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Abstract

A multiple-capillary Ar plasma jet was successfully generated by an advanced dielectric
barrier discharge reactor. The reactor consisted of four quartz capillaries arranged sepa-
rately and covered by two ring-shaped electrodes, which were isolated by a liquid dielec-
tric. The advantages of the reactor included less Ar consumption (ranging from 1 to 3 L/
min to obtain a total cross-sectional area of four individual plasma flow components of
3.14 mm? at the capillary orifices) and low gas temperatures (not exceeding 40 °C). The
obtained temperature is suitable for implementing various biomedical applications such as
wound healing, dental treatment, and cancer therapy. Furthermore, the plasma jet spread
when it interreacted with dielectric materials or skin, resulting in an enlarged effective
plasma treatment area of approximately 8 mm?. Analysis of optical emission spectra of the
plasma jet indicated the existence of several reactive species, suggesting that the plasma
device holds potential for biomedical applications and material surface treatments.
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Introduction

Recently, there has been a growing interest in cold atmosphere plasma (CAP) sources due
to emerging plasma applications such as cancer treatment [1-4], skin treatment [5-8],
sterilization [9-12], wound healing [13, 14], and plasma-activated medium [15-18]. In the
last two decades, several CAPs have been introduced for these applications in research and
commercial products, e.g., plasma pencil and kINPen [19-21]. Besides the general char-
acteristics of CAPs that supply reactive chemical species at low temperatures [17], each
plasma source provides unique features. Specifically, the plasma source depends on plasma
gas [22, 23], device configurations [24-26], and operating parameters [27, 28]. CAP can
be classified into three categories in terms of plasma gas used, namely, noble gas plasma
jet, N, plasma jet, and air plasma jet [29]. Among them, noble gas plasma jets have been
more widely used than other plasma jets due to several advantages that noble gas plasma
jets such as He or Ar possess. The advantages include low breakdown voltage, long plasma
jet, low jet temperature, and stable plasma jet. However, using considerable noble gas flow
rates can increase the operating cost of plasma treatment; consequently, less noble gas con-
sumption during plasma is useful for practical applications.

A variety of configurations have been used to generate plasma with noble gases. The
four typical configurations include dielectric-free electrode, dielectric barrier discharge
(DBD), DBD-like configurations, and single electrode [29]. In terms of avoiding electrical
shock and prevention of increasing current during plasma treatment, DBD jets can be con-
sidered more suitable than other structures. The reason is that discharge current extin-
guishes on the dielectric layer surface [30], and high voltage electrodes are isolated with
human body parts by strong dielectric layer during direct plasma treatment process. To
achieve a large plasma treatment area, a traditional DBD jet typically utilizes a single large-
inner-diameter dielectric tube or a bundle of multiple tightly-packed dielectric capillaries
[31-33]. Recently, Robert et al. [34, 35] introduced novel methods for converting a single
plasma jet to a multi-jet array; herein, multi-plasma jets were generated by extended plasma
guns through (i) metallic or dielectric tubes that consisted of up to a hundred hollows with
a diameter of 0.5 mm [34] and (ii) a unique outlet part comprising 52 channels with
0.8 mm in diameter [35]. In the case of a single large tube, there should be a large noble
gas consumption due to the requirement of a sufficient gas velocity (i.e., the flow rate per
cross-section area of the gas flow) to induce an adequate plasma jet length with low tem-
perature. The use of a conventional tightly-packed-capillary type reactor does not signifi-
cantly reduce the required gas flow rate. If the plasma jet can be generated in the capillaries
of a multi-bore dielectric tubing with an appropriate bore distribution, an enlarged treat-
ment surface can be obtained because plasma jets would spread out on the dielectric sur-
face when it touches the treated surface [36-39]. These disadvantages in both single dielec-
tric tubing and narrow array parallel of plasma jets are solved. Moreover, compared to a
single dielectric tubing at the same total cross-section tubing area, the capillary surface
area of the multi-bore is larger. Indeed, the capillary surface area of a single dielectric tub-
ing is Sgingle = Tldgpgie (I: length of discharge zone; dg,,.: inner diameter of single dielec-
tric tubing), while the capillary surface area of multi-bore tubing is Sy, = nxldy. (n:
number of bores; d,.: inner diameter of bores). As the cross-section area of the single
dielectric tubing equals to that of the multi-bore dielectric tubing, d,. = La Conse-

