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1. Introduction mixtures have been created thus far in order to have the
plasma discharge under varied operating conditions [6—18].
Because Ar/O,/N, plasma discharges emit UV light, the
effectiveness of eliminating biomolecules using them can
be greatly enhanced [19]. This is especially true when the
amount of argon in the combination is larger. Additionally,
the produced excited species in the Ar/O,/N, plasma dis-
charge will emit photons from the molecules and excited
atoms like NO and Ar* at wavelengths that are below 275
nm, or in the VUV/UV range. The energy of these photons
is sufficient to cause significant breaks in the DNA structure
[20]. They are also appropriate for breaking the bonds in
solid materials. Noteworthy are the synergistic effects of
several species and radiation emissions in the plasma dis-
charge medium of APJs [18-23].

Stapelmann et al. [18] investigated the technical and phys-
ical characteristics of the ICP plasma discharges with the
different Ar/N,/O, gaseous mixtures using the OES method.
Evaluating the circumstances resulting in the high UV radi-

Due to the sufficiently low temperatures of various gen-
erated species in the cold atmospheric plasma discharge
media under operating conditions, these devices are recog-
nized as reliable and intriguing tools for plasma sterilization
and disinfection procedures. Compared to the chemical
compounds now utilized in chemical treatments, they pose
lower threats to human health and the environment. Further-
more, cold plasma discharges are appropriate for large-scale
sterilization and disinfection procedures because they can
deactivate and eradicate biological pathogens like bacterial
spores and endotoxins [1-11], various polypeptides [12—
17], and yeasts [3]. Furthermore, much technological work
and research has been done recently on the different manu-
factured APJs. Nonetheless, the long-lived reactive species
that are generated could be important for the many techno-
logical uses of APJs. As a result, numerous devices with
varied electrode configurations, power sources, and gaseous
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ation intensity was the primary goal. It was demonstrated
that a gaseous discharge containing an Ar/O,/N, mixture
was more appropriate for sterilizing and decontaminating
surfaces than discharges containing both Ar/O; and O,/N;
gaseous mixtures. Nonetheless, the most widely utilized
binary combinations for harmful biomolecule removal and
microorganism inactivation. Furthermore, when compared
to plasma discharge using the Ar/O, and O,/N; gaseous
mixture, the wavelength of UV created in the formed plasma
is far more effective in inactivating bacterial spores.

Kutasi et al. [24] determined the effects of various pa-
rameters of an afterglow plasma discharge system. Their
research focused on the effects of surface wave discharges
on the composition of the afterglow plasma in the gaseous
combination of Ar/O,/N,. Through studies using mass
spectrometry, their kinetic model was verified. In addition,
different pressures were applied to the discharge area. They
compared the generated plasma discharges in the binary and
ternary gaseous mixtures at a gas pressure of 8 mbar. It was
determined that in both binary and ternary gaseous mixtures,
the N»/O, gas ratio has a substantial impact on the density
of the generated plasma discharge. The amount of atomic
nitrogen in both mixtures is nearly equal for very low N»/O,
gas ratios. However, the atomic nitrogen number density
in these combinations will differ by an order of magnitude
at the higher ratios. Furthermore, the UV radiations in the
binary and ternary gaseous mixtures were equivalent at the
same oxygen content.

Greenfield et al. [25] developed a DC APJ with a helical
configuration to track the route of charged particles between
two metallic electrodes. As a result, the application of a
low-voltage DC with an electrical current between 20 and
40 A resulted in the production of the plasma discharge.
This plasma’s kinetic energy of various generated species
makes it appropriate for spectroscopic applications. Further-
more, it was discovered that solid particulate matter analysis
could be performed using the emission from the DC plasma.
It’s interesting to note that it can analyze materials that are
liquid or solid. In addition, this DC plasma jet is less flexi-
ble as a lab instrument than other plasma sources like RF
power generators. To use a glass chip for spectro-chemical
analysis, Bessoth et al. [26] investigated the properties of an
atmospheric pressure DC micro-plasma source with applied
voltage and current of 500 V and 250 pA. The many techni-
cal aspects of the DC APJ were investigated through the use
of an emission spectroscopy approach, while two tungsten
electrodes were utilized to produce plasma discharge. It
was discovered that as greater powers were applied to the
electrodes, the emission intensity from the plasma discharge
medium increased. Furthermore, it was demonstrated that
the position within the micro-plasma column affects the
emission of atoms and molecules.

Wilson et al. [27] created an atmospheric pressure glow
micro-plasma between the two liquids that are kept in the
micro-reservoirs that are grown on a glass substrate. Their
technique worked by allowing liquid to sputter into the dis-
charge medium from the cathode electrode. The amounts
of Na, Pb, Al, and Cr were found to be less than 10 ppm
when a commercial spectrometer was employed. It was also
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demonstrated that the matching spectrum intensity for the
Na/Nj ratio was suitable for assessing the concentration of
Na impurities. Franzke et al. [28] created a DC plasma
discharge device for use in spectrochemical analysis. Their
DC plasma discharge source might function at atmospheric
pressures even at low pressures. The appropriateness of
the RF power source for their DBD system was demon-
strated, taking into account the constraints on the spectrum
measurements. It was demonstrated that greater exchange
rates are utilized by plasma discharges with a high mean
power density. For spectrochemical investigation, Andrade
et al. [29] created a flexible DC light discharge using helium
gas at atmospheric pressures in a pin-to-plate configuration.
The measured current-voltage behavior and spectroscopic
properties showed that the produced plasma discharge is
in the glow domain, even though it was operating at high
pressures. It was discovered that the discharge functions
in its stable form when the applied voltage is normally be-
tween 300 and 900 V and the applied current is between 10
and 100 mA. Furthermore, rotational temperature profiles
in the 1300 — 1600 K region were obtained utilizing the OH
emission spectra.

