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Abstract: Dry argon (Ar) discharge and wet oxygen/argon (O2/Ar) admixture discharge for alter-
nating current atmospheric pressure plasma jets (APPJs) were studied for Ar discharges with flow
rates ranging from 0.2 to 4 slm and for O2/Ar discharges with different O2 ratios and flow rates
ranging from 2.5 to 15 mslm. The voltage–current waveform signals of APPJ discharge, gas flow
rate, photo-imaging of the plasma jet length and width, discharge plasma power, axial temperature
distribution, optical emission spectra, and irradiance were investigated. Different behavior for
varying oxygen content in the admixture discharge was observed. The temperature recognizably
decreased, axially, far away from the nozzle of the jet as the flow rate of dry argon decreased. Similar
behavior was observed for wet argon but with a lower temperature than for dry argon. The optical
emission spectra and the dose rate of irradiance of a plasma jet discharge were investigated as a
function of plasma jet length, for dry and wet Ar discharges, to determine the data compatible with
the International Commission on Non-Ionizing Radiation Protection (ICNIRP) data for irradiance
exposure limits of the skin, which are suitable for the disinfection of microbes on the skin without
harmful effects, equivalent to 30 µJ/mm2.

Keywords: atmospheric pressure plasma jet; oxygen/argon admixture; electrical and optical proper-
ties; emission intensity; dose of irradiance

1. Introduction

Plasma, in physical science, is the fourth state of matter. In technological applications,
plasma can exist in different forms and can be created as thermal and non-thermal plasma.
Plasma technology is improving in many applications such as medical, industrial, and
environmental applications [1].

The deposition of thin films, the treatment of organic and inorganic surfaces, the
surface modification of polymer films, and the processing of materials are commonly
conducted using plasma. Using plasma in such applications is considered to provide the
most uniform and controlled treatment [2].

Plasma technology is very rich in its applications, especially in the killing of microor-
ganisms on rigid or smooth surfaces [3]. Many researchers have studied glow discharge
plasma at atmospheric pressure because of its technological simplicity; no vacuum system is
needed, a greater choice of supply gases is available, and the technology is inexpensive [4].

Cold plasma applications are acceptable from an ecological and economical point of
view. The physical application of cold plasma as a modern disinfection method is of great
importance because of increasingly strict environmental demands [5].
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Low-temperature gas plasma applications dealing with the protocols of killing mi-
croorganisms have opened new fields in biotechnology applications. Recently, glow dis-
charge plasma at atmospheric pressure has attracted significant attention, leading to many
evaluations of the disinfection of bacteria by air plasmas at atmospheric pressure such as
medical, environmental, and industrial evaluations [6].

The configurations, characteristics, and applications of a cold plasma jet emerging by
APPJ have attracted much attention: (i) configurations [7,8], such as electrode design, gas
type, emerging plasma frequency, and flow rate; (ii) characteristics of the jet [9,10], such
as length, width, temperature, emission spectra, irradiance, direct and indirect exposure,
consumed energy, and consumed power; (iii) applications [11,12], such as the inactivation
of microbes (water purification, sterilization, and wound healing), coating and etching
(polymeric surface modification and synthesis of nanostructures), and medical applications
(teeth bleaching, skin treatments, and cancer treatment).

Moreover, there are important factors that affect the APPJ performance, such as tube
dimensions and powering characteristics: (i) tube dimensions include material, shape,
length, and the outer and inner diameter of the tube [13]; (ii) powering characteristics
include power source, applied voltage, and frequency [14].

Many publications have discussed the various applications of APPJs, such as the effect
of the antimicrobial agent ratio on Escherichia coli and its application in fresh-cut cucumbers
by studying the survival curve shapes of different microbes, using the effects of different
impact parameters on the characteristics of the plume emerging from the APPJ [15–17].

The present work represents the characteristics of the cold plasma plume emerging
from the APPJ under an alternating current (AC); these characteristics were studied by
measuring the optical and electrical properties of the APPJ. These properties included the
discharge voltage and current, output plasma power, axial distribution of temperature, flow
rate, jet length, jet width, emission intensity of the plume, emission spectra, and the amount
of energy emitted at each wavelength per unit area from the plasma jet using different
gases, such as pure argon and an admixture of oxygen and argon at different ratios.

