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Numerical calculations of the parameters of the glow discharge plasma were carried out on the basis of a global 

volume-averaged model. The calculations were carried out for argon, and iron, the main component of stainless 

steel, was assumed as the cathode material. The electron temperature and density, the density of sputtered iron atoms 

and iron ions, and the density of metastable argon atoms were calculated as a function of pressure and adsorbed 

power in the discharge. The results of the calculations of the electron temperature and density were compared with 

the results of previous experiments and are in satisfactory agreement. 
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INTRODUCTION 

 

Glow discharge is widely used to solve physical and 

applied problems, and the study of glow discharge 

plasma has a long history [1]. In controlled fusion 

research, glow discharge is used for wall conditioning 

procedure [2]. The wide application of glow discharge 

for wall conditioning in toroidal vacuum chambers in 

many modern tokamaks [3-6] and stellarators [7-9] is 

due to the efficiency of this method of wall conditioning 

and its technical simplicity. To optimize the wall 

conditioning procedure, further studies of the glow 

discharge plasma parameters and their comparison with 

numerical simulation results are required. When making 

a 3D model, it is necessary to take into account a large 

number of elementary processes, the complex geometry 

of large toroidal devices, as well as the equipment 

installed inside the vacuum chamber, which cannot 

always be precisely specified, the characteristics of the 

different materials used, which is very complex. 

Therefore, approximate models are used, for example, 

in [10,11] 2D concentric spherical geometry was used. 

At estimations of plasma parameters of low-pressure 

discharges, when particle losses are predominantly due 

to diffusion, the global volume-averaged models are 

widely used, for example, in [12-15]. These steady-state 

and pulsed plasma discharge models [10, 11] are simple 

but powerful tools for analysis. They require less 

computation and the simulation results are easily 

comparable. In [16], a steady-state reflex discharge 

model based on a volume-averaged (global) model for 

argon plasma was proposed and analyzed. Further 

development of this model was continued in [17], where 

it takes into account the Penning ionization of sputtered 

cathode atoms and its influence on the balance of 

charged particles in the plasma. 

Since the Uragan-2M stellarator [18] has and uses 

glow discharge cleaning [8], and studies of argon glow 

discharge plasma have been carried out [8, 19]. 

Therefore, it is of interest to carry out simulations of 

glow discharge based on global volume-averaged 

models and compare with experimental results. In this 

work, the global volume-averaged models [17] were 

modified to take into account the experimental 

conditions of the experiments with glow discharge on 

Uragan-2M. 
 

1. GLOBAL (VOLUME-AVERAGED) 

MODELS GLOW DISCHARGE 
 

Assuming a low temperature, weakly ionized plasma 

where particle losses are determined by diffusion, the 

temperature of the electrons [13], can be determined 

from the formula (1): 
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where 𝐾iz is the rate constant for the neutral particle 

ionization, m
3
/s; N0 – neutral particle density m

-3
; 𝑉 is 

the plasma volume, m
3
; νB=(qTe/Mi)

1/2
 is the Bohm 

velocity, m/s; 𝐴eff is the effective area of charged 

particle losses, Aeff=ARhR, m
2
; 𝐴𝑅 is the surface area of 

the torus, m
2
; A𝑅 is the radial relations of the plasma 

density at the plasma boundary to the plasma density in 

the center, hR=hR0=0.8∙(4+r/λi)
-1/2

, where λi is the mean 

free path of an ion in the gas, m. Equation (1) can be 

reduced to the form (2): 
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The density of electrons is determined from the 

relation [13] as (3): 
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where 𝑁e is the electron density in plasma, m
−3

; Pabs is 

adsorbed power, W; 𝑞 is the elementary charge, C; 𝐸iz is 

the average energy required for the formation of an ion-

electron pair or the ionization cost; 𝐸e is the average 
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kinetic energy taken away by an electron; 𝐸i is the 

average kinetic energy taken away by ions, which is 

equal to the sum of the ion energy before entering the 

layer and the energy acquired in the layer, 

Ei=(Te/2)+qVs, where 𝑇e is the temperature of electrons, 

eV, 𝑉𝑠 is the cathode potential drop, which is 

approximately equal to the discharge voltage 𝑉dc. 

