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MASS GAP FOR A MONOPOLE INTERACTING
WITH DIFFERENT NONLINEAR SPINOR FIELDS

We study the properties of the mass gap for monopole solutions in SU(2) Yang-Mills theory with a source
of the non-Abelian gauge field in the form of a spinor field described by the nonlinear Dirac equation. Different
types of nonlinearities parameterized by the parameter A are under consideration. It is shown that for the
range of values of this parameter studied in the present paper the value of the mass gap depends
monotonically on this parameter, and the position of the mass gap does not practically depend on A.

In the present paper, we study the dependence of the size of a mass gap, its position, etc., on the value
of a parameter describing the nonlinear self-interaction potential of the spinor field.

By the term a position of the mass gap, we mean the value of the frequency Ej, for which the energy
spectrum has a minimum. It is of interest to note that the position of the mass gap E,, does not practically
depend on the nonlinearity parameter A. One can assume that in fact this is the case, and deviations from this
value are related to errors in numerical calculations. It is of interest that the position of the mass gap does not
practically depend on the value of the nonlinearity parameter, at least in the range of values of the spinor field
nonlinearity parameter considered here.

Key words: non-Abelian SU(2) theory; nonlinear Dirac equation; monopole; energy spectrum; mass gap;
nonlinearity parameter.
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OPTYPAi CbI3bIKTbI EMEC CNUHOP/IK 8PICTEPMEH ©3apa apeKeTTeceTiH
MOHOMOAb YLLiH Maccanbik CaHblnay

HymbicTa AHT-Munnc TeopusacbiHbiH SU (2) MOHOMOAUANLIK LWeWiMAepi YILiH MacCanblK, caHbliaydblH,
KacnetTepiH abengik emec Kannbpnaik epiciHiH, Kes3i [MpaK Cbi3blKTbl emec TeHJeyiMeH cunaTTanfaH
CMUHOPABIK epic TypiHae 3epTTenreH. A napameTpiMeH cunaTTanaTblH CbI3bIKTbIK eMec ap TypAai TUNTep
KapacTblpbiaabl. OpbIHAANFAH KYMbICTA 3epTTeNreH napameTpaiH, MaHAEP ayKbIMbl YILIH MaccanblK CaHbliay
Me/ilepi MOHOTOHAbI TYPAE A NnapameTpre Tayei, an MaccasblK CaHblaay OpHbI ic Ky3iHae A-Fa Tayenai emec
eKkeHiri kepceTinreH. ymbicTa 6i3 MaccanbliK caHbl1ayAblH, WAaMaCbIHbIH TaYeAiNiriH, OHbIH OPHbIH XaHe T. 6.
3epTTENMI3. CbI3bIKTbIK eMeC NOTeHLMaNAbl CMNATTalTbIH NapameTp MaHIHEH Kepi epicTeri e3apa apeKeTTecy.
MaccanbliK caHblfayAblH NO3ULMACKI TEPMUHI peTiHae 6i3 E‘A MMINITIHIH, M3HIH TyCiHEMI3, 0 YWiH 3Heprua
CNEKTPIHIK MWUHUMYMbI 6onaabl. Bip Kbi3blfbl, E"A MaccanblK aNWaKTbIKTbIH, *Kafdanbl Cbi3bIKTbIK emec A
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napameTpiHe 6aliaHbICTbl emMec. by WbiHbIMEH Ae conain aen bosixKayra 6onasbl, *KaHe Oy MIHHEH aybITKY
CaHAbIK ecenTeynepaeri KaTesikTepmeH HannaHbICTbl. HaTexke »Ky3iHAe MaccasblK CaHbliaydblH OPHbI iC
Y3IHAE CbI3bIKTbIK eMeC MapameTpAiH WamacbliHa Tayeni emec, Kem JereHae ocCbl Xepae KapacTblipblifaH
CMUHOP/bIK BPICTiH, CbI3bIKTbIK EMeC NapaMeTp MaHAEPIHIH AMana3oHbIHAA.

TyliiH cespep: Abenaik emec SU (2) Teopusa; [MpaKTbiH, CbI3bIKTbl emec TeHAeyi; MOHOMNoAus,
3HepreTUKablK CNEKTP; MACcCa/iblK CaHbl/ay; Cbi3bIKTbIK EMeC NapameTp

1,2,3% 13,47
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Maccogas wenb 41a MOHONOAA, B3aMMO,£I,EﬁCTByIOLLI,EI'O C pa3/IN4HbIMUN
HeNMHEeNHbIMK CNUHOPHbIMK NOSIAMUA

Mbl M3y4aem CBOMCTBA MacCOBOroO PaspbiBa A1 MOHOMObHbIX peweHuit B SU(2) Teopun AHra-Munnca
C UCTOYHMKOM HeabeneBa KaaMHbPOBOYHOrO NonAa B BMAE CMMHOPHOIO MOASA, OMUCLIBAEMOrO HeNMHENHbIM
ypaBHeHuem [lnpaKka. PaccmaTpmBatoTca pasinyHble TUMbl HEIMHENHOCTEN, XapaKTepusyemble napameTpom
A. TloKkasaHo, YTo A1 M3y4aeMoro B HacToAllen paboTe AMana3oHa 3HAYeHU 3TOro napameTpa BeanyMHa
MacCoOBOro pa3pblBa MOHOTOHHO 3aBMCMT OT 3TOrO MNapameTpa, a MOJI0KEHME MACCOBOro pa3pbliBa
NPaKTUYECKN He 3aBUCUT OT A. B HacTosweln pabote mbl MCCaeayem 3aBUCMMOCTb BEIMYMHBI MacCOBOTO
3330pa, €ro MoJIoKeHMA W T.A. OT 3HAYeHMA napameTpa, OMNUCHIBAKOWErO HEAMHEMHbIM NoTeHuUMan
CamMoencTeme B CnMHOPHOM none. oa TEPMUHOM MOJSIOXKEHME MACCOBOM LIEAM Mbl MOHMMAEM 3HaYeHue
yacToTbl £A, ANA KOTOPOMN SHEPreTUYEecKUi CNeKTp UMeeT MUHUMYM. VIHTepecHO OTMETUTb, YTO NONOKEHUe
MaccoBoit wenu E, npakTyecku He 3aBUCUT OT NapameTpa HeMHeMHOCTU A. MOXHO NpeanonoKuTb, YTo 3TO
OENCTBUTENIbHO TaK, a OTK/JOHEeHMA OT 3TOr0 3HaYeHMs CBA3aHbl C OLWMOKaMM B YMCAEHHbIX pacyeTax.
MprmeyaTenbHO, YTO MONOXKEHME MACCOBOrO 3a30Ppa MPAKTUYECKM HE 3aBUCUT OT BEAMYMHbLI NapameTpa
HENMHEMHOCTN, NO KpaHel Mepe, B pPaACCMATPMBAEMOM 3/eCb JAManas3oHe 3Ha4YeHWi napameTpa
HENMHENHOCTN CMMHOPHOrO NOAS.

Kniouesble cnosa: Heabenesa SU(2) TeopuAa; HenuHelnHoe ypasBHeHue [upaka;
3HEepPreTUYECKMn CNEKTP; MAcCoBas LLeNb; MapameTp HEANHENHOCTMU.

MOHOMNO/Nb,

Introduction

The problem of a mass gap occupies a special
place in quantum chromodynamics. The significance
of this problem is related to the fact that its solution
requires the development of nonperturbative
quantization methods in field theory, which are
absent at present. It should be emphasised that the
nonperturbative  quantization is carried out
numerically in lattice calculations. However, such
calculations do not enable one to have a full
understanding of the nonperturbative quantization,
and some questions of principle still remain to be
clarified: What are the properties of operators of a
strongly interacting field? How one can determine a
guantum state of such a field? Also, there are many
other unclear guestions for which there are answers in

the case of perturbative quantization using Feynman
diagrams.

In this connection, the question arises as to the
existence of a mass gap in other theories. The
presence of a mass gap in any theory is of interest by
itself, but it is also possible that such a theory may
serve as some approximate description of
nonperturbative effects in quantum theory involving
a strong interaction. In Refs. [1, 2], it is shown that in
SU(2) gauge theory with a source in the form of a
nonlinear spinor field, there exist topologically trivial
solutions with a radial magnetic field (“monopoles”).
Such “monopoles” possess the following features: (a)
the radial field decreases as =3 at infinity (this is the
reason why we use quotation marks for the word
monopole); (b) the solutions are topologically trivial,
unlike those describing the ’t Hooft-Polyakov
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Mass gap for a monopole interacting with different nonlinear spinor fields

monopole; (c) the most interesting fact is that the
energy spectrum of such solutions has an absolute
minimum, which we can refer to as a mass gap.

In the absence of a SU(2) gauge field, the
corresponding mass gap was found in Refs. [3, 4] in
studying a nonlinear spinor field. These references
also consider a generalization of nonlinear spinor
field when one introduces some constant in the
nonlinear term for the spinor field. In the present
paper we study effects of the presence of a mass gap
and its properties in a system containing such a
nonlinear spinor field.

The nonlinear Dirac equation was introduced by
W. Heisenberg as an equation describing the
properties of an electron. The classical properties of
this equation, in particular, its soliton-like solutions,
were investigated in Refs. [3, 4]. Subsequently one of
variants of the nonlinear Dirac equation was
employed for an approximate description of the

L=

Here my is the mass of the spinor field; D, =9, —
i%a“Aﬁ is the gauge-covariant derivative, where g is
the coupling constant and o are the SU(2) generators
(the  Pauli  matrices); Fj = 0,47 —d,A; +
gsabcAﬁAf, is the field strength tensor for the SU(2)
field, where ¢g4p. (the completely antisymmetric
Levi-Civita symbol) are the SU(2) structure
constants; A is a constant; y# are the Dirac matrices
in the standard representation; a,b,c = 1,2,3 are
color indices and u,v =0,1,2,3 are spacetime
indices; V(3,y) is the potential describing the

properties of hadrons (this approach is called the
Nambu-Jona-Lasinio model [5]; for a review, see Ref.

[6]).

In the present paper we study the dependence of
the size of a mass gap, its position, etc., on the value
of a parameter describing the nonlinear self-
interaction potential of the spinor field.

Methods

Equations and Ansatze for Yang-Mills fields
coupled to a nonlinear Dirac field

In this section we closely follow Ref. [1, 2]. The
Lagrangian describing a system consisting of a non-
Abelian SU(2) field A7 interacting with nonlinear
spinor field ¥ can be taken in the form

— iFﬂ%F“’“’ + ihcpyH Dy — meciPrp + %ghCV(lﬁ, P). (1)

nonlinear self-interaction of the spinor field .
According to Ref. [4], this potential is a linear
combination of scalar and pseudoscalar interactions:

V@p,¥) = a@y)? + By y)? (2)

where a and § are constants.

Our purpose is to study monopole-like solutions
of these equations. To do this, we use the standard
SU(2) monopole Ansitz

0 sing sinfcosfcosp
A} = é[l —f()] (0 —CosQ sin9c05951n<p>, i =r,0,p(inpolarcoordinates), 3
0 0 —sin?6
Af =0 (4)

and the Ansdtz for the spinor field from Refs. [7, 8]
o~ (0 u
Y’ = grﬁ<—u>,<0 )
ivsinfe "¢ —ivcosf
(—ivcos@ >; (—ivsm@eup) )

where E /# is the spinor frequency and the functions
u and v depend on the radial coordinate r only.

We will seek a solution to the Euler-Lagrange
equations coming from the variation of the
Lagrangian (1). Substituting in these equations the
Ansdtz (3)-(5), the expression (2), and integrating
over the angles 8, ¢ (for details see Ref. [4]), the
resulting equations for the unknown functions f,u,
and v are

v f221) | b
s g0, ()
~2_ 92
v+l =a(-1+E+555) (@)
~ U ~  Ul-AD?
u—;—v(—l—E+ P ) (8)
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Here, for convenience of making numerical
calculations, we have introduced the following
dimensionless variables: x=r/., i=

uJA/A.g, 7 = vi/AAcg, E = A E/(hc), G2 =

ghcaAZ/A, where A, = h/(msc) is the Compton

wavelength and A is some combination of the
constants a, 8. The prime denotes differentiation with
respect to x.

The total energy density of the monopole under
consideration is

o 1 [ (fP-1)? _T%+ 9% (12 — AD?)?
E=Epté& == —+ x? +|E " + .

2|2
galx

Here the expressions in the square brackets
correspond to the dimensionless energy densities of

4 2
the non-Abelian gauge fields, &,, = A;N—fsm, and of
A

4 2
the spinor field, & = ’E—fss.
A
Correspondingly, the total energy of the
monopole is calculated using the formula

[oe]

_ Ag?
Wts;—‘zwtzzmj x2édx =

A

= (W), + (W), (10)
where the energy density & is taken from Eq. (9), and
it is the sum of the energies of the magnetic field and
the nonlinear spinor field.

Numerical results and Discussion

Numerical integration of Egs. (6)-(8) is carried
out using the shooting method with the boundary
conditions given for x = § « 1 (for details see Refs.

[1, 2]):

f(6)=1+%62,

f'®)=f6, u6)=u6 (11)

The value of the parameter ¥, can be found from
Egs. (6)-(8), ¥, = 2@, (E — 1 + Aq?)/3. Adjusting
the values of the parameters f,, i, one can find the
required regular solutions.

Our purpose is to construct a spectrum of
solutions for different values of A. To do this, we find
regular solutions for different values of the frequency
E with a fixed value of the parameter A. For every
value of E, we calculate the total energy W, given by
the expression (10). Then we construct the
dependence W, (E), using which it is possible to find
amass gap as a minimum of the function W, (E). Such
a procedure is repeated for different values of the
parameter A. In the present study we investigate the

)

2x*

dependence of the value of the mass gap A(1) on the
parameter A. Also, we study the dependence £, (1) on
the same parameter, where the quantity £, is defined
as the value of the frequency E for which the energy
spectrum has a minimum, i.e., it is the position of the
mass gap on the axis E.

The typical solution of the equations (6)-(8) is
given in Fig. 1, where the profiles of the functions
f(x),¥(x), and ii(x) are given. Fig. 2 shows the
typical distribution of the energy density (9), as well
as the profiles of the physical components of the color
magnetic fields H{* defined as H{=—(1/
ANG el-ijaf", where i, j, k are space indices and y is
the determinant of the spatial metric. This gives the
components

ol (12)
T grz )
Hg“'lf', (13)
g
HE~ g (14)
g

where a=1,2,3 and we have dropped the
dependence on the angular variables. In these figures,
we use quotation marks for the term “monopole”
since the asymptotic behavior of the radial magnetic
field H¢~r~3 differs from that of the ’t Hooft-
Polyakov monopole, for which H¢~r~2,

Fig. 3 shows the dependence of the energy
spectrum W, (E) on the parameter A. From this figure,
one can conclude that when A increases, the energy
spectrum rises, that is the corresponding values of the
energy W, incr.

Our main purpose here is to study the dependence
of the value of the mass gap A on the nonlinearity
parameter A characterizing the properties of the
nonlinear potential of the spinor field .
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Figure 1 — The typical behavior of the functions
f, 1, and ¥ of the “monopole” solution for §, =
0.3354,1 = 0.8,F = 0.99,f, = —0.0042694,u, =
0.46657
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Figure 2 — The typical behavior of the magnetic
fields H,, H, g given by Egs. (12)-(14) and the
energy density & from Eq. (9) of the “monopole”
solution for §, = 0.3354,4 = 0.8,F = 0.99, f, =
—0.0042694,u, = 0.46657
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Figure 3 — The energy spectra of the “monopole”
solutions for different values of the nonlinearity
parameter A

The corresponding results of computations are
given in Fig. 4. In turn, Fig. 5 shows the dependence
of the position of the mass gap on the nonlinearity
parameter A. By the term a position of the mass gap,
we mean the value of the frequency E, for which the
energy spectrum has a minimum. It is of interest to
note that the position of the mass gap E, does not

8

practically depend on the nonlinearity parameter A.
One can assume that in fact this is the case, and
deviations from this value are related to errors in
numerical calculations.

A
100f-
80f

60

40F

20F .
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Figure 4 — The dependence of the mass gap A on the
nonlinearity parameter A
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Figure 5 — The dependence of the position of the
mass gap £, on the nonlinearity parameter A

Conclusions

In the present paper we have studied the
dependence of the value of the mass gap and its
position on the parameter describing the nonlinearity
of the spinor field in the Dirac equation. We have
found out that the value of the mass gap, which is
assumed to be a global minimum of the energy
spectrum of the “monopole” solution in SU(2) Yang-
Mills theory with a source in the form of a nonlinear
spinor field, depends smoothly on the nonlinearity
parameter of the spinor field. We use the word
“monopole” in quotation marks because the magnetic
field decreases asymptotically as =3, unlike the ’t
Hooft-Polyakov monopole solution where the
magnetic field decreases according to the Coulomb
law: r=2. It is of interest that the position of the mass
gap does not practically depend on the value of the
nonlinearity parameter, at least in the range of values
of the spinor field nonlinearity parameter considered
here.

Thus, the study indicates that the mass gap in
SU(2) Yang-Muills theory with a source in the form of
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a nonlinear spinor field does exist for different types  Radiation Physics, High Energy Physics and
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TEOPETUYECKOE UCC/TEAOBAHWE CBOMCTB NEPEHOCA 3APAJIA
KOMIIEKCA Si(DPP),

B OaHHOW cTaTbe npwBedeHbl AaHHble MO WUCCNeA0BaHWIO PacyeToB MepeHoca 3apAga, SHEePruu
peopraHunsalymm, MHTerpasa MexMOJIeKYIAPHOro NnepeHoca, CKOPOCTM NepeHoca ANA ONTUMMWM3MPOBAHHOM
CTPYKTYpPbl  HOBOTO  HEMTPANbHOrO  LWIECTUKOOPAMHALMOHHOIO  KpemHueBoro Komnaekca  Si(DPP),.
[penctaBieHbl  OCHOBHblE  pacyeTHble M SKCMEPMMEHTa/lbHblE  FEOMETPUYECKMe  JaHHble Mo
ONTUMMU3INPOBAHHON CTPYKTYPE. KOMNIEKC MMEET NCKaXKEHHYIO OKTa3APUYECKYIO FEOMETPMUIO C yCpeaHEHNEM
KOPOTKUX A/MH cBA3elt Si-N: pacueTHaa — 1,958365 A u skcnepumeHTanbHas — 1,9111 A. Ctpykrypa Si(DPP),
cogeput aga  audenHmnnumpuamH  (DPP = 2,6-diphenylpyridine ligand) nwuranga. Ontummnsaums,
BbIYMCAUTENbHBIE PACYeTbl HEOOXOAMMbIX AA@HHbIX A8 HAXOXAEHWA CBOMCTB nepeHoca 3apaga bbiau
BbIMO/IHEHbI C UCMO/b30BaHMEM dyHKUMOHana — B3LYP n 6a3ucHoro Habopa — 6-31G*. TeomeTpudeckme
napameTpbl 41A ONTUMMU3AUMKM CTPYKTYPbI, BblM NoSyYeHbl U3 HeAABHUX, M3BECTHbLIX, SKCNEPUMEHTANbHbIX
OaHHbIX. Bbla10 BbINOAHEHO CPaBHEHMWE MOyYEHHbIX TEOPETUYECKMUX AaHHbIX NepeHOoca 3apaja nccieayemon
CTPyKTYpbl  Si(DPP);, C  M3BECTHbIMM  SKCMEPUMEHTA/IbHbIMKW  AaHHbIMW.  Ha OCHOBaHMM CPaBHEHWA
3KCMEePUMEHTANbHbIX AaHHbIX C MOAYYEHHbIMM pe3yNbTaTaMW KOMMbIOTEPHbIX BbIYMCAEHUI, NocneHue
noKasanu 6113KMe pesynbTaTbl K NepsbiM. 3Ta paboTa NOKa3biBAET, YTO BbIYMCAUTE/bHbIE METOAbI MOTYT
MOMOYb B Aa/IbHENLLEM M3YyYEHUM BYAYLLMX CTPYKTYP, @ TaKKe B MPOrHO3MPOBaHMM ByAyLLMX NapaMeTpoB elle
He M3YYeHHbIX KPeMHMEBbIX KOMM/EKCOB.

KntoueBble cnoBa: meTos, dyHKLMOHaNa NAOTHOCTU DFT, WeCcTMKOOPAMHALMOHHbIE KOMMNEKCHI KPEMHMS,
NMpUANHCOAEePKalMe NMraHabl, SHEPIrMA peopraHM3aummn, BHYTPEHHAA SHepPrMa peopraHm3aumm.

A.N. Bimukhanov*, A.A. Aldongarov
L.N. Gumilyov Eurasian National University, Kazakhstan, Nur-Sultan
*e-mail: Bimukhanov.92@gmail.com

Theoretical study of charge transport properties of a Si(DPP). complex

This article provides a study of the calculations of charge transport, reorganization energy, intermolecular
transfer integral and charge mobility for the optimized structure of the new neutral hexacoordinated silicon
complex Si(DPP),. The main calculated and experimental geometric data on the optimized structure are also
presented. The complex has a distorted octahedral geometry with short Si-N bond lengths averaging:
calculated - 1.958365 A and experimental - 1.9111 A. The Si(DPP), structure contains two diphenylpyridine
(DPP = 2,6-diphenylpyridine ligand) ligands. Optimization and computational calculations of the necessary data
of charge transport were performed using a B3LYP functional and a 6-31G* basis set. Geometrical parameters
for structure optimization were obtained from recent, known, experimental data. The obtained theoretical
data on the charge transport of the Si(DPP), structure were compared with the known experimental data.
Based on a comparison of the theoretical and experimental values for the charge transport properties of the
Si(DPP), compound, it was shown that the method we used for calculating the charge mobility gives relatively
close values. This work shows that computational methods can help in the further study of future structures,
as well as predict the future parameters of as yet unexplored silicon complexes.

Key words: density functional theory DFT, hexacoordinate silicon, pyridine containing ligands,
reorganization energy, intermolecular transfer integral, electron transfer rate, charge mobility, organic
electronics.
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Si(DPP); KelueHiHiH, 3apaa, TpaHcdepaiH, KacMeTTepiH TEOPUANBIK 3epTTeyi

Byn makanaaa Si(DPP), :kaHa 6eilTapan anTblKOOPAMHAUMANBIK KPEMHWUIA KeLLEHiHIH, OHTalnNaHAbIPbIAFaH
KYPbINbIMbl YLWIH 33apAATbiH, TaCbIManAaHyblH, KalTa Kypy 3HEPruAcbiH, MOAEKyAaapanblK Tacbimanaay
MHTerpanbliH, TacbiManday blAJaMablfblH ecenTeydi 3epTTey ycbiHblnaabl. OHTaMNaHAbIPbIAFAH KYpPblibiM
HOoMbIHLLIA HEri3ri eCeNTIK }KaHe 3KCNePUMEHTTIK reoOMeTPUANbIK AepekTep aAe bepinreH. KelweHHiH Kbicka Si-N
HalinaHbIC y3bIHABIKTAPbIHbIH, OpTalla MaHi 6ap BypmanaHfaH OKTasApAik reomeTpuAckl bap: ecenTenreH -
1,958365 A sxaHe Taxipmbenik - 1,9111 A. Si(DPP), KypbiibiMbiHAA eKi aubenunnvpuamH (DPP = 2,6-
ANDEHUNNUPUANH urana) nuraHaTapsl 6ap. OHTaNaHAbIpy, 3apAAThHI TacbiMangay KacueTTepiH Taby yiliH
KaXKeTTi ManimeTTepai ecentey ecenteynepi GpyHKUMoHanabl — B3LYP »aoHe 6aszanblK MUbIHTbIK — 6-31G*
KemerimeH opblHAaNAbl. KypblabiMAbl OHTaNMAaHAbIPYAbIH, FEOMETPUALIK MapameTpaepi CoHfbl, Benrini,
ToXipnbenik aepektepaeH anbiHabl. 3epTTeneTiH Si(DPP), KypblibIMbIHbIH, 3apsAAaThl TacbiManaaybl Typasbl
afblHFaH TEOPUANbIK MaJTIMETTEp BeNrini aKCNepPUMEHTTIK Ma/TIMETTEPMEH CabICTbIPbIIAbI. IKCNEPUMEHTTIK
MINIIMETTEPA KOMMbIOTEPAIK ecenTeynepaiH, HITMXKeNepiMeH CasblCTblpy HEeri3iHAe »KakblH HITUXECIH
KepceTTi. byn »ymbic ecenTtey aaictepi 6onaliak KypblibIMAapAbl OoAaH 2pi 3epTreyre, COHAan-ak ani

3epTTe/IMereH KpeMHNIM KelleHaepiHiH, bonalwak napameTpaepiH boakayra KOMEKTeCeTiHiH KepceTeai.
TyMiH ce3aep: Tbifbl3AbIKTbIH GYHKUMOHANAbIK Teopusacbl DFT, KpeMHWAAH, anTbiKOOPAMHAUMANBIK,
KeweHaepi, NMpuanHi 6ap nuraHaTap, KanTa KypblibiMaay SHEPTUACHI, iLLKi KaiTa Kypy SHEpruachl.

BBeaenne

B NOoCIeTHIE TOJIBI HaOIro1aeTCs
3HAYUTENBHBII POCT UHTEPECa K CBETOM3ITYUYArOIIHM
IMoIaM Ha OCHOBE OpPraHMYECKUX MaTepHalioB,
KOTOpbIe  OOBIYHO  HA3bIBAIOT  OPraHUYCCKUMH
CBETOM3TydaromMMu  auogamu  (organic  light-
emitting diode - OLED) [1,2]. Ho B TO *e Bpewms,
OTPOMHAS BOJTHA KOMMEPYECKOTO yCIeXa MopaxaacTt
OCTPYIO HEOOXOIUMOCTh MOBBIIICHUS
3¢ (HEeKTUBHOCTH, CTA0WJILHOCTH M YCTOWYHUBOCTH
HOBBIX MaTepuaioB [3]. IToTpeObHOCTE yCyryOseTcs
HEJTaBHUMHU JOCTIDKEHUSMHU B obnactu
OpPraHU4ecKOd HeKTpoHuKU [4-6]. Opranuueckue
MOJIYTIPOBOJIHUKU TaKKe HAXOAAT NPUMEHEHHE B
pasnuunbIx ycrpoiicrBax OPV [7-10] m OLED [11-
14], B uacTHOCTH, B Ka4yecTBE CJOS JABIPOYHOMN
npoBoxumoctd (HTL) [15,16] wnu B kadecTBe CIos
anekTpoHHo# npoBoaumoctH (ETL) [17].

W3yuass HenaBHHWE MAOCTHXKCHHS B 00JIACTH
MoBhIIIEHNsT  d()(MEKTUBHOCTH, CTOUT BBIACIUTH
3aMeYaTeNbHYI0 CTaOUIILHOCTh
MIECTUKOOP/IMHAIIHOHHBIX KOMIUIEKCOB KPEMHHS C
MUPHUIUHCOAEPKAILUMHI JUTaHIaAMH [18,19].
[Mectukoopauuanuonusie komiurekcsl  Si(ligand),
MPENICTABISIFOT CO00M MHOTOOOSIIAOIINN  HOBBIN
KJIAacC XENATHBIX COCAMHCHHH META/UIOB IS
OpraHUYECKUX OJJIEKTPOHHBIX YCTpPOWMCTB. borartoe
CHUHTETHYECKOE  pa3HooOpa3We  KICITHEBHHBIX
JIUTAH/IOB, TOJDKHO OOCCTICUUTD PSIJT KEIATCIbHBIX U

MOJXOJSIIMX KOMIUICKCOB Ul CIIOEB IepeHoca
AIIEKTPOHOB | eKTpostomuHectieniun [20].

B nocieiHue HECKOJIBKO JIET, paboThl B 001aCTH
M3y4eHHs [IECTHKOOPIMHAIIMOHHBIX KOMILUIEKCOB
KPEMHHSI C KJIENIHEBUAHBIMK JuranmamMu [21,22],
BBI3BIBAIOT HHTEPEC K JATBHEHIIINM HUCCIICIOBAHHUSIM.
XKenanue  yaydmute — Qu3MUYECKHE — CBOWCTBA
MaTepralioB MPUBEIIO K H3YUSHHIO CBOWCTB MEpeHoca
3aps10B. Vi3MepeHue, ONTUMHU3ALHS H YCTAaHOBJICHHE
CTPYKTYPHO-()yHKIIHOHAIBHBIX B3aMMOCBSI3Eit
MOJBMKHOCTH ~ DJICKTPOHOB M JIBIPOK  MMEEeT
pelarolee 3HaueHue U pa3padoTKu d3PPEKTHBHBIX
YCTPOMCTB HE3aBUCUMO OT (DYHKIIUH OPTaHUYECKOTO
MarepHana.

B nmaHHO#T paboTe OOBEKTOM HWCCICAOBAHM
SIBJISIFOTCSI HEHTpaJbHBIE MIECTHAKOOPAMHAIMOHHbIC
KPEMHHEBBIC  KOMIUICKCBHI,  COJEp)Kallue  JBa
madenmwimupunua  (DPP = 2,6-diphenylpyridine
ligand) nuranpa. Ilesnpto maHHOW pabOTHI SIBISETCS
TEOPETHYECKOE HCCIICIOBaHHE CBOICTB IepeHoca
3apsi/a, Ha OCHOBE MeTo/1a (DyHKIIHOHAJIA IJIOTHOCTH,
HOBBIX  HEHWTPAIBHBIX  HIECTHKOOPIHHAIIMOHHBIX
KpeMHHEBBIX KoMIUTeKcoB Si(DPP)2,

MaTepI/Ia.]'lbl N METOAbI

[lpn  peasm3anmuy  KBAaHTOBO-XUMHYECKOTO
uccnenoBanus cTtpykrypsl Si(DPP), ucmoms3osancs
MetoA dhyHKIroHana wiotHoctu DFT peannszyemerit
B mnporpammHoM makere Gaussian09 [23]. Ha
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TeopeTnyeckoe nccaeaoBaHMe CBOMCTB NepeHoca 3apaaa komnaekca Si(DPP);

CETOIHSIIHUK JIeHb 3TOT METO/ BKIIIOYAET INPOKHUIA
Habop pasnuuHbIX (GyHKOHOHAOB. J[s pacuera
CBOMCTB 0OBEKTOB OBII HCIIOJIL30BAaH IITHPOKO
ucnonb3yemblii Gpynkunonan B3LYP [24-26]. Bce
pacdeTrsl  MPOBOIAWINCH C  HCIOJIB30BAHHEM
BBIYHACIUTEIFHBIX pecypcoB nmaboparopun
¢u3nUecKoil 1 KBaHTOBOM xumuu npu EBpazuiickom
HalMoHaIbHOM yHUBepcutere uM. JI.H. I'ymunesa.
Hns  mpoBemeHWsT pacdeTOB  pacCMOTpEHa
crpykrypa Si(DPP), (pucynok 1) kotopas Obiia
MOCTPOEHa IO W3BECTHBIM AKCIIEPUMEHTAJIbHBIM
maHHbiM [22]. B pmanbHeiimem Oblaa BBIIOJIHEHA
ONTHMHU3ANUSA  CTPYKTYpbl C  HCIOJB30BAHHEM
0asucHoro Habopa: 6-31G* [27-35]. Pacyers! uactoT
MPOIEMOHCTPUPOBATI OTCYTCTBHE OTPHIATEIHHBIX
3HAYEHWH, YTO CBUAETEIHCTBYET O TOM, YTO BCE
MOJTyYCHHBIC CTPYKTYpBI COOTBETCTBYIOT
rIo0aIbHOMY MUHHMYMY.
B Tabnume 1 nmpuBeneHs OCHOBHEIE pacYeTHEIE
JKCIIEPUMEHTAbHEIE  [22] TeoMeTpuvecKue

HapamMeTphl
Si(DPP)..

PucyHnok 1 -

u

OINNTUMHU3HUPOBAHHOTO

COCINHCHUA

5

4

9 Do

OnTrMHU3UpPOBaHHAs CTPYKTYpa
Si(DPP)2

Ta6uuna 1 - OcHOBHBIE pacyeTHBIEC U SIKCIIEPUMEHTATIbHBIE T€OMETPHUYECKHIE TapaMeTphI

ONTHMU3MpOBaHHOTO coequnenus Si(DPP)

2

9
9. D 9
9 9
9 | ~ @
9. 9
g 99, E
e ey ?
0 A o
B 9 * l g a @
i 3 e 9
|
9
|
9
Si(DPP);
Honten amonia Jlnuna ceasu (4)
= Pacuemnvie danuvie | Oxcnepumenmanvuvie OanHble
Si30-C11 1.99151 1.97
Si30-C21 1.99151 1.97
Si30-N29 1.95837 1.9126
Si30-N31 1.95836 1.9095
Cli-Ci4 1.40086 -
C14-C15 1.39673 -
C5-N29 1.35019 -
Jlunetinouii y2on (°)
C11-Si30-C21 163.288 -
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O030p JauTEpPaTYpPBI

DOHeprusi peopranuzanuu (A) TpeACTaBISICT
cO0OH TIeOMETPUYECKYI0 DHEPTui0  peslaKCaliu
MOJIEKYJIBl M3  3apsDKeHHOTO B HEHTpambHOe
COCTOSIHHE W W3 HEUTPATbHOTO B 3apsDKCHHOE
COCTOSIHUE. DHEPTHsl peOpraHu3aluu st ABIPKH (An)
U 2JIEKTPOHA (Ae) OLICHUBANACH KaK:

Ahote = A4 + A4,
Aetectron = A= + 43,

(1)
(2)

Anote = A+ + 41 = [ET(A) — ET(AN)] + [E(AT) — E(A)] = IP(v) — HEP,

rae E(A) — sHeprus HEHTpaIbHOW MOJICKYIIbI MOCIE
ontumusanun; E(A+) — sHeprus KaTHOHA MOJICKYJIbI
nocie  ontumuzanuu; E+(A+)  —  sHeprus
MOJIOKUTENBHO  3apPSHKEHHOW — MOJIEKYJBI  [PH
reOMETpUH HEHTpaibHOUW Mojekynsl; E+(A) —
SHEprus HEUTpanbHOU MOJIEKYJIbI npu

Aetectron =A- + 4, = [E~(A) — E_(A_)] +

rae E(A) — sHeprus HEHTpaIbHOW MOJICKYIIBI MOCIIE
ontumm3zanuu; E(A-) — sHeprusi aHMOHA MOJICKYJIbI
nocie  onrtummsaruu;  E-(A-) - oHeprus
OTPHLATENIHO ~ 3apsHKCHHOM  MOJIEKYJIBI  IpH
reOMETpUM HeWTpalbHOi Monekynsl; E-(A) —
SHEPrusi HEHTpaIbHOI MOJICKYJTBI npu
HCIIOJIb30BaHUU reomeTpun anuona, EAv (vertical

; E"(A)
! IS M’ (Cation)
— E"(A)
IP(v) HEP
H E(AY)
My M (Neutral)
E (A)

rae An M Ae - DHEPTUSA peJlaKCallMd TC€OMETPUHU W3
HEATPaIBHOrO B 3apsKkeHHOe cocTostHue [36], A1 1 A2
- SHEpPrusl pejaKcali MOJICKYJbl U3 3apSKCHHOTO
COCTOSHUSA B HeTpanmpHOoe [37].

OTm gABa  wWieHa  OBUIM  PacCUHTAHBI
HETOCPEACTBEHHO u3 aanabaTHIECKUX
MMOBEPXHOCTEH MOTCHIUATBHON SHEPTUU UL Ah U Ae
[38-40].

DHeprust peopraHum3aiiiv Uit OIpKH  (An)
paccUMThIBaJIACh KaK:

(3)

HCIONb30BaHUK TeoMeTpuu katnona; IP(v) (vertical
ionization potential) — BepTHKaIBbHBIA MOTEHIHAT
noumsanmu; HEP (hole extraction potential) -
I[I)IpO‘IHI)II\/'I INOTCHIIMAJI N3BJICUCHUA.
DHeprusi peopraHu3aniu  37IeKTpoHa (Ae)
OyZeT OIleHUBATHCS KakK:
[E(A™) —E(A)] = EEP — EA(v), (€))
electron affinity) — BepTukasbHOE CPOACTBO K
anexktpony; EEP (electron extraction potential) -
MTOTEHIIUAN U3BIIEYCHUS DIIEKTPOHA.
Ha pucyHke 2 mpencTaBiIeHO CXEMaTHUYECKOE
pacnpeneneHue BHYTPEHHEH DHEpruu
peopraHu3anyy s IepeHoca ABIPOK U 3JIEKTPOHOB.

~e Y
M'(Anion) E'(A) S $ /
E((A)
EEP EA (v)
E(A) —F
M (Neutral) P ] \
0 |
E (A) y 3

PucyHok 2 - BHyTpeHH:s 3HepTrusa peopraHu3aiu JUisl IepeHoca JbIpOK U JIEKTPOHOB

Ha cnemyrormem »sTtame OBITH  BBITIOJIHEHEI

pacyeTsl, CBSI3aHHBIC c UHTErpajoM
MEXKMOJIEKYJIIpHOTO  mepeHoca. [losBistomuiics
WHTETpAl  MEXMOJEKYJISIPHOTO TepeHoca Vi

XapaKTepHU3yeT CHIY OJIJIEKTPOHHOW CBSI3U MEXIY
cocelHUMH MoJliekyidamu. CaMblid OpOCTOM MOIXO/,
KOTOPBIA ITUPOKO HWCIIONB30BAICS IS  OIICHKH
SJIEKTPOHHBIX B3aUMOJIEUCTBUH B OPraHUYECKUX
MOJIYIIPOBOJHUKAX, OTHOCUTCS K Teopeme Kynmanca

[41], xoTopasi OCHOBaHa Ha OJHOAJICKTPOHHOM
npubIKkeHNH. AOCONIOTHBIE 3HAYEHUSI MHTerpajia
MEXMOJICKYJISIPHOTO  MIEPEeHOCa MOXKHO — XOPOILIO
OLICHUTH KaK IMOJIOBHHY DJIEKTPOHHOTO PACIIETUICHHS
yposreit HOMO (LUMO) mist 1s1pok (JIEKTPOHOB)
B JMMEpE, COCTOSIIMH W3 JIBYyX HEUTpaIbHBIX
MOJIEKYL.
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TeopeTnyeckoe nccaeaoBaHMe CBOMCTB NepeHoca 3apaaa komnaekca Si(DPP);

_ EH[L+1] ~ €H-1[L]
Vh/e - 2 ,

(5)

rae  &gp41]— oHeprus  HOMO  (LUMO+1);
gy-1y1] — 2ueprus HOMO-1, (LUMO), B3ateie u3

1/2
K _ T
ethje (Ah/ekBT>

rze Vie — MHTETpan MEeXMOJIEKYJISIPHOTO IIEPeHOca;
T — temmniepatypa; Ks — mocrosiuaas bonbimana; /i —
noctosiHHast [1nanka; Ane — 3HEprust peopranuzanuu
JBIPKW/IJIEKTPOHA.

W3BecTHO, 4TO MEPEeHOC 3apsia MOXKET ObITh
OXapakTepu3oBaH TmporeccoM audpdy3uu, 0pu
KOTOPOM  HOCHTENb 3apsiia MpbIraeT  MEXIy
COCEIHUMH MOJIEKyJaMHd B COOTBETCTBHU CO
CKOPOCTSIMH nepeHoca 3apsa, KOTOpEIE
IIPUMCHSAIOTCA B OTCYTCTBUC BHCUIHECTO
aNIeKTpudeckoro mnois. B mpenmene cmaboro moss
MOJBI)KHOCTb HOCUTENICH XOpOLIO OMHMCHIBACTCS

COOTHOIICHHEM DiHIITeiHa [44].
eD

ks T’ )

3aMKHYTOM KOH(UTYpaIruu
COCTOSIHHSI TUMepa.

JlampHEHImMM JIelicTBHEM OBLIIO HaXOXKICHHE
CKayKOBOW CKOpPOCTH IEpPEeHOca 3apsja, KoTopas
MOJXKET OBITh IPUOJIM3UTEIHHO ONHCAaHA YPaBHEHHEM
Mapkyca-Xarra [42,43].

HEHUTPaIbHOTO

V2 An
e e
X — X — , 6
n P\ T ak,T ©®
roe € — 3apsam dnekTpoHa, D — koaddurment

muddy3uu HocuTenel 3apsna

Kosdpdummenr muddysun HOCHTenen 3apsga
KOTOPBII MO>KHO PacCUUTATH C TOMOIIBIO YPaBHEHHS
Oitamreina-CMoyXoBcKoro [45]

L*K,,
=—
Pe3yabTaThl H 00CyKIEeHHE
B rtabmumax 2 w 3 ykasaHel JaHHBIE IS

BBIYUCJIICHUA SHEPIUU PEOPraHU3allun IS ABIPKHU U
QJICKTPOHA COOTBECTCTBEHHO.

