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Static and dynamic two-dimensional patterns in self-extinguishing discharge avalanches
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We present experimental studies of the rich variety of two-dimensional current-density patterns that
form in self-extinguishing or “silent” gas discharges between insulated, planar electrodes. Steady-state
conditions evolve over seconds in this system, making it well suited for studies of the dynamics of non-
equilibrium patterns. Because the patterns arise from nonlinear charge conduction processes in gases,
the type of pattern obtained for a given set of bias parameters depends on the gas composition. While
time-independent, Turing patterns are predominant in nearly pure He for the gap height used here, we
find that adding H,O vapor as an impurity gas produces several types of patterns with persistent time
dependence. As the drive frequency is lowered, patterns with noisy space and time dependence become
increasingly common. This probably reflects an enhanced effect of space-charge fluctuations on the

discharge initiation sites.

PACS number(s): 82.40.Ck, 05.60.+w, 47.54.+r, 52.80.—s

I. INTRODUCTION

Pattern formation occurs when the microscopic com-
ponents of a large system interact in such a way that a
macroscopic ordering emerges. The phenomenon of pat-
tern formation is extremely widespread and includes, for
example, the formation of convection rolls in fluid sys-
tems [1], the cooperative or competitive growth behavior
in bacterial colonies [2], and the Turing patterns recently
observed in nonequilibrium chemical reactions [3]. These
and other nonequilibrium systems have been the subject
of extensive research over the past two decades [4].

We report studies of patterns in the visible light emit-
ted from a gas that is made conducting by large electric
fields. The self-extinguishing discharge avalanches that
produce the patterns occur in near-atmospheric pressure
gases that fill a narrow gap between planar, dielectric-line
electrodes. For appropriate ranges of the experimental
control parameters, regions of high- and low-current den-
sity form in the gas and arrange themselves into a num-
ber of different light-emitting two-dimensional patterns
[5-7]. This spatially nonuniform breakdown, which is
called a “‘silent” discharge [8], has been observed in many
different gases and has applications in industrial ozone
production [9,10] and in uv photochemistry [11,12].

In silent discharges, nonlinearities in charge transport
in gases, and the special boundary conditions at the
dielectric-lined electrodes, produce the extremely rich
variety of static and time-dependent, two-dimensional
patterns that we have observed, some of which have been
reported previously by other authors [13,14]. Below we
discuss the conditions under which time-independent
Turing patterns are observed in silent discharges and
compare the experimental bifurcation sequences to some
of those found in simple amplitude equation models of
time-independent patterns in nonequilibrium systems [4].

Because the time scales in the silent discharge allow
pattern selection to take place over seconds, they are par-
ticularly well suited to studies of the dynamics of far-
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from-equilibrium patterns (for comparison, in fluid con-
vection and nonequilibrium chemical reactions, hours or
days may be required to reach a steady state). Here, we
report the observation of a variety of time-dependent pat-
terns when H,O vapor is added to the main gas constitu-
ent, He. As the drive frequency is lowered, patterns with
random components in both space and time become in-
creasingly common. We believe that this is due to the in-
creasing importance of fluctuations in the space charge
that accompanies the light-emitting patterns in this sys-
tem. These disordered patterns are similar to those found
in recent mesoscopic simulations of reaction-diffusion
systems [15], in which fluctuations also play an important
role.

Many of the patterns we have observed resemble those
found in other spatially extended, nonequilibrium sys-
tems (e.g., fluid convection [1] and nonequilibrium chemi-
cal reactions [16]). This is all the more interesting when
one considers some of the significant differences between
the physical mechanisms that govern these systems. For
example, patterns in fluids and in nonequilibrium chemi-
cal reactions evolve under the influence of local interac-
tions, while in silent discharges, long range space-charge
fields play an important role in producing spatially
nonuniform conduction. The similarity in the patterns
these very different systems display suggests that the pat-
terns should be understandable in terms of models that
do not include all of the details of the fundamental
dynamical equations, and that for certain ranges of the
control parameters, the appropriate, simplified models
may belong to the same universality class.

In the following we describe the experimental setup in
Sec. II. Section IIT discusses charge transport in gases,
and the qualitative features of the special geometry and
boundary conditions used in silent discharges that lead to
the formation of patterns in the current density. Section
IV defines the gap compositions and gap heights used in
the experiment. Section V presents the static patterns
that dominate in nearly pure He, along with phase dia-
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grams that show how the pattern symmetry and wave-
length vary with the bias voltage and frequency. Section
V1 discusses the various types of time-dependent patterns
that appear as water vapor is added to the main gas con-
stituent, He, including the disordered patterns found for
low-frequency drive.

II. EXPERIMENTAL SYSTEM

The silent-discharge cell consists of a gas layer
sandwiched between a pair of dielectric-lined, transparent
electrodes. The visible light patterns that we record are
produced by repetitive, transient breakdown of the gas,
initiated by an alternating-polarity voltage bias to the
electrodes. Because the density of excited species in-
creases with the current density in the gas, patterns in the
current density produce the corresponding light-intensity
patterns that we record through the transparent elec-
trodes. The overlap of the upper and lower 7 mm diame-
ter circular electrodes defines the active discharge area.

Figure 1(a) shows a schematic side view of the cell.
The electrodes are lined with glass sheets with thickness
h =125 pum and dielectric constant ¢;=6g, [17]. Using
glass shims, the plate spacing is set to a separation d (125
pm, unless otherwise noted), which is much smaller than
the lateral dimensions of the electrodes. This geometry
inhibits the formation of the branched, dendritic “light-
ning bolt” patterns that have been studied in transient
discharge experiments [18] in other geometries. A
square-wave voltage bias, provided by the amplified out-
put of a programmable waveform generator, drives the
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FIG. 1. Schematic of experimental setup. (a) Side view of
silent discharge cell. (b) Diagram of gas box, bias circuitry, and
image-collection setup. (c) Top view of experimental cell. The
overlap of the transparent electrodes (indium-tin-oxide) defines
the discharge region and is shown as a shaded circular area.
The electrodes can also be moved laterally to produce the non-
circular discharge areas used in Figs. 6(b) and 6(c), and in Fig.
10.
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transparent electrodes. Driving the electrodes with a
sinusoidal bias gives results similar to the square wave
used here, with poorer contrast in the visible light inten-
sity between the low- and high-current parts of the
discharge.

