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Abstract

In this study, an atmospheric pressure cold plasma jet has been generated based on dielectric barrier discharge plasma. The
double ring electrode configuration is used and analysis has been performed subjected to wide range of supply frequencies
up to 25 kHz and supply voltage up to 6 kV. The electrical characterization of the plasma jet has been carried out using a
high voltage probe. The V-I characteristics of the developed cold plasma jet have been studied and the consumption of the
power has been analyzed at various input combinations of supply frequency and applied voltage. Consequently, the supply
voltage and supply frequency are optimized with respect to the discharge current and jet length for optimum power
consumption. The peak power consumed for glow discharge operation has been found to be 1.27 W in the optimized
configuration.

Keywords: Atmospheric pressure plasma jet (APPJ); Dielectric barrier discharge; Jet length; Ring electrode
configuration; Supply frequency

1. INTRODUCTION single peak discharge phenomenon based on an equivalent
circuit model, which has enabled them to characterize
DBDs electrically. Furthermore, DBD has been carefully in-
vestigated by (Teschke et al., 2005).

Various portable APPJ devices, including jet needle (Bibi-
nov et al., 2007) and plasma pencil (Laroussi & Lu, 2005; Lu
& Laroussi, 2006; Xiong et al., 2009) have been constructed.
For the effective operation of these APPJ devices often mo-
lecular gases, such as oxygen or methane is added to the inert
carrying gases (Sanchez-Gonzalez et al., 2007). Kasperczuk
et al. (2010) investigated interaction of two plasma jets
launched successfully at the copper target using PALS
iodine laser facility having a beam of diameter 290 mm to
understand the process of radiative cooling in plasma jet for-
mation. Li ef al. (2014) generated a nitrogen based APPJ that
was used to treat carbon fiber aluminum composite, which is
the most appropriate cathode material to construct the relativ-
istic electron beam sources. Plasma jets generated using
different generation techniques are found to exhibit intrigu-
ing properties. APPJs overcome the disadvantages of

Atmospheric pressure plasma jets (APPJ) offer a chamberless
delivery of downstream reaction, ideal for many applications,
such as, material surface treatment, nano-structure fabrica-
tion, sterilization, disinfection, and biomedicine (Stevens &
Shenton, 2001; Laroussi, 2002; Girard-Lauriaul et al.,
2005; Joaquin et al., 2006; Xu et al., 2008). Plasma jets op-
erating with noble gases can be classified into four catego-
ries, that is, dielectric-free electrode (DFE) jets, dielectric
barrier discharge (DBD) jets, DBD-like jets, and single elec-
trode (SE) jets (Eliasson & Kogelschatz, 1991; Park et al.,
1998). Jeong et al. (1998) reported the generation of a non-
equilibrium APPJ by using a radio frequency discharge
device adopting two coaxial metal electrodes, where the
plasma jet was sustained by a strong gas flow passing
through the discharge region. Liu and Neiger (2003) pro-
posed an electrical model of a DBD for arbitrary excitation
voltage. Pal et al. (2009) made an effort to understand a
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at 760 torr, and often arcing occurs between the electrodes.
So, to prevent arcing, study of physical and chemical proper-
ties of APPJs is essential. In this paper, an effort has been
made to electrically characterize the DBD-based atmospheric
pressure cold plasma jet with respect to supply voltage and
frequency to understand the dynamic behavior of APPJs.

2. EXPERIMENTAL SET UP

The double ring electrode configuration is used in this study,
which consists of a quartz tube with a nozzle is shown in
Figure 1. On top of the nozzle, two metal sleeves are put,
which act as the ring electrodes. Out of these, one of the
metal sleeves is connected to the supply and other is
grounded. Argon gas flows through the inlet of the quartz
tube indicated as 1 (see Fig. 1) and its diameter is 22 mm.
The diameter of nozzle outlet is 3 mm and has been indicated
as 2 (see Fig. 1). The length and outer diameter of the quartz
tube are 155 and 25 mm, respectively. The thickness of the
quartz tube is 1.5 mm. The axial length and diameter of
ring electrodes are 18 and 4 mm respectively. The ring elec-
trodes indicated as 3 are separated by a distance of 3 mm and
are clearly shown in Figure 1. A quartz sleeve of 4 mm diam-
eter and 15 mm length was placed on the nozzle of the quartz
tube (see Fig. 2) to observe the length of plasma jet without
the effect of surrounding air. Jet length has been observed
with and without the sleeve.