The interaction of the plasma with the wall of the 

vacuum chamber (cathode) causes its sputtered and the 

entry of the sputtered material into the plasma with 

further ionization [17]. The balance of neutral 

atomsarrive into the plasma due to the sputtered of 

cathodes by gas ions and cathode material ions is 

written as (4): 
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where 𝑁m is the density of neutral atoms of a cathode 

material, m
−3

; 𝑌m and 𝑌g are the sputtering coefficients 

of the cathode material by metal and gas ions, 

respectively; 𝑁g
+
 is the density of gas ions, m

−3
; 𝑣B

m
 is 

the Bohm velocity of metal ions, m/s; 𝜏i the 

characteristic time of the sputtered atom ionization, s; 

τD=Λ/Dm is the characteristic diffusion time of a 

sputtered particle, s; Λ is the characteristic diffusion 

length, m; 𝐷m the diffusion coefficient of a sputtered 

atom in the gas, m
2
∙s

-1
. The values of the constants for 

the rate of ionization of a metal atom by electron impact 

and the rate of charge exchange of a gas ion on a metal 

atom are taken from [20, 21]. 

From the balance of neutral atoms, formula 4, and 

taking into account the characteristic ionization time of 

the atom sputtered [17], we can find the density of 

neutral atoms in the cathode material using the 

following formula (5): 
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The density of metal ions is determined from the 

metal ion balance equation (6) [17]: 
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where 𝑁m
+
 is the density of metal ions, m

−3
; KCT – 

constant of gas ion charge exchange on the neutral 

metal atom, m
3
/s; 𝑁g

m
 the density of metastable gas 

atoms, m
−3

; 𝐾PI is the rate constant for the Penning 

ionization of metal atoms by metastable gas atoms, 

m
3
/s.  

The balance of metastable atoms [17] is written in 

general as (7): 
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where 𝑅Gener,i and 𝑅Loss,i are the rates of metastable gas 

atom creation and loss, respectively, m
3
/s; τD

m
=Λ/Dg

m
 is 

the characteristic diffusion time for a metastable 

particle, s; and Dg
m
 is the diffusion coefficient of 

metastable atoms in the gas, m
2
/s. The reaction rates are 

written down as the product of the reagent densities 𝑁r,i 

and the reaction rate constant 𝐾: 𝑅=𝐾×∏i𝑁r,i. 

From the equation of the balance of metastable 

atoms [17], the density of metastable gas atoms (𝑁g
m
) is 

defined as (8): 
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where Kexm  rate constants of metastable argon 

formation; Kizm  rate constant of metastable argon 

ionization; Kdexm  rate constant of argon de-excitation; 

K1
m
 – K4

m
 – rate constants of processes with metastable 

argon. 

The main constants and coefficients, with the 

processes used in formulas (1)-(6), (8), are shown in 

Table and Figs. 1–3. 

 

Constants and their processes 

№ Process 
Rate 

coef-

ficient 
Meaning 

Cita-  

tion 

1 Ar𝑚+Fe→Ar+Fe+e KPI 2.33∙10
-16 21 

2 Ar
+
+Fe→Ar+Fe

+ KCT 13.76∙10
-15 21 

3 e+Ar𝑚→Ar
*
+e K1

m 2∙10
-13 23 

4 
Ar𝑚+Ar𝑚→Ar+ 

Ar
+
+e 

K2
m 6.4∙10

-16 23 

5 Ar+Ar𝑚→Ar+Ar K3
m 2.3∙10

-21 23 
6 e+Ar+ →Ar𝑚+hυ K4

m 10
-17 23 

7 Diffusion Ar𝑚 𝐷g
𝑚 Dg

m 24 

8 
Secondary 

emission 
γ γ 25 

 

In Fig. 1 shows the excitation rate constants of a 

neutral argon atom (1-9) and the total sum of these 

constants (10). If we take the total sum of the constants 

(10) (see Fig. 1), we can see that when the electron 

temperature increases by a factor of 10, it increases 

from 1∙10
-19

 to 1.67∙10
-14

 m
3
/s, which is an increase of 

≈ 5 orders of magnitude. 

Fig. 2 shows other process constants for the collision 

of electrons with an argon atom [22, 23]. The largest 

constant is that of elastic collisions with the atom (see 

Fig. 2), which is in the order of ≈ 10
-14

…10
-13

 m
3
/s, at 

temperatures from 1 to 10 eV. 

As can be seen from Fig. 3, the sputtering 

coefficients of gas ions (Yg) and metal ions (Ym) 

increase with increasing electron energy (E) [26, 27], 

and up to ≈ 500 eV the sputtering coefficients of gas 

ions is larger than that of metal ions. At higher energies, 

the value of Ym is larger than that of Yg. For example, at 

2000 eV the Ym coefficient is 4.51 atoms/ion and the Yg 

coefficient is 3.6 atoms/ion. An increase in energy leads 

to an increase in the sputtering coefficient, which leads 

to negative processes, such as the destruction of the 

cathode material and its subsequent sputtering and entry 

into the plasma. 



