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B aroii pabore nmepediopmynnposana CTpyKTYpa YCTOIUHBOCTH OeccuoBOil MarauToChephl
Bpamasoweiics wéproil aspsl, koropas obcyxnanace 8 pabore [[1]. Msr BHOCHM nonpasks B
OCHOBHBIE YPABHEHHN MArHMTOrHAPOIMHAMMKH, HANHCAHHLIC ABTOPOM ykazaHHOll paboTsi.
TMokazano, 9TO B pexiMe MeneHHOro Bpawenus ypasHeuus (18)-(20) u ypasnenus Max-
caemna (B6), (B7), u (B13) B paGore [1] comepxam nerounocti. Heemotps va Gomsinoe xo-
MUYECTBO OMEYATOK B ypamHeRusax B pabore [1], Hamm BRMMCIEHHS MOKAILIBAKOT, HTO 3TO HE
HAPYILAET CTPYKTYPY ycToiiunsocTa feccitnosoili MaruuTocepsl, 9To, B CBOIO OYEPEds, O3HA-
9ReT, MTO MEXAHHIM HIBEUEHHS IHEPrHH NOCPEACTBOM YCTONHHMBON OeccunoBoil MarHuTo-
chepobl HEPHOI Abphl MOXKET CYIIECTBOBATS,

Kmouesuie ciona: yépHas Iupa, Geccrnonas MarHuTOCHEPa, HIATSHEHHE SHEPTHIL

This paper reformulates the stability structure of force-free magnetosphere of a rotating black
hole discussed in paper [1]. We do some corrections in the main equations of relativistic mag-
netohydrodynamics written by this author. It is shown that in a regime of slow rotation, evolu-
tion equations (18)-(20) and Maxwell equations (B6), (B7), and (B13) of paper [1] were not
written correctly. Although there is a large number of typos in the equations given by [1], our
calculations show this does not violate the stability structure of force-free magnetosphere
which in its turn means that the energy extraction mechanism via surrounding, stable force-
free magnetosphere of a rotating black hole immersed in magnetic field can exist

Keywords: black hole, force-froc magnetosphere, energy extraction,

I. Introduction

It 13 widely believed that a rotating black hole
most likely powers compact astrophysical systems
such as active galactic nuclei, gamma-ray bursts, and
black hole x-ray binaries. Theoretical arguments sup-
port an idea that when a supermassive black hole with
a mass greater than which is thought to exist at the
center of most of galaxies in the Universe accretes
material, a substantial fraction of the gravitational
binding energy of the infalling matter can be radiated
away (see [2), for review). The mechanism for remo-
ving black hole spin energy was proposed by [3]
which is one of the more plausible theories of energy

extraction. In that paper they imagined that as a black
hole accretes, it would inevitably trap some net mag-
netic flux due to accreted field lines with connections
to infinity. There would then be an approximately
time-steady magnetic field configuration with field
lines embedded in the black hole’s event horizon,
even while their far ends close at very large distance
from the black hole, the enforced rotation of space-
time due to the black hole spin would then drive an
MHD wind. A number of extensive simulations of the
energy exraction also exist, such as [4, 5]

There are several issues regarding this model
that whether this mechanism physically is allowed to

Vol. 23, No.1, pp.1-7, 2021
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work, Some of the unresolved or physically not fully
understood problems in recent days are the nature of
the load in the Blandford-Znajeck model, the causali-
ty and stability of a force-free magnetosphere, global
current closure, and the role of boundary conditions
on the channels through which the extracted energy is
released. One of the first issues was raised by [6]:
whether the black hole event horizon and plasma far
from the black hole could be in causal contact. They
argued that, though the plasma density 1s taken to be
negligible in the usual formulation of the Blandford-
Znajeck mechanism, it can not be literally equal to
zero. They have shown that there would inevitably be
a surface surrounding the event horizon within which
the inward velocity of the plasma would be greater
than the fast magnetosonic speed, and no signal car-
rying energy or information could propagate outward
across that surface. Later [7] analyzing force-free
waves and black hole magnetosphere causality conc-
luded that charge and current perturbations cannot be
transported along the fast-mode characteristics in the
force-free limit.

A major components of the active galactic nuclei
engine is thought to be a magnetosphere surrounding
supermassive black holes (8, 9, 10, 11]. The question
that whether such black holes can communicate
stresses to a distant load via a surrounding, force-free
magnetosphere, and whether such structures are sta-
ble has been studied recently by [1]. It was shown by
[2] that the conclusive results of [1] fail when one
deeply discuss them. According to [1] fast wave can
propagate at the speed of light with which means
lightlike plane wave solutions can attain a longitudin-
al polarization. This was in controversy with simula-
tions of Komissarov on polarization information [13,
14]. By studying the global physical properties of a
force-free degenerate electrodynamics he tried to re-
solve this controversy and it was shown that force-
free fast waves are not able to propagate changes in

It 1s worth noting that alternative models of
energy extraction from black holes also exist, such as
the so called magnetic Penrose process [15, 16, 17]. It
is the generalization of a Penrose process taking into
account the magnetic field of the central object. So-
called moderate regime of MPP is realized when the
charged infalling particle decays into charged frag-
ments and this regime of MPP has a direct analogy to
Blandford-Znajek mechanism [16]. There is also an
ultra-efficient regime of the MPP which arises when
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the infalling particle is neutral and it splits into
charged fragments. This regime might serve as a
plausible explanation of the extragalactic high-energy
component of cosmic radiation [15).

Studying the second part of the paper of [1] we
have found many mathematical typos in the set of
Maxwell equations, and force free condition in open
form (Appendix B of [1]). The investigation on spa-
cetime-driven evolution of a force-free magnetosphe-
re thus could bring to inaccurate results. Following
this paper we reformulate all formulae given by this
author and try to obtain more exact solution of evolu-
tion equations,

The paper is organized as follows. First of all, in
Section 2 the azimuthal magnetic potential is deter-
mined using vacuum solution of general relativistic
Maxwell equations. Then in the force-free constraint
it is found the evolution equation for the electromag-
netic field. Using expansion method the solution of
general relativistic evolution equations are and at
least in Section 3 some concluding remarks are given.

Throughout, we use a space-like signature as (—,
+, +, +) and a system of units,

II. Spacetime driven evolution of a force-free
magnetosphere

Consider a compact gravitating object, initially
nonrotating and having static axially symmetric mag-
netic field. The exterior gravitational field of the
compact object is described by the background metric
(30). Suppose that initially magnetic field is defined
by the vacuum solution of Maxwell equations (32)-
(39) which is given by the vector potential

4,{0,0,0,4,}.

By definition the magnetic field measured by an
observer with four velocity Uy is
B* =~1/ 21]"”“"1451’“\., where 1™ is pseudotenso-
rial  expression for  Levi-Civita  symbol,

Fy=A,,—A,, is the tensor of electromagnetic field.

In the case of axial symmetry, the poloidal magnetic
field measured by the proper observer in the metric
(30) can be expressed through azimuthal component
of the vector potential as
1 <

9,4, = Z—z-b, (t,r)P,(cosb),

r*sind b=t p
(1)

where the useful relation (equation (A2) of [18]) for

B; (1,r,0)=
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the angular derivatives of the Legendre function P, : 1 (ae A¢) i ;
has been used. J =_J_V7(a Aq,)J ==Y (r)cotds”, ®)

B o (1,r,8)=———0,4,=
o 844 J
e ’S‘ne @) E® =NL( - )E’ =Y (r)cotbE",  (9)
1 Ham o 8, (b, (t.r)) 2P, (cose) i (a’A*)
=g €(€+1) where

$69 I:sinea9 (7, (cose))] =—£(£+1)P,(cosb) . Y(r) =ﬁ[lnN2 + %(1 +%)Jx

(3) (10)

Then the Maxwell equations for nonvanishing
component of vector potential (39) will take form

) 1
25, (N?8 A, ) +sin6d (——a )=
K r ( rAt) s 2] sm9 6A¢

By using the expansion of vector potential in
Legendre function for the dipolar case (when £=1)

and introducing a new variable A¢=r2Fsin29 one

can show that equation (4) takes form Eq. (87) of
[18]).

4)

d,2d
dr[N == F)] —2F =0, (5)
which has a solution given by
_ 2 2M o M
Ay (r)= Fr'sin’0= 8M [lnN " —Q1+ r)]sm 6
(6)

and reduces to a flat spacetime solution for a dipole
with magnetic moment p, i.e.
lim F(r) =r£3. (7)

It is necessary to underline that in paper [1] the
solution for 4, = (B/2)r*sin’@ does not satisfy to the
Maxwell equations((B6) — (B9) of [1]).

Imagine now that the state of the gravitating
object is perturbed adiabatically, such that it slowly
acquires angular momentum and the spacetime could
be described by the metric (30). From equation (42)
it is clear that the azimuthal current

(J‘ +%“‘9J" ) is of order O(a?) and that to the

second order in g the force-free condition (40 and
41) reduce to

-1
[—InN2 +L2+1]
M N

From equations (32), (35) and (9) one can get the
evolution equation for the toroidal magnetic field

B N N o 5

7 ——( NEQ) +—'Y (r)(tanGE ),B—‘ (11)
9aN 2M ;
”2“3 [hwz - (1+—]]smecose

From equations (37), (38) and (8), (9) we obtain a
differential equation for the electric field E°.

{(1 +772 (r)tanze)} aatE A [r N(a B")]J =

Lk eY’l(r)[smO(a B¢)] -0,

" reos

Then in the force-free magnetosphere the equa-
tion of the continuity of the electric charge J°, is
given by

(12)

8,J! +rﬁza,(r2NJ’A)+$ae(sina]é)=O. (13)

Linearizing equation (39), one can derive wave
equation for the perturbation of the vector potential

ad,
&iod, — N°6, (N*0,54,) -

= 41rN2rsin9( b4 mr;;ne I ) ;

N? sme ( 1
sinf

a.,a,g) a9

where the right hand side of the equation is propor-

tional to a” and is negligible in our approximation.
Define now the dimensionless time t = #/2M.

Near the horizon, the dimensionless variable x = N? is
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small and equation (12) can be solved using perturba-
tion approach. It is necessary to underline the force-
free approximation could be violated in the region ve-
ry close to the event horizon i.e. when is quite small
and plasma inertia and gravity start becoming impor-
tant for the particle’s dynamics. However as it was
mentioned in [19] that it is possible to effectively ex-
tend the domain of the validity of the force-free app-
roximation almost up to the horizon.
Near the horizon the ratio

1
ki [uw‘ +——2‘“(1 +£)]_ %
r—>2\ r r

x[—'-lnN’ +—‘-2-+1] =(—l-+l)

M N xb

may play a significant role, where b = In(x)+3/2. It is
clear that at a some fixed point r =2M(1+x), function
F(ry=(3ub)/(8M\’) varies slowly with x, and one may
choose it to be F=const<0. We suppose that the
solution can be expanded as series

B =Y £, (x)x"R" (cosb) =

=( /o (x)+ £ (x)x)3c0s8sind + O(x*)

(15)

(16)

with f, as unknown functions, where for our purpose
we choose / = 2, m = 1. Then the evolution equations
(12) and (11) take more simple form

(17)

x| B+ xE? -%E" - xE +%—3sin60059)

(£ —3xE% +
+3xE" +%(2-3x) B+

FE
i

— =0_ (18
M|+ = = (18)

where E°*=N"'E® and B*=N"'B* are new variables. In
the above equations we neglected all small terms
which depend on x* and have used the assumption
(16).
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Hereafter we assume that the specific angular
momentum changes with time as a(t)=ag(1—e"""),
where the dimensionless parameter t=t/2M is
introduced, 7' is the timescale mn units of 2M.

To zeroth order we have

E® =3f,(t)cosBsinB, (19)
where function f; and the toroidal magnetic field are
governed by the following equations

a* f, 2.1 1\ Fa
20 Zi— =] 1=—|—=0, (20
o ( b+b’Jf° ( b)M (20)

Q_B._=_N(ﬁ, (l-%)-i-%}sinﬁcose, (21)

ot

which is found from the equations (17) and (18).
From these equations one can see that in contrast to
the results of [1] (see their equation (23)), there 1s no
additional =2M term in the denominator on the the
right hand side and the equation itself is rather comp-
lex. To zeroth order the solution of function fis

~Fagh(17 -1)b* =21°6+77
M(b-)[(TR)b=T|[(T-1)6-T]
T3 (b=1)} 7 +5%""" ’

M (b=1)[(T+)b-T|[(T-1)b-T]

fo(x)=
(22)

which satisfies the initial conditions E® =3 k% =0
at time t=0. Here we have to mention that near the

- horizon F takes negative values (see Fig 1). To first

order from the equation (18) we obtain

2

which has the solution (see Fig. 1).
bT%(3b~2)e™" -

£, (1)=30Fa, {(46°T* -b* ~4T %+ T?)e™*  }x
~(5*(1=72)+ 72 (26 -1) 0

x{M (3b-2)(7* (b-1)* -1,’)(7~2 (-1 -2% )y
..(24)
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Figure 1. Zeroth order of the evolution of expansion func-
tion fiz, x) with time, where for convenience the mass and
momentum, are taken to be unit, for x = 0.001, T = 0.01,
and angular momentum is taken to be @, =0.7.
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Figure 2. First order of the evolution of expansion func-
tion ffr, x) with time, where for convenience the mass and
momentum, are taken to be unit, for x = 0.001, 7= 0.01,
and angular momentum is taken to be @, =0.7.

It is clear from the behavior of functions fi(1)
and fi(z) that at the initial time fi(t) is very small
compared to fi(t), and is evolving very slow with
time.

At first, fi(t) grows up exponentially with
negative value then, suddenly the evolution falls
down to zero which means after that time the above
solution 1s no longer valid. Note in contrast to results
of [1], evolution of electric field is more complex,
but despite of complexities the results gives us the
steady state solution, i.e. the evolution is adiabatic
and higher orders do not give significant contribution.
However comparing figures we find that it is not
clearly shown in [1] that the evolution really reaches
the steady point.

Neglecting first order terms for toroidal magne-
tic field to zeroth order using equation (21) and ex-
pansion function (22) one can obtain

N = e |

M(bT—bT)(bT +5-T)
x 3sinBcosh,

(25)
which evolves adiabatically with time (see Fig. 2).
To zeroth order there is no contribution to the
poloidal currents, but to the first order near the rotati-
on axis, that is at small angles using equations (11),
(12), (37) and relation (9) we find

%szOOSZB(bb l (l—é]b‘b _Te-t"T)
; (26)
8aM° (bT —b—T)(bT +b—T)

-F

.=

It is clear that poloidal current initially generated
everywhere in space as shown by [20], that is equal to

3 b Fcos’0
J(x=0)= 3%

8aM* (b—1)(bT +b— T)
But for toroidal currents one can find from (36)

(27

that to zeroth order it is equal to
;i 3 f,sinBcosd
s SHOEENREH 28
Jo aM (28)
and to first order
3bf +(1+h/4
A= 7, ( )j; x 3xsinBcost . (29)
4aM
SO Lavinson (2008)
Q0012+ f 1)
20010 e -
- //
Bl 2%
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il ]
L.000e ¥
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Figure 3. Evolution of toroidal magnetic field with time to
zeroth order near the equatorial plane at 8=0.01 radian,
where for convenience the mass and momentum, are taken
to be unit, for x=0.001, 7=0.01, and angular momentum is
taken to be a;=0.7.
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The above solutions are rather different from so-
lutions given by [1], for example, there is an additio-
nal term M/x in equations (26), (27), which should be
in the current expressions in order to have correct
units. Though the evolution equations are also diffe-
rent, and rather complicated than that presented in the
paper by Levinson, but this does not cause to break
the evolution structure and one can ensure that in so-
me early times the toroidal magnetic field evolves
close to its steady state value. The above results con-
firm that the black hole magnetosphere is stable, des-
pite the lot of typos observed in the paper [1].

IIl. Conclusion

In this paper it was shown that Maxwell equa-
tions (B6), (B7), the homogeneous Maxwell equation
(B13) and the force-free condition (B14-B17) of [1]
to the second order in O(a”) do not coincide with equ-
ations obtained by us. It may cause to obtain inaccu-
rate results on the stability structure formulation. It is
also not clear from the solutions m paper [1] that po-
loidal electric field and toroidal magnetic field are
evolving adiabatically with time (solutions show us
exponentially growth with time). Obtaining more ac-
curate solutions we can conclude that in fact poloidal
electric field and toroidal magnetic fields grow adia-
batically. We reformulated all formulae obtained by
this author and conclude that although the results are
rather different, but this does not violate the stability
structure, 1.e. after sometime the toroidal magnetic

field and the charge density f evolve to their steady

state solution. The above suggestion confirm that the
black hole magnetosphere is stable [21].
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Appendix. Electrodynamic equations of force-
free magnetosphere

In a coordinate system (ct, 7.6, ¢) the geometry
of spacetime around “slowly rotating” gravitating
object is described by
ds* ==N2dr* + N*dr?
+r2d®” + risin’0d ¢’
where N = 1-2M/r is the lapse function and w(r) can
be interpreted as the angular velocity of a free falling

(inertial) frame and is also known as the Lense-
Thirring angular velocity.

i 2.: 2
2w(r)rsin“0didd + . (30)
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The radial dependence of @ is
wdt__8u _2J
o(r)==2 i (31)

where J = aM is the total (g is the specific) angular
momentum of metric source with mass M as
measured from infinity.

Maxwell equations are

Nsind(rB’) +r(sin6B") B =0, (32)

(rsme)— = N[Ef, ~(sin0£* )J]—(mrsine) B},

(33)

(’3;'9)‘320 =—F +sme(rNE‘) -(m';me)ﬂi’

‘ (34)
(22 (o) o o), + )
» (35)

Nsin®(rE° ), +r(sinbE®) ; + rES = dnr’sinfs” , (36)

N [(sinGBs)o - Bé,] - (wrsin®)E] =

,» (37)
B, -sind(rVB*) -(“”;f“e)b‘,‘i =
' w8
rsinf aE® é 8
E 3 7+41mm9.l

(NrB‘) - By +sinb(ar’E’) +%(sin61:’é )'o -

oE® i . 4norisingd ;
= Fsdsdallloio B3 |
( N] p +4nr) N

(39)
The force-free condition 7,J* =0 in the axial
symmetric magnetosphere will take form

NE'J? + NE®J® --,'—(a,A,)(ﬁ 4 orsiné ‘"‘eﬁ)=o,
rsin N
(40)
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N (8,4,))° +(a,A,,)Nf +2(944,)0° =0, (a1)

N BT +—— (8, 4)(J‘ m';”’eJ )+

rsin® (42)

] P
+—B'" =0
N
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Cexun ailianyBYH KOMNAKT 006 eKTHHHT aTpodu-
A8 Ky4/1aH X0/IM MArHUTOCGEePaAHUHT BAKT 3B0OJIIO-
TMSICH

®.XK. ®arroen’, ILC. Tammumyparon®, H.B. Kypaena®

'Department of Physics, Manhattan College, 4513 Manhattan

College Pkwy, Riverdale, NY 10471, USA

4P dA AcTpoHoMusi MHCTUTYTH, AcTpoHoMM K¥4, 33, 100052
Tomxenr, Va6exucron

Vinby wmpa [1] Makonaja Myxokama KHWMHraH afinamys-
4i  Kopa ¥pa Ky4iaH XONH MarHuTochepacHHUHr
TYPFYHJIHK CTPYKTYpac Kaiita dopmannamrupunmy. Bus
IOKOPHAArH Wil Myanmudu éran MarHuTOrHAPOIAHHAMM-
KAHHHT acocHil TeHrnamanmapuun TVrupnaguk. Cexus aii-
nanuw pexumuna [1] uwgarn (18)-(20) reurnamanap
xamjia (B6), (B7) ra (B13) Makcresu TeHraMaapuia Xa-
Tomuknap Gopmurn k¥pearunmu. Tenrnamanapaa k¥ con-
S XATONMKNAD MAaBRKYUTHIATa Kapamaid, 6HsHUHr Xucob-
KHTOONAPHMMH3 KYpcaTHINMYA, KY4LaH XOMM MarHutocde-
PaHHHT TYPFYHIMK CTPyKTypacu Gyammmaiizu, By aca, V3
Hamsbatuia, kopa Ypagan yuu ypab TypyBum TYpryH Kyu-
J@aH X0 MarHuTocepa OpKaTH SHEeprus NI MeXaHn3-
MU Masyicy1 6YNa QMUY QHTIATa N,

Kanmr cyanap: kopa ¥pa, xy4aan Xomm Marurocgepa, SHepria
OJTHTI,
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UccnepnoBaHue BO3OYXOeHUA U3OMEPHbIX COCTOAHUNA
B peakuusx (y,n) u (n,2n) Ha sapax *'Br u **Mo

C.P. MNaneanog', ®.P. 3ramora™', M.1. Mamatocynosa', I'.C. Mansanosa', M.M. Axmegos?

' dusuko-TexHueckuis uHcTutyt AH PYs, yn. Y. Alirmatosa 26, 100084, Tawkenr, YsbekucraH
2y preHuckull rocyaapeTEEHHEIR yHuBepcuTeT, Anb Xopeamuit 110, 220100, Yprewy, Ysbekucran

Monyvera 28.05.2021
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MeTtonom HareeHHON AKTUBHOCTH U3MepeHkl cedeHns 0OpasoBaHia H30MEPHKIX COCTONHHMIT B
peakuusx (y,n) u (n,2n) Ha aapax Y1Br. TTonysens! anepreTHuecKne 3ABHCHMOCTH H3OMEPHOTO
OTHOLIEHHS BLIXONOB peakumii (y, n) 8 obnactn suepruif 14-35 MaB ¢ warom 1 MaB. C
IOMOMIEIO porpaMMmioro naxera TALYS-1.6 paccaurassi cevernus peaxumit “Mo(y,n)” ™Mo
B ofmactu auepruii 12-21 M>»B. Pesymbrathl 5KCHEPUMEHTOB CPABHHBAIOTCA C JAHHBIMH
apyrux pabor u pacuerom TALYS-1.6.

K/moueRhie (JI0BA: AACPHEIC PCAKLIMM, HIOMCPHLIC OTHOIICHHS, TOPMOZHOC WITYHCHHC, PaAHOAKTHE-
HOCTE, CEMCHME, AKTHBHOCTB, H3OMEP, AIPO.

The cross sections for the formation of isomeric states in the reactions (y, n) and (n, 2n) on the
“18r nuclei were measured by the induced activity method. The energy dependences of the
isomeric ratio of the yields of reactions (y, n) in the energy range of 14-35 MeV with a step of
| MeV are obtained. The TALYS-1.6 software package was used to calculate the
2Mo(y,n)""™Mo reaction cross sections in the energy range 12-21 MeV, The experimental re-
sults are compared with the data of other works and the TALYS-1.6 calculation.

Keywords: nuclear reactions, isomeric ratios, bremsstrahlung, radioactivity, cross section, activity, iso-

mer, nucleus.
L. Bsegenue COCTOAHME AAEP B JACPHBIX PEAKIMAX C PazTAy-
Wccnepopanns  Bo3OykieHus  w3oMepHeiX HBIMH OOMOapIMpylONMME YaCTHIAMM, KOTOpEIE

COCTOSIHWH B PA3NTHYHLIX ANEPHBIX PEAKIHAX HMEKOT
¢yHzaMeHTaNbHOE ©  TPHKNAAHOE  3HAYCHHS.
H3omMepHEIe OTHOIUEHHA, T.€. OTHOIIEHHS BEIXOAOB W
ceyeHuH peakumii 06pasoBaHus OCTATOMHLIX SACP B
W30MEPHOM H OCHOBHOM COCTOAHWSX, 3dBHCAT OT
CNMHA AAPa-MHMLIEHH W BHOCHMOrO YTJIOBOrO
MOMEHTA, KOTOphlil ONpejensercs Maccod
sHeprueit GomOapaupyromell uacTHURL, & Takxke
MEXaHH3IMOM pEaKINH, CBOHCTBAMH BO30YKAEHHEBIX
COCTOSTHHHM KaK B HENPEpLIBHOM, Tak ¥ B AUCKpPeTHON
obnacrax [1-5]. Taxum obpazom, no HaRHEIM 06
U30MEPHBIX OTHOLICHHSX HCCINCAYIOTCS MEXaHH3MEL
SJEePHLIX peakudii © CTATHCTHYECKHWE CBOMCTBA
BO30YXIEHHBLIX COCTOSHMEA arOMHLIX saep. Baknoe
3HAYEHME UMeeT H3yueHHe 0bpazoBaHus H3OMEPHLIX

MO3BOJSAIOT IIONMYYaTh CBENEHWS O MeXanuaMax
ANEPHEIX peakumii W O CBOMCTBAX BO3OYXKICHHBIX
COCTOAHAH ATOMHEIX AJEP.

OcoGeHHO HMHTEPECHBIM SBIAETCA H3yHUCHHE
AfepHBIX peakuuit Tuna (n,2n) u (y,n) Ha sxpax c
74<A<92. B aroit obmactu mabmopaercs sgepHas
nebopmaums BEITFHYTOrO THIA. fAjapa ¥Br u Mo ¢
KOnmuuecTBOM HelTpoHos 50 HaxomaATes B 3TOM
obnacty ¥ ABNAIOTCH OOHEKTOM AKTHBHOTO HCCIEH0-
BAHUA KaK CTPYKTYpHl YPOBHEH, Tak W W3OMEPHBIX
OTHOIIEHAH B peakiusx (n,2n) | (y,n) [6].

CeueHns W W30OMEPHHIE OTHOUICHWA pEeaKIIAi
tAna (y,n) Ha Aupe ¥1Br cmabo waywenn. Mmeercs
Bcero oxna pabora [7], MocesmenAas OnpeneNneHnHIo
cewenutt  oOpazoBamus B  obmactw  sHEprui

Vol. 23, No.1, pp.8-13, 2021
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13-25 M»3B, B KOTOpPOH T4KXKe OIpENENeHbl
H30MEPHEIE  OTHOIIGHWS  BHIXOAOB  pEaKmHH
$'Br(y,n)*Br. W3oMmepHBEIE OTHOMEHHS BBIXOHOB
QoroaaepHEIX peakumi (y,n) Takke H3Y4YEHEl B
paborax [8, 9]. B HEHX H30MEpHBIE OTHONIEHHS
BBIXOJIOB ONpE/IENEHE! NPA QUKCHPOBAHHON 3HEPTHH,
IIPH MaKCHMaNbHOH SHEPIHA TOPMO3HOIO H3TyUEHHs
22 M>B [8], 25 u 35 M3B [9]. B ciryuae sapa **Mo
9KCIEepHUMEeH-TAILHEIE  JaHHEIE 10  H3YYEHHIO
ceyeHHH BO30YXKICHHH H30MEPHBIX COCTOAHHH B
peakuud (n,2n) u (y,n) B obmacru smeprumii 14-30
M>B HeOCTaTOYHE! IS TONMYHEHHs MONHOM KapTH-
HBI 3aCENICHAN 3THX COCTOSHUMH.

B Hacrosme# pabore MeTOAOM HaBENEHHOH
aKTHBHOCTH HCCIIE/IOBAHO CEUCHHE BO30yKIEeHUS
H30MEPHBIX COCTOSHHH ~ Br B sS[AEpHOM peaKiuH
(n,2n) mnpm osHeprmu HeWTporos 14.1 MasB.
Ompenenera SHEpreTHYecKas 3aBACHMOCTE
W30MEPHOTO OTHOIIEHMS BEIXOJOB pEaKOWH THIIA
(y,n) Ha sape *'Br B obnacth sHeprai 12-35 MaB ¢
marom | gVIaB. Taxke MOTy9eHE! CEYEHHs pPeaKmui
“Mo(y,n)*"™Mo.

IIL. MeTtoauka 3KCnepUMeHTa

Hccnenopanus NMpOBOAMIA HA HENTPOHHOM re-
sepatope HI'-150 UnctaTyTa apepro# ¢m3zmkm AH
PV3 [10]. B xauecTBe HCXOAHBIX 3KCIEPHMEHTAE-
HBIX JaHHBIX 10 peaknrd (y,n) CIIyKEI arjiac raMma-
CIEKTPOB PAJMOHYKIWJOB, INONY4YeHHBIX B (oTo-
SJIEPHEIX peakmusaX B obmacta 3reprait 10-35 MaB ¢
marom 1 M>B Ha TOpMO3HOM Yy-Iydke GerarpoHa
[11]. BpeMeHHREIE peXHMSEI, T.e. BpeMs OOIy4eHHS,
Tay3sl B H3MEPEHHs BEIOPAIH B COOTBETCTBHM C e~
PHOJIOM TIONypacnaja o0pa3yIomuxcs pagHoHyKIH-
noB. B kavecTBe MHIIEHH WCIONE30BaH NaBr Brico-
KOH 9HCTOTHI (99.9%) B IPAPOAHON CMECH H3OTONOB
Opoma, peccoBaHHLIA B BHAE AMCKA C THAMETPOM
20 mm. Kaxppiii o6pasen NaBr momemancs mexmy
AByMs MeIHEIMH donbramu (B cilydae HEHTPOHHOIO
o0yderns HCHIONB30BAH AMOMHHHEBYIO (ONBIY).
Macca obpa3nos cocrasnsna 3—5 r.

Hefitpounsiii remeparop HI-150 remepmpyer
TIOTOKH OBICTPHIX HEHTPOHOB ¢ 3Heprusmu ~2.4 u 14
M>B u3 peakmuit D+d—*He+n wm T+d—>a+n npu
HCMONB30BAHAM  JCHTEPHEBBIX W  TPHTHEBEIX
mumened. IIpE 3TOM NOTOKH HEHTPOHOB COCTAB-
nsroT coorsercreenHo ~10° u 10 meiiTpon-¢ ' [10].
Bpems oOmydeHms HEHTPOHHEIM TIOTOKOM C
sHepruei 14.1 MaB cocraenser 30 MuH.

Hasenennyio akTHBHOCTH MHUIIEHEH HW3IMEPSITH
Ha y-cnektpomerpe ¢upMel “Canberra”, cocrosmem
w3 repmarwreroro sierexktopa HPGe (¢ orrocuTens-
Ho# 3ddexTrBHOCTEIO 15% W paspemenneM ang mH-

umm *°Co 1332 k3B — 1.8 xaB), mudpoBoOro ananM3a-
topa DSA 1000 m mepcoHaNBEHOrO KOMIILIOTEPA C
nporpaM-MHEEIM nakeroMm Genie 2000 ans wabopa u
obpaboTka y-crekTpoB. ['amMMma-CEKTpOMETp 10
SHEPrHH KamHOpOBaNH C MOMOIIBIO CTAHAAPTHOIO
Habopa ucrounukos; Mn-54, Co-57, Co-60, Cd-109,
Ba-133, Cs-137, Eu-152, Pb-210, Am-241. Uzmepe-
HHS BBITONHSIM B CTAHAAPTHOH T€OMETPHH, B KOTO-
pOH TIpagyHpOBaIH AETEKTOpP MO 3(Q(EeKTHBHOCTH.
I'amMa-crieKTphl MUIIEHeH HadWHANHM W3MEPATH T10-
cie nay3sl 5—60 MuH B Teyerne 30—120 muH.
3aceneHne W30MEPHOTO H OCHOBHOIO YpPOBHEH
ureHTHGHOEPOBANH MO y-THHASM. CIEXTpOCKONH-
YECKHE XapaKTEPHUCTHKH SAEpP-TIPOAYKTOB pEeaKIuit
(yyn) u (n,2n), HeoOxomumbie mus oOpaborku
pe3yJbTaToOB H3MEpPEeHWH, B3aTH ©3 [12] ©
npEBefeHsl B Tabn. 1, rae I* — CIMH W 4ETHOCTh
ypoers, 7}, — mepwox monypacnaga sapa, I, —
HHTCHCHBHOCTH Y-KBaHTOB JaHHOH OSHEPIHH Ha
pacnaf, p — xo3pQHAIHEHT BETBIECHAS Y-TIEPEXO/IA.

Ta6mmna 1. CrieKTpOCKONHYECKHE XapaKTePHCTHKY Saep-
nponykToB peakuuu (y, 7) u (n, 2n).

Product | S T E, L, % p
nucleus keV
~ Smg, 5=  442h 370 391 1
S0sgr 1" 176m 6160 7.20

W30MepHEIE OTHOMIEHHS BEIXOAOB DPaCCYMTHI-
Bany 1o gopmye [13]:

PR A L0 P4 R T W
Lo MEOU Ndg, " A=k, ) A,

rae
E0=[1-op(-Ap,)|ep(-hs,)[1-en-1,0)].
Fy(t)=[1-exp(=A,1,) Jexp(-.gt, ) 1-exp(-2, )],

Am, Ay — TOCTOSHHBIE pachaja COOTBETCTBEHHO
H30MEpHOTO H OCHOBHOro cocrosamii; (C -
k03 QHIHERT, YUHTHIBAIOMHN OTPOCYETH PErHCTPH-
PYFOIIEH anmmapaTyphl B MONOKEHHE AMITYILCOB; N,
N; — 4HCIIO 3aperHCTPUPOBaHHLIX aKTOB pacmlajga
COOTBETCTBEHHO  HW30MEPHOTO ¥  OCHOBHOI'O
COCTOSHWH; /| — WHTEHCHBHOCTH Y-KBAHTOB JAHHOH
9HEPrHH Ha pacnaf; € — 3GdheKTABHOCTE CHEKTPO-
MeTpa;, p — ko3(Q(dHUUHEeHT BETBIEHHS Y-TIEPEX0a;
fo, In, f, — BpeMs OONydYeHHs, MAy3sl B H3IMEPEHHS
cooTBeTCTBeHHO. B  cmywae (n,2n) BMecto
BrlpakeHn# Y,/Y, ucnone3yroTcs OTHOMEHAS G,/C;.

© Akapemus Hayk Pecnybnuku YaGekucraH, TawkeHT, 2021 r.
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B HEHTPOHHOM TIeHeparope MNy4O0K HEHTPOHOB
SBJISIETCS MOHOSHEPTeTHIECKAM, TIO3TOMY HEIOCpea-
CTBEHHO MOXHO H3MEPHTh H30MEDHLIE OTHOLIECHHS
CEYEHHUH Peakiuy.

III. Pe3yabTaThl U UX 00CYKAEHHE
IIL.1. Peaxuus (y,n)

Tlony4yeHHEIe 3KCIIEPHMEHTANILHEIE H30MEPHEIE
OTHOLIEHHS BEIXOAOB W CeUeHHH peakmmi (y,n) ®
(n,2n) 5a szpe *' Br nprBeeHs HA PHCYHKE | B Tab.
2 u 3. AGcomoTHas ommOKa H3MEPEHAH W30MEPHBIX
OTHOIIEHHUY BHIXOJOB ONPENENILeTCsS CTaTHCTHIECKOH
MIOTPENTHOCTEI0 CYETOB B (HOTONHMKE W3MEpSEeMOR
y-muEAd ® 30(EKTHBHOCTHIO PErHCTPANAA Y-H3ITy-
YEHHS.

0.4-
n
0.3+ ;-';""'."';.'
W
0.24 et
-
0.14
10 2 £ ey 30 40

Pucysok. DHepreTuueckas 3aBHCHUMOCTh H30MEPHOTO
OTHOWIEHHS BEIXOOB peaxiun ° Br(y,n)*™*Br.

Ha prcyHKe 1TOKa3aHa  3HEpreTHYecKas
3aBHCHMOCTE H30MEPHOTO OTHOIICHHS BHIXOZIOB
peaxmas 'Br(y,n)**™Br. Kak BHAHO W3 pHCyHKa,
3HAUEHHWE  W30MEPHEIX  OTHOIUGHHH  BEIXOZOB
N(Eymax)=Ym/(YmtYg) pacTer or mopora peakmud A0
20 M>3B. B03MOXHO, 3TO CBf33aHO C TEM, 9TO C
pPOCTOM SHEPIrUH YBETMYHBAETCH HYHCIO KacKaJHBIX
Y-TIEPEXO0/I0B, CHUMAOLIEX BO30yxAeHHe sapa. [Ipu
saeprud Beime 20 MaB dysxuus 1(E ymex) EMEET BHA
KpHBO#M HackmeHus. [ anmpOoKCHMANWH 3KCIEpH-
MEHTAJIBHEIX JAHHEIX [0 H30MEPHBEIM OTHOIIEHHIM

BEIXOZIOB HCIONIb30BaH CHTMOHAANBHYIO
("cTynmenskoobpazaytoy)  dyEkmmro  Bomemmana
(crmtomaas KpuBas):
A—-A
y=4,+ — (M

1+exp[(E - E,)/ AE]’

raoe Ay, Ay, Ey u AE — TIOATOHOYHBIE HapaMmeTpsL,
KOTOpEIE ONMpENeNsid METOAOM HAaWMEHBLINHX KBaj-
paToB 1o HabOpy 3KCIEpPHMEHTANLHEIX 3Ha4YeHHR. B
pe3ynbTaTe TONYHIEHBl CHEAYIOIMHE 3HAYCHHA A
aapa *'Br:

© Akapemua Hayk Pecnybnukv YabekuctaH, TawkeHT, 20211,

A1=0.16622+0.01782; 4;=0.31485+0.00249,
Ey=(17.94+0.48) M3B u AE=(1.45+030) M3B.

B tabn. 2 w 3 upuBeieHE 3KCIEPAMEHTAIBHEIE
pEe3yJILTATEl HAIHX H3MEPEHHH B CDaBHEHHUHU C paHee
MOJTy4eHHBIME AaHHBIME, B Tabn. 2 gaHHBIe 00 H30-
MEPHEIX OTHOLIEHUAX BHIXOJOB PEaKWil NPHBEJECHE!
B BEge N=V,/(Y.+Y,). Kak BHmHO, pe3ymsTarsl BCEX
?aﬁor M0 W30MEPHBIM OTHOIIEHHSAM JUIS DPEaKIHH

'Br(y,n)*"™eBr B muanasone srepram 15-25 MsB B
Tpejenax MOrpelmHocTed cornacyrorcs. B obmacta
3HEpPrui BO30YXIEHHS BRIE THTAHTCKOTO AHIONB-
HOrO pe30oHaHca, T.e. B obnacta 25-35 MsB, srepre-
THUYECKAs 3aBUCHMOCTh M30MEPHEIX OTHOIIECHHN BbI-
xooB peakmae " Br(y,n)**™Br onpexmenera mmep-
BHIE.

Tabauna 2. W3oMmepHble OTHOIIEHHS BBIXOJOB peakiuit
81Br(y,n)*"™¢Br.

Emsx 1 E,, MaB | n | HUcTounuk
22 0.32%0.02 [8]
22 0.3240.01 [7]
25 0.32+0.02 9]
30 0.32+0.01 [91
25 0.32+0.02 Hacr. paGota
30 0.32+0.02 Hacr. paGota
35 0.32+0.01 Hacr. paGota

Jns monydeHHs abCOMIOTHBIX 3HA4YGHWH cede-
HUH pEeaKOHH HCIONL30BANH METOX CPABHEHHS BhI-
XOJOB U CeYeHWH HCCIeNyeMOH W MOHHTOPHOH pe-
akmwi [1]. JIns MOHHTOpHOH peakuud %Cu(y,n)*Cu
HCMONB30BalIA HaHOONee COBPEMEHHBIE AAHHBIE H3
pabotsr [14], momy4eHHBIE B H3MEPEHUIX HA IydKe
KBa3HMOHOXPOMATHIECKHX (oTOHOB. IlomydeHHbIE
3HAYeHNs BBIXOAO0B Y, peaxmun * Br(y,n)*™Br mepe-
CYMTAHEI HA CEYEHHs COOTBETCTBYIOIIHX peaKIui

1]

DKCOepUMeHTAIbHAS 3aBHCAMOCTE CEYeHHH pe-
axgae OBr(y,n)*™Br or rpammdmO# 3HEprum TOp-
MO3HEIX KBAaHTOB ANIPOKCHMHPOBANH (yHKIACH
Jlopermna, mapaMeTpsl KOTOPOH (TIONOXEeHHe MaKCH-
MyMa cedeHus E,,, 3Ha4eHHE CEUCHHS B MaKCHMyMe
G, W IIWPHHA pAcOpefelleHds Ha NOIOBHHE €ro BhI-
coTel I') ONpemensand METOZOM HAWMEHBINWX KBAl-
paroB 1o HabOpy 3KCIEPHMEHTANLHEIX 3HAYEHHH.
TlapamMeTpsl anmpOKCAMAIMA W HHTErpalkHEIE cede-
HUs peakuuu mpuBenensl B Tabn. 3. IlorpemmocTn
OIEHEHEl HCXOMAS W3 CTATHCTHKE 3apEerHCTPHPOBAH-
HEIX OTYETOB.



UccneposaHue Bo36YXAeHUSI U3OMEPHBIX COCTOSHWIA B peakumsix (y,n) u (n,2n) 11

Ta6auua 3. Ceuenne peaxunn ° Br(y,n)*"™<Br.

Peaxuus E,, MsB T, M>B Gy MO Gint, MBB'MO E;,, MaB Wcrounux
*Br(y,n)*"Br 17.2+0.1 6+1 75+7 969+331 19 [6]
$1Br(y,n)*"Br’ 17.28+0.04  5.14%0.24 31 279+17 25 Hacr. pa6ota
$1Br(y,n)*"Br 17.28£0.03  5.33x0.17 42+4 410+17 25 Hacr. pa6ora

“Mo(y,n) *"Mo" 17.030.04  2.74+0.18 7944 352426 21 Hacr. paGota
“Mo(y,n) *"Mo 16.97 2.54 100 420 18 [6]

Tlpumeyanne. Pacuer cedeHmit mpoBoauH no nporpavmme TALYS-1.6. G —

BEPXHHH Npefiell HHTErPUPOBAHMUS.

JInA ONEHKW W CPaBHEHHS SKCIEPHMEHTATLHEIX
Pe3yNLTaTOB HaMH IPOBENEH pacdeT CeYeHHs peak-
IHHE ¢ MOMOINBLIO MporpaMMHoro makera TALYS-1.6
[15, 16]. ins pacmpeneneHus y-KBaHTOB 110 3HEPIHH
W(E,, Eymax) ucrionesosama crnektp Mudda [17, 18].
PesyneTaTtel TEOPETHYECKHX pPACUETOB MNPHBECHEI
taxxe B Tabnm. 3. Kak BugHO w3 Tabn. 3, momoxenus
MakcuMyMma cedenms F, W mupWHa pacnpeleleHHs
Ha TOJIOBHHE €ro BEICOTEI || B mpejienax MOrpemHo-
CTH M3MEPEHHH COTNacyroTcs Mexay coboi. 3Hage-
HHES CEUCHHI B MaKCHMyME O, OTIIHYAIOTCS APYT OT
gpyra. Hamm skcneprMEHTaNBHEIE Pe3yIBTATH
ONU3KH K TEOPETHUECKHM 3HAYECHUSM, MONYIEHHEIM C
noMomplo makera nporpamMm TALYS-1.6. Harte-
TPalbHBIE CEYEHHS Gipt PEAKLIHUH OTIHYAIOTCS APYT OT
apyra wW3-3a pasHEIX 3HAYEHHH Ipeleia HHTErPHpO-
BaHAS MW 3HAYEHHH CEYEHHS B  MakKCHUMYyMe.
E)nepremqecxoe TONOXEHHE MAKCHMyMa CEYeHHS
peakmma  O'Br(y,n)*"Br s IpeAenax IOrPEeIHOCTH
COBIafiaeT c 3Bepmeﬁ THT@HTCKOTO JHIOIBHOTO

pesoHanca ' Br, onpenenxemon AMITHPAYECKAM
COOTHOIIEHHIO E =75 A™3, xoropoe pasro 17.3
M>5B.

OGnacTe  SHEpPrHH, KOTOpas  OXBATHIBAET

PE30HAHCHYIO (OpMY MHWMONBHOrO MOITIOMEHHS,
COCTaBIFET OT mopora peakmui go 25 MsB (95%
OXBATEIBAET).

Kax Bagmo w3 tabn. 3, medpopmaumu mo
mapaMeTpaM THTAaHTCKOrO XHIONBHOTO pEe30HAHCA
HEJ0CTAaTOYHO JIsi MOAPOOHOr0 aHanW3a 3THX
geaxuuiaom B pabore [6] cedenme peakuu:
Br(y,n)""Br onpemeneHo B HHTepBale 3HEPruif
12-20 M5B, T.e. He 0XBaThIBAET MOTHOCTELIO 001aCTh
THTAHTCKOro pe3oHaHca. [103TOMy 3HaYeHue IUPHHEL
THTaHTCKOTO PE30HAHCA HMEET OOMBINOE OTKIOHEHHUE.,
Hamm pesynsTarel m0 IIHPHHE H  ITONOKEHHIO
pe30HaHCa COBNAJalOT B 00NacTH SKCHEPEMEH-
TanbHBIX OmMOOK ¢ AaHHEME paborel [6] u ¢
pe3ynbTaTaMH  pacdera. 3HAYEHHS MAaKCHAMyMa

HHTerpaiLHOe CedeHne peakuuu, £ —

CEUEHWH OTNWYAIOTCS JpPYr OT Apyra. Hamm
pesynbTaThl 1O CEYEHHWIO ONW3KH K 3HAYEHHSM,
TOTYyYeHHBIM C TIOMOMIBIO IMPOrPaMMHOrO Makera
TALYS-1.6.

B tabn. 3 TAK)KE IPUBEICHE! JAHHEIC [0 CEUCHH-
M peakmuit ~“Mo(y,n)” ™Mo, KOTOpIE PACCUHTAHEI C
noMombio nporpaMmuEoro makera TALYS-1.6. 3xecs
TaKKe NPHBCACHE! JAHHEIC paGorm [6], B xoTOpO#
CedeHHs peaKmwuil Mo(y,n)"™Mo onpenenens B
00macTH SHepruil raMMa-KBaHTOB, HE OXBATHIBAIOMEH
00MacTh THraHTCKOTO OHUMONLHOTO pEe30CHAHCa I
3ToH peakmuu. [lo3ToMy B 3TOd Tabmuume He
OPHBEZICHEl NapaMeTphl THraHTCKOr0 IHMOJIBHOIO
pe3oHaHCca I 3TOH paboTHL

111.2. Peakuus (n,2n)

B ciyuae peakmum (n,2n) (Tabn. 4) 1aHEBIE BCex
SKCIEPHMEHTANBHEIX paGor B npeaenax
MOTPENIHOCTEH M3MEpPEHHM COINacyroTcs. 37ech
TaKKe TPUBEJAEHHl pAacYeTHLIE MJAHHLIE CEYEHHS
PEaKIiH, OPOBEIECHHBIE C MOMOLILI0 IPOrPAMMHOIO
nakera TALYS-1.6. Pesynsrarsl TEOpETHYECKHX
pacdeToB IS CedeHHi 00pa3oBaHHS H30OMEPHBIX
COCTOSHHH, OTHOCHTENEHO PpE3ylIbTaTOB APYTHX
paboT, HECKONEKO 3aHUKEHEL.

Jdna nomyuerHs  aOCOMIOTHBIX  3HAYEHHM
CedeHHH OCHOBHOIO W H30MEPHOIO COCTOSHHM G, H
O, WCIONB30BalldE METOALI CPaBHEHHS BEIXOJIOB
HCCIIelyeMO ¥ MOHHTOPHOM peakuuy, B Ka4ecTBe
MOHHTOPHON peakimuy ucronssoBama 2 Al(n,a)**Na
(T12=15 1, E,~1368 x3B), ceuernre KOTOPOH PaBHO:
Om = 121.57:*:0.57 MOH npu E, =14.1 MsB [19]. ITo-
ITydeHHEIE 3Ha4YeHWs NpHBeAeHHl B Ta0.4. Mcxomntl-
MH DaHHBIMH JUIA 3TOTO pacdéra ABJSIOTCS IUIOIaahb
raMMa-JIHHAHE ¥ HX SepHO-QU3HYEeCKHe XapakTepH-
CTHKH, KOTOpHIE MpHBEJeHHI B Tabm.l. W ceueHus
MOHHTOPHBIX PEaKIIHi.

AGcomoTHas OmMOKa H30MEPHBIX OTHOIICHHH
CeueHHH peaknH# ONpeleNsercsd CTaTHCTHYECKOM
HOrPEIHOCTHIO CYETOB B (hOTONMHKE H3MEpseMOH Y-
NHHEH, 3Q(EKTHBHOCTHIO PErHCTPALAE Y-H3IydeHuUs

© Akagemus Hayk Pecnybnvku YsbekuctaH, TawkeHT, 2021 .



12

C.P. Naneaxos, ®©.P. 3ramosa, M.U. Mamanocynoaa’. .C. Maneaxosa’, M.M. Axmegos

# omuOxol 3HavyeHHH ceveHHN MOHHTOPHBIX peax-
it

Tabauna 4, Ceuenne peasumy *'Br(n,2n)*"™* Br.

E,, MaB O, MO ag, MO Herounux
14.0* 615 361 Hacrosmas
pabora
14.5* 650 375 Hacrosuas
pabora
14.1 737+46 391447 Hacrosmas
pabora
14.1 735+48 381443 [20]
14.6 763+57 - [20]
14.1 743+38 - [21]
14.8 751+47 - [21]

Mpumeuaune. Pacuer cesemiit MPOBOMILTH IO NPOrPaMME
TALYS-1.6.

