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Abstract. In this work, we analyze observational constraints on power-law
cosmology, a simple yet insightful model of the universe’s expansion. This
framework is primarily characterized by two parameters: the Hubble constant
(Ho), which sets the present expansion rate, and the deceleration parameter (q),
which describes the nature of cosmic acceleration or deceleration. By employing
the latest compilation of 31 observational Hubble data points, we place bounds
on these parameters with improved accuracy. Our analysis shows that power-
law cosmology is capable of providing a remarkably good fit to the data, with the
obtained 1o estimates remaining consistent with recent results in the literature.
This agreement highlights the relevance of the model as a phenomenological
description of cosmic expansion. However, despite its success in reproducing
large-scale trends, the model has limitations, particularly in addressing the finer
dynamical features, such as the transition from deceleration to acceleration
in cosmic history. Overall, it is shown that although power-law cosmology
provides an elegant and phenomenologically viable description of many aspects
of cosmic evolution, it remains insufficient to solve all observational problems,
in particular the dynamical transition of cosmic acceleration.

Keywords: Cosmic acceleration, data analysis, Hubble data, redshift, power-law
cosmology

Introduction

The Standard Cosmological Model (SM) of the Universe, namely the ACDM framework
supplemented with an inflationary phase, has been remarkably successful in explaining a
wide range of observations. Nevertheless, the cosmological constant problem continues to
be one of the major unresolved issues of modern cosmology [1], motivating the exploration
of alternative models. Among these, power-law cosmology offers an interesting framework
to address several classical problems of the standard model, including the age, flatness, and
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horizon problems. In this approach, the cosmic expansion is described by the scale factor ,
with as a positive constant. Scenarios with 8=1 have been studied extensively in different
contexts [2-9], while phantom power-law cosmology has been explored in Ref. [10]. Notably,
power-law cosmology naturally avoids the horizon and flatness problems, accommodates
high-redshift objects (mitigating the age problem), and offers dynamical approaches to the
fine-tuning issue associated with the cosmological constant [11-15]. A power-law expansion
with provides an excellent fit to a variety of cosmological observations. Models supporting
such a coasting evolution are falsifiable through classical cosmological tests, as they exhibit
clear and verifiable predictions. Tests such as galaxy number counts versus redshift and
angular diameter distance measurements [16] favor this type of evolution, though their
reliability is limited by evolutionary effects (e.g., mergers). By contrast, Type la supernovae,
being robust standard candles, and H(z) measurements have emerged as far more reliable
probes.

Cosmological parameters form the backbone of any model, as their precise determination
is essential for describing the present cosmic expansion. In particular, the Hubble constant (
H ), which measures the current expansion rate, and the deceleration parameter (q), which
characterizes its acceleration or deceleration, are of central importance. In recent years,
numerous efforts have been devoted to constraining H,,. For instance, Freedman et al. [17]
obtained H, =72+8 km/s/Mpc, while the most recent Planck results give H,= 67.4+0.5
km/s/Mpc [18]. In addition, several works have constrained HO’ g, and B inopen, closed,
and flat power-law cosmologies. Numerical results for the flat case are summarized in Table
2. Recently, Rani et. al. [19] investigated observational constraints on power-law cosmology
using H(z) and SN Ila data, providing a detailed discussion of its viability. In the present
work, we perform a similar analysis for the flat case, employing the most recent datasets
of H(z) measurements [20]. The structure of this paper is as follows: Section 2 outlines
the mathematical framework of the power-law cosmology ansatz. Section 3 discusses the
methodology used to constrain the model’s power index with the H(z data set. Finally,
Section 4 presents a summary of the main results.

Mathematical Framework of Power-Law Cosmology

The observed large-scale homogeneity and isotropy of the universe indicate that its
geometry can be described by the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric.
For a spatially flat FLRW metric, the line element is given by

ds’= 2 dt?- &(t)dr?+r?(d@+sin?0d ¢)), (2.1)

Here, ¢ denotes the speed of light, t represents the proper time, and (r,6,¢] are the
spherical polar co-moving coordinates. The function a(t) is known as the cosmic scale factor
or expansion parameter that describes the time evolution of the universe. In this work, we
consider the general framework of power-law cosmology, where the scale factor evolves as
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t B

a(t)= ao(t—) ) (2.2)
0

with f, denotingthe present age of the Universe and B adimensionless positive constant.

Here and throughout, the subscript O refers to the present-day values of cosmological
parameters. The Hubble parameter in this model is

_a_B -8B
H=8=P p=5 2.3
a t %t (2:3)
The relation between the scale factor and the redshift is
a 1+z
Accordingly, the age of the Universe at redshift , can be written as
tiz= L, (25)
where Hiz)
H(z)= Hy(1+ 2)"*. (2.6)

The acceleration of the Universe is quantified by the deceleration parameter q, defined as

a _1
q=- =—--1, 2.7
aH*> B (27)
where g<O indicates an accelerating universe, while q20 corresponds to a decelerating
or coasting expansion. In terms of q, Eq. (2.6) can be recast as

H (2= H,(1+ 2)"*7. (2.8)
Equation (2.8) highlights that the parameters Fy and 9 govern the cosmic history in
power-law cosmology. In this paper, we focus on constraining these two parameters using the

latest 31 data points of H(z) measurements.

Table 1: Hubble parameter measurements at different redshifts [20]

0.0900 69.0 12.0
0.1700 83.0 8.0
0.2700 77.0 14.0
0.4000 95.0 17.0
0.9000 117.0 23.0
1.3000 168.0 17.0
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1.4300 177.0 18.0
1.5300 140.0 14.0
1.7500 202.0 40.0
0.4800 97.0 62.0
0.8800 90.0 40.0
0.1791 75.0 4.0
0.1993 75.0 5.0
0.3519 83.0 14.0
0.5929 104.0 13.0
0.6797 92.0 8.0
0.7812 105.0 12.0
0.8754 125.0 17.0
1.0370 154.0 20.0
0.0700 69.0 19.6
0.1200 68.6 26.2
0.2000 72.9 29.6
0.2800 88.8 36.6
1.3630 160.0 33.6
1.9650 186.5 50.4
0.3802 83.0 13.5
0.4004 77.0 10.2
0.4247 87.1 11.2
0.4497 92.8 12.9
0.4783 80.9 9.0
0.4700 89.0 23.0

Figure 1. Likelihood contours in the q-H, plane obtained from H(z) data. The 10 (dark
shaded) and 20 (light shaded) confidence regions are shown, with H; in units of km/s/Mpc.
The black dot marks the best-fit values of q and H.
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Figure 2. Observational H(z) data points with error bars. The solid curve represents the best-
fit model, while the dashed and dotted curves correspond to the maximum and minimum
values within the 10 region. The fit shows excellent agreement with the observational data,
particularly at redshifts z < 1. The H(z) is expressed in units of km/s/Mpc.

Data Analysis: Observational Hubble data

We constrain the parameters H, and ¢ using the latest 31 data points of H(Z
measurements in the redshift range 0.07<z<1.75, see Table 1. To complete the dataset, we
additionally include the most precise determination of the Hubble constant from the Planck
results. The results are summarized in Table 2. The X? function is defined as

(3.1)

where H,, is the theoretical prediction from power-law cosmology, Hs the observed
value, and O; the corresponding 10 error. The model involves two free parameters, g and
H . Since power-law cosmology requires B8>0, the parameter space is restricted to g>—1
and H,20. Minimizing the X function yields the best-fit values

g= - 0.1273, Hy= 67.2264 km/sMpc, x3= 0.6404,
where X6= Xain/d.0.f. The 10 confidence intervals are found to be
g= - 012739924 1 = 67.2264* 3747 kmis/Mpc.
These results demonstrate that the power-law cosmological model is consistent with the
most recent H(z) measurements and supports an accelerating universe, in agreement with

other independent observations. The 10 (dark shaded) and 20 (light shaded) likelihood
contours in the g_H, plane are shown in Fig. 1, with the black dot marking the best-fit
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point. Fig. 2 exhibits the observational H(z) data points with error bars. The solid curve
represents the best-fit model, while the dashed and dotted curves correspond to the maximum
and minimum values within the 10 region. The fit shows excellent agreement with the
observational data, particularly at redshifts z<1.

Table 2: Summary of the numerical results for a flat universe

Data q H, (km|s|Mpc) Reference
H(z) (31 points) —0.1273:990724 67.2264707471 This work
H(2) (14 points) -0.187%72 67.2264°%7471 [21]
H(2) (29 points) - 0.04403%% 65.1738: %% [19]

Conclusion

Precision cosmological observations provide a powerful tool for probing the fundamental
properties of the Universe. In this work, we have examined power-law cosmology, characterized
by alt)e t?, which exhibits several distinctive features. For 821, this model naturally addresses
the horizon, flatness, and age problems , and offers a framework to dynamically alleviate the
cosmological constant problem. We have constrained the key cosmological parameters, the
Hubble constant H|, and the deceleration parameter g, using the latest H(z) observations. A
notable advantage of this model is its simplicity, requiring only two free parameters to fit the
data. The resulting numerical constraints are summarized in Tables 2. Our analysis indicates
a negative value of the deceleration parameter, consistent with an accelerating Universe,
confirming that H(z) is well described by the power-law model. The estimated values of
H, agree closely with independent determinations reported in the literature, as discussed
in Section 1. Contour and error bar plots (Figs. 1 and 2) further demonstrate the consistency
of the best-fit model with observational data. Despite its several appealing features, power-
law cosmology is limited in capturing the redshift-dependent transition from deceleration to
acceleration, as the deceleration parameter g is constant in this model. In summary, while
power-law cosmology provides an elegant and phenomenologically viable description of many
aspects of cosmic evolution, it remains insufficient to address all observational challenges,
particularly the dynamical transition of cosmic acceleration.
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Xa66J1 Te/IeCKONBIHBIH, 0aKbLIay JepeKTepiMeH AdpekesiK KOCMOJIOTUAJIBIK MO/ e/ib/i eKTey

Anpgarna. bys kyMbicTa 6i3 KOCMOJIOTHSHBIH OaKbLIayllbl IIEKTey/AepiH TaJlalMbI3-FaJaMHbIH,
KeHEeIiHiH KapanalblM, 6ipakK MaFbIHaJIbl MOAeJi. Bys Moze b eki napaMeTpMeH cunaTTatazabl: Kasipri
KEHEI KbLIJIaM/IbIFbIH OesriiedTiH Xa66s1 koHcTaHTackl (Hp) k9He FapbINITHIK Y/eyAiH HeMece
Oasiysiay/iblH TaOUFATbIH CUIIATTAUThIH 6asgysay napameTtpi (q). Xa66uaablH 31 6aKpliay HYKTECiHiH
COHFBI )KUHAFbIH KOJIJJaHA OTBIPHI, 6i3 0Chl MapaMeTpJiepre KOFapbl AJJIIIKIIEH IIeKTeyIep KOSIMbI3.
biz3iH TangaybIMbl3 KepceTKeHAel, KOCMOJIOTUSA JlepeKTepAiH TaHKalapJblKTal »aKChl COMKECTIriH
KaMTaMachI3 eTe aj1a/ibl, AJIbIHFaH 10 6aFasiapbl 9/leOUeTTe XKapHusJaHFAaH COHFbI HOTHKeJIepre CoMKec
KeJsieJli. Bys1 coliKecTiK FapbINITHIK KeHelAiH GeHOMeHO0JIOTUSJIbIK, CUIIaTTaMachl peTiHAe MOJe/bAiH
©3€eKTiJiriH kepceTrefi. /lereHMeH, OHBbIH, ayKbIMJbl TPEHATEPAI COTTI KalTasayblHa KapaMmacTaH,
MoJieJib/le lIeKTey/ep 6ap, acipece TapuxTarbl Oasty/ayAaH yAeyre Kelly CUSIKTbl H93iK JUHAMHUKaJbIK
cUlaTTaMaJjJapAbl KapacTblpFaH Ke3ze. »KaJnbl, KOpCeTIreH KOCMOJIOTUSI FAPBIIITHIK, 3BOJIIOLMSHbIH,
KeITereH acneKTijiepiH TaJfaMias xoHe peHOMEHOJIOTUS/IBIK, TYPFbIAaH THIM/I cUMaTTayAbl KaMTa-
MachI3 eTKEHIMEH, 0J1 6apJibIK 6aKblIay MaceJiesIepiH, aTal al TKAH/1a FAPBIIITHIK YAeY/iH JUHAMHUKAIBIK
aybICYbIH ILlIeLly YIIiH aJ1i Je XeTKIJIIKCi3.

Ty#iH ce3jep: FapbILITHIK KeJeNAeTy, AepeKTepli Tanjay, Xab6s aepekTepi, KbI3bLIFa KbLIXKY,
KyaT 3aHbl KOCMOJIOTUSIChI

Puaa ®aruma, Moxj Illaxaimam
Qusuyeckull pakyremem HHmezpaabHozo yHUsepcumema, J/lakxuay, HHous
(E-mail: mohdshahamu@gmail.com)

OrpaHuyeHH e CTENEHHOI KOCMOJIOTN4YeCcKOi Moje/iIM JaHHBIMM HaG/II0AeHUM TeslecKona
Xa66.J1a

AG6cTpakT. B faHHOW pab6oTe Mbl aHa/JM3UpyeM HaAOGJIOAATE/NbHble OTPAaHUYEHUs] CTeNeHHOH
KOCMOJIOTUM - IPOCTOM, HO COAepXKaTeJbHOM MoJeJu pacliMpeHUs BceseHHOHW. 3Ta Mofesb
XapaKTepu3yeTcs JByMs MapaMeTpaMu: NocTossHHOM Xa66J1a (Ho), koTopas 3a/jlaéT COBpeMeHHYIO
CKOPOCTb pPacClIMPeHHUs, U TapaMeTPOM 3aMe/iyieHus (), KOTOPbIM ONMUCBIBAET MPUPOY KOCMUYECKOTO
YCKOpEeHUs WY 3aMeijieHus. Mcnosib3ys nocaejH00 KOMIUAsALU0 U3 31 Touky HabrojeHui Xa66.1a,
Mbl YCTaHABJIMBaeM OrpPaHUYEHHs HA 3TH MapaMeTpbl C MOBBIMIEHHOW TO4YHOCThIO. Ham aHanus
MIOKa3bIBAET, UTO CTeNleHHAasi KOCMOJIOTHsI CIOCOGHA 06eCeYUTh YIUBUTEBHO XOpOlllee COOTBETCTBUE
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JJaHHBIM, IPY 3TOM IOJyYeHHbI€ OLleHKU 10 0CTal0TCs COTIaCOBaHHBIMHU C HEJIaBHUMHU pe3yJIbTaTaMy,
ony6JIMKOBAaHHBIMU B JIUTepaType. JTO COOTBETCTBHE MOJYEPKUBAET aKTYaJbHOCTb MOJEIU Kak
beHOMEHOJIOTUYECKOT0 ONMKMCAaHUS KOCMHUYECKOTo paciinpeHus. OJlHaKo, HECMOTpPSI Ha eé ycllelHoe
BOCIPOM3BeJleHHe KPYNMHOMAcUITaOHbIX TPEeHJO0B, MOJejb HMeeT OrpaHUYeHHUsl, OCOOEHHO NpH
paccMOTpeHHH 60siee TOHKUX JUHAMHYECKHUX XapaKTEePUCTHUK, TAKUX KaK Mepexo/; OT 3aMe/JIeHUs K
YCKOPEHMI0 B UCTOPHH. B 11eJ10M MoOKa3aHO 4TO, XOTS CTelleHHas KOCMOJIOrMsl 06ecreyrBaeT 3JlIeraHTHOe
¥ GeHOMEHOJIOTHYEeCKH XKU3HEeCIIOCO6HOe ONMCcaHWe MHOTHX aClIeKTOB KOCMUYEeCKOH 3BOJIIOLMY, ee I10-
NpeXHeMY HeJl0CTAaTO4YHO JJIs1 pellleHHs BceX HabJIoaTe/IbHbIX 3a/iay, B YaCTHOCTH JMHAMHYeCKOTO
nepexo/ia KOCMHUYeCKOro YCKOPeHHS.

KinioueBble c/10Ba: KOCMUYeCKOe YCKOpeHUe, aHa/IM3 JJaHHbIX, JaHHble Xa66J1a, KpacHOe CMellleHHe,
CTeneHHas KOCMOJIOTHS
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Pemenue a5 F(R, X, @) moaeu B cpeprudecKor MeTpUKe

K.K. Ep>xanoB , A.H. AMaHresibaueB , A.B. Anrait6aeBa , I.b. baypxkan

Espasutickull HayuoHabHbIl yHUgepcumem umenu J1.H. ['ymuneea, AcmaHa, KazaxcmaH

(E-mail: aamangeldiev525@gmail.com)

AHHOTanM4. B paboTe paccMaTpUBalOTCA aHaJIMTUYECKHE U YUC/IEHHbIE TO/-
X0/bl K IOCTPOEHUIO pellieHUH B paMKaX 0600111éHHOU rpaBUTALlMOHHOM Mojie-
v Buja F(R, X, ¢). Ocob6oe BHUMaHUe yZeJleHO UCCeJ0BaHUIO METPUK chepu-
4YeCKOW CUMMETPHUHM, MO3BOJISIIOIIMX U3YUUTh NOBEJleHHE TPaBUTAIMOHHbBIX U
CKaJIIPHBIX CTeNeHel CBOOO/bl B KOMIIAKTHBIX 00'beKTaX U KOCMOJIOTUY€eCKUX
Mozensix. [lokazaHo, YTO BBeileHHE HeJIMHEMHON 3aBUCUMOCTU QYHKIUU Aei-
cTBUSA OT KOMOUHauuu F(R, X, ) cylieCTBEHHO paclIMpseT KJ1acc JONYyCTUMBIX
pellleHul N0 CpaBHEHUIO C TPaJAULUMOHHOMN F(R) - rpaBuTanueil. AHa/IU3Upy-
I0TCAl YCJIOBUSA CYyLIeCTBOBAaHUS CTaTUYECKUX M JUHAMMYECKUX pelIeHUH, UX
YCTOMYUBOCTD, @ TaKXKe BO3MOXKHble GU3UYECKHE UHTEpPNpPeTalui B KOHTEK-
CcTe MOAV(UIIMPOBAaHHON TEOPUU rpaBUTALMU U acTpodusnku. [losyyeHHbIE
pe3y/IbTaThl OTKPbIBAIOT MEPCIEKTUBDI /J1s1 ONUCAHUS TEMHON MaTepUH, TEM-
HOU 3HEPTUHU U rPaBUTALMOHHBIX KOJIJIANICOB B paMKax eIMHOro ¢popMaaiu3ma.
JlOTIOJTHUTENIBHO pacCMaTPUBAIOTCS BO3MOXKHbIE MPOSIBJIEHUS] MO/JEJIU B Clie-
Hapuax paHHel BcesneHHoM, Bk/o4ass MHPAALUOHHYIO JUHAMUKY U $pa30Bble
nepexo/ibl, a TAKXKe BJIMSIHUE Ha 00pa30BaHUe CTPYKTYP U IBOJIIOLUI0 KOCMO-
JIOTU4eCKUX Bo3MylLleHUH. [loguépKkrBaeTcsa poJib YUCJIEHHBIX METOJ0B B UC-
C/1e/I0OBAaHUU CJIOXKHbBIX PEXKUMOB, I/le aHAJIMTUYECKHE pPellleHUsI 0Ka3blBAlOTCS
HeZoCTyNHbIMU. Ocob60e BHUMaHUE yJiesI1eTCl CPaBHUTEJbHOMY aHaJIU3y C
VM3BECTHBIMM pelLIeHUsIMU B 001l TEOPUU OTHOCUTEJbHOCTH, UYTO MO3BOJISI-
eT BbIIBUTb HOBbIe pu3nyeckue 3pPeKThbl U OTpaHUYEHHMS Ha NapaMeTphbl MO-
Jfenu. [lpeacraBiieHHble pe3y/bTaThl MOTYT ObITh MOJIE3HBI IPU pa3paboTKe
aJIbTEPHATHUBHBIX KOCMOJIOTUYECKUX CLiIeHapUeEB U B JaJIbHENIIEM NPUMeHeHbI
K aHa/IM3y acTpodPu3nveCcKUX HAOII0/JeHUH, BKJI04Yasi FPaBUTALMOHHO-BOJIHO-
Bble CUTHAJIbl U IUHAMUKY KOMIIAKTHBIX 3BE3/JHbIX 00'bEKTOB.

KiroueBsle cioBa: Metpuka lllBapumuniba, TeH3op Puduy, ypaBHeHue KieriHa -
[oppoHa, paguanbHas KOopAuHaTa, MOAMPUIIMPOBaHHAsA rpaBUTaL s
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Pewerue das1 F(R, X, @) modenu 8 cdhepuieckoll Mempuke

BBeaeHue

CoBpeMeHHasi KOCMOJIOTUSI U TEOpPUsl TIPaBUTALUMU BBIXOJAT 32 PaMKM KJaCCHYeCKOH
o6ueii Teopur oTHOCKUTEeNbHOCTH (0TO), Tak Kak mocC/IeJHYE leCATHUIeTUS HabIojaTelbHble
JlaHHbIe YKa3bIBAlOT Ha HaJlMule TEMHOW MaTepUHU U TEMHOW 3HEPTUH, IPUPOJa KOTOPHIX
ocTtaércsa HescHoW. OJHMM M3 HauboJiee NMPOAYKTUBHBIX HalpaBJIEHWH HCCIeJL0BaHUU
SABJISAIOTCA MOAMPUIIMPOBAHHbIe TPAaBUTALlMOHHbIE TEOPUH, B KOTOPbIX JleCTBUE 3aBUCUT
He TOJIbKO OT CKaJisipa KPpUBHU3HbI R, HO U OT [JONOJIHUTE/IbHbIX UHBAPUAHTOB U mnoJjei. K
YUCJIY TAKUX MOJieJiel OTHOCUTCS 0606uéHHasA F(R, X, ¢) - rpaBuTanusd [1], rae X onuceiBaeT
KMHEeTUYeCKUU YJIeH CKaJISIPHOTO 110J15, a (0 UTPaeT PoJib JUHAMUYECKOU CKaJISIpHOM CTeNleHU
CBOOO/bI.

PaccmoTpeHue paHHOW Mozenud B cPepUUYECKM CUMMETPUYHOU MeTpUKe SBJISETCS
0COOEHHO Ba)XKHbIM, TaK KaK TaKue pelleHHUs UMEIT HeNOoCpeJACTBEHHOe NpUMeHeHUE B
acTpodU3rKe U KOCMOJIOTUU: OHU ONMUCHIBAIOT CTPOEHUE KOMIAKTHBIX 00bEKTOB, YEPHbBIX
ZbIp, 3BE3HBIX KOHPUTypalMii, a TakXKe MO3BOJIAIOT UCCJIe[0BaTh CLleHAapUHU KoJljlalca U
pacmivpenus Bcenennoi. Chepuueckass cMUMMeTpUs NPU ITOM 3HAYUTENBHO YHpOLIaeT
MaTeMaTU4YeCKUH aHaJIU3, COXpaHssA NPU 3TOM PU3UYECKYI0 3HAYMMOCTb pelleHUH.

Llenbto faHHOU paboOThI ABJSETCSA WUCCAe[0BaHUE YCJIOBUMU CylLleCTBOBAaHUS pelleHUU
nas F(R, X, @) - Moziesnin B cpepruecKo MeTpUKe, aHaJINU3 UX YCTOMYUBOCTH U BO3MOXKHbBIX
bu3nYeCcKUX UHTEepIpeTaLUH.

Teopeanecxaﬂ 4acCThb

Mopenp HHKancyaupyeT 60raThlil JaHAAPT rPaBUTALMOHHBIX SIBJIEHUH, IPe0CTaBIsASA
BO3MO>KHOCTH /1J1s1 U3y4YeHUs OTKJIOHEHUN OT 06111eld TEOPUU OTHOCUTEJNbHOCTU. Mbl aHa/IU-
3UpyeM reofieauyeckoe JBMKEHHE KaK JJii MaCCUBHbBIX, TaK U [Jisl 6e3MacCOBbIX YaCTHI] B
chepruyecKkM CUMMMETPUYHOM CTAaTHYECKOM NPOCTPAHCTBe-BpeMeHH, 06061iass MeTPUKHU
[IBapyinib/ia B 3TOM pacUIMPeHHOW 'PaBUTALlMOHHOU CTPYKTYype [2].

Jns cheprudeckyd CMMMETPUYHOM CTaTUYECKOM METPUKHU MbI IpeinojiaraeM:

ds* =—A(r)dt’ + B(r)dr’ + M (r)(d0® +sin@dg’) (1)

rae A(r), B(r) u M(r) onpefensitoTci TOJbKO U3 pajUaJbHONM KOOPAMUHATHI I IJTO
cTa”zapTHas ¢opMa MeTpPUKH, onKchbiBawas cpepruiyecku CUMMETPUYHOE TPOCTPAHCTBO-
BpeMs, KOTOpasi MUCIOJIb3yeTCsd [Jis aHajJu3a Kpy4eHUs U JAUHAMHUKHA B HMCKPUBJIEHHOM
npocTtpaHcTBe. TeH30p PUyyu J/1s1 TAKOM METPUKHU MOKHO ONKCATh CJeAYIOLHUM 06pa3oM
1(4" 2M" A B MB A* M"” 2B
R=——| —+ - - - -— . (2)
B\A M 24B MB 24> 2M* M

YpaBHeHI/IH ABUXEHHUA IPUMET BUA:
AN AIB/ AIZ MM, M! Br

U Car et V7l e A L *fé(ﬁ‘ﬁ] ()

b
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!

A" M” AIBI M!B/ A!2 M!Z Ar M
22— —4—-""2 -—-2 =-2Bf +2 ~2¢fv 0", (4)
fR[ M AB MB A sz f fR( Mj fxp
M" BM' MA 4B A B M
2—-— +————|=-2Bf +4 +—fol ———+— 5
fR( e M} ) [fR f,{A ~ Mﬂ (5)
YpaBHeHue KieliHa - l'opgoHa [3] BRIMVIAAUT CAeYIOIIMM 06pa3oM:
1 A B M
—@ | ———+2— ||+ fy@' +Bf, =0
f’{ 253 Mﬂ S+ o8 ©)

O6benuHseM ypaBHeHus (3), (4), (5), nonyyaem caepnyouiee [4]:
B’ , B
2y S efyo =2 Syt B =0, (7)

rae /=(CRY’+C,X+C,p, f, =2C’R, fy =C;. Eciu Mbl BBeAeM TaK{e MapaMeTpbl YTO
A=B"', A =-B°B ,4"=2B"B” —B"’B", M =const ,Mbl MOXeM I10/iICTAaBUTb 3TH BbIpaxe-
HUs B ypaBHeHUe (64), u mosydum ciaeaytoiiee [5]:

2 2B% B (8)

"M B B

3aMeHsieM BbipaxkeHUe (7) Ha (8) nosyyaem

”2 " 1”2 ” 2
£_8C2B_+4CZB;_B c? 2 2B +B +C;X* +2C,XC, 2.
M B’ B’ M

2B* B 2C» B'2 B”
3 2 +
M B B

B> B’ M

B B 2 2B" 2B 2 2B% B"\.B
-2 —+—j(c7lcz)(+c)+2c2 ———3+—2 420 =-—+=[2==0.
M B M B B )M M B B) B

(9)
3C,C,

Ecin mbl npeanonoxum yto C, =-C,C,X, C;=-XC, — , TO Mbl MOXX€M IOJIyYUTb

caenymwolee pelieHue aas B(r): !

ACIM (4G} +CM +2C,C,MX)

B= .
M? ((r+ C,) +16C; +C,MX (r+C, ) +4C,C,CM*X (r+C,) +4CIM (2C; + CMX ™ )(r+C,)” +4C) (4" = M*C, +8rC, +4C22))

(10)
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PucyHok 1. I Bu2xeHHe YacTHIbI 414 pemieHus B(r)

Ha pucyHke npuBejeHa MoJisipHas KpUBasl, MOJIy4eHHass YUCJIEHHbIM pellleHUeM ypaB-
HeHud r=B(r, 0). Paguyc-BekTop r(60) HalieH MeTOLOM GUKCHUPOBAHHOM TOYKH [Jisl K&XJ0r0
yria. [losnydyeHHOe pelieHHe 06pa3yeT NOYTU CUMMETPUYHYI0 3aMKHYTY10 KpuByto. Popma
KPHUBOU JIEMOHCTPHUPYET CJ1aby0 3aBUCHMOCTb OT yIvia 6§, YTO COOTBETCTBYET MOYTH KPYTroBOM
CUMMETPHUH.

Temnepsb, ecyiv y4ecTb, YTO I CTPEMUTCS K CJIUILKOM 60JIbLIOMY 3HAaUEHHI0, TO U3 YPAaBHEHUH
(3), (4), (5) moxkHO noyuuTs f(1):

£(r)=1- 2G,M, (1+ Gijej_ (11)

r 6r

['paduk GyHKIMU /151 3TOrO pelleHHs BhIMVIAAUT CJAeAy0LUUM 06pa3oM:
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s Graph of f(r) for various € values (adjusted y-range)
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PucyHok 2 rpaduk ajisa pemenus f(r) 3agauu lIBapumuibsga

M3 rpaduka BUHO, YTO NIPU MaJjbIX paJdycax pa3jndyue MeX/1y KPpUBbIMU CyIeCTBEHHO:
OTpULIATe/IbHbIE 3HAYEHHUS & CMEUIAIOT MOJI0KEHHE TOPU30HTA COOBITUM f{(1)=0 K 60JbIIUM
I, a I0JIOXKUTeJIbHble 3HaYeHUs1 YMEHbLIAT pajuyc ropusonTa. OlHaKo NpHU yBeJUYEeHUU
pajiMyca Bce pelLleHUs] OCTENEeHHO CXOASATCH K YEPHOW KPUBOM, TO €CThb K KJIAaCCUYECKOMY
[IBapMIbA0BCKOMY pelieHU0. TakuM 06pa3oM, napaMeTp € BJAUSET TOJbKO Ha OJMKHIOI0
006J1aCTh OKOJIO TOPU30HTA, TOTJAa KaK Ha OOJbIIMX PAaCCTOSAHUAX MoJAUUIIMpOBaHHAas
MeTpUKa aCUMIITOTUYECKU COBNAaZaeT ¢ peumeHreM llIBapumuabaa.

3ak/j04eHue

B pamkax F(R X @) - Mozenu B cpepruieckoil MeTpUKe NOJIyYeHbl YypaBHEHMUS], ONUCbIBAIOIIME
JIMHAMHWKY TPaBUTALMOHHOTO MOJISI U CKaJsIPHOM KOMINOHeHTHI. [loka3aHo, 4TO Hajuyue
JIONIOJIHUTEJIbHBIX UHBApPUAHTOB M CKAJSAPHOrO MOJI1 CYLIeCTBEHHO pacClIUpsSEeT KJacc
BO3MOXXHbIX pelleHUN MO0 CPAaBHEHHUIO C 00Ilel Teopuell OTHOCUTEJbHOCTU. B yacTHOCTH,
M3MeHSITCA CcBoMcTBa (OTOHHON cdepbl U HapaMeTpbl CUJABHOrO TPABUTALMOHHOTO
JMH3UpoBaHUA. Takne apdeKThl MOTYT UMETh HabJI0JaeMble aCTpOoPU3UUECKHE C1e,CTBUSA
Y MCNO0JIb30BaTbCA [Jil TECTUPOBAHUSA MOAUPULMPOBAHHBIX TEOPUM IpaBUTALUU. TaKUM
06pa3oM, uccaes0BaHHE JAHHOU MOJIeJIM OTKPbIBAET NePCNEeKTUBDI JJis1 ONUCAHUSI TEMHOMN
MaTepUuU, TEMHOU 3HEPTUU U CTPYKTYPbl KOMIAKTHBIX 00'bEKTOB

biarogapHocTh
JlaHHoe ucciefoBaHue PrHaAHCUpyeTcsl KoMmuTeToM Hayku MUHUCTEpPCTBA HAyKU U BbIC-
mero o6pa3oBanusa Pecny6sinku KazaxcraH (rpant Ne AP23489289).
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Solution for the F(R, X, ¢) model in the spherical metric

Abstract. This paper considers analytical and numerical approaches to constructing solutions
within the framework of a generalized gravitational model of the form F(R, X, ¢). Particular attention
is paid to the study of spherical symmetry metrics, which make it possible to study the behavior
of gravitational and scalar degrees of freedom in compact objects and cosmological models. It is
shown that the introduction of a nonlinear dependence of the action function on the combination
F (R X, @) significantly expands the class of admissible solutions compared to traditional F(R) -
gravity. The conditions for the existence of static and dynamic solutions, their stability, and possible
physical interpretations in the context of a modified theory of gravity and astrophysics are analyzed.
The obtained results open up prospects for describing dark matter, dark energy, and gravitational
collapses within a unified formalism. Additionally, possible manifestations of the model in scenarios
of the early Universe are considered, including inflationary dynamics and phase transitions, as well
as the influence of cosmological perturbations on the formation of structures and the evolution of
cosmological perturbations. The role of numerical methods in studying complex regimes where
analytical solutions are inaccessible is emphasized. Particular attention is given to comparative
analysis with known solutions in general relativity, which allows for the identification of new physical
effects and constraints on the model parameters. The presented results may be useful in developing
alternative cosmological scenarios and can be further applied to the analysis of astrophysical
observations, including gravitational-wave signals and the dynamics of compact stellar objects.
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Coepanbik MmeTpukaaarsl F(R, X, ¢) moaeJtiHiH memimi

AnHoTanus. by xxymeic F (R, X, ¢) TypiHeri xKa/lnblJIaHFaH rPaBUTALUSJIBIK MOJIEJIb/le MenliM-
JepAi KypyAblH aHaJUTHKAJBIK K9He CaHJbIK TaciajepiH KapacTbipabl. ChepanblK CUMMeTpPUS
MEeTPUKACBhIH 3epTTeyre epekKllie Ha3ap ayAaphblaajibl, 0Jap bIKIIaM HbICAaHAAP MeH KOCMOJIOTUSJbIK
MozeJbJepAeri TpaBUTALUAJBIK KoHe CKaJNAPJBbIK EepKiHAIK [apexesepiHiy MiHe3-KyJKbIH
3epTTeyre MYMKiH/iK Oepefii. OpekeT PyHKUUACBIHBIH F (R, X, (¢) KOMOUHALUsACBIHA ChI3bIKThI EMeC
TAyeJIAiiriH eHri3y gactypJii F(R) - aybIpJIbIK KYILIiMEH CaJbICTBIPFaH/ia PYKCAT €TI/IreH HenimMaep
KJIAChIH eJjpyip KeHeWTeTiHi kepceTisireH. CTaTUKaJIBIK >K9He JUHAMHUKAJBIK LielliMaepAid 60y
apTTaphbl, OJAapAblH TYPAaKThUJIbIFbl >X9HEe TrpaBUTALMs MeH acTpopU3UKaHbIH ©3TrepTijJreH
TeOpUsiCbl KOHTEKCTIH/IeTI MYMKiH PpU3HUKA/IBIK HHTEPIPETALUAIAD TANIaHAIbl. AJIbIHFAH HOTIDKEJIED
6ipTyTac popmMann3M aschlHAA KapaHFbl MaTEPUSIHbI, KAPAaHFbl SHEPTUSIHbI XXKoHE TPAaBUTALUSJIBIK
Ky#lpey/i cumarray NnepcueKTHBasapbliH amazbl. COHbIMEH KaTap, UHQJANUANBIK, JUHAMHAKA MEH
dazanbIK aybICyJapAbl KOcCa asifaH/a, epTe OJIeMHIiH CleHapulaepiHaeri MoesbAiH BIKTUMAJ
KepiHicTepi, cOHJAl-aK KYpBbIJIbIMHBIH KaJbIITAaCyblHA >X9HE KOCMOJIOTUSJIBIK Oy3blayJap/blH
3BOJIIOLUSICBIHA KOCMOJIOTHUSIJIBIK OY3bLIYyJIapAblH dcepi KapacThIpblaabl. AHATUTHUKAIBIK IelliMAep
KOJI KeTIMCi3 KypAeJsi pexxumJephl 3epTTeyne CaHAbIK 9JiCTepJiH peJii epekile aTal eOTijesi.
Mopenb mapamMmerpJiepiHe kaHa GU3UKaAJIBIK dcepJyep MeH LIeKTey/epAi aHbIKTayFa MyMKiHAik
GepeTiH KaJNbl CaJbICTBIPMAaIbLIBIKTAFbI O€JITiJI HemiMAepMeH calblCThIpMaJibl TAN[AyFa epeKile
Haszap ayjapbliaZibl. ¥CbIHBLJIFAH HOTHIKEJIEP aJbTEepPHATUBTI KOCMOJIOTUSIJIBIK CleHapuujepai
a3ipJieyae naiianbl 60/1ybl MYMKIH K9He 9pi Kapal acTpodU3HKabIK 6aKblaayaap/ibl, COHBIH illiHAe
IPaBUTALUSAJIBIK-TOJKbIH CUTHAIJAAPbIH K9HEe BbIKIIAM JKYJABI3/IbIK, 00beKTiIEp/iH, JUHAMUKACHIH
TaJllayFa KOJAaHbLJIybl MYMKIH.

Tyuingi cesaip: lBapymuaba MeTpuKachkl, Puuuu TeH3opsl, KinelH - l'opaoH TeHAeyi, paguaiiblK
KOOpP/IMHATA, 63TEePTIJITeH aybIPJbIK,
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CpaBHUTE/IbHbINA aHA/IU3 NOKPBLITUMA HA OCHOBE JIUTOU U IOPOLIKOBOM
IIPOBOJIOKHU NPH 3JIEKTPOAYTrOBOM MeTa//IN3aluuU
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2HayuHblli yeHmp 3awWumHusix U gyHKYUOHANbHLIX NOKpbimutl, BocmouHo-Kazaxcmanckuil mexHuveckutl yHusepcumem
umeHu /flaynema Cepuxbaesa, 070010, Kazaxcmah, 2. Ycmo-KameHozopck

3TOO «HHcmumym koMno3uyuoHHbix Mamepuasoe» 070010, Kazaxcmat, 2. Yemb-Kamenozopck
*BocmouHo-Kazaxcmanckuti yHugsepcumem umernu Capcena Amamconosa, 070002, Kazaxcmat, 2. Yemb-Kamenozopck

(E-mail: shohmanovamb@gmail.ru)

AHHOTanuA. B cTaTbe npeacTaBjgeH KOMIJIEKCHbIA CPAaBHUTEJIbHbIA aHAJIU3
NOKPBITHH, NOJYYEHHBIX METOJO0M 3JIEKTPOAYTOBOM METAJIJIU3aLMU C UCTIOJIb-
30BaHUEM JIMTOW M IMOPOIIKOBON MPOBOJIOKM Ha MOJJOXKKaX U3 cTaJu 65I.
OcHOBHOE BHHMMaHHMeE y/leJIEHO BJAUSHUIO TEXHOJIOTUYECKUX NTapaMeTpPOB Mpo-
1jecca — CKOPOCTH MOJAA4YY NMPOBOJIOKH, /laBJieHUs pabouyero rasa, JUCTAHIUU
pacnblIeHUs U TeMIepaTyphbl peABapUTEbHOT0 HarpeBa Mo/IJIoXKKH — Ha $pop-
MHpPOBaHUE CTPYKTYPbI, TOJIIMHY, IOPUCTOCTb U MUKPOTBEPAOCTb NOKPBHITUH.
YcTaHOBJIEHO, YTO UCII0JIb30BaHKMeE MOPOIIKOBOM MPOBOJIOKU 0b6ecriedyrBaeT $pop-
MHpOBaHUe 60Jiee MJIOTHBIX U PABHOMEPHBIX CJI0EB C MUHMMAaJIbHOU MOPUCTO-
cThio (10 4,3 %) ¥ NOBBILIEHHOW MUKPOTBEPAOCTHIO (10 245 HV), B TO BpeMs Kak
JIUTasl IPOBOJIOKA JEMOHCTPUPYET MeHee CTaOU/IbHbIE pe3y/bTaTbl. JKCIIEPU-
MEeHTaJ/IbHO JJ0Ka3aHo, YTO MOBbILIIeHH e /lJaBJIeHus ra3a 1o 7-9 MIla cnoco6cTByeT
YIJIOTHEHHUIO MIOKPBITHS 32 CYET yBEJIMYEHUS] KUHETUYEeCKOM SHEPTrUM 4acTull, a
Yype3MepHbIH peBapUTeIbHbIN HAarpeB MO/AJI0KKH BbI3bIBAET POCT IOPHUCTOCTH
Y CHIKeHUe TOJIHUHBL. ONTHMa/IbHbIe PEXKUMBbI TTO3BOJIWJIU AOCTUYb TOJILUHbI
HNOKpPBITHSA 10 712 MKM NIPU COXPAaHEHUH HU3KOU 11epoxoBaTOCTH. [losydyeHHbIE
pe3y/bTaThl NOATBEPKAIOT 1eJ1eCO00Pa3HOCTb NPUMEHEHHUS TOPOIIKOBOM MPo-
BOJIOKM M ONTUMU3HWPOBAHHBIX NMAapaMeTPOB 3JIEKTPOAYTOBOW MeTaslJIn3ali1
JUIS1 CO3J,@aHUSI U3HOCO- U KOPPO3MOHHOCTOMKHX MOKPBITUH, BOCTPEOOBAaHHbIX B
MaLIMHOCTPOEHUH, SHEPTETUKE U CMEXHbIX OTPACJISAX MPOMbIILIEHHOCTH. Pa6o-
Ta JEMOHCTPUPYET NPAKTUYECKYI0 3HAUUMOCTb BEIOPAHHOT0 MOAX0/Ia U BHOCUT
BKJIA/l B pa3BUTHUE TEXHOJIOTUH IOBEPXHOCTHOTO YIIPOYHEHMUSI.

KiioueBble cJ10Ba: 3/1eKTPOAYroBasi MeTa/lJIn3alUsl, IOPOILIKOBasi MIPOBOJIOKA,
JIUTasi MPOBOJIOKA, CTa/b 65[, MOKpPbITHE, TOPUCTOCTh, MUKPOTBEPAOCTb, Ilie-
pOXOBATOCTh.
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BBeaeHue

B yc/i0BHSIX COBpeMeHHbIX TPeOOBaHMUM K HAJI€XKHOCTH U J0JITOBEYHOCTH H3/leJIMi 0coboe
3HayeHHe IpUobpeTaeT COBEPLIEHCTBOBAaHHWE METO/I0B YIIPOYHEHHUS U 31U Thl I0BEPXHOCTEW.
O HUM K3 TaKUX 9P PEKTUBHBIX U LIUPOKO NPUMeEHSIEMbIX METO/OB SIBJISIETCS 3JIEKTPOYroBasi
MeTaJlJIu3alus, N03BoJIALIAasd GOPMUPOBATh NOKPLITHUA C BBICOKMMHU 3KCIJIyaTallMOHHBIMU
XapaKTepUCTUKaAMHU.

JdJleKTpoAyroBasd MeTa/U/IM3alys IO03BOJIAET IOJYy4YUTb MOKPBITUS C BBICOKUMHU
bU3UKO-MeXaHMYeCKMMU XapaKTepUcTUKaMU. OJHAKO [Jis JOCTHXKEHUsI ONTHMaJIbHOIO
KauyecTBa IMOKPBITUS HeOOXOAMMO yYUTbIBaTb MHOXECTBO (aKTOPOB, BJAMUAKILIUX Ha €ro
XapaKTepucTUKU. KitoueBbIMM mapaMeTpaMH SBJSAKTCA MHUKPOCTPYKTYpPa, YCTaJ0CTHas
IPOYHOCTb, CKOPOCTb U3HOCA, KOPPO3MOHHAA CTOMKOCTb, IOPUCTOCTb MOKPLITHS, TBEPAOCTD,
OpPOYHOCTb, 3(PEKTUBHOCTb OCAXKJAEHUA, aAre3rOHHass MPOYHOCTb, ILIEPOXOBATOCTH
IIOBEPXHOCTHU U cofiep:kaHHue oKcuzoB [1,2]. Ha uToroBble cCBOMCTBA NOKPBITHUSA CYLLeCTBEHHO
BJMSAOT pa3JiMuHble Mapbl MO pe3yJbTaTOM HWCCJAe[0BaHUA TOJILUHbBI U TMOPUCTOCTH
HOKPBITUM B 3aBUCMMOCTH OT M3MEHEHUs NapaMeTpPOB MeTpbl TEXHOJIOTUHW TePMHUUYECKOIO
3JIEKTPOAYroBOro HamblieHUs. Cpeiu HUX MOXKHO BbIJIEJIMTh HalpsKeHUe, TOK, CKOPOCTb
N0/lau¥ MPOBOJIOKH, paccTosiHMe pacnbuieHus (SoD), reomeTpuio comsa, cpesy MOKPBITHUSA
(MHepTHasA, OKpyXawllasd HWJIM BaKyyMHas KaMmepa), JaBJeHHe pacnblIsgeMOoro rasa,
MCXOHBIA MaTepuaJl, TUll paclbliseMoro rasa (Bo3ayx Uy a3oT), peJiBapyUTebHbII Harpes
IOBEPXHOCTU MNOJAJIOKKU WJU MOCJAeAYIIy0 TepMooO6paboTKy Jiamesed NOKpbITUA [3-9].
Tak:xe Ba)kHbI MeTO/bl NMOATOTOBKU MOBEPXHOCTH, TaKHUe, KaK JpobecTpyiHas 06paboTkKa,
NeCKOCTpyiHas 06paboTKa U rpybas pe3nba.

MHoro4ucieHHble UcCCIeL0BaHUsA NOATBEPAUIM BaXXHOCTb ONTHMH3AaLUM NapaMeTpOB
TEPMHUYECKOT0 HallblJIeHUs /Il JOCTUXKEHUsI TpebyeMbIX XapaKTePUCTUK MeTalJIN4eCKUX
nokpblTUi. Hanpumep, Apud u ap. [2] U3y4uau BAUAHUE pacCTOsIHUA HanblieHUA (SoD)
Ha XapaKTePUCTUKH JIATYHHbIX MOKPBITHUHI, HAHOCALIMXCA Ha HU3KOYIJIEPOAUCTYIO CTaJlb,
YCTAaHOBUB, 4YTO yBeJIMYeHUe HalpsKeHUsA U SoD NpPUBOAUT K POCTY LIEPOXOBATOCTHU
IOBEPXHOCTH, NpU 3TOM 3ddeKTUBHOCTh ocaxzeHUsa (DE) 3HauuTesnbHO CHMXKaeTcs.
B pa6ote [10] uccirenoBaHbl XapaKTEPUCTHUKHU CTaJbHbIX NOKPBITUH NpPU H3MEHEHUU
JlaBJeHuda rasa-Hocutesis, SoD u MowHOCTU Qakesa, BbIABUB, YTO MJOTHOCTb NOKPBLITUSA
yBeJIMYMBAETCA MPU NOBBILIEHUH JaBJIeHUs ra3a-HOCUTeJS U cokpaleHuu SoD. /lxxoHCcoH
u Ap. [11] npoieMOHCTpUPOBAJH, YTO NapaMeTphbl HAalblJIEHUS BJUAKT Ha MOPUCTOCTb U
TBEPAOCTb IIMHKOBBIX MOKPBITUU. Kymap u ap. [12] onTUMHU3MpOBaM NapaMeTphl AJs
JIByXIIPOBOJHOTO JyrOBOTO HalblJIEHWS aJlOMUHUEBOro MOKpbITUA. Pabora Kymapa u
[Tangey [13] nmokasasa, Kak napaMeTphl MJa3MeHHOrO HalblJIeHUs BJAUSAIT Ha TOJIUHY
HNOKPBITUS M IIEpPOXOBAaTOCTb INOBEPXHOCTU. TeM He MeHee, HelpaBUJIbHbIA BbIOOD
pexxuMoB 3/IM MoxKeT IPpUBECTHU K BbICOKOW MOPUCTOCTH, BBICOKOMY COZlEepPKAaHUI0 OKCUJ 0B,
HU3KON 3QPEeKTUBHOCTU HANbLJIEHWS M BBICOKOM LIEpPOXOBATOCTHM NOBEpPXHOCTH [7, 14].
JTo noAvYepKUBaeT HEOOXOJUMOCTb ONTUMM3aLUMU NapaMeTpoB I/IM asd nosydyeHUs
3pdeKTUBHBIX NOKPBITUM /1/11 KOHKPETHBIX IpUMeHeHUH [15].
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B.K. Paxaduaos, HM. Mazasos, A. AncexcaHosa, M.b. basiHOuHosa

AKTya/ZIbHOCTb HUCC/eJ0BaHUS 3aKJKYAETCA B TOM, YTO COBPEMEHHbIE TEXHOJIOTUYECKUE
IPOLIECCHI TPEOYIOT MOBbBIIIEHHUS JOJITOBEYHOCTH M IKCIJIyaTallMOHHON HAEXKHOCTHU JleTasiel
MalllUH U KOHCTPYKIUH, pabOTaIOUIMX B YCJIOBHUSAX 3HAYUTEJAbHbIX HAarpy30K U arpecCUBHbIX
cpen. JJIEKTPOAYroBasi MeTa/UIM3alus SBJSETCS OJHUM HM3 MepCNeKTUBHbIX MeTO/ 0B
YIPOYHEHUST U BOCCTAHOBJIEHUS MW3HOUIEHHBIX MOBEPXHOCTEM, MO3BOJISI1 3HAYUTEJIbHO
NPOJJIUTH CPOK CJAYKObI U3AeNUd. B CBA3U ¢ 3TUM aKTyaJlbHOU 3ajjauell SIBJIsIETCS BbIOOD
ONTHUMAaJIbHOTO MaTepuasia MPOBOJIOKH, 00ecledrMBalolero Hauay4lliue CBOMCTBA MOKPBITHUH
C TOYKHU 3peHUs aire3uu, U3HOCOCTOUKOCTH.

[les1bt0 HACTOAILET O UCC/IEeOBAHUS SABJISJIOCH ONIpeJieJIeHhe ONTUMaJIbHOTO peXXUMa 3J1eKT-
POAYTOBOM MeTa//IM3alUM U TEXHOJOTHYECKUX MTapaMeTPOB HalblJIeHHs, 06ecneyrBaoIUX
dbopMHpoBaHUe MOKPBITUN C MUHUMaJIbHON MOPUCTOCThI0. KpoMe Toro, Ha ocCHoBe BbIOPaHHOT'O
ONTHUMaJIbHOTO peXHMMa MPOBEJIEHO CPAaBHUTEJIbHOE MCC/IeJ0BAaHUE C MPUMEHEHUEM JINTOHN
Y MIOPOIIKOBOM MPOBOJIOKHU C L[€JIbI0 OLleHKU UX BJIUSHUS HAa MUKPOTBEPAOCTD MOJTYYEHHbIX
NOKpPBITHM.

J1s1 oCcTXKeHre MOCTaB/IEHHOM LieJTH BBITIOJIHAINCH CIeyIolIye 3a[ja4u: — U3YYUTh BJIUSHUE
OCHOBHbIX TEXHOJIOTMYECKUX [TapaMeTPOB 3JIEKTPOAYTOBOU MeTa/lJIn3alMH1 (CKOPOCTH MOJJauu
NPOBOJIOKH, JaBJE€HUS rasa, AUCTAHIMM HaNbLIEHHUS, TeMIlepaTypbl NpeABapUTEIbHOrO
HarpeBa MOJJIOKKU) Ha TOJIIIMHY U MOPUCTOCTb POPMUPYEMBIX MOKPBITUH; - ONpeeUTh
ONTHUMaJIbHbIN PEXXHUM HalblJIEeHUs], 00ecredrBaOLUH OJy4YeHHe NTOKPbITUN C MUHUMAaJIbHOM
NOPUCTOCTBI0O U PAaBHOMEPHOW CTPYKTYpPOM; — MPOBECTU CPABHUTEJbHbIA aHaJM3 MHUKpPO-
TBEPAOCTU MOKPHITHUH, CPOPMHUPOBAHHBIX C IPUMEHEHUEM JIMTOU U MOPOIIKOBOU MPOBOJIOKH,
NPU OJJMHAKOBBIX ONNTUMAJIbHBIX YCA0BUAX HallblJIEHUSI.

MaTepPlaJIbI U MeTOoAbl I/ICCJIeAOBaHI/Iﬁ

Mamepuasavl u Memodbl noy4eHue Memaaau3ayuu

B HamblIeHUU NPUMeHsJIach YCTAHOBKA 3JIEKTPOAYTOBOM MeTaJJIM3alMH, BKJIIOYAIOILAs
pacnbLIMTENbHBIN MUCTOJIET, UICTOYHUK NUTAHUSA U IOPLIHEBON KoMIpeccop. [yist Hanbl1eHUs
MCIIOJIb30BaJICSl CBEPX3BYKOBOM AyroBoil MeTtasiudatop SX-600 (I'yanwkoy, Kuraii), BkIIO-
YalUMA HMCTOYHUK MUTAHWSA, AYTOBOM paCNbLIUTENb, CUCTEMY YyIpaBJeHUS U MOJAYY
okaroro Bo3ayxa (puc. 1). [IpuHIMND pa6oTbl OCHOBAaH Ha paclJaBJEeHUH MPOBOJIOYHBIX
3JIEKTPO/I0B 3JIEKTPHUUYECKOM [yrOo¥ U pacnblleHUU pacijiaBa CTpyén Bo3ayxa. PacniaByieHHble
YacTHULbl 0CAX/JAITCA Ha MMOBEPXHOCTb, 06pa3ysl CIJIOIIHOE MOKPbITHE, TOJLMHA KOTOPOTO
peryJiMpyeTcsl YMCI0M MPOXO0/I0B U CKOPOCTBIO ABMXKEHUS paciblanTeis. [[poBosioka nogaércs
yepes HallpaBJISOILNE, [yra BOSHUKAET MeX/1y UX KOHLIAMHU, a CKaTbIld Bo3Ayx (6oJiee 100 M/c)
IIepeHOCUT pacIljiaB Ha MOBEPXHOCTb, GOPMUPYS MOKPBITHE C BHICOKOU aJire3uerd U HU3KOU
HOPUCTOCTHIO
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PucyHok 1. O61uii BUj, KOMILJIEKCA JJ1Sl BBICOKOCKOPOCTHOM 3JIEKTPOAYTOBO# MeTa//In3aluu
$X-600 (a); BHeIIHU BUA pacnblINTEbHOrO nucTosieTa (b); TexHo/ioruyeckas cxema (c):
1 - Kopnyc MeTa//IU3aTOPa, 2 - MEXaHU3M NoJayM MPOBOJIOKH, 3 - KaHAJ AJIA N0AA4YH CKATOT0
BO3JyXa, 4 - 3/IeKTPOJHbIe IPOBOJIOKH, 5 - 30HA 3/IEKTPUYECKOM AYTH C pacnbl/IeHHBIMU
4acTUI[aMU IPOBOJIOKH, 6 - cGOpPMHPOBAHHOE HalNlblJIEHHOE NOKpbITHE [8]

B kavecTBe MOAJIOKKHU Oblia MCHOJb30BaHa cTatb 65I. [loA10KKK OblIM BbIpe3aHbl U3
JILCTOBOTrO MaTepHrasa. Kaxbiii o6pasel; UMeeT BbICOTY 4 MM, AJUHY 25 MM U iUpUHY 10 MM.
Jlns nosiydyeHMs OAHOPOJHON U POBHOM NOBEPXHOCTH 00pa3Libl LIJIM(OBAIMCh HA HAXKJAaYHON
6ymare c 3epHucTocThbio oT 100 o 360.

C pesibto ompefesieHUs] ONTUMaJIbHbIX YCJOBHUU HalblI€HUs ObLIM NMPOBEJEHbl 3KCIe-
PUMEHTHI IO peXuMaM, MpUBEeJEHHbIM B Tab/ule 1, Ipu M3MeHeHUU JaBiieHus rasa (P),
CKOPOCTHU MNOZAa4u NpoBoJIOKM (V) U pacCTOSIHUSA OT COIlJIa PaclblIMTENbHOIO MUCTOJIETA
Jl0 MoBepxHOCTU ob6pasua (SoD). HanpsikeHue coctaBssisio 42+3 B, pacnbuisilolMM ra3om
cayxua Bo3ayX. 06pasibl HANbLIAJUCH PABHOMEPHO B TedeHUe 10 ceKyH/, IpyM KOMHATHOU
TeMnepatype. O603HaueHUs1 06pa3l0B COOTBETCTBYIOT BapbHpyeMbIM MapaMmeTpam: V -
CKopocTb nojavy, D - guctannus, P - naBnenue, T - npeBapUTENbHBIN Harpes.

Taﬁjmua 1. Pe:kMiMbI HanblJIEHUA NnpHu U3MECHEHHUHU PEKUMOB BJIeKTPOAYFOBOﬁ METa/JIJIN3allUH1

Oo6pasern, P, I1a V,cMm/c D, MM Oo6paser, P, I1a V,cMm/c D, MM
V1 9 2 200 P1 6 12 200
V2 9 4 200 P2 7 12 200
V3 9 8 200 P3 8 12 200
V4 9 12 200 P4 9 12 200
D1 9 12 100 T1 9 12 200
D2 9 12 150 T2 9 12 200
D3 9 12 200 T3 9 12 200
D4 9 12 250 T4 9 12 200
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[TopucTocTh ompezessjd C MOMOUIbID onTUYeckoro Mukpockona Aabramu MET 5C ¢
NporpaMMHBIM 0b6ecliedeHueM [Jisl KOJIMYeCTBEHHOI0 aHa/u3a u3obpaxeHus. [logrotosieH-
Hble 00pa3lbl He MMeJd CeJl0B UIIMPOBaHHUSA, NOJMPOBAHUS UM BbIKPOLUIMBAHUSA CTPYK-
TYPHBIX cocTaBiswouux. [I[porpaMMHoe oGecneyeHue «Altami», KOTOpPbIM OCHallleH MHK-
poOCKoIl, mporpaMma I03BOJIA€T TNPOU3BOAUTH pPaA3JIMYHble U3MEPEeHUA BblJeJI€eHHBIX
rpadpuyecKux 06’beKTOB, B TOM UM CJIe U3MePATh UX mouaau [95]. i Bcex mpeobpa3oBaHUM
vcrnoJsib30Basicsa rpadpuyeckuit pegaktop Mapkep. Ha CIM-1u306parkeHHUU MOSIBJSIIOTCS MOPbI,
B MOKPBITHU BBIJIEJISIIOTCS KPACHBIM 1IBETOM, I03TOMY, UCIOJIb3ysl UHCTPYMEHT «Bousiiie6Has
najo4yka» M 3aJlaB MHTepBaJl LiBeTa, MOXHO BbIAeJUTH MNophl. [locie storo Pesyabrar
M3MepeHUs1 0TOOpaXkasicsl B TaOJIMYHOM BUJE.

[TopuctocTb TiN NoKpbITHSA B IPOLeHTAaX BbIYUCSIACh 10 GopMyie

_ bA (1)
1= — % 100%

rae 1 - conepxxanue nop, %,

TA (TotalArea) - o61as nJiomaib NOKPbITHS,

BA (BlackArea) - o611as njioia/ib YepHbIX 06J1acTeM.

[TogcTaBaisist 3TH 3HaYyeHUs B popmyJy (1), onpefensiav 06 beMHYI0 IOPUCTOCTb NOKPBITHUS.

TonmuyHa MOKPBITHHN omnpejessiack C ucnoJsb3oBaHhueM CIOM. Jliig aHaiv3a 06pasiibl
NOKPBITUM OBLIM TMOATOTOBJEHBl MYTEM IMONEPEYHOr0 CKaJblBaHUS, 0OecrnedyuBarollero
YHCTYIO0 30HY pa3JsioMa. [lepes ucciegoBaHnueM cpesbl 3aKpENJISJINCD Ha JiepKaTeJie IOJ YIJIOM,
obecreuynBawUIMM YETKUKA 0630p momnepeyHoro cedyeHus. COM-u306pakeHUs1 MONEpPEeYHOro
ceyeHHUs MOJIydyad MPU yCKopswlleM HanpsikeHUu 15-20 kB B pexxuMe BbICOKOBAaKyyYMHOI'O
CcKkaHupoBaHUA. To/lKMHA NOKPBITHUA U3Mepslach C IOMOLbI0 BCTPOEHHOI0 NPOrpaMMHOI0
obecrieyeHUs] MUKPOCKOINA MO KaJWOpOBAaHHOM IIKaje, NPU 3TOM yYUTBIBAJIMCb CpeJHHE
3HauYeHUs, MOJIydeHHble MO HECKOJIbKMM cedyeHUsM (He MeHee 5 TodeK M3MepeHUs Ha
KaxkJioM o6paz3iie). [losiyyeHHble 3HaYeHHUS YCPEeAHATUCD [IJIsl TOBbILIEHUSI TOYHOCTH OL[€HKU.
W3mepenus npoBoaunch Ha npubope Tescan Vega (Yexus).

