BEAOPYCCKHWIN
FTOCYAAPCTBEHHDbIN

YHUBEPCUTET

XYPHAA
BEAOPYCCKOTIO TOCYAAPCTBEHHOTO YHMBEPCUTETA

PUNINKA

JOURNAL
OF THE BELARUSIAN STATE UNIVERSITY

PHYSICS

M3paeTcd C aHBApPa 1969 T.
(A0 2017 r. — NOA HO3BAHMEM «BECTHUK BIY.
Cepud 1, Pusmka. MaTeMaTtmka. MHGOPMATHKOY)

BbIXOAMT TPU PA3A B rOA

1 2023

MMHCK
Bry



TI'naBHbIi peqakTop

3amecTHTENH

[IABHOI'0 peAaKTopa

OTBeTCTBEHHBII
ceKpeTaphb

Anuwux B. M.
bonoapenxo I. I.

Kykoeckuii I1. B.
Kucnuuun C. b.
Kosnoe C. A.

Kyuunckuu I1. B.
Maxcumenxo C. A.
Mackesuu C. A.

Mawnan M.
Ilampun A. A.
Ilozpeonax A. /1.
Pamaxpuwina Peoou K. T.
Pemnes I E.
Toncmux A. JI.
Typosepos K. K.
Yuwaxos /1. B.
Xanunmumann P.
Yanos B. H.
Llanoapos C. M.

Anygppux C. C.
Iyces O. K.
Kazak H. C.

PEAAKITMOHHAS KOAAETUS

BOPOIIAM E. C. — 10KkTOp (PU3HKO-MATEMATHYECKHX HAYK, IPodeccop; mpo-
(deccop kadenpsl 1a3epHON GU3UKU U CIIEKTPOCKONNH (PU3MUYECKOro (haKyIbTeTa
Benopycckoro rocynapcTBeHHOTO YHUBepcHTeTa, MUHCK, bemapych.

E-mail: voropay@bsu.by

TUBAHOB M. C. — karuaar (pu3nko-MaTeMaTHUeCKUX HayK, IOICHT; ICKaH (-
3mdeckoro (akymerera bemopycckoro rocynapcTBEHHOTO YHUBEPCHTETa, MUHCK,
benapycs.

E-mail: tivanov@bsu.by

KABAHOBA O. C. — xanauaat pu3nko-MaTeMaTiH4ecKuX HayK; HayYHBIA COTPYI-
HUK J1a00paTopry HEIMHEHHOW ONTHKHU U CIIEKTPOCKOIIUH Kaephl JIa3epHOU (-
3UKH U CHEKTPOCKONUH (PU3UUECKOTo (hakynsreTa bemopycckoro rocymapcTBeH-
HOTO yHHUBepcHuTeTa, MuHCK, benapyce.

E-mail: kabanovaos@bsu.by

benopycckuii rocynapcTBeHHbIH yHUBEpcUTET, MUHCK, benapyce.

MoOCKOBCKUI HHCTUTYT 3JIEKTPOHUKHU U MaTeMaTuky HalmoHanipHOro uccie0BaTenbCKoro yHUBEpCH-
TeTa «BbIciIas mkonaa 5KOHOMUKKY, MockBa, Poccus.

JIrobnuHCKMi TexHnueckuid yHuBepcutet, Jloomun, [Tonbma.

Wucruryt sipeproit Gpusuku Munncrepcersa suepretuku Pecryonukn Kasaxcran, Anva-Ara, Kazaxcran.
Cankr-IlerepOyprekuii HAMOHATBHBIA NCCIEOBATEIbCKUN YHUBEPCUTET HH(OPMAIIOHHBIX TEXHO-
noruii, Mexanuku u ontuky, Cankr-IlerepOypr, Poccus.

HUY «MucTuTyT npukinagaeix Gusndeckux mpodiem nm. A. H. CeBuenko» benopycckoro rocynap-
CTBEHHOI'0 yHUBepcuTeTa, MUHCK, benapych.

HUY «MHcTHTYT simepHBIX mpodieM» beropycckoro rocymapcTBeHHOTo yHuBepcurera, MuHCK, be-
Tapych.

MesxayHaponHbLI roCyJapCTBEHHbIH dKonoruyeckuii THCTUTYT UM. A. JI. Caxaposa benopycckoro ro-
CyZIlapCTBEHHOTO YHUBepcHUTeTa, MUHCK, benapycs.

Onomoyukuit yausepcuteT uM. [lanankoro, Onomoy, Yexus.

Komanunuckuii texuuueckuit yausepcuret, Komanun, [lonpma.

CyMmckuil rocygapcTBeHHbIH yHuBepcureT, CyMsl, YKpauHa.

VYuusepcurer llpu Benkarecsapa, Tupynaru, Muaus.

Tomckuil nonurexHuyeckuit yausepcuret, Tomck, Poccust.

benopycckuii rocynapcTBeHHbIN yHUBEpCUTET, MUHCK, benapyce.

WuctutyT nuronorun Poccuiickoii akagemun Hayk, Cankr-IlerepOypr, Poccus.

Benopycckuii rocynapcTBeHHbI yHUBEpcUTET, MuHCK, benapyce.

Uncrutyt husndeckoii xumun Menckoro yrusepeurera, Mena, lepmarust.

Wmnepckuii komnemx Jlonnona, Jlongon, Beaukooputanusi.

Tomckuii rocynapCTBEHHBIH YHUBEPCUTET CUCTEM YIIPABIEHUS U PaIu031eKTpoHuKH, Tomck, Poccust.

PEAAKITMOHHBIN COBET

I'ponnenckuii rocynapcTBeHHbli yHuBepeuteT uM. Sluku Kynauner, I'ponHo, benapycs.
Benopycckuii HalMoOHaNbHBIN TeXHUYECKUH yHUBepcuTeT, MuHck, benapyce.
TocynapcTBeHHOE HAay4YHO-TIPOM3BOJACTBEHHOE 00beHeHNe «ONTHKA, ONTOIEKTPOHHKA | JIa3epHast TeX-

Huka» HanmonanbHol akanemuu Hayk benapycu, Munck, benapyce.

Kunun C. A.
Kononos B. A.
Mansapeeuu A. M.
Ilenssvkos O. I.

Hanmonanenas akanemus Hayk benapycu, Munck, benapycs.

CII «JIOTUC THMN», Munck, benapycs.

benopycckuii HalMOHaNbHBIN TEXHUYECKUH yHUBEpcuTeT, MuHCK, benapych.

HuctuTyT Tero- u maccooomena uM. A. B. JIpikoBa HammonaneHO# akanemun Hayk benmapycu, MuHCK,

benapycs.

IHununenxo B. A.

TocynapctBennbiii nentp «benmukpoananusy» ¢unnara HTL[ «benmukpocucrembry OAO «uTerpam» —

ynpasJsironield komnanuu xoiaaunra «Murerpany, Munck, benapyce.

IInemioxos B. A.
Cemuenko U. B.

Bpecrckuii rocynapcrBennsiit yausepcuter uM. A. C. ITymxkuna, Bpecrt, benapycs.
TocynapcTBeHHOE Hay4HO-TIPOM3BOJCTBEHHOE 00beIMHeHnEe «ONTHKA, ONTONEKTPOHHUKA U J1a3epHas TeX-

HuKa» HanmonansHoOl akanemuu Hayk benapycu, Munck, benapyce.

Deoocrok B. M.
HIxaoapesuu A. I1.

I'HIIO «Hayuno-npaxrtuueckuii nentp HAH benapycu no marepuanosenenuto», Munck, benapycs.
Hayuno-nponsBoactBeHHOE yHUTapHOE npeanpusitie « Hayuno-rexamueckuii nentp “JIDMT” benOMOy,

Mumnck, benapycs.



Editor-in-ch

EDITORIAL BOARD

ief VOROPAY E. S., doctor of science (physics and mathematics), full professor;
professor at the department of laser physics and spectroscopy, faculty of phy-
sics, Belarusian State University, Minsk, Belarus.
E-mail: voropay@bsu.by

Deputy TIVANOV M. S., PhD (physics and mathematics), docent; dean of the faculty
editor-in-chief of physics, Belarusian State University, Minsk, Belarus.

E-mail: tivanov@bsu.by
Executive KABANOVA O. S., PhD (physics and mathematics); researcher at the laboratory
secretary of nonlinear optics and spectroscopy, department of laser physics and spectroscopy,

Anishchik V. M.
Bondarenko G. G.

Chalov V. N.
Heintzmann R.
Kislitsin S. B.
Kozlov S. A.

Kuchinski P. V.
Maksimenko S. A.
Maskevich S. A.
Maslan M.
Patryn A. A.
Pogrebnjak A. D.
Ramakrishna Reddy K. T.
Remnev G. E.
Shandarov S. M.
Tolstik A. L.
Turoverov K. K.
Ushakov D. V.
Zhukowski P. V.

Anufiik S. S.
Fedosyuk V. M.

Gusev O. K.
Kazak N. S.

Kilin S. Y.
Kononov V. A.
Malyarevich A. M.
Penyazkov O. G.

Pilipenko V. A.
Pletyukhov V. A.
Semchenko 1. V.

Shkadarevich A. P.

faculty of physics, Belarusian State University, Minsk, Belarus.
E-mail: kabanovaos@bsu.by

Belarusian State University, Minsk, Belarus.

Moscow Institute of Electronics and Mathematics of the National Research University «Higher School
of Economics», Moscow, Russia.

Imperial College London, London, United Kingdom.

Institute of Physical Chemistry of the Jena University, Jena, Germany.

Institute of Nuclear Physics of the Ministry of Energy of the Republic of Kazakhstan, Almaty, Kazakhstan.
Saint Petersburg National Research University of Information Technologies, Mechanics and Optics,
Saint Petersburg, Russia.

A. N. Sevchenko Institute of Applied Physical Problems of the Belarusian State University, Minsk, Belarus.
Institute for Nuclear Problems of the Belarusian State University, Minsk, Belarus.

International Sakharov Environmental Institute of the Belarusian State University, Minsk, Belarus.
Palacky University, Olomouc, Czech Republic.

Politechnika Koszalinska, Koszalin, Poland.

Sumy State University, Sumy, Ukraine.

Sri Venkateswara University, Tirupati, India.

Tomsk Polytechnic University, Tomsk, Russia.

Tomsk State University of Control Systems and Radioelectronics, Tomsk, Russia.

Belarusian State University, Minsk, Belarus.

Institute of Cytology, Russian Academy of Sciences, Saint Petersburg, Russia.

Belarusian State University, Minsk, Belarus.

Lublin University of Technology, Lublin, Poland.

EDITORIAL COUNCIL

Yanka Kupala State University of Grodno, Grodno, Belarus.

State Scientific and Production Association «Scientific and Practical Materials Research Centre of NAS of
Belarus», Minsk, Belarus.

Belarusian National Technical University, Minsk, Belarus.

State Scientific and Production Association «Optics, Optoelectronics and Laser Technology» of the National
Academy of Sciences of Belarus, Minsk, Belarus.

National Academy of Sciences of Belarus, Minsk, Belarus.

«LOTIS TII», Minsk, Belarus.

Belarusian National Technical University, Minsk, Belarus.

A. V. Luikov Heat and Mass Transfer Institute of the National Academy of Sciences of Belarus, Minsk,
Belarus.

JSC «Integral», Minsk, Belarus.

Brest State University named after A. S. Pushkin, Brest, Belarus.

State Scientific and Production Association «Optics, Optoelectronics and Laser Technology» of the National
Academy of Sciences of Belarus, Minsk, Belarus.

Unitary Enterprise «STC “LEMT” of the BelOMO», Minsk, Belarus.



TEOPETI/I‘IECKA}I DOU3NKA

THEORETICAL PHYSICS

VIIK 539.12

YCTPAHEHUE PACXOAVMOCTHU B 3AAAYE O YHACTULE
B CKAAAPHOM KBAHTOBOM IIOAE

H. JI. DEPAHYYK", 0. . CKOPOMHHK?, HTYEH KYAHT LIIAH"

1)Ee/lopycc;(m? 2ocyoapcmeennblil ynusepcumem, np. Hesasucumocmu, 4, 220030, e. Munck, benapyco

2 . .
)Hesasucumbiii uccnedosamens, 2. Ieiidenvbepe, Iepmanus

PaccmoTtpena 3agaya 0 B3auMOJEHCTBUM YaCTHIIbI CO CKAISIPHBIM KBAaHTOBBIM MoJieM. [IpuMeHeHre Teoprun BO3MY-
IICHUH B 3TOH 3a/1a9e MPUBOAMT K YIETPA(UOICTOBON PACXOIUMOCTH IIPH BEIYUCICHUH YHEPTHHA OCHOBHOTO COCTOSIHUS,
JUTS TIEPECHOPMHUPOBKH KOTOPOI HEOOXOIMMO HCITONB30BaTh HEOPEICICHHBIN TTapaMeTp — UMITYIbC o0pe3anus. Onmcana
WTEpaIMOHHAs CXeMa JJIs pacdeTa HaOMI0MaeMbIX XapaKTePUCTUK CUCTEMBI, ITO3BOJISIOINIAST BEINTH 32 PAMKH TEOPUHU BO3-
myuieHui. Haiiena 3aBUCMMOCTb 3HEPTrUu OCHOBHOTO COCTOSIHMSI OT KOHCTaHThI CBSA3M U MOKa3aHO, YTO OHA HE COAep-
JKHUT PACXOAMMOCTH, OHAKO 00JIaIaeT Jorapu(hMHUCCKON CHHTYIISIPHOCTBIO B TIPEJIesie, KOria KOHCTAHTa CBSI3M YaCTHIIBI
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C TIOJIeM CTpeMuTcs K Hymro. Takas (QyHKIIUS He MOXET OBITh ITPEACTaBiIeHA CTETICHHBIM PSIIOM IO KOHCTAHTE CBSI3H, YTO
OOBSICHSIET HETPUMEHUMOCTh CTAH/IAPTHOM TEOpUH Bo3MYILeHUH. [1omydeHHbIH pe3ysbTaT UMeeT MPUHLUINAIBHOE 3HaYe-
HUE JUIs1 KBAHTOBOH TEOPHH I10JIs1, TOCKOJIbKY ITOKa3bIBACT, YTO UMITYIILC OOPE3aHUsl, KOTOPBIN UCIIOIB3YETCs YISl IEPEHOP-
MHUPOBKH TIPH BBIYUCICHUH (PU3MIECKUX BEIIMUIHH, ONPEICIISICTCSI TapaMeTpaMy CUCTEMBI, @ PACXOIMMOCTH 00YCIIOBJICHBI
HaJM4YUeM CUHTYJIIPHOCTHU B 3aBUCUMOCTHU 3TUX BEIMYUH OT KOHCTAHTBI CBSI3U.

Knrouesvie cnosa: peryaspuzanysi; TeOpusi BO3MYIICHHH; yIbTpadUoIeToBas pacXoAMMOCTb; KBAHTOBAs TEOPUSI MOJIS;
KBAHTOBAs SJIEKTPOAMHAMUKA; OTIEPATOPHBIA METOI.

ELIMINATION OF DIVERGENCE FOR THE PROBLEM
OF A PARTICLE IN A SCALAR QUANTUM FIELD

I. D. FERANCHUK?", O. D. SKOROMNIK®, NGUYEN QUANG SAN*

Belarusian State University, 4 NiezalieZnasci Avenue, Minsk 220030, Belarus
b[ndependent researcher, Heidelberg, Germany

Corresponding author: 1. D. Feranchuk (feranchuk@bsu.by)

The problem of the interaction of a particle with a scalar quantum field is considered. The use of perturbation theory
in this problem leads to ultraviolet divergence in the calculation of the ground state energy, for the renormalisation of
which it is necessary to use an indefinite parameter — momentum cutoff. The work describes an iteration scheme for cal-
culating the observed characteristics of the system, which allows to go beyond the perturbation theory. The dependence
of the ground state energy on the coupling constant was found and it is shown that it does not contain divergence, but
it has a logarithmic singularity in the limit, when the coupling constant of the particle with the field tends to zero. Such
a function cannot be represented as a power series over the coupling constant, which explains the inapplicability of the
standard perturbation theory. The result obtained is of fundamental importance for quantum field theory, since it shows
that the momentum cutoff, which is used for renormalisation when calculating physical quantities, is determined by the
parameters of the system, and the divergences are due to the presence of a singularity in the dependence of these quantities
on the coupling constant.

Keywords: regularisation; perturbation theory; ultraviolet divergence; quantum field theory; quantum electrodynamics;
operator method.

BBenenune

OCHOBHBIM METOJIOM BBIYMCJICHHS HAOIIONAEMBIX BEJIMYMH B KBAHTOBOH TCOPHH IOJISL ABISETCS TEOPHSI
BO3MYLICHUH MO KOHCTAHTE CBSI3U MEXIY B3aMMOACHUCTBYIOLIUMH MOJISIMU. J{J1s1 OONBIIMHCTBA PEeabHBIX
CHUCTEM IPH JAaHHOM BBIYMCICHUH BO3HUKAIOT PACXOISIIMECS MHTETpasbl M3-3a TaK Ha3bIBaeMbIX MH(ppa-
KPacHBIX U yAbTPaHOICTOBBIX PACXOAUMOCTEH. DTH PACXOIUMOCTH YCTPAHSIOTCS C ITIOMOIIBIO MPOLETYPhI
[IEPEHOPMUPOBKH, KOTOpasi CHauaja Obljia JeTajlbHO pa3padoTaHa sl KBAHTOBOM dJIeKTpoArHaMuKky [1; 2],
a 3areM 00001IeHa JIJIsl IPYTUX MOJIeNiel KBaHTOBOM Teopuu 1o [3; 4]. B pe3ynbrare nepeHOPMUPOBKH Ha-
OronaeMble BEJTMYMHBI IPUHUMAIOT KOHEUHbIE 3HAUCHUSI, OHAKO TaKUe MapaMeTphl, KaK 3apsia KM Macca
YacTHL, 3aBUCAT OT HEONPEACICHHOIO UMIYJIbca 00pe3aHus U MPUHUMAIOT OeCKOHEeuHble 3HaueHus. OnuH
13 co3/1aTeNeil KBAaHTOBOM MEKTpoANHAMUKH, P. deliHMaH, cpaBHIII TaKylo IPOIEypy C 3aMETaHUEM Mycopa
nox kosep [5].

Jiist Toro 4yToOBI caenaTh pacueTshl CTPOTMMHU C MaTeMaTHYECKOM TOUKH 3peHHs, HEOOXOAMMO OTBETUTH Ha
BOIIPOC: «SIBIAIOTCS M aHHbIE OECKOHEYHbIE BEIMYNHBI HEOTHEMIIEMBIM CBOMCTBOM HMCXOAHOTO AMUIIBTO-
HUAHA CHCTEMBI, WII 3TOT PE3yJIbTaT 00yCIOBIEH HEKOPPEKTHBIM HCIIOIb30BAaHUEM TEOPUH BO3MYLICHUI?»
Tak, HanpuMep, B TEOPHUH CBEPXIPOBOIUMOCTH HEIIPUMEHUMOCTb TEOPHH BO3MYIIEHUH 00ycIOBIeHa Cylie-
CTBEHHOH 0COOCHHOCTBIO B 3aBUCHMOCTH DHEPIrUH CHUCTEMBbI OT KOHCTAHTHI JIEKTPOH-(OHOHHOW CBsI3H [6].
OTBeTUTH Ha BBIIICYKAa3aHHBII BONPOC B OOIIEM BHJE AOCTATOYHO CIOKHO, IIOATOMY B HACTOSILICH padoTe
paccmarpuBaeTcs MpocTasi MOJEb, & MMEHHO B3aUMOZAEHCTBHE OAHOIN YacCTHIBI CO CKAJIIPHBIM KBAaHTOBBIM
I0JIEM, M MOKAa3bIBAETCS, YTO YABTPa(UOIETOBAsT PACXOAUMOCTh B JTaHHOM cHcTeMe 00ycCioBlIeHa Jorapud-
MHYECKOH 0COOEHHOCTBIO B 3aBUCHUMOCTH 3HEPIHH OT KOHCTAHTHI CBsi3u. C 3TOH 1enbio B padoTe mocTpoeHa
HTEepalMOHHAs cXeMa pelieHus ypasHenus LLpénunrepa, koTopast mo3BOJISET BBIACTUTD YKa3aHHYIO 0COOCH-
HOCTb B aHAJIUTHYECKOH (opmMe.
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I'aMUJILTOHMAH CHCTEMbI U pe3yJabTaThbl TCOPUH B03My11leHHﬁ

I'amunbTOHMAH HEPENSTUBUCTCKOM YaCTHUIIBI ¢ MAacCOl m = 1, B3aUMOJIEHCTBYIOIIEH CO CKAJISIPHBIM KBaH-
TOBBIM TIOJIEM, B HATypadbHOW cucTeMe equHuIl (7 = ¢ = 1) mMeeT BUa

H=H,+H, (1)
H ——f’z+2m-afaﬂ 2)
07 4 Uk kY

5 f ( ikF A —i ?A+)
H =— e a:+ e =~ .
1 /_2V§4Qk k k

P . . > .ot
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Cucrema, onucsiBaeMasi FTaMHIBTOHHAHOM (1), UMEeT JOMOMHUTENbHBIH UHTErpal ABUKEHHS — ONepaTop

IOJHOTO HMITYJIbCa
o
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TaKk 4TO COOCTBEHHBIC BEKTOPHI U COOCTBEHHBIC 3HAUCHHS CHCTEMBI YIOBIETBOPSIOT CIEAYIOMIEH cucTeMe
YPAaBHEHU:
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Takum 00pa3oM, SHEPTHsI CBSA3M YACTHIIBI OTPEACISIeTCs JIOTapu(MUUYECKH PACXOASIIUMCS Ha BEpXHEM
npejiesie HHTerpaaoM (yiabTpaduoIeToBas pPacXoIuMOCTh):

=
2n
rae L — HeomnpeneneHHbI napaMerp (MMImynsc oope3anus). CrenoBarenbHO, SHEPTHS CBSI3U YaCTHIIBI CTpe-
MUTCS] K O6CKOHEYHOCTH, a YPPEKTHBHASI MACCa OCTACTCS KOHEUHOM:
12
My =1+ —
eff .
6
MOXHO CpaBHUTB 3TU PE3YJBTATHI € 337a4eil O MOJIIPOHE, B KOTOPOI SHEPrus CBSI3U YaCTHUIBI B OCHOBHOM
cocTosiHMM U 3(pPEeKTHBHAS Macca XOpoLIo ornpeaenenst [7—11]:

2
E, ——f—zln(§+1j,L%w, (4)

o
EbSZ—OL, Mg =1+ g

Takum oOpazom, uist pr3HIecKr OIMM3KUX POOTIeM TPUMEHEHUE TEOPUH BO3MYIIICHUH MTPUBOJIUT K KauecT-
BEHHO Pa3HbIM pe3yibTartaM. DTO JaeT OCHOBAHME CUUTATh, YTO MOIU(PHUKAIINS TEOPHH BO3MYIICHUH MOXET
YCTPaHUTH YABTPA(UOICTOBYIO PACXOAUMOCTb.

ba3uc HeacUMNTOTHYECKUX COCTOSIHHI B HTEPAUOHHAA CXeMa

Kak cnenyer u3 ¢popmysesl (3), npu pemennu ypasaenus Llpénunarepa B paMkax TeOpUH BOMYIICHUH HC-
IMOJIL3YETCA 6a3I/IC ACUMIITOTUYECCKHU CBO6OI[HI)IX COCTOSIHUM YHJAaCTHUILIbI U ITOJIA. OZ[HaKO XO0pouio u3BE€CTHO, YTO
B 3aj[a4e O IMOJIIPOHE B 00JaCTU CHJILHOW CBSI3U BO3HHKAIOT COCTOSIHHSI, B KOTOPBIX AJICKTPOH OIMHUCHIBACTCS
JIOKAJIM30BAHHBIMU B TIPOCTPAHCTBE BOJTHOBBIMH (DYHKITUSIMU, KAY€CTBEHHO OTIUYHBIMU OT popmyisl (3). Kak
OBLIO TIOKa3aHO B paboTe [12], ucrosp30BaHUe aCUMITOTHYECKH CBOOOIHBIX COCTOSIHUM MOXKET OBITh IPUUUHON
PacXOIUMOCTH psijia TCOPHH BO3MYIIICHUH. B CBsI31 ¢ 3TUM Ha OCHOBE orepaTopHoro Metosa [ 13] Obuia moctpoe-
Ha UTEpALMOHHAsl CXeMa Ul YMCIEHHOIO pacueTa COOCTBEHHBIX 3HaYE€HUH £, U COOCTBEHHBIX BEKTOPOB |‘I‘Y>
¢ HaOOpPOM KBAaHTOBBIX UHCEN S C UCIOIB30BAHUEM IIPOU3BOILHOTO 0a3MCHOTO HabOpa BEKTOPOB COCTOSHHUI
IUTs pernieHus ypaBHeHnus LLpémunarepa:

H|Y,)=E,|¥,).

B paMKax onepaTopHOro METoJid BEKTOPLI COCTOSIHUH MPpEACTABJIAIOTCA CICAYHOIINM 06pa30M:

¥0)=[w (0,)+ X Calwi (0,))

l#5s
3nech |‘Ifs (‘DS)> — 0a3uCHBII HA0Op BEKTOPOB COCTOSHHM, 3aBHCSIIUX OT HA0Opa BapHAIIMOHHBIX MapameT-
pPOB (..
WrepanmoHHbie ypaBHEHUS Ui COOCTBEHHBIX 3HAYCHHH 1 KOI(D(DHUIIMEHTOB Pa3IOKeHNsT COOCTBEHHOTO BOJI-
HOBOI'O BEKTOpa UMEIOT clieAyromui Bun [13]:

-1
Eﬁj) =1+ z Cs(lj_l)lsl Hss + z CE{_I)HSI ’

l#s l#s

&

. R -1 . . .
C =BV —Hy | | Hy= BV 1+ Y 7 (Hy - BV V1, ) |
l#s#g
c=c=0,EY = H,

TJe j — UH/ICKC UTEePaIH.
TouHoe 3HaueHue £ onpezenseTcs NpeaeaoM NoCIe10BaTeNbHOCTH:

E = lim EY), j=o0,1,....

Jee

[IpuBenem BeIpaskeHHE TSI SHEPTHH, TTOTYYSHHOE TI0CTIe IBYX HUTEPaIi:

EV=E"=H_, (5)
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(- EO1, )1, (- EO1, ),

EP=1+Y Hy+Y

l#s E ]-[1] l#s E H”

(6)

HOI[‘ICpKHeM, YTO B 3TO BBIPAKCHUC BXOAAT MATPUYHBIC 3JIECMCHTLI IMOJIHOTO 'aMHUJIBTOHHAHA, B OTIIMYUC OT
TEOpUHU BOBMymeHPIfI, TAC OTACIBHO UCIIOJIB3YOTCA MATPUYHBIC 3JIEMCHTHI TaMWJIBTOHUAHA HCBO3MyIII€HHOI>'I
CHUCTCMBI U o1I€paTropa BO3MYUIICHUS.

Kak HU3BCCTHO, COOCTBEHHBIC 3HAYCHUS Es HC 3aBHUCAT OT BLIGOpa 0asmca u ero napaMeTpoOB, TaK YTO BbI-
TMOJIHAOTCA YCIIOBUA

E
o, =0, nz{l, 2, }
RION
HauanbHble 2JIeMEHTBI OCIEI0BATEIBHOCTEH ONPEACISIFOTCS (POPMYIaMu
) () O\ |0, OB
Es (O)S):Hss(a)s)a Csl :O"l}ls >: s ’ >7 a—gn:() (7)
(DS

[IpuBeneHHast UTEpallMOHHAS CXeMa OKa3anach dPPEKTUBHOM JIJIT MHOTHX 3aJ1a4 O B3aMMOJICHCTBUY KBaH-
TOBBIX CUCTEM C BHEIIHUMU TOJSIME (CM., Harpumep, [14; 15]).

CormacHo omnepatopHoMy MeToay [12] CKOpOCTh CXOAMMOCTH UTEPAIIMOHHOM CXEMbI 3aBUCHUT OT BBIOOpa Oa-
3HCa, KOTOPBIH JIOJDKEH YYUTHIBATh KaueCTBEHHBIE 0COOCHHOCTH CUCTeMBI. B paccMarpuBaemol 3aa4e Takon
0COOEHHOCTBI0, KOTOpast HE OMUCHIBACTCs 0a3ucoM (3), SIBISIETCS CYIIECTBOBAHKE JIOKAIIM30BAHHOTO B IPOCTPAH-
CTBE COCTOSIHUS YacTHIIbl. B3aumozeiicTBre YaCTHIIBI C MOJIEM MPUBOAUT K CMEIICHUIO TTOJIOKEHUS PABHOBECHS
OCHMJUIATOPOB MOJIS, YTO OMHUCHIBACTCS KAHOHUYECKUM npeo6pa3OBaHHeM COOTBETCTBYIOIIUM KOT€PEHTHOMY

o ikR
COCTOSAHHUIO, C BBIACJICHUEM KIIACCUYCCKOMU KOMITOHCHTBI uke e HpOI/ISBOHLHOI/I (bason

+ At * kR A ~ —ikR
ai{'_>a]€+l/l]€e 5 alg—>a]€+u]€€ .
i' -R)
B PE3YIbTAaTEe B raMUJIBTOHUAHE BBIACIIACTCA MMOTCHIMAJIBHOC I10JIE U z u:-e , KOTOPOEC 1 IIPHUBO-

JWT K JIOKQJTM30BAaHHOMY COCTOSTHHIO YacTHIbI. C y4eToM 3Toro 6a3uCHBIN Ha6op MOXeT OBITh BEIOpDAH B BUJC
= W\ n(7_ P x _—ikR n+ szA
“P(r, R)>—(p(r—R)exp Z(ul;e ap —uge ) |0> ®)
k

Bennunbl u; 1 BoJHOBas QyHKLMS (p(;7 - R) SBIISTIOTCS] BAPHAIIMOHHBIMY TTapaMeTpaMi HCKOMOTO Oasuca

(Mrparot posb napameTpoB o). 13 yciosust (7) nonydaeMm ypaBHEHUS JUIs OLPEACICHUS U U (p(? - R):
S Al =
5oL (Y B (7 R) =0

S Al
m[@p(n R)|A] (7. &) |~o.
[IpuauMmas Bo BHUMaHUe TaMuiIbToHUAH (1), 13 epBoro ycioBus B hopmyiie (9) momydaem

S R
m[dﬂ(p(r

Btopoe ycinoBue B dhopmynie (9) mpuBoaut k auddepeHInaIbHOMy YpaBHEHUIO TS (PyHKIIHH (p(? ), on-
HAKO C Y4ETOM CBOOO/IbI BHIOOPA BApUAIIMOHHBIX (DYHKIIHI JJIs1 HCCIICAOBAHMS 33/1a91 B aHAJUTUIECKON (opme
WCIOJIh3yeM HOPMHUPOBAHHYO MPOOHYO BOJHOBYIO (DYHKIIHIO B BH/IS

©)

_ —iki
up = e .

o(F)=-5e 2, (10)
7€ Y — BapUALIMOHHBIN MapameTp.
B pesynbrare knaccuueckas KOMIIOHEHTa T10JIs1 4 ¥ (ypbe-00pas BoiHoBO# GyHkumu (10) nmerot cienyro-

AN BU:
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K

F R U P S
=t (4 =1 , 11
U W\/kjjd(ﬂe NN (11)

3 k2 ﬁ
9; = [dF(F)e ™ =22 e 27 = gy 27 (12)

2
. Y
CocrosiHus (8) BBIPOXKACHBI 110 KOOpAMHATE R, HO U3 HUX MOXKHO COCTaBUTh TAaKyIlO JIMHEHHYIO KOMOMHA-
10, KOTOpast OyZieT COOCTBEHHOH IS OTepaTopa MOJIHOTO HMITYIIbca P:
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xexp[Z(uke ik R a;Z u; elkl ar )]|nk>

) >

B, ng

P

w@m>=é
k

A,

3necey N A, n, ~ KOHCTAHTA HOPMHPOBKH.
B wacTHOCTH, B HYJIEBOM MPUOJIMIKEHUH BEKTOP OCHOBHOTO COCTOSIHUSI UMEET BUJT

“Pgr> deR(pP V- )exp(zPR+2(u e ’kRak —uke )]|O>
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O(F. 1=~ PL 4 F +7,(F) + 7 (P)

8r 1
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(0) r 24 r
o B (¥, ) - (9, H“P§>
Rong H- ~ _E(O) ’
R, ng; R, ng; &r

B _ (0) _ gr| &y ar
Hf’l,n/;;Pz,nlE_ <lPP n; ‘ By, n i3 >, Eg” _<le’ H‘\Pf’ >

HOI[‘IepKHeM, 4YTO BCC MAaTPUYHBIC 3JIEMCHTBI BBIYUCIAKOTCA C IOJIHBIM I'aMUJIBTOHUAHOM

2
Azé P*— 22A+AkP+(z ;akIEJ +Y oata+
k

k

1 Trn | —ikFA
+ Lz:—(e’ ‘G- +e ’kra%).
B HacTosmeii paGoTe uccnenyercs xapakrep 0CoOCHHOCTH YHEPrHH OCHOBHOIO COCTOSIHMS £
KOHCTaHTe cBs3u. [l nokosieiicss yactuusl (P = 0) nonydaem

12 (_4 * \/5)

32m

(0)

./ TIpH MaJIoi

£(0. f)=-

\3m
, V= (4 - \/E )
2
Breruunciisisi 3HEPrur0 CUCTEMBI ITPU MaJIOM P# 0, HaxomuM 3(p(PEKTUBHYIO MacCy CUCTEMBbI:

EQ(B. £)=EY (0, f)+%2{1 f 17-&}

o’ 21

2
(0) 17— V2
Mg =14 = ——r.
on 21
Takum 00pa3om, Py UCTIOIB30BAaHUM HEACUMIITOTHYECKOTO 0a3nca Macca M SHEPTHs CHCTEMBI B HYJIEBOM
HNpUOIVDKEHNH HE COAEPIKAT YIbTPa(roIeTOBBIX PACXOJUMOCTEH.

JHeprus u 3¢pdeKTUBHAS Macca BO BTOPOl HTepalun

Brraucnenne 3HeprUn 11 TIOKOsTIIEHcst 9acTrilbl (P = 0) BO BTOPOH HTEpaITUH CBSI3aHO C yUIETOM IIpoMe-
YKYTOYHBIX OTHO(DOHOHHBIX COCTOSTHUH, YTO IPUBOMIUT K CIIEAYIOMIEMY BBIPAKEHHIO:

(2)0 :g
(0, 1) D
rae
1 K 99
L W 2{—u q’"(? ] ' O‘Vz‘Pi‘(f27k+f4S;z—E§3))}<
P 9z Po
K GION
e 5 e

K ol
2 4 0
x{7+k+f +f SE—Eg,} ,

K 00
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T =K+ 7 1 70,
2k*
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22 J— J—
5 \/ave”z erf[szj + 6nerfi(2;3kj
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oY (\/_YJ
k 4n k
2
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S - 5%y sy? 15y
4(2n)’ 3° a2 Y
1+ 3
45y

3necs erf (x dt - dynkius ommbox; erfi(x) = —ierf (ix) — GyHKIMs OLMOOK OT MHMMOTO apryMeHTa.

)2 fe

B mnpeaeine caaboit csi3u BeauunHa U OIIpeACTIACTCA ABYMS CXOAANIMMHACI CYMMAaMU:

[, e[ K oY S0 ) 0
G R I e

(0)
U=Ey, + 2 p ) e (13)
k<hy LAy k>k Ot 1
2
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’; + kT~ EW =0= ky ~ 7,3|In /].
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2 2
Pr( k ¢ 2 2
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( —f @;cpo) cpk
v Jk
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Pk O 7T,
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2 3k N
k 144~/ k
Dz1+f—2 l—e 2 - f*h| =% _—6n1+i_(;el272,
12n Y)  25ym 12y
X 312
1 dt -
h(x)=— [e *.
47 T
01+~

[Ipu manoit koHcTaHTe cBsA3K D = 1, n Bropast uTepauus JUisi SJHEPrUM OCHOBHOTO COCTOSTHUSL AAET CIIEAYIO-
LU pe3ynbTaT:

2 31
J In ! Lnf|+1 , [, (15)

2
EP(0, f)=U = —f—ln(@ + 1) =-

om? \ 2 2’
KOTOPBII MOKa3bIBAET, YTO YHEPTHSI UMEET JIOTapHU(PMHUIECKYIO0 OCOOCHHOCTH B IIPEIeiie MaJloi KOHCTAHTHI CBSI3U
1, KaK CIIe/ICTBHE, €€ HEeJb3s Pa3JIOKHUTh B CTETIEHHOU PsijI 110 f-

Bripaxenne (15) mo ¢popme coBnamaer ¢ pe3ysIbTaToM, MOTydeHHBIM 0 Teoprur Bo3MymeHui (4). Cyte-
CTBEHHOE OTIIMYME MEXKAY HUMH COCTOUT B TOM, YTO HMITYJIEC OOpE3aHUs SBISETCS MapaMeTpoM, CBSI3aHHBIM
C BHYTPEHHUM CBOWCTBOM CHCTEMBI. TakuM 00pa3oM, SHEPTUsi OCHOBHOTO COCTOSIHUS HE SIBISIETCS aHAJIUTH-
yeckoi (hyHKImeN npu f = 0, 0 3TOW MpUYMHE TPUMEHEHNE TEOPUH BO3MYIIEHUH K pacCMaTpuBaeMoi Mo-
JIEJTA TIPUBOJIUT K PACXOSIINMCS HHTETPaIaM.

UToOb! OMYyYUTh TEPEHOPMHUPOBAHHYIO MAcCy B UTEPAIMH BTOPOTO IMOPSAIKA, MBI TOJKHBI BBHIYHACIHTH

BTOPYIO HTEPALMIO IS SHEPrHH ABIKYIeiicss sacTusl (P # 0). B ciyuae ManbIx f HMeeM

——\2
~ P> 2 Pk
EQV(B, f)=E (0, £) + = - L —( ) -
20 Ve (K
"kl =+ k
2
Torna nepeHOPMHUPOBAHHAS Macca COOTBETCTBYET BhIPAKECHUIO
2
@ ..t
Moy =1+ py

Kak u CJICAOBAJIO OXKUAATh, STOT PE3YJIbTAT COBIIAAACT C BBIPAKECHUCM, IMOJTYUCHHBIM B paMKaX CTaHAApT-
HOM TCOpUHU BO3My1HeHI/II>'I, B KOTOpOﬁ 3(1)(1)6KTI/IBH3H MaccCa HE COACPIKUT paCXOIsINXCA HHTETPAJIOB.

3aKJaroueHmne

B nacrosmieit pabore nmocTpoeHa UTepaliOHHAs! cXeMa JJIsl ONTMCAaHMs CUCTEMBI, KOTOPast BKIIIOYAaeT YacTHILY,
B3aMMOACHCTBYIOILYIO CO CKaJISIPHBIM KBaHTOBBIM mosieM. [loka3zaHo, 4To yiabTpaduoneToBasi pacXoauMoCTh,
BO3HUKAIOLIAsl TP BBIUMCIIEHNN SHEPTUH JAaHHON CHCTEMBI B paMKax TEOPUH BO3MYILEHHH, yCTpaHsIeTcs Ipu
WCTIOJIb30BaHNUH 0a3MCHOr0 Habopa HEaCUMITOTHYECKUX BOMHOBBIX pyHKUMH. Ilpu aTOM 3¢ deKTHBHBIN M-
MyJnbC 00pe3aHusi, KOTOPbI ONpeAenseT CXOAUMOCTh HHTETPAIOB, 3aBUCHT OT IapaMeTPOB CaMO CHCTEMBI.
[TprunHOI pacxoAMMOCTH NPHU MCIIOIb30BAHUH TEOPUM BO3MYILEHHI SBISCTCS Jorapupmudeckas ocoOeH-
HOCTb SHEPTUH CUCTEMBI IIPU MaJIOl KOHCTAHTE CBSI3U.
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[IpuBeneHb! pe3ynbrarThl BIMSHUS 00Iy4YeHHs TPU KOMHATHOW TEMIIepaType HU3KOOHEPreTHUeCKUMH HOHAMH KPHII-
tToHa (3Heprus 280 k3B u ¢moenc 5 - 10" cm?) Ha CTPYKTYpHO-()a30BO€ COCTOSTHHE MHOTOKOMITOHEHTHBIX TBEPIBIX
pactBopoB Ha ocHoBe cucteMbl V — Nb — Ta — Ti. Merogamu cKkaHUPYIOIIEH 3JIEKTPOHHOM MUKPOCKOIIMU U PEHTIEHO-
CTPYKTYPHOI'O aHaJin3a ObLIIO YCTaHOBJICHO, 4TO ChOpMHUPOBaHHBIE OMHAPHBIC, TPOMHbIC U YETBEPHBIE CIIJIABbI CUCTEMbI
V — Nb — Ta — Ti aBIsIFOTCS PaBHOKOMITO3UITHOHHBIMHI OHO(A3HBIMH TBEPIBIMU PACTBOPAMH, UMEIOT OTHOPOIHOE pac-
TIpeJiesIeHNe JIEMEHTOB B IIPUIIOBEPXHOCTHOM CJIO€ M 00JIAal0T CKUMAIOIIMMHU MUKPO- ¥ MaKpOHAPSDKEHHSMH, PACCUH-
TaHHBIMU MeToiamu Xoufiepa — Baruepa u sinzw. [Tpu oOryyeHnr HOHAMU KpUIITOHA cIUIaBoB cucteMbl V — Nb —Ta — Ti
CYIIECTBEHHBIX U3MEHEHHI B CTPYKTYPHO-(a30BOM COCTOSIHUH HE BBIsIBIEHO. Pacnazia TBEp10ro pacTBOpa U HapyeHUs
PaBHOKOMIIO3UIIMOHHOCTH ¥ OJHOPOIHOCTH PACIIPE/IeNICHHs 3JIEMEHTOB B IIPUIIOBEPXHOCTHOM CJIo€ He mpoucxoaut. O6-
Jy4eHHe NOHAMH KPHUIITOHA NMPUBOJANUT K N3MEHEHHIO YPOBHS MUKPO- M MAaKpPOHAIIPSHKEHHUH ISl BCEX CIIJIABOB CHCTEMBI
V—-Nb-Ta-Ti.

Knrouegvie cnosa: BbIcOkOHTpONHIiHBIE CIIaBbl; BOC; MHOTOKOMIIOHEHTHBIE TBEP/bIE PACTBOPHI; 00IydeHne; pa-
JIMAIOHHBIC 1e(DeKThI; HOHBI KPUITOHA; OCTATOYHbIC HAIIPSIKECHHS.