2. Experimental Set-Up and Procedures

Figure 1a shows a systematic diagram of a non-thermal APPJ using Ar and O2/Ar
admixture discharges. The ceramic tube is the main part in the APPJ, with 2 mm and
1.5 mm for the outer and inner diameters, respectively. The APPJ dimensions and powering
characteristics are given in Table 1. The APPJ consists of three electrodes: two isolated
hollow cylindrical copper electrodes around the ceramic tube, with 20 mm separation from
each other, one electrode powered by an AC high-voltage power source with a voltage
ranging from 2.5 to 25 kV and a variable frequency of up to 60 kHz, and another electrode
grounded at 40 mm away from the nozzle and 20 mm from the high voltage electrode.
Moreover, the aluminum inner capillary with a 1.5 mm diameter represents the third
electrode of the discharge, with the whole ceramic tube length ended with the nozzle and
described in Figure 1a with the dotted line inside the tube, also described briefly in our
previous work [18]. Gas flows into the ceramic tube from two gas inlets, one for argon gas
and the other for oxygen to admix inside the aluminum capillary tube, which is maintained
in a floating potential.

The flow rates were measured using a volumetric flow meter connected to a needle
valve to control the flow rates. The APPJ system creates discharges using: (i) flow rates
ranging from 0.2 to 4 slm for Ar discharges (dry argon); (ii) O2/Ar admixture discharges
(wet argon) with different O2 ratio admixtures, as shown in Table 2.
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Figure 1. (a) Schematic diagram of APPJ experimental set-up; (b) Typical example of a ground electrode; (c) Plasma jet
width and length as calibration scale.

Table 1. Tube dimensions and powering characteristics.

Tube dimensions

Ceramic Material

Cylindrical Shape

70 mm Length

2 mm Outer diameter

1.5 mm Inner diameter (Nozzle)

Powering characteristics

AC high voltage Power source

2.5 to 25 kV Applied voltage

60 kHz Frequency

Table 2. Equivalent O2 flow rate ratio.

O2 Flow Rate Equivalent O2 Ratio

2.5 mslm 0.25%
5 mslm 0.50%
10 mslm 1%
15 mslm 1.5%

The thermal, electrical, spectroscopical, and photographical characteristics of plasmas
generated by the APPJ were measured: (i) measurements used a digital Canon camera
(Ota City, Tokyo, Japan) with an exposure time of 40 ms for fast-imaging the emerging jet
afterglow discharge in a darkened laboratory. The length and width of the jet measurements
can be accurately measured relative to the ground electrode as a reference (the ground
electrode with length and width 10 and 3 mm, respectively), as shown in Figure 1b.
(ii) Jet dimensions can be calculated from APPJ images according to the dimensions of the
ground electrode, as a calibration scale, using Microsoft Paint, as shown in Figure 1c. The
calibrations and measurements are discussed briefly in our previous work, ref. [18]. (iii) An
avaspec-2048 spectrometer (Louisville, CO, USA) with a charge coupled device (CCD)



Appl. Sci. 2021, 11, 6870 5 of 22

detector was used to measure the axial distribution emission spectra of the APPJ, from
the nozzle to far away. The spectral range of the spectrometer was 200 to 1100 nm with a
spectral resolution of 1.4 nm. A Fiber Optics Cable (FOC) was connected to the spectrometer
and collected emitted light from the APPJ via a lens at the end of the FOC. (iv) A Fluoroptic
thermometer (Model No.604, Luxtron Corporation, Santa Clara, CA, USA) was used to
measure the average plasma temperature for Ar and O2/Ar discharges. (v) A Tektronix
P6015A probe (Beaverton, OR, USA) equipped with a high voltage probe and a current
probe was used to measure the applied voltage U (kV) and discharge current I (mA) of the
jet. (v) The dose rate of the APPJ plume irradiance per unit area was measured using an 818-
RAD irradiance and dosage sensor (MKS/Newport, Model No.: 818-RAD, Newport Beach,
CA, USA), compatible with a 1919-R optical power meter with the following characteristics:
8 mm aperture, 200–850 nm spectral wavelength range, 100–250 mW/cm2 irradiance range,
and 30 W/cm2 maximum power density.

