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Abstract

This study analyses the physical and optical properties of jet plasma at atmospheric
pressure (APPJ) using optical emission spectroscopy (OES), focusing on the effect of
argon gas flow rate. The results show that increasing the gas flow rate from 2 to 4
litres/minute results in an increase in the spectral emission intensity due to increased
ionisation within the plasma. Using the Boltzmann method, it was noted that the
electron temperature decreased from 0.609 to 0.526 electron volts, while the electron
density increased as the gas flow rate was increased. This reflects an altered
relationship between ionisation and energy loss. With higher gas flow, the plasma
becomes more concentrated, but its temperature decreases. In this case, it becomes
more manageable, ideal for advanced use.

Keywords: Optical Emission Spectroscopy, Atmospheric Plasma Jet, Plasma
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1. Introduction

Atmospheric pressure plasma (APP) is a emerging technique that has increasingly gained
interest of researchers. It has wide-ranging uses in areas like medicine, the industry, and
environment, notably in sterilization, surface modification, and tissue treatment. Among the
various plasma generation techniques, atmospheric pressure plasma jet (APPJ) is one of the
most commonly used, due to its simplicity in operation, lack of need for complex equipment,
and its ability to generate stable plasma stream even in open environments [1, 2].

Some recent studies looked at the features of atmospheric pressure plasma jets. For
example, Giannakaris et al. (2023) conducted a study on argon-based plasma generated using
industrial jet devices. They measured how hot the electrons were in various working setups,
using optical emission tests [3]. Bedrouni et al. (2023) looked into what happens when methane
was added to argon plasma and the consequent changes in the jet properties, focusing on the jet
length and spectral emission intensity using optical emission method [4]. Also, Giannakaris et
al. (2025) applied OES and LIBS methods to investigate how plasma jetting influences surface
cleaning, and to see what chemical reactions happen because of that [5].

Despite the extensive research conducted in this field, most of the works used either ready-
made or very advanced systems. The basic systems made locally are still being tried or tested.
In particular, the relationship between gas flow rate and plasma properties in this type of device
was not fully looked into yet, especially when the configuration adopted is as basic as the one
currently used.

As part of this research, a low-cost, locally manufactured plasma jet system was designed,
based on a two-electrode configuration. One electrode is a metal needle from which argon gas
is ejected and connected to a high-voltage (DC) power source, while the second electrode is
made of a bronze alloy. Plasma is generated in the air between the electrodes once the voltage
is applied, appearing as a constant visible glow.

OES was employed to track changes in the optical and electronic properties of the resulting
plasma when the argon gas flow was changed.

The aim of the study was to measure the electron temperature (Te¢) and electron density (ne),
and to analyse the ionisation behaviour and energy distribution within the jet at different argon
gas flow rates. It attempts to fill the information gap in the performance of local APPJ systems
and to provide experimental data that supports design improvement and expanded use in the
fields of environment and medicine.

2. Theoretical Consideration

Atmospheric pressure plasma jet (APPJ) is a cold plasma generated when a strong electric
field is applied using noble gases such as argon or helium [6]. The physical mechanism for
generating this type of plasma is established on ionization processes, which occurs from
collisions between free electrons and gas atoms in the presence of an applied electric field [7,
8]. When a sufficient potential difference is applied between two electrodes and a gas at
atmospheric pressure is present between them, the few electrons in the gas begin to absorb
energy from the electric field, accelerating and colliding with the gas atoms. These collisions
lead to the direct excitation or ionisation of the atoms, releasing new electrons and positive ions.
These collisions, known as avalanche ionisation, are repeated in series until a complete
electrical discharge is formed, resulting in the formation of plasma. This plasma is characterised
by being non-thermal, as the electrons have high energy (several electron volts), while the
temperature of the ions and gas remains relatively low. Plasma emits characteristic optical
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radiation, produced by electronic transitions. This radiation can be analysed by spectroscopy,
through the emission lines coming from excited atoms or ions [9, 10].

