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Abstract—This work provides a comparative analysis of the sensitivity of the two most widely used kinetic
schemes in helium when simulating various modes of direct current discharges in helium: glow and arc. In
particular, a kinetic scheme with the formation of three excited atomic states and one molecular state, as well
as a scheme with five excited atomic states and two molecular states, are considered. It is shown that the two
models yield different results in the glow discharge mode and similar results in the transition from glow to arc
and in the arc mode. A study was carried out of the influence of recombination constants from various data-

bases on the discharge characteristics.
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INTRODUCTION

Discharges at high pressure, including atmospheric
pressure, have attracted increasing attention in the last
10—15 years. This is due to the possibility of their use
in new applications related to plasma biomedicine and
surface treatment [1—3], analytical chemistry and the
development of innovative gas analyzers [4—10],
plasma chemistry and the synthesis of nanostructures
[11—16]. Based on gas-discharge plasma, various plas-
madynamic devices are being developed for aerody-
namic and space applications. Here it is worth noting
plasma actuators [17—19], the interest in which is
associated with their low weight, the possibility of
installing electrodes practically without introducing
additional disturbances into the flow, the absence of
complex mechanical or pneumatic systems, and most
importantly, the possibility of installing them directly
at the point of origin of undesirable effects: at points of
development of disturbances, flow separation, etc.
Discharges at high pressure are used in low-thrust
plasma engines for modern miniature satellites —
cubesats [20, 21].

When developing and optimizing plasma instru-
ments and devices, it is necessary to know the spatial
distributions of plasma parameters, as well as the lim-
itations on the input power for generating various dis-
charge modes. Experimental diagnostics of discharges
at atmospheric pressure is a difficult task; the set of
obtained parameters is limited [5, 6], and their distri-
butions, as a rule, are averaged. In this regard, mathe-
matical modeling and simulation methods are cur-

rently used to obtain a comprehensive set of all plasma
parameters.

There are various types of discharges to generate
plasma at atmospheric pressure. At the same time,
direct current discharges remain a convenient testing
ground for establishing fundamental mechanisms in
gas-discharge plasma, as well as testing methods for its
control, and often extrapolating the results obtained to
predict plasma parameters in non-stationary dis-
charges.

It should be noted that in recent years a series of
works have been published [23—29] devoted to models
of direct current discharges, based on a consistent
approach to describing the discharge gap and elec-
trodes. Within the framework of this approach, both
glow and arc modes were described. Currently, these
models are being developed taking into account addi-
tional phenomena at the -electrode-gas-discharge
plasma interface, and the applicability of various sets
of plasma-chemical processes is being studied.

Since helium is one of the most commonly used
plasma-forming gases in modern gas-discharge
devices at atmospheric pressure [5—10, 13, 20—22],
the presented work is aimed at conducting a compara-
tive analysis of two kinetic schemes in helium when
simulating various modes of direct current discharges.
Note that for high-pressure helium in barrier dis-
charges, the strong sensitivity of the modeling results
to changes in the constants of certain elementary pro-
cesses was, in particular, noted in [30].
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Table 1. Considered states of helium particles in plasma at high pressure for a first (reduced) set of reactions

No. Symbol Energy, eV Stat. weight Effective level components
1 |He 0 1 1's,
2 | He(T) 19.8196 3 2°S,
3 |He(S) 20.6157 1 218,
4 |He* 23.02 36 33s,,3's,,3°P,3%R%,3°R%,3°D,,3°D,,3°D,,3'D,, 3'R°
5 |He* 24.5874 1 He*
6 |He} 22.24 1 Hel
7 |He: 17.97 3 He!
MODEL DESCRIPTION trodes of length L, = L, = 2 cm at atmospheric pres-

To study plasma parameters in direct current dis-
charges in helium, we used a previously formulated
self-consistent model that describes in the frame of the
common approach the discharge gap and electrodes
[20, 24, 25]. It is based on the continuity equations for
charged and excited particles, the electron energy den-
sity balance equation, the Poisson equation for deter-
mining the electric field and potential, the energy bal-
ance equation for the heavy component of the plasma,
and the heat equations for the cathode and anode. The
complete system of equations can be found in previous
works [20, 24, 25].