Mo dopmysne (1) onpeaesieHO H3OMCPHOE OTHO-
menue cedenns peaxum# (n,2n), KOTOpOe PaBHO:
1.93£0.12. DTOT pesymsTar ¢ Y4eroM 3KCIEpHMEH-
TATLHBX OWHOOK COBNajaeT ¢ JAHHLIME paboTsi
[22): 1.93£0.12.

Obmas cxema NPOTEKAHHA peaxKuHy
NpeAnonaraeTcs caeAyiouled: BHaYaNe MPOHCXOMHT
OOITIOMEHAe AMIONBHOIO Y-KBaHTR HAa 4Ape C
00pa3zoBaRHeM COCTABHOIO SApPa, 3aTeM NMPOHCXOMHT
HcnapeHue Helitpora ¢ oOpasoBaHeM BO30yx-
JACHHOrO COCTOSHHS KOHeuHOro siapa Bosbyxnenne
JHOYEPHETO SApPAa CHAMAETCHA KACKAIHBIM HCITyC-
R@HHEM Y-KBaHTOB ¢ o00pasoBaHEeM B HTOre
OCHOBHOI'O HJIH H3IOMEPHOTD COCTOSHHN KOHEYHOrO

a.
N ITnoTHOCTS SACPHBIX YPOBHEH PACCIHTHIBAIA 110
tdopmyne Bera-Bnoxa [4, 23-25], cnmmoBas yacts
KOTOpO# HMeeT BHIL

p(J)=(2J +Dexp[~(J +1/2)* 1 26%].

ViyummTs KONWYECTECHHOE COrNacHe pacyeToR
C KCTIEPAMERTOM YAAT0Ch NPH (PHKCAUNKE napaMer-
pa coMHOBOro orpaHmdesus o. [lpr  3TomM
yAOBIETBOPHTENLHOE COrNacHe MAOCTHraercs NpH
a=25h.

V. 3axmouenne

M3 ananu3a fanHBX, NpHBeACHANX B Tadbn. 2 1 3,
CAeAyeT, HTO SKCOCPHMCHTANbHBIC MCCNENOBAHAL
B020YXACHAS W3IOMEDPHHIX COCTOSHHHA B tbarou#cp-
HMIX peakiHsX Thma (y,n) Ha sapax "Br @ “Mo
NPOBOHAR B OCHOBHOM B oGnactw 3Heprmit 10-25

M2B, Te. B OONacTH TIHIaHTCKOrO AMIONLHOTO
pesonanca B obnacTe smeprwil, BEUE MMMTAHTCKOrO
Pe30Hanca, IHEpreTHYecKas 3aBHCHMOCTL H3OMep-
HEIX OTHOWIEHWH Mano m3ydyeHa. bBaarogaps aram
HCCCAOBAHUAM, MOXKHO NONYHYHTh HHOOPMALHIO O
TMNOTHOCTH SASPHEIX YPOBHEH H O BKIAQNC TPAMEIX
OPONECCOB B MeXaHW3M (OTOSAEepHLIX peakuuii B8
naHHOM obnacTh 3HEpruHi.

bnaarogapuoct. B saxmouenwe  asTop
seipaxkaer Gnarogapuocrs M. Kaiomosy u O. Xypa-
eBy 3a obOmyuenHe oOpa3uoB HA HEHTPOHHOM
renepatope, JK. PaxmoroBy 3a noMmome B H3IMe-
pernsx, C.B. Apremosy 3a nonesnsie obcyxaeHns.

Heeneposanus nNpoBOJHAE NPH  MOAJEPKKE
rpaara OT-F2-12 MunncTrepcTBa HHHOBALHOHHOIO
passaTas Pecybmurn V3bexucran.
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Investigation of isomeric state’s excitation in the
reactions (y, n) and (n, 2n) on the *Br and “Mo
nuclei
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The cross sections for the formation of isomeric states in
the reactions (y, n) and (n, 2n) on the *'Br nuclei were
measured by the induced activity method. The energy de-
pendences of the isomeric ratio of the yields of reactions (.
n) in the energy range of 14-35 MeV with a step of | MeV
are obtained. The TALYS-1.6 software package was used
to calculate the “Mo(y,n)”""Mo reaction cross sections in
the energy range 12-21 MeV. The experimental results are
compared with the data of other works and the TALYS-1.6
calculation.

Keywords: nuclear reactions, isomeric ratios, bremsstrahlung,
radioactivity, cross section, activity, isomer,
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¥Br Ba Mo saposapnar# (y,n) Ba (n.2n)
peaKuHsIapAa HW30MEp XO0JaTJAaAPHHHI YHFOHH-
HIHHA Yprasudm

C.P Manmsauos', ®.P. Sramosa’, M.H. Mamarocyno-
sa', I.C. lasmanosa’, M.M. Axmesos’

'Vabexucron Mummii  ymmsepcurers, VamBepcuTer
xyuacy 4, 100174, TomxesT, V3bexncron

*Yprasu masnar ynuBepcutet, X Omanokon xjuacu 14,
220100, Ypraug, Yabexucron

KHpHTHIraH aKTHRIEK MeToms Gunan * Br sapogard (y,n)
Ba (n,2n) peaxmHAnapia W3oMep XONATAZD XOCHT Oymam
KecHMH ViuaHras. JueprusHunr 14-35 MsB coxachm
1 ‘M3B «xagam Ommam (y,n) peaxuus =H3OMep
UNKHOIADHHEHT  3HEPTreTHK  OOFNAHHUIM  ONHHIaH.
TALYS-1.6 macrypnam naxketw épaammaa 12-21 MsB
3HEPrusaNap COXacCHOA y,n)”“’Mo pEaKiis KecHMH
xucoOnanran. Taxkpuba HaTwkanape Oomka wim
Hatuxanape Ba TALYS-1.6 xucofmamm matmxamapa
Ounas conRTHPHIATH.

Kaner cy3nap: sapo peakumsics, u3omep Hucdataap,
TOPMO3NaHHIN HYpPNaHWIINAD, PAJHOAaKTHRIHK, KeCHM,
aKTHRIHK, H30Mep, SApO.
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Jlns obiryuenns HopooGpasoBaHuil, pacrnonoXKeHHEX BOMN3N JKUIHEHHO BAKHBIX PaZMOHyBCT-
BUTENBHEIX CTPYKTYP W OPraHoB HeoOXOXUMO 0GECIe nTs TOMHOE MPOCTPAHCTBEHHOE COBME-
HIeHHe MyYKa ¢ MULIEHBIO B ceancax npoTonHoi Tepanun. Llensio paborul sensercs cpasHe-
HHE W aHaIW3 pacnpeiencHuii 103, NOJyYeHHbIX B IPOrpaMMe MUIAHHPOBRaHHS MPOTOHHOrO
NyUKa ¥ U3MEPEHHBIX B PE3yNbTaTe HKCTIEPHMEHTA C NPHMEHEHHEM PaZIHOXPOMHBIX [ICHOK B
Memxo-rexunaeckom kommnexce (MTK) JlaGopatopun suepusx npotem (JIATT) O6nesn-
HEHHOro WHCTHTYTA auepHsix uccremosanuit (OWSAM). Ha nepsom stane uamepennii 6uuto
ONpEeJiesIeHO COOTBETCTBHE CTEMEHH NMOTEMHEeHHs MUIEHKH OT 103kl obnyuenus. [lna aroro u3
OIHOrO JIMCTA TUIEHKH OB BRIPESaHK! TPHHANNATE KyCOYKOB pasMepoM 20x20 MM, KOTOpbIe
sareM obmyuanu mosamu (0; 0.25; 0.5; no 3 T'p). Ha ux ocHose mocTpoeHa kanubpoBounas
KpHBas ¥ PACCYHTAHO YPABHEHHE ANNpPOKCHMALMM, KOTOPOE HCHONbIOBAHO NS TEPeBom
JHaueHnit MATPHULI TOTEMHERHS OBTyHEeHHLIX TIEHOK B 3HAYEHNS norjomenHoif xossr. Ilpo-
JoMLHLIT W nonepeyHsiii crnan 403kl 0T yposHs 80% no yposts 20% npoucxoaut cooTBercT-
BeHHO Ha rmyoune 9.2+0.3 MM 1 Ha umpure 9.0£0.3 mm.

Kinouennie esiosa: nuxk Bparra, MpoTOHHAA TEPANMA, ONMYyX0/h, PAAMOXPOMHN IUICHKA, PACTIpejeIeHHe
1103, TPOAOABHLIA ¥ NONEPEUHBI CTIAL! JO3KIL

For irradiation of neoplasms located near vital radiosensitive structures and organs, it is neces-
sary to ensure precise spatial alignment of the beam with the target in proton therapy sessions.
The aim of this work is to compare the dose distributions obtained in the proton beam planning
program and measured as a result of an experiment using radiochromic films. In the first stage
of measurements, the correspondence of the degree of film darkening to the radiation dose was
determined. For this, thirteen pieces of film, with size 20x20 mm, were cut out from one sheet
of film, which were then irradiated with doses (0; 0.25; 0.5; up to 3 Gy). A calibration curve
was constructed on the basis of these films, and approximation equation was calculated. This
equation is used to convert the values of the darkening matrix of the irradiated films to the val-
ues of the absorbed dose. Loongiudinal and transverse dose fall-off from 80% to 20% occurs at
a depth of 9.2+0.3 mm and a width of 9.040.3 mm, respectively.

Keywords: Bragg peak, proton therapy, tumor, radiochromic film, dose distribution, distal and lateral
dose fall-off

raHusM "enoseka. [Ipa 3TOM BHHMAHHE aKNeHTHpYeT-
CA KaK Ha MONOKATEILHOM, TaK W OTPALATENEHOM -
VYike HEeCKONBKO AeCATHIETHH HYenoBedecTBO M3y4aeT (heKTe, BO3HHKAIONIIEM NpH e€ro npameHennu. Pas-
BO3/ICHCTBHE HOHM3MPYIONIEr0 H3NYYeHHS HA Op- pabaThIBAIOTCS HOBBIC METOABI, KOTOPbLIE MO3BONSAIOT

I. Beenenme
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A0OHBaTLCE MaKCHMATLHOIO JegebHOro 3¢hdexta npa
CHHDKCHHH OTPHLATENLHOIO JACHCTBHS Ha OpPraHHE3M.
Vnywmaerca ofopyaoBarne s MPOBEAEHAS Tyderoi
TEpalHH, TOSBISIOTCS HOBLIE TEXHOIOTHY O0NyIeHuES.
Bonsimie HamexIbl BO3NAralOTCi HA OPOTOHHYIO Te-
PallHIO, C MOMOINLKD KOTOPOH MOXKHO MAKCHMATLHO
TIPHOEILHO NOABOAHTH BHICOKHE JO3LI H3NVUEHHS K
ITy50KO PAcTOJIOKEHHBIM OMYXOIsM NpH MHHHMATL-
HOM NOBPEXACHHH 3/{CPOBLIX TKaHEH 33 CYET Bhigene-
HAA PaHANHOHHON AO3LI HA ONPEACIEHHOM OTPE3Ke
npobera gacTHn. Bnarofaps CpaBHHTEIBHO OONBIION
Macce NPOTOHE! HCOLITHIBAIOT JIHINL HEOOALIIOE HO-
NEPeYHOe paccesHHE B TKaHW, a pasdpoc AMHHEI HX
npofera 09€Hb MAM, IMy90K MOXHO CPOKYCHPOBATE HA
ONyXOlb, HE BHOCS HEMPHEMIEMEIX TOBDEKISHHH B
OKDYXarOIIHe 3M0POBLIE TKaHW. Bce MpOTOHHE 3amaH-
HOE SHEPIHH HMEIOT COBEPIISHHEO ONpPEAEIICHHRIR
mpober; HHYTOXHOE WX HGHCIO HPEBLINAET 3TO PAac-
crosaHe. Boree TOro, NpakTAYECKH BCA pafRalHoHHas
71033 BHIAENAETCA B TKaHH H3 MOCIENHHEX MHEIUTEMET-
pax npobera SacTHIl, 3TOT MaKCHEMYM Ha3kBarOT Opar-
rOBCKEM MEKOM. MecTononoxeHsse Op3rTOBCKOro mE-
K2 3aBHCHT OT 3HEPIHH, A0 KOTOPOH OBUTH pazorHaHB!
YACTHIBI B YCKOPHTENE, 3Ta 3Heprus B OONLIIHHCTBE
Cly4aeB ZODKHA HaXOMMTHCH B JManasoHe or 70 go
250 MsB. CnezoBarensHo, NOSBISETCS BO3MOXHOCTE
cOKYCHPOBATE ODNACTE Pa3pyINeHrs KASTOK MPOTOH-
HEIM IYYKOM B ITyOHHE 370pOBOH TKaHH, OKPYXaro-
med ONyXONb, TKaHH, PacmOIOKeHHBIE A0 Op3rTosB-
CKOTO MHKa, MONYYai0T HEKOTOPYK) HEe3HAYHTENIBHYIO
303y. B HacToAmeR craThe OPEICTABIEHE! 3TANk Ipo-
BEDKH MPOCTPAHCTBEHHEIX pacOpeiesieHH#d J03HL
PacHIEpeHHBIC MHKA Bparra, monydYeHHBIE B JKCIEPE-
MEHTE H DacCYHTaHHHIC B PE3yNbTare IUIAHHPOBaHHSA
obIyacHAR.

II. Onucanne 06BeKTa H METOAOB HCCIEI0Ba-

HHS

OcHOBHOH 3anadell KITHHHYECKOH NO3UMETDHH
MOXKHO CYHTaTh JAeTAIbHOE ONHCAHHE NPOCTPAHCTBEH-
EBIX pacnpee/ieHHH NOITIOIEHHON A03H, CO3AaBae-
MOH TepaleBTHYeCKHM anmaparom. [[is XaxIoro THIa
anmapara, HCIONE3yeMOro B KIHHAYECKON MpaKTHKE,
=MeeTcd CBOH HaOOp H3MEpPIEeMEIX XapakTepHCTHK H
mponeayp. OOmmaM smisgercs ToT akT, 9TO AO3HEIE
pacTIpeieNieHHs JAOMKHE OBITH OXapaxTepH30BaH: 110
TPEM KOODAHWHATAM B aOCOMIOTHEIX B OTHOCHTENBHEIX
senmumaax [1-3]. [{ng nposefenHHs KNIMHHYECKOH J0-
ZEMETPHH HCIONBIYIOTCH PAsfIHYHEIE THOE Z03HMET-
DOB.

WoruzanuoEnEe KaMephl Iar0T H3MEPEHEE B

TOYKE H HE MOTYT NpPEeJOCTaBHTE NPOCTPAHCTBEHHONO
pachpejeleHus, HeOOXOAHMOro Ans KOHTypa. Hc-
TONE30BaHAE TEPMOMOMAHECUERTHEIX ETEXTOPOR,
OyCTh Aake HEOONMBINHX pa3MEpoB, IBIAETCS HENpO-
CTOH NpOLEAYPOH NPH HIMEPEHHH ONHO- HIH JABY-
MEpHREIX I030BBIX pacupefaecicHui. Takxke oA Tpedy-
FOT CIIOXHOH mponexypst obpaborka. Pamuorpadwue-
CKHE IUIEHKH TaKX€ HMEHOT 3HaYHTeNbHBIC HEZOCTAT-
k. OHE A2}0T BO3MOXHOCTL NOMYYaTh NPOCTPAHCT-
BEHHOE PACTpPEACNeHEE, HO YyBCTRATENLHE K JHEB-
HOMY CBETY, Hy&KJEIOTCH B IPOSBKE, TPYAHO NOIY9HTE
aDCOMIOTHBIE 035, Helb3s Paspesars.

Pammoxpomurie mnerks (PXII) o0nagaiT BEICO-
KHM TIDOCTP2HCTBEHHBIM Da3pEllcHHEM H HE HMEIOT
noZoOHBIX HegocTaTkoB. OHH MOTYT HCIONB30BATLCH
g ONpefeNieHHs a0COMOTHONO0 W OTHOCHTENBHOrO
3HaUEHHA TNOINOMEHHON J03kI oOmydenms. Pamwmo-
XPOMHEIC TUICHKH NPHTONER! JiIs paboTEI C peHTTe-
HOBCKHMH Ty49aMH, Oy4KaMH 3I€KTPOHOB, MPOTOHOB,
HOHOB, 0-9acTHIl H HEHTPOHOB, a TAKXE MOIyT HpH-
MEHSTBCE IS HIMEPEHHH, OXBaTRIBAIOIAX IMIHPOKHE
JAmana3oH 3Heprai [4-7].

B sxcrmepuMeHTe HCOONL30BANH TepaneBTHUE-
CKHH Ty9OK IPOTOHOB c 3Hepruei 155 M3B [8]. [Ins
H3MEPEHHA NMPOCTPAHCTBEEHOIO PAaclpefeleHns A03k
B 3KCOEpHMEeHTe OBIIa HCOONB30BaHZ PATHOXPOMHAS
mnenka (PXII) Gafchromic EBT-3 [9] pasmepom
100x130 mv ® Tonomeo# 0.3 MM, cocrofmas H3 ax-
THBHOTO CJOS, PACHONOXEHHOr0 MEXKIV TOHKHMH
MHECTaM¥ MOMR3CTEPa. OTa INICHKE, 10 JAaHHEIM IIPOH3-
BOJMTENH, TOZRONIET H3MEPHTD J03y NPOTOHHOTO 00-
mydeHns B auanazore 2 ¢l p—-10Tp.

IMepBuri 3Tan E3MepeHHEN COCTOSN B Ompeaee-
HHH COOTBETCTBEHA crenenw noreMuEcHEs PXII or mo-
3ul oOmyuenns. [Ins 3Toro ¥z ogsoro nucra PXII Gur-
IIE BLIpE3aHb! TPHHANNATE KYCOYKOB IJICHKH pasMe-
poM 20x20 MM, KOTOpHIC 3aTeM OOmy9ams xamHOpo-
BaEERIME Fo3amHE (0; 0.25; 0.5; ... mo 3 I'p). Mlnesx=
pacnoiarand NEepPHeHAHKYISPHO K OCH NPOTOHHOTO
my4xa Ha rayOuHe 12 MM BOZHOTO 3KBHBANEHTA.

OKCIIepEMEHT 3akmodancd B obnyuemum PXII
chOPMHPOB2HEEIM NPOTOHHLIM MY9YKOM, PACCIHTaH-
HEIM B TPEXMEDHOH KOMILIOTEDHOH CHCTEME INiaHH-
posarns TPN [10]. IInockocTs nNeEKH Oniia OTKIO-
HeHa Ha 5° OTHOCHTENEHO OCH My9Ka ANS TOro, 9TO0H
#30exars OpoNeTa IPOTOHOB BAONL JYBCTBHTEILHOIO
cnos PXTI. Tlormomennas 1o3a B H30LEHTPE COCTaB-
nsna 3 Ip.

IIl. Onucanne 1 aHATHZ PE3YIALTATOB

IMonyuernsle B pe3ynsrare 3xcnepaMenTa PXIL,

©AxanemMus Hayk PecnyGnuiu Yabexucras, TawkeHT, 2021 1.
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KaK H KaTHOpOBOYHEIE KyCOYKH, IUTCHKH CKaHHDOBZ- YCHHS MOTEMHEHHH B Kak/0# TOUKe H cHOPMHAPOBAHA
JIH ¢ paspelleHHeM 75 MHKceneH/moiM uyepes 48 u aByMepHas MaTpHOa AaHHBIX B mporpamme Imagel
nocne obnyuerws — mepwox monnoro motemAeRws [12-16]. Ha ocHoBe npeaBapRTeNbHO OOMYYCHRBIX W
namroro tama PXII [11]. CxasuposaEre OpOBONHIH OTCKAHHPOBAHHEIX TPHHAANATH KAaIHOPOBOIHEIX Ile-

c nomomsio ckanepa HP Officejet 7213 (puc. 1).

Uz CK2HHPDOBEHHEIX NAaHHBIX OBUTH CYHWTAHEI 3HA-

Pacynox 1. OfGnyuerrrie xanmnOpoROUHbIE KYCOUKH H
macr PXIL

Hnpia

I'mybuna

HOK IIOCTpOeHa KankOpoBoYHas kpesas (pac. 2).

Noremazuwe [Gosa. 1o 3
o
0.035254918]
00558813
0.065507323]
0.117049107)
0.138257341
0.158271401
0.180608433
0.202607238]
0.222482051]
.241365101
0.252445652]
0.268005631
D =-0.0138008452 + 75751853040 + 6.5854452183x7 = 23 $0240628358°

¥

Koty wrysim————

i JosaI'p

=

fus_u.gnuugngago

P |
6 &b 01 QIS B3 83
noreaerne PXIL. 078, <3

Prcynox 2. Matprna aassbIX KanuOposouHsX nne
HOK, KamrOpOBOYHAs KPHBAA H YPAaBHEHHE aNMNPOKCH-
mMamua: D — nornomensas 1033, X — MOTEMHEHHE

IInprma

I'ryGama

Purcysox 3. Matprust fos: noaydenssie ¢ noMomeio PXII (cinera) u paccurTaHHbIe B Pe3YJILTATE CHCTEME! THIAEHPOBa-

uug obnyuenns (crpasa).

Pacysox 4. Cpasrenne NpOAONLHELIX A03; PACCYHTAHHOH B PE3yNbTATE MIAHADOBaHES 00Ny4enns (CHHEI KDHBas, HHAK-
He%) B monydeHHo# ¢ nomomrsio PXIT (xpacHas KpuBas, BEpXHIS).
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AHanus pacnpejeneHus 403, PacCYMTaHHbIX B CUCTEME MNaHUPOBaHWUS NPOTOHHOro oBnyyeHus TPN

17

VYpasHeHHe anNpPOKCHMAUWH PACCYHTAHO C MO0-
MOUIERO MaremarHyeckoro nakera Maple 18 [17, 18]
H HCOONB30B3HA I TEPEBOAA 3IHAYEHHH MATPHIE
noTtemHeREs 0o0mydenHBIX PXII B 3Hauenus mormo-
nreEHOH Ao3H. [lomydernas TakaM o0pasoM MaTpHIa
703 mocTpoeHa B ogmcHOH mporpamme Excel (pmc.
3).

Ha pmc. 4 npeacrasieHsl MOAHQHIEPOBAHELE
maxe Bparra (spread-out Bragg peak — SOBP) [19],
nonydeHHsle ¢ nomomso PXII, HanoxeHHEIE Ha TH-
K, PacCYHTaHHEIC B pe3yJbTaTe IIAHHPOBaHHS 00-
TyYeHHH.

Hapsay ¢ TOpMOXEEHEM OPOTOHOE B MHINEHH
PAaCTEeT HX SHEPreTHYECKHH pa3zdpoc, 00y CIOBIeHHELA
GaykTyanuiME OPH JIHHEHHOH nepejade 3HEPIHHE
[20]. Tax mpm TOopMOXKeHHM OPOTOHOB C 3Hepruei
E = 155 M3B & Boxe npwu raybuHe TOPMOKEHHS X =
120 MM cpenHEKBaNpaTHYHEIN 3HEPreTHYECKHN pas-
Gpoc paser dE = 1.5 M3B. Jlng npoToHHOro my=ka ¢
sHepreTHYeckaM paszbpocom AE/E = 0.5% B pesyis-
Tare QIyKTyauW® NHECHHON NEepejadd JHEPrHHE BO3-
HHKaeT JHepreTHYeckuil pasdpoc (AE+SE)E=1.4%,
9TO NPHBONHT K CPEXHEKBANpPaTHIHOMY pa3bpocy mo
rayoure Topmoxenus dx=(AE+SE)/(dE/dx)=11.2 v
Cnax no3ul Ha nepenseM (GpoHTe PaCIIEPEHHOIO OH-
xa bparra ot yposas 80% a0 yposrs 20% nporcxo-
muT Ha rnyosEe Ax=088x=8.9 mM. IIlmpwra mpo-
JONLHOIQ CHaf2 Onpefensercs HadanbHEIM 3HEpre-
THEYECKHM pa3dpocoM H OQNyKTYauEsMHE THHEHHOH
nepeiadd 3HEPrEH. 3aBHCHMOCTH NMPOAONALHOIO Cha-
3 I03W OT TYOWHE NPOHEKHOBEHHS MOKa3aHa Ha
pac. 4.

Jlosa, %%

Pacynox 5. CpasHeHze NONePeyHKIX 103, PACCYHTAHHON B
pesynbTaTe NNAHHPOBAaHHS OOMydeHHs (CHHAR, BEpXHAA
xpHBad) W nony4enHo# ¢ nomomsio PXII (kpacras, amk-
=45 KPHBasg).

TTonepeunnli cnan AO3HOIO NMOAS OT YPOBHA
80% no ypoers 20% pacrer ¢ ryOmHOR wW3-3a
MHOTOKPaTHOI'0 PacCedHHA B COCTARILET OKOIO 9 MM
JUIs IaHHOTO H3MepeHHs (pHc. 5).

IV. 3axmouenue

Pammoxpomuas T1mieEka cemedctsa EBT-3
OOMXOAHT X8 KIHHHYECKOH JO3EMETDHH NpOTOH-

HBIX MOYYKOB, Onarofaps CBOeH TKAaHE3KBHBa-
TMEHTHOCTE H  BHICOKOMY  TPOCTPAHCTBEHHOMY
Pa3peieHH0.

W3 nonyueHHEIX JHATpaMM BHAHO, YTO

H3MEPEHHOE paclpeieiieHde, N0 XpaldHeH Mepe B
ofmacTa BricokEx 103 (80% ¥ BHINE), HAXOAWTCE B

XOpOIIeEM COOTBETCTBHHE C INIaHOM. [IpomomsHBIE H

nonepeyHkd cnaas 103 oT yposrg 80% no yporas
20% DpOHCXOJAT COOTBETCTBEHHO HA [MyOHHE
92+03 MM B Ba mupEEe 9.0+03 mm Taxum
ofpazoM, pe3symeTarTel H3MEPEHHH A0CTAaTOYHO
XOpOIIO COrMACYIOTCH C DAacYeTHHIME JaHHEIMH B
npejenax NorpelHOCTE METONHKYE HIMEPEHHH.

MeTanaHubie

Analysis of the dose distribution obtained in the
proton irradiation planning system TPN

A.V. Agapov', K.N. Shipulin', V.N. Gaevsky', G.V.
N“I!i'?in', B.S. Yuldashev’, EX. Bozorov', A.A. Abduva-
i

'Joint Institute for Nuclear Research, 141980, Dubna, Rus-
sia

*Institute of Nuclear Physics AS RUz, 100214, Tashkent,
Uzbekistan

For irradiation of neoplasms located near vital radiosensi-
tive structures and organs, it is necessary 1o ensure precise
spatial alignment of the beam with the target in proton
therapy sessions. The aim of this work is to compare the
dose distributions obtained in the proton beam planning
program and measured as a result of an experiment using
radiochromic films. In the first stage of measurements, the
correspondence of the degree of film darkening to the radi-
ation dose was determined. For this, thirteen pieces of film,
with size 20x20 s, were cut out from one sheet of film,
which were then irradiated with doses (0; 0.25; 0.5. upto
3 Gy). A calibration curve was constructed on the basis of
these films, and approximation equation was calculated.
This equation is used to convert the values of the darken-
ing matrix of the irradiated films to the values of the ab-
80% to 20% occurs at a depth of 9.2+0.3 mm and a width
of 9.0+0.3 mw, respectively.
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MpoTonaap nacracHeW nanaamTupyeun TPN
aacTypmii THIHMMIAA xHcobnauran  ao03a
TAKCHMOTHHH TAXJIH KHJITHII

A.B. Aranoe', K.H. Munyaas', B.H. Taescxnii’, I.B.
Muusn', B.C. FOnnames®, 3.X. Bozopor’, A.A. AGay-
nmea’

'Bipramran s3po TamaxoTapy MncTiryTi, JKommo-Kiop x, 6,
141980, Jly6ra, Mockea s, Pocenst

¥ OA fmpo dummmacw mmeriTyTs, ViyrGex maxapuacs,
V Fynomos x, 1, 100214, Tonmxeser, Vaexscron

TlpoToH TepanmmacH CeaHCHapHAA PpamHaUMAra Ce3rHp
CTPYKTYypPa Ba OpraHiap AKHHUAArH YeManapHu COFioM
TYKHMMANAPrE TAHCHP CTRKE3MArNEH XOAIa NPOTOHIap NAcTa-
e OWIaH aHUK HYPIAHTHPHLD MYXHM aXaMuaTtra sra. By
MW NPOTORAAD AACTACHHHHT 1032 TAKCHMOTH BA TAXKPH-
fama HypnaHTHpHATAH PagMOXPOM MUIEHKAZarw J103a
TAKCHMOTHHMHIr  ¥3ap0 MOCHMIH  TAXAMA  KUJIHHIaH.
Vmuaumapuwar — Gupwean  GOCKWWMZA  MUIEHKAHWHT
Kopaium napaxacH Ounay Hypramui Josaci ypracugars
MyHocataT anukaanan, Byuunr yuyn Gytyn nnénxanan yu
yura 20x20 wmM 8 moéHkanap  xecu®  onmumub,
xamuOpnanras posanap (0; 0.25; 0.5;... 3 TI'peil) Guaan
HypnauTHpunan, By mnésxanap acocHaa, xanubOposxa
IrPH YM3MFH YH3MNJM Ba ANMPOKCHMALMA TEHrIAMACH
xucofnanzm, By TeHrnaMa HYpPNaHASTTAH MIEHKaNapHRHT
KOpaftuil  MaTpHuacH KwitMaTnapHHEM  IOTHITaR  J10sa
wuiiMaTaapura aitnasTupuin yuys smmatasm. bViinama
BA KYRJANAHI 1033 TAKCHMOTHAA 1oTHAraH mosaamar 80%
napaxacuman 20% papakacuraua TYWIMIOH MOC PaBHIIAa
9.2£0.3 mm yyxypiukaa Ba 9,003 MM KEHIIHKAR CORHP
6Vamm.

Kamr cfanap: Bporr wfmiocn, npotow Tepamms, youma,
PATHOXPOM MIEHKA, 1033 TAKCHMOTH, AOBAHMHI XVHIATAMr Ba
GVitama KutaHri.
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®akTop CMUHOBOrO pacluenneHus 3MeKTPoHa
B KBaHTOBOM fiMe INAS B CUINbHbLIX MarHUTHbIX NOMAX

B.T. A6aynasuzos ', M.)K. Baiimaros?, LLL.T. UsosTos?, A.C. Maxmyaos®

'Ouamuko-TeXHUHECKMIA MHCTUTYT AH PY3, yn. Y. AlitmaTosa 26, 100084, TawkeHT, YaGexuctaH
*HaMaHraHCKui rocyJapCTBeHHbI YHUBEPCUTET, yn. Yiruxckas 316, 716019, Hamarran, Yabekucrad

Menyyexa 21.02.2021

* Corresponding author: e-mail: bt_abdulazizov@mail ru, Phone: +998 91 186 06 05

Ha ocrose monem: Keiina npoBenes pacdeT UHKIOTPOHHOH MacChl 37€KTPOEAZ B KB3HTOROMH
sume InAs. Pacuers! npoBenessl B NpHOmHXeHHH DeckoHeuHON ryOWHLI KBAaHTOBOH IMBI C
yueroM ypoBHs Jlanmay Bropolf MuHu30HBL [Tomyuen rpadHk 3aBHCHMOCTH UHKIOTDOHHOM
MACCI Mg OT BETHUHHB MarHHTHOTO NONY 4 KBAHTOBOH sMul InAs mmpasoi L = 20 nm.
Ilpencrasnes Taoxe rpa@uK NOMeBOH 32BHCHMOCTH 3Heprud PepMu mns remmepatypsi T =
20.5 K u XOHUEHTpAauMH %5 = 3.6x10" cm'z, YTO COOTBETCTBYET 3KCIEPHMEHTANLHEIM YCIOo-
suaM. [Tokasano, 9TO yHeT QUKIOTPOHHOrO MEPEX0Aa 3NEKTPOHOE BHYTDH BTOPOH MHHH30HM!
YAOBNETBOPHTEILHO ONHCHIBAET IKCNEPHMEHTANBHEIE JAHHEIE, HONYYEHHLE B CHALHEIX Mar-
HHTHBIX NIONIEX B reTepocTpykType InAs/Ing51Gap 19As/In Al As.

Kmosessie ciiosa: yposers Jlanaay, g-$axrop, InAs, ksanTosas sMa, MarHWTHEIC NOME, EMKIOTPOHHAS
IHCPIUA, IBIKIOTPOHHEIH PCIOHAHC.

The Kane model is used to calculate the cyclotron mass of an electron in an InAs quantum
well. The calculations were carried out in the approximation of infinity of the depth of the
quantum well, taking into account the Landau leve! of the second subband. A graph of the de-
pendence of the cyclotron mass m.z on the magnetic field strength for an InAs quantum well
with a width L =20 nm is obtained. Also graph of the field dependence of the Fermi energy is
presented for the temperature 7= 20.5 K and concentration ns = 3.6x10" em™, which corres-
pond to the experimental conditions. It is shown that taking into account the cyclotron transi-
tion of electrons within the second subband satisfactorily describes the experimental data ob-
tained in strong magnetic fields in the InAs/Ing 5,Gag 19As/In Al As.

Keywords: Landan level, g-factor. InAs, quantum well, magnetic fields, cyclotron energy, cyclotron
resonance.

I. Bgenenue

I'erepoctpyxrypsr (I'C) Ba ocrHOBe y3K030H-
HOr0 TNONYNPOBOAHHKA INAS NEpCHeXTHBHE! i
CO3NaHHSN JNEeKTPOHHRIX H  ONTO3NEKTPOHHEIX
TpEOOpOB HOBOTO mokoneHus [1-3]. [Ins m3ydemms
30HHOH CIDYKTyphl B COSKTpA HOCHTCACH B
zsanTopod sMe (KJ) I'C mmpoxo npEMersercs
SKCIEPHMERT MO IHKNOTPOHHOMY pe3onancy (I[P).
B CHNBHBIX (KBaHTYIONIMX) MArHUTHBIX MONAX 3TOT
METOJl TO3BONAET ONPEAENATE PacCTOSHHE MEXIY

ypoeHaME Jlammay (UMKIOTPOHHYIO 3HEDIHIO),
MEXKIY  KOTODBIMH  NPOUCXOAAT  ONTHYECKHE
IepexOAsl, H TeM CaMbIM MONy4Yarh MHKIOTPOHHYIO
Maccy [4, 5]. B cnalux MarBATHBIX MONSX MOXHO
ONpPEAENHTE 3Ha9eHEE 3(Q(EKTHBHON MacChl HOCHTE-
ne# Ha yposHe O@epmu. C nomomeio I[P moxmO
BHISBJIATH HeMapabONHYHOCTL 33KOHA AHCIEPCHH H
momydate HHQopMammio 00 ocobemHocTsx 30HE
HOBHIX MaTepHanos [6, 7].
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B patore [7] nccnenosara InAs K5 ma ocHoBe
cTpyETYps InAs/Ing5Gao 19As/In Al As (x= 0.52—
081) C movmommio [P Ommm  w3Mepenwl
stdexTrEHas Macca Mcp B Zor-GaKTOp 3NEKTPOHA B
CHIBHEIX MarHETHEIX nonsx (Bmaots o 70 T) npm
pasHEIX  TeMIeparypax. SKCTepEMEHTANBHEE
pe3yNETaTH HHTEPIPETHPOBAHEl KAadeCcTBEHHO Ha
ocHOBE AByX30HHOH Mozemu Keiina m B mojenm KA
BeckoHeyHOH TNYOHHEL, OAHAKO KOMHYCCTBCHHEIS
CPaBHEHHA HE IPOBEACHEL.

B CHIBHEIX MargETHHIX TONIX B B mMHpoOKEX K
ypoBEH JlaEpay pasnEYHEBIX  MHAHHE30H MOIYT
JOCTaTOUHO CONMXKATHCE HNH  [EPEeKPHIBATHCA.
MareMaTAIecKOe MOLETHPOBaHWE TAKAX MpOIECc-
COB C HCOONL30BaHHEM  SKCOEPHMEHTANBHEIX
3Ha4YeHHH Mcr B ger AAeT BO3MOXKHOCTL ITywlne

MOHATH 30HHYIO CTPYKTYPY, PacloloXeHHe YPOBHEH
Jlaggay 1-# w 2-% MERH30HH H.T.A.

Iensto paboTel sBnsfeTcs pacuyeT YpPOBHEH
Jlagmay 1-# ®w 2-H M@HHW30H, H Ha OCHOBE 3THX
JaHHBIX ONpefeNeHHe 3aBHCHMOCTH 3(dexTHBHOrO
gcr-daxTopa OT MarsEETHOrO mons. Pacuerw OyayT
nposeneHs! Ha ocHoBe Mmozenu Keidna m B Mojen:
KA Oeckoreurno# rmyOmesl. Ha ocHOBe pacderorR
oOcy#x aaeTcs BO3MOKHaA HHTEpIpeTanus
PE3YNETATOB 3KCHEepEMEHTa [7].

II. OcHoBHbie QopMyan:

PaccMOTpEM [JBHKGHHE OJHOTO 3NIEKTPOHA
308K nposogumoctd KA. Tlpy Hanwuwm MarHHT-

HOrO T1ONd, NPHNOXEHHOIO NEepPIeHINKYIIDEO
mnockocTH K, cmexTp 3MeKTpOHAZ — MOXKEO
npefncTasuTs B BAge [4, 8-10]

my L ARA0) |
£= m()[(N+2)h‘D°+2mo] ——go o ha,. (1)

3nece N — Homep yposas Jlanmay, mg # g — COOT-
BETCTBEHHO Macca H  (paKTOop  COHHOBOIO
pacinenneHHs CBODOZHOIO 3NEeKTPOH2, G — CHOHH
anextpora £1/2, hwm, 0003HaYaeT WHKIOTPOHHYIO
3HEPrui0 cBoOOAHOIO ITEKTPOHA

LTS 10*B[°V]

m,c T
B 30me c HenapaOonuuHOH AHCHIepcHEe# 30HHAS

sdexrusras Macca m (£) # >DdekTEBHEI dakTop

CIIHHOBOIO pacHIEMICHUS g'(e) 3NEKTPOHA 3aBHCHAT
oT 3HepruH [9-12]:

hey, = (2)
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m, =C+ﬁ 2 N 1
m' (€) 3\e+g, e+g,+A

£@ o Ef 1 1
£ 3 e+g, e+g +A

3zece £, — napamerp Keiina, &, — mmpwHa 3anpe-
IIEHHOH 30HH, A — BEHYAHA CUWH-OPOHTANBLHOTO
pacHIeNNeHHs BANEeHTHRIX 30H MNONYNPOBOJHHKA.
IMapamerpet C, C ' XapakTepH3YIOT BIHSHHE yAaNEH-
HEIX 30H HA 3¢dexTEBHBIE Maccy H g-0akTop 3mex-
Tpora. 3ragenus napamerpos C, C’ MoxHO onpexe-
THTH TaK, lr{oﬁu Ha JHE 30HBI NPOBOAHMOCTH &0
spavenns m (0=m, v g (O)=g. pasmamact mabmo-
AaeMOMY 3HAYEHHIO M, ", go~.

B K gswxenre 3NeKTPOHA B HANPARICHHH Z
Takke KBaATyercs. Hanpuwmep, B momemm KA ¢
OecKOHEUHEIM NOTEHOHANBHHIM OapbepoM /==
mupuroi L (L — 3HaveRHe BOTHOBOIO BeXTOpa k- B
dopmyne (1)), k. = mn/L, n — HOMEp YpORHS
POCTPaHCTBEHHOIO KBaHTOBAHHS.

Korpa cnue-OTINENNeHHas 30HA JOCTATOYHO
yaaneHa OT APYTHX BeTBel, T.e. OpH YCIOoBHH A>>g,,
KPOME TOTO, ECIH M, << my, B3 (1) 7 (3) momysaercs
ABYX30HHa% MOJENb

£l_m WK |, &
(et (ve g [ e
)

3necs m, B g, — >pdexruBEas Macca ® daxTop
COMHOBOrO  pAaCINelUICHEs Ha  JHE  30HH

nposogEMocTR momynpoBomueka. Cnextp  (4)
MOKHO 3alHCaTh B BEjE (1), ecrid onpeAes s

i

=21 1+—1,
my, g

-1

g(s)——(l+ SJ
gl) sg

Cornacso (1), (3) umx (4), (5) cnextp 3nexTpo-
Ha 3aBHCHAT OT BEIHYWHEI MarsdTHOTO mons B, Ho-
MEpa YPOBHA NpPOCTPaHCTBEHHONO KBaHTOBIaHHL 77,
HoMepa yposas Jlangay N H 3BaYcHHS COHEA G.
IlmxnoTpoEHas Macca H g-(aKkTop ONpeRensIoTCs
dopmymanm:

&)

@, -

®)
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m, _e(n,N+l,0)-e(nN,o)

My (B) ha, "
2(B) _e(nN, 1/2)-e(nN, -1/2) (©)
& - ha,

Hna osnexrpora B GONbIIMHCTBE TOMYTIPO-
BOJHUKOB YCIIOBHA M,<<mM) XOPOWIO BEITONHAHOTCH.
B nonynpopomruxe InAs npubnumxenne A >> g,
ssnsterca rpyOeiM, Tak kak A =038 eV, g,~042 eV
(em. Tabmamy).

s
P e v 2 band model P 7
? 7
= 008 ¥ & 7
- i »
g >
g 0.05 .
4
)
0.04 Z
0,034
02 04 06 08
E, [eV]

Tab6anua, 3ouHbIe napamMerpst InAs K51,

E,, [eV] | 0.42
A, [eV] 038
mlh [’" 0] 0 023
g 222

Ha pmc. | npusenens! rpaguveckue cpasHenus
mopnenedt (3) u (5) gna InAs. Bugmo, 910 HECMOTPs
Ha Tpyboe npubmmkerme A >> g, ABYX30HHAaA
MOZENb JUI pacyerTa Macchl MpHEeMIIeMa, OXHAKO
paccYMTaHHEIE Z-(DAKTOPEl 3AMETHO OTIHYAKOTCS.

E, [eV]

Pucynoxk 1. Cpasrutensasie rpadukn 3apncumMocTeif Macesl u g-haxtopa anekTpoxa ot sneprun ang InAs, onpenesnen-
HbIE 110 TPEX30HHOM (3) 1 aByx30HHOM (5) MoaeTsM,

Hmoxe wccnepyerca rmonepas 3aBHCHMOCTL g-
tdakropa  snektpoHa  gep(B),  onpepensemas
dopmynolt (6) Ha OCHOBE KAK TPEX3OHHOW, TaK |
JABYX30HHOH MOJIEITeH.

IIL. 3asucumocts sddexTusHoro g-paxropa
1EKTPOHA 0T MATHHUTHOrO MOJS

Kax mupmo w3 ypaewmewns (6), mis pacuera
3aBUCAMOCTH gcr(B) HeoGxopuMo 3HATH YPOBHH
Jlanpay €(n,N,0), xoTopeie MOXHO HaliTH W3 ypas-
aenndt (1) n (3) wm (4) u (5). Ans atoro mocrpoum
rpadukH monesol 3aBucEMOCTH ypoeHed Jlampay
e(n,N,6). Hcnome3oBanuele B pacyeTax 30HHEIE
napamMerpel InAs npusenens! B Tabnune. Pesynsrarst
pacuera jns InAs K mmpunoii L = 200 A
MPWBEICHLl HA DHC. 2, TIONYYEHHEIC W3 YpaBHEHWH
(1) u (3), T.e. mna Tpexsonuoit Moxemn. U3 rpaduka
BHIHO, 4YTO OCHOBHOU yposers ¢ n=1, N=0
NpRONMINTENBHO JIMHENHO 3aBHCHT MArHWTHOTO
nons B, a BepXHHE JIWHAHA 3aMETHO OTIMHAIOTCA OT
NTHHEWHOr'o 3aKOHa, KoTopsie 00ycnoBNeHk Henapa-
GONMAYHOCTEIO  30HBI  MPOBOAMMOCTH. Hauwmag
npamepro ¢ B~30 T ocrosrOM yporens Jlanay

BTOPOH MHHHIOHBI JIGKHT HHXE BTOPOI0 YPOBHA
Jlannay neppo¥t mMuHH30HEL, T.e. €(2.0,0)<g(1.1,0).
Torna, nmpu OConblnumx Temmneparypax WHiM NpH
OonbIuux 3HAYEHHSX WAPHAE yposHs Jlanmay [13]
(~I'VB) yposenn £(2.0,6) Moxer BuiTh wacTHUHO
3aCEeJIeH.

Pucynox 2. Vposuu Jlaupay snexrtpona 8 KA InAs ¢
L=20 nm. CrnoluHbie MHHUK — YPOBHU UL NIEPBON MHHMH~
30HEI, LITPHXOBLIE — JUIA BTOPOI MHHU3OHBI,

®Axanemus Hayk Pecnybnukv YabekucraH, Tawkent, 2021 r.
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Ha prc. 3 nprBeaens! pesyneTaThl pacdera ab-
COmOTHOrO 3HaveHHs 3GdexTusHoro g-thaxropa
ger(n, N) cornaceo dopmyne (6) Ha ocHOBE Tpex-
30HHOR MOXEITH.

Pucynox 3. 3asucuamoctn gex(n, N) (abcomorHoro suaue-
HHSA) OT MArHATHOro nons B ans anextpona 8 KA InAs ¢
L=20 nm. Cnsiowssie # WTPHXOBLIEC NHHHH MOJYYeHb!
COrTIACHO TPEX30HHON MOZens, ToueyHble H IITPHX-
NYHKTHPHbIC JIHUK COTNACHO ABYX30HHON MOACNH.

Ina cpasBHEHHR NPHBEACHL! TAKKE IWHHH,
OONYYEHHLIC HA OCHOBC JABYX3OHHON momemd. M3
rpadHEka BEIHC, 9TO PE3YNBLTATH, TMONyWeHHLIC HA
OCHOBE 3THX MOAeNeH, 3aMETHO OTTHYAIOTCH, ¢
pocTom nons B 3To paznuuHe yBENHYHBACTCS.

Ha puc. 4 cpasurBaiOTCE Pe3yNLTaThl PacyeTos
Zcr(n, N), NOMYYECHHRIX H3 TPEX30HHOH MOAenw, ¢
3KCTEPHMEHTANbHBIME JaHHBIMH [7].

B cal(nlN)

Pucynox 4. Cpasnesne sasicumocteii aGcomorHoro
anaveHns gea(n, N) or marmursoro nons B ¢ sxcnepn-
wmenTom [7] mns KA InAs ¢ £=20 nm.

M3 rpadmka BHAHO, YTO H3MEpPEHHBIE MEPBhLIE
Tpe ToukM BOmmsm B~45 T (oum obo3nauens
KBAIPATAMH) YAORIETBOPHTENLHO COITIACYIOTCH C
TeopeTRdeckod mmEEEA  gew(1,0). Sxcmeprmesn-
tansubie ToukH [7] gew(n, N) nomysenst npm

DAxageMun Hayk Pecnybnuim Ysbexucras, TawxesT, 2021 1.

remneparype 7=20.5 K. IMosromy, xak saanO H3
puc. 2, ypoeHH Jlagnay nepsol MHHH30HEL
nexasinue suime yposEs ®epmu Ep, He MoryT OwTh
YaCTHYHO  3aceneHel.  Yactwuso  3acenarcs
NPEeUMYLIECTBEHHO OCHOBHOH YpPOBEHB BTOPOM
MHEH30HEL

DKCNEPHMEHTANBHLIE TOYKH B 0O/NEE CHIBHBIX
nonsx B~50 T (oru oBo3HaucHR! 3BE304KaMH) fe-
KAT TIPHMCPHO MEXKAY TEOPeTHYECKHMH IHHHAMH
2ci1,0) 1 gen(2,0). D1 Touxm moryT Guith OTHECE-
Hu K nuane gep(2,0). Otknonenus MoryT Ok CBS-
3anm! ¢ nprOnmKerrem K OeckoreuHOMN rmybune KA,
KOTOpast 3aMETHO MCPCONCHHBACT BHICOKOIEKAIIHE
YPOBHH INPOCTPAHCTBEHHOrO KBaHTOBaEMA. OrMme-
THM, uTO pacuernas nuHES gcx(1,0), nonyuennas na
OCHOBC JIBYX30HHON Mojenu (3TC BAIHO H3 puc. 3)
NEXAT 3HATRTENEHO BHINE 3KCTEPHMEHTATEHEIX TO-
qeK.

