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A rich variety of spiral patterns such as single-armed spiral, dipole spirals, target pattern, multiarmed spiral,
and spiral defect chaos state have been observed in ac-driven atmospheric pressure gas discharge. The confined
and free boundary conditions are defined by means of whether there is a sidewall in the discharge domain or
not, respectively. In the free boundary condition, the spiral pattern arises when the stripe pattern undergoes core
instability or notching instability. In the confined boundary condition, the spiral pattern is formed by sidewall
forcing. The spiral drifts upward in the free boundary condition and meanders in the confined boundary
condition. The topological charge of the spiral pattern can be changed when the spiral interacts with the
dislocations. The spiral wavelength �average distance between two consecutive rolls� is a function of gas
composition and decreases rapidly with increase of air concentration in discharge gas.
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I. INTRODUCTION

Spiral patterns are fascinating patterns that have been ob-
served in many systems of different origins such as chemical
�1�, biological �2�, and physical systems �3–6�. In recent
years, it has been found that the spirals in cardiac muscle
play an essential role in heart diseases such as arrhythmia
and fibrillation, the latter being the leading cause of death in
the industrialized world.

The physical systems generally used for studying spiral
pattern are the Rayleigh-Benard convection �RBC� �3,4� and
“Faraday experiment” of fluid or sand �5,6�. The Rayleigh-
Benard convection is a well-established model system in
which the pattern is driven by the temperature difference
across the fluid layer. Theoretically, the spiral state is suc-
cessfully reproduced by numerical simulation of the general-
ized Swift-Hohenberg model coupled to a self-consistent
large-scale flow �7�. The spiral pattern forms when the stripe
pattern undergoes some instability. Core instability is an ac-
customed instability, which has been observed in experi-
ments �3� and in simulations �8�. Notching instability is pro-
posed in the simulations and still needs the experimental
evidence �9�. Another nonlinear system for studying the spi-
ral pattern is the “Faraday experiment”, in which the fluid or
sand is driven by sinusoidal vertical oscillations. In this sys-
tem, the sidewall forcing plays an essential role in the spiral
formation.

As a new type of pattern formation system, dielectric bar-
rier discharge �DBD� has been paid much attention �10–15�.
DBD �also referred to as silent discharge� is a typical non-
equilibrium gas discharge. It has been widely used in indus-
trial fields such as ozone generation and large-area flat
plasma display panels �PDP� �16�. An experimental device
for DBD generally consists of two parallel electrodes—at
least one covered with a thin dielectric layer. An ac voltage is
applied to the electrodes at a frequency of several hundreds

Hz to a few 100 kHz. Breakdown occurs in the gas gap
between electrodes at a sufficiently high voltage, and a tran-
sient discharge initiates during each half cycle of the voltage.
The discharges appear in different types depending on the
experimental conditions, especially on the product pd of
pressure p and gas gap width d. For a low product pd �usu-
ally less than 10 Torr cm�, the discharge operates in
Townsend breakdown and appears in uniform transient glow
discharge �11�. For a high product pd, the discharge operates
in a streamer regime leading to the formation of narrow dis-
charge filaments. DBD generally is an essentially nonlinear
process due to the nonlinear charge conduction process in
gas and the accumulated charges on dielectric surface �10�.
Various pattern formations such as stripe pattern, hexagon
pattern, concentric ring pattern, and square pattern have been
observed in DBD �10–15�. Also a target pattern was ob-
served in the DBD system under the condition that pd value
is less than 4 Torr cm. Recently single-armed spiral patterns
have been observed in dc-driven gas discharge in low pd
value �17,18�. However, to the best of our knowledge, there
is no report on the observation of multiple-armed spiral and
spiral defect chaos in DBD.

In addition, DBD has the unique advantage that it has a
light emission feature, which leads to an important fact that
the spatiotemporal dynamics of patterns can be studied ex-
perimentally. For example, it is found that the square pattern
in DBD is an interleaving of two square patterns, and the
sequence of two patterns’ appearance is changed alternately
by measuring the spatiotemporal correlations between dis-
charge filaments �13�. Another example, the concentric ring
pattern, is a superposition of two ring patterns by measuring
pattern dynamics �12�. These results are of great importance
to the study of pattern dynamics. Therefore, the knowledge
of spiral dynamics will be greatly enriched if a spiral pattern
can be realized in DBD.