STRUCTURAL AND PHASE STATES ON CONCENTRATED
SOLID SOLUTION OF THE V — Nb — Ta — Ti SYSTEM
IRRADIATED BY KRYPTON IONS
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The results of the effect of irradiation at room temperature by low-energy krypton ions with an energy of 280 keV and
a fluence of 5 - 10" cm 2 on the structural-phase state of multicomponent solid solutions based on the V — Nb — Ta — Ti
system are presented. By scanning electron microscopy and X-ray diffraction analysis, it was found that the formed
binary, triple and quadruple alloys of the V — Nb — Ta — Ti system are equiatomic single-phase solid solutions, have
a homogeneous distribution of elements in the near-surface layer and have compressive micro- and macrostresses
calculated by Halder — Wagner and sin*y methods. The conducted studies have shown that no significant changes in
the structural-phase state were detected when the alloys of the V — Nb — Ta — Ti system were irradiated by krypton ions.
There is no decay of the solid solution and disturbance of the equiatomic and uniformity of the distribution of elements in
the near-surface layer. Irradiation by krypton ions leads to a change in the level of micro- and macrostresses for all alloys
of the V— Nb — Ta — Ti system.

Keywords: high-entropy alloys; HEA; multicomponent solid solutions; irradiation; radiation defects; krypton ions;
residual stress.

Introduction

Recently, nuclear power has been one of the most efficient sources of electricity [1]. With the development
of technological progress, the need to increase the efficiency of nuclear reactors is also growing. Thus, the
development of new generation IV nuclear reactors requires the use of materials with high mechanical pro-
perties at elevated temperatures and resistance to radiation exposure (when interacting with nuclear reaction
products) [2].

Currently known austenitic steels are not suitable as new reactor materials due to their strong radiation
swelling, and in the case of ferritic-martensitic steels, creep resistance and embrittlement at irradiation tempe-
ratures above 550 °C remain unresolved problems [3—5]. Therefore, the issue of developing new radiation-
resistant materials is currently relevant for the world’s research laboratories.

High-entropy alloys (HEA) based on a single-phase solid solution and a large number of basic elements in
equimolar or almost equimolar ratios are promising for obtaining radiation-resistant materials for nuclear po-
wer [6]. The HEA includes alloys consisting of five or more elements with a concentration from 5 to 30 at. %.
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It is believed that the maximisation of the configuration entropy of the HEA contributes to the formation of
a single-phase disordered solid solution instead of the precipitation of complex intermetallic phases, as a re-
sult of which the alloy has a simple structure with improved properties compared to traditional alloys [7-9].
Numerous studies have shown that HEA have a high elastic limit, fatigue strength, thermal and corrosion
resistance, creep resistance, radiation resistance [7; 10]. The properties of these alloys are associated with
four main features: high entropy, greater deformation of the crystal lattice compared to traditional metals and
alloys, multi-element composition and delayed diffusion [10]. A high degree of chemical disorder and lattice
distortion in HEA increase the scattering of electrons and phonons, which leads to a decrease in thermal and
electrical conductivity. The consequence of this is a slowing down of energy dissipation during the collision
cascade and an increase in the duration of the thermal burst, which increases recombination between vacan-
cies and interstitials [11-13]. In addition, the energies of formation and migration of vacancies and interstitial
atoms have a wider energy distribution, which also increases the recombination of defects [ 14—16]. Due to the
complexity of the composition, impurity-defect clusters formed by the interaction of point defects move along
a chaotic trajectory, unlike directional movement in simple metals. This leads to an increase in the number of
internode clusters in the area enriched with vacancies, which increases the recombination of defects [17].

However, at the moment, most of the researches of radiation damage of HEA were aimed at studies of face
centred cubic structure HEA based on transition metals (Co — Cr — Fe — Mn — Ni). High-entropy alloys based
on refractory elements of the 4, 5, 6 alloy group show considerable potential for structural applications [18].
Thus, according to the literature, the main elements included in the composition of refractory materials are
molybdenum and tantalum due to their excellent high-temperature strength and titanium due to its high duc-
tility [19]. Research of alloys based on the NbTaV, where X is Ti, W, Mo, shown that these alloys have high
strength, ductility and oxidation resistance [20; 21]. The alloy TiVNbTa shows excellent compressive mecha-
nical properties at room temperature (G, = 1273 MPa) and elevated temperature (G, decreases to 688 MPa
when the temperature reaches 900 °C) [22]. Alloys based on the Ti — V — Cr — Zr — Nb system have also consi-
dered as high temperature, structural materials which exhibit low densities and high hardness [23]. Therefore,
refractory HEAs (which contain Ti, Zr, Hf, Ta, V, Nb, W, and Cr) are one type of contender because they
display exceptional high melting points, ductility, and strength at elevated temperatures [24—26].

The purpose of this work is to study the structural and phase state of binary, triple and quadruple systems
of concentrated solid solutions based on the V — Nb — Ta — Ti system irradiated by low-energy krypton ions.

Materials and experimental details

Concentrated solid solutions based on the V — Nb — Ta — Ti system, specifically V, VNb, VNbTa, VNbTaTi were
manufactured at the Beijing Institute of Technology. Samples were synthesised using high purity metals (>99.9 %)
by arc melting and casting in a copper cell, followed by homogenisation. Then vacuum annealing was carried out for
24 and 72 h at the temperature of 1150 °C followed up cold rolling up to 85 % reduction in thickness.

The samples were irradiated at a DC-60 heavy ion accelerator located in Astana (Kazakhstan). The implan-
tation was performed at room temperature with krypton ions, since krypton is one of the fission products of
uranium. The energy Kr'*" ions were 280 keV and irradiation fluence was 5 - 10'> cm .

Changes in the structure and phase composition after irradiation were evaluated by X-ray diffraction ana-
lysis on a Ultima IV diffractometer (Rigaku, Japan) in the geometry of a parallel beam using copper radiation
(A =0.154 18 nm). To study only the surface layer implanted with krypton, samples were taken at a fixed small
angle of incidence of X-rays (1°) [27]. In this geometry, the penetration depths of X-rays for V, VNb, VNbTa,
VNbTaTi alloys were 284; 146; 72 and 62 nm, respectively [27]. To exclude the influence of the texture of
the alloys, the survey was carried out with a constant rotation of the sample at a speed of 30 rps. The effect of
irradiation on the structure of the samples was studied by changes in macrostresses (sin®y method) and micro-
stresses (Halder — Wagner method) [28; 29].

The distribution of elements in the near-surface layer and its morphology were studied using Rutherford
backscattering spectroscopy (RBS) and proton induced X-ray emission (PIXE) on a DC-60 accelerator, scanning
electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX) on a scanning electron micro-
scope LEO-1455VP (Carl Zeiss, Germany). Rutherford backscattering spectroscopy was conducted using an
accelerated '*N?* beam with an energy of 1 MeV per nucleon.

The calculation of energy losses was carried out in the SRIM-2013 program using the Kinchin — Pease mo-
del [30]. Figure 1 shows the distribution profiles of implanted Kr'*" ions and the results of modelling radiation
damage (measured in displacement per atom, dpa). The maximum range of krypton ions was about 200 nm with
the maximum damage for vanadium at a depth of 80 nm. The highest value of the damaging dose is 12.6 dpa
for vanadium and 13.5 dpa for VNbTaTi. The concentration of implanted Kr'*" ions does not exceed 1 %.
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Fig. 1. Profiles of the distribution of implanted Kr'*" ion (a)
and the damaging dose (b) in samples V, VNb, VNbTa, VNbTaTi by depth

Results and discussions

Table 1 shows the results of the elemental composition analysis calculated by the PIXE and EDX me-
thods. As can be seen from the table for binary, triple and quadruple systems, an equiatomic (within an error
of 5—6 %) distribution of elements over the depth was confirmed by the EDX method, and the equiatomic and
homogeneous distribution of elements over the surface was confirmed by the PIXE method.

Table 1

Results of the elemental composition in the initial samples
of the V— Nb — Ta — Ti system calculated by the PIXE and EDX methods

Chemical Concentration, at. %
Sample
element PIXE method EDX method

v v 100.0 100.0

A\ 50.0 49.5

VNb

Nb 50.0 50.5

A\ 32.0 33.9

VNbTa Nb 33.0 34.2
Ta 35.0 31.9

A\ 24.5 23.6

. Nb 25.5 26.1

VNbTaTi

Ta 26.0 25.9

Ti 24.0 24.5

Analysis of images of samples by the SEM method showed the uniformity of the surface structure of the
samples V, VNb, VNbTa and VNbTaTi (fig. 2). The results of the study of the distribution of elements revealed
a homogeneous distribution (within an error of 5-6 %) of elements over the surface of these samples (fig. 3).
Small deviations from the uniformity of the distribution of elements are probably associated with the grain
structure of materials.

According to the literature data, the equiatomic composition of multicomponent solid solutions may in-
dicate the formation of single-phase solid solutions [8]. The study carried out by X-ray diffraction analysis
confirms this assumption (fig. 4).

The general appearance of the X-ray diffraction pattern of non-irradiated binary, triple, and quadruple alloys is
characterised by a slight asymmetry of the diffraction lines which is due to the possible heterogeneity of the struc-
ture due to the local heterogeneity of the alloy elements with different atomic radii of the elements and typical for
multicomponent high-entropy alloys. As can be seen from fig. 4, all samples are single-phase solid solutions with
a body-centered cubic lattice. The lattice parameter for samples V, VNb, VNbTa, VNbTaTi increases with increasing
complexity of the composition of the systems and is 0.3027; 0.3177; 0.3227; 0.3234 nm, respectively. The growth
of the lattice parameter is associated with an increase in the atomic radius of the elements in the composition.
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Diffractograms of V, VNb, VNbTa and VNbTaTi samples irradiated by krypton ions show that the phase com-
position does not change (no decay of solid solutions has been detected). However, there is a more pronounced
asymmetry of peaks and their displacement towards smaller angles compared to the original diffractograms,
which indicates deformation of the crystal lattice in the near-surface region caused by irradiation (fig. 5).

Irradiation does not lead to a significant change of the equiatomic distribution of elements, as evidenced
by the results of EDX and PIXE (table 2). According to the results of RBS, krypton is observed only in pure
vanadium and both its concentration and depth agree with the results obtained in the program SRIM-2013.
Krypton was not detected on the other alloys, possibly due to the low concentration and close atomic numbers
of krypton and neobium.

Table 2

Results of the elemental composition in irradiated samples
of the V— Nb — Ta — Ti system calculated by the PIXE and EDX methods

S Chemical Concentration, at. %
ample
P element PIXE method EDX method
v v - 100.0
\% 50.0 49.7
VNb
Nb 50.0 50.3
\% 29.0 36.3
VNbTa Nb 35.0 31.2
Ta 36.0 32.6
\% 21.0 25.2
. Nb 29.0 25.4
VNbTaTi
Ta 29.0 24.3
Ti 21.0 25.1
*At depth of 90 nm the highest concentration of krypton ions (0.8 at. %) is ob-
served.

Fig. 2. Surface morphology in the initial samples surface
V (a), VND (b), VNbTa (¢), VNbTaTi (d)
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In addition, after irradiation, there is no segregation of elements on the surface, as can be seen in the results
of the SEM (fig. 6). As well as in the initial samples, a homogeneous distribution of elements over the surface is
observed (fig. 7).

To quantify the effect of radiation damage on the structure of samples, changes in micro- and macrostresses
relative to non-irradiated samples were calculated. Orientation (110) was used to determine macrostresses. The ob-
tained dependences were approximated by a linear function to obtain stress values.

Figure 8 shows the values of the received stress. Compressive stresses prevail in all initial samples. The ad-
dition of niobium and tantalum in VNb and VNbTa samples leads to an increase in the level of compressive
stresses, which is associated with a large atomic radius of these elements compared to vanadium. In the VNbTaTi
alloy, due to the presence of Ti, which has a lower atomic radius, and also reduces the modulus of elasticity
of the alloy, a lower level of compressive stresses is observed. Irradiation by krypton ions leads to a decrease
in macrostresses, which can be explained by several reasons. Probably difference in atomic size between the
elements leads to the reduction of electron and phonon mean free paths, which can affect the formation ener-
gy and migration barriers of defects in the material [31]. The atomic size difference of the elements in the
solid solutions also contributes to an increase in atomic scattering and a decrease in the focused movement
of interstitials along the close-packed direction, which prevents interstitials from moving quickly out of the
region with a high concentration of vacancies. This promotes defect recombination in these alloys. Besides,
lattice distortion can also reduce defect mobility therefore many of the interstitial clusters were stationary and
remained in the region where defects were formed, resulting in a higher rate of defect recombination [32; 33].
As a result, a large number of interstitial clusters of small size are formed, which causes tensile stresses and
leads to a decrease in the overall level of compressive stresses [34]. In contrast, an increase in compressive stres-
ses is observed in microstresses, which may be due to radiation-stimulated diffusion of lighter elements to the
boundaries of the coherent scattering region [35]. However, it is not possible to assess which of the elements
is more stable at the moment. It is also hard to say with certainty that there is a dependence of stresses on the
complexity of the composition.

Fig. 6. Surface morphology in the samples surface
V (a), VNb (b), VNbTa (¢), VNbTaTi (d) irradiated by Kr'** ions with an energy of 280 keV
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Conclusions

Equiatomic single-phase binary, triple and quadruple solid solutions based on the V — Nb — Ta — Ti system
with a body-centered cubic lattice were obtained by arc melting with subsequent homogenisation. Compres-
sive stresses were detected in all initial materials. The addition of Nb and Ta to the alloy leads to an increase in
the level of compressive stresses, while the addition of Ti leads to their decrease.

The phase composition and structure of the near-surface layer of binary, triple and quadruple solid solutions
based on the V — Nb — Ta — Ti system are resistant to irradiation by krypton ions with an energy of 280 keV
and a fluence of 5 - 10" cm 2. Irradiation by krypton ions leads to the formation of tensile stresses of the first
kind. There is an increase in microstresses in multicomponent solid solutions, which may be due to the radia-
tion-stimulated diffusion of lighter elements to the boundaries of the coherent scattering region, which leads to
an increase in microstresses due to the dimensional factor.
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MOANDPUKAILINA COCTABA, CTPYKTYPEI
1 MEXAHUYECKNX CBOUNCTB ITOBEPXHOCTHOTIO CAO4A
CUCTEMBI (Ti, Cu)N/Al - 12 at. % Si, OB PABOTAHHOU
KOMITPECCUOHHBIMMU TTIAASBMEHHBIMU ITOTOKAMMN

H. H. YEPEHJIA", C. A. TOJIKAYEB", B. M. ACTAIIHHCKHH?, A. M. KY3bMHIIKHH?

l)IE?e/zopyccmﬁ 2ocyoapcmeennwlil yuusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyco
Hucmumym menno- u maccooomena um. A. B. Jleikosa HAH Fenapycu,
ya. I1. Bpoexu, 15, 220072, . Munck, Berapyco

HccnenoBanbl U3MEHEHHsI COCTaBa, CTPYKTYPbI M CBOMCTB 1oBepXHOCTHOTO ciiost cuctembl (Ti, Cu)N/Al — 12 ar. % Si,
00paboTaHHOM KOMIIPECCHOHHBIMH TLIa3MEHHBIMH ITOTOKaMH. CIIoIp30BaHbI CIIeAYIONINEe METO/bI HCCIIEI0BAHMS: pac-
TpOBas NNEKTPOHHAST MUKPOCKOIIHSI, JHEPTOIUCIICPCHOHHBIH MUKPOAHAIIN3, PEHTI€HOCTPYKTYPHBIH aHAN3, H3MEPEHHE
MHUKPOTBEpAOCTH 1 KoddduienTa Tperns. B pesynbrare pocTa miIOTHOCTH SHEPTUH, ONIOMIEHHOH TOBEPXHOCTHIO 00-
PAsIoB TIPH TTA3MEHHOM BO3JICHCTBHIN, B Auamasone 26—40 Jk/cM’ HaGTIONAIOTCS YBETHICHHE CTEIICHH PaCTBOPEHIS
MaTepuaa IOKpPBITHS B TOBEPXHOCTHOM CJIO€ AJIFOMUHHUEBOTO CIUIaBa U YMEHBIIICHUE B HEM KOHIIEHTPALMH TUTAHA U MEAIN.
CHIbKeHne KOHIECHTpAaUH JCTUPYIOIHX 3JIEMCHTOB CBA3aHO C pPOCTOM TOJIIIWHBI paCIlJIaBJICHHOIO CJIOA U MHTCHCUBHOCTHU
3PO3MHU HpPH IIa3MEHHOM BO3IEHCTBHH. B Juana3oHe MIOTHOCTH MOMIOMEHHOM Heprun 35—40 JIx/cM® yCTaHOBIEHO
(hopMupoBaHe TOMOTEHHOTO TOBEPXHOCTHOTO CJIOS TOJIUHOM 25—45 MKM ¢ JUCIEPCHON CTPYKTYPOH, COCTOSIIIETO U3
3JIEMEHTOB TTOJJIOXKKH M TTOKPBITHS U COIEPIKAILETO TIePEChIICHHBIN TBEp/bIii pacTBOP HA OCHOBE aJTIOMUHHMS M TOBEPX-
HOCTHYIO IJICHKY HUTpPHU/IA aJIIOMUHUS. Bo3neiicTBrE I1a3Mbl IPUBOUT K YBEITHMUCHUIO MUKPOTBEPIOCTH TOBEPXHOCTH
Ha 25 % 10 cpaBHEHMIO C UCXOJHBIM CIlIIaBoM. HanMenbiiee 3HaueHne ko3 duimenta Tperns Habmonaerces y oopasua,
06paBOTaHHOrO MPH IIOTHOCTH MOMIOMEHHOM sHeprun 30 I/cm?.

Knroueswie cnosa: >BTEKTUUECKUI CUITyMHUH; HUTPUIHOE MOKPBITHE; KOMIIPECCUOHHBIE TUIa3MEHHBIE TIOTOKH; CKaHU-
pyto1ast MEKTPOHHAs MUKPOCKOIHS; PEHTTEHOCTPYKTYPHBIH aHAJIN3; MUKPOTBEPIOCTD; IEPOXOBATOCTh; KOI(PPHUIUECHT
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Changes in composition, structure and properties of the surface layer of (Ti, Cu)N/Al — 12 at. % Si alloy treated by
compression plasma flows were investigated. Scanning electron microscopy, energy dispersive analysis, X-ray diffraction,
microhardness and friction coefficient measurements were used as investigation techniques. Increase of the energy density
absorbed by the samples surface in the region of 26—40 J/cm? during plasma impact leads to the growth of coating material
dissolution degree in the surface layer of aluminum alloy and diminishing of titanium and copper content in it. Decrease of
alloying elements concentration is explained by the growth of melted layer thickness and erosion intensity during plasma
impact. The formation of a surface homogeneous layer with dispersed structure and thickness of 25— 45 pum, consisting of
substrate and coating elements was observed in the region of the absorbed energy density 3540 J/cm?. A supersaturated
solid solution based on aluminum is formed, as well as a surface film of aluminum nitride. Plasma impact leads to an
increase in the m1crohardness of the surface up to 25 % compared to the initial alloy. A sample processed at an absorbed
energy density of 30 J/cm? has the lowest friction coefficient.

Keywords: cutectic silumin; nitride coating; compression plasma flows; scanning electron microscopy; X-ray struc-
ture analysis; microhardness; roughness; friction coefficient.

Introduction

Silumins — aluminum and silicon alloys, have good casting properties, high corrosion resistance, low specific
mass, low coefficient of thermal expansion along with the cheapness and the possibility of using recycling products
in their fabrication. These alloys are used in such areas of industry as aviation, rocket and automotive production,
manufacturing of household products for mass use. However, silumins have unsatisfactory tribological and strength
characteristics, which hinders the use of these materials in appropriate applications [1; 2].

A promising way to improve the properties of the surface layer of materials is exposure to laser, electron,
ion and plasma flows, including compression plasma flows (CPF) [1; 3]. Modern magnetoplasma installations
allow the formation of plasma flows with a discharge duration of the order of hundreds of microseconds while
maintaining high plasma parameters, that leads to the formation of modified layers with a thickness of tens of micro-
meters and high performance characteristics [1; 4]. Plasma treatment of materials with preliminary deposited
coatings allows alloying the surface layer of the material with coating elements, to synthesise hardening phases, to
disperse its structure, which, as a rule, lead to an improvement in mechanical and tribological characteristics [ 1; 4].

The treatment of the coating — substrate system by high-energy particle beams also allows increasing the
adhesion of the coating and significantly affecting the tribological properties. Earlier it was shown that the impact
of high-current electron beam on the system (Ti, Cu)N — eutectic silumin leads to partial fusion of the hard
coating into the silumin surface layer and, as a consequence, providing increase of coating wear resistance
and decrease of friction coefficient [1]. Investigation of composition, structure and mechanical properties of
(Ti, Cu)N/AL — 12 at. % Si alloy surface layer treated by CPF with different energy absorbed by the surface
layer is the objective of this work.

Materials and research methods

Deposition of (Ti, Cu)N coating on silumin alloy substrate (12 wt. % Si, 0.7 wt. % Fe, 0.5 wt. % Mn,
0.6 wt. % Cu, 0.3 wt. % Zn, 0.6 wt. % Ni, 0.6 wt. % Mg; Al — balance) was carried out by vacuum-arc tech-
nique using Ti — Cu cathode. The thickness of the coating (Ti, Cu)N was ~1 um. Concentration of Ti and Cu
in the coating was about 49 and 1 at. %, respectively. The samples were processed by three CPF pulses with
a duration of 100 ps at the distance 8—14 cm between the sample and the cathode, Wthh led to a change in the
energy density absorbed by the surface layer of the sample in the range of 26—40 J/cm? per pulse. Nitrogen was
used as the plasma generating gas, when the pressure in the vacuum chamber was 400 Pa.

X-ray diffraction analysis was carried out on a diffractometer Ultima IV (Rigaku, Japan) using monochro-
matised copper radiation (A = 0.154 178 nm; K, ). The analysis of the surface morphology was performed using
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a scanning electron microscope LEO-1455VP (Carl Zeiss, Germany) having an accelerating voltage of 20 kV.
The elemental composition of the samples was determined by energy dispersive X-ray microanalysis using
an detector (Oxford Instruments, United Kingdom) coupled to a scanning electron microscope (relative error
of concentration is more or equal 10 %). Microhardness was measured by the Vickers method on a 402MVD
installation (Wilson Instruments, United Kingdom) with a load of 0.1 N. The surface roughness was measured
using a profilometer MarSurf SD26 (Germany). Tribological tests were carried out on a tribometer TAU-1M at
a load of 0.2 N under dry friction conditions, the indenter was made of VK8 alloy.

Results and discussion

The interaction of compression plasma flows with the coating — substrate system is accompanied by melting
of the coating and the surface layer of substrate material (when the required surface temperature is reached,
provided by the treatment modes), erosion of the surface layer, liquid-phase mixing of the melt as a result of
the development of hydrodynamic instabilities and subsequent crystallisation under ultrafast cooling condi-
tions [1; 4]. An increase in the absorbed energy density leads to an increase in the lifetime of the melt and
consequently more homogeneous distribution of elements in it due to the increase of convective flows action
duration. The change in the energy density absorbed by the surface due to the large difference in the melting
temperatures of the coating (Ti, Cu)N and the substrate (Al — Si) allows to choose the treatment regime in
which the substrate is mainly melting. In this regime, one should expect the effect described in [1] — fusion of
the hard coating into the substrate and improvement of tribological characteristics of the material.

The analysis of the surface morphology (fig. 1, @ and b) showed that the impact of CPF with an absorbed
energy density of 26 J/cm? on the surface of the samples already leads to partial fusion of the coating into the

substrate material. When the absorbed energy density increases to 30 J/cm?, no coating material is observed on
the surface (fig. 1, ¢). One can see that plasma impact leads to the formation of cracks and pores at the surface
of the samples (fig. 1, b and c¢).

Besides that the findings showed that the surface of the treated samples was covered by a discontinuous nitride
film (fig. 2). The formation of nitrides on the surface of materials can be caused by the interaction of atoms in
the residual atmosphere of the vacuum chamber with surface atoms at the stage of the surface layer cooling [5].

Energy dispersion microanalysis carried out on the surface of the samples in the layer with a thickness
of ~1 um showed that the concentration of coating elements, in particular Ti, decreases with the growth of
absorbed energy density (table 1). An increase in the thickness of the melt and the redistribution of the coating
elements into deeper layers leading to a decrease in the average concentration of elements over the whole layer
can be one of the reasons of this effect [4].

Fig. 1. Morphology of the surface of the initial coated sample (a)
and samples treated with CPF at 26 J/cm? (b), 30 J/em? (c)

27



Kypnaa Besopycckoro rocyiapcrseHHOro yuusepcurera. ®usuxa. 2023;1:25-33
Journal of the Belarusian State University. Physics. 2023;1:25-33

u %WMWMMW\ % W Ww\f WJ

|
80 100 120 140 160
Distance, pm

Fig. 2. Surface morphology (a) and nitrogen distribution along the line (b)
for a sample treated with CPF at 30 J/em®

Table 1

Dependence of the titanium concentration
in the surface layer on the absorbed energy density

Density of energy absorbed

by surface layer, J/cm? 26 30 35 40

Titanium concentration

in the analysed layer, at. % 8.2 1.2 1.0 0.1

Surface erosion during plasma impact also contributes to a decrease in the coating elements concentration
in the surface layer. It was found that the mass removed frorn the surface of the samples as a result of plas—
ma treatment was changed in the range of 1.4—172.0 ug/mm’ depending on the absorbed energy density in
the range 26—40 J/cm”. Plasma impact with samples surface leads to melting of the surface layer. Traces of the
melt are observed on the lateral surface of the samples, which suggests that the main mechanism of erosion
is the hydrodynamic motion of the melt from the center to the edges of the sample. The plasma stream in-
teracts with the target and spreads over the surface in radial directions that provides the melt ejection out of
the sample [6—8]. The plasma flow also causes the development of various hydrodynamic instabilities at the
plasma-melt boundary and the formation of droplets, which can be ejected from the melt [9]. Evaporation and
boiling of the material can also be causes of mass loss [6; 7].

Concentration of silumin alloying elements (Cu, Ni, Mg, Fe) increases at the surface with the growth of
absorbed energy density (table 2). Such behaviour is related to the melting of alloy intermetallides at the sur-
face layer with a thickness of several tens of micrometers as well as the redistribution doped elements in alloy
over the entire thickness of the melt leading to an increase in the average concentration of elements in the layer
analysed by the energy dispersion detector. Some increase of copper concentration could be associated with
fragmentation of (Ti, Cu)N coating in the melted surface layer during plasma treatment.

Table 2

The concentration of elements in Al — 12 at. % Si sample
and (Ti, Cu)N/Al - 12 at. % Si sample after CPF treatment at 30 J/em?, at. %

Chemical element
Sample -
Cu Ni Mg Fe
Al — 12 at. % Si alloy sample 0.3 0.3 0.5 0.2
(Ti, Cu)N/AI - 12 at. % Si sample treated by CPF 0.7 0.5 0.6 0.3
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Analysis of the cross-section of the Al — 12 at. % Si alloy initial sample showed the presence of aluminum
grains, Al — Si eutectic, intermetallides formed by alloying elements and primary silicon crystals with sizes
from units to tens of micrometers. During coating deposition part of the titanium atoms diffused 3—4 pum deep
into the substrate due to the heating of the sample surface by accelerated titanium ions (fig. 3).
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Fig. 3. Cross-section morphology (a) and the distribution of titanium (b)
along the depth of the (Ti, Cu)N/Al — 12 at. % Si alloy sample

After CPF impact on (Ti, Cu)N/AI — 12 at. % Si alloy system the formation of a mixed layer is observed
(fig. 4, a and b), the thickness of which depends on the density of the absorbed energy. The thickness of a mixed
layer was 19 and 45 um after CPF treatment at 26 and 40 J/em?, respectively. Mixed layer has dispersed cellular
structure, which is caused by high cooling rates of the melt. The bulk of the mixed layer contains separate
inclusions of undissolved primary silicon crystals up to several micrometers in size (fig. 4, ¢) and intermetal-
lides containing aluminum, copper, nickel, magnesium and iron atoms. Dendritic structures are observed at the
boundaries between the melted and non-melted layers formed during crystallisation on undissolved inclusions
of'silicon and intermetallides (fig. 5). These inclusions play role of the heterogeneous crystallisation centers at the
cooling stage of the surface layer.

The X-ray diffraction analysis showed that the analysed layer of the coated sample contains aluminum, sili-
con, titanium nitride and titanium phases (fig. 5). No copper diffraction lines are seen on diffraction patterns.
Due to the low concentration of copper detected by energy dispersive microanalysis one can suggest that cop-
per atoms can take part in formation of 8-(Ti, Cu)N solid solution. Besides that copper can form fine inclusions
in the coating, which are indistinguishable by X-ray diffraction analysis. CPF treatment leads to a decrease in
the intensity of TiN and Ti diffraction peaks indicating a decrease in the volume fraction of these phases in the
analysed layer. This effect increases with the growth of the absorbed energy density that correlates with the results
of scanning electron microscopy.

Diffraction patterns show a broadening and decrease in the intensity of silicon lines with an increase in the
density of absorbed energy. Such behaviour is caused by crystallisation of the melted surface layer of samples
in conditions of high cooling rate, which leads to dispersion of silicon crystallites. In addition, silicon atoms
can take part in formation of supersaturated aluminum-based solid solution. The latter is confirmed by the shift
of aluminum lines on X-ray diffraction patterns towards large angles.

The lattice parameters of aluminum-based solid solution and its dependence on the absorbed energy den-
sity were determined by analysing Al (311) diffraction line (fig. 6). The decrease in the lattice parameter after
treatment at 26 and 30 J/cm® is associated with the penetration of silicon atoms with a smaller radius into the
aluminum crystalline lattice. A further increase in the lattice parameter can be caused by the integration of
alloying elements with a bigger atomic radius into the solid solution due to intermetallides dissolution in the
melt under plasma impact.

Diffraction patterns of plasma-treated samples also show aluminum nitride diffraction peak of low intensity
that correlates with the results of scanning electron microscopy (see fig. 2).
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Fig. 4. Cross-section morphology (a), distribution of titanium (b)
and silicon (c) along the depth of the surface layer in a sample treated with CPF at 35 J/cm®

A Al (111) Al (200)
Si(111)  AIN(100) TiN (111) Ti(lOl)TiN(ZOO)(\

Si (220) Si (311)

£ 40 J/em?

£35 Jom?

30 J/em?

£26 J/em?

Coating

. . i AL 12 at. % Si
20 25 30 35 40 45 50 55 60
20, degree
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Investigations carried out earlier showed that CPF impact on the titanium — silumin system led to the forma-
tion of (Al, Si),Ti intermetallides as well [1]. However (Al, Si);Ti phase was not found in current experiment.
This phenomenon can be explained by higher value of binding energy of the TiN compound. Thus CPF impact
on (Ti, Cu)N/AIl — 12 at. % Si alloy system leads mainly to fragmentation of coating instead of it dissolution in
the melt. As a result formation of a composite surface layer containing dispersed (Ti, Cu)N inclusions inside
Al — 12 at. % Si alloy structure can be expected. This supposition is confirmed by XRD data in fig. 5 where
8-TiN based phase is observed in the analysed layer in the whole range of treatment regimes.

A changes in the surface layer structure of investigated samples leads to an improving of their mechanical
and tribological characteristics. The microhardness of the surface layer increased from (1.2 £ 0.1) GPa for the
initial Al — 12 at. % Si alloy to (1.3 +0.2) GPa after treatment at 26 J/cm” and to (1.5 + 0.1) GPa after treatment
at 40 J/cm®. The formation of aluminum nitride and a supersaturated aluminum-based solid solution enforced
with (Ti, Cu)N inclusions, structure refinement are the possible reasons for the surface layer microhardness
increase.
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Fig. 6. Dependence of the aluminum-based
solid solution lattice parameter on the absorbed energy density

The dependences of the friction coefficient on the indenter siding distance before and after plasma treatment
with different absorbed energy density are shown in fig. 7. Minimal value of friction coefficient is observed
for the sample treated at 30 J/cm? (except of the area corresponding to the beginning of the sliding distance).
Maximum value of friction coefficient is observed after treatment at 40 J/cm?.
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Fig. 7. Dependence of the friction coefficient on the indenter sliding distance
for the sample of Al — 12 at. % Si alloy and samples of (Ti, Cu)N/Al — 12 at. % Si
treated by CPF with different absorbed energy density
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One can see that there is no direct correlation between the microhardness of the surface layer and the friction
coefficient. At the same time, the friction coefficient value is depended on many factors including strength cha-
racteristics, roughness, etc. Therefore, an additional analysis of the surface roughness was conducted (table 3).

Table 3
The R, value (arithmetic average roughness)
of the Al — 12 at. % Si alloy and samples of (Ti, Cu)N/Al — 12 at. % Si
alloy processed by CPF with different absorbed energy density, pm
Al—12 at. % Si (Ti, Cu)N/AI - 12 at. % Si alloy sample treated by CPF
alloy sample at 26 J/em® at 30 J/em? at 35 J/em® at 40 J/cm?
43 6.2 4.0 33 6.2

As can be seen from the results obtained, the lowest roughness is observed for samples treated with CPF in
the range of energy density 30—35 J/cm? that could effect on the friction coefficient behaviour.

Conclusions

The findings showed that treatment of (Ti, Cu)N/Al — 12 at. % Si alloy system by compression plasma flows
with an energy density absorbed by the surface in the range of 26—40 J/cm? leads to formation of silumin sur-
face layer with a thickness of 19—45 um containing (Ti, Cu)N inclusions. The concentration of titanium in the
surface layer decreases from 8.2 to 0.1 at. % with the growth of energy density that is explained by an increase
of the thickness of the melted layer and growth of the intensity of surface erosion during plasma impact. An AIN
film is formed at the surface of the material as a result of the interaction of the surface atoms with the residual
atmosphere in the vacuum chamber.

The mixed layer is characterised by a finely dispersed cellular structure. Partial dissolution of silicon and
intermetallic compounds crystallites occurs in this layer, which leads to the incorporation of silicon atoms
and alloying elements into the aluminum crystal lattice. The lattice parameter of an aluminum-based solid
solution shows a non-monotonic dependence on the absorbed energy density.

CPF treatment with an absorbed energy density of 40 J/cm® leads to an increase in microhardness from 1.2 GPa
(Al-12 at. % Si alloy) to 1.5 GPa. Minimal value of friction coefficient (lower than that of Al — 12 at. % Si alloy)
is observed for the sample treated at 30 J/cm?.

bubauorpadguyeckue cCblIKU

1. ITerpukosa EA, Jlackouer All, MBanos FOD. Mooughuxayus cmpykmypor u c60ticme 36mekmuiecko20 CUIYMUHA 3NeKMPOHHO-
uUoHHO-nazmenHol oobpabomrkou. MuHnck: benapyckas HaByka; 2013. 286 c.

2. benos HA, CaBuenxo CB, XBan AB. @aszosuiii cocmas u cmpykmypa cunymunos. Mocksa: Usnarensctso MUCuC; 2001. 283 c.

3. Humanckuii BU, EBnoxumosc A, Uepenna HH, Actammnckuii BM, ITerpukosa EA. CtpykTypHO-(ha30BOe COCTOSHHE 3a3BTEK-
THYECKOr0 CHIIYMHUHOBOTO ciuiaBa Al — 20Si mociie Bo3iecTBHSI KOMIPECCHOHHBIMHU [UIa3MEHHBIMU [IOTOKaMU. JKypHan bernopycckoeo
2ocyoapcmeeniozo ynugepcumema. @usuxa. 2021;2:25-33. DOI: 10.33581/2520-2243-2021-2-25-33.

4. Yo BB, Uepenna HH, Anumnk BM, Acramunckuii BM, Ksacos HT. Moougurayus mamepuanos komnpeccuonuvimu nias-
Mmennvimu nomokamu. Muunck: BI'Y; 2013. 248 c.

5. Cherenda NN, Shimanskii VI, Uglov VV, Astashinskii VM, Ukhov VA. Nitriding of steel and titanium surface layers under the
action of compression plasma flows. Journal of Surface Investigation. X-ray, Synchrotron and Neutron Techniques. 2012;6(2):319-325.
DOI: 10.1134/S1027451012040088.

6. Cherenda NN, Laskovnev AP, Basalai AV, Uglov VV, Astashynski VM, Kuzmitski AM. Erosion of materials under the effect of
compression plasma flows. Inorganic Materials: Applied Research. 2015;6(2):114—120. DOI: 10.1134/S2075113315020070.

7. Uepenna HH, Jletisu ASl, Yo BB, Acrammuckuii BM, Kyspmunkuit AM, Slnosen AIl u mp. MexaHU3MBI 5pO3UH TTOBEPX-
HOCTHU METAJUIOB IIPU BO3AECHCTBUN KOMIPECCHOHHBIX IIa3MEHHBIX ITOTOKOB. M36ecmius 6y306. @usuka. 2015;58(9, yacts 3):159-163.

8. Tereshin VI, Garkusha IE, Bandura AN, Byrka OV, Chebotareva VV, Makhlaja VA, et al. Influence of plasma pressure gra-
dient on melt layer macroscopic erosion of metal targets in disruption simulation experiments. Journal of Nuclear Materials. 2003;
313-316:685-689. DOI: 10.1016/S0022-3115(02)01361-2.

9. Bazylev B, Janeschitz G, Landman I, Loarte A, Klimov NS, Podkovyrov VL, et al. Experimental and theoretical investigation of
droplet emission from tungsten melt layer. Fusion Engineering and Design. 2009;84(2—6):441-445. DOI: 10.1016/j.fusengdes.2008.12.123.

References

1. Petrikova EA, Laskovnev AP, Ivanov YuF. Modifikatsiya struktury i svoistv evtekticheskogo silumina elektronno-ionno-plazmen-
noi obrabotkoi [Modification of the structure and properties of eutectic silumin by electron-ion-plasma treatment]. Minsk: Belaruskaya
navuka; 2013. 286 p. Russian.

2. Belov NA, Savchenko SV, Khvan AV. Fazovyi sostav i struktura siluminov [Phase composition and structure of silumins]. Mos-
cow: Izdatel’stvo MISIS; 2001. 283 p. Russian.

32



Du3NKa KOHAEHCHPOBAHHOTO COCTOSTHUS
Condensed State Physics

3. Shymanski VI, Jevdokimovs A, Cherenda NN, Astashynski VM, Petrikova EA. Structure and phase composition of hypereutec-
tic silumin alloy Al — 20Si after compression plasma flows impact. Journal of the Belarusian State University. Physics. 2021;2:25-33.
Russian. DOIL: 10.33581/2520-2243-2021-2-25-33.

4. Uglov VV, Cherenda NN, Anishchik VM, Astashinskii VM, Kvasov NT. Modifikatsiya materialov kompressionnymi plazmen-
nymi potokami [Modification of materials by compression plasma flows]. Minsk: Belarusian State University; 2013. 248 p. Russian.

5. Cherenda NN, Shimanskii VI, Uglov VV, Astashinskii VM, Ukhov VA. Nitriding of steel and titanium surface layers under the
action of compression plasma flows. Journal of Surface Investigation. X-ray, Synchrotron and Neutron Techniques. 2012;6(2):319-325.
DOI: 10.1134/S1027451012040088.

6. Cherenda NN, Laskovnev AP, Basalai AV, Uglov VV, Astashynski VM, Kuzmitski AM. Erosion of materials under the effect of
compression plasma flows. Inorganic Materials: Applied Research. 2015;6(2):114—120. DOI: 10.1134/S2075113315020070.

7. Cherenda NN, Leyvi AYa, Uglov V'V, Astashynski VM, Kuzmitski AM, Yalovets AP, et al. Mechanisms of metals surface erosion
under compression plasma flow impact. Izvestiya vuzov. Fizika. 2015;58(9, part 3):159-163. Russian.

8. Tereshin VI, Garkusha IE, Bandura AN, Byrka OV, Chebotareva VV, Makhlaja VA, et al. Influence of plasma pressure gra-
dient on melt layer macroscopic erosion of metal targets in disruption simulation experiments. Journal of Nuclear Materials. 2003;
313-316:685-689. DOI: 10.1016/S0022-3115(02)01361-2.

9. Bazylev B, Janeschitz G, Landman I, Loarte A, Klimov NS, Podkovyrov VL, et al. Experimental and theoretical investigation of drop-
let emission from tungsten melt layer. Fusion Engineering and Design. 2009;84(2—6):441-445. DOI: 10.1016/j.fusengdes.2008.12.123.

Received 11.10.2022 / revised 28.10.2022 / accepted 15.11.2022.

33



Kypnaa besopycckoro rocyiapcTBeHHOro ynupepcurera. ®@usuka. 2023;1:34-42
Journal of the Belarusian State University. Physics. 2023;1:34—42

VIIK 669.234.017.3:669.788

MOP®OAOI'UA ITPOAYKTOB
TUAPUAHBIX ITPEBPAIIIEHVU B PAMMOHE KYITIOAA
ABYX®A3HOU OBAACTU CUCTEMBI Pd- H

I. 4. JKHPOB"

1 o . .
)Bentopycckuil HayuOHANbHbLI MEXHUYeCKutl yHugepcumen,
np. Hezasucumocmu, 65, 220013, 2. Munck, berapycw

N3noxeHsl pe3yabTaThl CHCTEMATHUCCKOTO MCCIICIOBAHMS PA3BUTHS TUIPUIHBIX (pa30BBIX MPEBPAILICHUN B pailoHe
KynoJsa AByX(pa3Hoi 00JacT TePMOANHAMHYCCKU OTKPBITOH cucteMbl Pd — H. Maummanus npsmMoro ruipuiHoro ¢a3o-
BOTO IMPEBPAIICHUS TIPOU3BEICHA ITyTEM IMOBBIIICHUS JaBIcHUS Bogopoaa. O0cyxkaeHsl MOp(HOIOrHIecKrue 0COOCHHOC-
TH TIPOTEKAHHS TPSIMBIX TUAPUAHBIX (a30BbIX mpeBparieHuil. [lokazaHo, 4to (a3oBo-cTpYKTypHas U MOP(OIOrHIecKas
crier(UKa pasBUTHS THAPUIHBIX MPEBPANICHHNA O — [} OTpENeAeTCs] XapaKTePHBIMH 0COOCHHOCTSIMH BO3HUKAFOTIHX
BOJOPOIHBIX HAMPSHKCHHIA: TIPU MHUIMALIMK ITyTEM TTOBBIIICHHS IaBICHHUsI BOAOPO/IA HA HAYaJIbHBIX dTalax IJIABHYIO POJIb
UTPAIOT BOIOPOJIHBIC KOHIICHTPAIMOHHBIC HAMPSDKCHUS. Pe3ylibTaThl SKCIIEPUMEHTOB CBHICTEIILCTBYIOT, YTO [0 MEpE MPH-
OMUIKEHHUS TeMITEPaTy bl TUPUTHOTO MPEBpalieHus o — [ k Touke 7, U yBeTuUEHHs CKOPOCTH T0/1a4H BOJOPO/IA BKIIa]
MEXaHU3Ma 3apOXKJICHUS ¥ POCTA HOBOM (pa3bl B MPEBPAICHUE [TOCTEIIEHHO YMEHBIIACTCS U MCYE3aLT, a BKIIAJ[ MEXaHM3-
Ma pocTa BeieneHnil B-(hassl OT OCTPHIX KpaeB BBIICIMBIINXCS 3¢PEH YBEIUINBACTCSA. PACCMOTPEHO BIIMSTHIE BOIOPOI-
HBIX KOHIIEHTPAIMOHHBIX U BOIOPOAHBIX (Pa30BbIX HANPSHKEHUH HA MOPQOIOrHIO TPOAYKTOB (ha30BOr0 MPEBPAIICHHSI.
AHau3 pe3yJsTaToB IMPOBEICH UCXOAS U3 MPEACTaBICHUH 0 1 (Hy3MOHHO-KOOIICPATUBHOM MTPUPOIE TUAPUIHBIX (a3o-
BBIX TIPEBPAIICHUI.