[To mo/iy4eHHBIM pe3y/IbTaTOM BapbHPOBAHUS PEXXUMOB OBbLIM BBIOPAHBI CIEAYIOLIYE YCA0BUS
(Tabavua 2) cBepXx3BYKOBOW JAyroBOM MeTa//IM3aldM [Jil MPOBeJleHUsI CPaBHUTEJNbHOTO
aHaJ/IM3a MOKPbITUH, COOPMUPOBAHHBIX C UCMOJIb30BAHUEM JIMTOW U OPOLIKOBOM MPOBOJIOKU
NpPU 3JIEKTPOAYTrOBOM MeTalin3aluu. B kauecTBe MaTepuaJia [Jisl HalblJIEHUS MCII0Jb30BaINCh
JlBa THUIA NPOBOJIOKU — MOPOILIKOBAs W JIMTas, U3rOTOBJIEHHble U3 cTajed Mapok Ct70 u
Ct45. Bce npoBOJIOKM MMeM OJUHAKOBbIM AuameTp 1,6 MM. Takoil pasmep BblOpaH BBULY
€ro YHUBEpPCAJIbHOCTHU U COBMECTUMOCTH C IPUMEHSIEMbIMU PACIbIJIUTE/NbHBIMU CUCTEMAaMH
3JIEKTPOAYroBoM MeTasin3auuu. [[poBosioku fuamMmeTpoM 1,6 MM 06ecrieqrBalOT ONTHMaJIbHOE
COOTHOIEHHE MeXJay CTabuabHOM mnozaded U 35PPEeKTUBHOCTbI paCIbLIEHUS, YTO
cnoco6¢cTByeT GOPMHUPOBAHUIO pABHOMEPHOT0 NOKPbITUSA [26]. KpoMme Toro, ucnosib3oBaHue
CTaHJAPTHOIO AMaMeTpa ynpollaeT HaCTPOMKY 0060py/l0BaHUS, NOA4ePXKUBAET MOCTOSIHHbIE
YCJIOBUSI 3KCIIEPHMEHTOB W MO3BOJIIET MUHUMU3MPOBATh BJIUSIHUE MapaMeTpPOB MOAA4YU
Ha XapaKTEPUCTUKHM HAHOCUMOTO CJos. OCHOBHble TEXHOJIOTUYECKHE XapaKTEPUCTHUKHU
MCII0JIb3yeMbIX IPOBOJIOK IPHUBEJEHbI B TabJIULE 2.
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Ta6una 2 - Pe;kMMbl HanblJIEHUs MPU CBEPX3BYKOBO# AYrOBOM MeTa/l/IM3al MU

[TapameTp 3HaueHue

Hanpskenue U, B 40
Tok [, A 250
CKopoCTb MoJIa4y MPOBOJIOKH, CM/C 12
JlaBsieHue pabouero rasa, Mlla 0,7
TemmepaTypa HarpeBa MoA10xKH, °C 250
JvicTaHIMs OT paclbLIUTe s 0 TOBEPXHOCTHU 150
MOJJIOXKKH, MM

Ta6smmna 3 - [lapaMeTpsbl HaNbLIsIEMBbIX MPOBOJIOK

Ne | MapkupoBka ob6pasua | HasBaHue npoBosiokrd | Tunm npoBoJIOKM | Pasmep npoBoOKH, MM
1 JI1 Ct70 JUTbeBad 1,6
2 11 NOPOLIKOBas 1,6
3 J12 Ct45 JIUTbeBad 1,6
4 12 1,6

MeTobI HCC/I€A0OBaHUI

MukpoTBepioCTb 00pasloB onpenesisad Ha npubope Metolab 502 (x3%) nmo meToay
Bukkepca [16]. [TapaMeTpbl usMepeHus: Harpy3ka 0,025 r, Bpemsi Bbigepkku 10 c. Yucio
Bukkepca (HV) paccuuTbiBaeTcs o popmyiie:

- P

HV =1.854 7 (2)
rae P - npusioxkeHHast Harpyska, d — cpe/iHsisi AMaroHa b BMATHHBI.
Pe3ysbTaThl M 06CYKAEHUS

TonmuHa ¥ NOPUCTOCTb MOKPBITUW SBJSIOTCA OJHUMHM M3 OCHOBHBIX CBOMCTB, Xapak-
TEepU3UPYILUX NOKPbITUA [17]. [losydeHHble pe3y/bTaTbl AEMOHCTPUPYIOT 3aBUCHMOCTb
3TUX MapaMeTpPOB OT YCJOBUM HanblieHUs. CKOpPOCTb MOJayud NPOBOJIOKHM OKa3bIBaeT
CyllleCTBEHHOEe BJIMSIHHE Ha GpOpMUpOBaHUE MOKPBITUU: C €€ yYBeJUYeHUEM BO3pacTaeT UX
ToJIMHA (puc. 2). [Ipy nojiaye NpoBOJIOKH CO CKOPOCThIO 8 U 12 cM/C MOPUCTOCTb CHUXKAJIACh
70 8,38% u 4,33% coOTBETCTBEHHO. ITO CBSI3aHO C TEM, YTO NMPHU 6oJiee BbICOKOHW CKOPOCTHU
yBeJIMYMBAETCS 00bEM HaMbLISIEMOT0 MaTepuasa, 6arofaps ueMy NOKpbITHe GOPMUPYeETCS
60/1ee paBHOMEPHbBIM M MJIOTHBIM. /lONOJTHUTENBHO IPU UHTEHCUBHOM MOJa4ye BO3pacTaeT
KOJIMY€eCTBO YaCTHUL, 0CAXKJA0LUXCS HAa IOBEPXHOCTD, YTO YCUJIMBAET UX YapHOE BO3EUCTBHE
Ha paHee HaHeCEHHble CJ10U. B pe3ysbTaTe NOKpBLITHE YIJIOTHSETCS, @ KOJMYECTBO MOP U
NYCTOT YMEHbIAETCs.
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PHCYHOK 4. BausaHue CKOPOCTH NNOAa4YM MPOBOJIOKHU HA TO/JIINIUHY H MNOPUCTOCTDb NNOKPbLITUA
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Kak nmokasaHo Ha pucyHKe 3, MaKCMMaJibHas TOJIIIMHA 06pa3noB (712 u 699 MkM) HabJ0-
JlaeTcsl MpU JaBjeHUsIX pabodero raza 7 u 9 MIla cooTBeTCcTBEeHHO. MUHHMAaJ/IbHbIE 3HAYEHUS
MOPUCTOCTH TaKXKe 6bUTM 3aPUKCUPOBAHBI [T ITUX PEKUMOB. ITU JaBJEHHS MOXXHO CYHUTATh
HauboJiee ONTUMATbHBIMH /151 GOPMHUPOBAHUS TOJICTBIX U MJIOTHBIX MOKPLITUH. [loBbIlIEHME
JlaBJIEHUs ra3a B YCTAaHOBKE 3JIEKTPO/LyTOBOM MeTa/VIN3ALMH TPUBOAUT K YBEJIMYEHHUIO CKOPOCTH
TPAaHCIOPTHPOBKU PACIJIaBJIEeHHBIX YAaCTHI, K MOBEPXHOCTH MNOAJIOXKKHU. [lpyu gaBieHun 7-9
MIla yacTuipl TPUOOPETAIOT 60Jiee BHICOKYI0 KHHETHYECKYI0 SHEPTrHI0, YTO CIIOCOGCTBYET HX
3¢ PEeKTUBHOMY YIIJIOTHEHUIO U IIJIOTHOMY NPUJIETAaHHUIO K paHee HaHECEHHBIM CJI0SIM. B pe3ysbraTe
IPOUCXOAUT 6oJiee KaueCTBeHHOe GOPMUPOBAHUE CBSA3€d MeXY PACIHbUIEHHBIMHM YaCTUIAMH,
CHIDKAETCS KOJIMYECTBO MAKPO- 1 MUKPOMYCTOT, YTO OTPAKAETCS B yMEHBIIEHUH TOPUCTOCTH.

Kpome Toro, BbicOKasi KHHETHYECKAsl IHEPTHS YACTHUL, 00eCIeYMBaAET YaCTUIHOE pa3Ms-
rieHue NOBEPXHOCTHOTO CJIOS MOKPBITHS U CIOCOOGCTBYET JIydllIeMy CMaYUBAHHIO MOJJIOKKH.
ITO TaKKe NOBBILIAET aZir€3UI0 U CIIOCOOCTBYET POCTY TOJIIMHBI 32 CYET 60Jiee 3P PEeKTUBHOTO
HAKOIJIEHUs] MaTepuasa. Hapsy ¢ aTUM ciielyeT OTMETUTD, YTO U3OBITOYHOE YBEJUYEHHUE
JaBsieHus rasa (ceoime 9 MIla) MoXeT MPUBOAUTH K MOSIBJEHUIO TYPOYJIEHTHBIX MOTOKOB
¥ MHTEHCUBHOMY OCTBIBAaHMIO PACIJIaBJIeHHbIX YACTHUII, UYTO TEOPETUUYECKH MOXKET CHUXKATh
KaueCTBO HaNbLJIEHUS U BbI3bIBATh e PEKTHI.
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PI/ICYHOK 5. Bausinue AAdBJICHUA HA TOJILUHY U TIOPUCTOCTDb MOKPBITHUA

32 N23(152)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
Dusuxa. ACHpoHOMUS cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



CpasHumebHbIll aHAAU3 NOKPbIMUL HA OCHO8e IUMOU U NOPOWKO80U NPOBOI0KU NpU 31eKmpody2080l Memarausayuu

UccnenoBaHue BJIMSIHUS TeMIlepaTypbl IpeABapUTENbHOI0 HarpeBa MOJJIOXKKH (pHC.
4) noka3blBaeT, YTO MaKCUMaJibHas TOJIIIMHA NMOKPLITHUA B 423 MKM Oblja JOCTUTHYTa NPHU
KOMHATHOMW TeMIlepaType, IPX 3TOM OPUCTOCTb NOKPBITHUSA cocTaBuIa Bcero 4,33%. OgHako
C oBbIlIeHHEM TeMIiiepaTyphbl A0 150 °C TosrHa NOKPbITUS CHU3UIACh A0 285,2 MKM, IpU
3TOM HabJIIAAJNOCh yBeJWdeHHe nopuctocty Ao 19,48%. Ilpu ganbHellieM yBeJUYeHUU
TeMnepaTyphl A0 200 °C Tos1MHA MTOKPBITUSI yMEHbUINUIACH ellle 60J1bliie, cocTaBUB 120,6 MKM,
a IOPUCTOCTD JOCTUIJIA CBOET0 MaKCUMa/IbHOTO 3HaYyeHus — 27,13%. [Ipy HarpeBe noL10KKH
o 250 °C ToJsuHa NOKPbITUA yBesaunuuaach Ao 202,1 MKM, B TO BpeMsl KaK MOPUCTOCTb
cHM3uJach 10 8,31%.
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PI/ICYHOK 6. BiusHue npeaBapuTe/JibHOro HarpeBa NnoAJI0XKKH Hd TOJIIIUHY U IOPUCTOCTD
MOKPbITHUA

Ha pucyHke 3 BUAHO, YTO IPU HarpeBe no/10oxku A0 150 °C TosirHa MOKPbITUSI CHAXKAETCS
c 423 no 285,2 MKM, a IOPUCTOCTh yBeandruBaeTcs 0 19,48%. 3To cBsI3aHO C U3BMEHEHUEM
YCJI0BUH 3aTBEP/€BaHUA pACNbLIEHHbIX YaCTUL,. [Ipy 3TOM TeMniepaType CHUXKAeTCS TEMJIOBOU
rpajiIueHT MeX/ly YacTUIed U MOAJI0KKOM, YTO 3aMe/ijisieT KPUCTA/JIM3ALUMI0 U 0CIabaseT
CUeNJIEeHUe KalleJib C IOBEPXHOCThI0. B pe3ysibTaTe BO3MOXKHBI CTEKAaHUE UJIM OTCKOK 4aCTHI],
06pa3oBaHHe MUKPOMYCTOT M, KaK CJe/ICTBHE, POCT NOPUCTOCTH U YMEHbIlIEHUE TOJIIUHBI.

[Ipu nanbHeleM HarpeBe A0 250 °C Ha6J/I0aeTcsd YaCTUYHOE BOCCTAHOBJIEHUE TOJIIUHBI
(mo 202,1 MKM) U CHMKeHHEe TOPUCTOCTH J10 8,31%. ITO, BEpOSTHO, CBSI3aHO C MOBbIILIEHHON
NJIACTUYHOCTBIO MOJJIOKKHA U JIYYLIUM «BILJIaBJIEHUEM» YACTUL, a TaKXKe C TepMHUYeCKOH
cTabuM3aleld HaHeCEHHOTO ¢J10s1. Ha KayeCcTBO MOKPbITUS HAUOOJIbIlIee BJAUsIHUE 0Ka3bIBAIOT
JlaBJIeHU e ra3a ¥ TeMIiepaTypa NoAJI0XKKH, IOCKOJIbKY OHU ONpeJleIII0T KHHETUKY OCaXAeHHUs
Y TelJIoMeXaHU4eCcKre yca0BUs GOPMUPOBAHUS CI0SI.

BoJsiee 6/iM3KHe JUCTAHIMU HaNblIEHUs 00€CNeYHMBAIOT OOJIBIIYI0 TOJILUHY MOKPBITUS
(puc.5).llpu guctannuu 150 MM oJiyueHo caMoe TOJICTOe MOKpbITHe. OZJHAKO C yBeJIMUeHUEM
paccTosiHUS TOJIIIMHA yMeHblIaeTcsd. TakuMm o6pasoMm, auctaHiusg 150 MM gBiaseTcs
ONTHUMaJIbHOM [Jifl MOJIYy4EHUS TOJICTOTO CJIOSl, YTO CHUXKAET 3KCIJIyaTallMOHHbIE 3aTpaThl.
[Ipu atom nopuctocTh npu 100-150 MM ocTaéTcs nmoBbilieHHOUW. HanblJieHHWe ¢ paccTOsSHUS
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200 MM faéT 6oJiee MJIOTHBIE MOKPBITHS, A a/ibHelIIee yBesrdeHue 10 250 MM NPUBOAUT K
CHI>KEHUIO TOJIIIMHBI BJBOE U PE3KOMY POCTY MOPUCTOCTHU. [I03TOMY Jla/ibHelIee yBeJTUYeHUe
JIUCTAHIIMU 0Ka3aJIoCh HelleJiecoO0Opa3HbIM.
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PHCYHOK 7.3aBHMCHUMOCTh TOJIIIUHBbI HOKprTI/Iﬁ U IMIOPUCTOCTHU OT AUCTAHLIIUHN
MUKpPOTBEPAOCTh MOKPBITHS KaK OJUH M3 KJIOYEBbIX IApaMeTPOB OblIa U3MepeHa MocIe

HaHeceHus. Ha pucyHke 6 nprBe/ieHbl 3Ha4eHUA TBEPLOCTHU B 3aBUCMMOCTH OT COCTaBa U TUIA
MCII0JIb3yeMOM IIPOBOJIOKH.
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PHCYHOK 8. MHKpOTBepAOCT]: HOKprTI/Iﬁ NpHU U3AMEHEHHUHU XUMHYE€CKOro CoCtaBa 1 TUIAa
CTAJIbHBIX IIPOBOJIOK

[ToKpbITUS U3 MOPOLIKOBOM MPOBOJIOKU B 060ux ciaydasax (Ct70 u CT45) 1eMOHCTpUPYIOT
6oJiee BBICOKYI0 MHUKPOTBEPZOCTb, BEPOSTHO, 3a CYET OoJiee PaBHOMEPHOH CTPYKTYpHI,
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JIUCIEPCHBIX BKIOYEHUN UK 0cOb6eHHOCTel $pa30Boro coctaBa. MUKpOTBEPAOCTb NOKPBITUI
Ha ocHoBe cTasiv CT70 Bblle, yeM y CT45, YTO COOTBETCTBYET UCXOAHBIM XapaKTepPHUCTHKaM CTaleM.

Jln OLeHKH 3HAaYMMOCTHU IOJIYYEHHBIX Pe3y/JbTaTOB NPOBEAEHO CpaBHEHHE C JaHHBIMHU
Jipyrux aBTOpoB. B pa6oTe Johnson u coaBTopoB [11] mpu 3/1eKTPOJyroBOM HaHECEHUH
[UHKOBBIX MOKPBITUN JOCTUTHYTa TOJLKMHA 650 MKM MpPU NOPUCTOCTU OKoJI0 6-7%, Toraa
KaK B HaCTOALEeM HUCCJIeJ0BaHMU IIPU UCIOJIb30BAaHUM IOPOIIKOBOW POBOJIOKU JOCTUTHYTA
TOJIIIMHA 0 712 MKM M CHUH>KeHa MOPUCTOCTb 110 4,3%. AHasioru4yHo, B pa6ote Qadir u ap.
[15] cHMKeHMe LIepOXOBAaTOCTH A0 YpoBHA 17-18 MKM HabJt0as0Ch NMPU JaBJEHUM rasa
6-8 MlIlIa, B TO BpeMd KaK B JJAHHOM UCCJeJ0BAHUY IIPU TeX e NapaMeTpax yAaJ0oCh JOCTUYb
1mepoxoBaTocTh A0 1595 MKM, 4To ykasbiBaeT Ha ¢(opMHpoBaHUe 06oJsiee OJHOPOJHOMU
CTPYKTYphl. Pe3ynbraThl uccaegoBanus Hui u gp. [13] Takke nmoATBep»Aal0T 3aBUCHMOCTh
IIOPUCTOCTHU OT NpeABapUTEJbHOTrO Harpesa nojJoxku. [Ilpu temneparype 200 °C aBTOpHBI
OTMeYarT pocT nopuctoctu A0 20%. B HacTos1 el paboTe 3Ta TEHAEHIMS TaKXe BbISIBJIEHA,
npuyéMm npu teMmneparype 200 °C mopucroctb pocturia 27,13%, HO npu JajibHeulieM
HarpeBe J0 250 °C HabJsr0a10Ch €€ pe3koe cHuxeHue 10 8,31%. CorsacHo Liao u ap. [17],
MUKPOTBEPAOCTD CTajiell IPU HanblIeHUU MoxeT gocturaTb 150-220 HV. B faHHo#t pa6oTe
HOKPBITUS W3 MOPOLIKOBOW IPOBOJIOKU JAEMOHCTPUPYIOT 3HadeHuss 238-245 HV, uto
CBU/IeTEJIbCTBYET O BbICOKOMW IJIOTHOCTH CTPYKTYPHI M IOBBILIEHHOU IPOYHOCTH.

TakuM 06pa3oM, CpaBHUTEJIbHBIN aHAIU3 NOATBEPKJAeT KOHKYPEHTOCIIOCOOHOCTD MOJIy-
YeHHbIX NOKPBITUN M 000CHOBBIBAEeT HAYYHYIO HOBM3HY NpeJCTaBJIEHHOT0 NOAX0/a.

3ak/iloueHue

B xoze nccne0BaHNA yCTAHOBJIEHO, YTO TUII IPUMEHSEMOU MPOBOJIOKH OKa3bIBaeT CyLeCT-
BEHHOe BJIMSIHUE Ha (U3UKO-MeXaHUYEeCKHe U CTPYKTypHble XapaKTEPUCTUKU MOKPBITHH,
NI0JIy4eHHBIX METO/0M 3JIEKTPOAYTOBOU MeTalJIM3aL i H.

[TokpbiTUs, cGOPMUPOBAHHbIE C HCNOJIb30BAaHUEM IMOPOLIKOBLIX MPOBOJIOK, 06J1aAal0T
MeHbIlIel MOPUCTOCTbIO, GoJsiee OJHOPOJHOW CTPYKTYpPOH M BBICOKOW MHUKPOTBEPAOCTHIO,
YTO JleslaeT UX GoJjiee MpefNoYTUTENbHBIMU [Jis MOJYyYeHHUs 3aljMTHbIX M YNPOYHAKIIUX
INOKPBITHUH.

OnTuMH3aLMsl TEXHOJIOTHYECKUX MapaMeTPOB HamblieHUs (JaBJeHUs rasa, pacCTOSIHUSA
Jl0 TOJJIOKKHU M NpeABapUTENbHOI0 HarpeBa) MO3BOJIIET 3HAYUTEJNbHO YJAYYIIUTb Xapak-
TEPUCTUKHU NOKPBITUH.

YcTaHOBJIEHO, YTO 4Ype3MepHbIM Ipe/iBApUTEJIbHBbIM HarpeB IMOJJIOXKKU NPUBOLUT K
CHMXKEHMIO TOJILIMHBI YU YBeJWYEHUI0 MOPUCTOCTH IMOKPBITUH, a yBeJUYeHHe JUCTAHLUU
HanblieHUd cBbllie 200 MM HEraTUBHO BJIMAET HA UX IJIOTHOCTb.

[TosnydeHHble pe3ysbTaTbl MOTYT OBbITh WCIOJIb30BaHbl NMPU pa3pabOTKe M COBepIIEH-
CTBOBAaHMMU TEXHOJIOTUM HaHEeCeHHS 3allMTHbIX NOKPLITUM B MallMHOCTPOEHUH, IHeEp-
reTUKe, aBUaCTPOEHUH U JPYTUX OTPAC/SAX IPOMBIIIJIEHHOCTH, I/ie TpebyeTcsl BbICOKAasi U3HO-
COCTOMKOCTb M KOPPO3UOHHAs CTOMKOCTb pab0UUX IOBEPXHOCTEM.

BJsiarogapHoOCTb, KOHQJIMKT HHTEPECOB
JlaHHoe ucciaenoBaHue ¢uHaHcupyeTcsd KoMmuteToM mo Hayke MUHHCTepCTBa HayKd U
BbICIIero obpasoBanus Pecny6sinku Kazaxcran (rpant N2 BR21882370).
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J/IeKTp AOFAChIH MeTa/JAaHABIPY Ke3iHJe KyiiMa K9He YHTaK, Cylipey Heri3iH/e »Ka0bIHAapAbl
CaJ/IBICTBIPMaJibl TaJIAQY

Angarna. Makasaga 650" 6o/1aTTaH »KacaJiFaH yJrijiepe KyiMa koHe YHTAK CbIMIapblH KOJIJaHbIII
3JIEKTP JAOFAJbIK MeTaIaH/bIPy d/iciMeH aJibIHFaH KabbIHJApFa KelleH/i CaJbICThIPMaJibl Talay
YChIHBLIFaH. Heri3ri Hazap TeXHOJIOTHSIBIK TapaMeTpJIeP/iH — CbIM Oepy KbLIAAM/bIFbIHbIH, YKYMbI CIIbI
ra3 KbICBIMbIHBIH, OYPKY KalIbIKTBIFbl MeH CyOCTPATThI aJ/J[blH aja KbI3JbIpy TeMIepaTypachIHbIH
- KaObIHAAPAbIH KYpbLIbIMbIHA, KaJbIHJBIFbIHA, KEYeKTi/JiriHe »oHe MHUKPOKATTBLIBIK dCepiHe
ayZapbliFaH. YHTAK CbIMbIH MaiasaHy MUHUMa/lAbl KeyeKTinikneH (4,3 %-fa JeliH) >koHe >KOFaphbl
MUKPOKATThUIbIKIIEH (245 HV-re feitin) ThIFbI3 api O6ipKesiKi KabaTTapAbl Ty3yre MyMKiHAiK 6epeTiHi
aHBIKTaJI/Ibl, aJ1 KyiMa CbIM TYPaKChI3/lay HOTUXKeJIeP KOPCETTI. JKCIEPUMEHTTIK KOJIMEH I'a3 KbICbIMbIH
7-9 Mlla-fra pgelliH apTThIpy OeJilleKTep/iH KUHETHUKAJ/bIK 3HEPTUsCBIH »KOFapbLIAThIN, KaObIH/bI
HbIFAUTATBIHBL, aJ CyGCTPATThl IIaMaJlaH ThIC IABIH aja KbI3JAbIPY KEYeKTUMKTIH ecyiHe jkoHe
KaJIbIHABbIKTBIH TOMeH/eyiHe oKeeTiHi fanenaeHii. OHTal/Ibl pexKUM/Iep Ka0blH KaJbIHABIFbIH 712 MKM-
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re JileiiH KeTKi3il, TeMeH KeAip-OyAbIPJbIKThI CAKTayFa MYMKIiH/iK 6ep/li. AJIbIHFaH HITWXKeJeP YHTAK
CbIMBIH >K9He 3JIEKTP AOFaJIbIK MeTa/lAaH/bIPYblH OHTaWIaHABIPbIIFAH NIapaMeTpJiepiH KOJIJaHy/bIH
MalllMHaXacay, SHepreTHUKa jKoHe OHepKaCiNTiH 6acKa cajajapblH/a TO3yFa XXoHe KOppo3usFa Te3iMai
»KabbIHAAp asly YIUIH OpbIHABI eKeHiH pacTabl. ZKKyMbIC TaHJa/FaH TACI/iH NPaKTHUKA/IbIK MaHbI3bIH
KepceTin, 6eTKi 6epiKTeHAipy TEXHOJIOTUAIAPbIH AAMBITYFa YJieC KOCaJbl.

Ty¥iH ce3aep: a/7eKTp AoFajbl MeTaad[aH/bIPy, YHTAK CbIM, KyibliIFaH cbiM, 651" boJsaT, »kabblH,
KeyeKTi/liK, MUKPOKATTbI/IbIK, KeZlip-0y/bIp.
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Comparative analysis of coatings based on cast and cored wire at electric arc metallisation

Abstract: The article presents a comprehensive comparative analysis of coatings obtained by electric
arc metallisation using cast and powder wire on 65G steel substrates. The main focus is on the influence
of process parameters — wire feed rate, working gas pressure, spraying distance, and substrate preheating
temperature - on the formation of the structure, thickness, porosity, and microhardness of the coatings.
It has been established that the use of powder wire ensures the formation of denser and more uniform
layers with minimal porosity (up to 4.3%) and increased microhardness (up to 245 HV), while cast wire
demonstrates less stable results. It has been experimentally proven that increasing the gas pressure to
7-9 MPa contributes to the compaction of the coating by increasing the kinetic energy of the particles,
while excessive preheating of the substrate causes an increase in porosity and a decrease in thickness.
Optimal conditions allowed a coating thickness of up to 712 um to be achieved while maintaining low
roughness. The results confirm the feasibility of using powder wire and optimised parameters of electric
arc metallisation to create wear- and corrosion-resistant coatings that are in demand in mechanical
engineering, energy, and related industries. The work demonstrates the practical significance of the
chosen approach and contributes to the development of surface hardening technologies.

Key words: electric arc metallisation, flux cored wire, cast wire, 65G steel, coating, porosity,
microhardness, roughness.
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Anparna. Fapeill WHQpaKypbLIBIMBIHAAFbEl KYpPbLIBIMABIK JAedopManus-
Hbl J19J1 9pi y3Aikci3 6akbliay Fapblll anmnapaTTapblHbIH CeHIMJiliri MeH
y3aKMep3iM/i/liriH KaMTaMachl3 eTy/liH Heri3ri mwapThl 60JibIN caHasaabl. Fa-
PBILITHIK OPTa TaOUFaAThI KaFbIHAH €peKIlle api KypAesi: UHPpaKypbIIbIM 3Ji€e-
MEHTTepl TypaKCbi3 MexXaHUKaJIbIK XYKTeMeJiepre, 3bIMbIpaH YIIbIPY Ke3iH-
Jleri KyLuTi Aipisigepre, TeMnepaTypaHblH KYPT aybITKyJapblHa XoHe KOFaphl
JleHrenieri paguanusblK cayJiesieHyTe Ui ylublpanabl. bys akTopsapabiy
OipJsieckeH acepi yakbIT ©Te Kejie MaTepHa/JlapAblH KacueTTepiH aJiciperTin,
KYPbLIBIM/BIK, TO3y/bl *KbLJIAAaMAATa/lbl, MUKpOaKayJIap/blH Manja 60JyblHa
BIKINAJI eTe/li )KoHe KayillTi anaTThIK XXaFAauJapFa okeayi MyMKiH. COHABIKTaH
Fapblll anmapaTTapbiHbIH y3aKMep3iMAi KbI3MeTiH KaMTaMacbl3 eTy YILUiH
0J1apAblH, KYPbUIBIM/BIK KYHUiH HAaKThl YaKbITTa Y3/iKCi3 MOHUTOPUHITEY Ka-
KeTTuIiri TyblHAaWAbl. OCbl TYpFbIAA TaabIKTbl bparr Topsl (FBG) cencop.ia-
pbl 3aMaHayHy api TUIM/] LeliM peTiHJe KapacTbIpbliazbl. by ceHcopiap by
6acThl apTHIKWbIIBIKTApbIHA bIKIIAM/bIJIBIFBI, )K€HJI CaJMaFrbl, 3JleKTpoMar-
HUTTIK KeJeprijiepre Te3iMAiJiri, »oFapbl ce3iMTaJbIFbl )KoHe Oip yaKbIT-
Ta GipHellle mapaMeTpAi eJiliey MYMKIHJIrI »kaTaabl. MyH1al cunaTTamMasznap
oJ1apAbl FApbILITAFbI LIEKTEYJi Macca MEH 3HePTUs pecypcTaphl XKaFJarublH/a
aca KoJsauabl etefi. Makanazga FBG ceHcop/iapbIHBIH KYMbIC NPUHIMITEDI,
Bparr ToJIKbIH Y3bIH/ABIFBIHBIH TeMIIEpaTypa MeH JiepopMaliusFa ce3iMTanbIK
KacueTi, oJ1ap/bl FapbILITHIK KYpblJIbIMJAapFa OPHATY dAICTepi 2xKoHe aJblHFaH
JlepeKTep/ii MHTepnpeTanusaaay Taciigepi KeHiHeH TanjaHa/bl. COHbIMEH Ka-
Tap, CEHCOpJapAblH, paAualUsA/IbIK TO3IMAIIIrI, TeMIepaTypablK 6eriMaiiri
’)KOHe FapbILITAFbl KOJIJaHy THIM/IIIriHe epeKlle Ha3ap ayAapblia/bl.

Tyuin ce3pep: FBG ceHcopnl, Fapbill UHQPAKYPbIIbIMbI, KYPbIJIbIMABIK, J€-
dopmarnys, ONTHUKAJbIK TaJLIbIK, Bparr Topsl, TeMnepaTypaHbl 6aKblaay
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Kipicne

Fapbiil MHOpPaKypbhLIBIMBIHBIH, CeHIMAiMIri MeH Kayimnci3firiH KaMTaMachi3 eTy YIIiH
KYpbUIBIMABIK, JAedopManusanapAbl [aJ1 api y3ijicci3 6akbliay MaHbI3[lbl €KeHi Oesriii.
Ocel MakcaTtTa COHFbI Kblagapbl FBG TexHosiOrUsACblHA Heri3zesireH CeHCopJsap KeHiHeH
3eptrenype. FBG ceHcopaapblH KYpbLIBIMABIK *KYKTeMeJiep/i 6aFasay YiliH MaHbI3/1bl eKEHIH
kepceTTi[1]. Bys ceHcopsiap apTypJii MexaHUKaAJbIK 9cepJiepre xayarn 6epy KabijsieTi MEH HAKThbI
yaKbITTaFbl aKllapaT a/iMacy MyMKiHziriMmeH epekieseHezi. FBG ceHcopsiapel TeMnepatypa
MeH MeXaHUKaJblK JAedopMalUsiHbl KaTap eJiley KabiseTiHiH apkacblHJA Kyp/esi
»KaFJaijapa HaKThl MaJliMeT ajlyFa MYMKIHZAIr aliblibin OThIP [2]. FapbIUTHIK annapaTThIH,
KaTThl KOHY Ke3iHJeri KypblJiblM peaKLUsAChIH dPTYPJi )Kep 6eTi »kafialapblH/ia 3epTTereH
TIKipUbesiep Jie 6yJ ceHCopaap/blH KOFaphl ce3iMTanAbIFbIH pacTazb! [3]. CoHbIMeH KaTap,
6ipaeit 3eptTeynep FBG ceHcopiapbIHbIH CEHIMAIIIr MEH TeMIepaTypasiblK TYPAKTbIIbIFbIH
Tafbl a alKbIHAa/bl [2].

MexaHuKalbIK acepJiepZli Tipkey MakcaTblHJA JKYprisijireH Toxipubenepae ne FBG
CeHCopJiapbl KYPbLJIBbIMHBIH YaKbITIIA XKayalTapbIH [[9J1 6JILel aJaTbIHbIFbl aHbIKTaAAbI [4].
ByJ1 ceHcopJ/iap rUApaBAUKAJbIK XXyWesiepaeri Tepbestic neH )XykTeMesiepAi 6aKpLiay YiliH ge
TUIMZI KypaJsifa ailHai/bl [5]. Fapelln annapaTTapbiHbIH, Kby OKLIayJaFblll KabaTTapblHa
eHrisisiired FBG ceHcopJiapbl KypblabIM/a Maija 601aThiH 3aKbIM/AAP/bl aJ11bIH-aJ1a aHbIKTayFa
MYMKiH/JiK 6epeni [6,7]. MyHaal 6aKbliay xKyiesnepi KYpbLIbIMbIK TYPaKTbIIBIKTHI CAKTayMeH
KaTap y3aK Mep3iMZi Fapblll MUCCHUAJAPBIHBIH, KayilCi3JiriH apTTbIpyZAa MaHbI3Abl peJ
atkapa/bl. COHbIMEH KaTap, TypOMHaap MeH Kyp/eJi KypblbIMJap/a XyprisisireH TepoeJic
MOHUTOPHHTI 6yJ1 cCEHCopJIap/ibIH KeIcaJiajibl KOJIJaHbICKA e eKeHiH Jaenaeii [5].

Fappill uHQpaKypblLIBIMBIHAAFbl KYPbLIBIMABIK AedopManuaaapbl KOFapbl AdJ[iKIeH
6aKbliay Kasipri 3aMaHfbl FApbILITBIK UHXEHEpUSAAaFbl MaHbI3bl MiHAeTTep/iH 6ipi. FBG
CeHcopJsiapbl KYpPbUIBIMABIK KYHJi OakbliayFa apHaJ/iFaH aca TUIMJI TeXHOJIOTUS peTiHAe
KeHiHeH KoJilaHbliabln Kese/i [8]. FBG ceHcopiapbl )KapbIKTbIH 6€J1TiJ1i 6ip TOJIKbIH Y3bIH/ bIFbIH
IIAFbIJIBICTBIPATbIH TOPJIbl KYpPbLIbIMFa Heri3zesreH, 0ysa KacueTi oHbl Jedopmanus MeH
TeMIepaTypaHblH, 63repyiH [aJ1 TIpKeWTIH Kypasa eTe ajafbl. OnapAblH HaKTbl eJilIeM
KYpPridy KabineTi, 3JIeKTPOMarHUTTIK KeJeprijiepre Te3iMAiNIri oHe IIaFblH KeJieMi
FApPBILITHIK XyHesepre 6ipikTipyre aca Kosaisbl eTefii [9]. Ecke asiaThbIH TaFbl 6ip »afaai 6ip
TaJILIbIK, 60MbIMEH OipHellle CEHCOP OpHATyFa MyMKIiH/liK 6epeTiH My/JIbTUIJIEKCTey KabineTi
KYpZeJi KypblIbIMAApAbIH KeH ayMaKTbl MOHUTOPUHIIH YUBIMJACTBIpyFa o0J1 amagbl. FBG
CEeHCOopJiapbl FapBIWTHIK KYypblIbIMJAAap[a OpPbIH aJaThliH AedopMalys NpoLnecTepiH HAKThI
YyaKbIT peXXHMiH/Jie TipKey apKblIbl KYPbIIBIMABIK TYTACThIKThI OAKbLIAyFa »K0J1 alafbl. by
CeHCcopJiap Faphblll annapaTTapbliHbIH XYKTeMere yliblparaH OeJlikTepiHAeri JUHaMUKaJbIK
e3repictep/ii, Tepbesic meH KepHey/i Y3[iKci3 OakbliayFa GaFbITTaJFaH JXyWesepre oHau
6ipikTtipinezi [10]. Mbicanbl, onapAbl KblJ1y OKLIay/JafFbllll KabaTTapMeH OipiKTipy apKblJbl
KYPbLJIbIM iIIIHAET] )KbIIYJBIK 63repicTep MeH TepMUSLJIBIK )KYKTeMeJlepAi ie Tipkeyre 60/1a/ibl,
OyJ1 MUCCHS THIMJIJIT MeH y3akMep3iM/ijiriH 6ipimama apTteipab [11].

FBG TexHoJsiorUsiJIapblH 9pTYpJi KoHUrypanusjapZia OHall opHaTyfa 6oJsiafbl. By
CeHCOpJiap YJIKeH IaHeJsbJepMeH Koca TipeK KypbUIbIMJApbIHAA 9pTypJi alMaKTapfra
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Geimiestin, ceHCOPJIbIK, XKeJli Kypy/ibl keHingeTtei [12]. Ocbliaiiia, xyie Tek 6esriji 6ip
HYKTeJlep/ie FaHa eMeC, XaJlbl KypblJIbIM OOWBIMEH TOJIBIK, 6aKblay >KYprizyre MyMKiHAiK
6epeni. byn nedpopmanusa npouecTepiHiH, KeHICTIKTIK TapasiyblH HaKTbl 6aFaJjiayFa >KoHe
HIEKTI )KyKTeMeJsiepAi 6osnkayFa o1 amazbl [13]. FBG ceHcop/iapbIHbIH ce3iMTa/libIFbl MeH
JI9JIJIiri, COHIaM-aK y3aK Mep3iMi TYPaKThIJIbIFbI OJIap/blH FAPbIIITHIK HHGPAKYPbIIbIM/IAF bl
TUIMAIITIH apTThipagbl. OJsiap KYpbLIBIMHBIH, TE€OMETPUSJIbIK ©3repiCTepiH, KYKTeMe
dcepiHeH TybIHJaFaH KepHeyJep/Ai koHe MilliHAIK aybITKyJ1apAbl YHeMi 6aKblian, KypblJibIM
Kayincis/irin kaMmtamacoi3 eteii [14]. FapblluThiK aHTeHHaMap/blH TepOeJliciH Tipkey HeMece
KYH 6aTapesiCbIHbIH, NaHeJbJepiH HaKThl TypaJjay CbIHJbl MiHJAeTTepAi ueny kesiHge FBG
CeHCopJiaphbl aca MaHbI3/bl peJi aTKapazbl [15].

1-Kecte. FBG ceHcOpJIapbIH FApPBIIUTBIK KYPbLIbIMAApAa KOJIAAHY/bIH, )KUHAKTBIK, KecTeci

JIBIK, ’KYKT€Me MOHUTOPUHTI

CEHCOP apKbL/Ibl KaTap eJilleni

Ne Kosgany canacel POYyHKIMOHAJIABIK, KoaaaHbL1FaH
MaHBbI3 /I bLIbIFbI aaebueTTep
1 | TemnepaTypa *KoHe MeXaHUKa- TemnepaTypa MmeH aedopMalnusaHbl 6ip [2],[10], [6]

TYTACTBIFbIH CaKTay

apKblJIbI IIEKTI )KYKTeMeJiepre AeHiHri

2 | TepGeutic meH AMHAMUKAJIBIK, Typ6uHasapaa )koHe ruApaBIuKaJIbIK [5], [4], [15]
KYKTeMe OaKbLIaybl KyHesep/ie TepbesicTepi HAKThI YaKbIT
peXHMiH/Je aHbIKTal/1bl
3 | Kby okliaysiay KypblibIM/aa- FBG ceHcopJiapbIH TEpMOKabaTTapFa eHri- [7],[11], [6]
PBIH 6aKpLIay 3y apKbLIbl KyObLIBICTHI €pTe aHbIKTayFa
60J1abl
4 | FapbIll KypblIBIMapbIHbIH, KypBIIBIMABIK KYHAI Y34iKCI3 TipKey [9], [10], [13]

npolecTep/ii 6aKbliIay

5 | KemHykTesi KeHiCTiKTiK MOHU-
TOPUHT

Bip TasubiK 60MbIMeH GipHelle ceHCop
OopHaTy¥a 60J1a/1bl,

[8], [12], [13]

9Jicremestik MaTepuaaaap

Fapbiil MHOpaKypbIIbIMBIHJAFbl KYPbUIBIMABIK JedopMalMsaHbl 191 6aKbljay Fapblil
annapaTTapbIHbIH Y3aKMep3iMAiIiri MeH Kayillci3ZiriH KaMmTamMachbl3 eTyzAeri Herisri MaceJie.
JacTypJii esliey KypaJgapbl 3KCTpeMasbl KaFjanaapaa AaJ14IrIH )KoFaaTabl, COHJbIKTaH
FBG ceHcopJsiapbl MepcrneKTHUBaJbl IieliM peTiHAe ycbiHblLIaAbl [16]. FBG Herisinaeri
CIEKTPJIiK 661y 9/iici KypblJIbIMaFbl OYHipJliK KepHeyiepAi HAaKThl XKoHe 6aFbITTa/lIFaH TYpe
6akbliayra MYMKiHZik 6epeni [17]. CeHcop MoAyJiH OpHATy Ke3iHJe CUTHaJAbIH KOFaJlyblH
6os1blpMay YIIiH Jl9HEKepJiey AJAIri MeH KOpFaHbIll KabaTbIHbIH MaHbI3bl epekKile aTal
kepceTinired [18]. CoHbIMeH KaTap, TeMmepaTypa MeH AepopMalnusi acepiH aKblpaTy YIUiH
KOMIIeHCAlMSJIbIK 9/jiCTep MeH aJl/iblH ajla KaJubpJiey Taciazepi KosganbLiaasl [19].

AnpinraH HoTwkesiep FBG ceHcopJsiapblHBIH, HAKThl YaKbIT pexuMiHzAe AedopMalysiHbl
ceHiMJI Tipkel aJsiaTbIHbIH KepceTefi. KaxeTTi AaJsaikke »xeTy yuliH pedepeHCTIK CeH-
copJlap HeMece apHaWbl TaJllIbIK KOHbUrypauusiiapbl eHrizisreH [18]. 3eprreynep FBG
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TEXHOJIOTHUSICbIHBIH, FAPBILIITBIK MOHHUTOPUHT XyHesepiHJe KOJIJJaHyFa TOJIbIK MYMKIiHJIK
6epeTiHiH KepceTeai [20].

Manpb13/b1 acniekTisiepi. FBG ceHcopsiapbIHbIH GU3UKABIK IPUHIMII 6ipMOAa/b/i ONTUKABIK,
TaJILIbIK 63€TiH/Aeri NepUoAThI AUPPAKLUANBIK TOPFA HeTi3/ie/reH. Bparr TOMKbIH Y3bIHABIFbI
CEHCOP/IbIH TeMIlepaTypa MeH JedopMalysara KOFapbl Ce3iMTalAbIFbIH cUNlaTTal bl [21].
By 6aiinansic (1) xxaHe (2) popMysiasiapMeH KOpCeTIJIreH:

Ay=2,04, (1)
22 = (@ E)AT+(1-P oA (2)

Byn ¢opmysanap apKblibl CEHCOPJBIH KapbIKIEH dpeKeTTeCy MeXaHU3Mi TycCiHAipinezi
[22]. Conpaii-ak, FBG TopsiapblH »Kacay npoueciH/ie Jia3epJsiiK o9icneH Ta/lIbIK e3eriHferi
CbIHY KOPCeTKIIliHIH NepuoATbl MOAYNALUACH] Ky3ere acblpblia/ibl, OyJl OHbIH, FapbILITAFbI
KOJIlaHbICbIHA Heri3 6oJaabl [11].

OMNTUKaNBLIK,
TanLlbIK, . ikanTtama
\ FBG TanlbIK, @3eri Kabatbl

TYCKEH JKapbIK /
WIaFbINFaH f T
JKapsIK, j = e

Cypert 1. FBG :XyMbIC icTey NpUHIHUIIHIH, CbI36aChl

TanbIKTBl CEHCOPJIBIK »KYHEHIH THUNTIK OJIOK-CXxeMachbl 2-CypeTTe KepceTiireH. Byu
apKbLJIbl CEHCOP/ABIH, XYMBIC iCTeyiH TyCiHe a/laMbI3. [LIKi ceHcopiapZa ONTHUKAJBIK, TaILIbIK
TYPJIEHAIPTill peJiiH aTKapa/bl XK9He KapbIKTbIH KACUETTEPiH TiKesel Oy3blbICTapFa xKayal
peTiHAe MoAyasaLusJanbl, ajl CbIPTKbl CEHCOpJapJa MOAYAALMsAIAY YUIIH CbIPTKbl OpTa
KoJ1JjaHbl1a/bl. CXeMaFra Ke3 XKYTipTceK KabObLiJaylublFa JeWiHTi OpbIH alaThIH KaFjanaap
KepceTisreH [24].
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AybITKY
OnNTHUKanNBIK, l I | I I OnTuKansIxK
TanwblK, TanwelK,
OnTUKan.Ik, @ . @
Kez —) TypneHajipriw _ Kabsingaywubi

Cypert 2. TUNTiK ONTUKAIBIK TaJIIBIKThl CEHCOPJIBIK »KYHEeHiH, 6JI0K-CXeMacChbl

TanublK KeH CHeKTpJi KapbIKIeH cayJeneHipiiireHae, Bparr Topsaapsl 6enrini 6ip xa-
PBIK, CIIEKTPiH BparT TOJIKbIH Y3bIHABIFbIH LIAFbLIBICThIPA/Zbl. Bys cniekTpiH Bparr ToKbIH
Y3bIH/IbIFbIHBIH, MOHIi CEHCOP 6achIHA dCep €TETIH XKbIIYJIbIK XXoHE MeXaHUKaJIbIK 63repicTtepre
COMKeC BIFbICa/bl, aJl KaJIFaH KapblK COEKTPI epKiH eTin oTbipazbl. FBG ceHCOpBIHBIH KyMbIC
icTey npuHU M OOMBIHIIA, AFbLIBICKAH )XapPbIKTbIH 0PTaJIbIK TOJIKbIH Y3bIH/IbIFbl CEHCOPJIbIK
aKnapaTt ke3i peTiHze ecentesieni. bysn 3-cyperTe OeliHesieHreH. [25]. Bparr ToJKbIH
Y3bIH/IbIFbl TOPAbIH, KYPbLJIbIM/IBIK IapaMeTpJiepiHe COUKecC KeJieli, AFHU 0J1 Bparr mapThbiH
KaHaraTTaH/blpabl. CypeTTe FBG ceHCOpBIHBIH 9CepiH aHbIK Kepe ajaMbi3 [26].

e3eK

.
—> —
- <C%:-:.:.‘§-:LTD> ©TeTiH XXapbIK, CI'IEK':pi

‘ FBG ceHcopbl

-

LLIaFbiIIFaH XKapsbIk, cnekTpi

Cypert 3. FBG-HiH ocepiHiH, HOTHXKeJIiK cypeTi

Kyieni HoTHKeslepre KoJ )KeTKi3y MaKcaTbIH/a 6ipiHellle HeTi3ri a/iicTep/li aiiTa KeTeHiK :

1. OpHamy adicmepi.

EpkiH KeHicTik apKblibl 6alaHbiCKaH FBG ceHcopsiapbl MeH TapaTbliFad FBG maccuBTepi
Fapbllll KYpbLIbIMAAPbIHAA CEeHCOpJapAbl KAlIbIKTaH, CbIMCBI3 9pi KyHeJli TypAe OpHaTyfa
MYMKIiHZiK O6epeTiH THiMJi dAicTep 6O0JbIN TabbLIa/bl; OYJ Taciaaep paguanysara TesiMzii,
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KeHis1 KoHuUrypauus KypyFa MyMKiHJiK 6Oepin, KaHaT, maHeJb >KdHE KOPIYyC Topi3Ai KeH
6etTepe AebopMallMsIHbI HAKThI 9pi KeH ayKbIM/Jia Oip Me3eTTe eJIlIeyTe KaFAan Kacanuabl
[27, 17].

2. [lepopmayusi mypsepin aHblkmay dadiai

KeszeHeH kepHey MeH OyHipsik JgedopManusHbl HAKThbl YaKbIT PEXHUMIiHJEe >KOFaphbl
JI9JIJIIKIIEH eJIllleyre MyMKIiH/iK 6epeTiH cneKTpAi 6eJ1y afjici MeH Aipis MeH TeMIlepaTypaHbl
6ip mMe3etTe 6ip FaHa FBG ceHcopbl apKblibl 6aKbliayFa MyMKiHZIK GepeTiH UHTerpaszbl
TOCLJI Faphllll KeMeJslepiHiH MeXaHUKaJbIK KYHiH TYpaKThl 9pi KeJeJs Kazarajayra, COHAAU-
aK KenJeHrewai KypbliblMJapJarbl AUHAMUKAJBIK AepopManusiap/bl THIMJI aHbIKTayFa
»Karaau xkacaumel [29, 30].

3. Typakmuliblk a0ici 60libIHWA

PapgyanuusaiblK acep MeH TeMIiepaTypaJblK e3repictepre Te3iMAinik FBG ceHcopapbIHBbIH,
FApBIIITHIK OpTaJa CeHiMJi >KyMbIC icTeyiHiH MaHbI3[bl IIApPTTapblHbIH 6ipi. ApHaibl
KaTtaTeliraH FBG ceHcopJiapbl FapbllITaFbl KOFapbl pajuanus JleHrediHe TeTen Oepir,
y3aKMep3iM/i *KoHe TYpaKThl eJillieMJep ajyFa MyMKiHAik O6epei, Oys oJsiapAbl Fapblll
MU CCUSIJIAPbIH/IA KYPbIJIBIMBIK KYH/I Y3/iKCi3 6aKbliayFa THiMAI Kypas eTefii [31]. CoHbIMeH
KaTap, TeMIlepaTypaHbIH KYPT aybITKyblHa 6eliM/Jesly YIIiH MallWHaJbIK OKbITY d/jicTepiMeH
6ipikTipinreH e3iH-e3i Ka/nbiHa KenTipeTiH FBG xyiienepi esiiey 1a/1/{iriH apTThIPHII, KaTall
KarJanaapa [la AepeKTep calacblH CaKTad OTBIPBIIN, CEHCOP/AbIH aJlbl TYPaKTbIJIbIFbIH
KaMTaMachbI3 eteni [27].

HaTHm:Kesiep MeH Tajaay/iap

Ochl MaKaJsiaZja KapacThlpblIFaH Tajajay HaTh:xesepi FBG ceHcop/iapbIHbIH Fapblll MHGpa-
KYPbLIBIMBIHAFbl KYPbUIBIMABIK AedopManusaiap/ibl HaKTbl YaKbIT peEXHUMiHJAE >XoHe
YKOFaphbl JJ/iKIeH TipKeyre KabOijneTTi ekeHiH kepceTeTiH 6osajbl. KepceTiiren apTypJi
MeXaHUKaJIbIK )KoHe TeMIlepaTypaJlblK acepJiep KaFfarlblH/Aa CEHCOPJIApAbIH Ce3iMTa/I bIFbl,
TYPaKTbIJIbIFbl K9HE CeHIMJiIiri Taxipubesik JepeKkTepre caillkec OipkKaTap HITHXKeJsep
ajiaMbl3. 3epTTey 6apbIChbIH/JA aJbIHFAH CIEKTPJIiK aybITKy/Aap, AedopMalusara xxayamn 6epy
yaKbITbl MeH TeMIlepaTypaJiblK KOMIIeHcanys aaicTepiHiy THiMAIIri FBG TeXHOJOTUACBIHBIH
FaApBILITBIK KOJIJJaHOaap yuIliH 6oJialiaFbl 30p eKeHiH AaJielelTiH 6osaibl. byaH 6eJiek,
pafuauusara Te3iMiJIri KylenuTiJITeH CEHCOpJIapMeH »KYPri3iJireH CblHAKTap oJap/blH, y3aK
Mep3iMAl MUuccusanapZa KoJAaHyFa )KapaMAbLIbIFbIH HAKThLIAN anybl. AJIbIHFaH HOTUXKeJlep
CEHCOp »KYyHeJiepiH »KeTinJipyre, Fapblll MHQPAKYPbIJIbIMbIHBIH, KayilCi3AiriH apTTbIpyFa
YKOHE KYPbLJIbIM/bIK TYTAaCThIKTbl YHEMI OaKblayFa MYMKiH/IiK 6epeTiHiHe Ke3 KeTKi3eMis.

1. FBG ceHcopJ1apbIHBIH OPHATBLIY cajiajiapbl 60MbIHIIA TUIMALTIK rpaduri 4-cypeTTe Kepce-
TisireH. Bysirpaduk ocbl 6aFbITTa 3epTTE/reH MaJliMeTTepre cyleHin matlab nporpamMaceiHaH
anbIH/ABL Bys apTypJti Fapbiil KypblibiMaapbiHga FBG ceHcop/iapblH OpHATY/ABIH, CE3IMTal/bIK,
TUIMJIiJIIrT MeH KypbUIBIM/IbIK, peaklUsiapFa »kayan 6epy KabiseTiH kepceTteni. [padukTiH,
BEPTHUKAJIb OCi TOJIKbIH Y3bIH/bIFbIHBIH KEHICTIKTIK aMIIMTYAAChIH CUIIATTaca, FOPU30HTAJb
0Ci KypbLJIbIM O60MbIHIIA KEHICTIKTIK OpbIH/bI HEMECE KYpbLJIbIM 3JIeMEeHTTepiH Ginjipesi.
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Cyper 4. FBG ceHCcopJIapbIHbIH, OPHATBLIY CaJjiajiapbl GOMBIHIIA THIMALTIK rpaduri

By xkepae: AMIUIMTY/Ia HEFYPJIbIM XKOFapbl 60Jica — ceHcop AedopMalUsHbl COFYPJIbIM HAKThI
9pi KapKbIH/IbI ce3e/i.

[Tepuo/ KbICKapFaH CalibIH — CEHCOP Te3 e3repeTiH JUHAMHUKAJIbIK IpoliecTepre 6eilimM KeJiei.

TosKpIH cUNIAaThI — OPHATBIJIFAH KYPbIJIbIM THUIIHIH MEXaHUKAJIbIK XKYKTEMECiHe TayeJI/ii.

2. FBG ceHcopJiapbIHBIH, AepopMalys TypJ/iepi 60MbIHIIA A3JIK JUHAMUKACBIH CUIIATTaUThIH
rpaduk 5-cypeTTe KepceTiireH. Matlab nmporpammacbiHa KoJIlaHBbLIFaH 9/le0HUeTTepAeri
3epTTeyJiepre cyieHin anbiHAbL by xxepe rpaduik FBG ceHcopiapbIHBIH 9pTYpJii KYPbLABIMAbIK
Jebopmanys TypJiepiH aHbIKTay[aFbl YaKbIT illiHAEeri ce3iMTalJbIK A2JIrMIH CHUaTTaNuabI.
['paduk TepT Typsi sepopManusara 6esiHreH: KeJiJleHeH, KepHey, TeMIepaTypaJblK e3repic,
JlipiJ 2x9He O6yHipJiik fedopmanus.

Op rpaduKTe eKi CEHCOPJIbIK 9/IiCTiH — CIeKTPZAi 66y (alIbIK KOK) KoHe UHTeTrpasiJbl TICII
(KO0 KOK) — YaKbIT OCi 60UbIH/aFbl peaKliusapbl 6elHeaeHe/ .
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Cyper 5. FBG ceHcopJiapbIH AedopMalys cajiasapbl 60MbIHIIA CATBICTBIPY
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FBG ceHcopJiapbIHbIH, pajUalysblK, OpTaZaFbl TYPAKTbIIbIFbIH CUNATTAUTBIH rpaduk 6
- cypeTTe KepceTinreH. Cel36afarbl rapQuKTep ciaTeMezeri afebueTTep/ieH XoHe ChIPTKBI
MaJIiMeT Ke3JepiHe Herizgesin matlab nporpammacbiHaH anjblK. byn kepae apTypJi
koHburypauusagarbl FBG ceHcopsiapblHBIH paJUalUAIBIK [J03aHbIH apTyblHAa 0alJaHbICTHI
CUTHaJI TYPaKThLIbIFbIHbIH 63repici 6eliHesieHreH. /luarpaMMa ceHcopJiapZblH HAKThbl )KYMBbIC
IIapTTapblH/JA KAHILIAJBIKTBI CeHIMJI »XoHe JaJ1 eJlieM 6Oepe alaTbIHbIH CaJbICThIPMaJIbI
TYPJe aHbIKTayFa MYMKIiH/iK Gepei.

['opu3oHTaIb 0Ch paiMaLUAJIBIK J033aHbI KOpCeTCe, BePTUKaJ/Ib OCb CEHCOPABIH, CUTHA/ABIK,
TYPaKTbLIBIK AeHIeUiH NaubI3AbIK eJleM/e cunaTtTanibl. CUrHaI TYPaKThIJIbIFbI CEHCOP/bIH,
JedopManusa HeMece TeMIlepaTypa CUAKTHI TapaMeTpJiepAi AypbIC, y3iJ1icCi3 :kaHe aybITKYCbI3
TipKel a1y KabijieTiH KepceTeTiH MaHbI3/1bl KOPCETKILI.
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Cypet 6. FBG ceHcopJiapbl: paguanMAbIK dcepre 6ailjlaHbICTbI TYPAKThLIBIK,
KOopbITBIHABI

Fapbiil mHOpaKypbUIBIMbIHBIH, KAYillCi3Airi MeH y3akMep3iMAiliriH KaMTamachbl3 €Ty YIIiH
KYPbLIBIMABIK, flebopManusaapAbl HaKThl 9pi Y3A4iKci3 6aKbliay 6acThbl TajJanTapblHbIH, 6ipi
eKeHiH 6ailKaabIK. Ocbl MaKasiaZia Taaaanfrad FBG ceHcopJ/iapbl KaXKeTTi J2J1/iK, ce3iMTaNAbIK
’)KOHE TYPaKTBUIbIK KepCeTKIllTepi OOMBIHIIA >KOFAapbl THIM/I Kypasa ekeHiH kepceTTi. FBG
CEHCOpJIapbIHbIH, HETi3Ti apThIKWbIIBIKTAPbIH: TeMIlepaTypa MeH JAedopManusiHbl 6ip
yaKbITTa eJillley MYMKIiH/Iri, 3/IeKTPOMarHUuTTiK KeJeprijsiepre Te3iMAiairi T.6. MyMKiHAiriH
KbICKAllla aHbIKTA/bIK.

3epTTey HOTHXKeJiepi ceHcopJiap Tepbestic, TeMIiepaTypa, KeJiJIeHeH kaHe OyHipJiik gedop-
MalUs CUSAKTBl KONTereH MapaMeTpJsepAl KOFapbl AdJJIKIEH 6OJIlIed OTBIPbII, FapblIll
anmnapaTTapblHbIH KYPbIJIbIM/IbIK TYTACTBIFbIH Y3/1iKCi3 6aKbliayFa MYMKiH/AiK 6epe ajJaTbIHbI
KbIcKallla aaJiengenfii. FBG ceHcopsiapbl fapblll UHPPaAKYpPbLIBIMBIHAAFbl KYPbIIbIM/DIK,
JleHCay/IbIKThI OaFasiay MeH JedopMalivsi MOHUTOPHHTI YILIiH CeHIM/Ii 9pi KaH-)KaKThl 1IelIiM
peTiHze TaHbLIbII, AJJaFbl YaKbITTa OJaH 9pi JaMybl Fapblll caJlaCblHAAFbl KAyillCi3/JiK MeH
TUIMJITIKTI )kaHa eHTelre KeTepeTiH 60J1a/Ibl.
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To4HBINA KOHTPOJIb JedpopManui B KOCMUYECKON NUHGPACTPYKType ¢ noMoubio AaTYUKOB FBG

AHHoOTanusa. TouHbIN U HENpPepPBbIBHBI MOHUTOPUHT CTPYKTYPHBIX AedopMalUil B KOCMHUYECKOH
UHPPACTPYKType SBJSETCS KJIOYEBBIM YCIOBHEM o6ecliedeHUs] HAJIEXXHOCTH W J0JITOBEYHOCTH
KOCMHUYeCKUX anmnapaTtoB. KocMmudeckasi cpefia 1Mo cBoel MpUpPO/Jie YHUKAJIbHA U CJI0XKHA: 3J€MEHTHI
UHPPACTPYKTYPhI TO/IBEPralOTCA HECTAOUJIbHBIM MeXaHUYEeCKUM HarpysKaM, CUJIbHbIM BHOpAIUSIM
IIpU 3alyCKe PaKeT, pe3KUM KOJieOaHUAM TeMIIEPATYPbl U BEICOKOMY YPOBHIO paauanuu. COBOKyIHOe
BO3/leficTBUE 3TUX PAKTOPOB CO BpeMeHeM 0c/1abJisieT CBOMCTBA MaTepUaJIOB, YCKOPSIeT CTPYKTYpPHOe
CTapeHHe, CIOCOOCTBYeT BO3HUKHOBEHUID MHUKPOJedEeKTOB U MOXKET MNPUBECTH K aBAPUUHBIM
cutyauusaM. [loaToMy [jii TapaHTHM [JOJTOCPOYHOW 3KCIJIyaTaMM KOCMHUYECKHUX allapaToB
Heo6X0/IMMO OCYIIECTBJISATh HENPEPbIBHBIA MOHUTOPUHT MX CTPYKTYPHOTO COCTOSHUS B peXUMe
peasbHOTO BpeMeHH. B 3TOM KOHTeKCTe BOJIOKOHHBIE peméTku bparra (FBG) paccmaTpuBaioTcs Kak
coBpeMeHHOe U 3QPeKTUBHOe pellleHHe. IX OCHOBHbIE MPEUMYyIecTBa BKJIKOYAIT KOMIIAKTHOCTD,
MaJIbId BeC, YCTOWYUBOCTb K 3JIEKTPOMAarHUTHBIM IOMeXaM, BBICOKYI0 YYBCTBUTEJNBHOCTb U
BO3MOXXHOCTb O/JHOBPEMEHHOI'0 HM3MepeHHUs HeCKOJbKHUX napaMeTpoB. Takue XapaKTepUCTUKH
JIeJITal0T UX O0COGEHHO MOAXOASAIIMMH B YCJOBUSAX OTPAaHUYEHHBIX PECYPCOB MAacChl U 3HEPTHUU B
KocMoce. B cTaTbe mojpo6HO aHATM3UPYIOTCSA MPUHIUIBI pa6oTbl FBG-ceHCOpOB, 4YBCTBUTENBHOCTD
OGP3rrOBCKOM AJIMHBI BOJIHBI K TeMIlepaType U AedopMalliy, METO/[bl UX UHTErPAIlUU B KOCMHYECKHE
KOHCTPYKIUM U MOJXO/bl K UHTEPIpPETAlMH MOJIyYeHHbIX JaHHbIX. KpoMe Toro, oco6oe BHUMaHuUe
yleaseTcs pPaJAHualMOHHONW CTOMKOCTH, TeMIepaTypHOW aJanTUBHOCTU U 06Iied 3dPeKTUBHOCTH
NpUMeHEeHUs JJAHHBIX CEHCOPOB B KOCMHUYECKHUX YCIOBUSX.

KioueBble cioBa: jgatyuk FBG, kocmudeckass WHPpPacTpyKTypa, CTPYKTypHass Jedopmalius,
ONITUYECKOE BOJIOKHO, CETKA Bparra, KOHTPOJIb TEMIEPATYPhI
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Precise control of deformation in space infrastructure with FBG sensors

Abstract. Accurate and continuous monitoring of structural deformation in space infrastructure is
a key factor in ensuring the reliability and long-term operation of spacecraft. The space environment is
inherently unique and complex: infrastructure elements are frequently exposed to unstable mechanical
loads, strong vibrations during rocket launches, abrupt temperature fluctuations, and high levels of
radiation. The combined influence of these factors gradually weakens material properties, accelerates
structural degradation, promotes the formation of micro-defects, and may ultimately lead to hazardous
failures. Therefore, real-time continuous monitoring of the structural state is essential to guarantee the
long-term performance of spacecraft. In this regard, Fiber Bragg Grating (FBG) sensors are considered
a modern and effective solution. Their main advantages include compact size, lightweight, resistance
to electromagnetic interference, high sensitivity, and the ability to measure multiple parameters
simultaneously. Such characteristics make them highly suitable under the limited mass and energy
resources available in space. This article provides a comprehensive analysis of the working principles of
FBG sensors, the sensitivity of Bragg wavelength to temperature and strain, installation techniques on
space structures, and approaches for interpreting the acquired data. Furthermore, particular attention
is given to the radiation resistance, thermal adaptability, and overall effectiveness of these sensors in
space applications.

Keywords: FBG sensor, space infrastructure, structural deformation, optical fiber, Bragg mesh,
temperature control.
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AHHOTanMA. B aHHON 0630pHOM CTaThbe NPOBOJUTCA KOMIIJIEKCHBIM aHAIU3
COBpPEMEHHBIX HCCJIeJ0BaHMM, NOCBAWEHHBbIX JIIP-no3umeTrpuun ¢ ncnosb3o-
BaHUeM 3yOHOM 3Masu. PaccmaTtpuBatoTcs GyHJaMeHTalbHble aclieKTbl Gpop-
MHPOBAHUsA paJUaLMOHHO-UHAYLHUPOBAHHbIX CHUTHAJIOB, UX (PU3HUKO-XMMU-
Yyeckas NpUpoJa U 0COOEHHOCTH B3aUMOZENUCTBUSA C IPUPOAHBIMU LieHTPaMHU
apaMarHUTHON aKTUBHOCTU. AHAJIM3UPYIOTCSA CBOMCTBA 3yOHOU 3Ma/iv U eé
MO/eJIbHBIX CUCTEM, BKJII0Yash CHHTeTUYEeCKHe allaTUThI, a TAKXKe MeTO/bl pe-
TMCTpaLUy, UIeHTUPUKALMK U KOJIMYeCTBEHHOM 06paboTku JIIP-criekTpoB.
Ocoboe BHMMaHUe y/ieJIeHO NPAaKTUYEeCKUM aclleKTaM J03UMeTpPHH, BKJIYas
NOATOTOBKY 00pasLiOB, YCJIOBUA 00JIy4eHHUA W aJTOPUTMbl U3BJIEYEHUA HH-
dbopmanuu o gose. O6CyAaOTCA BONPOCHI JIMHEWHOCTH J030BOTO OTKJIHMKA,
JHepreTU4YeCKOM 3aBUCMMOCTH CUTHaJIa U PaKTOPOB HeoNpeieJIEHHOCTH.
AKTyaJIbHOCTb HCCJIe[JOBaHUA OOyC/J0BJ€HA pacTylled NOTPeOHOCTbI0 B
HaEXKHbIX MeTOo/laX OLleHKU UHAUBUAYAJIbHBIX 103 00Jy4YeHUs NPU pajua-
MOHHBIX aBapHUfX, a TaKXe B 3a/la4ax MeJUIMHCKON U 3KOJIOTUYECKOU J10-
suMeTpuu. JIIP-103uMeTpUs c UCNOJIb30BaHMEM 3yOHOU IMaJslv IEMOHCTPHU-
pyeT BBICOKHWH NOTEHIMaJl KAK He3aBUCHMbIA UHCTPYMEHT PeTPOCIEeKTUBHOHU
OLIeHKH [J103bl, 00/1aJal0L U1 CTAaOUIbHOCTBIO CUTHAJIOB BO BpEMEHHU U BBICO-
KO 4YBCTBUTEJIbHOCTHIO K UOHU3UPYIOLLleMy U3JydeHu1o. [IpeacTtaBieHHbIN
0030p 0XBaThIBaeT KaK TeOpeTUYeCKHe, TaK U IPUKJIaAHble acleKThl METO/a,
cnoco6¢cTBysl GOPMUPOBAHUIO LI€JIOCTHOTO NIPeCTaBJIE€HUS O ero BO3MOXHO-
CTAX, OTPAHUYEHHUSAX U NYTAX JaJbHENUIIEro pa3BUTHUSA.

