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AHaIMTHYECKH |

YHUCJIEHHO PaccMOTpeHa

JAHaMHKa COJIMTOHOB BOJIH Marc¢puu,

OTCKAKHMBAIOLINX OT OTPaXKarolled MOBEPXHOCTH (aTOMHOTO 3epKaia) MOA JEHCTBHUEM CHIIBI
TAXKCCTU, Koriga JBYX4YaCTUYHBIC BSaHMOﬂeﬁCTBMX MCXKIY aroMaMu MEPUOANICCKU
MOJyTUPYIOTCS BO BpEMEHH. AHATUTHYECKOE OMHMCAaHIEe OCHOBAaHO Ha BapHAIlHOHHOM HOIXOJIE.
[Mosy4eHs! 4acTOTHI MajbIX KOeOaHUH LIEHTpa MAcChl ¥ IIMPHUHBI COJIMTOHA. AHAJIUTHYECKHE
MpeICKa3aHMsl CONOCTABIEHBI C PE3yJbTaTAMU YHUCIEHHOIO MOJENUPOBAHUS YPAaBHEHUS
I'pocca-TIuraeBckoro U HaliIeHO KAYECTBEHHOE COTTIACHE MEXKIY HUMHU.

KuiroueBrble ciioBa: xoHnencar bose-DiiHiiTeiiHa, MoJie rpaBUTALUK, BAPUALIMOHHOE PHOIIIDKEHHE, Yac-
TOTa KOJICOaHMH.

We consider, by analytical and numerical means, the dynamics of a matter-wave soliton
bouncing on the reflecting surface (atomic mirror) under the influence of gravity, when two-
body interactions between atoms are periodically modulated in time. The analytical description
is based on the variational approach. The frequencies of small amplitude oscillations of the so-
liton's center-of-mass and width are obtained. Analytical predictions are compared to the re-
sults of numerical simulations of the Gross-Pitaevskii equation and qualitative agreement be-

tween them is found.

Keywords: Bose-Einstein condensate, field of gravity, variational approach, oscillation frequencies.

I. Introduction

The problem of a ball, bouncing under influence
of gravitational field, on the oscillating mirror (the
Fermi-Ulam model) is one of the basic models of the
theory of dynamical systems, which is used for the
investigation of such phenomena as Fermi accelera-
tion [1] and dynamical chaos [2-4].

The analogue of this problem in Bose-Einstein
condensate (BEC) is the bouncing of a matter-wave
packet in the gravitational field above the oscillating
wall (atomic mirror created by a laser beam). Altering
the position of the mirror in time can emulate the
Fermi-Ulam problem for matter-wave solitons, pav-
ing the way to observe many interesting phenomena,
such as Fermi acceleration for cold atoms and soli-

DOI: https//doi.org/10.52304/.v24i1.299

tons, interference of matter-wave packets, nonlinear
resonances, hysteresis and dynamical chaos with mat-
ter-wave solitons [5-8]. This model is also important
for the realization of time crystals [9].

It is interesting to study the periodically driven
interactions between atoms and their influence on the
dynamics of bouncing solitons. While the translation-
al symmetry is not breaking by the temporal modula-
tions of interactions, we can expect the influence of
the modulations on the motion of the soliton. This
possibility appears since the effective potential acting
on the center-of-mass of soliton due to interaction
with the mirror depends on the width of the soliton.
Under the modulated interactions the width is oscil-
lating and so we can expect the oscillations of the

Vol. 24, No.1, pp. 1-7, 2022
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effective potential. The variations of the strength of
two-body interactions via the atomic scattering length
can be achieved using the Feshbach resonance man-
agement technics [10].

Following the above mentioned idea, we will
study the bouncing of the matter-wave soliton on the
standing mirror when the atomic scattering length is
periodically modulated in time. We will explore the
possibility in accelerating of the soliton under such a
perturbation. This model can be also considered as a
prototype for the nonlinear time crystal with managed
nonlinearity. The Feshbach resonance method [11-
12] allows changing the force of interaction between
atoms in a condensate, using an external magnetic or
light field. This method has opened up great oppor-
tunities for studying the properties of the condensate.

II. Model

The model is based on the following 1D Gross-
Pitaevskii equation (GPE):

.oy n* o’y 2
ih—=———+mgxy +U(X)y + 270, a s
- amae T MV )y Ayl y
(1)

where y(x,t) is the wave function of the condensate
trapped in a tight quasi-1D trap, X is the spatial coor-
dinate of the wave packet above the horizontal atomic
mirror, represented by the reflecting potential U(x), g
is the strength of the gravitational potential, @, is the
trap frequency in the tightly confining radial direc-
tion, and m, a5 are the atomic mass and S-wave scat-
tering length, respectively. The gravitational units of
space and time are defined as follows

ly=®/m*g)",  t=/mg®)"”, (@)
which enable to rewrite the Eq. (1) in dimensionless
form

. 1
Iy, +E\VXX +oxXy +U (X)y +7(t) [ v |2 y=0, (3)

where the new variables are defined as X—X/lg,

t-tt, UO)=UX)/mgly, v — 20, |a|t;v.

To simplify further calculations we use the ex-
pression U(X) = Vd(X) for the reflecting barrier
(atomic mirror). Hence, the external potential be-
comes the combination of a linear potential and delta-
function type reflecting barrier

V (X) = ox +V,8(X), 4
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where o is a parameter that represents the strength of
the field of gravity, V, is the strength of delta-
potential.

The time variation of the S-wave scattering
length a5 has the following form [10]:

B A
as_abg 1_—B(t)—BO ,

where ayg is the scattering length outside the reson-
ance (background scattering length), B, is magnetic
field at which resonance occurs, A is the width of re-
sonance at B(t) = B.

By taking Eq.(5) into account, the time depen-
dent nonlinearity coefficient can be written as follows

Y(®) =7y, +esin(Q1), (©)

where v, =2hm a, is the unperturbed coefficient of

6)

nonlinearity, €, Q are the amplitude and frequency of
modulation of nonlinearity.

III. Variational approximation

It is easy to verify that Eq. (3) can be retrieved
from the following Lagrangian density by utilizing
the Euler-Lagrange equations

[t
(7

We will look for the solution in the form of
hyperbolic secant function, which is the bright soliton
solution of GPE in absence of the external potential
V(X)

V(X,t) = Asech (X%a(;jeib(x—g)%iv(x—f;)ﬂtp, (8)

where A(t), a(t), ¢(t), v(t), b(t), o(t) — are the time-
dependent variational parameters, meaning the ampli-
tude, width, position of the center-of-mass, velocity,
chirp and phase of the soliton, respectively. The norm
of the trial function (8) represents the conserved
quantity of the governing Eq. (3)

i * * 1 2 2 'Y(t)
L=— - +— -V (x RALA
2(\1/% vy) 2I\lfxl (X)) | w 5

N:J:|\y|2 dx = 2aA2. 9)

Substituting the trial function (8) into Eq. (7) and
integrating over the space variable E:J.OO Ldx , we

get the averaged Lagrangian
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2
T T 2 0 1. 1
L=N|—ah+—ab"—=( +¢,+—-—
[12 L 2t
. (10)
2a a 6a

Applying the Euler-Lagrange equations to Eq.
(10) leads to the following system of equations for
the width and center-of-mass position of the soliton
with a time-dependent coefficient of nonlinearity

1o 2 2y(HN
E a0 Gy
(1)
Gy =0 —V—gsech2 (EJ tanh [E] (12)

a a a

These equations can be written in the form of
Newton's equations a, =—-0U, /da, C, =—0U, /dC
for a unit mass particle in an anharmonic potential

- (122
na T a a T a

U,(§)=—af -2 sechz(C].
a

Expressions for potentlal functions Eq. (13) and
Eq. (14) are obtained assuming one of the variables
(€ or a) is constant, corresponding to the minimum of
the potential, while the other changes slightly near its
equilibrium. More general expression for the poten-

(13)

(14)

tial can be obtained as follows. We rewrite the La-
grange function with kinetic and potential energy
parts separated, excluding the chirp and phase para-
meters:

2 2
C-t-u=2 P 2 12,
+ %sech2 [CJ 2Y(t)N
na a na

where B = 12/n%, and the expression for general po-
tential function takes the following form:

UG- g Shsear £ ] 20N

'a

(16)
n’a
Now we perform the following numerical expe-
riment. We choose the equilibrium point above the
reflecting surface as the initial position of the soli-
ton’s center-of-mass, where the force of attraction
due to gravity is balanced by the force of repulsion of
the soliton from the surface (delta-barrier). This cor-
responds to the minimum point on the potential curve
Ux(§), £ = 2.77. In this case, the width of the soliton
is determined from the condition of the minimum on
the curve U (a) and is equal to a, = 0.89 (see Fig. 1a,
b). The fixed points (o, 89) can be found using the Eq.
(16) as well by searching the local minimum in two-
dimensional parameter space. Apparently the mini-
mum is located within the dashed island of Fig. Ic

a

20 '| T L T 6
‘ 5
15} | 4l
| 3
lh(a)LO-\ ] 2
|\| /// 1t
05t | /// o
\\\/// _1 ]

0.0 :

~15 =10 =5

0 s
{ a

10 15

1.0

1.5 20 25

Figure 1. Potential function for width (a) and center-of-mass position (b) of the soliton. A parametric plot for general po-

tential function (c). Parameter values are oo =

IV. Normal modes

To analyze small amplitude dynamics of the sys-
tem we linearize the coupled ordinary differential eq-
uations (11)-(12), derived from the variational ap-

-0.1, Vo=—-10,N =

l’Yo 1,e=0, Co—277 a, = 0.89.
proximation method (VA). To this end we expand the
corresponding solutions near the equilibrium points a

= aotoa, § = {y+dL, where 6a and 6C are small dis-
placements:

©Academy of Sciences of Republic of Uzbekistan, 2022
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da, + o da=C, 8¢ + Asin(Qt),
3, + ;86 =C,8a,

(17)
(18)

where ®, and o are called partial frequencies [13],
which can be derived from original equations at sta-
tionary points, C;, C,, A are constants that depend on
the initial parameters

12V,
g = i24 - 4ygt)3N ) g sech’ (C_OJX
Ta, mwa; T 8

x[l —C—‘E - 4C—°tanh (C—OJ + 3§—§tanh2 (C—OH
8 & ) 8, Eh)
coé = V—Osech2 S 1—3tanh’ So , (20)
3 Eh) )

€ =20 ey [&J{l +2iotanh[ij —3tanh’ @H ,

(O

(19)

Ty 3 0o\ 3
21)
¢, Yo ey (c_j Laonh[c_]ganh c_ﬂ
3 3 ) & 3 3,
(22)
2eN
A:_njag : (23)

At € = 0 the time-dependent coefficient of nonlinear-
ity becomes constant, y(t) = yo. Thus, it is convenient
to seek for the solutions of Eq. (17) and Eq.(18) as

da=pe*", 8¢ =qe"™, where p and q are real para-
meters representing the amplitude of small oscilla-
tions for width and center of mass position, respec-
tively. After performing the corresponding deriva-
tives and inserting the outcome into the equations, the
following 4-th order algebraic equation for the fre-

quency Q is obtained
Q' — (0 + o)’ +0;0; ~CC, =0. (24

Solution of Eq. (24) gives us the frequencies,
which are known as normal modes

o - o2 + 0)2 F \/((o; —(DZ)Z +4C,C,
1,2 5 5
It is evident from the Eq. (25) that the normal
frequencies lie outside the interval of partial frequen-

cies, that is, Q, < o and Q, > ®, (to be specific, we

(25)

consider ®, <, ). Relations of this kind for systems
with many degrees of freedom are known under the
name of Rayleigh theorems [14].

Dependence of Q;, on ¢ is shown in Figure 2a.
It can be seen that the difference between the normal

frequencies €, and the partial w,; at small /C,C,
is insignificant everywhere, except for the region of
degeneracy | o) — o} [<4/C,C, . At sufficiently small

o, one of the normal frequencies becomes imagi-
nary, the system ceases to be stable.

a ‘ b ¢
2.5 L
ﬂz/ L3rpeua, . 3.0f
200 p -2 25) o
1.0 i
15t . 20
<] =) S 15)
1.0}
05+ 1.0f
.......... s T o))
051 I I
e
0.0k ‘ : i ‘ : 0.0l ‘ - - ‘ 0.0k
00 05 10 15 20 25 -10 -8 -6 -4 =2 0.5 1.0 1.5 2.0 25 3.0 35 40
w; Vo N

Figure 2. a) Relation between the normal and partial frequencies. Parameters: V, = —-10, N =1, {, = 2.77, a, = 0.89, b)
and c) describe the dependence of normal frequencies on the strength of reflecting barrier and the norm of matter wave,
when N = 0.8, and V; =—0.8, respectively. Other parameters oo = —0.1, yo =1 and € = 0 are the same for all three figures.

The Figure 2b illustrates that Q, declines faster
with respect to Vy, when the norm is fixed, while Q;

©Academy of Sciences of Republic of Uzbekistan, 2022

holds its initial value. On the contrary, if the strength
of reflecting barrier is constant and the norm of the
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soliton increases, then (2, grows faster than Q.

Moreover at certain values of initial parameters
(see Fig. 2b,c), the normal frequencies become al-
most equal Q, =Q,.

V. Numerical analysis

a
0.47 0-0.605 n F
0.2+
al 0.0
—-0.2}
—0.4/
0 50 100 150 200

0.05+

8¢ 0.00}

—0.05¢

150

0 50 100 200

t

da

Numerical simulations of Eq. (17) and Eq. (18)
give the opportunity to observe if resonance pheno-
mena in the system take place. With this objective we
periodically change the coefficient of nonlinearity in
time according to Eq. (6) with frequencies Q; ,, esti-
mated using Eq. (25). The result is presented in Fig. 3.

0.03/

1l I
il

W |
0.01} i |||
o.oorf"'fh".'llh'||'||'||||||
VYUV ||

~0.01F SN
~0.02}
~0.03

1.0t

0.5¢

h

da 0.0

—0.5¢

n

-1.0f
0 50

150 200

100
t

Figure 3. Small oscillation dynamics of the center of mass and width Eqgs. (17)-(18) of a soliton with a periodic variation
of the coefficient of nonlinearity. Parameter values: o =-0.1, Vo =-1,vo=1,N=4,,=1.21,a8,=0.46, € =0.01, Q; =

0.605, €, = 3.251.

As it was expected from coupled equations (17)-
(18), which include the term Asin(Qt) that acts on

the system as external force, the resonance occurs at
both of the normal frequencies

Finally, we compare the prediction of the varia-
tional approximation for the position of the center-of-
mass Eq. (11) and width Eq. (12) of the soliton and
numerical solution of the Gross-Pitaevskii equation
(see Fig. 4).The initial position of the center-of-mass
corresponds to a stationary position above the surface
Co, for which the downward gravitational force is

balanced by the upward repulsion from the surface.
The modulation frequency of the nonlinearity is equal
to the frequency of small amplitude oscillations of the
center-of-mass and the width of the soliton near the
equilibrium points. This corresponds to the condition
of nonlinear resonance. It can be noticed that when
perturbation coefficient € is sufficiently small, VA
method gives quite accurate predictions, consistent
with numerical simulations of the GPE (see Fig.
4a,b). However, if € gets bigger values, the results
deviate for the width parameter (Fig. 4.c-f).

©Academy of Sciences of Republic of Uzbekistan, 2022
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a
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1.2
= |
= .
S10
v hr
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0=0.605
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14’ i
S :
<12 ;
~1.0
0.8 - &
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t
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E ! "
2 .-
1.0
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1.2}
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—
(3]
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Figure 4. Comparison of the time-dependence of center-of-mass and width of the soliton, when the coefficient of nonli-
nearity is periodically varied in time. Parameter values: o = —0.1, Vo = -1, N =4, {; =121, 8= 0.46, v, = 1, 2; = 0.605.
The perturbation coefficient € = 0.01 for a-b, € = 0.1 for c-d, € = 0.2 for e-f. For visual convenience we plot {(t)/C, and

a(ty/a.
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VI. Conclusion

We have studied the bouncing dynamics of a
matter-wave soliton above the reflecting potential
barrier (atomic mirror), under the influence of gravi-
tational field and periodically varying in time atomic
interactions. To investigate the dynamics of soliton’s
width and center-of-mass coordinate the variational
approach has been employed, and a system of
coupled nonlinear ODEs for these parameters is de-
rived.By analyzing the small amplitude dynamics of
the soliton we find the normal mode frequencies, that
are consistent with numerical simulations of the go-
verning GPE. The nonlinear resonances in the matter-
wave soliton’s width and center-of-mass position are
observed.
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JaBpuili MOAYJSIIUAIAHTAH aTOM y3ap0 TabCHPHU
OCTHAA CAKPOBYH MATEPHA-TYJKHH COJUTOHM-
HHUHT JUHAMHKACH

K. K. UcmanyioB

V36ekucton ®annap Axagemusicn Pu3NKa-TEXHUKAa WHCTUTYTH,
Ywunarus AiitmaroB ky4, 2B, 100084, TomkeHT, Y36eKHCTOH

ATtomutap opacuaaru UKKH KHUCMITH ¥3apo
TabCHPJIANIYBIApP BAaKT OYHWYa MaBpUl MOIYJISIH-
JIaHTaHJa, TOPTHUILIMII MaNJOHM TabCUpUAA KalTapyBuH
103a1a (atoM Ky3ry) MaTepusa-TYJIKWUHH COJIMTOHWHUHT
Cakpall JMHAMHKACH aHAJWTHUK Ba COHJIM YCyJUIap
épaaMusia Kypruo YMKHIaau. AHAUTUTHK TaBCU( BapHAIIMOH
SKUHJAIIYB Meronura acociaHagu. CoONMTOH Macca
MapKa3d Ba  KCGHINIMTHHUHI KHYMK  aMIUIMTYJald
TeOpaHUIUIAPH YaCTOTATIAPH OJIMHAIW. AHAIMTHK yCyina
onuHraH Hatmxanap I'pocc-IIuTaeBcku TeHrinamMacUHUHT
COHJIN €YMMHU OWJIaH TaKKOCIaHAaIu Ba ylap YpTacuIaru
cudar MyBOUKIATH TOTIHIA TH.

Kamur cy3nap: bo3e-DiHIITEH KOHAEGHCATH, TOPTHUILHUIIL
MaiiZIOHH, BapHALMOH SIKMHJIAIIYB, TeOpaHHUII YacTOTaIapu.
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Teoperryecky HCCIEIOBaH MPOLECC MAPAMETPUYECKOr0 YCHIICHHSI KOPOTKUX ((pemrocekyHn-
HBIX) JIa3€PHBIX MMITYJIbCOB B KPHUCTAIUIaX C PETYJAPHOM NOMEHHOW CTPYKTypoil. OCHOBHOE
BHHMaHHE yJIeJICHO Ha (POPMUPOBAHNE CUTHAJIBHOTO MMITYJIbCA TIPH BIMSIHUM JUCIEPCUH CPEIIbI
U KyOMYecKOl HEeIMHEHHOCTH KeppOBCKOro Tura. [lokazaHo, 4TO HE3HAUMTENILHOE U3MEHEHHE
pa3Mepa IOMEHOB OT UX TOYHOI'O 3HAYCHUS, ONPEENIAEMOro KOTepeHTHOM AIMHON, MOXKET 3Ha-
YUTEJIBHO YBEIUYUTH A(P(HEKTUBHOCTh CUTHAJIBHON BOJIHBI. DTO OOBSCHSIETCS TEM, UTO (ha30BbIe
C/IBUTH, BBI3BAHHBIC BIIMSIHUSIMH HEJIMHEWHOCTH TPETHETO TIOpsJKAa W JIMCHEPCHH Cpenbl (Kak
NIPaBHJIO, OHH BIIUSIOT TOJILKO HA 0000IIEHHbIE (ha3bl HETMHEWHOTO B3aMMOICHCTBHS BOJIH), MO-
TYT YaCTUYHO KOMIICHCHPOBATHCS BIUSHHAEM «H30BITOYHOTO» BOJHOBOTO YHCIA HEIMHEHHOMH
pewietku. Ha ocHOBE MOSyYEHHBIX PE3YJIbTATOB MPOAHAIU3UPOBAHBI ONTHUMAIbHbBIE 3HAYEHUS
pa3mMepa JIOMEHOB, IIPH KOTOPBIX HaOJI0/1aeTCs MaKcuMasibHast 3 QEKTHBHOCTh F€HEPALU CHI'-
HAJIBHOU BOJIHBI B YCJIOBUSIX CAMOBO3ACHCTBUSI U HECTALIMOHAPHOCTH.

KuarwuyeBble cioBa: YupIl, KBAa3UCUHXPOHH3M, HEJIMHEHHBII (1)OTOHHLII\/'I KpucTali, rnapamMeTpu4eCkoe
YCUJICHUE.

The process of parametric amplification of short (femtosecond) laser pulses in crystals with a
regular domain structure is theoretically studied. The main attention is paid to the formation of
a signal pulse under the influence of the medium dispersion and cubic nonlinearity of the Kerr
type. It is shown that an insignificant change in the size of domains from their exact value,
which is determined by the coherent length, can significantly increase the efficiency of the
signal wave. This is due to the fact that phase shifts caused by the effects of third-order nonli-
nearity and dispersion of the medium (as a rule, they both only affect the generalized phases of
nonlinear interaction of waves), can be partially compensated by the influence of the "excess"
wavenumber of the nonlinear grating. On the basis of results obtained, the optimal values of
the domain size are analyzed at which maximum efficiency of signal wave generation is ob-
served under conditions of self action and nonstationarity.

Keywords: chirp, quasi-phase matching, nonlinear photonic crystals, parametric amplification

I. Bseaenme

Jist pemnieHuss OONBITMHCTBA TPUKIATHBIX H
(hyHIaMEHTanbHBIX 3a7ad Ja3epHON (U3UKH YaCTO
TpebyeTcst Mpeodpa3oBaTh YaCTOTHI JIA3EPHOTO H3IY-
YeHMs B TE€ JHAMa30HbI CIIEKTpa, TIe MpsaMas Jiasep-
Has TeHepalus HEBO3MOXKHA WM Malo3(PeKTHUBHA.

DOI: https//doi.org/10.52304/.v24i1.300

B CBsI3M C 3TUM HCHONB3YIOTCS pPa3IHYHBIC THITHI
MPOIIECCOB MPEoOPa30BaHUs YaCTOTHI B KBaJpaTH4-
HBIX HEJIMHEHHO-ONTUYECKUX cpenax. HecMoTps Ha
ux obwmnme, mapamerpuieckoe ycuienue (I1Y) ma-
3epHOT0 M3NIyYeHHs 3aHHMaeT 0co0oe MecTo. JTOo
CBSI3aHO C TEM, YTO 3TOT MPOIECC MO3BOJISET IUIABHO
npeobpa3oBaTh Ja3epHOE HW3IYYCHHE B Pa3IHYHBIH
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JMana3oH CIEKTpa U 3HAYUTEIbHO YCUIUTh 3HEPTHIO
CUTHAJIbHOW BOJIHBI MPU MPUCYTCTBUUA MOIIHOWU BOJI-
HBl HaKa4YKH, €CITU BBIMOJIHACTCS YCIOBHE (ha30BOTO
CHHXPOHM3Ma (WM YCJIOBHE KBa3HU-CHHXPOHH3Ma B
HenmrHeHHBIX (oToHHBIX Kpuctamiax (HDPK)) B tpa-
JTUIMOHHBIX AaHU30TPOIHBIX KPUCTAIIIAX.

O6bruHO ITY MOXHO peann3oBaTh Kak B 00bEM-
HBIX HEJIMHEHHO-ONTHYECKUX KpHCTalllaX, TaKk U B
NEPUOUYECKH IOJSIPU30BAHHBIX KpUCTaIax (cM.,
H-p, ociieanne 0030ps [1, 2] u ccpliku B HUX). [lo-
CleHEee B HACTOALIEE BpeMs IIHMPOKO NpUMEHseTCS
Ha MIPAKTUKE, Olarogapsi yCOBEPIIEHCTBOBAHUIO TEX-
HOJIOTUU BBIpAIlMBaHUS Takux kpucrtamwioB [3]. Ta-
KM€ HEJIMHEHHO-oNTHYecKue pemerku npu I[IY moryr
OBITH OPHEHTHPOBAHBI K JIOOBIM [UIMHAM BOJH Jia-
3epHbIX u3AydeHuil. [lpm H3TOM yclnoBHUE KBa3u-
CHHXPOHH3Ma BBITIOJIHAETCS C MOMOIIBIO U3MEHEHUS
3HaKa HEITMHEWHOCTH BTOPOTO MOpPsAKAa OT JOMEHa K
noMmeny [4-6].

Bricokosnepreruueckas 3(QQGEKTHBHOCTh CHUT-
HaJbHOW BOJNHBI ITpu [TV sBIsS€TCA ONHUM U3 BaXKHBIX
napaMeTpoB, KOTOpbI TpeOyeTcsl JOCTHYb Ha Ipak-
TuKe. JlJi1 3TOro HEOOXOJUMO HCIIOJIB30BaTh BBICO-
KOMHTEHCUBHBIE U3ITyYeHHs] HAaKayKU. DTO CBA3aHO C
TEM, YTO BBICOKOA((PEKTHBHBIE PeoOpa3oBaHus Jac-
TOThI, B ToM uucie [IY, mpsMo NnponopiroHaIbHbBI
MHTEHCUBHOCTH JIa3epa. B cBOIO ouepenb, KONEpEeHT-
HbI€ HCTOYHHUKH C BBICOKOW SHEprHel HMEIOT MECTO B
KOPOTKHX JIa3€PHBIX UMIyJbcax. OIHAKO HCHOIB30-
BaHHE KOPOTKHMX JIA3€PHBIX HMITYJIbCOB BBICOKOM
SHEPTMM MOKET MPHUBOJAUTH K ABYM OIPaHUYMBAIO-
mmM dddekram. [IepBolif — 3TO yBeTHUYCHUE BIUSHUS
HEJIMHEMHOCTU TPETHETO MOPsIIKA, BTOPOMl — BIUSHUE
mucniepcun cpenbl. [lepBbiii 3¢ ¢ekT 3aBUCHT OT HH-
TEHCUBHOCTH NaJaloLIer0 HM3Iy4eHHS M BBI3BIBAET
JIOTIOJIHUTENBHOE U3MEHEHHE TOKa3aTelsl MpesioMIle-
HUS Cpelbl, TEM CaMbIM HapylIaeT YCIOBUE KBa3H-
CHHXpOHH3Ma. BTOpoil NpHUBOAWT K 3alepiKKe HM-
ITyJIbCOB OTHOCHTENBHO IpPYT Ipyra U YBEIUYECHUIO
BPEMEHHOTO MPOQMIsS B3aUMOJCHCTBYIOINX HM-
MyJILCOB B TMEPBOM M BTOPOM MOpsAKax IUCIIEPCHH
cooTBeTcTBeHHO. O0a 3TN 3 (dekTa CUIBbHO OrpaHu-
YUBaIOT 3QPEKTUBHOCTH CUTHAIBLHOM BOJHEI Tipu [1Y
KOPOTKHUX JIa3€PHBIX UMITYJIbCOB.

Heo0xomumo oOTMETHTH, YTO yKa3aHHas Hpo-
OseMa yCIIeIIHO pelianach ¢ MOMOIIBIO UCIIOIb30Ba-
HUS YUPIUPOBAHHOTO WMITYJIbCA CHUTHAIBHON BOJIHBI
Ha BXOJ€ B HENUHEHHBIM Kpuctamn [7, 8]. OgHako
JAHHBIA METOJ TPeOyeT CIIOXKHBIX IKCIEPUMEHTalIb-
HBIX MHCTPYMEHTOB M MOJKET BBI3BIBATh YACTUYHYIO
MOTEPIO SHEPTUH.

B nannoit pabote TeopeTnuecku OyAeT mokasa-
HO, 4TO HEOOIbIIOE H3MEHEHHE pa3Mepa JOMEHOB
HOK cymectBeHHO BiusieT HAa (OPMHPOBAHHE HM-
IyJIbCa CUTHAIBHOM BOiHBI Ipu IIY kopoTkux ia-
3€pHBIX UMITYJIbCOB B YCIOBHSX HECTAlMOHAPHOCTH U
CaMOBO3JEMCTBHH.

II. Onucanme o0bLeKTa M METOIOB HCCJIEI0BA-
HUSA

B mpomnecce ITY Ha BXxoa B HEIUHEUHBIN Kpu-
CTaJUI TajgaeT HEKOTopass BBICOKOYACTOTHAs BOJIHA
HAaKa4yKH o, U cnabas CHrHajlbHas BOJIHA ;. Ilo yc-
JOBHIO (), = (;+®; HA BBIXOJE KPUCTAILIA MOTy4aeM
MOIIHYIO CHTHAJIBHYIO BOJIHY )y U XOJOCTYH) BOIHY
;. IIponecc IIY B ycnoBUsIX HECTALMOHAPHOCTH U
CaMOBO3/CHCTBUSI OMMCHIBACTCS CHUCTEMOHN YypaBHe-
HUH (B3aHMOJACHCTBHE ee-e):

4nid€ff * —iAkz
=5 (2) 4 4, -

s
s°Ts

3
ngh

s

Ay [|AS|2 w204 + 2\APH;

R 47id . .
M4, = —TeﬂS(z)As Ayt

i’V

e

3mi (3) 2 2 2.
_EAZ.X [|Al-| +2|4|" +2|4,| }

/ = —mS(z)AA ™M
]’lp?\,p 1°7S

3ni 2
-84 Ol 2l 24l

nphp

C 'PaHUYHBIMU YCJIOBUAMMU:
4, (2=0.0)= dyexp(-21n2(¢/ 7)’);
A (z=0,6)=10"4,(z=0,t);
4,(2=0,6)=0

2)

3neck A,, A 1 A; — KOMIUIEKCHBIE AMIUIATYIbI HAKa4-
KH, CUTHAJIbHOM M XOJIOCTOM BOJIHBI COOTBETCTBEHHO
(Ao — MakcuMambHAs pealibHas aMIUTHTYIa HaKaYK{
Ha BXOJI€ B KpUCTaIN); A,, Ay U A; — JUIMHA BOJIHBI Ha-
KayKH, CHUTHAJbHOM M XOJIOCTOM BOJIHBI COOTBETCT-
BEHHO; 71, N M 1; — TI0KA3aTEIIH MPEIOMIICHHUS BOJIHBI
HaKa4yK{, CHTHAILHON M XOJOCTOM BOJHEI COOTBETCT-
BEHHO; do = 212 u x® — xosbdunmenTH HeMMHEH-
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HOM CBs3U BTOPOI'o U TPECTHETO MOPAAKOB COOTBETCT-
BCHHO, S(Z) 3HAKONEpEMCHHAA MCpHUOAUYICCKaA
q)YHKHI/IH; T — MJIUTCIBHOCTh MMITYJIbCa HAaKa4YKW Ha

BXOJe B HEIMHEWHBIH Kkpucramn; Ak = k,~k—k; —
(azoBast paccTpoiika;
~ 0 o i o0 1. &
My =—4Djj——Dy;~=+—Dy;~,
oz o 2 ot 6 a8
re
b Ak k| d’k
1j = » i =75 » M3 =3
de =0 do 0=0 do O=0
j = {l’ P, S}.

III. Anaau3 pe3yJibTaTOB

[Ipesxxne yeM moka3aTh, MOYEMY ONTHMAJIBHOE
ycnoBue npoiecca I1Y B ycnoBusix HecTalliOHapHO-
CTH M CaMOBO3JIEUCTBUA HE OMNpeAeNsIeTcs IJIUHON
pa3Mepa JIOMEHOB, paBHON KOT€PEHTHOW JIMHE

, 00paTM BHWMaHHE Ha aHAIUTHYECKOE pe-

[IeHne CUCTeMbI ypaBHEeHUH (1).

Cucremy ypaBHeHHU# (1) MOXHO PeIIUTh aHAIH-
THUYECKH, €CIIM WCIIONB30BaTh MPHOJIMKEHUE 3a/1aH-
HOTO TMOJIsl U OTPAaHUYUTHCS MIEPBHIM MOPSAKOM UYJIeHa
aucrnepcur. Toraa MOKHO 3alHcaTh B CIIEKTPaJIbHOM
IPOCTPAHCTBE:

aaiﬂ'mD]S = —i%(Z/n)A:AOe_’SkZ

Zz UN

—i

3)|A0|2
, (3)

d
- neﬂ(z/n) Aoe idkz

Oz n\;

O O
I’l

(k]

roe Ok =Ak—n/d (d— TonumpHa TOMEHOB).

VYpaBHenus (3) MOKHO YIPOCTUTh, €CITH BBECTH
HOBBIE O0O3HAYCHMS i1 KOMILICKCHBIX aMIUIHTY]I
CUTHAJILHOW U XOJIOCTOW BOJIH:

U(z,0)= A4, exp(ioD z +iaz),

V(z,oa): 4; exp(iBz) ’ )

TIe

©Akagemuns Hayk Pecnybnuku Y3bekuctaH, 2022 r.

6m 2
_X,|AO|

IloncraBmsist (4) B (3), mMOIyduM U3BECTHBIE
YpaBHEHUS JJIsl TAPAMETPUUECKOI0 YCUIICHHUS B TPH-
OJIMKEHUU 33JJAHHOTO TIOJIS:

@Lzﬁl Vi expl=iAS(@)7]
oV . ’ ¥
V) b opl-ission

4

rae
Bl =8A0deﬂ /ns s> BZ _8A0def/n)“
AS(w)=-0; —oD); —a, —8k.
Ora cucTeMa YpaBHCHHH MMEET M3BECTHOE pellle-
HHE JIJI1 CUTHAJIBLHOM BOJIHBEI [9]:

_iAS (co)z

U(z,0)=-Uje 2 |ch(bz)+i Aigjm) sh(bz)
(6)
rac
b=(1/2)yg* -AS*,  g=4;BB,.

HetpynHo 3ameTuTh, 9TO ypaBHEeHHE (6) MMeeT
MOHOTOHHBIH pocT Tonbko npu AS =(0. U3 artoro
cnenyer, 4ro 8k = —o, — oD, — Ga,. OTcrona MOX-

HO HalTH OINITUMAJIBHYIO TOJIMIUHY JOMCHOB

d=n/[Ak—a,—0Dy-0,], (7)

KOTOPYIO 0OBIYHO HaxosT 1o dpopmyne dy=1 / |Ak| .
VYpasuenue (7) mMO3BOISIET HANTH ONTUMATHHYIO
TOJIIIUHY JIOMEHOB B YCJIOBHSIX CaMOBO3JACUCTBHS U
HECTAI[MOHAPHOCTU B MPHOIMKCHUU 3aJAHHOTO TMOJISI.
OpnHaKko W3-3a 3aBHCUMOCTH d OT (® HEBO3MOXKHO
HAWTH SBHOTO BhIpaXKeHUs d. TeM He MeHee, ecliu yc-
JIOBHO BBIOpaTh My BMECTO (¥, TO MOXKHO HAWTH MpU-
OJMKeHHOE ONTHMAaIbHOE 3HAYeHNE IS d:

dzn/[Ak—ocl—oooDls—az]. (7

Ecnu He yuuThIBaTh HEJIMHEHHOCTU KEPPOBCKO-
To THMa W aucrepcud, u3 (7") MOXHO TOMyddTh d =
dy=m/|Ak|.

Mg aHanuzupoBay (7'), IOACTABISAA peabHOE
YCIIOBHE DOKCIEPHUMEHTa (CM. HIDKE) M IOTyYWIH
npubmusutensHo d = 0.87 dy. JIns TodHOTO aHamM3a
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POJIM pa3MEepOB JOMEHOB B 3THX YCIIOBHSX PaccMOT-
pUM YHCIIEHHOE pereHne ypaBaeHui (1).

UucnenHoe  pemenue  auddepeHnuanbHbIX
ypaBHeHuit (1) ¢ rpaHUYHBIME YCIIOBHAMU (2) mpoBe-
JIEHO Ha OCHOBE METOJa ITOIIaroBOTO pacIeTuIeHHs,
«cmmt-cTeny cxemsl [10]. s muHEeiHOM JacTH Hc-
MOJIb30BAIN CTAHAAPTHBIA METOA OBICTPOTrO Mpeodpa-
3oBanusa Dypwe, a nng HeNMMHENHON — MeTon PyHre-
Kyrra uwerBeproro mnopsiaka. Ilpm 3ToM TOYHOCTB
YHCIEHHOTO pacueTa MPOBEPSUTH 0 3aKOHY COXpaHe-
HUSI DHEPTHH B3aMMOJICHCTBYIOIIUX BOJIH U TIO JJIMHE
«ITUCTIEPCUOHHOTO PACIUIBIBAHUSY M3-32 JUCIIEPCUH
TpyIIOBBIX cKopoctel [11].

Jns yucnennoro ananuza ITY KOpoTKux Jazep-
HBIX HMIIYJIbCOB MBI BBEIOpANH CleyIoNHne apamer-
PBl peanbHOM CUTYaIlUU YKCIICPUMEHTA: HETMHEHHBII
¢doronnsrit kpucramnr 5%Mg:PPLN (mepuoamaecku
MOJISIPU30BaHHBIA HHOOAT JTUTHS, JIETUPOBAHHBIH 5%
Marsuem), I, = 10" Br/m?, I, = 107 Br/m?, A, = 3.4
MKM, Ay = 1.064 MM, A; = 1.5 MKM, dy = 15.3 MKM,
JUISL JNTUTEIBHOCTH JIa3ePHOTO MMITYJIbca MBI BHIOpa-
T HECKOJIbKO 3Ha4eHUH (EeMTOCEKyHIHOIrO Iuara-
30Ha [12-15]. Pesynbratel mis pmurensHocTH 10 (e
MMITyJIbCa HaKayKy TOKa3aHbl Ha puc. 1.

%320, D(w)=0
20F — -va_—l:l, D{w)=0
llllI-XBI*u, D(w) %0
15 o
S —
F1of R S—
5 b
Kl
e . ) ; ;
0 0.1 0.2 0.3 0.4 0.5 0.6

z[cm]

Pucynok 1. Oueprernueckas 3¢ (HeKTHBHOCTh CUTHAIBHON
BOJIHBI OT TOJII[MHBI HEJIUHEHHOTO (POTOHHOIO KpUCTAJUIA.
PesynbraTel npenctaBieHsl s ciaydas 10 ¢c ummynbca
Hakauk¥ (31ech d = d;).

Ha puc. 1 crutomHoi KpuBOH MpoJIeMOHCTPUPO-
BaHa 3(Q(EeKTUBHOCTH CUTHAIBLHON BOJIHBI, MOJTYYEH-
Has C Yy4YeTOM TOJIbKO HEJIMHEHHOCTH TPETHETO IIO-
psanka. [Ipu aTom MakcumanbHast 3G (HEeKTHBHOCTD Ha-
omopaercst mpubnmsuTensHo npu 0.05 cM (crutomrHas
KpuBasi). HeoOXomuMo OTMETHTH, YTO pe3yIbTaThI

NPaKTHYECKH HE MEHSIOTCS, KOrJa He YYHUTBIBAIOTCS
BCEC OTpaHHYMBAIONIEC (PAKTOPHI (3TH PE3yIbTATHI
3[ech He TIoKa3zaHbl). Ho mpu yuere BIUSHHUS AUCIIEp-
CHH BCEX MOPAAKOB 3PPEeKTUBHOCTH PE3KO CHUKAET-
cs (myHKTHpHas kpuBas). Korma ke yduThIBaroTCS
BCe orpaHHYMBaroniue (HakTopsl, 3PGEKTHBHOCTH
CUTHAJILHOM BOJIHBI €IIe CHWKaeTcs (TOoYeyHas Kpu-
Bas). llomyueHHbIE pe3ynbTaThl MMOKA3BIBAIOT, YTO B
9TUX JHama3oHaxX [IUTETHHOCTH W WHTEHCHBHOCTH
HUMITyJIbCa HAKauyKd OCHOBHBIM OTPaHHMYHBAIOIIUAM
(akTopoM 3PPEeKTUBHOCTH CUTHAJIBHOW BOJIHBI SIBIISI-
€TCsI IUCTIEPCHS CPellbl, a He HETMHEHHOCTh TPETHEr0
MopsiIKa.

Ponp gucnepcun npu GpopMUpOBaHUU UMITYJIbCA
CUTHAJIBHOHN BOJIHBI XOPOIIO BHIHA U3 PHC. 2, T/Ie T0-
KazaHa 3aBUCHUMOCTH 3()PEKTUBHOCTH CHUTHAIBLHOMN
BOJIHBI OT MOJIHOM JIMHBI HENUHENWHON peuneTku. 13
PUCYHKa BHIHO, YTO BIHMSHUE TUCTIEPCUHN CHUIIBHO OT-
paHmguBaeT 3QPEeKTUBHOCTH TOJIBKO MIPH THTEITHHO-
CTH UMITYJIbCa HaKadku Menblie 10 dc.