IV. 3axmouenue

W3-3a 3aMETHOTO OTNHYHA  3aBHCHMOCTEH
g-(axTopa 3MEKTPOHA OT 3HEPrHH, MONYHEHHHIX Ha
OCHOBE JBYX30HHOW H TPCX30HHOH Mogcnch
(puc. 1), pacuernnlic amEnHH gcg(n, N) uwmxnor-
POHHOIO PE30HAHCA TaKkKe CHILHO PasTHYaioTCcH
(puc. 3). Kak Buas0 #3 rpadHkoB Ha pHC. 3, B CHIIb-
HBIX MArdHTHBIX nonsx mHEeg gog(1, 0), nony=sennas
110 TPEX30HHOK MOJENH, JIENHT 3HAYATENEHO HAKE,
HeM B Cayuae ABYX30HHOH mogend. Kpome Toro, npa
HHTEPNPETALHH 3KCTIEPUMEHTANEHEX JAHHBIX Y4eT
ypogre#t Jlangay BTOpoll MEHH20HE TAKKE FRILETCS
BaxHM. [IpaBHIbHAR KapPTHHA BOCCTAHABIHBAETCH,
KOrza MoAenb OOBACHIET KOHIEHTPAHOHHEIE H MO~
nesnie 3asucumocts ocuwmnsumi [yGuukosa-ze-
llaza, onTEueckHe TNPONyCKaHHA, HHKIOTPOHHBIC
Macchl H g-haKTophl, HIMEPEHHLIE B IKCNEPHMEHTE

7
Merapauusie

Factor of spin splitting of electron in InAs quantum
well in strong magnetic fields

B.T. Abdulazizov', P.J. Baymatov’, Sh.T. Inoyatov’,
A.C. Makhmudov’

'Physical-Technical Institute, Uzbekistan Academy of
Sciences, Chingiz Aytmatov street 2B, 100084, Tashkent,
Uzbekistan

*Namangan State University, Uychi str. 316, 716019, Na-
mangan, Uzbekistan

The Kane model is used to calculate the cyclotron mass of
an electron in an InAs quantum well. The calculations
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were carried out in the approximation of infinity of the
depth of the quantum well, taking into account the Landau
level of the second subband. A graph of the dependence of
the cyclotron mass m¢z on the magnetic field strength for
an InAs quantum well with a width L = 20 nm 1s obtained.
Also graph of the field dependence of the Fermi energy is
presented for the mmpenture T =205 K and concentra-
tion ns = 3.6x10" cm™, which correspond to the experi-
mental conditions. It is shownthauakmgmtoaccoumthe
cyclotron transition of electrons within the second sub-
band satisfactorily describes the experimental data ob-
tained in strong magnetic fields in the In-
As/Ing 5,Gag 1sAs/In, Al As.

Keywords: Landau level, gfactor, InAs, quantum well, mag-
netic fields, cyclotron energy, cyclotron resonance
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InAs xBanT VpacHaard SNEKTPOHHHHT KywiH
MArHHT MRRAOHKAATH CIHH akpanH GaKTopH

B.T. ASayaasmos', ILIK. Baitmaros’, II1.T. Haosros®,
A.C. Maxmyzos®

'WiP ®A Ousuxa-rexuwxa mmcrurymn, Y. Ajirmaros
xyqacu 26, 100084, Tomxenr, Vabexucron

namnat yswsepenrters, Yitunm sxjyuacu 316,
716019, Hamanran, Vabexucron

Keiinaunr mozenn acocwaa, InAs ksant Vpacuparu
ANEKTPOHHWAT  UHKJAOTPOH  MACCACH  XACOOMaHIM.
Xucobnamnap Jlannay CATXHHWHT HKKHHWH
MHHW30HACHHH HHODATra ONTaH XONJR YEKCH3 HyKyp
KBAHT ¥pa AKMHNAWYBH ACOCHIA HMAJIIA OLIWPMIAN,
Kamamwmrn L = 20 nm 6Ynran InAs xeant ypa yuyn
UHKIOTPOH MECCAR Mgy HAHT  MACHHT  Maftzomm
xarranurura Gormmknmx  rpagmrs  omumas.  Taxpuba
WAPOHTAEpHra MoC Keuysud, xapopar 7' = 205 K sa
KoHUenTpaums ng = 3.6x10'" cm™ GYynras xon yuym
DepMu IHEPrUKCHHE Maiinonra GOFMHIUTAK Tpaduri Xam
KeATHPHATAN. DAEKTPOHIAPHN HKKHHYH MHHH3OHA HYHIA
uuknoTpod YTHuapuun Xucobra omMin, Kywimi MarsuT
mafigonnpars  InAs/Ing g Ga, 10As/In Alj-As  rerepo-
CTPYKTYpaja  omuurad  Taxpuba  EaTwXAnApWHEN
KOHHK2PIH HGOoaa 3Ta omuunnm K¥pearuimm.

Kamur c¥anap:Jlasaay car, g-axropi, InAs, xeasr fpa,
MArHHT MAITI0HH, UHKNIOTPOH SHEPTHACH, LIMKIOTPOM
PCIOHAHCH.

DAkagemun Hayx PecnyBnusu Ysbexucran, Tawkent, 2021 r.
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O AMHaMUYEeCKUX XapaKkTepUCTUKaX HePOBHOBECHLIX
HOcUTernew 3apsaa B KpeMHUEBbIX NiiacTUHaXx

P. Anues, A.O. Kyp6anor', X. U3zatunnaes

AHAVKSHCKUA rOCYASPCTBEHHBIA yHUBepceuTeT, YHusepeuretckan, 129, 170100, Avauxan, Yabexucran
Monywexa 08.01.2021.
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Crates  NOCBRINCHA  NPEACTARNCHMIO M OOCYMACHMIO  MEPBHYHBIX  PESYILTATOB
IKCTIEPHMERTANLHOIO HCCIEAOBAHNS BOIMOKHOCTH NPHMEHEHNHA COBPEMEHHEIX (IIEPEXOIHOr0
METOmM) M &METONa DeCKOHTaKTHON KBA3MCTauHORApHOH dotonposomamocTn i Gonee
TOMHOIO, YCKOPEHBOro i HEpa3pyLIarOilero ONPeNeICHHS BPEMEHN AHIHA HOCHTENelt 3apsia B
KPEMHITEREIX MIACTHHAX, TPEIHAIHAUCHHMX B KavecTe 5a3080ro MaTeprana 1% HIrOTORMTEHIR
GuicTponelicTRyIOUnTX p-n-NpiHOOPOR MHKPOIEKTPOHHKH W BHICOKOIDDEXTHBHLIX CONHEUHBIX
anementos. [Toxaszano, YTo MeTOA KBasncTAUNOHAPHAH GOTOMPOBOMIIMOCTH OCHOBLIBACTCS Ha
CNEAYIOMAX TNPHHUMNAX: OCBelieHHe OObeKTa HCCNCAOBAHMSE UIHTENLHLIM, MENICHHO
3ATYXAIOMIN HMITYTLCOM CBETa, OTHOBPEMEHHOE W3MEPEHHE NTOBEPXHOCTHOH MPOBOAHMOCTH
ofpasia B HHTEHCHBHOCTR NAJAKOLIero cheta Kax (yHKUMl BpeMeHH; onpefefieHue yposHa
FEHEPALNY ANEKTPOHKO-ABIPOMHEIX NAP B MOMYNPOBOAHRKOBOM MATEPHANE M0 HIMEPEHHOMY
IHAYEHWIO WHTEHCHBHOCTH NAJAIOLIEr0 CHETA B KAXIbGI MOMEHT BPEMEHH; ONpejencHue
KBAIHPARHOBECHOH KORUEHTPAME HocHTenell 3apsia, WMCXONS W3 WIMEDEHHOrO 3HAYCHIA
NOBEPXHOCTHOMN NMPOBOAKMOCTH B KaxAi MOMeHT Bpemenn, pacuer 3(deKTHBHOrO BPEeMEHH
AU3HH HEOCHOBHEIX HOCHTeNel 3apafa 8 NpHimMUKeHHH KBAa3HPABHOBECHS.

K/noucssie 1088 KPEMHHIL BPEMA KHIHH HCOCHOBHMX HOCHTCACH 3apana, oTonposoammMocTs, coa-
HOUMBIT ATOMENT, peroMGitnL,

The article is devoted to the presentation and discussion of the primary results of an experimental
study of the possibility of using the modem "transient photoconductance method" and "non-
contact quasi-steady state photoconductivity method" for a more accurate, accelerated and non-
destructive determination of the lifetime of charge carriers in silicon wafers, intended as a base
material for the manufacture of high-speed p-n-microelectronic devices and high-performance
solar cells. It is shown that the method of quasi-stationary photoconductivity is based on the fol-
lowing principles: illumination of the research object with a long, slowly decaying light pulse;
simultaneous measurement of sample surface conductivity and incident light intensity as functi-
ons of time; determining the level of generation of electron-hole pairs in the semiconductor mate-
rial from the measured value of the intensity of the incident light at each moment of time; deter-
mination of the quasi-equilibrium concentration of charge carriers, based on the measured value
of the surface conductivity at each moment of time; calculation of the effective lifetime of mino-
rity charge carriers in the quasi-equilibrium approximation.

Keywaords: silicon, lifetime of minority charge carriers, photoconductivity, solar cell, recombination

L. Beeaenne NONYNPOBOAHAKOBOIO MATEPHANa /% W3rOTOBNEHHS

Oxomno 3% npon3BOAMMOro B MHPE KPEMHUS MEKPOIEKTPOHHLIX nprbopos. Oxono 12% xpemans
HCNONL3yercs B BH/AE YHCTOr0 KPUCTANIHYECKOro HCIONL3IYETCH JUIS H3rOTORNEHHS (OTOSNEKTPH-

Vol. 23, No.1, pp.24-30, 2021
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ueckux npeodpasosareneii sneprun. Hesasucamo or
cnocoba HCMONE30BARMS Ka4eCTBO NOMYNPOBOAHEKO-
BOTO XPEMHHS ONPENENFeTCs RETWYHHON BpeMenw
WH3IHH HEOCHOBHRIX HOCHTemed 3apsma (H3) [1, 2]
3ToT napameTp MaTeprana Oonee WYBCTBHTCNCH K
nedexraM, YeM ero yAeNLHOE NEKTPHYECKOE CONpo-
THRJIcEHE B noasrxHOCTE H3 [3-5]. IMoatomy Bpems
#u3EH H3 B kpemunm — ofHa A3 BaXHHIX Xapax-
TCPHCTHK, ONPCACHANOWMX UPCUCAB CrO [PaKTH-
HeCKO# TNPHMEHHEMOCTH KaK B MHKPOIIEKTPOHHKE,
TaK H B NONYNPOBOAHKKOBOH poToBONETamEE [6-9].

B HenermpoBaHHBIX CIHTKAX KPEMHAS BEICOKOID
xagecrsa Bpems wu3nH H3 cocrasnser t = 1 Mc, u
eCIH  OHO  CYIMIECTBEHHO MEHBIIC, TO 3T0
CBHCTCNILCTBYET O HHIKOM KadecTse HCXOAHOIo
MarcpHana ®WIH O BO3MOXHOCTH JOMVIIEHHBIX
HapYIICHWH TEXHONOIWH BLIPALIMBAHKR KpPHUCTALIA
[1, 10]. Tlosromy mnpw BLpamHBAEWE CIHTKOR
He00X0AHM AOCTATOYHO NPOCTON H HAJEAHRH METOA
onpeaencums spemcun xu3ue H3, Ge3 orpesanus
IUTACTHH ¥ NPHIOTORJICHHS OOpPA3NO0B ¢ OMHYCCKHMH
KOHTAKTAMH JUIS M3MCPCHHA (OTONPOBOAHMOCTH.
TpagHUMOHHO B CHHTKAX KPEMHHS C YAENLHBIM
conporusacaneM p = 0.5-500 OM-cM BpeMR KHIHH
H3 onpeaensercs MeTOZOM MOAYIAUHH NPOBOAH-
MOCTH B TOYCHHOM KOHTakTe. [IpH BLINONHEHHH
onpejeneHHLX TpeOOoBaHHH, NO3BOAMIOMEX HE
YUTHIBATE BAAAHAE MOBEPXHOCTHOR pexoMOWHAUHH
# aadpdysas H3, norpemsocts H3MepeHuit He
Jonxaa npessimars 20% g © > 2.8 MKC B CAATRAX
p-Si u 1> 7.8 Mxc wis caarkos n-Si [1]. Iprcyr-
cTBHE pexOMOHHALHOHHBIX HEHTPOB B ODbeme
KPEMHHS OKa3hLIBACT CYIICCTBEHHOE BIHAHHE HA
byHKIHOHALEBE CBOHCTBA MEKPOINEKTPOHHBIX H
ONTONIEKTPORHBIX MONYNPOBOAHKKOBLIX NpHGOpOB
[10-12].

VcosepuicHcTBOBAaHHE METOAMKH H3IMEPCHHA
spemern xmEd H3 8 xpemmmersrx, # Boofme & no-
NYNPOBOAHHKOBEIX MAaTepHanax, SBISETCS OJHHM H3
aKTYATLHBIX OOBEKTOB HCCNEIOBAHHE B HOCHEAHHE
Gonee Tpex AecaTkoB Ner. B cOOTBETCTBHE ¢ HHTEH-
CHBHLIM PA3BHTHEM MHKDPO- H HAHO3NCKTPOHHKH, &
Taxke GoToHRKHE B GoToBONbTaNKH TpeGyercs Honee
TOYHOE, YCKOPCHHOC H HCPaspyinalmee onpeae-
nerue BpeMcHn ¥m3uH H3 B monynpoBOHHKOBBIX
MaTepHanax, npejHasHaYeHHbIX B kauecTse Ga3oBoro
MaTepHana JUIf H3roTOBIEHHS OLICTPOAEHCTBYIOUMX
ONTOMEKTPORHLX TpHOopor B 3ddexTuBELX can-
HewyHsx anementos (C3) [13-14].

MHansas paboTa MOCBAINEHA NPEACTABICHHIO H
0OCY R ICHHIO NMEPBHYHLIX PEIYIETATOB IKCHIEPHMEH-

TAILHOIO HCCHEAOBAHAA BOIMOAKHOCTH NPHMCHEHHS
COBPEMEHHBIX «IEPEXONHLIA MeTOM M «Meron Gec-
KORTaKTHOW xBasHcrauwonapwoil  doromporognmo-
CTH» IR onpejcneHua BpeMerH *n3HK H3 8 xpem-
HHEBLIX NIACTHHAX, HCMOML3YEMBIX AS W3rOTORNE-
HHA OsicTponeicTyOmmX p-n-npubOpoE MHKpO-
ANEKTPOHHKH M BrIcOKO-3hhexTHBEbIX C3,

IL Onucanne 00weKTa H METOA0B HCC/IEI0BA-
HHS

H3BecTHH 1B OCHOBHBIX METOHA ONpeieIcHHS
spesmeHr xu3nH H3. Tlepexoamsit (transient) meron
NpeaHasHa4ueHd A H3MepeHns addexrusHoro ampe-
MEHH KW3HH 3apiia MyTeM MHKCKUAH B KPCMHHE-
BEI Marepran w3burounwx H3 or tHnmaasLx saem-
HHX HCTOYHHKOB, TAKHX KaK 3MEKTPHYecKoe Imolne,
ONTHYECKHE HMITYNIbChI, FaMMa-H3TydeHHE ¥ ApyrHe
[15, 16] Taxue ucroweHKH OyAyT reHePRPOBATEL W3-
OBITOUHBIC HOCHTENH, ¥ TOIAA MOXKHO JIETKO ONpexe-
nats d¢pdexrusHoe Bpema kmanu H3. [Ina meroza
KBA3WCTAUMOHAPHOH (hOTONPOBOAMMOCTH Tpedyercs
TONBKO (pUKCHpOBaHHOE 3BaYeHHe resepamnn H3. B
METOA¢ KBaIMCTAUMOHapHOH doTonpoBoaEMOcTH
xornenTpauns H3 waxoamrtcs B craumoHapHOM co-
CTOAHAH, B PDABHOBECHH C MPONECCAMT IMEHEpAlHA |
pexomOuranan. [Tpu sTom Bpems wusum H3 paccum-
ThiBaeTcd o dopmyne:

t=An/G (1)

C npyroif CTOpOEB, B MEPEXOAHOM CIydae
resepauds OTCYTCTBYeT, a koHueHTpauws H3 =e
HAXOJHWTCH B CTAOHOHAPDHOM COCTOSHWH. Torja
HCIOMB3YETCH COOTBETCTRYIOMIES BEIPAKEHHE:

- —-An . @)
dAn/ dt

O6errO WMeeT mecTo obobmennuit cmyqait, B
KOTOPOM BLINOJHSIOTCS KAK YC/IOBHA MeHEPAlHH, TaK
H HECTAlHOHAPHEIC YCNOBHA. TOrAa, kKak yKasaHo B
pabore [17], mns spemenw xm3mm H3 wmoxHO
NPHHATE.

A
G—(dAn/dt)

BuaHO, 49TO 3TO BLp@KEHHE CBOAHTCA K
NePeXoAHOMY Bhipamenuio, koraa G = 0, u k ciyyan
KBaIWCTAIHOHAPHOH  (OTONMPOBOAMMOCTH,  KOrja
din/dt=0.

Cpenn 3nexTpodH3HHecKuX METONOB HCCieno-
BAHHH CNEIVeT BHIENTHTS, B MEPEYIO O4EPCab, METOR
KBAa3UCTAUHOHAPHOH (DOTONMPOBOAMMOCTH, OCHOBAH-

3)

SAkanemus Kayxk PecnyBnuxu Yabexucrad, 2021 1.
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HEIH Ha OSCKOHTaKTHOM H3MEPEHHH NPOBOIHEMOCTH
MNACTHHLI NPH BO3ACHCTBAH HMIYNLCHOIO H3ITyde-
AW, TIO3BONSIOUIWH TPOROAINTL ONERKY BETHYWH

sthdbexTHREONO BpeMeRH XH3EH HeocHOBHEX H3 [18].

K focromHCTBaM 3TOr0 METOZa OTHOCATCA E€ro
MpPOCTOTZ, BRICOKaS CKODOCTh H3MEpEHHH, a Takke
HEMaNoBaXeH TOT (axT, 9To 3T0 OecKOHTaKTHEIR
MeToa. B gamHOH paboTe mWis W3MepEHHS BPEMEHH
KH3HH HEPaBHOBECHHX H3 ¥ BeNHUHHEI NOBEDX-
HOCTHOTO CONPOTHBIIEHHS HCHONL30BANH CTAHAAPT-
HYIO H3MEpHTenbHYI0 ycranosky Sinton WCT-120
Offline Wafer Lifetime Measurement.

Pucysox 1. O6umii sun cacrems: Sinton WCT-120 (Sin-
ton Instruments, USA, 2019) ans w3MepeHHs BpEMEHH
AH3HH HeoCHOBHEIX H3 B NONynpoBOHHKAX.

Ha puc. |1 npuBener o0mui BEY cucTeMH Sinton
WCT-120 mis w3mepenns BpeMeRE xu3HE H3 B
nonynpoBOgHEKaX. Ha prc. 2 mpuBeaeHa cXeMa 3To-
ro H3MepHTenbHOro mnpHbOopa. Merox m3mepenHd
OCHOBaH Ha HCIOJIB30BAHAE BEXPEBEIX TOKOB.
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Pacysox 2. Cxema npudopa Sinton WCT-120 npr u3me-
pPEeHHH IEpeXOAHRIM MeTOAOM ¥ KBA3WCTAHOHAPHOMH
doTOnpOoBOIEMOCTH.

BSAxanemMus Hayk Pecnybnuku Ysberucran, 2021 T.

BricokouactotHas (RF wm BY) xarymka
BcTpoesa B cromak WCT-120 (pmc. 3). UYyscr-
BHTENLHALIE JIATYWKW YCTPOWCTBA, BMOHTHWPOBaRHEIE
TIOX CK2MBH [UIS HCCHEAYEMEIX KPHCTAIIOR, HOMKEE
ORITH OTKATHODOBaHHL, HCXOAS H3 NEOMETPHYESCKOH
dopMEl H®  DapaMeTpoB  MIACTHHEI  mepex
TIpOBEACHHEM H3MepeHHWH. KpeMHHEBYIO INIacTHHY
NOMEINAIOT Ha BEPXHIOK YacTh KaTyIOKH, KOTOpas
HANpaBNseT 3MeKTPOMAarHATHHIC BONHE B IUIACTHHY.
Konebaremsaoe 3MEKTPOMATHHTHOE TONE KaTYIOKH,
neiicTeys Ha cBoboxnsie H3 B oOpasue, rerepupyer

BHXDEBHIE TOKH, KOTOpDHIE HHAYHHPYIOT TOK
TIPOTHEBOIEHCTBHES B KaTYIIKE.
CoetosyBcTainTibibi B

Karymsa B9

Prcysox 3. MamepuTenbHEI CTONHK YCTAHOBKH CO
CBETOYYBCTBHTENLHBIME JaTankamu # BY katymkoi.

Kax BHIHO H3 DHCYHKAE, oOpaszen,
pPACIIONOXEHHEIA CBEPXY Ha NOBEPXHOCTH KATYIIKH,
IMEXTPEYECKH H30NHEPOBAHHOH OT obpa3ua TOHKHM
MUTACTHKOBBIM CIToeM, ocBemaercs dororpabmuieckoi
senenmkoi (flash lamp) ¢ pervimpyeMeIM BpeMeEeM
satyxanus (*0.25...12 mc). ITocne Toro xak ceer B
AMIOYTLCHOM DERHME NajaeT Ha IUIACTHHY,
cozmaércs m30mITOogHOEe wHemo H3,  karymxa
onpeaenieT W3MEHEHHe MPOBOJHMOCTH MIACTHHEL H
HA OCHOBE 3THX JaHHHIX BLIIHCIISETCH BPEMS KH3HH
seocHOBHEIX H3. W3MeHeRHe DNpPOBOIEMOCTH B
CTaOWOHAPHEIX YCIOBHSX Aaerca Gopmynoi [18]:

Ac=g(Anu, + Apu W =qAn(u, +p, W, (4)

rae An=Ap - 310 H30OHTOYHA® KOHIEHTPAIHS

tororeseprpoBarEnx H3, W — TommuuHa MIaCTHHEL
Kn Hp — TOABEXHOCTE 3NMEKTPOHOB H JOHIPOK
COOTBETCTBEHHO.

B  crammoHapHEIX  YCIOBHSX  CKOPOCTH
TEHEPANHHA 3MEKTPOHHO-ABIPOYHEIX Iap HAXOTHTCHE B
PaBHOBECHH CO CKOPOCTHIO pEKOMOHHANHH!

U=aG. (3)
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Obmas cKkopocTh PeKOMOMHALKH MOXKET OBITH

BhIp@KEHA Kak A(QGeKTHBHOE BpeMs IKH3HH
Hocureneit (1,5 )
U=An/1,. (6)
Torma
Ac
Ty =—. (7)
T g, + 1, WG

(Unt1,) TIpenmonaraeTcs IMOCTOSHHEIM BO BCEM
JHana30oHe YpOBHA JIETHPOBAHHSA. YBEJHYCHHE
nposoguMocTd (Ac) u ckopoctd rerepauum (G)
BBIYHCIAETCS B3 KanuOposku BY katymku, ckopocTs
reHepauHu (G) PacCYHTHIBAETCS s
kanmrbposouroro C3.

Merox  kBasucranmoHapHOH  (OTONPOBOIH-
MOCTH npencTasnsger coboif Meroz 6e3 Busyanuzanuu,

TaK 49TO OH MOXKET H3MEpHTh TONLKO BPEMs KH3HH B
JaHHOM msATHe Ha muactaHe [17, 18]. Wamepennoe
sdexTrrAOE BpeMs %W3RW HeocHoBHEX H3 — 370
cpenHee BpeMd XXH3HH B OONACTH IUIACTHHEI, HaXo-
Asmedics HENMOCPEACTBEHHO HAa BEPIIHHE KaTYIIKH
BY, muamerp xotopoit 3.8 cM. UHTEHCHBHOCTE CBETA
H3MepseTcs ¢ MOMOIILI0 3TanoHHOro CO ¢ BEICOKEM
IOCNEJOBATEILHEIM COMPOTHBIICHHEM, MOAKIIOUEH-
HbIM K (HEKCHpoBaH-HOH Harpyske 0.1 Om, uto gaer
CHTHAJT HaPSOKCHHAS c k03 UTHERTOM
nponopororansHocTd  5.80 MB/commume s
ycraoeku B ISC  Konstanz. ~ W3berrounas
kornerTpamus H3 w addexrtuBHOE Bpems XH3HH
BEHHCIIAIOTCS C  TOMONmEID  NPHBEIEHHEIX
YpaBHEHHH H 3aHOCATCS B rpaduk u

Tabnuiy w3Mepenus (puc. 4).

-$inton

instruments
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Prcynok 4. JTHaMAYECKAE XapAKTEPHCTHKE HEPABHOBECHBIX H3 B KPEMHHEBEIX MIACTHHAX.

ITI. Onucanue ¥ aHATU3 PE3Y.ILTATOB

Hccnenosamuce (pe3ynbTaThl IPABEAEHS! HA PHC.
4) NNacTWHLE MOHOKPWCTAIUTWIECKOTO A-THTA KPeM-
HAS C YJENBHBIM COMpOTHBIEHHEM ~83 Omcwm,

IUIOTHOCTBIO JHCIOKALHH ~10* eM? ® TONIIHHOR

0.0525 cm. Ha prc. 5 npuBejer rpag ik 3aBHCHMOCTH
HHTEHCHBHOCTH CBeTa (Suns) @ (OTONPOBOAMMOCTH
(Simens) or Bpemenn. OHH paccUWTEIBAIOTCH W3
HMCXOMHBEIX HanpsykeHu# ceHcopa BY m parumka
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OCBCLIEHHOCTH C HCNONL30BAHHEM XanHOPOBOYHBIX
KOHCTRHT B MAOMONHMTENbHEIX mnapamerpax. Jlns
WIMEPEHWS METOJAMHW KBa3WCTAUMORAapROH doronpo-
BOAMMOCTH HHTCHCHBHOCTH CBET2 JOMKHZ ORITH
NNaBHOH, 3KCIOHEHIHATLHO YOLIBAIOMEHR KpPHBOH
nocrne GRICTPOro Ha9aNLHOrO MOBLINEHUS.

Humination and Photoconductance

-0.0063
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g 24 3
5 000 g
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§ | 2
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o= 3
° 0.005 oo o0is
Time (5}
Implied Voc

Pucywox S, 3aBMCHMOCTH WHTEHCHBHOCTH CBeTa W
HOTONPOBOMMMOCTH OT BPEMEHN.

HeoOXoauMO OTMETHTE, YTO Macirad KOOpAH-
HaTH BpeMcHR (MO TOPH3ONTANK) IOMKEH OHTH
AOCTaTOYHO OonmbimmEM, YTOON BH3yaIbHO (PHKCHpO-
BaTh BCIO JUIHTENLHOCTL BCHLIUKH, COCTaBASIONIYIO
ge MeHee 12 mc. TIpH H3MepeHHH NMepexXOAHBIM Me-
TOAOM, CHASS KPHBas (BEPXHIL) HHTCHCHBHOCTD CBE-
Ta HMeeT pe3kHil MUK B neBoif wacte rpadmka. [Ina
onpexeneHns Bpemesn wxu3un H3 neransHo amanu-

3MPYETCA KpacHW clell (HHAHAS XpWBas cnaza)

(puc. 5).
Ha puc. 6 nokasano npeanonaracMoe
HampMKCHAC PA3OMKHYTOH [CMH MOMTOKKH B

SABHCHMOCTH OT HHTCHCHBHOCTH cBeta. Eciu kpuBhie
NPOXOAAT yepes Touky | (Suns) mo KoopawHaTam
OCBEIUIEHHOCTH, TO BenW4nHy V., MOXHO nerxo
ONpPEMEIHT: HEMOCPEACTBEHHO H3 storo rpadmka.
3T0 yKa3uBAET HA MaKCHMATBHO AOCTHmAMOe V.
IS MOMIOKKA B ee TekymeMm cocrosHa®. Hamo
YUHTHIBATH, 4TO BpeMs xu3HK H3 Moxker niMeRATRCH
B mpomnecce mocneaytomedt obpaborkm (mampmmep,
mapdy3ns  OMHTTEPa, HAHECEHHE KOHTaKTHOIO
MCTAIMHYCCKOr0 AMEKTPOAA), WTO NPHBEAET K
a3Merennio V.

Ve PACCYHTLIBALTCS MO BHIPAKEHHIO!

©Axanemus Hayx Pecnybnmu Ysbexuctaw, 2021 1
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Prcyrox. 6. 3asHCHMOCTH WHTEHCHEBHOCTH cBeTa OT V.

CrnenosaTensHo, pacuer Voo BechbMa
TYBCTBHTENCH K YACTLHOMY CONPOTHRJICHHIO H THITY
NIACTHHEL, ONpefesiaeMoro nonssosarenen. Jlannsie
TAKAKE CKOPPEKTHPOBAHBI VIR EMKOCTHEIX 3ddexTon
camoi conreunoit Garapen. JIng cioywaes ¢ 3aXBaToM
HIH CHIbHBIME 30dexTaM# MORYNAuUHH oOnacTh
obeaHeHHs NpaBHNLHO BHIOPAHHAN  BEIHYHHA
CMCIIEHHA CBETAa MOXET pACIIHPHTL JHANAa30H
ACHCTBHTCNBHEIX JaRHBIX V,. HAa MOpPSAOK B
JIMANA30HE HATEHCHBHOCTH cnaboro oceelesns.

Ha puc. 7 noxasano ofparHoe BpeMs Xu3HH C
BhgeroM  RIHsHEE  Oxe-pexoMOWHAUEA  Kak
pyskurr u30uTouHON KoHueHTpausn H3. Bapeapys
sanannste aranasosst MCD & Fit, MoxBO nomy4aTs
MHOAXOASUIEC COOTBETCTBHE, KOTOPOE MPOXOAMT
qepe3  JMHEHHYID HacTk O0parHRIX  3HAYCHHMH
BPEMCHH #H3HH. Ero OCHOBHOE NpenHA3HAYEHHE —
H3BNedeHHe TOkoB Hacwmenus Jp OOpazen c
maddy3nEIME  TOBEPXHOCTAMH, H3MEPEHHEIMH TNDH
BBEICOKOH HHKCKIHH, NO/KCH AaBATH NPAMYIO JIHHHIO,
HAaKNoH KoTopoil uponopusonanes .J,. I'padux
MOKA3LBAET ABE PA3ALIC KOHIEHTPAHE H3OLITOUHLIX
HOCHTeneft = KOHUEHTpauuio ocHOBHEIX H3 n
xkoHunenTpaunio HeocHosuwx H3. Konuesrtpamus
ocsosueix H3 npeacraenser coboif  JaHHKe,
BLMYHCACHHEIE C HYNEBRIM CMEIIEHHEM CBETa.
Bregene HEHYNEBONO CMEIICHHS MOPHBOJET K
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BHIMHTAHHIO W3OKTOYHOR NMpoBOAEMOCTH, H 310 Oy-
Aer xoruentpauns HeocHoBHeX H3. Ecnm na sxoa
MONAETCH CBET C HEHYNERLIM CMEINEHHeM, Kak 3T0
MOXET NPOHCXOAHTE TPH HATAYHH MOXYJASIHH
obnacTh 3axBata HAH HCTOICHHA, BEYHTAHHE
M20WTOYHON MPOBOXHMOCTH H3-3a aTHX 3bhdexTos
NPABOIHT K MEPECUHTAHHOR IUIOTHOCTH HOCHTENEl,
Ha3LIBAEMOW  3aTeM  [UIOTHOCTHIO  HEOCHOBHBIX
HocaTenell. Iro Gonee TounLI napameTp NpH BBOJE
WHIMKaTopa cMemenns. Ecm He BBOOWTCE MHIWKA-
TOp CMeleHns, 00a Habopa IaHHLIX COBNAAAloT.

Inverse Lifetime vs. Carrier Density
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Pucysox 7. 3aBHCHMOCTL ODPaTHOrNO 3HAYEHHS BPEMEHH
AWIHH OT KoOHUeHTpauun H3.
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Pucynox 8. 3aBHCHMOCTL BpEMEHN #AH3HH HEOCHOBHAIX
HOCHTEeNCH OT KOHICHTPALUHH,

Ha puc. 8 npuseaen rpadmk, orobpamaroummi
BpeMa KW3HH (B OTIHYHE oT ero obparHoro) kak
thyaxumo w3burounofi koruenTpamwn H3. B arom
crywac HeT HEODXOZMMOCTH BhMATaHHY Oxe-
pekOMOHHAIME H® ewle pas nNoKasaHWl  Kax
KOHLIEHTPAIIHS OCHOBHLIX, TaKk # HeocHOBHLIX H3.

IV. 3axmouenue

Wsmeparenshas ycramoska Sinton WCT-120
paccYHTaHa Ha HaMepeHHe 3(QQEKTHBHOIO BpeMens
AHIHH, B TO BPEMA KaK MPOMBIINECHHOCTS Tpebyer
m3Mepenas  o0beMHOro BpemeHM  wHiww  H3
Vkasannsle (QHIAUECKHE BCNWYHHBE CYUIECTBEHHO
pasE4aoTes  ApYr OT apyra. EcmH  m3Meperus
NPOBONAT HA HENACCHBHPOBAHHBIX NONYNPOBOAHH-
xoBeiX OOpazuax, Oonee 4ETKO BHIABISETCE MX
pasnuume no ¢QopMe penaxcaumoHHON kpHBOH B
3aBHCHMOCTH OT TOYKH NOKanu3auwu (HoTouyscT-
BHTENBHBIX AaTYHKOB MO MUTOCKOCTH 00pasuos [19].
B macroamee Bpems Haubonee coBeplIeHHEIM
MaTEPHATOM C MEHHMANLHEIM COICPKAHAEN HEKOHT-
pONMpyeMLIX NpHEMecell #BNAETCH  MOHOKpHCTAan-
TMHYECKHH  KpemHHE 418 MHKPO3INEKTPOHHKH.
IMosromy 3ranod W crasgapresie  obpasmsl
00BEMHOID BpeMEHH AKHINW HeocHoBHRIX H3
AOMKHL! OBITH W3rOTORMCHBI M3 3TOr0 MarepHana ®
OPHCHTHDOB2HE Ha OOLEMHOE BpPEMA KH3HH
HeocrosHEX H3 xax Baxuefimero mnapamerpa
KauecTBa HENPAMO30HHBIX NONMynmpoBoaHHKOR [20].
Cranpapresie oOpasus! C H3BECTHRIM BPEMEHEM
KHU3HH U PAIMEPaMH, PCKOMCHIOBAHHLIMH B MEAIY-
HapopsoM crargapre [21], moryr OmTe omTEMans-
HEIMH NpPH HCMOJB3OBAHHR HX A2 KanuOpPOBKH H
NOBEPKH KAK KOHTAKTHMIX, TaK W OECKOHTAKTHBIX
CPEJCTE M3IMCPeHHs 3Toro napamerpa Ho nps srom
HEOOXOHMO HETKO PErjIaMCHTHPOBATL MPOUEAYPY
pacuera 3hQERTHBHOrO BpeMeHR XHIHH, Mepecyera
ero B ofveMHOe, WM YCIOBHS H3IMCDCHHH, MpH
KOTOPBIX 3TH Napamerps! cosnagaot [22-25].

MerananHbie

On dynamic characteristics of nonequilibrium
charge carriers in silicon wafers

R. Aliev, A.O. Kurbanov, Kh. Izzatillaev

Andijan State University, University str. 129, 170100, Andijan,
Uzbekistan

The article is devoted to the presentation and
discussion of the primary results of an experimental
study of the possibility of using the modem "transient
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photoconductance method" and "non-contact quasi
steady state photoconductivity method" for a more
accurate, accelerated and non-destructive determina-
tion of the lifetime of charge carriers in silicon wafers,
intended as a base material for the manufacture of
high-speed p-n-microelectronic devices and high-
performance solar cells, [t is shown that the method of
quasi-stationary photoconductivity is based on the fol-
lowing principles: illumination of the research object
with a long, slowly decaying light pulse; simultaneous
measurement of sample surface conductivity and inci-
dent light intensity as functions of time; determining
the level of generation of electron-hole pairs in the se-
miconductor material from the measured value of the
intensity of the incident light at each moment of time;
determination of the quasi-equilibrium concentration
of charge carriers, based on the measured value of the
surface conductivity at each moment of time; calcula-
tion of the effective lifetime of minority charge carriers
in the quasi-equilibrium approximation.

Keywords: silicon, lifetime of minority charge carriers,
photoconductivity, solar cell, recombination.
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KpemMuuit nacTHHACHAArH HOMYBO3AHATHIE 3apsi]
TAWYBYNIAPHHHT JHHAMMK XAPAKTEPHCTHKACH
xaKuaa

P. Ammes, A.O. Kypbanos, X, Hzzaaniaen

AHJUKOH JIABJIAT YHHBEPCHTETH, Vausepcurer kyu., 129,
170100, Aumxon, Vabexucron

VYmby maxona teskop p-n yrumum acBobnap Ba toxkopm
camapajopnukka osra  Oynran  Kyéw  GarapesnapuHu
rafiépnawaa acocuii Marepuan OYiraH KpemHU TIACTH-
HACHIArN 3aps] TAUTYBYUIIAD SAIUALT BAKTHHY AHKUKPOK, TE3
pa Oyswmmuuiapens VIVANIHHHT 3aMOHABHE  ycyinapu
"Yruw yoynu" pa "Konrakrons kpasucrauuosap oro-
yrkasypuaHnuk yeymu" jad QolipanaHum HMKOHHSTIA-
puER AKcnepuMenTan Ypranmumunr pacrnabia HaTHKa-
NapUEM  TAKAMM 9Tl BAa  MyXOKama  KMJIMIIra
baruuanrad.  Keasucraumonap  doroyTrasyruasmk
yeyiu Ky#Hugard MpUHIMIUIAPTa ACOCNAHTAHIIMIH Kypca-
THITAH! TANKMKOT OOLEKTHHHM Y30K BA CEKHH CYHYBUH
umMnynenu épyrnuk Gunan épurin, Oup BAKTHHHT Y3Hza
HAMYHAHHHT CHpTHil  YTKASyBUAHIMIUHM  BA  TYIIraH
EPYFIMK WHTEHCHBINIHHY BAKTHUHT dyHkumscn cudaru-
Aa Ymuamn; ApUMYTKA3rHY  MOJJENArH  3NEKTPOH-KOBAK
KyhTaapuauHr Xocun GYnum napakacHHu xap Oup Bakr
MOMEHTHIATH TYIUAETraH EPYFIMK WHTEHCHBIIMIHHUHT
yrmuanran KuiiMaTHaa anuknamw; xap Onp BakT MOMEHTHAA
yiuaHran cupTHit YTRAasyBUAHIMKKA acocnaHH® 3apsj
TALIYBYHJIAPHHHT KBA3UMYBO3aHAT KOHUEHTPAUWAIAPHHI
AHMKJIALL, KBA3UMYBO3AHAT HAKMHIIALIYR acocupa acocui
OynmMaraH 3apsij TAYBYMAAD SLIALUT BAKTHHH Xucobnau.

Kamrr cyanap: kpemumii, acocuit 6yamaran sapsaa Hamyswmnap
awam  BakTH,  Qoro¥TkazyBuaHnuk,  KySm  aneMeHTH,
pexoMOuHaLm,
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lMposieneHue B CrneKTpax KOMOUHALIMOHHOI O pacceAaHuUA
cBeTa akKTUBaLiMOHHbIX NMpoLecCoB B CYyNepUOHHbIX

TpudgTopuaax tuna LnF;
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HUccnenosansr

SHEpreTHYeCKHe MapaMeTpel IPOoLecca

TEIJIOBOTO  PasyMopAAOYCHHS

KPUCTANIMYECKOH pelleTku B CYNepHOHHBIX KpHcramnax thma LaFs; PaccMOTpeH HOBBIH
TMONXOR K WHTEPNpeTAaUWH 3IHEPreTWdecKWX MapaMeTpPOB BHYTPEHHEr0 ABIKEHHS,
TIOJTydEeHHBIX METOAOM KOMOHHAUMOHHOrO paccesHHs cBeTa. [loKa3aHO, UTO 3HAYEHHS
JHEPruil AKTHBALMH, ONpENelieHHble M3 TEMIEPaTypHOH 3aBHCHMOCTH LIMPHHEl JHHHH
KOMOHMHALMOHHOTO PacCesiHHs CBeTa BO MHOIO Pa3 MEeHbIIe SHepriii, ONpeAesiOLUX IPOLece
TEPMOAKTHBHPOBAHHOTO pasynopsgodeHus pererku LnFs.

Kirroguerkie cJ10Ba: KBa3WyNPYTHii, CYNEPHOHHLIH MPOBOAHUK, (Ja30BEIE MPEBPALIEHNS, KPH-
CTaJyTH4ecKas pelleTka, MeXJA0y3lIHe, ONTHYECKHH KOHTYp, aKTHBAlHOHHAS SHEpPrus

The energy parameters of the process of thermal disordering of the crystal lattice in superionic
crystals of the LaF; type are investigated. A new approach to the interpretation of the energy
parameters of internal motion, obtained by the method of Raman light scattering, is considered.
It is shown that the values of the activation energies determined from the temperature
dependence of the linewidth of Raman light scattering are many times lower than the energies

determining the process of thermally activated disordering of the LnFj lattice.

Keywords: quasi-clastic, superionic conductor, phase transformations, crystal lattice, interstice, optical

contour, activation energy.

I. Bseaenue

B obmmprOM Knacce TBEPAOTENBHBIX HOHOMPO-
BOAAMUX coeauHeHH# cynmeprorHElE (CH) kprcTan-
Bl C pasMBITEIM (ha3oBeM mepexogom (PIT) mpex-
CTaBIAIOT CODO#H 0cOOYIO rpyITy TBEPABIX MaTepHa-
7I0B, B KOTOPBIX ()a30BBIE NMpPEBpPAINEHHs CBS3aHBI C
TEIUIOBKIM PasyIOPSXOYEHAEM OXHOM U3 KPUCTAILIH-
YECKHX NOAPENIETOK B ONPEAENEHHOM HHTEPBAie
Temneparyp. @I npu 3TOM Xapak-TepH3yIOTCs mepe-
XOIOM KpHCTalla W3 aWsekT-prdeckoro (I3) co-
crosaug B cynepuorHoe (CU). B mepsom mpubim-
xerand B CU dase xpucTannmyeckas pelnerka Takax
MaTEepHaNIOB MPEACTAaBNsSeT CO00H “KBasHKHAKOCTH

U3 TIOABHXKHLIX HOHOB, KOTOPas MOXKET IepeMemaTs-
€4 B NOAPELIETKE HENOABUKHLIX UOHOB. Takum 00-
pazoM, 3TH MaTepHANBl 3aHWMAIOT MPOMEXYTOYHOE
TOJIOXEHHE MEXIY JKHAKOCTRIO ¥ TBEPAEIM TEIIOM.

II. Omnucanue 00LeKTa U METOJOB HCC/IEN0Ba-
HUs

B KauecTBe obOBekTa HCCIIeAOBAHUA
aKTHBaOHOHHEIX nponeccoB B CH kpucrammax c
pasMBITEIM  (a30BHIM TIEPEXOAOM OBUTH BHIOpAHBI
Tpudropux mamrama LaF; ® ero amamorm
CTpyKTypHOro tuma tuconura — LnF; (Ln=Ce, Pr).
Kpucramner nmerkux TpEPTOPHAOB PEAKHX 3EMelh
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OpEACTABNAIOT CcOOOH TBepABle SNHEKTPOIHTH C
TIPOBOIEMOCTEIO NOPAZKa 10°-107 S/cm [1-3]. TIp=
srom mepexon B3 JID basm B CH cocrosEme B
xpuctammax LnF; comepmaercs B HEKOTOPOM
HHTEpBale TEMIEpaTyp H He CONPOBOXKAAETCH
3HAYHTENBHOR MepecTPOoiiKoH CTPYKTYPH! KpHCTAI-
nmugeckost pemerk: [4, 5]. Hampmwmep, pazymops-
[OYCHWE aHWOHHOH MORpemeTkH B KpHcTayme LaF;
POHCXOZHT B AHana3oHe Temmeparyp <~180-460 K 1
OPOAOIMKACTCH N0 TEMIepaTyps! IUTaBNeHHA KpHC-
tamia. Ilpe 3roM B obmacta =180-300 K pasymo-
pSAQOYEHHE PEINEeTKE ONpeHensercs aKTHBHBIM
JIBHAEHHEM B TIOJPEIIETKE HOHOB F), COCTARNISIOMEX
2/3 or obmero wmcna woHOB ¢ropa Ocrasmmecs
umomsl Gropa F» u F3; obpasyior BmecTe ¢ HOBaM#
meranna 0a30Bble AHHOHHO-KATHOHHEIE ILIOCKOCTH.
IMogpemerky 3THX HOHOB Pa3yNOPAI0THBAIOTCE OPH
TeMmeparypax, npessmmazomux 400420 K.

Uccnenopanus CU MarepsanoB ¢ NOMOIISIO
anexTpodhHIAYECKAX, TEIIODH3AYECKHX H aKyCTH-
geckHX Meronos [3, 6-9], xax mpaBHNO, MO3BOLIOT
H3yYaThb BHYTPEHHIOID NONBHKHOCTH IHIIL Ha
MaKpOCKOINHYEeCKOM YPOBHE, NOCKONBKY BO BCEX
3THX 3KCIIEPHMEHTAX THHA BONHH 30HAHPYIOUIETO
H3TyYeHHS BO MHOTO Pa3 NPEBOCXOAHT XapakTepHBIE
pa3Mepsl 3NEeMEeHTapHEIX sdeek. Mcmome3yeMble B
srEx Merozax wactorst ~10°-10* ¢ me mossonsor
HENOCPEACTREHHO HCCIEeA0BaTh ocobeHHOCTH
BHYTDHSYCEYHOIO  ABHKCHHA, KOTOphE g
nopaensomero wucna CH Marepranos nposRIfIOTCS
8 obnactu 10"°-10" ¢™. Taxam obpasoM, yxasanssie
BeIl€ METOAbI HE IO3BONSIOT  HE3Y4aThk B
KPHCTRIUIAYECKOH pemeTke TPEQTOPHAOR pealhHEE
TPOLECCE], CBE3aHHLIE C BLICOKOH NOIBHXHOCTHIO
HOHOB OJHOH #3 IOJPEIIeToK.

C 370#f TOuYKH 3pEHEA IS HCCICHOBAHHS
OPONECCOB pa3ymopsAoYeHAs B TBEPARIX Tenax
rauConee 3@ QexTARERIMK, Ba HAIN B3I, FRISIOTCH
METOAEI KOMOHHANWOHHOIO paccesHHs CBETa B
obnacte cmexktpa or 5-10 mo 10%-10° om7',
TIO3BOMNSFOIIHAE JSTEKTHPOBATH NMPOLECCH, CBI3aHHLIE
C JBHXCHHEM 3TOMOB B PEINETKE C XapaxkTEePHLIMH
3HAaYCHHSMH SHCprHE B HETepBane 10°-10~ 3B.
Bonee Toro, crnekTpsl HEYNpPYroro paccesHHS CBeTa
HecyT Oomemoli o0BeM ®HGOpDMAaDHE HEMEHHO O
MHEKPDOCKONHYECKHX JETANAX CTPDOSHHES MONEKYN H HX
H3MEHEHHSX, @ HE O MONEKyle B MeloM, Kak,
HaOpDEMeEP, B CIy9ae 3JIEKTPOHHEIX cmextpos [10].
SddexTuBEOe Hcnonkzosarme KP-cmexTpockonEn
AN H3y4YeHHAd MENbYadmuExX ocoOeHHOCTEH B

© Axagemus Hayk PecnyBnuku Yabexucta, TawkesT, 20211,

S9ecYHOM [EpeMelleHHH HOHOB 0O0yCIORneHO
BEICOKOH YyBCTBETENLHOCTRIO napaMeTpos
xonebaTeNbHLIX NHHAH K  MHKPOCKONHYECKHM

A3MCHEHHIM MEKXHOHHLIX B3ammoxedicreri [11]. Ilo
9TOM OpHYHHE 3HAYHTENbHAs YacThb pe3ylbTaroB
HCCIEAOBaHWS  AKTHBAUHOHHBIX  MOpPOHNECCOB B
CynepHOHHEIX TpEMTOpHAax THNa LnF; B mmpoxoM
HHTEpPBATE  TEMIEparyp  NONy4eHa  METONOM
roMOrHauroHHOrO paccessrs (KP) csera, geransHO
ommcaHEsM B [12].

B Eacrosmie# pabore Ha OCHOBE AETAILHOIC
anamm3a KP-cmektpoB kpuctamnos LnF; B BHYTpE-
sYeedHBIX MepeMeleHHH HOHOB (Topa paccMar-
PHBACTCH HOBEIN TOAXOJA K ONPENENICHHEIO SHEPreTH-
UECKHEX N4paMeTpOB AaHOMAIbHO HHTEHCHBHOIO
BHYTPEHHEI0 XBHKEHHY B 3HHOHHOHM NOAPEMICTKE
3TEX MaTepEanoB. (s NMpaRHILHOH HHTCPIPCTAER
TONYYEeHHEIX Pe3yNLTaTOR BAKHO NOHHMATE, KakKHM
obpa3zoM MONydacMbic H3 ONTHYECKHX CIEKTPOB
X3apakTepHCTHYSCKHE  BEIWYHHHE  CBS3aHH C
TapaMeTpaMH, OIpeIeNsIOIHEMA JBIEKCHAE
OTAeNbHHIX HOHOB. Hanprmep, DPBDKKH HOHOB 0O
PEINETOYHLIM [O3HIEAM ONDEACHCHHEIM 00pasoM
ROMKHS HPOSBIATLECA B ONTHYECKHEX cHekTpax. B To
e Bpems Ha mapamerpsl cnexkrpoB KP (gacTorEmid
caser QOHOEHOH NTHHENUH, € [NMDHHA, HHTCHCHBHOCTD
H Ip.) BUHAIOT HE CaMH NEPEMEIIEHHA HOHOB, &
BLI3BaHHEIE HMH H3MEHEHHA B cpene [11, 12].