B 3akJ/104eHHe paccMaTpPUBAIOTCS epCIeKTUBDI Aa/IbHENIIero pasBUTHUA METO-
/14, BKJIIOYasd COBEPIUEHCTBOBaHUE CIIEKTPA/bHOIO aHa/IU3a, YTOYHEeHUe MoJe-
Jiel opMUPOBaHUSA CUTHAJIA U paclivpeHue obsiacteld npuMeHenus 3I1P-pgo3u-
MeTpHUH B paiMallUOHHOMN 6€3011aCHOCTH U 6MOMEeUIIMHCKUX UCC/IeJOBAHUSAX.
Kinrwuessie caoBa: JIIP-no3umMeTpus, 3y6Has aMajb, NapaMarHUTHBIM pe3o-
HAHC, PaAUOHYKJIU/BI.
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Oyenka ¢poHosoll paduayuu Ha meppumopuu Kasaxcmana memodom 3P dozumempuu no 3y6HoU smanu

BBeaeHue

doHoBaa pajuanus NpeAcTaBJsseT COO0M COBOKYNHOCTb WOHU3UPYIOILETO W3Jy4eHUs,
00YyCJIOBJIEHHOTO IPUPOJHBIMU U TEXHOTEHHBIMU UCTOYHUKAMU, U SIBJISIETCS HEOT'bEMJIEMOU
4acTbl0 OKpyxawlier cpefbl. OCHOBHBIMU NPUPOAHBIMU HMCTOYHUKAMHU pPaAUALUOHHOTO
doHa ABJATCA KOCMUYECKOe U3/IyYeHre, paJMOHYK/IM/bl 3eMHOW KOpbI (ypaH-238, Topuit-232,
Kannii-40), a Takke paZiMOAKTUBHBIM PaJloH U ero Jo4yepHUe NPOAYKThL. B To ke Bpems
aHTpONOreHHble PaKTOPHI, BKJII0Yasi 0CTATOYHOE paJMallMOHHOE 3arpsi3HEHMeE [10CJIE S1/lePHbIX
UCNIbITAHUMN, aBapUi Ha filepHbIX 00'beKTaxX U MeJUMLIMHCKHE UCTOYHUKHU 00Jy4eHUs], MOTYT
BHOCHTb JIOTIOJITHUTEJIbHBIN BKJIa/l B 001110 J030BYI0 HArpy3Ky Ha HacesieHue [1].

MeTo/ 3/1eKTPOHHO-NIapaMarHuTHoro pesoHaHca (3I1P), ucnosib3yeMbli [/151 KCClel0BaHUSA
3yOHOW 3MaJiy, SABJISIETCA OAHUM U3 HanboJsee 3peKTUBHBIX OJX0J0B K pETPOCIEKTHUBHOMN
OLleHKe MH/IMBU/IyaJbHOI'0 PaiMallMOHHOr0 06J1y4eHUs1. Bbicokas 4yBCTBUTE/NbHOCTD 3yOHOU
3MaJIi K HaKOIJIEHHWI0 MOHU3UPYIOLIEro U3/1y4eHUsI 00'bSICHSIETCS ee MUHEPAIbHBIM COCTaBOM,
B OCHOBE KOTOPOTO JieXKaT KpUCTasibl rufipokcranatuta [Ca;9(P04)s(OH)2][2]. B mpouecce
MUHepaJu3aldyu NPOUCXOAUT YacTU4YHasA 3aMeHa (ochaTHbIX U TUAPOKCUJIbHBIX TPy
KapOOHAaTHbIMH COeJMHEHUSIMH, KOTOpble MO0/, BO3AEWCTBUEM MOHU3UPYIOLIEr0 HU3J1y4eHUs
dopmupytoT yctortuuBbie CO,~ pagukaisbl [3].

[TornomeHHas /1033, 3apUKCUpPOBaHHAs B 3yOHOM 3MaJsiu ¢ nomoinbio IIP-cnekTpockonuy,
OTpaXkaeT COBOKYIHOe 00JiydeHHe, HAKOIJIEHHOEe B TeueHWe BCeW KU3HU 3y0a, U BKJOYAET
KaK BHEUIHWe, TaK MU BHYTPeHHHE MCTOYHMUKHM paJMallMOHHOIO0 BO3JeUCTBUA. B ycioBuax
eCTeCTBEHHOI'0 paJiMalluOHHOr0 ¢GOHAa OCHOBHBIMU BHEIIHMMH (aKTOpaMH SBJSIOTCSA
paZv0aKTUBHBIE 3/1eMEHTbl 36 MHOM KOPbI U KOCMUYEeCKOe U3JIy4YeHHe, TOTZa KaK BHyTPEeHHee
06/1ydeHHe 00OYC/I0BJI€HO OUOKYMYJsLMeN NPUPOJHBIX PaJUOHYKJMUJOB, TaKUX, KaK ypaH
(U), Topuit (Th), kanuit-40 (K-40) u ctpoHyuii-90 (Sr-90) [4]. PacnpesesieHre U BeJMYMHA
HaKOIJIEHHOU 03bl MOTYT 3HAaUUTEJIbHO BApbUPOBATHCS B 3aBUCUMOCTH OT reorpadpuiecKmux
Y T€0JIOTUYECKHX XapaKTePUCTHUK MECTHOCTH.

JlaHHOe Hccie0BaHKWe HANpaBJeHO HAa JeTa/lbHYH KOJMYEeCTBEHHYI OLEHKY BJIMAHUA
$OHOBOTO MOHU3UPYIOLEr0 M3JydeHUsl C ucnosb3oBaHueM JlIP-aHanu30B 3yOHOW 3MaJy,
YTO [103BOJISET ONPeeJIMTh YPOBHU HAKOILJIEHHOT'0 paIMaljMOHHOTI0 BO3/1eUCTBUA U BBIIBUTD
BO3MOKHbI€ 3aKOHOMEPHOCTH ero NNPOCTPAHCTBEHHOI0 pacnpezeseHus.

MaTepPlaJIbI U MeTOoAbl

B pamMkax JJaHHOTO 0630pHOTI0 HCC/e[0BaHus Obla MPOBeJleHa CHUCTeMaTHYecKas OLleHKa
COBpPEeMEHHbIX HAy4YHbIX MyOJIMKALUN, MOCBSIIEHHBIX NMPUMEHEHHI0 MeTOoJa 3JEeKTPOHHO-
napaMarHutTHoro pesoHaHca (3I1P)-go3umeTpuu AJisi ouLeHKUM (GOHOBOM pajualMi Ha
HacesieHHe. [IOMCK JTUTepaTypbl OCYLIECTBJISJICS B MEX/AyHAapOJHbIX 6a3ax JaHHbIX Scopus,
Web of Science, PubMed u Google Scholar 3a nepuog 1990-2024 rr. OCHOBHOe BHUMaHUe
y/leJIS1J1I0Ch MyOJIMKALUAM, COJepXKalllUM JaHHble 0 npuMeHeHUHW JIIP-go3umeTpun 3y6HOMN
3MaJiiu JiJi OLeHKU XPOHUYECKOTO PaJMallMOHHOrO BO3/eWCTBHA. B aHa/sM3 BKIIIOYAIHCh
KaK OpUTHMHaJIbHble 3KCIIEPUMEHTA/IbHbIE UCCJIeJOBAHUS, TAK U CUCTeMaTH4YeCcKue 0630pbl U
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TEeXHUYEeCKHEe OTYETHI, O3BOJISIIOIIME MPOCAEUTh JUHAMUKY Pa3BUTHUS METO/A U BbIIBUTh
ero akTyaJibHble HanpaBJ/eHUs. [IpeanodyTeHre OTAAaBasOCh NYOJMKALUAM Ha aHIVIMKUCKOM
Y PYCCKOM fI3bIKax C JAOCTYMHBIMH KOJHUYECTBEHHBIMHU JJAaHHBIMH, YTO 00€eCleYrMBaio BO3-
MOXHOCTb [10CJIEAYI0Lero CpaBHUTENbHOTO0 aHantu3a [2],[4],[5].

[Tocsie oT60Opa pesieBaHTHbBIX MyOJIMKAILMNA ObLI POBEIEH UX KPUTHYECKUN aHA/IU3 C 1[eJIbI0
Bbl/leJIEHU S KJIDUEBbIX TEHAEHLIUN, METOL,0/I0TUUECKUX MTOJXO0,0B U BbISIBJIEHUS] PACXOXKAeHUU
B pe3yJibTaTax pas/IMYHbIX HccaefoBaHUNU. Ocob60e BHUMaHUE Y/e/sJ0Ch CPABHUTEJIbHOMY
a”Hanusy Metoauk JIIP-03uMeTpuy, BKIOYas pa3iMyHble NOAXO0/bI K I0rOTOBKe 00pas310B,
XapaKTePUCTHUKHU MCI0JIb3yeMbIX CIEKTPOMETPOB U CIIOCOOBI KAJTUOPOBKH J03UMETPUYECKON
IIKaJbl. AHa/M3 NOJIyYEHHBbIX [030BbIX 3HAY€HUM MO3BOJIMJ ONpeeJUTh JUaNa3oHbI
HAKOIMJIEHHOTO 06Jly4eHHs1 B Pa3J/IMYHbIX PErdoHax, OLEHUTb 3aBUCUMOCTb HAKOIMJEHHbIX
Jl03 OT MPHUPOJHO-TEXHOTEHHBIX PAKTOPOB, a TaKXXe MPOBECTU CTATUCTUYECKYI 00pPabOTKY
JIAaHHBIX [Jis BbISIBJEeHUS 3aKOHOMepHocTel. CylleCTBEHHON 4YacTb0 HCC/EJOBAaHUS CTaJo
M3y4yeHre MeTO/0B UHTepIpeTaly U BepuPprUKaL UK pe3yJbTaTOB, BKJIOYallllee CpaBHEHHE
Jl03, nosiydeHHbIX MeToZioM IJIIP, ¢ JaHHBIMU APYTUX J03UMETPUYECKUX MOAXOJ0B, aHAIU3
BO3MOXHbIX OIIMOOK M HeONpeAe/ieHHOCTEeH, a TakKKe BbISIBJIEHUE CHCTeMaTUYeCKHUX
NOTrPEeIHOCTEN, CBSI3aHHBIX C BapUabeJbHOCTbIO MPUPOAHOrO pajuallMOHHOrO ¢$oHA U
MH/JWBU/yaJIbHbIMU 0COOEHHOCTSIMU 3yOHOU 3IMaJIu.

Pe3ysbTaThl M 06CYK/EHHE

B 0630p BKJIIOUEHBI KCC/IE0BaHUS, OCBAILEHHbIE IpuMeHeHUI0 MeToa JI1P-no3uMeTpun
JUI1 OLleHKU HAKOIJIEHHOI'O0 paJWallMOHHOTO BO3JleMCTBUA B pas/IMYHbIX YCJOBUAX. AHa-
JIU3 OXBaTblBaeT pPabOThl, BbIMOJHEHHbIE C HCIOJb30BAaHUEM 3yOHOM 3Majd B KadyecTBe
npupoaHoro fo3uMeTpa. OCHOBHOe BHUMaHUE y/leJIeHO COMOCTAaBJIEHUI0 METO/0JI0TUYECKUX
IO/IXO/I0B pa3/IMYHbIX aBTOPOB, BKJIIOYas KaJMOpPOBOYHbIE TEXHUKH, 0O0PAabOTKYy CUT'HAJIOB
M MHTepIpeTalul0 MOoJIydeHHbIX [03. PaccMoTpeHbl HccaeloBaHUS, HalNpaBJieHHble Ha
PEKOHCTPYKLHUIO [03 Y HaceJleHUs], IPOXKUBAWILEro B palloHax C pas3/IMYHbIMU YPOBHSAMU
$OHOBOTO M TEXHOreHHOIr'o0 06JIy4eHMs], a TakXKe pabOThl, OLlEeHUBAlLMe BJAUSHUE Meau-
[UHCKOTO0 PEHTreHOBCKOT0 OOJIyYeHUs] U aBapUUHbBIX cUTyaluil. [losydyeHHble pe3y/bTaThbl
JleMOHCTPUPYIOT 3HAYUTEJbHYI0 BapUAaTUBHOCTb HAKOIJIEHHBIX [103, YTO NOAYEPKUBAET
BaXKHOCTb CTaHAapTHU3auuu MeToAuk JIIP-fo3nuMeTpun 1 HEOGXOAUMOCTH YiéTa GaKTOpPOB,
BJIMSIIOLIMX Ha TOYHOCTb U3MEPEHUH.

JIIP-fo3uMeTpua WHUPOKO NPUMEHSAETCA JJil PeTPOCHEKTUBHOW OLleHKM HAKOIJEHHbIX
Jl03 00J1y4eHUs], 0COOEHHO B HCCJIe[JOBAaHUSX, CBSI3aHHbIX C pPaJIMallMOHHbIM BO3/l€HCTBHEM
Ha 3yOHYI 3Masib. B passiMyHbIXx paboTax HCIOJb30BaJIMCh pasjuyHble Mojeaud IIIP-
CIIEKTPOMETPOB, 06ecleyrnBaloIMX BbICOKYI TOYHOCTb HU3MepeHud [4],[5]. Hanpumep, B
uccnefoBanun [4] npumensaca IlIP-cnektpomerp JEOL JES-FA100 (fAmoHus), KOTOpbIH
NI03BOJISIeT PerucTpUpOBaTh paJUallMOHHO-UHAYLMPOBAaHHbIe CUTHaJbl C BBICOKOM 4YyBCT-
BUTEJIbHOCTbI0. AHAJIOTUYHBIN TPUOOP HMCIO0JIb30BAJICS B UCCIEN0BAaHUU [7], YTO MOATBEPXK/IAeT
ero HaJleXKHOCTb U pacCpOCTPAaHEHHOCTh B I03UMETPUYECKUX UCCIeJOBAHUX.

B To ke BpeMms B pa6ore [8] (2005) as151 usmepenuit npumensisics Bruker ECS 106 (X-band EPR
spectrometer), c MIOMOILbI0 KOTOPOT0 GbljIa MPOBe/leHa OlleHKA HAKOMJIEHHBIX 03 06/1y4YeHus
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3yOHOM 3MaJ/iM B pas/iM4YHbIX perdoHax UHauu. /laHHBIA MeTOJ, TaKXKe HCIO0Jb30BaJICsA AJs
JlO3UMETPUU BbDKMBUIMX IOC/JAe aTOMHbIX 60MbapAupoBoK XupocuMbl U Haracakwy, »xepTB
pasuanuoHHOW aBapuu B [osiHMM (Bpasuins) u pabOTHUKOB s1/lepHOTO KoMIJlekca Masik
(Poccus).

Takum o6pasomM, npuMeHeHue IIP-cieKTpoOMeTPOB pa3IMYHbIX MOeJied B UCCAEIOBAHUAX
JlO3UMETPUHU 3yOHOUN 3Ma/id CBUJAETENbCTBYET O BBICOKOM TOUHOCTH U BOCHPOWU3BOLUMOCTH
MeTO0/a, YTO JieJlaeT ero HaZJeXXHbIM UHCTPYMEHTOM JiJisi peTPOCHEeKTHUBHOI0 ONpeJesieHus
HaKOIJIEHHBIX 103 paJUallUOHHOT0 06Jy4eHus .

BuccnenoBanusx [7],aTakxke [4] A/151 OLeHKM HAKOIJIEHHBIX [103 00/1y4Y€eHH S UCII0JIb30BaJICA
MeTO/, KaJMOpOBOYHOM 3aBHCUMOCTH, OCHOBAaHHbIM Ha CpaBHeHUM HUHTeHCUBHOCTU IIIP-
CUTHaJ1a 3yOGHOM 3MaJlu C KaJIMOPOBOUYHOM KPHUBOM, MOJYYeHHOH /1Jis1 06pa3L0B C U3BECTHBIMU
Jlo3aMu. B cBoto ouepe/ib, B paboTe [8] nprMeHsJ/ICS He TOJIbKO MeTO/], KaJIUOPOBOYHOM KPUBOH,
HO MU MeTO/ J06aBOYHOM Z103bl, IPU KOTOPOM 006 pa31ibl SMasIu 10 BEPraJlUCh JONOJHUTETbHOMY
06J1y4eHuI0 oT ucTounuka *°Co /1 MOCTPOeHMs 3aBUCMMOCTH /l03a—-CUTHaJL. Mcroib3oBaHue
MeTo/Aa JA00aBOYHOM [03bl B [JIONMOJIHEHHE K KaJHOPOBOYHOM 3aBUCUMOCTU IMO3BOJISET
60Jiee TOYHO OLIEHMBAThb HaKOIJIEHHblE [03bl, 0COOEHHO B cJy4yae cJabblX pajualdOHHO-
WH/IyIIUPOBaHHBIX CUTHAJIOB, YTO PacUIMPsieT BOSMOXXHOCTH PETPOCIEKTHBHOM 103UMETpHH [9].

Jnsa npoBenenus JI1P-usMepeHuii Bo BceX pacCMOTPEHHBIX UCC/IE[J0BAHUSX HCII0JIb30Baach
CTaHJapTHasi MeTOJHKa MOATOTOBKM 3yOHOU 3Masiu. B paborax [7], [4], a Takxke [8] amasb
OTZAeJislIach OT AeHTHUHA, TaK KaK JIeHTUH CO3JaéT BbICOKUN (pOHOBBIM CUTHAJ, MeLIAIIUH
TOYHOCTH U3MepeHUil. [lajsiee aMasib M3MeJsib4aslach B MOPOLIOK ¢ padaMepoM yactul, 0,2-0,5 MM,
NpU4éM B Hccle[joBaHUU [8] ucnosib30Basiach araToBas CTYIKa, a B Ka3aXCTaHCKUX paboTax
- MexaHHu4YecKoe Jipo6JieHue. B paboTe [8] npoBojguiack JONOJHUTENbHAS 0YMCTKA IOPOLIKA
5M NaOH B ysnbTpa3sBykoBol BaHHe U TpaBjieHUe 20% yKCYyCHOU KUCJIOTOH, Yero He /es1ajioch
B IpYTUX UCCJIeL0BaHUAX. /i ycTpaHeHUs MeXaHU4YeCKU UHAYLUPOBaHHbIX TapaMarHUTHBIX
LIeHTPOB MOCJie U3MeJibieHUs1 00paslbl BbIJEp>KUBaJUCh 14 CYyTOK mepej U3MEpPEHUSIMU.
[ToaroToBJIEeHHBIE MOPOLIKHM 3aTeM IOMELAJIUCh B KBaplieBble KaUJLISPbl JUAMETPOM 3 MM U
B3BeLIUBA/IKCh ¢ TOUHOCTbhIO 100 + 5 Mr. Tako¥ moAxo/1 K NoJAroToBKe 06pa3ioB obecrneyrnBall
BbICOKYI0 TOYHOCTb U3MEpEeHUH U MO03BOJISJI KOPPEKTHO OLleHWBATb HAKOMJIEHHbIE [103bI
ob6say4deHus [5].

BuccnenoBanuu [7], [4], a Takke [8] ucnosib30Ba/uCh pa3/IMYHbIE CTATUCTUYECKUE METO/IbI
JLJ1s1 aHa/IM3a HAaKOIJIEHHBIX 103 00J1y4eHus, NoJlydeHHbIX MeToA0M JIIP-no3umeTpuu 3y6HOM
sMasiu. B pabore [7] npuMeHsach JMHeWHas perpeccusi (MeToJ; HaMMEHbUIMX KBaJApaToOB)
JLJ151 OLleHKU BO3PAacCTHOM 3aBUCUMOCTH HAaKOIJIEHHBIX /103, a TAKXe t-TeCT AJis CpaBHEHUS 103
MeX/ly pa3HbIMH y4acTKaMHU 3y60B. bbLj10 noka3aHo, yTo poHoBas Jj03a B peruoHax CeMeHOBKa
u BereHb fiB/sieTc OTHOCUTEJIbHO oAHOpofHOM (p = 0,57), a cpefHss HaKomJIeHHas J03a
coctaBiasina 34 * 3,9 mI'p. B uccnenoBanuu [4] Takke npuUMeHscs t-TeCT, HO B CPaBHEHUHU
J103 Mex Ay xkuTessiMU ActaHbl, CTenHOropcka U pab0THUKAaMU YPaHOBOW MPOMBIIIJIEHHOCTH
pas/iinyus He ObLIM CTAaTUCTUYECKU 3HA4MMbIMHU (p > 0,05), 3a MCKJIIOUeHUEM TeHJeHLUU
K NOBbIIIEHHbIM Jl03aM B CtenHoropcke (p = 0,0623). B oTsinyve oT 3TUX HMCCAeL0BaHUM, B
paborTe [8] ucnos1b30BaUCh JIMHENHAs perpeccusi JiJisl BbisiBJIeHUSI BO3PACTHOUM 3aBUCUMOCTH
Jl03bl, a TaKXe METOJ, raycCoBOTr0 pacnpefesieHUs1 [JJs aHaju3a (GOHOBOIro 0O0JIydeHUs.
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31ech 6blIM 06HApyKeHbl 3HaUMMble peruoHajibHble pa3anuus (p < 0,05), a Takke BAUSHUE
MeJWIIMHCKOTO PEHTIeHOBCKOr0 00Jy4eHUs Ha HaKoIieHHbIe 1036l (4,03 + 2,9 mMI'p Ha oxuH
PEHTTreHOBCKUI CHUMOK) [2].

Ta6smna 1. CpaBHUTE/IbHBIN aHA/IM3 CTATUCTUYECKHX METOA0B U pe3y/IbTaTOB UCC/IeJ0BaHUI
no JIP-go3uMeTpuy 3y6GHOM 3MaIu

HccnenoBanue CTtaTucTU4YeCKHE METO/bI OcHOBHBIE pe3yJbTaThl
CrenHoropck, |- JluneliHas perpeccusi (Meton |- CpenHsiga poHoBas mo3a: 34 + 3,9 m[p
KazaxcTtan HauMeHbLIMX KBaJPaTOB) - Paznnuua Mexay WEYHOM U A3BIYHOM CTOPO-
- t-TecT HaMU 3y60B He 3HauuMHkI (p = 0,57)
- JlexonBosonus 3lP-cnektpoB | — HakonsienHad f03a yBeJIMYMBAETCA C BO3PACTOM
AcraHa, - t-tect (GraphPad) - Pazsinuue 03 Mexay ropojamu ActaHa U
KasaxcTtan - CpaBHeHUE 103 MEXY CtenHoropck He 3HauuMo (p = 0,1463)
rpymnmnamMu - Pazsinune mexay CTeMHOrOPCKOM U paboT-

HUKaMH YPAHOBOU MPOMBIIIJIEHHOCTU NPUGJIH-
*kaeTcs K 3HauuMocTH (p = 0,0623)

Uupua - JIuneliHadA perpeccus - CpepHss rogoBas fo3a: 0,96 + 0,14 mI'p/rof
- l'ayccoBoe pacnipeneneHue - Paznnuua Mmexy peruoHaMu 3Ha4YUMbl

- CpaBHeHHUe cpejHUX 3Ha4YeHU! | (p < 0,05)

- Bausanue pentrena: 4,03 £ 2,9 mI'p Ha cHUMOK

MpInipoBesin t-TeCT aHa/IM3 JaHHBIX, IPeICTaBJIEHHBIX B TPeX UCCIeJ0BaHUAX: CTEMHOT0pCK,
Kazaxcran [4], o6aacte Ab6al, Kazaxcran [7], u Unausa [8]. B pe3ysnbTaTe aHasu3da ObLI0O
YCTAHOBJIEHO, YTO Pa3JIMUUsA MeX/Jy rpynnaMu CTaTUCTU4YecKU 3Ha4yuMbl (p = 0.0419). [asa
YTOYHEHHS Pa3/IMuui ObLI BbINOJIHEH NONAPHBIN t-TECT, KOTOPbIM MOKa3aJl:

e CtenHoropck, Kasaxcran vs. UHus - pa3nnunsa 3HauyuMsbl (p = 0.0071), yTo ykasbpiBaeT
Ha 6oJiee BbICOKME HAKOIJIEHHbIE [103bl y XUTesiell CTEMHOropcKa, BEpOSTHO, BCIEACTBUE
BO3/encTBHUA CeMUNIaJIaTUHCKOTO OJIUTOHA.

e CtenHoropck, KazaxcraH vs. 061actb A6aii, Kazaxctan - pa3/imuus He IBJASOTCA CTaTU-
cTu4ecky 3HauuMbIMHU (p = 0.0789), 4TO CBUAETENBCTBYET O CXOXKUX YPOBHSAX PaJIMAllMOHHOTO
$oHa B 3TUX peruoHax.

e O6sacTb A6ai, Kazaxctad vs. UHAUSA — pa3inyus He 3Ha4uMbl (p = 0.3938), yTo roBopuUT 0
6JIM3KMX 3HAYEHUSX HAKOIJIEHHBIX []03 Y )KUTeJIed ITUX PETUOHOB.

TakuM 06pa3oM, OCHOBHOe pa3/inuue HaburozaeTcsa MexJy CTemHoropckoM u MHpauew,
YTO NOATBEPXKAaeT BJAMAHUE JIOKAJIbHbIX UCTOYHUKOB paZlMalliy HA YPOBEHb HAKOIIJIEHHOTO
006JIy4eHUsl.

Bbl10 poBe/ieHO CpaBHEHHE HAKOIMJIEHHBIX /03 00JiydeHUs Yy UTesell CTemHOropcka,
obsiactu A6ait u UHAMU c ucniosib3oBaHueM JIIP-103uMeTpun 3y6HOM 3Masin. CTaTUCTUYECKUM
aHaJIu3 MOKa3aJl 3HauyhMble pasauyus Mexay Bbliobopkamu (p = 0.0071), yTo yka3biBaeT Ha
HEOJHOPOJHOCTb yPOBHEH PaJIMALlMOHHOT0O BO3/IEMCTBHUA B 3TUX PErMOHax.

Jns Bu3yasius3aluU JaHHBIX NMOCTPOeH rpaduK paccessHUs], TAe pa3HbIMU MapKepaMu
00603Ha4Y€eHbI [03bI:
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e KpacHble TpeyrosbHUKY (A) — CTEMHOTOPCK.

e 3esiéHble KpyKKU (@) - ob6s1acTb AGak.

e CuHue nepeBépHyThble TpeyroabHUKH (V) - UHAMA.

['paduk geMOHCTPUPYET, YTO 3HAYEHHUS J103 B 06/1acTh Ab6ai 1 CTENHOrOpCKe OTJINYAITCs
3HAYUTEJbHON BAapUAaTHUBHOCTbIO, YTO MOXET ObITh CBfI3aHO C HACJeJAUeM paJUallMOHHOTO
¢doHa CeMuUIasaTUHCKOIO UCIBITATENbHOTO MOJIMIOHA. B To ke BpeMs /103b1 B UHAMM Gosiee
CTPyNIUpPOBaHbl M B CpeJHEM HMWXKe, YTO YKa3blBaeT Ha €CTECTBEHHOEe paJuallMOHHOE
06JiyyeHue B perMoHe.

A A CtenHoropck (HypcynTaHosa)
250+ ¥ WHawna (El-Faramawy)
® KasaxcTaH (Asambaes)

2001
150t

100

Dex (mGy)

501

0_

=50¢

F BBi-b-bb B BED B

L
CrenHoropck NHana KasaxcTat

PucyHok 1. CpaBHeHM e HAKOIJIEHHBIX 03 06/Iy4eHu y xkuTesaeid CTenHOropcka,
o6siactu A6aii u Unaum no gaHHbIM JIIP-xo3uMeTpyy 3yGHOM 3MaJIH.

Takum 06p330M, dHaJIN3 NIOATBEPXKAAET 3HAYUTE/IbHbIE€ PA3/IMYUA B HAKOIIJIEHHBIX 103aX MEXKAY
peruoHamu, 4To HOL[‘-IépKI/IBaET H606X0,£[I/IMOCTI:> y4deTa JIOKaJIbHBIX (l)aKTOpOB paArualiUOHHOT O
BOSLLeI‘/JICTBI/IH IIpH NpoBeJeHHNHU peTpOCHeKTHBHOﬁ AO3UMETPHUH.

3aK/iloueHue

B naHHOM ucc/eJOBaHUU INPOBEJEH CPAaBHUTEJbHBIM aHa/IM3 HAKOIJIEHHBIX /03 UOHU-
3Upyollero o6JsydeHus, omnpezaeséHHbIx MeTojoM IlIP-go3uMeTrpuu 3yOHOU 3Maiu B
pa3/uyHbIX pervoHaXx. OCHOBHOe BHUMaHUe yzeseHO CTEeNnHOropCcKy, APYrMM paloHaM
KazaxctaHa v WHauu. PesyabTaThl MOKasaju, YTO HauboJiee BBICOKHE [03bl 00JIyYeHUs
3apUKCcUpOBaHbl y xuTejied CTENHOropcka, YTO MOXEeT ObITb CBSI3aHO C OJIM30CTBIO K
CeMUIIa/IaTUHCKOMY AepHOMY noJsurony. Merton IIIP-go3uMeTrpun npoAeMOHCTPUPOBAJ
BBICOKY0 YyBCTBUTEbHOCTb U BOCIPOU3BOJUMOCTb, [103BOJISASA OLLeHUBATH 1030Bble HArPy3KH
peTpOCNeKTUBHO. Mcnosb30BaHKWe pasvnyHbIX Mozesed IJIIP-cnekTpoMeTpoB M MeTOAMK
NOArOTOBKH 06pa310B 06ecreyruBaeT TOYHOCTb U CONOCTaBUMOCTD JJaHHbIX. CTaTHUCTUYECKUU
aHa/IMu3 MOJTBEPAUJ Ha/M4YHhe 3HAYMMbIX pPas/MYUMi MeX/Jy perdoHaMu, OCOOEHHO Mexay
CrenHoropckoM u HUnpuen (p = 0.0071). Ilpu stom pasauuus Mexay KasaxctaHoMm u
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WUupuei, a Takxke Mexay CTeMHOTOPCKUMU M APYTMMU pernoHaMu KasaxcrtaHa, okasanvcb
He3HAaYMMbIMHU. ITO CBU/ETEJbCTBYET 0 reorpapu4ecKkor HeOAHOPOJAHOCTH pPaJUalMOHHOIO
¢doHa. [lonyyeHHble pe3ynbTaThbl NOAYEPKHUBAIOT BaXKHOCTb y4yeTa JIOKaJbHbIX UCTOYHUKOB
pajyanuy Npy J03MMeTpUYeCKUX HccaefoBaHusaX. Mertog JIIP-anann3oB 3yOHOM sMasiu
JloKazas CBOI0 3¢(PeKTUBHOCTb KaK MHCTPYMEHT PETPOCIEeKTUBHON OLEHKHU XPOHHUYECKOTO
006J/1y4yeHUsI HaceJeHus.

bsiarogapHocTb

JlaHHass paboTa BbINOJHEHA NpU (UHAHCOBOW MOAJep:KKe N0 npoekTy [paHTOBOTrO
duHaHcupoBaHUsT MUHUCTEPCTBA HAyKH U BbIclIero oo6pa3oBaHusi Pecny6auku KasaxcraH
(MPH AP19678341, noroop Ne 269/23-25 ot 03.08.2023), a Tak:ke B paMKaxX IPOrpaMMHO-
nesieBoro puHaHCUpOBaHMS MUHUCTEpPCTBA HAyKW M BbIcLIero o6pasoBaHus Pecny6ivku
Kaszaxctan (MPH BR27101493, goroBop N2 269/23-25 ot 03.08.2023).

Bxiiag aBTOpoB

Bce aBTOpBbI BHeC/IM paBHbIM BKJAJ B NPOBeJeHUEe UCCAeL0BaHUSA, aHAJIN3 NOJyYEeHHbIX
pe3yJIbTaTOB U MOATOTOBKY pYKONUCH. KaxJblii U3 aBTOPOB y4acTBOBaJ B OOCYXKJEHHUHU U
COIJIaCOBAHUM OKOHYATEJbHOI'0 BApHUaHTa CTATbH.

CnUCOK JIuTepaTyphl

1. P. Fattibene, F. Callens, EPR dosimetry with tooth enamel: A review, Applied Radiation and Isotopes
68(11), p. 2033-2116 (2010).

2. K. Zhumadilov, A.l. Ivannikov, V. Skvortsov, V. Stepanenko, Z. Zhumadilov, S. Endo, K. Tanaka, M.
Hoshi, Tooth enamel EPR dosimetry: optimization of EPR spectra recording parameters and effect of
sample mass on spectral sensitivity, ]. Radiat. Res. 46, p. 435-442 (2005).

3. S. Toyoda, M. Ikeya, Thermal stability of paramagnetic centers in fossil tooth enamel: implication
for ESR dating, Journal of Archaeological Science 18(2), p. 183-190 (1991).

4. HypcyntanoBa H.C., Xymaaunos K.II. OueHka BaUsAHUS BO3JeMCTBUS HU3KUX 103, BecTHUK
EBpasuiickoro HalpoHaabHOro yHuBepcuteTa uM. JI. H. lymusnea. Cepusi: ®usrnko-MaTeMaTHyecKue
Hayku 2(118), p. 123-129 (2017).

5. K. Zhumadilov, A.l. Ivannikov, K.N. Apsalikov, Zh. Zhumadilov, S. Toyoda, D. Zarlyganova, E.
Tieliewuhan, S. Endo, K. Tanaka, C. Miyazawa, T. Okamoto, M. Hoshi, Radiation dose estimation by tooth
enamel EPR dosimetry for residents of Dolon and Bodene, ]. Radiat. Res. 47, p. A47-A53 (2006).

6. K. Sh. Zhumadilov, A. I. Ivannikov, V. F. Stepanenko, V. G. Skvortsov, Sh. Toyoda, S. Endo, K. Tanaka,
A. D. Kaprin, V. N. Galkin, S. A. Ivanov, T. V. Kolyzhenkov, U. A. Akhmedova, V. V. Bogacheva, M. Hoshi, EPR
dosimetry of population living near the radioactive trace after the nuclear test on August 29, 1949, at the
Semipalatinsk test site (2017).

7. C.. Azambaes, K. IlI. XKymagunos, KazakcTaH TypFbIHJAapbIHbIH Tic aMasi apkblibl 1P agiciMeH
¢doHAbBIK f03aHbl 6aFrasay, Becthuk EHY 2, p. 266 (2017).

8. N. A. El-Faramawy, Estimation of radiation levels by EPR measurement of tooth enamel in Indian
populations, Applied Radiation and Isotopes 62(2), p. 207-211 (2005).

62 N23(152)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Oyenka ¢poHosoll paduayuu Ha meppumopuu Kasaxcmana memodom 3P dozumempuu no 3y6HoU smanu

9. M. Rodzi, K. Zhumadilov, M. Ohtaki, A. Ivannikov, D. Bhattacharjee, A. Fukumura, M. Hoshi, Estimation
of background doses for the Peninsular Malaysia population by ESR dosimetry of tooth enamel, Radiat.
Environ. Biophys. 57(4), p- 363-368 (2018). DOI: https://doi.org/10.1007/s00411-018-0748-1

H.C. Hypcynaranosa*', K.IIL XXymaauios®, K.0. Hacuios?, B.®. Crenanenxo?, I11. Toitoza3, M. Xomu*
1JLH. T'ymunes amwiHdarsl Eypasus yammulK yHUgepcumemi, XaasblKapaablk A0poavik Gusuka,
Jcaqa mamepuaadap xHaHe mexHoaozusiaap kagedpacwl, Kazakcman, Acmana
2A.®. IJbi6a amuindarst MPFO - ®MBA «¥Ammblk MeOuyUHAAbIK paduo/102Usl FolAbIMU OPMA/bIFbL»
¢uauanvi, O6HUHCK, Pecell
30Okasama yrnusepcumemi, FoLavim uHcmumymol, [1a1e0HMO0102Us HeaHE 2€0XPOHOA02US UHCMUMYMbl,
Kanonus
“Xupocuma ynusepcumemi, Xupocuma, XXanouusi
(E-mail: nazjan777.nn@gmail.com)

KasakcraH aymarbiHAarbl GQOHABIK, coy/ieeHy/i Tic amani Herisinaeri P gosumeTpus
dAicimeH 6arasay

AngaTna. bysn mosysnbslK MakasiaZa Tic sMaJlliH naijanaHy apKbLibl kyprisisierin JIIP-gosumer-
pUsifa apHaJIFaH Kasipri 3epTTey/iep KeuleH/i TypAe TajagaHazbl. JKyMbicTa paguayusa UHAYLUADPJIeTeH
CUTHAJIJIAPAbIH KaJbINTACYbIHbIH (QYHAAMEHTAIABI KbIPJIAPbl, OJIAapAblH (QU3UKA-XUMHUSIbIK TaOU-
FaThbl )KOHE MMapaMarHUTTIK OesiceHAiNIK OpTa/bIKTapbIMEH 63apa dpeKeTTeCy epeKIleTiKTepi Kapac-
ThIpbLIabl. Tic aMasiHiH KacueTTepi MeH OHbIH MOJeJbAIK XKyHeJiepi, COHbIH, illiH/e CHHTETUKAJIBIK,
anaTuTTep, coHaan-ak IIIP-cnekTpsiepin Tipkey, colikecTeHAIpY >KoHe CaHABIK 6HJAEY dJicTepi Tas-
JaHazpbl.

Jlo3uMeTpUsIHbIH PAaKTUKAJbIK aClleKTiJiepiHe epeKilie Hazap ay/apblLiajibl: YATiiepAi JalibIHAAY,
coyJleJIeHAipy WapTTaphl )KoHe A03aJbIK aKIapaTThl aay aJaroputrMaepi. Josanblk »xKayanThlH, CbI3bIK-
TBLJIbIFb], CUTHAJIJIbIH, 3HEpTHUsiFa TAye I/iIri xxoHe Oesrici3/iik pakTopJiapbl Macesiesiepi TaJKblIaHAbI.

3epTTeyAiH 63€eKTiJiri paguanus/blK anaTTap KafAalblHAA >KeKe cayJesieHy J03acblH CeHiMJAi
GafasiayFa MYMKiH/IiK GepeTiH 9/iicTepre ecin KeJie )KaTKaH KaXKeTTUTiKIeH, COHal-aK MeJUIIMHAJbIK
>)KOHE JKOJIOTUSJIBIK A03WMeTpUsiaFbl MiHJeTTepMeH Herizzesneni. Tic amaniH naiifjasaHy apKblibl
)yprisizietin JIIP-g03uMeTpusa yaKbIT eTe KeJjie CUTHAJIAap/AblH TYPaKThLIbIFBIMEH X9HE UOH/AAYIIbI
CoyJieJIeHyTe YKOFaphbl Ce3iMTaJI/IbIFIMEH epeKIlesIeHIT, J03aHbl PETPOCIEKTUBTI 6aFaayibIH TAYeJICi3
KypaJibl peTiHJe KOFapbl dJIeyeTKe He eKeHJIriH KepceTeli. YCHIHBUIFAH LIOJY KYMBbIChl 9ICTiH
TEOPUSJIBIK *KoHe KoJAaHOa/Ibl acleKTisiepiH KaMTH OThIPBII, OHbIH, MYMKiIH/IIKTEpI, IIEKTeYJIepi »KoHe
api Kapal JaMbITYAbIH, XKO0JAAPbl )K6HIHJe TYyTac TYCiHIK KaJbINITAaCTbIPa/bl.

KopbIThIHABI 66J1iMAEe CHEeKTPAIABIK TaAAayAbl KeTUNAIpy, CATHAIAbIH KaJbIITAcy MoJeJbAepiH
HaKTbL1ay >kaHe JIIP-103uMeTpUsHBI paUallUAIBIK KAYilci3Aik MeH 6MoMeUIIMHAbIK 3epTTeyJIep
cajlacbhIH/Ia KEHelTe Ko/AaHy 6oJaliaFbl KApacThIPbLIA/bI.

Tyiuin ce3aep: IIP-g03uMeTpus, Tic 3MaJti, TapaMarHUTTiK pe30HAHC, PaJJUOHYKIU/TED.
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Assessment of Background Radiation in Kazakhstan Using EPR Dosimetry of Tooth Enamel

Abstract. This review article provides a comprehensive analysis of contemporary studies devoted
to EPR dosimetry using tooth enamel. The fundamental aspects of radiation-induced signal formation,
their physico-chemical nature, and specific interactions with intrinsic paramagnetic centers are
considered. The structural and dosimetric properties of tooth enamel and its model systems, including
synthetic apatites, are analyzed, along with advanced approaches for the registration, identification, and
quantitative evaluation of EPR spectra.

Special attention is given to the practical aspects of dosimetry, including sample preparation,
irradiation conditions, and algorithms for extracting dose-related information. Issues of dose-response
linearity, energy dependence of the signal, and sources of uncertainty are critically discussed.

The relevance of the study arises from the increasing demand for reliable methods of individual dose
assessment in cases of radiation accidents, as well as in medical and environmental dosimetry. EPR
dosimetry based on tooth enamel demonstrates high potential as an independent tool for retrospective
dose reconstruction, characterized by long-term signal stability and high sensitivity to ionizing radiation.
The review integrates both theoretical and applied aspects of the method, contributing to a holistic
understanding of its capabilities, limitations, and avenues for further development.

In conclusion, the prospects foradvancing the method are outlined, includingimprovementsin spectral
analysis, refinement of signal formation models, and the broadening of EPR dosimetry applications in
radiation protection and biomedical research.

Keywords: EPR dosimetry, tooth enamel, paramagnetic resonance, radionuclides.
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Cra6uibHoe popmupoBanue BiVO, /Zn0 reTtepocTpyKTyphbl
METOA0M MATKOI0 OCaKJAeHUs
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AHHOTanMs. B 3T0l paboTe npecTaB/ieHbl pe3y/bTaThl MATKOTO JIBYXCTYIEH-
Jaroro mocsoiHoro (layer-by layer) ocaxaenus BaHagaTta BucmyTa (BiVO,)
Ha CUHTE3WpPOBaHHble TMJPOTEpPMaJbHbIM METOJOM HAaHOCTEPXKHHU OKCHJA
nuHKa (Zn0) MeTozoM spin coating. KoHTpoJib BA3KOCTH, KOHLIEHTpaL MU Npe-
KYpPCOpPOB UTpaeT KJYEBYI POJib B PETYJIUPOBKE TOJILUHbI, OJHOPOLHOCTH
M CTabUJIBbHOCTU cPOpPMUPOBaHHBIX MJIeHOK BV Ha Zno. XapakTepusauus no-
JIy4eHHBIX 06pa3L0B NPOBOJMIACH C IOMOLIbI0 KOMIJIeKca MeToAo0B. CHava-
Jla ucnoJsib3oBasiacb UV-Vis cieKTpockomnus, KoTopas 103B0OJIWJIA ONPeLeIUTh
CIEeKTp MOIVIOIeHUs B BUAUMOM 06J1acTU nocie HaHeceHus1 BiVO4. [lanee me-
TOJIOM PEHTTeHOCTPYKTypHOro aHaau3sa (XRD) 66110 HOATBEPKIEHO HATUUNE
MOHOKJIMHHOM ¢a3bl BiVO4 u BropuuTHOM Pasel Zn0, a TakKe OlleHeH YPOBEHb
KPUCTAJJIMYHOCTU 06pa31,0B. HakoHel, ckaHUpyolLasi 3JIeKTPOHHAsA MUKPO-
ckonus (SEM) nokazana mopdosioruto ZnO U cTabUIbHOE MOKPHITHE UX CI0EM
BiVO,. [l1s oLleHKH IpaKTUYeCKUX Ka4ecTB retepocTpyKTyp BiVO,/Zn0 6b110
npoBeieHO GOTO3EKTPOXUMUYECKOE U3MepeHUE C JIUHENHBIM BOJIbTAMIIED-
HbIM CKAHUPOBaHHMEM B [10JIEBBIX €CTECTBEHHBIX YCJI0BUAX, JEMOHCTPUPYIOLLUE
paboTOCnOCOOHOCTD MJIEHOK B peasibHbIX yCa0BUsX. [losydyeHHbIe B X0/€e MpPoO-
Be/J|EHHbIX IKCIEPUMEHTOB pe3yJ/bTaThl HAIVISAHO NOATBEPAUIH, YTO NPEJJIO-
’KeHHbI HaMM MeTO/ [IByXCTYIIeHYaToro spin coating ¢ ONTUMU3UPOBAHHOMN
BAI3KOCTbIO PacCTBOPOB M03BOJISIET CO3/jaBaTh CTAOUJ/IbHbBIE FeTEPOCTPYKTYPHI,
NPUTO/HbIE JIJIs1 IPUMeHEeHUS B GOTO31EKTPOXUMUUECKUX YCTPOUCTBAX.
KirloueBsble cj10Ba: oKcU/ IJMHKA, BaHaJaT BUCMYTa, T pPOTEPMaJbHbIA CUH-
Te3, POTO03JIEKTPOXUMHUS, ITUJIEHIJINKOJIb, MATKOE OCaXK/IEHUE.
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BBeaeHue

Okcupg nuHka (ZnO) saBasieTcs NpU3HAHHBIM (OTOKATAJU3aTOPOM, KOTOPbIA MPUB-
JlekaeT BHMMaHHe Hcce[oBaTesed 06J1aroapss COBOKYIMHOCTH YHUKaJbHBIX CBOWCTB,
BKJIIOYAasi BBICOKYI (OTOKATAJIUTUYECKYI0 AKTUBHOCTb, HETOKCMYHOCTb, XOPOIIYH) XUMH-
YeCKyl CTabMJbHOCTb M BBICOKYI0 MNOJBWXXHOCTb 3JeKTpoHOB [1-3]. ZnO oTHocUTCA K
HOJIyIPOBOJHHUKOBBIM MaTepHaJiaM C LIMPOKOM NpsIMOM 3anpeliéHHoN 30H0H (okoio 3,3 3B),
4YyTO 0OecrnevyrBaeT ero BbICOKYI GOTOUYBCTBUTENBHOCTb B yIbTPapHOJIETOBOM JAUaNa3oHe
[4,5]. 3TH XxapaKTepUCTUKH JenatoT ZnO oJHUM U3 HanboJiee MUPOKO U3yyaeMbIX MaTEPHUAIOB
A1 GOTOIIEeKTPOXUMUYECKUX MNPUIOKEHUH, TaKWX, KaK Jerpajalus OpraHuyecKux
3arpsi3HuTesied, (POTOCEHCUOUJIU3UPOBAHHbIE COJIHEYHble 3JIeMEHTbl W paclienyeHue
BoZibl. OlHAKO OCHOBHBIM OrpaHuWYeHHeM NpuMeHeHUs ZnO sBjseTcs ero HeaPpPeKTUBHOE
HOTJIOIlEHUEe B BUAMMOM 006J1IaCTHM COJIHEYHOIO CHEKTPa U CKJOHHOCTb K peKOMOWHAalUU
doToreHepUpPOBaHHBIX 3JIEKTPOHHO—-/IbIPOYHbIX [1AP, YTO CHUKAET 3P PEeKTUBHOCTh IPOLECCOB
npeo6pa3oBaHHs COJTHEUHOU 3HEPTUH.

Banazar Bucmyra (BiVO,) nmpeacraBiseT CO60M MepPCNEKTUBHBIM MOJYNPOBOJAHUKOBbIM
OKCHJi N-TUMNA, KOTOPbIM Ha CEeroJHSIIHUNA [JleHb aKTHBHO HCCIeAyeTcsl B KayecTBe
3pdpexTUBHOrO poToaHOAHOrO MaTepHasa [6]. BiVO, 06/1ajaeT OTHOCUTE/NbHO Y3KOM IIUPUHON
3anpeléHHoM 30HbI (0K0J10 2,4-2,8 3B), 6/1aroaaps 4eMy Crioco6eH MOrolaTh 3HaYUTebHY0
4acTb BUJMMOT0 CBeTa COJIHEYHOTO CIleKTpa. Jl0NoJHUTE/IbHO OH XapaKTepU3yeTCsl BBICOKON
XUMHUYECKOU U POTOCTAOUIBHOCTHI0, HETOKCUYHOCTDIO, a TAKXKE XOPOolIer YCTOMYUBOCThIO K
KOppPO31U BBoAHbIXCpeax.U3BecTHO,4T0 BiVO4 MoXxKeTKpHCTaNIM30BaThCsA BTPEX PA3/IMUHbIX
MoAuPUKALUAX: TeTpParoHaJbHOW IUPKOHOMOJOOHON, MOHOKJWHHOW 1ieddpepuToBOM
U TeTparoHajibHOU mmedpdeputoBor ¢daszax [7]. Cpeau HUX UMEHHO MOHOKJIMHHas ¢asa
NpOsIBJIsieT HAUOOJIbUIYI0O aKTUBHOCTb B GOTO3/IEKTPOXUMHUYECKUX MPOLLECCaX.

Coszanue reTepocTpykTyp Ha ocHoBe ZnO u BiVO, npe/cras/iser co60i ojuH U3 Hanbosee
3 PeKTUBHBIX MOJAXOA0B K MOBBILIEHUI0 GOTOKATAIUTUIECKON U POTO3/IEKTPOXUMHUYECKOU
aKTUBHOCTU MaTepuasJoB 3a CYET KOMOMHALMU HUX CBOUCTB M 3PQPEKTUBHOrO MPOCT-
pPaHCTBEHHOIO paszesieHUs (OTOreHepUPOBaHHbIX HocuTesel 3apsazga [8-10]. Baaropaps
pPa3/JIMYHBIM LIMPHUHAM 3alpelléHHbIX 30H U BbIpABHUBAHUIO0 dHEPreTUYeCKUX YPOBHEMH, reTe-
poctpykTyphbl Tuna BiVO,/Zn0O f1eMOHCTPUPYIOT paclIMPEHHOE CHEKTPaJbHOEe MOIJIOIeH e
B yJIbTpadu0/IeTOBOM U BUAUMOU 00J1aCTSX, a TaKXe yJy4ylleHHOe pa3/esieHue 3JIeKTPOHOB
Y Jiblp Ha rpaHulie pa3jesa ¢pas. ITO CHUKAET BEPOATHOCTb PEKOMOMHALUU U CIIOCOOCTBYET
NOBBILIEHHIO KBAHTOBOTO BbIX0/,a NpoLeccoB GOTOPA3/I0XKEHUS BOABI.

B nocnenHue roabl retepocTpykTypbl BiVO,/ZnO akKTHBHO HCCAELYIOTCS B KOHTEKCTE
$OTO03/1IEKTPOXMMUYECKOr0 pacllelieHuss BOJblI JJig TMOJIyYeHUsI BOAOPOJAA, T[e OHHU
JleMOHCTPUPYIOT 3HA4YMTeJibHble MpeuMyllecTBa MO0 CPaBHEHUIO C HWH/WBUAYaJbHbIMHU
KoMIoHeHTaMU. Tak, B pa6oTe Jinglin Li 6p1in cuHTe3upoBaHbl HaHOCTPYKTypbl BiVO,/ZnO
B BUJle KBAaHTOBBbIX TOYeK. B mpolecce kajiblMHaLMU 06pa3oBaliCh NPOYHble XUMHUYECKHE
cBs3u Mexay BiVO, u ZnO (Bi-O-Zn MocCTHKH), UTO cOIJIaCyeTCsl C HAlUMMU pe3yJibTaTaMU,
NOATBEPXKJAIIMMU CHUHEpreTUYecKyo 3$PeKTUBHOCTb JaHHOU reTepocTpykTypbl [11].
KpoMe Toro, nepcrneKTUBHbIM HalpaBJIEHUEM SIBJISIETCS UCHOJIb30BaHUE [ OMOJHUTEIbHbIX
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MaTepHaJioB B KaueCTBe KOKATa/IM3aTOPOB, Kak 3To nokalasu Jih-Sheng Yang u Jih-Jen Wu [12],
npumeHuB Co-Pi(pocdaTkobanbra).JaHHBIN 10IX04MOXKET ObITh BJa/IbHENIIIEM a/IalITUPOBAH
U MoauduUUpoBaH B Hauled paborte. 'erepocTtpykTypbl BiVO,/ZnO 06s1a7jal0T BbICOKUM
NOTEHLMAJIOM /Jisl IPOU3BO/CTBA BOAOPOAa MYTEM POTO3IEKTPOXUMUYECKOTO pacCllelNeHUs
BoJibl [13-14]. B yacTHOCTH, KOMOHHALMS BbICOKOW CBeTOIMOIIONaIeld cnocobHocTu BiVO,
Y BbICOKOM MO BU>KHOCTH 3/1eKTPOHOB B Zn0 ob6ecneyrBaeT 3¢ PpeKTUBHBIN [TIePEeHOC 3apsaa U
YCTOWUYUBYIO GOTOKATAJTUTUYECKYI0 aKTUBHOCTD MPHU OCBEIIEHUU COJTHEYHBIM CBETOM.

Takum ob6bpazoM, popMHUpOBaHHE HAHOKOMIIO3UTHBIX reTepocTpykTyp BiVO4/Zn0O aBas-
eTCsl MepCneKTUBHbIM HallpaBJieHHWEM B pa3paboTKe HOBBIX MaTepHaJIOB JJis COJTHEYHOIro
BOJIOPO/JIHOTO TOIJIMBA U APYTUX POTOITEKTPOXUMUYECKUX TPUIOXKEHUH.

MaTepMaJIbI A MeTOo/ bl

CuHme3 HaHocmepicHell ZnO

[l obecrieyeHUs: OPUEHTUPOBAHHOI'O pocCTa HaHocTepkHed ZnO Ha MOAJIOKKAX M3
dTopcoaepxailero okcuga osnosa (FTO) npeBapuTesIbHO HAHOCUJICA TOHKHWM 3aTPaBOYHbIN
ciou. IlofJI0KKH OYMIaIv NOC/Ie0BaTebHO B YJIbTPAa3BYKOBOM BaHHe: CHavyaJa B alleTOHe,
3aTeM B H30IPONAHOJIE, NOC/JA€e Yero OIOJIAaCKUBAJIU JUCTUJIJIMPOBAHHOM Bogou. PacTBop
i GOpMUPOBAHUSA 3aTPAaBOYHOTO CJIOS TOTOBWUJIM NMyTéM pacTtBopeHus 0.1 r anerara
uuHka auruzaparta Zn(CH,C00),-2H,0 (ZnAC) B 10 mu1 u3onpomnaHoJie puU TeMmIiepaType
70 °C c nepeMelIMBaHMeM Ha MarHUTHOM MellaJiKe, IpU Heo6xoguMocTu fob6asan 0.005-
0.02 ma 70%-011 YKCYCHOM KUCJIOTHI JJI1 LJOCTHXKEHUs NPO3PavYHOCTH pacTBopa. HaHeceHue
NpOM3BOAUIN MeTOAOM spin-coating, fno3upysa no 0,05 M pacTBopa Ha KaKJbl LUKJI
npu ckopoctyd 3000 o6/mMuH B Teuenue 10 cekyng. [Iponeaypy nosropsiiu 4-6 pasa s
JOCTVXKeHHSl PABHOMEPHOT0 MOKPBITUA C MPOMEXKYTOYHOU CYIIKOW Kaxkaoro caos npu 100 °C.
[locsie HaHeCceHUS MOJJI0KKU NOABEPralyd TEPMUUIECKOMY OTKUTY npu TeMnepaTtype 350 °C B
TedyeHHe 1 YacoB Ha BO3/yXe.

®opmupoBaHue HaHOCTepKHel ZnO NpoBOAMI0CH METO/IOM TMAPOTEpPMaIbHOrO cuHTe3a. B 50
MJI JUCTUJIIMPOBaHHOM BoApbl pacTBopsaau 0.439 r ZnAC u 0.280 r rekcamMmeTuJIeHTeTpaMUHA
(HMTA). lloaJioxKy ¢ HaHeCEHHBIM 3aTPaBOYHBIM CJI0EM MIOMeEIA]U B PeaKUOHHBINA CTaKaH
TaKKMM 06pa3oM, YTOObI OHA HAaXO/AUJIaCh B [TO/BEIIEHHOM N0J10’keHHUU. CTaKaH yCcTaHaBJIMBaIU
Ha MarHUTHYIO MellaJIKy ¢ pyHKIMel HarpeBa U KOHTPoJIeM TeMIepaTyphl. [Ipouecc cuHTesa
npoBoguu npu Temnepatype 90 °C B TeueHre 90 MUHYT IpU CKOPOCTU NlepeMeliMBaHus 150-
200 06/MuH. KoHTpOJIb TEMIIEPATYPbI OCYILECTBJIAJICS C IOMOILbIO TEPMOIApPhI, IOTPYKEHHOU
HeINoCpeACTBEHHO B pacTBOP.

Cunme3s HaHocs0es BiVO,

Bblsi0 NpUHATO pelleHWe pa3paboTaTb METOJ, CHHTe3a, KOTOPbIM He OKa3blBajJ Obl
arpeccUBHOrO0 Bo3/eiicTBUS Ha cTpyKTypy ZnO. B cBoelt paboTe Lu Yan, Wei Zha, Zhifeng Liu [15]
MCMO0JIb30BaJ/IM 3TUJIEHTJIMKOJIb METHUJ/IOBBIA 3$UP B KaUeCTBE paCTBOPUTEJISI MPEKYPCOPOB AJIsI
nosiyueHus BiVO,. B HacTos1eM uccie0BaHUN BbIOOP ObLJ C/leJIaH B M0JIb3Y 3TUJAEHTJIMKOJIS
(EG), nocko/IbKy OH IBJISI€TCSI MeHee TOKCUYHBIM 110 CPABHEHUIO C STUJIEHIVIMKOJIb METUJIOM
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M XapaKTepu3yeTcsl CJ1ab0OKUCI0M peakuueil cpeabl. CiefyeT OTMeTUTh, UTO 3HaueHUe pH
YHUCTOr0 3TUJIEHIJIMKOJISI HEBO3MOXXHO ONpeeJUTh KJIaCCHYeCKMMU MEeTOJAMHM, TaK KaK OH
OTHOCHUTCSI K HEBOJHBIM pacTBopuTeJisiM. [1o atoit mpuuute pH u pK' Takux cucreM, kak mpaBuiIo,
YCTAHABJMBAKOTCS KOCBEHHbBIMH TUTPUMETPUYECKMMHM METOJAaMU W PpacCMaTpPUBAIOTCS
Kak ycioBHble [16]. B mpoBeféHHbIX sKcrepuMeHTax pH MpPUIroTOBJIEHHBIX PacTBOPOB C
fobasnenueM EG Haxogwica B guana3oHe okKoJsio 6-7. PactBopumocTb ZnO cylecTBEHHO
3aBUCHUT OT KUCJIOTHOCTHU cpefibl. U3BeCTHO, 4TO MaTepraJl XOpOIIO PacTBOPAETCA B yCIOBUAX
KHCJI0M peakliuu ¢ pH<2,7, a Takke B HEKOTOPbIX OpraHUYEeCKHUX pacTBopuTessax [17-19].

B xoie HacTosA1ero sKcliepuMeHTa ObLj1a MPOTECTUPOBAHA METO/IUKA JByX3TAlTHOI'O CUHTE3a
TOHKOM éHku BiVO,. Ha nepsom stane (I) 61 mpurorossieH pactBop Bucmyta: 0.094 r
Bi(NO,),-5H,0 (zasnee BiN.W) 66110 pactBopeHo B 6 Mu1 EG. OTze/1bHO 6b11 TPUTOTOBJIEH PACTBOP
BaHaaust: 0.0227 r meraBaHasara ammonus (NH,VO,, nasee NHV) pactBopusiu B 6 MJ1 ropstyei
auctumpoBaHHou Boabl (DiW) (70-80 °C). [lis o1ieHKY OBe/IeHUsI paCTBOPOB IIPU KOHTAKTe
OblJIa MPOBeZieHa Mpo6a: CHavYasia Ha TOZJ/I0XKKY HaHEeC/IM KaIlilo pacTBopa Bi**, 3aTem Ha Ty ke
06.1acThb 106aBuM Karmo VO, *. B pesysibTaTe NpaKTUYECKH MTHOBEHHO IPOU301ILI0 H3MEHEHHe
[BETa Ha HACBILUIEHHO OpPaHXKEBbIM, YTO CBU/ETEJbCTBYET O OBICTPOM WHUIMALIMK peaKLUU
Mesxly noHamu Bi** u VO *- c o6pasoBaHneM npe/iBapuTe/IbHbIX KOMILIEKCOB UM resis BiVO,.

(a) (b) (©

PucyHok 1. Cunres BiVO, ¢ ucniosib3sannem EG 1 JUCTUIMPOBAHHOM BOAbI
(a) O6pa3zen, nosiy4eHHbIH Ha | oM 3Tane cuHTe3a, (b) Ha Il oM 3Tane cuHTE3a,
(c) na Ill om 3Tane cuHTE3a

I[losyyeHHas mocse NATH MOBTOPHBIX LUKJIOB CTPyKTypa BiVO, neMoHcTpupyeT Hepas-
HOMEpHOEe paclpejie/ieHhe MaTepra/la Ha NOJJIOKKe, C BbIpQXKEHHOW 30HOM arJioMepanuu
B LleHTPa/IbHOM 4YaCTH, YTO NOKa3aHO Ha pucyHke 1(a). Ha m3obpakeHMH Hab./0faeTcs
KOJIbLIEBU/IHOE TIOXKeJITeHHe, yKa3blBawlllee Ha TO, YTO B XOJle KalleJbHOTO HaHeCeHUs
pactBopoB Bi** u VO,* o6pasoBanue ¢asnl BiVO, npoucxoauio npeuMyLieCTBEHHO B MecTe
HayaJIbHOTO KOHTAaKTa M CMEIUMBAHUS HOHOB. JTO MOJTBEPXKJAET, UTO pPeaKLUs Mexay
IpeKypcopaMy MNpoTeKaeT ObICTPO U JIOKAJMW30BAaHHO, YTO NPUBOJUT K arperMpoBaHHUIO
B 00JIaCTH MaKCMMaJbHOM KOHLeHTpauuu. Takod 3p¢deKT MoKeT HeraTUBHO CKa3aTbCs
Ha ONTHUYECKOM U 3JIeKTPOHHOM OAHOPOAHOCTU IJIEHKH. Ciief0BaTeNbHO, AJ MOJy4eHUs
pPaBHOMEPHOT0 MOKPBLITHUS HEOOX0AUMO NPUMEHSTh N03TAMHOE MOC/I0MHOe HaHeceHUe (layer-
by-layer spin coating) c npoMeXXyTOYHOM CYLIKOH.
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Ha BTopom 3rame (II) akcmepuMeHTa [l y/ay4ylleHUs] PacTBOPUMOCTH, TEKY4YeCTH U
PaBHOMEPHOCTH HaHeCeHWS B PacTBOpP BHUCMyTa Obll [00aBJieH COMNOJIPHBIA CIIMPTOBOM
KoMroHeHT. B yactHocty, 0.094 r BiN.W 6bu10 pactBopeHo B cMecu 6 mMa EG u 3 mi
n3onponaHosia. OTaesbHO ObLI NPUroToBJieH pacTtBop BaHaaus: 0.0224 r NHV 6buio
pactBopeHo B 9 mu ropsueit DiW npu temnepatype ~70-80 °C. PacTBOpbI OblJIM HaHECEHBI
IOCJI0MHO MeToA0M drop casting Ha MOJAJIOXKKY C IPOMEXYTOYHOU CYIIKOW, C IOBTOPEHUEM
nukaa Bi**/VO,* nate pas. HecMoTps Ha pas6aB/ieHne pacTBopa B cMec EG 1 n3onponaHoia,
HabJloa/1ach BbIpaXKeHHas arjioMepanus NPOAYKTa B LieHTpe HaHeCEHHOW KaIlJIu IocJie
nocae0BaTeNbHOro fobasnenus pacteopa VO,*. BepoATHON NPUYHMHON TaKOTO IOBEJEHMs
SIBJISIETCS TUAPOJIM3 HOHOB Bi** B mpuCyTCTBHU M30MpONaHo0.1a, 0CO6€HHO IPY HATTMYHH CJIE/I0B
BO/bl. M3-3a c/1a60¥ MOJIIPHOCTH U30IPONAHOJIA U OTCYTCTBUSA CTAOUJIU3UPYIOIIUX areHTOB,
Bi** MOHBI TepPSAIT YCTOWYHUBOCTh U 06PA3yIOT I'HJPOKCO- UJIX OKCHHUTPATHbIE OCAJIKH, UTO
NPUBOJUT K NPEXJAeBPEMEHHOU U JIOKAJIN30BaHHOM peakuuu ¢ NHV:

T'udposaus Bi**:
Br* + 3H,0 - Bi(OH) { + 3H*

06pa306a1-1ue OKCUHUMpama eucmyma.
Bi**+ NO, + H,0 — BiONO,J + 2H*

[Ip1 KOHTaKTe C paCTBOPOM BaHaiaTa aMMOHHUS IPOUCXOJUT ObICTpasi peaKiusi MOHOB Bi3+
WJIW TUZAPOKCUAHBIX GOPM C BaHaZ,aTOM:

O6pa3osaHue saHadama sucmyma:
Bi**+ V0, - BiVO*

u/u, ecau npucymcmayem 2udpoKcuo:
Bi(OH), + V0, — BiVO*l + 30H"

B pesynbTaTe npu HaHeceHMM pacTBOpPOB peakuua Mexay Bi** m VO,* nporekaer
JIOKQ/IM30BAaHHO W IIPEUMYIIeCTBEHHO B IeHTpe KallJIM, TIJe KOHLEeHTpalus HOHOB
MaKCHMaJibHa. ITO CONMPOBOXK/IAeTCsl 06pa30oBaHUEM XapaKTepHOro xeéatoro ocaaka BiVO* B
BH/l€ arJIOMepPATOB, HAIJISITHO MOKa3aHo Ha pucyHke 1(b).