Knrouegwie cnoga: runpuanoe hazosoe npespanenne; cucrema Pd — H; runpun nammaays; Mmopdoaorns mpoxyKToB
IIPEBpAIlEeHNs; BOAOPOAHAs 00paboTKa; BOXOPOAHBIE KOHIICHTPAI[OHHBIE HANPSHKEHNS; BOLOPOAHBIE (pa3oBbIe HAmps-
KCHUS.

MORPHOLOGY OF THE PRODUCTS
OF HYDRIDE TRANSFORMATIONS IN THE CUPOLA
TWO-PHASE REGION OF THE Pd - H SYSTEM

G. 1. ZHIROV®

*Belarusian National Technical University, 65 Niezalieznasci Avenue, Minsk 220013, Belarus

In this paper, we present the results of a systematic study of the development of hydride phase transformations in
the cupola two-phase region of thermodynamically open Pd — H system. The direct hydride phase transformation was
initiated by increasing the hydrogen pressure. The morphological features of the course of direct hydride phase transfor-
mations are discussed. It is shown that the phase-structural and morphological peculiarities of the development of hydride
o. — [ transformations is determined by the characteristic features of the emerging hydrogen stresses: when initiating by
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increasing the hydrogen pressure at the initial stages, the hydrogen concentration stresses play the main role. The results
of the experiments showed that as the temperature of the hydride oo — B transformation approaches the point 7., and the
hydrogen supply rate increases, the contribution of the nucleation and growth mechanism of a new phase to the transfor-
mation gradually decreases and disappears. And the contribution of the growth mechanism of 3 phase precipitations from
the sharp edges of the precipitated grains increases. The discussion considers the influence of hydrogen concentration
and hydrogen phase stresses on the morphology of the products of phase transformation. The analysis of the results was
carried out from the concept of the diffusion-cooperative nature of hydride phase transformations.

Keywords: hydride phase transformation; Pd — H system; palladium hydride; morphology of the products of transfor-
mation; hydrogen treatment; hydrogen concentration stresses; hydrogen phase stresses.

BBenenune

B ¢usuke TBepmoro Tena u (pU3MKE METAUIOB OOIMIEH3BECTHRIM (DaKTOM SBJISICTCS TO, YTO B pe3ylbTaTe
BHEIIHETO BO3/IEHCTBHS B MOTUMOP(HBIX MaTepraiax peann3yloTcs (a3oBble MpeBpanieHns (MapTeHCUTHBIE,
OcitHUTHBIC, TU(PY3NOHHEIE, TPEBPAIICHIS CMEIIAaHHOTO THITA U T. 1.) [1-4].

B TepmonmHaMuyeckn OTKPHITHIX CHCTEMax (Da30BBIE MEPEXOIbI MOTYT OBITh BHI3BAHBI KaK HI3MEHEHHEM TEM-
TepaTypsel, TaK U M3MeHeHneM naBieHus. OmHIM 13 BUIOB (Pa30BBIX MPEBpANICHNH, HHAYIIMPOBAHHBIX BOJIO-
ponom B cuctemMax Me — H [5], ABISIOTCS THAPHUIHBIC TIPEBPAITICHHS, KOTOPBIE IMEIOT 0co0yto M dy3HOHHO-
KOOIIepaTuBHYIO pupoay [6—8]. CymHOCTE 3TOH MPUPOAB! [6] 3aKI09aeTCs B TOM, YTO B HEPABHOBECHBIX
ycIoBHsIX B cucteMax Me — H nMeroT MecTo B3anMO03aBUCHMBIEC U B3aMMOOOYCIIOBICHHBIE CHHEPTETHYECKIE
TIePECTPOUKHU BOJOPOTHON IMOACUCTEMBI M METAJUTHYECKON MAaTPHUIIHI (KPUCTAJUTHUECKOHN PEIIeTKH ), OCYIIeCT-
BJIsIEeMbIE IPUHITUITNAIEHO pa3HBIME criocobamu. BomopoaHast mogcrucTemMa nepectpanBaeTcs U y3nOHHBIM
IyTeM, a KpUCTAUTHIECKast perIeTka — 10 KOOTIepaTHBHOMY MapTEeHCHTOIIOIOOHOMY MEXaHHU3MY.

BaxHo#i oTiHUUTENBHON YepTol THAPHIHBIX (I (dy3MOHHO-KOOTIEPAaTUBHBIX) (ha30BBIX TPEBPAIICHUHA SB-
JISIETCSI TO, UTO B MIX Pa3BUTHH OTPOMHYIO POITh HTPAIOT BO3HUKHOBEHNE, TIEpepactpeieieHe U Peakcalist BHyT-
PCHHIX BOIAOPOIHBIX HANIPSDKSHNH [S; 6]. B HacTOsIIIee BpeMst MI3BECTHBI JIBa THTIA BOJOPOIHBIX HANPsDKEHAN [6]:

e Bojopoaubie (ha3oBbie (BD) HampspkeHns, 00yCIIOBICHHBIE PA3HOCTHIO YASTHHBIX 00hEMOB TIPEBpAIIaio-
muxes (a3 u 6e3nudPpy3HoHHBEIM MEXaHU3MOM TEPECTPONKN UX KPUCTAITMIESCKUX PEIIeToK [9];

® BOJIOpOJIHBIE KOHIIEHTpannoHHbIe (BK) HanpsokeHrs, BO3HUKAIONIME B METaJIe IPU HAIWYHNH TPpaIieH-
TOB KOHIIEHTPAIIMX BOJIOPOIA.

dyHaaMeHTagbHass 0COOSHHOCTh TUAPUIHBIX MPEBPAIICHNN 3aKIII0UaeTCsl B TOM, YTO MOJIS YIPYTUX Ha-
MPSDKEHUH W TIOJSI KOHIIEHTPAIMK BOAOPO/Ia B3aUMOCBSI3aHBl M B3anM00OycloBleHbl. OHM CHHEPTeTHYECKU
pearupyioT Ha Bce U3MEHEHHS BHEITHHUX ITapaMEeTPOB M Ha XOJ Pa3BUTHUS TUAPUIHOTO MPEBpAIeHHS [6].

MaTepua.m)l U METOAbI UCCJICA0BAHUSA

Marepuaiom Tl UCCISIOBAHUHN CITYKUJ Mayiaanidi auctoTor 99,98 %, KoTophIil comepkall CIEeTYOIIHe
mukporpumecu: Pt (0,009 %), Rh (0,002 %), Fe (0,002 %), Ir, Au, Ni, In, Si (ze 6omee 0,000 1 %).

W3 ykazanHOTO Marepuaia OblIa H3rOTOBIIEHA MPOBOJOKa auamerpoM 0,5 MM. B cocTosHMH MMOCTaBKH M-
TAMH UMEN CIICAYIOIHEe MEXaHNICCKUE XapaKTEPUCTUKH: TIpees MPoIHoCTH — 297 H/mv?; YCIIOBHBIH Tpe-
nen Tekydectn — 224 H/mm?; otHOCHTenbHOE yumHerne — 1,1 %.

IIpoBoounsie 00pa3Ipl MamTamus IIHHON 23 MM U quametrpoM 0,5 MM TipeaBapuTensHO n3rudamu [1-00-
pasHo. 3areM ux oTkuraiu B Bakyyme (~1 I1a) mpu remmeparype 1000 °C B TeueHue 1 9 u oxyaxmaad BMECTe
C TICYBIO JT0 KOMHATHOU TeMIIepaTyphl. BenmunHa 3epHa maymiaaus Iociie OT>KuTa cocTaBisuia 150 M.

Ha Bepxmeii gactu 00pa3iioB roToBWIM MeTaiorpadudeckue mumdbl o METOANKE, CBOMIAIICH K MIUHH-
MyMy HakJIel B TPUIOBEPXHOCTHBIX CIIOSNX oOpasma. s sroro [1-o0pa3HbIil o0pasen 3aKuMaid ABYMsI
TJIACTHKOBBIMU TUTACTUHAMH B MUHHU-CTPYOIMHE. 3aTeM MOBEPXHOCTH oOpasna numdoBanu Ha ¢orodymare
C MCTIOJB30BaHNEM METKOAMCIICPCHOM alMa3HOW macThl. B mporecce mumudoBaHUS BEPXHSS 9acTh 00pasia
craunBasiack Ha rryouny 0,1-0,2 MM, B cpenHeM 1utomas numuda coctasmsia okoio 0,45 x 2,60 mm. OkoH-
yareIbHOE TIOIMPOBAHNE OCYIIECTBISUIN Ha BIaKHOU OapxaTHoW TkaHH. [locne monnpoBku numd u3BiIeKanu
13 CTPYyOIIMHBI 1 MOHTHPOBAJIN B pab0vYyi0 KaMepy BOJOPOIHO-BAKyyYMHOH ycTaHOBKH BBY-2, koTopas mom-
pobHo ommcana B pabote [10]. JlaHHas ycTaHOBKA ITO3BOJISIET peali30BaTh HA OJHOM O0pa3Ile ABE METOIUKU
M3y4YeHHS MIPOIIECCOB, MPOTEKAIOIINX Ha MMOBEPXHOCTH U B 00bEMe MMaJlIaIneBOro 00pasiia B X01e BOJOPOIHON
00pabOTKH, T. €. OTHOBPEMEHHO HCCIIEIOBATh N3MEHEHHS TIOBEPXHOCTHOTO peibeda 1o METOANKE ONTHIECKOH
BUJICOMHKPOCKOIIMH M KWHETHKY TIPOTEKAIOIINX B 00heMe 00pasiia MpoIieccoB MO METOANKE H3MEPEHUSI AJIEKTPO-
COIIPOTHUBIICHHUS.

CxeMBI BOTOPOIHBIX 00pabOTOK MPpEeACTaBICHEI Ha puC. 1.
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Puc. 1. CxeMbl BOZOPOIHBIX 00paOOTOK MasIaus
JUISL TIOJTYYCHHSI HCXOHBIX OTOXOKEHHBIX CILTABOB MAJUIAANH — BOZOPO/ U HHULUALIMI
B HUX MHAYLHPOBAHHBIX BOAOPOAOM (Da30BO-CTPYKTYPHBIX NPEBPAILICHHUM:
I — uz06apa 0,6 MIla; II — uzobapa 2,3 MIla

Fig. 1. Schemes of hydrogen treatment of palladium to obtain initial annealed
palladium — hydrogen alloys and initiate hydrogen-induced phase-structural transformations:
I —isobar 0.6 MPa; II — isobar 2.3 MPa

DKCTIepUMEHTHI OBLTH TIPOBEJICHBI B ClieytolieM nopske. OOpaser nomeran B pabouyro Kamepy YCTaHOB-
ki BBY-2, xoTOpyto 3aTeM BaKyyMHUPOBaIH 1 HarpeBaiu J0 Temneparypsl 350 °C (cM. puc. 1, Touka 2). [Tocme
3TOro B pabouyr0 KaMepy HalyCKajiu ra3000pa3Hblid Bogopos co ckopocthio 0,1-0,2 MIla/MuH 10 naBiaeHus
0,6 MIla (cM. puc. 1, Touka 3). IIporecc copOiuu Bogopoaa 00pas3ioM KOHTPOIUPOBAIH 110 U3MEHEHHIO DJICK-
TPOCONPOTHBIICHHS, KOTOPOE MPONOPIUOHAIILHO KOHIICHTPAIMK BOIOpO/ia B oOpasiie. Jlaiee ocyIecTBiIsiz Bbl-
JIepKKy oOpasiia B Teuenue 30 MUH 10 MTOJTHOW CTAaOMIIM3AINH €T0 YACTHFHOTO DJICKTPOCOIIPOTHBIICHHUS, YTO CBH-
JIETEJILCTBOBAJIO 00 OKOHYAHMH Tpoliecca MOMIONIeHHUs Bogopoa. BaxHo, uto ykazanusle ycnosus (7= 350 °C,
By, = 0,6 MIIa) COOTBETCTBYIOT yCIOBHSIM onHodasuol (o-aza) odmactu cuctemsl Pd — H [11]. Tlocie BbI-
JIEP KKK 00paszel OXJIaKaali co CKOPOCcThio 2—3 °C/MUH, coXpaHsist TOCTOsIHHOE JiaBienue. [Ipu atom durypa-
THBHAsI TOYKa 0Opasiia nepexoauia K aByxdasHoii (o + [3)-o61actu co cTtoponsl 0i-o0actu. Eciu oxnaxaeHue
MIPOBOJIUTH B YCIIOBUSIX, OJM3KUX K PAaBHOBECHBIM, CO CKOPOCThIO 2—3 °C/muH [9], To duryparuBHasi TOuka
oOpa3iia, coriacHo padote [11], aBuwkercs npaktudecku o nzodape 0,6 MIla, a noBepxHocTh nuKM(a, KaK
MTOKa3aJld paHee MPOBEACHHBIC KCIIEPUMEHTHI [9], ocTaeTcs TUIOCKOH 1 MPAaKTHUECKH MOJTHOCTHI0O HEU3MEH-
Hoit. JlocturnyB temmepatypsi 210 °C (cMm. puc. 1, Touka 4), mpoBOIMIH BEIACPIKKY IO TTOJTHOM CTa0MIH3aIIAN
VACTBHOTO BIIEKTPOCOTPOTUBIICHHS. [Ipy ATOH e TemrepaTrype Jianee OCyleCTBIsUTN HaChIeHHe 00pasia
BOJOPOJAOM IMIYTEM IMOBBIIICHUA €TI0 JaBJICHHA 10 3HAUCHUA KpI/ITPI‘ICCKOfI paBHOBeCHOfI TOYKHU Ha 6PIHOJIaJII/I
cuctembl Pd — H (cM. puc. 1, Touka 5) co ctopons! 0i-obnactu (tadm. 1).

I/IHI/IHI/IaHI/IIO MMPAMBIX THUAPUIHBIX HpeBpameHHﬁ IIPOU3BOAWIIN ITYTEM IMOBBINICHUA AaBJICHHA BOAOPOAA.
YcnoBusT MHUITMAIINY JAaHHBIX MPEeBpAIIeHU MpuBeAeHB! B Ta0m. 1. Takke B HEW MpeACTaBICHB 3HAYCHUS
KPUTHYCCKHUX TOYCK Ha 6I/IHO)Ia.]'II/I, KOTOPBIC COOTBETCTBYIOT YCJIOBUAM OKCIICPHUMCHTA.

Tab6auma 1
YenoBusi ”HUIUANMH NPSMBIX THAPHIHBIX ()a30BBIX MpPeBPAIIeHHIH
B ci1aBax o-PdH, ,, myTem moBbIenus aaBjeHus BOA0OPOaa
Table 1
Conditions for initiating direct hydride phase transformations
in a-PdH,,, alloys by increasing the hydrogen pressure
HavansHbie YCJIOBHSA SKCIIEPUMEHTOB Hapameprl MOBBIICHHUSA TAaBJIICHUA
No n/n Cocras CpeHsisi CKOPOCTh JnurenbHOCTh
T_,°C | By, » MIla Harrycka Bosoposia, | APy, MIla | By .. MIla | TpeBpauienns (1), ¢
Kp 2 kP criaBa PdH, 2 2 Max
x MIla/Mun
230 0,68 PdH, | 1,1 0,15 0,83 25
250 1,00 PdH, ;, 1,6 0,15 1,15 -
270 1,40 PdH, ;, 2,0 0,15 1,55 -
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B kxaxmoii cepun SKCIIEpUMEHTOB OTpalaThIBaIN METOAMKY JOCTATOYHO CHIIBHOTO BOJOPOJHOTO BO3-
JeUCTBHS U HAXOAWIN TapaMeTpsl, pH KOTOphIX B cruaBax PdH, obecneunBaeTcs pa3BuTHE 0XKHUIAEMBIX
(ha30BO-CTPYKTYPHBIX MpeBpalecHuii. Bo MHOTUX cityuasix Jiisl JOCTH)KECHUS TTOCTABJICHHOH 11e)11 TPEOOBAIOCH
CYIIECTBEHHO «Y»KECTOUNTHY» MapamMeTphbl BOJAOPOIHOM 00pabOTKH: OBICTPO U3MEHSThH TEMIIEparypy 00paboTKH
¥ (MJIHM) CYIIECTBEHHO MOBBINIATH JaBJIEHHE ra3000pa3HoOro BOAOPO/Ia.

Tabauma 2

JKcIepUMEHTAJIbHbIE IapaMeTPhbl BOXOPOIHBIX 00padoToK,
obecrevyHBAOLIUX MOTyYeHHe 0TOAKeHHBIX CILIABOB MAIAU — BOOPOA

Table 2
Experimental parameters of hydrogen treatments providing
production of annealed palladium — hydrogen alloys
M3mensiemas BesnmunHa MurepBan 3HaueHM

CkopocTb Harpesa (OxJakaeHus ) B Bakyyme, °C/MuH 5-7 (3-5)

CkopocTtb Harpesa (oxJaxacHus) B Bogopozae, °C/MuH 2-4 (2-3)

CkopocTh Hamycka (9Bakyanuu) Bogopona, MIla/mun 0,1-0,2 (0,05-0,10)
CpemHee BpeMst BEIICP)KKH B BaKyyMe, MIH Oxkoso 10

Cpeanee BpeMsi BBLIEPKKH B BOJOPOJIE, MUH He menee 10

[Ipu npoBegeHNN MUIOTHBIX YKCIIEPUMEHTOB U OTPaOOTKE METOIUKH B HACTOSIILEH padoTe BIEPBLIE yCTa-
HOBJICHO, YTO BaKHBIM ()aKTOPOM BOJOPOAHOTO BO3JCHCTBHUS Ha METAJLI SIBISIETCS HE TOIBKO COOCTBEHHO I10-
AP,

2

BBIIICHUE TaBJICHUSA BOAOPOAa, HO U COIPSAKECHHOC C HUM YBCIIMYCHUE CKOPOCTH IIOJa4X BOAOPOIa

AP AT

H .
(Tabm. 2). B HEeKOTOPHIX IKCTIEPUMEHTAX 2 IPUXOAWIIOCH TOJHUMATh JI0 TIPEIENIbHBIX BO3MOXKHOCTEH ycTa-

HOBKM BBY-2. Takoif criocod pe3koro HaChIMEHUS MeTaslla BOXOPOIOM I KPaTKOCTH MBI Ha3bIBa€M «BOIIO-
POIHBIM YIapOM», UTO aHAIOTUIHO TEPMIHY «TETUTOBOU yIapy, HCIIOb3yeMOMY B Teopuu yripyrocTa [12; 13].

Pe3yJIbTaTbI IKCIICPUMEHTOB

IOxcnmepumenT Ne 1. Ha puc. 2 mpeacTaBieHsl pe3yIbTaThl H3yUeHNs U3MEHEHUH TOBEPXHOCTH IITH(Da
crutaBa PdH,, ; mpu 7'= 230 °C = const. Kak BuHO 13 TabI1. 2, JUis HHULMAIWKA U3MEHEHUI TTOBEPXHOCTH CKO-
POCTH TIOAAYH BOAOPO/IA IPHUIILIOCH YBeTUIHTh 110 1,1 MIla/mMuH.

W3 cpaBaenus Gotorpaduii, IpUBEICHHBIX Ha PUC. 2, a U O, CIIEYET, 9TO N3MEHEHHUS TIOBEPXHOCTH CILTaBa
HauMHAJINCH CO caBura 3epeH. Kak Oplio ommcano B padote [9], mpu 3ToM HaOMIODAIOCH ITepedOopMIpPOBAHIC
3epEHHON CTPYKTYPBI M UMENI0 MECTO BPEeMEHHOE BBHITyUHBaHUE OTAEIBHBIX 3epeH (CM. puc. 2, 6 u 2). Jlanee
TIPOUCXOIMIIO HEKOTOPOE BRIPABHUBAHME 3¢PeH. B KOHEUHOM BHIE (CM. pHC. 2, 0) TUTH( MPEACTaBIsIeT COO0H
JIOCTATOYHO TJIAJIKYO TIOBEPXHOCTH JIUIIH CO CIa0bIMH MPOSBICHUSMH TPAHHUIL 3€PEH.

Kaxk BuaHO 13 TabJ1. 2, MpsAMOE THAPUIHOE MTPEBPAIICHHE C TTOJHBIM TIEPEX0I0M B 3-001aCTh B yKa3aHHBIX
YCIIOBHSIX Pa3BUBAETCS JOCTATOYHO OBICTPO M MTOJIHOCTHIO 3aKAaHYMBAETCS Ha MOBEpXHOCTH 3a 25 ¢. [Ipu aTom
KJIACCMYECKHN MEXaHU3M 3apPOKACHUS U pOCTa HOBOM (ha3bl, HAOMIONABIIHICS B TPEIBIIYIINX SKCIIEPUMEHTAX,
B IAaHHOM CJTyJae He paboTaerT.

IxcnmepuMeHThI Ne 2 u 3. OncanHbiil B dkcriepuMenTe No 1 MeXaHW3M W3MEHEHUS TIOBEPXHOCTH CIIIaBa
PdH, ; eme Gonee sipko nposinsteTcst B skcniepumentax Ne 2 u 3, BeimonnenHsix npu I'=250 °Cn 7= 270 °C
COOTBETCTBEHHO, T. €. P TeMIeparypax, BecbMa omuskux k 7, =292 °C. B oTux yCIOBHSIX 9KCIEPUMEHTbI
TIPUIIIOCH TIPOBOAMTH ¢ eIIe 00sIee BRICOKOM CPeIHE CKOpOCThI0 moga4du Bogopona (1,6 u 2,0 MIla/muH co-
OTBETCTBEHHO). Ha puc. 3 npencrasienbl pe3ynbrarhl 9KCnepuMenToB juis cruiasa PdH |,, a Ha puc. 4 — s
crutaBa PdH, ;.

Kak BugnO U3 puc. 3, a — 6, u puc. 4, a — 2, OCHOBHbIE H3MEHEHHS TOBEPXHOCTH HUTH(A 3aKITIOYAHCH JTUIITH
B TPOSIBIICHWH TpaHMII 3epeH MeTayura. HeoOXommMo oTMeTHTh, 9To, Kak U B okcniepuMente Ne 1, B mporiecce
C/IBUTA IMEJIa MECTO HEKOTOPAst KUTPay» 3ePEeH OTHOCHUTEIFHO JIPYT pyTra. B KOHIIE KOHIIOB IMPONCXOIMIIO 00IIIee
CIIIQ)KMBaHWE BBIIENUBIINXCS 3epeH. OHAKO B I1e7I0OM KOHEYHBIH CABHT 3epeH ObIIT HEOOPAaTHMBIM M OCTaBAJICS
TaKOBBIM TIPH OXJIQKICHUH IO HOPMAITBHBIX YCIOBHUH (CM. puc. 3, 6, U puc. 4, 0).

B 3axmmrouenne HEOOXOMUMO MTOMUEPKHYTH, UTO B pe3yibTare dKcepuMeHToB Ne 2 1 3, kKak 3T0 (PUKCHPO-
BAJIOCH TI0 M3MEHEHHIO 3JIEKTPOCOnpoTuBieH s, cucrema Pd — H nepexoanna B 3-o6macts. MHbIME cllOBaMH,
THAPHUIHBIEC TIPEBPAIeHIs Pa3BUBAINCH B COITIACHHU ¢ nuarpammont coctossaus Pd — H, HO Ge3 xapakTepHbIX
MIPU3HAKOB MEXaHU3Ma 3apOXKACHUS U pOCTa HOBOHU (ha3bl Ha TOBEPXHOCTH CITIABOB MAJUTAANN — BOIOPO/I.
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ala o/b 6lc

ole

Puc. 2. VI3MeHeHus MOIMPOBaHHOM noBepxHocTH crtaBa PdH ,
BBI3BAaHHBIC MHUIHAINEH TPSIMOTO THAPHIHOTO (ha30BOTO
npespaieHus o — B myrem nossiienus gasierus npu 7= 230 °C = const.
Bpewms oT Hauaia MpUIOBEPXHOCTHBIX M3MeHeHui: a —0¢c; 6 —1¢c;6—4c;e—11c¢c;0-25¢

Fig. 2. Changes in the polished surface of the PdH,,; alloy caused by the initiation
of a direct oo — P hydride phase transformation by increasing pressure at 7= 230 °C = const.
Time from the beginning of near-surface changes: a —0s;b—1s;c—4s;d—11s,¢—25s

ala o/b

100 Mxm

Puc. 3. I3menenns nonnpoBaHHOU noBepxHocTH ciutaBa PAH) »,
MHULUHPOBAHHbIEC NOBBIIICHUEM AaBienus mpu 7 = 250 °C = const.
Bpemst oT Hayaa MpUIIOBEPXHOCTHBIX M3MeHeHHi: a —0¢c; 06 —1¢c;6—7 ¢

Fig. 3. Changes in the polished surface of the PdH,, ,, alloy
initiated by an increase in pressure at 7 =250 °C = const.
Time from the beginning of near-surface changes: a —0s; b—1s;¢c—7s
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ala

100 MxMm
—

6l/c eld

Puc. 4. I3meHeHus nonMpoBaHHOi noBepxHocty cruiasa PdH) -,
VHHUIUUPOBaHHbIC OBHIIICHUEM fAaBieHus npu 7' = 270 °C = const.
Bpewms oT Hauasa NpUIIOBEPXHOCTHBIX M3MeHeHni: a —0¢c; 6 —1c;6—2c;e—5¢

Fig. 4. Changes in the polished surface of the PdH,) ,, alloy
initiated by an increase in pressure at 7= 270 °C = const.
Time from the beginning of near-surface changes: a —0s;b—1s;c—2s;d—5s

O0cyxkaeHnne pe3yjJbTaToB

Kak ormeueHo BbIlIe, B TOMUMOPQHBIX TBEPABIX Tehax (a30Bble MEPEXOAbl MOTYT OBITh BBI3BaHBI KaK M3-
MEHEHUEM TeMIIepaTyphl (OOBIYHO MIPY HOPMAJILHOM JIABJICHHUH), TAK M [MOBBIILICHHEM JaBJICHUSL.

OpnHako B CHJy pa3iMYHbIX MPHYHMH, H TJIAaBHBIM 00pa3oM BBUJY CIOKHOCTH MPOBEICHHUS SKCIIEPUMEHTA
CO CBEPXBBICOKMM JaBiicHHEM (nHa4e d3QQeKTsl Maiibl) [14], cioKUBIINECS MPEACTABICHHS O IPUPOJE H BO3-
MOKHBIX CTPYKTYPHBIX MeXaHHU3Max (pa30BbIX MPEBPaAIICHUH B MeTaiIax (IIPeXk/ie BCEro B CTANSAX U CIJIaBax
Ha OCHOBE JKelle3a, THTaHa ¥ IPYTruX MOJIMMOP(HBIX METAJIOB) MPEUMYILIECTBEHHO ObUIN CPOPMUPOBAHBI HA
OCHOBE JKCIIEPHUMEHTOB, Koraa (pa3oBble MPEBpaIICHUs B MOJTMMOP(HBIX MaTepHajax BbI3bIBAIOTCS OXJIaxie-
HUEM WJIN HarpeBOM C pa3IMYHBIMU CKOPOCTSMHU U B pa3HbIX MPAKTHUYECKUX YCIOBUAX. B pesynbprare Takoro
BO3JICICTBUS, KaK yKe ObIIO CKa3aHO BO BBEIACHUH, B OIUMOPQHBIX MaTepHagax peaan3yloTcs MapTeHCHUT-
Hble, OCHUTHBIE, M PY3UOHHBIE IPEBPAILEHHS], @ TAKKE MPEBPALICHUS CMEIIaHHOTO TUMa U T. 1. [15].

OKCIEepUMEHTHI, OTIMCAaHHbIE B JaHHOW paboTe, OTKPHIBAIOT BOBMOKHOCTD JIJIsI BBISIBJICHUS] HEKOTOPBIX KOH-
KPETHBIX 0COOEHHOCTEH TUAPUAHBIX (ha30BBIX MpeBpalleHuil B cucteMax Me — H npu ux trepmoguHamuye-
CKOH OTKPBITOCTH M OOMEHE C BHEILIHEH CPefoil He TOJIBKO SHEpruei, HO U BeIeCTBOM (BOIOPOAOM).

Jlo Hayayia BOAOPOAHOTO BO3AECHCTBUS IyTEM IOBBILIEHUS AABIEHUS BOIOPOJA B MCXOJHBIX CIUIaBaX OT-
cyTcTBYIOT Kak BK-Hanpspkenus, Tak u BO-nanpsokenus: (HeT HU rpaJMeHTOB KOHLEHTPALUWU BOJOPONA, HU
BbIIeNIeHUI 3-(a3sl). B pesysbrare MOBBIICHNUs TaBICHHs BOAOPOIA BO3ZHUKAET TEPMOTHHAMUYECKAS BUKY-
1ast CUJia, HHUIMUPYIOLIas TIOTIONICHHE CITABOM BOJOPO/ia M Pa3BUTUE THAPHIHOTO MPEBpAIICHus o, — 3.
OueBUAHO, YTO TaKOW CIIOCOO BOJOPOIHOTO BO3/ACHCTBHS MPAKTHIECKH CPa3y BBI3BIBACT MOSIBJICHNE TPaHCH-
TOB KOHIIGHTPAIMK BOIOPOAA B MacmTadax Bced MOBEPXHOCTH 00paslia, 4To 00yCIOBINBACT Pa3BUTHE BOC-
xomsmel nuddy3nn Bogopoaa U3 MIyOHHBI 00pa3la K ero MoBepXHOCTU. DTO MPUBOAUT K HEMEAJICHHOMY
BO3HMKHOBEHHUIO U TIEPMaHEHTHOMY Mepe(OopMUpPOBaHUIO CIIOXKHOM cucTeMbl BK-Hanpsikenuit B Macmrabax
Bcero o0pasna. OcCoOOeHHOCTH M MOCIEICTBHS TAaKOTO CrIoco0a BOXOPOAHOTO BO3/CHCTBUS Ha METaJlI («BOIO-
POAHBIN yrmap») yxe obcyxnanuck B padote [9], Korna JOMOIHUTENFHOE HACBIIIEHUE NalTaus BOAOPOIOM
NpoBOAMIHM B OfHO(a3HO#H a-obmactu (7> T,,,), YTO BBI3BIBAIO C/BHUI 3€PEH B MPUIIOBEPXHOCTHBIX CIIOAX
CIUTIaBOB MaJlIa Ui — BOJOPOA.

B paccmarpuBaeMbIX ycnoBHsX (110 CPaBHEHHIO C TEMHU YCIIOBHSAMH, KOTOPbIE ObLTH OnucaHbl B padote [9])
CUTYyalls BECbMa CUJIbHO OCJIOKHSETCS: BCAKOE HACKIILIEHHE BOAOPOIOM PUIIOBEPXHOCTHOTO CII0S HCXOJHOTO
crutaBa PdH, BbI3bIBaeT HEOOXOAMMOCTh PA3BUTHS B 3TOM CJIO€ THAPHIHOTO (hazoBoro mnepexona o — . Kak
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MTOKa3aJIi BHITTOJHEHHBIE SKCIIEPUMEHTHI, B CITy4ae IMOBBIIICHNUS JaBICHHUS BOIOPOia IPH OTHOCHUTEFHO HU3KHUX
TeMIIepaTypax Ha TIepBbIX dTarax MpeBpalieHue pearn3yeTcs o MEXaHu3My 3apOXKIACHUS K pOCcTa HOBOH (ha3bl.
[Tpu 5TOM UMEET MECTO 3apOKICHHE BEChMa OTPAHMIECHHOTO YKCIia IIEHTPOB -(ha3sl (Kak MpaBuUiIo, OUH — [BA
3apOoJIBIIiia), KOTOPHIE 3aTEM PAcTyT U 00pasytoT MacCUBHBIC BhIIeeHus B-(ha3bl. EcTecTBEHHO, UTO 3apOKaeHIE
U pOCT BbIzIesieHu# 3-(a3pl BRI3BIBAIOT NOsiBIICHHE BO-HanpshkeHnH, KOTOPBIE 10 CPABHEHHMIO C yiKe «padoTaro-
My BK-HanpskeHnsMu, mo-BUANMOMY, UTPAIOT BTOPOCTETIEHHYIO POJIb.

C MOBBIIIIEHHEM TeMITEpaTyphl YKa3aHHbIE MOP(OIOTHIeCKHe 0COOCHHOCTH B IIEJIOM COXPaHSIOTCS, HO Te-
nepb UX MOXKHO 3KCTIEPUMEHTAIILHO BBI3BIBATH, €CIIM BCe Ooliee M Ooiee yBEIMYHBATh CKOPOCTh HAIyCKa BO-
JI0poJia TIPY UCXOJTHBIX «BOAOPOIHBIX yAapax» (cM. Tabi. 1). HeoOXoquMOoCTh Takoro «y>KecTOYeHHUs» BOJIO-
POAHOTO BO3IECWCTBHS B II€JIOM MOHSATHA M OOYCIIOBIEHA HEOOXOANMOCTBIO Y/IEpKHMBaTh (Ha Ha4aJ bHOM 3Tare
BO311eiicTBYS) BhIcOKHE 3HaueHnss BK-nanpsokenwnii. JlefictBurensHo, ¢ pocToM Temneparypsl BK-Hanpspkenns
CHIDKAIOTCS M3-32 YMCHBIIICHUS PA3HOCTH KOHIICHTparmii Bogopona (Ax) B dasax o, -PdH u B, -PdH, , 1.,
YTO HAIVIAHO BUIHO U3 pHUC. 5, IJie peCTaBieHa 3aBUCUMOCTb AX OT TeMIepaTypbl, TOCTPOCHHAs 110 JaH-
HbIM padot [16—18]. 1o 3T0it npuyrHe ycuieHHe BOJAOPOIHOTO BO3ACHCTBUS TeNeph IKCIIEPUMEHTAIILHO J10-
CTUTaeTCsl IyTeM OoJiee OBICTPOrO UCXOIHOIO MOIbEMa KOHLIEHTPAIlMU BOJOPO/Ia B IIPUIIOBEPXHOCTHOM CJIOE
naJIa s ¥, COOTBETCTBEHHO, Pa3BUTHI BOcXosiied n1uddy3nuu Bomopoia.

PasHocTh KOHUIEHTpanuii Bonopoaa, %
2 o = i o
[\) (9%) ~ wn [@)}

o
—

S T T T T I T T [T T T T Y T IS T N S
30 50 70 90 110 130 150 170 190 210 230 250 270 290
Temneparypa, °C

!
10

Puc. 5. 3aBHCUMOCTb Pa3HOCTH KOHLIEHTPAIM BOIOPOAA
B ipeBpamaroruxcs dasax o, -PdH, u B -PdH, , 1, oT Temmeparyps

[IPU U30TEPMUYUCCKHUX THAPHUIHBIX IIPEBPALICHHSX
Fig. 5. Temperature dependence of the difference in hydrogen concentrations
in the transforming phases o, -PdH, and B, .-PdH, , ., during isothermal hydride transformations

max min

B 11e10M 0CO0EHHOCTH MPOBENICHHBIX YKCIIEPUMEHTOB COCTOHMT B TOM, YTO B KaXKJIOM M3 PEaTM30BaHHBIX
Croco0OB MHHUIMALIMY THAPUAHBIX (Pa30BBIX MPEBpalleHUil Ha HaYaJIbHOM dTare BOJOPOAHOTO BO3AECHCTBUS
JIOMUHHMPOBAJIa KaKas-To OJfHa CHCTEMa BOAOPOIHBIX HAMIPSKEHNH, a UMEHHO Ji00 BO-nanpsoxenws, muoo BK-
HANPsSDKEHHsT. DTO U OTPEIEIsUIo criennduKky nosenaenus cucrembl Pd — H npu nepexomax o — (o0 + ) — P
B KOHKPETHBIX YCIOBHUSAX IKCIIEPUMEHTOB.

EcrecrsenHo, 4To 1ipu Temneparypax, onuskux k touke 7, =292 °C, BK- u BO-HanpsikeHus ocnadeBaroT
HACTOJIBKO, YTO MOJIMPOBAHHAS TOBEPXHOCTH MaJUIAJHs yKe He TIpeTepIieBaeT HUKaKUX U3MEHEHU MpH nepe-
xojie (QPUrypaTUBHON TOUKH CHCTEMBI U3 Oi-obmacTtu B B-obmacts [19].

BrinonHeHHbIe B JaHHOW pab0Te SKCIIEPUMEHTHI BBISIBIIIA HOBBIC BAJKHBIE CTPYKTYPHO-MOP(OIIOTHUecKre
0COOEHHOCTH THIPUIHBIX MPEBPAICHHH MIPU X WHUIMALMK B paiioHe Kymoa aByxdasHoii (o + )-obmactu
cuctemsl Pd — H. EcTecTBeHHO OBUIO TIPEAIONOKUTE, UTO OMUCAHHEIC B myOnukanuu [20] Bogopomoda3oBbIil
HaKJICI U COMPOBOXKIAIOIIUE €0 CTPYKTYPHBIC H3MEHEHHSI Maiaus OyIyT UMETh CBOM OCOOCHHOCTH, €CITU
rUJpUaAHbIe (Ja30BbIC TPEBPAICHNUS OCYIIECTBISITh B YCIOBHSIX, IPUHSATHIX B HACTOsIIIEH padore.

3aKiaoueHune

CucreMarniecku MU3y4eHbl in Situ ¢ BUICO3AIUCHIO U MMOKAPOBBIM aHAIM30M THAPHIHbIE (ha30BbIe Mpe-
BpaIlleHUs] B IPUTIOBEPXHOCTHBIX CJIOSX CIUIABOB M1 Ui — BOIOPOA B paiioHe KyroJa AByxda3Hoii oomactu
W YCTAHOBJICHBI HX CTPYKTYPHO-MOP(OIOTHYECKHE 0COOCHHOCTH B 3aBUCUMOCTH OT HCITOJIb3YEMBIX CIIOCOOO0B
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WHUIMALIMHY TIPEBPAICHUH U YCIOBUI UX OCYIIECTBIEHUS (IT0 OTHOIIEHHUIO K KPUTHUECKOM TeMIeparype cuc-
teMbl Pd — H).

DKCHEPUMEHTAIBHO YCTAaHOBJICHO, YTO THIPH/IHBIC (Da30BbIe MPEBPAICHUS o0 — [3 B CIIIaBaX, HHUILIUHPO-
BaHHBIC TIOBBILICHUEM JaBJICHUS ra3000pa3HOr0 BOIOPOAA, MOJUMHSIIOTCS CIACIYIOMHUM (a30BO-CTPYKTYPHBIM
3aKOHOMEPHOCTSIM.

1. IIpu yka3zaHHOM CIIO0cO0e HHUIMALINK TUIPUIHBIC (a30Bble MPEBPALICHUS Of —> [3 peanu3yroTes o cMe-
IIAHHOMY MEXaHU3MY. 3apOXK/ICHHE U POCT MACCUBHBIX BbIIeICHHH [3-a3bl COMPOBOXKAAIOTCS CIBUTOM 3€peH
C MOCIIEAYIOLIMM POCTOM BbIENIeHHUI B-(ha3bl OT OCTPBIX KPAeB BBIICIUBIINXCS 3EPEH.

2. Tlo Mepe MpUOIMKEHHs TEMIIEPATYPBI THAPUIHOTO TIpeBpaiienus 0. — B k Touke 7, U yBeqHueHUs
MOIITHOCTH «BOJOPOIHBIX YIapOB» BKJIa[ MEXaHM3Ma 3apOKACHUS M pocTa HOBOH (a3bl B IIpEBpalCHUE M0-
CTENEHHO YMEHBIIACTCS M MCUE3aeT, a BKJIaJl MEXaHU3Ma POCTa BbiZeIeHU [3-pa3bl OT OCTPHIX KpaeB Bbize-
JUBIINXCS 3€PEH YBEINUUBAETCS.

PesynbTarsl SKCIEPIMEHTOB 00CY>KICHbI UCXO/IS U3 TIPEACTaBICHHH, YTO THAPHTHBIE TIPEBPAIIEHUs TI0 CBOEH
npupoze ABsAoTcea 1} (y3noHHO-KOONEepaTHBHBIMU (ha30BBIMH NIPEBPALLIEHUSMH, a BOLOPOAHOE BO3IECHCTBHE
BBI3BIBACT B METAJUIC BOZHUKHOBEHHE, IIepepacnpeaeieHue u penaxkcanuio Bogoponssix (B® u BK) nanpsoke-
Huil. Beickazana runoresa, 4To (a3oBO-CTPYKTypHasi U MOpQoornueckas ciequduka pasBUTUS THAPUIHBIX
IPEeBpAIleHHUIT O — [} ompenessieTcss XapaKTepHbIMU OCOOCHHOCTSAME BO3HHKAIOIIMX BOIOPOIHBIX HaIpshKe-
HUI: IIpY MHULUALNYU IIyTeM [OBBILICHUS AaBJIECHUS BOAOPOJA Ha HAuaJIbHBIX 3Tallax IJIABHYIO POJIb UIPAIOT
BK-nanpspkenus.

