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Abstract—Modeling of a glow discharge in a cylindrical coaxial system with dielectric ends of electrodes in the hydrody-
namic dri�-diffusion approxima�on 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 le� side of the minimum area of  
the Paschen curve for discharge igni�on. Reac�ons of ioniza�on of atoms by electron impact, genera�on and quenching of 
metastable atoms, elas�c collision of electrons with atoms and elas�c collision of ions, resonant recharging of ions, Penning 
ioniza�on, as well as secondary ion-electron emission of the cathode were taken into account. The distribu�on of poten�al and 
concentra�on of charged par�cles 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 characteris�cs 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 modifica�on of the internal surfaces of metal, hollow, long parts with a small cross-sec�onal 
size, that is, in condi�ons close to those complicated by the occurrence of a discharge. 
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I. 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 scien�fic and tech-
nical literature is devoted to it [1]-[4].However, there are 
configura�ons 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 distribu�on of the electric field,  
the concentra�on of charged par�cles, etc. Therefore, it 
is more expedient to use modelling methods, but those 
that allow the study of electrode systems with a high  
accuracy of descrip�on of the most important physical 
processes to obtain results that correspond to the actual 
characteris�cs of the system under study. The purpose of 
the work is to inves�gate the characteris�cs 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 le� part of the region of the minimum of the Pashena 
curve for discharge igni�on [1] , that is, in condi�ons 
where they provide both minimum energy consump�on 
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 effec�ve kine�c 
influence of ions on the cathode surface and is used in 
most ionic technologies. 

II. OBJECT AND METHOD OF RESEARCH 
The simula�on 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: 

• inner radius of the cathode – 10 or 13 mm (rc); 

• external radius of the anode – 2 mm (ra); 

• axial length along the electrode system – 280 (L) mm. 
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The electrode system was connected to DC voltage 
source Ɛ = 2800 V through a ballast resistor Rb (10-
300 kΩ), 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 (reac�ons) occur in 
the interelectrode gap, as presented in Table 1. Electrons 
are emited from the cathode due to secondary ion-elec-
tron emission (coefficient γ = 0.1), the electrodes collect 
charged par�cles falling on them without reflec�ng 
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 dri�-diffusion approxima�on, 
which is simpler than the methods based on physical  
kine�cs with the solu�on of the Boltzmann equa�on, 
and, as shown in literature [10]-[13], it gives physically 
correct results within the specified pd range. For the cal-
cula�ons based on the chosen model of glow discharge 
in a coaxial electrode system, a standard system of equa-
�ons for the dri�-diffusion approxima�on was used, 
which were adapted for a cylindrical coaxial system with 
dielectric ends and calculate the par�cle interac�on pro-
cesses from Table 1. 

In the ini�al condi�ons, the ini�al density of electrons 
in the interelectrode space is set at the level of ne0 = 1013 
m–3. A computer code similar to that described in [14]-
[16] was used to solve the system of equa�ons. 

TABLE 1 REACTIONS DURING PARTICLE COLLISIONS 

Reac�on Type of reac�on 
e+Ar → e+Ar Elastic collision of electrons with atoms 
e+Ar ↔ e+Ar* Generation and quenching of a metasta-

ble atom under the action of an electron 
impact 

e+Ar → 2e+Ar+ Ionization of atoms by electron impact 
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 

III. SIMULATION RESULTS 
In Fig. 2-4 show the graphs of poten�al distribu�ons 

and the concentra�on of charged par�cles 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-
acteris�cs. The discharge voltage, depending on  
the radius of the cathode (10 and 13 mm), was in  
the range of 115-155 V.  

 

Fig. 2. Distribu�on of the poten�al and concentra�on 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 kΩ, p = 133 Pa. p×(rc-ra) 
= 1.064 Pa·m 

 

Fig. 3 Distribu�on of the poten�al and concentra�on 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 kΩ. p = 133 Pa. 
p×(rc-ra) = 1.064 Pa·m. Poten�al distribu�on in a cylindrical electrode 
system with a discharge - 1, without a discharge - 3, in a plane-parallel 
electrode system without a discharge - 2. 

