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Abstract

This study describes the creation of jet plasma at atmospheric pressure with a straightforward plasma jet
generation system utilizing air, argon, and nitrogen gases. It comprises a 10 kV high-voltage DC apparatus with
a 30 W power output. This research primarily aims to examine the effects of varying the gas flow rate and the
gas type (argon, nitrogen, or air) on the microscopic non-thermal plasma features by optical emission
spectroscopy (OES). The Boltzmann diagram method was employed to calculate the electron temperature (Te),
electron density (ne), and further related quantities, along with other plasma properties. At low flow rates, the
electron temperature in argon remains almost constant as the electron density increases, irrespective of the gas
flow rate. The electron temperature and nitrogen density exhibit more variation with flow rate. The electron
temperature in air exhibits considerable fluctuations with varying flow speeds, although the electron density
shows very less variation.

Keywords: Plasma Jet, Plasma Parameters, Non- Thermal Plasma, Optical emission spectroscopy, electron
density, electron temperature.

Introduction equilibrium. The temperature of molecules, atoms,
and ions does not match the temperature of
electrons [6,7]. Because of these properties, Plasma
jet systems are versatile tools that can be utilized
for a wide range of research purposes it is
employed for activating the surface of polymers,
developing solar cells, and etching materials [8, 9].
Several uses exist, including the treatment of living
cells [10,11]. use cold atmospheric plasma jet
treatment of cancer cells [12]. Sterilization [9],
blood coagulation [13,14], wound healing [15-19],
bacteria activation [20-22], tooth bleaching [23,24],
and air purification [25,26] are some of the
applications [27]. Air plasma can generate reactive
oxygen nitrogen species (RONS). Nitrogen Plasma
Technology is a safe and effective technique to
achieve significant skin rejuvenation without the
dangers and downtime associated with more
invasive cosmetic procedures.

The many practical applications of plasma require a
system that operates on different gases to be
suitable for various industrial, medical, and
environmental plasma applications. Non-thermal
plasma systems have garnered significant attention
in the field of study [1-3]. Plasma is the fourth
fundamental state of matter, after solids, liquids,
and gases. Plasma can be divided into two
categories: thermal and non-thermal plasma.
Plasma consists of numerous free electrons and
positive and negative ions [4]. One kind of non-
thermal atmospheric glow discharge plasma needle,
which is operated using a single electrode, used air,
nitrogen, and argon gases. The fact that this kind of
plasma functions at temperatures close to room
temperature means that when plasma comes into
contact with an object, it doesn't heat them up. This
attribute created the opportunity to use plasma to

treat heat sensitive material. The simplicity of use Nitrogen gas and ambient air are commonly
and low cost of atmospheric pressure discharge utilized as working gases in plasma jet systems.
plasma make them very interesting [5]. Non- Nitrogen is often preferred for its chemical stability
thermodynamic (cool plasma) denotes that the and significant reactivity with certain chemicals,
temperature of the plasma is not in thermodynamic despite the widespread availability and cost-
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effectiveness of air. Airborne molecules generate
reactive species such as ozone, nitric oxide, and
nitrogen oxides. In nitrogen, plasma mostly
interacts with nitrogen molecules, leading to the
generation of nitrogen radicals and ions. Several
essential components are required to generate an
atmospheric plasma jet. A high-voltage power
supply produces plasma discharge; an electrode
arrangement begins and maintains the plasma,
while a gas distribution system provides gas to the
plasma [28,29]. Electrode configurations can be
changed to get different plasma forms and
properties. For example, a needle-to-plate electrode
wire-to-cylinder arrangement can generate a highly
focused plasma jet, wherecas a wire-to-cylinder
layout produces diffuse plasma. Once the
atmospheric plasma jet has been produced, its
properties can be studied using several diagnostic
methods.

The purpose of this study was to examine the
characteristics of jet plasma for various gases such
as air, nitrogen, and argon. The study focused on
determining the electron density (ne) and
temperature (Te) for each gas using the optical
emission spectroscopy (OES) method. Using the
OES methodology allows for precise evaluation of
plasma properties and the generation of highly
accurate predictions regarding plasma radiation
emission [30-34].

The Boltzmann plot method [35-36] was utilized
to calculate the electron temperature of plasma:

i L 1 N
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I;;, and g; Represent the relative emission line
density between energy levels i and j.

E; Is the excitation energy (in eV) for level i.
Aj; Is the possibility of automated radiation
transmission from level i to the lower-level j.
A;i Is the wavelength (in nm).

K is the Boltzmann constant.

N is a reference to the population densities of the
state.

