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The role of anode processes in the formation of self-organized glow discharge (GD) structure is
analyzed in the case of spherical diode, the latter, as well as a short plane diode, being charac-
terized by the absence of a positive column. The results of numerical calculations are compared
with the experimental GD current-voltage characteristics and the electric field strength distri-
butions measured by the probe method. It is shown that the boundary conditions at the anode
should be formulated with regard for a possibility of a potential drop at the anode. In this
case, the calculated diode potential decreases significantly and corresponds to experimentally
observed results.
K e yw o r d s: glow discharge, spherical diode, short diode, electric field, anode processes, fluid
model, current-voltage characteristics.

1. Introduction

An important role of near-anode phenomena in the
optimization of processes running in a short diode,
which is a model of thermionic converter to transform
thermal energy into electric one, was pointed out as
long ago as in 1971 by N.D. Morgulis, the founder
of the Kyiv school of physical electronics and plasma
physics [1]. Really, the magnitude and the sign of a
potential drop at the anode (in other words, the an-
ode potential fall, AF) can change the final voltage
at the converter and, as a result, the efficiency of its
operation.

In the early scientific publications (see, e.g., work
[2, sections 58 and 59]), the nature and the magni-
tude of AF were mainly explained on the basis of
the relationship between the plasma ability to pro-
vide the anode current owing to the chaotic flow of
electrons, 𝐼𝑐 ∼ 0.25𝑒𝑁e𝑣e𝑆, where 𝑒 is the electron
charge, 𝑁e the electron concentration, 𝑣e the aver-
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age electron velocity, and 𝑆 the area of the anode
surface from the discharge side, and the discharge
current 𝐼 taken away from the anode into the ex-
ternal electric field. If 𝐼𝑐 > 𝐼, there arises a nega-
tive (braking for electrons) AF, which detains some
fraction of the chaotic electron flow from plasma,
similarly to what an electric probe does in plasma.
In the opposite case 𝐼𝑐 < 𝐼, there arises a posi-
tive AF, which provides an additional generation of
charged particles sufficient to compensate the differ-
ence 𝐼 − 𝐼𝑐.

Experimental researches [3, 4] demonstrated that,
under the glow discharge (GD) conditions, – in partic-
ular, in nitrogen – near-anode phenomena can be real-
ized in the form of anode spots. In work [3], where the
GD was generated in a tube with variable distance 𝐿
between the cathode and the anode, anode spots were
observed in the pressure interval 𝑝 = 0.4÷14 Torr.
The easiest conditions for their appearance emerged,
when the distance 𝐿 corresponded to the beginning
of the positive column (PC) formation. On the con-
trary, when the anode was moved into the Faraday
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dark space (FDS) region, the anode spots gradually
disappeared.

Researches in work [4] were performed under con-
ditions of a spherical GD, when the external sphere
26.7 cm in radius played the role of cathode, and the
internal copper sphere 5.1 cm in diameter the role
of anode. This geometry of GD was specially chosen
for the optimum formation and researches of anode
spots. The cited authors noted that the copper an-
ode was always covered by a uniform discharge at
every pressure 𝑝 > 1.5 Torr and the discharge cur-
rent 𝐼𝑑 ≤ 500 mA. If the pressure grew or the cur-
rent decreased, the region of discharge contact with
the anode got dimmer and acquired a diffusive char-
acter. Under the conditions of discharge in nitrogen,
anode spots never appeared at 𝑝 > 1.5 Torr, irrespec-
tive of the attained discharge current. They started
to be observed at 𝑝 = 1.25 Torr and 𝐼 = 420 mA.

In the researches performed within recent decades
(see, e.g., works [5–7]), a detailed simulation of pro-
cesses in the AF region was carried out with regard
for a balance between the generation and the loss of
charged and neutral particles in the resonance and
metastable states on the anode surface and the lat-
eral walls of the GD tube, which confines the positive
column and governs its existence.

