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ABSTRACT

This research presents a thorough spectroscopic investigation of atmospheric- plasma generated by a plasma jet. The
study examines the plasma behavior under varying flow rates of argon gas. A primary objective is to identify the optimal flow rate
that facilitates the application of the generated plasma in sterilization and bacterial eradication operations. The findings establish
a correlation between argon flow and critical plasma parameters, specifically noting variations in electron temperature (Te) &
electron number density (ne). Crucially, the study demonstrates that lower argon flow rates are more effective in generating active
species such as hydroxyl and NO reactive species. The results of this investigation hold significant promise for advancing our
comprehension of plasma jet technology's utility in sterilization or medical treatment processes, emphasizing the importance of

gas flow optimization for these applications.
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l. INTRODUCTION

The exploration of plasma characteristics
through spectroscopic analysis has become a pivotal focus
within the realm of different scientific fields [1]. In this
context, various types of plasmas are utilized, promising
and straightforward techniques, for advancing our
comprehension of intricate physical processes [2].

Different types of plasmas have been harnessed
for numerous applications, showing their versatility in
various scientific and technological domains [3]. One
particularly notable and widely employed technique is
plasma jet technique, which, due to its simplicity, holds
significant promise for enhancing our understanding of
complex physical processes [4]. Plasma jet technology is
not only confined to laboratory settings but has also found
practical applications in medical contexts, particularly in
the field of sterilization [5]. The unique properties of
plasma, including its ability to generate reactive species,
make it an effective tool for inhibiting bacteria and

ensuring sterilization. This dual application underscores
the multifaceted nature of plasma jet technology,
illustrating its potential impact on both scientific research
and practical, real-world applications. Plasma jet
technology has found applications in medical fields and
sterilization processes, marking it as a useful tool with
multifaceted implications [6].

The spectroscopic analysis serves as a powerful
tool offering a nuanced perspective into the behavior and
composition of plasma, providing invaluable insights into
the interactions among its constituent species [7]. This
approach enables researchers to unravel the intricacies of
interactions between atoms and ions, yielding crucial
information regarding their energies, densities, and
elemental compositions [8]. Optical emission
spectroscopy (OES) stands out among the array of
spectroscopic methods frequently employed to analyze
plasma characteristics [9]. In OES, electromagnetic
radiation emitted by excited atoms and ions in the plasma
is detected and analyzed. This emission results from
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transitions between energy levels of these species,
delivering valuable information about their populations,
energy distributions, and temperatures. OES proves
instrumental in identifying ratios of ions and neutrals
present in the plasma, thereby offering insights into the
composition and ionization state of the plasma species
[10]. [11]. The application of spectroscopic study allows
scientists to discern variations in plasma behavior,
prompting investigations into elemental distribution,
species concentration, and energy distributions [12]. This
comprehensive examination advance our understanding
of plasma dynamics, thereby contributing to the
optimization of plasma-based technologies in various
scientific and industrial domains [13].

The primary objective of this investigation is to
analyze the influence of Ar flow rates within a plasma jet
system on the diverse behaviors exhibited by the plasma.
This study aims to gain a comprehensive understanding
of various plasma characteristics, encompassing electron
density, ion density, electron temperature, and species
composition. The assessment of these attributes will be
conducted through the utilization of optical emission
spectroscopy (OES). Subsequently, the study aims to
pinpoint the optimal flow rate that effectively enables the

(a) Gas flow
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Metal base

Dielectric material (glass)

application of the generated plasma in operations related
to sterilization and medical treatment.

1. EXPERIMENTAL SETUP

The experimental configuration, as depicted in
Figure 1, comprises a plasma jet system featuring a tube
housing externally electric electrodes. The tube facilitates
the flow of gas, which undergoes ionization upon
exposure to the electric current generated between the
electrodes. In this setup, plasma is ignited within the
nozzle/tube and subsequently directed outside the target
area for treatment via gas flow. The plasma jet employs
argon gas. A high-voltage power source produces a pulsed
waveform with a voltage of 7kV and a frequency of
25kHz. Plasma generation involves subjecting the gas to
a voltage.