The double ring electrode configuration is used and sub-
jected to wide range of supply frequencies up to 25 kHz
and supply voltages up to 6 kV. Argon was used as the work-
ing gas. The plasma jet generated using double ring config-
uration is shown in Figure 3.

3. RESULTS AND DISCUSSION

The V-I characteristic of the developed DBD-based cold
plasma jet has been studied and the consumption of power
has been analyzed at various input combinations (supply
voltage and frequency). The supply frequency and voltage
have been varied from 10 to 25 kHz and 3.5 to 6 kV, respec-
tively. The gas flow rate is fixed at 1 liter/min.
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Fig. 1. Geometry of double ring electrode configuration.
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Fig. 2. Schematic diagram of double ring electrode configuration with
quartz sleeve.

Figure 4 shows the relationship between the power con-
sumed and supply frequency at different voltages. It is clearly
seen that at a lower voltage of 3.5 kV when the frequency is
increased from 10 to 25 kHz the power consumption rises as
the transit time for electrons decreases from 100 ps (f=
10 kHz) to 40 ps (f= 25 kHz) , hence greater accumulation
of ions resulting in more power consumed at higher supply
frequency. Figure 4 shows the consumed power for a fre-
quency range 10-25 kHz at the supply voltage 3.5 kV. It is
observed that at combinations of lower supply voltages and
frequency of 3.5kV and 10 kHz the power consumed is
around 0.28 W, whereas at the same voltage level as the
supply frequency is increased to 25 kHz the power consumed
attains a value of 0.94 W. Hence it can be inferred that as the
supply frequency is increased at same lower applied voltage,
the power consumed in the plasma jet also increases. It can be
observed (see Fig. 4) that at supply voltage 4.5 kV and ap-
plied frequency 10 kHz the power consumed is 0.46 W,
which is slightly higher than the power consumed at
supply voltage 3.5 kV and applied frequency 10 kHz. But,
at a higher frequency of 25 kHz the power consumed at
4.5 kV is 0.88 W, which is lower than the power consumed
at 3.5 kV/25 kHz (0.94 W), as higher energy electrons are

Fig. 3. Plasma jet generated using double ring electrode configuration.


https://doi.org/10.1017/S0263034616000501

Electrical characterization of atmospheric pressure dielectric barrier discharge-based cold plasma jet 617

= At 35KV

154 e At45 kv

14 —a— At 5.5kV

13

1.2TW

12 _/‘/‘

11 /'/

1.0 4 g
— 0.94W
= e
5 g — A:n 88w
- ._———'__ o
§ 08 e /
£

B / -
g i 3
06 - | — e //
[V R
5= -

04 - "

034,
02 T i

Frequency (kHz)

Fig. 4. Power consumption in the jet for different frequencies and
3.5-5.5kV applied voltage.

already available to cause ionization of argon gas atoms,
power consumption is less. It is quite clear that power con-
sumption is not a linear function of frequency at different ap-
plied voltages of upto 4.5 kV but however at a higher voltage
of 5.5 kV it is found to have a linear relationship. To illustrate
it further, a similar graph has also been plotted at higher volt-
age 5.5 kV and at different frequencies (see Fig. 4). At ap-
plied voltage 5.5kV and frequency 10 kHz the power
consumed is 0.55 W. Moreover, there is a significant incre-
ment in the power consumed as supply frequency is in-
creased and the peak power consumed by the device
reaches 1.27 W at 5.5 kV /25 kHz. This can be attributed to
discharge in glow discharge region illustrated in Figure 5,
which shows there is only a single peak indicating glow dis-
charge, where uniform discharge happens across entire cath-
ode surface. The obtained peak discharge current at 5.5 kV/
25 kHz is 144 mA as shown in Figure 5. This indicates all the
power supplied is utilized for the discharge process. How-
ever, it is also found from our experimental results that

Fig. 5. Oscilloscope current-voltage trace of the cold plasma jet at 5.5 kV/
25 kHz.
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beyond supply voltage of 5.5 kV (irrespective of frequency)
results in power being lost in heating of the dielectric tube
and heating of argon atoms, which is not desirable process
in cold plasma jets and should be avoided.

In another set of experiments the supply frequency was
kept constant and argon gas flow rate was fixed as 1 liter/
min. Then for each set of supply frequencies starting from
10 to 25 kHz, the supply voltage has been varied from 3.5
to 6kV and power consumed by the device has been
recorded.