BrinonHeHHbIE B JaHHOH pab0Te SKCIIEPUMEHTHI BHISIBUIIN HOBBIE BaKHBIEC CTPYKTYPHO-MOP(OIOrHIeCKre
0COOEHHOCTH THUAPUIHBIX MPEBPAICHHI IPU MX WHUIMALIMK B paiioHe Kymosna aByxdasHoii (o + )-o6mactu
cucrems! Pd — H.
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q)I/ISI/IKA AOPA

N SJIEMEHTAPHbBIX YACTUL]

ATOMIC NUCLEUS
AND ELEMENTARY PARTICLE PHYSICS

VIIK 539.12.01

PA3BUTUE TEOPUU IAEKTPOCAABOTIO B3AUMOAENCTBUS
HA BA3E ITPOLIECCOB 3AEKTPOH-IIOBUTPOHHOTO PACCEAHWA

10. H. YV/[HOBA", T. B. LIMIIIKHHA"

1)Eeflopycacuﬁ eocyoapcmeennulil ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, berapyce

PaccMoTpeHbl porpaMmbl UCCIISIOBAaHUI Ha JIMHEIHBIX KOJUIaiiepax HOBOro MOKojeHWs. Ha ocHoBe nuarpaMMHOI
TexHUKH DeifHMaHa BBIOIHEH aHATMTHYCSCKUH JIOPEHII-MHBAPUAHTHBIN pacyeT aMILIUTY M KBaJIpaToB MaTPHYHBIX dJIe-
MEHTOB ITpoLiecca POXKICHHS MIOOH-aHTUMIOOHHOI Maphl B Pe3y/IbTaTe aHHUTHILILUH JICKTPOHOB U IIO3UTPOHOB BBICO-
kux sHepruil. [TokazaHo, 4yTo yueT ciaboro B3aMMOJICUCTBHUS IPH pacueTe JaHHOTO Ipolecca HeOOXOIUM yXKe B HU3-
IIIeM TTOpSI/IKE TEOPHU BO3MYIEHHH. BhimonHeH yrncieHHbli anammu3 qudhepeHnnaibHbIX U MOJIHBIX CEYSHUH npolecca,
a TaK)Ke aCHMMETPHUH PACCEsIHUS YaCTHIl BIEpe-Ha3a/] ¢ YYeTOM MIMPHHBI pacliajia MaCCHBHOTO HEWTPaJIbHOTO KajH-
OpoBOYHOro GO30HA VIS PA3INYHBIX YHEPIUil B3aUMOJACHUCTBUS U YIIIOB 00Ope3anus. [IpoBeneH aHaIu3 NPUMEHHUMOCTH
VABTPAPENATHBUCTCKOTO MpHOMmKkeHus. OOHapyKeHO, 9TO 0HO ((EKTHBHO OMICHIBAECT CEUCHUS IpOIlecca MPH dHEP-
THAX, JOCTHKUMBIX Ha JIMHEHHBIX KoJUlaliaepax HOBOro ImokosieHus. [Ipoanann3npoBaHbl IepCIeKTHBEI HCIIOJIB30BAHU
nmpouecca poKACHUA apbl q)epMI/IOHOB Py aHHUTHUJIAONUU 3JICKTPOHOB M MO3UTPOHOB KaK UIA U3YUYCHUSA MMAapaMETPOB
U cTpyKTypbl CTaHAapTHOM MOJIENN 3IEKTPOCIa00ro B3aMMOICHCTBYS, TaK U JUIsl Pa3BUTHsI aJIbTEPHATHBHBIX HEMUHH-
MaJIbHBIX KaJIMOPOBOYHBIX MOJICIICH.
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DEVELOPMENT OF ELECTROWEAK INTERACTION THEORY
BASED ON ELECTRON-POSITRON SCATTERING

Y. N. CHUDNOVA®, T. V. SHISHKINA"

*Belarusian State University, 4 NiezalieZnasci Avenue, Minsk 220030, Belarus
Corresponding author: Y. N. Chudnova (yuliachudnova39@gmail.com)

The programs of research on linear colliders of a new generation are considered. The analytical Lorentz invariant
calculation of the amplitudes and squares of matrix elements of the process of the muon-antimuon pair generation as
a result of the electron-positron annihilation at high energies is performed on the basis of Feynman diagram technique.
It is shown that taking into account the weak interaction in the calculation of this process is necessary even in the lowest
order of the perturbation theory. Numerical analysis of the differential and total cross sections of the process, as well as the
forward-backward asymmetry, taking into account the decay width massive neutral gauge boson for various interaction
energies and cutoff angles, is performed. The ultrarelativistic approximation has been examinedd. The last one effectively
describes the cross sections of the process at energies of new generation linear colliders. The opportunity of fermions pair
production as a result of electron-positron annihilation are analysed both for investigation the parameters and structure of
the Standard Model of the electroweak interaction and for development of alternative non-minimal gauge models.

Keywords: linear colliders; Standard Model; electron-positron collisions; production cross section.

BBenenue

HccnenoBanus Ha TMHEWHBIX KOJUTAiiepaX — OJHO W3 TIEPCTIEKTUBHBIX HAIPABICHUH SKCIIEPUMEHTAITEHON
¢u3uku BeicOKUX dHepruit [1-3]. [Iporecchl CTOIKHOBEHHS JIENTOHOB TMO3BOJISIOT MPOBECTH MPEITU3UOHHBIE
M3MepeHus, HeoOXonuMble it npoBepkn CTaHTapTHOW MOAeNIH M ee mapameTpoB. PaccmarpuBaeMsblii mpo-
IECC — B3aUMOJICHCTBHE EKTPOH-TTO3UTPOHHOH Maphl ¢ 00pa30BaHUEM MIOOH-aHTUMIOOHHOMW TIaphl — SIBIISETCS
AIIEKTPOCIA0bIM B HUBIIEM TOPSJIKE TEOPUU BOSMYIIICHUH, ITOATOMY 3P (PEKTHI c1adoro B3auMOICHCTBUS BHO-
CAT 3HAYUTENBHBINA BKIAA [4—9] B DKCIIEPUMEHTAIILHO W3MEPsIeMbIe BEIMYMHEI. JTO OINpPEeNsieT BAXKHOCTh
TIIATEIIEHOTO aHajM3a YKa3aHHOTO Tpollecca Ha 0a3e SKCIepUMEHTAIIBHBIX JaHHBIX JMHEWHBIX yYCKOPUTEIeH
HOBOTO ToKosieHus1. M3yuenne 3pdextoB c1aboro B3auMOACHCTBUS 001a1aeT IBPUCTUICCKIM TIOTSHIIMAIOM
Kak Ul moaTBepkaeHnss CTaHaapTHOW MOJIENH, TaK M JUIs TIOMCKa BO3MOXKHBIX d(dextoB HoBol (uzukm.
Ju1s BBIpaOOTKH aJIeKBATHOM CTPAaTeTHH CEPUHU DKCTIEPUMEHTOB HEOOXOIMMBI MPEIM3UOHHBINA pacueT U Mpej-
BapUTEIbHBIN TEOPETUIESCKUI aHAIIN3 MTEPCIIEKTUB N3YYEHHUS JAHHOTO MPOIecca, BAYKHOCTh KOTOPBIX JIEMOH-
CTPUPYETCS] TEM, YTO DKCIIEPUMEHTHI Ha 3JIEKTPOH-TIO3UTPOHHBIX ITyYKaX (POPMHUPYIOT TEPBYIO MPOTPAMMY
WCCIIEZIOBaHUH Ha JIMHEHHBIX YCKOPUTENSIX M MOTYT TIOBIHUATh HA OCO3HAHHE IeJIel M MOCIIEeA0BATeIbHOCTH
NAIbHEHIINX UCCIEN0BAHUMT.

BenuunHa, KOTOpOI JOCTUTAIOT CEYSHHS B HU3IIIEM ITOPSIKE TEOPUU BO3MYIIIEHUH, CBUAECTEIHCTBYET O HE-
00XOIMMOCTH y4eTa BBICIIUX MTOPSAKOB, TAK KaK 3TH TIOTPAaBKU OyAyT 3HAYUTENbHBI, CIIEA0BATEIIEHO, OHA MOTYT
OBITh CpaBHUMEI ¢ 3(hdekramMu c1aboro B3aMMOACHUCTBUS, IO KpalfHel Mepe B 4acTW KMHEMaTHYeCKOW 00-
JIACTH, YTO TO3BOJIUT UCCIIE0BaTh TOHKHE 3(PPEKTh KaaTuOpoBOUHOM CTPYKTYpHI. 110 3T0i mpudrHe mpenu-
3MOHHBIE KOBApUAHTHBIE pacyeThl OCHOBHBIX 3PQexToB [10—16], BHITOTHEHHBIE B HU3IIEM TIOPSIIKE TEOPUU
BO3MYIIEHHUH, UMEIOT IEPBOCTEIIEHHOE 3HAUEHHE.

ToYHBIM aHANUTUYECKUM JIOPCHII-MHBAPUAHTHBIM pacyeTaM CEUCHHU IMpoIiecca POXKICHUS MIOOH-aHTH-
MIOOHHOH TIaphl B AJIEKTPOH-TIO3UTPOHHBIX CTOJIKHOBEHHSX U TMIOCBAIICHA HACTOSINAS CTaThS.

KOBap](IaHTHaﬂ KMHEMaTHKA Ipoiecca
B pabore ucciemyeres npouece
- + - ’ + ’
e (P1) te (Pz) - U (Pl) + U (Pz),
rac Di u pz, — 4-I/IMHyJ'H>CBI Ha4daJbHBIX U KOHECYHBIX YaCTUL] COOTBETCTBECHHO.
I[J'IH OMMUCAaHUA JaHHOTO IMpouecca y,[[O6HO HCIIOJIb30BAaTh KWHEMATHUYCCKNEC NHBAPUAHTBL MaHI[eJ'H:HITaMa

s=(p+p) =(p+p3),
=-0’=(p,—p) =(p, - 13)’
u=(p,-p5) =(p, - p}).
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OTH MHBAaPUAHTBI CBA3aHBI CIEAYIOIMM COOTHOILICHUEM:
2 2
S+t+u=2m; +2m,.
EcTecTBEHHBIM KHHEMAaTHYECKMM OTPAaHUYEHUEM SABJIAETCS NOPOT SHEPTUH POXKICHUS Iapbl MIOOHOB
2
>
52 (2mu) .
B paMkax 5KCHEPHMEHTOB Ha JMHEHHBIX yCKOPHUTEAX MPOLECCH B3aUMOAEHCTBUSA OCYLIECTBIIAIOTCA Ha
BCTPEYHBIX ITy4YKaxX PaBHBIX SHEPrHil. B CBA3M ¢ 3TUM B KauecTBE HEKOBAPUAHTHBIX KMHEMATHYECKUX Iepe-

MEHHBIX yZOOHO UCIIONIb30BaTh SHEPTUIO B3aUMOACHCTBHS U YIOJl pa3jieTa BTOPUYHBIX YaCTUI] B CHCTEME LICH-
Tpa Macc, B KOTOPOH CyMMapHBIH 3-MMITYJIbC Ha4aIbHBIX YaCTUL] paBeH HYIIIO:

- - —_ =7 __
D+ p,=p +py=0.
B 3710i#1 cucTeMe BbIpaKeHHS JIJIsl SHEPIUH U MMITYJIbCOB YacCTHIl OyIyT BKJIHOUATh B CEOs JIMIIb 3aBUCUMOCTh

OT SHEPrHH B3aHMOICHCTBHA /s
[ 2 2
7\,(s, m;, me)

|P1|=|P2|:T,

|5 =|P3
0_ 0 0
nEp =P =P =
g kparkocTH 37echk BBeeHa GpyHkuus Kamiena (qByx4acTnyHas KWHeMaTndeckas (GyHKINs)
2
Mx, y,z)=(x—y—z) —4yz

W3 mpencTaBieHHBIX BBIIIE COOTHOIICHNUH JIETKO TIOMYYHUTh BRIPAXKEHUE JIJIsl CBSI3M NMHBAPHAHTOB U YTJIOB pac-
cessHUS yacTHil. Hampumep, BeIpa3nM MHBAPUAHT / B CICTEME IIEHTpa Macc:

t=m} +my —2(p3ps —| | 3] cos) =

= _i[(s — 4mez) + (s - 4mﬁ) - \/s - 4me2 \/s - 4mﬁ cose},

rae O — yroa OTKIOHEHHS] KOHEYHBIX YaCTUIl OTHOCUTEIHHO HAYaJIbHBIX YAaCTHI] OTHOTO 3apsija.

Taxum 00pa3oM, OCYIIECTBIIIETCS MEPEXO] OT HEKOBAPHAHTHBIX BBIPAKEHUH K JIOPEHII-MHBAPHUAHTHBIM.
W3 nocnennedd GopMysIbl MOKHO TIONYYUTh KHHEMATHUECKUE MTPEJIeibl M3MEHEHHS WHBAPHAHTA, MOJCTABUB
MaKCUMaJIbHO€ U MUHUMaJIbHOE 3HaueHUs cos 0.

Ceuenune nmpomecca

ITpouecc e e” — W " B HU3IIEM NOPS/IKE TEOPHH BO3MYIIEHHH OMMCHIBAETCS AByMs IMarpaMMaMH, TPe/-
CTaBJIeHHBIMU Ha puc. 1. Jluarpamma Ha puc. 1, a, onuchIBaeT paccesHre, 00ycIoBIEHHOE 3IeKTPOMarHUT-
HBIM B3aMMOJIEHCTBHEM, AUarpaMMa Ha puc. 1, 6, — paccessHue, 00ycIOBIeHHOE CIa0bIM B3aMMO/ICHCTBUEM.

Puc. 1. Jlnarpammsl iporiecca € e — W' B GOPHOBCKOM MpUOITIKCHUN

Fig. 1. Diagrams of the e ¢" — " process in the Born approximation
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HenocpencTtBeHHO 13 MaTpUYHOTO AJIEMEHTA IIPOoIlecca BBIIEINM ero aMITuTyxy. OOImuii BUI MaTpUYHOTO
3JIEMEHTa, COOTBETCTBYIOIETO AUAarpaMMe IPoLecca, MOXKHO IIPEACTaBUTh CIEAYIOIIUM 00pa3oM:

M= Caﬁﬁ(pf)fmau(—[?ﬁ )L_‘(_Pz )QB“(pl)’

rne C,p — TeH30pHas amILuTyaa npouecca; M, QB — dopmdarTopsl BepiiuH. [Ipou3BeaeHne AByX TaKuX
AMIIIUTY/ C yYETOM CHHHOpHOfI anre6pbl MOJKET OBITH MEPEIIUCAHO Y€PE3 CICIAbI IPOMU3BCACHUA MaTPHUII:

= cipcso[ mUp(p )T p(~p,) [sp () AP (%)

e p(p) =PV +m= ﬁ + m — Marpula mIOTHOCTHU HCHOHﬂpPBOBaHHOﬁ qacTulsl C 4-B€KTOpOM p 1 Mac-
cou m.

Tak ke kak u AuarpamMmbl @eﬁHMaHa, AMIIIUTYda MOXKET OBITh pa3aciicHa Ha BKJIAJibl, ONIPEACIIACMBIC
SJICKTPOMAaruuTHLBIM U Cl1a0bbIM B3aHMO):[CI71CTBPISIMHZ

M(l) M(l)

Myo =M + M".
Bripaxxenue nis ,Z[I/I(b(bepeHuI/Iaanoro CEUEHUsI IpoIiecca MOXKET OBITH 3aIIMCAaHO B CIIENYIOIIEM BUIE:
1 2 -2
d |M|"(2m) " dT,

o= B

2.2

4\/(191172) - mm,
2 N

I () |M | — KBaJIpaT MOJYJISI MATPUYIHOTO dJieMeHTa; d " — aneMeHTapHbIi 00beM (ha30BOTo MPOCTPAHCTBA, OTpe-
NEeJSIEMBIN KaK

3.7 73 ./

_ d’p d’ p;

dl'= —

2p; 2p,;

JIJis HaXOXKJIEHUs] KOHKPETHOTO BhIpaxeHus st udGepeHInaIbHOro CeUeHsT HE0OX0AUMO PacCcCuuTarh

KBaIpaT MOIYJS MaTPUYHOTO 3JIEMEHTa U MOCJE STOTO MOMYYUTh BBIPAKCHHE B TEPMUHAX HCIOIB3YEMBIX

KHMHEMAaTU4YC€CKUX MCPEMCHHBIX.
KBaz[paT MOIYJIA MaTpUYHOI'O 3JICMCHTA 6y,lIGT OMpeACTIATHCA TPEMSA CllaraCMbIMU:

2
|M["=F™M+ F* + F".
I/ICXOJISI ns3 BHyTpeHHei/‘I CTPYKTYPBI aMIUIUTYAbI, KBaApaT MOAYJIA MaTPUYIHOIO 3JIEMCHTA MOXKHO IIEPEIUcarb
B CJICAYIOIIEM BHU/JIE:

(M| = C e sp M p(py)ME"p(=p, ) S| ME"p (o) Mp(-p3) | +
+ 2Re| o sp[ Mup(p) M"p(=p2) |Sp[ MEp(p)) M p(-p2) ]| +
+ CopCoasp| Mup ()M (=p, ) |Sp[ Myp () Mp(-p5) |,

3(p,+ py — Pl - Pb)-

e
MG =0y =M = QY =7,
My = Q0 = Vo (g + 2475);
My, = Qy, = (& + &4Y5) Voo

. 2
em__le gaB

O(B_ Ky 2
Tolp
8op —
w_ . &g " M
b 4cos’ O, s—M2
ro=(p+ p2),

Onpezenum BernomoratenbHble TeH30pHble QyHKIMA A g, Bg, Co g, ABISIOMIMECS PE3YIBTATOM BHIMUCIIEHHS
IIITYPOB:

Aaﬁ (kl’ kz) = Sp[imgmp(kl) E’”p(—kz )] = 2(Sga[3 - 2k1ak2[3 - 2k1[3k2a ),
Byg (kp kz) = SP[Sm(vaP(kl )fmﬁmp(_kz )] =gy (kla kz) — 4ig, ky k€ opyys
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w w 2 2
Cop (ks ky) = Sp[i)ﬁ p(k )Dﬁﬁp(—kz )J = 8rhgp (ki k) + &4 Agp (k> —Fy)-
C ydeTom BBeAEHHBIX (DYHKLMM KBaJapaT MO/ MaTPUYHOTO JIEMEHTA MOKHO NPEICTaBUTh B KOMITAKT-

HO¥ opMme:
|M| - ;’[g’ S?anu(pla pz)ABV(pl,a p£)+

+2RGH :BCS\T*IB(XM (pla pZ)BBV (pl,a pé)]‘ +
+ C CW (C(Xu(pla pZ)CBV (pl/: pé)

Paccmotpum (hopM(aKTOPEI, ONPEE/ISIONIME BKIAIbl YaCTENH CyMMapHOM aMILIUTY/IbI IPOIIECCA B CEUYEHHE.
JIy1s1 5IEKTPOMArHUTHOTO BKJIAAa MMEEM CIIEAYIONIEE BRIPAKEHHUE:
2 (m +m t) m? (m2+m2—u)2
m e n
FEM 1ol L e T ) T e T )
Ky S2 Ky S2

OTMETHM KPOCCHHT-CHMMETPHIO JAHHOTO BBIPKEHHUS. AHAJIOTWYHO ISl CIIaraeMoro, OPeIeIISIFOIIETo AIISKTPO-
cy1alblil BKIIa, ofydaeM

FEV _ gé s FEM _ 64n2(x2gj t—u
2sin’ @y, cos® O, (s—Mé) sin@y, cosOy, s — M2

Crnalyro yacThb BKJIaJia 3aIuileM cIeIyIOIHM 00pa3oM:

1
FW——[G + G+ Gy + GIV]

sin 9 cos 9

rae GpyHkuun G, MOTYT OBITh IIPEACTABICHBI B BUJE

2 2)? s’
GI:(gV_gA)

——F™y
16(s — M)

+ o] (g7 - gj)(me2 (5 + 2m3) + g (s + 2m€2)) ’

(S—M;)
2561t20c2g3 )
2 e
(s-22)
64m’olg]
Gy =Gy = gﬁ S2 gmz,
(s—az) Mz
s—M, z
_647[2062gj S2 2 2
= L My

Omnpenenum ¢a3oBbIii 00bEM CIEAYIONTIM 00pa3oM:

d’p d3p ;o
J. F—5-8(py + py— pl = p3)
2p1 P
BeIpasuM ero B TepMUHAX MHBAPHAHTOB:

T dt

J a

\/k s m’, m; ) 2 \/s(s—4me)
Yuer mmpuns! paciiafa Z-6030Ha HEOOXOAUM, OCKOIbKY B IPOTUBHOM cllydae rpaduk cedeHus Oyner uc-
IBITBIBATH PA3PBIB IIPH SHEPTUHU, PABHOI IOPOTY POXKACHUSI MACCHBHOTO 6030Ha. J{yist ydeTa IUPUHBI paciiajia

Z-06030Ha BBIMIOIHUM CJIEIYIOLIYIO 3aMCHY:
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. 2
M2 (MZ - érz ) = M2 —iM,T,,

rae I, — mupuna pacnazna Z-6030Ha, npuuem [, < M,. B cBd3u ¢ 3TUM nepenuieM Nponaratopsl, B KOTOPBIX
€€ HaJINYue JO0JDKHO IOBJIMATH HA PACUET:

1 1 1
— Re =

(s —p2) (s—Mj—idd, 0, ) | (s-M3) +M2T}

s=M(s-Mz) (s-ME) + ML}

1 s—M; . s—M;

Hcxons 13 Hann4Ms TeX WIK UHBIX IPOMAraTropoB B Pa3JIMUHBIX BKIAJaX B CEUCHHUE, TIOJyUUM CICAYIOIINE
npeoOpa3oBaHus AJsl yueTa WHUPHUHBI pacnaaa Z-0030Ha:

P 2
FEV (S B MZ) FEV.
(s - M) + 02T}
F" (S ~ M )2 F.

(5= M3 )2 + M2T?

[HosHoe ceuenue nmpouecca.
AcuMMeTpHs paccesiHUS BIepea-Ha3a/q

[NonHOE ceyeHune mporiecca JErKo NOITYyYUTh TTOCPEACTBOM HHTETpUpOBaHus AuddepeHInanbHOTo cedeHus
0 OJTHOMY (ha30BOMY IPOCTPAHCTBY:

max

o(s)= J do(s, t).

Imin

VYuutbiBas BBCJICHHYIO paHee B CMCTEME LICHTpa MacC 3aBUCMMOCTb MHBapHaHTa f OT yIJla pasjieTa 4acTHI]
t(COS 9), MOXHO ONPCACIINTD a0CONIIOTHEIE KNHEMATHUECKHE npeacjibl UISMCHCHUSA DTOI'O UHBApHUAHTA:

t(+1) 22 21(-1).

B peanbHBIX KCIIEpIMEHTaX JETEKTOp MPECTaBIsAeT co00M He LenbHYyIo cdepy, a chepy co «CIenoi 30-
HOI71)), B KOTOpOfI HC NPOUCXOAUT ACTCKTUPOBAHNA YaCTHUILI. Ee PpasMEpPLI ONIPEACTIAIOTCA TaK Ha3bIBACMBIM YITIOM
obpe3anus AO. [TonHOE ceueHre ¢ y4eToM yriia o0pe3aHus IPUHUMAET BUJT

#(cos AB)
o(s)= [ do(s.1)
#(—cos AB)
B xauectBe Z[OHOJIHI/ITCJII)HOﬁ I/I3Mep$ICMOI‘/'I BCJIMYMHBI BBEIEM aCUMMCETPUIO paCCCIHUA YaCTULL BICPEA-Ha3a/]

0(9 Sn) - 0(6 > n)
PP — 2 2
G(eg“jm(eznj
2 2

ONpCACOIIYH0 OTHOCUTCIIBHOC KOJIMYECTBO IMMPOLECCOB, MPOU3OUICAIINX C BBUICTOM KOHCYHBIX MIOOHOB B I1€-
PCAHIOO nonyC(bepy ACTCKTOPA, K KOJUYCCTBY IMPOLUECCOB, NPOU3OMICAIINX C BbIJICTOM MIOOHOB B IIPOTHBO-
ITOJIOKHOM HaIIpaBJICHUU.

YucieHHBIH aHAJIN3

Hcnonesyem nomydenHsie Gpopmyiisl andhepeHInaIbHOro 1 MOJIHOTO CEYEHHH, a TAKKe aCUMMETPUH pac-
CesIHMS BIIEpEe/-Ha3al AJIsl YUCICHHOIO aHaIN3a HAaOMI0AaeMbIX BEJIMYMH, KOTOPbIE MOKHO OCTPOUTD 110 pe-
3yJbTaTaM SKCIEPUMEHTOB Ha KoJlaiaepax.
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Haunem ¢ nuddepeHnnanbHbIX CEUSHHH, ONPEEISIONINX TNIOTHOCTH BEPOSTHOCTH MPOXOKICHUS TIpoIIiec-
COB C 33/IaHHBIMH KHHEMaTHUECKIUMU XapakTepucTrkamu. Ha puc. 2 npezcrasnen rpaduk tuddepeHmuansHoro
CEUEeHUs MpOoIecca B 3aBUCIMOCTH OT JIOPEHI-MHBAPUAHTOB (TIepe/laul HMITYIbCa) IPH Pa3TUYHbIX 3HAYCHUAX
SHEPTUH B3aUMOJICHCTBUS HAYaJIbHbIX YACTHIL.

A i6moB
do

10,0000 \

1,0000
0,1000
0,0100
0,0010 ~.

0,0001

| 1 1 MR | 1 | 1 1 | 1 1 P .
>

50 100 200 500 lo|. 1B

Puc. 2. 3aBUCUMOCTb KOBapHAHTHOTO AN((HEpeHINATEHOTO CEYECHUS PACCesTHUS
0T MepeJayy UMITYJIbCa JUls Pa3IMYHbIX 3HAYCHUM SHEpPruy B3auMoaeiicTBus.
CrutomrHast TMHUS cOOTBETCTBYeT SHepruu 100 3B,
mrpuxosas — sHeprun 500 I'3B, Toueunas — sueprum 1 ToB

Fig. 2. The dependence of covariant differential cross section
from momentum transfer for various interaction energies.
The solid line corresponds to the energy of 100 GeV,
the dashed line — to the energy of 500 GeV, the dotted line — to the energy of 1 TeV

3aMeTI/IM, 4TO IIPpU BO3paCTaHWU SHEPTrUn BSaHMOIIefICTBHH CCUCHUC YMCHBIIACTCA Ha IIATH IIOPAJIKOB, a I'pa-
(uKM cMenarTes BIEBO (IIPH OTOM TIPeNeNIbl H3MECHEHHUS |Q| YBEJIMYUBAIOTCA), TPUYEM TIPU UCTIOIB30BAHUN
JIOFapPI(i)MPI‘IeCKOfI MIKaJIBI KHHEMaTH4yecKkast 00acThb BU3YaJIbHO HC M3MCHACTCA 110 IIHMPUHE. HpOSIB.HSIeTCSI
Ba)KHAsI 0COOCHHOCTh MU((EpCHIINATBFHOTO CEUSHHS: Ha TPAHUIAX KMHEMAaTHUECKON 00IacTH OHO OCTaeTCst
KOHEYHBIM, TIPU ATOM Beln4rHa JrddHepeHIInanbHOr0 CeUeHus MPH (PUKCUPOBAHHON SHEPTUH B3aUMOJICHCTBHSI
SIBJISIETCSI MOHOTOHHOM (DyHKIIMEH 3 QEeKTUBHON mepeadn SHEPTUU-UMITYJIbCa U YMECHBIIACTCS IPUMEPHO Ha
MOPSIOK C POCTOM |Q|

PaccmoTpum, KakuM 00pa3oM ydeT pa3indHbIX COBOKYITHOCTEH BKJIAJOB BIHSIET HA 3HAUCHHE KOHEYHOTO
muddepennuansHoro ceueHus. Ha puc. 3 mpeacraieHa 3aBHCHMOCTh KOBAPHAHTHOTO TU(PQepeHIINaIBLHO-
TO CCUCHHA OT Iepcaadn UMITyJIbCa MJIA Pa3IMUYHBIX COBOKynHOCTeﬁ BKJIaIOB IIPpU SHEPTrUun BSaHMOHeﬁCTBHﬂ
Js =100 TB. Kaxk BujiHO 13 puc. 3, ciraboe B3anMOCHCTBIE BHOCHT 3HAUYNTEIHHBIA BKJIA ] B IIOJTHOE CEUCHUE.

Amnanornansie qudQepeHuansHble CeYeHNs MOXKHO MTOCTPOUTD B B 3aBUCHMOCTH OT HEKOBAPHUAHTHBIX TIepe-
MEHHBIX B CHCTeMe IIeHTpa Macc. Ha puc. 4 mpeacrasner rpaduk muddhepeHInaIbHOTo CeUeHUS IS TeX JKe 3Ha-
genwit sHeprun B3anmozeicteus (100 m 500 5B, 1 T2B), HO ToMEKO B 3aBUCUMOCTH OT yTJIa pasjieTa KOHEIHBIX
YaCTHII.

C y4eToM TOTO YTO HKCTIEPUMEHT Ha JIMHEWHBIX YCKOPHUTENAX BBIMOIHAECTCS HA BCTPEUHBIX MTydKaxX, BEIOOP
CHCTEMBI [IEHTpa Macc ABJSIETCS HanOoJIee eCTECTBEHHBIM. 37eCh Ta )K€ 3aBUCHMOCTh OT SHEPTHH B3aNMOJCH-
CTBHS M IIPUMEPHO T€ K€ MOPSAKA YMEHBIICHHS 3HAYEHUH CeIeHUsI IPH M3MEHEHNY YHEPTUuH (Ha TSITh MOPsI-
koB). [Ipu 5TOM ¢ HanOOMBIIIEH BEPOSTHOCTHIO IMTPOIIECC OCYIIECTBISIETCS P MUHUMAITBHBIX YTIIaX OTKJIOHEHHS.

Tereps mepeiineM K pacCMOTPEHHIO TTOJTHOTO CEUIEHHs 00CYykmaeMoro mporiecca. Ha puc. 5 u 6 mpencrasie-
HBI TPa(UKH ITOJTHOTO CEYEHHS C YIETOM TOJBKO IEKTPOMAarHUTHOTO BKJIA/Ia, a TAK)KE BCEX BKIIA/IOB B JIpeBEC-
HOM TIPHOJIMYKEHIH ¥ OTHOCHTEIIFHOTO AJIEKTPOMAarHUTHOTO BKJIA .

BBeneMm BenmuuHYy, OMPEIENIONIYI0 BKIal HHBIX CIaraeMbIX OTHOCHTENFHO IEKTPOMAarHUTHOTO BKJIA/a!

AEM B 8 _ SEM

BEM

HerpynHo 3ameTnTh, 4TO B 00/1aCTH SHEPIUH, COOTBETCTBYIOIICH IOPOTY POXKACHNUS Z-0030Ha (Z-THK), HA0MI0-
JaeTcsl MK cedeHus, gocturaromuii 1 H0. OCHOBHOM BKJIAJl B 3TOT MK BHOCHT UMEHHO KaHaJ, ONpeneIsieMblid
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oOMeHOM Z-0030HOM. YOexkaaeMcsl elie pa3, 4To y4eT JaHHOTO BKJIaa AaeT JOTOJIHUTENLHYI0 HH(OPMAIUIO.
[Ipu sHeprun oxoso 90 I'3B oTHOCHUTENBHBIN BKIIAJ 3TOTO CJIAaraéMoro B CEY€HHE TOCTUTaeT MPHOIN3UTEIHHO
2000 % ot aneKTpoMarHuTHOTO BKJIaaa, mpu sHepruu 50 5B coctaBnsger 1 %, a npu suepruum 150 I'5B pas-
Hsaetcst 20 % 1 aCUMOTOTHYECKU CTPEMHUTCS K 3HAUEHUT0 TpuMepHO 13 %. OueBuIHO, 9TO BKIIA] CIIaraeMoro,
orpenensieMoro ciadbiM B3aMMOJIEHCTBHEM, CYIIIECTBEH JIMIIH B Masoil obiactu suepruit (ot 78 mo 144 I'3B),
7€ OH TpeBbIIaeT 1 % OT 3JeKTPOMAarHUTHOTO BKIIaa. B ocTanbHOI yacTu [uana3oHa SHEPTHH TOTIOTHUTEb-
HBII BKJIAJ] IaeT UMEHHO cllaraeMoe, oTpaxaroliee HHTepQEpeHITUIO MIEKTPOMArHUTHOTO U C1aboro B3anMo-
JIEUCTBUIL.

PaccmoTpuM 3aBHCHMOCTH 3HaYEHHS MOJTHOTO CEYEHHS OT yIia oOpe3aHus, MPEeNCTaBICHHYI0 Ha puc. 7.
3a cyeT OTCYTCTBHSI OCOOCHHOCTEH Ha TpaHUIAX KHHEMAaTHYECKOH 001acTH HaJH4YKie yriia 00pe3aHsi, paBHO
KaK ¥ ero 3HaueHHe, OKa3bIBAeT HECYIIECTBEHHOE BIHUAHNE HA CEYEHNE POXKIEHHUS MIOOH-aHTUMIOOHHOM Taphl.
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Puc. 3. 3aBECUMOCTH KOBapUAHTHOTO TU(PPEPCHIINATBLHOTO CEUCHHUS paCCEsHUS
OT Mepeayy UMITYJIbCa Ul Pa3IMYHbIX COBOKYITHOCTEH BKIIaI0B.
CruiouHoM JIMHUEH 1oKa3aH MOJIHBIA BKIIAJ, IITPUXOBOM — DIIEKTPOMArHUTHBIHN BKJIAJ|

Fig. 3. The dependence of covariant differential cross section
from momentum transfer for different sets of contributions.
The solid line shows the total contribution, the dashed line — the electromagnetic contribution

do
——, ib/cpan A
a P

,1__//_\

10

10°F  mmmmm

e T

Puc. 4. 3aBucumocts audhepeHIanbHOr0 CEeUeHNUs PacCesHUs OT yIla PacCesHUs
B CHCTEME IIEHTPa MacC ISl Pa3INYHBIX 3HAUCHUH YHEPTUH B3aNMOACHCTBHS.
CrutoniHast TuHUS cooTBeTCTBYeT 3Heprun 100 3B,
mrpuxoBas — 3Hepruu 500 I'3B, Toueunas — snepruu 1 ToB

Fig. 4. The dependence of the differential scattering cross section on the scattering angle
in the center-of-mass system for various values of the interaction energy.
The solid line corresponds to the energy of 100 GeV,
the dashed line — to the energy of 500 GeV, the dotted line — to the energy of 1 TeV
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Puc. 5. Ilonnoe ceyeHue nporiecca paccestHust JUIsl pa3nuyHbIX COBOKYITHOCTEH BKJIAI0B.
CruI01IHOH TMHKUEH [T0Ka3aHO CEUeHHE C yUeTOM BCeX BKJIAJOB,
LITPUXOBOM — CEYEHUE C YUETOM TOJIBKO AJICKTPOMArHUTHOIO BKJIaJa

Fig. 5. The total cross section of the process for different sets of contributions.
The solid line shows the cross section with all contributions taken into account,
the dashed line — the cross section with only electromagnetic contribution taken into account
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Puc. 6. OTHOCUTENBbHAS PAa3HOCTD MOJHOTO U JIEKTPOMArHUTHOIO BKJIA/(0B
Fig. 6. Relative difference between total and electromagnetic contributions
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Puc. 7. 3aBUCUMOCTb IIOJIHOTO CEYEHHMS OT yIyia 00pe3aHusl.
CIUIOIIHOM JIMHUU COOTBETCTBYET yroa 0°, MTpuxoBoi — yroa 5°, TouedHoi — yroa 10°

Fig. 7. The dependence of the total cross section from the cut off angle.
The solid line corresponds to the angle of 0°, the dashed line — to the angle of 5°,
the dotted line — to the angle of 10°
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OTaensHOr0 BHUMAHUS 3aClTyKHBACT pacyeT CEUCHHH B YIBTPAPENIITHBHCTCKOM MTPUOIIKEHUH B TIPE/IIIO-
JIO’)KEHUH, YTO MACChI YACTHII (3JICKTPOHOB) MPEHEOPEKMUMO MAITBI TTO CPABHEHUIO C DHEPTHUCH B3aMOACHCTBUS
(m< Js ). B 3TOM citydae aHaTUTHIEeCKOE BRIPAKECHUE 3aMETHO yIPOIIAeTCsI. DTO 00JIerdaeT U yCKOpsIeT aHa-
JIN3, 9TO BAYKHO MPU OHJIAMH-00pabOTKe dKCTIepUMeHTanbHOH nHbopManuu. Ha puc. 8 mpencrapneH rpaduk
3aBUCUMOCTH OTHOCHUTEIILHON Pa3HOCTU TOYHOTO BBIPAKEHHS CEUCHHST B OOPHOBCKOM MPHOJIMKEHUH U BBIPa-
YKEHUS CEUCHUSI B YIBTPAPEISITUBUCTCKOM MPUOIMKEHUH, OITPEACIISIeMON Kak
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Puc. 8. Omnune cedeHus npouecca, BEIYUCICHHOTO
B YIBTPApPESITUBHCTCKOM NPUOIIIDKEHHH, OT €T0 TOYHOTO BEIPAXKEHHsI B OOPHOBCKOM MPUOIIIKEHHH.
CIUTOITHOHM TMHUU COOTBETCTBYET yroi 0°, TpuxoBoit — yroi 5°, Touednoit — yron 10°

Fig. 8. The difference of the process cross section calculated
in the ultrarelativistic approximation from the exact one in the Born approximation.
The solid line corresponds to the angle of 0°, the dashed line — to the angle of 5°, the dotted line — to the angle of 10°

MaxkcumansHoe orianuue cocrasisier 0,20 % Ha mopore sHeprun pokKAEHUS MIOOH-aHTUMIOOHHOM Mapbl
u pesko nagaet Hwke 0,01 % yxe npu snepruu 0,1 I'39B. CinenoBarenbHO, YIbTpapenITUBUCTCKOE MPHOIMIKe-
HHUE XOpOoIIOo paboTaeT, 0 KpaiiHel Mepe Mpu aHaJIn3e BHIPaKeHUH, IOyYEHHBIX B IPEBECHOM MPUOIIKEHNH.
Ha puc. 9 npezncrasieH rpadyk 3aBUCUMOCTH aCUIMMETPHH PacCesiHUS YacTHL] BIIEPEA-HA3a]] OT yIiia 00pe3aHusl.

FB

A7, %A
40 +

20

- 10 20 50

—40 | .

Puc. 9. Acummerpust paccestHUS BIiepe/I-Ha3al, XapaKTepH3yolIasi OTHOIICHNE KOJIMUECTBA POIECCOB,
KOTOPBIE MPOMCXO/AT € BBIIETOM BTOPUYHBIX YaCTHIL B IIEPEIHIO0 U 33/IHIOI0 MONYC(Eph! JETEKTOpa.
CIUI01IHOM IMHUU COOTBETCTBYET yroi 0°, ITpuxoBoit — yroi 5°,

TOYeyHOU — yrou 10°, MTpUXmyHKTUpHOU — yroa 20°
Fig. 9. Forward-backward scattering asymmetry as the characteristic the ratio the number of processes
that occur with the escape of secondary particles into the front and back hemispheres of the detector.
The solid line corresponds to the angle of 0°, the dashed line — to the angle of 5°,
the dotted line — to the angle of 10°, the dash-dotted line — to the angle of 20°
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[Ipu sHEpTHHN B3aMMONEHCTBYS, pAaBHOM SHEPTUHU POXKIEHHS Z-0030Ha, TPOUCXOANUT CMEHA 3HAKA BEJTHYHNHBI
ACUMMETPHH, TP SHEPTHH B3aMMOICHCTBHS, MEHBIIIEH YHEPTUN POXKICHHS Z-0030Ha, TPeobIa1atoT mpoiec-
CBI ¢ OOJIBIIMMH yTJIAaMHU OTKJIOHEHUH, a TIPU YHEPTUH B3aMMO/ICHCTBUS, TIPEBBIIIAIONICH SHEPTHUIO POXKIECHUS
Z-6030Ha, — TIPOLECCHI, TPOUCXOSAIINE IPH MUHUMAJIBHBIX YIJIaX OTKJIOHEHUsI BTOPHYHBIX YacThll. Ha rpaduke
BUJIHBI TTeperrObl QYHKIIMU aCUMMETPHH, TPUBOJIAINNE K HATUYNIO SKCTPEMAaIbHBIX 3HAUCHUH aCHMMETPUH,
JIOCTUTAOIINX IO a0COMIOTHOW BenmunHe 42 % mpu HyJAeBOM yriie oopezanus. [Ipu yBennaenuu yriia oope-
3aHMA JOKAJIU3AINH SKCTPEMYMOB CMEIAIOTCS OT TOUKH HYJIEBOTO 3HAYCHHS aCHMMETPHH, KOTOpask OCTaeTcs
HETIOABIKHOM /7151 TF0OBIX AO, a aMITUTYJHBIE 3HAaYE€HUS YMEHbIIAI0TCs. B ciiyuae Bo3pacTaHus SHEPTUH B3a-
UMOJICHCTBHS BETMINHA ACHMMETPUN ACUMIITOTHYECKH CTPEMHUTCSA K KOHEYHOMY TTOJIOKUTEITFHOMY 3HAUYEHHUIO
oxo0 30 % mpu OTCYyTCTBUHU OOpEe3aHus.

3akjaueHmne

B paGore BBITIONHEH pacyeT OCHOBHOTO BKIaJa B Au(QepeHnnansHoe U MOJTHOE CEUCHHsI Mpoliecca
e e"— WU B npesecHom npudmmkennu. [lokasaHa BaKHOCTh ydeTa BKJIa/a c1aboro B3auMOIEHCTBYS B T10JI-
Hoe ceyenue. OOHapyKeHa BhICOKas 3(Q()EKTHBHOCTD UCTIONB30BaHUS YIBTPAPEISITUBUCTCKOTO MPHOINKEHHSI
Ha BCeH MCCleI0BaHHOW KMHEMaTU4YeCcKOi 00IacTH.

