Volume 1 « Number 4 « 2014 ISSN 2312-4334

East European
Journal of Physics

y
g=2 V.N. Karazin Kharkiv National University Publishing



ISSN 2312-4334

MINISTRY OF EDUCATION AND SCIENCE OF UKRAINE

FEast European
Journal of Physics

Volume 1 - Number 4

2014



East European Journal of Physics

EEJP is an international peer-reviewed journal devoted to experimental and theoretical research on the nuclear physics, cosmic rays and
particles, high-energy physics, solid state physics, plasma physics, physics of charged particle beams, plasma €electronics, radiation
materials science, physics of thin films, condensed matter physics, functiona materials and coatings, medical physics and physical

technologies in an interdisciplinary context.

Published quarterly in hard copy and online by Karazin Kharkiv national University Publishing.
ISSN 2312-4334 (Print), ISSN 2312-4539 (Online)
The editoria policy isto maintain the quality of published papers at the highest level by strict peer review.

Approved for publication by the Academic Council of the Karazin Kharkiv National University (October 31, 2014, protocol No.10)

Editor-in-Chief
Azarenkov N.A., Karazin Kharkiv National University, Kharkiv, Ukraine

Deputy editor
Girkal.O., Karazin Kharkiv National University, Kharkiv, Ukraine

Executive Secretary
Girnyk S.A., Karazin Kharkiv Nationa University, Kharkiv, Ukraine

Editorial Board

Adamenko |.N., Karazin Kharkiv National University, Ukraine

Akulov V.P., City University of New York, USA

Antonov A.N., Institute of Nuclear Research and Nuclear Energy, Sofia, Bulgaria
Barannik E.A., Karazin Kharkiv National University, Ukraine

Beresnev V.M., Karazin Kharkiv National University, Ukraine

Berezhnoy Yu.A., Karazin Kharkiv National University, Ukraine

Bizyukov A.A., Karazin Kharkiv National University, Ukraine

BraginaL.L. STU Kharkiv Polytechnical Institute, Ukraine

BrodaB., University of Lodz, Poland

Budagov Yu.A., Joint Institute of Nuclear Research, Dubna, Russia

Dovbnya A.M., NSC Kharkiv Ingtitute of Physics and Technology, Ukraine
Dragovich B.G., University of Belgrade, Serbia

Duplij SA., Karazin Kharkiv National University, Ukraine

Garkusha | .E., NSC Kharkiv Institute of Physics and Technology, Ukraine
Gofman Y u., Jerusalem College of Technology, Israel

Grekov D.L., NSC Kharkiv Institute of Physics and Technology, Ukraine
Karnaukhov .M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Khodusov V.D., Karazin Kharkiv National University, Ukraine

Kondratenko A.N., Karazin Kharkiv National University, Ukraine

Korchin A.Yu., NSC Kharkiv Institute of Physics and Technology, Ukraine
Krivoruchenko M.I., Institute for Theoretical and Experimental Physics, Moscow, Russia
Lavrinenko S.D., NSC Kharkiv Institute of Physics and Technology, Ukraine
Lazurik V.T., Karazin Kharkiv National University, Ukraine

Mel'nik V.N., Ingtitute of Radio Astronomy, Kharkiv, Ukraine

Merenkov N.P., NSC Kharkiv Institute of Physics and Technology, Ukraine
Neklyudov I.M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Noterdaeme J.-M., Max Planck Institute for Plasma Physics, Garching, Germany
Nurmagambetov A.Y u., NSC Kharkiv Institute of Physics and Technology, Ukraine
Onyschenko 1.M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Ostrikov K.N., Plasma Nanoscience Centre Australia, Clayton, Australia
Peletminsky S.V., NSC Kharkiv Institute of Physics and Technology, Ukraine
Pilipenko N.N., NSC Kharkiv Ingtitute of Physics and Technology, Ukraine
Radinschi I., Gheorghe Asachi Technical University, lasi, Romania
Slyusarenko Yu.V., NSC Kharkiv Institute of Physics and Technology, Ukraine
Smolyakov A.l., University of Saskatchewan, Saskatoon, Canada

Shul'ga N.F., NSC Kharkiv Institute of Physics and Technology, Ukraine
Tkachenko V.1., NSC Kharkiv Institute of Physics and Technology, Ukraine
Voyevodin V.M., NSC Kharkiv Institute of Physics and Technology, Ukraine
Yegorov O.M., NSC Kharkiv Ingtitute of Physics and Technology, Ukraine

Editorial office

Department of Physics and Technologies

Karazin Kharkiv National University

Kurchatov av., 31, office 402, Kharkiv, 61108

Ukraine

Tel: +38-057-335-18-33

E-mail: egjp@univer.kharkov.ua

Web-pages: http://egjp.univer.kharkov.ua, http://periodicals.karazin.ua/egjp (Open Journa System)
Certificate of State registration N0.20644-10464P, 21.02.2014

© V.N. Karazin Kharkiv Nationa
Publishing, design, 2014

University



East European Journal of Physics

Volume 1 Number 4 2014
REVIEWS
Protecting coatings on uranium 4

[.I. Aksenov, V.A. Belous

ORIGINAL PAPERS

Emission of composite particlesin a constant electric field 26
S.V. Slipushenko, A.V. Tur, V.V. Yanovsky, Yu.N. Maslovsky

Critical temperature of the superfluidtransition in fermi-system at an arbitrary pair 31
potential

Y u.M. Poluektov, A.A. Soroka

Effects of hight hydrostatic pressure on different types of conductivity 42

of YBaCuO single crystalswith a given topology of planar defects
K.V. Tiutierieva, K.A. Kotvitskaya, A.N. Sokolov, N.R. Vovk, R.V. Vovk

Formation of elementary convective cell in horizontal layer of viscousincompressible 49
fluid

L.S. Bozbey, B.V. Borts, A.O. Kostikov, V.I. Tkachenko

Intrinsic stressesin coatings deposited at plasma immersion ion implantation 57
A.l. Kalinichenko, S.A. Kozionov, S.S. Perepelkin, V.E. Strel” nitskij

Cross-section of 90.6 keV y-ray generation for the *Ti(p,y)*V reaction over the proton 64

energy range 0.95-2.8 MeV
V.N. Bondarenko, A.V. Goncharov, V.l. Sukhostavets, S.N. Utenkov

Of the possibility of separation of elementsin multicomponent mixture under heating 69
V.B. Yuferov, V.V. Katrechko, S.V. Shariy, E.V. Mufel, V.O. llichova,
A.S. Svichkar, K.I. Zhivankov, T.I. Tkachova, S.N. Khizhnyak

Transition radiation in anomalous skin effect conditionswith the mixed electron 77
reflection from the boundary
V.l. Miroshnichenko, V.M. Ostroushko

Transformation ratio at plasma wakefield excitation by long electron bunch with shaping 84
of its charge according cosine
V.l. Madlov, I.N. Onishchenko, I.P. Yarovaya

Use of physical kineticsfor studying oscillations parameter s production line 88
V.D. Khodusov, O.M. Pignasty
Small angle x-Ray scattering study of insulin fibrils 96

M.V. Romanoval, I.L. Maliyov, M.S. Girych, E.A. Vus,
D.l. Svergun, Al. Kikhney, C. Jeffries

Interaction of europium chelateswith lipid monolayers 100
V. Trusova, A. Yudintsev, O. Kutsenko, O. Pakhomova,
R. Volinsky, G. Gorbenko, T. Deligeorgiev, P. Kinnunen

PERSONALITIES
Georgij Anatol'evich Miljutin. On the 100th anniversary of hisbirth 106



4

EAsT EurROPEAN JOURNAL OF PHYsICS

East Eur.J. Phys. Vol.1 No.4 (2014) 4-25

PACS: 52.50.Dg, 52.77.Dq

PROTECTING COATINGS ON URANIUM

I.I. Aksenov, V.A. Belous

National Science Center “Kharkov Institute of Physics and Tekhnology
Academicheskaea St., 1, Kharkov, 61108, Ukraine
e mail: iaksenov.nsckipt@gmail.com
Received October 17, 2014

The short state-of-the-art review of the published works, concerning problems of the surface protection of uranium and its alloys
from corrosion, mainly, from atmospheric and hydride corrosion is given. Are considered physics and techniques of deposition of
antirust coatings by condensation from metals and their alloys plasma, generated by the cathode spot of an arc in vacuum and in
tenuous atmosphere of inert and chemically active gases. The analysis of protective properties of coatings of a various composition is
carried out. The most effective anticorrosive types of coatings and methods of their formation are revealed.

KEYWORDS: uranium, surface protection, antirust coatings, arc in vacuum, plasma

3AXHCHI IOKPUTTSA HA YPAHI
LI. AkcbonoB, M.A. Bisioyc
Hayionanvnuii nayrxosuti yenmp “Xapriecokuii gizuxo-mexuiynuu incmumym”’
eyn. Akademiuna, 1, Xapxis, 61108, Ykpaina

HaBenenuii KOpoTkuil aHANITHYHUN OIS POOIT, IO TOPKAIOTHCS MPOOJIEMH OBEPXHEBOIO 3aXHCTy ypaHy Ta HOTrO CIUIaBiB BiX
KOpO3ii, TOIOBHUM YMHOM Bif arMoc(epHOi I TiApuIHOi Kopo3ii. PosrmsHyTo (isWKy i TeXHIKY OCa/KEHHS aHTUKOPO3IMHUX
MOKPUTTIB IUIIXOM KOHAEHCAMIT 3 IIa3MH METANIB Ta X CIUIABiB, sIKA TEHEPYETHCS KaTOJHOIO IUIIMOIO €IeKTPIUIHOI JYTH Y BaKyyMi
Ta B arMocdepi po3pi/KeHHX IHEePTHUX 1 XIMIYHO aKTUBHHX rasiB. HaBemeHO aHaii3 3aXHCHHX BIIACTHBOCTEH MOKPUTTIB Pi3HOTO
cKiIamy. 3HaiileHo HalOiIbII epeKTHBHI aHTUKOPO3iHHI BUIM ITOKPHUTTIB Ta METOIH iX ()OPMYBaHHS.

KJIFOUOBI CJIOBA: ypaH, NOBEepXHEBUH 3aXUCT, aHTUKOPO3ilHi IOKPUTTS, BAKyyMHa J[yra, Iuia3ma

3AIIUTHBIE ITIOKPBITUSA HA YPAHE
N.N. Akcénos, B.A. Beaoyc
Hayuonanvnvuii Hayuneiii Llenmp "Xapvrosckuil ¢pusuxo-mexnuueckuu uncmumym"
ya. Axademuueckas, 1, Xapvros 61108, Yrpauna
[IpuBeneHn kpaTKui aHAIUTHYECKHH 0030p paboT, KAcaloIUXCS NPOOIeMbl MOBEPXHOCTHOH 3allMTHl ypaHa M €ro CINIaBOB OT
KOppPO3HH, TJIaBHEIM 00pa3oM, OT aTMoc(hepHOH M ruapumHON. PaccMoTpeHsl (u3nka M TeXHHKA OCa)XICHUS aHTHKOPPO3HOHHBIX
TIOKPBITHH IMyTEM KOHIEHCAIlMM W3 IUIa3MBl METAJUIOB M UX CIUIABOB, '€HEPHPYEMOH KaTOJHBIM ILITHOM JIYT'M B BakyyMe U B
pa3pexeHHO# aTMocdepe MHEPTHBIX M XUMUYECKH aKTHBHBIX Ta30B. [IpoBesieH aHann3 3alIUTHBIX CBOMCTB MOKPBITHH Pa3IMYHOTO
cocraBa. Onpenenensl Hanbosee 3G HeKTHBHbIE aHTHKOPPO3HOHHBIE BU/IbI HOKPBITHH M METOIbI HX ()OPMUPOBAHHS.
KJIFOYEBBIE CJIOBA: ypaH, mOBepXHOCTHAs 3alllITa, aHTUKOPPO3UOHHBIE TOKPBITH, BaKyyMHas Jyra, Iia3mMa

