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The paper presents an analysis of data on the cross sections for ionization by electron impact of noble gas 
atoms such as hydrogen, helium, neon, argon, krypton and xenon. For the selected sets of experimental 
and theoretical data an analytical formula is proposed, based on separate accounting for the knockout of 
electrons from the outer and inner shells, and the corresponding approximation coefficients are selected. 
By single-term and two-term analytical dependences, approximation errors and coefficients of the
ionization cross sections of noble gas atoms were obtained. The obtained semi-empirical formula 
reproduces the values of the ionization cross sections in a wide range of energies with an accuracy of 
several percent. Energy dependence of the ionization cross section for an electron collision with a noble 
gas atoms were calculated and compared with available experimental data. The analysis of the 
approximation coefficients makes it possible to reduce the influence of errors in the initial experimental 
data and significantly increase the accuracy of estimating the ionization cross sections.

Key words: electron atomic collisions, ionization cross section, approximation of cross sections, noble 
gases.
PACS numbers: 34.80.Bm, 34.80.Dp, 51.50.+v, 52.80.Dy. 

1 Introduction

The bibliography on cross sections of electron-
atomic collisions has thousands of works, and 
probably an exhaustive review and selection of data 
is contained in the works [1–6]. However, it should 
be borne in mind that a critical analysis of the 
results of experimental data in the review work is 
very difficult due to the fact that the errors given in 
the original works of the order of 1–3% differ from 
each other sometimes by 50%. Therefore, in the 
review work, only a comparative analysis of the 
results obtained is really possible, which shows that 
at best, the relative errors of measuring cross 
sections are of the order of 5–10%, and more often 
20–50%, sometimes reaching 100%.

The most convenient form of presenting
experimental and computational-theoretical data is 
the selection of analytical approximations for them. 
We began a critical analysis and assessment of the 
cross sections for electron scattering by atoms of 
noble gases and vapors of some metals in a wide
range of energies in [16–20], where approximations 

were proposed for the cross sections of elastic and 
inelastic collisions of electrons with rare gas atoms. 
Ionization by electron impact from the ground state 
of the atom is the most common method for the 
formation and maintenance of a gas-discharge 
plasma. From a large number of experimental and 
calculated data on the cross sections for ionization 
of atoms by electron impact, we have chosen by 
comparative analysis such data that allowed us to 
significantly expand the range of applicability of the 
proposed analytical dependences.

2 Approximation of the ionization cross 
section

The formulation of the problem of finding an 
analytical approximation of the ionization cross 
section of an atom by an electron impact is based on 
the use of known analytical estimates, the results of 
experimental measurements and numerical quantum 
mechanical calculations. In 1912, Thomson propo-
sed the dependence of the ionization cross-section 
on the electron energy of the following form [21]:

https://orcid.org/0000-0002-8900-4483
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which is obtained for the case of a stationary 
valence electron at the energy of the incident 
electron Iε > . Here, e is elementary charge, I is the
first ionization potential, a0 is Bohr radius, Ry is 
ionization energy of a hydrogen atom. Formula (1) 
gives a linear increase in the ionization cross section 
at a small excess of the collision energy over the 
ionization potential and reaches the maximum value 

4 2 2 2
max 0/ 4 ( / )e I a Ry Iσ π π= = at the energy of 

the incident electron 2Iε = , Ry=13.6 eV,
4 2

0
2

0 .0.876e a Åσ π π= = =
The first experiments on measuring the 

dependence of the ionization cross section on the 
energy showed that, in full accordance with 
Thomson formula (1), the initial part of the curve is 
described fairly well by a linear function up to 
energies of the incident electron ε<2I. But the 
maximum ionization cross section for all inert gases 
lies in the energy range (3 ,7 )I Iε ∈ . For the first 
time, a semi-empirical formula for approximating 
the initial part of the dependence of the ionization 
cross section on the energy of the incident electron 
was proposed by Compton and van Voorhees in 
1925 [22]:

( ) ( ), 2 .ionization iC I I Iσ ε ε ε= − < <

Wannier proposed a power-law dependence with 
an exponent of 1.127 to approximate the initial part:

1.127( ) ( ) , ,ionization iC I Iσ ε ε ε= − >

which takes into account the interaction of the 
incident and bound electrons [23, 24].

The first ionization potential I can serve as the 
natural scale of energy in the collision of an electron 
with an atom; therefore, it is convenient to go over 
to the dimensionless energy x=ε/I. In our works [17-
20] for atoms of noble gases, hydrogen and some 
metals, a formula is proposed for the cross section 
of ionization of an atom by electron impact with 
three approximation coefficients α, β, γ:

( )
(1 )ionization

xx
x γ

ασ
β
∆

=
+ ∆

,          (2)

где x=ε/I, Δx=x−1, x > I. For
2 2
04 ( / ) , 1,  =2a Ry Iα π β γ= = it coincides 

with Thomson’s formula (1). The errors of 
approximation of experimental data by analytical 
dependence (2) for noble gases and vapors of some 
metals are in the range of 3-7%, which corresponds 
in order of magnitude to the errors of the 
experiments themselves. The maximum cross-
section value according to (2) is achieved at 

1/ ( ( 1)).x β γ∆ = −
To approximate the functional dependences of 

the cross sections on the collision energy, the sum of 
the series is often used, and the number of terms of 
the series used can be quite large. At a sufficiently 
high electron energy, ionization of the atom due to 
the knocking out of electrons from the inner shells 
of the atom can play a significant role. To take this
factor into account, Lotz in [25-27] analyzed the 
experimental and theoretical data existing at that 
time and, within the framework of the shell model 
of the atom, proposed a formula that has the form

1

( )

(1 exp( )) ln( ) /
ionization

n
i i i i i iia q xb xc x

σ ε =

= − ∆−∑
, (3)

where q1 is a number of electrons on the outer shell,
qi is the number of electrons on the next i-th inner 
shell, I1 – first ionization potential of an atom, Ii is 
an ionization energy from the i-th inner shell of the 
atom, / , 1,    1  i i i i ix I x x xε= ∆ = − > , ai, bi , ci

– fitting parameters. When using two or three terms 
of series (3), he obtained the coefficients of 
approximation of experimental data with an 
accuracy of 10-20%.

In this work, an attempt is made to take into 
account the ionization of an atom due to the 
knocking out of electrons from the inner shells on 
the basis of our earlier proposed formula (2). A 
logical way to take into account this ionization 
channel is to use a two-term approximation, in 
which the first term corresponds to ionization from 
the outer shell, and the second term describes 
ionization from the second shell

1 2

1 1 2 2
1 2

1 1 2 2

( ) q q
(1 ) (1 )ionization

x x
x xγ γ

ασ ε α
β β
∆ ∆

= +
+ ∆ + ∆

, (4)

where 1 1 1 1 1/ , 1,    1x I x x xε= ∆ = − > , and

2 2 2 2 2/ , 1,    1.x E x x xε= ∆ = − >
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If we put all the fitting coefficients to be the 
same for both shells, then in the two-term 
approximation we obtain a formula with three fitting 
coefficients α0, β0, γ0:

0 0

0 1 0 2
1 2

0 1 0 2

( ) q q
(1 ) (1 )ionization

x x
x xγ γ

ασ ε α
β β
∆ ∆

= +
+ ∆ + ∆

(5)

To determine the coefficients α0, β0, γ0, the 
problem of minimizing the root-mean-square 
deviation of the cross sections from their 
experimental values was solved by the standard 
method of coordinate descent:

exp2

1 exp

2
( ) ( )1

( )

N
fit i i

i i

x x
N x

σ σ
σ=

 −
∆ =  

  
∑ ,

where exp ( )ixσ – experimental values in points ix :

i=1,…,N, and ( )fit ixσ – cross-section values 
calculated by approximating functions. Minimizing 
the relative error instead of minimizing the absolute 
value of the error makes it possible to more 
correctly take into account the statistical weight of 
the cross sections at low and high electron energies, 
when the absolute values of the cross sections are 
small. However, the choice of optimization based on 

relative rather than absolute error leads to a greater 
error in determining the position of the maximum 
value of the ionization cross section. And in 
experiments it is the maximum value of the 
ionization cross section that is most accurately 
measured.

Table 1 shows the characteristics of noble gas 
atoms from [26-27] and experimental data on the 
measurement of ionization cross sections from [28-
30]: the symbol and number of the atom, the static 
polarizability coefficient of the atom K0, the first 
ionization potential I1 and the ionization potentials 
of the atom I2, I3 from the next two (second and 
third) inner shells, the number of electrons q1, q2 and
q3 on the outer and next two inner shells, as well as 
the energy range for which the experimental values 
of the ionization cross sections were obtained, their 
number, our estimate of the experimental data error, 
and a reference to the source of the experimental 
data.

Note that the energy of the first ionization of an 
atom due to the knocking out of electrons from the 
inner shells of an atom is usually slightly higher 
than the energy of the second ionization potential, 
i.e. the ionization potential of a singly ionized atom. 
Binding energies have been taken from paper [27]. 
A helium atom has two electrons forming one shell 
(q1=2, q2=0), therefore, for helium, formula (5) is a 
one-term approximation.

Table 1 – Characteristics of atoms and experimental results on measuring the ionization cross sections of noble gases

3 Results

The results of approximation of the ionization 
cross sections of noble gas atoms by electron impact 
by analytical dependencies (2) and (5) with three 
fitting coefficients are shown in Table 2. For 
comparison, there are also given the parameters of 

approximation of the ionization cross section of the 
hydrogen atom in the one-term approximation 
according to formula (2). In addition to the values of 
the approximation coefficients for these two 
approximations, the relative root-mean-square 
approximation errors for the single-term Δ1 and two-
term Δ2 approximations are also given.    

Atom characteristics Experiment Data
Symbol,
Number K0,a30 I1, eV I2, eV I3, eV q1 q2 q3 ɛ1÷ ɛN, eV N Δ, % Ref.

H,    1 4.5 13.6 - - 1 - - 15- 4000 10 2% Shah, 1987
He,  2 1.383 24.587 - - 2 - - 30 – 4000 21 2-3% Heer, 1977
Ne,  10 2.68 21.564 48.5 869.5 6 2 2 30 – 4000 21 7% Heer, 1979
Ar,  18 11.08 15.759 29.2 247.7 6 2 6 20 – 4000 22 6% Heer, 1979
Kr,  36 16.74 13.996 27.5 93.7 6 2 10 20 – 4000 22 7% Heer, 1979
Xe,  54 27.06 12.127 23.4 68.1 6 2 10 15 – 4000 23 11% Heer, 1979
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Table 2 – Coefficients and errors of approximation of the ionization cross sections of noble gas atoms by single-
term and two-term analytical dependences

The results of the search for the minimum of the 
approximation error for the two-term approximation 
showed that for all gases the exponent is practically 
the same and its value is approximately equal to 
1.92. Therefore, the parameter γ was fixed and set 
equal to 1.92, and the error was optimized for only 
two parameters.

Figures 1 – 5 show the plots of the ionization 
cross sections for all considered inert gases: helium, 
neon, argon, krypton and xenon, respectively. On 

each plot, the experimental data are marked with 
circles, the two-term analytical approximations are 
solid curves, the single-term ones are dashed lines, 
and the cross-section components corresponding to 
ionization from different shells in the two-term 
approximation (5) are dash-dotted lines. The 
splitting of the cross sections into ionization from 
the first and second shells shown in the plots for 
neon, argon, krypton, and xenon clearly shows the 
physical validity of the two-term approximation.

Figure 1 – Energy dependence of the ionization cross section 
for an electron collision with a helium atom: circles – experimental data, 

solid curve – approximation in the one-term approximation with a rms relative deviation of 2.5%

In a helium atom, the entire electronic system 
consists of two electrons, which form only one – 
the outer shell. The approximation of the cross 
section by two terms (4) with six fitting 
parameters and 1 2 24.587I E eV= = leads to a 
very insignificant decrease in the relative error – 
from 2.8% to 2.1%. Obviously, such a decrease 
in the error when using a two-term 
approximation with six parameters is due to an 

increase in the number of fitting coefficients 
from three in formula (2) to six in formula (5). 
On this basis, we estimate the error of the 
experimental data [29] for helium at 2–3%. The 
maximum cross-section value according to (2) is 
achieved at 1/ ( ( 1)) 1/ .x β γ β∆ = − ≈ Accor-
dingly, for the found approximation of the cross 
section, its maximum is 0.34 Å2 and is reached at 
an energy of 125 eV.

α, Å2 α0, Å2 β β0 γ γ0 Δ1, % Δ2, %
H 0.827 - 0.351 - 1.91 - 2.0% -
He 0.365 - 0.287 - - 1.92 2.8% -
Ne 0.383 0.0675 0.152 0.204 1.92 1.92 7.0% 7.3%
Ar 2.92 0.452 0.285 0.321 1.86 1.92 2.8% 5.5%
Kr 3.51 0.523 0.269 0.270 1.80 1.92 2.9% 7.4%
Xe 4.30 0.588 0.259 0.230 1.76 1.92 6.2% 11%
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Figure 2 – Energy dependence of the ionization cross section for an electron collision
with a neon atom: circles – experimental data, dashed and solid curves – approximation 

in the one-term and two-term approximations, 
dash-dotted curves – the first and second terms of the approximation

Figure 3 – Energy dependence of the ionization cross section 
for an electron collision with a argon atom

The neon atom has three shells – the outer shell 
has 6, the second and the inner one also have two 
electrons (10 in total). Ionization from the third shell 

is insignificant due to the large ionization potential –
869 eV. The approximation of the cross section in 
the two-term approximation leads to an insignificant 
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increase in the relative error – from 7% to 7.3%. 
According to the found approximation of the cross 
section, its maximum is 0.67 Å2 and is reached at an 
energy of 160 eV. We estimate the error of
experimental data [30] for neon at 7%. 

The argon atom has 6 and 2 electrons on the 
outer and next inner shells, respectively, and the 
remaining shells closest to the nucleus are clearly 
not taken into account in the two-term 
approximation. Argon has six electrons on the third 
shell with an ionization potential of 248 eV. When 
choosing the approximation coefficients, naturally, 
their contribution to ionization is taken into account 
through the contribution of the experimentally 
measured cross sections. We estimate the error of 
experimental data [30] for argon at 6%. According 
to the found approximation, the maximum value of 
the cross section is 2.9 Å2 and is reached at an 
energy of 90 eV.