Tadauua 2 - J[aHHbIe 3HEPrUH peopraHu3aluu 1l JbIPKU

MOJIY4YCHBI CJICAYIOINHEC PE3YJIbTAThI AJId SHECPIUn

Ahole (3B)

E(A) E(A+) E+(A+) E+(A)

-92911,0676 -92905,27374 -92905,20803 -92911,00102
Tabauua 3 - /JTaHHbIe SHEPTUU peopraHUu3aluu 1JIsl 3JIEKTPOHA
Aelectron (3B)

E(A) E(A-) E-(A-) E-(A)

-92911,0676 -92911,67285 -92911,61771 -92910,96724
Hcnonb3ys nanHble U3 Taduui 2 U 3, Obun Jns BBIYMCIICHUS HUHTETpala

peopranmsanuu:
)uhole = 0,856'3 (3B), lelectron = 45,29‘3 (3B)
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Tabéanua 4 - Jlanable HHTETpalia MEXMOJIEKYIIIPHOTO TIEpeHOCca T JBIPKU U AIEKTPOHA

Vhole (3B)

Velectron (3B)

Eromo

EHomo-1

ELumo

ELumo+1

-4,989568

-4,98984

-1,425824

-1,425008
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TMony4yeHHbie pe3yabTATHI BBIYUCIICHUS
WHTETrpaia MeXMOJICKYJIIPHOTO MepeHoca;

Vhole= 0,13e-3 (3B), Velectron = 0,4€-3 (3B)
Hcnonb3ys paHee MOJTy4YEHHBIE PE3YJIbTAThI, &

TaKXC U3BCCTHBIC (I)I/I3I/I‘-ICCKI/I€ KOHCTAHTBI HAXOAUM
CKOpPOCTh IEPCHOCA IJICKTPOHOB!

J
rl
J‘J‘J 3
o 90 2
‘J e | “ J :
5 é 5 2
N ‘ v ‘
Pl ‘)‘v_o J
4 JJ‘ ‘ ‘ ‘
3 Y e
) J‘.“J
9

Khole = 1,066+10 (C_l), Kelectron = 8,48€+09 (C_l)

Hns  pacuera koadpdunmenta auddy3un
HOCUTENeH 3apsiia HEOoOXOIMMO 3HATh 3HAUYCHHSA
paccrosiHus B iuMepe. Ha pucynke 3 mpencrasieHa
CTPYKTypa HEHTPALHOTO CHMMETPUYHOTO JTUMepa
u3 coeaunenus Si(DPP),.

Pucynok 3 - CtpykTypa HEHTpaJIbHOTO CHMMETPHYHOTO AuMepa u3 coenunenus Si(DPP);

Hns BeuucneHus 3HadeHus muddysuu, u3
M3BECTHBIX OSKCIEPUMEHTAIBHBIX MaHHBIX [14] mo
paccmarpuBaemoii ctpykrype Si(DPP)2, Bo3bMeM
paccrosiane B aumepe (L) paBabiM 4.5A:

Dhote = 1,07€-05 (cm?c?),
Delec’[ronz 8,589‘06 (CMZC-]')

[ToydyeHnsle paHee pe3yabTaThl TO3BOJISIOT
HaWTH MMOJABUKHOCTD 3apsijia IS IBIPKH U DJICKTPOHA!

Unole = 4,26E-04 (cm?B1cY),
Uelectron = 3,4E-04 (CMZB'lc'l)

Huxe B Tabiuie 5 mnpuBeaeHbl MMOJyYCHHBIC
pe3yJbTaTel B CPaBHEHHH C paHEe IOJYYCHHBIMU
IKCIICPUMEHTANBHBIMU  JTaHHbIMH  [14]  mo
paccmarpuBaemoii ctpykrype Si(DPP),.

Tadauua 5 - Pe3ynbTaThl TEOPETHUSCKUX U IKCIIEPUMEHTAIBHBIX JaHHBIX It CTPYKTYphl Si(DPP)2

3HaueHus Hvipxa Onexmpon
A (m2B) 0,85 45,2
V (m3B) 0,13 0,4
U calc (cM?Bc?) 4,26x10* 3,4x10*
U exp (eM?Bic?) 1,1x10° 18x10°

3axinoueHue

B  nmamHOli  pabote MBI HMcCleqOBaIH
TEOPETHYECKHEe U DOKCIEPUMEHTaJIbHBIE JaHHBIC
CBONCTB IepeHoca  3apsja HEUTPAIIBHOTO,

reKCaKOOPAMHALMOHHOT0, KPEMHHUEBOTO KOMILIEKCa
Si(DPP);. C wucnonbs3oBanueM (yHKIMOHANA -
B3LYP wu O6asucHoro HabGopa - 6-31G* b
paccuuTat HEOOXOIUMBIC TaHHBIC JUIS MOIYYCHHS
TEOPETHYECKUX  PE3yJbTaTOB IO  HUCCICAYeMOM
crpykrype. IlomydeHHBIE TEOPETHYECKHE JaHHBIC
CPaBHHBAIIUCH C M3BECTHBIMH DKCIIEPUMEHTAIBHBIMH
naHHbpIMHA. Ha OCHOBaHMM CpaBHEHHS TEOPETHYESCKUX

A SKCIIEPUMEHTAJbHBIX 3HAYEHUN II0 CBOMCTBAM
IepeHoca 3apsaaa HCCIeAyeMOH CTPYKTYPBI OBLIO
MOKa3aHo, YTO HCIIOJIb30BAaHHBII METOJ] pacueTa
MOJIBM)KHOCTH  3apsiIOB  JIa€T pacxXOoXkJeHHe Ha
MOPSIIOK BCJTUYUHBI B CpaBHEHHHU c
IKCIIEPUMEHTAJIBHBIMH JIaHHBIMHU IS KDEMHHEBOTO
komiutekca Si(DPP),. PacxoxkneHue B BeaMYHHAX
MOJIBIOKHOCTH ~ 3apsJiOB MOXKHO  OOBSICHUTH
NpUOTMKEHUSIMU MCIIOJIb30BaHHBIX MOJIENICH M Tak
e He Y4ETOM BIIMSHUS OKPY)KCHHS JPYTHX MOJICKYT,
TaK KaK B MOJIEJIM PacCMaTPUBAJICA TOJIBKO IMMEp
moiekyasl Si(DPP),. Takum o6pa3om, pacuersl B
npubmmwkennn DFT  MoXHO ucmonb30BatTh Ui
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TeopeTnyeckoe nccaeaoBaHMe CBOMCTB NepeHoca 3apaaa komnaekca Si(DPP);

OTpeETIEHNS MOJIBUKHOCTH 3apsA70B B
LIECTUKOOPAMHALMOHHBIX KOMIUIEKCaX KpPEMHHS C
YYETOM 3TOU MOrPEMIHOCTH.

Bbaaroagapuoctu
HccnmenoBanue BBITOJHEHO TpH (HYHHAHCOBOM

nonaepkke Komwurera Haykm  MuHHcTEpCTBa
oOpazoBanns u Hayku Pecnmy6mmkm Kazaxcran
(rpaatr  NeAP08052504  «MopenupoBaHue |
pa3paboTka HOBBIX HEUTpaJIbHBIX
IIECTUKOOPANHAIMOHBIX KOMILIEKCOB KPEMHHUS JUIS
OPraHHYECKOM AEKTPOHUKI).
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NH®AUMA MEOTEHHOIO CKATbIBAHWA B MOAE/IN K-2CCEHLU N
C NEPUOANYECKON ®YHKLMEN CKANIAPHOMO NONA

B paHHOM paboTe paccmoTpeHa NepuoauvecKkas KOCMOJOrMyeckasa mozenb. PaHee npeanonaranu, 4to
pacwupeHune BceneHHoM co BpemeHem 3ameanaeTcA. TeopeTUKM UCXOANAM U3 NPeANON0XKEHMA, YTO OCHOBHYIO
4aCTb Macchbl BceneHHoOW cocTaBnseT maTepus — Kak BMAMMARA, TakK U HeBWAMMaa (TEMHas maTtepus). Ha
OCHOBAHUM HOBbIX HabAOAEHWN, CBUAETENbCTBYIOWMX 00 YCKOpPeHMM paclumpennsa, Hbino HalaeHo, Y4TO BO
BceneHHOM cyllecTByeT paHee HeM3BECTHAA SHEPTUA C OTPULATENbHbIM aBeHeM (YpaBHeHWE COCTOAHMA). Eé
Ha3Banu «TEMHOI 3Hepruen». B aaHHOM paboTe paccMoTpeHa cKanApHaa KOCMOorMyeckas moaens. BoiseaeH
NarpaHKmnaH 1 NoayyYeHa cucTema ypasHeHna ABmxKeHuA. [na nccnefosaHma Moaenu BolbpaHo ckanapHoe none
B BMAE nepuoamyeckol dyHKUMKU. BbluncneHbl napameTp Xabbna, macwTabHbIli GakTop, KOTOPbIA MMEET CMbICA
paauyca BceneHHoM, 1 B Cayd4ae NepuoMYecKkon GYHKLMU CKANAPHOTO NOAA UMEIOLLMIA SKCMOHEHLMaNbHYO
3aBMCUMOCTb, NAOTHOCTb TEMHOW 3HEPruK, AaBAeHne 1 NOTEeHLMAN CKaNAPHOro Noaa 1 NOCTPOEHbI UX rpaduKm
Ha y4acTKe 3aBUCUMOCTY BpemeHu oT 0 ao 2. [ina nccnegosaHma MHGAALMOHHOW MOAENM BBeAEH NOTEHLMAN B
cTeneHHOM BuAe. M3 Hero BbiBeAeHbl MapameTpbl MeNEHHOrO CKaTblBaHMA 4vepe3 e-GONAMHT U MOCTPOEeH
rpaduK CcnekTpanbHbIX WMHAEKCOB ANA 3TOW Moaenu. [lonydeHHble pesyabTaTbl COMACytoTCA C  AaHHbIMU
HabntogeHnin Planck v noaTeepXAatoT COOTBETCTBUE UCCEAYEMON MOAENM C PaHEe NPEANOXKEHHBIMU.

KnioueBble c€noBa: cKanspHoe nose, paclumpeHne BceneHHOW, TeMHasa 3Heprua, mMaclTabHbl dakTop,
KOCMOIOrMYeckue pelleHus, e-ponamHr.
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MepuroaTbl ckanap epic pyHKumackl bap k-essence moaeniHaeri 6asy coipry MHGAAUMACHI

Byn »KyMbICTa MepuoATbl KOCMOJIOTUAMBIK, MOAENb KapacTblpblaabl. BypbiH fafaMHbIH, KEHEKIi YaKbIT eTe
baaynanabl aen 6onxkaHfaH 6onatbiH. Byn TeopeTuKTep 971em MaccacbliHblH, Heri3ri 6eniriH — KepiHeTIH KaHe
KepiHBENTIH (KapaHfbl MaTepma) matepusa Kypahabl gereH 6oKamMHaH WbIKTbl. KeHetoaiH yaeyiH KepceTeTiH
aHa Oakblnaynap HerisiHge 91emae Tepic KbicbiMbl 6ap (Kyi TeHaeyi) BypblH benrici3 aHeprua bap ekeHi
aHbIkTanabl. Onap OHbl «KYHFIPT 3Heprya» Aen aTadbl. by XKymbiCTa CKanAp/blK, KOCMOAOTMAABIK MOAENb
KapacTblpblaabl. JlarpaHXmnaH KOPbITbIAbIN LWbIFAPbIAbIN, KO3FaNibiC TeHrAeynep KyWheci anbiHAbl. Moaenbai
3epTTey YWiH nepuoaThikK GyHKUMA TypiHAeri ckanap epic TaHaanabl. Xabbn napameTpi, Fanam pasamycbliHbiH,
MaFblHaCblHa Me }KaHe 3KCMOHeHUMaNAbl TOYEeNdiNiKKe e CKanap epiciHiH NeprnoaTbIK GYHKLUMACK! KaFaanblHAa
MacwTabTbl GaKTOp, KYHMIPT 3HEPruAHbIH, TbIFbI3AbIFbI MEH KbICbIMbl K9HE CKanAp epicTiH, noTeHumMansbl
ecenTengi, an onapapiH, O-AeH 27 apanbifblHAa YyakbiTKa Tayendinik rpadukTepi canbiHabl. VHPAALUMABIK
MoAeNbAj 3epTTey YWiH Asperenik noTeHumnan eHrisingi. OgaH e-GonanHr apKplabl 6asy Cbipfy napameTtpaepi
WbIFAPbINAbI aHE OCbl MOAENb YLIH CNEeKTPAIK MHAEKCTep rpaduri TypFbi3blaabl. AfbiHFaH HaTuenep MaaHK
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Bakblnay AepeKkTepiMeH CaMKec Kenepi KaHe 3epTTenin OTblpFaH MoAesbAiH, OYpPbiH YCbIHbIIFAH AepekTepMeH
COWKecTiri pactanapl.

TyliH ce3gep: ckanap/bl epic, MacluTabTbl GaKTop, KOCMOAOTUANbLIK, Welimaep, FanamHbIH, KeHeroi, KyHripT
aHeprus, e-poNAMNHT.
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Slow-roll inflation in the k-essence model with a periodic scalar field function

In this paper, a periodic cosmological model is considered. Previously, it was assumed that the expansion of
the universe slows down over time. Theorists proceeded from the assumption that the main part of the mass of
the Universe is matter - both visible and invisible (dark matter). On the basis of new observations indicating the
acceleration of expansion, it was found that in the Universe there is a previously unknown energy with negative
pressure (equation of state). They called it "dark energy". In this paper, a scalar cosmological model is
considered. The Lagrangian is derived and the system of equations of motion is obtained. To study the model, a
scalar field in the form of a periodic function was chosen. The Hubble parameter, the scale factor, which has the
meaning of the radius of the Universe, and in the case of a periodic function of the scalar field, which has an
exponential dependence, the density of dark energy, the pressure and the potential of the scalar field are
calculated, and their graphs are plotted in the time dependence section from 0 to 2z To study the inflationary
model, the potential is introduced in a power-law form. From it, the parameters of slow rolling through e-folding
are derived and a plot of spectral indices for this model is plotted. The results obtained are consistent with the
Planck observational data and confirm the correspondence of the model under study with the previously
proposed ones.

Key words: scalar field, expansion of the Universe, dark energy, scale factor, cosmological solutions, e-
folding.

BBenenne YCKOPEHHO — TO €CThb YJaJIcHHbIE TaJaKTUKH CO
BpeMEHEeM pasJieTaloTcsi Bce ObicTpee. DTOT (akT
AHanu3upys pe3yabTaThl HaOJI0ICHUI TpeOyeT  (u3nMYeckoil  WHTEpHIpeTanud,  Bellb

TajJakTUK M PEIUKTOBOrO H3IYYEHHUS, aCTPOHOMBI
TIPHIIUTHA K BBIBOAY, YTO paclpesielieHHe BEIIEeCTBa BO
Bcenenno#i (06macte MccienryeMoro MpocTpaHCTBa
mpeblmania 100 Mric B TonepedHuKe) SBISETCS
OTHOPOAHBIM M M30TPONHBIM, T.€. HE 3aBHCUT OT
MIOJIOKEHUSI M HAaINpaBJIEHUS B TMPOCTPaHCTBE . A
Takhe CBOWCTBAa MPOCTPAHCTBA, COTJACHO TEOPUHU
OTHOCUTEIIBHOCTH, HEW30EXKHO BIEKYT 3a CO0OM
W3MEHEHHE CO BPEMEHEM pACCTOSIHHUA MEXIy
TeJaMu,  3aloNHAIIMUMH  BceneHHymo, — T.e.
Bcenennast nomkHa pacmMpsTbhCS WIH COKUMAThCH,
npudeM HaOMIOJIeHHs YKa3bIBAIOT HAa pacIIpeHHe.
BeiBog o ToM, uto BceneHHas pacmupgercs,
MOJATBEPXKJAIOT HAOIIOACHUSI KPaCHOTO CMELICHHUS B
CIIEKTpPax raJlakTHK.

CoBpeMeHHBIE acTpou3ndecKre HaOII0ICHUS
MOKAa3bIBAIOT, 4TO  BceneHnas  pacmmpsercs
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IpaBUTALUs — B3aUMOJEICTBHE, KOTOPOE CUUTACTCS
JOMUHHPYIOIIMM Ha KPYIHBIX MacmiTadax, — JIMIIb
MIPUTATUBAET OOBEKTHI APYT K Ipyry. B ctanmapTHOit
KOCMOJIOTHYECKON MOJIENTN YCKOPEHHOE PacIIUpEHUe
OMMCBHIBAIOT IpPU  MOMOIIM  KOCMOJOIMYECKOU
IIOCTOSIHHOW — BEJIUYMHBI, KOTOPas OIMUCBIBAECT
IUIOTHOCTh JHEPTMHU YHCTOTO BakKyyMma (TeMHOM
SHepruu) B ypaBHeHusix  OOmed  Teopuu
OTHOCHUTEIIFHOCTH M OOECHeuMBaeT OTTAIKHBaHHUE
MEXKTy Jajekumu oobekTamu [1-4].

OTO  MOTHUBUPYET YYEHBIX IPUAYMBIBATH
IbTEpPHATHBHBIE MOJEIH, KOTOPBIE OOBSCHAIN OB

YCKOPEHHOE paclidpeHue BceneHHOW, HO He
NpUBJICKaTu g 3TOTO KOCMOJIOTHYECKOU
nocrossHHOW. Hekoropeie ¢u3umku mpeiararoT

MOIUGUIINPOBATh TEOPHUIO TPABUTAIUU, IPYTHE —
NpEIIOoJIOXKUTh, YTO pacliupeHue BcenenHoi


mailto:olvikraz@mail.ru
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HEOJTHOPOJIHO, & MBI MPOCTO OKAa3aJUCh B 00JIACTH,
KOTOpasi pacIupsieTcsi ObICTpee CpeaHero, TPEThbH —
OTKa3aThCs OT YCKOPEHHOTO pACHIMpEHHUs Kak
TaKOBOTO U MCKATh OUTHOKY B U3MEPEHUSX, KOTOPHIS
0 HEM CBHJETENLCTBYIOT. TeM HEe MeHee MOJENb C
KOCMOJIOTUUECKOH ITOCTOSHHOM TIOKa OCTaeTcCs
NpeANOYTUTENbHOH [5-8].

K orpomMHOMy coxaneHuto, y Hac HeET
BO3MOYKHOCTH OTMOTAaTh BpeMsI Ha3aJl U TIOCMOTPETH,
KaKk pa3BUBaJach BcereHHas B IEpBbIE MUHYTHI
cBoeil km3HM. llpuberas K MareMaTHKE H
MOJTy4eHHBIM B pe3yJibTaTe HaOMIOACHWN TaHHBIM,
JMy4dIine YMBI IUTAHETHI CTPOSIT Camble CMeJbIe

Monenu. OnHa U3 HUX — KOCMHUYEcKas WHQISAIMs
[9-12].
Nudnsamuonnas MOJEIb Bcenennoit

Mpearnosaraer, 4ro g0 rops4yeil craguu (To, 4YTO B
0OBIYHOIM Teopuu bonblioro B3pbIBa CUUTAETCS
Hay4aJloM BpEMEHM) CyILIecTBOBajia Apyras 3moxa ¢

COBCEM HHBIMU CBOWcTBaMH. B TO Bpems
IPOCTPAHCTBO  PACHUIMPSUIOCh  AKCIIOHEHIUAILHO
OBICTPO Omaronaps 3aIlOTHABIIEMY ero

crienu(pUIecKoMy TMOMI0. 3a KPOXOTHBIE JOJU
CEKYH/Ibl IPOCTPAHCTBO PACTSHYJIOCH B HEBEPOSTHOEC
KOJIMYECTBO pa3. BceneHHas okaszajack B IIEIOM
OIHOPO/THO, TaK KaK npousonuia M3
CYIIECTBOBABIIEr0  HAa  MPEIObLAyLICH  CTaauu
ype3BbIYaifHo Masnoro odobvema. K tomy e, eciu B
HeW M OBUIM  KakHe-TO  IeOMETPHYECKHE
HEOJHOPOJHOCTH, OHM Ppa3MIAJAWINCh BO BpeMs
uHpsIMoHHOTO pacurpenus [13-18].

MeToasbl uccjieI0BaHNA

YpaBHEHUA ABUXKEHHUS Uil MOJTHOM TEOpUH B
NPUCYTCTBUM BELIECTBA MOXHO IOJIYYUTh U3
CJIeAYIOLIEro ACHCTBUS

S:J'(%+ L.)J=gd*x, 1)

o5
—=0 )
@;zv

1
R,uv_Egva:Tpv((D)l (3)

r7ie JeBas CTOpOHA 3aBHCHUT TOJBKO OT METPHUKH, a
MpaBast TOJILKO OT CKaJISIPHOTO MOJIS.

HHTrepBan B HacTosllee BpEMSI U3BECTHBIM KaK
MeTpuka Ppuamana—JlemdTpa—PobepTcona—Yokepa
(DJIPY) B chepuueckux KOOpIAUHATAX UMEET BH]

2
ds? = —dt? + az(t)(ldkrrz+ r2(do? +sin?(0))de?), (4)
rae K ompenenser KpuBU3HY U PaBHO

>0, 3akpeiTas Beenennas
k =4<0, orkpsiTas Beenennas ®)

=0, 1iockas Bcenennas.

Hns  oToM  MeTpukM cKajsipHas KpUBHU3HA
BBIYUCIICHHASI C MOMOIIBI0 METPHYECKOTO TEH30pa H
cumBoJioB Kpucroddens paBHa

a .a’ k
R=6-+6—+6—. (6)
a a a
Jlarpamkuan OyAeT BBIIJISACTD CICAYIOIIMM
o0Opa3om

L = r’sin®0, /1 1kr2 (—3aa’ +3ka+%a3¢)2 -a¥V), (7)

rZIe Mbl YK€ pacnucand oOImMi BUA JIarpaH)KHUaHa
CKaJIAPHOTO TOJIs ¢ yueToM MeTpuku OJIPY (4).

Bocnons3ysice ypaBHenuem Oiinepa-Jlarpanxa
U YCIOBUEM HYJIEBOM »HHEprued, Mbl MOIY4YUM
CUCTEMY YPABHEHUH JIBUKCHHUS

3H2+¥=p, 8
a
.k
3H2+2H +7=-p 9)
$+3Hp+V, =0, (10)
p+3H(p+p) =0, (11)

rae p:%¢2+v, p:%gbz—v.

Pe3yabTathl u 00cy:xIeHue

[Ipumep 1. B stom mpumepe Oynem cyurTaTh,
uro k=0, Te. paccmorpum ciy4ail TUIOCKO#
Bcenennoit. [Inga uccrnenoBaHuss MOAENN M IMOMCKA
pemieHus BbIOEpEM CKaIApHOE II0Jie B  BHUJE
TPUTOHOMETPUYECKOU PYHKITUH

@=@,cosat+ S, (12)

rae ¢,, &, B -Hekoropsle moctosiHHbIe 1 @ > 0.
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Ha pucynke 1 moka3zaHa 3aBUCHMOCTb (DYHKIMH
ckamsiporo nons @(t) (12) or Bpemenu t Ha
yuactke ot 0 g0 27, T.c B Hamiell MOJIEIH MBI
BHIOpaIX TPOMEKYTOK BPEMEHH B  KOTOPOEM
pe3yNbTaThl COBHANAIOT C HAOMIOAATENBHBIMU U
TEOPETUYCCKUMHU  JTaHHBIMH  COOTBETCTBYIOIIUMHU
coBpeMeHHOW Bcemennoit. [l Toro  9roObI
CKaJSIpHOE TIOJIE MEJICHHO CKaThIBAIach BHU3
HeoOxoaumo, 4rtobel o > 0. 3uas BUA (QyHKIUH
ckamspaoro nons (12) u ucnons3ys ypaBHEHHS
Opunmana (8) u (9) BeraucanM napamerp Xaooma

2 —
~\\‘\

Pucynox 1- 3aBUCMMOCTB CKaJIIPHOIO MOJIS (9 OT
Bpemenu t, mpu ¢y =1, =0.5, =1
H = 2
8

(sin 2at —2at) + H,,. (13)

rie Ho — KoHCTaHTa MHTErPUPOBAHUS.

Jinsg  manpHEMIIMX BBEIYMCICHHUN HaM TakkKe
MOHAIOONTCSl 3HAYEHWE TIEePBOW MPOU3BOJHON OT
napametpa Xa06sa no Bpemenu t

_pa’sin’at
—

H = (14)

Ucnone3yss  ompexpenenue mapamerpa  XaboOia

a
H=— wu 3mas ero sBubii Bux (13) wHaiizem
a

MaciTabHbIi ¢pakTop a(f) KOTOpBIH HMEET CMBICT
panuyca Becenennoit

scos’ o +giait?

+Ht+a,
a=e 8 , (15)

rae @, KOHCTaHTa MHTETPUPOBAHMA.
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Ha pucynke 2 mokazaHa 3aBHCUMOCTh MacIITaboro
¢axtopa a ot Bpemenu t (15).

1000 4
ROWY
G040
100 4

2004

e
0 —_—— .
™ ™ im ™ iw im Tr 27
4 2 4 4 2 F

PucyHnok 2- 3aBucumocTs MacmtabHOTO pakTopa a
or Bpemenn t,ipu H, =2,8,=1,¢,=1,2=05

[Nonmy4yenuslii MacTabHBIA (akTOp UMEET BHI
SKCTIOHCHIUATEHOU (YHKIIUK M XOPOIIO OMHCHIBACT
YCKOpeHHOe paciurpenue Beenennoit. U3 ypaBHeHUs
(8) u (9) HalimeM MJIOTHOCT, TEMHOW SHEPTHH,
JIABJICHHUE U MOTEHIMAJ CKATSPHOTO MOJIS

2
p=3H?= 3(% (sin 2at —2at) + H,)?, (16)

Ha pucynkax 3 u 4 noka3zaHa 3aBUCUMOCThb
IUIOTHOCTH TEMHOM DJHEPrMH M JaBlIE€HHA B
3aBHCHMOCTH OT Bpemenu t Ha yuactke ot 0 g0 27,
npu =1, H, =5¢, =1.

|
an
|

1

I

1

1

1

Pucynok 3- 3aBUCHUMOCTb IJIIOTHOCTH TEMHOU
SHEPIMM O OT BpeMeHH i
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LA
qulﬁ

iz 3m
4 2 4 in

=304

—404

-504

-804

=704

Pucynok 4- 3aBUCHMOCTB JaBJIEHUA ) OT BPEMEHH t

. 3 3 1
V=3H%?+2H = - —p’a’cos*at + ’a’® cos’ at(— p? + =) —
16 P& cos P’ cos (16 ®, 2)

s ommcanust mporecca HHQIIALUU BBEAEM
napamerp MEJICHHOTO CKaThIBaHUS B TEPMHHAX
napamerpa Xab6na

2

p=-3H?-2H = —3(%(sin 20t —2at) + H,)? + p2a’ sin?at. (17)
(18)

_32- 122_ 322122_ _122 2

—giasin 2at(=pyat—H,)+—pyat(zp at—H,)——¢pja” +3H,.

4 4 2 8 2

v =&y, (22)
.. rE,+N,. 23
1A ) v =&y Ty (23)

Tl T T 2AH
Taxum o0Opaszom, TpeboBaHue npeHeopeyb

ciaraeMpiM ¢ 10 cpaBHenuto ¢ 3H¢@ mpocro
TpeboBaHue, 4YTOOHI 77 << 1. B TepMuHax moreHnuana

napa mnapameTpoB MCIJICHHOI'O CKaTbIBAHUS EV nu

77V OIMPEACIACTCA KaK

1 0V
f=2 oy, (20)
Y
v = \(/; . (21)

OHU paBHBI TOJNLKO TApaMeTpaM MEJICHHOTO
cKaThIBaHHsA Xa00:1a, €ClIi OHU MalleHbKHE

[TapameTpsl MeIJIGHHOTO CKaThiBaHHs OoJjiee
BBICOKOTO  TOpSZKA  OMNPEAENSAIOTCS, JH00  Kak
BBICIIIME  [POM3BOJHBIE OT MOTEHIHama, JIMOO
napamerpa Xab6ma. OOpaTiM BHUMaHHUE, YTO JUIS
YCIEIITHOTO CYILIECTBOBaHHUS UHOISIUH
CIIMHCTBCHHBIM ~ KPUTEPUEM  SIBJISIETCS  YCJIOBHE
O<é&<1. BennunHa 77 HEe IMEET MPSIMOTO 3HAYCHHUSL.
KocBeHHBIM 3HAYEHHEM SIBJISCTCS TO, YTO OOJIBIINE
3HAYEHUS 1) MOTYT 3aCTaBHUTh pact & [19]

g—; =2¢(n-e¢). (24)

W3 ypaBuenus (20) u (21), Haxoaum mapameTpsl

MEJUIEHOTO CKaThIBaHMWA JJIs HaIled MOJIENN €O
ckassipHbIM 11osieM (12) u motennnanom (18)
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(B —Eazwg COS(Zm)(%a2¢§t+ H0)+ga goot—ga (pOH ) o5
g(t):E 3 i _ (25)
(A—Z%aSln(Zat)( ppa’t— Ho)+§a2¢§t(§% —-Hy) - *%a 2+3H7) e’ o) sin’ (at)
rac 6I>IJ'II/I BBCACHBI JOITOJIHUTCIBHBIC O603Ha‘ICHI/I$I C i 30{3¢2 Sin (ZM)(EaZ(pZt _H )
( ) 0 4 0 0
n(t) = 7 2 .
1 3 2(at

A= ~ 16 08 “(at)a’ gy +cos 2(at)a’e, (§¢7§+1)’ poccsin” (at) (26)

B = > cos’(ct)ar’p} sin (ct) — gl sin 2at) 9 —1)-

C

3
D= 4608 “(at)a’e,

Ha pucynke 5 mnoka3zaHa 3aBHCHMOCTb HaKJIOHA

noteHnpana & ot Bpemenn {. Kak BugHo wu3
pucynka mpu Gomnpmux t,& <<1 T.e. BBIOMHSETCS

YCJIIOBHUE BO3HUKHOBCHUSA I/IH(l)J'DIHI/II/I.

b

—
—~—
"
e

pp—

PucyHok 5- 3aBUCHUMOCTb HAKJIOHA OTEHIUANA £ OT
BpeMeHH t

Ilpumep 2. [na wu3ydeHuss: HMHQISALUOHHOTO
CIieHapus BEIOEPHM TOTEHIMAJ B CTENIEHHOM BHe B

KadecTBE TEPBOTO  TpuMepa  HHQIAIHOHHOTO
CIEHapusi Mbl BO3bBMEM OJHY U3 MPOCTEHIINX
MOZEJIEN, IPUHUMAs! IOTEHLMAN B CTEIICHHOM BHJIE

Vp)=1¢", (27)
rae A — KOHCTaHTa CBsA3U, N — KOHCTAHTa U3

24

D-"a'tgiH, COS(o(t)—fa 2H, —cos(at)

% cos’ (at) +3¢) cos (at)ﬂ +3gp, cos(at) B° + B

rac ObLIN BBCACHBI JOIIOJIHUTCIBHBIC 0003HaYCHHUS

3 9
A cos’ (at)sin®(at) + —064@3 cos* (at) — pia’ cos(2at)(= g5 +1)

o sin (at) — —(p a®sin(2at) Cos(at)( o +1) - —q)oa “ cos(at) COS(ZOzt)(E pla’t—H,)

onpeneneHuit &, U 1), B ypaBHeHuAx (20) u (21)

COOTBETCTBEHHO, IOJIYy4aeM CIEIYIOIINe NapaMeTpbl
MEJUIEHHOTO CKaThIBaHMSL:

n n(n-1
&y = 7 1y ( 7 ) (28)
2k ko
HOCKOHBKY PIH(I)J'IHHI/IH 3dKOHYUBACTCA Koraga

CHGHOB&T@J’ILHO, c-

n
& (@ng) =1, 1O ¢end:_\/_-

(1)0.]'IILHHF MO>XHO BBIYHMCJIMTH U3

~k[® V(@)
‘ﬂendV ((0)

[oxacrasnsss (27) B (29) ypaBHeHHE BBIBOJUM e-
dbonauHT

sz:Hdtzj';d do'.  (29)

k
N=—(p—— (30)
K-,
Takum obpazom, apameTpol MEIJIEHHOTO
CKaTbIBAHUS B TepMI/IHaX N paBHLI
n 2(n-1)
&, = = . 31
VI AN+n'™M T AN +n (31)

Ha pucyHke 6 moka3aHa 3aBHCHMOCTb I1apameTpa

MEJJIEHHOTO CKaThIBaHMS &,, 7}, OT BEIMYMHBI €-
¢donauuTa ipu N = 3.
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PucyHnok 6- 3aBUCHUMOCTb TapaMeTp MEJICHHOT'O
CKaTbIBaHUS &, , 7, OT BEJIMYUHBI €-(OJIIMHIA

ChnekTpalbHble HWHACKCH I 3TOM MOJENH
HaxoOsaTCsa U3

2(n+2

e e T
2n

n ~-2¢, =——, 33

T V' 4N +n (33)
16n

r~16g, = —. 34

V' 4N +n (34)

Ha pucyHke 7 noka3zaHa 3aBUCUMOCTb CIIEKTPaIbHbIX
UHIEKCOB Ng,N;,I Yepe3 NapaMeTPLIMEIIEHHOTO

CKaTbhIBAaHUs OT BECIIMYMHBI e-(ponm/mra.

— i, WA E :|_.—.—._,|

PucyHok 7- 3aBUCUMOCTb CIIEKTPaIbHBIX UHACKCOB
Ng,N;,r YE€PE3 IMapaMeTPbl MEUICHHOTO CKAaThIBAHMS

OT BCIIMYHHBI e-q)omera

CoritacHo HaOmromaTenbHbIM maHHBIM  Planck
3HAYCHMs CKaJISPHOTO CIIEKTPAJLHOTO HHAEKCA M
TEH30PHO-  CKQJIIPHOIO  OTHOIICHUS  JOJDKHBI
HaXOaUThcs B auamno3one [20]

ng = 09649 +00042, (68%CL),  (35)
r <0.056. (95%CL). (36)

Kak BupHO M3 pucyHka 7 TOJy4YCHHBIC HAMH
pe3yabTaThl XOPOIIO COTNIACYIOTCS C pe3yabTaTaMH
HaOmonenui Planck.

3akiIouyenue

HccnemoBamn  KOCMOJOTHYECKYIO MOJETH CO
CKAIAPHBIM TOJIEM COBMECTHO C OJHOPOIHOW U
HU30TPOITHOM METPUKOI ®puamana-Jlemerpa-
PobGeprcona-Yokepa. Ucnons3ys ypaBHEHUE
Oiinepa-Jlarpamxa  TOCTPOWJIA  SBOJIOIMOHHBIC
ypaBHEHUs MoAeld. B mepBoM mpuMepe MOoCTpOouIu
pelieHre TOTYYeHHBIX ypaBHEHUH TBWKCHHA, 3a7aB
JAUHAMUKY CKaJIIpHOI'O 10JIA B BUJC
TpuroHoMeTpuueckoi ¢Qynkuun. B BeIOpaHHOM
HaM{ pEIIeHUH CKaJspHOE TIOJe W3MEHSETCS
TIepHOAMYECKH, TO YObIBas, TO Bo3pacTas. B mepuog
BO3HUKHOBEHHS MHMISAINN CKaJSIPHOE T0JIE JOKHO
MEJUIGHHO CKaThIBaThCs BHU3. [lostomy  mis
M3y4YeHUs HWHQISIUOHHOTO TIEpPHOAa OBOIIOIUU
Bcenennoii M1 BeiOpanu ydactok mpu 0 <t < 27, Ha
KOTOpOM CKaisipHoe Tone yObiBaer. llomydennoe
pelieHre MacmTabHOTO (akTopa KCIOHCHIIMATIBHO
M3MEHsETCS BO BpeMeHH. U3 mocTpoeHHOro rpaduka
BHJHO, 4YTO 3a MaJbli TPOMEXKYTOK BpPEMEHHU
MPOUCXOJUT PE3KOe BO3pacTaHWe MaciiTabHOro

(dakropa, 4qTo XOPOIIIO corjacyercs C
VHOIAIMOHHBIMA — TeopusiMu.  Jlns  manmbpHewmei
BepU(UKAIMU  HCCIACAYSeMMOH  MOJICIM  HAILIU

napameTpsl MEIJICHHOTO CKaThIBaHUS M TOCTPOWIIH
uX TrpaduKH, W3 KOTOPHIX MOXHO YBHUJIETbH
BBITIOJIHEHHE YCIIOBUSI BO3HHKHOBEHHS WHQISIUH
0<e<<1. Bo BropoM mnpumepe i H3YYECHUS
WHQIIAMUOHHOTO  CHEHApHUsS  3aJajd  CKaJSPHBIN
MOTEHIMAT B CTEIEHHOM Buje. Hammm 3aBucruMocTtb
napaMeTpOB MEIUICHHOTO CKaThIBAaHHS OT BEJIMYHHBI
e-ponmuar N W CHeKTpaibHBIE — WHIEKCHI.
[Mony4yeHHble pelieHus TOJHOCTBIO COTJIACYIOTCS C
WHQUIAIMOHHONM Teopued W HaOJogaTeIbHBIMU
nanaeiMu Planck.

BaarogapHocTh

HccnenoBanne BBIMONHEHO TPH (UHAHCOBOU
noanepxke Komurera Hayku  MuHucrtepcrsa
oOpazoBanuss M Hayku PecrmyOmukn Kazaxcran
(rpant Ne AP09058240).
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UCCNEQOBAHME AUHAMUYECKOIO CTPYKTYPHOIO ®AKTOPA
BUHAPHbIX MOHHbIX CMECEW

C MCnonb3oBaHWMEM MeToJa MOMEHTOB MCCAe[O0BaHbl WM MNPOAHANM3MPOBaHbI  AMHAMMYECKME
XapPaKTEPUCTUKM MOTHbIX CUCTEM, COCTOALLMX M3 MOHOB ABYX COPTOB C Pa3/IMYHON MACCOM W 3apsgamu, u
COOTBETCTBYIOLLErO 3apAfaM MWMOHOB KOJAMYECTBA 3SKPAHMPYHOLWIMX 31eKTPOHOB. B HacToAulen pabote
0bCyKAATCA XapaKTePUCTUKM BUHAPHOM MOHHOM CMECK, MacCbl KOMMOHEHTOB KOTOPOWM OT/IMYalOTCA B A1Ba
pa3a. B pamkax pa3BMTOro aBTopaMm MeToa MOMEHTOB PacCyYMTaHbl AMHAMMYECKME CTPYKTYPHbIe GaKTopbI
(AC®) TakoM nnasmbl AN Pa3AMYHBIX TEPMOAMHAMUYECKUX MapameTpoB. AIFOPUTM PacyeToB Mpu 3TOM
OCHOBaH Ha MCMNOMb30BAHWMM C OAHOM CTOPOHbI CTAaTUYECKOrO CTPYKTYPHOro daKkTopa CUCTEMBI,
onpeaensaoLerocs n3 peweHmsa ypasHeHna OpHwTtelHa — LlepHuke, a ¢ Apyroi — Tak Ha3biBaemom GyHKUMU-
napameTpa HesaHanHHbI (PMH), BXOAALWLEN B pacyeTHble COOTHOLEHMA. MocneaHsas MoxKeT bbiTb HalaeHa
pPacYeTHbIM MyTEM C MCMOAb30BaHUEM MOMEHTOB QYHKLMW NMOTEPb CUCTEMBI. BbluMCieHMA NpOBOAMANUCE B
paMKaX K/JaCCMYECKOW CMCTEMbI 3apPsXKEHHbIX YacTuL, B3aMMO/EMNCTBYIOLWMX MO 3aKoHy KynoHa. B pabote
NpoBeAeH aHaMN3 NOJIYYEHHbIX AaHHbIX MPW UCMOIb30BaHMUM Pa3NYHbIX MeToa0B pacyeTa OrH. MNMonyyeHHble
B paboTe pesynbTaTbl KAYECTBEHHO M KOJMYECTBEHHO COMacytoTCsa C JaHHbIMU TEOPETUYECKMX PacyeToB U
YUCNEHHbIX SKCMEPUMEHTOB aBTOPOB  APYrMX  WUCCNEAO0BaHWMM  AMHAMMYECKMX CBOWCTB  MJIOTHOM
MHOFOKOMMNOHEHTHOW NAa3Mbl.

