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Abstract
In this work, an Ar plasma jet generated by an AC-microsecond-pulse-driven dielectric barrier
discharge reactor, which had two ring-shaped electrodes isolated from the ambient atmosphere
by transformer oil, was investigated. By special design of the oil insulation, a chemically active
Ar plasma jet along with a safe and stable plasma process as well as low emission of CO and
NO, were successfully achieved. The results indicated that applied voltage and frequency were
basic factors influencing the jet temperature, discharge power, and jet length, which increased
significantly with the two operating parameters. Meanwhile, gas velocity affected the jet
temperature in a reverse direction. In comparison with a He plasma jet, the Ar plasma jet had
relatively low jet temperature under the same level of the input parameters, being preferable for
bio-applications. The Ar plasma jet has been tested to interact with human skin within 5 min
without the perception of burnt skin and electrical shock.

Keywords: Ar plasma jet, atmospheric pressure plasma jet, OES of Ar, gas emission of Ar
plasma jet, transformer oil

(Some figures may appear in colour only in the online journal)

1. Introduction to treat objects of different shapes and sizes. A plasma jet is

composed of a series of discrete plasma pockets, called plasma

1

Atmospheric pressure plasma jets (APPJs) have been resear- bullets, travelling at a speed of several to hundreds km s~

ched heavily for the last two decades because of their great
potential for many applications ranging from material pro-
cessing to medical treatment [1-9]. The commonly used
configuration to generate APPJs is the coplanar-coaxial di-
electric barrier discharge (DBD) with two ring-shaped elec-
trodes wrapped outside a dielectric tube [10, 11]. Noble gases,
such as helium (He), argon (Ar), and neon (Ne), are fre-
quently utilized as the discharge gas [11-13].

One of the unique properties of APPJs is the long plasma
active column (i.e. plasma jet) downstream outside of the
inter-electrode space, which enables them to be used flexibly

1009-0630/19/095401+09$33.00

which is much higher than the gas velocity [14—17]. The
emission of high-speed plasma bullets makes plasma jets
continuous to the naked eye to the length of several centimeters
[17-19]. Generally, the plasma jet length increases with the
external electric field strength, and therefore the voltage applied
on the electrodes [16]. Increasing the applied voltage is,
however, limited by the ignition of spark and subsequently arc
in the air gap between the electrodes [20]. Arcing restricts the
electrical power delivered to plasma jets and causes safety
problems. Replacing the air space between and surrounding the
electrodes by an electrical insulator is the only way to solve the
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Figure 1. (a) A schematic diagram of the experimental setup for the Ar plasma jet, (b) measurement of the jet temperature, (c) optical

emission spectra, and (d) gas emission.

issue. Solid materials, such as glass, ceramics, and Teflon, are
widely used as a high-voltage insulator with very high di-
electric strength. However, the electrode-surrounding air is
usually not eliminated completely by using solid insulators,
since there is still a thin air layer existing between an insulator
and electrode when they are mechanically assembled. Also,
there are always voids and cracks as electrodes are alternatively
insulated by the coating methods, for example with ceramics
[21]. Liquid electrical insulating materials (e.g. transformer
oils) are therefore considered suitable for the insulation pur-
poses of plasma electrodes. Insulating oils not only possess
high breakdown voltages but they also have excellent flex-
ibility enabling them to completely cover and isolate the
electrodes from the ambient air. Recently, we have been suc-
cessful in using electrical insulating oils other than solid can-
didates for insulating the ground electrode of a coaxial rod-to-
cylinder type reactor, and achieved a stable, high performance
for CO, reforming of CH, to syngas [22]. By using insulating
oils, power loss due to unwanted sparking is minimized and the
heat generated from plasma discharge and dielectric heating
can be dissipated more easily. This is beneficial to the forma-
tion of APPJs, especially for biomedical applications, since the
operation safety and gas temperature control could be greatly
improved.

In this study, we demonstrated a stable Ar plasma jet
generated by a DBD reactor with two ring-type electrodes
immersed in transformer oil. The characteristics of the plasma
jet in terms of jet length, jet temperature, discharge power,

and composition of emission gases were investigated
experimentally in response to simultaneous variation of
applied voltage and gas flow rate, as well as applied voltage
and frequency, to determine the optimum conditions for
operation or the input parameters for bio-applications. A
comparison between Ar and He plasma jets on the jet length
and jet temperature was made by variation of the gas velocity
conjugated with the applied voltage.