In this work, we report an observation of various types of
spiral patterns and spiral defect chaos �SDC� state in DBD.
The dynamics of spiral patterns in two different time scales
is studied. The forming process and evolution of spiral pat-*Electronic address: Donglf@mail.hbu.edu.cn
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terns under two different boundary conditions are investi-
gated. The results show that the DBD system is an excellent
system for studying spiral patterns.

In the following, Sec. II contains the description of the
experimental setup including the water electrodes we
adopted and the definition of boundary conditions. Our ex-
perimental results, including various types of spiral patterns,
spiral formation, interactions between spirals and disloca-
tions, and variation of spiral wavelength, are presented in
Sec. III. A brief conclusion will be given in Sec. IV.

II. EXPERIMENTAL SYSTEM

The experimental device is shown in Fig. 1. Two cylin-
drical containers, with diameters of 65 mm, sealed with 1.5
mm thick glass plates, are filled with water. There is a me-
tallic ring immersed in each of the containers and connected
to a power supply. Thus the water acts as a liquid electrode.
The glass plates serve as a dielectric layer. All of the appa-
ratus is enclosed in a big container filled with a mixture of
argon and air. The gas pressure is kept at atmospheric pres-
sure. The temperature of the input gas is at room temperature
�291–293 K�, while the initial electrodes are cooled down to
about 281 K or lower. A sinusoidal ac voltage at frequency of
60 kHz is applied to the electrodes. A high-voltage probe
�Tektronix P6015A 1000X� is used to measure the applied
voltage. The light emission of the discharge filaments is de-
tected by a PMT �RCA7265� and recorded with an oscillo-
scope �Tektronix TDS3054B, 500MHz�. A digital camera
�Canon Powershot G1� is used to take the picture of the
patterns.

The gas gap of the inner parallel glass plates can be ad-
justed from 0.1 to 2.0 mm. Two kinds of gas boundary con-
ditions, hereafter designated as the free boundary condition
and the confined boundary condition, respectively, are de-
signed in our experiments. In the free boundary condition,
the gap is laterally free and the discharge gas can exchange
with the ambient gas freely. In contrast, a circular �or rect-
angular� glass ring with the diameter �or diagonal� of 60 mm
served as sidewall limits the diffusion of the discharge gas
laterally in the confined boundary condition.

III. EXPERIMENTAL RESULTS

A. Various spiral patterns

A variety of spiral patterns have been observed in our
experiments over the following range of parameters: the pd
value is in the range of 80–150 Torr cm �i.e., the discharge is
in streamer regime�, the air concentration � in discharge gas
is changed from 0.91% to 4.96%. The spiral patterns ob-
served include individual spirals with different chirality �the
rotation direction of the spiral� �Figs. 2�a� and 2�b��, double-
armed spiral �Fig. 2�c��, triple-armed spiral �Fig. 2�d��, tar-
gets �Fig. 2�e��, dipoles with the same or opposite windings
�Figs. 2�f� and 2�g��, and spiral defect chaos �Fig. 2�h��.

Figure 3 gives the temporal behavior of the spiral pattern
in different time scales. The consecutive images of the spiral
pattern have been taken every 1/15 second, which gives the

FIG. 1. Schematic diagram of the experimental setup with
sidewall.

