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KOHOEHCALUMANAHFAH KYNUOIH ®U3UKACDI
OPU3SNKA KOHOEHCUPOBAHHOI'O COCTOAHUA
PHYSICS OF THE CONDENSED MATTER

DOI 10.31489/2019Ph 3/8-16
UDC 535.3, 544.77, 546.57

D.A. Afanasyev'”, N.Kh. Ibrayev', E.Zh. Alikhaidarova'

'Ye.A. Buketov Karaganda State University, Kazakhstan;
’Institute of Applied Mathematics, Kazakhstan
(E-mail: a_d_afanasyev@mail.ru)

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

In the paper the results of the synthesis of Ag — TiO2 nanostructures are presented. Nanostructures consist
of a silver core and a TiO, 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 TiO, 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 TiO, shell. After the synthesis of the TiO, shell an additional luminescence band of
the Ag — TiO, NS is observed. The observed luminescence is associated with charge transfer from TiO, 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 TiO, and SiO, [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-TiO, 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 TiO, 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 TiO, 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-TiO, 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 (TiO,) 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 pl 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 r; ~ 20 nm (Fig. 2, a), r; as pointed
in Figure 1. Then, an Ag-TiO, NSs with different thicknesses of the semiconductor shell was synthesized
in an ethanol solution (rg,y in Fig. 1). The obtained TiO, shell thickness in synthesized NSs was equal to
Ishe=23 nm (Fig. 2, b) and ry,.;=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® mol/l. The sizes of NPs and NSs in
aqueous solution are shown in Figure 2 and Table.
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Figure 2. The size distribution of Ag (a) and Ag-TiO, nanoparticles with
a concentration TIPT of 30 % of the standard (b) and 50 % (c) in water

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

Characteristics of solutions Particle size, max 122 3 als -
NP and NS nm abs  nm ANy, nm | N,-107 cm v,-107 s

Aqueous solution Ag 20 416 45 7,46 3,64
Aqueous solution Ag-TiO,

(concentration of TIPT 30 % ) 43 420 62 7,35 3,04
Aqueous solution Ag-TiO,

(concentration of TIPT 50 %) 84 424 >8 7,20 3,86
Ethanol solution Ag 50 407 65 - -
Ethanol solution Ag-TiO, 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-TiO, 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-TiO, 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 TiO, 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 TiO, 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 TiO, 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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Figure 3. Absorption spectra of the Ag (1) and Ag-TiO, (2, 3) with
Tsnen=23 nm (2) and rg,.;=63 nm (3) in aqueous (a) and ethanol (b) solutions

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

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 A and AL1/2 contain infor-

abs

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]:

Lo =4 (€7 +2¢,) @
Zj =4rn’c’me, | Ne?, 3)

where, }sz is the volume plasma wavelength in terms of the electron mass, g is the vacuum dielectric con-
stant, e is the charge of the electron, and N is the electron density in the particle; €” is the high—frequency
dielectric constant (for silver — about 4,9 + 0,3, for gold — 6,9 [13]) €, is the numerical value equivalent to
the square of the refractive index of the solvent. For ethyl alcohol, €, 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 sz (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
TiO, 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:

) 2
1.6 1 ha _, (4)
k 6 6| 2 '
1 A ’
From the graph of the dependence of 7 on %ak—% , the parameters of the linear dependence

2 2
(formula 4) 6, and 0, were determined. Figure 4 shows the dependence of % on ( pesk —Kj for solutions

A
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of silver NPs and NSs Ag-TiO,. Using the parameters 6; and 0,, the attenuation coefficient of plasma os-
cillations y was determined by the formula:

~ 272'6921/2
=
ﬂ“peak (5)
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Figure 4. Dependence of 1/k on A for a colloidal solution of silver
NPs (1) and Ag-TiO, NSs (2,3) with rg,e=23 nm (2) and rg,¢ ;=63 nm (3)

The electron density N (formula 3) and the damping coefficient of plasma oscillations y are given
in Table. From the data in the table it can be seen that during the formation of the TiO, 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 TiO, shell. At small thicknesses of TiO,, 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 y for
Ag-TiO, (rshen=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-

max

ity to determine the value A) 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 TiO, NPs and Ag-TiO, NSs. The excitation was
carried out by ultraviolet radiation with A.;=300 nm. The concentration of TiO, NPs and Ag-TiO, NSs
was chosen in such a way that the optical absorption of TiO, remained unchanged. The size of silver NPs
was 50 nm. It can be seen from Figure 6 (a) that the luminescence spectra of Ag-TiO, nanostructures are
significantly different from the TiO, luminescence spectra. In the luminescence spectrum of Ag-TiO,, 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 TiO, to silver. The luminescence intensity of Ag-TiO, is much lower than the luminescence
intensity of TiO,, 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-TiO, 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-TiO,
NSs, as for an ethanol solution of Ag-TiO, NSs (Fig. 5 b, curve 2, 3).
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Figure 5. Luminescence spectra of solutions of Ag, TiO, and Ag-TiO, 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 TiO, is absorbed and the electron is transferred from the conduction
band of TiO, to the Fermi level (Er) 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 (E,). In this case, recombination luminescence
with the wavelength of the corresponding transition energy AE = E—E, can occur (Fig. 6, b). The value of
AE for the transition between the Fermi level of the solid body of Ag and Au and the valence band of TiO, 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 AE from the Fermi level is 2,3 eV. At the same time, the increase in the thickness
of the TiO, 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 TiO, shell does not have a large effect on the value of AE. Therefore, the
outlying TiO, layer from the silver does not participate in the charge transfer process. In the luminescence
spectrum of aqueous solutions of Ag-TiO, NSs, no luminescence of TiO, is observed. Perhaps this is due to
the low value of the quantum yield of the luminescence of TiO, in comparison with the luminescence of Ag
clusters.

As shown in [18], the value of the Fermi level (Er) depends both on the size and on the charge of the
low frequency. The decrease in the value of Er should occur with a decrease in the size of the NPs. In our
case, the value of AE increases with decreasing size of the low frequency. Silver NPs with a diameter of 50
nm have AE = 2,16 eV, silver NPs with a diameter of 20 nm have AE = 2,3 eV. The observed values of AE
for different Ag-TiO, 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.
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Figure 6. Mechanism of charge transfer and luminescence in the Ag-TiO, NSs
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Thus, the paper presents the results of the synthesis of Ag-TiO, 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 y were determined. It is shown that the TiO, 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 (rg,.;=23 nm), the decay rate decreases. With a large shell thickness (rs,.;=63 nm), the oscillation
damping rate y 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 TiO, shell (rg,=23 nm). Also, after the synthesis of the TiO, shell,
an additional luminescence band of the Ag-TiO, NSs occurs. This luminescence is associated with charge
transfer from TiO, to Ag. The dependence of the maximum recombination luminescence band on the value
of the charge on silver NPs is observed.

This work was supported as part of scientific-research grants of the Ministry of education and science
of the Republic of Kazakhstan (AP05133724) and (BR05236691).
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H.A. Adanacee, H.X. Ubpaes, D.2K. Anuxaiinapoa

Ag-TiO, HaHOKYPBLIBIMIAPBIHAA 3aPAATHI TACKIMAJIAY
JKIHE JIOKAJI/IbI IJIA3MOH/BIK Pe30HAHC KacueTTepi

Maxkamaga Ag-TiO, HaHOKYPBUIBIMIAphl CHUHTE3IHIH HOTIXKeNepi KenripinreH. HaHOKypbIIbIMmap Kymic
sapochiHal xoHe Ti0, jkapThUTaleTKI3rill KaObIpIarbiHaH Typajabl. KongaHbUFaH epiTKIIITIH Tayenaiiirine
OalmaHBICTBl KAPBIKTHIH OUHAMHKAJBIK IIAIIBIpAy OAICIMEH aHbIKTalnFaH HaHOKypbuibiMaapaslH (HK)
onmemi 20 HM xoHe 50 HM Kypansl. TiO, jkapThUIAHOTKI3rilI KaOBIPIIAFIHBIH KYMIC HaHOOOINIIEKTePiHiH
JIOKaNBI TUIa3MOHJIBIK PE30HAHC KacueTTepine acepi seprrenii. HK-zna jokanasl mia3sMOHABIK Pe30HAHCTHIH
CaHABIK KOPCETKIilli (JIEKTPOH/BIK THIFBI3IBIFGI) HAIIapIIaiiasl, anaiia JOKaIAbl ITa3MOH/IBIK PE30HAHCTHIH
camaiblK KepceTkimi (Iura3MaislK Tepoernicrepaiy enry koddduimenti) TiO, kKaOBIKIIack jkyka OonraHma
KakcapateiHbl gonennerni. ConbiMeH Karap TiO, KaObIKmIacelHBIH cuHTe3iHeH keiiin Ag-TiO, HK-nma
JIFOMHUHECLICHIMSHBIH KOCBIMILIA JKONarbl Oaiikan/pl. BakpuiaHaTeiH skapkeipay TiO,-neH Ag-ra 3apsaThIH
TachIMaJilalTyblHa  OaifmaHblcTel  Oonbim  TaObimamel.  Kymic  Hb-me  3apsarsin MoHiHE — Toyemni
PEKOMOMHAIMSUIIBIK JTIOMMHECLICHIMS HKOJIaFbIHBIH MAaKCUMYMBbI OaiiKasiibl.

Kinm co30ep: nokanapl IUIa3MOHIBIK PE30HAHC, KyMic HaHOOeNIEeKTepi, HAHOKYPBUIBIMIAp, 3apsij
TachIMalliay, THTaH JUOKCHUII.

J.A. AdanacweB, H.X. U6paes, 2.2K. Anuxaiigaposa

IlepeHoc 3apsiia ¥ CBOMCTBA JIOKAJINU30BAHHOI0
IUIA3MOHHOTI'0 pe30HaHca B HaHOCTPYKTypax Ag-TiO,

B crarbe npuBeieHbl pe3ynbTaThl CHHTE3a HAHOCTPYKTYp Ag—Ti0,. HaHOCTPYKTYpBI COCTOAT U3 cepedpsHo-
ro sApa ¥ HnouynpoBogunkoBoii obosouku TiO,. Pasmep nanoctpykryp (HC), onpeneneHHblid METOIOM 1~
HaMHUYECKOTO paccestHus cBeta, cocTaBmil 20 HM U 50 HM B 3aBHCHMOCTH OT UCIIOJIB30BAHHOTO PACTBOPUTEIIS.
HccnenoBano BiusiHUE MOTYNPOBOAHNKOBOI oOonouku TiO, Ha CBOMCTBA JIOKAJIM30BAaHHOTO IUIA3MOHHOTO
pe3oHaHCca HAaHOYACTHUIl cepedpa. YCTaHOBIEHO, YTO KOJMYECTBEHHBIH MOKA3aTelNb JIOKAIN30BAaHHOTO IIIa3-
MoHHOTO pe3oHanca B HC (3nekTpoHHas IJIOTHOCTH) yXy/IIaeTcs, B TO BpeMsl KaK KaueCTBEHHBIM MOKa3a-
TeJTb JIOKAJTM30BAaHHOTO MIa3MOHHOTO pe3oHaHca (K03 DULNEHT 3aTyXaHHsl IIIa3MEHHBIX KOJICOaHHiT) MOXKeT
YIIy4IIUThCS B ciiydae TOHKOH o0onouku TiO,. Taxxe nmocne cunresa obonouku TiO, Habmonaercs: 1onosi-
HuTenbHas nojoca moMuHecteHuun HC Ag-TiO,. HaGmogaemoe cBedeHue CBSI3aHO € MEPEHOCOM 3apsia C
TiO, na Ag. HaGmomaercst 3aBUCHMOCTh MAKCHMyMa MOJIOCHI PEKOMOUHAI[OHHOM JIIOMUHECLICHIINH OT 3Ha-
yenus 3apsiia Ha HU cepe6pa.

Knrouegvie crnosa: MOKaTu30BaHHBIN TUIA3MOHHBIN PE30HaHC, HAHOYaCcTHUla cepe6pa, HaAHOCTPYKTYDPBHI, IIE€pe-
HOC 3apsa, TUMOKCHUJ TUTAaHa.

References

1 Ghosh R., Paria Ch., & Paria S. (2012). Core/Shell Nanoparticles: Classes, Properties, Synthesis Mechanisms, Characteriza-
tion, and Applications. Chemical Reviews, 112,2373-2433.

2 Ryzhonkov, D.I, Levina, V.V., & Dzidziguri, E.L. (2010) Nanomaterialy [Nanomaterials]. Moscow: BINOM; Laboratoriia
znanii [in Russian].

3 Zimon, A.D., & Pavlov, AN. (2012) Kolloidnaia himiia nanochastits [Colloid chemistry of nanoparticles]. Moscow:
Nauchnyi mir [in Russian].

4 Yin X., Que W., & Liao Y. (2012). Ag/TiO, nanocomposites with improved photocatalytic properties prepared by a low
temperature process in polyethylene glycol. Colloids and surf. A: Physicochem. eng. Aspects, 410, 153—158.

5 Qi J.,, Dang X., Hammond P.T., & Belcher A.M. (2011). Highly efficient plasmon—enhanced dye—sensitized solar cells
through metal@oxide core—shell Nanostructure. ACS Nano, 5, 9, 7108-7116.

6 Zhang R., Zhou Y., & Peng L. (2016). Influence of SiO2 shell thickness on power conversion efficiency in plasmonic poly-
mer solar cells with Au nanorod@SiO, core—shell structures. Scientific Reports, 6, 25036, 1-9

7 Clavero C. (2014). Plasmon-induced hot-electron generation at nanoparticle/metal-oxide interfaces for photovoltaic and
photocatalytic devices. Nature Photonics, 8, 95-103.

8 Calandra P., Ruggirello A., Pistone A., & Liveri V.T. (2010). Structural and optical properties of novel surfactant coated
Ti02—-Ag based nanoparticles. J. Clust. Sci, 21, 767-778.

9 Afanasyev, D.A., Ibrayev, N.Kh., Serikov, T.M., & Zeinidenov, A.K. (2016) Effect of the titanium dioxide shell on the plas-
mon properties of silver nanoparticles. Russian Journal of Physical Chemistry 90, 4, 833-837.

10 Afanasyev, D.A., Ibrayev, N.Kh., & Kasymov, M.E. (2018). Synthesis of aluminum-aluminium oxide nanostructures by laser
ablation. Bulletin of the Karaganda University, Physics series, 3, 91, 8-15.

Cepusi «dunsukay. Ne 3(95)/2019 15



D.A. Afanasyev, N.Kh. Ibrayev et all.

11 Toporko, A.V., Tsvetkov, V.V., Yagodovskii, V.D., & Issa, A. (1995). Change of the properties of copper small particles
during sulfur-containing ions adsorption from solutions. Zhurnal fizicheskoi khimii, 5, 69, 867-870.