When the peak, total electric field in the gas, E oo is
large enough, current flows in the gas between the insu-
lated electrodes. This current excites the atoms and mol-
ecules that emit the visible light viewed with a CCD cam-
era through the electrodes [Fig. 1(b)]. The camera has a
frame rate of 30 per second and an aperture time of
1/30th of a second, so that for typical drive frequencies,
the images recorded average over many drive cycles. The
top view of the cell in Fig. 1(c) shows what the camera
sees. Although the light intensity from the silent
discharge is also nonuniform in the direction perpendicu-
lar to the electrodes, the ratio of the electrode diameter
to the gap height is ~50 or greater, so the lateral pat-
terns we study are essentially two dimensional. The im-
ages we collect through the transparent electrodes in-
tegrate any vertical structure in the discharge.

Because the cell’s boundaries are open, the gas compo-
sition between the plates is the same as in the surround-
ing sealed box. The gas mixture is prepared by evacuating
this box, backfilling it with a small amount of water va-
por, and then adding high purity He gas.

III. NONLINEAR CHARGE TRANSPORT
IN THE SILENT DISCHARGE

Silent discharges occur in electric fields that give elec-
trons sufficient kinetic energy to break down the gas by
impact ionization [8,19]. Because the kinetic energy that
electrons gain from the field is limited by their inelastic
collisions with the gas, which occur at a rate that in-
creases with the gas density ng, the scale for the electron
energy in the silent discharge is set by the reduced field
ratio E /n,. For the fields in the gas in our experiments
E/n, reaches ~800 Td (1 Td equals 10~!" V/cm?),
sufficient to break down most gases for the gap heights
and pressures that we use [20,21]. In such large fields,
the free electron energy greatly exceeds the thermal ener-
gy of the ions and neutral particles, so that silent
discharges produce a dilute, far-from-equilibrium plasma,
with typical values for the electron density of [8,19]
n,~103-10" cm 3.

The basic laws that govern the silent discharge are the
equations of continuity for the electrons and ions and
Maxwell’s equation for the divergence of the electric
field. For the simple case of a gas with only one species
of ion, these equations are [22]

on,/ot=—V-(n,v,—D,Vn,)+an,v,—Rn,n , (1a)

on, /dt=—V(n,v,—D,Vn, )+an,v,—Rn,n, ,
(1b)

V-E=e(n,—n,) /gy, (1c)

where «a is the electron impact-ionization coefficient, R is
the recombination coefficient, n, and n_, are the number
densities of the electrons and positive ions, respectively
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[23],and v,, v, D,, and D, are their drift velocities and
diffusion coefficients. Because the drift velocities, « and R
are strong functions of the electric field, conduction in
the gas is highly non-Ohmic. Equations (1) assume that
the magnetic fields generated by the flowing charge have
a negligible effect, and also neglect volume photochemical
processes. In gases with more than one kind of positive
ion, an additional continuity equation would be required
for each species. In attaching gases (e.g., CO,), the for-
mation of negative ions [24] requires an additional loss
term in Eq. (1a), and continuity equations for each nega-
tive species. Here, the boundary conditions that accom-
pany Egs. (1) are that the voltage bias applied to the elec-
trodes V= f E-ds from the positive to the negative elec-
trode, and that no particles cross the surface of the
dielectric sheets [19].

Because the time scales for electron and ion motion are
quite different, numerical simulations of the nonlinear,
dissipative partial differential equations in (1), with the
above boundary conditions, are extremely slow. Simula-
tions have been made for silent discharges only in two
space dimensions (the dimension normal to the insulated
electrodes and one lateral dimension), for small lateral
lengths that contain a single discharge avalanche [25].
Because there have been no numerical studies of the two-
dimensional (2D) discharge patterns discussed here, a de-
tailed picture of the dependence of the pattern form on
the parameters in Eqgs. (1) is not available. However, the
qualitative factors that favor laterally nonuniform
current flow in silent discharges, which are electron
avalanches in the gas, coupled with the space charge
fields produced by charge accumulation on the dielectric
surfaces, are discussed below.

Figure 2 illustrates the processes that occur in the
silent discharge during a cycle of a square-wave bias volt-
age of amplitude V. As shown in Fig. 2(a), charge flows
in the gas during short [10,26], submicrosecond pulses
that start just after the bias voltage reverses sign (for sim-
plicity, Fig. 2(b) assumes laterally uniform current flow in
the gas). This current causes electrons to accumulate on
the dielectric sheet over the anode, and ions to accumu-
late on the dielectric over the cathode [left-hand side of
Fig. 2(b)]. So, the total electric field E ,, is a combination
of the electric field E,;,, produced by the charges on the
anode and cathode and the field £, produced by the
space charge that collects on the dielectric surfaces. As
the discharge progresses, the space-charge field E
reduces E,; until loss processes such as electron attach-
ment outstrip ionization, and the current in the gas falls
to zero. For current pulses that transfer a uniform sheet
charge density +o, onto the cathode, and —o, onto the
anode [left-hand side, Fig. 2(b)], the magnitude of the
field in the gas just after the current pulse is approximate-
ly [27]

as —(Vp€;—2ho,)/(de; +2heg) . (2a)
Here, ¢; is the dielectric constant of the glass insulating
layers (~6¢,), d is the gap height, and A is the thickness
of the dielectric layer. The electric field E;,,/¢; in the
dielectric layers increases as charge collects on the dielec-
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tric layers in response to the decrease in E ,, produced by
a current pulse. Thus, just after a current pulse, most of
V, drops across the dielectric layers. When the bias volt-
age reverses, the space-charge field E reinforces the field
E ;.. as sketched on the right-hand side of Fig. 2(b), so
that just after the bias voltage changes sign, the field in
the gas is approximately

