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Charge transfer and properties of localized plasmon  
resonance in Ag-TiO2 nanostructures 

In the paper the results of the synthesis of Ag – TiO2 nanostructures are presented. Nanostructures consist 
of a silver core and a TiO2 semiconductor shell. The size of nanostructures (NSs), determined by the method 
of dynamic light scattering, was 20 nm and 50 nm in different medias. The effect of the semiconductor shell 
of TiO2 on the properties of the localized plasmon resonance of silver nanoparticles is investigated. 
The quantitative index of localized plasmon resonance in NSs (electron density) was deteriorated, while the 
qualitative indicator of localized plasmon resonance (attenuation coefficient of plasma oscillations) can im-
prove in the case of a thin TiO2 shell. After the synthesis of the TiO2 shell an additional luminescence band of 
the Ag – TiO2 NS is observed. The observed luminescence is associated with charge transfer from TiO2 on 
Ag. The dependence of the maximum recombination luminescence band on the value of the charge on silver 
nanoparticles is observed. 

Keywords: localized plasmon resonance, silver nanoparticle, nanostructures, charge transfer, titanium  
dioxide. 

 

Introduction 

The number of applied applications of plasmon resonance observed in nanoparticles (NPs) and 
nanostructures (NSs) of metals increases every year [1]. Compositions of the interrelated components 
of various substances, one or several of which have linear dimensions in the nanorange are tak-
en to nanostructures. However, the wider practical application of metal NPs and NSs is limited by their 
chemical activity [2]. This is due to the increase in the specific surface of the particles with a decrease 
in their size [3]. One of the main ways to protect NPs from destruction is the synthesis of the protec-
tive shell. A schematic plot of the core-shell NS and their main geometrical parameters are shown 
in Figure 1. The shell can be from both organic and inorganic materials. The most commonly used sub-
stances are oxide materials, such as TiO2 and SiO2 [1]. They are highly stable. Core-shell nanostructures 
can be used for photocatalysis, in medicine, electronics and photovoltaics [4–6]. An important positive 
quality of NS core-shell is the ability to change the characteristics of the resulting nanoparticles. In partic-
ular, it is possible to change the characteristics of localized plasmon resonance (LPR) of metal nanoparti-
cles. 
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Figure 1. Schematic plot of Ag-TiO2 nanostructures  

Also for core-shell NSs can be observed that weren’t observed for metals NPs. One such effect is 
charge transfer across the semiconductor/metal interface. Charge transfer can occur both from a metal nano-
particle to semiconductor when LPR is excited in it [7] and from TiO2 when a semiconductor absorbs light 
and electrons transfer to the conduction band of silver [8]. If a large amount of work is devoted to charge 
transfer from metal to semiconductor, then the process of charge transfer from TiO2 to metal is few under-
stood. 

The aim of the present work was to study the charge transfer process in nanostructures of the «plas-
mon core-semiconductor shell» and to study the influence of the semiconductor shell on the LPR of silver 
nanoparticles. 

Method of experiment 

The method of synthesis of Ag-TiO2 NSs, used in the work, is described in detail in [9]. Originally, 
silver NPs were synthesized. To reduce the concentration of additional reagents in the solution, the pro-
duction of silver nanoparticles in water was carried out by laser ablation in a liquid. The setup diagram for 
the production of nanoparticles and the conditions for carrying out the synthesis are given in [10]. 

After the synthesis of silver NPs, titanium dioxide semiconductor shells (TiO2) were synthesized. The 
core-shell nanostructures are synthesized by adding a solution of titanium tetraisopropoxide (TIPT) to an 
ethanol solution of silver NPs. All of these components are added during vigorous stirring of the solution. 
During the synthesis, the following ratio between the reagents was mainly chosen: 6 μl of TIPT was added 
to 1 ml of ethanol. In 10 ml of silver NP solution was added 1 ml of TIPT solution. After this, the reaction 
mixture is stirred for 12 hours at room temperature in the dark. Also, besides the standard concentration of 
TIPT, concentrations were used 2 times and 3 times less than the standard (concentrations TIPT of 50 % 
and 30 % of the standard respectively). 

The average sizes of the obtained NPs and NSs were determined by the method of dynamic light scat-
tering on the Zetasizer Nano ZS (Malvern) particle size analyzer. The morphology of the NPs was studied 
on a Tescan Mira 3 scanning electron microscope (SEM). Absorption spectra were recorded on a 
Cary 300 spectrophotometer (Agilent), and fluorescence was recorded on an Eclipse spectrofluorometer 
(Agilent). 

Results and its discussion 

Originally, silver NPs were synthesized. Their size was r1 ~ 20 nm (Fig. 2, а), r1 as pointed 
in Figure 1. Then, an Ag-TiO2 NSs with different thicknesses of the semiconductor shell was synthesized 
in an ethanol solution (rshell in Fig. 1). The obtained TiO2 shell thickness in synthesized NSs was equal to 
rshell=23 nm (Fig. 2, b) and rshell=63 nm (Fig. 2, c). The use of NSs with a shell of different thickness will 
allow you to determine the degree of influence of the semiconductor shell on the properties of decision 
maker silver NPs. The concentration of NSs in solution was 4,1 * 10-8 mol/l. The sizes of NPs and NSs in 
aqueous solution are shown in Figure 2 and Table. 
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а) b) 

c) 

Figure 2. The size distribution of Ag (a) and Ag-TiO2 nanoparticles with  
a concentration TIPT of 30 % of the standard (b) and 50 % (c) in water 

T a b l e  

Size and main characteristics of the absorption spectra of the NSs «plasmon core/semiconductor shell» 

Characteristics of solutions  
NP and NS 

Particle size, 
nm 

max
absλ , nm Δλ1/2, nm N,·1022 сm-3 γ,·1015 s-1 

Aqueous solution Ag 20 416 45 7,46 3,64 
Aqueous solution Ag-TiO2  
(concentration of TIPT 30 % ) 

43 420 62 7,35 3,04 

Aqueous solution Ag-TiO2  
(concentration of TIPT 50 %) 

84 424 58 7,20 3,86 

Ethanol solution Ag 50 407 65 - - 
Ethanol solution Ag-TiO2 130 - - - - 

 
Electron-microscopic studies of NPs and NSs showed that they are predominantly spherical in shape 

and correspond to the results obtained in [9]. The Ag NPs and Ag-TiO2 NSs in ethanol were also synthe-
sized. The main characteristics of the obtained NPs and NSs are shown in Table. 

The absorption spectra of silver NPs and Ag-TiO2 NSs in ethanol and aqueous solutions are 
shown in Figure 3. It is seen from the figure that the maximum plasmon resonance of silver NPs is in 
the range 410–415 nm (curve 1). The absorption spectra of the NSs solutions are observed. As it is known, 
the absorption band of TiO2 is located in the ultraviolet part of the spectrum, starting at 360 nm. Therefore, 
the change in the absorption spectrum is due to the formation of TiO2 particles in a solution with silver NPs. 
With an increase of shell thickness in NSs from 23 nm (curve 2) to 63 nm (curve 3) a significant decrease in 
the intensity of the plasmon resonance band of NPs in aqueous solution occurs (Fig. 3, a). The formation of 
the TiO2 semiconductor shell is indicated by a decrease in the intensity of the plasmon resonance of silver 
NPs and the red–shift of its maximum. A similar result was obtained for the absorption spectra of NPs and 
NSs in ethanol (Fig. 3, b). 
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a) b) 

Figure 3. Absorption spectra of the Ag (1) and Ag-TiO2 (2, 3) with  
rshell=23 nm (2) and rshell=63 nm (3) in aqueous (a) and ethanol (b) solutions  

For spherical NPs, the frequency (ω) corresponding to the maximum of the absorption spectrum is re-
lated to the plasmon resonance frequency (ωp) by the following formula: 

 .
3
рω

ω =  (1) 

The half–width of the absorption spectrum is also one of the main characteristics of plasmon reso-
nance. It carries information on the distribution of LPR by size. The values max

absλ  and Δλ1/2 contain infor-
mation on the relaxation of plasmon oscillations, electron density, and other characteristics of LPR. Thus, 
knowledge of the maximum of the absorption spectrum and the shape of NPs makes it possible to deter-
mine the frequency of plasmon resonance of NPs and a number of important parameters characterizing the 
properties of LPR. 

For metals NPs, the position of the plasmon absorption band can be described by the following for-
mulas [11, 12]: 

 
)2(22

mppeak εελλ += ∞

 (2) 

 2 2 2 2
04 / ,p c m Neλ π ε=  (3) 

where, λ2
p is the volume plasma wavelength in terms of the electron mass, ε0 is the vacuum dielectric con-

stant, e is the charge of the electron, and N is the electron density in the particle; ε∞ is the high–frequency 
dielectric constant (for silver – about 4,9 ± 0,3, for gold – 6,9 [13]) εm is the numerical value equivalent to 
the square of the refractive index of the solvent. For ethyl alcohol, εm was taken equal to 3,7 [9].  

In the formation of a shell of titanium dioxide on the surface of NPs, the electron density N will de-
crease. This, in turn, will lead to an increase in λ2

p (formula 3). This is expressed in the long–wavelength 
shift of the maximum of the LPR. A decrease in the electron density N will lead to a decrease in the ab-
sorption intensity of the LPR, which is observed in Figure 3. These results show that the formation of the 
TiO2 film occurs on the surface of the Ag NPs. 

As shown in [11, 12], under the condition that the radius is lower than the wavelength of the inci-
dent radiation, a linear dependence of the form is applicable: 

 
22

peak2

1 1

1 1
.

k
λθ λ

θ θ λ
 

= + −  
 

 (4) 

From the graph of the dependence of 
1

k
 on 

22
peak λ

− λ  λ 
, the parameters of the linear dependence  

(formula 4) θ1 and θ2 were determined. Figure 4 shows the dependence of 
1

k
 on 

22
peak λ

− λ  λ 
 for solutions 
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of silver NPs and NSs Ag-TiO2. Using the parameters θ1 and θ2, the attenuation coefficient of plasma os-
cillations γ was determined by the formula: 

 
2

peak

2/1
22

λ
θπγ c

=
  (5) 

 

Figure 4. Dependence of 1/k on λ for a colloidal solution of silver  
NPs (1) and Ag-TiO2 NSs (2,3) with rshell=23 nm (2) and rshell=63 nm (3) 

The electron density N (formula 3) and the damping coefficient of plasma oscillations γ are given 
in Table. From the data in the table it can be seen that during the formation of the TiO2 semiconduc-
tor shell, the concentration of electrons participating in the formation of LPR in silver decreases. This in-
dicates deterioration in the quality of LPR in plasmon NPs when depositing a semiconductor shell on 
them. The rate of damping of plasma oscillations varies in different ways depending on the thickness of 
the TiO2 shell. At small thicknesses of TiO2, the rate of damping of plasma oscillations decreases. This 
can be seen both in the results given in Table and in [9]. With increasing shell thickness, the value of γ for 
Ag-TiO2 (rshell=63 nm) increases. This leads to an increase in the damping plasma of plasma oscillations. 
In the case of NPs obtained in ethanol, the above calculation algorithm could not be used due to the inabil-
ity to determine the value max

absλ  from the absorption spectrum of the obtained NS (Fig. 3, b, curve 2). 
Titanium dioxide NPs have their own luminescence [8, 14]. However, because the luminescence oc-

curs with indirect optical transitions of an electron, the intensity of the glow is quite low. Figure 5 (a) 
shows the luminescence spectra of ethanol solutions of TiO2 NPs and Ag-TiO2 NSs. The excitation was 
carried out by ultraviolet radiation with λexcit=300 nm. The concentration of TiO2 NPs and Ag-TiO2 NSs 
was chosen in such a way that the optical absorption of TiO2 remained unchanged. The size of silver NPs 
was 50 nm. It can be seen from Figure 6 (a) that the luminescence spectra of Ag-TiO2 nanostructures are 
significantly different from the TiO2 luminescence spectra. In the luminescence spectrum of Ag-TiO2, a 
new band appears with a maximum at 575 nm. This corresponds to the energy of 2,16 eV. This band was 
registered by the authors of [8] and is explained by them as the luminescence of silver NPs during charge 
transfer from TiO2 to silver. The luminescence intensity of Ag-TiO2 is much lower than the luminescence 
intensity of TiO2, which is also explained by the transfer of electrons from the conduction band of titanium 
dioxide to the conduction band of silver NPs. 

In the case of an aqueous solution of Ag and Ag-TiO2 NPs, the luminescence of Ag NPs was record-
ed (Fig. 5, b). For silver NPs, luminescence can be observed [15, 16] if their size is sufficiently small. This 
luminescence is explained by the emission of small silver clusters [15]. An additional luminescence band 
with a maximum at 540 nm appears in the luminescence spectrum for an aqueous solution of Ag-TiO2 
NSs, as for an ethanol solution of Ag-TiO2 NSs (Fig. 5 b, curve 2, 3). 
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a) b) 

1 –TiO2 NPs; 2 – Ag-TiO2 1 –Ag NPs; 2 – Ag-TiO2 with rshell=23 nm; 3 – Ag-
TiO2 with rshell=63 nm 

Figure 5. Luminescence spectra of solutions of Ag, TiO2 and Ag-TiO2 in ethanol (a) and in water (b) 

A possible mechanism of charge transfer is described in [9] and is shown in Figure 5. In the first stage 
of the process, the light quantum of TiO2 is absorbed and the electron is transferred from the conduction 
band of TiO2 to the Fermi level (EF) of the metal NPs (Fig. 6, a). In the second stage, the electron returns 
from the Fermi level to the valence band of the semiconductor (Eν). In this case, recombination luminescence 
with the wavelength of the corresponding transition energy ΔE = EF–Eν can occur (Fig. 6, b). The value of 
ΔE for the transition between the Fermi level of the solid body of Ag and Au and the valence band of TiO2 is 
2,9 eV [17]. At the same time, as shown in [18], the Fermi level of gold NPs can vary from the value ob-
served for atomic gold of 9,2 eV to a value corresponding to a bulk material (5,3 eV). However, the value of 
the Fermi level depends both on the size and on the charge of the NPs [16]. 

The transfer energy ΔE from the Fermi level is 2,3 eV. At the same time, the increase in the thickness 
of the TiO2 shell from 23 nm to 63 nm does not lead to a significant increase in luminescence with a maxi-
mum at 540 nm or a shift in the maximum of the luminescence band at 540 nm. This suggests that the lumi-
nescence at 540 nm is formed by transferring a charge from a layer of titanium dioxide bordering on silver. 
In this case, the thickness of the TiO2 shell does not have a large effect on the value of ΔE. Therefore, the 
outlying TiO2 layer from the silver does not participate in the charge transfer process. In the luminescence 
spectrum of aqueous solutions of Ag-TiO2 NSs, no luminescence of TiO2 is observed. Perhaps this is due to 
the low value of the quantum yield of the luminescence of TiO2 in comparison with the luminescence of Ag 
clusters. 

As shown in [18], the value of the Fermi level (EF) depends both on the size and on the charge of the 
low frequency. The decrease in the value of EF should occur with a decrease in the size of the NPs. In our 
case, the value of ΔE increases with decreasing size of the low frequency. Silver NPs with a diameter of 50 
nm have ΔE = 2,16 eV, silver NPs with a diameter of 20 nm have ΔE = 2,3 eV. The observed values of ΔE 
for different Ag-TiO2 NSs are related to the charge value for silver NPs. At the NPs with d=20 nm, a more 
negative charge should be presented compared to the NPs with d = 50 nm. 

 
а)     b) 

 

Figure 6. Mechanism of charge transfer and luminescence in the Ag-TiO2 NSs 
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Thus, the paper presents the results of the synthesis of Ag-TiO2 nanostructures. Measurement of the 
size and shape of the obtained NSs. The size of the NSs was determined using the method of dynamic 
light scattering. When using the absorption spectra of solutions of NPs and NSs, the electron density 
and attenuation coefficient of plasma oscillations γ were determined. It is shown that the TiO2 semiconductor 
shell reduces the electron density concentration of plasmon NPs. In this case, the damping rate of plasma 
oscillations varies in different ways and depends on the thickness of the synthesized shell. With a small 
thickness (rshell=23 nm), the decay rate decreases. With a large shell thickness (rshell=63 nm), the oscillation 
damping rate γ increases. The obtained results show that the quantitative indicator of NPs in NSs (electron 
density) is deteriorating, while the qualitative indicator of LPR (attenuation coefficient of plasma oscilla-
tions) can improve in the case of a thin TiO2 shell (rshell=23 nm). Also, after the synthesis of the TiO2 shell, 
an additional luminescence band of the Ag-TiO2 NSs occurs. This luminescence is associated with charge 
transfer from TiO2 to Ag. The dependence of the maximum recombination luminescence band on the value 
of the charge on silver NPs is observed. 
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Д.А. Афанасьев, Н.Х. Ибраев, Э.Ж. Алихайдарова 

Ag–TiO2 наноқұрылымдарында зарядты тасымалдау  
жəне локалды плазмондық резонанс қасиеттері 

Мақалада Ag–TiO2 наноқұрылымдары синтезінің нəтижелері келтірілген. Наноқұрылымдар күміс 
ядросынан жəне TiO2 жартылайөткізгіш қабыршағынан тұрады. Қолданылған еріткіштің тəуелділігіне 
байланысты жарықтың динамикалық шашырау əдісімен анықталған наноқұрылымдардың (НҚ) 
өлшемі 20 нм жəне 50 нм құрады. TiO2 жартылайөткізгіш қабыршағының күміс нанобөлшектерінің 
локалды плазмондық резонанс қасиеттеріне əсері зерттелді. НҚ-да локалды плазмондық резонанстың 
сандық көрсеткіші (электрондық тығыздығы) нашарлайды, алайда локалды плазмондық резонанстың 
сапалық көрсеткіші (плазмалық тербелістердің өшу коэффициенті) TiO2 қабықшасы жұқа болғанда 
жақсаратыны дəлелденді. Сонымен қатар TiO2 қабықшасының синтезінен кейін Ag-TiO2 НҚ-да 
люминесценцияның қосымша жолағы байқалды. Бақыланатын жарқырау TiO2-ден Ag-ға зарядтың 
тасымалдалуына байланысты болып табылады. Күміс НБ-де зарядтың мəніне тəуелді 
рекомбинациялық люминесценция жолағының максимумы байқалды. 

Кілт сөздер: локалды плазмондық резонанс, күміс нанобөлшектері, наноқұрылымдар, заряд 
тасымалдау, титан диоксиді. 

 

Д.А. Афанасьев, Н.Х. Ибраев, Э.Ж. Алихайдарова 

Перенос заряда и свойства локализованного  
плазмонного резонанса в наноструктурах Ag–TiO2 

В статье приведены результаты синтеза наноструктур Ag–TiO2. Наноструктуры состоят из серебряно-
го ядра и полупроводниковой оболочки TiO2. Размер наноструктур (НС), определенный методом ди-
намического рассеяния света, составил 20 нм и 50 нм в зависимости от использованного растворителя. 
Исследовано влияние полупроводниковой оболочки TiO2 на свойства локализованного плазмонного 
резонанса наночастиц серебра. Установлено, что количественный показатель локализованного плаз-
монного резонанса в НС (электронная плотность) ухудшается, в то время как качественный показа-
тель локализованного плазмонного резонанса (коэффициент затухания плазменных колебаний) может 
улучшиться в случае тонкой оболочки TiO2. Также после синтеза оболочки TiO2 наблюдается допол-
нительная полоса люминесценции НС Ag-TiO2. Наблюдаемое свечение связано с переносом заряда с 
TiO2 на Ag. Наблюдается зависимость максимума полосы рекомбинационной люминесценции от зна-
чения заряда на НЧ серебра. 