Optical emission spectroscopy (OES) is one of the most commonly used techniques to
characterize non-thermal plasmas, particularly at atmospheric pressure [11]. It is a non-intrusive
method that enables the evaluation of plasma properties through the radiation emitted. This
technique relies on analysing the photons produced by the transition of excited atoms or ions to
lower energy levels. The resulting radiation appears as characteristic spectral lines, from which
the plasma composition and physical parameters can be inferred [12]. OES is particularly used
to evaluate the electron temperature (Te) using the Boltzmann method and the electron density
(ne) by analysing the spectral line broadening according to the Stark effect.

2.1 Electron Temperature (Te)

Electron temperature (Te) (in eV) is one of the essential variables used to evaluate the
properties of plasma. It is estimated using the Boltzmann method according to the following
equation:

In Lchﬁgj " kgT (&) +1n [U(T) @

Here, I;; represents the relative intensity of the emission line between energy levels i and j, gjis
the multiplicity factor or statistical weight of the higher level emitted during the transition, A;;
is the wavelength (in nano meters), E; is the excitation energy (in electron volts) of the ju level,
Aji is the probability of spontaneous transition of radiation from level i to the lower-level j, N
denotes the population density of the energy state, and Kg represents the Boltzmann constant
[13].

2.2 Electron Density (ne)
To calculate the electron number density(n.), FWHM and Lorentzian fitting were employed,
according to the following equation:

AL
e = (S5 )N ®

Here, AL (FWHM) represents the Full Width at Half Maximum of the spectral line, and o is
the theoretical full width of the Stark line, which is calculated for the same reference electron
density. For neutral atoms, the reference density is Nr = 10 cm™, and for single charged ions,
itis Nr~= 10" cm™ [14].

2.3 Plasma Frequency (®p):

Plasma frequency is defined as the factor that determines which disturbances in the quasi-
neutral equilibrium state within the plasma generate electric fields. As a function of plasma
density, this frequency plays a vital role in determining its essential properties. Because of the
small value of electron mass (m.), plasma frequency is generally quite elevated, and is
calculated using the following equation:

fo = (3)

Where €0, ne, €, and me represent the permittivity of free space, electron concentration,
fundamental charge, and electron mass, respectively [15].




Khaleel and Aadim Iraqi Journal of Science, 2026, Vol. xx, No. x, pp: xx

2.4 Debye Length (Ap):

The Debye length of an electron (Ap) (in meters) is the maximum microscopic distance for
charge separation in plasma. It defines the spatial extent of the plasma sheath or its protective
boundary, and is calculated using the following equation [15]:

_ EOkBTe> _ Te
Ap = /( et )= 7430*& (4)

2.5 Plasma Parameter (Np:)
Plasma parameter (Np) denotes the number of particles within a Debye sphere, or a sphere of
radius equal to Debye length (Ap). It is calculated using the equation [16]:

4 3
Np = =} )

3. Experimental Part

The experiment was carried out using a cold plasma jet system at atmospheric pressure,
designed in a two-electrode configuration using locally manufactured components. The first
electrode is a hollow metal tube with an inner diameter of 3 mm, which serves as the cathode
(negative electrode) directly connected to the 20 kV terminal of a high-voltage DC voltage
source. The tube is like a thin needle to push the argon gas flow concentrically toward the
discharge point. This focuses the electric field at the end of the tube, creating ideal conditions
to initiate ionisation and making a stable plasma jet.
The other electrode is a bronze metal sheet (80% Cu and 20% Sn) with a purity of 99.99%. It
is manually formed into an S-shaped inclined plane, giving it a multidirectional curved surface.
This shape helps the electric field to spread better, which keeps the plasma jet stable at the tip.
The plate was placed inside a small beaker containing approximately 10 ml of distilled water,
submerged to a depth of 5 cm, to ensure consistent electrical contact and continuous cooling
during the discharge.

