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Preface 3

Dear authors and readers!
Dear Colleagues!

Traditionally, we inform you about the scientometric indicators of the Eurasian Physical Technical
Journal as a peer-reviewed scientific journal, indexed in the Scopus database. As of December 6, 2022, the
Cite Score Tracker is 1.0. This indicator dynamics is determined directly by the number of citations in other
editions of articles, that published in the Eurasian Physical Technical Journal. On site you can see the monthly
update of this indicator - https://phtj.buketov.edu.kz/index.php/EPTJ/index.

At the end of the year the results are usually summed up. In last year, a lot of work was done to process
and enter information into the database of our Journal's website. According to statistics for 2022, 186 materials
were accepted to the site. And 56 articles were prepared and published in 4 issues (the share of rejected articles
was 18%). The rest of the material has been processed and entered into the Archive to provide a search option.

In 2022, the geography of authors expanded: in addition to authors from scientific centers of Kazakhstan
and Russia, articles for publication were sent by scientists from Belarus, Germany, India, Iraq, Latvia, Nigeria,
Poland, Ukraine, Uzbekistan, etc. The composition of the editorial board was partially updated, the database
is constantly updated reviewers.

Practice shows that "the competitiveness of scientific potential is one of the main priorities of the many
developed countries state policy". On a global scale, 2022 in science has definitely become the year of the
cosmos, since most of the bright discoveries are related precisely to what is happening outside our planet.
There are five most important and significant discoveries made in the past year.

It has been established that black holes play an important role in the evolution of galaxies and stimulate
the emergence of life. In January 2022, the Hubble telescope discovered a black hole in the center of the dwarf
galaxy Henize 2-10, which did not absorb, but created new stars. German astrophysicist Rob Farmer (Max
Planck Institute) found that a large star paired with a black hole emits almost six times more carbon into space
than a similar lone star should. The gas flowing from the black hole leads to the birth of a new star.

On January 11, 2022, China's Chang'e-5 probe discovered water on the moon. Before that, in samples of
lunar soil delivered to Earth, scientists found signs of water. But in samples of light bubble rock, it turned out
to be 1.5 times more water, which is stored under a layer of soil in the form of ice.

In February 2022, engineers at the Massachusetts Institute of Technology created a unique polymer
material 2DPA-1, which is lighter than plastic and stronger than steel. The material is impervious to gases and
liquids, it can be used to make cars and even build houses.

In July 2022, the James Webb Space Telescope obtained the first high-resolution image of distant
galaxies, confirming the effect of gravitational lensing. It is proved that the trajectory of light from distant
objects, when passing inside massive accumulations of matter, is curved.

Until 2022, the part of DNA that does not code for protein, but is responsible for various aspects of cell
functioning, remained unsolved. A team of scientists from 54 institutes from different countries - T2T-
Consortium deciphered the remaining 8% and received a complete genome, which, as a new standard in
genetics, will allow more accurate identification of individual genetic characteristics.

In this issue readers are offered articles based on the results of research on topical problems of physics
and technology. These scientific researches were also highlighted in the Concept for the Development of
Science of the Republic of Kazakhstan for 2022-2026 as “priority areas of science”.

In the Materials Science section of an article by scientists from Orenburg, the results of studying the effect
of a magnetic field generated by a ferromagnetic nanoparticle on the annihilation of triplet-excited organic
molecules or triplet excitons in the surface layer of particles are presented. It was found that "the influence of
the magnetic field gradient on the reaction yield dominates over other known mechanisms of spin dynamics in
triplet-triplet pairs." Important practical results were obtained by domestic scientists, who proved the
fundamental possibility and effectiveness of processing by "high-pressure torsion to form an ultra-fine-grained
structure and increase the strength properties of steel rings." In the article by authors from Tashkent, “radiation
defects in steatite ceramics were studied by the method of diffuse reflection”, when irradiated with high doses
of gamma radiation from a source and mixed reactor no-gamma irradiation. "The formation of structural
defects under gamma irradiation in the form of oxygen vacancies in the ultraviolet region of the spectrum" and
the appearance of various hole centers were found. In the article by the authors of our university, the influence
of the anodizing voltage during synthesis on the specific surface area and on the photocatalytic activity of
titanium dioxide nanotubes was studied. “The specific surface area of titanium dioxide nanotube films was
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determined by the method of low-temperature nitrogen adsorption, the value of which decreases with
increasing voltage.”

Articles in the Energy section are devoted to solving the environmental problems of traditional energy
and the use of alternative energy sources. In the work of Moscow authors, an assessment was made of the
"carbon footprint for combined-cycle and oxygen-fuel plants operating for 20 years both on natural gas and on
coal with intracycle gasification." It is shown that "the transition to oxygen-fuel power plants can reduce the
carbon footprint by about 90% in the case of natural gas and about 75% for coal fuel." To further reduce the
carbon footprint, it is proposed to introduce carbon dioxide capture and storage systems. In the work of the
authors from Uzbekistan, the results of a comparison of the electrical parameters of solar batteries used in
natural conditions of a hot climate are presented. It has been experimentally shown that single-crystal
photovoltaic and photothermal batteries are the most efficient.

Interesting technical and innovative developments are offered in the Engineering section. The work of
Ryazan scientists presents a measuring and analytical complex for automated study of low-frequency noise
spectra in electronic elements, components and semiconductor materials and structures. The complex is
adapted with an atomic force microscope for local measurements of the noise characteristics of electronic
materials and structures. The results of checking the operation of the measuring complex are presented on the
example of the study of the Schottky diode structure. The article by Kazakh scientists presents the development
of the architecture of the onboard nanosatellite control complex with hardware and circuitry solutions. The
main functions of the onboard software necessary for the design and development of ultra-small artificial
satellites are described. In the next article, on the basis of modern methods of mechanics of a deformable solid
body, the reliability of the technological scheme of a coal mine is assessed, taking into account the stress state
of mine workings, depending on the combination of mining, geological and technological factors.

The section Physics and Astronomy presents the results of studies of “fine” phenomena of absorption of
nanoparticles and defects on the mass spectra of mesons. The scientists of the Molecular Nano-photonics
Institute have studied the transient absorption of gold nanoparticles of a certain diameter upon photoexcitation
by nanosecond laser pulses. It has been experimentally shown that the “stationary absorption maximum is
represented by a wide structureless band, which has a fine structure with a certain periodicity of maxima and
does not depend on the size of nanoparticles. The nanosecond duration of the transient absorption of gold
nanoparticles is the result of a protracted relaxation process as a manifestation of hindered heat exchange with
the environment”. In an article by authors from research centers in Nigeria, the influence of a topological defect
on the mass spectra of heavy and heavy-light mesons was studied. Approximate solutions of the Schrédinger
equation for the energy spectrum and the non-normalized wave function were obtained by the Nikiforov-
Uvarov method. It is shown that as “the topological defect increases, the mass spectra shift”.

We hope that the presented research results will be of interest to scientists, teachers, researchers, doctoral
students and undergraduates.

I would especially like to express deep gratitude to our reviewers for an objective and qualified
examination of the materials, which helps to ensure the articles quality.

We will be glad to see you among our readers and authors of the next issues, in which it is planned to
publish custom-made review articles by leading scientists on the most relevant and priority areas of modern
physics and technology.

Best wishes,
Editor-in-chief, professor Sakipova S.E.
September, 2022
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SPIN-SELECTIVE INTERACTION OF TRIPLET-EXCITED MOLECULES
ON THE SURFACE OF A FERROMAGNETIC NANOPARTICLE

Kucherenko M.G., Neyasov P.P.*

Orenburg State University, Center for Laser and Information Biophysics, Orenburg, Russia, nejapetr@yandex.ru

Influence of a magnetic field generated by a ferromagnetic nanoparticle on the annihilation of triplet-
excited organic molecules or triplet excitons in a near-surface particle layer is studied. A detailed mathematical
model is presented that accounts for electron excitation diffusive mobility and geometry of the system. The kinetic
operator is given in the complete 9x9 basis of triplet- triplet pair spin states. Time dependencies of the singlet spin
state population of the triplet-triplet pair and the dependence of the triplet-triplet annihilation magnetic response
profile (magnetic reaction effect) from the magnetic field induction are obtained. It is found that the influence of a
magnetic field gradient on the reaction yield dominates over the other known mechanisms of spin-dynamics in
triplet- triplet pairs.

Keywords: triplet-triplet annihilation, ferromagnetic nanoparticle, inhomogeneous magnetic field, magnetic effect.

Introduction

Contemporary studies of magnetically controlled processes in polymeric media, in particular, polymer
light emitting diodes (PLEDs), present a special interest. For instance, paper [1] is devoted to the influence
of an external magnetic field on the triplet-triplet annihilation (TTA) on the magnetically dependent electric
conductivity (MEC) and on the magnetically dependent electroluminescence (MEL) of SY-PPV polymer
(poly (para-phenylenevinylene)). In the present paper it is shown that in weak magnetic fields (<200 Oe) the
positive magnetic effect occurs both for MEC and MEL. In magnetic fields H>200 Oe the decrease of MEL
was explicitly observed; it is due to the increase of the triplet excitons lifetime and TTA suppression.

In paper [2] the influence of ferromagnetic Cos3Pts; nanowires induced in MEHPPV polymer (poly [2-
methoxy,5-(2-ethylhexyloxy)-1,4-phenylenevinylene]) on electroluminescence was studied alongside the
influence on phosphorescence of the iridium complex Ir(ppy)s; (three-(2-phenylpyridinate) iridium (III)).
Study performed in this paper shows that a doping with dispersed Cos;Pty7 nanowires increases the
probability of singlet-triplet exciton transitions in semiconductor MEHPPV films which are induced by the
strong nanowires magnetic field. The influence of strong magnetic fields (B~9 T) on the magnetic
fluorescence effect and phosphorescence in OLEDs was studied in [3].

Study of TTA involving electronically excited I,-Bodipy molecules in various media was conducted in
[4]. The influence of various solvent types on the quantum yield, delayed fluorescence frequency shift, and
triplet states lifetime was studied. In paper [5] kinematics of the triplet excitation annihilation and the
delayed fluorescence damping of an isolated 1,12-benzperylene pairs in n-hexane were studied; it was shown
that their triplet excitation annihilation rate, decrease of the number of triplet-excited pairs, and damping of
the annihilation delayed fluorescence are subjected to an exponential law provided the statistical spread of
molecules by the rate constants vanishes. Exchange-resonance processes of homo- and heterogeneous
annihilation of erythrosine and anthracene molecules placed on the surface of anodized aluminum were
studied in a wide temperature interval [6]. The results show that the exchange photo-processes involving dye
molecules adsorbed on the surface of anodized aluminum can be described within a fractal model. The direct
influence of local magnetic fields of superparamagnetic Fe,O3 nanoparticles on the kinematics of the delayed
fluorescence alongside 6G rhodamine and acriflavine fluorescence in the polyvinyl alcohol polymer matrix
was empirically studied in [7].

Currently certain attempts to unite the descriptions of two physical processes, namely, plasmon
resonance and TTA are conducted. In paper [8] an opportunity was studied to create a composite system for
a photocatalytic destruction of an air pollutant, namely, acetaldehyde, based on the triplet-triplet annihilation
which total photocatalytic efficiency is enhanced with plasmonic AgNP-SiO; nanoparticles. Plasmonic
enhancement of the triplet-triplet annihilation within thin films of polymethylmethacrylate containing
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palladium (II) octaethylporphyrin and 9,10-diphenylanthracene doped with silver nanoplates was found in
[9]. The plasmon resonance allows one to detect fluorescence even if its intensity is extremely low. This fact
was studied in details in paper [10]. Fluorescence of thin copper phthalocyanine on a golden platform was
studied. The authors argued that the plasmon amplification of the triplet-triplet annihilation was also detected
in the research.

Further studies of ferromagnetic particles influence on TTA in nanostructured media requires
development of synthesis methods for such systems, for instance, nano-dispersed inclusions in the matrix can
be polymer spheres [11-12]. These papers present a detailed discussion of ferromagnetic nanoparticles
synthesis based on FeCl, and FeCl; electroless code position and their stabilization alongside the discussion
of polymer spheres synthesis base on SAW (sodium dodecyl sulfate) and styrene. Nanoreactors are often
synthesized on mesoporous silica base [13] and can also be based on ordered mesoporous carbon [14].

Paper [15] is devoted to a study of the pair spin states dynamics of two triplet (T) molecules which are
partners in the spin-selective reaction and that were placed in a reaction cell with a ferromagnetic
nanoparticle. It was taken into account that such a particle has residual magnetization, or acquires it in an
external magnetic field. A theoretical model describing the T-T electronic perturbations annihilation in a
nanoreactor containing a globular magnetic nanoparticle serving as the catalytic element was proposed and it
is based on the so-called «Ag-mechanism» (which is due to the difference in molecules g-factors) which is
due to a split of the cell volume in three areas divided by potential barriers. Within a strong field and hop
reagent migration approximations it was evaluated how the magnetic annihilation effect value depends on
the magnetic field induction generated by the catalytic nanoparticle in each of the spatially-separated areas.

Thus, despite the expressed interest in the problem of magnetically controlled annihilation of triplet
electronic excitations near ferromagnetic nanoparticles, the analysis of the results obtained based on an
adequate theoretical model of spin-selective reactions, which takes into account the inhomogeneous nature of
the magnetic field in the vicinity of ferromagnetic nanoparticles, has not yet been carried out, due to the lack
of such a model.

In this paper, a corresponding model is proposed and, on its basis, the spin dynamics of molecular T-T
pairs in the magnetic field of a globular ferromagnetic nanoparticle is studied, taking into account the
gradient effects of the field. In a typical variant of the migration of a spin-carrying molecule, i.e., its free
diffusion in a circular or spherical region with a nanoparticle located in the center of the region and reflection
at its boundary, the TTA magnetic effect was calculated from the modulation of the spin-selective reaction
rate by the field. Moreover, in contrast to [15], the spin dynamics was analyzed in the general case, i.e.,
outside the framework of the strong magnetic field approximation. For this purpose, the 9x9 force matrix
describing interactions between T-molecules is constructed (Table 1).

Giant palladium clusters have an icosahedral core with N=561 atoms (five-layer cluster). In a large
number of works devoted to magnetic nanoclusters, clusters of spherical and spheroidal shapes are
considered. Experimental observations of the shell structure of metal clusters show that clusters with a magic
number of atoms have a spherical shape (N=13; 55; 147) [16]. Analysis of the rearrangement of the
magnetization of Fe clusters at R>Rc was carried out for spherical clusters [17, 18].

1. Mathematical model

Magnetized ferromagnetic nanoparticle in a nanocavity creates a magnetic field that affects nearby spin-
selective reactions involving paramagnetic molecules or triplet excitons. Be-cause of this it is important to
search for a detailed description of the reaction kinematics in such nanoreactor systems with a magnetized
core [15]. In this paper, we consider layered (shell) magnetic particles of a cylindrical or spherical shape, on
the surface of which particles of two types (molecules or quasiparticles-excitons), with different diffusion
coefficients D, and D,, can freely move, annihilating at a distance is especially effective when they

approach the interaction radius. Magnetic particles are placed inside nanoreactors.

The magnetic field arising in the shell does not significantly affect the nature of particle motion in the
layer between the ferromagnetic particle and the inner surface of the nanoreactor. At the same time, the spin
dynamics of molecules with a nonzero electronic or nuclear magnetic moment depends on the magnitude of
the induction B of the magnetic field B.

In certain cases, spatial and spin dynamics can be studied independently. Nonetheless, the spin-selective
annihilation yield is to be defined both by spatial and spin properties. In the case to be discussed further the
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reaction rate depends on positions I, and r, of the reagents placed within the layer at a given time t which
are “marked” with magnetic field induction vectors B(r,) and B(r,). We define the coordinate-spin density
operator ﬁ(rl,rz,t |r/,r;,B(r,),B(r, )) which defines the population growth rate of the state |JM> optimal

for the reaction (here J, M are the total spin moment and its z-projection correspondingly). For the rate
constant K (r/,r;) of the spin-selective triplet (T) states annihilation the following holds

’ 7 ° 1 S = ’ 7
K(rl,rz):jdtﬂuq r -, |)§Tr{Ps,p(r1,r2,t |r/.r,B(r),B(r,))} d’rd’r,, (1)
LAV

where Tr{lf’s,,b}+ = Z(JM |<|55,5+/3|55)|JM > =<OO|/3|00> , because If’S =|OO><OO| is the operator

J.M
performing a projection of the T-T pair singlet state; r/,r, are the initial positions of the mobile particles.
AV, - integration volume (volume of the layer between the ferromagnetic particle and the inner surface of
the nanoreactor), U (r) is the distance-dependent rate of an annihilation act. The spin-Hamiltonian of a T-T

pair H (r,,r,) is given by the following

H= O,y B(rl)slz + gzluBB(rz)Szz _2Jexc(r12)slsz _SID(QI)SI _SzD(Qz)Sz . (2)

Description of the kinetic of the spin-selective triplet electronic excitations annihilation within a
potential field V(r,,r,) can be based on the density operator p(r,,r,,t) (we do not highlight here the explicit

dependence on the magnetic field induction B, parameters r/,r, omitted) satisfying the following equation
with the spin-Hamiltonian H(r,,r,) of the T-T pair and for the Fokker-Planck transport operator (the

diffusion operators for a layer with the coefficient D, )

0 ira _ _
&p(rlarz,t):_gl:H(rlarz):p(rprz:t):'_Fp(r17r27t)+

2 1 1 _ _ (3)
+Z Dj dlv(vj +k_TVjVJ/3(rlar2at)_§U (| - D{ﬁ(rlsrzat)PS + Psﬁ(rlarzat)}'

j=1 B
The first two terms define Zeeman interaction of single triplets (with different g-factors g, and @, ) of a
T-T-pair with the local magnetic field induction B(r;) generated by the ferromagnetic nanoparticle at the
points of placement of molecules 1 and 2; the third term describes the intermolecular exchange interaction
with the exchange J,.(r,,) depending on the distance between triplet pairs I, ; the last two terms describe
the inter-triplet spin-spin interaction. Operators S,S, are vector operators of molecules (1) and (2)
electronic spins; D(€2,,)) is the tensor of the magnetic dipole-dipole interaction; €2, are the angular

parameters; 4 is the Bohr magneton. Hamiltonian of the spin-spin interaction Hy=-SD,S -SD,S
accounts only for the magnetic dipole intermolecular interaction, while the inter-triplet spin-spin interaction
is assumed to be negligibly small due to the relatively large radius of the molecular pair. The exchange
interaction operator is diagonal in the pair basis |JM > of the total electronic spin of the T-T pair S= §+ S, .

The value of the exchange integral fall with the intermolecular distance r and tends to zero in the following
conditions R <<r<R: J_.(r)—>0.

In the case when the diffusion fluxes are determined by the density gradients of the initial distribution,
and not by the gradients formed by distance annihilation, it can be assumed - at a sufficiently low
annihilation rate - that diffusion occurs almost independently of the reaction. In that case the density operator
p(r,,r,,t) can be factorized p(r,,r,,t) = pg(r,,1,,1)G,(r;,1,,1), where G,(r,,r,,t) is the two-particle Fokker-
Planck equation Green function for massless particles that do not interact with each other. Such a split of
spatial and spin  variables is justified be the following reasoning. The operator
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p(r,r,,t) = ps(r,r,,1)G, (r,,1,,1) can be placed into equation (2) and we are to assume that the following
approximation holds

2 2
Z Dj V? Hs(rl’rz»t)Gz (rnrzvt) = ps(rvrpt)z Dj V?Gz (l’l,l'z,t) (4)
i=1 j=1
which is due to the small values of gradients V, ps(r;,r,,t) ; therefore, the following inequalities hold

2 2
DD, V,ps(x,,1,,t)V G, (r,,1,,1) << P (x;,1,,1) Y D, V3G, (1,1, 1)
j=1 j=1
and

2 2
G, (r,,1,,1)) D, V3 pg(r,1,,t) << pg(r,1,,1) Y D, V3G, (1,1, 1)

j=1 j=1

In that case equation (2) allows one to obtain the following equation for the spin-density operator
Ps(r,,1,,1) which is free from the Laplacian and any other spatial derivatives

0 _ s _ _
_ps(rprzat):__|:H(rprz)aps(rprzat)]_Fps(rprzat)_
ot h )
I _ .

—JU(n = D{Pe(r, 1, DR + Pps(rom, ).

In such a way the spatial variables r,,r, in operator pg(r;,r,,t) serve as parameters. Namely, in case of
the triplet (T) excitations annihilation via the single channel the following holds

Ds(1,,1,,1) = exp[-Tt]exp(Kt) ps(r/, 15, 0)exp(K 1) (6)

where are non-Hermitian evolution operators

I2(13(1‘1)aB(r2 )) = _%[ H (B(r1)5B(r2 )) =i gx(rlz )j 5

K" (B(r,), B(r,)) = IE[ H(B(r,), B(r,)) +i gﬁ(flz)j : (7

And the annihilation influence on the T-T pair spin-dynamics is explicitly accounted by the following
operator
A(r) =U(lr —r, DFs.

The matrix <JM | K | IM '> of the kinetic operator (7) is given by the following Table 1. In the table 1:

i : : . | : : :
H; =i, g( 0,B, £ 9,B,) are Zeeman interaction matrix elements; H, = 2% Joe 1s the exchange interaction

: [ [ . S :
matrix element; HZ Z%( E £E,), Hy= E( D, £D,) are matrix elements of the spin-spin interaction.

We introduce the following notations g, =g, 9, =g+Ag, B =B, B, =B+ AB. In these notations the
Hamiltonian (3) reads

H=gusB(S, +S,, ) +[9AB+Ag(B+AB)] 4S,, — I (N)(S” —4) + Vs, (3)
or

H=H,+Vg, H =H" +H®, HY = gugBS, —J_.(S*—4), H? =[gAB+Ag(B+AB)]1,S,, .
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Terms of Hamiltonian (3”) should be grouped up as follows: H =H" +[H® +Vg]=H{" +V . The

pair basis sates | JM ) are eigenstates for H", but not for H{”. Consequently,
H[IM) =[ gugBM = 3, (I +D—4) || IM), M =m +m,,
while operators H{”, V induce transitions between states of the pair basis|JM ) .

Table 1. The kinetic operator matrix <JM | K | JM '>

0 1 2
M
0 1 0 1 2 1 0 1 2
2 . 1 .- . R
o 0| 258,.-K 0 -—H7 0 -—H 0 —‘er 0 -—H:
-6 3 3 3
1": T
—H,+H_ 4 1 ... 1 R R 1 ...
1 0 s 0 —H; 0 ~(H;-H3) 0 ~H; 0
+(1/6) 5 - < <
1| 0 N (] ol 0 L 0 15 g 0 L g
-\fﬁ_ Fa 3‘ i J_.J_ E 5 il 4 \E
1 .=
1,.- H, . ——H;+ 1, 1, -
1 0 —H; 0 ) 0 - H} 0 -~ (HI+H; 0
- +(1/6)H} - -
1 .- 1 . HS-H - -
2| —FEH o - HI 0 PR 0 ——=H; 0 0
B 2 ~(13) 7 -f6
1 T
1, .= .= 1 - —H,-H_ 1 1
-1 0 —(H; -H3) 0 - H: 0 27E T 0 -~ H: 0
- - +(1f6)H7 -
2 = 2 1 r= 1 1 r=s
2|0 —"{‘_—f- 0 g 0 -—H: 0 _H-H 0 -—H:
3 6 .Jﬁ_ 3 _Jﬁ_
1. 1 .
L e PR 1. —H;-_H
1 0 —H 0 -~(Hi+H 0 -—H 0 6 2 0
- o o _‘qlll
1 .- 1 - - - R - g
2 | —=—FF ] H 0 0 0 -—=H; 0 ez
B N it -(18) H3

A numerical realization of the solution (6) can be expressed through the following exponential
operators’ matrices <JM |exp(Kt)| IM ')
(M| ps(t)|IM”) =
=exp(-K_t)x D" > (IM|exp(Kt)| IM ") (IM”| ps(0)| I"M ")(I"M”|exp(K"t)| IM”) * ®

IM”IM”
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For 9x9 basis |JM > the representation <JM |exp(Kt)| IM '> obtained via the Sylvester theorem can be

constructed numerically when the matrix <JM | K | IM '> eigenvalues are found.

Solution of the diffusive part of the problem is obtained via the kinetic equation for the time-dependent
two-particle Green function G, (r,,r,,t) for the within layer free diffusion equation

d
&GZ (r17r2 at) = DIVIZGZ (l'l,l'z at) + D2V§G2 (rlarZat) . (9)

Here Vf(z is the tree-dimensional Laplace operator in coordinates r,(r,). Being near one of the

boundaries (spherical or cylindrical surface), S(R) or S(R,) the particle gets into other conditions for its
annihilation with another particle, in comparison with the case of a region without boundaries for the
analytical Green function G,(r,,r,,t) is a more sophisticated problem. The absence of the annihilation term

in (9) reduces its applicability only to the weak annihilation case. The following inequality for the rate
amplitude can server as a suitable criterion for the weak annihilation regime within the studied problem

U, =max U(r,): U, <<D,, / R}, . When the inequality is satisfied, the equation for the two-point Green
function G,(r,,r,,t) is spited in two independent diffusion equations for each particle. Consequently, the
Green function G\ (r,r,,t) is factorized with respect to the particle’s coordinates:
G (r,,r,,t) =G (r,,1)G (r,,1)

Within the spherical frame with the z-axis being co-oriented with the magnetic moment vector M
defining axial field in the gap, the Green function G,(r,8,¢,t) of each annihilating particle has the form

(0) /1(0) ’
Gl(r99’¢’t|r’aela¢,)_4 +ZCXP|: ( (0)) t:| ZI/Z(/LI ) ( r) +
ECR] . Irzm o)
o @) Oy
+y Zexp[ (ﬂ(l)) ](2|2+1) (: )'Zm/z(ln r) |+1/2(/qb )X (10)
n,l=1 m=0 T ( +m) \/—J.rZIH/z (I) dr

XP™(cos @) - P™(cos8’)cosm(¢p—¢),

here Z,.,,,(A’r) is a combination of the Bessel function J,,,,,(X) N,,,,(X) of a semi-half index I+1/2

Zn AN =[ A3 AR = 3 AR QR IN 5 (A1) -
AN/ (AR = Ny (AR (2R) ]34 (A0T)

P™(cos@) is the Legendre polynomials; A" are the positive roots of the
equation 4, Z{,,,(A4'R) = Z,,,,,(4"R,)/ (2R,) =0.

Calculations based on the diffusion Green function (10) are complicated, so for the sake of illustration
we assume that the moving molecule placed in the nanoreactor makes it diffusion walk in a certain plain
within a circular area o which is a nanocell section passing through its diameter (Fig. 1a). In the circular
symmetry case, which is due when the Green function does not depend on the angle ¢ the following

equation holds for the radial Green function G,(r,t|r") of two-dimensional diffusion walk

IR, (1t R)} an

G(rt|r)——{1+2exp[ = (4") 't T(’( (a0

Here " are positive roots of the equation J/(”)=0; J_(X) is the Bessel functions of the first kind.
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When a solution for equation (9) for two-particle Green function G,(r,,r,,t) is obtained, then the spin-
selective biomolecular reaction rate constant K(r/,r;) can be evaluated as follows

’ 7 T 1 ~ ~ ’ ’
K(rprz):_..dtjjuﬂl}_rz |)5Tr{Ps,p(r1ar2’t|B(r1)’B(rz))}+ G, (l‘l,t|r1)G1 (r2:t|r2)d3rld3rz' (12)
0

AVg

Expression (12) provides an exact solution of the stated problem with the main emphasis on the
influence of boundaries S,S, on the kinematics. Radius-vectors r/,r, in (12) define the initial positions of

particles 1 and 2. Therefore, the specific rate K(r],r;) of the biomolecular reaction depends on the initial
configuration of the particle pair r/,r,. It was assumed that the T-T annihilation rate U (|r1 —r2|) in (12) is
represented by subjected to the exponential law
r-r
U (|r1 —r2|) :UOexp{—2|ll—zq,

where | is the characteristic scale of the overlapping of interaction molecules electron shells.

2. Results and discussion

It is assumed that some porous media when wetting form a thin liquid layer impregnated with
ferromagnetic particles due to the adhesion. This assumption allows one to create a model for two-
dimensional diffusion walk of T-molecules in a circular region (Figure la) which simplifies further
calculations. A magnetized ferromagnetic core creates a heterogeneous field within the nanostructure. To be
exact, in the case of two-dimensional walk within a circular section « the nanoparticle magnetic field

induction distribution reads B, (r)=B/r* (Figure 1b).

F;
.f“f__'_._._ o
dﬁ' 1

a) b)
Fig. 1. The structure of the studied system: the coherent T-T molecule pair-(1), (2) with the intermolecular
distance r within a circular area & with the radius R containing a ferromagnetic particle in the center with the

radius R, and the magnetic moment I (p =M,V ) (a); the distribution of the magnetic field induction B,
generated by the ferromagnetic nanoparticle within the plane ¢ givenby B, (r)= B/ r’ (b)

To study the influence of the ferromagnetic nanoparticle magnetic field (mainly, the influence which is
due to the degree of its non-homogeneity) on the triplet-triplet excitation annihilation rate of excited
molecules making diffusion walk in a proximity of such a particle we evaluated both space-time (Fig. 2) and

time (Fig. 3-5) dependencies of the singlet matrix elements <OO| ﬁs(r,t)|00> of the T-T pair spin density
operator for various field values and molecular system parameters. Further we neglect the index S of the
density operator pg, but we are to use indices hom or het to indicate homogeneity or heterogeneity of the

field correspondingly. The radius r defines the position of the moving molecule with respect to the center of
the nanoparticle. Heterogeneity of the magnetic field leads to the dependence of the population of the pair
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singlet state <OO| Pret (r,t)|00> from the T-molecule coordinates. Results of calculations are presented on Fig.

2a and Fig. 2b. They show that the population is modulated by the T-molecule position both for weak
residual fields B<0.1 T (Fig. 2a) and for strong residual fields (> 0.1 T) (Fig. 2b). In weak heterogeneous

fields the influence of the AB -mechanism weakens, so states |2 s 1> and |1 t 1> are mixed mainly because of

the Ag -mechanism.

i i L i '..; Y
.04~ [ 0.101 - LiL HRRERT e
0.03 ’ o T e, _
(v Ey ¥ 7 8 .05 ,.i.]‘ N e o T 9
0.01 . PR :
. T _
"o A 0 .
i, i = R
0.5 3 |'.!- - 3
f, mcs L, mcs 1
11 1
a) B=10* T, B,(r)=B/r’ b) B=0.1T, B,(r)=B/r’

Fig. 2. Evolution of the singlet T-T pair density population (00| Pret (r,t)| 00) = p,, Placed in a residual
magnetic field of the nanoparticle versus the position of the moving T-molecule. The following parameter values are
used: K, =107 s, @, =107 s, Ag=107, &) =107 s, &) =2-10" s, K =10" s’}

0,100 .
[xﬁ —— 1
—e— 2
0,075 3l
&
S 0,050 ]
N
$
0,025 1
0,000 %
0,0 0.1 0.2 03
t, mcs t, mcs
@) B=B,:0(),12)un2T(Q3) b)B: 102(1), 103 (2), 5-107* (3), 10 4),0 T (5); B,(r) = B/8

Fig. 3. Kinetics of the singlet spin state population <00|p(r,t) | OO) of the T-T molecule pair at various values
of the external magnetic field induction. (a) — non-magnetic nanoparticle, uniform magnetic field, (b) —
ferromagnetic nanoparticle, inhomogeneous magnetic field. The following parameter values are used: K , =107 s°

L, =10" 51, Ag=107, o) =10" s, &) =2-10" 57, K,=10" s, r=2 nm

The existence of an external heterogeneous field B and its AB -mechanism influence result in a
significant growth of the oscillation frequency of the pair singlet state population <00|phet (r,t)|00>. This

fact is well-illustrated with Figure 3. The population oscillation frequency within a homogeneous external
field with induction 1-2 T is ~0,14-0,25 MHz (Fig. 3a), while in a heterogeneous field of weak induction

B~107 T it rises up to ~ 24 MHz (Fig. 3b). The oscillation frequency for the case (00|, (r,t)[00) matches

the frequency for the case of a heterogeneous field with an amplitude B of the order of (~1) mT. Therefore,
AB -mechanism results are a significant growth of the population oscillation frequency by 4-5 orders of

magnitude.
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The growth of the exchange frequency .. in the generalized model accounting for the field

exc
heterogeneity describes previously unknown results, namely, the increase of the population probability of the

pair singlet state <OO| p(r,t)|00> both for homogeneous and heterogeneous fields (Fig. 4). It also should be
noted, that the increase of the exchange frequency @, up to 10° Hz in case of <OO| Prat (r,t)|00> results in
an insignificant fall of the amplitude (about 2,5 %), while <OO| Prom (r,t)|00> — 0 due to the effective action

of the AB -mechanism.