Ha Tpetbem aTane (III) B pamkax onTHMHU3alMM MeTO/a MOCJOMHOTO HaHeceHus BiVO4
Ha TMOJJIOKKY C HAHOCTPYKTYPUPOBAHHBIM OKCHJOM LMHKa Obl1 pa3paboTaH HOBbIN
JABYXCTYIlEHYaTbI NMPOTOKOJI C MCIOJIb30BaHUEM CMeIlaHHbIX pacTBopuTesen. PactBop A
rotoBuIM nyTéM pactBopeHus 0.094r. BINSW B cmecu 6 ma1 EG B y/bTpa3ByKOBOM BaHHE,
TOJIBKO NOCJIe MOJIHOTO pacTBOpeHUs1 Aob6aBisiand 3 Ma DiW, 4yTo obecneyrBanio CHUXKeHUE
BSI3KOCTHU. PacTBop B nosyyanu caenyrouium o6pasom: 0.0227 r. NHV pactBopsiiu B 6 ma DiW
npu temmnepatype 90 °C c nepeMeliMBaHHUEM /10 IOJIHOT'O PaCTBOPEHUS, IOCJIE YEero 4,006aBJISIU
3 Mma EG. HaneceHue oCyleCTBJIAJIOCH NOLIArOBO: Ha MOAJIOKKY CHada/la HaHOCHUJACh
kamsisg (100-500 mka1) pactBopa A, 3aTeM npoBoAuaoch BpaujeHue npyu 3000 06/munH Ha 10
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CEeKYH/J, Iocjie 4yero Jo6aBJisjach Kaljs pacTBopa B u moBTOpHOe BpalljeHHe C TAaKUMHU Ke
napaMeTpaMu BpaleHus. Takou LUKJI NOBTOPSJIC NATh pas, MOCJie Yero MoJioXKa CyLnIach
npu Temnepatype 100°C 5 MHHYT, 4TO NpPOAEMOHCTPUPOBAHO Ha puCHKe 1(c). B obueit
CJI0’KHOCTH OBLIU MOATOTOBJIEHBI IIECTb 00Pa3L0B C KOJUYECTBOM MOJIHBIX IJUKJIO0B (CJI0€B)
ot 5 10 30: 5, 10, 15, 20, 25 u 30. ToToBbIN 06pasel c HAHECEHHBIM ci0eM BiVO, Ha MOAJ/10KKYy
C HAaHOCTPYKTYPUPOBAHHbIM OKCH/IOM IIMHKA [OMOJHUTEJNBbHO MOJBEpPrajud TepMUYECKOMY
OTXKUTY B BO3AYIIHOU cpefe npu Temmnepatrype 350 °C B TeyeHue 1,5 yaca. [IpeasiokeHHbIH
MOJXO0/, MO3BOJIWJ JAOCTHYb KOHTPOJMPYEMOro HapallMBaHWA TOJLIMHBI IJIEHKK BiVO, u
60Jiee paBHOMEPHOTO paclipe/iejieHUsl MaTepyasia [0 NOBEPXHOCTH. MOJIApHOCTb pacTBopa
BiN5W x 0.0216 M B 6 Ms1 EG u 3 Ma1 Bogbl. MosisipHocTb NHV B 6 Mu1 Bozbl 1 3 mu1 EG = 0.0216.
ITO 3HAYHUT, UTO MOJIIPHOE COOTHOIIeHHe HOHOB Bi** u VO43- npumepHo 1:1, 4To ujeabHO
NOAXOAUT AJis1 GOPMUPOBAHUSA CTEXMOMETPUYeCKU cbasaHcupoBaHHOTo BiVO4. Pe3ynbTaThl
[[UKJIOB HAHECEHUSI CJI0EB POJEMOHCTPUPOBAaHbI HA pucyHKe 2. [Io Mepe yBesiMueHUs Yucaa
NOAXON0B HaOJIIOAAeTCs NMOCTENeHHOe YTOJIUeHWe U YCUJIeHUWe OKpPAaCKU MOKPBITUSA — OT
6s1eJHO-KETOrO /104 (5 IIMKJIOB) K HACBIILLEHHOMY 3€JIeHOBATO-KEJTOMY IPU MAaKCUMaJIbHOM
KoJin4yecTBe C10€B (30 UKJIOB).

= A | ’
¥ " P

(a) (b) (©)
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3

(d) (e) ®

PucyHok 2. ®oto ITO noasioxek nocje nocsaonHoro (layer-by-layer) HaneceHusi pacTBoOpoB
A u B meTogom spin-coating c pa3/inYHbIM YK CJI0M LIMK/I0B HAHEeCeHUS: (a) 5 yuk.os,
(b) 10 yukaos, (c) 15 yukaos, (d) 20 yukaos, (e) 25 yuxkaos, (f) 30 yukios.

Ilpu Hanecenuu pactBopoB A v B B 30 ukJI0B 6blja NoJiy4eHa retepocTpykrypa BivVo,/
Zn0, BU3yaJIbHO XapaKTepHU3YWOILAsACAd pPaBHOMEPHOW >KEJTOM OKpACKOW NOBEPXHOCTH
(pucyHok 3). B xoze 3kclepMMeHTOB yCTAaHOBJIEHO, YTO Ipouecc GOpMUPOBAHUA MJIEHKHU
Ha MpeJBapUTeJbHO CUHTE3MPOBAaHHOM HAaHOCTPYKTYpPUPOBAHHOM cJioe Zn(O CylecTBEHHO
OTJINYaAeTCA OT HaHeceHUA Ha yucToe ctekJso FTO.
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Cmabuavhoe ghopmuposanue BiVO,/Zn0 zemepocmpykmypel Memodom Ms2K020 0caxicdeHus

PucyHok 3. Terepoctpykrypa BiVO,/Zn0O

JTO CBAA3AHO € Pa3JIMYUAMHU B CMAYUBAEMOCTU U TUAPOPUIBHOCTH NOAJI0XKEK: IOBEPXHOCTh
ZnO o6safjaeT 6oJiee BBIPaXXEHHOW T'MJPOPUIBbHOM NPUPOAON U obecrneyuBaeT Jiydllee
pacnpe/iesieHue pacTBOPOB Mo noAsioxke [20-22]. B pesysibTaTe dopMupyeTcs 60Jee NJI0THOE
1 TOJICTOE MOKpbITHE BiVO, 110 cpaBHEHH 0 C aHA/IOTUYHBIM KOJIMYE€CTBOM LIMKJIOB, HAHECEHHBIX
Ha FTO-ctekso. TakuM 06pa3oM, HaJUuuMe HAHOCTPYKTypupoBaHHOro ZnO crnoco6CTByeT
YBEJINYEHUI0 KOHEYHOHW TOJIIMHBI ¥ PaBHOMEPHOCTHU IJIEHKK BiVO, 3a CY€T ysydiieHHOTrOo
CMa4YMBaHUSA W aJire3WM pPacTBOPOB NPEKYPCOPOB. JTO OKaXKeT BJIMSAHHWE W Ha pe3yJbTaThbl
3JIEKTPOXMMHUYECKHUX U3MEPEHHUH, UTO 6yJleT ONMCAHO B COOTBETCTBYIOLIEH IVIaBe.

Pe3y/sbTaThl M 06CYKIEHHE

Bce nosyyeHHble 06pa3ibl OblIM BCECTOPOHHE OXapaKTepPU30BaHbl C UCIOJIb30BaHHEM
Habopa aHaJUTUYECKUX MeTOZA0B. PeHTreHOoCTpyKTypHbI aHanu3 (XRD) mpoBojuica c
ucnosib3oBaHueM Judpakromerpa Malvern PANalytical X'Pert Pro MPD (u3nyuenue Cu Ka, A =
1,54056 A, nanpsixenue 30 kB, Tok 10 MA) B AnamnasoHe ot 5-70 rpagycos (26). MUKpocTpyKTypa
U MOp(}OJIOTHS HAHOCTEPKHEW J[ONOJHUTEeNbHO NOATBEpPXKJEeHbl MeTOZO0M CKaHUPYIOLleH
3JIeKTPOHHOU MUKpocKonuu (SEM), BeinmosiHeHHON Ha Mukpockorie JEOL JSM-6510LA u JEOL
JSM-6490LA. OnTuyeckue cBOMCTBa 00pa31}0B U3yU€EHbI C IPUMEHEHUEM CIeKTPoPOoTOMETpa
Peak Instruments C-7200 UV-Vis B guana3oHe jyuH BosiH 300-700 HM. [losiydeHHBIe CIEKTPHI
JleMOHCTPUPOBaJIM BbIpaKEHHOE MOIJIOLleHUe B yaAbTPadUoeTOBOM 06J1aCTH U BBICOKYIO
IIpO3pPayHOCTb B BUAMMOM JiMania3oHe.

Ananuz SEM cHumkos

Ha pucyHke 4a, 4b u 4c npogemMoHcTpupoBaHbl SEM cHuMku. Ha pucyHke 4a HaGJ/toaeTcs
IUIOTHBIM MacCHB YNOpsAA04YeHHbIX HaHOCTepkHer Zn0. CTpyKTypbl UMEIOT BBICOKYHO CTelleHb
OpUeHTalyHy, GJU3KYI0 K NepHeHAUKYJIpHON MOJAJI0XKKE, U OJHOPOAHbIN pa3sMepHbIN DAL,
Takasgs Mopdosiorusi xapakTepHa JAJid THAPOTEPMAJbHOTO CHUHTe3a. Pa3Mep OT/AesbHbIX
HAHOCTEPXKHeH, cyasa nmo Macurtady, nopsaka ~100-200 HM B momepeyHoM cedyeHUMM. Ha
pucyHke 4b nokaszaH 4ucTbid BiVO,. BUZHBI pbiXJible arjioMepaThl 4acTHI, HeNpaBUIbHOM
dbopMbl, 06pasylre CPAaBHUTENBHO IOPUCTYIO MJIEHKY. YacTUIbI MMEIOT pa3Mephl NOpsAAKa
200-400 HM U pacnoJiararoTcs XaOTU4HO, 6€3 BbIpa’)KEHHOW TEKCTYPHUPOBAHHOW OpUEHTALMH.
Takas cTpykTypa TUNHYHA [IJIs1 OCaXK/JeHUS1 U3 pacTBOpa C NMocaeayloleil TepMoo6paboTKOM.
N300paxeHusa MaTepUasoB, OJy4YeHHbIX B Hallel paboTe, COrJIACyrOTCHd C U300paXKEHUAMHU
BiVO4, cunte3upoBaHHbie Zhang, L., Herrmann, L.0., & Baumberg, J. J.[23].
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PucyHok 4. Mopdosiornyeckas U CTPYKTypHasA XapaKTepUCTHUKA UCX0AHOro ZnO0,
yucroro BiVO, u rerepoctpyktypsi BiVO,/Zn0. SEM uzo6pakeHus KpyIHOro mnjiaHa:
(a) ZnO nanocmepdichu, (b) nanocaoii BiVO,, (c) nokpbimue BiVO, Ha ZnO HAHOCMEPXHCHAX.
Coomeemcmeyiowue penmzerHozpammst: (d) Zno, (f) BiV0,, (e) o6eedunénHblii cnekmp
2emepocmpykmypebl BiVO /ZnO.
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Ha pucynke 4c¢ nokasana rerepoctpykrypa BiVO,/ZnO. Ilocse mocioiHOro HaHeceHus
BiVO, na ZnO moBepxHOCTb MOKpbITa 6GoJsiee MJOTHBIM CI0eM 4YacTul,. HaHocTepxHeBas
NO/JI0XKKA YaCTUYHO COXPAHSETCs, HO MepeKpbITa paBHOMEPHBIM MOKPOBOM 00Jiee MEJIKHUX
3epeH BiVO4, 4yTo cO3Ja€T CIJIOIIHOW KOMIIO3UTHBIN C0HU. [10 CpaBHEHUIO C YUCTHIM BiVO,,
HNOKpPBITHE BBITJISAAUT O0Jiee OJJHOPOAHBIM U pABHOMEPHO pacnpesieiEHHbIM 110 TOBEPXHOCTH.

PenmzenocmpykmypHblil aHau3

Ha pucyHke 4d, 4f u 4e npoJieMOHCTPUPOBaHbl peHTTeHOBCKHE AUPPaKTOrpaMMbl YUCTOTO
ZnO0, yucroro BiVO,, rerepoctpyktypa BiVO,/ZnO coorBecTBeHHO. Ha pricyHke 4d OTYET/IMBO
BU/IHBI MHTEHCHBHbIE IMKU PeHTreHorpaMMel npu 20 =~ 31.7°, 34.4° u 36.2°, COOTBETCTBYIOLHE
miockoctsaMm (100), (002) u (101) rekcaroHasbHOM CTPYKTyphl Blopuuta ZnO (JCPDS 36
1451). Cambiii uHTeHcuBHBbIM NUK (002) ykasbpiBaeT Ha NpPeJNOYTUTENbHYI0 OPUEHTALUI0
KPUCTAJIJIOB MO OCH C, XapaKTEepHY JJisi HAaHOCTEep>KHEeW, BbIPOCLIMX MeprneHJUKYIAPHO
NoAJI0XKKe. /IONOJTHUTENBHO QUKCHUPYIOTCA MeHee MHTEHCHMBHbIE CUTHAJbl OT IJIOCKOCTEH
(102), (110) u fpyrux BbICOKOMH/EKCHBIX I'PaHEN.

Ha crnepyromeid audpaktorpaMme (PUCYHOK 4f) NpPOAeMOHCTPUPOBAHbl XapaKTepHbIe
MUKK MOHOKJMHHOU ¢asbl BiVO, (mpoctpaHcTBeHHas rpynna 12/b). OcHoBHbIe pedJieKcbl
HabJr01a0TCs B 06J1acTu 260 = 28.9° (mockoctb (121)), 30.5° ((040)), a Takke ~34.5° ((200)).
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JTH NMUKHM OJHO3HAYHO YKa3blBalOT Ha GOpMHUpPOBaHHME KPUCTalJIU4YecKod ¢asbl BiVO, 6e3
3HAYMTEJIbHBIX IPUMeECeH.

Hanocnenneit peHtreHorpaMme (pUcyHOK 4e) dukcupyoTcs AudpaKHOHHbIE TUKU 06ernX
¢as. CoxpansawTca curHasnbl Zn0 npu ~31.7°, 34.4°, 36.2°, a Takke 0CHOBHbIe UKH BiVO, npu
~28.9° ~30.5° u ~34.5°). Ux olHOBpeMeHHO€e NPUCYTCTBUE MOATBEPKAAET ycnelHoe dop-
MHUpOBaHue retepocTpyKTypel BiVO,/Zn0O 6e3 nosiBieHUs HOBbIX ¢a3 WM aMopdusanuu
KOMIIOHEHTOB.

Onmuvueckuil aHaaus 06pasyos

Ha pucyHnke 5a u 5b npefcTaB/ieHbl ClIeKTpbl NoTJoleHus B guanazone 300-700 HM A
06pasnoB Zn0, BiVO, u ux retepocTpykTypsl BiVO,/Zn0, nosyyeHnHbie MeTogoM Y O-BuaMMOM
CIEKTPOCKONHUH.
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PucyHok 5. (a) ®oToTOK As1s1 ZnO HaHOCTpeKHe, yucToro BiVO, 1 reTepocTpyKTyphI
BiVO,/Zn0 npu Hapy:xkHOM ocBemieHuH. (b) UV-Vis cnekTpel nomiomenus mwieHok Zno0, BiVo, n
BiV04/Zn0. (c) lloaroToB/IeHHbIH AJIA GPOTOI/IEKTPOXMMUYECKOT0 IKCIIEpUMEHTa C aKTUBHOCH
niaowaasio 1cm? Zno, (d) 1 cm? Bivo,, (e) 1 cm?® BiVO,/Zn0

Yucteit ZnO feMOHCTpUPYeT UHTEHCHMBHOE MOIVIOIEHUE NMPEUMYIIeCTBEHHO B yJbTpa-
duoseToBor 06s1acTU € MakcuMyMoM okosio 360-380 HM, 4YTO CBfI3aHO C UIMPOKOU
3anpeléHHoN 30HOH (~3,2-3,3 9B) 1 orpaHu4eHHON GOTOUYBCTBUTENBHOCTbIO B BUAMMOM
AvanasoHe. B ominume ot Hero, BiVO, xapakrepusyercs 6o0Jiee LIIMPOKUM CIEKTPOM
NOIVIOIEHUS], pacnpocTpaHsommuMcs A0 obsactu 520-550 HM, 4TO 06yCI0BJIEHO MeHbIIen
IIMPUHOM 3amnpeliéHHoN 30HbI (~2,4-2,53B) U crnocobHOCTbI0 3pPEKTUBHO HCIOJb30BATh
BUJMMYH 4YacTb COJIHEYHOro wusyiy4yeHus. letepoctpykrypa BiVO,/ZnO pemoHcTpupyet
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KOMOWHUPOBAaHHbIE XapPaKTEPUCTHUKU CIEKTPaAJbHOTO MOIVIOIEHUS O060UX KOMIIOHEHTOB:
BbICOKAasi UHTEHCUBHOCTb B yJbTPadUOIeTOBOM 06JIaCTU COYETAETCS C 3aMeTHBIM pacluupe-
HUEM IMOIJIOIEHHUS B CTOPOHY BUAMMOTrO Auana3oHa. [[py sToM cymMMapHOe MOIVIOlleHHe B
o6s1act 400-500 HM 3HAYMTEJILHO IPEBBILIAET TAKOBOE /151 UHAWBU/AYaJIbHbIX KOMIIOHEHTOB,
YTO CBU/IETEJILCTBYET O CUHEPreTu4eckoM adpdpekTe npu GOPpMUPOBAHUU FreTEPOCTPYKTYPhI U
BBICOKOU TOJILIMHE TeTepOCTPYKTYpPhI. [loslydeHHbIe pe3yabTaThbl NOATBEPKAAIOT, YTO UHTET-
pauusa BiVO, u ZnO nosBoJsissieT 3HaYUTEJbHO MOBLICUTbh 3GEKTUBHOCTb HCMOJIb30BaHUSA
COJTHEYHOI'0 CBeTa 3a CYET paclIMpeHHUs [uala3oHa MOIVIOEeHUs U, CJIe[l0BAaTeNbHO, AeJaeT
TaKWe reTepOCTPYKTYpbl NEePCHEeKTUBHBIMU MaTepuasaMHu [ (HOTO3JIeKTPOXMMHUYECKOT O
pacienyieHusi BoAbl U APYrux GOTOKATAIUTHUYECKUX TPUT0KEHU M.

®omossekmpoxumuyeckoe UusMepeHue ¢ AUHEUHbIM 80./1bMAMNEPHLIM CKAHUPOBAHUEM

M3MepeHus NpPOBOAMWJIKUCH NOJ, €CTECTBEHHBIM COJIHEYHBIM OCBEIleHWEeM B I0JIEBbIX
YCJ0BHUSIX HA OTKPBITOM Bo3Ayxe No koopauHaTaM 43,2363533 N, 76,9318693 E (r. Anmarhi,
Kazaxctran) 29 uwoHa u 1 uwoaa 2025. B kaudecTBe ajneKTpoJsiuTa ucnosb3oBasica 0.5 M
pacTBop cyabdpaTta HaTpusa (Na2S0,) B o6beMe 80 MJ, NMOCKOJbKY JaHHBIA 3JIEKTPOJIMT
SABJIIETCS XUMUYECKH UHEPTHBIM M HearpecCHBHBIM M0 OTHOILIEHUI0O K HAHOCTPYKTypaM
Zn0O ¥ nokasaj BbICOKYI0 QYHKIMOHAJIBHOCTb B Psifie Hay4yHbIX paboT [24]. Ha pucyHke 6
IPOJEMOHCTPHUPOBaHbI NOTOAHbIe Yca0BUA (1,2,3) Bo BpeMsl NPOBeAeHUSI aHAIM30B, a TaKXKe
CHUMOK CaMOM 3JIEKTPOXUMUYECKOU TUENKHU (4)

29 wioHA 2025 1 wions 2025

Hosb . +23° +23° 682 208 47% Hosb ) +25° +25° 683 Y 06 43%

yipo +27° w27 683 Yo7 45% Y1po +24° +24° 684 ~ o7 40%
Rens +33° +33° 683 Vs 25% Dews +32° +32° 685 XS 26%
Bevep 7 +31° +31° 682 410 34% Bevep . +30° +30° 685 MK 29%

Moyacosoit nporyHos Ha 29.06.2025

(©)]

PucyHoOK 6. YcoBus nosieBbix PEC skcnepuMmeHTOB: (1) morogHbie ycja10BUA 29 UIOHA U
(2)1 uros1g 2025 roaa - reMneparypa, BJaKHOCTb, BETEP M 06/ Ia4HOCTh; (3) pea/ibHOE COJTHEYHOEe
OCBellleHUe B MOMEHT U3MepeHUui; (4) skcneprMMeHTa/IbHaA YCTAHOBKA — FeTePOCTPYKTypa
BiV04/Zn0 B 3/1eKTPOJIMTE NOA €CTeCTBEeHHbIM OCBellleHueM
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®0TO03/1eKTPOXUMUYECKHE U3MEPEHUATTPOBOJUIUCH METOLOMJIUHENHOTO BOJIBTAMIIEPHOTO
ckanupoBaHusi (PEC-LSV) B jaumanasoHe mnoteHnuasioB oT 0 go +1,0 B oTHocuTesbHO
asiekTpoja cpaBHeHUusi Ag/AgCl, ucnoJsib3ysi MOTEeHIUOCTAT/TajJbBaHOCTAT B CTaHJAAPTHOMN
TPEX3JIeKTPOJHOMN svelike. B kauecTBe pabouyero 3jieKTpoja KUCHOJIb30BaJUCh 3 0b6pasua:
ZnQ, BiVO,, BiVO,/Zn0, n301MpoBaHHbIe 3MOKCUIHOM CMOJIOH C OTKPLITON paboyei 06/1aCThbIO
o abio 1 cM? (pucyHok 5c-5€). B kauecTBe MPOTHUBO3JIEKTPO/Ia MPUMEHsIach MJIaTUHOBAs
miactuHa pasmepoMm 0.5x0.5 cM, a 3/1IeKTpoJi CpaBHEHUsI NPEACTaBJSAI COOOM 3JEKTPOJ,
Ag/AgCl c HaceienHbiM pactBopoM KCl. Ha pucynke 5a mpejcTtaBsieHbl BoJIbTaMIepHBIE
XapaKTepuCTHKU Tpex cucreM: ZnO, BiVO, u rerepoctpyktypbl BiVO,/Zn0O. Hanboabiui
doToToK npogeMoHcTpUpoBas Zn0, yi1 KOTOPOTO MaKCMMaJIbHOE 3HaYeHUe TOKAa COCTaBUJIO
okosio 0.18 MA npu noTteHuuase nopsgaka 350-400 mB. [ BiVO4 Habsto01aeTcss Haubosiee
HU3KHM TOK, MOHOTOHHO BO3pacTalOLUN C yBeJUYEHUEM HaIpSDKEeHUs], 4YTO CBS3aHO
C ero OTHOCHUTEJbHO HHU3KOW MPOBOJUMOCTbI0O M OCOOEHHOCTSIMM 30HHOU CTPYKTYPBI.
l'etepoctpyktypa BiVO,/ZnO neMoHCTpUpyeT KOMOWHUPOBaHHOE IOBEJEHHE: Ha HU3KUX
NOTeHLMa/aX TOK HEBBICOKMW, HO HauuMHasd ¢ ~400 mMB oH Bo3pacTaeT M BBIXOJUT Ha
YCTOWUYUBBIA pOCT npu HanpsbkeHUU A0 1000 MB, u nmokasbiBaeT HaWOOJIbIIMKA TOK, PaBHBIN
0.101 mA/cM? mo cpaBHeHHIO ¢ ocTasbHBIMH ZnO - 0.08 mMA/cm? BiVO4 - 0.049 mMA/cMm?
XapaKTepHOW 0COOEHHOCTbIO SIBJISIETCA BbIpaXKEHHbIA cmaj Toka B o6sactu 350-400
MB, KOTOpbI MOXeET ObITh CBSI3aH C MEPEeCTPOMKON 30HHBIX YPOBHEH U BbIpaBHHBaHUEM
noteHnyanoB @epmu Ha rpaHule pasgesna ¢as. [Ipy ganpHelIeM yBeJIMYeHUU NIOTeHKaIa
$OTOTOK TNOCTENEHHO BOCCTAHABJMBAETCS, YTO yKa3biBaeT Ha ¢QopMUpOBaHHEe O6oJiee
CTabUJIBHOTO TreTepoliepexofja U MoBbilleHHE 3PPEKTUBHOCTH MNPOCTPAHCTBEHHOIO
paszesieHuss HocuTeJsier 3apsaa. [losiydyeHHble pe3ysbTaThl IOATBEPKAAIOT NEPCIEKTUBHOCTD
npuMeHeHus retepoctpyktyp BiVO,/ZnO B ¢oTosaniekTpoxumuieckux cucremax. Cienyer
OTMETHUTb, YTO JaXKe MpPHU CPaBHUTEJbHO 60/bLION ToIMHE cosg BiVO, o6pasibl
JIlEMOHCTPUPYIOT BO3pacTawiui GOTOTOK, YTO MOAYEPKHUBAET BKJIQJ, reTeponepexosa B
yJlydllleHWe XapaKTepUCTUK. B mepcnekTuBe peKOMEHAYeTCS NMPOBECTU [IOMOJIHUTEJIbHbIE
ycciejoBaHUs C 0O0pa3liaMM, CUHTE3UPOBAaHHBIMU NoCpeACcTBOM 15-20 UKJ/I0B OCaXKAeHUs
BiVO,, YyTOOBl 0OJiee J[JeTaJibHO U3y4YWTb BJMSHHE TOJIUHbI AKTUBHOTO CJOS Ha
$OT03/1IEKTPOXMMUYECKYI0 aKTUBHOCTD. B HcceloBaHUAX 4aCTO YKa3aloT, YTO ONTUMaJbHas
tosuHa aJs PEC usmepenuit y BiVO4 paBHa 300-330 M [25-26].

3ak/iloueHue

B HacTosimeil paboTe 6bL1 NMpeAJioKeH U pealu30BaH MATKUN JABYXCTyNeHYaTbld METO/,
IIOCJIOMHOI'0 HAHECEeHHWs BaHa/jJaTa BUCMYTa Ha HAHOCTEP>KHU OKCH/1A [IMHKA C UCTI0JIb30BAaHUEM
3TUJIEHIVIMKOJISA W BOJHBIX PacTBOPOB, YTO MO3BOJIWJIO MOJYYHTb PaBHOMEPHbIE U CTa-
6usbHble TeTepocTpyKTyphbl BiVO,/Zn0. IlpoBeséHHbIE CTPYKTYpHbIE U MOPQOJIOrHYECKHE
uccaenoBanus (XRD, SEM) noarBepauin ¢opMrUpoBaHMEe MOHOKJIMHHON KPHUCTANJINYECKOU
¢asbr BiVO, u coxpaHeHHe reKcaroHaJbHOM CTPYKTypbl ZnO 6e3 MosiBJeHUSA MOCTOPOHHHUX
da3, a Takxe [eMOHCTPUPOBAJIM MOJIHOE MNepeKpbITUEe HAHOCTEpPXXHEW IJIOTHBIM CJIOEM
BiVO,. OnTuyeckuid aHa/M3 MoKasas, YTO MWHTErpanus JBYyX KOMIIOHEHTOB 06GecrneYyuBaeT
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KOMOWHUPOBAHHOE TOIVIOlleHHWe B yJAbTpaduoJIeTOBOM U BHAMMOM J[HaNa30HAX, YTO
NOATBEPKJAaeT CUHepreTudecKUd 3QPeKT reTepoCTPyKTypbl. POTO31EKTPOXUMUYECKHE
VM3MepeHUs], MPOBeAEHHbIE 10/ ECTECTBEHHBIM OCBEILlEHUEM, [TI0KAa3aJ/Id, YTO FeTEPOCTPYKTYypa
BiVO4/Zn0 mnpeBocxoguT 1m0 $OTOTOKY Kak MHAMBHMAyabHble ZnO, Tak u BiVO,, nocturas
3HayeHus 0.101 mA/cm? npu 1.0 B, uTo ykasbiBaeT Ha MEePCHEKTUBHOCTb MpPeJJaraeMoro
MeTO/a CHHTEe3a U [T0JIyYeHHbIX MaTepHUaJIoB Jisl UCI0JAb30BaHUS B POTO3/IEKTPOXMMHUYECKOM
pacuienjieHuy BoAbl U COJTHEYHbIX IHEPTeTUYeCKUX PUI0KEHHUSX.

BJsiarogapHoCTb, KOHQJIMKT HHTEPECOB

ABTOPBI 3asIBJISIIOT, UTO MOJYYHUIH GUHAHCOBYIO MOJJIEPIKKY /1JIsl TPOBEJEHUS UCCIeJOBAHUS,
HalKMCaHUs U/UIW NyOJMKALUK JAaHHOUW cTaThbu. McciegoBaHue Obl10 NPopHUHAHCHPOBAHO
KoMuTeToM Hayku MUHHCTepCTBa BhIClIero o6pa3oBaHusl U Hayku Pecny6sinku Kasaxcrad
(FpanT Ne AP23490626 «MccienoBanue u paspaborka ¢poroanexktpopos Zn0/BivVO, u Cu,0/
Zn0 psig co3jaHus BbICOKO3)PEKTUBHBIX TaH/[EMHBIX CUCTEM MPOU3BO/ACTBA BOAOPOJA MO/,
JIeICTBUEM CBETa»).

Bxiiag aBTOpoB

Ky XK. - npoBeieHHe 3KCIepUMEHTOB, COOP M ITIepBUYHAA 00pab0TKa IKCIIepUMEHTAIbHbBIX
JaHHBIX, y4acTHe B IOATOTOBKE WIJIIOCTPATUBHOI'O MaTepUasia, HallMCaHUe TeKCTa CTaThH.

BakpanoB H.B. - pa3paboTka KOHIeNI[UX UCCIeJ0BaHUS, TIOCTAHOBKA 33/1a4H, y4acTHE B
VMHTepIIpeTaluy pe3y/bTaTOB, pelaKTUPOBAHHUE PYKOIIUCH.

CenitoBB.JK. - CUHTE3 U CTPYKTYypHasi XapaKTepUCTHKA 00pa310B, y4acTHEe BUHTEPIPETALUU
AaHHbIX XRD u SEM, coryiacoBaHre 0KOHYaTe/JbHOU BEPCUY CTAThHU.

KancasnamoBa ®.P. - yyacTtue B aHaiuse QOTO3J1€eKTPOXMMUYECKUX JAHHBIX, y4acTHe B
VHTepnpeTalnuu pe3ybTaToB, pelaKTUPOBAaHHWE PYKOIIUCH.

bakpaHoBa /I.U. - KpUTHUYeCKHUH aHAJIM3 U pelaKTHUPOBaHUE COJlepKaHUs, KOOpPAUHALUS
paboThl aBTOPCKOI'0 KOJIJIEKTUBA, PeJaKTUPOBAaHUEe PYKOIIUCH, 110/ja4a CTAaThH B XKypHaJL.

[Ma3b16ek C.A. - yyacTuve B Au3aiiHe 3KCIEPUMEHTOB, aHa/IU3 JAaHHbBIX, COIJIaCOBaHHUE
OKOHYaTeJIbHOM BEepPCHUM CTAThbH, IPOBEPKA JOCTOBEPHOCTH BCEX NI0JIy4eHHbIX pe3yJIbTaTOB.

Bce aBTOpBI NpOYMTaNU U OLOOPHJIHA OKOHYATEJbHYIO BEPCHUI0 CTaTbU U HECYyT OTBeT-
CTBEHHOCTbD 3a BCe e€ cofiepKaHue.
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Kymcak TyHABIpY 94ici apKbLabl BiVO,/Zn0 reTepoKypbUIbIMbIH OPHBIKTBI KAJILIITACTBIPY

Anpgarna. Bys KyMbIcTa TUAPOTEPMUSJIBIK 9/iClIeH CUHTE3/leJIreH MBbIPhI OKCUJiHIH (ZnO)
HaHO©3eKTepiHiH 6eTiHe spin coating apici apkpLibl (BiVO,) BUCMYT BaHa/JaThiH KYMCaK, €Ki CaThlJIbl
Kabarrtan (layer-by layer) TyHAbIpy HaTukesepi KeaTipiireH. TYTKbIPJbIKTbI, PEKYPCOpPIaPAbIH
KOHIIeHTPaUUsAChIH 6aKbliay Zn0O-4a KalblnTackaH BV myeHKasnapbIHbIH, KaJbIHABIFbIH, OipKeJIKLIIriH
>)KOHE OPHBIKTBUIBIFBIH peTTeyje Llellyuli peJ aTKapajbl. AJbIHFaH yJrijiepAi cumaTtray aJicTep
KelleHiHiH KeMeriMeH Xyprizingi. Angbpimern UV-Vis crnekTpockonuscbl KoJgaHbLiAbl, 6y BiVO,
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TYH/bIpFaHHAH KeliH KepiHeTiH ailMaKTaFbl XXYTY CIEeKTPiH aHbIKTayFa MYMKIiH/ik 6epai. Opi Kapai,
PEHTTeHAIK KypbLIbIMABIK Tangay (XRD) ogmicimen BiVO4 MoHOKIWMHAIK ¢aszackIHbIH koHe ZnO
BIOPUMUTTIK dazachbIHbIH, 6ap eKeH/Iiri pacTaj/ibl, COHbIMEH KaTap YJTriJepAiH KpPUCTaNJbIK AeHreii
GafasiaHAbl. AKbIPBIH/IA, CKaHePJIeYIIli 3JIeKTPOHAbI MUKpPOcKomus (SEM) ZnO Mopdo/I0THSCHIH KoHe
osiapzbiH BiVO, KabaThIMeH OpHBIKTBI KanTalFaHbliH kepceTTi. BiVO,/Zn0 reTepoKypblibIMAapbIHbIH,
IpaKTUKaJbIK KacUeTTepiH 6aFrajay YIUiH JajajblK TaOUFU XKaFanaapia ChI3bIKThIK, BOJIbTaMIepJliK
cKkaHepJieyre ue GOT03IeKTPOXUMHUSIJIBIK, 6JIIIEY KYPTi3iagi, 6y HAKThI xKaFaaiaap/a njieHKanapAblH
eHIM/IiriH KepceTei. KyprisiareH akcnepruMeHTTep 6apbIChIHAA aJbIHFAH HOTHXKeJiep, epiTiHAinepain
TYTKbIPJIbIFbl OHTAWJIaHAbIPbLIFAH €Ki caTblibl spin coating afici GOTO3/IeKTPOXUMUSIBIK, KypbLI-
FbLIAp/a KOJI@aHyFa apaM/bl TYPaKThl FeTEPOKYPBLIbIMAAPAb] KYpyFa MyMKIH/IiK OepeTiHiH pacTajpbl.

Ty#iH ce3aep: MbIPbIII TOTBIFBI, BACMYT BaHAAAThI, THPOTEPMAJI/Ibl CUHTE3, POTO3/IEKTPOXUMUS,
3TUJIEHIVIMKOJIb, )KYMCAK, TYHABIPY.
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Stable Formation of BiVO4/Zn0O Heterostructure via a Soft Deposition Method

Abstract. This work presents the results of a mild two-step layer-by-layer deposition of bismuth
vanadate (BiVO,) onto hydrothermally synthesized zinc oxide (Zn0O) nanorods using the spin-coating
method. Controlling the viscosity and precursor concentration plays a key role in tuning the thickness,
uniformity, and stability of the BiVO, films formed on ZnO. The synthesized samples were characterized
using a range of analytical techniques. First, UV-Vis spectroscopy was used to determine the absorption
spectrum in the visible range after BiVO4 deposition. Next, X-ray diffraction (XRD) confirmed the presence
of the monoclinic phase of BiVO4 and the wurtzite phase of ZnO, as well as the degree of crystallinity
of the samples. Finally, scanning electron microscopy (SEM) revealed the morphology of ZnO nanorods
and the stable coating of their surface with a BiVO, layer. To evaluate the practical performance of the
BiVO,/Zn0 heterostructures, photoelectrochemical (PEC) measurements were conducted under natural
outdoor conditions using linear sweep voltammetry, demonstrating the operability of the films in real
environments. The results obtained during the experiments clearly confirmed that our proposed two-
stage spin-coating method with optimized viscosity of solutions makes it possible to create stable
heterostructures suitable for use in photoelectrochemical devices.

Keywords: zinc oxide, bismuth vanadate, hydrothermal synthesis, photoelectrochemistry, ethylene
glycol, soft deposition.
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Abstract. Through ab initio evolutionary crystal structure prediction, we have
discovered a novel monoclinic phase of manganese hexaboride (MnB,) with
the space group PZ2/m. This new polymorph is energetically favorable over
the previously known hexagonal P6"m2 structure at pressures below 58 GPa.
Although metastable with respect to decomposition into MnB, and B, the PZ/m
phase is demonstrated to be dynamically and mechanically stable at ambient
pressure, as confirmed by the absence of imaginary phonon modes and the
satisfaction of the Born stability criteria. Calculations of the elastic properties
reveal that MnB-P2/m is a hard, brittle material with a high Vickers hardness
of 33 GPa, which surpasses that of common industrial ceramics like tungsten
carbide and silicon carbide. Its bulk modulus (273 GPa), shear modulus (220
GPa), and Young modulus (519 GPa) indicate superior resistance to elastic
deformation. The compound exhibits significant elastic anisotropy, as visualized
by the directional dependence of its moduli and hardness. These properties
establish the new MnB.-PZ2/m polymorph as a promising candidate for
experimental synthesis and potential application as a hard material.
Keywords: borides, hardness, high pressure, elastic moduli, density functional
theory

Introduction

Transition-metal borides have garnered substantial scientific attention due to their
remarkable combination of properties, such as superconductivity, magnetism, exceptional

hardness, and

thermal stability at extreme temperatures [1-6]. The light atomic mass and

high bond strength of boron enable the development of extensive covalent networks within
transition-metal boride crystals [7]. Progress in computational and synthetic methods has
recently enabled the identification and production of numerous borides proposed as superhard
candidates, a characteristic attributed to their high valence electron density and strong covalent

bonding [8,9].

Notable examples include OsB, [10], ReB, [2], CrB, [11], WB, [12], WB, [5,13],
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ZrB,, [14], YB, [15], ScB, [16], ScB, [16], and FeB, [17]. The measured or predicted hardness of
many of these borides exceeds 40 GPa, surpassing that of widely used industrial abrasives and
cutting materials such as cemented tungsten carbide (WC, ~20 GPa) [18] and silicon carbide
(moissanite, ~22 GPa) [19]. These promising characteristics continue to drive extensive
research on transition-metal borides.

Manganese, a magnetic 3d transition metal possessing multiple valence electrons, reacts
with boron, an element characterized by its electron deficiency, to produce stable boride
compounds. These phases demonstrate a suite of characteristics typical of high-performance
multifunctional materials, including exceptional thermal stability (high melting point), superior
mechanical strength, and significant resistance to wear. To date, eight manganese-boron
compounds are known: Mn_B, MnB, Mn_B,, Mn_B,, MnB,, MnB,, MnB,, and MnB,. Among these
manganese borides, MnB; is the most B-rich compound. According to the findings of Yuan et
al. [20], the MnB6 phase becomes thermodynamically stable at pressures exceeding 127 GPa.
This phase, which adopts a P6 Zm crystal structure, remains stable up to at least 200 GPa. The
crystal structure of MnB,_-P6 2m is characterized by distinctive boron-nitride (BN)-like ribbons
that extend along the c-axis. These ribbons are interconnected within the ab-plane via B-B
bonds, creating a framework with open channels that house manganese atoms. This phase
exhibits favorable mechanical characteristics, including a predicted Vickers hardness of 25
GPa and notable ductility. These properties are a direct consequence of its unique structural
arrangement, which is enabled by boron's capacity for diverse and adaptable chemical bonding.

To discover new polymorphs of MnB6 exhibiting promising mechanical properties, we
conducted a systematic search for stable crystal structures using density functional theory
calculations.

Methodology

All calculations were conducted using density functional theory as implemented in the VASP
5.4.4 software [21, 22]. The exchange-correlation interactions were incorporated through the
generalized gradient approximation using the Perdew-Burke-Ernzerhof (PBE) functional. The low-
enthalpy structures of MnB, were identified through an evolutionary structure search utilizing
the USPEX code [23-25]. These variable-composition predictions were conducted for systems
containing up to 4 formula units per cell at pressures of 0, 50, 100, 150, and 200 GPa. An
initial population of 100 structures was generated, from which the lowest-enthalpy 50% were
selected to produce subsequent generations. The evolutionary operations were distributed
as follows: 40% heredity, 20% atomic mutation, 10% lattice permutation, and 30% random
generation. All structure predictions employed medium-accuracy parameters, including a 450
eV plane-wave energy cutoff, a Monkhorst-Pack k-mesh [26] with a spacing of 21 x 0.07 A, and
Methfessel-Paxton electronic smearing [27] (o = 0.2 eV). Following the evolutionary search, the
most favorable structures were refined using high-accuracy settings: a 700 eV energy cutoff, a
denser k-mesh of 21 x 0.03 A%, and reduced smearing (o = 0.1 eV). These selected phases were
subjected to full geometry optimization via a conjugate gradient algorithm, with convergence
thresholds set to 1.0 x 107 eV in energy, 0.01 GPa in stress, and 0.005 eV/A in atomic forces at
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several pressures. The phonon spectra were calculated using the Phonopy program [28] with 2
x 2 x 2 supercell.

To evaluate key mechanical properties such as hardness and fracture toughness, the
components of the static elastic stiffness tensor (C,.}.) were determined from the linear stress-
strain relationship o, = Ci These Cij values were subsequently used to calculate the bulk (B)
and shear (G) moduli via the Voigt-Reuss-Hill averaging scheme [29, 30]. For crystalline systems
with monoclinic symmetry, the bulk and shear moduli were computed using the following
expressions:

( 1
By = 5 [C11 + Cop + C33 + 2(Cyp + Ci3 + Csl

-1

B.=Q [a(Cn + Cap — 2C13) + b(2C;1;, — 2C11 — 2Cy3) + c(Cys — 2C35) +]
o =

+d(2C13 + 2Cp3 — Cy3 — 2C3;) + 2e(Co5 — Ci5) + f
1
Gy = E[Cn + Cyp + C33 + 3(Caq + Css + Cog) — (Ci2 + Ci3 + Cp3)]

4 [a(cn + Caz + Ci3) + b(Cyq — Cip — C3) + c(Cys + Cy5) +]
+d(Cyy = Ci3 — Cp3 — Ci3) +e(Ci5 — Cr5) + f +3 (

=1
Gp = 15 X

g+ Cag + Cee ) 1
Q' C4sCe6 — Cis

A= C;3(C12Co3 — C32Cy3) + Co3(C12C13 — Cp3C11) + C33(C11Cpp — CF)
a = C33Cs5 — Cis

b= g23g55 - gzs?s

c= _

d = CCos — CuaCon (2)
e = (3055 — Cy5Cy3

f = C11(Cp2Cs5 — C35) — C13(C12Cs5 — Cy5Ca5) + C15(Ci2Co5 — Ci5Cp2) + Co5(C3C35 — Cy5C33)
9 = C11C33C33 — C11CF5 — Cp5Cfs — C33CF, + 2C15C13C53
Q = gCss + 2[C15C55(C33C1 — C13Co3) + Ci5C35(Co2Ch5 — Cr2C33) + Co5C35(C11Co3 — C12Ch3)] —
—[CF5(C22C33 — €33) + C35(C11Cs3 — Cf3) + C35(C11Cyz — CH)]

2
Gy + Gg

2

Using the obtained bulk and shear moduli, Young’s modulus (E) and Poisson’s ratio (v) could
be calculated as follows: 9BG

E=3p7%¢
L 3B-26 3)
2GB+0)

To evaluate the Vickers hardness of the predicted MnB,, the empirical models developed by
Chen [31] and Tian [32] were employed:

nghen =2. (kz . G)0.585 -3

H‘T/"ian = (0.92 - k1137 . ;0.708

where k = G/B. In this study, the Vickers hardness (H ) was determined by calculating the
mean value derived from Equations (4):

(4)
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_ then_'_H"I/"ian

Hy ==—; (5)
Results and discussion

Based on our structure predictions, we identified two low-enthalpy phases of MnBg. At
100, 150, and 200 GPa, the most stable structure is the P6m2 phase previously predicted by
Yuan et al. [20]. In contrast, at 0 and 50 GPa, we discovered a new, previously unreported
phase. This new polymorph of MnB6 crystallizes in the monoclinic P2/m space group. There
is one inequivalent Mn site. Mn(1) is bonded to four equivalent B(1), four equivalent B(2),
and four equivalent B(3) atoms to form a mixture of distorted edge and face-sharing MnB12
cuboctahedra. All Mn(1)-B(1) bond lengths are 2.02 A. All Mn(1)-B(2) bond lengths are 2.23 A.
All Mn(1)-B(3) bond lengths are 2.32 A. There are three inequivalent B sites. In the first B site,
B(1) is bonded in a 7-coordinate geometry to two equivalent Mn(1), one B(1), two equivalent
B(2), and two equivalent B(3) atoms. The B(1)-B(1) bond length is 1.81 A. Both B(1)-B(2) bond
lengths are 1.78 A. Both B(1)-B(3) bond lengths are 1.79 A. In the second B site, B(2) is bonded
in an 8-coordinate geometry to two equivalent Mn(1), one B(2), two equivalent B(1), and three
equivalent B(3) atoms. The B(2)-B(2) bond length is 2.00 A. There is a spread of B(2)-B(3)
bond distances ranging from 1.77-1.92 A. In the third B site, B(3) is bonded in an 8-coordinate
geometry to two equivalent Mn(1), one B(3), two equivalent B(1), and three equivalent B(2)
atoms. The B(3)-B(3) bond length is 1.85 A. The structure can also be characterized as a
channel-like open framework of B atoms in which Mn atoms are located. Visualization of the
structures and their structural data are presented in Figure 1 and Table 1.

VoW o\
Y/ A\ F/4\
VY o ¥ o ¢

W/

Figure 1. Crystal structure of the predicted MnB,-P2/m
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Table 1. Structural data of predicted MnB-P2 /m at 0 GPa

Space Atomic coordinates
group Lattice parameters (A, degree) Atom X y z
P2/m a=3.618 | b=2.858 | c=4.802 Mn(1) 0.5 0.5 0
a=90. = : y=90. -0. . .
(#10) 90.00 101.5 90.00 B(1 0.0507 0.5 0.8076
B(2) 0.1703 0 0.6916
B(3) 0.6750 0 0.6686

Our enthalpy calculations demonstrate that the newly predicted MnB -P2 /m phase is
energetically favorable over the known P6 m2 structure below 58 GPa (Figure 2). Furthermore,
spin-polarized calculations indicate that the ground state of this P21/m phase is ferromagnetic.
Considering the thermodynamic stability against decomposition (MnB, - MnB, + 2B), we can
see that the MnB, compound stabilizes above 128 GPa in the form of Pém2 structure (Figure 2),
which is in excellent agreement with work of Yuan et al. [20]. Although MnB,-P2/m is inferior
in energy to mixture MnB, + 2B, it can still be obtained metastably in an experiment if it is
dynamically and mechanically stable in calculations.

0.6
0.3
= 1
« 0.01 >
> | r
< -0.3+ 58 GPa ,~ 128 GPa
o 7 e
T ~al /4 —e— P6m2 (fm)
2 0.6 /x‘& —a— P6m?2 (afm)
L [ /gw —=— P6m?2 (nm)
0.9+ ///§ —v— P2/m (fm)
T 7 —o— P2/m (nm)
-1.2+—4— i : — =
0 50 100 150 200

Pressure (GPa)

Figure 2. Relative enthalpies of MnB, polymorphs as a function of pressure.
The gray dashed line indicates the relative enthalpy of MnB, + 2B mechanical mixture

To estimate the dynamic stability of MnB,-P2/m, its phonon spectrum at ambient pressure
was calculated. The calculated phonon dispersion curves are presented in Figure 3. The absence
of imaginary modes in the phonon spectrum is obvious that indicates the dynamic stability of
this structure.
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Figure 3. Calculated phonon dispersion curves of MnB6-P2/m

To estimate a mechanical stability of MnB_-P2/m, its second-order elastic stiffness tensor
C was calculated using the strain-stress method. The calculated stiffness tensor C (in GPa) is

given below:

The elastic stiffness coefficients (C,) serve as critical indicators for evaluating the mechanical
stability of crystalline phases. For monoclinic systems, the necessary and sufficient conditions

841 99 129
99 549 102
129 102 117.3

0 0 0
13 -4 16
L0 0 0

25

0

for mechanical stability are expressed by the following constraints:

.

[Ci1 + Cop + C33+ 2(Cip + G5+ C3)] > 0
(C44Ce6 — Cis) > 0
(C33Cs5 — C35) >0
. (Cpz + €33 — 2C33) >0
[C22(C33Cs5 — C35) + 2C23C,5C35 — C53Cs5 — C55C33] > 0
2[C15C35(C33C15 — C13C53) + Ci5C35(C22C 5 — C12Ca3) + C5C35(C11Co3 — C2C43) —]
—[Cf5(C22C33 — C33) + C35(C11C33 — Cf) + C35(C11Cpp — CF)]
\ +(C11C22C33 — C11C33 — CppCh — C33CF, + 2C15C13C53)Css

>0
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The calculated C; values for MnB,-P2/m satisfy the Born criteria, confirming its mechanical
stability.

Using the derived Cy key elastic parameters such as polycrystalline bulk modulus (B),
shear modulus (G), Young modulus (E), and Poisson ratio (v) were determined (Table 2). The
calculated polycrystalline bulk modulus of MnB_-PZ2/m is B = 273 GPa, indicating its resistance
to uniform compression is approximately 20% higher than that of silicon carbide (B-SiC,
B =225 GPa [33]) and slightly lower than that of MnB_-P6' m2 (B = 289 GPa [20]). Furthermore,
MnB,-P2/m exhibits superior resistance to non-hydrostatic deformation. Its shear modulus (G
=220 GPa) and Young modulus (E = 519 GPa) both exceed those of 3-SiC (G = 192 GPa, E = 448
GPa [33]) and almost equal to those of MnB-P6'm2 (G = 213 GPa, E = 513 GPa [20]). These
results suggest the mechanical properties of MnB,-PZ/m are superior to those of the widely
used SiC, with significantly higher resistance to both shear and axial stresses. Furthermore, its
rigidity is comparable to that of the MnB_-P6 m2 polymorph.

Table 2. Calculated polycrystalline elastic moduli, Poisson and B/G ratio of predicted MnB_ at
ambient pressure

Bulk modulus (GPa) 273 GPa
Shear modulus (GPa) 220 GPa
Young modulus (GPa) 519 GPa
Poisson ratio 0.18
B/G 1.24
Vickers hardness (GPa) 33 GPa

The nature of a material, whether it is ductile or brittle, can be determined by its Poisson ratio
(v) and B/G ratio, with established critical values of 0.26 and 1.75, respectively. Values above
these thresholds indicate ductility, while those below suggest brittleness. Our calculations for
MnB,-P2/m (Table 2) yield values below these critical limits, unequivocally indicating that it
exhibits brittle behavior.

While the polycrystalline elastic moduli describe the average elastic response of MnB,-P2/m,
a complete mechanical characterization requires an analysis of its directional dependence, or
elastic anisotropy. Although dimensionless anisotropy indices offer a preliminary assessment,
a comprehensive understanding is best achieved through the three-dimensional visualization
of direction-dependent properties. These surfaces quantitatively represent anisotropy by their
deviation from spherical symmetry. Figure 4 presents 3D directional plots of the single-crystal
elastic moduli and hardness for MnB -PZ/m. Pronounced deviations from spherical symmetry
across all surfaces confirm significant elastic anisotropy. The degree of anisotropy varies
considerably among the moduli. The bulk modulus exhibits strong directional dependence,
varying from 206 GPa along [001] to 429 GPa along [100]. This substantial anisotropy ratio
(B[100]/B[001] = 2.1) indicates exceptional orientation-dependent compressibility. In contrast,
the shear modulus shows more moderate anisotropy, ranging from 175 GPa along [010] to 253
GPa along [100]. The Young modulus displays the highest degree of elastic anisotropy, with its
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magnitude varying dramatically from 360 GPa to 798 GPa depending on the crystallographic
direction. Poisson ratio varies from 0.233 to 0.131, demonstrating anisotropy slightly stronger
than that of shear modulus.

Bulk modulus (GPa) Shear modulus (GPa) Young modulus (GPa)
420 250

[001] 240 [001] =

[001 380 I l700

230 eso

340 1220 1600

300 1210 -550

[010] [010] 200 [010] 500

[100] 260  [100] ' 190 [100] i450

400
Poisson ratio Vickers hardness (GPa)
0.230 =0
: [001]
[001] I i
40
35

HOA21O
10.190
10.170 30
[100] [010] [100] [010]
0.150 25
0.130 20

Figure 4. The directional dependence of the bulk modulus, shear modulus,
Young modulus, Poisson ratio, and Vickers hardness of MnB-P2/m

220 180

The Vickers hardness of MnB6-P2/m was calculated to determine whether it is classified
as hard/superhard material or not. The result of 33 GPa exceeds the minimum threshold for
hard materials (HV > 20 GPa) but remains below the criterion for superhard materials (HV > 40
GPa). Thus, MnB6-P2 /m is classified as a hard material. The hardness of predicted MnB6-P2/m
is higher than known hexagonal polymorph, which hardness equal to 25 GPa [20], and widely
used WC (~20 GPa) [18] and SiC (~22 GPa) [19]. The hardness exhibits pronounced anisotropy,
as shown in Figure 4, with values ranging from 20.1 GPa to 49.7 GPa-a 2.5-fold variation that
highlights its strong directional dependence.

Conclusion

Through crystal structure prediction calculations, we identified a new low-enthalpy
polymorph of MnB,, in addition to the known hexagonal phase. This novel phase, which
adopts the monoclinic P2/m space group, is energetically favorable over the P6 m2 structure
below 58 GPa. Although the PZ/m polymorph is metastable with respect to the decomposition
products across the studied pressure range, it remains a promising candidate for experimental
synthesis. This is contingent upon it being dynamically and mechanically stable, as confirmed
by our calculations, which would allow it to be obtained metastably. The estimated mechanical
properties reveal that MnB -P2/m has moderate elastic moduli, is brittle, and possesses a high
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Vickers hardness of 33 GPa. This hardness surpasses that of widely used industrial materials
like cemented tungsten carbide and silicon carbide, firmly classifying MnB-P2/m as a hard
material.
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’KaHa MapraHen rekca6opu/i: TYpaKThUIBIK, )K9HE MeXaHUKAJIbIK KaCHETTep

Anpgartna. Ab initio 3BOJIIOIUANBIK KPUCTAIABIK KYPbLIBIM/AbI 60JKay/(bl Maii/laslaHa OThIPkII, 6i3
PZ/m xeHicTik To6bIMeH MapraHer rekcabopuidiy (MnB,) jxaHa MOHOKJIMH/BIK (a3acblH alUTHIK,
By x)xaHa nosiuMopd 58 I'lla TeMeH KbIcbIM/a OYPbIH 6e/riji rekcaroHanbiblK, P6 m2 KypblIbIMbIMEH
ca/IbICThIpFaH/la SHepreTUKa/bIK >aFblHaH KoJaWbl. P2/m ¢asacel MnB, eHe B-re biabipayra
KaTbhICThl METATYpPaKThl OOJIFAHBIMEH, OHbIH KOpIIaFaH OpPTa KbICBIMBIHAA JUHAMHUKAJBIK >XoHE
MeXaHUKaJIbIK TYPAKTbLIBIFbI KOPCETI/ITeH, OyJ OM/IaH WbIFAPbIIFAaH GOHOH MOATAPABIH }KOKThIFIMEH
*koHe BOpH TYpaKTBUIBbIK KpUTEPUUJIEPiHiH, KaHaFaTTaHAbIPbLIybIMEH AaJsenaneHeni. Cepnimai ecemn-
Teysnep MnB,-PZ/m KaTTbl, CbIHFbILI MaTepUaJ eKeHiH KepceTe/l, }KoFapbl BUKepc KaTThLIbIFbI 33
['la, os1 BosibdpaM kapbui :koHe KpeMHUM KapbOu/ii CUSKThI KapanaiblM 6HEPKICINTIK KepaMUKa/laH
*koFrapsbl. Kestemaik moayab (273 I'lla), birbicy moaysi (220 I'lla) »xone AHr moayani (519 I'lla) cepnimai
JedbopManusira TaMmalla KapCblIbIKThI KepceTe/i. Kocblibic allTapbIKTal cepniM/i aHU30TPONHUSAHBI
KepceTeni, 6y/1 OHbIH MOAY/bJepi MeH KAaTTbIJIbIFbIHbIH OaFbITTa/JFaH TayeJJiJliriMeH JaJjesnjeHesi.
Bys KacuerTep kaHa MnB,-PZ/m nosuMopdThl TOkKipUOEIIiK CUHTES K9He KAaTThl MaTepuasl peTiHje
dJ1eyeTTi KOJIJaHy YIIiH epCcrueKTUBaJbl YMITKED eTej|.
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HoBblii rekcabopuj, MapraHia: CTaGu/JibHOCTb U MeXaHUY€eCKHe CBOICTBa

AnHoTanusa. C noMmolblo ab initio 3BOJIOIUOHHBIX MPeACKa3aHUN KPUCTAIJIUYECKUX CTPYKTYP
Mbl 06Hapy>MJIM HOBYI0 MOHOKJIMHHYI0 ¢a3y rekcabopuja mapranuna (MnB) ¢ mpocTpaHCTBEHHON
rpynnoit PZ/m. 3TOT HOBbIYM MOJUMOP(} 3HEpPreTHYECKU BHITO/IEH N0 CPABHEHUIO C paHee U3BECTHOU
rekcaroHaJbHOH CTPYKTypol P6 mZ2 npu gaBieHusx Hmwxke 58 I'lla. XoTa ¢asa P2/m MeTacTabuJibHA
OTHOCHTEJIbHO pacnaza Ha MnB, u B, npojemMoHCcTprpoBaHo, YTO OHA JUHAMUYECKH U MEXaHUYECKH
cTabu/JbHA NpU JaBJe€HUM OKpYXKalwlleld cpejibl, YTO MNOATBEPXKJAeTCd OTCYTCTBUEM MHHUMBIX
GOHOHHBIX MO/ U y/IOBJIETBOPEHHUEM KPUTEPUSM YCTOMYMBOCTU BopHa. PacyeThl ynmpyrux cBOWCTB
MOKa3bIBalOT, YTO MnB,-PZ/m AB/seTca TBepJbIM, XPYIIKAM MaTe€pPHaJOM C BbICOKOH TBEPJOCTbIO
no Bukkepcy 33 I'lla, 4To npeBOCXOAUT TBEP/IOCTb OOBIYHBIX MPOMBIIIJIEHHBIX KEPAMUK, TAKUX, KaK
Kap6uz Bosbppama v Kapoua KpeMHHUs. Moaysib 00 béMHOM ynpyrocty (273 I'lla), moayab casura (220
['Mla) u moayab FOura (519 I'lla) yka3biBaloT Ha MPEBOCXOAHYI0 YCTOMYUBOCTD K ypyroi AedopManum.
CoenuHeHHe 06J1aiaeT 3HAUUTENbHON yIPYrol aHU30TPONMEH, UYTO NOATBEPXKAAeTCsl HallpaBJIeHHOU
3aBUCUMOCTbIO €ro MOJyJiel W TBEPAOCTU. ITH CBOMCTBA JI€JAlOT HOBBIA moauMopd MnB,.-P2/m
IepCIeKTUBHBIM KaHAWAATOM [JI1 IKCIIePUMEHTa/IbHOTO CUHTE3a M NIOTEeHIIMaJIbHOI0 IPUMEHEHHUS B
KauecTBe TBEPJOro MaTepUaJa.

KiroueBble cj10Ba: 60pu/ibl, TBEPLOCTb, BbICOKOE JiaBJeHUe, MOAY/IN YNPYTroCTH, TeopUsl PyHK-
[JMOHaJIa JIOTHOCTH
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XyopuaiHgeri ruipoHUi HOHAAPbIHBIH, AMHAMUKACBIHA aTOMbIK
TYCIHIKTep >K9He OTbIH YAIBIKTAPbIH KOJIAAHY YIIIH JeKaH KbIIUIKbIJ/IbI
Heri3iHAeri TepeH 3BTeKTUKAJIBIK, ePiTKilI

I.[. Ka6apaxumoBa ,A.Y. A6yoBa , .M. CaranoBa , H.C. Conrran6ek , A.A. Temup6aeBa ,
Ycen E.B.”, ®.Y. A6yoBa

JL.H. 'ymunes amuvindarsl Eypasus yaimmeolk yHugepcumemi, Acmana, Kazakcman

(E-mail: aisulu-us1980@yandex.kz)

Agaatna. [IpoToH ajnMacy MeMOpaHa/blK OTBIH JKacyllajapbl »KOFapbl
TYPAKThI, ap3aH KoHe 3KOJIOTUAJIBIK Ta3a IPOTOH 6TKI3eTiH opTaapAbl KOXKeT
eTeAl. JlereHMeH, A9CTYpJli IPOTOH OTKI3€TiH 3JIeKTPOJIUTTEP CYCbl3 HeMece
BLIFQ/IABLIBIFBI TOEMEH OpTa/a LIEeKTey i TepMUAJIBIK TYPAKThIIbIK XKoHe I1Po-
TOHHBIH, KO3FaJIFbILUTBIFbIH TOMEH/ETY CUAKTbI KUbIH/ABIKTapFa Tan 60J1a/Jibl.
Bys3epTTey/ie THAPOHUM HOHAAPBIH TaCbIMaJ1Zay YLIiH BIKTUMaJ 6a/1amMa opTa
peTiH/Ze XOJIMH XJIOPUJI KoHe [ieKaH KbILIIKbIJIbl Heri3iHAeri TepeH 3BTeKTU-
KaJIbIK epiTKilITepAi KapacTblpaMbI3. JJUCHepCUSIIbIK TY3€TYi 6ap ThIFbI3/IbIK,
bYHKIMOHANIBIK TEOPUSACHI ecenTey/epi TepeH 3BTeKTUKAJIbIK epiTKIIITepAiH
KYPbLJIbIMJApbIH F'MIPOHU M UOHBI XKOK, )KoHe 6ap 00JIFaH Ke3/ie OHTalnJIaHAbIpy
YIUIiH KOJIJAHBLIABI, OJIapAbIH, KYPBLIbIM/BIK XKoHe 3JIEKTPOH/BIK, KacueTTepi
TypaJsibl HaKThl aKnapaTr 6epefi. OHTalIaHABIPBLIFAH FreOMeTpUsIap XOJHH
XJIOpPUJi XK9HEe JleKaH KbIIIKbIIbl apacblHAAaFbl CYTEKTIK 6alJIaHbIC »KeJlijiepiH
KepceTe/i, oJ1ap T'MIpOHUIN HOHBIH OipiKTipreH Kesze ofjaH api petrteseai. Mo-
JIEKYJIAPJIBIK 3JIEKTPOCTATUKA/BIK IOTEHHANAbl KapTasay TUIMAI IPOTOH/bI
0aMJIaHBICTBIPATBIH aWMaKTap/bl aHbIKTaWAbI, a/l LIeKapaJiblK MOJIEKYJIAJbIK
opOUTa/Ib/bl 3epTTEY I'MJPOHUN UOHAAPBIHBIH ©3apa 9peKeTTeCyiHeH TYbIH-
JlaFaH 3JIeKTPOH/BIK Tapajly MeH TYPaKTbLIbIKTbIH 63repicTepiH aHbIKTal/bl.
HaTnxkenep X0JIMH XJIOpU/i XKoHe JeKaH KbILKbIJIbl MaTPULLAChl KYLUITI CyTeri
6alIaHbIChl apPKbIJIbl TUPOHUM NOHJAPbIH TYPAaKTaHABIPHII, IPOTOHHbIH, Ta-
ChIMaJIZJAHYbIH KaKcapTa aJaTbIHbIH KepceTeAl. byJ »KyMbICc epiTKilI-rujpo-
HUM e3apa apeKeTTecyJiepi Typasibl aTOMABIK JieHreiae 6ijniM 6epejii, OTbIH
3JIeMeHTTEPiH KOJIIaHy YIIiH apHallbl TepeH, 3BTEKTUKAJbIK epiTKIlITepAiH
Heri3iH/eri 3JIeKTPOJIMTTePAl YThIM/AbI XK0baJsiay YIliH Heri3 KaJsa/ibl >koHe 60-
JIallaK 3epTTeyJep/i 3KCIepUMEHTTIK TeKcepyre oHe IPOTOH aJMacy MeM-
OpaHaJIbIK OTBIH Kacyllajaphbl xKyihesiepiHe 6ipikTipyre 6arbITTal/ibl.