II1. PesyneTaThl 3KCEpHMEHTa H HX aHATNHI

Ananes wacroTHOro capura mmEEE KP B
IIHPOKOM HHTEpRaNe TEMIIEpaTyp MO3BOMHI COCNaTh
BEIBOJ, 4TO B kpucrauax LnF; B obnacra daszosex
nperpameruit (250360 K) 3bdextm anrapmo-
HHE3IMa MPaKTHYcCKH HE BNHSIOT HAa O0CODEHHOCTH
domorEux cmekrtpos [12]. Ommaxo mnpmE Oonee
BEICOKHX TEMIIEDaTypaX BIHAHHE aHTaDMOHWYECKHX
sbdextor Ba mmpEHy KP-nEEE# MoxeT OnTs
3EamaTensHO OOmsmmM. [losToMy B nperebpexenun
aHTEPMOHWYECKHM BKIaJOM B 001acTH $asoBmix
OpeBpalleHEH YIDHPeHHWE KonedaTelLHEIX NHHHHE B
OCHOBHOM CBS33HO C 3aTYXaHHEM, ONpemelseMEIM
LepeMelieHHeM HOHOB (Topa B  pemeToYHkhe
Mexa0y3nHs (pHc. 1), # B NepBOM DPEOIHXEHHH T2-
KO€ YVIIHpEHHE ONHCHIBACTCH BhRIpakerneM [12]:

T'=T,exp(-E, / kT). (1)

3xecs [p sBngeTCS MIMPHHOE NHHHE B obmactd
BHICOKHX TEMIeparyp, mapamerp E, mpeacTasiser
BENHUYHHY 3HEPIHH, KOTOPYIO 3aTpadEBacT CHCTEMA
YacTHI Ha W3MEHEHHEe CBOCH KOH(HTYpamWE H Xa-
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PaKTepu3yeTcs pa3HOCTBI MOTEHUHANbHOH 3HEPIrHH
CHCTEMEI B HaAYalbkHOM H KOHEYHOM TIOJIOWEHHSX
TTOABWXHOW YACTHISI.

Prcynox 1. Cxematuueckuii PUCYHOK MEKIOY3THS KpPH-
crajmuveckoii pemerku LaF;.

B OoNBIIMHCTBE CIy9aeB NOpH ONpPEAENEHHON
TeMIepaType B pElIeTKe TBEpAOTO Tella mepeMerma-
€TCsl JIMIOL HEeKOTOpas 4acTh WOHOB H3 MAcCHBA IIO-
TeHIHANLHO MOABHXHBIX YacTHL. [IpH 3TOM Temno-
Bas 3HEPIHs MOJABHKHOIO HOHA HIET, B OCHOBHOM, Ha
YBENHYEHHE €ro TOTEHIHATLHON 3HEPTHH B HOBOM
PEIIETOYHOM MOJIOXKEHHH, a TaKXKe Ha NpHpAleHHE
MOTEHIHANLHOR 3Heprun Ommkaimux N yacTHi, Ko-
TOpHIe “TIOYyBCTBOBATH Takoe IepeMemeHHue (pHC.
2).

Pucynok 2. JloxansHble TepeMelienns HOHOB GTopa B OK-
PECTHOCTAX 00pasoBaHHs Mapsbl y3el-MeXA0y3iHe.

WEEIME CIIOBaMH, yBeNHYEHHE pPELIETOYHOMH
3HEPIrUM NpH EIHHWYHOM aKTe pAa3ynopsIOYeHHs,
Ha3elBAEMOE 3HEPIHeH pasymopsHoYeHHs PpEUIETKH

E,, ocymecrtBnsercs B BHAe pacnpeneneHus E, Ha
N+1 gacTuny, BKMIOYas DOABHKHEI HOH (puC. 3),

Energy, relative units

AE(1+N
T=2Y  AE.

J—

site interstitial site

Pucynok 3. PacnpeneneHne 3HEprud Mexay HOHAMH B
OKPECTHOCTEX 00pe20BaHus maphl y3el-MeKa0yaiHe.

B Hacrosmee BpeMs HET ONPEASICHHOrO KPATE-
PHS TaKOTO PacIpeaeeHus TEIIOBOR 3HEPIHA MeX-
Ay HoHaMH. Mexay TeM, IPEANONOKEH)E O TOM, UTO
B IIEPBOM NpPHOIMKEHHH TEIUIOBas 3Heprus L, Io-
Jyd€HHasd NOABHXKHEIM HOHOM, ACIIHTCA TPHMEPHO
TIOPOBHY MexXay HEM H N OImkailiiMe 9acTHIaMH,
NPEeACTaBIsLeTCs AOCTATOYHO pa3yMHBIM. [Ipu Takom
MPEATIONIOKEHAH MOXHO OXKHAATh, YTO KaXKABIH W3
(N+1) HOHOB MONTYYaET B CPEAHEM 3HEPIHIO

AE,=E, /(N +1). )

WmerHO Ha 3Ty H30BITOYHYIO 3Heprui0 AE, pea-
THPYIOT YACTHIBI CPEIEl H3MEHEHHEM CBOMX JHEpre-
THYECKHX (B 9aCTHOCTH, KONeOATENBEHBIX) COCTOSHHH,
o0yciaBnuBas TeM CaMbIM H3MEHEHHWE MapaMeTpOB
nuHEE KonmeOarenbHOro cmekTpa. TakaM oOpaszom,
TIAPHHA KONeOaTeNbHEIX JWHAN ONMACHBAETCA BEIpa-
seHneM THna (1), rie 3HEePrui0 aKTHBAUWM pasymno-
panpoderus E, clnemyer 3aMeHUTE 3Heprued AE,:

I(T)=T,exp(-AE, / kT). (3)

Kax m3BecTHO, B mo60# TepMOIMHAMHYECKOMH
CHCTEME BCerjla eCThb “Tops4me’ H “XONOAHBIE” yac-
THIBI, KOTOPEIE 3aMETHO BIHSAIOT HA KWHETHKY aKTH-
BallMOHHEIX mpoueccoB. [Toaromy B CU mMarepuanax
CoOCTBEHHOE CTPYKTYPHOE pasymnopsAOYeHHe IPOHC-
XOIHT BCErJAa B HEKOTOPOM HWHTEpBAle TEMIIEPATYp.
CrenoBarentHO, TIPH aHATTH3E TEMIEPATYPHOH 3aBH-
CHMOCTH INHPHHEI KONeOaTeNbHbIX IHHAR I Ompe-
JIETICHAs. SHEPIHM aKTHBAUWH Pa3yNopsIOYeHHs pe-
metku E, cnemyer yYHTHIBATE COOTHOMEHHE (2),
cesaspiBatoniee sHepram AFE, u E, Takam o6pazom,
HCCIemysl TEMIIePaTYPHOE H3MEHEHHE INMPHHE! JIH-

©® Axanemus Hayk Pecnybnuku Yabekuctan, TalwkeHT, 2021 r.
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HHA KOMORHanEOHHOrO paccesHus [(7), MBI EMeeM
Iel0 He C caMHM 3HadeHHeM £, a ¢ ero MauuiMe
9YacTIMH B BHJEe CpeAHWX 3Hauenwd AE, pacmpege-
NEeHHKX MEXIY TOXBHKHEEIM HOHOM dropa N Onm-
WKAHIIAME K HEMY HOHaME QTopa.

Hamee, ¢ y4eToM CKa3aHHOTO, H4 NpHMEpPE
kpEcrama LaF;  ycrasOoREM  cRA3:  MEXAY
SKCIEPHMEHTANTLHO NONyYeHHBIMH 3HadeRuaMHE AF,
H JHEprucH aKkTHBAlHH Pa3yNOpAJOYCHHES aHHOHHOH
mogpemersk® E, B I3 dase npHE OTHOCHTENLHO
HE3KEX Temmeparypax (7<7.) pemerxa uMeeT
OPaKTHYECKHE HACANBHYIO CTPYKTYpY. B 3TOM ciaygae
MEXJOY3NEs B JHHOHHOH NoZpemeTke CHOpME-
pOBaHE! BOCEMBIO HOHam® (ropa (pmc. 1) mects
uoroB F; oOpazyior Goxoesie pebpa mexzoysnus, B
TO BpeMs kak jea woHa F; (mmm F;) ofpazyror
“manogxu” BAons ocu Z. Cormacuo [2, 14], 8 JID
dase 8 obnacrw Temneparyp 160-260 K pasymopsiao-
YWBAIOTCH OTAENBHLIE HOHH F;, COCTaBIAIONIHE
pebpa Mexzoyzmui. IIpE 3ToM MexIy aHHOHHO-
KAaTHOHHEIMH TITOCKOCTSMHE 00pazyloTcs OTAENLHEHE
nedexTer Pperrend. [Tycrs B /I3 dase nprpamenne
sHepru® FE, pelleTkW, NONyYeHHOE NpPH IepeMe-
meEEE F; B Onmxalimee MeXIOy3iHe, pacupene-
nSeTcs MEXIY BOCEMBIO HOHaME (PTOpa: MOABHKHEIM
F,, nareto F), ocraBmumucs Ha pedpax MexAOy3IHS,
B xeymsa “manoaxamu’ Fa. (F3). Torza sgagerme AE,,
MOTYy9YeHHEOS oo appeHHYCOBCKOH tbopme
3asacamoct®s  [(1/7), ® SHeprus aKTHBaUUEA
pasynopsnodeRns E, nogpemerxd F; cBs3aEm
COOTHOIICHHEM

AE.=EJ8. (C))

B 10O %¢c BpeM# A CyNEpPHOHHOIO COCTOSHHSA
(T>=T=262 K, [6]) MakcEmansHas HONs HOHOB
dbropa,  NEPEMECTHBINHXCE B  MEXIOY3NIHA,
onpenensercs mapamerpom g(1+g)”, rme dakrop
g=1/6 — oTtHOCHTeNbHAS nons Mexaoyzma# [13, 14],
(1+g)™'=0.86 — 3aceneHHOCTs MeXAOY3NHH W Y3MOB
HOHamMH (GTopa TOpPH  yYCIOOBHH, IT0 OHH
sHepreradeckd Omusku, [Ipmuem B CH cocrosHuEm
JONd pa3yIOoOpSNOYeHHEIX HOHOB F, JocTHraeT
HagOONLIIEro 3HAYEHHS, YTO yMeHbIaeT obmee
9HCIO HOHOB, (DOPMHAPYIOMEX pedpa MEeXIAOY3ITHA, C
MECTH A0 TUSTH. Torga 3Heprus E, pacupenensercs
OOPOBHY MEXAYy CEMbI) HOHAMH (Topa: MATHIO
HOHaMHE ¢TOopa, KOTOpHIE OCTalHCh B y3nax H
dopmEpytor pebpa MekIOY3NHS, W JABYMA
“manogxamu ” F,. (uma Fr):

AE,=E,/1. (5)

© Axanemus Hayk PecnyGnuxm Yabekucran, TawxewT, 2021 1.

Ha pmEc. 4 nmpEBefeHsl  pe3yALTaTH

sKcIepuEMenTa ans xpucramios LaF; (I) m PrF; (10)
JIns mmanextpudeckoi dazs (vaacTok 3 Ha puc. 4) ¢
y49eTOM COOTHOmEHHS (4) moNyYeHH CHeAyIOLIHe
3HAYEHHS JHEPIHH aKTHBAUWH pasynopspodenus £,
noppemerkH Fy:

ang LaF; E_.=021 3B (8x0.026 3B);
E.=0.22 3B (8x0.028 3B).

s PrF;
o7 -

65

Puacynox 4. TeumeparypHble 3aBHCHMOCTH MIHDHHE!
nmEmit 370 u 376 o coorsercreenno ans LaF; (I) u PrF;

(I0).

B armx empakesmax 0.026 2B » 0.028 3B -
SKCOEPHMEHTANLHElE 3HadeHus sHeprum AFE, [Jlas
vaactka 4 B CH tase c yuerom (5) momyzemo
suagerue E, = 0.04 3B (7x0.006 3B) ans LaF; u PrF;
[14].

IIpr Taxol WHTepnperanu® napamerpa AE, Bce
IHAYCHHMS SHEPrHH aKTHBAUHH, NOJy4acMeic =3
SKCIEPHEMEHTATLHOR 3aBHCHMOCTH InI=AT),
CTaHOBSTCS TOHSTHHIMH H (DH3WYECKH ONpEJeieH-
HBEIMH Ha OCHOBE IPHMEHEHHOIO HaMH MOIXO0Aa.

3aBepimas aHANH3 3MEMEHTAPHEIX epEMEeHuH
HOHa ©OTopa B peimerke KpucrammoB LaFs; c
pasmuTeiv ©II, orMerEM oxEO obcrosTenscTso. B
Hayaje NPONEecca CTPYKTYPHOIO Ppa3ylopgi0YcHHS
9HCIO YACTHI, MOYYBCTBOB2BIIEX OeCcmopsIox B
pEIleTKe, MOXET OnITe HACTONBKO Mano, d9T0
CBS33HHLEIE C HHEMH BO3MYIIEHHS CpeNsl H HX
CTIEACTBHS, HaIpEMED YIIHEpeHne THHER
KONebaTensHOr0 CHEKTPa, COCTaBISIOT OUEHL MANyIo
BENTHIAHY.

Mexay Tem, omTmdeckw# TpHOOp (EKCEpyeT
HekoTopoe npupamerne Al(7) mEpHEHN coeKTpams-
HOW JIHEHH NpH YCIOBHH, YTO €70 annaparsHas QyHK-
[Hs He NPeBOCXOJHT BEIHYHHH 3TON0 NPHPAMICHHS.
B pe3syneTare, OT YyBCTRHTENBHOCTH MNPHEMHOIO
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JIETEKTOpa 3aBHCHT HEKOTOpPOE MOPOTOBOE 3HAYEHHE
CHTHaNa, HHXE KOTOporo mnpubop He GHKCHpYyeT
TTPOACXOAATINE B cpefe n3MeHenns. CleloBaTeNsHO,
JIAINEL OPH OPEBLIIEHAH TOPOTOBOTO 3HAYEHHS CHT-
Hajla BO3MOXHO TMONYYEHHE HANEKHBEIX ONTHYECKHX
CIIEKTPOB H NPOBEJCHAE aHAIHN3a HX apaMeTpPOB.

IV. 3aknrouenue

AHanu3 3aKOHOMEPHOCTEH, HaOMIOZaeMBbIX NPH
pasynopsAOYeHAH  KPHCTAIUIMYECKOM  pEIleTKH
kpucramnos LnF;, mo3sonsger caemars cieayromme
BEIBOJIBL

ITockoneky mpomecc “mnaBieHHs” pPELIETKH
CYHNEpHOHHOTO KPHCTAlla HAYWHAETCS C pasynops-
NOYEHUsS OTACNLHBIX aTOMOB, TO TIPH Maliod BX
KOHUEHTpauuu (Ha HaYalbHOM 3Tame pasyro-
PANOYEHHS DEINEeTKH) CHEKTPOMETP He CHocobeH
3apErHCTPHPOBATh BIHAHAEC MAnoro Oecrmopsjgka Ha
napaMeTphl CIIEKTPaJbHBIX JTHHAH.

Hns KaXI0T0 cirydas perucTpauu
konebaremsaoro cmektpa CU kpucTamwios umeer
MECTO  MOpOroBO€  3HAYEHHE  KOHIEHTPALHH

pasynopsA04eHHBIX HOHOB, Ha4YWHAas C KOTOPOTo
MOXXHO OOHAapy’»XHTh BIHAHHE TEMIEPATYpPhl H
CTpYKTypHOro Oecmopsika Ha CBOHCTBA Cpemsl H
TapaMeTphl CIIEKTPaNbHLIX THHAN.

[lpu aHanmW3e MHPHHH KONEOATENBHBIX NTHHHK
HYy»XHO Y4YWTEBaTH TO, YTO B COOTHOLICHHH,
OMHCHIBAIOIEM  3aBHCHMOCTb  INHPHHEI  JIHHHK
COEeKTpa OT TEeMIIEpaTypkl, B OKa3aTesle 3KCITOHEHTHI
3Ha4YCHHUE SHEPreTHYECKOro NapaMmeTpa ONpenelseT
HE 3HEPIuI0 aKTHBAIHH Pa3yNOPSIOYEHHAS PEIICTKH,
a 3HEPrHI0 aKTHBAlHH YIIHPEHHSA KONehaTelbHEBIX
e B ciekTpe KP.
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Vizualization of activation processes in superionic
trifluorides LaF; in combination spectra of light
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Durmon Yoli st., 33, 100125 Tashkent, Uzbekistan

The energy parameters of the process of thermal
disordering of the crystal lattice in superionic crystals
of the LaF; type are investigated. A new approach to
the interpretation of the energy parameters of internal
motion, obtained by the method of Raman light

scattering, is considered. It is shown that the values of
the activation energies determined from the
temperature dependence of the linewidth of Raman
light scattering are many times lower than the
energies determining the process of thermally
activated disordering of the LnF; lattice.

Keywords: quasi-elastic, superionic conductor, phase transfor-
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LnF; Tunuaaru cynepuoHMK TpHIopuaiapaa
HYpPHH daonanamTHpun KapaéanapyuHunar Paman
CNeKTPJIapuia HAMOEH OV IHIIH

®.P. Axmenxanos, C.3. Mup3aes, T.IIl. Mycradaes,
T.C. Hyxxaos

Va6exucron Pecrybmukacu ®annap axajeMHSCHHHET
V.A. Opudos Homunary Hou-niasma Ba Na3ep TeXHONIO-
rasinapy uHetuTyTH, JAVpMor iy 33, 100125 Towkent
Vabekucron

EpysnHKHEET KOMOMHAIMOH COYMNHII yCynH GHmaH
LaF; tTanpars cyneproHEAK KPHCTAIIAPH MaHXapana-
punia TapTHOCH? HCCHKNHK KapaéHIapHHEHT JHepre-
THK TapaMeTpiapy ypraaunad. OnUHraH HOHNAp W4-
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KH XapaKaTHHHT 3HEPreTHK NapaMeTpIapHHH TATKHH
KANEIIHAET SHTH EHAalyBH KypHO dnrEngE. Kom-
OHWHANWOH EPVFNMHKHUET TapKATHINHHEHT YH3HKIE
KEHITTHTH-HHEAT Xapoparra DOFTHKIATAAE
SHUKIAHCAH AKTHBALHsA SHEPrHANapH KHHMATIapH
LaF; nanxapacHHHEET HCCHKIHKAAH (aoilalTHpHI-
rad TapTHOCHINAHWIN JKADaéHWHE OenTHnaiaEras
3Hepruanapias Oup Hewa OapaBap NacT SKaHIHTH
K¥pCaTHiras.

Kanur cy3nap: CynepHOHHMK yTkasruu, (asaBuil Tpasc-

dopMauusnap, KPACTANN NAMKapanap, OpPamHK TYTYH, aK-
THBH3AIlHS JHEPrHsCH.
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I. Bsenenue

CoepeMenHbiii  5Tan

TIpu pacnkuieHnn noBepxHOCTH HITOGUs myukamu Horos Xe' B arMocdepe kucnopona usyye-
HBEI MACC-pACTIPENENEHNs W MOHOMONEKYJMPHLIE Pacnajbl SMUTTUPOBAHHBIX KIACTEPOR
Nb,O,, 1o Beem cTexmomMeTpHUecKH BOIMOKHLIM HanpasnenusM hparmenraun. Mecnenosa-
HHE mporneccos (ParMeHTALIMN CETeKTHPOBAHHEIX pachbuleHHLx knactepor Nb,O,~ ceupge-
Tenberyer, 4to NbOy, NbOs n NbyOs, Hapsny ¢ O u O, asnsiores naubonee BeposTHLIMM
HeHTpanbHBIME hparMeHTAMA NMPH pacrajax ¥ MOTYT PACCMATPHBATLCA KAK CTPOMTENbHLIE
Gnoku knacrepos Nb,O,,". ITokazano, uro obpasoranne W MOHOMOJIEKYJAPHAS (hparMerTaumns
knacrepos Nb,O,,” ONMHCEIBAIOTCA B paMKax CTATHCTHHECKOTO KOMOGWHATOP-HOrO MeXaHHIMa
PeKOMDHHALIH, HO C Y4ETOM CHJTEHOI HEPABHOBECHOCTH TIPOLECCA.

Kmouennie ¢iona; kractep, Macc-pacrpeaeacHMs, (IparMeHTALHS, OKCH HHOOMS, MOXAHHIM KOMOMHa-
TOPHOTO CUHTE3A.

The unimolecular decays on all stoichiometrically possible fragmentation channels of the
emitted Nb,O,,~ clusters under sputtering of niobium surface by Xe' ion beams and
blowing by oxygen have been studied. The study of the fragmentation processes of selected
sputtered Nb,O,,” clusters indicates that NbO,, NbO; and Nb,Os, along with O and O,, are the
most probable neutral fragments during decays and can be considered as building blocks of
Nb,O,, clusters. It is shown that the formation and monomolecular fragmentation of Nb,0,,”
clusters are described within the framework of the statistical combinatorial recombination
mechanism, but taking into account the strong non-equilibrium of the process.

Keywords: cluster, mass distributions, fragmentation, niobium oxide, mechanism of combinatoric syn-
thesis .

posano HHTEpeC K  3(D(HCKTHBHBEIM

pasBATHA HOHHBIX

MeTofaM
MOTYYEHHS KI4CTEPOB Pa3iHuHON CTEXHOMETPHU M

TEXHONIOTHH Xapakrepusyercs Bcé Oonee MHPOKAM
MyYKOM MONEKYJIAPHBIX M KJIACTEPHBIX HACTHL 1A
pelIEHHS MHOIOYMCICHHEIX HCCIEAOBATEILCKAX M
NpUKIAAHEX 3a%a9 [1]. OTo cymecTseRHO CTHMYTH-

A3y9YeHus WX (yHJaMeHTANLHBIX cBoitcTe. Mommoe
pacneutenue [2, 3] uMeeT paf MPEHMYIIECTB Iepea
ApPYyraMH  crmocobamMH  reHepaluH  KJIacTepos,
TIOCKONBKY  TTO3BOJsET TMOAOOPOM PACIBUIAEMOrO
Marepuana u copra 6omMbapIMpyOIEX HOHOB MOTY-
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4aTb CTPYKTYPHI, KOTOPHIE CIOXKHO CHHTEIHPOBATE
APYTHMHE METOJAMH, @ BLICOKES JO/K 3apSKEHHBIX H
BO30YRAERABIX JACTAI ODECTIEYHBAET IHAYHTENEHOE
yaobcTBO NMpoBEACHHMS WCCNeNOBAaHEM, T.K. He
TpedyeTcs JONONHHTENBHEIX CPEACTE AN MX
BO30YAICHAS H HOHU3AUHH.

Bsmecre ¢ TeM, HECMOTPS Ha YHHKAIbHBIE
BO3MOXHOCTH JaHHOIO METOA4, MPHPOJA MPOLIECCOB,
NeKamAX B OCHOBE 0OpPa30BaHHA KIACTEpOB B
nponecce HOHHOrD pacnsuUleHHN, BCE emé ocTaércs
HE JACHOH Jake HA K44eCTBEHHOM YPOBHE.
Cymecreyiomme moaens o0pasoBaHRs KNacTepos
non jeficrsWeM HOHHOH GoMOapAMPOBKE HMEOT
ofmyio OCHOBY — WNpPCACTABNCHHS O Kackage
CTONKHOBEHHH, MEHEPHPYEMOr0 MEepBHYHLIM HOHOM
B KpHCTAINIMYeCKOH pelnerxke TBepporo Tena [4].
Onmaxo OTBETH HA BOMPOCH, KakuM oOpazoMm H B
KaKOM COCTOSHHH NOKHIAIOT MOBEPXHOCTE 00pasyro-
OIME KITACTep BTOMEI, MOIYT OhITh pa3nH4HEIMH [5-
11]. Cneayer oTMeTsTs, OIHAKO, HTO BCE 3TH
MEXBHHIMBI H MOJenH 00pasosanus Kaacrepor [S5-
11] He yuMTEIBAIOT NPOLECCE HX MOHOMONEKY/ISPHOHR
(hparMeHTaHE ® CYLIECTBEHHON TpaHchOpMannu
Macc- H 3HEProCNEKTPOB KIACTEPHHIX HOHOB C
MOMEHTa ®X  (OPMHPOBEHHA J0  MOMEHTA
PETHCTPAUHH HA JETEKTOpE, T.€. MOCTpoeHs! 63
YHETa PENaKCAlHH BHYTpCHHEH 3HEPruH pacnsuieH-
HEIX KNACTEPOB MOCNE IMHCCHH, ITO 00CTOATENBCT-
BO NPHHATO BO BHHMaHHE B IpejacrasieHHon B [12]
MEXaHH3ME KOMOMHATOPHOrO CHHTE3d, ONHCHBAIO-
meM obpa3oBanne MONEKYISPHRIX KIacTepor Si-
wO 241

Hensio macTogmedt paboTsl sBNseTC HIyYeHHE
BOIMOXHOCTH ONHCAHMSA B pAMKaX KOMOWHATOPROTO
noaxoaa [12] npoueccos ofpasosanus NpH HOHHOM
PaCHBUICHHH OTPHUATENBHBIX KIIACTEPOB OKCHAA
anobus Nb,O,, .

Il. Meroauxa sxcnepumenTa

Hccneaopasns  IMHCCHE H  QparMeHTALHE
PacTBUIeHERX knactepos Nb,O, eBumomHsmH Ha
BTOPHYHO-HOHHOM MacCC-CIICKTPOMETpPE C JBOHHOR
doxycuposkoit  obparmoif reomerpum [13] no
merommuke [14-17). Knacrepw Nb,O, resepupo-
BANTHCh NpH OomOapaupoeke Muwmened Nb moHaM:
Xe nox yrnom 45° npH CKAHRPOBAHKA MOBEPXHOCTH
B pacrp 1.5x1.5 mm u manycke O; B kamepy.
DHepras NEpEHYHLIX HOHOR cocramnsna 18.5 k3B,
HOHHBIe TOKH Owmm parEml 0.4-05 mxA npw
nnorrocTs Toka~107" A-em”.

BAxagewms Hayx Pecnybnuku Yabexuctan, 2021 1.

Meronaka  HecnenoBaHHH  (hparMeHTAUMH
OocHOBaHA Ha ToM, 4r0o B npubope [13] umerorcs

30HLL, B KOTOPBIX BOIMOXHA MPSMAs PerdcTpaiis

pacnajgos BTOPHYHLIX HOHOB B  PasiHYHEIX
BPEMEHHEIX Amana3oHax. B mepeoil Gecnonesoit
30HE Sy, OPOCTPaHCTBE MEXITY Kpaem

AMMCPCHOHHOrO O0LEKTHEA M TOPLOM MAHHTHOIO
SHANH3ATOPA, IPOMCXOART Pacnajbl KIacTepoB BO
BpemennomM amanazore 10°-10" ¢ nocne smmecnn.
Bo sropo#t Oecnoneso#t 30H¢ S; mnpocrpascTBe
MCXKJTy BEIXOXHOR TPaHAUEH MONA Macc-aHaIA3aTopa
H BXOAHOM rpaHHuel nons 3IHCPro’RHANH3ATOPA,
NPOHCXOAMT  (parMeHTamMs  KIacTepos  BO
BpeMerROM manasore 107°-107 ¢.

Ecnm peaxumio pacnaga 8o Bropoil fecnonesoi
30He S; NPeACTaBHTL B BHE:

M. =m +mg, (1)
rae M, — Macca MaTepHHCKOrO MOHA W M — macca
JAPARCHAONO  (PparMeHTa COOTBETCTBEHHO, TO
KAHETHYECKas 3Heprus obpasyiomerocs B 30He S;
3apAKEHHO0 OCKOIKAE PaBHA:

E, =(m*[M; )eU,, (2)
rae U, — HaupsKeHHEe YCKOPEHHS, NPHIOKEHHOE K
obpazuy (oberaro 5000 B).

Ockonmounsie  HOHE,  OoOpasoBaBuwIHecs B
pesynsrare peakunu (1) 8 neppo#i Gecnonesoii 30He
S), MOKHO 3aperHCTPHpPOBATH ITYTEM HACTPOMKH
Macc-aHallH3aTopa Ha TNpONyCKaHHEe HOHOB C
Raxymedcs maccoi M* [3):

M*=(m*) IM, (3)
NpH OHOBPEMECHHOR HACTPOHKE IHCProaHann3aTopa
HA 3HEPTHIO Ej, onpeaenseMyo cOOTHOWEHREM (2).

Jna XapaxTepHCTHKH H3yHaeMoro mnpoiecca
pACTIaZa  KJACTEPOB  HCMONL30BAHA  BENHYHHA
3pdexTHBHOCTH MOHOMOIEKYIAPHOR QparMeHTalHR.
Ecim  peakumo pacnana B BuOpaHHOM — ans
ucenenosanus Gecnonesolt 30He Macc-CIEKTPOMETPa
npeacrasiTs B BEAC (1), TO, MOCKONBKY
HHTEHCHBHOCTH «CTAOHIBHBIXY» HOHOB 3HAYHTENLHO
NPEeBLIACT CyMMY (DparMeHToB, BeposTHOCTS (B %)
(hparMeHTaAH MOKHO 3AMACATh.

P(M)=[1001,(M_,)]/1.(M;), )
rae Iy (m*) — HATEHCHBHOCTH OCKONOWHEIX HOHOB,
POXTaeMEIX B JaHHOR 30He nmprOOpA, 1AM, - vm-
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TEHCHBHOCTE «CTa0HNBHEIXY HOHOB, AOoIIEOIIHEX 10
aerextopa Oez pacmaza.

Iil. PesyneTaTe! u obcyxaenue

HccnegoBanns 3aBHCHMOCTEH SMHCCHE OTDHIA-
TENLHO 3aPMKEHHEIX KIACTEPOB OKCHAa HHOOHA
Nb,O, (7=1-5) cemperenscTeyoT 00 yBEIWIEHHH
HX BEIXONOB C POCTOM ZaBIEHHA KHCIOPOAZ BOMH3H
HOBEPXHOCTE. [IpE MaKCHMANbHOM J4BiEHHH
P=5x10"" Tla macc-pacnpegenenre Nb,O, uMeer
BH]l, OTHCAHHENT HamH paree B [14, 15]. Oro xapak-
TEPH3YETCS HEMOHOTOHHEIM H3MEHEHHEM HHTEHCHB-
HOCTEH BREIXOJOB B KaXIOH KIIaCTEDHOH CEPHH 71 C
VBETHYEHHEM YHCNIA aTOMOB KHciopona 7 (pac. 1).

ey S RO RO SR

Pucymox 1. [IuarpaMmul HHTEHCHBHOCTeH KIACTEPOB
Nb,O,, B 3aBHCHMOCTH OT KNacTepHOH CepHH 7 npH Gowm
OapAMpOBKE MOBEDXHOCTH HHODHS HOHAMH Xe ¢
sueprueif 185 kB B npamnesmm O B kamepe
Sombapmposkn P=5x107 T1a [14, 15]

HanGonbmyio HHTEHCHBHOCTL B MacC-CIIEKTpe
mmeet knacrep NbO; ™, mabmionaercs Takke sMHECCHS
knacrepa NbOs, BEIXOX KOTODOrO Ha JBa MOPSIKa
HEXE, 9eM NbOs ™.

Kax m y xmacrepor V,0, [14, 15], B xaxzgoi
KJIacTEpHOH CepHE MOXHO HaOmIONaTs aHOMANLHO
BLICOKHE BBIXOAR HOHOB Nb,O, c onpeaenessniv
orHOmerHeM atomoB Nb x O. Ipar 3ToM Kmacteps ¢
wmamsM cootHomerHeM O k Nb cabo npeacrasnens
HIIH OTCYTCTBYIOT.

Cornacao [19], mns HeH#TpanbHHIX KIacTepos
OKcHA2 HHOOHs® Hambonee CTAOHILELIMA ABISIOTCH
CTPYKTypsl KnacrepoR Nb3;O;, NbyOs;, NbyOjy =
NbsO;;. eficTBuTensHO, B HalleM CHOEKTPE Mace-
OTPHIATENLHEIX HOHOB KIacTeph! C JAaHHOH CTeXHOo-
METpHEH XapaKTepH3VIOTCS HHTEHCHBHRIMH BEIXO-
aamu. B To ®e Bpems Oonee HHTEHCHBHLIMH B Ha-
meM clydac SBNSIOTCY DHKHE Kiractepos Nb:Ogs u

NbsO,;, EMeomHAe OAHH AOMONHHTENLHLIH aTOM
KHCIOpOAa.

Uccnenosanre  mpomeccoB  (parMeHTaNHE
CeNeXTHPOBAHHEIX PACHBIIEHHBIX Knactepos Nb, O,
(cm. Tabmuny) cemaerenscrsyer, wro NbO; , NbO; 5
NbyOs, mapsay ¢ O m O, seasiorcs HamOomee
BEPOSTHEIME HEHTDANGHEIME = (DpDarMeHTAMH TIpH
pacmazax H MOTYT PacCMaTpHBAaThCH KK CTPOHTENb-
Hele Onoxm knacrepos ND,O, B cOOTBeTcTBHH ¢
[19].

Cornacro [12], xnacrepur ¢opmupyroTes npE
PEeKOMOHHAIRH Haj NOBEPXHOCTLIO HOHOB, aTOMOB H
MOJIEKYNl, HE3aBHCHMO DacibUICHHBIX B HHIHBHIY-
ANLHEIX KackagaX, MyTEM NOCIENOBATENBHOrO MpH-
COEJHHEHHS NPOAYKTOB PaclBUICHHS MOHOMEDOB K
aKTHBHBEIM HOHaM B PE3YILTATE NAPHEIX CTONKHOBE-
HEH TIPH BX Da3NHYHEIX COYETAHHSX MEXIY CODOi.
B nponecce pacnbUIeHHS ¢ TOBEPXHOCTH 3MHTTHpPY-
10T aTOMapHsIe HOHH Nb', a Takxke He#tpand O, O,
NbO, NbO; = amp. CnegosarentHo, 00pasOBaHHE
xnactepoB Nb,O,, MOKET IpDOHCXOOHTH, B COOTBET-
cTBEE C [12], myTémM mocnenoBaTeNEHOTO OPHCOEIR-
HEHHS JaHHLIX CTPYKTYDHBIX 3]IEMEHTOB B pa3iuy-
HOH NOCHEIOBATENHHOCTH. LIPDH 3TOM KIACTEPHEIH
HOH NPHOODETAST NOCTYNATEARHYI0 H BHYTPEHHION
SHEpruio, AOCTATOYHYIO Ans 0Opar-HOrO pachaja,
mox00HO TOMY, Kak 3TO HPOHCXOJHT NpH 00pazoBa-
HAH KOMIUIEKCHEIX HOHOB B OMMONEKYISpHEIX razo-
asHeX peaxkmEsx. 1ak, 00pa30BaHAe KIaCTEPHOrO
rora NbO™ NpOHCXOOMT B peakiny:

Nb"+ O—NbO". (5)

Hns xnacrepa NbO; OCHOBHOH fBIsSeTcs peakiEs
CHHTE32a:

NbO™ + 0 —NbO;". (6)

Anmanorwgso, obpazomamme NbO; nNpPOHCXOZET B
OCHOBHOH PEaKIuH:

NbOz. + 0—*Nb03- (7)

Tommas nenouka gopMEpoBanus, H-p, KIacTepa
Nb:Og , MoxeT OWITE mpeacTaBieHa, UCXOAs H3 AaH-

HEIX TaOMHILL, cleayromunM odpasoMm. Bragane npo-
HCXOJHT TOCIEAOBATENbHOE 00pazoBaHue KIACTEPOR

NbO", NbO; # NbO; s peaxmuax (5)<(7). B gans-
HEHIIeM EMEHOT MECTO PEaKIIHy:

NbOs™ + NbO; —=Nb;Os™;
Nb,Os™ + O— NbzOs;

Nb;Os™ + NbOz — Nb3Os . (8)

©Axagemus Hayk Pecnybnuxu Yabexucrax, 2021 1.
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Tabnana. Kanams w sepostiocTn P(%) dparvesntaunn B Gecnonersix 3ouax npubopa xnacrepos Nb,O,,, pacnsines-

BuIX ¢ nosepxsocty Nb wosamu Xe' npu sanycxe O,.

Knacrep Kanan pacnaga» Helitpansreiit | 3oma S;, P(%) 3ona §,, P(%)
dparment

NbO;~ NbO;~ — NbO™+0 0 4.5%107° sx107

NbO;™ NbO;~ — NbO,+0 0 3x107* 8x107~

NbO,~ NbO;~ — NbO; +0, 0, 2x107 3x107*
NbOQ — NbOs™+0 0 022 434

NbOs~ Nb;Os™ — NbO; +NbO, NbO, 1.3x107 0.6

NbOg” Nb2O¢™ — NbO;+NbO; NbO: 1x107 03
Nb,O;~ — Nb, O +0 0 04 7

Nb: Oy Nb:Oy~ — NbO;+Nb,0; Nb;Os 1%1072 02
Nb:0y~ — Nb;Og+NbO, NbO, 4x107 0.15

NbsOyo™ NbO;5 — Nb;Og +NbO; NbO, 0.1

Nb:O,5- NbsOy3~ — Nb:Oy+NbOs Nb,O« 0.6

ITpa 3rom Tarxe nporcxoauT obpasosanne Nb;Os B
napauie/ibHOM KaHane

NbO;™ + Nb;Os — Nb;Og ™.

B ceoio ouepens, canTes Nb,Os~, 53 kotoporo obpa-
ayercs Nb;Oy™ BHa xoHewnol crammm npduecca (8),
Takke HaOMIOZACTCS B NApALTENsHON peakuuy:

NbO;™ + NbO; — Nb,O5 ™.

C napyro# cropomml, cam knacrep Nb;Og~ cmyxar
ocHOEOM g obpazosasma xnacrepa NbyOyy

NbsOg- + Nbo: - Nb40|o-.
IV. 3axmouenne

llposenénroe wIydenwe KamanoB pacnana
Nb,O,~ 4410 BOIMOXKHOCTH ONPEACIHT: OCHOBHEIC
CTPYKTYpHEIC GNOKH, B3 KOTOPHIX COCTOST AAHHLIC
KnacTepsl. B paMkax NpeanmonokeHHS O B3aEMHON
obpataMmocTi peaxuui 00pa3soBaHHs KIacTepoB | UX
MOHOMOJIEKYISPHOIO pacnaja COBOKYMHOCTh KaHa-
nos ¢parMedTauny knacrepos Nb,O, , Takum ofpa-
30M, YKa3eRaeT Ha uX QOpMHpOBaHHe B MapamieTk-
HO MAYUWHX genovkax peakuuli xombBusaroprOro
CHHTe3a 8 coorsercTeuE ¢ [12]. Panee, noMumo 06-
pa3oBaHEA MONEKYIApHLIX KnactepoB S1,0z,: [12],
B paMKax ASHHOrO nmoaxona ObUTH OmMMCaHbl TAKKE
npouecck! obpasosanns knacrepos V.0, [15], Si,
[17] m S1,0,, [18], a Takxe dopMupoBanKe 3BEPro-
coextpoB 51,0y, [16]. B cosoxynrocTH ¢ nmpuBe-
JéHELIME B HacTosulel paboTe pezynbTaTaMy, 370
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cBHeTensCTRyeT 00 YHHBEPCANTEHOM XapakTepe
komOmHaTopHoro obpazoeanns [12] kak romo-
SACPHBIX, TAK H TeTEPOSNEPHEIX KNAcTepoB NpH
WOHHOM PacnbUICHHH NOBEPXHOCTEN TBEPILIX TEN,

Cneamyer OTMETHTH, OHAKO, HTO (hOpPMAanH3M
[12], ycnemso omAckBas KaHansl oOpazoBanaa Kia-
CTEPHBIX YACTHI NPH PACHLUICHHM, HE MO3BONACT
KONHYECTBEHHO OUEHATH OTHOCHTEIEHOE pacrnpese-
JIEHHE HHTEHCHBHOCTEH pACHTBUIEHHBIX KJIACTEPOB,
NS TOMOSJEPHBIX  YaCTHI,  ONHCHBaeMOe
cTemenHsM 3akoHOM BEua Y(n)y-n~ [2]. Taxke B
obmewm ciygae MOXKET AMETH MECTO PasiH4YHe Mex-
Ay OCHORHEIMH KaHANAMH 00paz0oBAHHS KIACTEPOB,
onpejenseMbIMHE  CTATHCTHKOM mnpouecca B KOH-
KPETHLIX YCIOBHAX, H HaNpaB/ICHHAMHE HX pacnana,
00VCIOBNEHABIMH  3HEPreTHYECKOH  NpefnoyTH-
TensHOCTEE). [ToNHoe KadecTBeHHOE OMHcanwe o0-
pa3oBaHUA KNACTEPOB NPH WOHHOM pachbUICHHH
MOokeT OuTh JaHO B pAMKaX CHHEpPreTHYECKHX
npexcrasnenui [20], €Ho ¢ yuérom komMOrHaTOpHOrO
X@paxTepa npoueccd, NMOKA3AHHONO B HACTOAMEH
paboren 8 (12, 14-18],

MeTananusie

Mechanism of combinatorial synthesis of sput-
tered Nb,O,, cluster ions

Sh.T. Khozhiev'?, LO. Kosimov', Sh.K. Kuchkanov’,
S.E. Maksimov’, D.M. Murodkobilov’, V.M. Rothstein®
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The unimolecular decays on all stoichiometrically
possible fragmentation channels of the emitted Nb,O,~
clusters under sputtering of niobium surface by Xe' ion
beams and blowing by oxygen have been studied. The
study of the fragmentation processes of selected sputtered
Nb,O.. clusters indicates that NbO;, NbO: and Nb,Os,
along with O and O, are the most probable neutral
fragments during decays and can be considered as building
blocks of Nb,O,, clusters, It is shown that the formation
and monomolecular fragmentation of Nb,O,,~ clusters are
described within the framework of the statistical
combinatorial recombination mechanism, but taking into
account the strong nonequilibrium of the process.
Keywords: cluster, mass distnbutions, fragmentation, niobium
oxide, mechanism of combinatoric synthesis
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Hutobmnit CHPTHHM, ¥ KRCJIOPOLTH MYXHTIZ
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mamxyn OVnram Gapya crexmomerpuk ftyHamHumnap
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tiparmesTnap cudaraza xapamd, Nb,O, xnacrepaap
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UHANAHHL MEXAHWIMH OPKANH TYUIYHTHPHIHION MYMKHH
akammmr  kypcarmaran.  Bynna  xapags xywm
HOMYBOZRHATIH Aed Xucobnanran.
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Meronom TP CriexTPOCKONNH HCCAENOBAHE! CHEKTDh Y- M /°-y-DEAKTOPHO OGMyweHHsIX
creatnroBbix kepamux CK-1 n CHII, Tokasano, uro noa neficreuen Goneummx no3 y-obmy-
uerns 8 crpyxrype xepavik CK-1 w CHII cospatotcs crpyxrypHme nedexrn tHna F '-
uentpos. ITocne n’-y-peakTopHOro OGMyHEeHUS W AONONHHTENLHONO OTHMIA C MOCSTYIOUIHM
y-obnyuennenm B crpyxrype xepamux CHII cospaiorca napaMaruuThsie AedexTHBC HCHTPS!
THDA MexNoy3eTLHLIX sonoB Me''+e”, xoropsie ofycrornens amopusauuelt kpHcTano-
a3zt kepaMHKH W coanaruem oborawennoil Mg crexnodassl Ha rpaHHuAX pasneia KpHeTan-
nuHeckux B aMophusx das.

Kimouessie 10Ba: CTCATHTOBAM KCPAMMKA, parnugionHsc 3hdorm 8 xepasmke, rpumomm paniena
thas, cTpyRTYpHBIC AcexTR! B KepaMItKe.

The EPR spectra of y- and n-y-reactor irradiated steatite ceramics SK-1 and SNC has been stu-
died. It is shown that structural defects of the £ '-center type are created in the structure of the
SK-1 and SNC ceramics under the action of high doses of y-irradiation. After n-y-irradiation
and additional annealing, paramagnetic defect centers such as interstitial Me*'+¢™ ions are
created in the structure of the SNC ceramics, which are caused by amorphization of the ceram-
ic crystal phase and the creation of a Mg enriched glass phase at the interface between crystal-

line and amorphous phases.

Keywords: steatite ceramics, radiation effects in ceramics, interphase boundary, structural defects in ce-

ramics.

I, Introduction

Ceramic materials recommended themselves long
ago as promising materials and are widely used in var-
ious fields of science and technology, including nuc-
lear power in particular nuclear physics equipment due
to their unique properties [1]. By radiation resistance,
they concede only metals. Therefore, the interest in
these matenals is still tremendous. Compared with
other dielectric materials, for example, single crystals
and glasses, they are more stable, and are less time-
consuming in production and manufacturing. As men-

tioned above, these materials are widely used in nuc-
lear power engineering, for example, ceramics work
efficiently in a shell of the sealed zone near location of
nuclear power plants under the influence of complex
action of deactivating solutions and intense y-radiation,
as fire barriers in cable comdors, in the active zone of
an atomic reactor at high temperatures, in conditions of
powerful neutron fluxes and other types of radiation.
In this industry in some aspects, ceramics is an irrepla-
ceable material and has been used for a long time [2].
Many parameters of ceramics, such as electrical con-
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ductivity, bulk resistivity, dilatometric (TCLE-tempe-
rature coefficient of linear expansion) and mechanical
properties in active radiation fields are important for
the development of specific sites and are studied as a
technical parameter. The use of ceramics as structural
and electrically insulating matenial sumulated the work
on the applicability of ceramics for specific purposes.
All these require knowledge of the regulanties of the
processes taking place in the radiation field in structur-
al matenals. However, the radiation processes in ce-
ramic materials are poorly studied in comparison with
other dielectrics. Therefore, the study of radiation-
stimulated processes in ceramic materials is relevant
both from a scientific and a practical point of view as
well. One of the most promising using in nuclear pow-
er engineering is magnesia ceramics based on MgSi0;
so called steatite ceramics [3].

Steatite ceramic matenials are also used as dielec-
trics in some devices exposed to ionizing radiation and
are multiphase systems including crystalline and
amorphous phases. In addition, steatite ceramics are
used in the manufacture of integrated circuit packages,
as well as insulating high-frequency material (bushing
msulators, substrates, insulating rings). A characteristic
feature of steatite ceramics in comparison with other
ceramic materials 1s its high mechanical strength and
low dielectric losses in some materials, for example,
high-aluminous materials as GB-7, UV-46, mulitic-
corundum M-23 (3, 4]. In [5-8], we showed that in
steatite ceramics SK-1, when exposed to high-dose y-
radiation (>10° R), radiation defects with high thermal
stability are formed, which are observed as peaks of
thermo-luminescence (TL), EPR spectra (signal with
£-2.0012) and diffuse reflectance spectra (DR) (2=220
nm). These defects are formed mainly in the crystalline
phase of magnesium meta-silicate MgSi0O; (non-
stoichiometric MgSiOs) or surface layers of grains of
the crystalline phase with a defective structure formed.

The purpose of this work is to study, by using
EPR method, the nature of radiation defects that are
formed in steatite ceramics SK-1 and SNC under the
influence of high-dose y- and n-y-reactor irradiation.

IL Research samples and experimental method

For investigation we used samples of ceramics of
the types SK-1 and SNC, which have a fine crystalline
homogeneous structure. The main phases of ceramics
are crystals of magnesium meta-silicate MgSiO; and
glasses of complex content Crystals of magnesium
meta-silicate have an average grain size of 3-8 um
and occupy 60-70% of the volume of the ceramic (see
table) [3]. EPR measurements were performed on an
ESP-300 spectrometer from Brucker (Germany), at a
temperature of 300 K in a 3 cm range (operating fre-
quency of 9 GHz). Measurements of g-factors were
carried out by comparison with ESR signals from
samples of a stable organic radical of diphenylpicryl-
hydrazyl (DPPH) and Mn’* ions in Mg(Mn)O. The
number of spins was determined by comparison with
the EPR signal of a reference sample with Mn®" (3-rd
and 4-th lines), certified by Central Research Institute
of Physical and Technical Measurements (VNIIF-
TRI). When comparing the signals from the sample
and the reference sample, we used a double rectangu-
lar resonator, ER-4105-DR, which makes it possible
to measure the sample and the reference under abso-
lutely identical experimental conditions. Samples with
dimensions of 10x1x]1 My’ were used for the mea-
surement, Gamma-irradiation of the samples was car-
ried out by y-quanta of the “/Co isotope with an aver-
age energy of E=1.25 MeV at the dose rates of
100-3500 R/s, doses from 10° to 1.5x10'" R, at the
channel temperature of ~303-343 K The neutron
irradiation was carried out in sealed quartz ampoules
in the waterproof channel of the WWR-SM reactor,
INP AS RUz at a temperature of 313-323 K and the
thermal neutron fluence of 5x10" n/cm? (the ratio of
fast neutrons to thermal neutrons was 1:10), fluences
10"-10" n/em®.

The phase-mineralogical composition of steatite
materials and the chemical content of glass according
to [3, 4] are presented in the table.

Table. Phase-mineralogical composition of steatite matenals and the chemical content of glass.