The tube nozzle (cathode) was positioned 1.5 cm above the water surface, and pure argon

gas was passed through it at variable rates of 2, 2.5, 3, 3.5, and 4 litres/minute using a micro-
flow regulator. A constant operating voltage of 20 kV was maintained using a direct current
source, which generated an electrical discharge in the gap between the needle and the water
surface, thereby ionising the argon and forming a distinct plasma jet extending toward the
anode.
The radiation emitted by the plasma was recorded using a high-resolution optical spectrometer
operating in the spectral range from 170 to 1100 nanometers. The optical fiber was positioned
at a constant distance from the nozzle exit, and a single measurement point was selected to
ensure stable and uniform recording conditions. Each spectrum was monitored for one minute
at each flow rate after the jet stabilised to ensure accurate comparison between readings.

The spectral data were processed using OriginPro software, where spectral peaks were
manually identified, and a graph was generated based on the logarithmic relationship of the
Boltzmann equation. The electron temperature was calculated from the slope of this graph.
The electron density was estimated by analysing the full-wavelength spectral line broadening
at half-maximum (FWHM) after performing a precise Lorentzian fit to each spectral line. These
data were used to derive the necessary values for the plasma's electronic properties. It is worth
mentioning that the APPJ setup used in this study is simple, as shown in Figure 1.
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Figure 1: A schematic diagram of atmospheric non-thermal plasma jet system, including all
tools and PC control of the spectrometer equipment.

4. Results and Discussion

The plasma jet generated at atmospheric pressure is divided into three main regions where
electrical discharges are observed. First, it begins within the jet source itself, where the
discharge is generated inside the chamber where the gas is ionised. This is followed by a
discharge at the outlet nozzle, where the ionised gas is released into the surrounding air. Finally,
the discharge occurs at the target surface (such as a liquid), where additional electrical and
chemical reactions occur, leading to secondary ionisation of the exposed surface. The spectral
emissions of the generated plasma were recorded using a plasma jet system at atmospheric
pressure, with varying argon gas flow rates. After data collection, the spectrum distribution was
plotted by plotting the signal amplitude versus wavelengths, using optical emission
spectroscopy (OES) to record the emission spectra of cold plasma generated from argon gas.

The spectrum contained spectral lines characteristic of argon atoms and ions, reflecting the
presence of multiple excited states resulting from electron collisions within the plasma. Figure
2 shows the shapes of the plasma jet when the gas flow rates ranged between 2 and 4 L/min
clearly demonstrating the effect of this change on plasma properties, such as density and the
formation of active species. This happens because the electrons hit gas atoms more often when
the gas is going faster. This leads to a redistribution of energy within the plasma, directly
influencing the level of ionization as well as photon emission. This agrees with the results of
Hashem et al. (2017) [17], whose study showed that increasing argon flow led to a significant
increase in electron density due to increased collisions in the jet region. They also observed a
gradual decrease in electron temperature due to energy loss in inelastic collisions. These results
support the findings of Zaplotnik et al. (2021) [18], who showed that changes in the shape of
the plasma jet and the intensity of the spectral emission are directly related to the balance of
ionisation and excitation within the discharge region, especially when the operating conditions,
such as the gas type and its flow rate, change. The consistency of the current results with
previous studies, despite the simplicity of the locally used design, enhances the reliability of
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the experimental performance and highlights the system's efficiency in generating stable plasma
amenable to accurate spectroscopic diagnosis.

Gas flow 3 L/min | [ Gas flow 3.5 L/min | )| Gas flow 4 L/min

Figure 2: Argon plasma shape generated at different gas flow rates (2-4 1/min).

As shown in Figure 3, the spectral emission was recorded over a range of 170 to 1100 nm at
various argon gas flow rates ranging from 2 to 4 litres/minute. The spectra showed clear
agreement with the standard lines attributed to both Ar I and Ar II, reflecting the presence of
active excited and ionised states within the resulting plasma. The figure shows that the intensity
of the spectral lines gradually increases with increasing gas flow rate. This behaviour can be
explained physically by the fact that the increased amount of gas passing through the plasma
needle leads to an increase in the number of neutral atoms and thus an increased probability of
collisions between electrons and these atoms within the discharge region. These collisions result
in the excitation of a larger number of atoms, which translates into an apparent increase in the
intensity of the spectral emission peaks. These results are consistent with those reported by
Abood et al. (2022) and Ahmed and Humud (2024) [19, 20], whose studies showed that
increasing the argon gas flow rate led to higher spectral line intensity and electron density,
resulting from increased collisions and the ionisation of a greater number of atoms within the
plasma. This consistency reflects the reliability of the physical performance of the system used
in this study.

