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Self-Organized Quasiparticles: Breathing Filaments in a Gas Discharge System
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A quasi-two-dimensional, lateral ac-powered gas discharge system is investigated experimentally
from the point of view of pattern formation. In a certain parameter range, well localized self-organized
quasiparticles in the shape of current density filaments are observed. By varying the supply voltage,
such objects can be destabilized and stationary filaments with a circular symmetry undergo a transition
towards breathing filaments of dumbbell shape. [S0031-9007(99)08935-8]

PACS numbers: 47.54.+r, 52.80.Pi, 82.20.Mj

Localized particlelike structures in continuous non-contacted on their outer surfaces. One of these contacts
linear systems, also referred to as spots, dissipative solis transparent. Therefore, the light emitted from the gas
tons, or autosolitons have been observed experimentalljischarge space can be recorded optically. Itis a measure
as well as theoretically under various circumstancegor the current density in the gas. Glass plates and gas
[1-6]. Fundamental theoretical studies of self-organizedjap have a thickness of about 0.5 mm each, whereas the
guasiparticles in reaction-diffusion systems of thelateral extension of the active region lies in the range
activator-inhibitor type have been undertaken by differenbf 5-50 mm. The system is supplied by a 200 kHz
authors [4,7,8]. Theoretical investigations of the breathsinusoidal ac voltage with voltage amplitudes up to 1 kV.
ing motions of spots and their static deformations have We measure the global luminous intensity with the aid
been carried out for activator-inhibitor systems with aof a photomultiplier device and examine the lateral dis-
piecemeal linear activator nullcline [3,9]. Well localized tribution of the emitted light with video or high-speed
breathing objects have been found on an experimental b@ameras, including a framing camera system allowing for
sis in two-dimensional chemical systems [10]. Howeverthe recording of two-dimensional light intensity distribu-
these oscillations have been interpreted as an interactidions with a time resolution down to 300 ns. By observing
of a front with the system’s boundary and not as os-the luminous intensity distribution through the transparent
cillations of the radius of a self-organized quasiparticleelectrode, we average its intensity distribution in a direc-
independent of the boundary. Pulsations of circular asion perpendicular to the electrodes. We thus neglect the
well as of dumbbell-shaped flames have been observefdrmation of transient glow discharges in the gas gap and
in porous plug burners [11]. In lateral gas dischargetreat the device as a quasi-two-dimensional system.
systems, i.e., in systems where the lateral extension of For appropriate system parameters, a single filament
the electrodes is large with respect to the thickness of thean be stabilized on the active area. Such a current
gas gap, self-organized quasiparticles have been knowdensity filament has a diameter of about 1 mm and is
for many decades [12,13]. Only recently, however, haveherefore small compared to the size of the active region.
such systems been investigated systematically from thBepending on the parameters, a filament can be stationary
point of view of pattern formation [14—16]. or in moation, usually at a speed of some pfsn

In this paper, we present results that were obtained In the present paper we are concerned with a desta-
experimentally in a quasi-two-dimensional, lateral dielec-bilization process of single filaments: in a gas mixture
tric barrier gas discharge system. This strongly nonof py. = 350 hPa andp,;; = 33 hPa(1 hPa= 10? Pg),
linear system shows a great variety of patterns. On thsingle current density filaments are observed in a cer-
one hand, there are interacting solitonlike current dentain voltage range. If the voltage amplitude is decreased,
sity filaments that can be considered as self-organizestarting with one circular filament, the latter can undergo
guasiparticles, and, on the other hand, there are curreat transition towards a dumbbell-shaped filament. Fig-
density domains [15,17]. This gas discharge system hasre 1(a) shows examples of spatially resolved luminous
been simulated with a two-dimensional fluid model, treat-density distributions and their profiles of both a rotation-
ing electron and ion dynamics by continuity and transportlly symmetrical and a dumbbell-shaped filament. Fila-
equations. These particle density equations are coupledents of dumbbell shape may be stationary or perform a
via Poisson’s equation [18,19]. Both periodic patterns ofrotational motion on a time scale of seconds.
filaments and solitary filaments were found in the system In a first step, we are interested in which way the global
using this fluid model [20]. brightness of a filament depends on the supply voltage.

