameters, and the role of noise can
by a ring. Such a structure of LS’s has been discussed ibe fairly important for the stability of a cluster. Noise can

(b) (©) (d)

FIG. 3. Example of the interaction of a large cluster of LS’s with “evaporated” LS’s. Snapshots have been obtained at a fixed
U, > Uy, (see Fig. 1) at successive times (a) 0 sec, (b) 8 sec, (c) 10 sec, and (d) 23 se20 mm. Parametersi, = 0.8 mm,
d;, = 1.0 mm,P = 1.3 X 10* Pa,U, = 1900 V.
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FIG. 4. lllustration of the attractive interaction between LS's in the cluster. The systemlUg,at < U, < Uy on branch

(D) of Fig. 1. Shown are (a) the nonperturbed state; (b) the reaction of the system to the local perturbation; successive stages of
pattern relaxation at = 6 sec (c) and = 9 sec (d) after the perturbation is removed. = 15 mm. Parameters/, = 0.8 mm,

d; = 1.0 mm, P = 1.37 X 10* Pa,U, = 1900 V.

destroy the hexagonal order of a cluster. This is demonis the constant of the discharging). The tegnV takes
strated in Fig. 3, which presents the evolution of a largento account the global negative feedback existing in an
cluster at fixed parameters. The noise induces the “evap@&lectrical system: Voltage supplied by a battery drops
ration” of LS’s from hexagon facets into the surroundingpartly on passive resistive components of the device and
active space of the system, their wandering and subsen external loads. We consider this feedback to be pro-
quent condensation onto the same or other boundary citgmrtional to the total number of carriers in the gap. To
of the cluster “lattice.” Such a behavior exemplifies quiteinclude it in the local Eq. (1), its value is normalized to
clearly the quasiparticle nature of LS’s. It strongly re-the average density
sembles the process of interaction of a condensed phase o
with its vapor, which is responsible for such phenomena N=s"! f NdS,
in condensed matter physics as the Ostwald ripening [17]. §
The next experiment shows quite unambiguously thavheres is the area of the system.
existence of attractive interaction between LS's, which The dynamics of the carrier density is governed by
gives rise to their condensation into a compact hexagondheir decay with lifetimery and avalanche multiplication,
cluster. While going along the routa) — (B) — (C) —  the first and second terms on the right-hand side of
(D) of Fig. 1, a stable hexagon had been prepared; sded- (2), respectively. The efficiency of the autocatalytic
Fig. 4(a). Then the active area of the device containingivalanche process is determined by the constants,
the cluster was partly screened from the light exciting theénd N*.  For low current (i.e., for smalN) the rate of
semiconductor electrode. In this way the cluster has beefultiplication of the carriers during their drifting through
separated into two parts; see Fig. 4(b). After removinghe gap does not essentially dependian An increase in
the perturbation the system relaxes, so that the LS’s agaft/rrent is accompanied by a decrease in the voltage drop
form a cluster, which now can be of a different shape; se@cross the gap. This “falling” part of the current-voltage
Figs. 4(c) and 4(d). characteristic reflects the negative differential conduc-
It has been shown during the last decade that formatiofance (NDC), which indicates transition to the glow
of patterns in some gas discharge [15] and semiconductéggime of the discharge. Thus, Eq. (2) takes into ac-
gas discharge [16] systems can be properly interpreted giPunt phenomenologically the main features of low-
the basis of reaction-diffusion equations. Trying to com-current discharges including the Townsend and glow
prehend the observed phenomena, we apply below a simpfi®mains (see Ref. [20]). The last terms in Egs. (1) and
semiphenomenological reaction-diffusion model for the(2) describe the diffusive spreading of variables in the
transport of electrical current in our two layer system.plane of the system. We stress that it is the NDC of the
As variables we use the potential drépacross the dis- discharge domain which gives rise to pattern formation in
charge gap and the density of charge carrérsProceed- the systems considered; see Refs. [10,16].
ing from the previous study concerning the local kinetics The proposed model demonstrates two successive bi-
of these variables in the system [18], the equations can biércations when the control parametgy is varied. First,

written as with increasingU, the transcritical bifurcation from a
oU Uy — yN — U dielectric stateN = 0 to thg h(_)moge_neous conductive
Py c¢NU + DyAU, (1) stateN > 0takes place. This blfu_rcatlon occurslég =
ON N v N ) 1/aty and corresponds to the poitiy of the experimen-
—=——+ NU[a + b<—> } + DyAN, tal characteristic in Fig. 1. Fdby > Dy andry > 7y,
ot ™ N + N* further increase otJ, is followed by the destabilization

(2)  of the homogeneous state via the Turing bifurcation; i.e.,
where the first equation describes the charging up of tha mode with some spatial peridd. grows [21].
capacity of the discharge gap from an external voltage Numerical simulations using the standard Euler scheme
sourcelU, with the characteristic timey [19] and its dis- confirm stability analysis results: At paramet¥}, ex-
charging due to the presence of free carriers in the gap (ceeding some valudf, in Fig. 1), a pattern forms which
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In conclusion, in the activator-inhibitor system we have
observed formation of complex structures via the self-

(a) (b)
completion process. The localized states which build an
extended pattern to a large extent retain their individ-
ual (quasiparticle) nature. Phenomena like clustering and
evaporation of LS’s from clusters are registered. This
shows the striking similarity of some properties of dis-
r sipative structures and crystals.
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