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ABSTRACT 

In recent years, non-thermal atmospheric pressure plasma has attracted 

wide interest in industrial and biomedical fields due to its many 

advantages, such as its high efficiency, simple systems, easy operation, 

non-toxic residue, and low cost. In this project, non-thermal (cold) 

plasma generated using a voltage source with a precise frequency 

(microwave up to 2.4GHz) using argon gas. The electrical properties 

studied to describe the discharges of argon gas plasma jets at different 

flow rates (Flow= (1, 2, 3, 4) L/min) and with voltages (150 V). The 

produced plasma jet column will be analyzed using Optical Emission 

Spectrometry (OES) technology to determine plasma parameters such as 

electron temperature (Te), electron density (ne), plasma frequency (fp), 

Debye length (λD), and Debye (ND) number of the argon plasma jet. We 

use the Boltzmann plot to determine the electron temperature (Te) in the 

plasma, and the electron density (ne) is calculated by Stark broadening. 

The value of the electron temperature decreases from (0.991-1.273) eV 

and the electron density rises from (2.173-3.664) x10
17 

cm
-3

 with higher 

gas flow rates, also the Plasma plume length rises from (1.1-3.5) cm with 

higher gas flow rates, while the plasma jet temperature decreased with 

higher gas flow rates.  

Introduction 
A non-thermal (or cold or low temperature) plasma is 

a partially ionized gas with electron temperatures 

much higher than ion temperatures. 

A microwave discharge (MD) is an electrical 

discharge caused by electromagnetic waves with 

frequencies greater than 300MHz. The wavelengths 

used by microwaves range from millimeters to tens of 

centimeters and must match microwave frequencies 

accepted in industrial, medical, and scientific 

applications. The most commonly used frequency is 

2.45GHz. [1] 

A microwave plasma system is mainly composed of 

three main parts (1) a microwave generator 

(magnetron), (2) a waveguide, and (3) a plasma 

chamber. Besides these three main parts, there are 

other parts such as the vacuum unit, pressure gauges, 

and gas supply. 

One of the most common methods for diagnosing 

plasma is optical emission spectroscopy. Diagnostic 

methods for plasma spectroscopy are based on the 

measurement of emission or absorption intensities, 

continuum and half-width lines, and line shifts. The 

emission of light from plasma occurs mainly through 

the influence of electrons to excite atoms or 

molecules in an excited state, then it relaxes to a 

lower energy state, releasing photons containing 

energy equal to the difference between the two 

energy states.  Analysis of photon energy 

(wavelength of light) and spectral emission 

information of the species can be used to infer the 

composition of the species it produces [2]. 

Optical Emission Spectroscopy is part of the 

electromagnetic light spectrum and part of the 

ultraviolet spectrum (130-800) nm[3]. 

In this method, the radiation emitted by the plasma 

beam is analyzed to calculate the parameters of the 

plasma. Optical emission spectroscopy is used to 

obtain facts about the plasma properties such as 

electron temperature, plasma density, and type. The 

main purpose of this study is by using optical 

emission spectroscopy to study plasma parameters 

using spectral lines emitted from Argon atoms 

http://tjps.tu.edu.iq/index.php/j
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surrounding the plasma. To calculate (Te) we use the 

Boltzmann distribution as the following equation [4]. 

𝐿𝑛 (
𝐼𝑗𝑖𝜆𝑗𝑖

𝐴𝑗𝑖 𝑔𝑗
) = −

𝐸𝑗

𝐾𝐵 𝑇
+ 𝐶…………1   

Where:- 

 Iji: is the intensity of the emitted line. 

λji: its wavelength. 

gi: is statistical weight the statistical weight of the 

upper level which can be calculated from the total 

angular momentum quantum number J by g = 2J + 1. 

Aji: is the transition probability. 

Ei: is the excitation energy (in electron volts) 

kB: is the Boltzmann constant. 

The curve between different energy verse values 

of 𝐿𝑛 (
𝐼𝑗𝑖𝜆𝑗𝑖

𝐴𝑗𝑖  𝑔𝑗
) verses the energies of the higher degree 

of the Ei, giving a straight line with a slope (-1/Te). 