In prior research, the excited Ar/N; optical emission spectra
in the plasma discharge medium of a generated atmospheric
pressure pulsed DBD APJ were examined [30]. There was
arange of 75 to 95% Ar contribution in the Ar/N, combi-
nation. At 95% Ar presence in the mixture, there was an
increased emission intensity from the discharge medium.
Furthermore, it was noted that the emission line intensities
increased nonlinearly with increasing argon percentages in
the mixture. Furthermore, plasma temperatures and den-
sities rise and fall in proportion to the increasing argon
contributions in the combination. The physical character-
istics of a produced DC APJ using a gaseous combination
of Ar and O, were investigated in a different study [31].
It was demonstrated that the emission intensities from ar-
gon ions rise with increasing argon contributions in the
Ar/O; gaseous combination. Furthermore, with greater in-
put DC currents, the vibrational and excitation temperatures
rise; yet, for higher Ar percentages in the Ar/O, gaseous
mixture, they fall. Barkhordari et al. investigated the tech-
nical features of the plasma discharge in a created DC APJ
with Ar/N; and O,/N, mixes using the OES approach. The
analysis of the emission spectra yielded the rotational, vibra-
tional, excitation, and plasma density temperatures [32]. It
is demonstrated that the emission intensities of Art and oxy-
gen atoms are greater at the higher Ar and N; percentages in
both the Ar/N, and O,/N, gaseous mixtures. Furthermore,
the rotational, vibrational, and excitation temperatures rise
with increasing Ar and O, contributions in both gaseous
mixes. Furthermore, with an O,/N, gaseous combination,
the plasma electron density falls, but for Ar/Nj, it increases.
In addition, the excitation temperature and electron density
of the intended RF APJ are determined by analyzing the
optical emission spectra obtained from the excited atomic
Ar/O; in the plasma discharge in the RF APJ [33]. It was
discovered that the emission intensities from atomic oxygen
are greater at the larger Ar contributions in the combina-
tion. Additionally, there is a linear rise in the line intensities
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from argon atoms and ions, which include oxygen atoms.
Moreover, the electron density increased with increasing Ar
percentages in the Ar/O, combination while the excitation
temperature dropped. In addition, the argon excitation and
nitrogen vibrational temperatures were computed using the
acquired optical emission spectra from the excited Ar/N; in
a tailored RF APJ [34]. It was observed that the emission
intensity from all generated species in the plasma discharge
medium of the RF APJ rises with an increase in the amount
of argon in the mixture. Furthermore, both the nitrogen vi-
brational temperature and the argon excitation temperature
rose at reduced Ar contributions in the combination.
Samarasekara et al. [35] demonstrated, using an RF plasma
sputtering apparatus, that all of the thin films are sputtered
on the polycrystalline Al,O3 substrates from the custom-
made Li mixed ferrite bar targets, which have dimensions
of 1 cm by 1 cm by 4 cm. At the substrate temperature,
the generated thin films were deposited on the substrate.
Additionally, the temperature inside the plasma column of
a capillary discharge-which served as a spectroscopic light
source-was determined by Lee et al. [36]. It was discovered
that the plasma took only a microsecond to attain a Local
Thermodynamic Equilibrium (LTE) state. They put up an
empirical relationship between capillary radius and temper-
ature.

In the current study, the plasma electron density, excitation,
rotational, and vibrational temperatures of both the pro-
duced DC and RF APIJs operating with Ar/O,/N, gaseous
mixture are estimated to study the effect of adding atomic
argon to the O/N; plasma. It is performed by employing
the OES technique and analysis of the resulting spectra
emission. In order to do this, the effects of changes in the
electrical power and the atomic argon gas contribution on
the two APJs are investigated. Moreover, the performance
of these APJs is examined in relation to the formation of
argon metastable species in the discharge medium. It should
be mentioned that the production of the oxygen and nitro-
gen species in the fabricated DC and RF APJs is examined
by the actinometry method.

2. Method and devices

This research examines the effects of varying the argon con-
tribution and input electrical powers on the O,/N; plasma
in the DC and RF APJs. It is vital to remember that the
frequency of the power source used for plasma formation
matters because it affects how the electrons, ions, and un-
charged species behave in the created plasma discharge
medium. Lower frequencies cause the electrons and ions to
follow the electric field and be affected by its oscillations. In
contrast, the plasma electrons will only react to the electric
field when the power source runs at the radio frequencies.
Nonetheless, the average electric field causes the plasma
discharge ions to react. Miniaturized APJs are also becom-
ing more and more common in technical applications of
APIJs for particular biological uses. DC APJs often have
cheap operating costs and are portable. Although both of
the created APJs theoretically satisfy these requirements,
the DC APJ is less sophisticated than the RF APJ. Addi-
tionally, the RF APJ may operate from a high or low-power
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source. It affects the plasma’s characteristics, demonstrating
its potential for use in bio-decontamination and medicine
[37]. On the other hand, the kind of plasma source and the
physical and technical properties of the produced plasma
discharge in the APJ plume have the greatest impact on the
plasma sterilizing factors [38]. Furthermore, biopolymer
treatment and tissue engineering can benefit greatly from
the use of both RF and DC APJs. However, the plasma
discharge in both the RF and DC APJs is non-thermal be-
cause the treatment regions need to be kept free of products
that result from electrode erosion. As a result, they may be
incredibly useful instruments in a range of medical settings.
Interestingly, the creation of various contaminants in the
plasma discharge medium is prevented in RF APJs because
there is no direct contact between the plasma and electrodes
[39].

In this research, the input power ranges from 0 to 50 W in
the RF APJ, whereas in the DC AP]J, the applied voltage
and electrical current change from O to 7 kV and 0 to 50
mA, respectively. Furthermore, the frequency of the created
RF APJ was set at 13.56 MHz. The gaseous combination of
Ar/O,/N, entered the jet tube forms the plasma plumes in
both APJs [32-34]. Furthermore, the optical fiber probe was
positioned 5 mm from the plasma jets’ nozzle, which was
10 mm spatially apart and perpendicular to the jets’ plume.
It must be noted that the output RF power and impedance
were first adjusted to find the best stable APJ for each argon
and oxygen mixture. A lumped L-type network was utilized
in the impedance-matching network operated on a transmis-
sion line. It should be mentioned that the L-type matching
network was lossless, or that, with the right component se-
lections, the loss may be made very modest. Nonetheless,
the application and the RF APJs size determine the RF input
power.