\/ﬁ single*
quently, s, = v/nzldg,y, = \/nSy.- AS a result, the capillary surface area of the multi-bore
dielectric tubing is /; times of that with single dielectric tubing. The change of capillary

surface area would affect the physical and chemical properties of the plasma jet.
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Generation of CAP in a 4-bore tubing was investigated with a noble gas Ar in order to
obtain low temperature and long plasma jet targeting the bio-application of plasma. The
advanced feature of the 4-bore tubing compared with the traditional single tube was per-
formed and presented. The result indicated that the 4-bore tubing plasma jets have higher
performance than that of a single plasma jet in terms of low jet temperature and less gas
consumption to obtain the same interaction area between plasma and treated objectives,
e.g., glass materials, CaF,, human skin, etc. Furthermore, the effective plasma of 4-bore
plasma jets is also higher than that of the single plasma jet.

Experimental

In this work, multiple plasma jets were generated by an advanced DBD plasma jet, which
comprised several plasma jet capillaries created by using 4-bore dielectric tubing instead of
single dielectric tubing in the DBD reactor configuration, as shown in Fig. 1. The reactor
consists of two ring-shaped electrodes (thickness of 0.5 mm) covering the 4-bore quartz
tubing (bore diameters of 1 mm; outer diameter of 6 mm) and the electrodes were isolated
with the atmosphere by immersing liquid dielectric (KS C2301, Michang Oil, Korea). The

(a)

(b)
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Fig. 1 a schematic diagram of experimental setup, b cross-section of the reactor, ¢ photo of bottom view of
plasma jet, and d side view of plasma jet hit a CaF, surface
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distance between the two electrodes was fixed at 6 mm; the distance from the orifices of the
quartz tube to the lower grounded electrode was fixed at 20 mm. Ar gas with a purity of
99.999% was introduced to the reactor by a mass flow controller (MFC).

The jet capillaries were driven by an AC pulse power supply (AP Plasma Power Supply,
HVP, Korea), which supplied AC microsecond voltage pulses with a 30 kHz frequency
[28]. The power can be supplied with the maximum voltage and power up to 15 kV and
2kVA, respectively, with 1.25 us rise time for voltage from 0 to 15 kV at a frequency of
30 kHz. Electrical data during plasma jet generation were recorded by a digital oscillo-
scope (Tektronix, DPO 3034, four channels, 300 MHz, 2.5 GS/s, USA). Herein, the high
voltage was measured via a passive high voltage probe (Tektronix, P6015A, 75 MHz,
USA), while the current was monitored with a current monitor (Pearson Electronics, 2100,
20 MHz, USA). Consequently, the electrical measure system is compatible with recording
the micro-pulse signal. The discharge power (P) delivered to the capillaries was estimated
by integrating instantaneous voltage and the current measured on the high voltage wire
[40]. Several parameters of the plasma jet were determined, namely: jet length, jet tempera-
ture, and optical emission spectra. The jet length was determined by a ruler placed parallel
to the plasma jet axis, with an error margin of +1 mm. The jet temperature was deter-
mined through a balanced temperature of glass slide over an infrared thermometer (IRtech,
IR4, Korea; Repeatability: +£1 °C, D:S target ratio: 12:1). Specifically, the infrared tip was
covered by a 1-mm-thick glass slide (Microscope slides, Marienfeld, Germany), one side
touched the tip. The tip was placed at the jet axes and fixed at the distance from the noz-
zle exits to the up-side glass was 5 mm, as shown in Fig. l1a. The plasma jet interacted
with the glass slide, when the infrared thermometer monitor obtained a stable temperature,
denoted as a jet temperature for these conditions; the interaction time requirement was at
least 5 min for the stable temperature. Optical emission of the plasma jet was recorded by
an optical emission spectrometer (OES, AvaSpec-2048 XL, Netherlands). Herein, to facil-
itate the measurement of optical emission spectra, a 4-mm-thick polished CaF, window
was located between the nozzle exits and the tip of the optical fiber, with a distance from
the nozzle exits and tip to each side of CaF, was 5 and 10 mm, respectively. The plasma-
induced, long-lived species from the plasma jet were detected using a portable gas analyzer
(Ecom® EN2, ecom GmbH, Germany) with a total of 1.5 L/min of the gas samples. The
gas samples were collected by a cone glass funnel with the tube connected to the inlet of
the 1.5 L/min gas pump. To create open space, the funnel has a diameter larger than the
body reactor; it is located downstream with the plasma jets inside the cone funnel. The top
or cross-sectional view of the multi-bore jet is shown in Fig. 1b. The photos of multiple gas
discharges with bottom and side view are shown in Fig. 1c and d, respectively. Figure 1d
indicated that when jet capillaries hit CaF, surface (dielectric material), plasma jets spread
on the surface, getting more effective area (up to a square of \/§ i.e., 8 mm?); this area is
superior to a 2 mm diameter circle (x mm?), which is the diameter of single-bore dielectric
tubing with an equal total cross-section to the 4-bore dielectric tubing.