Different gas admixtures were used: a mixture of oxygen with argon at different
ratios, where the mass flow rate of each gas was controlled and the gases flowed into
a ceramic tube. Waveform signals of APPJ discharge were recorded using a 350 MHz
digital oscilloscope, for which the applied voltage was measured using a Tektronix P6015A
high-voltage probe; the discharge current was observed by measuring the voltage over a
resistance equivalent to 33 kΩ. The average discharge power can be calculated using the
voltage–current waveforms of the discharges and integrating the product of the discharge
voltage U (kV) and discharge current I (mA) over one cycle as in Equation (1):

P = f
∫ t0+T

t0

U(t) I(t) dt. (1)

P is the average power of the discharge, and f = 1
T ; f and T are the frequency and

period of the discharge, respectively. In the case of a sinusoidal waveform, Equation (1)
can be written [19]:

P = Irms Urms cos(ϕ), (2)

where Irms = I0√
2

and Urms = U0√
2

are the root mean square (rms) current and rms voltage,
respectively. I0 and U0 are the peak values of current and voltage, respectively, and ϕ is the
phase angle between the discharge voltage and current.

The recent study in this article represents the control parameters of the plume gener-
ated by the APPJ using cold plasma. The measured jet parameters included length and
width, power, applied voltage, pure argon concentration, and different admixtures of
oxygen and argon plasma discharge.

The 3rd electrode with the narrow diameter, the powering characteristics, and gas
flow rate contribute to:

a. Control in the jet dimensions such as width, length, and covered area;
b. Control in the lifetime of the discharge process mode, whether laminar flow mode or

turbulent flow mode;
c. Control in the heat impact emerging from the nozzle;
d. Control in the antibacterial effect factors of culture media down the nozzle such as

exposure time, optical emission spectra, and irradiance.

3. Results and Discussion
3.1. Voltage–Current Waveform Signals of APPJ Discharge

The electrical properties of APPJ discharge for dry argon (pure Ar) and different
oxygen/argon admixtures (wet argon) were investigated. Figure 2a–d show the current–
voltage waveform of the APPJ discharge where: (i) Figure 2a shows the voltage waveform,
plus the current waveforms of the APPJ discharge as follows: (ii) Figure 2b shows an Ar
flow rate of 1 slm and discharge plasma power of 2.5 W; (iii) Figure 2c shows an admixture
of 1 slm Ar flow rate with 0.25% (O2) and a discharge plasma power of 1.77 W; and (iv)
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Figure 2d shows an admixture of 1 slm Ar flow rate with 1.5% (O2) and a discharge plasma
power of 1.65 W.
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Figure 2a shows that the applied voltage is sinusoidal with 11.2 kV as the peak-to-peak
voltage. The discharge current (I mA) consists of a displacement current (Figure 2b–d) [20,21],
three short peaks for pure argon (Figure 2b), and one or two peaks for the O2/Ar admixture
(Figure 2c,d), appearing at every half cycle. Generally, these peaks appear because of the
glow-like discharge when the plasma is formed [22,23]. The number of the current peaks
decreased when the admixture of oxygen increased, as shown from Figure 2b to Figure 2d,
due to the reduction in the sheath creation around the jet. The decreasing average discharge
plasma power for increasing oxygen/argon ratios is attributed to increasing numbers of
collisions among particles with an increasing flow rate; moreover, additional particles will
contribute to energy exchange [24,25].