2. Experimental

Figure 1 shows a schematic diagram of the DBD reactor with
two ring-type electrodes for generating an Ar plasma jet. The
two electrodes were isolated from the ambient air by electrical
insulating oil, which has been described elsewhere [20].
Briefly, the quartz capillary tube had the inner and outer
diameters of 2 and 4 mm, respectively. The two ring elec-
trodes were stainless steel tubes; these had inner and outer
diameters of 4 and 6 mm, respectively. To generate a plasma
jet effectively, a short ground electrode and distance between
the electrodes were proposed [20, 23]. Therefore, in this
study, the power electrode was made 20 mm long, while it
was 5 mm for the length of the ground electrode. The two
electrodes were coaxially assembled outside the quartz tube
with the distance between them and the distance from the
lower end of the ground electrode to the nozzle exit being 5
and 20 mm, respectively. To generate plasma, Ar with a
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Figure 2. Voltage, total current (high-voltage wire current), and
represented discharge current (ground wire current) under various
applied frequencies at an applied voltage of 6 kV and total flow rate
of 3 slm.

purity of 99.99% was introduced to the reactor by a mass flow
controller (AFC 500, AFC Co., Korea), while high voltage on
the power electrode was supplied by an AC pulse power
supply (HVP, AP Plasma Power Supply, Korea). The plasma
power supply can provide voltage up to 15kV and frequency
from 5 to 30kHz. During the plasma process, various jet
parameters and properties were examined, including jet
length, jet temperature, optical emission spectra, and emission
of NO, and CO. The jet length was measured from the nozzle
exit to the jet tip by a ruler placed parallel to the plasma jet.
The jet temperature was measured by an infrared thermometer
(IRtech, IR4, Korea) at 10mm from the nozzle exit
(figure 1(b)). To examine the Ar plasma jet, the optical
emission spectra and gas emission were analyzed by an
optical emission spectrometer (OES, AvaSpec-2048 XL,
Netherlands) and by a gas analyzer (Ecom®, MK 6000,
Korea), respectively. In detail, the optical fiber tip was located
15 mm from the nozzle exit and 10 mm from the tube axis
(figure 1(c)); the probe tip of the gas analyzer was located
45 mm from the nozzle exit, and the total flow rate of the gas
pump was 2.3 slm (figure 1(d)).

To determine the discharge power, the applied voltage
and current data were recorded by an oscilloscope (Tektronix,
TBS1064, four channels, 60 MHz, 1 GSs™'). The oscillo-
scope was equipped with a passive high-voltage probe
(Tektronix, P6015A, USA) to measure applied voltage and a
current monitor (Pearson Electronics, 2100, USA) to measure
currents (the probe was located at the high-voltage wire for
the total current and the ground wire for the represented
discharge current). Figure 2 shows typical waveforms of
voltage and currents during the plasma process with changing
applied frequency. Under various applied frequencies from 10
to 30 kHz and at an applied voltage of 6 kV, the current pulse
widths, which correspond to two high-voltage peaks in each
voltage phase, were maintained at around 3.35 us. The typi-
cally represented discharge currents were similar to the total
currents; however, their intensities were slightly lower than
those of the total currents as the total current was the sum of

the represented discharge current and upstream/downstream
currents. To obtain high accuracy of the discharge power
estimation of a DBD plasma jet, the current probe should be
located at the discharge zone or high-voltage wire instead of
at the grounded wire [24]. Consequently, a discharge power
was calculated by integrating the product of the applied
voltage and total current (equation (1)).

+3

Discharge power, By (W) :ff v(t)i(t) dt (1)

]