The krypton atom has 6 and 2 electrons on the 
outer and next inner shells, respectively. As in argon, 
ionization of the shells closest to the nucleus affects 

the asymptotics of the dependence of the ionization 
cross section at high energies. In the two-term 
approximation, their influence is not explicitly taken 
into account. On the third shell, krypton has ten 
electrons with an ionization potential of 93.7 eV. 
Therefore, ionization from the third shell for krypton 
has a large effect on the ionization cross section near 
the maximum. In addition, after knocking out an 
electron from the third shell, autoionization of an 
electron from the outer shell is possible. To improve 
the accuracy for krypton and xenon, it is necessary to 
take into account the ionization from the third shell, 
i.e. use the three-term approximation [25]. However, 
when choosing the approximation coefficients and in 
the two-term approximation, their contribution to the 
ionization of the atom is naturally taken into account, 
since their contribution is present in the 
experimentally measured cross sections. We estimate 
the error of experimental data [30] for krypton at 7%. 
According to the found approximation of the cross 
section, its maximum is 3.9 Å2 and is reached at an 
energy of 85 eV.

Figure 4 – Energy dependence of the ionization cross section 
for an electron collision with a krypton atom
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Figure 5 – Energy dependence of the ionization cross section 
for an electron collision with a xenon atom

The xenon atom has 6 and 2 electrons on the 
outer and next inner shells, respectively. On the 
third shell, xenon, like krypton, has ten electrons 
with an ionization potential of 68.1 eV. Therefore, 
ionization from the third shell for xenon has a large 
effect on the ionization cross section near the 
maximum. In addition, after knocking out an 
electron from the third shell, autoionization of an 
electron from the outer shell is possible. Ionization 
by knocking out electrons from deep shells strongly 
affects the asymptotics of the dependence of the 
cross section at high energies. The approximation of 
the cross section in the two-term approximation 
leads to an increase in the relative error from 6.2% 
to 11.2%; therefore, we estimate the error of the 
experimental data [30] for xenon at 11%. According 
to the found approximation of the cross section, its 
maximum is 5.2 Å2 and is reached at an energy of 
80 eV.

4 Conclusions

As follows from the data presented in the tables, 
the use of a two-term approximation purely formally 
leads to a significant increase (up to two times) in 
the error in approximating experimental data by 
analytical dependences. However, the addition of 

the second term is not accompanied by the addition 
of new adjustable constants – their number is still 
three. It can be assumed that a physically more 
adequate model, which takes into account the 
ionization of strongly bound electrons from the 
inner shells, gives more accurate data on real cross 
sections. The answer to this question can be 
obtained by analysis and comparison with various 
experimental data and the transition to consideration 
of other elements [31, 32]. In particular, for alkaline 
earth metals, which have only one electron on the 
outer shell, the effect of ionization from the inner 
shells will be greatest. Such a study is planned for 
the future.

The analysis of the obtained analytical 
dependences of the ionization cross sections of inert 
gas atoms by electron impact, together with the 
analysis of the corresponding experimental data, 
allows us to draw several important and interesting 
conclusions:

1. Since helium has only one electron shell, the
variation of the coefficients of the first and second 
terms of the approximation for helium can 
apparently serve as an additional estimate of the 
experimental error. For helium an increase in the 
number of expansion terms from one to two does 
not lead to any noticeable increase in accuracy, 
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which indicates that the error is apparently caused
not by the functional form of formula (2), but by 
errors in the experimental data.

2. In contrast to the one-term approximation
(2), when using an approximation that takes into 
account ionization from the second shell, the value 
of the parameter γ can be chosen the same for all 
elements and equal to 1.92.

3. The division of the cross sections into
ionization from the first and second shells shown in 
the graphs for neon, argon, krypton and xenon 

clearly indicates the physical validity of the two-
term approximation. Therefore, the carried out 
mathematical processing of the experimental data 
makes it possible to achieve a significant increase in 
the accuracy in determining the cross sections by 
finding the analytical dependences obtained from 
the experimental data.

4. In addition, the analysis of the
approximation parameters makes it possible to find 
their values for elements for which there are no 
experimental data.
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Dielectric barrier discharge (DBD) is used for many important applications in various sectors of science and 
technology. For example, for ozone generation, surface modification of polymers, in plasma medicine, and 
for decomposition of heavy volatile organic compounds. Nowadays, one of the actual problems is getting 
of uniformity of discharge distribution for high quality treatment of materials surfaces. To achieve uniform 
distribution of the discharge, several methods are available, one is to use different types of noble gases, and 
another is to use AC power supply with frequency varied in wide range. But besides this, another of the 
potential methods for obtaining a uniformly distributed discharge is to blow through the discharge gap flow 
of air. This method was used in this paper to conduct experiments which consisted of oscilloscoping voltage 
and current values, high-speed imaging, also gas flow simulation for comparison with the experiments. The 
obtained results show the dynamics of microdischarge motion in laminar and turbulent flow regimes, which 
supported by flow simulation. 

Key words: plasma, dielectric barrier discharge, gas flow, gas flow modelling, microdischarges.
PACS numbers: 34.80.Bm, 34.80.Dp, 51.50.+v, 52.80.Dy. 

1 Introduction

Dielectric barrier discharge (DBD), also called 
‘’barrier’’ or ‘’silent’’ discharge, is a typical 
nonequilibrium AC discharge at atmospheric 
pressure [1]. The most important characteristic of 
the dielectric barrier discharge is that conditions 
for the generation of nonequilibrium plasma can be 
provided much more easily [2] compared to other 
types of alternative discharges [3] such as low-
pressure discharges, high-pressure pulsed discharges 
or atmospheric pressure uniform arcs. Its simplicity 
in terms of geometric configuration, operating 
medium and operating parameters is irreplaceable. 
The conditions optimized in laboratory experiments 
can easily be adapted to large industrial equipments. 
The presence of a dielectric is the key to the limiting 
the current of the discharge. It limits the charge 
transported in the discharge, i.e. it limits the current 
flow into the system and almost uniformly distributes 

the discharge over the entire electrode area. Recently 
two main types of DBD designs have been proposed: 
volume barrier discharge (VBD), and surface barrier 
discharge (SBD)[4]. VBD consists of two parallel 
dielectric plates with electrodes mounted externally 
or two electrodes on one side of the dielectric. SBD 
device has a dielectric surface with a small but 
elongated electrode on one side of the dielectric 
and a metallic electrode coated on the opposite side 
[5,6]. Such devices are advantageous for industrial 
use because vacuum equipment can be avoided 
and DBD-based devices operate in the atmospheric 
pressure range. 

In the electrode gap, following an electrical 
breakdown, current pulses or a charged plasma 
channel are generated. These current pulses are 
shaped like filaments, hence the term “filamentary 
discharge” could be used. These filament channels 
are also called microdischarges (MD), because 
the current through the filaments is very low. The 
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location of the occurrence of microdischarges on 
the electrode surface is random. However, after 
ignition, the microdischarges remain at this point 
for a long time (periods) – up to 300 half-periods at 
an applied voltage of 100 kHz (more precisely, the 
microdischarges slowly move through the monitoring 
area). This means that the displacement of the 
microdischarge in one half-period is less than 0.25 
µm, which is negligible, compared to the diameter 
of the microdischarge. Thus, it can be concluded 
that there is a spatial memory in the microdischarge 
in the stationary DBD, the microdischarge in each 
subsequent half-period does not jump to an arbitrary 
point on the electrode surface, but appears exactly at 
the point of the surface where it was in the previous 
half-period. Currently, there is no standard point of 
view regarding the temporal and spatial ‘memory’ 
of microdischarges. The cause of the spatial memory 
effect for a subsequent microdischarge is the residual 
surface charge deposited on the barrier by a previous 
microdischarge. This charge can locally increase the 
electric field during the next half-period and hence 
provide a gas breakdown (i.e. the occurrence of a 
subsequent MD), preserving the site of occurrence. 

The influence of air (gas) flow on the dynamics of 
MD channels in DBD is of great interest both from the 
point of view of fundamental research and for solving 
applied problems. At present one of the urgent tasks 
is to obtain uniform discharge distribution in DBD 
for high quality treatment of material’s surfaces. To 
obtain such a discharge distribution there are several 
approaches, one of them is to use various types of noble 
gases and the other is to use AC power supply with 
high frequency. But apart from this, another potential 
method to obtain a uniformly distributed discharge in 
DBD is by blowing out the discharge gap with an air 
flow [7-10]. DBD in a gas flow is actively used in so-
called cold plasma jets (cold plasma jets) in the field 
of plasma medicine and surface treatment of various 
materials. The presence of gas flow in the discharge 
gap allows efficient cooling of the discharge walls 
and the plasma channel itself to room temperature 
and controlling plasma chemical processes to obtain 
the desired biologically active components. Another 
application of gas flow in DBD is active control of 
gas flow dynamics in plasma actuators in order to 
stabilize turbulence at the interface with the surface 
of solids. These studies are mainly carried out with 
the help of surface DBD in the air atmosphere and 
have great perspectives for aeronautical applications 
[11]. Microdischarge DBD with actively blown gas 

in the discharge gap is often used in reactors for 
plasma-chemical decomposition of heavy volatile 
organic compounds ( VOC) [12], for carbon dioxide 
(CO2) utilization and synthesis gas generation 
[13], and for dry methane reforming and hydrogen 
production. From this it can be concluded that studies 
of the effect of gas flow on the dynamics of micro-
discharge channels for different modes of flow itself is 
an relevant task. In the present work we have carried 
out experiments to determine the effect of gas flow 
velocity on the structural and dynamic characteristics 
of microdischarge channels. Laminar and turbulent 
modes of blown gas flow into the discharge interval 
of a DBD with flat-parallel geometry of electrodes 
were considered. The trajectories of microdischarge 
channels have been determined by means of video 
imaging. In case of laminar mode of gas flow, the 
microdischarge channels move strictly in the central 
region and follow the direction of gas flow. For 
the turbulent mode, the presence of vortices in the 
trajectories of microdischarge channels is revealed. 
The corresponding gas flows have been simulated 
with the Comsol Multiphysics software package 
for specific experimental conditions, and have been 
compared with real trajectories of MD channels. The 
results showed that the MD channels completely 
follow the direction of gas flow in the discharge gap 
for laminar mode. In the turbulent mode, vortices 
and backward to the flow collective motion of MD 
channels are also observed. 

2 Experimental set-up

A gas-discharge cell with a flat-parallel 
configuration, as shown in Figure 1, has been 
constructed for experiments with DBD. The design of 
electrodes in discharge cells has a flat geometry and 
consists of two parallel quartz plates, which play the 
role of dielectric (ε = 3.5), with parameters of 60mm 
x 60mm and a height of 2 mm. The air gap between 
the surfaces of the plates is h = 3 mm. One plate has a 
transparent conductive glass top coated with indium tin 
oxide (ITO), and is earthed via a low-inductive current 
shunt with resistance R = 51 Ohm. An aluminum foil 
is applied to the back of the second quartz plate and a 
high voltage from a PVM 500 sinusoidal generator is 
fed through it. Given the dimensions of the dielectric 
inserts for fixing the wires, the area of the discharge 
zone is 40x40 mm2. The frequency and amplitude of 
the sinusoidal voltage varies between 20-30 kHz and 
10-15 kV respectively.
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(a)

 
(b)

Figure 1 – Scheme of the experimental setup (a)  
and geometry of the gas discharge cell (b)

All experiments were performed in a stream of 
air (at room temperature) directed along the walls 
of the plate. The gas flow velocity was varied up to 
30 m/s inside the cell. Measurement of flow velocity 
was performed at the cell outlet, using Pitot tube with 
diameter 0.5 mm, equipped with micromanometer 
MMN-2400 (5)-1. The schematic in Figure 1 b explains 
the synchronized operation of a sinusoidal high voltage, 
a 4 channel digital oscilloscope (LeCroy WJ354A, 500 
MHz) and a high-speed camera (Phantom VEO 710S). 

Microdischarge was photographed, with an overhead 
view through a transparent ITO conductor and a 
quartz plate. The whole circuit is started by switching 
on the key K1, which supplies the high voltage sine 
wave generator. The signal from the delay generator, 
received from the power supply, starts the high speed 
camera at the same moment. The discharge voltage 
was measured with a Tektronix P6015 high voltage 
divider (1:1000). The discharge current was measured 
with a current shunt.
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Figure 2 shows a typical voltage and current 
waveform of a volumetric barrier discharge. From 
this graph, it can be seen that, the voltage and current 
were indicated black and red color respectively. 
The highest number of voltage was approximately 
12.5 kV, and with frequency 28.6 kHz. The current 
consisted of two parts, which involve a sinusoidal 
part called conductivity current and sharp ends called 
bias current. 

3 Results

The resulting images for DBD without airflow, 
at h = 3 mm for a flat-parallel electrode geometry are 
shown in Figure 3. The images were acquired using a 
high-speed camera with a frequency of 25000 frames 
per second and an exposure time of 40 µs. Also, the 

number of microdischarges is calculated from 500 
pictures and averaged.

In Figure 3 (a) the voltage U applied to the 
electrodes is 9.7 kV and the breakdown voltage is 
4.8 kV. The average number of microdischarges is 
equal to 17. Further in the Figure 3 (b) U is equal to 
10,45 kV, in this section more or less stable number of 
microdischarges is formed equal to 31. Increasing the 
U to 11.61 kV, in figure 3 (c) we get a fully filled gas-
discharge cell in which the number of microdischarges 
is 53. And when U reaches 12.57 kV in a fully filled 
gas discharge cell more microrischarge appear and so 
the distance between the microrischarge decreases, 
as indicated in the Figure 3 (d). It can also be seen 
that on a maximally filled cell, the arrangement of 
microdischarges have a strict pattern and is an example 
of a self-organized structure [14,15].

U=9.7 kV
(a)

U=10.45 kV
(b)

U=11.61 kV  
(c)

U=12.57 kV
(d)

Figure 3 – Photographs of the VBD (top view) obtained using high-speed  
video recording without airflow, with different applied voltages,  

at h = 3 mm. and exposure time of 40 µs
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4 Modelling results

When affected by the air flow [16-20], the 
microdischarges begin to move in the direction of the 
flow. By observing this phenomenon, it can be seen 
that depending on the flow velocity, the movement 
of the microdischarge has a different character. It is 
known that there are three types of gas dynamic flow 
regimes, changes between regimes are depended on 
the flow velocity of the gas. For this geometry, the 

Reynolds number for all three types of flow modes 
at certain flow velocities has been calculated. For 
clarity, microdischarge motions in laminar and 
turbulent flow are shown in Figure 4 below. In the 
figure 4 (a), it’s first case, the flow velocity is 5 m/s 
and Reynolds number is 2100, which corresponds to 
laminar mode. In the figure 4 (b), it’s second case, the 
flow velocity is 30 m/s and Reynolds number is 6200, 
corresponding to turbulent mode. Both figures were 
obtained at 24 fps, with an exposure time of 41 ms.