Ty¥iH ce3aep: ruipOHUN UOHBI; TEPEH 3BTEKTUKAJIbIK ePiTiH/; XOJIUH XJ10pU-
Al; IeKaH KbILIKbLIbI; OTBIH 3JIEMEHTTepl
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Xnopudindezi 2udpoHuli UoHOapbIHbIH OUHAMUKACLIHA AMOMObIK MYCIHIKMeEp H#aHe OMbIH YSAUWbIKMAPbIH KOAOAHY
YwiH 0ekaH Kbl KbLIbl He2i3iHde2l mepeH 38meKmuKablK epimkiul

Kipicne

[IpoTOH asiMacy MeMOpaHaJbIK, OThIH »Kacyllajaphbl }KOFapbl TUIMAiJIIKIIeH, TOMEH LIbIFa-
pbIHJblJIADMEH >K9He IOPTATUBTI 3JIEKTPOHUKAHBI, TacCbIMaJayAbl >KoHe CTAlMOHAPJIbIK
3JIEKTpP 9HEPrUsAChIH OHAIPYAI Koca alifaH/ia, KeH ayKbIMJbl KoJlJJaHOaapFa »KapaM/ibl/IbIFbI
6ap mepcneKTUBaJbl TYPAaKThl 3HEPTUs TEXHOJIOTUACH! peTiHAe nanaa 6osabl [1]. [IpoToH
©TKI3Till 3/IEKTPOJIUT IPOTOH aJIMacy MeMOpaHaJIbIK OThIH KacCyllaJlapblXKyMbICiCTeyi ylLIiH 6Te
MaHbI3/bl, OUTKEHI 0J1 IPOTOHAAP/ABIH aHOATAaH KaTOAKA 6TyiHe MYMKIH/IK 6epe/ii, COHbIMeH
KaTap >KaHapMal/blH 6TyiHe oJ 6epMey YIIiH U3UKa/IbIK KeJepri peTiH/ie apeKeT eTesi.
JoCcTypJii 3/1eKTPOIMTTEpP, MbICaJbl, TePPTOPCYIbYOH KbIIUKBLIBIHBIH, I0JAMepJiepi (MbIcabl,
HaduoH) TonbIFbIMEH TUAPATTANIFAH Ke3/e TaMalla IPOTOH 6TKI3TilITiKKe he; lereHMeH, 0J1ap
TOMEH BbUIFA/IAbUIBIKTA TOMEH OTKI3TIIUTIKKe, IIeKTey/ll TepMUSIbIK TYPaKTbLIbIKKA XoHe
YKOFapbl OH/IipICTIK WIbIFbIHAAPFA Ue [2-4]. By/1 KeMILiiKTep ap3aH, TEPMUSJIBIK TO3IM/Ji KoHe
9KOJIOTUSJIBIK Ta3a 6ajlaMa NPOTOH OTKi3eTiH opTajap/bl i3zeyre TypTKi 6015l

Kace epiTKilITepAiH )KaHa KJ1acbl peTiH/e a/ifall peT CUllaTTaJIFaH TepeH 3BTeKTHUKaJIbIK
epiTKIIITep COHFBI KbLIJApbl dAETTEH ThIC (PU3MKAJBIK-XUMHUAJIBIK, epeKIlesiKTepiHe,
COHBIH IlIiHAe TeMeH VIIKBbIIITBIKKA, TaMalla TEepMHUAJBIK TYPAaKTBLIbIKKA, aybICIaJbl
TYTKBIPJIBIKKA *KoHe KeH, 3JIeKTPOXUMHUSAJIBIK, TYPAKThIJIbIK Tepe3esepiHe 6alaHbICThl KOl
KeHiJ 6e/i [5]. TepeH 3BTEKTUKaAJBIK ePITKILITEP CyTeri 6aiJlaHbICbIHBIH, aKI|€ITOPbIH KOHE
cyTeri 6aiJIaHbICBIHBIH, JOHOPBIH Oe/risi 6ip MOJIAPJIBIK KaTblHACTa apajacTblpy apKblJbI
TYy3ijeji oHe cyTeri 6al/IaHBICBIHBIH KapKbIH/bl dpeKeTTecyiHe 6alIaHbICThl OJIap/blH,
’KeKe KOMIIOHEHTTepiHe KapafaHJa Oa/Ky TeMIlepaTypacbkl aWTapJblKTaul TeMeH. XOJIMH
XJIOpU/i HerisiHzeri kKoMOUHaLMsIap 6MObIbIPaTy KabijlieTiHe, TOMEH YbITThLJIbIFbIHA KoHE
KeH, TapaJifaH KOJDKeTiMJiJiriHe 6aiIaHbICThl TePEH 3BTEKTHUKAJIBIK epiTKillTep KyHesepi
apacblH/a epeKlle KbI3bIKTHI.

X0oJIMH XJIOpUJ, KOHe JleKaH KbILIKbLJIbl CUAKTbI Y3bIH Ti30€KTi Mal KbIIKbLIJapblHaH
aJIbIHFAHZAp CUAKTBI U PodOOTHI TEPEH 3BTEKTHUKAJBIK ePITKIIITEP/iH 3JIeKTPOXUMHUSJIBIK,
KoJilaHbOasapFa KOChIMIIA aApPTHIKUWBLIBIKTAap Oepefi, COHBIH IWIiHAEe BUIFAIABI OpTaja
»KaKCapThLJIFaH TYPAKTbUIBIK IEH Cy/bl CiHipy/li a3aiTy, 6y.1 6e1risi 6ip OThIH YSALIBIKTapbIHbIH
KOHQUTrypanusaaapblHAa 6HIMAIIKTIH TOMeH/eyiH a3aiTyFa KeMeKTece i [6]. Anaiija, MyHau
TepeH, 3BTEeKTUKa/bIK epiTKilTepAiH NpPOTOH OTKI3rilul 3JIEKTPOJUTTEp peTiHAe, acipece
TMIPOHUM HOH/IaPbIH TacbIMaJiZiay apKblLIbl )KyMbIC icTey KabisieTi HeTi3iHeH aToM AeHreliHae
3epTTesiMereH. ['MIpull MOHJAPBIHBIH, TepeH 3BTeKTHUKAJbIK epiTKIIITep MaTpULaCbIMeH
KaJlall 9peKeTTeCeTiHiH TYCiHY 0JIapZblH IPOTOH aJIMacy MeMOpaHaJIblK OThIH KOJIJaHOa1aphl
YLIiH OpBIHABIIBIFbIH aHBIKTAY/la 6T€ MaHbI3/bI.

Ecentey azicTepi, acipece THIFbI3ABIK (QYHKIMOHAIJBIK TEOPHUSACHl ecenTey/epi, TepeH,
3BTEKTHUKAJ/IBIK €epITKIIITep >XyHeJsiepiHiH KypbLIbIMJBIK, KUHETUKAJIbIK 9He 3JIEKTPJIK
acleKTiJiepiH MoJieKy/aJblK, JAeHreiJe 3epTTey/[iH TUIMZI KypaJsbl 60JsbIn TabbLIagbl [7].
OHTan/JaHABIPBIIFAH KYPbLIBIMJBI aHBIKTAy, MOJIEKYJAJbIK 3JIeKTPOCTATUKAJBIK IOTEH-
Lyas/bl TaJJay KoHe lleKapaJblK MOJIeKYJIaJbIK OpOUTa/bl KapTasay 'MAPOHUNA HOHAAPHI
6ap K9He OHChI3 TepeH 3BTEeKTUKAaJIbIK epiTKilTepaeri cyTeri 6ailJlaHbIChIHbIH, 3aPS/AThIH,
TapaJlyblHbIH, XoHe 3JIEKTPOH/BIK, aybICy/JlapAblH TaOUFAThl TypaJbl TepeH TYCiHIK OGepepi.
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MyHzaall HoTHXKeJlep TepeH, 3BTEKTHUKAJbIK epITKIIITep OPTAacblHbIH, TMAPOHHUMN HOHBIHBIH
TYPaKTbLJIbIFbl MEH KO3Fa/IFbIIITBHIFbIHA KaJIakl 9Cep eTeTiHIH TyCiHipe asazbl, 0J1apAblH eKeyi
Jle IPOTOH/AbI 6TKi3y YLIIH 6Te MaHbI3/bl.

Bys Makasnaza 6i3 rMZpOHMU MOHBI KOK, XoHe 6ap OO0JiFaH Ke3/e XOJIMH XJIOPHU/[ KoHe
JleKaH KbIIIKbIJIbl TePeH 3BTEeKTUKAJIbIK ePITKIIITiH MPOTOH OTKI3TilTiriMeH GailJlaHbICTbI
KYPBUIBIMJBIK, K9HE 3JIEKTPOH/JBIK KacHeTTepiH TYCIHAIpYy MakKcaTbIHJAA >XYWeJsl TbIFbI3-
JbIK, QYHKIIMOHAJIAbIK TEOPUSIChI HeTi3iHAeri 3epTTey TypaJsibl xabapsaiiMbi3. TepeH 3BTeK-
TUKAJIbIK €epITKII >XeJsliCiH e3repTyre rMJJpOHUMA HOHJAPBIHBIH, KATbICYbIH aHBIKTAY YIUIiH
OHTaMJIaH/IbIPBLIFAH TeOMEeTpUsiIap, CyTeri 6ailaHbICBIHBIH YJTiepi, MoJIeKyIa/IbIK 3JIeKT-
poCTaTUKa/bIK MOTEHIHallap KapTaJjapbl KoHe MOJIEKyJaJblK OpOUTAJBIK yJecTipiMaepi
3eprTenefi. bi3niH HaTwxesep ruApodOoOTHI TepeH 3BTEKTUKaJIbIK epiTKill imiHzgeri
TMIPOHUM HMOHBIHBIH JWHAaMHUKacbl TypaJbl ipresi 6ijiM 6epin KaHa KOWMMaWl/bl, COHbIMEH
KaTap OTbIH YSAILIBIKTAPbIH MaijajiaHy YLIiH OHTAaWJaHABIPbLIFAH TepeH, 3BTEKTHUKAaJIbIK
epiTKill Heri3iHJeri 3/JeKTPOJUTTepAl YTbIMAbI Ko0basay yuliH Hyckayjaap Oepegi. Byx
KaHAJIBIK ToXKipubeslik 3epTTeysiep MeH OCbl MaTepua/Aap/ibl Keseci ypHaKTblH, MPOTOH
aJiMacy MeMOpaHaJIbIK OThIH XKacyllajaphbl )KyiesiepiHe eHri3y YIliH Heri3zi 6esariseni.

JdJlicHama
KoMno3unusablK, MaTepUalblH, penpe3eHTaTUBTI MoJiesli peTiH/ie TepeH 3BTEKTHUKAJIbIK

epiTKilTep/liH, KOMOWMHALMSACH aJibIHAbI, XOJUH XJIOPHU/bl, JleKaH KbIIKbIIbI, CY >XOHE
rUIpOHUN HOHBI 1-cypeTTe KepceTuireHaeil PEM penpe3eHTaTuBTI Mozedi peTiHze anbiHabl [8-10].

CHs
*N- Cl™ 0
1O \/_N o /\/\/\/\)J\
CHs OH
XOIHH XJIOpH]T JlekaH KBITITKBLTBT

Cypert 1. X0JIUH XJIOPU ], )K9He JeKaH KbIMKbLIbIHBIH, 2D CTPYKTYpachl.

XosiuH xnopupaidiy, (ChCl) xaHe fekaH KbIIKbLIBIHBIH, (DA) MoJieKyJanblK KypbLIbIM/apbl
1-cypeTTe KepceTinreHzel, 6acTankplZia oJapAblH 6erisii XUMUAIbIK, KOHPUTypaLUsaapbl
apKbLJbl Kacalabl. bap/blK KBaHTTBIK XMMUA ecenTeysepi TeopusaHblH, B3LYP nenreninge
6-311p)+G(KoibliFaH) Heri3iHAe THIFBI3ABIKTbIH, (QYHKIUOHANABIK Teopusicbl (DFT)
KeMeriMeH opbiHJa/bl. Ocbl MaKaiaJia Ko/1JaHblIFaH QyHKIIMOHAJ MeH 6a3UcC ceT OypbIHAPbI
6i3/1iH, 6acka Jja ecenTepimis/ie OpraHUKaIbIK MOJIeKy/aJap/AblH, ONTUMU3AIMACBIH Kacay/ia
ecenTi HaKThl LIbIFapyFa keMmekTecTi [3-5]. Ocbl MaKaJsiaHbIH ecebiHZe Jie OpraHUKaJbIK
MoOJIEKYJIa KOJIJJaHbLIFAH/bIKTAH OCbl Oip 6a3uc nmeH QyHKIMOHAA TaHAa bl. By ecentey
TACiJII cyTeri GallJlaHbICBIH, AUIOJb-JUIO0Jb dPEKETTECYJIEPIH XXoHE TepeH 3BTEKTUKaJbIK
epiTkiwtepzi (DES) enzipyze xoHe TYpaKTbUIbIFbIH/A MaHbI3/bl 60JIbIN TaObLIATbIH 6acKa
dJICi3 MoJieKyJlaapasblK KYLWITepAi TUIMZI cunaTTay MyMKiHJiriHe 6aiJlaHbICTBI TaHAaJ1/bl.

102 N23(152)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.

DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Xnopudindezi 2udpoHuli UoHOapbIHbIH OUHAMUKACLIHA AMOMObIK MYCIHIKMeEp H#aHe OMbIH YSAUWbIKMAPbIH KOAOAHY
YwiH 0ekaH Kbl KbLIbl He2i3iHde2l mepeH 38meKmuKablK epimkiul

2KacbIpblH epiTKill MOgebAePAiH dCepiHeH TOJbIK OHTaWUJIaHABIPbLIFAH TeOMeTPUsLIapFa KOJI
YKeTKI3y Y1IiH 6apJibIK ecenTeysiep ras ¢asacblHJa OpbIHAA//bl. [eOMeTpUSHBI OHTalJIaHAbIPY
JHeprus MeH rpaJjMeHTTep YIIiH KOHBEePTreHI M apTTapbl OPbIHJAAIFAHFa JeHiH )Kyprisiaai.
Opbip OHTalJbl KOHQUIypauusi YUIiH BbIKTHUMaJ CyTeri OaWl/IaHBICBIHBIH, y4acKeJsepiH
aHbIKTayFa MYMKiHJiK 6epeTiH 3/IeKTpOHFa 6ail >kKoHe 3JIEKTPOHFa Talllbl alMaKTapzbl
KepCeTy YIIiH MOJIEKYJIAJbIK 3JIeKTPOCTaTUKaIBIK noTeHuyan (M3I1) kapranapsl *aca/bl.
"M pOHMU NOHAPBIHBIH KOCBIYbIHAH TybIH/IaFaH 3JIEKTPOH/BIK KYPbIJIBIMABIK 03repicTepai
TYCiHyre MyMKIiH/Iik OepeTiH 1ieKapaJ/iblK MoJieKyJaablK opouTanb (FMO) Tangaybl apKbliabl
€H KOFapbl OpHa/IaCKaH MoJieKyJaablK opouTasb (HOMO) xoHe eH TeMeHTi 60C MOJIEKY/IabIK,
op6uTtanb (LUMO) Tapanynapbl MeH 3Heprus apajblKTapbl aHbIKTaJlAbl. EKi xylie 3epTTenpi:
(i) onraiaangbipeirad ChCl-DA DES »xoHe (ii) rujpoHUH HOHBIHBIH aWKbIH KOCbLIFaH
6ipaneit DES. Eki »xyHeHiH canblcThIpMaJibl capanTaMacbl TMAPOHUU HOHBIHAH TYbIHJaFaH
KYPbUIBIM/bIK KalTa Kypy/1apApbl, CYTEKTIK 6alJIaHbIC Y/TiepiH )KoHe 3JIEKTPOH/bIK MEHLIIK
e3repicTepiH Oafasayra MyMKiHAik 6epzi. Bysn HoTmxkesnep ruzpodo6Tel DES Herisinzeri
3JIEKTPOJIMTTEPZle THAPOHUM HOHBIHBIH TYPAKTBLIBIFbIH >KOHE IMOTEeHLHaJAbl NMPOTOH/bI
TacbIMaJAaybl 6acKapaThlH aTOM/bIK MeXaHU3M/ep/i TYCiHyTre Heri3 bepeji.

HOTH)KeJIep MEH TaJIKblJ/IAY

2-cypette B3LYP/6-311+G(d,p) Teopus nenreutingeri DFT eceneynepine Herisgenared ruapo-
HUH noHbIHBIH (H30%) *0K (c0J1 2kaKTa) *KoHe KaTbICYbIHAAFbI (OH KaKTa) XOJMHXJI0PHU/-/IeKaH
Kbl KbLIbIHBIH, (ChCl-DA) TepeH aBTeKTHUKaJbIK epiTKilliHiH (DES) oHTal/ibl reoMeTpuUsiaapbl
kepceTtinred. Hotmxesnep DES KypbUIbIMBIH TypaKTaHAbIPYAaFbl CyTeri GallaHbICBIHBIH
MaHbI3AbLIbIFbIH, COHJIal-aK, TMJPOHUU HMOHJAPbIHbIH KOCbLIYbIHAH TYbIHJAAaFaH KOCBIMILA
KYPbUIBbIM/bIK KAl Ta Kypy/bl aHbIK, KOpCeTe/|.

XonnH XJIOPpHUJ KOHE JI€KaH KbIIITKBIIIbI

TepeH BTEKTHKAIBIK €PiTKIIII Tepen sBTexTHKANBIK epiTkint + H;O"
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CypeT 2. X0/IMH XJIOPUA )K9He AeKaH KbIIKbIJIbIHbIH, ONTUMHU3ALM/IaHFAH CTPYKTYpPaCHI.
Tycrepain cunaTramMachl: ak, (cyrteri); cyp (kemipreri); KbI3bL1 (0TTeri); Kok (a30T);
»KachbLa (xa0p).

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N23(152)/ 2025 103
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



I/l. Ka6dpaxumosa, A.Y, A6yosa, b.M. CamaHnosa, H.C. ConmaH6ek, A.A. Temupbaesa, YceH E.B, .Y A6yosa

T'uapuiicia (H;0") DES-Te XJI0pu/; aHHOHBI XOJMHHIH FHPOKCHJ TOObIMEH /i€, IeKaH KbIIII-
KbI/IBIHBbIH, KApOOH KbILIKbIJIbl TOOBIMEH Jie KaTbIHACaTblH Heri3ri cyTeri 6ail/aHbICBIHBIH
aKLeNnTopbl peTiHJe dpeKeT eTei. Bys1e3apaapekeTTecy KeH KesieM/i CyTeriMeH 6ailJlaHbICKaH
KeJliHl KypyFa biKnaJj eTy apkblibl DES-TiH 6asKy HYKTeciHiH alTapJblKTall TeMeH/JeyiHe
oKeJsiel. MoJieKysa/lblK OpHasacy KYIUTI WOH-AMIIONb >XKoHe JUI0JIb-AUIIOJ]b KYLITEepPiH
kepcetei, osnap DES TepMogrHaMUKaJIbIK TYPAKThLIbIFbI YIIIiH KaXKeT.

'uapyii MOHBIHBIH KOCBUIYbl alTapJIbIKTal KypbLIbIMJBIK €3repicTepAi Tyabipagbl. Hz0F
TYpJiepi jeKaH KbILIKbIJIbIHbIH MOJIEKYJ/Ia/JapbIHAH XJIOPU/, UOHBIMEH K9He OTTeri aToMAapbIMeH
CyTeri-6alJlaHbIC >KeJsiciHe THIMJI MHTerpauusJaHaTblH GipHellle cyTeri GalJaHBICTApbIH
Kypainbl. Bys kocy DA Ti36ekTepiHiH 6aFAapblH a3famn e3repTei xaHe XJI0pU/L OpTaJIbIFbIHbIH
alHaJIaCbIH/IAaFbl )KePTiJiKTi reoMeTpUsAHBI ©3repTei. CyTeri 6aiia-HbICTapbIHbIH XKOFapblIaybl
DES MaTpunacbiHia NpOTOH/bI TYPaKTaHABIPYAbI KYLIenTe i Jen KyTiay/e.

By/1 KYpbIIBIMABIK, ©3repicTep MOoJIeKyJIaablK 3J1eKTPOCTaTUKaIbIK NoTeHnuanabl (M3II)
3epTTeyMeH pacTajaZibl, OyJl TUJPOHUN HMOHBIHBIH, XoHe KaKblH JOHOPJIBIK Yy4yacKeJepAiH,
’KaHbIHJA OH, TNOTEeHLHa/JAbl aWMaKTapAblH >XOFapbliayblH Kepcerefi. COHbIMEH KaTap,
HeKapaJiblK MOJIEKYASAPJbIK opouTanbiK (HOMO-LUMO) yaecTipimaepi ruipoHU HOHAapbIH
KOCa aJIFaH/ia, XKYHEeHiH 3JIeKTPOH/bI TYp/ie MoJsApU3alUsiiaHybl MyMKiH eKeHiH OinfipeTiH
3HepreTUKaJbIK aJllaKThIKThI OiplilaMa a3alTaTbIHbIH KepceTeAi. besrini 6ip onepauusbIk
KaFfannapaa 6y MoauMduUKanus NpOTOHABI ceKipyre HeMece ['poTTycc TypiHAeri Tachbl-
MaJilayFa MyMKiHJiK 6epeji.

XOJHH XJIOPHUJT KIHE JE€KaH KBIIIKBUIBI
s Tepen sBrekTHKANBIK epiTkim + H;O"
TepeH 3BTEKTHKAIIBIK, €PITKIIT
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Cyp6T 3. XouH XJIOpHUJ XKIHE NE€KAH KbIIIKbI/JIbIHbIH MOJICKYJ/IAJIBIK 3JIEKTPOCTATUKAJIBIK
noTeHOUuaJijap KapTachl.

3-cypeTTe ruApoHuil HoHbIHBIH, (H30%) »KOKTbIFbIHAA (COJ1 »KaKTa) *KoHe (OH ’KaKTa)
xonuHxJopuz-aekaH KblKblIbl (ChCl-DA) TepeH asBTekTukanblk epitkim (DES) ymin
MOJIEKYJIA/IBIK 3JIEKTPOCTATUKAJbIK noTeHuuan (M3II) kaptanapbl kepcetinreH, B3LYP/6-
311+G(d) ecenTeysniep Herizinge. MEP Bu3yasinzanuschbl 3ieKTPOPUJIb/i )KOHE HYKJIe0PUIbAIi
apekeTTecyJiepre 6eiiM ailMakTap/bl kepceTe oTbIphbil, DES xyileciHiH 3apsAThIH Tapasybl
MEH peaKTUBTI yyacKeJiepiHe KapblK Tycipeai.

'uppuiicis DES-Te xsi0pyu/ HOHBIHBIH, €H KYLITI Tepic NOoTeHHabl 6ap, OyJl OHbIH NIPOTOH
JIOHOpJIapbIMEH CyTeri 6ailaHbICTapbIH Kypy KabiJlleTiH KepceTeTiH TepeH KbI3blJ1 allMakK, (MaHi
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~-0,095 a.u.) apkbuLibl KepiHe/i. XOJUHHIH TMJPOKCUJ TOObl MEH J€KaH KbIIKbLIbIHbIH, Kap-
OOKCHUJI TOOBIHBIH, CyTeri OalJIaHbIChIH >KEeTKIi3yllli peTiHJeri OesiceHAiNTIriHe ColKec KeJseTiH
JIOKaJIu3alUsiJIaHFaH OH, dJieyeTi 6ap (kek). Kaimnbl KapTa HNOJSAPJBIK KIHE MOJISIPJIbIK, eMeC
JIOMeH/IepAiH TeHAeCTipisireH TapaaybiH kepceTei, 6y DES ampuduiai TabuFaThbiH KOJAAANIbI.

H30" Kocy a/ieKTpoCTaTUKaJIbIK MOTEHI[Ma] JAMana30HbIH KeHEeNTeli, MaKCUMaJiJibl Tepic
noteHuuasa mamame -0,13 a.u. rUAPOHUN MeH JeKaH KbIIUKbLJIbIHbIH XJIOPU/L UOHBIH XoHe
OTTeri aToMJapblH Kopluan ajajbl. bys KylmeuTy JokanusanysaaaHfaH 3JeKTPOH ThIFbI3-
JBIFBIHBIH, >KOFapbllayblH Oinfipesi, Oysa cyTeri O6aiJlaHBICBIHBIH, ©3apa 9peKeTTeCyiH
apTThipazbl. [MAPUU MOHBI KyaTThl IPOTOH JOHOpPJIApbl peTiH/e XYMbIC iICTEUTIH OHBIH, VLI
CyTeri aTOMbIHA COMKeC KeJIeTiH KeNTereH KapKbIH/AbI OH MOTEHIUAI/bIK y4ackeaep/i (Kok)
eHrizezi. bys aitmakrap DES iminze kebipek cyTeri 6aiiaHbICbIHA bIKNAJ €Te/li, HOTHXKeCiHAe
cyTeri 6ailJIaHbICBIHBIH, ThIFbI3 )K9HEe OallJlaHbIC XKeJlici mai1a 60J1a/bl.

JJIeKTPOCTAaTHUKAJIBIK [TOTEHAIJaFbl MYH/lal ©3repicTep NpOTOH/bI TaCbIMaJliay YLIiH 6Te
MaHbI3bl. Kypambinga H;0" 6ap DES KylielTiireH moJsIpJIbIFbI XKoHe JIOKaIU3alusilaHFaH
3apaAThl 6esay Grotthuss MexaHU3Mi apKbl/ibl IPOTOHHBIH, CEKIPYiH XaKCapTy apKbl/bl OTbIH
YAUBIKTapPbIHbIH 3JIEKTPOJIMT KaFfAalblH/a 6TKI3TIITIKTI )kaKcapTybl MyMKiH. HoTukeciHze,
MEP Tangaybl rHApPOHUM HMOHBIHBIH KOCBLIYbl TE€K IeOMeTpPUAHBI ©3repTill KaHa KoWMay,
COHBIMEH KaTap 3JIeKTPOXUMHUSJIbIK 6HIM KT )kaKcapTyFa MyYMKIiH/iK 6€peTiH 3/1eKTPOH/bI
JIaHAWA(TThI aUTapPJIbIKTal e3repTeTiHIH KOpCeTeTiH KYpPbIIBIMABIK AepeKTepAi pacTaljbl.

CoHbIMEH KaTap 3apAaATap/blH Tapajy KapTacbl 3 CYpeTTe 3JIEKTPOCTAaTUKAJBIK [MOTeH-
[MaJilap KapTackl apKblibl OeliHesieH/i. HaKThIpak allTKaHAa Tepi3 3apsAATap KbI3bLI TYCTE,
OH, 3apsA/Tap KK TyCTe OeiiHeJIeHTeH.

XonuH XJIOpH/J J)KOHE J€KaH KbIIIIKbIIbI
EH JKOFaphel OpHaJIaCKaH

EH ToMeHT1 60C MOIEKYIaIBIK ..
e TepeH 3BTEKTHKAIBIK epITKIII MOJIEKyIaJbIK OpOHTaIE

opburas

Cypert 4. X0/IMH XJIOPUJ, )K9HE AeKaH KbIIIKbLIBIHbIH €H, TOMEHTi 60C MOJIeKY/Ia/IbIK, OPGUTAJIbI
»K9He Jie eH, )KOFapFbl OPHAJIACKAaH MOJIEKY/Ia/IbIK OpOUTaIbL. KbI3BLI )K9HE Je KaChL
usocypdeiic MojieKy/ia Op6UTaIbAAPbIHBIH OPaHa/JIaCaThIH OPBIHAAPBIH GeliHeenAl.
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4-cypetTe ruapoHui HoHbIHBIH (H30%) 60oiMaFaH (PKOFapFbl) JkoHe (TOMEHT1) XKaFbIH/IaFbl
XOJIMHXJA0PU/J-eKaH KbIIKblIbl (ChCl-DA) TepeH aBTeKkTUKaubIK epiTKiu (DES) ymiin HOMO
xoHe LUMO ynectipiMzepi kepceTiireH. lllekapasblK MoJieKyasipJblK, opouTasbibl (FMO)
tanzgay DES xkyHeciHiH 3/1eKTpOHABIK KYypblJIbIMbI ME€H PeaKTUBTIJIriH, acipece NpOTOH/bI
TacbIMaJ1Zlay YKOHE 3JIEKTPOXUMHUSJIBIK TYPAKThIJIbIK TYPFbICbIHAH KaPbIKTaHAbIPA/lbl.

'uppuiicisa DES-ne HOMO ThIFbI3ABIFBI HETi31HEH JIeKaH KbIWKbIJIbIHBIH XJIOPU/ HOHAAPHI
MeH OTTeri aToM/lapblHa HIOFbIpJIaHFaH. ByJ1 6y/1 OpbIHAAP/IbIH XMMHUSIJIBbIK 9pEeKeTTeCy/Iepe
6acTanKpl 3JIEKTPOH JOHOpJIapbl peTiHJAe KbI3MeT eTeTiHiH kepceTeni. Kepicinme, LUMO
Heri3iHeH XOJIMHHIH THJIPOKCUJI TOObIHA >X9HE AeKaH KbILIKbLIbl Ti30eriHiH, OeJiiKkTepiHe
Tapajazbl, Oy/J BbIKTUMaJ 3JIEKTPOH/Jbl aKLENTOpJIbIK y4ackejepli KepceTeli. By
koHurypanusagarel ecentejsreH HOMO-LUMO apanbirbl e3repmereH DES-TiH eTki36elTiH
TabUFaThIHA COMKEC KeJIETIH 3JIEKTP TYPaKTbLIbIFbIHbIH KapanaibIM JIeHTeHiH KepceTe .

M poHKI HOHBI OOJIFAH Ke3/le OpOUTAJBIK Tapasyaap Kypt esrepeai. HOMO anekTpTepic
OpTa/IbIKTapAbIH (XJIOpU/J K9He OTTeri aToMJaphbl) alHa/JacblHAA IIOFbIPJIaHFAH KYyWiHAe
KaJiaZibl, OipakK rMAPOHUM TYpJIepiHiH *KaHbIH/A »KOFaphbl THIFBI3JABIK NaKAa 60Jajbl, Oy COJ
aiiMaKTa YJIKeH 3JIEKTPOH 6epy MyMkiHJiriH 6ingipeai. LUMO aucTpubyuusicbl TUAPOHUMN
VMOHBIHXoHe 6acka DESKoMNoHeHTTepiH KAMTUTBIH YJIKEHIPEK MOJIEKYJIa/IbIK alMaKKa KeHele
OoTbIphIN, aybicagbl. byn keHedTinreH LUMO KaMTybl 3apsaAThl TackiMasjay IpoLecTepiHe
KOMEKTEeCyi MYMKIH YJIKEH 3JIeKTPOH/bI JieJIOKaJIU3alUAHbI KepceTe/|.

H30* 60s1yb1 HOMO-LUMO apasibIFbIHBIH, a3/1al KbICKapybIH TY/bIPa/ibl, 0YJ1 MOJIEKYJIaHbIH
noJispusanusiaHy KaOiJeTiHiH »KOFapblLIayblH koHe ['poTTycc MexXxaHM3Mi CUAKTBI NPOTOH
OTKI3TILITIK 9/icTepiHiH BIKTUMaJ KYLIEWiH KepceTeli. JJEKTPOH/bIK KYPbLIbIMAAFbl OYJI
e3repic MEP TanpgaybiHaH cyTeri-6ai/iaHbIC TBIFbI3AbIFBIHBIH, Xabap/iaHFaH ©CyiHe CoWKec
KeJsieJli, 0yJ1 IPOTOHHBIH, KO3FaJIFbILIThIFbIHbIH, YKOFapblJlayblH KOPCeTe,.

Ocbunanima, FMO Tangayel rujpoHUNA KOCbIHABICBI DES reomMeTpusiCbiH K9He 3JIEKTPO-
CTaTHKaJIbIK MOTEHUAJIBIH 63repTill KaHa KOMMak/bl, COHbIMEH KaTap OHBIH 3JIEKTPJIIK CH-
naTTaMaJlapblH }KaKCcapTa/ibl, 0YJ1 OHbIH IPOTOH aJiMacy MeMOpPaHaChIHbIH OThIH YAIIbIKTAapbIH
KOJIZIaHY YILiH KOJIaWhJ/Ibl EKEHIH KopceTe/|.

KopBITHIHABI

ByJs 3epTTey rUZJpOHUN UOHAAPBIHBIH XOJUHXJIOPU/-JeKaH KbIIKbIJIbBIMEH TEPEH 3BTEK-
TUKaJIbIK, epiTKillNeH apeKeTTecyiHe aTOM/bIK TYCiHIK 6epe/i, OHbIH OTbIH YAIIbIKTApbIH
KOJIJaHy YIUIH MPOTOH OTKI3rill opTa peTiHAeri aJieyeTiH KepceTenl. /JlucnepcUsbIK
TY3eTy/JlepMeH ThIFbI3JbIKTbIH, QYHKIIMOHAN/ABbIK TEOPUSAChIH MaljajaHa OThbIpbIN, 0i3 TU/-
POHUI HOHBIHBIH >KOKTBIFbI MeH 6ap 60Jiybl Ke3iHJeri TepeH 3BTEKTHKaJbIK epiTKilllleH
reoMeTPUSCbIH OHTANIaHAbIPAbIK, OYJ/1 IPOTOHHBIH KOCbLIYbIHAH TYbIHAAFaH KYPbIJIbIM/bIK
KalTa KypyZbl TikeJed caJbICTbIpyFa MYMKiHAIK 6epai. HoTrxesnep ruipoHUN UOHBIHBIH,
TepeH 3BTEeKTUKaJIbIK epIiTKILINeH eJliCiHe XOJIMH XJIOPUJIMEeH e, JleKaH KbILKbLIbIMEeH
Jle KYWTi cyTeri-6ai/iaHbIC 9peKeTTeCyi apKbljibl OipiKTipisieTiHIH KOpCeTTi, HOTHXKeCiH/e
MOJIeKYJIaHbIH, 6aFJapbl MeH GailJIaHbIC Y3bIH/bIFbIH/A lIaMaJlbl ©3repicTep 60J1/bl.

MousiekynanblK 3JIeKTPOCTaTUKAJbIK MOTEHIAAJI/Ibl KapTaFa TYCipy TMAPOHUN HOHBIHBIH
KYPBUIBIMABIK TYPaKTaHYbIH KOJIJAUTBIH TepeH 3BTEKTUKaJ/bIK epITKillNneH NpOTOHFa
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KaKbIHJBIFbl >KOFapbl auMMaKTapZbl aHbIKTazAbl. EH >KOFapbpl OpHaJaCKaH MOJIEKYJIAJBIK
OpOUTAaJIb K9HE €H TOeMeHTI1 60C MoJieKyJlaJblK OpOWTa/lb Tapajay/japblH TajlJay TMJpPOHUU
VIOHBIHBIH, KOCBUIYbl TYPaKTbLJIbIKKA /[a, NPOTOHHBIH KO3Fa/IFbILITBIFbIHA [la 9Cep eTeTiH
3JIEKTPOH/BIK KYPbIJIBIMFa 3Cep eTeTiHiH KepceTTi. bys1 KOpbIThIHAbIIAP XOJUHXJIOPUA-AEKaH
KbILIKbIJILIMEH TEpPEH 3BTEKTUKAJIbIK €pITKIlINeH THAPOHUN HMOHBIH TYpaKTaHZAbIPY YILiH
OHTaMJIbl OPTaHbl KAMTaMachl3 eTETiHIH KepceTe/i, OyJ1 IPOTOH ajMacy MeMOpaHaJbIK OTbIH
»Kacyllajapbl 3J1eKTPOJUTTEPIHAE COTTI IPOTOH/bI 6TKI3Y YIUiH KaXKeT.

ByJ ecentey Tasjaybl TepeH 3BTEKTUKAJIbIK ePITKIlINIeH THAPOHUM 63apa apeKeTTecy/epi
Typasibl ipreJii TYCiHIKTI KaMTaMacbl3 eTKeHiMeH, 6oJiallak 3epTTey/jep NMPOTOHJbI Tachl-
MaJllay apHasIapblH 3epTTey YIUiH MOJIeKYJIaJblK JUHAMHUKAJIbIK MOJeJbJeyre, COHAANW-aK
OTKI3TIIITIK, KbIJIy TYPaKThLJIbIFbIH )X0He OTbIH YALIBIKTAPbIHbIH 6HIM/IMIriH 6aFanay yuiH
3KCIeprMMeHTaJl/lbl BallJalnusaFa Ha3ap ayAapybl Kepek. by 6ipikTipinreH 3epTreysiep KeJseci
yplakK OTbIH YAIIBIKTApbl TEXHOJIOTUAJAPbI YIIIH KaKCApTbLIFaH NPOTOHJbI TAacCbIMaJzady
cunaTTaMasapbl 6ap ruipoPoO6Thl TEPEH IBTEKTHUKAJIBIK ePITKIlll HETi3iHAETri 3/IeKTPOJIUTTEPAI
YThIM/IbI 2k06aJ1ayFa »0J1 alia/ibl. bostamakTa apTypJi xachl1 epiTKILITEp/liH MOJUMepJIEpMeEH
WHTerpanuysachbl HOTHXKeCiH e naiaa 60FaH MeMOpaHaiapAblH IPOTOH 6TKI3TilITITiH ecenTik
»KOJIMEH K9He Jie IKCIIEPUMEHTTIK KO0JIMEH TeKCepy Kepek.

Anrbic aliTy, MyAAeJ/iep KaKThIFbIChI

By xkymbicTbl Kazakctan Pecny6simkacel FelabIM koHe »K0Fapbl 0i1iM MUHHUCTPJITiHIH
FoiibiMm koMuTeTi rpanHThl N2 AP26100243 «TepeH 3BTEKTHKAJbIK epiTKiliTepi 6ap
MeTa//IOPraHUKa/bIK paMaJbIK-IIOJMMepJi KOMIIO3UTTEep HeridiHje IMPOTOH aJiMacy
MeMOpaHa/JapblH >00ajiay »oHe »Kacay: OipiKTipi/ireH ecenTey »oHe 3KCHEPUMEHTTIK
3epTTey» apKblJbl KAp>KblJIaHAbIPbLIJbL. ABTOpJIap OCbl MaKaJaZia 6asiH/a/IFaH )KyMbICKa acep
eTyi MyMKiH 6eJirijli 6acekesiec Kap>KblJIbIK MYAJeJepi HeMece eKe KapbIM-KaTbIHACTAPbI
»KOK eKeHiH xabapJiaii/ibl.

ABTOpJ1apAbIH, KOCKAH YJIeci

Ka6apaxumosa I [l. - MaKa/slaHbIH TY>XbIpbIM/JaMacblHa HEMece paciM/eyiHe eJeyi yec,
MOTIH a3y »KoHe OHbIH, Ma3MYHbIH CbIHU TYPFbI/IaH KaWTa Kapay;

AGyoBa A.Y. - 3epTTey HOTHXKeJIepiH KUHAY, MATIiH a3y >KoHe OHbIH Ma3MYHbIH CbIHU
TYPFbIAH KaWTa Kapay;

Temup6aeBa A.A., YceH E.B. - anbiHFaH HaTHXKeJlep/i Ta1/jay KoHe TYCiHAIpY;

CartanoBa b.M., Conntan6ek H.C. - *kapusijiay yilliH MaKaJlaHbIH, COHFbI HYCKACbIH O€EKITY;

A6yoBa @.Y. - »KYMbICTbIH 0apJIbIK acleKTisiepi YiliH »kayanTbl 60J1yFa KeJliciM 6epy, Aepek-
Tep/iH AYPbICTBIFbIHA X9HE MaKaJlaHblH, 6apJiblK 66JIiKTepiHiH TYyTacTbIFbIHA GalJIAHbICTbI
MaceJiesiepii 3epTTey XkoHe LIely.
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ATOMHBIE KOHLIIeNIUY AUHAMUKHA UOHOB T'MPOKCOHUS B XJIOPUJAE U INIYGOKOM 3BTEKTHYECKOM
pacTBopuTeJ/Ie Ha OCHOBE JeKAaHOBOM KHUC/IOTHI JJIsl NPUMEeHEHUS B TOIUIMBHBIX 3JIEMEeHTaX

AnHoTauus. [IpoToHOO6MeHHbIe MEMOPaHHbIE TOIJIMBHbIE 3/IEMEHTHI TPEGYIOT BHICOKOIPOYHBIX,
HeZIOPOTUX U IKOJIOTUUECKH YHUCTBIX MPOTOHOMPOHUIIAeMbIX cpel. OJHAaKO TPaJAULMOHHbIE TPOTOH-
IPOBOJSIINE 3JIEKTPOJIUThI CTAJIKUBAIOTCS C TAKUMHU MPo6JeMaMH, Kak OrpaHHYeHHas TepMUu4yecKas
CTAaOUJIbHOCTb M CHUXKeHHeE MOJBUKHOCTH POTOHOB B 6€3BOJIHOM cpejie WU Cpejie C HU3KOU BJIaX-
HOCTBIO. B 3TOM HcC/iemoBaHUH Mbl pacCMaTpPUBaeM IIy6OKHE 3BTEKTHYECKHE PacTBOPHUTENH Ha
OCHOBE XJIOPU/IA XOJIMHA U IEKAHOBOW KUCJIOThI B KaueCTBe MOTEHIIMATBbHOMN aJlbTEPHATUBHOM Cpe/ibl
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JJIs1 TIepeHoca MOHOB TMJpOKCcOHUsA. PacueTsl Teopuu ¢$yHKIMOHa/NA MJIOTHOCTH C AUCIHEPCHOHHOU
MONPAaBKOW MCNOJIb30BAJNCh AJIs1 ONTUMHU3ALUU CTPYKTYP INIy6OKUX IBTEKTUYECKUX PacTBOpUTesel
6e3 U B NpUucyTCcTBUU MOHa r'uJpoOKCOHUS, IpeS0CTaBJIsisA TOUHYI0 HHPOopMaL U0 06 UX CTPYKTYPHBIX
Y 3JIeKTPOHHBIX CBOMCTBaX. ONTUMH3UPOBaHHAas TeOMeTPUs NTOKa3blBaeT CeTH BOJOPOJLHBIX CBs3eH
MeX/Jy XJOPUJO0M XOJMHA U [eKaHOBON KHCJOTOH, KOTOpble [OMOJIHUTEJbHO PEryJupyoTcs HOpu
ciussHrM MoHa rufpokcoHus. KapTupoBaHue MOJIEKY/ISIPHOTO 3JIEKTPOCTATHYeCKOTO NMOTeHLHa a
onpejeJisieT 06/1acTH, KOTopble 3¢GPEKTUBHO CBS3BIBAIOT NPOTOHBI, B TO BpeMsl Kak NOrpaHHUYHOe
MOJIEKYJ/IIPHOE OpOHTaJbHOE MCCle[J0BaHUEe BBIABJISAET U3MEHEeHUs B pacnpejiesleHUH 3JIeKTPOHOB
M CTaGWUJIbHOCTH, BbI3BaHHble B3aUMOJENCTBUEM HOHOB T'HM/JPOKCOHUsA. Pe3ysnbTaThl MOKa3bIBAIOT,
YTO MaTpUIA XJOPHUJA XOJMHA U IeKaHOBOW KUCJIOThI MOXKeT CTaOMJIN3UPOBATh UOHBI I'MIPOKCOHUA
3a CYeT CUJIbHOM BOJOPOAHOM CBSI3U U YJAYYIIUTb TPAHCIOPT NPOTOHOB. ITa paboTa AaeT 3HAHHUS O
B3aMMO/ZENCTBUAX PACTBOPUTEJA U TMJPOKCOHUS Ha aTOMHOM YpOBHe, 3aKJIaJblBaeT OCHOBY [JJf
paLMOHAJbHOIO IPOEKTUPOBAHUS 3/JIEKTPOJUTOB Ha OCHOBE CIELUATbHBIX IJIYOOKUX 3BTEKTUYECKUX
pacTBoOpuTeJIel [Jis MCII0/Ib30BaHUSA TOIJIMBHBIX 3J1IEMEHTOB U HallpaBJisieT OyAylive Uccle0BaHUA
Ha 3KCIEPUMEHTAJbHYI NMPOBEPKY U HHTErpanydi B NPOTOHOOOMEHHble MeMOpaHHble CHUCTEMbI
TOIJIMBHBIX 3J1EMEHTOB.

Kiio4deBble c/10Ba: MOH FUIPOKCOHUS; PACTBOP IVIyO6OKOUM 3BTEKTUKH; XJIOPUJ, X0JIMHA; JEKaHOBas
KM CJI0Ta; TOTJIMBHBIE 3/1eMEHTBHL.

G.D. Kabdrakhimova, A.U. Abuova, B.M. Satanova, N.S. Soltanbek, A.A. Temirbayeva, E.B. Ussen,
F.U. Abuova
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
(E-mail: aisulu-us1980@yandex.kz )

Atomic Concepts of Hydroxonium Ion Dynamics in Chloride and Deep Decanoate Eutectic
Solvent for Fuel Cell Applications

Abstract. Proton-exchange membrane fuel cells require high-strength, inexpensive, and environ-
mentally friendly proton-permeable media. However, traditional proton-conducting electrolytes face
problems such as limited thermal stability and reduced proton mobility in anhydrous or low-humidity
environment. In this study, we consider deep eutectic solvents based on choline chloride and decanoic
acid as a potential alternative medium for the transport of hydroxonium ions. Calculations of the
density functional theory with dispersion correction were used to optimize the structures of deep
eutectic solvents without and in the presence of hydroxonium ion, providing accurate information
about their structural and electronic properties. The optimized geometry shows a network of hydrogen
bonds between choline chloride and decanoic acid, which are further regulated by the fusion of the
hydroxonium ion. Molecular electrostatic potential mapping identifies regions that effectively bind
protons, while boundary molecular orbital investigation reveals changes in electron distribution and
stability caused by the interaction of hydroxonium ions. The results show that the matrix of choline
chloride and decanoic acid can stabilize hydroxonium ions due to strong hydrogen bonding and improve
proton transport. This work provides knowledge about the interactions of solvent and hydroxonium
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at the atomic level, lays the foundation for the rational design of electrolytes based on special deep
eutectic solvents for the use of fuel cells, and directs future research towards experimental verification
and integration into proton-exchange membrane systems of fuel cells.

Keywords: hydroxonium ion; deep eutectic solution; choline chloride; decanoic acid; fuel cells.
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Computational and experimental studies of processes of non-activation
release of tritium from beryllium-containing materials of research
nuclear reactors

T. Kulsartov'?"“, A. Temirzhanov?*" , Zh. Zaurbekova'?“, A. Shaimerdenov' “, S. Askerbekov'?"“,
P. Kharkin'"~, O. Milts'™, D. Sairanbayev' ", I. Kenzhina'*3", T. Zholdybayev*

[nstitute of Nuclear Physics, Almaty, Kazakhstan
2Insitute of Experimental and Theoretical Physics, al-Farabi Kazakh National University, Almaty, Kazakhstan
3Satbayev University, Almaty, Kazakhstan

(E-@mail: alik-25.01.97 @mail.ru)

Abstract. Beryllium reflectors in research reactors are known sources of tritium,
raising safety concerns associated with its release. While substantial outgassing
occurs at elevated temperatures (>700 °C) through diffusion, measurable
release has also been observed at ~50 °C, which cannot be explained by this
mechanism. A non-activation release process is therefore considered, in which
tritium nuclei formed near the beryllium surface escape directly as energetic
ions.

A computational model was developed to quantify this process. The stopping
range of MeV tritium ions in solids is limited to several tens of micrometers,
defining the effective near-surface region for release. Geometric analysis allowed
deriving an expression for the number of tritium ions emitted from the surface
during irradiation. To verify the model, lithium metatitanate (Li,TiO,) pebbles
with natural and 96% °Li enrichment were irradiated in the WWR-K reactor at
~50 °C for 516 h. Samples were wrapped in 100 um aluminum foils serving as
tritium collectors, which were subsequently dissolved and analyzed by liquid
scintillation spectrometry.

Calculated tritium yields were of the order of 10'7-10'® atoms and showed good
agreement with experiment. For natural Li, TiO,, 3.35-10" atoms were predicted
compared to (2.0+0.4)-10" measured, while for enriched Li,TiO,, 2.14-10'
versus (1.1+0.2)-10'® were obtained. Lower experimental values are attributed
to incomplete foil retention and model simplifications such as neglecting pebble
self-shielding.

The results confirm the existence of non-activation tritium release from lithium-
containing ceramics and demonstrate that the proposed model provides reliable
estimates applicable to safety assessments of reactors employing beryllium
components.

Keywords: lithium ceramics, neutron irradiation, tritium, helium, MCNP6.
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Introduction

Radiation safety issues of nuclear devices are of crucial importance for minimizing risks to
human health and the environment, ensuring stability and efficiency of the nuclear industry.
One of the key concernsin this area is the assessment of radioactive materials release into the
environment during the operation of nuclear systems, including low-power nuclear reactors
with research purposes. In the Republic of Kazakhstan, extensive research has been carried
out over the past decades in various fieldsof nuclear and fusion energy, including radioecology
andmaterial testing under reactor irradiation conditions [1-10].

Thiswork presents anovel approach to studying non-activation tritiumrelease from beryllium
under neutron irradiation, an idea of that emerged from previous studiesof the authors of this
paper on accumulation and release of tritium from beryllium-based reflector components of
nuclear reactors [11-12].

Under neutron irradiation conditions, tritium is generatedin beryllium through a series
of nuclear reactions. These include the formation of lithium-6 within beryllium structures,
followed by neutron capture reactions that ultimately result in tritium production:

Be® + ny — He* + He®, 1)

5

H 6
© t,,~085s

Li®. (2)
The resulting lithium interacts with thermal neutrons according to the following reaction:
Li® + n,, > He* + H5. (3)

The main processes influencing the rate of tritium release from beryllium are diffusion
processes, which become significant at high temperatures (above 700 °C) [13,14]. However, a
number of studies indicate the release of tritium at temperatures below 50 °C, which cannot
be explained by diffusion. A possible mechanism for such tritium release may be the release of
tritium directly from the near-surface region of beryllium units of a nuclear reactor.

A detailed consideration of this problem would make it possible to more accurately assess the
tritium safety of nuclear reactors containing beryllium units. This would also allow obtaining a
method for estimating the amount of tritium ions released from the surface of lithium-containing
materials under reactor irradiation conditions.

The study aims to develop and verify a calculation method for estimating tritium flux released
from beryllium reflectors withoutrelying on diffusion models. It seeks to experimentally confirm
the existence and magnitude of this release mechanism using lithium-containing samples.
Ultimately, the work contributes to more accurate assessments of tritium safety in research
reactors employing beryllium components.

This work is the first to propose and experimentally confirm a non-activation mechanism of
tritium release from beryllium under neutron irradiation, where energetic tritium ions escape
directly from the near-surface layer. A new computational method was developed to quantify
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this effect, and its predictions were validated against reactor irradiation experiments with
lithium ceramics.

Calculation method for assessing the tritium ions amount released from the near-surface layer
of materials

[tis known that under the influence of neutron irradiation beryllium undergoes the formation
and accumulation of radiation-induced defects, as well as helium and tritium nuclei generated
as a result of nuclear reactions with beryllium atoms.

The occurrence of defects in beryllium under neutron flux is associated with elastic scattering
of neutrons with nuclei and nuclear reactions of the types (n,2n) and (n,a)[15-17].

For the present study, particular importantance is attached to the reaction (n, a), which takes
place at neutron energy E = 0.71 MeV. A lithium-6 atom is formed as a result of reactions (1)-(3),
which subsequently interacts with thermal neutrons, leading to the formation of tritium.

The tritium and helium ions with energies E_and E__ (MeV), respectively, interact with the
atoms of the material predominantly via inelastic collisions with electrons. Due to Coulomb
interactions, energetic ions gradually lose their energy by ionizing or exciting atomic electrons
along their trajectory. When the particle has lost all of its energy, it comes to rest. Owing to
the relatively large mass of ions compared with that of electrons, individual scattering events
lead only to small angular deviations, which statistically compensate each other over numerous
collisions. Consequently, the trajectories of tritium and helium ions in the medium can be
approximated as nearly rectilinear.

The ion path length A (m) in the material may be estimated using the ionization loss formula
(Bethe-Bloch equation) [18]:
dE 4mnZ’e* 2mv? v?

=2 | m——
dx muv? nl (1 _ ﬁ) c? (4)
C2

where m is the electron mass; c is the speed of light; v is the velocity of theparticle; f =v/c; Z is the
charge of a particle in units of the positron charge; n is the electron density ofthe medium; lis
the average ionization potential of the atoms in the medium through which the particle passes.

To assess the ionization losses the LISE++ program is usually used, which allows prediction
of the energy losses and beam purity of radioactive ions during their transport [19]. For
each specific calculation, a program module is used in which the name of the isotope being
slowed down, its energy, and the target parameters are set: its density and the stoichiometric
composition of atoms.

To describe the emission of tritium and helium ions from the near-surface region of beryllium,
a two-dimensional geometric model is employed (Figure 1).

Suppose a number of Rtritium-producing reactions occur at point Alocatedat a distance x
from the material surface. The particles formed are emitted isotropically from thispoint.The
number of ions released from the material is determined by an isosceles triangle with a side of
A, and in the segment of the angle 2a all ions will leave the material. Their number of escaping
ions, F, can be expressed as:
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arccos arccos(Q) (5)
F=R- p- = R - arccos (x/1)/m

By integrating this expression over x from 0 to A, it is easy to obtain expression for the rate N
(mol/s) of ions release from the surface layer with an area of S (m?):

.c
N = R—Sf (arccos(x/A))dx =R-S-A/m. (6)
T Jo

Q
e N: & X “s % ?
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Figure 1. Two-dimensional geometry of the release of tritium and helium atoms
from the near-surface layer of beryllium

Moving to integral values for estimating the amount of tritium ions released from the
beryllium surface layer with an area of S during irradiation time t, the following expression is
obtained:

1 tmax S
N(tmax,S) = Ef .f R(S,t) - AdSdt (7)
0 0

This methodology can also be applied to other irradiated materials containing lithium-6.To
demonstrate the applicability of the delelpoed approach, the release of tritium ions from the
near-surface region of lithium ceramics was experimentally investigated in a dedicated reactor
experiment, described below.

Reactor experiment on irradiation of lithium ceramics

In order to obtain samples of aluminum foils that captured tritium released in a non-
activating manner two types of lithium ceramics (lithium metatitanate - LMT) pebbles with
natural and 96% enrichment in Li6 were exposed to neutron irradiation. It was assumed that
tritium ions would be absorbed by the aluminum foil in which the ceramics were wrapped. The

116 N23(152)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Computational and experimental studies of processes of non-activation release of tritium from beryllium-containing
materials of research nuclear reactors

thickness of the foil was about 100 um, which significantly exceeded the free path of tritium
ions in aluminum.

The irradiation consisted in the following: sealed capsules (Figure 2a) with lithium ceramics
samples wrapped in aluminum foils were loaded into anampoule device, which was irradiated
in the peripheral irradiation channel of the WWR-K research reactor (Figure 3) for 516 hours.

a) b)

Figure 2. Photograph of capsules with lithium ceramic samples wrapped in foil (a)
and irradiation diagram (b)

The capsule arrangement in the reactor ampule device is shown in Figure 2b. Three capsules
with LMT (with natural enrichment in Li¢), were installed in the lower part of the ampoule
device. The rest three capsules with LMT (96% of Li®) were installed in the upper part of the
ampoule device. The capsules were filled with argon. During the experiments, the ampoule
device and the capsules were cooled with water of the first coolant circuit of the WWR-K reactor.
Average temperature of coolant did not exceed 50°C. The flow rate of the coolant through the
capsule was equal to 0.5 m/s.

Irradiation channel with lithium ceramics sample
Be block

Fuel assembly of type 1
Fuel assembly of type 2

Figure 3. Configuration of the WWR-K reactor core
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During irradiation experiment a diagram of the temperature change of the aluminum foil
was obtained (Figure 4). As can be seen from graph, the foil’s temperature in experiment was
less than 50 °C. The temperature values shown on the graph correspond to the average values
obtained from three independent temperature sensors measuring the coolant temperature.
Since the irradiation capsule is cooled by the water of the reactor's primary circuit both from
the outside and from the inside, the temperature inside the capsule is equivalent to the coolant
temperature. Temperature fluctuations are associated with daily changes in the environment
temperature, which affects the second cooling circuit of the reactor and, accordingly, decreases
or increases heat exchange between the first and second circuits of the reactor.
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3 ©
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g 3000 120 £
S [0}]
& -
2000
110
1000
0 0
! 1 20
Time, days

Figure 4. Diagram of the reactor experiment with lithium ceramic pebbles
Tritium amount determination in aluminum foil

After irradiation, the capsules were opened and aluminum foils were extracted. The foils
were decomposed in an autoclave with 1 ml of concentrated HNO, and 0.5 ml of HF at 180 °C
for 2.5 h. The cooled solution was neutralized with Na,CO, to pH 8 and diluted to 50 ml with
distilled water, followed by preliminary distillation [20]. From the second distillate fraction
(220 ml), 1 ml was mixed with Ultima Gold LLT scintillation cocktail (1:19) and stored for 12 h
before measurement. Tritium activity was determined by liquid scintillation beta spectrometry
(TRICARB-3100TR) for 3 h in the 0-15 keV range with a detection efficiency of at least 60%.

The results for the amount of tritium released in non-activation way (obtained by calculation
according to the above method) and the results of the experimentally determined amount of
tritium in aluminum foils are given in Table 1.
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Table 1. Amount of tritium released by non-activation way during irradiation of lithium
ceramics (comparison of calculation and experimental results)

Type of samples wrapped Calculated value of the number Experimental value
in aluminum foil of tritium atoms that entered of the number of tritium atoms
the aluminum foil during in aluminum foil, determined
irradiation by liquid scintillation beta
spectrometry
Li,TiO,(natural enrichment) 3.35:1017 (2.0£0.4)-1017
Li,TiO,(96% Li6) 2.14-1018 (1.1+0.2)-1018

The comparison of calculated and experimental results demonstrates good agreement in
terms of order of magnitude, with a clear proportionality between the tritium content and the
degree of lithium-6 enrichment in the investigated ceramic samples.

At the same time, the experimentally measured number of tritium atoms in aluminum foils
was consistently lower than the calculated estimates. This discrepancy is attributed to the
incomplete retention of tritium in the foils: part of the released tritium likely penetrated only
shallowly into the foil and subsequently escaped during post-irradiation handling and sample
preparation. Another possible reason is the simplification adopted in the calculation procedure,
where self-shielding effects of the lithium ceramic pebbles under irradiation were not considered.
Specifically, formula (7) was applied to the total geometric surface area of the spherical samples,
whereas in reality they formed a pebble bed with a mean pebble radius of 1 mm.

Overall, the results confirm that irradiation of lithium-containing ceramics leads to a
measurable tritium release, attributable to its non-activation emission from the near-surface
region of the material. The proposed computational approach provides estimates that are
consistent with the experimental data within the expected accuracy.

Accounting for the discrepancy between experimental and calculated data due to the geometry
of the irradiation experiment

Let us consider a configuration close to the experimental arrangement of lithium ceramic
pebbles. The pebbles are sparsely arranged with a distance between them approximately
equal to two of their diameters. With such an arrangement, the influence of geometry on the
activation-free release of tritium becomes especially significant. In this scheme, the pebbles are
arranged in one layer on a flat surface, and a sheet of aluminum foil wraps the pebble bed from
above, below, and on the sides. Tritium ions formed during the reaction are emitted isotropically
with an energy of about 2.73 MeV and a mean free path in lithium ceramics of about ~ 30 pm,
depending on the density of the material.

For a triton to be released, it must be born in the ceramics within the range from the surface
of the pebbles and have a trajectory direction that does not encounter obstacles to the foil.

In conditions of sparse packing, when there is a significant free space between the pebbles,
the possibility of the tritons exiting not only in the vertical direction, but also to the sides, opens
up, since the probability of a collision with a neighboring pebble is minimal.
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In this case, vertical trajectories provide a contribution due to the fact that the tritons born
in the upper hemisphere of the pebble and directed upward, as well as the tritons born in the
lower hemisphere and directed downward, can freely reach the foil. Taking into account the
isotropy of the emission and the uniform distribution of tritons by depth, the proportion of such
vertical trajectories is estimated as

Q, = ~ 0.5,

N =
N =

Ly
2

N =

where the first term corresponds to the number of tritons born in the upper hemisphere of
the pebble and flying upward, and the second term - to the number of tritons born in the lower
hemisphere of the pebble and flying downward.

For lateral trajectories in sparse packing conditions, a significant space between pebbles
allows most tritons flying at angles from ~30° to ~150° relative to the vertical to reach the lateral
foil without obstacles. The approximate fraction of such an exit can be estimated as Q2x0.25.
Considering that the angular share of lateral directions is approximately half (50%), but only newts
born in the near-surface zone and directed strictly sideways will be able to exit, the total coefficient
decreases to ~25%. Thus, the total coefficient of triton exit into the foil with sparse pebble packing
is calculated as the sum of the vertical and lateral components and is equal to ~0.75.

This means that with a sparse configuration of pebble placement, the efficiency of tritium
detection by aluminum foil reaches about 75% of the calculated value, assuming individual
wrapping of each pebble. This is significantly higher than with dense packing, where the
yield coefficient is limited to 25-55% depending on the bottom coverage. In this regard, when
interpreting experimental data and constructing calculation models of non-activation tritium
yield, it is necessary to take into account a correction factor reflecting the influence of the
geometric configuration of the pebble bed and the availability of lateral trajectories for the
release of tritons into the foil.

Calculation of the rate of non-activation tritium release from beryllium blocks of the WWR-K
reactor

Based on the proposed method, the rates of tritium release from beryllium blocks of the
WWR-K reactor were estimated during its operation at nominal power. The beryllium block
in the reactor core is a monolithic hexagon 69.5 cm high. The density of the beryllium block
is 1.894 g/cm3. Blocks are located around the fuel assemblies, forming a ring around the fuel
part of the core. In Figure 5, the MCNP model of a horizontal section of the WWR-K reactor core
is shown, indicating the cell numbers of the beryllium blocks. Since the heating of the coolant
and samples during standard irradiation is not significant, the change in the temperature of the
coolant and samples was not taken into account in the calculations.
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Figure 5. MCNP model of the WWR-K reactor core: 1) fuel assembly of type 1; 2) fuel assembly
of type 2; 3) irradiation channel with a displacer; 4) beryllium block

During operation of the reactor at nominal power, some amount of beryllium almost
immediately turns into Li®(according to the reactions (1) and (2)). The densities of beryllium
and lithium atoms are described by the following equations:

% = _NBe{RR}Bea (8)
dN;
dtLl = NBe{RR}Be - NLi{RR}Lir 9

where, to simplify the notation, the dependence of the numerical density N on time is
omitted. The indices Be and Li denote Be® and Li®, respectively. {RR} denotes the rate of isotopic
reactions: (n,H?) for Li® and the reaction (n,a) for Be.
{RR} is defined as:
20

(RRY = [ 0B, 00, (). (10)
0

where x is the name of the isotope; @(E,t) is the neutron flux in the irradiation position; o_x
(E) is the corresponding neutron-induced cross-section for isotope x. The energy interval (0-20
MeV) covers the entire range of neutron energies in the beryllium block.

To calculate the rate ofLi®(n,H?) reaction, a 1 mm area of the outer part of the beryllium
block was selected along its entire height. The reaction rate in a unit volume (1/(cm?3s)) of the
beryllium block was determined as:
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RRy = N;(0) - NBeo{RR}Lir (11)

where N, )is the initial number of beryllium atoms per unit volume, (at/cm?); N, (0) is the
number of Li® atoms formed in 1 s as a result of the Be(n,a) reaction, (at/cm?); {RR} | is the rate
of the Li®(n,H?) reaction per one Li6 atom. The initial number of beryllium atoms in the block
N,.)=1.23-1023 at/cm®.