3. Results and discussion

3.1. Effects of input parameters on the plasma jet

Figure 3 shows the evolution of plasma jet output parameters
with the changes in the applied voltage and gas flow rate, which
indicates that the effect of applied voltage on the Ar plasma jet
output parameters, namely jet length, jet temperature, and dis-
charge power, was superior to that of the gas flow rate. Speci-
fically, an increase in the applied voltage from 5 to 8 kV resulted
in significant increases in jet length, jet temperatures, and dis-
charge power, whereas these parameters slightly changed
with the gas flow rate from 2 to 5 slm (gas velocity:
10.61-26.52ms '), except for the jet temperature, which lar-
gely decreased with augmentation of the gas flow rate at a high
applied voltage. Applied voltage, as well as frequency, is a basic
factor in determining the input energy, and therefore the dis-
charge power. The increase in the applied voltage enhances the
external electrical field, resulting in a higher density and energy
of electrons and more metastable species produced in the dis-
charge zone. These, in turn, promote the speed of plasma bullets
as well as plasma jet length [25-27]. During the plasma process,
part of the input energy was used to heat the discharge gas and
plasma reactor, which led to the increase in the gas temperature
in the jet region. Moreover, energy consumption for heating the
plasma gas and reactor may be a cause of the non-linear rela-
tionship between voltage and the ratio of length to power, as
shown in figure 3(d). In this plasma system, the Ar plasma jet
length more or less decreased when the gas velocity was above
15.92ms ! (flow rate: 3 slm). The phenomena are in line with
those of a previous study [28]. Specifically, as the gas velocity
was raised from 3 to 5 slm at 5kV (i.e. gas velocity from 15.92
t0 26.52ms '), Ar plasma jet propagation decreased from 18 to
14 mm in length and the jet appearance changed from a laminar
flow to a turbulent form. The increase in gas flow rate along with
the reduction in jet temperature resulted in a higher pressure
build-up or larger number density of plasma gas, which is
considered one of the factors contributing to the decrease in jet
length. The optimum gas flow rate for the jet length was found
to be 3 slm for the whole range of applied voltages.

Besides the gas flow rate, the effect of power frequency
along with applied voltage on the plasma jet was examined
and is shown in figure 4. In this experiment, the gas flow rate
was kept constant at 3 slm, while the frequency varied from
10 to 30 kHz with intervals of 10 kHz. As can be seen from
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Figure 3. The effect of gas flow rate and applied voltage on (a) jet length, (b) jet temperature, (c) discharge power, and (d) the ratio of jet
length to discharge power (frequency: 30 kHz; temperature recorded after 5 min of plasma ignition).

figures 4(a) to (c), similar to the influence of applied voltage,
raising the frequency generally increased the jet length, jet
temperature, and discharge power. For jet length, the influ-
ence of frequency was more noticeable at low applied volt-
age. For example, at an applied voltage of 6 kV, the jet length
was increased from 18 to 22 mm as the frequency increased
from 10 to 30 kHz. Meanwhile, at a higher applied voltage of
8 kV, the jet length slightly changed from 25 to 26 mm. The
same was true for the effect of applied voltage at various gas
velocities. The jet temperature and discharge power sig-
nificantly increased as the applied voltage and frequency were
both raised. The change in jet length could be explained in
terms of seed electron density. The plasma bullet propagation
and therefore plasma jet length are strongly dependent on the
temporal and spatial distribution of seed electron density,
which rapidly decays during a time period between two
consecutive current pulses and along the jet axis [29]. At low
frequency and applied voltage, the seed electron density

should be low, which corresponds to a short jet length.
Raising either the frequency or applied voltage results in
shortening of the period between two consecutive pulses or
increasing the initial seed electron density, which, in turn,
increases the seed electron density just before the following
pulse or bullet. At high frequency and applied voltage, the
effect of changing these parameters should be less since the
seed electron density approaches its saturated value. As a
result of variation in the jet length and discharge power, the
desire for increasing the specific jet length or the ratio of jet
length to discharge power is effective with the frequency
variation (see figure 4(d)).

3.2. Evaluation of the plasma jet carried out by the reactor

Figure 5 demonstrated that the Ar plasma jet generated by the
reactor used in this work was a chemically active source
potentially used for many applications. This comes from the
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Figure 4. The effect of frequency and applied voltage on (a) jet length, (b) jet temperature, (c) discharge power, and (d) the ratio of jet length
to discharge power (flow rate: 3 slm; temperature recorded after 5 min of plasma ignition).
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Figure 5. Optical emission spectra of the Ar plasma jet (applied voltage:
7kV; frequency: 30 kHz; Ar flow rate: 2 slm; Ar purity: 99.999%).

spectrum of the Ar plasma jet, which consisted of several
intense peaks of excited active species, including Ar, N,, N, ™,
O, and OH. Indeed, the Ar lines with high intensities emitted
by the plasma jet were observed in the wavelength range from

