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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.

PACS: 52.80.-s; 52.80.Hc; 68.49.Sf
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 Kj, is the rate constant for the neutral particle
ionization, m%/s; Ny — neutral particle density m™; V is
the plasma volume, m® vg=(qT/M;)"? is the Bohm
velocity, m/s; A is the effective area of charged
particle losses, Aqr=ArhR, m?% Ag is the surface area of
the torus, m% Ag is the radial relations of the plasma
density at the plasma boundary to the plasma density in
the center, hg=hro=0.8-(4+r/4) "2, where A; 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):
P

N = abs 3

) qVBAeff(Eiz"'Ee"'Ei) 3)
where N, is the electron density in plasma, m™%; P is
adsorbed power, W; q is the elementary charge, C; Ej; is
the average energy required for the formation of an ion-
electron pair or the ionization cost; E. is the average
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kinetic energy taken away by an electron; E; 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=(T/2)+qV;, where T, is the temperature of electrons,
eV, Vs is the cathode potential drop, which is
approximately equal to the discharge voltage V.

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 N, is the density of neutral atoms of a cathode
material, m 3, Y,, and Y, are the sputtering coefficients
of the cathode material by metal and gas ions,
respectively; Nq" is the density of gas ions, m 3 vg" is
the Bohm wvelocity of metal ions, m/s; t1; the
characteristic time of the sputtered atom ionization, s;
wp=A4/D,, is the characteristic diffusion time of a
sputtered particle, s; 4 is the characteristic diffusion
length, m; D,, the diffusion coefficient of a sputtered
atom in the gas, m*s™. 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 N,," is the density of metal ions, m> Ker —
constant of gas ion charge exchange on the neutral
metal atom, m%/s; Ng¢" the density of metastable gas
atoms, m>; Kp, is the rate constant for the Penning
iogization of metal atoms by metastable gas atoms,
m°/s.

The balance of metastable atoms [17] is written in
general as (7):
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where Rgeneri @Nd Ry oss; are the rates of metastable gas

atom creation and loss, respectively, m%s; o =A/Dy" is
the characteristic diffusion time for a metastable

+

,(6)

particle, s; and D4" is the diffusion coefficient of
metastable atoms in the gas, m?/s. The reaction rates are
written down as the product of the reagent densities N
and the reaction rate constant K: R=Kx[];N,.

From the equation of the balance of metastable
atoms [17], the density of metastable gas atoms (Ng") is
defined as (8):
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where K., — rate constants of metastable argon
formation; K, — rate constant of metastable argon
ionization; Kgem — rate constant of argon de-excitation;
K." — K,™ — 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

Rate . Cita-

No Process coef- Meaning tion
ficient
1 | ArmtFe—Ar+Fete| Kp | 23310 | 21
2 | Ar'+Fe—>Ar+Fe' | Ker | 1376107 | 21
3 | e+tArmsAr+e K," 2:107° 23
g | ATATOATT G | 6an0® | 23
5 | ArtArm—Ar+Ar | K" [ 23107 [ 23
6 | etArt »Arm+ho | K" 10™ 23
7 | Diffusion Arm Dy Dg" 24
8 Secqnf_jary v y 25
emission

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™ to 1.67-10™ m?/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*...10™" m¥s, at
temperatures from 1 to 10 eV.

As can be seen from Fig.3, the sputtering
coefficients of gas ions (Y, and metal ions (Yp)
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 Y, is larger than that of Y. For example, at
2000 eV the Y, coefficient is 4.51 atoms/ion and the Y,
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.