0,08 T T T T
——1 0,100
—e— 2
0,06 —a— 3| 4
——4 0,075
4 A
0,04 | g
N 0,050
8 ?
0,02+ /\ 1 0,025 W
0,00 : m 0,000 u I " A v /
0,0 0,1 0,2 0,3 0,000 0,025 0,050 0,075 0,100
t, mcs t, mcs
a) B=B,=1T; e, : 10°(1), 107 (2), 10% (3), 10° (4) ™. b) B=5-10", B,(r)=6,3-10" T;

@, : 10° (1), 107 (2), 108 (3), 10° (4) s7".
Fig. 4. Kinetics of the spin singlet state population <00| p(r,t)|00> of the T-T molecule pair at various values of the
exchange frequency @, . (&) — non-magnetic nanoparticle, uniform magnetic field, (b) — ferromagnetic nanoparticle,
inhomogeneous magnetic field. The following parameter values are used: K_ =10 s, Ag=10", a)g,) =10" s,
o2 =2-10" s, K,=10" s, r=2 nm
Elementary annihilation act rate K enters the matrix element <JM |K|J'l\/| '> of the kinetic operator
(Table 1). The increase of the rate K, results in a decree of the amplitude of population <00| p(r,t)|00> in

an analogy with homogeneous (Fig. 5a) and heterogeneous magnetic field cases (Fig. 5b).

0,09 . . 0,09 T T T T
— |
—e— 2.

—a— 3|
0,06 —v— 4| 0,06 ]
g ° 5
; %
oy N
=} ]
G 0,03+ B v 0,03+

0,00 -+ LSS "R'A 0,00

T - Y v
0,00 0,06 0,12 0,18 0,24 0,30 0,00 0,06 0,12 0,18 0,24 0,30

t, mcs t, mcs
a) B=B,=1T; K_:10°(1), 10° (2), 107 (3), 10% (4), b) B=5-107, B,(r)=6,3-10" T;
10°(5) s K, :10% (1), 10° (2), 107 (3), 108 (4), 10° (5) s°".

Fig. 5. Kinetics of the spin singlet state population <00| p(r,t) | 00) of the T-T molecule pair at various values of the
elementary annihilation act rate K, . (a) — non-magnetic nanoparticle, uniform magnetic field, (b) — ferromagnetic
nanoparticle, inhomogeneous magnetic field. The following parameter values are used: K , =107 s, @, =10"s",

Ag=10", & =10 s, @2 =2-10" s, r=2 nm
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Moreover, calculations allow one to recover the dependency of the relative TTA (magnetic effect) rate
change y(B)=[K(0)-K(B)]/K(0) from the magnetic field induction B (Fig. 6-8). The influence of the

spin-spin interaction on the TTA reaction magnetic sensitivity results in a change of the interval where y(B)

approaches asymptote (Fig. 6). This effect most clearly manifests itself in homogeneous fields (Fig. 6a). In a
heterogeneous magnetic field, the effect is leveled out by the fast yield saturation due to the AB -mechanism
(Fig. 6b). Figure 6 shows that the spin-spin interaction does not affect the form of curves y(B) for the

frequencies @y <10” Hz. The modulation of the TTA reaction rate y(B) shows even more specific

behavior in a proximity of either magnetic or non-magnetic nanoparticle when the T-molecules g-factor
difference is changing (Fig. 7).

0,08 T T T T T T T 0,100 T T T T
gt
0,06 . 0,075 / :;_
W+ 30
——4
_ 0,04 i 0,050+ 5]
—_—1
—e— 2[]
0,02 . 3 0,025 .
—v— 4
—o— 5|
0,00 : T . T . . 0,000 - T T
0,00 025 0,50 0,75 1,00 0,0000 0,0025  0,0050 0,0075 0,0100
BT BT
a) B=B,; w_: 10° (1), 10°(2), 107 (3), 10% (4), b) B, =B/r’; w,_: 105 (1), 10°(2), 107 (3), 10° (4),
10° (5) 5. 109 (5) 5.

Fig. 6. The influence of the spin-spin interaction frequency @, on the magnetic field effect y(B) within TTA

reaction. (&) — non-magnetic nanoparticle, uniform magnetic field, (b) — ferromagnetic nanoparticle, inhomogeneous
magnetic field. The following parameter values are used: K , =10" s, @, =10"s", Ag=10", K =10" s7,

r’=2 nm, D=10" nm%*s, R=10 nm, U, =10’ s, r, =0,5 nm, | =0,2 nm, a=0,99

: : . 0,100 . .
0,06 4 e
] 0,075 4 —— 1|
/ 2 i
0,04 .3
N / —— 1 ».0:050 —— 4|7
—— 2] ——95
. /+ 31 0,025 - 1
—v—4
] / 5 ]
0,00 ; ! 0,000 T
0,00 0,25 0,50 0,75 1,00 0,0000 0,0025 0,0050 0,0075 0,0100
B, T B, T
a) B=B,; Ag:0(1), 2:107* (2), 4-10™* (3), b) B, = B/r3; Ag:0(1), 2-107* (2), 4-107* (3),
6-107 (4), 8-10™* (5) 6-10™ (4), 8107 (5)

Fig. 7. The influence of the g-factors difference ( Ag ) of T-molecules on the magnetic field effect y(B) in
TTA reaction. (a) — non-magnetic nanoparticle, uniform magnetic field, (b) — ferromagnetic nanoparticle,
inhomogeneous magnetic field. The following parameter values are used: K_, =10" s, @, =10"s", a)i) =10" s,
K,=10" s, @2 =2-10" s, r’=2 nm, D=10° nm%s, R=10 nm, U, =10° s, r, =0,5 nm, | =0,2 nm,
a=0,99
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In case of a heterogeneous magnetic field B variations of Ag do not result in any observable changes
for the magnetic effect y(B) (Fig. 7b). This feature is due to the suppressing action of the AB -mechanism
in the presence of the weak Ag-mechanism. Diffusive Green functions (10)-(11) with reflective boundary
conditions (at the boundary of the nanoreactor) were used for evaluation of the TTA reaction rate (12).
Variations in the radius R of the nanoreactor circular area were the TTA processes occurs results in
variations in the magnetic effect amplitude y(B) (Fig. 8). The spatial constraint of the T-molecules motion
leads to their localization in the area of high magnetic field induction which, in turn, results in the increase of
both reaction efficiency and magnetic response ( ¥(B)~26 %) in both cases.

0,25 ] ] ‘ -
0,24 1
0,204 1 . —— 2
’ 2 0,18 —a— 3
—a—3 » 197 H

0,15 L .
> g = 0,12 g
0,101 1 T |
) ]
0,05 ] 0,06 /AI""— .
0,00 T T T 0,00+ T !

0,00 0,25 0,50 0,75 1,00 ’ 0,00 0,25 0,50 0,75 1,00
BT B, mT
a) B=B,; R 5(1), 10 (2), 15 (3), 20 (4), 25 (5) b) B, =B/r’ ;R 5 (1), 10 (2), 15 (3), 20 (4), 25 (5)
nm. nm.

Fig. 8. The influence of the radius R of the circular area ¢ of the nanoreactor on the magnetic field effect y(B) in

TTA reaction. (a) — non-magnetic nanoparticle, uniform magnetic field, (b) — ferromagnetic nanoparticle,
inhomogeneous magnetic field. The following parameter values are used: K, =10 s, @, =10"s"!, Ag=10~,

@) =10" s, @ =2-10" ', K,=10" s, r'=2 nm, D=10° nm¥s, U, =10’ s, r, =0,5 nm, | =0,2 nm,
a=0,99

It should be noted that the increase of the radius R of the “reaction-diffusion” area alongside the
diffusion coefficient D growth leads to a saturation of the reaction efficiency with respect to variation of R
and D. This is due to the fact that the spin non-selective reaction rate rapidly approaches its asymptote and
the T-T pairs spin dynamics remains relatively fast.

Conclusion

Magnetosensitivity of a reaction involving T-molecules in the most general case is affected by the inter-
triplet electronic spin-spin interaction mechanism or the associated spin-relaxation mechanism. However, in
the case of molecules high orientation mobility their chaotic reorientation can completely level out their
anisotropic spin-spin interaction within the triplet. In an analogy with the spin radicals’ case the reaction
magnetic sensitivity can be driven by the AQ-mechanism of the magnetic response which is due to
annihilation of T-molecules of various types. In homogeneous magnetic fields it can become the dominant
factor generating the T-T pairs spin-dynamics. Consequently, within calculations of both pair singlet state
population dynamics and the TTA specific rate magnetic effect we did account for the fine triplet energy
structure associated with the spin-spin interaction operator Vi =-SD,§ —S,D,S, alongside the AgQ -

mechanism and the specific delta B-mechanism (or grad B(r)-mechanism). To put it otherwise, the
influence of the field heterogeneity on the T-T molecular pair dynamics was taken into account. It was
shown that it is AB -mechanism that can effectively influence the singlet state <OO| p(r,t)|00> population

dynamics of T-T molecular pair and lead to a positive TTA reaction magnetic response both for multi-sorted
and single-sorted molecules (for which Ag=0). In other words, in a heterogeneous magnetic field the AB -



16 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No.4 (42)

mechanism replaces the Ag-mechanism in its influence of the magnetic field, as it provides the dominant
contributions to the reaction rate magnetic response in nanostructures containing ferromagnetic particles.
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The most common method of manufacturing parts is metal pressure treatment, as a result of which the entire
reserve of strength and ductility of the material is not exhausted. Therefore, the issues of the influence of plastic
deformation on the cyclic durability and endurance limits of steel rings are relevant. In this article experimental
studies of the effect of high pressure torsion in a die of new design on the evolution of the microstructure and the
change of mechanical properties have been carried out. As a result, the fundamental possibility and efficiency of
using the proposed method for the formation of ultrafine grained structure and increasing the strength properties
of steel rings has been proved. Strain was carried out at ambient temperature in six passes. The strain resulted in
an ultrafine-grained structure with an average grain size of 0.5 um and a great number of large-angle
boundaries. The strength properties of microalloyed steel increased almost threefold compared to the initial state,
the microhardness also increased threefold, i.e. increased from 760 MPa in the initial state to 1935 MPa after
strain. The greatest increase in strength properties occurred in the first 3 cycles of strain.

Keywords: severe plastic deformation, microstructure, high pressure torsion, steel, mechanical properties
Introduction

The desire for the highest possible efficiency in the production and use of components is reflected in the
growing development of complex production processes and specialized materials. For the development of
production processes, this means a tendency to reduce the number of different production steps while using
materials as efficiently as possible. In terms of material performance, against a background of increasingly
important, lightweight construction, high strength with good ductility is of great importance [1,2]. Most
manufacturing processes for processing metallic materials cause local or global changes in material
properties. These production properties, in turn, can be used purposefully to increase component
performance or decrease material usage in reverse order. Thus, by adapting the manufacturing process to
purposefully tune certain local material properties, synergistic effects can be used to improve overall
component production efficiency.

The dynamic development of various industries, including aviation and mechanical engineering, as well
as the ever-increasing requirements for structural materials contribute to the improvement of research on
improving their mechanical properties. One of the ways to improve mechanical properties is to refine the
material structure.

Ultrafine grained and nanocrystalline materials have been the subject of extensive research for a long
time, since their mechanical properties allow us to expect great potential as structural materials [3-7]. To
expand the possibilities of using ultrafine-grained materials as structural and functional materials, to make
products with unique mechanical and physical properties, it is necessary to develop a method that would
allow obtaining semi-finished products with improved characteristics. These include large cross-section,
uniform grain size equiaxed ultrafine grained structure in any cross-section, high proportion of large-angle
grain boundaries, and without sharp texture and areas with crystallo-graphically close grain orientation. The
new method should take into account the factory realities, i.e. it should be easily adaptable to the existing
press equipment equipped with simple and inexpensive technological tooling, and have market potential,
which implies minimization of the introduced strain energy per unit mass of the ultrafine-grained product.

Such a method, apparently, should be sought among cyclic methods of deformation processing of
metals and alloys, which include comprehensive isothermal forging, equal channel angular pressing (ECAP),
helical extrusion and others that allow during the deformation processing to preserve or restore the original
three-dimensional shape of the blank, regardless of the degree of deformation [8-15].
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One such method is high-pressure torsion (HPT). In the process, shear strains are introduced into flat
disc specimens by torsion under high hydrostatic pressure stresses. During the process, the sample is placed
between two dies and twisted by the rotation of one die or the opposite rotation of both dies [16]. Grain size
grinding in the HPT process is generally slightly more efficient than in the ECAP process, so a finer grain
structure and higher mechanical properties can be obtained through this method [17,18]. However, although
extensive research has been carried out in this area, the behavior and fundamental principles are not yet fully
understood because, for example, such materials have extraordinary strength. The ductility, though, is too
low, and also discs treated in this way have anisotropic properties between the center and the edges. As a
result of the analysis of scientific and patent literature, the high-pressure torsion technology was selected as
the most optimal processing technology for ring workpieces. However, this technology is most often applied
to disk-shaped workpieces. So the next stage of research is to develop a special design of the die allowing to
implement this process of severe plastic deformation, as well as to assess the possibility of stable flow of the
process.

As is known, during high-pressure torsion, the movement of the straining tool consists of two types:
translational and rotational. Presses are ideally suited as a working mechanism to implement this method,
allowing for high hydrostatic pressure during compression. However, the main difficulty is the need to
perform the torsion operation along the axis of the workpiece. This requires a certain torque to be transmitted
to the straining tool, which is often not possible due to the design features of most presses. So the only
possible option in this case is to ensure the torsion of the straining tool at a constant rectilinear motion of the
press punch. The solution to this technical problem can only be realized in practice with a compound
straining tool that includes both displacement and rotation units.

On the basis of modeling in the software package Deform given in papers [20-22] drawings of design
have been developed. The design consists of several parts: the upper striker which is driven by the
progressive motion of the press; the lower striker which is driven by the progressive motion of the upper
striker and the die. There are 4 periodic spiral shaped notches on the bottom edge of the upper striker. A
cylindrical hole is provided in the center of the upper striker for the rod of the straining element and to
ensure alignment of both strikers. The lower striker has several steps. This design solution is necessary
because in this case we are talking about straining a circular workpiece and not a disk workpiece (Fig. 1).

Fig.1. General view of the complete construction: 1 - bottom carrier, 2 - top carrier, 3 - upper striker, 4 - lower striker,
5 - matrix, 6 - piston ring.

The purpose of this work is to study the effect of high-pressure torsion in dies of new design on the
structure and properties of 06 MBF steel.
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1. Materials and Methods

The initial workpiece had a ring shape with a diameter of 76 mm, a width of 3.5 mm, and a thickness of
3 mm. Steel 06MBF (Fe-0,1Mo0-0,1V-0,06Nb-0,09C, wt.%) in the initial ferrite state was chosen as an object
of the study. Initial workpieces of 06MBF steel were quenched at 910°C (15 min.), followed by high
tempering at 660°C (30 min.). Assembly of the structure and the experiment itself was carried out in the
laboratory on a single-column hot-stamping crank press model PB 6330-02, the force of which is 1000 kN.
The strain was carried out at room temperature. Number of strain cycles is 6. To verify the ability to maintain
the microstructure and mechanical properties during heating, the specimens were subjected to heating after
strain. For this purpose, the samples after the HPT were cut into thin plates 10 mm thick and exposed to 450
- 600°C for 15 min with cooling in water. The fine structure was studied on a JEM 2100 transmission
electron microscope. Thin foil for microstructure study was prepared by thinning with electrolitic polishing
in an electrolyte of 400 ml H;PO4 and 60 g CrO; at room temperature and 20V, the current density was
2.5A/cm?,

Mechanical tests for uniaxial tension were performed at ambient temperature on Instron 5882 machine
with a strain rate of 1.0 mm/min. The tensile specimen were prepared according with method described in
[23]. The strain of the sample was measured by an Instron strain gauge. According to the results of tests, the
strength and ductility characteristics were determined: yield strength, tensile strength, and elongation.

Micromechanical properties were monitored during all periods of the study by measuring the
microhardness. To measure the microhardness, an imprint was made on the sample surface under static load
in accordance with GOST 9450-76. The indenter was a diamond tip in the form of a square pyramid with a
square base. The load was 1 N. The root mean square error of the micro-hardness determination on many
prints is an indication of the accuracy of the instrument. The error in the mechanical tests did not exceed 3%.

2. Results and discussion

In the initial state, the structure of unstrained samples consists of ferrite grains, which inherited the
morphology of batch martensite, after quenching, with a grain size of 18 um (Fig. 2a). High-pressure torsion
straining resulted in intensive dispersion of the structural components down to 0.5 pm (Fig. 2b). The grain
boundaries are blurred. The electronograms shown in Figure 2 are a system of reflexes with azimuthal blurs
and broadened X-ray lines. This indicates a high level of internal stresses in the grains. On the electronogram
after strain by the HPT method, the lines have a circular character with clearly distinguishable individual
reflexes evenly distributed throughout the ring (Fig. 2b). This indicates the presence of high-angle
misorientations between the structural elements from which the electronogram was obtained.

Fig.2. Microstructure of 06MBF steel: a) — initial state; b) — after 6 cycles of deformation.

Figure 3a shows that heating the samples to 450°C does not lead to a significant increase in grain; the
structure retains the ultrafine grain structure with an average grain size of 0.6 um. The electronogram still
has a circular character. Increasing the temperature to 500°C leads to a return process, the grain size
increases to 1 um (Fig. 3b). Grain boundaries become equilibrium, dislocation density decreases. Heating to
550°C leads to the beginning of recrystallization processes. This can be seen in the nascent grains, the
average grain size is about 2 um.
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Fig.3. Microstructure of 06MBF steel after heating: a) — 450°C; b) — 500°C; ¢) — 550°C.

Tensile tests showed that the resulting ultrafine-grained structure has improved strength properties. The
results in the initial state are: yield strength is 263 MPa and tensile strength is 465 MPa, and relative
elongation is 32%. The formation of ultrafine grained structure after 6 cycles of strain by the HPT method
leads to an increase in the ultimate strength up to 1315 MPa compared to the initial state. The yield strength
increases to 1064 MPa. The value of ductility decreases sharply compared to the initial state up to 14%.

The microhardness results correlate with the mechanical tensile test data and indicate that the HPT in
the new die allows for a fairly uniform hardness across the entire cross-section of the ring. After 6 cycles of
strain by the HPT method, the microhardness increases almost threefold from 760 MPa to 1935 MPa as
compared to the initial state. In this case, the main increase in hardness falls on the first 3 passes - 65%.

Conclusion

The study confirmed the pattern of strain-hardening of microalloyed steel rings with an increase in the
number of strain cycles. Significant changes in microstructure initiated by high-pressure torsion in a new
kind of die allowed to achieve the following most important results:

1. The electron microscopic analysis showed that the strain by torsion under high pressure leads to
intensive dispersion of structural components from 18 to 0.5 um. And the obtained ultrafine grain structure is
preserved when heated up to 450°C.

2. The tensile tests showed that the obtained ultrafine-grained structure has increased strength
properties. The results of microhardness determination correlate with the data of mechanical tensile tests and
testify to the fact that the HPT in the new die allows to obtain a sufficiently homogeneous hardness over the
entire cross section of the ring.
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In this article, the radiation defects induced in steatite ceramics type- SNC- irradiated with high doses of
gamma-rays of ®Co source and mixed reactor n°-gamma-irradiation were studied using optical spectroscopy, i.e.
diffuse reflection method. An analysis of the results of the diffuse reflection spectra showed that some structural
defects are formed under gamma-irradiation. These are oxygen vacancies, unbound oxygen atoms, and E! -
centers (a three-coordinated silicon atom that has captured an electron) in the ultraviolet region of the spectrum.
In the visible region of the spectrum, the types of hole centers are different. After decomposing the spectrum of the
visible region into Gaussians, it was found that in this region of the spectrum, with n° —.gamma- irradiation of the
reactor, in comparison with gamma-irradiation, various types of hole centers - (O-Me, Me-metal) are additionally
formed. The efficiency of creating these structural defects in n°-gamma-reactor irradiated samples was higher
compared to gamma irradiated samples.

Keywords: steatite ceramics type-SNC, diffuse reflection, gamma-rays, n°-gamma-irradiation, V-type hole centers.
Introduction

There is a growing need in the nuclear power industry for materials suitable for use in high radiation
fields. In addition, there is the problem of effectiveness in using existing materials in extreme conditions. In
this aspect, ceramic dielectrics have a special rank, including magnesian ceramics based on MgSiOs, i.e.
steatite ceramics. Since in the future the main energy industry is connected with nuclear energy, its role is
naturally great in nuclear and thermonuclear energy. In this industry, in some aspects, ceramics is an
indispensable material and has been used for a long time. For example, ceramic products effectively work in
the shell of a sealed zone of localization of an accident at a nuclear power plant under the conditions of
complex exposure to decontaminating solutions and intense gamma radiation, as fire barriers in cable
corridors, in the zone of increased radiation of a nuclear reactor at high temperatures, under conditions of
powerful neutron fluxes. and other types of radiation. However, radiation processes in ceramic materials
haven't been entirely studied in comparison with other dielectrics. Therefore, the study of radiation-
stimulated processes in ceramic materials is relevant both from a scientific and application point of view.

The study of the effect of higher doses of y-radiation on steatite ceramics SK-1 and SNCs showed that
at higher doses of y-radiation (>10° R (8.8x10’Rad) in these types of ceramics, structural defects with high
thermal stability are formed [1-2]. The aim of this work is to study the nature of defects formed under the
action of high doses of y-radiation by the diffuse reflection (DR) method, as well as to compare them with
n°~y-irradiated samples of the nuclear reactor in steatite ceramics of the SNC types of ceramics compared to
y-irradiation.

1. Samples and experimental methods

Samples of ceramics of the SNCs type and, for comparison, SK-1 were studied as well. The ceramics
are based on crystals of magnesium metasilicate-MgSiOs and glass of complex composition. The average
grain size of crystals is 3-8 microns and occupies 60-70% of the volume of ceramics. The orthorhombic
pyroxene enstatite (i.e. the crystalline phase magnesium metasilicate-MgSiO3) belongs to the class of chain
silicates. Its structure is well described on the basis of the concept of poling polyhedral: SiOs—tetrahedron
and MgOg-octahedron (Fig. 1). SiO4 tetrahedra are linked through common oxygen vertices into endless
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zigzag chains [Si20Os]... Neighboring chains are not connected to each other and stretch in parallel, and in
each individual chain the tetrahedra look either up or down, and in neighboring chains, the tetrahedra look in
opposite directions. But the main core of the structure is zigzag chains of MgQOs-octahedra connected by
edges, which form odd floors of the overall structure. In even floors, [Si»O¢]~chains are located, thus forming
a single structure of the crystal phase of magnesium metasilicate MgSiO;[3].

The difference in these ceramics lies in the composition of the glass phases. Additionally, the following
oxides CaO (0.52 wt%) ZnO (17 wt%) Na,O (0.13 wt%) are present in the composition of the glass phase of
SNC ceramics (Table 1). For 100%, the composition of the glass phase itself is taken, and not its relation to
the composition of ceramics, see Table 1 [4,5]. The studied samples had dimensions of 10x10x1mm?, and
the surface of the samples was subjected to polishing to achieve the same surface diffuseness. The samples
were irradiated with y-quanta of the ®’Co isotope (Eavy=1.25 MeV), doses from 10° to 1.5x10'°R (8.8x10° +
1.32x10'°Rad), and neutrons in the channel of the WWR-SM reactor of the Institute of Nuclear Physics of
the Academy of Sciences of the Republic of Uzbekistan with fluences f~10'7+10%° n/cm?. The traditional
optical method for studying color centers (CC) in crystals, based on the study of optical absorption (OA)
spectra, is not suitable for most ceramic dielectrics, which strongly absorb and scatter light. Therefore, DR
spectra, which in the general case are inversely proportional to the degree of absorption of the medium, can
be used to estimate the absorption.

Table 1. The phase-mineralogical composition of steatite materials and chemical composition of glass according to [4]

.. 0
Vateri Crystal phase Crystal The composition of the glass phase (mass. %)
aterials (MgSi03) phase
Si0, ALOs3+ TiO; |FeO3|CaO | ZnO | BaO | Na,O | K,O
SNC 69.2 30.8 37.33 4.44 2.92 10.52117.20| 37.0 | 0.13 | 0.26
SK-1 71.6 28.4 39.46 3.49 268 | - - |5426] - 0.11

Fig. 1. Fragments of the structure of the crystal phase of the steatite ceramics of the SNC (the relationship between the
metasilicate chain and the corresponding chain of cationic octahedra).
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The DR spectra of ceramics were measured in the wavelength range of 200+700 nm using a setup
whose block diagram is shown in Fig.2. The degree of light reflection was evaluated by the reflection
coefficient:

R= (Itr'r'ffrmtr'r'} - 100%,

where lirr and luir — intensities of the reflected light from irradiated and unirradiated samples,
correspondingly.
Unirradiated samples were used as references (with the same reflectance ~R as the research samples).

Power supyly Poeaver surpply 5
of the lamp H3-24 Microammeter

* # =—5F Sycctrophoiencicn

]"-—-:.. i SF-4.4

Fig.2. Scheme-of the setup for measuring DR spectra:
1-light source; 2-sample; 3-standard; 4-turn disc; 5-conical mirror; 6-swivel mirror.

When measuring DR spectra, the wavelength resolution of the SF-4A spectrophotometer was 0.1+0.5
nm, and the error in determining the diffuse reflection coefficient was (R%) 3+5%. The results obtained were

averaged over three samples. When the absorption spectra were decomposed into Gaussians, the error was
about 5%.

2. Results and discussion

The studied samples had a white color, and after y-irradiation, they acquired a brown color, the color
density increased with an increase in the dose of y-irradiation. After y-irradiation, the DR spectra show
additional absorption bands (APB) in the UV region with maxima at A=220 and 260 nm and a broad
absorption band (AB) extending up to 700 nm with maxima at 400+500. Intensities above the indicated AB
increased with increasing dose of y-irradiation (see Fig. 3, curves 1-3). It should be noted that this type of
ceramics has not previously been studied by this method, with the exception of steatite ceramics SK-1 and
high-alumina ceramics GB-7, UF-46. Therefore, to identify the detected absorption bands in the diffuse
reflection (DR) spectra, we analyzed the literature data on silicates, silicate compounds and glasses, since the
basis of this ceramics is the crystalline phase magnesium metasilicate-MgSiOs and silicate glass of complex
composition (see tab.l). Literature data showed that color centers (CC), absorbing light in the region at
A=220 and 260 nm, were observed in quartz, quartz and silicate glasses when irradiated with ionizing
radiation [6, 7].

They are associated with defects in the silicon-oxygen framework-SiO,. Since, in quartz glass and
quartz, in the region of A=215 nm the absorption is due to E' -center, which is caused by a three-coordinated
silicon atom that captured an electron (=Si*") and EPR signals with g=2.00, characteristic of E' -centers of
various modifications. In the region of A=260nm, the absorption is due to a non-bridging oxygen hole center
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(NBOHC). It is known that in various types of silicates under y-irradiation, EPR signals with g = 2.00 were
observed, which are characteristic of E!- centers of various modifications. It should be noted that in all
studied silicates, including quartz and silicate glasses, it is associated with the AB at A=215+230 nm and the
paramagnetic absorption signal with g=2.00. In our case, there are ABs at A=220 nm and a paramagnetic
absorption signal with g=2.0012, which we discovered in [8]. It can be assumed that the AB at A=220 nm
and the paramagnetic absorption signal with g=2.0012 is also associated with the same radiation defect,
namely, with the E'- center.

200 00 400 500 800 700

A, M

Fig.3. DR spectra of irradiated samples of SNC ceramics:
1-2x10° R(1.76x10° Rad); 2-10° R(8.8x10® Rad);3-1.5%10'° R(1.32x10'°Rad); 4-10" n/cm?.

It is worth mentioning that in the above-mentioned work [8] in the samples under study in the initial
state, one more signal of paramagnetic absorption with g = 4.3 was found in the low-field part of the
spectrum. The color center that absorbs light at A=260nm could be NBOHC. Such a center is observed only
in the absorption spectra (AS) of irradiated quartz glass or quartz after n°~y irradiation [6,7]. A characteristic
feature of NBOHC is the AB with maxima at A=260 (4.75 eV), 620 (2 ¢V) nm and luminescence in the
region at 660 nm (1.9 eV), which is observed both in the GL spectra and in the PL spectra (Aex= 260nm).

When excited in the A=260 nm (4.75 e¢V) band of non-primary and irradiated ceramic samples, we did
not detect luminescence in the region of 660 nm (1.9 eV), which is typical for NBOHC. It follows from here
that the observed AB at A=260nm (4.75 eV) is not related to NBOHC. The following can be suggested about
the nature of the AB with a maximum at A=260 nm (4.75 €V): when analyzing the AS of oxides and silicate
compounds with impurities of elements of the iron group, it was shown that in most compounds, for
example, in MgO, Al,O3 and SiO; in the UV region AB can be caused by iron ions.

An analysis of the literature data showed that it is due to Fe’" ions in tetrahedral coordination [6,7]. In
silicates and oxides, iron ions can appear in the EPR spectra (electron paramagnetic resonance) both before
and after irradiation with ionizing radiation. It is known that, depending on the synthesis conditions, iron ions
can be present both in the form of Fe** and Fe’". The Fe®" ion has the 3d® electronic configuration, while the
Fe’" ion has the 3d’ electronic configuration. The iron ion in the Fe*' state does not give a paramagnetic
absorption signal at temperatures above 77K [9,10], the Fe*" ion has two paramagnetic absorption signals:
with g;=4.3, corresponding to iron ions in tetrahedral coordination, and a wide anisotropic EPR signal with
2,=2.0026 corresponding to octahedral coordination. The second signal corresponding to octahedral
coordination was not revealed by us. This gives grounds to assume that the AB observed in the samples with
a maximum at A==260 nm, which occurs after y-irradiation, is due to iron ions Fe’ [9,10]. As mentioned
above, after y-irradiation in the visible region of the spectrum, a wide AB is observed with maxima at
400+550 nm. Literature data on oxide and silicate compounds with ions of the iron group showed that they
are associated with hole color centers (CC), which are due to the localization of holes on oxygen ions
adjacent to cationic vacancies. In the presence of impurity ions of alkali, alkaline earth metals, or OH groups
near the cation vacancy, the characteristics of such centers may change somewhat [11]. Hole-type color
centers of various modifications (V-type centers) have wide AB in the visible region of the spectrum;
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therefore, it can be assumed that the APB observed after y-irradiation in the visible region can be due to V-
type hole centers, which were also observed for SK-1 ceramics [12].

It is known that the specifics of the impact of reactor n°-y-irradiation differs from y-irradiation by the
formation of many structural defects in their complexes, the displacement of atoms from the site of crystal
lattices during elastic and inelastic interactions, etc. After n°-y-irradiation of the reactor, similar ABs appear
in the DR spectra, which were observed in y-irradiated samples, but the intensity of the bands was higher
compared to y-irradiated samples (see Fig. 3, curve 4). The nature of the AB observed in the UV region of
the spectrum with maxima at A=220 and 260 nm has been discussed above. The study of difference DR
spectra (AR=R,—R.y) of y- and n°~y-irradiated samples showed that the spectrum is almost similar to the DR
spectrum of ceramics SK-1 [12]. In the DR spectrum of n°~y-irradiated samples, in contrast to the spectra of
v-irradiated samples, apart from the indicated AB, there are other ones. For example, a new AB appears in
the UV region with a maximum of 248 nm. In y-irradiated samples, this AB is not observed. In the visible
region of the spectrum, ABs are observed with maxima at 400 and 450 nm, as well as a wide AB extending
from 500 to 700 nm (Fig.3. curve4). An analysis of the literature has shown that AB with a maximum of 248
nm is observed in many silicates and quartz glasses. It is caused by an oxygen vacancy (=Si—0—-Si=). The
formation of =Si-0-Si= can be due to the approaching of two E'-centers =Si’" (switching the bond of two
=Si*") or direct kicking out of oxygen atoms during neutron irradiation. It can be seen from the figure (Fig. 3,
curve 1) that both in the visible and near IR region of the spectrum, the picture is different. There are no
obvious ABs here, except for the AB at 400 nm. However, in this region, one can see an overlap
(superposition) of several ABs. Such color centers (CCs) are observed in many oxide compounds and
complex oxide compounds as well. These can be -O-Me centers or a hole trapped by oxygen ions by an
adjacent cationic vacancy. Hole-type color centers of various modifications (V-type centers) have wide ABs
in the visible region of the spectrum; therefore, it can be assumed that the AB observed after y-irradiation in
the visible region can be due to V-type hole centers, which were also observed in SK-1 ceramics [12].