12 Podlegaeva, N.L., Russakov, D.M., Sozinov, S.A., Morozova, T.V., Shvaiko, LL.Zvidencova, N.S., &
Kolesnikov, L.V. (2009). Issledovanie svoistv nanochastic serebra, poluchennykh vosstanovleniem iz rastvorov i termicheskim
napyleniem v vakuume [Investigation of the properties of silver nanoparticles obtained by reduction from solutions and thermal
spraying in vacuum)]. Vestnik Kemerovskoho hosudarstvennoho universiteta. Seriia Himiia — Bulletin of Kemerovo State Universit.
Chemistry, Vol. 2, 95-99 [in Russian].

13 Shklyarevskii, I.N., & Pakhmov P.L. (1973). Separation of the contribution of free and bound electrons into real and imagi-
nary parts of the dielectric constant of gold. Optika i Spektroskopiya, 34, 1, P. 163—-166.

14 Serpone N., Lawless D., & Khairutdinov R. (1995). Size Effects on the Photophysical Properties of Colloidal Anatase Ti0,
Particles: Size Quantization or Direct Transitions in This Indirect Semiconductor. J. Phys. Chem, 99, 16646—16654.

15 Bulavchenko, A.I., Kolodin, A. N., Podlipskaya, T.Yu., Demidova, M.G., Maksimovskii, E.A., Beizel', N.F., Larionov, S.V.,
& Okotrub, A.V. (2015). Photon correlation spectroscopic and spectrophotometric studies of the formation of cadmium sulfide nano-
particles in ammonia-thiourea solutions. Russian Journal of Physical Chemistry 4, 90, 5, 1034-1038.

16 Ping H., Xing—Hai Sh., & Hong—Cheng G. (2004). Photoluminescence phenomenon during the formation of silver nanoparti-
cles. Acta Phys. — Chim. Sin, 20, 10, 1200-1203.

17 Kasap S.O. (2002). Principles of Electronic Materials and Devices, Third Edition. McGraw—Hill, 768 p.

18 Scanlon M.D., Peljo P., Méndez M.A., Smirnov E., & Girault H.H. (2015). Charging and discharging at the nanoscale: Fermi
level equilibration of metallic nanoparticles. Chem. Sci, 6, 5, 2705-2720.

16 BecTHuk KaparaHauHckoro yHvusepcuTeTa



DOI 10.31489/2019Ph3/17-21
UDC 537.8:537.5

E. Copuroglu', T. Mehmetoglu®

! Department of Physics, Faculty of Arts and Sciences, Gaziosmanpasa University, Tokat, Turkey;
Amasya University, Tasova Vocational School, Turkey
(E-mail: ebrucopuroglu@gmail.com)

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]:

2¢°

207 um 1 Ve -1
¢(r)=% 1+3—0(J‘e2 [1+ jtt—zdt . (1)

r 1

The Eq. (1) in the atomic units systems can be rewritten as:
0 2007 aun 1 \vee-1 0
P==+"=e " 1+— |——dt==
o) r 3z -1[ 2t t’ r
where Qis electric charge, & is fine structure constant (&' =137.03599911) and U (7) is Uehling poten-
tial determined as:

+U(r), 2
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U(r) = Ql() 3

1jx/t2——1

Here [(r)is the Uehling function defined as:
——dkt. 4
e 3 “

1(r)= j 2an (1+ t

In study [2] useful formulae have obtained for Uehling potential in following form:

_40|(. 4 _ a.s
U(a)= ra Kl+ 12JKZO (a) B Kl1 (a)— [12 + 6)102 (a)} (5)
U(a) =%{K%(a)—%lﬁz(a)—%Kz;(a)} ©

where a =2a"'r . Here Ki (x) are the Bickley-Naylor functions determined as:

, exp(—xcosh?
Ki, (x)= j—dp( oshi) (7
cosh
Notice that in special case of n=0 Bickley-Naylor functions reduce to the Bessel functions

Ki, (x) =K, (x) and defined as:

k
Ki, (x) =K, (x)= Z( (k+1)+mn2- lnx)ﬁ, )

where l//(k +1) is the Euler Function defined following as:

w(k+1)=-y- Z )

Here y is the well known Euler’s constant. Forn > 2 , Blckley—Naylor functions can be evaluated by the
following recursive formula [13]:
nKi,, (x)=(n—1)Ki,_ (x)—xKi,(x)+ xKi,_,(x). (10)

Note that for the calculation of Uehling potential by using Eq. (5), the Ki,(a)and 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'

_ - (x/2 - x/2)
Ki(x)=Z+x +In(x/2)|) ———
()=l ]; (k1) (2k+1) kz ) (2k+1Y’
(11
i x/2 D(k+1)
k=0 2k+1)
T ¥ - (x/2)" & (4k+3)(x/2)"
Ki, (x )—l——x+— y+In(x/2) Z +—Z -
2 (k) (k+1)1(2k+1) 4T [(k+1)1(2k+1)]
(12)
x i x/2 D(k+1)
T ) (k+1)!(2k +1)
Here CI)(k +1) functions are determined as:
1 1 1
Ok+1l)=1+—+—+....+—. 13
(F+1) =14+ 2to o (13)
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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]:
N

(xty)" =2 (&D)" £, (m)x"" y", (14)
m=0
here f, (1) are the binomial functions given as:
m—1
Ll_l(n —i) forinteger n
m={""
n)= m 15
for noninteger n
m!T(—n)

With the help of binomial expansion theorem we can rewrite Eq. (4) given for the Uehling potential follow-
ing as:

N .
I(a)=lim > F,(1/2)(-1) |:E2 (a) %EM (a)} (16)
i=0
Here E, (t ) is the exponential integral function determined by:
= b
E, ()= =y, 17)
Y
E (t)=t"T(1-nyu). (18)

In Egs. (15) and (18), the F(OK) and F(OK,X) 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.

Table

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 4211433 4211418
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 7. The solid and dashed curves represent our and literature data, respectively.

I(r)
1.0
08 i — Eq.(16}
06 \

04 AN

0.2 -

~——

50 100 150 200

Figure. Using Eqgs. (16) and (5), the values of Uehling function /() 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 | For instance, in the case of » =0.01, the CPU times taken from the use of Egs. (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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9. Yonyporny, T. Mexmeroriy

BI/IHOMI/laJIIlblK )KiKTey TEOPpEMACHIH KOJIAAaHY apPKbLJIbI
KOaunur MNOTCHIUAJbIH AHAJIUTUKAJIBIK KYBIKTAIl AaHBIKTAY

Maxkanana FOnuHT MOTEHIMANBIH Taliaay blH OHHOMHAIBIK JKIKTEY TeopeMachlHa HETi3[eNreH jkaHa oici
YCBIHBUIFaH. ATOMIBIK JKOHE MIOOH-aTOMJIBIK JKylHeliepre BakyyMHbIH MOJIIPU3ALMACHH aHbIKTayna FOmuHr
MOTCHIMABIHBIH aJaThIH OPHBI epeKile ekeHiri Oenrimi. FOMMHT MOTEeHIMANBIHBIH KOMETiMEH SAPOHBIH
KYJIOH OpiCiHIeri 3JIeKTPOHIapFa BaKyyMHBIH IOJSIPU3ALMSCHIHBIH 9CEPiH oM aHbIKTayra OGonausl. OChI
Typrbigad TONUHT NOTCHLMAIBIHBIH aHAIUTUKAJIBIK OpHEriH OllydiH MaHb3bl epekine. Kapamaiibim
OMHOMHMAIIBIK  JKOHE OKCIIOHCHIHMAT HMHTETpANbIK  (YHKUHMsIApAbl MaijanaHa  OTeIpbin, FOmuHT
NOTEHIMANBIHBIH AHAIUTUKAJIBIK OPHETiH ecenTey MyMKIHAIr kepceTiiren. KenripinreH kectesiepie,
CYPETTEpACH JKYMBICTAa QJbIHFAaH AaHAJIMTUKAJbIK ©PHEK ecenTey, 3eprrey OapbiChiH  OipTanai
JKeHinaeTeTinairin 6aiikayra 6onazpl. FOIMHT MOTEHUIHMATBIH ecenTey MapaMeTpiep/iH Ke3 KeJIreH MaHaepi
YLIiH icke achIpbUIFaH. ¥CHIHBUIBIN OTHIPFAH OJICTi KBAaHTTBHIK-TEPMOANHAMHUKAIBIK €cenTepi-Maceenepi
Tajjay YIIiH Ae naigananyra 6oraubl.

Kinm ce30ep: FOMMHT mOTEHIMANBI, BAaKyyM IOJSIPH3ALMACH, KBAaHTTHIK IEKTpoanHamuka, bukimm-Heiinop
(YHKIUSACHL, SKCIOHEHIUAIBI HHTETPAIIBIK ()yHKITHS.

9. Yomyporiy, T. Mexmeroriy

AHaJUTHYECKAs OlleHKA moTeHnuaja FOJuHra ¢ ucnojibL30BaHueM
TeopeM OMHOMHUAJILHOTO Pa3JI0KEeHUsI

B cratpe BBeneH HOBBIHM MeTo H3ydeHHs noTeHnuana KOnmara ¢ ucnos30BaHneM TeopeM 0 OMHOMHUATIBHOM
pasznoxxenuu. OTMedeHo, yro noreHuuan HOnuHra sBisercs MOLIHBIM HHCTPYMEHTOM AN ONpEeNICHUS
BIIMSTHUS TIOJISIPU3ALIMY BaKyyMa B aTOMHBIX M MIOOH-aTOMHBIX cucTeMax. Koppekiys nonspusanuy BaKyyma
JUISL 27IEKTPOHA B SAEPHOM KYJIOHOBCKOM II0JIE MOXET OBITH 0oJiee TOUHO OIMpe/eNieHa C MOMOIIBI0 MOTEH-
mana lOnuura. C 3T0# Touku 3peHus onpeseneHne SBHBIX M 3aMKHYTBIX aHAIUTUUECKUX BBIPAKEHUI 11t
noteHnuana fOmunra ouens BakHO. IIpencTaBiaeHHBIH METOJ MITIOCTPUPYETCS AHATMTHYECKUM PacueToM
norenmana KOnuara ¢ mpocTeIMM OMHOMHATBHBIME KO3 (QUIMEHTAMI U SKCIIOHEHIINATIbHBIMIA HHTETPalTb-
HeIMH (yHKOMAMH. Kak BUAHO M3 TaOIMIBI M PUCYHKA, IOJy9eHHOE B CTaThe aHAIUTHYECKOE BEIPAKEHHE
MO3BOJISIET M30€XKaTh BBIYUCIHUTEIBHBIX TpyxHOCTeH. ONeHOuHBI aHanmu3 moreHnuana lOnnHra npuseneH
JUISL TIPOM3BOJIBHEIX 3HAueHMil mapameTpoB. M3-3a cBoeil mpocToit GopMbl MpemIosKeHHBIH METOJ| MOXKET
OBITh B IIEJIOM IPUMEHUM K KBAHTOBO-TEPMOANHAMUYIECKIM 3aJadaM.

Kniouesvie cnosa: norenuman HOmuHra, nonsipuszanus Bakyyma, KBAaHTOBAs 3JICKTPOAMHAMUKA, (YHKIMH
buxnu-Heinopa, skcrioHeHIManbHast HHTerpaibHast GYHKIHS.
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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 g-soliton solution was found.
The dynamics of the g-soliton solution for two-dimensional g-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 g-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 g-Toda lattice. Dispersion relation and the g-soliton solution are obtained by bilinear form for
the two-dimensional g-Toda lattice.
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Two-dimensional g-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 m, the displacement of the n —th particle y,,
and the interaction potential between neighboring particles is @ (¥ (n+1) — ¥»)- Then the equation of motion
takes the following form

d’ , ,
mTZu(p(y(m)—yn)—(p(yn—y(n_l))(n:...,—1,0,1,2...), )
where ¢ derivative ¢. Thus,
, do(r
7(r)=-9(r) =22, @
r

f(r) is a force which the spring acts, stretched by the value of ;,

Th = Yn41 — Yn OT Th = VYn— Yn- (3)
(3) — this is a relative displacement. When the force f(r) is proportional to the displacement r, Hooke's law
is satisfied. The Toda equation [10], describing the motion of the anharmonic lattice, has the form

dZYn

28 = afebm — e~b], 4)

where a, b and m are real constants. Introducing the force of the n —th particle into the lattice, we obtain the
following equation

Vn — a[ebrn _ e—an]’ (5)
as a rapidly decreasing function, equation (4) turns out to be
2
S+ V) = Viny + Vonony = 2V (6)
The two-dimensional g-Toda lattice has the following form
2
#ln(l +V(,y,t) =AV(x,y,t) =V(x,qy,t) +V (x,%, t) — 2V (x,y,t). (7

Present the transformation of the dependent variable as

V(x,y,t) = In(f(x,y,0). ®)

dxdt

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

frefife _ TOar0r(xe)

= ~1. )

f2 r?

Equation (9) can be rewritten in the Hirota bilinear form, namely in terms of the Hirota D-operator, as
[DxD; = (™7 + &Py = 2)[{f(x,y,0) - f(x,,0)} = 0, (10)
which follows from (9) by multiplying by 2f2(x,y,t), where we use the g-exponential identity [10]. For
functions f(y), g(y) the g-exponential unit [10] will be
e (9O) = f(@9)g () = Ef OIET 90, ¥ €R. (1)

The last equation is satisfied if we have the usual relation between two quantum parameters it and g for
q = e™. To find the soliton solutions of the Toda lattice, we apply the expansion of perturbations around the
formal perturbation parameter ¢ in the form

fay,) =1+efPx,y, ) + 2 fPx,y,6) + - (12)
Substituting (12) into (10) we obtain the equation

PDY{f(x,y,8) f(x,y,0)} = P(D)[{1 - 1} + {1+ fO + V- 1}
+£2{1 .f(Z) + f(Z) -1 +f(1) 'f(l)} + 83{1 . f(3) +f(3) 14+ f(l) .f(Z) + f(Z) .f(l)}
+£4‘{1 .f(4) + f(4) 14 f(l) .f(3) + f(3) .f(l) + f(Z) .f(Z)} + ], (13)
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where P(D) = DD, — (e"Py + e"™Py — 2). We collect the coefficients with respect to gl Vi > 0 of equa-
tion (13). The coefficient of the first term £° disappears trivially, and from the coefficient £ we have

PD)1-fD + fD .1} = 2P(9) = 2[0,0, — (e™Py + &Py — 2)|f® = 0. (14)

The equation (14) is a direct result of the property of the Hirota operator D [9] because P(D) 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 f® does not satisfy
equation (14). Due to the nature of the g-numbers, the solution to equation (14) should have a power function
for the analog of the g-discrete spatial variable. Therefore, you can choose the original solution (14) as

fPCy,t) = yrefrrren, (15)

where, a, 8,1 — arbitrary constants.
A solution with the usual behavior of soliton and having power analogs for g-discrete variables is called
a g-soliton solution. If we substitute (15) in (14), we obtain the relation between the parameters

By =q"+q % -2, (16)

which is called the dispersion relation.
The coefficient £2 obtained from (13) gives the following

P(D){l .f(Z) + f(Z) 14+ f(l) .f(l)} — ZP(a)f(z) + P(D){f(l) .f(l)}_

That gives
[DxD; — (e™Py + ey — 2)|{f D (x,y,8) - FD(x,y,8)}
= —2[0,0, — (™% + e — 2)|f D (x,y,1). (17)

Since f@ given in (14) satisfies to form (17), we can assume that all members of higher order are ze-
ro, i.e. fU) = 0,j = 2. Further, as a generalization, this fact can be assumed in the derivation of the i-q-soliton
solution, fU) =0 for all j > i+ 1. When ¢ = 1, one-g-soliton solution is constructed by substituting equa-
tions (15) and (16) into (17) and taking into account that f(x,y,t) = 1 + fV(x,y,t) then

yaﬁyeﬂt+yx+n

2
VY, 6) = - Inf(x,y,1) = (18)

(1+yae,8t+yx+n)2’

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

a) b) ©)

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

Figure shows the dynamics of the obtained solution (18) depending on t. So with different values of ¢,
the wave’s shape is saved. This proves there is a soliton in a two-dimensional g-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 gq-Toda lattice in the two-dimensional case. Using the Hirota bilinear method, we
find the bilinear form for the two-dimensional g-Toda lattice and obtain the dispersion relation and the one-
g-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.