Ключевые слова: локализованный плазмонный резонанс, наночастица серебра, наноструктуры, пере-
нос заряда, диоксид титана. 
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Analytical evaluation of the Uehling potential using binomial expansion theorems 

In this paper, we have introduced a new method to study of Uehling potential using binomial expansion theo-
rems. Note that, the Uehling potential is a powerful tool to determine the effect of vacuum polarization in 
atomic and muon-atomic systems. The correcting of vacuum-polarization for an electron in a nuclear Cou-
lomb field can be defined more precisely by the use of Uehling potential. From this point of view, the deter-
mination of explicit and closed-form analytical expressions for Uehling potential is very important. There-
fore, presented method is illustrated by analytically calculation of the Uehling potential with the simple bi-
nomial coefficients and exponential integral functions. As can be seen from table and figure, the newly de-
rived analytical expression well avoids the computational difficulties. An evaluation analysis of the Uehling 
potential is reported for arbitrary values of parameters. Because of its simple form the suggested method can 
be generally applied to the quantum thermodynamical problems. 

Keywords: Uehling potential, vacuum polarization, quantum electrodynamics, Bickley-Naylor functions,  
Exponential integral function. 

 

Introduction 

The interaction potential between two electric charges which contains an additional term responsible for 
the electric polarization of the vacuum was introduced by Uehling [1], and has seen a series of successful 
applications in quantum electrodynamics (QED) [2–10]. This formalism can be applied to the effect of vacu-
um polarization itself and for various electrons and atoms [11]. Note that the Uehling potential is the integral 
function, therefore, before applying to the physical problems it should be analytically evaluated. Unfortu-
nately, there are limited numbers of studies in literature for the analytical evaluation methods of Uehling po-
tential. In this sense, recently, Frolov [2, 11] has suggested an efficient and useful analytical approximation 
by using Bickley-Naylor functions and modified Bessel function of zero order. The Bickley-Naylor functions 
are one of the conceptual tools in the nuclear computational science [11–15]. Therefore, obtaining the effi-
cient formulae for the any order Bickley-Naylor functions has significant role in physical applications of 
Uehling potential. For the analytical evaluation of the first and second order Bickley-Naylor functions author 
has proposed new formulae [12]. 

In the present article, by using binomial expansion theorems, we propose a new formula in terms of ex-
ponential integral functions occurring one infinite sum which enables fast and accurate evaluation of the 
Uehling potential. The new analytical approach for evaluating the Uehling potential is conceptually simpler 
than existing methods in the literature. 

Definition and basic formulas 

The interaction potential of two-point particles with including the vacuum polarization is described 
by [1, 2]: 
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The Eq. (1) in the atomic units systems can be rewritten as: 
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whereQ is electric charge, α  is fine structure constant ( -1 137.03599911α ≈ ) and ( )U r is Uehling poten-
tial determined as: 
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Here ( )I r is the Uehling function defined as: 
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In study [2] useful formulae have obtained for Uehling potential in following form: 
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where 12a rα −= . Here ( )nKi x are the Bickley-Naylor functions determined as:
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Notice that in special case of 0n =  Bickley-Naylor functions reduce to the Bessel functions 
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where ( )1kψ + is the Euler Function defined following as:
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Here γ  is the well known Euler’s constant. For 2n ≥ , Bickley-Naylor functions can be evaluated by the 
following recursive formula [13]: 

 ( )1 1 2( ) 1 ( ) ( ) ( ).n n n nnKi x n Ki x xKi x xKi x+ − −= − − +
 

(10) 

Note that for the calculation of Uehling potential by using Eq. (5), the 1( )Ki a and 2 ( )Ki a Bickley-Naylor 

functions must be determined. It is clear from the literature that there is not enough and efficient studies for 
the evaluation of these functions. Beside these insufficiencies recently the author [12] has given accurate 
formulae for the one and second order Bickley-Naylor functions in his study as following:
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Here ( )1kΦ + functions are determined as: 
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The calculation tests show that it is necessary to give various accurate and efficient analytical formulae for 
the evaluation of Uehling potential. The objective of this paper is to derive basic analytical expression for the 
Uehling potential. For this purpose we use binomial expansion theorems for the evaluation of Uehling poten-
tial. The binomial expansion theorem can be demonstrated by [13, 15]:
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here ( )mf n are the binomial functions given as:
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With the help of binomial expansion theorem we can rewrite Eq. (4) given for the Uehling potential follow-
ing as: 
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Here ( )nE t is the exponential integral function determined by: 
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In Eqs. (15) and (18), the ( )αΓ and ( ), xαΓ are well known complete and incomplete Gamma functions, 

respectively (see Ref. [13, 15] for exact definition). 

Numerical Results and Discussion 

In this paper, a new formula for the analytical calculation of the Uehling potential is presented. The 
proposed algorithm is based on the binomial expansion theorem and exponential integral functions. The ana-
lytical evaluation allows us to calculate Uehling potential by using simple mathematical expressions. The 
obtained formulae were performed by using Turbo Pascal programming language. The computational results 
of Uehling potential for various values of parameters have been demonstrated in Table and Figure. 

T a b l e  

Comparison of obtained results by considering Eq. (16) and  
Eq. (5) for calculating Uehling function (N=450) 

r  Results of Eq. (16) Results of Eq. (5) 
 

1 2 3 
0.01 8.115051 8.115036 
00.2 7.422076 7.422061 
0.2 5.122582 5.122568 
0.5 4.211433 4.211418 
1 3.526823 3.526809 

1.5 3.129856 3.1298421 
2 2.850633 2.8506191 
5 1.984293 1.984275 
8 1.562901 1.562887 

10.5 1.330496 1.330483 
15.7 1.007708 1.007696 
20 0.828739 0.828728 
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1 2 3 
25.2 0.670948 0.670938 
30 0.561539 0.561530 

35.9 0.458456 0.458447 
40.8 0.3913553 0.391347 
48.7 0.3077415 0.307734 
55 0.256683 0.256677 

60.9 0.218009 0.2180029 
100 0.0820734 0.0820701 
200 0.0098917 0.0098914 

 
In Table, our results have been compared with literature [2] and it is shown that obtained results are sat-

isfactory. In Fig. 1, we plot our analytical and literature results for Uehling potential as a function of 
interparticle distance .r  The solid and dashed curves represent our and literature data, respectively. 

 

 

Figure. Using Eqs. (16) and (5), the values of Uehling function I(r) with respect to interparticle distance r 

Table and Figure show that our analytical algorithm is reliable and fast in a wide range interparticle dis-
tance r . For instance, in the case of 0.01r = , the CPU times taken from the use of Eqs. (16) and (5) are 
0.062 ms and 0.343 ms, respectively. As a result, we made the calculation time about 20 times as fast with 
compared to the literature. Thus, we have proposed an alternative method for the evaluation of Uehling po-
tential which has significant role in atomic and muon-atomic systems, especially the interaction potential 
between two electric charges. 
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Э. Чопуроглу, Т. Мехметоглу 

Биномиалдық жіктеу теоремасын қолдану арқылы  
Юлинг потенциалын аналитикалық жуықтап анықтау 

Мақалада Юлинг потенциалын талдаудың биномиалдық жіктеу теоремасына негізделген жаңа əдісі 
ұсынылған. Атомдық жəне мюон-атомдық жүйелерге вакуумның поляризациясын анықтауда Юлинг 
потенциалының алатын орны ерекше екендігі белгілі. Юлинг потенциалының көмегімен ядроның 
кулон өрісіндегі электрондарға вакуумның поляризациясының əсерін дəл анықтауға болады. Осы 
тұрғыдан Юлинг потенциалының аналитикалық өрнегін білудің маңызы ерекше. Қарапайым 
биномиалдық жəне экспоненциал интегралық функцияларды пайдалана отырып, Юлинг 
потенциалының аналитикалық өрнегін есептеу мүмкіндігі көрсетілген. Келтірілген кестелерден, 
суреттерден жұмыста алынған аналитикалық өрнек есептеу, зерттеу барысын бірталай 
жеңілдететіндігін байқауға болады. Юлинг потенциалын есептеу параметрлердің кез келген мəндері 
үшін іске асырылған. Ұсынылып отырған əдісті кванттық-термодинамикалық есептерді-мəселелерді 
талдау үшін де пайдалануға болады.  

Кілт сөздер: Юлинг потенциалы, вакуум поляризациясы, кванттық электродинамика, Бикли-Нейлор 
функциясы, экспоненциалды интегралдық функция.   

 

Э. Чопуроглу, Т. Мехметоглу 

Аналитическая оценка потенциала Юлинга с использованием  
теорем биномиального разложения 

В статье введен новый метод изучения потенциала Юлинга с использованием теорем о биномиальном 
разложении. Отмечено, что потенциал Юлинга является мощным инструментом для определения 
влияния поляризации вакуума в атомных и мюон-атомных системах. Коррекция поляризации вакуума 
для электрона в ядерном кулоновском поле может быть более точно определена с помощью потен-
циала Юлинга. С этой точки зрения определение явных и замкнутых аналитических выражений для 
потенциала Юлинга очень важно. Представленный метод иллюстрируется аналитическим расчетом 
потенциала Юлинга с простыми биномиальными коэффициентами и экспоненциальными интеграль-
ными функциями. Как видно из таблицы и рисунка, полученное в статье аналитическое выражение 
позволяет избежать вычислительных трудностей. Оценочный анализ потенциала Юлинга приведен 
для произвольных значений параметров. Из-за своей простой формы предложенный метод может 
быть в целом применим к квантово-термодинамическим задачам. 

Ключевые слова: потенциал Юлинга, поляризация вакуума, квантовая электродинамика, функции 
Бикли-Нейлора, экспоненциальная интегральная функция. 
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Q-soliton solution for two-dimensional q-Toda lattice 

The Toda lattice is a non-linear evolution equation describing an infinite system of masses on a line that 
interacts through an exponential force. The paper analyzes the construction of  soliton solution for the q-Toda 
lattice in the two-dimensional case. For this purpose, the equation of motion is taken and the transformation 
of the dependent variable is used to convert the nonlinear equation into a bilinear form, which is written as 
the Hirota polynomial. As one of the most effective methods for constructing multisoliton solutions of 
integrable nonlinear evolution equations, Hirota method is applicable to a wide class of equations, including 
nonlinear differential, nonlinear differential-difference equations. Using the Hirota method, the bilinear form 
was obtained for the two-dimensional q-Toda lattice on the basis of which the q-soliton solution was found. 
The dynamics of the q-soliton solution for two-dimensional q-Toda lattice is presented. Note that the soliton 
is conserved due to the equilibrium between the action of the nonlinear environment with dispersion. In 
addition, the soliton behaves like a particle: does not collapse when interacting with each other or other 
disturbances, while maintaining the structure and continues to move. This quality has the ability to use when 
transferring data or information over long distances with virtually no interference. In addition, the study of 
the Toda lattice and the application to it of different methods in different dimensions allows one to proceed to 
the understanding of such complex terms as matrix models that can be used to describe different physical 
systems. 

Keywords: dispersion, soliton, Toda lattice, bilinear form, Hirota method. 

 

Introduction 

Waves described by different nonlinear differential equations, which consist of special pulses, have the 
property of preserving their original shape like stable particles. They are called solitary waves, single wave 
particles or solitons. Nonlinear lattices or lattices also contain solitons. When the energy is not very large, 
nonlinear lattices behave periodically, so stable pulses propagate in such nonlinear continuous systems. 
The fact of the existence of such lattices shows that there must be some non-linear lattice that allows strict 
periodic waves, and certain impulses will be stable. One such example is the Toda lattice equation. The Toda 
lattice is a non-linear evolution equation describing an infinite system of masses on a line that interacts 
through an exponential force. The Toda lattice is considered as a simple model of the nonlinear one-
dimensional crystal in solid state physics. It is defined by a lattice of particles with the interaction of the 
nearest neighbor, described by the equations of motion [1]. 

To find the exact solutions for nonlinear differential equations, a huge number of methods are used, 
such as the Backlund transform [2], the Hirota method [3], the inverse scattering transform method [4], and 
others. One of the most effective methods for constructing soliton solutions of integrable nonlinear evolution 
equations is the direct Hirota method, which can be found in [3]. This method is applicable to a wide class of 
equations, including nonlinear differential, nonlinear differential-difference equations [5-7]. The initial step 
in this method is to use the transformation of the dependent variable to convert nonlinear partial differential 
equation into a quadratic form, the so-called bilinear form. The main idea of the method is to write the bilin-
ear form as a Hirota polynomial - D. This compact form is called Hirota’s bilinear form. It should be noted 
that nonlinear partial differential or differential-difference equations can have not only Hirota bilinear forms 
but also trilinear or multilinear forms [8]. It is assumed that all fully integrable nonlinear partial differential 
equations or difference equations can be written in Hirota bilinear form. On another hand, for an equation 
that admits Hirota’s bilinear form, the existence of N-soliton solutions of any order is not guaranteed. 
The equations admitting Hirota’s bilinear form and having N-soliton solutions are called integrable by 
Hirota [9]. 

In this paper, we present a two-dimensional q-Toda lattice.  A one-dimensional case for this 
equation was studied in [10]. Using the Hirota bilinear method, we find the bilinear form for the two-
dimensional q-Toda lattice. Dispersion relation and the q-soliton solution are obtained by bilinear form for 
the two-dimensional q-Toda lattice. 
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Two-dimensional q-Toda lattice 

In the beginning, classical mechanics was studied specifically for one-dimensional lattices, where the 
particles forming them interact only with their nearest neighbors. If we restrict their consideration to homo-
geneous systems, then the mass of each particle is denoted by ݉, the displacement of the ݊ −th particle ݕ௡ 
and the interaction potential between neighboring particles is ߮(ݕ(௡ାଵ) −  ௡). Then the equation of motionݕ
takes the following form 

 ( )( ) ( )( ) ( )
2

'
1 12

, 1, 0,1 , 2 ,n
n nn n

d ym y y y y n
dt + −= ϕ − − ϕ − = … − …′  (1) 

where ߮′ derivative ߮. Thus, 

 ( ) ( ) ( )
,

d r
f r r

dr
ϕ

= −ϕ = −′ ௡ݎ ௡ݎ is a force which the spring acts, stretched by the value of (ݎ)݂ (2)  = ௡ାଵݕ − ௡ݎ ௡ orݕ = ௡ݕ −  ௡ିଵ     (3)ݕ

(3) – this is a relative displacement. When the force	݂(ݎ) is proportional to the displacement ݎ௡ Hooke's law 
is satisfied. The Toda equation [10], describing the motion of the anharmonic lattice, has the form ݉ௗమ௬೙ௗ௧మ = ܽ[݁௕௥೙ − ݁ି௕௥೙],      (4) 

where ܽ, ܾ	and ݉ are real constants.  Introducing the force of the ݊ −th particle into the lattice, we obtain the 
following equation ௡ܸ = 	ܽ[݁௕௥೙ − ݁ି௕௥೙],      (5) 

as a rapidly decreasing function, equation (4) turns out to be  ௗమௗ௧మ ݈݊(1 + ௡ܸ) = (ܸ௡ାଵ) + (ܸ௡ିଵ) − 2 ௡ܸ.    (6) 

The two-dimensional q-Toda lattice has the following form  ௗమௗ௫ௗ௧ ݈݊(1 + ,ݔ)ܸ ,ݕ ((ݐ = ∆௫ଶܸ(ݔ, ,ݕ (ݐ = ,ݔ)ܸ ,ݕݍ (ݐ + ܸ ቀݔ, ௬௤ , ቁݐ − ,ݔ)2ܸ ,ݕ  (7)  .(ݐ

Present the transformation of the dependent variable as ܸ(ݔ, ,ݕ (ݐ = ௗమௗ௫ௗ௧ ln൫݂(ݔ, ,ݕ  ൯.      (8)(ݐ

Substituting (8) into (7) and integrating the obtained expression twice, we get  

௙ೣ೟ି௙೟௙ೣ௙మ = ௙(௫,௤௬,௧)௙ቀ௫,೤೜,௧ቁ௙మ − 1.      (9) 

Equation (9) can be rewritten in the Hirota bilinear form, namely in terms of the Hirota D-operator, as   ൣܦ௫ܦ௧ − ൫݁௛௬஽೤ + ݁ି௛௬஽೤ − 2൯൧ሼ݂(ݔ, ,ݕ (ݐ ∙ ,ݔ)݂ ,ݕ ሽ(ݐ = 0,   (10) 

which follows from (9) by multiplying by 2݂ଶ(ݔ, ,ݕ  where we use the q-exponential identity [10]. For ,(ݐ
functions ݂(ݕ), (ݕ)݃(ݕ)the q-exponential unit [10] will be  ݁௛௬஽೤݂ (ݕ)݃ = ݃(ݕݍ)݂ ቀ௬௤ቁ = ௤ିܧ(ݕ)௤݂ܧ ଵ݃(ݕ), ݕ ∈ ܴ.    (11) 

The last equation is satisfied if we have the usual relation between two quantum parameters  and ݍ for ݍ = ݁௛. To find the soliton solutions of the Toda lattice, we apply the expansion of perturbations around the 
formal perturbation parameter ߝ in the form ݂(ݔ, ,ݕ (ݐ = 1 + ݂߳(ଵ)(ݔ, ,ݕ (ݐ + ,ݔ)ଶ݂(ଶ)ߝ ,ݕ (ݐ + ⋯.    (12) 

Substituting (12) into (10) we obtain the equation ܲ(ܦ)ሼ݂(ݔ, ,ݕ (ݐ ∙ ,ݔ)݂ ,ݕ ሽ(ݐ = ሼ1](ܦ)ܲ ∙ 1ሽ + ൛1ߝ ∙ ݂(ଵ) + ݂(ଵ) ∙ 1ൟ +ߝଶ൛1 ∙ ݂(ଶ) + ݂(ଶ) ∙ 1 + ݂(ଵ) ∙ ݂(ଵ)ൟ + ଷ൛1ߝ ∙ ݂(ଷ) + ݂(ଷ) ∙ 1 + ݂(ଵ) ∙ ݂(ଶ) + ݂(ଶ) ∙ ݂(ଵ)ൟ +ߝସ൛1 ∙ ݂(ସ) + ݂(ସ) ∙ 1 + ݂(ଵ) ∙ ݂(ଷ) + ݂(ଷ) ∙ ݂(ଵ) + ݂(ଶ) ∙ ݂(ଶ)ൟ + ⋯ ],               (13) 
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where ܲ(ܦ) = ௧ܦ௫ܦ − ൫݁௛௬஽೤ + ݁ି௛௬஽೤ − 2൯. We collect the coefficients with respect to ߝ௜, ∀݅ ≥ 0 of equa-
tion (13). The coefficient of the first term ߝ଴ disappears trivially, and from the coefficient ߝଵ we have  ܲ(ܦ)൛1 ∙ ݂(ଵ) + ݂(ଵ) ∙ 1ൟ = 2ܲ(߲) = 2ൣ ௫߲߲௬ − ൫݁௛௬஽೤ + ݁ି௛௬஽೤ − 2൯൧݂(ଵ) = 0.  (14) 

The equation (14) is a direct result of the property of the Hirota operator D [9] because ܲ(ܦ)  has an even 
order. The next important step in the calculation is to find solution for equation (14). 