Eg=(Vy&,+2h0,)/(de, +2he,) (2b)

where loss processes (e.g., recombination) during the
zero-current part of the previous half cycle have been
neglected. This enhanced field at the beginning of the new
half cycle initiates a new current pulse, which transfers
charge across the cell until the opposing space-charge
field once again extinguishes the particle current across
the gap. The enhancement of E,, by the space-charge
field at the beginning of each current pulse makes the bias
voltage required to maintain the silent discharge substan-
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FIG. 2. The current in the gas flows in submicrosecond, self-
extinguishing current pulses that transfer a sheet charge density
0, across the gap. (a) Bias waveform applied to the electrodes,
and corresponding current pulses in the gas. (b) Space charge
field E,, bias field Ey;,,, and transferred sheet charge density o,
just after a current pulse (left-hand side) and just before a
current pulse begins (right-hand side), for the case of laterally
uniform o,. Here h is the thickness of the dielectric layer and d
is the gap height. (c) Sketch of evolution of space-charge distri-
bution during a current pulse. (1),(2) initial stages of current
discharge; (3) impact-ionization avalanche; (4) end of current
pulse.
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tially less than the bias voltage required to first initiate it,
because the space-charge fields are absent until the first
current pulse.

The relative sizes of E,, and E.;,, can be estimated
from the particle current I, that flows in the gas during
a current pulse. We find I, by measuring the total
current I+, in the electrode leads with a current-
sensitive probe and a digital storage oscilloscope, and
then subtract the displacement current contribution due
to charging the electrodes, I, which we measure for the
same bias waveform in the evacuated cell. The
transferred sheet charge density o, is approximately
o, = f I,,(t)dt]/ A, where A is the total lateral area
filled with a bright discharge. Using this estimate of o,
in Eq. (2b) gives a space-charge field E,, comparable to
Ebias'

For a range of bias parameters, current flow in the gas
is laterally nonuniform, as illustrated schematically in
Fig. 2(c) for times during one discharge avalanche. The
tendency of silent discharges to form such laterally inho-
mogeneous current and transferred charge densities stems
from the impact-ionization mechanism [28,29] for
current flow in the gas. Consider a fluctuation that pro-
duces a local enhancement, An,, in the free electron den-
sity, as sketched in Fig. 3. The superposition of the field
Eyies and the space-charge field E,, from this region of

excess electron density makes the total field E,,; largest
in the direction of electron drift just in front of An,. Be-
cause the impact-ionization coefficient a in Egs. (1) is a
rapidly increasing function [22,30] of E, the rate of free
electron production reaches a maximum just in front of
An,, so that the electron avalanche will travel toward the
anode much more rapidly than it spreads laterally. Thus,

electron
drift

local excess electron
density, Ang

A

©

FIG. 3. Enhancement of the total field E,,, just in front of a
region of excess electron density, An,, at the head of an
avalanche. In the direction of electron drift, E An, reinforces

Eyi, sO that the avalanche spreads faster in the direction nor-
mal to the electrodes than in the lateral directions.
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the avalanche tends to punch through the gas along a
spreading, needlelike path [31], and the cross section of
isolated avalanches initiated by a localized ‘“‘seed” elec-
tron distribution is circular [32] for small gap heights d.
When the avalanche runs into the dielectric over the
anode, electrons accumulate in a patch on the dielectric
surface. The ions produced by the avalanche travel
(much more slowly) to the dielectric over the cathode,
where they produce a patch of excess positive charge, in
the same lateral region as the electrons. Thus, the focus-
ing of the impact-ionization avalanche along the direc-
tion of the field E,;,, produces localized regions of large
o, on the dielectric surfaces. These regions of large o,
tend to remain in the same location on the dielectric sur-
faces from cycle to cycle; because current flow across the
gap is enhanced where E,,; at the start of a current pulse
is largest, and because the maximum value of the normal
component of the field at the beginning of a current pulse
occurs where the charge density transferred in the previ-
ous half cycle is largest. As V), increases, the peak, total
field in the gas also rises, and the area occupied by a
high-current avalanche tends to grow.

We have observed that lateral variations in the current
density appear in the silent discharge only over a range of
fields in the gas. If E,, is too small, no current flows.
For large enough E,,, the entire discharge area breaks
down, so that in this high-field limit, a laterally uniform,
bright glow is emitted from the cell. The existence of an
intermediate field range over which current flow is la-
terally nonuniform is typical in bulk materials with
avalanche current flow, such as gases and semiconductors
[33], which can have bistable, S-shaped current density
field characteristics. This is illustrated qualitatively in
Fig. 4, which shows how low- and high-current-density
regions can coexist, as may be relevant to silent
discharges. For E,, below a threshold field Ey,, the J-E
characteristic is single valued, and the current density is
small and uniform. For E, > E,;, the J-E characteris-
tic is also single valued, and the current density is large
and uniform. If E, is in the bistable region between Ey,
and E ;, charge flow can break up spatially into regions
of high- and low-current density, corresponding to each
of the two stable branches of the J-E curve (solid lines in
Fig. 4). As discussed above, in silent discharges the space
charge produced by the discharge avalanches is impor-
tant in the pattern selection process in such an intermedi-

Eth Euni

FIG. 4. Bistable J vs E characteristic. If E, is below E\;, no
discharge occurs; and if E,,, is above E,;, a laterally uniform
discharge forms. E,, in the bistable region allows current flow
in the gas to become laterally nonuniform.
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ate field regime, because space-charge fields contribute to
the electric field in the gas. The arrangement of the space
charge near the dielectric surfaces depends on how the
current density varies laterally and produces large spatial
variations in E,, both laterally and in the direction nor-
mal to the electrodes.