30 ' : : . :

WS mS SR S
-

—=100fs |
= =7=50fs
snnun =10 fs

B L L LA L LY
——
e

0 sty M M i i

0 0.1 0.2 0.3 0.4 0.5 0.6
z [cm]
Pucynok 2. 3aBucuMocTh 3(p(QEKTUBHOCTH CUTHAIBHOM
BOJIHBI OT IIOJHOW JUIMHBI HETMHEHHOTo (POTOHHOTO KpH-
CTajuia JUIsl Pa3IMYHBIX CIy4aeB JUIMTEIBHOCTH HUMITYJIbCA
Hakauku: 100 ¢c (crutomnas kpusast), 50 ¢c (myHKTHpHAS
kpuBas), 10 ¢c (toueunas kpusas) (31ech d = dj).

Jlanee MBI HcCITeIOBAIA BIMSHUE TOJIIUHBI H0-
MeHa Ha 3((QEKTUBHOCTh CHTHAJILHOW BOJHBL Ha
puc. 3 mpuBeneHa 3aBUCUMOCTh 3(ddekTuBHOCTH
CHI'HAJIbHOM BOJIHBI OT M3MEHEHHUS TOJILMHEI JOMEHA
npu (PUKCMPOBAHHOM 3HAYEHUH IIOJHOMN JIJTMHBI Tie-
puoudeckoro kpucramwia z = 0.6 CM 1 JUIUTENBHOCTH
Hakayku 10 ¢dc. BugHo, uTto mMakcumansHas 3ddex-
THBHOCTH HaOmromaercs He nipu d/dy = 1, a ipu d/d, =
0.7955. 3nech dy — ToNIMHA OAHOTO JOMEHA, PaBHAS
KOT€pEHTHOM IJINHE JAHHOTO HEJIMHENHO-
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onrtuyeckoro mnporecca. CienoBareiabHO, MBI JIeTaeM
BBIBOJI, YTO €CJIH MbI YMEHBIIIAEM TOJIIIHHY JIOMEHOB,
TO BO3HHKACT KOMIICHCaAIlUA (1)330BI>IX CABUT'OB, BBI-
3BaHHBIX OTrpaHUYHUBarOIIMMU (akropamu. [Ipu sTom
BBIMIPHIIT B 3()(HEKTUBHOCTH COCTABISET MOYTH JBA
paza [16].

18 T T T T T T T T T

16

n [l

05 06 07 08 09 1 11 12 13 14 15
d/d
0

Pucynok 3. 3aBucumocTh 3((EKTUBHOCTH CHUTHAIBHOW
BOJIHEI OT d/d.

Hcnone3ysi pe3ysbTathl, NPEACTaBICHHBIE Ha
puc. 3, s ONIpeNiCIICHUsT TUHAMHUKKM OOMEHA SHEPTHU
MEXJTy B3aUMOJICHCTBYIOIIMMH BOJHAMH MbI TIOBTO-
pWIH BBEIYHCIECHUS 3aBHCHUMOCTH 3(PQGEKTHBHOCTH
CUTHAJILHOM BOJIHBI OT JUTMHBI HEJIMHEHHOTO TEepHO-
JMYECKOTro KpHUCTajlia z JJis ciiydaeB Kak d/dy =1, Tak
u d/dy=0.7955. nns 10 dc.

18 T T T T T T
O"“ -
] r
16 | PR Y ’ 1
r v 1
14 -
12k i I - i
' e fis.did =0.7935
=10} Yy gy e
= [
= sk \ -
]
6 1 £ )
F =10 fs, did =1
4 B ' :-. 0 J
2 ¥
-'{/Esmddfo_wss
0 i 2 N . M M
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
z [em]

Pucynok 4. Pesynpratel s ciaydaes 10 u 5 dc mpu d/d,
=1wud/dy=0.7955..

Puc. 4 mokaseiBaet KIIJ] curHaabHOM BOJIHEI OT
z nipu d/dy = 1 (toueunas kpuBas) u d/dy, = 0.7955
(myHKTHpHAsA KpuBasi). 34€Ch SIBHO BUACH BBIUTPHIII B

©Akagemuns Hayk Pecnybnuku Y3bekuctaH, 2022 r.

3 (PEeKTUBHOCTH CHUTHAIBHOW BOJHBI TIpU d/dy =
0.7955. JIns cpaBHEHMS 3]1eCh TAK)KE NPUBEACHBI pe-
3ynbTathl pu S5 e u d/dy ~ 0.7955.

N3 puc. 4 Taxxe BugHO, 9TO TIpH d/dy = 0.7955
3aBUCUMOCTH 3()()EKTUBHOCTH OT Z MMEET OCLHJUIU-
pyIoLIMi XapakTep. ITO OOBACHIETCS TEM, YTO Majoe
OTKJIOHEHHE pa3Mepa JOMEHOB OT TOYHOT'O 3HAYEHHUS
POXIAeT JONOJIHUTENBHYIO (Pa30BYI0 PpacCTPOMKY.
Oma, B CBOIO OYepellb, YACTUIHO KOMIIEHCUPYET ApY-
rue (azoBble CABUI'H, POXKIAIOIIMECS OT OPYTUX Or-
pannumBarommux QaxkropoB. Ho sTa kommneHcanus He
nonHast. [loromy 4to (a3oBble CIABUTH OT HETUHEH-
HOW PEIIETKU SBISIOTCS JIMHEHHOW (YHKIHEH, B TO
BpeMsl KaKk OT HEIMHEWHOCTH TPEThEro MopsijaKa H
BCEX WICHOB JUCIEPCUUN — HENMHEMHbIE. M3-3a 3TOTO0
HEBO3MOJKHA TIOJHAs B3aMMHAas KOMIIEHCAIUS 3THX
¢azoBbix caBuroB. Ha sTtoM pucyHke HabmomaeTcs
Takasg ocuwumpyemas 3aBucumocTh KIIJ] oOmena
SHEPruei CUTrHAJIbHON BOJHBI.

IV. 3axkiaouenue

Taxkum 0Opa3oM, YMCIIEHHBIM METOJOM IpOaHa-
JM3UPOBAHO IApaMETPUIECKOE YCHICHHE KOPOTKHX
(peMTOCEKYHIHBIX) Ja3epHBIX HMMITYyJILCOB B KpH-
CTaJllaXx C PEryJsipHOM IOMEHHOM CTpYKTypoll 5%
MgO:LiNbOs. IIpu 3TOM YUYHUTHIBAIHCH IHUCIICPCHS
Cpeabl 10 TPETHETO MopsiaKa U KyOudeckas HelTuHew-
HOCTb KEppOBCKOTo THMa. PacdeTsl mpoBoawin s
JUTUTENIBHOCTEN OCHOBHOTO J1a3epHOro ummyJisca 100
dc, 50 deu 10 de.

IlokazaHo, 4TO HMMeeTCs ONTHMMAaNlbHas JJIMHA

JIOMEHOB, OTJIWYarouiascs ot dy=r1/ |Ak , TIPH KOTO-

poii HaOmroaeTcsi 3HAYUTENbHOE MOBBIIICHHE d(¢-
(eKTHBHOCTH TIporiecca MpeoOpa3oBaHUS YaCTOTHI.
Kak moka3bIBarOT pacueThl, HEOOJBIIOE OTKIOHCHHE
pa3Mepa JJOMEHOB OT TOYHOTO 3HaueHHs, oOecreuu-
BAIOIIETO KBAa3WMCHHXPOHHM3M, IO3BOJISIET YACTUYHO
KOMIICHCHUPOBATH (1)330BLII>'I CIBUT, BBEI3BAHHBIN BIIUS-
HUEM KyOWYHOH HEIMHEWHOCTH KEPPOBCKOTO TUIA H
JUCTIEPCUH cpelibl. Pe3ynabTaThl paboOThl MOXHO HC-
MOJIb30BaTh JUIS APYTHX MPOIECCOB MPeoOpa3oBaHMUs
YaCTOTHI.

PaboTa BBITIONHEHA MPH YACTHYHON MOJIEPIKKE
mpoekToB  Uzb-Ind-2020-96, Uzb-Ind-2020-83 wu
ATLANTIC-823897 (HORIZON-2020).

MetagaHHbIE

On the theory of parametric amplification of short
laser pulses in nonlinearity photonic crystals
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O.I. Sabirov, N.A. Akbarova, U.K. Sapaev

Tashkent State Technical University, Faculty of Electronics and
Automation, Universitetskaya street 2, 100095, Tashkent, Uzbe-
kistan

The process of parametric amplification of short (femtose-
cond) laser pulses in crystals with a regular domain struc-
ture is theoretically studied. The main attention is paid to
the formation of a signal pulse under the influence of the
medium dispersion and cubic nonlinearity of the Kerr type.
It is shown that an insignificant change in the size of do-
mains from their exact value, which is determined by the
coherent length, can significantly increase the efficiency of
the signal wave. This is due to the fact that phase shifts
caused by the effects of third-order nonlinearity and dis-
persion of the medium (as a rule, they both only affect the
generalized phases of nonlinear interaction of waves), can
be partially compensated by the influence of the "excess"
wavenumber of the nonlinear grating. On the basis of re-
sults obtained, the optimal values of the domain size are
analyzed at which maximum efficiency of signal wave
generation is observed under conditions of self action and
nonstationarity.

Keywords: chirp, quasi-phase matching, nonlinear photonic crys-
tals, parametric amplification.
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Houu3ukinu ¢oroH KpucTA/LIapAa KHCKa Jasep
HMIIyJIbCHHH TApPaMeTPUK KYYalWTHpPHII Ha3a-
pusicu

0O.U. Cadupos, H.A. Ax6apoBa, Y.K. CanaeB

TolKeHT 1aBnaT TEXHUKA YHUBEPCUTETH, Y HUBEPCUTET Kydacu
2, 100095, TomkeHT, Y30€KUCTOH

MyHTa3aM [OMEHIM TY3WIMINTa 3ra KpUcTaiapaa
KHCKa ((heMTOCeKyH/) Ja3ep MMITYIbCIApUHH MapameT-
PUK KYyYaUTHpHMIO >Kapa€HW Hasapuil >KHXaTIaH
Yypranunrad. MyxuTHUHT nucnepcuscu Ba Kepp tumnu-
Jaru KyOWK HOUM3HKIIMK TabCUPUAA CUTHAJ MMITYJIBCH-
HU IIAKJUIAHTHpUIITra acocuii 3Tubop Oepunamu.
Korepent y3uniaMk OwiaH OelrwiaHagural aHUK
KUMMAaTOaH [OMEHNIap YIYaMUHUHT OWpO3 Y3rapuiiu
CUTHAJI TYJIKUHHUHI caMapalopUIrUHU CEe3WIApiIu Aa-
paxkaga OIIMPUIITN MYMKHHIWTH KypcaTwiau. bByHUHT
cabaly IIyHOAKHU, YYUHYM JapakaJld HOUM3HUKIIUTH Ba
MYXUTHMHT JAUCIIEPCUSCH TAbCUPUIAH KEIUO YMKaIUTraH
opTukda (haza cHDKUCIapH (KOHAa acocaH, YIapHUHT
UKKaQJIac XaM TYJIKUHJIAPHUHIT HOYM3MKIM  ¥3apo
TabCUPUHUHT YMyMJIAIITUPWITaH Qazajgapuua TabCcup
KWJIaJ1) HOUM3HUKINA INaHXapaHUHI "opTuUKua" TYIKHH
COHU TabCUPU OWJIaH KOIUIAHUIIM MYMKHMHJIMIU OWIIaH
n3oxjaHagu. OIMHraH HaTWXajlap acocuia JIOMEH
XKMUHUHI ONTUMAJl KUHMAaTiaapu TaxXjIMil KWIMHAIM,
OyHma ¥3-y3ura TabCUp KYpcaTUIN Ba CTAlMOHAPIUK
LIaPOUTHUIA CUTHAN TYIKUHUHU MaKCUMAaJl SIPATUIIHUHT
9HEPrus caMapaJopiIUTry Ky3aTHIaan.

Kanur cy3nap: uupn, KBa3H-CHHXPOHJIMK, HOYM3MKIU (HOTOH
KPHUCTAJLIH, TTAPAMETPUK KyUalTHPHIILL.
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B mocienree BpeMst UCIIOJIb30BaHKUE XOJOIHON aTMOC(HEPHON MIa3Mbl IS JICYCHHUS PaKa CTa-
JI0 OJHOHM M3 HanboJee MHTEPECHBIX TeM MPUMEHEHHs ia3Mbl. HecMoTpst Ha MHOTooOemao-
IIME PE3yJIbTaThl OOJIBIIIOIO KOJHMYECTBA MCCIICAOBAHUN, OCHOBHBIC MEXaHH3MBbI BO3/ICHCTBHS
TUIa3Mbl Ha PaKOBBIE KJIETKH BCE €lle He SICHBI U TpeOYIoT OoJiee TIATeNbHbIX (yHIaMeHTab-
HBIX UCclenoBanuii. B aToii paboTe mpeacTaBiieH 0030p HANIMX MOCICIHUX BBIYACITATEIBHBIX
HCCIICIOBAHMMA, MPOBEACHHBIX JJIS U3yYCHHUS MECXAHH3MOB B3aMMOJICHCTBUS aKTUBHBIX (OPM
KHCJIOPO/a U a30Ta, TEHEPUPYEMBIX XOJOAHON atMoc(epHOH Mmia3Mol, co crenuuIecKuMu
OekaMu, IMCIOIIMMHU OTHOIIICHUE K paKy (JiedeHuto). B yacTHOCTH, OCHOBHOE BHUMaHHE yJIe-
JICHO BIUSHHIO 3TUX YACTHI[ IDIa3Mbl HA MPOHHUIIAEMOCTh aKBAaNlOPHHA W TPAHCIIOpPTEpa ITHC-
tuH/Tnytamara XCT, HCcromb3yeMBIX B Ka4eCTBE MOACTBHBIX CUCTEM Ul HHTETPATBHBIX MEM-
OpaHHBIX OeNKOB. Pe3ynpTaThl MOJOETHUPOBAHMS MOMOTAIOT JIyYIlIe MOHATH OCHOBHBIE MeXa-
HU3MBI 3aMETHOTO POCTa TIa3Ma-HHAYIIHPOBAHHBIX PEaKTUBHBIX YaCTHIl, HAOIIOIaeMbIX B pa-
KOBBIX KJIETKaX IO CPABHEHUIO C HOPMAJIBHBIMHU KJIETKaMH, TEM CaMbIM yJydInas oOIiee Imo-
HUMaHHE PONM WHTETPATbHBIX MEMOpAaHHBIX OEIKOB B CEJICKTHBHOH INPOTHBOOIYXOJEBOH
CIOCOOHOCTH XOJIOJTHOM aTMOC(HEPHOH IIa3MBl.

Kiw4yeBble cioBa: X0JoIHas aTMOC(i)epHaSI I1asma, IjIa3MEHHOE JICUCHUE paKa, pEaKTUBHBLIC q)OpMI)I
KHCJIOpOJa U a30Ta, UHTCTPaJIbHBIC MeM6paHHBIe 6en1<1/1, MOJICKYJIdpHas JUHaMUKa.

Recently, the use of cold atmospheric plasmas for cancer therapy has become one of the most
exciting topics of plasma application. Despite promising results from a large number of stu-
dies, the underlying mechanisms by which plasma acts on cancer cells are still elusive and
require more thorough fundamental investigations. In this account, an overview is provided
on our latest computational studies performed to investigate the interaction mechanisms of
reactive oxygen and nitrogen species generated by cold atmospheric plasma with specific pro-
teins relevant for cancer (treatment). In particular, the main attention is paid on the effect of
these plasma species on the permeability of aquaporin and cystine/glutamate transporter xCT,
used as model systems for integral membrane proteins. The simulation results help to gain in-
sight in the underlying mechanisms of the noticeable rise of plasma-induced reactive species
observed in cancer cells compared to normal cells, thereby improving overall understanding on
the role of integral membrane proteins in the selective anticancer capacity of cold atmospheric
plasma.

Keywords: cold atmospheric plasma, plasma cancer treatment, reactive oxygen and nitrogen species, in-
tegral membrane proteins, computer simulations, molecular dynamics.
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I. Introduction

In recent years, the application of non-thermal
atmospheric pressure plasmas operating at near am-
bient temperature (or simply cold atmospheric plas-
mas) in cancer treatment is attracting increasing inter-
est and is becoming one of the main topical areas of
plasma research [1]. Experiments already evidenced
that cold atmospheric plasma may selectively kill can-
cer cells, leaving homologous normal cells less dam-
aged [2-5]. This and other features of cold atmospheric
plasma, such as causing no pain in patients, no thermal
and electrical damage, and low cost [6, 7], might give
an advantage to cold atmospheric plasma over tradi-
tional anticancer therapies.

Cold atmospheric plasma generates reactive oxy-
gen species (ROS) and reactive nitrogen species
(RNS). According to the literature, the most relevant
ROS generated by cold atmospheric plasma include
atomic oxygen (O), singlet delta oxygen (‘O,), supe-
roxide (O, ), ozone (Os), hydroxyl (*OH) and hydro-
peroxyl (HO,*) radicals, and hydrogen peroxide
(H,0,), whereas the most important plasma-generated
RNS are nitric oxide (*NO), nitrogen dioxide (*NO,),
and peroxynitrite (ONOQO") [8, 9]. Some of these reac-
tive oxygen and nitrogen species (RONS), e.g., hy-
droxyl radical, may have strong oxidizing effects that

induce modifications in lipids and proteins, leading to
significant alterations in cells. Other RONS, such as
nitric oxide, can act as the regulator of the cellular
function, thereby influencing the proliferation of cells
or immune responses [10, 11].

It is generally believed that the selective anticanc-
er capacity of cold atmospheric plasma is linked to the
higher levels of RONS that are generated in cancer
cells, while normal cells experience a relatively modest
increase (if any) in RONS levels [4, 12-14]. The plas-
ma-induced RONS diffuse across the cell membrane,
causing nitro-oxidative stress in the cell, thereby af-
fecting the intracellular signalling pathways, and even-
tually leading to cell death [15, 16]. However, the un-
derlying mechanisms of the distinct increase of intra-
cellular RONS are still not fully understood, although
several explanations have already been proposed in the
literatures [17-19].

In this paper, we will provide an overview of our
latest computational studies performed using integral
membrane proteins [20-23]. These proteins might play
an important role in the selective rise of intracellular
RONS observed in cancer cells (see Fig. 1 below and
explanations therein). Hence, obtained results might
give possible explanations to the selective action of
cold atmospheric plasma on cancer cells.

RONS ﬁF-«'\

!

Extracellular

57

| __l!||'||,||!|;||__I :
AQP TR =T .

>in¢rea$
b = R

/

)

system x_°

cysteine —> GSH —¢| H,0,

—

Figure 1. Schematic illustration of the integral membrane proteins aquaporin (AQP) (left) and xCT antiporter (right).
Plasma-generated RONS (e.g., H,O,) can diffuse across AQP with and without modifying/oxidizing the extracellular part
of AQP (yellow star), thereby increasing the intracellular RONS level. These species may also interact with xCT, oxidi-
zing its extracellular part (yellow stars), thereby affecting the xCT function (by e.g., suppressing the cystine permeation),
which might also contribute to increasing RONS levels in the cell.
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II. Simulation setup

All details of the simulation setup are provided in
[20-23]. Briefly, we applied atomistic simulations,
employing different simulation techniques including
molecular dynamics, to study (a) the permeation of
RONS through aquaporin (AQP) as well as (b) the
transport process of cystine across XCT. As plasma-
generated RONS we used H,O, molecule, *OH, *NO
and *NO, radicals that are in ground states and their
spin-states are not taken into account in the simula-
tions.

Both structures (AQP and xCT) were used as
model systems for integral membrane proteins in this
study (see Fig. 1).We also examined the effect of
plasma-induced oxidation (in these model systems) on
the transport of the above-mentioned permeants

(RONS and cystine). For calculation of the free en-
ergy profiles associated with the transport of per-
meants across model systems, we used the umbrella
sampling (US) simulations.

II1. Results and discussion

AQPs are trans-membrane proteins that conduct
not only water molecules across the cell membrane
but also other solutes, such as RONS produced, e.g.
by cold atmospheric plasma. In [20] we studied the
permeation of H,O, across native AQP1 (one of the
members of the AQP family) and lipid membrane,
which showed that the delivery of H,O, into the cell
interior should be through AQP [20]. However, the
overall nature of RONS transport through AQP was
still obscure. Therefore, in our next study we extended

this research, including more RONS [21].
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Figure 2. Free energy profiles of the hydrophilic (H,O, and *OH) and hydrophobic (*NO, and *NO) RONS across AQP1
pores of the native (NAT, black curve) and oxidized (OXL - oxidized lipids and OXP - oxidized protein, red and green
curves, respectively) model systems. The intracellular and extracellular aqueous phases are shown in light blue color. The
NPA (asparagine-proline-alanine) and ar/R (aromatic-arginine) regions are indicated by the brown dashed lines. For more

details about OXL, OXP, NPA and ar/R, see [21].
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Specifically, applying molecular dynamics simula-
tions we investigated the permeation processes of both
hydrophilic (H,O, and *OH) and hydrophobic (*NO,
and *NO) RONS through AQP1. The results revealed
that these RONS could all penetrate across the AQP1.
The permeation free energy barriers for *OH and *NO
were lower than that of HO, and *NO,, indicating
that these radicals may have easier access to the pore
interior and interact with the amino acid residues of
AQPI1. We also studied the effect of RONS-induced
oxidation of both the phospholipids and AQP1 on the
transport of the above-mentioned RONS across
AQP1. Both lipid and protein oxidation slightly in-
creased the free energy barrier for H,O, and *NO,
permeation, while for «OH and *NO, we did not ob-
serve a strong effect of oxidation (see Fig. 2). Hence,
we suggest that the hydrophilic species enter the cell
through AQPs, as they experience a clearly higher
barrier through the lipid membrane, especially in the
native lipid bilayer. On the other hand, the hydropho-
bic RONS most likely permeate through the mem-
brane, where lipid oxidation can take place, as their
barrier through AQP is higher (see [21] for more de-
tails).

Our next study consists of two parts. In a first
part, we investigated the permeation of cystine across
three model systems of xCT, the light subunit of the
xC  antiporter responsible for the cystine and gluta-
mate translocation [22]. We considered the outward
facing, occluded and inward facing configurations of
xCT, applying a combination of targeted MD [24],
steered MD [25] and classical MD as well as umbrella
sampling [26] simulation techniques. We found the
key role of amino acid residues in the outward facing,
occluded and inward facing configurations responsi-
ble for the uptake, transport and release of cystine.
The calculated free energy profiles of cystine across
the outward facing, occluded and inward facing struc-
tures showed the energy minimum of cystine to be
higher in the inward facing conformation, indicating
that a lower energy is required for the release of
cystine from the antiporter [22].

The second part was dedicated to the effect of
plasma oxidation on the extracellular cystine uptake
by the xCT [23], which is important for cancer ther-
apy. We considered the outward facing configuration
of xCT, and to study the effect of oxidation, we oxi-
dized the Cyss;y; residue, located in the vicinity of the
extracellular milieu. Our simulation results showed
that oxidation of Cyssy; results in a free energy barrier

for cystine translocation, thereby blocking the access
of cystine to the substrate binding site of the outward
facing system. The obtained results indicated that the
oxidation of Cyssy;, by e.g. cold atmospheric plasma,
is more effective in inhibiting the xC™ antiporter than
the mutation of this amino acid to Ala [23].

IV. Conclusions

In this paper, we provided an overview of our
latest simulation results that may help to gain more in-
sight in the underlying mechanisms of the noticeable
rise of cold atmospheric plasma-induced RONS in
cancer cells, thereby improving our understanding on
the role of integral membrane proteins in the selective
anticancer activity of cold atmospheric plasma.

In particular, the simulation results on the RONS
permeation across AQP revealed that oxidation of
both the phospholipids and AQP1 protein does not
strongly affect the permeation of *OH and *NO radi-
cals across AQP1, whereas it slightly increases the
free energy barrier for H,O, and *NO,, which we at-
tributed to the sizes of these species [20, 21]. Both
lipid and protein oxidation influences the shape of the
free energy profiles of all RONS, as well as the barrier
heights for H,O, and *NO,. Thus, these out comes
provide molecular level insight into the role of AQP,
which is often more expressed in cancer cells.

Our simulation results on the cystine uptake by
the xCT protein revealed that oxidation of XxCT pro-
tein leads to a free energy barrier for cystine transloca-
tion, thereby blocking the access of cystine to the sub-
strate binding site of the outward facing system
[22,23]. Hence, the inhibition of the xCT subunit of
the xC™ antiporter may lead to Cys starvation in some
cancer cells, eventually resulting in cancer cell death.
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Inazma opkKadu OKCHIJAIIHUHI OKCHJLIAPra
Tabcupu: MoJieKyJasap Aapakajarn MoJesuiaml-
THPHII

M. KOcynos'??,
V. Xamuios"?

M. FaceMMTapnﬁ", C. Mup3ae32,

' TUKXMMM Mummii  TagkukoT yHmBepenrets, 100000,
Towxkenr, Y36exucron

V.A. Apudos Homugaru Mon-Ilna3zma Ba Jlazep Texnomorus-
napu UucturyTy, 373P(DA, 100125, TomikeHT, V36exucron
AHTBepneH yHuBepcureTd, 2610, AnTBepneH, benbrus
lapu¢d Texnonorust YHusepcuretn, Texpon 14588-89694,

OpoH

Cyurru fimuiapia capaTOHHH JaBOJAIIa COBYK aTMocde-
pPUK mIa3ManaH (QoijaTaHWII TUTa3Ma aMaJHETHHHHT SHT
KM3UKapy WyHanunuiapuaad Oupura aimangu. Kym con-
I TaAKUKOTIAPHMHT  MCTUKOOIM  HaTHKaJapura
Kapamac/aH, Ila3MaHuHT capaToH XyKalpajgapura TabCcu-
PUHU TYLIYHTHUPYBUYU ACOCUM MEXaHU3MIIAPHUHT XAJId XaM
HOAQHHMKJIWIH  YYKyppOK  (QyHIaMEHTan  TaJKUKOTIap
YTKa3WINIIMHY TaK030 KHUJIaIH.

Ymby umpa coByK aTMoc(epuK Iula3Ma MYyXHTHIA
XOCHJI OYNraH peakTHB KHCIOpPOJ Ba a30T 3appajapHHUHT
capaToH Xy)kaifpacnmarun mMaxcyc OKCWIUIap OmiaH y3apo
TabCHUP MEXAHW3MIIAPHHY YPTaHMII YUyH ONHuO OopuiraH
CYHITH MOJCTIAIITHPHUIN  TaJKUKOTIAPUMH3  XaKuJa
KHCKada mapx Oepmirad. XycycaH, ymoy mapx/ia acocHid
9bTHOOP PEaKkTHB IUIa3Ma 3appajJapUHUHT HHTETPAT MEM-
OpaHa OKCWUIapH Y4YyH MoOJAeT TH3UMIap cudaruaa
KYJUIaHWJITaH aKBAIlOPUH Ba IMCTHH/TIyTaMaT TallyBYHCH
XCTHUHT YTKa3yBUAHJIMTUTa TAbCHUPUHH TYIIYHHIITA
KapaTwiarad. MoZAeIamTHpyIl — HaTWXKajlapd PEaKTHB
ia3mMa 3appajJapuHUHT HOpMal XysKalipajapra HucOaraH
capaToH Xykaiipanapuna ce3uIapiu Jlapakaza
KYMaHUIIMHUHT aCOCHH MEXaHM3MJIAPWHH SIXIIUPOK TY-
myHumra épaam Oepaau Ba HaTHXXa/la COBYK aTMochepuk
TUTA3MaHUHT CapaTOHTa TaHIa0 TabCUp YTKAZWIIUAA MEM-
OpaHa OKCWJUIADUHMHI POJM TYFPUCHIATH yMyMHUH Ty-
HIyHYaJIapHU SIXIIMIANIH.

Kamur cy3aap: coByk arMocdepHk IU1a3ma, capaToHHH Jia-
BOJIAIll, PEAKTUB KUCIIOPOJ Ba a30T, MOJICKYJISAP JUHAMUKA.
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MeX30HHbIN ABYX(POTOHHbIU IMHEMHO-LIUPKYNSAPHbIA ANXPOU3IM
B Y3KO30HHbIX NOMYyNpPOBOAHMKAX
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ITokazaHO, 4TO OCHOBHOM BKJIaJl B IBYX()OTOHHBIN JIMHEHHO-IIMPKYISIPHBIA TUXPOU3M B Y3KO-
30HHBIX MOJYNPOBOJHUKAX BHOCAT ONTHUYECKUE MEPEXO/bI, IPOTEKAIOIINE U3 OJ30HbI JIETKUX
JIBIPOK B 30HY IpoBoauMocTH. [lapruanbHbie K03((UINEHTH MEX30HHOTO IBYX(OTOHHOTO
TIOTJIOLIEHUSI CBETA, OTJIMYAIOIINECS APYT OT ApYyTra TUIIAMH ONTHYECKHX MEPEX0I0B, aHAIM3H-
POBaHbBI B 3aBHCUMOCTH OT CTENEHHU MOJIIPHU3AIMH CBETa, TAKXKE MPOBEICH KOJINYECTBEHHBIN
aHau3 Kod(pQUIMEHTa JTMHEHHO-IUPKYJIAPHOTO IUXPOM3Ma ABYX(OTOHHOTO IOTJIOIICHUS
cBera. Ilosy4eHbl BEIpaKEHHS Ul CIIEKTPANbHOH 3aBHCUMOCTH KO3 UIMEHTa MEK30HHOTO
JIBYX()OTOHHOTO TIOTJIOIIEHHUS CBETA B Y3KO30HHBIX HOIYyNIPOBOJHMKAX B Mojenu KeiiHa.

KaioueBsble ciioBa: HayajibpHOE, BUPTYAJIbHOE U KOHEYHOE COCTOSHHUS, MEXKTy30HHOE JBYX(DO-
TOHHOE IIOTJIOLIEHUS CBeTa, npuomkeHrne KeliHa, onTrdyeckuil nepexo/1, NOIyPOBOJHHUK.

It is shown that the main contribution in the two-photon linear-circular dichroism in narrow-
gap semiconductors is made by optical transitions proceeding from the subband of light holes
to the conduction band. The dependences of the partial coefficients of interband two-photon
absorption of light, which differ from each other by the types of optical transitions, are ana-
lyzed, depending on the degree of polarization of light, and a quantitative analysis of the coef-
ficient of linear-circular dichroism of two-photon absorption of light is carried out. Expres-
sions for the spectral dependence of the coefficient of interband two-photon absorption of light

in narrow-gap semiconductors in the Kane model are obtained.

Keywords: initial, virtual and final states, interband two-photon absorption of light, Kane's approxima-

tion, optical transition, semiconductor.

I. Bseaenme

HenuueiiHoe moriouieHne MONSIPU30BAaHHOTIO
cBeTa, OOYCIIOBIEHHOE ONTHYECKUMH TIepEeXOJaMu
(OIT) Mexay mOM30HHAMH JIETKAX H TSKENBIX JBIPOK
BAJICHTHOW 30HBI MOJIYIIPOBOJHHUKA, U €r0 JUHENHO-
LUPKYJISAPHBIN JUXPOU3M paccMOTpeHs! B [1-9].

Henunetinoe MHOTO()OTOHHOE TOTIIOMIEHNE CBE-
Ta B IOJYNPOBOJHUKE CO CIJIOKHON BAJIEHTHOH 30-
HOM, 00yCJIOBJIEHHOE MPSIMBIMH ONTHYECKUMH Tepe-
XOJJaMH MEXIY TOA30HAMH TSDKENBIX U JIETKUX Jbl-
POK M 3aBHUCSIIEE OT CTENICHH MOJIIPU3AIIH CBETA HC-
cienoBano B [1-5]. B atux pabortax cuutaercs, 4To
HEJTMHEHHOCTh B 3aBUCUMOCTH K03 dunmreHTa omaHo-

DOI: https//doi.org/10.52304/.v24i1.301

(DOTOHHOT'O TOTJIONICHUSI OT WHTEHCHBHOCTH BO3HU-
KaeT 3a CUeT PE30HAHCHOTO HACBILIEHHS MOTJIOLIe-
HUs1, 00yCIIOBIIEHHOTO (POTOMHIYIIMPOBAHHBIM H3Me-
HeHNeM (QYHKIHN paclpeeNeHns JeTKUX U TSHKEIBIX
JBIPOK B 00JIACTH MMITYJIBCHOT'O MPOCTPAHCTBA BOJIHU-

31 TNOBEPXHOCTH Epy (E) —Ey (E) —hw=0, coot-

BETCTBYIOIICH  YCJIOBUIO  pe30HAHCA. 3nech
Ehh(lz)(Ehl(f()) — DHEPTeTUYECKHH CHEeKTpP TSKEIBIX

(JterkMX) IBIPOK, ® — dacTota cBeTa. B [1, 2, 6] nc-
ClIeZIOBaH MHOTO(OTOHHBIA JTMHEHHO-IUPKYJISIPHBIH
nmuxpomsm (JILJ]) B p-Ge B pexxuMe pa3BUTON Helu-
HEHHOCTH, KOTJa B NOTJIOLNICHHE BHOCAT COIOCTABH-
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MBI BKIan n-poToHHBIE TIporecch ¢ n=(1-5). Jlu-
HEHHO-IUPKYJISPHBIA  ABYX(OTOHHBIA  JUXPOU3M,
00yCIIOBIIGHHBI ONTHYECKUMH TIEPEXOAAMU DIIEK-
TPOHOB MEX]y BaJICHTHOW 30HOW M 30HOM MPOBOAM-
MOCTH ObLT TipenckazadH B [7]. B [4] umccrmemoBanbl
YeTBIPEeX(OTOHHBIE MPOIECCH B IMONYIPOBOIHUKAX,
00yCIIOBIIEHHBIE ONTHYECKAMH MEPEXOJaMH MEXKIY
OJI30HAaMU BAJIEHTHOU 30HEL.

Opnako Bompoc o JILJI Mex30HHOrO IBYX-
¢doronnoro mornomenus ceeta (IPIIC), a takke o
CIEKTpaJIbHOW M TEMIIEPaTYypHOM 3aBUCUMOCTAX
ko3 Punmenta JIPIIC B y3KO30HHBIX MOIYIPOBOJ-
HuKax B Mmogenu KeilHa ocTaercs OTKPBITBIM, Y€MY
MTOCBSIIICHA TaHHAs padoTa.

II. Ko3¢ppunueHT Mex30HHOTO BYX(OTOH-
HOTO TOIJIOIIEHUS CBeTa M €ro JiMHelHOo-
IUPKYJSIPHBIA TUXPOU3M

B »sTOoM paznmene moiayyuM BbIpaXeHHE IS
CHEKTpaJIbHON 3aBUCHUMOCTH koadPunuenrta
Mex30HHOro J®IIC B y3KO030HHBIX MOJIYNPOBOJI-
Hukax B Mojzenu KeiiHa. B pacderax ucnosb3zyem
METOJ pacuera, MpeaioKeHHbIH B [5-9]. OTMmeTum,
970 KO3(PPHUIUEHT MHOTO()OTOHHOTO IOTIOUICHHS
CBETa COCTOMT W3 MAapLUAIbHBIX COCTABIIIOLINX,
KOTOpBIE IO CBOEH MPUPOJIE 3aBUCAT OT TOTO, B KAaKOH
30HE HaXOJATCSA HOCUTEIM TOKA KaK B MCXOJHOM, TaK
U B BUPTYyaJIbHOM COCTOSIHUSIX.

B nmanpHeWmmx (IpOMEXYTOYHBIX) pacueTax

BMECTO Zk(fL ~foona ) Erpg —E, —=2h0) F(k)  ucnons-

3yeM BBIpaXKCHUE (1/(275)3 F(k, L)kf L > The ke —
BOJIHOBOWM  BEKTOp, OIpEINeNsieMblii W3 3aKOHA
coxpaHeHus sHeprun: F, —FE; —2ho=0. B gacTHOCTH,

B c(hepruecKoM TMPUOIMKCHUH B JHEPrETUYCCKOM
CIICKTPEe  HOCHTENeW Toka, T.6. B  Cilyd4ae

E; :E§O)+(h2k2/ 2my;), BOJIHOBOM BEKTOP HOCHUTEJIEH

MEXK30HHBIX OI1,

onpenenseres kax k., =2uM)/ 1* (2ho-E,), tae

TOKa, Y4aCTBYHOIIIUX B

pgf’lh) =m,m; /| (m,+m;) — npusBeaeHHas 3(pdek-
TUBHasg Macca, m; — dQQEeKTUBHAs Macca HOCHUTEINeH

TOKa B 30HE (WM NOJ30HE) ¢ HOMepoM L. B wacTHO-
CTH, Tpu L=c 1nd 30HBI TPOBOAMMOCTH, TOT/A

Eg)) =L,

(TsDKENBIX) ABIPOK BaJICHTHOW 30HBI, TOTIA EEO) =0.

ecmn L =[h(hh) il TOM30HBI JIETKHX

YacrtoTHasg 3aBHCHMOCTb  3HAMEHaTeled B
MAaTpUYHBIX JJIEMEHTAX OIpPEAENAeTCd 3aKOHOM
coxpaneHust sHepruu, TunoM OIl U BHUPTyanIbHBIX
cocrossHui. H-p, eciM BHpPTyallbHbIE COCTOSIHUS
HaxoZiATCd B BAJICHTHOM 30HE, a MCXOJHOE — B
MIOA30HE TSDKENBIX JbIPOK, TOrJa 3HAMEHATelb B
MaTpU4YHOM 3JIEMEHTE JIaHHOTO nepexona
OIPEAENAECTCS BBIPAXKECHUEM

m. m —-—m
E,, — Eyy — hooy= e Thh i

(2hm—Eg)+ ho ,

My M + My,
€CJIN OTOT HCPCXOI[ HpOI/ICXOI[I/IT N3 IIOA30HBI JICTKUX
,Z[LIpOK, TOrAa 3HAMCHATCJIb B ManI/I‘lHOM DJICMCHTC
JaHHOI'O IEpexoJa ONpEACIIACTCA KaK

Eyy — Epy, —hoy =<0 = (e F ),

My My, + 1M,
IJIC YITCHBI COOTHOIICHUS:
A-B=WK/2m,, A+B=h/2m,.

B nmanbHeiimeM paccuvTaeM —maplyalibHbIE
KOO(PQUIIMEHTH  IBYX(OTOHHOTO  TOTJIOUICHHUS,
oTIuyaronecs apyr ot apyra tunom OI1.

a) WCXOJHOE COCTOSIHHE HAXOJUTCS B TIOA30HE
TSDKEJIBIX JIBIPOK BaJICHTHOM 30HBL. B 3TOM ciyuae
KOA(PUIIMEHT MEXK30HHOTO JBYX()OTOHHOTO TOTIIO-
IICHUSI CBETA OMPEIENSACTCS BhIPAKECHHEM

2 —(2 2
K2y 3 =@/ H)2Ro/ DER), (edy | ch) PYK x

‘2(/1 — B)ele, [(=hw) + €. B/(Ey, — Ey, —ho)

‘2

+ (1

\/(1 +day,/ hzmz)[(er /cn)? PC,/kT [2(4- B)ele, /(o) + e B/(Ey, — By ~To0)

‘\/EBQ;QV_ /(Elh _Ehh —h(,l))‘z

‘2

+
2
\/(1 +4o, / hzmz)[(eAO /ch Pch} ‘\/EBe;e'_ /
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Nin
( (e.hh) )3/2

2
2 8712 1 ed, > 2
K(C,L/z;r/,ﬂ/z: p 7 [\/2hw E fhh[ (2h03 E )}{(Ej Pch:l m(c,)ﬂ/z;v,ﬂ/z’ 2)

2n
37EeCh

=) _ o _ .
Bl = Z (fL wnd)S(Emnd -E, —2hco) , By — napamerp Keiina [11, 12], e} =¢ *ie} ,
i
CHMBOII <> 03HAYAET YCPEIHEHHE 0 TENECHBIM YIIaM BOJHOBOTO BEKTOPA HOCHUTENEH TOKA,
1 /|2(4-B)e] 3 [ "\
9%(6'211/2'V +32 T s =
T 41 ‘ (—h(l)) (Elh _Ehh — h(l))‘

\/EB ee

(Ep — Epy, — o) ‘

+

2
B B? ( A Bj 4 2) +[ ho J b(z)
= 3 crizvan o 7| Pexriavasn
15(fe) B Ey —Ep, —ho
KOTOPOE B CPepPUUECKOM MIPUOIIMIKEHUH B DHEPIETHYECKOM CIIEKTPE HOCUTEIIEH TOKA IIPUHUMAET B

hco(mhh +mc)mlh (2)

2
g (2-7er) B? 16mj, (2) .
mc (mhh _mlh)(2h(0_Eg)_h(D e

C+1/2V 432 = 5 yacx2 32t
15(h(’°) (mhh _mlh)

“
rae Juis  JIMHEHHO-(MJIM  IMPKYJISIPHO)-MONsIpu30-  ciydae koaddumuent JILJ] s atux OIT 3aBucur ot

(2) _o (g? _9 YaCTOTHI CBETA M 30HHBIX TaPaMeTPOB;
BaHHOTO CBETA 4 113y 13/ = 2> (¢ 210y 432 =9)

2 2
b(c)_rl/z;V,¢3/2:3 . ( bé);l/z;V,ﬁ/Z:lS ). B orom

0) eciM MCXOJHOE COCTOSHUE HAXOMHUTCS B TTOA-
30HC JICTKUX IH)IpOK, TOTaa HOHy‘II/IM

4 52,2
k@ _ 270 i=) [ ) Bkt
Cxl2y 212 T 7oCm| o 3
) ;2
3Be. (A+ B)ele,
y (Epp — Ejp — ho) (~7o) N (5)
2 2
L4 %o (erjz P,k 3Be!? +2(A+B)e’_ezr
hz(y)z Ch \/g (Ehh — Elh — h(D) (—h(ﬂ)
12 2
2J2(4+ B)-=
(-ho)
+ s
2 r2 2
o ed
1+4—© OJ 2\V2(4+ B
hz(,f[[ ch ﬁ} 2B

N
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35 1o (o) B g ©)
CAY2Y A2 = 77| 3Gy A2
31mech
(2) s | 3Be? (A+ B)e' e, ? NG e’ ?
R + +2 = 2/2(A+ B)—= =
C A2 432 =
4n ‘(Ehh — Ey, — ho) (—ho) ‘ (~ho)
(7
2 2 2
I 4(A+Bj J{ 3ho J )
== ' CA1/2:7 +1/2°
15(hco)2 B Ey, — Ej —ho
KOTOpoe B C(bepI/I‘{eCKOM HpI/I6J'H/DKeHI/II/I B 3Hepl‘eTI/I‘leCKOM CHeKTpe HOCI/ITGJIGIZ TOKa HpI/IHI/IMaeT BU
2
4 2 2
(25 _h (myy, = myy) 4( 2my,, J . 3nho 2 (8)
CAl/2:V 41/2 3 - o —m CAl2:V,41/2
5(4 homy,my,) Muh = Mg hh —"h (2ha)—E )+ ho
Mpp Mo + My &

rae ajs ﬂI/IHCﬁHO(HI/IpKyHﬂpHO)-HOMPI/I30B3HHOFO HyCTL Tel‘[epL BI/IpTyaHLHBIe COCTOsIHUA HO-

(2) _ (2) _ CHUTEJIEN TOKA HAaXOIATCA B 30HE IIPOBOAUMOCTH. To-
CBETA Al yi1n =8 (Aliyavars =7) » K0DDH- a POBOA

r1a, €CIIM UCXOJHOE COCTOSHUE HaXOAUTCS B ITOJA30HE
nueHt JILJ mmst atux OIl He 3aBUCHT OT 4acTOTHI .

