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Abstract—Modeling of a glow discharge in a cylindrical coaxial system with dielectric ends of electrodes in the hydrody-
namic drift-diffusion approximation was performed. Model parameters: outer cathode diameter 10 and 13 mm, anode diameter
2 mm, voltage 2800 V, gas temperature 300 K. pd ~ 1 Pa-m, which corresponds to the left side of the minimum area of
the Paschen curve for discharge ignition. Reactions of ionization of atoms by electron impact, generation and quenching of
metastable atoms, elastic collision of electrons with atoms and elastic collision of ions, resonant recharging of ions, Penning
ionization, as well as secondary ion-electron emission of the cathode were taken into account. The distribution of potential and
concentration of charged particles in the interelectrode space, the density of ion and electron currents were calculated within
the framework of a self-consistent problem, and the current-voltage characteristics for two modes of discharge - plasma and
plasma-free - were presented. The effect of pd on the parameters and discharge mode is determined. The obtained results can
be used in plasma technologies for modification of the internal surfaces of metal, hollow, long parts with a small cross-sectional
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size, that is, in conditions close to those complicated by the occurrence of a discharge.

Keywords — glow discharge; diffusion models; plasma simulation.

l. INTRODUCTION

Many electronic and photonic devices, as well as ion-
plasma technologies, are based on various types of gas
discharges. Among them, the anomalous glow discharge
is the most widely used, and a lot of scientific and tech-
nical literature is devoted to it [1]-[4].However, there are
configurations of electrode systems that have not been
studied much due to their specificity, they include
the coaxial system in long tubes of small diameter,
despite the fact that many tubular products require ion-
plasma treatment of the inner surface [5]-[8].

It is quite difficult to experimentally study
the discharge in such systems, especially the internal
structure, that is, the distribution of the electric field,
the concentration of charged particles, etc. Therefore, it
is more expedient to use modelling methods, but those
that allow the study of electrode systems with a high
accuracy of description of the most important physical
processes to obtain results that correspond to the actual
characteristics of the system under study. The purpose of
the work is to investigate the characteristics of a stable
(non-oscillatory) glow discharge in a long coaxial system

of small-diameter electrodes at pd ~ 1 Pa-m (where p is
the working gas pressure, and d is the distance between
the electrodes) on the model, which corresponds to
the left part of the region of the minimum of the Pashena
curve for discharge ignition [1] , that is, in conditions
where they provide both minimum energy consumption
for discharge support and low pd values, which minimize
collisions of ions with gas molecules and their loss of
energy during collisions. This provides an effective kinetic
influence of ions on the cathode surface and is used in
most ionic technologies.

1. OBJECT AND METHOD OF RESEARCH

The simulation was carried out for a coaxial cylindri-
cal system with an external cathode and argon filling.
The system of electrodes is shown in Fig. 1 and has
the following parameters:

e inner radius of the cathode — 10 or 13 mm (rc);
e external radius of the anode — 2 mm (ra);

o axial length along the electrode system — 280 (L) mm.
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The electrode system was connected to DC voltage
source € = 2800 V through a ballast resistor Rb (10-
300 kQ), the value of which controls the discharge cur-
rent. The pressure of argon (temperature — 300 K) corre-
sponds to the above values pd = p(rc—ra).

The following physical discharge model was chosen
for the study: the physical processes (reactions) occur in
the interelectrode gap, as presented in Table 1. Electrons
are emitted from the cathode due to secondary ion-elec-
tron emission (coefficient y = 0.1), the electrodes collect
charged particles falling on them without reflecting
them. The ends of the system are closed by dielectric
walls. The following processes are taken into account,
which play the most important role in argon at a given pd
range [3].

To model the glow discharge, we will use the hydro-
dynamic approach in the drift-diffusion approximation,
which is simpler than the methods based on physical
kinetics with the solution of the Boltzmann equation,
and, as shown in literature [10]-[13], it gives physically
correct results within the specified pd range. For the cal-
culations based on the chosen model of glow discharge
in a coaxial electrode system, a standard system of equa-
tions for the drift-diffusion approximation was used,
which were adapted for a cylindrical coaxial system with
dielectric ends and calculate the particle interaction pro-
cesses from Table 1.