Kniouesble cnoBa: b1HapHana-MOHHas CMEeCb, METO, MOMEHTOB, MOMEHTbI, AUHAMUYECKUIN CTPYKTYPHbIN
dakTop.
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BrHapnbl MOHABIK KOCNanapAblH, AMHAMUKA/bIK KYPbINbIMABIK GaKTOpbIH 3epTTey

MomMeHTTep afici KemerimeH apTyp/i mMaccanapbl MeH 3apsaTtapbl 6ap eki TMNTi MOHAAPAaH KaHe
MOHAAPAbIH 3apaATapblHA COMKeC KeneTiH 3KpaHAanraH 31eKTPOHAapAaH TypaTblH TbiFbi3 KyhenepaiH,
ONHAMMKaNbIK CMNaTTaMmanapbliH 3epTTeyY KaHe Tanaay Kyprizinai. byn xRymbicta 6i3 Kypamaac maccanapsbl eki
ece epeKLleneHeTiH eKiflik MOHAbIK KOCMaHbIH CMNaTTamanapbiH TaaKblnambl3. ABTOpAap a3ipaereH MOMEHT
9AiCIHIH, WeHbepiHaAe MyHAaW nNNa3maHblH AMHAMUKaAbIK  KypblibiMablk dakTopnapsl (AKP) apTypni
TEPMOMHAMMKANbIK MapameTpaep YWiH ecenTteneni. byn ’kafaanaa ecentey anroputmi, 6ip KafbliHaH,
OpHuwTenH-LUepHnKe TeHAEYiIHIH, WeWiMiHEH aHbIKTaNaTbIH KYMEHIH, CTAaTUKAbIK KYPbINbIMAbIK GaKTOPbIH, an
eKiHLWi }afblHaH, Aen aTafaTblHAbl KONJaHyFa HerisgenreH. HeBaHAMHHa napameTpaik dyHKumack! (HIAD), on
ecenTenreH KaTblHacTapfa Kipeni. COHFbICBIH KYMEHIH, WbIFbIHAANY QYHKUMSACbIHBIH, MOMEHTTEPI apKbibl
Tabyfa bonaapl. Ecenteynep KynoH 3aHpl 6onbiHLLIA 9peKeTTeceTiH 3apaaTansaH benweKTepaiH, KNaccnKkanblk
Wyheci weHbepiHae Kyprisingi. MMymbicta HeBaHAMHHa nNapameTpaik QYHKUMSHbI ecenTeyadiH, apTypAi
SAiICTEepiH KONAAHY apKblabl anblHFAaH MajiMeTTep TandaHadbl. bya KyMbICTa afblHFAH HITUMXKENep Tbifbl3
KBMKOMMOHEHTTI Naa3MaHblH AMHAMUKaNbIK KacueTTepiHiH 6acka 3epTTeynepi aBTOP/AapbIHbIH, TEOPUASbIK
ecenTeynepi MeH caHablK TaxKipnbenepiHiH ManimeTTepiMeH cananblK XaHe CaHbIK KafblHaH CaMKec Kenei.
Byn kymbicta AK® anbiHfaH HaTuxkenepi 6acka aBTopaapAbiH, MOJIEKYIaNbIK AMHAMMKA SAiCIMEH afblHFaH
MaNIMETTEPMEH CaNbICTbIpblAaabl.

TyliH ce3nep: eKinik-MoHAbIK KOCNa, MOMEHT 34iCi, MOMEHT, AMHAMMKAbIK KYPblabiM GaKTOPbI.
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McecnenoBaHme AMHaMMYECKOTO CTPYKTYPHOTO dakTopa GUHaPHbBIX MOHHbIX CMeceit

Yu.V. Arkhipov’, A.B. Ashikbayeva, A. Askaruly, A.E. Davletov, A.B. Yerkin
Al-Farabi Kazakh National University, IETP, Kazakhstan, Almaty
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Investigation of the dynamic structural factor of binary ionic mixtures

The method of moments is used to investigate and analyze the dynamic characteristics of dense systems
consisting of ions of two types with different masses and charges, and the number of screening electrons
corresponding to the charges of the ions. In this paper, we discuss the characteristics of a binary ionic mixture
whose component masses differ by a factor of two. Within the framework of the developed self-consistent
method of moments, the dynamic structure factors (DSF) of such a plasma are calculated for various
thermodynamic parameters. In this case, the calculation algorithm is based on the use, on the one hand, of
the static structural factor of the system, which is determined from the solution of the Ornstein-Zernike
equation, and on the other hand, the so-called Nevanlinna parameter function (NPF), which is included in the
calculated relations. The calculations were carried out within the framework of the classical system of charged
particles interacting according to the Coulomb law. The paper analyzes the data obtained using various
methods for calculating the NPF. The results obtained in this work qualitatively and quantitatively agree with
the data of theoretical calculations and numerical experiments of the authors of other studies of the dynamic
properties of a dense multicomponent plasma.

Keywords: binary-ionic mixture, method of moments, moments, dynamic structure factor.

BBenenne a=1,2. C TOYKM 3peHUS CTATUCTHKH CHCTEMa
KJIACCHYECKast u nMeeTcs OTpULIATEIbHBIN

B cBsi3u ¢ pa3BuUTHEM HCCICIOBaHMA IUIa3Mbl, HeHTpamm3yrommii  ¢oH. Bcero B cucreme
Gopmupyromieiics B peakTopax ympaBiaseMoro N =N,+N, 4YacTui ¢ oOumed KoHLeHTpanueit
TEPMOSIJIEPHOTO CHHTE3a, BO3HUKAET HEOOXOIUMOCTh
ONpPENENCHUsI €€ JUANCKTPUUYECKUX CBOHCTB U
TUHAMWYECKUX XapakTepucTuk. Kak mpaBuio, B

Nn=n, +n, TaK 9TO OTHOCHTEIIbHAS IUIOTHOCTH PaBHA:

n
j1asMe UMCIOTCA MOHBI Pa3JIMYHbIX I'a30B. HOBTOMy N21 =—2_-_2,

BO3HHUKAET HEOOXOIUMOCTD B MIPOBEJICHUH N, n
OKCIIEPUMEHTAIBHBIX M PacuETHO-TEOPETHUECKHUX

UCCIIENIOBAHUI, B KOTOPLIX MCCIEAYIOTCS CUCTEMBI  1OIJa CBOWCTBA CHCTEMBI OyIyT 3aBHCETH TOJBKO OT
3apsHKEHHBIX YaCTHII, COCTOSIIME M3 JBYX W Oojee  CIEHYIOUIMX COOTHOIICHUM:

KOMITOHEHTOB. B Hacrosielr paboTe wucciemyercs

JTMHAMUYECKUN CTPYKTYPHBIA (akTop OWHApHOM 7 Z, C ML =M

WOHHOM CMECH, KOTOpas COCTOMT W3 sijIep aTOMOB A zZ, am m,

sogopoga H™ u remus He' ¢ melrpamusyrommm

3IEKTPOHHBIM (POHOM. BhIUnciIeHre TMHAMUYECKOTO B NAHHOM paote paccMaTpHBaeTes

CTPYKTYpHOTO (paKTOpa €€ MPOBOAMTCS B PaMKax
pasutoro B [1-5] MeToga MOMEHTOB, B KOTOPOM
CTATHYECKHE XAPAKTEPUCTHKH CHCTEMBI 3APSKEHHBIX  papyiy  KOHICHTPAIME, TAK UTO BHITOHSETCH
HACTHMIL HaXONATCA W3 DEWICHMS  YPABHCHMA  papepcrpo Nop = 1.

Opnunreiina-Tepauke B THIIEPLEITHOM B kadecTBe TMOTEHIHATA MEXYACTHIHOTO

npubmkenny  [6-13]. Bxonsmas B pacueTHBIE  piayyvoneiicTBHs HCTIONB3yeM MoTeHIMan KyioHa
COOTHOWIEHUS]  (DYHKIMs-TIapamMeTp HeBaHIMHHBI

(®IMTH) naxoagumTcsi W3 BBIYHMCISIEMBIX YaCTOTHBIX
MOMEHTOB. [lonydyeHHbIe pe3ynpTaThl IPUBOAATCS B (1) =
CpaBHEHHH C JaHHBIMHU paboT [14 - 15].
Paccmorpum  OWHapHY0 HOHHYHO  CMECh,
HaXOAIIYIOCS B TEIUIOBOM PaBHOBECHH, COCTOSIILYIO

KJIacCHYecKas IIa3Ma, COCTOSIIAs M3 ABYX COPTOB
voHa (sapa aromoB Bojopoza HY u remms He'),

Z.2,¢
r )

)

a Uil omnmrucaHusd COCTOAHUH IUIa3Mbl — IIapaMeTp

U3 JByX BHJOB MOHOB C MAacCaMH, IUNIOTHOCThIo m  CBA3H

TOJIOJKUTEIILHBIMY 3apsiIaMid COOTBETCTBEHHO My, Ny, ,

Z1 1 My, N2, Zo. CucreMa moMelreHa B 00beM V Tak, = e (2)
aro N, =N, /V,rae N, 4ucio gacTui copra a, rie ak, T
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3necs BBeAeH panuyc Burnepa-3elitia

a=33/4zn, (3)

rme € — 3apsAn dnekTpoHa, Ky —
Bormpmana, T — Temmeparypa, n —
KOHIICHTPAIHSI YaCTHII.

IIOCTOSIHHAS
ob1as

Meton MOMEHTOB A OMHAPHON-MOHHOI
cMecH

Kak  wu3BecTHOo, WHcHoONb30BaHUME  MeTOJA
MOMEHTOB II03BOJISIET ONPENEIUTh IUIICKTPUIECKUE
CBOICTBAa  KYJIOHOBCKOM CHCTEMBI, HCIOJb3YA

HECKOJIBKO MEPBBIX MOMEHTOB ()YHKIIUH MOTEPH (CM.
Hke (6)), KOTOphIE MOXKHO pPacCUUTaTh, 3HAs
MOTEHIIMAT MEXYAaCTHYHOTO B3aUMOJICUCTBUS U

dakropsr S (K) .

[locmeaamii MOKET OBITH BBIYUCIICH W3 PEIICHUS
ypasHeHus: OpHinTeiHa-llepHrke B THIEPLETHOM
npuOvokeHun [4-9], kak 3T0 W OBUIO CHIEIaHO B
JMaHHOW paboTe, ANs TUIA3MBI, COAEpIKaIlell HOHBI
JBYX COPTOB.

3anuiem bopmymy HeBannuuHsl,
OMPEAETAIONIYIO JUIEKTPUYECKUE CBONCTBA CPEpbI,
B Buje [3]

CTaTUYECKUE  CTPYKTYpHBIE

1, @QW)
sko) oo -0 +QI)@ +a)

. (4)

311ECh @} =C,(K)/C,(K), @} =C,(k)/C,(K),
Q(k) =ihy(k), rae h (k) = \/%)2:)—(?‘() , ObLa HalijieHa B

pabotre [16] u ycmemHO WCHOJIL30BaHA B psie
creayromux pabor [17-21].

Mapamerper ~ C,(K)  ompememensl  kax
YaCTOTHBIE MOMEHTBI  IIOJIOXKUTEIIBHOW  4YETHOMN
¢Gynkuuu noreps L(K, w)

c:v(k):1 j 'Lk, 0)dw, v=024. (5)
T —0

31eck HMCHONB30BAaHO O0O3HA4YeHHE IS (YHKIMU
IOTEPb

L(k,a))=_w. (6)
®

HyneBoii 4acTOTHBIE MOMEHT B KIACCHUYECKOM
TIPUOJIMKEHUHN BBIPA3UTCS CICIYIOIINM 00pa3oM

H(k) I
oS00 n=3n, 90 = =5 ()

Cok) ="

B CBOIO O04YEPCIb Szz(k) OIpPEACIACTCA KaK

S, (k)= %[Z nZZ2+> nnz.z, f;b(k)] , (8

rae ®dyphe-00pa3  KOPPEIAIHMOHHON

ful)
(hyHKIHIH.

Bropoit yacToTHBIIT MOMEHT (YHKIIMU TIOTEPH,
cormacHo mpasway f-cymm [2, 22-23], ocraetcs
HEU3MEHHBIM, OH paBEH KBAApaTy IIJIa3MEHHOU
YaCTOTHI CUCTEMBI:

2,2
ArZie’n,
m

a

C, _1 _[ oLk, o)do=0) =) . (9)
7, "

BrelpaxkeHue [UIi  4ETBEPTOrO  YaCTOTHOTO
MomeHTa ¢  Dyppe-obpazoM  3PPEeKTUBHOTO
MOTEHIMAIa MEXYaCTHIHOTO B3aUMO/ICHCTBHA

Dy (k) =256 (0 Cul) =G0, (10)

npuYeM, B YaCcTHOCTH sl moTteHnuana Kymona
popm-pakrop ¢, (k)=2,Z,, ab=12, 3anumercs
CJIEIYIONTUM 00pa3oM

C,(K)=@! @+ KK +U(K)+H).  (11)

31ech MPpeACTaBICHBI SHEPTETUUECKUE COOTHOIICHHUSI
JUISL KYJIOHOBCKOM IJ1a3Mbl

Zn 3
r:ﬁaETa’ ETa :EkBTa’ (12)

K (k) =87e%k?Y"
UK)=e*y ZaZo
a,b

[ 2f f (g,k)dg. (13
' ma mb anb.([q ab(Q) (q )q( )

2 3

fpay =0 o P (2 =0) [Pl gy
3 pa®  [p-q

Bripaxkenue s H cumMmeTpusyeTcs K CleayromeMy
BUJY

2
872 Zy, Z
H :_Te‘*z[m_b_m_aJ Z,Zyn,n, f45(0). (15)
b

a
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BpluuciieHus1 JTMHAMHYECKOI0 CTPYKTYPHOIO
dakTopa

Hunamuueckuii cTpykTypHbIH ¢aktop (LCD)
«3apan-3apsa» B KJIACCHYECKOM  IPHONMKEHHU
HampsIMyl0 CBsI3aH C OOpaTHOM  MPOOIBHOU
JIVBJIEKTPUUECcKOl (YHKLIMEH MiIa3Mbl OCPEICTBOM
(IIyKTyaIllMOHHO-TUCCUTIATUBHOW TeopeMbl [24 - 25]
Kak:

_Ims (ko)

mpp(K)e

S, (k, )= (16)

Otkyna pacuetrHas ¢opmyna mis JICD B manHOM
pabote, ¢ ucroap3oBanueM (4)-(7):

7S, (K@)
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Kak BumHO 13 Qopmyn, NMpUBEIESHHBIX BHIIIE,
JUIsL OTNIPEICNICHNs] YacToT @i, » HaM HEOOXOIMMO
3HATh CTaTHYEeCKUe Xapakrepuctuku cucremsl (5). C
JIpyrod CTOPOHBI MOMEHTHl W 4YacTOTHl M1, %
OTIPEIETSUINCh M3 YWCICHHOTO JKCIepuMeHTa [14-
15] u wucnonp3oBanuchk it pacueta HCD 1o
bopmyie (17).

Ha pucynkax 1-3 mnpuBeneHbl pe3yjibTaThl
Boruucnenusa JC® (17), roe y opaHXKeBOH JMHUH
MOMEHTBl M YacTOTbl @1, «» TOJACUYUTAHBI
Teoperudecku (cootHouenus (7,9,11)), a y cunei
JUHAW OHHM HAaWJIEHBl U3 OJKCIEPUMEHTAIBHBIX
nanHpix  [14-15].  OG6Ge 3T 3aBHCHMOCTH
CPaBHHUBAJIHNCh C SKCHEPUMEHTAIBHBIMH JTaHHBIMH
(kpyxoukn) [14-15], mis pasnuuHBIX HapaMeTpPoOB
ILTa3MBl.
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W3 pucynkoB 1-3 MOXKHO cJieJaTh BBHIBOI O TOM,
YTO HCIOJL30BAHHME MOMEHTOB M3 YHCJIEHHBIX
SKCTIEPUMEHTOB JJIsI ONPEACNCHUs YacTOT @i, @ U
®IIH, nmo3BojgeT 0ojiee TOYHO BOCCTAHOBHUTH JTH
AKCTIEPUMEHTAIBHBIC PE3YIbTAThI, XOTS U JUISI CITydast
BBIYUCIICHUSI MOMEHTOB U COOTBETCTBYIOIIUX YaCTOT
C UCHOJBb30BAaHHEM CTAaTHYECKUX XapaKTePUCTHK
AMEETCS OIpeIeNICHHOE KAaYeCTBEHHOE COTJIache C
nanHbivu [14-15].

3akiIouyenue

B nanmsOlt pabore OBIIM  paccUMTaHBI
JUHAMUYECKUE CTPYKTYpHBIE (aKTOpbl METOAOM
MOMEHTOB M CPaBHHBAJIHCh C YNCIICHHBIMH JIAHHBIMH
JIpyruxX aBTOpOB. [Ipy 3TOM MOMEHTHI, YacTOTHI
PacCUMTHIBAJIMCH HECKOJIBKHUMHU croco0amu (0 HHX
TOBOPHUTCS BbIlIE). B mepBoM ciydae- MOMEHTHI
(YHKIMU TIOTEPh, YacTOThl W (DYHKIHS-TIApAMETP
HeBannuunel paccuuranssle o ¢opmynam (7) —
(15), naroT HemIOXOe KAaueCTBEHHOE COIJIache C
9KCTIEPUMEHTOM, KaK 3TO BHJHO M3 PHUCYHKOB 1-3
(opamxeBble KpuBEIE). Bo BTOpOM, KOT/1a MOMEHTHI B
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YacTOThl, PACCUUTAHHBIE U3 OKCIEPUMEHTAIBHBIX BaarogapuocTun
JIaHHBIX, JarT Oonee Ka4yeCTBEHHOE 5 HccnenoBanne BeIONHEHO TIpHU (PWHAHCOBOI
KOJIMYECTBEHHOE corjacue c yucineHHbIM — noxpaepxkke  Komwurera Hayku — MuHHCTEepcTBa
SKCIIEPUMEHTOM (PUCYHKH 1-3 CHHUE KPUBBIC). oOpasoBanuss W Hayku PecnyOmuku Kazaxcran
(rpaurT Ne AP09260349).
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PULSED PLASMA FLOW DIAGNOSTICS

This paper presents the results of optical and probe diagnostics of hydrogen plasma flow in a coaxial
plasma accelerator. The triple probe and the Optosky ATP2000P linear spectrometer with a spectral range of
200-1100 nm were used for measuring the electron current and obtaining the hydrogen plasma emission
spectrum. The individual spectral lines were observed using an M833 monochromator spectrometer with a
spectral resolution of 0.024 nm. From the measured electron currents and emission spectrums, the electron
densities in the flux of a hydrogen pulsed plasma were calculated. We used the Stark method of Hg hydrogen
line broadening for calculations of electron densities. The obtained experimental results from the probe and
spectroscopic measurements of electron density correspond well. In this work, we also obtained the
dependence of the electron density on the voltages applied to the capacitor bank. The electron density
increases with increasing voltage, because of the increased energy applied to the discharge. The average
electron densities in the plasma flux showed n, = 1.13 - 10** m?3, n, = 4.14 - 10> m?3,andn, = 5.57 - 10 m
3 at three values of voltages of 3 kV, 4 kV, and 5 kV, respectively.

Key words: coaxial plasma accelerator, hydrogen plasma flow, probe diagnostics, optical diagnostics,
electron density, plasma emission spectrum
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MMI'IyﬂbCTiK Nn1asmMaliblK afblIHHbIH, ANarHOCTUKAChI

Byn KymbiCTa KoaKCcWanabl MAa3masblk YAETKIWTEr CyTeri Maa3masnblK afblHbIHbIH, ONTUKAMbIK MKIHE
30HATBIK AMATHOCTUKACBIHbIH HOTUMXKENepPi YCbIHbIAFaH. DNEeKTPOHAbIK TOKTbI ©/1LLeY KaHe CyTeri N1a3mMacbIHbIH,
SMUCCUANDIK CEKTPAEPIH any YLWiH YIW3AEKTPOATbl 30HA, *KaHe 200-1100 HM cnekTpAik AManasoHaa 3epTreyre
MYMKiHAIK 6epeTiH Optosky ATP2000P CbI3bIKTbIK CNEKTPOMETPI KOAAaHbINAbl. HeKe CheKkTp/iK Cbi3biKTap
0,024 HM CNEeKTPAIK a)KblpaTKbIWTbIK KabineTi 6ap M833 MOHOXpPOMaTOp CHEKTPOMETPIHIH KemerimeH
aNblHAbl. ONLWEHTeH 31EKTPOHAbBIK TOKTAp MEeH ajlblHFaH SMUCCUABIK CNEKTPAEP HEri3iHAE MMMNYbCTIK CyTeri
MN1Ia3MacCblHbIH, afblHbIHAAFbl 3N1EKTPOHAAPAbIH, Tblfbl3Ablfbl ecenTendi. DNeKTPOHAAPAbIH,  Tblfbl34bIFbIH
ecenTtey yWwiH Hg cyTeri cnekTpiHiH, LLUTapKTbIK KeHel aaici KonaaHbIinabl. DNEeKTPOHAAPAbIH, Thblfbl34bIFbIH
30HATbIK 3HE CNEeKTPOCKONMUANbIK 61LleyAiH TaXKipnbenik HaTUKenepi XKakcbl cankec Kenai. CoHbIMeH KaTap
By KYMbICTA SNEKTPOHAAP TbIFbI3AbIFbIHbIH, KOHAEHCATOP HBaTapeAcbiHa TyCipiAreH KepHeyre Tayenainiri ge
anblHAbl. KepHeyaiH »KofapblnaybiMeH 31eKTPOHAAPAbIH, ThIFbI3AbIFbl Aa apTaabl, Oyn paspaaka depinreH
3HEPrUsAHbIH, apTybIMEH Tbifbl3 BalnaHbICTbl. 3 KB, 4 KB KoHe 5 KB KepHeyiHiH vyl MaHi YLWiH naa3manbik,
aFbIHA@Fbl 3NEKTPOHAAP ThIFbI3bIFbIHLIH OpTalla MaHAEpi calkeciHwe n, = 1,13 - 10?! m3, n, = 4,14 - 10%
M3, skaHe n, = 5,57 - 10%t M= Kypaap!.

TyiiH ce3gep: Koakcuvanabl NAasmanblK YAETKilW, cyTeri nnasmanblk afblHbl, 30HATbIK, AMArHOCTUKA,
ONTWKaNbIK ANArHOCTMKA, SNEKTPOH TbIfbI3AbIFbl, M1a3MaHbIH, SMUCCUANBIK CIEKTPI
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[AnarHoctMka UMNyAbLCHOMO NAasMeHHOro NOTOKA

B paboTe npeactaBnieHbl pe3yabTaTbl ONTUYECKON M 30HA0BOM ANATHOCTUKM BOAOPOAHOTO NAa3MEHHOIO
MOTOKa B KOAKCMa/ibHOM Maa3MeHHOM ycKkopuTene. [ns M3MepeHUs 3NeKTPOHHOro TOKa WM MOay4YeHus
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Pulsed plasma flow diagnostics

3MUCCMOHHbIX CMEKTPOB BOAOPOAHOM MAa3mbl OblIM MCNOMb30BAHbI TPOMHOM 30HA, U COOTBETCTBEHHO
NMHenHbIn cnekTpomeTp Optosky ATP2000P co cnektpaibHbiM ananasoHom 200-1100 Hm. OTaenbHble
CNeKTpasibHble NMHWUKM BbIAM CHATbI C MOMOLLBIO CNEKTPOMETPa-MoHoXxpomaTopa M833 co cnekTpasibHbiM
pa3speweHnem 0,024 HM. Ha ocHOBe M3MEPEHHbBIX 3/IEKTPOHHbIX TOKOB M OTOXAECTBAEHHbLIX SMUCCUOHHbIX
CNeKTPoB OblM paccynTaHbl MAOTHOCTM SNEKTPOHOB B MOTOKE MMMY/JAbCHOW BOAOPOAHOW naasmbl. s
pacyéTa NAOTHOCTM 3NEKTPOHOB Bbl MCNONb30BaH MeToZ LLITapKOBCKOro yWMpeHns BOAOPOAHbIX AUHMIA Hp.
[Mony4eHHble 3KCNEepPUMEHTa/IbHble pe3yabTaTbl 30HA0BOMO M CMEKTPOCKOMMUYECKOro U3MepeHUa MAOTHOCTH
3N1EKTPOHOB XOPOLLO CornacytoTcs. B aTol paboTe TakKe Oblna NoayYeHa 3aBUCUMOCTb NMJAOTHOCTU 3/1EKTPOHOB
OT MPUIOXKEHHOTO K KOHAEHCATOPHOM bGaTapee 3apAg0BOro HanpsxeHua. C yBeanyeHWem 3apsaLoBOro
HaNPAXeHWA YBENIMYMBAETCA NMIOTHOCTb 3/IEKTPOHOB, YTO CBA3AHO C YBE/WYEHWEM SHEPTUU BOKEHHON B
paspag. Mpun Tpex 3Ha4YeHMAX 3apAaaoBoro HanpaeHma 3 KB, 4 kKB n 5 KB, cpeaHve 3Ha4YeHMA NAOTHOCTMK
5/1eKTPOHOB B N/1a3MeHHOM NoToKe cocTasunn n, = 1,13 - 102 m3, n, = 4,14 - 102 m3, un, =5,57 - 102 m°

3, COOTBETCTBEHHO.

KnioyeBsble CN0OBa: KOaKCMa lbHbIN N1asMeHHbI YCKOPUTE b, BOAOPOAHbIN M1a3MEHHbIR NOTOK, 30H408as
AMAarHOCTUKA, ONTUYECKas AMArHOCTUKA, MIOTHOCTb 3/IEKTPOHOB, SMUCCHMOHHbIN CMEKTP M1a3mbl

Introduction

Pulsed plasma flows in plasma accelerators are
widely used for solving some fundamental and
practical problems. Particular interest among various
applications of pulsed plasma flows represents
fusion, and astrophysical researches [1-4]. For
example, an experimental study of the interaction of
pulsed plasma flow with materials [5]. The use of
plasma flows for specific applications is determined
by the formation, acceleration, and structure of the
plasma plume. It depends on the geometry of the
electrodes system, the way of filling and the type of
used plasma-forming gas. A variety of plasma
diagnostic methods are available to investigate the
structure; processes caused by the formation and
acceleration of the plasma flux. They are divided into
contact and non-contact methods. The diagnostics of
pulsed plasma flows is a difficult problem in
comparison with stationary plasma. The complexity
is the character of plasma that we study: high plasma
velocity, short-lived plasma processes, high
temperature. Nevertheless, regardless of this, the
methods of diagnostics of no stationary flows of
pulsed plasma such as the probe and optical and
Interference methods exist. The electrical and
magnetic probes are widely used among probe
methods. The application of probe diagnostic
methods is limited by perturbations induced in
plasma. The optical methods have an advantage in
comparison to probe methods and are used
extensively in diagnostics. Its main advantage is the
nonperturbative character. The optical and probe
diagnostics of the pulse plasma flux was carried out
in this work for measuring the electron density. This
is important from a scientific and practical viewpoint
for two reasons:
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I In relation to the variety of applications of
plasma flow;

11 For understanding of plasma physics in plasma
accelerators.

This work is organized as follows: the second
and third chapters provide a brief overview of the
experimental setup and plasma diagnostic methods;
the fourth chapter contains an analysis and discussion
of the experimental results; the fifth chapter consists
of a conclusion.

Brief overview of the experimental setup

The optical and probe diagnostics of pulsed
plasma flow was carried out in a coaxial plasma
accelerator. This setup uses hydrogen as plasma-
forming gas. The duration of a single pulse is an
average of T~ 300 us. The main operating unit of the
setup is the coaxial electrode system. The electrode
system was placed in a vacuum chamber. A chamber
is pre-pumped to a pressure of ~10° Torr. The
vacuum station for evacuating the vacuum chamber
consists of a forevacuum and diffusion pump. Before
the shot, the chamber is filled with plasma-forming
gas. The experimental setup is powered by a capacitor
battery with a capacitance of 1.4 mF. The pulse
discharge in the interelectrode space is ignited when
the vacuum arrester is turned on. The plasma is
accelerated towards the output of the accelerator by
the J x B force acting on plasma current bridging the
electrodes. The schematic diagram and parameters of
the experimental setup are described in detail in [6-
8].

Brief overview of plasma diagnostic methods

The Optosky ATP2000P spectrometer with a
spectral range of 200-1100 nm, and the M833
monochromator spectrometer with a spectral
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resolution of 0.024 nm were used in this work for
conducting probe and optical diagnostics of hydrogen
plasma flow.

Hydrogen spectral line broadening is an
important tool for optical diagnostics of plasma.
Micro fields of electrons, ions, etc. in plasma cause
various types of Stark broadening. One of the well-
known Stark broadening of hydrogen lines by
electrons is theoretically well studied and
successfully used in practice. The relation between
the spectral line half-width and the electron density is
given by expression (1). This equation is used for
diagnostic purposes for measuring the electron
density.

2/, .
Adyjp = 2,50 10_9011713/ 3A,
2

where a; ,, — theoretical values of the half-width
A4, ,. The theoretical values of the half-width of the
hydrogen line Hg are determined. In [9, 10] this
method was applied to measure the electron density
in the plasma flux.

The probe diagnostic methods have always been
widely used for studying the properties of plasma and
gaseous discharges. This method is a useful tool for
local determination of the density, temperature of
charged plasma particles and the space potential. Of
known probe methods, triple probe allows measuring
the local plasma parameters without external voltage
sweep. This is particularly important in our case,
because in pulsed plasma the discharges do not repeat
from shot to shot. Moreover, this method allows
measuring the temperature and electron density
simultaneously in one shot. Another advantage is that
using this method it is possible to obtain the temporal
distribution of plasma parameters. The operation of a
triple probe is as follows: three similar electrodes are
located in plasma being studied. In voltage mode of
operation, only V,, voltage is applied between two
probes, and the third probe will be at floating
potential V5. Temperature and electron density are
calculated according to equations (2) and (3):

(1)

_ el
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where S is surface area of probes, m; ision mass, e is
Vig .. .
elementar charge, I = —=— is ion saturation current.

shunt

A triple probe method for measuring electron density
in a plasma flux has been used in works [11, 12].

kT, 2)

Analysis and discussion of the experimental
results

The emission spectrum of the hydrogen plasma
flux was obtained and analyzed in the 350-900 nm
wavelength range by means of the Optosky
ATP2000P linear spectrometer, it is shown in Fig. 1.
As seen from this figure, the composition of the
hydrogen plasma flux contains such impurities as
iron, chromium, carbon, copper, hydrogen and
residual air elements. The copper and iron,
chromium, carbon are formed as a result of erosion of
the electrode surface and the vacuum chamber wall.
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Figure 1 — Emission spectrum of the hydrogen
plasma flux

A typical spectrum of the hydrogen line Hg was
obtained at a pressure of 70 mTorr and at different
values of voltages applied to the capacitor bank of 3-
5 kV by using the spectrometer monochromator
M833 with a spectral resolution of 0.024 nm (Fig. 2).
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Figure 2 — Plasma flux spectrum in the Hg region
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Pulsed plasma flow diagnostics

It can be seen that the half-width of the Hg line
increases with increasing voltage applied to the
capacitor bank. These indicate increasing electron
density in plasma. This is caused by increasing the
energy attached to the discharge. Averaged electron
density for applied voltage of 3kVisn, = 1.13 - 10%
m3, for applied voltage of 4 kV isn, = 4.14 - 102 m-
8, for applied voltage of 5 kV isn, = 5.57 - 10 m?,
The dependence of calculated electron density on
applied voltage at gas pressure of 70 mTorr is shown
in figure 3.
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Figure 3 — The dependence of the electron density
in the plasma flux on the voltage applied to the
capacitor bank

The investigation of plasma flow using the triple
probe method was performed at a capacitor bank
voltage of 3 kV and a gas pressure of 70 mTorr. The
probe was placed inside the vacuum chamber at a
distance of 10 cm from the electrode system, and
directed to plasma flow. The results of the
measurements are shown in Figures 4 and 5.
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Figure 4 — Temporal characteristic of the floating
potential and ion saturation current on the probe

40510

38

70

{ 3kV. 70 mTorr [

| £50
ne [m3]
+20
,  \,

.—A-J ‘f' > =0
. > a a S I 0
0,0 1.0x1072.0x1073,0x107 4,0x1075,0x10™

t[s]

Figure 5 — Temporal characteristics of electron
density and temperature

The obtained results by the Stark broadening
method agree well with the results obtained by the
probe method. As can be seen from Figures 3 and 5
the experimental results of electron density agree
well.

Conclusion

Optical and probe diagnostics of the hydrogen
plasma flux in a coaxial plasma accelerator were
carried out. In particular, electron densities in the
plasma flux were calculated by the Stark method of
hydrogen line broadening and a triple electric probe.
The obtained experimental results are in good
agreement. The dependence of the electron density on
the voltage applied to the capacitor bank was also
obtained. It was found that with increasing voltage of
charge, the energy attached to the gaseous discharge
increases, and accordingly, the density of electrons
increases. The temperature of electrons in the plasma
flux was measured with a triple electric probe. The
maximum value of the electron temperature was 60
eV at voltage of 3 kV and gas pressure in the vacuum
chamber of 70 mTorr. Moreover, the time
dependence of the temperature and electron density
was obtained with the triple probe.
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KOHJAEHCHUPJIEHTEH KYH ®U3UKACHI )KOHE
MATEPUAJITAHY ITPOBJIEMAJIAPBI.
HAHOT'BIJIBIM

OU33NKA KOHAEHCHUPOBAHHOI'O COCTOAHUSA
N ITPOBJIEMbBI MATEPUAJIOBEJAEHUA.
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SiC KANTAMACbHI BAP XTIP TPA®UTIHIH CO3blI/IMA/1bI KOPPO3UACHI

KasakCTaHabIK *ofapbl TemnepaTypanbl rasbeH cankpiHAaTbiNaTbiH peakTopabl (MTIP) Kypy KesiHae
¥aKcapTblaFaH rpaduTi MaHe KpeMHut Kapbuai (SiC) HerisiHaeri OHbIH, rPaAMeHTTI KopFaHbIC KanTamackl 6ap
OTbIHHbIH, 8P Typi NanganaHbinaTbiH 60naabl. COHAbIKTAH, Oy XYMbICTbIH MakcaTbl 1200K Temnepatypaaa
woHe renumgeri 200-250 klMa KbICbIMbIHAAFbI PeakTop rPaduUTiHIH, KaHe OHblH SiC KanTamacblHblH, Y3aK
Mep3iMAi XKoFapbl TeMNePaTypasiblK KOPPO3UACBIHbIH, KblNAaMObIFbl MEH €PEeKLIEeNIKTEPIH CY MeH OTTEeriHiH,
KOCMnacblHa *aKblH KOHUeHTpaumana, TP KanbiNTbl }KYMbIC Ke3iHAEe aHbIKTay; *KYMbIC KOCnacbiH HepyaiH
KOHBEKUMANbIK 94iCIMEH KOPPO3UAFa KApCbl ToXKIPUMOEHiH caHabIK VATICiH »acay. HaTuxkeciHae, apKaricbickl 30
KYHTe CO3blaTblH TepT Ti3DeKTi CbiHAK Ke3eHi (KoOppo3usHbIH, sKanmbl y3aKkTbifbl 120 KyH), Ta3a rpadput
yArinepinid, (SiC KanTamachl oK) ap eHAipywire bainaHbictol 1,8%-aaH 10,4%-Fa AeliH cafiMaK *»KOofFanTybl
H6arkanabl. *Kannel, KOpranmaraH rpaduTTiH KOPPO3MACHIHbIH, OPTaLLA XblAAaMAblFbl 9AeOMeTTeri AepeKkTepre
colkec Kenepi. padutTepaid, ycTiHe SiC KanTamacbiH KOAZaHFaH YATepAiH KOppOo3MA KblAAaMAablfbl
100 - 500 ecere azasabl. *KacanfaH moaenb Taxipmbe 6apbicbiHaa MTTP rpaduTiHiH, *KoFapbl TeMnepaTypanbiK,
KOpPO3uA NPOLLeCTePiH Ae, KOHAbIPFbIHbIH, 6ap/biK Kenemi 6oibiHLa 6ap/blK ra3 KOMMNOHEHTTEPIHIH, Mmacca
afIMacyblHbIH AMHAMMKACbIH Aa cMnaTTayfa MyMKiHAIK bepeai.

TyitiH cesnep: TP, rpaduT, SiC KanTamachl, KOpPO3uns
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Long-term corrosion of HTGR graphite with SiC coating

When creating a Kazakhstani high-temperature gas-cooled reactor (HTGR), a type of fuel with improved
graphite and its gradient protective coating based on silicon carbide (SiC) will be used.

So, the purpose of this work is determination the rate and features of the long-term high-temperature
corrosion of reactor graphite and its SiC coating at a temperature of 1200K and a pressure of 200-250 kPa in
helium with an admixture of water and oxygen in concentrations close to the normal operation of an HTGR;
development a numerical model of a corrosion experiment with the convection method of supplying the
working mixture. As a result, four successive test stages lasting 30 days each (the total duration of corrosion
was 120 days), the weight loss of pure graphite samples (without SiC coating) range from 1.8% to 10.4%,
depending on the manufacturer. In general, the average corrosion rate of unprotected graphite corresponds
to the literature data. The use of a SiC coating over graphites reduces the corrosion rate of samples by a factor
of 100-500. The developed model made it possible to describe both the high-temperature corrosion processes
of HTGR graphite and the dynamics of the mass transfer of all gas components throughout the entire volume
of the installation during the experiment.

Keywords: HTGR, graphite, SiC coating, corrosion
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SiC KanTamacbl 6ap KTrp rpaduTiHiH, CO3bIIMasibl KOPPO3UACHI
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JonrospemeHHasn Koppo3usa rpaduta BTIP ¢ SiC nokpbiTuem

NP1 CcO34aHUM Ka3axCTaHCKOTO BbICOKOTEMMEPAaTYPHOro rasooxnaxkaaemoro peaktopa (BTIP) byaet
MCMONb30BaTbCA PA3HOBUAHOCTb TOM/IMBA C Y/YYLIEHHbIM TPadUTOM W ero rPaaMeHTHbIM 3aLUTHbIM
MOKpbITMEM Ha OcHOBe Kapbuaa kpemuusa (SiC). MoaTomy, Lenbto AaHHOW paboThl ABAAETCA onpeaeneHue
CKOPOCTM M 0CODEHHOCTM NPOTEKAHUSA A/IMTE/IbHOM BbICOKOTEMMEPATYPHOM KOPPO3UM PeaKTOPHOTo rpaduTta
n ero SiC-nokpbitna npmn Temnepatype 1200 K n pgasneHmn 200-250 KlMa B resmn ¢ NPMMEChbO BOZbl W
KMCAopoAa B KOHUEHTpaumsax, 6aM3KMX K HopmasbHoW paboTe BTIP; pa3spaboTka 4YMCAeHHOM Moaenu
KOPPO3MOHHOIO 3KCMEepPUMEHTa NPM KOHBEKLIMOHHOM cnocobe noaayn paboyeit cmecu. B pesynbTaTe YeTbipe
nocneaoBaTeNlbHbIX 3TanoB UCMbITaHWUIA AAUTENbHOCTBIO 30 AHEM KaxAabli (06Llas AAMTeNbHOCTb KOPPO3MM
coctasuna 120 aHel) noTepm maccbl 06pasLoB Ynctoro rpaduta (6es SiC-nokpbiTma) coctasnaoT oT 1,8 % A0
10,4 % B 3aBUCMMOCTM OT NPOM3BOANTENA. B LIEOM CpeaHAn CKOPOCTb KOPPO3UK He3alMLLIEHHOTO rpaduTa
COOTBETCTBYET /INTEPATYPHbIM AaHHbIM. MpumeHeHne SiC-MoKpbITUA NoBepPX rpadUTOB CHUMKAET CKOPOCTb
Koppo3nn obpasuos B 100-500 pas. PaspaboTaHHaa MoAe b NO3BOAMAA ONMCATb KaK BbICOKOTEMMEPATyPHbIe
NpoLecchl Koppo3un rpaduta BTIP Tak U AMHAMMKY MACCONEpeHoca BCeX ra30BbIX KOMMOHEHTOB MO BCEMY

o6be/v\y YCTaHOBKMW 3a BPEMA IKCMNEPUMEHTA.

Kntouesble cnosa: BTTP, rpaduT, SiC noKpbITHE, KOppOo3ua

Kipicne

KemMiprekciz sHeprusira KemrymiH >kahaHIBIK
TpeHIIHE, acipece KbUTJIAM HEHTPOHIBI
peakTopiap, CYHBbIK MeTaJUl pPeakTopiiapbl JKOHE
JKOFapbl TeMIepaTypallbl Ta30€H CallKbIHAAThUIFaH
peakropnap (OKTI'P) cusaKTBI TYXBIpBIMAaMamapsl
JAMBITYIaFbl KETICTIKTEPHI €CKepe OTBIPHIN, aToM
SHEpPreTHKAachl i Jie MaHBI3JBI cajla OOoJbII
TaOBUIAIBI.