TSKEJIBIX IBIPOK BAJIEHTHOM 30HBI:
cBeTa W paBeH 8/7.

4 2 2
2) _2n ) hml — (edy) | Bykh 3(2) ©)
H/2VA2 T AV 1 Bl I /2t
CUZVAY2 T, 77 o m, CA1/2:V,£1/2°
2
r o2 12
<~(2) _ eze+| ‘\/Eez
Scrvan = > + >
edy\ 1 W 2 eAO 1 h2 22
Hj LI k] el o H 0] ok e
(10)
13 KOTOporo 0e3 yuera Bkiaaa 3¢ ¢eKTa KorepeHTHO- ITycts Teneps BUpTyalbHBIE COCTOSHUS HOCUTE-
2) JIe ToKa HaXOASTCAd B CIHMH-OPOWUTANBHOM MpOTH-

TO HACBILEHUSA B K(iyp.v4yp MOIYYHM, 4YTO JJIs .
e ’KEHHOI 30He. Eciin NCX0HOE COCTOSHUE HAXOIAUTCS

CBETA C JIMHEHHOH (UMPKYIAPHOM) MONAPU3ALMEH g ron30He TSKENBIX ABIPOK BAIEHTHOI 30HBI, TOI/A
~

S(Cz,)ﬂ/z;v,ﬂ/z =8/15 (\S(Cz’)ﬂu;v,ﬂ/z = 7/15) ,aK03(-  HOIyYHMM, YTO

¢urment JIL/] pasen 7/8.
2
2
> . 1. |(e4Y | BkP, )
Ké,il/z;v,ﬁ/z :fzhﬁ);dc,hh (—j h(E (Ex—Epy — o) (C,)il/2;V,J_r3/25 (11)
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37€Ch
2) jete!
P sy a2 = > +
2
eAO BKP.;, A3
teagol[%0] 5 e
fi (D 2 ( Ehh h(D)
, 12)
2
5
+
5 2
oy |(edg) 1 BkBy e
1+4 > 2l | & e
Ao ch 2(EA_Ehh_h(’0)
u3 koroporo ©Oe3 yyera Bkimaga 3ddexra Ecnu tenepp MCXOOHOE COCTOSIHUE HAXOAUTCS B
2) MO/A30HE JIETKUX JIBIPOK BAJICHTHOM 30HBI, TOrJa KO-
KOTrCpEHTHOIO HACBILCHUA B BC 4y/2v11/2 HOAYIHM,  5hdhyiuent aByx(OTOHHOTO TOTJIOMEHHS TONSPH30-
9TO UL CBeTa ¢ JIMHEHHOW (IupKyIispHO¥) BaHHOTO CBETA ONPEACIIACTCA Kak

nonsipuzanueit koappuument JIL pasen 2/3.

2
2
(2) 2n 2, 1_ eAO 1 BkP,, (2)
Keavan = h O— 1~ >N | Te(E (Ex— By — o) CH1/2:V,+1/2° (13)
hh —
@ |3e;2 +4e’ ’
q)C,il/Z;V,il/Z = 3 > +
tealo () L By | oo gef
o’ |\ ch ) J6 (E, - E,, —ho) - : ; (14)
+
144 Fo_ ed ) P k | 4
o f ch hm
n3 KoTtoporo ©Oe3 ydera Bkiama dddekra Taxkum oOpazoM, ocHOBHOW Bkiaax B JILIJI
2) A®IIC BHocsar OII, mporexaronme w3 TMOJ30HBI
KOTEPEHTHOTO HACHIMCHMS B Keiyyyayy MOMYIMM, [1or v s 2oy MpoBOMMOCTH.
9yro JUIi CBEeTa C JIMHEHHOH (UMPKYJISAPHON) Jlasiee BBIYMCIMM CIIEKTPAIBHYIO 3aBUCHMOCTh

nosnsipuzanueit koappuument JIL pasen 3/2.
OtmeruM, YTO CyMMapHBIH KO3()(OUIMEHT IBYX-

¢oronHoro mornomenuss ceera (JJPIIC) ( Kéz\),)

OmlpeseNnseTcss CyMMOH  TepedHCIICHHBIX
napuuanbHeX ko3ddunuentos ADIIC.

BBIIIC

cymmaphoro ko3¢ dunuenta ADIIC B moxenu Keitna
u OylleM HCIONb30BaTh CIEAYIOMINE BBIPAKCHUS JUIS
JHEPreTHYECKUX CIIEKTPOB HOCHUTENEH TOKa B
nmapaboIMIecKoOM MPUOTMKECHUH:
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2 p2
k PcV(Eg+

2Aj
3

. 7212 R
E (K)=E,+——+ L By (k)=T—,
2my E, ( E, + A) 2m,
(15)
2 p2 272 2p2
-\ BK* 2K°P . Rk kP
By (k)= B, (k)=-A+ -
2m 3E 2m 3(A+E
3nece E, (A) — IIUpUHA 3alpelnieHHoN (CIuH- @ ) 2| 270
K (o)= S5 — 16
opOuranbHOil) 30Hbl, P, — mapamerp Keitna [10, C’V( ) erer 2 (16)
11]. Torpa CIIEKTpalbHast 3aBUCUMOCTD 5
kodbdummenta  IBYX(QOTOHHOTO  TOTJIOMEHUA 3.0 KEOI} _ 4ne" By ’ Eg <E,, s cnyuas
JIMHEWHO TOJISIPU30BaHHOTO CBETa B 00J1aCTU MaJIBIX ’ hczni E;
3HAYCHHWI BOJHOBOTO BEKTOpa HOCUTENCH TOKa
3aMMIIETC KaK =1, Eg > Eso IS ciryvas 1=2;

(9 +1)" +40(e+1) +96) | (17

: ((e“;+1)4 +2(§+1)2 +6)

; (18)

oy 432 480(§+1)1/2 (§+2)3/2
v (8) 1sV6(e+17° | (38+1) " (g+1)°
322\’/2) (a) _ 32a3/2 : 36(a+1)1/j N (E_,+2)3/2
’ 15(+1) (3e+1)"  (&+1)

rae &= (2h0 - E, )/ E, .

Ha puc. 1 u 2 mpexacraBieHa 3aBUCUMOCTD

2
Ké,l; (0)) aist InSb B 1ByX ciydasx: as Eg < Eso

u Eg >E, . B pacuerax mNpemnonaranoch, 4ro

HaydaJbHBIE COCTOSHUS HOCHUTEJIEH TOKa ITOJHOCTBIO
3aHATHI, @ KOHEYHBIE COCTOSIHUS MTOJHOCTBIO MYCTHIE.

OTH  pe3ynbTaThl  TMOKAa3bIBAIOT, YTO IIPH
ocpemieHUM InSb NMMHEHHO MOJSIPU30BAHHBIM CBETOM

KaK B Ciydae Eg <Eg, | tak u npu Eg >FE,

2
CIICKTpaJIibHAd 3aBUCUMOCTD K(g I) ((D) C pOCTOM Yac-
b

TOTHl yBEJIMYMBAETCS, JOCTUTAeT MaKCUMyMa, a 3a-
TeM yMeHblaeTcs (puc. 1 u 2).

o

~(2) .
K&y arbumit
1.0
0.75
E,((Eso
0.50
E N Eso
0.25} 4
0.0
0.5 0.6 0.7 08 0.9 1.0
ho/E,
Pucynok 1. CnekrpaibHas 3aBUCHMOCTh KOd(QdHUIHeHTa
MEK30HHOTO  JIByX()OTOHHOT'O  IOTJIOLICHUSI  JIMHEIHHO
MOJIIPU30BaHHOTO cBeta B KpHCTasie InSb,

cootsercryromas ciyuasm L, >E, u E, <Eg, .
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K ..arb.unit

1.0 7/

02 04 06 038
ﬁa)/Eg

1.0

Pucynok 2. CriextpasibHas 3aBUCHMOCTh Kod(duireHTa
MEK30HHOTO  JBYX(POTOHHOI'O  IOTJIOIICHUS  JIMHCHHO
HOJIIPU30BAHHOTO CBeTa B Kpuctauie InSb, mis ciaydaes

Eg <E,, (xpuBbie 1 u 3) u E,>E, (xpusie 2 u 4).

KpuBeie 1 u 2 COOTBETCTBYIOT MapabOIMYECKOMY, a
KpuBbie 3 M 4 HenapaOoJIMYecKOMY MpPHOIKEHUIO B
9HEPreTHYEeCKOM CIIEKTPEe HOCUTENEeH TOKa.

OT0 OOBSACHIETCS CIOKHOCTBIO 30HHOH CTPYK-
Typsl IOJNYIPOBOJHMKA B Mojenu KeliHa, koropas
OTpa)aeTcsl B MAaTPUYHBIX 3JIEMEHTaX U B SHEPreTU-
YECKHUX CHEKTpax. 3a CUeT 3TOTO BO3HHUKAIOT CIIOX-
HBIE 3aBHCUMOCTHU IUIOTHOCTU COCTOSIHMM M dHEpruit
KaK KOHEYHBIX, TaK HaYaJIbHBIX COCTOSHUN (hOTOBO3-
OyX/IEeHHBIX HOCUTeNEH TOKa OT 4YacToThl cBeTa. Ecnu
OrpaHUYUMCs C(EPUIECKUM MPHOIMKEHUEM B SHEP-

2
TeTUYECKOM CIIEKTPE, TOTAa Kg;((ﬂ) Oyzer yBenu-

YMBATECS C POCTOM 4YacTOTBl TPH  YCIOBUH
E, < E, (puc. 2, xpusas 1).
KonuuecTBennsie 3HAYEHHUS 30HHBIX

MapaMeTpoB B YHMCJICHHBIX pacueTax BBIOMpald U3
pabotst [12].

II1. 3akarouenue

B HacTosmielt pabore  KiaccHpHUIHMPOBAHBI
MaTpPUYHBIC 3JIEMEHTBl MEX30HHBIX JBYX()OTOHHBIX
OIl B y3KO30HHOM IOJYIPOBOJHUKE B 3aBHCUMOCTH
OT KOMIIOHEHTOB BEKTOpa IMOJspU3aluu cBera. B
npubmmkennn KeifHa kak ¢ y4eTom, Tak u 6e3 yuera
3¢ peKTa KOTEPEHTHOT'O HACHIIICHUS PACCUUTAHBI
MOJISIPU3AIIMOHHBIC U CHEKTPAIbHBIC 3aBHCUMOCTH
napuuaibieix kodgduimenros JDIIC u ux AL,

ornuyatonuxcsd tunoMm OII. Ilokazano, uyTo mpH
oceemieHUH InSb MUHEHHO MOIIPU30BAaHHBIM CBETOM

u B cnysae E,<E, , u mpu E, > Eg,

2
CIIEKTpallbHAsl 3aBUCHMOCTb KC(I}(Q)) C POCTOM Hac-

TOTHl YBEJIMUMBACTCS, AOCTHIaeT MakCHMyMa, a 3a-
TEeM yMEHbBIIAeTCA. DTO OOBICHSIECTCS CIO0XKHOCTHIO
3aBUCUMOCTEN TUIOTHOCTU COCTOSIHUM M SHEPTUN Kak
KOHEYHBIX, TaK HAaYaJIbHBIX COCTOSHUI (POTOBO30YX-
JEHHBIX HOCUTEJEH TOKa OT YaCTOTHI CBETa, KOTOPHIE
BO3HHUKAIOT B CBSI3M C 0COOCHHOCTSAMH 30HHOH CTPYK-
TypBI TIOJIYyNpoBoHUKA. B chepruueckom mpubimke-
HUM B DHEPreTUYECKOM CIHEKTpe IpH YCIOBUH

E, <E, pemuuuna K(SZI;(CO) OyJeT yBelTHYMBATHCS

C pOCTOM HacTOTHI (puc. 2, kpuas 1).

MeTtagaHHbIE

Interband two-photon linear-circular dichroism in
narrow-gap semiconductors

R.Ya. Rasulov, V.R. Rasulov, B.B. Akhmedov,
I.A. Muminov

Ferghana State University, Murabbiylar str., 19, 150100,
Ferghana, Uzbekistan

It is shown that the main contribution in the two-photon li-
near-circular dichroism in narrow-gap semiconductors is
made by optical transitions proceeding from the subband
of light holes to the conduction band. The dependences of
the partial coefficients of interband two-photon absorption
of light, which differ from each other by the types of opti-
cal transitions, are analyzed, depending on the degree of
polarization of light, and a quantitative analysis of the
coefficient of linear-circular dichroism of two-photon ab-
sorption of light is carried out. Expressions for the spectral
dependence of the coefficient of interband two-photon ab-
sorption of light in narrow-gap semiconductors in the Kane
model are obtained.

Keywords: initial, virtual and final states, interband two-photon
absorption of light, Kane's approximation, optical transition, sem-
iconductor.
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Top 30HaAM SIpUM YTKA3ruwiapaa 30HaJapapo
UKKH (GOTOHIM YU3HKIU LUPKYJISIP JUXPOU3M

P.A. Pacynos, B.P. Pacynos, B.b. Axmenos, 1.A. My-
MHHOB

daprona naBnaT yHUBEpCHTETH, Mypabouiinap k¥ud. 19,
150100, ®aprona, Y30eKUCTOH
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Top 30oHaNM SApUMYTKa3THUIapIa HKKH (HOTOHIIH
YM3UKJIM LHUPKYJSIp AMXPOM3MIA AacOCUH  YIyIIHH
BAJCHT 30HACHHUHI EHTWJI KOBakKjiap TapMOFUIAH

VTKa3yBYAHIMK 30HACUTA ONTHK  YTUILIAPHUHT
Oepumu  Kypcatwirad.  bup-Oupuaan  ONTHK
VTUNIIApHUHT  Typiapu  OwimaH  ¢apKIaHyBUd

TapMOKJIapapo HWKKH (OTOHIM EPYFIMK Haplual
OTWIAI KO3 OUIMEHTHHUHT EPYFIUK KyTOIaHUII
Japakacura OOFJIMKIMIM —aHUKJIAHAW Ba  HKKH
(doToHNM EPYFIMK IOTWIMIINA YH3UKIUA [UPKYIISP
JUXPOU3M K03 QUIEHTHHUHT MUKJIOpHUIl
Tax,IuIapyu Xam Oaxkapmiau. KelitH Mozenura kypa
TOp 30HAIIN SPUMYTKa3THwIapaa EpYFINK
30HaIapapo MKKH (HOTOHIM IOTHINII KoddduumenTn
creKTpas OOFIaHUIUTAPUHUHT H(oaatapu OJTUHIH.

Kamur cy3nap: OonuiaHFud, BUPTyajd Ba SIKYHHH XoJaTiap,

TapMOKJIapapo HWKKH (GOTOHIM EpPYFIUK roTwimnm, KelH
SIKMHJIAIIyBH, ONITHK YTHUIL, IPUM YTKa3THY.
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Jns M307IMpOBaHHBIX Cpel, B KOTOPBIX SJIEKTPOHBI CBSI3aHBI ¢ OOPATHBIM KBaAPATHYHBIM
noteHuuanoMm I'enbmanHa, ¢ uWcnosnp3oBaHueM —ypaBHeHus —lllpenuHrepa momydeHsI
AQHATUTUYECKUE BBIPAXKEHMS U JIMHEHHBIX W HEIMHEHHBIX ONTHYECKHX BOCIIPUMMYMBOCTEH
cepruecKux KBaHTOBBIX TOUYeK. J{JIs peleHus OoJIydeHHBIX yPaBHEHUH HCIOJIB30BAIM METON
Huxudopopa-YBapoBa. BbiBeieHbl aHATUTHYECKHE BBIPAXKEHUS U KOI(QPHUIMEHTOB
JIMHEIHOTO W HEJMHEHHOTO TMOTJIONICHHs, a TaKKe HW3MEHEHHs I10Ka3aTelsl MPeoMIICHHS
KBaHTOBBIX TOYeK. [Ipy 3TOM dIIEMEHTHI MaTPHUIIbl AEKTPUIECKOTO AUIIOJIBLHOTO MOMeHTa Al =
*1, a taxxe Am = 0 BBIOpaHBI coritacHO mpaBwuiaM oTdopa. [IpencTaBieHsl KOHKpPETHBIE 3aBU-
CHMOCTH XapaKTEPUCTHK KBAHTOBBIX TOUYCK Ha mpuMmepe apceHua rayums (GaAs).

Kiawuesbie ciioBa: YpaBHECHHUC Hlpcm/IHrcpa; KBAHTOBBIC TOYKH, JIMHCHHAS ¥ HEJIUHEHHAs OITHYECKas
BOCHIPUUMYUBOCTDL; MaTpula IMJIIOTHOCTHU; Z[I/IHOHI)HI)Iﬁ MOMCHT.

The equations for linear and nonlinear optic secceptibilities of spherical quantum dots for iso-
lated media in which electrons connected with Gelman reverse quadratical potential have been
obtained. For their solving we used Nikiforov-Uvarov method. The analytical expressions for
linear and nonlinear absorption coiffients and also refractive index changes of quantum dots
have been derived. In calculations the electric dipole moment matrix elements, Al = +1,
Am = 0, according to the selection rules been chosen. The concrete dependences for quantum
dots characteristics in gallium arsenide (GaAs) sample have been presented.

Keywords: Schrodinger equation; quantum dots; linear and nonlinear optical susceptibility; density ma-
trix; dipole moment.

DOI: https//doi.org/10.52304/.v24i1.303

IMPOBOJAUMOCTH,

n TEM CaMbIM MOXHO CO31aTh

BBenenue

TexHONMOTUsl MONXYYEHUSI TMOIYIPOBOJHUKOBBIX
kBaHTOBBIX Touek (KT) Ha mpOTSHKEHUH TOCICTHHIX
JeT TpUBIEKaeT 0co00e BHHMaHHE HAy4YHOTO
coobmiecTBa. OCHOBHAsI IPUYMHA 3TOTO 3aKII0YACTCS
B TOoM, uto pasmep KT Bimser Ha ero pasmudHbIe
(hm3udeckre 1 XUMHIECKHE CBOWCTBA. B TO e Bpems,
MeHas pasmep KT, MoXHO ymnpasiusaTe ero
(hM3UYECKUMU CBOHCTBaMH.

B HaHOPa3MEePHBIX MOJTYTIPOBOAHUKOBBIX
Marcpuajiax MOXKHO OrpaHUYUTH JABUKCHHEC B
MIPOCTPAHCTBE 3JIEKTPOHOB, HAXOJSAIIHUXCS B 30HE

yIpaBisieMble HEIMHEWHBbIC omnTudeckue 3(dexTsl,
HEOOXOMMMBIE TIpH pa3pabOTKE OINTOAIEKTPOHHBIX

YCTPOMCTB.
Ha cerognsimHuii neHp OJHOW M3 aKTyalbHBIX
3a1aq HAHOTEXHOJIOTHI SIBIISICTCS U3y4YEeHHE

JIMHEWHBIX W HEJIUHEWHBIX ONTHYECKUX CBOMCTB
KBaHTOBBIX 5IM, KBAaHTOBBIX MpoBojiok u KT [1, 2].
Kak u3BecTHO, B MOIyIPOBOJHUKAX, COCTOSIINX
n3 KT, ypoBHH 2HEprUH CBOOOTHBIX 3JEKTPOHOB B
30HE€ TPOBOANMOCTH CTAaHOBSITCS NUCKpeTHBIMU. [Ipu
Bo3neiicTBuM BHenHero noist Ha KT ¢ auckpeTHbIMu

Vol. 24, No.1, pp. 27-32, 2022
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YPOBHSIMH HHEPTUU DJICKTPOHOB, HAXOIAIIUXCS B
30HE TPOBOJUMOCTH, TPOUCXOJUT TIOTJIOUICHHE
Q)OTOHOB, u OJICKTPOHBI B HHUX Ha4YuHaAIOT
nepeMeniatbcsi ¢ Oojiee HU3KOTO YpOBHS Ha Oolee
BbICOKHUW. Ecim sHeprust magaromero ¢poroHa Oyaer
paBHa pPa3HOCTH JHEPrUN IHEPreTHUECKUX YPOBHEU
9JIEKTPOHA, TO JTO MPUBOAUT K 3HAUYUTEIHLHOMY
W3MEHEHHWIO  JTUDJIEKTPHUYECKOW  IPOHHUIIAEMOCTH
MaTeprana M BIIOCIEACTBHH HM3MEHSTCS 3HAYCHUS
kodddunrenTa  mOrNOMmMEHUMsT U [OKa3areds
npenomienuss KT [3, 4], xoropoe moO3BOJIsET
KOHTpoupoBaTh pazmepsl KT.

Iensro HACTOSIILEN paboThI SIBJISIETCS
TEOpPETUUECKOe MCCIeOBaHNe H3MEHEeHUH Kodddu-
[MEHTa TOTJIOMICHUS M IIOKAa3aTeNs MPeIOMIICHHS
chepuueckux KT. Ilpm dToM  HCHOIB30BaIA
00paTHBIM KBaJpaTUYHBIA MOTeHIMAN ['enmbMaHa u
st ypaBHenus llpéauarepa BoCmonb30BaIMCH Me-
togoMm Hukudoposa-Ysaposa (HY) [5, 6].

II. Teopernueckasi yacThb

B pamkax npubmmwkenus >QQPEeKTHBHOM Macchl
Ui cBOOOAHOTO 3eKTpoHa ypaBHeHue Llpenunrepa
B ChepHUECKUX KOOPJMHATAX MOXKET OBITh BHIPAXKECHO
Kak [4]:

Bynem ncxomuts u3 ypasuenus Ulpeaunrepa mms
CBOOOJHOTO OJJIGKTPOHA B paMKax MPHOIMKEHUS
3pPeKTUBHOW Macchl, KOTOpoe B chepuuecKux
KOOpJIMHATaX MOXET UMETh BUJ [4]:

hz[la(zﬁj 1 8(. 8)
—~ | = r — +277 Slne— +
2ulr® or or) r°sin® 00 00

+¥i2 (r,0,0)+
Fsin?0 og? |

+V(r)\llnlm (l",e,d)) = Enan]m (r,9,¢).

3nech | — 3ddekTuBHAsS Macca dNEKTpoHa, /i — To-
crosiHas [lnanka, n, [, m — OCHOBHEIE, OpOUTAILHBIC
W MarHUTHBIC KBaHTOBBIE YHCJIA COOTBETCTBEHHO.
[Mociie HHTETpUPOBAHHUS IO YTIIOBBIM KOOpAHHATaM 6
n ¢ u3 (1) momydnM ypaBHEHHE I pagraabHOWUa-

(1

CTH BOJHOBOU PpyHKINU R(7):

dan[(I") +2 anl(r) +

dr? r o dr
21 RI(I+1) 1 '
+h72 Enl_V(r)_gu)rz R, (r)=0.
()
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B kauectse motenmmana V(r) BeiGupaem

0oOpaTHBIM KBaZpaTUYHBIN OTeHIMAN | enpMana:

1 R, (RY
V(V):I/O 2—2r+() . (3)

7

rzae Vo — BbICOTa MOTEHIIMAIBHOIO Oapbepa I HJIeK-
TpoHa, Ry — paauyc KT.

[Honcrasmnsis Beipakenue (3) B ypaBHeHue (2) u
ucnois3ys meron HY, momydnMm crenyroiee BbIpa-
KEHUe Uil paguajbHON 4acTH BOJHOBOM (YHKUUH
Rnl(r ):

-1)/2
Rnl (I") = anr(XI ) eXp(_Cnlr)L)}c’ll (2Cnlr) > (4)

3neck y; U C,/ — WHBAapUAHTHBIC KOHCTaHTBI; N, —
KOHCTaHTa HOPMHPOBKH BOJHOBOH (pyHKIIUH.

[Mpouecc mornouieHust (OTOHA COMPOBOKIACTCS
HEepPEX00M DIIEKTPOHA M3 OCHOBHOTO COCTOSHHS Ha
B030yXJeHHOE. bylieM cunTaTh, 4TO Majaromue ¢o-
TOHBI CO3/IAIOTCS IJIEKTPOMArHUTHBIM H3JIy4YCHHEM,
HOJISIPU3AIHS KOTOPOT'O JISKUT B HAIIPABICHUN OCH Z.
BHemnHee 351eKTpOMAarHUTHOE TI0JIE MOXHO BBIPA3UTh
cienyomuM oopazom:

E(t) = E, cos(wt) = E exp(iot) + E” exp(—iot), (5)

rme £ ¥ ® — aMIUIATYa M IUKIAYECKas 94acToTa
3NIEKTPUYECKOTO ToJisi. Marpuiia TUIOTHOCTH P KBaH-
TOBOI CHCTEMBI 3aBHCUT OT BPEMEHH CIIEIYHOIIUM
obpazom[3, 4].

9P [H, —ezE().p]-T(p - (6
o, = L Ho .p]-T(p-p"), (6
rac H() — TIaMHJIbTOHHAH CHCTEMBI, € — 3ap$IIL
snextpona, p HEBO30YKIEHHAs  MaTpuIa

IUIOTHOCTH, a ¢yHkuus [ ommceiBaeT mpomecc
penakcanydy 3JEKTpoHa (COyAapeHHs, CIOHTaHHOE
U3TydeHHEe W [1p.), TNpPUBOIIIIMH B LEJIOM K
3aTyXaHMIO AUMOJIbHOTOMOMEHTA.

[omspmzarust ~ P(f), BO3HWKaromas  W3-3a
3JIEKTPUYECKOrO IIOJIS, BBIPAKACTCS CICAYIOLIHM
obpazoM:

P(t)= aox(m)E exp(—imt) + sox(—m)E* exp(iot) =
=1/)Tr(pM),

(7

3nech M — omepaTop IUITOJIBHOTO MOMEHTa, Y (®) —

JWHEHHAS OITHYECKas BOCIIPUHUMYUBOCTD, Q -
CMKOCTb CUCTCMBI; €y — DJICKTPUUCCKAA IMTOCTOSAHHA.
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W3 Beipaxenus (7) MOXHO TOJYYHUTH COOTHO-
meHus Ui KO3(QQUIMEHTOB  JTUHEHHOTO |
HEITWHEHHOTO TTOTJIOIICHHS.

JIJ1s MMHEWHOT O ITOTJIOIICHHS UMEEM:

2
Ho 8th12|M21| (8)

(x(l)(oa):co 5 5

2
(Ko — BakyyMHasi IPOHULIAEMOCTb, € = 1, §) —IPOHU-

HaeMOCThb MaTepuraiia, n, — NoKa3aTejib HpeJ’IOMJ’IeHI/IH).

KoaddumuenT HeTnHEHHOTONOTIIONIEHUS TIMEET
BUJL:

2
oc(3)(03,1)=—o),}@ 5 ! GVhF‘ZZ‘Mz“ el
& 280MC [ (Ey —ho) —(ihT),) |
My — M, [3E221 —4Ey ho+ (o —rlz)]
E3) — ()

4My " -

)

sgecs M i~ <W",~1,~m,- |ez |Wn,-l,-mj> — MaTpUYHbIC

JJIEMEHTHl JJEKTPOIMIIONBHBIX MOMEHTOB, E;~=E—F;
— Pa3sHOCTb DHEPIUM MEXAy COCTOSHUAMH, h® —
sHeprus GpoToHa, G, — IIOTHOCTh MTOTOKA (JOTOHOB.
DJEeKTpUYECKUI JIATIONIBbHBIN MOMEHT
MAaTpPUYHBIX 3JIEMEHTOB PACCYUTHIBAETCS KaK

3

My =e j Yt (0,02, (r,9,0)rdrsin 0d0d ¢

(10)
3xech z = rcoso.
B takoMm ciiyyae BOJHOBast PyHKIIMS PUHAMAET
BUJ;

W (7,0,0) = N1V 1 2C, ). (11)

ONeMEeHThIMATPHUIBIIEKTPHIECKOTOTUTIONBFHOTO
MOMEHTa OTJIMYHBI OT HYJS TOJIBKO B ciydae Al = £1
mo mpaBuwiam oroopa Am=0 [8, 9]. 3mecr uz-3a
chepuaeckol CHMMETPHH CHCTeMBl Tipu j=iM;=0
HEJIMHEHHOE ONTHYECKOE IOTJIOUIEHHE TPEThEero Io-
pamka  o(w) ABNAeTCA  OTpUIATENBHEIM U
MpoNopUHOHATbHEIM uHTeHCHUBHOCTH [10, 11]. Ta-
KM 00pazoM, KO3(QQUIMEHT IMOTJIOMICHHS MOXKET
OBITh TpEenCTaBICH Kak CyMMa JIMHEHHOTO W
HENMHEHHOT0 K03()(PUIIMEHTOB OTJIOLUICHUSI.

U3 (8) momyunM BbIpakeHHE IS M3MEHEHUS
JIMHEWHOM YaCTH MOKa3aTellsl IPEIOMIICHHUS:

A" (@) 3, M, [ E, —ho
nr 271380 (EZI - h('o)z +(hF12 )2 ,

(12)

BeipakeHue ajsi U3MEHEHHsI HETMHEHHOro Mo-
kazarens npenomieHus KT MOXHO MONy4uTh U3 CO-
otHomeHus (9):

2 2
An” (o) 8, Myl ol 5 M, - M|
= : . - x{4(E, o), [ - 2 [(E, ~ho) X
. 4n,.eg I:(EZI - ho) +(h1“12) :I (EZI - ho) +(hr12)
2 2
<[ E, (£, —#o)~(ar,,)" |- (4r,) 2E, o) |}
(13)
U3 3TOro BBIPAKEHHS CTAHOBUTCS OYEBMIHBIM, (a)500
4TO M3MEHEHHe I0Ka3aTess MpeIoMIEHHUs SBJIAeTCs a00l — Ry~ |
OTPHLATETILHBIM W MNPSAMO  PONOPIHOHAIBHBIM i i =By =4 1M
UHTEHCUBHOCTH MAJAIOIIETO MOJIA. _3o00r Ii =—==R,=5HM ]
o
III. O6cyxnenne pesyabratoB aaa KT 2200T
apceHu/1a raJJius =100}
bynem wucrnonb3oBaTh mMapameTphbl, COOTBETCT- - 0
Byromue apcenuny rawmus: p = 0.067 m,, o, =5x
102 M7, n,=32uTl = 1/Ty, T, =0.14 ic [6, 7] 1 -100 |
paccmotpuM ciiyqau n =0, [=0un=20,/=1. [{nsa i

MPOCTOTHI OOIIMH OrPAaHUYMBAIONIMN TTOTSHIIUAI BbI-
OupaeM B BHJIEC KBaApara.

Ha puc. 1 npeacraBieHO U3MEHEHUE MTOTCHIIHA-
na cBs3u onektpona B KT ot paccrosaus r (oM.
ypaBHeHHE (3)) Tpu (HUKCHPOBAHHOM 3HAYCHHH

0 5 10 15 20 25 30
r (Hwm)
Pucynox 1a. 3aBHCHMMOCTh MOTEHIMAJa CBSI3HM 3JEKTPOHA

V(r) B KT ot paccrosiHus » npu PMKCUPOBAaHHOM 3HAYCHUH
Vi=224.46 m3B.
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30
(6)500 . . i i ]
— v, =112.23 M3B
400 | — -V, =224.46 m3B |
300} —--V, = 336.69 M3B 1
af'?:zoo
2
=100}
S
0 5
100}
o : . . . .
0 5 10 15 20 25 30

r (Hm)

Pucynox 10. 3aBicUMOCTb OTEHIIMANA CBSA3U 3JIEKTPOHA
V(r) B KT ot paccrosinust » npu GUKCUPOBAHHOM 3HAYCHUH
Ry=4 HMm.

BBICOTBI MOTEHIIMAIBHOTO Oaphepa, HO € Pa3IMYHBIMU
3HaueHusmMu paamyca KT (puc. la), a takxke mpu
¢bukcupoBanaoM pasmepe KT, HO ¢ pazmmaHbIMEH
3HaUeHWsIMU mapamerpa V, (puc. 16). Buano, uro
MOTEHUUAI MOYKHO NPEACTaBUTh B BHUIE HENPEPHIB-
HOM (yHKIMM, ompenensromeiics paamycom KT u
HII/IpI/I?())ﬁ MOTEHI[HAJILHOTO Oapbepa.
a) 2 : : :

_R0=3HM

-_ _RU=4HM |

b
o
h

_--RD=5HM

-

0.5
0
0.5 L L L L
10 20 30 40 50 60
hw (MaB)
2 T T T T
(5) _Vu =112.23 maB

P — -V, =224.46 3B
1 ¥ /\—--V,=336.60 maB
L)

-
o

S
o i

o
:
.
|\
H
mn

KOS'Cb(bVIuVIEHT nornoLweHus (105IM) KoadpdpuumneHT nornoweHus (1051M
i ’
n

-
o
[t
o
w
(=}
oy
o
(5,
o
(=1}
o

hw (MaB)

Pucynox 2. KospduuueHnTs! auHeHHOro (BEpXHUE KpU-
BbI€) ¥ CYMMapHOTO MOTJIOIIEHHs (HWKHHE KPHUBBIC) IJIS
pa3IMYHbIX 3HAYCHHU paxuyca Ry.(a) u moTeHimana Vy (0)
ot sueprun dorona. I = 0.8x10° Br/m’,
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Ha puc. 2 mpeacraBneHo BAIMSHUE paauyca U
noteanrana KT Ha Kod(DUITMEHTH JTHHEHHOTO U
nonHOTO TornomeHus. Korga sneprus gorona 7im
COBIAAAECT C PA3HOCTBIO DHHEPrUil OCHOBHOTO U
BO30YKICHHOTO YpPOBHEH KO3(D(UIIMEHTHI MOTIIole-
HUS HMMEIOT MaKcumalibHoe 3HaueHue. C yBenuue-
HUEM BBICOTHl MMOTEHIMANA MUKH KOA(D(OUIIMEHTOB
MIOTJIOMICHUSI CMEIAIOTCSl B CTOPOHY 00Jiee BBICOKHX
JHEpPrui. YMEHBUIEHUE MAaTPUYHOrO 3JeMEHTa M,
MPUBOANT K YMEHBIIEHUIO aMIUTUTYIBI KO3 UIH-
€HTa HEJIMHEWHO-ONTUYECKOTO MOTJIOEHUS TPETHETO
MOpAIKA.

(a) .—Rn.= 3 Hm
0.15 ,’\‘ i _Rn=4HM'
o1} —==R;=5Hm_
3 o0.05f
=
< 0
-0.05 |
-01F
-0.15 L . N . .
0 10 20 30 40 50 60
hw (M3B)
(6)0.03 T ¥ —
".‘ _Ro =3 HM
0.02} Fy S S Pne
l' \" ===R, =5HmM
0.01} |
‘23‘ ]
= i
<]
-0.01} .
Iy,
-0.02}F L] , -
\,
s
0.03 i i i i i
0 10 20 30 40 50 60
hw (M2B)
(c)0.2 T T v
_Ru =3 Hm
= _Rn=4HM
01f —--Ru=5HM T
5 -
=
a o
-0.1
-0.2 L L L L L
0 10 20 30 40 50 60

hew (M3B)
Pucynok 3. V3smeHenus nuHeitHOTO (), HemuHewWHoro (0)
Y TIOJIHOTO (C) MOKa3aTessi MpeIoMIIEHHs CBETa OT SHEPTUHU
(oroHa JuIs1 pa3nnuHbIX 3HaUeHHH paxuyca KT. V(=224.46
MoB 1 7= 0.8x10° Br/™m%.
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Ha puc. 3 moka3aHbl M3MEHEHUS JIMHEHHOTO,
HEJIMHEWHOTO W TOJHOTO TMOKAa3aTellsl MPeIOMIICHHS
CBETa OT OJHepruM mnajparomero Gorona s
pasnuuHbix 3HaYeHud pammyca KT. 3xeck HaOmona-
IOTCS HYJIM M3MEHCHHs TOKa3aTellsl MPEeIOMIICHUS,
KOTOPBIC COOTBETCTBYIOT HYJISIM IOTEHIMANa CBSI3H
o mepe ymenbieHus pazmepa KT. M3menenus mo-
Kazarelieil MpeoMIICHUS MPH Pa3InYHbIX 3HAYCHUAX
BBICOTHI TIOTCHITHAIRLHOTO Oaphepa Ipu (HUKCHPOBAH-
HoM 3HaueHuu panunyca KT npencrasnens! Ha puc. 4.
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Pucynok 4. M3meHenus nuHeHOTO (), HeMuHEHHOTO (0)
u nonHoro (c)mokazatens npenomieHuss KT oT sHeprum
najaroumero GoToHa Al Pa3IMYHbIX 3HAYEHHH ITOTEHIIHA-
na npu QukcupoBaHHoMm 3HadeHun panuyca KT (4 HM) u
nnTencusHocTH [ = 0.8x10° Br/m%.

Ha puc. 4 criomnHele KpUBBIE COOTBETCTBYIOT
Vo=112.23 m3B, nynktupssie — V;=224.46 m3B, TO-
yeunsle — V=336.69 m3B. W13 3T0or0 pucyHKa BUIHO,
YTO MO MEpPE YBEJIUYCHHUS BHICOTHI HMOTEHIIMAIHLHOIO
Oappepa V, W3MEHEHHWSA TIOJHOTO IIOKA3aTews
MIPEIOMJICHHSI CBETa YMEHBIIAIOTCA U UX TOJO0XKEHUE
CMEIIaeTCs B CTOPOHY 00Jiee BBICOKUX dHEPIHid. ITO
OOBSICHSETCA TEM, YTO C YBEJIWYCHHEM BBICOTHI
MOTCHIINANIA YBEIMYNBACTCA U Pa3HOCTh MEXKIY IHC-
KPETHBIMH YPOBHSIMH 3JICKTPOHA.

Taxxke HUCCICIOBAHO BIHSHHE WHTEHCUBHOCTU
MajaroNero 3IyYeHUs] Ha M3MEHEHHE TMOJHOTO I10-
Kazarensa mnpenomiieHuss KT mpu QuKCHpoBaHHBIX
3HAUCHUAX Ry =4 uM u V= 224.46 MmdB. PesynbTatsl
Mmoka3aHsl Ha puc. 5. BugHo, 4TO mOKa3aTeNb
HEJIMHEHHOTO TPEJIOMIICHUS CBETa TPETHETO MOPSIKa
3aBUCUT OT MHTCHCUBHOCTH, M TI0 MEPE yBEITHUCHUS
MHTEHCUBHOCTH BEJMYMHA IIOJIHOIO ITOKa3aTens
MpeNoMiieHusl MeHsieTcs. V3MeHeHue JHMHEHHOTO
TTOKa3arels MPEIOMJICHHUSI Cpeabl IpeodiiamacT Mmpu
OoJiee HU3KOW WHTEHCHBHOCTH (CIUIONIHAS KpHUBasi), a
M3MEHEHUE HENWHEHHOIr0 MOKa3aTeisl MPeIOoMIICHHS
cpensl HAayMHAET TMpeodiagaTh NPU  YBEIHUYCHHUH
WHTCHCUBHOCTH (ITyHKTHpHAs ¥ TOYCUHAS JIMHUH) Jia-
3€pHOTO U3ITYUYCHHS

—|D=o*1o‘-" B1/m?