The general trend for soliton solutions is exponential, but the exponential function ݂(ଵ) does not satisfy 
equation (14). Due to the nature of the q-numbers, the solution to equation (14) should have a power function 
for the analog of the q-discrete spatial variable. Therefore, you can choose the original solution (14) as 

 ݂(ଵ)(ݔ, ,ݕ (ݐ =  ఈ݁ఉ௧ାఊ௫ାఎ,      (15)ݕ

where, ߙ, ,ߚ ߟ − arbitrary constants.  
A solution with the usual behavior of soliton and having power analogs for q-discrete variables is called 

a q-soliton solution. If we substitute (15) in (14), we obtain the relation between the parameters  ߛߚ = ఈݍ + ఈିݍ − 2,      (16) 

which is called the dispersion relation. 
The coefficient ߝଶ obtained from (13) gives the following  ܲ(ܦ)൛1 ∙ ݂(ଶ) + ݂(ଶ) ∙ 1 + ݂(ଵ) ∙ ݂(ଵ)ൟ = 2ܲ(߲)݂(ଶ) + ൛݂(ଵ)(ܦ)ܲ ∙ ݂(ଵ)ൟ.    

That gives ൣܦ௫ܦ௧ − ൫݁௛௬஽೤ + ݁ି௛௬஽೤ − 2൯൧൛݂(ଵ)(ݔ, ,ݕ (ݐ ∙ ݂(ଵ)(ݔ, ,ݕ  ൟ(ݐ
 = −2ൣ ௫߲߲௧ − ൫݁௛௬డ೤ + ݁ି௛௬డ೤ − 2൯൧݂(ଶ)(ݔ, ,ݕ  (17) .(ݐ

Since ݂(ଵ) given in (14) satisfies to form (17), we can assume that all members of higher order are ze-
ro, i.e. ݂(௝) = 0, ݆ ≥ 2. Further, as a generalization, this fact can be assumed in the derivation of the i-q-soliton 
solution, ݂(௝) = 0 for all ݆ ≥ ݅ + 1. When ߝ = 1, one-q-soliton solution is constructed by substituting equa-
tions (15) and (16) into (17) and taking into account that ݂(ݔ, ,ݕ (ݐ = 1 + ݂(ଵ)(ݔ, ,ݕ ,ݔ)ܸ  then (ݐ ,ݕ (ݐ = ௗమௗ௫ௗ௧ ,ݔ)݂݈݊ ,ݕ (ݐ = ௬ഀఉఊ௘ഁ೟శംೣశആ൫ଵା௬ഀ௘ഁ೟శംೣశആ൯మ,    (18) 

which is the one-q-soliton solution of the two-dimensional q-Toda lattice. The dynamics of the one-q-soliton 
solution is presented in Figure. 
 

   
а)   b)  c) 

Figure. Dynamics of a one-q-soliton solution for the two-dimensional  
q-Toda lattice with parameters: γ=2, α=-5, η=0, q=1.25, (a) t=-5, (b) t=0, (c) t=5. 

Figure shows the dynamics of the obtained solution (18) depending on ݐ. So with different values of ݐ, 
the wave’s shape is saved. This proves there is a soliton in a two-dimensional q-Toda lattice, which means 
that energy transfer is possible. The Toda lattice is unique because it has a wide range from the harmonic to 
the anharmonic limit and has the so-called N-soliton solutions. As presented above, soliton is a structurally 
unchanged solitary wave in a nonlinear environment. When interacting with each other or other disturbances, 
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solitons behave like particles, therefore they are called particle-like. Due to the balance between the action of 
nonlinearity and dispersion, they save their structure, not collapsing in a collision. 

Conclusion 

Thus, we present the q-Toda lattice in the two-dimensional case. Using the Hirota bilinear method, we 
find the bilinear form for the two-dimensional q-Toda lattice and obtain the dispersion relation and the one-
q-soliton solution. This algorithm can be applied to obtain N-soliton solutions. The soliton is conserved due 
to the equilibrium between the action of a nonlinear environment with dispersion. In addition, the soliton 
behaves as a particle (particle-like): it does not collapse when interacting with each other or other disturb-
ances while maintaining the structure and continues to move. This quality has the ability to use when trans-
ferring data or information over long distances with virtually no interference. The study of the Toda lattice in 
various dimensions allows one to go on to understand such complex terms as matrix models that can be used 
to describe different physical systems. 
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Б.Б. Кутум, Г.Н. Шайхова 

Екіөлшемді q-Тода тізбегінің q-солитондық шешімі 

Тода тізбегі экспоненциалдық күш арқылы өзара əрекеттесетін, сызықтағы шексіз массалар жүйесін 
сипаттайтын сызықты емес эволюциялық теңдеу болып табылады. Авторлар q-Тода тізбегінің 
екіөлшемді кеңістіктегі солитондық шешімін құрастыруды талдады. Мақсатқа қолжеткізу үшін 
қозғалыс теңдеуі алынып, Хирота полиномы ретінде жазылған бисызықты түрге келтіру үшін 
сызықты емес теңдеуді тəуелді айнымалыны түрлендіру қолданды. Интегралданатын сызықты емес 
эволюциялық теңдеулердің көп солитонды шешімдерін құрастырудың тиімді əдістерінің бірі ретінде 
берілген əдісті көптеген теңдеулерге, олардың ішінде сызықты емес дифференциал, сызықты емес 
дифференциал-айырымдық теңдеулерге қолдануға болады. Хирота əдісін қолдана отырып, екіөлшемді 
q-Тода тізбегінің бисызықты түрі алынып, оның негізінде q-солитондық шешімі есептелді. 
Екіөлшемді q-Тода тізбегінің q-солитондық шешімнің динамикасы ұсынылды. Атап айтқанда, 
солитон сызықты емес орта мен дисперсия арасындағы əрекетінің тепе-теңдігі арқасында сақталады. 
Сонымен қатар солитон өзін бөлшек ретінде ұстайды: бір-бірімен немесе басқа ауытқулармен өзара 
əрекеттесу кезінде қирамай, құрылымын сақтап, қозғалысын жалғастырады. Осындай қасиетті 
мəліметті немесе ақпаратты алысқа дерлік кедергісіз жіберу кезінде қолдануға мүмкіндік туғызады. 
Бұдан басқа, Тода тізбегін жəне оған түрлі өлшемділіктегі əртүрлі əдістердің қолдануын зерттеу 
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əркелкі физикалық жүйелерді сипаттау мақсатында қолдануға болатын, матрицалық модельдер 
сияқты күрделі терминдерді түсінуге мүмкіндік туғызады. 

Кілт сөздер: дисперсия, солитон, Тода тізбегі, бисызықты форма, Хирота əдісі. 

Б.Б. Кутум, Г.Н. Шайхова 

Q-солитонное решение двумерной цепочки q-Тоды 

Цепочка Тоды является нелинейным эволюционным уравнением, описывающим бесконечную систе-
му масс на линии, которые взаимодействуют через экспоненциальную силу. В работе проведен анализ 
построения солитонного решения цепочки q-Тоды в двумерном пространстве. Для этой цели взято 
уравнение движения и  использовано преобразование зависимой переменной для преобразования не-
линейного уравнения в билинейную форму, которая записана как полином оператора Хироты. Как 
один из наиболее эффективных методов построения многосолитонных решений интегрируемых нели-
нейных эволюционных уравнений, данный метод применим к широкому классу уравнений, включая 
нелинейные дифференциальные, нелинейные дифференциально-разностные уравнения. Применяя ме-
тод Хироты, была получена билинейная форма для двумерной цепочки q-Тоды на основе, которой 
найдено q-солитонное решение. Представлена динамика q-солитонного решения двумерной цепочки 
q-Тоды. Отметим, что солитон сохраняется благодаря равновесию между действием нелинейной сре-
ды с дисперсией. Помимо этого солитон ведет себя как частица: не разрушается при взаимодействии 
друг с другом или другими возмущениями, при этом сохраняет структуру и продолжает движение. 
Такое качество имеет возможность использования при передаче данных или информации на дальние 
расстояния практически без помех. Кроме того, исследование цепочки Тоды и применение к ней раз-
ных методов в различных размерностях позволяет перейти к пониманию таких сложных терминов, 
как матричные модели, которые можно применить для описания разных физических систем. 

Ключевые слова: дисперсия, солитон, цепочка Тоды, билинейная форма, метод Хироты. 
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Electrovacuum heating elements 

Improving the efficiency of heat supply systems for buildings and structures in the current trends in the global 
development of energy saving cannot be fully realized without the introduction of high-tech and low-energy-
intensive electrical equipment. The heat supply of remote objects for various purposes is accompanied by 
significant losses, since the coolant has to cover considerable distances, in some cases the connection of the 
object to the heating plant is impossible due to technical problems or considerable material costs for the in-
stallation of pipelines. One solution could be the introduction of a low-pressure steam electric heater. This is a 
new generation electric heater with a fundamentally new design of the heating element. It combines the effi-
ciency of an electric spiral and the comfortable warmth of a traditional heating radiator. 

Keywords: radiator, electric heater, energy saving, heating system, heating device, heating. 

 

Throughout the developmental stages of his development, man sought ways to heat his home. It all started 
with a fire, then the stoves and fireplaces were invented. With the development of technology, previous meth-
ods were replaced by autonomous heating systems with boilers operating on various types of fuel and thermal 
power plants capable of heating cities. But despite the presence of a centralized heating system, a person is not 
always satisfied with the ambient air temperature in a residential area, such a situation may occur during the 
interseasonal heating time when the outdoor temperature is still cool and the central heating system is not func-
tioning or has already ceased to function due to the end your season work. A similar situation arises in the 
southern countries, where there is practically no cold winter and snow, but there are small periods of time when 
a heat source is needed to heat the dwelling. To solve this problem, you can use a solid fuel and gas stove, but it 
is not always acceptable for urban conditions besides the fire hazard of a heat source with open fire, it also pro-
duces harmful emissions of exhaust gases in the course of its work, which harm the environment of the city and 
create local areas of concentration of flue gas. The search for the most ecologically clean source of heat 
prompted engineers to use electric current and create an electric heater, a kind of autonomously working heat 
source connected to the electrical network. Compact thermal device is capable of producing enough warm to 
heat a home.In the 30s of the last century in Geneva, the French engineer Jacques Noir [1] developed and 
launched into production an electric heater, the basis of its design was an electric spiral, which was blown by 
the air flow created by a fan. Subsequently, he created his own company «Noir». At the same time, oil radiators 
were developed, the heating element was immersed in oil, placed in a sealed metal case from which heat is 
transferred to the surrounding air. In the process of heating, the oil transfers the resulting heat to the environ-
ment. Each type of heat equipment has certain disadvantages and advantages that have already been described 
many times in the literature, as well as electric heaters have come a long way to improve and modernize their 
design [2]. In 1972, the company «Noir» products came to the market with electric heaters equipped with a 
thermostat, it was possible to regulate the temperature of the supplied air. In 1988, the company «Noir» created 
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a convector, which was later taken as a basis by many manufacturers. The production of a convection-type 
heater has opened up new possibilities for heating devices: safety, operation of the device without noise, energy 
saving. In 2000, a new type of heater called the «Kalida», equipped with a climate control system, entered the 
market. Currently in the world there are a huge number of different types of heaters and manufacturers of this 
electrical equipment. The analysis of world production of electric heaters is very significant and is presented by 
various companies in Europe, Asia and America, for example: De'Longhi, General Climate, Polaris, EWT, 
Hansa, Timberk, Supra Wika, Fluke, Noir, Hyundai, Resanta, NOVEL, ZASS, Kaiser, Ballu, Siemens, 
EVUB [3]. Electrical oil with a spiral heating element, convectors, split-systems, as well as infrared heaters are 
produced. At the moment, the export of electric heaters in Kazakhstan is 100 %, the vast majority is collected in 
factories in China. Our task is to develop a new generation electric heater equipped with all modern electronic 
monitoring and control systems, which will make it possible to achieve maximum comfort of use and efficien-
cy of the thermal device. 

We have developed a low-pressure energy-saving steam electric heater (LSEH), which can be a substi-
tute for a traditional oil cooler, as well as to compete with existing electric heaters. LSEH combines the ad-
vantages of electric spiral, converters and oily electric heaters into a single whole. For example, oily electric 
heater contains oil that is dangerous in the fire relationship, it heats up for a long time, the metal body heats 
up strongly, and the oil is subject to degradation. In addition to the thermostat, more expensive branded 
models have a timer and protection that turns it off from the network when tipping to the floor, which makes 
its use more convenient and safer. Heaters with an electric helix also have several disadvantages, for exam-
ple, emit unpleasant odors when burning dust and create noise during their work. There is also an analogue 
of LSEH developed by VEST, but which has a number of serious differences, its cost is several times higher 
than the electric heater proposed by us, so it cannot be considered in future as a competitor in the market [4]. 

After analyzing the sources [5], we developed a LSEH, which does not have the above disadvantages of 
the above-mentioned electric heaters, has high efficiency and creates comfortable heat. This is a fully auto-
mated electric heater with the «Climate Control» system and the possibility of coordination with the «Smart 
Home» system; it is controlled by using a remote control or a smartphone. The achieved technical indicators 
of the electric heater make it possible to ensure its service life for more than 20 years with a constant effi-
ciency of 90 %. 

We have developed and created an experimental laboratory sample of LSEH, consisting of separate sec-
tions with a capacity of from 50 to 100 watts. The block-modular layout of the electric heater allows the 
owner to change its power, if it is necessary, independently, without resorting to the services of skilled work-
ers. Sections are connected in parallel using electrical connections. The LSEH section is made of duralumin 
alloy, inside which is placed a vacuum electric heater. One section can effectively heat up to 3 m2 of living 
space at a ceiling height of 2.5 meters. The appearance of the prototype laboratory sample and the device of 
the electrovacuum heater is shown in Figure 1. The LSEH can be floor mounted or mounted on the wall, like 
a classic radiator, only instead of pipes you need to connect an electrical wire to it, which simplifies its in-
stallation [6]. 

 

 

Figure 1. The appearance of the experimental laboratory sample  
and the device of the electrovacuum heater LSEH 
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The basis of the LSEH is an electrovacuum heater, which operates as follows: an electric spiral heater 1 
provides for rapid heating of the heat-transfer fluid 2 (distilled water); electric current is supplied to the coil 
by means of electrical wires 3. When the heat-carrier evaporates, the steam reaches the upper part of the 
body 4, where it gives off heat received from the heater. Cooling off steam condenses and flows along the 
walls of the body to the bottom again heats up and evaporates. The principle of its operation is based on the 
well-known effect of the phase transition of a heat pipe. The electric heating element is placed in the 
housing 5 and does not come into contact with the coolant [7]. The recommended pressure inside the 
electrovacuum heater should be within 4.053 kPa (0.04 bar). Heat particles move inside the body at the speed 
of sound due to which the LSEH section weighing about 230 grams is heated to 700 °C in less than 
5 minutes, unlike the traditional oily electric heater more than 5 times faster. But there is one problem in the 
design that had to be solved in order to achieve reliable performance of the LSEH, this is to ensure high 
tightness of the body of the electrovacuum heating element, since when the pressure rises above 0.1 Atm, the 
effect of high-grade heating is lost, there were also problems with the set of the required temperature. The 
principle of operation is discussed in detail in the source [8], and also the novelty of the electrovacuum heat-
ing element is given. 

During the work on the design of LSEH, we have developed a 3D model (Fig. 2). 3D model allows to 
execute drawings for its production, as well as to learn more about the device electric heater [9]. 

 

 
Figure 2. 3D model of LSEH 

In the process of creating LSEH, we carried out a series of laboratory experiments aimed at improving 
the design of an electrovacuum heater, which were made in the form of copper tubes with diameter of 20, 28, 
32, weight from 270 to 530 grams, length from 250 to 450 mm, heater power — 60, 80 and 100 watts. The 
pressure inside the tube is 4–10 kPa (0.04–0.1 atm). Temperature is 0 °С. In total, we manufactured and test-
ed 40 electric vacuum heaters. Some results are presented in the dependency graphs in Figures 4 and 5. 
Temperature was measured using a Fluke 51 contact thermometer with laboratory accuracy (0.05 % + 
0.3 °C) and a measurement limit of up to 900 °C (1600° F). Vacuum pump DUO 6/M SERIES PFEIFFER 
VACUUM with an integrated vacuum meter was used to create the vacuum [10]. 

The required number of repetitions of experiments [11] is determined on the basis of the coefficient 
Kvar and the required degree of accuracy. 

The value of the coefficient of variation is determined by the formula: 

 
var
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where δ — mean square deviation; 
χ — arithmetic average. 
The value of the mean square deviationis calculated by the formula: 
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where iδ – deviations of individual results from group means; 

N — the total number of experiments; 
n — the number of experimental groups [12]. 
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To establish the required number of experiments a valid value of Kadd in percent is given. Knowing the 
coefficient of variation Kvar for a given test method, it is possible with a reliability of 0.95 to determine the 
required number of experiments. According to the results of numerous experimental data, Kadd = 12 % is tak-
en (Kvar = 11.5 %). This coefficient corresponds to (with a confidence probability of 0.95) the required num-
ber of experiments equal to 4. During the processing of the exertional data, data processing using the means 
of the Microsoft Excel spreadsheet processor, quadratic interpolation of the function (solid line) and the rms 
(root mean square) approximation (dashed line) were used, as well as performed regression analysis. 

Figure 3 shows a plot of temperature change versus heating time for tubes with volume of 10 and 15 ml. 
The tube of the electrovacuum heater with the parameters copper — 28 mm in diameter, weight — 355 g, 
length — 310 mm, heater power — 80 W was investigated. The volume of coolant is 10 and 15 ml. The 
pressure inside the tube is 5.066 kPa (0.05 atm). 

 

 

Figure 3. Graph of temperature change versus heating time for tubes with a volume of 10 and 15 ml 

Figure 4 shows a plot of temperature versus coolant volume from 5 to 15 ml. The tube of an 
electrovacuum heater with a tube with parameters copper 20 mm in diameter, weight — 368 g, length — 
305 mm, heater power — 80 W was investigated. The volume of coolant is 10 and 15 ml. The pressure in-
side the tube is 4,053 kPa (0.04 atm). Presumably, in the process of switching to a pressure of 0.01 atm 
(1.01 kPa), the efficiency of the electrovacuum heater, as well as the heat pipe, can be increased by 15–20 %, 
because the friction energy losses in a more discharged atmosphere decrease, the transmission rate can reach 
sound. If the pressure in the heat pipe is lower, then the heat transfer process is more efficient and the effi-
ciency is higher. In the process of increasing the pressure in the internal cavity of an electrovacuum heater 
(above 0.1 atm), the effect of high-grade heating is completely lost and there are problems with a set of the 
required temperature. 

 

 

Figure 4. A plot of temperature change versus coolant volume from 5 to 15 ml 
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We have carried out experiments related to the determination of the mass of an 80W electric vacuum 
heater. The volume of coolant is 10 and 15 ml. The pressure inside the tube is 5.066 kPa (0.05 atm). As the 
mass increases, the surface temperature of the heater decreases. The tests were carried out with 5 samples of 
different mass when heated from 1300 to 2160 with a mass of, respectively, from 230 to 530 grams. The de-
pendence of the temperature change of the surface of the housing of the electrovacuum heater on its mass is 
established, the graph is shown in Figure 5. The LSEH has automatic power adjustment depending on the 
ambient temperature in the room, therefore, if necessary, the electrovacuum heater has a significant dynamic 
range margin for adjustment. 