 

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. №1(155)                                                                                                    21 

0 2 4 6 8 10
10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

10-15

10-14

10-13

k
, 

m
3
/s

 

Te, eV

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

 
Fig. 1. Dependence of the excitation rate constants of 

the neutral argon atom (1-9) and their sum (10) on the 

electron temperature. Excitation of electronic levels:  

1 is 
3
P2; 2 is 

3
P1; 3 is 

3
P0; 4 is 

1
P1; 5 is 

4
p; 6 is 4s, 4s′;  

7 is 5𝑠, 3𝑑¯, 5𝑠′, 3𝑑′; 8 is 4𝑑, 6𝑠, 4𝑑¯, 4𝑑′, 6𝑠′, 5𝑑, 7𝑠, 
5𝑑¯; 9 is highly excited states 
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Fig. 2. Dependence of rate constants (1-6) on electron 

temperature: 1 is the ionization rate constant 

(e+Ar→Ar
+
+2e); 2 is the elastic collision rate constant 

with an atom (e+Ar→Ar+e); 3 is the rate constant for 

the formation of metastable argon (e+Ar→Ar𝑚+e);  

4 is the ionization rate constant for metastable argon 

(e+Ar𝑚→Ar+2e); 5 is the rate constant for the de-

excitation of metastable argon (e+Ar𝑚→Ar+e);  

6 is the rate constant of iron ionization e+Fe→Fe
+
+2e) 

 

2. RESULTS OF CALCULATION  

AND DISCUSSION 
 

The initial conditions for the calculations are as 

follows: major chamber radius R = 1.7 m, minor 

chamber radius r = 0.34 m; working gas temperature  

Tg = 273 K; gas atomic weight A = 39.94 a.u.m.; plasma 

volume V = 3.879 m
3
; plasma torus surface area 𝐴𝑅 = 

22.819 m
2
; cathode material steel (main component iron 

- Fe). 
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Fig. 3. Dependence of the coefficient of sputtering by 

gas ions Yg (Ar
+
→Fe) and metal ions Ym (Fe

+
→Fe)  

on the ion energy 
 

The results of solving equations 2 and 3, taking into 

account the experimental conditions, are shown in Figs. 

4 to 5. Fig. 4 shows the dependence of the electron 

temperature on the pressure. As can be seen from Fig. 4, 

as the argon pressure increases from 0.005 to 20 Pa, the 

calculated electron temperature decreases from 7.3 to 

1.3 eV. An increase in the initial gas pressure, and 

hence an increase in the concentration of neutral gas 

atoms, leads to an increase in the probability of electron 

collisions with gas atoms and energy loss in both elastic 

and inelastic processes. A similar pattern of 

dependence, a decrease in electron temperature with an 

increase in adsorbed power, is observed in [15-17]. 
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Fig. 4. Dependences of the electron temperature on the 

pressure: calculated – calculated data, exp. max. and 

exp. average – maximum and average temperature from 

the experimental data [19] 
 

Fig. 5 shows the dependence of the electron density 

on the adsorbed power. An increase of the electron 

density by ≈ 28.9 times (from 0.5∙10
15

 to 1.2∙10
15

 m
-3
) is 

observed with an increase of the adsorbed power by 25 

times (from 20 to 500 W). Calculations based on global 

(volume-averaged) models in [14-17] also 
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showed an increase in electron density with increasing 

adsorbed power. 
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Fig. 5. Dependences of the electron density in plasma 

on the pressure at 𝑃 = 0.4 Pa: calculated – calculated 

data, exp. max. and exp. average – maximum and 

average densities from experimental data [19] 

 

To compare the calculated results, Figs. 4 and 5 

show the experimental results obtained at a working gas 

pressure of 0.4 Pa and a power of 162.5 W [19]. As can 

be seen, the calculated data of 𝑁e and Te are in 

satisfactory agreement. For example, at P = 0.4 Pa, the 

average temperature from the experimental data Te = 

3 eV and the calculated Te = 2.19 eV differ by 27% (see 

Fig. 4). At Pabs = 162.5 W, the average density from the 

experimental data 𝑁e = 3.7∙10
14

 m
-3

 and the calculated 

𝑁e = 4∙10
14

 m
-3

 differ by 7.5% (see Fig. 5). 
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Fig. 6. Dependences of the particle densities in plasma 

on the pressure at 𝑃abs = 100 W: Ne – plasma electrons; 

Nm
+
 – metal ions; Nm – metal atoms;  

Ng
m
 – metastable Ar atoms 

 

As a result of solving equations (3), (5), (6), and (8), 

the density dependence of plasma electrons, neutral 

metal atoms, gas ions and metastable Ar atoms was 

obtained and is shown in Figs. 6–9. 