[IpoBenen yrcneHHbIN aHamu3 TUPPEPeHIMANBHBIX U TIOJHBIX CEUYCHHH MpoIlecca U aCHMMETPUH pacces-
HUSI YaCTHI] BIIEpeI-Ha3al ISl Pa3INUIHBIX SHEPTUi B3aUMOJICHCTBUS, a TAKKE YIIIOB 00pe3aHusl.
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[IpencraieH KpaTkuii 0030p aKTyalbHBIX MTPOOJIEM MPUKIIAIHOTO AIEKTpoMarHeTn3Ma (OecrpoBoHasl CBSA3b U 3a-
muTa MHOOPMAIMOHHBIX KaHAJIOB OT HECAHKIMOHMPOBAHHOIO JIOCTYIIA, 3JIEKTPOMAarHUTHAsh COBMECTHMOCTb, OMO-
MEIHIMHA U Jp.), KOTOPBIC PEIIAloTCs 33 CUET MCIONb30BAHNS KOMIIO3UIIMOHHBIX HAHOMATEPHAIOB, B TOM YHCJIE Ha
OCHOBE YIJIEPOJHBIX HAHOCTPYKTYp. [loguepkHyTa Ba)KHOCTH NMPHUKJIAJAHBIX Pa3paboTOK ¢ MPUMEHEHNEM MEXaHN3MOB
TOHKOI HACTPOMKHU CBOWCTB YINIEPOACOACPIKAIIMX CTPYKTYP, TAKUX KaK (PyHKIIMOHAIN3AIINs, JISTHPOBAHHE, KOMILIEKCO-
oOpazoBanue n rudpuan3anust. OTMeueHa He0OXOMMMOCTD ITPAKTHYECKOTO OCBOCHUSI HOBBIX METO/IOB CO3JIaHMSI KOMITO-
3UIMOHHBIX ¥ THOPUIHBIX MaTepuaioB ¢ ucroib3oBanueM 3D-nedatn, CVD u Ipyrux XUMHYECKUX TEXHOJIOTHH, a TakxkKe
HOBBIX BHJIOB KOMITO3UITMOHHBIX MaTepHaIOB Ha OCHOBE IIEHOOOPa3HBIX M I'yOUaThIX CTPYKTYDP, MTOJIBIX MUKPOCTPYKTYP
U CTPYKTYP «SAPO — 000J0UYKa» C pa3HBIM XMMHYECKUM COCTAaBOM, TPAIUEHTHBIX CTPYKTYyp. O630p COAEPKUT MHUPO-
KW TIepeYeHb CChUIOK Ha OPUTHHAIBHBIC H 0030pHbBIC MyOIMKAIIMK TOCIESTHHUX JICT [0 UCCIICIOBAHUIO M IPUMEHEHHUIO
KOMITO3UIIMOHHBIX MaTepHaIOB Ha OCHOBE Pa3IUYHbIX (OpM yIeposa. DTOT MepeueHb MOXKET OBITh TOJIEe3€eH KakK Ipe-
MI0/IaBaTEIISIM COOTBETCTBYIOIIUX JHCIUIUINH, TaK W MOJO/ABIM YYEHBIM, BHIOMPAIOIIUM CBOE HAyYHOE HarpaBiICHHE
WM YK€ HAIEJICHHBIM Ha pPellleHHe KOHKPETHBIX MPoOIeM B3auMOJICHCTBHUS IEKTPOMATHUTHOTO U3JIy4EHHUs C HAHO-
cTpykrypamu. OTMEUEeHO, 4TO 3ajaua ONepEKAIONIEro Pa3sBUTH psJia OTpaciell COBPEMEHHON MHIyCTPUH, TAKUX KaK
KOMMYHHUKAIIMOHHbIE U OMOMEIUIIMHCKUE TEXHOJIOTHH, TPEOyeT CYIIECTBEHHBIX MHTEIUICKTYaJbHBIX U (PMHAHCOBBIX
WHBECTHLMH B (yHIaMEHTAJIbHBIC W MPHUKIAJHBIC MCCICJOBAHUS, a TAaK)KE COBEPIICHCTBOBAHUS 00pa30BaTEIbHBIX
TEXHOJIOTHH B TaHHOI 00JIacTH, B MEPBYIO OYepes Ha 6a3e MepeoBhIX HayYHO-yUeOHBIX IKCTIEPUMEHTAIBHBIX yCTa-
HOBOK 1 KoMmIutekcoB. O030p cocrasieH no pesynbraram padbots! VI Benopyccko-poccniickoro ceMnHapa-koHdpepeH-
U «YTIepOoAHbIe HAHOCTPYKTYPHI, TOHKHUE IJICHKH U KOMITIO3UTHI: CHHTE3, (PU3UKO-XUMUYECKHE CBOIMCTBA M IPUMeE-
HEHUS.

Kniouegwie cnosa: HaHODIEKTPOMATHETH3M; MUJUTMMETPOBBINH U CyOMIJUIMMETPOBBII JTHaIra30Hbl JJIMH BOJH; HAHO-
CTPYKTYPBbI; HAHOYTJIEPO/; KOMIIO3UIIHOHHBIE MAaTEPHAIIBL; CHHTE3 YIIICPOAHBIX HAHOCTPYKTYP; HAYIHBIC MEPOTIPHUATHA.

ACTUAL PROBLEMS OF THE USAGE OF COMPOSITE
AND HYBRID MATERIALS BASED ON DIFFERENT FORMS
OF NANOCARBONS IN ELECTROMAGNETIC
AND BIOMEDICAL APPLICATIONS

S. A. MAKSIMENKO®, T. A. KULAHAVA®, A. V. OKOTRUB", V. I. SUSLYAEV*

*Institute for Nuclear Problems, Belarusian State University,
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Corresponding author: S. A. Maksimenko (sergey.maksimenko@gmail.com)

A brief review of actual problems of present-day applied electromagnetism (wireless communication and information
channels protection from unauthorised access, electromagnetic compatibility, biomedicine, etc.) which can be solved ex-
ploiting composite nanomaterials are presented. The importance has been outlined of applied developments exploiting dif-
ferent mechanisms of fine tuning of custom properties of carbon-based nanostructures, such as functionalisation, doping,
complexing and hybridisation. The review stresses the necessity in practical implementation novel methods of composite
and hybrid materials synthesis utilising 3D printing, modified CVD and other chemical technologies, as well as new types
of composites such as foams and aerogels, sponges, hollow microstructures, core — shell structures with different chemical
compositions, gradient structures. The review includes a wide list of references to recent original and review publications
on nanocarbon based composite materials. This list can be helpful both for university lecturers, and young scientists ether
choosing an ambition research topic or aimed at a concrete task in the field of electromagnetic wave interaction with
nanostructures. It has been noted that the priority development rate of advanced industrial sectors, such as communica-
tion and biomedical technologies, requires essential intellectual and financial investments in fundamental and applied
research and also enhancement of educational technologies, first of all — on the base of present-day experimental facilities
and research-educational complexes. The review has been compiled on the basis of the results presented at the 6™ Be-
larusian-Russian seminar-conference «Carbon nanostructures, thin films, and composites: synthesis, physical-chemical
properties and applicationsy.

Keywords: nanoelectromagnetics; millimeter and submillimeter wavelength ranges; nanostructures; nanocarbon; com-
posite materials; carbon nanostructures synthesis; scientific events.
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COBpEMeHHbIe TCHACHIUU PAa3SBUTHUA
MNPUKJIAAHOTI0 HAHOIJIEKTPOMArHeTu3Ma

Pemenne koMITIeKca akKTyalbHBIX TTPUKIIAIHBIX 32/1a9 OBICTPOPA3BUBAIOIINXCS OTpaciel COBPEMEHHOH HH-
JyCTPHH, TAKUX KaK IEKTPOHHKA, OECIIPOBOIHAS CBSI3b U 3aIIuTa HH()OPMAITMOHHBIX KaHAJIOB, a9POHABTHKA,
OmoMenuIIMHa, SHEPreTHKa U T. 1., TpedyeT pa3paboTKi U BHEAPEHUS IMIMPOKOTO KJIacca HOBBIX HAYKOEMKHX
MarepHuasioB. B GoNbIIMHCTBE ciTydaeB Mporpecc B 3TOW OOJACTH AOCTUTAETCS 3a CUYET MPUMEHEHUS KOMIIO-
3UIMMOHHBIX U (WJTH) THOPHUTHBIX MaTepHAIIOB, MTPOSBIISAIONINX CBONCTBA, HECBOJMMBIE K CBOMCTBAM MCXOIHBIX
COCTAaBIISIONINX. B wacTHOCTH, TTOCIIEHIE TPH ACCATHIICTHS Pa3BUTH HAYKH U TEXHOJIOTUH O3HAMEHOBAIINCH
OBICTPBIM ITPOTPECCOM B CHHTE3€ PA3IMYHBIX TUITOB HCKYCCTBEHHBIX CPEJl M MaTepHalioB, OONaJar0IINX HAaHO-
pa3MepHOU CTPYKTYPUPOBAaHHOCTHIO M OTKPBIBAIOIINX HE CYIIECTBOBABIITNE PaHEe TEXHOIOTHIECKUE BO3MOXK-
HOCTH. J[0CTAaTOUYHO YHMOMSHYTH COBPEMEHHBIE TEXHOJIOTHH MHKDPOAJIEKTPOHUKH, ONEPUPYIONINE HA YPOBHE
pasmepoB 5—10 M [1], 1 TexHOMOTHHU CTAaHAAPTOB OecrpoBOAHOM B3 SG U 6G, KOTOPBIE MPAKTHYECKH TI0J-
HOCTBIO 0a3MpyIOTCS HAa HaHOpPa3MEPHOH 3JIEeMEHTHOW 0a3e M KOMITO3WITMOHHBIX Marepuainax [2—6], TexHu-
YECKOM OCBOCHHH paHEee MAJOIOCTYITHBIX MIJITUMETPOBOTO U CYOMUILTUMETPOBOTO TUAITa30HOB JJIMH BOJIH
(mmm wactorHoro auanazoHa 0,1-10,0 TT') [7]. Cranmapter 5G u 6G obecnieunBaioT nieperady HHPOpPMaIuu
CO CKOPOCTHIO MYJIBTUTUTAOUT B CEKYH/Ty M OOJBIIEH HA MOPAIKA IFIOTHOCTBIO TPHU CYIIECTBEHHO MEHbBIIIEM
BPEMEHH OXKHUJIaHUS TI0 CPAaBHEHUIO C CYIIECTBYIONUMH CTaHIapTaMi MOOMIIHHOM cBs3H [8; 9].

BaxxHbIM CTUMYJIOM OCBOEHHS THTa- M TEPArepreBoro JUAna30HOB YacTOT SBISETCS Pa3BUTHE METOIOB
CIEKTPOCKOIIMU OPTaHUYECKUX MOJIEKYJ, 00eCTIeYMBAIOIINX Tporpecc GapMareBTUIeCKUX U ONOMEIHUIIHH-
cKuX pazpabotok [10], a TakKe HEMHBa3UBHBIX TEXHOJOTHI BHU3yallM3alliy U aHAIN3a B MeIUIIMHE U cdepe
oezomacHoctu [11; 12]. Coznanne u BHeJpeHUE OBICTPOACHCTBYIOMINX BBICOKOYACTOTHBIX PaIOAIEKTPOH-
HBIX CPEJICTB C TOHMKEHHBIMH MacCOTa0apUTHBIMU MTOKA3aTeISIMH M DJHEPTOIIOTPEOICHHEM OTKPBIBAIOT HOBBIE
BO3MOXKHOCTH JUISI AMATHOCTUYECKUX U JIe4eOHBIX 1ejeit B Onomeaunune [ 13] (BKITtOUast KOHTPOIb COCTOSHUS
kpoBH [ 14; 15] u neuenune koxHBIX Ooe3Hel [15; 16]), ucciaenoBanus npousBeneHnii uckycctsa [17; 18], ne-
TEKTUPOBAHUS I'a30B U ra3oBbix cMmecel [19; 20]. Ilpu 3ToM npUXOaUTCS UMETH JEJI0 C OTCYTCTBUEM BaXKHBIX
0a30BBIX 2JIEMEHTOB U 000CTPEHUEM MIPOOIEM dIEKTPOMAarHUTHOH coBmectuMocTr (DOMC) Ha MakpoypoBHE
n3-3a TakuxX (PaKTOPOB, KaK HAPYIIECHHE TePMETHYHOCTH, BOSHUKHOBEHHE HECAaHKIIMOHMPOBAHHBIX 00PaTHBIX
CBsI3el, BO3pACTaHME AIIEKTPOMArHUTHOTO ()OHA JI0 OMACHBIX MTPEJIENIOB U T. 11

B ycnoBusAx cymiecTBEHHOTO MOBHIIICHUS YPOBHS MHTETPAINA AIEKTPOHHBIX CPEICTB, KOT/IA XapaKTep-
HBIE pa3Mepbl 3JIEMEHTOB JIEKTPUIECKUX LIETNei 1 MEeKIIIEMEHTHbIE PACCTOSIHUS CPABHUMBI C JITTHHON BOJTHBI
nie bpoiis 371eKTpOHOB B cpefie, 0cTpo BeraeT mpodiema OMC 21eMeHTOB B CYOMUKPOHHBIX M HAHOPAa3MEPHBIX
WHTETPAIBHBIX cXeMaX. MOKHO YTBEPXkK/IaTh, YTO COAepKaHNe OCHOBHBIX MPpUHIUTIOB DMC npuMeHUTETHHO
K HaHODIIEKTPOHHKE OyJIeT CYIIECTBEHHO OTIMYATHCH OT €€ KIACCHYECKON (OPMYITHMPOBKH, UCTIONB3YyEMOMN
B MaKpOCKOITUYECKOH paOTEXHHUKE U SBISIONIEHCS 0053aTeTHHBIM DIIEMEHTOM 00pa30BaHUs PaIioOnHKEeHEPa
mro6oro npodmits. KapnunansHoe oTimmare npooiaembl DMC Ha HAHOYPOBHE COCTOUT B TOM, UTO (DYHKITHOHUPO-
BaHWE HAaHOPA3MEPHBIX 2JIEMEHTOB LIeTeil 0a3upyeTcs Ha 3aKOHaX KBAaHTOBOW (PM3UKH U, COOTBETCTBEHHO, 3TH
3aKOHBI MOTYT OKa3bIBaTh CyIIECTBEHHOE BIMSIHUE Ha HTEP(PEPEHIIMOHHOE B3aNMOICHCTBHE AIIeMEHTOB [21; 22].
Bo3HuKarOT MeXaHU3MbI B3aUMOZEHCTBHYS, KOTOPBIE HE UMEIOT aHAJIOTOB B KIIACCHYECKOM 2IIEKTPOTMHAMHUKE.
ITockonbky coBpeMenHas Teopust OMC B CBU-nuana3zoHe LeanKoM OCHOBaHA Ha KJIACCUYECKOM MAaKpPOCKOIIH-
YEeCKOH AIIEKTPOIUHAMHUKE, TO JUTSI 00JIe€ BHICOKHMX YacTOT MPUMEHUTEIHHO K HAHOCTPYKTYpPHUPOBAHHBIM MHOTO-
3JIEMEHTHBIM CHUCTEMaM CIIEAYET OKUJATh 3HAYUTEIBHOTO NIEPECMOTPa TEOPETUUECKUX NpeAcTaBIeHui [23].
Jannas Teopus OyIeT onuparbcs Ha ypaBHeHUs] MakcBeIia OTHOBPEMEHHO C MHOTOYaCTHYHBIMHA KBAHTOBBIMU
YpaBHEHHSIMH JBWKEHHs. Pe3ympraroM 3TOro mepecMoTpa OylaeT Habop peKOMEHIAINH 10 ONTUMATbHOMY
¢ toukn 3peHust DMC cHHTe3y MHOTODJIEMEHTHBIX HAaHOAJIEKTPOHHBIX CHCTEM M YCTpoiicTB. Permenne 06o-
3HAYEHHBIX MPOOJIEM HEBO3MOXHO 03 MIMPOKOTO KJIacca HOBBIX HayKOEMKHX MaTepuaioB. Takum oOpa3om,
pa3paboTKka JIeMEeHTHOW 0a3bl TS yKa3aHHBIX JAUANa30HOB M UCCIIEOBAHIE OMEePAIMOHHBIX CBOWCTB TaKMX
AIIEMEHTOB U YCTPONCTB, 00€CIIEUNBAIOIINX PACIPOCTpaHeHNE U 00pabOTKY BRICOKOYACTOTHBIX ANEKTPUIECKIX
CUTHAJIOB, BBIXO/IAT Ha MEPeIHUH IJIaH Cpen KIFOUeBhIX 3aa9 HAHOTEXHOIOTHH.

CnoXHOCTh OCBOCHHS T€ParepIieBoro Auana3ona, T/e JIUHa BOJTHBI JIEKUT B CyOMUIITUMETPOBOI 001acTH,
3aKJIFOYAETCs B TOM, YTO ATa YaCTOTHAS T0JI0Ca ABISETCS MOTPAaHUIHOM 00JaCThiO, B KOTOPOH KIIACCHYECKHE
AJIEKTPOHHBIE U ONTHYECKHUE TEXHOIOTHH OKa3bIBAIOTCS MAJIOTPUTOAHBIMU. JleICTBUTENBHO, CII0KHO CITPOSK-
THPOBATh M M3TOTOBUTH COCPEIOTOYECHHBIE SIIEMEHTHI, XapaKTepHbIe pa3Mephbl KOTOPBIX COMIOCTABUMBI C JJTH-
HOM BOJIHBI WJIH JIaXKe€ MEHbIIe ee. Kpome Toro, 1moibie OTHOMOIOBBIC BOJTHOBOABI M PE30HATOPHI CTAHOBATCS
HEpeaTMCTHYHBIMHA, TIOCKOIIBKY ISl HUX MOTPEOyeTCs TEXHOIOTHIECKH HeJOCTYITHASI YUCTOTa TIOBEPXHOCTH,
4TOOBI M30€KaTh OTEPh N3-3a PACCEsSHIS MOJI Ha e HeperysipHoCTAX. Ml Ha000pOoT, KiTaccuueckre ONTHIECKIe
yCTpOICTBA BBIXOAAT U3 CTpos Ha yacToTax HIke 10 T u3-3a pe3koro yBeamaeHus MpeoOpa3oBaHus YHEPTUN
(hoTOHOB B TeTIOBYI0 SHEPTHIO. [10 3TO MpHUYMHE TEPMUH «TepareplieBast eiby (ferahertz gap) B HacTOsIIIEE
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BpEMs HCIIOJIb3YeTCs sl yKa3aHusl Ha TOT (DakT, 4TO TIO0 CPABHEHHIO C XOPOIIO 3apEKOMEHIOBABIIUMHU ceOst
texnonorusimu BU- u CBU-guana3oHoB (37EKTPOHUKA) U ONTHKON OJIMKHETr0 MHPPAKPaCHOTO JUara3oHa
B JIaHHOHW 00JaCTH OTCYTCTBYET WJIM K€ HEJOCTaTOUYHO Pa3BUT HEOOXOAUMBIH HA0OP TEXHHYECKUX CPEJICTB €€
OCBOCHHMS (MCTOUHUKH M3ITyYCHHUS, IETEKTOPBI, aHTCHHBI, MEK3JIEMEHTHbIE COSAMHEHHS U JIp.). B wacTtHOCTH,
U 3 GEKTUBHOTO PEMICHHSI TIPAKTHYECKUX 3ajad, CBI3aHHBIX ¢ DOMC U 3aIUTON OT BO3AEHCTBUS ICKTPO-
MarHMTHOTO M3JIy4y€HHUs B MMJUIMMETPOBOM U CyOMHUIMMETPOBOM JHana3oHax, HeoOxoquma pa3padoTka
HIMPOKOTIOIOCHBIX PaHONOIIONIAIOIINX TOKPBITHH Ha 0a3ze cpes ¢ HU3KOH MarHUTHOM MPOHUIIaeMOCThIO, HO
C BBICOKOM IHANEKTPUUECKON MPOHUIIAEMOCTHIO [6; 23-26].

OnHoM U3 BaKHEHIINX TPOOIEeM SBISETCS OCYIIECTBICHHUE MIEKTPUUIECKOT0 KOHTAKTa HAHOPA3MEPHOTO
YCTPOHCTBA MJIM K€ HAHOCTPYKTYPUPOBAHHON CpeJlbl C MAKPOCKOMMYECKMM MHUPOM 0€3 Aerpajaliy Ipous3-
BOJUTEIBHOCTU M NOTepH MH(opMannu. Bo3HukaeT 3amada MHTErpaluyu HAHOTEXHOJIOTHM U KOMMYHHUKaLU-
OHHBIX TE€XHOJIOTHH, YTO HENOCPEACTBEHHO NPUBOIUT K (JOPMHUPOBAHUIO HOBOI'O HAYYHOTO HANPaBICHUS —
HaHOBJIEKTpOMarHeTn3mMa [27], oxBarbiBaroniero 3pQGeKTbl B3aUMOJICHCTBHS 3JIEKTPOMATHUTHOTO U3TYYCHUS
C HaHOpPa3MEPHBIMH OOBEKTAMHU M CUCTEMaMH M 00BEIUHSIONIETO B ce0e XOPOIIO Pa3BUThIE METO/bI KIacCH-
YECKOM MEKTPOIMHAMUKHN U COBPEMEHHBIE MOAXO0/IbI (PU3MKH KOHJCHCUPOBAHHOTO COCTOSIHUSL. B CBsI3M ¢ 3TUM
BO3HMKAIOT HOBBIE IIOCTAHOBKH 3a/1a4, a U3BECTHBIC IIPUEMbI M METO/IbI HATIOIHAIOTCSI HOBBIM COZIEP’KaHHUEM.
BaxHo nox4uepkHyTh, 4TO B cHily 3¢ ¢eKTa NpOCTPAHCTBEHHOI'O OIpaHUYCHUS ABMKECHUSI HOCUTENEH 3apsiaa,
MIPHUCYIIEro HaHOPa3MEPHBIM 00BEKTaM, PEIIeHHE 3a1a4 B3aNMOICHCTBHS AIEKTPOMArHUTHBIX BOJIH C TAKUMU
00BEKTaMH BBIXOJIUT 32 PAMKH KJIACCHYECKON DIEKTPOAMHAMHUKH U TPEOyeT MPUBJICUCHUSI COBPEMEHHBIX Me-
TOAOB (PU3UKH TBEpAOTO Tena [27-29].

B kadecTBe mprmepa MpuBeAeM pe3yabTaThl pacueTa IPOBOIUMOCTH yIepoaHbix HaHoTpyook (YHT) B 3a-
BHCUMOCTH OT paguyca (puc. 1) [28]. I'paduku 1eMOHCTPUPYIOT IKCIEPUMEHTAIBHO YCTAHOBJICHHBIH (haKT
n3MeHeHus BenuuuHbl npopoaumoctd YHT tuna zigzag ot nmoiaynpoBOAHUKOBOM 1O METAINIMYECKOU B 3a-
BHCHMOCTH OT WHJEKCA KHPATHHOCTH (paanyca), a Takke MeTaundeckue cBoiictea YHT tuma armchair mpu
JOOBIX 3HAYEHUSIX TOr0 MHJAEKca. Takke BUIHO, YTO C POCTOM pajinyca MPOBOJUMOCTh HAHOTPYOOK CTpe-
MUTCS K IPOBOAUMOCTH Tpadura. YacToTHas 3aBUCUMOCTH TPOBOAUMOCTH MeTayundeckoid YHT tuna zigzag
C MHACKCOM KUPaJbHOCTH (m, 0) B 4aCTOTHOW 00JacTH BHYTPU3OHHBIX MEPEXOJOB ONMPENENsIeTcs MPOCThIM
BBIpaXeHHEM [28], KOTOpOoe MHUPOKO UCTIOIB3YeTCs B paboTax 1o Arekrpomaranerusmy YHT:

2
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rae y, = 2,7 3B — unTerpan nepexpeitysi B ypaBHeHUH bosblivana; T — Bpems penaxcauuu. B cioydae YHT tuna
armchair xo3ddunneHT V3 BbIpaskeHuH (1) 3amensiercs Ha 1.
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Puc. 1. HopmupoBaHHast Ha IPOBOAUMOCTH rpaduta
aKCHallbHAsI IPOBOIMMOCTD HAHOTPYOOK THNA zigzag (a) u armchair (b).
NcTounuk: [28]

Fig. 1. Axial conductivity of zigzag (a) and armchair () carbon nanotubes
normalised to conductivity of graphite.
Source: [28]
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B oOnacTi MeX30HHBIX MEPEXOJIOB MOTYKIACCHUECKas MOJIEb HEMPUMEHNMA, U pelIeHue 3aJa4qH O Mpo-
BoguMocT YHT TpeOyeT cTpororo KBaHTOBO-MEXaHUYECKOTO paccMOTpeHus. BrinonneHuslil B padote [28]
aHaJIM3 TOKa3all, YTo B 3TOH 001acTH YacTOTHAs 3aBUCUMOCTH poBoanMocTH Y HT mposiBisieT coKHy0 MHOTO-
ITHUKOBYIO CTPYKTYDY.

C Touku 3peHus peneHns 3a1a4 aekrpoaquHaMuky Y HT raBHBIM sIBIsIeTCs TO, UTO pa3pabOTaHHBIN aBTOPaMHU
cTaThM [28] MeToA MO3BOJISIET BEIUUCIATH MpoBoanMocTs YHT pa3nudHoro Trna B MHPOKOM JHANa30HE YacTOT
1 TEM CaMbIM JeJIaeT BO3MOXKHBIM UCIIOIb30BaHHE 3(D(HEKTUBHBIX TPAHMYHBIX YCIOBUH ISl pELICHUSI TaKHUX 3a-
Jay. Jlpyrumu ciaoBaMu, B HAHOMUPE BOSHUKAET HEpa3pblBHAs CBA3b ypaBHEHUI MakcBemia u ypaBHeHus Hpé-
JIMHTEPa, U HAHOIEKTPOMATHETH3M SIBIISICTCS METOJIOIOTHUECKON 0a30H /ISl pelieH st 3a/1a4 dIeKTPOJMHAMUKI
HaHOCTPYKTYyp. BeimonHennsie B UncTUTyTE simepHbIX npobnem BI'Y mccnenoBanms 0XBaThIBAIOT IIUPOKHHA
ki1acc 3 dexToB nepenoca u auHeHoH anekrporuHamMuku YHT [27-35] u kommno3utoB Ha ux ocHoBe [36—41],
TCHepaIiy 3JIeKTpOoMarHuTHEIX BOTH B YHT u rpadene [42; 43]. CremyeT OTMETHTD, YTO BKJIAJ] TPYIIITHI YUEHBIX
WuceruryTa sinepHbix mpobneM BI'Y B pa3BuTHe HaHOANEKTpOMarHeTH3Ma TIPU3HAH BO BceM Mupe. B kadecTse npu-
Mepa MOKHO YIOMSIHYTh ITyONHMKaIuio [44], B KOTOpoid pa3pabaThiBacMBbIi ITOJX0/] Ha3BaH OEIOPYCCKUM METOIOM.

Oco0bl1it nHTEpEC AJIS pEIICHHS IUPOKOTO KPyra MPUKIAAHbIX 3a/1ad YIPaBJICHHS HICKTPOMarHUTHBIM U3-
Jy4EHHEM M €r0 KOHTPOJIS IIPEACTABIISIOT HAHOYIJICPOJHbIE KOMIIO3UTHI [45] U CTPYKTypHpOBaHHbIC Ha pa3-
Mepax JUIMHBI BOJIHBI MaTepHalIbHbIE CUCTeMbl — MeTaMarepuaisl [46]. [IpakTuyeckas 3amada co3maHus Ta-
KX KOMITO3HLIMOHHBIX MaTepHajoB ¢ IPOrPaMMHUPYEMBIMH CBOMCTBAMHU MTPUBOJIHUT K (POPMUPOBAHUIO HOBBIX
HAy4HO-TEXHOJIIOTHUECKUX HANpaBJICHUH, B OCHOBE KOTOPBIX JIEKaT TEXHOJIOTHM CHHTE3a Pa3IUYHBIX (Gopm
yIIIepOAHbIX HaHoMarepuaioB (rpaden, YHT, ¢ymrepensl, yriiepon JTyKOBUYHONH CTPYKTYPHI, YIIIEPOIHBIC
KBAHTOBBIE TOYKH, MMPOIUTHIECKUI yriiepo U T. 1.) [47]. OtmetnM, uto B IHCTHTYTE HEOPraHUYECKON XH-
mun uMeHn A. B. Hukonaesa Cubupckoro otnenenus PAH Ha mpoTsyKeHUH MHOTHUX JIET TIPOBOJISITCS UCCIIe-
JOBaHMS B 00JIaCTH CO3JaHMs YIIIEPOJHBIX MaTepHajoB. 37eCh pa3padOTaHbl METOABI XMMUYECKONH Moaudu-
Kallu¥ HAaHOCTPYKTYP, MOJY4YeHbI THOPHUIHBIE MaTepUabl C MOJYIIPOBOJIHUKOBBIMH KBAHTOBBIMH TOUKAMH,
METaJNINYECKUMH 9aCTUL[AMH, AHW30TPOIHBIE KOMITO3UIIMOHHBIE HAHOCTPYKTYPBI B IIOJMMEPHBIX U KEPaMHU-
YeCKUX MaTpHIlax U MHoOroe apyroe [48—55].

Pa3BuBatoTCst METO/IBI XapaKTepH3alii YITIEPOAHBIX HAHOCTPYKTYP, METO/IbI TUCTIEPTUPOBAHUS arsIOMEPHPO-
BaHHBIX YaCTUI] ¥ METO/IbI CO3/1aHUSI TOHKHX TUIEHOK U CIIOMCTBIX CTPYKTYp HA X OCHOBE, CHHTE3 IByX- I MHOTO-
(ha3HBIX KOMITO3UTOB M THOPHIHBIX CTPYKTYp. [loMuMo 3amad MarepuasbHOTO 00ecTieueHUsT OECTIIPOBOIHOM
CBSI3H, YIVIEPOJHBIE KOMITO3UITMOHHBIE MaTepHaibl HaXOAAT MPUMEHEHHE NP CO3IaHUH JIEKTPOMArHUTHBIX
MOMIOIIAIOUINX M SKPaHUPYIOLUX MarepuanoB Juid 3agady OMC U 3/eKTpOMarHuTHOM 3allUThl KaKk B Tpax-
JaHCKUX oOnactsx [45], Tak u B 000poHHOH cdepe [56; 57]. CnenyeT MOAUEPKHYTh, YTO yCIIEX B CO3JaHUU
HOBBIX NEPCIEKTUBHBIX MaT€PHUaIOB MOXKET OBbITh JOCTUTHYT TOJIBKO NP YCIOBUH CEPhE3HBIX (PMHAHCOBBIX
Y MHTEIJICKTYa IbHBIX HHBECTHIINHN B QyHaMEHTAILHBIC HCCIICTOBAHUSI.

[Ipumepom BaxkHOCTH (yHAAMEHTAJIBHOTO Oa3uca Al MPHUKIAAHBIX UCCICAOBAHUN MOXKET CIIy>KUTh CO-
BMECTHOE POCCUHCKO-0EI0PYCCKOE HCCIIe0BaHUE pa3paboTaHHbIX B MIHCTUTYTE HEOPraHUYECKON XUMHUH
umenn A. B. Hukomaea Cubupckoro ornenenuss PAH aHH30TpOMHBIX KOMIO3UIIMOHHBIX MaTepHaioB ¢ HC-
nonb3oBanreM YHT nns snementoB ontukn CBY-nuanazona u TeparepueBoro auanasona. B nmadoparopun
¢usnkoxumMun HaHoMmatepuaioB MHctutyTa Heopranndeckoil xumun umenn A. B. Hukomaea Cubupckoro
otnenennst PAH paspaboransr CVD-MeTonbl CHHTE3a MACCHBOB BEPTUKAIBHO OPUECHTHPOBAHHBIX MHOTO-
cnoitabeix YHT anmmHOM OT 5 MKM 710 5 MM 1 IpeIJIOKEHbI CITOCOOBI MPUAAHNS HAHOTPYOKaM HaIlpaBIeHHOCTH
B noniumepe [48; 49]. IlpoBeneHs! n3MepeHns yIIIOBOH HalpaBIEHHOCTH OTpaxeHus 1 nponyckanus CBY [49],
teparepuesoro [50; 51] u ontuueckoro [52] 31eKTpOMarHUTHOTO U3ITy4Y€HUS, KOTOPbIE MOATBEPAUIN BBICOKYIO
AQHM30TPOIUIO ONITUYECKUX CBOMCTB BO BCEX MCCIIEAYEMBIX JUANa30Hax U SIPKO BBIPAKEHHBIN MOJISIPU3ALUOHHBIN
3¢ ekt B TeparepiieBoM auanasone (puc. 2 u 3). benopycckue ydeHble MPeIIOKUIN TEOPSTUICSCKYHO MOJICIb,
OTHCBHIBAIOIIYIO B3aUMOJIEHCTBHE AIIEKTPOMArHUTHOTO M3JIyUYEHUs C MOBEPXHOCThIO Marepuaios u3 YHT,
OPUEHTUPOBAHHBIX TOPU3OHTAIBHO U NMEPHEHAUKYISIPHO nojiioxke [49; 50]. dopMmupoBaHuEe HA TOLIOXKKE
BepTukaibHbIX YHT no3BONMIIO CO3/1aTh CBEPXJIETKYIO METAIOBEPXHOCTH € INIOTHOCTHIO MeHee 0,4 r/em’ [51].

HmeHHO (yHIaMEHTaIbHBIC UCCIICIOBaHMs B 001acTH OMO(U3UKN U OMOMEIUIMHBI TOCITYKHIIH 0230 K-
POKOTO BHEIPEHHsI HAHOCTPYKTYPUPOBAHHBIX U THOPUAHBIX YIIIEPOAHBIX MaTepuajioB AJIsl LIeNeil TepaHOCTUKU
oryxosnei, OHO(OTOHUKH U OMOCEHCOPUKU (PU3NKO-XUMHYECKHUX NTapaMeTpOB BHYTPHU- U BHEKJIETOYHOMH cpe-
IeI [55; 58—60], a Tarxoke IS aIpeCHO# TOCTaBKU JICKAPCTBECHHBIX BEMECTB |6 1—64], n30mpaTeIbHOT0 TEpMOITH3a
OONBHBIX KIIETOK [65; 66], poTomuaamuyeckoit Teparun [67; 68], hoToakycTHIecKol BU3yaln3auy U OToTepMO-
aKyctuueckoii Tepanuu [69; 70]. Ha puc. 4 npuBeaeHa cxema 3KCIEpUMEHTa 110 NHTYLIUPOBAHHONW UMITYJIbCHBIM
JIa3epHBIM M3JTy4eHHEM (POTOAKYCTHUECKOH AeCTPYKLIMH KIETOK, HaKonuBIIUX oxHocTeHHble YHT. Knetku un-
KyomupoBaiu ¢ oqHocTeHHBIMI Y HT B Tedenne 24 4 u 3aTteM npoBomwm oorydeHue. KpoMe Toro, Bo3nelcTBHIO
JIa3epHOT0 M3Ty4EHUs MOABEPraiy KIETKH, K KOTOpsIM oftHocTeHHbIe Y HT 100aBnsiim BO BHEKIIETOUHYIO CPEIy
HETOCPECTBEHHO Mepe 00MydYeHHEM, M MHTAKTHBIC KJICTKH (KOHTPOIIb). B MOBpeKAEHHBIX KIIETKaX perucTpu-
poBai (hryopecueHInIo Hoauaa MponuanyMa. Pe3ynbraTel sKkcriepiMeHTa oyOIMKoBaHbI B padbote [67].
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ala o/b

Puc. 2. MaccuB BepTUKAJIBHO OPUEHTUPOBAHHBIX MHOTOCIOWHBIX YHT.
M300paskeHus TOIyYeHbI ¢ TOMOIIBIO PACTPOBOTO MHUKpOCKOTa (&)
Y TIPOCBEYUBAIOIIETO IEKTPOHHOTO MUKpOCKoTa (0).
Nctounuk: [48]

Fig. 2. Array of vertically oriented multiwalled carbon nanotubes.
The pictures have been obtained using scanning microscope (a)
and transmission electron microscope (b).

Source: [48]
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Puc. 3. I3MepeHre aHU30TPOIHHY TPOITyCKAHHA Yepe3 IUICHKY TOPH30HTaIbHO HanpasieHHbIX YHT.
Ha BcraBke mpezacTaBieHa HHTEHCUBHOCTD MTPOILIEIIIETO
4yepe3 aHU30TPOIHBIN 00pa3sel TeparepeBoro U3yueHus ¢ JUIMHON BOMHBI 130 MKM,
M3MEpEeHHAs! Ha HOBOCHOUPCKOM Jia3zepe Ha CBOOOIHBIX JIEKTPOHAX
(Ip. ex. — MPON3BOJIbHBIC EIUHUIIBI)

Fig. 3. Anisotropy of the transmission through a film of in-plain oriented carbon nanotubes.
The insert shows intensity of the 130 um wavelength terahertz radiation transmitted
through an anisotropic sample has been measured on the Novosibirsk free electron laser
(mp. ex. — arbitrary units)
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Puc. 4. Cxema peanu3aniy 3KCIePUMEHTA 110 (POTOAKYCTHIECKOMY Pa3pyLICHHIO OMyXOJIEBBIX KIETOK

Fig. 4. The scheme of the experiment on photoacoustic destruction of tumor cells

Ilo cpaBHEHMIO ¢ OpraHMYECKUMH KPacUTEISIMH, MOTYTPOBOAHUKOBBIMU KBAaHTOBBIMU TOYKAaMHU M HAHO-
MarepuaiaMi Ha OCHOBE OJIaropoIHBIX METAJIIOB YINIEPOIHbIC HAHOMAaTEPHAaJIbl UMEIOT 00JIee BEICOKYIO POTO-
CTaOMITLHOCTH, OMOCOBMECTUMOCTH, HU3KYIO TOKCHYHOCTH, HACTpanBacMble MTOBEPXHOCTHBIEC cBoMcTBa [60; 71].
OO0BeMHBIE YIIIepOACOIePIKaIIIe MaTePHAIIbI IMUPOKO UCTIONB3YIOTCS IIPH U3TOTOBICHUN SHOMIPOTE30B U HM-
MJaHTaToB [72].

st adpexruBHOTO pemmenust 3aaa1 DMC 3a cueT NpHUMEHEHHUs KOMITO3UIIMOHHBIX MaTeprualioB TpedyeTcst o0e-
CTIEYMTh COTIACOBAHME NMIIEAHCOB Ha TPAHUIIE pa3/esia cCo CBOOOIHBIM MPOCTPAHCTBOM, UYTO JJOCTHTAETCS IyTEM
UCIOJIb30BAHUS CIIOUCTHIX [ 73] WK TpaiueHTHBIX [ 74] KOHCTPYKLMIA, CO3AaHUsI METAIOBEPXHOCTH [75] 1 BKJIIO-
YeHUS] HAHOPa3MEPHBIX MarHUTHBIX YaCTHIl B COCTAB aKTMBHOM (ha3bl KOMIIO3UTa COBMECTHO C YIIIEPOTHBIMH
HAaHOCTPYKTypamu [76]. MHOTOJIETHHE HCCIeI0OBaHMs, TPOBOAUMBIE B HalloHaIbHOM HCCIIe10BaTeIbCKOM
ToMCKOM TOCYTapCTBEHHOM YHHUBEPCUTETE ¢ HAHOKPUCTAUTMYSCKIMH MAarHUTHBIMH Marepuanamu [77—80],
MOKa3aJId IEPCIIEKTUBHOCT PUMEHEHUS ()EPPUTOB C TEKCArOHAIBHOM CTPYKTypoi [81; 82], KOTOphIe HMEIOT
OOoJBIIINE TTOJISt MATHUTHON KpHUCTAIUIOrpauuecKoil aHN30TPOIIMHU U BEICOKHE 3HAYSHUS €CTECTBEHHOTO (heppo-
MarHUTHOTO pe3oHaHca. [leTanbHblil 0030p (eppHuTcoepKaliuX MOTIOMAIIIUX MATEPHAIIOB MTPECTABICH
B pabote [83].

PaccMoTrpenHbIe BbINIE 3a7a9¥ MOCITYKUJIM MOTUBAIMEH U c(POPMUPOBAIIM TEMATUKY Psijia MEXKyHAPO/I-
HBIX HayYHO-IIPAKTHYECKUX MEPOIPUITHNA. DTOMY MOCBSILEH BTOPOIl pa3aen JaHHOW CTaTbU.

VI BbeJiopyccko-poccuiickuii ceMUHap-KoHGepeHuus
«YT1iIepo/iHble HAHOCTPYKTYPbI, TOHKHE IVIEHKH M KOMIIO3UThI:
CHHTe3, (PU3NKO-XMMHYECKHEe CBOMCTBA U PMMEHEeHHD)

Hcxons u3 BaKHOCTH M HAYYHOM HOBHM3HBI ITOCTAHOBKH BOTIPOCA O B3aUMOJEHCTBUU CyOMHIUIMMETPOBOTO
1 MIIIMMETPOBOIO 3JIEKTPOMAarHUTHOTO M3JIY4YEHHs C HAHOCTPYKTYpPaMH M CO3JAHUM HOBBIX IEPCHEKTUBHBIX
3NEKTPOMArHUTHBIX MaTepuasios, B UIHCTHUTYTE sinepHbIX mpoOiem BI'Y Obuti oprann3oBaHbl TpH KOHPEPEHIIMT
nox obmmM HazBanueM «Fundamental and Applied Nanoelectromagnetics» (2012, 2015, 2018). Mx ocHOBHOI
3aa4deli sIBISUIOCh obecrieueHre maaTopMbl I B3aUMOACHCTBHS YUEHBIX, CTICIHATU3UPYIONIMXCS Ha TEXHO-
JIOTUSIX CUHTE3a ¥ IPUMEHEHHS] HAHOCTPYKTYP, C KOJUIeraMu, paOoTaroLMHU B 00JIaCTH 371€KTPOMarHuTHOM Teo-
PHMHU U IPUKIIAAHOTO 3JIEKTPOMarHeTu3Ma. MeporpusaTus pouuti ¢ 6onbmmrM yerexoM. [lo pesynsraram KoH-
(hepeHLMiA ¥ O] MX BIMSHUEM OPraHM30BaH CIIELHANBHBIN BITyCK KypHaia «Journal of Nanophotonics» [84]
u onyoOnukoBaHa cepust kKHur [85—87]. K coxanenuto, mpoBeieHre KoH(PEPEHIIUi ObLIO OCTAHOBJICHO M3-3a JIIH-
nemuu COVID-19.

[TapamnensHo ¢ yka3aHHbBIME KOH(epeHusMu B 2016 1. mony4miia ctapT cepust 0€I0pyCCKO-POCCHICKIX
CEeMHMHApOB-KOH(EpeHIHH Mo cxoxkel Temartuke. [lepBblii cemuHap coctosiicsi B IHCTUTYTE SaepHBIX Tpoo-
nem BI'Y (2016), 3atem meponpusaTue npuHUMani MHCTUTYT Heopranndeckoi xumun numenu A. B. Hukomae-
Ba Cubupckoro otaenenrs PAH (2017), CkonkoBCcKuit HHCTUTYT HayKy B TexHosorwii (2018), HarmonansHbTI
uccienoBarenbckuit Tomckuil rocynapcTBeHnbiil yausepeuteT (2019, 2021).
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C 2 o 5 HostOps1 2022 1. 8 BI'Y mpoxonun VI Benopyccko-poccutickuii ceMunap-koHbepeHIus « Yriepo/i-
HbIE HAHOCTPYKTYPbI, TOHKUE IJICHKU U KOMITO3UTBI: CUHTE3, (PU3UKO-XUMHUYECKHE CBOUCTBA U IIPUMEHECHUS»
(«benPocHano-2022y»). OpranuzaropaMu MEpONpHsITUs BRICTYIH MHCTUTYT simepHbIX pobiem BI'Y u ¢u-
sudeckuilt pakynasrer bI'Y, HanmnonanpHBIN McciienoBaTeIbckuii TOMCKUIT TOCyIapCTBEHHBI YHUBEPCUTET.
AKTHBHOE y4acTHe B OpraHU3aliy U IPOBEACHNN CEMUHAPA TaK)Ke MPUHSUIN cOTpyAHUKH MHCTHTYTA Heopra-
Hu4eckoi xumuu umenu A. B. Hukonaesa Cubupckoro otaenenus PAH.