N3yyenne BO3MOMKHOCTU IOBBIILIEHUS KOPPO3MOHHOM CTOWKOCTH ypaHa, €ro CIUIABOB WJIM COECOUHEHUM IyTeM
HAHECCHUS Ha HUX 3aIUTHBIX MOKPBITUH MPEACTABIAET HHTEPEC C TOUKU 3PEHUS MCIIOIB30BaHUS SICPHOTO TOIINBA C
MaKCHUMaJIbHO BO3MOXHOMU Jyis TerutoBbLaenstonieii coopku (TBC) Temnoornadei mpu coOmtoIeHuH BceX TpeOoBaHMI
M0 YCTOWYMBOCTH TEIUIOBBIAENAoNMX 3neMeHToB (TB3JI) x kopposun B Temnonocutene [1]. C ogHON CTOPOHEI,
paspabotunku TB3JIoB HBITAlOTCSI yMEHBLIATh TOJIIMHY CTEHOK TBIJIBHBIX TPYOOK 10 MHHHUMAIBHO BO3MOKHBIX
3HaueHHH. B mpenenbHOM ciydae Takoil MOAXOJ MOKET OBITh pealn30BaH HAHECEHHEM 3allUTHOTO MOKPHITHSA
HETOCPEICTBEHHO Ha MOJIEIbHbIC TOIJIMBHBIC 3JI€MEHTHl U ONpEAeICHUEM MUHUMAIBHON TONIIUHBI 3alIUTHOTO CJIOf,
00€eCIeunBaIONIETO HAJeKHYIO 3aIUTy 3JEMEHTOB. ECTEeCTBEHHO, YTO 3allUTHBIE CBOMCTBa CJOEB (MOKPBHITHH) B
3HAYUTEJBHOW CTENEHH 3aBUCAT OT COCTaBa IIOCIEAHUX, YCJIOBUM WX HAHECEHMs, CTPYKTYPHBIX (DaKTOpoB u
mocuenyrmux oopadoTok [2]. C apyroil CTOPOHEI, YpaH SIBISCTCS OJHHM W3 HEMHOTHX METAJUIOB, OOJIaTarOIIIX
CIJIBHBIM CpPOJCTBOM K KHCIOPOAY M, CIEA0BaTeIbHO, HHTEHCUBHO KOPPOAMPYIOUIMX Jak€ B HOPMAJIBHBIX
aTMoc(epHbIX ycioBusx. [loaToMy Hcnonb3oBaHHME ypaHa B KadecTBE «3aIlMINAEMOro» MaTepHana CyIIECTBEHHO
YIPOINAET HCCIENOBaHUS pa3pabaThIBAEMBIX MOKPBHITHH M COKpalaeT o0beM HCHBITAHUM WX 3aIIUTHBIX CBOMCTB.
[Tomy4eHHbIE pe3ynbTaThl ITO3BOJSIIOT Ha MX 0a3e co3iaBaTh MPOIECCH A obecnedeHns dQPEKTUBHON 3alIUTHl HE
TOJBKO ypaHa, HO U IPYTUX KOHCTPYKIIMOHHBIX MaTEpPHAJIOB.

Pemenne npo6iaeMsl HaJeKHOCTH, JONTOBEYHOCTH M Ka4eCTBa JCTalCH M y3JI0B HOBOM TEXHHWKH, OCOOEHHO NpH
uX paboTe B CIOXKHBIX YCIOBHUAX 3KCIUTyaTalluH (B BOZHO-TIAPOBBIX CMECSX, MPH TEPMOLMKIMUECKUX HArpyskax, Mpu
HaJIuuuu B pabodeil aTMocdepe aTOMAapHOIO WMIM HOHH30BAHHOTO BOZOPOAA) B 3HAYUTENBHOM Mepe 3aBUCHT OT
KOPPO3HOHHOW CTOMKOCTH KaXKJ0H U3 MpUMeHseMbIX Jetaneil. Han pemeHnemM npodiaeMbl aHTHKOPPO3MOHHOW 3aIlIUThI
METAJUIMYECKUX Y3JIOB MAIlMH pabOTalOT MHOTHE HaydHble KOJUIEKTHUBBI M 3aTPAauyMBAIOTCS OTPOMHBIE CPEICTBA.
OcobeHHO ocTpo 3Ta nmpobiieMa CTOMT B XUMUYECKOW TPOMBIIIIEHHOCTH, HAa BO3YIIHOM M Ha3eMHOM TPAHCIIOpPTE, B
MHUKpPORJIEKTPOHHMKE, a TaKkXke B SIEpHONH DJHepreTuke, TIJe IIUPOKO IMPUMEHSAETCS ypaH M €ro COEeIUHEHHS,

© Aksenov I.1., Belous VA, 2014
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HCIIOJIb30BAaHUE KOTOPBIX B Ka4ECTBE SIEPHOrO TOIUIMBA O€3 3aIlUThI OT Pa3pylUAroOLIEro BO3IEHCTBUS OKpYXKAIOIEH
cpeabl MPaKTHYECKH HEBO3MOXKHO.

B MupoBOl mpakTHKe 3amUThl KOHCTPYKIMOHHBIX MAaTepHajioB HaMOOJbIIEe PacHpOCTpaHEHHE ITOYUYHIIH
3aIMTHBIE TTOKPHITHS. Vcronp30BaHne MOKPBITHI JUIS 3aIMUTHI SJEPHBIX MAaTEpPHAIOB, OCOOEHHO B CIIydae OCaXIICHUS
KOHJICHCAaTOB Ha (HMHUINHBIX OIEPAIMsIX IPOM3BOJACTBA JETANCH, NPENbSBISIET OUYCHb JKECTKHE TPEOOBaHWA K
MTOKPBITHSAM, METOJIaM X OCaKACHHS M K 000PYAOBAHUIO [UIS pealTH3alliki TEXHOJIOTHUECKHUX MIPOIECCOB OCAXKICHNUS.

TpeboBaHMs K MOKPHITHIO: HAJEKHAS aare3us K OCHOBE, OTCYTCTBHE CKBO3HEIX IOP, OIM30CTh KOAPPHUIIEHTAOB
tepmuueckoro pacmupenus (KTP) mokpeltuss W OCHOBBI, IpueMieMass MHUKPOKPUCTAIMYECKAsi CTPYKTypa,
YCTOWYMBOCTh MaTepHaia MOKPBITHA K MEXaHUYECKUM BO3JEHCTBHUSAM, KOPPO3UOHHAS CTOMKOCTh MaTepHana MOKPBITHS
B TOM 4YHCJI€ B Mape C 3allMINAcMbIM TOIUIMBOM B YCIOBUSIX JSKCIUTyaTallMM, HHU3Kas BOAOPOJIONPOHHUIAEMOCTb,
CTaOMJIBHOCTh CBOWICTB BO BPEMEHHU M CIIOCOOHOCTH MPOTUBOCTOSTH BHICOKUM TEMITEPATypaM.

TpeboBanus k 000pyJOBAHUIO U NIPOLECCY: HAJEKHOCTh B 3KCILTyaTalluH, IPOCTOTa OOCIY )KUBaHUA, IpUeMIIeMast
MIPOM3BOINTEIBHOCTh, OTCYTCTBUE BPEIAHBIX (PaKTOPOB IpH paboTe, SKOJIOrnUecKast YUCTOTa.

B TOIUIMBHBIX 3J€MEHTax ypaH IOJBepraeTcss BO3JCHCTBHIO BBICOKMX Temmeparyp (400-700°C) u mpwm
TIOSIBJICHNH 1e(PEKTOB B 000JIOUKE TBIJIA MOXKET B3aUMO/ICHICTBOBATH C TEINIOHOCUTENEM, YTO HEJIOITYCTHMO.

HecMmotpst Ha 007b1I0H 00BbEM NMPOBEICHHBIX MCCIICOBAHUM JUIsl OBBIIEHHS] KOPPO3UOHHOM CTOWKOCTH ypaHa, K
HacTOAIIEMY BPEMEHH HET KOMIUIEKCHBIX 000OMIAIOmMX padoT, MOCBSIICHHBIX ITyTsM, IPOIECCaM M YCTpOMCTBaM,
TTO3BOJISTIOIINM PEATBbHO PEIINTh paccMaTpuBaeMylo pooneMy. Llenb HacTosmIel cTaTbu — IMyTEM aHaIN3a HMEIOLINXCS
MyOJIMKanui CHCTEMaTH3UPOBaTh HAKONUBINUECS NaHHBIC M, B COYECTAHWH C OOJBIINM OOBEMOM pE3yJIbTAaTOB
9KCTIIEPUMEHTAIBHBIX MCCIIEIOBAHMH XapbKOBCKOTO (PM3UKO-TEXHUYECKOTO MHCTUTYTA, IO BO3MOXHOCTH, BOCIIOJIHUTH
yKa3aHHBIHN pooed.

INOBEPXHOCTHASI AHTUKOPPO3MOHHAS 3AIIIUTA
OHOKOMIIOHEHTHBbIE MOKPBITHSI

B mpaxTuke 3ammMTBl METAUIOB OT KOPPO3HM MCHONB3YIOT pa3iIW4Hble MeTOoAbl [3]: Hampumep, CHUDKEHHE
arpecCUBHOCTH CpEIBl, PEryIUPOBAHHE BEIMYMHBI 3JEKTPOJHOTO MOTEHIHANa 3allHIaeMOr0 METaJUINYECKOTro
Marepuasa, yBeIHUeHUE XUMHYECKOH CTOWKOCTH CaMOro paccMaTpUBacMOro MaTepHaia OCHOBBI (BCero ero odobema
WM TOJIKO MOBEPXHOCTH) MJIH XK€ MPEJI0TBPALIEHHE NPSMOro KOHTaKTa C arpeCCUBHOMN Cpeioii HAHECEHUEM ITOKPBITHI
Ha MOBEPXHOCTh METAJLIA.

[Tpumenenne MeTona MOKPBHITHH HauMHAETCs C 1M0100pa Haubosee MOJXOJIIEro MaTepHuaia IOKpeITHs. Hrmke
paccMOTpEHBI CBOWCTBA HEKOTOPBIX MATEPUANIOB, IIUPOKO NPUMEHSEMBIX A 3aIIUTHBIX IMOKPBITHA U CHIIBHO
Pa3INYaIOIINXCsl KOPPO3HOHHOW CTOMKOCTEIO.

Menp ycTodunBa K BO3AECHUCTBHUIO MOPCKOM BOJbI, TOpsiM€d M XOJOAHOM MNPECHOM BOIBI, A€a3pUPOBAHHBIX
pPacTBOPOB HEOKHUCILIIOIIMX KUCIOT M aTMoc(eprl. HekoTopsle nerupyromue 00aBKH yIydIIaloT €€ KOPPO3HOHHYIO
CTOMKOCTb, 8 TAK)K€ MEXaHHIECKUE U HEKOTOphIE (pr3nUecKre XapaKTepUCTHKN (QIIOMHHUEBAS JIATyHb, KyIPOHUKEb,
amroMUHUEBas OpoH3a).

AmomuHMI 001a1aeT Xopoleil KOPPO3UOHHOH CTOMKOCThIO B aTMOC(EPHBIX YCIOBUSX M BO MHOTHX JIPYTHX
arpeccHBHBIX CpelaX, BKIIOYas YKCYCHYIO M a30THYIO KHCJIOTBI, aTMOc(epy MapoB Cepbl M CEPHUCTOH KHUCIOTHI.
AJIIOMUHUH JIETUPYIOT HEOOJBIIMMH KOJMYECTBAMHM JPYIMX METAUIOB, TJIABHBIM 00pa3oM, Ui YJIy4IIeHHs
MEXaHWYEeCKMX M HEKOTOPBIX JpYyrux cBoicTB. Hanpumep, crmaBel AI-Mg u Al-Mn 00651a1a10T 10OCTaTOYHO BBICOKOW
KOPPO3HOHHOHN CTOWKOCTBIO, YCTYHAroIel, ofHaKo, cToWkocTH cruiaBoB Al1-Mn-Si m Al-Si. Haumenee croiikuMu
SIBJISIIOTCSI CIUIaBbl, coaepakamue Cu [3].