It should be noted that modern electric heaters have low maintainability, this leads to the fact that the 
consumer is not able to perform repairs on his own and is forced to contact specialized organizations that 
perform repairs, on the one hand it’s right that the manufacturer excludes the possibility of self-repair at 
home, but workshops cannot always help in the repair, a couple just do not have the necessary spare parts. 
Sections LSEH have a unified design and allow you to repair by yourself. 

 

 

 

Figure 5. Dependence of the surface temperature of the case of an electrovacuum heater on its mass 

A low-pressure energy-saving steam electric heater is an economical replacement for a traditional oil 
radiator; it can compete with existing electric heaters. The technological advantage is the high efficiency of 
heat transfer inside the system without loss. The main economic advantage of LSEH is lower power con-
sumption; it is up to 1.3 times less than an oily electric heater, high reliability and a long service life. LSEH 
is absolutely safe in terms of an explosion or a fire in the event of a leak or falling onto the floor. Water is 
used in the place of expensive synthetic oil, which significantly reduces the cost and facilitates the design of 
the electric heater. Low material costs for installation and operation of the heating system are not achievable 
by competitors, 100 % automation with the possibility of coordination with the «Smart Home» system. The 
use of LSEH technology can have a multiplier effect for creating heating radiators with a liquid heat carrier; 
this will allow reducing their metal consumption and cost, without loss of consumer qualities. There is an 
opportunity to use our technology in systems «warm floor». 
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А.Д. Мехтиев, П.М. Ким, В.В. Югай, А.Д. Алькинa 

Электрвакуум жылыту элементтері 

Ғимараттар мен құрылыстардың жылу мен жабдықтау жүйелерінің энергия үнемдеудің жаһандық 
дамуының ағымдағы үрдістеріндегі тиімділігін жоғарылату жоғары технологиялық жəне төменқуатты 
тұтынатын электржабдықтарын енгізбестен толығымен іске асырыла алмайды. Əртүрлі мақсаттар 
үшін қашықтағы объектілерді жылумен жабдықтау маңызды шығындармен қатар жүреді, себебі 
салқындатқыш қашықтықты айтарлықтай қамтуы тиіс, ал кейбір жағдайларда құбырларды орнатуға 
техникалық қиындықтар немесе елеулі материалдық шығындар салдарынан нысанды жылыту 
қондырғысы қосылмайды. Бір шешім ретінде төменқысымды буэлектрлі жылытқышты енгізу болып 
табылады. Бұл қыздыру элементінің түбегейлі жаңа дизайны мен жаңа буын электржылытқышы. Ол 
электрлік спиралдың тиімділігін жəне дəстүрлі жылурадиаторының ыңғайлы жылуын біріктіреді. 

Кілт сөздер: радиатор, электржылытқышы, энергияүнемдеу, жылыту жүйесі, жылыту құрылғысы, 
жылыту. 
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Электровакуумные нагревательные элементы 

Повышение эффективности систем теплоснабжения зданий и сооружений в современных тенденциях 
общемирового развития энергосбережения не может быть реализовано в полной мере без внедрения 
высокотехнологичного и низкоэнергоемкого электрооборудования. Теплоснабжение удаленных объ-
ектов различного назначения сопровождается значительными потерями, так как теплоносителю при-
ходиться преодолевать значительные расстояния, в некоторых случаях подключение объекта к тепло-
централи невозможно в силу технических проблем или значительных материальных затрат на монтаж 
трубопроводов. Одним из решений может быть внедрение парового электрообогревателя низкого дав-
ления. Это электрообогреватель нового поколения с принципиально новой конструкцией нагрева-
тельного элемента. В нем сочетаются эффективность электрической спирали и комфортное тепло тра-
диционного радиатора отопления. 

Ключевые слова: радиатор, электрообогреватель, энергосбережение, система теплоснабжения, тепло-
вой прибор, отопление. 
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The investigation of the properties of solar cells based on Kazakhstan silicon 

The study of the properties of solar cells is a relevant topic since the development of solar energy corresponds 
to the global trend and the course of the Government of the Republic of Kazakhstan on the transition to a 
«green» economy. Various properties of solar cells such as resistivity and surface resistance, carrier lifetime, 
reflectivity, quantum efficiency, directly affect the efficiency of solar cells. This paper is devoted to obtaining 
and comprehensive study of solar cells manufactured on the basis of the Kazakhstani silicon of «solar» quali-
ty. The study applied: a method of microwave detected photoconductive decay (μ-PCD), four probe methods 
for measuring resistance, methods for spectrometric analysis of reflection, transmission and photolumines-
cence coefficients, scanning electron microscopy, and methods for analyzing current-voltage characteristics. 
The mastered methods of solar cells production are described. A modification of the standard Back Surface 
Field (BSF) cell line to the Passivated Emitter and Rear Cell (PERC) line has been proposed. 

Keywords: photoelectric converters, solar cells, silicon, Al-BSF structure, PERC structure, solar energy. 

 

Introduction 

As it is known [1], the world population is projected to grow from 7.6 billion (2018) to 9.2 billion by 
2040. In response to a burgeoning population global energy use is forecast to increase by 28 % [2]. But in 
recent decades, energy consumption per capita has increased tenfold. As a result, the active production of 
energy from traditional types of hydrocarbon fuels (oil, coal, gas) led to a reduction in their reserves and to 
environmental pollution at the same time. All this has led to the need to find alternative unconventional ap-
proaches to energy generation. These sources include the energy of the sun. 

As part of the transition to the «green» economy, in 2010, Kazakhstan began to implement a project for 
the production of photovoltaic modules based on the Sarykol quartz deposit. A consortium of French 
enterprises led by the Commissariat for Atomic Energy and Alternative Energy Sources of France took part 
in the «solar» project. The base material silicon is produced by carbothermic technology at the enterprise of 
the «Metallurgical Combine KazSilicon» LLP in the Ushtobe city, the production of solar cells and the 
assembly of modules is carried out at the factories of the «Kazakhstan Solar Silicon» LLP and the «Astana 
Solar» LLP, in the cities of Ust-Kamenogorsk and Astana, respectively. 

In this paper, the implemented technology for the production of solar cells at «Kazakhstan Solar 
Silicon» LLP is considered. However, the production technology of solar cells based on multicrystalline sili-
con is constantly evolving and continuously improving. So, the natural progress from the Al-BSF structure 
production technology is the PERC structure [3]. 

The purpose of this work is to study and analyze the properties of photoelectric converters. Based on 
the obtained results of a comprehensive study, we conclude that it is possible to modify the existing line in 
order to increase the efficiency of solar cells. 
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Figure 4. Maps of the lifetime of minority charge carriers distribution in wafer 

The study showed that the lifetime of free charge carriers increased from 2 μs (before the diffusion 
process) to 11.6 μs (with a formed emitter after diffusion) with a uniformity coefficient of 1.5 %. As can 
be seen in Figure 4, the lifetime is distributed more evenly, with the exception of the boundary zones, 
where an accumulation of lattice defects and recombination zones formed during the crystallization pro-
cess occurred. 

It is known [5–8] that the surface of a multicrystalline silicon wafer is the maximum possible dis-
order in the symmetry of the crystal lattice, as a result of which the surface recombination of charge car-
riers increases. Surface recombination can greatly affect the short circuit current and the open-circuit 
voltage. Surface recombination has a particularly detrimental effect on the short-circuit current, since 
the front surface is also the region with the highest carrier generation in the solar cell. The reduction in 
high surface recombination is usually achieved by reducing the number of dangling bonds on the surface 
by passivation. In this work, the surface was passivated using non-stoichiometric films with a large 
amount of hydrogen (SixNy: H) applied by the PECVD method. An ellipsometer Semilab LE 200PV 
was used to measure the thickness and refractive index of the films obtained. The refractive index was 
2.05-2.06, and the thickness of the films obtained was in the range from 73 to 78 nm. 

The study of the properties and parameters of silicon wafers and solar cells by the method of spec-
trometric analysis of photoluminescence on a Luminescence ImaGing System – Model LIS-R1 measur-
ing system was conducted at the National Institute for Solar Energy of France, INES. Photoluminescent 
Imaging (PL-images) of silicon wafers (Fig. 5) and solar cells (Fig. 7) were obtained. 
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Analysis of the obtained PL-images of solar cells (Fig. 7) proved the assumption that the dark zones are 
the result of the accumulation of defects arising in the process of crystallization and do not arise as a result of 
the physicochemical operations of the production of solar cells. 

To measure the electrical parameters (short circuit current Isc, open circuit voltage Uoc, filling fac-
tor FF, maximum power Pmpp, efficiency Eff), the Solar simulator ORIEL Sol3А CLASS AAA was used. 
The measurement results are presented in Table. 

T a b l e  

Electrical Parameters 

Internal ID Voc, [mV] Isc [mA] FF [%] Pmpp [mW] Eff [%] 
cell #02 612,622 31,062 76,105 3788,435 15,567 
cell #03 610,715 31,674 76,47 3863,883 15,877 
cell #04 607,994 31,706 77,273 3869,516 15,9 
cell #05 606,694 31,496 77,546 3846,173 15,804 
cell #06 609,721 31,793 77,601 3882,786 15,955 
cell #07 609,757 31,81 76,91 3877,285 15,932 
cell #09 612,052 31,751 77,436 3881,803 15,951 
cell #10 612,596 31,253 75,047 3809,801 15,655 
average 609,7397 31,5882 76,9674 3855,216 15,8415

 
Thus, the studied samples of photovoltaic devices of Kazakhstan production showed efficiency in the 

range from 15.6 ÷ 15.9 %. As noted in [9], the average efficiency of mc-Sisolar cells manufactured in the 
world reaches 19 % in industrial conditions, and in laboratory conditions – about 25 %, therefore, the 
increase in efficiency of solar cells produced at «Kazakhstan Solar Silicon» LLP is an actual task. 

While in the past, most of the research aimed at increasing the efficiency of solar cells was carried out 
on the front (sunny) side of the cell, recently the photovoltaic industry has shifted its focus to the rear (back) 
side. Or to be precise, today it is a lot about passivating the rear surface of a solar cell and accordingly modi-
fying the metallization scheme. These rather simple changes adapted to standard solar cell processing entitle 
the produced silicon slices for a new name – PERC, which stands for Passivated Emitter and Rear Cell. Also, 
global trends and the power of energy produced in 2016-2020 are shifting towards PERC technology. As it 
was noted in [10], about 50 % of all the produced «solar» energy by 2020 will be accounted for by the 
PERC. Therefore, the transition from the standard Al-BSF technology (implemented at «Kazakhstan Solar 
Silicon» LLP) to PERC technology is a win-win proposition for the development of solar energy in the Re-
public of Kazakhstan. 

The PERC structure is a natural progression from the standard Back Surface Field (BSF) cell architec-
ture. The electrical and optical losses, resulting in reduced efficiency of solar cells, as described above, can 
be greatly reduced by applying an additional dielectric passivation layer on the rear side.  Although the tran-
sition to the PERC structure only requires that a few pieces of equipment are added to the standard produc-
tion line. PERC is gradually becoming the most cost-efficient choice for mass production of cells, and offers 
a good approach to surpass the 20 % cell efficiency level in mass production. 

It is known [11] that record-breaking efficiency values of 22.04 % (for mc-Si PERC solar cells, Jinco) 
and 23.95 % (for mono-Si PERC solar cells) were not obtained on an industrial scale. However, the 
graph [11] reflects the potential and progress of this technology, both in the multi and in the mono produc-
tion. 

Processing PERC involves depositing a rear surface passivation film, which is subsequently opened to 
give way for formation of a rear contact – these are two important additional steps over Kazakhstan solar cell 
processing (Fig. 8). In addition, the chemical wet-bench based edge isolation step is tweaked for rear polish-
ing. That means texturing accomplished on both sides of the wafer is removed only on the rear side by etch-
ing off the pyramid structure. The degree of polishing changes from case to case. Thus, a passivation film 
deposition system and a film opening system – mainly accomplished with PECVD and lasers – are additional 
tool sets typically hooked up to standard cell processing lines.  



I. Klinovitskaya, S. Plotnikov et all. 

40 Вестник Карагандинского университета 

 

Figure 8. PERC and Al-BSF Process Flowchart 

At «Kazakhstan Solar Silicon» LLP, equipment for antireflection coating (silicon nitride) deposition 
TWYN PECVD is presented. The PECVD process consists in the decomposition of a chemical element un-
der the influence of plasma and temperature into individual elements in the reactor, which then settle to the 
surface of the wafer and enter into a chemical reaction. As a result, the thinnest film (up to 80 nm) of silicon 
nitride, which has the required properties, is «grown» on the front surface of the wafer. In [3], it is shown 
that the PECVD equipment can be modified to apply a rear passivation layer (AlOx + SixNy), while the gen-
eral principle of deposition remains the same. The easiest way to open the back passivating layer is to use 
laser technology. Today, the photovoltaic industry has a large number of laser solutions offered by compa-
nies such as InnoLas Solutions, Rofin, 3D-Micromac, Schmid or Manz. 

Conclusions 

Thus, at «Kazakhstan Solar Silicon» LLP it is possible to upgrade Al-BSF standard solar cell produc-
tion line to a new PERC line, which will allow the enterprise to increase the efficiency of the produced solar 
cells and be competitive in the global market. 
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Қазақстандық кремний негізінде фотоэлектрлік  
түрлендіргіштердің қасиеттерін зерттеу 

Күнсəулелік энергетикасын дамыту жалпыəлемдік тренд пен Қазақстан Республикасы Үкіметінің 
«жасыл» экономикаға көшу жөніндегі бағытқа сəйкес келетіндіктен, фотоэлектрлік 
түрлендіргіштердің (ФЭТ) қасиеттерін зерттеу өзекті тақырып болып табылады. Меншікті жəне 
беттік кедергі, қуаттасушының қызмет ету уақыты, шағылыстыру қабілеті, кванттық тиімділік секілді 
ФЭТ-нің əртүрлі қасиеттері ФЭТ алынатын тиімділігіне тікелей əсер етеді. Осы жұмыс «күнсəулелік» 
сапалы қазақстандық кремний негізінде əзірленетін фотоэлектрлік түрлендіргіштерді алу мен оны 
кешенді зерттеуге арналған. Зерттеуде қысқатолқынды диапазонда (μ-PCD) фотоөткізгіштіктің 
ыдырауын өлшеу əдісі, беттік жəне меншікті кедергіні өлшеудің 4 нүктелі əдісі, шағылу, өткізу жəне 
фотолюминесценция коэффициенттерін спектрометрлік талдау əдістері, электрондық микроскопия 
əдіcтері, сондай-ақ вольтамперлік сипаттамаларын талдау əдістері қолданылған. ФЭТ өндірісінің 
меңгеріп алынған əдістері сипатталған. Al-BSF стандартты желісін PERC желісіне дейін 
модификациялау ұсынылды.  

Кілт сөздер: фотоэлектрлік түрлендіргіштер, күнсəулелік элементтер, кремний, Al-BSF құрылымы, 
PERC құрылымы, күнсəулелік энергетика. 

 

И. Клиновицкая, С. Плотников, Д. Калыгулов, Ф. Лэ 

Исследование свойств фотоэлектрических преобразователей  
на основе казахстанского кремния  

Исследование свойств фотоэлектрических преобразователей (ФЭП) является актуальной темой,  
поскольку развитие солнечной энергетики соответствует общемировому тренду и взятому курсу  
Правительства Республики Казахстан по переходу на «зеленую» экономику. Различные 
свойства ФЭП, такие как удельное и поверхностное сопротивление, время жизни носителей заряда, 
отражательная способность, квантовая эффективность непосредственно влияют на эффективность по-
лучаемых ФЭП. Настоящая работа посвящена получению и комплексному исследованию фотоэлек-
трических преобразователей, изготавливаемых на основе казахстанского кремния «солнечного» каче-
ства. В исследовании применены метод измерения распада фотопроводимости в микроволновом диа-
пазоне (μ-PCD), 4-зондовый метод измерения поверхностного и удельного сопротивления, методы 
спектрометрического анализа коэффициентов отражения, пропускания и фотолюминесценции, метод 
растровой электронной микроскопии, а также методы анализа вольтамперных характеристик. Описа-
ны освоенные методы производства ФЭП. Предложена модификация стандартной линии Al-BSF до 
линии PERC.  

Ключевые слова: фотоэлектрические преобразователи, солнечные элементы, кремний, Al-BSF струк-
тура, PERC структура, солнечная энергетика. 
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Conditions for «deterministic chaos» phenomenon occurrence  
in a non-linear rl-diode electric circuit of sinusoid current 

In this work, the phenomenon of «deterministic chaos» in a nonlinear RL-diode electrical circuit of a sinusoi-
dal current was investigated. The diode is represented by an equivalent circuit, which in the general 
case includes a nonlinear resistor and two nonlinear capacitances – barrier and diffusion. With certain ratios 
of the frequency of the current and the parameters of the circuit, the transition process for the period 
of oscillation of the input voltage hasn’t time to finish. In this case, at the beginning of each period there is a 
residual voltage on the capacitances, that is, each new cycle of the transition process has non-zero initial con-
ditions. It is noted that the residual voltage in each period is different; therefore, the current in the circuit in 
each period is also different. Thus, in this case, a continuous transition occurs, the parameters of which are 
chaotic. The simulation of the phenomenon of «deterministic chaos» was carried out in the environment of 
the MicroCap circuit simulation program. During the simulation for each type of diode, the set of circuit pa-
rameters f, R, L (frequency, load resistance, inductance) was divided into two subsets – a subset for which the 
transition process during the oscillation period of the input voltage has time to finish (the residual voltage on 
the capacitance is almost zero) and the mode of operation of the circuit can be considered deterministic, and a 
subset for which the transient process during the oscillation period of the input voltage doesn't attenuate 
(the residual voltage on the capacitance is significantly different from zero) and the mode of operation of the 
circuit can be considered chaotic. As a result, the recommended sets of parameters of the circuit for designing 
the generators of chaotic oscillations were determined. 

Key words: deterministic chaos, barrier capacitance, diffusion capacitance, residual stress, initial conditions, 
oscillation generator. 

 

Introduction 

When creating parametric resistive transducers that would allow for required metrological characteris-
tics (particularly, resolution), one should quite frequently transform extremely insignificant changes in out-
put resistance, for instance, during tensiometric measurements. 

This in turn results in random interferences’ amplification at a desired signal, as a consequence of 
which a random measurement error grows [1, 2]. That is why raising the sensitivity of resistive transducers 
while ensuring a low level of random noises comprises a crucial task. 

One of the methods to solve this task consists in the use of RL-diode generators of chaotic oscilla-
tions [3–6]. 

The paper [7] presented the analysis of the reasons for chaotic oscillations in RL-diode circuits with re-
quired calculations carried out. 

The objective of this paper is to devise the algorithm for determination of circuit parameters in order to 
devise the generators of chaotic oscillations. 

Results of previous studies 

It was noted above that detailed analysis of the reasons for chaotic oscillations’ emergence in RL-diode 
circuits was carried out in paper [7]. In this sub-section, we are only setting forth the basic concepts of this 
analysis. 

The simplest diagram chaotic oscillations’ generator is presented by a quadrupole, at the output of 
which a resistor is switched on (Fig. 1). 
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Figure 1. The simplest diagram of chaotic oscillations’ generator 

According to [8], the diode equivalent circuit in a small signal mode (in the most common case) is 
shown in Figure 2. 

 

Figure 2. Diode equivalent circuit in a small signal mode 

According to this circuit, a diode represents a parallel connection between non-linear resistor Rd and two 
non-linear capacities – a barrier Cj and a diffusion Cd one. 