(а) (b)

Figure 4 – MD motion in laminar flow (a) and turbulent flow (b),  
frame rate 24 fps, exposure time 41 ms

2(а) (b)

Figure 5 – Visualization of airflow in laminar mode, flow lines (a),  
surface velocity distribution (b)
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Gas flow was modelled using the Comsol 
Multiphysics software. The Computational Fluid 
Dynamics (CFD) package was used for this purpose. 
The area between the active electrodes through which 
air is blown was chosen as the calculation area. The 
results are shown below as flow visualizations and as 
graphs. 

Figure 5 (a) shows streamlines, i.e. flow lines, 
and Figure 5 (b) shows the velocity distribution of the 
gas flow in the interelectrode volume. The velocity 
values can be determined from the color scale on the 
right side of both figures. As the simulation results 
show, the maximum velocity value is 6 m/s. It can 
be seen from the flow visualization figure that at low 
velocities, the flow is uniform, but the area covered 
is limited. That is, the flow lines do not cover the 
entire inter-electrode area, but only that part which is 
coaxial to the inlet channel.

An increase in flow velocity leads to a transition 
from laminar to turbulent gas dynamic mode. 

Looking in detail at the flow simulation results in 
the turbulent mode, it can be seen that the flow 
lines gradually start to shift to the left side, then 
reaching the edge of the electrodes, passing along 
it, as shown in Figure 6(a). The velocity distribution 
itself over the electrode area is shown in Figure 
6(b). The average flow velocity is in the range of 
30-35 m/s. The flow velocity through the tube at 
the inlet of the discharge cell is 30 m/s. Further, 
with expansion of the discharge volume, the flow 
velocity reduces significantly and reaches 15-20 m/s 
at the exit through the inter-electrode space. It can 
also be noticed that near the opposite wall of the 
discharge cell the flow velocity starts to increase, 
indicating the occurrence of vortices inside the cell.

On the right edges of both figures are indicators 
that shows the velocity at a certain point on a color 
scale. When the gas velocity reaches turbulent values, 
the movement of the MD is vortex-like, as are the 
flow lines of the blown air.

(а) (b)

Figure 6 – Visualization of airflow in turbulent mode. 
Flow lines (a) and surface velocity distribution (b)

Figure 7 shows the velocity line cutting plots at 
different distances from the inlet channel, which are 
derived from figures 5 (a) and 6 (a). For laminar 
flow, (Figure 7a) three lines have selected and their 
positions from electrode width are 10 mm, 20 mm, 
30 mm. The inlet channel is located at the position 
17 mm of electrode length. As the electrode width 
position increased, the speed value of flow decreased, 
it can also be seen in the decrease in velocity peak 

along the inlet channel axis. At the same time closer 
to the walls the flow velocity starts decreasing 
and reaches some peak near the side walls of the 
discharge cell. At a position 30 mm from electrode 
width, the gas flow velocity increases along the 
edges of the main flow and there is a tendency for 
the flow to be more evenly distributed. For turbulent 
flow, Figure 7 (b), similar to the first case, 3 lines 
are chosen, but with different distances from the 
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electrode widths of 15 mm, 30 mm and 50 mm. It 
can be seen that the velocity near the inlet channel 
is at its maximum and then the velocity peak shifts 

closer to the walls. This observation indicates the 
presence of eddies in the air flow lines and the 
formation of backward flow. 
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Figure 7 – Velocity line slice graph at different distances from the inlet channel (a)  
for laminar flow, (b) for turbulent flow

It is necessary to pay attention to the collective 
motion of MD’s in the discharge gap and the 
similarity of their trajectory and gas flow lines at 
different gas-dynamic regimes. The simulation 
results obtained in laminar mode (Figure 5) 
completely repeat the trajectory of gas flow lines. 
The MD channels move only along the central axis of 
the inlet channel, with only some perturbations away 
from this axis. In the turbulent regime, the collective 
motion of MDs has a vortex-like character, which is 
consistent with the simulation results. In both cases, 
neutral atoms and molecules of the blown air in the 
flow transfer momentum to the active particles of 
the plasma channel (ions, excited atoms) through 
frequent collisions. In this case, the volume residual 
charges of the microdischarge channel begin to 
move along the flow and create a new location of the 
plasma on the electrode surface. Despite the discrete 
structure of the microdischarge channels, when 
imaging with relatively long exposure times, the 
trajectory and motion of the MD channels appears 
to be continuous. Our results further confirm the 
possibility of controlling the collective dynamics of 
the MD channels by airflow and the importance of 
gas-dynamic flow regimes for this purpose.

5 Conclusions

Careful analysis of the presented results on DBD 
microdischarge in gas flow shows that the overall 
discharge behavior, also the dynamics and structure 
of the MD completely change with increasing 
flow rate, as has been shown under different flow 
regimes. In this paper, results have been obtained 
on the MD dynamics in a flat surface multi-layer 
DBD and compared with the flow simulation results 
on Comsol. The discharges have special electrode 
arrangements in the form of “flat parallel plate” and 
are generated by a variable (27-32 kHz) sinusoidal 
voltage. Rapid visualization of the filaments and 
their synchronization with electrical diagnostics 
using an oscilloscope show that the discharge has 
different phases depending on the flow rate and gas-
dynamic regimes. The obtained results of simulation 
of gas flow in the discharge gap are similar to the 
movement of MD under different gas-dynamic 
regimes. Comparison of experimental results with 
simulation results shows that the microdischarges 
move uniformly along the flow direction at laminar 
flow velocities. However, as the flow velocity 
increases up to turbulent mode, the MD motions have 
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a vortex-like character. Directional air flow strongly 
influences the dynamics of microdischarge channels 
in the DBD and allows studying different properties 
of the discharges and the possibility of controlling 
the collective dynamics of MDs.
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Based on theoretical ideas about different plasma processes in Nature and Space, for example of Solar flares, a 
conceptual model approach is proposed based on the analogy of the flash flow with processes in an electrical 
circuit. Quite close in a number of parameters to the flashes are the processes of evolution of plasma objects in 
the "Plasma focus" setup. Based on the physical similarity of processes of this kind, patterns have been studied 
that make it possible to trace the change in plasma temperature depending on changes in the operating 
parameters of the setup. The parameters of the model corresponding to the maximum approximation to the 
conditions of the flash process are revealed. A program has been developed, calculations and analysis of the 
dependence of the plasma temperature on the parameters of the setup have been carried out: gas mass, velocity
of incoming particles, load resistance in the plasma focus. It is shown that the physical model of a solar flare 
"Electric Circuit" can be implemented on the basis of an operating plasma focus setup, taking into account the 
scaling of processes.

Key words: solar flares, plasma focus, discharge current, inductance of the circuit, velocity of incoming 
particles, temperature, energy release, electrical circuit, pressure.
PACS numbers: 34.80.Bm, 34.80.Dp, 51.50.+v, 52.80.Dy. 

1 Introduction

The processes occurring in the Sun's atmosphere 
attract the interest of science by their influence on a 
wide range of phenomena in the atmosphere and in 
the Earth's magnetic field. The main source of such 
influence is solar flares and associated eruptive 
prominences and coronal plasma emissions. This led 
to interest in the development of solar flare models. 
The latter is especially relevant in connection with 
the appearance of physical setups which allow to 
achieve conditions close to those that are 
characteristic of flash activity. The most promising 
from this point of view are the data obtained with 
the help of pulsed plasma accelerators, which are of 
interest not only in applied terms, but also as model 
setups for studying processes occurring in space 
objects. We propose the use of an experimental 
thermonuclear reactor "plasma focus" to study the 
nature of solar flares.

2 The theoretical part

For the empirical study of phenomena atypical 
for terrestrial conditions, it is promising to create 
physical setups that would model the behavior of an 
object, both in terms of physical laws and conditions 
that determine their evolution.

The study is about recreating a number of 
key circumstances associated with 
chromospheric solar flares using a controlled 
thermonuclear reactor (CTR) "Plasma Focus". 
The criterion for the possibility of implementing 
this is a comparative analysis of the physical 
compatibility of the complex parameters of the 
two objects of study. Four parameters are 
considered in comparison (table 1): the physical 
mechanism of the process, the composition of 
the working substance, the presence of a neutron 
output, parametric characteristics of the plasma 
generated during the process [1-3]. 
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Table 1 – The comparison of plasma parameters in the CTR and in the solar flare

The CTR «Plasma Focus» The solar flare
The formation mechanism

The electric current passes through the insulator between the 
electrodes, forming a current-plasma sheath when a capacitor 
bank is discharged. Then it "collapsed" into a dense pinch 
formation on the contact with the substance

The convergent currents promote the compression of the 
photospheric plasma, and the shear currents promote the 
tension. As a result, the free magnetic energy is released, 
contributing to the flare process – the "expansion" of the 
plasma.

Parameters
Imax=106 А, Т=106 К, v=108cm/s, n=1018cm-3 Imax=106 А, Т=107 К, v=107cm/s, n=10-17cm-3

The neutron output
It is presented It is presented

The working substance
the deuterium or the mixture of deuterium-tritium the hydrogen plasma

The proximity of the parameters of the plasma 
generated in the first and second cases is noticeable, 
which suggests the prospect of using the UTR setup
to study solar flares. The analogy of the mechanism 
of formation of a solar flare with an electric circuit 
requires attention to two circumstances [4]:

- a flash is a non-stationary process, for the 
description of the energy release of which Ohm's 
law in its classical expression is not applicable:

j = s*E                                (1)

- the main role in the dissipation of electric 
current energy during a flash belongs to the neutral 
component of the plasma during the collision of ions 
with neutrals.

The basis of the physical model of the flash is 
the coronal magnetic arch. In the nodes of its 

convective structures, the bases of supergranule 
cells are located with a size of about R0 ≈ 30 
thousand km and a convection velocity of about 0.1-
0.3 km/s. The EMF that occurs during convective 
movements in the photosphere supports an electric 
current flowing in the arch from one base to another 
and closing in the chromosphere. At a convection 
velocity of about 0.1 km / s, the radius of the current 
tube approaches 103 km, the magnetic field at an 
altitude of 500 km on the axis of the arch is 
characterized by an induction of about 2 ×103 Gs, 
and the current reaches 3 ×1011 A. The inductance 
of the arch reaches a value of the order of 10 Gn, the 
current energy in the circuit reaches values of the 
order of 5×1022 – 5 ×1024 J [5-7]. The latter 
determines the energy release of the flare associated 
with the grooved instability of the chromosphere 
(Fig. 1).

Figure 1 – Structure of the pre-flare coronal arch with current
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The formation in question has a resistance R, an 
inductance L, and a capacity C. Then the current 
fluctuations in the arch can be described in the 
language of an RLC circuit with a capacity 
depending on the magnitude of the electric current 
according to the law:

С(I) = π∗a4∗ρ
l∗I2

                         (2)

where p is the plasma density, a is the radius of the 
tube, l is the length of the arch. The oscillation 
period determined by formula:

𝑃𝑃𝑃𝑃 = 2 ∗ 𝜋𝜋𝜋𝜋�𝐿𝐿𝐿𝐿 ∗ 𝐶𝐶𝐶𝐶(𝐼𝐼𝐼𝐼) ≈ 10𝑙𝑙𝑙𝑙𝐼𝐼𝐼𝐼11С           (3)

The latter ratio makes it possible to estimate the 
magnitude of the electric current in the flash by the 
period of plasma oscillations.

Since the "plasma focus" setup is an electrical 
circuit, the law of conservation of energy will be 
written in the form:

CU2/2 = mv2/2 + 3Rm/2M      (4)

where m is the mass of the plasma clot, v is its 
velocity.

In experiments on the UTR setup, the value of 
3Rm/2M is close to one. The change in the velocity 
of particles occurs according to a well – known law:

𝑣𝑣𝑣𝑣 = 𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚 ∙ (1 − 𝑒𝑒𝑒𝑒−
𝑡𝑡𝑡𝑡
𝜏𝜏𝜏𝜏)                  (5)

where τ=R*C.
Substituting the value (5) into (4) and expressing 

T, we obtain a formula for estimating the 
temperature:

𝑇𝑇𝑇𝑇 = 𝐶𝐶𝐶𝐶∙𝑈𝑈𝑈𝑈2−𝑚𝑚𝑚𝑚∙𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚2 ∙(1−𝑒𝑒𝑒𝑒
−𝑡𝑡𝑡𝑡𝜏𝜏𝜏𝜏)2

2
                   (6)

3 The experimental part

This makes it possible to trace the change in 
plasma temperature depending on the change in the 
setup parameters and determine the parameters that 
allow achieving the maximum approximation to the 
physical parameters of the flash plasma.

According to formula (6), calculations of the 
dependence of the plasma temperature on the mass 
of the gas, the velocity of the particles and the 
parameters of the UTR "Plasma focus" were carried 
out, the results of which are presented in Figures 2 
and 3.

An increase in the resistance value of the setup
leads to a decrease in temperature by about 1.5 
times, which brings its value closer to the real 
parameters of the surface temperature of the Sun. 
Then the influence of pressure in the plasma focus 
on the value of particle velocity is considered. The 
obtained results are shown in Figure 4.

Figure 2 – The dependence of the plasma temperature in the flash model 
on the mass of the gas. The range of gas mass change corresponds to the setup
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Figure 3 – Temperature dependence on setup’s parameters

Figure 4 – Dependences of the plasma clot velocity on the pressure

The value of the velocity in all cases increases 
smoothly, reaching saturation, like plasma particles 
in a solar flare, where particles due to Joule heat 
gradually increase the speed and at the moment of 
the explosive process reach a value that allows them 
to fly out of the Sun.

On the basis of the obtained data, the 
dependence of the plasma clot temperature on the 
velocity of particles interacting with each other was 
modeled. The results are shown in Figure 5.

As can be seen, the temperature output strongly 
depends on the velocity of the incoming particles. 
The optimal value is considered to be the velocity 
case V4, corresponding to the minimum pressure in 
the plasma focus.