2. Working Hypothesis

Earlier, we studied experimentally [8] and numeri-
cally [9,10] physical processes in a spherical gas-filled
diode with the aim to optimize the nitriding process
(one of the surface modification methods) for metal-
lic objects, which is executed in a nitrogen-containing
atmosphere under the GD conditions (see also work
[11]). Technologically, this atmosphere was created in
a metallic chamber (with observation windows) of a
vacuum installation, with the chamber playing the
role of anode. A sample stage at the center of the
chamber and objects on it, the surfaces of which
were to be modified, composed a cathode. In our re-
searches, the effective radius of the chamber (anode),
𝑟𝑎 ≈ 20÷33 cm, was much larger than the effec-
tive radius of the stage surface and objects (cathode),
𝑟𝑘 ≈ 2 cm [8]. This circumstance allowed the GD to
be regarded as a spherical one [9]. Since 𝑟𝑎 ≫ 𝑟𝑘, the
discharge was long in the geometrical sense. However,
there were no transverse effects in it, which gov-
erned the structure of the GD positive column in a

long cylindrical tube. The FDS in the spherical dis-
charge is supposed to extend up to the anode (see
[12] and [13, p. 547]). Really, from the physical view-
point, there is no necessity for the PC to emerge in
this case, because its role in ordinary discharges con-
sists in the compensation of charged particle losses in
the radial direction on the tube walls. It is provided
by the ionization of a plasma-forming compound in
the longitudinal electric field of PC to ensure the pas-
sage of the discharge current.

Visually, the GD looks like a luminous region near
the cathode, with the intensity maximum being lo-
cated at a distance of 2–3 cm from the latter. It in-
cludes a classical cathode layer itself and a zone of
negative glow. Further, this region transforms into
the FDS, which reaches the anode surface. Since, in
what follows, the matter concerns the processes run-
ning near the anode, it should be noted that, under
experimental conditions, no peculiarities in the ra-
diation emission were observed visually at the FDS
boundary and the chamber (anode) surface. Anode
spots were not observed as well.

In this work, the numerical simulation of the
processes in the AF was carried out for a spher-
ical diode filled with nitrogen in the pressure in-
terval 𝑝 = 0.4÷2 Torr and at discharge currents
𝐼 = 10÷200 mA. The cathode radius was equal to
𝑟𝑘 = 1.5 cm, and the anode one to 𝑟𝑎 = 20 cm. The
gas temperature in the discharge was taken to be
𝑇 = 300 K, as a rule. Calculations were carried out
according to the standard hydrodynamic model of
GD [14, 15]. The corresponding boundary conditions
were substantiated in work [14] for a GD at 𝑝 = 5 Torr
in a short planar diode, in which the cathode and
the anode are located so close to each other that the
PC is absent. No ionic current was supposed to be at
the anode, and the anode voltage was assumed to be
known. In work [15], a similar model was used for an
axially symmetric long GD between planar electrodes
at the same pressure of 5 Torr, and the PC region was
also taken into consideration.

Among the results of calculations obtained in works
[9,10], the attention is attracted to a considerable po-
tential drop across some part of the discharge outside
the near-cathode region. Its magnitude can amount
up to half the total voltage drop across the discharge
interval, depending on the GD supply regime. For-
mally, it looks like an extended PC region with an
inherent electric field, which does not depend practi-
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cally on the processes running near the cathode. Ho-
wever, its existence contradicts the results of exper-
imental determination of the potential distribution
along the diode radius, by using the probe method
[16]: no appreciable electric field was detected there.

A working hypothesis for the explanation of this
effect can be based on that the formulation of the
problem in works [9, 10] supposed the existence of a
substantial field outside the near-cathode region, in
the gap between the electrodes. This field is required
to generate charged particles in the gap, the ionic
component of which should compensate a consider-
able bulk charge, which the electron component of
the discharge current is responsible for. One may ex-
pect that the account for a possibility for the PC to
be formed in the GD would “ensure” the generation of
charged particles in the near-anode layer at low losses
of electric power. The injection of ions from this layer
into the gap between the electrodes compensates the
bulk charge and eliminates the necessity for a sub-
stantial electric field to exist in the gap.

In order to specify the role of the processes run-
ning near the anode at this stage, we carried out a
numerical experiment with regard for, in essence, the
principle of minimum power in a gas discharge [17]. In
so doing, the electric field strength at the anode 𝐸A,
which can be varied, was taken as a boundary con-
dition. The organization of this experiment became
possible due to the efficiency of computations for
the mathematical model of GD developed in works
[9, 10]. The process is based on the method of contin-
uation of a solution in the parameter (the so-called
method of quasilinearization) and allows the distri-
butions of main discharge parameters in the whole
discharge interval to be determined rather quickly in
the framework of the same model [18].