The electron temperature (Te) is associated with the 

slope of the linear fitting [5]. 

We can use the stark broadening of two different 

emission lines to determine the density of the electron 

From a technical factor of view, this method is extra 

affordable than different methods. It can offer facts 

approximately the electron density with high 

accuracy. The decision is specifically due to the 

broadening of the spectral lines emitted by the plasma 

and the interaction of the radioactive atoms with the 

surrounding charged particles. To calculate the 

electron density (in cm
-3

) using the equation: 

𝑛𝑒 =
∆𝜆 𝐹𝑊𝐻𝑀

2(𝑤)
𝑥( 𝑁𝑟)………………..2 

ne: is the electron number density in cm
-3

  

 Δλ FWHM, is the full width at half maximum 

(FWHM) of the line.  

𝑤: is the electron impact parameter (stark broadening 

value) [6-7] . 

Nr: is the reference electron number density which 

equals 10
16

 cm
-3

 for neutral atoms and 10
17

cm
-3

 for 

singly charged ions [8].   

The electron Debye length is defined as a 

microscopic maximum spatial scale for the charge-

separation [9]: 

𝜆𝐷=√
∈°  𝐾𝐵 𝑇𝑒

𝑛𝑒  𝑒
2  …………………….3 

Where, λD: the electron Debye length. 

∈°: Vacuum permittivity.   

e
2
: Electronic charge. 

We can also find the number of particles (ND) in a 

sphere that has a radius equal to λD (Debye length) 

[10], using the equation: 

𝑁𝐷 =
4𝜋

3 
𝑛𝑒𝜆𝐷

3𝑛𝑒  =1380 T
3/2

 / ne
1/2

 (T in K) ……….4 

[11] 

A practical formula for the plasma frequency (fpe) is 

[12]:  

𝑓𝑝𝑒 =  
𝑤𝑝𝑒

2𝜋
 ≈ 9√𝑛𝑒………5   

ωpe: is the plasma frequency of the electron. 

Experimental setup 
The experimental setup can be explained in Fig. 1. 

The microwave induced plasma jet (MIPJ) system is 

installed in our laboratory using simple, low-cost 

materials con get it in the local market. The main 

components of the (MIPJ) system are: 

 1- Microwave source (magnetron). 

  2- Rectangular guide. 

  3- Tube of Plasma discharge. 

  4- The ignition of the system. 

  5- Gas supply and flow meter. 
 

 
Fig. 1: Diagrammatic drawing of the MIPJ system 

 

We build a microwave plasma system (a bottle of 

ionized gas, which is usually an inert gas, and we use 

Ar gas in this work. The gas passage is controlled by 

a flow meter unit liter/min and is fixed with the 

connecting tube between the plasma needle and the 

gas bottle. 
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 To generate microwave radiation at a frequency of 

2.4 GH, we use a magnetron connected to a high 

voltage circuit that converts the voltage applied to it 

into microwave rays, and these rays pass through a 

part called a waveguide, which collects these rays and 

directs them to a Quartz glass tube.  The (OES) is 

placed in front of the plasma torch, where the lens 

collects the light and drops it into the middle of the 

optical fiber (Fiber optic) made of very pure special 

glass, the light beam is transmitted to a light analyzer 

that analyzes the light into its wavelengths with 

measuring the intensity shown on the calculator 

screen. 

We study the properties of plasma by changing the 

gas flow rate and inlet discharge voltage. For each 

case, we study the plasma spectrum by (OES) and the 

plasma parameters such as measuring the plasma 

plume length which represents the length of the 

distance between the plasma nozzle and the end of 

the jet, it changes for each case and is measured by an 

ordinary measuring ruler. We also measure the 

temperature of the electrons Te (Boltizman's 

equation) and their density ne (Starck Product 

equation). We also measure the temperature of the 

plasma column TBody by a digital thermometer. 