Probably, during y-irradiation, the =Si-O-Mg bond is broken with the formation of =Si**;0-Mg, that is,
E'-centers and hole V-centers are formed. The absorption bands of hole V centers are observed in the range
from 400 to 700 nm. In particular, they can be V> (O- ion near the cationic vacancy), V- (cationic vacancy
with one trapped hole), V© (cationic vacancy with two trapped holes). In the presence of impurities in oxides,
the nature of hole centers also changes [11]. All of these centers, except for E'-centers, are essentially hole
centers, which include the O™ ion located in a different environment. In order to separate each AB from the
superposition, we decomposed the spectrum in the visible region into Gaussians. After decomposition, the
spectrum turned out to be very similar to the decomposition spectrum for steatite ceramics SK-1 [12].
Considering the above mentioned, we also used the data for SNC ceramics. After decomposition into
Gaussians, the identification of these centers showed that they consist of four types of V-centers with
maxima at 389, 462, 542, and 618 nm (Fig. 4, curve. 2).
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Fig.4. Difference diffuse reflectance spectra of y- and n°-y-irradiated SNC ceramics:
(AR=Ry—R,.y) (curvel) and their decomposition into Gaussians in the visible region of the spectrum (curve2)
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The AB with a maximum at 618 nm is characteristic of NBOHC, which is an elementary intrinsic
defect in silicate and quartz glasses. This band also appears in y-irradiated images, but even at high doses
(=10°P(8,8x10*Rad) its intensity is very weak. The creation of NBOHC may be due to the breaking of the
=Si-O-Me bond with the removal of Me and the formation of the =Si-O~ state. The efficiency of V-center
formation in y-irradiated images was very high compared to NBOHC. The AB with a maximum at 389 nm is
associated with -O—Mg, (cationic vacancy in MgO) [11]. Due to the presence of crystalline (MgSiOs3) and
glassy phases in the steatite ceramics of the SNC, and, consequently, the complex chemical composition
[6,7], direct identification of the other two AB centers with maxima at 462 and 542 nm was difficult.
However, probably, these ABs are also due to V-type hole centers and are associated with —O—Me states. It is
worth mentioning that the difference between the two ceramics lies in the composition of the glass phases,
i.e., the presence of oxides such as ZnO (17.20%), CaO (0.52%) and Na,O (0.13%) in the composition of the
SNC glass phase. On the one hand, they are optically inactive elements, especially ZnO, CaO [13], their
contribution to the DR spectra is not noticeable, Na,O may favor the formation of NBOHC, but on the other
hand, we do not exclude the contribution of these elements to the formation of (non-radiatively) hole centers
in the form of -O—Me (Me-metal, cation) in the visible region of the spectrum, which overlap against the
background of intense AB lines, although after decomposing the total spectrum into Gaussians, it is
impossible to distinguish them.

Conclusion

Thus, the effect of ionizing radiation on the reflective properties of the SNC steatite ceramics showed
that, in contrast to y-irradiation, the mixed n-y-irradiation of the reactor additionally creates structural
defects. These structural defects are of the type: oxygen vacancies =Si—0-Si=, non-bridging oxygen hole
center (NBOHC) =Si-O". An analysis of the decomposition of the DR spectra into Gaussians in the visible
region of the spectrum showed that in the visible region of the spectrum, various hole centers of the type: - -
O—Me (Me-metal, cation) are formed.
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EFFECT OF ANODIZING VOLTAGE ON THE PHOTOCATALYTIC
ACTIVITY OF FILMS FORMED BY TITANIUM DIOXIDE NANOTUBES
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The influence of the anodizing voltage during synthesis on the specific surface area and on the
photocatalytic activity of the TiO, nanotube was studied. Films formed by titanium dioxide nanotubes were
obtained on the surface of titanium foil by electrochemical anodizing. It has been found that an increase in the
anodizing voltage from 20 V to 60 V leads to an increase in the inner and outer diameters of nanotubes, an
increase in the growth rate and the interpore distance of nanotubes. The photocatalytic activity of the samples
was evaluated by measuring the magnitude of the photoinduced current. The film produced at low voltage
generated a current 3.5 times higher than the film produced at high voltage, and the degradation of the dye in the
presence of the films was 75 and 38%, respectively, over the same period of time. An increase in the
photocatalytic activity of the films is mainly associated with an increase in the specific surface area of the
nanotubes. Thus, the values of the specific surface area of TiO, nanotubes were determined by the method of low-
temperature nitrogen adsorption. It has been established that with an increase in the anodizing voltage, the
specific surface area of the films decreases.

Keywords: nanotube, titanium dioxide, photocatalysis, specific surface area, splitting of water.

Introduction

Titanium dioxide = TiO; nanostructures, due to their semiconductor properties, low toxicity, chemical
stability and low cost, are one of the promising photocatalysts for water purification from various pollutants
and photocatalytic splitting of water for hydrogen production [1, 2]. However, it has a number of
disadvantages, this is mainly due to the rapid recombination of photogenerated electron-hole pairs, a fast
reverse reaction occurs in the production of hydrogen, the limitation of the use of visible light (the band gap
of TiO, is about 2.9-3.2 eV), respectively, only UV-light [3]. The use of one-dimensional TiO;
nanostructures in the form of nanotubes (NTs) makes it possible to carry out one-dimensional electron
transport, which leads to a decrease in the electron free path time from charge generation centers to the
anode. In addition, the use of films in the form of an array of NTs will significantly reduce the number of
surface defects, which are an obstacle to electron transport, thereby suppressing its recombination [4].

Among the variety of methods for synthesizing NT TiO,, electrochemical anodizing of metallic
titanium is the most promising, since it allows one to control the geometric characteristics of NT by changing
the temperature, electrolyte composition, anodizing voltage, and synthesis time [5]. This means that by
controlling the geometric characteristics of the NT, one can control the specific surface area of the
photocatalyst, since it is proportional to the dispersity or, which is the same, inversely proportional to the
size of the nanostructures. The high specific surface of the photocatalyst makes it possible to increase its
activity by increasing the amount of adsorbed decomposable substance. For example, the most common and
accessible photocatalyst in the form of nanoparticles is Degussa P25, whose specific surface area is about 50
m2/g, and its increase leads to a significant acceleration of the photocatalytic process [6]. A sufficient
number of works have been published devoted to increasing the specific surface area of TiO2 NT by various
surface modifications [7—13]. However, in the works, NTs were synthesized mainly at one voltage of
electrochemical anodization, which were then subjected to modification of the NT surface, and there are
practically no works on the study of the photocatalytic activity of NTs with a change in the anodizing
voltage. Previously, we have demonstrated how anodizing voltage affects the specific surface area and
efficiency of dye-sensitized solar cells based on NTs TiO,. [14].

In this regard, the present work is devoted to the study of the effect of anodizing voltage during
synthesis on the specific surface area and photocatalytic activity of NTs TiOx.
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1. Experimental technique

NTs TiO, were obtained by 2-stage electrochemical anodization of titanium foil (VT1-0, 99.7%,
Russia) at a temperature of 5—70 C and anodizing voltage varied from 20 to 60 V. The thickness of the foil
was 60 um. The electrolyte used was C,HsO> containing 0.3 wt% NH4F and 3 wt% H,O. A Pt electrode
served as the cathode. During the anodizing process, the solution was intensively mixed with a magnetic
stirrer. The film of LT TiO, and by-products of hydrolysis, obtained after the first stage for 2 hours, was
removed from the surface of the foil in an ultrasonic bath in HCI solution. The second stage of anodization
was 24 hours. After the second anodizing, the obtained NTs TiO, was treated with ultrasound to remove by-
products, washed with a large amount of distilled water and dried at room temperature. The crystallization of
Ti0O, was carried out by heat treatment in a muffle furnace at a temperature of 5000C for 2 hours.

The determination of the phase composition of the samples was carried out using X-ray diffraction
patterns obtained on an instrument using an automatic powder diffractometer STOE STADI-P (STOE & Cie
GmbH), CuKa radiation, A=1.54056A. X-ray patterns were analyzed using the PDF-2 powder database and
the standard WinXPow software package. The images of the surface and transverse cleavages of the samples
were obtained on a MIRA 3LMU (Tescan) scanning electron microscope. Spectrophotometric measurements
were carried out on a Solar SM 2203 spectrophotometer (Solar). The specific surface area of the samples was
estimated from low temperature nitrogen adsorption on a Sorbi MS (Meta, Russian). Thermal training of the
samples was carried out at a temperature of 100°C for 180 minutes in the SorbiPrep pre-treatment block. The
photocatalytic activity of the samples was evaluated by measuring the magnitude of the photoinduced current
with an illuminated area of 1 cm? in a standard three-electrode cell using a CS350 potentiostat/galvanostat
with an integrated EIS analyzer (Corrtest Instruments, China). The platinum foil served as the opposite
electrode, and the AgCl electrode was used as the reference electrode. The measurements were carried out in
an electrolyte of 0.1 M NaOH in a specially made photoelectrochemical cell with a quartz window. In
addition, the photoactivity of the films was estimated from the photodegradation of the dye methylene blue
(MB). Methylene blue dye is used as a model pollutant. Plates sized 1x2 cm were vertically lowered into a
quartz reactor containing 50 ml of methylene blue solution with an initial concentration of 10 mol/l, and
kept for 20 hours. Then the used solution was replaced with a similar solution of methylene blue with a
concentration of 10 mol/l. This procedure makes it possible to exclude errors in measuring the optical
density of the dye associated with the adsorption of molecules in its pores. The solution was continuously
stirred with a magnetic stirrer. A xenon lamp with a power of 300 W/cm? (Newport, USA) was used as a
radiation source in all experiments. Figure 3b shows a cell in which photocatalytic splitting of water occurs.
The amount of released and identification of hydrogen was carried out using an Agilent gas chromatograph
located at the Moscow State University named after M.V. Lomonosov. An electrochemical cell was used
with solution separation using a Nafion filter and a quartz window to illuminate the surface of the
photocatalyst (Minihua Store). The opposite electrode was a Pt plate. Both sides of the chamber are pre-
purged with an argon flow. Then, the test gas was taken from the chamber using a syringe and injected into
the chromatograph column.

2. Results and discussions

During electrochemical anodization of titanium foil, a film formed on its surface is formed from
densely packed cylindrical NTs TiO,. The images of the surface of the films separated from the titanium foil
are shown in Figure 1. The upper part of the nanotubes is open (Fig. 1a). Closer to the bottom of the NT, the
inner channel narrows up to complete closure (Fig. 1b). Each NT is fixed to each other by roots, which are
clearly shown in Figure lc, d. With an increase in the applied voltage during electrochemical anodizing
between the titanium foil and the opposite electrode, the inner and outer diameters increased, while the wall
thickness practically did not change and amounted to about 10-15 nm. According to the results of
microscopic examination on the SEM, Table 1 was compiled, which shows the length, outer diameter, the
number of NTs per unit surface and the specific surface area with the duration of the second stage of
anodizing for 24 hours. It can be seen from the presented data that an increase in the anodizing voltage leads
not only to a change in the outer diameter, but also to an increase in the growth rate of the NT. At an
anodizing voltage of 20 V, the total length of the NT was 17.1 um, and at a voltage of 60 V, 37 um. On the
basis of the SEM image, the number of NTs per 1 cm” was calculated.
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Fig.1. SEM image of NTs TiO, separated from titanium foil

As can be seen from the tabular data, at a low voltage (20 V), the amount of NTs per unit area of the
film was higher compared to the films obtained at high voltages. This circumstance leads to a change in the
specific surface area of the films. Thus, for a film obtained at an anodizing voltage of 20 V, the value of the
specific surface area is 72.4 = 0.1 m*/g, and for a film of 60 V it is 57.10 + 0.4 m*/g. The remaining samples

are intermediate values.

Table 1. Characteristics of films formed by NTs TiO; obtained at different anodizing voltages

Number of nanotubes Specific surface area of
.. R )
Anodizing voltage, B L, pym D¢p, nm 10%pes/cm? nanotubes (BET), m*/g

20 17.1 55 32.2 72.40+0.1

30 22.0 70 214 66.78+0.2

40 27.0 90 11.2 64.50+0.6

50 36.0 110 6.7 60.65+0.3

60 37.0 140 2.7 57.10+0.4

Figure 2 shows an X-ray diffraction pattern of a NTs TiO, film obtained at an anodizing voltage of 50
V. It was found that the anodizing voltage does not affect the phase. Diffraction peaks (101), (004), (200),
(105), (211), (204), (116), (220), and (215) for NTs TiO, films correspond to the anatase tetragonal phase
(JCPDS, no. 84-1286, a=b =0.1949 nm and ¢ = 0.1980 nm).
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Fig.2. X-ray pattern of NTs TiO; obtained at a voltage of 50 V.
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The photocatalytic activity of NTs TiO, was estimated from the response of the photocurrent when the
surface was illuminated by a 1 cm? xenon lamp source with a 20-s intermittent on-off switch. Figure 3a
shows the change in the photocurrent of all samples. The films exhibit sufficiently good stability. The
photocurrent is zero in the absence of light and increases instantly when it is turned on. With an increase in
the anodization voltage, the photocurrent density generated by the samples decreased. Thus, a film obtained
at an anodization voltage of 20 V generates a high value of photocurrent in comparison with other samples
and is about 112 pA/cm?, while a film synthesized at an anodization voltage of 60 V generates 33 pA/cm?.

The photocatalytic activity of NTs TiO, was also evaluated by the photodegradation of the methylene
blue dye (MB). This dye is a model and serves as an example of any contaminant. The photodecomposition
of the dye was determined at the wavelength of the maximum absorption of the dye, 662 nm. Irradiation with
light leads to the generation of electron-hole (¢- — h") pairs in NTs TiO, due to photon absorption.
Photogenerated electrons in the conduction band of TiO, interact with oxygen molecules adsorbed on TiO»,
during which superoxide radicals (O,") are formed. In this case, holes in the TiO, valence band react with
water molecules and contribute to the formation of hydroxyl radicals (OH"). Highly reactive hydroxyl
radicals (OH") and superoxide radicals (O,) react with the dye molecule adsorbed on TiO, nanostructures and
lead to its degradation. In the presence of NTs TiO; films in an aqueous solution of the dye, a much stronger
decrease in the optical density of the dye is observed, which indicates that the molecules in the solution
gradually decompose under the action of the light rays of a xenon lamp (Fig. 3b).
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Fig.3. Photocurrent (a), MB dye photodegradation curves (b) and hydrogen generation (c) for films formed by
TiO, NTs obtained at different anodizing voltages
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When the films formed by NTs TiO, were lowered into the solution, the optical density of the MB dye
decreased, and over the same time interval, the changes were different for the films obtained at different
voltages. The largest decrease is observed for the 20 V film, the smallest for the film obtained at 60 V. It can
be assumed that the contribution to the photodegradation rate of the MB dye is mainly made by the value of
the active surface area, since it is the highest for the film obtained at the anodizing voltage. The larger the
area of the semiconductor/dye interface, the faster degradation will occur. Figure 3b shows the
photodegradation curves of the MB dye. Before determining the degree of dye degradation, all samples of
NTs TiO; films were kept in an aqueous solution of the dye for about 2 hours to eliminate the error
associated with the adsorption of the dye on its surface. With the duration of irradiation of the dye solution
without a photocatalyst, the degradation of the dye is insignificant and amounts to only 9% for 4.5 hours of
irradiation. When the films formed by NTs TiO, were immersed in the dye solution, the rate of dye
degradation increased significantly. Thus, in the presence of a film obtained at an anodizing voltage of 60 V
for 4.5 hours of irradiation, the degradation of the dye was 30%, and for a film of 20 V for a similar time
interval 91%. In the work of H. Li, et al. “Preparation of TiO2 nanotube arrays with efficient photocatalytic
performance and super-hydrophilic properties utilizing anodized voltage method”, a similar research method
was used, and it was found that at an oxidation voltage of 30 V, the photodegradation efficiency reaches 65%
in six hours , and at 50 V for a similar time period it reaches 98%. At an oxidation voltage of 60 V, the
photodegradation efficiency tends to decrease. The reason is that the efficiency of photodegradation is
closely related to the wall thickness and diameter of TiO, nanotubes [15]. The data obtained indicate that the
photocatalytic activity of the film obtained at a voltage of 20 V is higher compared to other samples.

The photocatalytic process of splitting water into hydrogen and oxygen with the participation of a
photocatalyst and illuminating its surface with an electromagnetic wave resembles the method of artificial
photosynthesis. First, the photocatalyst, absorbing a quantum of light, generates electron-hole pairs, that is,
electrons pass from the valence band to the conduction band, while holes remain in the valence band.
Further, charge separation and migration of photogenerated electron-hole pairs occur if there is no
recombination. Further, the electrons participate in the reduction reaction and generate hydrogen, and the
holes participate in the oxidation reaction with the formation of oxygen. Figure 3¢ shows the kinetics of
hydrogen generation as a function of time. Almost all curves have a linear dependence, which indicates a
sufficiently high stability of photocatalysts. From the presented data it can be seen that in 5 hours the film
produced at 20V is capable of generating up to 62 pmol/cm? of hydrogen gas, while the film produced at 60
V generates 30 pmol/cm?.

Conclusion

NTs TiO, were synthesized by electrochemical anodizing at various voltages on the surface of titanium
foil. A change in the anodization voltage leads to a change in the geometric characteristics of NTs, which
together affected the value of their specific surface area. Since with an increase in the area of the contact
boundary of the semiconductor/dye or water, the faster the photocatalytic processes will get through. In
photocurrent generation, dye degradation, and hydrogen generation, the film obtained at an anodizing
voltage of 20 V demonstrates the best results. For the film obtained at an anodizing voltage of 20 V, the
specific surface area is 71 m*/g, and for the film obtained at 60 V, it is 61 m?/g. These results can be useful in
creating effective photocatalysts with a high specific surface area. For example, instead of the accepted
voltages, when obtaining NTs TiO, (40-50 V), use a voltage of 20 V and then modify its surface in various
ways.
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The power production industry is the main greenhouse gas emitter that makes its contribution to global
warming. The greenhouse gas emission takes place in fuel production, transportation, and combustion. A
prospective method for emission mitigation is the transition to organic fuel-burning facilities with small emissions
by capturing carbon dioxide. Power consumption on the carbon dioxide capture remarkably reduces the efficiency
of these facilities, which leadsto increasing of fuel consumption and greenhouse gas emission because of the larger
fuel production and transportation. Based on the material balance method, taking into account system effect of
changes in efficiency and amount of fuel consumed, the paper estimated the carbon footprint over a twenty-year
lifecycle for following thermal power plants types. combined cycle and oxy-fuel combustion plants for both natural
gas and coal with internal gasification. It is shown that the transition to oxygen-fuel plants can reduce the carbon
footprint near 90% for natural gas and near 75% for coal. The study also demonstrates the positive effect of carbon
capture and storage system implementation for reducing carbon footprint near 75% for natural gas and near 70%
for coal.

Keywords: carbon footprint, thermal power plant, combined cycle facility, oxy-fuel cycle, organic fuel, coal
gasification

Introduction

ESG (Environmental, Social, Corporate Governance) [1] is a business direction that provides the business
social devotion combined with company contribution into the social development and environmental
improvement. Since 2015 the world economy shows a distinct trend to the ESG management supported by the
ESG investment of up to 30% [2]. The ESG investments since 2014 show a positive influence upon the
investment portfolio profitability. The companies that changed to the ESG management may expect larger
investments [2]. The main vector of the ESG management introduction for fuel and energy companies is the
transition to environment harmless technology and the reduction of harmful emissions and first of all of
greenhouse gas emissions [3]. The main greenhouse gases produced in the power production by fossil fuel
combustion are the hydrocarbon combustion products, carbon dioxide [3], nitrogen monoxide, and methane as
the under-burning product. In power distribution, the main greenhouse gas is the sulfur hexafluoride [4] that
is used as an isolating fluid in transformers and high voltage switches. The total greenhouse influence upon
the climate changes is assessed by the carbon footprint that is the total greenhouse emission including its global
warming potential (GWP) [5] measured in the CO, equivalent tons (COx.).

Some states especially in the EU already have legal movers for the greenhouse emission mitigation that
are introduced in the form of carbon dioxide emission quotas that are a subject of stock trade [6, 7]. By the
2022 beginning, these quotas mean the price is above 100 euro for CO, ton. Moreover, the EU states introduce
a trans-border carbon tax for the products with high carbon footprint including electricity production, the tax
will be in power since 2023. So nowadays for the fuel-energy complex, it is topical to reduce the carbon
footprint of their products by the transition to renewable power sources and modernization of the existing
traditional facilities. A reliable assessment of the new technology practicability requires an accurate analysis
of the carbon dioxide footprint effect including the product life evaluation.

The carbon footprint analysis has to correspond to the international standard «ISO 14067:2018
Greenhouse gases. The carbon footprint of products. Requirements and guidelines for quantification». This
standard fixes topics and requirements to the carbon footprint analysis, cadaster order, and reports on the
product carbon footprint including the life cycle assessment according to the International Standards for the
product life cycle analysis ISO 14040 and ISO 14044.
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The ISO 14067:2018 standard makes a base for a few methods for the carbon footprint analysis and the
issue of reports and cadaster on the greenhouse gas emission as the following:

- EIB Project Carbon Footprint Methodologies [§],

- IPCC manual for the carbon footprint analysis [9],

- PAS 20501107,

- GHG Protocol Product Standard [11].

PAS 2050 and GHG Protocol Product Standard are the only methods that involve the record regulations
of all stages of product life. These methods are based on similar principles but have some minor distinctions,
not leading to difference in calculation of total carbon footprint more than 5%. GHG Protocol Product Standard
is the most usual method used by 90% of the S&P Fortune 500 companies, so this method is the main manual
in this investigation.

Among the existing thermal power plant (TPP) types, the most environmentally friendly with the smallest
greenhouse emission are the natural gas combines cycle plants (NGCC). These facilities have high efficiency
above 60% and the resulting lower fuel consumption than Steam Turbine (ST) and Gas Turbine (GT) facilities
[12]. The combined cycle power plant’s main fuels are natural gas (in NGCC) or coal with the internal
gasification cycle (in IGCC). In the internal gasification combined cycle coal is transformed into the syngas
that is supplied to a combustor. This technology is a cleaner coal technology because it does not produce the
fine-dispersed dust that is the most harmful product of direct coal combustion.

The Carbon Capture and Storage (CCS) systems are prospective technologies for the mitigation of carbon
dioxide emissions. The CCS introduction promises an 89% reduction in CO, emission. The accumulated
carbon dioxide in the future may be used for an increase in oil production rate in EOR-CO2 technology [13,
14]. An important CCS feature is the possibility to apply this technology both for the newly constructed TPP
and the modernization of the existing ones. The CCS shortage is a remarkable TPP net efficiency due to the
larger internal power consumption. This may reduce the CO, mitigation effect by the larger emission in fuel
mining and transportation. The nitrogen oxides NOx has no greenhouse effect but their emission is the most
environmentally harmful with a negative influence upon the health of people, animals, and plants. The most
effective NOx mitigation technology is a selective catalytic recovery (SCR) [15]. The SCR technology
recovers NOx to N2 and water by the ammonia injection, its maximal efficiency may be 95%, and the net
efficiency drop is minor and is below 0.5%

The prospective oxygen-fuel power facilities based on the Allam cycle [16, 17] are the nearest to carbon
neutrality. In the Allam cycle facilities, natural gas burns in pure oxygen. The produced by combustion carbon
dioxide operates as a working fluid, and then is dried and captured. The Allam cycle is closed which provides
small carbon dioxide emissions. Now the carbon dioxide emissions of Allam cycle facilities [18, 19] are
evaluated as 1% of the total amount of CO2 produced by combustion. This emission is mostly caused by
leakages first of all from the facility rotating parts, compressors, and turbines. The oxygen-fuel facility shortage
is its smaller net efficiency than the NGCC one due to the additional power consumption in air split and CCS
blocks.

This paper compares existing and prospective gas and coal firing TPP. The facilities are compared on the
total carbon footprint in all stages of the power production operation:

- NGCC and IGCC facilities to evaluate the existing TPP carbon footprint,

- NGCC and IGCC with CCS and the NOx mitigation system to evaluate the CCS technology efficiency
and the prospects for existing TPP modernization,

- Oxygen-fuel Allam cycle facility to evaluate the prospective low emission TPP carbon footprint.

1. Fuel combustion and CO; generation in thermal and electrical power generation

The first TPP type reviewed here is the coal TPP with the coal gasification into syngas (fig.1a) and the
CO2 capture. Gasification block 3 transforms coal into syngas. The air split facility (ASF) 1 produces oxygen
from atmospheric air and compresses it in the oxygen compressor 2. Steam for the gasification process is taken
from the steam turbine 14. Syngas in burned in the combustor 5. Compressor 4 compresses air and sends a part
of it to the gas turbine cooling 6. The gas turbine 6 rotates the electric power generator 7. The turbine exhaust
gas enters the heat recovery boiler and gives its heat to the steam turbine cycle through the heat exchanger
surfaces. Block 21 captures the exit CO,, the compressor 22 compresses it and sends it to the carbon dioxide
storage.



36 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No4 (42)

In the steam turbine cycle, pump 19 sends the condenser 16 exit water to the heater 13. Upstream the
heater the recirculation pump 20 sends a part of heated water to recirculation. The low-pressure feedwater
sequentially passes the low-pressure vaporizer 12, the steam superheater 11, and the steam turbine mixer 14.
In the mixer, steam is mixed with high-pressure steam [20].

The high-pressure feedwater is sent to the economizer 10, the high-pressure vaporizer 9, and the steam
superheater 8 like in the low-pressure circuit. The high-pressure steam produces electricity in enters the steam
turbine 14. The exhaust steam enters the condenser 16.

The second facility version (fig. 1b) is the IGCC without capturing. This version differs from fig. 1a by
the absence of the elements 21 and 22. After the heat recovery boiler, the exhaust gas with the carbon dioxide
content leaves the atmosphere.

The third version (fig. 1c) describes a coal firing TPP with oxygen fuel combustion. Coal gasification
block 3 is supplied with coal, oxygen, and steam. The produced syngas is cooled in cooler 23 for a more
efficient compression, then compressed in the fuel compressor 24 and sent to the combustor 5. The syngas is
burning in the almost pure oxygen produced in ASU 1. The CO; heated flow goes to the multi-flow regenerator
25. Downstream the combustor 5 the working fluid enters the carbon dioxide turbine 26. The turbine 26 exhaust
enters the multi-flow heat exchanger 25 where it gives its heat to the CO; flow, the turbine heat carrier 29 of
CO; with O,. The regenerator 25 exhaust enters the cooler-separator 30 where the working fluid water steam
condenses. Then the CO; flow splits into two parts. The main part is compressed in compressor 28 and the
remaining part is compressed in compressor 22 and stored.
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Fig.1. Heat flow charts of coal firing TPP with internal coal gasification

After the multi-stage compressor 28, the CO; flow is split into two equal parts. One part is mixed with
oxygen. After the CO, compressor 29, its exit splits into two parts. The smaller part works as the turbine 26
heat carrier and it is heated in the regenerator 28. The regenerator heats the main CO, flow and the oxygen-
CO; mixture. The oxygen-carbon dioxide compressor 30 compresses the mixture up to the maximal
temperature acceptable for the regenerator temperature difference. The hot flows that enter combustor 5 from
the regenerator 25 reduce the fuel flow needed for the operating fluid heating up.
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The second type of facility reviewed in this paper is the natural gas firing facilities (fig. 2) [19]. The first
type is the NGCC facility with CO, capture (fig. 2a). This facility differs from the IGCC type; it has no coal
gasification elements 1-3. The second type (fig. 2b) is the NGCC without the CO; capture (21, 22).

The third type (fig. 2¢) is the oxy-fuel natural gas firing facility that differs from the coal firing with coal
gasification (fig. 1b) by the absence of coal gasification elements 1 — 3.
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Fig.2. Heat flow charts of natural gas firing TPP

The review of scientific papers and technical reports [21, 22] is devoted to the evaluation of the combined
cycle facilities' total carbon footprint. The most significant is the greenhouse gas emission during the facility
operation. The mean greenhouse emission during equipment manufacturing, construction, and
decommissioning is about 1% of the total emission. The Product Standard [23] method allows not to take into
account the life cycle stages that make below 1% of carbon footprint separately and 5% in total. So, the system
boundaries are assumed as the following:

- manufacturing and construction stages are not considered;

- the operation stage considered, the carbon footprint analysis includes not only fuel combustion but
also fuel mining and shipment;

- the decommissioning and scrap stages are not considered.

2. Initial data

The life cycle carbon footprint analysis input data are given in table 1-3, the considered TPP types are
summarized in table 1. Different TPP types are compared at equal net power values. This allows adequate
comparison and the relation between the facility efficiency and emissions. The distances from coal or natural
gas deposits to TPP are assumed equal to adequately analyze the influence of fuel type upon the TPP carbon
footprint at the stages of fuel mining and shipment. Also, in the TPP with internal gasification the assumed
fuel is not syngas but coal which is due to the assumed life cycle boundaries.
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Table 2 shows the emission data for natural gas and syngas fuels combustion in gas turbine combustors.
The emission analysis must take into account the type of fuel-burning equipment. For example, it is known
that the natural gas combustion in steam turbine facilities produces lower emissions per kilogram of fuel, than
the gas turbine one. Table 3 shows reference initial data for the carbon footprint analysis.

Table 1. TPP parameters

TPP type Net Net Fuel Distance  from Life,
power, efficiency, % deposit, km years
MW
NGCC 100 63.50% [20] Natural gas 3000 20
NGCC with CO; and NOx capture 100 57.10% [20] Natural gas 3000 20
Oxy-fuel facility 100 46.70% [20] Natural gas 3000 20
IGCC 100 53.50% [20] Coal 3000 20
IGCC with CO; and NOx capture 100 46.20% [20] Coal 3000 20
Oxy-fuel facility 100 36.30% [20] Coal 3000 20

Table 2. Harmful emissions produced by fuel combustion and Global Warming Potential (GWP)

Fuel Harmful emission, kg/kg
CO, CH,4 N>,O NOy SO,

Natural gas 2.75 4.0E-04 1.39E-04 1.49E-02 7.0E-07
[22,24] [22] [21,24] [25] [22]

Syngas 2.49 2.67E-04 2.7E-04 1.53E-03 2.14E-03
[26] [26] [26] [27] [27]

GWP (AR6) [9] 1 82.5 273 0 0

Table 3. Reference input data for the carbon footprint analysis

Parameter Value

CO; leakage in an oxy-fuel facility, % 1.0 [18]

TPP annual operation, hr/year 6000 [28]

Coal conversion with gasification, % 95 [29]

Natural gas calorific value, MJ/kg 49 [30]

Coal calorific value, MJ/kg 27 [31]

CO; capture efficiency in a NGCC and IGCC, % 89 [20]

SCR NOx precipitation efficiency, % 95 [15]

Natural gas transportation leakages, % 0.036 [32]

Gas-main pipeline power efficiency, kg gas/ (mln. kg - km) 21.83 [32]

Greenhouse gas emission in coal transportation, kg CO,¢/(ton-km) 0.04 [33]

Greenhouse gas emission in coal mining, kg CO,./kg coal 0.3 [34]

3. Methodology

In this research, complex physical-chemical methods were used to estimate carbon footprint by methods
according to GHG standard methodology [11], including stages of fuel mining, fuel transporting and power
plant operation. In the operation stage considered fuel combustion only as a main process leading to greenhouse
gas emissions during plant operating. To estimate carbon footprint of lifecycle stages material balance physical

methods were used. To estimate specific emissions during fuel mining, fuel transporting and combustion were used
following data:
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1. Empirical and analysis estimated data for fuel mining and transporting according literary [18, 30-34];

2. Combination of empirical physical-chemical data and stoichiometric chemical analysis for combustion
according to sources [20-30].

