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The influence of vibration on the spatiotemporal structure of the pattern in dielectric barrier discharge is studied for
the first time. The spatiotemporal structure of the pattern investigated by an intensified charge-coupled device shows that
it is an interleaving of three sublattices, whose discharge sequence is small rods—halos—large spots in each half-cycle of
the applied voltage. The result of the photomultiplier indicates that the small rods are composed of moving filaments.
The moving mode of the moving filaments is determined to be antisymmetric stretching vibration by analyzing a series of
consecutive images taken by a high-speed video camera. The antisymmetric stretching vibration affects the distribution of
wall charges and leads to the halos. Furthermore, large spots are discharged only at the centers of the squares consisting of
vibrating filaments. The vibration mechanism of the vibrating filaments is dependent on the electric field of wall charges.

Keywords: antisymmetric stretching vibration, pattern, dielectric barrier discharge

PACS: 52.35.Mw, 47.54.—1, 52.80.Tn

1. Introduction

A pattern is a typical phenomenon of nonlinear self-
organization, which can be generated in many systems, such
as Faraday’s systems, convection systems, two-layer coupled
reaction diffusion systems, gas discharge systems, and dielec-
tric barrier discharge (DBD) systems.!!'=") DBD has recently
attracted widespread attention because it has produced more
types of patterns''%71 due to its complex microscopic physi-
cal processes. In the DBD system, the spatiotemporal dynam-
ics of the patterns depend on the electric field of wall charges
deposited in discharge pulses. The observed patterns generally
consist of several sublattices, with the next sublattices usually
ignited at the center of each cell of the present sublattice.[!8-20]
For instance, Dong’s group obtained a square superlattice pat-
tern, where the large spots were discharged at the centers of
four small spots.[>!] Dong er al. observed a hexagonal su-
perlattice pattern containing only static filaments, in which
the center spots were discharged at the center of the ambi-
ent spots.[??] Here, we observed an antisymmetric stretching
vibration square superlattice pattern containing both static fil-
aments and dynamic discharge vibrating filaments, in which
the large spots are discharged only at the centers of the squares
consisting of vibrating filaments, rather than at the centers of
the antisymmetric stretching vibration.

During recent years, more and more dynamic patterns

d.[23241 Generally, the pattern

have been discovered and studie
consists of several sets of sublattices, and the latter sublattices
are discharged at the center of the last sub-lattice. For in-
stance, Cui et al. observed a honeycomb pattern with moving

filaments, and the central spots were discharged at the centers
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of the hexagons formed by the moving filaments.
group obtained collective vibration filaments in a hexagonal
superlattice pattern, in which the large spots were discharged

[26] Prior

at the center of the vibrating hexagonal small spots.
to this, the effect of the vibrating filaments on the spatiotem-
poral dynamics of the pattern was the same as that of the static
filaments. Here, we have studied the influence of vibration on
the spatiotemporal structure of the pattern for the first time in
the DBD system. Our observations provide a new idea for the
formation mechanism of vibrating filaments, and promote the
in-depth study of the formation mechanism of the pattern in
the DBD system.

In this paper, the influence of vibration on the spatiotem-
poral structure of the pattern is studied for the first time
in DBD. The spatiotemporal dynamics of the antisymmet-
ric stretching vibration square superlattice pattern (ASVSSP)
is studied using an intensified charge-coupled device (ICCD)
camera and a photomultiplier. The vibration mode is analyzed
based on the results of the high-speed video camera (HSVC).
The vibration mechanism is studied by analyzing the interac-
tion between the wall charges of the vibrating filaments. The
study of the influence of vibration on the spatiotemporal struc-
ture provides a new way to understand the formation mecha-
nism of the pattern.

2. Experimental setup

The schematic of the experimental setup is shown in
Fig. 1. The experimental setup is mainly composed of a sinu-
soidal ac power supply, two electrodes, an ICCD, an HSVC, a
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photomultiplier, etc. The electrodes consists of two cylindri-
cal containers that are sealed with 1.8 mm thick glass plates
and filled with water. The specific electrodes play a signifi-
cant role on the formation of the patterns. A copper ring is
immersed in each container. A square glass frame 3.5 cm long
and 3.6 mm thick is clamped between the two electrodes, serv-
ing as a lateral boundary. The whole cell is placed into a big
cylindrical glass chamber containing a mixture gas of 75% ar-
gon and 25% air. The photomultiplier located at the end of the
discharge device is used to measure the temporal correlation
between different discharge substructures. The ICCD camera
is used to record frames with successive discharges, but only
three successive images can be obtained for each operation.
The HSVC is used to explore the statistics of the vibrating be-
havior of the vibrating filaments.

high voltage
HV probe
L e  S—
glass plates ER
pressure gauge TT =
aperture
|HSVC|:0 e : ICCD
lens
input glass frame output
oscilloscope!\ '

Fig. 1. The schematic diagram of the experimental setup.