Results and discussion 
Figure (2) represents the optical emission 

spectroscopy (OES) for microwave plasma jet in Ar 

gas with 150 volts at different gas flow rates (1,2,3 

and 4) L/min. Most of the ArI peaks are located in the 

range (696.54 - 866.7944)nm[13]. We can look at the 

peak intensities increase with increasing gas flow 

rates as a result of an increasing number of atoms 

density which leads to an increasing number of 

excited atoms. The NIST database is used to obtain 

information and constants for each wavelength of line 

intensity in the argon plasma jet [14]. 
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Fig. 2: Emission spectra for Microwave plasma jet in Ar with different gas flow rates. 

 

The Boltzmann plot method uses to determine 

electron temperature (Te). In this method three lines 

have been chosen (696.54, 801.47, and 811.53) nm, 

all of these lines characterized by having the same 

lower energy level Ei with different upper energy 

levels Ek. [15]. Table (1) contains argon lines 

considered with their spectroscopic data, those values 

of the parameters have been taken from NIST [14]. 
 

Table 1: ArI lines with spectroscopic data used in the Boltzmann plot method[14]. 

 
 

After substitute values, Ak, Ek, gk, I, and λ in equation 

(1), 𝐿𝑛 (
𝐼𝑗𝑖𝜆𝑗𝑖

𝐴𝑗𝑖 𝑔𝑗
) Can be plotted as a function of 𝐸𝑘 as 

in figure (2), it consists of the statistical coefficient 

(R
2
) and equations of fitting lines. R

2
 indicates the 

priority of the linear fit. We can note that the value of 

R
2
 ranges from (0.953 to 0.976) eV. Te linked to the 

inverse slope of the linear fitting.  
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Fig. 2: Boltzmann plot from ArI lines produced by Microwave plasma jet with different gas flow rates. 

 

Fig. 3: shows the 696.54 nm ArI line peak profile. By 

using Lorentzian fitting and finding the full width at 

half maximum (FWHM) to determine electron 

density with change gas flow rates using stark 

broadening of ArI (696.54nm) line is collected 

through the following relation [16]: 

𝐿𝑛 𝑛𝑒 = 44.2476 + 1.20 𝐿𝑛 ∆𝜆1
2

− 0.6 𝐿𝑛 𝑇𝑒 

Then,  

𝑛𝑒 = exp (44.2476 + 1.20 𝐿𝑛 ∆𝜆1

2

− 0.6 𝐿𝑛 𝑇𝑒)  

Where Te in Kelvin and 𝜆1
2⁄ is the line width at half 

maximum intensity.  
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Fig. 3: ArI 696.54 nm peaks broadening and their Lorentzian fitting at differing flow rates. 
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Figure (4) show the relation between the (Te) and (ne) 

with gas flow rate. (ne) rises slightly from (2.173x10
17

 

– 3.664x10
17

) cm
-3

 with increasing gas flow rates 

from (1-4) L/min produced because of increasing 

ionization electron–neutral collisions with rises of 

atoms density, which produces more electrons. This 

increase causes a decrease in the rate of mean values 

of electron temperature as a result of losses of 

electron energies by excitation and ionization 

collision [17]. 
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Fig. 4: The variation of ( ne ) and (Te) for microwave plasma jet in Ar with different gas flow rates. 

 

Table.2: shows the calculated values of Debye length 

(λD), plasma frequency (fp), and Debye number (Nd) 

for microwave plasma jets in Ar with different gas 

flow rates. 
 

Table 2: Parameters of a microwave plasma jet in Ar with different gas flow rates. 

Flow  

(L/min)

      Te          

 (eV)

 FWHM  

(nm)    

ne*10
17 

(cm
-3

)

   fp *10
10        

(HZ)
λD *10

-5 (cm) Nd 

1 1.273 3.3 2.173 0.419 1.798 5.311

2 1.211 4 2.821 0.478 1.539 4.325

3 1.037 4.1 3.189 0.508 1.339 3.223

4 0.991 4.5 3.664 0.544 1.221 2.809  

 

Plasma plume length: 

To study the plasma torch length, we depend on the 

gas flow rate for Ar which generates different plumes 

length of plasma. To figure (5), the maximum length 

of the Ar plasma plume reaches 3.5(cm) at 4 L/min, 

which means the higher gas flow rate gives a longer 

plasma plume.  
 

Table 3: The relation between the plasma plume length 

in different Ar gas flow rates. 