Since the plasma focus is similar to an oscillatory 
circuit, scaling of the real flash and the size of the 
plasma focus was used to idealize the flash model in 
the setup. As noted, in order to obtain a flash in the 
"electric circuit" model, the resistance value must be 
close to zero, which corresponds to the opening of the 
circuit and a short circuit, and the inductance of the 
model must be at least 10 Hn, which is not feasible in 
real conditions. Taking into account the fact that the 
aim was to study the physical parameters of the 
plasma focus for modeling a solar flare, a standard 
value of the inductance of the plasma focus coil of 
the order of 10-9 Hn was used [8-10]. As a result, the 
dependence of the current strength on the resistance 
value of the circuit is shown in Figure 6.
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Figure 6 – Dependence of the current strength 
on the value of the circuit resistance

Here, a change in resistance to zero leads first to 
a sharp increase in current, and then to a decrease in 
its value – the opening of the current, this moment 
corresponds to an explosion in the current layer or a 
short circuit situation in the circuit. Changing the 
inductance value in the coils by 3 orders of 
magnitude leads to a decrease in the maximum 
current by 2 times and an increase in the resistance 
in the circuit by an order of magnitude. Figure 6 
shows a graphical view of this situation. There is no 
abrupt termination of the current, but there is a 
gradual zeroing of its value, which confirms the 

analogy of the plasma focus with a solar flare, 
where there is a gradual decline in energy output, 
with a series of successive weakening flashes. 
Calculations for the dependencies shown in Figures 
5 and 7 were carried out according to the formulas:

𝐼𝐼𝐼𝐼 = Ε

�(R∗𝑓𝑓𝑓𝑓)2+(ω∗L− 1
ω∗C)2

(8)

𝑓𝑓𝑓𝑓 = 𝑀𝑀𝑀𝑀∗𝑀𝑀𝑀𝑀∗𝑀𝑀𝑀𝑀
𝑅𝑅𝑅𝑅∗𝑅𝑅𝑅𝑅

               (9) 

Figure 5 – Dependence of the plasma clot temperature on the velocity  
of the incoming particles (v1=1000 m/s, v2=2000 m/s, 

v3= 8000 m/s, v4=28000 m/s)
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Figure 7 – Dependence of the current strength 
on the parameters of the circuit  

Analysis of the consideration of various 
situations in the "electric circuit" model, expressed 
in changes in the parameters of the setups: a change 
in the resistance in the plasma focus, the amount of 
working substance and a change in the velocity of 
the incoming particles, the results are obtained that 
constitute an idealized model of a solar flare. This 
conclusion is based on a comparative analysis of 
data obtained from the RHESSI satellites and 
processed by specialists of the V. G. Fesenkov 
Astrophysical Institute and presented in Figure 7 
[11-15].

The figure highlights three areas (time intervals 
are counted by the plasma focus) from 0 to 7 
seconds, from 7 to 25 seconds and from 25 seconds 
to 32 seconds. The best matches of theoretical and 
real results are observed here. Although values 
differing in name are compared, however, both the 
temperature index and the value of the current 
strength are directly related to the energy output. 
Since the task of the study was to search for 
processes similar to natural ones and to prove the 
possibility of studying solar flares at the Plasma 
Focus setup, the comparison of these parameters is 
legitimate.

It should be noted that the average period of 
processes occurring in the area of a real flash is 65 
seconds, and in the Plasma focus is 10 
microseconds. From here it is not difficult to get the 
value of the so-called difference coefficient 65 * 
105. Since the size of a standard plasma focus is 

about 1 meter, multiplying the difference coefficient 
by the length of the plasma focus, you can get an 
approximate size of a solar flare of about 6.5 
thousand km, which is quite consistent with the 
length of the average arch 1010 cm. 

In addition, we compared the results obtained 
from solar activity from November 2 to 4, 2003, 
presented in Figure 9, part a, and the theoretical 
dependence of the current strength on the changing 
resistance in the plasma focus [16]. The left side of 
the figure shows the energy spectra for ions of four 
substances H, He, O, and Fe in the preflare and flare 
fluxes of the events in 2003. Since in our model the 
working substance in the plasma focus was 
deuterium, in that way we compare the curve 
corresponding to hydrogen. As we can see, that at 8 
a.m. on November 2, the value of hydrogen particles 
(middle part of the graph) per cm2 fluctuates in the 
region of 10, at 21.00 p.m. this value changes to 100

and the value was 10-1at 3 a.m. on November 4. It 
indicates a gradual accumulation of energy and the 
formation of a maximum at a minimum value of the 
matter’s ions per unit area, which can be explained 
by the "flute instability" of the solar flare model 
"electric circuit", which we have discussed it above. 

At the same time, by idealizing the processes 
occurring in the plasma focus, results were obtained 
that are close to real data in that a change in the 
amount of the working substance makes it possible 
to obtain a maximum (short circuit) of the current 
strength [17-19].
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Figure 8 – The logarithmic dependence of the solar flare’s temperature
on September 7, 2005 and the oscillogramme of the derivative of the plasma focus current

Figure 9 – The energy spectra of substances in flare flows on November 2-4, 2003
and the dependence of the current strength on the parameters of the oscillatory circuit

The estimation of the proximity of the presented 
processes is obtained as a result of the conversion of 
the maximum current value into the electronic 
temperature, according to the formula

eknac
IT 2

1
2

2

2π
= (10)

we obtain the value of temperature about 106 K, 
while the energy value can be rounded off  such as 
1eV≈104 K. Then the final value will correspond to 
an energy of 0.1 keV, the difference coefficient is 
104, such discrepancy can be explained by the 
scaling of processes, but there is tracedvisually the 
similar morphology of accumulation processes and 
the energy release in both processes.



28

Modeling of solar flares like an electrical circuit...                                Phys. Sci. Technol., Vol. 9 (No. 1-2), 2022: 21-29

4 Conclusions

In that way, we can conclude that the physically 
conceptual model of the solar flare “electric circuit” 
has found its implementation on the basis of the PF, 
taking into account the scaling of the flare process 
to the real PF setup. As a result of the simulation, 
the data were obtained that do not contradict the real 
ones and have a relative coincidence with the non-

stationary processes, the processes of the formation 
of an energy surge.
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Currently, there is a growing need for high-performance photocells with increased stability of parameters to 
external influences, such as thermal and radiation resistance. This work is devoted to the study of photocells 
available in the volume of an ordered micro- and nanostructure based on silicon doped with impurity nickel 
atoms. The study of the formation of micro- and nanoclusters of impurity atoms in silicon photocells that 
were subjected to additional high-temperature processing makes it possible to determine the degradation of 
nickel clusters, which strongly affect the electrical parameters of photocells. It is shown that impurity nickel 
atoms will increase the stability of the electrophysical parameters of photocells under the influence of both 
high temperature and radiation. The results obtained in the study showed that the introduction of nickel 
impurity atoms into the volume of silicon-based photocells leads to temperature and radiation resistance, 
and also increases efficiency.
 
Key words: cluster, nickel, degradation, diffusion, photocell, self-organization, semiconductor, doping, 
supersaturation factor, solubility, low-temperature annealing.
PACS numbers: 73.43.Fj, 73.50.Pz.

1 Introduction

One of the new and promising methods for 
creating nanosized structures in the crystal lattice of 
a semiconductor is the formation of nanoclusters of 
impurity atoms with the participation of uncontrolled 
defects in the crystal lattice, since this method of 
creating nanosized structures, in contrast to the 
existing methods of molecular beam epitaxy, which 
require complex expensive equipment, has the 
following advantages [1, 2]:

 – allows one to create nanoscale structures evenly 
distributed throughout the volume of the crystal;

– makes it easy to control the structure, 
composition, distribution of nanoscale structures and 
their ordering;

– this method can be used to obtain a material 
with stable electrophysical parameters and external 
influences, such as temperature and radiation [1, 3];

– allows you to control the charge state of 
nanoclusters in a wide range (N+(-)n, where 

n>3), that is, to create multiply charged centers 
in a semiconductor, which are the basis for a very 
promising material for nanophotonics [4-7].

This paper presents original experimental 
results on the study of the electrical and photo-
electric properties of photovoltaic cells based on 
silicon with nanoclusters of impurity nickel at-
oms. Investigation of the influence of high-tem-
perature processing and the influence of radiation 
γ – irradiation on the electrophysical parameters 
of the obtained photocells. It is shown that such 
a study significantly increases the possibility of 
large-scale use of photocells based on silicon 
doped with impurity nickel atoms under extreme 
conditions and also increases the efficiency of 
their operation.

Therefore, the main goal of this work is to show 
that under certain conditions of doping with impurity 
nickel atoms, nanoclusters are formed and to show 
the possibility of controlling the size and distribution 
of clusters in silicon.

https://orcid.org/0000-0002-6696-5265
https://orcid.org/0000-0001-7691-6849
https://orcid.org/0000-0002-2521-3921
https://orcid.org/0000-0003-2110-5584
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2 Technology for obtaining materials and 
research method

Recently, specialists in the field of nanotechnology 
and nanoelectronics have paid great attention to the 
technology of obtaining self-organizing impurity 
clusters with controlled structures [8–11]. In this 
regard, some interesting results on the implantation of 
Co and Ge ions in Si, as well as on the ion implantation 
of other atoms in semiconductor materials, should 

be noted [12–17]. As far as we know, technologies 
for obtaining self-organizing clusters of impurity 
atoms using diffusion technologies have not been 
sufficiently studied at present. And the diffusion 
technology for obtaining nanosized structures is not 
only a more accessible and cheap method that allows 
large-scale production, but also makes it possible to 
create nanosized structures of various types and a 
given distribution and density over the volume of the 
crystal.

а) b)

c) d)

Figure 1 – Pictures of the surfaces of photovoltaic cells with nickel clusters (REM):  
a) – Control sample surface without clusters; b) – spectrum without cluster zones;  

c) – with cluster zones at Ni = 9.5%; d) – with cluster zones at Ni = 15%

Using an EVOMA-10 electron microscope, the 
surface of polished photocells was examined at a cer-
tain temperature. Figure 6 shows a structural analysis 
of photocell plates with impurity nickel atoms, which 
were obtained using an electron microscope of the 
brand Oxford Instruments ZEISS EVOMA-10.

The obtained results prove that in photocells there 
are clusters of impurity nickel atoms in the range of 

9–15%, while the experimental error was within the 
error of σ꞊0.1–0.2%.

3 Experimental results and their discussion

The stability of the electrophysical parameters of 
the obtained photocells, when operating under exper-
imental conditions such as elevated temperatures and 
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relatively high radiation intensities, leading to the 
formation of various defects, which lead to a strong 
change in the parameters of the base material. This 
is due to the fact that during high-temperature opera-
tions, the concentration and size of clusters that form 
impurity nickel atoms change. To elucidate the na-
ture of the change in the electrophysical parameters 
of photocells based on silicon doped with impurity 
nickel atoms into silicon, studies were carried out on 
the effect of additional thermal annealing on the open 
circuit voltage and short circuit current of control 
photocells [18–20].

The study of the effect of additional high-temper-
ature annealing after the formation of a p-n junction 
led to a decrease in the initial parameters of photo-
cells. The short-circuit current and open-circuit volt-

age of photocells depended quite strongly on the 
characteristics of the initial structures of photocells 
(the depth of the p-n junction, the doping concentra-
tion of the frontal and base regions). It was found 
that the higher the temperature and time of addition-
al high-temperature annealing, the stronger the de-
crease in the initial Uo.c.v. and Ish.c.c., and the degrada-
tion is more pronounced in the case of a shallow (less 
than 1 μm) p-n junction. For a photocell with a deep 
p-n junction, the change in the initial parameters was 
less pronounced [21-24]. Tables 1 and 2 show data 
on the change in the open circuit voltage and short 
circuit current of the control photocell depending on 
the temperature of thermal annealing at an annealing 
time of 1 hour. Table 1 shows the data for the starting 
material SEC-0.5.

Table 1 – Changes in the open-circuit voltage and short-circuit current of control photocells based on SEC-0.5 depending 
on the temperature of thermal annealing at an annealing time of 1 hour

Depth p-n, 
microns Options

Annealing temperature, оС.
Initial 900 1000 1100 1200

0,5
Uxx, mV 527 491 439 402 374
Jкз, mA 16,8 14,2 12,8 11,6 10,7

1
Uxx, mV 595 572 546 514 497
Jкз, mA 20,5 18,5 17,5 16,6 15,8

3
Uxx, mV 588 568 552 534 514
Jкз, mA 17,3 15,6 14,8 14,1 13,5

The study of the effect of additional heat 
treatment on the parameters of photocells with 
clusters of impurity nickel atoms at T = 600 and 
650 °C for 3 hours showed that no practical changes 
were observed in the electrophysical parameters of 
photocells. In the control samples after heating at 
T = 600 °C, a decrease in the short-circuit current 
by 3-6% of the initial value was observed [25-27]. 
During heat treatment of photocells doped with nickel 
atoms, a decrease in the initial values of Ish.c.c. was 
observed. and U o.c.v. After heat treatment, an increase 
in Ish.c.c   and U o.c.v was observed in some photocells. 
This connection was more pronounced in photocells 
having a low dopant concentration with the formation 
of low energy levels. For example, on heat-treated 
photocells, impurities in the original silicon (boron 
or phosphorus), which form small energy levels, go 
into the compensation position [28-31]. As a result 
of interaction with impurities that form deep energy 

levels, the values   of U o.c.v. and Ish.c.c. photocells drop 
to zero.

After the formation of the p–n junction, a decrease in 
the parameters of additionally heat-treated photocells was 
observed. If the heat treatment time was longer, then this 
sharply reduced the initial values of U o.c.v. and Ish.c.c.

Tables 2 and 3 provide information on the change 
in open circuit voltage and short circuit current de-
pending on heat treatment for 1 hour. Table 2 shows 
the data on the initial starting material PhES -4.5. 
Table 3 shows the electrophysical parameters of 
photocells made of PhES-40 silicon. Additional heat 
treatment time 1 hour.

Table 4 shows the electrophysical parameters of 
photocells made on SEC-10 grade silicon. Additional 
heat treatment time 1 hour.