XKTTP-napma rpadur  Herisri  Kypamuac
MaTepuaiapabiH Oipi OOJIBIN €CeNTENCTIH OThIHIbI
naiiganananel. OTBIH 3JeMeHTTepl TpaduT TIeH
kpemHuii  kapOuzinig (SiC) KaOBIKIIaJgapbIHAH
TYpaThIH Kol KabaTThl KYpbUIBIMBEL 0ap Imap Topisai
Typae (nmuamerpi ~1 mMm) 60J1aIbl, OHBIH OpPTACchIH/IA
ypaH IMOKCH[I HeMece KapOua e3eri opHaiackaH [1,
2].

Kopposus mnporectepin, KTI'P  OTHIHBIHBIH
rpadur  HeriziHge, coHbiMeH  Karap  SiC
KanTamMachlHIA 3€pTTeY PEAKTOPABIH  Kayilci3
JKYMBICBIH HETI3[ICY YIIIH MaHbI3Abl MIHICT OOJIBII
Tabbimanbl. COHBIMEH KaTap, KajbINThl, Oipak y3ak
Mep3iMai  kymbic  ke3iHpe rpajur  +  SiC
KYPBUTBIMBIHBIH JIETPaalins JIPEKECiH Oaranay eTe
MaHBI3/Ibl, OUTKEHI KeHOip MamimeTTepre coiikec [3]
MyHIall  JerpajalusHblH ~ MEXaHU3MIIEpi  MEH
OUHAMHMKAChl ~ CYTETiHIH  pejiiHe  OaillaHBICTHI,
KOpPO3Hs 6HIMI PETiHIE alTapJIBIKTal epeKIIeeHyi
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MYMKiH. JKyMBIC TemmepaTypachl MEH KbICHIMEI
KarmgalblHAa Ccy OYBIHBIH CaHpUIayJapbl MeH
KapbIKTapbIHAAFbI TpadUTIHEH KoHe/HeMece SiC-nieH
peakuusIapsl Ke3iHje maiaa 00aaThiH cyTeri OeTki
KabaTbIHa HIBIFyFa  YJITepMei, XUMUSITBIK
OpEeKeTTeCy/liH KeJeci MpoIecTepiHe acep eTeli.

Marepuangap MeH aictep

¥3aK Mep3imMal KOppo3usiFa ChIHAKKa apHaJFaH
yirinep Toyo Tenso, Tokai Carbon, IBIDEN sxone
Nippon Techno-Carbon KOMITQHUSUTAPBIHBIH
JKanoHnst aToM 3HEPTHACH areHTTITiHIH KOMeTiMEeH
xetkizingi. Toxipubene ycak tydipmikti 1G-110
rpaduTiHIH: op OHJIpylIiieH Oip KanTaaMmaraH
rpagpur yuarici  xkeHe SiC  kanramacel  Oap
(xanmprgaeFel 100-150 mxMm) 8 yorici 3eprreni.
Cotikecrennipy ymin yirinep (A, B, C xone D)
Y3BIHJBIFEl  OofbIHImIA a3man epekmiencHemi. SiC
kanramacel Metwipuxiopocuinad CHzSiCls muponusi
apKeUIbl rpadurke KoWbuianbl [4]. Pentrenmix
(dazanblk Tajmay HOTWXKeNIEpi OOWBIHINA aJIbIHFAH
KalTaMachlHBIH KypbUTbIMBl F43m (216) rapeim
TOOBIHBIH TEKILE TOpPBI Oap KpeMHHUH KapOuaiHiH P-
(dazaceina (3C-SiC) coiikec kenemi [5].  Yuri
eJeMepi 4x4x(45-50) MM 0oMaThIH
NapauIeTICIUITeATIH MlTiHIHEe Ue OOJIbI.

PeakTopiplk rpaduTTep YATUICpIHIH  Y3aK
Mep3iMJTi KOPPO3HUsFa CHIHAKTAPHI XUMUSITBIK aKTHBTI



.A. 3aypbekoBa KaHe T.6.

ra3gapabig peaxTop MaTepHaIIapbIMeH l-cyperTe TeITIH KYMBIC KaMepPachIHBIH
OpeKeTTeCyiH 3epTTey YIIiH OypblH jkacainFraH OOWJIBIK KAMAachl MEH ememuaepi, am 2 xoHe 3-
KOHABIPFBIIA [5] Kypri3iimi, COHBIMEH Katap OyJl  cypeTTepie KOppo3wsFa Kapchl KOHIBIPFBIHBIH
KOHJIBIPFBI Y3aK MEP3iM/Ii CHIHAK YIIIiH )KaHAPTBUIABL.  KYPBUIBIMIBIK ~ CYI0ackl MEH  CBIPTKBI  Typi
KOPCETIIreH.
Hbiny usonaropol  Kbumbitkbiwn  ¥biny nsonaropsl
- Bakyymapbik pnaHew

AL203.5x4x100 cm I

1-cyper — Kopposusira Kapcbl KOHABIPFBIHBIH KYMBIC KAMEPACHIHBIH 3JIEMEHTTEPIHIH CXEMAaChI

Toxipube Kyprisy VIIiH KbI3ABIPY aiMarbIHIa
140 xIIa apTeIK KbIcbIMAa (1200 K TemnepaTypanarbl
KbI3y aiimarbiHaa) Oenrinenred cy memmepi 0,1%-
JlaH acCHalThIH KYMBIC OPTAachl PETIHAE Teluii
KoJJaHbuiaabl. [enuiineri KocnanapabH Kypambl Cy
Oysrabig 150 [la neitin mapruanap! KbICEIMBIHA JKOHE
orrerinig 1-2 IlackanbiHa coiikec keneni. ¥3ak
Mep3iM/Ii TOTBIFY TOXKIpUOECiH )KYPri3y YIIiH CHIPTKBI
CYBIK ULIBIFbIC-KO©3IHEH HEIITIH BICTHIK aiiMarbIHA
renuii-0y KOCHachlH Oepy/iH KOHBEKIMSUIBIK oici
Konganpuiaabl. OCbl MakcarTa TOMEH KbICHIMJIBI
KYMBIC KOCITaCBIHBIH HIBIFBIC-KO31 peTinge
TOXKIpUOEHIH Ta3-BaKyyMIBIK JKYHECiHE CBIPTKBI

YJIKEH CBIMBIMABUIBIKTEL Tenuii nucrepHacsl (40
JIUTPIIK KaOBUIAFBINI IWJINHIP) CHTi311al. AJIIbIH
ama OKYpri3suireH Toxipuberep MEH CaHIBIK
MOJICNIBACYNIEPIH ~ HOTWXKENepl  KepceTKEHJCH,
TeNMAIIH OIpJCCKEH KOHBEKIMSIIBIK-TU(D(Y3USITBIK
pacbiMamanyel 1mamamen 800 K Ttemmepatypa
aitpipmamsuTbiFbl 0ap (memre 1200 K sxoHE ChIpTKEI
KaObuTaarei Temneparypacbiaga 300 K) eki aiimak
apachlHIa, JKCIIEPUMEHTTIH Oip ke3eHiHmeri 720
carar (30 xyn) imianme Oipueme Ila nmeHreitinme
YITIIEpaiH KBI3ABIPY aiMarblHIaFel Ccy OYyBIHBIH
KBICBIMBIH YCTaIl TYPY YIIiH XKETKUTIKTI.

— MS 1
R —
[ e—
NR:z O PVs
PxO
PVa
S [ ..... ., — \ I-
PVs PV P
2
vi X X PV: pvs X
i) ,,
V: 3
Vi o
NR:

PV — mexanukanbIK arbITKbI; PV1-PVe — BakyymubIK Kiaamas; P1-P4 — KbICbIM maTauri; Vi — reaui
mapsl; Vz — kaOsaarsim (xymeic Kocnackl); NR1, NR2 — TypOoMonexynsapiasik coprbl; MS — macc-
CIIEKTPOMETP

2-cypet — Koppo3usHbl OpHATYABIH KYPBUIBIMIBIK CXEMACHI [ 5]
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3-cypet — Kopposusira Kapchl KOHIBIPFBIHBIH CBHIPTKBI TYPi

Yarinepai Koppo3usi KaMepachIHbIH OpTachlHA
opHalacTelpaabl, comaH keiiH sxyie 0,01 Topp
KBICBIMFa JeiiiH copbutanpl. Kamepa copbuiraHHaH
keifin PVy, PVs kiranangaps! xa0ObU1aipl )KoHE Tenid
PVi, PV: kinanaHjapelHbIH ~ KeMeriMeH Vi
HWIMHAPIHEH V,  KaObULIAFbIIKa  KYHBUIAJIBL.
Ocwiman  keitin  PV: xome PViz xiananpmapst
»Ka0bLIabI XKoHEe PV, kitanadblHbIH KoMmeriMed 130-
140 xI1a KpICBIM JIEHTeHiHETI ra3 KOCIAChl KOPPO3Us
kamepaceiHa Oepineni. ComaH KeliH KOppoO3Us
KaMmepachlH KbI3Iplpy Oacramamer (10  K/muna
KBUTIAMIBIKIICH) JkoHEe Temmeparypa 1200 K-re
JKETKEHJE TEPMISUIBIK  TYPAKTaHIBIPY  PEXKUMI
Kocekuanbl. CeiHaK 4 ke3eHre OelliHiHEl, OJap/IbIH
opkaiiceicel 30 KyHre co3buIajibl. OpOip Ke3eH
asKTaJFaHHAH KEWiH YIriIep ajbIHBII OJIIeHE]].

Toxipubenep ke3iHae Tra3fblH KypaMbIH MEPHOITHI
TYpAE Macc-CIEKTPOMETP apKbUIbI )Ka3bI OTHIPAIBI.
On yumin Macc-cekTpoMeTpi ©Oap Kamepara
MEXaHUKAIBIK arbITKBI PV apKpuibl GakblIaHATHIH
arbIH OaKbLIaHAbL.

HoaTuxkesiep MeH TalIKbLIAY

ChIHaKTBIH TOPT KE3CHIHIH COHBIHAA TpaduT
yiarinepinig ~ (SiC  kanramackl KOK  yJTinep)
CaJIMarbIHBIH ©3TepYiHiH TONBIK OeiiHeci 1-kecteme
xkoHe 4-cyperre kepceriired. Con cuskrel SiC
Kantamacel ~ Oap  yiATUIepHiH — caJMarbIHAAFbI
e3repicTep CHIHAKTBIH 4 Ke3eHIHJAerl TecTiiey
HOTHKEJIEePl 2-KeCTeIe KIHE S-CypeTTe KOPCETIIreH.

1-kecte — Kopposusira celHaKTBIH 4 Ke3eHiHAer1 rpadut yarijepinin canmmarsl (kareniri +£0,00001 r)

Kesen ACS, T BCS, r CCs, DCS, r
0 (bacramnkpi) 1,28156 1,40491 1,41867 1,51962
1 1,27014 1,40053 1,39187 1,51373
2 1,25732 1,39342 1,35343 1,50553
3 1,24591 1,38640 1,31159 1,49793
4 1,23618 1,37975 1,27156 1,49193
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15 T P i
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1,25 \ —s=DC5
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0 1 2 3 4

Craama uenuiTasun

a)

e AC!
~8-BC!

CC!
0.04 e DC!

1 2 3 4
CTagmm KCniTasmuwi

6)

4-cypet — ChIHaKTBIH TOPT Ke3€HI imriHae rpaduT yAriiepiHid caaMarsl (a) )KoHe calMarbIHbIH KOFarybl (0)

2-kecte — Koppo3susra chiHakThIH 4 ke3eHinaeri SiC ynritepiin canMarsl (kateniri £0,00001 )

Ke3en ASIC9, r BSiC9, r CSiC9, r DSiC8, r
0 (6acTankpl CalIMBbIK) 1,39640 1,65283 1,53307 1,85337
1 1,39650 1,65286 1,53310 1,85340
2 1,39643 1,65286 1,53309 1,85338
3 1,39646 1,65286 1,53306 1,85342
4 1,39645 1,65301 1,53281 1,85333
1956
0,0003
- 0,00025
0,0002
1,75 ~ 0,00015
2 = ASICH ; 0,0001 —e—ASiCO
lg 1,65 ) & » - -~ B5:1C9 = 0.,00005 ~@=BSiCo
Zels 3 0 e
csice 8 csca
155 e DSICH ?,fgg;f / s DSICB
148 0,00015
-—————————9 0,0002

0 1 2 3 4
Craamn Menutanwh

a)

1 2 3 4
Cragma nCNuTasui

0)

5-cyper — ChiHaKThIH TOPT caTbichl ke3iHae SiC kanramacsl 6ap yiriiepaid caimarsl (2) )KOHE CaMarbIHbIH
XKoraiysl (0)

1-xkectezieH  KoHe  4-CypeTTeH  KOpIHiIl
TypraHaad, rpaduUTTiH caJMaK »OFalTy MpoLeci ap
YT YIIIH 9pTYPJIi KBUIIAMIBIKTA JaMblFaH, Oipak
opKalllaH TOJBIK JEPJIiK CBI3BIKTBI, OV opTaiia
KOppO3Usl JKBUIIAMJBIFBIH €CeNTeyre MYMKIiHIIK
Oepeni (120 xyHHEH acTaM CbIHAK YILiH). 3epTTeyAiH
4 xeseniHeH (120 xyH) keitiH rpadut ynrinepiHig
(AC5, BC5, CC5 xone DC5) canmMarbIHBIH KOFATYBI
(xoppo3uscer) aiTapisikrail yiaked (CCS yurici yurin
Oacrankbl caMakThiH 10%-HaH acTaMbIHA JKETEi).
ConriMen katap, C enmipymiicinig rpaduTi

KOppo3usira KeOipeK YIIbIpaipl Jienm Oip»KaKThl
KOPBITBIHBI JkacayFa Oomnansl. D sxoHe B rpadurrepi
cy OysiHBIH acepine xaHe 1200 K Temmnepatypara
(canmMax »xoraiTy mamameH 2%) eH Te3iMi O0JIbII
weIKTHL. ['padut A exiHmi opeiHAA (CaIMaK >KOFaIITY
3,5%).

3-kecrene 1200 K TemmepaTtypa yuIiH TepT
rpaduT YJITiCiHIH opraiia KOppO3usi
KBUITAMJIIBIFBIHBIH ~ MOHZAEPI  KOpCeTUIreH, YIri
caJiMarbiHa, KOJIEMiHE J>KoHe OCTiHIH ayJaHbIHA
HOpMaJIaHFaH.
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3-kecte — ['paduT yiurinepidiy napamerpiepi xxaHe cy Oysl 6ap renuiine 1200 K remneparypana 120
KYH IIIHIET] 0JIapABIH KOPPO3HS KBUIIAMIBIFBI

IMapametp ACS yurici BCS5 yarici CC5 yarici DCS5 yarici
Kenemi, M 7,2:107 7,6:107 8,0-107 8,4:107
BerTiniH ayfanbl, M 7,52-10*4 7,92-10* 8,32-10* 8,72-10*
Canmak xxoranrty, % 3,54 1,79 10,37 1,82
Canmax )KOFaTy, MOJIb 3,781-10°3 2,097-10°3 1,226-107 2,308-10°°
bIp TpaMM CATMAKTarhl KOPPOSMA |y 2yg.105 | 6219-10% | 3,601-10° 6,327-10°
KBUITAMJIBIFBL, T/(T*car)
bIp rpaMM CaiMakrarel KOPpO3HS | 3 415,109 1,728-10° | 1,000-10° 1,757-10°
KBUTIAMIBIFBL, T/(T-C)
Koppo3ust KbULIAMIBIFEL, MOJIE/(M: -C) 5,066-10™ 2,661-10* 1,478-10° 2,650-10™

5-cyperTeH KepiHin Typranaai, SiC kantamacel — KbITY anMacyJIbIH HETi3ri TeHJICYIePiHiH

6ap ynrinepain (ASiC9, BSiC9, CSiC9 xone DSiC8)
CaJIMarbIHBIH ©3TePYiHIH KOPIHICTepI JIICi3 XKOHE KOl
OarbrTThl. CSiC9 yiricin Kocmaranna (Y/riHiH Herisi
C coprrel rpadur OOJBIT TaOBUIAIBI), MOHIEPIIH
KOTIIIUIIT] eNey KaTemiriHiy meriaae (TopT ChIHAK
KEe3eHI VIIIH aJblHFaH  OapiblK  JiepeKTepai
CTAaTHCTUKAIBIK Tajjay HOTIOKEIepi OOWbBIHIIA
CaJIMaK, eJIIeyJIePiHiH eH YIKeH a0CONIOTTI KaTeliri
+2,5-10% 1 acnmaiimel, anm CeHIMALTIK HMHTEPBAJIBI
+£1,0:10° 1). ChlHaKTBIH YIIiHII JKOHE ocipece
COHFBI, TOPTIHIN Ke3eHIHEH KeWiH OyJl YiriHig
CANBICTHIPMANBI  TypA€  alTapiblkTail  canMak
JKOFANITYBIHBIH ce0ebi SiC KanTamachIHBIH HETi3ri
JKOHE/HEMece JKEPIUIKTI  KapbIKTapAblH Taiiia
00JIyBI MYMKIH JieTT 00JnKaH bl JlereHMeH, BU3yasIbl
MUKPOCKOIIMSUIBIK ~ Talliay ~ JKOHE  YITUIepHiH
KOJIICHEH KBIPTBHICTAPBIH  KOPPO3MsIIaH  KEHiHTI
Tanaay 0apbIChIiH/Ia OYJI TUIOTE3a PAcTaIMAIbI.

1200 K Temmieparypanarsl cy Oysl Oap remuiineri
SiC xanranran peaktop rpadUTTEpiHIH TOPT
COPTHIHBIH TOMEH XUMUSIIBIK OeIICEHAUTITT OOMBIHIIA

alblHFAH  HOTH)KE  MaHbBI3[bl  OOJIFaHBIMEH,
KaliTaMaCbIHbIH 3BOJIIOIUACBIH 60J'I)I(al71TLIH
MOJIEBAl 93ipiiey YIIIH Heri3 0ojia ajaMaibl,

MBICANIBI, TEMIIEpaTypa >XaraainapeiHaa. Onderre,
Oyl YIIH MyHIAH VATUIEpIiH YKCac ChIHAKTaphbl
1300-1400 K-ne okyprizimyi kepek. Exixmmi
KarblHaH, KOpFrajMaraH rpaduTTepaiH KOPPO3HSCHI
Typajibl allbIHFaH JI€PEeKTep COHFBI DJIEMEHTTEp
OMICIMEH CaHBIK MOJCIbII KYpy YIIIH J¢ eTe
KOJIaMJIBL.

OHBI KYpy YLIiH JAMUAHAPJIBI TN aFbIHbI YITIH
HaBpe-CTokc  TeHzIeyiMEH  JKOHE  TeHJeyJep
KUBIHTBIFBIMEH YiIeCiMJIeTi KbUTy OTKI3TIIITIK MeH
KBULy  COYJIEJICHYiH €CKepe  OTBIPBIN, Telui
TachIMaNAAyIIbl Ta3JaFrbl XUMISUIBIK — OeJIceHi
KOCTIAJIapABIH ~ TaChIMaJIaHYBIH JKOHE  OJIapbIH
rpadut (xeMipTeK) OerimMeH XUMMSUTBIK
pEaKUVMSUIAPBIHBIH  KBULIAMIBIFBIH  CUIIATTaUThIH
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AHAIMTUKANBIK Kydeci maligamaHeuiabl (cy OV,
orreri, cyreri, CO, COy).

6-cypeTTeH KepiHiN TypraHaai, MOAeIbIeHYII
opTanblH 3D TeoMeTpHsCHl YII HETi3ri aiMakTaH
TYpajpl: OHJIa OpHANTACKAH 3epPTTENETiH TOpT rpadut
yirici 0Gap >Korapel TeMIEpaTypallblK peaKIusl
aiimarpl (Tem, KeJieMi HIaMaMeH JIUTP); KYMBIC
Kocracel Oap 40 nuTprik KaOBUINAFBINI IMITHHAD
(remmit + cy Oyel + otreri i3mepi) >koHe OapIibIK
TOXIpHoOE Ke3lHe IIEILTI] KaObUIAAFbIIIIIEH
OaitaHBICTRIPATHIH imKi nuameTpi 10 MM GonaThiH
KOCKBIII TYTiK. Ecke cama KeTeTiH XKoWT, yirijep
1200 K Ttemneparypaga, KaObUIIarblll —OeJMe
temreparypackiHna (300 K), am xanracTBIPFBIIT
tytik 400 K Temmeparypana.

1200 K peaxTtop rpaduTTepiHiH KOPPO3USICHIH
CUIaTTay YIIiH, Oi3/liH OWBIMBI3IIA XKoHE OipKarap

peaktop  rpadurrepin  3eprreymngep  [6-11]
MiKipiHIIe, TOPT HETI3ri pPeaKkmHusHbl eCKepy
KETKUTIKTI:
C +Hy0 - CO + H,, (D
C+ 0, — CO,, (2)
C + 0, — CO,, 3
2C + 0, - 2CO0. (4)
Ocbutaiiia,  KbUTy-Macca — aiMacy  TEHZAEYJep
Kyitecine  TaceiMamuayabl  (aupdysus  KoHe

KoHBeKIws) ‘koHe (1)-(4) peakiusIapbiHbIH Oec
XUMUSUTBIK KoMITIOHeHTepiHiH Ci Tenuii aFbIHbIH/IAFbI
Ri Ty3iny/skoranty peakuusiapblHbIH KbUTIaMIBIFBIH
CUNATTAWTBIH TaFbl OECIHINI TEHAEY KOChUIAIBI.
CoHbIMeH OyJI TeH/Iey MbIHA TYpre Kene/i:

aC;
Ri = E +V- (—DiVCl-) +u- VCi,
i=1..5

myngarsl Ci — H,0, Oz, CO, CO,, Haz, mons/m® ras
KOMITOHEHTTEPIiHIH OipiHiH KOHIeHTpanusickl; Di —
remuiigeri Ci ra3 KOMIIOHEHTiHIH JTU(G(Y3USIIBIK
ko> dummenTrepi, M%/c.
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a)

6)

6-cyper — Mozens aiiMaFbIHBIH JKaIIBI KOPIHICI (a) )KoHE ChIHAK YATIEPiHiH MelTeri KbI3AbIpY
afiMaFbIH/IaFbl OPHAIACYBI (KOFApFbI KopiHic) (0)

(1)-(4) peaxmmsuiap rpaduT OeTiHmE KYpeTiH
TeTeporeH/li KaTaJUTHKAIBIK €MeC peakuusuiap
Oonplll  TaOBUIAABI  JKOHE  Oi3miH  JKarmaija
COPOLMSITBIK-TICCOPOLIUSIIBIK MEXaHU3MMECH
cUmarTanagel, Oyl Ke3de Ta3 MOJEKyJackl 0o0c
ajcopOuust  opTanbiFbiHa  (KOMIPTEK  aTOMBI)
ancopOumsuianazapl  gen  OomwkaHanmsl,  (1)-(4)
JKUBIHBIHAH PEaKIvsl )KYpeai, OHBIH eHiMIepi OipaeH
renuiire aecopOrusutananpl. Csyr rpadur OeriHgeri

aJcopOoIus y4acKeJepiHiH KOHIICHTPAI[HCHI
TypakThl 00JbIN Kaniaabl. COHBIMEH, PeaKIUsIIApIbIH
aKTHBTCHY SHEPrHsIapbIHA Appenuyc

TOYENJIUTIKTEPIH €CKepe OTBIPBIN, peaKUsuIapAbH
xbuTHamMIbIrsl (1)-(3) kenecineit Oonambi:

TypakThichl, M¥/(monb-c); T — Temneparypa, K; Ei —
PEaKIUSIHBIH aKTHBTEHY dHEPrHschl, KJx/(Moib K);
R — ra3 typaxtsicsl, 8,314 Jx/(monb-K).

Exinmi gopexeni peakius yurit (4)

Ry = kry* Cours” - Coz, (8)
myHaarel  Krs  —  peakmus
ko3 durmenti, M%/(Monp?-c).

Cunarrairan MOJEIbMEH J>KYMBIC iCTereHze
HOJIIK JKybIKTay peTine Koaansutateid (1)-(4) Ari,
Ei, peakumsnapeiHpIH mapamerpiepi  rpadur
KOppO3MsICBIHA ~ apHalFaH  opTypii  onebuer
KO3JIepiHeH AJIBIHIIBI [12-16]. Mopenbaey
HOTWOKEJIEPiH IKCTIEPUMEHTTIK MOHJIepre
ColiKkecTeHIIipy  OappIChIHIA  KIIIpeK  «yJri-

JKBULIAMIBIFBIHBIH

Ri = kri - Coyrp - G, (6)  skcrepuMenT» coiikecci3airin KAMTaMachI3 eTy Yl
Kei0ip mapametpiep (HeriziHeH Ari) @3repTimii.
_E; o s .. .
kr, = Ar, - e( RT)’ % Tenuiineri Ci kommnonentinin D middysusibic
ko3 QUIMEHTTEepl HMaeal Ta3nap KOCHACBIHBIH
mysmarst KN —  peaima  KBUTIAMIBIFEIHBIH XKapThUlail sMIupUKaNbK GopmymnaceiMen [17, 18]
Koo UIHCHTi, MY/(MOITb-C); Caurf— rpadut Getimgeri  MOTCKYIAIBIK  COKTLIFLICTADABIH  MHTErpAllbiH
. Jlenapa-Jl>xoHC opekerTecy NOTEHLMAIbl apKbUIbI
aNCOpPOUMSUIBIK ~ JKepJEpAiH  KOHIEHTPAIHACH,
2. _ KYBIKTAIl aHBIKTAJIbI:
MOJNB/M*;  Afi — peakuus  KbULIaMJIBIFBIHBIH
T3(M; + My,)/(2000 - M; My
D, = 26628 10-22 Y1 M1+ Mie)/C Mie)
POi0ge
-1
/106036 0.193 N 1.03587 N 1.76474 \ )
X
01561 T T T T
\ 6(0.4-7635-5) 6(1.52996-5) 6(3.89411-5)/
Jlenapn-Jl>xoHc apekerTecy MOTEHIINATBIHBIH
(10) cunarTamManblK Y3bIHJBIFHI, A; elke — oHBIH
sHepreTukanblk  MuHuMyMmbl, K. bBapmeik  C;
myHfarsl Mi, Mye coiikecinme Cj xoHe renmii KOMIOHEHTTepi ymiH oi xkdHe &ilko MoHzmepi 4-

KOMITOHEHTTEPIHIH MOJIAPIBIK Maccallapel, ¢ —

KecTene KeNTipiireH.
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4-kecte — Kocnia komnonenTrepi yuiH Jlenapa-/[xonc moreHumanasl napamerpiepi [19]

Ta3
He H,O CcO CO; H:
ai, 101° M 2,827 2,640 3,467 3,690 3,491 2,827
silkn, K 59,7 809,1 106,7 91,7 195,2 59,7
@ PEaKIMSICHIHBIH R KBUTIAMIBIK —~ MaKCHUMaIbl KeutnaMasirsl (1,0), A yorici (0,34), B

KO3 (UITUCHTIHE KEIETiH 00JICaK, OVJI peaKIUsHbIH
KHHETHUKAChl KEeYeKTI PeakTop rpaduTiHAe TOTHIFY
WHTHOUTOPHl  KBI3METIH  aTKapaThlH  CYTEKTiH
MapIyanabl KBICBIMBIHA Toyemn i eKeHIiri
KJIACCUKABIK >kyMbIcTal [20] 6enrini. bi3 [7, 8, 16]
YCBIHBUTFAaH OPHEKTI KoimaHawlk, Oym 3-1200 Ila
xoHe cyrerinid 300 [Ta neiiHri cyabiH napiidaiibl
KBICHIMBIH/IA 1073-1373 K TeMIepaTypa
nuanazoHbiHga (1)  peakims — KBUIIAMIBIFBIH
Oormkayra MyYMKiHIIK Oepeni. OckiFaH colikec

k1PH20m

14 kyPys®S + ksPyso

kri(Py20, Pz, T) peel’ 11)

MYHIarel M — TpaduTTiH OepiireH MapKachl YIIiH
CYMEH peakIMsSHBIH O KapThUlail  SMIIHPHKAIBIK
OJIIIEMCI3 JIOPEIKECi.

Mogenbae 1G-110 rpadui yuiin ki, ([Ta™-c?),
ko, (ITa®%), ks, (ITa™) »xome M (emmeMci3) keneci
MoHjIepi Hakananbuis [16]:

_ _g 71000
ki =7,6-10"°-exp (T)' (12)
5 40000
k, =1,9-107~ - exp (T)' (13)
_ _18 374000
k3 =6,1-10""°-exp (T)’
1327 —-T
m=15/(1+exp (W) (15)
lenuiiniy  TepModu3MKanbIK — mapaMmeTpiepi

[19]-man aneiHFaH. Mopenbae TeNWi  WaEaANIbI
CBHIFBUIMAMTBIH Ta3 PETIHAE CHUIATTAJFaH JXKOHE CY
OyBIHBIH, CYTETiHIH, KOMIpPTEri OKCHJIiI MeH
KOMIDKBIIIKGIT ~ Ta3blHBIH ~ KOCHANapbl  OHBIH
TepMO(QH3UKAIBIK NapaMmeTpiiepiHe acep eTneini.
Keuty wmacenecinne TpaduT YATIIEP] THIFBI3IBIK
JKOHE KBUTY OTKI3TIIITIKTIH TUIITIK MapaMeTpiiepiMeH
cumaTtTainFaH. byn karmaiina ynriiepAiH MaHbI3IbI
napaMmeTpIiepi  ojapiblH enmemuaepi koHe (1)-(4)
peaKIUsAIaPBIHBIH  [TapaMeTpiepiMeH OeJTrICHEeTiH
XMMUSUIBIK KacueTTepi 00JIbI Tabbu1aabpl. Opoip yiri
3-KecTere coiKec KeKe PeakUus >KbUIIaMIbIFBIMEH
cunattananel, srHn C YITICIHOE KOPPO3USHBIH
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xone D ynrinepi (0,18) monnepine ue.

Kympbic kocnacel — 220-250 kI 1a KbICEIMIIAFbI CY
Oybl MeH OTTeri Kocmachkl 0ap Tenmnid KOCHachl
TONTHIPBUIAABl JKOHE pEareHTTep MEH peakUus
OHIMJIEpiH TachIMaNail OTBIPHIN, KOHBEKIIMSIBIK-
T y3HIIBIK JKOJIMEH JIaMHHAPIIBl aFbIHMEH YIII
aiimakra (memr, TYTIK, KaOBUINAFBI)  €pKiH
aiiHananpl. bacTankel COTTE KOCMAaHBIH KypaMbIHIA
cy OybIHbIH (KoHIEHTpanusch 12-107% mons/m3) sxone
cyla epireH OTTeriHiH (kKoHUeHTpamuscel 5-10%
Moib/M®) Kocrackl 6ap renuii 6ap. Cy MeH OTTeriHiH

rpaduT KeMipTeriMeH JpeKeTTecy MpoleciHae
JKYMBIC KOCTIachl peaxius eHIMIIEpIMeH
TONTBIPBUIA/BI: CYTeri, KOMIpTeri OKCHAI JKOHE

KOMIpPKBIIIKBLI I'a3bl. BacTarkbl CoTTE aFbIH JKOK (Ta3
KO3FaJIMaiInl). AYBIPITBIK Ky TITIHEH
(KaOBUTIAFBIII IMIIMHAP OOMBIMEH) OaFbITTAJIFaH.
Mognenbni  ecenrey ymiH 0i3  Visual-CFD
rpadukanslk uHTEpdeiici O6ap Terin OpenFOAM®

v.2006 makeri [21] wmem rhoReactingFoam
(TachiManiay  JKOHE ~ XMMHUSJIBIK  peaKiusiap
yakpiTbiHna), chtMultiRegionFoam (xatTel >xoHe
KO3FalaThlH  JICHEeJEe  OKbUIY  TachIMaJIalThIH
KOHBEKLHMSJIBIK ~ Ta3  arbIHBI) epiTiHAiIepin

KoymaHablK. bipa3 OeliimuenreHHeH KeHiH yuriHi
ANSYS Fluent, Siemens Star CCM+ xoHe T.0.
CHUSIKTHI JKETUIIpUIreH TuiatdopManapaa Jja eHrizyre
Oomajpl.

Ecenrey yakpiT pexuminne (etremni pexxum) 720
car (ToxipuOeHiH Oip Ke3eHiHIH Y3aKTHIFBIHBIH 30
KYHI) TIPOIIECTIH Y3aKThIFbI |1 CaF yaKbIT KaJlaMbIMEH
Kyprizingi. WrepatuBTi ecenteynep OapbIChIiHaa
napametpiiep (1)-(4) peakuusulapablH €Ki IIAPTHI
opbIHIaNaThiHaal e3repriiai: 1) Oip keserume (720
car) yarige ansiaral keMmipreri (srau CO + COy) Oap
TY3UIT€H KOPpO3Hs ©HIMAEPiHiH MeJIepi ChIHAKTap
YITUIEpAiH SKCHEPUMEHTANIbI  OJIIIEHIeH CalMaK
KOFaJITybIHA TeH Oomansr; 2) CO
KOHIICHTPAIMACHIHBIH (€H alibIMEH) ©3repyJepiHiH
€CeNTeNTeH KUCHIKTaphl KOHE ChIHAK (ha3achIHIAFbl
H, MaccaHanM3aTOpMeH 6JIIICHTeH OSKCIEPUMEHT
HYKTEJepiH MYMKIHAITHIIE jKaKChl cunarTaibl. 7-9-
CypeTTep OHTAaMJIBl peakuus >KbUaaMabFbiHAa (1)-
(4) O6ec XUMHSUIBIK KOMITOHEHTTIH KOHIIEHTPAIHSICHI
MEH MOIIIEPIH O3repTy  VIIiH €CEeNTeNreH
KHCBIKTap/ bl KepceTei. Toxipubenik MamiMeTTepre
coiikec (3 KecTeHi KapaHbI3) KOPPO3Usl TOKIpUOECiHIH



.A. 3aypbekoBa KaHe T.6.

0ip ke3eHinnme rpadutrtiH xorarysl 0,05 r (0,0045
Moib), Oyn 8-cyperre kepcerinren Oemiaren CO
(0,0043 moms) mHemece Hz (0,0047 Mois) Meiepine
(opHaTy KeJeMIHCH WHTerpaibl) o0JeH colikec
Kenemi. 9-cypeTTeH KepiHINm TypraHmal, >Kajbl
anraama CO >xoHe H> KYpaMBIHBIH €CEHTENTeH
JMIUHAMUKACHl KbI3ABIPY aliMarblHAH ra3 YJITUICPiH

1079 ———
1

1074
!
i

10 ! —

10

TTORN
HRED

KonuenTtpaums, monk/se’
=1
I:.

MEp3IMIIK MacCalbIK Tannay OapbIChIHIA aJbIHFaH
HYKTelepre coiikec kenemi. Ke3aplpy aiiMarbIHAaFb!
ra3 KypaMbIH Taljay 5 KyHzae Oip peT Kypri3ijeTiHin
ecke cana kereitik. Koppo3us Toxxipubecin oHTaibI
CUTTIATTaHTBHIH peaKmus rmapamMeTpIIepiHiy
KOPBITHIHIE skuHars! (1)-(4) 5-kecTeme KopCeTireH.
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7-cypet — ChI3BIKTHIK (@) skoHe siorapudmiik (0) mkanaitapaa 30 kyH (moxens) immage T = 1200 K
Ke3iHJe Koppo3us Taxipubdeci ke3inae rpadut yiurinepi aiiMarbIHIAFbI Ta3 KYPaMbIHBIH ©3repyi
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8-cypet — ChI3BIKTHIK (a) 'koHe Jorapudmaik (6) mxananapaa 30 kyH 6oiier 1200 K kopposusra Kapcel
ToxipuOe Ke3iHzae (MOJIeNb) OpHATy KeJIeMiH/Ier] ra3Topi3Ii OpTa KOMIIOHEHTTEPiHIH CAHBIHBIH 03repyi
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9-cyper — 30 kynre co3putatein T = 1200 K koppo3us taxipubeci ke3inie rpadut yariiepinin
opHanacy aiimarsiaaa CO sxoHe Hz KoHIeHTpanusch (Yri koHe TaxKipuoe)
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Ocpinaiima, aJbIHFaH KOppO3Hst
KOHJIBIPFBICHIHBIH Mo JKOHE (1)-(4) ©Gencenmipy SHEPTHUSICHI
peaKIsUTapBIHBIH rmapameTpiepi 1200 K
Temreparypaiarsl TpaduT yiarinepiMeH HakTel  Oenrimi  Oip CeHIMOUTIK Jgopekeci

TOXKIpHOEHI TONBIKTAll CHIMATTAWIBI Jen OoihKayFa
6omaner. Toxipube Oip OexiTiireH Temmeparypaja
KYpPri3ireHmikTeH,  Ka3ipri  yakpitTta  Oacka
TeMIeparypaiapiarsl Peakiusl KbUIJaMIbIFBIHBIH
OPHEKTEPiHIH CONKECTITH KOCBIMIINIA TOKiprOenepcis

Oormkayra Ooajbl.

oneou

TEKCepy MYMKiH emec. JlereHMeH, peakuusuiapAblH
Ke3IepaiH
MOHJIIEpIMEH COHKeC KEJeTiHiH ecCKepe OTHIPHII,
Oap MIaFbIH
temneparypa awmarnazoHsiHAa (1100-1300 K) ocwr
YVATiHI CON MOZENbISp VINiH KYTUICTIH CaJMaK
KOFaNTyAbl O0JDKay YIIIH Naigananyra Oonaasl e

5-kecte — ['paduT KOPPO3USACHIHBIH MOACTIHACTI OHTAWIIBI peakiys napamerpiepi

Peakmust Peaknus KuL1IAMIBIFBIHBIH KO3 duiuenTi, Kr O1e0u-Ko31ep
C+H,0->CO+H kiPrz0™ 3. [7,16]
2 2 1+k2PH20'5+k3PH20m’ M /(C MOJH’):
myaarsl Ky, Ko, K3, (12)-(15) kepcerninren

C+0, - CO, 10~* - exp (ﬂ) M/(c-MOTIB) [14,15]

RT
C +C0, - 2C0 2-107*- exp (M) w3(c-Mob) [12]

RT

2C+ 0, > 2C0 9-103 - exp (M) ME/(crMomB?) -

RT

OpHatbutran KeneMinzeri (45 m) peareHTTep
MEH KOppO3Hs OHIMIEpiHIH MOJIIEpiHiH oe3repyl
1100 K temmeparypa yIIiH »OFapblia CUNIATTAIFaH
MOJETBAI  KOJJAaHy apKpUIbl —ecenTengi  (Oyi
JKarnaiga MoJIenpiH OacTankpl IMIApTTapbl MeH
0acka mIeKapalblK NIAPTTapbl ©3repreH  JKOK).
Toxipube Temneparypaceibiy 100 K-re Temenzaeyi
KOppO3Usl KBUIJAMJIBIFBIHBIH IIaMaMeH YII ece
TOMEHJICyiHe OKeTIi, Oy 90JeH KHCHIHIBI KepiHei
xoHe 1G-110 rpaduTiniH ToXipuOeEINiK aepeKTepiHe
coiikec keneni [16]. 1300 K temneparypara ykcac
ecenTeyliep TY3UITeH OHIM MOIIIepiHiH KYTUIeTiH
eciMiH OepMeni, OWTKEHI KaOBUINAFBINITAFBl CY
OyBIHBIH Oepilyl Te3 «asKTaIIbDy JKOHE KOPPO3Hs
mporieci  «rokraae». Aram 1300 K-me cammak
KOFAIITY/IBIH YKCAac OCyiH KaMTaMachl3 €Ty YVIIiH
TeNUiJIeri CyIbIH KOHIECHTPAIMACHIH — apTTHIPY
HEMece KaMmepaaarbl TpaduT MeJIepiH a3auTy
KakeT 00J1aibl.