Figure 6 shows the relationship between power consumed
and the supply voltage at different supply frequencies. It is
observed that there is no linear relationship between power
consumed and applied voltage at different supply frequen-
cies. At lower supply frequency of 10 kHz initially, there is
a marginal increment in power consumed from 0.28 to
0.46 W as the supply voltage is increased from 3.5 to
4.5 kV, which is due to the fact that initially available seed
electrons are gaining energy from supplied voltage to cause
further ionization of argon atoms. But as the supply voltage
is increased to 5.5 kV at same applied frequency 10 kHz, the
power consumed reaches a 0.56 W where peak discharge
current is 176 mA (see Fig. 7). But as the voltage is further
increased to 6 kV there is a decrease in the power consump-
tion by the jet. It implies that there is an optimum limit
(supply voltage and frequency) for discharge power in the
generated cold plasma jet.

Furthermore (see Fig. 6) at supply frequency of 15 kHz
there is a sudden increase in the power consumed as the volt-
age is increased from 3.5 to 4.5 kV, which is attributed to
energy absorbed by the seed electrons, which causes subse-
quent ionization of argon atoms. But as the voltage is in-
creased to 5.5 kV at same applied frequency of 15 kHz the
power consumed reaches 0.78 W. This again implies that
there is an optimum limit for discharge power generated in
the plasma. The peak discharge current remains same as
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Fig. 6. Power consumption in the jet for different voltages and at 10, 15, and
25 kHz applied frequency.
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Fig. 7. Peak discharge current of 176 mA at 5.5 kV/10 kHz.

176 mA for both 5.5 kV/15 and 5.5 kV /10 kHz (see Figs 7
and 8).

However (from Fig. 6) at a higher frequency range of
25 kHz initially there is a decrease in the power consumption
initially from 0.94 to 0.88 W for increase in supply voltage
from 3.5 to 4.5 kV as the seed electrons have already ac-
quired the energy needed to cause further electron avalanche
causing ionization of argon gas atoms. But, when the applied
voltage reaches 6 kV then the power consumed is 1.04 W
since the discharge may approach arc discharge region
where the input power is not utilized for glow discharge
but it is lost in thermal dissipation of dielectric material
(quartz tube) and heating of argon gas (indicated by multiple
peaks shown in Fig. 9). This leads to the heating of the di-
electric tube. Further, it is observed that above the optimum
voltage of 5.5kV (Fig. 6) at all supply frequencies
(10-25 kHz) there is a decrease in power consumed as it is
lost in thermal dissipation of dielectric material and heating
of argon gas.

The most pivotal factor of a plasma jet length is related to
the input supply frequency, voltage, and quartz sleeve. Jet
length obtained at different supply voltages has been com-
pared. As mentioned earlier a sleeve is added on top of the
nozzle of quartz tube to enhance the jet length by avoiding
plasma jet interacting with surrounding air, which consists
of electronegative gases and water vapor that impede the
propagation of plasma jet. The results of jet length and

Fig. 8. Peak discharge current of 176 mA at 5.5 kV, 15 kHz.
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Fig. 9. Oscilloscope current-voltage trace of the cold plasma jet at 6 kV/
25 kHz.

supply frequency (with and without sleeve) at 4.5 kV is
shown in Figure 10.

At alower supply voltage of 4.5 kV and frequency 10 kHz
the jet length is 7 mm without the sleeve and it increases to
9 mm with the quartz sleeve. There has been a significant in-
crement in the jet length up to 17 mm obtained with the
quartz sleeve compared with a jet length of 12 mm without
the sleeve at a supply frequency of 25 kHz. The difference
in the jet length is due to the interaction of the plasma with
the ambient air. At a low applied voltage, the propagation
length of the jet is short as the positive charges will be neu-
tralized by the polarization charges induced in the region of
the ground electrode thus limiting its propagation (Jiang
et al., 2009).