Table 5 shows the electrophysical parameters of 
photocells made on the basis of SEC-0.5 silicon and 
subjected to additional heat treatment t=1 hour.
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Table 2 – Data obtained for photocells based on PhES-4.5 silicon

Additional heat treatment 
temperature, °С Average cluster sizes, microns Uo.c.v, mV Ish.c.c., mA/cm2

1200 1-2 514 13,5
1100 1,5-2 534 14,1
1000 2,5-3 552 14,8
900 1,5-2 568 15,6

Control sample - 588 17,3

Table 3 – Electrophysical parameters of photocells made on the basis of silicon grade PhES-40

Additional heat treatment 
temperature, °С Average cluster sizes, microns Uo.c.v, mV Ish.c.c., mA/cm2

1200 1 – 2 374 10,7
1100 2 – 5 402 11,6
1000 2 – 7 439 12,8
900 2 – 8 491 14,2

Control sample - 527 16,8

Table 4 – Electrophysical parameters of photocells made on the basis of SEC -10 silicon

Additional heat treatment 
temperature, °С Average cluster sizes, microns Uo.c.v, mV Ish.c.c, mA/cm2

1200 1 – 2 497 15,8
1100 2 – 5 514 16,6
1000 2 – 5 546 17,5
900 2 – 20 572 18,5

Control sample - 595 20,5

Table 5 – Electrophysical parameters of photocells made on the basis of silicon grade SEC -0.5

Additional heat treatment 
temperature, °С Average cluster sizes, microns Uo.c.v, mV Ish.c.c, mA/cm2

1100 0,5 – 1 480 20,9
1000 1 – 1,5 482 21,4
900 1,5 – 2,5 498 45,7
800 2,5 – 3 506 28,1

Control sample 0,5 – 1 507 20,5

The study of the effect of γ-radiation was carried out 
in the range of irradiation doses from 105 to 109 R/sec on 
the electrical parameters of photocells based on silicon 

with clusters of nickel atoms. Figures 2 and 3 show the re-
sults of studying the dependences of the short-circuit cur-
rent and open-circuit voltage on the dose of γ-radiation.
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1, 2, 3 – concentration of nickel atoms respectively  
Ni 1015 cm-3, 1016 cm-3, 6×1016 cm-3, j – control photocell.

Figure 2 – Change in open circuit voltage  
of photocells 

1, 2, 3 – concentration of nickel atoms respectively  
Ni 1015 cm-3, 1016 cm-3, 6×1016 cm-3, j – control photocell.

Figure 3 – Change in the short circuit current  
of photocells

The dependence of the open-circuit voltage of 
photocells on the dose of γ-radiation is shown in 
Figure 2. Here the concentration of nickel impu-
rity atoms was respectively equal to: 1 – 1×1015 
cm-3, 2 – 1×1015 cm-3; 3 – 6 × 1016 cm-3, j – for the 
control sample with no impurity of nickel. Such 
dependences were obtained in the study of changes 
in the short circuit current on the dose of γ radia-
tion (Fig. 3).

After irradiation of photocells additionally 
doped with nickel atoms with an optimal concentra-
tion of γ-radiation with a dose of 109 R, the open 
circuit voltage drops by 8–10% relative to non-irra-
diated samples. In the same samples, the short-cir-
cuit current decreased by 15–18%. Under the same 
conditions, the degradation of the parameters of the 
control photocells subjected to irradiation amounted 
to 25–30% in voltage and 70–80% in current. When 
irradiated with gamma rays with a dose of up to 109 
R, the electrophysical parameters of photocells with 
introduced nickel atoms did not exceed 5 and 10%, 
respectively.

When irradiated with a dose of up to 107 R, 
the change in the values   of the open-circuit volt-
age and short-circuit current was no higher than 
1–2%.

4 Conclusions

The uniqueness of silicon-based solar cells with 
nanoclusters of nickel atoms lies in the fact that the 
electrophysical parameters are thermally stable and 
radiation resistant, which play an important role in 
solar node operation. Based on the results of the 
data obtained, the following important conclusion 
can be drawn – the radiation stability of photocells 
additionally alloyed with nickel atoms improves the 
open-circuit voltage and short-circuit current by two 
to four times relative to the parameters of control 
photocells made without impurity nickel atoms. This 
shows that the introduction of impurity nickel atoms 
into silicon leads to thermal stability and radiation 
resistance, which lead to an increase in the efficiency 
of photocells.

Silicon-based solar cells with nanoclusters of 
nickel atoms have unique functionality in the field of 
modern photovoltaics. 

The work was financially supported by the 
Ministry of Innovative Development of the Republic 
of Uzbekistan within the framework of the project 
F-OT-2021-497 – “Development of the scientific 
foundations for the creation of solar cogeneration 
plants based on photovoltaic thermal batteries”.
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The producing technology of transparent conductive layers is the basis for many optoelectronic devices. 
To increase transparency and conductivity at low-cost and controlled methods is an important challenge. 
Studied samples of SnO2 coatings were obtained by sol-gel method. The deposition of films on glass 
substrates was carried out by dip coating, spin-coating and sprays-pyrolysis methods. According to micro-
weighing, the film thickness varies from 250 nm to 290 nm. The layer with the most uniform thickness was 
achieved using spray pyrolysis. Films deposited by this technique exhibit the greatest transparency and 
lowest resistance. It is important to note that these samples have the minimum scatter of resistance values 
depending on the surface area. In case dip coating technique the resultant film contains open- and closed-
type blisters. This confirms the fact of inhomogeneous surface morphology of these films. X-ray diffraction 
analysis showed that films obtained by spin-coating and dipping methods contain SnO2 crystallites, the size 
of which does not exceed 10.3 nm; while films obtained by spay pyrolysis are amorphous. This is because 
the formation of the structure in the spay pyrolysis proceeds faster due to the substrate heating.

Key words: thin films, SnO2, sol-gel method, spray pyrolysis, spin-coating, dip coating, transparency, 
structure, resistance.
PACS numbers: 61.43.Dq, 39.30.+w.

1 Introduction

Films based on tin dioxide have a wide range of 
applications. For example, they are used as a sensitive 
element in gas analyzers. A transmittance of more 
than 80% over a wide wavelength range and low 
resistance make SnO2 attractive for the production 
of transparent conductive coatings. The ability of 
the lattice oxygen to participate in chemical reaction 
and, at by its end, to be renewed by the oxygen from 
the gas phase, allows to use SnO2 as a catalyst for 
oxidation processes. Tantalum-doped SnO2 serves 
as capacitor electrodes in next-generation dynamic 
random access memory (DRAM) [1-8].

The properties of tin oxide films depend on surface 
homogeneity, stoichiometry, adhesion to the surface 
of the substrate, and other parameters. The dominant 
mechanism of the formation of spatial structures is 

self-organization, a significant contribution to which 
is made by doping additives [9-12]. At the same 
time, the preparation method (magnetron sputtering, 
sol-gel method, etc.) has a significant effect on the 
formation of the films.

In this work, films were obtained by the sol-
gel method. Due to the mild conditions of solution 
chemistry, this method ensures the formation of the 
SnO2 compound without the appearance of other tin 
oxides in the films [13].

The method of films applying to a substrate, 
as a part of the producing process of investigated 
sample and a device based on it, effects on quality 
and cost. Quality, in particular, is associated with the 
application of a coating uniform in thickness, as well 
as its purity. An important aspect is the speed and 
controllability of the coating applying process. In sol-
gel technology, there are three methods for applying 
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films - dipping, spin-coating and spray pyrolysis. 
These methods are low cost, due to do not involve 
complex equipment and simple in use. 

The work advantage is a comprehensive analysis 
of SnO2 films which synthesized by the sol-gel 
method and deposited by various methods to obtain 
coatings with increased transparency and surface 
conductivity.

2 Materials and Methods 

Tin oxide films were obtained from the SnCl4/
EtOH film-forming system with a tin ion concentra-
tion of 0.11 mol/L. The formation of a sol and its 
transition into a gel occurred on the surface of the 
substrate.

When a film-forming system is applied to a sub-
strate, tin tetrachloride reacts with water (from air, 
3-3.5% in ethanol and 5 mol of Н2О per 1 mol of 
SnCl4 in tin tetrachloride crystalline hydrate) with 
the formation of a tin hydroxide sol and hydrochloric 
acid.

SnCl4+4H2O  → Sn(OH)4 +4HCl      (1)

Evaporation of the solvent and reaction by-
products leads to the interaction between the sol 
particles and the formation of a gel in which the 
solvent molecules are enclosed in a flexible, but 
sufficiently stable three-dimensional network formed 
by tin hydroxide particles.

Heating to 400°C promotes the removal of 
hydrochloric acid and solvent. As a result of this, 
Sn(OH)4 decomposes to form water and the desired 
tin oxide by the reaction:

Sn(OH)4   SnO2 + 2H2O                (2)

As a result, a thin film of tin (IV) oxide is formed 
on the surface of the substrate. The surface tension 
was determined by the stalagmometric method. 
At the next step we consider each way of the film 
deposition in detail. 

Dip coating technique. A film-forming system 
was applied on one side of the glass substrate, dried 
for 1-2 minutes and then annealed in air at 400°C for 
15 minutes.

Spin coating technique. A film-forming system 
was applied to a substrate mounted on a spinner. 
Rotation speed - 3000 rpm, time - 3 seconds. Then 
the samples were dried with an infrared emitter from 

room temperature to 80°C for 1 minute. At the final 
stage, the samples were annealed in a muffle furnace 
at t = 400°C for 15 minutes.

Spray pyrolysis technique. A film-forming 
system was sprayed at a pressure of 1.8 atm onto a 
substrate heated to 400°C.

In all cases 15 layers were deposited.
The film thickness was determined by micro-

weighing. When calculating the thickness of the 
films, the following formula was used:

d = (msample – msubstrate )/(ρ(tin oxide) * Ssubstrate )    (3)

where:
d – film thickness;
msample – mass of the sample;
msubstrate – mass of the glass substrate;
ρtin – oxide is the density of cassiterite taken as 7 

g/cm3;
Ssubstrate – area of the glass substrate.

3 Results and Discussion

The transmission spectra were measured on a 
UNICO SpectroQuest 2800 spectrophotometer. The 
morphology of the films was studied using a JSM-
6490LA, JEOL scanning electron microscope. The 
structure of the films was determined using x-ray dif-
fraction analysis on a DRON-6 diffractometer.

Table 1 shows the thicknesses of the films 
calculated by the micro-weighing method.

Table 1 – Film thickness calculated from micro-weighing 
measurement

Deposition technique Thickness, nm

Dip coating 270±14

Spin coating 250±14

Spray pyrolysis 290±14

From the Table 1 it is seen that the thickness of 
the films varies from 250 nm to 290 nm. It is assumed 
that the film is uniformly distributed over the surface 
of the substrate and has the density of a natural SnO2 
crystal (cassiterite).

Figure 1 shows the distribution of forces acting 
on the film-forming system, depending on the 
deposition method.
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As can be seen from Figure 1a, when a film-
forming system is applying by dipping, the force of 
gravity, the adhesion force to the substrate surface 
and the surface tension force act on the SnCl4/EtOH 
system. The net force tends to gather the fluid into 
the sphere.

In this case, adhesion causes a bonding between 
the solid substrate and the fluid contacting with it. 
Wetting is the result of such a bond. The Dupre-
Young equation [14-15] shows the relationship 
between adhesion and wetting:

Wa = σ12 (1 + cos θ)                    (4)

where σ12 is a surface tension at the interface between 
two phases (liquid-gas); θ is a contact angle; Wa is a 
reversible work of adhesion.

The surface tension of the film-forming system = 
21.8·103 N/m, the contact angle in the system “glass 
substrate / film-forming system” (θ) tends to zero. 
Then Wa ≈ 43.6·103 N/m.

On the lower part of a vertically arranged 
substrate, there is a formation of a liquid drop that 
is balanced by gravity and surface tension. At this, 
on the upper part of the sample, the evaporation of 
the solvent and the course of reaction (1) lead to 
the formation of solid phase of Sn(OH)4 (sol) and 
its structuring (gel). Removing a drop of a film-
forming solution from a sample, we take a portion 
of the liquid mass, thereby disturbing the force 
balance. Now the forces of surface tension prevail, 
and the film-forming system moves up until the force 
balance is reached. At this time, the film thickness 
increases in this place. Further annealing fixes the 
obtained film on the substrate. Thus, in case of dip 
coating technique, the film has a thickness variation 
in different parts of the sample.

During spin-coating deposition (Fig. 1b), such 
forces as adhesion, surface tension and centrifugal 
force act on the film-forming system. The speed and 
time of rotation were selected experimentally based on 
the fact that the surface should be smooth. Under the 
action of centrifugal forces, part of the film-forming 
system “flies away” from the surface of the substrate. 
There is a formation of a thin layer, which, after the 
rotation stop, begins to pull toward the center from the 
substrate edges under the action of surface tension. 
There might be a fracture formation due to small 
surface defects, which breaks the film integrity. To fix 
the layer, the film was heated by an infrared emitter 
immediately after the rotation stop and then annealed.

Films obtained by spin coating are more 
uniform in thickness, in contrast to films prepared 
by dipping technique. However, the interference 
pattern is observed along the edge of substrate at a 
distance of about 0.5 cm. This indicates the thickness 
inhomogeneity of the film.

Deposition by spray pyrolysis (Fig. 1c) takes 
place on a hot substrate. The film-forming system 
is supplied under pressure. The main role is played 
by the size and sedimentation rate of the droplets. 
Contact with a hot substrate leads to evaporation of 
the solvent and the course of reactions (1) and (2).

In this case, the interference pattern was not 
observed on the obtained samples. This indicates a 
more uniform layer thickness.

3.1 Surface morphology
Analysis of the surface morphology of obtained 

samples using electron microscopy showed that 
the films prepared by dip coating contain blisters, 
depicted in Figure 1.

The figure on the left shows open- and closed-
type blisters; the right image shows the sizes of the 
open blister.

Figure 1 – Scheme of the distribution of forces depending  
on the deposition technique
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In this work, multilayer films were obtained. 
Each layer was annealed at 400°C. The deposition 
of layers on a substrate that not cooled down com-
pletely (the temperature of the each layer is not ex-
ceed 60°С), leads to the formation of solvent vapors 
and reaction products at the “film – substrate” in-
terface. The vapors “lift” an unhardened film. Thus, 

blisters are formed when a film-forming system is 
applied to a heated surface. As a result, the films 
demonstrate inhomogeneous surface morphology 
[16-18].

3.2 Optical properties
Figure 3 shows the transmission spectra of thin 

SnO2 films deposited by different techniques.

Figure 2 – Blisters on the surface of a film deposited by dip coating technique
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Figure 3 – Transmission spectra of films prepared  
by different methods

As can be seen from Figure 3, films deposited 
by different methods have a transmittance of more 
than 80% in the range λ = 380-1100 nm. This makes 
them attractive as transparent coatings. On the 
spectra of films deposited by spin coating and dip 

coating, interference peaks are observed. There are 
no interference peaks in the transmission spectrum 
of a film deposited by the pyrolysis spray method. 
The value of transmittance of the film deposited by 
the pyrolysis spray method is the highest and is more 
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than 86% in the wavelength range from 440nm to 
1100nm.