The article is performed as part of the financial support of the scientific and technical program
(F. 0811, No. 0118RK00935) of the MES of the Republic of Kazakhstan.
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b.b. Kyrym, I'.H. [llaitxoBa

Exienmmemai q-Toaa Ti30eriHin q-cOJMTOHABIK MIeIiMi

Topna Tiz6eri SKCIIOHEHIMAIABIK KYII apKbUIBI ©3apa 9peKeTTEeCETiH, CHI3BIKTAFhI MIEKCi3 Maccaap skyheciH
CHUITATTaUTBIH CBHI3BIKTBl €MEC SBOJIONMSIIBIK TEHICY Oonbim TabbuTagpl. ABTopnap (-Toma Ti30eriHiH
eKienmemM/i KEHICTIKTeri CONMTOHIBIK LICHIIMIH KYpacThIpyAbl Taigaasl. MakcaTka KOJDKETKi3y YIIiH
KO3FAJIBIC TEHJEYl aJbIHbIN, XHUPOTa IIOJMHOMBI PETiHAE Ka3bUIFAH OUCHI3BIKTBI TYpPre KeNTipy YIUiH
CBI3BIKTBI €MEC TEHIEYAi TAyei alHbIMAJbIHBI TYPJACHIIPY KOJAaHbl. VIHTerpaniaHaThiH ChI3BIKTBI €MecC
IBOJIIOLMSUIBIK, TEHACYIIEPAiH KOl COJMTOHIBI IIeNiMICPIH KypacThIpyIblH THIMAI 9aicTepiniy 6ipi perinae
OepiireH omicTi KemTereH TeHIEyJepre, OJNIApABbIH INIiHAE CHI3BIKTHI eMec Au(QepeHnnan, ChI3BIKTE eMec
1 hepeHman-albIPEIMIBIK TEHACYNICpTe KoJInaHyFa 6onaabel. XUpoTa dICiH KOIJaHa OTBIPHII, eKiemmeM i
q-Toma Ti30eriHiH OWCBI3BIKTBI TYpi AaJbIHBII, OHBIH HETi3IHAE (-COJMMTOHJBIK IIENTiMi eCcenTemi.
Exiemmemni q-Toma Ti30€riHIH (-CONMTOHABIK MICNIIMHIH JWHAMHKACHI YCHIHBUIIBL ATam aiiTKaHxaa,
COJIMTOH CBI3BIKTBI €MEC OpTa MEH AMCHEPCHs apachlHJIarbl OPEKETiHiH TeHe-TeHAIr apKachlHIa caKTalabl.
CoHBIMEH Katap COJHMTOH ©3iH OeulleKk peTiHae ycraiapl: O6ip-OipiMeH Hemece Oacka aybITKyJapMeH e3apa
opekeTTecy Ke3iHAe KHpamail, KYpbUIBIMBIH CaKTall, KO3FAJIBICHIH JKaJFacThIpaabl. OCbIHZaH KacHeTTi
MOJIMETTi HeMece aKmapaTThl albICKa JepIliK KeAepricia xkibepy Ke3iHae KoJgaHyFa MYMKIHIIK TyFbI3abl.
Bynan Gacka, Toma Ti30eriH »oHe OFaH TYpII OJIIEMAITIKTETi OPTYPIi SMiCTepIiH KONIAHYBIH 3epTTey
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OpKenKi (U3MKANBIK JKYHenepAi Cumarray MakcaThlHAQ KOJaHyFa GOJIAThIH, MAaTPHULANIBIK MOICIbICD
CHSKTBI KYpZAENi TEPMUHAEPl TYCIHYre MyMKIiHIIK TYFbI3a/IbL.

Kinm ce30ep: nucnepcus, coauton, Tosa Ti30eri, OUChI3BIKTE hopma, XupoTa SAici.

b.b. Kyrym, I'.H. [llaitxoBa

Q-coiuTOHHOE penIeHue IByMepPHOi menoyku q-Toabl

Llerouxa Tozpl sABIsAETCS HEAMHEHHBIM BOJIOLHOHHBIM YPABHEHHEM, OIUCBHIBAIOLINM OECKOHEUHYIO CHCTE-
My Macc Ha JIMHHH, KOTOPBIE B3aHMOJIEHCTBYIOT Yepe3 SKCIOHEHINAIbHYIO CHly. B paboTe nmpoBenen ananmms
MIOCTPOCHUS COJMTOHHOIO PELICHUS LEeno4ku -Toxasl B ABYMEpPHOM IpocTpaHcTBe. s 3TOH 1enu B3STO
ypaBHCHHUE JBIDKCHUS U HCIIOIB30BaHO IpeoOpa3oBaHue 3aBUCHMON MEPEMEHHOM 11 peoOpa3oBaHus He-
JMHEWHOTO ypaBHEHHMs B OMIMHEHHYIO (hopMy, KOTOpas 3allficaHa Kak MOJMHOM omnepatopa XupoTsl. Kak
oMH n3 Hanbosee 3G HEKTUBHBIX METOJOB OCTPOCHUSI MHOTOCOJIUTOHHBIX PEILICHHI HHTEIPUPYEMbIX HEJU-
HENHBIX BOJIIOLIMOHHBIX YPAaBHEHUH, TaHHBI METOJA NPUMEHUM K LIMPOKOMY KJIACCy YpaBHEHUH, BKIIOUas
HenuHelHble auddepeHnnanpable, HenuHelHble AnddepeHnnanbHO-Pa3HOCTHBIE ypaBHEHUS. [IpuMenss Me-
Toj XUpOThl, ObLTa MONTy4YeHa OWIUHEHHas GopMma Uil ABYMEpHOM Ienodku q-Toasl Ha OCHOBE, KOTOPOW
HallleHo q-coiuToHHOE peuieHue. [IpeacTaBineHa AUHAMUKA (-COJIMTOHHOIO PELICHUS JABYMEPHOM LENOYKU
g-Toxsl. OTMETHM, YTO COJIMTOH COXpaHSCTCs OJarofapsi paBHOBECHIO MEXIY AeHCTBHEM HENMHEHHOH cpe-
16! ¢ pucniepcueil. [TomuMo 3TOTr0 coMMTOH BeneT ce0sl Kak 4acTUIla: He pa3pyIIacTcs IPH B3aUMOACHCTBAN
JIpyr ¢ APYroM WIU APYTMMH BO3MYILEHUSAMHU, IIPU 3TOM COXPAaHAET CTPYKTYpY U IPOJOJDKACT JBUXKCHHUE.
Takoe kKa4ecTBO UMEET BO3MOKHOCTh MCHOJIb30BAHMS IIPH IIEpefaye JaHHbIX WIM MHPOPMALUK Ha JajbHHE
paccrosHus npakTHdecku 6e3 momex. Kpome Toro, uccnenopanue enodku Tozsl u NpUMeHEHHE K HEH pas-
HBIX METOJIOB B PAa3JIMYHBIX PA3MEPHOCTSX MO3BOJISET MEPEUTH K NMOHHUMAHUIO TAaKUX CIIOXKHBIX TEPMHHOB,
KaK MaTpU4HbIE MOJENH, KOTOPbIE MOXKHO MPUMEHUTH IS OIMCAHUS Pa3HBIX (PU3UUECKUX CUCTEM.

Knioueswvie crosa: nucnepcus, COMUTOH, Tierouka To/pl, OnnrHeiHas popma, MeTo] XUPOTHI.
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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 m* 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 410 kPa (0.04—0.1 atm). Temperature is 0 °C. 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:

KVMZIOO'S’%’ (1)

where 8 — mean square deviation;
X — arithmetic average.

The value of the mean square deviationis calculated by the formula:

_ |8
N @

where 51. — 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 K,44 in percent is given. Knowing the
coefficient of variation K., 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, K4 = 12 % is tak-
en (K., = 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).
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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.
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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.
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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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AJl. Mextues, I[1.M. Kum, B.B. IOraii, A.Jl. Anbknna

DJIEKTPBAKYYM KbLIBITY JIeMEeHTTepi

Fumaparrap MeH KYpbUIBICTApABIH XKbULy MEH jKaOIbIKTay XyHeNepiHiH 3Heprus yHeMIeyaAiH xahaHablk
JAMYBIHBIH aFbIMAAFbI YPAICTEpPiHACTI THIMIUTIITIH JKOFaphLIaTy JKOFaphl TEXHOJIOTHSUIBIK )KOHE TOMEHKYATThI
TYTBIHATBIH JJIEKTPKaOABIKTAphIH SHIi30eCTeH TONBIFBIMEH iCKe achIpbula aaMaiiasl. OpTypli MakcaTtap
YLIIH KaIIBIKTaFrbl OOBEKTIIepai JKbUIyMEH KaOIbIKTay MaHBI3IbI LIBIFBIHAAPMEH KaTap JKypeai, ceOebi
CaJIKBIHIATKBIII KAIIBIKTBIKTBI aiTapibIKTail KaMTybl THIC, an Keibip karmaiinapia KyObIpiiapipl opHaTyFa
TEXHHUKAIIBIK KHBIHABIKTaD HEMece eJeyili MaTepHalIblK IIBIFBIHIAD CalIapbIHAH HBICAHIBl JKBUIBITY
KOHJBIPFBICH KOCBUIMaiibl. bip mremim peTiHae TOMEHKBICHIMIBI Oy3JIeKTpPIIl KBUIBITKBIIITE €HTi3y OOJIBII
TabbUIaabl. Byl KpI3ObIpY SJIEMEHTIHIH TyOereii xaHa qu3aifHbl MEH jkaHa OybIH AJICKTPXKBUIBITKBIIBL. Ol
ANEKTPIIIK CHUPATIBIH THIMAUTITIH JKOHE ICTYPIIi KbUTyPaIUaTOPBIHBIH BIHFANIIBI JKBUTYBIH OipiKTipesi.

Kinm cesdep: papmartop, 3JEKTPKBUIBITKBIIIBI, SHEPTUSYHEMACY, KbUIBITY KYHECi, JKbUIBITY KYPBUIFBICHI,
JKBUIBITY.

A Jl. Mextues, I[1.M. Kum, B.B. IOraii, A.Jl. Anbknna

3J'leKTp0BaKyYMHLIe HarpeBaTeJbHbIC 3JIEMECHTBI

I[ToBbienue 3pHEKTHBHOCTH CHCTEM TEIUIOCHA0KEHHS 3[aHUIl U COOPY)KEHUH B COBPEMEHHBIX TEHACHIMAX
00IIEeMHPOBOT0 PAa3BUTHUS SHEPTOCOEPEKEHUS HE MOXKET OBITh PEaM30BaHO B MOJHOM Mepe 0e3 BHEIpEeHHS
BBICOKOTEXHOJIOTMYHOTO U HH3KOIHEPrOEMKOro 35ekTpoobopynoBanus. TerocHabxeHne yAaJleHHbIX 00b-
€KTOB Pa3IMYHOI0 Ha3HA4YEHMS CONPOBOXKIACTCS 3HAYUTEIBHBIMU MOTEPSAMH, TaK KaK TEIIOHOCHTENIO MPH-
XOAUTHCS TIPE0JI0JIeBaTh 3HAYUTEILHBIE PACCTOSIHUS, B HEKOTOPBIX CIyYasx HOAKIIOYeHHE 0OBEKTa K TEILIo-
LEHTPAJI HEBO3MOXKHO B CIUTy TEXHHUECKHX IPOOJIEM MM 3HAUUTEIILHBIX MaTepHaJIbHBIX 3aTpaT Ha MOHTaX
Tpy6onpoBooB. OMHUM H3 pelIeHNI MOXKeT OBITH BHEAPEHHE IAPOBOTO JIEKTPOOOOTpeBaTelIsl HU3KOTO J1aB-
JeHus. DTO 2JIEeKTpooOOrpeBaTeslb HOBOTO IOKOJICHUS C NPUHIMIHAIGHO HOBOH KOHCTPYKIMEH HarpeBa-
TEIBHOTrO 3J1eMeHTa. B HeM coderarotcst 3 (heKTHBHOCTD 3JIEKTPUYECKON CIIMpalI U KOM(BOPTHOE TEIUIO Tpa-
JMIMOHHOTO PaMaTopa OTOILICHHS.

Kniouesvie cnosa: paguatop, 3MeKTpooOOrpeBaTesb, SHEProcoOepexKeHue, CHCTEMa TeIJIOCHA0KEHHS, TEILIo-
BOI1 pubOp, OTOIICHHUE.
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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 (u-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, AI-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 AI-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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Materials and methods

The material for the study is solar grade multi crystalline silicon (SOG mc-Si) wafer, with a thickness
of 180-200 microns. Silicon wafers passed all stages of technological operations, such as: texturing, emitter
creation by phosphorus diffusion method, removal of phosphorosilicate glass, antireflection coating deposi-
tion, metallization (creating a contact grid and current collecting busbars), and firing. As a result of a series
of physicochemical processes, solar cells were obtained.