The barrier capacity is determined using the formula: 
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where Cj0 – barrier capacity at the diode’s zero voltage; U – the diode’s current voltage; UD  – the diode’s 

diffusion voltage; n – the technological coefficient ranging within (
3

2

3

1 ). 

The diffusion capacity is determined as: 

     TmU
U

T

SB
d e
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where SI – the diode’s thermal current; Bτ – the lifetime of minority charge carriers; U – the diode’s current 
voltage; UТ  – the diode’s thermal stress; m – emission factor. 

Please note that in the direct voltage mode, given that DUU ≥ the barrier capacity may be disregarded. 
In the back voltage mode, the diffusion capacity may be disregarded. 

The equivalent circuit of the simplest generator of chaotic oscillations is shown in Figure 3. 
 

 

Figure 3. Equivalent circuit of chaotic oscillations’ generator  

This circuit contains three non-linear elements at once: resistor Rd, barrier capacity Cj and diffusion ca-
pacity Cd. Please note that both resistor resistance and capacities depend on the diode voltage. 
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It’s as if the current flowing through resistor Rd  is ( )ti1 , the one flowing along capacity Cj being ( )ti2 , 

and the one flowing along capacity Cd is ( )ti3 . Since the voltage at the capacities and at resistor Rd   is the 

same, we designate it as ( )tuC . 
Let us compose an equation system under Kirchhoff's laws for the equivalent circuit (Fig. 3). 
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The resultant expression for non-linear second-order differential equation, to which the circuit operation 

mode corresponds (Fig. 3), with due account for expressions (1) and (2), looks as follows 
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Let us solve this differential equation using the operator method in general terms. 
The operator equation of Kirchhoff's law II for this circuit looks as follows: 
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Then the operator presentation of circuit voltage is defined as follows: 
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It is evident that, as a consequence of a considerable non-linearity of this expression, it is impossible to 
obtain the original of circuit current ( )ti  in general terms. 

Considering the fact that diode parameters do significantly differ from direct and inverse voltage, it 
would be advisable to analyze the circuit mode using a modified method of lump-linear approximation using 
transient characteristics and Duhamel's integral. 

Iteration algorithm of calculation may be formulated as follows: 
1. Let us divide the curve of input sinusoid voltage into equal time intervals, and match each of them 

with particular sections of ВАХ diode (i.e. ( )Cd uR  and particular values ( )Cj uC  and ( )Cd uC . 

2. For each linearized section of ВАХ and ( )Cj uC
 
and ( )Cd uC  values, the operator presentation of the 

circuit’s transient characteristics in relation to its current is defined as follows: 
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(8) 

3. Let us find out the original of transient characteristic hi(t) using the decomposition theorem, for 
which purpose the denominator’s root should be determined in the first place: 
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Equation (9) has three roots: 
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Denominator derivative: 
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Therefore, the original of the transient characteristic: 
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4. Let us find out the value of current at the end of each time interval with the aid of Duhamel's inte-
gral using the formula: 
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5. Let us determine the diode voltage using the approximation formula: 
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after which ( )Cd uR , ( )Cd uC , ( )Cj uC
 
parameters should be updated. 

6. Let us go back to the algorithm’s station 2 and repeat the calculation until udk value has almost no dif-
ference from the previous iteration. 

Based on the above algorithm, paper [7] presented a cycle of numeric calculations in MathCAD envi-
ronment. These calculations proved that, under particular correlations of frequency and circuit parameters, 
the period of input voltage fluctuations will not be enough for the transient process to come to its end, that is 
why residual voltage is available at capacities in the beginning of each period, meaning that each new cycle 
of transient process has non-zero initial conditions. Such being the case, an undamped transient process takes 
place, with the parameters of this process being of chaotic nature. 

It has also been established that transition from a deterministic process to a chaotic one takes place 
gradually rather than in a leap, meaning that, with the input voltage frequency growth, the residual voltage at 
capacities will increase quite slowly. 

Hence, the triggering event for a chaotic transient process may be formulated as follows: 
− in the beginning of each (except for the first one) oscillation cycle, non-zero voltage is present at ca-

pacities; 
− in the beginning of any two different oscillation cycles, capacity voltages differ from one another. 
At the same time, numeric calculations (even in MathCAD environment) are quite a labor-consuming 

procedure. 
Since this paper’s objective is determination of the circuit’s total recommended parameters for design-

ing of chaotic oscillations’ generators, which requires a large volume of calculations, a much quicker simula-
tion of «deterministic chaos» was carried out in the circuit (Fig. 3) using MicroCap general-circuit simula-
tion software. 

Results of «deterministic chaos» simulation in a non-linear 
rl-diode electric circuit of sinusoid current 

Such presentation of circuit model (Fig. 3) is shown in Fig. 4. 
 

 

Figure 4. Model of chaotic oscillations’ generator 

Let us simulate the dependence between the output and input voltage, i.e. in MicroCap environment we 
obtain ( ) ( )( )tutu 12 ψ=  function for different values of output voltage frequency f with circuit parameters

1001 =L  mH, 11 =R  kOhm and diode type 1N457. Please note that ( ) ( )tRitu =2 . 
The diagrams of this dependency are shown in Figures 5–7. 
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Figure 5. Diagram of function ( ) ( )( )tutu 12 ψ= at 100 Hz frequency 

 

Figure 6. Diagram of function ( ) ( )( )tutu 12 ψ= at 1 kHz frequency 

 

Figure 7. Diagram of function ( ) ( )( )tutu 12 ψ= at 10 kHz frequency 

It follows from diagram (Fig. 5) that, with the input voltage frequency of 100 Hz, the circuit’s transient 
process almost fades, and function ( ) ( )( )tutu 12 ψ=  may be deemed deterministic. 

With the input voltage frequency of 1 kHz (Fig. 6), the circuit’s transient process stops fading, and 
function ( ) ( )( )tutu 12 ψ=  behaves in a chaotic manner. At the same time, the amplitude of chaotic oscillations 
is insignificant. 



Conditions for «deterministic chaos»… 

Серия «Физика». № 3(95)/2019 49 

Much better result was obtained with the frequency of 10 kHz (Fig. 7), where the amplitude of chaotic 
oscillations is already significant. 

Simulated in the paper were numerous options of circuits of chaotic oscillations’ generator with various 
types of diodes and circuit parameters’ values. 

At first, simulations were made for generator operation modes with widespread diode types and equal 
circuit parameters ( 1001=L  mH, 11 =R  kOhm) with recommended generator frequencies determined, under 
which the amplitude of chaotic oscillations is significant (Fig. 7). Simulation results are summarized 
in Table 1. 

T a b l e  1  

Dependence between the generator’s recommended frequency and diode types 

Diode types 
1N456 – 
1N486 

1N625 – 
1N629 

1N658 – 
1N661 

1N746 – 
1N749 

1N750 – 
1N754 

1N755 – 
1N759 

Recommended frequency, kHz 10 25 140 100 120 150 
 
It follows from Table 1 that, with equal circuit parameters, significant amplitude of chaotic oscillations 

may be reached at the lowest frequency of 10 kHz for diode types 1N456 – 1N486 only. 
Hereinafter, these diodes and this frequency underwent studies, during which determined were the 

ranges of the generator’s optimal parameters that ensure an acceptable amplitude of chaotic oscillations. 
Study results are summarized in Table 2. 

T a b l e  2  

Optimal generator parameters 

Inductance L1, mH 10 – 100 150 – 300 350 – 500 
Resistor R1, kOhm 0,01 – 0,4 0,6 – 2 2 – 4 

Conclusions 

1. This is a non-linear RL-diode electric circuit of sinusoid current, where an unfading transient process 
takes place, which, under given relationship between the input voltage frequency and circuit parameters may 
be deemed having a chaotic nature. 

2. The transition from a deterministic process to a chaotic one takes place gradually rather than in a 
leap, that is why chaotic oscillations’ generators require a significant amplitude (for a number of technical 
purposes, the amplitude of a chaotic component must exceed a deterministic one). 

3. When designing such generators, it is advisable to use diodes of 1N456 – 1N486 types, since they en-
sure the lowest frequency (about 10 kHz), at which acceptable amplitude of chaotic oscillations is present. 
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В.В. Кухарчук, В.Ю.Кучерук, С.Ш. Кацыв,  
В.Ф. Граняк, Д.Ж. Карабекова, А.К. Хасенов 

Синусоидалды токтың сызықты емес диодэлектрлік тізбегінде 
«детерминирленген хаос» құбылысының пайда болу шарттары 

Мақалада синусоидалды токтың сызықты емес RL-диодты электр тізбегіндегі «детерминирленген 
хаос» құбылысы зерттелді. Диод алмастыру схемасымен берілген, ол жалпы жағдайда сызықты емес 
резистор жəне барьерлік жəне диффузиялық – екісызықты емес сыйымдылықты қамтиды. Ток 
жиілігінің жəне тізбек параметрлерінің белгілі бір арақатынасы кезінде кіріс кернеуінің тербеліс 
кезеңінде өтпелі процестің аяқталуы іске аспайды. Бұл жағдайда əрбір кезеңнің басында 
сыйымдылықтарда қалдық кернеу болады, яғни өтпелі процестің əрбір жаңа циклінің нөлдік емес 
бастапқы жағдайлары бар. Əр кезеңдегі қалдық кернеу əртүрлі, сондықтан əр кезеңдегі тізбектегі ток 
та басқа. Осылайша, бұл жағдайда параметрлері хаостық сипатта болатын өшпейтін өтпелі процесс 
болады. «Детерминирленген хаос» құбылысын модельдеу MicroCap схемотехникалық модельдеу 
бағдарламасының ортасында жүргізілді. Диодтың əрбір түрі үшін модельдеу кезінде F, R, L (жиілік, 
жүктеме кедергісі, индуктивтілік) тізбектерінің көптеген параметрлері екі ішкі жиынға бөлінді – кіріс 
кернеуінің тербеліс кезеңінде өтпелі процесс аяқталатын ішкі жинақта (яғни сыйымдылықтардағы 
қалдық кернеу іс жүзінде нөлдік болып табылады), ал тізбектің жұмыс режимі детерминирленген деп 
санауға болады жəне ішкі жинаққа ол үшін өтпелі процесс кіріс кернеуінің тербеліс кезеңінде өшпейді 
(яғни сыйымдылықтардағы қалдық кернеу нөлден айтарлықтай өзгеше) жəне тізбектің жұмыс 
режимін хаостық деп санауға болады. Осылайша, хаостық тербеліс генераторларын құрастыру үшін 
тізбек параметрлерінің ұсынылған жиынтығы анықталды. 

Кілт сөздер: детерминирленген хаос, барьерлік сыйымдылық, диффузиялық сыйымдылық, қалдық 
кернеу, бастапқы шарттар, тербеліс генераторы. 

 

В.В. Кухарчук, В.Ю. Кучерук, С.Ш. Кацыв,  
В.Ф. Граняк, Д.Ж. Карабекова, А.К. Хасенов 

Условия возникновения явления «детерминированный хаос»  
в нелинейной диодэлектрической цепи синусоидального тока 

В статье исследовалось явление «детерминированный хаос» в нелинейной RL-диодной электрической 
цепи синусоидального тока. Диод представлен схемой замещения, которая в общем случае включает в 
себя нелинейный резистор и две нелинейные ёмкости – барьерную и диффузионную. При определен-
ных соотношениях частоты тока и параметров цепи переходный процесс за период колебаний входно-
го напряжения не успевает закончиться. В этом случае в начале каждого периода на ёмкостях присут-
ствует остаточное напряжение, то есть каждый новый цикл переходного процесса имеет ненулевые 
начальные условия. Отметим, что остаточное напряжение в каждом периоде разное, поэтому ток в це-
пи в каждом периоде также разный. Таким образом, в этом случае происходит незатухающий пере-
ходный процесс, параметры которого носят хаотический характер. Моделирование явления «детерми-
нированный хаос» проводилось в среде программы схемотехнического моделирования MicroCap. Во 
время моделирования для каждого типа диода множество параметров цепи f, R, L (частота, сопротив-
ление нагрузки, индуктивность) разделялось на два подмножества – на подмножество, для которого 
переходный процесс за период колебаний входного напряжения успевает закончиться (т.е. остаточное 
напряжение на ёмкостях является практически нулевым), а режим работы цепи можно считать детер-
минированным, и на подмножество, для которого переходный процесс за период колебаний входного 
напряжения не затухает (т.е. остаточное напряжение на ёмкостях существенно отличается от нуля) и 
режим работы цепи можно считать хаотическим. Таким образом, были определены рекомендованные 
совокупности параметров цепи для конструирования генераторов хаотических колебаний. 

Ключевые слова: детерминированный хаос, барьерная емкость, диффузионная емкость, остаточные 
напряжения, начальные условия, генератор колебаний. 
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Surface modification of steel 20 by the method of chemical-thermal  
treatment by annealing in a muffle furnace 

The article is devoted to the current problem related to the hardening of the surface layers of metal materials, 
including steel parts. The authors of the article describe the methods of chemical and thermal treatment of 
surface layers of materials to effectively improve the durability of machine parts and tools operating under 
various conditions of wear, at high temperature and force effects. The method of saturation of samples of iron 
plates by means of coating them with boron-containing mixtures in different volume proportions and their 
subsequent annealing in a muffle furnace is considered. The results of studies of the microhardness and thick-
ness of the diffusion layer are given. 

Keywords: steel 20, saturating mixture, boration, diffusion layer, microhardness, chemical-thermal treatment, 
muffle furnace. 

 

Introduction 

At the present stage of development of technology it is an urgent task of developing methods of 
strengthening the surface layers of metal materials, including steel parts with qualitatively new high 
properties that reduce the metal content of products and provide resource saving. Changing and complicating 
the operating conditions of machines, components and assemblies requires constant improvement of 
materials and modernization of manufacturing technologies. 

Much attention is paid to the development of surface hardening technologies. This is due to a new 
approach to assessing the role of the material in ensuring the structural strength of products, according to 
which it is the state of the surface layers of materials largely determines the performance properties of parts. 

Scientific and technical progress in such industries as engineering, transport, machine-tool industry and 
other high-tech sectors of the economy is largely associated with the improvement of the materials used in 
the direction of obtaining a set of performance properties. 

Fundamentally new high physical, mechanical and operational properties of products can be achieved 
by purposeful modification of the surface by doping with various elements or their compositions using 
highly concentrated energy sources, including metallization, i.e. diffusion saturation of metals during furnace 
heating. The advantage of this method is the possibility of non-contact heating of the surface of the 
processed material. It is carried out at high temperatures (up to 1420°C) while the thickness of the modified 
layer does not exceed 100 microns and the concentration of alloying elements in it, and therefore the 
hardness decreases sharply from the surface deep into the material. 

Chemical-thermal treatment, changing the composition, structure, and, consequently, the properties of 
the surface layers of materials, is an effective way to increase the durability of machine parts and tools 
operating under different wear conditions, at high temperature and force effects [1, 2]. 

In this regard, relevant are: the study of processes occurring in the near-surface layer of carbon steels, 
when alloying using furnace heating. Development of new combined technologies that can not only 
significantly improve the physical, mechanical and operational properties of machine parts and tools by 
activating the maximum possible number of reinforcing mechanisms, but also to replace expensive alloy 
steel at a cheaper and affordable, to save energy and consumables, reduce the duration of processes and 
improve processing efficiency compared to traditional methods of hardening of structural and tool steels. 

The aim of the work was to study the surface of ST20 after chemical and thermal treatment. 
The use of the SNOL 30/1300 muffle laboratory furnace made it possible to ensure uniform and rapid 

heating of samples from 50°C to 1300°C. 
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Research methods 

To study the kinetics of the growth of boride layers on the surface of the samples of iron plates, 
saturation was carried out with the help of coating and circular heating in the furnace. Boron paste contained 
a mixture of iron and boron powders in different volume proportions (25 % Fe-75 % H3BO3, 50 % Fe-50 % 
H3BO3, 75 % Fe-25 % H3BO3), ammonium hydroxide, activated carbon and liquid glass [3; 387]. Previously, 
a similar coating composition was not applied when hardening the surface layers of steels of this class by 
boriding. What is a novelty in research? 

Surface boration was carried out at a temperature of ≈1000 °C for 5 minutes. 
Weight and volume of reagents: all data are obtained in accordance with the surface area of the treated 

surface of the iron plate. 
Liquid glass – Na2SiO3 (concentrate) – 1 ml; 
20 % p-p of liquid glass – 1 ml; 
Ammonium hydroxide – NH4OH – 1 ml. 
Chemical processes in boration: liquid glass when mixed with a mixture of boric acid and iron powders 

forms a gel-like mass. 
At a temperature of 50 °C, the NH4OH activator decomposes into ammonia in the form of gas and 

water (NH4OH →NH3↑ + H2O → N↑ + H2O↑+ O2↑), at 235 °C , boric acid decomposes into boron oxide and 
water (2H3BO3 → B2O3 + 3H2O). The introduction of an activator in the form of ammonium hydroxide and 
carbon into the coating makes it possible to ensure its reliable adhesion of the saturating charge to the 
hardened surface. 

Boron oxide reacts with the coal and produces pure boron, and carbon monoxide (2В2О3 + 3C → 4C + 
+ 3СО2). In the temperature range from 500 °C to 1000 °C ammonia decomposes into nitrogen and hydrogen 
in the form of gas and acts as a boron carrier in the depth of the surface layer of the iron plate, forming a vast 
diffusion zone of iron borides. Water under high temperature is transferred into oxygen and hydrogen gas 
and evaporates (2H3BO3 + 2Fe + 2NH4OH + 2C → Fe2B + IN + 2N↑ + 8H2↑ + 2О2↑+ 2СО2↑). 

The released hydrogen acts as a boron carrier in the depth of the structure of the surface layer of the 
steel plate in the form of B10H14 [4]. 

The iron powder in the coating is partially oxidized by oxygen released during the interaction between 
the components of the coating, another part of the iron atoms diffuses into the surface of the samples in the 
form of separate iron borides. 

The presence of iron powder in the coating helps to protect the active components of the coating from 
oxidation at high temperature heating. 

Some iron particles in the process of high-temperature heating oxidized isolated during the interaction 
between the components of the oxygen coating, and part of them diffuses into the surface of the samples in 
the form of individual particles of iron and iron borides. Iron oxides remain in the scale zone and are 
removed during the preparation of samples for basic research by grinding. 

Thermodynamically, iron borides are unstable, at 1650 °C they begin to decompose. The lower iron 
boride Fe2B decomposes into iron and FeB: FeB → Fe2B → (α-phase + B) → base metal [5; 427]. 

Research result 

The analysis of the layers obtained on steel plates shows the dependence of the diffusion zone thickness 
on the volume content of boric acid in the mixtures of the initial powder. 

The results of determination of microhardness: 
N microhardness was determined on the device PMT-3 [6]. 
When the load on the indenter P=100 g (0.98 N) and the holding time at this load 10 seconds. A regular 

four-sided diamond pyramid with an angle at the top of 1360 was used as an indenter for microhardness 
measurements, similar to the Vickers hardness test method. Microhardness of Hµ was determined in 
accordance with the requirements of GOST 9450-60 and the recommendations given in [7], using the 
formula (1): 

ఓܪ  = ଵ଼ହସ	௉ௗ౦౨౟౤౪మ [݇݃ ∙ [ଶ݉݉/ݏ = ଵ଼,ଶ∙ଵ଴యௗ౦౨౟౤౪మ [MN/݉ଶ = МPа], (1) 

where the load is Р (g), and the diagonal of the print – dprint (µm). 
Tests on the microhardness of the initial material ST20 were carried out. The microhardness of the 

starting material Hµ=2584 MPa, the microhardness of the material after thermal exposure is Hµ=2207 MPa. 



