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Optical  Spectroscopy (OES) was used to study the features of Fe plasma 
according to the Ar gas flow rate. With increasing gas flow rate from 1.0 to 2.0 L/min, 
the electron temperature increased from 0.369 to 0.480 eV, and the electron density 
increased from 12.162 ± 0.58 ×1017 to 13.851±0.67 ×1017 cm−3. There was also an 
increase in plasma frequency (9.90×1012 to 10.57×1012 Hz) and a slight increase in 
Debye length (4.091±0.32 ×10−6 to 4.373±0.37 ×10−6 cm). These trends suggest that 
increased flow rates promote a higher degree of excitation and steadiness, producing 
stronger supporting gas (N2 and Ar) and Fe I emission lines. In addition, an analysis of 
the behavior of the coupling parameter (Γ) indicates that plasma remains near ideal 
with Γ = 0.671±0.19, 0.561±0.08, and 0.539±0.08 with the average inter-particle 
distance of 5.8116±0.41, 5.6111±0.37, and 5.5651±0.39 nm, respectively. As the Ar 
flow rate increases, Γ decreases, indicating that under higher gas flow conditions, the 
plasma is closer to an ideal state and less strongly coupled. 
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1. Introduction 

Plasma, the fourth state of matter, is a very complex 

medium that consists of electrons, ions, and neutral 

particles [1]. Owing to its physical properties, plasma 

has been used as one of the core components of several 

applications in modern-day technology, which include 

metallurgy, nuclear physics, surface treatment, thin-

film deposition, and medical and environmental 

technology [2,3]. On the other hand, plasma parameters 

such as electron temperature (Te), electron density (ne), 

Debye length (λD), plasma frequency (fp), etc., are 

fundamental to investigate for determining the 

efficiency and stability of plasma-based processes [4]. 

The Ar gas flow rate is an essential parameter affecting 

the discharge behavior, since it controls the 

concentration of the reactive species in the plasma 

column where they are subject to ionization, collision, 

and energy transfer processes [5]. As a result, gas flow 

is one of the easiest ways to tune plasma [6]. Due to its 

use in applications accumulated in structures of many 

industrial and scientific fields, as well as its function in 

energy from iron alloys, magnetic materials, and energy 

storage systems [7]. Fe-based plasma can indeed help 

us to understand processes like melting and/or 

deposition, and/or surface modification, and also pave 

the way for new materials. 

The coupling parameter of the plasma (Γ) is an 

important indicator of plasma behavior: in combination 

with some intrinsic plasma parameters, it can be used 

to classify plasma as quasi-ideal, weakly non-ideal, or 

strongly coupled. The interaction parameter, Γ, 

indicates the relative strength of Coulomb interactions 

to thermal motion and can reveal information about 

microscopic dynamics at work in the plasma, as well as 

stability and usability information under various 

operating conditions [8]. However, the influence of Ar 

gas flow rate on Γ of Fe-based plasma jets at 

atmospheric pressures is not studied in the literature 

despite its importance. An investigation of the behavior 

of Γ as a function of Ar gas flow rate could provide 

greater insights into plasma behavior than conventional 

diagnostics like temperature and density. This analysis 

would allow for the optimization of operational 

parameters to achieve physical parameters that are 

required for various Fe-based plasma applications. 

 

2. Experimental Method 

A diagram of the plasma jet system used in this 

study is presented in Fig. (1). The experimental setup is 

composed of a cold atmospheric plasma jet system, an 

Fe electrode, argon (Ar) gas, a voltage controller, and a 

high-voltage DC power supply. The plasma jet is 

generated by a 14 kV, 40 kHz power supply with open 

circuit protection under ambient atmospheric 

conditions. Ar gas is introduced through a needle 

cathode connected to the power supply. The anode is a 

5×10 cm Fe strip (2 cm2 immersion area in water). 

 

 
Fig. (1) Optical emission spectroscopy diagnostic and plasma jet 

system configuration 

 

Emission lines of Fe I primarily arise from the 

physical sputtering of the Fe anode by energetic Ar ions 
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and metastable species. These interactions release 

neutral Fe atoms into the plasma that are subsequently 

excited and emit characteristic emission lines. Despite 

the occurrence of a small degree of electrochemical 

dissolution of Fe due to anodic bias in the plasma-liquid 

configuration, this is negligible due to the high voltage, 

short discharge times, lack of a strong electrolyte at the 

interface, and fast bombardment of ions; consequently, 

sputtering is the key mechanism by which Fe is 

introduced into the plasma. A stable plasma jet is 

created when Ar gas is passed through the needle, 

which itself is positioned 2 mm above the surface of the 

water.  