The results of jet length and supply frequency (with and
without sleeve) at 6 kV is shown in Figure 11. At a higher
voltage of 6 kV, as shown in Figure 11, even at lower fre-
quency there is a significant difference between the length
of plasma jet generated with sleeve and without sleeve,
which is 22 and 17 mm, respectively. With this sufficiently
large voltage (6 kV), the polarization charges at the ground
electrode will get saturated, and they are unlikely to be able
to compensate the discharge process. Therefore the charge
accumulation region will extend beyond the ground elec-
trode, resulting in an overfall of charges (Jiang et al.,
2009). So as the applied voltage increases, more argon

E=—With sieeve

+— Without sleeve

Jet length (mm)
P
N\
[ ]
Y
]

Frequency (kH z)

Fig. 10. Jet length versus supply frequency at 4.5 kV.
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Fig. 11. Jet length versus supply frequency at 6 kV.

energetic species are created and their pronounced energy
allows them to penetrate deeper into the surrounding air,
leading to the formation of an extended plasma jet. Hence
longer jet length is observed at higher applied voltage. The
maximum length of the plasma jet obtained is 29 mm at
6 kV /25 kHz with quartz sleeve. The maximum plasma jet
length reached without the sleeve is 25 mm due to the inter-
action of argon ions with surrounding gases of atmosphere
consisting of electronegative gases. Nevertheless, there has
been a notable increase in jet length (4—16 mm) when the
supply voltage is increased from 4.5 to 5.5 kV. The maxi-
mum power consumption is at 5.5 kV /25 kHz. The table
summarizes the relationship between supply voltage and

Table 1. Electrical characterization of ring electrode plasma jet

Supply Supply Peak Jet length Jet length

voltage  frequency discharge (mm) without (mm) with Power
kV) (kHz) current (mA) sleeve sleeve W)
3.5 10 152 2 5 0.28
4 10 160 4 7 0.33
4.5 10 176 7 9 0.46
5 10 144 12 15 0.46
5.5 10 176 15 21 0.56
6 10 192 17 22 0.42
35 15 96 4 7 0.33
4 15 112 6 9 0.58
4.5 15 152 8 12 0.58
5 15 144 14 17 0.69
5.5 15 176 18 23 0.78
6 15 232 20 24 0.63
3.5 20 88 6 10 0.59
4 20 128 8 12 0.73
4.5 20 112 12 15 0.82
5 20 152 18 22 1.12
5.5 20 168 20 25 1.04
6 20 184 22 27 0.72
3.5 25 88 8 12 0.94
4 25 96 11 14 0.89
4.5 25 152 12 17 0.88
5 25 128 22 25 0.97
55 25 144 24 28 1.27
6 25 216 25 29 1.04
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frequency with respect to peak discharge current, jet length
(with and without sleeve), and power consumption by the
device is given in Table 1.

4. SUMMARY

From our results (see Fig. 4) it is clear that at combinations of
lower supply frequency and voltage there is no linear rela-
tionship between the power consumed and supply frequency.
However at a higher voltage of 6 kV and higher frequency
(25 kHz), there seems to be a linear relationship between
the power consumed and applied voltage as there is lesser
transit time for the electrons (40 ps), which causes ion accu-
mulation resulting more consumption of power with an in-
crease in supply voltage. There is further no linear
relationship between the power consumed and applied volt-
age at different applied supply frequency (10-25 kHz) (see
Fig. 6), however it is observed that at all supply frequencies
(10-25 kHz) there is peak consumption of power occurring
between 5-5.5kV, but as voltage is increased further to
6 kV there is decrease in the power consumed in all frequen-
cies (10-25 kHz), which signifies that after an optimum volt-
age of 5-5.5kV any further increase of voltage results in
power dissipated in heating of the dielectric material,
which is clearly seen from the occurrence of multiple
peaks (Fig. 9). The presence of these multiple peaks indicates
that the discharge is approaching arc discharge region. From
Table 1 it is clearly observed that peak power consumed at
supply frequency (10-25kHz) occurs between 5 and
5.5kV with a discharge current (144-176 mA).The peak
power consumed by the device is 1.27W at 5.5kV/
25 kHz with minimal peak discharge current of 144 mA. It
is also found from experimental results that for an average
power consumption of 0.5-0.9 W the tube should be operat-
ed between optimum range 3.5-4.5 kV and 15-20 kHz. It is
further observed the power is lost in heating of dielectric ma-
terial and heating of argon gas atoms beyond a supply volt-
age of 5.5kV irrespective of supply frequency. The jet
length increases as the supply voltage and frequency increas-
es. However, there is a notable increase in jet length
(4-16 mm) when the supply voltage is increased from 4.5
to 5.5 kV. From the results of the electrical characterization
of ring electrode configuration, the optimum range estab-
lished helps in generation of plasma jet without arcing and
without any physical damage to the tube, which could
occur due to excessive thermal heat dissipation. The devel-
oped cold APPJ of greater lengths may be useful for different
biological applications.
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