= -|D=z.55*1o‘3 Brim?2

—--|D=5.25*109 Brim?2
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Pucynoxk 5. 3aBHCHMOCTh  IONHOTO  ITOKA3aTels
MpPENOMJICHUsI OT JHEPrHu Iajaromero (GoToHa s
pa3NUYHBIX 3HAUYCHWH HHTCHCHUBHOCTH IMAJAIOIIET0 H3Iy-
genus. Pammyc KT m BeIcOTa moTeHHuanbHOro Oapbepa
BBIOpaHBI CeayomME Ry =4 HM u Vy = 224,46 m3B.

IV. 3akarouenne

Takum oOpa3zoM, B pPabOTe TEOPETHUECKH
HCCJEIOBAHO W3MEHEHUE JUHEHMHOW M HEIMHEUHOH
BocripunMunBocTeil chepuueckux KT. Tlomyueno
pemienue ypaBHeHusa IllpeauHrepa ¢ wHconb30-
BaHHMeM Merona Hukudoposa-YBapoBa. B kadectBe
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MOTEHI[MAJIa  BBIOpAaH  OOpaTHO  KBaJpPATHYHBIH
norteHuuan I'emnmana. M3menss paguyc KT u riy-
6I/IHy IIOTCHIIMAJIa BBISABJIICHBI MaKCHUMAJIbHbIC 3HA4C-
HUS  KOA(D(DUIMEHTOB TIOMJIOIICHUS H WHTEPBAI
M3MEHEHU IMOKa3aTes MPeOMIICHIS.

Taxke TmMOKa3aHO, YTO COCTOSHHE TOYKH
pe3oHaHca  kK03(Q(UIMEHTOB  TOIJIOIICHUS  HE
MEHSIETCS TpH W3MEHEHHWH WHTEHCHUBHOCTH, a

MTOKA3aTelb MPEIOMIICHHS CPENBI 3aBUCUT TOJIBKO OT
aMIUTATY JIBI.

Baarogapnoctu. PaGoTa BhImONHEHA IPH YaCTUYHOM
nmoanepkke rpantoB Uzb-Ind-96-2021 u Uzb-Ind-83-
2021.
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On theory of linear and nonlinear susceptibilities
of semiconductor spherical quantum dots
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The equations for linear and nonlinear optic secceptibilities
of spherical quantum dots for isolated media in which elec-
trons connected with Gelman reverse quadratical potential
have been obtained. For their solving we used Nikiforov-
Uvarov method. The analytical expressions for linear and
nonlinear absorption coiffients and also refractive index
changes of quantum dots have been derived. In calcula-
tions the electric dipole moment matrix elements, A/ = £1,
Am = 0, according to the selection rules been chosen. The
concrete dependences for quantum dots characteristics in
gallium arsenide (GaAs) sample have been presented.

Keywords: Schrodinger equation; quantum dots; linear and non-
linear optical susceptibility; density matrix; dipole moment
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SpumMyTKa3ru4win cpepuKk KBAHT HYKTAJIAPHUHI
YM3HMKJIM Ba HOYU3UK/IM KHPUTYBYAHJIMKJIAPH
HA3apHUACH

K.A. KopaGoes', O.B. McmonaoBa™, Y.K. Canaes'

'TormkenT maBnaT TexHIKA YHHUBEPCUTETH, Y HUBEPCUTET Ky4., 4,
100095, Tomikent, Y30eKHUCTOH

2

V36ekucron Pecriyonukacu ®annap akagemusicu VoH-1ua3sma
Ba JIa3ep TEXHOJIOTUIapU UHCTUTYTH, lypMOH Hynu ky4., 33,
100125, Tomkent, Y36ekucToH

¥ 36exucTon-SInonus Guutap HHHOBALSA MApKa3H, Y HHBEPCHTET
ky4., 2B, 100195, Tomkent, ¥Y36ekucToH

Coepux cummeTpusira dra OYITaH KBAaHT CHCTEMallapd
yuyn lIpenunrep TeHrnamacu épamu/ia NIapcuMOH KBaHT
nykranapuauHr (KH) 4u3ukiv Ba HOYM3HMKIM ONTHK KH-
PUTYBUYAHJIMKIIAPH aHAIMTUK KypUHHUILAArdn udoaacu
onuuau. [lpenuHrep TEHraMacuHU €YU YYyH MyXHUTIa
M30JIMSACUSIIAHTaH DIISKTPOHJIAp TecKapu KBaapatuk [ en-
MaH TOTCHUIUAIXW OwiaH Oyrianran ne6 kapab Hukudo-
pPOB-YBapoB ycyiau €paamuaa edmwigu. 3UWINK MaTpula
(dbopmanuzumu EpramMua YM3UKIN Ba HOUU3UKIU IOTHIIHII
K03((ULIEHTIapy Ba MYXUTHHHI CHHIMPHII KYpPCATKHUH
y3rapunuiapu xuco6sad Tonuiamu. DIEKTp U0 MOMEH-
THHUHT Matpuna snementiapu Al = t18aAm =0 Tannam
Koupanapu Oyiinda xucoOmanau. Mucoi cudaruaa raumi
apcennagan (GaAs) spaTHiraH KBaHT HyKTalap Y4yH
xucoOnanniap oaub Oopuinau.

Kanur cy3nap: Llpenunrep TeHriamacu, KBaHT HyKTa, IOTEH-
ouan TYCHK, YM3UKIN Ba HOYM3HKIM ONTHK KHUPUTYBUYAHIUK,
3UYIMK MaTpHUna (popManu3uMu, AUTOT MOMEHTH.
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B nmaHHOM wuCclenoOBaHMM M3ydaslaCh KOPPEISIHS ONTHYECKHX MU (DOTOKATATUTHYECKUX
CBOMCTB HaHOCTepkHeH ZnO W HaHOKOMIO3UTHBIX MarepuanoB ZnO/Ag. Hanocrepxxuu ZnO
CHUHTE3MPOBAHBI IPU HU3KUX TEMIIEpaTypax FHAPOTEpPMaIbHBIM METOJOM, a HAHOYACTUIIBI Ag
— METOZOM MONNOJI0B. [IpH MOKpHITHH MOBEpXHOCTH HaHOCTepkHEH ZnO HaHOYacTHIAMH Ag
WHTETpajbHasi MHTEHCHBHOCTH criekTpa PJI HanoctepkHeil ZnO yMeHBIIMIACH B JIBa pasa.
Opnako ObUTO 3aMedeHOo, YTO 3(PEeKTHBHOCTH Aerpajaniyil OPraHUYECKOro KpacwuTelsi HaHO-
KOMITO3UTHBIX MaTepuanoB ZnO/Ag 6buia B 2.2 pa3sa Bblilie, YeM y HaHocTepxkHer ZnO. OOHa-
PYKEHO, 4TO MHUTpAIUsl HOCUTEJIEH 3apsa yepe3 TpaHuIlbl pa3aena HaHocTepxkHer ZnO u Ha-
HovacTHl Ag 00yCIIOBIICHA YMEHBIIEHUEM HMHTErpaibHO HHTeHCUBHOCTH PJI M moBbIIeHH-
eM (pOTOKAaTATUTHYECKUX CBOMCTB MOCJIE MOKPHITUS MOBEPXHOCTU HaHOCTEepkHeH ZnO HaHO-
qacTuiaMu Ag.

KiroueBble cioBa: HaHOCTEep:)kHE ZnO, HaHOYACTUIBI Ag, POTONMIOMUHECIICHIHS, Ae(EeKTHI, (OTOKATa-
TH3.

In the study, the correlation of optical and photocatalytic properties of ZnO nanorods and
ZnO/Ag nanocomposite materials were investigated. ZnO nanorods were synthesized at low
temperatures by the hydrothermal method, and Ag nanoparticles were synthesized using the po-
lyol method. When the surface of ZnO nanorods was coated with Ag nanoparticles, the integral
intensity of the PL spectrum of ZnO nanorods decreased by 2 times. However, it was observed
that the degradation efficiency of the organic dye of ZnO/Ag nanocomposite materials was 2.2
times higher than that of ZnO nanorods. It was found that the migration of charge carriers
through the interfaces of ZnO nanorods and silver nanoparticles was caused by a decrease in PL
integral intensity and an increase in photocatalytic properties after the surface of ZnO nanorods
was coated with Ag nanoparticles.

Keywords: ZnO nanorods, Ag nanoparticles, photoluminescence, defects, photocatalysis.

DO https//doi.org/10.52304/.v24i1.304

I. Introduction

Nanostructured semiconductors are of great inter-
est due to their extraordinare physico-chemical proper-
ties, which differ from their bulk counterparts. Despite
its high bandgap energy (3.37 eV), low photocurrent
density and low energy transfer efficiency, ZnO is still

a very important material in many fields due to its
unique crystallographic structure, high electrochemical
stability, high electron mobility, large binding exciton
energy [1-3]. There is a growing interest in the fabrica-
tion of nanocomposite materials based on ZnO nano-
structures and the study of their fundamental proper-
ties. When ZnO nanostructures are coated with various
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noble metal nanoparticles, their optical, electrical, and
antibacterial properties can change. These changes will
enable one to create compact light sources, chemical
sensors, nanocomposite materials with unique hybrid
properties that are promising for use in energy accu-
mulation and storage and photocatalytic devices.
Among the noble metals, silver is a promising metal
for photocatalytic and energy conversion due to its
stability, high electrical conductivity, low cost, and
nontoxicity [4-5].

Typically, a photoluminescence (PL) spectrum of
ZnO nanostructures consists of two parts: a near band
edge (NBE) emission centered at around 380 nm and
defect-related emission bands in the visible range [6].
The PL spectrum of a ZnO/Ag nanocomposite material
also consists of two emission bands, as typically
observed in ZnO nanorods. In the study [7], the au-
thors noted that when the surface of hydrothermally
synthesized ZnO nanorods are coated with silver na-
noparticles, the intensity of the emission band in the
UV range increases and the intensity of the emission
band corresponding to defects in the visible range de-
creases. Similar results have been reported in [8, 9]. In
the study [10], the authors noted that Ag nanoparticles
had no effect on the PL spectrum of ZnO. But Muna-
var et al. [11] in the ZnO surface covered with Ag na-
noparticles observed a simultaneous decrease in the in-
tensity of the two emission bands in the PL spectrum.
Despite the large number of research devoted to opti-
cal and photocatalytic properties of ZnO nanostruc-
tures, many questions remain open.

This work reports a systematic study of
dependence of the optical and photocatalytic properties
of ZnO nanorods and ZnO/Ag nanocomposites. We
have synthesized 1D ZnO nanorods using a low-
temperature hydrothermal method and Ag nanopar-
ticles using polyol method. The relationships between
luminescence properties of ZnO, ZnO/Ag and photo-
catalytic characteristics have been revealed and dis-
cussed. Our studies showed that the PL properties of
the samples were correlated with the photocatalytic
properties, and that an increase in the PL intensity led
to a decrease in the photocatalytic efficiency of the
sample.

II. Experiment

Zn0O nanorods have been synthesized on stain-
less steel grid by hydrothermal route [12]. Before
ZnO nanorods are grown, a seed layer is formed on
the surface of the substrates. Dip coating method had
been applied to prepare ZnO seed layer on substrates

©Academy of Sciences of Republic of Uzbekistan, 2022

because of its low cost and easy approach. All the
reagents (Sigma-Aldrich, 99%) used in the experi-
ment were analytically pure and used without further
purification. Zinc acetate dehydrate (ZnC4HcO42H,0)
was dissolved into ethanol with stirring at room tem-
perature for obtaining a clear homogenous solution.
The stirred solution is taken in a beaker and the sub-
strates are dipped in the solution with low velocities
using a handmade automatic dip coating system and
dried in air at room temperature.

Growth of ZnO nanorods is carried out in the
following order: the aqueous solutions of zinc nitrate
hexahydrate (Zn(NOs),6H,0) and hexamethylenete-
tramine (C¢H,N4) were prepared. The resulting sus-
pension was transferred into a Teflon-lined stainless
steel autoclave. The substrates with the ZnO seed
layer were placed on the bottom of the autoclave. Fi-
nally, the autoclave was sealed and put into the water
thermostat bath. The hydrothermal reaction is carried
out at 90°C for 5 hours.

In this study, silver nanoparticles are synthesized
using the polyol method. In the synthesis of silver
nanoparticles, 30 ml of Ethylene Glycol (EG) is first
heated to 70°C, then 700 mg of Polyvinylpyrrolidone
(PVP K30) is added and mixed for 10 min using a
magnetic stirrer. The prepared solution is removed
from the oven and cooled to room temperature. After
the solution has cooled, 100 mg of silver nitrate (Ag-
NO;) added and stirred at room temperature for 30
min. Then the solution is placed in a preheated oven
at 140°C. After 5 minutes, the solution is removed
from the oven and cooled to room temperature. The
synthesized silver nanoparticles were separated from
the solution at 13.000 rpm using a centrifuge.

Absorption spectra of the samples are detected
using a UV/VIS-5100 spectrophotometer. The emis-
sion spectra of ZnO nanorods were obtained using a
photoluminescence set-up coupled to 0.75 m mo-
nochromator with diffraction grating and high sensi-
tive photomultiplier tubes. As excitation source, a
longitudinally pumped nanosecond pulse N, laser
emitting at 337 nm (pulse duration ~6 ns, P ~15 kW,
repetition rate 100 Hz) was used. Emission spectra
were recorded using a boxcar integrator with a gate
width of 40 ns. The morphology of the ZnO
nanostructures was examined using a scanning
electron microscope (SEM) ZEISS EVO MA10.

II1I. Results and discussion

Morphology and particle size of the synthesized
ZnO nanorods are shown in Fig. 1. As can be seen,
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the hydrothermal growth method provided to synthe-
sis a high density of uniform nanorods on stainless
steel grid. These ZnO nanorods possess spindle-
shaped and hexagonal form and their length and di-
ameter are 15-20 and 0.8-1.2 pm, respectively.
Nanorods are located chaotically and have predomi-
nantly horizontal positions on the substrate.

Figure 1. SEM images of ZnO nanorods obtained by scan-
ning electron microscope.

|—— Ag nanoparticles |

Absorbance

350 461] 4%0 SEK] 5%0 I 600
wavelength, nm

Figure 2. The absorption spectrum of the colloidal solution
of the synthesized silver nanoparticles in ethanol.

The absorption spectrum of the colloidal solu-
tion of the synthesized silver nanoparticles in ethanol

is given in Fig. 2. In the absorption spectrum of the
synthesized silver nanoparticles, an absorption band
at a wavelength of ~410 nm was observed. This ab-
sorption band belongs to the surface plasmon reson-
ance (SPR) of silver nanoparticles [13-16]. In the
study [14], the authors reported that when silver na-
noparticles have around 30 nm in size, their maxi-
mum absorption band corresponding to SPR with a
wavelength of 411 nm. Therefore the size of the syn-
thesized silver nanoparticles is around 30 nm on the
average and they have a spherical shape. The narrow
absorption spectrum indicates that there is no
significant difference between the sizes of the
nanoparticles.

The surface of ZnO nanorods synthesized on the
surface of stainless steel grid by hydrothermal me-
thod was coated with silver nanoparticles using dip-
coating method. The photoluminescent and
photocatalytic properties of the fabricated ZnO/Ag
nanocomposite material were investigated. Figure 3
shows the PL spectra of ZnO nanorods and ZnO/Ag
nanocomposite material.

PL Intensity (a.u.)

700

500 600
wavelength, nm

400

Figure 3. PL spectra of ZnO nanorods (1) and ZnO/Ag na-
nocomposite material (2).

Studies have shown that when as-grown ZnO
nanorods are excited under UV light. PL spectrum of
ZnO nanorods consist of two peaks: narrow and
strong in the UV range and with weak and broad
emission band in the visible range (Fig. 3, curve 1).
The ratio of the maximum intensities of the emission
peaks is 1.9. The PL spectrum contains a sharp UV
peak located at 389 nm and a broad yellow emission
band around at 570 nm. The UV peak was attributed
to near band edge emission or free exciton of ZnO
[7]. The yellow luminescence band can be attributed

©Academy of Sciences of Republic of Uzbekistan, 2022
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to intrinsic defects and/or their complexes. The yel-
low band is often observed in zinc oxide nanomate-
rials grown from aqueous solutions at relatively low
temperatures and is usually attributed to interstitial
oxygen or complexes formed with the participation of
oxygen [17-18].

The photoluminescence spectrum of the ZnO/Ag
hybrid heterostructure fabricated by coating the sur-
face of ZnO nanorods with silver nanoparticles is
shown in Fig. 3, curve 2. The photoluminescence
spectrum of the ZnO/Ag nanocomposite material also
consisted of two emission bands, such as ZnO nano-
rods. However, the intensity of the emission band in
the UV field decreased by 1.6 times, and the intensity
of the emission band corresponding to the defects in
the visible field decreased by 1.9 times. The ratio of
the maximum intensities of the emission bands is
~2.15. The increase in the ratio of the maximum
intensities of the emission bands is caused by changes
in the energy diagrams and Fermi levels of the charge
transfer mechanisms of the charge carriers through
the ZnO and Ag interfaces [11]. The extinction of PL
integral intensity is followed by the Stenr-Volmer
quenching based on the SPR phenomenon in silver
nanoparticles [12].

Absorbance

T
500
wavelength, nm

600

Figure 4. Absorption spectra detected at different times
during the degradation of Corlon Red F3B dye when ZnO
nanorods are irradiated with UV light: 1) 0, 2) 15, 3) 30,
4) 45, and 5) 60 minutes.

To study the photocatalytic properties of ZnO
nanorods and ZnO/Ag nanocomposite material,
25 mg/l concentration solution of Corlon Red F3B
dye in water was prepared and the absorption spec-
trum was determined (Fig. 4, curve 1). Illumination

©Academy of Sciences of Republic of Uzbekistan, 2022

of the solution with UV light for half an hour showed
that it could not degrade concentration of Corlon Red
F3B dye. Degradation of the Corlon Red F3B dye
occurred over time when ZnO nanorods were
dropped into the solution and irradiated with UV light
(Fig. 5, 2-5 curves). ZnO nanorods were irradiated
with UV light, it was found that after 30 minutes and
60 minutes the concentration of the dye in the solu-
tion decreased by 12% and 23%, respectively. When
the surface of ZnO nanorods was coated with silver
nanoparticles, their photocatalytic efficiency was
observed to increase significantly. The photocatalytic
properties of ZnO/Ag nanocomposite material (Fig.
5) showed that the photocatalytic efficiency of
ZnO/Ag nanocomposite material was ~1.89 times
higher than that of ZnO nanorods, and that degrada-
tion of Corlon Red F3B dye by ~43% was observed
when irradiated with UV light for 60 min.

Absorbance

0.0

T T
500 600

wavelength, nm

Figure 5. Absorption spectra detected at different times
during the degradation of Corlon Red F3B dye when the
ZnO/Ag nanocomposite is irradiated with UV light: 1) 0,
2) 15, 3) 30, 4) 45, and 5) 60 minutes.

The kinetic properties of the ZnO nanorods and
the ZnO/Ag nanocomposite of the Corlon Red F3B
dye decomposition mechanism under the influence of
UV light were calculated using a first-order-pseudo-
equation. Figure 6 below illustrates the kinetic prop-
erties of the photocatalytic process of ZnO nanorods
and ZnO/Ag nanocomposites. As can be seen from
the graph, the degradation process of Corlon Red F3B
dye occurs almost according to the linear law. The
value of the photocatalytic reaction apparent constant
of Corlon Red F3B dye is k; = 4.2x10~* min™' for ZnO
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nanorods (Fig. 6, curve 1). The fact that the value of
the photocatalytic reaction apparent constant of the
Zn0/Ag nanocomposite is K, = 9.5x107 min™" indi-
cates that it takes ~109 minutes for the organic dye to
completely degradation, and this value is 2.2 times
smaller than the photocatalytic reaction apparent con-
stant for ZnO nanorod. (Fig. 6, curve 2).

0.6 4
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Figure 6. The kinetic properties of the Corlon Red F3B
dye degradation mechanism calculated using the first-
order-pseudoequation: 1) ZnO nanorods and 2) ZnO/Ag
nanocomposites.

The increase in photocatalytic properties after
the surface of ZnO nanorods is coated with silver na-
noparticles is due to the migration of charge carriers
through the interfaces of ZnO nanorods and silver
nanoparticles. Under the influence of UV rays in ZnO
nanorods electrons passing from the valence band to
the conduction band gradually migrate to the surface.
These excited electrons can easily pass without
radiation to the energy level of the silver
nanoparticles on the surface below the conduction
band, which belongs to the SPR. As a result, the
photogenerated electron-hole pair separates without
recombination. This confirmation is supported by a
~2 times decrease in the PL integral intensity after
silver nanoparticles are coated on the surface of ZnO
nanorods. The separated electrons and holes actively
participate in the oxidation-reduction reaction and
serve to increase the photocatalytic efficiency.

IV. 3akaouenue

We have synthesized 1D ZnO nanorods using a
low-temperature  hydrothermal method and Ag
nanoparticles using polyol method. Correlation rela-
tionships between the optical and photocatalytic prop-
erties of ZnO nanorods and ZnO/Ag nanocomposites

were determined. When the surface of ZnO nanorods
was coated with silver nanoparticles, the integral inten-
sity of the FL spectrum decreased by 2 times. However,
it is observed that the degradation efficiency of the or-
ganic dye of ZnO/Ag nanocomposite materials was 2.2
times higher than that of ZnO nanorods. Due to the
convenient state of the energy levels of ZnO nanorods
and Ag nanoparticles, photogenerated electron-hole
pairs can separate without recombination. The sepa-
rated electrons and holes actively participate in the re-
dox reaction and lead to an increase the photocatalytic
efficiency.
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ZnO mHaHopoanapu Ba Zn(O/Ag HaHOKOMIIO-
3UTHHUHT ONTHK Ba (OTOKATATUTHK X0CCATAPH

P.P. )Kanon031, 3.11. LIJaﬁmap.anOB1’2, W.3. Ypo-
nos’, B.H. PyCTaMOBa1, n.r. Typcy|-|OB3

'Mon-mmasma Ba a3ep TEXHONOTHSIAPH HHCTUTYTH, V3P
DA, HAypmon iymu xyuacu, 33, 100125, TomkeHr,
V36exucTon

*V36exncton  Muumii  VHHBepCHTETH,
kyuacu 4, 100174, TomkenT, ¥36eKHCTOH
*Yupuuk [Japnar [Tenaroruxa Muctutyti, Amup Temyp
kydacu 104, 111700, Yupuuk, V36ekucTon

YHusepcurer
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Vmly wmga ZnO wHanopomimapu Ba ZnO/Ag
HaHOKOMIIO3UT MaTepuauIapUHUHT OIITHK Ba
(hOTOKATAUTUK XOCCANapUHHUHT ¥3ap0 KOPPEISIIUSACH
TaAKMK KuauHAW. ZnO HaHOPOATAapH WAacT Xapopatiaa
ruapoTepMan ycyiaga Ba Ag HaHO3appanapy IOJHOJ
MeTonu €pramMuaa CUHTEe3 KWIMHAM. ZnO HaHOpOATapH
CHPTHHH KyMYyIl HaHO3appajiapH OniaH Korutanrana, dJI
CIEKTPUHUHT MHTErpall HHTEHCUBIINTH 2 MapTa KaMaiHIIx
coqup Oymuu. Iy 6unan Gupra, ZnO/Ag HAHOKOMITO3HUT
MaTepHaUIAPUHUHT OpraHuK OyEKHU napuaiart
camapanopiura ZnO HaHOpoAJIapura Kaparaizaa 2.2 Maprta
opTranu Kys3aTwiaud. ZnO HaHOpOAJapu CUPTUHH Ag
HaHo3appayapu OwiaH KomiaHranaaH cyHr ®JI unrerpan
WHTEHCHUBIMTMHUHT  KaMaiimmu  Ba  (OTOKATAIUTHK
XOoccaapuHUHT opTHiMra ZnO HaHOpPOIJIapH Ba KyMYII
HaHO3appaJapuHUHT  HHTepdelcnapn OpKaIu  3apsn
TallyBYMIAPHUHT MHUTpanusicu cababd OYIunmm aHUKIaHaH.

Kanur cy3aap: ZnO wHaHopomiapu, Ag HaHO3appaiapu,
(hoTomOMHHECTIEHITNS, HYKCOHIIAp, POTOKATAIH3.
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B nocnennee BpeMsi 6oblIoe BHUMAHKE yJIENSETCSl COJTHEYHBIM DJIEMEHTaM Ha OCHOBE HEOp-
TFaHUYECKHUX MEpOBCKUTOB. OHAKO KaueCTBO U TOJIIIMHA NIEPOBCKUTHBIX IJICHOK BCE €Il He-
YAOBIETBOPUTEIbHBl U3-32 OIPAaHMYEHHOM pPAacTBOPUMOCTH MCXOJHBIX MAaTEpHanoB. 37€Ch
OMHCaH MPOCTOH MPOoLeCC HAHECEHUS JBOMHOIO MOKPBITHS A U3TOTOBIEHUS BBICOKOKAYECT-
BEHHOW TEPOBCKUTHOHN IJIEHKH B aTMOC(EpHBIX YCIOBHAX. Takue Ae(eKThl, KaKk TOYEHHBIC
oTBepcTHs, 3P (PEKTHBHO YCTPaHAIOTCS HAHECCHHEM BTOPOTO MOKPBITHS C NAJTbHEHIINM yBe-
JMYEHUEM pa3MepoB 3€peH, YTO 3HAYUTEIbHO MOAABIAET PEKOMOWHALNIO 3apsI0B B IEPOB-
CKUTHBIX IIeHKaX. C N3MEHEHHEM TOJIIMHBI IUICHKH YJY4IIAeTCs TOTJIOIICHNE HaJarolero
ceeta. Kak cnencTsue, B TPaJULIMOHHBIX IEPEBEPHYTHIX IUIAHAPHBIX IEPOBCKUTHBIX COJHEY-
HBIX dJIeMeHTax 3(deKTHBHOCTH npeodpasoBanus dHepruu nocturaeT 11.4% npu 3HaYNTEND-
HOM YJYYIIEHUU MapaMeTpoB YCTpoWcTBa, 4To Ha 43% Ooblie Mo CPaBHEHHUIO C KOHTPOJIb-
HBIM yCTPOUCTBOM (8%). CTaOMIBHOCTh YCTPOMCTBA TAKXKE YIIYUIIACTCS 3a CYET 00pa30BaHUs
BBICOKOKQUECTBEHHON IEPOBCKUTHOW IUICHKHU IPU ABOWHOM IOKPBITUU. Pe3ynbTarhl nokassl-
BAIOT, YTO METO/I JBOMHOT'O MOKPBITHS SIBISETCS MHOTOOOCIIAIOIINM JUTs pa3pabOTKH BBICOKO-
NPOYHBIX ¥ 3P PEKTUBHBIX MEPOBCKUTHBIX COJTHEYHBIX DJIEMEHTOB.

KiroueBble ciaoBa: nepoBckuT CsPbl;, peHTTeHOCTPpYKTYpHBIA aHalIM3, CIEKTPHI MOIVIOIIEHHUS, MJIOT-
HOCTb TOKa.

Recently, much attention has been paid to solar cells based on inorganic perovskite materials.
However, the quality and thickness of perovskite films are still unsatisfactory due to the li-
mited solubility of the starting materials. Described here is a simple multiple coating process
for fabrication high quality perovskite films under full air condition. Defects such as pinholes
can be effectively eliminated by the second coating with a further increase in grain size, which
significantly suppresses charge recombination in perovskite films. In addition, such film thick-
ness can lead to improve the absorption of incident light. As a result, the traditional inverted
planar perovskite solar cells achieve an energy conversion efficiency of 11.5% with signifi-
cantly improved device parameters, which is 44% more than the control device (8%). In addi-
tion, the stability of the device is also improved by such high-quality multiple coated perovs-
kite films. The results show that this multiple coating method is a promising choice for high
strength and efficient perovskite solar cells.

Keywords: CsPbl; perovskite, X-ray diffraction (XRD) analysis, absorption spectra, current density.
DOI: https//doi.org/10.52304/.v24i1.310
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I. Bseaenue

B Teuenune mociemHero AECATHIIETHSI OpraHUYe-
CKHE COJTHEYHBIE IIEMEHTHI U MEPOBCKUTHBIE COTHEY-
Hele osneMmeHTsl (IICD) mpuBiIeKIM 3HAYUTENBHOE
BHUMaHHE B KayecTBE BO30OHOBISIEMBIX MCTOYHHKOB
SHEPTUH HOBOTO TIOKOJICHUS, MMEIOIUX TaKHhe Ipe-
MMYIEeCTBa, KaKk HH3Kas CTOWMOCTh, THOKOCTh, Ma-
JIBI BEC M DKOJIOTUYHOCTb, 33 CYET IPOU3BOJICTBA U3
pacTtBopoB [1-6]. IlepoBCKUTHBIE MaTEpHAIIBI LLIUPOKO
M3YYCHBI U3-32 UX MIPEBOCXOTHBIX (HOTODH3NIESCKHUX U
Ipyrux cBoicTB [7—10]. Bonpine ycunms Oblu Tpu-
JIOKEHBI ISl pa3pabOTKU BBHICOKOIPOHU3BOANTEIBHBIX
TIC3, u »>ddexTHBHOCTS TPeoOpa30BaHUS DHEPTHH
(BI1D) 3a HeckobKO JieT ObUIa yBenuueHa ¢ 3.8% (B
2009 romy [11]) mo Gonee wem 25.2% [12], uro cne-
nano [1CD Hanbomnee mepCeKTHBHBIM IS PaKTHYe-
CKOTO HCHOJL30BaHUsA. OIHAKO CPOK CIYXKOBI ITHX
COJTHEYHBIX 3JIEMEHTOB OKa3aJICs PEIIAIONIUM Orpa-
HUYMBAIONIMM (PaKTOPOM Il PeajbHOTro IMpHMEHe-
Hus. HecMoTpst Ha TO, 9TO B TOCHEIHEE BpeMsl JOC-
TUTHYTO CEphE3HOE YIyd4IlleHHEe OpraHOo-HEeOpraHu-
yeckux [ICD c Gonee coBeplICHHBIM aKTHBHBIM CJIO-
€M U BBICOKOCTAOMJIBHBIMH WHTEP(EHCHBIMUA MaTe-
puanaMu, CIIOW MEPOBCKUTA TO-TIPEKHEMY TO3TAITHO
pasnaraercsi Ha HOJIU/ CBUHIIA U OPTaHUYECKUI KOM-
MOHEHT M3-3a Ie(heKTOB OPraHNYECKOTO KOMITOHEHTA,
JIETKOW CyOJIMMAITiH, BIQKHOH KOPpO3uH Wiu (PoTo-
okucinenus [ 13-16].

OpnHUM U3 CrIOCOOOB UCKITFOUCHHS 3TUX MPOOIIeM
SIBJISIETCSL 3aMEHa OPraHUYeCcKOW YacTh yCTpOoMCTBa
HEOPraHUYECKHM DJIEMEHTOM JIJISI TTOJTYUYCHHSI LIeJIbHO-
Heopranudeckoro [ICD, u HegaBHUE pe3yNbTaThl HO-
Ka3ajy TprueMiieMble 3HaueHHs (OTOCTaOMILHOCTH,
BJIArOCTAOMIBHOCTH W TEPMOCTAOMIBHOCTH TaKWX
ycrpoiictB. Cpean LenbHO-HEOPraHMYECKUX IEepOB-
CKATOB Ha OCHOBE TAJOTEHHIOB METAJIOB TOJBKO
CsPbl; ¢ xybuueckoit dazoii (o-CsPbl;) obmanaer
HOIXOOAIIEH LIUPUHON 3anpelieHHON 30HEI
(~1.72 5B) misa oTOIAEKTPUUECKUX TIPHUIIOKESHUH
[17-19]. Omnako xemaembrii matepuan o-CsPbl; mo-
)KeT OBITh 00pa3oBaH TMPHU BHICOKOWH TeMIEparype,
Boime 310°C, ¢ mOMOIIBIO TPaAULIMOHHBIX METOMOB,
MPUBOAANINX K OBICTPOM JIerpamanyi 10 HeXema-
TENLHOH KenToi o-a3el B aTMocdepe mpu KOMHAT-
HOH TeMmIeparype, KOoraa IUpUHA 3alpEICHHON 30HbI
cocraBisier ~2.82 3B, uro Hempuemiuiemo st (HOTO-
anekTpudeckux npuinoxkenuit [20, 21]. Kpome Toro,
TOJIIMHA (OTOAKTHBHOTO CJIOS, MOTYYEHHOTO TPaju-
[MUOHHBIMH METOAAMH, OTPaHHWYCHA W3-3a IUIOXOH

©Akagemus Hayk Pecnybnuvkm Y3bekucTaH, 2022 r.

PAcTBOPHMOCTH HMCXOJIHBIX MaTepHAalIoOB, YTO HE IO-
3BOJISIET OOECIIEYUTh MOTIIONIEHHE BCETO MOTOKA II0-
Jaromero ceera. Kpome toro, roroBbie TUIEHKA HMe-
IOT MHOTO JIe()eKTOB, TAKHE KaK OTBEPCTHS U TPEIIU-
HBI, YTO MPUBOJUT K YXYAIICHUIO pabOTHI YCTpOICTBa
[22-24]. B 2016 rony Jlyo u ap. ucnons3oBaiu Hoau-
cro-Bogopoauyto kuciory (HI) B kagecTBe mobaBKu K
YK€ MMEIOLIeMYCsl PacTBOPY M AOMOJHHUTENBHO HC-
MOJIb30BAII M3OTIPOIIAHON JUIsl MOCIEAyIomIei odpa-
0oTKHM ¢ TeNbl0 moBHIIIeHHUs OIID, 4To mMpHBENO K
crabmmmzanuu o-CsPbl; mpu HU3KOTEMIepaTypHOM
(dazoBom mepexoze [25]. C tex mop ObUIO TpeArpu-
HSTO HECKOJIBKO TOMBITOK JaJbHEUIIETO YIy4IlIeHHS
KadecTBa (DOTOAKTHBHBIX IUICHOK, TAKHX KaK BBeJe-
HUE HEeOONBIIOr0 KOJMYECTBa JO00ABOK B IMPEIIECT-
BEHHUKOB IIEPOBCKUTA [26, 27], mocnemyromiasi oopa-
0OTKa MOBEPXHOCTU JUISl JAIbHEUIIETO YIy4IlICHHS
pocTa KPUCTAUIMYECKHX 3€peH W/WIN YIy4IIeHHUS
crabunpHoctu [28-30], a Takxke pa3pabOTKa HOBBIX
METOZIOB BBHIpAIIMBaHUS BHICOKOKAYECTBEHHOW U CTa-
owrpHOM meHku o-CsPbl; [31, 32]. Jlns npakTtuue-
CKOT'0 TIPUMEHEHUS IPOCTHIX U HEJOPOTUX MPOIIECCOB
TICO u3roToBiieHHE TOHKOI'O, BBICOKOKAYECTBEHHOI'O
AKTHUBHOTO CJIOSl TO-TIPEXKHEMY BEChbMa JKENaTENIbHO.
B aToii paboTe onuckIBaeTCcA MPOCTOH MpolLece TBOK-
HOTO (ABYXKPaTHOTO) HAHECEHUs TMOKPBITUS IS U3-
TOTOBJICHUSI BBICOKOKAYECTBEHHOW IEPOBCKUTHOM
IUICHKH B aTMoc(epHbIX ycnoBusix. [locie mpuroros-
JIHUS TIEPBOTO CJIOS MEPOBCKUTA MBI OBICTPO HAHO-
CUM elle OoJuH cjoil cepxy. Ilpu Takom meToje
TOJIIIMHA W3TOTOBJICHHOTO CJIOS MEPOBCKUTA, OYECBH/I-
HO, YBEJIMYUBACTCS, HO TIPU 3TOM Takxke 3P eKkTuBHO
YCTPaHAIOTCSA Takue Ae(EeKThl, KaKk TOYEUHBIE OTBEp-
CTHsI M TPEUIUHBI B TUICHKE, YTO MPUBOJKUT K YBEIHYE-
Huto D119 no 11.4%, uto Ha 43% OGonble O cpaBHe-
HHUIO C KOHTPOJIBHBIM ycTpoicTBoM (8%) B mepesep-
HYTHIX TUIAHAPHBIX YCTPOUCTBAX.

II. Onucanue 00LEKTAa 1 METOIOB HCCJIEI0BA-
HUSA

Wox uesmst (Csl) u iiox cura (Pbl,) 6bimy KyTI-
nensl B Cuane (Polymer Light Technology Inc, Ku-
Taif). Bomuplii pactBop mnomm (3,4-3THUIIEH-THOK-
cutnoden)/momm(ctuponcynbdonar) (PEDOT:PSS)
(Clevios PVP Al4083) u merunoBeiii 3¢up [6,6]-
¢dennn-Co61-macnsguoit kucnorel (PC61BM) Obim
npuobperensl y kommanun HC Starck (JleBepkyses,
TI'epmanns) m American Dye Sources Inc. (ban'Vpod,
Kgebek, Kananma) coorBerctBeHHo. DTopma nutus
(LiF, 99.99%) u iionuctoBomopoaHas kucnora (HI, 45
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Mac.%) Obu momydyeHsl OT Sinopharm Chemical
Reagent Co., Ltd (Illamxaif, Kwuraii). CrexiasHHBIC
MOJUTOKKH C TIOKPHITHEM W3 OKCHJIa WHAWS U O0JOBa

2
(ITO) ¢ comporusnenuem Jymcra 15 Om/cm” ObuH
mpenoctaBieHsl  kommaHueidn  Shenzhen  Display
(I»apwKHE, KuTaif).

I1.1. M3roToBieHHe M XapaKTePUCTHKHU YCTPOii-
CTBa

CrexssiHHbIE NOJUIOXKKH, NMOKpbIThie [TO, oum-
AT YJIBTPAa3BYKOM B alleTOHE, JeHOHH3MPOBAHHOM
(A1) Bome u m3ompommioBom crupte (IPA) B Teue-
HUe 13 MuH (B KaKIOM), a 3aTeM CYIIWIN C HCIOIb-
30BaHMEM Tra3000pa3HOTO a30Ta BBICOKOW YHCTOTEHI.
3atem PEDOT:PSS Hanocunmu 1eHTpUQyrupoBaHueM
(4000 06/muH, 20 ) Ha MOJIOKKY, MOCTIEC YEr0 OTHKH-
raym B ieun npu 160°C B Teuenune 20 MUHYT Ha BO3-
Iyxe. 3aTeM IOoJydalld pacTBOp INPEJIIECTBEHHHUKA C
auMeTragopMamMuaoM B cootHomenuu 1:1 M (0.5 M)
U TIepeMelIuBalii B TedeHWe 12 yac Ha BO3IyXe.
66 Mxm HI xumcnoter moGaBmsmm B 1 Mt pacTBopa
MpeALIeCTBeHHUKA Mepel NPUTOTOBICHUEM IIEPOB-
CKUTHBIX TUTCHOK.

[lnenky mepoBckWTa TOJMy4ald IyTeM HaHece-
HHUS PacTBOpa TPH LEHTPH(YTUPOBAHUH MOIJIOKKH
npu 4000 o6/mMuH B Teuenue 15 ¢. UTOOBI yIydIInTh
Ka4yecTBO IUICHKU W e TOJIIUHY, MpoIecc OBICTPOTro
HAHECEHUs MOKPHITHsI ObLI MOBTOPEH ellle pa3. 3aTeM
noanoxky HarpeBanu npu 100°C B teuenue 10 mun
Ha rmTe B atMoc(epHbIX ycioBusix (puc. la). Ipm
9TOM IIBET IUICHOK HW3MEHSJICS OT Cllerka CBETIO-
JKEJITOr0 JI0 TeMHO-KopuuHeBoro (puc. 10). Ilocie
atoro cioit PCq;BM HaHOoCHIM nieHTpHdyrupoBanuem
(1200 o6/muH, 30 ¢) Ha mienky CsPbl;. Karom, co-
crosimuid u3 LiF (1 am) u Al (100 HM), ocaxnanu B
BaKyyMe Ipu ocTatodroM pasienun 5x10* Ia ¢ mo-
MOIIIbI0 TepMudeckoro ucnapurens. Ctpykrypa I1CO
MIPOWJLTIOCTPUPOBaHA Ha puc. 1B. [y MOKpHITHSA Tie-
POBCKHATHOW TUIEHKHM WCIIONB30BAIA ‘‘spin coating”
METOJI C TIOMOIIIBIO CIIMH-KoaTepa Moaenu RW-4A.