Results and Discussion
Electrical Properties of the Plasma Jets

The multiple gas discharges were driven by an AC voltage pulse, as shown in Fig. 2a. Each
voltage phase has 3 major pulses with a total pulse width of 7 ps. The first pulse voltage
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Fig.2 Voltage waveforms (a) and current discharge (b) under applied voltage of 10 kV, frequency of
30 kHz, and Ar flow rate of 2 L/min

had high intensity, and immediately voltage rose to the amplitude value within approxi-
mately 1.0 ps and a pulse width of 1.75 ps; the second pulse maintained a pulse width of
1.75 ps, but the voltage intensity gradually decreased. In contrast with the third pulse, both
intensity and rising rate of voltage decreased (pulse width of 3.5 ps and voltage intensity
decreased to zero). In response to varying voltage, the current had 5 major pulses with a
total pulse width of 3.5 ps for each voltage phase, and the current intensity decreased cor-
respondingly to the decreasing intensity of the voltage pulse. As a result, the maximum
intensity of the current pulse was around 100 mA level.

The effect of applied voltage and Ar flow rate on the generation of plasma discharge was
observed, as depicted in Fig. 3. It can be observed that with an increase in applied volt-
age, the discharge power increases slightly, whereas the discharge power shows the oppo-
site trend with an increase in Ar flow rate (i.e., reduced discharge power). The increased
applied voltage raises the energy/density of electrons [41, 42] and/or excited/metastable
species [43] in the plasma zone and may increase the amount of charge transfer owing to
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Fig. 3 Discharge power under various voltage and Ar flow rate (experimental data point: average of 128
samples with a standard deviation for each discharge power point from 0.230 to 0.370 W; above surface:
experimental data>estimated data; below surface: experimental data<estimated data, estimated data are
calculated at the same input parameters by the linear model)

the enhanced electric field across the electrodes, which is one of the key factors in enhanc-
ing the discharge power. However, the discharge power decreases~17% on average when
the Ar flow rate increases from 1 to 3 L/min, which can be attributed to reduced retention
time in the discharge zone due to increased gas velocity from 5.3 to 15.9 m/s, respectively.