The following formula can be used to compute
Debye's length (Ap) [37-38]:
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The plasma frequency is as follows:

Where m,, It is the electron mass; the following
gives the Debye Number (Np) [39-40]:

2-Experimental part

A simple system for generating plasma jets has
been created with air, argon and nitrogen gases.
Figure 1 shows the experiment setup which
consists of DC high voltage devicelO kV, 30watt
power output. The electrode at which the plasma is
generated consists of a hollow steel tube with an
internal diameter of 1.4mm and length of S5cm. At
one end of the steel tube, the working gas is
connected through a Teflon tube connected to a gas
flow rate regulator.
directly with a high voltage DC power supply. The

The steel tube is wound

system was grounded, and the second electrode of
the system was connected to the ground.

Plasma is created by applying electrical energy to
gas. By doing so, the gas molecules are ionized,
causing electrons to separate from the gas
molecules. This process generates plasma that has
excellent electrical conductivity and can interact
with any surface. Plasma can now be used to
initiate surface treatment by simply placing any
surface in contact with it. To optimize the results
of this treatment, we can adjust the effects by
choosing the appropriate gas composition and
procedure parameters for each specific procedure
project.

The plasma jet emissions were evaluated by Suwrit
S3000 spectrometer apparatus. The operational
range of this device's high resolution spans from
200 nm to 1100 nm. The spectrum from the plasma
light collected and transmitted to the
spectrometer via a fiber optic (f600-y-uv-sr-nir)
connection. The spectral graph was analyzed
utilizing the spectra (version 3.3) software. The x-
axis represents the wavelength, while the results
indicate the relative strength of the emission peaks
recorded by the spectrometer, facilitating the

was

identification of the reactive species in the plasma.
Figure 3 illustrates that the spectrometer's fiber
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optic was situated near the plasma plume at a
constant distance, d. Figure 3 depicts the
methodology employed for measuring the working
gas during different procedures. The distance
between the plasma and the fiber optics was 5 mm.
The reactive species in the plasma were represented
by the peaks of the spectral bands. Based on the

regulator

___—~Flow meter

Ar

N2 B

H.V Power supply

wavelengths, the species in the plasma were
determined. When identifying atomic species based
on the wavelengths of their wavelengths, the
National Institute of Standards and Technology
(NIST) (http://www.nist.gov/pml/data/asd.cfm) can
be used as a reference source .

Tifton pipe

Steel tube Optlcal
with inner spectrometer

diameter of
1.4m

ground

Stand table lift

H.V electrode

Figure 1: Plasma jet system.

3- The Results

Using spectroscopy is a highly effective diagnostic
method for determining the properties of jet
plasmas. This study observed the spectral lines
emitted by atoms to analyze the impact of various
physical parameters on jet plasma formed at
atmospheric pressure.Figures 2, 3, and 4 show the
relationship between optical emission spectra and
gas flow rate for a plasma jet with different gases,
Ar, N2, and air.
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Figure 2 displays multiple peaks of argon gas in the
spectrum, which closely align with the data from
the Higher Institute (NIST). At a wavelength of
912.29670 nm, the argon gas (Ar I) consistently
exhibits its highest peak in the spectrum, regardless
of the gas flow. On the other hand, when the
voltage is set at 10 KV and the flow ranges from 1
to 5 L/min, the nitrogen gas (N2 1) reaches its
highest peak at a wavelength of 762.81800 nm. The
majority of plasma peaks were observed within the
wavelength range of 300 to 1000 nm.
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Figure 2: Relationship between Optical Emission Spectra for argon and Gas Flow Rate for a Plasma Jet, where
the voltage is 10 KV, and the change in gas flow value is between 1 to 5 L/min.

In Figure 3, there are multiple peaks of nitrogen gas the voltage is 10 KV and the flow changes between
observed in the spectrum, with most of them 5 and 9 L/min, the highest peak for nitrogen gas
matching the data from the Higher Institute (NIST) (N2 1) occurs at a wavelength of 381.82680 nm.
. At all values of the applied gas flow, the nitrogen The majority of plasma peaks were observed within
gas (N2 II) exhibits its highest peak on the the wavelength range of (300—1000) nm.

spectrum at a wavelength of 359.35970 nm. When
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Figure 3: Relationship between Optical Emission Spectra for nitrogen and Gas Flow Rate for a Plasma Jet,
where the voltage is 10 KV, and the change in gas flow value is between 5 to 9L/min.
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As illustrated in Figure 4, air is a mixture of gases
consisting primarily of 78% nitrogen and roughly
21% oxygen. Therefore, it is natural for peaks for
both elements to appear in the spectrum, with the

highest peak for nitrogen (N II) at a wavelength of
776.22400 nm and the highest peak for oxygen (O
1) at a wavelength of 355.8590 nm.
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Figure 4: Relationship between Optical Emission Spectra for air and Gas Flow Rate for a Plasma Jet, where the
voltage is 10 KV, and the change in gas flow value is between 4 to 8 L/min.