Calculations were provided by using MS Excel 2021. To validate model obtained were used initial data
and results described in [21, 22].

Different natural gas and coal firing TPP with internal gasification produce the carbon footprint that may
be calculated as the following:

Eqym = Ec + E¢ + Ep, (1)

where Eqm — total greenhouse gas emission following mining, shipment, and combustion during the power
production facility operation, ton COx;

E. — total greenhouse gas emission following the combustion during the power production facility
operation, ton COx;

E; — total greenhouse gas emission following the fuel transporting during the power production facility
operation, ton COx;

Em — total greenhouse gas emission caused by the fuel mining during the power production facility
operation, ton COx.

For gas and coal firing TPP with internal gasification E. is calculated as the following:

E = M-T- Y eq GWP - (1- ac)’ )
1000
where M — annual fuel consumption in TPP, kg-year; T — thermal power plant operation life, years;
e, — specific harmful emission related to the burned fuel, kg/kg; GWP; — potential global warming caused
by the emissions, kg CO2e/kg; ac — emission precipitation rate, %.
For gas fuel the annual consumption M is calculated by the following equation:

_ N13.610° ((3)
nQn
where N — thermal power plant net power,

For coal firing TPP with internal gasification it is necessary to take into account the gasification process
efficiency so the coal annual consumption M MW; 1 — estimated TPP annual operation, hr; n — net efficiency,
%; Qu — Fuel heating value kJ/kg.is calculated by the following equation:

_ N-T3.610°
T nmgQm (4)

where 1, — coal gasification conversion rate, %.

The components E; and E, in equation (1) are calculated by different equations for different fuels. Gas
transportation in main pipelines is usually provided by gas turbine pumping facilities working on the natural
gas fuel, so for the transportation stage, the pump driving carbon footprint is taken into account. Also, an
important emission factor is the natural gas leakage through seals and control accessories. Usually, these
leakages are as small as below 0.05% but methane has high GWP so this factor also should be involved.
Besides this, the greenhouse gas emission in production also should include transportation gas consumption.
So the natural gas transportation carbon footprint is calculated by the equations:

Ei = E;e + Ey ®)

where E — total greenhouse gas emission caused by the fuel transporting, by fuel combustion in gas pumping
stations during the power production facility operation, ton COx;
Ei — total greenhouse gas emission caused by the fuel transporting, by fuel leakages during the power
production facility operation, ton COxe.
_ My T Y eq GWP - (1—a) (6)

ct 1000 ’
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where M; — amount of the natural gas consumed in the gas pumping facilities, kg/year.
_ M-w-l 7
~ (1-mn)) 1000000’

M

where ® — natural gas specific consumption in gas pumping plants, kg/(mIn.kg-km);
| — distance from the fuel mining place to the TPP location, km;
M1 — natural gas leakages in pipelines, %.

(M+Mt) GWPCH4— T (8)
(1—mn,)-1000

Ex=m

The oxy-fuel power facilities operate a closed cycle with pure oxygen oxidation, so the parameter . for
NOy, SO,, CH4, and N>O is assumed as 100% because the emission of these gases is minor and nearly zero.
For CO; this parameter a, is assumed 99% for the leakages in the moving device seals of 1% (table 4). The
natural gas production carbon footprint is calculated with the equation:

(MM Ty, 9)

E
m (1-n;)-1000°

where v — greenhouse gas specific emission caused by the natural gas mining, kg CO»./kg.
For coal fuel, E; and E, are calculated with statistical mean data on greenhouse emission in coal mining
and transportation. The following equation is used for the coal mining carbon footprint:

E _M-T (10)
m= 1000

where L, — greenhouse emission in coal mining, kg CO,e/kg.

The coefficient u,, reflects emission of the methane content in coal layers, the greenhouse gas emission
by the coal mining machine engines, and the energy consumption by coalfield. The coal transportation carbon
footprint is calculated by the following equation:

z _ M-T-o,-1 (11)
™ 1000000 ’

where o; — greenhouse emission in coal transportation, kg CO». /(ton-km).
Here o; describes the greenhouse emission by the technology transport that moves coal in operation, for
electric transport this coefficient corresponds to the mean emission in electricity production and distribution.

4. Results and discussion

Table 4 summarizes analysis results for the carbon footprint of natural gas firing TPP. Comparison
analysis shows that among the considered types the oxy-fuel facility has the smallest greenhouse emission. Its
carbon footprint is 49% smaller than the NGCC with CO; capture and storage system. This difference is due
to the oxy-fuel facility closed cycle and the minimal CO; operation leakages. It is worth mentioning that the
introduction of the CO; capture in NGCC reduces the carbon footprint by 4.6 times in spite of its smaller
efficiency. This shows the high CCS potential for the existing TPP modernization.

Table 5 shows the contents of the greenhouse gas and harmful agent emissions. The emission analysis
shows that 97.48% of NGCC without CCS emission with consideration of GWP is CO». The introduction of
the CCS reduces the CO» contribution down to 80.99%. This shows that the CH4 and N>O emission mitigation
may be the trend for the carbon footprint reduction in TPP after the TPP modernization with CCS systems.

Table 6 shows results of the carbon footprint calculation for the syngas firing TPP. It is worth mentioning
that the internal gasification TPP overcome the natural gas firing TPP for 2 — 5 times in different TPP types.
This is mostly due to the smaller coal energy capacity and the lower TPP efficiency.

Comparison of the coal firing facilities with internal gasification carbon footprint shows that the oxy-fuel
facility has the smallest greenhouse emissions among the considered TPP types. The oxy-fuel facility's carbon
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footprint is 28% smaller than that of the IGCC with CO; capture and storage. This is due to the closed cycle of
the oxy-fuel facility and minimal CO; operational leakage. It is worth mentioning that implementation of the
CO; capture and storage in an IGCC may 6 times reduce its carbon footprint in spite of the lower efficiency.
This shows the high potential of the CCS technology for the TPP with internal gasification.

Table 4. Structure of natural gas firing TPP footprint

TPP type Carbon footprint, ton COx.

Fuel mining Fuel transporting ~ Combustion Total
NGCC 2921 297 180 3915132 4215234
NGCC with CO; and
NOy capture 3248 330490 576 490 910228
Oxy-fuel facility 4138 404 089 51 896 460 123

Table 5. Harmful emission contents by natural gas firing TPP

TPP type Emission produced in combustion during the operation life, ton
CO; CH,4 N0 NOx SO, Total, ton COze
NGCC 3816 567 555 193 20635 1 3915132
NGCC with CO; and NOy capture 466 878 617 215 1147 1 576 490
Oxy-fuel facility 51 896 ~0 ~0 ~0 ~0 51 896
Table 6. Structure of carbon footprint for the TPP with internal gasification.
TPP carbon footprint for 20 years operation, ton CO» .
TPP type iy . .
Fuel mining Fuel transporting ~ Combustion Total
IGCC 964 655 381 545 7733119 9079 318
IGCC with CO, and
NOx capture 1117078 441 832 1280175 2 839 085
Oxy-fuel facility 1421 736 562 331 109 753 2 093 820

Table 7 presents the greenhouse gas emission structure. In the basic IGCC version, CO, makes 96.3% of
the carbon footprint with GWP but the CCS technology introduction reduces the CO, contribution down to
74.1%. This shows that the CHs and N>O emission mitigation may be a further direction of the facilities'

modernization after the CCS system introduction.

Table 7. Contents of harmful emissions from syngas combustion

Emissions from fuel combustion for the operation life, ton

TPP type CO, CH,4 N,O NO, SO, Total combustion,
ton COs .
IGCC 7446 766 799 807 4577 6414 7733119
IGCC with CO, and NO, capture 948 576 925 935 265 7428 1280175
Oxy-fuel facility 109 753 ~0 ~0 ~0 ~0 109 753

Conclusions

Comparison of the natural gas and TPP with internal gasification shows that the gas firing TPP has smaller
greenhouse gas emissions; the basic IGCC facility produces a 114% higher carbon footprint than the NGCC
ones. These differences are due to the low energy capacity of coal, low efficiency of syngas firing facilities,
and the high emission of greenhouse gases during coal mining, first of all of CH4. The structure of the TPP
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carbon footprint has a large part of coal mining. So, the greenhouse emission by mining has to be included in
public reports of coal firing companies.

The oxy-fuel facilities have the smallest carbon footprint of gas firing facilities its total greenhouse
emission is 49% smaller than in the NGCC with CO, capture which shows the oxy-fuel facility's high
effectiveness for greenhouse emission mitigation. The NGCC with a CCS system has a 4.6 times smaller
carbon footprint than the basic NGCC facility. This shows the high potential of the CCS system for the
modernization of the existing power production facilities.

An analysis of TPP with internal coal gasification shows that the oxy-fuel facility has the smallest
greenhouse gas emission of the considered gas firing TPP. Its difference with the CCS equipped IGCC is about
28% which demonstrates the smaller effect of the transition to the oxy-fuel facilities in coal fuel than in gas
one. The CCS-equipped IGCC has a 6 times smaller carbon footprint than the basic facility which shows a
remarkably larger positive effect of CCS introduction than the power production with gas.

The described effects allow the following recommendations:

- application of the oxy-fuel facilities makes minimal carbon footprint, the oxy-fuel introduction in gas
firing facilities has higher priority than in the TPP with internal gasification ones;

- modernization of existing TPP by the CCS introduction has high priorities for both coal and gas firing
power production, in the second case, positive influence upon the carbon footprint may be higher. Comparison
analysis shows that among the considered types the oxy-fuel facility has the smallest greenhouse emission. Its
carbon footprint is 49% smaller than the NGCC with CO; capture and storage system. This difference is due
to the oxy-fuel facility closed cycle and the minimal CO, operation leakages. It is worth mentioning that the
introduction of the CO; capture in NGCC reduces the carbon footprint by 4.6 times in spite of its smaller
efficiency. This shows the high CCS potential for the existing TPP modernization.
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Intheworld, over the years, the use of hydrocarbon resourcesis decreasing, and their placeis being replaced
by ecologically clean alternative and renewable energy sources. Therefore, the world is paying a lot of attention to
improved devices based on photoelectric batteries. Conducting targeted scientific research in this direction is one
of the urgent issues of the present time. This article presents the results of comparing the electrical parameters of
photovoltaic and photothermal batteries based on themin natural conditions. The experiments were carried out on
threetraditional photoel ectric batterieswith different materialsand constructions, aswell as photother mal batteries
made on their basis. All batteriesareinstalled in a mobile structure, and two planes (reflectors) that reflect sunlight
areinstalled along the long side of the device connecting the batteries. In the same conditions, the intensity of solar
radiation is increased with the help of reflectors that return light to photoelectric and photothermal batteries. On
the front surface of the photovoltaic batteries, a vertical (909 fall of the sun's rays is provided. As a result, their
electrical parameters changed to different values depending on the type of material and construction. Compared to
traditional photoel ectric batteries, photothermal batteries produced 1.3-1.4 times more el ectricity depending on the
type of material. In the results of the experiment, data were obtained on the open circuit voltage, short circuit
current and power of photoelectric and photothermal batteries in hot climate conditions. According to results, the
high indicators in terms of electrical parameters are monocrystalline photoelectric and photothermal batteries
based on them.

Keywords: monocrystal, polycrystal, photothermal, mobile device, heat collector, cellular polycarbonate, open circuit
voltage, short circuit current.

Introduction

While increasing demand to the electric energy the many producing photovoltaic (PV) companies for the
deserving place in the world technologies market are rivaling. However, in each concrete PV types there are
advantages and drawbacks, which in the real working test regime of external climate conditions are revealing.
The factors of the solar radiation, temperature, humidity, dust and air speed are the suchlike samples. As results
we shell have the possibility for revealing the suitable PV which can work effective in the regional conditions
after testing PV in the open environmental conditions. Unlike of the countries producing the electric energy
based on PV Uzbekistan has the continental climate features that are the south regions have the wide
temperature ranges, there are many fogs in winter, increasing the summer temperature up to 50 °C and the high
dusting degree are such samples.

The different PV types have the different features to such climate conditions and that is influences to the
working regime of the PV. In order to increase the efficiency of using conventional PV, several options of
different types of heat collectors from different materials, black and colour metals, polymers [1-6], including
cellular polycarbonate have been developed and studied [6]. The efficiency of eight PV in the Kuwait climate
conditions in paper had been analyzed [7]. The selected PV in these experiments mono crystal (m-Si), poly
crystal (p-Si), PV consisting thin mono crystal Si covered by thin amorphous Si layer (HIT), CdTe, copper
indium gallium selenide (CIGS) and amorphous Si had been used. The collected data in period of 12 months
had been observed systematically. As results showed that m-Si, p-Si and HIT batteries worked better than other
ones in high radiation degrees at the same time, and at lower irradiance levels, it decreased rapidly. However,
CIGS PV worked effectively in the low radiation degree. In order to select PV for the desert climate in Xelvan
city of Egypt the parameters for mono, poly and amorphous PV in the different climate conditions in period of
the several seasons had been measured and analyzed [8]. As experiments results showed, the amorphous Si
PV has the maximal sensitivity in the visible part of the spectrum wave length (A=522nm) and at the same time
the maximal working range of the polycrystal Si PV corresponds to the infrared region (A=922nm).
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In the highest solar energy radiation of Europe country, Turkey (Diizce region) the experiments with PV
had been carried out too [9]. There experiments in period of total year working regime of PV in the external
climate conditions had been lasted. In these experiments monocrystal, polycrystal and amorphous Si had been
used. As the experimental results showed the working efficiency for the amorphous, polycrystal and
monocrystal Si PV were 4.79%, 11.36% and 13.26%, correspondingly.

The estimations of the working regime of the PV system connected to circuit having power 5.94 kilowatts
on the roof of Safi practical sciences school of Morocco (NSASS) on the heat semi dry climate conditions had
been carried out [10]. These investigations from June 2018 up to May 2019 had been carried out in which the
yearly measuring data collected from batteries based on Si mono crystal, poly crystal and amorphous PV had
been analyzed. As results showed that for this region the best battery is the based m-Si PV. The measurements
with PV as polycrystal and monocrystal, Cu-In-Ga-Se, Cd-Te and Cu-In-Se batteries both in snow winter and
heat summer days had been carried out [11]. It had been revealed in these experiments that the poly crystal PV
has the best working regime, as the thinnest film PV was CIGS and CdTe PV has the stable effectiveness. In
paper [12] the investigations with the heat and electric characteristics using PV and PVT in the Cameroun
climate conditions had been carried out. In these experiments the mono crystal PV and PVT produced by
“Trina Solar” and “Felicity Solar” companies had been compared between themselves. As the investigations
results showed the PVT of “Trina Solar” company, having maximal power of 305W, produces the average
daily energy to 42W (12.3%) more than ones usual battery. At the same time the “Felicity Solar” company
PVT, having maximal power of 250W, has the average daily energy to 26.5W (11.1%) more than its usual
variant. It should be noted that in climate conditions of Morocco PVT with power 200W constructed by
“Solarex MSX-240” company using polycrystal Si collector that based on the water and usual PV electric
parameters had been investigated and compared [13]. The heat and electric parameters of the module for six
climate zones with the different climate conditions had been measured. In these zones in order to estimation
working PVT, it with usual PV in the identical climate conditions the production of energy for month and year
had been compared. As results showed that almost in all climate conditions PVT is able produce the energy
for month more than PV. As to the reached year degrees of PVT energy, it varied from 15.5% up to 19% in
dependence of the climate zones. In paper [14] results of studying PVT parameters when solar radiation
intensity is controlling by attracting plates had been presented. It has been revealed there the electric energy
production in the south regions is 1.5-1.6 times more than others and in winter period this battery is able obtain
the heat water with temperature higher than 50 °C.

The investigations for the warm and humidity tropical climate zone in Ghana had been carried out [15]
too. The main aim of these investigations was comparison of electric energy production with both PVT and
usual PV in the open environment conditions. For this purpose the experimental equipment consisting the
monocrystal PVT collector that water based and usual monocrystal PV had been installed to the roof of
“Kvame Nkrumah” science and technology University of Kumasi in 2019. As results showed the temperature
of the PVT having the active cooling system had been decreased essentially and the electrical efficiency of the
PV had been increased to 9%. The electric efficiency of the usual PV in 11.00 o’clock was 15.8% and at the
same time for the cooled PVT its value was 18%. The electrical energy growing for the total solar day with
the active cooling system was 9%, at the same time the power for the without cooled module was 185W and
for cooled one equaled to 211W.

As to our investigations in which unlike mentioned above equipment there are the several distinctions:

— the types and power of the selected PV for PVT;

— the collectors constructed on the parallel channel polycarbonate;

— the collector channels have a rectangle shape;

— there are attracting solar radiation plates on the frontal side;

— there are turning on two axes abutting construction;

— the device is mobile.

These factors of the PVT are providing the concrete advantages in comparison of mentioned above
alternative batteries. In order to compare the devices parameters in the present paper we present the last
measurement results obtained for the PV and PVT. The last years in collaboration with scientists of physical-
technical institute by “Solar Physics” scientific production union in order to increase the PV efficiency in the
warm climate conditions we have installed to the back side the heat collectors (HC) and attracting plates
(reflectors) that is one has constructed the mobile photovoltaic device for testing PV. In the base structure of
the device, six of the three types of PVs with a power of 50 W directed at the sun are installed at the same



46  ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No4 (42)

angle. The positions of three PV and three PVT on the year seasons dependence to the optimal directing angle
with concrete instruments can be controlled. To the sides of construction installed three usual PV and PVT we
have fixed two modernized reflectors.

We have two main purposes from these experiments. The first, revealing PV type with 50W power and
having high working efficiency in the warm climate conditions when the solar radiation intensity is growing
by reflectors. The second, observation the different PV based PVT electric efficiency variations on the cooling
process in the same conditions and comparison them with usual PV. In the experiments we have obtained the
results for the electric parameters variations of the special processed polycrystal, monocrystal PV and PVT
back side which has white and black colors.

1. Materials and methods

Scientific research was carried out using PVs with the help of a multifunctional mobile photoelectric
device (MMPD) mounted on a two-axle trailer. The prop size is 1300x800 mm and able raise up to 700
kilograms. The number of each installed solar elements (SE) are 36, the power equals 5S0W, used Si differs on
the type and color of the backside. Unlike from the earlier developed devices in our one there are two
modernized reflectors attracting the solar light on the long side of connecting PV and PVT device. Value of
the attracting coefficient for reflector surface R~ 0.5 and the total area equals to PV total one. These reflectors
except working time, that is, in night for protection of PV surface from dusts can be used (see, Figure 1).
Movement of the MMPD from one place to other one manually or using mechanical adapter tractor can be
realized. List of the consisting parts of the device on Table 1 has been presented. The adapted tractor
construction allows us turn the PV around the horizontal or vertical axis manually too.

Fig.1. Measurement of PV and PVT parameters in the natural conditions.

Table 1. List of the consisting parts of the photovoltaic device

No. | Battery type Quantity Type Mechanical parameters Electric parameters
o I 1 PolyS SOW | extred suace oy | 29216V
i U | ArSMsBr | tevired suruce oy | 2924218V
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The PV electric parameters in the Tashkent climate conditions have been measured. There is possibility
directing the PV and PVT to solar manually any time of the day. In order to provide direction of the incident
beam perpendicularly to the PV frontal area operator directs PV to solar on each 15-20 minutes.
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2. Results and discussion

The research in daily period of 9.00 a.m. up to 16.00 p.m. according to the regimes mentioned above have
been carried out. The installed to MMPD PV electric parameters on 14 and 15 April, 2022 by air temperature
19-27°C and air speed 0.2-1.6 m/s have been measured. Figure 2 shows the intensity of solar radiation falling
on the surface of PVs on this date depending on the time of day. The intensity of solar radiation was determined
by measuring the short circuit current of the standard SE made on the basis of crystalline silicon.

The solar radiation intensity beginning from sunrise up to noon is growing and reaches its maximal value,
after that up to sunset is decreasing. Dust and clouds in the atmosphere also cause a decrease in the intensity
of light radiation. This situation influences to electric parameters of the PV. As we can see from Figure 2, at
11.00 a.m. the intensity is growing sharply because of the reflectors to an optimal angle have been installed.
The dependence of solar radiation intensity on the time we divided to three parts. The first part begins from
sunrise up to 11.00 a.m. in moment when the incident angle and intensity are increasing. The second part is
the period when the solar radiation intensity on the PV area is growing sharply because of the reflectors to the
optimal angles are installed. The finishing third part is the time when after noon the solar radiation intensity is
decreasing. It should be noted in the measurements after reflectors to an optimal angle has been installed the
solar radiation intensity has been increased for 1.3-1.5 times (see, Figure 2).

We studied the dependences of the open circuit voltage, solar radiation density, short circuit current and
electric power on the time. The dependence of open circuit voltage on the time on Figure 3 has been presented.
As we see from this Figure that in period from 9.00 a.m. up to 11.00 a.m. the open circuit voltage values have
been decreased, namely for monocrystal to ~1.4V, polycrystal to ~1.8V, monocrystal with black color back
surface ~2V. The differences of these values for PVT are higher than PV, namely for monocrystal ~1.65V,
polycrystal ~2.4V, monocrystal with black color back surface ~2.65V. In this working regime we can see the
PVT open circuit voltage is decreasing more than PV. This fact, in our opinion, can be explained that PVT is
not able distribute collected heat directly to atmosphere because of to the PVT back surface collector is
installed. This tendency up to water transferring via collectors is continuing. In the moments when reflectors
begin working (from 11.00 a.m. up to 12.00 a.m.) the open circuit voltages values of usual PV for monocrystal
to ~0.8V, polycrystal to ~0.85V, monocrystal with black color back surface ~0.9V are decreased accordingly.
As to the PVT these values are for monocrystal to ~0.55V, polycrystal to ~0.9V, monocrystal with black color
back surface ~1.1 V are decreased. This difference deals with the heating SE constructed with crystal Si, which
is known with the even great differences of this parameter for having great power PV [8].
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Fig.2. Time dependence of solar radiation intensity

In 12.00 o’clock, water with a temperature of 16-18°C was connected to the heat collector. Because of
the temperature dropped on the back surface of PV the open circuit voltage on the PVT for monocrystal to
~2.55V, polycrystal to ~1.45 V, black color back surface monocrystal to ~2.45 V has been increased. In result
this effect leads to growing the electric power. After that when solar noon (on 12.40 a.m.) finished the voltage
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has been decreased because of the solar radiation intensity changed in range of 0.2-0.35 V on dependence of
panel types.
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Fig.3. Time dependence of open circuit voltage of PV and PVT during the day.

The dependence of short circuit current on the time on Figure 4 has been presented. As seen from the
comparative analysis of results for PV and PVT the short circuit current depends on the solar radiation intensity
and panels types. Therefore, after that water opened to the collector in order to cooling the PV back area the

future changes of the dependence of short circuit current on the time is defining with environment and
atmosphere states.

The PVT electric power according this representation is defined:
P=FF-1_U_

Here Iy is the short circuit current, U, is the open circuit voltage, FF is the PV fill factor.
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Fig.4. The dependence of short circuit current of PV and PVT on the time.

In this case the PV fill factor is about 0.71-0.72. The dependence of the PV and PVT electric power on
the time obtained using mentioned above data on Figure 5 has been presented. As Figures 2, 3 and 4 showed
that the process of the dependence of electric power on the time deals with two factors, namely, the solar
radiation intensity dropped to PV surface and open circuit voltage depend on the temperature. When PVT is
working in second regime it leads to, the first, increasing electric power because of the forcing solar radiation
and after, decreasing the open circuit voltage — a bit power stabilization.
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When the sun passes noon then the power is decreasing on the solar radiation intensity. As we see from
the Figure 5 the electric power maximal values in the usual PV regime equaled to: for monocrystal ~43 watts,
polycrystal ~42 watts, black color back surface monocrystal ~36W, and PVT in the cooled regime for
monocrystal ~48W, polycrystal ~43W, black color back surface monocrystal ~45W.
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Fig.5. The dependence of electrical power of PV and PVT.

Besides PVT produces additionally the heated water 6-10 litters/hour on temperature 55°C. The
creation and use of a power plant based on PV is effective for areas with a shortage of centralized electricity
supply and hot water.

Conclusion

Considering that different regions of the republic have unique climatic conditions the developed portable
photoelectric device allows to determine in advance the efficiency of PVs planned to be used in this area before
building large capacity photoelectric plants. Because of the MMPD is able to moving and controlling easily in
small fields we can use one for revealing effective working regime of the different photovoltaic devices long
away from the centralized energy sources of the different year seasons in our Republic. The proposing
ourselves device can help for revealing energy losses in the different PV and decreasing possibility the losses
after analyzing. The basic reasons of the energy losses are the temperature growing, atmosphere pollution and
changing positions of PV relatively to sun. This device and developed test method helps us optimize these
processes. In experiments we used the polycarbonate collector with new type parallel channel for cooling PV.
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In this paper a measuring analytical system for low-frequency noise spectroscopy is presented. The
measuring system is adapted for the automated study of low-frequency noise spectra in electronic elements,
components and semiconductor materials and structures. A distinctive feature of the proposed measuring system
is an automated complex local and precise study of the dependence of the low-frequency noise spectra in the
sample on electrical voltage and temperature. The frequency range is 0.001-10000 Hz, DC hias range is 0-50 V
and the temperature range is 7-500 K. The measuring system is adapted for use with an atomic force microscope
for local measurements of electronic materials and structures noise characteristics. The measuring system makes
it possible to obtain a larger amount of experimental data, which makes it possible to draw comprehensive
conclusions about the mechanisms and causes of noise generation in the test sample. The results of testing the
operation of the measuring system are given as an example of the Schottky diode-like structure study.

Keywords: low-frequency noise spectroscopy; temperature measurements; automation of measurements; barrier
structures; atomic force microscopy

Introduction

Commonly during measuring any physical value noise is a negative influencing factor. It adds an error
to the results of measurement. Fluctuations of current and voltage in electronic devices determine the lower
limit of their sensitivity. In the case of high level of such noise useful component of the signal could be
unobtainable. Noises in electronic vacuum and solid-state devices limit the dynamic range of their
characteristics. Noises depend on the minimal size of these devices and the chosen minimal value of supply
voltage [1].

On the other side, current and voltage fluctuations contain valuable information about internal
properties of electrical systems. Thus, an analyzing mechanisms of noise formation provides the necessary
data about characteristics and parameters of these systems. In this case fluctuations are used to obtain such
information about physical processes leading to noise [2]. Some types of electric noise do not contain useful
information. For instance, the thermal noise is the intrinsic and irremovable property of conductive materials
with non-zero electrical resistance [3]. The power spectral density (PSD) of the thermal noise depends only
on temperature and resistance of noise source. Besides that, it practically contains no useful data. The noise
spectrum or dependence of is one of the most significant characteristics of fluctuation process [4, 5].

Shot noise, studied by Schottky in 1918 [6], is generated by discreteness of the number of charge
carriers moving from one environment to another. In solid state structures shot noise is associated with
charge carrier injection through the depletion region of p-n junction. It looks like a sequence of short pulses
which create electrical current. Spectral density of such signal is uniform in a wide frequency range.
Therefore, in the first approximation shot noise is considered as a white according to the corresponding PSD.
Shot noise is the same as thermal noise. It doesn't provide information about the energy spectrum of
electronic states in semiconductors. The low frequency (LF) noise in the metals and semiconductors used to
control the quality of electronic components. It’s spectral density depends on frequency f as a function 1/f7,
where 7 is in the range 0.6-2.5 [1, 7].

Modern computer techniques increased the level of experiments to investigate noises [8]. Special
attention is focused on automation of data processing and obtaining to achieve real time calculations.
Nowadays it is hard to find a general universal model of generating electrical noise in all semiconductor and
metal devices and structures [1, 2]. There are some models of noise generation for some semiconductor
devices and metal films [1] due to the large number of non-obvious factors affecting the formation of the
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noise component of electrical signals. The temperature dependent noise is used to determine the
electromigration activation energy, interconnect reliability, phase transitions, radiation damage, etc. [9-11].

To carry out precision studies of semiconductor barrier structures by LF noise spectroscopy the use of
specialized equipment is required to measure the temperature dependence of the spectral density of noise
power. On the other hand, local electrical measurements can be carried out using atomic force microscopy.
Of interest is the joint use of atomic force microscopy to ensure local measurement and noise spectroscopy.
A sensitive preamplifier is required to match the conductive probe of an atomic force microscope with a
noise spectrometer.

As an amplifier of the noise signal for example Stanford Research Systems SR560 [12] or Ithaco 1211
[13] are used. Dynamic signal analyzers such as Stanford Research Systems SR785 [12] or SR780 [13], and
other measuring devises as Agilent 5052A [14], for example, are applied. There are complete commercial
systems for measuring noise such as NMS-NOYSYS 7 (Synergie Concept, French). Its advantage is easy to
use and availability of software for managing and plotting noise spectra. However, such equipment provides
several limitations. For example, papers [12-14] present spectra with bottom frequency limit 1 Hz, while the
described in this paper system has the bottom range equals 0.001 Hz. NMS-NOYSYS 7 has lower sampling
rates (250 kHz), bias voltage (till 10 V) and initial frequency (1 Hz). The complete software using leads to
limitations about spectra processing and plotting.

1. Description of the measuring system

The influence of intrinsic noise of the amplifier on measurements was reduced by designing of the low
noise amplifier with 10 parallel channels (Fig. 1). Application of N parallel amplifying channels allows
decreasing the level of intrinsic noise in YN times. A disadvantage of the solution is increase of input
capacitance in N times and decrease of input amplifier resistance in N times. The input level of amplifier
noise is 3.9 nV/VHz at 1 kHz (for comparison: input noise of amplifier SR560 is 10 nV/VHz t 1 kHz).
Changing resistance of R1, R2, R3, R4, provides the necessary gain factor.

During developing topology of amplifier, we wired the conductive paths in the way that power bus and
signal bus were located as far as possible from each other. We used low-noise operational amplifiers AD795
that has normalized by the input voltage of the noise in the range of 0.1-10000 Hz.

Separate input
channel
(1 out of 10)

S

Sample caonnection J
diagramm 2 6 il
| U

W - current fluctuation 3

Uout

I = voltage fluctuation

N=10

Fig.1. The scheme of the sample wiring with constant bias voltage source to the preamplifier

A constant voltage is applied to the sample from the bias circuit. The current fluctuation leads to
appearance of voltage fluctuation on the reference resistor R. That fluctuation arrives the input of pre
amplifier through the capacitor C blocking constant component. C is the high-quality film capacitor at the
input of the amplifier. In our case R = 1-100 MQ and C = 2 x 4.7 uF that provide RC = 9.4-940 s. The
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capacitor helps to remove the constant component of voltage on the reference resistor and work with voltage
noise component only. The choice of the resistor R value is determined by the internal resistance of the
sample and the lower boundary frequency in the noise spectrum. The upper frequency limit of the
preamplifier can be increased by changing the parameters of the frequency correction circuits. The frequency
limit of 10 kHz is due to the fact that the setup was designed specifically for studying low-frequency noise.

For investigating temperature dependence of noise SPD closed cycle helium cryostat Janis
CCS400/204N with thermocontroller Lakeshore 335 are included in the measuring system (Fig. 2). The
cryostat and the thermocontroller provide a temperature range of 7-500 K and the accuracy of maintaining
the temperature to 0.1 K. Galvanic elements that reduce influence of noises from electrical network are used
to supply the amplifier and apply bias voltage to the sample. The signal through the data acquisition board NI
PClIe-6361 and terminal block NI BNC-2120 goes to the PC, which records, processes and stores the
received data. The constant bias voltage is applied to the sample by commutation of the galvanic elements
from the PC through the terminal block NI BNC-2120 using reed relay with gold-plated contacts. Parameters
of the measuring system are shown in the table 1. The sensitivity of the preamplifier allows it to be
connected to a conductive probe of the atomic force microscope and to conduct local measurements of the
noise spectrum.

'

el BNC 2120
LF noise
¥
Vol . PCle-6361
AFM 4—— Sample |- oltage bias
circuit
PCI-GPIB
Cryostat
Janis CCS Thermocontroller [
it —
400/204N LakeShore 335 PC

——

Fig. 2. The block diagram of the measuring system for low-frequency spectroscopy.