Hukenb ycTOW4MB K BO3IEHCTBHIO TOPSYHNX 1 XOJIOIAHBIX MIeJI04eH, pa30aBICHHBIX HEOKHCIISIOMNX OPraHNIEeCKUX
1 HEOPraHWYECKHX KHCIIOT, a TakkKe K BO3JACHCTBHIO arMocdepsl. JlernpoBaHne MEIpl0 YIIydIIaeT ero CTOHKOCTh B
BOCCTaHOBHTENBHBIX CPEIaX, a TAKXKe K NUTTUHTOBOM KOpPpo3WM B Mopckod Boae. Ilpm nermpoBaHmm XpoMom
BO3pPacTacT CONPOTHBIECHHE K BO3JCHCTBHIO OKHCIMTENBHBIX CpEel, a IPH JIETUPOBAHHMHM MOJIMOAEHOM — K
BO3/ICIICTBUIO BOCCTAHOBHUTEIBHBIX CpEl, OJHOBPEMEHHO XPOMOM M MOJMOICHOM — YIYyYIIAeTCsl CTOMKOCTh M B
BOCCTaHOBUTEIIbHBIX, H B OKUCIHUTENbHBIX cpefiax. OHAKO HUKeNb HEYCTOWYHMB B aTMocdepe nuokcuna cepbl. Hukens
(kaK Melb M THTaH) YCTOMYHMB B arMOC(epe YHCTOro BOJSHOIO mapa Mpu TEMIIEpaType BbIIIE TEMIIEPaTypbl KUIICHUS
BOJIBI.

Tutan — oUH U3 METaUIOB, HanboJee CKIOHHBIX K maccuBanuu [4]. B 3TOM OTHONIEHMM OH YCTyNaeT TONBKO
TaHTary W HHOOMI0. KOoppo3WoHHas CTOHKOCTh THTaHa OYEHb BBICOKA M MOXET OBITh OOBSICHEHAa HPUCYTCTBHEM
MACCUBHPYIOLIEH IIEHKH THIPAaTUPOBAHHOIO JUOKCUAA TUTaHA. [IpaKTHUECKU TUTAH U €r0 CIIaBbl YCTOMYMBEI BO BCEX
TIPUPOJHBIX YCIIOBHSX — aTMOcdepe, ToUBe, IPECHOH M MOPCKOH BOJie, 00JIa1aloT BEICOKOM XMMHYECKOH CTOMKOCTBIO
BO MHOTHX arpecCHMBHBIX XHMHYECKHX cpemax. [laccuBupyromias IUIeHKa Ha THTaHE YCTOWYHMBAa K KOPpPO3HWH, B
pe3ynbTaTe 4ero MeTajul He MOJIAeTCsl MUTTHHIOBOM KOPPO3WH B €CTECTBEHHBIX Cpelax. XapakTepHas 0COOCHHOCTH
MIACCUBHOCTH THUTAaHA BBIPAXKAETCS B OTHOCHTEIBHO MAaJOH UyBCTBHTEIBHOCTH ITACCHBUPYIOLIETO CIIOS K AKTHBHBIM
HOHaM xJiopa. B otianume ot MonnbeHa M XpoMa TUTaH HE CKIOHEH K MEepenaccuBalny, T. €. K OTepe MaCCUBHOCTH U
KOPPO3UOHHOM CTOMKOCTH B KHUCIBIX PAacTBOpPAx CUJIBHBIX OKHUCIUTENEW WM MPH CUIBHOM aHOAHOW MOJIApU3AIUU.
XoTa TUTaH U SABISETCA ONHUM M3 Haubojee JIeTKO MaCCHBUPYIOIIMXCS METaJUIOB, NPUMEHEHHEM ITOAXOJSIIErO
JIETUPOBaHMs B PsAJC CIy4aeB ylIaeTcs elle Oosiee YIyYlIMTh €ro MacCHBUPYEMOCTb WIIM W3MEHUTHh B KEJIaeMyIo
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CTOPOHY XapakTep ero MmacCUBUPyeMocTH. Tak, yaydiaTh MaCCHBAIIMOHHBIC U KOPPO3UOHHBIC CBOMCTBA TUTaHA MOXKHO
C MIOMOIIBIO JICTUPYIOMUX Mpucanok (mpexe Beero Ta, Nb, a Takke Mo, Zr, Hf, V, W, Cr, Al, Si).

Hupkonuit (YUCTHII) 00sIagaeT ropa3no OONbIEH YCTONYMBOCTRIO B PACTBOPAX CHIIBHBIX KHUCJIOT, YeM THUTaH, HO
TONBKO B OTCYTCTBHE OKHCIHUTEICH WJIM aHOMHOW NOJSPU3AINH, CMEHIAONUX TOTCHIUAT B ITOJIOXKUTEIFHOM
HanpaBieHUH. [IpU TaKOM CMEIEHWH MOTEHIMAlla MACCUBHAS IUICHKA HAa HUPKOHUHM B Pa30aBICHHBIX PacTBOpax
KHCJIOT CKJIOHHA K MECTHBIM pa3pylIeHUsIM (TUTTHHIO00pa30BaHMIO), 2 B KOHIIEHTPUPOBAHHBIX — K CHIIbHOM 001Iel
KOPPO3HH.

Crnemyer OCTaHOBHUTBCS Ha BECbMa OMAcHOM (opMe KOppO3WM — NUTTHHIOBOM KOPPO3HWH, KOTOPOH B
OIIpEe/IeTICHHBIX YCIIOBUSAX MOABEPraroTCs MHOTHE YHCTBhIC METAJIbl, HAIIPUMED, JKelle30, HUKEIlb, allOMUHUN, MarHuu,
LIUPKOHUH, MeIb, 0JIOBO, IIMHK. BO3HUKHOBCHHE MHUTTHHIOB — XapaKTEPHBIH BHJ KOPPO3HH IS IMACCHBHPYHOIIUXCS
MeTa/uioB. Kak mpaBuito, 3TOT BHI JIOKAIBHOW KOPPO3MH HAOIIOAAETCS TOJBKO B IPUCYTCTBHU B arpeCCUBHOM cpeje
OMpENCIICHHBIX aHMOHOB, U3 KOTOphIX Hambosiee omacHeie — Cl, Br 1. B pe3ynbraTre MECTHOrO akTHBHPOBaHHS
MMOBEPXHOCTU KOPPO3Us pA3BUBACTCS B OTJCIBHBIX [ICHTPAX B BUJIC MITYOOKUX MOPAKCHUIMA.

MHOroKOMMnoHeHTHbIE MOKPBHITHS

Jlns TOBBIMICHNST CTOWKOCTH METANIMYECKMX MAaTepHajioB B YCIOBUSX BO3ACHCTBUS arpecCHBHOM Cpebl
(atMoceppl) MPUMEHSIOT TMOKPHITHS HAa OCHOBE XMMHUYECKHX COCOUHEHWH psma MetamwtoB. OQHAKO CBEICHUS O
CBOMCTBAX TAKUX IMOKPBITUH B YCIOBHAX KOPPO3HOHHOTO BO3CHCTBUS HEMHOTOUNCIICHHEI U parMeHTapHbl. M3BeCTHBI
NPUMEPHI, YKa3blBaIOIIHe Ha YBEIHYECHHE (II0 CPABHEHHIO C NMOKPHITHSAMH W3 METAIIOB) KOPPO3HOHHOHM CTOMKOCTH
XMMHYECKHX COCAWHEHWH, HanpuMmep, KapOumoB W HUTPHIOB XpoMa, THTaHa. [1oqo00HOe yBeIH4eHHe KOPPO3HOHHOM
CTOMKOCTH OTMEYAeTCsl B DICKTPOXMMHYECKHX HCCIEIOBAHUAX TOJIBKO Ha JIA0OPaTOPHBIX 00pa3lax M3 KOMIAKTHBIX
MaTepHaJIOB.

[lepcrieKTUBHBIMU MaTepHajIaMy MOKPBITHH AJIsl 3aLUThlI OT aTMOC(EPHOH KOPPO3HUH SIBJISIOTCS OKCUJL JIFOMHHUS,
KapOHJ U HUTPUJ THTaHA, a TAKXKe KapOHUIbl U HUTPUABI XpOMa.

W3BecTHBl M Apyrue BapHaHThl MaTepuasioB JJs NMOKPBITHH. Hampumep, MOKpBITHS M3 CIUIaBOB, KOTOpBIE
JIOCTaTOYHO IIUPOKO MPUMEHSIOTCS, MHOTOKOMIIOHEHTHBIE MOKPBITHS, MOKphITHa THna MeO, MeN, MeC u npyrue.
Hocratouno moapoOHO HHpOpMAanMs M CBOWCTBAX TaKMX IIOKPHITHA H3/IOKeHa B Jmureparype. OnHako mroboe
YCIIO)KHEHHE COCTaBa MOKPBITHA MOXET IPHBOJHUTH K CYILIECTBEHHOMY YCIIO)KHEHHIO TEXHOJIOTHH MX OcaxJeHus. B
9TOW CBS3W B JAHHOW CTaTbe peyb HOMIET O METAUIMYECKHX 3AIIUTHBIX MOKPHITHAX KaK O Hambojee NOCTYITHBIX,
JCIIEBBIX, JIEIKO BOCIIPOM3BOIMMEBIX B MACCOBOM ITPOM3BOJICTBE.

ITokpeITHS MJISI 3aIUMTHI OT THAPUAHON KOPPO3HHU

W3BecTHO BpenHOE BIMSHHE BOIOPOAA Ha CBOICTBa MaTepHallOB, OOYCIIOBJIEHHOE SIBJICHHEM BOJIOPOIHON
XPYIKOCTH WJIM THAPHUIHOW KOpposuu. [Ipu 3TOM BOJOPOJ, NPOHUKAIONIMK B IIyOb MeTaia, MOXKET 0Opa3oBbIBATh
TBepaAblid pactBop (st Ni, Ta, Al) [5-7], BcTynate B XMMHYECKYIO PEaKLHUIO C IPHUMECSIMH, CYIIECTBYIOIIMMHU B
merae (st Cu, Al [7,8,10]) uiamu obpa3oBbiBaTh ruapuanyro ¢azy ¢ camum MetamioMm (s Ti, Zr, V, U [5-8]).
He3aBucuMo OT KOHKPETHOrO MeEXaHHM3Ma B3aMMOJICHCTBHS BOAOPOJA C METAJIOM pE3YJIbTaToOM SBIISICTCS pe3Koe
YXyHIIICHHE MEXaHWYEeCKUX CBOMCTB Meramna [7] wimu, Kak uis BaHamus [8], oOpa3oBaHHE KOPPO3UOHHBIX SI3B U
paspylIieHHEe HOBEPXHOCTH METala. DTHUM BOINPOCAM TIIOCBSIIEHO OOJBIIOE KOJMYECTBO HKCIIEPUMEHTAIBHBIX M
TEOpeTHYEeCKnX paboT. B 3aBHCHMMOCTH OT KOHKPETHOTO MEXaHHW3Ma B3aMMOJIEHCTBHS BOAOpPOJA C METaJUIOM
CYIIECTBYIOT Pa3JIMYHBIE METOIBI OOPHOBI C BOJOPOIHON XPYIKOCTHIO M THAPUIHON Kopposued. K Takum MeTomam, B
MIEPBYIO OUYepeb, OTHOCSATCA BBEIEHHE B METaUl JIETHPYIOMUX M00aBOK [9], MOBHIMIEHHE YHUCTOTHI METAJUIOB WA
HAaHECEHHE Ha IOBEPXHOCTh MeTayuia 3amUTHBIX MOKpeITHiA [7, 10-12]. Tocnemumii mertox sBisercss Hamboiee
MepPCIeKTUBHBIM 0 pAAy (akTOpoB, a B cIydae THAPHI000pa3yIOLIMX METAIIOB, 110 CyTH, €ANHCTBEHHO BO3MOXKHBIM
MeTofoM 3amuTel. C [eJpl0 3amUTHl OT THAPHIHOW KOPPO3UH M BOJOPOTHOTO OXPYMUYUBAHMSA dalle BCEro
npumensitotres Al, Mg, Mo, Pb, Cr, W, Cu u KOMIO3HMIIMOHHBIC MOKPHITHS C 100ABKAMH OKCHAA ATOMUHHS.
Heo0x0aumMo 1o quepKkHyTh, YTO TaKHe MOKPBITHS TaKKe 00J1aIaloT HanboJiee BHICOKOH CTOMKOCTBIO U K aTMochepHon
Koppo3un. IIpy HEOOXOAMMOCTH CO3JaHWSI KOMOWHHMPOBAHHOW 3aIUTHI (OT arMOC(hEepHO W TUAPHIHON KOPPO3UH)
Lesnecoobpa3Ho 0TAaBaTh MPEANOYTEHNEe UMEHHO TAKOMY BHJTy OKPBITHH.