To analyze the effect of plasma-chemical processes
on discharge characteristics, we took as a basis the two
most commonly used sets of elementary processes
[31—39]. The first took into account the formation of
one atomic and molecular helium ion, three
excited atomic states and one excited molecular state
[28, 31, 32].

The states taken into account are presented in
Table 1. The complete set of elementary processes is
presented in Table 2.

The second set was based on the plasma-chemical
model developed in [33, 34] and taking into account
the formation of 5 excited atomic and two molecular
states of helium, as well as two types of ions. In addi-
tion to those presented in Table 1, additional states
considered are presented in Table 3.

It should be noted that the works [31, 33—39] con-
sider various channels of recombination processes, as
well as the reaction constants of these processes. In
this regard, we analyzed the influence of these pro-
cesses on the characteristics of DC discharges in vari-
ous modes. The full set of plasmachemical processes is
presented in Tables 4 and 5.

RESULTS

Numerical simulations were carried out for a dis-
charge gap of length L, = 1 mm with tungsten elec-
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sure. By varying the ballast resistance in the equation
for the circuit, various DC discharge modes were cal-
culated at different current densities.

Numerical calculations were carried out for a
reduced set of plasma-chemical reactions presented in
Table 2, as well as an expanded one presented in
Table 4. Moreover, numerical calculations for an
expanded set of plasma-chemical reactions taking into
account the recombination processes from [35] and
[36] and taking into account the dissociative reaction
recombination from [30] gave a quantitatively similar
character. Next, we will consider the results of these
simulations.

Figure 1 shows the voltage dependences (current-
voltage characteristics) for two sets of plasmochemical
reactions—reduced (model 1) and extended (model 2)
taking into account the recombination reactions from
[35], as well as the dependence of the cathode and
anode surface temperatures on the current density in
the case of a reduced set of elementary processes for a
discharge in helium at atmospheric pressure. Note
that in the case of an extended set, the dependences of
the surface temperature of the cathode and anode on
the current density have a similar form, and therefore
are not shown in the figure.

It can be seen from the figure that all the main
modes of direct current discharges are observed—nor-
mal glow (minimum on the current-voltage character-
istic in the case of an expanded set of reactions), sub-
normal glow mode (left branch to a minimum),
anomalous glow (increasing current-voltage charac-
teristic from the minimum point), transition from a
glow discharge to the arc discharge (declining current-
voltage characteristic until it intersects with the dotted
line) and the arc discharge itself. In this case, the arc is
characterized by two modes, in one of which more
intense heating of the cathode is observed, and in the
second—more intense heating of the anode.

From a comparative analysis of the current-voltage
characteristics for two plasma-chemical sets it is clear
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Table 2. The first set of elementary processes in helium plasma