Table 1. Parameters of the LF noise spectroscopy measuring system

Parameter Range Parameter change step
Bias voltage 1.5-495V 1.50r9V

Frequency range 0.001 Hz—- 10 kHz 0.001, 0.01, 0.1 and 1 Hz
Experiment duration not limited -

Temperature range 7-500 K 1-100 K

Gain factor 1-1000 A multiple of 10
Amplifier input impedance 1-200 MQ -

Sampling frequency up to 2 MHz -

ADC bit 16 bit -

One can set bias voltage change step as 1.5 or 9.0 V depending on the switching galvanic element.
Addition of voltage divider in the switching circuit provides lower steps. Time to receive one PSD spectrum
depends on the chosen frequency range, i.e. minimum set frequency. In the case of minimum frequency
equals 1 Hz frequency change step is also set as 1 Hz, that provides measuring duration equals at least 1s. In
the case of minimum frequency 0.01 Hz the step value is 0.01 Hz and the duration is not less than 100 s.
Resistance of the reference resistor is chosen as approximately equal to dynamic active resistance of the
sample.
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2. Automation of measurements

Commonly, noise parameters of electronic structures are measured at quasi-steady state condition, i.e. at
constant current value and constant temperature. Therefore, algorithms controlling the equipment have to
consider temporary pauses that are necessary for total relaxation of transient processes, caused by change of
voltage or temperature. Increase of pause duration provides approximately steady state condition, however it
increases duration of experiments. Thus, pause duration is chosen according to the time of establishing
constant current and duration of measurements. Duration of pauses is estimated experimentally by series of
preliminary experiments for different samples and depends on electrical resistance of these samples.

In practice, the higher resistance means higher pause and measurement durations, which defined by
time constant of RC circuit, formed by resistance of the sample, the reference resistance and the input
capacitor blocking constant component at the input of the pre-amplifier [6]. For automatic recording
experimental data one can set a delay after changing of external factors. Another way is tracking the average
voltage across the sample. According to the data one finds a valid range of values (Fig. 3). This way is
preferable as it reduces the duration of the experiment.

Voltage (V)

of -V..L Waiting time VAl

50 100 150 200 250 300 350
Time (s)

ol

Fig. 3. Factors to start automated experimental measurements

The measuring system is controlled by the software written in LabVIEW [15, 16]. A bias voltage is
applied by transferring a specific binary code to the digital block NI BNC-2120. The switching system after
receiving this code includes the required number of galvanic elements in the circuit. The system could be
simplified due to replacing the bias circuit containing galvanic cells by applying a bias voltage from a
controlled source. Such approach helps to set a bias voltage with different steps. However it increases noise
level from the electric network.

PSD is calculated using LabVIEW built-in libraries. For fast Fourier transform algorithm radix-2 [17] is
used. Blackman-Harris window is used. That helps to display the obtained data in the form of time
dependence of voltage and calculated noise spectrum in real time. This spectrum is found and shown for
different voltage values with subtracted average trend. To get PSD data it is necessary to choose a weight
function and frequency range before starting averaging and recording the data. As fluctuations are stochastic,
so we average noise PSD over several measurements for reproducible result. We choose number of averages
according to the case, that dispersion is slightly decreased with increase of number of averages.

As aresults PC records only averaged noise PSD and shows all the data obtained at every measurement.
Depending on the chosen value range, PSD can contain millions values due to the minimum frequency of the
measuring system 0.001 Hz with step 0.001 Hz. Noise meters are usually designed for a lower operating
frequency 1 Hz. The used sampling frequency is many times higher than the upper frequency of the studied
signals 10 kHz. Artifacts associated with the influence of sampling frequency and digital filtering can fall
into the high-frequency part of the spectrum.
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3. Experiment
According to the physical model [18-20] LF noise PSD Sw) as a steady state random process is
described by superposition of the Lorentz function components:

S(w)=C——,
1+ w?t?
where o is the circular frequency (o = 2xf); C is the proportionality coefficient; 7 is the relaxation time of an
activation processes.

Characteristic points on the frequency axis f,, corresponding to the change in the slope of the
dependences are called as the break frequencies [1]. The characteristic frequencies correspond to the
relaxation time 7 of the process responsible for LF noise generation [21]:

ot=1. (2)

In semiconductor barrier structures the generation process is influenced by defects that create deep
energy levels in a band gap. Determination of deep level ionization energy AE; by LF noise spectroscopy is
provided by a model function describing change in relaxation time of deep centers recharging z(T), according

to Boltzmann's law:
AE, 3)
T=145-Xp| — |.
° KeT
where kg — Boltzmann constant, T — temperature, physical meaning of 7o is different and depends on a current
physical model (for instance, 7 could be relaxation time of crystal lattice oscillation) [22].

Relaxation time is defined from a break frequency of PSD dependence at constant temperature. A set of
the measured relaxation times at different temperatures allows to construct Arrhenius plot. Analyzing its tilt
angle gives the value of ionization energy AE;. Arrhenius lines are plotted in semi-logarithmic scale versus
reverse temperature:

(1

In(z) = In(z,) + AE, . 4)
kT
Using the developed measuring system, we investigated test silicon Schottky diode with n-type base
containing electrically active deep centers in the temperature range 90-290 K. The obtained LF noise PSD
(Fig. 5) one can divide into three temperature sections with characteristic break frequencies: 100-140 K, 160-
190 K and 270-290 K. Temperature investigations are measured in the frequency range 10"'-10* Hz. In this
case, there was no need to make noise measurements at frequencies below 0.1 Hz due to the characteristics
of the sample. A feature of the silicon sample is the fact that defects with deep energy levels in the selected
temperature range appear on the noise spectrum in the frequency range up to 10 kHz.
The attachment of Fig. 4 shows Arrhenius plot in logarithmic scale. The calculated ionization energies
are presented in Table 2. We didn't detect deep centers in this test sample using DLTS [23] due to the limited
sensitivity of this method in the range of relaxation times more than 0.1 s.
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Fig. 4. LF noise PSD of the test Schottky diode at different temperatures
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Table 2. Parameters of deep levels

Deep level DLI1 DL2 DL3
AW, (meV) 101 107 279
To (8) 1.86-10° 2.63-107 1.76-107

Noise spectroscopy allows to study influence of electric field on reduction of potential barrier for
charge carrier emission from deep levels of their capturing by deep levels according to the Poole-Frenkel

effect [21]:
AE; = kg Tln : + | ik (U, -V), (5)
2xf, 7, nee, | 2eg,

where Uk — contact potential difference, g — electric charge, N — shallow dopant concentration, gy — dielectric
constant, € — permittivity, f, — break frequency.

Doping concentration and contact potential difference could be found from capacitance-voltage (C-V)
method [24]. The high break frequency at room temperature equals 350 Hz. Using RLC-meter Agilent
E4980A (measuring complex described in Ref.23) we measured C-V characteristics and found Ux = 0.4 V.
lonization energy of deep level DL4 is AE;= 0.54 eV.

LF noise PSD measured at reverse bias voltage in the range 1.4-20.2 V (Fig. 5). Change in the break
frequencies under increase of bias voltage (attachment of Fig. 5) gives the data for calculating dependence of
potential barrier reduction for charge carriers involved in recharging of DL4 from electric field in the base of
the test diode. Dependence, shown in Fig. 6, points on grow of DL4 ionization energy reduction with
increase of applied electric field.

1 s . 14} 4
="
L o
12+ i
1
- 10+ 4
g g
5 100} E 8f .
2 2
a T 6r ]
et
w al _
1w linge
L0 10 L R 2+ i
- i o 1 1 1 1 1 1 1 1 1
o T O T I T T T T B T 10.0 12,5 15.0 17.5 20.0 22.5 25.0 27.5 30.0
{ [FE) Electric field (V/pm)
Fig. 5. LF noise PSD at different applied voltage Fig. 6. Dependence presents reduction of ionization energy
of deep level DL4 from electric field in the base of the
Schottky diode
Conclusion

Using the proposed measuring system it was possible to demonstrate a precision measurement of the of
the low frequency noise spectra temperature dependence and determine the parameters of defects with deep
energy levels in a semiconductor barrier structure.

The system provides studying influence of electric field and temperature on noise spectra of electronics
elements and structures. Application of modern approaches for measuring system automation makes LF
noise spectroscopy powerful sensitive and informative tool for investigating of electronic energy levels in
semiconductor barrier structures. The use of a conducting probe of an atomic force microscope in the
measuring cell to form an electrical contact to the test sample makes it possible to perform a local study of
the noise spectra.
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This article presents development of the architecture of the onboard control system. In particular, the
hardware and circuit solutions in the development of the module are presented. Technical solutions, the concept
of the mechanical layout of the onboard control system and block diagrams of the presented modules of the
onboard complex are also discussed. Main functions of the on-board software are described in details, which will
help in design and development of ultra-small artificial satellites. This article serves as a new approach for how
to effectively configure and operate the on-board control system.

Keywords: onboard computer, cube sat, software defined radio, Field-Programmable Gate Array.
Introduction

Nowadays satellite technologies and components allow designing very small sized satellites
(nanosatellites) to reduce overall cost of the space systems. The nanosatellites belong to the class of small
satellites weighing less than 10 kg and this type of small satellite is used in most Low Earth Orbit (LEO)
missions with different payloads. Most of them uses CUBESAT class standard and their numbers in orbit is
rapidly grows [1]. In this frame the development multifunctional control systems for nanosatellites in
compact form factor is getting relevant meet the growing demand in small space systems.

Currently accepted, a OBCS is a set of modules and software designed to control attitude and orbit of
the satellites and operations of on-board equipment. The classic OBCS plays central role in the operation of a
spacecraft and its functions are:

e Attitude and orbit control (AOCS units, OBC);

Executing realtime & time-tag telecommands (OBC);

Telemetry data management (OBC);

Platform & Payload housekeeping (OBC);

On-board time synchronization (GPS receiver);

Failure detection, isolation and recovery (OBC);

Reception, validation, decoding and distribution commands to other subsystem in Emergency modes
(TT&C subsystem);

e Collection, processing and analysis of control and diagnostic information;

e Telecommand uploading and execution, telemetry downlinking to Ground Control station.

The aim of considered development is to provide integrated solution for small/nano satellite systems
which effectively implements abovementioned OBCS functions in a single on-board module and furthermore
covers functions of other subsystems in a satellite platform:

e Payload computer function with flexible interface for the most payload;

e High-speed data transceivers up to 6 GHz based on SDR technology.

This article presents development of architecture of On-Board Control System (OBCS) with a unified
payload interface for nanosatellites implemented using software-defined FPGAs. The technological approach
reduces weight, power consumption, size and cost of the satellite. The design is suitable as to CubeSAT and
nano/micro satellite design in terms of mechanical and electrical compatibility. The development is patented
with patent for Spacecraft onboard control system utility model #6912 in Republic of Kazakhstan. [2]
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The concept of building OBCS were developed based on the requirements of a systematic approach to
the design of on-board controls and the actual practice of flight control of spacecraft (S/C) of various classes
and purposes.

1. Development of the architecture of the OBCS hardware

The section describes the main components of the OBCS, the corresponding modules and
computational functions. Figure 1 shows a generalized architecture and a diagram of the use of OBCS. The
considered onboard control system consists of 3 functional modules physically presented in the form of
printed circuit boards:

— Processor module - the main component of the OBCS, in which computing functions are
concentrated, as well as memory modules for storage housekeeping data, data from the payloads are located
in dedicated memory (NAND);

— RF module - a board for converting the high frequency (HF) signal into digital form for subsequent
processing, as well as the generated digital signal into analog form in the corresponding HF range. Filters are
used in the path to select the desired working band. Through high-frequency connectors and HF cables,
signals are sent / received to the HF path unit, where amplification occurs to the required level;

— Interface board - a board for connecting external interfaces to the OBCS (except HF).
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Fig. 1. OBCS usage diagram.
During interfaces definition, the usage of OBCS was taken into account to solve a wide class of tasks in
such missions as remote sensing of Earth, radar and scientific ones. Table 1 provides a list of the main

interfaces that can be used for most nanosatellite platforms and CUBSAT projects.

Table 1. Definition of OBCS interfaces.

Interface Type of signals Protocol Quantity Transfer rate per 1
interface

LVDS /O LVDS33 Serial+Clock 32 622 Mbit/s

GTH transceiver LVDS33 Serial+Clock 4 6 Gbit/s

CAN I/O LVCMOS33 CAN SU2 2 500 Kbit/s

UART LVCMOS33 Own 4 115.2 Kbit/s

12C LVCMOS33 12C 2 400 Kbit/s

SPI LVCMOS33 SPI 2 25 Mbit/s

PPS I/O LVDS33 - 4 1 Hz
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The concept of mechanical design is presented in Figure 2 and based on a ”sandwich” layout, as in
CUBESAT, when the boards form in a multi-tiered structure, but unlike standard connectors, using highly
reliable inter-board connectors of the Razor Beam type, which were used in the previous model of the on-
board computer in the KazSTSat project [3].
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Fig. 2. The concept of the mechanical layout of the OBCS.
2. OBCS Software Architecture

In frame of development process of the architecture of the On-Board Software (OBSW), options for
implementing architectural solutions of several satellite manufacturers were studied, as well as information
from scientific sources in the field of S/C design and OBSW development were analyzed.

The traditional architecture of the S/C OBSW includes three main levels: the low or basic software
level, the service level and the application level [4]. The low-level layer consists of a Real-Time Operating
System (RTOS) and interface device drivers. The service layer is a layer of data handling and memory
services. The application layer includes system management, subsystem management, and payload
applications.

The research takes advantage of using orbit and design data from two different missions KazEOSat-1
and KazSTSat [5] for the analysis. The architecture of the onboard software of the KazEOSat-1 [6] and
KazSTSAT [3] remote sensing SC has a basic structure corresponding to the traditional static architecture of
the OBSW, considered in [7] and [8].

Widely used in the design and development of OBSW ultra-small Earth satellites flight software
commercial frameworks consist of three main layers. At the same time, in order to maintain flexibility and
applicability both to the tasks of various S/C and to various platforms, the layers differ from the traditional
OS architecture: the service level includes additional blocks of system components and libraries for
compatibility with the Platform Support Package level (PSP). [9]

Applying the results of the analysis of the OBSW design solutions, as well as the experience in the
software development of the universal on-board computer OBCARM, the technological payload of the space
system for scientific and technological purposes KazSTSAT, the architecture of the OBSW was developed
(Figure 3), taking into account the OBCS hardware. The presented architecture consists of three main levels:
the level of hardware and basic software, the level of services and the application level.

The application layer performs the main modes of the SC and mission control, monitoring of the
technical condition of the SC, management of subsystems and the system level FDIR (Failure Detection,
Isolation and Recovery). In order to support the platform and payload operations, On-Board Control
Procedures (OBCP) [8] provide the capability to interact with the OBSW by executing script files previously
uploaded on board by operators of the ground station [7].
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Fig. 3. On-board software architecture.

The service layer contains general-purpose data processing services, as well as services of the
centralized Package Usage Standard (PUS) [10]. In addition, this layer includes hardware controllers offering
interfaces to the input/output (I/0) boards of the OBCS and communication buses, such as CAN [11], and
serial channels. Server-level software objects (CAN server, serial data transfer server, etc.) implement
communication protocols, provide interfaces to the CAN bus, serial ports, etc.

The low-level software layer includes a real-time operating system (RTOS) and the on-board computer
hardware drivers that provide access to dual-redundant central processing unit, peripherals and I/O boards.
The core of the real-time operating system and the Board Support Package (BSP) provides the main services
for the on-board computer software (scheduling, message sending, task manager, etc.), and also provides
support for interfaces for various hardware modules.

BSP is a set of software used to initialize hardware devices on a board with a Zynq UltraScale+
processor module and implement procedures related to this board that can be used by the kernel and the
device drivers.

The OBSW function blocks located on top of the RTOS use POSIX message queues for inter-process
communication. The architecture of the service levels, services and applications allows to expand the system.

The main on-board software of the OBCS runs on the Zynq UltraScale+ SoC processor module located
on the application processor board and performs the main functional tasks of the on-board computer/payload
module. The main function of the OBSW is to provide management, control and data processing to support
the operation of the S/C using the various space communications protocols, as well as performing the
following main functions:

e data management and ground control and control support;

S/C modes management;
orientation and orbit control;
platform management;
payload monitoring.

The processes for performing these functions are mainly implemented at the services and applications
level. The architecture of the OBSW with an expanded structure of the application and services layers is
shown in Figure 4, where CTRL is the control vector, St V is the status vector, AOCS_TLM is the AOCS
telemetry vector, AOCS CTRL is the AOCS control vector, PL_ CTRL is the Payload control vector,
PL TLM is the Payload telemetry vector, Sat CTRL is the SC subsystems control vector, MP_St V is the
SC subsystems telemetry vector.

Processes in the system are grouped according to functional blocks based on data input/output paths,
data processing/formatting, protocol stacks and algorithmic elements. OBSW uses an event-driven
architecture in real-time for I/O processes using the preemption mechanisms present in the operating system,
while applications and services operate in round-robin scheduling slots within their priority group. OBSW
communicates with SC devices (star tracker, GPS receiver, transponders, transmitters, payload instruments,
etc.) via data bus and serial channels (LVDS interface, CAN, I12C interface, PPS, UART and SPI interfaces).
Exchange of telemetry and telecommands with the ground segment based on the PUS (Package Utilization
Standard) standard [10].
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Fig. 4. OBSW architecture. Application and Services level.

In Figure 5 working algorithm of the Satellite management process is shown, which is the key software
component mastering other software components in OBSW. Satellite management process functions include
telemetry file recording, registration, data compression, automatic file cleanup, processing of S/C operating
modes and task scheduling. The task scheduler is an execution unit which function is to issue an ordered list
of telecommands.

The telecommands list is generated from SKED (schedule) files and varies depending on the S/C
operating mode.

Satellite management process supports up to 6 operating modes:

1. Initialization (INITTALIZATION);

2. Test mode (TEST);

3. Launch and Early Orbit Procedure mode (LEOP);

4. Nominal mode (NOM);

5. FDIR mode;

6. Safe Mode.

First steps, the algorithm go through to initialization of the process and configure satellite parameters.
Depending on AIT strap status (removed before flight), the algorithm ether to Test mode or flight one. Test
mode is supposed to perform all functional tests within AIT campaign. In case AIT strap removed, the
algorithm enters to LEOP mode in which all necessary deployment and configuration activities are
performed according to LEOP SKED file. After successful LEOP ending indicated by LEOP flag, the
algorithm goes to Nominal Mode where Scheduler executes either telecommands coming from Ground
station or command lines which are extracted form NOM SKED file. If an error occurred during command
execution or coming telemetry shows fault status of hardware the algorithm goes to FDIR (Fault Detection,
Isolation, Recovery) mode which handles and mitigates occurred anomaly in spacecraft. If the algorithm
doesn’t find appropriate FDIR mode by condition, the last point is to go to Safe mode, which uses minimum
hardware to keep satellite in live condition. Result of the satellite management process execution is
telecommand packets generation to control satellite regarding on satellite current mode and hardware status.
Input and output data format for the process are framed in standard forms, which are defined in [10].

Matrix of possible transitions from mode to mode is shown in Table 2, where CMD means transition by
the command and CND — by condition.



Engineering 63

Satellite Management Process

Operation Modes

Closed

Initialization

LEOP flag status False
2. Next configuration info

LHJIJ!‘\.‘.U:!-Q-:—
e (mo) AT e
engineer
FDIR
SAFE
Cotraird (M- rfraration)
| Trar '1_""_11 T Piones” —
111
= I i i- =il e
. ! |
L iy, | Sciwduler
LEOF ot _|_ F—
i Command
List LEOP
| | b ——- SKED
Lﬁ i I
Py i ] 1 pem s s, = L ] J e
Be#llemorss TRIITT, . i
FDIR trigger conditions; [~~~ """~ - - —————— — — ] .
AOCS Mode transition)
(Fault) l I
X Carreasd
i Ay
_C!.TIH“HH-_ e I Peecpdarns
Cammand
REL) e [P [ = Liw Hokn Mg
juans rerrwmrsi { ----- - - ERED

Sarte Viodw
Dt dibios remail

Successful
Recovery ES |
s & 4
e oo e

1. Successful Manual Recovery
2. Next configuration info

Manual actions

o

Operator /
OBC SW engineer

Fig. 5 Algorithm of satellite management process.



64 ISSN 1811-1165 (Print); 2413 - 2179 (Online); Eurasian Physical Technical Journal, 2022, Vol.19, No. 4 (42)

Table 2. Modes Transition Variations

From mode To mode

INIT TEST LEOP NOM FDIR SAFE
INIT CND CND CND CND CND
TEST CMD CMD CMD CMD
LEOP CND/CMD CND/CMD CND/CMD
NOM CND/CMD CND/CMD
FDIR CMD CND CND /CMD
SAFE CND CMD CMD

3. Circuit design solutions for the development of on-board control system modules

In frame of the development, work was carried out on the formation of circuit solutions at the level of
functional blocks and components. As it was shown in the previous sections, the OBCS consists of 3
functional modules physically presented in the form of printed circuit boards:

e Processor module;

¢ SDR module;

e Interface board.

The enlarged schematic diagram of the processor module is shown in Figure 6. The main component of
the processor module is the Zynq ZU9EG chipset - system-on-a-chip from Xilinx.

The Zynq EG series have a quad-core ARM® Cortex-AS53 processor with a frequency of up to 1.5 GHz.
Combined with the Cortex-R5 dual-core real-time processor, the Mali-400 MP2 GPU and 16 nm FinFET+
programmable logic, the EG devices have an architecture focused on applications in 5G wireless networks,
cloud computing, as well as aerospace and defense applications. All the peripherals of the processor module
are connected to it, such as: QSPI, DDR4, NAND memory chips, reference generators and an oscillator, as
well as voltage converters. An I12C node based on the MSP430 microcontroller is used to monitor the
processor module.
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Fig. 6. Block diagram of the OBCS processor module.

Its tasks include collecting telemetry of the state of the processor module, as well as, if problems are
detected in the operation of the Zynq system-on-chip, performing module reconfiguration both in automatic
mode and in direct command execution mode. One of the features of the OBCS being developed is the
availability of a high-speed data transmission channel to the ground station based on SDR. At the same time,
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Zynq resources are used for demodulation, mixer functions and signal filtering, which significantly unloads
the hardware design of the OBCS as a whole, and only direct conversion to analog form and back to digital is
performed on the SDR module. The functional schematic diagram of the SDR module is shown in Figure 7.

St

[ -

Fig.7. Block diagram of the SDR module of the OBCS.

The board uses high-performance analog-to-digital and digital-to-analog converter chips providing up 6
GSPS sampling rate. For receive path a signal is pre-amplified along the receiving path to the desired signal
level and fed to the input filter to allocate the operating frequency bands, then the signal is fed directly to the
analog-to-digital converter, which converts to a digital stream via 8 LVDS lines. For the transmitting part,
conversions are performed in reverse order. The design feature of the considered OBCS is its application
both on the CUBESAT platform and on a small satellite platform for mostly used configurations. Figure 8
shows an enlarged schematic diagram of the interface board, which provides this capability. The external
connectors may not be soldered with the CUBESAT configuration, and the interface with the rest of the
modules is provided via the PC/104 pad.
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Fig. 8. Block diagram of the OBCS interface board.
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Conclusion

This development will dramatically simplify designing a nanosatellite architecture by using modular
flexible structure and integrated solution which effectively implements several functions based on modern
technologies (SoC, SDR) allowing in short terms and low prices to build small satellite systems.

As part of the research work, an analysis was carried out in the field of the OBCS design methodology,
the characteristics of existing models of OBCS for nanosatellites and CUBESAT platforms were considered.
The variety of models available on the markets indicates the trend of rapid growth of this segment against the
background of great interest in projects based on nanosatellites and their prospects for application in most
missions. As a result of the analysis, it can be concluded that the proposed development is relevant. The key
difference from similar OBCS will be multifunctionality, adaptive integrability with various payload and the
use of SDR technology for high-speed data transmission.

Work has also been carried out on the development of OBCS electronics circuitry in the form of block
circuit diagrams, which are the basis for further development of detailed design of printed circuit boards.
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The assessment of the reliability of a mining and technological scheme, taking into account the
stress state of mine workings, depends on a combination of mining and geological, technical and
technological factors. The article demonstrates the creation of a model of a rock mass and a scheme for
calculating the stress state based on modern methods of mechanics of a deformable solid body.The
object of study is a single mine working of great length, passed through the rock parallel to the strike of
the coal seam (field drift) and located in the zone of influence of the support pressure. Due to the fact
that the field drift islaid in the soil of the formation, which is a layered stratum in the zone of influence
of clearing operations, the predominant load is the bearing pressure on the formation. The areas of
application of the methods of complex potentials of integral equations and their combinations in solving
applied problems are determined. The data of mine (field) measurements and observations, laboratory
experiments and their generalizations are taken into account both when setting tasks and assigning
boundary conditions, and when checking the results obtained. The mixed problem of the theory of
elagticity about the contact stress on half-strips with varying along the longitudinal axis was solved;
moving away from the ends, deformative properties, when these half-strips are clamped with friction
between the layered half-planes.

Keywords: massif, stresses, model, coal seam, integration nodes, method of boundary integral equations,
pressure.

Introduction

The aim of our study is: the selection of adequate models of such media in the form of a layered half-
plane, anisotropic plane and half-strips between compressing heterogeneous half-planes, solving problems of
the theory of elasticity for a layered half-plane with a hole and an anisotropic plane with two mutually
affecting openings under given boundary conditions in the stresses; determination of contact stresses for half
strips between clamped layered half-planes; establishing areas for the effective application of the methods of
complex potentials of integral equations and their combinations in solving the applied problems. The
following tasks are specifically set:

- to justify the reduction of the problem of the tensity of the field drift in the zone of influence of coal
seam mining by long columns in the fall to the first main plane problem of the theory of elasticity for a
layered half-plane with a hole and a biconnected anisotropic plane;

- to determine the tensity of the layered half-plane near the free circular hole with unbalanced loads at
the upper boundary;

- to assess the distribution of contact tension on half-strips, divorced along the longitudinal axis and
compressed by layered half-planes;

- to find the stress state of the anisotropic plane near a free hole of arbitrary shape at given voltages at
infinity and on the contour of an elongated oblong hole;

-to perform multivariate calculations, analyze them and formulate practical recommendations.

The research methodology provides for the mandatory use of data from mine (full-scale) measurements
and observations, laboratory experiments and their generalizations both in the formulation of tasks and the
assignment of boundary conditions, and in verifying the results obtained during the solution. When solving
boundary-value problems, both analytical and numerical methods of mechanics of a deformable solid are
involved.
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1. Research methodology

The correct choice of the method of maintaining the operational drifts located near the coal seam in
working condition cannot be achieved without knowledge of the intense rock mass. A method for calculating
stresses in the vicinity of a field preparatory drift based on the method of boundary integral equations for the
theory of elasticity of an anisotropic body, taking into account the specifics of coal seam mining, is
proposed. A diagram of the mutual arrangement of the grading and field drift is shown in Fig. 1. The rock
mass is represented by an elastic homogeneous transversely isotropic body. The plane of isotropy of the body
coincides with the bedding plane of the rocks, which makes an angle ¢ with the horizontal plane. We believe

that in the vertical plane across the strike of the isotropy plane Oxy, the condition of plane deformation is
fulfilled. The stresses in the pristine mass are homogeneous (o, = const, 0'3 = const, T)?y =const). The drift

has a circular ( R -radius) cross-section, the treatment output is rectangular ( h-height, L - length).

Consider mining a coal seam by dip. Line KK' models the face moving along the formation. In this
case, point K advances as coal are extracted from point A in a straight line DAE to the left (see Fig. 1). In
real conditions, as the face moves in the vicinity of the mine working site, inelastic deformations develop,
the roof settles down until it collapses completely [1-3]. So, in fig. 2 shows the pressure zone according to
S.G. Avershin. It can be assumed that, over time, the destroyed and completely subsided rock masses
establish stresses that coincide with the field of natural stresses of the rock mass (region AA'B'B, Fig. 2b).
In the area BB'C'C of voltage in the settled rocks have not been established, the area corresponds to the
bottom hole zone, where coal is broken, people and mechanisms work.

The complexity of mathematical modeling of the coal seam mining process, even in the two-
dimensional case, is due, first of all, to the presence of gaps of developing inelastic deformations. Direct
consideration of these zones in the formulation of the problems of mechanics of a deformable solid leads to
difficulties that are currently resolved only in some cases. Therefore, for simplicity of calculations, it makes
sense to consider the problem in an elastic setting, taking into account the zones of destroyed rocks with the
help of additional forces that act along the boundary of the mine. Based on the foregoing, the problem of
determining the stress state of a rock mass can be described as a flat problem of the theory of elasticity of an
anisotropic body. At the same time, we believe that, starting from a certain distance from the bottom (points
Cand C"), the forces increasing according to the linear law (on the lines CB and C'B', see Figure 1) act on
the boundary of the mine working. The forces increase until they reach a value characterizing the stresses in
the untouched massif and then remain unchanged (on the lines BA, AA', A'B' ). The type of external forces

characterizing the stresses in the untouched array is chosen from the following considerations. For
simplicity, let us consider a single hole in an anisotropic plane loaded at “infinity” (Figure 3).

Fig.1. Scheme of the relative location of the treatment plant and drift.
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The stress state of a plane is determined by the boundary element method [4,12]. In this case, we
approximate the counter holes by a closed polygonal line consisting of line segments (elements). The
resolving system of relative constant for each element of fictitious loads for the first main task of the theory
of elasticity has the form.

(anugnj +a|l]g|j ) r(w)i - fni’
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here  §; and g; are the intensities of the friction loads; a,;,a,;,b,;,by; - system coefficients — are

determined according to well- known formulas [5-7,11]; and ¢ , and Tn“ voltage in a plane without a hole,
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onthe i - element; K - the number of approximating elements (ij =1,2,...,K).
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Fig. 3. Circuit approximation by broken lines, global and local coordinate systems.

Obviously, it is always possible to choose the intensity of efforts f, and f so that the vector of free
terms, of system (1) will be zero. In this case g, =g, = 0,(j =12,...,K), the stresses in the plane with

the hole will note differ from the stresses in the flatness without a hole. For example, the voltage at some
point in the plane is

K
20';) +Z(ijgnj +dxjglj):o.>(<) (2)

j=1
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Thus, making efforts
0 0 0 0
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Along the contour of the hole (see Figure 3), we achieve that the stresses in the plane loaded with
“infinity” with the loaded hole do not differ from the stresses in the loaded plane without the hole. As you
can see, the intensity and direction of external forces depends on the stresses in the plane without a hole and

the orientation of the element (¢; - is the angle between the normal to the element directed to the region of
the elastic body and the axis OX) [8-10].

Based on these considerations, we believe that the external forces acting on formulas (3) act on the
elements making up the lines BA, AA', A'B'. On the lines CB and C'B' the forces vary linearly, increasing

from the nucleon (at points C and C') to the quantities characterizing the loads on the lines BA and A'B'.
Note that expressions (3) are simplified for the hydrostatic distribution in an untouched massif

(0'2 = O'S,T;)y =O>. In this case f, =0, (i =12,..., K), and external forces are determined only by the

normal pressure equal O 3 to the lines BA, Aa', A'B', and linearly changing on the lines CB and C'B'.
Numerical results were obtained for three different lengths of the treatment plant (L=12R L =24R,
L =36R). As a source for transversely isotropic sandy shale [11-13]. The angle of inclination of the plane of
isotropy is (0=300. The hydrostatic stress distribution in the pristine massif is accepted. The sizes
| =6R, h=R, as well as the coordinates of the point A (X, = 20.8R;¥; = 15R) for all options are
constant. A linear increase in external forces was carried out on the segments CB=C'B'=20R, while it was
set tgf = 0.05 (see figure 1). For L=12R and L =24R external forces do not reach their upper limit,
but increase up to the points A and A', which coincide in these cases with the points B and B'. When
| =6R and tgf# = 0.05 for L =12Ron the line Ad', these efforts are equal 0.3¢%, but for L =24R,
equal 0.9¢2. In figure 1 shows the locations of the feces for different L:KK' for L =36R, SS' for

L=24R PP' for L =12R.

Fig.4. Plots of normal stresses on the contour of a field preparatory drift.