Glassy phase content (mass fraction, %)

Phase-mineralogical composition
(mass fraction, %)
Materials ~ Crystalline phase  Glassy phase  Si0;  AL0..TiO,
(MgSi0;)
SNC 692 30.8 37.33
SK-1 71.6 284 39.46

Fe;0; CaO ZnO BaO Nay0 K;0

444
3.49

292
2.68

052 1720 370

54.26

013 026

0.1
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III. Results and discussion

In the initial state, one paramagnetic absorption
signal with g=4.3 in the low-field part of the spec-
trum is observed in the EPR spectra of steatite ceram-
ics SK-1 and SNC. No other signals of paramagnetic
absorption were observed. Analysis of literature on
oxides and silicate compounds [9-12] showed that the
paramagnetic absorption signal with g=4.3 is ob-
served in many iron-containing compounds, and it is
due to iron ions (Fig. 1) in the Fe*" state in tetrahedral
coordination.

A T 2.0012
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Figure 1. EPR spectra of steatite ceramics SK-1 (@) and
SNC ().

After y-irradiation with a dose ~2x10° R, along
with a slight increase in the signal amplitude with
g=4.3, one more paramagnetic absorption signal with
£=2.0012 is observed in the mid-field part of the
spectrum, the intensity of which increases without sa-
turation even at exposure doses of 2x10'® R (Fig. 1),
which indicates the formation of structural defects in
the ceramics SK-1 and SNC at high doses of y-
irradiation.

Based on the literature data on silicate com-
pounds, quartz and silicate glasses, and taking into
account the similarity of the shape of the line and the
EPR parameters of the signal with g=2.0012 (H=
5 G) observed in steatite ceramics SK-1 and SNC, we
can conclude that this signal belongs to the E -center
[5-8]. It was found that defect formation occurs main-
ly at the interface between crystalline (MgSiOs;) and
amorphous phases [5-8]. After reactor n-y-irradiation,
similar signals are also observed, and the intensity of
the signals was greater than for the y-irradiated sam-
ples (Fig. 2). No other signals were observed.

© Academy of Sciences of Republic of Uzbekistan, 2021
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Figure 2. EPR absorption signals with g=2.0012 at the
samples of steatite ceramics SK-1 and SNC irradiated by y-
rays at the doses 2x10° R (Z), 2x10™ R (2) and neutron
fluences at 10" n/cm? (3).

Investigation of the thermal stability of the EPR
signal with g=2.0012 showed that in SK-1 ceramics it
is annealed at a temperature of 773 K (500°C) and
after additional y-irradiation with a dose of 10° R it is
annealed at temperatures ~1173-1273 K (900-
1000°C). The reason for this difference is described
in more detail in [4], therefore, we will not discuss
this phenomena.

In contrast to the SK-1 ceramics, an additional
paramagnetic absorption signal with g=1.99 appears
at the "tale" of the signal with g=2.0012 in SNC ce-
ramics annealed at a temperature of 773 K, after an-
nealing and additional y-irradiation at the dose of

10° R (Fig. 3 (b)).

a b

=24
PR 2.0012

—
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Figure 3. EPR spectra of steatite ceramics SK-1(a) and
SNC (b) irradiated by neutron fluence 10" n/cm? with fur-
ther annealing at the temperature 773 K and additional y-
irradiation at the dose 10°R.

In order to understand the reason for the appear-
ance of the paramagnetic absorption signal with
2=1.99, we investigated the glasses close to the glass
phase of these ceramics. In the ceramic glass phases,
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paramagnetic absorption signals with g=1.99 were
not detected even at doses of ~1.5x10'° R. Conse-
quently, it can be assumed that structural defects are
formed mainly in the crystalline phase with disturbed
stoichiometry. The EPR spectra of steatite ceramics
have not been investigated by this method before, so
it is expedient to involve data of other compounds
with similar chemical composition. Analysis of litera-
ture data showed that a similar situation is observed
in silicate glasses of the MeO-Si0, system (Me-Mg,
Ca). In silicate glasses, the content of alkaline earth
oxide affects the resulting radiation defects detected
by EPR. With an increase in the MgO (or CaO) con-
tent, a broad line appears with g=1.97 [13-15]. Pro-
ceeding from this, it can be assumed that a metastable
phase is formed on the thermal peaks of n-y-irradiated
ceramics, which during subsequent annealing turns
into an amorphous phase, where EPR signals with
g=1.97 are produced with an additional y-irradiation
at a dose of 10° R. Apparently, amorphization occurs
in the regions of phase separation of the crystalline
phase of magnesium meta-silicate MgSiO;. As a re-
sult, a glass phase, enriched with Mg ions, is formed
at the interfaces between the crystalline and glassy
phases. On the other hand, it is known that the inter-
val of sintering of steatite ceramics is very narrow,
within 1543-1560°C (1816-1833 K) [3]. Therefore,
slight deviations from the annealing regime can lead
to a change in the chemical content, i.e. regions or lo-
cal areas with disturbed stoichiometry can be formed.
Chemical bonds at the interface boundaries are vi-
olated, so the interfaces become locations for accu-
mulations of defects. These features can affect the re-
sponse to the radiation during influence of radiation
and temperature. It should be noted that due to the
complex chemical composition of steatite ceramics
[3, 4], the direct identification of the paramagnetic
absorption signal with g=1.99 by the optical method,
1.e. the diffuse reflection (DR) spectrum was difficult.
In the spectra of irradiated ceramics [6, 7], broad ab-
sorption bands (AB) were observed in the visible
range of the spectrum, they were assumed to be re-
lated to V-type hole centers with disruption of the Si-
0-Mg bond with the formation of =Si**-0"-Mg and
=S1-0"-Mg bonds, it is also possible that this signal is
also related to the V-type hole center =Si**-O"-Me
(Me — alkaline earth metal) [13]. Literature data on
alkaline-earth silicate glasses [13-15] of the system
MeO-Si0; (Me — Mg, Ca, Sr, Ba) showed that the de-
fective paramagnetic centers g=1.99 are characteristic

of tetrahedra, in which the Me®" ion left its normal
position and moved into the interstitial space Me* e.
This implies that in the SK-1 ceramics after n-y-
irradiation followed by annealing and additional -
irradiation, there is mainly a breakdown of the silox-
ane bond according to the scheme: =Si*"-O"-Me or
=Si-O"-Me, and in the SNC ceramics, in addition to
the above-noted breaks in the siloxane bond, it is ob-
served by the removal of Me** in interstitial space,
with the capture of e, which is attributed to the elec-
tronic central interstitial cation characterized with
£=1.97. In addition, there is a possibility of the influ-
ence of the chemical composition of the ceramics on
the above-mentioned processes, since there are no
admixtures of Ca and Zn in the composition of the
ceramic SK-1. At the same time, these impurities are
present in the SNC ceramics and can be isovalently
replacing the Mg atoms, forming a crystalline phase
of the ceramic, with disturbed stoichiometry, increas-
ing the MeO content in amorphous regions.

ITI. Conclusion

Thus, under the action of large doses of y-
irradiation, structure defects of the E'-center type are
created in the structure of the ceramics SK-1 and
SNC. Under neutron irradiation and additional an-
nealing followed by y-irradiation, paramagnetic de-
fect centers such as interstitial Me*'+e ions are
created in the structure of the SNC ceramics, which
are caused by amorphization of the ceramic crystal
phase and the creation of a Mg-enriched glass phase
at the interfaces between crystalline and amorphous
phases.
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JMP ycay6m épmamupa CK-1 Ba CHII creatur
KepaMHKANAPHIA  pafHauusiBUil  HYKCOHJIAp
Xocw 6y mmmunu ypranum

K.X. Cangaxvenos', W. Hypuraumos', MM

Baiijxanos’

WaP daunap akanemuscy Snpo pusukacy wHeTHTyTH, YyrGex,
1000214, TomkeHT, Vaserueron

Myxammaa Asn-Xopasmuit sommrars TomkeHT ax6opoT TeXHO-
norusapy yuusepewters, Vprana dunuany, VaGexucron

JIIP cnexrpockorma  yenybu  épaamwpa CK-1 wsa CHIJ
KEPAMMKANAPAA Y= BA N =y-PEAKTOP HyDPNAHMIIH TABCHPHIATH
criextpraapy Yprawwim. FOkopu gozamu y-Hypranumaga CK-1 sa
CHII xepamukanap crpykrvpacuaa £ ‘~tunmparu sykcownap
xocun Gymumm  KYpeaTHiaM. n'-y-peakTop HypiaHMuM  Ba
Kywumya  kyvigupuiuan  keiiun  y-Hypnarmupumza  CHIT
KepaMMKa CTpyKTYpacuaa Tyryiiapapo Me’'+e  nonnapm
THIMIATY NAPAMATHUT HYKCOHmap Xocun 6Ynmb, ynap
Kepamuka kpucramn (azacu amophusauuscH Ba KpucTan
Ba amopd uerapacuna TyiinHTHpUarad, Mg wmima dasacu
xocust 6Ysmmm Gunan acocnanamm,

Kamar  cywurap:  creaTHT  Kepamukanap,
HY PIAHHIUH TABCHPH, CTPYKTYPABHIE HYKCOHTAP
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UccneposaHue KoH(pOpMaLMOHHBLIX CBOWCTE NponaHona
MeToAaMM KBaHTOBO-XUMUYECKOro MOAeNUPOBaHUsA

N.0. Me#inues’

KapwuHckuid rocyaapcraentnivi ysusepcuret, Kyuabor 17, 180117, Kaplum, Yabexucrau

Monywexa 21.10.2020

* Corresponding author: e-mall; laziz1974@mall.ru, Phone: +998 91 283 5107

Meronton DFT (reoprn dynxumonana nnoteoct) B npubmikerun B3LYP/cc-pVTZ sumon-
HEHO KBAHTORO-XHMHHECKOE MOAEMIPOBaAHHE KOHBOPMALMOHHEIX CEONCTE MOIEKYIL NPOna-
nona. Tlposenero nonHoe CKaHMPOBAHHE MOBEPXHOCTH NOTCHUNANLHON SHEPrHH MONEKYIL
TPONARONA, HAMlIeHs! BCe BOIMOXHEIe eé xordopmammn. Onpeenens! Naphl SHAHTHOMEPOB,
HaiiICHB! BHICOTHI FHEPreTHUecKnX Gaphepor Mexkay pasmmansMi koHdopmepans, Paccunra-
HBEl ONTHMANLHLIE MCOMETPHUECKHE CTPYKTYPhL, JTHIONLHEIE MOMEHTL! it IHEPIHH PANTHUHAIX
KordopMepoR nponatona.

Kmouennte ciopa: Monexyna, xorbopMauns, Nponason, cnexTp, CTPYKTYPS, 3HCpreTiyie-
cxutii Gapbep, konebaTensHell cnexTp, (a30Bble COCTOSHUA, PEAAKCRIINR, IHIIONE.

DFT (density functional theory) method in the B3LYP/cc-pVTZ approximation is used to per-
form quantum-chemical simulation of conformational properties of the propanol molecule. A
complete scan of the potential energy surface of the propanol molecule was carried out, and all
its possible conformations were found. Pairs of enantiomers were determined, and the heights
of energy barriers between different conformers were found. The optimal geometric structures,
dipole moments and energies of various propanol conformers have been calculated.

Keywords: molecule, conformation, propanol, spectrum, structure, energy barmer, vibrational
spectrum, phase states, relaxation, dipole.

I. Bsegeune

Kak u3BeCTHO, MONeKyIEl OZHOATOMHLIX CITHD-
TOB (33 HCKITIOYCHHEM METAHONA) MOTYT HAXONHTHCR
B PAVTHYHBIX YCTORTHBEIX KOHPOP-MAMHAX, KOTOPHE
BOAHHEAIOT BCNICACTBHE BO3MONKHOCTH CBOGOAHOrO
BPAIICHHS ONPEJENeHHLIX IPYNN aTOMOB BOKPYT XH-
smveckux cssseli C-C m C-O [1-3] B monexyne
nponanona (CH3;-CH,-CH,-OH) & pesynurare Takoro
BPALICHHA H3MCHAIOTCS 3HAYEHHA ABYTPAHHLIX YITIOB
C-C-C-O u C-C-O-H, ans x&KI0r0 3 KOTOPKIX Cy-
HISCTBYIOT TPH YCTOMYHBLIX TONOMKEHWA: TpPAHC
(180°), rom (60°) u rour' (=60°). B aureparype npr-

HATO 0003HAYATL 3HAYuCHHE AByrpanworo yraa C-C-
C-0 3arnasroit naresckoil Syxsoi (T unu G), a sua-
genne yrna C-C-O-H - crpounoi (t una g) [3-5]. Ta-
kHM 00pasoM, MOeKyna MpOmaHONA HMEET ACBATH
xondopmepos: Tt, Tg, Tg', Gt, Gg, Gg, G, Gg, Gg.

Paanuues B cTpykType kKoHGOpPMEpoB npossns-
10TCE B BX KoneOareNbHEX CHEeKTpax, MosToMy Koje-
GaresbHas CHEKTPOCKONMHA NBAAETCE WHOOPMATHE-
HEIM  METOHNOM  H3YYCHUS  KOH(POPMAaIHOHHLIX
ceoficTs Monexysn. Metoant konebarensHol cnexrpo-
CKONHH NPHMEHAINCH JUIS HCCIENOBaHMA KoH(Op-
MalHOHHOIO MOBEACHHS MPONANONA B PasTHYHLIX
a3oBLIX COCTOAHHAX — B rase W AHAKOCTH [4], B
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MaTpPHYHOHR W30JAIMA [5, 6], B yIbTPa3ByKOBBIX My4-
kax [5, 7], B pacrBopax CCls; mpH HH3KHX KOHLEH-
Tpammsx [8]. B wacTRoCTH, NpW W3ONSUWW B HW3KO-
TEMIIEPaTypHEIX MATpHOaX OBUIH 0OHApYXEHEI, IO
MEHBINEH Mepe, faBa KOH(GOPMEpPa MPONAHONIA,
06pa3oBaHHBIX BCIEACTBHE BpALIEHHS BOKPYr OCH
C-C-C-0, omHaxo 9eTKO pasNelnTh X MPOSBICHHAS B
crexTpax He yjaamock [9]. B pabore [5] Owima moka-
33Ha BO3MOXXHOCTD PENaKCAHOHHBLIX IIEPEXOAOB Me-
KAy Pa3THYHELEIME KOH(OPMEpPaMH MpONAaHOla Kak B
yIBTPa3ByKOBBIX CTPYSX, TaK H B HH3KOTEMIIEPATYp-
HBIX WHEPTHBIX Marphuax. s ompezeneHHs KOH-
(hOpMaHOEHOrO COCTaBa MPONAHOJA B KHAKOM H Ta-
3000pasHoM cocrosHuE B pabote [4] 6Geuto mpemio-
JKEHO WCTIONL30BaTL IONOKEHHE IONOCEI CHMMET-
puyHbxX BameHTHHIX C-H konebanuit 8 CH; rpynme.
ITpamenss Takoi mMOmX0x, OBUIO MOKA3aHO, YTO B
KHUIKOM TPOITAHOJIEe MONEKYIIEl PEOLIBAIOT IIPEUMY-
mecTBeHHO B TpaHc-OH xordurypanum, a B pazbas-
JICHHOM BOJXHOM PacTBOPE IPONAHOJIa MOJIEKYJIE BO-
Jul emé Oonbme CTabMIA3APYIOT 3TY KOH(HATYpanato
xoHGopMepos nponarHona [4]. Bo Bcex ynoMsHYTEIX
BHIIIE HCCNEAOBAHUSX BAXKHAS POJIb OTBOAHTCS KBaH-
TOBO-XHMHYECKOMY MOJIENH-POBAHAID CTPYKTYPHl H
KOJIeOATENBHEIX CIEKTPOB PasiiHYHLIX KOHGOPMEPOB
MOJIEKYITBI HPONAHONa, KOTOPOE NPOBOAMIOCH Ha
PasTHYHLIX YPOBHAX TEOPHH C HCIONBE30BAHWEM Pa3-
NHYHBIX 0a3ACHBIX HabopOoB.

B naunoi paboTe onmcaHB! pe3ynsTaThl KBAHTO-
BO-XAMHWYECKOTO MOJEIHPOBAHUS CTPYKTYPH H
SHEPTEeTHYECKHX ITApAMETPOB PAasNAYHBIX KOHG(Op-
MEpOB MOJeKyNnsl nponadona MerogoM DFT B mpm-
6nmwxernu B3LYP/cc-pVTZ, a Takke nposeieH aHa-
TH3 TOBEPXHOCTH MOTEHIWANLHOM 3HEPTHM H OIpe-
JIENIeHB] BEICOTHI 3HEPTETHYECKAX 0aphepoB MEXIY
Pa3THYHEIME KOH(OPMEPAMH.

II. Onucanue MeToaa MOAETHPOBAHUS

KBaRTOBO-XWMHYECKHE pacdeTsl, MpeACTaB-
TIeHHEIE B IaHHOM paboTe, ObUIM BLIIONHEHE! C HCIIO-
IBE30BAaHHEM TIpOrpaMMHOro obecmedenus Gaussian
09 [10]. [ins BHsyanmw3aumy pe3yIbTaTOB MOAETHpPO-
BAHUA W ONpPEENEHHs FeOMETPHYECKHX MaPaMeTPOB
ucnonis3osany nporpaMmy GaussView [11]. Kearro-
BO-XAMHYECKOE MOJEIHPOBAHHE ONTHMANLHOH Treo-
METPHH Pa3IAYHEIX KOH(GOPMEPOB MOIEKYNHI IIPO-
narona BemonaamH MerogpoMm DFT ¢ mcnons3oBann-
em ¢ynxumonana B3LYP m Gasucroro uabopa
cc-pVTZ.

JAns ompeneneHds TWOMHOrO Habopa BCEX BO3-
MOKHBIX KOH(GOpMAUHi MONEKY] C HECKONEKHMHA

©® Axafemus Hayk PecnyBnuku Ya6ekucraH, 2021 r.

BHYTPHMOJIEKY/IIPHEIMH ~ BpAINATEILHEIMA  CTelle-
HIMH CBODOZBI HEOOXOAMMO BHINOJHHTL MONHOE
CKaHWPOBaHWE TOBEPXHOCTH TMOTEHUWANLHOW 3HEp-
rau (IMI3). Ipu ckasmposanmm 113 3xeprus Mo-
JIEKyNbl PAcCUWTHIBAETCS Kak (QYHKOWS KOOPAMHAT,
U3MCHEHHE 3HAYEHHWH KOTOPHLIX MPHBOXMT K 06pazo-
BAaHUIO HOBBIX KOHGboOpMaumit monexkymsl. ng mpo-
MaHONa TaKHMH KOODJAMHATAMHM SABJLTIOTCS 3HAYCHHS
aeyrpasHex yrnoe C-C-C-O u C-C-O-H. Tlpm cka-
HWPOBaHWH SHEPreTHYECKOH MOBEPXHOCTH 3THM
IBYM ABYTPaHHBIM yITIaM MPACBAWBAIIMCH 3HAYCHHS
or —180° mo 180°. B pesynerare Obula mocTpoOeHa
TpeXMepHas IOBEPXHOCTb, Ha KOTOPOH pacmonara-
10TCA O TOKATBHEIX MHHAMYMOB.

ITI. Pe3yanTaTh! u 00CyKAEHHE

Ha pmc. 1 mokxazaHa pacCuWTaHHAsS METOAOM
DFT:B3LYP/cc-pVTZ noBepXHOCTH TOTEHIMATBLHOM
SHEPrdH MOJIEKYJIEl IOPONAaHONd, HAEBATH JIOKAIBHBIX
MHHHMYyMOB KOTOPOH COOTBETCTBYIOT IEBSITH YCTOM-
YUBBEIM KOH(DOPMATHIM.
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Pucyrok 1. IToBepXHOCTE MOTERUHAIBHO SHEPrHH MOJie-
KyJIbI IPONAHONA.

ITo 3HaYeHHAM JHEpPruHM B MHHWUMYyMaX MOBEpX-
HOCTH MOXHO ONpPEIEIHTL 3HEPTHI0 KaXIO0ro H3 Je-
BATH KOH(GOPMEPOR mponanona. J{ns HarggHOCTH Ha
pHC. 2 nonydYeHHas MOBEPXHOCTH NPEACTABIEHA B
BHIE €€ NPOEKIHH Ha IIOCKOCTL, Ha KOTOPOH OTMe-
HeHEl JIOKANBHEIE MHHHMYMEL, COOTBETCTBYIOIIHE
OTTpeeNIeHHEIM KOH(OopMEpaM.

Kax BuaHO H3 pHC. 2, nape koHGopMepos Tg u
Tg, Gtu Gt, G'g u Gg', Gg 1 G'g' ©UMerOT OAHHAKO-
BEIE JHEPreTHYECKHE MapaMeTpel. OJTO HE YIHUBH-
TEBHO, IOCKONIEKY TI0 CBOEH TI'E€OMETPHIECKOH
CTPYKTypE TaKHe TMaphl SBISIOTCS 3€PKANbLHEIM
orobpakeHHeM IpYT APYTa W Ha3LIBAIOTCS 3HAHTHO-
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Mepamu. TakaMm 00pa3oM, W3 JEBITH BO3MOXKHEIX
KOH(OPMEPOB MOJIEKYJIEl NPONaHoIa TOILKO 5 sB-
TFFOTCH IEHCTRUTENBHO PA3HEIMA.

ABYrpaHHbIi yron C-C-0-H, °

50 100
AByrpamMslil yron C-C-C-0, *

150

Pucynok 2. [IByxmepHast NpOeKUHA MOBEPXHOCTH MOTEH- .

LHAJILHOM 3HEPrHH MOJIEKYIb! IPONAHONA.

ITo pesynbraraM ckasmpoBaHds 111D MoxHO
OLEHHUTH BBLICOTY IHEPreTHIECKHX OapbepoB MEXAY
ONIpENeNiecHHEIMA  KOH(opMepamu. OOmmii amamm3
(hOpMEI NOBEPXHOCTH IOKA3LIBAET, 4YTO MEPEXOMLI
Mexay KoHGbOpManusMu, 0Gpa30BaHHEIMA B pe3yiib-
Tare MOBOpPOTOR BOkpyr ces3m C—-O, Gomee BeposT-
HBL, 94€M MEXAy KOH(GOpPMauWsIMH, BO3HHKAIO-IIAMHA
BCIIEZICTBHE MOBOPOTOB BOKPYT cBs3u C—C.

Kak BuaHO U3 puc. 2, caMuri HA3KkHN Gapbep Ha-
bmonaercs Mexay xordopmepamu Gt u Gg', ero BrI-
cora He npesbimaer 3.2 kJ[x/Mons. Bricora sHepre-
THYeckoro Gaprepa Mexay koHGopmepamu Tt, Tg u
Tg' cocrasnser okomo 7 xJlx/Mons, Mexxy koH(Op-
Mepamu Gg' m Gg — 10.5 x/Ix/Moms, Mexay KOH-
dopmepamu Gg 1 Tg — 17.6 xJx/mons. Haubonsimas
BRICOTa 3HepreTHdeckoro 6apeepa mo 21 xJx/Mons
nony4eHa A mepexoza Mexxy KoHbopmepamu Gg
u G'g, mmm Gt 1 G't.

st xak0ro B3 OSTH Pa3HYHEX KOH(GOPMEPOB
ObUTa MPOBECHA ONTHMH3AUAS €r0 TeOMETPHIECKOK
CTPYKTYPEL

B tabn. 1 cobpansl reomMeTpHYecKHX mapamer-
POB BCEX PaCCMOTPEHHBEIX KOH(OPMEPOB MONEKYIEI
TIPOMAHONA; MEXATOMHABIX PACCTOAHWH, a Takke yr-
noB C-C-C u C,-O-H. Unnexcamu o, B w y o60o3Ha-
YEeHEl COOTBETCTBEHHO Onmkaiimit Kk (yHKIHOHAE-
Ho# rpynne OH arom yriepozaa, BTOpOi B TPETHH OT
HeE.

Kax BugHO u3 Tabn. 1, reomerpuueckue napa-
METPEl Pa3TAYHEIX KOH(POPMEPOB (32 HCKIIOYEHHEM
TeX, KOTOPHIE HEMOCPEACTBEHHO ONPENENSIOT KOH-
¢popmep — asyrparreix yroB C-C-C-O u C-C-O-H)
NPaKTHYECKH HE MEHSIOTCH. Tak, OTKIOHEHHE B UTH-
Hax cBaseit C—C u C-O me npesrmmaer 0.007 A, aro
cocraenser meHee 0.5%, a mmmra ceazm O-H m3me-
msercs Ha 0.001 A, T.e. Bcero Ha 0.06%. Benmmuunsl
yrnoB Mexay ces3sMu C-C-C u C-O-H Bapeupyror B
mpemenax 1°, To ecTh WX OTKIOHEHHE COCTABIAET
0.5%.

Tabauna 1. Paccuurannsie Merogom DFT B npubnu-
wenun B3LYP/cc-pVTZ reoMerpudeckue mnapaMeTpsl
PazHYHBIX KOH(OPMEPOB MOJIEKYIIBI TPONAHONA.

Kondopmep Tt Tg Gt Gg' Gg
CoCp A 1518 1524 1519 1525 1.525
CeC,A 1527 1528 1528 1528 1527
C-0,A 142 1424 1427 1426 1426
O-H,A 096l 0962 0961 0961 0.962
C-C-C, 11261 112.64 11348 113.71 11348
C-O-H, 10878 10841 108.84 108.66 108.34

Kpome TOro, 18 pacCMOTPEHHEIX CTPYKTYP Obl-
¥ HaWJCHR! 3HAYGHHS HX JUIONBHEIX MOMEHTOB,
MIOTHOH 3NEeKTPOHHOH SHEPTHH M CBOOOAHON SHEPruH
I'mb6ca mpu Temmeparype 298.15 K u pasnenum
1 arM. Ins ynobcTBa aHanwsa WHGOpPMAUWH 3HAYE-
HHS SHEPTrHH NpPHBEACHLHI B PA3NHYHBIX EXAHHLAX
H3MEpEHHd, C Y9eTOM Toro, 9to 1 Xaptpu = 2626
KK/ MOTE.

PesyneTarhl pacueToB npeAcTaBIeHE B Taol. 2.

Tadmuna 2. PaccunTaHHBIe 3HA9YEHWs OUMONBHLIX MOMEHTOB, IOJIHON 3JIEKTPOHHON 3HEpPruH M CBOOOXHON 3Hepruu

T'ub6ca pazmunsx koHGOPMEPOB MONEKYTHI TIPOTAHOJIA.

JunonsHeiii MmomeHT, J 1.43
Sueprus E, xaptpu —194.433730
Dueprus E, xJ[x/Mons —510582.975
AE, x]Tx/Mons 0.601
CsoboaHas sHeprus I'u66ca G, xaptpu | —194.353496
CroGonnas sneprus I'n6bea G, -510372.28
xJbK/Momb

1.64 1.47 1.61 1.59
—194.433876 -194.433837 -194.433690 —194.433959
—510583.358 -510583.256 -510582.870 -510583.576

0.218 0.32 0.706 0
—194.353540 -—194.353474 —194.353226 —194.353428
=510372.396 -51372.223 -510371.571 -510372.102

© Akapemusi Hayk Pecny6nuku YabekucraH, 2021 r.
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Kax B0 w3 tabn. 2, nanGonbumii AAnonsLHLLA
MoMeHT umeer koHbopmep Tg, a Haumenswmii — Tt
B nenoM, 3HadeHns AMIMONLHEIX MOMEHTOB pasiuy-
HBEIX KOH(DOPMEPOB BapsUpyIOT B npejenax 12%. Wa-
TEPECHO OTMCTHTh, HTO 3HAYEHAS IHMOILHOTO MO-
MERTa KOH(OPMEPOB HE KOPPEIHPYIOT CO CTEINEHEIO
ux crabmmrocTH. CrabunsHocTs koupopmepa on-
PeJeNdgeTca 1Mo 3HAYCHHIO €ro MONHOH 3NMeKTPOHHOH
IHepran —~ Hanbonee ycToNYHBOMN ABNACTCA TA CTPYK-
TYpd, SHEPIrUs KOTOPOH COOTBETCTBYET 3HAYEHHIO
rnobanbHOr0o MHHMMYyMa Ha MOBEPXHOCTH MOTEHUM=
aneHOoll snepruu. Haumensinyio sHepraio, cornacHo
naHubIM Tabn. 2, uMeer koudopmep Gg, ® 3TO 3Ha-
YWT, YTO TaKas CTPYKTypa senactcs Hambonee yc-
tolfuusol. Ctonut ormeruts, yTo B paborax (5, 7],
kak HaubGomee ycroifumBas cTpykTypa, Ohina onpeje-
nera Gt xondopmamns. OnHako, pasHOCTE B HEPri-
axX 9TuX kondopmepor cocrasnser npumepro 0.3
kJlK/MONL, MOITOMY TaKOE PACXOKAEHHE MOYXKET
OBITH CBA3AHO C MOrPEMHOCTHIO MeToAa. PaccunTaH-
HEIC 3HAYEHHA PAa3HOCTH MeXIy sHepruel Hanbonee
yCTOHUHBOH KOH(OPMAUHMK W YHEPrHAMH OCTATLHEIX
koH(OPMEPOB Takke MpHBeLeHEl B Tabn. 2. Peaynb-
TaThl PACHETOR MOKA3KIBAIOT, 4TO HaubonkLee OTiIN-
qHe OT 3HEeprud TNobalsHOro MUHEMYyMa Habmona-
ercs ans koudopmepa Gg' — 0.706 wllx/mons, To
€CThL MOXHO clienaTh BeIBOJ, 9TO koHpopmauus Gg'
ABJISIETCA HAUMCHEE YCTORYMBOM.

IV. 3akmouenue

B pesynerare monHOro CKaHMpOBAHMA MOBEpPX-
HOCTH TOTEHIIMATRHON SHEPIUH MOJIEKYIILI PONAHO-
na ObUIA HaliieHs! BCe JEBATH BO3MOKHEIX KOHGOP-
Malrit 3TOH MONEKyIbl, ONpeJieNleHbl YeThIpe MMaphl
IHAHTHOMEPOB W PACCYMTAHE! BEICOTEI SHEpreTHde-
CKHX 6apbepoB MEXIY PasTHIHEIMH KOHPOPMEPaMH.
CamuiM HuskuM okazancs Gapeep MexIy koHpOpMe-
pamu Gt w Gg', ero BeicoTa 3.2 xJIx/Momb, a caMbiM
BLICOKHH Oaphep mexay nmapamu koHpopmepos Gg u
G'g, a Takxe Gt u G't, ero senuunna cocrapnser 21
K x/Mons.

Brimonaennsie pacaeTs reOMeTpUYECKHX Tapa-
MeTPOB KOHGOPMEPOB NpoOnaHoONa MOKa3anH, uTO
MEKMONEKYNAPHLIC PACCTOSHHA M YIJIbI MEXKIY CB-
3IMH TIPAKTHYECKH HE 3aBHCAT OT CTPYKTYPH! KOH-
popmepa. Kpome Toro, ans nsTH pasnAYHBIX KOH-
dopmepoB ObutH HaWAGHE! WX SHEPTHA W AANONLHEIE
momenTsl. Hambonbmm# aunonsueii mMoment (1.64
M) ameer xoudopmep Tg, a wanMensmmit — Tt (1.43
JI). HauMeHbIee 3HaUCHHE IHEPIHH, KOTOPOE COOT-

® Akapemun Hayk PecnyBnuku YaGekucran, 2021 r,

BercTByer Haubonee ycrolumBON KOH(pOpPManuu,
umeer kordopmep Gg. B coorsercrsuu ¢ pesysnera-
TAMH [POBEJACHHLIX PACYeTOB, HAMMEHEe YCTOWUH-
BbiM gBngerca koHpopmep Gg'. Opnako pasHocTs
MEKIY 9HEPrusMH 3TUX KOH(GOPMEPOB COCTABIAET
Beero 0.7 kx/mons.

MerajaHHbie

Investigation of the conformational properties of
propanol by quantum chemical modeling

L.O. Meyliev
Karshi State University, Kuchabag str., No. 17, 180119, Karshi,

DFT (density functional theory) method in the B3LYP/cc-
pVTZ approximation is used to perform quantum-chemical
simulation of conformational properties of the propanol
molecule. A complete scan of the potential energy surface
of the propanol molecule was carried out, and all its possi-
ble conformations were found. Pairs of enantiomers were
determined, and the heights of energy barriers between dif-
ferent conformers were found. The optimal geometric
structures, dipole moments and energies of various propa-
nol conformers have been calculated.

Keywords: molecule, conformation, propanol, spectrum, struc-
ture, energy barrier, vibrational spectrum, phase states, relaxation,
dipole.

Jlureparypa

[1] Ye. Vaskivskyi, Ye. Chernolevska, A, Vasylieva, V. Po-
gorelov, R. Platakyte, J. Stocka, I. Doroshenko. J. Mol. Liq.
278,362 (2019).

[2] L. Doroshenko, Ye. Vaskivskyi, Ye. Chernolevska, L. Mey-
liev, B. Kuylicv. Ukrainskiy fizicheskiy jumal 6§, 289
(2020).

[3] L. Meyliev, B. Kuyliev, I. Dorogshenko, Ye. Vaskivskyi,
Uzbek Journal of physics 22(3), 182 (2020).

[4] Y. Yu, Y. Wang, N. Hu, K. Lin, X. Zhou, S. Liu, Phys,
Chem. Chem. Phys, 18, 10563 (2016),

(5] T.N. Wassermann, M.A. Suhm, P. Roubin, S. Coussan.
J. Mol. Struct. 1025, 20 (2012).

[6] LYu. Doroshenko, V. Balevicius, G.A. Pitsevich, K. Aidas,
V. Sablinskas, V.E. Pogorelov, Fizika Nizkikh Temperatur
40(12), 1384 (2014),

[7] T.N. Wassermann, P. Ziclke, JJ. Lee, C. Cézard, M.A.
Suhm, J, Phys, Chem. A 111 (31), 7437 (2007).

[8] K. Bec, Y. Futami, M.J. Wéjcik, Y. OQzaki, Phys. Chem.
Chem. Phys. 18 (19), 13666 (2016).

[9] T. Lotta, J. Murto, M, Riséinen, A, Aspiala. Chem. Phys. 86,
105 (1984).

[10] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria,
M.A. Robb, J.R. Cheeseman, et al. Gaussian 09. Revision
D.01 (2009).

{111 R, Dennington, T.A. Keith, JM. Millam, Gauss View,
Version 5, Semichem Inc., Shawnee Mission (2009),



Wiccneposarne KOH(DOPMALMOHHBLIX CBOMCTE NPONaHONa METOAaMM ...

51

MponanoHHHr KOHQPOPMALHOH  XOCCANAPHHH

KBaHT-KHMEBHH MOJe1TA THPHIN ycyau
€paamMuAa TAAKHK 3THII
JLO. Meiinues

Kapmu pmasnar ynmsepcurets, KyuaGor 17, 180117,
Kapmmu, V3bexucron

B3LYP/cc-pVTZ  sxumnamysunmars DFT  (3uumax
(VHKIMOHAN Ha3apHACH) YCYNH acocHAa MpomaHon
MOTEKYNACHHHHT KOH(OPMALMOH XOCCANADHEH KBaHTO-
KeMEBHH MONSIIAMITHPHII aManra omupHian. [Iponoxan
MOJIEKYIaCHHHHT MOTEHIMAT 3HEPrHs IO3ACHAR TYIHK
cKaHepaall YTKasenAH Ba YHHHT Oapya MyMkuH Oyiaras
KoH(OpManuacH TonuAAH. SHaHTHOMEPAAD Xy DTIHKIapH
aHWKNAHTH Ba TypaH xKoHQOpMEpNap Opacuiard IHepras
TYCHKIAPHERHT OaNaHUTHIH TOMHAAM. Xap XK NPOnoHAn
KOH(QODMEPIaPHHHHAT ONTHMAN TEOMETPHK TY3MITHION,
IO MOMEHT/IApH Ba SHEPrHANapH XHCOONaHmn.

Kamr cyaiap: momexvaa, xoH$OpMalnas, NMpOMEHOI, CTEKTD.
CTPVKIYDA, JHEPTETHK TyCHK, Tebpanma criexTp, dasonwmit xonaT,
peTaKCaUmA, JUTIONs,
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B pafoTe ¢ BECONBE30BAHEEN MaCC-CHEXTPOMETPHIECKOH TEXHHKH W MOBEPXHOCTHOH HOHH3a-
man monexya CsCl usyuens! HagansHBle CTAIMH POCTA YTIEPOAHOH MIEHKH HA NOBEPXHOCTH
peHHs, moaydaeMele nmyTeM muddysus w3 oObema. DKCHEPHMEHTaNbHO YCTaHOBIEHO, HTO
POCT BTOpOTrQ CHOf yriepona GopMEpYeTcs C HDkHelf WacTH TIEPBOTO CNOS YTIEpOIHOH
nnenxH, oOpazosaHHON HA NOBEPXHOCTH METAd. DBhiSCHEH MEXaHHIM DOCTa YIieponHOH
MJeHKH HAa TOBEPXHOCTH PEHHS, KOTOpHi OTAMYAeTCs OT MEXaHW3MA DOCTa YIIEpOaHOiH
NNEHKH, MOIyYaeMoll Ha IOBEPXHOCTH MeTallia myTen ancopbuns 1 muddysan.

Kmouessie CI0BA: VITICpOAHAd ITICHKA, HEHATRHAY CTATHA POCTa, NOBRSPXHOCTE MCTALIA, HOHMIAINA,
AMCCOLMAIIAN MONEKyY, IPadHTORAd ICHKA, AecopOIma.

In this work, using mass spectromefric techniques and surface ionization of CsCl molecules,
the initial stages of the carbon film growth on the surface of rhenium by the diffusion from the
bulk, were studied. It has been experimentally established that the growth of the second layer
of carbon is formed from the bottom of the first layer of the carbon film formed on the metal
surface. It has been clarified that the mechanism of growth of a carbon film on the surface of
rhenium differs from the mechanism of growth of a carbon film obtained on the surface of a
metal by adsorption and diffusion.

Keywords: inifial stages of growth, carbon film, the metal surface. ionization, dissociation of molecules,
graphite film, desorption.

Brenenue

Msorse BaxHeHIIHEe TPOIECCH I'eTEPOreHHOro
KaTaneza, (E3NEYECKOl SKTPOHHKH, MeTamnodu3a-
KH, BaKyyMHOH H 3[eKTPOBaKyyMHOH TEXHHKH
CONPOBOXAAFOTCH BLIIEICHHEEM YITIEpOaa Ha HOBEPX-
HOCTH METAIOB. YIIepOA BHIZENSETCS HA MOBEPX-
HOCTH TPOMEINUIEHHEX KaTanW3aTOpOB NPH Nepepa-
foTKRe yTHEPOACOAEPKAIEX NPOXYKTOB. PeanbHBIR
KaTan®u3aTop OpeacTasiseT coDOH CHCTEMy Merami-
yraepoa. IIpE Macc-CIeKTPOMETPHYSCKOM aHalmH3e
YIIeBOAOPOAOB YITIEPO ]l HaKaNMABaeTCs Ha NOBEPX-

HOCTH METALIHYECKAX TEPMO3IMHTTEPOB 3IIEKTPOHOB
H HOHOB. BrigeneHre yriiepona NPEBOIHAT K CyIIeCT-
BEHHOMY H3MECHEHHIO 3MHCCHOHHEIX, aJCOpOIHOH-
HBIX B KaTAT#THYECKEX CBOHCTB MeramnoB. MoHo-
crod rpadETa Ha TOBEPXHOCTH METANNOB ILIATHHO-
BO# IDYNIEI TPENSTCTBYET NeTePOreHHLIM KaTalHTH-
YeCKWM peakmusM aucconnanuy. Hanpuwmep, mpu
00pa3oBaHEE MOHOCHOS TpahHTa HA TOBEPXHOCTH
upHgHs cTeneds xucconmaumm Monexyn CsCl mpm
temmeparype ~1000 K yMerbmaercs oT eJHHHIL A0
~107°[1].

Vol. 23, No.1, pp.52-56, 2021
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Uccnenopanue OH3AYECKHX OPOLIECCOB,
[IPOTEKAIONIMX HA NOBEPXHOCTH IIPHE CETPEranyH HIIH
KOHJIEHCAUWA UYXEPOAHBIX aTOMOB, B TEPEYIO
odepens, HEODXOZAMO OIS  MHKDOIICHOYHOH
TEXHHKH. B faEHO# paboTe H3y4eHn! HadainbHES
CTaJHE POCTZ YIHEePOOHOH IUIEHKH HA NOBEPXHOCTH
pPEHHZA, MONy3aeMoi myTeM aaddy3nn B3 o0neMa.

Jins HWCClemOBaHHMS CBOMCTB  YITIEPOXHOH
IIICHKE OPAMEHEH METOM, OCHOBAHHEIH Ha KaTalnHTH-
ueckol gaccomusman Monexyn CsCl, morox koTopsx
C IUIOTHOCTBIO V HaNpaBIEeH Ha MOBEPXHOCTH. [IpH
sToM mnoBepxHocTHas wmoamszamus (IIHA) wmonexyn
CsCl wmzmer B [Be CTag@l: KaTanWTHYECKas
IHCCONMHANAS MOIEKYI Ha TIOBEPXHOCTH
CsCl—Cs+Cl m nocnepgyroomas HOHH3aOEA ATOMOB
nesus Cs ¢ nosepxuaocta Cs—Cs +e.

B skcrepEMenTe, peracTpapys TokH #oHoB Cs',
HecOpOHpYIONIEX ¢ TOBEPXHOCTH, MOKHO MOMYIHTE
HHOOPMAIHIO He TONEKO O NPOLECCe HOHH3AIMH, HO
TaKKe O NPeJIIecTBYIOMEM eMy HpOLecce KaTalnuTH-
YEeCKOH JHCCONHANHMH MONEKY] Ha IIOBEPXHOCTH.
KonmuecTBennOH MepOH aKTHBHOCTH KaTANH3aTopa B
peaknEgx aucconuanad Monekyn CsCl cnyxur cre-
IEHb THCCONHAIHH:

g=""Yea
B
TAE V — TIOTOK MOJEKVJ, afCOPOBpYIOmMX Ha Mo-
BEPXHOCTB; Vesot — HOTOK MOIEKYII, ZECOPOHPVIOMHX
¢ noeepxuocTH. Bridop CsCl ofycrnosnen tem, gro
anz Monexyn CsCl mpakTadecks BO BceX Tyromnas-
KEX Meramnax B=I, T.e. MOBEPXHOCTE METAIOB SB-
ngeTcs aKTHBHEIM KaTanH3aTOPOM MIPH AHCCOMEANHH.
3710 Aa€T BO3MOKHOCTL ompenenuTh [ Gomee mpo-
CTHIM 3KCIEPHMEHTANLHEIM CIOocoO0M, Kak OTHOIIEe-
EHe TokoB HoHOB Cs’, Aecopbrpyrommx ¢ Hecnexaye-
MoH (Ic) B KaTanATHYECKH AKTHBHOH MOBEPXHOCTH

(L)

OTOT METOA HACTONBKO UYBCTBHTENEH, 9TO
TO3BONAET ONpEAeNHT: HAIHYHE HAa NaCCHBHOH
TIOBEPXHOCTH OTACILHBIX &TOMOB H KIaCTEpoB, a
TakkKe BCAKOE H3MEHEHHE CTPYKTYPH HOBEPXHOCTH,
KOTOPO€ CONPOBOXKAAETCS H3IMCHEHHEM «BAICHTHO-
TO» COCTOSHHA NoBepxHOCTH. Hampuwmep, B pabore
{2] BnepBrIe NOKAa3aHO, YTO OTAEILHLIC aTOMBI H Kila-
CTEpHl CaMapH#d, HAHECEHHHE Ha MACCHBHEIA HOCH-
TeTh (WpHIWH, MOKDHITEI MOHOCTHOEM TIpadHTa),
=pEBoAsT K 3)EeKTHBHON KaTalHTHYECKOH AMCCO-

muanue Monexyn CsCl. Karanurugeckyroo mucconma-
a0 Monexkyn CsCl MOXHO HCIONBE30BaTh VIS BHICO-
KOYYBCTERTENSHOTO ZIETEKTHPOBAHHAS aTOMOE H WX
KITacTepoB, aacopOMpOBaEHEIX Ha HEHTPaTBHEIX
OOANIOKKAX TPH OY€Hb MAJIOH CTENEEH NOKPHITHA
(yrmepozon) (~107-107%), aro Tpymmo ocymecrsaTs
IOPYTHMH METORAMH.

B pa6ore [3] ¢ momomero meroga ITH CsCl u3y-
4EH MCXAHH3M HAYANLHBLIX CTAA#H POCTA MICHKH yI-
JIepoZa, TONMy9JaeMoil MyTeM BaKyyMHOrO HallblIeHHS
yriepojia Ha HPHIEA B HHTEpBale TEMIIEpPaTyp
800-1700 K. TTokazano, 4TO OpPH 3aJaHHOH IIOTHO-
CTH TIOTOKA V aTOMOB YIIEpOAd HMEETCH y3Kasd TeM-
nmepatypras obnacts 7)., BEIIE KOTOPOH Ha HOBEpX-
HOCTH HPHAHR BLIPacTaeT rpauroBas MICHKa MOHO-
aTOMHOH TONIIHEHLL, NPH 3TOM MHOTOCIOHHAs yTIe-
poZxHad MICHKH HE PacTeT IO MEXaHH3MY MOCTHOHHO-
ro pocra. I'padHTOBEIE OCTPOBKH BO BTOPOM CiIOE
y&e 00pasyloTcs Ha MOBEPXHOCTH I'PpadHTOBEIX OCT-
DPOBKOB IIEPBOrO CIIO, KOTJa B IEPBOM CIOE eme
HMEIOTCS HE3aNoNECHABE ODNAacTH C YIIepOIHEIM
«razom».

PaccMoTper Bompoc o TonorpaEsE MHOrOCIOH-
HOH TNIEHKH YIIepoAa: [0 MHEHWIO ABTOPOB, TOHO-
rpadEd MHOIOCIOHHOH NNEHKH yITepoaa, nomydae-
MOE Ha HDHIHH ITyTEM BaKyyMHOH KOBICHCAUWE NPH
7<T),, xapaxTepH3yeTcs HaIWYHEM HHKHEH CIUlom-
HOH wacTe (psfa ABYMEpHEIX cloeB rpadura) H
BEpXHEH HE CIUIOIIHOH 9acTH TONIIWHOH B HECKONb-
KO aTOMHBIX CIIOE€B, COACPHAUHX MHOKECTBO CIOH-

CTRIX TPaHTOREIX BEPIOHH.
II. 3xcnepHMeHTANLHBIE HCC/IEI0BAHNS

Onpenenenue Benwunes! § ans @3ygaeMmol mo-
BEPXHOCTH DEHHS C IUIEHKOH YIIEpoga CBOTHIOCE K
H3MEDEHHIO C MOMOMIBIO MacC-CIEKTPOMETPHYECKOR
TEXHHKHE [BYX HOHHBEIX TOKOB ne3us: /; opa [TH wmo-
aexyn CsCl ma uncrol noBepxHOCTH peEns (f=1) ®
I> pu TTHA TOro xe mOTOKa MOIEKYN Hz H3y9aeMoi
nosepxHocTE (B=L/1)).

Ha BXOme MarsMTHOTO Macc-CIEKTPOMETpa Ho-
Memanach NONMHKPHCTALUIHSESCKas DEHHEBas MpoBO-
noka maaMerpoM 150 mxm. Temmepatypryro obpa-
BOTKY peHHEBOE NPOBOIOKH NPOBOIHIE MEITeHHO B
TeueHHE 4—5 9acOBR HAarpeBaHHEM O TEMIEPAaTyphl
~230 K, B 3T0 BpeMs TPOHCXOAENA PEKPHCTAILTH3a-
oHs H OYHCTKa NPOBONOKH OT mpaMeced. Ha memn-
TPambHYIO YacTh HHTH HOCTVIANHE ToToKH atoMoB Cs
# monexyn CsCl B3 aByx ucnaprTenei. Peractpuapo-
BaNHCh JEKTPOHHEIHA TOK H TOK HOHOB LIE3HA.

©AKaaeMuR Hayk Pecnybnuxy Yabexuctan, TawxexT, 2021 .
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DddexTueras 3nekTpoREHas paboTa BEIXOHA pe-
HHCELIX OPOBONOK IIOCHE TEepMOOOpabOTKE OKasa-
nock passo# 5.240.1 3B.

HayrnepoxuBanne peEHEBEIX 00pasnoB MpPOH3-
BOIHIIOCH MYTEM HX BHIASDAKH B HATPETOM COCTOS-
HEH B napax bersona. IIpa BceX CTENEHSX MOKPHITHS
PEHHS VITIEPOIOM MexkIy paboTol BEIX0Z2 IPOBONO-
KH B TNOTEHUHAaIOM HOHH3aUWH J aTOMOB He3Hsi BH-
MOMHANOChE COOTHOmeHHe @—F>>kT, T.e. mpomcxo-
JWna NPaKTHYeCKH MONHAS HOHW3AMKY aTOMOB [e3H4,
TaK K3k B JaHHHEX omurTax koshdrumest [TH mome-
Kyn Obil YHCIEHHO PaseH CTeNeHH WX AHCCONHANWH.
Hayrnepox#Banue peHHs NPOBOAHIIOCH IIPH TeMIle-
parype eeme 800 K (mpw 7<800 K = noporoso# ob-
nacte [ woHm nesus we mecopbupyior). Omerru
NPOBOAMNE NpPH BHICOKOM BaKyyMe C OCTATOYHBIM
narnermem P<5x10~ Top nesms meaecopbupyroTes).