The solution of hydrochloric and nitric acids (HCl / HNO;) was used to texturize the silicon wafer sur-
face, as a result of which wells were formed on the surface, regardless of the orientation of the crystals. For
etching a layer of porous silicon, silicon wafers were treated in a solution of potassium hydroxide (KOH),
and then with the purpose of etching metals — in a solution of hydrofluoric and hydrochloric acids (HF /
HCl). The X-Rite SP62 spherical reflectometer was used to measure reflectivity. This system measures the
spectrum of the light source incident on the surface and the spectrum of light reflected from the surface, then
compares the measured spectra. An analysis of the surface morphology of silicon wafer before and after tex-
turing was performed by scanning electron microscopy using a JSM-6390LV microscope.

The emitter was formed using the diffusion method on Lydop equipment of Semco Engineering at the
next stage. Phosphorus doping was carried out at a pressure slightly below atmospheric and at temperatures
of 830-860 °C. The phosphorus oxychloride POCI; was used as a source of phosphorus, which is fed into the
reactor along with nitrogen. The emitter, formed at a depth of 0.3-0.5 um, has two functions: the formation
of a p/n junction with the base and the transfer of electrons to metal contacts. For the analysis of the surface
resistance of the formed emitter, CMT SR2000N device for measuring the surface and specific resistance by
the 4-probe method was used. In order to evaluate the effect of gettering and measuring the lifetime
of minority charge carriers, we used the method of measuring photoconductivity decay in the microwave
range (L-PCD) using the WT-2000 PVN Semilab measuring system at a laser wavelength of 904 nm.

Plasma-enhanced chemical vapor deposition (PECVD) was used for antireflection coating (ARC) de-
positing. The deposition of silicon nitride film was carried out in a vacuum chamber at a temperature of 350-
450 °C in the presence of silane (SiH4) and ammonia (NH3). The thickness of the obtained antireflection
coating, measured using Semilab LE-200PV ellipsometer by polarization-optical method, was 75 nm.

Metallic contacts and busbars were screen printed on Dubuit equipment. For the front side busbars and
grids, silver-containing conductor paste with a specific resistance of less than 2 mQ /sq and viscosity of 16-
23 Pa*s was used, and for rear current-collecting busbars — silver paste with a resistance of 5 mQ / sq and
viscosity of 89 Pa*s. For the BSF creation, which plays the role of not only the rear solid contact but also a
passivating layer, aluminium paste was used, with a resistance of 0.05 Q /sq and a viscosity of 50 — 70 Pa*s.

Results and discussion

Figure 1 shows the obtained images of the silicon wafer surface before texturing (Fig. 1a), and af-
ter (Fig. 1b).

Figure 1. Scanning electron microscope (SEM) image of the wafersurface: a) before texturing; b) after texturing

As Figure 1a shows, the surface of the source wafer is severely damaged. There is a huge number of
cavities, microcracks and hills on it — this is the disturbed layer that was formed during the wafer production

Cepusi «dunsukay. Ne 3(95)/2019 35



I. Klinovitskaya, S. Plotnikov et all.

(cutting ingots into wafers). Such surface is simply destructive for solar cells due to the extremely high sur-
face recombination rate. After texturing and etching, the wells formed on the surface of the wafer (Fig. 1b),
which leads to a significant decrease in reflectivity (Fig. 2).
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Figure 2. The reflectivity before and after texturing, obtained
by spherical spectrometry on X-Rite SP62 reflectometer

CMT SR2000N device for measuring the sheet resistance and resistivity by the 4-probe method was
used to determine the sheet resistance (Rsh).
The resistivity was determined by the formula [4]:

Rho = Rshet, (D
where, Rho — resistivity, Q*sm;
Rsh — sheet resistance €/sq;
t — silicon wafer thickness, sm.
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Figure 3. Silicon wafer resistivity obtained by the 4-probe method

Figure 3 shows the uneven distribution of resistivity across a sample of the wafer that can negatively af-
fect the solar cell performance. The uniformity of the distribution of the average value of 7, is 5.46 %.

A method for measuring the photoconductivity decay in the microwave range (u-PCD) on the WT-2000
PVN measuring system was used to map the distribution of the lifetime of minority charge carriers (Fig. 4),
and also their average values were obtained.
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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 ps (before the diffusion
process) to 11.6 us (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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Figure 5. PL-images of wafer (samples 1, 7, 10) obtained on the Luminescence ImaGing System - Model LIS

The dark zones presented in the PL images of silicon wafers (Fig. 5) can be the sites of dislocation ac-
cumulations that occur during the crystallization of silicon ingots. These defects adversely affect the perfor-
mance of solar cells.

The reflectivity is one of the main parameters affecting the efficiency of the finished solar cells. Figure
6 presents the results of measurements of the reflectivity of the samples under study by the method of spec-
trometric analysis of the reflection and transmission coefficients. For the analysis ready-made solar cells
coated with anti-reflective coating were selected.
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Figure 6. The reflectivity of solar cells at different wavelengths

The graph of the dependence of reflectivity on the wavelength of the incident radiation shows that the
solar cells under study have the lowest reflectivity at 660-680 nm, which increases dramatically at a wave-
length of more than 700 nm. This, of course, limits the possibility of charge separation in the spectrum and
leads to a decrease in efficiency.
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Figure 7. PL-images of solar cells (samples 1, 7, 10) obtained on the Luminescence ImaGing System - Model LIS-R1
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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 Sol3A CLASS AAA was used.
The measurement results are presented in Table.

Table
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.
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PERC Process Flowchart Al-BSF Process Flowchart
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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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N. Kimunosuiikas, C. [Inotaukos, . Kansirynos, @. JIs

Ka3akcTanablKk KpeMHHUii Heridinae orodiexkTpiik
TYPJIEHAIPriluTepaiH KacHeTTEePiH 3epTTey

KyHcoynenik sHepreTHKachlH AaMBITy KaumbloiaeMaik Tpenna meH Kasakcran PecryOmukacsl YKIMeTiHIH
«OKaCBUD» ~ OKOHOMHKara KeIly JKeHiHJeri OaFbITKa  COMKec  KeJNeTiHIIKTeH,  (DOTOAIEKTPIIK
typaergiprimrepain (OPOT) KacuerTepiH 3epTTEy ©3€KTi TaKbIPHII OONBIT TaObUTagbl. MEHIIIKTI koHE
OCTTIK Kellepri, KyaTTaCyIIbIHBIH KbI3MET €Ty yaKbIThI, IaFbUIBICTHIPY KaOiJeTi, KBAHTTHIK THIMALTIK CeKIIi
ODOT-Hin opTyp:i kKacuertepi ®IT anbiHaThIH THIMILTITIHE TiKedel acep eTeni. OChI KYMBIC «KYHCIYIIETIK»
camaibl Ka3aKCTaH/ABIK KPeMHHUIl HeridiHae a3ipieHeTiH (OTOIEKTPIiK TYpPISHIIPTiliTepai aay MEH OHBI
KEeIIeHAl 3epTTeyre apHaiFaH. 3epTreyne KbICKAaTONKbIHAb auanazonga (U-PCD) ¢oToeTki3rimuTikTig
BIIABIPAYBIH OJIIIEY JJIiCi, OETTIK jKOHE MEHILIIKTI KeIepriHi eneyaiH 4 HyKTeli dici, LIaFbuly, OTKI3Y KoHe
(doTonmomMuHecHeHIHs KOIGOHUIHEHTTEPIH CHEKTPOMETPIIIK Tajaay oMicTepi, dJIEKTPOHABIK MUKPOCKOIHS
ozicrepi, cOHpai-aK BOJBTAMIICPINIK CHIATTaMalapblH Taiay omicTepi KoimaHeuwraH. OOT ennuipicinig
MeHrepin anmsiHFaH oxicTepi cumartanFaH. Al-BSF  crammaprter skemicin  PERC  kemicine  neifin
MoauduKaIysIIay YChIHBUIIBL.

Kinm ce30ep: (HOTOANEKTPIIK TYPICHIIPTIIITEP, KYHCAYNEINIK dy1eMeHTTep, kpeMuuid, Al-BSF KypbUIBIMEL,
PERC KypbUIBIMBI, KYHCOYJIEINIIK SHEPreTHKA.

N. Kimunosunkas, C. [Inotaukos, Jl. Kansirymnos, @. JIs

HccaenoBanme cBoiicTB GOTOIEKTPUYECKHUX MPeodpa3oBaTeiei
HAa OCHOBE Ka3aXCTAHCKOI0 KPeMHUA

HccnenoBanue cBOHCTB (oToznexTpudeckux mnpeodOpasosareneid (PDOII) sgBnsercsa akTyaabHOH TeMOH,
TIOCKOJIbKY Pa3BHTHE COJIHEYHOM 3HEPTeTUKH COOTBETCTBYET OOIIEMHUPOBOMY TpPEHIY M B3STOMY Kypcy
[lpaButenbctBa PecnyOnmukun KaszaxcraHn 1o mepexomy Ha  «3€IEHYIO» OIKOHOMHKY. Pasmuunble
cBoiictBa ®OII, Takue Kak yIeabHOE M IMOBEPXHOCTHOE COIPOTHBIEHHE, BPeMs KH3HM HOCHUTENeH 3apsiaa,
OTpakaTeNbHasl CIIOCOOHOCTh, KBAaHTOBAs 3 (EKTHBHOCTH HETIOCPEACTBEHHO BIMSIOT Ha 3 (QEKTUBHOCTD MO~
nygaemsrx OOI1. Hacrosmas paboTta mocBsmieHa MOIyYSHUIO H KOMIUICKCHOMY HCCIIEHOBAHHIO (hOTODIIECK-
TPUYECKHX IpeoOpa3oBaTeiell, H3roTaBIMBAaEMBIX Ha OCHOBE Ka3aXCTAaHCKOTO KPEMHHUS «COJTHEUHOTO» Kade-
cTBa. B mcceoBaHNy IpHMEHEHB! METO M3MEpeHus! pacnazia (GOTONPOBOIMMOCTU B MUKPOBOJIHOBOM JIHa-
na3one (U-PCD), 4-30H10BBIM METOA M3MEPEHUS MOBEPXHOCTHOTO U YIEIBHOTO CONPOTHBICHUS, METOABI
CNIEKTPOMETPHYECKOT0 aHaIN3a KO3 (UIMEHTOB OTpasKeHHs, NPOITYCKaHUS ¥ (OTOIIOMUHECLICHIINH, METO/
pacTpoBOi NMEKTPOHHON MHUKPOCKOIHMH, a TAK)KE METOJIbI aHAJIN3a BOJIBTAMIIEPHBIX XapakTepucTHK. Omnmca-
HBI OCBOCHHBIe MeTopl npousBojacTBa DOII. Tlpemmoxena moaudukanus crangaptaoi tuanu Al-BSF mo
muaun PERC.

Kniouesvie cnosa: GpotoanexTpudeckue npeodpa3oBaTeny, CONHEUHbIEe 31eMeHThl, kpeMHuid, Al-BSF ctpyx-
typa, PERC cTpykrypa, colHe4Has SJHepreTukKa.
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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 R, and two
non-linear capacities — a barrier C; and a diffusion C;, one.
The barrier capacity is determined using the formula:

=1, ()
v
Up
where C; — barrier capacity at the diode’s zero voltage; U — the diode’s current voltage; Up — the diode’s

diffusion voltage; n — the technological coefficient ranging within (%. . % ).

The diffusion capacity is determined as:
U

Cy =l i @
mUr
where /¢— the diode’s thermal current; 75— the lifetime of minority charge carriers; U — the diode’s current
voltage; Ur — the diode’s thermal stress; m — emission factor.
Please note that in the direct voltage mode, given that U 2Uj, 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.

iy

—_— Ry

o_/'\;v-\_._%‘
: &
i |C [ R (1)

()

[

Figure 3. Equivalent circuit of chaotic oscillations’ generator

This circuit contains three non-linear elements at once: resistor Ry, barrier capacity C; and diffusion ca-
pacity C,. 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 R, is #(z), the one flowing along capacity C; being i (t),
and the one flowing along capacity C, is i3(t). Since the voltage at the capacities and at resistor R, 1is the
same, we designate it as uc(t).

Let us compose an equation system under Kirchhoff's laws for the equivalent circuit (Fig. 3).

i(t) =iy ()+ iy (1) +i5(t)

L8 Ri)+ Ry e O )=

Ryuc (0))ir (1) = uc (1) 3)

)= C uc(0) 2

(0= C, lucl) )

since ()= and )= e €t 6. the seris o lgebraic

transformations may be followed by the record:

d*uc(t)
(L€ O+ LC luc ) =55+

o —LE L RC(uelt)+ RC,(u duC(t)+
RO Rl @

Uc t dt
R

{m +1Juc(t) =ut).

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

uc(t)

I CjO +LTBIS emUT d21/lc(t)+
[1_uc<z)J" mlp | ar
Up
uc(t)
Ry(uc(0)) | () mUy dt
Up

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:

1
Ry(uc)
1(s) R+sL+ 1 SCj(uCzSCd(uC)l TR ©
Rd(uC)sC](uc) (uC’st(uc) SC,(MC)SCd(uc)
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Then the operator presentation of circuit voltage is defined as follows:

1(s)= Es) . 7
Rd(”C) Cl( )Cl( )
sCiluc)sCyluc
R+SL+R (o) +R,(u - - !
e SC_;‘(”C) ¢ C/Scd(“c) SCj(“c)SCd(“C)

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 i(t) 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 BAX diode (i.e. R, (i) and particular values (uc) and Cy (uc).
2. For each linearized section of BAX and C,(u.) and C, (uc) values, the operator presentation of the

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

1
hi(s): 1 =

1
R (u )
4 C,SCj(uC)SCd(uC)

\ 1 1 1 (8)
R P AR o o M o ey

_ Ry (e )Cygluc)+sRy(ue )C;(uc)+1
s(st (uC)Cd (uc )R +sR; (uc )Cj (uc )R +R +s2LRd (uC)Cd (uc)+s2LRd (uc )Cj (uc )+SL+ R, (uc ))

3. Let us find out the original of transient characteristic 4;(¢) using the decomposition theorem, for
which purpose the denominator’s root should be determined in the first place:

S| R+sL+

Ry (”c)

S[Sz (LRd (ue)Cylue)+ LR, (uc )C (uc ))+ S(Rd (ue)Cylue )R+ Ry (uc )C (e )R+ L)+ R+Ry(uc )]: 0. ©)
Equation (9) has three roots:

—b+\b? —4ac
2a
where — a = (LRd (e )Cq e )+ LRy (uc )Cj (uc ))’ b= (Rd (uc)Cqlue )R+ Ry (uc )Cj (uc )R+ L)’ CZRJFRd(“C) .