FIG. 2. Various spiral patterns: �a� single-armed spiral with
counterclockwise winding �U=3100 V,�=1.16% �; �b� single-
armed spiral with clockwise winding �U=3100 V,�=1.16% �; �c�
double-armed spiral �U=3100 V,�=1.16% �; �d� triple-armed spi-
ral �U=5200 V,�=0.91% �; �e� target �U=3100 V,�=1.16% �; �f�
dipole with same winding �U=3100 V,�=1.16% �; �g� dipole with
opposite winding �U=3100 V,�=1.16% �; �h� spiral defect chaos
�U=8500 V,�=4.96% �. The other parameters: p=760 Torr,
d=1.4 mm, f =60 kHz, and texp=40 ms. The free boundary condi-
tion has been used in �a�, �b�, �c�, �e�, �f�, and �g� �the diameter of
discharge area is 65 mm� and the confined boundary condition has
been used in �d� and �h� �the diameter of discharge area is 60 mm�.
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dynamic behavior of the spiral pattern in one-tenth second
scale. The intensity in a fixed point marked in Fig. 3�a� ex-
hibits a periodic temporal evolution as shown in Fig. 3�b�, in
which the period of the spiral is approximately 1/3 s. The
dynamic behavior of the spiral pattern in microsecond scale
is obtained by measuring the discharge current and the light
emission as shown in Fig. 3�c�. An obvious characteristic in
Fig. 3�c� is discharge current spikes occurring not only at the
rising edge but also at the falling edge of applied voltage,
what we called discharge before zero voltage �14�. In DBD,
charges created in discharge are accumulated on the surface
of a dielectric layer, resulting in an electric field that opposes
the applied field. Therefore, the net field is abruptly reduced
in a localized region and the discharge expires when the net
field falls below the maintaining field. However, when the
voltage polarity is changed in the next half cycle, breakdown
occurs more readily due to the fact that the charge-induced
field is of the same polarity as the applied field. The more
charges deposited in the last half cycle, the lower the applied
voltage needed for breakdown. When the electric field pro-
duced by surface charges is larger than breakdown threshold,

it will induce the discharge to occur at the falling edge of
applied voltage, i.e., discharge before zero voltage. Thus the
accumulated charges have two-sided effects on the dis-
charge: inhibit this discharge event and activate the discharge
breakdown in the next half cycle of voltage. From the point
of view of the reaction-diffusion model, they act as inhibitor
in this discharge event and activator in the next half cycle.

The spiral in our experiments is not a rigid spiral. It not
only rotates itself but also drifts or meanders. The spiral
drifts upward rapidly in the free boundary condition. The
spiral will move out of the discharge domain because of the
drifting. The whole spiral breaks down into a disordered state
when the tip of the spiral reaches the sidewall. It indicates
that the tip determines the dynamics of the spiral pattern. In
the confined boundary condition the spiral meanders with a
relatively low velocity.

B. Spiral formation

In our experiment, it is found that the formation process
of the spiral pattern depends on the boundary conditions. In
the case with the free boundary condition, a series of patterns
can be obtained via increasing the applied voltage. The bi-
furcation scenario is transient stochastic filaments–traveling
hexagon–traveling square �appearing seldom�–unstable
quasicrystal–gridding �appearing sometimes�–stripe �roll�–
spiral �or target� – spiral defect chaos. Spiral pattern exists
over a range of applied voltage, which is dependent upon the
gas composition. The onset decreases, while the range be-
comes wide, with decrease of air concentration in discharge
gas. For examples, the onset is 4000 V for the air concentra-
tion of 1.8% and 3100 V for 1.16%, and the ranges are 1800
V and 2400 V, respectively. The patterns observed in con-
fined boundary condition undergo another sequence: tran-
sient stochastic filaments–static hexagon–static square �ap-
pearing seldom�–stable quasicrystal–chaos–spiral �or target�
– stripe–spiral defect chaos. In this case, the onset of applied
voltage for spiral appearance is higher than that in the free
boundary condition, while the range for spiral pattern exis-
tence is smaller than that in the free boundary condition. For
example, the onset is 4900 V and the range is only 600 V for
the air concentration is 1.8%. The spiral defect chaos state
appears when the applied voltage is increased to 6300 V.

In the free boundary condition, the spiral pattern arises
when the parallel stripes undergo core instability or notching
instability. Figure 4 and Fig. 5 give the examples of these
two instabilities.

Figures 4�a� and 4�b� illustrate how the core instability
initiates the breakup of a short roll. The individual parts re-
connect to create a roll closed on itself, and there will be a
new core created in the center of the circular rolls �Figs.
4�c�–4�e��. The core, therefore, acts as a source for the cir-
cular wave, gives rise to an additional concentric roll, and
eventually creates the target pattern �Fig. 4�f��. The concen-
tric roll in the center breaks down. One tip becomes the
spiral core while the other glides out of the pattern. Then a
single-armed spiral forms �Figs. 4�h�–4�j��. Such a process is
similar to that in the RBC system �3�.