690 to 900 nm. The interaction between the Ar plasma jet and
the ambient air resulted in strong lines of N, in the second
positive system (C311, — B3Hg). In addition, several other
species, such as N,™ in the first negative system (B
22; — X 22;), OH with the most intense peak overlapping
with N, at 308 nm, and atomic oxygen at 777 nm, were also
detected. In this spectrum, NO lines were not clearly identi-
fied in the range of 200-300 nm (A’ZF — XII). The results
are in line with several Ar plasma jet spectra in previous
reports [12, 26, 30, 31]. In comparison with the He plasma jet
spectrum carried out by the same system [20], the line
intensities of N, and N, of the Ar plasma jet were lower than
those of the He plasma jet. Here, we propose one of the
reasons is that the excitation energy of He is higher than that
of Ar. The formation of excited N, and N,* (i.e. reactive
nitrogen species, RNS) in Ar and He plasmas results from the
collisions of N, with electrons and/or metastable species.
The average electron energy generated by DBD systems is in
the order of a few eV [32]. Meanwhile, it can be seen from the
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Figure 6. Emission of CO and NO, during the plasma process under
varying applied voltage (applied frequency: 30 kHz; Ar flow rate:
2 slm; the flow rate of the gas pump of the gas analysis: 2.3 slm; Ar
purity: 99.99%).

OES analyses that the spectrum of He plasma locates in the
shorter wavelength region (higher energy level) than that of
Ar plasma, indicating that the He species have higher energy
than the Ar species. That is why the intensities of N, and N,*
with the Ar plasma are weaker than those with the He plasma.
The metastable energies of He and Ar are reported to be
around 20eV and 11.6eV, respectively [33]. Consequently,
the significant difference in the line intensities of N, and N, *
between the two plasmas is mainly attributed to the higher
metastable energy of He than that of Ar. This phenomenon
was also found in analyses of CHF;/0, plasma generated by
a concentric rod-to-cylinder type of DBD reactor with either
Ar, N,, or He as the dilution gas, wherein He dilution was
more accessible to analyze the optical emission spectra [34].
To sum up, the Ar plasma jet generated by the reactor system
presented in this work can be considered as a source for low-
temperature plasma, which consists of several chemically
active species, such as excited Ar and N5, N,*, O, and OH
radicals.

To be useful for bio-applications such as human skin
treatment, a plasma source must not only have low jet
temperature and good electrical safety but also low emissions
of hazardous chemicals, e.g. NO, (NO and NO,) and CO. In
this study, the emission of NO, and CO by the plasma jet
interacting with the ambient air was examined by varying the
applied voltage from 5 to 9 kV. The concentrations of emitted
NO, and CO during the plasma process are shown in figure 6.
This figure demonstrates that the contents of plasma-induced
NO, and CO were lower than 20 ppm. Specifically, NO was
not detected under the experimental conditions in this work.
When the applied voltage was smaller than or equal to 6 kV,
NO, was also under the detection limit of the measuring
equipment; however, its concentration rose from 1 to 6 ppm
as the applied voltage increased from 7 to 9kV. The results
are similar to those observed with the He plasma jet generated
using the same system [20]. A preliminary test of the plasma
jet interacting with human skin was also performed and is

V= 5 kY

'3,: 20 K“Z

Figure 7. The Ar plasma jet interaction with human skin (applied
voltage: 5 kV; frequency: 30 kHz; Ar flow rate: 3 slm).

shown in figure 7. There was no perception of burnt skin and
electrical shock in 5 min of interaction; therefore, the plasma
source is promising for bio-applications.

