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Square superlattice pattern in dielectric barrier discharge
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We report the observation of a square superlattice pattern in a dielectric barrier discharge system. The
correlation measurements indicate that the square superlattice pattern is an interleaving of two different tran-
sient square sublattices. The interplay between the charge pattern and the discharge filament pattern is

discussed.
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A superlattice pattern is a spatially periodic, sometimes
strikingly complex, structure composed of two or more
simple planforms. In biology, natural superlattices are famil-
iar, such as fish skins [1] and morphogenetic phenomena [2].
In addition, patterns of alternating large and small spots are
also common, for example, the scale patterns on the head of
the lizard Cyrtodactylus fedtschenkoi [3]. Superlattice pat-
terns can be studied in laboratory experiments, such as Far-
aday experiment [4], reaction-diffusion [5,6], hydrodynamic
[7], magnetohydrodynamic [8], and nonlinear optics [9]. In
general, more intricate methods are applied to produce su-
perlattice patterns in the above systems. In a “Faraday ex-
periment,” two frequency forcing is utilized, in which the
time translation symmetry is broken by introducing a second
perturbing frequency component [4]. In a photosensitive
reaction-diffusion system, a brief spatially periodic forcing is
needed [5]. In a nonlinear optical system, a controllable
phase-only spatial Fourier filter is placed in the system’s dif-
fractive feedback loop [9], and in hydrodynamics both a ver-
tical temperature difference and vertical time-periodic oscil-
lations are imposed on the fluid layer [7]. Some theoretical
efforts on the superlattice formation mechanism have been
devoted [3,10,11]. Patterns consisting of large and small
spots were simulated in a reaction-diffusion system with spa-
tially varying parameters [3].

In this paper, we report the observation of a square super-
lattice pattern composed of large and small spots, as shown
in Fig. 1, in dielectric barrier discharge (DBD) by applying
only one frequency forcing. The spatial-temporal dynamics
of the square superlattice pattern is studied by correlation
measurements. The interplay between the charge pattern and
the discharge filament pattern is also discussed.

The experimental device is shown in Fig. 2. Two cylin-
drical containers, with diameters of 65 mm, sealed with
1.5 mm thick glass plates are filled with water. There is a
metallic ring immersed in each of the containers and con-
nected to a power supply. Thus, the water acts as a liquid
electrode. The glass plates serve as dielectric layers. A glass
frame with the thickness of 1.6 mm was placed between the
two parallel glass plates, serving as the lateral boundary. A
sinusoidal ac voltage is applied to the electrodes. All of the
apparatus are enclosed in a big container filled with argon.
The gas pressure is kept at atmospheric pressure. The ampli-
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tude of the applied voltage is measured by a high-voltage
probe (Tektronix P6015A 1000X). The light emitted from
two individual discharge filaments is detected by two lens-
aperture-photomultiplier tube (PMTs, RCA 7265) systems
and recorded with an oscilloscope (Tektronix TDS3054B,
500 MHz) simultaneously. Thus the correlation between two
discharge filaments can be studied [12,13].

It is found that the square superlattice pattern can be ob-
served in rectangular and square boundary conditions as
shown in Fig. 1. Figure 3 displays the bifurcation scenario of
the patterns when the applied voltage is increased, which
follows as the square pattern [12]-quasisuperlattice-square
superlattice pattern—hexagon pattern. Figure 4 shows a phase
diagram of these emerging patterns. The square superlattice
pattern appears in the frequency range from 45 to 80 kHz
and the voltage range from 3.6 to 4.4 kV.

Figure 5 gives the wave forms of the total light of the
patterns shown in Fig. 3. There are two discharge pulses in
each half cycle of the applied voltage for the square pattern,
while three for the square superlattice pattern. Similar one-
dimensional DBD patterns, from the point of view of the
number of discharge stages and the filament size, were ob-
served [14].

Figure 1 shows the time-average square superlattice pat-
terns over thousands of driving cycles. In order to know the
spatiotemporal behavior of the square superlattice pattern in
time scales shorter than the half driving cycle, the temporal
correlations between individual discharge filaments are mea-
sured and shown in Fig. 6. It is found that not all of the spots
are ignited simultaneously [Fig. 6(a)], whereas all of the
small spots volley at the rising edge of the voltage [Fig. 6(b)]

FIG. 1. Square superlattice patterns observed in DBD in (a) a
rectangular boundary and (b) a square boundary. The applied volt-
age U=4.2kV. The driven frequency f=62 kHz. The exposure
time of the image is 40 ms. The size of the discharge area is 37.2
X 32.5 mm in (a), and 32.5X32.5 mm in (b).
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FIG. 2. Schematic diagram of the experimental setup.

and all of the large spots are ignited synchronously two times
[Fig. 6(c)], one at the rising edge and the other at the falling
edge in each half cycle of applied voltage, though there are
some fluctuations in discharge. So the square superlattice
pattern is a spatiotemporal pattern resulting from an inter-
leaving of two transient square sublattices—the small-spot
square sublattice (denoted by S) and the large-spot square
sublattice (denoted by L). The temporal evolution of the
square superlattice pattern is shown schematically in the
right column in Fig. 7. In each half cycle of the applied
voltage, S appears once while L appears twice. The sequence
of two transient sublattices is S-L-L-S-L-L in one cycle of
the voltage, which is different from that in the square pattern
[see Fig. 3(a)]. As studied previously [12], the square pattern
is an interleaving of two equivalent square sublattices (de-
noted by s and ) with the sequence of s-I-I-s in each cycle of
the voltage, which has a sequence inversion. However, such
an inversion disappears in the square superlattice pattern. To
some extent, it can be said that the spatial translation sym-
metry is lowered but the temporal translation symmetry be-
comes higher when the square pattern bifurcates to a square
superlattice pattern. The key to this symmetry transition is
the second ignition of the large spots at the falling edge
resulting from the increase of the wall charge density.