Based on the available interference peaks, the 
parameters of the films were calculated using the 
envelope method [19]. The results of the calculation 
are shown in table 2.

Table 2 – Film parameters calculated from interference 
peaks

Dip coating Spin coating
Film thickness, nm 296 375

Extinction coefficient 11.0.10-3 8.1.10-3

Refraction index 1.689 1.722
Absorption coefficient 2.89.103 3.37.103

From table 2 it is seen that the thickness of the 
films calculated from the transmission spectra is 
greater than the thickness calculated by the micro-
weighing method. This discrepancy is due to the 
difference between the density of the films and the 
density of cassiterite. Thus, the film deposited by 
spin coating is less dense than the film deposited by 
dipping.

3.3 Electrical resistance of the films
The resistance of the films was determined by 

10 measurements in different parts of the samples. 
The distance between the contacts is 1 mm. Student’s 
coefficient for 10 measurements with a reliability of 
0.95 = 2.262. The error was calculated by the formula:

∆�̅�𝐴 = 𝑡𝑡𝛾𝛾,𝑛𝑛−1
√∑ (А𝑖𝑖−�̅�𝐴)2𝑛𝑛

𝑖𝑖=1
𝑛𝑛−1
√𝑛𝑛

                 (5)

where  is an absolute error;   is a Student’s coefficient;   
is a value of the i-th measurement;   is an arithmetic 
mean value, n is the number of measurements.

Table 3 – The average values   of the active resistance of 
the films

Deposition technique Resistance
Dip coating 198±29 kΩ
Spin coating 193.5±16.6 kΩ

Spray pyrolysis 13.3±0.8 kΩ

From the Table 3 it is seen that the resistance of 
the films deposited by dip- and spin-coating are close. 
The resistivity of films deposited by spray pyrolysis 
is much lower and equals to 13.3 ± 0.8 kΩ. 

The scatter of values   over the sample surface is 
noteworthy. The fluctuation of the resistance value 
depending on the surface area equals to ± 29 kΩ 
(14.6%), ± 16.6 kΩ (8.6%) and ± 0.8 kΩ (6.0%) for 
the films deposited by dip coating, spin coating and 
spray pyrolysis, respectively. Films deposited by 
spray pyrolysis have a lower resistance and a smaller 
scatter of values   depending on the surface area. This 
makes them more attractive for use as conductive 
coatings.

3.4 X-ray diffraction analysis
Tin oxide signal in raw XRD spectra was weakly 

expressed as the halo from the glass substrate pre-
vailed. Using the method that allows to increase the 
signal-to-noise ratio [20], the following data were 
obtained and analyzed. Figure 4 shows the results of 
X-ray diffraction analysis of SnO2 films.

Figure 4 show the films obtained by spray 
pyrolysis are amorphous. Films obtained by spin 
coating and dipping method contain SnO2 crystallites.

The average crystallite size (D) of the synthesized 
samples was estimated by X-ray line broadening 
according to the Scherrer formula [21]:

D = (kλ / (β cosθ))                      (6)

where k is a Scherrer constant, usually taken as 0.9, 
but its value strongly depends on the crystallite shape 
[22]; λ is X-ray wavelength; θ is a Bragg diffraction 
angle; β is a line broadening at half the maximum 
intensity (in rad).

The measurement accuracy was calculated from 
the broadening of the diffraction line Δβ = 0.1 rad. 
The results of the calculation of crystallite sizes are 
shown in Table 4.

Table 4 shows that SnO2 films deposited by dip 
coating and spin coating are nanocrystalline. The 
crystallite size does not exceed 10.3 nm.

The formation of the amorphous structure of 
the films obtained by spray pyrolysis is probably 
associated with the high rate of reactions (1) and 
(2), since deposition occurs on a heated substrate. 
Consequently, crystallite formation will occur with 
further increase in the duration and temperature of 
annealing.
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Table 4 – Sizes of SnO2 crystallites

Deposition technique
SnO2

(110) (101) (200) (211)
Dip coating 6.2±0.2 nm 6.6±0.2 nm 7.7±0.2 nm 9.1±0.3 nm
Spin coating 6.5±0.2 nm 5.2±0.2 nm 4.6±0.2 nm 10.3±0.3 nm

Figure 4 – X-ray diffraction pattern of films deposited by different techniques  
(1 – dip coating, 2 – spin coating, 3 – spray pyrolysis)
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4 Conclusions

Visual inspection and SEM analysis showed that 
films deposited by spray pyrolysis technique dem-
onstrate the best surface morphology and thickness 
uniformity, comparing to films formed by dip coating 
technique that contain blisters, and spin coated films 
having interference patterns on the edges.  

Films deposited by all three different methods 
have a transmittance of more than 80% in the range 
of 380-1100 nm. However, the highest transmittance 
of 86%, and the minimum electrical resistance were 
observed in the films deposited by spray pyrolysis. 
Moreover, the films obtained by this method dem-

onstrate the highest sheet resistance uniformity (with 
the value scatter of 6%). These qualitative advan-
tages make spray pyrolysis deposition technique the 
effective and optimal method for creating transparent 
conductive coatings based on tin dioxide.

XRD analysis revealed that dip coating and spin 
coating deposition techniques form nanocrystalline 
SnO2 films, with the crystallite size of 10.3 nm and 
less. Films deposited by spray pyrolysis have an 
amorphous structure. This explained by the high rate 
of sol-gel processes on heated substrate. The process 
of the crystallites formation in this method can be 
controlled by increasing the duration and tempera-
ture of annealing.
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This article describes the results of studying the structural-phase state of composite Co-Cr-Al-Y coatings 
in the initial state and after thermal treatment, obtained because of using the developed magnetron method 
for applying multilayer coatings with a controlled concentration of constituent elements. According to the 
results of SEM measurements, it was revealed that unannealed coatings form dense coatings with a columnar 
structure. The results of transmission electron microscopy confirm the SEM and EDS measurements, and 
there are clear layer boundaries in the structure for each type of multilayer coating. A distinctive feature of 
the synthesized layers is the almost complete absence of a crystalline structure for all types of Co-Cr-Al-Y 
multilayer coatings, which is apparently due to the amorphous properties of cobalt and its tendency to form 
metallic glasses. The main process occurring during the heat treatment of the studied multilayer coatings is 
the formation of a spinel-type phase.
The obtained results of experimental studies give new, deeper ideas about the processes of formation of 
structural-phase states of composite coatings obtained by magnetron sputtering.

Key words: coating; structural-phase state; magnetron; phase; spinel; layer-by-layer deposition.
PACS number: 82.90.+j

1 Introduction

One of the urgent problems in the field of 
mechanical engineering is the development 
of technology for improving the strength and 
performance properties of coating materials for 
critical parts of power plants [1]. Of great importance 
is the development of new methods of influencing 
the structure and properties of coatings, and the 
complex use of existing developments, the optimal 
combination of which can create new opportunities 
for directed influence on the structure and properties 
of the resulting coatings [2, 3]. At the same time, the 
structural-phase state has a significant impact on the 
physical, mechanical and operational properties of 
coatings.

The vast majority of heat-shielding coatings, 
including those for gas turbine blades, have an 
operating principle based on the ability of the surface 
layer of such coatings to oxidize with the formation of 

a protective film based on aluminum oxide Al2O3 [4]. 
The chemical composition (and mainly the amount 
of aluminum) is the main factor that determines the 
performance and other protective properties of such 
coatings [5, 6]. Therefore, in the bulk of the work 
on the study of heat-shielding coatings, considerable 
attention is paid to establishing the relationship 
between the composition of the coating and its 
protective properties. The relationship between the 
structure and properties of the coating is analyzed 
slightly [7].

However, all the accumulated experience in the 
development and operation of gas turbines shows 
that, in addition to the chemical composition, one 
of the most important characteristics of a heat-
resistant coating should be considered its structure 
[8-11]. The coating structure determines not only 
its strength, ductility, fracture toughness, fatigue 
resistance, and other properties, but also its heat 
resistance [12]. Obtaining an optimal structure is 
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an important condition for achieving the required 
properties of coatings [13]. Therefore, the further 
industrial development and widespread use of new 
effective heat-resistant coatings and progressive 
fundamentally new technologies for their creation 
are undoubtedly associated with the need for deep 
systematic structural studies of these coatings at all 
stages of their creation and operation, identification 
of the general patterns of structure formation of 
both coating materials and the coating itself, the 
diffusion interaction of the coating with the protected 
heat-resistant alloy and with the protective oxide 
film, the processes of change and degradation of 
the structure under the influence of a wide variety 
of external factors. These factors determine the 
role and mechanisms of influence of a particular 
alloying element or a complex of such elements on 
the formation of the structure and properties of the 
coating during deposition and technological heat 
treatment, on the dynamics of degradation of both 
structure and properties during operation [14-17].

Methods for studying the states and properties 
of coatings are widely covered in the literature [18]. 
Along with a large number of publications devoted to 
the original research, there are reviews on this topic, 
monographs, textbooks and reference books [19,20].

However, the above studies were mainly based 
on coating methods, while studies in terms of the 
structural-phase state and the relationship between 
the structure and properties of the coating were not 
fully investigated.

Along with this, the study of composite coatings 
is of great interest from a scientific point of view. 
They can have effects that other materials do not 
have. The microstructure of a film differs significantly 
from the structure of a bulk material of the same 
composition, and the properties of thin films are 
largely determined by their morphology. Structural 
defects in bulk materials, which do not significantly 
affect the properties, in thin films can radically affect 
their behavior. Surface roughness practically does 
not affect the characteristics of bulk materials, while 
for film materials it can be a factor that determines 
many parameters. Therefore, when studying thin-film 
materials, it is possible to discover new phenomena 
and patterns that can become the basis for creating 
fundamentally new technologies and devices.

At the same time, the analysis showed the 
relevance of studying the structural-phase state and 
properties of composite coatings, since at present, 
in conditions of limited material resources in the 

industrial complex, technologies that increase the 
durability (resource) of machine parts and assemblies 
are of particular importance.

The aim of this work is to study the structural-
phase state of the composite Co-Cr-Al-Y coating 
obtained by using the developed magnetron method 
for applying multilayer coatings with a controlled 
concentration of constituent elements, in the initial 
state and after heat treatment.

2 Materials and methods

The object of the study was Co-Cr-Al-Y 
multilayer coatings (1-, 2-, 4-, and 8-layers), which 
were deposited on a single-crystal silicon substrate 
with [100] crystallographic orientation.

 The coatings were deposited by the magnetron 
method on an ion-plasma setup, which was a vacuum 
chamber with two magnetron-sputtering systems of 
an unbalanced type and an ion source with a closed 
electron drift [21].

The structural-phase state and elemental 
composition were determined by scanning electron 
microscopy using a JEOL-2200FS (Japan) (EDX) 
INCA ENERGY scanning electron microscope 
(Oxford Instruments, UK). Accelerating voltage was 
up to 30 kV; resolution was up to 3 nm, instrumental 
magnification was up to x300,000. Samples were 
placed in a mold with a diameter of 30 mm, filled 
with epoxy filler, dried, and then the resulting puck 
was ground and polished.

The structure and microstructure of the annealed 
samples were studied using a ThemisZ electron 
microscope (Thermo Fisher Scientific, USA) with 
an accelerating voltage of 200 kV and a limiting 
resolution of 0.07 nm. Images were recorded using 
a Ceta 16 CCD array (Thermo Fisher Scientific, 
USA). The instrument is equipped with a SuperX 
(Thermo Fisher Scientific, USA) energy-dispersive 
characteristic X-ray spectrometer (EDX) with a 
semiconductor Si detector with an energy resolution 
of 128 eV.

Sample preparation for TEM studies was 
reduced to obtaining a cross section by grinding with 
etching. A scratch was applied with a scriber (Fine 
Point Diamond Scriber 54467, Ted Pella, USA) to 
the substrate on the reverse side of the sample. The 
coated substrate is cleaved along the scratch line 
by applying the required scalpel pressure. Bonding 
of individual parts takes place with the front sides 
(films on substrates) in such a way that two ends 
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become visible. A special epoxy two-part adhesive 
EpoxyBond 110TM 2-Part Adhesive manufactured 
by Allied High Tech Products, Inc. was used.

A quartz cylinder with a diameter of 5 mm was 
used. Wax was applied on the surface of this cylinder 
and a gluing of the samples was attached with the 
ends up. Then the sample was polished at the LEICA 
EM TXP grinding and polishing plant. The samples 
were subjected to additional thinning using ion 
etching. The copper ring with the sample was placed 
in a special holder for the Gatan Precision ION 
polishing system model 691 ion etching station. The 
sample was placed in the microscope holder EM-
21010/21020: Single Tilt Holder for TEM JEOL-
2200FS (JEOL, Japan) (Figure 1).

Figure 1 – Sample holder EM-21010/21020:  
Single Tilt Holder for TEM JEOL-2200FS

X-ray phase analysis was performed on a 
Shimadzu XRD 6000 instrument with a Cu anode 
Kα (λ = 0.154 nm) by the grazing beam method 
(shooting angle 15°) in the range 2θ = 20-80°. Due 
to the low intensity of the peaks, the initial signal 
was approximated by Gaussian curves. Studies were 
also carried out using the X-ray powder diffraction 
method on the ARLX’tra instrument (ThermoFisher 
Scientific). The sample before each shooting was 
fixed with glue on an amorphous polycarbonate cu-
vette. Shooting of film samples was performed us-
ing symmetrical (Bragg-Brentano) geometry, in the 
angle range of 15-70°, and asymmetric geometry, in 
the range of 20-50°. The PDF-2 database compiled 
by the International Committee on Diffraction Data 
JCPDS (ICDD) was used as a reference file.

The heat treatment of the coatings was carried 
out on a MILA-5000 unit (ULVAC-RICO (Japan), 

equipped with IR halogen lamps with a total power 
of 4 kW and a maximum radiation intensity in the 
range of 0.8-1.2 µm. The unit allows operation in 
the temperature range from up to 1000 °С with a 
maximum temperature increase rate of 100 °С/min. 
On this installation, work was carried out to heat the 
samples at 400 °С, 800 °С and 1000 °С. The heating 
took place in a programmed mode with a given rate 
of reaching the desired temperature, as well as dur-
ing the transition from one annealing temperature to 
another. The annealing time at a given temperature 
or sequentially at several temperatures also passed in 
the programmed mode.