Nanoparticle formation was monitored by optical 

emission spectroscopy and used to record the plasma 

behaviour based on the Ar gas flow rate (1, 1.5, and 2 

L/min); specifically, the identification of the excited 

species and their relative densities in the discharge 

region was assessed by analyzing the plasma jet 

configuration. The spectrometer integration time was 2 

s. Plasma emissions were collected by positioning a 

quartz optical fiber near the plasma plume (~8 cm) and 

tilted (45°) with respect to the jet axis to improve the 

signal. Measurements were performed under 

atmospheric conditions in a plasma–liquid 

configuration, where the discharge impinged upon the 

water surface. Both radial and axial spectra were 

recorded; the axial spectra were used to calculate 

electron temperature and density by assuming spatial 

homogeneity in the plasma within the optical collection 

volume. Spectral data were recorded using an S3000 

UV and near-infrared spectrometer between 250 and 

1000 nm in the radial and axial directions. The 

elemental composition, as well as several quantitative 

and qualitative parameters (e.g., electron density and 

electron temperature), can be determined from the 

shape, width, and distribution of the spectral signals.  

The plasma temperature is associated with several 

plasma attributes, including the distribution of energy 

level populations and particle speeds. A Boltzmann plot 

was employed to determine the electron temperature of 

the plasma, assuming local thermodynamic equilibrium 

[9]: 

𝑙𝑛 [ 
𝜆𝑗𝑖𝐼𝑗𝑖

ℎ𝑐𝐴𝑗𝑖𝑔𝑗
]  = −

1

𝑘𝑇
(𝐸𝑗) +  𝑙𝑛 |

𝑁

𝑈(𝑇)
|, (1) 

where λji denotes the wavelength of the emission peak, 

N indicates the number density, U(T) represents the 

partition function, ℎ𝜐𝑗𝑖  is the photon energy of the 

transition, 𝐸𝑗 is the excitation energy of the level, 𝑘𝐵 

denotes the Boltzmann constant, and 𝑇𝑒 indicates the 

electron temperature 

Electron density is the number of free electrons per 

unit volume of plasma. It can be quantified with 

techniques like Thomson scattering, microwave 

spectroscopy, and plasma spectroscopy. This study 

infers electron density from the linear Stark broadening 

of spectral peaks. Local electric fields further distort the 

atomic spectra via what is called Stark broadening, 

which corresponds to the interaction of the plasma with 

the surrounding charged particles. Of all processes 

from the spectrum lines, the Stark broadening is an 

utterly severe phenomenon, and it is necessary in order 

to measure electron density for certain electron 

temperature conditions. The electron density can be 

calculated using Eq. (2) [9]: 

ne (cm-3) = (2𝑤𝑠∆𝜆) Nr, (2) 

where ωs is the Stark broadening coefficient of the Ar I 

763.51 nm emission line [10]; this is equal to 0.074 nm 

under standard laboratory conditions 

The 763.51 nm Ar line was selected for the electron 

density calculations; at this wavelength, a strong peak 

with relatively non-overlapping transitions exists, and 

thus, the broadening of the peak due to Stark 

broadening can be decoupled from other broadening 

mechanisms (e.g., the Doppler and van der Waals 

effects) [6]. As a result, this line is a stable diagnostic 

signature of an argon plasma in the atmosphere. Nr is 

the reference electron number density; this is generally 

considered to be a constant in practical plasma 

diagnostics. Eq. (2) is the linear approximation of Stark 

broadening theory, which is approximately valid in the 

normal range of electron densities and temperatures of 

low-temperature plasmas. The obtained electron 

temperatures were fairly consistent in digits, in eV and 

K when converted (T ≈ 4000-5600 K), confirming the 

applicability of this diagnostic for plasma parameters. 