The reaction rates{RR} of Be(n,a) and Li6(n, H*) per one atom of Be and Li®, respectively, were
calculated using the MCNP® code and the ENDF/B-VII.1 neutron cross-section library [21]. The
MCNP model was built according to the real size of the reactor core with fuel assemblies and
structural components. The MCNP input file included 500 cycles consisting of 450 active and 50
inactive cycles with 200,000 histories per cycle. The reaction rate values were normalized to the
calculated k . value and compared with the steady-state power level of the critical system in units
of fission neutrons per unit time, which allows us to move from the reaction rate to the neutron
flux density. For the WWR-K reactor; for which the nominal power is 6 MW, the scaling factor is:
neutron

fission
where 0.92 is the fraction of thermal power due to neutrons.

fission

6-10°MW - 3.467 - 1OIOT - 2.457

7 neutron

-+0.92 = 4.70 - 10? —

Figure 6 shows the calculated values of Li (n, H*), (1/(cm®s)) reaction rate in beryllium
for the outer ring of blocks in the WWR-K reactor core. Calculations showed that the rate of
tritium release into the cooling water from all beryllium blocks during reactor operation at
nominal power is about ~10-14 mol/s. As can be seen, the tritium flux values determined by the
proposed calculation method are quite noticeable and, in general, should be taken into account
when operating research nuclear reactors containing beryllium elements in the core design.
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[ ]Reaction rate Tritium flux
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4E+084 ||
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Li®(n,a)T reaction rate, 1/(cm®s)
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Tritium flux from the Be block, mol/s
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Beryllium block number

Figure 6. Li®(n,a)t reaction rates and tritium flux from the beryllium block
of the WWR-K reactor
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Conclusion

Thus, as a result of the studies of non-activation release of tritium from the surface layer of
beryllium under neutron irradiation, a method for calculating the tritium flux from the surface
was obtained, which was confirmed in the irradiation experiments with lithium ceramics.

The results of the calculated estimates and experimental values for the amount of tritium
released from the lithium ceramic samples reasonably coincided (in order of magnitude). It
was shown that the tritium flux from the samples is proportional to the degree of enrichment
in lithium-6, and this proportionality is fairly well observed for various ceramic samples. The
observed discrepancy between the calculated data and the experiment is due to the research
methodology and a simplified calculation scheme that does not take into account the actual
geometry of the experiment.

Further, according to the proposed methodology, calculations were made for the non-
activation release of tritium from the beryllium rods of the WWR-K reactor. Calculations showed
that the rate of tritium release into the cooling water from all beryllium blocks during reactor
operation at nominal power is about ~10-14 mol/s.

The obtained results can be used for a qualitative assessment of the tritium safety of nuclear
research reactors containing beryllium elements in the reactor core design.
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3epTTey AAPOJIbIK, peaKTOPJIapAbIH KYpaMbIHAA 6epU/IMM 6ap MaTepuajajapblHAaH TPUTUHAIH,
AKTHUBTEHOENTIiH 66JIIHY IpoLecTePiH IKCIePUMEHTTIK 3epTTey/iep XKoHe ecelnTey.

AHpaTna. 3epTTey peakTopJlapblHJaFbl 6epu/LIuii pedieKTopapbl TPUTHUHIH 6erisi ke3aepiHiy,
6ipi GoJsibin Ta6BLIAAbI, OYJ1 OHBIH G6JiiHyiHe GaMJIAHBICTHI KAyilCi3Aik MaceJsiesepiH TybIHAATA/bI.
TpuTuiiaiy allTapabiKTal 6eJiHyi 9ieTTe *KoFapbl TemnepaTtypanapzga (>700 °C) audpody3us ecebineH
Kypeni, anaiza mamamen 50 °C TemnepaTypaZa /a ejlleHeTiH MeJlep/ieri TPUTUH TipKeareH, 6y
KYObLIBICTBI AUPPY3UANBIK MEXaHU3MMEH TYCIHAIpY MYMKiH eMec. OcbIFaH 6ailJlaHbICThI 6esICeH1ipycCi3
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GeJliHy npolieci KapacThIpbLIa/bl, MyH/1a 6epUJIUNAIH 6eTKi KabaTbIH/|A TY3iJIreH TPUTUHN AAP0J1aphl
MaTepHal/aH TiKeJel »XoFapbl 3HEPTUAIbI HOHJAP TYPiH/E LIbIFaibl.

ByJ1 npouecTi caHIbIK, TYpFbIJlaH 6aFajiay YiiH ecenTey yJrici xkacanibl. MaB sHeprusibl TpUTUH
VOH/IAapbIHBIH KATThl AeHeJIepJleTi :Kypy Y3bIH/bIFbI OipHellle OHJjaFaH MUKPOMETPMEH LIeKTesei, 6y
oslap/blH 66JiHyiHiH THIM/i 6eTKi aliMaFbIH aHBIKTaWAbl. [eOMeTPHUSJIBIK TaIJay CIyJeJeHy Ke3iH/e
O6eTTeH 6G6JIiHETIH TPUTUN HOHJAPbIHbIH, CAaHbIH aHbIKTayFa MYMKIiH/IK 6ep/i. YJAriHi Tekcepy ylIiH
Taburyu xoHe °Li 6odbiHIIA 96% GaibIThLIFaH JUTHH MeTaTtuTaHaThl (Li,TiO,) mapuxrepi BBP-K
peakTopbiHa ~50 °C TeMnepaTtypaza 516 caraT 60¥bI cayseneHAipiaai. Yariaep 100 MKM aJloMUHUA
dosibracblHa opaJi/ibl, 0J1 TPUTUH KOJIJIEKTOPHI peTiH/le KbI3MeT eTTi. CaysiesieHyieH KeliH ¢osibraaap
epiTisin, TpUTUN MeJiepi CYHbIK CHUHTU/ISLUSJIBIK CIEKTPOMETPHUS d/liciMeH aHbIKTa//bl.

EcenTik TpuTui weirbiMbl 1017-1018 aToMap waMacbklHAa 60JbIH, TRHKIpUOeiK HOTHKeJlepMeH
aKChbl corikec Kesii. Taburu Kypampbl Li, TiO, yiuid ecennen 3,35:1017 aToM 60JKaH/ b, aJ1 ©JIIIeHreHi
(2,0£0,4)-10% Gongbl; an °Li-MeH GaWbITBLIFAH Li,TiO, ywin Tuicinure 2,14-10%8 xone (1,1£0,2)-108
aToM aJbIH/bL. TaxKipubesik MoHep/liH ToMeH/1eyi TPUTHHAIH $0J1brajia TOJBIK YCTaJIbIN KaJMaybIMeH
»K9He yJrieyaeri KapanaiblMIaHAbIpYJAapMeH, aTall auTKaHAa TYUIpLIIKTepAiH coyJiesieHy Ke3iHeri
©3/liriHeH KeJieHKeJIeHYiH ecelKe aiMayMeH TYCiHAipiieni.

ANBIHFaH HOTHXKeJIEp JIUTHUHUKYpaMJbl KepaMHUKaJapAaH TPUTUWAIH 6esceHAaipyci3 6eJiHyiHIiH,
6ap eKeHiH pacTail[jbl *KoHe YCBIHbLIFAH YJTiHIH OepU/JIMi KOMIOHEHTTepi 6ap peakTopJapAblH
pasuanysIbIK Kayinci3girin 6aranayFa KoJiJlaHyFa 60J1aThIH CeHIM/i 6aFasiap 6epeTiHiH KepceTe/i.

Ty¥iH ce3aep: IUTHI KepaMUKachl, HEUTPOH/bI CayJieieHy, TpUTUH, reauid, MCNP6.
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PaC‘lETHO-SKCHepPIMeHTaJIbeIe HCC/IeA0BaHUA NMpoIeccoB 6e3 AKTHUBAIIMOHHOI'O Bbl€/1ICHUSA
TPUTHUA U3 6epuﬂﬂnﬁcoaepmamux MaTepHaJ/JI0B HCC/IeA0BaATE/IbCKUX AACPHBIX PEAKTOPOB

AHHoOTanusA. bepu/meBble oTpaxkaTeJd B UCCIe[,0BaTeNbCKUX PeaKTOPax sBJSIOTCSA U3BECTHBIMU
MCTOYHUKAMH TPUTHS, YTO BbI3bIBAET ONACEHUS B CBSI3U C €r0 BO3MOXXHBIM BbICBOOOXKAEHHEM. XOTS
3HAYMUTeJIbHOE ra30Bble/leHHe HabJloflaeTcs MpY MOBBIIEHHBIX TeMnepaTypax (>700 °C) 3a cuyér
Jnddy3uy, U3MeprUMble KoJiIMyecTBa TPUTUA GUKcUpoBaauch U npu ~50 °C, YyTO He MOXKeT ObIThb
0G'bSICHEHO JJaHHbIM MeXaHU3MOM. B CBf3M ¢ 3TUM paccMaTpuBaeTcs Ipolecc 6e3aKTUBALMOHHOTO
BbljleJIeHUs], IPU KOTOpPOM siipa TPUTHS, 06pasymoolyydecss B NMPUINOBEPXHOCTHOM CJoe Gepusuiuvs,
HalpsIMY0 MOKUJAI0T MaTepHuaJs B BU/ie BbICOKOIHEePreTUYeCKHUX MOHOB.

JJ11 KOJIMYeCTBEHHOW OLIeHKH 3TOro Inpouecca 6bl1a pa3paboTaHa BBIYUCAWTE/bHAsA MOJeJb.
JlIvHa npo6era MOHOB TPUTHS C 3HEPTUAMU Nopsiika MaB B TBEpABIX Tes1aX OrpaHUYeHa HeCKOJIbKUMHU
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materials of research nuclear reactors

JleCITKAaMU MUKPOMETPOB, YTO onpeesseT 3PeKTUBHYIO 06J1aCTh MPUTNIOBEPXHOCTHOTO BhIJ|eIEHUSI.
[eoMeTpuvecKHUil aHa/Ju3 MO3BOJIUJ BbIBECTU BbIpa)KeHUE /Il YMCJIa UOHOB TPUTHSA, NOKUAAIOLIAX
NIOBEPXHOCTb B YCJIOBUAX 00/1ydeHUs. [l/1s1 NpoBepKH MO/IeJIU UCIT0JIb30BaIMCh 06pa3ibl METaTUTAHATA
autusa (Li,Ti0,) c ecrectBeHHbIM U 96% oGoramenueM no °Li, 06.1y4énnble B peaktope BBP-K npwu
Temnepatype ~50 °C B TeueHue 516 yacoB. O6pa3ibl ObLIK OGEPHYTHI AJOMUHUEBON GOJIBION
ToamuHON 100 MKM, CAy>XUBIIEH KOJIJIEKTOPOM TPUTHS, KOTOPBIMA 3aTeM ONpejessiicad MeTOA0M
KUJAKOCTHOU CHUHTHUJISIIUOHHON CIIEKTPOMETPUH TIOCJIE PACTBOPEHHUS QOJIBT.

PacyéTHble BBIXOJbl TPUTHUSA COCTaBUJIM Nopsigok 10'7-10'® aToMOB M XOpOIIO COT/IACOBAJIUCH C
3KCMepUMeEHTANTbHBIMU JaHHBIMU. J[J1s1 Li2Ti03 cnpupoHBIM U30TOMHBIM COCTAaBOM ObLJIO IPE/[CKA3aHO
3,35-10" atomoB npotus (2,0+0,4)-1017 nusmepeHHsIX, a A oboraménHoro no °Li Li,TiO, - 2,14-10"
npotuB (1,1+0,2)-1018. 3aHuKeHHble 3KCIEPUMEHTaJIbHble 3HAueHUSl OOBSCHSITCA HEMOJHbIM
yZlep>KaHueM TPUTHUS B GoJibre U yIpoLeHUSIMHU MO/IeJIH, B YaCTHOCTH, OTCYy TCTBUEM Y4ETA CAMO3aLUThI
rpaHyJ IpU 06JIyYEeHUH.

[lonyyeHHble pe3y/abTaTbl MOATBEPXKAAIT CyllleCTBOBaHUE G6e3aKTHBALMOHHOIO BblJeseHUs
TPUTHS U3 JTUTUHCO/IEPXKAIUX KEPAMUK U JIEMOHCTPHUPYIOT, YTO MpeAJI0KeHHas MO/iesIb 06eCcrieYuBaeT
JIOCTOBEPHbIE OIleHKH, NMPUMEHUMble JJisl aHajJu3a paJhallMOHHOW 6e30MacHOCTH PeaKTOpPOB C
6epUJIINEBBIMU KOMIIOHEHTAMU.

KiioueBble c/10Ba: IUTHEBAs KepaMUKa, HEUTPOHHOeE 06yyyeHue, TpUuTUi, reauit, MCNP6.
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OnTuyecKkHe U JIDKMUHECHeHTHbIEe CBOMCTBA MOHOKpPUCTA/LI0B YAG:Ce,
06J/1ly4eHHbIX HOHAaMU Xe'*? c sHepruen 231 MaB

I. Typcymb6aeBa'* -, I. Bay6ekoBa' “, K. Kapun6aes'”, P. Acbi16aeB?, A. Kuca6ekoBa?"~,
AT. Akun6exkon’

!Eepa3utickuli HayuoHaabHbil yHugepcumem umenu JLH. T'ymuneea, Acmaua, Kazaxcmau
2Bvicwas wkona ecmecmeo3HaHus, YHueepcumem Mapayaan, [lasnodap, Kazaxcmau

BBeaeHue

(E-mail: gptursumbayeva@gmail.com)

AHHOTanMsa. B paboTe M3ydyeHO BIUsHUE 06Jy4eHUs MOHaMHU KceHoHa (230
M5B) Ha onTHYecKoe ¥ JIIOMUHECLEHTHbIE CBOWCTBa KpucTamioB Y,A O, :Ce
(YAG:Ce). O6syuenue unayuupyet gedektbl Openkens (F, F*), anTuysnoBbie
HapyLIeHUsI CIOCOOGCTBYIOT MOAABJIEHUI0 3MUCCUU HOHOB Ce®* u3-3a ycusieHus
HepaJiMallMOHHBIX MeXaHU3MOB U nepexoga Ce** B Ce**. YcTaHOBJIEHO, UTO TO-
BblllleHHe (JroeHca NPUBOJUT K CHUXKEHHUI0 UHTEHCUBHOCTHU cBeyeHUs Ce3+,
YTO CBSI3aHO C 06pa30BaHUEM /1ePEKTOB pellleTKH, BK/I0Yask KUCJIOPO/HbIE Ba-
KaHCUMU U aHTUCTPYKTypHble JledeKThl. Tak:ke HaOI0[aI0TC U3MEHEHUS Ba-
JIeHTHOTO cocTossHus nepus (Ce3* — Ce*). O6sayyeHre nonamu Xe'?? (E=230
MsB) npu ¢uroencax ot 1011 1o 1014 voH/cM? BbI3bIBAET MOsIBJIEHHE Aedek-
ToB ®penkens (F, F*) 1 aHTUY3/710BbIX HapyllIEeHUH, UYTO OCAABISAET IMUCCUIO
Ce® 3a cyeT aKTUBAIMU HEPaJMALMOHHBIX IPOLECCOB U nepe3apsjku Ce’ —
Ce*. B criekTpax Bo30ykAeHUsI GUKCUPYETCS MOJaBJIeHNE IKCUTOHHBIX ITUKOB
U CABUT Iopora Bo36yxJeHusl, 06ycJI0BJ€eHHbIE POCTOM CTPYKTYPHOTro 6ecro-
psiZiKka B KpUCTAJIMUECKON pelleTKe. ITU pe3yJbTaThl OAYEPKUBAIOT 3HaYe-
HUe U3y4YeHUs] paiualluOHHbIX 3G PeKTOB A5l onTUMHU3auu cBocTB YAG:Ce B
MpaKTHUYECKUX NPUIOKeHUsX. [lo/lyyeHHbIe JaHHbIE PACKPbIBAIOT MEXaHU3MbI
pajUanMOHHO-UHAYIUPOBaHHbIX U3MeHeHUH B YAG:Ce, 4TO BaXKHO /1 €ro Uc-
M0JIb30BaHUS B paiMallMOHHO-YCTONYMBBIX CUUHTU/LISLUOHHBIX IeTeKTOpax.
KioyeBsble c/10Ba: UTTPUM-aIIOMUHUEBBIM I'PAaHAT, ObICTPbIE TSXKeJble UOHBI,
JIIOMUHECLeHTHbIe CBOMCTBA, CIEKTPHI JIIOMHUHECLEHIJUU U BO30YXX/AeHUsl, pa-
JIMalMOHHbIe e PEeKThI.

Monokpuctasibl YAG:Ce Haxo4AT LIMPOKOe MPUMeHeHUe 6s1arofjapsi CBOUM YHUKaIbHbIM
ONTUYECKUM M JIOMHUHECUEHTHBIM CBOWCTBaM, BKJIIOYasi BbICOKHUM KBAaHTOBbIM BbIXOJ,
TEPMHUYECKYIO U paJUALIMOHHYI0 CTOMKOCTb, @ TAKXKe LIMPOKUN CIEKTP U3JIy4eHUs B BUAUMOMN
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06/1acTH. ITHU XapaKTEPUCTUKH JieJIAal0T JJaHHBIK MaTepual He3aMeHUMbIM JIJis LeJIoro psijia
BbICOKOTEXHOJIOTUYHBIX MPUJIOKEHUH [1].

OpHoM M3 KJO4YeBbIX obJsiacTeil npuMmeHeHUs1 YAG:Ce fBJsieTCS €ero HCNOJIb30BaHUE
B KayecTBe JIOMUHOPOpA B COBpeMeHHbIX 6esibix cBeToguogax (LED), koTopble urpawT
BaXKHEHIIYI0 POJib B 3HeprocbeperarlieM OCBellleHUH U AUCIJIeHbIX TEXHOJIOTUSIX. Bhicokas
3¢ PeKTUBHOCTb MPeobpPa30BaHUS CHUHETO CBeTa B LIUPOKUU CHEKTP BUAUMOTO HU3JIy4YeHHUS
obecreuyuBaeT IpKOe U CTabuJIbHOE CBeueHue, uTo AesaeT YAG:Ce cTaHAApTOM /11 UHAYCTPUU
CBETOMOMOB [2-4].

Kpome Toro, YAG:Ce lIMPOKO UCIOJIb3YeTCA B Ka4eCTBe CLLUHTUJ/JIALLMOHHOTO MaTepHasa
B MEAULMHCKOW [AUArHOCTHUKe (Hampumep, MO3UTPOHHO-IMHUCCUOHHOW Tomorpaduu) u
cMCcTeMax paJiMallMOHHOI0 MOHUTOPHUHrA. Ero BbiCcOKasi cBeTOBasi 0T/a4a U YCTOMYUBOCTD K
pafivallMOHHBIM MOBPEXJAEHUSIM 00eClneYyrBalOT HAJIEXKHYI PEruCTPaALUI0 PEHTIeHOBCKOro
Y raMMa-u3JiydeHHus, YTO MMeeT BaKHOe 3HadyeHHe KakK JJi 3/paBOOXpPaHEeHUs, TaK U JJsd
saepHord 6e3omacHoCcTH. CTaOUIBHOCTh W pajuandoHHass cTohkocTb YAG:Ce agesialoT ero
NepCrleKTUBHBIM MaTepuaioM AJisl IPUMEHEeHUs B YCJI0BHUAX 3KCTPEMaJIbHbIX BO3AEeUCTBUH,
TaKMUX, KAK KOCMUY€eCKOe NMPOCTPAHCTBO U BbICOKO3HepreTUdyeckas pusuka. B aTux obaacTsax
Y3y4eHHue paJMallMOHHO-UH/YLIMPOBAHHbIX U3BMEHEHUN B CTPYKTYpe U CBOMCTBAX MaTepuasa
SIBJISIETCS BaXXHBIM IIAaroM [Jisi Pa3paboOTKHM KOMIIOHEHTOB, CHOCOOHBIX 3PpPEKTHUBHO
bYHKIIMOHMPOBATh B 9KCTPEMaJIbHbIX cpefiax [5-10].

Takum obpa3oM, vcciefoBaHue pagrdalMoHHbIX npoueccoB B YAG:Ce umeet kak ¢yHza-
MEHTaJIbHOE, TaK U NPHUKJIaJHOEe 3HaYeHUe, T03BOJISASI HE TOJIbKO MOHSATh MeXaHU3MblI JlepeK-
TOOOpa30BaHUS.

MeToAbI M MaTepUaJIbI

B pamkax gaHHOU paboThl U3y4daincb MOHOKpUcTaaabl YAG:Ce, BbIpallleHHbIE 110 METOLY
Yoxpanbckoro. KoHuenTpauus serupywouein npumecu Ce® B o6pasnax cocrasasiaa 0,5
NPOLIEHTHBIX aTOMHBIX A0J1ei. [l/151 uccie JoBaHW M UCII0JIb30BAJIMCh 06pa31ibl, IPUOOpETEHHbIE
y komnaHuu Alineason, paamepom 5x5x0,5 Mmm>.

Mounoxkpuctasibl YAG:Ce nmoaBeprajuch 06JIy4eHHUIO BbICOKOSHEPTETHUYECKMMH HOHAMHU
kceHOHa '3?Xe c aHepruent 230 MaB B auanasone ¢uiroeHcoB oT 1011 1014 non/cm? O61ydeHuHe
NPOBOAMJIOCH HA IUKJ0TpoHe DC-60, pacnosioxkeHHOM B I. AcTaHe (KasaxcTaH).

M3mepeHMe CIEKTPOB OMTUYECKOT0 MOIJIOIeHUS] 06pa3L0B NPOBOAUJIOCH HAa ABYX/IY4YEBOM
cnektpodoTomeTrpe — T8DCS.

H3MepeHue crieKTpoB ¢poTostoMuHecteHUUU (PJI) 1 Bo36yaeHus A1 06pa3noB YAG:Ce
He 06JIy4eHHOTO U MpeIBapUTENbHO 006/1ydeHHbIX HoHaMHU *?Xe 10 purroeHcoB: 1011-10 6b11H
¥M3MepeHbl HAa YHUBEpCaJbHOM crniekTpodayopuMmetpe CM2203 Cosap. [luanasoH AJiMH BOJIH
oT 220 10 920 M.

PesynbsraThl 1 O6CYyKaeHHe

Ha pucynke la mpepcTaBiieHbl CIEKTPbl PaHAaLMOHHO-UHAYLUPOBAHHOIO ONTHUYECKOTr0
norJioleHus1 MoHOKpHucTaioB YAG:Ce, 06/1ydeHHbIX HOHaMU Xe'3? B uHTepBasie (GJIOEHCOB
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10'-10" woH/cM? OOmWMI XapaKTep CHEKTPOB [JeMOHCTPUPYET POCT paJUaALMOHHO-
VMH/YLHPOBAaHHOT0 ONTUYECKOTO MOIJIOIIEHUS C YBeJIMUEHUEM /103bl 00/1yyeHUs. PaguanuoH-
Hble AedeKThl Kak B UYMCThIX YAG, Tak M JIETUPOBAHHbBIX MPOSABJSIOTCA B BU/l€ KUCJOPOJHbBIX
BaKaHCHUM KaK HEWTpasIbHbIX, TaK U 3apshKeHHbIX. KuciopoaHas BakaHcHs, 3axBaTHUBLIAs ABa
3JIeKTpOHA Ha3bIBaeTcs F-1ieHTpoM (morsiomieHue okosio 6.35), KUC/10poiHasi BAKaHCUS C OAHUM
3axXBavyeHHbIM 3JIEKTPOHOM Ha3biBaeTcs F'-1ieHTpoMm (morsioueHue okosio 5.27 v 3.35 3B) [11].

B maTpune YAG nonb! Ce** 3amMeIaoT HoHbI Y** B no3unusax D, cimMmeTpuy, B pesysnbTaTe 5d
BO30yxAeHHOoe cocTosiHUe Ce3+ pacuienssieTcs Ha 5 nogypoBHel. CoryiacHO IMTepaTypPHbIM
JlaHHbIM [12] moJiockl okoJio 5.46, 3.65, u 2.70 3B cooTBeTcTBYIOT nepexojam 4f! — 5d' B Ce3*
(pucyHok 16, kpuBas 4).

M3 pasHocTHbIX (pucyHOK 16) crekTpoB PUOA MO0XHO BbIJI€JIMTh HECKOJBKO 3aMETHbIX
JIOMUHAHTHBIX moJioc norsoueHus npu 3.35, 4.1 u 4.9 3B. Ilornouienue okosio 3.35 3B,
OYeBU/JHO, CBsI3aHO ¢ F* neHTpamuy, Toraa kak nosiocel npu 4.1 u 4.9 3B, cornacHo [13], moryT
ObITh CBSI3aHBI C MorjoineHueM F* iieHTpoB okosio YAI?* anTucaiT nedpekToB u Fe?* neHTpoOB,
COOTBETCTBeHHO. Ha MakcuMasibHOM QJitoeHCe MOXKHO 3aMeTUTh CMellleHue noJiockl 4.9 3B.
O6pasoBaHue F~ 1eHTPOB MasoBEPATHO, T.K. UX TepMUUYECKas CTaOUIbHOCTb HU3Ka. /laHHbIe
LeHTPbl HECTAOUJIbHBI yKe Npu TeMmnepaType 175 K v npu KOMHaTHOM TeMIlepaType 3THUX
LIEHTPOB He cyuiecTByeT [14].

Ha pucyHke 1c npejcTaBjieHbl KpUBble 3aBUCUMOCTH pPaJiMallMOHHO-UHAYIUPOBAHHOTO
ONTHUYECKOTO0 MOIJIOIeHU [IJI Pa3HbIX 3Ha4YeHUH 3Hepruu ¢poToHa OoT (JiroeHca 06ayUeHUsl.
Kak Mbl MOXeM BUAETb, C pocToM ¢JitoeHca 00JIyueHUs] BCe YKa3aHHble MOJIOChI UMEIOT
3aMeTHbIN POCT.

a)
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PucyHok 1. a) Cnektpsl RIOA moHOoKpucTawi10B YAG:Ce, 06/Iy4eHHbIX HOHAMM KCEHOHA
c 3Heprueii 230 MaB, 10 pa3/iM4YHbIX (JII0EHCOB HOHOB; 6) Pa3HOCTb CIEKTPOB ONTHY€ECKOT0
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MOIVIOLEHUS MEXKAY 06/Iy4eHueM 0 COOTBeTCTBYIUX ¢ioeHcoB: (10! - 2x10') Xe/cm?
(kpuBas 1), (10! - 1012) Xe/cm? (kpuBas 2), (102 - 1013) Xe/cm? (kpuBasi 3) 1 ONTHYECKOE
NomIolLeHNeE, CBsI3aHHOe ¢ noHaMHU Ce (KpuBa# 4); ¢) 3aBUCUMOCTH pagUALUOHHO-
WH/YyLHPOBAaHHOI0 ONTHYECKOI0 NOMIOLLEHH AJIS1 pPa3HbIX 3HA4YeHU! 3Hepruu poToHa
oT ¢1roeHca 061y4eHH s

Ha pucynke 2 npejcTtaBJieHbl CeKTpPbl GOTOJIOMUHECHIEHIIUM MOHOKpUcTa/L1oB YAG:Ce,
MOIBEPTHYTHIX 00/Iy4eHHI0 HOHaMu 3?Xe B uHTepBasie ¢puroeHcoB oT 10 mo 102 Xe/cm2
CrekTphl MoJiydyeHbl NPU BO30YyxJeHUM GOTOHAMU C 3Heprueil doToHa =3,65 3B, a amuccusa
pervctpupoBasiacb B AuanasoHe 1,55-2,75 3B. CnekTpbl ObLIM U3MepeHbl B OJAHWHAKOBBIX
YCJOBUSIX 1O UHTEHCUBHOCTU /[Jil HAIJISIJHOTO CpaBHeHUs. Bo Bcex ciy4yasx MakKCUMyM
JIOMUHECIeHIIMY Hab/I0oiaeTcst B 06Js1acTH okoJio 1,8-2,5 3B, 4yTo cooTBeTCTBYyeT nepexoay 5d—4f
noHoB Ce*', xapakTepHOMYy aAJisd KpUCTa/IOB YAG. POTOJIIOMUHECIEHTHbBIE HCC/Ie/[0BAHUS
kpuctasinoB YAG:Ce nocisie 06/1ydeHUsI MOHAMU KCEHOHA MOKa3aJu CyllleCTBEHHOe CHUKeHHE
CBETOBBIX0/IA C YBeJMYeHUEM (JitoeHca.

35
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PucyHok 2. a) CnekTp ¢poToIIOMUHECIEHIIUM MOHOKPUCTA/LI0B YAG:Ce, NOgBEPrHYTHIX
o61yyeHn0 noHaMu 132Xe B nHTepBasie puiroeHcoB:10''Xe/cm?, 2x10'Xe/cm?, 5x10''Xe /cm?,
10'?Xe/cm?, 2x1012Xe /cm?; b) CpaBHEeHHUEe U3MEHEHHS CBETOBBIX0AbI (POTO/IIOMUHECHEHIMHA
B 3aBUCUMOCTH OT pJIl0eHca 06/1y9eHUus

MHTEeHCUBHOCTD JIOMUHECLEHLIUM OLleHUBaIaCb UHTErpaJioM MO/, ClIeKTPaMHU, IPU 3TOM He0O-
JIy4éHHbIN o6pa3zern npuHAT 3a 100 %. Ha Hu3kux go3ax go ~ 5x1011 Xe/cm? HaG/togaeTcs
JIUIIb He3HauyWTesJbHOE MaJleHHWe CBEeTOBBbIXO/|d, YTO YKa3blBaeT Ha HayaJbHYI CTaJUI0
dbopMHpoBaHUS paiMaAllMOHHO-UHYIIUPOBAHHbIX JePeKTOB O€e3 CylleCTBEHHOU Aerpajanuu
aKTUBHBIX IleHTpoB Ce**. OpHako npu JajbHelleM yBeaudeHuu ¢uroeHca o 102 Xe/
CM? CBETOBBIXOJT PE3KO CHH)KAeTCSl, YTO CBS3aHO C HAKOIJIEHHWEM IUJIOTHBIX o6JiacTel
amopdu3anyy, nepekpbiBalOUIMX 30HbI PEKOMOWHALMU W YBEJWYUBAIOIIUX BEPOSTHOCTb
0e3bI3JIy4aTe/bHbIX TMPOLECCOB pesakcauuu. [lpu mMakcumanabHoM duiroeHce 2x10'2Xe/cm?
CBETOBBIXOJ, JIIOMUHECLEeHI UM MNajgaeT MnodyTu 2%, 4TO CBUAETEJNbCTBYeT O Jerpajanydu
KPUCTAJIMYECKOW MaTpulbl U JoMUHecueHIUHU Ce3+-11eHTpOB. [losiyyeHHBbIE pe3yJibTaThl
JlEMOHCTPUPYIOT MNPSIMYI0 3aBUCUMOCTb CBETOBBIXOZA OT IJIOTHOCTM MOHHBIX TPEKOB U
NOATBEPXKJAOT JOMUHUPOBAHHUE Pa/IMAlIMOHHbIX lePEKTOB KaK OCHOBHBIX [IEHTPOB TYIIEHU s
awoMuHecueHUMd B YAG:Ce mpu UOHHOM o006sydeHUH. [losydyeHHble JaHHbIE YKa3bIBalOT
Ha CylleCTBOBaHHWE IMOPOTOBOro 3HayeHUs ¢Jil0eHca, NMpeBbIlIeHHE KOTOPOTO BbI3bIBAET
CylleCTBEHHYIO Jlerpajanuio GoToaoMuHecleHTHbIX cBoMCTB YAG:Ce.
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Ha pucynke 3 npe/icTaB/ieHbl CIEKTPbI GOTOJIOMUHECLEHTHOTO BO30YXK/leHHSI KPUCTAJIJIOB
YAG:Ce, 06/1y4eHHBIX TsDKeJbIMUA HOHaMU 32Xe ¢ aHeprueit 230 MaB B quanazoHe ¢JiroeHCOB
ot 10" go 10 Xe/cm?% [l cpaBHEHHUs TaKKe NMPUBEJEH CIEKTP HeOo6JIyuYeHHOTo oGpasia
(uepHas kpuBas). Bo Bcex crekTpax 0OTYeT/IMBO HabJ/10aeTcsl OCHOBHOM JIIOMUHECLIEHTHBIN
UK B AuanasoHe 2,4-2,6 3B, cooTBeTCTByWOIMI pa3pelieHHOMY nepexoay 5d—4f nonos Ce?".
ITOT mepexos, OTBe4aeT 3a XapaKTepHoe xeaToe cBedueHUe YAG:Ce U sBJIsIeTCS OCHOBHBIM
WMH/AUKATOPOM COCTOSIHUS JIIOMUHECLeHTHBIX LleHTpoB. C yBesndyeHueM ¢JiroeHca UOHHOIO
06.J1y4eHUsT HabJII0IaeTCsl BbIPAXKEHHOE CHMXKEHHE NPU MakcuMasibHOM ¢JitoeHce 102 moH/cM?,
YTO CBUJETEJbCTBYET O 3HAYMUTEJbHOW JAerpaZallui ONTHUYECKUX CBOWMCTB. JTO CBfA3AHO C
HaKOIJIEHWEM PaJIMOLUOHHO-UHAYLIMPOBAHHBIX Je(PeKTOB B KPUCTA/JIMYECKOW peLIeTKe,
TaKWX, KaK BAKaHCHH, aHTHUCAUT-AePeKThbl U MeXXy3eJibHble aTOMbI, KOTOPbIe AEeUCTBYIOT KaK
3¢PeKTUBHbIE LIEHTPHI TralleHus. BTopuuHbId MUK B obJsactu 3,2-3,4 3B, KOTOpPbIA MOXET
ObITb 00YCJIOBJIEH NlepexoiaMU Ha JlepeKTHble YPOBHU MJIU BO30YXK/EHHbIMU COCTOSIHUSIMU
Ce*, TakKe IeMOHCTPUPYET CHXKEHUE UHTEHCUBHOCTH C POCTOM QJItoeHca.
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PucyHok 3. CnekTpsl pOTONIOMHHECEHTHOTO BO30YyXKAeHUA KpucTa//IoB YAG:Ce, U3MepeHHbIE
npyu GUKCUPOBAHHOH JJIMIHE BOJIHbI 3MUccuu 550 HM (3Heprusd 2,25 3B), B Auanasone
dmoencor:101Xe/cm?, 2x10! Xe/cm?, 5x101! Xe/cm?, 1012 Xe/cm?, 2x101% Xe /cm?

[Ipu paccMoTpennu YAG:Ce kak MaTepuasa AJs1 ONTO3/IEKTPOHHBIX MJIUT CUUHTU/ISLMOHHbBIX
IpUJIOKEHUH HEeOOXOAMMO y4YUTBIBAaTbh €ro 4YyBCTBUTEJBHOCTb K paJUalMOHHBIM BO3Jel-
CTBUSAM, OCOGEHHO NPU UCNOJIb30BAaHUMU B YCJIOBHUSAX KECTKON paZijMallMOHHOMN cpejbl (Han-
prMep, B KOCMOCe, yCKOPUTeJAX, AZlepHON MeJUIIMHE U T.[.).
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3ak/iloueHue

[IposiByieHUs1 06pa30BaHUsl TOYEUYHBIX JedeKToB peuléTku (ueHTphl F u F*, aHTHy3/10BbIE
AedexThl Y, "), a TakxKe NpOLECCOB Nepe3apsAJKd NMPHUMECHbIX MOHOB (B 4acTHocTH, Ce®*
—Ce*) OBLIM paccMOTpPeHbl HA OCHOBE CIEKTPOB ONTHYECKOTO MOIJIOUIEHUs KPUCTAJIJIOB
YAG, 06/1y4€HHBIX BbICOKOIHEPTETUYHBIMU MOHAMU Xe MpPU pas3MYHbIX QJitoeHcax. B cuay
OTHOCUTEJIbHO He6OJIbLIOW abCOMIOTHOM KOHLEeHTpanuu JedekToB DpeHKesis, UHAYLU-
POBaHHbIX MOHHBIM 00Jly4yeHHEeM, TpebyeTcs 6oJiee AeTaJlbHbIA aHA/IU3 UX XapaKTEePUCTHK.

O6ayuyenue kpuctamioB YAG:Ce voHamMu Xe MNPUBOJUT K CHUKEHHWIO UHTEHCHUBHOCTHU
JIIOMUHECLeHIUN ¢ pocToM ¢utoeHca. OcO6eHHO CU/IbHOE MOoJaBJieHWe HabJiofaeTcs NMpuU
¢dsroeHcax 2102 MoH/cM?, 4TO CBSI3aHO C HAKOIJIEHWEM paJMallMOHHBIX AedeKToB. ITO
yKa3blBaeT Ha YyBCTBUTEJbHOCTb MaTepHasia K BbICOKOIHEPreTUYeCKOMY BO3JEWCTBUIO U
BaXKHOCTb y4yeTa NOPOroBOro 3HaUeHUsl QpJiroeHca MPY MPAaKTUYEeCKOM IPUMEHEHUU.

biaroaapHocTh

JlaHHOe ucciejoBaHMe BbINIOJIHEHO B paMKax IrpaHToBoro npoekta NeAP19574768 «3Jkcrne-
pHUMeHTa/JIbHOE U TeOpeTHYeCcKoe HCC/e/JOBaHUe paJluallUOHHON CTOMKOCTU QYHKIMOHATbHBIX
KepaMUUYeCKHX U KPUCTAJIMYECKUX MaTepuasoB AJis KOCMUYECKUX IPUMEHEHUHN U S/lepHOU
3HEPTreTUKHU».
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JHepruscel 231 M3B Xe!3?2 nongapoimMeH cayneneHreH YAG:Ce MOHOKPUCTA/NAAPbIHBIH,
ONTHKAJIBIK K9He JIIOMHUHeCHeHIMAIbIK KacueTTepi

AnpaTtna. 3epTTey OGapbIChiHa KCEHOHHWOHJapbiHbIH Xe™2 (230 MsB) Y,A .0 :Ce (YAG:Ce)
KPUCTa/ILapbIHbIH, ONTUKAJBIK K9He JIOMUHECLEeHTTIK KacueTTepiHe 9acepiH Tasjay >Kyprisinji.
Coynenenzipy ®penkesnp akaynapbiH (F, F*), aHTuysenbAik 6y3bLIbICTapibl HHAYLUPJIEHI KoHe
Ce® MOHJIapBIHBIH, AMUCCUACKIH GICEHAETYTE albIl KeJielli, COHAaN-aK, 6yJ1 KyObLIbIC COyJieJIeHycCi3
peJslakcanusi MexaHUu3M/epiHiH KyliewiMeH xxoHe Ce3* — Ce*.TOTbIFybIMEH GalaHbICThbl. PJII0EHCTIH
aptybl Ce3* MOHIAPBIHBIH }KaPbIKTaHY KAPKbIH/bLIBIFBIHBIH, TOMEH/IeYiHe 9KeJIeTiHi aHbIKTaJ/Ibl, GYJI
TOp aKayJIapbIHbIH, COHBIH, illiH/le OTTEKTIK BaKaHCHUSJIAp MEH aHTUKYPbLIbIM/IbIK OY3bLIbICTAP/IbIH,

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N23(152)/ 2025 139
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



I’ Typcymbaesa, I’ bay6ekosa, K. Kapun6aes, P. Acbii6aes, A. Kucabekosa, A.T. Akua6ekos

Ty3inyiMeH 6aitsianbicThl. COHIal-aK IepUi/iiH BaJeHTTIiK KyHiHiH e3repicTepi (Ce3* — Ce*) 6alKaiibl.
AnvinraH pgepektep YAG:Ce KpucTaagapblHAAFbl pajgydalvAa/blK-UHAYLMPJEHTEeH 63repicTep Mexa-
HU3M/IepiHalllbINI KepceTeikoHe Jie 6YJ/1 OHbIH paJualusiFa Te3iMAi CHUHTULIAUSIBIK e TeKTopJIapia
KOJIJaHbLIYbl YIIiH MaHbI3Abl. Xe!3? nougapeiMen (E=230 MaB) 10-10'* non/cM? dpuroeHcTepinge
coynenenzipy ®@penkenb akaysnapbiH (F, F*) koHe aHTHy3esbJliK OyY3bLIbICTapbiH TyAbIpbiN, Ced*
3MMCCHUSICBIH CayJIeJIeHyCi3 mpoliecTepAin Kylieloi xkaHe Ce®* — Ce** KaliTa 3apsaTanybl ecebiHeH aJici-
peteni. Ko3y criekTpJiepiH/ie 3KCUTOHABIK *KOJIAKTAP/IbIH, 69CeHeYi XoHe K03y TabasAbIPbIFbIHBIH
BIFBICYBI TipKeJI/i, 6YJ1 KpUCTAJJT TOPBIHJAFbl KYPbIIBIM/BIK, PETCI3AIKTIH 6cyiMeH 6alaHbICThI. By
HoTwXKesep YAG:Ce KacueTTepiH OHTalJlaHABIPY MaKcaTbIHJA pajUalUsJIbIK 9cepJsep/i 3epTTeyaiH
MaHBbI3/AbIIBIFbIH KepceTe/i.

Ty¥iH ce3gep: UTTPUN-aJIFOMUHUIN IPaHAThI, KblJIZIAM aybIp HOHAP, JIOMUHECLEHTTIK KacueTTepi,
JIOMUHECLIEHIIYA )KoHe K03/ blpy CIIEKTpPJIepi, paJiualiuaibIK aKay/ap.

G. Tursumbayeva?, G. Baubekova’, R. Asylbaev?, Zh. Karipbayev?, A. Kissabekova?, A. Akilbekov!
IL.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2A. Margulan Pavlodar Pedagogical University, Pavlodar, Kazakhstan
(E-mail: gptursumbayeva@gmail.com)

Optical and luminescent properties of YAG:Ce single crystals irradiated with 231 MeV Xe'*?ions

Abstract. The study examined the impact of irradiation with Xe!3? ions (230 MeV) on the optical
s0,2:Ce (YAG:Ce) crystals. Irradiation induces Frenkel defects (F, F*)
and anti-site disorders, leading to the suppression of Ce** ion emission due to enhanced non-radiative
mechanisms and the transition of Ce®* to Ce**. It was found that increasing fluence reduces the intensity

and luminescent properties of Y,A

of Ce* luminescence, linked to the formation of lattice defects, including oxygen vacancies and anti-
structural disorders. Changes in the valence state of cerium (Ce** — Ce**) were also observed. The obtained
data reveal the mechanisms of radiation-induced changes in YAG:Ce, which is crucial for its application
in radiation-resistant scintillation detectors. Irradiation with Xe!3?ions (230 MeV) at fluences from 10*!
to 10 ions/cm? triggers the formation of Frenkel defects (F, F*) and anti-site disorders, weakening Ce3*
emission through the activation of non-radiative processes and the recharging of Ce3* — Ce**. In excitation
spectra, the suppression of exciton peaks and a shift in the excitation threshold are noted, attributed to
increased structural disorder in the crystal lattice. These findings underscore the importance of studying
radiation effects to optimize YAG:Ce properties for practical applications.

Keywords: Yttrium Aluminum Garnet, swift heavy ions, luminescent properties, luminescence and
excitation spectra, radiation defects.
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Article

Charged particle spectrometer for the investigation of nuclear reactions
induced by fast neutrons

L.A. Chuprakov'?*“, Yu.M. Gledenov? ", E. Sansarbayar?*"~, A.K. Bekbayev'2*"~,
B. Mukhametuly!?*"~, E.S. Korshikov*”~, N.T.Temerbulatova’?

Institute of Nuclear Physics, Almaty, Kazakhstan

?Joint Institute for Nuclear Research, Dubna, Russia
3National University of Mongolia, Ulaanbaatar, Mongolia
*Al-Farabi Kazakh National University, Almaty, Kazakhstan

(E-mail: nitro-chupa@mail.ru)

Abstract. A spectrometer for detecting charged particles has been developed,
designed for high-precision research in nuclear physics and applied tasks.
The instrument is based on a two-section ionization chamber with a Frisch
grid, providing high detection efficiency, nearly isotropic solid angle (~4m),
and minimal background noise levels, which is critically important for reliable
determination of smallreaction cross-sections. Therelevance ofthis development
is driven by growing interest in studying neutron-induced reactions related to
nuclear energy development, radiation protection, and fundamental research
into nuclear structure, as well as the lack of modern spectrometers capable
of working with both solid and gaseous targets without loss of efficiency. The
device is effectively used in systematic studies of charged particle emission
reactions induced by fast neutrons on light and medium-mass nuclei. It enables
obtaining energy distributions of reaction products, total and differential cross-
sections, as well as angular distributions of charged particles. A key advantage
of the spectrometer is its ability to work with both solid and gaseous samples,
significantly expanding its application scope in scientific research.

Keywords: charged particle spectrometer, fast neutrons, alpha particle spectra,
detector, nuclear reactions.

Introduction

Neutron-induced nuclear reactions play a key role in the release of nuclear energy and
are described by nuclear data such as total and differential cross sections. Comprehensive,
systematic and accurate nuclear data serve as a bridge between fundamental research [1-3]
and engineering applications, being of great importance for nuclear engineering, applications
of nuclear technologies [4], nuclear astrophysics [5-7] and other fields. In nuclear energy,
a-particles from (n,a) reactions, accumulating as helium bubbles, cause damage such as
embrittlement and swelling of structural materials [8]. In nuclear astrophysics, (n,a) reaction
cross sections are typically used in calculations of element evolution processes in the Universe.
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Previous measurements of these reactions in the MeV-range of neutron energies were
performed mainly using activation methods. This method, although simpler in practice, is
feasible only in specific cases when residual nuclei produced by charged particle emission are
unstable [9-11]. The key research challenges are due to, first, the probability of the studied
processes because of small reaction cross sections and limited sample quantity (in the case of
isotopically enriched materials), and second, the complex background characteristic of neutron
sources in this energy range. As a result, standard detector methods are either inapplicable or
do not provide a comprehensive analysis of the processes. Moreover, such measurements do
not allow obtaining energy spectra and angular distributions of emitted charged particles.

To expand our research to (n,p) reactions, we have constructed a new double ionization
chamber. The new spectrometer can withstand higher working gas pressure, has the capability
to study reactions on both solid and gaseous targets, which allows expanding the range of studied
nuclei. Furthermore, the volume of the new spectrometer is smaller, and this has reduced the
amount of required working gas. The developed detector and measurement methodology, in our
view, are optimally suited for investigating (n,a) and (n,p) reactions with neutrons in the MeV
range and allow obtaining both energy spectra and angular distributions of reaction products.

The methodology

The detection system was based on a ionization chamber with a common cathode design,
offering a large solid angle and high detection efficiency for charged particles, as shown in Fig.1.
Adjusting the gas pressure was essential to optimize the stopping of different particles: alpha
particles, which have shorter ranges, were best detected at low pressures, while tritons, with
longer ranges, required higher pressures. This allows the working gas pressure to be selected
and adjusted for each measurement to reduce background reactions. Another big advantage of
this detector is its low sensitivity to gamma background.

Figure 1 (a) shows the internal structure of the spectrometer. The detector consists of a
cylindrical stainless steel chamber with adiameter of 29.2 cmand a heightof 28.2 cm, comprising
two parallel sections with a common cathode. The anodes are made of two aluminum plates
with a thickness of 0.1-0.2 mm. The detector grids consist of parallel gold-plated tungsten wires
with a diameter of 0.1 mm and a pitch of 2 mm, soldered onto rectangular frames made of
copper-clad fiberglass laminate. The chamber design allows for adjustable spacing between the
grids and electrodes over a wide range.

The external view of the cathode is shown in Figure 1 (b). The cathode, shared by both sections,
is equipped with a rotating sample holder disk mounted between two aluminum plates with 48
mm diameter apertures. The design features five positions on the disk, each accommodating
two samples in a "back-to-back" configuration, enabling the simultaneous loading of up to
ten samples for various purposes: a-sources for energy calibration, test samples, background
measurement samples, 233U samples for absolute neutron flux determination, and others.
The rotation mechanism allows for sample changes during experiments without opening the
chamber, ensuring identical conditions for primary, background, and calibration measurements.
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Figure 1. (a) Internal structure of the spectrometer, (b) internal structure of the cathode

Selection of Working Gas

When selecting the composition of the working gas mixture, the following fundamental
physical processes affecting the accuracy of measuring energy lost by charged particles in the
gas were considered: ion recombination and electron capture by molecules of the primary gas
and impurities. Special requirements for the gas mixture are also determined by the operating
conditions in a fast neutron field. The considerable cross-sections of (n,p) and (n,a) reactions
for the chamber filling gases lead to background nuclear reactions. These reactions occurring
with nuclei of the gas mixture components produce additional a-particles, which complicates
the extraction of the useful signal from the nuclear reactions under study on the sample.

Noble gases (Ar, Kr, etc.) are typically used as working gases in ionization chambers [12-13].
To improve detector characteristics, mixtures containing small additives of CO,, methane, and
others are employed. However, in our case, methane-containing mixtures are rarely used due to
the background caused by recoil protons, despite their high drift velocity. The Ar+CO, mixture
is also not always suitable due to the presence of oxygen in carbon dioxide, which has a large
(n,a) reaction cross-section at neutron energies above 3 MeV. Therefore, it is relevant to identify
new effective mixture gases that would expand measurement capabilities.

Signal registration and analysis system of the alpha spectrometer

Signals from the alpha spectrometer are first amplified and then digitized using a PIXIE-16
digitizer. The electronics block diagram is shown in Figure 2. Two signals from the anodes and
one from the common cathode of the ionization chamber (IC) are fed through charge-sensitive
preamplifiers and fast amplifiers to four inputs of the digitizer. A fifth input is used to connect a
neutron counter for neutron flux measurements.

The input signals are digitized by a 14-bit 250 MHz ADC (and an 11-bit 200 MHz ADC). Each
event can be stored in memory. The PIXIE-16 supports spectroscopy in both independent and
coincidence modes for pulses across different input channels.

Signals from the EJ-309 scintillation detector are fed into an 8-channel 12-bit 500 MHz
digitizer (CAEN DT5730S), which serves as a neutron flux monitor and enables the separation
of neutron and gamma-ray spectra.
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Figure 2. Schematic diagram of a-spectrometer with electronics:
FC - cathode of additional IC section with 238U; PA- charge-sensitive preamplifier;
A, G, C - anode, grid, cathode; CTU - trigger control; SA, TFA - fast amplifiers ORTEC 474;
PIXIE- digitizer PIXIE-16; DT - digitizer CAEN DT5730S; PC- personal computer

Application of a-spectrometer in the study of (n,a) reactions

The experimental setup shown in Figure 3 provided two configuration options: (a) for solid
samples [14] (placed on the detector cathode) and (b) for gaseous samples with a collimator
installed between the neutron source and the detection system. In measurements on solid
samples, the collimator helps reduce background on the detector components, but the neutron
flux also decreases due to the geometry. In the case of measurements on gas samples, the
collimator helps define the irradiated volume of gas, which subsequently aids in data processing.
Neutron flux monitoring was performed by a *He detector positioned along the beam axis, while
system calibration was carried out using a reference 2*®U target mounted on the rotating cathode
disk. Fast quasi-monoenergetic neutrons were produced via the D(d,n) nuclear reaction using a
gas target, achieving a neutron flux of approximately 10° neutrons per second.

Figure 3. Schematic diagram of the experimental equipment setup, (a) for measurements
on solid samples, (b) for measurements on gas samples with a collimator
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Discussion

Measurements of (n, a) reaction

As an example, let's consider the study of the 3°Cl(n,a)®?P reaction using neutrons with energy
E =5.0 £ 0.26 MeV. Also, studies of (n,a) on various nuclei using this detector are presented in
the works [14-17]. The experiments were conducted with a Kr + 5% CH, gas mixture at 0.65
atm pressure. The rotating cathode disk contained: a *°Cl target (707 pg/cm? thickness, 99.4%
enrichment), an a-source for calibration, a tantalum substrate for background measurement,
and a reference #®U target (99.999% enrichment) for absolute neutron flux determination. The
measurement results and their analysis are presented in Figures 4 and 5, showing a-particle
spectra and corresponding distributions.

This methodology provided precise measurements of nuclear reaction parameters at fixed
neutron energy with background control and equipment calibration. The rotating cathode with
different samples allowed sequential recording of useful signals and background components
under identical conditions. The obtained two-dimensional spectra can be used to determine the
total cross section of the 35Cl(n,a)32P reaction [14].
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Figure 4. Experimental cathode-anode a-particle spectra from the 3*Cl(n,)*?P reaction
atE =5.0 MeV: (a) forward-direction spectrum, (b) backward-direction spectrum. Both spectra
include corrections for background reaction contributions
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Figure 5. Anodic spectrum of a-particles from the reaction *Cl(n,a)*P at E =5.0 MeV, forward
direction (a), backward direction (b), with the contribution of background reactions
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Fission chamber

A key feature of this spectrometer is its capability for precision measurement of fast neutron
flux using an integrated fission chamber. To implement this function, a highly enriched 32U
sample (99.999% enrichment) was mounted on the guard electrode of one spectrometer
section, while the space between the anode and guard electrode was utilized as the detection
chamber. The neutron flux was measured separately for each energy. The combination of the
fission chamber and 3He counter provided exceptional measurement reliability and accuracy,
which is crucial for precision experiments with fast neutrons. The obtained neutron flux data
were subsequently used for cross-section analysis of the studied nuclear reactions [14-17].
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Figure 6. Spectra of fission fragments at E =5 MeV. (a) from the fission chamber;
(b) from the spectrometer cathode

The uncertainty in the measured cross sections for the (n, o) reaction arises from multiple
sources. The most significant contribution stems from the determination of the number of
detected alpha particles, tritons. This includes both statistical errors and uncertainties related
to background subtraction, as well as event selection criteria such as energy thresholds and
valid-event-area cuts.

Table 3. Principal sources of uncertainty and their estimated magnitudes

Source of Uncertainty Relative Error (%)
238U (n,f) reference cross section 0.7
Determination of number of fission events 3.0
Alpha/triton event statistics 3.0-5.0
Background subtraction and neutron flux 3.0
normalization

Atom number of ?**U in the ***U_0, sample 2.0

Atom number of sample 2.0

Total combined uncertainty 7.5-9.8

Measurement of (n,a) reactions on gas samples

In this experiment, instead of a solid target, the working gas mixture Ar+1%CO was used
as the target material. For measurements with gas samples, the experimental setup shown
in Figure 3 (b) consists of four main components: a neutron source, a steel collimator with
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an internal copper cone, a spectrometer, and a *He counter [1]. A steel collimator positioned
between the neutron source and the spectrometer serves to collimate the neutron beam and
limit the irradiation area of the working gas within the spectrometer. Also, the study of (n,a) on
a gas sample using this detector is presented in the paper [18].

The detector's active reaction volume is defined by the collimated neutron beam path, as
illustrated in Figure 3 (b). Neutron fluxes were determined using the 2*U(n,f) reaction. The
(n,a) events were identified through anode spectra measured by the spectrometer. Figure 7
presents both 2D and 1D projections of the obtained spectra. As evident from the figures, the
spectrometer and electronics system effectively discriminates background reactions.
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Figure 7. Two-dimensional spectrum of alpha particles (a) at E =5 MeV and one-dimensional
spectrum (b)

Conclusion

The two-section ionization chamber spectrometer is a modern and highly efficient tool
for studying nuclear reactions, particularly (n,a) reactions. An important advantage of this
configuration is the ability to quickly change targets without the need to break the vacuum or
alter operating parameters. This allows optimal use of beam time and economical consumption
of expensive working gases (Kr, Xe, CF,). Particularly noteworthy is the built-in fission chamber
based on highly enriched 2*®U, which provides precise measurement of neutron flux. The
combination of this chamber with a *He counter enables exceptional measurement accuracy.
Together with a modern event registration system, this detector makes it possible to obtain
a-particle spectra corresponding to transitions to various energy levels of the daughter nucleus,
as well as detailed information about angular distributions of nuclear reaction products.
Experiments conducted with various targets (including gas samples) demonstrate the broad
research capabilities of the setup. The results obtained make a significant contribution to
understanding the mechanisms of nuclear reactions and can be used to verify theoretical models.
Thanks to its characteristics, this spectrometer is a valuable tool for conducting research aimed
at developing new nuclear technologies and improving the safety of existing ones. In particular,
the data obtained can be used to improve nuclear reactor models and develop more effective
radiation protection methods.
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Kbl1jaM HEUTPOHAAP TYAbIPAThIH AAPOJIBIK peaKusaapAbl 3epTTeyre apHaJIFaH 3apaTaaraH
6eJIlIeKTep CIEKTpoOMeTpi

Anpgartna. 3apsaaThl GeJslleKTepAi Tipkeyre apHaslfaH CHEKTPOMETP SAAPOJbIK (HU3UKajAa KoHe
KOJIZIaHOaIbl MaceJsiesiep/ie KOFapbl JRJJIKIEH 3epTTey KYprisy yuiH a3ipjenfi. KypblIFbIHBIH
Heri3ziHge @puil TOpJbl eKi CeKIMAJbl MOHAANY KaMepachl »KaTbIp, 0J1 XKOFaphbl TipKey THIMZALMIIrIH,
ic »Ky3iH/le U30TPOMNTHI KeHicTiK OypbiluIbIH (~41) x9He QOHABIK IIyJAapAblH €H TOMEHTI AeHreliH
KaMTaMachI3 eTe/li, 6yJ1 peakUUsIap/blH KillliripiM KUMasiapblH CeHiM/Ii aHbIKTAy YIlIiH 6Te MaHbI3/[bl.
JlaMyablH, 63€eKTiJiri AApoJbIK 3HEepPTeTUKAHbIH, Cay/ieJleHy/leH KopFay »KyHeJiepiHiH koHe saapoJiap
KYpPbLJIBIMbIH 3epTTEY/IiH HeTi3ri MacesesiepiHiH JaMyblHa 6al/JaHbICTBI HEUTPOH-UHAYLUPJIEHTEH
peakuusaapbl 3epTTeyre JereH KbI3bIFYLIbLIBIKTbIH apTybIMEH, COHbIMEH KaTap KaTThbl dHe ras
TOpi3/li HbICAaHAApMeH TUIMAIIIKTI »KOFa/lTHaM KyMbIC icCTel ajlaThlH 3aMaHayU CIEKTPOMeTpPJIEP/IiH,
6osMaybIMeH TYyciHAipineni. Kypan »keHin »9He opTalla Maccajap/blH, fApoJapblHJa >XbLIJaM
HEUTPOH/Iap 9CEpPiHEH TYBIHJAUTBIH 3apAATHI G6JIIEKTEP/iH YIIBIN HIbIFY peaKIUaJapbiH KyHhesi
3epTTeyAe TUIMAI KoJsJaHbuiaZbl. OHbIH, KeMeriMeH peaklys 6HIMJEpPiHiH 3HEpPreTUKaJbIK TapaJyblH,
TOJIBIK XoHe JubdepeHLHaNAbl KUMaNTap/Abl, COHbIMEH KaTap 3aps/AThbl OeJlleKTepAiH OYpbhIITHIK
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TapaJyblH asiyFa GoJsiafibl. CIEKTPOMETP/IiH, MaHbI3/Ibl apPTHIKIILIIBIFBI — KAaTThl X9HE ra3 Topi3ai
y/rijiepMeH KyMbIC iCTeH asybl, 6YJ1 FBIJIBIMH 3epTTeyJiep/e OHbIH KOJIAAHBIC asChbIH alTapJbIKTal
KeHeHnTei.

TyiiH ce3aep: 3apsATaNFaH GeJIIIeKTep CIEKTPOMETPI MKbUIIaM HEUTPOoHAAp, abda GeJleKTepiHiH
CIEKTpJIepi, IeTEKTOP, HEUTPOHJapMeH SAAPOJIbIK peaKIusiiap.
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CneKTpoMeTp 3apsiKeHHBIX YacTHUL, AJI8 MCC/IeJOBAaHUS AAEePHbIX peaKI Ui, BbI3BaHHbIX
GBICTPBIMHU HEHTPOHAMU

AHHOTanus. Pazpa6oTaH clieKTpoMeTp AJisi peErUCTPAI[MU 3aps?KEHHbIX YaCTHUI, TpeJJHa3HAUYEeHHBIN
JJ1s1 BBICOKOTOYHBIX MCC/Ae[J0BaHUU B AZlepHOH Pu3MKe M NPUKIAJHBIX 3ajadax. B ocHoBe npubopa
JIEXXUT [ BYXCeKLMOHHAas WOHM3alMOHHasA KaMepa c ceTKod Ppuma, obecneyrBarwoliasd BbICOKYIO
3¢ eKTUBHOCTb perucTpanuy, NpakTUYeCKd U30TPONHbBIN TesleCHbIA yroJ (~41m) 1 MUMHUMa/bHbIN
ypoBeHb GOHOBBIX MOMeEX, YTO KPUTUYECKHA BAXKHO JJIsT HAZ€XKHOT'O ONpeJesieHHus] MaJbIX ceueHUU
peakuui. AKTyaJlbHOCTb Pa3paboTKH 06YyCJO0BJEHA pPacTyLUM HWHTEPecoM K U3yYeHUI0 HeUTpPOH-
WHJAYLUHMPOBAaHHBIX peaKLUUd B CBsI3M C pa3BUTUEM fJlepHOU 3HepreTHKH, pajHallMOHHOM 3allUThbl
U QyHAaMeHTa/JbHBIX HCCAeJ0BAaHUU CTPYKTYpbl fAJep, a TaKXe OTCyTCTBUEM COBPeMEHHBIX
CIIEKTPOMETPOB, CIIOCOOHBIX paboTaTh KakK C TBEpPAbIMH, TaK M C ra3o00pasHbIMU MHULIEHAMU 6e3
notepu 3pdexTuBHOCTU. [IpHUGOp 3PPEKTUBHO MPUMEHSIETCH B CUCTEMATHUYECKUX HCCIAE0BAHHUAX
peakuui C BbLIETOM 3apsiKEHHbBIX YaCTUL, UHAYLUPOBAHHBIX ObICTPBIMU HEMTpPOHAaMH, Ha sjpax
JIETKUX U cpeJHUX Macc. C ero NoMolLblo MOXKHO I10/1y4aTh 9HepreTUYeCKUe paclpeieeHHs IPOAYKTOB
peakuul, noJjiHble U AuddepeHMalibHble CeUeHHs, a TaKKe yIJI0Bble pacnpezesieHUs 3apsKeHHbIX
yacTul,. BakKHbIM penMylecTBOM CIEKTPOMETpa fABJISIeTCA BO3MOXXHOCTb pab0Thl KaK C TBEPAbIMHY,
TaK M C ra3oo6pasHbIMM 00pasliaMH, YTO 3HAYMUTEJbHO paclIMpseT 006J1acTb ero NpUMeHeHHUs B
Hay4YHbIX UCCJIe[0BaHUSAX.

Kiio4deBble c/10Ba: CIEKTPOMETp 3apsi>KEHHbIX YacTHL, ObICTPble HEUTPOHBI, CIIEKTPHI ajbda yac-
TUL, JeTEKTOP, i/lepHble peaKLUu.

References

1. V. N. Levkovsky, The (n, p) and (n,a) cross sections at 14-15 MeV, Yad. Fiz. 18(4), p.705(1973)

2. G. Khuukhenkhuu, Yu. M. Gledenov, M. V. Sedysheva et al., Systematical analysis of (n, «) reaction
cross sections for 6-20 MeV neutrons , Phys. Part. Nuclei Lett. 11, p.749-755(2014), DOI: https://doi.
org/10.1134/S1547477114060053

3.D.]. Buss and R. K. Smither, Level Structure of 148 Sm and 150Sm from Average Resonance Neutron
Capture, Phys. Rev. C 2, p.1513(1970), DOI: https://doi.org/10.1103/PhysRevC.2.1513

4. U. Kannan, Perspectives on nuclear data for advanced reactor design and analysis, Life Cycle Reliab
Saf. Eng. 9, p.135-146(2020), DOI: https://doi.org/10.1007 /s41872-020-00120-5

152 N23(152)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Charged particle spectrometer for the investigation of nuclear reactions induced by fast neutrons

5.R. Reifarth et al., Neutron reactions in astrophysics, J. Phys. G: Nucl. Part. Phys. 41, p.053101(2014),
DOI: 10.1088/0954-3899/41/5/053101

6. R. R. Winters et al,, A test for s-process nucleosynthesis, Astrophys. J., 300, p.41-55(1986)

7. F. Kdppeler, R. Gallino, S. Bisterzo et al, The process: Nuclear physics, stellar models, and
observations, Rev. Mod. Phys. 83(1), p.157(2011) DOI: https://doi.org/10.1103 /RevModPhys.83.157

8. M. B. Chadwick, E. Dupont, E. Bauge et al., The CIELO Collaboration: Neutron Reactions on 1H, 160,
56Fe, 235,238U, and 239Pu, Nuclear Data Sheets, 118, p.1-25(2014), DOI: https://doi.org/10.1016/j.
nds.2014.04.002

9.V.Semkova, E. Bauge, A.]. M. Plompen, and D. L. Smith, Neutron activation cross sections for zirconium
isotopes, Nucl. Phys. A, 832, p.149-169 (2010), DOI: https://doi.org/10.1016/j.nuclphysa.2009.10.133

10. M. I. Majah, A. Chiadli, S. Sudar, and S. M. Qaim, Cross sections of (n,p), (n,a) and (n,2n) reactions
on some isotopes of zirconium in the neutron energy range of 10-12 MeV and integral tests of differential
cross section data using a 14 MeV d(Be) neutron spectrum, Appl. Radiat. Isot., 54, p.655(2001), DOI:
https://doi.org/10.1016/S0969-8043(00)00299-2

11. A. A. Filatenkov, S. V. Chuvaev, V. N. Aksenov and V. A. Jakovlev, Report No. INDC(CCP)-402, Vienna,
1997, https:// www.nds.iaea.org/exfor/servlet/X4sShowPubl?File=R,INDC(CCP)-402,1997.