In the Rayleigh-Benard convection system, Cross and Tu
predicted a notching instability that induces a transition from

FIG. 3. Temporal behavior of the spiral pattern in different time
scales. �a� A single-armed spiral pattern �U=3100 V, �=1.16%,
p=760 Torr, d=1.4 mm, f =60 kHz, texp=40 ms, free boundary
condition, and the diameter of discharge area is 65 mm�; �b� time
evolution of intensity of a fixed point as shown in �a�; �c� the wave-
forms of discharge current �top�, voltage �middle�, and light emis-
sion �bottom� of the spiral in �a�.

OBSERVATION OF SPIRAL PATTERN AND SPIRAL-… PHYSICAL REVIEW E 72, 046215 �2005�

046215-3



the stripe pattern to a spiral in numerical simulation, which
still has not been found in the experiment so far �9,19�. Here
we present experimental evidence of this instability. Figure 5
shows an example of this process. The roll in the circled
region that has larger wavelength than average wavelength
undergoes a short-length scale “notching” instability �Figs.
5�a� and 5�b��, and it has curled up into a spiral �Fig. 5�c��.
The tip of the v-shaped roll becomes the center of the spiral
and makes the whole spiral rotate. The spiral becomes larger
and larger as it rotates �Fig. 5�d��.

Figure 6 shows how the spiral pattern forms in the con-
fined boundary condition. A ring forms near the sidewall
�Figs. 6�a� and 6�b�� when the applied voltage reaches a
threshold voltage �about 4200 V in this case�, which in-

creases with the increase of air concentration in discharge
gas. As the applied voltage increases, additional concentric
rolls appear inside until the spiral pattern forms �Fig. 6�c��.
This process is similar to the spiral-forming process in RBC
and Faraday system due to sidewall forcing, whose effect is
to force the rolls parallel to the boundary sidewall �5,20�. It
indicates that sidewall forcing may exist in confined bound-

FIG. 4. Transition from stripe to spiral through core instability.
Sequence of images: �a� t=0 s; �b� t=1/15 s; �c� t=3/15 s;
�d� t=4/15 s; �e� t=6/15 s; �f� t=9/15 s; �g� t=12/15 s;
�h� t=1 s; �i� t=16/15 s; �j� t=17/15 s. The discharge parameters:
p=760 Torr, d=1.7 mm, f =60 kHz, texp=40 ms, U=3400 V,
�=1.16%, and free boundary condition. The diameter of discharge
area is 65 mm.

FIG. 5. The forming process of a spiral from a stripe undergoing
notching instability. Sequence of images: �a� t=0 s; �b� t=1/15 s;
�c� t=2/15 s; �d� t=5/15 s. The discharge parameters:
p=760 Torr, d=1.7 mm, f =60 kHz, texp=40 ms, U=3400 V,
�=1.16%, and free boundary condition. The diameter of discharge
area is 65 mm.

FIG. 6. The forming process of spiral pattern and spiral defect
chaos by increasing the applied voltage in confined boundary
condition. The voltage: �a� U=4100 V; �b� U=4500 V; �c�
U=4900 V; �d� U=5500 V; �e� U=5900 V; �f� U=6300 V. Other
parameters: p=760 Torr, d=1.4 mm, f =60 kHz, texp=40 ms, and
�=1.8%. The diameter of discharge area is 60 mm.
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ary conditions although its mechanism is not clear. When the
applied voltage increases far away from the threshold volt-
age, the spiral pattern will lose its stability and change to a
parallel stripe pattern �Fig. 6�d��. Continuing away from the
threshold voltage, the number of dislocations and the stripe
curvature increase, resulting in grain boundaries and addi-
tional sidewall foci. Sufficiently far from onset, spiral defect
chaos state �Fig. 6�f�� forms.

C. Change of the topological charge of spiral pattern

The topological charge � is a parameter describing the
chirality of the spiral and the number of the spiral arms. The
sign of the topological charge defines the chirality of the
spiral corresponding to the sense of the circumrotation of the
spiral. The spiral will circumrotate counterclockwise if � has
a positive value, while it will circumrotate clockwise if the �
has a negative value. The absolute value ��� is equal to the
number of the arms of the spiral.

In our experiments, it is found that the topological charge
of the spiral pattern can be changed when the spiral interacts
with dislocations.