JBoiiHOE Ha3BaHUE MEPONIPUATHS (CEMUHAP-KOH(EpEHIIs ) TOAYEPKUBAET popMaT ero NpoBeieHus, odecre-
YHBAIOUINHA BO3MOKHOCTh IMCKYCCHH YYAaCTHUKOB TI0 BCEM paccMaTpuBaeMbIM BOIIPOCAM U JOCTaTOYHO IITHPO-
KHIi IMAa30H TAKUX BOIPOCOB — OT TEXHOJIOTMYECKNX aCIEKTOB CHHTE3a YIIIEPOJHBIX CTPYKTYpP 10 KBAHTOBO-
onTrueckux 3(Pp(EeKToB B yIIEpOAHbIX HAHOCTPYKTypax. [IpeamecTByromue ceMruHaphbl B OOMbIeH cTerneHH
ObuIM C(OKYCHPOBaHBI Ha BOIIPOCAX B3aUMOACHCTBUS YIJIEPOIHBIX HAHOCTPYKTYP € IEKTPOMArHUTHBIM H3-
smyueHreM. B 2022 r. oprkoMuTeT paciupui TEMaTHKy MEPOIPUSATHS B COOTBETCTBUH C 3aIIPOCAMU CETOIHSAI-
HEro JHS KakK ¢ TOYKH 3peHus (yHIaMEeHTAIbHBIX UCCIIEAOBAHUH YITIEPOJHBIX HAHOCTPYKTYP, TaK U C TOUKU
3pEHHMs PELICHUS HACYLIHBIX NPUKIaIHbIX 3a4a4. TeMaTn4ecku CTPYKTypa ceMUHapa-KOH(EpEHINN OXBAaThI-
Baja cjexyrollre HarpaBieHus (HO He OTpaHUYMBaJIach UMH).

1. CuHTe3 ¥ IMarHOCTHKA YTJIEPOAHBIX HAHOCTPYKTYDP.

2. DNEeKTPOMAarHUTHbIE CBOMCTBA YINIEPOIHBIX HAHOCTPYKTYD.

3. YriepoaHble MaTepHalbl B OCBOCHNH THUTa- U TEParepreBoro AUana3oHoB 4acToT.

4. I'nOpuaHble yriepoaHble MaTepyabl.

5. MarHuTHbl€ HAHOMATEPHUAJIBI.

6. dyHKUMOHATIbHBIE MaTEepUaIIbl 17151 OMOMEIUIIMHBL.

7. CoBpeMeHHBIE 00pa30BaTeIbHBIC TEXHOIOTHH B 00JIACTH 00CYKIaeMbIX TEMaTHK.

[Iporpamma cemuHapa BKiTFO9asia 43 yCTHBIX TOKJIAAA (B TOM YHCIIE 9 PUTIIAIIICHHBIX TOKIa0B) U 44 ocTepa.
B ero pabore npunsim ydactue 6enopycckue yuensie u3 BI'Y, Uncturyra sinepusix npodnem bI'Y, Hay4no-uccne-
JIOBAaTEIbCKOTO MHCTUTYTA (PU3UKO-XUMHUUECKuX mpobdieM bI'Y, benopycckoro rocynapcTBEeHHOTO YHUBEPCUTETA
WH(POPMATHKHU U PaHOdNIeKTpoHuKH, MHCTHTYTA (hnsnko-opranndeckort xumun HAH benapycu, UncTrTyTa
¢uzuku umenn b. . Crenanosa HAH benapycu, MactutyTa Temno- 1 MmaccoooMeHa umenu A. B. JIpikoBa
HAH benapycu, Hayuno-npaxtudeckoro neatpa HAH Benapycu no marepuaioBefieHU0, a TakyKe UX POCCHIM-
CKHe€ KOJUIeTH, npecTasistonye HarronansHeli ncenenosarenbcknil TOMCKHi rocyjapcTBEHHBIN YHUBEPCHUTET,
CKOJIKOBCKHIA HHCTUTYT HAayKH 1 TexHojoruii, MuctuTyT obmmeit puznkn nmenn A. M. Ilpoxoposa PAH, Ilerep-
Oyprckuil HHCTUTYT siiepHoi ¢u3nku uMenu b. I1. KoncrantnnoBa HanmoHansHOTo HCCe0BaTebCKOTO IEHTPa
«Kypuarosckuii uHCTUTY T, CankT-IleTepOyprekuii HalMOHAaTBbHBIN NCCIIEIOBATEIbCKHII aKaIeMUYECKUI YHUBEP-
curet umenn XK. M. Andéposa PAH, UuctutyT karammsa nmenn I. K. bopeckoBa Cubupckoro otnenenns PAH,
WucrutyT Heoprannmyeckoid xumun uMenn A. B. Hukonaesa Cubupckoro otaenenust PAH, Muctutyt gusnku
IOy TIPOBONHUKOB mMeHH A. B. Pxxanosa Cubupckoro otaeneans PAH, CeBepo-BocTounsnii denepanbHbIil yHH-
BepcureT uMeHn M. K. AmMocosa, MHctutyT usznueckoro marepuanosenenusi Cuoupckoro ornenenust PAH.

Kpowme Toro, 1 moxiaz OblT MOATOTOBJIEH HAyYHBIM PaOOTHUKOM U3 IIeKHHCKOTO MHCTUTYTa aBUAITMOHHBIX
MaTepHaJoB.

Ha 3akirountenbHOM KpPYIJIOM CTOJIE MPEACTABUTENSIMHI OSIIOPYCCKUX U POCCUICKUX YYaCTHHKOB O0OCYXK-
JICH psil NPUHLUINAIBHBIX BOIIPOCOB. B Xoze nucKyccun ObUIM TOCTUTHYTHI CIEAYIOIINE PE3YIIbTATHI.

1. Tlonnep:xaHo HaMepEeHHE YUYACTHUKOB YKPEIUIATh HAyuHbIE CBSA3U B LIEJISX JAJIBHEHIEro pa3BuTHs yIile-
POIHO TEMaTHKH M, B YaCTHOCTH, NCCIIEIOBAHUI B3aNMOAECHCTBHS BEICOKOYACTOTHOTO AJIEKTPOMArHUTHOTO H3-
JIy4EeHUS C yIIIEPOIHBIMU HAHOCTPYKTYpaMH M MaTepralaMi Ha UX OCHOBE,  TAK)KE C POACTBEHHBIMH JJByMEPHBI-
MU 00pa30BaHHUSIMH, TAKUMH KaK CHITUIICH, TepMalleH, JUXaIbKOreHu bl MeTaiuioB MoS2, WS2, MXenes u T. 1.
(cMm., Harmpumep, [88; 89]). JlocTUTHYTHI TOTOBOPEHHOCTH O Pa3padoTKe COBMECTHBIX HAyYHBIX MTPOEKTOB.

2. [loguepkHyTa BaKHOCTH MPHKIIAJHBIX Pa3pabOTOK C UCTIONB30BAHUEM MEXaHU3MOB TOHKOH HACTPOHKH
CBOMCTB yIJICPOACONEPKALINX CTPYKTYP, TAKUX KaK (QyHKIIMOHAIM3ALHUs, JETUPOBAHUE, KOMIIJIEKCOOOpa3oBa-
HHe U ruOpuau3anus. OTMeueHa HeoOXOANMOCTD MPAKTHYECKOTO OCBOCHHS HOBBIX METO/IOB CO3JIaHUS KOMITO3H-
LIMOHHBIX U THOPHUIHBIX MaTepHajIoB ¢ ucnonb3oBanueM 3D-newatn, CVD u Apyrux XUMHYECKUX TEXHOIOTHH,
a TaKKe HOBBIX BUI0B KOMIIO3UIIMOHHBIX MaT€pUaIOB Ha OCHOBE IEHOOOPA3HBIX M I'yOUaThIX CTPYKTYP, MOJIBIX
MHUKPOCTPYKTYP U CTPYKTYP «SIPO — 000JI0UKa» C pa3INuHbIM XUMUYECKAM COCTABOM, TPaJUEHTHBIX CTPYKTYP.
Taxue ToAXOABI MOTYT 3HAYUTENBHO MOBBICUTH XapaKTEPUCTUKHN MTOTIIOIEHHS DIIEKTPOMATHUTHOTO U3y YCHUS
1 00eCIeUnTh YITy4lIeHHOE COIIacOBaHNE UMIIEAAHCOB.

3. OTMeueHo, 9To OBICTPOPA3BUBAIOIIMECS OTPACIIV COBPEMEHHOM MH/TYCTPHH, B KOTOPHIX HAXOIAT TPUMEHEHHE
KOMIIO3UIIMOHHBIE M THOPHIHBIC MaTeprasibl Ha OCHOBE PA3MUHbBIX (hopM yriieposa, TpeOyIoT pa3BUTHsI KOMIIETCHIIMI
HayYHBIX COTPYJHUKOB, OOMEHA OTIBITOM U WJICSIMH, a TAK)KE COBEPILICHCTBOBAHUSI M Pa3BUTHS 00pa30BaTelIbHBIX
TEXHOJIOTHUH B TaHHOU 00macTh. [ [onoXHTeNbHYIO0 OIIEHKY B CBSI3H C 9THM TIOIYYHIT pa3padaThIBaeMbIii B HACTOSIIES
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BpEMsI B PaMKax rOCyIapCTBEHHOM HAy4YHO-TEXHUYECKOHM ITPOrpaMMbl COBMECTHBINA POEKT MHCTUTYTA SIACPHBIX
npobnem BI'Y u pusnueckoro dakynsrera BI'Y mo coznanuto HayuHO-yueOHOT0 1a00paTOPHOTO KOMILIEKCa J1st
CHHTe3a rpa()eHONI0J00HBIX M HAHOYIVIEPOIHBIX MaTEPUAIOB METOAOM XUMUUECKOTO OCAXKICHHS U3 Ta30BOi (ha3bl.

4. [lpusHaHo, YTO MPOBEACHNUE HAyYHBIX MeponpusTuil, mogooHsx «benPocHano-2022y, cnocobcTByeT
3¢ eKTUBHON peanu3alyy aKTyaJIbHBIX 3a/1a4 UCIIOJIb30BAHNS KOMIIO3ULMOHHBIX U 'MOPHUIHBIX MaTepruaioB
Ha OCHOBE Pa3IMYHBIX (POpPM yrieposa 1 co3aaeT HeOOXOJUMBbIE TPEIIOCHUTKH JJIsl pa3BUTHSI HHHOBAIIMOHHOM
JeSITeNbHOCTU. JJOCTUTHYTBHI TOTOBOPEHHOCTH O MPOJIODKCHUN CEPUH CEMHUHAPOB-KOH(PEPEHLINH 10 U3yde-
HUIO (DU3UKO-XUMHYECKHUX U AJIEKTPOMArHUTHBIX CBOMCTB YIIIEPOIHBIX HaHOMaTepruanoB. OOCYKIEHBI Mpe-
JIOKEHHS TI0 MECTY U JIaTaM MPOBEICHUS CIEeAYIOLIEr0, CEABMOr0, CEeMUHAPa-KOH(EPEHIIHH.

JakioueHue

TakuM 00pa3oM, MpeCTaBICHHBIC PE3yNbTaThl KOHPEPEHIINH, a TakKe 0030p COBPEMEHHBIX TCHACHIIUH
Pa3BUTH NIPUKJIATHOIO HAHO3JIEKTPOMAarHeTu3Ma yoeInTelIbHO MOKa3all aKTyaJbHOCTh TEMaTHKH IIPOBe-
JEHHOTO HAYYHOTO MEpOIPHATHS U HACYIIHYI0 HEOOXOAUMOCTh MHTEIUICKTYalbHBIX U (PMHAHCOBBIX MHBEC-
TULMH B pellIeHHE NMOCTaBICHHBIX 3a1ad. B HacTosmel craTbe aBTOphl MOCTAPAIUCHh MPOJEMOHCTPUPOBATH
MIPUBJIEKATEIHLHOCTh JAHHOTO HAIPABIEHHS KaK C TOUYKH 3PEHUS] BAXKHOCTH PEIICHHUsS MPUKIAIHBIX 3a/1a4, TaK
1 B Ka4eCcTBE MO JJIs1 MCCIeNOBaHUN (PyHIaMEHTaIbHBIX MPOOIeM B3aUMOJCHCTBUS 3JIEKTPOMAarHUTHOTO
H3IY4YEHHUs ¢ HAHOCTPYKTypaMu. [1o MHEHHUIO aBTOPOB, KPYT 3asIBJICHHBIX BOIIPOCOB IIPEAOCTABIIET LIMPOKUE
BO3MOXKHOCTH JUISI MATUCTPAHTOB M aCIIMPAHTOB (PUBNUECKUX U XUMHUECKUX CIIEIUATBHOCTEH POCCHICKUX
1 OeNIOPYCCKUX YHUBEPCUTETOB.
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ITPEIJKKOBBIN TPAHCIIOPT B HAHOTPAHYAUPOBAHHBIX
KOMITO3NILIMOHHBIX ITAEHKAX N3 HAHOYACTUI] CITIAABA FeCoZr,
OCAJXAEHHBIX B AUDAEKTPUYECKHUE MATPULIbI AL,O; 1 PZT

A. B. IAPBKHH", A. K. ®E/JOTOB?

YBenopycckuii 2ocydapemeennviii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Muncxk, Benapyco
D Unemumym adepnvix npoénem BI'Y, yi. Bo6pyiickas, 11, 220006, 2. Munck, Benapyco

[IpencTaBneHsl pe3ynbTaThl H3yYEHUs XapaKTEPUCTUK IPBIKKOBOIO IIEPEHOCA 3JIEKTPOHOB B HAHOT PaHYJIUPOBAHHBIX
KOMIIO3UIMOHHBIX IIeHKax (Fe, 45C0g 4521 19) (ALO3); | 1 (Feg 45C0q 4571 1) (PZT), _, ¢ KoHIIEHTpaueii MeTaoco-
JepaKalux rpanyn B quanasone 0,3 < x < 0,8. IIneHku TonuHoi 2—7 MKM MOIy4eHbl METOIOM HOHHO-TTy4EeBOI'O PACIIBI-
JICHUSI COCTaBHBIX MHIIEHEH B Cpejie YUCTOro aproa uin B cMecu Ar — O,, IocJie 4ero OHM MOBEPTaIluCh CTyIIEeHUaTOMY
OTXKUTY Ha Bo3fyxe B quanazone temmneparyp 398—873 K ¢ marom 25 K B Teuenue 15 MuH. OcaxxeHHe KOMIIO3UTOB
B CMECH aproH — KHUCIOPOJ JINOO OTXKHUT Ha BO3yXe MPUBOIMIHN K (DOPMUPOBAHUIO HAHOUACTHIL CO CTPYKTYPOH «SIIpO —
00o0m0uKa», T71e 000JI0YKa COCTOsIA N3 COOCTBEHHBIX OKCHJIOB kene3a u kobansra (FeO, Fe,0,, Fe,0,, CoO). C Toukn

3pCHUS IIOBEACHUA aAMUTTAHCA B 3aBUCUMOCTH OT KOHIICHTPAUK, YaCTOThHI U TEMIIEPATYPhl O ()C, 0, T) B TaKMX HAHOKOM-

[O3UTaX OOHAPYKEHBI Ba KPUTUUECKUX 3HAUCHUS KOHLIEHTPAllUK META/UINYECKUX IEMEHTOB (X) — IIOPOT KacaHus (X,,)
HAaHOYACTHUI 000I0YKaMH U Opor (JOPMUPOBAHHUS CILIONTHOTO IPOBOISAIIECTO KIacTepa (X ,) U3 siep HAaHOYACTHI (B OT-
JIMYKE OT IOHATUS «IOPOT IEPKOIIALUIY (X, ) B TEOPUM OMHAPHBIX METAUIOAUNIEKTPUUECKUX KOMIIO3UTOB). S3HAYEHHUS X,
MIOKa3bIBAIOT KOHIICHTPALUIO METAJUINYECKUX JIEMEHTOB, ITPU KOTOPOI HAHOYACTHIIBI BHYTPU JHAIEKTPUYSCKON MaTpu-
I[bl HAYMHAIOT CONPUKACATBCA APYT € APYroM 000JOUKaMH U 00pa3yloT CILIOMIHON KJIacTep «sIIpo — 000JI0YKa» C BBICO-
KOH 2JIEKTPUYECKOH MPOBOANMOCTBIO MEXY 3JIEKTPOJaMU B KOMIIO3UTHOM oOpasiie. [TockonbKy MpoBOIUMOCTD TaKOTO
KJlacTepa BCer/ia MeHbIIIE, YeM IPOBOANMOCTD TOJILKO METAJUIMYECKUX HAHOUACTHII (KaK B OMHAPHBIX HAHOKOMIIO3UTAX ),
TO HEOOXOIMMO BBECTH JIPYTYIO IOPOTOBYIO KOHIIEHTPALHIO (X, ), IPH KOTOPOH METAILTIYECKHE Apa HAHOYACTUIl HAIH-
HAIOT COIPHUKACATHCS IPYT ¢ ApyroM. OTpeieeHo, 9To o Mepe MPHOIIKEHIS K OPOTY KaCaHMs X, XapaKTepHOE BpeMs
KWM3HU JIEKTPOHOB T HA HAHOYACTHIAX ¢ 000I0uKaMu noaynposogaukosoro tuna (FeO, Fe,0,) ysenmunsaercs ¢ 0,1 1o
400,0 MKC. DTO IIPUBOJUT K MOJOKHUTEIBHOMY (Da30BOMY CABUTY O MEXTy MPUIIOKEHHBIM HAITPSHKEHHUEM M TOKOM B IUICH-
Kax, Ha3bIBaeMoMy 3((deKToM oTpuIaTensHoil eMxocTH. 1Ipu 3ToM sHepreTHYecKue XxapakTepucTuku AE, u AE,, omnpe-
JiesIsieMble U3 TeMIIEpaTypHbIX 3aBucuMocteii 6 ( T'), CHIKAIOTCS 10 3HaYeHHi, MeHbIIMX dHepruu Gonona kT, — ot 300
1o 1 m3B. B ciayuae npeoOnagaHus BOKpYT HAHOUACTHI] COOCTBEHHBIX OKCHUIOB Jkelle3a AudnekTpudeckoro tuna (Fe,O;)
BO3pACTaHUsA T U CHIDKEHUS AE; He IPOUCXOJUT, YTO IPUBOAUT K OOBIYHOMY €MKOCTHOMY [1OBEICHUIO HAHOKOMIIO3UTOB
C OTPHULATEIBHBIM CABUIOM (ha3bl 8 MEXTy TOKOM M HalPsKCHUEM.

Kniouesvie cnosa: nanorpanyIMpoOBaHHBIE KOMITO3UTHI; HAHOYACTHIIBI; CTPYKTYPa AP0 — 000I0UKa»; TPBIHKKOBBIN
nepeHoc; 3pGEKT OTPUIIATEIIEHONW SMKOCTH.
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The paper presents the study of hopping carrier transport parameters (characteristic times and energies) in nano-
granular composite films (Fe, 45Coy 4521 10)(Al,O3), _, and (Fe( 45Co 4571, 1) (PZT), _, with a concentration of metal-
containing nanoparticles inside of insulator matrix in the range 0.3 < x < 0.8. Films of 2—7 um thick were obtained by
ion-beam sputtering of composite targets in pure argon gas or in Ar — O, mixture, after which they were subjected to
stepwise post-annealing in air in the temperature range of 398—873 K with the 25 K steps for 15 min. Deposition of the
films in the argon — oxygen gas mixture or their post-annealing led to the formation of metal-containing nanoparticles with
core — shell structure, where the covering shell contained own iron and cobalt oxides (FeO, Fe,O,, Fe,0;, CoO). It was
shown that the behaviour of concentration, frequency and temperature dependences of specific admittance 6 (x, ®, T) is
controlled by two critical values of nanoparticles’ concentrations — touching threshold (x,,) and conducting cluster forma-
tion threshold (x,,) (in contrast to a single percolation threshold (x,) in the theory for binary metal-dielectric composites).
The x,, is the concentration when some of nanoparticles inside the dielectric matrix begin to touch each other by shells to
form continuous core — shell cluster with high current conductivity between electrodes in the composite sample. Since the
conductivity of such a core-shell cluster is always less than the conductivity of only metallic nanoparticles, as in binary
composites, we introduce another threshold concentration x_, when the metallic cores of nanoparticles begin to touch each
other. We observed that, when composite film approaches the x, threshold, the characteristic lifetime 7 of electrons, ex-
tracted from G(x, , T) dependences, on nanoparticles covered with the semiconducting-like shells of native oxides (FeO
or Fe;0,) increases from 0.1 to 400.0 us. For this case, we observed a positive phase shift 0 between the applied voltage and
current in the films, called the negative capacitance effect. At the same time, energy characteristics AE, and AE, extracting
from G(T ) dependences were decreased down to values less than phonon energy k7 — from 300 to 1 meV. In the case of
the predominance of native oxide of iron with insulating properties (Fe,O,) around the nanoparticles, there is no increase
in T and a decrease in AE,. In this case the usual capacitive-like behaviour of nanocomposites with a negative phase shift 0
between current and voltage is observed.

Keywords: nanogranular composites; core — shell nanoparticles; hopping transport; negative capacitance effect.

Introduction

Recently, in material science, much attention has been paid to the search for new methods to supply more rapid
diagnostics of heterogeneous multifunctional nanomaterials and nanostructures with highly complicated phase
structure [1]. The behaviour of physical characteristics in such systems directly depends on their morphology,
including phase structure and sizes of homogeneities. Among the wide range of their functional characteristics,
which are actively used already in modern engineering, the metal-dielectric nanocomposite materials make
it possible, among other things, to use them as wireless elements with inductive-like behaviour. This area of
application is based on the so-called negative capacitance effect (NCE) [2], when the delay by phase of electric
current from the applied voltage occurs. This effect is observed in some nanostructured materials [3], including
metal-dielectric films [4], consisting of a mixture of conductive nanoparticles in non-conductive (insulating)
matrixes. This effect is due to the violation of the electrical neutrality of neighboring (closely spaced) highly
conductive nanoparticles and the polarisation of the matrix surrounding them as a result of electron tunneling
(hopping) between nanoparticles under the action of electric field and electron collisions with phonons, which
depends both on temperature and on the intensity of the alternating electric field. As was shown earlier [5],
the existence of such a NCE in a wide range of temperatures, including room temperatures, and frequencies
depends both on the morphology of metal-dielectric nanostructures (composition, shape and size distribution
of conducting and dielectric phases) and on the presence of additional phases arising during synthesis or sub-
sequent heat treatments of these materials.

The paper studies the hopping carrier parameters (characteristic times and energies) transport in alternating
current regime in nanogranular composite films (Fe 4,sCoy 4521 10)(ALO;), _, and (Fe, ,sCoy 4521, 10)(PZT), _,

with the concentrations of the metal-containing FeCoZr alloy 0.3 < x < 0.8 randomly embedded into dielectric
matrix.
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Experimental part

The objects of the study were composite nanogranular films 2—7 um thick deposited by the method of ion-
beam sputtering of targets and subjected to stepwise 15 min post-annealings in air in the temperature range of
398—-873 K with a step of 25 K [6]. For deposition, we used composite targets, which contained cast metallic
Fe,45C0q 4521, 1o alloy base with dimensions of 270 x 70 x 14 mm and dielectric strips of Al,O; or PZT of
the same size located on its surface at different distances from each other. The distance between the dielectric
strips changed monotonically from 3 to 24 mm from one to another sides of metallic base. Such construction
of the target made it possible to obtain, in one technological cycle, composite films on the glass-ceramic sub-
strate with a gradient of metal-containing phase (in form of nanoparticles) content x from 0.3 on one side of
the substrate to 0.8 on its another side [7]. In case of Al,O; matrix deposition was carried out both in Ar (with
pressure P, = 6.0 - 10 Pa) and in Ar — O, mixture (with partial pressure Fy,=43" 10~ Pa) while in case of
PZT matrix we used only Ar — O, atmosphere (at F, =2.0 - 10 Paor £, =3.0- 10 Pa).

To analyse the morphology of nanocomposite film, as well as to determine their thickness and chemical
composition, a LEO-1455VP scanning microscope (Carl Zeiss, Germany) with an attachment for energy dis-
persive analysis was used. Analysis of the phase composition of the samples before and after annealing was
carried out using Mdssbauer spectroscopy, electron and X-ray diffraction, and also the X-ray absorption edge
methods [8; 9].

To study electric properties of the samples we used an admittance spectroscopy in the temperature range of
77-350 K and alternating current frequencies of 100 Hz — 5 MHz. The admittance was measured by a 4-probe
method using a 3532 LCR HiTESTER meter (Hioki, Japan). The samples with 10 x 2 mm size were supplied
with silver paste electric contacts [10]. The temperature was measured with a thermocouple using an Agi-
lent 34970A multimeter (Agilent Technologies, USA). The error of these measurements was no more than 4 %.

Results and discussion

This paper analyses the temperature and frequency dependences of the real part of the specific admittance
o(f, T) and phase shift angles 8( f, T') between current and applied voltage in films (Fe 45C0y45Z1) 10){(ALO3),

and (Fe 45C0q 45Z1 10)(PZT), _,. The description of 6(f, T) curves, including those described in earlier
works [10; 11], was carried out on the basis of the improved model of hopping conductivity in a weak electric
field (which energy was less than thermal energy of vibrating lattice A7) [12]. This model describes the real
part of the admittance by the relation

o(f, T)=c,(f, T) /) (1)

with sigmoid-like 6-curves. Here the exponent a, which determines the probability of jumps p between nano-
particles, depends on the frequency as against the known Mott model [13].

Note that in the model being described, an electron jump from one neutral nanoparticle I to another one I1
can occur in one of two ways: either by tunneling through a barrier or by hopping over the barrier between wells
created by a dielectric matrix layer separating nanoparticles of the metallic phase [12]. In both cases, after every
jump between wells I and well 11, a pair of positively and negatively charged nanoparticles appears creating an
electric dipole. The formation of a dipole after the capture of an electron by a nanoparticle influences the dielectric
permittivity around dipoles [14] and leads to an increase in the characteristic lifetime T of an electron on it. This,
respectively, results in a delay of the next jump (back on well I or forward on well III) only under the action of
a weak electric field, when imparted energy is insufficient for the jump without the help of the additional action
of a suitable lattice vibration. Such behaviour of the electron means that it ceases to follow the change in the
sign of the alternating electric field, which means that the current is lagging in phase relative to the applied

alternating voltage. This delay time can be estimated from the frequency f,;, ~ T where f . is the value of
frequency above which the electric current lags behind the applied voltage in phase. At the same time, for the fre-
quencies > f, .. the phase delay of the next jump from well II back to well I is equal to 27tf%, those may become
more than 27, which creates the possibility of a positive phase shift, i. e. NCE.

According to [12], the probability p and the characteristic lifetime T on Fe, ,5Co, 4sZr1, ;, nanoparticles

(as hopping centers) between electron jumps can be estimated from the relations [10; 11]:

_ oL
p - O-H ) (2’)
=1 3)
2 fo
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where the values 6; and o} in fig. 1, a, correspond to the low and high frequency plateaus parallel to the fre-
quency axis on the sigmoid-like (5( f ) dependence, and f;,, is the maximum of the corresponding dependence

o (/) in the ratio (1). Also the 6(7’) dependence in equation (1) at a constant frequency in the studied tempe-
rature range is described by the model of hopping conduction with the constant energy characteristic AE:
AE

o(T)=0,(/)e 1. @)

The values of AE; are determined from the slope of the straight-line sections of Arrhenius dependences (see the
equation (4)) (fig. 1, b). An examples of the experimental 6 ( £, T) and 0.( /') dependences are represented in fig. 1.
The o/ /) dependences in fig. 1, b, were determined by the geometric differentiation of the (/) curves. These
dependences allowed the estimating the G, Gy, Oc( f)s fruax and AE parameters introduced in equations (1)—(3).
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Fig. 1. Examples of the frequency dependence of the real part of the specific admittance (5( f )
and the exponent o.( /') in relation (1) for the (Fe 45C0y 4521 10)0.52(PZT)g 45 film
deposited in Ar — O, mixture under F, =2.0 - 107 Paand T=223 K (a)
and Arrhenius curves for /=500 Hz in the region of low T
for the film (Fe( ,5C0q 4521 19)0.31(A1,05), ¢o deposited in an Ar and annealed at 7, = 623 K (b)

Note an important feature of our results — the presence of 2-sigmoid-like character of 6 ( f ) dependences
(and, correspondingly, the 2-peaks in o.( /) dependences according to the model [12]). This was not observed
earlier by us, that indicates the impossibility of their study using classical percolation model due to 2-phase
(heterogeneous) composition of the samples under consideration.

An analysis of the estimated model parameters of hopping carrier transport in real binary nanogranular com-
posite films (Fe, 4,sCoy 4521, (), (ALLO5), _, deposited in pure argon have shown that the characteristic electron
lifetime T on nanoparticles decreases from 12.6 to 1.26 s with temperature increase in the range 80 K < 7< 303 K
and for full range of x. In this case, the jump probability for binary structure of nanocomposite always corre-
sponds to the ratio p < 1 for x < x,, 1. e. up to the percolation threshold (dielectric regime of conduction), and
p — 1 atx>x_(metallic regime). The value of the exponent o in relation (1) is close to 0.8 for Mott mechanism
of conduction [13] only in composites below the percolation threshold x,.

Low-temperature annealing at 7, = 623 K in air of (Fe, ,5Co 45Zr ;)(Al,03), _, films leads to an increase
in the characteristic electron lifetime 1 (fig. 2, a, inset). Thus for x =0.31 at 7= 303 K, value of T increases from
1.26 us before annealing to 6.17 us after annealing, which correlates with the formation of iron-based semi-
conductor oxide shells covering the nanoparticles cores. In addition, annealing leads to the shift of percolation
threshold x, = 0.45 to higher values of x (to 0.50) for threshold x, when highly-conductive cluster is formed
due to touching of shells around nanoparticle cores. This behaviour corresponds to the activation nature of the
admittance, in which the electron hopping probability p increases when phonon energy is higher due to tempe-
rature growing (fig. 2, b, inset). At the same time, for x =0.31 and 7=303 K after annealing at 7,, = 623 K, the
value of the exponent o. becomes equal to 0.16, which does not correspond to the value o. = 0.8 for the known
Mott mechanism of conduction on alternating current [13].

As follows from the analysis, in (Fe| 45Co 4521 ;) (ALLO5), _ . nanocomposites deposited in Ar — O, mix-
ture, the electron lifetime on nanoparticles increases in comparison with composites deposited in pure Ar. This
is due to the formation of semiconducting FeO and Fe;0, oxide shells around metallic cores during deposition,
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which also introduces significant changes in the behaviour of G(x) curves. Instead of one critical value (per-

colation threshold x,) in Ar deposited metal-dielectric films, the addition of oxygen to the vacuum chamber at-
mosphere is accompanied by the appearance of two critical values of nanoparticles’ concentrations — touching
threshold (x,;) and conducting cluster formation threshold (x_,) (in contrast to a single percolation threshold x,
in the theory for binary metal-dielectric composites [15]). The x_, is the concentration when some of nanoparticles
inside the dielectric matrix begin to touch each other by shells to form continuous core — shell cluster with high
current conductivity between electrodes in the composite sample. Since the conductivity of such a core — shell
cluster is always less than the conductivity of only metallic nanoparticles, as in binary composites, we intro-
duce another threshold concentration x_, when the metallic cores of nanoparticles begin to touch each other
because the amount of oxygen becomes insufficient to form native oxides (FeO, Fe,O,, Fe,05;, CoO) which
are formed in the shell around the metal cores of the FeCoZr alloy in the sequence FeO — Fe,O, — Fe,0; and
should prevent the direct contact between metallic cores.
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Fig. 2. Frequency dependences of the exponent (x( f ) in relation (1) (a) and the real part
of the specific admittance 6( f, T) (b) for the (Fe,45C00.45Zry 10)031(ALO3 ) 60
film deposited in an Ar and annealed at 7,, = 623 K
for various temperatures: 80 K (1), 123 K (2), 173 K (3), 223 K (4), 273 K (5), 303 K (6).
The insets show the temperature dependences of the characteristic lifetime
of an electron on nanoparticles (a) and the probability of jumping between them (b)

The formation of FeO and Fe;0, semiconducting oxides at the initial stages of core formation increases the
lifetime (up to T ~ 10 s), which leads to a positive phase shift of current relative to bias voltage applied for
concentrations x < x,;.

Higher temperature post-annealing in air of (Fe,, 4,5C0, 4521, 1) (AL,O5), _ films (up to 7, = 873 K) leads to
a further increase in the electron lifetime (fig. 3, @) compared to unannealed samples. This is due to additional
oxidation of the metal cores with an increase in the proportion of semiconductor oxide phases FeO, Fe;O, in
nanoparticles, which further enhances the positive phase shift.

All nanocomposites of the (Fe 4,sC0y 4521, 1), (PZT), _, type were deposited in Ar — O, mixtures. At low partial
pressure of oxygen (P02 =2.0- 107 Pa) the characteristic lifetime of an electron on nanoparticles is about T~ 10~ s,
which is insufficient for the existence of the NCE in a wide range of temperatures and frequencies, since for these
values of T the necessary phase delay of the electric current from the applied voltage is not observed. The jump
probability in this type of nanocomposites is much lower than in (Fe,, 4,5Co, 45Zr, ;),(Al,05), _, samples, which
is associated with a low probability of dipole formation caused by a significantly higher permittivity of the PZT
matrix and, as a consequence, an increase in the energy required for this process.

An increase in the oxygen pressure in the deposition atmosphere leads to an increase in T values. For example
for x =0.64 at T=223 K, the value of T increased from 6.57 us (for the sample deposited at £, =2.0 - 10 Pa)
to 79.8 us (for a sarnple deposited at £, =3.0 - 10~ Pa). We associate this effect with an increase in the pro-
portlon of native iron oxides, including semiconductor FeO and Fe;0,, around metal cores, which leads to an
increase in the positive phase shift, that is most pronounced in the vicinity of x,.

Additional annealing in air leads to a slight change in the characteristic electron lifetime (fig. 3, »), which
does not depend on the partial pressure of oxygen £, and only reflects the growth of the amount (and the size)
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of iron and cobalt oxide phases around metal cores, including dielectric ones, which is generally not affected the
presence of the NCE in (Fe ,sCo 4521 ,),(PZT), _, nanocomposites, since their morphology is not changed.
However, it leads to decrease the temperature range and metal content in which this effect is observed.

Analysis of the energy parameters of carrier transport, estimated on the basis of relation (4), for the case of
(Fep45C0og 4521y 19),(ALLO3), _ . and (Fe( 45Co 4521 1) (PZT), _, composites, have shown that, regardless the

deposition conditions, the temperature dependences of G( LT ) in Arrhenius scale at each frequency have an

activation character with two different energy characteristics corresponding to the slopes of Arrhenius straight
lines: AE, in the range of low temperatures (mostly below 150 K) and AE), at high temperatures (mostly above
150 K) (fig. 4, a).

In this case for the (Fe( 45Coy 4521, 1) (Al,O5), _, films deposited in pure Ar, AE, is always greater than
AE, (for example, for x = 0.31 at /= 1 MHz, the values are AE, = 20.0 meV and AE, =39.5 meV). The latter

probably means that energetically less favourable jumps can be activated only at higher temperatures, where
phonons’ energies k7 are higher. As was shown, for deposited in argon (Fe, 45C0 4521 10),(ALL,O5), _, com-

posites, if the energy characteristics AE| and AE, lied in the range 15 meV < AE,; < 40 meV, the NCE was not
observed at x < x_.
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Fig. 3. Temperature dependences of the characteristic electron lifetime T on nanoparticles
before annealing (right ordinate axes) and in the case of annealing in air (left ordinate axes)
for (Fe, 45C0g 4571 10)0.33(A1,03), 6 film deposited in Ar — O, mixture (7, = 623 K) (a)
and for (Fe, 45Co 4521 19)g 52(PZT), 45 film deposited in Ar — O, mixture at /, =2.0 - 107 Pa (T, = 598 K) (b)
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Fig. 4. Temperature dependences of the specific values of the real part of the admittance
at different (/ — 100 Hz, 2 — 1 kHz, 3 — 10 kHz, 4 — 100 kHz, 5 — 500 kHz, 6 — 1 MHz) alternating current
frequencies (a) and frequency dependences of energy characteristics (b) in the region of high
and low temperatures. The inset shows the frequency dependences of the phase shift angle
in the temperature range of 80-303 K for the (Fe; 45C0 4521 10)0 50(A1,03), 50 film deposited in an Ar — O, mixture
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After annealing in air of this type of samples with x < x_,, the energy characteristics slightly decrease
compared to unannealed samples (for example, for x =0.31 at /=500 kHz, after annealing the value of AE,
is lowered from 40.6 to 36.5 meV). However, we still do not observe significant contribution to the NCE.
We should note that with further increase in oxygen content in the vacuum chamber atmosphere during
(Fey 45Cog 4521y 19)(AL,O5), _ . nanocomposites deposition, which is resulted in the enhancement of the NCE,
the energy characteristics are always lowered (fig. 4, b).

Here we need to do an important clarification why the NCE is observed in samples with those x, 7" and f
values when formally AE; < kT. In the framework of hopping conductivity model [12] to ensure phase delay
of electrons (just resulting in NCE) hopping between potential wells is realised only under subjection of both
electric field and phonon energies, i. e. in reality at AE; > kT.

As was shown earlier in [16], we observed close behaviour of the energy characteristics of composites
(Fe45C0q 4521 10)(ALLO3), _ . and (Fe( 45Coq 4521, 1) (PZT), _, extracted from temperature dependences of
active R; and reactive R, R ; elements in their equivalent substitution circuits.

Annealing in air of (Fe,, 4,5Co, 4521, ;),(AL,O5), _ . nanocomposites deposited in an Ar — O, mixture at tem-

peratures up to 7, = 873 K results to the increase the energy characteristics AE; due to the growth of the di-

electric oxide Fe,O; contribution to the conductivity of the samples (fig. 5, a). However, in those regions of x
where the NCE persists, the values of AE; are still smaller than in regions where it is not observed (for example,
after annealing at 7, = 623 K for composite with x = 0.50 at /' = 1 MHz, we have that AE, = 15.0 meV is less
than AE, = 31.4 meV in the region of low and high temperatures, respectively). It is important to note that
after high temperature annealing the region of x, where positive phase shift (with inductive-like behaviour of
nanocomposites) expands, so that the energy characteristics AE; decrease over the entire range of x studied.
In (Fe 45Coy 4521 10)(PZT), _, nanocomposites deposited in Ar — O, mixture at various oxygen partial pres-

sures, the relationship between the phase shift angles 0 and the energy characteristics AE, is similar to the pre-
vious case (fig. 5, b): when the NCE occurs, the energy characteristics are also always less than in the region
where it is absent.

100 L 120 AE, =12.6 meV

[ T>150K 100

T,,=623 K
Unannealed
I,=623K 20
10F 7<
Unannealed 0 I

Energy, meV
Angle, degree
(o)

S

N ]
S (e} -
L L LA LA DL L

150 K
: 10° 10* 10° 10 10 10 10* 10° 10°

Lol vovvvnnd vl v vl vl 11 g B TR S B L RS
10 6 2 3
Frequency, Hz Frequency, Hz

Fig. 5. Frequency dependences of the energy characteristics in the region
of high and low temperatures for the (Fe, 45C0, 4521 1) 50(Al,05)y 50 film deposited
in an Ar — O, mixture (without annealing and at 7, = 623 K) (a) and the phase angle
for the (Fey 45C0y 4521 19)0.52(PZT)g 45 film deposited in an Ar — O, mixture at £, = 3.0 - 107 Pa
at different temperatures (/ — 80 K, 2 - 123 K, 3 - 173 K, 4-223 K, 5-273 K, 6 - 303 K)
with the corresponding energy characteristics ()

Annealing of this type nanocomposites in air up to 7,, = 598 K does not significantly affect the nature of the
temperature dependences of the admittance, since their morphology does not change after this heat treatment
(for example, in the samples with x = 0.52 deposited at /f, = 2.0 - 10 Pa, the energy characteristics AE, at

f=1kHz were 151 meV in the case of annealing at 7, = 598 K and 154 meV before it).

Conclusions

There were estimated the model parameters of hopping carrier transport (electron lifetime on nanoparticles 7,
energy characteristics AE; and hopping probability p, etc.) in nanogranular (Fe, 4,5Co 4521, 19),(AL,O3), _, and
(Fey45C0g 4521 10)(PZT), _, composite films with different morphology of nanoparticles. It is shown that 7,
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AE; and p values significantly depend on the amount, composition and type of native iron oxide phases formed
around Fe,, ,5Co, 45Zr, ;, alloy cores in the sequence FeO — Fe;0, — Fe,O; regardless of the oxidation method
(during deposition or after post-annealing in air). It was found that in the vicinity of the touching threshold x,,
the appearance of the negative capacitance effect is observed if the predominance of semiconductor-type iron
oxides (FeO, Fe;0,) in shells around the nanoparticles cores occurs leading to T increase (from 0.1 to 400.0 ps)
and AE; decrease to values less than k7" (from 300 to 1 meV). At the same time, if around cores of nanoparticles
dielectric-type native oxide (Fe,0O,) is prevailed, with the insulating properties close to dielectric matrix, it
doesn’t cause a sufficient increase in t and a decrease in AE, leading to the usual capacitive-like behaviour of
admittance showing negative phase shift.

References

1. Mourdikoudis S, Pallares RM, Thanh NTK. Characterization techniques for nanoparticles: comparison and complementarity
upon studying nanoparticle properties. Nanoscale. 2018;10(27):12871-12934. DOI: 10.1039/C8NR02278]J.

2. Parravicini GB, Stella A, Ungureanu MC, Kofman R. Low-frequency negative capacitance effect in systems of metallic nano-
particles embedded in dielectric matrix. Applied Physics Letters. 2004;85(2):302-304. DOI: 10.1063/1.1772872.

3. Bhattacharjee S, Banerjee A, Mazumder N, Chanda K, Sarkara S, Chattopadhyay KK. Negative capacitance switching in
size-modulated Fe,O, nanoparticles with spontaneous non-stoichiometry: confronting its generalized origin in non-ferroelectric mate-
rials. Nanoscale. 2020;12(3):1528-1540. DOI: 10.1039/CONRO07902E.

4. Zhukowski P, Koltunowicz TN, Wegierek P, Fedotova JA, Fedotov AK, Larkin AV. Formation of noncoil-like inductance in
nanocomposites (Fe( 45Co 4521 ;),(Al,O5), _, manufactured by ion-beam sputtering of complex targets in Ar + O, atmosphere. Acta
Physica Polonica A. 2011;120:43—45. DOI: 10.12693/APhysPolA.120.43.