3.2. Gas Flow Rate

The discharge plasma power does not depend only on the applied peak-to-peak voltage,
but also on the gas flow rate. The applied peak-to-peak voltage is limited to 11.2 kV for our
experiment. Figure 3a shows the influence of the flow rate on the discharge plasma power
for the emerging jet of pure argon discharge: the flow rate increases from 0.2 to 3 slm, and
the argon discharge plasma power increases from 1.95 to 2.4 W. By increasing the argon
flow rate further to 4 slm, the discharge plasma power begins to decrease, from 2.31 to
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1.7 W [26]. Figure 3b shows that for oxygen/argon admixtures (see Table 2), the discharge
plasma power of the emerging jet decreases from 1.75 to 1.65 W, for oxygen admixture
ratios increasing from 0.25% to 1.5% [27]. As the oxygen percentages increases, ions, atoms,
and free radicals are produced due to inelastic collisions, leading to losses in the discharge
process and lower power than in the case of argon discharges. This is useful in sterilization
and inactivation because of the longer interaction between the jet and the sample.
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Figure 3. Influence of different flow rates on discharge plasma power (a) for pure argon, (b) for
different oxygen ratios.

3.3. Length and Width of the Jet

Measurement of the length and width of the jet of argon and oxygen/argon admixture
discharges, for different flow rates and different discharge plasma powers of the emerging
jet, can be performed by photo-imaging the plasma jet. Figure 4a represents eight photo
images of an argon discharge as a function of flow rate (from 0.2 to 4 slm). Figure 4b
represents four photo images of an oxygen/argon discharge as a function of oxygen ratio
(from 0.25% to 1.5%). The images were taken in a darkened laboratory. All the photo
images, depending on the calibrated length and width of the ground electrode (10 and
3 mm, respectively), as shown in Figure 1c, were taken as a reference for measuring the
length and the width of the emerging jet. As shown in Figure 4, the jet is tilted and not
vertical, which may be due to the sheath around the jet besides the edge effect of the jet.
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Figure 5a shows the plasma jet length for an argon discharge as a function of flow rate
from 0.2 to 4 slm. The plasma jet length decreases from 20.6 to 10.7 mm with increasing
flow rate from 0.2 to 2 slm and begins to stabilize at an average jet length of 9.8 mm when
the flow rate increases from 2.2 to 4 slm. Figure 5b shows the plasma jet length of an
oxygen/argon discharge as a function of the oxygen ratio admixture with 1 slm of Ar; with
increasing oxygen concentration using oxygen ratios from 0.25% to 1.5%, the plasma length
decreases from 17.9 to 15.6 mm. This may be because of an electronegative property of
oxygen, to attract electrons, meaning that the effects on the discharge intensity diminish, as
does the plasma jet length [28].

The width of the jet is an active and interesting parameter that depends on plasma jet
length and the applied flow rates of argon and oxygen. The width is a guideline for the
maximum area of irradiance emerging from the jet and reaching the exposed sample.
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Figure 5. Influence of different flow rates on the length of the emerging plasma jet (a) for pure argon,
(b) for oxygen ratios with argon flow rate 1 slm.

For the argon discharge, Figure 6a shows that in group IAr, as the flow rate increases
from 1.2 to 2 slm, the jet width increases axially to a maximum of 1.39 to 2.07 mm, for
a plasma jet length of 13.2 mm; the jet length then begins to decrease recognizably to
between 0.56 and 1.5 mm, for a plasma jet length of 15.4 mm. Figure 6b shows that in
group IIAr, as the flow rate increases from 2.8 slm to 4 slm, the jet width increases axially to
a maximum of 1.88 to 1.1 mm, for a plasma jet length of 8.8 mm; the jet width begins to
decrease recognizably to between 1.4 and 0.6 mm, for a plasma jet length of 11 mm.

Figure 6a,b show that the best flow rates of dry argon, which obtain maximal irradiance
that emerges from the jet and reaches the exposed samples, are moderate flow rates
(2–2.8 slm). These moderate flow rates represent the maximum transition region from the
laminar flow mode to the turbulent flow mode to obtain the largest widths, help to cover
the largest exposure area of sample and accelerate the antibacterial process by dry argon,
as discussed and applied in our previous work [29].