KopbIThIHABI

- )KTT'P peakTopbIHbIH rpadUTiH y3aK Mep3imMai
CBIHAKTBIH TOPT KE3€H] KYPIri3ijii, OHbIH OapbIChIH A
yuirinep JKTI'P KabInThl )KYMBIChIHA COUKEC KEJIETIH
TeJINii J)KoHe KaJAbIK razaap arMocdepaceinga 1200 K
Temmeparypaza 120 KyH OOHBI YCTaIBIHBIN TYPABL;

- CBHIHAKTBHIH JKaJIbl Y3aKTBHIFBIHBIH COHFBI 120
KyHiHIe Ta3a rpadut yiariepiHig (SiC xanramacel
KOK) CaJMaK OKOFAITYybl YJTiHI  eHAIpyLIire
GaitmanpicTel 1,8%-man 10,4%-Fa neiiH ayBITKUIHL.
Ounipywi C rpaguti XKTT'P opraceinaa kopposusra
eH cesimTan, an A, B xxone D rpadurrepi anuekaiina
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Oasty KOppo3usFa YIIbIpaiabl (colikecinme 3 sxoHe 5
ece);

- A-D rpadwurrepinin ycrine SiC kanTamachH
navjanaHy VACIHIH ~ KOPPO3Us  KbUIAAMIIbIFbIH
CallMaK >KOFaJiTy/apTy KOJDKETIMJI Tapa3bliapMeH
KETKUTIKTI  CeHIMAI  Typle  TipKeJIMeWTiHaen
mopexene  Temenzaeredi. Jlepeki  Oaranmaysap
OolibiHIIAa KOppo3ust KeuLaaMaeFsl  100-500 ece
TOMEHIEH I,

- ’k00asia ’KacaJFaH MOJENb TOMEH KbICHIMIIBI
KaJJIBIK aKTUBTI ra3aap (cy Oybl, OTTEr1, CyTeri )KoHe
T.0.) OONFaH Ke3/le MHEPTTI TaChIMaJIayIIbI Ta3bl Oap
binpicTapaarsl JKTIP  marepuanmapeiH  Oy3yabIH
KOFapbl TEMIIepaTypallblK KOPPO3Usl TPOIECTEpiH
CHUIaTTayFa MYMKiHJIIK Oepei;

- MOJZIENbICY HOTHXKEJEepl MEH 3KCIIEPUMEHTTIK
JIEPEKTEep apachIHIAFbl JKAKChl COMKECTIK KYMbBICTa
KOJIJAHBUIATBIH MOJICJBJCY TACIIepl KypaMbIHJA
rpa¢uTi 6ap HaKTHl PEAKTOPIIBIK KOHIBIPFBLIAPAAFHI,
ocipece XKTI'P peaktopnapelHAaFrsl  KOPpO3HA
MIPOIIECTEPiH CUMATTAWTBIH KYPJIeIi MOJIeNbAep YIIiH
Heri3 00J1a alaThIHBIH KOPCETe .

AnFbic
Byn 3eprreyni Kazakcran Peciyonukacer binim

xoHe FhuUlbIM MuHHCTpHIriHiH FhUlbIM KOMHTETI
(I'part NeAP09259081) Kap>KbUTaHABIPBL.
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PIEZOSPECTROSCOPIC ANALYSIS OF MECHANICAL STRESSES IN SizsN4 AND AIN
IRRADIATED WITH HIGH-ENERGY BISMUTH IONS

Depth-resolved Raman piezospectroscopy was used to study residual mechanical stress profiles in
polycrystalline silicon and aluminum nitrides irradiated with 710 MeV bismuth ions to fluences of 1x10%?,
2x10%?, and 1x10* cm™. It was found that stress fields of opposite signs are formed in the irradiated SizsNs4
layer, separated by a buffer zone located at a depth coinciding with the thickness of the sample layer,
amorphized at high ion fluences due to multiple overlapping of track regions. At great depths, tensile stresses
witch magnitude reaches their maximum value in the region of the end of the ion range are detected. In
contrast to SisN4, radiation-stimulated changes in mechanical stresses in AIN were within the measurement
error throughout the entire thickness of the irradiated layer, except of the near-surface region. The observed
effect is associated with the different structural sensitivity of silicon and aluminum nitrides to high-density
ionization - the formation of amorphous latent tracks in Si3N4 and their absence in AIN.

Key words: silicon nitride, aluminum nitride, swift heavy ions, Raman spectra, mechanical stress,
piezospectroscopy.
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HKorapbl aHepruAnbl ayblp MOHAAPMeH cayneneHreH SisNa xaHe AIN
MeXaHWKaNbIK KepHeynepAai Nbe30CNeKTPOCKONUANLIK Tanaay

KeHiCTIKTIK aXblpaTblAbiMAblAbIFbl 6ap PamaHablk nbesocnexktpockonua agictepi 1 x 1012, 2 x 10% skaHe
1 x 108 cm? dtoeHcke aeitin sHepruacsl 710 M3B ofapbl SHEPruAibl BUCMYT MOHAAPbIMEH CayNeNeHreH by
YMbICba NOANKPUCTANAbI KPEMHUIA MEH a/IOMUHUA HUTPUATEPIHAET KandblK MexaHWKablK KepHeynepaiH,
npodunbaepiH 3epTTey yuwiH nanaananbingpl. Coynenenrer SisNg KabaTbiHAA TPEK ayAaHAaPbIHbIH, BipHelle
peT KabaTTacybl ecebiHeH WMoOHAAPAbIH Kofapbl GAtOEHC KesiHae amopdu3aumsanaHFaH yar KabaTbiHbIH
Ka/IblHAbIFblHa COMKEC KeNeTiH TepeHAIKTe OpHanackaH TPEKTIK aiMmakneH 6eniHreH Typai benrinepain kepHey
epicTepi Ka/biNTacaTblHbl 3ePTTey HITUXKECIHAE aHbIKTaNAbl. YIKEH TEPEHLIKTE CO3blNY KepHeynepi TipKeneTiHi
KepceTinai, onapapiH AeHreni MOHAAP KYTipiCiHIH COHbIHAAFbI alMMaKTafbl MAKCMManbl MaHre KeTeTiHi
aHbIKTaNAbl. SisNa- TeH alblpMalLLblNbIFbI, AIN - peri MeXaHWKasblK, KepHeynepain,
paaMauMANbIK - bIHTaNaHAbIPbIAFAH ©3repy AeHreni HeTTiK aliMaKTbl KocnafaHaa, CoyaeneHreH KabaTTbiH,
BYKiN KanbliHablFbl OOMbIHIWIA B/1liey KaTeciHiH, weriHae 6onapl. balikanaTblH acep KPEMHUA MeH aTtOMUHWIA
HUTPUATEPIHIH KOFapbl TbIfbI3AbIKTafbl MOHW3ALUMA SCEPiHe 3PTYPAI KYPbIAbIMAbIK CE3IMTANAbIFbIMEH —
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Piezospectroscopic analysis of mechanical stresses in SisN4 and AIN irradiated with high-energy bismuth ions

Siz Nz - Te amopdTbl NATEHTTI TPEKTEPAiH, Ty3inyimeH KaHe onapabid, AIN-ge 6onmaybimeH BannaHbICTbl AereH
KOPTbIHAbI *Kacanabl.
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Mbe30CcNeKTPOCKONUYECKUA aHANN3 MeXaHUYeCKnx HanpsaxeHui B SisNa u AlN,
061y4eHHbIX TAXEIbIMU MOHAMM BbICOKUX SHEPTUIA

MeTofbl PaMaHOBCKOWM MbE30CMEKTPOCKONUM C MPOCTPAHCTBEHHbIM pa3pelleHnem B AaHHoW paboTe
66l MCMONBb30BaHbl  ANA  M3ydeHMs  MNpodUaer  OCTAaTOUHbIX  MEXaHMYECKMX  HanpsskeHwihn B
NOJIMKPUCTANINYECKMX HUTPUAAX KPEMHMA U aIOMUHUA, 0O/yY4eHHbIX BbICOKOIHEPreTUYECKMMMN MOHAMM
BMCMYTa C 3Hepruen 710 MaB fo ¢patoercos 1 x 102, 2 x 1012 1 1 x 103 cm™. Mo pesy/bTaTam yCTaHOBIEHO,
4TO B 061y4eHHOM cnoe SisNg GOPMUPYOTCSA MOAA HANPAXKEHWIA Pa3IMYHOIO 3HaKa, pasdeneHHble bydepHoi
30HOM, HaxoAsLLEencs Ha rybuHe, coBnaatoLien ¢ TOAWMHOM cios 0b6pasLa, aMopdM30BaHHOIO NPU BbICOKMX
bnloeHcax MOHOB 3a CYET MHOTOKPATHOTO MepeKpbITUS TPeKoBbix obnacteil. Ha 6o/bWwnX raybuHax
PErMCTPUPYIOTCA PacTArMBaloLLME HaNPsXKeHUs, YPOBEHb KOTOPbIX AOCTUraeT MaKCMMasibHOMO 3HayeHus B
obnactM KoHua npobera wuoHoB. [loKasaHo uTo, B OT/AM4YMe oOT SisNs, ypoBeHb padnaLMOHHO-
CTUMY/IMPOBAHHOIO M3MEHEHUA MeXxaHMYecKnx HanpsaxeHuit B AIN 6bin B npeaenax oWnbKM U3MepeHmnii no
BCEW TOJILIMHE 06/YYEHHOrO C/OA, TObKO 33 MCKKYEHMEM NPUNOBEPXHOCTHON obnactn. Habnopaemslit
3bdeKT CBA3bIBAETCA C PA3HOM CTPYKTYPHOW YyBCTBMTENLHOCTbIO HUTPUAOB KPEMHMA W aIOMUHUA K
BO3EMCTBMIO MOHM3ALIMW BbICOKOM MAOTHOCTU — 0Bpa3oBaHneM aMopPbHbIX NaTEHTHbIX TPEKOB B SisNa 1 UX
oTcyTcTBnem B AIN.

KnoueBble €0Ba: HUTPWUA KPEMHMUSA, HUTPUA aNtoMUHUA, ObICTPble TAMKENble WOHbI,
KOMBMHALMOHHOIO pacceaHms, MexaHMYeckne HanpaKeHns, Nbe30CneKTPOCKoNus.

CNeKTpbI

Introduction

The effect of heavy charged particle irradiation
in solids, as a rule, is accompanied by generation of
mechanical stresses in the irradiated layer, which, in
own turn, affect the defect formation processes.
Assessing the stress level and establishing the
relationship between the nature of radiation damage
and stresses are very important for a correct
description of the evolution of a defect structure
under various experimental conditions. First of all,
such problems were considered for low-energy ion
implantation into semiconductor materials. These
issues have been studied to the least extent for high-
energy (E > 1 MeV /amu)ion irradiation, the
possibilities of which for solving practical problems
are beginning to be in demand only recently. Such
research are, in particular, of considerable interest for
predicting the long-term radiation stability of ceramic
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and oxide materials, showing promise for nuclear
applications, against fission fragments impact. The
main  experimental methods for measuring
mechanical stresses are usually the following -
curvature measurement method, X-ray, electron and
neutron diffraction, electromagnetic and ultrasonic
methods [1].

The stress level in a variety of materials can be
determined using an approach based on the use of the
piezospectroscopic effect. As is known, this effect
connects the changes in optical absorption,
luminescence, or Raman scattering spectra with the
magnitude of mechanical stresses (see, for example,
[2-4]). As known, in general, the change in the
radiation frequency with stress level can be expressed
as [4]:

AV=HinO'l‘j, (1)
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where [1;; are the so-called piezospectroscopic
coefficients, and o;; are the stress tensor components.
Piezospectroscopic coefficients are determined using
of appropriate calibrations, during which a known
stress is applied to the material and the corresponding
change in frequency relative to the unstressed state is
registered [4,5]. In contrast to the methods listed
above, which provide information on the stresses in
the entire investigated volume of the sample,
piezospectroscopy makes it possible to determine the
stress level with a spatial resolution up to several
hundred nanometers, that is especially important in
the case of irradiation of materials with ions of fission
fragment energies for which the projected range does
not exceed 10 microns. In [6], this approach was used
to measure the stress profiles in SisN4 irradiated with
high-energy xenon and bismuth ions. As is known,
silicon nitride is the only nitride ceramic in which
latent tracks of swift heavy ions have been revealed
[7-16]. At the same time, no tracks were detected in
aluminum nitride even at very high specific ionization
energy losses [17]. This paper presents the results of
a comparative analysis of residual mechanical stress
profiles in AIN and the previously obtained data on
SisN4 [6] — nitride ceramics with different structural
responses to the high-energy heavy ion impact.

Materials and Methods

The objects of study of this work were
polycrystalline silicon and aluminum nitrides
samples manufactured by MTI Corporation. The
grain sizes ranged from several hundred nanometers
to several microns. The samples were irradiated with
710 MeV 2Bi ions at room temperature to fluences
of 1x10%2, 2x10*?, and 1x10%* cm2. The irradiation
experiments were carried out at the U-400 cyclotron
of the FLNR JINR (Dubna, Russia). According to
calculations, the projected range of bismuth ions in
AIN was 29.8 um.

Irradiated samples were studied by Raman
spectroscopy using Solver Specrtum, NT-MDT laser
confocal scanning microscope. Raman spectra
excited at a wavelength of A=473 nm were recorded
on the edge of polished sample along the ion
trajectory with a spatial resolution of ~ 1 um. The
measurement time was optimized for maximum
intensity and was 60 seconds.

Results and Discussion

Raman spectra of intact silicon and aluminum
nitride specimens excited at a wavelength 473 nm are
shown in figure 1.
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Figure 1 — Raman spectra of initial SisN4 and AIN
polycrystals.

Without stopping on the nature of the vibrational
modes represented by the corresponding peaks in the
Raman spectra studied in detail in [18-23], we note
that in piezospectroscopic studies, the most often
used is the measurement of the position of the peaks
at 862 cm* (SisN4) [24] and 658 cm™ (AIN) [25].

The piezospectroscopic coefficients for these
peaks are 2.22 GPa/cm™ and 2 GPa/cm’?, respectively
[24, 4]. The 658 cm™ line in AIN is most significant
since because exhibits the greatest stress sensitivity,
resulting in the shortest acquisition time for Raman
measurements and the highest signal-to-noise ratio.
Another advantage of using this band is that the
frequency of the E, (high) mode, in contrast to the
A1(LO) phonon mode, does not depend on the
concentration of free carriers; therefore, only the
stress will affect this phonon frequency for measuring
the residual stress. All values of the peak frequencies
in the Raman spectra in aluminum nitride known
from the literature are presented in table 1.
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Table 1. Experimental data on Raman spectra in AIN

Position 248.69 612.87 658.26 671.12 892,52 910.81 cm?
Phonon
mode E}  A(TO) E}  E(TO) A(LO) E(LO)

Figure 2 shows the changes in the position of the
658 cm™ (AIN) line, which were measured at a depth
of 5 um. First of all, it should be noted that
mechanical polishing of AIN introduces defects,
which leads to both broadening and a shift of the main
peak relative to the initial position from 658.26 cm'1
to 657.78 cm®. To take this circumstance into
account, the frequency value measured at a distance
of ~ 100 microns from the surface was taken as the
initial position of the peak, which significantly
exceeds the depth of the irradiated layer. As can be

40000 . ; . ;

seen from the part of the spectrum shown in the inset,
irradiation with bismuth ions leads to the signal
intensity decrease and the peak broadening, which is
associated with the general disordering of the crystal
lattice. In addition, a shift of the peak towards lower
frequencies is also observed. A negative value of Av
indicates that compressive mechanical stresses are
detected at a given depth of the irradiated layer of the
aluminum nitride sample.
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Figure 2 — Raman spectra measured at a depth of 5 um from the surface of AIN irradiated with bismuth ions
to various fluences. The inset shows the spectral region near the 658 cm™ line.

The generation of compressive stresses in
ceramics irradiated with high-energy ions was
previously revealed not only in SisNa4 [6], but also in
oxides Al,Os3 and ZrO.:Y [26-28]. In all these
materials are formed latent tracks as disordered
regions around ion trajectories, both amorphized
(completely or partially) and retaining the crystalline
structure. In all cases, an important feature of the
tracks is their reduced density in comparison with the
density of the surrounding matrix. Their
accumulation with an increase in the ion fluence leads
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to a decrease in the density and, as a consequence, to
an increase in the volume of the sample layer in which
the tracks are formed, which is the source of
compressive stresses due to the difference between
the volumes of the irradiated and unirradiated parts of
the material. The appearance of stresses in AIN, in
which the tracks are not detected by transmission
electron microscopy, indicates that defects formed in
elastic collisions also lead to mechanical stresses but
much lower magnitude in comparison to silicon
nitride.
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Figure 3 — Variation of the spectral position of the 862 cm™ (SisN4) - a) and b) - 658 cm™ (AIN) lines via the
Bi ion fluence and the depth of the irradiated layer

Figures 3a and 3b show the change in spectral
position of lines used for evaluation of stress level in
the silicon (a) and aluminum (b) nitrides irradiated
with bismuth ions with respect to the values for the
non-irradiated  material.  The  corresponding
piezospectroscopic coefficients for frequencies 862
cm? (SisN4) and 658 cm™ (AIN) according to [24,4]
are 2,22 and 2,0 GPa. As can be seen, stresses in AIN
are detected only at the highest fluence of bismuth
ions - 1x10® cm?, which clearly indicates the
differences in the formation of structural defects in
these ceramics. The data shown in fig. 3b, do not also
allow drawing a conclusion about the correlation of
the stress profile in AIN obtained for a fluence of
1x10* cm? with the profiles of ionization and nuclear
energy losses. Although tracks in aluminum nitride
are not observed, it cannot be ruled out that a high
level of specific ionization energy losses can affect
the evolution of the defect structure, which requires
further detailed studies.

Conclusions

Polycrystalline SisNs and AIN irradiated with
high-energy (710 MeV) bismuth ions to fluences of
1x10%2, 2x10*2, and 1x10** cm?® were studied by
Raman piezospectroscopy with spatial resolution
about one micron. In the irradiated silicon nitride
layer, stress fields of different signs are formed,
separated by a buffer zone located at a depth
coinciding with the thickness of the sample layer,
amorphized at high ion fluences due to multiple
overlapping of track regions. Deeper, tensile stresses
are registered and reach its maximum in ion end of
range. Compared to SisN4, mechanical stresses in
AIN are found to be out of experimental inaccuracy
only at a bismuth ion fluence of 1x10® cm2,
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NCNONIb3OBAHME OKCUAA LIMHKA ON1A PA3/TOXKEHMA OPFAHWUYECKNX COEANHEHUM

CTpemntenbHoe yBeIMYeHne YNCAEHHOCTN HaceneHns 1 bbICTpoe Pa3BUTME NPOMbILLIEHHOCTU NPUBENO
K 00Opa3oBaHMIO MPOMbILJIEHHbIX CTOKOB M 3arpA3HEeHWi0 BOAOEMOB BPEAHbIMM A1A UX obuTaTenen u
3[10POBbA NtOAEN OTXO4aMM NPOM3BOACTBA. B CBA3M C 3TMM aKTyanbHOW ABAAETCA 3ada4a OYMCTKM BOAHbIX
PECYpPCOB OT MPOMbILLIIEHHbIX BbIOPOCOB, TaKMX Kak NecTULMObl, OPraHUYECKUE KPAaCUTENN, TAKEbIe MeTan bl
n apyrme otxodpl. Cpeay OKCUAOB MepexofHbiX MEeTan/0B OKcuA, UMHKa (ZnO) aBnsetca Haubonee
MepPCNeKTUBHbLIM  LUIMPOKO3OHHbLIM  MOJIYMPOBOAHNKOBLIM — MaTepMasom, KOTOPbIM 6Gnarogaps CBOMM
YHMKaNbHbIM CBOMCTBAM, aKTMBHO MCMOJIb3YETCA B Pa3/IMYHbIX METodax OYMCTKMU CTOYHbIX BOA. B AaHHOM
paboTe wusydyeHa ¢GOTOKATANIUTMYECKAA aAKTMBHOCTb HAaHOCTPYKTYPUPOBAHHbLIX 00OpPasLOB OKCMAA LMHKa,
CMHTE3MPOBAHHbIX 3KOJOTMYHbIM, HM3KO3aTPaTHbIM MPOCTbIM  METOAOM TEPMMWYECKOrO Pa3NoKeHMA
aurmapata auetata UMHKA B OTHOWEHWMWM WMHCEeKTMUMAA LWMPOKOro cnexkTpa bu-58 HoBoOro, oCHOBHbIM
aKTMBHbIM KOMMOHEHTOM KOTOpOro ssnseTca docdopopraHnyeckoe coeauHeHne aumetoat. MeToaom
ONTUYECKOWN CMEKTPOCKOMUN U GOTONOMUHECLEHLIMN NPOBEAEHO MCCAef0BaHWe BOAHOrMO pactsopa bu-58
HoBoro, noageprHyToro ynbTpaduMoNeTOBOMY W3/YYEHUO B NPUCYTCTBMM 0OpPa3LOB OKCKMAE LMHKA.
AHanuTuyeckoe pasgenieHMe MpPoBOANAN METOLOM BbICOKOIPPEKTUBHOM KUAKOCTHOM XpomaTtorpadpuiu.
AHaNM3 NOJIlYYEHHbIX PE3Y/IbTaTOB NOKa3an adGEeKTUBHOCTb NPUMEHEHWA HAHOCTPYKTYPMPOBaHHbIX 06pa3LoB
OKCU/Ia LUMHKA AN GOTOKATaIMTUYECKOTO Pa3NoKeHMa MHCceKTUUmMaa buru-58 Hosoro.

KnioueBble cnoBa: OKCMA, UMHKa, TEPMUYECKOe pasnoxeHue, GOTOKaTaUTMYeCcKas aKTUBHOCTb,
nHcekTnuma, bn-58 Hosbil.
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OpraHuKanblk, KOCbINbICTAPAbl biAbIPATY YLiH MbIPbILW OKCUAIH KOoNgaHy

XanblK CaHbIHbIH TE3 BCYi XXaHe BHEePKaCINTIH, KapKbIHAbI AaMybl OHEPKSCINTIK afblHAbl CyNapablH, Nanaa
60onybiHa KoHEe cy OOBEKTINEepPiHiIH, NacTaHyblHa, ONApAblH, TYPFbIHAAPbI MEH XajKblHA 3MAHAbI 9Cep eTTi.
OcblfaH HalnaHbICTbl Cy pPecypcTapblH BHEePKaCINTIK WblfapblHAbIAAPAAH, MbiCanbl, MNECTULMATEPAEH,
opraHuKanblk 6osfbllITapAaH, ayblp MeTanaapaaH »aHe 6acka Aa eHaipic KanablkTapbiHaH Ta3apTy MiHAET
©3eKTi 60/bIN Tabblnagbl. ©TNeNi MeTan OKCUATEPIHIH, iWiHAe Mblpbill oKcKAi (ZNO) eH NepcneKkTUBasbl KeH,
apTblnal eTki3riw matepuan 6onbin Tabblnadbl, 0N ©3iHiH, bGiperei KacuetTepiHe HaMNaHbICTbl aFblHAbI
cynapabl TasapTyablH, apTypAi aaicTepiHae benceHai KondaHbinaabl. byn »KymbicTa 6i3 MblpbilW aueTaThbl
AMTMAPATbIHBIH TEPMUANBIK blAblPayblHbIH, 3KONOMMAbIK Ta3a, ap3aH KapanalblM aficiMeH CUHTe3aenreH
HaHOKYPbINbIMABI MbIPbILL OKCUA| YATINEPiHIH GOTOKAaTaNAUTUKANbIK BenceHainiriH KeH CneKkTpai MHCEeKTULMA,
Bu-58 HoBbifa KaTbiCTbl 3epTTedik. on AumetoataT 6o/bin TabblnaTbiH GochopopraHMKabiK KOCbIbIC.
ONTUKaNbIK CMEeKTPOCKOMUA KaHe GOTONMOMUHECLEHLUMA MbIpbIW  OKCUAI  YAriNepiHiH,  KaTblCybiMeH
YNbTPAKY/rIH cayneneHyre yuiblipafaH Bi -58 xaHa cy epiTiHAiciH 3epTTey yWiH nanaanaHbingsl. AHaNUTUKANbIK,
6oy KoFapbl OHIMA| CYMbIKTbIK XpOMaTorpaduachl apKbl/bl Ky3ere acblpbiaisl. ANbIHFAH HaTUXKeNepai Tanaay
Bn-58 KaHa WHCEKTULMAIHIH, GOTOKATANUTUKANLIK biAblpaybl YLiH MbIPbIW OKCUAIHIH, HaHOKYPbIAbIMAbI
YAriNepiH KoAAaHyAbIH TUIMAINITIH KepceTTi.

TyMiH ce3aep: MblpbiLl OKCUAI, TEPMUANLIK biablipay, GOTOKAaTaNUTUKANbIK BenceHaiNiK, MHCeKTULMA, KaHa
Bi-58.
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Application of zinc oxide for decomposition of organic compounds

The rapid increase in population and the rapid development of industry has led to the formation of
industrial effluents and pollution of water bodies with production waste harmful to their inhabitants and
human health. In this regard, the task of cleaning water resources from industrial emissions, such as pesticides,
organic dyes, heavy metals and other wastes, is relevant. Among transition metal oxides, zinc oxide (ZnQ) is
the most promising wide-gap semiconductor material, which, due to its unique properties, is actively used in
various wastewater treatment methods. In this work, we studied the photocatalytic activity of nanostructured
zinc oxide samples synthesized by an environmentally friendly, low-cost simple method of thermal
decomposition of zinc acetate dihydrate with respect to the wide-spectrum insecticide Bi-58 New, the main
active component of which is the organophosphorus compound dimethoate. Optical spectroscopy and
photoluminescence were used to study an aqueous solution of Bi-58 New subjected to ultraviolet radiation in
the presence of zinc oxide samples. Analytical separation was carried out by high performance liquid
chromatography. An analysis of the obtained results showed the effectiveness of the application of
nanostructured zinc oxide samples for the photocatalytic decomposition of insecticide Bi-58 New.

Key words: zinc oxide, thermal decomposition, photocatalytic activity, insecticide Bi-58 New.

BBeaenne

B nocnenHue roapl 3HAYMUTENBHO BO3POCIO
WCIONb30BAaHUE  OPraHMYECKUX Kpacureined B
Pa3IMYHBIX OTPACIAX MPOMBIIIJIEHHOCTH, TAKUX KaK
KOKE€BEHHas, OyMa)kHasi, IUTACTUKOBAS, TEKCTUIIHHAS,

numieBasi, — noiaurpaduyeckas,  KOCMETHYecKas,
bapmaneBtuueckas u ap. [1, 2]. Kpacurenn,
coJepKalpecss B~ CTOYHBIX  BOJAaX,  MOTYT

OTPHLIATENILHO BJIMATH Ha BOJHYIO Cpelqy u3-3a
YMEHBIIIEHUS] TTPOHUKHOBEHHSI COJHEYHOTO CBETa,
YIpoKaTh 340POBBIO YenmoBeka [3].

He MCHEEC OITaCHbIMH XUMHNYECCKUMU
3arpsI3HUTEISIMHU SIBIISTFOTCS TIECTHUIIHIBI,
HCIIONIb3YEeMBIE B CEITHKOXO03SIHCTBEHHON OTPACITH ISt
YHUYTOXEHUS PA3JIMYHBIX BHUJOB  BpPEIUTEIIEH,
HaHOCAIIUX yIIepO KynbTypaM. B mocnennee BpemMs
B  arpapHoid  NPOMBIIUICHHOCTH  BCE  yaiie
HCIIOJB3YIOT (hochopopraHUYecKUe MEeCTUIUIbI B
KadyeCTBE AJIBTCPHATHUBELI XJIOPOPraHN4YC€CKUM
COCAMHEHHAM, TaK Kak (ochopopraHuyecKue
IIECTUIABI CUUTAIOTCSA MEHEC OIIACHBIMHU H3-3a HUX
OBICTpOH Jerpajialliii B  OKPYXKAaIoILIeH cpeje.
Onnako, ecnu opraHodocdaTsl COOTBETCTBYIOT
MOJIXOMASALIMM YCIOBHUSIM OKpY>KalOIIEH Cpelbl, OHH
MOTYT COXPaHATBCA BO MHOITHMX KOMIIOHCHTAaX
OKpy’Karomeil cpeipl B TEUCHHE JAJUTEIbHOTO
nepuozaa BpeMeHH [4].

Spkum  mpumepoMm  GocHOpOOpPTaHUUECKIX
MECTUIUOB SBIISIETCS JUMETOAT, KOTOPBIA MOXKET
BBI3BIBATH HEBPOJIOTMYECKHE PACCTPONUCTBA, CHUKATD
penpoayKTUBHOCTH, noBpexaath JIHK u BbI3bIBaTH
JIPYTUE TUCTOMATOIOTHICCKUE H3MEHEHUS [5]. XOoTs

QUMETOaT  SBISAETCS BeChMa TOKCHYHBIM U
KJIACCU(UIMPYETCS KaK YMEPEHHO OIAacHBbIA, OH
KpaliHe omaceH i oOuTaTeneli BOJOEMOB U
CEpbE3HO BIMSAET HAa WX (DU3HMOJIOTHIO U TOBEICHUE
[6]. Kpome TOro, HemaBHHE UCCIIECIOBAHUS
MOKa3BIBAIOT, YTO OCTATKH JUMETOaTa M €ro
MIPOM3BOIHBIX MOTYT OBITH OOHApYXEHBI B PPYKTaX,
OBOILIAX U J1a)K€ B KOPOBLEM MOJIOKE [5].
MacitabHoe HCIOIb30BaHUE TECTULIUIOB IS
YBEJIMYCHHUS MPUOBUIA OT CEJIbCKOXO3IHCTBEHHOTO
IIPOM3BOICTBA IPUBEIO K 3arpsI3HEHUIO CTOYHBIX BOJT
BpEeIHBIMH BbIOpOCAMH M HAHECEHHIO CEPbE3HOTO
ymepba okpyxkaromieit cpene. B cminy cBoeit
MIPUPOJIBI 3TH COSTUHEHHUSI TIOTEHIINATHHO TOKCHYHBI
JUTSE MHOTHX KHBBIX OPTaHMU3MOB, BKITIOUAs YEIOBEKa
[2]. B cBsI3u ¢ 3TUM OCTPO CTOUT BONPOC OUHCTKHU
CTOYHBIX BOJI OT MIECTUIUIOB U APYTUX 3arPSI3HEHUH.
TpaguiioHHbIC TEXHOJIOTHH, LIUPOKO
WCTIONB3yEeMbIE  JUISI  YIOQICHHWS  OPTaHUYECKHUX
KpacHuTelel W MeCTUIUI0B, B OCHOBHOM BKJIFOYAIOT

(u3nueckue, XUMUYECKHE, OHOJIOTHYECKUE U
KOMIUIEKCHBIE TPOIECCHl OYHCTKH, TaKhe Kak
JNEKTPOANAIHS, MeMOpaHHas ¢bunpTpanms,
OCAXKACHHUE,  aICOpOIMs,  DIEKTPOXUMHUYECKOE
BOCCTaHOBJICHHE U 3nekTpoumoHuzanus [7]. Ha
CETOTHSTITHII JIeHb (hOTOKATATUTHIECKOS
OKHCIICHWE - OJMH u3 caMbIX 3¢ (EKTUBHBIX
XUMUYECKUX METOJIOB, JEMOHCTPUPYIOIINIA

OOJIBIION ITOTEHIIMAI B OUMCTKE CTOYHBIX BOJ 34 CUET
WHIYKITAA 00pa30BaHMsI THAPOKCHIBHBIX PaIuKaIoB
u CYNIEPOKCHI-AHUOHA nyTéM o0myueHHs
ITAPOKO30HHBIX TOIYIIPOBOAHUKOBEIX (hOTOKATAIIN-
3aropoB, Takux kak TiO2, ZnO, CdS, WOs;, SrTiOs,
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Mcnonb3oBaHWe OKCMAa LMHKA ANA Pa3/IOKEHNA OpraHUYeCcKnx coeamHeHU

Fe.Oz u T.1. [8]. Korma momynpoBoTHUKH, KOTOPEIC
HaXOJSITCS B KOHTAKTE C PAacTBOPOM DIIEKTPOJIHTA,
OCBEILIAIOTCS C DHEprued, MpeBbIIAIEe UX
IIMPUHY 3anpell€éHHOM 30HbI Eg, BO3HHKAIOT
BO30YXAEHHBIE BBHICOKOIHEPTETHYECKUE COCTOSHUS
SIIEKTPOHHBIX U ABIPOUHBIX Tap (€ /h*). DTi gacTHIb!
MoryT Jub0  pekoMOMHHpOBaTH B  00BEME
MOJIYTIPOBOJTHUKA U PACCENBATh BXOASILYIO 3HEPTHIO
B BHJE TeIla, THOO MUTPUPOBATH K TMOBEPXHOCTU
YacTHI[ TIOJYIPOBOJHUKA W  pearupoBaTb C
a7IcOpOMPOBAaHHBIMH JOHOPAMHU 3JICKTPOHOB MWJIH
akuenTopamMu d3JeKTpoHoB. DoToreHepupoBaHHBIE
IOBIPKHA JTEHCTBYIOT KaK MOIIHBIE OKHCIUTETH, a

SJIEKTPOHBI KAaK MOUIHBIE BOCCTAHOBUTENIU U
WHUIMUPYIOT  IIUPOKUM  CHEKTP  XMMHUYECKUX
OKHCIIUTEIIbHO-BOCCTAHOBUTEIBHBIX peakuui,

KOTOpBIE MOT'YT PUBECTH K MOJHOW MUHEpaIU3aluu
OpraHUYECKUX COeAUHEHUH [4].

MHuoroQyHKIMOHAFHBIE HAaHOYACTUIBI ZnO
JIEeMOHCTPHUPYIOT IOJIyIPOBOJHUKOBBIE CBOMCTBA C
HIMPOKOH 3amperménHoil 3onoit 3,37 3B, a Takxke
MNPEACTABISIIOT co0oif MbE303JIEKTPUIYECKUN
MaTepHai ¢ OOJBIINM BBIXOAOM IIPU SHEPTHU CBS3H
60 M3B [9, 10]. K ToMy e OKCH ITUHKA CUYUTACTCS
0e30macHbIM MaTepHaioM JUIsl JIFOACH U KHUBOTHBIX
MX-32 CBOEH CTOMKOCTH U CEIEKTUBHOCTH.

B nutepaType mpenctaBieHO MHOXKECTBO
METOJIOB CHHTE3a OKCHAAa IIHMHKA, TaKuX Kak
TEPMUYECKOE PA3JIOKEHUE, IIUPOJIN3, MarHETPOHHOE
pacIblIeHHE, COJIbBOTEPMHYECKAs peakuus,
MIPUHYAUTENBHBIN THIPONIN3, 30b-TeNb MeToa, CVD,
THAPOTEpMAIbHBI  MeTonm u  apyrume [11-14].
HanoctpykrypupoBanHelii ZnO w#MeeT MIUPOKHN
CHEKTp MPUMEHEHUSI B Pa3IMYHBIX OOJIACTSX, TAKUX
KaK OMNTHYECKHE YCTPOHCTBA, CaMOOYMIIAIOIINECS
KpacKH, aJpecHas IOCTaBKa JIEKapCTB, KOCMETHKA,
MEAUIUHCKHE yCTpOIicTBa, TEKCTHIIbHAS
MPOMBIIIICHHOCTD U (hoTokaTamm3 [15-18].

Onucanue JKCIepUMEHTa W 00Cy:KIeHHe
NMOJy4eHHBIX Pe3yJbTaTOB

Uccnenyembie 00pa3ipl OKcHa LWHKA OBLTH
MOJYYEeHbI TPOCTBIM HHU3KO3aTPAaTHBIM METOJIOM
TEPMHUYECKOTO pa3ioKeHNs B aTMocepe AUruIparTa
anmeratra  muHKa  (CH3COO).Znx2HO  mpm
temmnepatypax 400°C u 700°C B teuenue 2, 4 u 10
YacoB COIJIACHO CHOco0y, OMHCAaHHOMY B padoTe
[19]. [Ipu cunrese Hanoyactur ZnO (NPS) nquruapar
areraTa HUHKA [TOMEIIaIcs B KEPAMUUECKUI THUTEIb,
HNPUKPBITBIA ~ KEpaMHUYECKOM  KpbIIKOH. Macca
nony4deHHoro obOpasna ZnO NPS  cocrarisiia
npuOIU3UTENsHO 1/3 OT Macchl HCXOTHOTO aleraTa
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[IMHKA, YTO BEChbMa OJIM3KO K PAcYETHOMY BBIXOIY
npoaykra (37,1%).

Cormacuo pabore [20] mnpeumyiecTBEHHO
MOTepss Beca HCXOMHOTO MarepHana MPOUCXOIHUT
Onaromapsi CrOpaHHIO B MPEKYPCOpE YIIIEKUCIOro
rasa (COz) wm ameroma ((CH;).CO). IlIpomecc
o0pa3oBaHMsi OKCHAA IMHKA TPH 3TOM MOXKHO
OMHCaTh MpeBpalieHreM cleayronmx peakiuii [20]:

ZZH(C2H3OZ)3ﬂ) ano(CH3C02)4+

+(CH3)2CO +CO,,

Zn,0(CH3CO32) — 25 27n0(CH3CO,)+

+(CHj3),CO +COs,,

heat

ZZI’]O(CH3C02) —> Zn,0,CO3 +(CH3)2CO,

heat

Zn,0,CO03—> 2Zn0+ CO+0:s.

doToKaTamuTUIECKas AKTUBHOCTH
CUHTE3UPYEMBIX 00pa3loB ObUla H3y4YCHA IIpHU
Jerpasalii BOJHOTO pacTBopa kpacurtens RhB u
BOJHOro pactBopa nHcektuuuaa bu-58 Hooro Ha
noBepxHoctd ZnO NPs mon BoszaeiictBuem Y-
OCBEULICHUS MyTEM U3MEPEHHUSI CIIEKTPOB ONTUYECKOM
I0THOCTH. McTouHnkoM Y@ OCBeIICHUS SBIISLIACH
pryraas nammna (LIHGermany, momiaocts 14 BrT).

CHeKTpBI ONTHYECKON IIJIOTHOCTH HCCICAYEMBIX
00pasioB  ObUIM  W3y4YeHbl HA JBYXJIyYEBOM
criektpooromeTpe UV/Vis Lambda 35

(PerkinElmer).

Ha pucynke 1 nmokasaHbl CleKTphl Jerpaganii
BozxHOro pactsopa RhB-kpacurens, conepxamero 9
Mr obpasua ZnO NPs, npu ynsTpaduoneroBoMm
u3nydyeHud. 3abop mnpo6 pactBopa RhB  mis
HU3MEPEHUs]  CIIEKTPOB  ONTHYECKOHW IUIOTHOCTH
OCYIIIECTBIISUICS Yepe3 Kaxkpie 30 MUHYT B TCUCHHE
2.5 dgacoB. M3 puCyHKa BHIHO, YTO MaKCHMyM
MHTEHCUBHOCTH MOTJIOIMIEHUSI MCXOJHOTO pPacTBOpa
RhB ¢ nopomkom ZnO mpuxomurcst Ha 554 HM.

C yBenM4YeHHEM BPEMEHH OSKCIIOHHUPOBAHUS
WHTEHCUBHOCTH moriomiennss RhB  mocrenenHo
cHmkaercs B npucyrctBun  ZnO  NPs, dro
CBUCTENBCTBYET 00 YMEHBIIEHWH KOHIIEHTPAIUN
kpacutens RhB. OrtHocuTesbHas KOHIICHTPALIUS
kpacuresnis RhB  ymeHblIaeTcst ¢ yBelWYeHHEM
BPEMEHH OJKCHO3WIMM, TP 3TOM i1 BCeX
MpeACTaBJICHHBIX ~ 00pa3ioB  kpacuteabr  RhB
3HAYUTENBHO JIerpajupyeT Ha NoBepxXxHocTH ZnO
NPs nop neiicteuem Y® ocseuienus: B nepsbie 30
MUH 3KCIO3ULUH.
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PucyHnok 1 — V3MeHeHue ClIeKTPOB ONTHYECKOM MIIOTHOCTH BOHOTO pacTBopa RhB ¢ o6pasmom ZnO,
MOJYYCHHOTO TIPU OTXKUTE alleTara IMHKa B atMochepe, MPOJ0KUTENBHOCTh OTKUTa 10 yacoB npu
temneparype 400°C, mpu Y ®-ocsemiennu B Teuerne 120 Mux

B pab6ore [19] ObutO MOKa3aHO, YTO JAHHBIC
00pa3ibl JEMOHCTPUPYIOT BBICOKYIO
(bOTOKaTaJII/ITI/I‘ICCKyIO AKTUBHOCTh B OTHOIICHUU
opranuueckoro kpacurenst Pomamuua B. Bsuio

OTMEYEHO, YTO MapaMETPbl OTKHUIA OKa3bIBAIOT
BIIMSIHUE Ha MOP(OJIOTHIO u CTETIeHb
KPUCTAIUTMYHOCTH ~ CHUHTE3MPOBAHHBIX  00OPa3IloB.

HaunGonpmryro  GoTOKaTATUTHYECKYI0 aKTUBHOCTH
JIEMOHCTPHPOBAIN 00pa3llbl, CHHTE3UPOBAHHBIC B
teuenue 10 yacos npu Temmeparype 400°C [19].