As mentioned in the Introduction, an important exper-
imental advantage of silent discharges for studies of 2D
patterns is the convenient time scale over which steady-
state behavior is reached after changing a control param-
eter. These times are much longer than the duration of
the discharge current pulses, in part because the charge
transferred across the gap during a current pulse stabi-
lizes gradually over many discharge cycles. This gradual
approach to a constant charge transfer occurs because
the more charge transferred across the gap in a current
pulse, the larger the initial contribution E, makes to E
on the subsequent half cycle of the drive. This tends to
increase the charge transferred across the gap on the next
half cycle, and so on. A steady situation is eventually
reached when the enhancement in the charge transfer due
to the space-charge fields balances the decay in the space
charge between current pulses.

In small-area silent discharge cells with aspect ratios
L /d ~1, roughly 10 drive cycles are required for the
current pulses to reach a steady state in which they
transfer the same charge on each half cycle of the drive
[34]. In such small-area cells, the space-charge field is
not weakened significantly by lateral charge drift and
diffusion between current pulses. In contrast, for large-
area electrodes with dimension L >>d, lateral inhomo-
geneities in the transferred charge smooth by drift and
diffusion during the time between current pulses over a
time scale at Arg .., that is presumably dominated by
the slower motion of the ions [35]. This Az should
determine the characteristic times for pattern rearrange-
ments in the large-area silent discharges we study. For
the conditions of our experiments, Aty ., appears to be
very roughly on the order of 1-10 msec based on the
~100-1000 Hz drive frequency at which the locations of
discharge regions of size ~d begin to be correlated in
time [36]. For the L /d ~ 100 aspect ratio cells that we
have studied so far (L is the electrode diameter), transient
rearrangements in patterns typically persist for ~1 sec,
or about (100-1000) X At oth -
IV. EFFECTS OF VARYING THE GAS

COMPOSITION AND PRESSURE

Because the gas composition determines the electric-
field- and pressure-dependent transport coefficients that
govern charge flow in Egs. (1), the patterns formed by
silent discharges are sensitive to the gas mixture that fills
the gap between the dielectric-lined electrodes. For the
range of experimental control parameters that we have
used, the only conducting state observed in pure He gas is
laterally uniform, although patterned states may appear
for pressures and field regimes that we have not studied.
We access patterned conducting states by adding water
vapor to He and specify the amount of water vapor in the
gas mixture as the ratio of the H,O vapor pressure initial-
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ly introduced into the evacuated cell, PHZO, to the final,

total pressure of the He-H,O mixture. The water vapor
concentrations, total gas pressures, and gap heights that
we have found to produce distinct classes of time-
dependent patterns are denoted as levels I-IV which re-
spectively correspond to water vapor concentrations of
<0.0086%, a total pressure of ~700 Torr, and d =75
um (level I); water vapor concentrations of 0.067-0.27%,
a total pressure of 300 Torr, and d =125 um (level II);
water vapor concentrations of 0.27-0.4%, a total pres-
sure of 300 Torr, and d =125 um (level III); and water
vapor concentrations of ~0.57%, a total pressure of 700
Torr, and d =75 pm (level IV).

Figure 5 shows that, in addition to producing pat-
terned conducting states, adding H,O vapor to the cell
increases the bias voltage required to maintain current
flow in the gas. The data in Fig. 5 were obtained by
ramping ¥V, to 420 V, a value substantially larger than
that required to initiate current flow, and then gradually
reducing ¥, until the current is extinguished, at a bias
voltage V. This process was repeated for several partial
pressures of water vapor in an He-H,O gas mixture with
a total pressure of 760 Torr, at a drive frequency f4 =80
kHz, for a plate spacing d =125 pm. The largest H,O
concentration, which corresponds to the maximum level
used in the experiments discussed below, increases V g by
about 25% (for other frequencies and plate spacings, the
effect on V, may be different). This indicates that H,O
vapor reduces the supply of free electrons, presumably by
attachment to form negative ions, so that larger fields are
required to prevent the avalanche’s collapse.

V. STATIC SILENT DISCHARGE PATTERNS

The states of patterned conduction that we have ob-
served for levels I and II are static away from bifurcation

Voff Vs- Relative impurity level
250.00 . - ﬁ.—wﬁﬁ_ff,__ﬁ,,,f?
240.00¢ R
/////
L /./
230.00r — ,
z ]
S | ]
< 220.00r ]
5
210.00¢ ]
200.00| A
190,00kttt )
0 500 1000 1500 2000 2500

Relative impurity level (mTorr HZO)

FIG. 5. Bias voltage Vg at which current flow ceases as the
bias voltage is reduced. V. increases as the H,O vapor level in-
creases, which suggests that electron attachment is removing
free electrons from the avalanche.
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points, for f4 < ~2000 Hz. Here, “static” means that
the pattern does not change on time scales that the eye
can follow, as expected if the high-current regions reform
at the same locations on each half cycle of the drive. We
observe three types of time-independent patterns: a hex-
agonal array of high-current-density dots, a striped pat-
tern, and an inverted hexagonal array of low-current-
density dots that thread a high-current-density back-
ground. Figure 6 shows examples of these patterns for
level I. In Figs. 6(b) and 6(c), the discharge area is non-
circular, with a roughly rhombus-shaped inner region

(a)

{b)

(c)

FIG. 6. Patterns formed at level I (d =75 um, Py, ~700
Torr, PHZO < 60 mTorr). The discharge area is circular in (a) and

has a rhombus-shaped region between rectangular sections in
(b) and (c). (a) Hexagonal pattern of bright dots (V, =400 V,
F4,=80kHz). (b) Stripe pattern (V,=350V, f4, =45 kHz). (c)
inverted hexagonal array (right-hand side) and stripes (left-hand
side), for ¥V, =320 V and f4 =6 kHz. The symbols within the
regions correspond to the points at which data were collected.

that connects to two, rectangular outer regions. As
shown in Fig. 6(b), the stripes in this low-impurity regime
tend to align parallel to the cell boundaries, where the
field falls smoothly to a value below that required to
maintain current flow. The slightly nonuniform gap
height in Fig. 6(c) is responsible for the coexistence of the
stripe and inverted hexagonal patterns, which demon-
strates the sensitivity of the pattern form to the plate sep-
aration d. For all of the images shown, high brightness
levels correspond to high current densities and low
brightness levels correspond to low current densities.
The dark spot in the upper left quadrant of some of the
images is a bubble in the adhesive between the electrodes
and their glass lining. Finally, it should be noted that it is
possible to generate a laterally uniform conducting state,
regardless of the impurity level, if a high enough voltage
bias is applied, although the bias voltage required to do
so increases as the amount of water vapor in the system
increases.