Since an AC voltage pulse drives the plasma jet, the current discharge has high intensity
and short pulse width, suggesting enlarging instantaneous power that the plasma jet source
can provide. Indeed, the discharge power can be calculated by P(W)=f/ g V.1dt [25].
Therefore, compared with a sinusoidal waveform, high instantaneous power is observed for
a pulse waveform at a similar range of discharge power under the same frequency and volt-
age amplitude [44]. In other words, large current discharge intensities for shorter pulses
resulted in more electron production and potential high electron density. Zhang et al. [45]
compared microsecond pulse with nanosecond pulse for the He plasma jet. The results
indicated that a nanosecond pulse was a cause of high discharge current, longer plasma jet,
and stronger spectral line intensity; these results supported the above hypothesis. Moreo-
ver, with a short width pulse time, the discharge power deposited into the discharge zone
will be less [45]; consequently, the gas temperature, due to heating during plasma dis-
charge, after plasma discharge is not high. Indeed, the discharge power under varying
applied voltage and Ar flow rate was in the range of 0.77 to 1.05 W. The specific heat
capacity of Ar in the atmospheric pressure is around C, = 20.8 J/mol K [46]; consequently,
the highest increase of gas temperature during plasma is not over 73 K
(AT < P*—G(F) = % = 73K ; P(W): discharge power; F(L/min): Ar flow rate, volume
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of 1 mol gas at 25 °C is 24.4 L). The plasma jet was performed under atmospheric condi-
tions (~25 °C). Thus, the Ar gas temperature through the orifices of the quartz tube will be
estimated not over 98 °C (25473 °C), suggesting low-temperature plasma can be obtained
by the 4-bore DBD plasma jet.

Plasma Jet Performance Under Different Voltages and Flow Rates

Even though the Ar flow rate had a negative effect on the discharge power, the flow rate and
applied voltage both positively influenced the plasma jet length, as presented in Fig. 4a.
In Fig. 4, the above and below surface points represent the experimental data higher and
lower than that of anticipated data by the quadratic or linear model, respectively. These
models resulted from fitting experimental data with a desirable R>>0.95. The fitting data
were carried out by the Design Expert tool (version 12); actual equations with V (applied
voltage) and F (flow rate) are independent variables given below:

Jet length(mm) = —48.5 + 10.33V — 0.42F + 0.75VF — 0.5V? — 1.0F*(R? = 0.995).

Jet temperature(°C) = 13.6 + 3.03V — 4.02F (R? = 0.957).

The minimum plasma jet length was observed to be 7 mm at [flow rate (L/min), applied
voltage (kV)] = [1, 8], and the maximum jet length was acquired to be 17 mm at [flow rate
(L/min), applied voltage(kV)] = [3, 10]. Although increased applied voltage contributes to
the enhancement of jet length, a part of the input energy is spent on heating the discharge
gas as well as the reactor, resulting in variation of jet temperature with respect to input
parameters. Herein, with increased applied voltage, more energy is input to the system, as
evident by increased discharge power in Fig. 3, which results in the jet temperature eleva-
tion, as presented in Fig. 4b. However, with an increment in flow rate, the jet temperature

displayed a reduced tendency. That is, the increased flow rate, meaning increased gas vol-
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Fig.4 Dependence of plasma jet on applied voltage and flow rate (experimental data point was the average
of 3 samples with the standard error of length and temperature measurement of +1 mm and 1 °C, respec-
tively; above surface: experimental data>estimated data; below surface: experimental data<estimated
data, estimated data are calculated at the same input parameters by the models, the quadratic model for jet
length while jet temperature by the linear model)
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part of the input energy for heating gas), resulting in the reduced jet temperature. Further-
more, at high velocity, it works like a functional cooling system. Particularly, a minimum
jet temperature of 26 °C was observed at a combination of 3 L/min Ar flow rate and 8 kV
applied voltage, whereas a maximum jet temperature of 40.6 °C was seen at a combination
of 1 L/min Ar flow rate and 10 kV applied voltage, which is way below the highest possi-
ble overall temperature of 98 °C during plasma generation with Ar as the discharge gas.
This can be explained by input energy (discharge power) being used not only to heat gas
but also to create energetic electrons, ions, radicals, excited species, photons, etc., heating
other reactor parts [47, 48]. While the plasma plume moves from the discharge zone to
reach the glass slide, there is an energy transfer from the Ar flow to the reactor body and
ambient air, which is also a reason for the low-temperature plasma jet.