Here, two spectrometers are employed for the spectroscopic
characterization of the plasma discharge. The HR4000
Ocean Optic and Jobin Yvon, TRIAXS550 spectrometers
were applied for spectroscopic measurements and calcula-
tion of the plasma parameters. It should be mentioned that
a light source that can produce the spectrum emission lines
has to be supplied to calibrate these spectrometers. whereby
a Mercury-Argon HG-1 lamp was employed. Furthermore,
using a gas mixer, the atomic argon gas-which serves as the
primary carrier gas-was combined in varying proportions
with the molecular oxygen and nitrogen gases. It is impor-
tant to highlight that the plasma plume in both generated
plasma jets seems homogenous and can extend beyond 20
mm in length.

Furthermore, the external circuit’s operating parameters
were set for both the produced DC and RF APJs. With the
Ar, Oy, and N, flow rates of (1) 1.5, 0.1-1, and 0.4 SLM
(Standard Liters per Minute) and (2) 1.5, 0.4, and 0.1-1
SLM, respectively, the Ar/O,/N, gaseous mixture was en-
tered the DC and RF APIJs via the gas mixer. It is important
to note that a velocity gas flow controller was used to regu-
late these flow rates. Here, the parameters of the DC and RF
APJs were investigated under the following three operating
conditions: (1) Ar/O,/N> ratio was fixed at 6:1:3, applied
DC and RF powers ranged from 10 to 50 W, (2) Ar/O,/N;
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ratio was varied from 8:1:1 to 5:4:1, and (3) Ar/O,/N; ratio
was varied from 8:1:1 to 5:1:4, while applied DC and RF
energies were fixed at 50 W.

The generated DC and RF APJs with the Ar/O,/N; gaseous
combination both functions according to the corona dis-
charge mechanism, which is important to mention. In gen-
eral, their plasma discharge media exhibit a much greater
ionization rate than other plasma jets due to their unique
geometric structures and non-uniform electric field [40—
42]. Furthermore, the below arcing onset tiny discharge
powers are carried by the DC and RF corona discharges.
Consequently, the discharge medium of these APJs does
not produce any electrical shock [43]. Furthermore, these
APIJs are capable of ionizing these gaseous mixtures and
generating a plasma plume with a range of controlled and
operational characteristics. Furthermore, in comparison to
previously established APJs that operate with alternative
power sources including AC and microwave power sources,
these DC and RF APJs may produce plasma discharges at
lower temperatures [17, 18, 29, 44]. Hensel et al. [45, 46],
for instance, determined that the microwave and AC APJs
rotational temperatures ranged from 750 to 4700 K. Addi-
tionally, Kutasi et al. [24] determined that the microwave
plasma jet’s rotational temperature was 700 K. As a result,
both of them are appropriate for use in medical settings,
particularly in skin treatment procedures [19]. In addition,
the primary carrier gas, argon, is responsible for both the
formation of reactive species and the production of a steady,
uniform plasma discharge. Consequently, there is no glow-
to-arc transition at all.

3. Results and discussions

Electron collision processes often excite many plasma
species to higher states in plasma discharge media, where
they decay and release photons with distinct wavelengths.

L0
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These photons may be identified and examined by taking
a record of the plasma discharge medium’s emission spec-
trum. In this work, the various generated reactive species
in Ar/O,/N, APIJs are identified using the OES approach.
Their operating parameters are computed as a result. The
emission spectra of the DC and RF APJs with a 6:1:3 ratio
of Ar/O,/N; gaseous mixture are displayed in figure 1. Note
that the findings shown here are for 50 W DC and RF input
powers at atmospheric pressure and in the 200 — 1000 nm
spectral wavelength range.

Figure 1 illustrates that the UV area, which falls between
210 and 300 nm in wavelength, is the primary feature of the
radiated spectra. It is possible to observe the NO emission
lines from the NOy (A>X" — X?I1,) electronic transitions.
The dissociation of oxygen and nitrogen molecules in the
plasma discharge medium of DC and RF APIJs, or the elec-
tron collision process, are the two processes that produce
NO radicals [42]. The following is how the discovered NOy
band emerged from the collisions with the N, metastable
state [47, 48]:

Excitation: N3 (A’L) + NO (X2IT) — N; (X?%,) + NO
(A’Z)

Radiative transition: NO (A2Xt) — NO (X2IT) + hv
(NO—7v band)

Moreover, the OH emission bands (A22, v=0— X1,
v/ = 0) are seen at a wavelength of 309 nm. It is important
to remember that the dissociation of water vapors in the
ambient air around them is what leads to the creation of OH
radicals [49]. For instance, there are three possible methods
to create the excited state OH:

(1) By the direct impact between the electron and water,
HO+e” - OH(AY)+H+e”

(2) via H,O™" dissociative recombination, where H,O™ is
formed by the metastable species of atomic argon and the
subsequent dissociative recombination process [47]
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Figure 1. The recorded emission spectra of the DC and RF APJs with Ar/O,/N, (6:1:3) at the applied power of 50 W.
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H,Ot + e~ — OH (42X) + H

and, (3) by the direct collision between the excited argon
atoms and the neutral H,O molecules as [50]:

Ar* + H,O — OH (A%X) + Ar + H

The presence of the Second Positive System N; (C311, —
B3I1,), the First Positive System N (B’I1, — A%%L}), and
the First Negative System Nj (B2L,| — X 22;) dominates
the emission spectra from 300 to 450 nm, as shown in fig-
ure 1. These systems are the result of numerous exciting
processes, including electron impact excitation from the
molecular ground state N, (X! Z;) and the first metastable

state N (A3X}), pooling reaction, and energy transition be-
tween the partners by collisions [48, 51]. These long-lived
metastable species (with energies below 6 eV) are signifi-
cant because they serve as energy reservoirs in the chemical
processes occurring in the plasma. Furthermore, in flue gas
cleaning applications, they create the condensed products
[52].