Δλ represents the broadening of the emission line in nm.  
The frequency of plasma is entirely dependent on 

density and is a key characteristic of plasmas. Plasma 

generally has a high frequency because electrons have 

a very low mass. Plasma frequency can be determined 

from the following formula [11]: 

fp (Hz) = 8.98 √𝑛𝑒    (3) 

Debye shielding (𝜆 𝐷 ) maintains the quasi-

neutrality of plasma by reducing the influence of the 

electric field on local fields. The equation for the Debye 

length (𝜆 𝐷 ) is as follows [11]: 

λD (cm) = 743√
𝑇𝑒

𝑛𝑒
  (4) 

Finally, the plasma coupling parameter (Γ) was 

calculated by [12]:  

Γ  = 
𝑒2

 4𝜋 Ɛ𝑜𝑎𝑘𝐵 𝑇𝑒
  (5) 

where e is the charge of an electron (1.602×10-19 C), ε0 

is the permittivity of free space (8.85×10-12 F/m), a is 

the average inter-particle distance (nm), and kB is the 

Boltzmann constant (1.380×10-23  J/K) 

For practical calculations, where Te is expressed in 

eV and a in nm, the above equation can be simplified 

to: 

Γ= 
1.43996

 𝑎 𝑇𝑒
 (6) 

The average inter-particle distance was obtained 

using the measured electron density according to Eq. 

(7) [12]: 

𝑎 = (
3

4𝜋𝑛𝑒
)1/3   (7) 



 
IRAQI JOURNAL OF APPLIED PHYSICS 
Vol. 22, No. 2, April-June 2026, pp. 317-321 

ISSN (print) 1813-2065, (online) 2309-1673 © ALL RIGHTS RESERVED  PRINTED IN IRAQ   319 

If Γ << 1, the plasma is ideal; if Γ < 1, the plasma is 

weakly non-ideal, and if Γ > 1, the plasma is strongly 

coupled [12]. 

 

3. Results and Discussion 

Figure (2) displays the data over the spectral range 

of 250 to 1000 nm, including the molecular transitions 

of N2 and N2
+, and the characteristic peaks of OH and 

NO. The source of these molecular emissions is the 

entrainment of ambient atmosphere into the Ar plasma 

jet. Once the jet travels through ambient air, the 

discharge region is seeded with N, O, and water vapor, 

which are ionized and excited by fast electrons, and 

subsequently, Fe atoms are sputtered and excited. Ar 

emission lines (Ar I) were also observed in this range 

(between 700 and 900 nm), and their intensity was 

considerably enhanced by higher gas flow rates. 

Characteristic Fe I lines between 200 and 300 nm 

(217.81, 248.81, and 271.90 nm) as shown in Fig. (3). 

This gradual line enhancement occurs with flow rates. 

These results indicate that high flow rates of the 

supporting gas (N2 and Ar) and Fe emission lines 

become more intense with increasing gas flows as the 

excitation conditions and plasma are more stable, and 

this is consistent with [13]. 

 

 
 

Fig. (2) Plasma emission spectra of argon gas flow rate 

 

 
 

Fig. (3) Plasma emission spectra of iron by argon gas flow rate 

 

Figure (4) shows the Boltzmann plots of the plasma 

jet at flow rates of 1.0, 1.5, and 2.0 L/min. Across the 

board, we see a distinct linear trend, thus validating the 

method for using this peak to calculate the electron 

temperature of the plasma. To obtain accurate 

temperature measurements, we built the Boltzmann 

plots with many isolated Ar I emission lines at 696.5, 

706.9, 763.9, 801.4, and 811.5 nm. The results showed 

an increase in the gradient of the plots with the flow 

rate, suggesting a minor increase in the electron 

temperatures. That relates to the spectral finding, where 

we see more excitation and ionization occurring in Fe-

based plasma at higher flow rates. The enhanced 

performance can be attributed to improved plasma 

confinement and higher reduced electric field (E/N), 

leading to faster electron heating, along with reductions 

of charged and excited particle losses by diffusion from 

the plasma core [14]. 

 

  

 

 
 

Fig. (4) Linear fitting of Boltzmann plots for ArI lines by gas flow 

rate 

 

Electron density was calculated for the studied flow 

rates through the Lorentzian fitting of selected emission 

lines (Fig. 5). The line broadening obtained from this 

method was strongly consistent with the spectral 

profiles as demonstrated by the fitting curves. Both the 

intensity and line width increased with flow rate, which 

in turn corresponds to increased electron density in the 

plasma. These results are consistent with previous 

plasma parameter analyses. 
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Fig. (5) Lorentzian fits of argon by flow gas rates 

 

Figure (6) presents the relationship between 

electron density and temperature with Ar gas flow rate. 