As shown in Figure 3, distinct spectral peaks for nitrogen molecule (N2) were observed
within the range 308.51 nm to 404.81570 nm, including 308.51, 336.64240, 357.50290,
380.65930, and 404.81570 nm. In addition, the spectrum contains clear peaks attributed to
atomic argon (Ar I) within the range 671.92 to 965.77 nm, along with some small peaks for
copper (Cu) elements, such as Cu II at 283.73 nm, Cu I at 296.12 nm, and Cu II at 653.00 nm.
The results showed that a continuous increase in the argon gas flow rate led to a significant
increase in the spectral emission intensity. The reason for this increase is the abundance of
argon particles within the plasma, which increases the chance of collisions between electrons
and gas atoms, resulting in more ionisations and excitations, thus increasing the amount of
energy released as light. Increased gas flow helps distribute energy better within the plasma,
making interactions between electrons and ions more efficient. This is reflected in the
appearance of clearer and stronger spectral peaks.
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The intensity of the emission, particularly the argon peaks (its atoms and ions), shows that
ionisation increased with increased gas flow rate. This is because the more particles there are,
the more collisions with electrons occur, resulting in greater excitation, resulting in higher-
energy photons. With improved energy distribution, electrons can reach higher energy levels,
resulting in stronger spectral emission at specific wavelengths. The clarity of these spectral
peaks and their distribution within known ranges supports the accuracy of the spectral
diagnosis, indicating the stability and efficiency of the resulting plasma under approved
operating conditions.

Gas flow 2 Limin
Gas flow 2.5 L/min
Gas flow 3 L/min
Gas flow 3.5 L/min Arl
Gas flow 4 L/min °
=
3 ]
Molecular N, 5 =&
2 =
) g £,
: 3 [NE]
< 2 fﬁ sl e e
z s |53 & &
> g2 R -] S
= 2 se8 3| 5| oF 5o
@ e gte 2 Flez 28
c Z 1 8ce oK il og 23
o g cgh o <8 EHERS o
- 8o 53y 22 '~ B B 8 g
[ e8I 223 o8 T B IR I g
—_— pc I wWe e So g | ! prgs] g K
51 p 2 e S i Dh-o ~
K8 - = &= | < 2o -
=0 22 8e ] T K
S i : 23 ) 2
S N N Eh = 3
: | | Transitions N, * P <
i A i
J S
Y,
o] [} A
T T T 1 T T T T T T 7 T
200 300 400 500 600 700 800 900 1000

Wavelength(nm)

Figure 3: The plasma emission spectra of bronze alloy at various argon gas flow rates (2-4)
I/min and constant applied DC voltage of 20 kV.

Using the Boltzmann diagram method and Equation (1), the plasma electron temperature
was determined. In the case of argon-emitting plasmas, four ion or atomic spectral lines were
applied using this method. Operating with a direct current (DC) source and at various argon gas
flow rates ranging from 2 to 4 L/min, the electron temperature (T.) was calculated by plotting
(Aji Lii / gi Aji) on the vertical axis against the excitation energy E; in electron volts on the
horizontal axis, as shown in Figure 4. All the graphs showed clear straight lines, with
approximately the same slope (-1/ksT.) when the line was fitted linearly, enabling the
temperature to be derived with high accuracy.
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Figure 4: Boltzmann plots for Ar plasma using linear fitting at different gas flow rates (2-4)
l/min and a fixed applied DC voltage of 20 kV.