At L =12R(curve 1), the stresses on the circuit practically with the stresses for a single circular output,
i.e. the effect of treatment work on the field drift remains insignificant. Because the face is still far enough
away. The stress diagram changes significantly with L =24R (curve 2): the asymmetry of the stress
distribution is visible and increase in the maximum stresses is noticeable. When L =36R(curve 3), the
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maximum stresses decrease compared with the previous case and their maxima rotate approximately 90°
relative to point 0.

2. Results and discussion

The calculation results indicate a significant effect of the net generation on stresses in the vicinity of the
drift, the nature of the stress distribution varies depending on the distance and position of the bottom hole
production, relative to the field drift, the maximum stresses on the drift circuit are achieved when the
working face is located above the field drift, (at L = 24R).

-1 11 ]

Fig. 5. Distribution of normal stresses on the lines

(of . . .
Figure 5 shows plots of normal voltages &, — on the lines AE and AD for various calculation
o

y
options. As we see, near the drift on the straight line AE for L =12R (curve 1) and L =24R (curve 2),
the nature of the stress distribution differs from that of the straight line for L =36R (curve 3).

Conclusion

The obtained data indicate the influence of the drift on the mechanism of transfer of the support
pressure before the bottom hole to the formation soil. The scheme for calculating the stress state of this mine
in the dynamics of the manifestation of the support pressure on the seam takes into account the presence of
heterogeneous layered soil of the coal seam, where the field drift is laid.

It contains the results of a study of the correct formulation of the problem of support pressure on an
inclined-buried buried coal seam near the treatment space. It is advisable to use these methods, and it is
necessary to link them with a specific system for developing coal seams and methods for preparing the mine
field. Some conclusions on the choice of the location of field drifts and their content from the point of view
of the "stress state" factor are recommended for implementation in mines.

Thus, the developed model of a drift embedded in a layered medium, in the zone of influence of the
processing space, allows us to fully study the picture of the stress-strain state of rocks around the drift up to
the processing output.
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TRANSIENT ABSORPTION OF GOLD NANOPARTICLES
OF VARIOUSDIAMETERS
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The transient absorption of gold nanoparticles with an average diameter of 13+5 and 48+16 nm upon
photoexcitation by nanosecond laser pulses has been studied. It was shown that the maximum of stationary
absorption exhibits as a wide structureless band with a maximum at about 520-540 nm. The transient absorption
band of gold nanoparticles with a maximum at about 430 nm has a fine structure with a frequency of maxima of
6-8 nm and it does not depend on the size of the nanoparticles. The absorption duration decreases with a
decrease in the average size of nanoparticles. The lifetime of transient absorption is equal to 23+2 and 19.5+2 ns
for large and small particles, respectively. The nanosecond lifetime of the transient absorption of Au
nanoparticles is the result of a prolonged relaxation process in the “interface of Au nanoparticle-solvent
molecule” system as a manifestation of hindered heat exchange with the environment.

Keywords: gold nanoparticles, plasmon, size, transient absorption, optical properties.
Introduction

The phenomenon of localized plasmon resonance is the attractive research topic in the last few decades
due to the possibilities of its practical application. Plasmon nanoparticles of noble metal increase the
efficiency of various optical and optoelectronic phenomena, including Raman scattering and photocatalysis,
and also improve the performance of organic light emitting diodes and photovoltaic devices [1-5].

Methods of flash photolysis are used to study the dynamics of electronic excitation in plasmon
nanoparticles (NPs) of metals. This method is very sensitive, it allows detecting the single NPs and studying
the dynamics of fast processes.

In this method a perturbation of the electron density of metal NPs, leading to the appearance of a
plasmon resonance (PR), occurs upon simultaneous photoexcitation by laser pulses and probing beam. The
PR lifetime is determined by the electron dephasing process with a typical time constant of 10—100 fs. This
process is the first stage in the complex dynamics of electron relaxation in metal NPs [6, 7]. In the time range
from 100 fs to 1 ps, the process of electron-electron scattering occurs, which leads to the equalization of the
electron temperature inside the metal NPs. Further, in the range of 1-10 ps, electron-phonon scattering
occurs, which stabilizes the temperature of the electrons and the surrounding lattice. The electron-phonon
relaxation decay time depends on the growth in the electron temperature, which is related to the excitation
pulse power and increases linearly with the pump energy [7]. This mechanism can be used for nanoscale heat
transfer from metal NPs to biological objects for photothermal therapy, biomedical imaging, etc. [8].
Phonon-phonon scattering (>100 ps) releases heat into the environment and it is the slowest process.

However, there are practically no works devoted to the study of the transient absorption of Au NPs
upon nanosecond photoexcitation. The exception is the work of [9], where the transient absorption of Ag
NPs of various sizes was studied during photoexcitation by nanosecond laser pulses. The dependence of the
intensity and lifetime of transient absorption on the average size of the NPs, their concentration and pump
energy was investigated. It has been shown that in a delayed heterophase heat exchange at the boundary of
the “particle-medium” interface, the kinetics is “prolonged” up to times of the order of several tens of
nanoseconds.

In this work, the transient absorption of gold NPs of various diameters in ethanol solutions was
investigated. Gold NPs, due to the position of the plasmon resonance band in the green region, are more
attractive for usage in biophysical and biomedical applications, for example in photodynamic and
photothermal therapy [10-12], singlet oxygen generation [13, 14], etc.
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1. Experiment

Gold NPs were obtained in solution by ablation of a 30 nm thick gold film. 99.999% gold was
deposited on the surface of the glass substrate by magnetron sputtering method with QI50RES (Quorum
Technologies Ltd.). Ablation was performed by Nd:YAG laser with Ag,=532 nm, pulse duration of 1=8 ns
according to the method, described in [15]. To change the average diameter of the received NPs, the laser
radiation energy was varied from 9.5 to 13.5 mJ. During ablation, the laser beam was focused on a target
immersed in ethanol using a collecting lens. The diameter of the laser spot on the target was equal to 0.1 cm.
The volume of ethanol in a glass with Au film was equal to 3 mL. The ablation time was equal to 15
minutes.

The absorption spectra of Au NPs in ethanol were measured with Cary—-300 spectrophotometer
(Agilent). The spectra and kinetics of transient absorption were studied by pulsed photolysis method using
the LP-980 spectrometer (Edinburgh Instr.) upon excitation with the second harmonic of Nd:YAG laser
(LQ215, SolarLS) with A,,=532 nm and pulse duration of =7 ns. To measure the kinetics of transient
absorption, the solution was placed in a quartz cell with an optical path length of 10 mm. The kinetics of
transient absorption was recorded in the time range up to 4 ps. The plotting of the transient absorption
spectra was performed by automatically scanning the kinetics with a step of AA=2 nm in the required
wavelength range, followed by data slicing using L900-software (Edinburgh Instr.). The processing of
individual absorption kinetics was also carried out using this software.

2. Results and discussions

Dynamic light scattering measurements (Zetasizer S90, Malvern) showed that the average diameter of
the obtained Au NPs was equal to 13+5 and 48+16 nm (Fig. 1). The concentration of Ag NPs in the resulting
solution was equal to Cx,=6:10"" and 2:10™'° mol/L, respectively. For further measurements, solutions of Au
NPs with the same concentration were prepared. Images, registered in transmission mode with Mira 3LMU
(Tescan) microscope have shown that the prepared NPs are spherical.

By MPs, d=131E nm Au NPz, d=48216 nm

a) b)
Fig.1. Size distribution and TEM images of Au NPs with various diameter.

The measured stationary absorption spectra of gold NPs in ethanol are shown in Fig. 2. It can be seen
that for both types of NPs the spectrum exhibits as a wide structureless band in the region from 450 to 800
nm with a maximum at about 530 nm. Also in the spectrum appears an absorption band at about 350 nm,
which refers to the absorption of d-electrons of Au [6]. The spectra of both small and large NPs do not
change their shape. However, with an increase in the average diameter of Au NPs, a bathochromic shift of
the absorption band maximum from 526 to 540 nm was observed. The broadening of the 48+16 nm
absorption band of Au NPs is also noticeable, which is associated with a greater dispersity in size of the
prepared NPs.

The observed bathochromic shift of the absorption band of larger Au NPs is the result of the
displacement of the boundary electrons relative to the positive ionic lattice during the transmission of the
incident light through the metal NPs [16]. This results in a net charge difference at the “NP — environment”
interface. In turn, this generates a Coulomb restoring force that tends to bring the system to its equilibrium
state and leads to the appearance of the surface plasmon oscillations [17].

It was shown in the Mie theory [18] that when the particle size is much smaller than the wavelength of
the incident light (d<<}), then the o polarizability of a metal NP is determined by the Clausius-Mossotti
relation [16]:
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where ¢ is the permittivity of vacuum, &, is the dielectric constant of surrounding medium, ¢ is the dielectric
function of the metallic NPs, V is the volume of spherical NP.

Thus, it can be seen that the NP polarizability of NP is directly depends on the size of NPs and on its
permittivity. The imaginary part of the permittivity, in turn, determines the absorption of light in a metal NPs
[19].

(&)
1.4 .
"'-'“'-_ =48 rm
s L
\ M 'l." W
" . |I 7\
g ?" L
un a ; L A
. ‘\ .
=13 rnem y
- \-
ﬁ“m o
.ﬂ‘“-u,__
o4 ' - ' - ' - v - 1
4G = ] b1 w0

R, nm
Fig.2. Stationary absorption spectra of Au NPs of various diameters.

The long-wavelength shift of the NP absorption band is associated with the dependence of the
contribution of free electrons to the permittivity. The damping of the electromagnetic field, which occurs as a
result of the depolarization of the light field on the surface of the particle, leads to a weakening of the
Coulomb restoring force on the electron cloud. Therefore, the frequency required to excite surface plasmon
oscillations will be decreased [16].

The transient absorption spectra of Au NPs with d=48+16 nm are recorded in the region of 370-570 nm
(Fig. 3). In this case, the positive part of the spectrum is located in the region of 370-500 nm with a
maximum at about 420—450 nm for Au NPs. The spectrum exhibits optical density oscillations both in the
positive and negative parts of the absorption curve. The frequency of the maxima is 6—8 nm. The band in the
negative part of the spectrum with a maximum at about 520-530 nm coincides with the main absorption
band and it is the result of a change in the population of the ground state. The measurements showed that
with an increase in the delay of recording time, the structure of the transient absorption spectrum of Au NPs
is retained and it practically was not changed.
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Fig.3. Transient absorption spectra of Au NPs with various diameter at different times of registration,
Aexc=532 nm, A=2 nm.
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The intensity of the transient absorption of NPs of larger diameter is higher. A decrease in the particle
diameter does not change the shape of the transient absorption band, while the fine structure of the spectrum
is also retained. At a recording time of more than 60 ns, the absorption signal is almost completely decayed.
The transient absorption kinetics of 48+16 nm Au NPs recorded at different wavelengths are shown in Fig. 4.
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Fig.4. Decay kinetics of the transient absorption of Au NPs (d=48+16 nm), A.=532 nm, registered at 435 and 520 nm.

As can be seen from the figure, the absorption kinetics of Au NPs at 435 and 520 nm are different. The
kinetics at 435 nm can be described by a monoexponential equation. The estimated decay lifetime was equal
to 23+2 ns. The kinetics at 520 nm is better approximated by the bi-exponential decay law. The estimated
lifetimes were equal to 2142 ns and 1.2540.2 ps. The duration of transient absorption of Au NPs of smaller
diameter was equal to 19.5+2 ns for A.,=435 nm. For 520 nm, the duration of absorption was equal to 5.5+2
ns.

Thus, it can be seen that a decrease in the average diameter of Au NPs leads to a decrease in the
duration of transient absorption. Nevertheless, the lifetime of transient absorption of Au NPs lies in the
nanosecond range, which is uncharacteristic for this process.

It is known that the duration of the transient absorption kinetics is determined by the relaxation time of
an ensemble of excited electrons formed under the action of a laser pulse [6]. The relaxation of excited
electrons is a complex process that occurs in several stages. It was shown in [9] that nanosecond times are
the result of interface phonon energy exchange, which is extended in time up to nanoseconds and more. This
does not allow the electrons of a metal NP heated by a laser pulse to quickly cool down rapidly. The surface
of a NP conserves the energy of local heating, acting as an adiabatic shell. So, the electrons in a metallic NP
remain hot for a very long time due to the relatively low thermal diffusivity of the medium and the hindered
energy exchange of the gas of quasiparticles and molecules at the interface.

Conclusion

The transient absorption of gold NPs of various diameters has been studied. For this purpose, the
method of pulsed photolysis with photoexcitation by nanosecond laser pulses was used. It has been
established that the transient absorption bands for both small and large Au NPs have a maximum at about
430440 nm and exhibit a fine structure of the spectrum. The decay kinetics of the transient absorption at
435 nm has a monoexponential form. The duration of the absorption decreases with a decrease in the average
size of NPs. The nanosecond duration of the transient absorption of Au NPs is the result of a prolonged
relaxation process in the “interface of gold NP—solvent molecule” system as a manifestation of hindered heat
exchange with the environment.

The results obtained will be useful for the prediction of the dynamics of “hot” electrons in plasmonic
NPs of metal. It was shown that under the action of nanosecond pulses, the lifetime of excited electrons in
Au NPs is tens and hundreds of nanoseconds. It can be used for heat transfer from metal NPs to biological
objects in photothermal therapy, biomedical imaging, activation of photocatalytic reactions and in
photovoltaics for additional injection of electrons into a semiconductor layer, etc. [6, 10, 12, 20, 21].
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In this present study, the effect of Topological Defect on the mass spectra of heavy and heavy-light mesons
such as charmonium, bottomonium, and charm-strange(csS) ,bottom-charm(bT) respectively are studied with
the Hulthen plus Yukawa potential. The Schrodinger equation is solved analytically using the Nikiforov-Uvarov
method. The approximate solutions of the energy spectrum and un-normalized wave function were obtained. We
applied the present results to predict the mass spectra of heavy and heavy-light mesons in the presence and
absence of a topological defect for different quantum states. We noticed that when the topological defect increases
the mass spectra are shifted and move closer to the experimental data. However, when compared to the work of
other researchers, the results established an improvement.

Keywords: Schrodinger equation; Nikiforov-Uvarov method; Hulthen-Yukawa Potential; Mass Spectra; Topological
Defect

Introduction

The existence of heavy quark-bound states was discovered independently at the Stanford Linear
Accelerator Center (SLAC) [1] and Brookhaven National Laboratory (BNL) [2] in 1974. Since then, the
study of the quarkonia system has been investigated both experimentally and theoretically by particle
physicists [3,4]. Studies on heavy quark systems are crucial because they provide knowledge on interaction
potential, confinement, quantum chromodynamics (QCD) coupling constant, and various other inputs to the
standard model [5]. The solutions of the Schrodinger equation (SE) with potential models are used in
describing the energy spectra of diatomic molecules, theoretical measures, and mass spectra (MS) of the
heavy and heavy-light mesons [6-8]. In the study of mass spectra of the heavy and heavy-light mesons,
confining-type potentials are generally used. The widely used potential is the Cornell potential (CP) which
contains a Coulomb interaction term and a linear confinement term [9]. Analytically, different methods have
been proposed and employed in solving the SE with a chosen potential model of interest, such as, the
Asymptotic iteration method AIM [10], the Nikiforov-Uvarov (NU) method [11,12], the NU Functional
Analysis (NUFA) method [13,14], the series expansion method (SEM) [15], WKB approximation method
[16], exact quantization rule [17], and so on. The analytical study of heavy quark with CP has gained
remarkable attention from scholars [18,19]. For instance, Vega and Flores, [20] obtained the analytical
solutions of the SE with CP using the vibrational method (VM) and super symmetric quantum mechanics.
The eigenvalues were used to calculate the MS of the mesons. Also, Kumar et al. [21] used the NUFA
method to solved the SE with generalized CP. The result was used to determine the MS of the heavy quarks.
Furthermore, Hassanabadi, et al. [22], used the VM to solve the SE with CP. The mesonic wave function was
computed using the eigenvalues. To examine the MS of mesons, researchers have recently modeled
exponential-type potentials to study the MS of quarkonia [23]. The prediction of the MS of the heavy mesons
(HMs), potential models such as Varshni [24], Hulthen plus Hellmann potential [25], and others have been
used. For instance, Purohit et al. [26] used the solutions of the Klein-Gordon equation potential (KGE) to
predict the HMs by combining linear plus modified Yukawa potentials.

Hulthen potential [27] and Yukawa potential [28] are used in different branches of physics, including
nuclear and particle physics, among others. It has been noted that more experimental data tends to fit a
mixture of at least two potential models than a single potential [27]. The Hulthen plus Yukawa potential
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(HYP) was proposed by Li and Chang [29] to investigate the nonlinear optical characteristics of the
GaAs/AlnGal-n as quantum dots system. The HYP takes the form [29],

Re” be”
e 1
1—-e? r M

where R;,and Dare the strength of the potential, ¢% is the screening parameter and r is inter-nuclear

V(r)=

distance.

Scholars have found the impact of a topological defect (TD) with a single particle in a particular
potential to be an intriguing topic [30]. Its genesis is thought to have taken place during a phase transition in
the early universe. Researchers have recently become interested in how TD affects the dynamics of both
relativistic and non-relativistic systems, including screw dislocation [31], bound electron eigenstates, and
holes to a declination. Furtado et al. [32] examined the Landau levels in the presence of a TD in light of
these. Additionally, Hassanabadi and Hosseinpour [33] looked into how TD affected hydrogen atoms in
curve-space time. Topological defects have long been a hot topic in domains like condensed matter and
gravitational Physics [34]. They play a significant role in altering the physical characteristics of many
quantum systems. A linear defect in an elastic medium, such as a dislocation or desperation, causes a change
in the topology of the medium, which has an effect on the medium's physical characteristics [34]. Ahmed
[35] investigated how TD and external fields affected diatomic molecules. It was demonstrated that the TD
and external fields cause the energy levels to change. No researchers are yet to report the impact of TD on
the mass spectra of heavy and heavy-light mesons in light of these observations. Therefore, the purpose of
this study is to use the NU approach to solve SE with HYP in order to examine the effect of TD on the mass
spectra of heavy and heavy-light mesons. For convenience, we have assumed that our mesons are spinless
particles [36].

Equation 1 is modeled to include the Coulomb and confinement terms using a series of powers up to
order three to expand the exponential terms, and we get
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2. Formalism
The line element that explains spacetime with a point-like global monopole (PGM) takes the form: [30]

2
ds’ =—c’at’ +%+ r’dg* +r*sin’ 6d¢g’ 4)
where 0< =1-87Gry, < lis the parameter related to the PGM which depends on the energy scale 7j.
Furthermore, Eq. (4) portrays a space time with scalar curvature
L 21
R=R =2 (5)
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In this way, the SE takes the form
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where (£ is the particle’s mass, Vg :Eai (\/6 g”aj) with g=det(q,), is the Laplace-Beltrami operator

and V (r,t) =V (r) is GMP(1).Thereby, the SE for the GMP in a medium with the presence of the PGM(1) is
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Here, let us consider a particular solution to Eq.(5) given in terms of the eigenvalues of the angular
momentum operator L as
U
p(r.0,pt)=e " T\G,m(é’, ?) ()
where Y|’m((9, (0) are spherical harmonics and R(r) is the radial wave function.
3.The solutions of the Schrédinger equation with Hulthen-Yukawa Potentialll
The NU technique is used in this investigation. The details are provided in Ref. [11]. Then, we
substitute Eq. (2) into Eq.(7), the radial wave equation is obtain as
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Putting Eq. (10) into Eq. (9), gives
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The approximation scheme (AS) on the terms A and % is introduced by assuming that there is a
X X

characteristic radius 7, of the meson. The AS is achieved by the expansion in a power series around [ ; i.e.

1
around 0 = r— , up to the second order [24]. By setting y = x— & and around y = 0 we have;
0

-1
Ao __ 4 =ﬂ(1+1j (12)
X y+6 5(1+yj s\ ¢
)
Equation (12) yields
A 3 3x X
RS\ AT, 13
X (5 5”53) (13)
Similarly,
D 6 8x 3x°
7%?‘5*?) (1
Equations (13) and (14) are Plugged into Eq. (11) and yields,
d’R(X) 2xdR(x) 1
X X o +g[—8+ﬂlx—ﬂzX2]F?(X)=0 (15)
where ’

_8_(2,uEn, _ 6uA  12uD 6,qu 5 _(2/{8 6uA  16uD j
o’nt oPhie kS o’ht ) T PR oPRASE 0PRSS (16)
2uA . 6D I(+1)

182 :(a2h253 + PEIERT pe) )
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Linking Eq.(15) and Eq. (1) of Ref. [11], we obtain
T(X)=2X, o(X)=X
6(X)=—¢+Bx-BX (17)
o (X)=2x, o’(X)=2

Equation (17) is substituted into Ref. [11]'s Eq. (11) to produce

7r(x)=i\/g—,61x-|r(,82+k)x2 (18)
The value of K is obtained by taking the discriminant of the function under the square root.
2
-4p,&
(B4 o
de
Plugging Eq. (19) into Eq. (18) gives
Bx & j
n(X)=% - (20)
(2& Je
From Eq. (20), we have
/ B
T (X)=—"+< 21
2\e D
Putting Egs. (17) and (20) into Eq.(6) of Ref. [11] gives
Bix
7(X) =2X——F= + — 22
Iz \/Z (22)
From Eq. (22) we get
7 (X) :2—ﬂ (23)
Je
Using Egs. (10) and (13) from Ref. [11], we have the following,
ﬂ:ﬂlz_4ﬁ2€_ ﬁl (24)
4e 2Je
g
Ay=—=-n"-n (25)
Je

Equating Egs. (24) and (25), followed by substitution of Egs. (3) and (16) yield the energy spectrum of
the HYP

2

2u ( aj 3u (aﬂ 2) 8 b
— 5| b+ |- —+b |+
2 232 232 232 Q2 272 ¢3
R I B B A 29
N R S L .1 (aﬁ+bﬁ2j+ ,Lzzbz}‘4+l(lt1)
a'h’o o

2 \4 o’n’s
In terms of related Laguerre polynomials, the un-normalized wave function is given as

w(z)=N,z e Zfo( 2¢ j Q27)

ze

where N, is normalization constant, which can be obtained from

[y () Pdr =1
" (28)

4. Results and discussion

Using the following equation [37], the MS of the heavy and heavy-light mesons are predicted

M=m+m+E, (29)
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where m) is quarkonia mass and E, is eigenvalues.
Substituting Eq. (26) into Eq. (29) we have,

M=m +m +— +bz9——(—+bz)2j by”
Mt 266 2

2
2u a 3u ([ aw 8uby’
I G P v o
~ 8u 1|1 u (ad ¥ 1(1+1)
n+—+,[-— —+be |+ -
2 \/4 a2h253[6 j oot o

where 4 is the reduced mass and «is the TD.

The numerical values of the heavy and heavy-light meson masses are taken from [38]. The potential
parameters were fitted with experimental data (ED). Experimental data are taken from [39, 40].

The MS of the heavy and heavy-light mesons were predicted in the absence and presence of TD for
different quantum states. Absence and presence corresponds to when a=1 and & =2 =3 respectively. The
mass spectra of charmonium in the presence of TD is seen to be exactly as the ED for 1S and 2S quantum
state, but in other states we noticed that they predicted results are close to the ED. As the TD was introduced
by setting TD = 2 and 3, the values of the predicted masses were seen to be approaching the ED and was
seen to be improved from works reported by [15,37] as shown in Table 1.

Table 1: Mass spectra of charmonium in (GeV)
(M =1.209 GeV,u= 0.6045 CeV,r=1.0 ,a = -3.5647 GeV, b = 352.7375 GeV,0= 1.65 GeV, 6=0.0L,i= 1)

(m =1.209 GeV,u= 0.6045 CeV,r=2.0 ,a = -3.64024 GeV, b = 356.5334 GeV,0= 1.65CGeV, 6=0.0,i.= 1)
(m =1.209 GeV,u= 0.6045 CeV,r=3.0 ,a = -3.7153 GeV, b = 360.2911 GeV,0= 1.65 GeV, =0.01,h= 1)

State (24 Our Result AIM[37] SEM[15] Experiment [39]
1S 1.0 3.096000024 3.096 3.095922 3.096
2.0 3.095999987 3.096 3.095922 3.096
3.0 3.096000033 3.096 3.095922 3.096
2S 1.0 3.686000010 3.686 3.685893 3.686
2.0 3.685999995 3.686 3.685893 3.686
3.0 3.686000014 3.686 3.685893 3.686
3S 1.0 4.012881463 4.275 4.322881 4.040
2.0 4.022871465 4.275 4.322881 4.040
3.0 4.039981463 4.275 4.322881 4.040
4S 1.0 4.133343194 4.865 4.989406 4.263
2.0 4.163343195 4.865 4.989406 4.263
3.0 4.196335319 4.865 4.989406 4.263
1P 1.0 3.23224764 3.214 - 3.525
2.0 3.399250489 3.214 - 3.525
3.0 3.511700284 3.214 - 3.525
2P 1.0 3.568719439 3.773 3.756506 3.773
2.0 763087336 3.773 3.756506 3.773
3.0 3.771820015 3.773 3.756506 3.773
1D 1.0 3.454603197 3.412 - 3.770
2.0 3.624976340 3.412 - 3.770
3.0 3.892528368 3412 - 3.770
2D 1.0 3.802639037 - - 4.159
2.0 3.867334734 - - 4.159
3.0 3.987992543 - - 4.159

For bottomonium, the mass spectra for 1S and 2S states are seen to be equal to ED. But when the TD
was introduced the mass spectra increases and tends to approach the ED and was improved in comparison to
the report by [15,37] as shown in Table 2. In the case of bottom-charm (bT) ,when TD was absence, the
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values of the calculated masses for 1S and 2S agreed with the ED as well as the when the TD was set to 2
and 3.

We noticed that 3S, 1P and 2P do not have ED for comparison. The predicted values for 3S,1P and 2P
increase as the TD is increased and was seen to be improved from the works reported by [41,43,44] as shown
in Table 3. The prediction of the mass spectra of charm-strange (¢CS) meson shows that when TD = 1,1S and

28 states agreed with ED. Also, when TD =2 = 3,1S and 28 also agreed with the ED. We noticed that as the
TD increases the values of the calculated values increases and approaches the ED and was seen to be
improved from the works reported by [41,42] as shown in Table 4.

The mass spectra of heavy and heavy-light mesons are plotted against the principal quantum number (n)
as shown in Figs.1-4. In Fig.1, the MS of charmonium is plotted against n, it is observed that as TD increases
from 1 to 3, the MS increases. In Fig.2, the MS of bottomonium is plotted against n.

Table 2: Mass spectra of bottomonium in (GeV)
m, =4.823 GeV,u= 2.4115GeV, a = -1.6952 GeV, b = 167.7012 GeV,6=0.01,6 = 1.65 GeV,h= Lar=1)

(
. > . B} . b} . E Uy . > ]
. > . b . > . > Vs . > >

State a Our Result AIM][37] SEM[15] Experiment[39]
1S 1.0 9.460000022 9.460 9.515194 9.460
2.0 9.459999989 9.460 9.515194 9.460
3.0 9.460000048 9.460 9.515194 9.460
28 1.0 10.02300001 10.023 10.01801 10.023
2.0 10.02299999 10.023 10.01801 10.023
3.0 10.02300003 10.023 10.01801 10.023
3S 1.0 10.30289537 10.585 10.44142 10.355
2.0 10.31001127 10.585 10.44142 10.355
3.0 10.34493277 10.585 10.44142 10.355
4S 1.0 10.38099212 11.148 10.85777 10.580
2.0 10.47097214 11.148 10.85777 10.580
3.0 10.56709741 11.148 10.85777 10.580
1P 1.0 9.626090124 9.492 - 9.899
2.0 9.799443695 9.492 - 9.899
3.0 10.02340701 9.492 - 9.899
2P 1.0 10.22006701 10.038 10.09446 10.260
2.0 10.24115658 10.038 10.09446 10.260
3.0 10.25907436 10.038 10.09446 10.260
1D 1.0 9.802224210 9.551 - 10.164
2.0 9.964826266 9.551 - 10.164
3.0 10.22010124 9.551 - 10.164

Table 3: Mass spectra of bc meson in (GeV)
(M=120GV,m=483 GV, u= 0967 GV, a = 2702 GV, b =2670454G,0=00L6= L6G, hi= Lr=10)

(M=1200GV,m=483 G, u= 0967 G, a = 2701 G, b =204 GV,0=0016= L6G, h=1r=20)
(M=1200GV,m =483 GV, u= 0967 GV, a = 280 GV, b =23.018 GV,6=00L0= L.6G, h= 1,o==30)

State o Our Result [43] [44] [41] Experiment [40]
1S 1.0 6.273999877  6.349 6.264 6.268 6.274
2.0 6.273999987 6.349 6.264 6.268 6.274
3.0 6.273999990  6.349 6.264 6.268 6.274
28 1.0 6.870999945 6.821 6.856 6.895 6.871
2.0 6.870999994 6.821 6.856 6.895 6.871
3.0 6.870999996 6.821 6.856 6.895 6.871
3S 1.0 7.079844893 7.175 7.244 7.522 -
2.0 7.079923693 7.175 7.244 7.522 -
3.0 7.079938283 7.175 7.244 7.522 -
1P 1.0 6.450099644 6.715 6.700 6.529 -

2.0 6.580866397 6.715 6.700 6.529 -
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3.0 6.871276565 6.715 6.700 6.529 -
2P 1.0 6.925459986 7.156 7.108 7.102 -
2.0 6.969242914 7.156 7.108 7.102 -
3.0 7.079961566 7.156 7.108 7.102 -

Table 4: Mass spectra of ¢S meson in (GeV)
(M=120GV,m=0419 GV, u= 03111 GV,0=00L,a= 2027 G, b = IR2519RV,0= L.6GY, fi=l,0=1.0)

(M=120GV,m=0419 GV, u= 03111 GV,6=00La= 2 1031 G, b = 222735 GV,0= L.6G, li=1,0=20)
(M=120GV,m=0419 G, u= 03111 GV,6=00La= 2027 G, b = 2063001 G,0= L.6G, fi=1,0=3.0)

State a Our Result [41] AIM[42] Exp.[40]
1S 1.0 1.967999992 1.969 2.512 1.968
2.0 1.968000003 1.969 2.512 1.968
3.0 1.968000009 1.969 2.512 1.968
2S 1.0 2.316999996 2.318 2.709 2.317
2.0 2.317000002 2.318 2.709 2.317
3.0 2.317000004 2318 2.709 2.317
3S 1.0 2.569135452 2.667 2.906 2.700
2.0 2.655146351 2.667 2.906 2.700
3.0 2.709948372 2.667 2.906 2.700
1P 1.0 2.070929595 2.126 2.649 2.112
2.0 2.147345620 2.126 2.649 2.112
3.0 2.157038303 2.126 2.649 2.112
1D 1.0 2.180107355 2.374 2.859 2.318
2.0 2.28087479 2.374 2.859 2.318
3.0 2.319154842 2.374 2.859 2.318

A similar trend is observed. The variation of MS of charm-strange (cS) against n is plotted as shown in

Fig.3. It is observed that the mass spectra, increases as TD is increased In Fig.4, the MS of bottom-charm
(bT) , is plotted against the principal quantum number. The MS is seen to increase when the values of TD is

increased, which shows the effect of TD on the mass spectra.
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Fig.1.Variation of the mass spectra of charmonium with ~ Fig.2. Variation of the mass spectra of bottomonium with
principal quantum number for different values of &X principal quantum number for different values of X



Physics and Astronomy 85

600~

500+

MGeV — a=3 MG eV — a=3
800 —a o
- :;; 100 _ :: :
600
400
3004
2004
i : : ‘ 5 1 3 3 I }
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Conclusion

In the current study, the Hulthen-Yukawa Potential is used to examine the effect of Topological Defect

on the mass spectra of heavy and heavy-light mesons such as charmonium, bottomonium, charm-
strange, and bottom-charm respectively. Analytically, the SE was solved using the NU approach. The un-
normalized wave function and the energy spectrum were found. The mass spectra of heavy and heavy-light
mesons in the presence and absence of TD for various quantum states were predicted. We observed that the
mass spectra rise and shift closer to the ED as the TD increases. However, when compared to the work of
other researchers, the results obtained demonstrated an improvement. This research could be expanded to
examine the thermal properties of heavy and heavy-light mesons.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUA

Kyuepenxko M. I'., Heacog 11. 11.

@eppoMarHuTTIiK HaHoOeUIeKk OeTiHaeri TPUIUIET-KO3FAH MOJeKYyJadapAblH CIHH-CEJIEKTHUBTI e@3apa
apekerTecyi.