3.3. Comparison of Ar and He plasma jets

A comparison of Ar and He plasma jets regarding jet length
and temperature varying with gas flow rate at the applied
voltages of 5 and 6 kV is shown in figure 8. For the Ar plasma
jet, the higher the applied voltage, the longer the jet length, as
also seen from figure 3(a). A similar result was observed for
the He plasma jet with the gas flow rate in the range of
2-3 slm. However, at a flow rate of 4 slm, the He jet length
did not depend on the applied voltage, as the jet length
approached similar values for both applied voltages. In con-
trast to He, Ar has a much larger Townsend’s first ionization
coefficient, which rises more steeply with an electric field and
therefore applied voltage. As a result, raising the applied
voltage generally produces more intense filamentary Ar dis-
charge [20, 31, 34]. In addition, compared to the He plasma
jet, the Ar plasma jet generally had a shorter length under the
same working conditions, except at low values of gas flow
rate of 2-3 slm and applied voltage of 5 kV, under which the
jet lengths seemed to be identical. Also, in the investigated
range, the He plasma jet exhibited a continuous increase in jet
length with the gas flow rate. Meanwhile, Ar plasma, as
aforementioned, saturated after 3 slm, regardless of applied
voltage. Similar to those of traditional coplanar-coaxial DBD
plasma jets, the jet length of the plasma system in this work
was dependent on the status of the gas flow (i.e. laminar or
turbulent mode). In the laminar mode, the jet length increases
with the gas flow rate, while it becomes shorter in the tur-
bulent mode [16, 28, 35]. The flow status can be evaluated
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Figure 8. A comparison between Ar and He plasma jets under various flow rates conjugated with applied voltage (applied frequency: 30 kHz;
total flow rate: 2—4 slm; the consumed power at 5 and 6 kV approached 2 and 3 W, respectively).

using the formula of the Reynolds number, Re [36]:

Re:pQ—D

v 2

where p is the gas density (Ar: 1.6228kgm >, He:
0.1625 kg m3 [37]), Q is the gas flow rate in m3/s, D is the
inner diameter of the quartz capillary tube (2 x 107> m), A is
the cross-sectional area of the tube (3.14 x 10°° m2), and p is

the dynamic viscosity (Ar: 2.125 x 10 kg/m - s, He:
1.99 x 107° kg/m - s [37]). With the dimensions of the tube
shown above and the critical value of Re for a change from
laminar flow to turbulent flow being 2320 [38], the critical
gas flow rates for Ar and He were calculated to be 2.86 and
26.76 slm, respectively. It can be seen that the calculated
critical Ar flow rate is close to the optimal value of 3 slm
observed in this work; whereas the calculated critical flow rate
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of He is much larger than the investigated He flow rate, which
explains the continuous increase in the He jet length with the
gas flow rate from 2 to 4 slm.

The jet temperature of He was higher than that of Ar under
varying total flow rate from 2 to 4 slm with an applied voltage of
5 or 6kV, as shown in figure 8(b). Herein, the discharge power
of the Ar plasma jet was comparable to that of the He plasma jet;
interestingly, the temperature of the He plasma jet was superior
to the Ar plasma jet. A possible explanation for this might be the
relatively high thermal conductivity of He (156.7 mW/m - K at
300K), which approaches nine times that of Ar (17.9 mW/
m - K at 300 K) [39]. Indeed, the change in the temperature of
the gas fluid can be estimated by AT = %, in which E (J)

ntp

energy delivered to the gas fluid and C, (J mol " K) is the
molar heat capacity. Since the thermal conductivity of He is
larger than that of Ar, the energy delivered to the He flow would
be higher than that of Ar in the same conditions. Meanwhile,
their molar heat capacities at constant pressure are similar to
each other (C, = 20.8J mol ! - K at 298.15 K) [40]. Therefore,
the temperature increase in He fluid was larger than that in Ar
fluid in the same conditions. As a result, at the same level of
input energy (specific energy input, SEI), the temperature of He
fluid is higher than that of Ar, as shown in figure 8(c). In other
words, more input energy has been distributed to the sur-
rounding ambient air by the He fluid. To sum up, the Ar plasma
jet can be obtained with a low jet temperature, but He plasma is
more stable, since a large portion of the input energy can be
distributed to the ambient air.

4. Conclusions

In summary, a stable, chemically active Ar plasma jet pro-
mising for bio-applications with low jet temperature, low
hazardous chemical emission, and safe usage was success-
fully generated in this work. The jet length, jet temperature
and discharge power generally increased continuously along
with the applied voltage and frequency, but not with the gas
flow rate. Among these output parameters, the jet temperature
was the most sensitive with the change in gas flow rate as it
rapidly decreased with increasing the gas flow rate, especially
at high applied voltage. Meanwhile, the discharge power
seemed to hardly change with the gas flow. The optimum
value of the gas flow rate for the jet length was found to be 3
slm. Under the applied voltage of 5 kV, frequency of 30 kHz,
and gas flow rate of 3 slm, the plasma jet produced was
18 mm long and reached a temperature of 29.5 °C, thus being
suitable for bio-applications, such as human skin treatment.
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