The electron temperatures (Te) in the argon plasma calculated for various gas flow rates
ranging from 2 to 4 litres/minute and a constant voltage of 20 kilovolts using direct current
(DC) were derived from the slopes of the graphs in the previous figures. Figure 5 shows the
change in the electron temperature in the argon plasma at these gas flow rates. The results
showed that the value of (T¢) ranged between 0.609 and 0.526 eV, which corresponds to specific
electron temperatures when converted to Kelvin. It was observed that increasing the gas flow
rate led to a gradual decrease in the electron temperature. This decrease can be explained by the
fact that increasing the gas flow contributes to an increase in the number of molecules and atoms
within the discharge region, leading to a higher rate of inelastic collisions with electrons. These
collisions result in a loss of electron energy, thus lowering their temperature. These interactions
also contribute to increased heat loss within the plasma, which indirectly enhances the electron
cooling process. These results are consistent with two previous studies [13, 21], where it was
observed that increased gas flow rate led to a decrease in electron temperature due to increased
collisions and energy loss within the plasma.
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Figure 5: Argon plasma electron temperature with gas flow rates varying between (2-4)
1/min.

As shown in Figure 6, the intensity of the plasma jet increases with increasing gas flow rate,
indicating a rise in plasma density, which is equivalent to an increase in the number of ions and
ionised molecules. This increase leads to enhanced interactions between electrons and ions
within the plasma, resulting in the broadening of spectral lines. The higher the density, the
stronger the interactions, which disturb the energy levels of the atoms and lead to irregular
broadening of the spectral lines. In addition, increasing gas flow leads to a rise in ion density
and thus increased Stark effects, which contribute to significant line broadening. Table 1 shows
the values of the electron temperature with increasing argon gas flow rate at DC current. The

results showed that all values gradually decreased with increasing flow rate, which is consistent
with the results of Michel et al. [22].
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Figure -6: Stark-broadened argon emission line in the range 808—814 nm. A Lorentzian curve
fitting was applied to determine the full width at half maximum (FWHM) for electron density
estimation.
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Table 1: Plasma jet parameters.
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Gas flow FWHM Te (eV) ne (cm™) fp (Hz) Ap (cm) Np
L/min (nm)
) 2.26 0.609 1.38E+16 1.053E+12 4.94513E-06 6.965035343
2.5 2.30 0.588 1.40E+16 1.06228E+12 4.81446E-06 6.541158451
3 2.31 0.557 1.41E+16 1.06458E+12 4.6778E-06  6.025858936
35 2.33 0.546 1.42E+16 1.06918E+12 4.61154E-06 5.823395561
4 2.37 0.526 1.44E+16 1.07832E+12 4.48808E-06 5.460260793

Figure 7 shows how variations in argon flow rate influence electron temperature and
electron density. The results showed that as the gas flow rate increased from 2 to 4 litres/minute,
the electron temperature gradually decreased, while the electron density increased significantly.
This behaviour can be explained by the fact that increasing the gas quantity contributes to
plasma cooling due to increased collisions between electrons and neutral molecules, leading to
inelastic energy loss from the electrons and, consequently, a decrease in their temperature. On
the other hand, as the number of ionisable gas molecules increases, the number of electrons
produced by collisions also increases. This results in a significant increase in electron density
in the plasma. This increase reflects the balance between two fundamental processes in the jet:
ionization, on the one hand, and cooling, on the other. Actually, when the gas flow gets higher,
collisions become more frequent, so the ionization gets stronger. However, energy lost due to
inelastic collisions also increases, leading to a slight drop in temperature. After that, the plasma
turns thicker and cooler, reaching a stable state suitable for high-precision applications.
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Figure 7: Temperature and electron density at various gas flow speeds.

5. Conclusion

The study showed clearly that increasing the argon gas flow rate using a plasma jet at normal
pressure directly influences the spectral and electronic properties of the plasma. It was noticed
that when flow is high, the plasma gets more excited and ionised, and increasing the plasma
glow, showing clear spectral lines from argon gas and its ions. The results also showed that the
electron temperature progressively decreased with increasing flow rate, because of non-elastic
hits and energy getting lost, while the electron density increases significantly, a consequence
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of more intense ionisation. The analysis revealed that the brightness of the lines increases when
plasma is denser, indicating a clear change in the energy level distribution. These data highlight
the balance between ionisation and cooling within plasma jets and confirm that changing how
fast gas goes is a good way to control plasma behavior for different uses according to
application needs.
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