Paznoxxenune BOJIHOTO pacTtBopa
(docdopopranundeckoro nacekTummaa bu-58 Hosoro
OBLIO HCCIIEeIOBaHO B MPUCYTCTBUH 00pasios ZnO,
KOTOpBIC MTPOJIEMOHCTPUPOBAIH BEICOKYIO
q)OTOKaTaJ'H/ITI/I‘IeCKYIO AKTUBHOCTh B OTHOLICHUU
opranudeckoro kpacurens Pogamuna B. OcHOBHBIM
JNEHCTBYIONIMM BEIIECTBOM JIaHHOTO TIIeCTUIM/IA
SIBIIAETCS JTUMETO0aT CsH1.NO3PS,
(CH3NHCOCH;SPS(OCHs3)y). Jlumeroar
(Dimethoate, 2-dimethoxyphosphinothioylsulfanyl-
N-methylacetamide)  oTHOocMTCT K KIaccy
hochopopraHnIeCKUX COeTUMHECHUN (CI0KHBIN 2PuUp
dbochoproii KUCIOTHI). brmaromapsi cHCTEMHOMY
JEHCTBUIO AUMETOAT MPOHUKAET BHYTPb PACTCHUH U
YHHUTOXKAET CKPBITOXKUBYIIMX Bpeautened. OH
00J1afaeT CUCTEMHON AKTHBHOCTLIO, KHMIIEYHBIM H
KOHTAaKTHBIM JICHCTBUEM, SIBIISIETCS HHTHOMTOPOM
XOJIMHACTEPa3bl, ACUCTBYSl Ha HEPBHYIO CHCTEMY H
BbI3bIBas YTHETCHUC JAbIXaHUS u cepaequﬁ
JeSITENIBHOCTH, TIPEJICTABIISET YIPO3Y Uil 3I0POBbS
YeJIoBeKa.

C 1uenpl0 UCCIENOBaHHUA KOJIWYECTBEHHOTO
cocraBa quMeToaTa u nHceKkTuiuaa bu-58 Hosoro B
BOJIHBIX pacTBopax, MOJBEPrHYTHIX
yIbTpauOJICTOBOMY OONYYCHUIO B MPHCYTCTBHH

YacTHWIl OKCHAA TIIMHKA, OBUT TPOBEAEH WX
KOJIMYECTBEHHBIN aHajus. Pazngenenne u
OTIpe/ICIICHIE IUMeToaTa MIPOBOIMIOCH Ha

BBICOKOA()()EKTUBHOM KHUIKOCTHOM Xpomatorpade
(BOXKX) Agilent 1200 series (Agilent, I'epmanusi),

OCHAIIEHHOM  YEThIPEXKAHAJIBHBIM I'PaJUEHTHBIM
HAacoCoM, JIEra3aTopom, aBTOCaMILIEPOM,
TEPMOCTATOM  KOJIOHOK M  JHOJHO-MaTPUYHBIM

neTekTopoM. PasneneHne NMpoBOAMIM Ha KOJOHKE
Agilent Zorbax SB-C18 4,6x150 MM, aunameTp
gactull - 3,5 MkM. Bpems ananmmsza cocrasmsuio 10
MUH. B KauecTBe >JI0€HTa HCMONB30BaJIM CMECh
aleTOHUTPHUIIA: BOAA (600:300). PactBOp
xpomatorpaduposaiu npu 60 00. % aneToHUTpUIA B
HM30KpaTHUECKOM PEXHME CO CKOPOCTHIO MOTOKa 1
mi/mMuH.  TemriepaTypy KOJIOHKH —TOJIEPKUBAIH
nocrosHHOH Ha ypoBHe 30°C. OOGbEM BBOIMMOI
mpoOsl  coctaBmsm - 20 wmkn.  [lerektmpoBaHue
MPOBOMMAN Ha JumHE BOJMHBI 270+£8 ©M. J[ns
OTIpEeIeTICHHS collepKaHus JUMeToaTa B
HCCIIEAyeMbIX BOJIHBIX pacTBOpax OBbUI IMOCTPOCH
rpasyupoBOUHbIi rpaduk (PUCYHOK 2).
KonmuecTBeHHOE  ompepeneHwe  IMMETOATa
MOPOBOJMIN METOAOM a0COJIOTHOH KaJHOPOBKH.
Paboune ctangapTHBIE paCTBOPHI C KOHLIEHTPALUSIMH
5,0 25,0 u 50,0 MKI/m rOTOBHIM W3 OCHOBHOIO
CTaH/apTHOTO pacTtBopa JUMETOoaTa,
COOTBETCTBYIOLIUM MOCIIEI0BATENBHBIM
pa3baBneHUsIM TOABIKHON ¢azoir s BOXKX.
KoHmenTpanms McXoMHOTO CTaHIAApTHOrO o0Opasia
coctamsuia 100 mkr/n. Koaddumument koppensuun
rpasyupoBOYHOTrO rpaduka B JAHHOM JWAra3oHe
coctaBmit R=0.9654 (pucyHoxk 2).
CHekTpsl ONTHYECKOrO TMOTJIOMEHUS BOJHOTO
pactBopa uncektunmuga b1-58 Hosoro ¢ obpasnom
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Zn0O, MONYyYEeHHBIM TPU TEPMHUYECKOM Pa3I0KCHUU
IUTUOpaTa anerara MHWHKa B atMochepe mpu
temmneparype  400°C,  momseprayroro  YO-
OCBEIICHUIO B TeueHue 120 MUH mpejcTaBieHbl Ha
pucynke 3. OTMe4eHO, U4TO C YBEIMYCHHEM BPEMEHH
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Vo OCBCIIICHUSI ~ pacTBOpa  WHTCHCHUBHOCTH
[OTJIOLICHHUST ~ BO3pacTaeT, a Kpai  CIeKTpa
MOTJIOIIEHUST HEMHOT'O CMEIIAeTCs B 00JacTh 0oJjee
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Pucynok 2 — I'pagyupoBOYHBIH rpa ik JUMEToAaTa U ero CTpyKTypHas Gopmymna
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Pucynok 3 — CriekTpsl onTHYECKOH TNIOTHOCTH BOAHOTO pacTBopa nHcekTnuuaa bI-58 Hosoro ¢
noJytydeHHbIM 00pasiiom ZnO npu Yd-oceenieHuu B Teuenue 120 Mux

Ha pHUCYHKe 4 MIPEJICTABIICHBI
XpomMaTtorpaMmMbl BOJHBIX paCTBOPOB AMMETOATA,
nacexktununa bU-58 Hosoro 0e3 Zn0O, a taxxke
uncektunuaa BU-58 Hosoro, coaepxaiero
CHUHTE3UpOBaHHbIE 00pa3ubl ZnO. [ BOgHOIO
pactBopa wuHcekTunuma bH-58 Hosoro B
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MPUCYTCTBUM CHHTE3HPOBaHHBIX 00pa3noB ZnO
MpeJCTaBIeHbl  XpOMAarorpamMma  HCXOJHOTO
pacTBopa M XpOMaTOrpaMMbl JTaHHOTO pacTBOpa,
noasepruyroro Y® wusnydeHuio B TedeHue 120
MHHYT. 3200p TIPO0 MPOU3BOAMICS Yepe3 KaxKIbIe
30 MHUHYT 00JTyYEHUSL.
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Pucynok 4 — XpoMatorpaMMbl BOAHBIX pacTBOpOB AumMeToata, nectuiimaa b1-58 Hosoro 6e3 ZnO u
uncektuuaa bU-58 Hosoro, coneprkaiiero cuaTe3upoBanHbie 00pasibl ZnO, mpu YD ocBerieHun

[Tpu KoMMUECTBEHHOM OMPEACTICHUU TUMEToaTa
MeromoM BJOXX  OpUI0  ycTaHOBIIEHO,  YTO
KOHLICHTpALMS IUMETOaTa B HICX01HOM oOpasue BU-
58 cocraBmnsiet 0,61 MKI/J1, a KOHIIEHTpalus oOpa3ia
¢ BoaHbIM pactBopoM bBbU-58 u ZnO mpu YO
ocBemieHnu B Tedenne 120 munyT cocrapnseT 0,16
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MKr/n. Takum oOpa3oM, OBUIO YCTaHOBJICHO, YTO
KOHIIeHTpaIus BogHoro pactBopa bU-58 ¢ ZnO npu
Y@ o6paboTke B TeueHne 120 MUHYT yMEHBIIAETCS
MPUOIM3UTENHHO B 4 pa3a, 4TO CBHUJICTEIBCTBYET O
Pa3noKEHUH NECTUIHIA.
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Pucynok 5 — Cnextps! ¢poTonaromMuHecieHIH BogHoro pactBopa bH-58 Hoeoro B mpucyrcteuu ZnO
ucxonHoro u npu Y® obmyyennu B TeueHue 120 MunyT
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Pesynbrats HCCIIEIOBaHUS
(OTOFOMHHECIICHTHBIX CBOMCTB BOJHOTO PacTBOpA
mectuiiuga bM-58 HoBoro m cHHTE3MpOBAaHHOTO
obopasua ZnO mox neiictBuem YO wu3nmydyeHus
MpuBeNeHHl Ha pucyHke 5. OTMmedeHo, dYTO
uccienyembrii pactsop bU-58 Hosoro ob6mamaer
¢doromomunecuennueii (OJI) B ynerpaduonetroBom
IMana3oHe € MaKCUMyMOM, NPUXOISAIIMMCS Ha
muHy BonHbl 300 M. [lpu yBenwueHMH BpeMeHH
SKCIO3ULMK HHTEHCUBHOCTH DJI mocTeneHHo,
MPaKTUYECKN JTMHEHHO BO3pacTaeT (BCTaBKa Ha PUC.
5). Veemnuenwe wuHTeHcHBHOCTH DJI  mpum
YMEHBIICHUH KOHIIEHTPAIUHU TIECTUIIN/IA B PacTBOPE
00BsICHSIETCS (bEpcTepoBcKUM PE30HAHCHBIM
MEPEHOCOM HHEPruH, IMPH KOTOPOM TPOUCXOIUT
MepeHoc SHEepPTruu BO30YKJICHUS MEXKTY
MoOJIEKyJIaMU-XpomModopaMd B OJMKHEM TMoJie 3a
CU€T OUIIONb-TUMOJLHOTO B3aUMOACUCTBHUS, WIH
TPAHCHIOPTOM DIICKTPOHOB IMPH KOHTAKTE MOJCKYI
MECTUIUIA-aKIIENTOPOB C TMOBEPXHOCTHIO YaCTHII
ZnO  (COOTBETCTBEHHO YMEHBIICHUEM  BKJaJa
anmekTpoHoB ZnNO B ®JI) [21]. Takum oGpasom
yBenuueHne HHTeHCUBHOCTH DJI mpu yBelIWYeHUH
BPEMEHHU HKCIO3UIUHA TaKKE CBUICTENBCTBYET O
JeTpajaliy MEeCTHIIUIA B pacTBOpeE.

3akiIouyenue

O06pasipl OKCHIa IWHKA, TOTY4YEeHHBIE TPOCTHIM
METOAOM TEPMHUYECKOr0 PAa3JIOXKEHUS AUTHApaTa
arnerara nuHka npu Temmeparype 400°C B TedeHune
10 9acoB, MIPOJAEMOHCTPUPOBAIH
(OTOKATATUTUUECKYI0O AaKTUBHOCTh B OTHOILIECHHH
(hochopopranngeckoro WHCEKTHITNIA BU-58
Hogoro. [loka3aHo, 4To KOHIEHTpALUs TIECTULIH/A B
BOJIHOM PacTBOPE B MPUCYTCTBUU CHHTE3UPOBAHHBIX
obpasnoB ZnO mox neiictBueM Y® wuanyueHus B
TEUeHHE ABYX 4acOB yMeHblIaercs B 4 paza. Takum
00pa3oM, HCHOBb30BaHHBIA MPOCTOH B MCHOTHEHUH
METOZ CHuHTe3a HaHodacTul ZnO SKOHOMHYEH, He
TpeOyeT CI0NKHOTO JOPOTOCTOSIIETO 000PY/IOBAHHUS,
MPUTOACH JIsi KPYHMHOMAcIITAOHOTO MPOU3BOJICTBA
BBICOKOAKTUBHBIX ZnO (OTOKATAIN3ATOPOB IS
Pa3oXKeHMsI BpeIHBIX OPraHMUYECKHUX 3arps3HUTeNei
BOIOEMOB o Y D-u3nmyueHueM Ojaromapsi cBoei

HEBBICOKOHI CTOUMOCTHU u BBICOKOM
(hOTOKATATMTUIECKOH aKTHBHOCTH.

BaarogapHocTh

PaGora  BeImonHeHa  Tpu  (UHAHCOBOI
nonnepxkke Komurera Hayku MwuHHCTepcTBa

oOpasoBanns u Haykum PecnyOmmku Kazaxcran
(rpant No. AP08856173).
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ATOMbI BHEAPEHUA B OKTA- U TETPASAPUHECKUX MEXAOY3/TUAX OUK KPUCTAJ1/10B
CO CBOBOZHOM MOBEPXHOCTbIO

dur3nyeckme CBOMCTBA KPUCTA/IZIOB ONPeAenatoTCs UX XMMUYECKOM MPUPOAON, CTPYKTYPOM Kak BCEro
obbema, Tak M MOBEPXHOCTHOro cnos. [MoBEepPXHOCTb MeTasnna, MOHHOINO WAM KOBAJIEHTHOrO KpucTanna w
NoJyNpOBOAHMKA MOXHO pPacCMaTpMBaTb Kak 0coboe COCTOAHWME BELLECTBa CO CBOEM xvmmen n GU3MKOMN.
NHTepec K npobneme MOBEPXHOCTU TBEPAOro Tena, K HayKe O MOBEPXHOCTM, K GU3NKE TOHKUX MAEHOK
CTUMYANPYETCS AOCTUKEHUAMU B GU3UKE TBEPAOro Tena, TEXHUYECKMMM HOBLUECTBAMM, BO3MOMKHOCTAMM
CO34aHMA HOBbIX MIEHOUYHbIX MaTePUanoB C YHUKANbHbIMU CBOMCTBAMM, 33[a4aMn COBPEMEHHOM TEXHUKM,
TpeboBaHUAMM TEXHONOTUIN MO CO3AAHMIO YCTPOWCTB ANA BbIYNCANUTENBHOM TEXHUKM U MUKPOINEKTPOHMKM.

B HacTosweln paboTe paccMOTpeHbl MPOLECCh nepepacnpefeneHns aToMoB BHeAPeHua Mo
MOBEPXHOCTHbIM M OOBEMHbBIM MEXKO0Y3MAM, NMPOBEAEHbl UCCAeA0BaHMA PaBHOBECHOrO pacnpeaefeHus
BHEAPEHHbIX aTOMOB Ha MOBEPXHOCTM M B OOBbEME KPWUCTaNNa, a TaKKe BAMAHUA BHELWHEero AaBfeHusa Ha
NOBEPXHOCTHOE N 0bbeMHoe pacnpeaeneHne aToOMOB BHEAPEHUA. 3HaHMe NPOoLIEeCcCcoB nepepacnpeaeneHums
aTOMOB BHEZPEHMs MO MEXAOY31MAM KPUCTania W BbI3bIBAIOWMX MX TMPUYMH  MOMKET MO3BOSIUTb
LeneHanpasneHHo ¢GOPMMPOBATL 3TU MPOLECChl C LEAb0 MOAYYEeHMS Tex WANM WUHbIX  PUINYECKUX
XapaKTepUCTUK MaTepunanos. KMHETMKa NepepacnpeneneHma aTOMOB BHeAPEHWA N0 MeXA0Y3NnAM B 06beme
M3y4yanacb 419 METaNN10B U YNOPAI0YMBAIOLLMXCA CMIABOB PA3/INMYHbIX CTRYKTYP.

KnioueBble cnoBa: KpucTans, TBEPAOE TENO, CTPOEHMNE TBEPAbIX TEN

Ol.D. Zolotarenko'?, O.P. Rudakova?, An.D. Zolotarenko™?, D.V. Shchur?*,
N.A. Gavrilyuk®?, N.T. Kartel', O.D. Zolotarenko? V.A. Mashira®?
1Chuiko Institute of Surface Chemistry, National Academy of Sciences of Ukraine, Ukraine, Kiev
’Frantsevich Institute for Problems of Materials Science of N.A.S. of Ukraine, Ukraine, Kiev
*email: dmitry.schur@gmail.com

Integration atoms in octa- and tetrahedrical internodes of BCC crystals with a free surface

The physical properties of crystals are determined by their chemical nature, the structure of both the
entire volume and the surface layer. The surface of a metal, ionic or covalent crystal and semiconductor can
be considered as a special state of matter with its own chemistry and physics. The interest in the problem of
solid state surfaces, in the science of surface, in the physics of thin films is stimulated by advances in solid state
physics, technical innovations, opportunities to create new film materials with unique properties, the
challenges of modern technology, the requirements of technology to create devices for computing technology
and microelectronics.

In this work the processes of redistribution of infiltration atoms along the surface and bulk inter-nodes
are considered, the equilibrium distribution of infiltrated atoms on the surface and in the crystal volume, as
well as the effect of external pressure on the surface and bulk distribution of infiltration atoms, are studied.
Knowledge of the processes of redistribution of infiltration atoms along the inter-nodules of a crystal and of
the reasons causing them may allow the purposeful formation of these processes for the purpose of obtaining
certain physical characteristics of materials. The kinetics of inter-nodal rearrangement of infiltration atoms has
been studied for metals and ordering alloys of various structures

Key words: crystal, solid, structure of solids
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EpkiH 6eTi 6ap BCC KpucTanaapbliHbIH, OKTa- XXoHEe TETPasApAik TyWiHAepiHAEeri eHridy aTomaap

Kpuctangapabl, GU3MKanbiK KacMeTTepi onapablH, XMMUANbIK TabuFaTbiMeH, BYKin KenemHiH, ae, 6eTki
KabaTblHbIH, 1@ KYPblIbIMbIMEH aHbIKTanaAbl. MeTannabiH, MOHAbIK HEMECE KOBANEHTTIK KPUCTANIbIH, KaHe
)apTblnar eTKisriwTiH 6eTiH e3iHAIK XMMuKAcbl MeH dur3nKackl Bap 3aTTbiH, epeKLIe Kyli PeTiHAEe KapacTbipyFa
bonagbl. Katrtbl aeHe 6eTi maceneciHe, 6eT Typaibl fblibIMFA, KYKa KabblKlWanap ¢uaMKacbiHa AereH
KbI3bIFYLIbINbIK KaTTbl AeHe QOU3NKACbIHbIH, KETICTIKTEPIMEH, TEXHMKA/bIK KaHa/bIkTapMeH, epekule
KacnetTepi  Bap  KaHa  VALIpAIK  MaTepuangapibl  Kacay — MYMKIHAIKTEpiMeH,  MiHaeTTepimeH
bIHTaNaHAbIPbINA/bI. Ka3ipri 3aMaHFfbl TEXHONOTMANAPAbI, KOMMNbIOTEPAIK TEXHMKA MEH MUKPO3/EKTPOHMKA
KYPbINFbINApbIH ¥Kacayfa KOMblNaTblH TEXHONOMMAIK TananTap.

Byn ymbicTa Bi3 eHrizy atomaapAblH, OETTIK KaHe Kenemiik apanblkTapda KanTa Tapasy npouecTepiH
KapacTbipAblK, KpUCTanapliH BGeTi KoHe KenemiHAe eHrizy aTomaapAblH, Tene-TeHAiK TapanyblH, COHbIMEH
KaTap, CbIPTKbl KbICbIMHbIH OeT neH Kenemre aCepiH aHblKTayblHa 3epTTeynep Kypridaik. Kpuctann
apanbikTapbl OOMbIHLLIA eHFi3y aTOMAAPAbIH KaTa Tapasy NPOLECTepiH KaHe onapabl TyAblpaTbiH cebenTepi
6iny maTepuanaapablt, 6enrini 6ip GusnKanbik cMnaTTamanapbiH any yuiH bya npouecTepai MakcaTTbl Typae
Ka/biNTacTblpyfa MyMKIHAIK Bepeai. OpTypAai KypbiabiMaasbl MeTangap MeH peTTesnreH KopbiThanap ViliH

apanblk aToMAapablH, Kenemaeri apanblkTapra KaiTa 6eniHy KUHEeTUKackl 3epTTend,.
TyitiH ce3aep: KpUCTan, KaTTbl AgHE, KaTTbl AeHeNepaiH KypblabiMbl

Beenenue
N3BecTHO [1-24], YTO TEKCTypa
MOBEPXHOCTHOTO  CJIOS MeTajlla MM  CIUIaBa

OKa3bIBACT 3HAYUTEJILHOC BJIMSHHE Ha €ro (PU3MKO-
MexaHudeckue cBoiictBa [25, 26]. IlocpenctBom
peryIupOBaHMsI THUIIA U COBEPIICHCTBA TEKCTYPHI
BO3MOXKHO TMIOJYYCHHE METaUIMYECKUX IUICHOK C
OTIpe/IeTICHHBIMY, 3apaHee 3aJJaHHBIMH CBOMCTBaMHU.
Haubonee pacnpocTpaneHHBIM ClTOCOOOM HaHECEHUS
IJICHOK HA M3JCNHS SIBISICTCS DIEKTPOJUTUYECKOE
OCaXJEHUE, HalpuMmep, XxpoMupoBaHue. OgHUM U3
HEZOCTAaTKOB 3TOTO CIoco0a SIBIISIETCS HACHIIIICHHE
IJIEHOK BOJOPOJIOM, TIPUBOJIAIICE K CYIIECTBEHHOMY
TTOBBINICHHUIO X XPYITKOCTH.

ATOMBI BOJOpOAA - 3TO aTOMbl BHEIPEHHS,
pacipenesnsonecss M0 MEeXA0Y3JIUIM KpHCTala.

Copmepxanne  Bogopoa B IUIEHKE, T. €.
PacTBOPUMOCTh MIpUMecH BHEJIPEHUS, B
3HAYUTEIFHOW Mepe OIpenemseTcs TEKCTYpOou

IIOBEPXHOCTHOI'O CJIOA OCaXOIAaeMOI'o0 METajlja. HpI/I
OTOM B 3aBUCUMOCTHU OT KOHICHTpPAIUHU aTOMbI
BHCPCHUS paCHoJIararoTcsa B MCXKI0Y3JIHUAX OJHOIO
WJIN Pa3/IMYHBIX TUIIOB Ha IMOBEPXHOCTHU U B o0neMme.

TekcTypa mOBEpXHOCTH  (GOpPMHPYETCS B
3aBHCHMOCTH oT YCIIOBUI o0Opa3zoBaHus
KpUCTaJUIMUeCKOM  TuieHku.  Hampumep, npum

NEKTPOITUTHIECKOM OCaXKJCHUN TEKCTypa
Olpe/eNseTCs TUIOTHOCTBIO AIIEKTPHYECKOTO TOKa,
CKOPOCTBIO OCAXJICHHMSI, TOJIIMHOW 0Opasyromeics
IUICHKH, TIPUPOAOH OcaskaaeMoro meramia. Tak, mpu
XPOMUPOBAaHHM TIONYYAIUCh TEKCTYPBl C OCSMH
(111), (112), nepneHIUKYIAPHBIMHA K TIOBEPXHOCTH
IUIGHKH, TPU TIOBBIIICHUH CKOPOCTH OCaXICHUSI

yBENMUMBAJIACH  KOHIIEHTpANMs  BOJIOpOJAa IS
TeKcTypsI ¢ ockio (111) 6onee yem B 1Ba paza [27].
3HaHMe xapakTepa PaBHOBECHBIX

pacmpezieieHuil aTOMOB BHEAPEHHSI M0 Pa3IMYHBIM
MEXAOY3NIUsAM I KPUCTAIOB C  Pa3IMYHOU
CTPYKTypol  CBOOOJHOWH MOBEPXHOCTH, 3HAHHE
CKOpOCTEH Ipolecca IepepacupeieieHus] aTOMOB
BHEJPEHUS WM BpPEMEHH pEeJaKkCalil 3TOTo
mporecca MOXET IOMOYb BBIPa0OTKE pPEXHUMOB
[OJIy4€HUSI ~ KPUCTAIUIOB  C  OIpEeNeHHBIMA
CBOICTBaMH, B YaCTHOCTH PEXIMOB
3NEKTPOJUTHYECKOTO HAHECEHHS TUIEHOK Ha U3JIeNus
WM TIPOKAaTa C UeJIbI0 GOPMUPOBAHHS HEOOXOIMMOM
TEKCTYpHI TOBEPXHOCTH.

B nacrosmiem maparpade OymyT pacCMOTPEHBI
CIly4ad pacHpelesIeHUus] BHEJPEHHBIX aTOMOB KakK B
OKTa-, TaK M B TETPAdIPHUECKUX MEXKIAOYIINHUIX
kpuctaimoB OLIK cTpykTypbl co cBOOOTHBIMH
noBepxHocTsmu (001), (011) umm (111) [28-40].
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MeTtoanl
pe3yJbTaToB

HCCJICJOBAHUA H oﬁcymeﬂne

1. PaBHOBecHOe pacnpeaejleHrHe aTOMOB
BHE/IPpeHUs] B KPHUCTAJLJIe ¢ MIOBEPXHOCTHIO IPaHH

(001)
[pencrapusier UHTEpec pacnpeeneHue
BHEJIPEHHBIX aTOMOB TI0 OKTajapuueckum O u

terpadapudeckum 1’ mexaoysnmsim. Ha rparu (001)
MOXXHO BBIJEIATh TPH THUNA TOBEPXHOCTHBIX
Mexaoy3muii: O1, O,, Ti. (puc. 1). O-Mexmoy3nue B
o0beMe MMeeT JaBa ONMKaWIIMX COCeTHHX y3ia Ha
paccrosuuu 0,54 U 4eThIPE HA PACCTOSHUH A,/ 2, T/ie
a — mapameTp KyOM4ecKoil pemeTKu. 7-Mexa0y3ime
MMEEeT 4YeThIpe OMMKAHIINX COCeNHWX Vy3i1a Ha
paccrosaun V5a/4. TIoBepXHOCTHBIC MEKIOY3ITHS
O1, O,, T1 UMEIOT COOTBETCTBCHHO IIATh (OJUH Ha
paccrostann 0,5 U 4YeThipe Ha PacCTosSHUU a//2),
yeTblpe (nBa Ha paccrosHun 0,5¢ u 1Ba Ha
paccrostHnn a/v2) m Tpu (Bce HAa PACCTOSHUH
V5a/4) 6mmxalmux coceaHHX y3ma. Bo3MOXKHEI
nepexosl Takoro tuna: O— T (deThIpe mepexoia u3
Kaxgoro O-mexpaoy3mus), 1—O (mBa mepexona),
01— T (getpipe nepexona), 71— O; (oauH mepexon),
0>—T: (mBa mepexona), 71—0, (oguH TEpexon),
0>—T (omun mnepexon), 7—O, (oaAWH TEpexon).
[locmenane  nBa  mepexoma  0OyCIOBIMBAIOT
nepepacrnpesicieHie BHEAPEHHBIX AaTOMOB MEXKIY
MOBEPXHOCTHBIMH M 00BbEMHBIMH MEXA0Y3NHsiMU. B
COCTOSIHHH TEPMOJMHAMUYECKOTO PABHOBECHS YUCIIO
MPSIMBIX U OOPaTHBIX TIEPEXO0/I0B B €AMHUILY BPEMEHU
OJIMHAKOBO. PaBHOBECHOE 3aIOIHEHUE MEXKI0Y3IIHN
BHEJIPEHHBIMH aTOMaMH OyJleM XapaKTepH30BaTh
OTHOCHUTEIBHBIMU KOHIEHTpanusmMu v; (i =1, 2, ...,5)
COOTBETCTBEHHO AJIA MEXA0Y31uil msitu Tunos: O, T,
O1, O,, T\. KoHlleHTpaIu v; HaX0IUM C TTOMOIIEIO
MIPUHIIATIA IETATPHOTO PAaBHOBECHSL.

Kpucramniueckyro pemeTky, cojepxaniyto z+1
KpUCTAITIOTpapUUECKUX TUIOCKOCTEH, Iapaielb-
HBIX  CBOOOJHOM  TIOBEPXHOCTH  KpHUCTajIa,
pa3duBaeM Ha 1 CIIOEB, KAXK/BIH U3 KOTOPBIX UMEeT
TOJIMHY ¢ W Ha E€JUHUYHOHN TuIomamu B o0beMme
coliepkuT N, a Ha TmoBepXHOCTH — 1,25N y3Io0B,
3aHATBIX aToMamu A. Kpome Toro, B 00BEMHBIX
crnosix comepxkurca 3N O-mexpoysmuid u 6N T-
MEXI0y3IIni (KOTOPBIE MOTYT OBITH 3aHATH ATOMAMU
(), a B KaKIOM U3 I[OBEPXHOCTHBIX CIIOCB
(paccmarpuBaeTcs CHMMETPUYHBIN cirydaii)
conepxutcs N=1,25N y3nos, 0,5N O-Mexa0y31ul,
N O -mexnoy3nuit u 2N T1-Mexa0y3Tui.

He ©Oymem npuHuMaTh BO  BHHMaHUE
KOPPEJSIHMI0O B CIUIaBe, M3MEHEHHS MEKaTOMHBIX
paccTOsSHUM, T€OMETPUIECKHE MCKAKEHUS PEIIeTKU
u oObeMHble 3(deKTs, 00YCIOBJIEHHBIE KaK
CBOOOJHON TOBEPXHOCTBIO KpHCTaUla, TaKk U
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aToMamMu BHeApeHus. Bocmonszyemcsi MOAENbIO
MTapHOTO B3aMMOJICHCTBUS ONIDKAWITUX aTOMOB, HE
YUHTHIBAsI B3aNMOJIEHCTBHSI BHEJPEHHBIX aTOMOB.

@ — aroMbl Ha y37ax peueTk; X—o — 7- u O-
Mexaoy3aus; O — BepUIMHBI  HOTEHIHATbHBIX
6apnepos P, P/, P”.

Pucynok 1 — IloBepxuoctHsie Ha rpanu (001) u
o0BvemHbIe Mexka0y3musa B OLIK pemeTke

Ecau uncno Bueapennsx atomos C 0003HAYUTH
yepes & Ui Bcero Kpuctaima, a uepes3 Ni, Na, N3, Na,
Ns B cltoe COOTBETCTBEHHO 11 Mexxnoy3muid O, T, Oy,
O,, T\, OTHOCUTEIbHBIE KOHLIEHTpauuu atomMoB C
Oy/ayT paBHBL:

_Min=3) _M(n-3)

Vy=——, Uy =———,
2N, 2N, 2N:
S A

M3MeHeHne OTHOCHUTENIBHOM KOHIIEHTpaluuu Vi B
eIMHUILy BPEMEHH 3a CUeT MepexoqoB Tuma i—j (i,
j=0,T,0, 0, T1) 0603HaunM uepe3 R;. Benmuunb
R; B mpennoiokeHun E<<N, MOryT OBITh
NpeACTaBICHbI B BUJE [2]

Rij = Z;jviWyj, (2)

r€ Z;j — 4MCII0 OMMKANIINX MEKI0Y3IMH j-T0 THIA
BOKPYT MEX/I0y3IHs i-ro Tumna, a Wy; = %exp (%) /
T — BEPOATHOCTH MPEOJOJICHUS TOTEHIMAIHLHOTO
Oapbepa BbicoTOM W;j Tipu mepexoze i—»j, npuyem
T~10713 ¢ IIOCTOSHHAS, MMEIOIAsi CMBICI
CPEIHEr0 BPEMEHH, B TEUEHHE KOTOPOT0 IPOUCXOIUT
mepexoji 4Yepe3 TMOTCHIMaNbHBIN  Oapbep. Ha
MMOBEPXHOCTH 7; B OOIIEM Ciy4ae OTJIMYAaeTcs OT
3HaueHus1 7, B oObeme. M3BecTHO, dYTO A
OOJIBIIMHCTBA KPUCTAIUIOB T,/T~2 [41]. Benuunna
W;j=Ui—Up, TAE U; — SHEPTHUsl BHEAPEHHOTO aTOMA B i-
M MEXIOY3NIHU; U, — dHeprusi aroma C B BepIINHE
MMOTEHITHABHOTO 0aphepa TIpH TEepexoie i—».
BepmmnaMu moTeHIMANBHBIX OapbepoOB  SIBISIOTCA



On.[. 3on0TapeHKo n ap.

toukun P, P', P" (puc. 1), KOTOpBIE HaXOIATCS
nocepenHe MexXIy O- U T-MEXI0Y3TUSIMH.

B paBHOBECHOM COCTOSHMM  BBITIOJHSFOTCS
paBeHCTBa

R;j = Ry, 3)

KOTOpBIE C YYETOM 3Ha4€HUM Z; u Wj; NpuHUMaIOT
BH]

-V -V

20, eXp —— = v, exp —
VEXP T T2 P
—Vo —Ur,
4v4 expk—T1 =1V, exp le, (4)

—Vo —Ur,
4v, exp kTZ = Vg expk—Tl,

_UOZ _ 1 Tg —Ur

V4 €XPp kT —ﬁvz—expk—T.

v

W3 monydeHHbIX ypaBHEeHWH (4), y4YUTBIBas, YTO
>, V; = 1, HAXOIUM PaBHOBECHBIE KOHIICHTPAIIUH

T, U
v, =3nZ" 1—exp kfI)"
Ur
=6nZ" 1—
2 n eXp kT
Uo
=Zexp—+, 5
vy =2 exp 2 )
Uo
=2Z"1exp——-%,
174_ eXp kT
ur,
=47l exp—,
Vs exp kT

rIe

Z = Sn(exka+2exka) + ex p kT

Vo,
+ 2expk—T + 4exp k_T

3aBUCUMOCTD
BHEJIPEHHBIX
THUIIOB  OT
3aBUCUMOCTH
SHEPreTUYECKUX
Ecau, nHampumep,

@opmynsl  (5)  ompenensiorT
OTHOCHUTEIbHBIX KOHIICHTpAIMHA Vi
aTOMOB B  MEXIOY3IHUSIX Pa3HbBIX
TeMmIeparypbl.  Xapakrep  3TOH
OTIpENIEIISICTCSI  COOTHOIIEHUEM
napameTpoB Vg, Ur, Vg, , Vo, U, -
Vo > VUr,Vg,,V0,,Vr,, TO ipu T—0 umeem v; =1,
Vy = V3 =V, = Vg =0,aecnnvy > vp,vp,,V0,, U, 5
toipu T—>O umeem v, = 1, v; =v3 = v, = v5 =0,
T.. C TMOHWKEHUEM TEMIIepaTypbl BHEIPEHHbBIC
aTOMBI CTPEMSITCSI YUTH C TMOBEPXHOCTH U 3aHSITH B
00BeMe MEKI0Y3ITHS ¢ HAMMEHBIIICH TTOTEHIINATLHOM
sHepruei. Ecnu B3aumonelicTBHE BHEIPEHHBIX
aTOMOB ~ C  y3eNbHBIMH  HOCHT  XapakTep

OTTAIKHABAHUS, TO TPH |v01|, |v02| > |vg| m |le| >
|ur| moBepxHOCTH OymeT oboraimarses atomamu C H,
CIIEIOBATENBHO, OTHOCHTEIbHBIE KOHIICHTPAILIMU V3,
v4 OyayT Oombme wi/n, a vs — Oodbme w/n. B
3aBUCUMOCTH OT COOTHOIIEHUH BETMYUH Vg, Vg, , U,

BHEIIPECHHBIC aTOMBI OynyT YHOPSIIOYEHHO
pacroiaraTeCsi Ha TOBEPXHOCTH KpUCTAJLIA.
Ilppy  BBICOKMX  Temmeparypax  OTHOLICHHUA
KOHIICHTpALIUIA V; UMEIOT BUJT
V1 V2
——v3v4v5—3—6—124 (6)
nn T, Ty

2. Biausinue TOJIIIHUHBI
pacnpenejieHue aToMOB BHeJIpPEHUsI.
NMOBEPXHOCTHO cerperauuu

KpPHCTA/JIa HAa

Iddexr

Bripaxkenus (5) mo3BOJSIOT BBISICHUTH BIHSHUE
TONMIMHBI KpUCTAUIAa W OTHOUICHWS 7, /7, Ha
pacmpeneneHue BHEJIPEHHBIX aTOMOB o
MEXJIOY3/IMsIM pa3HbIX TUTOB. Ha puc. 2 npuBeeHs!
pe3yIbTaThl pacyeTa 3aBUCHMOCTH pPaclpeleieHHs
BHEJIPCHHBIX aTOMOB IO Pa3IMYHBIM MEXA0Y3IHIM
IUTACTHHBI OT BEIWYHMHBI 7 TIPU AOCTATOYHO BBICOKUX
TeMmmeparypax, koraa k7>> fz),- | . Biustnue TonmmHe!
IUTACTHHBI CTAHOBUTCS 3aMETHBIM IIPH JIOCTATOYHO
manbix 3Hadenusx n (n<10). Ilpu 3amansoM & ¢
YMEHBIIIEHUEM 71 YMEHBINAETCs Z, a KOHICHTPAI[UH
wvi/n, w/n, Vi, Vi, Vs YBEIIMYHMBAIOTCI W PaCTeT
Pa3HOCTh MEXTY OTHOCUTEIILHBIMH
KOHIIEHTPAIUAMH, T.€. paclpeielieHre BHEIPEHHBIX
ATOMOB I10 MEKIOY3JIHSIM Pa3HBIX TUTIOB CTAHOBUTCS
0oJiee KOHTPACTHBIM TPU MEPEX0Jie OT KpHcTallla K
IJICHKE.

Baxxuabim (hakropom, OTIpEACTISIOIIAM
nepepacnpesieieHie BHEAPEHHBIX AaTOMOB MEXKIY
MOBEPXHOCTHBIMH W OOBEMHBIMH MEXKJIOY3JIHSIMH,
SIBIISIETCSI OTHONICHUE 7,/ 7;. Kak BUmHO Ha puc.3, ipu
7,>T; TIOBEPXHOCTH OOCNHSIOTCS BHEIPEHHBIMH
aToMaMH, a MpH 7,<7;, HA00OpOT, — oOoramaroTcs
(camraercs, uto kT>> | v | ). I3MeHeHne oTHOIIEHUS
7/7; TOYTH HE BIMAET Ha 3HAYEHUS Vi, V2
OTHOCUTENILHON KOHIIEHTPAIlMK BHEIPEHHBIX aTOMOB
B o0beme kpuctamioB ¢ n>>1. Ilpu n<10
W3MEHEHWE  OTHOIICHHWS  7,/7; ~ BIMSET  Ha
KOHIIEHTPALMH Vi, V2. 1151 OONBLIIMHCTBA KPUCTAIJUIOB
BBITIOJIHSIETCS HEPABEHCTBO 73<7, M BHEIPEHHBIE
aTOMBbl C OJIM3KMMH 3HAYCHUSIMH JHEPTeTHYECKUX

napameTpoB (UO = Ur = U01 = UOZ = le) C
OoubLIEH BCPOATHOCTBHIO 6y[[yT 3aHUMAaThb
MCXKI0Y3JInA B O6BeMe, 06pa3OBLIBa$I

TTOBEPXHOCTHBIN CIIOH, 00 THEHHBIN 3TUMH ATOMAaMHU.
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ATOMbI BHEZAPEHMNA B OKTa- U TETPAsApPMHECcKMX mexaoy3nnax OLLK kpuctannos co CBO60,D,HOIZ NMOBEPXHOCTbIO

0.16 -

0,12 -
vy/n
0.08

0.04 -

I — n

0,00

Pucynox 2 — 3aBUCHUMOCTH PaBHOBECHBIX
KOHIICHTpAITNil BHEAPEHHBIX aTOMOB B Pa3IMIHBIX
MEXIOY3IHUSIX OT 7

0,332 | = 0.6
0328 ‘ FO4

0,320

0.0 04 08 1.2 1,6 -

PucyHok 3 — 3aBHCHUMOCTH paBHOBECHBIX
KOHLIEHTPALMH Vi, V3 OT OTHOLICHUS 7/ T;.

Hamnume Ha  y3max  aroMOB — IIpUMECH
KOMIIOHEHTa B B MeTaiie 4 NPUBOANUT K U3MEHEHHIO
PaBHOBECHBIX KOHIEHTpauuii Vv, Mccnenyem Ttakue
W3MEHEHUS V; B IIPOCTOM CIIydae MEXI0Y3JIUil IByX
THUIIOB.

MO>HO OTrpaHHUYUTHCS PACCMOTPEHHEM CILIABOB
¢ OLK pemieTkoil, B KOTOPhIX BHEIPEHHbIE aTOMBI
MOTYT 3aHMMaTh TOJBbKO 7-Mexnoy3nus. B Ttakmx
CIIaBax pacrpeesieHHe BHEPEHHBIX aTOMOB OyZeM
ONKCHIBATE MPH OMOIIU BEIMYUH Vy U Vr, .