3. Results and discussion

Figure 2 presents the evolution of the discharge pattern as
the applied voltage increases with the following order: square
pattern, chaos pattern, ASVSSP, and hexagonal pattern. When
the driving voltage reaches 2.0 kV, the random filaments form
a square pattern (Fig. 2(a)). As the voltage increases, these fil-
aments forming a chaos pattern is shown in Fig. 2(b). When
the voltage reaches 3.0 kV, the ASVSSP emerges (Fig. 2(¢c)).
It can be found that the halos and large spots are discharged at
the centers of the squares consisting of four small rods. Fur-
ther increase in applied voltage leads to a hexagonal pattern
as shown in Fig. 2(d). Other experimental parameters are as
follows: gas pressure p = 0.29 kPa, argon concentration y =
75%, driven frequency f = 56 kHz, gas gap d = 3.6 mm, and
the exposure time of the picture t = 25 ms.

In order to investigate the spatiotemporal behavior of the
ASVSSP, the time-resolved images are taken by the ICCD
camera. Figure 3(a) presents the voltage and current signal of
the ASVSSP. The time-resolved images with integration over
50 voltage cycles are recorded and shown in Figs. 3(b)-3(d),

corresponding to the three current pulses Ay, At3, and Aty, re-
spectively. Figure 3(e) is the superposition of Figs. 3(b)-3(d).

Fig. 2. The evolution of patterns as the voltage increases. (a) Square
pattern, U = 2.0 kV. (b) Chaos, U = 3.0 kV. (c) ASVSSP, U = 4.0 kV.
(d) Hexagonal superlattice pattern, U = 5.70 kV. See the text for exper-
imental parameters.

200

100

o
I/mA

—100

—200

Aty+Ats+Aty

Fig. 3. Discharging sequence of the ASVSSP. (a) Waveforms of the ap-
plied voltage and current of the pattern. (b) Rods. (c) Halos. (d) Spots.
Panels (b)—(d) are correlated with current pulse phases (Af; = 640 ns,
At, = 800 ns, and Arz = 1200 ns) in panel (a), and integrated over 50
voltage cycles to obtain sufficient light signals. (e) The frame is the
superposition of panels (b), (c), and (d).
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From Figs. 3(b)-3(e), it can be found that the ASVSSP is
an interleaving of three different sublattices, which are small
rods, large spots, and halos. Meanwhile, it can be seen that the
discharge sequence of the three different substructures in each
half-cycle of the applied voltage is as follows: small rods—
halos—large spots.
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Fig. 4. Time correlation measurement of the ASVSSP. (a) The antisym-
metric stretching vibration square superlattice pattern. (b) Time corre-
lation measurement of a rod. (c) Time correlation measurement of only
a quarter of a rod. R and r stand for a complete small rod and a quarter
of a complete small rod, respectively.

Figure 4 illustrates the light emissions of a small rod and a
quarter of a small rod, where R stands for a complete rod and r
stands for a quarter of a complete rod. Figures 4(b)—4(c) show
that the small rod is discharged in the second current pulse.
From Figs. 4(b)—4(c), it can be seen that the small rod has a
signal at each voltage half-cycle and the quarter of a complete
small rod has no signal in some applied voltage half-cycles,
which indicates that the small rod is formed by a moving fila-
ment.

Here, to investigate the characteristic of the moving fil-
aments, a series of consecutive frames of the ASVSSP are
recorded by the HSVC with 100 us exposure, as shown in

Fig. 5. By analyzing the same structural cell (marked with
red circles in Fig. 5) in a series of consecutive frames, we find
that the distance between two adjacent vibrating filaments in
the vertical direction gradually decreases when the distance
between two adjacent vibrating filaments in the horizontal di-
rection gradually increases. It can be concluded that the mov-
ing mode of the moving filaments is antisymmetric stretching
vibration, which is similar to the vibration mode of isolated
particles in dust plasma.?¥ Tt is worth pointing out that the
antisymmetric stretching vibration of the vibrating filaments
is a kind of collective vibration.