3. Formulation of the Problem

The influence of anode processes on the formation of a
self-organized spatial GD structure between two con-
centric spheres, where the internal sphere is a cath-
ode, and the external one an anode, was studied. The
researches were carried out in the framework of the
hydrodynamic model, which is sufficient to illustrate
the essence of the AF effect in the spherical GD.

The system consisting of equations describing the
fluxes of charged particles and making allowance for
the drift and diffusion flux components and the Pois-

son equation for the electric field strength is consid-
ered. In the spherical coordinate system in view of
the symmetry of the problem, these equations look
like [9, 10]:

1

𝑟2
𝑑

𝑑𝑟

(︀
𝑟2𝐽e

)︀
− 𝛼(𝐸)𝐽e = 0, (1a)

1

𝑟2
𝑑

𝑑𝑟

(︀
𝑟2𝐽i

)︀
+ 𝛼(𝐸)𝐽e = 0, (1b)

−𝐷e
𝑑𝑁e

𝑑𝑟
+ 𝜇e𝑁e𝐸 = 𝐽e, (2a)

𝐷i
𝑑𝑁i

𝑑𝑟
+ 𝜇i𝑁i𝐸 = 𝐽i, (2b)

1

𝑟2
𝑑

𝑑𝑟

(︀
𝑟2𝐸

)︀
=

𝑒

𝜀0
(𝑁e −𝑁i). (3)

Here, 𝐽e and 𝐽i are the absolute values of electron
and ion flux densities, respectively. So that, the total
discharge current equals

𝐼 = 4𝜋𝑟2𝑒 (𝐽e + 𝐽i); (4)

𝐸 = −𝐸𝑟, where 𝐸𝑟 is the radial projection of the
electric field strength; 𝑁e, 𝐷e, 𝜇e, 𝑁i, 𝐷i, and 𝜇i are
the concentration, diffusion coefficient, and mobility
of electrons (the subscript 𝑒) and ions (the subcript 𝑖),
respectively; 𝛼(𝐸) is Townsend’s first ionization coef-
ficient; 𝑒 the elementary charge; and 𝜀0 the dielectric
constant.

The boundary conditions at the cathode are:

𝐽e = 𝛾𝐽i, 𝐽i =
1

1 + 𝛾

𝑗K
𝑒
, (5)

where 𝛾 is the coefficient of secondary emission, and
𝑗K the current density at the cathode. In accordance
with our working hypothesis, the AF is positive and,
hence, braking for ions. Therefore, the concentration
of ions and the density of their flux at the anode are
supposed to vanish:

𝑁iA = 0, 𝐽iA = 0. (6)

Additionally, the value of electric field strength at the
anode, 𝐸A, is supposed to be a known variable:

𝐸A = var. (7)

Analogously to works [9, 10], the following formula
is used for Townsend’s first ionization coefficient:

𝛼 = 𝐴𝑝 exp

(︂
−𝐵𝑝

|𝐸|

)︂
cm−1. (8)
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Here, the pressure 𝑝 is reckoned in Torr units, the
electric field strength 𝐸 in V/cm ones, and the co-
efficients 𝐴 = 12 and 𝐵 = 342. The parameters 𝜇i,
𝜇e, 𝐷i, and 𝐷e in Eqs. (1) and (2) are considered to
be independent of the field magnitude. Moreover, the
diffusion coefficients are determined by the formulas

𝐷e = 𝜇e𝑘𝑇e/𝑒, 𝐷i = 𝜇i𝑘𝑇i/𝑒, (9)

where 𝑘 is the Boltzmann constant; the mobili-
ties of charged particles are taken equal to 𝜇e =
= 4.4 × 105𝑝−1 cm2 Torr/(V s) and 𝜇i = 1.44×
× 103 cm2 Torr/(V s); the electron temperature 𝑇e =
= 11600 K, and the temperatures of ions and atoms
𝑇i = 𝑇a = 300 K. The coefficient of secondary ionic-
electronic emission from the cathode is put equal to
𝛾 = 0.1.