Denominator derivative:

Sl :0, S2,3 =

b

[S ’ (LRd (e )Cgluc)+ LR (e )C i (uc ))+S ? (Rd (ue)Caluc )R+ Ry (ue )C j (uc)R +L)+ s(R+Ry(uc ))] =
3s° (LRd (uc)Cylue )+ LR, (e )C; (uc ))"‘ 2s (Rd (e )Cylue )R+ Ry (ue )C, (e )R+ L)"‘ (R+Ry(uc)).

Therefore, the original of the transient characteristic:

sy
. 53R (e )Caluc )+ 53Ry (e )Cluc)+1 o2 4 (10)
353 (LRd (ue)Cqluc)+ LRy (uc)C, (”c))+2sz (Rd (e )Caluc )R+ Ry (e )C; (e )R +L)+ (R+ R, (uc))
S3Rd(“c)Cd(“c)+S3Rd(”c)Cj (e )+1 it

e
3532 (LRd (uc)Cyluc )+ LR, (uC)Cj (uc ))"‘253 (Rd (e )Cylue )R+ Ry (ue )C; (”c)R+L)+(R+Rd (uc))
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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I
)=+ | 24D (e, (an
k-1 4
5. Let us determine the diode voltage using the approximation formula:
i(t,)-ilt,y)
U :”(tkl)_(LM"’l(tk)RJ’ (12)
Ik =l

after which R, (), C,(uc), C,(uc ) parameters should be updated.

6. Let us go back to the algorithm’s station 2 and repeat the calculation until u, 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 chaosy simulation in a non-linear
rl-diode electric circuit of sinusoid current

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

D1
fES_EﬂST:_ H
L1 1M457
100m
hy R1
1l 1k

L

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 u,(t)=(i(¢)) function for different values of output voltage frequency f with circuit parameters

L1=100 mH, R1=1 kOhm and diode type 1N457. Please note that u,(t)=Rit).
The diagrams of this dependency are shown in Figures 5-7.
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Figure 7. Diagram of function u, (t)= l//(ul (t)) 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 functionu, ()= !//(ul (£)) may be deemed deterministic.

With the input voltage frequency of 1 kHz (Fig. 6), the circuit’s transient process stops fading, and
function u,(¢)=w(y(¢)) behaves in a chaotic manner. At the same time, the amplitude of chaotic oscillations
is insignificant.
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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 (L1=100 mH, R1=1 kOhm) with recommended generator frequencies determined, under
which the amplitude of chaotic oscillations is significant (Fig. 7). Simulation results are summarized
in Table 1.

Table 1
Dependence between the generator’s recommended frequency and diode types

Diode ¢ IN456 — | IN625— | IN658 — | IN746— | IN750— | IN755—
ode types IN486 | 1IN629 | 1N661 1N749 IN754 | 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 — IN486 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.

Table 2
Optimal generator parameters

Inductance L1, mH 10-100 150 - 300 350 - 500
Resistor R1, kOhm 0,01-04 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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CuHyconaanabl TOKThIH ChI3BIKTHI €MeC IM03JIEKTPJIIK Ti30erinae
«1eTepPMHUHMPJIEHI €H Xa0C» KYObLIbICHIHBIH Naiiaa 00y apTTapbl

Makanaza CHHYCOMIANbl TOKTBIH ChI3BIKTHI eMec RL-muonaThl anekTp Ti30erinzaeri «I1eTepMUHUPIICHICH
Xa0c» KYOBUIBICH 3epTTenai. JAnoJ alIMacTeIpy cXeMachIMEH OepiireH, O YK XKaFraaiiia CHI3BIKTH eMec
pe3ucrop xoHe Oapbepiik kKoHe AUPQY3UIBIK — EKiCBI3BIKTHI €MeC CBHIMBIMIBUIBIKTEI KaMTHABL. Tok
JKULTITIHIH KoHe Ti30ek mapameTpiepiHiH Oenrimi Gip apakaTbIHackl Ke3iHAe Kipic KepHEYiHIH TepOemic
KE3CHIH/IC OTIeNI MpPOIECTiH AasKTalybl icKe acmaiipl. bynm karmaiina opOip Ke3eHHIH OachlHzIa
CHIMBIMABLIBIKTAP/a KAJIABIK KepHey Oonafbl, SFHU OTHEN MPOLECTIH opOip jkaHa LUKIIHIH HOJIIK eMec
Gacrarnkpl Jxaraaitiapsl 6ap. Op Ke3eHIeri KajlIblK KepHEeY opTYpIii, COHIBIKTAH 9p Ke3eHAeri Ti30eKTeri Tok
ta Oacka. Ocbuiaiiia, Oy JKarmaiaa mapaMeTpiepi XaoCThIK CHIATTa OOJIAThIH OIINEUTIH OTIHeNI mpoLece
Oomampl. «JleTepMUHHUpIIEHIeH Xaoc» KYObUIBICHIH Mozenblaey MicroCap CXeMOTEXHHKAJIBbIK MOJENIBACY
GarqapraMachIHBIH OpTachIHAA KYprizingi. Juontsix apbip Typi yuin moxensaey kesiuge F, R, L (kuinik,
JKYKTEMe Keeprici, ”HIYKTUBTLIIK) Ti30€KTepiHiH KeNTereH mapaMeTpiepi eKi ilki xkubaFa OeiHi — Kipic
KepHEeYiHiH TepOeic Ke3eHIHE OTIeNi MPOIECcC asKTAIATBIH IMIKi KWHAKTa (SFHH CBHIABIMIBUTBIKTApPIAaFbI
KaIIBIK KepHEY ic )KY31HIe HOIIIK OOJBIN TaObUIagb), all TI30EKTiH )KYMBIC PEXKUMI AETEPMUHUPIICHTCH Jem
caHayFra 0OJIa/Ibl )KOHE 1IIKi )KHWHAKKA OJI YIIIH OTIeN Ipolecc Kipic KepHeyiHiH TepOeric Ke3eHIHe ommen i
(SIFHM  CHIMBIMIBUIBIKTAPAAFEl KANIBIK KEPHEY HONACH aWTapibIKTail e3reine) jKOHE Ti30SKTiH YKYMBIC
PEeXKHMMIH XaOCTHIK Jien caHayra Oonazasl. Ocbuiaiiiia, XaoCThIK TepOetic reHepaTopiiapblH KypacThIpy YLIiH
Ti30eK mapaMeTpiepiHiH YChIHbUIFAH )KUBIHTBIFbI aHBIKTJIIbI.

Kinm ce30ep: neTepMHHUPIICHICH Xaoc, 0apbepilik ChIMBIMIBUIBIK, AH(GY3USIIBIK ChIABIMIBUIBIK, KaJIbIK
KepHey, 0acTaIlkel MapTTap, Tepoesic TeHepaTOpHhL.

B.B. Kyxapuyk, B.1O. Kyuepyk, C.11I. KaupIs,
B.®. I'pansxk, JI.2K. Kapa6ekosa, A.K. XaceHos

YciaoBus BOBHUKHOBEHHA SIBJEHHUS ((I[eTepMHHHpOBaHHbIﬁ Xaoc»
B HeJIMHEHHOM I[HOI[BJICKTqueCKOﬁ e CHHYCONJIAJIBHOI'0 TOKA

B cratbe uccnenoBaoch sIBIEHUE «I€TEPMUHUPOBAHHBIN Xa0C» B HENUHENHON RL-11oaHO0 3nekTpuyeckon
LENTH CHHYCOUAIbHOTO TOKa. JIMO/ MpecTaBIeH CXeMOi 3aMeleH s, KoTopas B 00IIeM CiTydae BKIIIOUAeT B
ce0st HeNMMHEHHBINH PEe3UCTOp U BE HelMHeHHbIe MKOCTH — OaprepHyto U nuddy3nonnyro. [Ipu onpenenen-
HBIX COOTHOLIEHHSAX YaCTOThI TOKA U NTapaMeTPOB LIETHU MEePEXO0IHBIN MpoIlece 3a Nepros KojaeOaHuit BXOAHO-
ro HaIpsDKEHUS HE YCIIEBAeT 3aKOHUUThCA. B 3TOM ciaydae B Hadase KaXJI0ro nepuoja Ha EMKOCTAX IPHCYT-
CTBYET OCTATOYHOE HANpPSDKEHHE, TO €CTh KaXblii HOBBIA ITUKII NEPEXOJHOr0 IPOLIECCa UMEET HEHYJEBLIC
HayalbHble yCnoBUA. OTMETHM, UTO OCTATOYHOE HALIPSKCHUE B KaXKI0M HEPUOJE Pa3HOE, IOITOMY TOK B Iie-
I B KOKIOM IepHoJe Takxke pasHblif. TakuM oOpa3oM, B 9TOM Cllydae NPOHCXOJUT HE3aTyXaloluil mepe-
XOJIHBIH Mpolece, MapaMeTpbl KOTOPOT0 HOCAT XaOTHUECKUH XapakTep. MoenpoBaHie sIBICHUS «I€TePMH-
HHMPOBAHHBIH Xa0C» MPOBOAMIIOCH B CPEIE NPOrPaMMbI CXeMOTEXHHYECKoro Mojenauposanus MicroCap. Bo
BpeMsI MOJIEIIMPOBAHMS JUISl KaXO0T0 THIIA AMO/a MHOXKeCTBO napamerpos nend f, R, L (dacrora, conpoTus-
JIEHHe Harpys3Kd, HHIYKTHBHOCTb) Pa3JIesaaoch Ha JBa MOJAMHOXKECTBA — HA MOJMHOXKECTBO, /sl KOTOPOTO
TIepeXOHBIH IpoLece 3a Mepuoj KojaeOaHui BXOJHOTO HAIPSDKEHNUS YCIIeBAeT 3aKOHYUTECS (T.€. OCTATOYHOE
HalnpspDKeHHe Ha EMKOCTSX SBJISIETCS MPAaKTUYECKH HYJEBBIM), a PEKUM PabOTHI ST MOXKHO CUHUTATh AETep-
MHHUPOBAHHBIM, U Ha MOJIMHOXKECTBO, JUII KOTOPOT'O IEPEXOIHBII IPOIece 3a NepHo | KoJIeOaHHH BXOIHOTO
HaInpspDKeHHs He 3aTyXaeT (T.e. OCTaTOYHOE HaNpshKeHHE Ha EMKOCTSX CYIIECTBEHHO OTIIMYACTCS OT HYJS) U
pexuM paboTHI IENH MOXKHO CUMTATh XaOTHYECKHM. TakuM 00pa3oM, ObUIH ONpeaeneHbl peKOMEHI0OBaHHBIE
COBOKYITHOCTH ITApaMETPOB LETH ISl KOHCTPYHPOBAHUSI TEHEPATOPOB XaOTHYECKUX KOJIEOaHUH.

Kniouesvie cnosa: NeTepMHUHUPOBAHHBIH Xaoc, OapbepHas eMKOCTb, AU(Gdy3HOHHAS €MKOCTb, OCTATOYHbIC
HaIpsKEHNs], HA4aJIbHBIE YCIOBUS, TeHEPATOp KoJIeOaHHIA.
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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 % H;BOs, 50 % Fe-50 %
H;BO;, 75 % Fe-25 % H;BO;), 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 — Na,SiO; (concentrate) — 1 ml;

20 % p-p of liquid glass — 1 ml;

Ammonium hydroxide - NH,OH — 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 —NH;1 + H,O — N1 + H,O1+ O,1), at 235 °C , boric acid decomposes into boron oxide and
water (2H;BO; — B,0; + 3H,0). 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 (2B,0; + 3C — 4C +
+ 3C0O,). 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 (2H;BO; + 2Fe + 2NH,OH + 2C — Fe,B + IN + 2N1 + 8H,1 + 20,7+ 2CO,1).

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 BjoHy4 [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 Fe,B decomposes into iron and FeB: FeB — Fe,B — (a-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 Hu was determined in
accordance with the requirements of GOST 9450-60 and the recommendations given in [7], using the
formula (1):

H, = 2542 (kg - s/mm?] = 2219 [MN/m? = MPa], (1)

dprint dprint

where the load is P (g), and the diagonal of the print — din (Lm).
Tests on the microhardness of the initial material ST20 were carried out. The microhardness of the
starting material Hu=2584 MPa, the microhardness of the material after thermal exposure is Hu=2207 MPa.
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After the thermal effect on the coated samples, the microhardness of each of them was determined and
compared with the initial data. Microhardness was determined from three positions: along the edge of the
treated layer, horizontally and vertically.

On the edge

Horizontally

Vertically

Treated surface
Figure 1. Direction of the measurement of microhardness

The microhardness of the first sample treated with a coating of 50 % H3;BO; and 50 % Fe was:
horizontal Hu=2144 MPa, vertical Hu=2211 MPa, and on the edge Hu=2202 MPa. There is no significant
change from the original sample (Fig. 2).

2240
22720
2200
2180
2160
2140
2120

2100
Sample Ne1 Sample Ne1 Sample Nel {on the
Original sample (harizontally) (vertically) edge)

Figure 2. Microhardness of the treated sample 50 % H3;BO; and 50 % Fe without liquid glass

The surface of the 2nd sample is treated with a mixture of 25 % Fe-75 % H;BO; with 20 % liquid glass
solution. The microhardness of this sample was: horizontally Hu=2373 MPa, vertically Hu=2261 MPa, and
at the edge Hu=2409 MPa. Compared with the initial sample, no significant change was observed, the
microhardness increased by 17 % (Fig. 3).
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Figure 3. Microhardness of the treated sample 50 % H;BO; and 50 % Fe with liquid glass

The surface of the third and fourth samples is treated with a mixture consisting of 75 % H;BO; and
25 % Fe (by volume) and without 20 % liquid glass solution, and without it, respectively.

Microhardness in samples treated with 75 % H;BO; and 25 % Fe without liquid glass has increased
significantly. Here, the microhardness of the sample was: horizontally Hp=2741 MPa, vertically
Hu=2647 MPa, and at the edge Hp=2899 MPa. Compared with the original sample microhardness:
horizontally increased by 20 %.

Microhardness of the surface layer of the sample treated with the same mixture, but with the addition of
20 % solution of liquid glass showed the best results compared to the microhardness of the starting material
and other processed samples. Here, the microhardness was: horizontally Hu=2919 MPa, vertically
Hp=2642 MPa, and on the edge Hu=2535 MPa. After this treatment, the horizontal microhardness increased
by 25 %.
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Figure 4. Distribution of microhardness in the borated surface of steel 20 sample: a — sample 1 and b — sample 2

From the data of Figure 4 on the distribution of microhardness in the cross section of samples 1 and 2,
no significant change in microhardness compared to the microhardness of the substrate was revealed.
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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 pum, 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].

h? = Dr, (@)

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

Hence, the diffusion coefficient is D = 1.2-10-9 m?/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 m*/s [9].