C y4eToM H3710’KEHHOTO MOXHO CAEJIATh CIEAYIOIINE BEIBOJIBI.

e [lepCIeKTUBHBIMHU JUIS PEIICHHsS MPOOJIEMBbl aHTUKOPPO3WOHHOH 3aIlIMTHl YPAaHOBBIX H3AENUI B YCIOBHAX HX
AKCIUTyaTaIllii MOTYT OBITh OKpHITUA U3 Al, Zr, Mo, Nb, Ti, Cr, Cd, Ni, Cu.

e Beibop KOHKpPETHOro Marepuaga IOKPBITUS OIpEAeseTcs, B TIEpPBYI0 OYepelb, YCIOBUSMH paOOTHI
3alIMIIaeMoro u3zienus. Pa3paboT4MKkyM W KOHCTPYKTOpPBI M3JENHHA BCE dHalle OTNAIOT INPEANOYTeHHE 3aIlUTHBIM
CHCTEMaM THIIa MeTalI-HeMEeTall, OOJaJafolIiM HE TOJBKO BBICOKUMH AHTHKOPPO3WOHHBIMH CBOWCTBAMH, HO H
YIOBIIETBOPSIIOIIMM TPEOOBAHMSAM IO MEXAHHYECKMM W IPOYHOCTHBIM XapakTepucTHKaM. Cpean HUX HEOOXO0ANMO
BBIJICITUTH CHCTEMBI THUIIA OKCHA aIIOMHUHUS, KapOUIOB XpOMa 1 THTaHa.

e MeTos HaHECEHUs] Ha MOBEPXHOCTh METajlla 3aIUTHBIX NOKPBITHH SIBIAETCA Hauboiee MEePCIEKTHBHBIM II0
psiny ($hakTOpOB, a B ClIydae THAPUI000pa3yIOMINX METAIIOB — €AMHCTBEHHO BO3MOXHBIM METOZIOM 3aIIUTHI.

HNmerompecs B JIUTEpaType CBEJCHUS O NMPUMEHSAEMbIX M pa3pabaThIBAEMBIX NEPCHEKTUBHBIX MOKPBITHUAX LIS
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3alIUTbl KOHCTPYKIIUOHHBIX MAaTCpHUAIOB HE IMO3BOJIAIOT HpHﬁTH K OJJHO3HAYHOMY BbIBOAY 00 ux MMPpUTroAHOCTH IJIsd
3alIUTHl AACPHBIX MATECpHAIOB, UCIIOJIB3YCMbBIX B aTOMHOM OHCPICTUKE. HOSTOMy nMCromiasacsa I/IH(l)OpMaHI/IH MOXECT
OBITh HCIIOJL30BaHA A1 OPUCHTUPOBOIHOT'O BI)I60pa MaTepuaioB HOKpBITI/Iﬁ U MCTOJAOB HMX TOJYUYCHHSA, a TAKKE
HallpaBJICHU HCCHCHOBaHHﬁ.

OBOPYJIOBAHME JIJISI OCAKJIEHUS TOKPBITHUI
VYcenemHoe perieHne MpoOsieMbl aHTHKOPPO3MOHHOM 3alUThl SAEPHBIX MATEPHAIOB C ITOMOIIBIO ITOKPHITHH B
3HAYNTEIBHON CTENEHH 3aBUCHUT HE TOJIBKO OT MPABMIBLHOTO BEIOOPA MAaTEpHaOB IOKPHITHI, HO M OT BbIOOpa Hanbosee
MOJXOSIIIETO METOAa MX ocaxaeHus. Cpeau MHOTOUYHMCICHHBIX METOJO0B HAaHOOJbIIEE PAacIpOCTPAHEHUE MOTYHMIN
rajlbBaHUYECKUE METOJbI, METO AU((y3HOHHOTO TEPMUIECKOTO HACBHIICHUS U OBICTPO Pa3BUBAIOIIUECS B IIOCICIHNUE
JIECSITUIIETUS. BAKyyMHBIE METO/IBI.

bt

o

e
o T

Puc. 1. Bnusiaue creneHn HOHU3ALUH TAPOB
XpoMa Ha XapaKTEePUCTUKH KOH/ICHCATA,
OTIPEAEIISIONINE eTO AaHTHKOPPO3NOHHEIE

CBOUCTBA.

a) MopdoJyiorusi KOHJIEHCAaTa B 3aBHCUMOCTH
OT CTeNeHN HOHU3auuu napos K;;

0) BIMSHHE CTEHNEHM HOHU3ALMU IIapOB Ha
MOPUCTOCTh ~ OCAXKAAEMBIX  IOKPBITHH B
¢yskuun ux tonumwmHe 1, 2, 3, — K; = 0,5%,
13%, 45% cootBercTBeHHO (Metom AUP);
BaKyyMHO-IyroBoH MeTton: 4 — mpsAMoH
HOTOK, 5 — GUIBTPOBAHHEIN MOTOK [19]

Crioco0bl M ycTpoWcTBa THma «ion plating» Haubosee MHTEHCHBHO Pa3BHBAIOTCS 3a pyOexxoMm. TepMuH «ion
plating» BBenmen MbatrokcoM. EMy ke mpuHa/uIeXuT HepBBI NaTeHT B 3TOW obxact. YcrpoiictBa «ion plating»
OCHOBaHbl Ha pA3IMYHBIX BHJAaX AaBTOHOMHOTO TEHEPHUPOBAHWS Iapa C TMOCIeAyIoliell ero HoHM3alueld B
QNEKTPUUYESCKUX pa3psdax WM AIIEKTPOHHOH OomOapmupoBkoit [13,14]. K 3TOMy ke THITy YCTpOWCTB OTHOCSTCS
YCTPOMCTBA HOHHO-KJIACTEPHOTO OCaX/IeHHs IUIeHOK. [lapooOpasoBaHme B ycTpoicTBax «ion plating» Moxer
OCYIIECTBIISITECS PE3UCTHBHBIM HAarpeBoM, HarpeBoM BY TOKOM WM 3JIEKTPOHHBIM JydoM. BO3MOXHBI M apyrue
croco0rI mapoobpaszoBanust. CKOpOCTs TapoOOPa30BAHUS B YCTPOMCTBAX CHIIBHO 3aBUCHT OT MCIApsIeMOTO MaTepHaia.
HanGomnbImas CKOPOCTh OCaXJEHUSI UMEET MECTO B YCTPOHCTBaxX ¢ MapooOpa30BaHUEM IEKTPOHHBIM JydOM (MOXKET
MOCTUTaTh 5 MKM/MHUH). DHEPrusi HOHOB M CTCIICHb MOHM3AIMU Iapa W3MEHSIOTCS B IMMPOKHUX mpexeiax — ot 0,1 mo
30% [15]. CnocoGsl U ycTpoiicTBa ¢ IUIa3MEHHBIM T€HEPHUPOBAHHEM HOHU3MPOBAHHBIX MapOB METAIJIOB OCHOBAHBI
TJIaBHBIM 00pa3oM Ha BaKyyMHOW JIyre KaTOJHOTO THIA. Takue TeHepaTopbl IJIa3Mbl MO3BOJISIOT MOJIYyYaTh BHICOKYIO
CKOPOCTh OcCaKaeHHs IIeHOK (1o 0,5 MKM/MUH M 0oJiee) NMpH BBHICOKOW CTENEHH MOHHM3ALUM Tapa (Ui HEKOTOPBIX
TYTOIUIaBKUX MeTawioB — moutd a0 100 %). BakyyMHO-IyroBele T'eHEpaTOphl 3PO3MOHHOM Ta30-MeTaJUINYecKOn
ILT1a3MBbl, CIOCO0BI OPMHUPOBaHNS MJIa3MEHHBIX IOTOKOB M YIIPaBJIEHHS UMH PacCMOTPEHBI B MoHOTrpadusx [16, 17].

C nenpio obecriedeHus! KOPPEKTHOTO BBIOOpA METO/a OCaX/IeHNs OblIa MPOBeIeHa IKCIIEPUMEHTaJIbHAS TIPOBEPKa
BIUSHHS CTETICHN MOHU3AINH MApOB XpoMa Ha MOP(QOIIOTHIO U 3allIUTHBIC CBOMCTBA MOITyYaeMBIX MOKpHITHH [18, 19].
[ToxpsITHS MOTyYaIn METOAOM aTOMHO-MOHHOTO pacibuieHus (AWP), cymHOCTh KOTOPOTo 3aKiIio4YaeTcs B UCTIapEHUN
MaTeprasa 3JIEKTPOHHBIM JIydOM C TIOCIeNyIollel HOHHM3aluel MapoB B HECAMOCTOSITEIIFHOM JyrOBOM paspsie.
HUccrnenoBanu BiusHUE creneHn noHu3anun (K;) mapa Ha Mopdororuio u mopuctocts (N) mokpertuit. [lox cTemeHbio
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WOHHM3AIlMM Tapa IMOHMMAaJIM OTHOILICHHE YHCJIa HOHOB, IOMAaBIIMX Ha MOUIOXKKY, K OOIIeMy 4YHCIy YacTHII,
¢dopmupyronmx mokpbiTue. Puc. 1 mmrocTpupyer BIMSHHE CTENEHM HOHHM3AaLUM Ha MOP()OJOTHI0 M TOPUCTOCTh
MOKpeITHH Xpoma. Kak cremyer W3 pucyHKa, Hpu HU3KOW cremeHn uoHm3auuu (~0,5 %), xapakrepHOW uis
TPaANIIOHHOTO 3JICKTPOHHO-IyYEBOTO HCIIAPEHUs], Ha IOBEPXHOCTH HAOIIOAAIOTCS TII00yibl, mpucyiiue 30He |
nuarpaMMbl MoBuana—/lemuniinia [20]. [ToiaydeHHbIE B TaKUX YCIOBHSAX MOKPBITHS CTAHOBSITCS OECIIOPUCTBIMH IPU
TonmuHax cBbie ~80 MkM. C yBelMYeHHEM CTENEHM MOHM3allUM, NPU IPOYMX paBHBIX YCIOBUSAX, XapakTep
MOP(OJIOTHH TTOBEPXHOCTH CYIIECTBEHHO M3MeHseTcs. Habmromaercst M3MenbYeHUe MOMEPEYHBIX pa3MepOB KYIIOJIOB,
3areM — UX Mcde3HoBeHue. Kpurnueckne (MUHUMaIIBHBIE) TONIIMHBI OECHOPUCTHIX HOKPHITHI YMEHBIIAIOTCS ¢ POCTOM
CTETIEHU HOHM3AaLUHU. OKCHEPUMEHTHI MOKa3ald, 4TO IMOPUCTOCTh MOKPBITHHM, OCaKJAEMBIX BaKyyMHO-IyTOBBIM
METOJIOM, OOYCJIOBJICHA TAaKKe COCTOSIHHEM TOJUTOKKH [18]. YBenmmduenue e€ mepoxoBaroctu ot R, = 0,09 MkM 1o
R, =2,8 MKM NpUBOAUT K YBEIUUECHUIO KPUTUUECKON TOJIIMHBI IOKPHITUH OT § 10 16 MKM COOTBETCTBEHHO.

MATEPHAJIBI VIS 3AIIIMTHBIX MOKPBITUM HA YPAHE M ET'O CILIABAX

Ha ocHoBe amamm3a MaTepualioB, NPUBEACHHBIX B TMPEABIAYIIUX maparpadax, cGopMyInpoBaHBl OCHOBHBIC
TpeOOBaHUs, MPEABIBISIEMbIC K 3allIUTHBIM MOKPHITHAM. VX 000CHOBaHHME TIOJPOOHO paccMOTpeHo B pabote [23]. Otn
TpeOOBaHUs CIEeIYIOIIHE:

— BBICOKHE aJIr€3UOHHBIC KAUeCTBA;

— (pU3HKO-XUMHUYECKast COBMECTUMOCTD C YPAHOM M €r0 CIJIaBaMU;

— YJIOBJIETBOpUTEIbHAS TNIACTUYHOCTb;

— IMOBEPXHOCTHAsI TBEPIOCTh, IMO3BOJIONIAS IPOTUBOCTOSTH Je()EeKTOOOPA30BAHUIO B MOKPHITUAX MpU
B3aMMOJICHCTBHH C CONPSKCHHBIMH JICTAIISIMU;

— MaJiasi CKBO3Hasl TOPHCTOCTE;

— YCTOMYMBOCTb K BO3JICHCTBUIO BHELIHEN CpEbI;

— cTaOMIIBHOCTH CBOMCTB B T€UEHHE MEPUO/IA IKCILTyaTalllH.