1. Dislocation in spiral pattern

In general, spiral patterns are not perfect, due to the pres-
ence of defects such as grain boundaries �line defects� and
topological point defects �dislocations� �21�. The nucleation,
motion, and annihilation of dislocations are essential for
many pattern-selection processes, which are initiated by
modulation instabilities �4�. Dislocations govern the ordering
kinetics of initially disordered patterns �22� and sustain in
defect turbulent systems the perpetual reordering of the plan
forms �23�. Dislocation presents a simple realization of topo-
logical singularities in a field description of continuous ex-
tended systems �24�.

In our experiment, the stripe and the spiral have a char-
acteristic to keep wave-vector qc invariable. As shown in Fig.
7, the stripe tends to be perpendicular to the sidewall when
the applied voltage is high enough. It makes the wave vector
of the fringe region smaller than the certain value qc. A dis-
location is created at the fringe region to retain the certain
wave vector. It can modulate the local wave vector of the
patterns when moving to the region where the local wave
vector is smaller than some certain value.

By using the generalized Swift-Hohenberg equations �25�,
it is well known that dislocations are driven by a superposi-
tion of two independent forces. One is the Peach-Koehler
�PK� force, which describes the tendency of the system to
develop towards a striped pattern with an optimal average
wave number �26,27�. Roughly speaking, it corresponds to
an energy minimization principle. The other is the advection
force. It is due to a long-range pressure field, caused by
strong roll curvature gradients in the vicinity of a dislocation,
which excites a flow field with a finite vertical average �mean
flow� �28�. For a certain wave number qc the two forces
balance and a single dislocation is stationary. In most cases,
the two forces do not balance, and the dislocation will move.

In the free boundary condition, the dislocation frequently
comes from the exterior of the spiral. It creates an additional

roll at the periphery of the spiral when it meets the spiral.
The interaction of this additional roll with the spiral can
change the topological charge of the spiral pattern. In the
confined boundary condition, the dislocations are created at
the periphery of the spiral pattern.

Sometimes, a dislocation pair can be created in the inte-
rior of the spiral pattern where the local wave vector is
smaller than a certain value. Figure 2�a� shows a type of
dislocation pair, also referred to as a bound state �29�. An-
other type of dislocation pair observed frequently is given in
Fig. 8. As can be seen, due to meandering, the spiral moves
toward the left, compressing the roll on one side while dilat-
ing it on the other side �Fig. 8�a��. When the wave number of
the compressed region increases beyond the skewed-varicose
�SV� instability �30�, a dislocation pair nucleates to decrease
the wave number. One of the dislocation pairs moves to the
center of the spiral to change the topological charge of the
spiral while the other glides outward. Then the single-armed
spiral finally becomes a double-armed spiral �Fig. 8�c��.

2. Transitions between the n-armed spirals

The number of the spiral arms can be changed as a result
of the dislocation interacting with the spiral through gliding
into the center of the spiral pattern.

Figure 9 shows how the dislocation makes a single-armed
spiral become a double-armed spiral. The dislocation makes

FIG. 7. The dislocations in stripe pattern. The discharge
parameters: p=760 Torr, d=1.4 mm, f =60 kHz, texp=40 ms,
U=3100 V, �=1.03%, and free boundary condition. The diameter
of discharge area is 65 mm.

FIG. 8. The dislocation pair in the spiral. The discharge
parameters: p=760 Torr, d=1.4 mm, f =60 kHz, texp=40 ms,
U=3100 V, �=1.03%, and confined boundary condition. In this
case, the boundary is rectangular with 40�45 mm.
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the outset roll break down into two parts. One that connects
with the dislocation becomes a new roll of the spiral, while
the other part moves towards the center and becomes a new
dislocation �Fig. 9�a��. The new dislocation makes the nearby
roll break down �Fig. 9�b��. This process will continue until
the dislocation moves into the core of the spiral. Then a
double-armed spiral forms �Fig. 9�d��.

As shown in Fig. 10�a�, a double-armed spiral transits into
a single-armed spiral through a dislocation perturbing the
spiral. The dislocation moves into the center �Figs. 10�a� and
10�b��. The roll connecting with the dislocation loses its tip
�Fig. 10�c��. The isolated tip connects with the other tip and
becomes the core of the newly-formed spiral, and then a
single-armed spiral forms �Fig. 10�d��.