5. Koltunowicz TN, Fedotova JA, Zhukowski P, Saad A, Fedotov A, Kasiuk JV, et al. Negative capacitance in (FeCoZr)—(PZT)
nanocomposite films. Journal of Physics D: Applied Physics. 2013;46(12):125304. DOI: 10.1088/0022-3727/46/12/125304.

6. Zhukovski P, Koltunowicz T, Fedotova J, Larkin A. An effect of annealing on electric properties of nanocomposites
(CoFeZr),(AL,O;), _, produced by magnetron sputtering in the atmosphere of argon and oxygen beyond the percolation threshold.
Przeglgd Elektrotechniczny. 2010;86(7):157-159.

7. Saad AM, Mazanik AV, Kalinin YuE, Fedotova JA, Fedotov AK, Wrotek S, et al. Structure and electrical properties of CoFeZr-
aluminium oxide nanocomposite films. Reviews on Advanced Materials Science. 2004;8(2):152—157.

8. Fedotova J, Kasiuk J, Przewoznik J, Kapusta Cz, Svito I, Kalinin Yu, Sitnikov A. Effect of oxide shells on the magnetic and mag-
netotransport characteristics of oxidized FeCoZr nanogranules in Al,O5. Journal of Alloys and Compounds. 2011;509(41):9869-9875.
DOI: 10.1016/j.jallcom.2011.07.066.

9. Kasiuk JV, Fedotova JA, Marszalek M, Karczmarska A, Mitura-Nowak M, Kalinin YuE, et al. Effect of oxygen pressure on
phase composition and magnetic structure of FeCoZr — Pb(ZrTi)O, nanocomposites. Physics of the Solid State. 2012;54(1):178—184.
DOI: 10.1134/S1063783412010179.

10. Zukowski P, Koltunowicz T, Partyka J, Fedotova YuA, Larkin A. Electrical properties of nanostructures (CoFeZr), + (AL,O;), _,
with use of alternating current. Vacuum. 2009;83(supplement 1):S275—-S279. DOI: 10.1016/j.vacuum.2009.01.081.

11. Koltunowicz TN, Zhukowski P, Fedotova VV, Saad AM, Fedotov AK. Hopping conductance in nanocomposites
(Fey.45C0g 4521 10)(A1,05), _ . manufactured by ion-beam sputtering of complex target in Ar + O, ambient gas. Acta Physica Polo-
nica A. 2011;120(1):39—42. DOI: 10.12693/APhysPolA.120.39.

12. Zukowski P, Koltunowicz T, Partyka J, Wegierek P, Kolasik M, Larkin A, et al. A model of hopping recharging and its verifica-
tion for nanostructures formed by the ion techniques. Przeglgd Elektrotechniczny. 2008;84(3):247-249.

13. Mott NF, Davis EA. Electronic processes in non-crystalline materials. Oxford: Clarendon Press; 1979. 590 p.

14. Svito IA, Fedotov AK, Saad A, Zukowski P, Koltunowicz TN. Influence of oxide matrix on electron transport in (FeCoZr) (A1,05), _,
nanocomposite films. Journal of Alloys and Compounds. 2017;699:818—823. DOI: 10.1016/j.jallcom.2017.01.043.

15. Irzhak VI. Percolation threshold in polymer nanocomposites. Colloid Journal. 2021;83(1):64—69. DOI: 10.1134/S1061933X
21010063.

16. Larkin AV, Fedotov AK. Equivalent circuits of FeCoZr-alloy nanoparticles deposited into Al,0; and PZT dielectric matrices
nanogranular composite films. Journal of the Belarusian State University. Physics. 2022;3:104—112. DOI: 10.33581/2520-2243-2022-
3-104-112.

Received 16.07.2022 / revised 08.12.2022 / accepted 08.12.2022.



OHTI/IKA N CIIEKTPOCKOIINA

OPTICS AND SPECTROSCOPY

VIIK 533.9.082, 533.922, 533.924, 621.373.8

AHAAUN3 COCTABA IMOKPBITUN CTAPUHHBIX
XPYITIKNUX METAAANYECKHNX OBPA3LIOB C TTIOMOIOIbIO
ABYXUMIIYABCHOTI'O AA3EPHOI'O CIIEKTPOMETPA

K. ®. EPMAJTHIKAAY, I1. A. HBAHOBAY, 5. H. MATIOLI"

YBenopyceruii 2ocyoapemeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapycy

HccnenoBansl BOSMOKHOCTH UCIIONB30BAHMS JTa3ePHOI aTOMHO-OMHUCCHOHHOH CIIEKTPOCKOIINH IS SJIEMEHTHOTO aHAIN3a
MHOT'OKOMITIOHCHTHBIX METAJNIMYCCKUX apTe(baKTOB JKeJIe3Horo Beka. boibiioe BHUMaHue YACJICHO BIUSAHUIO I'PA3H, TATUHBI,
PrKaBYMHBI, OKAJIMHBI Ha ITPOLIECC JIa3epHOM aOJISIMK 1, KaK CJIS/ICTBHE, HA OTHOCHTEIIbHYIO HHTEHCUBHOCTD CIIEKTPAIbHBIX
sHuA. [IpeioxkeH METo OLEHKM TOJIMHBI MOJIEKYIISIPHBIX COSJMHEHUH Ha MTOBEPXHOCTH METAJUTMUYECKUX U3ETUH JUIs
MTOCTICAYIOIIETO UCKITFOUCHHST COOTBETCTBYIOIINX CIIEKTPATBHBIX JaHHBIX U3 PE3YNBTaTOB IEMEHTHOTO aHaJH3a. YCTaHOB-
JICHO, YTO OTHOCUTENBHAS MHTEHCUBHOCTD CIIEKTPAJIbHBIX JIMHUH A1 COBPEMEHHOTO 00pasiia OyaeT 3HaunTensHo (10 30 %)
BBIIIIE, YeM ISt apTehakTa, KOTOPBIN IIUTEILHOS BPEMsT HAXOMUIICS 101 3eMiIei. TakuM 00pa3oM, KOIMUYECTBEHHbIN aHAIN3
C UCMOJIB30BAHUEM I'payUPOBOYHBIX KPUBBIX, IOCTPOCHHBIX HA OCHOBC JJaHHBIX NJId COBPEMCHHbLIX CTaHAAPTHBIX 06pa3u013,
JIaCT HEBEPHBIE pe3ynbTarhl. [Ipyr 3TOM mepexos OT OHOUMITYIbCHOM JIa3epHOH abJIsIUK K JIByXUMITYJIbCHOM, ITPUBOSIIIN
K MHOTOKPaTHOMY YBEJIMYEHHIO OTHOCHTEIBHON MHTEHCUBHOCTH CIEKTPAIbHBIX JMHUH, O4EHb Ba)KCH, TaK KaK MO3BOJISIET
3HAYUTETHHO IMOBBICUTEH YYBCTBUTEIBHOCTD AHAITN3a F CHU3HUTH OIIHOKY.

Knrwouesvie cnoesa: Jla3€pHasd aTOMHO-ODMUCCHUOHHAsA CIIEKTPOCKOIIUA, SJIEMEHTHBIN aHAIN3 apTe(baKTOB; CABOCHHBIC

JIa3€pHBIC UMITYJILCHI; JIa3CpHast a0nsys.

O0pa3en LUTHPOBAHUMA:

Epmanunkas K®, Msanosa [1A, Mariom SIM. Ananu3 cocra-
Ba MOKPBITUH CTAPUHHBIX XPYNKHUX METAIMYECKUX 00pa3LoB
C IOMOIIBIO ABYXHUMITYJILCHOTO JIA3€PHOTO CrieKTpomeTpa. Kyp-
Han benopycckozo eocydapemeennozo ynusepcumema. Qusuxa.
2023;1:78-84 (na auru.).
https://doi.org/10.33581/2520-2243-2023-1-78-84

For citation:

Ermalitskaia KF, Ivanova PA, Matyush Yal. Elemental analysis
of obsolete brittle metal samples using a two-pulse laser spectro-
meter. Journal of the Belarusian State University. Physics. 2023;
1:78-84.

https://doi.org/10.33581/2520-2243-2023-1-78-84

ABTOPpBI:

Kcenua ®eooposna Epmanuyxas — xannunar Gpusnko-mare-
MaTHYECKHX HayK, JOIEHT; JOLEHT Kadenprl Ja3epHol HH3H-
KU ¥ CHEKTPOCKOMHNH (PU3UUECKOTO (aKyIbTeTa.

ITonuna Anexcandposna Heanosa — cTyneHTka pU3NIECKOrO
(axynerera. Hayunsrii pykoBoputens — K. @. Epmanuixkast.
Ana Hzopeena Mamiow — crynenTka Gpu3ndeckoro daxynsrera.
Hayunstit pykoBoautens — K. @. Epmanuikas.

Authors:

Ksenia F. Ermalitskaia, PhD (physics and mathematics), do-
cent; associate professor at the department of laser physics and
spectroscopy, faculty of physics.

ermalitskaia@gmail.com
https:/lorcid.org/0000-0002-2134-6938

Polina A. Ivanova, student at the faculty of physics.

Yana 1. Matyush, student at the faculty of physics.

78

QNOLS

BY NC



OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

ELEMENTAL ANALYSIS OF OBSOLETE BRITTLE METAL SAMPLES
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The possibilities of using laser induced breakdown spectroscopy for elemental analysis of multicomponent metal iron
age artefacts are studied. Much attention is paid to the influence of dirt, patina, rust, scale on the process of laser ablation,
and, as a result, on the relative intensity of spectral lines. A method is proposed to estimate the thickness of molecular
compounds on the surface of metal artifacts to subsequently exclude the corresponding spectral data from the analysis re-
sults. It has been found that during laser ablation of pure metal samples at fixed radiation parameters, the relative intensity
of spectral lines during ablation of a modern sample can significantly (up to 30 %) exceed the intensity for an old sample
that has been underground for a long time. Thus, a quantitative analysis using calibration curves, built on the basis of
modern standard samples, will lead to incorrect results. In this case, the transition from single-pulse to double-pulse laser
ablation, which leads to a multiple increase in the relative intensity of spectral lines, is very important, since it allows one
to significantly increase the sensitivity of the analysis and reduce the error.

Keywords: laser induced breakdown spectroscopy; elemental analysis of artifacts; double laser pulses; laser ablation.

Introduction

Laser induced breakdown spectroscopy (LIBS) is one of the most common methods of low-destructive ele-
mental analysis. It is widely used in industry, research of biological objects, minerals, medicines, explosives,
artifacts, etc. [1; 2]. The popularity of this method is associated with a number of advantages: small amounts
of substance required for analysis, lack of preliminary chemical and mechanical surface preparation, low sample
destruction (crater diameter 100 pm, layer thickness 3—5 pm), the possibility of studying in the air, simultaneous
determination of the concentration of all elements, including those that are difficult to detect by other methods,
the possibility of remote analysis of samples, including those under water. Despite the ability to analyse almost
any sample using the LIBS method, this method is most often used to study metals and multicomponent alloys.
In addition to modern industrial products and raw materials for them, LIBS has been used for several decades
to analyse ancient objects and artifacts, where it successfully competes with such a popular approach as X-ray
fluorescence analysis [3—5]. Despite the fact that the latter is completely non-destructive, it does not make it
possible to study the change in concentration with depth.

During the LIBS of objects from archaeological excavations, the authors of publications practically do not
pay attention to preparing the surface for analysis. Indeed, practically in all software of LIBS spectrometers it is
possible to set a certain number of laser prepulses that will evaporate the substance, while the spectra will not be
recorded. After such cleaning of the sample from contamination, patina, rust, the object is analysed, in the same
way as in the case of modern industrial samples. However, the question remains how to accurately determine the
number of prepulses needed to completely remove all contamination from the surface and get to the material of
the original sample. If there are not enough prepulses, the resulting spectrum used to determine the concentration
may contain data related to contamination or compounds on the surface.

Too large (about 100) number of pulses leads to the fact that the ablation plasma will spread inside a rather
deep cylindrical crater, settling on its walls. As a result, the intensity of the recorded signal will decrease, and
hence the sensitivity of the analysis.

Another important issue is often left out of the number of articles on LIBS artifacts. Metal multicompo-
nent products made several centuries, and sometimes millennia ago, can differ significantly in properties and
structure from modern products. So, in the times of the bronze and iron ages, the masters could not control the
quality of the raw materials used, the required parameters of the technological process, such as, for example,
temperature, speed and uniformity of crystallisation. As a result, even in an outwardly homogeneous ancient
sample, the concentration of elements at different points can differ significantly. The further fate of the artifact
also has a significant effect on the concentration of elements in the sample (especially in its surface layers with
a depth of less than 100 um). So, for example, jewelry during the iron age was often made from Roman or
Arabic coins, which could either be heated or subjected to strong mechanical stress to change the image on
the surface. Further, there was a possibility that jewelry, coins or weapons would be sent with the owner after
his death to the funeral pyre, which was not uncommon in the first millennium of our era. Thus, the initially
inhomogeneous product for several hours, and sometimes days, was exposed to high temperatures, sufficient
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to melt lead and tin, but insufficient for iron. In our time, ancient artifacts fall into the hands of spectroscopists,
not only covered with scale, but also having a significant gradient in the concentrations of elements in depth.
Another circumstance that leads to a change in the concentration of elements in alloys is their long-term (seve-
ral centuries) residence in various types of soil or in water. Additional factor influencing the change in the
concentration of elements is the aggressive impact of agricultural chemistry in the 20™ century. A significant
number of artifacts were found in the fields used at a depth of a couple of tens of centimeters.

The combined effect of all the above circumstances can lead to the fact that the metal artifact will have a po-
rous (bread-like) texture, rather than a dense, characteristic for modern products. Such results were obtained by
the author in the study of coins of the Gnivan treasure [6]. It was found that the weight of some samples (Lvov
and Krakow coins of Jagiello, partly Prague pennies) is significantly lower than expected. At the same time,
light coins are characterised by a dull, «cardboard» sound when they hit a hard surface, in contrast to their
full-weight «counterpartsy», for which a metallic ringing is clearly audible. At the same time, light coins are
characterised by increased fragility, the edges of the breaks are white, which indicates the loss of plasticity
by silver. Visual inspection showed that samples with cracks as a result of a strong impact of the stamp were
more susceptible to corrosion, weight loss and increased brittleness. Two-pulse laser microanalysis made it
possible to determine that lighter and more brittle samples contain pores 0.5-2.0 um in size. When exposed
to laser pulses these points in the volume of the samples under study a significant drop in the intensity of the
spectral lines of silver is observed, and a drop in the intensity of the spectral lines of copper is absolutely
synchronous with it.

However, laser ablation of porous samples differs from ablation of metals, and it is quite likely that the
registered analytical signal in the analysis of a modern item and an ancient object similar in composition may
differ. Then the generally accepted approaches to quantitative analysis (construction of calibration graphs based
on the data of standard samples of alloys and a calibration-free method based on the assumption of local thermo-
dynamic equilibrium) can lead to a significant distortion of the results.

The purpose of this study was to evaluate the possibilities of using LIBS to analyse artifacts covered with
scale, patina, and rust, to develop a method for determining the thickness of these coatings on the surface of
products, and to compare spectral data obtained by ablation of modern and old multicomponent alloys.

Materials and methods

The experiment was carried with the help of LAEMS (laser atomic emission multichannel spectrometer)
developed and manufactured in the Belarusian State University at the department of laser physics and spect-
roscopy of the physics faculty and the spectroscopy laboratory of the A. N. Sevchenko Institute of Applied
Physical Problems. A solid-state laser with semiconductor pumping is used as a source of excitation. The use of
semiconductor pumping instead of pulse lamp pumping allows to increase the system resources and stability
of output characteristics significantly [7].

The laser consists of two radiator and provides the generation of double pulses with the following characte-
ristics: the duration of pulses is 15 ns, pulse energy variation range is 0—100 mJ, the range of variation of the
delay duration between double laser pulses is 1-100 ns, pulse pair repetition rate is up to 10 Hz. The other ana-
lytical characteristics of the laser include spectral range (190—800 nm), spectral resolution (0.5 nm), the diameter
of the laser beam on a sample surface (50 wm), dimensions of the analysed samples (200 x 200 x 200 mm),
positioning accuracy on a sample surface (100 wm), the number of chemical elements to be determined (50).
The sample is placed on a table moved along the beam using a linear low-profile positioned platform (manual
movement), and in two directions perpendicular to the beam using linear motorised positioned platforms, which
provides the possibility of computer-controlled scanning of the sample surface.

To register plasma spectra, spectrometers with registration on a CCD ruler are used: based on the SDH-1
polychromator (the spectral range is 190—800 nm, the resolution is 0.1 nm with a width of the simultaneously
recorded spectral range of 130 nm) and a lattice spectrometer of the original design.

Main parameters of LAEMS:

e plasma excitation source — two-pulse diode-pumped Nd : YAG laser with pulse repetition frequency 10 Hz
and wavelength 1064 nm;

e pulse duration 10 ns;

e interpulse interval (A7) 0—100 us (step 1 us);

e range of analysed wavelengths 260—760 nm;

o laser pulse energy (E;,,,) 10-100 mJ.

The specialised software of the LAEMS spectrometer allows you to set the following parameters:

e mode of single (time shift between pulses is 0 Us, i. . both pulses act on the surface of the sample simulta-
neously) and dual laser pulses (the time interval between pulses can vary from 1 to 100 us with a step of 1 us).

80



OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

It should be noted that when using LAEMS, the transition from single to double laser pulses occurs without
changing the total energy and radiation power;

e number of pulses per point, while you can additionally set the number of pre-firing pulses — pulses that
affect the surface before the main ones, but the spectrum from them is not recorded. The use of pre-firing pulses
is necessary when examining samples whose surface is covered with visible impurities, oxides, rust, patina;

e energy of dual laser pulses and their repetition rate.

The software allows you to move the subject table with a fixed sample in two planes (up-down, left-right).
Also the microscope mode in conjunction with LED illumination and an aiming laser allows you to accurately
determine the method of laser radiation exposure to a sample, which is necessary when examining finished
industrial products, art objects and artefacts, jewelry, samples whose dimensions are not exceed a few milli-
meters. The destruction of the sample surface was monitored using a Linnik MII-4 microinterferometer (LOMO,
Russia).

The objects of the study were 200 specimens of artifacts (from the collections of the Museum of Historical
Faculty of the Belarusian State University, the collections of the Institute of History of the National Academy of
Sciences of Belarus, the National Historical Museum of the Republic of Belarus, and private collections) found
on the territory of Belarus during archaeological excavations dating back to the 5™ century BC — 15" century AD.
The objects under study belonged to different time periods, but they were united by the fact that they had been
underground for a long time and were covered with a significant layer of patina, scale, rust and other com-
pounds and impurities, which made it impossible to visually determine the colour of the original compound
(white, yellow metal, copper-based alloys). Photos of some of the studied old samples covered with patina,
rust, scale are shown in fig. 1.

TTH

Fig. 1. Photos of some of the studied old samples
covered with patina, rust, scale

Results and discussion

At the first stage of the study, a qualitative analysis of the samples was carried out: elements were deter-
mined, analytical lines were selected (two for each element). It was found that some of the artifacts consist of
pure metals — copper, lead, tin. These samples were combined into a separate group in order to compare laser
ablation of modern and ancient products that have been exposed to long-term exposure to natural conditions
and soils. A complete list of elements found in the studied samples includes silver, copper, zinc, tin, lead, iron.
Modern standard samples corresponding to the composition of artifacts were selected.

The optimal parameters of laser radiation, providing maximum spectral line intensity, were determined
during laser ablation of modern samples (the energy of laser pulses was 100 mJ, the time interval between
double laser pulses was from 7 to 12 us (depending on the metal)). It should be noted that the transition from
the single-pulse mode (Af = 0 pus; two laser pulses simultaneously act on the surface) to the double-pulse mode
leads to a multiple increase in the analytical signal (up to 10 times). Similar measurements were carried out for
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artifacts, in the absence of samples of pure metals, ablation of alloys was carried out, where the content of the
element under study was maximum close to 100 % (80—98 %). The values of the optimal interpulse interval
for two-pulse laser ablation of metals, as well as the magnitude of the increase in the analytical signal are given
in table 1.

Table 1
The optimal interpulse interval, providing maximum
spectral line intensity, for two-pulse laser ablation of metals
and the magnitude of the increase in the analytical signal
Chemical element
Sample - - -
Silver | Copper | Iron | Tin | Lead | Zinc

Optimal interpulse interval, providing maximum analytical signal, s
Ancient 8 10 10 6 6 9
Modern 9 11 12 8 7 10

The magnitude of the increase in the analytical signal
Ancient 67 67 5-6 67 7-8 67
Modern 7-8 7-8 67 9-10 9-10 89

It can be seen from the table 1 that the transition from single-pulse to double-pulse excitation leads to
a smaller increase in the analytical signal for ancient samples. In addition, for all alloy components, the opti-
mal value of the interpulse interval is lower in the case of artifacts, which may indicate a porous structure of
the products, as a result of which less substance enters the plasma, the plasma is less dense, and therefore it is
more efficient to additionally excite it at earlier stages of expansion. In favour of the hypothesis of the porous
structure of ancient samples, the fact that in most cases the intensity of the spectral lines of artifacts is signi-
ficantly lower (sometimes by almost 50 %) compared to modern samples can also testify. In this regard, when
carrying out a quantitative analysis of ancient samples that have been under the influence of moisture and soil
for a long time, it is fundamental to use two-pulse LIBS. Otherwise, the analysis error will increase, especially
when determining third elements and impurities. The optimal time interval between dual laser pulses, which
provides the maximum sensitivity of LIBS for the analysis of metal artifacts, is 8 ps. In the case of modern
samples, this interval is 10 us.

The next stage of the study consisted in the development of a method for determining the thickness of
scale, patina, rust and other contaminant compounds on the surface of the sample, it makes possible to set the
number of prepulses during which the spectrum is not recorded. At first, a layer-by-layer qualitative elemental
analysis of the samples was carried out on a LAEMS spectrometer: the spectra from each double laser pulse
were recorded and the intensity dynamics of the spectral lines was compared. The transition from scale, patina
and rust to uncontaminated metal in all cases led to a significant increase in the relative intensity of the spectral
lines, with further ablation the analytical signal remained practically unchanged. At the second stage of the
study, two-pulse laser ablation of the samples was carried out, and the number of pulses per point in each case
corresponded to the ablation of only patina (10 pulses), scale (14 pulses) and rust (22 pulses), and did not affect
the uncontaminated metal. The dimensions of the craters formed as a result of ablation were measured using
a Linnik MII-4 microinterferometer. Similarly, craters, which are formed on the previously cleaned surfaces of
copper, iron and brass, were measured. The measurement results are shown in table 2.

Table 2
Results of laser ablation of metal surfaces by double laser pulses
Chemical element
Parameters

Copper Brass Iron
Thickness of the metal layer evaporated by 1 double laser pulse, pm 3 3 2
Compound on the surface of the sample Patina Scale Rust
Number of laser pulses for which complete ablation was performed 10 14 22
Thickness of the compound layer on the sample surface, pm 26 36 38
The thickness of the evaporated layer of the compound for 1 double 24 26 19
laser pulse, um ’ ' '
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Undoubtedly, in each specific case, the thickness of the considered joints on the surface of the sample may
differ. However, the data obtained will make it possible to approximately estimate the required number of
pre-firing pulses. Of particular difficulty in the analysis are samples covered with scale as a result having spent
a long time in a funeral pyre or fire. As the study showed, such samples do not have a sharp boundary between
the connection on the surface and the original alloy of the product (fig. 2).
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Fig. 2. Dependence of the relative intensity of the spectral lines of artifact components
on the depth of laser ablation for a sample covered exclusively with patina () and scale ()

The dependence of the relative intensity of the spectral lines of copper, lead and tin on the depth of laser abla-
tion for a sample covered only with patina is shown in fig. 2, a. The coverage boundary in this case can be taken
as 55 um: after reaching this depth, the fluctuations in the relative intensity of the spectral lines become much
smaller for all elements. In the case of scale (see fig. 2, b), the coating boundary can also be determined (42 pm).
However, even after this depth, periodic changes in the analytical signal by almost 1.5 times are observed,
which indicates the presence of pores and caverns 3—9 wm in size in this artifact.

In this regard, a number of limitations on quantitative analysis should be highlighted. So, when examining
a sample covered only with patina, it is necessary to determine the thickness of this coating (usually 2555 pm) in
order to set the appropriate number of prepulses. However, the same number of prepulses must also be used in the
ablation of standard samples when constructing calibration curves. Otherwise, the evaporation of the substance
from the studied and standard samples will occur from different depths of the crater, which will affect the pro-
cess of plasma propagation, and, as a result, the magnitude of the analytical signal. Unfortunately, the standard
approach to analysis based on calibration curves is not suitable for scale-coated samples. Due to sharp jumps
in intensity, and due to a lower analytical signal, a certain concentration of the components will be significantly
lower than the real one, and the total concentration will be less than 100 %. In this case, non-calibration me-
thods may turn out to be more effective, however the total analytical signal for several 10 pulses cannot be
used, since averaging will lead to an increase in the analysis error.

It should be noted that the analysis of samples of fusible tin and lead that have been on fire is of difficulty. Even
outwardly, these artifacts resemble a porous sponge, and not a metal product. The study of the dynamics of the
intensity of the spectral lines of these elements in depth does not allow one to accurately determine the boundaries
of the coverage. The dependence of the relative intensity of the spectral lines of tin and lead on the depth of laser
ablation for a sample covered with a visible layer of scale is shown in fig. 3.

Separately, a group of artifacts made of iron-based alloys coated with a layer of rust was studied. This type of
coating, unlike patina, is more heterogeneous even within the same sample, so it is necessary to create a technique
that would allow to determine the approximate value of laser prepulses visually. For the study, three samples
were selected with varying degrees of surface coverage with rust: sample 1 covered a visually thin layer of iron
hydroxide with small gray spots, related to intact metal; sample 2 covered visually thick homogeneous layer of
red-brown colour; sample 3 covered heterogeneous red-brown layer with a pronounced relief. The thickness of the
rust for each sample was determined from the change in the relative intensity of the spectral lines of chromium,
nickel, manganese, and iron during layer-by-layer two-pulse laser ablation. Upon reaching the intact alloy, the
intensity of the spectral lines of all elements increased and became more stable (fluctuations did not exceed 3 %).
The measurements carried out showed that the thickness of the iron hydroxide layer on the surface of the studied
samples is 9—10 um (sample 1), 22-23 um (sample 2), 44—45 um (sample 3). However, it should be noted that in
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the sample 3, the thickness of rust, both visually and measured as a result of the experiment, differed significantly
(from 40 to 61 um). With an increase in the thickness of rust, its heterogeneity also increases: cavities appear in
size from 2 um with a rust thickness of 10 um, up to 5 um at a depth of 50 um.
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Fig. 3. The dependence of the relative intensity of the spectral lines
of tin and lead on the depth of laser ablation for a product covered with a visible layer of scale

Based on the studies carried out, methods were developed for the quantitative analysis of artifacts dating
back to the 3™-4™ centuries AD, found during excavations on the territory of the settlement of Domatovo near
Turov. A significant layer of patina is visually noticeable on the surface of the samples, and scales are noticeable
on the samples from the funeral pyres. The developed technique made it possible to determine the thickness of
the joints on all samples (35-50 um) and scale (40—52 um). Taking into account the layer of compounds on the
surface, the number of pre-firing pulses during the quantitative analysis of artifacts was 25.

Accurate determination of the thickness of the patina using two-pulse laser atomic emission spectroscopy
allows us to draw a conclusion about the environment in which the ancient coin was located for a long time
(a dry place, peat bog soils, clays, etc.). The results of the concentrations of the main elements were subse-
quently used by the staff of the Institute of History of the National Academy of Sciences of Belarus, the Na-
tional Historical Museum of the Republic of Belarus, the Museum of Historical Faculty of the Belarusian State
University to clarify and establish time limits for the origin of artifacts.

Conclusions

Double-pulse LIBS is the preferred method for the analysis of metal samples covered with patina, scale,
rust, because it allows not only to clean the surface directly during the study, but also to estimate the thickness
of the layer of these compounds. It was found that during laser ablation of scale and patina, the thickness of the
evaporated layer is much lower than when exposed to the cleaned surface of metals, which is caused by the infu-
sibility of these compounds. The process of laser ablation of rust is more complex, hydrated iron oxide and iron
metahydroxide are porous materials. In addition, it is necessary to take into account the fact that the thickness
of the rust, even in localised nearby surface areas, may differ.
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CIIIMBKH M300pakeHUH ¢ MOMOIIBI0 6nOnmnoTekn komnbioTepHoro 3peHus OpenCV, a Taxke METOIbI aBTOMATH3UPOBAH-
HOU TeOIPUBA3KU N300paKECHNI Ha OCHOBE MX COOTHECEHHsI C FeONPHUBI3aHHBIMH CIIYTHHKOBBIMH JaHHbIMU Sentinel-2
C IpUMEHEHUEeM NporpaMMHoro koMmiuiekca ArcGIS. IpencraBieHsl pe3ylnbraThl OIIEHKH OIMOOK CHIMBKU (hOTOM300pa-
KEHHUH C TIPOBEJICHNEM KOPPEKIMU AUCTOPCHU M O€3 Hee MPH UCTIOIb30BaHUH PA3JIMYHBIX AJITOPUTMOB BBIJICIICHUS 0CO-
0b1x ToueK. [lomydeHbl OLEHKH HEBS30K aBTOMATH3MPOBAHHOM T'€OINPUBSI3KHU IIPU MCIIOJIB30BAHUN PA3JIMYHBIX METO/IOB
pacTpoBoro TpaHc(hOPMHUPOBAHUS JAHHBIX, U BHITIOIIHEHO CPAaBHEHHUE PE3YyNBTATOB Ul H300paXeHH ¢ KOPPEKIneH anc-
Topcuu 1 6e3 Hee. [Tokazana HEOOXOANMOCTD MPOBEICHHS KOPPEKIIMN AUCTOPCHHU IS GOTOM300paKeHUH, TTOTydaeMbIX
¢ 6opra MexyHapOIHONW KOCMUYCCKON CTAHIUH.

Knrwueswvie cnosa: KOMITBIOTECPHOC 3pCHUC; TAHOPAMHOC I/I306pa)KCHI/Ie; JACTCKTOPBI TOYCK; ACCKPUIITOPBI TOYCK; ArcGlIS.

PHOTOGRAPHIC EQUIPMENT DISTORTION
AS THE QUALITY DEGRADATION FACTOR OF THE
INTERNATIONAL SPACE STATION ONBOARD IMAGES
OF THE EARTH SURFACE STITCHING AND GEOREFERENCING

A. A. LAMAKA®, Y. S. DAVIDOVICH®, I. V. RASSKAZOV"

4. N. Sevchenko Institute of Applied Physical Problems, Belarusian State University,
7 Kurcatava Street, Minsk 220045, Belarus
°S. P Korolev Rocket and Space Corporation «Energiay,
4a Lenina Street, Korolev 141070, Russia

Corresponding author: A. A. Lamaka (alekseylomako@gmail.com)

The work is devoted to assessing the influence of the photographic equipment installed on board of the International
Space Station distortion effects on the results of the Earth’s surface images recorded by this photographic equipment
automatic alignment, as well as on the results of automated georeferencing. The used approach to distortion correction in
images is described. The methods used for automatic image stitching using the OpenCV computer vision library, as well
as methods for automated images georeferencing based on their correlation with Sentinel-2 geotagged satellite data using
the ArcGIS software package, are described. The results of estimating the errors of photographic images stitching using va-
rious algoritms for highlighting singular points in images are presented with a comparison of data with and without distor-
tion correction. The results of estimating the residuals of automated georeferencing using various methods of raster data
transformation are presented with a comparison of the results for images with and without distortion correction. The need
for distortion correction for photographic images obtained from the International Space Station is shown.

Keywords: computer vision; panoramic image; point detectors; point descriptors; ArcGIS.

BBenenue

doTon300pakeHus MOBEPXHOCTH 3eMITH, TOTyYaeMble C TOMOIIBIO CITyTHUKOBBIX CHCTEM, B COBPEMEHHBIX
YCIIOBHSAX CTAHOBSATCSI OCHOBHBIM MCTOYHHKOM JaHHBIX, BAKHBIX JUIS KU3HEESITETbHOCTH YeloBeKa. Tak, cuc-
TEMBbI KOCMHUYECKOTO 0a3WpOBaHUS MCTIONB3YIOTCS JUIA BBISBICHUS OYaroB NMPUPOAHBIX MOXKAPOB, KOHTPOIS
MTOYKapHOH OMacHOCTH TOP(SHBIX MACCHBOB, OIIEHKH TOCIEICTBUI KPYITHOMACIITA0OHBIX YPE3BHIYAMHBIX CH-
Tyanuii [1], MOHUTOPUHTA TOILTUBHO-YHEPTETUIECKOTO KOMIUIEKCa [2], MCTOYHUKOB OKEAHCKHUX KOJBIIEBBIX
BOJH [3], IeITHOTO TIOKpOBa MOpei [4], 30H 3aTOIJICHUS TIPH MTAaBOAKAX W MHOTHX JPYTUX 3a7ad.

B paMkax KoCMHYECKOTO dKCIIepUMEHTa « Yparan» Ha 0opTy poccuiickoro cermenTa (PC) MexmyrapomHoi
rkocmuueckoit craniu (MKC) ¢ 2019 1. paboraet co3nannas B MHCTHTYTE IPUKITaIHBIX (PU3UIECKUX MTPOoOIeM
nvenu A. H. CeBuenko BI'Y no xonTpakry ¢ [TAO «PakeTHO-kOCMHUECKass Kopriopauust “OHeprus’ UMEHU
C. I1. Koponéa» crcrema opreHTany BUAeOoCeKTpaibHoil anmaparypbl (COBA), ocHOBHO 3a/1aueii KOTOpoit
SIBJISIETCS] aBTOMATUYECKOE HABEJCHUE I10JIsI 3pEHUS HAyYHOU anmnapaTypbl — BUIEOCIEKTPaIbHOU CUCTEMBI [ 5]
u ¢dotoammaparoB Nikon D5 ¢ pa3nnauasiMu 00beKTHBAMH — Ha OOBEKTHl 36MHOHN TOBEPXHOCTH U UX ChEM-
Ka [6]. OpreHTHPOBAHKE OJISL 3PEHUS alapaTypbl IPOU3BOAUTCS C TOMOLIBIO CIENUATBHOIO IPOrPaAMMHOIO
obecneuennst COBA, KOTOpoe HCTIONIb3yeT METO/I TPOTHO3UPOBAHUS YITIOB OPHUEHTAIINH, YIUTHIBAIOIINHN Kpe-
uel MKC [7]. [Ipumenenne COBA naet BO3MOXKHOCTH TOTYyYaTh CBSI3aHHBIE CEPHH M300paKeHUH MOBEpX-
HOCTH 3eMJIH C METaJaHHBIMH, 00€CTIEYNBAIOIINMHI TIPEIBAPUTEILHYIO TPYOYIO TEONPHUBSI3KY N300paKeHUH.
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ITocne peructpamuu GoTon300paKeHHU UITN CIIEKTPAIBHBIX TaHHBIX 00BEKTOB MTOBEPXHOCTH 3€MITH C UC-
MOJIb30BAHUEM CHUCTEM KOCMHMYECKOTO 0a3MpoBaHUS MPOU3BOIAUTCS MX HazeMHas 00paboTKa, B TOM YHCIIE
armocdepHast koppekius [8; 9] u reonpusszka [10]. s HEKOTOPBIX 3a/1a4 TaK:Ke BBIMOJIHACTCS CIIMBKA HE-
CKOJIBKUX M300pakeHUIl B MO3aUKY.

W3zBecTHO, 4TO AMcTOpCcHUs (DOTOCUCTEM MOMKET OKa3bIBaTh CYIIECTBECHHOE BIIUSIHHE HA M300paXKeHUs, pe-
rucTpupyemble Takumu cucremamu [ 11]. Tak, Harpumep, U1 Kamep, yCTaHABIMBAEMBIX Ha OECIIMIIOTHBIE JIeTa-
TeINbHBIC araparsl, KOppeKus d3QdeKra TUCTOPCHH MTO3BOJISET CHU3UTh OIIMOKY aBTOMaTHYECKOTO COBMEIIIe-
HUs n300paxenuit Ha 12,5 % [12].

Uckaxxenus B n300paXeHUsIX, BbI3BIBAEMbBIC AUCTOPCUEH (oToarmaparypsl BBICOKOTO KauyecTBa, 4acTo He-
3aMEeTHBI JUIA YelloBedecKoro mia3a. CIIrBKa 1 TeonpuBsdka noiaydaemsix ¢ 6opra MKC u3o6paxennii MOTyT
OBITH BBHITIOIHEHBI 0€3 TpeABapUTEFHON KOPPEKIINU JUCTOPCUH. TeM He MeHee KOPPEKIHS 00yCIOBIEHHBIX
TUCTOPCHEHN NCKAKEHHI MOYKET MOBBICUTH TOYHOCTD KaK CIIMBKH, TaK U T€ONPHUBSI3KH JAHHBIX N300pasKeHHH.
Hacrosimiee uccnegoBanme MOCBSIIEHO OIEHKE BIMSAHUSA AUCTOPCUH (poToammaparypsl Ha Kad4eCcTBO aBTOMa-
THUYECKOTO COBMEIICHHSI M aBTOMATU3UPOBAHHON reONpUBSI3KU peructpupyeMsix ¢ 6opra MKC nzobpakenunit
noBepxHocTH 3emud. Llensimu mccrenoBaHus ObIIM aHAINW3 HEOOXOAWMOCTH MPOBEACHUS KOPPEKIUU 00y-
CJIOBJICHHBIX IUCTOPCHEN UCKaKeHUH B rmosrydaemMbix ¢ 6opra MKC n300pakeHHsIX 71 perieHns: 0003Ha4YeH-
HBIX BBIIIE 33]1a4 ¥ TOMCK HAWTYYIITNX METO/IOB BBIJCIEHHS U OMMCAHUS 0COOBIX TOUEK ISl aBTOMaTHYECKOTO
COBMETICHHS H300paKCHHM.

MaTepHaJ'lbl U METOAbI UCCJICAOBAHUSA

CrereHb BIHUSIHUSI TUCTOPCHH HA PE3YJIBTaThl 00paOb0TKH N300paKEHHI B HACTOSIIIEH pabOTe OLlEHHBACTCSI
st ycranosnenHoi Ha 6opry PC MKC ¢oroanmaparypsr — kamepsl Nikon D5 ¢ o6bextiBom AF-S Nikkor
200—400 mM. HanbGoinee yacto nucrnonbdyercs: KoHPUTypausi ¢ (POKYCHBIM paccTosiHueM, paBHbIM 400 MM.
JJist aHAOTUYHOM KOH(pHUTypamnuu o00pyIoBaHuUs MPOBE/IEH Ja00paTOPHBIA IKCIIEPUMEHT TI0 ONpPEICICHUI0
KOO PUIMEHTOB paaualbHON U TAHTEHIMAIBHON JUCTOPCUU C TIPUMEHEHHEM OMOIMOTEKH KOMITBIOTEPHOTO
3penus OpenCV. B kauecTBe KaauOpPOBOYHON MUPHI B 3TOM 3KCIIEPUMEHTE MCIOIb30Bajach ClielnagbHas
nraxmatHas jocka (popmar A4, pazmepHoOCcTh 12 x 8 KBagparoB), B ONbIX KBaJpaTax KOTOPOU PaCIOIOKECHEI
rpaduuecKue Kojbl, MO3BOJISIONINE 3arOPOIUTH OOJBIIYIO YaCTh JIOCKH, COXPAHUB BOBMOXKHOCTH TOYHO OIpe-
nenmuth nonokerne yros nocku (ChArUco) [11].

Jnst ananm3a ObUTH BBIOpAHBI JIBA HAOOpa CHUMKOB — H300pakeHus Tepputoprn mrara Kamdopaus (CILIA)
U n300pakeHus repputopun Amypckoit obnactu (Poccust), 3apeructpupoBanubie B aekadpe 2020 . (Bcero
25 CHUMKOB). 3a CUET pa3Iuduil MPEACTABICHHON Ha CHUMKAaX MECTHOCTH OOECIEeUnBalach Pa3HOPOIHOCTh
JAHHBIX JUTS aHAIIN3a: Ha W300paKeHUsX Tepputopuu mrara KanndopHus npucyTcTByeT MHOKECTBO JIMHEH-
HBIX 00BEKTOB aHTPOTIOTEHHOTO MPOUCXOKACHIUS, a Ha N300PAKEHUAX TEPPUTOpUN AMYPCKOH 00JIacTu mpe-
00JIa/Iat0T MPUPOIHBIC OOBEKTHI, UMEIOIIUE HEIMHEHHYIO (hopMy.

Jis cimBky (OTOM300paKEHUI MOYKET HUCIIOJIb30BAThCS IIMPOKUI CIIEKTp anropurMoB. Hauboee pacmnpo-
CTPAaHCHHBIMU Ha CETOAHSIIHUHN JICHD SIBIISIFOTCS METOJIbI, OCHOBaHHBIE Ha TIOUCKE 0COOBIX TOUEK C OMHUCAHUEM
UX XapaKTePUCTHK JECKPUNTOpaMHU (Kak MpPaBWIIO, JECKPHUIITOP — 9TO BEKTOP, KOTOPBIA ONpEeNIeHHbIM 00-
pa3oM OIMCHIBaeT 0CO0YI0 TOUKY U 1aeT BO3ZMOKHOCTh CPAaBHUBATH PA3IMUHBIC TOUKH Mek Ty coboii [11]). Cy-
[IECTBYET MHOXKECTBO allTOPUTMOB (JIETEKTOPOB), MO3BOJISIIOLIMX BBIIEISATH 0COObIE TOUKH Ha N300PaKECHHSIX.
B nmacrosmeii pabote mpuMeHsuuch aetekTopsl Star, uiu CenSurE (center surround extremum) [13]), BRISK
(binary robust invariant scalable keypoints) [14] m ORB (oriented FAST and rotated BRIEF) [15]. bonbuus-
CTBO JICTEKTOPOB 00Ja/Ial0T COOCTBECHHBIMU BBIYHCIUTEIISIMU JICCKPUIITOPOB, OJIHAKO B UCCIICIOBAHUY TAKIKE
OBLIT HCIIOJIB30BaH JIOTOHUTENBHBIN BeIYUCINTENb AeckpuntopoB FREAK (fast retina keypoint) [16], Tak kak
B HEKOTOPBIX CIyYasx ero KOMOWHAIIMS ¢ APYTHMH METOJaMU PadoTaeT JIydlle, YeM 3TH METOJIbI WH/IUBUJTY-
anpHO [12]. Kpome Toro, merekrop Star HE MMEeT COOCTBEHHOTO BBEIYMCIUTENS NECKPHUITOPOB. [l moncka
COBITQJICHUH 0COOBIX TOUEK HA JIByX M300paKEHHUSIX MPUMEHSUIICS METO]] COTIOCTABIICHHS MTOJTHBIM MepedopoM
¢ Merpukoir Xommunra [11]. JlomonHuTenbHast GUIBTpalus COBINAJACHUI MPOBOAMIACH C HUCIIOIL30BAHUEM
aBTOPCKOTO METO/a, OCHOBAHHOTO Ha aHAJM3¢ pacipeneiIeHI 3HAYCHU CMEIIEHHUSI OCOOBIX TOUEK B COBME-
1aeMbIX n300pakeHusx [12].