Pe3yneTaTel 3KCOEPEMEHTA MOKa3amH, 9TO BH-
Jepkka peHHs NpH QEKCAPOBAHHOM TOKe Hakana /, B
napax Gemsoma npu gasnemmm P=(10"-10"") Top
JUTATENLHOE BpEeMs HE CK23WBANACh HA HOHW3AUHHA
aromoB ne3us u3 monexyn CsCl, Ho npasonmna x He-
GonbmoMy YMEHBLIICHHI) TEPMOJIEKTPOHHOIO TOKa.
Ipm panumelimed Bupgepxke obpasna B Gen3one Ha-
OmofAanock Pe3K0oe YMEHLIICHHE TOKa HOHOB LE3HSA
uz monexyn CsCl u pe3xoe yBenudeHWe TepMO3Nek-
TPOHHOTO TOKA.

ighs

5 S -

1
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1350

Pacynox 1. 3asucumocts IgB = f{7) opu 1T aromos Cs
(1) u monexya CsCl (2,3) Ha peHuH npe BhIIepXKKe €70 B
nopax Genszona. P=(4-5)x10" Top, 7~1800 K, 2 — nocae
25 mmE BaiepxxH, 3 — nocie 60 MER BRIEPKKH.

Ha puc. 1 (xpuBric 2, 3) OpeacTaBneRsl TeMIe-
paTypHBIE 3aBHCHMOCTH 1gf ana HOHOB me3ns H3 Mo-
nexyn CsCl ans mpeaRapHATeNsHO HAYTIEPOXKEHEOIC
pPEHHEBOrO 00pa3na, NOMyYeHHOrO MOCHEe OTKadKH
napoe Gemszona. B y3xo# obnacte Temmeparyp AT
~(50-100) K stnmzm 7, (ycmosHO Ea30BeM IOPOro-

SAxagemus Hayk Pecnybnuky YabGexucran, TalwkesT, 2021 1.

BOH TEMIepaTypoi ) Ha0moAanoch Pe3Koe H3MEHEHHEE
30(hEKTHBHOCTH NOBEDXHOCTHOH HOHHW3AaOWH Molie-
xyni. B noporoeoit o6nacTH RORW3AAW MONEKYN TIpH
T, Bec=l (@ = 52 3B), a mpu 7<T,
Besc=107-107° (¢~4.7 3B).

BennpupHEa TOPOTOBOH TeMIIEpaTypsl 3aBHCENA
OT BpEMEHH BHIAEPXKE o0paznma B mapax OeHszona ®
OT Temmeparyps! /) Hayrnepoxusanzs. C yBemmue-
HWEM BpPEMEHH BHIAEDKKH MOpPOroBas TeMIIeparypa
cMemanack B o0nacts Gonee BHICOKHX TEMIIEpaTyp H
npebmmxanace k 7; (pmc. 1). Ilocne pmocrmxenns
TeMueparypsl /) ZansHeHmas 3KCNO3HOHS PEHHS B
napax Gensona mpHE TOH Xe TeMIeparype He IPHBO-
Iuna K 33aMETHOMY CMEIIeHHIO OPOTOBOH TeMmepa-
Typs B obnacte 7>7;. Jia cMEmEHHS NOPOroBOH
obnacra k 7>7) HyxHO OBUIO BRIEpPXaTh 0Dpazeln B
mopax Serzona upu 1>7;.

BricoxoTemmneparypHas obpabotka Hayriepo-
#eHHOro 00pa3ua B BaKyyMe NPHBOJHIA K IepeMe-
INEHUIO MOPOrOBOH 00NACTH B CTOPOHY HE3KHX TEM-
nepatyp (puc. 2). Ilocie nporpesanrs obpasna B Te-
ugenne ~10 mua (npe 7~2000 K) noporosas odnacts
mornzanue Monexyn CsCl mpaxTedecks cosnmazana ¢
TOpOroBO¥ O00NAacTRIO HOHW3ANHH AaTOMOB IE3ds.
Tlpr TakEx Temmeparypax HaOmOZamack TepMHYe-
ckas gecopOuus YITIEpOJa C IOBEPXHOCTH PEHHL.

B
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Pucysox 2. 3asucumoct lgB=f7) mocae ssicoxo-
TEMIEPATYPHOro NPOTPEBa HAYTIEPOKEHHOIO PEHHE-BOr0
obpa3ua B Bakyyme. | — mns HayrmepoxeHHoro ofpasua
Tiepell BEICOKOTEMIepaTypHLIM IporpeeoM, 2 — nocne 56
gac nporpeea npu 7=1850 K, 3 — nocne MHHYTHOrO mpo-
rpesa npu 7=2000 K, 4 — nps noBepXHOCTHOH HOHE3AWHA
atoMos Cs Ha MOBEPXHOCTH YHCTOTO H HAYTIIEPOKEHHOIO
PeHHS.

ITI. OGcyRkaeHne pe3yIbTaTOB

Tponeccs:, TPORCXOALIIEE OPH HAYITIEPOKHBA-
HEH DEHHS, BEUIEDKAHHOIO B HArPETOM COCTOSHHE B
napax OeH3ona, MOKHO OOBSCHHTE CHEAYIOMEM 00-
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paszaM. Monexynsl 6eH30/1a Ha MOBEPXHOCTH MeTauia
ancopOupyroT ¢ BHICOKEM K03(dHOEEeHTOM NpHIH-
nanns. BeposTHO, W3 ajcopOWpOBaNRON MONEKYITH!
CHaJana OTIIEMISIOTCS ATOMEI BOXOPOJA, a 3aTeM
INPOHCXOMAUT paspylleHne Oollee CHILHO CBSI3aHHOTO
yrnepoaroro ckenmera. OcBoOoAuBIIHECS aTOMBI YI-
JIEpoja MOTYT OXHOBPEMEHHO YHYACTBOBATh B IBYX
nponeccax: B pacTBOPEHHH W B 00pa3oBaHHM yrile-
pOZHOM MIEHKA HA NOBEPXHOCTH. OMEIT MOKA3LIBAET,
9TO TOKAa My<My, (N, — KOHUEHTpaUWs YTIIEpoja B
Ommkalinmed K TOBEPXHOCTH TUIOCKOCTH MEXIOY3ITHIA,
Mz, — TO e TPH NpeAenbHOR PacTBOPHMOCTH) MpO-
HWCXOAUT TONBKO DPACTBOPEHHE, a4 IOBEPXHOCTL Me-
Ta/uia JaXe IPH 3HAYATENBHEIX INIOTHOCTSX MOTOKA
Ben3ona ocraercs mpakTHYECKH CBOOOZHOM OT yrie-
poaa. OTO CBH/IETENLCTBYET O TOM, 4TO YIIIEPOA MpH
aTHX TeMmeparypax 7, mocTaTtodHo OvicTpo auddyH-
qupyer B 00néM Meramna. Koraa #, cpasmuBaercs ¢
My, PAcTBOPEHHE 3aKOHYMBAETCS W HAYWHAETCA
HaKallJICHAE yriepoaa Ha TIOBEPXHOCTH.
MaxkcuManbHas TONIIAHA CHOS YIIIEPOaa, HMEIOMIETO
rpajuToBy0 CTpyKTYpy [4], momyuaemoro mpm
TakoM crnocobe Ha  TOBEPXHOCTH  METANa,
COCTaBIACT OJHH MOHOCIOH. JT0 O0BACHAETCT TEM,
YTO Ha BaICHTHO HACBIIEHHOH MNOBEPXHOCTH
rpadHTOBOrO  CJIOS  MOJNEKYIEl OeH3ona  HE
JIMCCOMMEPYIOT B OBICTPO C Heé AecopOrpyIOT.

C H3MEHEHHEM TEMIIEPaTy Phl peHus
NPOHCXOAWT TEPEepacnpeleleHie YIIepoaa MekAay
MOBEPXHOCTEI0 W obbeMoM obpazua. Ilpm 7>7, u
ny<ny, TPaKTHYECKH BECh YITEPOX HAXOAHUTCI B
pacTBopeHHOM coctosaud. [Ipu 7<T, u ny>n,,, W3ow-
TOYHBIH YIr7epox H3 o0béMa MeTamia MEepPeXOIuT K
TPaHHIAM 3€pEH, Ha IOBEPXHOCTH B JeheKkToM pe-
eTKH. B 3aBHCHMOCTH OT yCIOBHI HayITepOKHBa-
HHS Cerperanus MOXeT NPHBeCTH K 00pa30BaHHIO
NIeHOK pa3sHo# TommnuHeL. Tak, B paborax [5, 7] skc-
TIEpAMERTATLHO W3ywera guddysns yrmepoaa & pe-
suH. Ha ocHOBe 3KCIepH-MEHTANBHEIX QaHHLIX 10Ka-
3aHo, 4To NpH Auddy3uH yrmepoaa KOHUEHTpaLHs
TIPUMECH Ha ITOBEPXHOCTH 3aBHCHT OT TEMIEPATypEl
H MOXET CHJILHO OTIHYAThCS OT KOHUEHTpPALWH MpH-
MecH B 00BEéMe TBepaoro tena. Hamprmep, npu KoH-
LEHTPAlXH NpHMECH B 00bEME TBEPAOro TENa, HE
TMPEBBIIAIONMEH KOHIEHTPANHIO, COOTBETCTBYIOMEH
TpeJeNbHOM PacTBOPHMOCTH, Ha MOBEPXHOCTH 0Opa-
3yeTcsi MOHOCITION NPHMECH, XOTs €€ 00béMHAasd KOH-
TEHTpalHs MOXeT ObITh OUeHb ManeHskol (KoHIeH-
Tpamus yriieposa B 00béMe PEeHHS B 3THX ONBITaX HE
TIPEBLIINANA TPEX aTOMHBIX IIPOLEHTOB).

AHann3 pesylbTaTOB NMOKAa3hIBAET, YTO KOJIHYE-
CTBa yriepofa B 00b&EME PEHHs NPH NOHHKEHHH
Temmeparypsr (ot 1800 K g0 900 K) mocrarouno s
3aMONHEHHS TOBEPXHOCTH PEHUS HE TONLKO OXHEM
MOHOCIIOEM, @ HECKONBLKHMH CIOSMH YTITIEpPOAHON
mieskd. Ecnu maneHeHmWE pocT yriuepoaHOH INIeH-
KA (hOpPMHUpPYeTCs CBEpXy IEPBOrO CHOs IUIIEHKH, TO
3TO MOXKHO ObUIO OBI 0OHapyxuTE MeTomoM IIH Mmo-
nexyn CsCl, HO faHHBIi METOA OTPHLAET STOT BapH-
aHT pocra yrmepomHo# mmenku [2, 3]. Uckmouwms
JaHHBLIH BapHAHT, MOYKHO TIIPEANONOKHTh, YTO
BTOPOH CIOH IJIEHKH HauyWHAeT (OPMHPOBATELCA
CHH3y TEpBOro cios. J{ns 3TOro NepBEI CloH
rpaduTa JOMKEH OHITH NPHMONHAT C IOBEPXHOCTH
obpasua Ha 3HaYMTENEHOE paccrosHEe (~4 A), a
MEXAy CIOIMH HE CYIIECTBYET 3NeKTPOH-HOIO
obmena " JeHCTBYET BaH-JIEP-BaabCOBO
B3auMogenaTere. [logoOras cuTyauus Habmonaercs
npu (GOPMHPOBAaHWH MOHONMTHOrO CIosi rpadura,
MEXIy CHOIMH KOTOPOrO MOIYT pacIoJIOrarcs
aTOMBI METAJUIOB.

Pesyneratel sxcrnepuMeHTOB [6-8] mokasanm,
YTO NepBHIH cnod rpaduTa OPANOAHAT HAX
TIOBEPXHOCTHIO HPHAHS. B HEX H3ydam: ajgcopbuuio
aTOMOB Kal¥si H 1LE3Hs HA IIOBEPXHOCTh HPHIMS,
MOKPHITOr0 MoHOcnoeM rpadura. Oxaszamock, uTO
BAJICHTHO  HEHACHINEHHBIE Kpai TPaQHTOBEIX
OCTPOBKOB 3aMKHYTHEI MOJIEKYJIaMH MeTalIa. JTO
FOBOPHT O TOM, YTO TpadHTOBHIE IIEHKH MOTIYT
HCKPHBNATLCA, YTO MNOATBEPXAACTCA Ha IIPHMEpe
bynnepesos, Meromux chepraeckyro Gopmy [9-13].

TMomyuyerrsle B paboTe pe3ynsTaTel MO POCTY
YIJIEPOJHBIX [UIEHOK HA TOBEPXHOCTH PEHHsS MOIYT
OBITHE WCHONB30BaHE! MPH SKCIUTYATAOUH WX B KOH-
TaKTe C YIMepoJ COAEPKAITAME CPENAMH.

MeTanasHsie (Ha AaHTTHIACKOM)

Initial stages of growth of carbon film on the iri-
dium surface at the diffusion of carbon impurity
from a volume

R.M. Abdullaev, M.A. Zakhidova, 3.P. T'usicoBa

National University of Uzbekistan, University Street, 4, 100174,
Tashkent ,Uzbekistan

In this work, using mass spectrometric techniques and
surface ionization of CsCl molecules, the initial stages of
the carbon film growth on the surface of rhenium by the
diffusion from the bulk, were studied. It has been
experimentally established that the growth of the second
layer of carbon is formed from the bottom of the first layer
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of the carbon film formed on the metal surface. It has been
clarified that the mechanism of growth of a carbon film on
the surface of rhenium differs from the mechanism of
growth of a carbon film obtained on the surface of 2 metal
by adsorption and diffusion.

Keywords: initial stages of growth, carbon film, the metal sur-

face, ionization, dissociation of molecules, graphite film. desorp-
tion.
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PenuiiHuHT YriepoATH apajamMacH CHPTHAZ
ouddysua Tydaiinu xocun 6VnaguraH yriepoanH
TUTeHKaHHHT YCHIN KapaeHHu

P.M. AGagynnaes, M.A.3axugoRa, 3.P. NiacoBa

VaBexncron Mummiii yEuBepcHTeTH, YHHBEpCHTET KYHacH,
4-yii, 100174, Tomkenr, Vabexucron

Vmfy Himga Macc-CIeKTPOMETPHK TeXHMKA EpAaMHia
CsCl monexynanapHHHHET CHPTHE HORM3aIHACH YCYNHHH
KyAnall OpKANH DEHHH CHPTHAA VHHHT XaXKMH ODKAlH
muddysus Yy Ounan XoCHN Oymagural yruepon
KATIAMHHHHT VCAmH VprasuiraH. ONHHTZH HaTEXKanap
IOVHH KYPCATAOMKH, YINEPOONHHHT HKKHHYH KATIAMH
YHEHT OHpUHYH MOHO KaTNEMH OCTHJA HIaK/iasa
Oomnalinu. Meraim cmprepa ancopbuus Ba muddysus
HynE OunaH ONMHAOWINaH YIAEpOAd KATIAMIADWHHHT
[aK/IAHHII MeXaHU3MIapH OHnaH OOFIHK KOHYHHSTIAD
AHHUKIEAHTAH.

Kamr ci3nap: yriepoa KaTiaMy, YCHIHHHT —GOmITamrHd
BOCKMTM, METAT1 CHPTH, MOICKYJIANap IHCOIMANMSCH, TpadmT
RKaTaaM, HOHNAMIHI, FeCOpOLps.



Uzbek Journal of Physics 57

Kap6oTepMuyeckuit CUHTE3 HaHONOPOLWKOB
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MUKpOKpeMHe3ema

B.M. A6aypaxmanos', M.LU. Kyp6axoe', Y.M. Hypanues"', B.M. Potwreiin’, ¥.H. Pysues?

"UHCTUTYT UOHHO-NNA3MEHHBLIX U NasepHbIX TexHonorvii AH PYs, yn. fypmon tiynu 33, 100125, TauKeHT,
Yabekucran

*HMO no NPOW3BOACTBY PEAKUX METannoB W TeepablX cnnasos AnmMansikckoro MK, yn. Xaipaposa 1,
111709, Ynpuuk, Yabekucrar

Mony4eHa 16.02, 2021

* Corresponding author; e-mail u.nurallyev@mall,ru, Phone: +998 97 703 37 85

KapGorepMuveckuM  BOCCTAHOBNIEHMEM MHMKPOKPEMHE3eMa, MNpeicTasisioutero  coboif
BBICOKOUCIIEPCHLIE TEXHOIGHHBIE OTXOMbl MPOM3BOJACTBA TEXHUYECKOTO KPEMHMS M
(deppocunuuns, copepicauiero 95-97 macc.% aMopHOIT JIBYOKHCH KPEMHHS, CHHTEIHPOBAHB!
MHKPO U Hawomopomki kapbuma kpemuus, I[TokasaHo, 4To 3THM myTeM MOryT ObiTh
cunresuposansl 4H, 6H u 3C nonutunsl kapbnpa kpemuus. YCTAHOBIEHO, HTO pasmep
CHHTE3UPOBAHHBLIX MACTHLL KAPOMIE KPEMHUs 3a8BMCHT OT PA3MEPOB HACTHIl HCNONBL3YEMOro
YINIEPOAUCTOrO BOCCTAHOBUTEIIA.

Kmouesnie ciosa: CHHTES, xnpﬁu.n KPEMHHA, MUKPOKPEMHEICM, MHKPO-H HAHOMOPOIIKH, TMOIHTHITH
KapOHMIa KPEMHHSA, PAIMEPRI HACTHLL

By carbothermic reduction of microsilica, which is a highly dispersed technogenic waste from
the production of technical silicon and ferrosilicon, containing 95-97 wt.% amorphous silicon
dioxide, micro- and nanopowders of silicon carbide have been synthesized. It is shown that by
this way 4H, 6H and 3C polytypes of silicon carbide can be synthesized. It has been estab-
lished that the size of the synthesized silicon carbide particles depends on the particle size of
the used carbonaceous reducing agent.

Key words: synthesis, silicon carbide, microsilica, micro- and nanopowders, silicon carbide polytypes,
particle sizes.

I. Bseneuue .
npaMereErs SiC gBISETCS €ro UCNONLIOBAHHE B

Ka4yeCTBe WHPOKO30HHOrO MNOJYNPOBOJAHHUKA B
INCKTPOHUKE, ocoberHo BOCTpCSOBaHHOF 0O B

Kapbun xpemunms (SiC) ofnazaer wwmpoxuam
CNEKTPOM MONE3HBIX (HU3NKO-XUMHUCCKUX CBONCTR,

TAKAX KaK: BLICOKAs TBEPHOCTE M IIPOYHOCTS,
HHU3Kasd [IIOTHOCTh, TCPMHYECKas HW XHMHIECKas
croiikocts. Biarogapa sromy SiC umeer mmpokuii
CHEKTP NMPUMEHERHS B PAVTHYHLIX 00NacTAX HaykH
W OTpacisX NpPOMBINIUIEHHOCTH. Tak, Hapamy c
HCIONB30BAHHEM B MHOrO(YHKIHOHANLHLIX Kepa-
MHHECKHX W3JeNMAX, ONHOM N3 BaxHeHIMX cep

CHJIOBOR 3NEKTPOHHUKE, BBHIY paborocnocobHocTH
MEKTPOHHEIX npubopo Ha ocHOBe kapOuaa
KpeMHHA npH Gomee BEICOKHX TEMMEpaTrypax H
MOIIHOCTSX, 4YeM mpuOOpEl, W3rOTOBIEHHLIE HA
OCHOBE KPEMHHAL.

B aroit cBs#3m nepeoouepenHOd HMHTEpeC
NpeACTaBnsioT paboThl, HANPAB/IEHHBIE HA PA3BATHE

Vol. 23, No.1, pp.57-64, 2021
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A OCBOGHHE IIEPENOBHIX TEXHOJIOTHH MOIyYEeHHS
SiC, ocobeHHO B dYacTH CHHTE3a MHKDO- H
HAAOpa3MepHLIX TOPOIIKOB 3TOT0  Marepwana,
TIOCKONTEKY TaKHe TIOPOINKE HCIONB3YIOTCS B
Ka4yecTBe yYNpOYHAOmMEeH (a3sl B  PazIHYHEIX
HOKPBLITHIX W SBISIOTCS KOMITOHEHTAMH KOHCTPYK-
OHOHHOX KEpPaMHKH M [ApPYTHX MAaTEepHAJOB,
noTpednsieMBIX B OTBETCTBEHHBIX  H3ZIENHAX
00OPOHHOM B KOCMHYECKOH TEXHUKH.

Jns cuATEe3a MHKPO ¥ HAHOPa3MEPHBIX
nopomkos  SiC  HCHONB3YIOTCA — NIa3MEHHBIE
nponeccsl [1-3], MEKpOBOMHOBOH Harpes [4, 5],
kapboTepMEYECKOEe BOCCTAHOBJIIEHHE KpEMHE3eMa
(Si0,) [6], xmMmgeckoe OCaXIEHHWE H3 TIa30BOH
taszsi [7], 3one-rens Meroz [8] u apyrue, KOTOpHIE
noapo6Ho onmcans B [9, 10].

B  mocmemEee  BpeMs s CHHTE3a
BBICOKOJHCIIEPCHEIX TIOPOINKOB KapOHaa KpeMHHS
BEAYTCs. MCCHEAOBAHHS C HCIONB30BAHHEM MHKPO-
kpemrezema (MK3) [11, 12]. MK3, u3BecTHBIH B
JATEpaType Takke KaKk MAKPOCHIIHKA, BEICOKOMHC-
NepCHAs JABYOKHCH KDEMHUS HITH CHITHKATHBIN JBIM,
SBISIETCS, HApsAy C Tra3o00pa3HOH JBYOKHCHIO
yrnepoga (CO;), omEEM HW3 TIWaBHEIX BHJOB
TEXHOTEHHBIX OTXOJIOB KkapboTepMAYECKOTO
9MEKTPOAYTOBOrO  IPOM3BOACTBA  TEXHHYECKOrO
kpeMHES H (eppocunnmms. braroxaps BHICOKOH
JUCIEPCHOCTH H  COOTBETCTBEHHO  OONBIIOH
YAENBHOW MOBEPXHOCTH YaCTHI B BEICOKOMY COZEp-
xammro B HEX S10,;, cocraBnsmomemy 95-97
macc.%, MK3 wucmonesyercs B kadecTBe H0OABOK
Ans yNydIOeHWs CBOMCTB OeTOHOB, Tak Kak
MO3BOJISIET YBEJIMYHTH WX HPOYHOCTH HA CKATHE,
W3HOCO- H MOP030COCTOHKOCTE [13]. ;

OpmeEMM W3 BaXHEIX W HOBBIX HANPABICHHN
npumMeHeruss MK3 sBisercs ero Bo3Bpar B COCTaBe
OpHKETOB B OCHOBHOE TPOHM3BOACTBO PSHOBBIX
MapoK TEXHWYECKOTO KPEMHHS W TIPAKTHYECKH
moObIX Mapok deppocunuEnus [14, 15], 9To MOBH-
IaeT PeHTabeNbHOCTE W YIIydIlnaeT 3KONOrHYEeCKHE
TIOKa3aTeNTd 3THX MPOM3BOACTB. [lokazaHO Takke,
9TO HCIONB30BAHAE MEKPOKPEMHE3EMa I CHHTE3a
nopomkoB SiC HO3BONAET YMEHBIIATH CTOMMOCTh
TIPOH3BOACTBA M OTKPEIBAET NEPCHEKTHABHI UIA
YIPaBISEMOr0 PEryIHPOBAHNS 3NEKTPOhHIAIECKAX
XapaKTepPHCTHK 3TOro nmpoxyxra [16].

B macrosme# paboTe MpHBEAEHBI PE3yNbTAThI
HCCIIEZOBAHAS KapOOTEpPMWIECKOTO BOCCTAHOB-
nerus MK3 nns cuHTe3a MHKPO- W HAHOIOPOIIKOB
kapOuja KpeMHHS ¢ HIpPHMEHEHHeM MABYX BHIOB
YITIEPOUCTOrO BOCCTAHOBHTENS.

©AxkageMun Hayk Pecnybnuku YabekucTaH, TawkeHT, 2021 r.

II. DxcnepuMeHT U MaTepPHAbI

B xauecTBe KPEMHE3EMHOIO CHIPBS HCIIONB30-
ear MK3, mpexcrasngrommit coboif TeXHOreHHBIE
oTX0Js! npou3BoAcTBa Geppocumrmus AO «Y3bex-
CKHM MeTauTyprudeckuit xombmuary. Mcmomeso-
BaHHLIH MAKPOKPEMHE3eM CORepkuT 95-97 macc.%
SiO, ¢ pasmepamm amMOp(hHEIX YACTHO-TIOOYI OT
~10-20 BM 70 250 BM. Kax # MK3 apyrax npons-
BOJWTENEH TEXHHUECKOrO KPEMHHS H (heppOCHITH-
mus [13], MEKpOKpeMHe3eM, NIPHMEHEH-HEIH Hamy,
oOHApyKHWBAaET CKIOHHOCTH K CIHIIAHHIO OTHCIb-
HEIX MEJIKAX 9acTHI ¢ 0Opa3oBaHHEM KOMILIEKCOB,
BHEINHE HANOMHHAOIMX BHHOIPAA-HBIE IPO31bA
MHEKDOMETDHYECKHX Pa3MEPOB, B COCTaBE KOTOPEIX
00BEeaMHEHE! JECATKA B COTHH Menkux yactany MK3
¢ pazmepamu ~10-40 am [17].

B skcmepuMeHTax OBUTH HCIONB30BAaHE! JBA
THIA YTIIEPOAUCTOrO BOCCTAHOBATEA!

a) He()TIHOH KOKC C COJEpAAaHHEM TBEPAOTO
yraepona C(s) >90.0%, zomul — HE Gonee 0.7% n
Biaard — 1.5-2.0%, BaMepeHHO H3MENBYEHHEIH 10
pazmepoB yactan 0.5-1.0 Mm;

6) Texauuecknit yrnepox (caxa) mapka K-354
¢ pasmepamu gactan 10-200 MKkM # cofepkaHAEM
C(8)=95.0%.

Jns cuHTe3a kapbuaa KPEMHHS HCIIONb30BaIH
meus comporuBinerns Mapka  GAN-150x130/
1500/2500-S (LinnHighTherm). Curre3 ocymect-
BIITA MOCTENIEHHBIM W MO3TAlHBLIM YBEITHYEHHEM
temmeparypsl ot 700 mo 1950°C c BEIigepkKoMH
3 gaca npm 700, 1600 u 2000°C.

®azoBri cocras SiC onpexnensnu Ha aBTOMa-
TH3UPOBAHHOM PEHTTEHOBCKOM JHdpakToMeTpe
XRD-6100 (Shimadzu). Ins momydeHHss peHTTe-
HOBCKHX CreKTpoB ucnons3oBanu CuKa-n3nyderne
C IOCTOSHHOH CKOPOCTHIO BpalIeHHs JEeTeKTopa
4 rpap/MuH ¢ maroM 0.02 rpax B WHTepBale yrioB
26.

CroexkTpsl ~ KOMOWHAOIHOHHOTO  PacCesHHS
HCCIEI0BATH c TIOMOIILIO InViaRaman
cnektpoMerpa (Renishaw) ¢  mpmaMmenerumem

ucrognrka Bo30yxaerus Cobolt CW 532 nm DPSS
7azep C JUTHHOH BONHEI H3NMydeHHS A=532 HM H
Spectrum Stabilized Laser Module ¢ A2=785 am. B
mpoLecce H3MEPeHAH a3epHkli Ty4 GOKycHpoBann
Ha TMOBEPXHOCTH 00pa3UOB B MSTHO AWAMETPOM
10 MxM. OObexTHB ¢ yBenmueHHeM x50 HCHONB-
30Bany s (HOKYCHPOBKH BO30YXHAIOMErO CRETA,
BpemMs Skcno3umuu cocrasisno 10 ¢ WaMepenus
OPOBOAMIIA HA PAa3NUYHBIX yYacTKaX MOBEPXHOCTH
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obpasnos SiC, mpexacraensromedi coboll mmocky
MIOIAAKY C THHEHHEIME pasMepamu 20x20 mm.
Hlna w3yuenrus MopdONOrUE W pa3MepoB Hac-
THI HCHOONE30BANH CKAHHPYIOMHH 3IEKTPOHHBIH
suxpockon (COM). Tlockomexy BHCOKOAHCHEDC-
HeM gacTROaM SiC CBOMCTBEHHO COHNATLCE APYT C
ApYTOM, Kak 310 Habmomaercs y MK3, m obpaszo-
BHIBaTh arlCOMEparhl, AJf TOYHOIO ONpeXeleHHs
PasMCpOB 4aCTHL CHHTE3HpOBaHHIX nopowkos SiC
H HX paclpeflefieHHs 10 pa3sMepaM HCIONE30BaTH
METOJHKY, OCHOBaHHYIO Ha CO3J2HWH BOZHOH Ha-
HOCYCIEH3HHE C MOCTIEAYIOMEM €€ MPOCBEYHBAHAEM
C DOpHEMEHEHHEM [a3epHOTO aHanu3atopa Nano-
SightLM10 (Malvern Panalytical, Great Britain).
Jns sroro cHawana armomeparts gactHy SiC mog-
BEprajli  JHCHEPIHPOBAHHID  YILTPA3BYKOBLIMH
eomHamu gactotol 40 k[ B BoxHOH cpenie, a 3aTeM
TIPOBOJHIH OLEHKY PA3MEPOB OTACHEHLIX YaCTHIL

III. PesyasTaTnl U HX obcy:RaeHHe

Ha pmc. 1 mpemcrasneRm peHTreHOrpaMME!
nopomxoB SiC, momydeHHEEIX xapOOTEpMHEYECKEM
BoccTaHoBnerEeM MK3 ¢ mcnonesosarmem ymoms-
HYTHIX BHIOE YTTIEPOXHCTHIX BOCCTAHOBHTENEH, TO
ecTb, He(dTIHOrO KoOkca (g) ® TEXHHYECKOro
yTIepona B BEze caxH (b).
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KapbH7a KpeMHEHA W3 MHKPOKPEMHE3eMa, MONY9YeHHEIX ©
HCOONL30BaHHEM @) HeTIHOro Kokca, b) Texsuyeckoro
yraepona (cawx®).

ITonokeHHEe peHITEHOBCKEX NHKOB KapOHiaa
KPEMHHS, CHHTE3HDOBAHHOIO M3 MHKDOKDEM-
He3eMa, W HaHgAe TpadrToBOTO KA B 26, 341
(prc. 1) cormacyercs c¢ mammmivm [18, 19]. Tax,
HalHYHE 0HKa, COOTBETCTBYIOINEro rpadHETy,
obsrHO ofycroBneHo W3ORITKOM yriepoaa B
HCXOZHOH INHXTE, YT0, OTHIOOb, HE CHHXACT
KayecTBa MNPOAYKTa, HO 3aTO TapaHTHPOBAHHO
obecneunBaeT NONHOTY BoccraHoBizesms Si0; ¢
obpazosanmen SiC.

OGpazosanune SiC maumnazercs npa 7> 1500 K
TIOCHIE TIIaBJICHHN, HCOAPeHAs B auccomuanas Si0;
¢ 00pa3oBaHHEM IETY4Yer0 MOHOOKCHIA KDEMHHS,
(S10,), xOTOpHIE B3aHMOAEHCTBYET C TBEDARIM YT-
7IepomrCTEM BoccTaroBETeneM C(s) mo peaxmss:

Si0(g) + C(s) = SiC(s) + CO(g).

IlocrosrHCe ypanerue H2 medd o0OOpazvio-
mieiics rasoobpa3Eoil MoEOOKHCH yraepoza, CO(g),
u obecnedesHe H30HTKAZ YITIepoAa Ha YPOBHE,
HECKONBKO TPEBLINAIONEM CTEXHOMETPHIECKOE
COOTHOMIEHHE, CMEIIAIOT PDABHOBECHE YKa3aHHOM
DEakmHH B CTOPOHY NpPEHMVIIECTBEHHOrCe obpaso-
BauEg SiC. OOHapy=xeHO, YTO Ha KHHETHKY
R3AAMOACHCTRAS KDEMHHS C YIJIEPOAOM TIOIOXKH-
TEIBHO BIHSET TAKXKE ONEpalHs NPeABapHTEIbHOH
aKTHBAHOHHOH 00paboTka HeQTIHOrO KOKCa.

H3zsectrro, uto SiC MOXeT HMET: DasIHIHYIO
KDECTAIUTHYECKYIO CTPYKTYpY — Kyomgeckyio B-SiC
(3C-SiC), crabumeryro npEMepHO go 2300 K, a
TaXKe TEKCATOHANLHYIO H  pOMOO3IPHYECKYIO
a-SiC crpyxrypy (2H-S1C, 4H-SiC, 6H-SiC # 15 R,
21 R ® #ap.), crafmmeHyro mpu §onee BHICOKHX
Temnepatypax [20].

TIprBeneHHas Ha pHC. | PEHTTEHOrPaMMa CRH-
meTensCcTBYeT 00 obpazoBaEME kyOmueckoro 3C,
rexcaroHansHoro 4H ® 6H  monmTEnos,
TIPEACTABNSIOMEAX HHTEPEC CPeNH CYIIECTBYIONIHX
bonee 200 mommTEmoB kapbmna kxpemmEms. Ham-
OONEMAH TPaKTHYECKHH HHTEPEC NPEACTABISIOT
nonuTansl 4H, 6H ® 3C, koropeie BCTpeuaroTcs
Hambollee 9acTO W MOIyT OHITE BOCHPOHIBOZHMO
TIOMydYeHbl B BHAE CIHTKOB HIH 3MHTAKCHATBHEIX
caoes. B macTosmee BpeMs NPOMBIIIIEHHEIM CHO-
cobOM  BHIDAIMEBAIOTCE MOHOKPHCTANIHYECKHE
CITHTKHE BCEro ABYX NOMHTHIHEIX Momubmxammd 4H
B 6H [21]. Kak CBHAETENLCTBYIOT pe3yILTATH
PEHTTeHO-TEOPAKUHOHHOI0 AHANK33, HWMEHHO MOo-
matemsl 4H, 6H u 3C kapbuaa kpemmms moryr
OuTh cHHTe3HpoBansl B3 MK3 B BHae BLICOKOAHC-
NEPCHBIX TOPOIIKOB.
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HeoOxoguMO ~ OTMETHTB, YTO  pasHElE
Mogudukanme kpactamios SiC mano ornmEuaroTCs
N0 3AAaYEHWSM MHOTWX TapaMerpoB, Tak Kak
(hakTUgecKH TpPEACTaRNsIOT co0O0H OIWHAKORBEIE
CHOH KPEMHES H YITIEpOAa, TONBKO COCTABIEHHLIE B
HECKONBKO OTNHYHOM MOPAAKE, YTO 3aTPyIHAET HX
HICHTEQWKANWIO N0 NONHTHNY., OTH TPYAHOCTH
NpPEOAONEBAIOTCE MNpPH HCOONL30BaHHH  MeToza
KOMOHHAIHOHHOTO PpacCedHHS, KOTOpEIi I0O3BO-
N%EeT, 3a C9eT CBOSH JYBCTBHTENBHOCTH X
JUTATEILHOCTH KpParHBIX IIEPHOAOB B KpHCTal-
JIHYECKOH pellerke, dYeTKo (HKCHpOBaTb H
pa3nHuYaTh THHEH, COOTBETCTBYIOIIHE ONpelencH- a
HoMy monmETEmy MoHOkpHcTamnoe SiC. Crenyer
TaKKE OTMETHTb, 9TO MeTOj KOMOHHaUHOHHOTO
paccesHHsS MO3BONAET BHIMBATH HATHYHE JaXe
MaNsIX BKIFOYECHHN MONHTHAIOB KapOraa KpeMHHES B 3 =

HCCTEyeMEIX 0bpasmax. ‘ h | "

3

Counts

County

Pacymox 2. CrexTphl KOMOHHANMOHHOTO pacCesHHS

HEeTHIPEX YYACTKOB  CHHTE3HPOBAHHEIX  ITOPOIIKOB
KapOHIA KpEMHHA, MNONyYeHHBIE C HCMONL30BAHHEM

s 650 i
JAW )k = CoboltCW 532 nm DPSS nazepa (A=532 am).

™1 Ha puc. 2 npeacraBneHH CHEKTpPhl KOMOHHa-

Faman 268/ con OHOHHOIO pacCesHus, NONy4eHHHE HaMH IS

OTHENBHBIX 9YETHIPEX YYacTKOB  HCCIeXyeMOoH

| NOBEPXHOCTH CcHHTeadpoBaEEEIX dactEm SiC ¢

§ rcnonszosaareM CoboltCW 532 nm DPSS nazepa
(A=532 um).

s OmpenencHAs TIPHHEAVICKEOCTH

nonydeEHnX Ham® cmextpor SiC x ToMy mmm

EHOMY WONHWTHNY OnIa HCOOAL30BaHA CBOAHAR

mHbOpMaNHs TONOXECHHH JHHEWH B CHEKTpax

T T T T T T T koMOuHanmonHOro paccesHns SiC  pazmHuHBIX

e B B S NONHTHANOB, NPEBeieHHas B Tadmuue [22].

Counls
g

Tabmuaua. [onoxeuus THAEHEN B CHeKTpax KOMOHHALWMOHEHOrO paccesHus KapOHAa KpeMHNs Pa3NHYHEIX MONHTHIOE (B
em™). (Coninkn B 2aronoBKaX CTONOLOB OTHOCATCS K TeM NAHHEIM CTONONA, OKOJO KOTOPHIX CChUIKA HA MCTOYHHK HE
VKa3LIBAETCH ).

Konedarensuas TMomatun SiC
Moza 3C [25] | 4H [23, 24] | 6H [23, 24] | 15R [23, 24]
TA 196,204,266 145, 149, 236, 241, 262, (266 [25]) 167, 172, 254, 256
LA 610 504, 508, (514 [25]) 331, 337, 569, 577
TO 79 776, 796 [25] 766, 769, 777, 788, 797 [25] 769, 785, 797 [25]
LO 972 838, 964 [25] 889, 965 [25] 860, 932, 938, 956
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Ha puc. 3 npeacraeness! cnekTpsl KOMOHHAUMOHHOrO paccesHus obpazos SiC, momydeHHEIE HAMH| C

Hcnonk3oBanueM Spectrum Stabilized Laser Modulesa A=785 am.

193

Counts

r 6 615 953

Counts
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Pucynox 3. Cnexrpsl kombunanuorsoro paccesnus obpasos SiC, nonyuenssie ¢ ucnons3osanueM 785 nm Spectrum

Stabilized Laser Module nasepa (A=785 um).

AHanu3 TmOKAa3an, 4YTO CIEKTPHL, NPEACTaB-
JICHHBIC Ha PHC. 2 ® pHC. 3(a), XOpoWo CornacyrTes
C J[aHHBEIMH, COOTBETCTBYIOIUMMH MOHOKDHCTAN-
JYecKoMy kapouay kpemHus 4H momuTHNE, nmpuse-
JNEHHLIME B TallWme, B TO BpeMs Kak CIEKTp,
m300paxenuit Ha puc. 3(b), cnemyer oTHecTH K
CIIEKTPY MOHOKPHCTAIUIHYECKOro KapOujaa KpeMHHS
6H mnonmtuna. IlomydeHHBIH pe3ynsTaT MOXKHO
o0BCHHETE TeM, [TOo HarpeBaHHe [-hOpMEI 10
temmeparyp cBeime 1700°C mpHBOZUT K MOCTENEH-
HOMy nepexony KyOmuweckoil B-¢opMel B rexcaro-
HaneHyO (2H, 4H, 6H, 8H) u pombuueckyio (15R).

Ha puc. 4 mokazano tanmaaoe C3M m306pa-
’KeHHe rpymmsl yactun mopomka SiC. Bmaro, uto
YaCTHIIEI ITOPOMIKA KapOHa KpeMHHS HMEIOT Helpa-
BHIEHYIO (opMy, ONH3KYI0O K «OCKOIOYHOH», C
ITaAKOH IOBEPXHOCTBIO, HAa KOTOPOH NPaKTHYECKH
OTCYTCTBYIOT TNpH3HAaKH «LIEPIIABOCTHY» IIOBEpX-
HOCTH YaCTHI.

Phots N« 10367 T 159030

Prcynok 4. COM u300paskenie CHHTE3HPOBAHHEIX T10-
POIIKOB KapOuma KpeMHHS.

OcHoBHas Macca 4YacTHI HMECT pasMEphI
HamHOro Mesbme 100 MKM, B TO ke BpeMsl BUIHEI H
OTZAEIBHBIE KPYITHBIE YACTHIBLI, HMEIOIIHE PazMepEl
100-200 mxwM, mx ymcino He mpeBemmaer ~10% ot
ofImero KOMAYECTBa YACTHI. JTH KPYIHBIE YACTHIIBI
MOTyT OBITH pe3yJbTATOM BEICOKOTEMIIEPATYPHOM
arIIOMEPAallHd HECKONLKHX 0Oolee MENKHX YaCcTHIl

Puacynox 5. Tpexmeproe pacrnipeneneane uactun SiC mo
pasMepaM TIpH MCIONb30BAHWH: He(TIHOr0 KokKca
(Bepxnuii CHHMOK); TexXHHYeCKOro yriepoma (caxa)
(HWKHHAIT CHHMOK).
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HITH rpynnsl HadodacTan. [lonTeepxaennenm sTomy
ABNAKOTCA PE3YNLTATHl OLEHKH TPEXMEPHOro pac-
TPEAENEHA YACTHI CWHTE3HPOBARHEIX MOPOWKOB
SiC nmo pasmepam, momyderssie ¢ nmomommsioo Nano
Sight LM10 (puc. 5).

W3 puc. 5 BHAHO, 9TO CHHTEIHPOBAHHLIC YACTH~
bl HMCIOT PasMephl B JOBONBHO [MEPOKOM AHANA30-
re, 30400 am. [Mpu 3ToM pacripesienedue YacTHIL 10
pasMcpaM HMcCT OCOOCHHOCTH, CBS3aHHHIC C Pasin-
YHEM paiMEPOB HCNOIL3OBAHHONO YTTEPOANCTOTO
BOCCTAHOBHTEIA,

Tax, wmusumanenwit pasmep uactan  SiC,
NONYYEHHLIX [PH HCNONL30BAHHA HeDTIHOTO KOKCA
cocrasnsger ~30 HM, @ KpHBAad pacnpeieiieHHs 1o
pasMmepaM JGMOHCTPAPYET pe3kuil nogbeM
MCNCHARI CNajl ¢ HATMYHEM YHacTka, HA KOTOPOM
oTMeuaeTcs HaubOonbINas KOHUEHTPauHs HacTHI C
pasmeponm B auanasone 100-200

lpr ACHONL30BaHAA B KAYECTBE YTIEPOAHCTOrO
BOCCTRHOBHTEIA TEXHHYECKOr0 YIiepoja B BHIE
CakH, WACTHILI KOTOPOH MMEIOT HAHOPA3IMCPH!
MHHHEMYM Ha NOPSJO0K MENbYE HaCcTHI PasMONoTOro
redraHOro kokca, Habmopaercs 3ameTHBIE CHBHC
pasmepos gactun SiC B Gomemryio cropomy, T.e,
MHHHMAIBHEIA pa3Mep YacTHI CHHTCIHPOBAHHOIO
Kapbuna KkpemHHs coctasnger ~80-90 wum, a
pacnpeseNieHHe WacTHI N0 pasmepaM OmEsko
HOPMANLHOMY ¢ HAHOOMLIIHM KOTHYECTBOM YACTHII,
HMEIOUIHRX pasMep B auanasone 150-350 am.

Kax sijHo, pasMepsl 9aCTHI CHHTE3HPOBAHHEIX
nopomkos SiC #3 MHKPOKpPEMHCICMA HMEIOT J0CTa-
Touro Gonsmodt amanason. B [5] myrem xapBorep-
muveckoro BoccraHosnenas SiO; noa peficTBHEM
MHEPOBOIHOBOTO HIMy9eHHs TPH OLICTPOM HArpese
OBUTR  CHATE3WPOBaHH! HAHONOPOWIKK  KapOmaa
xpemuns B-SiC mogudaxanmn. Buicrpeilt Muxpo-
BONMHOBOW HArpes MO3ZBONKN NONYYHTL, NPH ONTH-
MANLALIX YCIOBHAX CHNTE3a, HAHOpPA3MEpHEIE Hac-
THUL! pasmepom ot 10 10 40 BM, B OCHOBHOM KyOH-
geckn#t SiC (B-SiC), B pabore [26] nokazaro, uro
NPEABAPATENEHOE KPATKOBPEMCHHOE H3MEIBYCHHUC
HCXOJMHOR CMECH B WIAPOBOH MENLHHIE H MPAMOMN
CaMOpPaCTPOCTPAHAIOIHACH BEICOKOTEMITEPATY PHEIH
cunTez nopomxoe SiC no3sonfeT NONYYHTH HAHO-
nopowmxs pasMepom yactuy 50-200 am.

Ouesnano, uto cBoficTea Havonopomkos SiC, B
TOM 4YHCAE H pa3Mep YacTHN, 3a@BHCAT OT
NPHMEHAEMOro crnocoba CHHTE3a W HCIOMb3yeMBIX
HCXOAHBIX Marepranon. Kak nmoxasans pesynsTarsl
HALIHX IKCMEPHMEHTOB, kapborepmageckoe
BOCCTAHOBNEHHE BhicokommcnepcHoro MK3 s

@AxaneMuA Kayk PecyBnund Yabewucran, TawkenT, 2021 r.

PE3HCTHBHOH MEYH MO3BONKET CHHTE3HPOBATHL Kak
kyomueckyro B-SiC (3C-SiC), Tax u rexcaroHanLRYIO
a-SiC-crpyxtypy (4H-SiC, 6H-SiC). Tipw arom
pasMep CHHTCIHPYEMBIX HaCTHO MOKET OlTh
YPeryiuposas paiMepoM JacTHI HCXOMHOH CMECH.

Taxum obpazom, n3 NPHBEIeHHEBIX
IKCTIEPHMEHTATBEBIX QAHHLIX CHCAYeT, YTO pasMep
qacTan nopowrkoe SiC # HX rpaHynOMETPHYCCKHMA
COCTAB 2aBHCST OT Pa3MepOB WACTHI MPHMEHACMEIX
YITIEpOMHCTRIX  Boccramomureneit. CooTHRomenwne
pasMCpOB HaCTHI KPEMHE3eMa M VYITIepPOAMCTOro
BOCCTAHOBHTEJIN, & TAKXKE, KAK MOKa3’aHO B Hawmmx
3KkcnepEMenTax, abCOMIOTHBIE pasMephl YaCTHIl
YIIEPONHCTOrO  BOCCTAHOBATCAA  BAHAIOT  HA
ckopocTs  peaxumw  yruepoaa ¢ Si0; m,
CejIOBATENTLHO, HA KHHETHKY oOpazoBanui SiC, a
HAOmMoJaeMoe pasHYHe TIPAHYTOMETPHYECKOro
cocTaBa vacTHN kapOmaa KpeMHHS SBAfeTCH
CEACTBHEM 3TOI0 MPOIECCa.

TMonysennei MOPOmMOK kapbwjaa KpeMHES OT-
HOCHTCH K KJIacCy cMecel HaHO- H MHKPONOPOIIKOB,
KOTOpEIE BOCTPeOOBAHEI B pa3NAYHEIX OOnacTaX
NPaKTHYECKOro NPHMEHEHHA H N0 CBOHM CTOHMOCT-
HLIM TIOKA3aTensM MPEBBINAIOT HEHBl HA TeXHHY9E-
CKHil KpeMHuH | heppocHarIKi, OTXOAL MPOK3BOA-
CTBA KOTOPBIX HCMONL3YIOTCE B KAYECTBE CHIPhA JUIA
AX TIONMYySeHHS. DT0 OOCTOATEABCTBO yKashiBACT Ha
uenecoobpasHOCTh COMETAHHA BHIUIABKH TEXHHYE-
CKOr0 KPEMHHS HIH (EPPOCHIHLHS C NEYHLIM CHH-
Te30M kapOHJa KPeMHHS HA OQHOM NPEANPHATHH.
HeobxomuMo OTMETHTH, 9TO HEKOHIHIHOHHAS NPO-
AyKUER newsoro cuaTesa SiC, B CBOKO O4epenn, MO-
#eT ObITh YCNCWIHO HCHONB30BaHA NPH INCKTPOAY-
rOBOH BBINJABKC ITHTHBIX MApOK TEXHHYCCKOIO
KPEMHHA TIDH TapaNTHPOBAHHOM CHHAKCHHH YIeilb-
HEIX SHEPro3aTPar.

TV. 3akmouenue

KapborepMuyeckuM BOCCTaHOBNICHHEM B ME4YH
CONMPOTHBIIEHHS BLICOKOJHCIIEPCHOTO MHEKPOKpEM-
HeseMa, fnpeicrasisiomero coboff  TexHOTeHHbIE
OTXOAB TPOW3BOACTBA TEXHHYECKOTQ KPEMHHSA H
(HEePPOCHNALIAS, TONYWeHbl HAHO- B MHKPONOPOLIKH
kapOH/a KpeMHHAA.