Ar 

Plasma plume 

length(cm) 
Flow 

(L/min) 

1.1 1 

1.9 2 

3.3 3 

3.5 4 

 
Fig. 5: Photographs of plasma plumes for Ar of 

different gas flow rates at voltage 150(V). 
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Plasma jet temperature:  

The plasma jet temperature was measured with 

different Ar gas flow rates (different plume lengths) 

and different times by using a thermocouple. During 

all the measurements the room temperature was 23◦C. 

Figure (6) show the plasma temperature as the 

function of the time for different gas flow rates, the 

highest temperature in argon plasma jet reached 180º 

C at two minutes with a gas flow rate of  1 L/min, 

while the lowest temperature reached 37ºC at two 

minutes with a gas flow rate of 18 L/min. This 

indicates that the plasma jet temperature rise with 

increasing time and decreased with a higher flow rate. 

That improves the fact that increasing the gas flow 

rate cools the plasma [18]. 
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Fig. 6: Shows Ar plasma jet as a function of the time for different gas flow rates. 

 

Conclusions 
Microwave operated with Ar at atmospheric pressure 

has been used to provide Plasma jet. The spectrum 

lines emitted from the plasma jet depend on the 

operational situation. And located that the emission 

intensity raises with the rises in the gas flow rate. The 

electron temperature decreases and electron density 

rise with raising the gas flow rate. We find that it's 

miles feasible for the system to successfully generate 

suitable plasma temperatures, which can be used in a 

variety of applications. 
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 الجوي  الضغط وعند الدقيقةخصائص والتحليل الطيفي لنافث البلازما الذي يعمل بالموجات الدراسة 

 الاركون غاز باستخدام و

 1، عواطف صابر جاسم 2محمد خماس خلف ، 1ايات جاسم محمد

 قسم الفيزياء ، كلية العلوم ، جامعة تكريت ، تكريت ، العراق 1

 وزارة العلوم والتكنولوجيا ، بغداد ، العراقمركز بحوث المواد ،  2
 

 الملخص
ا فييا المجيياةت الًيينازية وال  ييية الحيوييية ن ييرلاا لمزاياايي ييا واسييعلا ا العديييدة ، فييا السيينوات اة يييرة ، اجتييا ت بغزمييا الغييغا الجييوا تييير الحييرارا ااتماملا

غزميا تيير حراريية مثل كفاءتها العالية وأن متها البسي ة والتشغيل السيهل والم لفيات تيير السيامة والتكلفية المن فغيةذ فيا اياا المشيروش ، تيم  نشياء ب
ييى  2.4)بياردة  باسيت دام مًيدر جهييد  تيردد دقييو )ميكرووييى يًييل  لي   جيجيا ارتيز  باسييت دام تياز اةرجيودذ تيم دراسيية ال يواي الكهر ا يية لوً

نافيث البغزميا سييتم تحلييل زميود ذ  V 150وبفولتيية )  Flow=(1,2,3,4) L/min) و بمعيدةت تيدفو م تلفية غزما تياز اةركيود بتفريغات نافثات 
  وتيردد البغزميا ne  وكثافية انلكتيرود )(Te  لتحدييد معلميات البغزميا مثيل درجية حيرارة انلكتيرود OESالمنتجة   تقنية م ياف اةنبعياث البًيرا )

(fpو ييود ديبيياا   λD)( ورقييم ديبيياا  ND لنافييث بغزمييا اةرجييودذ تييم اسييت دام م  ييا  Boltzmann رود فييا البغزمييا لحسيياد درجيية حييرارة انلكتيي
(Te)  وتم حساد كثافة انلكترود ،ne)  زد  ريو توسيي  Stark ذ تقيل قيمية درجية حيرارة انلكتيرود eV(1.273-0.991   وترتفي  كثافية اةلكتيرود 

x10
17

cm
حيييد   ميي  تييدفو تيياز أزليي  فييا cm(3.5-1.1ميي  معييدةت تييدفو تيياز أزليي  ، كمييا يرتفيي   ييود زمييود البغزمييا مييد   2.173-3.664)3-

 .ان فغت درجة حرارة البغزما النفاثة م  ارتفاش معدةت تدفو الغاز
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