CnexTpsl moriomieHusi ieHok Ha crexie [TO
ObUIM TIOMYYeHBl Ha CKaHUPYIOMIEM  CHEeKTPO-
¢oromerpe (Shimadzhu UV-1280). Bruker DS
ADVANCE 0bln ucrionb3oBad isi 3anucu Aupak-
LIMOHHBIX PEHTTeHOBCKUX Nydeil (XRD) mnenok me-
poBckuTa. MopdhooTHs TMOBEPXHOCTH IUICHOK OBIIa
OXapaKTepr30BaHa C TIOMOIIbI0 CKaHUPYIOIIETO JJIEK-
TpoHHOTO MHuKpockorna Hitachi S-4800 (COM). Ton-
[IFHA THICHOK H3Mepsutach NpoduioMeTpoM Veeco
Dektak 150. ®otosnekTpuueckue mapamMerpbl peru-
CTPHPOBAIIU C MOMOILIBI0 U3MEPUTENBHOTO ONOKa Hc-

touynrka Keithley 2420 npu cranaapTHOM OCBELICHUT
100 MB1/cM® (AM 1,5 G) OT COTHEYIHOTO CHMYIISATOPA
Heromopt. CniekTpsl (OTOTOMUHECHEHIIMH TOTyYe-
HBl C MOMOIIBIO HACTOJILHOTO CIEKTPO(IyopuMeTpa
Horiba Jobin Yvon FluoroMax-4.

a)

PEDOT:PSS CsPbI: mepoBckuT  CsPbl: mepoBcKHET

é

4000 o06./mum.

4000 06./muH. 4000 06./MuR.
20 cex. 15cexr. 15cex.
6) PCBM

é

1200 ob./vuH. 30 cex.

Pucynok 1. Cxema mpurotoBneHus mwieHkn CsPbl; (a),
CTpyKTypa mepoBckutHOrO cios (0) u I1IC3 (B).

III. Pe3yabTaThl M 00Cy:KIeHHE

III.1. OnTuyeckue u MopgoJioruyeckne CBOii-
CcTBa

OO6wraHO ciiom mepoBckuTa o-CsPbl; momydaror
u3 pacrBopa-nipeamecrsenHuka Csl u Pbl, ¢ coort-
BeTCTBYMOIIEeH no6aBkoii HI, 4ToOBI OHM MOTIIH KpH-
CTaJUIM30BAThCSl NIPU HU3KOHM TeMmepaType oopabot-
ku, okoso 100°C [24]. IIpu KoOMHATHOH TeMIiepaType
CsPbl; nmeeT opTopoMOUYecKyIo CTPYKTYpy (3kenTast
¢daza 6-CsPbl;), Torma kxak kyOuueckas CTpPyKTypa
(uepHast ¢asza o-CsPbl;) oOpasyercss TOJABKO mpH
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temmeparype Boime ~100°C. [24]. M3o0paxenue ro-
TOBBIX CJIOEB IPEICTABISET COOOH OuYeHb IIALKYIO
nmoBepxHocTh  (puc. 16). Opmnako B COM-
n300paXeHusX, MOKa3aHHbIX Ha pHc. 2a, OblI0 0OHa-
PYXKEHO OONBILIOE KOIWYECTBO TOUEUHBIX OTBEPCTHUH,
KOTOpbIE COOTBETCTBOBAJIN pPaHEe OIlyOJIMKOBaHHBIM
pesyabTatam [24, 25]. DTO NPUBOIAUT K MOSBICHUIO
OonpIIoro KojauyecTsa Ae(eKTOB W/UIM LEHTPOB pe-
KOMOWHAIIMM U YMEHBIICHUIO CONPOTHBICHUS LIyH-
Ta, YTO MPUBOJUT K CHIDKESHHIO MTPOU3BOIUTEIBHOCTH

4800 5.0k Smm x50.0k SE{M)

54800 5.0kV 5 8mm 100k SE(M)

S00nm | S4600 5.0

ycrpoiictBa [32]. Tlocie ObICTPOro HaHECEHHUS BTO-
POT0 KameabHOTO MOKPBITHS OTBEPCTUS XOPOIIO 3a-
nenanbl (puc. 26). Kpome Toro, pasmep 3epeH Kpu-
CTajyla TEepPOBCKUTa emle Oojee yBenwmumics. Takum
00pa3oM, B IUIEHKE C IBOMHBIM MOKPBITHEM TOYEU-
HBIE OTBEPCTHS HE 3a(MKCUPOBAaHbI, a TOJIIMHA ILIe-
HOK yBenuuuiack npumepHo Ha 20% (¢ 212 HM 10
253 uMm).

"1 pbem | S4800 S.0kV 5 Smm x50 0k SEM)

{ B8mm 100k SE(M)

100

HaTeHCHBHOCTH (OT. €11.)

| B) 200

— OJHOICPQTHO HAHECeHHBIR
= JBYXKPATHO HaHEeCeHHBIl

26 (Tpaayc)

Pucynok 2. COM ¢otorpadun (a) ogaocnoiHOro U (0) JBOHHOTO MEPOBCKUTHOTO CIOS M (B) PEHTI€HOCTPYKTYPHBIN

aHaJIM3 KPUCTAJUIMUECKUX cTpyKTyp a-CsPbl; nepoBckura.
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Pucynok 3. CrieKTpbI TOTTIOMIEHHS U (DOTOTFOMIHECIIEHITHH CJI0S IEPOBCKUTA.

Ha puc. 3 noka3aHbl CEKTpPbI TOTJIOIIEHUS CII0S
nepoBcknuTa B YO u BUANMON 00NIACTIX B IBYX H3Y-
YEHHBIX YCIOBHUAX. DTH JIBE TUIEHKH JEMOHCTPUPYIOT
CXOIIHBIE CIIEKTPHI TOTJIOIIEHHUS CBETa B HIMPOKOM
IMana3oHe, YTO yKa3blBaeT Ha OOpa3oBaHUE MEPOB-
ckuta a-CsPbl;. Kpome Toro, ¢opma criekTpoB mo-
[JIOIIEHUS. W TUIOIIAAb MOTJIOMICHUS IEPOBCKUTHBIX
IUICHOK, TOJyYeHHBIX MPH OJHOKPATHOM U IBYKpAaT-
HOM HaHECEHHUH ¢ OTKHUroM mpu Temmeparype 100°C,
CBUJIETENTb-CTBYIOT O TOM, 4TO depHas (asza a-CsPbls
COOTBETCTBYET CTPYKTypE MEPOBCKHTA, W3yUYEHHOTO
panee B pabortax [33, 34]. Ilpu sToM ciemyer obOpa-
TUTh BHIMaHUE Ha 3HAYMTENFHO 00Jee MHTEHCHBHOE
MIOTJIONIEHNE B KOPOTKOBOMHOBOM u MK ob6mactax
CHEeKTpa pY HAaHECEHWH BTOPOTO CIIOSI.

s nanpHEMIIEro MCCneloBaHUs BIMSHUS Ka-
YyecTBa IUICHKH Ha YJIy4YlIeHHE XapaKTepHUCTUK YCT-
policTBa OBUIM TONy4YEHBI CIEKTPbI (poToMoOMuUHEC-
LEHINH TTIEPOBCKUTHBIX IJICHOK HAa KBapIIEBOM CTEK-
Jie, 9TO MO3BOJIAET H30€KaTh BIMSHIS WHXKEKIINH 3a-
psAaa MeXIy NMEepPOBCKUTOM M ayeKkTpojoM [35, 36].
Kak BugHO Ha puc. 3, HHTEHCHUBHOCTH (POTOIHOMU-
HECIIeHIINY TIEPOBCKUTHOHN IUICHKH C OJHOKPATHBIM
MOKpBITHEM OoJiee cabasi, a HHTEHCUBHOCTD TIEHOK
C IBOWHBIM MOKPBITHEM 3HAYMTENHHO BO3pPACTaeT.
[loBBIIIeHHAsT HHTEHCUBHOCTH (DOTONIOMHHECIIEHITHH
YKa3bIBaeT Ha TO, YTO KaK IJIOTHOCTH Ae(EKTOB, TaK
U IUIOTHOCTH JIOBYIIEK 3(QPEKTHBHO MOAABISIOTCS B
IJIEHKaX C BTOPHYHBIM MTOKPHITHEM.

Kpome TOro, mpoBefeH peHTIE€HOCTPYKTYPHBIN
aHaJM3 KPHUCTAUIMYECKUX CTPYKTYp IUICHOK IEPOB-
CKHUTAa, TIOJYYEHHBIX B Pa3IMYHBIX yCIOBHSX, KaK TO-
Ka3aHo Ha puc. 2B. BuaHo, 4To B 00enx IIeHKax 00-
HapyxkeHbl gudpaknuonnele muku (100), (110),
(200), (211) u (220), cBugerenscTBYIOMUKE 00 0Opa-

30BaHUM KyOWYecKoW KpHucTaumdeckond (aspl o-
CsPbl; [36-38]. B muenke nepoBckuta o-CsPbl;
npucyTcTBHe AudpakinoHHbx mukoB (100) u (200)
yKa3bpIBaeT Ha 00pa3oBaHuE KyOMYECKON WM YepHOH
¢a3el a-CsPbl;, 9To cormacyercst ¢ mpeabpLIyIIUMH
pesynbTaramu [25, 36]. UTo kacaeTcsi MUKOBOM HH-
TEHCUBHOCTH, TO CTPYKTypa IUIEHKU C JBOWHBIM IIO-
KPBITHEM 3HAYHUTENBHO OOJiee COBEpIIeHHA, YTO SB-
JsIeTCsl MPU3HAKOM POCTa KPUCTAUTUYHOCTH, W 3TO
coryiacyercs ¢ pe3ylibTaTaMH, TOJTyYeHHBIMH Ha CKa-
HUPYIOIIEM JIEKTPOHHOM MHKPOCKOTIE (CM. pHC. 2a H
20). Cpennuii pasmep 3epHa, PaCCYUTAHHBIN 110 Gop-
myne lleppepa, coctaBuser okoio 43 HM U 55 HM
COOTBETCTBEHHO I 00paslia ¢ OAHOPA30BEIM U JIBY-
KpaTHBIM MOKPBITHEM BIoJIb TTHKa (200) [39—41].

II1.2. ®oTo3/IeKTpUUECKHEe NApaMeTPhbl

MO>XHO TPEINOI0KUTh, YTO YIYUYIICHHBIA pa3-
Mep 3epHa W TOJNIIWHA IJICHKH B COYETAaHHH C YCO-
BEpILIEHCTBOBAHHOW  Mop(omnoruelf  MOBEPXHOCTH
npuBenH K nosbiieHuto DIID ycrpoiicTea, 4To Oyaer
JIOTIOTHUTENIBHO OOCYXIIEHO HIDKE. TakuMm o0pazoM,
MIEPOBCKUTHBIE COJHEUHBIE JJIEMEHTHl C IepeBep-
HYTBIM IUIAHAPHBIM TETEPOINEPEXOJAOM CO CTPYKTY-
poii TO/PEDOT:PSS/CsPbl;/PCsBM/LiF/Al 0Obinm
W3TOTOBJICHBI B aTMOCQEpHBIX YyCIoBHsX. [l cpas-
HEHUS TaKXe OBUIO MOJATOTOBICHO KOHTPOJIBHOE YCT-
POWCTBO C OJHOKPAaTHO HAaHECEHHBIM CJIOEM TEpOB-
CKHTA.

Ha puc. 4 u B Tabn. 1 mokazaHbl KpHUBBIE 3aBU-
CUMOCTH TUIOTHOCTH TOKa OT Hampspkenus (J-V) u
COOTBETCTBYIOIIUE MapaMeTphbl yCTPOUCTBA. Y CTPOM-
cTBO mokaspiBaeT DIID 8% mpu TOke KOPOTKOro 3a-
MbIkanus (Jsc) 12.54 MA/CMZ, HAaNpsHKEHUU XO0JI0CTO-
ro xoma (Voc) 0.94 B u xo3ddunmente 3anonHeHus
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(FF) 68.1%, a taxxe npu ocBemennd AM 1.5 G, uro
COINOCTAaBUMO C TPEIBIAYIIMMHI JaHHBIMU C HCIIOJb-
30BaHUEM aHAJIOTHYHOTO MeToza [26].
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Pucynok 4. (a) CriekTpbl BHEIIHEH KBaHTOBOM 3(pPeKTrB-
Hocti BKD 1 (6) kxpuBBIe BOJIBTAMIIEPHOI XapaKTepUCTH-
KU IIEPOBCKUTHBIX COJHEYHBIX JIEMEHTOB.

Taoauna 1. OoTodIEKTpHUECKIE TapaMeTPhl COTHEYHBIX
3JIEMEHTOB.

ConHeYHbIi Jsc, N OI1D,
DJIEMEHT Voc. B mA/cm’ FF, % %
OpnHoxkpaTHO 0.94 12.54 68.1 8.0
HaHECEHHBIN
HByXKpaTHO 0.98 16.05 72.4 114
HaHECEHHBIN

OnHako (QOTOIICKTPUUCCKUE XaPAKTEPUCTHKU
HCCIEeIyeMOro YCTPOMCTBA BCE €Il[¢ OTPaHUYCHBI OT-
HOCHUTEIBLHO HU3KMMHU 3HaueHusMu Jsc, Voc u FF.
Kak o0cyskmanocsk BBIIIE, OHA M3 MPUYMH 3aKITF0Ya-
€TCs B TOM, YTO TaKasl IEPOBCKUTHAs IUICHKa, 00pa3o-
BaHHas UEHTPUPYTHPOBAHWEM, HMENAa MHOXKECTBO

©Akagemus Hayk Pecnybnuvkm Y3bekucTaH, 2022 r.

TOYEYHBIX OTBEPCTHH, a pa3Mepbl 3epeH KOHTPOJIb-
HBIX TUICHOK OBUTM OTHOCHTEIHLHO HEOOINBIIUMH, YTO
MOTJIO OBl MPUBECTU K CEPhE3HONM PeKOMOWHAINH 3a-
pszna u, cuenoBaTeNbHO, K moxomy Jsc. Apyroit mpu-
YUHOH SBIISICTCSI OTPaHUYCHHAS TOJIIMHA MEPOBCKHT-
HBIX IUICHOK, MOJy4EHHBIX B TPAAUIMOHHBIX YCIIOBH-
SIX, U3-3a IUIOXOH PacTBOPHUMOCTH HCXOJHBIX MaTe-
pHAJIOB, YTO CHIKAET 3()(EKTUBHOCTH MOTIIOMICHUS
cera. Ecim ToNIIHA IIEHKH yBEINYNBAETCS 32 CUET
CHIDKCHUSI CKOPOCTH HaHECEHUS TIOKPBITHUS, TO Xapak-
TEPUCTUKH YCTPOICTBA TaKke YXyALIatoTcs (puc. 5a).
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Pucynoxk 5. (a) KpuBast BonbTaMIIepHO# XapaKTEpUCTHKH C
OITHOKpATHBIM HaHeceHHeM MOKpeITus mpu 3000 06/MuH 1
(6) cTabumpHast BBIXOZHAS MOIIHOCTH TUICHKH TIEPOBCKUTA,
MOJTy9eHHAs! METOAOM IBYKPATHOTO HAaHECEHUS TOKPBITHS.

[Tocite MomubUKaMK C TTOMOIIBI0 OBICTPOTO Ka-
TMIEJIEHOTO TTOKPBITHSA BTOPOH pa3 ¢ MOMOIIBIO MPEKyp-
COpOB IEPOBCKHUTA TOJIIMHA IJICHKU W MOP(OIOTHs
MOBEPXHOCTH IUICHOK OBUIM 3HAYMTENIBHO YJIyUIICHBI
JI0 TIOYTH TIOJTHOTO YCTPAHEHUS! TOUEUHBIX OTBEPCTHI
W OTPOCIIMX 3€peH. DTU pe3yJbTaThl O3HAYAIOT, YTO
[IPOLIECC JBOMHOTO MOKPBITHA MOXeET 3()()EeKTHBHO
yCTpaHUTh Ae(EKThl U IUNIOTHOCTD JIOBYIIEK B IIEPOB-
CKHATHOM IUIEHKE U YJIyYIIUTh NEPEHOC 3apsaa. Takum
obpazom, DIID ycrpoiictBa nocturaer 11.4%, u Bce
CBSI3aHHBIE IapaMeTphl YCTPOMCTBA, BKIOYAA Jsc
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(16.05 MA/cM?), Voc (0.98 B) 1 FF (72.4%), 6bmn Ka-
YECTBEHHO YJIyIIEHBI.

Takum 00pa3oMm, JnedeKTHOCTh W TOJIIUHA MO-
IUQUIUPOBAHHOW TEPOBCKUTHOM TUICHKH MOTYT
OBITh 2QPEKTUBHO yIIyUIIeHBI, 4TO OyIET OJHOPOIHO
yJIydmaTh (POTOOTKIIMK BO BCEM IUAIa30HE.

CrieKTpbl BHEIIHEH KBaHTOBOH 3((EeKTHBHOCTH
(BKD) ycrpoiictB npencraBneHsl Ha puc. 4a, ¥ OHU
XOPOILO COIJIACYIOTCS CO CIIEKTPAMHU IIOTJIOIIEHUS
nepoBckuta. XotTs ¢Gopmbl KpuBbiXx BKD mis yer-
POHCTB 0€3 BTOPOTO MOKPBITHS U CO BTOPBIM MOKPHI-
THEM TIOXO0XH, a0CoMoTHRIC 3HaueHus BKD y Hux
CIJIBHO Pa3MYaroTCs, YTO COIJIacyercsl ¢ pe3yibTa-
tamu KpuBbIxX J-V. Taxke ObLIM M3MEpPEHBI U3MEHE-
HUS BBIXOJHOH MOIIHOCTH C TEUEHHEM BPEMEHHU INPH
(UKCUPOBaHHOM HANpPsDKEHHHM B TOYKE MaKCHUMallb-
Hoit momHocTH (0.79 B) Ha xpuBoit J-V, Kak nmokasa-
HO Ha puc. 50.

Jlns ycTpoiicTBa CO BTOPBHIM IOKPHITHEM OBLI
TIOJTyYeH BBICOKUI CTAOWIIBHBIN BBIXOJHOW CHUTHAI C
OIID 11.0% u Jsc 14.1 MA/CM2, KOTOpBIN OCTaeTcs
[IOYTH TIOCTOSIHHBIM B IOJITOCPOYHOM Maciirade. Ta-
KOH BBICOKMH M cTaOMIBbHBIN OIID BBIXOIHONW MOII-
HOCTH MOXHO OOBSICHUTH YJIYYIIEHHBIM KaueCTBOM
CJIOSI TIEPOBCKUTA C OBICTPHIM HAHECEHHWEM BTOPOTO
TOKpeITHS. Kpome TOoro, CTabMIBHOCTH YCTPOHCTBA
IICO co BTOPBIM MOKPHITHEM TaKKe OblIa MPOTECTH-
poBaHa B MepYaTOYHOM OOKCe, W Pe3yNIbTaThl Mpe-
ctaBieHsl B Ta0d. 2. Crycts 60 mHEl ycTpoiCcTBO BCe
eme mokaspiBano JOIID 7.5%, 4To yka3pIBaeT Ha TO,
YTO TaKas TEXHOJIOTHUS ABOMHOTO MOKPBITUS SBISCTCS
3((eKTUBHBIM METO/IOM TOBBIIICHUS KaK 3PPEeKTHB-
HOCTH, TaK U CTa0MJIBbHOCTH.

Tadauua 2. M3meHenns (HOTOAIEKTPUIECKUX ITapaMeTPOB
COJIHEYHBIX JIEMEHTOB C TEUCHUEM BPEMEHHU.

Bpems | Voc, B | Jsc, mA/em® | FF, % | DIID,
(cyTkn) %
1 0.98 15.65 742 114
3 0.96 13.21 756 9.53
7 0.96 10.74 774 7.98
60 0.96 10.55 74.1 7.5

W3BecTHO, uTO Ae(eKThl W/WiK JIOBYIIKH B (o-
TOAKTUBHBIX CJIOSX MOTYT JCWCTBOBATh KaK IEHTPHI
peKOMOWHAIIK 3apsIOB, YTO MOXET CYHIECTBEHHO
MIOBJIHATH Ha MPOU3BOIUTEILHOCTE yeTpoiicTBa [40].

OTU pe3yabTaThl JOMOJHUTEIBHO JIEMOHCTPH-
PYIOT, 4TO METOJl IBOMHOTO TOKPBITUS MOXET 3(-
(PeKTUBHO YIYYIINTh Ka4eCTBO TUIGHKH H IIPOU3BO-
JTUTEIBHOCTh yCTpoiicTBa. [l Toro 4ToOBI cuenarhb
BEIBOJI, SIBIIIETCS I MeToH d((HEeKTUBHBIM, OOJIBIIOE

3HaYeHHE MMEET BOCIIPOU3BOIUMOCTH (POTOIIEKTPHU-
YECKUX XapaKTEPUCTUK COJHEYHBIX 3JIEMEHTOB. M3-
BECTHO, YTO Ka4eCTBO IUICHKH MEPOBCKHUTA SIBISETCS
KJII04eBbIM (pakTopoM i co3maHus 3PQeKTUBHBIX
I[ICD. bnaromapst TakoMy OBICTPOMY TOBTOPHOMY
HaHECCHMIO ITOKPBITHSA, [IOPBI B IIEPOBCKUTHBIX IIJICH-
Kax ObUTH 3(QQEKTUBHO YCTpaHEHBI, a pa3Mep 3epeH
CHOBa yBenuuuics. B o0miem, MOXXHO cka3aTb, 4TO
BBICOKAsI TIPOM3BOJIMTEIBHOCTh HCCIICIOBAHHBIX yCT-
POKMCTB 00YCIIOBIICHA 3HAYUTEIBHO YIIyUlICHHBIM Ka-
4eCTBOM (POTOAKTUBHBIX CIIOEB.

IV. 3akaouenue

TakuM 00pazoM, BBICOKOKAYECTBEHHBIC TUICHKH
MEPOBCKHUTA OBUTH TONYyYEHBl METOAOM JIBYKPATHOTO
HAHECEHUSI TIOKPBHITUS B aTMOC(EPHBIX YCIOBHUSX.
Pe3ynpTathl  IEMOHCTPHPYIOT, YTO  TOYEYHEIC
OTBEpCTHsI B TUICHKaX S(QQEKTHBHO YCTPaHEHBI H
pa3Mephl 3epeH yBeJIMUeHbl, PEKOMOMHAIINS 3aps/I0B
TaKkKe 3HAYMTENbHO TonaBieHa. Kpome Toro,
TOJIIIIMHA IIJICHKU YBEJTUYEHa, YTO TMO3BOJISET JIydlle
WCIONB30BaTh HMHTEHCUBHOCTh IaJalOIIETO CBETa.
CrnenoBatenbHO, 3(QQEeKTHBHBIE WHBEPTUPOBAHHBIC
IICO u3 a-CsPbl; memoncTpupyror Beicokuid D110
BIIOTE 70 11.4% mpu yiydmeHHBIX MapameTpax
ycTpoiictBa. Pe3ynbTarhl pabOThI MOKAa3bIBAOT, YTO
NpoCThie METOAbl MOTYT 3((EKTHBHO YIIyUIIUThH
MPOU3BOAN-TEIEHOCTh YCTPOHCTBA M OTKPBITH MYTh
JUTS TOTEHITUAIBHBIX MPAKTUYECKUX MPUI0KESHHUH.

MeTagaHHBIE

Development of efficient solar cells based on inor-
ganic CsPbl; perovskite in air conditions

E.A. Zakhidovl, Sh.K. Nematovl’z, L.R. Nurumbetoval,
AlY. Turgunboevl, B.G. Khidirovl’z, LR. Boynazarovl,
A.A. Saparbaev'?

'Institute of Ion-Plasma and Laser Technologies of Uzbe-
kistan Academy of Sciences, Durmon yuli str., 33, 100125,
Tashkent, Uzbekistan

Tashkent State Technical University, University str., 2,
100174, Tashkent, Uzbekistan

*National University of Uzbekistan named after Mirzo
Ulugbek, University str., 4, 100174, Tashkent, Uzbekistan

Recently, much attention has been paid to solar cells based
on inorganic perovskite materials. However, the quality
and thickness of perovskite films are still unsatisfactory
due to the limited solubility of the starting materials. De-
scribed here is a simple multiple coating process for fabri-
cation high quality perovskite films under full air condi-
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tion. Defects such as pinholes can be effectively eliminated
by the second coating with a further increase in grain size,
which significantly suppresses charge recombination in pe-
rovskite films. In addition, such film thickness can lead to
improve the absorption of incident light. As a result, the
traditional inverted planar perovskite solar cells achieve an
energy conversion efficiency of 11.5% with significantly
improved device parameters, which is 44% more than the
control device (8%). In addition, the stability of the device
is also improved by such high-quality multiple coated pe-
rovskite films. The results show that this multiple coating
method is a promising choice for high strength and effi-
cient perovskite solar cells.

Keywords: CsPbl; perovskite, X-ray diffraction (XRD) analysis,
absorption spectra, current density.
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CSPbI3
Kyém

Atmocdepa mapouTHaa
NMEePOBCKUT acocuaa
3JIEMEHTJIAPUHH scaLl

HOOPTaHUK
camapaJju

3.{‘. 3axunos’, LK. Hemaros'?, JL.P. HypyMﬁeTOBal,
A.W. Typryu6oes, B.F. Xumupos™*, U.P. Boiinazapos’,
A.A. Canap6aes'”

lﬂOH-HHa3Ma Ba J1a3ep TEXHOJIOTUsTIApU  MHCTUTYTH,
Y3®DA, Aypmon wymu 33, 100125, TomkeHt, ¥Y30eKuCTOH
Ucnom KapumoB Homuparun Tomkent Jasmar TexHuka
VuusepcuteTn, YHuBepcuter Kydacu 2, 100174, Tow-
KEHT, Y30€KHCTOH .

3MHp3o VYayrGexk Homupard Y30ekucToH Mmumit
VuusepcuteTn, YHusepcuter kydacu 4, 100174, Tow-
KEHT, Y30eKHUCTOH

CyHrr maiiTinapia HOOPraHHK IIEPOBCKHT Marepuall-
Jlapura acocllaHraH KyE€Il 3JeMEeHTIapura Karra 3bTHOOp
OepunMokzna. bBHpOK, TEpOBCKHT  MaTepHAIIIAPHUHT
YEKJIAHTaH 3PYBYAHIUTH Ty(]aillin NepoBCKHUT IJIEHKa-
JApUHUHT cu(aTH Ba KAJWHINTH XalIH XaM KOHHUKAPIIU
sMac. By Makomama armocdepa IIapouTHAA IOKOPH
cU(aTIN MEPOBCKUT IUIEHKANAPUHH sicalll y4yH OAIUN Oup

HeyTa KoIulaMa METOIW TacBHpiaHraH. IlepoBckut
TUIEHKAJIApUaa 3apsAHUHT TAlIMIMII MEXAaHU3MHUHH sSHaIa
OLIMPUII Ba HAaHOYITYaMJard TELIMKIAp KaGW HyKCOHJIap
HYKOTHII y4YyH MKKH MapTa CHHH COAaTHHI YCYJIHHH
KyJJam oOpKaJdu caMapaid Tap3ga Oaprapad STHINIIN

MyMKHH. DbByHpoaH Tamkapy, sXIIWIaHraH — IUIEHKa
KQIMHIWTKY ~ TymaérraH  EpyHIMKHUHT  IOTUJIUIINHU
sxmunaigu.  Hartwxkana, 1aHap TNEpOBCKUT — KyE€l

AJIEMEHTIIAPUHUHT DHEPTHs Y3rapTHPHII camapagopiIuru
(OYC) cesunapnn napaxana sxummanmm Ba OYC 11.4%
ra o1a4, Oy Oup MapTa CHMH COAQTHHI KoIulama YCyJIH
OWIaH OIMHIAH NEPOBCKUT Ky&mr seMeHTHHHHT DYC
(8%) man 43% ra kynaup. byHmaH Tamkapu, MEepOBCKUT
TUIEHKAJIAPHHUHT 0apKapOPIIMIH XaM SIXIIJIaHTaH.

Kamur cy3map. CsPbl; mepoBckur, XRD aHanu3, OTHINII
CIIEKTPH, TOK 3UUIUIH.
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B HacTosmelf paboTe WCCIEZOBAHO BIMAHHE TraMMa-M3Ty4eHHS pa3INyHONH [JO3BI Ha
MOP(QOJIOTHIO TIOBEPXHOCTH, KoJieOaHHsi MOJIEKYJ M Ha CTPYKTypy nosnukeroHa. [locie
00JTy4eHHsI TOJMKETOHa TaMMa-KBaHTaMH 10301 3.5x10° P 1epoxoBaTocTh MOBEPXHOCTH
CTIQ)KHMBAETCA, B Pe3yNbTaTe 3HAUCHUs CpeAHEH IIepOX0BAaTOCTH MOBEPXHOCTH YMEHBIIAIOTCS
oT R.=879 um 1o R.=375.4 um, a Takxke B HHPPAKPACHBIX CIEKTPaX MOJUKETOHA HAOIIOAaeTCs
TOSBIICHHE ITHKA C BOIHOBBIM umcioM 1174 cm™. IIpu Bo3nmelCTBUU raMMa-u3JLy4eHUs 10301
3.5%10% P naGmonaercs yBenmmuenue anunsbl csizu C1-C2, C2-H1 u C2—-H2, yTo npuBOaUT K
YBEJIMYCHUIO I1apaMEeTPOB DJIEMEHTAPHOW SYEHKH IIOJIMKETOHA OpPTOpOMOMYecKor (ha3bl
(p.rp. Pnam). VBenudeHue 10361 raMMa-00iyuenns 10 2x10° P mpHBOANT K yMEHBIICHHIO
conepkanusi amopdroil daszel u pocty KpuctaumyHocTH. OOJMydeHHE ramMMa-u3JIy4eHHeM
CTUMYJIUPYET POCT KPUCTALIMYHOCTH, NMPU ATOM CTENEHb KPUCTAJUIMYHOCTU YBEIMYHMBACTCS
ot 45.5% 10 61.7%. JlanbHeiimee yBenuuenue 10361 (22x10° P) MpHBOINT K yMEHBIICHHIO
CTENEHU KPUCTAJUIMYHOCTH, YTO CBA3AHO C AErpajalueil MOJUKeTOHa.

KnarodeBble c10Ba: raMMa-Tydd, 001acTh KOTEPEHTHOTO PacCesHUS, KPUCTAIIATHI, JUGPAKIHSI PEeHTre-
HOBCKHX JTy4YeH, MOJTUKETOH, CTPYKTYpa, MIEPOXOBATOCTh IIOBEPXHOCTH.

In this work, we investigated the effect of gamma-radiation of various doses on surface mor-
phology, molecular vibrations, and polyketone structures. After irradiation of polyketone with
gamma-quanta with a dose of 3.5x10® R, the surface roughness is smoothed, as a result, the
average surface roughness decreases from R,=879 nm to R,=375.4 nm, and in the infrared
spectra of the polyketone a peak with a wavenumber of 1174 cm™ is observed. At exposure of
gamma-radiation with a dose of 3.5x10° R, an increase in the length of the C1-C2, C2-H1 and
C2-H2 bonds is observed, which leads to an increase in the unit cell parameters of the polyke-
tone of the orthorhombic phase (space group Pnam). An increase in the dose of gamma-
irradiation to 2x10® R leads to a decrease in the content of the amorphous phase and an in-
crease in crystallinity. Irradiation with gamma-radiation stimulates the growth of crystallinity
and the degree of crystallinity increases from 45.5% to 61.7%. A further increase in the dose
(=2x10® R) leads to a decrease in the degree of crystallinity, which is associated with the de-
gradation of the polyketone.

Keywords: gamma rays, coherent scattering region, crystallites, X-ray diffraction, polyketone, structures,
surface roughness.

DOI: https//doi.org/10.52304/.v24i1.307

I. Introduction polymers is exposed to various types of radiation
(gamma-rays, accelerated electrons, protons, neu-
trons). The change in the properties of polymers un-
der the action of radiation is due to the excitation and
ionization of molecules of substances [1]. One of the

Currently, one of the most pressing problems of
radiation physics and chemistry of polymers is to es-
tablish the features of radiation processes occurring in

Vol.24, No.1, pp. 48-54, 2022
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polymers are polyketones consisting of olefin and
carbon monoxide units (CH2-CH2-C=0), [2-5] and
which have high wear resistance, resistance to chemi-
cal environments, differ in viscosity, impact resis-
tance, low gas permeability, etc. [2-6]. Considering
the above properties, as well as their relatively high
melting point up to 260°C [6], polyketones are used
in mechanical engineering, acrospace, automobile,
chemical and shipbuilding industries.

As you know, the “relief” of the surface is one of
the important factors for using materials in various
sectors of the economy, especially in industry [7].
Therefore, the morphology of the polyketone surface
was investigated in [4, 8-12] and an increase in the
surface roughness of the polyketone after treatment at
a temperature of 180°C for 8 days was established,
which according to [10] is associated with surface
oxidation.

Infrared (IR) spectra of polyketones were studied
in [9, 12-23] and it was found that the absorption
band with a wave number in the region of 1700 cm
corresponds to the groups of ketones. It was also es-
tablished in [5] that the intensity of the vibration of
the CH2 bond at 1408 cm ' is less than that of the vi-
bration of the CH2 bond at the spectrum of 1331 cm
due to the difference in the phase density of polymer
chains in the polyketone. The presence of spectra
with 1050 cm™', 1690 em™', 1700 em™, 1713 em™
corresponding to the C=0 valence bonds was found
[9, 12,13, 15, 18-20].

The crystal structures of polyketones were stu-
died by X-ray diffraction after their synthesis [4, 5, 8,
11, 13, 19, 23-26] and the existence of an orthorhom-
bic structure with a space group (sp. gr.) Pnam was
established [4, 5, 23, 25] and with unit cell parame-
ters a=7.97 A, b=4.76 A, c=7.57 A [23].

The influence of external factors such as temper-
ature, humidity, radiation and polyketone pressure
leads to the production of qualitatively new materials
with improved properties [10, 17]. Therefore, the
structure of a polyketone molecule, crystallinity, sur-
face roughness, binding energy of atoms, and the

presence of impurities largely determine its properties.

It should be noted that there is no systematic study of
the effect of gamma-radiation on the above properties
and characteristics of polyketone in the literature,
with the exception of [27], where an increase in its
mechanical properties after irradiation with gamma-
radiation with a dose of 20 Mrad was found, which is
associated with the formation of cross-linking of po-
lyketone.

From the above data, it follows that the effect of
radiation on the surface, crystallinity, structure, and
IR spectra of polyketone has been insufficiently stu-
died. Therefore, this work is devoted to a systematic
study of the effect of gamma-radiation of various
doses on surface morphology, crystallinity, molecular
vibrations and on polyketone structures.

II. Object and research methods

For the study, we used polyketones (Carilon) in
the form of a plate with dimensions of 20x10x3 mm’.
The study of the surface morphology of the sample
was carried out on a scanning probe microscope SPM
9700HT (Shimadzu). For this, a sample area with a
size of 30x30 um* was selected, in which two areas
with a size of 10x10 pm® were also arbitrarily se-
lected.

An Empyrean Series 3 X-ray diffractometer
(PANalytical, Netherland) was used to determine the
crystal structure of polyketone samples. The X-ray
diffraction data were processed by the Rietveld me-
thod using the Fullprof program [28, 29].

Fourier transform infrared spectra were recorded
on an FT-IR iS50 Nicolet spectrophotometer (Ther-
mo Fisher Scientific, USA) in the wave number range
400-4000 cm .

Irradiation of polyketone samples was carried
out on a gamma setup with “Co sources (E,,=1.25
MeV) at a dose rate of 75 R/s, up to an exposure dose
of 4x10° R.

ITI. Results and its discussion

Analyzes of the results of studying the polyke-
tone surface showed that in the selected area of the
sample with a size of 30x30 pm, the maximum value
of the arithmetic mean deviation of the profile of the
initial polyketone is R,=96.2 nm, and the height of
the average roughness is R,=879 nm (Fig. 1). If two
different sections of the mentioned profile are arbitra-
rily chosen, then the values of the average roughness
height of this selected section differ (in section A
R.=927 nm, in section B R,=819 nm) from the aver-
age roughness of a section measuring 30x30 pm,
which is equal to R, =879 nm. This is due to the
process of making polyketone, i.e. inhomogeneity of
roughness over the entire surface of the sample. Fig-
ure 2 shows the profile of the polyketone surface after
gamma-irradiation with a dose of 3.5x10° R.

©Academy of Sciences of Republic of Uzbekistan, 2022
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Length X 10.000[um]
© Length Y 10.000[um]
Area  100.000[um2]

Ra  84.992[nm]
Rz 927.401[nm]

B

Length X 10.000[um]
Length Y 10.000[um]
Area  100.000[um2]

Ra 100.887[nm]
Rz 819.026[nm]

30.00x30.00 um
All Area 900.000[um2]
Length X 30.000[um] Ra  96.230[nm]
LengthY  30.000[um] Rz 879.020[nm]

Figure 1. Microsize profile of the polyketone surface.

A

Length X 10.000[um]
Length Y 10.000[um]
Area  100.000[um2]

Ra  41.944[nm]
Rz  354.987[nm]

= B

~ Length X 10.000[um]
Length Y 10.000[um]
Area  100.000[um2]

Ra  42.393[nm]
Rz  395946[nm]

30.00 x 30.00 um

10.00 um
All Area 900.000[um2]

Length X
Length Y

30.000[um] Ra
30.000[um]

59.656[nm]|
Rz 375.431[nm]

Figure 2. Microsize profile of the polyketone surface after
gamma-irradiation with a dose of 3.5x10° R.

The study of the effect of radiation on the sur-
face roughness of the polyketone showed that when it
is exposed to gamma-radiation, the roughness is
smoothed out. The measurement showed that in the
selected area of the polyketone sample with a size of
30x30 pm after irradiation with gamma-quanta, the
maximum value of the arithmetic mean deviation of

the profile and the average roughness height decrease.

Figure 2 shows that after irradiation with gamma-
quanta with a dose of 3.5x10® R, the maximum value
of the arithmetic mean deviation of the profile is
R,=59.6 nm, the height of the average roughness
R.=375.4 nm. When polyketone is exposed to gam-
ma-radiation, the surface roughness is smoothed out,

©Academy of Sciences of Republic of Uzbekistan, 2022

and as a result, the value of the average surface
roughness decreases after irradiation with a dose of
3.5x10% R by 2.3 times in comparison with the initial
one. This is due to the fact that when polyketone is
exposed to radiation, cross-linking occurs between
polyketone macromolecules [27, 30].

The obtained IR spectra of the polyketone cor-
respond to the literature data [4, 22]. Figure 3 shows
the IR spectra of the initial polyketone sample with
CH, stretching vibrations of about 2914 cm,
1257 em™" and C=0 1689 cm ™', and CH, bending vi-
brations of about 1408 cm™ and 1332 cm™'. Howev-
er, the spectra corresponding to CH, vibrations with
1408 cm ', 1055 cm', and 805 cm™ in the studied
polyketone sample are shifted towards lower values,
and the CH, stretching vibration at 1257 cm ! s
shifted towards higher values as compared to [22].

1689

0.8

o
o
w1055

Absorbance (%)
=
-
600

=
2 & 2
‘4 A =
1 1 1 1 1 1
500 1000 1500 2000 2500 3000

Wave number, cm™!

Figure 3. IR spectra of polyketone: 1 — the initial sample
of polyketone, 2 — after irradiation with gamma-quanta at a
dose of 4x10° R.

After irradiation with gamma-quanta with a dose
of 4x10® R, noticeable changes are observed in the IR
spectra of the polyketone. Decreased IR spectra peaks
are 1689 cm™', 1408 cm™, 1332 cm™' and 1055 cm™',
which may be due to the breaking of molecular bonds.
The appearance in IR spectrum the peak with a wave
number of 1174 cm™' has been established, which is
most likely associated with vibrations of the C-C
bond. It should be noted that the appearance of new
peaks in the IR spectra at 1378 cm™' and 1180 cm™'
was found in [14], which are associated with the
cross-linking of the polyketone.

The X-ray diffraction data of the initial polyke-
tone sample were processed assuming the presence of
an orthorhombic phase. The processing results
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showed that the polyketone sample has an orthor-
hombic structure (sp. gr. Pnam) with a=8.074 A,
b=4.707 A, ¢=7.577 A and a=p=y=90° (x’=1.37,
Rz=1.7) (Fig. 4).

(110)

2000 F

1000

Intensity (a.u.)

0 10 20 30 40 50 60
20(")

Figure 4. X-ray diffraction pattern of polyketone with or-
thorhombic phase (sp. gr. Pnam). 1 — comparison of the
observed sample with the fitted sample, II — Bragg peaks,
IIT — the difference between the observed sample and the
fitted sample.

Table 1. Atomic coordinates of the initial polyketone sam-
ple in the orthorhombic phase (sp. gr. Pnam).