®deppoMarHUTTIK  HAaHOOGJILIEKTIH TIeHEepauUsJIalThIH MarHUT OpICIHIH  TPUILIETTIK KO3FaH  OpraHUKaJbIK
MOJIEKyJIaJIapAblH HeMece OeleKkTep/iH O0eTKi KabaThIHIarbl TPUILIETTIK SKCUTOHIAP/AbIH aHHUTMIISLHSACHIHA dcepi
3epPTTEIreH. DICKTPOHIBIK KO3YAbIH TUPDY3USIBIK KO3FATFBIIITHIFBIH KOHE KYHEHIH T€OMETPHUSICHIH €CKEPETiH erKei-
TErKeiJIi MaTeMaTHUKaJIBIK MOJENb YCHIHBUIFaH. KHHETHKANBIK OIepaTop TPUILIET-TPHUILIET >KYOBIHBIH 9X9 CHUHIIK
KYiepiHiH TosblK 0a3zachiHna OepinreH. Tpuruier-Tpuruier >kKyOBIHBIH CHHIVIETTIK CITUH KYWiHIH KOHBICTaHYBIHBIH
YaKbITTBIK TOYEJIUIIKTEPl JKOHE TPUIUICT-TPUIUIET AHHUTWIISLMACHL KE3IHAErT MAarHuTTiK Jaybic  NPOQMIiHIH
(MarHUTTIK peaknus ocepi) MarHUT OPiCiHIH HHIYKIHUACHIHA TOYEIIUIIT] anbiHFaH. MarHuT epici TpafueHTIHIH peaKIusl
IIBIFBICEIHA 9CEPi TPUIUIET-TPHUILICT KYNTAPhIHAAFEl Oacka OENTisli CIHMH-IWHAMHKA MEXaHHU3MIepiHae OachklM eKeHi
AHBIKTAJIJIBI.

Kiar ce3umep: TpUIUICT-TPUILIETTIK AHHUTWISANUSA, (DEPPOMArHHUTTIK HAHOOOJIIIEK, OIPTEKTI e€MeC MarHuT epici,
MarHUTTIK ocep.

Kyuepenxko M.I'., Hesacoe I1.11.

CnuH-celeKTUBHOE B3aMMO/elCTBHE TPHILJIETHO-BO30YK/IEHHBIX MOJIEKYJ HA MOBEPXHOCTH (heppoOMArHMTHOI
HAHOYACTHIIBI.

W3y4yeHo BiMsiHWE MarHUTHOT'O TOJIS, TeHEpUPYEMOro (eppoOMarHUTHON HAaHOYACTHIEH, HA AaHHUTHIISILMIO TPUILUIETHO-
BO30Y)KAECHHBIX OpPraHMYECKUX MOJICKYJ WJIM TPHUIUIETHBIX OSKCHUTOHOB B IIPUIOBEPXHOCTHOM CIJIO€ YacCTHII.
[IpencraBnena moxpoOHast MaTeMaTHdecKas MOJEIb, yUWThIBaromas Au(Qy3HOHHYI0 MOIBHXHOCTH 3JIEKTPOHHOTO
BO30YXICHHUS U TEOMETPHIO CHUCTEMBI. KHMHETHUYECKHUII orepaTop 3aJaH B MOJHOM Oa3uce 9xX9 CIMHOBBIX COCTOSHHI
TPUILIET-TPUIIETHON mapbl. [lomydeHs! BpeMEeHHbIE 3aBHCUMOCTH 3aCEJICHHOCTH CHHIJIETHOTO CIIMHOBOTO COCTOSTHHMS
TPUIUIET-TPUIJIETHON Hapbl U 3aBUCHMOCTh MPO(MIS MarHUTHOTO OTKJIMKA MPU TPUILICT-TPUIUIETHON aHHUTWISLNN
(3bdexT MarHUTHOH peakiyu) OT MUHAYKLIMH MarHUTHOro noms. OOHapy»KeHO, YTO BIMSHHE I'PAAUEHTa MarHUTHOTO
IOJIsl Ha BBIXOJA DPEAKIUM IOMHHUPYET Haj IPyrdMH H3BECTHBIMM MEXaHM3MaMH CIHH-IUHAMHUKH B TPHILIET-
TPUILIETHBIX Mapax

KiroueBble cioBa: TPUIVICT-TPUILICTHAA aHHUTWIIALUAA, (beppOMaFHI/ITHa}I HaHO4YacTuIlla, HCOAHOPOAHOEC MArHUTHOE
HoJie, MarHUTHBIN 3P HEKT.

Bonoxkumuna U .E., Hanizaoexoe A.b., Bonokumun A.B.

MuUKpPOKOCHIHABIIIAHFAH 00J1aT MHUKPOKYPBUIBIMBIHBIH ©3repyiHe SKOFapbl KbICHIM AaCTBIHAAFBI OYpPayAbIH
Jcepi.

BemmexTepai xacaynelH €H KON TapalfaH oMici - MeTalmapasl KbICHIM acTHIHIA ©HJAEY OONBIN TaObUIaAbl, OHBIH
HOTIDKECIHIIE MaTepualIblH OepikTiri MeH HUTIMIUNTiHIH Oapibelk pe3epBi Taycbuia anMmannpl. COHIBIKTaH
IUTACTHKANBIK 1e()OPMAIMSIHBIH MOPIICHBIIK CAKUHAIAPBIH UKIIIIK OCPIKTUTIriHE OHE TO3IMIUTIK MICKTepiHe acepl
e3ekTi Oonbim Tabbutaapl. bepinren maxamana KaHa KOHCTPYKLHMS KaJbIOBIHIAFBI MHMKPOKYPBUIBIM 3BONIONHUSACHIHA
JKOHE MEXaHUKANbIK KAaCHETTepIiH e3repyiHe >KOFapbl KBICBIM AaCTBIHAAFbl  OypaiyIblH OCEpiH SKCHEPUMEHTTIK
3eprreysepi  kypriziireH. Horwxkecinne ynabTpa ycak TYHIPUIKTI KYpbUIBIMIBI KaJbINTACTBIPY JKoHE Oojar
CaKMHAJIAp/bIH OEpIKTIK KaCHMETTEPiH apTThIpY YIUIH YCBHIHBUIFAaH OIICTI KOJIAAHYJbIH NMPHHIMITI MYMKIHJIITI KOHE
THIMALTITT  ponenaenreH. JlehopMmalusiHel KopIllaFaH oOpTa TeMIepaTypachlHOa aiThl OTY Ke3iHAe IKYPri3iimi.
Jedopmarus HoTHKECIHIIE YIIbTpa YCaK TYHIPIIIKTI KYpPBUIBIM aJIbIH/IBI, OHBIH OpTala TyHipmik Meimepi 0,5 um xoHe
YJIKeH OYpBIITHI IIeKapanap caHiapbl 6ap. MUKpOKOCHIHABUIaFaH OOJATTHIH OEpiKTIK KacueTTepi OacTankbl KYHMeH
CAJIBICTBIPFaH/a IaMaMeH 3 ece apTThl, MUKPOKATTBUIBIK Ta 3 ece apTThl, sfHH Oactamkbl Kyimeri 760 MIla-man
nepopmanmsgan keiin 1935 MIlla-ra geiiin kertepinmi. MyH#a OepikTIK KacHETTEpiHIH €H YJIKEH apTyhl
nepOopManUsHBIH alFaliKel 3 MUKITiHAE Oap OOIIbI.

Kiar ce3nepi: KapKbIHIBI INIACTHKANBIK Ae(opMariisi, MEKPOKYPBUIBIM, JKOFaphl KBICHIM acTHIHIAFEI Oypaiy, Oonar,
MEXaHHMKaJbIK KACHETTEP.

Bonoxumuna U .E., Haiizabexoe A.b., Bonokumun A.B.

Bimmsinne Kpy4eHus Mo BHICOKHM JaBJIeHHeM HA H3MEeHEeHHEe MIKPOCTPYKTYPhl MEAKPOJIETHPOBAHHOM CTAJIH.
Haubosiee pacrnpoCTpaHCHHBIM METOJIOM H3TOTOBJICHUS JeTalieil sBiseTcs 00paboTKa METaIOB JaBJICHUEM, B
pe3yibTaTe KOTOPOW HE HMCYEPIBIBACTCS BECh PE3CPB MPOYHOCTH W IUIACTUYHOCTH MaTepuana. [1o3ToMy BOMpOCHI
BIUSIHHS TUIACTUIECKON JeopManui Ha IUKIMISCKYIO TOJTOBEYHOCTh U MPEAEIBl BEIHOCIMBOCTH MMOPIIHEBBIX KOJIEIl
SIBIIIIOTCSL aKTyaldbHBIME. B JaHHOW CTaThe MPOBENCHBI SKCIICPHUMEHTAIBHBIC UCCICIOBAHUS BIUSHUS KPYUYCHHS IO
BBICOKHMM [IABJICHUEM B IITAMIIC HOBOM KOHCTPYKLIMHM HA JBOJIOIMIO MHUKPOCTPYKTYPhl M M3MEHCHHE MEXaHHYECKHX
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CBOWCTB. B pesynbraTe MoKazaHa MPUHIUITHATBHAS BO3MOXKHOCT U 3()(HEKTUBHOCTH UCIIONB30BaHUS TPEIOKESHHOTO
MeToJa Ui (POPMHUPOBAHHS YIBTPAMEIKO3EPHUCTONH CTPYKTYphl W TOBBIIMICHUS MPOYHOCTHBIX CBOWCTB CTalbHBIX
koien. Jledopmanuio MPOBOMWIM TpU TEMIIEpPAaType OKPYXAromiedl cpensl B IIecTh MPoxXomoB. B pesymbrare
neOopMHUPOBaHUS TIONYyYeHA YIbTPAMEIKO3EpHUCTAs CTPYKTypa CO CpeIHHM pa3mepoM 3epHa 0,5 um ¢ HammdmeMm
0OJBIIOTO KOJNMYECTBa OONBIICYTIIOBBIX TpaHUIl. [IpOYHOCTHBIE CBOWCTBAa MHKPOJETHPOBAHHOHN CTaM BO3POCIH IO
CPaBHEHHIO C MCXOJHBIM COCTOSHHEM IOYTH B 3 pa3a, MUKPOTBEPIOCTh TAaKXKe BO3pocia B 3 pa3a, T.e. OBBICHIIACH C
760 MIla B ucxomnom cocrosHuM 10 1935 Mlla mocne nedhopmupoBanus. IIpu 3TOM HamOOIBIIANA MPHPOCT
MIPOYHOCTHBIX CBOMCTB MPUXOHUIICS HA MEpPBbIe 3 LUKIIA 1e(OPMUPOBAHHS.

KiarwueBble c10Ba: HHTCHCUBHAS TUIACTHYECKAS Ie(OpPMAIUs, MUKPOCTPYKTYpa, KPYUCHHE MO/ BBICOKUM JaBIICHUEM,
CTaJlb, MEXaHUYECKHE CBONCTRA.

Auwypoe M .X., Hypumounoe H., /[icymanos C /., Caudaxmedos K.X.

Honpaymsl coyiiesenyain SNC creaTHT KepaMHKACBIHBIH UG (y31bI IIAFBLIY CIIEKTPJIEPiHe dcepi.

Bepinren makanaga ONTHKAIBIK CHEKTPOCKONMS dJiciMeH, siFHH anddy3asl marbury oniciveH 60Co ke3iHiH raMma-
COyJIeTICHYiHIH JKOFaphl J03aJapbIMEH JKOHE apajiac PeaKTOPIBIK No-raMMa-CoyleJeHyMeH coyneneHaipinres SNC
TUNTI CTEATUTTIK KePaMUKAJaFbl paIualisIbK akaynap 3eprrenred. Auddy3apl mareury CrieKTpIiepiHiH HOTIKEIEPiH
Tangay KerOip KYPBUIBIMIABIK aKaylapIblH TaMMa-coylielieHy Ke3iHae maiima OonmaThIHBIH KepceTTi. by crmektpaix
YIIBTPaKYITiH aiMarblHa OailylaHBICTIaFaH OTTET1 aTOMIAapBIHBIH XoHe El1 opTansIikTapbl, (37EKTPOHIR YCTAHTHIH YII
yiIecTipiireH KpeMHUH aTtoMbl) Ooc opbiHAap Oonbim TaObliambl. CHEKTpAiH KepiHeTiH alMarblHIa KEMTIK
OPTANBIKTAPBIHBIH TYpiepi op Typ:ii OaiikanraH. KepiHeTiH criekTp aliMarblHAa CHEKTPAl rayCCHaHAAPFa JKIKTeTeHHEH
KeHiH CIIeKTp/iH OyJI aliMarbIH/la raMMa-cayJieJIeHyMeH CallbICThIpFaHia KeMTIiK opranbikrapsiHbig (O-ME, me-merain)
op TYpJii THNTEepi KOCHIMINA TY3UIETiHI aHBIKTaIIbl. NO-raMMa-coylielieHy PEeakTOpbIHIa MYHIAi  KYPBUIBIMABIK
aKayJap/pl alty THIMILTIT TaMMa-CoyJIelieHyMEeH COyJICIICHIIPUITCH YITJIEPMEH CaJIBICThIPFAH 1A KOFaphl OOJIIBI.

Kint ce3nepi: SNC tunri creatnt kepamukacsl, Juddy3usibK IIaFrbuly, raMMa-coyJieleHy, No-raMMa-coyJieneHy, V
THIITI KEMTIK OPTaJIBIKTapBl.

Awypoe M.X., Hypumounoe U., /[oicymanoe C /., Cauoaxmeoos K X.

BiansiHue HOHU3MPYIOLIET0 U3JIYUeHHs HA cieKTPbI Au(pdy3HOro oTpakeHus creaTuToBoii kepamuku SNC.

B naHHOIl craThe METOZOM ONTHYECKOH CIEKTPOCKONUH, T.e. MeTomoM IH((Y3HOro OTpa)KeHHs, HCCIIEH0BaHbI
paguanoHHble Ae(eKTsl, B cTeaTuToBoil kepamuke Tuna SNC, 0oOMydeHHOH BBICOKMMH [03aMH IaMMa-U3ITydeHHs
nctogyanka 60Co W CMEUIaHHOTO PEaKTOPHOTO No-raMMa-oO0IydeHus. AHaIN3 pe3yibTaToB CHEKTPOB A dy3HOTO
OTpaKeHHs MMOKA3aJl, YTO HEKOTOPhIC CTPYKTYpHbIE Je(eKThl 00pa3yloTcs MPU raMmMa-o0Iy4eHUH. DTO KUCIOPOIHBIC
BaKaHCHM, HECBA3aHHBIE aTOMBI Kuciaopona M El-IeHTpbl (TpeXKOOPAWHUPOBAHHBIM aTOM KpEMHHMS, 3aXBaTHUBILUI
3JIGKTPOH) B YJIBTPA(PHOIETOBON 00IACTH CrieKTpa. B BUIMMOI 00JIaCTH CIIEKTPa Pa3InYHbI THITBI TBIPOYHBIX [IECHTPOB.
[ocne paznoxkeHus crieKTpa BHIMMOW 00JacTH Ha raycCHaHbl ObUIO OOHApYyXKEHO, YTO B 3TOW 00NAacTH CHEKTpa, Mo
CPaBHEHHIO C TaMMa-00JIydeHHEM, JIONOJIHUTEIBHO 00pas3yroTCsl pa3jInuHble TUIIBI JIBIPOYHBIX HEeHTpoB - (O-Me, Me-
MeTainn). DPPEKTUBHOCTD CO3/IaHUS STHX CTPYKTYPHBIX JIE(EKTOB IIPH PEaKTOPOM NO-raMMa-o0JIydeHUH, ObUIa BBIIIE
10 CPaBHEHHIO ¢ 00pa3namu, 00IyIeHHBIMHA TaMMa-H3TyY€HHEM.

KuaroueBble cioBa: crearutoBas kepammuka tuma SNC, muddysHoe oTpaxkeHne, raMMma-m3IydeHHE, NO-TaMMa-
00JTy4eHus, ABIPOYHBIE IIEHTPHI V-THIIA.

Cepuxoe T.M., banmaébekoe A.C., Aiioapoea /1./]., Kanoupoaesa I1.A., Kyanviuoexoea A.b.

Tutan aUOKCHIAI HAHOTYTIKIIEJepiHeH Ty3lreH KaObIKIIAJApALIH (OTOKATAJIMTHKAJBIK 0OesiceHaiirine
aHoJTay KepHeYyiHiH dcepi.

CuHre3 Ke3iHJe aHoATay KepHEYiHiH OeTiHiH MEHIIIKTi aiiMarbiHa oHe TiO, HaHOTYTIKIIECiHIH (OTOKATAINTHKAIBIK
Oercenninirine acepi 3eprrenreH. TuTaH QUOKCHII HAHOTYTIKIIENEpiHEH TY3UIreH KaObIKIIanap TUTaH (OJIbrachbIHBIH
OeTiHIe ANIEKTPXUMUSIIBIK aHOATAY S/IiCiMEH ajbIHIbl. AHojaray KepHeyiHiH 20 B-tan 60 B-ka peitiH >korapbliaybl
HAHOTYTIKIIENEep/iH iMKi XoHE CHIPTKBI IHAMETPIIEPiHIH apTyblHA, ©CY J>KBUIIAMIBIFBIHBIH JKOFApPBUIAYBIHA JKOHE
HAHOTYTIKIIENEPiH KEYeKTepi apachlHAAFbl KAIIBIKTHIKKA OKEJNETiHI aHBIKTANIBL. YJTLICpAiH (OTOKATATHTHKAIBIK
Oencenaimiri (HOTOMHAYKIWSIAHFAH TOKTHIH IIAMAachlH OIIIICy AapKbUTBI OarananraH. TeMeH KepHEyAe ajbIHFaH
KaOBIKIIa JKOFapbl KepHeyle alblHFaH KaObIKmazaH 3,5 ece Kell TOK IIbIFapAbl, aln KaOBIKIMIaJapAblH KaTICYbIMEH
OOSFBILTHIH BIABIPAYBl COJI  yaKBIT apajbiFbIHIA colkeciHme 75 skoHe 38% Kypaapl. KaOsIkmmamapasig
(oTOKATANUTUKANIBIK ~OEJICEHIUIINHIH apTybl HETI3iHEeH HaHOTYTIKIIeNepAiH OeTki KaOaThIHBIH YJIFAIObIMEH
OaiimanpicThl. Ochbutaiimma, TiO, HaHOTYTIKIIENEPIHIH HAKThl OETIHIH MOHIEPI a30TThI TOMEH TeMIlepaTypaa
azicopOIMsay OMICIMEH aHBIKTANIbl. AHOATAY KEPHEYIHIH JKOFapbUIaybIMCH KaObIKIIamap OCTiHIH HAKThl ayJaHb
A3asIThIHbI aHBIKTAJIJIBI.

KinT ce3nepi: HaHOTYTIKIIIE, THTaH ANOKCUAI, POTOKATAIN3, MEHILIKTI OCTiHIH ayAaHBbl, CyIbIH OOIiHYI.




SUMMARIES 91

Cepuxoeé T.M., banmaéekoe A.C., Aiioapoea /1. /1., ZKanoupoaesa I1 A., Kyanviuoexoea A.b.

BiiusinMe HanpsiKkeHHsl AHOAMPOBAHMS HA (POTOKATAIMTHYECKYI0 AKTHBHOCTH IJIEHOK, (POPMUPOBAHHBIX
HAHOTPYOKaMM THOKCH/AA THTAHA.

HccnenoBaHo BiIMsSHHME HANpsDKEHHWS aHOAMPOBAHUS IPU CHHTE3€ Ha YJCNbHYIO IUIOLIAJb IIOBEPXHOCTH M Ha
(OTOKATATMTHYECKYI0 AaKTUBHOCTh HAaHOTpYyOOK auokcuaa tutaHa Ti02. MerogoM  AIEKTPOXHUMHYECKOTO
AQHO/IMPOBAHUs HAa MOBEPXHOCTU THUTAHOBOH (hoybru OBUIM TOJY4YEHBI IUIEHKH, 00pa3oBaHHble HaHOTPyOkamu TiO.
VYcTaHOBIIEHO, YTO YBEIMYEHHE HampspkeHus aHomupoBanHus oT 20 B mo 60 B mpuBogut k pocTy BHYTpEHHEro u
BHEIIHETO JMaMETPOB HAaHOTPYOOK, YBEJIMYEHHI0O CKOPOCTH pOCTa W MEKIIOPOBOTO PpAacCTOSHHUS HAHOTPYOOK.
doTokaranuTHYecKass aKTHBHOCTH O0pa3lOB OLEHWBANACH 10 M3MEPEHMIO BEIWYMHBI (OTOMHIYLMPOBAHHOTO TOKA.
[Inenka, moiydeHHas: NpH HU3KOM HAlpsDKEHWH, TEHEpUpPOBajIa TOK B 3,5 pasa BbIle, YeM IUICHKA, ITOJyYeHHas MpU
BBICOKOM HAIPSDKEHUH, a JIETPafalisi KpacuTelsl B MPHUCYTCTBUHU IUICHOK cocTaBmia 75 n 38 % COOTBETCTBEHHO 3a
OJMHAKOBBIA nepnoj BpeMeHH. [loBbimenne GpoTOKaTaATUTHYECKOH aKTUBHOCTH IUICHOK MPEHUMYIIECTBEHHO CBS3aH C
POCTOM BEJIMYMHBI yJENBHOHN IUIONIAM TTOBEPXHOCTH HAHOTPYOOK. Tak, METOOM HHU3KOTEMIIepaTypHOH aacopOiun
a30Ta OMNpEJEICHbl BEIMYMHBI YJEIbHONW IUIOMAAM MOBEPXHOCTH HaHOTPYOOK TiO,. YcTaHOBIEHO, YTO C POCTOM
HaNpsDKEHUST aHOAMPOBAHMS YJIeTIbHAS MJIOIAAb IIOBEPXHOCTH TNICHOK YMEHBILIACTCSL.

KiroueBble c10Ba: HAaHOTPYOKa, AMOKCHI THUTaHA, (OTOKATAIM3, yHAesbHAs IJIOIIA/Ab MOBEPXHOCTH, PAaCLICIUICHHE
BO/JIBI.

Pozanee HJI., Pozanee A.H., Kundpa B.O., 3nviexo O.B., bpuvizeynoe I1.A.

KospanpicTarbl sk9He MEPCNEeKTUBTIK HKBLITY JIEKTP CTAHIUSIAPBIHBIH KOMIpTeri i3iH caJbIcThIpMAaJIbI TaI1ay.
OTBIH - 3HEpreTHKa CEKTOpHI FalaM[bIK JKbUIBIHYFa YJIECIH KOCATBIH XKBUIBDKAW ra3fapblH €H ipi SMUTEHTI 00JbII
taObiIagsl. OnapAbIH SMHUCCHSICHl OTBIHIBI OHIIPY, TachIMalIay JKOHE JKary Ke3iHJe )Ky3ere achIpbuIajibl. OHAIpYyIIi
00BeKTUIep Al Maiianany Ke3iHJe LIbIFapbIHABUIAPABI a3alTyIbIH IEPCIEKTHBTI TACUIl — KOMIpPTeri JUOKCHIIHIH a3
LIBIFapbIHABLIIAPEIHA HE OPTraHUKAIBIK OTHIH/A )KYMBIC ICTEHTIH SHEPTUSUIBIK KOHABIPFBUIAPFA KOIIy OOJBIN TaOblUIa bl
Auaiia, KOMIPKBIIKBUT TasblH YCTayFa >KYMCAJaThIH OSHEPrus LIBIFBIHIAPBIHBIH Oap OOMybl MyHOadl dHEprus
KOHABIPFBUTAPBIHBIH, THIMIUTTIHIH afTapielKTali TeMeHAEyiHe oKememi. AKBIpbIHOA, OYI OTBIHABI TYTHIHYIBIH
JKOFapbUIayblHA JKOHE KbUIbDKAW ra3lapbIHBIH LIBIFAPBIHIBUIAPBIHEIH ©CyiHe OKeJeli: €H ajIbIMeH, OTBIH eHIIpY
KeJeMJEpiHiH XOHE TachIMaJlayJIblH YIFAlOBIMEH OailmaHbICTH. bepinreH jKympICTa MaTepHalIblK TEHTepiM oici
HeTi31HIe TYTHIHBUIATHIH OTBIHHBIH THIMALIIIT MEH MOJIIEPiHiH e3repyiHiH KYHeliK ocepiH ecKepe OTHIPHII, TaOuFu
razza aa, iliKi UMKIIK ra3fgasablpyMeH KeMipae Je )KYMBIC iICTeUTIH Oy-Ta3 jKoHEe OTTEri-OThIH KOHABIPFhIIAPHI YIIIH
JKUBIPMa KBULIBIK OMIPJIIK LUK ilIiHAE KeMipTeri i3iHiH Oaranaybl xypriziireH. OTTeri - OTHIH AJIEKTP CTaHIHUsUIApbIHA
aybICy KeMipTeri i3iH TaOufu ra30eH >KYMBIC icTey j>KarJalblHMEH cajbICThIpFaHia mamaMmeH 90%-ra KoHE KeMip
OTBIHBI JKarJaibIMEH CaJbICTBIPFaHJa IaMaMeH 75%-Fa TeMEeHJEeTyre MYMKIHIIK OepeTiHi KepceTiireH. 3eprrey
COHBIMEH KaTap KOMIpKBIIIKBII Ia3blH YCTAay JKOHE CaKTay >KYWECiH €HTi3yIiH OH ocepiH KepCeTTi: KeMipTeri i3iH
TaOWFy ra3 yuis mamames 75% -ra sxoHe keMip yuria 70%-ra a3aiiraH.

Kiar ce3mepi: xemipreri i3i, xpury 3mekTp craHmmsiapel, BFK, Ammam nwkii, OpraHUKaNbIK OTHIH, KOMIpIi
ra3JaHzabIpy.

Pozanes H/JI., Pocanes A.H., Kunopa B.O., 3nvi6éxo O.B., bpwizzynos I1.A.

CpaBHHUTeIbHBIN aHAJIU3 YIJIEPOJHOIO cjeda CYyIIeCTBYHINMX M NMEepPCHeKTHBHBIX TEMJIOBBIX 3JIEKTPHYECKHX
CcTaHIMIA

TOIUIMBHO-9HEPTETUYECKUIT CEKTOpP SBIJISETCS KPYMHEHIIMM SMHUTEHTOM MapHUKOBBIX TI'a30B, BHOCSIIMX BKJIAJ B
riobanbHOE MoTeryieHne. VX SMHCCHs OCYIIECTBISIETCS MpH JOObIue, TPAaHCIOPTHPOBKE M CHKUTAHWUHM TOILIMB.
[lepcrieKTUBHBIM CHIOCOOOM CHIKEHHUSI BBIOPOCOB NPHU KCILTyaTalluy T€HEPUPYIOINX OOBEKTOB SIBIAETCS MEpexo]] K
SHEPreTHYEeCKUM yCTAaHOBKaM Ha OPraHMYEeCKOM TOIUIMBE C MaJIbIMH BBIOpOocaMu JHOKCHIA yriiepona. OnHaKo Hajau4due
3aTpaT PHEPIHU Ha yJaBIMBAaHUE YIJIEKHCIIOTO ra3a NPUBOJMT K CYIIECTBEHHOMY CHIKEHUIO 3(P(EKTHBHOCTH AaHHBIX
9HEProyCcTaHOBOK. B KOHEYHOM cUeTe 3TO MPUBOJAWT K MOBBIIIEHHOMY MOTPEOJICHNIO TOIUIMBA W POCTY SMHCCHU
MIAPHUKOBBIX Ta30B: IPEXIE BCETO, 3a CYET YBEIMUYCHHBIX OOBEMOB MOOBIYM M TPAHCIOPTUPOBKH TOILUIMBA. B
HacTosmeld paboTe Ha OCHOBE METOIAa MAaTepHajJbHOTO OallaHCa, C yYeTOM CHCTEMHOTo J(QeKkTa HU3MEHECHHUS
3 }eKTHBHOCTH M KOJHMYeCTBA IMOTPEOJIIEMOr0 TOIUIMBA, NPOM3BEAEHA OLCHKA YIJIEPOJHOIO Clefa B TEUCHHUE
JBaATHICTHETO XU3HEHHOTO LUKJIA I Mapora30BbIX U KHUCIOPOAHO-TOIUIMBHBIX YCTaHOBOK, Pa0OTAIOMIMX KaK Ha
NPUPOJTHOM Tase, TaK M Ha yIJie C BHYTPUUMKIOBOW rasu¢ukauueii. [lokasaHo, 4ro mepexox Ha KHUCIOPOIHO-
TOIUIMBHBIE SHEPrOYCTaHOBKM IMO3BOJISIET CHHU3HMThH YIJIEpOJHbIA ciex mpuMepHo Ha 90 % B ciydae paboThl Ha
HOPUPOAHOM Taze U oKkojo 75 % ans yroiabHOro TorumBa. McciemoBaHue Takke IEMOHCTPUPYET IMOJIOKUTEIbHBIN
3G QeKT BHEOPEHHs CHCTEMBl YJIaBIMBAHUS W XpaHEHUs IHOKCHIA YIJIEpoja: COKpalleHWEe YIJIEpOIHOrO clena
npuMepHo Ha 75% 1uig npupoaHoro rasa u Ha 70% ais yris.

KiroueBble cnoBa: yriueponaHblid ciell, TEMJIOBblE 3nekTpuueckue cranuuu, IIIY, muxn Amnama, opraHudyeckoe
TOIUTNBO, Ta3u(UKAIMS YTIIs.




92 ISSN 1811-1165 (Print); 2413-2179 (Oniine); Eurasian Physical Technical Joumal, 2022, Vol.19, No. 4(42)

Typcynoe M .H., Cabupos K., Abunghazues LLI.H., FOnoouwoe b.A.

OPTYPJi MaTepHalIapAaH KacAJIFaH (GOTOIICKTPIIK KoHe GOoTOTepMUSIBIK OaTapesiapAbl CbIHAY.

JyHue >KY3iHAE COHFBI JKbUIIAPHl KOMIPCYTEK pecypcTapblH Maiijanany KbICKapyla JKOHE OJIap[blH OPHBIH
SKOJIOTHSUIBIK Ta3a OanaMalbl JKOHE JKaHAPTBUIATHIH SHEPrus Ke3nepi amMacTeipburyga. COHABIKTaH (POTORIIEKTPIIIK
OarapesUiapra HETI3IENTeH KYPBUIFBUIAPABI JKETUIHIpyre Kom KeHinm OemiHeni. Byn OarpITra MaKcaTThl FHUIBIMHU
3epTTeyiep KYPrizy Kasipri 3aMaHHBIH ©3€KTi MacenenepiHiH Oipi Oomeim Tabbutampl. Makanaga TaOWFM jKarmaiiia
naiananplUIFal Ke3zae GpoTodIeKTPIiK xoHe (HOTOTEPMHUSIIBIK — OaTapesiapIblH AJIEKTPIIIK MapaMeTpiiepiH CajbICThIPy
HOTIDKeNepi kentipinred. Toxipubenep op TYpili MaTepHajgaplIaH >KacajafaH >KOHE dp TYpJi KOHCTPYKLIHMSUIBI YII
JocTypii (GOTO3MEKTPIiK Oatapesyiap MeH (DOTOTEpMUSUIBIK Oarapesiapia >kypriziired. bykin Garapesuiap MOOWIIbII
KOHCTPYKLMSIFA OPHATBUIFAH, all aKKyMYJISITOpJIAp/bIH OaiJIaHBICTBIPATHIH KYPBUIFBIHBIH Y3bIH JKaFbIHIA KYH COYJIeCiH
LIaFBUIABIPATEIH €Ki JKa3bIKTHIK (pediexropiap) opHacTbIpsuraH. Jloi ochlHAal Karnaiiaapia KyH CoyJielieHYiHIH
KapKBIHIBUIBIFBl (POTODJIEKTPIIIK JKoHE (OTOTepManb/i OarapesuiapblHa JKapbIKThl KalTapaTbhlH pedIieKTopiaapablH
KeMeriMeH apTThipbutafbl. PorosnekTpiik OartapesiapAblH alIbIHFBI OeTiHAEe KyH coyneciHiH Tik (90°) Tycyi
KapacThIpbUIFaH. MaTepuai/iblH TYpiHe KOHE KOHCTPYKIMSAChIHA OalIaHBICThI CHIHAJIATHIH OaTapesiapiblH JICKTPIIiK
mapaMeTpiepiHiH op Typii MoHaepi ameiHFaH. JlocTyprmi  QOTORNEKTpIiK —OaTapesyiapMeH — CalbICTBIPFaH/a
(doToTepMISLTBIK  OaTapesyiap MaTepHaNIbIH TYypiHe OaimaHbicThl 1,3-1,4 ece Kem AIIeKTp SHEPTHSICHIH OHAIPII.
OKCHEepUMEHT HOTIKECIHIE BICTBIK KJIMMAT JXaFJalbIHIA KYMBIC ICTEWTIH (OTOIEKTPIIK >KOHE (POTOTEPMUSIIBIK
OatapesmapaplH 0oc XKYpICTIH KepHEyi, KbICKa TYHWBIKTaly TOFBI JKOHE KyaThl Typasibl MOIIMETTep AaJIbIHFaH.
Hortmxkenepre coiikec, 3JeKTp mapaMerpiiepi OOWBIHINA JKOFaphl KOPCETKIMTEPAl MOHOKPUCTAIAAP HETi3iHIer1
(hOTO3IIEKTPITIK JKOHE (POTOTEPMUSIIBIK OaTapesiap KOpCeTTi.