Reacti tant k;, m*
R Reaction eaction constant k;, m°/s, Description
orm®/s, or 1/s
l |e” +He — e + He Elastic collision [32, 40]
2 |e” +He <> e +He(T)
3 |e” +He <> e +He(S) Excitation [32, 40]
4 e +He < e + He*
5 |e” +He -2 +He fo(G, W) Tonization [32, 40]
6 |e” +He(T) - 2 +He"
Stepwise ionization [32, 40]
7 |e” +He(S) - 2¢~ + He"
8 le” + He(S) —» He(T) + ¢ Mixing level [32, 40]
9 |e” +Hes > Hej +2¢” Stepwise ionization [32, 40]
10 |He(S)+ He — 2He 8% 1072 De-excitation [32]
11 | He* + He — Hel +2¢~ 8% 10~ Associative ionization [32]
12° | He(T) + 2He — He} + He 8.1x 107 T exp (~650/T) |Excimers conversion [31, 35]
13 | He(S) + 2He — He’ + He 1.3%x107% Excimers conversion [31]
E?X + CIX é — +
14 He; He; ¢ +He+He 2.9%107" (L Penning ionization* [31]
—E.l_>1_ e + He; 293 15
-0.6
15 |He' + 2He — Hel +2¢~ 1.4 % 10‘43( T ) Ton conversion [31]
293.15
—44
16 |He' +2¢~ — He(T)+e 6.0x10732 [QJ Three-body recombination [35]
g
-1
17 |Hej +2¢~ — He(T) + ¢~ 4.0x10732 [QJ Three-body recombination [35]
T,
g
-2
18 |He'+e¢ +He — He(T)+ He + ¢~ 1.0x10738 [QJ Three-body recombination [36]
T,
g
T\
19 |Hej +e — He(T) + He 8.9x%107° [ 8 j Dissociative recombination [30]
I.[K]
20 |He! +e — He* 5.0x107" Ty Dissociative recombination [37]
’ ’ T.IK]
-2
21 |Hel +e” + He — He(T) + 2He 50%x107° (Ej Three-body recombination [35]
T,
g
22 |e 4 He} — 2He + e~ 38%x107"° Excimer quenching [31]
*E=0.3.
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Table 3. Additional states taken into account for the second set of reactions

No. Symbol Energy (eV) Stat. weight Effective level components
1 | He(pl) 20.96 9 23p0 23p0 2P0
2 |He(pS) 21.22 3 21p"
3 |Hes 17.97 3 He, (°=;)
4 |He* 18.36 1 He, ('z})

that both of them describe all discharge modes quite
well. At the same time, quantitative differences are
observed in the normal glow discharge mode.

For a reduced set of reactions, the voltage across
the discharge gap turns out to be lower and amounts to
a value slightly greater than 200 V. For an expanded set
of reactions, the minimum on the current-voltage
characteristic corresponding to the normal mode is
more pronounced. In this case, the voltage across the
discharge gap in the case of an expanded set of ele-
mentary processes turns out to be equal to ~310 V.

The minimum voltage corresponds to a normal

discharge with a current density j = 6000 A/ m?, and
for a reduced set of elementary processes this value is
less pronounced, but corresponds to the current den-

sity j = 634 A/ m?. Note that both values differ from
the reference value of the current density for helium
[41], which at room temperature is

J. =3 pA/ (cm2 Torrz). However, if we take into

account the heating of the gas, which at the specified
value of the current density for an expanded set of ele-
mentary processes is 530 K, then from the equation of
state of an ideal gas it follows that the gas density

1200 |- 5 6000
—=— | model \ — Tc
1000+ —o—2 model 't{ ——T, -5000
C
- 14000
S 800 N
& 600+ 43000 &
< &E}
400t ., | 42000
—J e L
200 =——mmwa— 1000
0 lew 0o Ty P R i .. 0
102 10> 104 10° 10° 107
J» A/m?

Fig. 1. Dependence of voltage (current-voltage character-
istic), cathode and anode surface temperatures on current
density in the case of a reduced and expanded set of ele-
mentary processes for a discharge in helium at atmo-
spheric pressure.
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changes by ~2 times, and consequently, the normal
current density changes from the reference one by
almost 4 times. Obviously, in this case, the expanded
set gives a closer value to the normal current density.
The reduced set gives a very different value, despite the
weak heating of the gas. Apparently, this difference is
due to the strong influence of nonlinear processes,
such as stepwise ionization, Penning ionization, and
recombination, which cannot be scaled. Note also that
the cathode potential drop in the case of an expanded
set of elementary processes is 220 V, while the refer-
ence value is ~ 125—150 V. This difference is associated
with gas heating and restructuring of the cathode layer
due to changes in gas density in this region. On the
other hand, a reduced set of reactions with a corre-
sponding normal current density gives a cathode drop
of 130 V, which corresponds well to the reference
value. Thus, we can draw an intermediate conclusion
that when describing the normal regime of a glow dis-
charge, further development of the model is necessary,
including taking into account the nonlocality of ion-
ization processes.