O6o3HaunM B3AThIE C OOpaTHBIM 3HAKOM
SHEPTUH B3aUMOJICHCTBUS Naphl OIMKAMIINX aTOMOB
AC n BC, mHaxomsammxcs Ha TOBEPXHOCTH WU B
00bEME, COOTBETCTBEHHO Uyrc, Upc U Uyc,VUgc. B
pamMKax MOHOCIJIOHONH MOJENH MOBEPXHOCTH [42]
SHEprud atoMoB B 71- u  T1-MEXIOYy3IHUsIX
Mpe/CTaBJICHbI B BUJIC

lur| = 4(Cqvac + Cpupe),
lur,| = 2(C"aDac + C'30sc) + Cavac + Cpvpe- (7)
3neck C’3 1 Cp — KOHIIGHTPAITIH aTOMOB IIPUMECH Ha

y3JaxX PEMISTKH Ha TOBEPXHOCTH M B 00BEeMe
KpHUCTaJia COOTBETCTBEHHO [43].
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VYcnoBust paBHOBECHS OTHOCUTEIBHO NIEPEXOI0B
BHEJPEHHBIX aTOMOB MEXAY 7-MEeXKIOY3IHSIMH Ha
MMOBEPXHOCTH W B 00BEME TMO3BOJISIOT HAWTH
paBHOBECHBIE 3HAYCHUSA OTHOCUTEIBHBIX
KOHLIEHTPALMHI Vr ¥ Vr, B BUJIE

T U4 — 20,40 + AT L
vy = [1 + ZT—Sexp (— AC kTAC )] , (8)
v

le =1 _VT,

rae

A = 3(pc — Uac)Cp — 2(Upc — Dac)C'p-

Bugno, 4TO J00aBKa aTOMOB B,
B3aMMOJICHCTBYIONMX C aTOMaMd BHEAPCHUS Tak,
YTO BBIMOJHAIOTCA PABEHCTBA Uy = Upgc U Uyc =
Upc, HE BIMSET Ha pacmpezencHue atromMoB C 10
Mexaoy3nusM. B obmem cioydae A= 0 u BBeaeHue
aToMOB B, mpuBomammx K ycioBur A> 0,
CIOCOOCTBYET POCTY VrH YXOJly BHEAPEHHBIX aTOMOB
¢ moBepxHocTU. B crutaBax ¢ A< (0 Hamu4me aTOMOB
Tina B JOMKHO TPUBOAWTH K  OOOTAIIeHHUIO
noBepxHocTH aromamu C.

®opmynsl (8) ynpoImarTes B cliydae CIUIaBOB, B
KOTOPBIX 3()(heKT MOBEPXHOCTHOH Cerperamui aToMOB
Ha y3max HesHauuTeneH (Cp=~C%) m C(Cp<<l, m
MO3TOMY MOYHO 3aIHCaTh

V_T_ﬁ( 1 UAC_UBCC)
n o G+1 kT B)
_ 0 (1 1 UAC_UBCC 9
v =VE\ T e 1T kT 5)
rue
V’]Q = (VT)CB=0; V7Q1 = (VTl)CB=o,
1 Vac
G_Enexpk—T>0-

U3 Bepaxkenuit (9) ciemyer, 4To npu Usc —Lsc >0
BBEJIEHUE aToOMOB B B MeTamun A TPUBOAUT K
YMEHBIICHUIO BEJMYUHBI V7 U YBEIMYEHUIO Vr, W,
Ha000poT, PU V4c—Upc<0 - K YBEIWYCHUIO Vi U
YMEHBIIECHHUIO Vr, .

Takum oOpa3zoM, BBeICHHEM aTOMOB B MOXKHO
pEeryaupoBaTh MpoLecc BBIBOJIA BHEAPEHHBIX aTOMOB
n3 o0bemMa KpHcTalyla Ha MOBEepXHOCTh. llpum
HAJINYHN IKCTIEPUMEHTAIILHBIX pe3ynbTaTOB
pacmpeneneHuss BHEAPEHHBIX aToMoB 1o  I-
MEXI0Yy3JIMsIM TIOBEPXHOCTH 1 00beMa u3 (9) MOXKHO
Obuto OBl czenaTh ONpelesIEHHbIE BBIBOABI O
3HAYCHUSX napamMmeTpoB MEKaTOMHOTO
B3aUMOJICUCTBUSA Uy, Ugc-
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3. ATOMBI BHeJIpeHMs B KpHCTaIe C
noBepxHocThIo rpanm (011). Bpems peiakcauuu

Homyctum, 4TO aTOMBI BHEJIPCHUS
pa3MemnIarTcs B OKTAdIPHUYECKUX MEXI0Yy3nmusix. B
ooseme 310 Mexaoysmua O u O, (puc. 4). Ha
MOBEPXHOCTH TMOTCHIUAIBHBIN penbed TUIOCKOCTH
(011) BeImensier Mmexnoy3nus 1 u I1,. Mexnoysnus
O\ uMerT mo aBa OmmKalmMX aToMa B y3Jax
KPHUCTAJUTMIECKON PEIIETKH Ha PACCTOSHUHN 1=a/2 |
av2

2 b
Mex0y3mus O, — 10 4eThIpe aTOMa Ha PacCTOSTHHUN
71 ¥ MO JBa HA PacCTOSIHUM 72. [lOBEepXHOCTHEIE
Mmexaoy3nud [1, Il IMET COOTBETCTBEHHO M0 /IBa
OMmMmKalIIMX aToMa Ha PAcCTOSHUHM 71 M TPH HA
PacCTOSHUM 7 ¥ TIO TPU HA PACCTOSIHUM 7| U JIBA Ha
paccrosiauu r». [Ipu nepexone aromos C u3 O- B I1-
MEX/IOY3IIisl OHM TIPEONOJIEBAIOT TOTEHITMATBHBINA
Oapeep, BepmiMHa KOTOporo P HaxomuTcs
MOCEPEIMHE MEXKIYy paccMaTpUBACMBIMH THIIAMHU
MEXJI0Y3JIMH ¥ UMEET YeThIpe OMKaNIINX aToMa Ha

T -

KPUCTAIUTMYECKON PEIIETKH).

MO 4YeThIpe arToMa Ha pACCTOSIHUU Ty =

paccTosiHUU 13 = MOCTOSIHHAS

® O -
e O -

® - y3m 00bEeMHBIE
Mexaoysnusa Oi, Oz; IMOBEPXHOCTHBIE
Mexaoy3nud [T, Ih; x — BeplIMHbl TOTEHIIUATBHBIX
OapbepoB.

pemeTKy;

Pucynok 4 — I'pansb (01I) kpucramaa OLIK
CTPYKTYpBI. BepxHUil MOBEpXHOCTHBIH CIIOM:

ATOoMHBIC KOHOCHTpauu KOMIIOHCHTA C B

Mmexaoysnusax Oi, Oz, [Ih, I, onpenensiem
CIIeIyIomuM 00pa3oM:

nh; n2 2N, 2N,
[ T S i i S

rae & — nmomHoe uucio atoMoB C; Ni, Nz, Nz, Ns —
yuciia atoMoB C B nosunuax O1, Oz, 11, 1T, ogHoro

AaTOMHOTI'O CJI04d, Ha KOTOPBIC p336I/IT KpUCTaJLI.
PaBHOBecHBIC 3HAUYCHMS KOHHGHTpaHI/Iﬁ Vi
PaBHBI:

Yo,
kT
0

U, 1 Un,
expﬁ,m =X expﬁr

Vo
0 _ -1 0 _ -1 2
vy = 3nx" " exp ,V; = 3nx exp—kT,

-1

(11)

v)=x

rae

) v
x = 3nexp%+ 3nexp%+

v v
+ exp % + exp %

I[lo dopmyme (11) HaxoaumM 3aBUCHUMOCTH
OTHOCHTENbHBIX AaTOMHBIX KOHIEHTpamui v ot
temneparypsl. [Ipu Beicokux Temmneparypax (7—oo)
OTHOILIIEHUE KOHILEHTPALUH B CIIOE€ OMNPEHENACTCS

COOTHOILICHUEM
Yo, Yo, Uy Uy _ ey q
n 2 '

T.€. OTHOIICHNE KOHIIEHTPAUi aTOMOB BHEJIPCHHUS B

cioe olnpeneseTcs OTHOLIEHUEM yucesn
MEXIOY3MMi  Kaxpaoro tuma, u atombel C
pacmpenensiorcss paBHOMEPHO MO 00beMy W

MMOBEPXHOCTSIM He3aBUCUMO OT N. C MOHMKEHUEM
TeMmrepaTypbl atoMbl C CTpEeMSTCS 3aHATh TE
MEKJ0Y3JIUs, B KOTOPBIX UX MOTEHIHAIbHAS YHEPTUS
MHUHHMAaIbHA.

HomyctuM, 4TO  TeMIieparypa  KpUcCTailla
CKa4YKOM H3MeHseTca oT 3HadeHws 71 no 7». Ecam
sHeprun aromoB C B O-MEXIOYy3IUAX W,
COOTBETCTBEHHO, B [/-MEXIOY3IMHIX OTIHYAIOTCS
cnabo, Tak YTO MOXKHO MOJOKUTh Vg = Vg, = Vg,
UnEUnl EUHZ, TO
penakcaluuTeMIIepaTypHOTO  TIepepacipeneacHus
aTtoMoB C 110 TO3MIIUSAM Pa3HOTO THIIA OYJIET paBHO

BpeMs

—(un —vp

—(vo —vp
—, (12
A

t"=r1 [Zn exp

rjge MHONOKEHO T = Tgq =T, ~ 1073 ¢c.  Takum

o0pazom, CKOpPOCTB nepepacnpenencHus
BHEJPEHHBIX aTOMOB, OOpPAaTHO MPOMOPIIMOHAIbHAS
BPEMEHM pENIaKCalluH, ONPEAEIAETCS TEMIIEPATypOr
IJICHKH, €€ TOJIIMHOHN, CTPYKTYpoil, cocTtaBoM (B
Cllyyae CIUIaBa) U DHEPreTUUECKUMHU I1apaMeTpaMH.
Uucno aTOMHBIX CIIOEB B KpPUCTAJIE OKa3bIBacT
CUJIBHOE BIIMSIHME HAa BPEMs pelaKkcaluy B Cilydae
TOHKHUX IUIEHOK. Ecim BpeMmsi penakcanyii OLEHEHO
9KCIIEPUMEHTAIBHO C  JIOCTaTOYHON  CTENEHBIO
TOYHOCTM  IPU  PA3iIM4YHBIX  TEMIEpaTypax,
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ypaBHEHUe (12) I103BOJISAET
SHEPTreTHYECKHE apaMeTpbl CUCTEMBI.

ONpeNICTUTh

4. AToMBI BHeJApeHMA B KpHCTALIE C
noBepxHocThI0 rpanm (111)

Paccmotpum  pacmpeneneHue — BHEIPEHHBIX
ATOMOB I10 OKTa- M TETPa-MeXKI0Yy3JIUsIM B 00beME U
MOBEPXHOCTHOM MOHOCJIO€ meramra  OLIK
CTPYKTYpPHl CO CBOOOJHOH ITOBEPXHOCTBIO TpaHU
(111), ©Ha KOTOPOH TOTCHIMAILHBIA peibed
KpHUCTalIa BBIIEISIET OBEPXHOCTHBIE mo3ummu 11,
I, Haxongmuecs: Ha camoil moBepxHOCTH, U 113, I14 B
MIPUTIOBEPXHOCTHOM MOHOCIIOE (pHC.5).

AToMHEIE KOHLIEHTPaLH KOMIIOHEHTa
BHEJIPCHUS B MEX0Y3ITUSIX orpeJeNsieM
CJICYIOIIUM 00pa3oM:

nhNy nNr Np,
Vo =g V= gV = o
_ Np, _ Np, _ N,

v, = T.Vn3 = ?,Vru = ? (13)

OTH KOHIEHTPALMH CBSI3aHbI YCIOBUEM HOPMHPOBKH

Vo + vy +vy +vp, +vp, v, =1

Pacuer paBHOBECHBIX KOHUEHTpaUUi V; naeT
CJIeYIOIIUN Pe3yIbTaT
v
-1 0
Vo =3ny " exp-—,
kT
-1 UT
vy = 6ny " exp T
_ Un
vn, =3 exp o (14)

v, = x lex un,

n, — X p kT’

Un

— a1 3

v, = 6" exp T

Un

— 2,1 Ty

Vi, = 3X7exp T
ra€ oU; — OHEpPrusd BHEAPCHHOI'O aromMa B i-M
MEXJIO0Y3JIUU, OmpenenseMas CyMMOM 3Hepruit

B3aMMOJENCTBUS C  OMKAWIIMMH  COCEIHUMU
aTOMaMH B y3JIaX KPUCTALTUIECKON PEIIETKH, a

=3nex U—0+6nex U—T+3nex m+
X pUkT SkT Up KT
I, 113 I,
—+6 —+3 —.
+ exp T + 6 exp T + 3 exp T

I[lo ¢opmyne (14) paccuuThbiBaeM 3aBUCUMOCTH
OTHOCHUTEIHHBIX PABHOBECHBIX KOHIICHTPAIMHA V; OT
TEeMIIepaTypbl U SHEPreTHUECKUX TTapaMETPOB.
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IIpu
OTHOULICHUE
PaBEHCTBY

BBICOKHX TeMIepaTypax (T—>)
KOHIICHTpaIuit YAOBIETBOPSIET

Vo Vr

;:7:1/“1:1/“2:1/“3:1/“4=3:6:3:1:6:3,

T.€. OTHOIIEHHE KOHIIEHTpaLi BHEAPEHHBIX aTOMOB
B CIO€ ONpelensercs OTHOLUIEHHWEM  YHCel
MEXI0Y3JIMH KaKIOTO THIA, W aTOMBI BHEIPEHUS
pacmpenensoTcss paBHOMEPHO MO OOBEMHBIM |
MTOBEPXHOCTHBIM MEXIOY3IHSIM.

IIpu nm3kux temmnepatypax (7—0) aTombl
BHEJpeHUs OyayT 3aHMMAaTh T€ MEXIOY3Ius, B
KOTOPBIX WX MOTCHIMANbHAS YHEPTHsl MHHAMAIbHA,
T.e. B 3aBUCUMOCTM OT COOTHOILIEHUM MEXAy
SHEPreTUYECKUMU ITapaMeTpamH.

Jis kaxmoro KOHKPETHOTO KpHCTaIa JTH
MEXJIOy3/IMsl MOTYT OBITh Ha3BaHBI, €CIIM W3BECTHBI
SHEPruM  MEXaTOMHOTO  B3aWMOJEHUCTBUS  JJis
Pa3IUYHBIX MEKAaTOMHBIX PAacCTOSHUN, WHBIMH
CIIOBaMH, €CJIH W3BECTHA 3aBUCHUMOCTh OJHEPTUH
B3aMMOJEHCTBUA aTOMOB BHEJIPEHHUA C aTOMaMHU
y3JI0B KPUCTAJUIA OT PACCTOSHUS MEXLy HUMHU.

@ — y3uib1 perieTky; ® ® — 00beMHBIE OKTA- U
terpanosuimu O, T; O X — MOBEpXHOCTHBIE
mo3unuu I1;, Il; ® O — npumoBepXHOCTHEIE
no3unmu 113, I1s.

PucyHnok 5 — PacnonoxeHnue okra- u
TeTpasapudeckux Mexaoysiuit B OLIK pemertke co
cBoOoaHOM rpanbto (111):

[onyvennsie BoIe Gopmynsl (10), (5), (11), (14)
ONPEAEIAIOT PAaBHOBECHBIE KOHLIEHTPALlMd aTOMOB
BHEJPEHUS AJI PA3INYHBIX YACTHBIX CIy4aeB, KOTa
ATOMBI C pacnpenensoTcs TOJIBKO B
OKTa- U TETPadIPHUECKIX MEXKIOY3IHAX B 00beMe, B
MTOBEPXHOCTHBIX MEXI0Y3HUAX, KOTOPHIE SBISAIOTCS
OKTa- WM TETPadApPUUECKUMH, HO C MEHBIIEH
y3€eJIbHOM  KOOpAWHAIMeWd, B  MOBEPXHOCTHBIX,
KOTOpBIE  BBIIENSAET MOTCHUHAJIbHBIA  penbed
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MOCIIEIHE U KOTOPHIX HET B 00BEMe, a TakxkKe s
Pa3IMYHBIX YaCTHBIX CIy4aeB, KOrjga CBOOOHOM
MTOBEPXHOCTHIO KpUCTaIIa siBisieTcs rpadb (111) nom
(011) mim (001).

Comnocrasmsst popmyast (10), (5), (11), (14) mns
paBHOBecHOTO  pacmpernencauss aromoB C B
PA3IUYHBIX TO3HMIUAX, MOXKHO BBISICHHTH BIIHMSIHUC
TEKCTYpbl TIOBEPXHOCTHOTO CJIOSI METala WA
CIUTaBa, €ro COCTaBa (B TOM YHCIIE C y9eToM 3 deKTa
MOBEPXHOCTHOM cerperanyu) Ha pPacTBOPUMOCTD
MPUMECH BHEIPCHUS U TIPSONPEICIUTD TOCICTHIO
JUIE  Pa3IMYHBIX CTPYKTYpP CBOOOJHOW TpaHH
KpHUCTalJIa ¥ TPeJICKa3aTh, KaKUe TPaHU KpHcTallia
JOJDKHBI  OBITh  CBOOOJHBIMH, YTOOBI TOJYYHTh
TpeOyeMy0 pPacTBOPUMOCTh IPUMECH BHEAPCHUS,
CHOCOOCTBYIOIIYIO (hOPMHUPOBAHHUIO OIPEIEICHHBIX
(pM3UYECKUX CBOMCTB MaTepHUaa.
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APPLICATION OF THE NEUTRON RADIOGRAPHY METHOD TO STUDY THE MIGRATION
OF LITHIUM IONS IN ELECTRIC BATTERIES DURING DISCHARGE

Li-ion batteries are widely used in modern technology as a reliable and stable power source. They are a
pair of electrodes separated by a special material impregnated with electrolyte. The charge carriers in such
devices are lithium ions. One of the factors affecting the performance of such batteries is the migration of
lithium ions. Studies have shown that anisotropic migration of lithium ions on the electrode leads to local
lattice dislocations. As a result, the structure of the anode ceases to be heterogeneous, which leads to
inefficient movement of charges in it and, accordingly, to a decrease in battery efficiency [1]. Therefore, new
types of lithium-ion batteries with increased efficiency are being developed and existing ones are being
improved. To this end, research is being carried out, in particular to investigate the migration processes and
behavior of lithium in batteries. One of the effective non-destructive methods for such studies is neutron
radiography, as the total microscopic cross section of ®Li interaction with neutrons is about 940 barns [2]. In
addition, modern neutron radiography facilities allow us to in situ study the internal processes in lithium-ion
batteries.

This article presents the results of a real-time study of the distribution of lithium in two commercial types
of lithium-ion batteries during their discharge. The research was carried out by a non-destructive method at
the TITAN neutron radiography facility. As a result of the research, experimental data were obtained on the
migration and distribution of lithium in batteries in different states. It is shown that when the battery is
discharged, lithium ions migrate to the cathode at a rate of 0.83 x10° and 0.36x10* cm/s.

Key words: LIB, neutron radiography, WWR-K, migration of lithium ions.
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DNEKTPANIK aKKyMyNATOPAApLaFbl IMTUMA MOHOAPbIHbIH, Pa3pAg, KesiHaeri
MUIPALMACBIH 3epTTey YLWiH HEMTPOHAbI peHTreHorpadua a4iCiH KonaaHy

JInTuii-noHabl 6atapesnap CeHiMAI aHe TypaKTbl KyaT Ke3i peTiHAe 3amMaHayu TeXHONOorMAAa KeHiHeH
KonaaHbinaabl. Onap 31eKTPOAUTNEH CIHAIPIATEH apHalbl maTepuanmeH BefiHreH Kyn 3neKkTpoATapAaH
Typaapl. MyHAal KypbiafFblnapaasbl 3apsaj TacbiManaaylbiaap AMTuii noHaapsl 6onbin Tabbinagsl. MyHAaam
baTapesnapblH *KyMbiCbiHa acep eTeTiH dakTopnapablH, 6ipi AUTUIA MOHAAPbIHLIH, MUTpaUMAckl 60bIN
Tabblnaabl. 3epTreynep KepceTKeHAeW, NUTUA WNOHAAPbIHbIH, 31EKTPOATafbl aHWM30TPONTbl MUIPALMACHI
KPUCTaNAbIK TOPAbIH KEPriNiKTi AUCNOKAUMACLIHBIH, Naiaa bonybiHa aKkeneadi. HaTuKeciHae aHOATbIH,
KYPbIAbIMbl BipTeKci3 bonyabl ToKTaTaabl, Oy OHAafbl 3apAATAPAbIH, TUIMCI3 KO3fFa/lyblHa XaHe CalKeciHLle
baTapeaHblH, TUWiMAiNiriHiH, TemeHaeyiHe oakeneai [1]. CoHAablKTaH TWIMAINIM KOFapbl AUTUIA-MOHAOBIK,
baTapeanapaplH, KaHa KaHe KeTingipinreH Typaepi a3ipneHyge. On yWiH KenTereH 3epTTeysep, aTan
anTkaHaa, 6OaTapeanapfafbl  AUTUAAIH  MUrpauMa  npoueci MeH JIUTUIA  MOHAAPbIHbIH, - KO3fabIC
KbINOAAMAbIKTAPbIH 3epTTeyre bafbiTTanfaH. MyHaan 3epTreynepaiH, TMiMAi aaicTepiHiH, 6ipi HEUTPOHABIK,
paguorpadpua 6y36aiTbiH a4ici 6oabin Tabblnagpl, 6MTKeHi °Li HEMTPOHAAPMEH SpPEKeTTECYiHIH, ambl
MUKPOCKOMMANBIK KMMachl WiamameH 940 6apH apl Kypanabl [2]. CoOHbIMEH KaTap, Kasipri 3amaHfbl HEMTPOHAbI
pagnorpadus  KOHAbIPFbIAAPbl ANTUN-UOHAbLIK aKKyMyIATOp/apAarbl ilWKi NpouecTepdi HaKTbl yaKbIT
peXMMIHAEe 3epTTeyre MyMKiHAIK bepegi.
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Byn makanaga AMTUN-MOHAbLI aKKYMYIATOPRAAPAbIH, €Ki KOMMEPUMANbLIK TYPiHE NNUTUNAIH HAKTbl yaKbIT
PeXXMMIHAE 3apAAChI3AaHy KesiHae TapanyblH 3epTTey HaTuxkesnepi bepinreH. 3eptreynep TITAN HENTPOHAbI
paanorpadusanbiK KOHAbIPFbIAA OY3blAMANTLIH SICNEH XKyPrisingi. 3epTrey HaTUXKeciHAe SpTyp/i Kyhaeri
aKKyMyAaTOpAapAarbl MUTUNAIH MUTPALMACHI }KaHE Tapanybl Typasbl Toxipnbenik aepektep anbiHabl. batapes
3apAACHI3AaHFaH Kesae AUTUIM MoHAapbl Katoaka 0,83:107° aHe 0,36-:10™ cm/c sKblgamabIFbIMEH KOLIeTiHi
KepceTinreH.

TyliH ce3pnep: NINB, HelnTpoHabIK paanorpadus, CCP-K, AMTUIA MOHbIHBIH MUTPALMACH.
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MprMmeHeHe MeToAa HEMTPOHHOM paguorpadum ana uccnesoBaHua
MUTrpPaLLMK MOHOB UTUA B 3N1EKTpUYECKMX BaTapeax B npouecce paspaga

JINTNIR-MOHHbIE HaTapen LIMPOKO MCMO/b3YIOTCA B COBPEMEHHOM TEXHWMKE B KAyecTBE HAAEKHOro u
CcTabuNbHOro UCTOYHMKA NUTaHMA. OHM NPeACTaBAAOT CODOM Napy 3NEKTPOAOB, Pa3Ae/eHHbIX CNeLmanbHbIM
MaTepuanom NPONUTAHHbIM 31EKTPOIMTOM. HocuTenamm 3apaga B TaKMX YCTPOMCTBAX ABAAIOTCA MOHbI IUTUA.
OaHWM 13 GaKTOPOB, BAMAOLLMM Ha paboTy Taknx BaTapen, ABNAETCA MUTPaLMA MOHOB ANTUA. MiccnenoBaHmA
NoKasasau, YTO aHU30TPOMHAA MUTPALLMA MOHOB INTUA HA INEKTPOAE NPUBOANT K BOZHUKHOBEHMUIO JTIOKAIbHbIX
ONCNOKAUMIA  KPUCTANNIMYECKOM pelleTku. B pesynbTaTe 3TOro CTPyKTypa aHoda npekpauiaet ObiTb
HEeOJHOPOAHOMN, YTO NPUBOAUT K HeIDPEKTMBHOMY MepelBUKEHUIO 3apAA0B B HEM U COOTBETCTBEHHO K
cHUXeHuto adpdekTnBHOCTM HBaTapen [1]. MNoaTomy pa3pabaTbiBatOTCA HOBbIE M YAYYLIAIOTCA CYLLECTBYOLLME
TUMbl INTUN-NOHHbIE BaTapen C NOoBbILLEHHON 3PPEKTUBHOCTbIO. [ Yero NpoBOAATCA MCCAe[0BaHus, B
YaCTHOCTM, HanpPaBAEHHbIE HA M3yYEHME MPOLLECCOB MUIPaUMM 1M NoBeaeHUs AnTusa B BaTapeax. OaHMM K3
3bbEKTMBHbBIX HepaspylialWwmx MeTOA0B TakMX WCCNeOBaHUI ABNAETCA HEWTPOHHaAa paamorpadus,
NOCKOJ/IbKY MOJIHOE MUKPOCKOMMYECKOe cedeHne B3aumogencTtama 8Li ¢ HelTpoHamm coctasnset okono 940
b6apH [2]. Kpome TOro, coBpemMeHHble YCTaHOBKM HEWTPOHHOM paamorpadum no3BOAAOT MCCAea0BaTb
BHYTPEHHME NPOLLECChI B IMTUN-MOHHbIX BaTapesx B peXmnme peasibHoro BpemeHMm.

B HacToAwen cTaTbe npuBeAeHbl pe3ynbTaTbl WCCAEAO0BAaHWA pacnpefeneHnus aAmtua B ABYX
KOMMEPYECKMX TUMAxX NUTUA-MOHHBIX BaTapesx B MPOLLECCe UX PaspaaKM B PEXMME PeanbHOro BPEeMEHMW.
NccnepoBaHma NpoBeAeHbl HepaspyLwatowmMm MeToA0M Ha YCTaHOBKe HEeMTpoHHOW paaunorpacdum TITAN. B
pesy/nbTaTe MPOBEAEHHbIX UCCAEA0BAHMA ObIAM MOMYYeHbl IKCNEPUMEHTA/IbHbIE AaHHbIE O MUIpaUun U
pacnpeneneHun antus B 6aTapenx B pasHbix COCTOAHMAX. MOKa3aHo, YTo Npu paspaare baTapen npomcxoamT
MUTPaLMa MOHOB IUTUA K KaTody co ckopocTbio 0,83-10° 1 0,36-10™ cm/c.

Kniouesble cnosa: /INB, HelTpoHHas pagnorpadusa, BBP-K, murpauma MoHOB nnUTwHS.

Introduction

Lithium-ion batteries (LIBs) have the best
complex characteristics among currently existing
secondary batteries, due to high energy density, long
service life, non-toxicity, absence of environmental
pollution, flexibility and lightness of design [3].
Currently, LIBs are widely used to power portable
electronic devices. The LIB consists of three main
components: electrode materials (cathode and anode),
electrolyte and current collectors. During the
electrochemical reaction in the electrodes, the
distribution of lithium ions on the surface and inside
the electrode is different, which manifests as a
concentration gradient of lithium ions, which in turn

leads to the migration of lithium ions. In most cases
the migration of lithium ions plays an important role
in the kinetic processes occurring in the electrode
materials, as the migration determines the reaction
rate in the electrode materials and as a result the speed
characteristics of the electrode [4, 5]. Lithium ion
migration also affects lattice deformation, which is
crucial in limiting battery life. For this reason a great
deal of attention has been paid to research into the
materials and processes involved in lithium-ion
batteries [6-10]. Methods such as X-ray powder
diffraction, X-ray photoelectron spectroscopy and
other methods are used to study the migration of
lithium ions. [11]. One of the effective methods of
studying the migration of lithium ions in LIBs is the
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Application of the neutron radiography method to study the migration of lithium ions in electric batteries during discharge

non-destructive method of neutron radiography. As
the following nuclear reaction takes place on lithium;
Li+n—>3H+*He+4.78 MeV. The total cross-section
of the interaction of this nuclear reaction is about 940
barns. In this work, the method of neutron
radiography and tomography was used to study the
migration and distribution of lithium ions in
commercial types of lithium-ion batteries during their
discharge.

10

Materials and methods

In this paper, two types of commercial lithium-
ion batteries were investigated: CR2016 and CR2032.
The CR2016 battery has a diameter of 20 mm and a
thickness of 1.6 mm. The electrical capacity of the
battery is 90 mAh. The CR2032 battery has a
diameter of 20 mm and is 3.2 mm thick. The electrical
capacity of the battery is 230 mAh. The sample
batteries are shown in figure 1.

Figure 1 — Outside view of the tested batteries

The cathode in the two types of battery is
manganese dioxide and the anode is lithium. The
batteries also use an organic electrolyte and a
polypropylene separator. The battery case is made of
stainless steel.

Neutron radiography and tomography were used
to study the migration process of lithium ions in these
types of batteries. The essence of the neutron
radiography method is that the object under study is

irradiated with a collimated neutron flux, where the
difference in neutron absorption cross sections for
different elements of the object provides information
about the internal distribution of inhomogeneities of
the materials under study. The detector records the
distribution of the neutron flux behind the object. The
neutron radiography method is shown schematically
in Figure 2.

vh e
W

Neutron source Collimation

Figure 2 — Schematic diagram of the neutron radiography method

Neutron radiation passing through the material
will weaken and is described by the formula (1) — the
Beer—Lambert law [12].

t
| = Ioe—fo N(x)o(x)dx (1)

The degree of attenuation of radiation will depend on
two processes - scattering and absorption. A radiation
attenuation coefficient (u) is introduced to quantify
this value. Substituting this coefficient into the
formula (1), the Beer—Lambert law is transformed
into (2). This value describes the degree of
penetration of the radiation into the material.

I = Ioe_“x. (2)

During the experiments, the batteries were
connected to a 0.068 W resistive load (see Fig. 3) and
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were irradiated with a polychromatic neutron beam.
During the tomographic images, the batteries rotated
around the central axis. All neutron images were
processed and analyzed in the ImageJ program [13].
In addition, due to the irregularity of the neutron
beam, each type of sample in each experiment,
images of an open beam (Open Beam) with an open
gate (protective shutter) and a dark background with
a closed gate (Dark Field) were taken. The dark
background is eliminated by pixel-wise subtraction of
the average dark background image without the
neutron beam. The image was corrected according to
formula (3) [14, 15].

Iproj - Idark field ) (3)

P, = —log<
" Iopen beam Idark field
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B

1 — neutron guide, 2 — goniometer, 3 — sample, 4 — detector system, 5 — PC.

Figure 3 — Electrical scheme of the experiment.

TITAN facility Figure 4. The facility is located on the first horizontal
channel of the WWR-K research reactor [17-19]. The
Neutronographic experiments were carried parameters of the TITAN facility that were used
out on the TITAN neutron radiography facility during the experiments are shown in Table 1.
[16,20]. A schematic view of the facility is shown in

1 - WWR-K reactor core, 2 —shutter, 3 — collimator and neutron beam filter, 4 — neutron guide, 5 —
goniometer, 6 —detector system, 7 —beam stop.

Figure 4 — The layout of the main elements of TITAN facility (top of view).

Table 1 — TITAN setup parameters during experiments

Energy spectrum of neutrons Maxwell spectrum (thermal neutrons)

Distance from the moderator to diaphragm 3.5m

Distance from diaphragm to sample L 7m

Hole diameter D 20 mm

L/D 350

Field of view 9*9 cm?

Scintillation screen ®LiF/ZnS: Ag —thickness 0.1 mm
HAMAMATSU-S12101

Camera CCD 2048*2048 pixels, size 12*12 um Full

size 24x24 mm

Thermal neutron flux per sample 1.2*10" n/cm?/sec at L/D=350

Neutron filter Sapphire (thickness - 106 mm)

Standard exposure time 20 sec
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The neutron beam of the facility is formed using
a simple collimator system, which consists of several
boron-contained polyethylene and cadmium disks
with different collimator pinholes with variable
aperture diameters D from 5 to 90 mm. To increase
the characteristic parameter L/D, a neutron guide was
installed behind the protective shutter. This allow to
increase aperture-detector distance L and total
distance is 7 m. The characteristic parameter L/D can
be changed from 75 to 1400. To suppress background
gamma and fast neutron radiation, a cylindrical
single-crystal sapphire filter, with thickness 106 mm
and diameter 110 mm, is mounted in the collimator
system. Environment in neutron guide is vacuum
which necessary to reduce neutron beam losses due to
an air scattering. Maximum thermal neutron flux at
the sample position is 108 cm?s™.

charged

4

1mm

(a)

Results and discussion

The lithium ion dynamics were controlled until
the batteries were completely discharged. Three-
dimensional neutron images of the studied batteries
in charged and discharged states are shown in Figures
5 and 6. The figures visually show the migration of
lithium ions from the negatively charged electrode
(anode) to the positively charged electrode (cathode)
as the batteries are discharged. According to [5, 6],
three pathways for the migration of lithium ions in
batteries are possible: (1) pathway, along the
direction; (2) pathway, a zigzag trajectory in the
crystal plane; (3) pathway, in the crystal plane. Each
path has its own migration barrier energy. The
migration of lithium ions in a battery is a complex
process and cannot be described by Fick's second law.

charged

discharged

(6)

Figure 5 — Three-dimensional image of the battery: (a) CR2016; (b) CR2032

Figure 6 shows the distributions of the linear
attenuation coefficient of neutron radiation over the
thickness of the batteries during their discharge. The
graphs show that in the CR2016 battery the peak of
the neutron attenuation coefficient during discharge,
and therefore the maximum concentration of lithium,
has moved 0.3 mm closer to the cathode (Fig. 6(a)).
In a CR2032 battery, the migration of lithium ions
across the battery, from anode to cathode, and the
saturation with lithium of the area close to the cathode
is clearly demonstrated (Fig.6(b)).
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The migration rate of lithium ions was: for
CR2016 - 0.83x10° cm/s;  for CR2032 - 0.36x10-
4 cmfs.

It should be noted that the behavior of lithium
ions in the studied batteries is different. In the
CR2032 battery, lithium ions, during discharge, were
distributed almost evenly over the entire thickness.
Whereas in CR2016 batteries, lithium ions were
moved to the area of the separator with the
electrolyte.
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Figure 6 — Distribution of neutron attenuation coefficient by battery thickness: (a) CR2016; (b)

CR2032

Conclusions

In this work, two types of commercial lithium-
ion batteries CR2016 and CR2032 were investigated
by neutron radiography. These batteries have
different electrophysical characteristics.
Experimental studies were carried out in real time
with the connection of a resistive load to the batteries.

As a result of this research, the migration of
lithium ions and their distribution in the battery

during discharge was studied. It is shown that lithium
ions migrate from the anode to the cathode. The
lithium ion migration velocity was: for CR2016
0.83-10° cm/s, for CR2032 0.36:10% cm/s. The
results obtained help to understand the migration of
lithium ions in the batteries under consideration.
Three-dimensional tomography of batteries also
showed intuitive images of the migration of lithium
ions in batteries during their discharge.
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MICROWAVE ABSORPTION AND ELECTROMAGNETIC INTERFERENCE SHIELDING PROPERTIES
OF CARBON BLACK/MnNiZn FERRITE NANOCOMPOSITES-FILLED PARAFFIN WAX
IN THE FREQUENCY RANGE (8.8-12 GHz)

In this present work, we offer the design of good, wideband microwave absorption materials (MAMs) based
on CB/Mng1NigsZno4Fe,04 (carbon black/MnNiZn ferrite). The ferrite is prepared by a self-combustion method
using sucrose as fuel. The chemical is utilized for the synthesis of carbon black nanopowder is carbon black powder
(2—8 um). Then, the operation is continued via mixing carbon black and MnNiZn ferrite through the grinding balls.
Four various weight ratios of CB/Mno1NiosZnosFe,04 (1:0, 1:1, 2:1, and 3:1) with various thicknesses (2—4—6 mm)
are prepared. X-ray diffractometry and FTIR spectroscopy are utilized in order to characterize samples. The
morphology of the powders is investigated by SEM. The electromagnetic interference (EMI) shielding and
microwave absorption properties are measured in the frequency band of 8.8—12 GHz to accomplish the practical
characterization. The MAMs show broad bandwidths under -10 dB in the range of 0.3—-3.2 GHz and reasonable
surface density in the range of 2.91-3.66 kg/m? with a weight ratio within a paraffin matrix of 40% w/w. The MAM
shows a minimal reflection loss of -18.3 dB at the frequency of 11.4 GHz for the thickness of 2 mm. The maximum
shielding efficiency is 18.5 dB at 11.5 GHz for 2 mm thickness of the CB/F-21 nanocomposite sample.

Key words: MnNiZn ferrite, carbon black, Absorption bandwidth, Reflection loss, Shielding efficiency.
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YMHCTUTYT KOMNIEKCHOM NepepaboTKM MUHEPabHOrO Chipba, KasaxcTaH, r. Aimarbl
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CBOICTBA NOMNOLWEHNA MUKPOBOJ/IH M 9KPAHNPOBAHMA 3N1EKTPOMArHUTHbIX MOMEX HAHOKOMMO3NTOB
yepHoro yrnepoga/pepput MnNiZn ¢ napadnHOBLIM HanoAHUTENEM B gpuanasoHe 8,8—12 M

B paHHOM paboTe Hamu npeanoxeHa pa3paboTKa MaTepuanos C LUMPOKOMOAOCHBIM MOTNOLLEHNEM
MWKPOBOJIHOBOTO M3Ay4YeHua Ha ocHoBe CB/Mng1NiosZnosFe;0s (YepHbiin yrnepoa/depput MnNiZn). GeppuTtsl
NoJly4eHbl METOA0M CaMOBO3ropaHuA C UCMO/Ib30BaHMEM Caxapo3bl B KAYeCTBe TOMNNBA. XMMMUKAT MCNONb3YeTCA
ONA CMHTE3a HAHOMOPOLWKa, NPeACTaBAALLEro COHoM NOPOLIOK CaxmM (2—8 MKM). 3aTeM onepaLmio NPOAOKAT
nyTem nepemellnBaHms caxm n depputa MnNiZn yepes mentolime Wwapbl. FOTOBAT YETbIPE Pa3/INUYHbIX BECOBbIX
cooTHoweHua CB/MnoiNiosZnosFe 04 (1:0, 1:1, 2:1 v 3:1) pa3nuyHoi ToawmHbl (2, 4, 6 Mm). PeHTreHoBCKas
andpaktometTpus M FTIR-CMEKTPOCKONMA  MCMOAL3YIOTCA A8 ONpeAeneHns  XapaKTepucTuk  0bpaslos.
Mopdonornio NopoLKoB UccaeayoT ¢ nomollbto COM. DKpaHUMPOBaHWE 31EKTPOMArHUTHbIX nomex (IMIM) u
CBOWCTBA MOT/IOWLEHMA MUKPOBOIH M3MePAIOTCA B nosoce YactoT 8,8—12 [Tu A1A NoayYyeHUA NPaKTUYECKMX
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Microwave absorption and electromagnetic interference shielding properties of carbon black/MnNiZn...

XapaKTepucTuK. Matepuansl, NOr0WAOWMEe MUKPOBOHOBOE U3TYHEHME, MMEIOT LLMPOKYHO NO0CY MPOMNYCKaHMA
Huxe -10 ab B amnanasone 0,3-3,2 T U NpUEeMIEMYIO NOBEPXHOCTHYIO MJIOTHOCTL B AnanasoHe 2,91-3,66 Kkr/m2
NpW BECOBOM COOTHOLIEHMM B NapaduHoBom maTpuue 40% no secy. MaTepuan, NOrNoLWAOLLMIA MUKPOBOHOBOE
N3Ny4yeHue, NPu TONWMHE 2 MM AEMOHCTPUPYET MUHUMANbHOE 3HaYeHWe obpaTHoM notepm (-18,3 Ab) Ha YacToTe
11,4 TTu. MakcumanbHas abdeKTUBHOCTL 3KpaHUpoBaHua coctasnaeT 18,5 ab Ha vactoTe 11,5 My, Ans obpasua
HaHoKomnosuTta CB/F-21 TOAWMHOM 2 MM.