X-ray structural analysis (Fig. 6, Table 1) showed the formation of two-phase a-Fe compositions with a
volume-centered cubic lattice and B with an orthorhombic cubic lattice. Sample 3 is in a three-phase state: a-
Fe with a bulk-centered cubic lattice, B with an orthorhombic cubic lattice, and FeB with a rhomboeder cu-
bic lattice.
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Figure 6. Structural phase state of sample 3
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Table
State of the surface layer of sample 3
Chemical element hkl Crystal lattice
B 024 Rhombogedric
B 303 Rhombogedric
Fe;B 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 % H3;BO; 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.
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E.Il. leBuyk, JI.K. HypymkanoB, b.M. Mypat6ekoB, b. Axmerxanos, B.A. IlnoTHukoB

Mydenbai nemre xaHy apKbLIbl XUMHSIIBIK TEPMHSIBIK
oeHaey daiciMmen 20 601aTTBIH 0eTiH MOoAUPUKANUSIAY

Makana Merayul OeJIIEKTEpAiH, COHBIH imiHge Ooxar OemmiekTepiHiH OeTki KabaTTapbIHBIH OEpiKTiriH
KaTalTyMeH OaillaHbICTBI ©3eKTi Mocenere apHaiaraH. MakallaHbIH aBTOpJIApbl JKOFapbl TeMIepaTypa
acepiH/ieri SPTYPJIi TO3y JKaFaibIHAA KYMBIC ICTEHTIH MalIMHA OOJILIeKTepi MEH KypaIapbiHbIH OCpiKTiriH
apTTHIPY YILUiH MaTepuaigapabiy OeTKi KabaTTapbIHbIH XUMUSUIBIK-TEPMHUSIIBIK OHICY SAICTEPiH CUIIATTAM/IbI.
Temip miacTuHANAPIBIH YITUIEPIH SpTYpIIi KeueMIeri IponopLusiapia KypambiHaa 6op 6ap KocmaaapMeH
a0y apKbUIBI )KOHE OJIapIbIH KeHiHri Mydenpaik memre xary ofici KapacTsIpsuinbl. Anddy3us KadaThIHEIH
MHUKPOKATTBUIBIFBI MEH KaJIBIHIBIFBIH 3€PTTEy HOTHXKENEpi KOPCeTiIreH.

Kinm ce30ep: 6onar 20, KaHBIKTBIPY KOCHackl, 60p Kocy, Iuddy3musublK KadaT, MUKPOKATTBUIBIK, XUMUS-
TEPMHUSUIBIK OHJIEY, My(QeTbIiK Metl.

E.I1. leBuyk, JI.K. HypymkanoB, b.M. Mypat6ekoB, b. Axmerxanos, B.A. [IlnoTHukoB

Moandukanus NoOBepXHOCTH ¢TI 20 METOA0M XMMHKO-TEPMHYECKOI
00padoTKHU MyTeM OTKUIa B My (e IbHOH nedn

CraThsl IOCBSIIIEHA aKTYaJbHON Ha CETOMHSIIHUK JCHb IpobiieMe, CBSI3aHHOM C YIPOYHEHHEM HOBEPXHOCT-
HBIX CJIOEB METAJUIMYECKUX MAaTEpUAIOB, B TOM YHCIIE CTalbHBIX JeTaniei. ABTOPBI ONMUCHIBAIOT METOIbI XU-
MHKO-TEPMUYECKOH 00pabOTKH MOBEPXHOCTHBIX CJIOEB MaTEPHANIOB 11 3P PEKTUBHOIO HOBBIICHHUS JIOJITr0-
BEUHOCTH JeTalleil MalllMH U MHCTPYMEHTOB, PabOTAIOIIUX B YCIOBUSX Pa3IMYHOIO M3HOCA, NMPU BBICOKHX
TEeMIIEpaTypPHO-CUIIOBBIX BO3JeHCTBUAX. PaccMOTpeH croco® HachILEHUs] 00pa3IoB *KEJIE3HBIX MIACTUHOK
C TIOMOIIIBI0 00Ma3KH UX 00PCOAEPKALIIMHI CMECSIMU B Pa3HBIX 00BEMHBIX MPOMOPLHUIX U MOCIESAYIOIMM HX
OTXKHTOM B My(ensHoi neun. [IpuBeseHbl pe3yabTaThl HCCIEAOBAHNE MUKPOTBEPAOCTH U TOJIIUHEL THP Y-
3HOHHOTO CJIOSL.

Kniouesvie cnosa: cramb 20, HacwImaromas cMech, bopupoBanne, Mu(Gy3nOHHEIH CIIOH, MEKPOTBEPAOCTb,
XHMHKO-TepMUYEcKasi 00paboTka, MyQebHas Iedb.
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Preliminary assessment of dose distribution on the spatial micro
level for internal exposure of alveolar epithelium of rats by SMn

Special dosimetry study of experimental rats exposure by sprayed **Mn 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 *Mn, 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 *Mn (T1,=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 *°Mn in a form of powder sprayed over experimental rats was conducted recently [5].
Activation of MnO, (manganese dioxide) powder was performed using the IVG.IM 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 **Mn 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 **Mn (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 **Mn0, microparticles (density of manganese
dioxide is 5.03 g/cm’). Mean diameter of **Mn0, microparticles is equal to 4 um. The corresponding data of
*Mn’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 **Mn

Table 1
Mn: AUGER ELECTRONS

R99, (loss 0of 99 % of initial energy at R99 — radius
Type Energy keV Electrons/decay of tisgue sphere around isotropicgrzlicrosource), cm
KLL 5.51 1 8.8 E-6
KLX 6.28 0.274 1.1 E4
KXY 7.01 0.0187 1.3 E-4
L 0.57 3.07 2.1 E-6
Table 2
*Mn: X-RAYS
R99, (loss 0of 99 % of initial energy at R99 — radius
Type Energy keV Photons/decay of tisgue sphere around iSOtI’OpngIZIiCI'OSOUICG), cm
Ka2 6.39 0.51
Kal 6.40 1 about 1 E-2 cm
Kp1 7.06
KBS 7.10 0.21(total for all KB)
Mn-56
1 40E-01
1,20E-01 -
1. 00E-01 +
. BO0ED2
= sooE0z 4
4 O0E-02
2 00E-02 H
0 .00E-+H10 1
o000 1,000 2,000 3,000
Energy {(MeV)

Figure 1. Beta particles of **Mn: 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)

Table 3
Mn: MAIN GAMMA-RAYS

R99, (loss of 99 % of initial energy at R99 — radius

Type Energy keV Photons/decay 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 pum thick). Surfactant
(which is over epithelial cells) is about 0.01 pum thickness. So, if 56Mn microparticle is attached to epitheli-
um, the minimal distance to the «surface» of epithelium layer will be 1x10-6 cm and maximal distance to the
«bottom» of epithelium layer will be 6x10-6 (in a case minimal thickness of epithelium cell) or 5x10-5 cm
(in a case maximal thickness of epithelium cells) (Fig. 2). Absorbed doses were calculated in spherical layers
of biological tissue around **Mn microparticle.
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Schematic representation of alveolar capillary membrane
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Figure 2. Schematic representation of lung’s alveoli with **MnO, microparticle.

Results and Discussion

It was estimated, that mean initial activity of one **MnO, microparticle is equal to 0.196 Bq (with total
activity of 0.1 g, MnO, equal to 2.74x10°* Bq, according to Hoshi, et al. [5]. Period of **Mn physical half de-
cay is equal to T}, = 2.58 hours = 9.288x10’ seconds. Total number of **Mn decays up to whole decay in one
**Mn microparticle with estimated activity 0.196 Bq is equal to: N=0.196 Bqx9.288x10° seconds/0,693 =
2.627x10° decays. Dose per one decay from Auger electrons, low energy X-rays, and beta particles of **Mn
is presented in Figure 3. This figure shows results of calculations of spatial dose distribution around **Mn

placed into biological tissue.

epitelial cells of alveoli, thickness: 5 E-6 - 3 E-5
surfaetant layer 1E-6 cm
100

m61 mGy / decay
]

10
- m 3.4 mGy / decay

1

Dose, mGy / decay

0.15 mGy / decay

0,1

0,01
1E-3
Auger electrons + low energy X-rays + beta
-
1E-4 -y . ; )
1E-6 1E-5 1E-4 1E-3

distance from Mn-56 microparticle, cm

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

So, as result, these estimations shows the following doses per decay: 61 mGy/decay at distance
1x10° cm from microparticle («surface» of alveolar epithelium layer); 3.4 mGy/decay at distance
6x10° from microparticle («bottom» of alveolar epithelium layer, in a case of minimal thickness of epithe-
lium cell); 0.15 mGy/decay at distance 3x10™ 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 **Mn) 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).
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Conclusion

Absorbed dose (up to whole decay of **Mn) 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).

The study was carried out with the financial support of the Semey State Medical University, Ministry of
Health of the Republic of Kazakhstan (research support in the Republic of Kazakhstan). The research of spe-
cialists from Japan was supported by JSPS KAKENHI grants No. 26257501 and No. 24310044, Japan. This
study was supported by MRRC named after A.F. Tsyb (equipment and MC calculations).
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EreykyiipbIKTapabIH ajbBe0JSAPJIBIK dNIUTeTHiiiHe Mn imki Jcepi ke3ingeri
KEHICTIKTIK MUKPO/AeHreiiie MeJIlIepPiHiH TapaJyblH aJ/bIH ajla 0arajay

KypuaroB kanaceiHmarsl baiikan-1 peaxropnsik kereHinae (KypuaroB k., IbiFeic KasakcTan o6mbich)
pammamusIsIK ocep ShdeKTiCiH 3epTTey GOMBIHINA JKCIEPHMEHT Ky3iHe ~'Mn YHTaFsl TO3aHBIHBIH
ereyKyHpBIKTapFa oCepiHiH IMIKi JO3UMETPHSUIBIK 3epTTeyi >kyprizinmi. byn 3eprrey XKamonws, Kazakcran
xoHe Pecelt denmepanusichl FaabIMAApBIHBIH TOOBIMEH OpBIHIAJABL bepilreH K ymbIcTa ereykyHpbIKTap
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OKITIECiHIH aIbBEOJISIPIIBIK SMHUTEIHIHIH COyJIeNIeHAIPY J03achlH Oaranay HOTHIKeNepi KopceTiireH. DnuTenui
«beringe» xyThuFad n03a 160 r TeH, anuTenuil xKacylianapblHbIH «TOMEHI» MUHUMAIIbI KaJbIHIBIFBIHIA
JKYTBUTFaH 1032 8,9 T Kypaii/pl, aja aMuTeNnuii )acyanapbIHbIH MAaKCUMAaJIIbl KaJdbIHABIFbI yiIiH — 0,4 T.

Kinm ce3dep: iuxi coymeneny, Kypuatos, MCNP, ereykyiipbIkTap, Mymenep, “°Mn yHTarbi, dIHTENHil
Ka0aTbl, OKIIE aJIbBEOJIACHL.

B.®. Crenanenko, K.I11I. XKymagunos, M. Xomwu, E.T. XKynycos, C. Ouno, M. Oraku,
K. Orann, H. ®ymxumoto, K. Inunmko, H. KaBano, A. Cakaryun, H.2K. YaibxyHycoga,
J.M. [llabnapb6aeBa, A. baysipxkan, B.C. I'abips, A.C. Azumxanos, A. JI. Kamnpus,
C.A. Unanos, E. ScwkoBa, U. benyxa, T. Kompikenkos, A.[l. [leryxos, B. borauesa

IIpenBapuresibHasA OLIEHKA NPOCTPAHCTBEHHOIO
pacnpeaeeHus 1036l HA MHKPOYPOBHE IIPU BHYTPEHHEM
Bo3/eiicTBin **Mn Ha AJIbBEOJISIPHBIH JMUTEJIUH KPBIC

C uenbto n3ydeHust 3Q(HekToB BHYTPEHHETO OOIYYECHHs NPOBEICHO CHELMAIbHOE JO3UMETPHYECKOE HCCIIe-
JOBAaHHE BO3JEHCTBHSA HA OKCICPHUMEHTAJbHBIX KPbIC pPACIbLICHHBIM IOPOIIKOM Maccoil ~'Mn.
Bce skcriepuMeHTsl  IPOBOMWIMCH Ha peakTopHOM Komiuiekce «baiikan-1» (r. KypuaroB, Bocrouno-
Kazaxcranckas o0macTs) nocie HEHTPOHHON aKTHBaIMK cTabHIBHOrO mopomka Mn. JlaHHOe HccienoBaHue
OBLIO IIPOBENICHO IPyYIOH yueHsIX n3 SInonun, Kazaxcrana u Poccuiickoit @eneparuu. B nacrosmeit pabo-
T€ NMPUBEJEHBI PE3yJIbTAaThl OLEHKHU J[03 00Iy4eHHs albBEOJSIPHOTO SMUTENUs JErkux Kpbic. IlormomienHas
J103a Ha «TIOBEPXHOCTH» 3MUTENHs paBHa 160 T, a MOTNIOLIEHHAS 103a B «IHE» SMUTEUS ISl MUHUMAaIbHON
TOJIIMHBI KJIETOK 3MUTENHs COCTaBIsIeT 8,9 I, a UIsi MaKCUMaJbHOM TONIIUHBI KIeTOK snuTenus — 0,4 T.

Kniouesvie crosa: BHyTpenHee obnyuenne, Kypuaros, MCNP, KpBICHI, OpraHbl, TOPOLIOK ~*Mn, c10if muiTe-
JIMSL, aTbBEOJIbI JIETKHX.
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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.
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Figure 1. The 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.
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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.

E3 Create VoIP Traffic Flows “\ —‘ 28
MNode selection
(® Full mesh between all nodes
" To all other nodes from: | 1 J
" From all other nodes to: | 1 J
-
Traffic Details
Call volume: |‘IDDD Units: | Erlangs j
Average call duration: |3UU seconds/call
Voice flow duration: |350’D seconds
Encoder scheme: |G.?29A ﬂ
Type of service: |Best Effort (0)
| Set starttime 15:16:14.000 Sep 18 2016 |
[¥ Include overhead (bytes) [RTP/UDP/IP |
Advanced Options... Create | Cancel |

Figure 3. VolIP 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.

ITuta\BltsF’erSecund LI
1,500 000,000
1,700,000,000
1,500,000,000 e B, S
1,500 000,000
1,400 000,000
1,300 000,000
1,200,000,000
1,100,000,000
1,000,000,000
900,000,000
00,000 000 T
700,000,000 —C—
600,000 000 - - : : : ! : :
@ @ @ @ & @ & © & © © @ ©
g g g g g g g g g g g g g g
PO ORI L U I i

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.