The patterns in Fig. 6 have the same form as the Tur-
ing patterns that have been observed in experimental
[16,37] and theoretical [38] studies of fluid convection
and of nonequilibrium chemical reactions. More general-
ly, hexagons and stripe patterns are commonly seen in
quasi-two-dimensional systems where the inversion sym-
metry in the direction normal to the plane of the patterns
is broken, such as non-Boussinesque convection. Models
for these static, two-dimensional patterns often use the
following Ginzburg-Landau “amplitude’ equations to de-
scribe the system’s behavior for values of the control pa-
rameters in the weakly nonlinear regime:

9, 4,=cAd,—y A3 A} —[|A4,1*+g,(|4,1*+ 45114, ,
(3)

with cyclically permuted equations for 4, and A4;. In
Eq. (3), A,, A,, and A; are the three complex ampli-
tudes, which correspond to the three basic stripe states
that make up hexagonal patterns [4]. For fluid convec-
tion, the control parameters can be defined in terms of
the fluid parameters (Rayleigh number, density, and
Prandlt number). Figure 7 shows a phase diagram for this

1A

Hexagons -
7

Ve
/

/Mixed
A / States

FIG. 7. A diagram of the amplitudes of the roll state | 4,
and hexagon state | 4, | as a function of the control parameter &.
The dashed lines correspond to unstable states, and the solid
lines correspond to stable states.
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set of model equations. As € increases, they predict a sub-
critical transition from a uniform to a hexagonal state at
e=¢g,. For values of € between ¢, and ¢, the system is
bistable for stripes and hexagons, and for values of
€>g,, only rolls are stable. So, the amplitude equations
for a system that displays both hexagons and stripes pre-
dict that the bifurcation sequence will be uniform state <>
hexagonal pattern < striped pattern, and that the transi-
tions are hysteretic. In silent discharges, patterns are
sensitive to the bias voltage V, and to the drive frequency
far (as well as to the gas composition and pressure, and
the plate spacing, which are held fixed during a given set
of experiments). To study how the form of time-
independent patterns in silent discharges depends on
these experimental control parameters, we have made
phase diagrams that show the type of pattern obtained
for varying ¥, and f4. The experimental control param-
eters ¥V, and f4 are used to describe the phase space,
since we have no way at present to link ¥V, and the drive
frequency to the model control parameters in Eq. (3).
Figure 8 shows a phase diagram for the form of the
static patterns found at level I. The data were taken by
fixing f4,, and setting the voltage to the maximum output
of the amplifier used in this series of experiments (420 V),
which produced the various conducting states along the
top of Fig. 8. The points show the parameters at which
data were taken in Figs. 8 and 9. Here, u stands for a
uniform conducting state, i stands for the inverted hexag-
onal pattern [right-hand side of Fig. 6(c)], s stands for a
stripe pattern [as in Fig. 6(b)], and h for the normal hex-
agonal pattern [Fig. 6(a)]. As the voltage is reduced from
this maximum value, the pattern changes at certain

Pattern symmetry phase diagram
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FIG. 8. Phase diagram of the pattern type as a function of
bias voltage ¥V, and drive frequency fg4.. The types of patterns
seen are hexagonal arrays of dots (h), stripes (s), inverted hex-
agonal patterns (i). A uniform discharge is indicted by (u). For
lower V, than shown, the hexagonal dot array undergoes a tran-
sition to the nonconducting state. For higher ¥, than shown,
the hexagonal dot array bifurcates to a uniform conducting
state. The dashed lines indicate the frequencies at which data
were collected.
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Pattern spatial frequency phase diagram
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FIG. 9. Phase diagram of the pattern’s spatial frequency as a
function of ¥V, and drive frequency. The spatial frequency is
measured by counting the number of pattern wavelengths per
millimeter.

values of V,, by altering either its spatial frequency or its
symmetry. In Fig. 8 the solid lines roughly outline the
regions in parameter space that correspond to patterns
with a given symmetry. These approximate phase boun-
daries may encompass patterns with forms different from
those indicated that this coarse search through control
parameter space missed. With this caveat, we find that
the boundaries between different pattern types are
tongue-shaped curves that extend out along the frequency
axis, and that as the frequency grows, hexagonal arrays
of bright dots become the dominant pattern type.

The bifurcation sequence predicted by the amplitude
equations discussed above is consistent with the observed
bifurcation sequences in the silent discharge cell obtained
by varying V, for drive frequencies below ~60 kHz: we
always observe the transition uniform state <> hexagonal
pattern <> striped pattern and never uniform state <>
striped pattern <> hexagonal pattern. Although the uni-
form conducting state at high voltages is not shown in
Fig. 8, improvements in the high-voltage amplifier made
after the data in Fig. 8 were collected allowed us to
confirm that the cell breaks down uniformly at high
enough V,, and that the first patterned state observed on
reducing ¥V, is a hexagonal array of the type shown in
Fig. 6(a). Further reduction of ¥, produces a stripe array
at drive frequencies below ~60 kHz. Thus, for wide
ranges of the drive frequency, the first two bifurcations
between states of different symmetry that are produced
by reducing ¥V, follow the standard sequence. For f,
from ~20 kHz to ~60 kHz, continuing to reduce V,
produces an inverse bifurcation sequence of stripes —
hexagonal pattern — uniform nonconducting state (which
lies at lower voltages than shown in Fig. 8).