At higher flow rates, there is a clear increasing trend 

between these parameters. Specifically, electron 

density (ne) increases from 12.162±0.58 ×1017 cm−3 at 

1.0 L/min to 13.851±0.67 ×1017 cm−3 at 2.0 L/min, 

while electron temperature (Te) increases from 

0.480±0.11 eV to 0.369±0.05 eV across the same range. 

This result is consistent with previous work [15], 

indicating that ionization is more efficient and energy 

transfer processes are more effective at higher flow 

rates, as reflected in the increased electron density and 

temperature of the plasma. These results are consistent 

with observed spectra and line broadening analysis, 

indicating that the Ar flow rate is a key factor that 

controls the energetic behavior of Fe-based plasma. 

Higher flow rates also correspond to increasing 

electron temperatures, line profile widths, electron 

densities, and plasma frequencies; it is also associated 

with a small rise in the Debye length (table 1). These 

results are consistent with previous work [16]. A 

statistical analysis of the measured plasma parameters, 

including Te, FWHM, ne, fp, λD, a, and Γ is summarized 

in table (1). Notably, electron density increased 

significantly from 12.162±0.58 ×1017 to 13.851±0.67 

×1017 cm-3 as the Ar gas flow rate increased from 1.0 to 

2.0 L/min (p = 0.0374). A similarly large increase in 

plasma frequency was also noted (p = 0.0450). 

However, the differences in Te, FWHM, and λD were 

not statistically significant (p > 0.05; Table 3). There 

was also a statistically significant decrease in the 

coupling parameter from 0.671±0.19 to 0.539±0.08 

with increasing flow rate (p = 0.0439), indicating that 

the plasma is weakly coupled (Γ < 1); i.e., the electron 

thermal energy dominates over Coulomb interactions. 

Table (1) shows that the individual Γ values were 

closely related to the average inter-particle distances 

5.8116±0.41 nm, 5.6111±0.37 nm, and 5.5651±0.39 

nm, at flow rates of 1.0, 1.5, and 2.0 L/min, 

respectively. This is representative of reproducible and 

controllable discharge in atmospheric Ar jets, which is 

necessary for consistent nanoparticle generation and 

plasma–liquid interaction applications. 

 

 
 

Fig. (6) Change in electron temperature Te and electron density 

ne of iron plasma by flow rate 

 

  4. Conclusions 
The results show that the Ar gas flow rate is a key 

factor that can be manipulated to control the 

characteristics of Fe-based plasma. Higher flow rates 

result in increasing electron temperature, electron 

density, plasma frequency, and line broadening, 

supporting efficient excitation and stable plasma 

expansion. The measured coupling parameter values (Γ 

= 0.671±0.19, 0.561±0.08, and 0.539±0.08 for gas flow 

rates between 1.0 and 2.0 L/min; supported by inter-

particle distance) indicate that the plasma is weakly 

coupled (Γ < 1). The reduction in Γ with increasing Ar 

gas flow rate indicates that increased flow rates produce 

a more ideal plasma with reduced coupling. These 

findings demonstrate that tuning the Ar gas flow can 

help obtain stable, near-ideal plasma conditions that are 

suitable for advanced physical and industrial 

applications. 
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Table (1) Variation of plasma parameters with gas flow rate 

 

Gas flow (L/min) 
Means ± SE 

Te (eV) FWHM (nm) ne x1017 (cm-3) fp *1012 (Hz) λD x10-6 (cm) a (nm) Γ 

1 L/min 0.369 ± 0.05 1.800 ± 0.11 12.162 ± 0.58 b 9.903 ± 0.48 4.091 ± 0.32 5.8116 ± 0.41 0.671 ± 0.19 a 

1.5 L/min 0.457 ± 0.08 2.000 ± 0.17 13.514 ± 0.61 a 10.439 ± 0.55 4.321 ± 0.29 5.6111 ± 0.37 0.561 ± 0.08 b 

2.0 L/min 0.480 ± 0.11 2.050 ± 0.24 13.851 ± 0.67 a 10.569 ± 0.61 4.373 ± 0.37 5.5651 ± 0.39 0.539 ± 0.08 c 

L.S.D 0.141 NS 0.238 NS 1.063* 0.4288* 0.5117 NS 0.391 NS 0.127* 

P-value 0.1749 0.092 0.0374 0.04502 0.3679 0.2581 0.0439 

Means with the different letters in the same column differed significantly. 
*(p ≤ 0.05); NS: non-significant [17]. 
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