Hambomee wacto mns 3ammThl KOHCTPYKIIMOHHBIX MAaTE€pHajOB HCIONB3YIOTCA XpOM, HHKENIb, MeIb, THUTAaH,
MO0 ICH, HUOOWH, IIMPKOHNHN, aIFOMIHAMN, X CIIaBBI TN COSAWHEHHS. Peamu3aruio nporecca HaHeCEHHsI TOKPBITHI
11eecoodpa3Ho OCYIIECTBIIATE HOHHO-TIa3MEHHBIME MeTofaMu. llpeamnodrenne gamie OTAAaETCS BaKyyMHO-TYyTOBOMY
METOy, MO3BOJIsAOIeMY 3()()EKTHBHO OCAXKIaTh MOKPHITHS U3 METAUIOB M CHHTE3MPOBATH B IPOILECCE OCAKIACHUS
COCTMHCHUS THIIA OKCHIOB, KapOWIoB, HUTPpHIOB. OJHAKO MPHUMEHEHHE MOKPBITHH M3 XOPOIIO MPOBEPEHHBIX Ha
MPAaKTHKEC MAaTEPHUAJOB B Cllydac 3alllUThl ypaHa M €ro CIUIaBOB TPeOyeT IOMOJHUTEIBHBIX HCCIEIOBaHU. OTO
00yCJIOBJICHO CHJIBHOW 3JIEKTPOOTPHUIIATEIIEHOCTRIO ypaHa W OONBIION CKJIOHHOCTBIO K KOPPO3WH BO BIIAXKHOMN
aTMocdepe, a TaKkKe CKIIOHHOCTBIO K B3aUMOJICHCTBHIO C BOJOPOIOM.

OctaHoBuMcs Ooiee TOAPOOHO Ha aHANKM3Ee BO3MOXKHOCTH TIPUMCHCHUS MAaTCPHUAIOB-TIPSTCHACHTOB IS
OCKIEHUsS Ha ypaHe 3allUTHBIX NOKpeITHi: Mo, Zr, Nb, W, Ti, Al, Cu, Cr. BMecto xpoma OblI BEIOpaH €ro CIuiaB
BX2K, pa3pabareiBaeMBIii IS 3aIIWATHl TEIUIOBBIACISIONIMX AIIEMEHTOB B YCIOBHAX B3amMoaeHcTBus ¢ N,O4 u
BEIITYCKAeMBIi B BUJE, IPUTOAHOM JUIS U3TOTOBJICHUS UCTIAPSIEMBIX KaTOHOB.

OIIEHKA KOPPO3MOHHOI'O MMOBEJIEHUS IT'AJIbBAHUYECKOM IMAPBI YPAH-TIOKPBITUE

HpI/I OIICHKE MEPCIEKTUBLI UCIIOJIB30BAHUA JIF000T0 Martepurajia B Ka4€CTBE 3aIIUTHOI'O IMOKPBITUA HCO6XOJII/IMO
YUUTBHIBaTh HE TOJNBKO KOPPO3HMOHHYIO CTOHKOCTh MaTepuajia B JaHHOW cpeie, HO M XapakTep 3JIeKTPOXUMHYECKON
KOPpO3MHU B paiioHe CKBO3HBIX MOP U TPELIMH B MOKPBITHH, KOTOPBII 3aBUCUT OT PA3HOCTH AJIEKTPOAHBIX NOTEHIIUATIOB
TTOKPBITHSL ¥ OCHOBBI, BUJIA MX MOJSIPU3aLMOHHBIX KPUBBIX. B Tabi1. 1 npuBeeHbl 3HaUSHUS 3JIEKTPOAHBIX OTEHIINAIOB
ncciexyeMbix MartepraioB B BogHoM pacteope 0,5H NaCl + 0,5H Na,SO4 oTHOCHTENBHO XJIOPCEPEOPSIHOTO AIIEKTPOA.
Ecnn B kauecTBe 3alMIaeMOro MeETaJIa HCIIOJB3YeTCs ypaH M €ro CIUIaBbl, TO, KaK BHAHO W3 TaOnuWIpBI, Bce
HCCIIEAyEMBIE METAIIbl MOXKHO YCIOBHO Pa3AeNIUTh HA TPU IPYIIIHL.

Tab6muma 1
HopmanbHble 351eKTpOJHbIE TOTCHIMAIBI HCCIEIYEMbIX MaTEPHAIOB
Marepuan ¢o, B Marepuan 0o, B

AJl-2 - 1,01 £0,08 vC -0,61+0,02
A-995 -0,73+£0,03 Zr -0,36 £0,05
Fe -0,73+0,03 BX2K -0,35+0,1
All-1 -0,68 £0,02 Ti -0,14+0,14
Nb -0,20+£0,1 Zr-110 -0,29 +£0,05
AJl-4 —0,64 £0,02 Cu -0,19+£0,02
w -0,18+£0,02

Ni —0,08 £0,02 Mo -0,15+0,02

[lepBas rpynma MetaiuioB BKIIO4aeT B ceOs mupkoHui, crmias BX2K, cmmaB Zr-110, turtan, HHOOWH, Menp,
BONb(GpaM, MOUOIEH. DTH MaTepualbl B Mape ¢ YpaHOM H €ro CiuiaBaMH OyIyT IONSIPH30BaTHCS KaTOTHO, T. €. HE
OyAyT IoIBEPraThCs aHOJAHOMY PacTBOpEHHIO. Bropas rpymma Metayuios, BkiItodaromas B ceos cmas AJI-2, A-995 u
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Fe, B mape ¢ ypaHom u ero cruiaBamu OyJeT IOJIIPU30BATHCS aHOJHO, T.€. TIO/IBEPraThCsi aHOJAHOMY pacTBopeHuio. 1
TPEeThs TPYIIIa METAJUIOB, BKItoYaromiast B ceds criaBel AJl-1 u crimaB AJI-4, 3aHMMaeT MpOMEKYTOYHOE 3HAYCHUE U
HX DIEKTPOAHBIA IOTEHIMANI B Tpejeiax OIMMOKM ONM30K K BJIEKTPOJHBIM TOTEHIManaM ypaHa ¥ €ro CIUIABOB.
[TosTOMY TPYAHO OIHO3HAYHO OIPENEIHNTH, KATOAHO WM AHOAHO OyAyT MOJSIPH30BATHCS 3TH CIUIABBI OTHOCHTEIHHO
YpaHa WM €ro CILIaBOB.

B ciydae 3neKTpOXMMHUYECKON KOPPO3UM B pailoHE CKBO3HOM MOpBI WM TPELIMHBI, KOI/Ia OCHOBOMW SBIISETCS
ypaH, a MaTepHaloM IOKPBITHS — METall NMEpBOM M3 YHNOMSHYTHIX TPYMI, KOPPO3MOHHOMY pa3pymieHHio Oyaer
MOJBEPTAaThC METAUl OCHOBBI (YpaH WM €ro CIUIaBbI), @ METaUl TOKPBITHS KOppoaupoBaTh He Oymer. Ecmm
MaTepHaJIOM TMOKPBITHA SIBISIETCSI MaTepual BTOPOH IPyMIlsl, TO OyAeT peann3oBbIBaThCsA 3(GHEKT aHOJHOM 3alUTHI,
T.€. B paifoHE MOPBI KOPPO3UOHHOMY pa3pyIICHHUIO OyAeT MOABEPraThCsl METAall MOKPBITHS, @ METaUl OCHOBHI (ypaH
WM €ro CIUIaBbl) KOppoaupoBaTh He Oyner. Takue MOKPHITHUS BeChbMa MEPCIEKTHBHBI, MOCKOJBKY MX 3alUTHBIC
CBOWCTBA HE 3aBHUCAT OT HAJIMUYUSA B TOKPBITHM CKBO3HBIX MOp. OrpaHudyeHue Ha NPUMEHEHHE TaKUX MOKPBITHI
HaKJaJ(bIBa€TCSI TOJIBKO CKOPOCTBIO KOPPO3MM MaTepuaja IOKPBITHS B pailoHe ckBo3HOM mnopel. Ilpu BeICOKHX
CKOPOCTSIX KOPPO3UH HOKPHITHE B pailoHe MOPHI OYAEeT HHTEHCHBHO Pa3pyIIaThCsl, OTOJISIsl yHaCTKA OCHOBHOTO MeTallia.
Ecnu marepunasioM mokpbiTusi Oyner MeTaml TpeTbed TPYHIbI, TPYJHO OJHO3HAYHO OIPEIEIHUTh, KATOJHBIM HIIN
AQHO/HBIM OYZET MOKPBITHE OTHOCHTEIBHO YpaHa M €ro CIulaBoB. HeogHO3HAYHOCTH MPEAIIONOXKEHHS yCyTryOiseTcs
eIlle U TEM, YTO M3-32 U3MEHEHHsI COCTAaBa IEKTPOJIUTA B IPUIOBEPXHOCTHOM CJIOE, U3MEHEHUS CBOMCTB MOBEPXHOCTH
B IIpoIiecce KOPPO3UH 3HAK MOJIAPHU3ALUU MOKPBITHA OTHOCUTENIBHO ypaHa MOYKET U3MEHATHCSA Ha MPOTUBOIOIOKHBIN.

MHTEHCHBHOCTD 21IEKTPOXMMHYECKON KOPPO3HH B pailoHE MOPBI ONPEACISAETCS 3HAY€HNEM KOPPO3UOHHBIX TOKOB
B TaJbBaHMYECKOH Iape MOJI0OKKa—TIOKPhITHE. 3HAUCHNE MAaKCHMAJIbHO BO3MOXKHBIX KOPPO3HOHHBIX TOKOB B BOJHOM
pactBope 0,5H NaCl + 0,5H Na,SO,, BO3HHKAIOIMX B TaJbBAaHMYECKHX Mapax ypaH W €ro CIUIaBBI — HCCIIELyeMble
MaTepHaibl, MpuBeleHbl B Tabmumax 2 u 3. Cpemm marepuanoB, Hanbojee YCTOHYMBBIX K 3JIEKTPOXUMHUYECKON
Koppo3uu, nepsas rpymmna — ciiad BX2K, Ti u Nb. Haubonee Hu3KkHue KOPPO3UOHHBIC TOKA BO3HUKAIOT B Mapax MEKIY
cruiaBoM BX2K u ypanom. Koppo3uoHHBIE TOKHM MeXAy TUTAaHOM U YPaHOM M €ro CIJIaBaMU HECKOJIBKO BBIIIIE.
Haubonee BbICOKHE KOPPO3MOHHBIE TOKM M3 3TOM IpyINIbl METAIIOB BO3HMKaioT B nape Nb-U, nauboiee Hu3KHe
KOppO3WOHHbIE TOKH — B mapax Zr u Zr-110— ypan. Ni, W, Cu u Mo B nape ¢ ypaHoM HUMeIOT OoJiee BBICOKHE
KOPPO3HOHHBIE TOKH 10 CPABHEHUIO C PaHEe NPUBEACHHBIME METAJIAMU U3 3TOU IPYIIIBL

Tabimma 2
MaxkcuMasbHbIe KOPPO3HOHHBIE TOKH B TApax MOKPHITHE-YPaH, Alem’
[okpeiTHe (Karom)
Tonnoxia (anon) BX2K Ti Nb Zr
Vpan 2,43-10°+0,06-10°° 6,16:10°+0,1-10° 9,05-10 °+0,07-10°° 5,61-107£1,04-10”7
[oxpriTHe (kKaTton)
Tonnoxca (anon) Zr-110 Ni W Mo Cu
Vpau 1,22:107 + 1,23-107° + 1,65107 + 1,76:107° 2,64:107 +
+1,02:1077 +0,026-107 +0,01-107 +0,01-107 +0,01-107
Tabmuma 3
MaKCI/IMaIII)HLIC KOPPO3MOHHBIC TOKH B Héan MOKPBITUC-YPAH, A/ CM2
TomI0KKa IMokpsiTHE (aHOMT)
(xaton) AJ1-2 A-995 Fe A1 AJl-4
Vo 1,82:10%+ 1,01-10°+ 8,08:10°+ 4,61-10°+ 3,39:10°+
p +0,01-107 +0,03:107° +0,28:10°° +0,15-10°° +0,26:10°°

W3 MeTanioB, Mosipu3yoNIMXcsl KaTOAHO OTHOCUTEIBHO ypaHa, Hanbouiee MepCleKTUBHBIMU ISl UCTIONb30BaHMS
B KA4eCTBC 3al[UTHBIX MOKpbITHH sBisitorcs ciuiaB BX2K, Ti, Nb, a Taxke Zr u Zr-110. Ilpuuem naumbonee
ONTUMAITFHBIMU 3JICKTpOXUMHYecKiMHU cBovicTBamu oOnamaroT BX2K u Ti. lnms Nb xapakTepHBI HEeCKOJIBKO Oolee
BBICOKHME KOPPO3MOHHBIE TOKHM B Mape C ypaHOM WU €ro cruiaBamu, a Zr, Zr-110 MeHee ycTOWYMB B YCIIOBHSIX
NIEKTPOXUMHUUECKON Koppo3uu 1o cpaBHenuto ¢ BX2K u Ti. Ocramsaeie metamisl (Ni, W, Mo, Cu) oGmagator
XYALUIAMH 3JEKTPOXUMUIECKUMH CBOWHCTBaMH. ITOKPBITHS M3 3TUX METAIOB MOTYT WMETh YIOBIIETBOPUTEIHHBIC
3alIUTHBIE XAPAKTEPUCTUKU TPH OTHOCHUTEIHHO OONBIION TONIIMHE. MaKCUMaJbHO BO3MOJKHBIE KOPPO3HOHHBIE TOKH
JUISL METAJJIOB, KOTOPBIE B TIApE C YPAHOM M €r0 CIUIaBaMH IMOJSIPU3YIOTCSI aHOAHO, MPUBEAEHBI B Tabin. 3. BuaHo, 4to
Hanboree HU3KHE KOPPO3MOHHBIE TOKM BO3HHKAIOT MEXAy ciuiaBoM AJI-2 m ypaHOM, XOTS KOPPO3HOHHBIE TOKH,
BO3HHUKAIOIINE MEXKAY YPAHOM U APYTHMMHU MeTaJIaMH 3TOH TPyIIIb, OTIHYAoTCs He Ooree yeM B 3—4 pasa.