Ha ocHOBe aHanmmza CHEKTPOB PEHTTEHOBCKOrO
IadpaxTOMeTpa W KOMOWHAUHOHHOTO pAacCesHHA
NONYYeHHBIX IMOPOIIKOB  NOKA3aHo, 9ro M3
MHKPOKpPEMHE3eMa MOTYT ObiTh CHHTe3HpoBaHK 4H,
6H u 3C nonuram xapOua KpEeMERL.

VYcrarosnesa pone «pasmepHoro addexran,
COITIaCHO  KOTOPOMY  pacnpeAcleHHe CHHTE3H-
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POBAHHBIX WACTHLl [0 pa3MepaM 3aBHCHT OT
pasMepoBR HAacTHIl HCIONBIOBAHHOTO YITIEPOAHCTOrO
BOCCTARORWTENS.

BaaroaapHocTs. ABTOpBI BRIPAXKAIOT
OnarofapHOCTh CTapuieMy HayqHOMY COTpPYAHHKY
HBCTATYTA  HOHHO-NNA3MEHHEIX H  Ja3epHbLIX
rexuonoruii AH PY3 K. DramGepiuesy 3a nomounts s

NPOBCACHAN HIMEPEHUH PasMEpPOB YACTHU kapOmaa
KPEMHEA.

Meranauubie

Carbothermic synthesis of the silicon carbide na-
nopowders with using microsilica

B.M. Abdurakhmanov', M.Sh. Kurbanov', U.M. Nura-
liev', V.M, Rothstein’, U.N, Ruziev’

‘Institute of Ion-Plasma and Laser Technologies, Uzbek
Academy of Sciences, Durmon Yoli st, 33, 100125,
Tashkent, Uzbekistan

po proizvodstvu redkikh 1 tverdykh splavov
Almalykskogo GMK, Khaidarov st., 1, 111709, Chirchik,
Uzbekistan

By carbothermic reduction of microsilica, which is a high-
ly dispersed technogenic waste from the production of
technical silicon and ferrosilicon, containing 95-97 wt.%
amorphous silicon dioxide, micro- and nanopowders of
silicon carbide have been synthesized. It is shown that by
this way 4H, 6H and 3C polytypes of silicon carbide can
be synthesized. It has been established that the size of the
synthesized silicon carbide particles depends on the par-
ticle size of the used carbonaceous reducing agent.
Keywords: synthesis, silicon carbide, microsilica, micro- and
nanopowders, silicon carbide polytypes, particle sizes.
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'V.A. Aprdor romupary Hor-muasma sa nasep TeXHoyo-
rustapu wHeTuTYTH, VaGexucron Pecrybmikacn ®annap
akanemuscu, Mypmon iyma 33, 100125 Towxexr,
Va6exucron

*Onmanuk KMK Hommp mMeraniap sa KOoTHLIManap uunad
wukapum Gupnaumvacu, Onvanuk, Va6exucron

Tapkubuna 95-97% ma amopdumn kpemuuit okcnan 6yaran
BA TeXHMK KpemHuil Ba deppocwmmumii  wmmab
YMKapuIza  Xocun  GynamdraH  I0KOpH  AMCHEpCau
TeXHOreH HYHKHHAHW MHKPOKPEMHEe3eMHH KapOoTepMHK
THKNIAL OpPKANTM KPeMHWl KapOMIWHUHI MUKPO- Ba
HAHOKYKYHNAPH CHHTE3 Kunuurad. Ymby yeyn Guman
4H, 6H u 3C nomutirom kpeMHRit kapOuimHu cuHTes
Kt Mymkyrmara kypeariirad, CunTes  KHWIHHTAH
KpeMHMi KkapOnuu 3appanapuHuHr ymuamu
tholijanaHunaran  yraepouny THKJIOBYMM  3appanapHHUAT
pazmepura GOFNHKINIY AHWKJIAHTAH,

Kamur cifsnap: cunres, kpeMemii kapGuam MUKPOKPEMHEIEM,
MHKDPO= BA HAHOKYKYHIApP, kpemusit xapbngu momarurmapw,
aappa yraamnapu,

@Akapemun Hayk PecnyBnuku Ysbekucran, TawkenT, 2021 .
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TlokasaHa BO3MOKHOCTb MOMYHEHUA BbICOKOAMCIIEPCHRIX MOPOMIKOB aMOp(HOro AUOKCHA
KPEMHHUA U3 TEXHOrEHHLIX METATYPruteckuX OTXOMO0B, NPENCTARNAIOUNX co00H oTBANLHEE
UUTAKHA MEENNaBHILHOrO TPON3BOJICTEA W MBUIEBHIHEIE OTXOMLI MPOH3BOJACTEA KPEMHHS I
deppocunuums (Muxpokpemuesema), Onmcan mOCTATOMHO MPOCTOR M IKOHOMHHMHLIN METOX
CHHTE3a ¢ HCIONL30BaHNHeM ofHoro pearenta (hropuna (bndropuna) aMMoHKs) IPU HEBLICO-
kux remneparypax (mo 400°C), CuHTeanpoBaHHbIH AMOKCHA KPEMHHS HMEET BbICOKYIO CTe-
neds 4ucToThl (=99.96%) u sBasgercs aMop(hHBIM, YTO NOATBEPXKAACTCH UAHHBIMK Macc-
CHIeKTPOMETPUM 1 peHTreHodasororo anann3a, MeTonoM nazepHoR KOPPEISILMOHHOMN Criek-
TPOCKONMH NOKA3AHO, YTO PACTIPEAE/eHHE HACTHL 110 PasMepaM B BOAHO cpepe apasercs Ou-
H TPUMOJANBHAIM, JHAMETD arJOMepaTos HacTHi npenmymectsenno 1300 n 5500 um, Taxxe
npucyTCTBYIOT arperathl pasMepoM 130-250 nm. DdibexTusubiil quamerp HacTHL AHOKCHAA
KPEMHHMS YMCHBUIACTCA C YBEIMUEHHEM BPEMEHH YIhTpasBykosoit obpaborkn,

Kinouennte ciona: cunres, (ropuposanme, (TOpHI AMMOHHE, TEXHOTCHHRIC MCTAUTYPrUYCCKHE 0TXO-
JILL, BEICOKOTHCTIEPCHEIE TIOPOIIKH, aMOpP(DHBIN THOKCHT KPEMHHS, PACTIPEIC/ICHHE HACTHLL IO PasMepam,

The possibility of obtaining highly dispersed powders of amorphous silicon dioxide from tech-
nogenic metallurgical wastes, which are dump slags of copper-smelting production and dust-
like waste of the production of silicon and ferrosilicon (microsilica), is shown, A fairly simple
and economical synthesis method is described using one reagent (ammonium fluoride (bifluo-
ride)) at low temperatures (up to 400°C). The synthesized silica dioxide has a high degree of
purity (~99.96%) and is amorphous, which are confirmed by spectrometry and X-ray phase
analysis data, By laser correlation spectroscopy, it has been shown that the particle size distri-
bution in an aqueous medium is bi- and trimodal; the particle diameter is predominantly 1300
and 5500 nm, and aggregate sizes of 130-250 nm are also present. The effective diameter of
the silica particles decreases with increasing in ultrasonic treatment time,

Keywords: synthesis, fluorination, ammonium fluoride, industrial metallurgical waste, highly dispersed
powders, amorphous silicon dioxide, particle size distribution,

THL, BX XAMHYECKOH HEHTPanbHOCTH, HA3KOH Teruio-
NPOBOJHOCTH M JHANEKTPAYECKON TNPOHALAEMOCTH

Bricokomenepcrsiit aMOpQHLIH IAOKCHA KPEM- HAXOMHT MIMPOKOE MPHMEHCHME B PAITHUHLIX OTpac-
Hus (S10;), Gnarosaps pa3ssBuTON [MOBEPXHOCTH HAC-  JIAX NPOMBILIIEHHOCTH [1-6].

I. Beeaenue
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Jobaska Haromopomkos SiO, mo3BonseT yiyd-
IIATh H OPHAABATE HOBEIE CBOMCTBA Pa3/IMYHLIM MaTe-
pwanam, B YaCTHOCTH, MOBKIIIAET JIONTOBEYHOCTS, W3-
MEHSET BI3KOCTh M TEKYyJeCTh KPacoK, JIaKOB, KIIEEB H
repMetakoB [1-8], a B MHIIEBONW NPOMBILIUIEHHOCTH
nobaska HaromopomkoB Si0; B OPOAYKTHI MHTAHUS
TIPEIOTBPAINAET WX KOMKOBAHWE W CIIEKAHWE TIPH TEp-
MooOpaborke [9-12]. M3BECTHO NIHPOKOE MPHMEHEHHE
Haronopomkos Si0; B dapManeBTHIECKOH MPOMEIII-
nerHocTH [12, 13], B mpowsBoACTBe cTekna, abpazu-
BOB, KEPAMUKH, & TAKKE B IPOH3BOACTBE DeTOHA B Ka-
4ecTBe OCHOBHOro kommonenTa [14, 15], moesmmato-
LIET0 €ro MPOYHOCTHBIE W APYTHE 3KCINTyaTaHOHHEIE
XapaKTEPACTHKH, W, HAKOHEN, B DPAZHO3JIEKTPOHHKE
TIPH TIPOM3BOACTBE MMKDOCXEM H  BOJIOKOHHO-
onruueckux kabemei [2, 8, 16]. Cnemyer OTMETHTE,
UTO ONHWM W2 BAXHBEIX HANPARTEHHH NPUMEHEHHS
amoptroro SiO, smiseTcs TPOH3BOACTBO PE3HHOTEX-
HEUgecKHX m3menuit u nnacrtmace [17-19]. [obasnenue
JIUOKCHA KDEMHHS B Ka9eCTBE apPMHUPYIOLIEro Hamo-
HUTENS B CMECH IS TIPOW3BOJACTBA PE3HHE! CYIIECT-
BEHHO MOBBIIIAET MPOYHOCTL H3ENHH H 1O CpaBHE-
HHIO C TEXHWYECKAM YITIEPOZOM 3HAYHTEILHO
YMEHBINAET, HanpEMep, Takol mapaMeTp, Kak COmpo-
THBJICHWE KAYEHWIO LIHH, YTO, B CBOI OYEpPElb, TIPH-
BOJMT K CHIDKEHHIO Pacxofa TOIUIMBA aBTOMOOMIIS
[20, 21].

AMOpP(HEIM ZHOKCH KDEMHHES ¢ YHCTOTOH >98%
B BHJE BHICOKOAMCIEPCHEIX NOPOMIKOB B IPHPOAE
MPaKTHYECKH HE BCTpedaercs. Ero MOKHO MONy4HTH
TONLKO TEXHONOrmYeckuM crmocoboMm. B Hacrosmee
BpeMs Iys mpom3BoacTea amopdroro SiO; MEpOBEIE
POM3BOAMTENH HCTIONB3YIOT: OCAXKIEHAE W3 TPHPOJ-

HOro MHHEPAILHOIO CHIPhS, MHPOr€HHBIE MCETOABL

CHHTE33a, OCHOBaHHBIE HA CKWTAHWA PACTHTEIBHBIX
AcTOYHAKOB Si0; B XUMHWYECKHX COCAHHEHHH — TET-
paxiopuza KpEeMHHs;, aBTOKJIABHYIO I[epepaboTKy
TBEPARIX KPEMHHHCONEPKAIMAX NPOAYKTOB H T.J.
CremyeT OTMETHTB, 4TO OONBEITHHCTBO W3BECTHEIX Me-
TOZOB IIOTydYeHHs mopomkoB amopguoro SiO, 6azu-
DYIOTCS Ha JOCTATOYHO CIOXKHEIX TIpomeccax, Tpe-
OyIOIIMX HCIIONE30BAHMS CIENH(PHIECKOr0 HCXOJHOTO
CHIpbS W NPAMEHEHHS AOPOrOCTOSAINMX PEareHTOB H
obopyroeanms [1, 5, 6, 22].

HzBecTHO, 9TO pasMepHEIE, MOPGHOIOTHIECKHAE H
CTPYKTYpPHEIE XapaKTepHCTHKHE HaHOYACTHI] AMOKCHAA
KPEMHHS B 3HAYATENILHON CTENEHH 3aBHCAT OT METOZA
H YCIOBWE ®X monyderus [1, 5, 22, 23]. B ceoro ove-
pems, cmocob nonydeHus HaHopasMeproro SiO;
CYIIECTBEHHO BIWSET HA CBOWCTBA HANMOIHEHHBIX UM
TONMAMEPHBIX ~ KOMIIO3WIMOHHBIX  MaTEpHANOB H

©Akagemus Hayk Pecny6nuku YabekucTtaH, TawkeHT, 2021 .

nokpeiTEi [7, 10-20, 24]. Tlpr 3TOM 3HAYATENEHYIO
pone urpaer pacnpeznenenue dactun SiO; mo pasme-
pam [22, 23, 25]. B cBs3u C 3TWM WCCNEOBARNS, Ha-
TpaBleHALIE HA Pa3paboTKy yNpaBISeMOro CHHTE3a
nopoukos Si0; ¢ 3aAaHHON AUCIEPCHOCTEIO H YHCTO-
TOM, mprOOpeTaoT 0cO0YI0 aKTYalIBHOCTS.

B nannoii paboTe ONMCaH CPABHUTENEHO TTPOCTOM
H 5KOHOMHYECKM 3({EKTHBHLIA METOH TOITy4YEHHS
NOPOIIKOB BEICOKOAMCIEPCHOTO aMOp(hHOI0 JHOKCH-
a KPEMHHS W3 TEXHOTEHHBIX OTXOIOB psifa MeTal-
IIypragecKuX npou3BOACTB PecryOmuxu Y36exucras.
OtMeTHuM, 9TO HCIONBE30BAaHHE B KAUECTBE HCXOAHOIO
CHIPbSl TEXHOTEHHBLIX OTXOJOB OTBEYaeT TPeOOBaHHIM
pecypcocOepesxeHds ¥ 3KONOTHH, TaK KaK WCIOIE30-
BaHHEIA B HacTOsIIeH paboTe MAKPOKPEMHE3EM SBIT-
eTca KPyHNHOTOHHAKHEIM BHAOM OTXOXOB KPEMHHERO-
ro ¥ (heppOCHIMIHEBOro IPOU3BOACTE, a obbeMsr oT-
BAEHLIX IIIAKOB T'OPHO-METALIYPIHYECKOro IpOH3-
BOJCTBa COCTAB/SIOT B HAWIEH CTPaHE HECKOJIBLKO Ae-
CATKOB MHJUTHOHOB TOHH.

II. Onmucauue 00BEKTa ¥ METOJOB MCCJIEA0Ba-
HuUs

B kauecTBe HCXOIHBIX MaTepHanoB ObUIH HC-
MTONBE30BAHEl OTBANBHEE NUIAKH MECTTIABHILHOIO
nporzsoactea AO  «AnNManbIKCKHE ~ TOpPHO-
METaUTypraveckdil KOMOMHATY ¥ MHKPOKDEMHE3EM,
HpPEeICTABIAIOMAN cO00H MEUTEBHAHBIE OTXOAHI TPO-
u3Boacrea (eppocunuums Mapka ®C65 AO Vamer-
KOMOHMHar.

Hns CcHHTe3a BLICOKOJHCIEPCHBIX  YACTHI]
amMopdHOTO IWOKCHAA KPEMHHS HCIIONB30BanH (To-
PHDPYIOLIWH peareHT — KpPHCTANIWIecKAd (TOpHA aM-
morus (NH4F) wim Gudropun ammonms (NHHF,).
@OTOpPHEPOBAaHHEE OCYINECTRISUIA HA YCTAHOBKE CHENH-
aNbHO pa3paboTaHHOM KOHCTPYKLUHH C PEaKTOPOM H3
HHEKeJeBoro cruiasa. (s pasgenenus # cbopa mery-
9EX TPOAYKTOB NPAMEHSITH KOHJAEHCATOP, W3rOTOB-
neHHBM u3 Hepxaseromed cranu 12X18HI10T. ITo-
TIIOLIEHHE Ta3000pa3HOr0 aMMHaKa OCYIIEeCTBISIH B
cocyze c Bogo#, a perenepaumio NH4F (mma NH,HF)
B HCIIApHTEIE.

BriOpaHHEI TEXHONOIHYECKHH MpoLecc MOly-
YyeHUWs BhICOKOAHCHepcHRX uactun Si0, sBusgercs
MHOTOCTYTIEHYATHIM, HO COCTOMT H3 TPOCTHIX, TMOA-
HArOIIEXCs KOHTPOIFO omepanwi. CHawana HCXOTHOE
CEIpLE — OTBABHEIE [ITAKH MEAEIIIaBAIBHOIO IIPOH3-
BOJICTBA WM MHKPOKDEMHE3eM, Ccrekaercs ¢ (Qropu-
Z0M aMMOHHES pH TeMueparypax 90—180°C ao obpa-
30BaHHA IIOPOIIKOOOPa3HOro MeKa, 3aTeM MONydeH-
HEIE CMECH (PTOPAMMOHHMHEIX COeAUHEHM# S1 0Opa-
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BareBaloTes MpR Temneparypax 320-400°C o cy6-
NHMANMOHHOIO OTAC/CHHR TeKcaTOPCHNHKATA am-
wonnsa (NHy);SiFs cornacro peaxuus (1):
$i0,+6NH F=(NH, ), SiF,+4NH,+2H,0. (1)
Jina BAEneHHs NOPOLIKOR AMOKCHAA KPEMHHR

nposoaures ruaponusauns (NHs):SiFs non aefictsn-
emM ammuauHoi Bogs (NH4OH):

(NH, ), SiF, +4NH OH=Si0, +6NH F+2H,0. (2)

ITpr ewnapuBannm BogHoro pacreopa NH.F
KpACTAIUTH3YeTCH B OH(TOPAR aMMOHES COrNacHo pe-
BKIAH:

2NH,F=NH,HE, +NH, , 3)

KOT‘OpHﬂ BO3BPAIIACTCA B HAYAIO TEXHONOIHYCCKOro

MPOLECCd, TO €CTh pacTBOP PTopHAa aMMOHES Mocae
oraenerus Si0; Wcnonk3yeTcR UIA  pereHepalyH
trdropuaa amvorus NHHF,.

Jlns u3ytienns MopdONOrHE B Pa3MEpPOB HACTHI
NIOMYHEHHOrD JHOKCHAA KPEMHEA HCNONL30BATH NPo-
cBeunBatOmmMil  anexTpounnii  mukpockon (T1OM,
LEO-912 AB (Zeiss, I'epmanns), ysenmueHne a0
500000x, paspemenne m3obpamenms: 0.2-0.34 mm,
obnacrs ocsemenns: 1-75 MxM, obnacts W3MepeHHsA
JHCprun Heynpyroro paccesaua: 0-2500 3B) n cxa-
HHEpYIOmKH anexTponrkidl Muxpockon (COM, SEM
EVO MA 10 (Zeiss, 'epManus), IMANA30H H3Mepe-
uuit naHeliEbX pasvepos 20-2000 anm.

ARanE3 XEMAYECKOTO COCTARa HCXOAHOTO CHIPhS
H CHHTE3MPOBAHHLIX MMOPOUIKOH AHOKCHAA KPEMHHI
NPOBOJHNN HA MAacC-CHCKTPOMETPE C HWHAYKTHBHO
cessannoi mnasmod ICP MS 7700 ("Agilent
Technologies International Japan, Ltd", Snosms)
esrpansHoi naboparopun INockomreonoruu PYs

Penrenodazorwit ananus (POA) 6w sumonuen
Ha penTreHoBckoM JmbpakTomerpe JIPOH-4-07
(HITO "Bypesecranx", C-Tlerepbypr, Poccus) B or-
¢unerposasroM CoKo-#3nydeHns NpH reoMETpHH
cheMkH Bparr-Bpesrano. [indpakrorpammsl persct-
PHPOBANH ITPH KOMHATHOH TEMICpaType B IHANa30He
yraos 20 or 10 mo 70 rpax ¢ marom 0.05 rpax u
sxcozHIEed B Touke | cex. B kadecTse noMTOKKH
HCIIONB3IOBANH CTEKNAHHYIO KIOBETY.

IUts mccnieioBaHAl paclupelesieHHs YacTHU o
pasMepaM MOoNyYeHHBIX 00PasuoB JAMOKCHA KPEMHES
B BOJHBIX CYCNEH3HAX WCMNONB3OBANE NA3epHBIl H3-
nysarens Zetasizer Nano ZS («Mansepa Wacrpy-
smenrc”, BenmukoOpuranns) ¢ yHEBepcantHOl sueil-
ko#i ZEN1002 u pymunoit sonssl A = 633 HM # yrioM

paccesuns 13 1 176°. Tounocrs onpeaenenns pasme-
POB HACTHI H BOCHPOH3BOAMMOCTH COCTEBIAKOT
#(1-2%). Cycnenzum 0oGpasuoB CHHTEIHNPOBAHHOIO
IHOKCHIA  KPCMHHR  3@/laHHOH  KOHUEHTpauuH
(C=1 macc.%) roToRRIKH HA ACHOHA3ZRPOBAHHON BOJE
C HPHMCHEHHEM YNETPa3BYKOBOrO JAMCHIEPrHPOBAHHS
(romorenmsarop Sonopuls HD 2040, Bandelin,
20 xI'n, 80 Br). /Ina nposeacHrs u3aMepernii n obpa-
GOTKH NOIYHCHHBIX PesyabTaToB Obila HCIOIBL3OBAHA
KOMTEBIOTEpRAA mporpamma ¢pupmsl Mamsepn Mncr-
PYMEHTC, JOMyCKas, WTO YacTHIL! ABISIOTCH CchepH-
YECKHMH.

III. OnucaHne ¥ aHATH3 PE3YILTATOB

L1, XapakTepHCTHKH MHKDPOKDPEMHE3IeMa

MEKpOKpeMHe3eM SBAKETCH KPYTTHOTORHAKEEM
OTXOJOM TPOH3BOACTBA TEXHHYECKOrD KDPeMHHA H
(deppocunuuus [15] ® npexcrasnger coboit koHaeH-
CaTel MapoB MOHOOKCHA xpemuns. Ha puc. 1 noxa-
sagnl [IOM-r300pakeHns MUKPOKPEMHE3EMa, MOTy-
YeHHBIC MpPH Pa3HLIX YBEJTHYEHHAX, MPEACTABINIO-
urero coboii mbUTEBbIe OTXOb! MPOR3BOACTEA (eppo-
cammrs DC65. W3 pucyHka BHIHO, YTO YacTHIMR
MHAKPOKPEMHE3eMa HMeiOT ceprueckyio  Gopmy.
Cpenan#i mramerp gacTHu-rnodyn cocrasmer 100-
200 mm.

Pucynox 1. IT3M usofpakeriiie MEKPOKPEMHE3EMa KAK
HCXOAHOro chipsa ¢ Macwrtabom: @) 200 un; 6) 100 mm,

TaGauua 1. Xavuveckuil cocras (%) MEKpOKpeMHesema,
teppocimuuus OCES5, nponzsonctea AO «Vamerkombu-
HAT»,

Si0 F
94.86 1.87

Ca0O Na
0.51 0.24

K;0

1.83 0.26

B Tabn. | npHBeAeHB! PE3YNLTATH AHANM3A XH-
MHYECKOTO) COCTABA MHKPOKpEMHe3eMa, OTKY.a cie-
AYeT, 9TO AaHHBIH HCXOAHBIA MATEPHaN COCTOHT Ha

DAxanemun Hayx Pacnyfinuen Yabexucrad, Tawsent, 20211



68 B AGgypaxmanos M KypGaHas C TynaraHos M 3pHasapas 1 Anapuiiko A Mapunud A Llesuerko

94 macc.% ©3 AHOKCHAA KDEMHHS, a OCHOBHEIMH
npaMecsmu sensrorcs Fe;0O; (1.87 macc.%) 2 ALO;
(1.83 macc.%)

IM1.2. XapaxkTepHCTHKH OTBAaJbHBIX [IJIAKOB
A0 Ammansixexuii TMK

B Ta0n. 2 mpeacTaBleHEl Pe3YNLTATH XEMHYE-
CKOTO 3HANH32 HCXOMHBIX OTBATLHEIX INNAKOB, C pas-
Opocoa cocTaBa MO HECKONBLKHEM Ipo0aM, H TOIBKO
TEX 3MEMEHTOB, KOTOPhic OONBIIE BCErO COAEPKATCH
B HCXOZHOM MatepHane. Kak Bagmo =3 Tabm 2,

KpEMHE3eMHAas YacTh OTBaNbHOIO IITAKa COCTARMISET
1o 40% ot Bcero 00BeMa, a ee OT/ielIcHHe MO3BONSET
TIONYYHTE KOJUICKTHBHEIH KOHICHTPAT LHCHHEIX KOM-
norenToR. [lepepaboTka KOMIEKTHBHOIO KOHIEHTPA-
Ta C UeNLO MONYYeHH XKele3a, OnaropofHLX ® pef-
KHX METAlJIOB MOXET NPOBOMHTLECS NPHHESTHIMH B
METaITyprud CIOCODaMH W SBAMeTCS OTAENbHOH Te-
MOM HCcneaoBaHus. B paMkax AaHHOW paboTal oc-
HOBHOC BHEMAHHE VACJICHO MONY9YCHHIO BRICOKOXHC-
nepcHLIX mopomkos amopdroro Si0;.

Tabamna 2. Xunugeckuii cocras (%) orsansex mnaxos AO « Anvansikckail TME?

Ca0

Cu

MgO Zn

298400 30.7-41.4 4260

1.8-2.6

00609 05-13 09-1.2

Jns obecnegenns 3(heKTHEBHOTO B32EMOIEHCT-
BHS HCXOZHOIO ChIpbdA ¢ QTOPHPYIOIMHM PEareHTOM B
TEeXHONOTHIEeCKOM TIPOLEcce OTBANLHEI OINaK ¢ pas-
MEpOM TaCTHI B HECKONBKO MHITHMETDOB NpEXBa-
PHETENBEHO OB H3MENBYEH A0 Pa3sMepoB SacTHL 75—
400 mxM.

II1.3. CuHTe3 BLICOKOQHCTIEPCHBLIX YacTHIl JH-
OKCHAR KPEeMHHS

Mopdonoraro noBepXHOCTH NOPOIIKOB JHOKCH-
Jla KpeMHH4, ONyYeHHbIX 0 peakuu® | ® 2, Hccie-
JOBANE METOAOM CKAaHHpYIOMEH (pacTpomo#) 3mex-
TpoEHOH MuxpockomuH (COM). Ha prc. 2 mokazaso
COM wuz00pakeHHe CHHTE3HPOBAHHEIX MOPOIIKOB
S10,.

e
Tow TFal02

l'r——’l WO+ S5om Som v v 20408

Pacysox 2. C3M muzobpaxedie CHHTEIHPOBAHHEIX TO-
poukos Si0,, MoIyYeHHEIX W3 OTBANLHLIX IUTAKOB METHO-
ro npomssozxcrea Amvamsikckoro MK

BHJIBO, OTO OCHOBHAd HaCTh HAaCTHILI THOKCHIA

KpeMHES 00pazyer arnoMeparhl MyTEM CRS3LIBAHHS
HECKONMLKHEX OTJETBHBIX JacTHN. ArmoMepamns dac-

SAxanemus Hayx Pecnybnusu Yabexucran, TawxenT, 2021 1.

THI MOXKET TPOHCXOXHTH KaK 3a CYeT BaH-Iep-
BaalLCOBEIX NPHTEKEHHH, TaK H ADYIHX OTHOCH-
TensHO cnabux B3ammopedcrem# [22, 23, 29]. Ilpm
3TOM HCXONHBIE YaCTHIE COXPaHSIOT CBOIO (opMy H
pazmep.

KoppekTHoe onpefeneHue pasMepoB OTAEIBHEIX
YacTHI B JaHHOM Ciygae HEeBO3MOXKHO H3-32 J0CTa-
TOYHO BREICOKOH CTENEHH WX ariOMEpalHH#, XOTOPYIO
yOearTenbHO HINIIOCTPHEPYET PHC. 3.

Ha puc. 3 mMOXHO yBHACT: MOpDONOrHI mO-
BEDXHOCTH MOPOIIKOR B BHJAE Da3BHTOH IIOPHCTO-
BONOKHHCTOH CTPYKTYPHEl H 32METHTE H3MEHEHHE
KOHTpacTa penbeda IMOBEPXHOCTH 33 CYET HEOHHO-
POIHOCTH CTPYKTYDHI arlIoMepara.

= = ™ ;
3 - =

Purcysok 3. COM u300paxesie NOBEPXHOCTH CHHTE3HPO-
panHeX nopomxos Si0; NOTYUSHHEIX W3 OTBANLHEIX
IINEKOB MEJHOro npom3BoAcTsa Anmamsikckoro MK,
AEMOHCTPHpYIOIIee MOPHCTO-BONOKHICTYIO CTPYKTYpY ar-
JIOMEpaTa HACTHIL

®DTopEpOBaHEE HCXOAHONO ChIphi (QTOPHAOM
amvores NH F (mam OrdropuaomM amMoHES



CuHTES BICOKOAMCNEPCHIX NOPOLLKOB amopgHoro guokcuaa KpemHus ...

69

NH HF;) conpoBoxaanock BhiIENeHHEM Temia, uro
CBHJETENLCTBYET O MPOTEKAHAM H5K30TEPMHUYECKOM
peaknen. [Ipy nposesenun sxcrepuMeHTa peakius
(1) maummanace npakTuvecku npu mrasiesus NHyF
W JIOCTHTANa MAKCHMAaNbHON CKOPOCTH MpPH TeMIepa-
type 170°C. Tax xax peakumun xeapua ¢ NH4F B 3a-
BHCHMOCTH OT CTeneHn xpuctammagroct Si0; mpo-
TEKAIOT B PA3NMUHBIX TEMIIEPATYPHLIX HHTEpBANax,
MENKOAMCIEPCHEI  aMOp(HLIE MHKPOKpEMHE3EM,
Kak TMOKA3alli TPOBEJCHHbIE HAMM 3SKCHEPAMEHTEI,
HauuHaeT propuposarses npu S0°C.

Brut nposenien TepMoauHaMEYecKui pacuer pe-
axuue ¢ropaposanns S10; (1). Ucxoausie nanabie
s sHTansnui H, sutponnu S M TENIOEMKOCTH BXO-
ASUMX B PEAKIMIO BEMECTB NMpU Temmeparype 25°C
(298 K) Obua BaaTh! U3 [26] u npuseaeHs: B Tadm. 3.

Hamenenune crobopmoit sueprum I'm66ca npu
remueparype 7' paccarThIBATOCH 10 hopmyte (4):

AGr= AHy - TAS (4)

Tabmuua 3. TepMoauHaMuUecKue XapaKTEPHCTHKH BELIECTB, YHACTRYIOUMX B peakuuy (1) npu remneparype 298 K.

BewmecrBo | AH 0, kIbi/Mons | AS%y0s kc/MomsK AGaog 08 JIx/MoOnB K
Si0, -906.000 43.500 -852,215 44.630
NH.F -463.900 72.010 -348.778 65.310
(NH,),SiF, -2691.700 280.430 —2375.352 228.430
H,0 -241.980 188.850 ~228.758 33,599
NH; -45,804 192,338 -16.290 35.590
NH,HF, —-800.000 115.600 —647.748 106.760
NH,OH -361.513 165.561 ~254,403 165.670

B tabn. 4 npuseaens! peayneTars! pacuetoB AGy NpH pasiudHLIX TEMIEPATYpax s ABYX peakumii,

Tabsmna 4. 3uauenns ceobomuoit sneprun ['mb6ca AGy npy paznutHbIX TEMIepaTypax

T.K { 298 500

]

600 | 700 [ 80 [ 900 [ 1000

Si0,+6NH,F = (NH,),S1Fs+4NH;+2H,0

AGy, x][x/Moms ] 46.85 I -50.26 | —-145.52 | -240.80 I -336.11 I —43],441 -526.79 | -622.16

Si0,+3NHF = (NH4)QSiF6+NH3+2HQO

AGr, kli/moms | -52.59 | -99.00 | -143.63 | -187.59 | -230.98 | -273.89 | -316.38 | -358.49

800 1000
T(K)
Pucyrok 4. 3aBucumocts cBoGoaHOi 3Heprun Tub6ca or
TEMITEPATYPBI JUIS PeaKiuii;
1) SiO+6NHF = (NH,),SiFs+4NH3+2H,0;
2) SiOy+3NH4F = (NH,),SiF¢+NH3+2H,0.

600

400

Kak BuaHo w3 puc. 4, ceoboauas sueprus 'nb-
Gca ¢ pocToM TeMneparyphl i NEepBOH peakuuy mna-
JlaeT CHIbHee, HeM JUIS BTOpoi peakmmw. Jlna peax-
uan (1) npu 7 =347 K usmenenue sneprian ['n66ca
PABHO HYJUIO, T.€. TIPH 3TOH TeMmepaType yCTaHaBJIx-
BACTCA PABHOBECHBIH cocTaB ra3oBol (asel nmpouecca
tropuporanw.

Faaponusanus rexcadpTopcHnnkara aMMOHHS 110
peaxunn (2) TPOMCXOMNT NPH KOMHATHON Temmepa-
Type B AG3==9.435 xJlk, a ¢ NOBLILIECHHEM TeMITe-
parypsl 3nayenne AG yBenHIHBAETCH.

Baaumopneticrene kpemuesema ¢ NH4F m mpo-
necc cybnumManun o peakuwn (1) mo3BoMHIE mOMy-
ynThk  rexcadropcunmukar  ammonus  (NHy),SiFg,
HMEIOUIMHA, KaK MOKa3al Macc-CIeKTPOMETPHHECKHit

@AKagemus Hayk PecnyBnuku Yabekucrad, Tawkenr, 2021 r.
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aHam|3, BHICOKYIO gHCcTOTy. CozmepxaHue mpumMecei
Fe, Al, Zn, Mg, Cu u psaja OpyrExX METamIoB, HeE
upersmaer 1072-107 mace.%.

ONeKTPOHHO-MUKPOCKOIMHUYECKHE HCCIEIOBAHHS
nokazanu (puc. 5), uro (NH),SiFs npeacrasnser co-
G0l KpHCTAUTHYECKHE MHKPOPa3MEpHLIE arperarsl B
BHJE TIACTHH, TPYOOK W BOIOKOH pasMepoM OT He-
CKONBKHX JECATKOB HAHOMETPOB IO AECATKOB MHK-
POH.

Detectis « S84

e thay e SR WY . 3000w

Pucynox 5. COM usobpaxkenne nosepxHocTu rekcadrop-
CHIITMKATa aMMOHHSL.

CunTes wactun amopbhsoro Si0; ocymecTsisH
no peakmuw (2), wra atoro (NHy),SiFs obpabarssamu
aMMHAYHOH BOJOH ¢ KoHHeHTpammed 10-25% mpu
pH 8-9 n temneparype 25°C. Ilpu Takux ycnoBusx
yAaeTcs onTEManbHO ocaxjaatk Si0,, Tak kak mpH
HCIIONB30BAHNH DPAacTBOpAa C KOHIEHTpAauued MeHee
10 macc.% obpasyerca rycras macca SiO,, xoropas
TPyAHO (DHIBTPyeTCs, a NPH MOBHILNEHHH KOHIIEH-

amaw Oonee 25 mace.% ymerbmaercs Berxon Si0;,
TP Y

9TO OTPHULATENBHO OTPAXKAETCS HA SKOHOMHYECKOM
3¢ deKTHBHOCTH NPAMEHEHHOH TexHonormd. Ilocnie
¢buneTpanum otaenenneM w3 pactBopa (NHy),SiFs,
TIOITy9aeM BHICOKOAUCHEPCHEIH IOPOIMIOK aMOp(hHOro
Si0; wumcroroit 99.96% mo aaHHEIM  Macc-
CIEKTPOMETPHH.

Heobxomumo ormeTETh, uTO 3ddeKTHRHOCTE
mporecca amvEagHoro ragponusa (NH,),SiFs mo pe-
axiuy (2) 3aBucHT OT paga daxropos. Ha koneunsii
pe3ynbTaT BIHAIOT W KOHLUEHTPANHs dMMHaKa, H
OPONOIDKHTENEHOCTE Mponecca. [IpOBeieHHEIE 3KC-
IIEPHMEHTEI [IOKa3alH, YTO HAWIYYIIAE PEe3yIbTaThl
oo nonHoMy mnpeBpameHmio (NH,),SiFs B mmoxcup
KPEMHWA TIPH HCIONB30BAHAH B KAYECTBE HCXOJHOIO
KPEMHE3EMCOAEPIKAUIETO CHIPES TEXHOIEHHEIX OTXO-
JIOB METAILTyPIHH MOTYT OBITH ZOCTHTHYTHI IPH KOH-

©Axkaaemus Hayk Pecny6nuku YsbekucTaH, TalkeHT, 2021 r.

nenrpauun amMuaxka 20% ¢ TPOZOIKHATENLHOCTHIO
npouecca He Meree 0.5 u. IIpu stom obecneunraroTr-
ca crabWTLHOCTE XOfa mpouecca W mphemeMas
¢bmneTpyemocts gactan Si0,. Ha xagecTBo xoHEwHO-
TO TIPORYKTA BIHSIOT TaK)XK€ MPOMBIBKA OT(HHILTPO-
BaHHOW CYCHEH3HH IWCTHIUIMPOBAHHOH BOJOH C Me-
XaHHYECKAM IEPEMENIHBAHAEM H BHICYIIMBAHHE O
TIOCTOSHHOTO Beca.

Bruto m3y4eHO BIMSHHE 3HAYCHHH KOHIEHTPA-
IOWH PACTBOPOB TeKcadTOPCHIHKATA AMMOHWS HA
CBOMCTBa CHHTE3UpyeMbIX yacTun Si0; mpu Hemomis-
30BaHHH MEICIUIAaBHIBLHAIX OTBANBHBIX LITAKOB B Ka-
9ecTBE KPEMHE3EeMCOAEpKamero Cceipbsd. s 3TOro
6rutE puroToRNeHE 3, 10, 20 w 30 Mace.% KoHIIEH-
Tpamun (NH),SiFs, H3 KOTOPEIX NpPH YKa3aHHBIX
BEHIIE TEMIEpaTypaxX NPOWCXOAHNI CHHTE3 YAaCTHI
Si0,. Tlokazarenu H3BIEYEHHS MPOAYKTA TPH 3THX
KOHIEHTPaNHAX MPHBELEHEI Ha pHC. 6.

1004{ 98

CiNH,,2SiFg (%)

Pucynok 6. VM3enedyenne THOKCHAA KPEMHHS NP Pasiuy-
HBIX KOHIEHTpauusx rexcadTopcuimkaTa aMMOHHS B pac-
TBOpE.

Kak BuzHO U3 puc. 6, HauboNbIIee H3BIEYCHHE
Si0,, parHOe 98%, mOCTHTAETCA NMPH KOHLEHTPALHH
3 macc.%, koropoe ymensmaercs 1o 75 mace.% npu
kornernTpamuy 30 Macc.% (NH,4),SiFs. Takum obpa-
30M, yBenmdenne koHnentpammd (NH,),SiFg B pac-
TBOpe TpH ruapomuse B 10 pa3 MpUBOIMUT K YMEHB-
IIEHHUIO BeIXoAa mopomkoB Si0; Ha 25%.

Ha puc. 7 npezacrasnens! AupakTOrpaMMel
aMOp(hHEIX MOPOITKOE AHOKCHIA KPEMHHS, MOMyIEH-
HBIX W3 OTBANBHLIX IUIAKOB MEJEIUIaBHILHOrO MpOo-
u3BOJICTBA (KpHBas /) W W3 MHKPOKpPEMHE3eMa Ipo-
u3BoAcTBa Geppocumunus (kpusas 2). O6mum s
obenx nudpakTorpamMM ABIAETCH HATHIKE LIHPOKOTO
raio B paore 20, 20 rpaj., #3-3a OPHCYTCTBHA B 00-
pasme peHTreHoamopdHOro Matepmana (pHc. 7).
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Cremka obpasua mopomka JHOKCHAA KPEMHHMS, MO-
TYYEHHOr0 H3 MHKPOKpEMHe3eMa, jJana HEecKONIbKO
pedutekcor, oTBevMalOIMX KpACTAITAYecKol (aze
HescHO# npupoms! (puc. 7, xpusas 2) [27].

100 20 % 40 B & 7
26, rpaa. Co Ky

1500

Le-1

g 8§ 8

Pucyrox 7. JJudpaktorpaMmbl aMop(HLIX MOPOLIKOB M-
OKCHJIA KPEMHUSA, MONYHEHHbIX U3 OTBAJIbHLIX ULIAKOB Me-
JICIIABMITLHOTO NPOM3ROACTEA (/) M MHKpOKpeMHesema
nponssoxcTea peppocumuns (2).

Pacmpesenenne 4acTiil Mo pasMepaM CHHTE3H-
POBAHHEIX TOPOLIKOB IWOKCHAA KPEMHMS HCCIeno-
BATA METOJIOM Na3epHON KOPPENAUHOHKON CHEKTPO-
ckormuu (JIKC), koropeiii 6a3mpyercs Ha H3MEPEHAH
CTHEKTPATLHEIX XapakTEPHCTHK HHAYLUPOBAHHOIO
MOHOXPOMATHHECKOTO KOTEPEHTHOIO WATYHEeHUs Mo~
clie ero MpPOXOXKAEHHS Hepes XKAJAKOCTE C BOAMOXKHO-
CTBEO pervcrpanuu dacruy ¢ auamerpom or 2.0 jo
10000.0 mm, Bxonsmux B ee cocras [28].

JmaMerp wacTHILl, MOMYHYEHHBIH C TTOMOLIEIO
verona JIKC, sendercs CpejHHM I'uapoJHHAMHUE-
CKMM JIHAMETPOM, TO ECTh AHMETPOM YACTHIk! [LTIOC
TomumHa AsoiHoro cios [23, 28],

Yepennernoe 3Ha9eHAe pasMepa TacTHIl MOXHO
OUCHATH OTHOCHTENLHO WHTEHCHBHOCTH Mo topmy-
ne:

d,=3 Nd /|3 Nd;, (4)
OTHOCHTEIIBHO YUCITa JacTHL
dy=%Nd I3 N, (5)
/ 1
obsema yacrun (M Macckr)
d, =Y Nd'lY Nd}, (6)
1 1

Hns nonmaMcnepcHEIX CHCTEM 3TH MAPaMeTphl
YAOBNETBOPSIOT HEPABEHCTRY dy <dy <.

Meron JIKC, nocne nepecyera HCXOZHBIX JaH-
HEIX C TOMOMBIO COOTBETCTBYIOIMX MPOrpamMM,
TO3BOJISET BCECTOPOHHE OXAPaKTepH30BaTh CTPYKTY-
py cycnensuit nuporennsx okcuaos. HauGonee non-
Hyto uadopManaio 00 AX CTPYKTYpe MOKHO NOTY-
YUTh U3 PACNpeeNCHIs YaCTHLL O pasMepy OTHOCH-
TeNLHO uX Konmuyecrna (N), obwvema (V) u uaTeHCHB-
HOCTH paccessHHOro ceera (/). B pacnpepenermax
qacTHI OOBMHO MBI HAOMIOAANH HECKONBKO MMHKOB,
COOTBETCTBYIOIIMX MEPBUYHLIM yacTauaM (5-50 am)
u oxromy unm Gonee euaam arperatos (50-500 am)
u arnoMeparoe (>1 Mim) (22, 23, 28-29],

Kpusele pacnpepeneHus 4acTHl 1o pasMepam
(puc. 8) mpuBeACHBI OTHOCHTGIBHO HWHTEHCHBHOCTH
paccessHus crera, oOBeMa WACTHIl M WHCIA YACTHII.
Bcee atu pacnpeieneHus UMEIOT XapakTep He MeHee
BGumopaneHOrO M cocToAT Kak u3 arperaros (130-
250 mMm), Tak u armomeparos (quamerpom 1300 mm u
5400-5500 mm). IMepruvnsle wacTHuEl He HaGmOA-
IOTCA.

IMockoneky METOA YILTPa3BYKOBOrO AMCHEprH-
POBAHUS ITHPOKO NPHMEHSAETCA ¥ HMeeT GONbIIyIO
3 PEKTHRHOCTE 110 CPABHEHHIO C MEXAHUHCCKUM T1e-
pemeinABanneM, OH Owil m3bpan g pemeHus 3aaa-
YW Pa3pylIeHust BTOPHYHBLIX CTPYKTYP B CYCHNEH3HAX
[30].

Veenuuenue BPEMCHH YILTPasBykoBo# obpa-
GoTkm BOAHEIX cycrmen3mii 00pasnoeB IROKCHAA
kpemuHs oT 1 a0 25 mun npm wacrore 20 xI'n ma
XapakTep pacnpefeNeHHs WYacTHL [0 pazMepam
CylecTBeHHO He Bimger (puc. 8), Do ceuperenser-
BYeT 0 (OPMHPOBAHMH [JOCTATOYHO IMPOYHKIX ArIIO-
MepaTOB MHKPOHHEIX PazMepoB, 4TO, 1O BCEH BH/H-
MocTH, 00yClOBIEHO XapakTepoM CHHTE3a H mocie-
ayromeif obpaboTkn MaTepuanos.

Addexrusanit guamerp (Dy) npeacrasiser co-
Goit cpentee 3HAUCHH® AHMAMETPA YACTHI B AMCIEp-
CHH W TIO3BQISET YMPOLIEHHO OLEHHTh H3MCHCHHE
pazmMepoB YacTull B npouecce 00paboTku.

3navenus [, GuutH Ompenenens Mo WHTEHCHB-
HOCTH PACCeSHHOI'O CBETA

DV o ZNldto /ZN,d: 4 (7)

rae d; n Ny — nuaMerp M 4iCino /-0f YacTHIIBL

@AKagemMua Hayk PecnyBnukn YsbekucraH, Tawkenr, 2021 1.
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Pucynox 8. Pacnipenienenne SacTHIl 10 pa3MepaM OTHOCHTEILHO HHTSHCHBHOCTH pacceswns cseta (puc. 8, 4,2), obnema
wacTiy (6,0) 1 9HcAa gacTHy (8,24) aMOp(HLIX TOPOINKOR AHOKCHAA KPEMHHS, TONYHYEeHHRIX H3 OTBANLELIX MISKOB Me-
AENNaBHNILHOrO NpoH3BOACTE2 (2,6,6) B B3 MEKDOKDEMHE3eMa NPOR2BOACTE2 (eppOCHIHUHE (2,0,0¢) NPH PazTHIHOM
BpEeMeEHH yIbTpa3ByKoBoi obpabotku B sogroit cpene (Csior = 1 Mace.%).

D, (hm)

0 5 10 15 20 25
time (min)

Pracysox 9. DddexTusnnii manmerp wactan (onpeaenes-
Heli N0 HHTEHCHBHOCTH PACCESHHOTO CBETa) Kak QyHKIHA
BpEMEHH YILTpasBykoBo# oOpaloTks B BomHOH cpene
(Csio2 = 1 macc.%) mwis MOpOINKOB JHOKCHAA KDEMHHS,
TONYYeHHLX H3 OTBaNbHBLIX LUIAKOB MEAECIIIABHILHOTO
npouzBoncTea (/) H MHKpOKpeMHe3eMa NpOH3BOZCTBA
teppocunmung (2).

SAxageMus Hayk Pecnybnuiv Yabemucran, Tawkent, 2021 1.

Kax suaHo u3 puc. 9, sbdexrupHbE gHaMETP
YACTHI[ HCCIEAYEMBIX 00Pa3N0B JHOKCHAA KPEMHHS C
YBETHYCHHEM BpEMEHH YIBTPa3BYKOBOH obOpaborxu
ot 1 go 25 mmm ymersmaerca. [Ipwgem mus obpasna
Si0;, mony4YeHHOrO H3 OTBANBHBIX ILIAK0B MEZea-
BHIBHOIO MPOH3BOACTBA, 3HaqweHHe D, (B mpeaenax
ot 1600 M 1o 460 HM) 3HAYATENEHO MEHBIIE, YeM
ans obpasua Si0;, mMony4eHHONO H3 MHKDOKpEMHE-
3eMa MPOH3BOACTBA (PSPPOCHIHALHAL.

Hns nocnemmero 3mavenne D, w3MeHseTCs OT
4665 mm no 1165 mm. [pugenm 3a neperie 15 amr V3
00paboTKH NPOHCXOAWT 3HAYHTENBLHOE YMEHLIIEHHE
pa3MepoB armomMepatos (7o 1267 BM), xOTOpOE IpH
JannHeHImeM YBETHYEHWH BpeMeHH Y3 obpaborku:
Ao 25 muH xonebnercs B mpegenax 1267-1165 um
(pac. 9, xpaBas 2). Jlna obpasua Si0,, nonydyerHOrO
H3 OTBaNLHLIX IDIAKOR MENENNaBHILHOIQ IIPOH3-
BOZACTB 3Ha4ueHHEe D,r CyIIECTBEHHO YMEHBIIZETCH 3a
nepsrie 10 mur V3 oOpaborka (ot 1600 aM g0 659
BM). TIpE DocnexyiomeM yBellHYeHHH BpeMeHH Y3
o0paboTkr 3HagenHe 3ddexTERHONO gHAMETpa
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HAXOAHTCH B AHanaszoHe 633—467 aMm.