We notice from Figures 2, 3, and 4 that we need
higher amounts of gas flow when analyzing the
spectrum of air and nitrogen compared to the
amount of gas used to analyze the spectrum of
argon. The reason for this is that air and nitrogen
contain high percentages of oxygen and nitrogen,
which are gases with a similar molecular structure.
This molecular structure indicates the presence of
more intricate energy levels resulting from
chemical reactions and various emissions. In the
analysis of air and nitrogen spectra, increased
overlap across spectral lines may enhance the
chemical interactions between the various
components. Consequently, it is vital to augment
the gas flow to get better and more precise
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spectrum indications. Conversely, the analysis of
the argon spectrum experiences less interference
to argon's monatomic nature, which
mitigates  chemical effects and intricate
interactions. Consequently, the spectra of argon gas
may be obtained with reduced gas flow compared
to the analysis of air and nitrogen spectra.

owing

Figures 5,6 and 7 demonstrate the ln[%] asa
function of (E;). The electron temperature (7)
Which is associated with the slope of the fitting
(slope:m:;—;) Also, the broadening of Gausin was

neglected because it is very small, Whereas Stark
broadening was used to compute the electron
density (ne)
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Figure (5):

Boltzmann diagrams for argon at various gas flow rates (ranging from 1 to 5 L/min).
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Figure (6): Boltzmann diagrams for nitrogen at various gas flow rates (ranging from 5 to 9 L/min).
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Figure (7): Boltzmann diagrams for air at various gas flow rates (ranging from 4 to 8 L/min).

Figure 8 displays the Voigt fitting for argon, 404.13100 nm, for various gas flow rates. Figure
incorporating Stark and Gaussian broadening at the 10 illustrates the Voigt fitting for air at the peak of
peak of the Ar I line at 695.14770 nm, for different the N II line at 776.22400 nm, for different gas
gas flow rates. Figure 9 exhibits the Voigt fitting flow rates. These figures were utilized to ascertain
for nitrogen at the peak of the N II line at the electron density.
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Figure (8): Voigt fitting for argon line of Ar I at 695.14770 nm.
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Figure (10): Voigt fitting for air line of N 1l at 776.22400 nm.
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We can observe from Figures (11, 12, 13) and
Tables 1, 2 and 3 that the electron temperature in
argon is almost constant and shows a slight
increase with increasing flux, while the electron
density shows a slight decrease. The electron

temperature and density of nitrogen change more
with flow rate. In the case of air, the electron
temperature fluctuates greatly with different flow
rates, while the electron density appears to change
less.
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Figure (11): The variation between T, and n,For different values of gas flow rate for argon.
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Figure (12): The variation between T, and n,For different values of gas flow rate for nitrogen.

3623




Letters in High Energy Physics Volume 2024
ISSN: 2632-2714
8 10
7 8
_ 6 ]
= 5 A - 6 —
= _—
= 4 - -4 =
>< =
= 3 A )
2 -
1 - m/.——\. 0
0 T T T T T -2
3 6 9
E(l/m)

Figure (13): The variation between T, and n.For different values of gas flow rate for air.

Tables 1, 2 and 3 provide a summary of how gas flow rate for different gas types affects plasma properties.

Table (1): - Argon plasma parameters for the different gas flow values.

L 0492416782 6.620361446 1.09898 23.1453 2.026349651
P2 0519183843 5307650602 0.88107 20.7240 2.323797259
3| 0497017893 6282228916 1.04285 22.5465 2.089863625
Bda T 0.509606075 5468915663 0.90784 21.0365 2.268065011
L5 0538909248 5.448614458 0.90447 20.9974 2.336703411
Table (2): - Nitrogen plasma parameters for the different gas flow values.
B5 T 0715973366 0.737972727 2.43531 7.7276 7.318415978
L6 0.686860361 1.522860606 5.02544 11.1008 4.989912895
BT 0583464613 0.390393939 1.2883 5.6205 9.083318463
I8 0591401029  0.769157576 2.53822 7.8891 6.515116572
P9 0597442944 0.541615152 1.78733 6.6201 7.803539436

Table (3): - Air plasma parameters for the different gas flow values.

1.168633867 0.445917959 1.78278 6.0069 12.02819793
_ 1.277302337 0.43644072 1.74489 5.9427 12.71080439
L6 3741114852 0.348049025 1.3915 53096 21.95354516
7 077309625 0.716953477 2.86638 7.6167 10.47682015
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D8 1.926040062 0.259092046 1.03585 4.5788 20.2579004
Discuss the results C. Air Plasma:

Analysis of Plasma Jet Characteristics: Impact of
Gas Type and Gas Flow Rates

This study provides a comprehensive
analysis of the effects of physical factors on plasma
jet characteristics, focusing on electron temperature
(T.) and electron density (ng). The results,
supported by detailed spectral analysis and
corresponding tables, offer valuable insights into
plasma behavior, which are crucial for various
industrial, medical, and environmental applications.