The energy of the Ar?, (3P3,3 Py) metastable states, 11.55
and 11.72 eV, is greater than the nitrogen molecule’s thresh-
old excitation energy (11.1 eV), where the metastable
species is denoted by the subscript “m”. As a result, adding
argon gas to the nitrogen plasma discharge should result in
a notable increase in emission line intensities and its subse-
quent impacts on the concentration of the nitrogen active
species. The Penning effect provides the foundation for
raising the active species density which could be described
as [48]:

Ny (X'Z)) + Ar, CPy*Ry) = Ny (C°T1,) + Ar (E > 11
eV from N, (X,v =0))

With the characteristic of the Second Positive System’s
(0 —0) band at 336.1 nm in wavelength, the next radiative
states decay and release photons as follows:

Ny (C310,, v/ = 0) — N, (B*I1,,v" = 0) + hv
Consequently, the Second Positive System’s emission inten-
sity in the (0-0) band is directly related to the N, (C3IT,,)
state’s population density [50, 53]. The following procedure
may be used to directly stimulate electron collisions from
the ground state of the Np (X 12;) molecule to populate the
NJ (B*L)) excited state [49, 51]:

Ny (X'Ef) + e — NJ (BL)) + 2 e (E > 185 eV from
N, (X, v = 0)) or sequentially, which is achieved by ionizing
the N, molecule by electron impact and, as a result, excita-
tion of the molecular ion via subsequent electron collision
as stated as follows:

Ny (X'Ef) + e — Ny (X?E)) + 2 e (E > 15.6 eV from
Ny (X,v=0))

Ny (X?Z)) +e— NJ (B’L)) + e (E >33 eV from Nj
(X,v=0)at15.6¢eV).

Moreover, based on the Penning ionization process, the
ground state molecular ions can be generated by colliding
the argon atoms at metastable states as follows [35]:

N> X'E5) + A, CP P) = Nj (XPE)) + Ar+ e

The effect of metastable argon atoms or electron collisions
can further excite the N5 (X 22‘.;[) state to the N (B2L})
radiative state. As a result, the following radiative decays of
the N2+ (BZZLJ[) the excited state will release the distinctive
photons of the First Negative System’s (0-0) band at 391.4
nm in wavelength:

JTAP19 (2025) -192521 5/15

Nj (B’L;,v/ =0) — N3 (X?5f,v=0) + hv

where the (0 — 0) band emission line intensity of the First
Negative System is for the N;r (BL;) state population [54—
56].

As figure 1 illustrates, there are emission bands of O;r
(B'L; — A'Il,) in the 550 — 600 nm wavelength range
and atomic oxygen at 844.6 nm and 777.4 nm wavelengths
associated with the (3p°P — 3s3S) and (3p°P — 35°5)
transitions, respectively. There was no sign of the powerful
radiation emission from O;. The following are important
consequences of dissociative excitation processes based on
electron and metastable argon influences on the emission
intensity of the stimulated oxygen atoms and molecules
[57]:

e +02—>02++26_

Ar*f +0, - Ar+20

The intensity of the emission lines from oxygen atoms to
oxygen molecules will increase due to the quenching pro-
cess, which occurs between metastable argon atoms and
oxygen molecules.

Noteworthy, several characteristics need to be known to de-
scribe the electron lifetimes in different processes, such as
metastable, resonant, permitted, and forbidden stimulated
energy [58]. Furthermore, the following one-step and two-
step procedures can both produce the Art* excited state
[59]: Ar + € (E > 35eV) — Art*

Art +e(E>19.5eV) — Art*

Nevertheless, only a small number of electrons (above 35
eV) has sufficient energy to initiate both ionization and exci-
tation processes simultaneously at low-temperature plasma
discharges (where electron temperatures are below 4 eV).
As a result, the two-step processes play a significant role
in ground-state ion excitation. The required information
on the ion density at the ground state, or Ar™, is gener-
ated by this technique [60]. Furthermore, strong intensity
peaks corresponding to wavelengths of 737.3 nm, 750.4 nm,
763.5 nm, and 811.7 nm are identified for the argon plasma
discharge associated with Ar I 4s—4p, 4p—6s, 4s—4p, and
4s—4p transitions as seen in figure 1 [61]. Moreover, the
peaks corresponding to the Ny First Positive System are
observed at the N band when Ny, is present in the mixture
[62].

The OES approach is used in this study to analyze the elec-
tron density, degree of dissociation, excitation, vibrational,
and rotational temperatures of the DC and RF APJs. The
emission intensities of several emission lines are identified
from the atomic and molecular transitions. Important char-
acteristics of DC and RF APIJs, including electron density,
degree of dissociation, electron excitation, and vibrational
and rotational temperatures, are ascertained from the ac-
quired data. Furthermore, it should be noted that when one
or more of the four temperatures are not equal, the system is
said to be in the Partial Local Thermodynamic Equilibrium
(PLTE). The electron temperature may be computed using
the electron density obtained for the glow and filamentary
modes of the plasma jet. However, to analyze the equilib-
rium, the Saha-Boltzmann equation must be used [63]. The
system is strongly collisional for the glow discharges, and
the electron density is often estimated at around 1014 cm 3.
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Therefore, it may be inferred that the system functions, at
minimum, under PLTE conditions [63]. Therefore, in the
case of such discharges, if collisional ionizations and ra-
diative recombination are assumed to be the predominant
processes in the discharge medium, the PLTE condition
between the top levels of each transition is still achiev-
able. Furthermore, one must presume that the source of the
plasma discharge is optically thin in the direction of obser-
vation. If this approximation is assumed to represent the
zeroth order, the absolute emission intensity corresponding
to the a — b transition may be expressed as follows:
Ly = L L. ANy

4r lab
where N, is the upper-level population of the transition,
Aap is the emission radiation wavelength, L is the plasma
dimensional length, 4 is the Plank constant, c is the light
velocity, and A, is the probability of the transition a — b,
also known as the Einstein coefficient. By considering
the plasma discharge systems in the PLTE condition, the
Boltzmann distribution relation for the two transitions, a —
b, and ¢ — d, is often defined as follows:

)]