W3 marepuanos, MOJSPU3YIONIMXCS aHOJAHO OTHOCHUTENBHO ypaHa, cruiaB AJI-2 Hanbosee yCTOHYUB B YCIOBHUSIX
3IEKTPOXUMUYECKON KOPpO3UH. YUHUTHIBAsl 3TO, MOXKHO 3aKJIIOYUTh, YTO U3 AHOAHO MOJISPU3YEMBIX MO OTHOIICHHIO K
ypaHy W ero ciuiaBaM MeTayuioB cruiaB AJI-2 sBisiercst HauOonee MEPCIEeKTHBHBIM I HPUMEHEHUS B KauecTBe
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MaTepHuaja 3allUTHBIX MOKpeITUH. Fe u A-995 umeroT Koppo3HOHHBIE TOKM B Mape C YPaHOM M €ro CIUIaBaMH
HecKosbKo Oojiee Bbicokue, yeM cruiaB AJI-2. Kpome Toro, oHM MeHee yCTOHUMBBI B YCIOBHSX 3JIEKTPOXUMUYECKON
kopposuu. Crutassl amomunust AJl-1 u AJI-4 B mape ¢ ypaHOM M €ro CIUIaBaMH HMEIOT OTHOCUTENIbHO HEBBICOKHE
KOPPO3HOHHBIE TOKH, HO 00J1a1al0T HU3KOH YCTOHUMBOCTEIO B YCIOBHUSIX IEKTPOXUMHUUECKON Koppo3uu. Iloatomy Fe,
A-995, AJI-1 u cinaB AJI-4 aBisAIOTCS MEHEE MEePCHEKTUBHBIMU, yeM AJI-2 i nmpuMEeHEeHUs] B KauecTBE 3aIUTHBIX
MOKPBITHHA. XOTS, COIJIACHO HMEIOUIMMCSI B JIMTEpaType JaHHBIM, NPUMEHEHHE MOKPHITHH n3 Al BO3MOXHO B
CPaBHHUTENFHO MATKHX aTMOc(epHBIX ycimoBuiax. B pabore [21] wmccnenoBamm KOPPO3MOHHYIO CTOMKOCTH
QIIOMHHUEBBIX IOKPHITUH, HAHECEHHBIX HAa M3JCHUs M3 OKele3a pPasIUMYHbIMA METOJaMHU: HAIbUICHHEM,
IUTAKUPOBAHUEM, MPOKATKOW, aTUTHPOBAaHHEM, TaJbBAaHOATUTUPOBAHHEM O€3 aHOAMPOBAHUS U C JIOMOIHUTEIBHBIM
AQHOJUPOBAHHEM B PA3IMYHBIX KIMMaTH4YeCKHX 30HaX ['epmanuu. ITokpbiTHsa U3 uymcToro Al ynOBIETBOPHTEIBHYIO
KOPPO3HOHHYIO CTOMKOCThH NOKa3ajH TOJIbKO B palilOHaX C CeJIbCKOW arMocdepoi, a B YCIIOBUSAX NPOMBIIIIEHHOH U
MOPCKO# aTMOc(ephl — OABEPrajICh 3aMETHOMY KOPPO3UOHHOMY pa3pyLICHUIO.

HecMoTpst Ha HU3KYIO KOPPO3UOHHYIO CTOMKOCTB, Al SIBJISIETCS MEPCHIEKTUBHBIM MaTEPHAIOM ISl UCTIOJIb30BAHMS
B KayeCTBE 3alIUTHBIX MOKPBITHH MO PALy APYTHX XapakTepPUCTHK. Bo-NEepBBIX, 3TO OAWH M3 CaMBIX JIENIEBBIX
MetaiioB. Kpome Toro, takue cBoicTBa Al, Kak BBICOKas IIACTMYHOCTB, Mayasi IUIOTHOCTh, HHM3Kas TeMIleparypa
IUIaBICHHS, BO3MOYKHOCTh OTHOCUTENIBHO MPOCTO MOBBICUTH KOPPO3UOHHBIE CBOMCTBA MTyTEM OKHCIEHHS MOBEPXHOCTH,
OCTaBIIIOT €ro B psAAy HauOoJee NEpCIeKTHBHBIX MaTepuaioB. Bo-BTOpBIX, alIOMHHHHA 00JIaaeT HHU3KUM
ko3 duiEeHToM Bogopogonponnaemocti (4-107'-3-107"° M’ITa”'c™"), uro jemaer ero IepCIEKTHBHBIM IPH
WCIIONIB30BAaHUM U 3AIIUTHl OT THIPUAHOW Kopposuu. Koppo3noHHas CTOMKOCTh YHCTOTO ATIOMUHHS CBS3aHAa C
HaIMYAEM Ha €r0 TOBEPXHOCTH OKCHAHOW IIICHKH, 00pa3ylomeiicss Mpyu B3aMMOACHCTBHH C KHCIOPOAOM Bo3ayxa. B
YCIIOBUSIX, KOTJJa 3Ta IJIEHKa YCTOWYMBA, aIFOMUHUNA KOPPO3HOHHO-CTOEK, a TaM, IIe 3Ta IICHKA Pa3pyIIacTcs, MeTasll
HEeyCTOWYMB. BblnajjeHne HUTPUIOB MM KapOHUJOB Ha TOBEpXHOCTH Al, MecTa JIOKaJbHBIX MUKPOHANPSHKEHUH OyIyT
yXyAamaTb 3alllUTHBIC CBOMCTBaA OKCI/I[[HOﬁ IUICHKHU U, CJIEAOBATCIIBHO, KOPPO3UOHHYIO CTOMKOCTBH aJIFOMHUHUSL.

VYCTaHOBNIEHO, 4YTO JNEKTPOAHBI NOTEHIManl aJIIOMUHHUS MPAaKTUYeCKH HE M3MEHSAETCS C U3MEHEHHEM
IIEPOXOBATOCTH 00pa3na. AHOIHBIM TOK NpPU OTKJIOHEHWH IIOTEHIMana oOpaslia OT ero PaBHOBECHOTO 3HAUCHHUS
GBICTPO pacTeT M AocTHraer 3HaueHms j ~ 1,0-107° A/cM®, mocie uero HabIIIOMAETCS HEKOTOPOE 3aMEICHHE POCTa
AHOJ/IHOTO TOKa OT MOTeHIMa a obpasua. [Ipu 5TOM Ha MOBEPXHOCTH ANIOMHHUS HOSBISIOTCS TOYKH, XapaKTEpHBIE IS
MTUTTUHIOBON KOPPO3WH, TUIOTHOCTH KOTOPBIX HE 3aBHCUT OT 3HaueHus R,. IlomyueHHbIe TaHHBIE CBHUAETENLCTBYIOT O
TOM, YTO 3aIIUTHBIE CBOWCTBA OKCHIHOM IJICHKH, 0Opa3yloleiics Ha HoBepXHOCTH Al, a cienoBaTenbHO, B camoro Al,
HE 3aBUCAT CYHIECTBEHHO OT KadecTBa OOpAaOOTKM IOBEPXHOCTH, T.€. OT HpO(MIS MOBEPXHOCTH U CTPYKTYPHI
MIPUIIOBEPXHOCTHOTO cios. [lo-Bummmomy, Hambosiee THEpPCTIEKTHBHBIMH CHOCOOaMH MOBBIIICHHS KOPPO3HOHHON
CTOMKOCTH aTIOMUHHA SBISIOTCA (Pru3mKo-xummudeckass oOpaboTKa €ro IMOBEPXHOCTH M JieTHpoBaHWE. M3MmeHss
CTPYKTYpPY QTIOMHHHSA, Pa3Mep ero 3epeH, BPsJ JIU MOXKHO JOCTHIHYTh CYIIECTBEHHOT'O TIOJIOXKUTEIBHOTO 3 deKTa.

PACHBLJIEHUE IOBEPXHOCTH YPAHA B NPOLIECCE OUMCTKH BOMBAPJIUPOBKOM
HUOHAMHU METAJIJIMYECKOM IJTA3MBI

OpHOM M3 BaXKHEHIIMX 3aj1a4 [TPpY OCYIIECTBICHUH MPOLIECCOB HAaHECEHHUS (PYHKIMOHAIBHBIX TIOKPHITHI Ha JTI000H
Marepuail, sBisieTcst o0ecrieueHne are3ur NOKPHITHS K 3allUIIaeMoMy MaTepraiy. Pemenne 3agaum qocTuraercs
o0ecrieueHneM YHCTOTHI 3alIMIIAeMO TOBEPXHOCTH U CO3aHHEM YCIIOBUH it popMupoBaHus An((Hy3NOHHBIX 30H
MEXXIy OCHOBOM 1 MOKpBITHEM. [Ipn 3TOM MOKpBIBaeMble 00BEKTHI (IOATI0KKH) TIPEBAPUTEILHO 00€3KUPHUBAIOTCS,
MPOMBIBAIOTCS M IIpOCyIIHBaroTcs. [locie Takoi MOATOTOBKH OHH 3arpy»KaloTcs B BAKYYMHYIO KaMepy, rie
OCYLIECTBIIIIOTCS MIPOLIECCH HOHHO-IIA3MEHHOM OYHCTKH, GOPMUPOBAHUS NEPEXOIHBIX 30H H OCAXKICHUS HOKPBITHA.

Ormepanusi HOHHO-IIA3MEHHON OYMCTKH HMOBEPXHOCTH MOIOKEK — OJHA M3 Hanbojee OTBETCTBEHHBIX. IMeHHO
Ha 3TOH CTaguu C IIOKPHIBAEMOH IOBEPXHOCTH IO BO3ACHCTBHEM IIOTOKA HOHOB YIAISIOTCS ITOBEPXHOCTHBIE
MHKpO3arpsA3HeHHs M OKCHIHBIE IUICHKH, a Takke (OPMHUPYIOTCSA IEpBOHAYAIBHBIE MEPEXOAHBIE CIIOM OCHOBa—
nokpeitue. [Ipu 00paboTke ypaHa TpeOOBaHUs K MPOLECCY HOHHO-TUIA3MEHHON OYMCTKU 3HAYUTENILHO Y)KECTOYAFOTCS
M0 CPaBHEHHIO C TAKOBBIMHU JUIS JAPYTHX MarepuanoB. DTO OOYCJIOBJIEHO BBHICOKHM CpPOJCTBOM ypaHa K KHUCIOPOIY
(MOHOCIION OKCcHIa ypaHa 00pa3yeTcs Ha ero MOBEPXHOCTU B BaKyyMe IPU OCTATOYHOM JaBJICHUU 107 ITa B TeucHue
HECKOJIBKUX CEKYHJ) U OOJIBIIUM KOJIMYECTBOM KHCIIOPOJIa, BBIICISIONIErocs ITPY PAacHbUICHUN OKcuaa ypana. MoHHo-
TUTa3MEHHAsI OYMCTKA MOJJIOKKH OCYIIECTBISIETCS] ee O0MOapANpOBKON MOHAMH MHEPTHBIX I'a30B, DKCTPArHPyeMbIX U3
IUTa3MBbl TIICIOIETO pa3psiaa, WM MOHAMH OCaKAaeMOro MaTepHaia, U3BJIEKaeMbIMU U3 IUIa3Mbl BaKyyMHO-IyTOBOTO
paspsma [22,]. Takas oO4YHCTKa IIO3BOJSIET OOECIEYUTH AAre3UI0 MOKPBITHA K OCHOBE W HH3KYH) IOPHCTOCTb
morygaeMbIX KoHaeHcaToB [23]. OO0sraHO 3(h(hEeKTHBHOCTH PACIBUICHHS MOUIOKKH XapaKTepu3yeTcs Ko UIIMEHTOM
pacubuieHus S:

S = Ipacn /]l'laj.'la (l)

€ Ipacn — HOTOK PACHBIIEHHBIX aTOMOB, Iy, — MOTOK NaJaI0MIMX HOHOB.