In an anomalous glow discharge, transition from a
glow discharge to an arc discharge, and in an arc dis-
charge mode, the quantitative values of the current-
voltage characteristics for both sets of plasma-chemi-
cal reactions are practically the same. It should also be
noted that in the anomalous mode there is a transition
to obstructed discharge—a sharp increase in the dis-
charge voltage with a slight change in the current den-
sity. This fact is more clearly expressed in the depen-
dence of the temperature of the electrode surfaces on
the current density (S-shaped form). The transition to
obstructed discharge is apparently associated with
strong heating of the gas in the near-cathode region of
the discharge and a decrease in the density of neutral
particles.

Figures 2—4 show the distributions of densities of
charged and excited particles, electric field and poten-
tial, as well as electron temperature and gas tempera-
ture at different values of discharge currents corre-
sponding to different modes of a direct current dis-
charge, which are marked in Fig. 1 by points A, B, C,
D,EandF.

It can be seen that for point A (Fig. 2 on the left),
corresponding to the subnormal glow mode, cathode
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Table 4. Second set of elementary processes in helium plasma

Reaction constant kj, m3/s,

R Reaction Description
orm®/s, or 1/s
l |e” +He — e~ + He Elastic collision [33, 34, 40]
2 |e” + He <> e + He(T)
3 le” +He & e +He(S)
4 |e” + He &> ¢~ + He(pT) Excitation [33, 34, 40]
5|le +Heeo e + He(pS)
6 |e” +He <> e +He*
7 |e” + He — 2¢~ + He" Tonization [33, 34, 40]

8 le” + He(T) — 2¢~ + He"

9 |e” + He(S) — 2¢ + He"

10 e~ + He(pT) — 2¢~ + He"

Stepwise ionization [33, 34,

11 |e™ - +
e + He(pS) —» 2¢ + He 40]

12 |~ 4 He* — 2¢™ + He'

13 1e 4+ He; — 2¢ + He,

14 |e” + Hel™ — 2¢™ + Hej Jfo(o,w)

15 |e™ + He(T) — He(S) + ¢~

16 |¢™ + He(T) - He(pT) + ¢~

17 |e™ + He(T) — He(pS) + ¢~

18 |~ + He(T) - He* + e~

19 |e™ + He(S) — He(Ps) + ¢~

20 |e¢” + He(S) — He(Pt) + ¢~ Stepwise excitation [33, 34, 40]

21 e+ He(S) — He* + e~

22 |¢” + He(Ps) — He(Pt) + ¢~

23 | + He(Ps) — He* + ¢~

24 | ¢~ + He(Pt) - He(Pt) + ¢~

25 e + Hes — Hey™ +e”

26 | ¢ + Hes — Hej +¢ Stepwise ionization [33, 34,
40]

27 |e” + He3* — Hey + ¢

28 g™ + He5 — e +2He 38%x107"° Dissociation [33, 34]

HIGH ENERGY CHEMISTRY Vol. 58  Suppl. 3 2024
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R Reaction Reaction constant ;, m?/s, Description
orm®/s, or 1/s
29 | He(T) + 2He — He} + He 3.23x10 ¥ exp(-778/T)
30 | He(S) + 2He — HeX* + He 3.23x 10" exp (-778/T)
31 | He(pT) + 2He — He} + He 3.23x10F exp (=778/T) | Excimers conversion [33, 34]
32 | He(pS) + 2He — He™™ + He 3.23% 107 exp (-778/T) Excimers conversion [33, 34]
33 |He* + 2He — Hej + He 2.42 %107 exp (=778/T)
34 |He* + 2He — He3" + He 8.0x107* exp (-778/T)
35 | He(S) + He — He(T) + He 3.6x107%
36 |He* + He — He(pT) + He 3.204 x 107873 Mixing level [34]
37 |He* + He — He(pS) + He 3.204 x 1078702
38 | Hel™ + He* — ¢+ He + He' — ¢ + He} 2.9%107"° (ﬁ)“ Penning ionization* [31]
39 |He™ + 2He — He} + He 3.017x 1077 Ton conversion [31, 37]
40 |He* + He —> e + He} 8% 107" Associative ionization [32]
41 |He(pT) — He 1.0x10’
42 |He(pS) — He 1.8x10°
43 |He* — He 9.1x10’
44 |He(pT) — He(T) 1.022x10’
Radiation [33, 34]