As discussed earlier, the amplitude equation descrip-
tion also predicts that the transitions between patterns of
different symmetry will be hysteretic. We have not made
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a careful study of the nature of the bifurcations we have
observed, but we do find hysteresis as V,, is swept up or
down across the uniformly off-to—hexagonal-pattern
transition. This may partly reflect hysteresis in the
space-charge density on the dielectric plates. As dis-
cussed above, the electric field in the gas, E,,, deter-
mines charge transport, and depends on both the bias
field and the space-charge field. This fact alone leads to
hysteresis in the voltage bias at the transition between the
uniform, nonconducting state and the hexagonal con-
ducting state because the space-charge field is absent as
the voltage bias ramps up through the nonconducting
state, while on a ramp down in V,, large space-charge
fields are present until the total field falls below that re-
quired to maintain current flow. We plan more detailed
studies of bifurcations between pattern types, using mea-
surements of the transferred charge to correct for this ex-
tra source of hysteresis.

Other interesting features of the phase diagram in Fig.
8 include the more complex bifurcation sequences found
for low drive frequencies. For f4 between ~5 kHz and
~10 kHz, reducing V), over the voltage range shown pro-
duces the sequence inverted hexagonal pattern — striped
pattern — hexagonal pattern. Hexagonal and inverted
hexagonal patterns similar to the ones we observe have
also been found in experiments and simulations on non-
equilibrium chemical reactions [40]. At lower drive fre-
quencies, we find reentrant transitions to a uniform state.
For example, for f 4, =5 kHz, decreasing the voltage bias
from the inverted hexagonal state produces a transition
to a laterally uniform conducting state (which may actu-
ally be a patterned state that moves rapidly enough to
produce an apparently uniform state over the - sec aper-
ture time of the camera). Further decrease of V, pro-
duces a bifurcation back to the inverted hexagonal state.
These more complex bifurcation sequences are reminis-
cent of the reentrant-hexagon—to—stripe transitions seen
in thermal convection in the presence of a first-order
phase change [41].

As mentioned above, varying the drive frequency and
bias voltage produces transitions between patterns with
different spatial frequencies, as well as the bifurcations
between states with different symmetries shown in Fig. 8.
At the low impurity levels that produce time-independent
patterns, increasing the bias voltage or the drive frequen-
cy tends to decrease the pattern’s wavelength, as shown
in the spatial frequency phase diagram in Fig. 9. The spa-
tial frequencies are determined by counting the number
of pattern wavelengths across a segment of fixed width (a
spatial frequency of 1 in Fig. 8 corresponds to a wave-
length of 1 mm). All of the experimental control parame-
ters in Fig. 9 are identical to those in Fig. 8.

Comparison of Fig. 8 and Fig. 9 shows that the con-
tours for the pattern type (Fig. 8) and spatial frequency
(Fig. 9) are different. While the sequence of bifurcations
between pattern types shown in Fig. 8 indicates that the
pattern form may be determined by minimizing a
Liapunov functional, the tendency of the wavelength to
fall as either ¥, or f, increases implies that two factors
dominate the wavelength: the transit time for an
avalanche to cross the gap height d, and the length of

time between current pulses. As discussed above, indi-
vidual current avalanches spread as the discharge
progresses across the gap. Because drift and diffusion
tend to widen the avalanche’s lateral extent, the longer
the transit time across the cell, the more the discharge
will spread. Because increasing V, decreases the transit
time, increasing ¥}, should also decrease the lateral extent
of individual discharges, favoring the observed higher
spatial frequencies. The increase in spatial frequency ob-
served when the plate spacing is reduced is consistent
with this interpretation because reducing d also reduces
the transit time and the lateral extent of an isolated
discharge.

As shown in Fig. 9, spatial frequency also rises with in-
creasing drive frequency, f4 . As mentioned above, the
duration of a typical current pulse is less than 1 usec. In
the much longer half-drive period interval between
current pulses, the space charge on the dielectric plates
smoothes, so that a region of enhanced charge density
produced by an individual discharge avalanche will
spread more at low f4 than at high f,. Since the
discharges tend to reform where the space-charge density
at the dielectric surfaces is large, lower drive frequencies
should lead to larger discharge areas and lower spatial
frequencies, as observed. This reduced smoothing of the
space-charge density for short drive periods may also ac-
count for the dominance of hexagonal arrays of bright
dots at high f,, for which there will be less tendency for
the space-charge density from isolated discharge
avalanches to spread and overlap. If this is the case, then
the isolated discharge spot is the basic element that
makes up the observed static patterns.

We find that for level II, the observed patterns are stat-
ic for f4, above ~500 Hz and have the same basic form
as those found at level I, although with somewhat altered
appearance (Fig. 10). The hexagonal pattern of dots [Fig.
10(a)] is still stable, but the lattice has more defects, prob-
ably because the circular cell boundary strongly
influences the arrangement of the relatively small number
of elements in this coarse pattern. The pattern of stripes
[Fig. 10(b)] has a scalloped appearance. These stripes
form when the regions between adjacent dots in the hex-
agonal array fill in, which make the stripes look like a
series of beads on a string. The same filling phenomenon
takes place when the stripes undergo a transition to the
inverted hexagonal array [Fig. 10(c)]: the bulges along
adjacent stripes merge. Thus, the underlying structure of
the patterns at level II is the hexagonal dot array: the
dots connect together to make up the stripe and inverted
hexagonal patterns. At level II, the spatial extent of the
individual discharges still strongly depends on the voltage
and frequency. As discussed above, the size of the indivi-
dual discharges decreases as either parameter is in-
creased.