3 Results and discussion

The study of the structure and composition of 
multilayer coatings was carried out using electron 
microscopy. One of the results of the study of the 
cross section of coatings and the corresponding 
energy dispersive spectrum is shown in Figure 2.

According to the results of SEM measurements, 
it was revealed that the Co-Cr-Al-Y system forms 
dense coating with a columnar structure typical for 
metal coatings. The images on Figure 2 show that 
during the deposition process a coating was formed, 
which has a high-relief character. The thickness of 
all synthesized Co-Cr-Al-Y coatings varies within 
2.0±0.2 µm, and the thickness of an individual layer 
is 0.4 µm. The distribution of the constituent elements 
of the coating from point to point practically does not 
change. We believe that the presence of silicon atoms 
in the composition of the coatings is due to it’s getting 
there precisely from the detection of the substrate 
itself, since the distribution of silicon atoms over 
the depth and width of the coating is uniform. The 
presence of an oxygen peak in the EDS spectrum is 
due to its adsorption on the cut surface after removal 
from the vacuum chamber.

Transmission microscopy results confirm the 
SEM and EDS measurements. Figures 3 and 4 show 
transmission microscopy images and corresponding 
elemental mapping. Elemental mapping by 
constituent elements showed that with a relatively 
uniform distribution of Al and Y in the thickness 
of the coating, the layers of enriched/depleted Co/
Cr alternate in accordance with the parameters 
of magnetron sputtering described in [22, 23]. A 
large amount of Y in the substrate during elemental 
mapping is associated with the superposition of the 
spectra of Y and Si in the EDS spectrum.
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A distinctive feature of the synthesized layers is 
the almost complete absence of a crystalline structure 
for all types of synthesized multilayer Co-Cr-Al-Y 
coatings, which is most likely due to the amorphous 
properties of cobalt and its tendency to form metallic 
glasses.

Figure 4 shows that the structure of the samples 
is columnar, microcracks are noticeable, which 
may indicate the presence of microstresses in the 
film, while ion etching showed these microstresses. 
However, it is possible that ion etching slightly 
destroys the film during thinning, and microcracks 
may be a consequence of the destruction of the film 
surface.

Film layering is also clearly visible in all TEM 
images. In the STEM mode, the number of layers is 
displayed more clearly, the boundaries of all layers 
are clear, which means that the process of layer 
growth during deposition took place in the optimal 
mode.

Elemental analysis showed that Co and Cr are 
distributed in the layers in the form of a gradient. 
At the same time, the content of Co in a single-
layer coating is the maximum value – 27.63%, in a 
4-layer coating – the minimum value – 19.4%. The 
chromium content, on the contrary, increases with 
the increase in the number of layers. So, in a single-
layer coating, this value is 18.82%, and in an 8-layer 
coating – 24.15%. Aluminum is evenly distributed 
over all layers of the film. Its content remains largely 

unchanged. In a 1-layer coating – 9.75%, 4-layer – 
8.85%. Yttrium is located in the form of a small thin 
layer at the film/substrate interface; during thinning 
with the help of ion argon guns, it is etched away until 
destruction (EDS detects a weak peak that “merges” 
with a large silicon peak). The silicon content in the 
coating in 1, 2 and 4-layer coatings is in the range 
of 5.00 – 5.44%. In this case, in an 8-layer coating, 
this value is 3.89%. This is due to the formation 
of a diffuse region at the film–substrate interface. 
The oxygen content in the multilayer coating was 
found to be in the range of 10-20%. The presence of 
oxygen in the surface layer of the coatings is due to 
its adsorption on the cut surface after removal from 
the vacuum chamber, as well as after argon etching.

Figure 5 shows the results of X-ray phase analy-
sis by the method of a grazing beam of coating sam-
ples of 4- and 8-layer coatings.

For all synthesized Co-Cr-Al-Y coatings, the 
main peaks can be distinguished: 2θ ≈ 30° and 57°, 
corresponding to the peaks of the first and third order 
of the silicon substrate (111). Dominant peak of Cr 
(110) at 2θ ≈ 43°, pronounced for multilayer coat-
ings of 2- and 8-layers and much less intense for a 
single-layer coating. This correlates with the sig-
nificantly lower Cr concentration in the single layer 
coating measured from the EDS results. Fourth or-
der peaks are Y(411) and Y(444). The absence of Co 
and Al peaks is probably because they form an X-ray 
amorphous layer, which is confirmed by the results 

                                               а)                                                                                                b)

Figure 2 – An energy dispersive spectrum (a) of the coatings  
and SEM images of a cross section of the coating (four-layer coating) (b)
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of TEM. Summing up the results of TEM and XRD, 
we can state the formation of an amorphous Co/Al 
matrix with Cr and Y nanocrystals distributed in the 

thickness of the coating. The formation of intermetal-
lic compounds in the deposited Co-Cr-Al-Y system 
was not detected.

                                             а)                                                                                              b)

 Figure 3 – TEM images of the cross section of the coating (a)  
and its elemental mapping (four-layer coating) (b)

Figure 4 – Microstructure of various sections of all series of coatings
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The results of studies of the structural-phase 
state of Cr-Al-Co-Y coatings because of thermal 
treatment in an Ar medium at 400 °C showed some 
changes in comparison with untreated samples. 
In the case of the single-layer sample, it was not 
possible to detect extraneous reflections except 
for the reflections of the silicon substrate 111 and 
220. These reflections are mainly due to the defo-
cus of the incident beam on the sample at small 
angles of incidence. However, for the remaining 
samples, the appearance of reflections of a number 
of phases was noticed: SiO2, CoO, AlSi0.5O2.5, and 
CrAl0.42Si1.58.

A further increase in the annealing tempera-
ture in Ar at 800°C does not lead to significant 
changes. In the case of a sample consisting of 
two composite layers, the reflections of various 
impurity phases disappeared and the Co3O4 phase 
was formed. It should be noted that the CoCr2O4 
phase, which also has a spinel-type structure, has 
a similar set of reflections in position and inten-
sity, and the elemental analysis data showed a 
fairly homogeneous distribution of chemical ele-
ments in the material. In this regard, overlapping 
of peaks in the diffractogram may occur, and this 
phase, meanwhile, may be present in the sample. 
In the case of the sample with eight layers of the 

composite, the formation of a phase similar to 
Y2O3 was also observed.

For samples annealed at 1000 °C, the formation 
of a spinel-type phase (Co3O4–CoCr2O4) was ob-
served in all cases. In the sample with two layers, im-
purities were also found similar to those observed at 
lower annealing temperatures, but were not observed 
for the sample annealed at 800°C. In this case, this is 
because the samples had different areas and, there-
fore, contained different amounts of the substance, 
based on which the reflections of impurity phases 
could not be observed in the case of one sample, but 
the phases themselves could be preserved. In the case 
of 2-layer and 4-layer composites, the yttrium oxide 
phase was detected (Figure 6).

The structure of the samples, as well as in the 
unannealed ones, is columnar, the same microcracks 
are observed as in the unannealed samples. The 
layers are clearly distinguishable on the TEM, 
STEM images, and on the EDS maps. There is a 
“mixing” of elements in the layers of annealed 
samples (Figure 7).

Similarly, to the previous series (annealed at 
400°C), there is a “mixing” of elements in the film 
layers.

The structure of the samples annealed at 1000°C 
is shown in Figure 8.

                              a)                                                                                             b)

Figure 5 – X-ray phase analysis: (a) four-layer coating; (b) eight-layer coating
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   a)                    b)

Figure 6 – X-ray diffraction patterns of the Y-Co-Al-Cr sample in asymmetric geometry depending  
on the annealing temperature of the samples: (a) – single-layer; (b) – four-layer coatings

Figure 7 – EDS analysis of single-layer coating at 1000 °C

                    a)                                       b)                                               c)                                       d)

Figure 8 – Structure of samples annealed at 1000°C: (a) 1-layer; (b) 2-layer; (c) 4-layer; (d) 8-layer samples
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.The structure is similar to all previous samples; 
the presence of layers is clearly distinguishable in 
all modes of TEM (also SEM). As with the previ-
ous annealed samples, mixing of the film layers is 
noticeable. The silicon content in the coatings after 
heat treatment increased significantly – more than 
10 times. This applies to 1-layer coating (400°С) – 
29.52%, 2-layer coating (400°С) – 33.10%. It was 
observed that the cobalt content decreases with in-
creasing annealing temperature. So, for 1, 2, 4 and 
8-layer coatings annealed at a temperature of 400°C, 
the cobalt content is 31.30; 17.10; 7.57; 3.58% re-
spectively. For 1, 2, 4, and 8-layer coatings annealed 
at 800°C, the cobalt content is 4.00; 19.91; 4.50; 
10.37% respectively. Aluminum is distributed even-
ly over all layers of the film. The maximum content 
of Al in 1-layer coatings subjected to thermal treat-
ment at temperatures of 400 and 1000˚С. The mini-
mum value for the Al content is set in the 8-layer 
coating (400˚С) – 1.49%. In the remaining samples, 
this figure ranges from 3.60 to 8.22%. Chromium 
and cobalt are distributed in a gradient. The average 
value of the chromium content is generally similar to 
samples without thermal treatment. However, it has 
been found that for 8-layer (400°C), 1-layer (800°C) 
and 2-layer (1000°C), the chromium content is 1.38, 
3.20 and 4.60%, respectively. After heat treatment 
of coatings, it was possible to establish the content 
of Y: in 1-layer (400˚С) – 0.72%, in 8-layer (400˚С) 
– 0.04%, in 1-layer (1000˚С) – 0 .97%, in 4-layer 
(1000˚С) – 0.32%, in 8-layer (1000˚С) – 0.52%. At 
an annealing temperature of 400°C, the oxygen con-
tent in 1 and 8 layer coatings was not established, 
similarly for 1 and 4 layer coatings at a processing 
temperature of 1000°C. The oxygen content in 2 and 
4 layer coatings at the annealing temperature is 25.80 
and 45.82%, respectively. As noted above, the pres-
ence of oxygen in the surface layer of the coatings 
is due to its adsorption on the cut surface after being 
removed from the vacuum chamber.

4 Conclusions

The structural-phase state before and after heat 
treatment of multilayer Co-Cr-Al-Y coatings on a 
silicon substrate, obtained by the magnetron method, 
has been studied. According to the results of SEM 
measurements, it was revealed that unannealed coat-
ings form dense coatings with a columnar structure 
typical for metal coatings. The total thickness of one 
layer of the composite coating, which includes se-

quential Co-Cr-Al-Y components, ranges from 2.0 ± 
0.2 µm, and the thickness of a separate sublayer of 
each element is 0.4 µm. The study of the local and in-
tegral elemental composition of coatings shows that 
the matrix has a gradient character. According to the 
data of energy dispersive analysis, the concentration 
of chromium in the coating increases with an increase 
in the number of layers, with a proportional decrease 
for cobalt, which is associated with the influence of 
the second layer with an increased concentration of 
chromium.

Transmission microscopy results confirm the 
SEM and EDS measurements. The structure contains 
clear layer boundaries for each type of multilayer 
coating. Elemental mapping by constituent elements 
showed a relatively uniform distribution of Al and 
Y in the thickness of the coating and layers of en-
riched/depleted Co/Cr alternate. A large amount of 
Y in the substrate during elemental mapping is as-
sociated with the superposition of the spectra of Y 
and Si in the EDS spectrum. A distinctive feature of 
the synthesized layers is the almost complete absence 
of a crystalline structure for all types of synthesized 
Co-Cr-Al-Y multilayer coatings, which is associated 
with the amorphous properties of cobalt and its ten-
dency to form metallic glasses.

For all Co-Cr-Al-Y coatings, the main peaks can 
be distinguished: 2θ ≈ 30° and 57°, corresponding to 
the peaks of the first and third order of the silicon 
substrate (111). Dominant peak Cr (110) at 2θ ≈ 43°, 
pronounced for multilayer coatings of 2-8 layers and 
much less intense for a single-layer coating. This cor-
relates with the significantly lower Cr concentration 
in the single layer coating measured from the EDS 
results.

The results of studies of the structural-phase 
state of Cr-Al-Co-Y coatings after the heat treat-
ment in an Ar medium at 400 ° C showed some 
changes in comparison with untreated samples. The 
appearance of reflections of a number of phases was 
noticed: SiO2, CoO, AlSi0.5O2.5, and CrAl0.42Si1.58. A 
further increase in the annealing temperature in Ar 
at 800°C does not lead to significant changes. For 
samples annealed at 1000°C, the formation of a spi-
nel-type phase (Co3O4–CoCr2O4) was observed in 
all cases. In the sample with two layers, impurities 
were also found similar to those observed at lower 
annealing temperatures, but were not observed for 
the sample annealed at 800°C.

Based on the data obtained, it can be stated that 
the main process occurring during the annealing of 
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these composites is the formation of a spinel-type 
phase. In this case, despite the symbol Co3O4, the 
composition of the resulting spinel may be different, 
and may include Cr, Y, and Al, based on the possible 
charge states of these cations (Cr3+, Al3+, Y3+). Their 
final formation for all samples occurs in the tempera-
ture range of 800-1000°C. In this case, the yttrium 
oxide phase can form separately from particles with 
this structure, which is due to the large size of the 
Y3+ cation. Apparently, one of the main reasons for 
the formation of spinel structures is the partial acidi-
fication of films, which was already demonstrated for 
the initial amorphous samples by the TEM method, 
and the uniform character of oxygen saturation of the 
layers indicates that the samples were acidified at the 

stage of their deposition onto the substrate. The cal-
cination of samples in an inert atmosphere does not 
lead to the reduction of oxides, but to their crystalli-
zation. This allowed to conclude that in the future, to 
obtain composite layers by heat treatment, it is neces-
sary to use a medium with a more reducing character, 
for example, a mixture of Ar + H2 or He + H2 gases, 
which will contribute to the reduction of the original 
spinels.
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Empirical research of the formation of convection streams in a ternary gaseous compound He + R12 –
Ar at various pressures and concentrations of the miscible components has been implemented. Experimental 
data obtained have demonstrated that the intensiveness of convection streams increases with increasing 
pressure. It is noted that in the system under consideration, the initiation of convection streams is possible 
when the content of Freon-12 in the mixture is more than 0.1 mole fraction. A numerical study of the 
unstableness of mechanical balance in the mixture He + R12 – Ar with significantly different diffusion 
coefficients of gas mixture components has been carried out by means of the splitting scheme in terms of 
physical parameters. The presented mathematical model makes it possible to describe the process of 
formation of a convective structure for various compositions of mixture. The onset of instability is 
accompanied by the formation of curved concentration profiles. Within the numerical framework, the onset 
times of various mixing regimes are determined.