Figure 7a,b show the influence of the flow rate ratio of oxygen on the width and the
length of the jet, from 0.25%, 0.5%, and 1% to 1.5% admixture with 1 slm of Ar, where two
phases will be observed as follows:

(a) Figure 7a shows the jet width for wet argon as a function of plasma jet length less
than 10 mm, at different applied flow rate ratios of oxygen, ranging from 0.25% to
1.5%. As the flow rate ratio of oxygen increases, the jet width recognizably decreases
axially to a minimum of 0.609 to 0.366 mm, for a plasma jet length of 8.8 mm.

(b) Figure 7a shows the jet width for wet argon as a function of plasma jet length, ranging
from 11 to 18 mm, at different applied flow rate ratios of oxygen, ranging from
0.25% to 1.5%. As the flow rate ratio of oxygen increases, the jet width begins to
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increase, reaching a wider scale from 0.561 to 1.196 mm, for a plasma jet length
of 17.6 mm. This means that, as in Figure 7b, as the admixture values of oxygen
flow rates increase, elongating the axial length dimension of the jet, and increase the
width dimensions of the plasma jet. Tables 3 and 4 give the largest width dimension
values at the equivalent length dimensions of jet for an argon and oxygen/argon
admixture discharge, respectively. The optical emission spectra and irradiances of the
atmospheric pressure plasma jets can be obtained using these dimensions, as briefly
presented below in Sections 3.5 and 3.6.
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Table 3. Largest width of the jet for dry argon discharge and the equivalent length.

Flow Rate slm Width mm Length mm

1.8 1.9 13.2
2 2.07 13.2

2.8 1.8 8.8
3 1.73 8.8
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Table 4. Largest width of the jet for oxygen/argon admixture discharge and the equivalent length.

Axial Length
of the Jet (mm)

Width (mm)

Oxygen
Ratio 0.25%

Oxygen
Ratio 0.50%

Oxygen
Ratio 1%

Oxygen
Ratio 1.5%

13.2 0.455 0.51 0.455 0.4

15.4 0.561 0.561 0.707 0.854

17.6 0.561 0.756 0.853 1.196

3.4. Axial Temperature Distribution

Since this paper deals with non-thermal plasma (cold plasma), the temperature of the
emerging jet from the APPJ is a critical factor in inactivation processes [30,31]. Figure 8
shows the axial distribution of temperature from the nozzle of the APPJ to a far away
axial distance, at different powers of argon discharge using 1 slm of argon flow rate. The
temperature depends on the input power, which ranges from 1 to 2.5 W. The temperature
recognizably decreases far away—321 and 332 K at the nozzle (0 mm) to values from 310
to 319 K at 22 mm from the nozzle. The variation in the axial temperature distribution
for argon discharge at different applied flow rates is shown in Figure 9. As the flow rate
increases from 0.2 to 4 slm, the axial temperature decreases from 487 to 364 K at the nozzle,
and from 396 to 364 K at 14 mm from the nozzle.
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Figure 10 shows the relation between the oxygen ratio (with 1 slm of argon flow rate)
and the axial temperature of the emerging jet at different axial locations. When the flow
rate of oxygen increases, the temperature increases to reach a stable value. At the nozzle,
the temperature ranges from 395 K to a stable value of 409 K, and at 12 mm from the nozzle
the temperature ranges from 376 to 380 K.
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Figure 10. Oxygen ratio (with 1 slm of argon flow rate) vs. temperature of the emerging jet for different axial distributions.

As shown in Figures 9 and 10, the gas temperatures of the plume in O2/Ar admixtures
(with 1 slm of argon flow rate) are slightly lower than those in pure argon discharges.
However, as the oxygen ratio increases, the temperature begins to increase and then
becomes stable. The reason for this difference between the temperatures of Ar/O2 and Ar
plasmas might be because, as the oxygen ratio increases, the numbers of collisions among
particles increase with the flow rate, and more particles participate in energy exchange and
dissipating power processes [32]. Therefore, the rotational temperature and vibrational
temperature decrease as a result of processes that occur due to adding oxygen to the argon
during discharge. Furthermore, adding oxygen accelerates the disinfection process, since a
large quantity of thermal energy is transferred from the jet to the alive culture compared
with the case for pure argon—the thermal conductivity of oxygen (0.0238 W m−1 K−1) is
higher than that of argon (0.0162 W·m−1 K−1) [33].