Increasing the water vapor concentration through level
IV produces further changes in the form of the observed
time-independent patterns. At moderate voltages and
frequencies, increasing the impurity level slowly reduces
the packing density of the hexagonal pattern. As the wa-
ter vapor concentration rises further, vacancies appear in
the hexagonal pattern of bright dots [Fig. 11(a)]. Increas-
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ing the water vapor concentration still more produces a
hexagonal pattern of vacancies, as shown at the center of
Fig. 11(b). Further increases in the impurity level pro-
duces a time-dependent state that is discussed in the next
section.

For H,O impurity levels at level III and higher, the
size of individual discharge spots, and the pattern’s spa-
tial frequency, become much less sensitive to the drive
frequency than at lower impurity levels. This suggests
that in this high-impurity regime, the processes that
determine the pattern wavelength are nearly independent
of the time interval between discharges, perhaps because
electron attachment to form heavy, negative ions slows

b)

{c)

FIG. 10. Patterns at level II (d =125 um, Py, ~300 Torr,
P prer =200-800 mTorr). (a) An array of dots (V,=210 V,
far=100 kHz). (b) Textured stripe pattern (V,=240 V,
far=100 kHz). (c) Inverted dot array (V, =255 V, f4 =100
kHz).
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down the lateral smoothing of the space-charge density.
The spreading of the avalanche discharge as it traverses
the gap and the dipole-dipole repulsions of the separate
discharge site’s space charge may be the main factors
that determine the spatial frequency.

VI. DYNAMIC PATTERNS IN SILENT DISCHARGES

The static patterns discussed above dominate for low
water vapor impurity levels. As the fraction of water va-

FIG. 11. New pattern types at level IV (d =75 um, Py, ~ 700
Torr, Pyaer =4 Torr). (a)—(c) show the reduction in the number
of nearest neighbors with increasing impurity level. Patterns (a)
and (b) are static and pattern (c) is time dependent. (a) Vacan-
cies appear in the upper right quadrant of the cell (V, =365 V
and f4, =80 kHz). (b) An open, hexagonal array appears in the
central region of the cell (V,=360 V, f4, =180 kHz. (c) Dy-
namic pattern of chained dots (V, =365 V, f,, =80 kHz).
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por in He rises, new classes of patterns with persistent
time dependence emerge. In this section, we discuss the
qualitative characteristics of these patterns and the con-
ditions under which they are observed.

Time-dependent patterns first appear at impurity level
I11, for example, a focus defect that emits outwardly trav-
eling circular waves at a rate of approximately 1 per
second, as shown in Fig. 12(a) for ¥V, =340 V and
fa:=190 kHz [the striations in Fig. 12(a) are milling
marks on the Al plate beneath the lower transparent elec-
trode and are not part of the pattern]. Target patterns of
the type shown in Fig. 12(a) typically arise in systems

(a)

with cylindrically symmetric boundary conditions, such
as for the circular discharge cell boundaries in Fig. 12.
The focus of such patterns can display interesting dynam-
ical behavior; for example, theoretical studies of
Rayleigh-Bénard convection have shown that for control
parameters far enough beyond the uniform steady state’s
loss of stability to a centered target pattern, a symmetry-
breaking instability causes the focus of the target pattern
to shift away from the center of the cell [42]. It will be
interesting to see whether target patterns in silent
discharges display similar behavior.

We also observe a new type of dynamic, striped pattern

(d)

(b)

(e)

FIG. 12. Time-dependent patterns at level III (d =125 um, Py, ~ 300 Torr, P, ~800 mTorr—1.2 Torr). (a) Target pattern of
concentric traveling waves, which are emitted from the central focus (bright spot) for ¥, =340 V and f4, =190 kHz. (b),(c) Dynamic
stripe pattern that rapidly reorients between different preferred axes (¥, =340 V and f,, =180 kHz). (d) Dynamic, mixed pattern of
stripes and dots (¥, =400 V and f4 =180 kHz). (e) Rapidly rotating hexagonal dot pattern (¥, =260 V and f4, =180 kHz).
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at impurity level III. Figures 12(b) and 12(c) show im-
ages of this pattern taken at two different times, for
V,=340 V and f,; =180 kHz. Although it cannot be
seen clearly in the images shown, the stripes appear to
align themselves normal to the (circular) boundary, in
contrast to the preferred parallel orientation of the static
stripes found at levels I and II. [This is not apparent in
Figs. 12(b) and 12(c) because of poor contrast at the
outer portions of the cell, where the eye can discern the
stripe ends splaying to a normal orientation.] The orien-
tation of the stripes changes over time, so that they ap-
pear to flicker between alignment along a set of axes
separated by ~ 120 degrees (there only two orientations,
probably determined by some irregularity in the cell
boundary, i.e., where the straight part joins the circular
part of the electrodes). The time scale for the stripes to
remain in a given orientation is ~ 1 sec, with much short-
er transitions between orientations. The quilted appear-
ance of the lower right-hand side of Fig. 12(c) suggests
that stripes of different orientations can be present simul-
taneously, and that changes in the relative amplitudes of
different stripe sets produce the time evolution of the pat-
tern.

Figures 12(d) and 12(e) show examples of two other
types of time-dependent patterns that we have observed
at impurity level III. Figure 12(d) (¥, =400 V and
f4: =180 kHz) is a mixed state of large dots and stripes
that orient normal to the circular cell boundary. This
pattern has a time dependence similar to that of the
stripes in Figs. 12(b) and 12(c): it undergoes sudden rota-

(a)

(d)

tional reorganization along a set of preferred axes
separated by ~ 120 degrees. The time-dependent pattern
in Fig. 12(e) (¥}, =260 V and f 4. = 180 kHz) appears to be
made up of a set of continuously rotating dots. The rota-
tion is clockwise and was the same for all trials. The dots
at the center move slowly, so that they do not smear the
image over the 3 sec frame duration. The outer parts of
the patterns appear to move at higher speeds, so that the
blurred appearance in Fig. 12(e) may result from the dots’
motion during the aperture time of the CCD camera.