& — &e(Ec*Ea)/kTe (2)
N, 8¢

where the energies of levels a and ¢ are represented by E,
and E,, the statistical weights of levels a and c are repre-
sented by g, and g., T, represents the electron temperature,
the Boltzmann constant is represented by k, and N, is the
upper-level population corresponding to the ¢ — d transi-
tion. To get the species excited density of each level, this
equation is rewritten as follows:

N _
Ny = Egae Ea/KTe 3)

with N and Z being neutral argon atom density and the
canonical partition function. So, the equations 1 and 2 will
yield:

L NApN, o Ea/kT,

lr = 32" 7 7y

For any transition line, the slope of In (/A /gA) relative to
the energy level (E,) equals —1/kT,, which leads to 7,. Itis
important to note that, for each transition line in the thermal
equilibrium plasma discharges, the plot of In (IA /gA) vs the
energy level (E,) is often linear. Furthermore, there is little
equilibrium in the plasma discharge at the nozzle exit of the
APJ. However, it is often evident that distinct species are
recombining in the APJ nozzle. Furthermore, a thorough
analysis of the acquired experimental data verifies that the
created APJ’s plasma discharge is in a situation of partial
equilibrium. So, the bound and free electrons mutually in
partial equilibrium at the Boltzmann temperature must be
included in the appropriate model. Thus, the excited state
Saha-Boltzmann equation holds for such a system:

“

2
+ glp), h
nsp(p) =n nesy AT,

Since argon is the primary carrier gas in the produced
plasma jet, a model for the argon collisional-radiative ver-
ifies that when the free electron density is low enough

)23 exp( 2

kT)p>2 (5)
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(< 10Y%em™3), the first excited level population (p = 2)
begins to diverge from the equilibrium. However, these
electrons will go in the direction of the ground-level equilib-
rium (p = 1). Equation 3, where p > 2, therefore defines the
partial equilibrium model. The partial equilibrium might
not be reached until p > 3 due to the significant 4p — 4s ra-
diative loss [64—66]. This is not expected to happen, though,
until the electron density drops below 10'3¢m~3. However,
this effect is not seen for the evolved APJ.

The resulting spectra are analyzed using the peaks of ex-
cited species profiles and the widening of the Hy spectral
emission lines for both the produced DC and RF APJs op-
erating with the Ar/O,/N, gaseous mixture. Furthermore,
using the emission spectra, different species that are associ-
ated with the plumes of both jets could be identified. These
include O;r , NO, and OH molecular emission bands, as well
as Ar, N, and O excited atoms. Here, several spectroscopic
investigations are performed for the atomic and molecu-
lar emission lines to compare the technical and physical
properties of the DC and RF APJs as a function of applied
power and various Ar/O,/N, combinations. It should be
mentioned that the kinetic temperatures might be attained
by applying the OES approach and figuring out the energy
levels of rotationally excited states. It is often considered
that the kinetic temperature and rotational temperature at
the ground state are in balance. Nonetheless, the distribu-
tion of rotational levels is specified by the lifetime of the
dipole-allowed transition of the excited states, which is of-
ten substantially less than the collision time [67].

In addition, only the NJ (B’L,” — X 222,‘) band is chosen for
the DC and RF APIJs to analyze the resulting rotational tem-
perature. The wavelength of 391.4 nm is the sharp peak of
this band. Using LIFBASE software, the simulated curve is
fitted to the observed emission spectra in order to determine
the rotational temperature (see figure 2) [52]. During the
modeling procedure, the emission line shape widening, col-
lisional broadening, and instrumental resolution are taken
into account. It is important to remember that there is some
degree of error in the rotational temperature calculation due
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Figure 2. The typical examined rotational and vibrational temperature
from the NJ (B2X; — X 2Z‘.;) band for 65% Ar at the applied power of 50
W.
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to the experimental data’s repeatability and the experimental
spectrum data’s adaptability when fitted to the simulated
data.
The quantity of excited molecules in a given vibrational
state is expressed as the vibrational quantum number, or v.
The Boltzmann law defines these states. As a result, the
vibrational band’s intensity is as follows [68]:
E
Ly, v, = cst.k*A(viva)e T (6)

where v| and v, are the vibrational quantum numbers of
the higher and lower states, respectively. Moreover, E,, is
the vibrational energy, k is the wavenumber, and A(v; ;)
is the transition probability. It has been demonstrated that
if ln(%) is plotted as a function of Ey,, it should
be linear, explaining the vibrational band intensity. The
vibrational temperature might be obtained by calculating the
slope of such a straight line [68]. It should be mentioned that
the validity of the sum rule is contingent upon the transition
probability for each vibrational transition that contributes
significantly to the total being constant. The temperature of
the gas emitting or absorbing the band system may thus
be found using the sum rule if this requirement is met.
Furthermore, the population of the starting state in thermal
equilibrium is proportional to e £ [ksT

Typically, a nitrogen emission spectrum’s Second Positive
System is used to calculate the vibrational temperature of
N. This suggests that Np (C°T1,) — Ny (B°I,) is the
radiation transition between the C and B electronic states.
As a result, the following relation may be used to get the
vibrational temperature, 7y :

1V —BY") = c(2). [Nafe, v ACY 2B

(M
where I(C,v' — B, V") denotes the emission intensity tran-
sition between the two energy levels, v/ and v”, vibra-
tional numbers. The spectrometer response factor at wave-
length A is represented by the function ¢(1), the density
of nitrogen molecules in the C-state at level V' is repre-
sented by N»(C, V'), and the probability of spontaneous
emission is represented by A(C, v’ — B, Vv"). It is also pos-
sible to represent the density of nitrogen molecules as
N2 (C, V) = I(C,v' —B,V").A/A(C,V' — B,v"). Lastly,
the following method may be used to get the vibrational
temperature:

G(v)
kT,

Na(v) = Np(0) exp[—he 22 | (8)
By using the logarithm of equation 8, one may derive
a linear function against v at the low vibrational levels,
which include most vibrationally excited molecules. The
slope of the semi-logarithmically plotted population density
(N2(v1)/N2(v2)) with the vibrational quantum number, v,
yields the vibrational temperature, Ty.