4. Estimation of the Electric
Field Strength at the Anode

To estimate the electric field strength at the anode,
let us take advantage of the plasma electric neutrality
in the main volume of GD,

𝑁i = 𝑁e, (10)

and of the circumstance that the drift components of
charged particle fluxes prevail in this volume, i.e., as
follows from Eqs. (2),

𝐽i = 𝜇i𝑁i𝐸, (11a)
𝐽e = 𝜇e𝑁e𝐸. (11b)

The latter factor is definitely substantiated by the
results of works [9, 10] specially devoted to the study
of diffusion effects in a GD. Proceeding from Eqs. (4),
(10), and (11), we can determine the magnitude of
ionic flux 𝐼i = 4𝜋𝑟2𝑒𝐽i in the discharge interval of
GD:

𝐼i =
𝜇i

𝜇e + 𝜇i
𝐼. (12)

Just this relation has to be satisfied under the influ-
ence of AF on the basis of our working hypothesis.

Since 𝜇i ≪ 𝜇e, a small amount of ionization
events is sufficient to form 𝐼i in the anode layer. The
corresponding values of the electric field and the
AF magnitude are also small. Those parameters can
be determined from the following consideration [17,
Ch. 14]. From Eqs. (1b) and (4), taking into account

that the distance 𝑟 changes relatively weakly near the
anode, we obtain the formula

𝑑𝐼i
𝐼 − 𝐼i

= −𝛼(𝐸)𝑑𝑟. (13)

In order to determine the number of ionization events,
let us integrate this relation from a certain coordinate
𝑟0 within the FDS interval near the anode (the exact
position is not important, because the ionic flux prac-
tically does not change there, and Townsend’s coeffi-
cient 𝛼 = 0 in the FDS interval) to the AF end:

0∫︁
𝜇i

𝜇i+𝜇e
𝐼

𝑑𝐼i
𝐼 − 𝐼i

= −
𝑟A∫︁

𝑟0

𝛼(𝐸)𝑑𝑟. (14)

In such a manner, we obtain the average number of
ionization events by electrons in the AF, which is suf-
ficient for the formed ions to maintain the plasma
quasineutrality in the FDS,
𝑟A∫︁

𝑟0

𝛼(𝐸)𝑑𝑟 = − ln

(︂
1− 𝜇i

𝜇i + 𝜇e

)︂
=

= ln

(︂
𝜇i + 𝜇e

𝜇e

)︂
≈ 𝜇i/𝜇e. (15)

Before the changing in formula (15) from the inte-
gration over the spatial coordinate to the integration
over the field, we should note that, as a result of the
insignificant concentration of ions near the anode, the
Poisson equation (3) in this region can be written as
follows:
𝑑𝐸

𝑑𝑟
=

𝑒

𝜀0
𝑁e. (16)

Using now this relation in Eq. (15), we obtain the
equation for the field strength,
𝐸A∫︁
0

𝛼(𝐸)𝑑𝐸
𝑒
𝜀0
𝑁e

=
𝜇i

𝜇e
. (17)

The lower limit of integration can be put equal to
zero, because the charge generation is practically ab-
sent (𝛼 = 0) at the field values lower than those in
the FDS, 𝐸 ≈ 2÷5 V/cm.

In order to obtain a simple estimate “from above”
for the electric field at the anode, let us use the fact
that dependence (8) for 𝛼(𝐸) has a sharp exponential
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Fig. 1. Distributions of the potential 𝑈 in the interelectrode
interval of a spherical GD: without the AF (1) and taking the
AF into account at the field strength at the anode 𝐸*

A (2) and
𝐸Af (3). The discharge current 𝐼 = 100 mA, and the pressure
𝑝 = 150 Pa

character. Let us determine such a field magnitude
𝐸Af that would be sufficient not only for condition
(17) to be satisfied, but additionally create a diffu-
sion electron flux 𝐽e dif directed to the cathode (in
the opposite direction to the drift component of flux
𝐽e dr) and strongly exceeding 𝐽e. In this case, a simple
final expression can be obtained, because the relation
𝐽e dr ≈ 𝐽e dif ≫ 𝐽e is obeyed, and, accordingly, we
may set the diffusion and drift fluxes equal to each
other,

𝐷e
𝑑𝑁e

𝑑𝑟
= 𝜇e𝑁e𝐸. (18)

Now, we should substitute the value of 𝑁e from
Eq. (16) into this formula and integrate the result
along the AF interval,

𝐷e

𝑁∫︁
𝑁e0

𝑑𝑁e

𝑑𝑟
= 𝜇e

𝜀0
𝑒

𝐸∫︁
0

𝐸
𝑑𝐸

𝑑𝑟
.