3.5. Optical Emission Spectra of APPJ

Optical emission spectroscopy (OES) of the APPJ was performed at the core of the
jet’s vertical axis using fiber optics with the following parameters: (i) the intensity of the
emission spectra (IES) of the emitted jet versus the wavelength; (ii) the peak-to-peak voltage
was 11.2 kV, with a 25 kHz frequency; (iii) the wavelength ranged from 250 to 850 nm;
(iv) detection was carried out at two different axial locations—the nozzle and 10 mm apart
from the nozzle; (v) the investigated flow rates for dry argon discharges were 1.8 and
3.2 slm and for wet argon discharges were 1 slm of argon with different ratios of oxygen
admixture: 0.25% and 1.5%.

Figure 11 shows the OES of dry argon discharge with an applied flow rate of 1.8 slm
taken from the two axial locations: nozzle and 10 mm apart from the nozzle. The dry
argon APPJ emission spectrum at the nozzle is presented in Figure 11a. A high emission
intensity with a strong line is found for the hydroxide band (OH) at 309.6 nm ((A2∑+-X2∏)
transition), for argon lines as follows: ArI: {696.7, 727.3, 738.46, 751.47, 763.76, 772.53, 795.53,
801.47, 811.53, 826.45, and 842.46 nm} (3s23p5(2P◦3/2)4p transition), and for the nitrogen
band (N2): {337.26, 357.77, 380.36 nm} ((C3Πu-B3Πg) transition).

Figure 11b shows the emission spectrum detected at 10 mm from the jet nozzle for
dry argon, a moderate emission intensity lower than that of the nozzle measurements.
The OH band appears lower with 80% than IES at the nozzle, and the nitrogen band (N2)
with higher IES than at the nozzle by 90%, and with lines, as follows: {337.26, 357.77,
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380.36, 405.22, and 433.62 nm} ((C3Πu-B3Πg) transition); besides argon lines appeared at
the jet nozzle.
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Figure 11. Optical emission spectra of APPJ using argon discharge at an applied flow rate of 1.8 slm for (a) nozzle and
(b) 10 mm.

The intensity of APPJ emission spectra decreased when the argon flow rate increased
to 3.2 slm for all spectra measured at the two different axial locations ( nozzle and 10 mm),
as shown in Figure 12a,b. A reduction in the APPJ emission spectra was measured when
the dry argon flow rate increased to more than 2.4 slm for all spectra measured due to a
transition from the laminar flow mode to the turbulent flow mode.
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Figure 12. Optical emission spectra of APPJ using argon discharge at an applied flow rate of 3.2 slm for (a) nozzle and
(b) 10 mm.

Figure 13a displays the optical emission spectra of wet argon discharges with ratios
of 0.25% of oxygen admixture with 1 slm of argon at the two different axial locations
(nozzle and 10 mm). A high IES with a strong OH band at 309.6 nm was measured at the
nozzle location; a low IES for weak N2 bands was measured: {337.26, 357.77, 380.36, 380.36,
405.22, 415.85, 420.19, 427.3, and 433.62 nm} ((C3Πu-B3Πg) transition); Ar lines appeared as
presented in Figure 11a for the case of a dry argon discharge; and oxygen (O) radical lines
were observed: {777.84 and 843.8 nm} (3s23p5(2P◦3/2)4s transition).

For a wettability with 0.25% of oxygen and at 10 mm from the nozzle, as shown
in Figure 13b, the same lines and bands appeared in the emission spectra recorded at
the nozzle, but IES decreased by 60% for the OH band and increased by 80% for the N2
bands: {337.26, 357.77, 380.36, 380.36, 405.22, and 433.62 nm} ((C3Πu-B3Πg) transition),
where the wavelengths of the Ar lines were as follows: ArI: {696.7, 727.3, 738.46, 751.47,
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763.76, 795.53, 801.47, 811.53, and 826.45 nm} (3s23p5(2P◦3/2)4p transition), with a 27%
lower emission spectrum intensity; oxygen lines at 777.84 and 843.8 nm (3s23p5(2P◦3/2) 4s
transition) were recorded.
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Figure 13. Optical emission spectra of APPJ using oxygen/argon admixture discharge at an applied flow rate of 0.25% of
O2 for (a) nozzle and (b) 10 mm.

