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1.1 EANFHEHEREG N F

1.1.1 Generation of High-Power-Density
Atmospheric Pressure Plasma with
Liquid Electrodes

We present a method for generating atmospheric pressure plasma us-
ing a dielectric barrier discharge reactor with two liquid electrodes. Four
distinct kinds of discharge, including stochastic filaments, regular square
pattern, glow-like discharge and Turing stripe pattern, are observed in
argon with a flow rate of 9 slm. The electrical and optical characteristics
of the device are investigated. Results show that high-power-density at-
mospheric pressure plasma with high duty ratio in space and time can be
obtained. The influence of wall charges on discharge power and duty ra-
tio has been discussed.

Experimental and theoretical studies of atmospheric pressure dis-
charges have been motivated by numerous potential industry applications
such as ozone generation, pollution control and sterilization of biological

Y. In most applications, plasma with high power density and

samples!
high duty ratio in space and time is desirable. The most commonly used
atmospheric pressure discharge is the dielectric barrier discharge (DBD),
also referred to as silent discharge). Recently, H.D. Park ez a/ presented
the generation of atmospheric pressure plasma with a dual-chamber dis-
charge!?). L. Mangolini ez al studied experimentally the spatial structure
of dielectric barrier atmospheric pressure glow discharge!?’.

In this letter, we present a method for generating high power densi-
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ty atmospheric pressure plasma with high duty ratio in space and time.
The discharge with a maximum power density of about 14 W/cm® and a
maximum temporal duty ratio of about 80 % has been obtained. In addi-

tion, square pattern and stripe pattern have been observed.

(a) High voltage probe
Py R
= L
Flowmeter C=5600pF I

Gas inlet

I I et | B Cg[%]memH

Pressure gauge Pump

igital oscilloscope;

slw C-5600pF

N H \' Cglasu

Fig.1 (a) Schematic diagram of the experimental setup (longitudinal sec-
tion view of reactor): HV— high voltage high frequency power supply,
PMT— photomultiplier tube, (b) The equivalent circuit of the discharge
system. For the voltage below breakdown, R,,, is estimated to be infinite,
Cius is in the order of 10pF and Cp, is in the order of 100pF. For the volt-
age over breakdown, Ry, is estimated to be in the order of 100k}. The capaci-
tance of equivalent circuit is time-dependent within the cycle of applied voltage.

The experimental device is shown in Fig.1. Two cylindrical con-
tainers with diameters of 46. 7mm are filled with tap water without any
pretreatment, whose purity is 99.9% . There is a metallic ring immersed
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in each of the containers and connected to a power supply. Thus, the wa-
ter acts as liquid electrode. The parallel glass with thickness of 1.5mm
serves as dielectric layer. An ac power supply has a maximum peak volt-
age of 10kV with frequency of 26kHz. A high voltage probe (Tektronix
P6015A, 1000X) is used to measure applied voltage. A capacitor is used
to measure the transported charge. The light emitted from the discharge
is detected by a PMT (RCA7265) and is recorded with an oscilloscope
(Tektronix TDS3054, 500MHz). A digital camera (Canon Powershot
G1: 1024 X 768 pixels, minimum exposure time 1 ms) is used to record
images of the discharge. An Ar gas flow of 9 slm is maintained to prevent
impurity accumulation during operation.

In the experiments, it is found that the power density and the spa-
tio-temporal duty ratio increase with the increase of applied voltage. Ex-
perimentally observed spatial structure, temporal behavior and transport-
ed charges of discharge as a function of applied voltage are illustrated in

stochastic fila-

Fig.2. There are four distinct kinds of discharge
ments (Fig.2(a)), regular square pattern (Fig.2(b)), glow-like dis-
charge (Fig.2(c)) and Turing stripe pattern (Fig.2(d)(e)(f)). There
are some stochastic filaments when the applied voltage is over the thresh-
old of breakdown. The filament density increases with increasing volt-
age. A second current spike appears suddenly when the applied voltage
reaches a specific value, which is similar to the result presented in Ref. 3.
Under appropriate conditions, some self-organized patterns such as
hexagon pattern and square pattern are formed'®!. The glow-like dis-
charge is formed with continuously increasing voltage. A remarkable
characteristic of discharge is current spikes occurring not only at the ris-
ing edge but also at the falling edge of applied voltage, what we call dis-
charge before zero voltage. As the applied voltage increases further, Tur-
ing stripe pattern appears on the glow-like homogeneous background'®!. Such a
Turing pattern has not been reported previously in other DBD systems,
6
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Fig.2 Spatial structure (left column), temporal behavior and transported
charges (right column) of discharge vs the applied, voltage: (a)stochastic fil-
aments(b) regular square pattern (c)glow-like and (d)-(f) Turing stripe
pattern; Waveforms of the applied voltage (top), transported chafge (mid-
dle) and the total light emission (bottom). The other experimental condi-
tions: frequency f=26kHz,gas gap d = 1.5mm,an Ar gas flow of 9 slm,
and photographs’ exposure time:1/30s.



likely due to the fact that the voltage applied was not sufficient high. The
temporal discharge current exhibits a profile with three spikes, four
spikes as voltage increases, and finally evolves into a continuous-like pro-
file. It can be seen that the spatial duty ratio of glow-like discharge, also
Turing stripe pattern, is almost 100% and the temporal duty ratio of
Turing stripe pattern is near 80% .