Ne | Atoms Atomic coordinates Thermal
xla | /b | zlc factor

1 O -0.121  -0.256 0.250 0.97

2 C1 -0.026  -0.057 0.250 0.85

3 C2 0.041 0.082  0.084 0.93

4 HI 0.168 0.088  0.117 0.90

5 H2 0.004 0.266  0.066 0.65

Table 1 shows the coordinates of polyketone
atoms in the orthorhombic phase (sp. gr. Pnam). The
obtained values of the coordinates of the polyketone
atoms do not differ greatly in comparison with the da-
a [23]. The structure of the polyketone was investi-
gated after irradiation up to an exposure dose of
3.5x10® R, and X-ray diffraction patterns were
calculated to determine the structure of the sample
(Table 2).

Comparison of Tables 2 and 1 indicates that the
coordinates of polyketone atoms after irradiation with
gamma-quanta with a dose of 3.5x10® R (orthorhom-
bic phase (sp. gr. Pram)) do not change significantly.

Table 2. Coordinates of polyketone atoms after irradiation
with gamma-quanta at a dose of 3.5x10® R (orthorhombic

phase (sp. gr. Pnam)).

Atomic coordinates Thermal
No | Atoms factor
xla | v/b | z/c
1 O -0.122  -0.255 0.250 0.98
2 ClI -0.026 -0.060  0.250 0.91
3 C2 0.042 0.079 0.083 0.83
4 HI1 0.173 0.088 0.118 0.86
5 H2 0.008 0.282 0.014 0.67

The unit cell parameters of the orthorhombic
phase (sp. gr. Pnam) of polyketone before and after
irradiation with gamma-rays are given in Table 3.

Table 3. Unit cell parameters of polyketone before and af-
ter irradiation with gamma rays.

Lattice parame- Initial 10°R | 3.5x10° R
ters sample
a, A 8.074 8.081 8.099
b, A 4.707 4.707 4.697
c, A 7.577 7.594 7.612
Y 1.37 1.28 1.24
Rp 1.70 1.94 1.57
x* — statistical indicator, R — Bragg R-factor.
Hil @

@n
H2 ':s

o L S

o

Figure 5. Unit cell of polyketone (orthorhombic phase (sp.
gr. Pnam)).

Figure 5 shows the unit cell of a polyketone with
an orthorhombic structure (sp. gr. Pnam).

Based on calculations, the bond lengths C1-C2,
C2-H1, C2-H2, and C1-O in the initial polyketone
sample were determined, which are 1.518 A, 1.053 A,
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0.927 A, and 1.210 A, respectively. And in a sample
of polyketone irradiated with gamma-quanta with a
dose of 3.5x10% R, these are 1.534 A, 1.096 A, 1.123
A, and 1.203 A, respectively, i.e. the C1-O bond
length decreased, while the C1-C2, C2-H1 and C2—
H2 bonds increased after irradiation. An increase in
the C1-C2, C2-H1, and C2-H2 bond lengths indi-
cates that after irradiation with gamma-quanta, the
unit cell parameters (a and c¢) of the polyketone in-

creased.

Based on the (110) reflection, calculations were
performed to determine the crystallite sizes using the
Scherrer formula [31]:

KM
By cosO’

(1

where K is the correction factor to take into account
the grain shape (K~0.9), A is the radiation wavelength
(for example, 0.15406 nm), 0 is the Bragg angle for
the diffraction peak, Bs is the observed width at half
maximum of the peak (in radians).

The performed calculations showed that the
crystallite size in the initial polyketone sample is
D10=12.03 nm, and after irradiation with a dose of
10" R Dyi=11.76 nm and a dose of 10° R
D10=11.06 nm, and after irradiation with a dose of
3.5x10° R D110=10.90 nm. It can be seen that the
size of polyketone crystallites decreases with increas-
ing dose.

To determine the numerical value of the degree
of crystallinity before and after irradiation of the po-
lyketone, the areas of the amorphous (4,) and crystal-
line (4x) components of the samples were calculated,
as in [32-35]. The peaks were separated using the
Gaussian function (Fig. 6) and under the assumption
of the existence of three peaks in the angle range
205=14°-28° and the degree of crystallinity was de-
termined as [32, 33]:

A

£ .100%.

) S S
S+ 4) @

Taking into account the nature of the distribution
of the amorphous component, in the calculations the
sum of the areas of the (110) and (111) reflections
was taken into account as the A.

According to the calculation, the degree of crys-
tallinity of the initial polyketone sample is 45.5%,
which is close to the degree of crystallinity (30-40%)
of the carilona terpolymer [26], but lower than the
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Figure 6. Separation of the peaks of the amorphous and
crystalline phases: 1 — amorphous phase, 2 — crystalline
phase, 3 — crystalline phase.

degree of crystallinity of the thermoplastic material
polyoxymethylene [24], which depending on temper-
ature has a degree of crystallinity of 48—62%.

Figure 7 shows the dependence of the degree of
crystallinity of a polyketone on the exposure dose of
radiation. Figure 7 shows that with increasing dose
the degree of crystallinity increases linearly to a dose
of 2x10® R. This indicates that irradiation with gam-
ma-radiation stimulates the growth of crystallinity,
which is most likely due to radiation cross linking
[36].

60 |

55 |-
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45 |

Degree of crystallinity, %

35

1 1 1 Il 1

0 100 200 300 400

Exposure dose, MR

Figure 7. Dependence of the degree of crystallinity of the
polyketone on the dose of gamma-irradiation.

The dependence of the degree of crystallinity of
the polyketone on the dose of gamma-irradiation can
be described by the following expression:
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(D —-227.4)°

K =34.7+27exp(—
56500

) 3)
where K is the degree of crystallinity,%; D — expo-
sure dose, MR.

A further increase in the dose (>2x10°* R) leads
to a decrease in the degree of crystallinity, which is
associated with the degradation of the polyketone
macromolecule under radiation exposure.

IV. Conclusion

Thus, after irradiation of polyketone with gam-
ma-quanta with a dose of 3.5x10® R, the surface
roughness is smoothed out, as a result, the value of
the average surface roughness decreases from R, =
879 nm to R, = 375.4 nm.

It was found that after irradiation with gamma-
quanta with a dose of 4x10® R in the IR spectra of po-
lyketone appear the peak with a wave number of
1174 cm™, which is associated with its cross-linking.

It has been determined that after irradiation of
polyketone with gamma-rays with a dose of 3.5x
10°® R, the C1-C2, C2-H1, and C2-H2 bond lengths
increase, while the C1-O bond length decreases,
which contributes to an increase in the a and ¢ para-
meters and decrease in the b parameter of the orthor-
hombic elementary cells (sp. gr. Pram).

It has been determined that when polyketone
crystallite is exposed to gamma-quanta with a dose of
3.5x10® R, the sizes of it linearly decrease from 12.03
nm to 10.90 nm.

It has been established that an increase in expo-
sure doses of gamma irradiation to 2x10° R leads to a
decrease in the content of the amorphous phase and
an increase in crystallinity. Irradiation with gamma
radiation stimulates the growth of crystallinity and
the degree of crystallinity increases from 45.5% to
61.7%. A further increase in the dose (>2x10° R)
leads to decrease in the degree of crystallinity, which
is associated with the degradation of the polyketone
macromolecule.
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Monauxeron CTPYKTypacura Ba 103a
TONOrpausicura raMMa HYpJapu TabCHPHUHUHI
TAAKHUKOTH

M.IO. TammeroB, H.b. UcmaToB

V36exucTon pecrnyGmukacu dannmap akajzemuscu SIapo
¢usnkacu uHCTUTYTH, MHp30 ViiyrGek TymaHu, Yiyroex
maxapdacu, Xypocad 1, 100214, TomkeHT, ¥Y30eKucToH

Ymby  TagkMKOT ~— WIIKWAA — [OJHWKETOH 1032
Mopdonoruacura, — MojeKyjlagap — TeOpaHMIIMra  Ba
CTPYKTypacura raMMa HypJIapUHHUHT TypIIU J03aJdapuiar
TabCUPH TAAKHUK ATWIraH. [loITuKkeTOHHN raMMa KBaHTIapH
owian 3.5x10° P Jo3arada HypJIAaHTHPIITAHAAH KeHuH
YHUHT Fagup-Oynypnuru (JaFajiurd) CUIUIMKIAHUIIN
HaTW)KacuJa I03aHMHI ypTaya Faaup-OynypivK KuiiMaTH
R=879 um nan R=375.4 uM raya kamaiinu, ury OwWiaH
Oupra MoJMKETOHHUHT HH(PAKU3HUI CIEKTPIIapuia TYIKUH
conn 1174 ™' ra Tenr GynraH sHrH 4YKKM (IIMK) Haiio
oynanu. ['aMMa HypJIapUHHHT 3.5x10° P mosamaru Tancu-
puma C1-C2, C2-H1 Ba C2-H2 Oofnap y3yHJIMIMHUHT
OpTHIIM Ky3aTwiaau, Oy sca opropoMOuk ¢asza (pa3oBuii
TYypypyxu Pnam) bsnemeHTap KaTtak rnapameTpiapH
KMAMATHHUHT omumura onud kenmu. 'amma Hypnapu
6unan HypianTHpuul go3acuauEr  2x10° P raua ommimu
amopd (daszaHWHT KamMaiimmmra Ba KPUCTAUTUKHIHT
oprummra onu06 kenau. lamMmma  Hypinapu — Ownad
HYPJIAHTHPHUII KPUCTAUIMKHUHT YCUIIMHU parOaTiaH-
TUpaau Ba OyH/Aa KPUCTALIHMK napaxkacu 45.5% nan 61.7%
rada optagu. HypnanTupui 103acHHUHT KEHUHTY OPTUILT
(>2x10® P) 6unaH MOIMKETOH [erpamaiHscH tyhaitnu
YHHHT KPUCTAIMK Japakacu Kamasi OoLuIanimy.

Kanut cy3aap: raMmma Hypiapu, KOTEpEeHT COYMJIMII COXAacH,
KPHUCTAUIMTIIAP, PEHTTeH Hypinap IU(GPaKIMACH, ITOJHKETOH,
CTPYKTYpa, ¥03a Faaup-0y 1y piury.
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B macrosmieir paboTe pacCMOTPEHBI METOMABI OINpeNeieHHs] PaTuOXUMHYECKONH YHCTOTHI U
YAETbHON aKTHBHOCTH paJAHOHYKIHAa JoTenusa-177 B ¢opme xiopuna. YKa3aHHBIC
MOKa3aTeNl ONpENeNsUId METOIOM TOHKocioiHoi xpomarorpadpuu (TCX) u OymaxHOU
xpomarorpadun. B kauectBe mnoasmwxHoi (azel B TCX wucnonp30BajgM pacTBOp LUTpara
HaTpus KoHIieHTpanuei 0.1 mMonb/n, a B OymakHOU xpomatorpaduu 10% pactBop amerarta
aMMOHUS ¥ MeTaHoia B cooTHorenuu ¢a3 1:1 u NH,OH:CH;0H:H,0 B cootHOomenun (a3
0.4:2:4.

KiroueBble ci1oBa: pampioHyKIH[ JIIOTeLHi-177, paIdoXUMUYecKas YHUCTOTA, ylelbHash aKTUBHOCTD,
TOHKOCJIOWHAsT xpomarorpadusi, OymaxkHas xpomartorpadus, LUTPAT HATPHUs, THAPOKCHI AMMOHHS,
MeTtaHoJ, ammonus anerat, DTPA, Whatman 3MM, Ludlum-2200, cuiukareins.

In this work, methods for determining the radiochemical purity and specific activity of the ra-
dionuclide lutetium-177 in the form of chloride are considered. These indicators were deter-
mined by thin layer and paper chromatography. As a mobile phase in TLC, a solution of so-
dium citrate with a concentration of 0.1 mol/l was used, and in paper chromatography a 10%
solution of ammonium acetate and methanol in a phase ratio of 1:1; and NH,OH:CH;0H:H,0O
in a phase ratio of 0.4:2:4.

Keywords: radionuclide lutetium-177, radiochemical purity, specific activity, thin layer chromatography,
paper chromatography, sodium citrate, ammonium hydroxide, methanol, ammonium acetate, DTPA,
Whatman 3MM, Ludlum-2200, silica gel.

DOI: https//doi.org/10.52304/.v24i1.309

I.~ Introduction Radiopharmaceuticals (RP) based on '""Lu are

At present, radionuclides with optimal nuclear-
physical properties are widely used in nuclear medi-
cine for the treatment of oncologic diseases, especial-
ly cancer.

Among the most promising B-emitting radionuc-
lides for cancer therapy, '"'Lu can be distinguished,
which has a convenient half-life (7}, = 6.71 days), an
acceptable B-particle energy (Ema.x = 0.497 MeV), and
soft concomitant y-radiation (£, = 113 keV, 6.4%;
208 keV, 11%). The decay product of '""Lu is the
stable isotope '""Hf.

highly effective therapeutic agents in the treatment of
liver, prostate and skin cancer, as well as other dis-
eases, including rheumatic arthritis and hemophilia.
Relatively short path length of '""Lu B-particles
in biological tissues (<2 mm) with localization of a
significant number of radionuclide atoms in the im-
mediate vicinity of the tumor cell provides selective
destruction of the tumor with minimal damage to the
surrounding tissues. Since '"'Lu simultaneously emits
B-particles and y-quanta, it is ideal for the therapy of
malignant neoplasm and at the same time makes it
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possible to visualize the course of the therapeutic ef-
fect [1].

Recently, the radionuclide '"’Lu is considered one
of the most promising for radionuclide therapy using
labeled antibodies and peptides (targeted delivery of
drugs to affected organs and tissues) [2].

""Lu has optimal characteristics for use in nuclear
medicine: a convenient half-life, acceptable energy of
B-particles, which makes it possible to destroy small
tumors and metastases 1-3 mm in size without affect-
ing healthy tissues; soft accompanying y-radiation
with sufficient energy for imaging. The relatively
long half-life of '""Lu is convenient for targeted drug
delivery for slow targeting antibodies. In addition,
""Lu has chemical characteristics suitable for protein
labeling with functional chelating agents such as die-
thylenetriaminepentaacetic = acid  (DTPA)  or
2,2'.2"2"-(1,4,7,10-Tetraazacyclododecane-1,4,7,10-
tetrayl) tetraacetic acid (DOTA) [3].

Over the past few years, the '""Lu radionuclide
has attracted considerable attention and has shown
great promise in scientific, commercial and clinical
circles for use in various therapeutic procedures [4, 5].

In a relatively short period of time, '"’Lu not on-
ly strengthened its potential, but also firmly estab-
lished itself in the field of targeted radionuclide ther-
apy (TRT), and '""Lu has practically penetrated into
all areas of radionuclide therapy in vivo and, possibly,
is ready to become a key therapeutic radionuclide for
TRT [6].

Bone metastases often occur with the progres-
sion of various tumors, such as prostate, breast, and
lung cancers. They often cause progressive pain [7]
and occur in many patients with solid malignancies
[8]. Approximately 50% of patients with breast carci-
noma and 80% of patients with prostate cancer de-
velop metastatic bone disease, and nearly half of
them experience bone pain [9]. Despite ongoing
treatment in these patients, a systemic bone-
dependent radiopharmaceutical for the treatment of
advanced bone metastases has potential advantages
[10]. Among the radioactive lanthanides used in nuc-
lear medicine, '"’Lu is an interesting candidate for
therapeutic protocols. '"Lu radiopharmaceuticals
have been developed and used in various procedures
such as somatostatin receptor radiation therapy [11],
radio-immunotherapy [12], bone palliative therapy
[13], and radio synovectomy [14, 15].

In the last decade, the '""Lu radionuclide is con-
sidered one of the most promising for radionuclide
therapy (RNT) using labeled antibodies and peptides
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[16]. Antibodies radio-labeled with '""Lu are attrac-
tive therapeutic agents due to their beta energy and
half-life of the radionuclide, this complex is well
suited to in vivo pharmacokinetics.

To date, there have been several clinical trials
and preclinical studies of '"’Lu-detectable monoclon-
al antibodies, including '""Lu-J591 [17, 18] for the
treatment of prostate cancer and 'Lu 81C6 and
L8A4 [19, 20] for brain cancer.

Radiofrequency '""Lu labeling on an antibody
molecule is an alternative method of direct radiofre-
quency ablation that has been successfully used in the
production of radiofrequency antibodies for imaging
and therapy. DOTA anikores are most often used for
radioactive labeling and form stable complexes of
""Lu-DOTA with """Lu [20]. Many DOTA antibo-
dies labeled with alpha and beta releasing radionuc-
lides are used as agents for cancer treatment [21, 22].

L u labeled with J591, a humanized monoclon-
al antibody targeting the extracellular portion of pros-
tate-specific membrane antigen (PSMA), has been used
for targeted therapy in hormone resistant and chemo-
resistant prostate cancer [17].

This article presents preliminary experimental
results for the determination of radiochemical purity
(RCP) and radiochemical inclusion, i.e. formation of
a complex of the radionuclide '’LuCls, without a car-
rier, with a complexone diethylenetriaminepentaacet-
ic acid (DTPA) in various stoichiometric ratios, by
thin layer chromatography (TLC).

II. Experimental part

II.1. Determination of radiochemical purity
and radiochemical impurities

RCP is one of the main indicators of the quality
of RP, which determines the pharmaco-dynamics of
the drug in the clinic, the reliability of the informa-
tion received and, as a rule, the diagnostic or thera-
peutic efficacy.

Ideally, any RP should not contain other labeled
compounds in addition to the main one, but in most
practical cases, the drug will contain radiochemical
impurities, the amount of which is detected when de-
termining the radiochemical purity of the target drug.

In practice, a drug is considered radiochemical
pure if it has activity of 97-98% due to the basic sub-
stance. In principle, any analytical separation me-
thods can be used to determine the radiochemical
purity, for example, paper chromatography, thin layer
chromatography, electrophoresis and others [23].
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The reagents: sodium citrate, hydrochloric acid,
NH4OH, methanol, ammonium acetate used in the
experiments were of chemically pure grade. Methanol
solvent and DTPA bifunctional chelating agent were
purchased from Sigma Aldrich (USA) with the high-
est available purity and were used without further pu-
rification unless otherwise indicated.

To carry out thin layer chromatography of the
studied samples, a TLC plate with a thin layer of sili-
ca gel (Art. 5553, Merck) was used, and Whatman
3MM chromatographic paper (Sigma Aldrich) was
used for paper chromatography, and a chamber with a
flat plate was used as a chamber for thin layer chro-
matography and paper chromatography, bottom and
ground cover allowing the use of plates of standard
sizes 100x100, 150x150 and 200x200 mm.

The complexation of the radionuclide '""LuCl;
with DTPA in various stoichiometric ratios was car-
ried out in a polyethylene test tube from Eppendorf.

To determine the distribution of '""Lu**, ""Lu
jons or '’Lu colloid and '""Lu:DTPA complex on a
thin-layer plate and chromatographic strip, a single-
channel y-radiometric device Ludlum-2200 with a
243 (Nal) well scintillation detector was used. The
scintillator used in the complex, which makes it pos-
sible to increase the measurement geometry up to 4p.

Chromatography process. The TLC method is
the most effective than others due to its low cost,
availability, acceptable experimental speed, and wid-
er separation capabilities. In this regard, the radio-
chemical purity and radiochemical impurities of lute-
tium-177 chloride (‘""LuCl;) were determined by
TLC.

The study of the paper chromatography method
is carried out on Whatman 3MM chromatographic
paper 1.5x10 cm long. For these studies, 5 pl of the
test solution is applied at a distance of 1.5 cm from
the lower end of the paper strips, which are devel-
oped in 10% ammonium acetate in methanol (30:70
vol./vol.). The strips are then dried and cut into 1 cm
segments. The radioactivity associated with each
segment is measured in a Nal(Tl) well type detector.
While the colloidal forms or other ionic forms of
"Ly (such as 177LuCl4) remains at the start, Rf = 0.05,
and the free '""Lu’®" ions migrate to the finish, the Rf
value is Rf = 0.9—1 [24]. The Rf value (deceleration
factor) was calculated using the following formula
Rf = A4/B, where A — distance (cm) from the start line
to the position of the peak of radioactivity, B — dis-
tance (cm) from start line to solvent front

As a mobile phase in TLC, a solution of sodium
citrate with a concentration of 0.1 mol/l and pH =
5.1-5.2 was used, and in paper chromatography a
10% solution of ammonium acetate and 100% me-
thanol in a phase ratio of 1:1; and 25%NH,OH:100%
CH;0H:H,O0 in a phase ratio of 0.4: 2: 4.

The tested initial preparation of lutetium chlo-
ride-177, without carrier in 0.04 M HCI solution, was
diluted to a volumetric activity of 20-50 mCi/ml with
0.04 M hydrochloric acid solution.

A plate with a thin layer of silica gel and strips
for BC were prepared as follows: 3 strips of 15x140
mm were cut, a sample of the drug solution with a
volume of 1.0-1.5 pl was applied to the start line
(15 mm from the edge of the strip), this was
1.48-2.22 MBgq. The spots of the preparation on the
plate and the strips of BC were dried in air. Then the
plates were transferred to the TLC chamber and one
end of it with the starting line was immersed in the
solvent (mobile phase) in a vertical position. Under
the influence of capillary forces the solvent moves up
the plate dragging various components of the sub-
stance along with it. The various components of the
substance lend themselves to ascent in different ways,
so they are separated, that is, chromatography by the
bottom-up method. When the front of the mobile
phase reached a level of 120—-130 mm from the start-
ing line (60 minutes), the plates were removed and
dried under a fume hood. In planar thin layer chroma-
tography, the components of a substance differ in
their relative position on the strip after chromatogra-

phy (Fig. 1).

— | finishing line
; | 1777 3+
A strip M " Lu
IT?LUS—
VLuCtwita colloid or colloid _OI’
irpuity LuCls LuCls
—.’—f | movable start line movable

| phase

e

Figure 1. Diagram of the radiochemical purity (RCP)
analysis process by thin layer chromatography.

The plates were dried at room temperature,
pasted over from both sides with a polyethylene film
with a sticky layer.
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The first and last centimeter of the plates and
strips were discarded and, starting from the side of
the starting line, they were marked into 10 mm seg-
ments, numbered and cut off. It turns out 12 segments
for measurements (for each plate).

Before measurements, the background was
measured 3 times, the result was averaged. Then, the
number of pulses in each successive segment of the
chromatogram was measured in a y-radiometric de-
vice. The measurement time for each segment is 10
sec.

The results of chromatogram calculations based
on the ratio of the peak areas corresponding to the
main and impurity chemical forms of lutetium were
calculated radiochemical purity by the formula:

z
RCP = > x100%,
total
where Y. — the sum of pulses in the "Lu’* peak;
2ot — the total amount of impulses minus the back-
ground; RCP — radiochemical purity.

I1.2. Determination of the inclusion of the sub-
stance lutetium chloride '""Lu with the complexing
agent diethylenetriaminepentaacetate by thin
layer chromatography

In a polyethylene test tube from Eppendorf con-
taining 100 pl of a CaNa;DTPA solution with a con-
tent of 5x107'° mol, respectively, 370 MBq of the
preparation of lutetium chloride '""Lu is added. The
ratio between ""Lu:CaNa;DTPA was 1:1. The mix-
ture is thoroughly mixed and placed in a thermostat.
Maintain in a thermostat for 30 minutes at a tempera-
ture of 37°C.

Afterwards, on a plate with a thin layer of silica
gel (Art. 5553, Merck), 15%140 mm, departing from
one of the edges by 15 mm (starting line), the pre-
pared mixtures were applied in such an amount that it
was possible to statistically reliably register on a ra-
diometric installation, at least 0.5% of the applied ac-
tivity. It was experimentally revealed that the applica-
tion of 1 pul (3.5 MBq) of the solution is optimal. The
spots of the preparation were dried in air and chroma-
tographed by the ascending method for 60 minutes,
using as a mobile phase a 0.1 M sodium citrate solu-
tion prepared by dissolving 2.58 g of sodium citrate
in 100 ml of bidistilled water, pH is 5.1-5.2.

After the front of the mobile phase reached the
finish line, they were taken out of the chamber, dried
at room temperature, and pasted on both sides with
plastic wrap with a sticky layer.
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The first and last centimeter of the plate was dis-
carded. Then they marked, starting from the side of
the starting line, into segments of 1 cm, numbered
and cut into pieces. 12 sections are received for mea-
surements.

For the developed chromatogram, the distribu-
tion of '"Lu:DTPA activity along its length was de-
termined on a Ludlum-2200 y-radiometric device.
Before measurements, the background was measured
3 times and averaged. Then, each successive chroma-
togram segment was cut off and placed for activity
measurement in a y-radiometric device. The mea-
surement time for each segment is 10 sec.

The ratio of the areas of the peaks corresponding
to the main complex '"Lu:DTPA and impurity
"TLu’" jonic forms was used to calculate the percen-
tage of inclusion of '""Lu with DTPA. The percentage
of inclusion of '""Lu with DTPA was calculated and
the specific activity is calculated by the formula:

110xCy77 Lu:DTPA

A =
177 Lu CO

where SA — specific activity of the drug; 110 — theo-
retical maximum specific activity of the preparation,

Ci/ mg; C5; LuDTPA the number of counting pulses

of the chromatogram section containing '”’Lu:DTPA;
Co — the number of counting pulses of the entire
chromatogram.

Determination of the specific activity of the
""LuCl; preparation with '""Lu without a carrier in
0.04 M HCI solution is based on the ability to form a
complex of the '""Lu’** ion with the diethylenetriami-
nepentaacetate complexing agent in a stoichiometric
ratio, considering the radiometric measurement re-
sults of '""Lu.

The influence of various factors on the yield of
""Lu-DTPA inclusion, including ligand concentration
and temperature, was also studied, and the corres-
ponding results are shown in Table 3.

II1I. Results and its discussion

III.1. According to the radiopharmaceutical
preparation (RFP) requirements, the radiochemi-
cal purity of the lutetium-177 radionuclide (in the
basic form '""Lu’" ions) must be at least 98%.

Averaged for three plates, the results of mea-
surements of the preparation of lutetium-177 chloride
without a carrier are shown in Table 1.
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Table 1. Results of measurements of the radiochromato-

gram.
Number of Number of
Segment . Segment .
No impulses No impulses
- in 10 sec - in 10 sec
1 2578 7 248
2 433 8 295
3 301 9 524
4 286 10 12320
5 317 11 659911
6 299 12 369854

Measurement conditions: The length of each
segment of the electrophotogram is 1 cm; background
is 200 pulses.

The histogram of the distribution of the activity
of lutetium-177 obtained from the data in Tabl. 1 is
shown in Fig. 2.

The histogram shows zones of different chemical
forms: """Lu’** ions and colloid or ""LuCl,". As can
be seen from the histogram, in the indicated chroma-
tography mode the Rf of '""Lu’" ions is (0.9-1.0).
Possible other radiochemical impurities (colloid or
""LuCly") remain at the site of drug application with
Rf = 0, which indicates the reliability of the results
obtained.
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Figure 2. Histogram of the distribution of the activity of
lutetium-177 components along the length of the radioch-
romatogram.

Radiochemical purity was calculated using the
formula:
% e 1041809

% 1044966

RCP = x100% =99.7%
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Figure 3. (a) PC chromatograms for '”’LuCl; eluted with NH,OH (25%):methanol (100%):water (100%) (0.4:2:4; v/v/v),
chromatograms for '""LuCl’ eluted using 10% ammonium acetate:methanol solution (1:1; v/v); (b) chromatography on

Whatman 3MM.

As can be seen from Fig. 3a, in solvent the free
cation '"’Lu’" remained at the start (Rf = 0.05), while
other ionic forms of '”’Lu (such as '"’LuCl,") migrate
to a higher Rf = 0.9-1. In Fig. 3b it can be seen that
the rapidly eluting substance may have been the free

cation '’Lu’" (Rf = 0.9-1), while other ionic forms of
""Lu (such as '"""LuCly") remained in their original
state (Rf = 0.05), as well as colloids.

The calculated value of the radiochemical purity
of the preparation for both methods was 99.5% and
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99.4%, respectively, which confirms the correctness
of the first method.

II1. According to the requirements for the drug
used in medical practice, the specific activity for
lutetium-177 should be at least 50 Ci / mg.

The results of measurements by the layer chro-
matography method are shown in Table 2. Measure-
ment conditions: length of electrophotogram segment
1 cm; background 200 pulses, measurement time 10
seconds.

Table 2. Results of measurements of the radiochromato-
gram.

Number of Number of
Segment impulses Segment impulses
Ne in 10 sec, No in 10 sec,
""Lu:DTPA ""Lu:DTPA
1 327 4379
2 436 546
3 471 35035
4 84227 10 104044
5 316102 11 75295
6 116342 12 1252

The histogram of the '""Lu:DTPA activity distri-
bution obtained from the data in Table 2 is shown in
Fig. 4.

Impulses,
/10 sec
320000 -
280000 -
240000 -
200000
160000
120000
80000
40000

0

"Lu: DTPA

4567

8§ 9101112

sm
Figure 4. Histogram of the '”"Lu:DTPA activity distribution over
the radiochromatogram.

As can be seen from Fig. 4, in the indicated
chromatography mode the Rf of the '""Lu:DTPA
complex is (0.5). The Rf value of unbound '""Lu*
ions is (1.0).

©Academy of Sciences of Republic of Uzbekistan, 2022

Under these conditions, the advance of '""Lu’**
jons is 80—120 mm, the advance of the '""Lu:DTPA
complex is 30-70 mm. The percentage of the activity
of the included '"Lu’*" ions in the '""Lu:DTPA com-
plex to the total activity of the chromatogram at a
molar ratio of """Lu’":DTPA of 1:1 should be at least
46%, which corresponds to the specific activity of 50
Ci/mg. The calculated value of the inclusion of the
drug "Chloride Lutetium-177" was 70.8%. Specific
activity is calculated by the formula:

110x 522830
738456

SA =

1771, =77.88 Cl/mg

Table 3. Influence of different molar ratios of ""Lu and
DTPA on inclusion (60 min at pH=5.1-5.2).

""Lu:DTPA molar Turning on (%)

ratio

10:1 28.2

2:1 49.2

1:1 70.8

1:2 98.5

1:3 99.0

1:10 99,4

As can be seen in Table 3, the inclusion yield in-
creased with an increase in the molar ratio of
""Lu:DTPA (from 10:1 to 1:10) and reached more
than 99% in 60 minutes.

IV. Conclusion

Unlike other drugs, the main active ingredient of
any radiopharmaceutical preparation (RFP) is radio-
nuclides or labeled compounds. Therefore, the main
indicators of the quality of RFP are specific activity
and radiochemical purity.

It was determined that the radiochemical purity
and specific activity of the radionuclide lutetium-177
using thin layer chromatography in 0.1 M sodium ci-
trate solution was 99.7% and 77.88 Ci/mg.

Studies have shown that the thin-layer chroma-
tographic method can reliably determine the radio-
chemical purity and specific activity of lutetium-177
in a lutetium-177 chloride preparation without a car-
rier with high accuracy.
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TamyBuncus PAAHOHYKJINJ Jorenuii-177
XJOPUAHMHI  PAJUOKMMEBMH  TO3aJIUK  Ba
COJMIITUPMA (PAOITUTHHHE AHUKJIALL.

JL.O. Xaxues’, I.M. Caaukos', A.M. AﬁuykaloMonz,
3.0. Ycapos®

'V3P ®A Snpo dusukacu uuCTHTYTH, Mup30-Yiyréex p-
oHn, XypocoH ky4., 100214, TomkeHT, Y30eKuCTOH
2«Pa)monpenapaT» Hasnar kopxonacu, r. TaikeHr,
Mup3zo-YayrOekckuii p-oHu, XypocoH ky4., 100214,
TomkenT, Y30€KUCTOH

by uua XJIOpHJ XoJaaru moTenuii-177
PaIMOHYKIUAVUHUHT  PAAUOKUMEBUM  TO3QJIUTU Ba
comumTupMa (aOIMIMHU aHWKJAml ycyJulapu Kypuo
YUKWIOW. By Kypcarkuunmap Iomka KaTiiaM Ba  KOFO3
Xxpomarorpapuscu OwinaH aHuknaHau. HOnka Katiam
xpomarorpaduscuna modomn ¢daza cudarmma 0.1 M mm
HaTpHUi OUTpAT 3pUTMAcH, KOFO3 Xpomarorpadusicuia sca
¢aza cudatraa 10% amMMOHUMIT aneTaT S3pUTMAcH: METAHOI
1:1 wwmcbarma Ba NH,OH:CH3;0H:H,O 0.4:2:4 ¢aza
HUCOaTH1a ITATWITaH.

Kanur cy3nap: paguonykmuy mrorenui-177, paguoxuMEBuUil
TO3ATUK, COMUIITHPMA (HAOJUTHK, FOTIKA KaTlIaM XpoMaTorpadus,
KOF03 Xpomarorpadusi, HATPH LUTPAT, aMMOHUH THAPOKCHUI,
MeTtaHoj, ammonuii amerat, DTPA, Whatman 3MM, Ludlum-
2200, cuirKaresb.
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B Hacrosmiedd pabore paccMOTPEHBI IKCIIEPUMEHTAIbHBIE PE3YIbTaThl 10 HCCIEIOBaHUIO
KPHCTAJUINYECKON CTPYKTYPbI MOBEPXHOCTU KpHUCTAIOB ZnO NpHu 00IydEeHHH IEKTPOHAMH C
UCTIOJIb30BAHMEM METOANKHU CHEKTPOCKOIHHU TOJHOTro Toka. OOBEKTaMH UCCIENOBaHNN ObUIN
BBIOpaHbI ITUPOKO30HHBIE ITOJIM- U MOHOKPHCTAJUIBl OKCHJAa LWHKA. JleTabHO 00CYyKIEHBI
IIMPHHA 3aMpeNIeHHO 30HbI Eg, 5HEprus CpoACTBA K DIEKTPOHY ¥, Pa0OTa BBIXOA MOBEPXHO-
CTH (3HEprus MEpPBUYHOTO MUKA), HE3alOJIHEHHbIE COCTOSHUS HUKE YPOBHS BaKyyMma M BBIIIE
ypoBHsI DepMH, NOTOJIOK BaJICHTHOM 30HBI, JIOKAJIIBHBIE COCTOSIHHA B CHEKTpPaxX MOJHOIO TOKA.
[TokazaHo, 4TO MOBEPXHOCTH HAIIMX 00pa3I0B OrpaHWYeHa aTroMaMy IHKa. OOpasIbl HUMEIOT
reKcaroHaJIbHYIO JIEMEHTApHYIO SUCHKY TeTpasApudecKoi KOHQUTypaluu, rae aTOMBbI IIMHKA
OKPYXXCHBI aTOMaMH1 KHCIIOpoAa. Takke Ha MOBEPXHOCTH KPHCTAJUIOB OOHAPYKEHBI BAKAHCHU
KHCIOPOAA.

KiroueBble cj10Ba: CIEKTPOCKOITHS MOJHOTO TOKa, ZnO, MOBEPXHOCTb, Ne(EeKThI, BAKAHCHS KUCIOPO/IA.

In this work, we consider the experimental results of studies of the surface structure of ZnO
crystals under electron irradiation using the total current spectroscopy technique. The objects
of research were the wide-gap poly- and single crystals of zinc oxide. The band gap Eg, the
electron affinity energy y or the work function of the surface (energy of the primary peak), un-
occupied states below the vacuum level (CBM-conduction band minimum) and above the
Fermi level, the ceiling of the valence band (VBM-valence band maximum), local states in the
total current spectra are discussed in detail. It is shown that the surface of our samples is li-
mited by zinc atoms. The samples have a hexagonal unit cell of a tetrahedral configuration,
where zinc atoms are surrounded by oxygen atoms in a tetrahedral configuration. Oxygen
vacancies were also found on the surface of the crystals.

Keywords: total current spectroscopy, ZnO, surface, defects, oxygen vacancy.
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I. Beeagenue
OTu  Marepuaisl, BKIIOYAIOUINE JIOMHHEC-

Pa3puTne  BJEKTPOHHBIX, CIMHTPOHHBIX M LEHIMIO B OJMKHEM MH(DPAKPaCHOM JHaIa3oHe, MO-
OITOYJIEKTPOHHEIX MATEPUANIOB HOBOTO MOKOJIEHHS TyT KCIOJb30BaThCS B yCTPONCTBAX HAa CBETOM3IY-
3aBUCHT OT CBOWCTB MAaTepHAIOB, KOTOpele B wuaromux aunogax (LED), opraHuYecKuX CBETOAMOMAX
KOHEYHOM HTOre ompelensror ux sddexkruBHocTs B (OLED) [3-6], B OGuonoruueckoii chepe [3, 4, 6-11],
TEXHOJIOTUYIECKUX TPUIOKEHUsX [1-4]. B TpeoOpa3oBaHuu CoJHEYHOW 3Hepruu [11-15]. B

MOCJICTHUE  TOABl  BaXKHOCTH  ITMPOKO30HHBIX
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KPUCTAJUIMYCCKUX OKCHJIOB, JIETMPOBAHHBIX PEIKO-
3eMeJIbHBIMH HOHAaMH, BO3POCIa B CBSI3M C WX
aKTyaJIbHOCTBIO B CO3JIJaHUHM ONTHYECKUX MPHOOPOB,
(doToKaTaM3e, OMNTOIICKTPOHHUKE, OCBETUTEIBHBIX
YCTpOMCTBaX, a Takke B MpeoOpa3oBaHWU (TIOBBIIIA-
JOIEM WJIM TIOHIDKAIOIIEM) 4YacTOThl (hOTOHOB. B
1970 r. conHeuHbIE ANEMEHTHl B Mape C JIOMUHEC-
IEHTHBIMH KOHIEHTPAaTOpaMH OBUIH TPEIIOKEHBI
UIT  TpeoOpa3oBaHMS ~ ONTHYECKOW  HYacCTOTHI
nocpeacTBoM (hoTomoMuHeceHIUH [16].

Paznmuunble MeTOABl OBUIM TPEIUIONKEHBI IS
MPEOAONCHNST TOTEPh 3PPEKTUBHOCTH, YIIyUIICHHUS
MPEUMYIIECTB MCIOIB30BAHUS COJIHEUYHOTO CIIEKTpa,
HAalIOMUHAIONIETO  MHOTONEPEXOJHBIE  COJHEYHbBIE
AJIEMEHTHI, KOHIIEHTPATOPOB KBAaHTOBBIX TOYEK,
npeoOpa3oBaHus 4acToThl poToHoB [14, 15, 17].

ZnO siBRsieTCS. HEOOBIYHBIM Oy TIPOBOIHIKOM C
MpsIMOH 3arpeneHHoN 30HoU (~3.4 3B), nmerommm
OOJIBIITY O PHEPTHIO CBS3HM KCUTOHA, paBHYIO 60 M3B,
U CUuTaeTcs HamOoJiee MOAXOMSIIUM TOIYIPOBOI-
HUKOM JUIsI MHOXKeCTBa mnpuioxeHuit [17-20]. Otu
CBOWCTBa OYEHb WHTEPECHBI JJIS YIIYUIIESHHSI MHOTHX
ONTOPIEKTPOHHBIX  ycTporcTtB.  Cpemm  Bcex
JJIEMEHTOB  IIECTOW  TPYIIbl  MEPUOAUYECKOMN
Tabmuiel B ZnO SHEprus HOHHM3AIHMH KHCIOPOAa
SIBJISIETCSL  CAMOM  BBICOKOM, 4YTO YyKa3blBaeT Ha
CHIIbHYIO CB13b MeXay Zn (3d) u O (2p) [21].

ZnO — 3TO MHOTOIIEJICBOW MaTepHall, KOTOPHIi
UCTOJB3yeT-CI BO MHOTHX OOJIACTSX, TaKWX Kak
nornoniene Y ®O-u3nydeHus, aHTHOAaKTepHalbHBIC
MPOIEIyPHI,  COJHIC3ANIUTHBIE  JOCBOHBI  [22],
karanu3atopbl [23], dorokatanu3 [24], Ouoioru-
YeCKHe TpPHUMEHEeHHs, Onaromapss WX BBICOKOH
OMOCOBMECTUMOCTH,  HHM3KOM  TOKCHYHOCTH W
SKOHOMHYHOCTH. ZnO Takke HCHOIb3YeTCS B
KayecTBe J00AaBKM B MPOMBIIUICHHBIX MPOJIYKTaX
(xpacka, pe3uHa, KOCMETHKA, MTOKPBITHS).
Hanoctpykrypsr ZnO MHTEpeCHBI TakXke JUISd
COJIHEYHBIX DJEeMEHTOB [25, 26] U B IKHUIKO-
KPUCTAJUIMYECKUX JHCIUIesX. Takke OKCHA IWHKa
KaK Ba)KHasg YacTh OKCHJOB IEPEXOTHBIX METAJIIOB
MOCTETICHHO MPUBJICKAET BHUMAHUE B UCCIICIOBAHUIX
ANEKTPOXUMUH ISl CyNep KOHJEHCATOPOB U HAKOIH-
TeJIel XuMu4aeckoi suepruu [12].