Fig. 6 shows the dependence of the density of 

particles in the plasma on the gas pressure. It can be 

seen that the density of neutral atoms of the cathode 

material (Nm) and metal ions (Nm
+
) increases with 

increasing pressure. The density of electrons (Ne), 

starting from a pressure of ≈ 2.5 Pa, changes slightly 

with increasing pressure. At the same time, the density 

of metastable gas atoms (Ng
m
) increases up to a pressure 

of ≈ 2.5 Pa and then decreases with increasing pressure. 

This may be due to an increase in the number of 

collisions of metastable atoms with gas and metal 

atoms, resulting in the loss of metastable atoms. 
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Fig. 7. Dependences of the particle densities in plasma 

on the adsorbed power in the discharge at 𝑃 = 2 Pa:  

Ne – plasma electron;, Nm
+
 – metal ions;  

Nm – metal atoms; Ng
m
 – metastable Ar atoms 
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Fig. 8. Dependence of the particle densities in plasma 

on the adsorbed power in the discharge at 𝑃 = 5 Pa:  

Ne – plasma electrons; Nm
+
 – metal ions;  

Nm – metal atoms; Ng
m
 – metastable Ar atoms 

 

Figs. 7–9 show the dependence of the particle 

density on the adsorbed power at different initial argon 

pressures (2, 5, and 10 Pa). It can be seen that as the 

adsorbed power increases, so does the particle density. 

For example, in Fig. 7, the density of plasma electrons 

(Ne) increases from 9.5∙10
13

 to 2.4∙10
15

 m
−3

, the density 
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of metal ions (Nm
+
) from 1…10

12
 to 3.5∙10

14
 m

−3
, the 

density of metal atoms (Nm) from 1.9∙10
14

 to 4.5∙10
15

 m
−3

, 

the density of metastable Ar atoms (Ng
m
) from 4.8∙10

15
 

to 9.9∙10
15

 m
−3

. The density of the particles also 

increases with increasing pressure (see Figs. 7 and 9), 

from 2 to 10 Pa. At 500 W, the density values Ne 

increased by ≈ 1.7 times, Nm
+
 by ≈ 9.9 times, Nm by ≈ 

4.9 times. The effect of increasing power on the density 

values is also shown in [17], where the values increase. 

In Fig. 9 the calculations show that the density of metal 

atoms exceeds the density of metastable Ar atoms. 
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Fig. 9. Dependence of the particle densities in plasma 

on the adsorbed power in the discharge at 𝑃 = 10 Pa: 

Ne – plasma electrons; Nm
+
 – metal ions;  

Nm – metal atoms; Ng
m
 – metastable Ar atoms 
 

Although this spatially averaged global model is not 

perfect but simple, since many processes have to be 

taken into account, it is important to compare the 

calculations with the experimental data in order to 

improve the calculations and possibly modify the 

model. 

 

CONCLUSIONS 

 

Numerical calculations of the parameters of the glow 

discharge plasma were carried out on the basis of a 

global averaged model. The calculations were carried 

out for argon, and iron (the main component of stainless 

steel) was assumed to be the cathode material in a 

toroidal geometry. Dependencies of the electron 

temperature and density, density of sputtered iron atoms 

and iron ions, density of metastable argon atoms on 

pressure and adsorbed power in the discharge were 

calculated. The calculation showed that under these 

conditions, the electron temperature is at the level of 

1.3…7.3 eV, and the plasma density reaches 1.2∙10
15

 m
-3
 

at an adsorbed power of 500 W and a working gas 

pressure of 0.4 Pa. Comparison of the previous results 

of temperature and electron density from experiments 

and the results of calculations are in satisfactory 

agreement. The considered dependence of the particle 

density in the plasma on the gas pressure and adsorbed 

power in the discharge showed an increase in particles 

with increasing gas pressure and adsorbed power. 
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РОЗРАХУНОК ПАРАМЕТРІВ ПЛАЗМИ ЖЕВРІЮЧОГО РОЗРЯДУ В АТМОСФЕРІ АРГОНУ  

ДЛЯ СТЕЛАРАТОРА УРАГАН-2М 

Ю.П. Марценюк, Ю.В. Ковтун 

Проведенo числові розрахунки параметрів плазми жевріючого розряду на основі глобально усередненої 

моделі. Розрахунки були проведені для аргону. В якості матеріалу катодa приймалося залізо  основний 

компонент нержавіючої сталі. Розраховані залежності електронної температури та густини, густини 

розпилених атомів заліза та іонів заліза, густини метастабільних атомів аргону від тиску та адсорбованої 

потужності у розряді. Результати розрахунків температури та густини електронів були порівняні з 

результатами попередніх експериментів та знаходяться у задовільній згоді.  