Optical Emission Spectra

The optical emission spectra of multiple plasma jet was plotted in Fig. 5. The spectra indi-
cated a strong emission of Ar plasma was obtained by the 4-bore DBD plasma jet. Indeed,
the intensities of Ar lines (for instance, 696.5, 763.5, 772.3, 826.5 nm) in this work are
much higher than in the previous report [49] with the same typical applied voltage, i.e.,
these intensities increased around 1.5 times. Furthermore, by the method of the plasma jet
interacting with the CaF, surface and the tip of the optical fiber located at another the CaF,
window side, it is more accessible to carry out optical emission spectra recording than the
usual way [25]. The spectra of the 4-Ar plasma jet consisted of main Ar lines ranging from
690 to 900 nm and merge lines of OH and N, at 308 with high intensity, overall higher
than 10* a.u. intensity. During the propagation of the plasma jet into the atmosphere, Ar
plasma jet interacted with ambient air, resulting in several excited active species; they are
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Fig.5 Optical emission spectra of the multiple jet capillaries at 10 kVp (applied frequency =30 kHz; Ar
flow rate=2 L/min; spectra: averaging 50 scans)
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represented through several intense peaks in the spectra, e.g., Ny, N,*, O, and OH. Strong
lines of N, in the second positive system (C3Hu — B®[Ig) were observed in the range from
300 to 500 nm, while the emission of N," in the first negative system (B’Z,* — X°Z,*)
was also detected in the range wavelength from 380 to 450 nm, as shown in the inset fig-
ure. The atomic oxygen was indicated by a peak at 777 nm. Interestingly, no clear NO
lines were detected in the A%2Z* — X1 system with a wavelength from 200 to 300 nm,
which agreed with no NO, detected by the NO, analyzer, as shown below. To summarize,
analysis of the 4-bore DBD plasma jet spectra demonstrated high intensities of emission
of excited species. In other words, the plasma provides a source of activated gas fluid at
close room temperatures (~40 °C), proposing potential applications in bio-applications and
material treatment, particularly for sensitive materials that are susceptible to high tempera-
tures or chemical agents.

Emission of O; and NO,

To practically apply the plasma jet as a potential plasma source in the bio application
field, it is desired to have low to no hazardous chemical emissions [such as O;, NO, (NO
and NO,)] when the plasma jet interacts with ambient air. The emission of O; and NO,,
when the plasma jet was exposed to ambient air, was examined at a maintained flow rate
of 2 L/min by varying the applied voltage from 8 to 12 kV. The threshold limit of O5, NO,
and NO, that would not adversely affect humans upon exposure is 0.1, 25, and 0.2 ppm,
respectively [50]. Figure 6 shows the gas emitted and its concentration; herein, no NO, was
detected under the experimental conditions. However, around 0.3 ppm of O; was observed
at an applied voltage of 12 kV, which does not significantly surpass the limits, considering
the possibility of dilution and decomposition to O, [51]. Notably, O; was under the thresh-
old limit, and no NO, was detected at an applied voltage < 10 kV.

Plasma Jet Features/Pattern when it Interacts with Human Skin

The results of the plasma jet length, temperature, and chemical compositions from the pre-
vious section demonstrate the potential of the multi-capillary plasma jet generated in this
work for biomedical applications. In order to intuitively show its capability, a test of the
plasma jet interacting with human skin was conducted and illustrated in Fig. 7. It can be
seen that the plasma jet length was poor without a finger at an applied voltage of 8 kV
and flow rate of 2 L/min. Under these conditions, no hazardous gas was emitted, and the
plasma jet temperature was about 30.7 °C, less than the body temperature, which is ideal
for bio-applications such as skin treatment, cancer treatment, sterilization, and wound