In the initial conditions, the initial density of electrons
in the interelectrode space is set at the level of neo = 103
m~. A computer code similar to that described in [14]-
[16] was used to solve the system of equations.

TABLE 1 REACTIONS DURING PARTICLE COLLISIONS

Reaction
etAr — et+Ar
et+Ar < et+Ar*

Type of reaction
Elastic collision of electrons with atoms
Generation and quenching of a metasta-
ble atom under the action of an electron
1mpact
Ionization of atoms by electron impact

et+Ar — 2e+Ar"

Ar'+Ar — Ar'+Ar Elastic collision of ions
Ar'+Ar — Ar+Ar* Resonant recharging of ions
Ar*+Ar* — e+Ar+Ar" | Penning ionization

Ar*+Ar — Ar+Ar Quenching of metastable atoms

Fig. 1 Model of the discharge system

1. SIMULATION RESULTS

In Fig. 2-4 show the graphs of potential distributions
and the concentration of charged particles in the inte-
relectrode gap (along r). The regime of discharge exist-
ence was set using a ballast resistor Rb, and, accordingly,
its value influences the discharge current and other char-
acteristics. The discharge voltage, depending on
the radius of the cathode (10 and 13 mm), was in
the range of 115-155 V.
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Fig. 2. Distribution of the potential and concentration of ions and elec-
trons radially along the gap from the anode to the cathode in the mid-
dle of the electrode system rc = 10 mm, Rb = 50 kQ, p = 133 Pa. px(rc-ra)
=1.064 Pa-m
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Fig. 3 Distribution of the potential and concentration of ions and elec-
trons radially along the gap from the anode to the cathode in the mid-
dle of the electrode system. rc = 10 mm, Rb = 300 kQ. p = 133 Pa.
px(rc-ra) = 1.064 Pa-m. Potential distribution in a cylindrical electrode
system with a discharge - 1, without a discharge - 3, in a plane-parallel
electrode system without a discharge - 2.
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Fig. 4 Distribution of potential, density of ions and electrons radially
along the gap from the anode to the cathode in the middle of the elec-
trode system rc = 13 mm, Rb - 10, 20, 30 kQ. p = 1.33 Pa-m. px(rc-ra) =
1.46 Pa:m
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In Fig. 2 shows the distribution of the potential in the
case of the existence of plasma in the discharge gap, in
Fig. 3 - in the absence of plasma. In both cases, the posi-
tive space charge of ions plays a significant role in the for-
mation of the potential distribution curve in the inte-
relectrode gap. It is known that the potential distribution
in the coaxial system (vacuum capacitor) is characterized
by strong heterogeneity, i.e. the electric field strength
near the small-diameter inner electrode increases signif-
icantly in relation to the strength near the outer elec-
trode in comparison with the constant field strength for
plane-parallel electrodes. These features lead to differ-
ent distributions of potentials in vacuum coaxial and pla-
nar systems, and their difference from the distribution in
the presence of spatial ion charge is also shown (Figs. 2,
3).

In Fig. 5 shows the distribution of the ion current den-
sity jc along the surface of the cathode. The current den-
sity is uniform along the surface (except for Rb = 300 kQ,
rc =10 mm for a very low-current discharge) and is 0.6 —
1.1 A/m2.

To analyze the characteristics of the discharge in
the system under investigation, it is desirable to use
the current-voltage characteristics (I-V curve) of the dis-
charge, because they are commonly used in the litera-
ture. However, the calculated total current includes
the part that is ambiguously influenced by the dielectric
ends of the electrode system. Therefore, the modified
I-V characteristics are presented in the form of "dis-
charge voltage - current density at the anode (Fig. 6) ion
discharge current density at the cathode (Fig. 7) in
the central part of the system." In the field of Figs. 6, 7,
the values of the ballast resistor for plotting individual
I-V curve points are indicated. The presented character-
istics are calculated for different values of the interelec-
trode gap (at rc = 10 mm, the gap is 8 mm, and at
rc=13 mm, itis 11 mm).
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V. DISCUSSION OF SIMULATION RESULTS