Figure 6 presents a series of images taken by the HSVC
for studying the vibration period of the vibrating filaments.
Figures 6(a)-6(d) show the images integrated for 10 voltage
cycles, 20 voltage cycles, 40 voltage cycles, and 50 voltage cy-
cles, respectively (note that each voltage cycle is 20 ps). The
11, 1, t3, and t4 represent the time that the vibrating filaments
have been continuously moving, when the voltage cycles are
superimposed to 10, 20, 40, and 50, respectively. The corre-
sponding values of #1, #5, f3, and #4 are 0.2 ms, 0.4 ms, 0.8 ms,
and 1 ms, respectively. By comparing Figs. 6(a)-6(d), it is
found that the vibrating filaments are gradually formed with
the increase in the integration cycles, and the complete small
rods emerge when the image is integrated over 50 cycles. The
small rods are formed when the vibrating filaments move from
the maximum amplitude in the positive direction to the max-
imum amplitude in the opposite direction; the time that the
vibrating filaments experience during this movement is half of
the vibration period. From the above results, it can be found
thatr; < T /2 <t4 (2t; <T < 2t4), where T stands for the pe-
riod of the vibrating filaments. Therefore, the vibration period
of the vibrating filaments is 0.4 ms < T < 2 ms.

In the following, the forces exerted on one vibrating fil-
ament will be analyzed to interpret the interaction between
vibrating filaments. Figure 7 shows a schematic diagram of
the force analysis on one vibrating filament during the move-
ment. The forces exerted on one vibrating filament by its
neighboring filaments include two large spots and six vibrating
filaments. Since the large spots and the vibrating filaments are
discharged at different times in a half-cycle of the applied volt-
age, the wall charges of the large spots and the wall charges of
the vibrating filaments have different polarities. Therefore, the
Coulomb forces between the vibrating filaments are mutually
repulsive, and the Coulomb forces between the large spots and
the vibrating filaments are mutually attractive. From Fig. 7, it
can be found that the moving direction of the vibrating fila-
ment is opposite to the direction of the resultant force F;. The
resultant force F; exerted on the vibrating filament is pointing
to the direction of x, but the vibrating filament moves along
the direction of —x. Therefore, the moving direction of the vi-
brating filament changes to moving along x when the velocity
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Fig. 5. A series of images of the ASVSSP recorded by the HSVC with 100 ps exposure and 68 ps delay. The two adjacent images are

continuous. The red circles mark the same structural cell.

Fig. 6. Images of the vibrating filaments. (a)—(d) The exposed images
correspond to the current pulse phases denoted by Ar,, and the images
are integrated for 10 voltage cycles, 20 voltage cycles, 40 voltage cy-
cles, and 50 voltage cycles, respectively.

of the vibrating filament is zero. The resultant force F; exerted
on the vibrating filaments is zero when the vibrating filaments
move to the equilibrium position. Since the velocity of the
vibrating filament is greater than zero, the vibrating filament
continues to move along the direction of x. When the vibrating
filament leaves the equilibrium position, the direction of the
resultant force F; exerted on the vibrating filament is point-
ing to the direction of —x, which is opposite to the moving

direction of the vibrating filament. Therefore, the velocity of
the vibrating filament gradually decreases during this process.
When the velocity of the vibrating filament is reduced to zero,
the moving direction of the vibrating filament changes to mov-
ing along the direction of —x. Thus, it can be considered that
the vibration mode of a single vibrating filament is a recipro-
cating vibration.

Fig. 7. The schematic diagram of the forces exerted on one vibrating
filament, showing the force analysis of the vibrating filament when the
vibrating filament leaves the equilibrium position. Fy,, Fs;, and F; are
the forces exerted by the big spot, the forces exerted by the vibrating
filament, and the resultant force, respectively.

The vibration of one filament affects the force of the sur-
rounding filaments. Therefore, four vibrating filaments are
considered as a cell to study the interaction of four vibrating
filaments. The structure and dynamics of vibrating filaments
are determined by both the potential energy and the mutual
Coulomb repulsion of the vibrating filaments. The Coulomb
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interaction between the vibrating filaments depends on the
wall charges of the vibrating filaments during the discharge.
Since the large spots are discharged at the falling edge, the re-
maining wall charges are extremely small after the discharge is
extinguished, and therefore the influence from the large spots
on the vibrating filament can be ignored. Thus, the interaction
and total energy between the four vibrating filaments can be
expressed as follows:

4 2 1
E = %mz <(21rtl> +f;;2) %exp <;”)

i=1 i>j i D
Here, r; indicates the distance of the ith particle from the cen-
ter of the structure, and 7;; is the relative distance between
particlesiand j (i =1,2,3,4; j=1,2,3,4). After calculation,
there are a number of normal modes of the four particles, in-
cluding the breathing mode, and the antisymmetric mode. "}
Therefore, it can be found that the formation of the antisym-
metric stretching vibration of the vibrating filaments mainly
depends on the interaction between the wall charges of the vi-
brating filaments during the discharge.