File Edit View

{7 Severty AI Date | Severity | Category | Message [~]
u 15:55:55 Mov 26 2017 Emor Run Setup This template {Default NetDoctor Report) includes:. .
2 | 15:55:57 Nov 26 2017 Information Run Execution  Starting "Default NetDoctor Report” on "muborak 2scenanol”
3 | 15:55:58 Nov 26 2017 Information Run Exscution  Preparing forexecufiontook 1s.
4 1555:58 Nov 26 2017 Information Run Execuion  Executing prologuestook 6.
5 | Waming Invalid Parameter IF Routing: Verfy Scheduler Allocate (1658)..
ﬂ 15:55:58 Nov 26 2017 Emor Rule Aborted IP Routing: Verfy Scheduler Allocate (1658)...
7]

Rule Aborted IP Routing: Verfy Scheduler Interval {1656)...

Rule Aborted Wireless LAM: Encryption Mot Enabled (1700)...

Rule Aborted Wireless LAN: Verfy Access Point Encryption Mode (1647)...
Rule Aborted Wireless LAN: WEF Encryption is Optional (1751)...

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 «kERROR» 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.

Configure/Run MetDoctor

Report template: I Default NetDoctor Report

Report title: INe‘tDoctor Report

[ "B W

Metwaork name: I <project_name:=-<scenaro_name:

Rules |Seﬂings| Motification

Select rules: = Individually ¢ By standard

#{"] EIGRP (Advanced)
: Firewalls
HAIPE
HSRP

HTTP

IGRP

IP Addressing
IP Multicast
IP Routing
IPSec

1P

Rule Suites
I Fule paramester IPX

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

Design Action | Discrets Event Simulation | Flow Analysis | Import/Export | NetDoctor INetwnrk Difersnce | Miscallansous |

Logs Selected Log
=~ muborak 2 | [=18] severty - J Severity | Category |
B~ scenariol [
8 Corfiguraion | 1 information) Intiakzation| Infializing NetDoctor |

- Analysis 20171126_1312

Analysis 20171126_1258
Analysis 20171126_1255

Figure 7. The result of removing the 6th error in the network configuration
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Figure 8. The result of the error 1312 removal analysis
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Figure 9. The result of the error 1258 removal analysis
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Design Action | Discrete Event Simulation | Flow Analysws‘ Import/Export | NetDoctor |Nelwork Difference | Miscellaneous

Logs Selected Log
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- Configuration
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I | Severity Category Message
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2 Waming  Invalid Parameter IP Routing: Verfy Scheduler Interval (1656)...

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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M.3. Axy6osa, T.I'. Cepukon

NetDoctor moayJin koagany apkslibl OPNET Modeler v.14.5 koagantanbt
O0arjapiaamMachl MeH KyHeHiH Kayinci3airin kKamramacoI3 ety

Makanaza KypbUlFaH JKYHEHIH Kayinci3airin kymramace3 ety yurin NetDoctor MoaystiH KOJIaHy apKbLUIbI
OPNET Modeler 14.5-te cpiMchI3 aOOHEHTTIK KaTblHAC JKYHECIH MOAENbACY MEH OHBI TalIal JKOHE
3eprTeyre apHanrad. KoMMyTaToOpgbIH HETi3T1 KeMIiiri — IIBIFBICTApbIH XKiOepy JKONaFbIHBIH HISKTEYJIIri.
Erep ne Genrini Gip mIBIFBICKA apHAJIFaH KOMMYTAaTOPFa KEJIIT TYCIN jKOHE OHBIH KBUIIAMIBIFBI XKOHE OTKI3Y
KaOIJIeTTUIriHeH JKOFaphl OoJica, MakeTTEepIiH KaKTBIFBICY Npobiemacsl maiima Oomangsl. By xarpaiima
KOMMYTAaTop TIIaKeTTepAl cakTrayFa HEMece TMakeTTepli Ke3ekke kibepemi. bym skymbicra  exi
KOMMYTaUMsUIAATBIH KYPBUFbUIAPABIH KOJJIAHBUTYBl apKbUIbl, KOMMYTAIMSUIAHATBIH JKEPriliKTi-ecenTeyinr
JKEJIJIep KYpbUIaAbl: KOHIEHTpaTtopiap MeH Kommyrtaropsap. KoHueHTpaTop KipiciHe Kemim TYCKeH
nakeTTepAi OapiplK IIBIFBICTApbIHA OKiOepermi. OPTYpii JKenminepAi Tangay »jKoHE MOJCNbISY YILIiH
KOMMEpUMSUIBIK  TYpiHiH Kb3MeTiH atkapatbiH OPNET Modeler v.14.5 xonnman0ansl Oarmapramacht
naiiianpuiaasl. By Garmapnamana qaidblH MOJENbACPAIH KOMTiriHe GainaHbICTBI Ka3ipri TaHIarbl 0apJblK
0ailaHBICTRIPYILIBI  JKENICpAI  MOJENBACYre IKOHE OJapIblH  KipicTepiH — e3repTyre  MYMKIHIIK
6epeni.Consiven katap OPNET Modeler 14.5 Garmapimamackl MEH OHBIH KEHEHTUTYiHIETi »KeprilKTi-
ecenTeyill JKeIIepAi MOACIBICYAIH ToclIaepi MEH KeHEeWTiIereH KOMMYyTalMsUIaHFaH JKeTiIepll 3epTrey
KapacTBIPBULIBL. Bysl KYMBICTBI 3epTTey Ke3iHJeTri >KeNIUIepHIiH JKYMBIC ICTEyiH TeKcepy JXKoHE YIIKECH
KOMMYTaIsJIaHATBIH XKeTiIep/i Kypy YIIiH KojaHyFra 0oJasl.

Kinm ce30ep: OPNET Modeler v.14.5 chIMCBI3 jKepriiKTi ke, KOCBIMIIAIap MaKeTi, )KepriliKTi Kemiaep,
NetDoctor, Tpaduk, Moaenbaey.
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OobecneueHue 0€30MACHOCTH ceTeil HA OCHOBE MAKETA MPUKJIATHBIX
nporpamm OPNET Modeler v.14.5 ¢ ucnosab3oBanuem moay.ist NetDoctor

Cratbs nocesmieHa MoaenupoBanuto B OPNET Modeler v.14.5 6ecipoBoHON ceTH aOOHEHTCKOTO JOCTYIIA,
JUISL ee aHaIM3a M UCCIEN0BaHMS TPH HCIONb30BaHUU U IpHMeHeHus Moxyns NetDoctor mns obecrnieueHus
6€30MacHOCTH TOCTPOEHHOM CeTH. ABTOPHI CO3/JJaBali KOMMYTHPOBAaHHbIE JJOKAJIbHO-BBIUHCIUTEIbHBIE CETH,
C UCHOJIB30BAaHUEM JIBYX PA3IMYHBIX KOMMYTHPYIOIIUX YCTPONUCTB: KOHIIEHTPATOPOB M KOMMYTaTopoB. KoH-
LEHTPaTOp MepeaeT MakeT, MPUOBIBIINIT Ha OAWH U3 €ro BXOJOB, HA BCE BBIXOJBI BHE 3aBUCHMOCTH OT Ha-
3HAUeHUs Takera. [l aHauM3a U MOJENHPOBAHUS Pa3sHOOOPA3HBIX CeTel NMPUMEHSUICS MaKeT MPUKIIAJHBIX
nporpamm OPNET Modeler 14.5, ncnionssiomuii co60il posib KOMMEpYECKoil BepcHH, mpezsiaraeMoii oec-
IUIATHO JUISL MCIIOJIB30BAaHUS B 00pa30BaTeNbHBIX HElIX. B cBs3u ¢ TeMm, 4To y Hero Oospuas OuOImoTeka
Pa3IHYIHBIX TOTOBBIX MOJENEH HCHONB3yeMbIX OOBEKTOB 110 000PYTOBAHHIO, MOXKHO MOZIEIHPOBATH ITOUYTH
BCE CYLIECTBYIOLINE HAa CETOJHIIMIHUNA MOMEHT CETH CBA3U U IIPU MOAEIUPOBAHUU MOXKHO U3MECHATH BXOJHbBIC
mapameTpsl MoJenu. TakKe pacCMOTPEHBI METOJbI MOAEIUPOBAHMS JIOKATBHO-BBIUHUCIUTEIBHBIX CETeH Ha
OPNET Modeler 14.5 ¢ mocieaymoomum ee paciuIMpeHHEM U MPOBEICHBI UCCICAOBAHHS MOJICSTHPOBAHHOMN
pacIIUpeHHON KOMMYTHPOBaHHOM ceTu. JlaHHYI0 paboTy MOXKHO HCIIONB30BaTh MPU MPOBEJEHHH HCCIIEN0-
BaHHs (yHKIMOHUPOBAHHS CETEH C KOMMYTATOPAMHM M IIPU MOCTPOCHUH KPYITHBIX KOMMYTHPYEMbIX CETEH.

Kniouesvie cnosa: OPNET Modeler 14.5, GecnpoBojHasi JoKajdbHas CeTh, MAaKeT IPHKIAIHBIX IPOrpaMMm,
JIOKaJIbHO-BBIUUCTHTENBHBIC ceTH, NetDoctor, Tpaduk, MoxenpoBaHue.
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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. Inthis 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, 1. 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.
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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:

1 1
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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).
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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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A.b. HckakoBa, A.K. Kaupbaesa

7KoGaJbIK TEXHOJIOTUSJIAPABI KO0-HbIH TEXHUKAJIBIK MAaMaHAbIKTAPbIHIA OLTiM
aJIaThIH CTyJeHTTepre (PU3NKaHbI OKBITY1a KOJIAHYAbIH dicTeMeJIiK Heri3aepi

Makxasna »oFaprbl OKYy OPHBIH/IA )KO0AJIBIK TEXHOIOTHSUIAP/IbI AKIAPATTHIK TEXHOJIOTHSIAP HEeTi3iHAe KOoJiany
Macenenepine apuanrad. Ka3ipri yakpITTa )orapbIOinikTi, 6acekere KadineTTi MaMaHIap/pl Jasipiiay OapIibik,
JKOFapFbl OKY OPBIHIAPHIHBIH ¢H 0acThl MIHIETTEpiHIH Oipi 0ok TaObuIaabl. backamia aliTkaHma, KOFapFbI
OKY OPHBIHBIH TYJIEri THIMJIUITI JKOFapbl TEXHUKAJBIK JKaFbIHAH MIHCI3 OOJATHIH MHXEHEPIK KyHenepal
xobanaif, >ko6aHbIH Oacka sko0aTapMeH CabICTRIPFaHaFs! THIMAIITIHE Tanaay skacaii 6imy kepek. OcbHIal
MaMaH/apbl Kajail Jaspray KepeKTiri »kaiiel cypak TybiHmaiapl. Con cebenti aBTOpiap KbICKa yakbIT
apaJIbIFBIH/IA JKYPTi3yre OoslaThiH, MUHIKOOAIAPIBIH HETI3ri epeKienikTepine aca koHin 6enai. CoHbIMEH
KaTap aBTOpPJap YCHIHBUIBII OTBIPFAaH >XOOAIap[blH CTYICHTTEpAiH OOMbIHAA TONITa KYMBIC )Kacail Oiiy,
YKBIMIBIK TONTHl Oackapa Oiny, >ko0aHbIH eceOiH maiibiHAail Oury, KOOANBIK-3epTTEYIILUTIK iC-9peKeT
JaFIbUIapbIH KAJIBIITACTBIPYFa MYMKIH/IK OepeTiH MHHOBALMSIIBIK TEXHOJIOTHSIAPAbIH Oipi eKeHIIr Kailibl
aifransl. bynm xobamapael Oip ceMecTp apaibFbIHAA OpPBIHAAYABIH JKAdIbl KYPBUIBIMBI KENTipiimi.
TexHUKaNIBIK MaMaHIBIKTaphIHAA OLTIM alaThlH CTYAEHTTEpiHe (U3MKaHBI OKBITY OapbichiHma Electronics
Workbench 512 xonmanGansl KOMIBIOTEPIIiK OaFiapiaMachH KOJIJaHyIbIH TOXKIpHOeci KenTipiii.

Kinm ce30ep: ®o0anbIK OKBITY TEXHOJOTHSACHL, OKY >k00achl, Ti30ekTi TepOenMeni KOHTYp, Hapaiienb
TepOenMeni KOHTYp, pE30HAHC.

A.b. Uckakosa, A. K. KaupbaeBa

MeToandecKkne OCHOBBI MCII0JIb30BAHUS MMPOECKTHBIX TEXHOJIOTUH npu
Oﬁy‘lEHI/II/I (l)n3m<e CTYACHTOB TCXHUIECCKUX cnenuaJabHOCTel BYy3a

CraThst IOCBAIIIEHA BONIPOCAM HCIOJIB30BAHUS POEKTHBIX TEXHOJIOTHI 00yUeHNUS B BRICIIEM y4eOHOM 3aBe-
JICHUH Ha OCHOBE MH(OPMALMOHHBIX TEXHOJIOTHH. [IoAroTOBKa BBICOKOKBAIM(UINPOBAHHBIX KOHKYPEHTO-
CHOCOOHBIX CIELHATHCTOB SBISETCS OCHOBHOM 3a1aueil [y BCeX BBICIIMX Y4eOHBIX 3aBeneHHU. pyrumu
CJIOBaMH, BBIITYCKHUK BBICIIETO y4eOHOTO 3aBEICHHUS JODKEH NPOEKTUPOBATH BHICOKOA()(EKTHBHbIE, TEXHHU-
YEeCKH COBEPILICHHBIC MHXXCHEPHBIC CHCTEMBbI, aHAIM3UPOBaTh 3()(HEKTHBHOCT NPOEKTa B CPABHEHHUH C IPY-
TrUMU IIpoeKTaMu. Bo3HuKaeT Bonpoc 0 TOM, Kak HOATOTOBUTh TAKOIO CIELUAINCTa B YCIOBUAX, KOTJa Aei-
CTBYIOIIAs cUcTeMa 00pa30BaHMs HEPEIKO OTCTAET OT HPOLECCOB, IPOUCXOASAIINX B MHPOBOM IIPOCTPAHCTBE.
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B cBsA31 ¢ 3TUM aBTOPEI yAETAIOT 0c000€ 3HaUEHHE HA MUHUIIPOEKTHI, KOTOPhIE MOXKHO MPOBOAUTH 33 KOPOT-
KO€ BpeMs, TIPH 3TOM 3T NPOEKTHI (POPMHUPYIOT y CTYACHTOB TaKHe HABBIKH, Kak paboTa B IpyIIe, ynpasie-
HHE KOJUIEKTUBHON paboTOM, cOCTaBIeHHE OTUETA MPOEKTa, HABBIKH NIPOEKTHO-UCCIEA0BATENLCKON AEATENb-
HocTH. Taroke B paboTe mpeyIoxkKeHa o0mast CTPYKTypa MPOBEJCHHUs yIeOHOTO IPOSKTa Ha MPOTSHKCHUH Of-
HOTO cemecTpa. [IpyM 5TOM ONHUCHIBAaeTCS ONBIT HCIOJIB30BaHUS KOMIBIOTEpHOHW mporpammsl Electronics
Workbench Bepcun 512 B 00y4deHun (u3MKe CTyJEHTOB TEXHHYECKUX ClienuaabHocTed. PaccMoTpeHs! Bo-
TIpockl 3P PEKTHBHOCT MHHOBAIMOHHOTO TBOPYECTBA CTYACHTOB IIPU BHIIOJHEHHUHU 3aJlaHUH MUHUIIPOEKTA
no aucuumnHe «@Pusnka» Ha MpUMepe MOAEIUPOBaHUS PabOThI KOJIEOATENBHBIX KOHTYPOB — IOCIEI0Ba-
TENBHOTO Y MapaielbHOr0 TUIIOB.