1 .Plasma Characteristics Based on Gas Type
A. Argon Plasma:
Electron Temperature: (T,)

Increases gradually from 0.492, eV at 1 L/min to
0.539, eV at 5 L/min.

Electron Density (n,)

Decreases from 6.62 x 107 (cm=3) at 1 L/min to
5.45 x 1017 (cm~3)at 5 L/min.

Argon's simple atomic structure facilitates stable
plasma behavior. Increasing the gas flow reduces
electron-neutral interaction time, causing a
decrease in n, while maintaining a steady increase
in T, . These properties make argon suitable for
thermal applications requiring stability.

B. Nitrogen Plasma:
Electron Temperature (Te):

Decreases from 0.716, eV at 5 L/min to 0.597, eV
at 9 L/min.

Electron Density (n,):

Peaks at 1.52 x 10'(cm™3) at 6 L/min and
decreases to 0.54x 1017 (cm~3)at 9 L/min.

Nitrogen's diatomic molecular structure requires
substantial energy for dissociation, leading to a
decline in T,. The peak n, at 6 L/min represents
optimal conditions for ionization. At higher flow
rates, reduced interaction time diminishes
ionization efficiency, lowering n, .

3625

Electron Temperature (T,):

Peaks at 3.741, eV at 6 L/min, drops to at
0.773eVat 7 L/min, and rises to 1.926, eV at 8
L/min.

Electron Density (n.):

Peaks at 0.72 x 107 (cm~3) at 7 L/min and drops
t00.26 x 107 (cm™3) at 8 L/min.

Air, as a mixture of nitrogen and oxygen, exhibits
complex plasma behavior. Oxygen's higher
reactivity and nitrogen's molecular interactions
cause significant fluctuations in T, and n. . These
properties make air plasma versatile for
applications requiring dynamic plasma interactions,
such as environmental cleaning.

From the previous results, we notice the effect of
both the gas type and the flow, as follows:

A Effect of Gas Type:

Argon: Stable plasma behavior due to its atomic
simplicity, with gradual changes in T, and n,.
Ideal for processes requiring thermal control, such
as laser welding.

Nitrogen: Sensitive to flow rate changes, with
noticeable declines in T, and n. at higher rates.
Useful in chemical plasma applications like surface
nitriding.

Air: Exhibits dynamic changes in plasma properties
due to its composite nature. Suitable for
applications demanding chemical versatility.

B. Effect of Flow Rate:

Lower Flow Rates: Promote better ionization
efficiency, especially in nitrogen plasma, resulting
in higher n, .

Higher Flow Rates: Increase energy transfer
efficiency but reduce n.due to shortened
interaction time. Fluctuations in air plasma at
higher rates highlight the complex interplay
between its components.
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The prior results indicate that argon plasma is well Emission Spectroscopy in Laser Produced

suited for thermal applications necessitating
stability and precise control. Nitrogen plasma is
efficacious for chemical applications involving
active molecular processes.Air plasma is adaptable
and suitable in dynamic settings, including
sterilization and environmental remediation.

This research underscores the critical role of gas
type and flow rate in defining plasma properties,
providing a foundation for tailored plasma
applications in various domains.

4- Conclusion

This study investigates the effect of gas flow rate
on the plasma parameters of an atmospheric
pressure plasma jet wusing optical emission
spectroscopy (OES). The research examines three
gases: argon, nitrogen, and air, to evaluate their
impact on electron temperature () and electron
density (). Atmospheric pressure plasma jets are
effective in generating non-thermal plasma, which
has  applications surface  modification,
environmental cleaning, and sterilization. OES is
employed to measure plasma properties, revealing
that noble gases like argon exhibit stable behavior
due to limited chemical reactivity, whereas reactive
gases like nitrogen and air show significant
by

in

variations  caused molecular

interactions.

complex

The results indicate that electron temperature
generally increases with flow rate in argon but
decreases in nitrogen, reflecting the energy
demands of molecular dissociation. Air plasma
displays highly dynamic behavior due to the
interplay ~ between  nitrogen and  oxygen
components. Electron density decreases with higher
flow rates in all gases, with nitrogen and air
showing sharper declines due to reduced ionization
efficiency. These findings provide insights into
optimizing gas type and flow rate for specific
plasma applications, enhancing their efficiency in
industrial, medical, and environmental fields. The
study highlights the wversatility of non-thermal
plasma systems and their potential for tailored
applications.
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