20 ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. Nel(155)



108 T T T T T
10 4 3
1015 4
10716 4

17
o 10" A
“”E 10718 4
X 10719

100 4

10-21 p
10-22 p

102 T T T T :
0 2 4 6 8 10
T, eV
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:
1is*Py; 21is°Py; 3is *Po; 4 is 'Py; 5is *p; 6 is 4s, 45
7is5s,3d , 55, 3d; 8is4d, 6s,4d ", 44, 65, 54, 15,
54 ; 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+te); 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+Ar”—Ar+e);

6 is the rate constant of iron ionization e+Fe—Fe*+2g)

2. RESULTS OF CALCULATION
AND DISCUSSION

The initial conditions for the calculations are as
follows: major chamber radius R =1.7m, minor
chamber radius r = 0.34 m; working gas temperature —
Ty = 273 K; gas atomic weight A = 39.94 a.u.m.; plasma
volume V = 3.879 m® plasma torus surface area Ag =
22.819 m%; cathode material steel (main component iron
- Fe).
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Fig. 3. Dependence of the coefficient of sputtering by
gas ions Yy (Ar*—Fe) and metal ions Y, (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" to 1.2:10" m?) 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 Z= 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 N, and T. are in
satisfactory agreement. For example, at P = 0.4 Pa, the
average temperature from the experimental data T, =
3 eV and the calculated T, = 2.19 eV differ by 27% (see
Fig. 4). At P,,s = 162.5 W, the average density from the
experimental data N, = 3.7-10" m™ and the calculated
N, =4-10" m* differ by 7.5% (see Fig. 5).
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Fig. 6. Dependences of the particle densities in plasma
on the pressure at Z;s = 100 W: N, — plasma electrons;
N, " — metal ions; N,, — metal atoms;
Ng" — 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

22

seen that the density of neutral atoms of the cathode
material (N,,) and metal ions (N, increases with
increasing pressure. The density of electrons (N),
starting from a pressure of = 2.5 Pa, changes slightly
with increasing pressure. At the same time, the density
of metastable gas atoms (Ny") 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 #= 2 Pa:
N, — plasma electron;, N,," — metal ions;

N — metal atoms; Ng" — metastable Ar atoms
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Fig. 8. Dependence of the particle densities in plasma
on the adsorbed power in the discharge at #=5 Pa:
N, — plasma electrons; N,,* — metal ions;

N, — metal atoms; Ngm — 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
(N,) increases from 9.5-10" to 2.4-10™ m 2, the density
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of metal ions (Ny") from 1...10% to 3.5-10% m3, the
density of metal atoms (Ny,) from 1.9-10* to 4.5:10®° m 3,
the density of metastable Ar atoms (Ng™) from 4.8-10%
to 9.9-10°m>. 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 N
increased by ~ 1.7 times, Nj,* by =~ 9.9 times, N, 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 #= 10 Pa:
N, — plasma electrons; N,,* — metal ions;
Nm — metal atoms; Ng" — 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® m*®
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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PO3PAXYHOK ITAPAMETPIB IIVIA3MHU KEBPIIOYOT'O PO3PALY B ATMOC®EPI APITOHY
JJISA CTEJTAPATOPA YPAT'AH-2M

10.11. Mapyeniok, 10.B. Koemyn

[TpoBeneHO YHCIIOBI PO3PAXyHKU MapaMeTpiB IUIA3MHU JKEBPIIOYOro PO3pPsAY Ha OCHOBI INIOOANBHO yCepeaHEHOT
Mozeni. Po3paxyHku Oymu mpoBefeHi Ui aproHy. B sikocTi MaTepiany Katoma MPHITManocs 3ajli30 — OCHOBHUI
KOMIIOHEHT Hepi)KaBilouoi cTaii. Po3paxoBaHi 3aJ€KHOCTI EJNEKTPOHHOI TEMIIEpaTypH Ta TYCTHHH, T'yCTHHH
PO3IMUIICHNX aTOMIB 3ali3a Ta iOHIB 3aii3a, I'YCTUHH METacTabiIbHUX aTOMIB aproHy BijJ THCKY Ta ancopOoBaHOl
MOTY>KHOCTI y po3psai. PesympTatw po3paxyHKIB TeMmIepaTypd Ta TYCTHHH €JICKTPOHIB Oynu MOpIBHAHI 3
pe3yIbTaTaMy MOTEePEeTHIX SKCIICPUMEHTIB Ta 3HAXOIATHCS Y 3aJ0BIIbHIN 3T/,
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