Fig.6 Emission of NO, and O, . T T T T T
during plasma treatment (applied g 0.3+ .
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rate =2 L/min) g 0.2 4 —O— o3 .
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Fig. 7 Effect of human skin on 70 ——————— 30
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Fig.8 A comparison between 1-bore and 4-bore plasma jet performance (applied voltage =8 kV; applied
frequency =30 kHz; total cross-section of bores is * mm?; the lengths of electrodes are different in the two
reactors)

healing. With the introduction of a human finger in the scenario at a proximity of 25 mm,
a visible improvement in the jet length and intensity was observed, which was further
enhanced when the finger was placed closer and closer to the reactor outlet. This phenome-
non can be attributed to the finger acting as a floating ground that helps channel the plasma
jet, improving the jet length and intensity [25]. The results are in agreement with those
obtained by Robert et al. [52, 53]; plasma propagation depended on the nature of the target
(electrical conductivity) [52], and helium metastable production increased both inside the
capillary and plasma plume with conductive targets [53]. The results also suggest that the
visible optical jet length strongly depended on the surrounding environment of the plasma
jet, especially when the plasma jet interacted with an object that can function as a floating
electrode.

Comparison Between a 1-Bore and 4-Bore Configuration for Plasma jet Performance

A comparison between plasma jet generation by 1-bore and 4-bore plasma jet was per-
formed and shown in Fig. 8. The comparison was based on the same total cross-section
of bores and applied voltage. The data of the 1-bore plasma jet was taken from the pre-
vious report [49]. The 1-bore reactor also had a similar DBD configuration. Here, it
should be noted that the 1-bore reactor has longer electrodes than 4-bore reactor and a
different shape dielectric tube. Specifically, the power and ground electrode lengths are
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20 mm and 5 mm, respectively, whereas both electrodes are 0.5 mm for the 4-bore reac-
tor. The plasma jet was generated in a quartz tube with an inner diameter of 2 mm and
outer diameter of 4 mm. Consequently, 1-bore plasma also had a cross-section bore area
of ® mm?, which equals to total cross-section bore area in the 4-bore plasma jet. The
same applied voltage of 8 kV at 30 kHz was supplied to these reactors for the genera-
tion of the plasma jet. The figure demonstrated a significant decrease in jet temperature
and Ar consumption for the 4-bore plasma jet case. Particularly, the Ar consumption by
4-bore plasma ranges from 1 to 3 L/min to achieve a jet temperature below 40 °C. On
the other hand, the 1-bore plasma jet required up to 5 L/min of Ar flow rate to obtain a
plasma jet temperature <40 °C. A plausible reason for this is the low discharge powers
in 4-bore plasma jet (at 1.0 W level). However, under the same conditions, the jet length
of the 1-bore plasma jet is longer than that of the 4-bore plasma jet; although a shorter
jet length of the 4-bore plasma jet, its length is still suitable for the applications.

Conclusions

This work investigated the generation of multiple jet capillaries using a DBD configura-
tion. For this purpose, a modified DBD configuration was employed, wherein the reac-
tor consisted of two ring-shaped electrodes that covered the 4-bore quartz tubing, with
the electrodes immersed in a liquid dielectric. The plasma jet was driven by a ps pulse
of AC high voltage, resulting in low gas temperature due to the small electrical power
deposited into the discharge. By utilizing 4-bore tubing instead of single-bore tubing as
the dielectric layer in DBD plasma jet configuration, the reactor exhibited high-perfor-
mance plasma jet generation, characterized by reduced Ar consumption, low-tempera-
ture plasma jet, and a large surface area for plasma jet effects, compared to a single-bore
tubing with the same cross-section area. Additionally, the visible jet length of the multi-
ple jet capillaries was found to be strongly influenced by the distance between the finger
and the nozzle exits. The multiple jet capillaries offer reactivated chemical sources at
temperatures below 40 °C and hold potential for plasma bio-applications.
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