As a result of the simulation, data were obtained in-
dicating that the discharge at pd, which is typical for
the left part of the region of minimum of the Paschen
curves, where the discharge voltage begins to rise, has all
the features of a typical glow discharge, but with the spe-
cifics of different states (modes). In all modes, ion-elec-
tron emission and electron impact ionization are present,
and the discharge voltage corresponds to the typical
value for a glow discharge [3]. The essential role of
the spatial charge of ions leads to a nonlinear potential
distribution even at low current densities (~ 80 pA/cm?
for Rb = 300 kQ, Fig. 3, Fig. 7). The nature of the potential
distribution indicates the formation of a space charge of
ions in the interelectrode gap near the cathode layer, in
which ion generation takes place.

At low currents and pd, the ion layer extends from
the cathode to the anode with a slow increase in the con-
centration of ions (Fig. 3), and the electron concentration
ne is less than the ion concentration np by a factor of ~y,
which indicates the absence of plasma formation in
the gap. Such a plasma-free mode of discharge is called
the simplest or Townsend mode in the literature [5,13].
It has a linear potential distribution (curve 2 in Fig. 3) and
constant electric field strength due to the minimal influ-
ence of the space ion charge. However, in our case,
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the plasma-free discharge mode has a non-linear poten-
tial distribution (curve 1 in Fig. 3) due to the strong influ-
ence of the space ion charge, but this mode will also be
classified as the simplest. Its feature is the positive slope
of the |-V curve. We also note that the space ion charge
neutralizes the effect of the coaxiality geometry of
the electrode system with increased field strength near
the inner electrode (compare curves 1 and 3 in Fig. 3).

I-V curve for Rb = 300, 100, 50 kQ in Fig. 6, 7 for
rc =10, 13 mm (pd = 0.53, 1.064, 1.463 Pa-m) just refer
to the simplest plasma-free mode. In this mode, the dif-
ference between the concentrations of electrons and
ions decreases with a decrease in the ballast resistance
Rb, i.e., with an increase in the discharge current. How-
ever, even with Rb = 50 kQ (pd = 1.064 Pa-m) and
Rb = 100 kQ (pd = 1.6 Pa-m), complete equality is not
achieved between the concentrations of electrons and
ions in the region of the maximum concentration of
charged particles (Fig. 2).

In the gap between the cathode and the anode,
the potential distribution has a near-cathode part with
a potential increase (~ 130V, for jc ~ 3 A/m2), and then
a decrease in the near-anode region (~ 15 V). The transi-
tion from one part of the distribution to another is in
the region of the maximum concentration of charged
particles (at r = 4 mm, Fig. 2). In this plasma-free mode
of discharge, two ion shells are created with a predomi-
nance of ion concentration.

A different situation is observed with a decrease in
Rb (30, 20, 10 kQ) on the I-V curve of Fig. 6, 7. The curves
decrease the angle of inclination, both for rc=10 mm and
for 13 mm. The transfers to another mode. There is an
equalization of the concentrations of electrons and ions
between the cathode and the anode, that is, a plasma of
negative glow is formed, as in a typical glow discharge
(Fig. 4). In addition, the potential distribution has three
parts: a cathodic fall with a rapid increase in potential
(130-150V, je>3 A/m?), afall in the negative glow region
with a weak increase (up to 5 V) and an anodic fall with
a weak decrease (~ 15 V). In this way, two near-electrode
shells are created with a predominance of ion concentra-
tion.

The fall in the region of negative glow for this mode
is characterized by an increase in the region itself and
the concentration of charged particles in it with increas-
ing current density.

The density distribution of ions and electrons in
the radial direction is somewhat reminiscent of the solu-
tion of the diffusion equation for the lower diffusion
mode, [4]. The maximum concentration creates a ring
around the anode, and the minimum concentration is
near the cathode.

Discharges in coaxial systems are characterized by dif-
ferent current densities for the internal (in our case,

the anode) and external (cathode) electrodes, which are
connected through the secondary emission coefficient
and the geometry influence coefficient, i.e. the ratio of
the areas (radii) of the electrodes.

. Ji-(I+7)Re
/ Ra

For a plane-parallel electrode system, the geometry
influence coefficient Rc/Ra disappears. For our coaxial
case, Rc/Ra=10/2,13/2 =5, 6.5, that is, the geometry of
the system has some influence on the processes in
the near-electrode regions.