As a result, we determine a relation between the field
strength and the electron concentration near the an-
ode,

𝑁e = 𝑁e0 +
𝜀0
𝑒

𝜇e

2𝐷e
𝐸2, (19)

where 𝑁e0 is a quantity, whose order of magnitude
corresponds to the electron concentration in the FDS
interval.

Substituting expression (8) for the first ionization
coefficient and expression (19) for the electron con-
centration (without the neglected term 𝑁e0) into

Eq. (17), we obtain the sought value of electric field
strength at the anode. Really,

𝐸Af∫︁
0

𝛼(𝐸(𝑟))𝑑𝑟 =

𝐸Af∫︁
0

2𝐷e𝐴

𝜇i𝐵
exp

(︂
−𝐵𝑝

|𝐸|

)︂
𝑑

(︂
−𝐵𝑝

𝐸

)︂
=

=
2𝐷e𝐴

𝜇i𝐵
exp

(︂
−𝐵𝑝

𝐸A

)︂
=

𝜇i

𝜇e
,

whence
𝐸Af =

𝐵

ln
(︁
2𝐷e𝐴
𝜇i𝐵

)︁ 𝑝. (20)

In Fig. 1, the examples of calculated potential dis-
tributions in spherical GDs are shown. First of all,
the attention is attracted to that the result deter-
mined in accordance with works [9, 10] and corre-
sponding to the boundary condition at the anode
𝑑𝑁e/𝑑𝑟 = 0 (curve 1 ) testifies to a considerable po-
tential growth Δ𝑈 ≈ 500 V outside the cathode layer,
which can attain half the total voltage drop across
the discharge interval. Just this fact makes this re-
gion formally similar by its properties to the “positive
column”, in which ions compensating the bulk charge
are generated. However, the existence of such a region
contradicts the results of probe measurements of the
spatial potential distribution [16, 19].

At the same time, if, in accordance with Eq. (20),
the field at the anode is put equal to 𝐸Af , a sub-
stantial reduction of the voltage drop across the
FDS interval to a level Δ𝑈 ≈ 50 V is obtained
(curve 3 ), which is an order of magnitude smaller
than that calculated taking no AF into account. The
formation of ions in this case is localized to the AF
interval.

5. Specification of Processes
Running in the AF Interval

In order to further optimize the operating mode of the
diode, the dependence of the voltage difference across
the discharge interval, 𝑈𝑑, on the field at the anode,
𝐸A, is researched. Its typical example is shown in
Fig. 2. As 𝐸A grows, the value of 𝑈𝑑 changes weakly
at first. When 𝐸A achieves a certain critical value,
the electrode voltage drastically decreases. A further
increase of 𝐸A is accompanied by a small reduction
of the voltage, but the resulting curve has no mini-
mum. Mathematically, the inflection point in the de-
pendence 𝑈𝑑(𝐸A), where the magnitude of the curve
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slope is maximum, was selected as a characteristic
value 𝐸*

A of the electric field at the anode in the
AF. Figure 1 illustrates the dependence of the po-
tential distribution on the spatial coordinate in the
diode at the selected value of the field at the anode
(curve 2 ), which is an intermediate one with respect
to the previous data.

The characteristic value 𝐸*
A of the field at the an-

ode almost does not depend on the discharge current
𝐼. For instance, at the pressure 𝑝 = 150 Pa and the
current varied from 20 to 200 mA, it weakly changes
within an interval of 113.6–115.3 V/cm. A certain
growth of 𝐸*

A with the current can be explained by
the growth of carrier concentration in the FDS (as
a result, the neglected quantity 𝑁e0 in Eq. (19) in-
creases).