E.P. Shevchuk, D.K. Nurumkanov et all.

54 

After the thermal effect on the co
compared with the initial data. Mic
treated layer, horizontally and vertic

 

Figure 1

The microhardness of the firs
horizontal Hµ=2144 MPa, vertical H
change from the original sample (Fig

 

Figure 2. Microhardness o

The surface of the 2nd sample 
solution. The microhardness of this 
at the edge Hµ=2409 MPa. Comp
microhardness increased by 17 % (F

 

Вестник Караг

ated samples, the microhardness of each of the
crohardness was determined from three position
cally. 

 

1. Direction of the measurement of microhardness 

st sample treated with a coating of 50 % H3B
Hµ=2211 MPa, and on the edge Hµ=2202 MPa
g. 2). 

of the treated sample 50 % H3BO3 and 50 % Fe withou

is treated with a mixture of 25 % Fe-75 % H3BO
sample was: horizontally Hµ=2373 MPa, vertic

pared with the initial sample, no significant ch
Fig. 3). 

гандинского университета 

em was determined and 
s: along the edge of the 

BO3 and 50 % Fe was: 
a. There is no significant 

 

ut liquid glass 

O3 with 20 % liquid glass 
ally Hµ=2261 MPa, and 
ange was observed, the 



Серия «Физика». № 3(95)/2019 

Figure 3. Microhardness

The surface of the third and f
25 % Fe (by volume) and without 20

Microhardness in samples trea
significantly. Here, the microhar
Hµ=2647 MPa, and at the edge 
horizontally increased by 20 %. 

Microhardness of the surface la
20 % solution of liquid glass showe
and other processed samples. He
Hµ=2642 MPa, and on the edge Hµ
by 25 %. 

 

a 

Figure 4. Distribution of microhardn

From the data of Figure 4 on t
no significant change in microhardn

2000
2020
2040
2060
2080
2100
2120
2140
2160
2180
2200
2220
2240
2260
2280
2300
2320
2340
2360
2380
2400
2420
2440

…

2

Surface modification o

s of the treated sample 50 % H3BO3 and 50 % Fe with 

fourth samples is treated with a mixture consisti
0 % liquid glass solution, and without it, respectiv
ated with 75 % H3BO3 and 25 % Fe without liq
rdness of the sample was: horizontally Hµ=
Hµ=2899 MPa. Compared with the original 

ayer of the sample treated with the same mixture,
ed the best results compared to the microhardnes
ere, the microhardness was: horizontally Hµ

µ=2535 MPa. After this treatment, the horizontal m

b 

ness in the borated surface of steel 20 sample: a – sam

he distribution of microhardness in the cross sec
ness compared to the microhardness of the substra

… Sample №1 (horizontally)Sample №1 (vertically)Sample №1 (on the e

207

2373

2261

2409

of steel 20 by the method… 

55 

 

liquid glass 

ing of 75 % H3BO3 and 
vely. 
quid glass has increased 
=2741 MPa, vertically 
sample microhardness: 

, but with the addition of 
s of the starting material 

µ=2919 MPa, vertically 
microhardness increased 

mple 1 and b – sample 2 

ction of samples 1 and 2, 
ate was revealed. 

edge)



E.P. Shevchuk, D.K. Nurumkanov et all. 

56 Вестник Карагандинского университета 

 

Figure 5. Distribution of microhardness in borated surface of steel 20 of sample 3 

From Figure 5 it can be seen that the microhardness of the surface layer has increased significantly, and 
the diffusion distribution of boron in the diffusion zone is gradually reduced. At a depth of 595 µm, the mi-
crohardness of the test sample reaches the microhardness of the annealed substrate. 

For most engineering calculations, there is a diffusion layer formula from the boration time [8]. 

 ℎଶ =  (2)  ,߬ܦ

where h is the thickness of the diffuse coating, m; D is the diffusion coefficient, m/s, τ is the duration of the 
process, s. 

Hence, the diffusion coefficient is D = 1.2·10-9 m2/s. This indicates an abnormally high mass transfer 
of boron, since it is orders of magnitude higher than the diffusion coefficient of boron at 9500 °C, equal to 
1.82·10-11 m2/s [9]. 

X-ray structural analysis (Fig. 6, Table 1) showed the formation of two-phase α-Fe compositions with a 
volume-centered cubic lattice and B with an orthorhombic cubic lattice. Sample 3 is in a three-phase state: α-
Fe with a bulk-centered cubic lattice, B with an orthorhombic cubic lattice, and FeB with a rhomboeder cu-
bic lattice. 

 

 

Figure 6. Structural phase state of sample 3 
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T a b l e  

State of the surface layer of sample 3 

Chemical element hkl Crystal lattice 
B 024 Rhombogedric 
B 303 Rhombogedric 

Fe3B 021 Volume-centered cubic 
FeB 104 Orthorhombic 
FeB 015 Orthorhombic 
Fe 110 Cubic 

FeB 121 Orthorhombic 
FeB 130 Orthorhombic 
FeB 220 Orthorhombic 
FeB 211 Orthorhombic 
B 200 Rhombogedric 
Fe 200 Cubic 
Fe 211 Cubic 
Fe 220 Cubic 
Fe 222 Cubic 

Conclusion 

Analysis of the calculations of the microhardness of the surface layers of the samples after annealing in 
a muffle furnace at a temperature of 1000 °C for 5 minutes showed that the microhardness increased. 

Microhardness in samples treated with 75 % H3BO3 and 25 % Fe composition without liquid glass in-
creased. 

The experimental studies allow us to draw conclusions about the prospects of using this coating to pro-
duce iron borides on the surface layers of steel 20. The use of various components of the mixture affects the 
change in microhardness, microstructure of the surface layer of steel 20. 

According to the results of the diffusion layer and the diffusion coefficient, it can be assumed that the 
growth of the boride layer is abnormal. 

Studies aimed at studying the comparison of the effects of various components of the paste, allow us to 
draw conclusions about the prospects of using this coating to obtain iron borides on its surface layers. The 
use of various components of the mixture also affects the change in the microhardness, microstructure of the 
surface layer of St20, as well as on the convenience of applying the coating and its cheapness. 

 
 

References 

1 Лахтин Ю.М. Химико-термическая обработка металлов: учеб. пос. / Ю.М. Лахтин, Б.Н. Арзамасов. — М.: Металлур-
гия, 1985. — 256 с. 

2 Ворошнин Л.Г. Борирование стали: учеб. пос. / Л.Г. Ворошнин, Л.С Ляхович. — М.: Металлургия, 1978. — 239 с. 
3 Шевчук Е.П. Исследование боридных слоев стали 20 после химико-термической обработки в индукционной печи 

/ Е.П. Шевчук, В.А. Плотников, Б.К. Ахметжанов // Фундаментальные проблемы современного материаловедения. — 2018. 
— Т. 15, № 3. — С. 386–391. 

4 Екимов Е.А. Получение микрокристаллов бора пиролизом декаборана В10Н14 при высоких давлениях и температурах 
/ Е.А. Екимов, И.П. Зибров, А.В. Зотеев // Неорганические материалы. — 2011. — Т. 47, № 11. — С. 1311–1316. 

5 Шевчук Е.П. Формирование обширной диффузионной зоны при борировании стали 20 / Е.П. Шевчук, 
В.А. Плотников, А.В. Джес // Фундаментальные проблемы современного материаловедения. — 2018. — Т. 15, № 3. — 
С. 424–428. 

6 Золоторевский В.С. Механические испытания и свойства металлов: учеб. / В.С. Золоторевский. — М.: Металлургия, 
1974. — 304 с. 

7 Харитонов Л.Г. Определение микротвердости: учеб. пос. / Л.Г. Харитонов. — М.: Металлургия, 1967. — 46 с. 
8 Ворошнин Л.Г. Многокомпонентные диффузионные покрытия: учеб. пос. / Л.Г. Ворошнин. — Минск: Наука и тех-

ника, 1981. — 296 с. 
9 Павлов П.В. Физика твердого тела: учеб. / П.В. Павлов, А.Ф. Хохлов. — М.: Высш. шк., 2000. — 494 с. 



E.P. Shevchuk, D.K. Nurumkanov et all. 

58 Вестник Карагандинского университета 

E.П. Шевчук, Д.К. Нурумканов, Б.М. Муратбеков, Б. Ахметжанов, В.А. Плотников 

Муфельді пеште жану арқылы химиялық термиялық  
өңдеу əдісімен 20 болаттың бетін модификациялау 

Мақала металл бөлшектердің, соның ішінде болат бөлшектерінің беткі қабаттарының беріктігін 
қатайтумен байланысты өзекті мəселеге арналған. Мақаланың авторлары жоғары температура 
əсеріндегі əртүрлі тозу жағдайында жұмыс істейтін машина бөлшектері мен құралдарының беріктігін 
арттыру үшін материалдардың беткі қабаттарының химиялық-термиялық өңдеу əдістерін сипаттайды. 
Темір пластиналардың үлгілерін əртүрлі көлемдегі пропорцияларда құрамында бор бар қоспалармен 
жабу арқылы жəне олардың кейінгі муфельдік пеште жағу əдісі қарастырылды. Диффузия қабатының 
микроқаттылығы мен қалыңдығын зерттеу нəтижелері көрсетілген. 

Кілт сөздер: болат 20, қанықтыру қоспасы, бор қосу, диффузиялық қабат, микроқаттылық, химия-
термиялық өңдеу, муфельдік пеш. 

 

E.П. Шевчук, Д.К. Нурумканов, Б.М. Муратбеков, Б. Ахметжанов, В.А. Плотников 

Модификация поверхности стали 20 методом химико-термической  
обработки путем отжига в муфельной печи 

Статья посвящена актуальной на сегодняшний день проблеме, связанной с упрочнением поверхност-
ных слоев металлических материалов, в том числе стальных деталей. Авторы описывают методы хи-
мико-термической обработки поверхностных слоев материалов для эффективного повышения долго-
вечности деталей машин и инструментов, работающих в условиях различного износа, при высоких 
температурно-силовых воздействиях. Рассмотрен способ насыщения образцов железных пластинок 
с помощью обмазки их борсодержащими смесями в разных объемных пропорциях и последующим их 
отжигом в муфельной печи. Приведены результаты исследований микротвёрдости и толщины диффу-
зионного слоя. 

Ключевые слова: сталь 20, насыщающая смесь, борирование, диффузионный слой, микротвердость, 
химико-термическая обработка, муфельная печь. 
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Preliminary assessment of dose distribution on the spatial micro  
level for internal exposure of alveolar epithelium of rats by 56Mn  

Special dosimetry study of experimental rats exposure by sprayed 56Mn powder was conducted during exper-
iments in order to study internal irradiation effects. All experiments were performed in Kurchatov’s reactor 
complex «Baikal-1» (Kurchatov city, East-Kazakhstan region) after neutron activation of stable Mn powder. 
This study was performed by group of scientists from Japan, Kazakhstan, and Russian Federation. The results 
of estimated doses in lungs alveolar epithelium of rats are shown in this paper. Absorbed dose on the 
«surface» of epitelium is equal to 160 Gy and absorbed dose in the «bottom» of epithelium for minimal 
thickness of epithelium cells is 8.9 Gy and for maximal thickness of epithelium cells equal to 0.4 Gy. 

Keywords: internal exposure, Kurchatov, MCNP, rats, organs, powder of 56Mn, epithelium layer.  

 

Introduction 

It was important to study effect of radiation, due to effect of possible influence to human, and effect of 
possible internal exposure because of close location to Semipalatinsk Nuclear Test Site and post effect of 
irradiation due to Hiroshima and Nagasaki atomic bombing, Chernobyl, and Fukushima-1 accidents [1–4].  

At neutron irradiation, including such kind of extraordinary tragedy as A-bombing of Hiroshima and 
Nagasaki, the 56Mn (T1/2=2.58 hour) was one of the dominant neutron activated irradiators during the first 
hours following the neutron irradiation. Modeling of irradiation by residual radioactivity from activated dust 
using neutron-activated 56Mn in a form of powder sprayed over experimental rats was conducted recently [5]. 
Activation of MnO2 (manganese dioxide) powder was performed using the IVG.1M nuclear reactor 
(«Baikal-1» experimental facility, Kurchatov city, Kazakhstan). 

According to V. Stepanenko, et al. [6, 7], mean organ doses of internal irradiation of rats by 56Mn pow-
der are the following: 1.65, 1.33, 0.24, 0.1, 0.076 Gy, in large intestine, small intestines, stomach, lungs, and 
skin respectively. 

The essential pathological effects were found in gastrointestinal tract [8, 9]. On the other hand, despite 
relatively low dose in the lungs (0.1 Gy), the hemorrhage and emphysema were found in this organ as 
well [8]. It is very difficult to interpret this fact, as far as these effects are observed at much larger doses of 
external irradiation. 

As a result, due to ideas of Prof. M. Hoshi [5] and Prof. M. Ohtaki [10, 11], it was decided to estimate 
not only mean organ doses of internal irradiation, but distribution of dose on microlevel of biological tissue, 
particularly on the level of alveolus of lungs. Short range irradiation from 56Mn (Auger electrons, low energy 
X-rays) can be a reason of much larger doses in microstructures of lungs. 

Material and Methods 

Monte Carlo code (MCNP-4C) with corresponding Library of cross sections for electrons and quanta was 
used for calculation of absorbed doses in biological tissue around 56Mn02 microparticles (density of manganese 
dioxide is 5.03 g/cm3). Mean diameter of 56Mn02 microparticles is equal to 4 µm. The corresponding data of 
56Mn’s Auger electrons, X-rays, beta particles < and gamma-rays are resented in Tables 1–3 and in Figure 1.  
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Irradiation of 56Mn 

T a b l e  1  
56Mn: AUGER ELECTRONS 

Type Energy keV Еlectrons/decay 
R99, (loss of 99 % of initial energy at R99 – radius  
of tissue sphere around isotropic microsource), cm 

KLL 5.51 1 8.8 E-6 
KLX 6.28 0.274 1.1 E-4 
KXY 7.01 0.0187 1.3 E-4 

L 0.57 3.07 2.1 E-6 

T a b l e  2  
56Mn: X-RAYS 

Type Energy keV Photons/decay 
R99, (loss of 99 % of initial energy at R99 – radius  
of tissue sphere around isotropic microsource), cm 

Kα2 6.39 0.51  
Kα1 6.40 1 about 1 E-2 cm 
Kβ1 7.06   
Kβ5 7.10 0.21(total for all Kβ)  
 

 

Figure 1. Beta particles of 56Mn: intensity is 100 %, average energy is 829.21 keV  
(mean R99 is about 1.8 cm), and maximal energy is 2848.00 keV (maximal R99 is about 6 cm) 

T a b l e  3  
56Mn: MAIN GAMMA-RAYS 

Type Energy keV Photons/decay 
R99, (loss of 99 % of initial energy at R99 – radius  
of tissue sphere around isotropic microsource), cm 

Gamma-1 846.8 0.989 about 80 cm 
Gamma-2 1811 0.272 > 100 cm 
Gamma-3 2113 0.143 > 100 cm 
Gamma-4 7.10 0.173 > 100 cm 

 

Geometry of calculation 

Alveoli of lungs are the final destination for inhaled air and for microparticles entering into the lungs 
with air. Each alveolus is lined with squamous epithelial cells (from 0.05 mkm to 0.3 μm thick). Surfactant 
(which is over epithelial cells) is about 0.01 μm thickness. So, if 56Mn microparticle is attached to epitheli-
um, the minimal distance to the «surface» of epithelium layer will be 1×10-6 cm and maximal distance to the 
«bottom» of epithelium layer will be 6×10-6 (in a case minimal thickness of epithelium cell) or 5×10-5 cm 
(in a case maximal thickness of epithelium cells) (Fig. 2). Absorbed doses were calculated in spherical layers 
of biological tissue around 56Mn microparticle. 
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Figure 2. Schematic representation of lung’s alveoli with 56MnO2 microparticle. 

Results and Discussion 

It was estimated, that mean initial activity of one 56MnO2 microparticle is equal to 0.196 Bq (with total 
activity of 0.1 g, MnO2 equal to 2.74×108 Bq, according to Hoshi, et al. [5]. Period of 56Mn physical half de-
cay is equal to T1/2 = 2.58 hours = 9.288x103 seconds. Total number of 56Mn decays up to whole decay in one 
56Mn microparticle with estimated activity 0.196 Bq is equal to: N=0.196 Bq×9.288x103 seconds/0,693 = 
2.627×103 decays. Dose per one decay from Auger electrons, low energy X-rays, and beta particles of 56Mn 
is presented in Figure 3. This figure shows results of calculations of spatial dose distribution around 56Mn 
placed into biological tissue. 

 

 

Figure 3. Results of calculations of spatial dose distribution around 56Mn microparticle placed into biological tissue.  

So, as result, these estimations shows the following doses per decay: 61 mGy/decay at distance  
1×10-6 cm from microparticle («surface» of alveolar epithelium layer); 3.4 mGy/decay at distance  
6×10-6 from microparticle («bottom» of alveolar epithelium layer, in a case of minimal thickness of epithe-
lium cell); 0.15 mGy/decay at distance 3×10-5 cm from microparticle («bottom» of alveolar epithelium layer, 
in a case of maximal thickness of epithelium cell). Highest dose is due to short distance to radioactive 
source. 

Total absorbed dose (up to whole decay of 56Mn) is equal to: 160 Gy («surface» of alveolar epithelium 
layer); 8.9 Gy («bottom» of alveolar epithelium layer, in a case minimal thickness of epithelium cells); 
0.4 Gy («bottom» of alveolar epithelium (in a case maximal thickness of epithelium cells). 



V.F. Stepanenko, K.Sh. Zhumadilov et all. 

62 Вестник Карагандинского университета 

Conclusion 

Absorbed dose (up to whole decay of 56Mn) is equal to: 160 Gy («surface» of alveolar epithelium lay-
er); 8.9 Gy («bottom» of alveolar epithelium layer, in a case minimal thickness of epithelium cells); 0.4 Gy 
(«bottom» of alveolar epithelium (in a case maximal thickness of epithelium cells).  
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Егеуқұйрықтардың альвеолярлық эпителийіне 56Mn ішкі əсері кезіндегі 
кеңістіктік микродеңгейде мөлшерінің таралуын алдын ала бағалау 

Курчатов қаласындағы Байкал-1 реакторлық кешенінде (Курчатов қ., Шығыс Қазақстан облысы) 
радиациялық əсер эффектісін зерттеу бойынша эксперимент жүзінде 56Mn ұнтағы тозаңының 
егеуқұйрықтарға əсерінің ішкі дозиметриялық зерттеуі жүргізілді. Бұл зерттеу Жапония, Қазақстан 
жəне Ресей Федерациясы ғалымдарының тобымен орындалды. Берілген жұмыста егеуқұйрықтар 
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өкпесінің альвеолярлық эпителийін сəулелендіру дозасын бағалау нəтижелері көрсетілген. Эпителий 
«бетінде» жұтылған доза 160 г тең, эпителий жасушаларының «төменгі» минималды қалыңдығында 
жұтылған доза 8,9 г құрайды, ал эпителий жасушаларының максималды қалыңдығы үшін — 0,4 г. 