45 |He(pS) — He(S) 1.97 x10°
46 | He* — He(pT) 2.94%10
47 | He* — He(pS) 9.79x10°

Hed* — 2He 6.0x10*

and anode layers, as well as a positive column, are
observed.

It should be noted that the cathode layer is quite
wide and amounts to slightly more than 0.2 mm. Gas
heating in this mode is insignificant; the maximum gas
temperature is 323 K.

Upon transition to the normal glow mode, the
cathode layer is compressed to 0.046 mm, which, tak-
ing into account gas heating to 525 K, practically cor-
responds to the reference values of the normal thick-
ness of the cathode layer of 1.5 Torr cm [35].

HIGH ENERGY CHEMISTRY Vol. 58  Suppl.3 2024

A maximum is formed in the density of electrons
and molecular helium ions at a minimum electric field
strength. The gas temperature reaches 525 K.

With a further increase in the current density
(point C), the density of charged particles increases
and a more pronounced maximum is formed in the
near-cathode region of the discharge. The dominant
type of ions becomes the atomic helium ion. The gas
temperature reaches 2000 K, which leads to a signifi-
cant decrease in the concentration of neutral particles
and an increase in sustain voltage to 800 V and higher.
A further increase in current density (point D) also
leads to an increase in gas temperature and an increase
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Table 5. Recombination reactions considered in set 2 of plasma-chemical reactions

Reacti tant k;, m>
R Reaction eaction constant k;, m°/s, Reference
orm®/s, or 1/s
Three-body recombination
100 7.\
% 4ox107™ (ng [35]
75%
25 7\
% 40x107 (—gj [36]
He5 +e - T,
) _
48 Hel +2¢ — e(D e
He(S) +e 5.4%x107777,7%
ok _
He, +e (33, 34]
3.59x107277,7*°
100% (T
©1L1x10 '4(%] [38]
- e
- 1+1
(T,
- 5.0%x1077 (—gj [35]
70% e
He(2'P) + 2He 25%
He(2’P) + 2He 75% (T
_ - g
50 He! + ¢ + He — {He(2'S) + 2He 1.0x10 [ ) [36]
He(23S) + 2He j
He>" + He
- [33, 34]
1.0x107°'7,73?
4.156 x1072°7,7'?

HIGH ENERGY CHEMISTRY  Vol. 58
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Table 5. (Contd.)
Reacti tant k;, m>
R Reaction eaction constant k;, m°/s, Reference
orm®/s, or 1/s
- 4
T,
_ 6ox10™ (ng [35]
100% e
19%
56% i
1 6% 6.0x107%° (—gj [36]
He(2 P)+e 19% T,
He(2°P) + ¢ _
51 He™ +2e — {He(2'S) + e
He(2°S) + e ~
He™ +e 1.4x10777,743 (33, 34]
4.1x10771,%
3.59%x 10777,
- ~ T 2.3
- 1.1x10 ‘4[g—45J [38]
100% T
52 He' + e + He — {He* + He 4156 % 10727713 33, 34]
Dissociative recombination
- 1.5
T,
- 8.9 x 10“’( g j [30]
He* + He
He(2 P) + He 50%
49 Hej +¢ — {He(2°P) + He o~
He(2's) + He 50107 T/T,
. _
He(2 S) + He _ [33, 34]
.0x107M7"

in cathode temperature. The thermionic emission
mechanism is turned on and the discharge begins to
burn in the transition mode from a glow discharge to
an arc.