The value of 𝐸*
A almost linearly depends on the

pressure 𝑝 (Fig. 3). This behavior corresponds to re-
lation (20), according to which the upper estimate for
the characteristic field strength at the anode 𝐸Af is
also proportional to the pressure and does not depend
on the discharge current 𝐼. Expectedly, 𝐸*

A < 𝐸Af ,
but the difference between them is insignificant. For
example, 𝐸*

A = 114.6 V/cm and 𝐸Af = 126.4 V/cm
at the pressure 𝑝 = 150 Pa and the discharge current
𝐼 = 100 mA.

In Figs. 4 and 5, the radial distributions of the
field 𝐸 and the electron, 𝑁e, and ion, 𝑁i, concen-
trations in the spherical diode are shown for various
boundary conditions at the anode. Those plots visu-
ally demonstrate a correlation between the effects as-
sociated with the generation of ions in the AF interval
under the influence of a local electric field. When the
field at the anode achieves the value of 𝐸*

A, the con-
centration of charges considerably increases (Fig. 5,
curve 2), and the field in the FDS decreases by an or-
der of magnitude (Fig. 4, curve 2), so that a positive
potential jump that is formed in the AF interval has
a magnitude of about several volts. The thickness of
the AF localization region where the basic potential
drop takes place amounts to 𝛿A = 0.02 cm at a pres-
sure of 150 Pa. Near the anode, the distributions of
the field, 𝐸(𝑟), and concentrations, 𝑁e(𝑟) and 𝑁i(𝑟),
are almost identical for various values of discharge
current 𝐼.

As is shown in Fig. 6, the ionic current 𝐼i is gen-
erated in the AF in a thin layer adjacent to the an-
ode (curves 2 and 3). In the FDS region, the ionic
current remains constant, and its fraction 𝐼i/𝐼 is

Fig. 2. Dependence of the voltage 𝑈𝑑 between the GD elec-
trodes on the field strength at the anode 𝐸A. The discharge
current 𝐼 = 100 mA, and the pressure 𝑝 = 150 Pa

Fig. 3. Pressure dependences of the characteristic fields at the
anode in the AF: 𝐸*

A (1, the discharge current 𝐼 = 100 mA)
and 𝐸Af (2)

Fig. 4. The same as in Fig. 1, but for the field strength 𝐸A

ISSN 2071-0186. Ukr. J. Phys. 2016. Vol. 61, No. 2 103



V.A. Zhovtyansky, O.V. Anisimova

Fig. 5. The same as in Fig. 1, but for the electron (𝑁e, solid
curves) and ion (𝑁i, dashed curves) concentrations

Fig. 6. The same as in Fig. 1, but for the ionic current fraction
𝐼i/𝐼

close to 𝜇i/𝜇e. In the case 𝐸A = 𝐸*
A (curve 2),

𝐼i/𝐼 = 3.25× 10−3, which is almost equal to 𝜇i/𝜇e =
= 3.3 × 10−3. In the absence of AF, the generation
would take place directly in the FDS, which would
correspond to rather a high value of the field in this
region (about 20 V/cm).

As the field at the anode increases, 𝐸Af > 𝐸*
A, the

ionic current fraction grows (it can exceed 𝜇i/𝜇e), the
ionic current in the FDS remains constant, the field
in the FDS decreases, the concentrations of electrons
at the anode and charges in the FDS grow, the field
strength profile approaches a linear one, and the an-
ode layer becomes a little thinner (curve 3 ).

It should be noted that, under the conditions that
are characteristic of Figs. 1 to 6 (a pressure of 150 Pa
and a temperature of 300 K), the mean free path of
electrons 𝜆e = (𝜎𝑁𝑔)