Кілт сөздер: ішкі сəулелену, Курчатов, MCNP, егеуқұйрықтар, мүшелер, 56Mn ұнтағы, эпителий 
қабаты, өкпе альвеоласы. 
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Предварительная оценка пространственного  
распределения дозы на  микроуровне при внутреннем  
воздействии 56Mn на альвеолярный эпителий крыс 

С целью изучения эффектов внутреннего облучения проведено специальное дозиметрическое иссле-
дование воздействия на экспериментальных крыс распыленным порошком массой 56Mn. 
Все эксперименты проводились на реакторном комплексе «Байкал-1» (г. Курчатов, Восточно-
Казахстанская область) после нейтронной активации стабильного порошка Mn. Данное исследование 
было проведено группой ученых из Японии, Казахстана и Российской Федерации. В настоящей рабо-
те приведены результаты оценки доз облучения альвеолярного эпителия легких крыс. Поглощенная 
доза на «поверхности» эпителия равна 160 г, а поглощенная доза в «дне» эпителия для минимальной 
толщины клеток эпителия составляет 8,9 г, а для максимальной толщины клеток эпителия — 0,4 г. 

Ключевые слова: внутреннее облучение, Курчатов, MCNP, крысы, органы, порошок 56Mn, слой эпите-
лия, альвеолы легких. 
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For the security of telecommunication networks on the application program  
package OPNET Modeler v.14.5 and the use of the «NetDoctor» module 

The work is focused on modeling in OPNET Modeler v.14.5 wireless subscriber access network for its analy-
sis and research by using and applying the NetDoctor module to ensure the security of the built network. 
Wireless communication is used, as it is accepted, in networks, connecting and wired (cable) means, and give 
the opportunity to take a convenient, fast and economical solution of problems arising in the process of solu-
tion and modernization of cable networks. Wireless communications, therefore, should be considered not a 
complete alternative to cable networks, but only an alternative technology for the implementation of individ-
ual segments or even entire levels of the designed, extensible or modernizing computer network. Detection of 
used erroneous technologies in the process of building and modeling of telecommunication networks ensures 
the security of their functioning and predicts their reliable building structure at their design. In our work we 
use the NetDoctor module of the program package of OPNET Modeler v.14.5 to test the security of the built 
wireless network. 

Keywords: OPNET Modeler v. 14.5, LAN, program package, networks, NetDoctor, traffic, wireless commu-
nication. 

 

In foreign countries, wireless subscriber access networks (WSAN) are widely used by corporate net-
works located inside buildings, on the territory of industrial enterprises as well as for communication of re-
mote offices among themselves. Typical customers of such solutions are hospitals, warehouses and trade or-
ganizations. This includes non-stationary networks deployed for an indefinite period of time activities such 
as exhibitions or scientific and other seminars. In Russia, WSAN work outside of buildings, providing high-
speed data transfer services to users located at a distance of several kilometers and even tens of kilome-
ters [1]. 

In Kazakhstan, the wireless local area network (WLAN) sometimes expresses the only economically 
viable solution – when the cable system is geographically impossible and lacking or of poor quality. In this 
regard, the research proposed in the work is relevant. 

The novelty involves the developed modeling technique on the module APP OPNET Modeler structure 
of its building and its research. 

Wireless communication is used, as it is accepted, in networks, connecting and wired (cable) means, 
and gives the opportunity to take a convenient, fast and economical solution of problems arising in the pro-
cess of solution and modernization of cable networks. Wireless communications, therefore, should be con-
sidered not a complete alternative to cable networks, but only an alternative technology for the implementa-
tion of individual segments or even entire levels of the designed, extensible or modernizing computer net-
work. 

The analysis shows that the IEEE 802.11 standard compliant technologies for WLAN have the follow-
ing four levels of security features: Physical, Service Set ID, MAC ID-Media access control ID, and encryp-
tion. 

This technology is predetermined for the transmission of data in the frequency range 2.4 Ghz at the pre-
sent phase is widely used in military communication to enhance the security of wireless transmission. In the 
area of DSSS schema, the flows that cause the data transfer are «deployed» over a 20-Mhz bandwidth within 
the ISM range using the Complementary code Keying's scheme. The user must establish a reliable frequency 
channel and apply the same CCK scheme to decode the received information. Then, the technology on the 
basis of DSSS provides the first line of protection against unclaimed access to the transmitted information. 
In addition, DSSS is a «silent» interface, so almost all listening devices will filter it out as «white noise». 

The SSID allows you to distinguish the certain WLAN that can act in the same place or region. It is a 
unique network name included in the header of the IEEE 802.11 data and control packages. Wireless clients 
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and access points use it to filter and accept only those requests that are related to their SSID. Therefore, the 
user will not be able to refer to the access points unless it is given the correct SSID. 

The probability of accepting or rejecting a request to a network may also depend on the value of the 
MAC ID being a unique number assigned to each network card during production. When a client PC tries to 
access a wireless network, the access point must first check the MAC address for the client. Similarly, the 
client PC must know the name of the access point. 

For an invasion of the wireless network, it is enough to be in the radio network visibility zone with 
equipment of the same type on which the network is built. The access check by MAC addresses of devices 
and the same WEP is provided in WLAN for reducing of probability of unauthorized access. Because access 
check is performed by using an access point, so it is only possible with an infrastructure network topology. 
The inspection technology involves pre-compiling the MAC addresses tables of allowed clients at the access 
point, and provides the only transfer between fixed wireless adapters. The access control at the level of the 
radio network is not foreseen in the «ad-hoc» technology (each with each). 

In order to enter the WLAN, the intruder must: 
− have the equipment for WLAN compatible with the used in the network (in relation to the standard 

equipment-the appropriate technology of wireless networks – DSSS or FHSS); 
− recognize the non-standard sequences of frequency jumps at application in FHSS equipment; 
− know the network ID, scrambling the infrastructure and a single for the entire logical network (SSID); 
− know (in the case of DSSS) which of the 14 possible frequencies the network operates in, or enable 

the automatic scanning mode; 
− be included in the allowed MAC addresses table in the access point of the network infrastructure 

technology; 
− know the 40-bit WEP cipher key if there is an encrypted transmission in the wireless network. 

It is almost impossible to solve all this, so the probability of unauthorized entry into the wireless network, 
in which the standard security measures are taken, can be considered as very low. 

We will note the following advantages of WLAN compared to wire: 
− Speed and simplicity of deployment and wireless network settings; 
− Saving investments in the local network when changing the office; 
− Flexibility: quick structure change, configuration modification and network scale; 
− Mobility of users in the network distribution zone; 
− WLAN functions where the cable is not functioning. 
The most elementary way to organize workplaces in the WLAN is the «each with each» (ad-hoc) way. 

The Network Adapter is entered into each computer and the conditions of direct radio visibility with neigh-
boring points are provided. This method can be used to rapidly deploy a network in small areas where wired 
networks cannot be deployed for technical reasons. 

The Figure 1 shows the developed model of the WSAN on the APP OPNET Modeller V.14.5. 
 

 

Figure 1. Тhe window of the developed model WSAN on the RFP opnet Modeller V. 14.5 
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The model consists of the following devices which are wireless: servers, workstations, routers, 
IP clouds.  

We will research the changes of traffic value when different codecs are used in modeling in such a net-
work, for example, G711and G729 standardized in the 90s and used in wireless communications, PSTN net-
works and VoIP systems. The G.729 is based on an algorithm with a high degree of compression. In general, 
it allows to compress traffic more strongly, reaching an 8-fold result. Both methods have evolved over the 
past decades and have a number of versions in accordance with the ITU-T standard. 

The research requires an experiment using the following APP OPNET Modeller V.14,5 technologies: 
− selection and settings of network equipment; 
− from the main  menu of the package OPNET Modeller V. 14.5 «Traffic» selection of traffic: VoIP, IP. 
As a result of the experiment we get the following data shown in Figure 2 when the codec G711 is used 

to modify the traffic in its transmission. 
 

 

 Figure 2. The result of the experiment on distribution of traffic for the model time using codec G711 

 The Figure 2 shows that at the beginning of the model time the traffic value has changed upward, then 
from the time of 02. 13.20 sharply increased to 3 800 000 000 bits and then changed very slightly. It can be 
said that starting from this time there is a steady traffic value in the channel. 

We will consider how the traffic value changes by using the G729 codec to modify the traffic. We will 
use the G729 codec instead of the G711 codec before the modeling as shown in Figure 3. 

 

 

Figure 3. VoIP traffic creation using the G729 codec 
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The Figure 4 shows the modeling results with the use of the G729 codec from which you can see that 
from the time of 02. 21.40 there is an almost steady traffic value in the channel and  the traffic value thus 
reaches 1 600 000 000 bits, i.e. by comparing the traffics values it turns out that the value of the transferred 
traffic using the G729 codec is less than with the G711 codec.  

This is explained by the fact that the rate of traffic transmission using the G711 codec is more than 
G729 almost in 8 times. 

 

 

Figure 4. Traffic distribution for the model time using the G729 codec. 

The used encrypting methods are used in communications and are standardized by the ITU-T Associa-
tion. Both methods use 8000 cycles per second to read the signal using the Nyquist frequency theory, by 
consuming the bandwidth of 64 Kbit/sec for G.711 and 8 Kbit/sec for G.729. 

The G.729 uses special compression methods to reduce the cost of the width of the information trans-
mission, while G.711 will require low computational power compared to G.729, thanks to a simple encrypt-
ing methods. The analyzed encrypting and decrypting methods have their own extended versions with small 
variations. Despite the fact that G.729 provides a lower scope of information, it is necessary to pay attention 
to the issues of the license [1-4]. The G.729 includes program patents from several companies and is licensed 
on behalf of Sipro Lab Telecom. Sipro Lab Telecom is an authorized representative of the rights to the G.729 
technology and patent portfolio. In a number of countries, it may be required a license fee and/or royalty fee 
using G.729 The G.729 codec is completely free in Russia. 

Based on the above listed, the fact that G.711 is supported by a large number of devices. The systems 
based on it are easier to use. 

We use the NetDoctor module of the program package of OPNET Modeler v.14.5 to test the security of 
the built wireless network. 

For this experiment, we will turn to the main menu OPNET Modeler and clicking on the module 
NetDoctor we will open its window and run this module. Then we will check its results shown in Figure 5 by 
modeling WLAN on this module.  

 

 

Figure 5. WLAN modeling results using NetDoctor 
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The Figure 5 shows that positions 6, 8-11 indicate used incorrect technologies in the modeling process 
beginning with the words «ERROR» in English. 

To resolve these errors, we use Configure/Run NetDoctor from the NetDoctor submenu and remove the 
ticks using IP Multicast and IP Routing and modeling without them as shown in Figure 6. 

 

Figure 6. Removal of IP Multicast and IP Routing 

As a result, we get the technologies shown in Figures 6–11 where there are no errors 
 

 

Figure 7. The result of removing the 6th error in the network configuration 

 

Figure 8. The result of the error 1312 removal analysis 

 

Figure 9. The result of the error 1258 removal analysis 
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Figure 10. The result of the error 1255 removal analysis 

Conclusions 

The used codecs in the conducted experiments encrypt data in the researched telecommunication net-
works.  

The G.729 uses less bandwidth for data transmission as opposed to G.711, while the voice quality re-
tains with complex encrypting methods that increase the cost of computational power in encrypting and de-
crypting processes. Experiments conducted on application program packages show that while comparing the 
value of the transferred traffic the use of the G729 codec is less than the G711 codec.  

Application of the NetDoctor module of the application program package of the APP OPNET Modeller 
V14.5 showed the errors which were made in the selection of some technologies in modeling, for example, 
the use of IP Multicast load and the selection of IP technology Routing and others. Detection of used errone-
ous technologies in the process of building and modeling of telecommunication networks ensures the securi-
ty of their functioning and predicts their reliable building structure at their design. 
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М.З. Якубова, Т.Г. Сериков 

NetDoctor модулін қолдану арқылы OPNET Modeler v.14.5 қолданбалы 
бағдарламасы мен жүйенің қауіпсіздігін қамтамасыз ету 

Мақалада құрылған жүйенің қауіпсіздігін құмтамасыз ету үшін NetDoctor модулін қолдану арқылы 
OPNET Modeler 14.5-те сымсыз абоненттік қатынас жүйесін модельдеу мен оны талдап жəне 
зерттеуге арналған. Коммутатордың негізгі кемшілігі — шығыстардың жіберу жолағының шектеулігі. 
Егер де белгілі бір шығысқа арналған коммутаторға келіп түсіп жəне оның жылдамдығы жəне өткізу 
қабілеттілігінен жоғары болса, пакеттердің қақтығысу проблемасы пайда болады. Бұл жағдайда 
коммутатор пакеттерді сақтауға немесе пакеттерді кезекке жібереді. Бұл жұмыста екі 
коммутациялайтын құрылғылардың қолданылуы арқылы, коммутацияланатын жергілікті-есептеуіш 
желілер құрылады: концентраторлар мен коммутаторлар. Концентратор кірісіне келіп түскен  
пакеттерді барлық шығыстарына жібереді. Əртүрлі желілерді талдау жəне модельдеу үшін 
коммерциялық түрінің қызметін атқаратын OPNET Modeler v.14.5 қолданбалы бағдарламасы 
пайданылады. Бұл бағдарламада дайын модельдердің көптігіне байланысты қазіргі таңдағы барлық 
байланыстырушы желілерді модельдеуге жəне олардың кірістерін өзгертуге мүмкіндік 
береді.Сонымен қатар OPNET Modeler 14.5 бағдарламасы мен оның кеңейтілуіндегі жергілікті-
есептеуіш желілерді модельдеудің тəсiлдері мен кеңейтілеген коммутацияланған желілерді зерттеу 
қарастырылды. Бұл жұмысты зерттеу кезіндегі желілердің жұмыс істеуін тексеру жəне үлкен 
коммутацияланатын желілерді құру үшін қолдануға болады. 

Кілт сөздер: OPNET Modeler v.14.5 сымсыз жергілікті желі, қосымшалар пакеті, жергілікті желілер, 
NetDoctor, трафик, модельдеу. 
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М.З. Якубова, Т.Г. Сериков 

Обеспечение безопасности сетей на основе пакета прикладных  
программ OPNET Modeler v.14.5 с использованием модуля NetDoctor 

Статья посвящена моделированию в OPNET Modeler v.14.5 беспроводной сети абонентского доступа, 
для ее анализа и исследования при использовании и применения модуля NetDoctor для обеспечения 
безопасности построенной сети. Авторы создавали коммутированные локально-вычислительные сети, 
с использованием двух различных коммутирующих устройств: концентраторов и коммутаторов. Кон-
центратор передает пакет, прибывший на один из его входов, на все выходы вне зависимости от на-
значения пакета. Для анализа и моделирования разнообразных сетей применялся пакет прикладных 
программ OPNET Modeler 14.5, исполняющий собой роль коммерческой версии, предлагаемой бес-
платно для использования в образовательных целях. В связи с тем, что у него большая библиотека 
различных готовых моделей используемых объектов по оборудованию, можно моделировать почти 
все существующие на сегодняшний момент сети связи и при моделировании можно изменять входные 
параметры модели. Также рассмотрены методы моделирования локально-вычислительных сетей на 
OPNET Modeler 14.5 с последующим ее расширением и проведены исследования моделированной 
расширенной коммутированной сети. Данную работу можно использовать при проведении исследо-
вания функционирования сетей с коммутаторами и при построении крупных коммутируемых сетей. 

Ключевые слова: OPNET Modeler 14.5, беспроводная локальная сеть, пакет прикладных программ, 
локально-вычислительные сети, NetDoctor, трафик, моделирование. 
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Methodical foundations of the use of project-based technologies in teaching  
physics to students of technical specialties of higher education institutions 

The presented work is devoted to the issues of using project technologies of training in higher education 
institution based on information technology. The training of highly qualified competitive specialists is the 
main task for all higher educational institutions. In other words, a graduate of a higher educational institu-
tion should design highly efficient, technically advanced engineering systems, analyze the effectiveness 
of a project in comparison with other projects. The question arises of how to prepare such a specialist 
in the conditions when the current educational system often lags behind the processes taking place in 
the global space. In this regard, the authors attach special importance to mini-projects that can be 
carried out in a short time, while these projects build students' skills such as group work, teamwork 
management, project reporting, design and research skills. The paper also proposes a general structure of 
the educational project for one semester. This describes the experience of using the computer program 
Electronics Workbench version 512 in teaching physics to students of technical specialties. The questions 
of the effectiveness of innovative creativity of students in the performance of tasks of the mini-project in 
the course of physics are considered on the example of the simulation of the operation of oscillatory cir-
cuits – serial and parallel. 

Keywords: project-based training technology, educational project, serial oscillation circuit, parallel 
oscillation circuit, resonance. 

 

Introduction 

The bachelor in the technical field needs to not only possess professional knowledge and skills in its 
field, but also to have professional competence in design and management activities, that is, be able to ap-
ply knowledge and design methods and project management elements when solving professional prob-
lems. The attitude to the future specialty is largely determined by the nature of the educational work in 
which future professional activity must be modeled in a certain way. 

Therefore, for the successful formation of bachelors’ professional competence, project-based training 
is the most suitable technology. The basis of this technology is the development of cognitive, creative 
skills, the ability to independently construct their knowledge, the ability to navigate in the information 
space, the development of critical thinking. 

Main part 

Currently, training in higher education involves the wide use of innovative educational technologies: 
credit, modular, design, problem, etc., which act as methodological foundations of the educational process 
in a modern university. The idea of project-based training is becoming increasingly popular in the univer-
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sity environment. Many authors are developing project models of teaching at the university, which involve 
the technology of project-based training and building individual trajectories [1, 2]. 

The project technology is based on the theoretical concepts of «pragmatic pedagogy», which was 
founded by the eminent American philosopher and educator John Dewey (1859–1952). According to his 
theory, true and valuable is only that which is useful to people, which gives practical results and is di-
rected to the benefit of the whole society. The main provisions of J. Dewey’s theory look as follows: 

− in ontogenesis, the child follows the mankind path in cognition development; 
− the assimilation of knowledge is a spontaneous uncontrollable process; 
− for the assimilation of knowledge, students should be exposed to problem-solving tasks that are real 

life and meaningful for him; 
− training should be conducted through the students’ appropriate cognitive and project-based activi-

ties, consistent with their personal interests; 
− the child learns the material, not just while listening or perceiving the senses, but also due to his 

need for knowledge. 
In natural science undergraduate programs, laboratory work in the general course and special sections 

of physics plays a very important role. The main idea of laboratory work is the unity of theoretical and 
practical knowledge, the development of research skills, and the ability to demonstrate acquired 
knowledge while doing laboratory work. Nevertheless, researchers consider that the traditional method of 
laboratory work set uphas a number of didactic imperfections. They are as follows: when performing and 
defending laboratory works, the students do not work independently; the exchange of research results is 
only between two students, that is, the participants in the laboratory class are isolated [3]; the requirements 
for the preparation of various categories of graduates are not fulfilled [4]. In this regard, the authors pro-
pose the following solutions to this didactic problem – the use of elements of design training technology in 
the organization of frontal works; conducting a multi-level laboratory workshop using the project-based 
method. 