For wet argon discharges when the O2 percentage increased to 1.5%, as depicted in
Figure 14a,b, at the two observed locations (nozzle and 10 mm), IES was measured for a
wettability of 1.5% for O2 at 10 mm from the nozzle (Figure 14b), giving the same lines
and bands as those observed at the nozzle, but IES increased by 37% for (OH) band and
decreased by 33% for (N2) bands.
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Figure 14. Optical emission spectra of APPJ using oxygen/argon admixture discharge at an applied flow rate of 1.5% of O2

for (a) nozzle and (b) 10 mm.

Generally:

a- IES decreases along the jet length and decreases apart from the nozzle due to the
presence of the strong electric field near the nozzle and because of the high rate of
charge carrier generation by electron impacts near the nozzle.

b- As the admixture of oxygen increases, IES decreases due to the decrease in elec-
tron density and temperature resulting from significant dissociation of the oxygen
molecules in the discharge processes [34].

c- As the admixture of oxygen increases, IES for the concentration of O, OH, and NO
radicals increases far away from the nozzle, compared with the dry argon case.

d- There are many reactions for dry argon discharge, as follows [35]:

i- Argon reacts with an energetic electron (e*) to produce metastable argon (Arm):

Ar + e*→ Arm + ē (3)
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ii- Arm reacts with e* to produce excited argon (Ar*):

e * + Arm → Ar* + ē (4)

iii- Ar* reacts with water to generate OH•:

H2O + Ar*→ H• + OH• + Ar (5)

iv- For the oxygen admixture in wet argon, there are many dissociation reactions in
addition to the reactions for dry argon [36,37]:

O2 + e− → 2O + e− (6)

N2 + e− → 2 N + e− (7)

N + O2 → NO + O (8)

N2* + O→ NO + N* (9)

O 2+ O→ O3 (10)

From the dissociation reactions (6) to (10), it is concluded that: (i) The dissociation
reactions, the degree of gas ionization, and the production of ozone, O3, play an important
role in the inactivation process. (ii) Due to the oxygen admixture in wet argon, there
are dissociation reactions that produce radicals and charged particles under high-energy
electron bombardment [38]. (iii) The bonding energy B.EN≡ N (9.79 eV) > B.E O= O (5.15 eV)
and the dissociation and concentration of active species of O 2 > N2 lead to an inactivation
process by O2 higher than for N2 [39]. (iv) OH• and O• radical emission results due to
impurities in the gas or due to the entry of air into the discharge zone [40]. (v) The presence
of OH, O, and N2 bands and lines is attributed to the interaction of ambient air with excited
argon species, as well as high-energy electrons in the plasma.

Reactive species, such as O, OH, and NO, are the most effective agents in biomedical
applications; the plume interacts with ambient gases and molecules. The spectral lines
of other elements will be investigated in our future experimental study on APPJ impact
parameters that affect the microbial inactivation process of bacteria [41].

3.6. Irradiance

The amount of energy (radiant power) emitted per unit area from the plasma jet is the
irradiance (W/m2). The optical emission spectra, the measured dimensions (length and
width) of the emerging APPJ (for argon and oxygen/argon admixture discharges) at differ-
ent flow rates, and the constant applied voltage are important parameters in determining
the exposed irradiance, suitable for disinfection processes in medical applications.

The dose rate of irradiance of the APPJ plume per unit area [42] can be calculated by
the plume power (W) measured with a power meter detector divided by the cross-sectional
area of the effective window of the detector (70 × 10−6 m2).