Here, the Boltzmann plot approach is used to quantify the
vibrational temperatures in the plume of both the produced
DC and RF APJs. Figure 3 displays a typical logarithmic
Boltzmann plot showing the relative intensities of the RF
APJ distributed according to the vibrational energy state.
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Figure 3. Typical Boltzmann plot of No(C3I1, — B? I, ) vibrational distri-
bution, with 7,;, = 10375 K for the RF APJ.

The dispersed data points are shown here, and the fitting
mistakes are considered. Therefore, for the applied power
of 50 W and the gaseous mixture ratio of Ar/O,/N, = 6:3:1,
respectively, the vibrational temperature is around 10375
K. It is important to note that, for each transition, the vi-
brational temperature, Ty, is determined by selecting four
vibrational bands of N» (C3Hu — B3Hg), namely Av =1,
Av =—1,Av = -2, and Av = —3. These correspond to the
wavelengths of 315.1 nm, 313.2 nm, 310.8 nm, 349.9 nm,
353.6 nm, 357.6 nm, 370.9 nm, 375.4 nm, 380.4 nm, 394.2
nm, 399.7 nm, and 405.8 nm, respectively. Furthermore,
ref. [64] provides the additional parameters.

Many emission lines corresponding to excited argon atoms
are seen. Furthermore, these states’ transition probabilities
are documented in the published literature. It is possible
to determine the excitation temperature at the APJ plume
using the standard Boltzmann plot technique. One may
argue that in the PLTE condition, the upper and lower levels
of the selected atomic transitions are assumed. Thus, it is
possible to express the relative transition probabilities of
the higher and lower emission levels in the following way
[63, 69]:

Ay
Aulgu

Y G T )

1
n( 4nU(1)) KT

where g, is the higher level’s degeneracy, E,, is the upper
level’s excitation energy, I is the total intensity, k is the
Boltzmann constant, and A,; and A,; are the wavelength
difference and transition probability between the upper and
lower levels, respectively. It is important to remember
that electron effects are often overcome during the pop-
ulating and depopulating processes between excited atoms.
It should be noted that a Boltzmann approach is used to
drive the slope of the fitted line to calculate the excitation

temperature of the APJ. Equation 9 and the selected argon
atom emission lines are used to depict ln(Amf”g’) as a func-

tion of upper-level excitation energy E,. Here, the necessary
values for the argon atom emission lines are extracted using
the National Institute of Standards and Technology (NIST)
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database [70].

Furthermore, we may assume that the electrically excited
neutrals are in quasi-equilibrium with plasma electrons in
order to compute the maximal stepwise ionization rate. Fur-
thermore, the Boltzmann distribution with electron tem-
perature T, describes the electrically excited states in the
following way:

8n &
N, = (=) )Npexp(——
= (Eoexp(- )

10)

The index n is the primary quantum number, N, is the num-
ber densities, g, is statistical weights, and g, is the energy
of the electronically excited atoms, radicals, or molecules.
The statistical weight of an excited particle is given by
gn = 2gin”, where g; is the statistical weight of an ion, ac-
cording to statistical thermodynamics. The concentration
and statistical weights of ground-state particles are denoted
by Np and go. The typical energy transfer from a plasma
electron to another electron is denoted by 7. Therefore,
equation 10 primarily involves excited particles with ener-
gies of around &, =1 —T,. In the case when [, ~ 1/ n?, there
are n states with energies approximately equal to g, =1 —T,
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and an ionization potential approximately equal to I, = T,.
Thus, the following relationship may be inferred from equa-
tions 10:
ke~ (5903 < ov > exp(——)
8o T

Y

Ultimately, ¢*/(T;?(47&y)?) may be used to determine the
cross-section o in the preceding equation, which represents
an energy transfer of about 7, between electrons [39].

Figure 4 displays the rotational, vibrational, and excitation
temperatures for both the DC and RF APJs as a function of
the input DC and RF powers and the argon contribution in
the Ar/O,/N, gaseous mixture. The rotational temperatures
of DC and RF APJs range from 750 —900 K and 950 — 1100
K, respectively, as shown in figure 4(a). The distribution of
the molecular rotational states is generally correlated with
the rotational temperature. Furthermore, the lifespan of the
N{ radical in the excited state is longer than the rotating
levels’ relaxation duration, which is just a few nanoseconds
[56]. In contrast, the collision frequency is noticeably high
at atmospheric pressures. Therefore, there is enough time
to allow the excited molecules and gas particles to come
into balance before the instantaneous photon emission. As
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Figure 4. (a) Variations of all the measured temperatures for DC (Hll rotation, . vibration and Aexcitation temperatures) and RF (O rotation, o vibration
and A excitation temperatures) APJs as a function of DC and RF electrical powers with Ar:0,:N; (6:3:1) (b) Rotational temperature as a function of Ar
percentages in the Ar/O,/N, gaseous mixture with various O,/N; ratios (increase with step of 0.5) for DC (ll O,:N; (1:4), . O2:N; (4:1)) and RF (O
0,:N; (1:4), 0 O2:N; (4:1)), (c) Vibrational temperature as a function of Ar percentages in the Ar/O,/N, gaseous mixture with various O,/N; ratios
(increase with step of 0.5) for DC (ll O3:Nj (1:4), . O2:N; (4:1)) and RF (0 O2:Nj (1:4), 0 O:N; (4:1)), (d) Excitation temperature as a function of Ar
percentages in the Ar/O,/N, gaseous mixture with various O,/N; ratios (increase with step of 0.5) for DC (l O,:N; (1:4), . O2:N, (4:1)) and RF (O