A spectrometer (Thorlabs- CCS 100/M) was
utilized to diagnosed the emissions from the plasma over
a wavelength range spanning from 200 to 900 nm.
Importantly, these analyses were performed under
varying Ar flow rates.

(b)

Figure 1: A schematic and photograph for plasma jet configuration

I11.  RESULTS AND DISCUSSIONS

Figure 2 shows the spectra emitted from the
plasma generated from atmospheric plasma jet
technology using Ar gas at different gas flow rates (2, 4,
6, 8, 12, and 16 I/min). The emitted lines are combined
with the atomic standard lines for argon (Ar 1) from the
National Institute of Standards and Technology data
(NIST) [14], as well as the molecular spectral lines for
nitrogen [15]. The spectrum appears to be composed of
two distinct regions, one of which is within the
wavelength range from approximately 700 to 900 nm,
which belongs to the atomic argon spectrum, and the other

lies within the wavelength range from approximately 300
to 450 nm, which belongs to the molecular spectrum of
nitrogen, which is the largest component of atmospheric
air. The intensity of the Ar spectral lines within a single
sample varies in intensity due to the difference in the
transition probability, and also based on the principle of
the Boltzmann distribution according to the plasma
temperature [16], in addition to the content of the species
within the plasma. The absence of ionic spectral lines
indicates the low content of Ar ions due to the low degree
of ionization.

In general, the intensity of the emission line
increases with the increase of the argon gas flow to a
certain extent due to the increase in its content inside the
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plasma, which leads to an increase in the possibility of
irritating collision of the plasma electrons with the argon
atoms that excite them, and then the process of emitting
photons when the electrons return to a lower energy level.
It can also be noted that the intensity of the spectral lines
increases at different rates for different lines depending on
the plasma temperature, based on the Boltzmann
distribution [17]. While the large increase in flow led to a

decrease in intensity due to the increase in elastic
collisions, which cause the transfer of part of the energy
of the electrons to the atoms, which prevents the energy
of the electrons from reaching sufficient energy to excite
the atoms before they collide again. There are some
strange low-intensity peaks that may be due to
atmospheric components [15].
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Figure 2: Spectra of plasma emitted by plasma jet technology using different flow rates of Ar.

Figure 3 shows the change in intensity of the
spectral lines emitted by plasma jet technology with the
flow rate of Ar for the spectral line (375 nm) for nitrogen
molecule (N.) induced from atmosphere, and the spectral
line (763.5 nm) for Ar, and the ratio between the
intensities of the two lines. We note that the highest
intensity of the spectral line for nitrogen was at a flow of
(12 I/min), while the highest intensity of the Ar line was
at a flow of Ar (8 I/min). The reason for the difference in

the location of the intensity peak of the two gases is due
to the difference in the energy rate of the electrons inside
the plasma, with a difference in the energy required for
the irritating collision of both gases. We notice a change
in the intensity ratio Between the two lines, it will be the
greatest possible at a flow of (6 I/min).This change in ratio
is the reason for the color of the plasma generated by the
plasma jet system varying between violet and red
depending on the flow speed [18].
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Figure 3: Change in the intensity of the spectral lines emitted by plasma jet technology with the flow rate of Ar (a)
The intensity of the 375 nm spectral line for nitrogen, (b) The intensity of the 763.5 nm for Ar spectral line , and (c)
The relative ratio between the two lines

Figure 4 shows matching the Lorentz distribution of the spectral line (763.5 nm) of Ar to

w1 his work is licensed under a Creative Commons Attribution- NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Journal for Research in Applied Sciences
and Biotechnology

WWW.jrash.com

ISSN: 2583-4053
Volume-3 Issue-1 || February 2024 || PP. 99-108

https://doi.org/10.55544/jrasb.3.1.17

calculate the Stark broadening of the spectral line emitted
by plasma jet technology at different Ar flow rates. The
full line width (AA) is found using the standard Lorentzian
curve, which is used to calculate the electron density for
each flow state. The calculation is based on the electron

impact factor (wm), which is equal to (0.0074 nm) at an
electron density of 1x10% cm for this spectral line [19].
It can be observed that the line width varies with the flow
rates of argon gas.
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Figure 4: Matching with the broadening with Lorentz curve for the Ar 763.5 nm to calculate electron number
density using Stark broadening for plasma jet at different Ar flow rates.