 

Fig. 4 Distribu�on of poten�al, 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 kΩ. p = 1.33 Pa·m. p×(rc-ra) = 
1.46 Pa·m 
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In Fig. 2 shows the distribu�on of the poten�al 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-
�ve space charge of ions plays a significant role in the for-
ma�on of the poten�al distribu�on curve in the inte-
relectrode gap. It is known that the poten�al distribu�on 
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 rela�on 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 distribu�ons of poten�als in vacuum coaxial and pla-
nar systems, and their difference from the distribu�on in 
the presence of spa�al ion charge is also shown (Figs. 2, 
3). 

In Fig. 5 shows the distribu�on 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 kΩ, 
rc = 10 mm for a very low-current discharge) and is 0.6 – 
1.1 A/m2. 

To analyze the characteris�cs of the discharge in  
the system under inves�ga�on, it is desirable to use  
the current-voltage characteris�cs (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 characteris�cs 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 plo�ng individual  
I–V curve points are indicated. The presented character-
is�cs are calculated for different values of the interelec-
trode gap (at rc = 10 mm, the gap is 8 mm, and at  
rc = 13 mm, it is 11 mm). 

 

Fig. 5 Graph of the distribu�on of the ion current density on the cath-
ode along its surface. Ballast resistance values from top to botom, kΩ: 
10, 20, 30, 50, 100, 200, 300. rc = 10 mm, 13 mm. p = 133 Pa. p×(rc-ra) 
= 1.064 and 1.463 Pa·m 

 

Fig. 6 I–V curve characteris�c of the discharge at different pressures for 
the anode 

 

Fig. 7 I–V curve of the discharge at different pressures for the cathode 

IV. DISCUSSION OF SIMULATION RESULTS 
As a result of the simula�on, data were obtained in-

dica�ng that the discharge at pd, which is typical for  
the le� 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 ioniza�on are present, 
and the discharge voltage corresponds to the typical 
value for a glow discharge [3]. The essen�al role of  
the spa�al charge of ions leads to a nonlinear poten�al 
distribu�on even at low current densi�es (~ 80 μA/cm2 

for Rb = 300 kΩ, Fig. 3, Fig. 7). The nature of the poten�al 
distribu�on indicates the forma�on of a space charge of 
ions in the interelectrode gap near the cathode layer, in 
which ion genera�on takes place. 

At low currents and pd, the ion layer extends from  
the cathode to the anode with a slow increase in the con-
centra�on of ions (Fig. 3), and the electron concentra�on 
ne is less than the ion concentra�on np by a factor of ~ γ, 
which indicates the absence of plasma forma�on 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 poten�al distribu�on (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-
�al distribu�on (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 posi�ve slope 
of the I–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 kΩ 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 concentra�ons 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 kΩ (pd = 1.064 Pa·m) and  
Rb = 100 kΩ (pd = 1.6 Pa·m), complete equality is not 
achieved between the concentra�ons of electrons and 
ions in the region of the maximum concentra�on of 
charged par�cles (Fig. 2). 

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

A different situa�on is observed with a decrease in  
Rb (30, 20, 10 kΩ) on the I–V curve of Fig. 6, 7. The curves 
decrease the angle of inclina�on, both for rc = 10 mm and 
for 13 mm. The transfers to another mode. There is an 
equaliza�on of the concentra�ons of electrons and ions 
between the cathode and the anode, that is, a plasma of 
nega�ve glow is formed, as in a typical glow discharge 
(Fig. 4). In addi�on, the poten�al distribu�on has three 
parts: a cathodic fall with a rapid increase in poten�al 
(130 - 150 V, jc > 3 A/m2), a fall in the nega�ve 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-
�on. 

The fall in the region of nega�ve glow for this mode 
is characterized by an increase in the region itself and  
the concentra�on of charged par�cles in it with increas-
ing current density. 

The density distribu�on of ions and electrons in  
the radial direc�on is somewhat reminiscent of the solu-
�on of the diffusion equa�on for the lower diffusion 
mode, [4]. The maximum concentra�on creates a ring 
around the anode, and the minimum concentra�on is 
near the cathode. 

Discharges in coaxial systems are characterized by dif-
ferent current densi�es 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 ra�o of 
the areas (radii) of the electrodes. 