07:N; (1:4), 0 O2:N; (4:1)).
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a result, the rotational temperature and the temperature of
the gas molecules in plasma discharges are comparable
[54]. Moreover, the energy magnitude between the two
normal rotational levels is nearly identical to the neutral
species’ kinetic energy. Moreover, the inelastic collisions
between the heavier species in the molecular plasma can
generate a large change in the rotational quantum number.
As aresult, the collisions of the heavier particles with the
molecules sustain rotational energy transfer at rather high
rotational levels. When compared to atomic plasmas, such
low-energy exchanges are insignificant [58]. As a result,
it is practically simpler to measure the greater rotational
temperature in atomic plasmas than in molecular plasmas.
Consequently, NJ” (B’L,| — X?XL[) rotational temperature
in molecular gas plasmas gives sufficient information on the
temperature of heavy species in the generated plasma dis-
charge. It is important to note that the equivalent rotational
temperature for the NJ (B2L, — X*£]") transition in atomic
plasma discharges is extremely near to the gas temperature
at atmospheric pressures. Furthermore, the excitation and
vibrational temperatures are raised, as seen in figure 4(a).
Nevertheless, this is because the ionization process by the
plasma electrons is directly impacted by the greater input of
DC and RF electrical energy into the discharge medium of
APJs. Moreover, the electron density increases with increas-
ing DC and RF powers. The ionization process involving
argon metastable species hence has a larger Penning effect.
As seen in figure 4(b), in this case, the argon contribution
will not affect the gas temperature for the Ar/O,/N, gaseous
combination from the First Positive System. On the other
hand, the wavelengths of the Second Positive System di-
verge. It is possible to compute the rotational temperature
using these. However, the temperature derived from the Sec-
ond Positive peak is greater compared to the First Positive
peak.

Furthermore, the argon metastable atoms get an effective
energy transfer from the ground state of nitrogen, which
starts the extreme overcrowding of the rotating levels. As a
result, when the First Positive System is applied, the com-
puted rotational temperatures are substantially higher than
those obtained using this approach. Figure 4(c) displays the
vibrational temperature derived from the nitrogen Second
Positive System in the DC and RF APJs with the gaseous
combination of Ar/O,/N,. It may be observed that when
N; contributes more than O,, TV rises as argon percentages
in the mixture do. Additionally, as figure 4(c) illustrates,
when the O, contribution in the mixture exceeds the Nj
contribution, the vibrational temperature drops at the big-
ger argon contributions. This is because, at higher argon
percentages in the Ar/O,/N, gas mixture, the pooling reac-
tions and electron collisions ratio between the oxygen and
metastable species of argon atoms are decreased [71, 72].
As can be seen in figure 4(d), the excitation temperature
rises at the greater argon contributions in the Ar/O,/N;
gaseous mixture when the O,/N2 fraction is less than one.
The reason for this is that argon has a smaller electron col-
lision cross section than molecular nitrogen. Because of
this, the energetic electrons may smash with the nitrogen
molecules directly, causing the molecules to become excited
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and ionized. Furthermore, by striking argon-neutral atoms
at the ground state, they may produce argon metastable
species. Consequently, the argon atom and target species
can experience both excitation and ionization processes as
a result of ionization and excitation processes. Furthermore,
the ionization-related nitrogen cross-sections are around
~ 2.5 % 107292, which is close to the argon atoms [73].
Therefore, if argon atoms are present in the discharge re-
gion of both DC and RF APIJs, these characteristics cannot
account for the observed elevation in the excitation tempera-
ture. Nonetheless, the primary cause of the elevated electron
temperature is associated with the energetic electrons in the
tail of the EEDF and their noteworthy impacts on ionizing
collisions inside the jet discharge medium. Furthermore,
compared to typical excited states, the electron lifetime in
metastable states is much shorter [74]. Moreover, raising
the argon contributions in the Ar/O,/N, mixture will result
in a drop in the excitation temperature when the O, con-
tribution in the mixture is greater than the N> contribution.
However, the energy lost by the electrons during their inter-
action with oxygen molecules decreases because the oxygen
ionization process has a lower cross-section than argon [72].
Its exothermic dissociation reaction ratio also falls as the
O, contribution does. As a result, the temperature of the
electrons drops.

Due to its good approximation and straightforward ap-
proach, the Stark broadening method works well for mea-
suring the electron density in plasma jets. This widening,
which is based on the Stark effect, is brought about by the
emitting atoms’ Coulomb interaction with free electrons
and ions in the plasma via the electrical field. Therefore, if
the electron temperature is known, the Stark broadening of
a particular spectral line that is spontaneously released by
plasma particles may be used to quickly and conveniently
measure the electron density. Most often, the electron den-
sity in atmospheric pressure plasma was found using the
Stark broadening of the Balmer line [75]. The fine structure
and ion dynamics concerns are not necessary in this tech-
nique [76]. In addition, the Full-Width at Half-Maximum
(FWHM) parameter is widely used to determine the emis-
sion line shape broadening. The Stark broadening is influ-
enced by the FWHM values.

In this work, the Hg, line at 656 nm could be found in emis-
sion spectra. The Stark broadening (AAs) may be used to
estimate the electron density (7,) in the plasma discharge
region of the DC and RF APIJs as follows [75, 77]:

Ay =2 x 1071 (02 (12)

Therefore, electron density in plasma discharge is calculated
in cm ™3 units based on knowledge of the Stark broadening
[78]. Next, the following relation might be used to express
Stark broadening reliance on the Lorentz AA; and van der
Waals broadenings AA, [79]:

AN = Ay + ALy (13)

However, the disruption in the energy states of the emit-
ting species causes the pressure to expand because neutral
species are present in the discharge region of the DC and RF
APJs. The Lorentzian profile is a result of this broadening’s
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relationship to resonance and van der Waals broadening.
The density of hydrogen atoms in the ongoing studies is no-
ticeably low. Therefore, only the van der Waals broadening
is considered. Thus, the van der Waals profile’s FWHM is
expressed as follows [79-81]:
P

My =3.6% (14)
with p and T being the pressure and temperature in atm
and K units, respectively. Furthermore, the Doppler profile

is dependent on the Gaussian broadening which could be
given by [82]:

[T
AAp (nm) =7.2x 1077 R

where A stands for the wavelength (= 656 nm), M is hy-
drogen weight (= 1 g/mol), and T denotes the temperature
which is usually equal to the gas temperature. In order to
obtain the Voigt profile, the important broadenings which
must be considered are given as [72]:

AAG = \/AAR +AAE,

here, AAg represents the Gaussian broadening and Adgy
stands for the instrumental broadening with a Gaussian
shape related to the resolution of the optical instruments
of the spectrometer directly. Furthermore, a superposition
approach is employed to ascertain the Voigt profile using
the Gaussian and Lorentzian profiles. To determine the
Lorentz broadening, the experimental spectrum might be
fitted using the Voigt Profile. However, the same spectrum
analysis technique is done by the Origin software in order
to estimate the FWHM of Lorentzian broadening. Thus, the
resulting Lorentzian and van der Waals broadenings may be
used to establish the Stark profile that leads to the electron
density.