3. Transitions between the spiral and the target

In the transition spiral–target–spiral, the rotation direction
of the spiral may change, which has also been found in dc
driven planar semiconductor-gas discharge �17,18�. Whether

the rotation direction is changed or not depends on the fea-
ture of the middle state �target�. The rotation direction does
not change if the target does not create a new core as shown
in Fig. 11. Otherwise, the rotation direction of the spiral will
change. Such a process can be seen in Fig. 12. The new core
propagates outward and becomes an additional circular roll
�Figs. 12�c� and 12�d��. Then the roll breaks down. One tip
connects with the nearby roll while the other becomes the
core of the spiral and the dislocation is the tail of the spiral
�Fig. 12�f��. In this case, the rotation direction of the spiral
changes from counterclockwise to clockwise.

D. Spiral wavelength variation

In our experiments, it is found that the spiral wavelength
in the confined boundary condition is related to gas compo-
sition but not dependent upon applied voltage.

As shown in Fig. 6, patterns undergo concentric rings–
spiral pattern–stripe pattern as the applied voltage increases,
but the average distance between consecutive rolls of these
patterns is kept at 2.40 mm. Thus the wavelength of rolls
�spiral, target, and stripe� observed in our experiment is in-
dependent of the applied voltage.

It is found that the wavelength of the rolls is related to gas
composition. Figure 13 gives the wavelength � as a function
of air concentration � in a mixture of argon and air. It shows
that the wavelength decreases with the increases of air con-
centration. The value of the spiral wavelength in Fig. 13 is
the average result of repetitious measurements. The biggest
deviation has been taken as the error bar in Fig. 13.

FIG. 9. Transition from a single-armed spiral to a double-armed
spiral. The discharge parameters: U=3100 V, �=1.16%, p
=760 Torr, d=1.4 mm, f =60 kHz, texp=40 ms, and free boundary
condition. Pictures are separated by 1/15 s. The diameter of dis-
charge area is 65 mm.

FIG. 10. Transition from a double-armed spiral to a single-
armed spiral. The parameters are the same as that in Fig. 9.

FIG. 11. Transition spiral → target → spiral. The rotation direc-
tion of final spiral �f� is the same as that of initial spiral �a�. Pictures
are separated by 1/15 s. The discharge parameters: U=3300 V,
�=1.16% , p=760 Torr, d=1.4 mm, f =60 kHz, texp=40 ms, and
free boundary condition. The diameter of discharge area is 65 mm.
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E. Spiral defect chaos

No matter what boundary condition is used in our experi-
ments, a spiral defect chaos state has been observed. It is a
spatially disorganized time-dependent state consisting of
many localized rotating spirals and many defects as shown in
Fig. 2�h�. Usually the spirals are created and destroyed in the
interior of the cell well away from boundary. Individual spi-
rals typically rotate several times while translating a distance
comparable to their diameter before being destroyed.

IV. CONCLUSIONS

In conclusion, a variety of spiral patterns such as single-
armed spiral, dipole spirals, target pattern, multiarmed spiral,
and spiral defect chaos state have been observed in ac-driven
gas discharge. In the free boundary condition, the spiral pat-
tern arises from a stripe pattern by increasing the applied
voltage. Two types of instability, core instability and notch-

ing instability, have been observed. In the confined boundary
condition, the spiral pattern is formed by sidewall forcing.
Concentric rings occur from the periphery of the cell to the
interior through increasing the applied voltage. Then the dis-
locations interact with the target background, resulting in the
formation of the spiral pattern.

Spiral motion depends on the boundary condition. In the
free boundary condition, the spiral drifts upward. In the con-
fined boundary condition, the spiral is a meandering spiral.

Dislocations and dislocation pairs are created to keep spi-
ral wave-vector qc invariable. The topological charge of the
spiral pattern can be changed when the spiral interacts with
the dislocations.

The spiral wavelength depends on the gas composition. It
decreases rapidly with increase of air concentration in dis-
charge gas for the fixed gap width d and the frequency of the
applied voltage f .

The various spiral patterns, rich behavior, luminous fea-
ture, and convenient experimental time scale of the discharge
make the ac-driven atmospheric pressure dielectric barrier
discharge an excellent system for further studies of the spiral
pattern. Further research is going on.
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