FIG. 3. Pattern scenario with the increase of applied voltage. (a)
square pattern, U=3.2 kV, (b) quasisuperlattice pattern, U
=3.5kV, (c) the prepattern of the square superlattice, U=3.8 kV,
(d) square superlattice pattern, U=4.2 kV, (e) destabilization of the
square superlattice U=4.3 kV, and (f) hexagon pattern U=5.0 kV.
The exposure time of the image is 40 ms. The original size of each
picture is 32.5X32.5 mm. f=62 kHz.
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FIG. 4. Phase diagram of the pattern types as a function of the
applied voltage U and the driven frequency f. S, square pattern; Q,
quasisuperlattice pattern; SS, square superlattice pattern; H, hexa-
gon pattern; S+, coexistence of the square pattern and quasisu-
perlattice pattern. The marked strips indicate the regions of prepat-
tern and destabilization of the square superlattice pattern,
repectively.

As well known, the charges created in a filament accumu-
late on the surface of the dielectric layer, which are called
wall charges [15,16]. They will set up a field [E(Q)] opposite
to the present applied field, which extinguishes this dis-
charge. The higher the voltage is at the discharge moment,
the higher wall charge density is needed to extinguish this
discharge. Thus the charge density in large spots could be
bigger than that of the small spot after the discharge at the
rising edge of applied voltage. However the field E(Q) will
aid the next discharge at the same position. If E(Q) is lower
than the breakdown field threshold, the next discharge will
occur at the rising edge when the applied voltage changes the
polarity [12]. The wall charges will change sign from Q to
—Q' after discharge. Any discharge at the rising edge of ap-
plied voltage belongs to this case. If E(Q) is higher than the
breakdown field threshold, the next discharge will occur at
the falling edge in this half cycle [17]. The wall charge den-
sity will be reduced but the sign of charges is not changed.
The ignition of the large spot at the falling edge belongs to
this case.

Generally, wall charges are localized at the positions of
filaments due to the slow mobility on the insulator surface,
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FIG. 5. The wave forms of the total light of the square pattern
(a), the quasisuperlattice pattern (b), the prepattern of the square
superlattice (c), the square superlattice pattern (d), the destabiliza-
tion of a square superlattice (e), and the hexagon (f). The top curve
is the wave form of the applied voltage.
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FIG. 6. Temporal correlations between two spots (filaments) in a
square superlattice pattern (U=4.2 kV, f=62 kHz.) (a) a large spot
and a small spot, (b) two small spots, and (¢c) two large spots. L
stands for a large spot and S stands for a small spot.

leading to the existence of a charge pattern on the dielectric
surface. They will set up a transversely nonuniform charge
pattern field. The net field imposed on gas, which is the
combination of the charge pattern field and the external field,
is therefore transversely nonuniform. The filaments are ig-
nited where the net field reaches the breakdown field thresh-
old. Thus the charge pattern, as a spatially varying forcing,
determines the positions and the moments of the discharge.
Inversely, the charge pattern is rearranged by the accumulat-
ing charges during the discharge. At a certain voltage there
should exist a self-consistent state that the steady regular
pattern is self-organized.

Figure 7 illustrates schematically the interplay of the
charge pattern on a dielectric surface and discharge filament
pattern in the square superlattice pattern. In region I, the
negative wall charge density in small spots is higher than that
of large spots, leading to the small-spot filament pattern 1(S)
at first at the rising edge of applied voltage. The wall charges
in small spots become positive after discharge (see the
charge pattern in region II). A further increase of the applied
voltage leads to the ignition of the large-spot filament pattern
2(L). Much more positive charges are then created (see the
charge pattern in region IIT), which initiates a second large-
spot filament pattern 3(L) at the falling edge resulting in the
reduction of the wall charge density. The evolution of the
charge pattern and the discharge filament pattern in
IV-4(S)-V-5(L)-VI-6(L) is similar to that described
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FIG. 7. Schematic diagram of the interplay between a charge
pattern and a discharge filament pattern. (a) The wave forms of the
applied voltage in one driving cycle and the total light of a large
spot and a small spot. (b) A sketch of temporal evolution of the
charge patterns and the discharge patterns in time sequence I-1-
1I-2-1M1-3-1V-4-V-5-VI-6 denoted in (a). The variations of charge
patterns in pulses 1-6 are very rapid and not shown here. The
arrows indicate the time sequence. The cone stands for negative
charges while the inverted cone stands for positive. The higher the
symbol is, the bigger the charge density is.

above only by changing the sign of the charges. The charge
pattern after the discharge pulse 6(L) will become the charge
pattern in region I once again.

In conclusion, the square superlattice pattern is observed
in a gas discharge system. The spatial-temporal dynamics of
the square superlattice pattern is studied by correlation mea-
surements. It is found that the square superlattice pattern is
an interleaving of two different transient square sublattices.
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The interplay between the charge pattern and the discharge
filament pattern is also discussed.
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