In order to study the influence of antisymmetric stretching
vibration on the formation of ASVSSP, we compare the dis-
tribution of electric fields with the square superlattice pattern
observed by Dong’s group./?!! Figure 8 presents a schematic
diagram of the two different square superlattice patterns. Fig-
ures 8(b) and 8(d) are schematic diagrams corresponding to
Figs. 8(a) and 8(c). From Fig. 8(b), it can be observed that
the electric fields are formed at each center of squares consist-
ing of four small spots. Thus, the large spots are discharged at
each center of the squares consisting of four small spots. From
Fig. 8(d), it can be observed that two zones with different elec-
tric field intensities are formed: one is the center of the anti-
symmetric stretching vibration, and the other is the center of
the squares consisting of vibrating filaments. The electric field
intensity at the centers of the antisymmetric stretching vibra-
tion is stronger than that at the centers of the squares consisting
of vibrating filaments because the vibrating filaments are close
to each other at the centers of the antisymmetric stretching vi-
bration. Thus, the inhibition at the centers of the antisymmet-
ric stretching vibration is also stronger than that at the centers
of the square consisting of vibrating filaments. This leads to
the halos being discharged at the centers of the squares con-
sisting of four vibrating filaments rather than at the centers of
the antisymmetric stretching vibration. The discharge of the
halo is driven by the applied voltage, and the discharge volt-
age is higher than the discharge voltage of the vibrating fila-
ments. Therefore, more wall charges will accumulate after the
halo discharge is extinguished, and the amount of wall charges
accumulated at the center of the halo is the largest. Since
the wall charge electric field is opposite to the applied volt-
age electric field, the wall charge electric field will overcome

the applied electric field to reach the gas breakdown threshold,
which leads to the large spots discharge at the centers of the
halos. Thus, the halos and large spots discharge at the centers
of the squares consists of four vibrating filaments. It can be
concluded that the combined influence of D4, symmetry and
antisymmetric stretching vibration of the vibrating filaments
leads to the formation of two electric fields with different elec-
tric field intensities.

Fig. 8. Schematic diagram of the two different square superlattice pat-
terns after the discharge of small spots is extinguished. Panels (b) and
(d) are schematic diagrams corresponding to panels (a) and (c), respec-
tively. (b) The black areas are the centers of four small spots. (d) The
large blue areas and the small blue areas represent the centers of the
squares consisting of four vibrating filaments and the centers of anti-
symmetric stretching vibration, respectively. The arrows show the vi-
brations of each vibrating filament.

4. Conclusion

In conclusion, the influence of vibration on the spatiotem-
poral structure of the pattern is studied for the first time in
DBD. The spatiotemporal dynamics of the ASVSSP is stud-
ied by an ICCD camera and a photomultiplier. The ASVSSP
is an interleaving of three different sublattices. The discharge
sequence of different sublattices is small rods, halos, and large
spots in each half-voltage cycle, respectively. The small rods
in the pattern are consisting of vibrating filaments. Based on
the results of the HSVC and photomultiplier, it is concluded
that the vibration mode of the vibrating filaments is a kind of
antisymmetric stretching vibration. The vibration period T of
the vibrating filaments with antisymmetric stretching vibration
is 0.4 ms < T < 2 ms. The wall charge interaction between the
vibrating filaments leads to the antisymmetric stretching vibra-
tion. The electric field intensity at the centers of the asymmet-
ric stretching vibration is stronger than that at the centers of the
squares consisting of vibrating filaments because the stretch-
ing vibrating filaments are close to each other at the centers of
the asymmetric stretching vibration. Thus, the large spots and
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the halos are discharged at the centers of the squares consist-

ing of the vibrating filaments rather than at the centers of the

antisymmetric stretching vibration. This study of the antisym-

metric stretching vibration square superlattice pattern enriches

the our knowledge of the types of patterns and provides refer-

ence for future studies on the formation mechanism of patterns

containing dynamic structures.
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