At a current density corresponding to point E, the
discharge begins to burn in arc mode, while the volt-
age across the discharge drops to 70—80 V, and the
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cathode layer is compressed to 6—10 microns. The
density of charged particles reaches the following val-

ues: n, = n, = 10" m™. With a further increase in the
current density, the cathode potential drop decreases,
gas heating increases and intense heating of the anode
is observed. It can be seen that at a current density cor-
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Fig. 2. Distribution of (a) density of charged and excited particles, (b) electric field and potential, (c) electron temperature and
temperature of heavy gas particles for current densities corresponding to point A (on the left) and point B on the right in Fig. 1.

responding to point F in an arc discharge, the anode
temperature is higher than the cathode temperature.

Further we the influence of various three-body and
dissociative recombination constants on the discharge
characteristics. As shown by numerical simulations,
the main differences were in the region of a normal
glow discharge. Figure 5 shows the distributions of
densities of charged particles, electric field and poten-
tial in the case when the recombination constants were
taken from work I [30, 36], 11 [30, 38] and 111 [33, 34].

HIGH ENERGY CHEMISTRY  Vol. 58

Note that the recombination constants from [30,
36] give almost similar values as [30, 35] (see Figs. 2a
and 2b). The dominant ion species is molecular
helium, which is typical for high-pressure discharges.
When using the recombination constants from [30,
38], the dominant type of ions becomes atomic
helium, which is more typical for discharges at low
pressures or at high temperatures (as in the case of arc
discharges). In the case of recombination constants
from [33, 34], the dominant ion is also the molecular

Suppl. 3 2024
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helium ion, but the density of the atomic helium ion
turns out to be extremely underestimated. A compara-
tive analysis of potential distributions shows that in the
case of using recombination constants from various
works, it shows that in all cases the cathode potential
drop is the same. However, the potential drop in the
discharge gap turns out to be ~260 V when using the
constants from [33, 34]. In addition, we note that a
more pronounced minimum of the electric field in the
negative glow region appears when using the constants
from [30, 36] and [30, 38].
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Thus, the question of using different recombina-
tion constants remains open and requires a more
detailed analysis and comparison with experimental
data obtained through probe and optical measure-
ments.

CONCLUSIONS

Numerical simulations are carried out to study the
influence of various sets of plasma-chemical reactions
on the characteristics of direct current discharges in
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various modes: from glow to arc. It is shown that tak-
ing into account additional atomic excited levels leads
to a more correct reproduction of the normal glow
mode. Moreover, in the anomalous, transitional from
the anomalous glow (and obstructed) to the arc mode,
and in the arc mode, the reduced and expanded sets
give quantitatively similar discharge characteristics.
The sensitivity of the choice of three-body and disso-
ciative recombination constants for the characteristics
of a normal glow discharge has been studied.

HIGH ENERGY CHEMISTRY  Vol. 58

FUNDING

The research was supported by a grant from the Russian
Science  Foundation, project no. 23-19-00241,
https://rscf.ru/project/23-19-00241/.

CONFLICT OF INTEREST

The authors of this work declare that they have no con-
flicts of interest.

Suppl. 3 2024



COMPARATIVE ANALYSIS OF KINETIC SCHEMES FOR SIMULATING DC

(a)
_____________ N
1 11 ’
N, -=-=n, Ry / Y
Het --- He" He*
HC; - HC; ............... l—lezJr ;
i/
| s J, |
0.4 0.6 0.8 1.0
X, mm
(b)
350
70-_E  _,
60 b—1 —- -1 e =300
250
g
Q 200
Z ~.
- =
LT 150
100
10 0 ()12 O!4X’ mm()j() (){8 l.l()_ 50
0 1 1 1 ] =
0 0.2 0.4 0.6 0.8 1.8
X, mm

Fig. 5. Comparative analysis in the distributions of the
density of charged particles, as well as the electric field
strength and potential for an expanded set of elementary
processes, taking into account the recombination con-
stants from work I [30, 36], II [30, 38] and III [30, 34],
respectively.
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