Oror 3dipexT MOKET ORITH CES3aH C YCTAHOBIE-
HHEM PaBHOBECHZ MEXIY NPONECCAME Da3pyIICHHS
arperaToB ¥ HX 00pa30BaHUs#. Ae3arperaiins <+ arpe-
ranus [30]. TloatoMy B naHHOM ciy4ae 0O 3HAYEHHIO
D, MOXKHO KOPDEKTHO OLEHHBATL HE pasMep YacTHIl
B CYCHEH3HH, 2 BPEMsI YCTAHOBIEHHS DaBHOBECHS
MEXKAY MPOLEcCaMy Pa3pyIneHHs H 00pa3OBaHH: ar-
peraros (koraa D mepecTaeT yMeHbIIATHCH ).

IV. 3axmouenue

U3 TexHOreHHBIX METALIYPIHYECKHX OTXOHOB,
OPeACTABNSIOMEX  CO0OH  OTBaNbHEE  [UIAKH
MEJENNTaBENLEOIO NPOH3BOACTBA, H MHKPOKpEM-
HE3EMa B BHJE NEUIEBHAHHEX KPYITHOTOHHAXHBIX
OTXCIOB MPOW3BOACTBA TEXHWUYECKOTO KPEMHES H
(EeppOCHITHITES CHHTE3WPOBaHE! IOPOMIKH JHOKCHIA
KPEMHHA BBICOKOH THCTOTH TIO COZEPXAHHIO
S10:>99 96.

Teoperrdeckae pac4ETHl MOKa3amH, YTO IS
nepBo# peaxmud npHE | = 347 K smpeprma I'mbbca
paBHA HYIIO, T.€. IDH 3TOH TeMIepaType YCTaHaBlH-
BaeTCA PABHOBECHLIN COCTaB ra30Bo# ¢assl mponecca
thTopEpoBaHHs.

Tlokazaro, 9to 3ddexTEBHOCTE mpomecca THA-
pommsa (NH,),SiFs 3aBHCHT OT BpeMeHH H KOHIEE-
Tpanud aMMHaka. [IpHE 3TOM MaxKCHMalbHOE HW3BIe-
ugerme Si0,, pasHoe 98%, cocrasnger NpE KOHOEH-
Tpamud TekcadiTOpPCHNHEKATa aMMoHEHS 3 Macc.%.
Hancrefimee yBenuuenue koEnesTpanud (NH.),SiFg
10 30 macc.% TIPHBOAWT K YMEHLIIEHHIO KOIHIECTBA
H3BJIEKAaEMOr0 IHOKCHAZ KpeMHHE 10 75 Macc.%.
Takum 0OpasoM, yBenWdeHHE KOHIEHTPAHWH B pac-
TBOpE IpH rEApona3e B 10 pa3s OpEBOOET K YMEHB-
IIeHrro BeXoxa mopomxkos S10; ga 25%.

Metonom penTreHodazoBoro aHanHW3a mOA-
TBEPKIEHO aMOpP(HOE COCTOSHHE MONYYEHHBIX 00-
Pasmoe.

VcrarorneHo, 9TO pachpeneNeHre YacTHO II0
pasmepam amopdroro SiO; B BomHOH cpeae HOCHT
NONHMOJANLHLIH XapakTep H OPEHEMYIIECTBEHHO
TIPECTARNEH MPOYHEIME ATTIOMEPATAMH C Pa3MEPaMHi
1300 = 5500 BM, VBenn4eHHe BpPEMEHH YILTPa3By-
xOBOH 00palOTKH CyINecTBEeHHO HAa XapakTep pac-
mpexeneHHs He BmHsgeT. JOddexTHBHEIT mmEamerp
armoMepaToR HaCcTHI AWOKCHA2 KPEMHHS 3HATHTEIL-
HO yMeHbIIaeTcd OpHE Y3 obpadotke B nepeuie 10—15
mvuE. [IpE TocneayromenM YBEIHIEHHH BpEeMEHH 00-
paboTK® pa3Mep arioMeparoB Kojledmercs BOMH3H
XapaxTePHOTO 3Ha4eHHs.

MeTtanaHabie
Synthesis of highly dispersed amorphous silicon
dioxide powders from industrial metallurgical
waste

B.M. Abdurakhmanov', M.Sh. Kurbanov', S.A. Tula-
ganov', M. Ernazarov’, L.S. Andriyke®, A.L. Marinin®’,
A.Yu. Shevchenko®

‘UA. Arifov Institute of lon-Plasma and Laser Technologies,
Durmeon Yali str., 33, 100125, Tashkent, Uzbekistan

*Chuiko Institute of Surface Chemistry, General Naumov str., 17,
03164 Kyiv, Ukraine

*National University of Food Technology, Volodymyrska str. 68,
01033 Kyiv, Ukraine

The possibility of obtaining highly dispersed powders
of amorphous silicon dioxide from technogenic metallur-
gical wastes, which are dump slags of copper-smelting
production and dust-like waste of the production of silicon
and ferrosilicon (microsilica), is shown. A fairly simple
and economical synthesis method is described using one
reagent (ammonium fluoride (bifluoride)) at low tempera-
tures (up to 400°C). The synthesized silica dioxide has 2
high degree of purity (~99.96%) and is amorphous, which
are confirmed by spectrometry and X-ray phase analysis
data. By laser correlation spectroscopy, it has been shown
that the particle size distribution in an aqueous medium is
bi- and trimodal; the particle diameter is predominantly
1300 and 5500 nm, and aggregate sizes of 130-250 nm are
also present. The effective diameter of the silica particles
decreases with increasing in ultrasonic treatment time.
Keywords: synthesis, fluorination, ammonium fluoride, industri-
al metallurgical waste, highly dispersed powders, amorphous sili-
con dioxide, particle size distribution
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MeTaanypriuk SHKHHIHIAPAAH IOKOPH AapaRaIH
amMopd KpeMHHI IHOKCHAH MAila KYKYHJApHHH
CHHTe3 KHIHI

B.M. AGaypaxmanos', M.III. Kypfasos' 3 C.A. Tynara-
nos', M. Sprazapos’ ’ JLC. Amapmiiko’, A Mapu-
au’, AJO. Menuenxo’

'V A Opudon soxuaars Hox-nnasa 8a nasep TEXHOTOrRIIAPH
ey, [§pmon fime, 33, 100125, Tomxenr, Vabexscron
*Vipuata Micimit Gannap axaaesowicn A.A. Uyiko HoMMZarR
Cupr xsnuecn sy, [enepan Havaon xiuacu 17, 03164,
Kuca, Vipanna

*O31K-OBKAT TEXHONOTHRCH MLTHIE yHMBCpesTeTH, Baauaop-
cxas wyaacu, 68, 01033, Knes, Vipasna

Msc sunab wwRapHn TOMRONTAPH XaMaa kpeatdi ma (eppo-
cHmmmMi Hmnal WERApMINAA XOCHT OYNamMraH  HaHrcHMOH
SURMHDOEP (MUKPOKPOMHCICM)IaH WOOpaT MCTATIYPIHE TCX-
HOMeH MHIGTHIMIAPAAH GMOPY KpeMMMii IHOKCHIMHHMI IOKDPH
JAPOKATI MRS KVKYHIAPHHK QM JMROHMITH KYPCATICITAH.
Burra pearcar - awmwoHni  drroprom  (Gudro-piet)aan
doitaananmd yHua roxops GYmwaran xapoparaa (400°C raua)
OLTHI B TOKIMKOP CHNTCY KWIMII YCYaW

Crrrres  xotmniran JMOKCHIM  IOKOPH  TAPEAITH
TosanukKa (=99.96%) Macc-cneKTpoMeTpHA Ba peMrTeHOGAsLTH
TAXTIT HATIWRAnapHra Kypa amopd crpykrypara sraxep. Jlasep
KOPPESUMLIH CTIEKTPOCKOMHS VCVIIH ACOCHIA 3APPaMuIApHIHT
Vnyacrapy OVitwya CyRIM MVXMTAArM TEKCHMOTH OW- Ba v
MOZATTH OYnwWb, sappavanap ArTOMEPATAAPHHMHT TANCTDH
acocan 1300-5500 wwv W TELKMT KHIUDY, (IYHHHTICK,
Ymumetapn 130-250 mu Gynaram arperarnap xaM  Masmyy
Kposuuii  THOKCHIM S0PPAMATAPHHHHT CAMAPATH AHAMCTPK
YABTPA THAKHHTH RaiTa HILTM BAKTH OUIHIIN SHIGH KaManTi.

Kamr  cfasap:  cumres,  dropram, ammonuii  dropiums,
METRATYPIMK TCXHOTCH YHKHHAWIAP, FOKOPH JADAKATH, Maiina
KyKvEnap, asmopd xpemuui  amoxcHm, Ymumwap  G¥iteva
3APPAYATAP TAKCHMOTIL
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B paboTe IMpHBEREHE! SKCIEPHMEHTAIBHEIE PE3YIBTATEl MACC-CIIEKTPOMETPHYECKHX HCCIEI0-
BaHHWIl 3aKOHOMEpHOCTell MOBEPXHOCTHON HOHM3AUMH HAPKOTHYECKMX BellecTs. IloMydeHs
MaccC-CIEKTPEl 3THX BEIIECTB, TEMIEPATyPHEIE 3aBHCHMOCTH HOHHBIX TOKOB M ONpENENeHb
TEennoTH! cybmumManuy. BriseieHs! reTeporeHHEIe KaHAE! PEAKIHiA, TTPOHMCXOASIINX Ha TOps-
yeii MOBEPXHOCTH TEPMO3MHTTEPA HAPKOTHYECKHX BEINECTB M CXeMul ancopbunn. Kpome 3to-
TO, YTOObI BBIABHTbL aHAJMTHYECKHE BO3MOKHOCTH MeTOJa OBLLTM HCCIEN0BaHBI CMEIIAaHHEIE
cTUuMynaTopsl B Buonoruyeckom obpasue. Onpenenexsl npeaenst 06HADYKEHUS M JMHEHHO
JUHAMAYECKUH AWara30H HCCIeTORAHHEIX COEWHEHUI.

KmogeBbie c/I0Ba: MOBEPXHOCTHO-HOHHM3ALMOHHAA, MacC-CIICKTPOMCTpPHSA, HADKOTHYECKHE BEIIECTBA,
TETEPOTEHHBIE PEaKIHy, TEIUIoTa Cy OpMarmm, OHonorieckue 00pasisy, IPeenbl 0OHAPYKEHUL.

The paper presents the experimental results of mass-spectrometric studies of the regularity of
surface ionization of stimulants. Mass-spectra of these substances, temperature dependences of
ion currents were obtained, and heats of sublimation were determined. Heterogeneous channels
of reaction occurring on the hot surface of the thermo-emitter of stimulants and the adsorption
scheme were revealed. In addition, mixed stimulants in a biological sample were investigated
to reveal the analytical possibility of the method. The detection limits and the linear dynamic

range of the investigated compounds were determined.

Keywords: surface ionization, mass-spectrometry, stimulants, heterogenous reaction, heat of sublima-

tion, biological samples, limit of detection.

I. Bgenenue

HWccnenopanus aacopOOMHE MONEKYN aKTHBHBIX
opraamdeckux coemmaeHER (AOC), X XAMHYECKHX
TIPEBPAIEHHH Ha ropsyel MOBEPXHOCTH, AeCOpOuHH
MHOTOATOMHEIX YAaCTHI, B TOM YHCIE TepMOAecopod-
OWW HOHOB IOBEPXHOCTHOM WoHm3ammu (II8U) opra-
HUYECKAX W OWOOpPraHWYECKWX COCTHHEHHH HMEFOT
BaXXHOE (DYHJAMEHTANLHOE 3HAYCHHE IS BELICHEHHS
(U3EKO-XHMHYECKUX MPOLECCOB, MPOUCXOAAIINAX HA
TIOBREPXHOCTH. [IpHKITaTHON aCTIeKT 3THX HCCIIEHOBa-
HEM AocTarouyHo odeBupaeH. CTHMynSTOpaMH Ha3H-
BaIOT TaKWe HAPKOTHKH, KaK KOKaWH, KP3K, MeTaMdbe-
TampH u amberamunas! [1]. CramynaropaMa Takxke

seisrorcs AOC, HENOCPeACTBEHHO BIHSIOIIHE HA
NEeHTPATLHYI0 HEPBHYIO CHCTEMY, 9YTOOBI YCKOPHTH
paboTy uacTed MO3ra W Tena, YBEIHYHBAs YACTOTY
CEPACUYHEIX COKDAUNEHWH, apTEepHANLHOE IaBIIeHHE,
OoOMEeH BEIIECTE W TEMIIEpaTypy Tella MONB30BATEN.
MHoOTrHe CTHMYJATOPE! 10 TPHPOZRE SBIAIOTCS TPYA-
HOJIETYYHMH H TEPMHYECKH HECTaOHILHBIMH COEMH-
HEHWsMH. BClEACTBHE 3TOr0 IPH CIIEKTPOMETPHYE-
CKHX HMCCIEHIOBAHUAX 3THX BEIIECTB IIONyJaeMas HH-
topmanms 3aBHCHT Kak OT IPHEMEHAEMOro crocoba
HOHM3aUWH, TaK ¥ OT HX (H3HKO-XMMHYECKOH IpHpOo-

Cpema pasnHaHEIX (PH3AKO-XUMHAYECKHX METONOR
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Macc-cnekTpoMeTpus sBnsercs Haubonee sdpexrus-
HOM., OcobeHHO yCnemwHo NpPUMEHAITCS —Mace-
CIIEKTPOMETPHYECKHE METO/Ibl B KOMOWHALMY C pas-
TAYHEIME BHJamu  Xpomarorpadpmn [2]. Hampumep,
MACC-CMEKTPOMETPHS C MOHH3AUMEH pacHbUICHHEM
(UDP) B couerannm ¢ KHAKOCTHON Xpomarorpaduei
(KX/MC) m wmacc-crieKTpoMeTpust ¢ WOHHW3aumei
anekrponamu (MUD) B koMBHHAUMM ¢ ra30KUIKOCTHOMN
xpomarorpapueit (I'’X/MC) ranGonee 1acTo HEmoNL-
3yIOTCA 1IPH JCTEKTHPOBAHAW W anali3e HapKOTAYe-
CKWX RemecTR B Owonormueckux skuakoctsx [3-4].
KpoMe TOro, Kk HAaCTOSIIEMY BPEMEHM MHOIME paspa-
Gorannwie MeToabl, paboratomae B arMoc(epe, Takne
Kak gecopbmma anexTpocnpeiinodf mowwzammu (ID-
CH) [5], sonposas snexkTpocnpeiinas nonuzamus (39-
CH) [6], muanexrputeckas OapbepHas HOHM3ALMUS
(JABH) [7] 7 1.1, TpUMeHSIOTCS JUIsS anaiu3a u obHa-
PyXeHHS HAPKOTHYECKAX BEINECTB B GHONOrHUECKHX
obpasuax [8-9].

ITosepxnocTHas MoRM3aumMs — obpazosaHue 10~
JIOKUTENBHEIX W OTPULATENLHEIX HOHOB [IPH TEPMO-
JlecOpOIAK YacTAL, ¢ OBEPXHOCTH TBEPAOrO TeNa, AB-
naerca repmudeckn passonecHoi [10], TIsH senaercs
BLICOKOCEIEKTHEHEIM H 3(h(heKTHBHEIM criocoboM Ho-
HA3AIAY A30TACTEIX ocHoBauuid. [ToaroMy Teopernye-
CKHE W IKCTIEPUMEHTALHEIE WCCNeoBaHns ancopb-
LM MHOrOATOMHEIX MOJIEKYJ, MX XHMHHECKHX IIpe-
BPAIICHUH Ha TOBEPXHOCTH, HeCOPOIHH MHOIrOATOM-
HBIX WACTHI, B TOM YHCJIE TEPMOAECOPOLMM WOHOB
1181 oprannyecknx 1 GHOOPraHHUECKIX COCARHEHNH,
MMEET HE TONLKO BakHOE (YHIAMEHTATLHOE, HO H
BakHOe mnpuknagpoe 3Hadenmne. [IBHM He saBmaercs
YHHBEPCAILHLIM METOJOM H3-3a €6 BBEICOKOH Celek-
THBHOCTH K MOTEHI[HATY HOHM3ALMY BelnecTs, HO Ga-
rojiaps ee BHICOKOW WYBCTBHUTENLHOCTH MPH aHAIH3E
AKTHBHLIX OPraHWYecKUX COEJIHHEHHH HMeeT psll
IPEHMYINECTE W TIO2BONIAET TMPOBOMUTEL MPSMON aHa-
JTH3 CITEJIOBKIX KOITWHECTR OPTAHWYECKHWX COCTHHEHWH
B cnokubix cmecax [11-13] Tem He menee, nceneno-
pauua [1BM Monexyn HapkOTHYECKHX BEIIECTB M HX
cMecelt B GHONOrHIecKHX KAMAKOCTAX IIPA OT/IETLHOMK
M COBMECTHOH acopOuMM HA NMOBEPXHOCTH TBEPAOIO
Tena, mpejacTaBnstor OOnbIOA HayuHbIH HHTEpec
tynnamenransaoro xapakrepa. OHH HEOOXOIAME! He
TONLKO JUTA BRISBIICHUS 3aKOHOMEPHOCTEH axcopbimm
u ITsH monexyn cnoskHOro cocrasa, HO M IS paspa-
BOTKH HAyYHBIX OCHOB HOBBIX BBICOKOMYBCTBHTENb~
HeIX, cenekTHBHBIX IIBM meropos obwapyxkenws u
AHAITA3A CHENOBLIX KONWHECTB CTHMYISTOPOB B pas-
nuiEbx oObexTax, TTBW sensiercst oguum u3 Hanbonee
HH(OPMATHBHEIX CPEH MHOMKECTBA METOJOR O Of-

®Akanemus Hayk Pecnybnuku Yabekucran, Tawkent, 2021 r.

PEACNCHAIO XapPaKTEPUCTHK B3aUMOJEHCTBHS MHOIO-
ATOMHEIX HACTHIL C TBEP/LIM TeNnoM. BaxHol ocoben-
nocreio Meropa 18U sensercs undopmauus, momy-
Hqaemas B TPYAHOAOCTYITHOMH JUIst APYTHX METOAUK 06~
NacTH BRICOKMX Temmeparyp aucopbara. ITosromy
npumenenne ITBM MeroioB ananwza ansg mccnenoBa-
HUA HAPKOTHYECKWX TIPETIApaToB M MX cMecell B pas-
NHYHBIX 00BEKTAX MO3BOMHT NOMYYHTh HEOOXOIUMYHO
HHoOpMaUHIO Kak 0 GH3AKO-XHMHUCCKHX CBOHCTBAX
WOHHM3APOBANHEIX WACTHI] H HORW3HpYIOUWeH rmosepx-
HOCTH, TaK ¥ O XapakTePUCTHKAX MX BIAWMOJEHCTBHS
C HOBCPXHOCI'HO TBCPAOIO TCIA,

B nannoil pabore mecnegopansl Takne BeLuccTRa,
kax aMmderamun, MeramperaMaa (MA) ¥ KOKawH Me-
TOOM TIOBEPXHOCTHO-HOHA3ANMOHHON MACC-CHEKTPO-
merpuu (ITsBU/MC), urobur seasars [1sH sakoxomep-
HOCTH HA ropsvci MmoBepXHOCTH, a TAKKE aHATHTHYE~
CKYIO BO3MOXKHOCTE METOJA.

II. DxecnepuMeHTANLHAR YACTH

OKCHEPHMEHTHl TPOROAMIM HA CTATHHECKOM
MareuTHOM Macc-cmekrpomerpe MU-1201B («Dnek-
Tpon», r. Cymsl, YKkpanha), KOTOpPbIi MOAEPHH3UPO-
sad s [I8H [14]. Tpe6osanns, npeaussnsemeie k
TEXHHKE ¥ MCTOJWKE SKCIEPHMCHTA JUIst HCCIIeJ0BA-
aus [1BM opraHAYecKkuX COEAHHEHHH, BRITCKAIOT M3
eé cneuuduxn u onucans B paje pabor [10, 15], dna
ncerenoranna I1BH B crywae TpyaHonmeryuamx opra-
HHYECKHX COCJMHCHMH TEXHHMKA HKCIEpHMEHTa
JOIKHA obecneunBars cneayromee:

— NMpPUMEHEHHEe BLICOKOBAKYYMHON Macc Crek-
TPOMETPHH € GHATH3OM MOHOMONEKYJSPHBIX pacha-
AO0B,

=~ [0 BO3MOMKHOCTH YHCTOTY MCCIexyeMbix 06-
pasmor, HEOOXONMMEIX JUIS CpPaBHEHHS C Mace-
CTIEKTPaMA CMeCei;

— CHCTEMY IIOJaY¥ MOJIEKYISAPHLIX MOTOKOB
TPYXHONETYUUX OPraHHYecKHX COCOHHEHWH K HC-
TOYHHKY HOHOB,

— HAJAEKHYIO HHAMKAUMI0 H HACHTHQHKADHIO
HOHOB;

~= BO3MOXHOCTE HIMEPCHHUS TEMIICPATYPE 3MHAT-
repa T,y B pabouux yCroBusx;

— NpPUMEHCHHE aMuTTepa ¢ Gonmmoi paboroi
BBIXO/1a, CTAOMIILHOM 110 BpEMEHH,

~ CHCTEMY PEruCTPalHH HOHHEIX TOKOB.

dnanen HCTOUHHKA HOHOB C MOHM3auueh snex-
TPOHAMH B JanHOM npHOOpe 3aMeHeH MOMHOCTHID C
YHETOM pemaemMoi 3alavd, a K KaMepe MOHH3ALUHU
TPUCOEJIMHEHA CHCTEMAa HAMYCKa JUIS MOJadYd Moje-
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KYJAPHBIX MYYKOB JKHAKHX M rasoo0pasHbix Be-
mecTB. B HeM npumenena HOHHO-ONTHYECKAA CHCTE-
Ma ¢ opmHapHOoi (hoKkycHporko# myuka noHos. Pato-
rocnocobroere IIBM ucTounmka TecTHpoBam® 10
uonnsauun Cs. Kourponeaeie onsirsl [T8U Monexyn
TPHITHIIAMHHA HA TEPMOIMHUTTEPE M3 OKHCIEHHOTO
BONTb()pAMA TTOKA3ATH MPABMILHOCTE HPOBEAEHHOMN
HOCTHPOBKH, OLUTH JOCTHIHYTHI IPEAENbHbIE LIOTHO-
CTH MOHHEIX TOKOB W IIONyYEH H3BECTHBIM Macc-
cnekrp [16]. Ynpowennas cxeMa HOHROTO HCTOYHHA-
xa T8 mpupenena B mameil npeasyymei pabore
[14]. Onanason maccosrix umncen npu Vy,=2.5-5 k3B
cocrasnaer 1-900 a.e.m., pabovee nasnenue cocras-
nser (1-3)x107° Ia. B kauecrse TEPMOIMHTTEPA HC-
NONL30BaHA OKHCJICHHAN TEKCTYpPHPOBAHHAS BOb(-
pamosas nenta 0.05x1.0x12.0 mm. ['pagymposky
TEMIIEPATYPhI SMATTEPA OCYIIECTRIANN C MOMOIIBIO
ontuyeckoro nupomerpa BUMIT-015M (“Kanubp”,
Mocksa, Poccust), ero temneparypa H3MeHsIack B
ananaszone ot 600 K no 1250 K Bo Bcex akcnepumen-
Tax. MonmeKkynsapHEI ITOTOK WCCHETYEMBIX BEILIECTB
HA NMOBEPXHOCTE TEPMOIMHTTEPA HANPABISIM C MO~
MOIIBLIO CTAHIAPTHOTO HCIAPHTEN — KBAapUEeBOH aM-
MYJBl ¢ TIATHHOBLIM Harpesare/leM, BHEAPEHHBIM B
TOJILY CTEHKH amImyisl. Ammyna Obina cMOHTHPOBA-
HA B MOHHOM MCTOMHMKE BONHM3HM TEPMO3MHTTEpA.
Temmeparypy amiryiisl peryiHpoBard B JHANA30HE
ot 50°C no 150°C. B skcrnepuMeHTax MCNOMb30BAIH
Xpomarorpadryeckn uucTeie amperamuH, Metamdpe-
TAMHH M KOKaWH, a4 TAKKe HX ACKYCCTBEHHBIE CMECH
C yenmomedeckoi KpoBeIO. CTPYKTYpHEIE (HOPMYITE!
BCEX HCCIIE/IOBAHHBIX BEIIECTB NPUBE/ICHK HA PAC. 1.

a)
B) CHs

ch =N O/
0

Pucynox 1. CtpykrypHbie (OpMYIibl HCCTENOBAHHEIX Be-
wectn: a) amperamun, 6) meramderaMut 1 B) KOKauH,

Kpoee Obina momydena oT OmHOrO 3T0POBOTO
cotpyanuka naboparopuu. Xpomarorpaduuecku
YUCTBIE CTAHJAPTEI CTUMYJISTOPOB B MHKPOKOJIH-
yecraax Guua momygensr B ImasroM Gropo cyaebro-
MeIHuHHCKON skcriepTr3sl Pecirybnmuxn Yabexucran.

Cravana obpasuml Guimu pasbasnesn! B sraHone c
koHnenTpanueit 1 mr/mn. Kposs Guuta pasbasnena s
BOfle ¢ konruenTpanrei 50% | fanee pacTBOpHI CTH-
MyJIATOPOB ObUIM NMPHMEIAHEl K 3TOMY pPacTBOpY.
Hns onpenenenus mpenena obHapykeHHs MeToza W
nocrpoeHus kanubGposounolf kpuso#t ObuM moAro-
TOBNEHbLI 00pasnsl ¢ kouunenTpauuei or 0.05 mr/mn
no 500 mxr/mn. Bee moxrotoBneHHble obpasusi Ao
HCCNIENIOBAHMA COXpaHAIH npH Temueparype —18°C.
OGpasner B komayecTsax ot | Mm 1o 8 MK 3anpas-
JISUTH B SYEHKY, BEICYIIHMBAIA HA BO3AYXE MPH KOM-
HATHOM TEMIEparype U 3aTeM aHaJH3upOBald MeTo-
nom TTsU/MC. Brnusuus Bpemern cymky obpasua na
BOCITPOM3BOIMMOCTb PE3YITbTATOB HE 00HApYKeHO
NpH KOMHaTHOM Temneparype. Bce skcnepuMeHTH!
HPOBOJAMIN B PEXKHME PErHCTPALHH TONOKHTEIBHO
3apAKEHHKLIX HOHOB,

ITI. PesynbraTs! u 06cyxaeHue

Amberamun, MetaMmderaMiH ¥ KOKAHH SBIAIOT-
CA CHIBHEIMA CTHMYJISTOPHBIMEH BEIIECTBAMH, HO
HX CTPYKTYpHBIe (GOpMYyJibl Pe3Ko OTIMHHAIOTCS JApPYr
OT ApyTa, TaKk Kak aMgeraMuH ¥ MeramperaMus or-
HOCATCA K TPyNNe NMPOWZBOAHOro (eHHNITHIAMUHA,
a KOKaWH OTHOCWTCS K TPOMAHOBEIM ATKATOWIAM
[17]. Dt akTHBHBIE a30THCTHIC OCHOBAHHA H HX
MPOUZBOAHKIE OrPAHHYEHHO TIPHMEHAIOTCS B MEIH-
LHHE B Ka4ecTBe JOKATLHOrO aHecTeTHKA (KOKaHuH) H
IPH JICYCHUH CHHApPOMA lHePUUUTa BHUMAHHS U TH-
NEPaKTHBHOCTH, OXKHPEHHA, HAPYIUCHHA CHA, Pac-
CTPOHCTBA HACTPOCHHS, HAPYIIEHHS KOHTPONS HaX
MMIyTbCAMH, ACTMEI, & TaKkke Hapkonencuu [18).
[Tosromy HcenefOBaHUS HTUX CTHMYNSTOPOB Mpej-
CTABJISIOT ONPEACICHHLIA HHTEpeC B QyHAAMEHTAE~
HOM acliekTe, a Takke B aHATHTHIECKOU obnacTu s
HYBCTBHTENILHOTO OOHApYXEHHs M aHanuia ux B
CITOKHBIX CMECSX,

Macc-cniexktprt [IeM xpomarorpadwuucckn
YHCTEIX CTHMYJIATOPOB COCTOAT W3  JENpOTO-
HAPOBaHHEIX  (kBasumonexkynspusix) [M-H]" n
dparmentaposannsx  [M—=R]"  wnomHos, koTopeIC
COOTBETCTRYFOT MPOAYKTAM XHMHUYECKAX PEakuwii B
ancnoe, rae M — monekyna, H — arom Bogopoga 1 R
- pamukan [19]. O6pasyrommecs MOHE! MONHOCTHIO
COOTBETCTBYIOT 3akonoMmeprocTsm [IBH, xoTopwie
YCTAHOBNEHBI  [JIA  @30THCTBIX  OpPraHH4ecKux
coemurennit [10]. B maweil npeasitymei pabore
[19] mer mecnenorans amberamnn, MeTaMpeTaMAl U
KOKawH, cMemanHbie ¢ HeobpaboranHol wenosede-
ckoit Mouoit, meronom [IBU/MC mna aranaTHYECKOM
nesm. B aroit pabore npusepens Mace-crexrpsl [TsU

®Akanemus Hayk Pecnybnuky Yabekucra, TawkeHT, 2021 r.
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YKa3aHHBIX YHCTHIX CTEMYNATOPOB IS CPaBHEHHS CO
CMEIIaHHBIME  ©OOpasmamu. Macc-cnexktp IIsH
aMbeTaMHBa COCTORT H3 HECKONbKHX HOHHLIX THHHHN
[M-H] = [M-R]". Taxme 9acTHIE XHBYT CpaBHH-
TEIBHO HOITOe BPeMs H JOCTHTAIOT TEILIOBOIO H 3a-
PSA0BOTO DAaBHOBECHS HA IOBEPXHOCTH TEPMO3MHT-
Tepa ¥ OyAyT HOHH3EpOBaThCS MeXammsmamu [IsU,
TaK YTO MOXHO H3MEPHTL HX CPEJHEE BpeMsS XKH3IHH
Ha TNIOBEPXHOCTH TepMO3IMHTTepa. B Macc-crexTpe
IIs amieramMmEa HWOHHAS IHHEEE Cc m/z 134
COOTBETCTBYET KBa3HMOJIEKYIEPHOMY (AEnpOTOHH-
poeanHOMY) HOHY [M-H]', a apyrie umomrsue nHEEE
COOTBETCTBYIOT (parmeHTHEIM mHoHam [M-R]".
BasoseiM sBngercs (parMeHTHEI HOH ¢ m/z 84 B
mMace-cnextpe IIBM amderamuna. Bee 3tH HoEm
AMEIOT HACHIICHHEIE CBA3H H HENOACNEHHBIE Maphl
37eKTPOHOB, H HX MOXHO TIDEACTABHUTE B BHIE HOHOB
C TONOXHTENLHO 3aPTKEHHEIM JETHPEXBATCHTHEIM
ATOMOM a30Ta C SP -THODHIHBIME OPOHTAISME.
Hornmri cocrae Macc-cnextpa I1BH metamderamuna
HICHTHYEH MaCC-COEKTPY aM(beTaMHHA BCIEACTEHE
HX CXOXHX CTPYKTYpHBIX dopmyn. How ¢ m/z 148
Obn HACHTHGENHPOBaH K3K KBa3HMONEKYISPHHIN
mon [M-H] wmeramberammra Ocransasle HOHBI
obycnoBnessl royOokol dparMenTanuell HarpeToH
TBEPAOH TMOBEDXHOCTH B MacC-CIIEKTpE MeTaM-
derammra. UoB-¢parMerT ¢ m/z 72 Owmn raasmo#
JHHHEH B MacC-COEKTpE B COOTBEICTBHH C
3axoHOMepHOCTEME [IBM. Macc-cnexTp KokawHa
COZCPXHT HECKOJIBKO  JHHHH, TakdX  Kak
JENpOTOHHPOBAHHEIN MOIEKYISpHEIH HOH ¢ miz 302
A ¢parMenTHEIe HOHEL OTCYTCTBHE B Macc-CIEKTpe
TPOMNAHOBEIX ankanouaa KOKawWHa
KBa3HMONEKYIIPHEIX HOHOB [M-H-2nH]"
oObgCHACTCS SNHMHHHDOBAHHEM DANHKANOE TPH
OOCHeAyIOmed apOMAaTH3aNHH TPOMAHOBOIO KONMbLA.
Hor-dparmesT ¢ m/z 182 6min Gazopoli muEEEH B
Macc-CIeKTpe KOKaWHa. JTOT HOH TaKKe SRILETCA
0220BEIM B MacC-CIEKTPEe KOKaWHA, MONYYeHHOTO
cniocooom I'X/MC c monmzanmeii snextporama [20].
Ilonyuennsie TeMmepaTypHSie 33aBHCHMOCTE HOHOB
KaK QYHKIHH TEPMOIMHTTEPE TAKKE KOPPETHPOBATH
s 230TCOAEPKAIMMX OPraHHYecKHX COeAHHEHHM
(pac. 2). TemmeparypHbie 3aBHCHMOCTH HOHOB
amvbperamrEa OnUTM aRANOrHYHEl MeTaMbeTaMERy
[19]. Hcxons B3 3THX SKCIEPHEMEHTOB ONpPEAENsiH
3(dexTHBHYIO Temmeparypy TepmoamuTTepa (700—
1050 K) m Tesmeparypy mcmapmrens (110-130°C)
And HCCNEHOBaHHA CMEMaHHEIX CTEMYISTOPOB B
KpDOBH.

©AkagemMus Hayk Pecnybnukm YaSexucrar, TawuxenT, 2021 1.
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Prcynox 2. TemmepaTypHsie 3aBHECHMOCTH HOHHEIX TOKOB
MeTambeTaMuHa.

OHE  ACMOHCTPHPYIOT, HYTO 3aBHCHMOCTH
HOHHBIX TOKOB OT / 0OOYCHOBIEHE 3aBHCHMOCTEIO
xosbdrmmenTa 18U or Temmeparyphl 3MuTTEpa, 2
Takke TEMIEpPaTypHOH 3aBHCHMOCTEI0 BRIXOZ2
XHMHAYECKHX pEaKuuii B aJCH0oe, ONpeAeNsIOIHX
KOHIICHTPAIHIO HOHH3HPOBZHHBIX QACTHIL
TemmeparypHas 3aBHCHMOCTL HOHHEIX TOKOB KBa3H-
monexynapasx uosos [M-H] obpasnos mmena xo-
noxonoobpazHyio GopMy, H HX BEIXOX B FeTepores-
HEIE DEaKNHH YCKOPAETCH C YBENHYEHHEM TEMIIEpa-
TypEl TEPMO3MHTTEpa. MakCHMyMBl OCHOBHBIX HO-
s08 [M-R]” mamonamsce B AHamaszoHe TeMmeparyp
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Pacysox 3. I8/ macc-cnekTphl: a) uMCTHI KOKamH, §)
KOKaWH, CMeIIaHHLIH C KPOBBIO.
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Hccnenosanns IIBM npw paspensHoR amcopd-
OHH MONEKYyl CTHMYISTOPOB, BHIABIEHHEIE 3aKOHO-
MEDHOCTH H BhICOKas 3(eKTHBHOCT: HOHH2AUHH
nyteM [TeH mo3BongroT mepeHTH K paCCMOTPEHHAIO HX
cmeceli. Mommsanus CMECH MONEKy] a30TCOAEpXka-
IDEX OpraEWYecKHX coeanHeHHH myrteM [IBH npen-
ToNaraeT aJUIMTHRHOCTH MacC-CHEKTPOR €8 KOMIIO-
HEHTOB, T.€. MACC-CIIEKTP CMECH COCTOHT H3 CYMMEI
Macc-CIIEKTPOB € COCTammomux. Tak xak npH [1sH
NPEXOAHUTCE paboTaTs MPH MANBIX CTENEHSX MOKPHI-
TEs noBepxsocTE (8~0.001), BEHAE reTeporeHHBIX
peaKnui H HX CKOPOCTH 3aBHCHT, B OCHOBHOM, OT Ka-
TATHTHYECKOH aKTHBHOCTH TEPMO3SMHTTEPa H OT £r0
temmeparyps [10]. TTostomMy reteporensnie peakman
acCOMHAlHA MEeXIY MONEKYIIaMH KOMIIOHEHTOB B Ta-
KHX YCJIOBHAX MATOBEpPOATHE, H B MacC-CHEKTpax

TIeH cmeceit He JOMKEE NOSBIATECS THHHHE HOHOB,
COOTBETCTBYIOIHX NPOAYKTAM DeaKiHi aCCOMHAmHM
Ha TOBEPXHOCTH 3MHTTEp2 MEXIV KOMIOHEHTAMH
cmeced. Ha prc. 3 npusegesw I1BU macc-cnektpel
9HCTOr0 KOkauHa [19] ¥ KOKaWHa, CMEmaHHOro ¢
KPOBBIO. BHIHO W3 PHCYHKA, 9TO MAacC-CIHEXTP KO-
KaWHa TIpH Pa3JeibHOH aICOpPOIME COCTOHT H3 IIH-
umii moros [M-H]', [M-R]" u [M-R-2nH]". Kax onz-
CaHO BHIINE, (JPaTMEHTHLIE HOHH ABJISHOTCS OCHOB-
HBIMH THKAMH B MaCC-CHEKTpax am{eTaMuHa,
meTaMmpeTaMuHa H KOKAHHA, MPEANONaraercs, 4To
STH ITHHHE MOIYT CIYXHUTh HHAHKATODAMH B CHOXK-
HEIX cMecsx. Ha pmc. 3(0) npmEBemer Macc-cuexTp
KOK3aWHZ, CMEIaHHOTO C KPOBBK. BHIHO H3 Macc-
CIIEKTPOB, Y4TO HOBLIE ACCONHATHBHLIE JHHEH HOHA
KOKaHHA C HETPAfHEHTAMH KDOBH He HaOmoaaoT s,

Tadauna 1. OCHOBHBIE HOHBI, TEMIOTH CyONHMANRY HCCNEIOBaHHLIX COSAMHEHHI ¥ Npelelis OOHAPYKEHHNE CTHMYIIS-

TOPOB CMEIIaHHLIX B KPOBH

Bewectso Monexynspsaas | OcHoBEOH Tennora TIpenenst obHapyxerus
mMacca (a.em) uoH (m/z) cybmaMamms CTHMYAXTOPOB CMEIIaHHBIX C
(3B) KpPOBLIO (TikT)
Amderanmn 135 84 0.13 50
Meranderamun 149 72 0.15 50
Kokaus 303 182 0.32 100

B wmacc-cmextpax amperammEa B MeTtambe-
TaMWHa, CMEMaNHEX ¢ KPOBEIO, Takke He Habmona-
70Ch HOBHIX NHHEHA. Tak kax npu [I8M mpuxommtes
paboTaTh NMpPH MaNkX CTENEHIX MOKPHITHS MOBEpX-
roctH (6~0.001), BRAL reTEpOreHHEIX peakmri H HX
CKODOCTH 33aBHCST, B OCHOBHOM, OT KaTaJlHTHYECKOH
aKTHBHOCTH TEPMO3MHTTEPA B OT €r0 TeMIEepaTyphL
ITosToMy reTeporeHHBIE PEaKOWH ACCOUHAMAN MEX-
Iy MONEKYNaMH CTHMYNISTODOB H KOMIIOHEHTOR KpO-
BH B TaK®EX YCIOBHSX MANOBEPOATHH, ® B Macc-
conexktpax [IBH Takwx CIOXHEIX cMecell He MOSBIsE-
FOTCH NHHWH WOHOB, COOTBETCTBYIONIAX HPOXyKTaM
DEaKNHE ACCONHANHWE HAa NOBCPXHOCTH 3METTEpa
MEXIy KOMMNOHEHTaMH KDOBH H CTHMYIISTODOB. 3TO
CIYXHT JOKa3aTEeNBCTBOM TOIO, YTO OPH COBMECTHOR
ancopOuEH Ha TOBEPXHOCTE TEPMO3MHTTEPA MOIe-
KyJIh! CTHMYIISTOPOB H HHIDEAHEHTE! KPOBH HE B3aH-
MOJEHCTBYIOT Mek Ay coDo#. Yrolu! BLIgBHTE aganE-
THYECKHE BO3MokHOCTH M™Meroma I[B/MC Gmnm
TaKkKe ONpefeNeHs npefentl OOHADYXEHHS CTHMY-
TISTOPOB B CMECHX C KPOBLIO.

TourocTs B kK03 PHIHERT KOPPENSIHE THHEH-
HOMO JHWanasoHa (Rz), B KOTOPOM C HeoOXomuMoH
TOYHOCTBIO HCHONB3YETCH 3TOT METOX, OLLTH HONy

4eHLl C MOMOIIBI YeTHPEX HEe3aBHCHMEIX H3MeEpe-
Bu#. Ha prEc. 4 noxasasa xanmOpOBOWHAas KpHBas
amdeTaMHEa, CMEMMaHEoro ¢ kporsio. [Ipexent o6-
HapyXcHHs OBUTH ONpeJeNeHH! i COOTHOIICHHS
CHTHA//IIyM He ME€Hee 3 W COCTZBILUIH HECKONLKO
ZECATKOB TIKT.
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Pucysok 4. KanmuOporognas kpuBas aMeTaMuHa B KPOBH.

JIgHe#HHEIH AWAanNa3sOH OXBAaTHBaN OoNee ABYX
TNOPSAKOB C XOPOIIHM KOPPENSIHOHHEIM Ko3(dhumn-

BAxafemus Hayk PecnyGnuxu Yabexucran, TawxkensT, 2021 1.
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enrom. [Ipenenst ofHapyxeHWH H OCHOBHEIC HOHBI
npHBefess! B Tabm. 1.

Permcrprpyemnie B macc-cnektpax  [IsH
cTAMynsTopoB nuEEH woHoB [M-H]', [M-R]" =
[M-R-2nH]" sBnsiores MpOAYKTAME TIeTepOreHHBIX
peakunil apOMaTH3aAH H AHCCOLHALMN MONEKYN HA
ropsdeii MNoOBepXHOCTH SMHTTepa OgHako He
HCKIIIOYEHA BO3MOKHOCTE JIECTPYKUHH MONEKYI
ONHATOB B KHYICCHOBCKOH fuelke ¢ 00pazoBaHHEM
wacTAn co crpyxrypolt [M-R]y’ ¢ mx gamsmeftmeit
apomarmsanmeit #a nopepxHocTH aMuTTepa. C nemsio
BLIACHEHHS TPHPOAW npomcxomuaenns [M-H]',
[M-R]" u [M-R-2nH]" wonoe mns Becex mccaeno-
BaHHLIX CTHMYNIATOPOB CPABHHBANH 3aBHCHMOCTH
norapadMa OTHOCHATENLHONO H3IMEHEHHS TOKOB 3THX
HOHOB 0T 00paTHOH TeMnepaTyps! HenapuTens 7.
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Pucynok 5. Kpussie Appeniyca 1ns onpenenesns Tenno-
Th! cyOmmanmst amcberamitia: | —m/x 84, 2 — m/z 134,

IMonyuennkle HAKNOHE! rpadHKOB, OAHHAKOBLIE
INg  pasHEIX  HWOHOB MPA  PA3HBIX  Jyep,
CBHJICTENLCTBYIOT, 4TO BCE HOHBI, Habmogaemsie 8
Macc-CHeKTpax CTHMYISTOPOB, NOAYYaAOTCs H3
TOCTYNIHBINHX HA MOBEPXHOCTE HCXOAHLIX MONEKYIL.
Jns npumepa Ha pHC. 5 UpHBEACHE! KpPHBBIC
AppeHHyca s HCKOTOPHIX TOKOB HOHOB amdera-
MHHA ¢ m/z 134 n 72, W3 nonyueHHBIX HAKIOHOE
KPHBBIX BLIMHCIEHB! TEMIOTE CyONHMaHE CTHMYIA-
TOPOB, KOTOpLIC NpHBejeHsl B8 Tabn |, BenwuwEwm
TEMNOTH CYONAMAIHA CTEMYNATOPOB pacryT oT
amperammra (0.13 3B) x xoxammy (032 3B) =
KOPPSIHPYIOT C HX CTPYKTYPHBEIMA 0COGEHHOCTSMHA.

IV. 3axmouenne

Taxum oOpa3om, BrepBbie C NPEMEHEHHEM MO-
BEPXHOCTHO-HOHH3ANHOHEON  MAcC-CNEeXTPOMETPHH
HCCNCROBAHE! HADKOTHYECKHAE CTHMYNSTOPR! — amdpe-
TaMHH, MeTaMperaMHH B KOKaWH, 8 TAKKe HX CMe-

©Axanemus nayk PecnyBnuku Yabaxucras, Tawkesr, 2021 1.

IwaEssie ¢ KpoBeio oOpasum [Tomyuenm: macc-
CTIEKTPBl, TEMIMEPATYPHEIE 38BHCHMOCTH HOHHBIX
TOKOB B OOpEeNeHs! TeNnoTh CyONHManEH CTHMY-
NATOPOB. Y CTAROBIEHO, UTO 3TH CTHMYISTOPH HOHH-
sytores nocpencrsoM I18H ¢ sricoxolt addextusHO-
CTLIO, MX MAaCC-CHEKTPhHI MANOMHHEHYATH H MO3BO-
NS0T € BBICOKON HyBCTBHTENLHOCTEI OOHAPYXHBATE
C/IEIOBLIE KONHYECTBE, AHANHIHPOBATL 3TH COCAHHE-
HHA B PA3MHYHEIX CHOXHBIX PacTBOpax, BKMOYAs
Omonormveckue, CpaRHEHHE MACC-CHEKTPOBR YHCTHIX
oOpasuoe amperamuna, MeTaMpeTaAMHHA H KOKaHHa
H WX CMEIIAHHEIX C KPOBBK) 00pa3lioB MOKazuiBaioT,
9T0 Macc-criekTp OHONOrMYecKkHX KHAKOCTEH CcMe-
IMAHHBIX CTHMYNIATOPOB COCTOMT H3 CYMMBI JBYX
crexTpos, T.e. ux [1sH macc-cnexTp anauTHBsen.

BaaroaaprocTy. Astopsl Gnaropaprst [nasHo-
My Gropo cyaebmo-memammHCKOR 3kcmeprasst Pec-
myOmukRE V30eKHCTAH 34 NMPEXOCTARICHHE MAKPOKO-
JIHYECTB CTHMY/ISTOPHBIX BELIECTB.

Merapannbie

Surface ionization of narcotic stimulants in biolog-
ical samples

B.Sh. Kasimov, Sh.Dj. Akhunov, Sh.M. Akhmedov,
D.T. Usmanov

Institute of Ion-Plasma and Laser Technologies,
Uzbekistan Academy of Sciences, Durmon Yoli street 33,
100125, Tashkent, Uzbekistan

The paper presents the experimental results of mass
spectrometric studies of the regularity of surface ionization
of stimulants. Mass spectra of these substances, tempera-
ture dependences of ion currents were obtained, and heats
of sublimation were determined. Heterogeneous channels
of reaction occurring on the hot surface of the thermoemit-
ter of stimulants and the adsorption scheme were revealed.
In addition, mixed stimulants in a biological sample were
investigated to reveal the analytical possibility of the me-
thod. The detection limits and the linear dynamic range of
the investigated compounds were determined.

Keywords: surface ionization mass-spectrometry, stimulants, he-
terogenous reaction, heat of sublimation, biological samples, limit
of detection.
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HapkoTMK  CTHMYJATOPJIAPHUHT  GHONOrUK

HAMYHAJIAPAATH CHPT HOHJIALLYBY

B, Kacumos, IIJx. Axynoe, IILM. Axwmenos,
A T. Yemanoe

VaP ®A Hon-nnasma sa nasep TEXHOMOrHANAPH HHCTHTY-
™, ¥ pmon itynu kyuacu 33, Towkenr, Yabekucrou

Vwby wwga CTUMySSTOPIAPHUHT CHPT HOHJIALIYBH
KOHYHMATIADMHN TAOKMK Kuan 6Yiiuva  rasxpubasuit
HATHHKANAP KEeNTUPUIrad, By MOMIANApHUHr  Macc-
CIIEKTPJIAPH, WOH TOKJAPWHK TemmepaTtypara GOFmKiapn
OJIMHraH Ba YNApPHHHT MCCHKMMK  cyOnuMaumsiapy
aHuKnanrad. CTUMYNSHTIAPHUHT TEPMOIMHTTED CHPTHIA
Gynamuran  rereporen  peakuus  KaHaunapy  sa
ancopbunsnannur cxemanapu Tonunran, Bynad raumkapy,
YCYMHHHT  AHAIMTHK  UMKOHMATNAPHHH  &HWKJIALI
MAKCAMMIA  CTUMYJIHTNApHH — OMONOrMK  HaMyHAard
apanamManapu  TagKMK  KWIHHTaH, prasuaran
OUpHKMANApHU AHWKIAHWLI Yerapajapy Ba HYHXUKIH
JAMHAMUK OPATMKIAPH AHMKIAHTAH,

Kamr cyanap: oupr HoMAQumys  Mace-CricKTPOMCTPHACH,
CTHUMYJIATOPNAP, MCCHKIMK CyOMMMammsacH, GHOMOrMK HaMyHa,
AHWKTAHMII HCrapacu.

®Akanemus Hayk Pecnybnuky Ysbekvucta, TawkenT, 2021 r.



UZBEK JOURNAL OF PHYSICS 2021 Volume 23 Number 1

ISSN 1025- 8817

vig
X3ANI