−1, where 𝜎 is the collision cross-

section and 𝑁𝑔 = 3.62× 1016 cm−3 is the concentra-
tion of atoms in the gas, amounts to 𝜆e = 0.0084
for 𝜎 = 3.3 × 10−15 cm2 [20] According to the most
careful estimates [21], 𝜎 = 2.1× 10−15 cm2 for 2.8-eV
electrons, so that 𝜆e = 0.013. Nevertheless, 𝛿A ≥ 𝜆e

in both cases.
In the case 𝐸A = 𝐸Af (curve 3 ), the ionic cur-

rent fraction 𝐼i/𝐼 in the FDS can be both larger (at
low currents) and smaller (at large currents) than
𝜇i/𝜇e. However, those deviations are insignificant.
The reduction of 𝐼i/𝐼, as the current grows, can be ex-
plained by an increase of the charge carrier concentra-
tion in the FDS (the neglected 𝑁e0 grows). The fact
that 𝐼i/𝐼 > 𝜇i/𝜇e for small currents can be explained
by the influence of ions in the anode region. Really,
the concentration of ions was not taken into account
as the term −𝑁i on the right-hand side of formula
(16). Therefore, when determining the field strength
gradient according to expression (17), the denomina-
tor has to decrease at the transition from the anode to
the FDS region. Accordingly, the integral (the num-
ber of ionization events) will grow, which will give
rise to the growth of the ionic current.

6. Influence of AF
on the Energetics of Processes in GD

As follows from the consideration above, the ade-
quacy of taking the role of anode processes into ac-
count can be a very important factor when design-
ing the equipment, in which the GD is used, and, in
particular, when substantiating such operation con-
ditions for this equipment that would be the most
effective energetically. As an example, let us consider
an application of the proposed approach to a real in-
stallation for nitriding the surface of metallic objects
in GD plasma [8, 22]. In this case, discharge plasma
was formed in nitrogen (or an N2–Ar mixture) at
a pressure of 50–250 Pa and the discharge current
𝐼 ≤ 120 mA. Specimens to be nitrided were mounted
on a metallic sample stage 5 cm in diameter (together,
they played the role of cathode) in the central part
of the vacuum chamber (the anode). Nitriding was
carried out after the chamber evacuation and a pre-
liminary treatment (cleaning) of the specimen surface
in the GD in the pure argon atmosphere. Nitriding it-
self was carried out in nitrogen or in its mixture with
argon. The temperature of the stage plate and the
specimens during this process was maintained in the
interval from 810 to 820 K, which was optimal for
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the process to be efficient. The objects were heated
by the GD, and, for this reason, the GD power was
maintained at the constant level 𝑈𝑑𝐼 ≈ 60 W during
the nitriding process. The cathode temperature was
monitored with the help of a thermocouple.

The DC supply voltage 𝑈 across the GD was varied
up to 1500 V, and the corresponding current-voltage
characteristics (CVCs) of this discharge were mea-
sured. At each measurement, the equilibrium temper-
ature of the cathode with respect to its Joule heating
and thermal and radiation losses was attained.

At the numerical simulation, this system was ap-
proximated as a spherical diode with the cathode ra-
dius 𝑟𝑘 = 1.5 cm and the anode radius 𝑟𝑎 = 33 cm;
the validity of this approximation was shown in work
[9]. In some cases, experimental researches were also
carried out with a spherical molybdenum cathode.

The set of solutions for the system of equations
(1)–(4) allows one to determine the CVC of the dis-
charge in this diode with those or other boundary
conditions theoretically and compare them with ex-
perimental data. First, CVCs in the case of the stan-
dard boundary conditions (5) and (6) with the addi-
tional condition 𝑑𝑁e/𝑑𝑟 = 0 at the anode were de-
termined. As follows from Fig. 7, a, their comparison
with experimental data testifies to a very weak cor-
relation between two CVC groups.

Bearing in mind that neglecting the radial nonuni-
formity of the gas temperature in the diode owing to
a high cathode temperature could be responsible for
this discrepancy, the system of equations (1)–(4) was
appended with the thermal conductivity equation

1

𝑟2
𝑑

𝑑𝑟

(︂
𝑟2𝜅

𝑑𝑇

𝑑𝑟

)︂
= 0, (21)

where

𝜅 =
8.334× 10−4

𝜎2Ω(2,2)

√︂
𝑇

𝑀

(︂
0.115 + 0.354

𝑐𝑝𝑀

𝑅

)︂
(22)

is the thermal conductivity coefficient [15], 𝑀 the mo-
lar mass, Ω(2,2) = 1.157(71.4/𝑡)0.1472, 𝜎 = 3.68 Å,
and 𝑅 = 8314 J/(mol K). Taking this effect into ac-
count, the gas temperature in the discharge interval
changes from 800 K at the cathode to 400 K at a dis-
tance of 5 cm from it. However, the account of this
temperature nonuniformity did not improve the cor-
respondence between the calculated and experimen-
tally measured (Fig. 7, b, curve 10) CVCs.