Figure 15a,b show that the dose rate of irradiance per unit area (µJ/mm2) decreases as
the jet length increases:

a- Figure 15a shows the influence of the flow rate on the discharge plasma power of
the emerging jet for pure argon discharge; by increasing the flow rate from 1.8 to
3 slm, the irradiance per unit area of the plasma jet discharge decreases from 55 to
13 µJ/mm2 for a plasma jet distance with 8 mm. With increasing plasma jet length to
18.4 mm, the irradiance decreases to between 15 and 6.09 µJ/mm2.

b- Figure 15b shows the influence of different oxygen ratios; whereas the oxygen ratios
increase from 0.25% to 1.5%, the irradiance per unit area of plasma jet discharge
decreases from 28.57 to 5.68 µJ/mm2 for a plasma jet length of 8 mm. By increasing the
plasma jet length to 18.4 mm, the irradiance decreases to between 6.9 and 4.02 µJ/mm2.
The dose rate of irradiance per unit area is lower for the oxygen/argon admixture
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discharges than for the argon discharges. The oxygen percentages increase; inelastic
collisions lead to losses in the discharge process and lower irradiance compared with
the case for argon discharges.

c- According to the measured data and the Guidelines of the International Commission
on Non-Ionizing Radiation Protection (ICNIRP), the limits of irradiance exposure of
the skin must not exceed 30 µJ/mm2 [43,44]. From the results, it is concluded that the
measured irradiances under the drawn dashed line in Figure 15a for argon discharges
and the irradiances for all oxygen/argon admixture discharges in Figure 15b are
compatible with ICNIRP irradiance limits.
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4. Conclusions

The impact of a non-thermal atmospheric pressure plasma jet (APPJ) using different
working gases, powered by an AC high-voltage source with a variable frequency reaching
60 kHz, and with a voltage ranging from 2.5 to 25 kV, has been determined. The optical
and electrical characteristics of APPJ discharges for Ar and Ar/O2 working gases have



Appl. Sci. 2021, 11, 6870 20 of 22

been determined, such as: voltage–current waveform signals, gas flow rates, discharge
plasma powers, lengths, widths, the axial temperature distribution, optical emission spectra,
and irradiance.

The discharge plasma power values of oxygen admixture discharges decrease, from
1.75 to 1.65 W, for oxygen admixture ratios increasing from 0.25% to 1.5%, and are lower
than those of argon discharges, and the plasma power values increase from 1.95 to 2.4 W
when the argon flow rate increases from 0.2 to 3 slm. This is useful in sterilization and
inactivation processes, since it prolongs the interaction processes between the plasma jet
and the sample.

The width of the jet is an interesting parameter that depends on the plasma jet length
and the applied flow rate of argon and oxygen. The width is a guideline for the maximum
irradiance area emerging from the jet and reaching the sample. As the oxygen flow rates
increase, the width of the plasma jet increases and elongates the axial length of the jet. In
general, the temperature of the jet reaching the sample must not exceed the threshold of
room temperature. As the oxygen ratio increases, the numbers of collisions among particles
increase, and the jet temperatures decrease as a result of processes during discharge.

For discharges with oxygen admixture ratios between 0.25% and 1.5% with argon, the
emission spectra of APPJ give a behavior similar to that of pure argon discharges, but with
low values of intensity due to the decrease in electron density and temperature and higher
dissociation and ionization of the oxygen molecules in the discharges processes in the case
of oxygen admixture.

The optical emission spectra and the dose rate of irradiance of plasma jet discharge
were investigated as a function of plasma jet length for dry argon discharge and for wet
argon discharge. This investigation delivered data compatible with the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) for irradiance exposure limits
of the skin, 30 µJ/mm2. This limit is suitable for the disinfection of microbes on the skin
without harmful effects.

Our future work will involve an experimental study on the impact parameters af-
fecting the microbial disinfection process of bacteria on skin in a wound area. The study
will use different distances between the jet of the APPJ and the treated samples and the
required knowledge to avoid toxic gas formation, damage, and heat radiation production
in the sample. Moreover, the Reynolds numbers of argon and oxygen/argon admixture
discharges for various gas flow rates will be considered.
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