B Hacrosiiiee BpeMs CyIIECTBYIOT JOCTATOYHO INIyOOKHE TEOPETUYECKUE HCCIIEN0BAHUS IpoLiecca PacbUICHUS U
MIPEATIOKEHO HECKOJIBKO MOJIEIeH, OOBSICHIIONINX 3aBUCUMOCTh S OT MapaMeTpoB mporecca [22]. YcTaHOBIEHO, 4TO S
3aBHCUT OT COOTHOIIEHHUS MacC MOHOB M aTOMOB IOJUIOXKKH, SHEPTHH MaJaloUIMX MOHOB, SHEPIHMM CBS3U aTOMOB B
MOJUTOXKKe. 33HaueHHs1 Ko PHULMEHTa PACIBUICHHS YpaHa Pa3IMuHbIMUA HOHaMH NIPUBENIEHBI B paboTax [22, 24].
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PacnibuieHne MOBEPXHOCTH TBEPIBIX TEJ, NPU OOJYYEHHHM MX HMOHAMH METaJIOB CTAaHOBHUTCS 3aMETHBIM HpPHU
o6mem dmoence ~10'7 e *. Tpu OunCTKE MOHAMH M3 IUIA3MbI BAKYYMHOI IyrH OOBIYHO 0GECIEUHBACTCS [IOTHOCT
notoka nouoB ~10''-10" mow/(cM*-c). KuneTuueckas SHeprus HOHOB METAILIA IPH 3TOM ONPEENISETCS BEIPAKCHHEM

E; =FEy+ ZeU, 2)
rne Ey — cpenHsisi SHEprysi HOHOB, TCHEPUPYEMBIX KaTOTHBIM IATHOM, Z —KpPaTHOCTb MOHM3AIMH, € AJIEMEHTApHBINA
3apsin, Us — moTeHnuan mojaIoKKy (moreHnuan cMereHus). [lonHeiil ¢iroeHc 00aydeHHs, IpH KOTOPOM 3aMeTeH
3¢ QEKT pacTblUIeHNs] HA MUKPOYPOBHE, IOCTHI'AETCS 32 HECKOJIBKO JIECATKOB WIIM COTEH CEKYH/I.

ITpn GomOapANpPOBKE MOBEPXHOCTH METAIJIOB Hapsily C PacHbUIEHHMEM IOBEPXHOCTH INPOMCXOAWT BHEIPEHHE,
muddysus aToMoB O0MOapIUPYIONIEro METa/Ula M HAaKOIUICHHE WX B NPUIIOBEPXHOCTHOM CJIO€ IOUIOXKKH. B cBsi3m ¢
B3aMMOJACHCTBUEM HOHOB M AaTOMOB TIIOJUIOKKM C OCTaTOYHBIMH Ta3zaMd, AW((QY3HOHHBIMH IIpOIECCaMH B
MIPUIIOBEPXHOCTHOM CJIO€ BO3ZHHMKAIOT METacTaOWIIBHBIE COCOMHEHMS JIETHPYIOIIEH NMPHMECH C aTOMaMH MOIJIOXKKH,
OKCHKapOWugHple coenuHeHns U T. 1. [25]. IIpm mociemyromeM OCaKICHWM TOKPBITHS HA TAaKOH CIOH BO3MOXKHO
OTCIIOGHHE MOKPBITHA OT MOATI0KKHU B MPOIECCe SKCILUTyaTaluy u3zaenus. Io3ToMy uccienoBaHie MpoleccoB HOHHOTO
TpaBJICHUsI, ONPE/ICICHHE TPAHUI] BAXKHEUIINX TEXHOJIOTMYECKUX NapaMeTpoB (aBJICHUSI OCTATOUHBIX T'a30B, SHEPIHU
OoMOapAMpYIOIMX HOHOB, oOmiero ¢uiroeHca OOJydeHHs, TEeMIIEpaTyphbl IIOJIOKKH), IPH KOTOPBIX peaIn3yercs
Ka4yeCTBEHHass OYHMCTKa ITOBEPXHOCTH, BAXKHBI TPH pPa3pabOTKE IPOIIECCOB HAHECEHMs 3alUTHBIX MOKPHITUH Ha
TOIUTMBHBIE MaTepuaibl. Hike puBeeHb! pe3ynbTaThl TAKUX HCCIIEIOBAHUM, TPOBEICHHBIX B XapbKOBCKOM (pH3HKO-
texHudeckoM uHetutyTe (XD TH). Merons! nccnenoBanuii onucansl B [17].

BJIUSTHUE ITAPAMETPOB ITPOIIECCA HOHHON BOMBAPJIAPOBKHA
HA D®PEKTUBHOCTbD PACIIBIVIEHUSA YPAHA

Hecmotps Ha pasHOOOpaswe M CIOXXHOCTh IPOLECCOB, MPOUCXOMAIINX Ha MOBEPXHOCTH OoMOapaupyemoro
MarepHana, IOCISACTBHSA HOHHOTO OOJIy4eHHs MOXHO CBECTH K JIBYM KOHKYPUPYIOIIHM IIPOLECCAM — PAaCHBUICHHUIO
MIOBEPXHOCTH M HAKOIUIEHHWIO Ha Held GoMOapIupyrollero mMarepuaina. B 3aBHCHMOCTH OT TOTrO, KaKOW M3 IPOLIECCOB
ABJIACTCA NPCBATUPYIOIINUM, B UTOT'C Ha6n}o;1aeTc51 YAaJICHUE MOBEPXHOCTHBIX CJIOEB MOIJIOXKKH (CTpaBJ'II/IBaHI/Ie) HUIIn
POCT MJICHKH Ha HEH. I[J'l}l OYUCTKH MOBCPXHOCTHU OT 3aI’pH3HeHHﬁ mnmpouecc pacublICHUA, €CTCCTBCHHO, JOJIKCH 6I)ITI)
npeobianatonuM. Puc. 2 mmtoctpupyeT 3¢ GeKTHBHOCTh PacIbUICHUS ypaHa pa3IuuHbBIMU HOHaMH. [Ipeobianaromum
3¢ EKT pacibUICHUs ISl HCIIOJIb3YEMBIX HOHOB CTAHOBUTCS TP JIOCTIPKEHUH HEKOTOPOTO KPUTHYECKOTO MOTEHIMANA,
IIpY KOTOPOM HaOJII0AaeTCsl HYJI€BOM MPHUPOCT TOJNIIMHEL [IpeBbleHrne NOTeHIMaNa Ha/l €ro KPpUTHUIECKUM 3HaYeHUEM
MIPUBOJUT K MOHOTOHHOMY HapacTaHWIO CKOPOCTH pacIbUICHHS YPaHOBOW IMOUIOKKH. DPQPEKTUBHOCTH PACHBUICHHS
pacTer ¢ yBeIHMYeHHEeM SHEPTUH M MacChl MaJaloluX HOHOB. Tak, pa3inine B pacHbuIiIomell crnocoOHoCTH HOHOB Mo
n Al cocrasisier npumepHo 80—90 % mpu yckopstomem Hanpspkeann 1000 B. Takoe pasznuume 0o0yciiOBICHO HE

TONBKO OTIIMYMEM MAcCCHI, YTO BECbMa CYIISCTBEHHO, HO M CPEIHUM 3apsiioM MOHOB Z : s MonuOaeHa Z =226, a

g amomunus Z = 1,58 [26]. Ilpu 3TOM peanbHas >HEprUsl YacTHII, ONpelesieHHas 1mo ¢opmye (2), cocTaBiser
2260 u 1580 3B cooTBeTCTBEHHO.

v, Ase He meHee BaxHyIO pojib B TpOLECCE OYMCTKH ITOJUIOKKH, 10
CPaBHEHHIO C OHEpPrMed M BWJOM HOHOB, HWIPAIOT BaKyyMHBIC
ycnoBusl. J{nsi OLEHKH BIMSHUS W3MEHEHHMsS JIABJICHHUS OCTATOYHBIX
ra3oB Ha 3(QQEKTUBHOCTb pACHBUICHUS HWMHUTHPOBAlIacCh Teub B
BaKyyMHOH kamepe. Uepe3 HaTeKkaTelb B KaMepy HaITyCcKajcs BO3IYX.
Perymupys HaTekaHme, B KaMepe YCTaHAaBIMBAIM HEKOTOPOE
JaBJICHUE, OTIMYHOE OT MPEICIbHO JOCTHXMMOIO B HOPMAIBHBIX
ychnoBusix  pabotel.  Ilpm  3TOM  peanM30BBIBAINCH  PEKHMBI
«OIMHAMHYECKOTO  BaKyyMa» — HaTeKaHHE  KOMIICHCHPOBAJIOCH
oTKaukoi. [ToBBIIIIEHNE OCTATOYHOrO ABICHUS OT 1107 1o 3- 107 Ta
OPUBOAMT K CHIDKCHHIO 3()(EeKTMBHOCTH pacHbUICHHS YpaHa,
HampuMep, HOHAMW TUTaHa, B 3 pa3a (puc.2, kpuBasJs), a

_30 J J KpUTUYECKUH TMoTeHIuan yeenwmuuBaercs 10 1000 B. Takoe
200 ~600 1000 U, B M3MEHEHHE PacIblUIeHNs] 00YCIIOBJICHO, Ha HAIIl B3VISL, IPEXIE BCETO
Puc. 2. 3aBHCHMOCTh CKOPOCTH KOHJEHCAlid M YBEINYEHHEM CKOPOCTH OKHCIICHHUS MOBEPXHOCTH ypaHa C POCTOM
PacmbUICHHs ypaHa OT yCKOPSAIOMIETo MOTeHIMana  JaBIeHHs BO3JAyXa W 00pa3oBaHHEM COCAMHEHHWH THTaHa C
Ha NOJJIOKKE. KuciopozoM u azoroM. OOa 3tn Qakropa, OCOOEHHO IOSBICHUC
p=10"Tla, J;=2,1 MA/CM?; 1-Mo, 2-Zr, 3~ okcHmHBIX IUIGHOK, NPHBOAAT K CYIIECTBEHHOMY CHHKEHHIO
Ti, 4 - AL, 5 —Ti, p = 3-10™ ITa (reus 5 kamepe) CKOPOCTH DACHbUIEHHs IIOBEPXHOCTH ypaHa [27]. PachbuiurenbHas
CIIOCOOHOCTH TMAJAIONINX Ha IOJUIOKKY MOHOB CHI)KACTCS M3-32 PAacCesHMs Ha Ta30BOM MHIIECHH, INIOTHOCTh KOTOPOH
pacreT ¢ moBbIIeHueM naBieHus. C yBenndeHneM yckopsoriero noreHnuaia 10 1400-1600 B nosBisercs TeHaSHINSA
K 3aMETHOMY CHIDKEHHIO CKOPOCTH PACIBbUICHHS U K HACBIIICHUIO 3aBUCHMOCTH V) = f(U,).
YunThIBasi M3JI0KEHHOE BBIIIE, MOKHO ONPENECIUTh TPAaHWYHBIE YCIIOBHS Ul pealM3ally Ipolecca MOHHOU
ourctkd. C OJIHOM CTOPOHBI, 3HAYCHHE YCKOPSIONIETO MOTEHIIMAIa Ha TIOJIOKKE TOJKHO OBITh O0JbINE KPUTHIECKOTO
MOTEHIIMATa ¥ 00eCleYnBaTh MOCTATOYHYIO (P GEKTUBHOCTD pachbuieHus. C mpyroit — yBenmuenue U, mo 1600 B u

—10t+ 3

=201
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OoJiee B HAIIMX YCIOBHAX OOMOApIMPOBKU HELEIeco00pa3Ho, MOCKOJIBKY ITPU 3TOM POCT 3(PPEKTUBHOCTH PACIIBLICHUS
3aMeUIIeTCs U YCHIMBACTCSl HarpeB IOJUIOXKKH, YTO BEChbMa HEXeNlaTelbHO. PeallbHO, ¢ y4eTOM BO3MOXKHBIX Teuel B
KaMmepy, ra3oBBIJICTICHUS C €€ CTEHOK, C OCHACTKM M 00pabaThIBaeMOH JieTali MOTEHINAN OTPHIATEIBHOTO CMEIICHHS
TIOJUTOXKKH XKeJaTeJIbHO BhIOMpaTh B npenenax 1100—-1600 B.