B HacTosmedr paboTe pacCMOTPEHBI 3KCIEpH-
MEHTAIILHBIC PE3yJIbTaThl HUCCIEAOBAHUN KpHUCTal-
JIMYECKON CTPYKTYpBl MOBEPXHOCTU KpUCTALIOB ZnO
mpu OONYYeHWH DJIEKTPOHAMH C HWCIOJIB30BaHUEM
METOJUKH criekTpockonuu noiaHoro toka (I1T). O0sb-
eKTaMU HWCCIEIOBaHuK ObUTH BHIOPAHBI IIUPOKO-
30HHBIE TIOJIH- ¥ MOHOKPHCTAIIIB OKCH/IA IIMHKA.

II. OO0BEKT U MeTOABI HCCIe0BAHUS

[HompoGHOE ommcaHNe METOAWK CIIEKTPOMETPUHN
MOJIHOTO ToKa [26-30] u BTOPUYHO-MOHHOW Macc-
criektpometpuu npuBoautes B [31, 32]. Cnextpsl I[IT
KPHCTAJUIOB OKCHJIA LMHKA HOJy4eHBl Ipu oOiyde-
HUM 3IIEKTPOHAMH ¢ dHeprueii 0—100 3B, Tok ~10° A,
B kagecTBe 00pa3moB MCHOJIB30BANM IUIACTUHKHU
MOHOKPHCTAJUIMYECKOTO M  MOJUKPUCTATUINIECKOTO
OKCHJa LMHKa, Npou3BeJeHHble B ['epmanun
kommnanuerd Surface Net GmbH (10x10x2 mm).
Pabounii BakyyM Ipu TNpOBEIECHUH KCCIIEIOBAHUIA
coctaBun 10 Topp, IPOMEKYTOK MEXKIY PerhcTpa-
IUSIMU — 5 MUH, BpeMsl peTUCTpaliy CIeKTpoB 15 c.

III. Onucanue u aHaIU3 pPe3yJbTATOB

HccnenoBanusi mpoBOAMIN Ha TUIEHKaX W KpH-
cramax ZnO mpu oOJIydYeHHH MEAJICHHBIMHU 3JICK-
TpoHaMu. MccienoBaHo mocienoBaresibHOE 00paso-
BaHHEe NIe()eKTOB HA MOBEPXHOCTH KpucTamuioB ZnO.
ANTOPHUTM HCCIEIOBAHUN OBUT CIIEIYIOIIUM.

1. Bragane Opun cHATHI criekTphl 11T moBepx-
HocTu ZnO.

2. Kpucramner ZnO o0ayyany 37eKTpOHAMHU 10
OTIPECNICHHOM 03I U 3HEPTHH.

3. CuoBa cHartel crektpel IIT moBepxHOCTH
Zn0O.

4. Tlo cnekrpam IIT npoBoieH KaueCTBEHHBIN U
KOJTMIECTBEHHBIN aHaTN3 00pa30BaHHEIX Me(hEeKTOB.

bouin mpoBeneHBl CpaBHUTENBHBIE HCCIIEOBA-
HUsI ¥ mony4eHbl cnekTpsl [IT monmu- ¥ MOHOKpH-
cramwioB ZnO (puc. 1).

diEE, el units

0 1
i 20 E3B

Pucynok 1. Crnexrps! IIT momu- (1) m MOHOKpHCTAIIOB
(2) oxcuma uHKA.

N3 cnektpoB IIT MOXHO BUIETH, UTO TIPU DHEP-
THSIX 3JEKTpOHOB 3.5 3B HaumHaeTcs Bo30yXIeHHE
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MEK30HHBIX MEPEX0A0B A1 000MX 00pa3LoB, KOTO-
PBIi yKa3bIBaeT Ha MEPEXO/] AIEKTPOHOB B 30HY MPO-
BoauMocTh. Taxke HaOiromaercs ciaboe GpopMHpO-
BaHUE HECKOJBKUX MHUKOB IPH JHEPrHsX BO30YXKIe-
Hus 10 5B, 15 3B, 20 3B (oTHOCUTENHHO MTEPBUYHOTO
MMKa), HO IS MX WACHTU(UKAIUN HYKXHBI JaTbHEH-
mee uccnenoBanus. B monukpucrainnueckoMm ZnO
OoJee c1abo OTpaXkarTCI MHTEHCUBHOCTH ITUKOB TIPH
4 1 8 5B (OTHOCUTEIIEHO IEPBUYHOTO TTHKA).

IlepBeiii muk B crnekrpe IIT Ha3biBaercs mep-
BUYHBIM. OH MOSBISIETCS, €CIU YHEPTUsl IEPBUUYHOTO
3JEKTPOHHOIO IyYKa CTAHOBUTCS PABHOM >HEPIeTH-
YECKOMY TIIOJIO)KEHHUI0O MaKCHMyMa HE3aIllOJHEHHbIX
SJIEKTPOHHBIX COCTOSIHUM, U MOSBISETCS BEPOSITHOCTh
NPOHUKHOBEHUSI AJIEKTPOHOB B TBephoe Teno [33].
Bo3nukHoBenune nuka B ¢ sneprueit 3.5 3B (oTtHOCH-
TENbHO MEPBUYHOTO MHKa) MOKa3bIBaeT IIHMPHUHY 3a-
MIPEIeHHON 30HBI (PHEPTeTHYECKOE PACCTOSIHHE Me-
YKy TIEpBUYHBIM H ITHKOM B).

Amnanmus criektpoB IIT mokaspIBaeT, 9To B MOJH-
KPUCTAJUTMYECKOM 00pa3ile MHTEHCHUBHOCTH ITHKOB
ciabas 3a CYET pacCesHUsl DIICKTPOHOB B TOJIUKPH-
crasunueckoit pemetke. [Iuk C mpu sHepruu 8§ 3B B
cunektpe [IT monokpucrammmueckoro ZnO mMmokasbl-
BaeT HAJIMYUE aTOMOB LIMHKA Ha TpaHUIle pa3aena c
MIOBEPXHOCTBIO, UTO YKAa3bIBAET HA MOJSIPHYI OPHEH-
taruio (0001) ZnO [34, 35].

MIupokuii muk B cnekrpe IIT nonukpucran-
mudeckoro ZnO MOXeT OBITh CBA3aH C HAINYHEM Ba-
KaHCHIl KHCIIOpOJa Ha MOBEpXHOCTH obOpasua. B
cnektpe [IT MoHOKpHCcTalIMYECKOTO oOpasna Ha-
OmofaeTcs y3KAW MUK B 9TOW 00JacTH, Y4TO CBHU7E-
TENBCTBYET O HE3HAUMTENHHOM 00pa30BaHWM BaKaH-
CUH KHACIOpOAA.

s Ooylee HATMSAHOTO IPEICTABICHUS HA PHC.
2 TmpuBeNCHO BO30YKIEHWE MEK30HHBIX IEPEXOJI0B
no cnekrpam IIT kpucramnoB okcuma nuHka. Kak
BHUJHO, criekTphl [IT Oonee AeTanbHO MOKAa3BIBAIOT
IIMPUHY 3alpPEIICHHON 30HBI, SHEPTHIO CPOJCTBA K
JMEeKTPOHY WM paboTy BBIXOJAa MOBEPXHOCTH
(pHEprusT MEpPBUYHOTO THKA), HE3AMOJIHECHHEIE
COCTOSIHUSL HIDKE YPOBHSI BaKyyMa M BBIILE YPOBHS
®epMH, TOTOJIOK BAJIEHTHOM 30HBI, JIOKaJbHbIE
COCTOSIHHMS.

Makcumym C npu suepruu 8 3B B cnekrpe IIT
MOHOKpHUCTaJUTHYeckoro ZnO TOKa3bIBae€T HAIWYHE
aTOMOB ITMHKA Ha TPaHUIIEe pa3JieNa ¢ MOBEPXHOCTHIO,
YTO YKa3bIBaeT HA TMOJSPHYIO OPUCHTAIUIO 00pasiia
(0001) ZnO [34]. CtpykTypa 1pu 3HEPTUU OOJIBIIE

©Academy of Sciences of Republic of Uzbekistan, 2022

0 dl/dE, rel. units

L

20
E, eV

Pucynok 2. Bo30yxaeHue MexX30HHBIX I1E€PEX0/0B, MOJy-
yeHHoe 110 cnekrpam IIT xpucramios okcuaa LHUHKA.

1 2

14 5B MoxeTr ObITh CBsi3aHA C U3MEHEHHEM WHTEH-
CHBHOCTH JH(PPAKITUOHHBIX IMy9IKOB [33].

Taxxe makcumyMm B mipu sHeprun ~3,2 3B (nux
B B cniextpe I1T) cooTBETCTBYET SKCUTOHHOMY THKY,
KOTOPBIA 00pa3yeTcs 3a cueT B3aUMOJICHCTBHS AJIEK-
TPOHOB 30HBI MPOBOJUMOCTH C TBIPKAMH BaJeHTHOU
30HBI BCJICACTBUE KYJIOHOBCKUX CHIL

I'excaronanbHast aJIeMeHTapHas staeiika
(a=0.325 um, ¢=0.520 u™M) ZnO, comepskamas aBE
MOJIEKYJIbI, TIOKa3aHa Ha puc. 3. ATOMBI IIMHKA OKpY-
JKEHBI aTOMaMHU KHCJIOPOZa B TETPadJpUYECKON KOH-
¢uryparuu. Bmonms ocu C paccrosaue Zn—O He-
cKOJBKO MeHbIe (dz, 0=0.190 HM), yeM mis Tpex
JIPYTUX COceaHuX aTomMoB kucnopona (dz, o= 0.198
HM) [36].

N3 nonydeHHBIX JaHHBIX crekrpockonuu IIT
MOXXHO CKa3aTh, YTO KPHUCTAIIMYECKash CTPYKTypa
OKCHJIa IIMHKA COOTBETCTBYET MOKAa3aHHOMY Ha pHLC.
3. Ha puc. 3 cBepxy neprneHauKyJIsIpHO OCH C — 3TO
MOBEPXHOCTh C HHMHKOBBIMH aromamu (0001), Ha
HUKHEHN MJIOCKOCTH PacIojIOkKeHbI aTOMBI KUCIIOpOia
(000 1). CHu3y: BUA 1O OCH C Ha ITOBEPXHOCTH
(0001) c muaKOBRIME aTOMaMU. [loTydeHHEBIE TaHHBIE
YKa3bIBaIOT, YTO, IOBEPXHOCTh OOPA3IOB OTpaHHYCHA
aTOMaMU IIMHKA.
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Pucynok 3. /[Ba Tuma KpHUCTaJUIMYECKOH CTPYKTYPHI OK-
cuza nuHKa (ZnO). Cepxy: BUA NEPIEHAUKYISIPHO OCH C.
BepxHsisi cTopoHa KpUCTaNIMYECKOW CTPYKTYpbl — 3TO
IUIOCKOCTh, OTpaHWYeHHass HMHKOBBIMH aromamu (0001),
HWKHAS IJIOCKOCTb OrpaHMYeHa AaTOMaMHU KHCIOPOAa
(000" 1). HuokHuMi PUCYHOK: BHI IO OCH C Ha IUIOCKOCTH
(0001), orpanr4YeHHOM TUHKOBBHIMH aTOMaMH.

II1. 3akiaouenue

Ilonyuyennsie manHble cnekTpockonuu IIT yka-
3BIBAIOT HA TO, YTO, MOBEPXHOCTHh HAIIUX OOPa3IoB
OTrpaHWYCHa aToMaMu IHHKA. OOpa3sibl UMEIOT I'eK-
CaroHaJFHYI0 3JIEMEHTApHYIO SUEHKy TeTpa’apude-
CKOM KOH(UTrypaIuu, rie aToMbl IIMHKA OKPY>KEHBI
aTOMaMH KHCIIOpOJla B TETPadAPUYECKON KOH(pHTY-
pamun. Taxke Ha TTOBEPHOCTH KPUCTAIIOB OOHapy-
YKEHBI BAaKaHCHH KHCIIOPO/IA.

MeTtagaHHBIE

Total current spectroscopy of poli- and monocrys-
talline zinc oxide

U.B. Sharopov
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Academy of Sciences of the Republic of Uzbekistan,
Chingiz Aitmatov st., 2, 100084, Tashkent, Uzbekistan
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bek, st. New Almazar, 20, Tashkent, Uzbekistan

In this work, we consider the experimental results of
studies of the surface structure of ZnO crystals under
electron irradiation using the total current spectrosco-
py technique. The objects of research were the wide-
gap poly- and single crystals of zinc oxide. The band
gap Eg, the electron affinity energy y or the work
function of the surface (energy of the primary peak),
unoccupied states below the vacuum level (CBM-
conduction band minimum) and above the Fermi lev-
el, the ceiling of the valence band (VBM-valence
band maximum), local states in the total current spec-
tra are discussed in detail. It is shown that the surface
of our samples is limited by zinc atoms. The samples
have a hexagonal unit cell of a tetrahedral configura-
tion, where zinc atoms are surrounded by oxygen
atoms in a tetrahedral configuration. Oxygen vacan-
cies were also found on the surface of the crystals.

Keywords: total current spectroscopy, ZnO, surface, de-
fects, oxygen vacancy
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ITom- Ba MOHOOKCHA HUHK KPHCTAJIAPUHUHT
TYJIMK TOK CHEKTPOCKONUSCH

Y.b. lllaponos

! usnka-rexnnka MHCTUTYTH HIIO "®usuka-Kyém",
V3gexucron Pecnybnukacu ®annap akageMusacd, UMHIu3
AiitmaToB ky4acu, 2, 100084, TomkeHT, V36exucron

’Matepuan WIYHOCIHK MHCTHTYTH Y36ekicToH Pecry6mmkach
®dannap akagemusicu, UumHru3z AltmaroB kyuacu, 2, 100084,
Tomwkenrt, Y36ekucTon

3 SIpumyTKasrua Ba MEKPOSICKTPOHUKA HHCTHTYTH, Y36CKHCTOH
Mwumit Yausepcuretu, Surm Ommoszop kyd. 20, TomrkeHr,
V36exucron

Ymby wmpa 6u3 ZnO KkpucTaulapy 03aCHHHHT KPHCTA
TY3WIMIIMHA TYJIUK TOK CHEKTPOCKONMs YciayOou Epaammna
OJIMHTaH JKCIEPUMEHTAJl HATIXKAIApUHA KYpUO UMKWIITaH.
Tagkukor oObekTnapu cudaTuaa KeHr OYUUIMKIAM — LHHK
OKCUIMHUHT TIONIM Ba MOHOKPHCTAJUIapu TaHJIaHTaH. BusHuHT
HaMyHaJlapAIMU3 cupTH IIHK aTOMJIapH Omman
yerapajaHraniuru — Kypcatwirad. HamyHanmap rekcaronanb
JJIeMEHTap Mamkapara sra Oyiamu0, IMHK aTOMIIApU TeTpadapal
KOHQUTYypanysaarn KHCIOPOJX aToMiapu OwiaH — ypanras.
Kpucramiap ro3acuna KACIOPOIHUHT OYIUTUKIAPH XaM OOpIHTH
AQHMKJIaHTaH.

Kanur cy3map: Tyauk TOK crnekrpockonuscu, ZnO, cupt
HYKCOHJIap, KUCIOPOo OYIITHKIApH.
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OnbITHO-NPOMBILLSIEHHAA YCTaHOBKa ANA nepepaboTKu LWakoB
MeaHoro npoussoacTtea Anmanbikckoro 'MK v cBoucTBa
CUHTE3NpPOBaHHbIX MOPOLLUKOB aMOpPMPHOro KpemHesema

M.LL. Kyp6a|-|OB*, Y.M., Hypanues, X.A. Nanxues, C.A. TynaraHoB, M. dpHa3apoB

MHCTUTYT MOHHO-MNasMeHHbIX 1 na3epHblX TexHonornin umenn Y.A. Apudosa AH PY3, [lypmoH iynu, 33, 100125,
TawkeHT, Y3bekucraH
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B craTbe u30KeHBI pe3yabTaThl 10 Pa3padOTKE M CO3AaHUIO HOBOM OIMBITHO-IIPOMBIIICHHON
YCTQHOBKM B BHJE HAKIOHHOW Bpalmaromeiics meud uid nepepaboTku (TOpaMMOHHEBBIX
KpEeMHHUICOJEepKaInX MaTepHanoB. [loka3zaHo, 4TO MPUMEHEHHE CO3/IaHHOW YCTAHOBKH JUIS
nepepabOTKN MEACIUIaBIIBHBIX HUIakoB Amnmanbikckoro I'MK mozBomsier oTaenuts oT
IIJJAKOB JUOKCHJ KPEMHHS B BHJE IHUCIEPCHBIX MOPOIIKOB, M3BJIEYb KEJIE30 M IOIYyYHTh
KOJUIEKTHBHBIH KOHILIEHTPAT J[PAroleHHBIX, IBETHBIX M JPYruxX MeTamioB. I[IpuBeneHs
pe3ynbTaThl MCCIIENOBAHUM 110 paclpeleseHuto dacTull o pasmepaMm, HK-cnekrpam u
TEKCTYPHBIM XapaKTePUCTHKaM aMOp(HOro IMOKCHIA KPEMHUS, CHHTE3UPOBAHHOTO Ha
CO3JJaHHOU YCTaHOBKE.

KnrodeBble ci10Ba: ycTaHOBKA, MITAKK, (PTOPUA aMMOHHSA, TeKCadTOPCUINKAT aMMOHHUS, CyOnnMarms,
necyOmmManysi, aMopQHBI KpeMHe3eM, [IBETHbIE METaJIIbL.

The article presents the results of the development and creation of a new pilot-industrial
installation in the form of an inclined rotary kiln for processing fluoroammonium silicon-
containing materials. It is shown that the use of a plant for the processing of copper-smelting
slags of the Almalyk MMC makes it possible to separate silicon dioxide in the form of
dispersed powders from slags, extract iron and obtain a collective concentrate of precious, non-
ferrous and other metals. The results of studies of particle size distribution, IR spectra and
textural characteristics of amorphous silicon dioxide synthesized on the created installation are
presented.

Keywords: plant, slag, ammonium fluoride, ammonium hexafluorosilicate, sublimation, desublimation,
amorphous silica, non-ferrous metals.
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I. Besenenue o
30 mo 40% cocrtaBa IIIaKa COCTOMT M3 IMOKCHIA

B nacrosmee Bpems B AO “Anmansikckuii TMK” kpemuust (SiO;) 1 IpUMEPHO B TAKOM K€ KOJHUYECTBE
HAKOIJIEHO OOJIbIIOe KOJMYECTBO MEJHBIX MLIJTAKOB, COJEp)KaTcs OKCHbl xkeiesa [2]. Vaanenue SiO, u3
coIepyKallliX I[BETHBIE, [JparoleHHble M peAKHe mriakoB (T.e. OOECKpEeMHHBAaHHE WX) W Jajiee
METaJUTbI, U3BJICUeHNE (MJIK JOU3BJICUCHUE) KOTOPBIX OTHCIIEHHE >Kelle3a U3 OCTAaTKOB IUIAKA ITO3BOJIUT
SIBJISIETCS IOCTATOYHO TPYAHOM 3anaueii [1, 2]. MONyYNUTh KOJUIEKTUBHBIA KOHIIGHTPAT I[BETHBIX,

XUMHWYECKHH COCTaB MEIHBIX IIUIAKOB HMEET OIaropoJHBIX U PEIKHX METAJIIOB.

CBOIO OCOOEHHOCTB, 3aKTFOYAIONTYIOCS B TOM, YTO OT

Vol. 24, No.1, pp. 67-75, 2022
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[Ipobnema pazpabotku 3HEKTUBHBIX TEXHOJIO-
TUH TepepaOdOTKH MEIHBIX MUIAKOB AJIMAIBIKCKOTO
I'MK ob6cyxnaeTcs Ha MPOTSDKEHHH MHOTHX JieT [1-
4], ogHAaKO K HACTOSIIEMY BPEMEHH HU OJHA Palfo-
HaJbHAsT TEXHOJIOTHUS MepepaOdO0TKH MEIHBIX ILIAKOB
He OblIa peasn30BaHa. DTO CBSI3aHO C TEM, UYTO TeX-
HOJIOTHSI MOKET OBITh YCIEUIHO IPUMEHEHa B MIPOU3-
BOJICTBE TOJIEKO B TOM CJIyd4ae, eCJIl OHa YKOHOMHUYe-
CKH oOllpaBiaHa, dHeprerndeckn d()QeKTuBHA, KOM-
TUIEKCHA U He TpeOyeT MPUMEHEHHS CIOXKHOH TeXHO-
JIOTHYECKON CXEMBbl U MHOTHX pPEarcHTOB, MPHUBOIS-
MIUX K YIOPO’KAaHUIO TEXHOJIOTHH.

g pemienust 3Toi mpoOneMbl MepCIEeKTUBHOM,
Ha Hall B3IJISA, sBIseTCS (TOpPUIAHAS TEXHOJOTHS
nepepaboTKH KPEeMHHUUCOIEPKAIINX MHUHEpPaIoB |5,
6], xoTopas 3pGhEeKTUBHO MOKET IPUMEHITHCS H IS
nepepadoTKu MEIHBIX IUIakoB AnManbikckoro MK
C HCIONB30BAaHMEM TOJBKO OJIHOTO peareHra —
¢ropuma ammonus (NH4F). ®usuko-xummaeckue
coiictBa NH4F mno3Boisitor pere”epaiuio €ro B

TCXHOJOTUYCCKOM mpounecce u OpraHus3anuro
3aMKHYTOI'0  TEXHOJIOT'MYCCKOIo  IUKIJIA. 210 HW
SABJIACTCA OJJHHUM nus3 Ba’XHBIX MMpEUMYUICCTB

npumenenuss NH4 F B kauecTBe Takoro peareHra.
MoXHO yTBEpXKAaTh, YTO (TOPUAHAS TEXHOJIOTHS
nepepaboTKN KPEMHUHCOIEPIKAIIETO CHIPBS SBISIETCS
0€30TXOMHOH H  DKOHOMHYECKH  d((EKTHBHOI
TEXHOJIOTHUEH.

OTa TEXHOJIOTHS OCHOBaHA Ha IepepaboTke U
OUHCTKE CHIPbS HAa OCHOBE COYCTaHHS (PU3UYSCKUX
a3 dekroB cybnumanuu u aecyonumanuu. [Tpuuem,
JUIS CyONMMAaIlM BeI[eCTBA CHAadala TEXHOJIOTHS
mpeaycMaTpuBaeT (TOPUPOBAHKE CHIPhS MPH OoJiee
HU3KHX TEMIIepaTypax, 4eM TemIepaTypa caMou
cyOnmmManuu BemiectBa. B menoMm, kadecTBo mepepa-
00Tk  (hTOPAaMMOHHEBOTO KPEMHHICOIEPIKAIIETO
CBIPBSI, YUCTOTA MOJyYaeMoOro cyOiMMara M T.I. 3a-
BUCAT OT YIpaBliieMOCTH mpouecca. KoHCTpykius
arnmapaTroB CyOJIMMAanuyd OOJBITHHCTBA TIPEIIIOKEH-
HBIX YCTaHOBOK ITPENICTaBISIET COOOM €IMHYIO CHCTE-
My [7, 8], 4TO CHMKAET yIpaBlIsIeMOCTb NPOLIECCOM H
TEM CcaMbIM 3aTPYIHSIET MOIy4YeHHE YHUCTOr0 KOHEU-
HOTO TIPOYKTA.

Heobxomumo oTMeTuth, dYTO B MpoIecce
nepepabOTKN MEIHBIX MUIAKOB (PTOpHIHAS TEXHOIO-
THSl TIO3BOJISIET HE TOJNBKO HM3BJIEKATh W3 IIJIAKOB
OyraropoJHBIE W I[BETHBIE METaJUIBl, HO M CHUHTE3HU-
poOBaTh  OJHOBPEMEHHO  JHUCHEPCHBIA  MOPOIIOK
muokcuga kpemMHUs  (Si0O;) BBICOKOW  YHCTOTHI.
Kak u3BecTHO, BRICOKOMCIIEPCHBIE MOPOIIKH Si0,,
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0COOCHHO aMOP(HOTro KpeMHe3eMa, BOCTPeOOBaHbI B
pa3IMYHBIX  OTPAciAX MpoMbIIIIeHHOCTH. OHH
MPUMEHSIOTCA B MEIUIMHE M (DapMaleBTUYeCKOn
MPOMBINUICHHOCTA  JUIsl  CO3/IaHUSl  KOMITO3UTHBIX
MIPETIapaToB, a TAK)KE HAHOHOCUTEINEH B KITMHUYECKON
TpoMOoMTHYECKOH Tepanuu [9-11], B makokpacod-
HOW TPOMBIIICHHOCTH IS TOBBIIICHUS JIOJITOBEY-
HOCTH, W3MEHEHUS BA3KOCTH M TEKYy4YeCTH KpacCoOK,
makoB w® TrepmerukoB [12, 13], B mmmeBoi
MPOMBIIUICHHOCTH I TIPEIOTBPAIICHUS KOMKOBa-
HUS TPOIYKTOB THUTAHUS M CICKAaHUS WX MpH
TepMooOpadoTke [14, 15] m BO MHOTHX JpyTIHX
otpacisax [16].

Hns  BHegpeHuss Jr000M  TEXHOJOTMH B
IIPOM3BOJICTBO BAXKHBIM DSTAllOM SIBISETCS OIBITHO-
IIPOMBIIIUIEHHOE €€ WCIIBITaHWE, IO pe3yJbTaTaMm
KOTOPOT'O JIENaeTCs OIIeHKa TEXHUKO-9KOHOMUYECKIX
IOKa3aTellel  TEeXHOJOTHMH W  pa3pabaThIBarOTCA
pEKOMEHIAIINHU 110 JalbHENIel ee peaau3aluu.

Llenpro Hacrosimed pabOTHI SBISETCA pas3pa-
00TKa HOBOW KOHCTPYKIIMH OTBITHO-IIPOMBIIICHHON
YCTaHOBKH ISl TiepepaboTKu  (TOPaMMOHHEBOTO
KPEMHHUUCOACPKAIIETO CHIPhS, MPUMEHEHHE €€ s
nepepabOTKH MeICTUIABIIIBHBIX IUIAKOB AJIMAJIBIK-
ckoro MK wu wucciemnoBaHue CBOMCTB JIHOKCHIA

KpEeMHUS, CHHTE3WPOBAHHOIO  HA  CO3JIlaHHOU
YCTaHOBKE.
1I1. MarepuaJjibl 1 METOABI HCCJIEI0BAHUSA

OCHOBHBIMU MCXOJHBIMH MaT€pHaIaMU SBIIOT-
Cs IIUTaKU MENEIUIaBWIBHOTO TPOM3BOACTBA AJMa-
asikckoro I'MK, cocrosimmue u3 75% KOHBEPTOPHBIX U
25% OTBaNbHBIX IITAKOB, U (PTOPUA AMMOHHS, KOTO-
phIi OBIT IPUMEHEH B KauecTBE PTOPUPYIOMIETO pea-
TeHTa.

B T1abn. 1 mpencraBiieHBl pe3yNbTaThl XUMHUYE-
CKOTO aHaJIN3a JABYX MPOO MCIIONH30BAHHBIX IILIAKOB.
Kax BumHO M3 MaHHBIX Tabi. 1, OCHOBY MEIHBIX IIIIa-
k0B Anmansikckoro I'MK cocrasmsror SiO, 1 okcu-
IIBI JKelle3a, Ha X Joito mpuxonutcs 6omee 80%. B
SKCIIEPUMEHTaX IEepPBOHAYAIBHO OBIIM YJAJIEHBI U3
[IUIaKa UMEHHO 3TH MaKpOKOMIIOHEHTHI C MOJIy4YeHH-
€M B OCTaTKe KOHIICHTpaTa IEHHBIX KOMIIOHEHTOB,
COCTOSIIIIETO W3 JPAroleHHBIX W IBETHHIX METAJIIOB.
Hnsa ynanenus SiO, u3 nuiaka ucnojibzoBaiu NH,F
(mpomsBoncTBo Guangzhou Yijia Supply Chain Ldt.),
MIPEICTABIIIOMNUNA CO00M 0Oelloe KpHUCTaUTHIECKOe
3epHHCTOE BemecTBO ¢ conepxanneM NH4F >98%,
nocie yaaienus: SiO, jkene30 OTAETSUTA MarHUTHOM
cernapaiueil.
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Taoauna 1. XuMU9ecKuil COCTaB UCTIOIb30BaHHBIX IIJIAKOB MEHOTO MPON3BOACTBa AnMaibikckoro 'MK

Ucxonnsnii | SiO, Fe Al K Ca Mg Cu Zn Na Mn
ITaK

IIpobal  41.55 4545 474 247 1.80 1.22 >0.4 >04 030 0.26

Ilpo6a2  40.83 46.15 477 274 1.66 1.06 >0.4 >04 030 0.27

Jnsa obeckpemMHMBaHHS IIIaKka MPUMEHSIIACh
dbropunnas texnomorus [5, 6, 17], cormacHo KOTopoit
(ropupoBaHHE KPEMHHICOACPIKAIICTO MUHEPAb-
HOTO WJIM TEXHOTEHHOTO CHIPbS OCYIIECTBIISIIOCH MPH
temieparypax ot 30 go 200°C, a konuuectso NH4F
10 CTEXHOMETPUU TONOMpAETCS TaKuM O00pa3oM,
YTOOBI €r0 XBaTHJIO TOJILKO Ha paznokenue SiO,, He
ycreBasi IIPOpPearupoBaTh ¢ OCTATbHBIMU OKCHIAMH.
PacmmmaBer NH4F s dexTuBHO B3amMomeHCTBYIOT ¢
Si0,, u B pe3yabTare 00pa3yeTcs rekcadTOPCHINKAT
ammonus (I®CA) (NH,),SiF¢ o peakrym:

SiO,+6NH,F = (NH,),SiFs+4NH;+2H,0.  (2.1)

O6pazoBapmmiics ['@CA 1pm HarpeBaHHH
BO3TOHSIETCS 0€3 Pa3ioKEeHUs U IMPU TeMIepaType
ceeimie  320°C  CyONMMHUpPYETCS U IOJHOCTBIO
nepexoauT B ra3oByro ¢aszy. Hns momydyenus SiO,
npoBoautcss rtugponus I['®CA mox nelcTBuUeM
amMuagHoi Boasl (NH,OH):

(NH,),SiFs+4NH,0H = SiO,+6NH,F+2H,0. (2.2)

Otnensemplit  (uiIbTpanield W3 aMMHAYHOTO
pactBopa SiO, B BHAEC JUCIHEPCHOTO TIOPOIIKA
NOMJIKUT cymike U npokanusanuro. Ilocie
¢unpTpanuonHoro  oraeneHust  Si0,  ocTaercs
pactBop NH4F, npu BeinmapuBanuu xotoporo NHyF
KpUCTaJUIM3yeTcsl B O TOpua aMMOHHUS:

ONH,F = NH,HF,+NH;, (2.3)

KOTOPBIH BO3BpAIaeTCs B HAYAJI0 TEXHOJIOTHIECKOTO
npoiiecca, To ectb pactBop NHyF mocne otnenenus
SiO, wucnomb3yercss g pereHepanuu OudTopuaa
ammonuss NH4HF,. Takum oOpazom, TexHoIorHein
MIPEeyCMOTPEHa BO3MOXXHOCTh PETeHEpaIiy HCIOIb-
3yeMOro peareHTa.

AHanm3 XMMHYECKOTO COCTaBa HCXOJHOTO CBIPhS
¥ TONYYCHHBIX TMPOAYKTOB MPOBOJWIA Ha Macc-
CIIEKTPOMETPE C MHIYKTUBHO CBS3aHHOM IUIA3MOM
ICP MS 7700 ("Agilent Technologies International
Japan, Ltd", Anonus).

PentrenomudpakTorpaMMbl OBUTH TTOJTyYEeHBI HA
ABTOMAaTHU3MPOBAaHHOM PEHTTCHOBCKOM  JTU(PaKTO-
metpe XRD-6100 (Shimadzu, Smonms) B CuKo-
M3IyYeHUH TpU KOMHATHON TeMIlepaType B auarmaso-

He yrioB 20 ot 10° go 70° ¢ marom 0.02° u 3kcno3u-
el B Touke 1 cek.

Pacnpenenenue vacTuil mo pasMepaMm AMOKCHAA
KPEMHHUS M3Yy4aJl METOJOM JIa3epHO KOppPEISAIHOH-
HOW CIIEKTPOCKONHU Ha mpubope Zetasizer Nano ZS
(“Malvern Panalytical”, BenukoOputanus) ¢ yHH-
BepcanbHOH stueiikolt ZEN1002 u QyMHOM BOJNHBL A =
633 uM u yriom pacceuBanus 13 u 176°. Tounocts
OIIpPENENICHNs] Pa3MepPOB 4YacTHUI[ M BOCIPOMU3BOAU-
MOCTh cocTaBsitoT +1-2%. Cycnenszun o00pa3LoB
CHUHTE3MPOBAHHOTO JMOKCHAAa KPEMHHUS 3aJaHHOU
konteHTpanuu (C = 1 macc.%) roToBuiIn Ha JEUOHU-
3UPOBAaHHON BOZE C NPUMEHEHHEM YIbTPa3BYKOBOIO
IUCTIeprupoBanus  (roMoreHmzarop Sonopuls HD
2040, Bandelin, 20 xI'1, 80 Br).

UK-cnekTpockonmueckue HCCleA0BaHMs MPOBO-
i Ha criektpodoromerpe Specord M80 (Carl Zeiss,
I'epmanus). s sToro o6pasibl TUOKCHAA KPEMHUS
cmemmBanu ¢ KBr B cootHomenun 1:100 u mpecco-
BaJM B IUIACTUHBI pa3MepoM 8x28 MM M Maccoi
20+0.5 mr.

II1. JKcNepUMeHTATbHASI YCTAHOBKA

Hns mepepa®OTKM NITAKOB MEETUIaBHIBHOTO
npousBoacTBa Anmanbsikckoro I'MK ¢ ucnonb3osa-
HHeM  (TOpaMMOHHMEBOHl  TexHojorumu  Oblna
CKOHCTPYHMPOBaHa M H3rOTOBJIEHA OINBITHO-IIPOMBIILI-
JIeHHas YCTaHOBKA, COCTOAMIass W3 HAKIOHHOM
Bpalaronieiicsa mneyn ¢ gecyonmumaropom (puc. 1) u
abcopOepa U TIOTJIONMICHHWSI aMMHAKa, KPHCTall-
nu3aropa Uil pereHepanMud  QTopuaa  aMMOHWUS,
MarHUTHOTO cemapaTopa [Uis OTHCNICHHS >Kelesa,
CHELUANBHBIX (UIBTPOB A (UIBTPALMU AUOKCHIA
KPEMHUS U JPYTUX BCIOMOIATEJIBHBIX CPEICTB (pHUC.
2).

Bpamaromasicst neuyb COCTOUT U3 HEHOABHXKHOM
A TOABIOKHOM ceknuii. HemonBuikHas ceKIUST BbI-
MOJIHEHA B BUAE TpyOs! mmHoi 2000 MM u nuamert-
pom 100 MM co cpeacTBaMu 3arpys3Ku ChIpbsSl U €TO
nepeMelnieHus B Bujae IIHeKka. lloaBuxkHas cexkuus
M3rOTOBIIEHA B BHUJC Bpalllalomielcs TPyObl JTMHON
3000 MM, nuamerpoM 200 MM M HOJHOCTBIO repme-
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TU3UpOBaHa CHapyxHu. O0€ CEeKIMM Teun CHaOXXeHbl U3 MeIHOro nutaka u ¢ropuaa (oudropumaa) ammo-
YIpaBIsieMBbIMU HarpeBaTellsIMU, oOecrieunBalonIMMu  HUS. Bes peakimoHHast crucTeMa YCTaHOBKH CHa0ke-
rpagueHT Temmepatypsl oT 30 mo 400°C mo Bceld Ha CPEICTBAMH PETYIUPYEMOTO HaKJIOHa K TOPHU30H-
JUTHHE TIeYH JIJIS TePMOOOPaOOTKH CMECH, COCTOAIIeH TY OTHOCHTEIBHO €€ IIPOJOJILHOM OCH.
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Pucynok 1. Cxema cyOnmmaropa u fecyOiauMaTopa B BHJC BpaIAIONICHCs HAKIIOHHOW mevun: | — HermoaBmkHas (30HaA
(TOpUpOBaHUs) M 2 — NOABIKHAS BPAIIAIONIAsICs YaCTH CEKIMN CYOJIMMaNNK; 3 — CPEICTBA 3arpy3KH HCXOIHOTO CHIPbs
(o603naueno «MC» c >xupHOHM cTpenkoii), 4 — IIHEeK AJIsl NepeMelleHnsl ChIpbst, 5 u 6 — HarpeBaTenH, 7 — CpeicTBa
BpauieHus, 8 — repmerusauus Tpyost 2; 9 u 10 — matpyOxu, 11 — TpyGonpoBo Aiist 0TBOJIA ra30B K jecyoiaumaropy, 12 —
necyonumarop, 13 — omnopa ycraHOBKH, 14 — peryIMpOBOYHBIN BUHT HAKJIOHA YCTAHOBKH K TOPU30HTY, 15 — EMKOCTH CO
capuratoeiics 3acnonkoit, L{I1 — neneBoit mpoaykT mnporecca necydiaumanny. XoJ[ apoB U ra3os, 00pa3yloIuXxcs B
pe3yJbpTaTe HarpeBa ChIpbs, OKa3aH CTPEIKaMHU.
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Pucynox 2. AnmapaTypHO-TEXHOJOTMYECKasi CX€Ma OIBITHO-NPOMBIIIIEHHON YCTaHOBKM C HCIIOJIb30BaHHEM
¢dTopamMoHmiiHONW TexHoNormu: | m la — OyHKepa mpuema mulaka U Qropuga aMMOHHUS; 2 — CMECHUTENb; 3 — ITe4b
¢dTopupoBanus; 4 — cyomuMarop; 5 — TpyOKa U BBIXOAA Ta30B M CyOimMmara; 6 — rTuApOUUKIIoH (gecyoimmmarop); 7 —
¢uneTp; 8§ — abcopbep; 9 — BeIcackBaromuii Hacoc, 10 — ammapar i mepememuBanus; 11 — HyTd Qustp; 12 —
KpUCTaTU3aTop; 13 — meus i cyniky; 14 — MarHUTHBIN cermaparop.
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DKCIIEPUMEHTHI TTPOBOIUIIH ¢ YIETOM OCOOEHHO-
creit ¢ropuaHoit TexHonoruu. IlpenBapurenbHO
MIOATOTOBJIEHHYIO MCXOAHYIO CMECh MEIHOrO IUIaKa
n ¢ropuma aMMmoHHUS, CGHOPMUPOBAHHYIO IO
CTEXMOMETPUYECKOMY COOTHOIIEHHUIO K COAEPKaHUIO
JIMOKCHJIa KPEMHUS B IIJTaKe, (PTOPUPOBAIU B IIEPBOi
CEeKIIMH Tleud B TeueHue 1-2.5 4 mpu TemmepaTypax
ot 30 mo 200°C. Cybmumarmio '@CA ocymiecTBism
BO BTOpOMW CEKLUH M€Y B TeueHue 1.5 4 B nuamna3zoHe
temnepatyp 320—400°C.

Hnsa  cunresa SiO, mnomywenusii ['OCA
oJBepraji aMMHMadyHoMy Tugponnsy B 10%
pacTBOpe aMMpaka, ¥ TIOJIYYEHHYIO CYyCIIEH3HIO
nepeMenBali B TEYEHHE OJHOrO yaca IIpH
KOMHATHOH TemIepaTrype, Imocie 4ero (GpuibTpanuei
OTACISUIM  OCaZOK M IOABEPrajd TPEXKPaTHOU
npombiBKe U cymike npu 110-120°C B TeueHue Tpex
4acoB.

I[Mocne ynmamenus SiO, W3 OCHOBBI IIUIAKOB
OCTaBILASICSI TIOCIE TePMOOOPAOOTKU YaCTh IIJIAKOB B
BUJE KEKOB, COAEp’Kallas >KeJIe30 U JParoleHHBIE,
LBETHBIE W JIpyrHMe MeTaJjibl, II0/BEprajach
MarHUTHOW cemapauuy JAjsl OTHEJICHHs >Kelesa.
OcTaToK mocie MarHUTHOW Cemapanuy IpeacTaBIIsiI
co00M KOJJICKTUBHBIA KOHIIGHTPAT, COJCPIKAIIHA
Takhe LIEHHbIE KOMIIOHEHTBl, KaK Melb, IHHK,
OparoleHHble W JITKWE  LBETHBIE  METaJlIbl.
IlepepaboTka KOHIEHTPATOB Ui W3BJICYEHHUS OSTHUX
METaJIJIOB OCYLIECTBIIATACh CTaHAAPTHBIMU IMUPO- U
THIPOMETAUTYPIHYECKUMHU  CIIocO0aMu, HpUMEHse-
MBIMHU B TOPHO-METAJUTyprHYeCKOi OTpaciy.