AHanm3 KadecTBa CIIMBKH CHUMKOB MPOBOMJICS 110 MapaM IOCIeI0BaTeNIbHO 3apEerCTPHPOBAHHBIX TIepe-
CEeKAIONINXCsl M300pakeHHH TTOBEpXHOCTH 3eMii. Ha KaskoM N300paskeHUH U3 Taphl € TIOMOIIBIO OITMCAHHBIX
BBIIIIE IETEKTOPOB BhiAesLIHCh 10 000 0c00BIX TOYEK, IO KOTOPHIM OCYILECTBIISIIOCH FOMOrpaduuecKoe npeodpa-
30BaHKE OJTHOTO U3 N300pakeHui (1aHHbIe, oydaeMble ¢ ucnoib3oBanneM COBA, peructpupyroTcs moa pas-
JMYHBIMH YIIIAMHU K TIOBEPXHOCTH 3€MJTH, UYTO BhI3BIBACT JIMHEWHBIE TeOMETpUIECKUe UcKaxkeHus). [locie aToro
B TpaHC(HOPMUPOBAHHOM M300pKEHUH CHOBA BBIIEIISUIUCH 0COOBIE TOUKH, U TI0 JICCKPUIITOPAM OIPEIEIISUINCH
COBIA/IAIOIIHE TOYKH Ha TPAHC(POPMHUPOBAHHOM U HETpaHC(HOPMUPOBAHHOM H300pakeHHsIX (puc. 1).
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ala o/b

Puc. 1. ConocraBienne IByX n300paxxeHHH ¢ BBIICICHHEM 0COOBIX Touek (nerekropom ORB):
a — HerpanchopMUpOBaHHOE N300paKeHHe; 6 — TpaHCHOPMUPOBAHHOE N300pAKEHHE

Fig. 1. Comparison of two images with the search for keypoints (ORB detector):
a —untransformed image; b — transformed image

Taxkum o0Opaszom, GopmupoBascs CIIMCOK U3 map 0coObIX Touek. Jlanee s KaxI0l U3 map TOYEK BBIYMC-
JISUTOCH PACCTOSIHUE B MUKCEIISIX MEXKITy HUMU MPH HAJIOKEHUHN N300paKEHUH Ha OJJHY U Ty e KOOPIUHATHYIO
miockocTh xOy. CpelHeKBaApaTUYHOE 3HaUEHUE TAKOTO PACCTOSIHUS JJISl BCEX Map TOUEK U3 CIHCKa MPUHUMA-
JIOCh 32 OIIMOKY KOMOMHHPOBAHHMS JIBYX H300pasKeHHH.

B kadectBe OCHOBBI AJ1s1 TEONPUBS3KH (HOTOM300paKeHHH, TomydaeMbix ¢ 6opra MKC, ncronszoBanmchk
perucTpupyemMbie CIIyTHHKOBOW cucteMoi Sentinel-2 (developers.planet.com/docs/data/sentinel2l1c) RGB-
nzo0paxenus popmara GeoTIFF ¢ nmpoBeneHHO# BETOKOppEeKUMEH Al MPUKIIAIHBIX 3a/1a4 BU3yaIH3ally.
Tounocts HaBenenus COBA ¢ 6opra MKC Ha 00beKThI MOBEPXHOCTH 3eMJIH TIO3BOJISIET OCYLIECTBISITH IIOMCK
CIYTHUKOBBIX JIAHHBIX ISl TIEPBUYHOMN rPpy0O0i FeOMpUBSI3KY 10 KOOPIHMHATAM 00bEKTa HaBEICHHs. 3a CUeT BbI-
COKOI TIEPHOJIMYHOCTH CheMKH Sentinel-2 oHUX U TeX )Ke TEPPUTOPHI yIaIoCh BBIIEINUThL O0e3001a4HbIe H30-
OpakeHUs Ha aThl, OTM3KHe K mataM cbeMKH ¢ 0opra MKC. Koreunas reonpuBszka n300pakeHUH OCYIIIECT-
BJSUTACH C IIOMOILBIO HHCTPYMEHTA «ABTOMAaTHYECKas! IPOCTPAHCTBEHHAS MIPUBS3KA PacTpay MPOrpaMMHOTO
komriekca ArcGIS (desktop.arcgis.com). B xauecTBe METOI0B CMELIEHHsI PACTPOBBIX JaHHBIX UCIIOIb30BAIHCH
MHTEPIOIUPYIOLIUE MOJTUHOMBI Pa3IMYHBIX TOPSIKOB, MOATOHKA, CIUIAHH-UHTEPIONAINS, a TAK)Ke METO] IPOEK-
TUBHOTO npeoOpazosanus [17].

[Toxazarenem /i OIIEHKH KadecTBa TEONPUBI3KHU SBISIETCS 00IIas CpEeAHEKBAAPATHIECKas OIINOKa, BEIYHC-
JsieMast KaK KBaJpaTHbI KOpPEHb U3 CyMMBbI KBaJpaToOB OIIMOOK BCEX CBSI3CH MEX.Iy IPUBS3bIBAEMBIM H300pa-
KEHHEM M CHHMKOM C M3BECTHBIMHM KOOpIMHATaMH. J[aHHOE 3HaueHHE XapaKTepU3yeT CTENEHb COIIACOBAHUS
TpaHCOPMALIIH MEKIY BCEMH OMOPHBIMU TOYKaMH (CBS3sIMH). TakuM 00pa3oM, 3TOT MapaMeTp HE TOBOPHUT
0 TOYHOCTH T'€OIPUBSI3KH, a TOJBKO YKa3bIBAET Ha YCIEIIHOCTh TpaHC(HOPMAIMK OJHOTO M300pasKeHus 10 OT-
HOIICHHIO K JIPYTOMY M300paKEHHUIO TIPH 33/IAHHBIX HAYaJbHBIX YCIOBHSX (BEIOPaHHBIX OMIOPHBIX TOYKAX). Tem
HE MEHee, TaK KaK B HACTOSIILIEM MCCIJICIOBAHUHU OIOPHBIE TOUKH BBIOUPAIOTCS AaBTOMAaTHUECKH U B OOJIBIIMHCTBE
CITy4aeB SIBJISIOTCS WACHTUYHBIMHU JUIs N300paskeHUH ¢ KOPPEeKLKeH TUCTOPCUH U Oe3 Hee, OIIMCaHHBIN ITapaMeTp
HEBSI3KM MOYKHO MCIIOJIb30BaTh AJIsl CPABHUTEIBLHOM OLIEHKHU BIUSHUSA AUCTOPCUM Ha PE3YIbTAT T€ONPHUBI3KH.

Pe3yabTarhl U MX 00CyXKIeHUE

Ha ocnoBe ncxonnsix ¢poTonzodpaxeHuit chopMUpoBaH psj AaHHBIX, IPEACTaBISIOMNNA cOO0H HAOOp U3
22 map nepeceKaumxcs n300paxeHuii pazmepoM 5568 x 3712 nk, KOTOpbIe OBUIN 3aperuCTPUPOBAHBI ¢ OOp-
ta MKC kamepoii Nikon D5 ¢ oobektBoM AF-S Nikkor 200—400 MM (11 Bcex n300paxeHuil (OoKycHOE
paccrostare coctaBisuio 400 mm) ¢ mpumernerarnem COBA. [[is n300pakeHmid ¢ KOPPEKIuei TUCTOPCHH U Oe3
Hee OIpe/eNIeHbl OMMOKH KOMOWMHHUPOBAHUS TPH MCIIOIb30BAaHUH PA3IHYHBIX JETEKTOPOB W BBIYUCIHTENCH
JIECKPUNTOPOB 0CcOOBIX Touek. [lomyueHHbIe pe3yapTaTsl IpeACTaBIeHBI Ha PHC. 2.

Kak BuzmHO U3 puc. 2, npu NIpUMEHEHUH BCEX PACCMOTPEHHBIX JICTEKTOPOB U BBIYHCIIUTENECH IECKPUIITOPOB
N300pakeHus] ¢ KOPPEKLUUEH AUCTOPCUU IEMOHCTPUPYIOT JIyUIINe Pe3ybTaThl IPH CIIUBKE, YeM N300pasKeHHUs
0e3 KOPPEeKIUH TUCTOPCUH, KaK 10 CPETHAM 3HaYE€HHSIM OIIMOOK, TaK U 10 pa3dpocy 3Tux 3HadeHuid. [Ipu nc-
nonb3oBanuy gerekropa BRISK ¢ cobcTBeHHBIM BEIYHCINTENIEM IECKPUIITOPOB CpeTHEE 3HAYEHHE ONINOOK KOM-
OMHMPOBAHUS N300paKEHNH 03 KOPPEKIINH TUCTOPCHH TPEBBIIIACT AHAJIOTHIHYIO BETTHUNHY IS H300paskeHUH
¢ Koppekmuueit muctopenu Ha 23 % (0,84 1K), Mpy NCTIOTB30BaHIH JIETEKTOpa Star ¢ BRIYACINUTEIEM JECKPHIITOPOB
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FREAK —na 29 % (1,41 nk), mpu uctionszoBanuu fgerekropa ORB ¢ coOCTBEHHBIM BBIYHCIUTENEM JIECKPUIITOPOB —
Ha 38 % (1,08 k), a mpu ucnons3zoBanun aerektopa ORB ¢ Beruncnurenem neckpuntopoB FREAK —na 39 %
(1,30 k). Takoe pa3nuurie CpeHEro 3HAYCHUS OMMOOK MOKHO CUUTATh CYIIECTBEHHBIM, YTO TOBOPHUT O BaXK-
HOCTH NPOBENIEHHSI KOPPEKIMU AUCTOPCUH TIEepe/T BHITOTHEHHEM aBTOMaTHYeCKOTO COBMEIICHUS H300payKeHNH.

[TomMuMO BIUSHUS AUCTOPCHH HA PE3YNBTaThl KOMOMHUPOBaHUS U300pakeHu i, MPOBEJICHHOE UCCIIEI0BaHNE
MIO3BOJISIET OLIEHUTH Ka4eCTBO PabOThI Pa3IMYHBIX JETEKTOPOB U BBIYHCIUTENEH JJECKPUIITOPOB OCOOBIX TOYEK
MPUMEHHUTEIILHO K CIIMBKE M300paKCHUH 3€MHOMN MOBEPXHOCTH, peructpupyeMbix ¢ 6opra MKC. Cpennue
OIIMOKY CITMBKH N300pakeHHH € IPOBEICHIEM KOPPEKIIMH IUCTOPCHU OTIMYAIOTCS JOCTATOYHO CYIIECTBEHHO.
Tak, cpennss ommoKa, TOTydYeHHas IIPH UCTIOJIb30BaHUH IETEKTOpa U BIuucauTens neckpunropos BRISK, na
32 % (0,90 nx) mpeBbIIaeT CPEAHIOI0 OMHOKY, TOTYUYECHHYIO TIPHU UCIIOIH30BAHUH IETEKTOPA U BEIYHCIATEIS
neckpunrtopoB ORB. Haumensblyto cpeiHioro ommoKy CIIUBKY peructpupyemsix ¢ 6opra MKC uzo0pakennii
oOecrneunBaeT nmpuMeneHue aerekropa ORB B COBOKYITHOCTH ¢ cOOCTBEHHBIM BBIYUCIUTENIEM JIE€CKPUTITOPOB.
OpnHako mpu UCTOIB30BAaHUU COBMECTHO ¢ aerektopoM ORB Bermcnutens neckpuntopoB FREAK paz6poc
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= BennmuunHa ommOKy 11 H300paskeHNUH 0e3 KOPPEKLUUH JUCTOPCUHI

e BennunHa ommoOKu U1st H300paKeHHH ¢ KOPPEKIHeH AUCTOPCUH

Cpennee 3HaYeHNE OMIHOKA IS H300pakeHUH 6e3 KOPPEKINH AUCTOPCHH

—— Cpennee 3HaYCHHE OUTMOKY U1 H300paKeHUH ¢ KOPPEKLIUEH JUCTOPCUI

— — - CpenHeKBaipaTHYHOE OTKJIOHEHUE OIHMOKH I H300pakeHUH 6€3 KOPPEKIINH UCTOPCHN
— — - CpeaHekBapaTHYHOE OTKIOHEHUE OIIHMOKH [T N300pakeHHUI ¢ KOPPEKIMEH TUCTOPCUU

Puc. 2. Ommbky KOMOMHUPOBAHUS IS psijia M300paKeHUH ¢ KOPPEeKUUeH TUCTOPCU
n Ge3 Hee IPH KCHOJIB30BAaHUH PA3JINYHBIX JICTEKTOPOB U BHIUYMCIINTENEH IeCKPUITOPOB:
a — BRISK; 6 — Star + FREAK; 6 — ORB; 2 — ORB + FREAK

Fig. 2. Combination errors for a number of images with and
without distortion correction using different detectors and descriptor calculators:
a — BRISK; b — Star + FREAK; ¢ — ORB; d — ORB + FREAK
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3HaueHHU OMMOKY yMeHbInaercs B 1,7 pasa (Ha 0,40 1K) Ipy yBEJIIMYEHUH CPETHETO 3HAUYCHHSI ONTHOKHU BCETO
B 1,1 pasa (ma 0,18 nx). CpenHre omMOKH CIIMBKA W300payKeHHUI 0€3 MPOBEACHUS KOPPEKIIUH JTUCTOPCHU
OTJINYAIOTCSl MeHee 3HaunTenbHo. Hanbonpmme pazmmuust (19 % (0,70 nk)) orMeudeHsl U1 AeTekTopa Star
¢ BeruncnureneM aeckpuntopoB FREAK u nerekropa ORB ¢ coOCTBEHHBIM BBIUHCIUTEIIEM JIECKPUIITOPOB.
Ha ocHoBaHMU onpeieIeHHBIX BEJIMYHMH OMINOOK MOXKHO C/IENIaTh BBIBOJ, YTO B 337a4€ CIIMBKHU N300paKeHUI
36MHOM MOBEPXHOCTH HAWJIYYIIMM M3 PAaCCMOTPEHHBIX BapHaHTOB siBiIseTCs KomOuHanus aerekropa ORB
¢ BeruncauTenem aeckpuntopos FREAK.

s reonpuBsizky 25 n300paxeHnit, monydeHHbIX ¢ 0opra MKC, ncnoiap30Bamuch CIIyTHUKOBEIE H300pa-
sKkeHust Sentinel-2, MOKphIBaoLIMe BCIO 00IaCTh CheMKH 00bEKTa, KOOPAWHATHI KOTOPOTO OBLTH 3aJlaHbl B KOC-
MugeckoM skcriepumente Ha 0opty PC MKC npu peructpainnu qaHHbIX. Pe3ynsrarsl onpeneneHus HEBI30K
[IPY aBTOMAaTU3UPOBAHHOMN FEONPUBS3KE C IPUMEHEHUEM IIPOrPaMMHOI0 KoMIuiekca ArcGis B 3aBUCUMOCTH OT
BBIOPaHHOTO METO/Ia MHTEPIIOJISILMN IPH TPAHC(POPMUPOBAHNHU N300paKEHUI C KOPPEKLUEH TUCTOPCUH U Oe3
Hee MpeJcTaBieHb! Ha puc. 3. [lepe aHaMn30M MOTYYEHHBIX PE3yIbTAaTOB BHITIONHATIACH IPOBEPKa HAa HAJTMYNE
BBIOpOCOB 10 KpuTepuio KoxpeHa, B pe3ynbTare 4ero 4acTb H300paKeHnH Oblla UCKIIIOUYEHA U3 BEIOOPKH.
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BenmunHa ommoOkn A7 n300paKeHUH ¢ KOPPEKIUEH AUCTOPCHH
Cpentee 3HaYeHHe OMIMOKK JUTsl H300paXkeHUi 03 KOPPEKIMHU AUCTOPCUH

—— Cpennee 3HaYEHHE OMIMOKH JJIT H300pakeHUI ¢ KOPPEKIUeH TUCTOPCHI
— — - CpenHekBaipaTHYHOE OTKIOHEHUE OMIMOKHU U1 n300paXkeHu 63 KOPPEKIIMU JUCTOPCUI
— — - CpenHexBagpaTHYHOE OTKJIOHEHUE OMINOKHU JUISl H300payKeHHUH ¢ KOPPEKIUEeH AUCTOPCUH

Puc. 3. HeBs3KU TeONPUBS3KYA TS psia H300pakeHH ¢ KOPPEKIHel TUCTOPCHH 1 Oe3 Hee
TPH UCTIONB30BAaHUHU PA3TMYHBIX METOJOB MHTEPIONISAINN:
@ — TOJIMHOMHAJIbHAsl HHTEPIIONSHS; 6 — IIO/ATOHKA,
6 — IPOEKTHBHOE ITPe0Opa30BaHNe; ¢ — CIUTAH-MHTEPIIONSIIHS

Fig. 3. Georeferencing residuals for a number of images
with and without distortion correction using various interpolation methods:
a — polynomial interpolation; b — fitting; ¢ — projective transformation; d — spline interpolation
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Kak BunHO 13 puc. 3, mpH UCTIOIB30BAHNHU BCEX MCCIEIOBAHHBIX METO0B HHTEPIOISIIMUA KOPPEKIIHS JHC-
TOPCHHU Ha M300PaKEHUSX YMEHBIIIAET KaK CpelHEe 3HAUCHHE HEBSI30K, MPOSIBISIFOIIUXCS IPH aBTOMATH3HPO-
BaHHOH reonpuBsi3ke, Tak U pa3dpoc 3HaueHni omuOku. Hanbonbiras pasauna (54 %) B cpenHeM 3HaYCHUH
HEBSI30K TSI N300paKCHUH ¢ KOppEeKInei TMCTOpcHy 1 O3 Hee BBISIBIICHA B CIy4ae MPUMEHEHUS TIPOCKTUB-
HOTO npeoOpazoBanus, HauMeHbias (14 %) — B ciyvae IpUMEHEHHS TOJTMHOMUAILHOW UHTEpIosuu. [Ipu
WCTIOJIH30BAHMH MOJATOHKHM 3Ta pa3HMIA cocTaBmia 28 %, a MpW MCHOIB30BAHWUU CIUIAWH-UHTEPHOISIINNA —
40 %. Taxum 00pa3oM, TUCTOPCHS OKa3bIBAET CYIIECTBEHHOE BIUSHUE HA PE3YIBTATHI IPUBSI3KH, YTO TOBOPHUT
0 HEOOXOJIMMOCTH TIPOBEICHUS KOPPEKIIUH JUCTOPCHM Ha JTale TPeIBapUTEIbHON 00paboTKN H300pasKeHHH.

BonbIIMHCTBO METO/IOB aBTOMAaTH3UPOBAHHOMN T€ONPHUBI3KH YyBCTBUTENBHBI K KOJIUYECTBY OMOPHBIX TO-
YeK: KaK MPaBUIIO, YeM BBIIIE KOJMYECTBO OTIOPHBIX TOUEK, TEM TOUHEE OCYIIECTBIISIETCS reonpuss3ka. Kpome
TOTO, CKOPOCTH T€OTIPUBSA3KH C HCIIOJIb30BaHUEM OMKMCAHHOTO B paboTe MeTo/a Ha MOPSIIOK HUKE CKOPOCTH
ABTOMATHYECKOM CINUBKU M300pakeHHi. To ecTh BpEMEHHBIC 3aTparhl Ha MOCIE0BATEIBHYIO TEONPUBSIZKY
psia n3o0paxeHuit OyyT B HECKOJILKO Pa3 MPEeBbIIATh BpEMEHHBIE 3aTpaThl HA CIIUBKY ATOTO psijia n3o0pa-
JKEHUH U TOCIIeYIONIYIO TeONPUBI3KY KOMOMHUPOBAHHOTO M300paskeHus. Vcxons u3 ganHoro (akra, Obuia
MIPEANPHUHSATA MOMBITKA TEONPHUBI3KK MO3aUKH U3 5 M300pakeHni, oyueHHbIX ¢ bopra MKC, k ciyTHHKO-
BoMYy u300pakeHuto Sentinel-2 (puc. 4).
121,17° 121,00°

|

120,83° 120,67°
. |

37,33°

-37,17°

Puc. 4. Teonpussizka KOMOMHHPOBAHHOTO H300PasKEHUSI

Fig. 4. Georeferencing of the composite image
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Konn4aecTBO OMOPHBIX TOUCK IS TEOMPHUBSI3KH, JCTCKTUPOBAHHBIX B ABTOMAaTHICCKOM PEXUME, B KOMOU-
HUPOBAaHHOM M300pakKCHUU TPEBHIIIATI0 UX KOJIMYECTBO B OTICIBHBIX M300paKCHUSX MPUMEPHO B 2 pasa.
HeBsi3ku, BEIYHCIEHHBIC 11 KOMOMHHUPOBAHHOTO M300PaKEHUS, AT BCEX PACCMOTPEHHBIX METOIIOB TpPaHC-
(dbopmalrK OKa3aIKucCh CYIIECTBEHHO BBIINIEC CPEIHUX 3HAYCHUM, NIPEJCTABICHHBIX HA PUC. 3, a B Cllydae HC-
TTOJTF30BaHMS CIUIAWH-UHTEPIIOJSAINHA HAOTIONATOCh OTKIIOHEHHE OT cpeanero 3HadeHus Ha 400 %. [Ipuan-
HOW 3TOMY MOTYT OBITh OLIMOKHM CIIUBKH U300paKEHUI Ha dTarne GOpMUPOBaHUS MO3auku. Takum oOpazom,
MIpeBapUTeIbHOE (DOPMUPOBAHIE MO3AHKH N300paKEHUH HE J]aeT MPEUMYIIECTBA TP HEOOXOMMOCTH JIaTb-
HEHUIIEeH TeOnPUBI3KH N300paXeHUS, a, HA00OPOT, BHOCHT HCKAKCHHUS, IPUBOIAIINE K YBEITUICHHUIO CPEIHEH
BEJIMUUHBI OITUOKH TEOMPHUBSI3KH.

3akjouyenue

[IpoBenenHOE UccaeJOBaHHIE TOKA3aII0, YTO TUCTOPCHS (POTOAMIAPATyPhl OKA3bIBAET CYIIECTBEHHOE BIIUS-
HHUE Ha OIINOKH, KOTOPBIE IPOSBIISIIOTCS IIPU CIIMBKE N300paxkeHuil, momyyaeMslx ¢ 6opra MKC, metogamu Ha
OCHOBE TIOMCKa 0COOBIX ToueK. [Ipn Mcronbp30BaHUM Pa3InYHBIX KOMOWHAIIMN JETEKTOPOB U BBIYMCIUTEINCH
JECKPUIITOPOB OCOOBIX TOYEK Pa3HMLA B CPEIHEM 3HAUYCHWU OMIMOKH CIIMBKHU JUII M300pakeHHH C KOppeK-
et muctopenun u 0e3 Hee Bappupyercs ot 23 % (meTexTop u Beraucautens Aeckpuntopos BRISK) no 39 %
(merexrop ORB u Beramcnurens aeckpuntopoB FREAK). Haunyumeit komOunanmeit Ui CIIMBKU H300pa-
KeHHH, ronydaembix ¢ 6opra MKC, sBisercs coBMecTHOE ncrnoib3oBanne netekropa ORB u BeraucmuTens
neckpuntopoB FREAK B cuily 0HOBpEMEHHO HEBBICOKOT'O CPEIIHEro 3Ha4eHHUs omuOku cuimBku (2,01 1K)
1 HAUMEHBLIETO CPeTHEKBAIPaTHYHOTO OTKIOHEHHMs oMOKH cmBkH (0,60 k).

Jucropcus poToanmapaTypbl TaK)Ke OKa3bIBaeT OOJIBIIIOE BIMSHIE HA aBTOMAaTH3MPOBAHHYIO TEOTIPUBSIZKY
n3zo0paxenuit, nomyuyaembix ¢ 6opra MKC, k cmyTHHKOBBIM n300paxenusm Sentinel-2. [Ipu nucnonszoBanuu
Pa3IMYHBIX METONOB TpaHC(HOpMALMU H300paKeHUH pa3HULA B CPETHEM 3HAYCHUM HEBSI3KU IJIs H300paxe-
HUH ¢ KOppeKIuel auctopcun u 6e3 Hee Bappupyercs oT 14 % (moauHoMHanbHas HHTepronsaus) 10 54 %
(mpoexTrBHOE TIpe0Opa3OBaHuUE).

Taxum 00pa3oM, BIMSHHE TUCTOPCHH HA PE3YJBTATHl CITUBKU M TEOTPUBSI3KH N300PKEHUH MOXKHO CUH-
TaTh CyIIECTBEHHBIM, YTO CBUJETEIbCTBYET O HEOOXOJUMOCTH MPOBEACHHS KOPPEKIIMU JUCTOPCUU Ha HTarie
TIpeIBapUTEITHLHON 00padOTKH H300paskeHUH.

ABTOMaTH3MpPOBaHHAs FEONPUBA3KA TAHOPAMHOTO CHUMKA, CIIUTOTO M3 psia U300paKeHNH, OITyYeHHbIX
¢ 6opra MKC, ocymecTBisieTcs ¢ OOIbIINMH 3HAUEHUSIMU HEBS3KH, YEM NPHUBSI3Ka OTJEIbHBIX H300paKeHUH
W3 IaHHOTO Psi/ia, HECMOTPS Ha CYNIECTBEHHOE YBEIMYCHNE KOJMYECTBA OTIOPHBIX TOUEK IS MPUBSA3KH. ITO
TOBOPHUT O 1eJIeCOOOPa3HOCTH BBITIOIHEHHS TEOMPUBSAZKH OTICIbHBIX N300pakKeHHI BMECTO BBITIOJIHEHHS I€0-
IIPUBSA3KM KOMOMHUPOBAHHOTO M300pa)EHUs B ClIydyasiX, KOI1a TOYHOCTb NPUBA3KM MMEET 00jiee BBICOKUIL
MIPUOPHUTET, YEM CKOPOCTH 00PaOOTKH.
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J UBILEES

AHaTtoarunn ABaHOBUNY
KOMAIK

Anatolii Ivanovich
KOMYAK

—_——

20 Hos16pst 2022 1. ucnonumock 90 JeT co THS poXK-
JICHUSI BBLJIAFOIIETOCS YUIEHOTO, 3aCITy>KEHHOTO JIeSTEIst
Hayku PecryOnuku benapycs, mokropa ¢usnko-mare-
MaTHYECKUX HayK, mpodeccopa Anaronus MBanoBnua
Kowmsika.

A. W. Komsix ponwmes 20 vostopst 1932 1. B 1. [1epBo-
Mmaiick Comuropckoro paiitona MuHckoit odmactu. [1o-
cJie OKOHYaHHS (PU3UKO-MaTeMaTHIecKoro paKynpreTa
BI'Y B 1956 1. cHauana mpernonaBai (GU3UKY B CpeIHEH
mkojie KpacHocao0omekoro paifona, 3areM padoran
B Unctutyre ¢usukn u maremarnkun AH BCCP. Ha-
YUHYIO U [IEAArOrMUECKyI0 JesiTeNIbHOCTh B BI'Y Havan
B 1962 1. Ha Kadenpe CreKTpaIbHOTO aHATTN3a B TOJIK-
HOCTH HHXXCHEPA, ACCUCTEHTA, a 3aTeM jaorieHTa (1968).
C 1970 mo 1973 1. 3aBenoBan kadenpoit 001ei Gru3nKu
Heuzndeckux (axymsreros, ¢ 1973 mo 1978 1. — ka-
henpoii bmodusukm, a ¢ 1978 mo 1997 1. — kadeapoit
CIIEKTPATLHOTO aHam3a (ceiuac kademnpa na3zepHOi
(hM3UKU U CTIEKTPOCKOTHH) (PU3NYECKOTO (haKyIbTe-
ta. B 1974 . A. 1. Komsk 3amuTui fuccepTaiuio Ha
COMCKaHUE YYEHOW CTENEHH JIOKTOpa (pU3UKO-MaTe-
MaTHYECKUX HayK, B 1978 T. eMy NMPUCBOEHO 3BaHHUE
mpodeccopa.

Q

Awnaronnii IBaHOBHY IBISETCA U3BECTHBIM CIIEIHA-
JMCTOM B 00JTaCTH aTOMHON W MOJIEKYJISIPHOM CTIeKT-
POCKOTINH, B YaCTHOCTH CHEKTPOCKOIHHU CIIOKHBIX
MOJIEKYJISIPHBIX CHCTEM M KOMITJIEKCOB B KOHJIEHCHPO-
BaHHOM (paze. M3ydeHnto CrieKTpaabHO-TFOMHHECIICHT-
HBIX XapaKTEePUCTHK ¥ MPUPOJABI IIEHTPOB CBEUCHUS
B KPUCTAJUTaX YPAHMUJIOBBIX COCAMHEHUH MOCBAIICHA
ero kaamuaarckas aucceprarwst (1967). MccinenoBanus
B 00JTaCTH CIIEKTPOCKOITNH YPAHUIIOB OBIITH HHUIIUHPO-
BaHbI akageMukoM A. H. CeB4eHKO 1 cTanm 0CHOBOIIO-
JararoIuMHy B cepe HayaHbIX nHTepecoB A. . Koms-
ka. Mcronp3ys criekTpaibHble W JTIOMUHECIICHTHBIS
METOJIBI, B TOM YHCJI€ METO/ TIOJIIPU30BAHHON JTFOMH-
HECIIEHITNH, OH BBIITOIHUJ CEPHIO MMOHEPCKUX padoT
B 0071aCcTH KOJI€0aTeIbHBIX U AIEKTPOHHBIX COCTOSTHUN
B KpHCTaJUIaX YPaHUJIOBBIX COEAMHEHUH. B pe3ynbrare
OBLIO YCTAHOBJICHO, YTO 32 H3JIyYE€HHUE U TTOTIIOIIEHNE
YPaHUJIOBBIX COCIMHEHUHN B BUJMMOMN YaCTU CIIEKTpa
OTBEYAIOT cirabo3anpernieHHble AIeKTPHIECKUEe JTH-
MOJTbHBIE TIEpeXobl. Takum 00pa3om, JaHO OOBSICHEHHE
paHee CIIOKUBIIEMYCS ITPEICTABICHUIO O TPOTUBOPE-
YUU MEXKIY ICKTPOAUIIONHHON MPUPOA0oH «diyopec-
LIEHTHON» CEPHUU ONITHYECKUX TIEPEXO00B U OOIBIINM
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BpEMEHEM XU3HHM BO30YKJEHHOTO COCTOSIHHS HOHA
ypaHWIa B KOHACHCHUPOBAHHBIX cpenax. Ha ocHoBe
MIPOBEACHHBIX KOMIUIEKCHBIX CHEKTPOCKOTTHYECKHUX
WCCIIeTOBAaHUM BIUSHUS HEUTPATbHBIX JUTAHIOB Ha
MIOJIOKEHHE TTOJIOC B CTIIEKTPaxX JIOMUHECICHIINH, TI0-
IJIOIIEHNS U BO30YXKIEHHSI PAaCTBOPOB YPAHUIOBBIX
COe/IMHEHUH! BBISIBIICHA paHee HEU3BECTHAS 3aKOHOMEP-
HOCTBH B 3aBUCHUMOCTH TTOJIOKEHHSI MOJI0C CIIEKTPOB
OT TOHOPHOM CIIOCOOHOCTH HEUTPaJIbHBIX JIUTAHI0B.
[osmy4ens! ypaBHEHUS AT ONPE/ICTIEHUS YaCTOThI YHC-
TO 3JIEKTPOHHBIX ITEPEXO/I0B B KOMITJIEKCAX YpaHUIIa OT
3HAYEeHHUSI CYMMapHOTO JIOHOPHOTO YHCIIa 9KBaTOPHAIb-
HOTO OKpY’KEHHS MOHa ypaHuia. BriepBble yCTaHOB-
JICHBI KOPPETISAINH MEXKAY 3HaUEHUSIMHU YaCTOT YHCTO
JIEKTPOHHBIX MEPEXO/IOB M 3HAUEHUSIMU CYMMapHBIX
JIOHOPHBIX YHCEJ 3KBAaTOPHUAJIHLHOTO OKPYKEHUS IS
Pa3IUYHBIX KOOPAMHAIIMOHHBIX YHMCEII MO JINTAHTY.
[Mony4eHHbIE pe3ybTaThl MO3BOIMIHA cHOPMHUPOBATH
€IMHYIO TOUKY 3pEHHS Ha IPUPOIY «MYJIBTUIIIIETHOD
CTPYKTYpPbI HU3KOTEMIIEpaTyPHBIX CIEKTPOB JIOMHU-
HECIEHIIUHU 1 TOTIIONIEHHS YPAHUIIOBBIX COETMHEHHH.

Hapsny ¢ usydenneM KpUCTaNIMIECKUX COCIIHE-
Huil ypanuna A. V. Komsik yaensit 3HauuTelIbHOE BHU-
MaHue pa3paboTKe METONOB U ammapaTrypsl 1jisa 00e-
CIIEUEHHS CHEKTPAbHBIX UCCIIEOBAHUN MPOIECCOB
00pa3oBaHusI KOMIUIEKCOB YPaHWIIA B BOJHBIX M Opra-
HUYECKUX PACTBOPAX. BOJIBIION MHTEPEC OH IPOSIBIISLI
Y K Tipo0iieMaM BIMSTHUSA MEKMOJIEKYIIAPHBIX B3aUMO-
JIEHCTBUH HA CHEKTPOCKOIIMUYECKUE XAPaKTEPUCTUKHU
pacTBOpPOB CIIOKHBIX OPTaHUYECKUX COEIUHEHUH,
B YaCTHOCTH K MCCII€ZIOBAHUSM CIIEKTPAIBHBIX, KH-
HETUYCCKHUX M MOJSIPU3AIMOHHBIX 3G (eKToB, 00yc-
JIOBJICHHBIX HEOAHOPOJHBIM YIIMPEHHEM ypPOBHEH,
SIBIIGHUSIM B MOJIEKYJISIPHBIX CHCTEMax C MEPEHOCOM
SHEPTHUH AIEKTPOHHOTO BO30YKICHMS.

A. N. Komsixom ony6mmkoBano 6osee 300 HayqHbIX
paboT, cpeu KOTOPBIX — MOHOTPa(us 10 CIIEKTPOCKO-
MMM YPAHUJIOBBIX COEIMHEHHH, ITUPOKO M3BECTHAsS
CrenManucTam, paboTaroM B 3TOH 0b1acTH, 3 yued-

HBIX TI0COOMS IT0 MOJIEKYJISIPHON CIIEKTPOCKOIIHMH U JII0-
MUHECHEHIINH, OKoJIO 10 y4eOHO-MEeTOAMYECKIX pa3-
PpabOTOK M0 CHEIKYpPcaM ISl CTYICHTOB (PU3UUECKOTO
(hakynpTeTa. B uncne ero yaeHuKoB — 15 kaHANIATOB
1 3 TOKTOpa HayK.

Ha nporsxennn muorux net A. M. Komsk ygactBo-
BaJ B paboTe psA/ia COBETOB I10 3aIUTE AUCCEPTALHA,
BBICTYTIaJI KCIIEPTOM U OIIIIOHEHTOM I10 JICCEPTAIHOH-
HBIM paboTam, PerieH3eHTOM cTaTeil B MPOQIIbHBIX
Hay4YHBIX JKypHaJiaX. 3a yCIeMHY0 HayYHO-TTPOU3BO/I-
CTBEHHYIO U MEJaroruyeckyio JesiTeIbHOCTh OH OBII
HEOIHOKPATHO HAarpa)kZieH MOYETHBIMHU TpaMOTaMu
BI'Y, MuHKCTEpCTBA BBICILIETO U CPEIHETO CIIEIUAIIb-
Horo o6pazosanusi BCCP u CCCP. 3a moarotoBky
KaJpoB BBICIICH KBamudukarmmu B 1996 . A. U. Komsik
YIOCTOEH TMOYETHOIO 3BaHMS «3aCIyKEeHHBIN Jes-
Tens Hayku Pecrybnuku benmapyce». B 2012 . Co-
BetoM BI'Y emy mpucBoeHo moyeTHoe 3BaHue «3aciy-
YKEHHBIN paboTHHUK beropycckoro rocyiapcTBeHHOTO
YHUBEPCUTETAY.

[ocne yxona na mencuto A. Y. Komsik mo-ripexxnemy
aKTUBHO YYaCTBYET B JKM3HHU Kadeapbl JiazepHoit Guzu-
KM U cTIeKTpockonuu. OH MPUHUMAET y4acTHe B Hayd-
HBIX CEMUHapax, 00CYKIECHUH JUCCEPTAIIMOHHBIX pa-
60t conckareneil. B 2022 . A. 1. KomsxoM coBMeCTHO
¢ morierntoM Kadenpst JI. C. Jlsmenko nznano mocobue
TI0 PEIICHHUIO 3a]1a4 110 MOJIEKYIISIPHOM CIIEKTPOCKOIIHH.
CBoeil akTUBHOCTBIO OH TO/Ia€T MPUMEP OTHOIIECHUS
K JIeNly TIPEemnoJilaBaTessiM U COTPYAHHKaM Kadeapsl
u daKynbTeTa.

Tanant ¢usnKa-sKcriepuMeHTaropa, Jo0poKena-
TEJIHHOCTH, OT3BIBYMBOCTH, YMEHHE padOTaTh C MOJIO-
JI)KbIO B COYETAHUU C AaKTUBHOM >KM3HEHHOMW MO3U-
IHEN 1 OOJIBIIIUMU II€AATOTHYECKUMHU CIIOCOOHOCTIMU
cuuckanu A. U. Komsaky miy6okoe yBakeHue, Ipu-
3HaHue 1 apTopuTeT. Komern, ydeHuKu U Apy3bs ro-
PSYO U CepIeUHO MO3/ApaBisAioT AHaronus MiBaHoBrHYa
Cc robusieeM 1 OT BCeH YN KeJaloT eMy JTOJTHX JIeT
KU3HU, KPEIKOTO 3/10pPOBbS, CYACThs, OJIArononyyus.
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VIK 531/534:519.6(075.8)

JKypaexoe M. A. CoBpeMeHHbIe YNCJIEHHBbIE METOIbI B MeXaHUKe [ DIIEKTPOHHBINA pecypc] : Kype JeKIui /
M. A. Kypasxkos ; BI'Y. DnektpoH. TekctoBble AaH. MuHck : BI'Y, 2022. 132 c. : un. bubauorp.: ¢. 117-130.
Pexxum moctyma: https://elib.bsu.by/handle/123456789/286556. 3arn. ¢ skpana. Jlen. B BI'Y 23.09.2022,
Ne 08923092022.

B npezcraBieHHOM Kypce JISKIUY BBITIONHEH KPAaTKUi aHalu3, PACCMOTPEHBI OCHOBHBIC XapaKTEPHCTUKU
1 0COOCHHOCTH, MPEUMYIIECTBA U UMEIOIIUECS] HEAOCTAaTKH OCHOBHBIX YHCICHHBIX METOMIOB, HCTIOJIB3YEMBIX
CETOJHS B PA3JIMYHBIX pa3/eliaXx MEXaHUKH CIUIOIIHBIX U TUCKPETHBIX CPE/l.

YucreHHbIE METO/BI, HCIIONb3yeMble B MEXaHHUKE, CTPYNIIMPOBAaHbl B HECKOJIBKO 00KOB. Hanbonee kpyr-
HbIe OJOKM — OJIOK KOHTHHYaJbHBIX METOAOB (METOMBI, Oa3UPYIOMIMECs] Ha OCHOBHBIX 3aKOHAX M MOIXOAAX
MEXaHHMKH CIUIOIIHBIX Cpell) U OJOK AMCKPETHBIX METONOB (IpH 1e()OPMHUPOBAHHUHU CPEIbl JOMYCKaeTCsl Hapy-
LICHUE KPUTEPHSl CIJIOMIHOCTH). VIMeroTest «ruOpuIHbIe» TEXHOJIOTHH — 00beIMHEHNE TICPEYHCIICHHBIX JIBYX
IpYII METOIOB. BhImonHeH aHanmu3 Hanbosee N3BECTHBIX PEACTaBUTENCH YIOMSHYTBIX TPYII METOIOB.

Marepuan JaHHOTO Kypca JEeKIHMH MPeCTaBIsieT HHTepEeC Uil CIIEHAIICTOB B 00JIaCTH TEOPETHUECKON
Y TIPUKJIAJTHONW MEXaHUKH, MATEMATUIECKOTO MOJICIMPOBAHNUS, YHCICHHBIX METOZIOB U MOXET ObITh PEKOMCH-
JIOBaH HIMPOKOMY KpYTY UYHUTaTelel, MHTEPECYIONMXCs MPUMEHEHHEM COBPEMEHHBIX YHCIEHHBIX METOI0B
B MIPUKJIATHBIX HAYKaX.

VIIK 53(075.8)

Du3uka [DINEKTPOHHBIN pecypc] : AIEKTPOH. yIed.-METO . KOMIUIEKC IS OeJI0pyC. U HHOCTP. 00yJaroIInXCs
Wu-Ta momn. oO6pa3zoBanus u MoATOTOBUT. KypcoB / BI'Y ; coct.: C. B. Jlemunosud, B. M. MonodeeB. D1eKTpoH.
TekcToBeIe maH. Munck : BI'Y, 2022. 94 c. : wi. bubmmorp.: ¢. 93-94. Pexxum moctyma: https://elib.bsu.by/
handle/123456789/291428. 3armn. ¢ sxpana. [en. B BI'Y 04.01.2023, Ne 000404012023.

DNeKTPOHHEIH yueOHOo-MeToanueckuii komruieke (DY MK) no yuebnolt nucrimmumae « Du3nkay mpeaHa3Ha-
YeH TS 00YYaIONTUXCs IIOATOTOBUTEBHBIX OTIACIICHUNA W TIOATOTOBUTENHHBIX KypcoB. B OYMK conepsxarcs
y4eOHBIE TTPOTPaMMBI ISl OEITOPYCCKUX ¥ MHOCTPAaHHBIX IPaKIaH, 0CBAaUBAOIIIX 00pa30BaTeIbHbIE TPOTPAMMBI
TTOJITOTOBKH K MTOCTYIUICHHUIO B YUPEXKISHH BBICIIETo oOpa3oBanus Pecryonukn benapych, KOHCIIEKT Teope-
THYECKOTO MaTepuaa, IPakKTHIECKUI pa3aes, pa3aes KOHTPOJIS 3HAaHUI U CITUCOK JINTEPaTypHI.
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