Kniouesble cnosa: ®Pepput MnNiZn, udepHbl yraepoa, nosoca MOrolleHns, obpaTHble noTepw,
3bbEKTMBHOCTbL 3KPAHMPOBAHMA.

A. Xy6u®" N. Ataccu?, A.A. }apmeHos?, XK. T. Baralwaposal,
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3Ka3aKCTaH UHKEHEPNIK-TEXHONOMMANDIK YHUBEPCUTETI, KasakcTaH, AAMaTbl K,
49n-dapabu aTbiHgaFbl Kasak yATTbIK YHMBEpCuTeTi, KasakcTaH, AIMaTbl K,
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MapadrHMeH ToNTbIpbIAFaH Kapa KemipTekTi/MnNiZn ¢eppuTTi HaHOKOMNO3UTTEpPAiH, 8,8-12 My,
[AMaNa30HbIHAAFbI MUKPOTOJIKbIHABI KYTbIY KOHE 9NEeKTPOMArHUTTIK 3KpaHaay KacneTTepi

Byn kymbicta CB/Mng1NigsZnosFe;0s (Kapa KemipTek /MnNiZn deppuTi) HerisiHAer KeH, »onaKTbl
MMKPOTOIKbIHADbI CiHipy MaTepuangapbliHblH, KacablHybl YCbiHbIFAaH. PeppuTTep caxapo3aHbl OTblH peTiHAe
KONZaHy apKbliibl ©3AiriHEH KaHy apKbl/ibl anbiHadbl. XMMUAMBIK 3aT KOMIPTEKTI Kapa yHTaK (2—8 mKm) 6onbin
TabblNaTblH HAHOYHTAK, CUHTE3i YWIiH KoA4aHblnaabl. Onepauma codaH KeriH yHTaKTay Wapaapbl apKblibl Kapa
KemipTekTi »aHe MnNiZn deppuTiH apanacTbipy apKblibl Kanfacadbl. OPTYPAi KanblHAbIKTarbl (2, 4, 6 Mm)
CB/Mno.1NiosZnoaFes04 (1:0, 1:1, 2:1 xaHe 3:1) TopT TypAi canMak, KaTbiHacbl galbiHaanaapl. Yarinepai cunatray
YWiH peHTreHAik ambpakums aHe FTIR cnekTpocKkonuackl KonaaHblnagbl. YHTaKTapabiH mopdonoruacel SEM
KemerimeH 3epTTenedi. MpakTUyeckanblk cunaTTamanapdpl any ViliH 31eKTPOMarHuTTIK Kedeprinepai (EMI)
KOPFay *aHe MWKPOTONIKbIHAbBI YTy KacuneTTepi 8,8-12 Ty *uinik gManasoHbiHAa enweHai. MUKpoTOaKbIHAbI
yTaTblH MaTepuangap 0,3-3,2 [Ty, anana3oHbiHAa -10 Ab-AeH TeMeH KeH eTKi3y KabineTTiniriHe aHe canmarbl
6oMbiHwa 40% napaduHOiKk maTpuuadasbl caiMmaK KaTbiHacbiHoa 2,91-3,66 Kr/m? OManasoHbiHAa KoAalsbl
ayMaKTbIK TbIFbI3AbIKKa Me. MUKPOTOIKbIHAbI KyTaTblH MaTepuan KanblHablFbl 2 Mm 6onaTbiH 11,4 TTu, KuinikTe -
18,3 ab Kepi warblnybiH KepceTedi. KanbiHabiebl 2 mm CB/F-21 HaHOKOMMO3MWTTIK YArICI YWiH 3KpaHaayabiH,
Makcumanasl Tmimainiri 11,5 rru, skuinikte 18,5 ab-ai Kypanabl.

TyliH cezgep: MnNiZn deppuTi, Kapa KemipTeri, CiHipy *onafbl, Kepi Wafbly, aKpaHaay TUIMAIAIr.

Introduction

The current development of electronics and
intelligent devices wide the world has generated
electromagnetic interference (EMI), which is
currently becoming a critical problem in the
microwave frequency bands [1-6]. Repression of EMI
and EM radiation plays an essential part in beating this
critical problem. Materials that can reduce EMI draw
a lot of notice due to their important part in blocking
undesirable EMI. Presently, several dielectric loss
materials such as conductive polymers and carbon
materials or magnetic loss materials such as metal
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oxides have played an essential role in elevated-
frequency EM wave absorption. Nevertheless, the
defects involving elevated density, low reflection
absorption, and narrow wideband have hugely limited
conventional loss materials' workable benefits for EM
wave absorption [7-10]. Recently, MA composites
based on carbon and ferrite, have obtained significant
concern due to their excellent electrical and
ferrimagnetic characteristics. Carbonaceous
materials-based composites have pulled in major
attention for microwave absorption lately such as
carbon nanotubes, carbon fibers, graphene and carbon
black because of the unique structure of carbon-based



A. Houbi et al.

materials. More precisely, carbon black is usually
used to fit the requirements of high-effective
microwave attenuation materials because of its
superior  characteristics, for example, high
permittivity, high specified surface region, unique
electronic conductivity, huge interface, etc. [11,12].
Carbon black has a unique place in the range of
elevated-frequency MAMs. Furthermore, spinel
ferrites have excellent MA characteristics due to their
unique magnetic characteristics. MnNiZn ferrites are
considered suitable materials for high-frequency
implementations [13,14]. When MnNizZn ferrite is
blended with CB, the MA characteristics of the
resultant composite are anticipated to enhance.
According to this, CB/ZnosNio2Fe204 nanoparticles
scattered in a SiO, matrix were successfully
synthesized by Anh et al. [15]. The effects of
ZnogNig.2Fe,04 nanoparticles range (0-1.75 wt%) and
various coating thicknesses (1-2.5 mm) on MA
performance in the X-band frequency have been
investigated. The outcomes indicated that a specimen
of 1.5 wt% ZnosNio2Fe,O4 nanoparticles content
showed the highest MA at 10 GHz frequency. Higher

Methods and materials

Synthesis of ferrite (Mno1NigsZno4Fe;04)
nanoparticles

Ferrite (Mng1NiosZno.4Fe204) nanoparticles were
prepared by a  self-combustion  method.
Mng.1NiosZnosFe,04 were synthesized by taking
appropriate amounts of nickel (1) nitrate hexahydrate
(Ni(NOg3)2:6H,0),  zinc  nitrate  hexahydrate
(Zn(NOs3)2:6H20), iron(lll) nitrate nonahydrate
(Fe(NO3)3.9H,0) and manganese(ll) chloride
tetrahydrate (MnCl, .4H,0) were blended together
with an aqueous solution of sucrose (2 moles per metal
ion) and 2% an aqueous solution of polyvinyl alcohol
(PVA). The whole mixture was blended totally and
heated at 90 °C for 7 h to shape a viscous liquid. The
heating process was accompanied by the evolution of
brown fumes of NO, from the decomposed metal
nitrate salts. After that, the mixture was transferred to
dry for 2 h at 200 °C in the furnace to obtain a fluffy
carbonaceous pyrolyzed mass. After that, the resulting
mass was annealed at 750 °C for 4 h to obtain
nanoparticles of ferrite.

Preparation of carbon black nanopowder
The average particle size of as-extradited carbon
black powder was measured utilizing the sieve shaker

coating thicknesses (1-2.5 mm) showed bigger MA
and arrived at a so high absorption of 2 mm thickness.
On the other hand, Akhtar et al. [16] designed
strontium ferrite epoxy (SrF) nanocomposite and CB-
loaded CBSrF nanocomposite. The minimum
reflection loss (RLmin) for the SrF nanocomposite is -
25.19 dB at 13.32 GHz for 10.5 mm thickness,
whereas for CBSrF nanocomposite the RLmin is -31.15
dB at 10.32 GHz for 9.5 mm thickness. Therefore, the
CB-loaded SrF nanocomposite exhibits higher
attenuation effectiveness than the SrF nanocomposite.
In the present work, we study the effect of different
weight ratios of CB/Mng.1NiosZng.4Fe204 and its effect
on EMI shielding and MA properties. The aim of the
study is to prepare MAMs that have high shielding
effectiveness and wideband absorbers with a weight
ratio within a paraffin matrix of 40% w/w and
bandwidth that covers almost the whole frequency
band (8.8-12 GHz). The experimental operation
consists of synthesizing the ferrite by a self-
combustion method. After that, the operation is
continuous by mixing and grinding CB and MnNiZn
ferrite by the grinding balls.

and it was between 2-8 pum. Carbon black
nanopowder has been created via the grinding balls.
The as-extradited carbon black powder was milled for
12 h at 300 rpm.

Preparation of  CB/MngiNiosZnosFe;0q
nanocomposites

CB nanopowder and ferrite nanoparticles were
mixed and milled by the grinding balls. Four various
weight ratios of CB/Mng1NiosZnosFe,04 (1:0, 1:1,
2:1, and 3:1) were prepared. The
CB/Mng.1NiosZng.4Fe,04 nanocomposites were ball-
milled for 1 h at 300 rpm. Table 1 shows the symbols
of nanocomposite samples.

Synthesis of samples for measuring the MA
and EMI shielding properties

Paraffin wax was symmetrically blended with
CB/Mno.1NigsZno4Fe;Os nanocomposites powders
with a weight ratio of nanocomposites within a
paraffin matrix of 40% w/w by heating and stirring for
15 min. Thereafter, the absorption samples with
various thicknesses (2-4-6 mm) were molded to
measure RL and shielding efficiency (SE) in the
frequency band (8.8-12 GHz).
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Results and discussion

XRD patterns

The crystalline structures of the nanopowders are
defined by XRD. The XRD patterns of
Mng.1NiosZng.4Fe2,04 and CB nanopowders are shown
in Figure 1. For the Mno.1NiosZno.4Fe;O4 pattern, six
diffraction peaks are noticed, which conform to (hkl)

planes of (220), (311), (400), (422), (511) and (440),
respectively. The ideal spinel structure is noticed by
the peaks of MnNiZn ferrite [17]. The XRD pattern of
Mno1NiosZng4Fe,O4 is totally matched with the
reference XRD patterns (JCPDS, PDF no. 08-0234).
On the other hand, for the CB pattern, two diffraction
peaks are noticed, which conform to (hkl) planes of
(002) and (100), respectively [18].

Table 1 — Symbols of hanocomposite samples.

Sample symbols Weight ratio
Carbon black Mno.1Nio.sZno.4Fe,04
CB/F-10 1 0
CB/F-11 1 1
CB/F-21 2 1
CB/F-31 3 1
MnNiZn h.n;n!«:
— \ (180
= . P
é 4 = e
a 1)
&
1‘0 2‘0 3'0 4'0 5'0 B'O 7'0 80
20(deg)

Figure 1 - XRD patterns of MnNiZn ferrite and carbon black.

FTIR spectra

Figure 2 shows the FTIR spectra of the
MngiNiosZnosFe,04  nanoparticles and  CB
nanopowder. For  the Mng.1NiosZng 4Fe204
nanoparticles, two peaks at 571.6 cm™ and 446.3 cm™*
are referring to the stretching vibration of (Fe-O),
which emphasizes the forming of the metal-oxygen in
ferrite-based [19]. On the other hand, the peak at
1630.4 cm? in MngiNigsZnosFe,0s and CB s
referring to C=0 stretching vibration, and the peaks at
2348 cm?™ and 3452 cm? are referring to O-H
stretching vibration [20,21].

SEM analysis
The morphology of the MnNiZn ferrite and CB
is verified by SEM, which is illustrated in Figure 3. In
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Figure 3 (a), one can notice the agglomerated
spherical particles of MnNizZn ferrite. The average
diameters of the spherical-shaped particles are
observed to be ranging between 21-59 nm. On the
other hand, the average particle size of CB
nanopowder (Figure 3 (b)) is noticed to be ranging
between 75-481 nm.

EMI shielding and MA properties

There are two general methods that cope with the
interference of incident electromagnetic waves: the
first one is electromagnetic interference (EMI)
shielding and the second one is microwave absorption
(MA). For the EMI shielding method (Figure 4a), the
significant point is to attenuate the transmitted power
of the EM waves (pr). On the other hand, for the
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microwave absorption method (Figure 4b), though, a
metal plate is put to reflect the transmitted power of
the EM waves. As a consequence, the transmitted
power of the EM waves is negligible in microwave
absorption. EMI shielding and MA properties of the
prepared samples are estimated with the free-space
technique. EM waves are generated by a microwave
generator in the frequency band of 8.8-12 GHz (with
wavelengths A= 2.5-3.4 cm), where a microwave
generator is connected by a WR90 waveguide
instrument (IEC Standard R100, X Band). The
incident EM waves (p;,,) are measured by the horn
antenna connected to an oscilloscope, then the
prepared sample perpendicularly is placed between a

microwave generator and the horn antenna to measure
the transmitted power of the EM waves (pr) by an
oscilloscope. As a result, SE can be calculated for the
EMI shielding by applying the equation (1) [22]:
SE (dB) = SEg + SE4 + SEy = 10 logzﬁ. (1)
T

It is significant to note that the multiple reflection
loss (SEj,) can be ignored if the absorption shielding
(SE,) of EMI shielding material is higher than 10 dB
and equation (1) then can be rewritten as [22]:

SE (dB) = SEg + SE, = 10 log ’;ﬂ.
T

(2)

(a)

Il

Transmitance (%)
L N
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Transmitance (%)
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Figure 2 - FTIR spectra of (a) MnNiZn ferrite and (b) carbon black.

In addition to that, the reflected power of the EM
waves (pr.r) is measured when the EM waves are
incident on the sample surface at an angle of 45° by
an oscilloscope. As a result, the shielding by reflection
(SER) can be calculated for the EMI shielding by
applying the equation (3).

SEg (dB) = —10log(1 — R) =

pref)

= —10log (1 -
Pin

(3)

Finally, the shielding by absorption (SE,) is calculated
by equation (4) [23,24]:

T

= —1010g< Pr

Pin — pref>. (4)

Figure 5 represents the shielding efficiency (SE)
of CB/Mno1NiosZnosFe;Os nanocomposites in the
frequency band (8.8-12 GHz) with various
thicknesses (2—4—6 mm). The results illustrate that the
maximum shielding efficiency is 18.5 dB at the
frequency of 11.5 GHz for the thickness of 2 mm of
the CB/F-21 nanocomposite sample. Figure 6 shows
the SEr and SEA of CB/Mno_lNio,52n0,4F6204
nanocomposites with various thicknesses (2—4—6 mm)
at the frequency of 11.5 GHz. For the microwave
absorption method, the prepared sample is placed on
the metal plate at an angle of 45° to measure the
reflected power of the EM waves (p,.f) by an
oscilloscope. As a result, RL can be calculated by
applying the equation (5) [23,24]:

Pin
Rl (dB) = 10log .

ref

)

89



Microwave absorption and electromagnetic interference shielding properties of carbon black/MnNizn...

Figure 3 - SEM images of (a) MnNiZn ferrite and (b) carbon black

EMI shielding materials

< o
e oot
RS Seeve Yy
Horu 20 N o/

Horn

Figure 4 - Sketch of the estimate models of (a) electromagnetic interference shielding
and (b) microwave absorption.

Figure 7 illustrates  the RL  of
CB/Mng1NiosZnosFe,0s  nanocomposites  with
various thicknesses (2-4-6 mm) at the weight
percentage of the absorber within a paraffin matrix
(40% wiw). Figure 7 illustrates that the RL attenuation
peaks of samples moved to lower frequencies with
increasing sample thickness. This phenomenon may
be defined by the quarter-wavelength (A/4)
cancellation model, as shown in equation (6) [25-27]:

C
ty = ———————— (6)
4t lurller]

90

Where |&/| and |u | are the modulus of the measured
complex relative permittivity (e,.) and permeability
(1) at matching frequency (fm), respectively. c is the
velocity of light.

Table 2 shows the low surface density (SD) of
all the prepared absorbers. As a result, one can notice
the impact of incorporating Mno1NiosZng4Fe;Os
(magnetic loss material) and CB (dielectric loss
material) on the EMI and MA properties of the
prepared absorber. This incorporation drives to an
effective and low thickness absorber with a wide
bandwidths under -10 dB (BW.1048) [28].



A. Houbi et al.

20

(a)
18

16 4

14 4

18 4

16 4

4 =

012 3
° a12
w10 . Z 10 4
@n —2mm | w

(b)

84 4mm | @ 8- —2mm
—— 4 mm
6 - 6 mm 6 — 6 mm
4 8 »
44 4 4
2 24
0 T T T T T T o T T T T T T
8.0 85 10.0 105 110 15 120 9.0 85 10.0 105 1.0 15 120
Frequancy (GHz) Frequancy (GHz)
20 20
(c) (d)
18 18 4
/Axx\
18 e ——amms 16 4
e e e —
14 14 4
12 124
m @
S B ) Z 104
w — w _—
D g 2%y ' B —2 mm
— 4 mm q 4
4 —4 mm
6 ﬂ 64 e & THM
4 4 4
2 24
0 o Ll L Ll Ll Ll L
80 a5 10.0 105 110 115 120 20 95 10.0 105 10 115 120
Frequancy (GHz) Frequancy (GHz)

Figure 5 — SE curves of (a) CB/F-10 nanocomposite, (b) CB/F-11 nanocomposite, (¢) CB/F-21 nanocomposite
and (d) CB/F-31 nanocomposite at various thicknesses (2—4-6 mm).

Table 2 — MA behavior of CB/Mng.1NiosZno.4Fe204 nanocomposites at various thicknesses (2—4-6 mm).

Nanocomposite
samples
CB/F-10

CB/F-11

CB/F-21

CB/F-31

t (mm)

DR NOPAANOOPAANOOOPADN

RLmin (dB)  fm(GH2)

-11.6
-12.5
-11.3
-14.7
-15.8
-13.9
-18.3
-17.2
-17.1
-15.1
-14.6
-16.7

10.9
10.4
9.8
11.5
11.0
10.1
114
10.5
10.0
11.0
10.6
9.9

BW.10d8

(GHz2)

0.7
0.8
0.3
2.0
3.2
2.9
3.2
3.2
2.8
2.5
2.9
2.6

SD (kg/m?)

291
2.92
2.94
3.63
3.65
3.66
3.40
341
3.43
3.09
3.11
3.12

BW.1048/SD
(GHz.m?/kg)
0.24
0.27
0.10
0.55
0.88
0.79
0.94
0.94
0.82
0.81
0.93
0.83
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Figure 6 — Bar plot for individual components of SEr and SEa of (a) CB/F-10 nanocomposite, (b) CB/F-11
nanocomposite, (c) CB/F-21 nanocomposite and (d) CB/F-31 nanocomposite with various thicknesses (2—4-6
mm) at the frequency of 11.5 GHz.
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Figure 7 — RL curves of (a) CB/F-10 nanocomposite, (b) CB/F-11 nanocomposite, (c) CB/F-21 nanocomposite,
and (d) CB/F-31 nanocomposite at various thicknesses (2—4-6 mm).

92



A. Houbi et al.

Conclusions

In this work, a unique type of lightweight
microwave absorber was prepared by using a
combination of CB/Mno.1NiosZnosFe;Os within a
paraffin matrix. CB was introduced to enhance the
mechanism of dielectric loss, while
Mno 1NiosZnosFe,Os was used to enhance the
mechanism of magnetic loss. As a result, one can
notice the impact of combining Mng.1Nios5Zno4Fe204
and CB on the EMI and MA properties of the
absorber. This combination drives to an effective and

is -18.3 dB at 11.4 GHz and the absorption BW.1ogg IS
3.2 GHz for 2 mm thickness and its SD doesn’t
surpass 3.66 kg/m?. The maximum SE is 18.5 dB at
115 GHz for mm thickness of the CB/F-21
nanocomposite sample.
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MODELING THE PROCESS OF DECAY HEAT IMITATION IN THE CORIUM AT THE «LAVA-B» FACILITY

It is known that corium is produced during the development of a severe accident at a nuclear power plant
from a melt of core materials [1]. An important feature of the corium formed in an operating reactor is the
presence of decay heat. Thus, it is especially important to take into account the presence of decay heat when
conducting calculations and physical experiments, since it influences significantly on the nature of interaction
between corium melt and structure materials of a reactor facility. For that reason, methods of decay heat
simulation are subject to quite serious requirements to the depth and intensity of energy release in the corium
when conducting different experiments.

This article considers induction and plasmatron heating technologies as methods to simulate decay heat
in corium at the Lava-B facility. Characteristics of the selected methods of heating the corium prototype was
analyzed by means of computer modeling. As a result of the work, parameters of melt heating using each of
the considered methods were determined, and they were also cmpared. The used thermophysical models
were created in the widely known ANSYS software based on the experimental section, which was used in one
of the experiments at the Lava-B facility [2]. The main parameters of the corium-heater system were obtained
by computer modeling for each of the considered methods and limits of their applicability for simulation of
decay heat were determined when conducting the experiments at the facility.

Key words: corium, inductor, plasmatron, decay heat, Lava-B facility, ANSYS, non-stationary calculation
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«/1aBa-b» KOHAbIPFbICLIHAA KOPUYMAAFbI KangblK sHeprua 6eny npoueciH moaenbaey

Benrini bonraHaam, aToM 31eKTP CTaHUMACbIHAAFLI ayblp anaTTblH, AaMy NPOLLECIHAE KOPUYMHbIH, Nainaa
6onybl Kypeni — 6enceHai anmak maTepuangapbiHbiH, 6ankybl [1]. BenceHai peaktopaa naiga 6onaTbiH
KOPUYMHbIH, MaHbI3Abl epeKLleniri - Kanablk aHepruaHbiH, 60aybl. Ocbinariia, ecentik 3epTreynep MeH
bU3MKaNbIK SKCNEPUMEHTTEP KYPTi3y KesiHae Kanablk sHeprua 6eniHyiHiH 601yblH eCKepy MaHbI3bl, OUTKEHI
ON KOpWyM OasiKbIMacCbiHbIH, PEAKTOP/IbIK KOHABIPFbIHbIH, KOHCTPYKUMANbIK MaTepuangapbiMeH e3apa ic-
KMMbI/bIHbIH cMNaTbiHa eneyni ynec kocaabl. Ocbl cebenTi, KOpMYyM NPOTOTUNIHAET KaNAblK IHEPrUAHbI Benyai
MoZenbaey a4icTepiHe Kenempai ynecTipyaiH OipKenkiniriHe ae, OHbIH KapKblHAbIIbIFbIHA A3 KaTbICTbl
anTapAblKTal TananTap Konblaagabl.

YcbIHbINFAaH MaKanaga «JlaBa-b» KOHAbIPFbICbIHA KaTbICTbl KOpPUyMAafbl Kanaplk 3Heprua benyai
MOoZenbAeyaiH, MHAYKUMANBIK KaHEe Naa3mMasblk a4icTepi KapacTblpblAfaH. Kopnym NpoTOTUNIH MbIAbITYAbIH,
TaHda/nfaH S4iCTepiHIH cMnaTTamanapblH Tangay KOMNbKOTERPIK MOAeNbAeY apKblabl XKyprisinai. HyprisinreH
KYMbIC HITUMXKeCiHAEe KapacTblpblaAfaH aaicTepaiH, apKancbicbl HanKbiMaHbIH Kbi3[blpy MapameTpiaepiH
aHbIKTabl, COHbIMEH KaTap On1apAbl CanbICTbipy Xyprizingi. KongaHbinatelH TepModU3MKablK MOAENbAEP
6ypblH «/laBa-b» KOHAbIPFbICLIHAAFLI IKCNEPUMEHTTEPAIH BipiHAE KOMAaHbINFAH 3KCMEPUMEHTTIK CeKumA
HerisiHae KeHiHeH TaHbiMan ANSYS bargapnamanbik KeweHiHae »Kacangpl [2]. KomnbtoTepaik moaenbagy
aAiciMeH TaHAaNFaH aAiCTePiH 9PKAMCHIChI YLLIH KOPUN-XKbIbITKbILL XYMECiHIH, Heri3ri napameTpaepi anbiHAbI
*KoHe KOHAbIPFbIAa 3KCMEPUMEHT KYPrisy KesiHAe KanablK aHeprua benyai MMmutaumsnay yuiH onapabiH,
KOJlAaHblNy WeKapanapbl aHbIKTaNab!.

TyliH cesnep: KOPUYM, MHAYKTOP, NNA3MOTPOH, Kanablk aHeprmua 6eny, «/laBa-b» KoHAbIpFbickl, ANSYS,
CTaLMOHaPAbIK eMeC ecenTey
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Modeling the process of decay heat imitation in the corium at the «Lava-B» facility
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ldunnan «MHCTUTYT aTOMHOM sHeprum» PITT HAL, PK, KasaxcTaH, r.KypuyaTos
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MOLI,e}'IVIpOBaHVIe npouecca oCTaTo4HOro aHeprosbligeneHna B KOPUyme Ha yCTaHOBKE «f1aBa -b»

MN3BeCTHO, YTO B MpPOUECCe PasBUTUA TAXKeN0oN aBapum Ha A3C npoucxoauT obpasoBaHMe Kopuyma —
pacrnsjaBa MaTepuasioB aKTUMBHOWM 30Hbl [1]. BaKHOM o0cobeHHOCTbO Kopuyma, dopmupytolleroca B
OENCTBYIOWEM peakTope, ABNAETCA Ha/MiMe OCTaTOYHOro 3HeprosblaeneHua. Takum obpa3om, yumTbiBaTb
Ha/inyme OCTAaTOYHOrO 3HEProBblAENEeHMA HEMANOBAXHO MNPW MPOBEAEHMM PACYETHbIX UCCAEA0BaAHMA U
bU3NYECKMX IKCNEPUMEHTOB NMOCKO/IbKY OHO BHOCUT OLLYTUMbIN BKNa/, B XapaKTep B3aMMOAENCTBUA pacnnaBa
KOPMYMa C KOHCTPYKLMOHHbIMW MaTepuanamm pPeakTOpHOM YCTAHOBKW. [10 3TOM MpuUMHE K MeToJam
MMUTALUMM OCTAaTOYHOrO SHEProBblAENEHMA B NPOTOTMMNE KOPUYMa NPeabABAAOTCA AOCTAaTOYHO Cepbe3Hble
TpeboBaHMs, KOTOPbIE KAacaloTcA, Kak PaBHOMEPHOCTM 06 bEMHOIO pacnpeaeneHns, Tak U ero UHTEHCUBHOCTMU.

B npeactaBieHHOW CTaTbe PACCMOTPEHbI MHAYKUMOHHbBIA M MAAa3MOTPOHHbIM METOAbl MMMUTALLMK
OCTAaTOYHOrO 3HEProBbIAENIEHNA B KOPUYME NPUMEHUTENIbHO K YCTaHOBKe «J1aBa-b». AHaNM3 XapaKTepuCcTMK
BbIOpPaHHbIX METOAO0B HarpeBa MpPOTOTMMNA KOPWUYMa  BbIMOMHANACA MOCPEACTBOM  KOMIMbIOTEPHOro
MOZEenMpoBaHns. B pesynbTaTe npoBeaeHHON paboTbl onpeaeieHbl NapameTpbl Harpesa pacn/asBa KaxKabim
M3 paccmMaTpMBaeMbIX METOAO0B, a TaKXe MPOU3BEeAEHO WX cpaBHeHue. [MpumeHsemblie Tenaopusmdeckmne
moZenn ObiiM  co3daHbl B LWIMPOKO  M3BECTHOM MporpamMmmHom  kKomnsekce ANSYS Ha ocHoBe
3KCNEPUMEHTAJIbHOM CEKLIMKN, KOTOPas NPUMEHANach paHee B OJHOM M3 SKCMEePUMEHTOB Ha YCTaHOBKe «/1aBa-
B» [2]. Cnocobom KOMMbIOTEPHOrO MOAENMPOBAHMA MOMyYeHbl OCHOBHbIE MapamMeTpbl CUCTEMbI KOPUYM-
HarpesaTe b A/1A KaXA40ro M3 BbIbpaHHbIX METOA0B 1 onpeaeneHbl rpaHuLLbl X MPUMEHUMOCTU ANA UMUTALLUK

OCTaTO4YHOro sHeprosblaeneHnAa npn nposeaeHnn sKCNepmMMeHTa Ha YCTaHOBKE.
Kniouesble c/ioBa: KOPUYM, MHAYKTOP, N/J1a3MOTPOH, OCTAaTOYHOE SHeprosblaeeHne, yCTaHoBKa «/1aBa-b»,

ANSYS, HecTaUMOHapHbIM pacyeT

Introduction

The most severe accidents of nuclear power
plant reactors are accompanied by core melting and
corium formation. Corium is a melt with a radioactive
mixture of uranium oxide, zirconium, zirconium
oxides and steel components (products of high-
temperature interaction of metals with an oxidizing
environment) and other structural elements. The
escape of corium, under certain conditions, beyond
the borders of the reactor plant is a very real scenario
due to a large amount of stored energy and the
presence of decay heat in the corium. That is, nuclear
fuel contained in the corium melt continues to be a
source of heat releasing due to the decay of 2*U
nuclear fission fragments accumulated during the
operation of the reactor. This allows the corium to
remain in a liquid state for a long time and melt the
reactor construction with its subsequent escape to the
surface of the ground and even groundwater.

Obviously, it is necessary to conduct
experimental studies on the interaction of corium with
the structural elements of the reactor plant in order to
prevent such a scenario of the development of a
severe accident at a nuclear power plant. For
example, such experiments are in demand in studies
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of in-vessel and ex-vessel corium retention. They
were and are being conducted as part of concept to
design and establish severe accident management
systems by cooling, controlled movement and
localization of the core melt, both inside the reactor
vessel and outside it [3].

In such experiments on the physical modeling of
processes occurring during severe accidents, a corium
imitator is used, which called "prototype corium".
The prototype of corium is a replacement for real
corium. Its characteristics are close to real corium in
most parameters, but do not create a dose load on
people (hereinafter as corium is understood a
"prototype of corium"). Therefore, the essential
difference between the prototype and the real corium
is that the first one is not a source of heat. That is,
there is no self-sustaining radioactive decay in the
prototype corium [4].

To ensure modeling conditions that are as close
as possible to natural ones, it is necessary to take into
account not only the compliance of prototype corium
composition to real one, but also the energy release in
the melt within a given level. Thus, the device that
provides the energy release in the corium must imitate
the fission reaction both in magnitude and in the
nature of its distribution in the volume of the corium.
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Several experimental facilities have been created
in the world where such studies can be conducted,
however, they differ not only in design, but also in the
methods used to imitate decay heat [5-10].

Among the mentioned experimental complexes
allowing for various studies of the final stage of a
severe accident with the melting of the core, the
LAVA-B facility is considered (Fig.1). Experimental
facility is designed to solve a wide range of tasks with
a corium and operated by the "Institute of Atomic

Energy" branch of the National Nuclear Center of the
Republic of Kazakhstan [11]. The Lava-B facility
includes two main functional units: an electric
melting furnace for the preparation of corium melt
and a melt receiver, where concrete vessel for
experimental study is placed. The facility allows
melting up to 60 kg of a prototype mixture of LWR
core materials by induction melting in a ‘“hot
crucible” followed by pouring the melt into the
experimental section.

1- EMF (electric melting furnace), 2 — graphite crucible, 3 — EMF inductor, 4 —
MR (melt receiver), 5 — MR inductor, 6 — concrete trap.

Figure 1 — Outer view and scheme of “Lava-B” facility

Currently, several research works were
conducted at the «Lava-B» facility under various
programs. They are connected with experiments to
study the interaction of corium with structural
elements of a nuclear reactor, reactor vessel,
containment building, as well as with the sacrificial
materials of core catcher of an NPP [12-14].

Depending on the object and goals of study, both
induction and plasmatron heating of the corium are
applied in the experimental section of the Lava-B
facility as a method of imitate decay heat [15-16]. In
order to ensure required quality of the conducting
researches, it is necessary to study the heating of the
corium melt in an experimental section by methods
using at the “Lava-B” facility as well as to compare
them to justify the most optimal method for decay
heat imitation during physical modeling of the

situation of an ex- vessel severe accident at a nuclear
power plant.

The most effective way that allows to consider
two methods of decay heat imitation with minimal
costs is the computer modeling method. Computer
modeling of thermophysical processes of melt
heating in the experimental section allows:

1)  preliminarily estimating the temperature
fields established during the interaction of the corium
melt with various substances under a given heating
device mode in order to prevent heating of the
elements of the experimental section above the
allowable temperatures;

2)  estimate the characteristics of the heating
device required to establish a certain temperature
field in a particular experiment;

3) analyze the thermophysical processes
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occurring in the experimental section based on a
comparison of the results of computer modeling and
experimental data.

Thus, in this article, the induction and
plasmatron heating methods are considered by
computer modeling method in order to obtain the

Object statement of decay heat modeling

The objective of this work is choosing a decay
heat simulation method for physical modeling of a
severe accident at a nuclear power plant using the
“Lava-B” facility.

To achieve this goal, in this article, an
experimental situation is simulated when the melt of

parameters of the melt-heater system. The advantages
and disadvantages of each melt heating method are
determined as well as the limits of their applicability
were determined for decay heat simulation during the
experiments on the “Lava-B” facility.

the corium prototype is poured into a special melt trap
for its interaction with various materials. Calculations
of the thermal state of the thermophysical model were
performed using the ANSYS software [17].

Figure 2 shows the schematic diagrams of the
experimental section of the “Lava-B” facility with
an induction and plasmatron heaters [18].

W7

b) plasmatron heaters

Figure 2 — Schematic diagram of the “Lava-B” facility with induction and plasmatron heaters
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The thermophysical model for calculations was
created based on the scheme of a special experimental
melt trap (Fig.3) which was used in the one of
experiments at the “Lava-B” facility. Induction heater
was used as a method of decay heat simulation. As for
the thermophysical model of plasmatron heating, it
was created similarly to the model with induction
heating of the melt. However, there are little changes
in the scheme, taking into account the presence of
plasmatron heaters.

Due to the symmetry of the trap relatively to the
central axis, for modeling heat transfer in the melt

- Two-dimensional axisymmetric
computational domain of thermophysical model of
induction heating of melt in the trap;

- The fourth part of a three-dimensional
axisymmetric computational domain of
thermophysical model of plasmatron heating of melt
in the trap.

Computational domains of thermophysical
models of traps are presented in Figure 4.

trap, the following were created:

-

Bl - corium
S - Steel

- 710
B - sand
Bl - Concrete

a) Induction heating

b) plasmatron heating
1 — plasmatron; 2 — sand; 3 — corium; 4 — ZrO,; 5 — concrete

Figure 5 — Computational domains of thermophysical models of traps
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To compare the two melt heating methods in
each of the calculations are equivalent:

- Initial conditions  (initial
temperature 2500 °C);

- Mass of corium;

- Thermophysical properties of materials;

- The power released in the melt for both
types of melt heating (the power released in the melt
was 35 kW);

- The estimated heating time is 30 minutes.

The heat release in the melt was set depending
on the features of induction and plasmatron heating:

1)  The surface effect of penetration deep into
the materials of the electromagnetic field of the
inductor or the skin effect (in this calculation, 70% of
the total heat was released on the surface layer). The
depth of this surface layer is determined by the theory
of induction facilities [19].

2) In the case of the plasmatron method, an
approach was used according to which the heat
transferred to the corium is set on the internal surface
of the graphite tip of plasmatrons in the area of
electric arc formation. This simplification allows to
accelerate and simplify the calculations significantly
courtesy of reducing the number of elements in the
thermophysical model. Thus, in this case only the
presence an external surface of graphite as a source of
heat in the model is sufficient.

Validation of the described methods for
modeling decay heat in the corium was conducted

corium
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earlier and, therefore, they can be used for non-
stationary calculations of temperature changes in trap
elements [20-21].

The thermophysical models take into account:

- The dependence of the properties of the trap
elements on temperature;

- Heat exchange by radiation;

- Convective heat exchange between the
external surfaces of the model and the environment.

Some properties of corium during computer
modeling were used according to literary sources [22-
23]. It should be noted that due to shortages of data
about dependence of the coefficient of thermal
conductivity of corium on temperature, its value was
set as a constant. The value of the thermal
conductivity coefficient was set similarly to the
previously performed calculations of corium heating
in the ISTC project No. K-1265 under the INVECOR
program [24-25].

The thermophysical properties of the trap
elements were used according to the literary source
[26].

Results of computer modeling of decay heat in
the corium at the “Lava-B” facility

Figure 5 shows results of calculating the heating
of the corium in the melt trap by the induction
method.
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Figure 5 — Temperature distribution of the model during induction heating

Throughout the calculation, heat is released on
the side surface of the corium melt. Heat is transferred
from the area of heat release to the central volumes of
the corium due to heat conduction. Figure 5b shows
that the minimum temperatures in corium are
observed on the surface of the melt. This can be
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explained by radiation from the surface of corium, as
well as by convective heat exchange with the
environment.

Figure 6 shows results of calculating the heating
of the corium in the melt trap by the plasmatron
method.
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Figure 6 — Temperature distribution of the model during plasmatron heating

Figure 6 shows that the distribution of heat in the
corium during plasmatron method occurs from the
heat-generating area of the heater to the side surfaces.
Minimum temperatures are observed in the corium-
wall boundary area. Obviously, this is due to the
remoteness of the heat release area and the active heat

b)

exchange process between the trap materials and the
corium. It leads to a significant decrease in the
temperature of the corium in that area.

Table 1 shows the calculated values of corium
temperatures obtained during computer modeling.

Table 1. Calculated corium temperature

Parameter Induction heating Plasmatron heating
Average temperature of corium, °C 2009 2193
Maximum corium temperature, °C 2264 3160
Minimum corium temperature, °C 1345 1225

As shown in Table 1, when using plasmatron
heating, the maximum corium achieved temperature
is significantly higher compared to the induction
heating method. The advantage of plasmatron heating
is also seen in the case of comparing the average
volume temperatures of corium. According to table 1,
it can be argued about the advantage of the
plasmatron method of decay heat imitation over
induction.

Plasmatron heaters are based on the method of
indirect electric arc heating [27]. In the construction
of the plasmatron heaters used in the “Lava-B”
facility, an electric arc is formed, the temperature of
which can reach several thousand degrees. The heat
from the electric arc is transferred through a special
protective graphite tip to the corium melt. Thus,
considering the high temperature that arises in the
plasmatron heater, high temperatures comparable to

the temperature inside the heaters will be observed in
the area of their contact with the corium melt.

The presence of a small area of corium heated to
higher temperatures compared to the rest of corium
areas leads to an increase in the average temperature
of the entire corium. In this regard, the data in Table
1 don’t allow an objective comparison of the two
heating methods.

When comparing the temperature fields of two
thermophysical models (Fig.5b and Fig.6b), it is seen
that with induction heating, corium heating is more
uniform due to volumetric heat release of energy.
This is confirmed if we look at the graph of the
temperature distribution in a random section (from
the center to the periphery) in the corium, shown in
Figure 7. The temperature distribution during
induction heating is more uniform. At the same time,
when using plasmatron heating a large temperature
gradient is observed.
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Figure 7 — Temperature distribution in the melt

Conclusion

Modeling of decay heat imitation at the “Lava-
B” facility by induction and plasmatron heating
methods was performed using ANSYS software. The
calculation was performed under the same initial
conditions to compare these methods. The objective
of calculation was to choose the most optimal method
of decay heat simulation for the studying the
processes of a ex-vessel accident at NPP when
localization corium in the core cathcer.

Numerical calculations have shown that higher
corium temperatures can be achieved when using
plasmatron heaters compared to an induction heater.
This feature of plasmatron heaters can be used when
conducting experiments with corium, especially in
cases where it is impossible to use an induction
heater. For example, in experiments with the study of
the interaction of corium with materials that can be
heated by the action of the electromagnetic field of
the inductor.

However, in the context of future experiments at
the "Lava-B" facility [28], an induction heater is more
more preferable method of decay heat imitation. In
the case of induction heating, heat is released on the
side surface of the corium within the skin layer. The
volumetric release of energy by an induction heater
allows to obtain a more uniform thermal field, and the
release of energy in the area of constant heat
exchange processes of corium with trap materials
allows to maintain corium in a molten state. It allows
bringing the experimental situation closer to real
processes.
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At the same time, a small heat-releasing surface
of plasmatron heaters leads to the formation of a large
temperature gradient in corium. Under certain
conditions, solidification of corium is expected in the
areas most remote from the heaters, especially in
areas of intensive heat exchange of corium with trap
materials. In this regard, it is necessary to use a
complex system of heaters placed in various parts of
the corium to achieve a uniform thermal field over the
entire volume and heat pattern acceptable in
symmetry.

As a result of the perfomed calculations, it can
be concluded that with an equal amount of heat that
the heaters transfer to the corium melt, induction
heating is more effective from the point of view of its
use as a method of decay heat imitation. Thus,
induction heating should be considered as method of
decay heat imitation when conducting experiments at
the “Lava-B” facility for achieving quite uniform
temperature field over the entire volume of corium
and maintaining it in the molten state for time
required for study interaction of corium and
considered materials.
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