12. C.Budtz-]Jgrgensen H.-H.Knitter Ch.Straede, F.-]. Hambsch and R.Vogt. A Twin lonization Chamber
for Fission Fragment Detection, Nucl. Instr. Meth., 258(2), p.209-220(1987).

13. M.Florek, Yu.M.Gledenov, M. Sedysheva, Sh.Zeinalov, G. Khukhenkhuu et al., The 36Ar (n,a0) Cross
Sections Measurements in the Neutron Energy Region 4.5 - 6.4 MeV, In book: “Neutron Spectroscopy,
Nuclear Structure, Related Topics”, p.225(1999)

14. E. Sansarbayar, Yu. M. Gledenov, I. Chuprakov, G. Khuukhenkhuu et al,, Cross sections for the
35Cl(n, a)32P reaction in the 3.3-5.3 MeV neutron energy region, Phys. Rev. C, 104, p.044620(2021),
DOI: https://doi.org/10.1103/PhysRev(C.104.044620

15. Guohui Zhang, E. Sansarbayar, Yu. M. Gledenov, G. Khuukhenkhuu, et al, Cross sections
of the 91Zr(n, a)88Sr reaction in the 3.9-5.3 MeV neutron energy region, Physical Review C 106,
p.064602(2022), DOI: 10.1103/PhysRevC.106.064602

16. Jie Liu, Zengqi Cui, Yiwei Hu, Haofan Bai, Yi Yang, et al., 63Cu(n, alpha)60Co cross sections in the
MeV region, . Phys. G: Nucl. Part. Phys., 50, p.045106(2023), DOI: 10.1088/1361-6471/acb960

17. 1. Chuprakov, E. Sansarbayar, Guohui Zhang, Yu.M. Gledenov et al, Cross sections of the
148Sm(n,a)145Nd reaction in the 4.8-5.3 MeV neutron energy range, Chinese Physics C, 49, p.
074007(2025),DOI: 10.1088/1674-1137/add09a

18. Yiwei Hu, Yu. M. Gledenov, Zengqi Cui, Jie Liu, Haofan Bai et al., Cross section measurement for
the 14N(n,a0,1)11B reactions in the 4.5-11.5 MeV neutron energy region, Eur. Phys.]. A, 60, p.51(2024),
DOI: https://doi.org/10.1140/epja/s10050-024-01268-9

Information about the authors:

Chuprakov L. - corresponding author, PhD, Senior Researcher, Institute of Nuclear Physics, Ibragimov
str, 1, 050032, Almaty, Kazakhstan.

Gledenov Yu.M. - Doctor of Physical and Mathematical Sciences, Leading Researcher, Joint Institute
for Nuclear Research, 141980, Dubna, Russia.

Enkhbold S. - candidate of Physical and Mathematical Sciences, Researcher; Joint Institute for Nuclear
Research, 141980 Dubna, Russia.

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N23(152)/ 2025 153
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



LA. Chuprakov, Yu.M. Gledenov, E. Sansarbayar, A.K. Bekbayev, B. Mukhametuly, E.S. Korshikov, N.T. Temerbulatova

Bekbaev A.K. - PhD, Deputy Chief Engineer of the BBP-K Complex, Institute of Nuclear Physics,
st. Ibragimova, 1, 050032, Almaty, Kazakhstan.

Mukhametuly B. - PhD, Senior Researcher, Institute of Nuclear Physics, Ibragimova st., 1, 050032,
Almaty, Kazakhstan.

Korshikov E.S. - PhD, Leading Researcher, Al-Farabi Kazakh National University, Al-Farabi Avenue, 71,
050038, Almaty, Kazakhstan.

Temerbulatova N.T. - Junior Researcher, Joint Institute for Nuclear Research, 141980, Dubna, Russia

Yynpakoe H.A. - aBTOD AJ1 KoppecnoHaeHn Y, PhD, crapmuii HayuHbii coTpyaHUK PITI « MHCTUTYT
saiepHor Gusuku», ya. Uéparumosa, 1, 050032, Anmarsl, Kazaxctan

Inedenos KO.M. - [okTOp U3MKO-MaTeMAaTHUYECKUX HAyK, BeAyIIMH HayYHbIM COTPYJHHUK
06beJUHEHHBIN UHCTUTYT S1IePHBIX UccaeaoBaHui, 141980, ly6Ha Poccus

IHX6010 C. - KaHAUAAT GU3UKO-MaTeMaTUYEeCKUX HayK, HAyYHbIA COTPYAHUK, OO0begUHEHHbIN
UHCTUTYT AJepHbIX uccaenoBanui, 141980, [ly6Ha Poccus

Bek6aes A.K. - PhD, 3amecTuTeb IMiaBHOT0 MHKeHepa KoMIiekca BBP-K, PTTI «<UHcTUTYT ssaepHOM
dusuku», ya. Uéparumosa, 1, 050032, Anmatsl, KazaxctaH

Myxamemyawl b. - PhD, crapmuii HaydHbid cotpyaHuk, PTIl «MHcTUTYyT sijepHOil PUIHUKMY»,
ys. U6parumoBa, 1, 050032, AnmaTsl, KazaxcraH

Kopwukoe E.C. - PhD, Begyuiuit Hay4HbIid cOTpyAHUK, Kazaxckuil HallMOHaAbHbIA YHUBEPCUTET
uMeHH asb-Papabu, npocnekT anb-Papaby, 71, 050038, AnmaTel, Kazaxctan

Temep6yaamoea H.T - maafmiuii HaydyHbId cOTpyAHUK, OO6beAWHEHHBIM WHCTUTYT SAEPHBIX
vcciaenoBanui, 141980, [ly6Ha Poccus

Yynpakoe H.A. - xaT-xabap aBTopbl, PhD, "aaponbik ¢usrka nHctutyThl" PMK ara fbuibIMU
KbI3MeTKepi, U6parumoB keuieci, 1, 050032, AnmaTsl, Kazakctan

Inedenos I0.M. - pusvka-maTeMaTHKA FbLIbIMAPbBIHBIH JOKTOPDI, KeTeKIli FblIbIMU KbI3METKED,
BipikkeH Apo/bIK 3epTTeysnep UHCTUTYThI, 141980, /ly6Ha, Peceit

IHX60410 C. - dU3nKa-MaTeMaTHKa FbLIBIMJAPbIHbIH KaHAUJAThl, FBIIBIMU Kbl3MeTKep, bipikkeH
SIIPOJIBIK, 3epTTeyiep HHCTUTYTHI, 141980 /ly6Ha, Peceit

Bek6aes A.K. - PhD, BBP-K keiieHi 6ac uHx«eHepiHiH opblH6acapsl, "aApoJblK GU3UKAa UHCTUTYTHI"
PMK, HU6parumos keiueci, 1, 050032, Anmarsl, KazakcraH

Myxamemy.abl B. - PhD, aFa FbLIBIMU KbI3METKep, "AApoJblK ¢pusnka uHcTUuTyThl" PMK, U6parumos
kemieci, 1, 050032, AnmaTtsl, KazakcTan

Kopwukoe E.C. - PhD, xeTekii FbIbIMU KbI3MeTKep, a/1-Papabu aTbiHJaFbl Kasak YJITTBIK
yHuBepcuTeTi, 9a-Papabu ganroeuiel, 71, 050038, Anmarsl, KazakcraH.

Temepo6ynamoea H.T. - ki FblIbIMU KbI3MeTKep, bipikkeH spoJiblK 3epTTey/ep UHCTUTYTHI,
141980, ly6Ha, Pecelt

Copyright: © 2025 by the authors. Submitted for possible open access publication under the terms
and conditions of the Creative Commons Attribution (CC BY NC) license (https://creativecommons.org/

licenses/by-nc/4.0/).

154 N23(152)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296


Copyright:  2025 by the authors. Submitted for possible open access publication under the terms and
Copyright:  2025 by the authors. Submitted for possible open access publication under the terms and
Copyright:  2025 by the authors. Submitted for possible open access publication under the terms and
https://creativecommons.org/licenses/by-nc/4.0/deed.en

A.H. T'ymunes amvirndazor Eypasus yammuix ynusepcumemininy XABAPIIBICHL.
ISSN: 2616-6836. eISSN: 2663-1296

®U3UKA CEPUACDBI/ PHYSICS SERIES / CEPUA ®PU3HNKA

XFTAP 29.17.41 https://doi.org/10.32523/2616-6836-2025-152-3-155-168
FeibiMu MaKasia

AyKbIMbI KJIaCCUKAJIBIK, )KyHesiepaeri QJyKTyanusiap
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Anpgartna. TepMocTaTieH Tene-TeHAiKTe TypFaH ['MOOCTiK aHCcaMO/IbJEeri Ko
6eJseKTi )kyheaeri GayKTyalnusiaap CTaTUCTUKANBIK TYpPFblJla CUMIATTaJIFaH.
HakTbipak alTKaHza, [M66CTiH, KAaHOHUKAJIBIK YJIeCTipiMi apKpl/ibl Ke3eMCoK
XKbLTY a/iMacyJ/iap Ke3iHzeri aHeprus GayKTyalUsichl, 6eJilieKTep caHbl QIyK-
TyaLUsICbIHbIH AUCIEPCUACH] MEH Ke3/eUCOK dHeprus KBaJApaTbIHbIH OpTalla
MaHi ecentenii. Ocbl HOTHXKeJEP/iH HeTi3iHAe 6ip aTOM/bl U/leasl ra3 IHEPTHUs-
CbIHbIH, CaJIbICThIPMaJibl GJIYKTYaUSAChIHBIH 6pHETi anbiH/bl. Ke3—-kenreH ¢pu-
3WKaJIbIK IaMaHbIH, QJYKTYalMSIChIH eCeNTey YIIiH SHTPOMMs 63TepPiCiH 0Chl
11aMa apKblJibl 6PHEKTEY KeTKiJIKTi. OCbl TepMOAWHAMHUKAJBIK NPUHLUIITI,
3HTPOIUS MEH Tene-TeH/iJiK eMec KyW/epAiH bIKTUMa/blJIbIKTapbl apacbIH-
JlaFbl 6alJlaHbICTapAbl KOJIIAaHbIN TEPMOAMHAMHUKAJBIK, lIaMa QIYKTyaLUsIChI-
HbIH JUCIEPCUSACHIH, Tele-TeHCI3AiK KyH bIKTUMaJlIblJIbIF bIHbIH, ThIFbI3/IbIFbIH
eCceNnTelTiH epHEKTEP LIbIFAPbLIbIN KepceTinji. bys HoTHxesnep 6ip aToM/bl
ujieas rasjiblH, TeMIepaTypacbiHbIH, K6JeMi MeH TbIFbI3JbIFbIHbIH, QIYKTY-
anus JUCIepPCUsiCbl MeH CaJbICThIpMasibl QJIyKTyalUsJIapblH ecenTey YIIiH
nanajaHblIAbl. JHEPTUSAHbBIH QJYKTYaLUsIChl eCenTes/li xkoHe 6erii 6ip op-
TaZaFbl MAKPOCKOITHIK JE€HEHIH KYHWiH CUIIATTAUTBIH MeXaHUKaJIbIK IIaMaJsiap-
JIbIH, 1a GJIyKTyalusiapblH ecenTeyre MyYMKiHAIK 6epeTiH aFjaillap Kapa-
CTBIPBbLI/JbL. ATan aWTKaH/a, Tene-TeHAIIK xKaFqaijarbl CYWbIKTaFbl (HeMece
rasz/iafbl) ThIHBIIITBITA TYPFaH JIEeHEHIH OpTa MOJIeKy/laJapblHbIH COKKbLIAY bl
cajlapblHaH QJYKTYalUSAIbIK KYHre oTyi KapacThIPbUIbII, AeHeHIH QIYKTY-
AUUAJIBIK KbLJIJAAM/ABIFbIHBIH, JUCIEPCUSCHI ecenTell WbIFapblaAbl. AJIBIHFaH
HOTHXKeJiepre TaJjAaysiap MeH KOPbIThIHAbLIAP KacaJiblll, PJyKTyalUsiIap/blH
HaHOXYyHeJsieperi )KoHe MIN3MaZarbl KOJIAAHbLIbICTAPHI KaWbIHAA aKIapaT-
Tap 6epingi.

Ty#iH ce3aep: dsykTyanus, Tene-TeHAJIIiK KYH, TepMOJAMHAMUKAJBbIK, Tapa-
MeTpJiep, AUCIIePCHS, IHePrus, TeMIepaTypa, KejeM.
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Kipicne

Takbipbinmbl maHdaydvly Heziddemeci. TepMoJUHAMUKAJbIK Tele-TeHJiKTe TypFaH
MaKpo-XKyHere KaTbICTbl TEPMOJHWUHAMMUKAJIBIK, CTAaTUCTHUKAJBIK LIaMaJlapAblH, MaHJepi
e3/lepiHiH, opTalla MoH/lepiMeH >XOFapbl AdJAiKTe OipJiet GosaTbiHbI 6esriji. Anaija,
opTalla MaHHEeH aybITKy (QayKTyalUsi) OpbIH ajica, OHJA aybITKY bIKTUMaJ/lJblIbIFbIH KoHE
OHbIH, Tapa/ly ayMaFblH aHbIKTAy KaXKeT 60J1a/ibl. MbIcasibl, 6ipMe3rijiie TeEpMOJUHAMUKAJIBIK,
’KOHe MeXaHUKaJ/IblK MaFblHaJiaFbl 3HEprus, KeJieM CeKiIJi aMajap YIUiH QJyKTyanus
YFBIMbl YUpeHWIKTI kaffald. YCbIHBUIBIN OTbIPFAaH Makajaja GayKTyauUsiaap/iblH
BIKTUMAJIABLIBIK LI€Ti MEH ayKbIMbl KOPCETIiJiN, TYWBIK >XKoHe KBA3UTYUBIK, >KyWeJsepaeri
baykTyanusanap/iblH TeOpUsIIBbIK HerizgeMeci kestipisiefi. OcbuiapMeH 6ipre, 6ipTeKTi
opTajiafbl TEPMOJWHAMMKAJIbIK LIaMaJapAblH, MbICaJbl 3HEPrUsHbIH, KOJIEMHIH,
TeMIepaTypaHbIH, 06JIlIeKTep CAHbIHbIH, THIFbI3/IbIK II€H iIKi 9HePrUAHBIH QJIyKTyalusiapbl
ecenTesiesi. bipTekTi opTajarbl MakKpoJeHeHiH QJYKTyalUsJblK KyWre eTy KafFAalsapbl
Jla KapacThIpblIaTblH 60J1afbl. TaKbipbinmblH Hemece KOUbLAFAH MacesdeHiH e3ekminieli —
ayKbIM/Ibl KJIACCUKAJIBbIK >KyWeJsiepJeri Temne-TeHCI3AIK KyWJepAiH epekulesiriHe KaTbICTbI
TEOPUSJIBIK eCENTeyep/liH TosacTaMan, KyObLIbICTbI )KaH-KaKThl alllyFa JleTeH i3/jeHicTep/liH,
dJIi e »KasIFachll KaTKaH/bIFbIHAA 00J1bIN OThIP. TepMoAMHaMUKaAaFbl GIyKTyalMsa1ap/blH,
6acTbl cebebi-0e/IeKTePAIH XKbLIYJIbIK KO3Fa/lbICTaphbl, IFHU 9pbip OGeJILIEeKTiH *eKe-Aapa
TepbeJicTepiHiH 6elibepeKkeT cuNaTTa Tapaaybl OYKij )Kyleeri ayKbIM/Abl MaKpOCKOMUSIBIK,
e3repicrepre aJbll Kesaenl. TepMogruHaMuKaarbl aMalapblH OopTalla MaHi Jell oJlap/blH,
yaKbpIT HeMece aHcaMbJsib OOWbIHIIA OpTallaJaHyblH aWTambl3. KyHeHi cuUNaTTalTbIH
TeMIlepaTypa, KbICbIM X9He TBIFbI3/JbIK CeKiJIJl MapaMeTpJ/iepAiH MaHJepi opTalla/aHFaH
MOHJIEpAEeH aybITKU OacTaiabl. TeMmepaTypaHblH QJyKTyalusacbl-ra3/iblH, Killiripim
OeJlirinie KMHETUKAJIbIK 3HepTusJapbl *KOFapbl HeMece TOMeH OeJilleKTep/liH, a3 HeMece
Ken OoJsiyblHaH O6JIIKTIH TeMIlepaTypacblHblIH, OpTallaJlaHFaH MJHHEH 63relle OO0JYbl.
An KbICBIMHBIH (JIYKTYyalUsiChl KapacCTbIPbIIBIN OTbIpFAaH ras GeJiriHjeri 6GesiieKkTepiH
KbLIAAMBIKTAapbl 9pTYPJi MoH/I KabbLiJaybl cajJapblHaH OpblH anafpbl. JKylieHiH apTypJi
ailiMaraH/ia GeJilIeKTep CaHbIHbIH Oip/iel 60JiMaybl ThIFbI3/JbIK, QJYKTyalMsCblHA 9KeJei.
Ochbl TekTec PpayKTyaluusiap MapJbIMCbi3 60JFaHbIMEH, OJIap KilliripiMm kesemM MeH TOMeHTi
TeMIlepaTypaZafbl KyWhesiepAiH MaKpOCKOIITBIK KaCUeTTepiHiH eJieysi e3repicrepre
ylbIpayblHa cebemniui 60J1a anajbl. TepMoAMHAMUKaJbIK Telle-TeHATIK XKaF/iail/ja TYpFaH XKyie
YUIiH MapAbIMCbI3 QJIYKTyalMsaaap KayinTi emec. AJ Tene-TeHCi3AiK xKyieeri GuyKTyanysanaap
MaKpPOCKOMNTBIK, K9He JUCCUMIAaTUBTIK KAaCUeTTepre eJieyJli bIKIaJIblH TUTi3epi aHbIK. Pa3asbIK
eTyJiep (aybicy/1ap) Ke3iHje napaMeTpJik GuyKTyauusaap eaayip kyuweienai [1,2].

dnyKTyayusaaap TeOPUsCbIHBIH, HETi3iH Kasayubuiap — AnbbepT JUHIITeNH MeH MapuaH
CMOJIyXOBCKUMU/ZIH OpOYH/ABIK KO3FaJblC IeH QAyKTyanusjap TeOpUsCbIHA KaTbICThI
eHOeKTepiHJle TepMOAWHAMMKAHbBIH, €KiHIIi 6acTaMacblHbIH CTATUCTHUKAJbIK TYCiHAipMeci
»KoHe OacTaMaHbIH KOJIJaHbLIy IleKapachl KailblHJa OasHAasraH. CoHbIMeH Oipre, 6y
eHOeKkTep/ie GAYKTyalusl YFbIMbI, OHbI eCelTey TICi/Aepi )KoHe oJIapAblH Heri3ri JereH Tep-
MOJMHAMHUKAaJbIK MapaMeTpJjiepMeH 0alJaHbIChl KapacThlpbliFaH. PuyKTyanusaaap/blH,
60J/1ybl — 3aTThIH, aTOM/IbIK KYPbLJIbIMbl MEH KbLJIYJbIK KO3FaJbICTaP/IblH, XaOCTbIJIbIFbIHbIH,
JlaJieJii, a1 6yJ1 TYCiHIKTEp CTaTUCTUKAJbIK PU3WKaHbIH HEri3ri NpUHLMITEPiHE KaTaAbl. A.
JliHTEeNH MeH M. CMOJIyXOBCKUH *K9HeE oJlapJaH 6acKa /ia FaJbIM/lap/blH eHOeKTepiHeH KeHiH
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du3MKa FhIJIBIMbIH/IA YCTEM/IK KYPbII KeJITeH AeTePMHUHHUCTIK JIMHAaMUKa 3aH/blJIbIKTapbIHA
TY3eTyJlep €Hri3ijin, KyOblibicTap MeH mpouecTep (U3UKaJIbIK CTaTUCTUKAHBbIH bIKTH-
Ma/I[iblJIbIK ~KOHIeNIMsJapblHA Heri3Je/ireH 3aHJap OoWbIHIIA TYCiHJipise 6acTajbl.
Mbicanbl, aya ThIFbI3JbIFbIHBIH QJYKTYalUsJIbIK ©3repiciHeH acnaH KeK TYCTi 6oJibll
KepiHeZi. ACKbIH KaHBbIKKAH epiTiHAinepaeri »kaHa ¢asaiblK KyWJaepziH naiijja 60Jybl,
eJIlIeyill KypaAapAblH Ce3TillTiK 1ieri, pafjuobaiiaHbICTaFbl KeJleprijiepAid 6oy cebenTepi
baykTyanus TeopUsicbiMeH TYCiHAipisieai. Kasipri 3amMaHfbl 3epTTeyllijiep/liH »Kacall »KaTKaH
eHOekTepiHze [4-8] apTypJi XKyiesiep MeH KyHJiepAiH QyKTyanus acepiHeH KacueTTepiHiH
e3repyiHe KaTbICThI TY>KbIpbIM/iaMaJlap »acaJIFaH.

JdJicHaMa

TepMocTaTneH Tene-TeHAiKTe TypFaH Kyuesep [u66¢cmiH KAHOHUKA/IbIK Y/1ecmipim 3aHbIHA
O6aFbIHA/bl, IFHU XKYHeJlep/iH TeMIepaTypachkl, 66J11eKTep CaHbl XKdHe ChIPTKbI TapaMeTpJiep
6ekiTinreH (e3repMeiTiH) MaHJe 60J1aAbl [a, SIHEPTUs MeH KeWobip lamManap Tene-TeHilik
MoH/epiHiH MaHbIH/a Tepbesin Typaabl. @ayKTyanusaapbl KAHOHUKAJBIK y/AeCTipiM 60MbIHIIA
Hmieuryre KeJMeWTiH KypZeJii ecentepre (Macesesiepre) Ke3-KeiareH QU3MKaJbIK LIaMaHbIH,
bayKTyal s bIKTUMaJAbIFbIH )KYHEHIH eJ111eyre 60J1aTbIH (6JIlIeHEeTiH) TepMOJAUHAMHUKAJBIK,
1aMaJjiapbl apKplibl 6pHEKTey TaCili KoaJaHblaaAbl. by Tacis 60UbIHIIG, QJyKTyanuaaap
KYHEHIH, bIKTUMaJIJbLJIbIFbl KOFapbl KYHJEpAEeH bIKTUMaJ/JIblIbIFbl TOMEH KyWJepre oTyi
Ke3iHJe OalKasajbl, OyJ »Kaffall TepMOJUHAMHUKa TiJliHJEe >XYHeHIH SHTPOMUSACHl Kol
KYHJIeH SHTPOMHUSACHI a3 Kylre eTyi 60JibIl TabblaAbl. OCbIFaH COMKeC, JUHIITENH KYHIep/iH,
BIKTUMaJIAbLIbIFbIH 3HTPOMNHUSHBIH, 63repici apKblibl ecenteyi bosbiman dopmysacel ap-
KbLJIbI XKYPTi3yZi YCbIHFaH 00JIaThIH.

daykTyauusapAbl ecenTeyre (CUmaTTayfa) apHa/iFaH MaTeMaTHKaJbIK TICiIJep apTypJi
»KyHeJsiep MeH NpoLeccTep Ke3iHze opTalla MOHHEH Ke3/IeHlCOK aybITKyJIapFa CTaTUCTUKABIK
»K9HEe bIKTUMaJIJIbLJIbIK TYPFbICBIHAH TaJs/jay »Kacayfa HerizjesreH. bys Tacingep aybITKy1bIH
I1aMacblHa, TaOWFaTbhIHA CaHABIK Oara Oepin KaHa KoWMal, oJlapZblH KeJieci Ke3eHJepZAeri
KaFfanaapblH Ja 6o/pkan 6epe anagbl. Cmamucmukaaslk maaday adici MblHaZlad peTreH
XKYprisisiefii: Jucnepcus XKoHe CTaHAAPTTHIK, aybITKY; aybITKy KO3Q(QUIIMEHTI; KOppeaALUAIbIK
Ta/[ay; bIKTHMaJ/JblIbIKTapAblH yJecTipiM ¢yHkuuscel [3]. Cnekmpaik masaday adiciHde
baykTyanusaaap KUIJIIKTEpPI apTypJli CUMHYCOMJaJibl TOJKbIHAAP >KWbIHbIHA JKiKTeJe[i e
KaHal )UK QJIyKTyanuara kebipek yJiec KocaTbIH/bIFbI aHbIKTa1abl. ®pakmasidel maaday
adici payKTyauuaaap/blH ayKbIMbIH aHbIKTaWAbl. Ke3zelcok npouectepi Mojebjey YIiliH
kebiHe Monme-Kaps0 maciai Konjanblia/bl. Makasa/ia )KyprisizieTid ecenteysep KesiHje KeJi-
TipiJIreH TocilepMeH KaTap TeOpUsJIbIK QU3UKaHbl MaTEMaTUKaJIBIK alapaTblH KYpPauTbIH
6acka Jja Taciigep Ko/JaHblIaTbIH 60J1a/1bl.

Hatmxesiep meH TaskbLiay
’Korapblia aTan eTireHzen, TepMOCTaTIIEH Tele-TeHAIIKTe TYpFaH OeJIlIeKTEH KypaJiFae

’KyHere CTaTUCTUKAJIbIK TYPFblJa CUIIATTaMa »acay 6apbICblH/a aMepUKaHAbIK Gusuk [M66¢
(Josiah Willard Gibbs; 1839-1903) ycbiHFaH aHcaMbJbJeri 6ip »KyHeeH eKiHIi 6ip »xylere
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eTKeH Ke3Jile sHeprus (E) apTypJii ke3aelcoK MoHJep OOMbIHIIA aHbIKTAJIAN OTbIPAbI
(sHeprusa QuykTyauuscel). Bys xaFqail sHeprusira apHaJjIfFaH yJecTipiM QyHKLUSCbIHBIH eHi
HIeKTeYJli eKeH/IiriH 6i1ipe/i >koHe OHBIH, CaJIbICThIPMaJibl llIaMachl TOMEH/eriaei:

E 1
L A= 1
(E) N (1)
['M66CTiH KaHOHUKAJIBIK, YJeCTipiMi apKbLIbl 3Heprust QJIYKTyalMsaCbIH [19J1 eCenTen Libl-
Fapy¥a 6osazpl. O yiliH QIyKTyanus AUCIEePCUACHIH aHBIKTal alybIMbI3 KQXKeT:

((6E)?) = ((E —(EN?) = ((E)*) — U? (2)

Mynaafbl U=(E) — imki sHeprus:

U= Ni [ EA(E)w(E)dE (3)

Byn epnekreri A(E) - craTtuctukasnblk yiectipiMm ¢yHkuusicel; w(E) — sHeprusaapsl E
xoHe E+1 exi rumepbeTTep apacblHAarbl ¢dasasiblK KeHiCTiKTiH keJseMi. (3)-ke ['mb66CTiH
KaHOHUKAJIBIK, y/1ecTipiMiH akesin Kobin [4], A(E) -re apHasraH HopMaJiay (11eKTey) LapThIH
KOJIZJAHCAK, OH/ZIA OpTalla 3HepryA YIUiH TOMeH/eri bIKIaM/ibl FaHA 6pHEKTI ajlaMbl3:

(EY=F —T (Z—i)v (4)

MyHnparbl F - xyleHiH epkiH 3Hepruscol, aj V —xyHe yUIiH CbIPpTKbl apaMeTp 060JbIN

TabblJIaTbIH KeJieM. (4)-Te (a_F) =-S 60JIFAaHABIKTAH (S — )KyHeHiH SHTPOMNUSCHI):
aT 174

(E)=F+TS (5)

(4) »xoHe (5) epHeKTepiHeri IaMasiap 60MbIHIIA XKYHe Kal/bl MbIHaJ|al KaFJangaiap/iaH
xabap/iap 60J/1a ajlaMbli3: 3HTPONHUS KYHEHiH peTci3/lik eJilieMi 60JFaHAbIKTAH, 0J1 apPKbIJIbI
)KYMBIC peTiHJe KoJIJaHa aJIMaWTblH KaXKeTCi3 3Heprus [AdpexeciH aHbIKTal aJaMbl3.
JHTpONUA HEFYpPJIbIM >KOFapblJaFaH CaWbIH KyHeJeri peTCi3JiKTiH CUMaThl Aa COFYpPJIbIM
»kofapbl. OJ1all 60JICca, )KYHeHiH Naiia/ibl )XYMbICKA KaXKeTTi 3HepTrUsFa JereH MyYMKIiH/Iri a3
6oJsia Gepeni fereH ce3. CoHbIMeH 6Gipre, 'M66C yJecTipiMi »kaFallblHAA KYHeHiH 6apJbIK
BIKTUMaJl KYHJIepi TOMEHTI epKiH 3HepPTrysi MeH 3HTaJIbIIMAHBI, KepiCiHIle KOFapbl Adpexesi
SHTPONUAHBI UEMIEHE/].

Jlas1 )KoFapblJja KeJITipiJireH afjiclieH Ke3JeWCOK 3Hepryusa KBaJpaTbIHbIH, OpTalla MaHIH
ecenTeyre 60J1a/ibl >kOHE OHbIH, HOTHXKeCi TOMeH/leTi KaTbIHACIIEH 6PHEKTEJITeH:

(E?) = U? + 92 (Z—Z)V (6)

0 = kT, ’;_U) = C, (TYpaKThbl KeJieM KaFlalblHAAFbl KbULY CUbIM/bLIbIK) TEHAIKTEPiH
T

eckepi, eH, COHBH/Ia MbIHAJ[al HOTHXKETe KOJI >KeTKi3eMis:
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((6E)?) = Cy(kT)? (7)

Ocbl popMynaHbl LIbIFApy OapbICbIHJA K6JIEM TYpaKTbl OOJFaHABIKTAH 3Heprus QJiyk-
TyaLUsIChbl KYHeHiH TepMOCTaTIeH Ke3JeMCOK Kby ajJMacybl HITHXKeCiHJle OpbIH anaabl
JlereH ym‘aprM »kacasiraH 6os1aTbiH [5,6]. BipaTomMabl uaeas ras »kargalbiHa U = —NkT
XKoHe Cy = ENk TeHJIKTepi coliKec KeJIeTiHiH ecKkepe OThIPbIN SHEPTUSHbIH, CaJIbICTprMaJIbI
bayKTyanusacel OeJilleKTep CaHbl apacblHAAaFbl Tayesjinik (1)-wapTneH [a/1 KeJeTiH
TOMEH/Ierl 6pHEKTI LbIFaPbII a1y KUbIH eMec:

/«65)2) _ 3% (8)

Jau ocbinzai xkongapmed N 6eJieKTiH GIYKTALMsCbIHBIH AUCepCUsiChbIH [MOO6CTIH yIKeH
KaHOHUKAJIBIK, YJIeCTipiMi apKblJbl €eCENTeI HIbIFapyFa 60J1abl. AHbIKTaMa 60MbIHIIA

(N2> _ sz exp {w+uN H} drdN (9)

N!

[TapameTp 6olibiHIIA AU depeHIUANAAY bl OPbIH/AI, TOMEH/ET]

def w
ar = () gy 10
o () =, (10)

KaTblHACTap/lbl eCKePETiH 60JICaK, HOTHXKeie QPJIyKTyallus JUCIIepPCUsIChIHBIH TOMEeH/leTifen
epHeTiHe KO0JI )KeTKi3eTiH 60J1aMbI3:

((BN)?) =

(W)TV (1)

Juddepennusanay amanzapbl 6eJlIeKTepAiH opTalla caHbl 60MBIHIIA Kyprisineni, 6y
JlereHiMi3 6eJiIeKTep CaHbIHBIH OpTa MOHHEH Ca/IbICThIPMaJlbl Opallia/laHFaH aybITKY aMachl
SHPErusiHbIH, CaJbICThIpMaJsbl GIYKTYalUsIChl CEKIZ|i 6pHEKIEeH aHbIKTaaaJbl JlereH/ii 6i-
Aipeni, 9FHU

(BN _ 1

NG (12)

Backa fja TepMoMHaMUKaJIbIK laMaiap/blH GpIyKTyalUsJIapblH eCEeNTey CTaTUCTUKABIK
yJecTipiMZii TepMoOCTaTTaFbl KyHere JiaWblKTal KOJIIaHY KaKeT OoJsiajbl. Asaiijaa, 6yJ
TACU/IJIeH e KOJIaiJibl TaFbl 6ip »K0J1 6ap, 0J1—- SHTPONUS MEH Telne-TeH/iJIiK eMec KyWaepAiH
BIKTUMaJIAbILIKTApbl apacblHAafbl 6ailyanbic (Bosbuman npuHuuni). TyHbIK KyHeHIH
KaHza#l Ja 6ip 6eJiriHiyg Tene-TeHAIIK )aFlaiiad aybITKy bIKTUMa/AbLIBIFEL () = exp (%)
3HTPONUSCbIMEH aHbIKTa/Ma/bl. Tene-TeHCi3 Ky bIKTUMaJIAbLIbIFb] ThIFbI3/|bIFbIHBIH (p) Tele-
TEHAIIK Ky bIKTUMaJIAbLIbIFbI ThIFbI3JbIFbIHA (P, ) KATbIHACKI [7]

o= e )

— =ex 13

o Pl % (13)
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OyJ1 6pHEKTEH MbIHA >KaFJaibl 6aiiKayFa 60J1aibl: SHTPOMUSICHI MEH TEPMOIMHAMUKAJIBIK,
napameTpJiepi Terne-TeHAiJiK MOHHEH MapAbIMCbI3 FaHa e3TrellleslikTe 60J1aThlH KYHJIep/iH
Telne-TeHJIIK KaFJai/laH aybITKy bIKTHMaJAbLIbIKTAPbl XOFapbl 6oJsiajibl. Tene-TeHAiTIK
»KaFJai/laH aybITKy KaHAal Jja 6ip TepMOoJUHAaMUKaJbIK 3 napaMeTpiHe 6alaHbICThI 6oJica
(o1 TeMnepaTypa, KeJieM, KbICbIM K9He T.0. 60JIybl MYMKiH), OHZ]a OChbI Tele-TeHCi3AiK KyH
bIKTUMaJAblJAbIFbIHbIH, ThIFbI3/bIFbI

S(B)=S(Bo)
p(B) = Cexp {TO} (14)
Bys kKarbiHacta C — TypakThl, an B, — Terne-TeHAIIK MaH. JKoFapbla auTblIFaH/jaH, Temne-
TeHAIIKTEeH QJYKTyalUA/IbIK aybITKy ©Te a3 waMa OoJFaHAbIKTaH, arHu [B-B, |=X<Kp,
SHTpONUsAHBI 3=, HYKTeci MaHbIH/a TelI0p KaTapbiHa XKiKTeyre 60s1a/bl:
a?%s

S(B) = S(Bo) + (j—;)o X+ (ﬁ)0 X2 4 (15)

Tene-TeHAaiNiK *aFai/1a SHTPONKS MAaKCUMaJIZIbl MOH/Ie 60JIFAH/bIKTAaH MbIHAIAW GeJirisiey
»Kacar aJiFaHbIMbI3 IYPbIC:

1(d%s
;(_6[5’2)0 =—a, a>0 (16)

Ountait 6oiCa, Tene-TeHCi3/AiK KyH bIKTHUMaJAbLIbIFbIHbIH ThIFbI3/IbIFbl TEPMOMHAMUKAJIBIK,
H1aMaJlapJblH Tene-TeHAJIIK MoHAepeH Ke3/1eHMCOK MapAbIMChI3 aybITKy/apbIHbIH, (X) QYHK-
I[MsIChbI 00J1a/Ibl EKEH:

p(x) =cexp {— 2:;22)} (17)

MyH/a (x?) — TepMOAMHAMHUKAJBIK MaMaiap GpayKTyausIapblHbIH JUCIEPCUSICHI:

(x?) = \/%ffooo x? exp {— %2} dx == (18)

a

Ochl KeJTipiiTeH TeOpUsJIbIK TYXKbIpbIMJaMasap MeH ¢opmysanap 6oibiHIIA 6acKa Ja
TEePMOAUHAMUKAJBIK, LIaMaIapblH (GJIYKTYalUsChIHbIH, JUCTIEPCUSICbIHA apHAJIFAaH 6pPHEKTEP/Ii
anyfa 6os1a7bl [8, 9]. Eckepe KeTeTiH 6ip »aFfall, TeMIepaTypa MeH KeJieM QJIyKTyalysiaphbl
e3apa TayeJcis, arHu (ATAV)=0:

KT? kT
((AT)?) = —, ((AV)?) = — 5 (19)
v Gv)r

An, 6y waManap/blH, 6ip aToMJbl UAeas ra3 KaFAaWbIHJAFbl CaJbICThIpMasbl QJIyK-

TyalMsiJlapbl YIIiH TOMEH/eTri KaTbIHACTAP OPbIH/a/Ia/bI:

@y _ [z @ _ |1 (20)
T 3N’ 14 N
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TBIFBI3ABIKTBIH, CaJbICThIpMaJibl (QIYKTyallUsiCblHA apHaJiFaH OpHEeKTi ajy yiliH pV=m

.. . . . A AV
TeHJiriHeH aJIbIHFAaH TBHIFBI3JABIK IN€H KeJIeMHiH e3repicTepi apacblHAarbl —- = — >
0alJIaHBICTBI KBAJIpaTTall, CO/IaH COH OpTallasay Kepek. HoTmxe e alaTbIHbIMbI3:

((Ap)?) _ ((AV)?) KT 21)

v (),

ThHIFBI3ABIK apKbLJbI a3/ bIH AU3JIeKTPJIK 6 TIMIJIIri MeH CbIHY KOPCEeTKIllli aHbIKTaJI1aTbIHbI
6esrini [10-13]. KpuTukanblK Kyire >kakblHJaFaH Ke3Jie ThIFbI3JbIK (QJIYKTyallUscbl apTa
G6acTaii/ibl, COMKecCiHLIi ChIHY KepceTKilliHiH puykTyauuscel Ja kebeieni. bys e3 keseriHae
ras/iblH »KapbIKThI ALIbIPATYbIH KyLIEUTe].

’Korapbiia KenTipiireH TemIilepaTypa MeH KeJieM QJyKTyalusjapbl JUCIepCcUsiChIHA
apHaJ/IFaH epHeKTep/i MaWjajaHbll ilKi 3Heprus QJIyKTyalUsCblH eCeNTel ILIblFapaublK,
Os1 ywiH angpiMeH 6ipiHumi guddepeHyusanra apHaaraH GopMyJiaHbl Herisre ajia OTbIPbII
TeMeH/eri TeHiKTi »Ka3aMbI3:

au au apP
AU = (W) v+ (2 ) AT =T (E)V — P|av + AT (22)

Ochl epHeKTiH €Ki »KarbIH Aa KBaJZpaTTall, COHAaH COH opTallaJjiaFraH COH MbIHaAaf/’I HoTHXXere
KOJI )KeTKi3eMi3:

(@0y?) = k7 () [1(Z) —P] v +cokr? (23)

KylieHiy Tene-teHAi KyHZAeH QJyKTyallMsJIbIK KyWre eTyiH 3epTTere KoJaujbl OOJIBII
TabbLIATBIH OCbl KApacTbIPbLIFAH TACJ apKblibl TePMOJUHAMUKAJBIK MapaMeTpJep/iH,
baykTyanusanapblH 0OarajlayMeH 6ipre 6esrini 6ip opTajarbl MaKpoJeHeHiH KyHiH cunar-
TaWTbhIH MeXaHUKaJbIK IaMaJapAblH Ja ¢GJyKTyalusaaapblH ecenTeyre 6osajbl [14-16].
AlTanblK, Tene-TeHAIIK XaF[ai/laFrbl CYWbIK HeMece rasfia Maccacbl M ieHe ThIHBIIITHIKTA
TYpFaH 60JicbiH. OpTa MoJieKyJ1asiapblHbIH COKKbLJIAy bl HOTHXKECIH/e IeHeHiH Maccasiap LeHTpi
belibepeKeT KO3FasbICTap »Kacayra MaxOyp 6osafbl. /[leHeHiH ocbl QAYKTyaUUsIbIK, KYyHi
MaccaJjiap LeHTPi XKbLIJJaM/AbIFbIHbIH, Ke3/1eMCOK, V MOHI apKbl/Ibl CUIIATTaJIaThIH 60s1a/bl. JleHeHi
KO3FaJIbICChI3 Tele-TeHAIIIK KyHieH QIYyKTyauUusJIblK, KyUre eTKi3y ylIiH aTKAPBUIATHIH €H,
a3 )KYMbICTBIH, MeJIlllepi KHHETHUKAJIbIK SHEPTUSIHbIH, 63repiciHe TeH: A = MT Ochl apKbLIbI
GAYKTYaUANbIK KYW bIKTUMaJ[blIbIFBIHBIH, ThIFbI3/IbIFbIH aHbIKTayFa 60J1a/bl:

A
= ew{-2) @
MyHnparbl T — Tene-TeHAIIK XKaFAaWAaFbl OPTAHbIH TeMIlepaTypachl. AJIbIHFAaH TEHAIKTi

KaJIbINIThI YJIeCTipIMMEH Ca/IbICTbIpa OTBIPBIN AeHeHiH QAYKTYalUsaabIK KblIAAMbIFbIHbIH,
JIUCIIepCUsICbIHA apHaJIFaH 6pHEKTI »Ka3yFfa 60J1aJbl:

(2 == (25)

CoHbIMeH 6ipre, 6yJ1 KaTbIHAC 6POYH/bIK KO3Fa/IbICThI [la CUIIATTayFa KayKapJibl.
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KOopBITBIHABI

MakaJsiasafbl Heri3ri oM (Uges) ken 6eJ1LeKTi )kyheaeri payKTyanusaaapibl CTATUCTUKABIK,
TYpPFblJa cUNATTAy OOJIaThIH >X9HE OJ1 63 HOTHXKeCiHe (MexxeciHe) kKeTTi geyre 60Jajbl.
['M66CTiH KaHOHUKAJBIK y/ecTipiMi 60MbIHIIIA Ke3/eMCOK, XKbITy aJMacyiap/blH, cajlgapblHaH
OPBIH a/IaThIH 93HEPrHUs, OeJileKTep caHbl GJYKTyalUsaaapbl MEH OJIap/blH JUCIEPCUSIChI )KOHE
Ke3/leCOK SHeprusl KBaJpaTbhIHbIH opTaila MaHi ecentes/i. Ocbl ecenTeysnep/i 6ip aToMAbI
y/leasira3faKoJ/ilaHa OThIPBII ra33HEPrUSAChIHbIH CaJbICThIPMaJibl PJIyKTyallusiCbIHA apHaJ/IFaH
dbopmMysiacel ajnblHAbL. JHTPONUSA MEH Tele-TeHAIK eMec KyWaep/liH, bIKTUMAaJIblJIbIKTAPbI
apacblHJarbl GaiJlaHbICTApAbl OaCHIbLIBIKKA ajaTblH 9JiC GOWbBbIHIIA TEPMOJAWHAMHUKAJBIK
maMa QJIYKTyalUsCbIHbIH, JUCIEpPCUsICbIHA apHa/JIFaH 6pHEeK IeH TeNe—TeHCI3AiK Kyu
BIKTUMAaJAbLIbIFbl TBIFbI3JBIFbIH €CeNTeUTiH ¢dopMysara KoJ KeTkisingi. Cos apKblibl
Tene—TeHCI3/iK KYH bIKTUMaJlJblJIbIFbIHBIH, ThIFbI3/bIFbl TEPMOJMHAMHUKAJIBIK lIaMaJlap/iblH
Tene—TEeHAIJIIK MoHJepAeH Ke3/JelCOK MapbIMCbI3 aybITKyJapbIHbIH (QYHKIUSACHI €KeHZIri
JlasieiieH/ii. ATasfaH epHeKTep MeH ¢opMyJsanap/bl KoJJaHa OThIPbIN O6ip aToM/bl
yjleas ras jkaf[aullbl YlIiH TeMIlepaTypa, KeJleM >Xo9He TbIFbI3/IbIK (QJIyKTyalHsaJaapbIHbIH,
JIUCTIepPCUsCbl MEeH OCbl LIaMaJapAblH, CaJbICThipMasibl QJAYKTyalUsiapblHa apHaJFaH
OepHEKTepi WbIFapbLIbIN KepceTingi. Cosmap apKblLabl ilIKi 3HEPTUSAHbIH, QJIYKTyalusCbIH
ecenrTeyre Jie MyMKiHAiK TyAbl. TepMoJMHAMUKaJbIK IapaMeTpJepAiH QJyKTyalusaaapbIMeH
6ipre Oesrizi 6ip opTaZarbl MAaKpPOCKONTHIK JleHEHiH KYWiH CUNATTaWTbIH MeXaHUKaJIbIK
HmaMaJiapAbiH Jia GayKTyalusiapbliH ecenTeyre 60aThIH KaFall peTiHze Tene—TeHAiMiKTeri
CYUbIKTarbl (HeMece raszafbl) TBIHBIIITBIKTA TYPFaH JleHEHIH OpTa MoJieKy/aJapblHbIH,
COKKbLJIAybl cajilapblHAaH QJYKTYalMsSIJIbIK KYyWUre oTyi KapacTbIPbLIbIN, QJIYKTYaLHUSAIbIK
KYH BIKTUMaJIJIbLIBIFbIHBIH, THIFbI3/|bIFbl MEH JleHEeHIH QJIYyKTyalusJIbIK, KblJI1AAM/JbIFbIHbIH,
JYCIIepCUACH] ecenTell LbIFApPbIIJbI.

daykTyayusanapAblH, TYpJi FbUIbIM JK9He 6OHEpKacin caJsiajapblHAA KOJIIaHbIChIHA
KbICKAlla TOKTaJbIN eTelik. 1023 Ge/ek KaMTbLIFAaH MaKpoyiesepzae (GJIyKTyalUsHbIH
CaJIbICThIpMaJibl aMIJINTYAAChI Kell OeJilleK 3aHblHA COMIKeC MapAbIMChI3 a3, aJl HAaHOMacuITab
KaFJaiblHJa MapaMeTpJiepAiH  caJbICThIpMasibl  QJYKTyalUsCbl >KOFapbl  JAdpexeli
KOpCeTKIlITEpMeH eoJllleHe/l. OJcipece, 3aMaHayd HAHOTEXHOJIOTUAJBIK JeHreujeri
baykTyanusanap/ibl 3epTTey/iH MaHbI3bl 30p. HaHoxylesnepaeri ¢aykTyauusiapAablH eki
KaKTbLJIbl TAaOWUFAThl Oap: KbLIYJBIK >X9He KBAHTTBIK. ['padeHpi TpaH3ucTopsap cekinfgi
HAHO3JIEKTPOH/IbIK KOHABbIPFbLIApJA OTKI3rilTiK (QAYKTyalUsChIHbIH MaHbI3AbLIbIFbI
»KoFapbl. HaHOMexaHUKaJbIK, Kyheseperi Ke3ZelcoK TepbesicTep KyWeHi KypblAbIMJbIK
KallTa KypyJapfa J>oHe OHblH QYHKIMOHAJAbLIBIK CUIATTaMajJapblHbIH, ©3repiciHe
akenefni. HaHoxylenepaeri ¢aykTyauusiiapibl 3epTTey/iH, 63eKTiJiri MblHa >Xafjauiapra
6al/IaHBICTBI: 3JIEKTPOHHMKA MEH CeHCOpJiap YUIiH OPHBIKTbl HAaHOKOHABIPFbLIAP >Kacay;
byHKIMOHaNABl 3JIeMeHTTepAi IaFblHAay; OacKapbLiaTblH —(QUAyKTyauusaapAbl >KaHa
TEeXHOJIOTUAIapFa KOJILAHY.

[lnaszManblK GayKTyauusiaap MJa3MaHbIH JWarHOCTUKACbIHAA KOJJAHbLIaJbl, [3JlipeK
alTKaHJAAa: TOKTAp MeH MarHuT epiCcTepiHiH cumaTTaMajapblH aHbIKTAy/a; MJa3MaJblK
OpTaHbIH, MNillliHi MeH OpHbIH OeJriseyjae; MMJa3MaHbIH Ta3JbITHHETUKAJIBIK KbICbIMbIH
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6arasiayfia. ATajsiFaH TOCIlepAiH KeMeriMeH TOKaMaKTap MeH pasps/TapAarbl MarHUT epicTtepi
apKbLIbl )KOFApbl TeMIlepaTypaJsibl IJIa3MaHbl yCTall TYPy LIapackl icKke acelpbliaajbl. bysap
3JIEKTPOMArHUTTIK JAaTYUKTEp KeMeriMeH MarHUT epiCiH eJillley >XoHe OHbIH e3repicTepiH
TipKeyre Heri3/eJreH.

ABTOpJ1apAbIH, KOCKAH YJIeCi.

T.B. KomrTei6aeB — MaKaJ/ia TeOPUSJIbIK )KoHe MaTeMaTHUKa/bIK pr3UKa caslacblHA KATHICThI
O60JIFAaHABIKTAH OHBIH, TaKbIpblOblHA COMKeC KeJIeTiH HAesilap MeH YCbIHbICTAp/ibl »Kacarl,
MaKaJslaHblH, Ka3blL1y KOCHapblH >kacayuibl. COHbIMEH 6ipre, MakaJjia MaTiHiHAeri 6ipkaTap
ecenTeyJiepAiopblHAal, epHeEK HeMece popMysia TYpiHZeri HoTuxKeepianfaH. ATan auTKaH/a,
3Heprus GAYKTyaluUsIChl, 6eJlIeKTep caHbl GIAYKTyaLUSIChIHbIH AUCIEPCUSICHI MEH Ke3/1eMCOK
3Hepruys KBaZpaTbIHbIH OpTallla MoHiH; 6ip aTOM/1bl U/leaJl a3 SHEPTUSCbIHbIH CaJbICTbIpMaJibl
b/yKTyalusiCblHA apHa/IFaH >K9He TepMOJHWHAMHUKAJBIK I1aMa (GIYKTyalUsChbIHbIH JHWC-
NepCUsCbIHA apHAJIFaH »KaJlllblJlaMaJIblK 6PHEKTI, Tene-TeHCi3/iK KYW bIKTUMaJAblJIbIFbl ThI-
FBI3AbIFbIH ecenTeUTiH popMysa. MakasaHblH TajlalKa cail paciMzesyiHe Jie aTCaJbICKaH.
TakbIpblliKa call Kasipri 3aMaHFbl 3epTTeyJiepAi capasal, afebuertep Ti3iMiH kacayfa yJjec
KOCKaH. lsiecnie XxaTThl 93ipJiel, peJaKLUaFa XKOJI4Aybl iCKe acbIpAbl.

A.M. TaTeHOB — MaKaJlaHbIH aHJACTNAChIH Y1 TiJIZie )Kacaylibl ’KoHe KOPbITbIH/ bl 66/1iMAeri
bAyKTyalUsIHbIH, HAHOXKYHeJiep MeH IJla3MajiaFbl KOJIAHbICBIH OpbiHAAyIbl. OcbliapMeH
6ipre, nailjajiaHblIFaH d/ebUeTTep Ti3iMiHJerl AepeKkKesaep/ieri TaKbIpbINThIH ayKbIMbIH
6esrisieymi. EcenTey amanjapblHJarFbl HOTWKeJEpPAiH AYPBICTBIFbIH KaWTa TeKcepydeH
eTKi3Ai. Toxxipubesi FasibIM-ycTa3 peTiHAe MaKaJlaHbIH 6H OOWBIHAAFbI MPOLECTEpPre KeHec
6epy1ui.

M.E. AiueBa — 6ip aToMAbl UJeas ras >kafjaWbl YLIiH TeMIlepaTypa, KeJieM KdHe Thl-
FBI3ABIK QJYKTYalUsAapbIHbIH, AUCIEPCHUSAChI MEH OChl IllaMaJiap/blH CaJbICThIPMaJibl
bayKTyanusanapblHa apHaJiFaH 6pHEKTepI LIbIFaphll KepceTTi. COHbIMEH 0Oipre, SHEPTUSAHBIH,
bayKTyanuscblH ecenTefi. MakasaHblH TajalKa cadl paciMJesyiHe Je aTcajJbICKaH,
aHJATHaHbIH OpbIC >XOHe aFbLILIbIH MITiHAEpPiH Ka3/bl, 9/e6HeTTep Ti3iMiHiH aFbLILIbIH
HYCKACBIH Kacapbl >KdHe MaKaJIaHbl CAUT apKbLJIbl PeJaKIAAFa K01 4a/ bl.

K.K. ’KaHT/1eyoB — Maka/siafafbl OapJ/iblK MaTeMaTHUKaJbIK ecenTeysep/i TeKcepin IIbl-
FBIKTBI *K9He >KYWeHiH Temne-TeHAl KylJeH OYyKTyauUs/blK KyHre eTyiH cUNATTaWTbIH
TACIJ apKblJIbl TEPMOJAWHAMMKAJBIK NapaMeTpJiepAiH GayKTyayusaapbiMeH Oipre 6esrisi
6ip opTaZaFbl MAaKpPOCKOMNTBIK JIEHEHIH KYWiH CUNAaTTaWTbhlH MeXaHWKAJbIK LIaMaJap/blH,
Jla QyKTyalnusaapblH ecenTeyre 60JIaThIH KaF[alJapAblH MaTeMaTHUKaJbIK HerideMeciH
»KacaJbl. 9/1e0HMeTTep Ti3iMiH KacaKTayFfa aTCalbICThI.
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q)JIYKTya].[l/IPI B 00JIBIIMX KJIACCUYECKHUX CHCTeMaXx

AHHoTanusA. Ha ocHOBe CTaTHUCTHYECKHX 3aKOHOMEPHOCTEH omucaHbl QUYKTyallUd B MHOTO-
YacTUYHOU cucTeMe ['M66COBCKOro aHCaMbJis, HaXOAsAIeHCsl B TENJIOBOM PaBHOBECHU C TEPMOCTATOM.
B yacTHOCTH, ObLIM pacCYMTAaHbl HA OCHOBEe KAaHOHUYECKUX pacnpejesneHud ['mb6ca daykTyanus
3HEepPruM B CJAy4YaWHBIX TEIJIOBbIX OOMeHax, Auciepcus GJIYKTyalud 4YHCIa 4YacTHL, M CpejHee
3HayeHMe KBaJpaTa CJy4yalHOW 3Hepruu. B cOOTBeTCTBUM C pe3ysbTaTaMH 3THUX PAcyeTOB TaKKe
Obla moJsiydeHa GopMysia JJisi OTHOCHUTENbHBIX QJIYKTyalluidi SHEPTUH OJHOATOMHOIO H/I€aJIbHOTO
rasa. g pacuera ¢aykTyanui 1060 pu3niecKkod BeJIUYHMHbI HEOOXO0AMMO BBIPAa3UTh HU3MEHEHHUE
SHTPONHMU yepe3 3Ty BeJUYMHY. Ha OCHOBe 3TOro LIMPOKO MCNOJIb3yeMOro TEePMOJUHAMUYECKOI0
IpPUHIMIIA U C YYeTOM B3aMMOCBSI3U BEPOSITHOCTEN SHTPONUN U HepaBHOBECHBIX COCTOSIHUM ObLi1a
BbIBeJleHa 0600LieHHasdA dopMyna JJs JUcliepcud QJIYKTyalud TepMOAWHAMHUYEeCKOW BeJIMYMHBI,
a Takxxe ¢popMysa AJs pacyeTa MJIOTHOCTH BEPOSTHOCTH HepaBHOBECHOI'O cOCTOSIHUSA. C MOMOLIbI0
noJy4eHHOU GopMyJibl GbLJIO BbISIBJEHO, YTO MJIOTHOCTbh BEPOSITHOCTU HEPAaBHOBECHOI'O COCTOSIHUSA
ecTb QYHKIMSA MasblX CIy4aWHbIX OTKJOHEHUHM TepMOJMHAMHUYeCKUX BEJUYHMH OT UX PAaBHOBECHBIX
3HaYeHWH. C MCNOJIb30BaHUMEM TMOJIYYEHHBIX pe3yJbTaTOB ObLIM BbIBEJ€Hbl BbIpaXKeHUs JJs
Jucrnepcuit GayKTyalui TeMiiepaTypbl, 06'beMa U MJIOTHOCTH AJIs1 O4HOATOMHOTO M/lea/IbHOTO rasa, a
TaK>Ke [IJIs] OTHOCUTEJIbHBIX QJIYKTyalluil 3TUX BeJUYMH. KpoMme Toro, 6blya BeluMcaeHa QJIyKTyanus
BHYTpeHHeN sHepruu. Mcnosb3yss MeTo[, pacCMaTpUBAOIMHA Mepexos CUCTEMbI U3 PABHOBECHOTO
coCcTOsIHUA B QUIYKTyallUOHHOE, HapsaAy ¢ GAyKTyauusiMU TEPMOAUHAMHUYECKUX MapaMeTpPoOB ObLIN
npeAcTaBJeHbl KPUTEPUH, C MOMOILbI0 KOTOPBIX MOXXHO BBIYMCIAUTbL QIYKTyalUH MeXaHH4YeCKUX
BEJINYMH, ONKCHIBAIOIHUX COCTOSIHHE MaKpPOCKOIIMYECKOTr0 TeJla B oNpe/ie/IeHHOHU cpefie. B yacTHocTH,
paccMaTpuBaeTcs Nepexo/ NOKOosALerocs Tesja B QJIYKTyallMOHHOe COCTOsIHMe B pe3y/ibTaTe yJapoB
MOJIEKYJ KUAKOCTU (MM rasa) U ObLIM BBIYMCJIEHbl NMJOTHOCTb BEpPOSATHOCTH QJIYKTYyalMOHHOTO
COCTOSIHUSA U AUcIiepcust GIYKTYyallMOHHON CKOPOCTHU TeJia. Pe3ysibTaThl 6bLIM MPpOaHAJIU3UPOBAHbI U
c/leJIaHbl BbIBO/bI, A TAKKe MTpelocTaBJieHa UHPopMalys 0 IpUMeHeHUsAX GIYKTyal il B HAHOCUCTEeMaX
Y IIJIa3Me.

KimloueBble cioBa: QJyKTyalusi, paBHOBECHOE COCTOSIHHE, TePMOJHWHAMHYECKHe IapaMeTphl,
JUCIIepCHsi, SHEPTUs], TEMIIEPATYPa, 06'bEM.
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Fluctuations in large classical systems

Abstract. Based on statistical regularities, this paper describes fluctuations in a multi-particle system
of the Gibbs ensemble that is in thermal equilibrium with a thermostat. In particular, using Gibbs'
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canonical distributions, we calculate energy fluctuations during random thermal exchanges, the variance
of particle number fluctuations, and the mean square of random energy. According to the results of these
calculations, a formula for the relative energy fluctuations of a monoatomic ideal gas was also obtained.
To calculate the fluctuations of any physical quantity, it is necessary to express the entropy variation
in terms of that quantity. Based on this widely used thermodynamic principle, and taking into account
the relationship between entropy probabilities and non-equilibrium states, a generalized formula for
the variance of thermodynamic quantity fluctuations was derived, along with a formula for calculating
the probability density of a non-equilibrium state. Using the resulting formula, it was shown that the
probability density of a non-equilibrium state is a function of small random deviations of thermodynamic
quantities from their equilibrium values. Based on these results, expressions were derived for the
variances of temperature, volume, and density fluctuations in a monoatomic ideal gas, as well as for the
relative fluctuations of these quantities. Additionally, internal energy fluctuation was calculated. Using
a method that considers the transition of a system from an equilibrium state to a fluctuating one, along
with thermodynamic parameter fluctuations, a criterion was presented that enables the calculation of
fluctuations in mechanical quantities that describe the state of a macroscopic body in a given medium.
In particular, the transition of a resting body to a fluctuating state due to molecular impacts from a
fluid (or gas) was considered, and the probability density and variance of the fluctuating velocity of the
body were calculated. The results were analyzed and conclusions were drawn, and information on the
applications of fluctuations in nanosystems and plasmas was provided.

Keywords: fluctuation, equilibrium state, thermodynamic parameters, variance, energy, temperature,
volume.
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AHHOTauuA. a0/ IMHUK-Ta/IJINEeBbIA TPaHAT (Gd3Ga§O1 , GGG) npeacraBasieT
c0O0U BaxKHbIM CUHTETUYECKUN KPUCTAJLJI C LIMPOKOU 00J1aCThbI0 MPUMEHEHUS
B JIa3ePHbIX CUCTEMAX, MATHUTOONTHUKE U paJiUallUOHHO-CTOMKOM 3JIEKTPOHU-
ke. DyHaMeHTa/IbHOE IOHMMaHKUe ero 3JIEKTPOHHOM CTPYKTYPHI U e PeKTHBIX
COCTOSIHUM He0o0X0AMMO [Jisl OITUMU3ALMU ONTHYECKUX U QYHKIIMOHAIbHbBIX
cBOUCTB. Llesiblo HacTosileld pabOThl SIBJASIETCH HUCCJIe[0BaHHE BJIUSIHUSA pas-
JINYHBIX BUJIOB ZlepeKkToB U posiu 4f-anektpoHoB noHa Gd** Ha popmupoBa-
HHe 30HHOW CTPYKTYpPhbl U ONITHUYeCcKOro oTkJuKa GGG B paMKax COBpeMeHHO-
ro TEOPETUYECKOr0 MeToja — Teopuu PpyHKuuoHasna miaotHoctu (TPII, DFT).
KBaHTOBO-MexaHHW4YeCKHEe pacyéThl BbIIIOJHEHBI C TOMOLIbIO NporpaMMbl VASP
C WCIOJIb30BaHWEM Pa3/JIMYHBIX 0OMEHHO-KOpPpeJALUOHHBIX QYHKIMOHAJIOB:
GGA-PBE, SCAN, mB] v ru6pugnoro HSE06. CpaBHHUTe/IbHBIM aHAJ/IU3 MTOKa3aJl,
91O y4éT 4f-a1ekTpoHOB Gd** Mpu MOAETUPOBAHHUU OKA3bIBAET 3HAUUTETbHOE
BJIUSIHUE Ha 3JIEKTPOHHYIO CTPYKTypy GGG: uxX BKJIIOUYEHHe NPUBOJAUT K $op-
MHUPOBAHHUIO JIOKAJIM30BAHHbIX YPOBHEHN KaK B BaJIEHTHOU 30HE, TaK U B 30HE
IPOBOJUMOCTH. YCTaHOBJIEHO, YTO 3apsbKeHHbIe BakaHcuH [GGG]Vo? cMelatoT
ypoBeHb Pepmu, He co3/aBas JedeKTHBIX YPOBHEMN, TOT/la KaK HeUTpasbHbIe
BakaHcuU [GGG]Vo0 ¢opMUpyrOT J1I0KaIM30BaHHbIE COCTOSIHUSI BHYTPU 3ampe-
IIEHHOW 30HbI, YTO CHUKAeT NPO3PavyHOCTb U YXY/JLIAeT ONTUYECKHE XapaKTe-
PUCTUKU KPUCTAJLIA.

[TosnyyeHHble pe3yabTaThl UMEOT PyHJAMEHTaJbHOEe U NMPUKJIAJHOE 3Haye-
HUe. C HayYHOU TOYKHU 3PEHHUS, OHU YTOUYHSIOT POJib CUJIbHO KOPpPEJUPOBaH-
HbIX 4f-3/IeKTPOHOB B I'paHaTaX U MeXaHW3M BJIUSIHUS KUCJIOPOJHBIX Aedek-
TOB. C MpaKTHU4YeCKOU — AT OCHOBY /JIl IPOTHO3UPOBAHUS paJiUalluOHHOU
CTOMKOCTU M pa3pabOTKU ONTHYECKUX MaTepHhaioB HOBOro mnokoJsieHus. Ha-
cTosiasi paboTa BHOCUT BKJIaJ, B pa3BUTHE QU3UKU JePeKTHBIX COCTOSIHUUN U
TeopeTUYecKoe MoJieJIMpoBaHue GYHKIMOHANbHbBIX KPUCTAJIJIOB.