Electron
determined by a Boltzmann plot using the intensities of

temperature

(Te)

values were

five spectral lines of the Ar atom shown in Table 1
according to NIST data [17].

Table 1: NIST Ar-1 emission lines that were used in the electron temperature calculations.

A (nm) Aji.gjx107 Energy lower level (eV)
696.5431 1.920 11.54835
706.7218 1.900 11.54835
727.2936 0.549 11.62359
738.3980 4.240 11.62359
750.3869 4.450 11.82807

These lines were used to determine the plasma
temperature of the plasma under different conditions in all

Energy of upper level (eV)
13.327857
13.302227
13.327857
13.302227
13.479887

between In <%> versus the upper energy level (E;).

cgjAji

spectra in this study as shown in Figure 5. The electron
temperature (T.) was calculated using the relationship

The figure displays the best-fitting linear relationship
equations within the shapes. The values of T, are equal to
the inverse of the slope of the given lines. The R? values
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presented in each figure indicate values higher than 0.9

which indicate good linear fit with practical values.
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Figure 5: Boltzmann-plot using Ar atomic spectral lines emitted by plasma jet technology at different Ar flow rates
to calculate the plasma temperature.

Figure 6 shows the variation of electron
temperature (T¢) and electron number density (ne) of
plasma generated by plasma-jet technique with the flow
rate of Ar. Increasing the Ar flux from (2 I/min) to (8
I/min) led to an increase in ne due to the increased
probability of ionizing collisions, which leads to the
generation of additional electrons that perpetuate the
existence of the plasma [20]. A further increase in the
flow rate leads to an opposite behavior with a decrease in
ne due to a decrease in the energy rate of the electrons, as

a result of increase in the number of collisions that
suppress the electrons energy and prevent them from
reaching sufficient energies to ionize the atoms due to the
decrease in the cross-section of ionizing collisions with
the decrease in the energy of the electrons [21]. On the
other hand, we notice a steady decrease in the electron
temperature (T.) with the increase of the Ar flow due to
the increase in non-ionizing collisions between electrons
and other particles [22].
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Figure 6: variation of plasma temperature and number density of electrons with the Ar flow rate.

Other plasma parameters were determined,
including Debye length (Ap), Debye number (Np), and
plasma frequency (f,). Table 2 shows the plasma
parameters at different Ar flows. All plasma parameters
satisfy the plasma criteria. Changes in the temperature and
number density of the plasma lead to a significant change
in other plasma parameters. The plasma frequency
increases to reach its peak at 8 I/min flow due to the

dependence of the plasma frequency on its density. This
frequency determines the frequencies of electromagnetic
waves that interact with the plasma. While the Debye
length decreases with increasing flow, as the increase in
the number density of electrons and the decrease in
plasma temperature lead to an increase in the response of
the plasma to external fields, so the penetration depth of
the electric fields decreases.

Table 2: Parameters of plasma emitted by plasma jet using different argon flow rates

Flow (I/min) Te (eV) Al (nm) ne<10%7 (cm3) fo (Hz) *10*2 Ao *10°%(cm) Np

2 1.856 1.800 12.162 9.903 9.179 3940
4 1.460 2.000 13.514 10.439 7.724 2609
6 1.316 2.200 14.865 10.949 6.992 2129
8 1.271 2.400 16.216 11.435 6.579 1934
12 1.097 2.100 14.189 10.697 6.533 1657
16 1.007 2.100 14.189 10.697 6.259 1457

Figure 7 shows the molecular spectrum of
nitrogen emitted from plasma jet technique using a 12
I/min flow rate of Ar as an example to illustrate the type
of emissions in the spectrum. The electron atoms in the
ground state fill the two metastable levels at energies 11.5
eV and 11.72 eV. When the excited argon (Ar*) mixed
with neutral molecular nitrogen N in its vibrational
ground state X4 excited to one of the vibrational levels
of the CBI1, state because the energy of the Ar* states
matches the necessary excitation energy of 11.1 eV. The
discharge region also contains other types of molecular
nitrogen, such as positive ions of the nitrogen molecule

(N2*) resulting from direct ionization of neutral
molecules. Depending on the energy of the incident
electron, the ions may be pushed either to their vibrational
ground state X?Z4 or directly to a higher vibrational state.
The excited states then decay spontaneously, giving rise
to an emission spectrum with intensity proportional to the
pumping amount of the upper bands.