The near-anode distortion of the field begins at a dis-
tance of ~ 1 mm from the anode with a radius of 2 mm,
but these values are of the same order, so it can be con-
sidered that the thickening of the line on the anode is not
significantly greater than in the plane-parallel system,
but the thickening of the field lines and, accordingly,
the increase in the current density on anode, creates
a situation where it is necessary to balance the currents
of the cathode and anode due to the reduction of
the voltage between the plasma and the anode. Due to
the smaller area, the anode cannot receive as many elec-
trons that come from the plasma cathode [17] [19], and
therefore in the ion shell around the anode, electrons
begin to accumulate to limit the flow of electrons from
the plasma to the anode. Since the anodic voltage drop
prevents the movement of a part of electrons with an
energy lower than ~ 15 eV for both cathode radii, it can
be assumed that the average energy of electrons in
the near-anode region is of the order of this value.

The distribution of charged particles around
the anode and the radial distribution of the potential
show that in the plasma mode, the plasma is concen-
trated in the region of maximum charged particle con-
centration, where their main generation and diffusion
occurs with subsequent deionization at the electrodes. It
is important to note that the potential drop in the near-
anode region does not hinder with the diffusion move-
ment of ions.

The discharge is considered obstructed if the length
of the cathode fall is greater or equal to the interelec-
trode distance [18]. In Fig. 3, the electric field potential
curve rises monotonically almost to the anode, and
the plasma region does not exist. On the I-V curve of
Fig. 6, 7 this refers to the steeper parts of the curves,
located to the left of the "fracture", where we have a dis-
charge in a complicated form or close to it. In the right
parts of the curves, relative to the "fracture", a plasma
region appears, which expands with an increase in
the parameter px(rc-ra). and the distance between
the cathode and the anode, while the maximum concen-
tration of charged particles moves away from the anode
(Figs. 2, 3), and we can no longer speak of a obstructed
form.
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CONCLUSIONS

A physics-topological and topological model of a low-
pressure glow discharge in the pd range from 0.53 to
1.6 Pa'm in an extended coaxial system (r<<L) with
a small-diameter external cathode was constructed. As
a result, different glow discharge modes are observed —
plasma-free and plasma, which differ in the following.

The conditions for the occurrence of the discharge
correspond to the left part of the region of the minimum
of the Paschen curve within the framework of the drift-
diffusion approximation, which made it possible to iden-
tify the peculiarities of the discharge in an extended
coaxial system (r<<L) with an external cathode of a small
diameter in comparison with the discharge in a plane-
parallel system of electrodes.

The plasma-free mode is observed at a low current
density (at the cathode ~ 0.6...2 A/m?) and has a steeply
increasing |-V curve. The plasma mode at a higher cur-
rent density has a much slope 1=V curve with a smaller
angle of inclination. The transition from one mode to
another occurs at cathode current densities
~1.8..2.5A/m2. In the mentioned range of pd,
the discharge form characteristic of the normal glow dis-
charge shape is not observed.

For the plasma-free mode, the length of the cathode
fall approaches the interelectrode distance. Such a dis-
charge mode is often called obstructed, since there is no
region of negative glow characteristic of a glow dis-
charge, in which the main amount of ions is actually gen-
erated, part of which drifts to the cathode and causes
secondary ion-electron emission.

In contrast to the plasma-free form of discharge in
a coaxial system of electrodes, plasma-free discharge
between planar electrodes at similar pd (i.e., dark dis-
charge or Townsend discharge), as is known, has a hori-
zontal |-V curve, as it is maintained at a voltage
approaching to the voltage at which the discharge
occurs.

In the plasma mode of the discharge in the given
range pd, the plasma discharge region is a region of
plasma of negative glow, which extends from the region
of the cathodic potential fall to the region of the anodic
fall. The plasma discharge mode in the coaxial system

resembles the anomalous form of the glow discharge
between planar electrodes at similar pd.