Kniouesvie cnosa: TEXHOIOTUS IPOEKTHOTO 00yUYEHHs, yueOHBIH MPOEKT, MOCIEA0BATENbHBIN KoneOaTenbHbIH
KOHTYp, apaJuIeNbHbINA KoJeOaTeabHbIN KOHTYD, PE30HAHC.
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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 constanty
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 N, (Avogadro

number).
The results we obtained (and the students), for example, are:
R=(8.1% O.4)L,
mol-K

1.e. relative fault:

£=%~100%55%.

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:

k=(1.2%0.2)- IO"ZZL.
K
Relative fault:

S:A?k~100%517%.
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Confidence interval:
k= (1.0—1.4)-10"23i.
K

Thus, the theoretical value k = 1.38-:10% 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.
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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 (p,=10’kg/m’); petrol (p,=0,88-10°kg/m’); alcohol

_ 3
(P =790kg /m”). pe density of the substance of Brownian particles was set: (p, =1,1-10°kg / m’).

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 mem; 60 mem.

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

ApVgh
AN =ne & SAh, (N
where ny— concentration of Brownian particles at zero height,

Ap — density difference between Brownian particles and the environment;

V — Brownian particle volume.

Hence, the Boltzmann constant was determined:

= Apveh ’ 2)

Tlnﬂ
n

The results are:

in water: k = 1.33-10 J/K;

in petrol: k=1.17-107 J/K;

in alcohol: k = 1.97-10% 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

_ 1 3
4> \/Elrdgffzn ®
where <A> — average length of free path;

<d.;p> — 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:

<Z>:<v>, )

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 <A> on d with n=const (Fig. 2) and <A > 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
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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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JL.®.Unpuna, A.C.Karomona, E.P.)Kanosip6aii, M.M.bonat6exoBa

7Korapfbl OKY OPHBI KyPChIHAA MOJIEKYJIAJBIK (U3nKa 00MbIHIIA
(pu3NpaKTUKYMHBIH MOJIePHU3AIU MIceeci

Makana ¢u3uKa XKoHE HAHOTEXHOJIOTHSIAp KadeApachlHIa MOJEKYIalblK (HU3MKa OOWBIHIIA (HU3MKAIIBIK
HPAaKTHKYM/Ibl JKaHFBIPTYbIHA OaiiJIaHBICTBI ABTOPIIAPABIH KYMBICTAPBIHBIH HOTHKEIICPIH TaJllayFa apHAJFaH.
MyHzaii (U3UKaIBIK MPAaKTUKyMZIbl Calanbl OPBIHAAY YIIIH BHPTYalJbl 3€PTXaHAIBIK >KYMbBICTApAbI
naiiananbay MyMKiH eMec, Oipak TyHicmesni 3epTXaHaiblK jKYMbICTap ja KaxkeT. COHbIMEH Karap Keibip
3epTXaHAIIBIK )KYMbBICTAP/bI TYHICIIENI JKoHe BUPTYaJibl TYP/IC OpBIHAY KakeT. Makanana ra3 3aHiapbl MEH
oMmOe0art ra3 TYpaKTHICH koHE BoJbIIMaH TypaKTHICHH aHBIKTAy OOMBIHINIA >KYMBICTApABIH MOHI OastHmaFaH,
CTaTHCTHKa OOMBIHINA YII BHPTyaImbl XKYMBIC JKOHE TachkIMayjay KyObUTbICTaphl OolbIHITA Oip TyHicmemni
3epTXaHaIBIK JKYMBIC TajiaHabl. JKYMbBICTap aniblH aja TaJJaHblll, OKBITYIIBUIAD MEH HHXKXEHEpIep
JeHreifinae, ogaH KeifiH xammsl Gpu3nKa KypchlHIa, COHIal-aK THicTi Oelfinaeri apHaibl KypcTapaa opTypii
TonTap/a xKyprizinni. Keibip Gemimuep OOHbIHIIA TUINIOMIBIK )KYMBICTap MEH MaricTpIiK JUCCepTalusuap
OpBIHIAIB, TYPJl AeHrelaeri KonpepeHuusaa dasHiaManap YCbIHbUIAbI, MaKaianap MEeH OKY-9/1iCTeMeNiK
KypaJiap xapHsiIaHIbl.

Kinm coe30ep: makcBemn TypieHIipyi, OpOYHIOBIK KO3FAJIBIC, TYHICIENi JXOHE BHPTYalIbl 3epTXaHAIIBIK
JKYMBICTap, TaChIMANIay KYOBUIBICTapPbI.

JL.®. Unbuna, A.C. KatomoBa, E.P. XKau6sip6aii, M.M. bonar6exoBa

K mMoaepHu3anum pu3npakTuKkyma mno MoJIeKyJIsipHOH
(¢usuke B By30BCKOM Kypce

CraThsl TOCBSILEHA aHANU3y pPE3yIbTaTOB pabOTHI ABTOPOB IO MOJEPHM3ALMHM (PU3MPAKTUKyMa IO
MOJEKYJIIpHOH (u3nke Ha Kadeape (UMK M HAHOTEXHOJOTHH (HU3UKO-TEXHHYECKOTO (aKysIbTeTa.
KauecTBeHHass TOCTaHOBKAa Takoro (M3NPaKTUKyMa  HEBO3MOXKHAa 0e3 HCIIOIb30BAHHUS BHPTYaIbHBIX
71a00opaTopHBIX paboT, HO KOHTAaKTHBIE J1abopaTopHBIe pPabOTHI Takke HeoOxoaumel. bBosee Toro
nenecoo0pa3Ho HEKOTOpHIe JTabopaTOpHBIE PAOOTHI BEIOIHATH KaK KOHTAKTHO, TaK M BUPTYaJIbHO. ABTOpa-
MH H3JI0KE€Ha CyTh paboT MO Ta30BBIM 3aKOHAM M ONpPENCNICHHUIO YHHUBEPCAJIbHOM I'a30BON MOCTOSHHOM U
HOCTOSIHHOM bobliMaHa; poaHaan3aupoBaHbl TPH BUPTYaJIbHBIC Pa0OTHI 10 CTATHCTUYECKOH (pHU3MKe U OHA
KOHTaKTHasi JabopaTopHasi paboTa o SIBIEHUSM IepeHoca. PaboTel mpeaBapUTeIbHO aHATM3UPOBAIUCH H
BBITIOJIHSUTMCh HA YPOBHE MpenojaBaTeneil 1 MH)XEHEPOB, 3aTeM CTYACHTaMH, IPHYEM pa3HbIX IPYMI Kak B
Kypce oOmeil ¢u3MKH, Tak W B CHEIKypcax COOTBETCTBYyromiero mpodmis. Ilo HekoTOphIM pasnenam
BEINOJTHSUTICE  TUIUIOMHBIE PAa0OTBI M MAarucTepcKue AWUCCEPTallM; IIPEACTaBIIMCh TOKJIAABl  Ha
KOH(EPEHIUAX Pa3HBIX YPOBHEH; OIyOIIMKOBAHEI CTATEH U y4eOHO-METOJMIECKOE TOCOOHe.

Kniouesvie crnosa: MakCBEINIOBCKOE pacIpesielieHre, OPOYHOBCKOE JIBIDKCHHE, KOHTAKTHBIE U BHPTYyaJbHbBIE
nabopaTopHble padoTHI, ABJICHUS NIEpPEeHOCca.
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ECKE AlY
NAMATU YHEHOI'O
IN MEMORY OF THE SCIENTIST

7Ku3Hb, NOCBAIIEHHAS] HAYKe

7 mas 2019 1. mocie THKENION MPOIOIDKUTEIBHOW OO0JIC3HH yIIes
13 )KU3HU JOKTOP MEJarorundeckux Hayk, npodeccop, akageMuk AKageMuu
nenarornyeckux Hayk PecmyOnukm Kazaxcran Apsiarasun Kanamus
MybapakoBud.

Best xusnp Kananum MyOapakoBuua Oblila TOCBSIICHA CIIYKCHHIO
negaroruyeckoi Hayke. CBOH TpyZOBOM MyTh OH Hayal IIKOIBHBIM yUUTE-
7aeM (GU3MKU U MaTeMaTHKH MOCJIe OKOHYAHMS Ka3aXCKOH CpelHel MIKOJIbI
Maiickoro paitona [TaBrmomgapckoit oomacty B 1952 r. B 1954—1955 rT. OB
n30paH cekperapéM palikoma komcomona Maiickoro paiiona. C 1955 mo
1958 rr.  gaBmsncss kypcantom  IlepBoro  YkaiaoBCKOrOo  BOEHHO-
aBHALIMOHHOTO YYMJIMIIA JETYUKOB B I. OpeHOypre, B KOTOpOM, KCTaTH,
yuauics nepBelid kocMoHaBT 0. A. [Marapus.

OnHako mOOOBb K TNENarorduecKkoMy TPYAYy OKa3anach CHIIBHEE,

- u B 1958 r. Kananus MyOapakouu mocrymnaer B Kasaxckuii memarorude-
CKHMI MHCTUTYT UMEHH AOasi, Mo OKOHYaHUU KoToporo B 1963 r. 6bu1 HampaBieH Ha paboty B KaparanmuH-
CKUI NeJaroruuecKkuii MHCTUTYT. 3aTeM Obuia yyeba B acmupaHTtype Kazaxckoro rocyaapcTBEHHOrO yHH-
Bepcutera uMeHn C.M. Kuposa 1 3ammura KaHAHIaTCKON quccepTamnud, mocie gero K.M. ApbiHra3sud BHOBb
Bo3Bpaulaercss B Kaparanny, rae cHauana paOoTaeT 3aMeCTUTENIEM JIEKaHa, 3aTeM JEKaHOM (HU3UKO-
MaTEeMaTHYECKOT0 (aKyIbTeTa.

B 1972 r. KaparananHckuii megarorndeckuii ”HCTUTYT ObLT TpeoOpa3oBaH B yHUBepcHUTET, 1 Kananus
My0apakoBu4, Oyaydu TIEpBBIM [eKaHOM Yke (usmueckoro (axynbTeTa yHHUBEPCHTETa, a 3aTeM
U 3aBeyIOIUM Kadeapoii TeopeTnueckoi (U3MKM, BHEC 3HAYUTENBHBINA BKIIAJ B €r0 CTAHOBJICHUE U Pa3BH-
tre. K.M. Aperarasus 6onee 10 ner sensuics nexanom OIIK OHO KapI'V, mpopekropom no Hayke UITK PO
pu Kapl'V u 3aBenyronum kadenpoit meaarornaeckoro MeHeIDKMEHTa.

B 2001 r. ycneniHo 3amuyTHI TUCCEPTAIMI0 HAa COMCKaHUE YUEHOW CTETEeHH TOKTOpa IMeAarormuecKuX
Hayk, B 2005 1. Obu1 mM30paH NEHCTBUTENBLHBIM 4iICHOM AKaJeMuH mneiarormdeckux Hayk Kaszaxcrana.
B nocnenuue ropl Ku3HU ABISIICA podeccopoM Kadenpbl GU3UKH M HAHOTEXHOJIOTHH.

Bxnag K.M. Apeiarasuda B pa3BuTe oOpazoBanus PecryOmukn KazaxcTan Moydwr BEICOKYIO OIICH-
Ky: OH HarpaxxaieH 4 menansimu, 3HakoMm oTinudHuKa oopazoBanus KasCCP, I'pamotoit Munsy3za KazCCP.

WM 6butn omybnukoBanbl Oonee 160 meyatHbIX paboT, 7 MOHOTpaduii, YacTh U3 HUX — B JAIbHEM 3a-
pyOexxpe. Ero KHUru 1no cMbICIOBOH NEAaroruke A eCTECTBEHHOHAYUHBIX AMCLUILIMH IOJIb3YHTCS O0JIb-
LIMM CIIPOCOM He ToJbKo B KazaxcTtane, HO U faneko 3a mpejenamu cTpadbl. Ha npoTspkeHHMH MHOTHX JIET OH
SBIISUICSL YJICHOM Koyulernd KaparaHamHCKOro o0JIaCTHOrO JemapTaMeHTa o0pa3oBaHWs, YUYEHOTO COBETa
KapIl'V, O0beIMHEHHOTO AUCCEPTAITMOHHOTO COBETA IO 3aIIUTE JOKTOPCKUX TUCCEPTAIHMA IO CIIEITHaIbHO-
ctu «O0mas meaaroruka, KCTOpUs MeIaroruku ¥ 00pa3oBaHMs, STHONEIAroruka U npogeccuoHanbHoe 00-
pazoBanue» npu Kapl'V nm. E.A. ByketoBa, 4uleHOM peaakIIMOHHON KoJieruu cepuu «Dusnkay HayqdHOTro
xypHana «BectHuk Kaparannuuckoro yHusepcureTa». I1oJ ero HaydyHbIM pyKOBOJACTBOM BBINOJIHSINCH H
ObUIN YCIELIHO 3alllUILEHbI JUCCEepPTAlMOHHbIE pa0OThl HA COMCKAHUE YUCHOH CTENEeHU KaHIuaaTa Iefaro-
TMYECKHX HayK.

Cepusi «dunsukay. Ne 3(95)/2019 83



K.M. ApbiHraszut ObU1 BEICOKOKBAJIM(PHLIMPOBAHHBIM CIIEHATUCTOM B 00JIACTH TEOPETHUECKON (HUUKHU
u negaroruku. OH ABJsIICS 00paslioM He TOJIBKO VIS CTYAEHYECKOH MOJIOAEKH, HO U AJISI MOJIOJBIX MPEHo-

JlaBaTesiel U COTPYIHUKOB.
Cgetnas namsath o Kananne My0OapakoBude ApbIHTa3nMHE HABCET1a OCTAHETCS B CEPALIAX €r0 YUCHHKOB

" KOJIJICT.

Peoaxyuonnas xonnezus cepuu « Quzuxay
arcyprana «Becmuux Kapazanounckozo ynugepcumemay
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