The changes in plasma electron density with the input DC
and RF electrical powers as well as the proportion of Ar
in the Ar/O,/N, gaseous mixture are depicted in figure 5.
The electron density rises with the input DC and RF powers,
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as seen in figure 5(a). It should be mentioned that when
both the DC and RF electrical powers are larger, the input
electrical power to the discharge region increases. As a
result, the ionization rate rises and there are stronger elec-
tric fields inside the discharge medium. However, argon
atoms rather than oxygen molecules can be ionized during
the processes of ionization by plasma-charged species. Fur-
thermore, the electron attachment in the plasma discharge
region decreases with decreasing oxygen contributions in
the Ar/O,/N, gaseous mixture. Moreover, there are greater
energy losses in the activation of vibrational modes at in-
creasing oxygen contributions in the Ar/O,/N, combination
[71]. As a result, in the Ar/O,/N, gaseous mixture, the
plasma electron density rises in relation to the Ar percent-
ages as seen in figure 5(b). Furthermore, the plasma electron
density decreases with increasing N, contribution in the gas
mixture at bigger Ar contributions in the Ar/O,/N, combina-
tion. Thus, the rate at which molecular nitrogen dissociates
will be slowed down by the drop in plasma electron density.
It is true that when the argon contribution in the Ar/O,/N;
gas mixture increases, the likelihood of Ar metastable pro-
duction increases. So, No(C3I1,,) will produce at a higher
pace. The decrease in spectral intensities at the greater ar-
gon contributions in the gaseous mixture is the cause of
this. Moreover, this phenomenon signifies a decrease in
molecular dissociation.

One important characteristic in molecular gaseous plasma
discharges is the dissociation rate for molecular gases, such
as oxygen and nitrogen. However, the dissociation rate of
these molecular gases may be accelerated by the presence
of an extra gas, such as hydrogen or argon. Atomic den-
sities at the molecular plasma discharge region are often
characterized in both qualitative and quantitative forms us-
ing the actinometry method, which is based on the OES
technique when an inert gas is supplied. In this case, the
optical emission actinometry is performed using three spec-
tral emission lines: argon (wavelength of 750 nm), nitrogen
(wavelength of 672 nm), and oxygen (wavelength of 777
nm). As a result, the following dissociation fraction rates
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Figure 5. Evolution of the plasma electron density as a function of (a) Bl DC and . RF electrical powers at Ar/O,/N; (6:1:3), (b) Ar percentages in the
Ar/O,/N, gaseous mixture with various O,/Nj ratios (with step of 0.5) for DC (ll O3:N; (1:4), . O2:N; (4:1)) and RF (0 O2:N; (1:4), 0 O2:N3 (4:1)).
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may be found [83]:

o] [Ar]\ 1o K(A777)
[0) Cl{ [0,] }IAr K(A750) an
IN] [Ar] | IN K(A672)
N~ @ {[Nz] }IAr K(rso) {19

where In, Ip, and I, denote the intensities of the atomic
nitrogen, oxygen, and argon emission lines at the corre-
sponding wavelengths of 672.3 nm, 777 nm, and 750.4 nm.
When the plasma discharge is off, the initial ratios of Ar/N,
and Ar/O; percentages are {[Ar]/[Nz]} and {[Ar]/[O2]}.
Spectral responses K (A7s0), K(A777), and K (A¢72) are also
identified based on the argon, oxygen, and nitrogen emis-
sion lines, respectively. Furthermore, the constants for C;
and C, were associated with significant spectroscopic infor-
mation [84].

Figure 6 displays the dissociation fraction of nitrogen and
oxygen atoms into the Ar/O,/N, gaseous mixture as a func-
tion of Ar percentages for both DC and RF APJs at 777 nm
and 672 nm wavelengths. As can be seen, the dissociation
fraction increases as the Ar component in the Ar/O,/N,
gaseous mixture increases. The actinometry for plasma dis-
charges with greater Ar contributions in the mixture results
in an overestimation of the dissociation fraction. However,
this is due to the Penning excitation of O and N atoms by
excited argon atoms at the discharge region of the DC and
RF APIJs [85, 86].

4. Conclusion

In this study, the impact of adding atomic argon to the
0,/N, plasma in the DC and RF APJs was investigated
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using the OES technique. The experimental work involved
calculating plasma density and rotational, vibrational, and
excitation temperatures. The intensity of NO 7y emission
lines, which represent electronic transitions, was greater in
the RF APJ than in the DC one. It was demonstrated that
as the argon component to the Ar/O,/N; gaseous mixture
grew, so did the intensity of Ar I emissions. Furthermore,
the vibrational and excitation temperatures rise as the input
power increases whereas the rotational temperature remains
almost constant with DC and RF powers. Once the amount
of oxygen exceeds the amount of nitrogen, the vibrational
and excitation temperatures fall. On the contrary, the
vibrational and excitation temperatures rise when nitrogen
contributes more than oxygen. Furthermore, the density
of plasma electrons rises with increasing DC and RF
power. If the Ar percentage of the gas mixture increases
and the amount of molecular nitrogen exceeds that of
oxygen, the electron density decreases. It is, however,
boosted when the oxygen input exceeds that of nitrogen.
Greater Ar percentages in the mixture resulted in increased
dissociation fractions of oxygen and nitrogen molecules.
It is possible to deduce that as the oxygen contribution
in the Ar/O,/N;, combination increases, so does the gas
temperature for the RF APJ, making it acceptable for
medical applications such as surgery. If the nitrogen
contribution in the Ar/O,/N; combination is higher, the
DC APJ operates at a lower temperature than the RF one
which makes it appropriate for biological applications like
decontamination and sterilization.
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The O,/N; ratio increases with the steps of 0.5.
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