There are ion shells around both electrodes in
the plasma mode. The cathode ion sheath provides sec-
ondary cathode emission due to ion bombardment and
acceleration of electrons to the energy required for gas
ionization. The existence of an ion shell around
the anode is due to the high density of electrons around
it and the automatic creation of a braking field for excess
electrons. In this way, the equality of the total currents
(ions and electrons) on both electrodes and in the gap is
maintained in the discharge.

A feature of discharge in a coaxial system with an
internal anode is a significant increase in the discharge
current density at the anode compared to the current
density at the cathode. The increase in density is propor-
tional to the ratio of the cathode and anode radii.

In both modes of discharge, the electron and ion con-
centration distributions in the gap have a significantly
non-homogeneous dome-like character with a shift of
the maximum towards the anode. The dome-shaped
nature of the distribution is due to the movement of ions
to the electrodes due to diffusion and drift in the electric
field with subsequent recombination (the maximum
potential of space occurs in the region of the maximum
concentration of charged particles, and the electric field
vector is directed to both electrodes).

With an increase in the parameter pd and the dis-
tance between the cathode and the anode, the region of
gas ionization, including the region of the negative glow
plasma, expands, and the maximum of the distribution
shifts away from the anode.

Thus, the studies showed that in the plasma mode of
the glow discharge in the coaxial electrode system at pd
=1and 1.5 Pa/min argon, the maximum ion current den-
sity at the cathode is 9 and 11 A/m?, and the maximum
concentration of charged particles in of the interelec-
trode gap is ~ 7-10% m™ at a discharge voltage of 140 V.

The obtained results can be used in the development
of plasma technologies for the modification of the inter-
nal surfaces of metal hollow elongated parts with a small
cross-sectional size.
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Abstract—BUKOHaHO MOAENIOBaHHA TNiOYOro Po3pAAy B LUAIHAPUYHIN KOaKCianbHiA cucTemi 3 ZieNIeKTPUUHUMU TOPLAMU
eleKTpoaiB B rigpoguHamiyHomy apeiidoBo-audysHomy HabauKeHHi. MapameTpu mogeni: giameTp 30BHIWHbOrO Katoaa 10
Ta 13 mm, giameTp aHoaa 2 mm, Hanpyra 2800 B, Temnepartypa rasy 300 K. pd ~ 1 Na-m, wo signosiaae nisi yacTuHi obnacri
MiHimymy KpuBoi MaweHa ans 3anantoBaHHA po3pagy. bynun BpaxoBaHi peakuii ioHi3aLii aToMiB e1eKTPOHHMUM yAaapoM, FreHe-
pauii Ta raciHHA meTacTabinbHUX aTOMIB, NPY}KHbOTO 3iTKHEHHA €/IeKTPOHIB 3 aTOMaMM Ta NPYKHE 3iTKHEHHSA iOHIB, pe30HaHCHe
nepesapaaKeHHs ioHiB, ioHi3auin MNeHiHra, a TakoX BTOPMHHA iOHHO-e/1eKTPOHHA emicia Katoga. bynu po3paxoBaHi B pamKax
CaMOY3rofKeHoi 3a4aui po3nogin noTeHuiany i KOHUEHTPaLii 3apAAKEHUX YAaCTUHOK B MiXKeNeKTPOAHOMY NPOMIXKKY, r'yCTUHMU
iOHHUWX | @NeKTPOHHUX CTPYMIB, NPeACTaBNEHi BONbT-aMNEPHi XapaKTEPUCTUKMN ANA ABYX MOJ, po3pAay - naasmosoro Ta 6es-
nnasmosoro. BusHaueHo BnauB pd Ha napameTpu Ta moay po3pagy. OTpumaHi pe3ynbTaT MOXKyTb 6yTM BUKOPUCTaHI B Nias-
MOBMX TexHonoriax moaudikauii BHYTPiLHIX NOBEPXOHb MeTasNeBUX, MOPOXKHUCTUX, NPOTAXKHUX AeTanei 3 Maaum nonepey-
HUM pPo3Mipom, TO6TO B ymoBax 61M3bKUX A0 YCKNAAHEHOrO BUHUKHEHHAM po3pAaay.

Knrouosi cnosa — mairouuii po3pad; ougpysiliHi modeni; modenrosaHHA naazmu.
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