(1 ) c

a

ji Rj
R

⋅ + γ ⋅
=

 
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 distor�on 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 situa�on where it is necessary to balance the currents 
of the cathode and anode due to the reduc�on 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 distribu�on of charged par�cles around  
the anode and the radial distribu�on of the poten�al 
show that in the plasma mode, the plasma is concen-
trated in the region of maximum charged par�cle con-
centra�on, where their main genera�on and diffusion 
occurs with subsequent deioniza�on at the electrodes. It 
is important to note that the poten�al 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 poten�al 
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 le� of the "fracture", where we have a dis-
charge in a complicated form or close to it. In the right 
parts of the curves, rela�ve to the "fracture", a plasma 
region appears, which expands with an increase in  
the parameter p×(rc–ra). and the distance between  
the cathode and the anode, while the maximum concen-
tra�on of charged par�cles 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 condi�ons for the occurrence of the discharge 
correspond to the le� part of the region of the minimum 
of the Paschen curve within the framework of the dri�-
diffusion approxima�on, which made it possible to iden-
�fy the peculiari�es 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/m2) and has a steeply 
increasing I–V curve. The plasma mode at a higher cur-
rent density has a much slope I–V curve with a smaller 
angle of inclina�on. The transi�on from one mode to  
another occurs at cathode current densi�es 
~1.8...2.5 A/m2. In the men�oned range of pd,  
the discharge form characteris�c 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 o�en called obstructed, since there is no 
region of nega�ve glow characteris�c of a glow dis-
charge, in which the main amount of ions is actually gen-
erated, part of which dri�s 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 I–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 nega�ve glow, which extends from the region 
of the cathodic poten�al 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 
accelera�on of electrons to the energy required for gas 
ioniza�on. The existence of an ion shell around  
the anode is due to the high density of electrons around 
it and the automa�c crea�on 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-
�onal to the ra�o of the cathode and anode radii. 

In both modes of discharge, the electron and ion con-
centra�on distribu�ons in the gap have a significantly 
non-homogeneous dome-like character with a shi� of 
the maximum towards the anode. The dome-shaped  
nature of the distribu�on is due to the movement of ions 
to the electrodes due to diffusion and dri� in the electric 
field with subsequent recombina�on (the maximum  
poten�al of space occurs in the region of the maximum 
concentra�on of charged par�cles, 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 ioniza�on, including the region of the nega�ve glow 
plasma, expands, and the maximum of the distribu�on 
shi�s away from the anode. 

Thus, the studies showed that in the plasma mode of 
the glow discharge in the coaxial electrode system at pd 
= 1 and 1.5 Pa/m in argon, the maximum ion current den-
sity at the cathode is 9 and 11 A/m2, and the maximum 
concentra�on of charged par�cles in of the interelec-
trode gap is ~ 7·1015 m-3 at a discharge voltage of 140 V. 

The obtained results can be used in the development 
of plasma technologies for the modifica�on of the inter-
nal surfaces of metal hollow elongated parts with a small 
cross-sec�onal size. 
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Abstract—Виконано моделювання тліючого розряду в циліндричній коаксіальній системі з діелектричними торцями 
електродів в гідродинамічному дрейфово-дифузному наближенні. Параметри моделі: діаметр зовнішнього  катода 10 
та 13 мм, діаметр анода 2 мм, напруга 2800 В, температура газу 300 К. pd ~ 1 Па·м, що відповідає лівій частині області 
мінімуму кривої Пашена для запалювання розряду. Були враховані реакції іонізації атомів електронним ударом, гене-
рації та гасіння метастабільних атомів, пружнього зіткнення електронів з атомами та пружнє зіткнення іонів, резонансне 
перезарядження іонів, іонізація Пенінга, а також вторинна іонно-електронна емісія катода. Були розраховані в рамках 
самоузгодженої задачі розподіл потенціалу і концентрації заряджених частинок в міжелектродному проміжку, густини 
іонних і електронних струмів, представлені вольт-амперні характеристики для двух мод розряду - плазмового та без-
плазмового. Визначено вплив  pd на параметри та моду розряду. Отримані результати можуть бути використані в плаз-
мових технологіях модифікації внутрішніх поверхонь металевих, порожнистих, протяжних деталей з малим попереч-
ним розміром, тобто в умовах близьких до ускладненого виникненням розряду.  

Ключові слова — тліючий розряд; дифузійні моделі; моделювання плазми. 
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