The gas discharge system investigated experimentallyhe upper voltage limit for the existence of single solitary
consists of a planar arrangement of two glass plates whicfilaments in the above mentioned gas mixture is 680 V. At
enclose a gas layer. The glass plates are electricalljigher voltages, further filaments are generated. Starting
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6 mm from this point, the voltage amplitude was decreased and

@ T 250 time series of the global luminous intensity of the filament
were recorded at constant voltage and then averaged over
a time period of 50 ms. This global, long time scale
intensity of the filament slightly increases towards lower
voltages [Fig. 1(b)]. Thisincrease is significant for the gas
6 mixture investigated. At a voltage amplitude of 607 V, a
sharp transition takes place: the global intensity grows by
a factor of approximately .4 within a voltage interval of
5V leading to the state of a dumbbell-shaped filament.
A further decrease of the voltage once again leads to a
slight growth of the filament's brightness. At 560 V, the
filament vanishes abruptly. Although the phenomenon

9 itself is reproducible, the exact voltage value at which
; the transition occurs depends very sensitively on the gas
. mixture.

. i If the filament is not extinguished but the voltage raised
*g /' opportunely, the luminous intensity follows the same
" ; . i dependence on the voltage in the reverse direction without

3s 80T . 1 measurable hysteresis.
E ] 70_'_= & - ] To get a first impression of the dynamic range of
2%* t . a filament's luminous intensity, one may look at the
c 60T <y / 1  standard deviation of its temporal evolution. In Fig. 1(c)
E 50+ e e . the standard deviation with respect to the mean intensity,
sl Tttt e e ] again calc.ulated. for a period of 50 ms, is p'Iotted versus
b e b the global intensity. It turns out that the relative deviation
of the luminous intensity of circular as well as of
vaigeY: () dumbbell-shaped filaments is more or less constant in the
() 257— I , i — entire voltage range of their existence. In the intermediate
transition range, the deviation is considerably higher.
E il o . | The sharp transitions between the intermediate luminous
gg ) intensity state and the low- and high-intensity states,
5E gl . = respectively, indicate that the intermediate state belongs
&~ . ) to a completely separate mode and does not represent a
‘g% smooth transition between circular and dumbbell-shaped
25 01 / 1 filaments.
g'ﬁ . . We now take a closer look at the spatiotemporal
% § 5+ e - S e o evolution of the different filament states in order to clarify
g the bifurcation scenario described above. Figure 2(a)
= ey e et shows a typical time series of the global luminous
40 5 6 70 80 %0 100 intensity of a filament in the intermediate voltage range.
luminous intensity ¢ (a.u.) In this time series, one finds two characteristic levels

. , : .. _of the luminous intensity corresponding to circular and
FIG. 1. Global behavior of a filament undergoing a transition . . .
from a circular to a dumbbell-shaped state. (a) Two example_Qem”m:"d filaments, respectively. _T_he filament stays
of circular and dumbbell-shaped filaments and their profilesin one of the states for several milliseconds and then
The pictures show luminous intensity distributions lateral to theundergoes a transition towards the other filament state

current flow. (b) Dependence of the global luminous intensitywithin 50-100uxs. The two levels of brightness of the
on the voltage amplitude. The pictures show the spatial disgiven time series differ by a factor of about4. This

tribution of the filaments in the low- and high-intensity states, ; ! .
respectively. In the steep transition range the filament occupied@ches the ratio of the end and starting points of the

a qualitatively different state. (c) Relative fluctuation of the lu- low- and high-intensity branches of Fig. 1(b).
minous intensity of the filament. Again the pictures indicate the In addition to the global measurement carried out, the

form of the filament in the corresponding branch of the |Umi-discharge was observed with the framing camera system.