a

b
Fig. 7. Experimental (solid curves) and numerically calcu-
lated (dashed curves) CVCs of a spherical GD (𝑟𝑘 = 1.5 cm)
in the absence of AF at pressures 𝑝 = 50 (1, 4), 120 (2, 5),
and 250 Pa (3, 6) (a); at a pressure of 100 Pa: experiment
(7) and numerical simulation data taking the AF into account
at 𝑇K = 800 (8) and 300 K (9), and in the absence of AF at
𝑇K = 800 (10) and 300 K (11 (b))

The account of the influence of AF on the GD pa-
rameters became a key factor in this aspect. The sys-
tem of equations (1)–(4) and (21) was solved with
boundary conditions (5)–(7), when the electric field
strength at the anode was put equal to 𝐸A in accor-
dance with Eq. (20). As one can see from the com-
parison of curves 7 and 8 in Fig. 7, b, the CVC of a
GD in the course of nitriding can be described rather
adequately in this case. A further improvement can
be reach by the additional consideration of a varia-
tion of the instant cathode temperature in accordance
with changing the power, as the voltage across the
discharge interval increases or decreases.

7. Conclusions

To summarize, it is shown in this work that the com-
pensation of the bulk charge in the interval between
the electrodes is an important function of the anode
processes in a GD. This function manifests itself es-
pecially brightly in a short diode, where there are no
alternative mechanisms of such a compensation asso-
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ciated with ionization processes in the PC. By their
physical properties, the spherical diodes are classed
to short diodes, irrespective of the ratio between their
cathode and anode radii. Really, no necessity in the
PC appearance arises in this case, because its role in
ordinary discharges consists in the compensation of
losses by charged particles in the radial direction at
the tube walls, which is provided by the ionization
of the plasma-forming compound in the longitudinal
electric field of a PC to provide the passage of the
GD current.

Main regularities of the AF region formation in
the spherical diode are determined. The account of
this region is shown to result in a considerable re-
duction of the calculated potential drop at the GD
electrodes. A physical reason for this effect consists
in the generation of charged particles in the AF at
a low electric power consumption, the ionic compo-
nent of which provides the compensation of the bulk
charge in the FDS interval. An issue concerning the
absence of a minimum in the functional dependence
of the potential drop at the GD electrodes, 𝑈𝑑, on
the electric field at the anode in the AF interval
near 𝐸A remains open to discussion. A probable rea-
son consists in that, in the framework of the hydro-
dynamic model, electrons “do not know” that their
capabilities to use the potential at collisions are re-
stricted, because the effective AF thickness is compa-
rable with the characteristic mean free path of elec-
trons, 𝛿A ∼ 𝜆e, and continues to decrease as 𝐸A

grows.
The adequate account of the AF role makes it possi-

ble to optimize the GD simulation from the viewpoint
of the GD application to a plasma-assisted modifica-
tion of the surface of metallic objects, bearing in mind
to achieve the best power efficiency.
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РОЛЬ ПРИАНОДНИХ ПРОЦЕСIВ
В ЕНЕРГЕТИЦI ЖЕВРIЮЧОГО РОЗРЯДУ

Р е з ю м е

Проаналiзовано роль прианодних процесiв у формуваннi са-
моорганiзованої структури жеврiючого розряду (ЖР) на
прикладi сферичного дiода. Його особливiсть, як i коротко-
го плоского дiода – вiдсутнiсть позитивного стовпа. Дослiд-
ження виконане методом чисельного експерименту, резуль-
тати якого порiвнюються з вимiрюваннями вольт-амперних
характеристик ЖР та напруженостi електричного поля
зондовим методом. Показано, що граничнi умови на анодi
повиннi формулюватися з урахуванням можливостi форму-
вання прианодного скачка потенцiалу. Це значно зменшує
розрахункове падiння потенцiалу на дiодi, що вiдповiдає
експериментальним результатам.
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