Lissajous figure is utilized to measure the input power and results are
shown in Fig. 3. for different discharge stages corresponding to that
shown in Fig.2. It can be seen clearly that the sharp increase of charges
in lower branch of Lissajous figure occurs only in the range of voltage >0
in discharges prior to glow-like discharge, such as filaments discharge and
square pattern discharge. While in discharges subsequent to glow-like
discharge, the sharp increase of charges also occurs in the range of voltage
< 0, which corresponds to discharge before zero voltage. The power dis-

sipated per voltage cycle can be expressed as
ot ™

V(£)dQ(t)

_ K =T
P=

T

where V(1) is the applied voltage, Q(¢) is the transported charge and T
is the period of applied voltage. Fig.4 gives the input power as a function
of applied voltage. It is obvious that the input power increases with the
increase of applied voltage. There is a sharp increase at glow-like dis-
charge voltage. The increase rate in discharges subsequent to glow-like
discharge is larger than that in discharge prior to glow-like discharge.
The average power of glow-like discharge turns out to be 10.1W, which
corresponds to a power density of 3. 9W/cm®. The maximum discharge
power is 35. 9W, and corresponding power density is 14. 0W/cm?. In
addition, the Lissajous figure for the voltage below breakdown (not

shown here) falls along a line.
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Fig.3 Measured Lissajous figures of different discharge stages(correspond-
ing to Fig.2).

Furthermore, the current is monitored by replacing the test capaci-
tor with a 50 Q resistor. For the voltage below breakdown, the current is
sinusoidal with a 7 /2 phase lead and the current is just displacement cur-
rent. For the voltage over breakdown, the current deviates from the si-
nusoidal and shows spikes. The current is the superposition of displace-
ment current and gas discharge current. These results are similar to that
in other DBD system[2:3!.

The four distinct types of discharge (see also Fig.2) could be ob-
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served when the product of

Orvr—T T 7

s f { gas pressure p and gas gap d
o 0 glow-like ' (pd) 1s in the range of 100~
5 | i T by changing d.
% 2ok dlschalge_ ¢ 4 130 Torr cm by ¢ anglr.ng.
&t . 1 The voltage of four distinct
+
:g’ 10 7| discharges and corresponding
- 0- _| input power increases as pd

[ R T

5 4 6 8 10 vallje increases.

UkY) In DBD system, the

charges created in discharge

Fig.4 Input a fumt'on of the applied
& rput power as ' PP are accumulated on the surface

voltage (corresponding to Fig; 2). . . o
of dielectric layer resulting in
an electric field that opposes the applied field. Therefore the net field
strength is abruptly reduced in a localized‘vregion and the filament expires
when the net field falls below the maintaining field. However, when the
voltage polarity is changed in next half cycle, breakdown occurs more
readily due to the fact that the charges-induced field is of same polarity
with the applied field. The more the charges deposited in last half cycle,
the lower the applied voltage for breakdown. When the applied voltage is
sufficient high, the accumulated charges will be more than enough to ini-
tiate the reversed gas discharge at the falling edge of the applied voltage.
Thus, with a sufficient high voltage, a situation corresponding to dis-
charge subsequent to glow-like discharge in our experiments, the deposit-
ed charges will induce discharge at the falling edge of applied voltage.
This corresponds to discharge before zero voltage. Obviously, the tempo-
ral duty ratio is determined by the extent prior to the instant of zero volt-
age. The higher the applied voltage, the more time lead prior to the in-
stant of zero voltage and hence the higher the temporal duty ratio. Mean-
while, the deposited charges also influence significantly the input dis-
charge power because they first store the energy at the rising edge of ap-
10



plied voltage and then release the energy at the falling edge of applied
voltage. This can increase the energy conversion efficiency. It would be
the origin of a greater ratio between input power and applied voltage in
discharge subsequent to glow-like discharge in comparison with that prior
to glow-like discharge. In summary, charges deposited on the surface of
dielectric layer significantly influence the discharge power and the spatio-
temporal duty ratio.

In conclusion, high-power-density atmospheric pressure plasma with
high.duty ratio in space and time is achieved by using liquid electrodes.
The power density and the spatio-temporal duty ratio increase with the
increasing voltage. The sharp increase of charges occurs only at rising
edge of applied voltage in discharges prior to glow-like discharge. While
in discharges subsequent to glow-like discharge, the sharp increase of
charges also occurs at falling edge of applied voltage. We propose dis-
charge before zero voltage, which corresponds to the reversed gas dis-
charge initiated by the accumulated charges at the falling edge of applied
voltage. Charges deposited on the surface of dielectric layer significantly
influence the discharge power and the spatio—témporal duty ratio.

This work is supported by the National Natural Science Foundation
of China under Grant No. 10375015, the Key Project of Chinese Min-
istry of Education. (No.02020), Committee of Science and Technology,
Hebei Province, China under Grant No. 01212180, the Natural Science
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and Bureau of Education, Hebei Province, China under Grant No.
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1.1.2 Hexagon and stripe patterns in dielec-
tric barrier streamer discharge

Abstract: We present a specially designed dielectric barrier discharge
(DBD) system for the study of pattern formation. Hexagon and stripe
patterns have been observed in a streamer discharge in a DBD for the first
time. The phase diagram of pattern types as a function of applied voltage

is given.
1.1.2.1 Introduction

Pattern formation in systems far from equilibrium is one of the most
challenging fields in modern nonequilibrium physics. It has been investi-
gated in systems of different origins, such as chemical, optical and mag-
netic systems. Recently, much attention has been paid to pattern forma-
tion in dielectric barrier discharge (DBD) because it is particularly suited
to studies of dynamics of patterns due to simple visualization and conve-
nient experimental timescales'!* 2. The experimental device of DBD gen-
erally consists of two parallel electrodes-at least one of which is covered
with a thin dielectric. The discharge type depends on the experimental
parameters. For a low product pd of gas pressure p and gas gap width
d, the discharge operates in the Townsend regime leading to a uniform
glow discharge. For a high pd or overvoltage, the discharge operates in
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