Keywords: diffusion, convection, gas mixtures.
PACS numbers: 51.20.+d, 51.10.+y

1 Introduction

Convective motions in a single-component 
medium where density has monotonous temperature 
dependence are researched carefully and reported in 
[1-4]. Mentioned works present approaches, which 
allow for channels of various geometric shapes to 
investigate free gravitational convection, which 
makes it possible to predict mixing modes for 
specific conditions. For single-phase systems, the 
occurrence of thermoconcentration gravitational 
flows is the heterogeneity of the density of medium 
caused by temperature variations. The directions of 
the force of gravity and the density gradient of the 
medium have a significant effect on the formation of 
convective instability. In this case, the medium has a 
stable stratification if the gravity and density gradient 
vectors are codirectional. This situation does not 
contribute to the emergence of convective flows.

In binary non-isothermal mixtures, it is necessary 
to take into account diffusion, which leads to 
additional mechanisms for the occurrence and 
development of convective flows [5, 6]. One of the 
features of the research, which conducted in [5, 6]
was the assumption, that heat and dissolved matter as 

components affecting the general medium density 
distribution. It follows from this that for 
multicomponent mixtures, convective separation 
effects will also appear, the reason of occurrence of 
which is distinction between the interdiffusion 
constants of the mixture constituents. Finding out of 
the influence of the constituents’ diffusibility is 
possible when studying isothermal mixing. 
Experimental and numerical data of multicomponent 
gas mixtures [7-14] have shown that the unstableness
of mechanical balance of the mixture may be realized 
under the condition of a decrease in density with 
height. This condition is not representative when 
studying the thermal convection problems described 
in [1-5] for single-component systems. For such 
situations, the component with the highest molar 
mass was transferred more intensively, which was 
noted by the authors of the work [15]. Thus, when 
solving problems of complex mass transfer, it is 
necessary to pay special attention to problems aimed 
at studying and clarifying the conditions under which 
it is possible to separate a component with certain 
properties during multicomponent mixing.

Purpose of the article is an empirical research of 
the unstableness of mechanical balance and the 
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change of modes of “diffusion – concentration 
gravitational convection” in an isothermal three-
component helium – Freon – argon gas mixture at 
various pressures and compositions for a case when 
the mixture density deflates with altitude change. The 
regime change “diffusion – concentration 
gravitational convection” border is defined. A
comparison of the computation data with the 
empirical results is implemented.

2 Experiment

A ternary mixture of gases He (1) + R12 (2) – Ar 
(3) was subject to study at different contents of 
Freon-12 in the mixture. The order of the components 
in the mixture under study is indicated by the quantity 
in parentheses. The composition of the initial 
mixtures was selected in such a way that the 
investigated mixture was hydrostatically stable when 
the immixture process started.

The divided transport of constituents was carried 
out in an experimental device that implements the 
two-flask method. The diffusion cell consists of two 
flasks (an upper one with volume Vu and a lower one 
with volume Vl) connected by a vertical cylindrical 
channel (see Fig. 1a). The geometric characteristics 
of a diffusion cell with a cylindrical channel have the 
following values: Vl = (214.5 ± 0.5)×10-6 m3, Vu =

(226.8 ± 0.5)×10-6 m3, L = (165.00 ± 0.05)×10-3 m. 
The studies were fulfilled at a constant temperature 
equal to 298.0 K and pressures within (0.15 – 0.60) 
MPa. The pressure and the temperature measurement 
accuracy was 0.02 MPa and 0.1 K respectively. 
Measurement of the concentration of components 
was implemented by gas chromatography. The error 
in measuring the concentration did not exceed 
1–3%.

Operation method on the experimental bench was 
described in detail for similar devices in [16], so we 
will dwell on the main procedures that allow us to 
obtain experimental data for the mixture under study. 
The upper flask 2 through the system of valves 9, 11 
and the pressure gauge 7 is filled with the initial 
mixture from the cylinder 5 to a predetermined 
pressure. A similar procedure for filling gas the lower 
flask 3 of the apparatus from the cylinder 6 with is 
carried out through the manometer 8 and the system 
of valves 10, 12. After fixing the experiment 
pressure, the valves 9, 11 and 10, 12 are blocked. The 
mixing of gases through the connecting channel of a 
given geometry 1 occurs when the valve 4 is opened 
with simultaneous registration of time. When the 
experiment is finished, the valve 4 is closed and the 
mixing time is fixed. Then the studied mixtures are 
fed to the outlets 15, and then transported to the 
chromatograph for analysis.

                                                          а)                                                                                         (b)

Figure 1 – Experimental studies of the unstableness of mechanical balance in triple gas mixtures:
(а) Experimental setup [17]; (b) Pressure dependence of the factor

α for the system 0.7 He (1) + 0.3 R12 (2) – Ar (3), Т = 298.0 К: 1 – helium, 2 – Freon-12,
3 – argon, 4 – calculation assuming diffusion
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During experiments, it was supposed to study the 
mixing of a two-component system arranged in the 
top flask 2 with a pure constituent located in the 
bottom flask 3 (see Fig. 1a). To exclude convective 
mechanisms caused by the unstable density 
stratification of the system [1-5], the lighter (in terms 
of density) binary mixture was located above the 
heavy gas. Thus, the condition of the negative 
direction of the density gradient was initially formed, 
under which the implementation of the diffusion type 
of mixing without convective disturbances is 
possible. The placement of the mixture components 
relative to the diffusion channel associated with the 
opposite direction of the change in density per unit 
length was not considered. The duration of the 
experiment at predetermined temperature and 
pressure was 60 minutes. Such mixing times 
provided sufficient values for the diffused 
concentrations of the components, which made it 
possible to carry out chromatographic analysis.

The experimental concentration values cexp were 
normalized to the theoretical values ctheor calculated 
in the diffusion approximation using the Stefan-
Maxwell equations [18]. Figure 1b indicates a typical 
pressure relationship of the nondimensional factor α
= cexp / ctheor for the analyzed system. An analysis of 
the data presented in this figure shows that in the 
pressure range up to 0.15 MPa, diffusion occurs in 
the system. It is confirmed by the fact that all 
constituents of the considered system have the value 
of the nondimensional factor αi equal to one. For each 

component of the mixture, the parameter αi starts to 
raise when an experimental pressure equals to 0.15 
MPa. A particularly significant increase was noted 
for Freon-12 and, to a lesser extent, for the most 
diffusively mobile He. Thus, the transition from 
diffusion to convective mixing is possible when the 
pressure in the experiment is equal to or exceeds 0.15 
MPa. The growth of the rate of convective flows 
formation is associated with a subsequent raise in 
pressure. The type of mixing in which the intensity of 
mixing decreases with increasing pressure is not 
representative when studying diffusion process.
Distributions similar in form were also observed for 
other primary combinations of the systems. If the 
Freon-12 content in the initial mixture is less than 0.1 
mole fraction, diffusion occurs in the system. The αi

parameters for each component will be 
approximately equal to one.

3 Numerical analysis

Let us consider the process of mixing in a 
cylindrical channel, in which the main diffusing 
components are diluted by the third component.
Figure 2 explains the problem statement. A mixture 
of light gas 1 (with molar mass M1) and heavy gas 
2 (with molar mass M2) contains in the upper part 
of channel S1. This mixture diffuses into a gas with 
an intermediate molar mass M3, which arranges in 
the section S2 (where S2 is the bottom region of 
channel).

                                             a)                                                                                             b)

Figure 2 – Model of multicomponent diffusion: (a) Natural and numerical regions 
of immixture; (b) Placement of three-component system at the starting terms

The use of the Boussinesq approximation for a 
system of fluid dynamics equation written for 
disturbed quantities makes it possible to determine 

the conditions for three-component gas mixtures 
under which the transition from diffusion to 
convection is possible. The mentioned system of 
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equations is composed of the motion equation in the 
form of the Navier-Stokes equation, the equations of 
convective diffusion and the conservation equation of 
particles number in the mixture. When writing the 
considered system of equations, it is necessary to take 
into account the conditions of independent diffusion, 
which for a three-component system under the 
condition of constant temperature can be represented 

as follows 
3

1
0i

i
j

=

=∑


and 
3

1
1i

i
c

=

=∑ . Then the 

considered system of equations has the form [19]: 
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,

where ci is the concentration of the i-th component; 
*
ijD are the practical diffusion coefficients; g is the 

gravity acceleration vector; n is the number density; 
p is the pressure; t is the time; u is the mass-averaged 
velocity; v is the mean-number velocity of the 
ternary mixture; ρ is the density; η and ξ are the shear 
and bulk viscosity coefficients.

The equation of medium state should be added to 
the system of equations (1):

/ /
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ic is the concentration 

perturbation of the i-th constituent.
The method of small perturbations is used when 

solving the system of equations (1). Using this 
method, the system under consideration is written for 
the perturbed quantities as:
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div 0v =
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where βi is the factor specifying the i-th component 
concentration dependence of the gas mixture density,
γ is the unitary vector, ν is the kinematic viscosity, ρ0

is the average mixture density. < ci > is the invariable 
average of the concentration considering as the 
reference point.

The weight-average and number-average 
velocities have the disturbances of the same order of 
magnitude. Thus, it is possible to replace v by u

when the diffusion channel length H is much more 
than the semidiameters r of the diffusion canal.

The combined equation (3) can be presented in 
the nondimensional form by means of the next 
measures: H for the specific linear size of the cave, 
H2/ν for the time, D*

22/H for the velocity, АiH for the 
i-th component concentration, and ρ0νD*

22/H2 for the 
pressure. Then equations (3) may be written as:
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where 4 *
22Ra i i ig A H Dβ ν= is the partial Rayleigh 

number, where Ai is the nondimensional primary 
gradient of the i-th component concentration,

*Prii iiDν= is the diffusion Prandtl number,
* *

22ij ijD Dτ = are the factors defining the 
dependence of practical diffusion coefficients.
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The numerical solution of the system of equations 
(4) is based on the application of a splitting methods 
by physical quantities [20]. The problem is modeled
in the rectangular coordinate system, in which a 
bidimensional region of the cylinder section with 
dimensions H × d is allocated. The considered 
cylindrical region with a height H and a diameter d is 
shown in Figure 2a. The calculations used a 
nondimensional grid 128 x 128, which made it 
possible to fix the concentration profiles 
corresponding to the onset and subsequent growth of 
convective flows. 

We assume that initially convection and diffusion 
lead to the momentum transfer. To find the 
intermediate velocity field, the three-point double-
sweep method is used. In this case, for the convective 
and diffusion members, which have the second order 
of accuracy in space, the explicit Adams-Bashforth
scheme and the implicit Crank-Nicolson scheme are 
used [21, 22]. The discretization in space is 
implemented by the second-order accuracy. The 
pressure field is determined from the obtained 
intermediate velocity field by means of the Fourier 
method. The final recalculation of the velocity field 
is made on the assumption that the pressure gradient 
is the only cause of the transfer. Applying the Crank-
Nicolson scheme and taking into account the found 
velocity field, the concentrations of the mixture 
components are determined using the three-point 
sweep method.

4 Numerical results

Figure 3 shows the results of a numerical 
calculation for the mixture 0.70 He (1) + 0.30 R12 (2) 
– Ar (3) at a pressure of 0.5 MPa and a temperature 
of 298 K, illustrating the change in the concentration 
of the heavy component of the mixture with time. The 
mixture placed at the top of the diffusion channel has 
a density less than the density of argon located at the 
bottom. The isoconcentration lines presented in 
Figure 3 show the following sequence of mixing 
modes. Figure 3a shows that at the initial time the 
diffusion process is implemented in the system. The 
components’ concentration profile change in a 
monotonous manner. Further observation of the 

mixing dynamics shows that the components’ 
concentration profile are curved (see Fig. 3b). This 
moment of time determines the unstableness of 
mechanical balance with the subsequent growth of 
convective disturbances. Over time, the 
isoconcentration lines continue to bend, and there are 
structural formations due to the fact that in the lower 
part of the computational domain the component 
concentration with a large molar mass increases.
Subsequently, the convective structure detaches (see 
Fig. 3d) and moves in the diffusion channel in the 
gravity field. The performed computational 
investigation subject to pressure influence indicated 
that at the final stages of mixing, compound 
structured streams arise due to a significant bend of 
the concentration profiles with pressure growth. 
Moreover, the characteristic times of the onset of the 
corresponding mixing regimes decrease. Thus, the 
intensity of convective mixing increases with 
increasing pressure, which is also confirmed by the 
experimental data shown in Figure 1b.

5 Conclusions

An experimental study was carried out to 
define the conditions that determine the transition 
from a stable diffusion process to diffusion 
mixing with the formation of convective flows. 
For the experimental study of this transition, the 
experimentally measured concentrations were 
compared with the concentration values 
calculated using the Stefan-Maxwell equations. 
Such a comparison is presented as a pressure 
dependence of the nondimensional factor α.

Empirical results obtained for the mixture 0.70 
He (1) + 0.30 R12 (2) – Ar (3) show that, starting 
from a pressure of 0.15 MPa, there is change of the 
diffusion mode to convective one due to the violation 
of the mechanical balance of the mixture.
Examination of the change of nondimensional factor 
α subject to pressure indicated that the component 
with the large molar mass has the significant 
transference in the pressure range from 0.15 to 0.60 
MPa. This behavior of Freon-12 concentration on 
pressure indicates an intensification of the convective 
flows rate.
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(a)                                                                                     (b)

(c)                                                                                    (d)

Figure 3 – Concentration profiles for the system 0.70 He (1) + 0.30 R12 (2) – Ar (3) 
at p = 0.5 MPa, T = 298.0 K, L = 0.165 m, r = 3.05×10-3 m: (a) t = 3.6 s;

(b) t = 9.7 s; (c) t = 21.2 s; (d) t = 43.2 s

Within the framework of a numerical study, 
the dynamics of the formation of convective 
structures in the system 0.70 He (1) + 0.30 R12 
(2) – Ar (3) at a pressure of 0.5 MPa was studied, 
at which, as shown by the experimental data 
presented in the work, a convective type of mixing 
is observed in the system. The curvature of the 
concentration profiles causes the initiation of 
unstability. The intense distortion of the 

components concentration profiles is associated 
with the pressure growth in the experiment.
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