OO6mrast ammapaTypHO-TEXHOJIOTUYECKAs CXeMma
pa3pabOTaHHOW OMNBITHO-IPOMBIIIIEHHON YCTaHOBKH
(puc. 2) BrIOYaeT, corjgacHo  (TopumHOI
TEXHOJIOTMH, BCE OTalbl NepepaboTKH  IUIaKa:
M3MEIbUYEHUE W CMEUIMBaHHE HCXOJHOTO MIIaKa C
NH4F; dropupoBanme cMecu, COCTOAIIEH U3 IITaKa U
NH,F; cyomuMmaruto u mecyomumaruio ['@CA, ero
THIPOJIM3 B aMMHAuHOM pacTBOpe; (WIBTPALHIO
aMMHA4HOTO pacTBopa M otaeneHue SiO,; Kpuctai-
muzanuio NHyF u Bo3Bpar ero B TEXHOJOTMYECKUM
nporiecc; cymky SiO,; MarHUTHYIO CETapaIiuio KEKOB
JUIA OTAENIEHUS XkKelle3a U MOTyUeHHUs] KOJJIEKTUBHOTO
KOHIIEHTPAaTa LIEHHBIX KOMIIOHEHTOB.

IV. Pe3yabTaTthl u 00cy:KIeHue

Co3nmaHHas yCTaHOBKAa TMpeAHa3HadeHa s
nepepaboTku  (PTOPAMMOHHEBOTO  KPEMHHICOEP-
JKaIleTo CBHIPhS IYTEM COYeTaHWs (PU3MUECKUX
addexToB cyOonmmmanuu u  gecyomumaruu.  [lpu
pa3paboTKe U CO3JaHUU €€ PEeaTH30BaHbI CIICAYIONIUC
HOBBIE TTOJXOIBI.

Cyomumammst 'OCA ocymecTBiseTcss B IBYX
CEKIUAX, aBTOHOMHO YIPAaBJISEMbIX 110 TEMIIEpaType
U TIEPEMEIICHUIO CBHIPhs. OTO IMO3BOJISET CHavala
MOJTHOCTRI0  (pTOpHpOBaTH  KpPEeMHHICOIEpIKaIee
celppe mpu Temmeparype no 200°C, a 3arem
MEPEeMECTUTh €ro BO BTOPYI0 CEKIHIO  JUIA
CcyOaMManuy U TOJHOTO Iepexojia B ra3oByr (¢asy
mpu Temnepatypax 320—-400°C.

CyOnumanus 1 gecyoaumanus OCyIeCTBISIOTCS
B Ipeneiax OJHOM 3aMKHYTOH CHCTEMBI, a
00pa3oBaBIIMECS Ta3bl BBIBOAATCS KaK M3 30HBI
(¢TopupoBaHU, TaK M W3 BPAIAIOUICHCS CEKIUU
cyOnmumaropa.  [lecyOnuMmarmuss — mMpoWCXOOUT B
OTZAEJBHOM OXJIAKIAEMOU KaMepe, YTO UMEET BAXKHOE
3HAUCHUE IS MMOTYUYEHHUS YUCTOTO JecyOnmmara.

[Mpomecc mepepabOTKM CBHIPhS HA YCTaHOBKE
OCYIIECTBISETCS B HENPEPHIBHOM PEXHME, YTO
SBIIICTCSL  CYIIECTBEHHBIM  JUJII  OpraHu3aliu
HEIMPEPHIBHOTO IPOU3BOJICTBEHHOTO IIpoLecca.

Crnemyer OTMETHUTh, YTO YCTaHOBKA MO3BOJISET
OTHOBPEMEHHO OT/IENATH OT OCHOBHI MEJHBIX IILTAKOB

MUOKCUJ KPEeMHHS ¥  KOHIIGHTPAThl  IIEHHBIX
KOMIIOHGHTOB METaJUIOB. B  paMkax QTopumHOi
TEXHOJIOTHH €€ MOXXHO TPHMEHATh W Ui
nepepadoTKu JPYTUX KPEMHHHCOACPIKAIIINX TBEPIBIX
OTXOJIOB rOopHOJOOBIBaroIel orpacnu  [18] w
30JI0LIIAKOB TEIUIOANeKTpocTaHuui [19], a Takxke
JUIS  pa3leleHns MHOTOKOMIIOHEHTHBIX TOPHBIX
MOPOJ Ha UHIUBUTYalIbHBIE OKCUIBI [20].
[IpoBenenHple AKCHEPUMEHTHl Ha  OMNBITHO-

NPOMBIIUIEHHOW YCTaHOBKE IO3BOJHMIN Tepepado-
TaTh MEHBIA IIUJAK C TOJYYCHHEM JIMOKCHAA
KpEMHUsI B BUJIC JUCIECPCHBIX TOPOIIKOB U KEKOB B
BUJIC KOHIIEHTpaTa Xene3a, IBETHBIX U JPYTrux
[IEHHBIX METaJIoB (Tab. 2).

Ta6amnna 2. XuMHYCSCKHI COCTaB KEKOB, MOJYYCHHBIX MOCIE 00CCKpEMHUBAHUS 1UTaka (B Mac.%.).

Fe Al | Cu | Mg | K Zn Si

Pb | Ca | Na | Ba Sn Ag

60.10 6.03 4.01 4.03 152 080 0.61

0.50 0.62 0.63 0.03 0.005 6x107*
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B T1abn. 2 mpuBemeHBl XUMHUYECKHE COCTABBI
KOHLIEHTPAaTOB nocie 00ECKpEeMHHBAHUS u
MarHUTHOU cemnapaluu.

CpaBHeHMe OaHHBIX Ta0d. | U 2 mOKa3bIBaeT, 4To
nocine  OOECKpEMHUBAaHMS  IIIaKa  COICpPIKaHUE
LEHHBIX KOMIIOHEHTOB B NpPOAYKTE NepepaboTKH, B
TOM YHUCII€ LUBCTHBIX W APYTHX LEHHBIX METalIOB,
YBEMUWIOCH 3HaUuTeNbHO. Hampumep, conep:xanue
Cu yBenmmumioch B 10 pa3, Mg B 3.5, ZnB 2, Fe B 1.3,
AlB 1.2 pazau T.1.

Takoe BBICOKOE conepKaHHE JKene3a B
KOHEYHOM KOHLIEHTpAaTe, MO-BUAUMOMY, CBS3aHO C
HaXO0)KJIEHHEM €r0 B BUI€ HEMarHUTHBIX OKCHIOB.

Hapsiny ¢ KOHLEHTpaTOM  H3BJIEYEHHBIX
METaJJIOB, OJIY4€H AUCIIEPCHBIA MOPOIIOK AUOKCHIA
KPEMHHMSI U M3Yy4EHBI ero cBoiicTea [21]. AHanu3 ero
XUMHUYECKOT0 COCTaBa TMOKa3zajd, 4YTO YHCTOTa
npoxykra 1o SiO; cocraisier He MeHee 99.97 mac.%.

PentrenorpaMMa CHHTE3MPOBAHHOTO IIOPOIIKA
Si0, xapakTepu3yeTcs HAINYHMEM IIUPOKOrO Tajo B
ouanazone 25 rTpan. 26, 4YTO  COOTBETCTBYET
NPUCYTCTBHIO B HEM PEHTTeHOaMOP(HOro MaTepHraia

(puc. 3).
2000

1600 -

1200+

| (arb. units)

800 -

400 -

10 20 30 40 50 60 70
20
Pucynox 3. PeHTrenommdppakrorpaMMa CHHTE3UPOBaH-

HOTO TIOPOIIKAa IHOKCHAA KPEMHUS, MOJIYYCHHOTO U3
[IUIAKOB METHOTO Mpou3BojicTBa Anmanbikckoro I'MK.

Mertoom Ja3epHou KOppEIALUOHHON
CHEKTPOCKONMH YCTaHOBJIEHO, YTO paclpeaeiaeHne
yacTull 1o paszmepam amopduoro SiO, B BomHOM
cpele SBISETCS TOJMMONAIBHBIM M TPEICTaBICHO
arperaramu 100-220 HM U ariomeparaMH arperaToB
¢ makcumymamu npu 1100-1300 u 5400-5700 M

(puc. 4).
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Pucynox 4. Pacmpenemenwe dYacTull IO pa3Mepam
OTHOCHTEJIFHO WHTEHCHBHOCTH paccestHusl cBeta  ([),
obrema wactun (V), m umcna wactun (N) MOIy4eHHOTO
JUOKCHIA KPEeMHHUS MPH YIBTPa3BYKOBOH 00paboOTKe B Te-
yeanu 1 muH (a) u 25 muH (b) B BomHOU cpene (Csioo=
1 wt.%).

YBenuueHue BPEMEHU YIABTPa3BYKOBOM
00pabOTKH BOAHBIX CYCIICH3UH AMOKCHIA KPEMHHUS C
1 mo 25 MUH He OKa3bIBAaET CYIIECTBEHHOTO BIIMSHUS
Ha TPUMOJAJBHBIN XapakTep paclpelreNeHus, 4To
CBUIIETENLCTBYET 00 00pa3oBaHMM JTOCTATOYHO
MIPOYHBIX arjoMeparoB. Bmecte ¢ Tem, u3 puc. 4
BHJHO, YTO C YBEIWYEHHEM BpPEMEHH YIbTPa3BYKO-
BOii 00pabOTKM MaKCHUMaJibHbIe 3HAYCHUS B
pacripeneneHiy YacTHIl 110 pa3MepaM yMEHBIIATCs
TpaKkTUYecKu Oojiee 4eM B 2 pasza, Hampumep, 1o In-
tensity ot 1300 (pu 1 mun) 1o 600 HM (Tipu 25 MHH)
u Number — ot 220 o 100 HM, 4YTO MOKET OBITH
00BSICHEHO YaCTUYHBIM Pa3pyLICHUEM arjoMepaToB.
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Ha puc. 5 npencraBnenst UK-criekTpsl
JUOKCUIA KPEMHHMS, KOTOpbIE MOKA3bIBAIOT HaJMYUe
XapaKTEPHBIX TOJIOC MehOpPMAIMOHHBIX KoieOaHnui
Si-O-Si npu 468 cm™' (unrencusHas) 1 O-Si-O mpu
800 cM ' (cpemHSS MHTEHCHBHOCTB),  IOJIOC
BAJIGHTHBIX KoneOanui Si-O-Si B nuamasoHe
1000-1200 cm'. Dta oTyeTnMBas TOTOCA XapaKTe-
pHU3yeT pEaKLHOHHYI0 CIHOCOOHOCTh KpeMHe3eMa.
TTonocwr pu 1636, 3200-3500 CM_I, OTHOCSIINECS K
ajcopOUpOBaHHOM  BoJxe, KOTOpas CBsi3aHa C
CHJIAaHOJIBHBIMH TPYINIIaMH BOJOPOAHBIMHU CBSI3SIMH,
YKa3pIBAlOT HA €€ 3HAYUTEIBHOE COJAEPKaHHE B
CHUHTE3UPOBAHHBIX mopomkax SiO,.

25

Si-O-Si

| —Si0y KBr (1:100) |
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Pucynok 5. UK-ciektpsl aMop(hHOTO HOPOIIKA MOKCUIA
kpemHus: a) ¢ KBr B coorHomenun 1:100, 6) ucxoaHoro,
CHSTBIE Ha MPOITyCKaHUE.

3500 3000

Uzotepma ancopOuuu a3oTa AJsl MOTYYEHHOTO
oOpasna AMOKCHIA KPEMHUs, NMPHUBEICHHAS Ha PUC.
6a, nmeetr S-o0paznyro ¢gopmy. Takas dopma nzo-
TEPMBI CBHJIETENILCTBYET O IMPOTEKAaHUH IOJIMMOJIe-
KYJISIpHOW azcopOuuu. BBITHYTHI HaualbHBIA y4a-

CTOK CBHIETEIBCTBYET O CHJIBHOM B3aMMOJICHCTBUU
azcopbaTa ¢ MOBEPXHOCTHIO KpeMHe3eMa. B obOmactu
BBICOKUX JIABJICHUH M30TepMa UMEET M3ru0 C meTiei
rucrepesrca (tum 1V), cOOTBETCTBYIOLIEH TEKCTYp-
HOM MOPHUCTOCTHU arperaroB HEMOPUCTHIX HAHOUYACTHIL
(puc. 6a). ®opma meTIH TUCTEPE3NCa CBUACTENBCT-
ByeT O MpeobiaiaronieM BKIJIaZle ME30MOp MpernMy-
LIECTBEHHO LWJIMHAPHYECKONH (POPMBI (3aMIOTHEHHBIX
aJIcOpOMpPOBaHHBIM a30TOM TIPU H3MEPEeHHAX) [22,
23].
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Pucynok 6. M3orepma amcopOuuu-necopOipu a3ora (a) u
pacripejiesieHie nop Mo pasMepam JJisi CHHTE3UPOBAHHOTO
nmuokcuna kpemuus (b).

HccnenoBanue ynenbHONW MOBEPXHOCTH U COPO-
LUOHHOM €MKOCTH 00pa3loB METOJOM HHM3KOTEMIICe-
patypHOH aacopOIMy a30Ta MOKa3ajio, YTO MOPOIIKH
Si0, UMEIOT MaKCUMATBHYIO Y/ICTbHYIO TIOBEPXHOCT
oko110 64 M*/r o BAT 1 93 M°/r no Jlermiopy.

O6mmit 06beM mop coctassieT 218 Mv'/r, B TOM
qpciIe MEKPOIOPE! 3.7 MM/r. OBIas IIOmaTh MHK-

©Akagemus Hayk Pecnybnuku Y3bekucraH, 2022



74 M.LLU. KypbaHos, Y.M., Hypanues, »K.A. MNManxwnes, C.A. TynaraHos, M. OpHasapos

porop cocrasnser 10.5 M*/T, HEMHKPOIOPHCTAS TIO-
BEpXHOCTH — 53.4 MY/ T. Kpusrie pacnpenenenus mop
mo pasmepam (puc. 6b), pacCUMTaHHBIE IO H30TEp-
MaM aJIcopOIMU-AeCOPOIMH a30Ta, NEMOHCTPHPYIOT
TPHU XapaKTEPHBIX MAaKCUMyMa, OTHOCSIIMXCS K Me-
3onopam (R = 2—-50 HM). Y3KHe ITyCTOTH MEXIy Ha-
HOYAaCTHIaMH, OJM3KO PacrojOKEHHBIMH B OJHUX H
TEeX e arperarax, TakKe MOTYT 1aBaTh CBOM BKJIAJ B
HOPHUCTOCTh UCCIIEAOBAHHBIX IIOPOIIKOB.

V. 3akiouenue

Pa3paboTana W W3rOTOBJIEHA HOBas OMBITHO-
MPOMBIIIUIEHHAs YCTAaHOBKA B BHAEC HAKIOHHOW
Bpallaromieiicss meyn i nepepaboTKd  IIIaKOB
MEIHOTO MPOW3BOJICTBA, OCHOBaHHAs Ha (TOpaMMO-
HAEBOH  TEXHOJNOTMH  TIepepabdOTKH  KPEMHHUM-
COJIEP’KAIIEro ChIphsl C HCIIONBb30BAHUEM COYETAHHUSA
¢bu3nuecKux 3¢ pexToB cyOnumanumn u
JleCy OIrMaItuu. MaxkcumanbHas TeMmeparypa
mporiecca mepepaboTKH CHIPhS COCTaBIIsICT He Oojiee
400°C, a ucnonb3yeMmblil peareHT pereHepupyercs,
YTO TOBBIIIAET TEPCIEKTUBHOCTD IPEIIOKCHHOM
TEXHOJIOTMH KaK pecypco- W 3HeprocOeperaromeit
TEXHOJIOTHU.

[TokazaHo, 94TO co3maHHasl yCTaHOBKA ITO3BOJISET
NPOBOJAWTH B HENPEPHIBHOM pEXHME 00ecKpeM-
HUBaHHUE [IJIaKa MEIHOTO MPOU3BOJICTBA, OT/ACICHHE
XKelle3a W TIONy4YeHHE KOJJIEKTHBHOTO KOHIIGHTpara
JParolleHHBIX, [BETHBIX WU Jpyrux MetamioB. OHa
MOXeET OBIThb NMpHMEHEHA IJIS M3BJICUEHUS LEHHBIX
KOMIIOHEHTOB HE TOJIbKO W3 IUIAKOB METHOTO
NPOM3BOJCTBA, HO M W3 JPYyrUX KpeMHHIUcoaep-
KalMX  TBEPABIX OTXOAOB TOPHOAOOBIBAIOIIEH
OTpacii, 30JI0IIUTAKOB TETUIO3EKTPOCTAHIIUHN H T.1.

YCTaHOBJIEHO, YTO paclpeneieHne YacTHIl I10
pasmepam amopduoro SiO, B BOTHOH cpene NpHU
KOHLEHTpauuu 1 Macc.% HOCHUT MOJIUMOIAIBHBIN
XapakTep W NPEUMYIIECTBEHHO  IIPEICTAaBICHO
arperatamu  (100-220 ©M) w®  ariomepaTamu
arperaroB (1300-5500 uM). YBenuueHue BpEeMCHH
YIBTPa3ByKOBOH  OOpabOTKM  CYIIECTBEHHO  HE
M3MEHSET XapakTep paclpeleNeHuss YacTHll II0
pasmepaM. Ho mpu yBenudeHuWM BpEMEHM YIbTpa-
3BYKOBOH 00paboTkM m0 25 MHH HaOIoIaeTcs
YMEHBIIICHUE Pa3MEpOB arperaTtoB Oojiee ueM B 2
pasa, 4YTO MOXET OBITb OOBSCHEHO YaCTHYHBIM
pa3pyllIeHrneM arjJoMepaTos.

[lokazaHo, YTO CHHTE3UPOBAHHBIE MOPOIIKU
Si0, UME0T MaKCUMAaJIbHYIO YIEIBHYIO TOBEPXHOCTD
64 M*/r mo BAT u 93 m*/r mo Jlermiopy. OGuuit
obbeM mop cocrapmsier 218 MM/T, B TOM 4HCIE

©Akagemust Hayk Pecnybnukn Y3bekucTtaH, 2022

MHKpPOTOpsI 3.7 MM>/r. OGias MIOUaah MUKPOIIOP
cocraBmser 10.5 M*/r, IIOMagb HEMHKDPOIOPHCTOM
noBepxXHOCTH 53.4 M7/ T.

Baarogapuoctu. Pa0orta BhIONIHEHA 1O TPaHTY
No®3-201907045 MunucTepcTBAa HHHOBALMOHHOIO
pasutus PeciyOnmkn Y30ekucTaH.

MeTagaHHbBIE

A pilot-industrial installation for processing cop-
per production slag of Almalyk MMC and proper-
ties of synthetized amorphous silica powders

M.Sh. Kurbanov, U.M. Nuraliev, Zh.A. Panzhieyv,
S.A. Tulaganov, M. Ernazarov

Arifov Institute of Ion-Plasma and Laser Technologies, Academy
of Sciences of Republic of Uzbekistan, Durmon yuli str., 33,
100125, Tashkent, Uzbekistan

The article presents the results of the development
and creation of a new pilot-industrial installation in
the form of an inclined rotary kiln for processing
fluoroammonium silicon-containing materials. It is
shown that the use of a plant for the processing of
copper-smelting slags of the Almalyk MMC makes it
possible to separate silicon dioxide in the form of
dispersed powders from slags, extract iron and obtain
a collective concentrate of precious, nonferrous and
other metals. The results of studies of particle size
distribution, IR spectra and textural characteristics of
amorphous silicon dioxide synthesized on the created
installation are presented.

Keywords: plant, slag, ammonium fluoride, ammonium hexaflu-
orosilicate, sublimation, desublimation, amorphous silica, non-
ferrous metals.
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Oamamunk KMK MuC YMKMHAWIApHMHM KaiiTa
HULIAL  YYYH TaKpuOa-caHOAT YCKYHacH Ba
CHMHTe3 KMJIMHIaH aMmop( KpeMHUil Xoccajiapu

M.HI. Kyp6anoB, Y.M. Hypanuen, 7K.A. Ilan:kues,
C.A. Tynaranos, M. DpHa3apoB

V3P ®A VY.A. ApuboB Homumarn Hom-rmasma Ba nasep
TEXHOJOTHsIIapH MHCTUTYTH, Jdypmon #ymm, 33, 100125, Tom-
KCHT, Y30eKucrad

Makonana TapkuOuaa KpeMHUM OynraH propaMMOHUIIH
MaTepUaJUIapHU KalTa WIUIall y4yH HUIIA0 aiinaHyBuH
neu KYpUHUIINAIATU SIHTH TaXxpubaBuii-caHoar
KypWIMacHHM MIUIA0 YMKHUII Ba SIpaTHII Oyinva ONMHraH
HaTwkamap OaH KwinHrad. SpaTtuiarad KypUIMaHWHT
Omvammk KMK Muc sputvm YuKHHIWIApHTA Tag0UK
STUIUINY YUKWHIWIApAAH KPEMHHHM WMKKH OKCHIVHH Ba
TEMHPHH JUCIEPCIM KyKyH KYPUHHMIIMIA aXKpaTHO
ONUIITa XaMAa KUMMAar0axo, paHId Ba METaJUIApHUHT
KOJUIEKTHB KOHIICHTPAaTHHHU OJIMIIra MMKOHHAT OCpHIIH
Kypcatuirad. Sflpatwiran KypuiMmaaa CHHTE3 KWIMHIaH
amMopd KpeMHHIl MKKM OKCHIM 3appavyalapuHHUHT Yiauam
Oyiiya TaKCMMOTH, YIIbTPaKH3WJ CIEKTPH Ba TEKCTypa
XapakTepucTUKanapu  Oyiinya  ONMHraH  TaaKUKOT
HaTWKaJlapyu KeITUPUITaH.

Kanut cy3aap: yckyHa, YUKMHIUIAP, aMOHUH (HTOPHIH, aMMO-
HUHrekcadTOPCHINKATH, CyOIuMaIys, aecyomumanus, aMopQiIu
KpEMHE3€eM, PaHTIIH MeTajuap.
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B pabore mnpuBeIeHBI SKCIEPUMEHTANILHBIE pe3yJbTaThl YAEIbHOW CyMMapHOW anbga-
AKTMBHOCTH €CTECTBEHHBIX alIb(ha-NU3ITyyarolX paJuOHYKIMIOB U3 JAPEBHUX U CTaHJapTHOU
KOCTEll M TOYB M3 MecT OoOHapyXeHUs, n3MepeHHble anbga-paguomerpoMm MKI'B-01 “PA-
JOK”. Pe3ynbraThl MoKas3aid, 9TO 3HAUCHUS YAEIBbHBIX alb(a-akKTUBHOCTEH PaJHOHYKIIN/IOB B
JPEBHUX KOCTSIX B HECKOJIBKO pa3 OOJbIIe, YeM B CTAaHJAPTHOW KOCTH U TTOYBAX.

KiroueBble ciioBa: cymmapHas anb(a-aKTHBHOCTb, JIOUCTOPHYECKUE U APEBHUE KOCTH.

In present work the experimental results of the specific total alpha activity of natural alpha-
emitting radionuclide from ancient and standard bones as well as soils from the places of de-
tection, measured by the MKGB-01 "RADEK" alpha-radiometer are presented. The results
showed that the values of the specific alpha activity of radionuclide in ancient bones are sever-
al times higher than in standard bones and soils.

Keywords total alpha activity, prehistoric and ancient bones.

I. Bseaenme

CaMbIMH pacTpOCTPaHEHHBIMH M OOWIBLHBIMHU
OCTaHKaMH Ha MOBEPXHOCTH 3€MJIH SIBISIFOTCS KOCTH
BBEIMEPIINX >KUBOTHBIX M JIOJACH. DTH OCTaHKH YC-
JIOBHO JIETISITCSL HA TOUCTOPUYECKUE U IPEBHUE KOCTU
(JAK). K mepBbsIM OTHOCST B OCHOBHOM KOCTH JIUHO-
3aBpOB M WX COpoju4ed, oburaBmMX Ha 3emiie 65
MUJUTMOHOB JIeT Ha3ad. K JpeBHUM KOCTAM OTHOCAT
CKEJEThl XUBOTHBIX W TEPBOOBITHBIX JIIOACH, JKUB-
X MEeHee MWJUTHOHA JieT Hazax [1]. 13 apxeomorn-
YEeCKUX MCCIEeOBaHUM CleAyeT, 9TO KOCTH, UCIOJb-
30BaHHbIC JPEBHUMHU ITUBUIU3ALUIMHU, SBISIOTCS HE
TOJIFKO CBHIPHEBBIMHU MaTEpHaJIaMy MPHU 3T OTOBICHUH
OpyAMil TpyZAa M IEeKOpaTUBHBIX mpeameros. K Tomy
JKE OHHU SIBJIAIOTCS HOCUTEISIMU WHGOpMAIUK U3 Ja-
nexoro mpouutoro [1-3]. B mponecce mauTenbHOro
HaXO0XJIEHUS CKEJIETOB B KyJIBTYpPHBIX CIOSX 3€MIIH
HaOJIIOJIAIOTCS TUHAMHUYECKUE BapHallid MHKpO3Jie-
MEHTHOT'O cocTaBa KocTei. J[jst ocTeonoros, maneoH-

DOI: https//doi.org/10.52304/.v24i1.306

TOJIOTOB, OMO(U3UKOB U PaTUO0-IKOJIOTOB MpaKTHUe-
CKHUM M HAy4YHBIM UHTEpEC MPEACTABIAET MPOLIECC HO-
CTYIUICHHS €CTECTBEHHBIX alb(ha H3Tydarommux pa-
nuonykinnoB (EAVP unun AMP) u3 nouBsl B KOCTb.
UsmepenueMm u cnexenueM 3a AP B cucteme mou-
Ba-KOCTh MOYKHO TIOJYYUTHh HH(POPMAIHIO O TTOJIBUXK-
HOCTH M CEJICKTUBHOCTH HAKOIUICHHSI DJIEMEHTOB B
JOJIK obpasuax. Hayunble myOnukamuu, MmocBsIIEH-
HbIE WMEHHO W3MEpPeHHSIM CYMMapHOW aibda-
aKTUBHOCTH €CTECTBEHHBIX PAAHOHYKIHAOB B 00pa3-
nax JIJIK B Hay4HOH uTeparype OTCyTCTBYIOT, HMeE-
ercs numb pabdora [4], rne AP Obutn onpeneneHs
WU3MEPEHUEM UX FaMMa aKTUBHOCTEH.

CyIIecTBYyIOT MHOXECTBO MPHUPOAHBIX (hakTo-
POB, KOTOpPBIE MOTYT BIUSTh Ha MpoHUKHOBeHHEe AUP
B JIJIK. K >TuM mcTOYHHMKAaM MOXXHO OTHECTH ITHTa-
TEJBHYK Cpely MIEKONUTAIOIIMX, NPUPOJHBIE Ka-
TaKJIU3MBI, CBSI3aHHBIE C METEOPUTAMH WA HEU3-
BeCTHbIMU ucTouHUKamu ANP, a Takke ecTecTBeH-
Hyto murpanuio AUP w3 noussl B Tkanbs JIJIK B Te-
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YeHHUE JIUTEILHOTO HaX0XKICHUS CKEJIETOB B HEIpax
3emumn. [lpu permeHnn JaHHOW 3a7a9M aBTOPHI HE HC-
CIIENYIOT NPHUYMHBI U CIEICTBUS BIUSHUA IIPUPOJ-
HBIX (PaKTOpOB Ha oOpazoBaHue W HakoruieHue AUP

B JIJIK.
II. OO0BexTbI IKCIIEPUMEHTOB

OOBeKTaMu HCCIENOBaHUS SBISIOTCS JTOUCTO-
pudeckue koctu auHo3aBpoB (K/-1 u K/-2) [2] u
KOCTh (mpeBHero demoBeka) apxanrtpoma (KA), Haii-
nennsie B nemepe Cynpyaryp B 1960-1970 romax B
Oepranckort gonuue [3]. B 2013 u 2014 romax Ha
TeppuTopun Y30ekucTaHa OBUTH HAWIEHBI KOCTH
10)kHBIX MaMOoHTOB (KKOM) BOnM3M ropona AHrpeHa
(KIOM-A) u B cene I'mmtnu B KamkagapbuHCKOM
obnactu (KFOM-K) [5]. O0pasis! KocTei u mo4B ObI-
U TPEJCTABICHBl ApPXEOJOTHYECKUM HHCTUTYTOM
PAH wu reonormueckum Myseem PecmyOmmku Y30e-
kuctaH. B kauectBe crangaptHoii koctu (CK) B3sTa
KOCTh COBPEMEHHOTO MJIEKOITUTAIOIIETO.

HaiinenHple KOCTHM 10 COXPaHHOCTH HMEIOT
pa3Hble COCTOSHUS MPOYHOCTH U BeTXOCTH. [loaTomy
crienuanuctel U3 Mucruryra apxeonorun PAH [6]
OLIEHHBAIOT €CTECTBEHHYIO COXPaHHOCTb
OCTEOJIOTHYECKUX MAaTepUalloB 10 MATHOAIBHOM
cucreMe. Beicmmit 6amn 5 momywaer  Takoe
€CTECTBEHHOE COCTOSHHE KOCTH, TIPA KOTOPOM
KOCTHasl TKaHb COXpaHSET JIOCTaTOYHYIO MPOYHOCTb,
TaK 4YTO JJIsI €€ pas3jioMa TpeOYIOTCS BIIOJIHE
omryTUMBIC yermns. Husmmit 6amn 1 momydaeT takoe
COCTOSIHHE KOCTH, KOTJ]a KOCTHAasl TKaHb pacchIlaeTcs
MPH TIOMBITKAX €€ MOYHCTUTh WU BBIMBITH. bamn 4
MONy4alOT  KOCTHBIE  OCTAaTKH, KOTOpbIE  IpH
HaIpaBJIeHHOM [EHCTBHUH MOKHO JOCTAaTOYHO JIETKO
CIIOMaTh, HO 0O€3 HamlpaBIEHHOTO BO3ACHCTBUS OHH
COXpaHAIT CBOIO (QopMy ¥ B OCOOCHHOCTH
MMOBEPXHOCTHBIA cloil. bammer 3 w 2 momydaror
KOCTHBIE OCTAaTKHM, KOTOpPBIE IIOCIE HX YHUCTKH H
MBIThSI MOT'YT B TOH WJIM MHOM CTEIIEHU PacChIXaThCs,
JlaBaTh TPEUIMHBI W pacmhagaThCs Ha OoJiee MENKHe
(bparMeHTsI.

III. MoaroToBKa 00pa3IoOB

[loBepxXHOCTHBIE  3arpsi3HEHHUS  HCCIELYEMBIX
KOCTEH OYMINAIN ITyTeM IPOTHPKH TAMIIOHOM, CMO-
YEHHBIM 3TaHOJIOM JI0 00pa30BaHMs YHUCTOW MOBEPX-
HocTH. Ilocne Bblep KU (hparMeHThl KOCTEH U HOYB
W3MENIbYaIH, NEPEMEIINBAIN M IPOCEUBAIN Yepe3
CUTO C JUAMETPOM OTBEPCTHIl 2 MM JUISI TONYYEHHUS
OJTHOPOAHOTO MOPOLIKOBOTo 00pasia.

OO0pasipl Cynmwid B CYHIMJIBHOM INKady mpu
120°C B TeueHHE OJHOIO JIHS, Jajee BCE H3MEIbYaIN
MPUMEPHO 10 oxuHaKoBoro pasmepa (1-1.5 mm) u
MoMelaiu B creluaibHble KoHTelHHephl. [IpuMepHO
5-20 M kaxzaoro obpasma oTOupaiy, MmoMenanu B
CIiciaJIbHbIC METAJINIMYECKHUEC KOHTCﬁHCpLI
(momyiokka) W pacTBOpsUIM B COAPTE  JUIS
00pa3oBaHUs TUTIOCKOW TOBEPXHOCTH. 3aTeM ero
CYyIIMJIN TI0J WH(PAKPACHOH JaMIOW MOITHOCTHIO
400 Br. Ilocme cymku Maccy HeTTo oOpasua
OTIpE/IETISUIN TIEpe]] H3MEPEHUEM.

[loaroroBnenHsie  00pa3mpl  HW3MEpSIIM  HA
paauomerpe B TeueHue 1 uaca. Ilocie n3mepeHHs
Macchl 00pa3IOB B3BEIIMBAIM, a 3aTEM ONPEICIISIIH
CpeIHHe MacChl BO BpeMsI H3MEpPEHHs M 3alHCHIBAIH
B MaMiTh paguoMeTpa. JTO CBA3aHO C TEeM, 4YTO
BBICYIIICHHBIC ~ OOpa3ilbl  IOTJIONIAIOT BJary U3
BO3/yXa BO BpeMs n3MepeHus. UToObI yCTpaHUTh ATy
OImMOKY, UCIOIB30BATI CPEIHIOI MacCy (TOYHOCTH
M3MEpeHHs BECOB cocTaBisia 1 mur).

CpenHIOI Maccy ONpeAeNsuid IO CIeTyoIei
dhopmye:

Am = [(ml—m0)+(m2—m0]/2.

(M

3mech Am — cpefHss Macca, m; — Macca 10 u3Mepe-
HUS, My — Macca CIENUAILHOIO0 METaUIMYECKOrO
KOHTEHepa, M, — Macca Mocie H3MEPEHHS.

IV. MeToanl Hccaea0BaHus

EcrecTBeHHBIMU anb(a-u3IydarolUMHU pagnuo-
HYKJIMJAMH SBJIsOTCS Matepunckue U, 2°U, 2*Th
U UX Jo4YepHHE MPOAYKTH pacnana Ra, Rn, Po, Bi u
At. Ina ompenenenust npucytcreus AWP B JJJIK
[[eJIeCO00pa3HO  HUCIONB30BaTh METOJ H3MEpEeHHUs
cymmapHoi  anbda-aktuBHOCTH  (CAA). s
m3mepennss CAA obpasnos [JIJIK O mcmonb30BaH
CIMHTWUTANHOHHBIA  anmbda-paguomerp MKI'B-01
«PAIBK» [7]. OcHOBHBIE TEXHUYECKHE XapaKTe-
puctuku anbda-paguomerpa MKI'B-01 «PAIDK»
CIIeMyIONTNe: CIIMHTHIUIAIMOHHEIA TeTeKTop ZnS(Ag)
¢ auametpoM 60 MM; JETeKTHPYEMbIil HHTEpBal
sHeprud  a-yactuy, oTr 2 go 10 MbaB;
qyBCTBHUTEIBHOCTh PETHCTPALIMM O-4ACTHUL[ HE MEHEee
1080 (mmm/9)/bk u 3¢ GhEKTHBHOCTh pPETHUCTpPaIIAN
60%; nuama3oH HM3MEPEHUs CYMMapHOH 0-aKTUB-
Hoctu ot 0.1 10 5x10* Bk; morpemnocTs u3mMepeHus
He 6omee +20% [7].

Paboumnii hon pamuomerpa MKI'B-01 cocrassn
2043 nvr/g o ane(da kaHary. Macca MOpoOITKOB JJIs
CUYETHOW MOJUIOKKHU paauomeTpa cocTaBisana 20 mr,
BpeMs usMepeHuss 60 munyT. CyMMapHas yaenbHas
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anb(a-akKTUBHOCTh ~ PaJHOHYKIUAOB (CYAAP)
OTIpEIEINacCh U3 COOTHOILICHHS:
C =N/tme, 2)

rane C — CYAAP, bk/ke; N — cyMMapHOE YHCIIO alb-
(ba-vyactur, umn; t — BpeMsl PETUCTPALUH, CeK; m —
Macca uccuemayeMoro obpasma, x2; € — 3pQexTus-
HOCTbB PETUCTPALNH allb(a-dacTUIl PAAHOMETPOM.

V. Pe3yabTaThl H3MepeHHs M UX 00Cy:KIeHHE

B Tabnune npuBeeHb pe3ysIbTaThl H3MEPEHHUS B
umnyJincax, o/gac u CYAAP, bx/kr. B tabnunax 1 u
2 KOCTb U €€ TI04Ba 0003HaYeHbl PUMCKUMH LUPpaMH
(I - KIOM-A u nousa), (VI — CK u nousa) mis 06-
JeryeHuss U ynoOCTBa CpaBHEHUS W MHTEPIPETalluH
pe3yJIbTaTOB.

Tabauna. CymmapHbie anbda UMIYJIbChI U yJielbHas alb(a-aKTUBHOCTD PaJIHOHYKINI0B

Ne [IpoOsl, KOCTB U Wmnynscsl, CYAAP, Bi/kr
oYBa a/gac
I KIOM-A 447 10728+2000

ITousa-A 78 18284340

I KIOM-K 129 3097+560
ITouBa-K 21 504+90

I KI-1 120 2877+540
ITousa KJI-1 15 36068

v KI-2 57 1369+240
[TouBa-KJ/I-2 16 384+76

A% KA 42 988+190
ITouBa-KA 17 408+78

VI CK 46 1104+210
ITousa-CK 15 360+68

Kak Bugno wu3 tabmunsl, CYAAP B -V MerajgaHHbIe

MEHSIOTCSI B OONBIIUX MHTEpBajgax oT 988 mol0728
bx/xr gus JJK, u ot 384 mo 1828 Bk/kr mis mous.
CYAAP B KIOM-A moutu B 10 pa3 mpeBwImaeT
CYAAP B CK (1104 Bx/kr), a CYAAP B mouse A
noyTH B 5 pa3 Oomnbie, yeM B mouse CK (360 Br/kr).
Takue Bbicokue 3HaueHuss CYAAP B KIOM-A u
mouBe A OOBIACHSIIOTCS TEM, YTO MECTHAas II0YBa
Oorara cojiepKaHWEM YypaHa M COCEICTBYET C
ObIBIIICH ypaHoBOH axToi SIHru-Aoana [8]. U3 atux
(hakTOB ciemyer, YTO MMOYBA SABISETCS OCHOBHBIM
UCTOYHMKOM MMWIPALMU  PAJMOAKTHUBHBIX MHKPO-
3JIEMEHTOB B TKaHb CKEJIeTa.

VI. 3akiaouenne

[Mpumenenue anbda pagnomerpa MKI'b-01 npu
M3MEPCHHH CYMMapHOTO aib(a-u3Iy4eHUs €CTeCT-
BEHHBIX PaIMOHYKJIMIOB B HCCIIEIOBAHHBIX 00pa3iax
JTAJTA CIICAYIOIIUE PE3yIbTaThI:

JUTA  JOWCTOPHUYECKHX ¥ JPEBHHUX KOCTEH
988+10728 bx/xr;

— st mouB — 360-1828 Br/kr;

— tst crannapTHor koctu — 1104 Br/kT;

OO6Hapy»>KeHO, YTO KOCTHAs TKaHb SBIACTCA
XOpPOIIMM COPOCHTOM i anb(ha H3ITy4aronux
€CTECTBEHHBIX PaJHONU30TOIIOB.
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Measurement of the total alpha activity of natural
radionuclide in ancient bone remains

A. Vasidov, B.J. Saydullaev, T.M. Usmanov

Institute of Nuclear Physics of the Academy of Sciences of the
Republic of Uzbekistan, Mirzo Ulugbek district, Ulugbek town-
ship, Khorasan 1, 100214, Tashkent, Uzbekistan

In present work the experimental results of the specific to-
tal alpha activity of natural alpha-emitting radionuclide
from ancient and standard bones as well as soils from the
places of detection, measured by the MKGB-01 "RADEK"
alpha-radiometer are presented. The results showed that
the values of the specific alpha activity of radionuclide in
ancient bones are several times higher than in standard
bones and soils

Keywords: total alpha activity, prehistoric and ancient bones.
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KagumMru cysak Koaaukjaapuaa TaOuuii paguo-
HYKJIHI-JTAPHUHT YMyMHii anb(a-aKTUBIUTHHHA
yayam

A. Bacupnos, B.2K. Caiinyanaes, T.M. YcmanoB

V36exucTon pecniyonukacn @Pawnnap akaxemusicu Smpo
(usnkacu uHCTHTYTH, MHp30 YiyrOek TymaHu, Yiyroek
mraxapvacu, Xypocas 1, 100214, TomkeHT, Y30eKuCToH

Makonana KaguMru Ba CTaHAAPT CySKJIap xamja
ymapauHT Tynpokiapu MKI'b-01 “PAJIEK” anbda-
paguoMeTp €pmamuna TaOWWi ambda YUKapaJauraH
PaMOHYKIWIJIAPHUHT YMYMU alrb(a-aKTHBIUTHHU
aHUKJIAl  TaXpuba HATHXKANApU  KENTPHJITaH.
Harwmxanap IIyHU  KYpcaTaJuKu, KaJUMI1
CysKIapAard paguoHyKIUAJIapHUHT YMyMHH anbga-
aKTUBJIMTU  CTaHIAPT CysSK Ba  TyNpoKiapra
KaparaHaa Oup Heda GapaBapra FOKOPH DKaH.

Kaaurt cy3nap: ymymuii anbha-aKTUBIUK, TAPUXUIT Ba KATUMIH
cysiKnap.
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