KinT ce3mepi: MOHOKpHCTaJUI, MOJMKPUCTAILL, (OTOTEPMHUSUIBIK, MOOWIIBAI KYPBUIFBI, JKbUTY KOJUIEKTOPBI, YSUIBI
noJMKapOoHaT, 60C KYpiC KepHEYi, KbICKA TYHBIKTATY TOFBI.

Typcynoe M .H., Cabupos K., Abungpazues LLI.H., FOnoowoe b.A.

HcnbiTanus ¢poTodnekTpuyecKkux U (poToTepMaIbHbIX 0aTapeil U3 pa3JHYHbIX MAaTepPHAJIOB.

Bo Bcem mmpe mocnemHue ropl COKPAIAeTCsl MCIIOIb30BAaHHWE YTIIEBOJOPOAHBIX PECYpPCOB, @ UX MECTO 3aMEHSIOT
9KOJIOTMYECKH YNCTHIE aJbTCPHATHUBHBIE M BO30OHOBIIIEMbIE HMCTOYHUKH 3Hepruu. IlosTomy Oomblioe BHHMaHHE
yIessieTcsl yCOBEPUIEHCTBOBAHUIO YCTPOICTB Ha OCHOBE (OTORIEKTpHUEeCcKnX Oarapeil. [IpoBeneHue 1eneBbIX HAyYHBIX
HCCIIEIOBaHUHA B 3TOM HAIpPABICHUHU SIBISETCA OAHUM M3 aKTyaJlbHBIX BOIPOCOB HACTOSIIEIO BpeMeHH. B craThe
MIPEACTABICHBI PE3YNbTaThl CPABHEHUS 3JIEKTPUIECKUX TapaMeTpoB (POTOINEKTPUIECKUX U (POTOTEPMUUECKUX OaTapei
Ipyu  HUCIOJIb30BAHMU B CCTCCTBCHHBLIX YCJIOBUAX. 3KCHepI/IMeHTbI MMpOBOAUJINCE Ha TPEeX TpaJULIMOHHBIX
(doroanekTpuueckux Oatapesx U (OTOTEPMHUYCCKHX Oarapesx, HM3TOTOBJICHHBIMH M3 pa3HbIX MarepuajaMd U C
pa3IMYHBIME KOHCTPYKUMSAMH. Bce akkyMylsiTOpbl yCTaHOBJIEHBI B MOOHMJIBHOW KOHCTPYKLMUH, @ BIOJb JUIHHHOW
CTOPOHBI YCTPOWCTBA, COCIHMHSIOIIEIO AKKyMYJISITOPBI, YCTaHOBJIEHBI IBE IUIOCKOCTH (peduieKkTopa), OTpa)karoline
COJIHEUHBIH cBeT. B Takux e yCIOBHSIX HMHTEHCHBHOCTb COJHEYHOTO H3JIyYCHHS YBEIMYMBAETCS C IOMOILIBIO
pedeKTopoB, BO3BpAILAIOIINX CBET K (POTORIEKTpHUECKHM M (oToTeruioBsM Oartapesm. Ha nmuneBoii moBepxHOCTH
(doroanexTprudeckux Oatapeit npeaycMoTpeHo BepTukansHoe (90°) mameHne comHeuHBIX JTydei. [lomydeHs! pa3mnyHbie
3HAYEHHS HJIEKTPHUUECKHUX MAapaMeTPOB MCIBITHIBAEMBIX Oarapeil B 3aBUCHMOCTH OT THIIA MaTepHaia W KOHCTPYKIHH.
[To cpaBHEHHIO ¢ TPaTUIIMOHHBIME (POTOIIEKTPUICCKUME OaTapesMu (GpoToTepMudeckre OaTaper mpom3BOIId B 1.3-
1.4 pa3a Gonbliie 3IEKTPOIHEPTHH B 3aBUCUMOCTH OT THIIAa MaTepHuana. B pe3ynpraTe sKCIIiepUMEHTa MOIy4€HbI 1aHHbIE
0 HANPSDKEHUH XOJOCTOTO XOJa, TOKE KOPOTKOIO 3aMBIKAaHHS M MOLIHOCTH (POTOINEKTPHUECKHX U (PoToTepMUUecKuX
Garapeil B yCIOBUSIX KapKoro kiuMara. CoriacHo pe3yabTaTaM, BBICOKHE MTOKA3aTENH 10 SIEKTPUIECKUM ITapaMeTpam
UMEIOT MOHOKpHUCTAIUINYECKUe (POTOIIEKTpUUECcKHe U (POTOTEpMUYECKUE OaTapey, U3rOTOBJICHHBIE HA HX OCHOBE.
KaroueBble ciioBa: MOHOKPHCTAUI, MOJIMKPHCTALI, (OTOTEpPMAIbHBIH, MOOHIBHOE YCTPOMCTBO, KOJUIEKTOP TEIUIa,
COTOBBI MOJIMKApOOHAT, HANIPSKEHUE XOJIOCTOTO X0/a, TOK KOPOTKOI'0 3aMbIKaHUSI.

Epmauuxun A.B., lumeunos B.I'., Xonomuna T.A., Macnoe A./]., Tpycoe E.I1.

JJIeKTPOHBIK TEXHHUKAHBIH JJeMEHTTepPi MeH KYpPbUIBIMAAPBLIHAAFbI TOMEH KULIKTI 11y CcHeKTpiHiH
TeMIepaTypara TdyeJUILTirin 3epTreyre apHaJIFaH oJIeyill KeleHi.

Bepinren >kyMpICTa TOMEH JKAUTIKTI Iy CHEKTPOCKOIMUSICHIHA apHAIFaH OJIICYIll - aHATUTHKAJBIK KEIIeH YChIHBUTFaH.
Onmeyir KemieH SJIeKTPOHABI 3JEMEHTTEepAeri, KOMIOHEHTTEpAeri KOHE JKapThUIail OTKIsrill Marepuangap MeH
KYpBUIBIMIIApAaFrsl TOMEH XKHUUIIKTI 1Ty CHEKTpJepiH aBTOMATTaHIBIPBUIFAH 3epTTeyiiepre OeiiMaenreH. Y ChIHBUIFaH
eJIIICYilI KYHECIHIH epeKIIeNiri - YATiAer] TOMEH KUUTIKTI Iy CIEKTPIEPiHiH JeKTP KepHeyl MEeH TeMIlepaTypackiHa
TOYEJALTIriH aBTOMATTHI TYpPAE KEIICHIl >koHe HakThl 3eprrey. JKuimikrep amamazonsl 0,001-10000 I'm, BIFBICYIBIH
TYypakThl KepHey nuama3oHbl 0-50 B jxoHe Temmeparypa aumamaszonbl 7-500 K. Ommeyimn kemieHi 3J€KTPOHIBI
Marepuanap MeH KYpbUIBIMIApAbIH [y CHaTTaMalapblHbIH JKEPriliKTi eJieyjiep YIIH aTOMIBIK KYIITIK
MHKPOCKOIIBIMEH XYMBIC icTeyre OeiiMaenreH. OJiey KeUeHiHIH KOMEriMeH KCIIEPUMEHTTIK MAIlIMETTEP/IiH YIIKEH
KeJIEMiH ayryra Ooazpl, OyJ1 3epTTeNeTiH yITrije UIyAblH Haiaa 60y MexaHu3MIepi MeH ceOenTepi Typasibl )KaH-)KaKThl
KOPBITBIH/IBI JKacayFa MYMKIHIIK Oepeni. LIIOTTKUIIH ANOATHIK KYPBUIBIMBIH 3€PTTEY MBICAIBIHAA OJIIICYIN KEIIEHHIH
YKYMBICBIH TEKCEPY HOTHIKEJIEPl KeNTipiireH.
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KinT ce3mepi: ToMeH JXHUIIKTI LIy CHEKTPOCKOMMSCHI, TEMIEPATypajbIK eJIIieyJep; OJIIeyll aBTOMATTaHABIPY;
TOCKAYBII KYPBIIBIMIAPbI; aTOMIBIK-KYIITIK MUKPOCKOIIHS.

Epmauuxun A.B., lumeunoe B.I'., Xonomuna T.A., Macnoe A /., Tpycos E 1I.

H3mepuTenbHBI KOMILIEKC JJISI MCCJICA0BAHUN TeMIIepaTyPHO 3aBUCHMOCTH CIIEKTPAa HU3K0YAaCTOTHOIO IIyMa
B 3JIEMEHTaX U CTPYKTYpax 31eKTPOHHOII TEXHHKH.

B nannHO#l paboTe mpencTaBiIeH W3MEPUTENbHO-aHAINTHYECKUH KOMIUIEKC Ul CIEKTPOCKONHMH HHU3KOYaCTOTHBIX
mrymMoB.  V3MepuTenbHBIH  KOMIUIEKC aJalTHpPOBaH JJIi  aBTOMAaTHU3UPOBAHHOTO  HCCIEIOBAHUS  CHEKTPOB
HU3KOYACTOTHBIX IIIYMOB B 3JIEKTPOHHBIX 3JIEMEHTaX, KOMIIOHEHTaX U MOJyNPOBOAHUKOBBIX MaTepuaiax U CTpyKTypax.
OTIUYUTENBHOW XapaKTePUCTUKOM MpeqiaraeMoil H3MEpUTENIbHOW CHCTEMBl SBISIETCS aBTOMATH3MPOBAHHOE
KOMIUIEKCHOE W IIPELU3HOHHOE HCCIEeIOBaHUE 3aBHCHMOCTH CIIEKTPOB HHM3KOYAaCTOTHOIO IIymMa B oOpasie OT
JNEKTPUUYECKOr0 HampskeHus U Temmeparypbl. [uamazon uactor 0,001-10000 I'n, nuama3oH MNOCTOSHHOIO
HanpspkeHus cMenieHus 0-50 B u guanaszon temmneparyp 7-500 K. M3mepuTenbHbll KOMIUIEKC aJalTUPOBaH Ui
paboOTBl C aTOMHO-CHJIOBBIM MHKPOCKOIIOM JUIS JIOKAIBHBIX HM3MEPEHHH IIYMOBBIX XapaKTEPHCTHK 3JICKTPOHHBIX
MaTepuaioB M CTPYKTyp. C IOMOIIBIO H3MEPHUTENBHOIO KOMIUIEKCA MOXHO TONyYHTh Oosbmimii  00beM
9KCIIEPUMEHTANIBHBIX JaHHBIX, YTO MO3BOJISET CIENaTh BCCOOBEMIIIONIME BBIBOABI O MEXaHM3Max M IPHYMHAX
TeHepalyy IIyMa B HcciexyeMoM obpasue. [IpuBeneHs! pe3yabpTaThl IPOBEPKH pabOTHI H3MEPUTEIHHOTO KOMIUIEKCA Ha
NIPUMEPE UCCIIENOBAHMSI IMOIHOM cTpYKTYpbl LLIOTTKM.

KiroueBble cJI0Ba: CHEKTPOCKONHS HHU3KOYACTOTHBIX IYMOB; TEMIIEPAaTypHBIE H3MEPEHUs; aBTOMAaTH3alMs
U3MEPEHUil; 0apbepHbIE CTPYKTYPhI; aTOMHO-CHIIOBAst MUKPOCKOIIHSI.

Anunéaes K .A., Capcenbaee E.E., Mycuna A.A., Hgpeuszam E.C.

Hanocepikrepai 0ackapyAbIH 00PTTHIK KellIeHiHiH apXHTEeKTYPACBIH J3ipJiey.

Bepinren maxanana GOpTTHIK Oackapy KeIISHIHIH apXHTEKTYPachlH a3ipiiey YCHIHBUIFaH. ATaln aWTKaHIa, MOMYJIbi
a3ipieyne anmaparThlK JKOHE CXEMOTEXHMKANBIK mienliMaep ycbiHbuiraH. COHBIMEH Karap, TeXHHKaJbIK IIemimiep,
OOpTTHIK Oackapy KEIIEHIHIH MEXaHUKAJBIK KYPBUIBIMBIHBIH TYKBIPBIMAAMAchl, CEPBUCTEP MEH KOCHIMIIAIAPJIbIH
NeHreiti, OOpTTHIK KEeIIeHHIH YCHIHBUIFAaH MOIYJBACPiHIH OJOK-CyI0amapsl TalKpUIaHAABI. ©OTe MIAFBIH JKaCaHIBI
cepikTepi xobanayra JKoHE JaMBITyFa KOMEKTECETiH OOPTTHIK OardapiiaMaliblK yKacaKTaMaHBIH HETi3Ti QyHKIUAIAPEI
erKe-Terxkeini cunartanrad. by makanma 60pTTHIK Oackapy >KyiHeciH THIMI peTTey jKoHe HaigaiaHy TOCiI peTiHae
KBI3MET €TE].

Kiar cesmepi: OOpTTRIK KoMmmbioTep, KyOcaT, OarmapiaMasiblK JKacakTaMaMeH aHBIKTaJIFaH —pamuoxyieci,
OarapiiaMaliaHaThIH JIOTMKAJIBIK HHTErPaJIIbl CyiI0a.

Anunoaee KA., Capcenéaee E.E., Mycuna A.A., Hgpeuszam E.C.

Pa3paborka apxuTeKTypbl 00PTOBOIr0 KOMILIECKCA YIPABJICHHS HAHOCITYTHUKAMH.

B nanHOI crarbe mnpexacTaBiIeHa pa3pabOTKa apXUTEKTYphl OOPTOBOrO KOMILIEKca yNpasieHus. B dactHocTH,
TIPeICTaBIICHbI alnapaTHble 1 CXEMOTEXHUYECKUE PeIIeHNs B pa3paboTke Moays. Takke 00CyKAal0TCS TEXHUUECKHE
pemIeHns, KOHIENIMS MEXaHWYECKOH KOMIOHOBKHM OOpPTOBOIO KOMIUIEKCA YIPaBICHUS, YPOBEHb CEPBHCOB H
TIPUIOKEHNH, OJIOK-CXEMBI IIPEJICTABICHHBIX MOAaylei OoproBoro komiuiekca. IlogpoOHO ommcaHbI OCHOBHBIE
¢hyHKIIME GOPTOBOTO MPOTPAMMHOTO 00ECTIEUeHHS, KOTOPOE MTOMOXKET B MPOCKTUPOBAHUA U pa3pabOTKe CBEPXMAIBIX
HCKYCCTBEHHBIX CITyTHHKOB. JTa CTaThsl CIIy>KHT HOAXOAOM K 3()(eKTHMBHOW HACTPOHKE M IKCIUTyaTaluu OOpTOBOH
CHCTEMBI yNIPABICHUS.

KiroueBble c10Ba: OOpTOBON KOMIBIOTEpP, KyOcaT, IPOrpaMMHO-ONpeAeIseMas paJuocucTeMa, IporpaMMupyemMas
JIOTNUYECKasd MHTCrpajibHas cxema.

Hlauxoea I'.C., Benomecmnuuiit /., Konoanuna K.b.

KaTTbl neHe MeXaHUKACBHIHBIH JicTepiMeH KeH Ka30ajapblHbIH KepHeyJdik KyiiH aedopmManusiiaHATBIH
apKBLIBI 3epTTey.

Ken ka30anapbIHBIH KepHEYJIIK KYHIH eCKepyiMEeH Tay-KeH TEXHOJIOTHSUIBIK CYJI0ACBIHBIH CEHIMALIIrIH Oaranaysl Tay-
KEH TeOJIOTUIIbIK, TEXHUKAIBIK JKOHE TEXHOJIOTHSUIBIK (DaKTOpIaplblH IKUBIHTBIFbIHA OainaHblcThl. Makanaga
neopManusUIaHATRIH KAaTTHI JI€HE MEXaHWKACBIHBIH 3aMaHayH SIicTepi HeTi3iHIe Tay-KeH MAaCCHBIHIH MOJENI KOoHE
KEepHEYIIIK KYHIi ecenTeyaiH cyidanapsl KeNTipiareH. 3epTTey HBICAHBI PETiHAEe KoMip KabaThIHA IMapajuieib OONIAaThIH
Y3BIHIBIFEl YIIKEH Tay)KbIHBICTAphl apKbLIbl OTETiH, TAy KbICHIMBI aliMarbIHIAFbl XKAIFBI3 Kaz0a (JalaJibIK LITPEK)
KapacTeIppiiFaH. KeMip Takracel KabaTTBIH TeMeHIEyi OOWBIHINA Y3BIH OaraHOapMeH aiblHaAbl. JlajanmblK IITpeK
TaKTaHBIH Ta0aH KBIHBICTAPhIH/A OPHAIACKAH/BIKTAH KOHE Ta3apTy >KYMBICTaphl 9Cep €TeTiH aiiMakTa OOJIFaHIbIKTaH
HErTI3ri KYKTeMe TaKTara dcep €TeTiH TIpeK KbIChIMBI Ooubin Tabbutanbl. KonnmanOanmel ecenTepni memry KesiHue
UHTErPaIbl TCHIACYJICPAIH KEIICHAl MOTCHIMAINAPBIHBIH OJICTEpPIH KOHE OJapJAbIH KOMOWHAIMSIAPBIH THIM/II
KOJIaHy cananapblH aHblKTanraH. lllaxranblk (TaOuru) eimeyiep MeH Oakbuiayiap, 3epTXaHAJbIK SKCIEPHUMEHTTED
MEH OJIap/bl JKaNIBUIAY Il MIHICTTI TYpJe MaiaNaHyabl )KoHe [IeKapajbIK JKarJaiiapsl Oenriney Ke3iHzie ne, menry
OapbIChIHIA AIBIHFAH HOTIDKENepAl TeKcepy KesiHie ne eckepiiemi. by ymiin GOMIIBIK OchTiH OOHBIMEH e3reperiH
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JKapThUIal Koakrap/a TyHicreni KepHey Typajbl CepIiMAITIK TEOPHSICHIHBIH apanac eceOi Mmeminreni; Oyl xapTeiiai
GopTTap KabaTTHIK KapThUlai KabaTTap apachlHIaFbl YHKeEIIC KbICBUIFaH Ke3/e, OyiipleH, 1eopMaTHBTI KacueTTep.
Kinrt ce3nmepi: maccuB, kepHey, MOpeNnb, KOMip KBIPTHICHI, HHTErpajiay TOpanTapbl, IISKapalblK HHTETPaJIbl
TEHJICYJIEP OMiCi, KBICHIM.

Hauxoea I'.C., Benomecmnuuiit /]., Konoanuna K. 5

HcciienoBanne HANPSIKEHHOTO COCTOSIHMSI TOPHBIX BBIPa0OTOK € WCHOJb30BAHMEM METOJ0B MeEXaHUKHU
1eopMHUPYEMOT0 TBEPIOTO TeJa.

OleHKa Ha/IEKHOCTH TOPHO-TEXHOJOTMYECKOW CXEMbl C YYEeTOM HaNpsHKEHHOTO COCTOSHMS TOPHBIX BBIPAOOTOK
3aBUCUT OT COBOKYITHOCTH T'OPHO-I'COJIOTHUYCCKUX, TEXHUYCCKUX U TCXHOJIOI'MYCCKHUX (l)aKTOpOB. B cratbe mokaszano
CO3JIaHME MOJETH MacCHBa TOPHBIX MOPOJ W CXEMBI pacueTa HaNpsDKEHHOTO COCTOSIHUS Ha OCHOBE COBPEMEHHBIX
METOJIOB MEXaHHKH nedopmupyeMoro TBeproro teina. OOBEKTOM HCCICIOBAHUS SIBISCTCS OAWHOYHAS TOpHAs
BEIpa0OTKa OOJNBIION TNPOTSHKEHHOCTH, MPOHJCHHAs B IMOpPOJE NapaUieNbHO MPOCTUPAHUIO YTOJIHHOTO ILIACTa
(IPOMBICIIOBOMY INTPEKY) M HAXOSIIIMMCS B 30HE BIUSIHUS KpEIH. B CBSI3M ¢ TeM, 4TO MOJEBOM HITPEK 3aKIIa/(bIBACTCS
B IPYHTE IUIACTA, MPEJCTABIIAIOIIET0 COOOM CIOUCTYIO TONINY B 30HE BIMSHHS OYUCTHBIX PaboT, Mpeobiagaroiiei
HArpy3KOW SIBIISICTCS OMOPHOE JaBiieHMe Ha rwiact. OmnpeaeneHsl 00JacTH MPUMEHEHUS METOJOB KOMIUIEKCHBIX
MOTEHLIMAJIOB WHTETPAJIbHBIX YPAaBHEHUH M WX KOMOMHAIMH NpPU pEIIeHUH NPUKIAAHBIX 3a1ad. JaHHble IIaXTHBIX
(momeBbIX) W3MEpPeHHH M HAOMIOACHWH, Ja0OpAaTOPHBIX SKCIEPHMEHTOB M HMX OOOOIIEHHS YYMTBIBAIOTCS KakK IIPH
MOCTAHOBKE 33/1a4 U IOCTAHOBKE T'PAHUYHBIX YCIIOBUH, TaK W IpU MPOBEPKE IMOJYYCHHBIX pe3yJbTaToB. PerienHa
CMCIlIaHHas 3aJada TEOpHUU YIPYTOCTH O KOHTAKTHOM HAIPSKCHUMW Ha II0JyNoJIoCaxX, HU3MCHAIOWEMCA BAOJIb
HpO[lOJ'II:HOﬁ OCH, 0TXOAsd OT KOHIOB, Z[e(i)opMa]_II/IOHHble CBOMCTBaA Ipy 3a%KaTUU I3TUX TMOJYIOJIOC C TPCHUEM MECKAY
CJIOMCTHIMHU TIOJTYIUIOCKOCTSIMH.

KaroueBble cj10Ba: MacCHB, HANPSOIKCHUS, MOJEIb, YTOJNBHBIA IDIACT, Y3JbI WHTCTPUPOBAHUS, METOJ] TPAHUYIHBIX
WHTETPATBHBIX YPaBHCHUH, TaBIICHUE.

Hopaes H.X., Cenusepcmosa E.B., Kananuna A.E.

Op TYpJi AHaAMeTPJIi ANTHIH HAHO0OIIIEKTEePiHiH ayBICHANBI JKYTHLTYBI.

Oprama gmametrpi 1345 >xoHe 48+16 HM OomaTelH anTBIH HAHOOONIIEKTEpPiHIH HAHOCEKYHATHI Ja3epiik
HMITYJIbCTapMEH (OTOKO3IBIPY Ke3iHIErl aybICHanbl KYTBUIYBl 3epTTenreH. CTalMOHApIIBIK JKYTBUTy MAaKCHMYMBI
mamamMeH 520—-540 HM MakCHMyMMEH KEeH KYPBUIBIMCHI3 JKOJIAKIIeH YChIHBUIFAHBI KOPCETIreH. MakCHMyMBI IaMaMeH
430 HM OosaThiH Au HaHOOGJIIIEKTEPIHIH aybICIIabI XKYTHUTY )KOJIaFbl 6—8 HM MakCUMYM KHUUTIMIMEH JKYKa KYPbUIBIMFa
Ue JKoHEe HaHOOOIIEKTEPIiH oJeMine Tayes i emec. HaHoOemmeKTep IiH Ky ThUTy Y3aKThIFbl HAHOOOJIIIEKTIH OopTalla
OJILIEMIEPIHIH TOMEHACYIMEH a3asijibl. AybICIANbl KYTHUTYJBIH OMIpP CYPY Y3aKTHIFbl YJIKEH JKOHE Kill OeJiiexTep
yuin colikecinme 2342 — 19,542 Hc Kypaiinel. Au HaHOOOJNIICITHIH aybICHalbl KYTHUTYBIHBIH HAHOCEKYHITHIK
Y3aKTBIFbl KOpILIaraH OPTAMEH JKbUIY aJMacyllblH TEXKeNyiHIH KepiHICI peTiHJe «aJlThlH HaHOOeNIIeK — epiTKill
MOJIEKYJIACHIHBIH HHTEpdEerci» KYyHeCiHIeT! Y3aKKa CO3bUIFAH PENIaKCaIlHsl MTPOICCiHIH HOTHXKECI OOJBIN TaObLTabL.
Kiar ce3aepi: anTeiH HaHOOOIIIIEKTEPI, TNIA3MOH, ©JIIIIEM, ayBICTIaJBI )KYTHLTY, ONITUKANBIK KACHETTEP.

Hopaee H.X., Cenueepcmosa E.B., Kananuna A.E.

IlepexoaHoe MOr/oMIeHNe HAHOYACTHIL 30J10TA PA3JIMYHOI0 JHAMETPA.

W3ydeHo mepexomgHoe TIOTJIOMIEHHE HAHOYACTHI[ 30JI0Ta CO CpeaHMM amameTpoMm 13+£5 wu 48+16 BM mpu
(hOTOBO30YKICHUN  JIa3ePHBIMH  HUMITYJIbCAMH  HAHOCEKYHIHOW JUIMTENIbHOCTH. [loka3aHo, 4dYTO MaKCHMyM
CTAIlMOHAPHOI'0 IMOTJIOIICHHS MPEACTABICH IUPOKOW OCCCTPYKTYPHOU MOJIOCOH ¢ MAaKCUMyMOM OKOJio 520-540 Hwm.
ITonoca mepexoqHOro MOTJIONMIEHUs HAHOYACTHIl Au C MakCUMyMoM OKoJI0 430 HM UMEET TOHKYI CTPYKTYpy C
MEPUONYHOCTEIO MAKCUMYMOB 6-8 HM W HE 3aBHCHUT OT pa3Mepa HAaHOYACTHI. J[IUTENBFHOCTH IOTJIONICHUS
COKpAIIaeTCsl C YMEHBIICHUEM CPEIIHET0 pa3Mepa HAHOYACTHIL. BpeMs KH3HH MMEPEeXO0HOTO TOTJIONICHUS COCTABIISICT
2342-19,542 HC ans OONBIIUX M MaJbIX YACTHIl, COOTBETCTBEHHO. HaHOCEKyHIHAs IIUTEIBHOCTH IIEPEXOTHOTO
TTOJIOMICHUST HAHOYACTHUI] AU SBJSIETCS PE3yNbTaTOM 3aTSHYTOI'O PEJaKCAIIMOHHOTO TPOIecca B CHCTEME «HHTepdeiic
HAHOYACTHUIIA 30JI0Ta — MOJIEKYIIBI PACTBOPHUTEIS» KaK IPOSBICHHE 3aTPYAHEHHOTO TEIUIOOOMEHA C OKpY’Kalomen
Cpeaou.

Kiro4eBble ¢JI0Ba: HAHOYACTHIIBI 30J10Ta, TUIA3MOH, Pa3Mep, MEPEXOAHOE MOTIIOIEHIE, ONITHYECKHE CBOICTRA.

Inyang E.P., Obisung E.O., Amajama J., Bassey D E., William E.S., Okon |.B.

TonoJIOrusiIbIK aKay/AbIH aybIp KdHe KeHiJI KBAPKOHUI Macc-CleKTpJiepiHne dcepi.

Bepinren 3epTTeyie TOIMOJOTHSIIBIK aKayJblH YapMOHHUH, OOTTOMOHHIl KOHE MIAPM-CTPIHDK, OOTTOMYApPM CHSIKTHI
aybIp >KOHE aybIP-KCHIT ME30HIapIIbIH Macc-CIIeKTpIepiHe ocepi coiikecinme XynTeH mioc HOkaBa MOTEHIMATBI
apkpUIbl 3eprrenred. [lpenunrep Tereyi aHATUTUKAIBIK Typae Hukudopos-YBapoB oficiMeH menriigi. DHeprusiibiK
CIEKTP/iH JKOHEe HOpMayjiaHOAraH TOJNKBIHIABIK (YHKIMSHBIH JKYBIK mienrimMaepi amsiabl. Hormxenep oprypii




SUMMARIES 95

KBAHTTBIK KYHIIEp YIIiH TOMOJIOTHSUIBIK aKay OOJFaH >koHE OOJMaraH Ke3[e ayblp JKOHE aybIp KCHIUT ME30HIap.IbIH
Macc-CIEKTPJIepiH OoibKay YIIH KOJAaHbUIaAbl. TOMONOTMSUIIBIK aKay apTKaH Ke3lle MacC-CHEeKTPIIEp bIFbICHII,
OJIApIBIH MOHIEPI AKCIEPHMEHTTIK MONIMETTepre JKaKbIHIAWTBIHBI aHBIKTANABI. Anaiima, Oacka 3epTTeymIiuTepliH
JKYMBICEIMEH CallBICTBIPFaH/Ia, HOTIIKEIEP MacC-CIIEKTPICPAl CUIATTay YIIiH XKEeTUAIPLUITeH MenTiM/Ii KOpPCETTi.

Kinr ce3nepi: Ulpenunrep tenneyi, Huxudopor-YBapor omici, XynareH-IOkaBa mHOTeHIMaNbl, Macc-CIIEKTpIep,
TOIOJIOT USUTBIK aKaYy.

Inyang E.P., Obisung E.O., Amajama J., Bassey D E., William E.S., Okon |.B.

BiusiHue TONOJI0rn4ecKoro aegexkra Ha Macc-CIIEKTPhI THKeIbIX U JIeTKHX KBAPKOHUM.

B HacTosimieM HcCleoBaHNM BIHMSHHE TOIOJIOTHYECKOTO JIe(eKTa Ha MAacC-CHEKTPHI TSKENBIX M TSHKENBIX-TETKUX
ME30HOB, TAKMX KaK YapMOHHUH, O0OTTOMOHHH U HIapM-CTPIHIK, OOTTOM-4apM, COOTBETCTBEHHO, H3Y4aeTCs C OMOIIBIO
noTeHnuana XronpTeHa mioc FOkaBel. YpaBuenue lllpénunrepa pemaercss aHaduTHYeCKH MeTomoM Hwuxudopoa-
VYBaposa. [lony4deHsl npuOIMKEHHBIE PELICHUS] SHEPTETHYECKOro CIEKTpa U HEHOPMUPOBAHHOM BOJIHOBOW (DYHKIIMH.
HOJ’Iy'-IeHHI)Ie pe3ysibTaThl NMPUMCHCHBI U1 NPEACKA3aHUd MAaCC-CIIEKTPOB TSXKCIBIX U TAXKCIO-JIETKUX ME30HOB IIPpU
HaJIMYu U OTCYTCTBHU TOIIOJOTHYCCKOTO ue(beKTa JJI0 pas3siIMYHBIX KBAHTOBBIX COCTOSIHUH. yCTaHOBHeHO, 4TO IpU
YBEJIMYEHUH  TOIMOJOIMYECKOro ae(eKTa Macc-CIeKTphl CMEIIAIOTCS W MX3HAYCHUs] INPUONIDKAIOTCS K
9KCIIEPUMEHTANIBHBIM JaHHBIM. O/lHaKo, 10 CPaBHEHUIO ¢ PabOTOH APYrHX HCcienoBaTelel, pe3ysibTaThl MOKazalnu
YJIy4IIEHHOE PEIIEHUE JUIsl ONUCAaHHsI MAaCC-CIEKTPOB.

KuaroueBsie cioBa: ypasHenue lllp&nuarepa, meron Hukudoposa-YBapoBa, morennuan XymnpreHa-FOkaBbl, Macc-
CIIEKTPBI, TOMOJIOTHYECKUH NeEKT.
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