The concepts and laws of physics studied in the logic of other training courses are not foreign to their 
conceptual system and cannot be perceived as secondary. It can also be argued that teaching physics is a 
basic component of the content of the preparation of a future engineer, economist, physics teacher, etc. 
This means that the following didactic formula applies to it: every basic component of education, for ex-
ample, as a composite physical practicum, is included in the content of education as a special didactic tool, 
and not as «additives» in separate chapters and sections. And in this regard, the question arises about how 
to improve the concept. That is, the improvement on the basis of computer technologies of teaching meth-
ods in traditional disciplines of subject preparation of the future engineer based on the internal and exter-
nal level of coordination of the fundamental and general disciplines of technical specialties of a higher ed-
ucational institution (physics, chemistry, computer science, mathematics, foreign language, economics, 
etc.). The internal level is understood as the coordination of separate sections, symbolic designations, the 
contents of work programs. The external level of coordination contains the psychological and didactic as-
pects of choosing one or another approach to learning (problem-oriented, project-oriented, context-
sensitive, etc.) [5]. The use of computer applications, technologies not only contributes to a more complete 
implementation of the fundamental goals of these disciplines, but also leads to a more complete and in-
depth analysis of physical phenomena and understanding of physics and, in essence, changes the content 
of training. 

Laboratory works are an effective environment for implementing the technology of project-based 
teaching physics in technical specialties of a higher educational institution. Their use contributes to the 
formation of a sustainable engineer methodologically motivated and oriented interest in teaching physics, 
the ability to reclaim and use its scientific content as a methodological experimental and technological 
means of innovative engineering activity. Despite the high significance of the problem, its comprehensive 
solution does not exist until now. The organization of a methodological orientation of the educational pro-
cess in physics is required in that part that concerns the support of an experiment that substantially ex-
pands the scope of training and educational research of students. 
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V. Larionov and A. Leader in their works argue that the combination of virtual and real experiment and 
simulation in a physical workshop is the main element of the project activity and is necessary in the educa-
tional laboratory of the new generation educational laboratory in physics [6]. Taking into account the specif-
ics of a technical specialty when teaching students in physics, which lasts for 2 semesters, educational pro-
jects can be compiled on topics that form the professional competencies of the future engineer. The number 
of participants in mini-projects may consist of 3-5 students. Students themselves can choose the group where 
they would like to work together and carry out the project. Of course, the teacher, given the abilities of each 
participant, can make changes in mini-groups. The purpose of the educational project is to create conditions 
under which students, working in various mini-groups, develop: 

− communication skills; 
− problem-solving skills; 
− the skill of finding information from various sources [7]; 
− research skills, which include such issues as identifying problems, collecting information, observing, 

conducting experiments, analyzing, building hypotheses, generalizing); 
− systems thinking skills. 
In this regard, we propose a general structure of the educational project (Fig. 1). 
The use of design technologies with the use of information technologies in teaching physics is given in 

the works of N. Shiyan, I. Kiseleva, O. Alykova, and others [8–10]. 
Using this structure of the mini-project, various works were performed by students of the specialty In-

strument Making and Information Systems. Let us show one example on the topic «Oscillatory circuit. Free 
and forced electromagnetic oscillations. Resonance». Electronics Workbench system was used as an applica-
tion program. With the help of the Electronics Workbench system, students developed a virtual model of the 
operation of oscillatory circuits – serial and parallel type [11]. 

The scheme for determining the amplitude-frequency characteristic of a parallel circuit is shown in Figure 2. 
 

 

Figure 2. The scheme of obtaining the amplitude-frequency response of the serial  
circuit and the amplitude-frequency response of the serial oscillating circuit 

The quality factor and the resonant frequency of the serial circuit with the parameters shown in the diagram: 
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The diagram for determining the amplitude-frequency characteristic of a parallel circuit is shown in 
Figure 3. Quality factor and resonant frequency of the serial circuit with the parameters indicated on the dia-
gram: 
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Figure 3. The scheme of obtaining the amplitude-frequency characteristics of the parallel oscillatory circuit 

Amplitude-frequency characteristic of a parallel circuit on the screen of a virtual oscilloscope is ob-
tained (Fig. 4). 

 

 

Figure 4. Amplitude-frequency characteristic of the parallel circuit 

Conclusion 

Thus, the student, working in the information system of modeling Electronics Workbench and showing 
innovative creativity in the design and modeling of the principle of operation of various electrical circuits, 
shows sufficient performance of the mini-project. 

Of course, at the laboratory work it is impossible to develop a full educational project. Therefore, clas-
ses are conducted as full-scale laboratory work, the results of which are used in the implementation of the 
educational project for comparison with the results obtained on virtual instruments. At the laboratory work, 
the main methodological guidelines are provided for the educational projects.The main part of the mini-
project is performed during the tutorial. 
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А.Б. Искакова, А.К. Каирбаева 

Жобалық технологияларды жoo-ның техникалық мамандықтарында білім 
алатын студенттерге физиканы оқытуда қолданудың əдістемелік негіздері 

Мақала жоғарғы оқу орнында жобалық технологияларды ақпараттық технологиялар негізінде қолдану 
мəселелеріне арналған. Қазіргі уақытта жоғарыбілікті, бəсекеге қабілетті мамандарды даярлау барлық 
жоғарғы оқу орындарының ең басты міндеттерінің бірі болып табылады. Басқаша айтқанда, жоғарғы 
оқу орнының түлегі тиімділігі жоғары техникалық жағынан мінсіз болатын инженерлік жүйелерді 
жобалай, жобаның басқа жобалармен салыстырғандағы тиімділігіне талдау жасай білу керек. Осындай 
мамандарды қалай даярлау керектігі жайлы сұрақ туындайды. Сол себепті авторлар қысқа уақыт 
аралығында жүргізуге болатын, минижобалардың негізгі ерекшеліктеріне аса көңіл бөлді. Сонымен 
қатар авторлар ұсынылып отырған жобалардың студенттердің бойында топта жұмыс жасай білу, 
ұжымдық топты басқара білу, жобаның есебін дайындай білу, жобалық-зерттеушілік іс-əрекет 
дағдыларын қалыптастыруға мүмкіндік беретін инновациялық технологиялардың бірі екендігі жайлы 
айтады. Бұл жобаларды бір семестр аралығында орындаудың жалпы құрылымы келтірілді. 
Техникалық мамандықтарында білім алатын студенттеріне физиканы оқыту барысында Electronics 
Workbench 512 қолданбалы компьютерлік бағдарламасын қолданудың тəжірибесі келтірілді.  

Кілт сөздер: жобалық оқыту технологиясы, оқу жобасы, тізбекті тербелмелі контур, параллель 
тербелмелі контур, резонанс. 

 

А.Б. Искакова, А. К. Каирбаева 

Методические основы использования проектных технологий при  
обучении физике студентов технических специальностей вуза 

Статья посвящена вопросам использования проектных технологий обучения в высшем учебном заве-
дении на основе информационных технологий. Подготовка высококвалифицированных конкуренто-
способных специалистов является основной задачей для всех высших учебных заведений. Другими 
словами, выпускник высшего учебного заведения должен проектировать высокоэффективные, техни-
чески совершенные инженерные системы, анализировать эффективность проекта в сравнении с дру-
гими проектами. Возникает вопрос о том, как подготовить такого специалиста в условиях, когда дей-
ствующая система образования нередко отстает от процессов, происходящих в мировом пространстве. 
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В связи с этим авторы уделяют особое значение на минипроекты, которые можно проводить за корот-
кое время, при этом эти проекты формируют у студентов такие навыки, как работа в группе, управле-
ние коллективной работой, составление отчета проекта, навыки проектно-исследовательской деятель-
ности. Также в работе предложена общая структура проведения учебного проекта на протяжении од-
ного семестра. При этом описывается опыт использования компьютерной программы Electronics 
Workbench версии 512 в обучении физике студентов технических специальностей. Рассмотрены во-
просы эффективности инновационного творчества студентов при выполнении заданий минипроекта 
по дисциплине «Физика» на примере моделирования работы колебательных контуров – последова-
тельного и параллельного типов.  

Ключевые слова: технология проектного обучения, учебный проект, последовательный колебательный 
контур, параллельный колебательный контур, резонанс. 
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To modernization of physical practicum on molecular  
physics in the university course 

The article is devoted to analysis of the author's work results on the modernization of the physical practicum 
in Molecular Physics at the Department of physics and nanotechnologies of the physics and technical faculty. 
High-quality direction of such a physical practicum is impossible without the use of virtual laboratory work, 
but contact laboratory work is also necessary. Moreover, it is advisable to carry out some laboratory work 
both contact and virtually. This article presents the essence of work on gas laws and the definition 
of universal gas constant and Boltzmann constant; three virtual works on statistical physics and one contact 
laboratory work on transfer phenomena were analyzed. The works were preliminarily analyzed and carried 
out at the level of teachers and engineers, then by students, moreover of different groups both in the general 
physics course and in special courses of the corresponding profile. Graduate work and master's dissertation 
were carried out in some sections; reports were presented at conferences of different levels; published articles 
and educational and methodical materials. 

Keywords: Maxwell distribution, Brownian motion, contact and virtual laboratory works, transfer phenome-
na. 

 

The structure of the course of molecular physics at the university is as follows: an introduction to 
molecular physics, the definition of its content and features; molecular kinetic theory; its subject, method, 
characteristics; fundamentals of the statistical theory of ideal gases (mathematical apparatus, distribution; 
thermodynamics; transfer phenomena; real gases; molecular kinetic properties of liquids; solids; phase 
transitions) [1–4]. 

It is obvious that the physical practicum should be built and organized along the same structure. And 
this is not true. 

Within the framework of one article, it is impossible to present the content of physical practicum in all 
sections of molecular physics. Let us stay on the first 3 blocks. 

The first block includes 2 classical laboratory works: «Determination of the universal gas constant» 
and «Determination of the Boltzmann constant». These are contact laboratory works that are based on the 
equation of state of an ideal gas (the Mendeleev-Clapeyron equation) and the basic equation of the molecu-
lar-kinetic theory of ideal gases, namely, on one of its consequences, the pressure formula, i.e. 3 basic inter-
connected universal constants are immediately introduced: R; k (Boltzmann constant) and NAv (Avogadro 
number). 

The results we obtained (and the students), for example, are: 
J

(8.1 0.4)
mol K

R = ±
⋅

, 

i.e. relative fault: 

100 % 5 %.
R

R
Δε = ⋅ ≅  

Confidence interval: (7.7 – 8.5) J/mol·K. 
Thus, the theoretical value R = 8.31 J/mol·K «fits» into the confidence interval. 
Boltzmann's constant: 

22 J
(1.2 0.2) 10 .

K
k −= ± ⋅  

Relative fault: 

100 % 17 %.
k

k
Δε = ⋅ ≅  
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Confidence interval: 

23 J
(1.0 1.4) 10 .

K
k −= − ⋅  

Thus, the theoretical value k = 1.38·10-23 J/K «falls» in the confidence interval, although the measure-
ment error is quite significant.  

The experimental setup we use is «assembled» manually and there is no need to rely on the best re-
sult [5]. 

The systems considered in molecular physics are statistical. When analyzing them, the corresponding 
mathematical apparatus is used: mathematical probability, probability theorems, the concept of averages, 
theorems of averages, ergodic hypothesis, deviations from the mean [6]. 

Neutral atoms and molecules obey classical statistics. This is the statistics of distinguishable particles 
energy of which varies continuously. The main Maxwellian distribution is the velocity or kinetic energy dis-
tribution of molecules and the Boltzmann distribution of potential energy molecules in a conservative force 
field, in particular in the field of the Earth. It is known that they received experimental confirmation several 
decades after the creation of corresponding theories. We are talking about the experiences of Stern and 
Perrin. 

The velocity distribution of molecules (based on Stern’s experiments) and the study of the distribution 
of Brownian particles in a gravity field and the determination of Boltzmann constant (based on Perrin’s ex-
periments) can only be considered using virtual laboratory works in our conditions, they were studied exper-
imentally in due time in the periods from 1906 to 1908 (Perrin’s experience) and from 1920 to 1929 (Stern’s 
experience). These experiments are described in educational literature and are well known. 

The virtual laboratory work on the Maxwell distribution was carried out in accordance with the MU 
proposed in [7]. Temperature 1500 K, and the angular velocity of rotation of the cylinder 1000 rad/sec were 
introduced. The velocities of the particles were set in arbitrary units from 0 to 25 with a step of 50,59 m/sec. 
Results are presented using a histograms. The experiments were repeated for another temperature (3000 K) 
with a speed step of 71.34 m/sec. 

The results of measurements and calculations are presented in Figure 1. 
 

 

Figure 1. Maxwell distribution of molecules on velocities 

The most probable velocities were calculated: in the first case 346 m/sec, in the second – 1264 m/sec. 
In addition, students were asked to calculate the molar mass of the filament coating in the experimental 

setup. Calculations showed that we are talking about silver. It is known from literary sources that silver was 
used in the first installations of Stern. 

On the experiments of Perrin based virtual laboratory work devoted to the study of the distribution of 
Brownian particles in the field of gravity of the Earth. In the well-known experiments of Perrin, Brownian 
particles were used in the form of balls (these are gummigut particles) suspended in the environment. In this 
case, two more conditions were fulfilled: in each experimental series, particles of the same size were used, 
for which Perrin designed and practically used microcentre. This, firstly, and secondly, the density of the 
substance of Brownian particles and the environment must be chosen so that the Brownian particles are sus-
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pended. In different series of experiments different problems were solved. In one of them, the Avogadro 
number was calculated on the basis of the Boltzmann distribution. In our chosen laboratory work, the Boltz-
mann constant was determined. 

As an environment was used water 3 3
0 10 / )( ;kg mρ =  petrol 3 3

0 0,88 1 /( 0 );kg mρ = ⋅  alcohol 
3

0 790 / )( .kg mρ =  The density of the substance of Brownian particles was set: 3 3
0 1,1 10 / ).( kg mρ = ⋅  

To determine the diameter of Brownian particles, a chain is built from them and the total length is 
measured. The diameter of Brownian particles is d = 0.5 mcm. The number of Brownian particles was de-
termined at zero height and at altitudes: 30 mcm; 60 mcm.  

Based on the Boltzmann formula for Brownian particles in a layer of volume :S hΔ  

 0 ,
Vgh

RTN n e S h
Δρ−

Δ = Δ  (1) 
where n0 — concentration of Brownian particles at zero height, 

Δρ — density difference between Brownian particles and the environment; 
V — Brownian particle volume. 
Hence, the Boltzmann constant was determined: 

 
0

,
ln

Vghk nT
n

Δ= ρ  (2) 

The results are: 
in water: k = 1.33·10-23 J/K; 
in petrol: k = 1.17·10-23 J/K; 
in alcohol: k = 1.97·10-23 J/K. 
The best result in measurements in water (it was in this environment that Perren’s original experiments 

were conducted), the worst of all is in alcohol. 
But in any case, the result is better than the contact definition of the Boltzmann constant. 
One of the experimental bases and experimental confirmations of the foundations of the molecular-

kinetic theory is the Brownian motion. Therefore, of particular interest is the virtual laboratory work on the 
determination and analysis of the average free path of Brownian particles [8]. 

It is known that 
 

2

1

2 effd n
λ

π
< >=  (3) 

where <λ> — average length of free path; 
<deff> — effective diameter (for molecules); 
n — their concentration. 
The average number of collisions of molecules with other molecules per unit of time is determined as 

follows: 

 ,
vz
λ

< >< >=
< >

 (4) 

where <v> — average velocity of chaotic particle motion. 
Enter the number of particles equal to 25, and the diameter of 350 conventional units at a temperature of 

T = 1000K. 
Conduct 5-6 experiments, changing the diameter from 350 to 100 conventional units, and the number of 

particles from 25 to 5.  
Build graphs of the dependence of <λ> on d with n=const (Fig. 2) and < λ > on n with d=const (Fig. 3). 
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Figure 2. Dependence of average length of free path on the particle diameter at n = const 

 

Figure 3. Dependence of average length of free path of particles on their concentration atd = const 

Of particular importance in the study of molecular physics are transfer phenomena. Let us stay on one 
classic laboratory work: «Determination of the coefficient of internal friction of a fluid by the Stokes 
method». The experimental setup is a long cylindrical glass vessel filled with glycerin. Studying the move-
ments of solid balls of small radius, which are affected by the force of gravity, the buoyant force and the 
force of internal friction, determined by the Stokes formula. 

Work is quite classical, with proper contact and its implementation gives the value of the coefficient of 
viscosity of glycerol, corresponding to the theoretical. 

Work on the modernization of the physics laboratory in molecular physics has been carried out for sev-
eral years, but it was carried out not systematically, and most importantly, without the active involvement of 
virtual laboratory work. 

The result of the work will be the creation of a physical practicum, covering all basic sections of mo-
lecular physics and the publication of relevant guidelines. 
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Л.Ф.Ильина, А.С.Каюмова, Е.Р.Жаңбырбай, М.М.Болатбекова 

Жоғарғы оқу орны курсында молекулалық физика бойынша  
физпрактикумның модернизация мəселесі 

Мақала физика жəне нанотехнологиялар кафедрасында молекулалық физика бойынша физикалық 
практикумды жаңғыртуына байланысты авторлардың жұмыстарының нəтижелерін талдауға арналған. 
Мұндай физикалық практикумды сапалы орындау үшін виртуалды зертханалық жұмыстарды 
пайдаланбау мүмкін емес, бірақ түйіспелі зертханалық жұмыстар да қажет. Сонымен қатар кейбір 
зертханалық жұмыстарды түйіспелі жəне виртуалды түрде орындау қажет. Мақалада газ заңдары мен 
əмбебап газ тұрақтысы жəне Больцман тұрақтысын анықтау бойынша жұмыстардың мəні баяндалған; 
статистика бойынша үш виртуалды жұмыс жəне тасымалдау құбылыстары бойынша бір түйіспелі 
зертханалық жұмыс талданды. Жұмыстар алдын ала талданып, оқытушылар мен инженерлер 
деңгейінде, одан кейін жалпы физика курсында, сондай-ақ тиісті бейіндегі арнайы курстарда əртүрлі 
топтарда жүргізілді. Кейбір бөлімдер бойынша дипломдық жұмыстар мен магистрлік диссертациялар 
орындалды; түрлі деңгейдегі конференцияда баяндамалар ұсынылды; мақалалар мен оқу-əдістемелік 
құралдар жарияланды. 

Кілт сөздер: максвелл түрлендіруі, броундық қозғалыс, түйіспелі жəне виртуалды зертханалық 
жұмыстар, тасымалдау құбылыстары. 

 

Л.Ф. Ильина, А.С. Каюмова, Е.Р. Жанбырбай, М.М. Болатбекова 

К модернизации физпрактикума по молекулярной  
физике в вузовском курсе 

Статья посвящена анализу результатов работы авторов по модернизации физпрактикума по 
молекулярной физике на кафедре физики и нанотехнологий физико-технического факультета. 
Качественная постановка такого физпрактикума  невозможна без использования виртуальных 
лабораторных работ, но контактные лабораторные работы также необходимы. Более того 
целесообразно некоторые лабораторные работы выполнять как контактно, так и виртуально. Автора-
ми изложена суть работ по газовым законам и определению универсальной газовой постоянной и 
постоянной Больцмана; проанализированы три виртуальные работы по статистической физике и одна 
контактная лабораторная работа по явлениям переноса. Работы предварительно анализировались и 
выполнялись на уровне преподавателей и инженеров, затем студентами, причем разных групп как в 
курсе общей физики, так и в спецкурсах соответствующего профиля. По некоторым разделам 
выполнялись дипломные работы и магистерские диссертации; представлялись доклады на  
конференциях разных уровней; опубликованы статьи и учебно-методическое пособие. 

Ключевые слова: максвелловское распределение, броуновское движение, контактные и виртуальные 
лабораторные работы, явления переноса. 
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К.М. Арынгазин был высококвалифицированным специалистом в области теоретической физики 
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