Therefore, the spectrum shows two types of
emissions located in two overlapping spectral regions, the
first of which is due to the nitrogen molecule (N2) from
320 nm to 410 nm and the second to the nitrogen ion (N2*)
from 390 nm to 440 nm. The peak located at 337.13 nm
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represents the emission from the energy difference of the
electronic transition between two states with the same
vibrational energy (Av=0). In addition to other groups
located to the right and left of this peak of the spectrum
resulting from a transition between two electronic levels
for two different vibrational states. Each group consists of

10000

several peaks because the energy difference between each
two successive vibrational levels is not equal. Therefore,
the transition, for example, between two vibrational states
2-1 differs in energy from the transition 3-2, even though
Av=-1 in both cases.
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Figure 7: Molecular spectrum of nitrogen emitted from plasma jet in atmosphere using 12 I/min Ar flow rate

The spectrum also shows two small peaks
located at 310 nm and 298 nm, which belong to the
hydroxyl radical (OH) and nitrogen oxide (NO). These
free radicals, such as OH and NO, play an important role
in killing bacteria and sterilization processes. The
hydroxyl radical (OH) has strong oxidizing properties. Its
ability to interact with bacteria depends on its
concentration and presence in the medium. Hydroxyl
radical can lead to oxidation and destruction of bacterial
cell membranes, contributing to their Killing. Nitrogen
oxide, which is formed during electrical discharge in the
atmosphere, also has antibacterial properties. Nitrogen
oxide can react with organic compounds in bacteria,
inhibiting the activity of vital enzymes and thus killing the
bacteria. Application of these free radicals in sterilization
operations against bacteria and viruses by producing them
using electrical discharge systems, which destroy
microorganisms and improve environmental cleanliness.

Figure 8 shows the spectra emitted from the
plasma generated using the atmospheric plasma jet
technique using argon gas at different flow rates in the
region from 290 nm to 450 nm. The intensity of the

spectral lines varies within a single nitrogen sample due
to the difference in the transfer potential, and also based
on the vibrational temperature of the molecule, which
plays an important role in the properties of the plasma
formed. The spectral lines of the neutral hydrogen
molecule appeared higher than those of the hydrogen ion,
NZ, which indicates a low degree of ionization, which is
a general characteristic of cold plasma.

In general, the intensity of the emission line
increases with increasing Ar gas flow, reaching its peak at
a gas flow of 12 I/min, then decreasing at 14 I/min. It can
also be noted that the intensity of the spectral lines
increases at different rates for different lines depending on
the temperature. It can be noted that the intensity of the
lines belonging to active species such as OH and NO are
greatest at low and large gas flows, while they almost
disappear at average flow values of 6 and 8 I/min. The
reason for the lower content of active species in these
flows may be due to the higher degree of ionization of Ar
in these flows, which may gain part of its energy from the
hydroxyl ion [6], which has a higher ionization energy
than Ar (13 eV) [23]
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Figure 8: Molecular spectra of nitrogen emitted from plasma jet technology using different flow rates of Ar

IV.  CONCLUSIONS

This study explains the impact of gas flow rate
from the plasma jet system on optical emission
spectroscopy outcomes. The observed trends in emission
line intensity provide insights into principles leading
energy distribution and collision dynamics. Notably, the
maximum electron number density is achieved at an argon
flow rate of 8 I/min, while the electron temperature
decreases with increasing flow rate. These variations
extend to other plasma parameters, illustrating the
intricate interplay of plasma behavior and its interactions
with external fields or electromagnetic radiations. A
portion of the excitation energy of argon is transferred to
nitrogen molecules, and generation of reactive species
such as OH and NO, the abundance of which is contingent
upon the flow rate. The most efficient flow rate is
determined to be 6 I/min. The outcomes of this study hold
significant promise for advancing plasma jet technology
in sterilization or treatment applications.
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