As discussed above, increasing the impurity concentra-
tion to the low end of level IV produces voids in the static
hexagonal pattern that is the most common pattern type
at this high H,O vapor level. As the concentration of wa-
ter vapor increases, the static open hexagonal pattern in
Fig. 11(b) evolves into a time-dependent state of rearrang-
ing clusters of distinct dots [Fig. 11(c)]. As Fig. 11(c)
shows, the dots link to form linear chainlike structures.
These chains rearrange themselves, by breaking and re-
joining at new places, over time scales of ~1 sec.

At low enough drive frequencies, a different type of
time-dependent pattern commonly appears, which has
random components in both space and time. Figure 13
shows sequential images of such disordered silent
discharge patterns for level II. The time interval between
successive images is 4 sec and the control parameters are
V,=250V, f4 =1 kHz. As shown, this type of pattern
exhibits temporal correlation and some hexagonal order.
As the drive frequency increases at fixed V¥, the pattern

(b}

{c)

FIG. 13. Four sequential ;:;ictures of a disordered time-dependent state at level II. Pictures are separated by % sec (V, =250V,

far=1kHz).
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eventually becomes a static hexagonal lattice.

The quasirandom appearance of low f, silent
discharge patterns of the type shown in Fig. 13 probably
results from the nearly complete smoothing, by drift and
diffusion, of lateral space-charge inhomogeneities in the
long times between current pulses. This space charge
plays an important role in the stability of ordered pat-
terns, as discussed above. As the drive frequency is
lowered and the space charge weakens, the effects of ran-
dom charge density fluctuations on the lateral location of
current avalanches are enhanced, and lowering the drive
frequency effectively increases the noise in the system.
Although it is possible that these noisy patterns represent
deterministic spatiotemporal chaos, we find that they
occur only for low drive frequencies and voltages, which
we expect to increase the importance of fluctuations in
the system, while regions of deterministic chaos typically
occupy islands in parameter space. For all impurity levels
and sufficiently low drive frequencies, we expect space-
charge smoothing to produce such “noisy” patterns,
which we do observe at levels II, III, and IV. At level I
the wavelength of the pattern is nearly the same as the
cell’s diameter, so a larger cell would be required to see
noisy patterns that resemble Fig. 13.

The partially stochastic patterns in Fig. 13 are interest-
ing because they show a strong influence of random fluc-
tuations on patterns in a spatially extended nonequilibri-
um system. The effects of fluctuations in such systems are
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an important topic that remains poorly understood. Re-
cently, mesoscopic simulations of nonequilibrium chemi-
cal reactions have been made that include fluctuations in
a lattice-gas automaton model [15]. The results of these
simulations of Turing patterns closely resemble Fig. 13,
which is typical of the type of silent discharge pattern
that we find in the low-drive-frequency regime.

In conclusion, we have found that silent discharges ex-
hibit an extremely rich variety of both static and time-
dependent patterns. The type of pattern that the
discharge displays is sensitive to the drive frequency and
voltage, to the gap height, and to the pressure and com-
position of the gas. For low impurity levels in He, the
silent discharge forms static patterns similar to the Tur-
ing patterns observed in nonequilibrium chemical reac-
tions. For much of parameter space, the sequence of bi-
furcations between the different static pattern types fol-
lows the order uniform — hexagonal — striped, as in
amplitude equation models of systems that form hexago-
nal patterns. For higher impurity levels, we observe
several different types of patterns with persistent time
dependence, including low-drive-frequency, disordered
patterns that appear to be sensitive to fluctuations in the
space-charge density. The rich behavior, simple visualiza-
tion, and convenient experimental time scales of silent
discharges make them well suited to further studies of
two-dimensional patterns in nonequilibrium systems.
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(c)

FIG. 10. Patterns at level Il (d =125 pm, Py, ~300 Torr,
Parer =200-800 mTorr). (a) An array of dots (V;=210 V,
f4r=100 kHz). (b) Textured stripe pattern (F,=240 V,
f4r=100 kHz). (c) Inverted dot array (V, =255 V, f4 =100

kHz).



FIG. 11. New pattern types at level IV (d =75 um, Py, ~ 700
Torr, Py, =4 Torr). (a)-(c) show the reduction in the number
of nearest neighbors with increasing impurity level. Patterns (a)
and (b) are static and pattern (c) is time dependent. (a) Vacan-
cies appear in the upper right quadrant of the cell (¥, =365 V
and f4, =80 kHz). (b) An open, hexagonal array appears in the
central region of the cell (¥, =360 V, f,, =180 kHz. (c) Dy-
namic pattern of chained dots (¥, =365 V, f,, =80 kHz).



(a) (d)

{b) (e)

FIG. 12. Time-dependent patterns at level III (d =125 um, Py, ~ 300 Torr, P, ~ 800 mTorr—1.2 Torr). (a) Target pattern of
concentric traveling waves, which are emitted from the central focus (bright spot) for ¥, =340 V and f,, =190 kHz. (b),(c) Dynamic
stripe pattern that rapidly reorients between different preferred axes (¥, =340 V and f4 = 180 kHz). (d) Dynamic, mixed pattern of
stripes and dots (V; =400 V and f,, =180 kHz). (e) Rapidly rotating hexagonal dot pattern (¥, =260 V and f4 =180 kHz).
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FIG. 13. Four sequential pictures of a disordered time-dependent state at level II. Pictures are separated by 4 sec (¥, =250V,
fa.=1KkHz).



(b)

FIG. 6. Patterns formed at level I (d =75 pm, Py.~700
Torr, Py < 60 mTorr). The discharge area is circular in (a) and

has a rhombus-shaped region between rectangular sections in
(b) and (c). (a) Hexagonal pattern of bright dois (V, =400 V,
F4, =80 kHz). (b) Stripe pattern (¥, =350V, f, =45 kHz). (c)
inverted hexagonal array (right-hand side) and stripes (left-hand
side), for ¥, =320 V and f; =6 kHz. The symbols within the
regions correspond to the points at which data were collected.