nous intensity. The range of high deviation corresponds to .th‘f:igure 2(b) shows the evolution of the filament's spa-
steep transition range in plot (b). Parameters: gas-gap thICkF-

ness 0.5 mm, dielectric thickness 0.55 mm each, system's dii@l distribution. The time of measurement of each pic-
ameter 10 mmy = 180 kHz, p = 350 hPa helium+ 33 hPa  ture represented in Fig. 2(b) is matched in Fig. 2(a). The

air, U = 605 V, exposure time0 us. state of low luminous intensity corresponds to filaments of
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fluctuations of circular filaments are mainly stochastic.
There is, however, one characteristic frequency peak of
relatively low amplitude in each Fourier transform. In
Figs. 3(a) and 3(b) frequency and corresponding power
are represented in dependence of the supply voltage. The
oscillation frequency decreases monotonously with falling
voltage before the bifurcation point to the intermediate
state occurs.

Beyond the bifurcation point towards the intermediate
state the periodic oscillations continue at growing ampli-
tude. The frequency branch of circular filaments contin-

ues to fall towards lower voltage amplitudes reaching a

o o A value of about 300 Hz. Parallel to this, a second peak at

(

£
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&8 & 8 & 8 &

o4

" timet (ms) a higher frequency level occurs. This peak consists of a
(b) whole band of frequencies with an approximate half-width
t=0ms t=2ms t=4ms of 500 Hz. The local maximum of this frequency band is
also represented in Fig. 3(a). The level of the power in-
» tegrated over the whole frequency band is higher than the
’ power of the low frequency branch. In the range of stable
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FIG. 2. Spatiotemporal evolution of a breathing filament.
(a) Typical time series of the global luminous intensity of
a filament in the transition range from circular to dumbbell-
shaped filaments. (b) Spatial distribution of the filament at
different times of measurement. The corresponding numbers
are indicated in (a). Parameters: gas-gap thickness 0.5 mm vv o o
dielectric thickness 0.55 mm each, system’s diameter 20 mm,
f = 184 kHz, p = 350 hPa helium+ 32 hPa air, exposure ' t f ' f + t ' t
time 50 us. 600 605 610 615 620 625
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rotational symmetry, while the filaments in the state of
high intensity are of a dumbbell shape. We therefore have
to deal with a breathing motion between the two charac-
teristic filament states. We talk of a breathing motion be-
cause it is only the filament's extension which oscillates,
while its amplitude stays approximately constant. Fig-
ure 2(b) shows an example in which the filament breathes
and rotates at the same time.

A closer look at the transition shows that a dumbbell-
shaped filament having two maxima turns into an ellip- 8
tically deformed filament with only one maximum in the
luminous intensity. This deformed filament then decreases el B
in eccentricity and reaches the state of a circular filament. 600 605 610 815 620
By taking frames of dumbbell-shaped filaments with an ex- voltage U (V)
posure time of one half-cycle of the driver period we could

exclude a rocking motion of a single filament leading to aFIG. 3. Characteristic oscillation frequencies of a filament.

two-armed filament on a longer time scale. (a) Dependence of the frequen£yon the voltage amplitud®.
The fil t's alobal briaht . tigated wit Squares correspond to circular filaments, circles and triangles
e filament's global brightness was investigated withy, jaments in the transition state. (b) Power of the frequency

regard to characteristic oscillation frequencies. Theyeaks shown in plot (a). Parameters: dimensions as in Fig. 1,
Fourier transforms of the time series indicate that thef = 180 kHz, p = 350 hPa helium+ 33 hPa air.

24

20

16

12

power P (arb. units)
B e B s e B B B e

| 1 1 1 | - I L Ll 1 1 1

=]
n
(5]

3430



VOLUME 82, NUMBER 17 PHYSICAL REVIEW LETTERS 26 ARIL 1999

dumbbell-shaped filaments, no characteristic frequenciggsected in ac systems on the basis of a phenomenological
could be detected. activator-inhibitor model.
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