KiroueBsble caoBa: rajiosinHui-rajsineBbiil rpadat, DFT, 4f-asiekTpoHbl, 30H-
Hasl CTPYKTYpPa, KUCJIOPOJHbIE BAKAHCUH, IIJIOTHOCTb COCTOSIHUM, ONITHUYECKHE
CBOMCTBA
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BBeaeHue

Fagonunnii-rasinesbid rpanat (Gd,Ga,0,,, GGG) aBisgeTca oAHUM U3 HauboJsiee BOCTpe-
60BaHHBIX CUHTETUYECKHX KPUCTAJIJIOB, KOTOPBIM HAXOAUT LIMPOKOE IPUMEHEHHUE B JTa3epHOU
bu3uKe, ONTO3JIEKTPOHUKE, MarHUTOONTUKE W PaJUALMOHHO-CTOMKOHN 3JjieKTpoHUKe. OH
IIMPOKO MPUMEHSIETC B JIa3epHBIX CUCTEMaX, MHUKDOBOJIHOBOM 3JIEKTPOHUKE, MarHu-
TOONTHUYECKUX YCTPOMCTBAX, a TaKXe CIAYXUT MOAJOXKKOM JAJis 3MUTAKCHAJbHOIO poCTa
TOHKUX IJIEHOK, TaKUX KaK UTTpui-)kesne3Hbld rpaHatT (YIG) u gpyrue QpyHKLUOHA/bHbIE
Matepuabl [1,2]. Kpome Toro, kpucraanbl GGG u YAG (Y,AO,,) IpeACTaBIAa0T 3HAYUTEIbHbIN
MHTEpeC B KauecTBe [IeTEKTOPHbIX MaTepuasoB, UCN0JIb3YeMbIX B 1IEPHBIX UCCIE0BAHUAX
U MeJUIMHCKUX TeXHoJsoTusX [3-6]. UcciejoBaHHe UX KPUCTANJIMYECKOU U 3JIEKTPOHHOMU
CTPYKTYpbl, @ TakKXe CBOUCTB Je(deKTOB fBJSAETCS Ba)XHbIM LIaroM JAJs ONTUMU3ALUU
3KCIJIyaTallMOHHbIX XapaKTEPUCTUK M Pa3pabOTKU HOBBIX OMTO3JIEKTPOHHBIX TEXHOJIOTUHN
Ha ocHoBe GGG. MOXXKHO OTMETUTD, YTO HAJIMUME CUIbHO KOPPEJUPOBaHHbIX 4f-3/1eKTPOHOB B
ctpykType GGG obycnaBaMBaeT ero yHMKaJlbHble CBOMCTBA.

[logpo6GHBIA aHa/IM3 HAy4YHOM JINTEpATypbl MOKa3blBaeT, YTO, HECMOTPS Ha aKTHUBHBIE
uccaeloBaHUsl B IOCJeJjHee BpeMsl, BOIPOCHI, CBSI3aHHble C KOPPEKTHBIM ONMCaHUEM
BJIMAHUA 4f-371eKTPOHOB U JleeKTHBIX COCTOSIHUM Ha 3JIEKTPOHHYIO CTPYKTYPY Y ONITUYECKHE
xapakTepucTUKU GGG, ocTaroTcda HepelleHHbIMU. U3BeCTHO, YTO TeOpeTUYeCKHUe UCCae,0BaHUA
HaocHoBe Teopud ¢yHKIMoHanamioTHocTH (TOII/DFT) noaTBepKgal0T SKCIepuMeHTa/IbHblEe
JlaHHble U JIOMOJIHSIOT HX 32 CYET MOJIyYeHUs MapaMeTpoB, HEJOCTYMHbIX AJisI MPSIMOro
M3MepeHUs1 B sKcnepuMeHTe. Pacuéthl mokasbiBaloT, 4To GGG sBysieTCS MMPOKO30HHBIM
JIM3JIEKTPUKOM C LUUPUHOM 3anpeléHHo 30Hbl Egx 5,66 +0,01 3B [8],4T0 06bsICHAET BBICOKYO
IPpO3pPavYHOCThb 3TOTO MaTepuasa B AuanasoHe AJauH BoJsH 0,4-7,0 MkMm. C pyroi CTOPOHBI,
M3BECTHBI YTO MO/JleJIMpOBaHUeE B paMKaxX cTaHjapTHoro ¢yukiuoHasa LDA (Local density
approximation - nNpu6GJIMKEHUE JIOKAJbHOU MJIOTHOCTU) CUJIBHO HEJJ0OLlEHUBAeT 3HAaYeHHe
Eg (3,02 3B) mo cpaBHeHUIO C 3KCIIEpUMEHTAJbHbIM 3HayeHueM (5,66 3B), yTo sABAseTCA
caeAcTBYMEM M3BecTHOU npo6sieMbl TII® npy onvcaHUU LIMPOKO30HHBIX MOJTYTIPOBOJHHUKOB U
JU3JIeKTPUKOB. [l/1s1 pelieHUs1 mpo6JieM, CBI3aHHBIX C pAaCYETOM IIUPHHBI 3allpelléHHOMN 30HBI,
B COBPEMEHHbIX TEOPETUUYECKUX UCCAEIOBAHUAX UCIOJIb3YIOTCSA pa3jinuHble QyHKIIMOHAIbI,
Takue kak GGA-PBE, PBEsol, mB] (MoaudunupoBanHbiil noTeHuuaa bekke-/>koncoHa), SCAN,
rubpugnble pynkuuoHasbl (HSE06), a Takxke pacuéTsl c yueToM nonpaBku Xab66apga (GGA+U),
M03BOJIAOLHE yYeCTh CUIbHYI0 Koppessuuio d- 1 f-ajsiekTpoHOB B cucteMe [9].

Oco6oe 3HaueHue npu 3kcmayaTanuu GGG B yc/0BUSIX UHTEHCHUBHBIX paJMalluOHHBIX
noJiell UMeeT MO/leJIMPOBAaHUE KUCJIOPOAHBIX U KATUOH-aHUOHHbIE AaHTUCANUTHbIE J1ePEKTHI
U CBsI3aHHBbIX ¢ HUMHU F- u F'-1eHTpoB. IMeHHO J/loKasbHas guHaMuka F- u F'-1eHTpoB
BO MHOTOM oOIpejeJisieT JerpaZaliMilo ONTHYECKHX CBOMCTB B YCJOBUSX 3KCTpPeMaJbHbIX
paAvalMOHHbBIX HArpy30K, I03TOMY UX MO/leJIMPOBaHUeE UMeeT KPUTUUECKH BaXKHOE 3HaYeHHE
Jl1s1 pa3paboTKU paJMalMOHHO-CTOMKUX MaTepruaioB. C 3TOW TOYKU 3peHHs, aKTyaJbHOCTb
HaCTOsLIeN TeMbl UCCAeJ0BAHUS COCTOUT B C/IeAyIOIUM. Bo-nnepBbIX, UHTEHCHUBHOE Pa3BUTHE
JIa3epHbIX TEXHOJIOTUW U CO3JlaHHWEe HOBBIX TUIOB TBEPJOTE/JbHbIX '€HEpPaTOPOB TPEOYIOT
MaTepHuaioB C NPOTrHO3UPYEMBIMU M KOHTPOJMPYEMBIMU ONTHYECKUMM I[apaMeTpaMHu.
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Modeauposarue dehekmHbix cocmosHuli u poau 4f-anekmponos 6 Gd Ga 0,, memodamu DFT

Bo-BTOphIX, Mcnosb3oBaHue GGG B KadyecTBe MOAJIONKEK [JJI 3MMTAKCUAJIbBHOIO pOCTa U B
3JieMeHTax UHTerpajbHOU ONTHUKU 00yCI0BIMBAET HEOOXOAMMOCTb NOHUMAHUSA JedPeKTHON
OPUPOABI NOAO0OHBIX KPUCTAJJIOB. B-TpeThHX, BO3POCIIMNA UHTEPEC K paIMallMOHHO-CTOMKHUM
MaTepHasaM B CBSI3U C Pa3BUTHEM KOCMHYECKHUX TEXHOJIOTHUU JieslaeT 0COOEHHO Ba)KHbIM
M3y4YeHHe TOro, KaK KHCJOpPO/IHble BaKAaHCUU W CBSI3aHHble C HUMHU JedeKTbl BJAUSIOT Ha
cTabusbHOCTbUNIPO3payHOCTh GGG.CyliecTByOMEe3KCIIEpUMEHTa/IbHbIE UCC/IEJOBAHUS, XOTS
Y BHECJIU 3HAYUTEJIbHbIN BKJIaJ, B IOHMMaHWe CBOMCTB PAaHATOB, HO CYLECTBYET CAeAYIOLe
HeJOCTaTKH C HALlIMX B3IVIA0B. Bo-NepBbIX, 10KalbHbIe coCcTosAHUsA 4f-anekTponoB Gd3* cia6o
NOAJAI0TCS NPSIMOMY 3KCIIEPUMEHTAJTbHOMY HAaOJ/II0/IEHUIO0, YTO MPUBOAUT K HEOJHO3HAUYHbBIM
TPAKTOBKaM IMOJIyYeHHBIX JAaHHBIX. BO-BTOPBIX, KOHTPOJIb U KOJIMYECTBEHHOE OIlpeJie/ieHue
JlebEeKTOB, TAKKX KaK KM CJIOPO/IHbIe BAKAHCHUU U KATUOH-aHUOHHOE aHTUCAUTHI, TPeICTABJISAIOT
co0O0M CJI0KHYI0 3a/5a4y, B CBOIO OUepeib TPEOYIOLIYI0 MPHBJIEYEeHUS TEOPETUYECKUX METO/ 0B
MO/JIeJIMPOBaHUs. B CBfI3U € 3TUM, UMeeTCs OYeHb BaXKHasl POJib BbIYMCIUTE/IbHbIE TOAX0/IbI,
B IIEpPBYI0 OYepeab MeTOJO0B Ha OCHOBe Teopuu pyHkuuoHazna miaoTHocTu (DFT), koTopbie
B TOM 4YHCJ€e MO3BOJIAIOT MOJEJUPOBATh 3JE€KTPOHHYIO CTPYKTYPYy C YYETOM JIOKAJIU3aL AU
4f-371eKTPOHOB U BJIUSHUS Pa3JIMYHbIX AePEKTOB.

06BbeKTOM HCC/IeJOBAHHS B JAHHOU paboTe SABJISIETCSA OKCU/L, F'aJ0JIMHUNM-Ta/IIMeBbIN I'PaHarT,
afnpeaMeT UCCIe/J0BAaHUSA — 3JIEKTPOHHAs CTPYKTypa U iepeKTHbIe COCTOSIHUSA B CTPYKType GGG.

Llenb wucciefoBaHUA 3aKJ/O4YaeTCd B TeEOPETUYECKOM MOJEeJHMPOBAHUM  BJIHSHUSA
4f-371eKTPOHOB U AePEeKTOB Ha 3/JIeKTPOHHYI0 CTPYKTYpy U onThdeckue cBorcTBa GGG.

Ji1 OCTYKeHUs1 TOCTAaBJEHHOW LieJid, B paMKax HACTOsIed paboTe BbIMOJHSAKTCS
ciaeayrolLye Maru:

- [IpoBecTH KBaHTOBO-MeXaHUYECKHE PACYEThbl FeOMETPHUYECKON U 3JIEKTPOHHOU CTPYK-
Typbl GGG /151 KaXKAbIX UCCJIeyeMbIX 0O bEKTOB B OTAE/JbHOCTY;

- CpaBHHUTb MJIOTHOCTH 3JIEKTPOHHBIX COCTOSIHUM C y4ETOM U 6e3 y4yéTa 4f-3/1eKTPOHOB
noHa Gd** 115 BbIsIBJIEHUS X BKJIaJ|a B GOPMUPOBAHHE 30HHOU CTPYKTYPbI;

- WccienoBaTh BAMsIHME 3apSPKEHHBIX U HEUTPaIbHbIX F- 1 F*-11eHTpoB eeKTOB Ha 10J10-
»KeHHe YypoBHSA PepMU M BO3MOXKHOE MOSIBJIEHHE JIOKaJIM30BaHHBIX YPOBHEH B 3alpeléHHON
30He;

- YcTaHOBUTb B3aUMOCBSI3b MeX/Y JedeKTHbIMU COCTOSIHUSIMU U U3MEHEHHEM ONTUYEeCKHUX
ceoucTB GGG.

MeTopo0ruyeckoil OCHOBOU paboThl ABJsAeTC Teopus pyHKLMoHa A miaoTHocTy (DFT),
peasiM30BaHHasA B mnakeT-nporpamMMme VASP, koTopbld B moc/jeHHe TOAbl CTajJ IIMPOKO
MCIIOJIb3yeMbIM WHCTPYMEHTOM B 00JIaCTM TEOPETHUYECKOTO MaTepuasioBedeHus. ['mnoresa
MCC/ie[JOBaHUS 3aKJ/IH0YaeTCcs B TOM, YTO UMEHHO YYET JIOKaJM30BaHHbIX 4f-3JIeKTPOHOB U
MOJieJIMpOBaHUE C y4eTOM JlePeKTOB SBJISIOTCSA KJHYEBbIMU YCAOBUSAMM [/l aJleKBAaTHOIO
OTNHMCaHUSI 3KCIIepUMEHTA/NbHO HabJII0/[aeMbIX onTU4YecKux cBOWMCTB GGG. OxupaeTcs, 4yTo
HeUTpasibHble BaKaHCUM OyAyT GopMHUpOBaTh JepeKTHble YPOBHU B 3alpelléHHOW 30HE,
CHUWKasl MPO3PavHOCTb KPUCTAJIJIA, TOT/IA KaK 3aps>KeHHble BAKAHCHUU IPUBEAYT K CMEIeHUI0
ypoBHs ®PepMu 6e3 3HAYNTEBHOT0 yXy/ALLIEHUSI ONTUYECKUX XapaKTePUCTHK.

TeopeTuueckasi 3HaUMMOCTb PabOThbl COCTOUT B YTOYHEHUU MeXaHU3MOB GOPMUPOBAHUS
30HHOW CTPYKTYpbl U poOJH AePeKTHbIX COCTOSIHWM B 3JIeKTPOHHOU cTpykType GGG, uTo
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BHOCHUT BKJIaJ] B pasBUTHe (yHAAMeHTaJbHOU (PU3MKKU KpUCTAIOB C f-cubHO Koppe-
JIMPOBAHHbIMHU 3JIeKTpOHaMU. [IpakTHUyeckas 3HaYMMOCTb 3aKJ/II04aeTCA B CO3JaHUHU OCHOBBI
JJIA IPOTHO3UPOBAHUSA Y YIY4YLIeHUA XapaKTEePUCTUK KPUCTAJIJIOB, UCII0JIb3YEMBIX B JIa3€PHbIX
Y MarHUTOOINTHUYECKUX YCTPOUCTBAX, a TaKXe B IepPCIEeKTHUBHBIX paJUalMOHHO-CTOMKUX
CHUCTeMax.

Takum o6pasoM, AaHHasg paboTa HalpaB/eHa Ha BOCIOJIHEHME Npobesa B MOHHMMaHUHU
3JIEKTPOHHOU CcTPYKTYpbl GGG U eé u3MeHeHUs Mo/ JleicTBUEM JlePEKTOB, UTO UMeEET Kak
HAY4YHYI0, TaK U IPUKJIAJHYIO IeHHOCTb.

MeToaoJiorusa

KBaHTOBO-MexaHMYeCKHMe pacyéTbl M3 MepBbIX MNPUHUUIOB OBbLIM BBINOJHEHbl C
ucnosib3oBaHMeM mnakeT-nporpamMMbl VASP [10], ocHoBaHHOro Ha Teopuu (QyHKLHOHaJIa
mioTHOCTH (DFT) 1 MeTo/1e NpoeKIMOHHbIX TpUCOeAUHEHHBIX BosH (PAW) [11].

OnTuMHU3aLus reoMeTPUYEeCKOW CTPYKTYypbl «4uctoro» GGG mpoBoausiach € HCHOJIb-
3oBaHueM GGA-PBE [12] u SCAN [13] ¢dyHKuMOHaA/NOB. JJIeKTPOHHAs CTPYKTypa paccyu-
ThiBajsiacb ¢ mnpuMeHeHueM GGA-PBE, mBJ, SCAN u rubpugHoro ¢yHkuuoHasa Heyd-
Scuseria-Ernzerhof (HSE06), SCAN - onTuMu3upoBaHHbIN $aij CTPYKTYpPhI UCIOJIb30BaINCh
npu mB] u HSEO06 pacyeToB 3/1eKTPOHHOM CTPYKTYpPbl. JHEPTUSA OTCEYKH IJIOCKOW BOJIHBI
6b1y1a BblOpaHa paBHOM 520 3B. OnTuMU3anus No3UIUKA aTOMOB Obljia BbIIOJIHEHA METO0M
CONPSKEHHBIX T'PaJJUeHTOB ¢ KpuTepueM cxogumoctu 0,01 3B/A, a ycsioBueM cxoJUMOCTH A5
CaMOCOIJIaCOBAaHHBIX PAaCyeTOB OblJ1 MHBAPUAHT MOJIHOM 3HEPTUH CUCTEMBI C TOYHOCTBI0 10°3B.
3oHbl bpusiosHa ObLIM MOCTPOEHBI C MCIOJb30BaHUEM ceTOK MoHkxopcTta-Ilaka [14-16],
BKJIIOYasl CeTKU 2x2x2 Kk-To4ek C LeHTpOM B Touke [amMMa, /1 KyOUYeCKUX 3JIeMeHTapHbIX
a4deek GGG.

s mosiydyeHus 60Jiee TOUHbIX pe3yJbTaTOB, 0C000e BHUMaHUe OblLIO y/ieJ1eHO BJIUSHUIO
4f-3/1eKTPOHOB Ha 3JeKTpPOHHYyI0 CTpYyKTypy GGG. B pacyeTax npuMeHsJIMCh JBa TUNA
ctaHZapTHbix PAW-noTeH1Ma/ioB: B NepBBbIM cCjay4yald, BbIOpaju B KauyeCcTBe BaJIEHTHBIX
3JIeKTPOHOB -5p®5d*6s% 3/1eKTpOHEI, T e 6e3 BK/I04eHus 4f-31ekTpoHoB aToma Gd**, Bo BTopoii
cayyait, PAW-notennuan Bkaodaer 4f’5s%5p°5d'6s? 3/1eKTPOHOB B KayecTBe BasleHTHBIX
3JIeKTPOHOB. Takol MOAXOJ NO3BOJIIET BBIABUTbH Pa3/M4YMS B IJIOTHOCTU 3JIEKTPOHHBIX
cocrosaHuu GGG.

C y4eToM TOro, 4TO 3JIeKTPOHHasA KoHurypanusa uoHa Gd** B crpykrype GGG Bk/IH049aeT
CUJIbHO KOppeJiupoBaHHble Kak 4f-, Tak U 5d-3/1eKTpOHbI, MOJeJIMpOBaHME NPOBOAUJIOCH B
pamkax Metoga DFT c yyeTom nonpaBku Xa66apga (GGA+U). Bbliv paccMOTpeHbI [iBe MO/JeJIH.
B nepBoM Mozenu ucnosib3oBasicsd PAW-noteHnasn, B KOTOpoM 4f-3/1eKTPOHBI HE BKJIIOUEHDI
B YUCJIO BaJIEGHTHBIX (TO €CTh HAXOAATCS B ocTpoBe). B aToMm ciydae nmonpaBka Xa66apaa U
npumeHsaach K 5d-opéuranam aroma Gd**. Bo BTopoM MoJie/11 B KOTOpOM NpuMeHsics PAW-
noTeHuuas ¢ 4f-3jieKTpoHbI B BaJIeHTHYI0 30HY, nonpaBka Xa66apga U ucnoJib3oBanach AJs
4f-opbuTasnein. Takol moAXo[ yCIeIHO MPUMEHSJICS paHee JAJis U3YyYeHUsl 3JIEKTPOHHBIX U
MarHUTHBIX CBOWCTB coefrHeHUN Thna XFsz [17]. 3HaueHus nmapaMmeTrpa U OGblIM BbIOpPaHbI
NPOU3BOJIbHO, @ TaKXe C y4yeToM pekoMeHJauuu [17], aas nepBoro noaxopa (GGA+U aas
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5d-op6uTaneit) U = 2 3B, a gnsa BToporo noaxoaa (GGA+U ansa 4f-opbutaneit) U = 5,7 3B.
MopenrpoBaHue KHUCIOPOAHBIX BaKaHCUW MPOBOAUJIOCH JJIsl [IBYX CJy4YaeB: 3apsKEHHBIX
[Vo]** u neliTpanbHbIx [Vo]° sedexTos B pamkax metoga GGA-PBE.

Takum 06pa3oM, MeTOZOJIOTUSA UCCAEL0BAaHUA COYeTaeT B cebe ONTUMMU3ALMI0 KPUCTAJ-
JIMYECKOU CTPYKTYpPbl, PACYET 3JIEKTPOHHOM IJIOTHOCTU COCTOSSHUU U 30HHOW CTPYKTYPBI
c y4éToM U 6e3 y4yéTa 4f-3/1eKTpOHOB, a TaKkXKe MOJeJIUPOBAaHUE KUCJIOPOAHbBIX J1ePEKTOB B
Pa3HBIX 3apsAI0BbIX COCTOSTHUSAX, YTO 06ecneyrBaeT KOMIIJIEKCHOE ONMCAaHKEe 3JIEKTPOHHBIX U
ONTHUYECKUX CBOMCTB I'a/IoJIMHUK-TA/IJIMEBOTO IpaHaTa.

Pe3ynbraThl 1 06CYyKaeHUe

Kak Bblllle OTMETHJIM, 0ObEKTOM MCC/AEJ0BaHUSI AAHHOU PabOThbl SBJSETCS KPHUCTAJI
rajjoiuHui-raineBoro rpaHata (GGG), KpUCTaIM3YOIIMUCA B KyOUYEeCKOW CUHTOHUHU
(npocTtpaHcTBeHHas rpynmna la-3d, Ne230) u oTHOCAIMNICA K CTPYKTYPHOMY THIy FpaHarTa.
Ero asiemeHTapHas s4eiika cofep>UT 160 aTOMOB, YTO 3KBUBAJIEHTHO BOCbMHU POPMY/IbHBIM
eguHulaM GGG. Kpucramnundeckasa crpykrtypa GGG xapakTepusyeTcs C/laeAyHOIUM pacl-
peJesieHHeM KaTMOHOB: MOHbI Gd*' 3aHMMalOT Aojekasfpuyeckue No3uunMu 24c (koop-
JMHALMOHHOE YKo 8), a noHbI Ga’+ pacrpesiesieHbl MEXY OKTa3JpUueCKHMH NOo3UIUsAMU 16a
(K4 =6) uTerpasgpudeckuMu no3unusamMmu 24d (K4 =4). AHMOHBI KUCJI0PO/A, PACTIOJIO>)KEHHbIE
B O3ULUAX 96h, opMUPYIOT TPEXMEPHBIM KapKac, COeIMHAUIMN KATUOHHbIE MOAPEIIETKHU.
Kakapli aTOM KHCI0poAa KOOPAMHHUPOBAH OJHUM KaTHOHOM Gd3* W AByMsA KaTHOHAMH
Ga’*, yTo 006ycsoBIMBaeT GOPMHUPOBAHUE KECTKOU M CI0KHOU OKCHIHOU CTPYKTYphI [7].
Busyanusanus asieMeHTapHou siueliku GGG npeacTaB/ieHa Ha puc. 1.

[TockoJIbKY U3BECTHO, UTO CTaHJAPTHOE NPUOJIMKeHHEe JIOKaJIbHOM M1oTHOCTH (LDA) yacto
COBMAaJZlaeT C 3KCIepHMEeHTAJbHbIMU TeOMeTPUYeCKUMU [AaHHBIMH, C 3TOU TOYKU 3pEHUS
reoMeTpuyeckass ontuMusanus GGG ObLIM MpoBeJeHbl C UCHOJIb30BaHUMEM 0oJiee COBep-
meHHble pyHKIMoHaAbl: GGA-PBE u SCAN.

PucyHok 1. Kpucrasuimueckas crpykrypa GGG

[lapameTpbl pewéTku U JuauHbl cBA3ed Gd-O u Ga-O, onTUMHU3UPOBAHHbIE C MTOMOLIbIO
¢yHknoHasoB GGA-PBE u SCAN, npuBejeHbl B Tabusuie 1. PacuéTHoe 3HayeHUeE JJIMHBI
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Jnofekaspudyeckor cBsa3u Gd-O, mosnydyeHHoe meToaoM GGA-PBE, na 14,8% mnpeBbiliaeT
JJIMHY OKTasgpuyeckon cBsaA3uM Ga-O u Ha 21.2% - pgvHy TeTpasapudeckod cBs3u Ga-O.
OnTuMHU3MpOBaHHbIM mapaMeTp pewéTku A4 GGA-PBE okasasnca Ha 0,91% G6oJsibiue
3KCIepUMEeHTa/IbHOTO 3HaueHus, B To BpeMs Kak JJist SCAN oH Ha 0,32% MeHbl1ue. B Tabinne
1 Takxxe npezcraBJieHbl paccyuTaHHble MeTof0M GGA-PBE mapameTpsb! pelméTku UM AJIMHBI
cBa3eit Gd-O u Ga-0 gJis CTPYKTYP € AePEKTHBIMU MO KUCJIOPOY COCTOSTHUSIMHU.

JKcIepMMeHTa/IbHble JaHHbIE, NOJy4YeHHble MeTOJaMHU PEeHTreHOBCKOW W HEWTPOHHOU
Judpakuuy, AT 3HayeHWe NOCTOSIHHOM pelléTku a = 12.383 A v BoIAIBAISIIOT AHU30TPOIHUIO
B FeOMeTPUM KOOPAMHALMOHHBIX NOJM3APOB. [id pgozekaszapa GdO8 HabJIIoJaloTCad ABa
Ha6opa A1uH cBasei Gd-0: 2.38 A u 2,52 A. OxTasapmr GaO, XxapaKTepu3yI0TCsl AJIMHOM CBSA3U
2.03 A, a B TeTpaszgpax GaO, aivHa cBs3u Ga-O cokpamaercs g0 ~1.87 A. Knrouesyro posb
B HCCJEJOBAaHUU Cbilpasia HeUTpoHorpadus, MO3BOJIMBIIASA TOYHO ONpPEeAEJUTb MO3ULUU
JIETKMX aTOMOB KHCJIOPOZA U U3YYUTh MarHUTHYI0 CTPYKTYpy KpUCTaJLia.

Ta6smna 1. CpaBHeHHe pacCYMTAaHHBIX M 3KCIEPUMEHTA/IbHbIX NIapaMeTPOB pelleTKH U AJIMH
MEeXMOHHBIX CBAA3el yucToro GGG u GGG c gepexkTHbiMU coctosHusaMH [O]

CucreMma [TapaMeTp pelleTKH U AJIMHA CBSA3H, A PacyuTaHHbIE JKCII.
GGA SCAN
a 12.482 12.329 12.383

Gd-0 2.377 2449  |2.38
Gd,Ga,0,, 2.478 2355  |2.52

Ga-0 x6 2.024 1.994 2.03
Ga-0 x4 1.873 1.849 1.87

12.509,
a 12.537,
12.515

2.472,
Gd-0 2.378,
2.381

2.024
Ga-0 x6 2.031
2.027

Ga-0 x4 1.892
1.891
1.892
1.892

12.565
a 12.593
12.574

2.391,
Gd-O 2.530,
2.371

[Gd,Ga 0 ,]Vo*

5712
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2.036
Ga-0 x6 2.042
2.052
[Gd,Ga,0,2]Vo’ 1.902
Ga-0 x4 1.903
1.903
1.899

B Ta6sinue 2 npeacTaB/ieHbl pe3yJibTaTbl BbIYMCIEHHUS IIMPUHBI 3alpeleHHOW 30HbI GGG,
HOJIyYeHHbI€e B paMKax pa3/INuHbIX 00MEeHHO-KOppeIsiLiMOHHBIX PYHKIMOHAI0B. [[poBeieHHOE
BbIYMCJIEHUS JEMOHCTPUPYET CUJIbHYI0 3aBUCHMOCTb NpeACKa3aHHOTO 3HAa4eHUS HIMPUHBI
1eJM OT BbIOpaHHOro MeToja pacyera. CorsiacHo HaumuM pe3dyabTaTam: GGA-PBE paet
CUJIbHO3aHWKeHHOE 3Ha4eHUe — IPUMepHO 3.8 3B, 4yTo AB/seTCS U3BECTHBIM CUCTEMAaTUYECKUM
HeJoCTaTKOM 3Toro ¢yHkunuoHasna, SCAN cyuiecTBEHHO y/yyllaeT pe3y/bTaT, MOBbILIAS
pacyeTHoe 3HayeHHe J0 ~4.6 3B. Metogq mB] (MoguduunvpoBaHHBIM NoTeHIUaa beke-
JPKOHCOHA) mpejcKa3blBaeT 3HaYeHHe, HauboJiee 6JIM3K0e K 9KCIIEPUMEHTANbHbIM JaHHBIM
- ~6.0 3B. I'nbpuanbil pynkyuronan HSEO6 B nanHOM ciydae paeT pesyabraT (~4.53 3B),
conoctaBuMblil ¢ meta-GGA ¢yHkuuonasoMm SCAN, 4TO XyKe OXHUAAHUK OT THOPUJHBIX
NOAXOJ0B B JAHHOM cJyiy4yae. CpaBHeHHeE C 3KCIIepUMEeHTa/lbHbIMU JaHHbIMU [10KAa3bIBAET, UYTO
HauboJiee aJleKBaTHOe ONMcaHue obecrieyuBaeT GpyHKUKMOHaAI mBJ. B To e BpeMs, cTaHAapTHBIN
GGA-PBE cusnbHO HeJoOLleHHWBaeT LIMPUHY 3allpelieHHOW 30HbI, a pe3yabTratbl HSE06 u
SCAN 3aHMMawT NPOMEXYTOYHOE IOJIOKEHUE, HO BCE ellje 3aHWXKAIT 3KCIIepUMeHTaJbHOe
3HaueHue. JTHU pe3yJbTaThl COIMVIACYIOTCH C CyIECTBYIOILEN JUTEepaTypoOH, e 0TMedasoch,
YTO /11 KOPPEKTHOTO ONKCAHMUSA 3JIeKTPOHHBIX CBOMCTB JU3JIEKTPUKOB U IIHPOKO30HHBIX
NOJIyIPOBOJAHUKOB HEOOXOAMMBI 60Jiee CIOXKHbIe MOAX0/bl, TAKHe KaK MOAUPULUPOBAHHbIE
noteHyuanabl (mBJ) mau rubpuaHble QYHKIMOHAJbI, KOTOpPble MO3BOJISIIOT 3HAUYUTEJIbHO
YJAY4YUIATH COTJIacve 3Ha4eHue IMPUHA 3alpellleHHOM 30HbI C 9KCIEPUMEHTOM 10 CPaBHEHUIO
co cranZapTHbIMU MeTogamu LDA v GGA. Hafio oTMeTUTB, YTO B paMKax HaCcTOs1el paboThl,
IIMpPUHA 3allpelleHHOW 30HbI BbIUMCJIEHbI TOJIBKO /J1s1 1ePBOT0 Mo/ ey, T. e. ¢ PAW -nnoTeHIMan
C OTCYTCTBUEM f-Ba/IeHTHBIX 3JIEKTPOHOB.

Ta6smna 2. CpaBHeHM e PAaCCYUTAHHBIX M IKCIePUMEHTAa/JIbHOM IMPUHBI 3aNpeleHHO! 30HbI
GGG. Bce 3HayeHuda yKa3aHbl B 3B.

CucteMbl Brruuciaenusa JKCII.
GGA SCAN mB]J HSEOQ6
GdgGagO12 3.764 4.561 5.986 4,531 5.66 [8]

Ha puc. 2 npeacraBiieHbl rpadUKU NapLUaJbHOW MJIOTHOCTHU 3JIEKTPOHHBIX COCTOSHUM
kpuctasnnyeckoro GGG. IMapuuanbHas NJIOTHOCTH 3JIEKTPOHHBIX COCTOSIHUM [/l aToMa
Gd npuBeseHa AJig BYX C/ay4yaeB: C Y4éToM U 6e3 y4érta 4f-asekTpoHOB (puc. 2a u 26,
COOTBETCTBEHHO). AHa/M3 MapLUaJbHbIX IJIOTHOCTEW COCTOSSHUM IOKa3bIBaeT, 4YTO
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BaJIeHTHas 30Ha B OCHOBHOM ¢opMupyeTcs 2p-opbuTtansamMu kucaopoga (0), B To BpeMs Kak
3HAYMTeJIbHBIY BKJIa/i B 30HY IPOBOAMMOCTU BHOCAT S-COCTOsIHUA rajuius (Ga) u d-cocTosiHus
ragoavnHusa (Gd). Tak>ke B 30He IPOBOJUMOCTH NMPUCYTCTBYET HE3HAYUTEJbHBIA BKJIaJ, OT p-
U d-cocTtosaHui atoma Ga U s-cocTossHUM aToMa Gd, 4YTO CBU/IETE/NBCTBYET O TMOPUAU3ALIUU
Mexay UX opobuTansiMu. C ONTHUYECKON TOYKHM 3peHHUsl Takas CTPYKTypa 30H O3HA4aeT, uTo
byHAaMeHTa/IbHbI ONTUYECKHWU MepexoJ NMpU MOIVIOIIEHUHW CBeTa MNpeJCcTaBJisieT COO0U
nepeHoc 3apsga ot O 2p- k Ga/Gd 5d-cocTossHUAM (YTO COOTBETCTBYET LIMPOKOM MOJOCE
MEeX30HHOTO noryoueHus). Y3kue 4f-ypoBuu Gd, ogHako, He y4acTBYIOT B 3TOM Nepexoje
HanpsiMy1o, MOCKOJIbKY MOJAypoBeHb 4f’- sBjsieTCS 3amOJIHEHHBIM, a NMPsSMble ONTHYECKHE
nepexo/bl Ha HEM 3JIEKTPUYECKHU JAUIO0JIbHO-3anpelleHbl. TeM He MeHee, 3TU YPOBHHU MOTYT
NpOSIBJAATBHCA B BU/Jle BHYTPULLEHTPOBBIX f-f mepexo/j0B, XapaKTepHBIX JJisl peJKOo3eMeJbHbIX
VMOHOB, U OKa3blBaeT KOCBEHHOE BJIMSIHME Ha ONTUYeCKHUe CBOMCTBA. TakUM 06pa3oM, aHAJIU3
NapLyaJbHOU IJIOTHOCTH 3JIEKTPOHHBIX COCTOSIHUM NO3BOJIIET YETKO paclpefie/IuTh POJIU
KaXK/101 3J1eMeHTOB B GOpMUpOBaHUE 00I1ell MJIIOTHOCTH COCTOSIHUM: KUCJI0OPOJ OIpenesisieT
BaJIEHTHYIO 30HY, FaJIJIMK U FaJIOJIMHUN — 30HY IPOBOAUMOCTH, @ TAKXXe UMEIOT HeE3HAYUTEbHbIN
BKJIa/J B GOpMHUpOBaHUe BajieHTHOM 30He. Hannuue ragonnnus B cTpyktype GGA fobasisieT
JIOKaJIN30BaHHble 4f-COCTOSIHUSA, KOPPEKTHbIN YYET KOTOPBIX HEOOXOAUM [JIs1 aleKBATHOTO
OTKCaHUS 3JIEKTPOHHOM CTPYKTYPHI.

PucyHok 2. [lapuuasibHas n10THOCTb coctosHui (PDOS) GGG, paccuuTaHHas B paMKax MeToJa
GGA-PBE: (a) Gd, (b) Gd c yueTomM f-asiekTpoHsl, (c) Gau (d) O

Ha puc. 3 npejcraBJieHbl rpadUKH MOJTHOW MJIOTHOCTH 3J1eKTPOHHbIX cocTosiHUM (IIT1C)
kpuctasia GGG, paccuntaHHble B paMKax ¢yHkiuoHanoB GGA-PBE (a) u SCAN (b) gasa PAW-
NOTeHIMasa, He BKJoYatollero f-asekTpoHsl. BuaHo, yTo o61as kaptuHa I1I1C, nosyyeHHas
o6oumu Metogamu (GGA-PBE u SCAN), kauecTBEHHO COXpaHseTCs: BKJaJ aTOMOB B 30HY
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NPOBOJUMOCTH Y BaJIEHTHYI 30HY OCTAETCA NMPAaKTUYECKU Hern3MeHHbIM. OCHOBHbIEe M3Me-
HeHUSI HabJII0AAI0TCS JIMIIB B 006/1aCTH LM PUHBI 3allpPeLéHHOM 30HbI. B CBSI3U C3THUM, YU THIBaS,
YTO OT/IMYMSA NPOABJISAITCHI NPEUMYLIECTBEHHO B BeJIMUMHE 3aNPEeLEHHON 30HbI, Mbl COYJIU
BO3MOXXHbIM He MNPUBOAUTH moJiHble rpaduku IIIIC, paccyuTaHHble C HCIOJIb30BAaHUEM
¢yHkuonasoB mBJ, HSE06 u GGA+U, a orpaHUYMTbHCS NpeACTaBJIeHHEM COOTBETCTBYIOLIUX
YHCJIEHHbIX 3Ha4eHUH B TabJuie 2.

PucyHok 3. 061mas mioTHocThb coctossHuil (TDOS) GGG, paccuuTaHHAsA B paMKax MeToza (a)
GGA-PBE u (b) SCAN meTO0B

[TosnHasa u napyuanbHas MaA0THOCTU cocTosiHUM (DOS u PDOS) B3aUMHO ONOJIHAKOT APYT
Jlpyra B NMOHMMaHUU 3JjieKTpoHHOro ctpoeHus GGG. [Mosnas DOS (puc. 3, 4) nokasbiBaeT
CyMMapHOe pacrnpejesieHre 3JIeKTPOHHbIX COCTOSHUM MO 3HeprusM, B To BpeMsa kKak PDOS
(puc. 2) packpbIBaeT BKJaJ, KXK/A0T0 XMMHUY€ECKOT0 3JIeMEeHTAa U UX OTAeJIbHbIX opouTasei. [ns
crexuoMeTtpuueckoro GGG xapakTepHO, YTO BepX BaJleHTHOM 30HbI GOPMUPYETCS B OCHOBHOM
2p-opOUTaNAMU KHCJI0PO/a, TOT/AA KaK JJHO 30HbI IPOBOAUMOCTU 06pa30BaHO COCTOSIHUSMHU
KaTHOHOB - Npex/e Bcero d- U s-op6utanamu nonos Ga** u Gd**. Ha puc. 4 gis HarissgHOTO
CpaBHeHUsl MpeJCTaBJeHbl paccuuTaHHble MeToJoM GGA KpuBble MOJHOW MJIOTHOCTH
3JIEKTPOHHBIX cocTosiHUM GGG AJia Mozesiell c yuéToM U 6e3 yuéTa f-3/1eKTPOHOB raloJIMHMUS.
Ha cnektpe DOS c yuyétom 4f-3/1eKTPOHOB YETKO BUJHBI Y3KHEe IHUKH, COOTBETCTBYIOLIHE
COCTOSIHUSIM CO CIIMHOM BBEPX U CHMHOM BHU3, KOTOPBIE OTZeJIeHbl OT OCHOBHOTO KOHTHHYyMa
30H. B pacuérax GGA nuk 4f-cocTOSSHUH €O CHUH-BHHU3 pacloJsiokeH BOJIM3W TPaHUIb
3anpelléHHON 30Hbl WM BHYTPU Heé, B TO BpeMs KakK MUK 4f-cocTOSHUN O CIMH-BBeEpX
HaXOAUTCS BHYTPHU BaJIEHTHOU 30HBI.

BupHo, uto yuer 4f-anexkTpoHOoB HoHa Gd?* oKa3biBaeT CyleCTBEHHOE BJIMSIHME Ha
pacnpejiesieHue Mma0THOCTH cocTossHUM (DOS) kpucranna GGG. B cocraBe GGG ragonrHui
nMeeT ceMb 4f-a7eKTpoHOB (MOH Gd** ¢ 3/1IeKTpoHHOU KoHurypanuen [Xe]4f’), koToprie B
pacuéTtax B pamkax ¢pyHkuuoHasa GGA-PBE (6e3 yuéra napameTpa U) nposiBJiSIOTCH B BUJE
Y3KUX JIOKaJIM30BaHHbIX COCTOSIHUM. [Ipu Bk/toueHHH f-opbuTanei B pacyéT 3T 4f-cocTosHus
Gd** sBHO MPOSIBJIAIOTCS B BAJIEHTHOU 30He, GOPMHUPYS OCTpble MUKHU Ha cieKTpe DOS B6/1M3H
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eé BepxHell rpaHuLbl. [l006HbIe JIOKAJIU30BaHHbIE YPOBHU CHUKAIOT 3QPEKTUBHYIO LUUPUHY
3anpeuiéHHoM 30Hbl. HanpruMep, BpacyéTteno cxeme GGAosBieHe HAlIOJIOBUHY 3al1I0JIHEHHOHU
4f-30nb1 GA** NPUBOAUT K €€ cy>keHHI0. HanmpoTuB, npu UCK/II0OYeHUH f-3/71eKTPOHOB U3 pacuéTa
(To ecTb Korzga o6os049Ka 4f7 paccMaTpuBaeTcs KakK 9acTb OCTOBHBIX COCTOAHMU MoHa Gd3*
M He y4acTBYeT B BaJIEHTHbIX B3aUMO/EMCTBHUSAX) 3JIEKTPOHHAsA CTPYKTypa CyILeCTBEHHO
YIPOLIAETCs: OCHOBHbIE BaJIEHTHbIE COCTOSIHUA GOPMUPYIOTCS 5p-, 5d- 1 6s-op6uTansamu Gd**.
B aToM ciyyae Ha criekTpe noJsiHo#i DOS oTcyTCTBYIOT y3KHe 4f-IMKY, a MUHUMaJIbHAs 9HEPTUSA
30HbI IPOBOAUMOCTH OoNpejesseTcs cocTosHUAMU Sd-opoutaneit Ga U Gd, pacnoJioXkeHHbIX
BbIllEe 1O 3Hepruv. B pesysbraTe BbIYHC/ASEMOe 3HAaYeHME LIHMPUHBI 3alpeléHHOW 30HBI
OKa3bIBAaeTCs 3aBbIIIEHHBIM.

WMHbIMU cJioBaMH, HCKJ4YeHUe 4f-3/1eKTpOHOB Mo3BoJisseT MojeadpoBaTh GGG kak
rpaHaT C HellepeceKalwlUMUCA 30HaMH, aHasorudHbld Y3Ga5012 (YGG), He copepkalleMy
BHYTpeHHUX f-ypoBHel ragosmuus. Takum o6pa3om, BKIodeHue f-anektpoHoB Gd** 6e3 mpu-
MeHeHHUs ClleljhabHbIX NONpPaBoK (Tuna +U) NpUBOAUT K CY>KEHUIO TEOPETUYECKOM IMPUHDI
3anpeléHHON 30Hbl U nosBJeHHI0 B DOS J0Ka/M30BaHHBIX YPOBHEM, B TO BpeMs KaK HX
VCKJIIDYEHHE HCKYCCTBEHHO paclIMpseT 3alpeliéHHYI0 30HY, IOJHOCTBIO YCTPaHss BJAUSHHAE
y3kux f-mosioc. B peanbHOoM Kpuctasie 4f-ypoBHu Gd**, 6y1yur CUJIBHO JIOKAJU30BAHHBIMH,
pacnoJiararoTcs B 06/1aCTH 3apeléHHOM 30HbI MJIU BOJIN3Y €€ IpaHuIL U €J1a060 THOPUJU3YIOTCS
C LINPOKUMH 30HHBIMU COCTOTHUSAAMU KPUCTA/IJINYECKON PELIETKH.

PucyHok 4. [lo1Hasa mi1oTHOCThb coctosiHuM (DOS) GGG 6e3 yyéTa (a) u c yuyéra (b) f-as1eKTpoHOB
aToma Gd** B pamkax GGA-PBE pacuéToB

OfHaKo OCOGEHHOCTHU 3JeKTPOHHOW CTPYyKTypbl GGG B 3HAaYMTE/JbHOW CTeleHH ompe-
JIeJITIOTCSl TIPUCYTCTBUEM JIOKAJIW30BaHHBIX 4f-3/71eKTpoHOB HOHOB Gd** M BO3MOMKHBIX
nedexToB. [Ipy aToM B pamkax craHAapTHbix DFT-annpokcumManuit (LDA/GGA) BO3HUKAOT
TPYAHOCTH C ONHWCAaHHWEM CHUJIbHO KOppeJupoBaHHbIX d- u f-anekTpoHoB. [loaTomy nud
MOJIeJIMPOBAaHUSA TAaKHUX CUCTEM OObIYHO MPUMeHSAOT MeTof GGA+U, mo3BOJIAOLUN yiecTb
3JIEKTPOHHBIE KoppeaAnuU. Kak 6b1JI0 0OTMedeHO Bbllle B pa3jese MeTOA0JIOTMH, IoIpaBKa
Xa66apaa U mpuMeHsiziach B HallMX pacyéTax B JBYX BapuaHTax. B mepBoil mopenu, rae
4f-anekTpoHbl HOHOB Gd** He paccMaTpUBAMCh KaK BaJleHTHbIe, mapameTp U npuMeHsics
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Kk 5d-asnektponam Gd**. Bo BTopoii Mmozenn napameTp U yYUTBIBAICS HENOCPEACTBEHHO IS
4f-3nexTpoHoB MoHoB Gd>*. Ha puc. 5 npezcTaB/ieHbl KAPTUHBI OJHOM MJIOTHOCTH COCTOSIHUM
(III1C) GGG, paccumTaHHble B paMmKax MeToga GGA+U. CeKTphl JIOTHOCTU COCTOSIHUM € YYETOM
napameTpa Xab6apaa -U aJig nepBol Moze iy (puc. 5a) ocTaroTcs NPaKTUYeCKU HEU3MEHHbIMU
no cpaBHeHuwo c [II1C, nonyyeHHo# B paMkax GGA (puc. 4a). OnHako HaGJ/II0aeTCs CUIbHOE
BiMsiHME MapameTpa U B pacuérax c yuétom 4f-asekTpoHoB noHoB Gd3* (puc. 5(b)): 4f-nuku
CyLeCTBEHHO MEHSIOT CBOE noJiokeHue. CIUH-N0JIAPU30BaHHbIN UK C HallpaBJeHUEeM CIIUH-
BBEPX CMeLAaeTcsl B HWXKHIOI YacTb BaJIEHTHOW 30HBI, @ MUK C HalpaBJIeHUEM CHHUH-BHU3
CMellaeTcsl B BEPXHIOK 4aCTb 30HbI IPOBOAMMOCTH, 3aHUMas NI0JI0’KEHHE B €€ cepe/iMHa.

PucyHok 5. I[lostHasa miioTHOCTh cocTosiHui (DOS) GGG B pamkax GGA+U pacyeToB.
(a) 6e3 yuyéra f-asiekTpoHoB, napametp U paBHO 2 3B a1 d-3s1eKTpoHOB HoHa Gd** U ¢ yuéTom
(b) f-atekTpoHoB HoHa Gd** mapameTp U paBHO 6 3B as1s1 4f-3/1eKTPOHOB

BiivaAHUe KUCJI0pOAHBbIE BaKAHCUU HA 3JIEKTPOHHYI CTPYKTYpy GGG, 4TO npeacTaB/ieHbl
Ha puc. 6 ans [GGG]Vo* u na puc. 7. aaisa [GGG]Vo,. Ynanenue noHa 0?" M3 KPUCTA/LJIMYECKON
peléTKU co3/1aéT JlePeKT, CIOCOOHBIN CyleCTBOBATh B Pa3/IMYHbIX 3aPAJ0BbIX COCTOSHUSX.
B yactHoctH, cpaBHUBalTca caydan [GGG]Vo** u [GGG]V0® cooTBeTCTByIOIIME pa3HBIM
ClleHapusM KOMIIeHCallMU JIBYX 3JIEKTPOHOB, OTCYTCTBYIOLUX M1OCJIE YAaJeHUs KUCTOPOAHOTO
noHa. B coctossuuu [GGG]Vo?* (aBOMHOM MOJIOXKUTENbHBIN 3apsaj AedeKTa) npeanoJaraercs,
YyTo 06a 3JIeKTpOHA, paHee CBsS3aHHble C YAAJEHHBIM aTOMOM KHCJI0POAA, MOKUHYIU
obsacth fedekTa — MO0 Mepelyii B 30HY NPOBOAMMOCTH, JIUOO ObIIM KOMIIEHCUPOBAHBI
MOJIOKUTENbHBIM (GoHOM. Takas 3apsikeHHas BakaHcHs (aHasnor F**-meHTpa) He cofepXUT
CBSI3aHHBIX 3JIEKTPOHOB U BBICTYNaeT B KayecTBe JOHOPHOTO JedekTa. B paccuuTanHOU
nioTHoCTH coctossHuH (DOS) asst [GGG]Vo?* He mosiBJisieTCs 3alI0JIHEHHBIX COCTOSTHUH BHY TPH
3anpeléHHON 30HbI — eé LIKMPHUHA NOo-NIPeXXHEMY ONpeJessieTcsl pacCCTOSHUEM OT MaKCUMMyMa
BaJIEHTHOM 30HBI J0 AHA 30HbI NpoBoAMMOCTU. OJJHAKO caMa 30HA MPOBOAHUMOCTH MOXKET
0Ka3aTbCsl YaCTUYHO 3anoyiHeHHOoU due to donated electrons.

[Tpu Hannunu aedekra [GGG]Vo?* mosiHas IJIOTHOCTb COCTOSIHUM MPAKTUYECKU COBMALAET
¢ DOS uucroro GGG B 06J1aCTH BaJIeHTHOM 30HbI, OJJHAKO BOJIM3U [HA 30HbI POBOJUMOCTH
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HOSIBJISIIOTCS HOBble HE3aHSATble YPOBHH, aCCOLMMPOBAHHbIE C BAKaHCHEH. ITH YPOBHU MOTYT
pacroJiaraThbCsl HeCKOJIbKO HUKe HUXKHEe U rpaHuLbl 30HbI MPOBOJAUMOCTH YUCTOT0 KPHUCTAJLIA.
C onTHUYeCcKo TOUKU 3peHus TakoH AedeKT CO3JaéT NOTEeHIMaIbHO pa3pelléHHbIE TIEPEX0/ bl
13 BaJICHTHOU 30HbI HA yPOBEHb BAKAHCUH, UTO 3 PEKTUBHO COKpALAET ONTUYECKYIO LIUPUHY
3anpeuéHHON 30Hbl. O/JHAKO, MOCKOIBKY B cocTosiHMU [GGG]Vo?* cam medeKT He COAEepPKUT
3JIEKTPOHOB, NpsiMasi abcopOIMs 3a cUéT F?*-lleHTpa OTCYyTCTBYeT Z0 TeX MOop, MokKa GOTOH
He BbI30BET Nepexo/, 3J1eKTPOHA U3 BaJIEHTHOW 30HbI HA 3TOT YpOBeHb. B 1esi0M, BiMsAHUE
[GGG]Vo?* Ha onTHuYecKHe CBOWCTBA NpPOSIBJSETCS CJ1ab0 — OCHOBHOH 3PPeKT CBOAUTCA K
He3HAYMTeJIbHOMY CHUXKEHHUI0 NPO3PavyHOCTU B KOPOTKOBOJTHOBOM Y ®P-06J1aCTH U NOSABJIEHUIO
C/1aGOMHTEHCUBHBIX IPUMECHBIX M0JIOC MOTJIOIEeHHUS.

PucyHok 6. [lostHas niioTHOCTB cocTossHui (DOS) GGG ¢ KucaopoaHbIMHM BakaHcusaMM [GGG]Vo*,
paccuuTaHHasA B pamkax metoaa GGA-PBE: (a) 6e3 yuyéra u (b) c yuéra f-asiekTpoHoB nona Gd**

PucyHok 7. [loyiHasg ni10THOCTB cocTosAHui (DOS) GGG ¢ KucaopoaHbIMU BakaHcusamH [GGG] Vo,
paccyuTaHHas B pamkax Metoaa GGA-PBE: (a) 6e3 yuéTta u (b) c yuérom f-anmekTpoHoB noHa Gd**
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Ba)xHO OTMeTUTBD, YTO Y4ET f-3/1eKTpoHOB Gd Npy HaiM4uH AedeKTa ToXe BHOCUT HIOAHCBI.
Korma B pacuérax [GGG]Vo® yuutbiBatoTca 4f-op6butasu Gd3*, BO3HHKaeT BO3MOXKHOCThb
YAaCTUYHOU JIOKQ/IM3ALUH JIePEKTHBIX 3JIEKTPOHOB Ha OsmKanmux Gd** (HampuMep, nmepexo/
Gd** B Gd** c 3amoJsiHeHUEM JOTNOJIHUTEbHOro 4f-ypoBHs). B mosHoM DOS Takoil mepeHoc
3aps/ia MOXKeT CJlerka U3MeHATb NoJioxkeHue U dopMy aedpekTHOro nuka. Ecau ke f-371eKTpoHbI
VICKYCCTBEHHO UCKJIIOUEHbI, MOZIE/Ib He TI03BOJISIET 3JIEKTPOHY AedekTa 3aHATh 4f-060s10uKy Gd,
M OH OCTaéTCs pacnpezieéEHHbIM B OCHOBHOM 110 OKpeCTHbIM Ga-opOUTa/IsAM UM B NOJIOCTH
BakaHcuU. CoryiacHoO puc. 6 U 7, pa3HuLia MeX/Ay Cly4asiMU C U 6e3 f-a/1eKTpOHOB NposBJIsSeTCS
B JleTaax: npu yuyéte 4f ypoBHU AedeKTa MOTYT ObITh HECKOJILKO 60Jiee JIOKAJU30BaHbl U
CMelleHbl, ToT/ja Kak 6e3 4f oHU 6J1MKe HAallOMUHAIOT MPOBOJAUMOCTHBIE cOcTOsIHUA Ga.

B niesiom npoBeséHHbIE PAcU€THI TOKA3aJIH, YTO TaJl0JIMHUNA-Ta/IJINEBBIN IpaHaT SBJISETCS
IIMPOKO30HHBIM JU3JIEKTPUKOM C Mpeo6saJlaloliuM HOHHO-KOBAaJIEHTHBIM XapaKTepoM
cBs3ei. OCHOBHbIE 3JIEKTPOHHBIE IEepexo/bl CBSA3aHbl € nepeHocoM 3apsaza 0-2p — Ga/
Gd-5d, a npucyrtctBue 4f-ypoBHell rajjo/iMHua onpejesseT cnelqUPUKy CHeKTpaJbHbIX
CBOMCTB. [IpaBu/ibHOE BKJIIOUeHUE 4f-3/1eKTPOHOB B pacuéT AedeKTHBIX CTPYKTYp AAET GoJsiee
peaJuCTUYHYI0 KapTUHY NlepepacnpezesieHus MJIOTHOCTU: 3TO BaXKHO [JI IOHUMaHUS, KaK
BaKaHCHS MOXXeT 3axXBaTbIBaTb 3JIeKTPOH Ha Gd u/M 0CTaB/ATH ero B M0J0CTH. B KoHTeKcTe
ONTHUYECKUX CBOWCTB pa3HMUL@ MOXXeT O3HAa4YaTb pa3Hble 3HEPronoJoXeHUs F-LleHTpoBbIX
nosoc: € y4éTtoM f-3/IeKTPOHOB OHM MOTYT CMECTUTbCS, OTpakasd B3auUMOJEeNCTBHUeE
JfledpeKTHOro 3ieKTpoHa ¢ 4f-o60s04koit Gd. KuciopogHble BakaHCUU CYLeCTBEHHO BJIUSIOT
Ha 3JIEKTPOHHYI0 CTPYKTYpy, CO3JaBasi HOBble YPOBHM B 3amlpeléHHOM 30He U CHUXKas
IpO3pPavyHOCTh MaTepHaJsa, YTO HE0OX0AUMO YYUTHIBATh NPU NPAKTUYECKOM HCI0JIb30BaHUU
GGG B y1a3epHOM U paJIMAllMOHHO-CTOMKOU ONTHKE.

3ak/l04eHue

B fnaHHON paboTe BBINOJHEHO JleTaJlbHOE MO/eJIMPOBAaHUE 3JEKTPOHHOW CTPYKTYPHI
rafioJuHun-rajanneBoro rpaHara (GGG) metonom Teopuu ¢pyHknuoHana maotTHoctu (DFT) ¢
ucnoJsib3oBaHueM ¢pyHkIMoHan0B GGA-PBE, SCAN, mBJ u HSEO6. [IpoBeiéHHbIN aHa/IM3 TOKa3aJl,
yTo y4éT 4f-a/ekTpoHOB aToMa Gd cylecTBEeHHO BJMsIeT Ha paclpejiesieHre IJIOTHOCTH
COCTOSIHUM: BKJIIOYEHHE 3THUX D3JIEKTPOHOB MNPUBOAUT K TMOABJIEHHUIO JIOKAJU30BaHHbBIX
YPOBHEH y Kpasl BaJIEHTHOW 30HbI U CHMXKAaeT PacCYUTAHHYIO IIMPUHY 3alpeLiéHHON 30Hbl, B
TO BpeMs KaK UX UCKJ/II0YeHHe YIIPOLAeT 3/IeKTPOHHBIH CIIEKTp, YBeJIMYMBaeT IUUPUHY LIeJH,
HO CHW)KaeT TOYHOCTb OMUCAHUSA JIOKAJIN30BaHHbIX COCTOSTHUM.

UccnenoBaHue BIMAHUA KUCTOPOJHBIX BAKAHCUHM II0KAa3aJ10 UX 3HAYUTe/IbHOE BO3/leHCTBUE
Ha 3JIEKTPOHHble W onThdeckue cBoicTBa GGG. 3apsbkeHHble BakaHcuu [GGG]Vo?* He
GOpMUPYIOT 3aN10JIHEHHBIX YPOBHEN B 3aNpeLlEHHON 30He U JIMIIb CMelaloT ypoBeHb PepMu
B CTOPOHY 30HBI NMPOBOJMMOCTH, TOTJa Kak HeWTpasbHble BakaHcuU [GGG]Vo° coszparor
JIOKaJIN30BaHHbIE COCTOAHUS BHYTPH 3allpellléHHON 30HbI U YMEHbIIAIOT €€, YTO IPUBOAUT K
CHMPKEHHIO NTPO3PavyHOCTH KPUCTAJIA.

TakuM 06pa3oM, noJiydyeHHble pe3yibTaThl IOATBEPKAAIT KJAOYEBYIO pOJib 4f-3/1eKTPOHOB
Gd* u pedekToB KHCIO0pOAA B GOPMHUPOBAHHUU 3IJEKTPOHHOM CTPYKTYPbI M ONTHYECKUX
xapakTepucTuk GGG. PaboTa BHOCUT BKJIaJ, B TIOHUMaHHe KOPpPEeJSLIMOHHBIX 3$PEeKTOB U
BJIMSIHUS BaKaHCUM KHCJIOPOJA B peJKO3eMeJIbHbIX I'paHaTaX U OTKPbIBaeT BO3MOXHOCTHU
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GdzGas0,,-aaFbl AePeKT KaFrAaiIapbIH JKoHe 4f-3/IeKTPpOoHAAPAbIH, POJIiH 3icTepMeH
MoJe/ibjey

AvpaTtna. lajonvuui raumi rpanarackl (Gd,Ga,0,, GGG) s1asepJik »Kyienepzie, MarHUTTIK-
ONTHKA/Ia XXoHe paJralisiMeH MbIHJAAJIFaH 3JIeKTPOHUKAA KOJIAAHYAbBIH KeH ayKbIMbI 6ap MaHbI3/1bl
CUHTETUKAJIbIK KPUCTAJLI GOJIbIN TaObL1aAbl. OHBIH ONTUKAJBIK XoHe QYHKIIMOHAI/bIK KACUEeTTEPIH
OHTaNJIaHABIPY YIIiH OHbIH 3JIEKTPOH/bIK KYPbUIbIMbI MEH aKAYJIbIK KYW/IepiH Tybereiai TyCiHy KaKeT.
ByJ1 ’KYMBICTBIH, MaKCaThl 3aMaHayd TEOPUSJIBIK d/1iC — ThIFbI3ABIK QYHKIMOHAI/bIK TEOPUACHIHBIH
(TKT) xemeriMmeHn Gd3* MOHBIHBIH 4f 3/IeKTPOHAAPBIHBIH, 0J1aK KypblIbiMbl MeH GGG ONTHKAaJbIK
peakLUAChbIHbIH, KaJjbIITaCyblHa 9pPTYPJli akay TYpJiepiHiH acepiH koHe peJiiH 3epTTey. KBaHTTHIK-
MexaHHUKaJIbIK ecenteysiep VASP 6armap/iaMmachl MeH apTYpJIi aJIMacy-KoppeasIUAIbIK QYHKIUIaPAbI
KosiZIaHy apKbLibl opbiHAangbl: GGA-PBE, SCAN, mBJ] »xeHe rubpuari HSE06. CasbicThipMalibl
tangay Gd** 4f snekTpoHaapbiH Mogeabaeyre Kocy GGG a7eKTPOHABIK KYpPblIbIMbIHA alUTap/IbIKTaM
9cep eTeTiHiH aHBIKTaJbl: OJIapAblH, KOCbLIYbl BaJIEHTTUJIIK »K9He OTKI3TiLITIK »KoJaKTapblHJa
JIOKaJIM3allysiJIlaHFaH JieHreiaep/il naiga 6osybiHa akesnei. 3apsaaTtanrad [GGG]Vo?* 60c opbIiHAapkI
aKayJblK JAeHreisepid »kacaMai-ak PepMu JeHreiiH aybICThIPAThIHbl aHBIKTAJbI, aj 6GedTapan
[GGG]Vo0 6oc opblHAap AWaNa30HAAFbl JOKaJW3alUsJIaHFaH Kyljaepai Kypaizapl, 6y MeadipJikTi
TeMeH/eTe i )koHe KPUCTa/bIH ONTHKAJIbIK KaCHeTTepiH HallapJjaTajbl.

By HoTesepiiH ipreii xkoHe KoJ1aH6a/Ibl MaHbI3bI 6ap. FbIIBIMU TYPFBIIAH 0J1ap PpaHaTTapAaFbl
KYWITi KoppeasnusaHfaH 4f sjieKTpoHAApbIHBIH PeJIiH JKoHe OTTeri aKayJapblHbIH oJlapFa acep
eTy MexaHU3MiH TyciHfipeai. [IpakTUKaNbIK TYpPFbIAAH ajfaH/ia, 0J1ap pajUalUsHbIH, KATTbIJIbIFbIH
6oJnKayFa MoHe KeJieci YpIaKThIH ONTHUKAJIBIK MaTepUaJjapblH a3ipseyre Heri3 6epeai. Bys xxymbic
aKayJblK Kyiaep GU3HNKACBhIH AaMbITyFa )XoHe QYHKLUOHAIbIK KPUCTANAAPAbIH TEOPUSIBIK MO/ e/b-
JeyiHe bIKIaJl eTej|.

TyiiH ce3aep: ragoavHui-ra/muil rpaHartsl, DFT, 4f-asiekTpoHaap, 30HaNbIK KYPbLIbIM, OTTEKTI
BaKaHCUMNJIAP, ThIFbI3/bIK, ONTHUKAJBIK KAaCUETTEDP
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Modeling defect states and the role of 4F electrons in Gd;Gas0,, using DFT methods

Abstract. Gadolinium gallium garnet (Gd,Ga 0 ,, GGG) is an important synthetic crystal with a wide
range of applications in laser systems, magneto-optics, and radiation-hardened electronics. A fundamental
understanding of its electronic structure and defect states is necessary for optimizing its optical and
functional properties. The aim of this work is to investigate the influence of various defect types and the
role of 4f electrons of the Gd3* ion on the formation of the band structure and optical response of GGG
using a modern theoretical method-density functional theory (DFT). Quantum-mechanical calculations
were performed using the VASP program and various exchange-correlation functionals: GGA-PBE, SCAN,
mBYJ, and the hybrid HSE06. A comparative analysis revealed that including the 4f electrons of Gd** in the
modeling significantly affects the electronic structure of GGG: their inclusion leads to the formation of
localized levels in both the valence and conduction bands. It was found that charged [GGG]Vo? vacancies
shift the Fermi level without creating defect levels, while neutral [GGG]Vo® vacancies form localized states
within the band gap, which reduces transparency and degrades the optical properties of the crystal.

These results are of fundamental and applied significance. From a scientific perspective, they clarify
the role of strongly correlated 4f electrons in garnets and the mechanism by which oxygen defects
influence them. From a practical perspective, they provide a basis for predicting radiation hardness and
developing next-generation optical materials. This work contributes to the development of the physics
of defect states and the theoretical modeling of functional crystals.

Keywords: gadolinium gallium garnet, DFT, 4f electrons, band structure, oxygen vacancies, density
of states, optical properties
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