®U3NKO-XUMHUYECKHE ITPOIECCHI TP NOHHO-IIJIASMEHHOM OBPABOTKE
MOBEPXHOCTHU YPAHA
Cri, at. % OmgarM w3 Hambojiee Ba)XKHBIX MApPaMETPOB, OMPEIEISIONINX
Ka4eCTBO OYKMCTKH IIOBEPXHOCTH IMEepe]l HAHECCHHWEM IOKPBITHH,
- 5 SBJSIETCS  BpeMsi HMOHHOM OYUCTKM MM  TOJHBIA  (hroeHc
0L (3xcno3unonHas jo3a). HMcciaemoBaHue KUHETUKM HAKOILICHHS
TUTaHa BO BPEMs HOHHOM O0MOApIMPOBKH B CIUIABE ypaHa IMOKA3alH,
- YTO COJACPIKAHHEC THUTAHA B IMOJUIOKKE MPAKTUYCCKA CTAHOBHUTCS
TTOCTOSIHHBIM TIPU JTOCTH>KEHUH OIIPEJICIICHHOTO BPEMEHU OOyUYCHUSI.
[pu wManpix  (uaroeHcax  HaOMIOJAaeTCs  POCT  KOJIHYECTBa
HaKOIUICHHOTO TuTaHa. C yBelIHMYCHHEM BpEMCEHH OOJIYYCHHUS
((proenca) HabmrOmaeTcsl CHavYana cTaOMIM3anys KOJMYECTBa TUTaHA
B ypaHe, a 3aTeM ero yMEHbIICHUE U CTA0MIN3alisl Ha OoJiee HU3KOM
ypoBHe. [IpenenbHas 1032 TUTaHA B MOJIOXKKE NOCTHIACT 3HAYCHUS

10

1 | | | | Ow=03,75%£12) 1077 r/em®. Takoe 3Ha4CHHE ITOIHOTO HACHIIICHHS
0 0,1 0,2 0,3 0,4 h, MKM  TIOBEPXHOCTH IIOJUIOKKH JIETHPYIOIIEW IPUMEChIO, YTO, IIO-
Puc. 3. [lpodunu pacnpeiesieHus TATaHA B BHINMOMY, CBSI3aHO C HECTAaOMJIBHOCTHIO BAKYyMHBIX YCJIOBHH B
HOJUIOXKE U3 ypaHOBOro ciiasa YCM NepBbIe MOMEHTHI HOHHOW OYMCTKHM M HAJMYMEM Ha ypaHe OKCHIIHOM

1-T,=20,2-270,3 -350,4-430,5- 550°C  nyenxu, mpensTcTByomel audQpy3un THTaHa B ypaH.

Tak kak 1uy3us MTPAET 3aMETHYIO POJIb B MPOLECCE HAKOILUIEHUS TUTAHA B MOJJI0XKKE, IPEICTABIISET HHTEPEC
UCCIIEIOBAHNE BIIMSHUS TEMIIEPATYPhI MOUIOKKH Ha MPOLECC HAKOTUIEHUS B HEW TMTaHa. B 5TOM cilyuae Temmeparypy
B TEYEHHWE HOHHOW OYMCTKM DETYJIMPOBAIM IYTEM WM3MEHEHHsS COOTHOIIEHUS BPEMEHM OOJNYYEeHHS W Tay3bl B
UMITYJICHOM PEXHMME OYUCTKH. [10JHOE BpeMs MOHHOW OYHCTKH TOJNYYald, CYMMHUPYs JUIMTEIHHOCTH OTAETHHBIX
MMITyJIbCOB.

Puc. 3 WUTIOCTPUPYET POJIb TEMIIEPATYPhl B TIPOLECCE HAKOIUIEHWs] TMTaHa B MOBEPXHOCTH ypaHa. BuiHO, 4TO
TOBBIIIEHUE TEMIIEPATYPHI TIOUIOKKH BIUSET Ha (opMy NpoQuis W TIyOMHy NMPOHMKHOBEHHMS THTAHA B YpaH, 4TO
CBHJIETENBCTBYET O BaXKHOH ponu AU(pdY3HOHHBIX MPOIECCOB MPH HAKOIUIEHAH TUTAaHA B MOMIOKKE. OOmas nos

XapakTep M3MEHEHHUs KOIMYEeCTBa TUTaHA
B NOMJIOXKKE B 3aBUCUMOCTH OT BPEMCHU €€
OYKMCTKU M TEMIIEPATyphbl XOPOIIO COTJIacyeTcs
C pe3yabTaTaMHM TEOPETHYECKHX  OLIEHOK,
MIPOBEJICHHBIX B padorax [28-30].
HccnenoBanne Mop(hoI0ruu moBepXHOCTH
ypaHa rocie HMOHHOTO TpaBJICHUS
MOATBEP)KIACT CYHICCTBCHHYIO 3aBHCHMOCTD
NPOLIECCOB,  MPOUCXOMAIIMX IPU  HOHHOM
OYHCTKE OT TeMIepaTyps! mouoxku. Ha puc. 4
nokasaHa MoOpP(OJIOTHs TNOBEPXHOCTH ypaHa
[OCNIe  OYMCTKH OOMOapIMpOBKOH HOHAMH
THTAaHA TpH cpefHed sHeprum E, = 2,7 k3B,
IIPH Pa3iIMYHBIX TEMIEpaTypax IOMIOKKA U
OJTMHAKOBOM ¢moeHce. Mopdomnorus
IMOBEPXHOCTU CYHMICCTBECHHO H3MCHACTCA C
MOBBILIEHHEM TEMIepaTypbl HOAJIOXKKA. [lpu
KOMHAaTHOM TeMIIepaType Ha0Jro1aeTcs
JIOBOJILHO pa3BHUTasi MOP(OIIOTHS IIOBEPXHOCTH,
JJIEMEHTBl  CTPYKTYPBl ~ ypaHa,  OCTaTKH
B3aMMOJICHCTBYS HOHOB THTaHA C OCTATOYHBIMH
razamu u T1.4. (puc.4a). C TOBBIIICHHEM
TeMIepaTypsl MoaiIoxku 10 ~270 °C xapakrep
MOP(OJIOTMH TOBEPXHOCTH HE IpeTeprieBacT
Pric. 4. MopdoJIorHst IoBepXHOCTH ypana CYIIECTBEHHbIX H3MeHeHuil (puc.46). Taxxe
a— T,=20°C, x5000; 6— T,=270"°C, x8000; B— T, = =350°C, XOpOIIO BHIHA CTPYKTypa ypaHa— «psiOb»,
x8500; T — T, = 400 °C,x13500; 1— T, = 550°C, x13500 MpejCTaBIsomas  Co00H,  MO-BHAUMOMY,
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IUIaCTHHBI O- U Y-(a3 ypana. C MOBBIILIEHUEM TEMIIEPAaTypbl OCTATKOB IPOAYKTOB B3aUMOJEHCTBUS MOHOB THTaHA C
OCTaTOYHBIMU Ta3aMd HaOJIOJAeTCsl TOpa3fo MEHbIIE.. DTO MOXET ObITh OOYCIOBJIEHO MOBBIILICHHEM CKOPOCTH
JIecOpOLIMM MOJIEKYJI OCTaTOYHBIX I'a30B IPH MOBBILIEHHUH TEMIEPATyphl ITOUIOKKHA M yMEHBIICHUEM BPEMEHH JKU3HU
MOJIeKyJI Ha ToBepxHOCTH [31]. BeposTHOCTH B3aMMOICHCTBHS MOHOB C MOJIEKYJIaMH OCTATOYHBIX I'a30B IPH 3TOM
yMmeHbaercst. [103ToMy ¢ HOBBIIIEHHEM TeMIIepaTyphl MOUIOKKH 3()(EKTHBHOCTh OYHUCTKH IOBEPXHOCTH HOHAMHU
THUTaHa HECKOJIbKO Bo3pacraeT. [Ipn nmampHelmieM moBbImIeHHH Temreparypsl 10 ~350 °C xapaktep Mopdomorun
MIOBEPXHOCTH CYIIECTBEHHO u3MeHsercs (puc. 4B). HaOmromaroTcsi OTHOCHTENBHO KpYITHBIE —IE€PUOJUMYECKU
TIOBTOPSIFOLIAECS] «O0pO31BD» ¢ paccTostHneM Mexnay HuMH [~ 1,0 mxm. [TnacTuabl - 1 y-has3sl U Apyrue IEMEeHTHI
paHee HaOIIOZAEMOTO MHUKpopenbeda OTCYTCTBYIOT. Takoe H3MEHEHHE XapakTepa MOPQOIOTHH, MO-BHINMOMY,
CBSI3aHO C BO3HMKHOBEHHEM TOHKOTO CIJIOS C TIOBBIICHHBIM COJCp)KaHWEM THTaHa, NPHUYEM OIHOBPEMEHHO C
M3MEHEHHEM XapaKTepa MOPQOJIOTHH MOBEPXHOCTH HAOIIOJAETCSl POCT MPEAETbHO AOCTIXUMOH 1036l Ilpn cpenneit
temneparype 7, =400 °C ucuezarotr kpymHble 00po3asl (puc. 4r). [loBepXHOCT CTaHOBHUTCS OoJiee OTHOPOIHOM, Ha
Hel HaOmomaeTcss MHOXECTBO SMOK pasMepoM okoio 1,0 MkM. OHM pacronararoTcsi BIOJNb TEPUOIUYECKU
MTOBTOPSIONINXCS JTHHAN ¢ paccrosaneM Mexay Humu 0,5-1 mxMm. [Ipm 550 °C u yBemudeHHH TOIHOTO (hiroeHca
00JMy4eHHs TPAKTUIECKA WCUE3al0T BCE IEPHOAMYECKHE CTPYKTYpol (puc.4m). Ha moBepXHOCTH TOMIOKKA
HAOIIOAAI0TCS MUKPOCTPYKTYPBI M MUKPOBKIIOUCHHS 0€3 KaKuX-TH00 MepHoamdecKkux obpasoBanuii. [lo-Buammomy,
MMOBEPXHOCTD MPEACTABIISIET CO00H KBa3naMOP(MHBIHA CII0il HHTEPMETAIUTHAHOMN (a3bl.

OBouto1rss MOP(OIIOTHH TIOBEPXHOCTH COINIACYETCS C pe3yJIbTaTaMHu, IOJYyYSHHBIMH TIPH MCCIIEA0BAaHUH COCTaBa
MIPUNIOBEPXHOCTHOTO CJIOS ypaHa BO BpeMsi MOHHOM OouMcTKkW. Hauano cyliecTBEHHBIX M3MEHEHHH B MHUKpopeibede
TIOJUTOYKKH COBIIaaeT ¢ HayasioM An((Gy3MOHHOTO B3aMMOJICHCTBHS TUTaHA C YPAaHOM U IIPOUCXOIMT TIPH TEMIIEpaType
noanoxkku Beiie 300 °C. DTo CBUAETENBCTBYET O TOM, YTO BO BpPEMsS MOHHOTO TPABJICHUS HapsAIy C paclblUICHUEM
TIOJUTOYKKH TPOUCXOJUT JITUPOBAaHHE ITOBEPXHOCTHOTO CJIOS ypaHa TUTaHOM C 0Opa3oBaHWMEM HHTEPMETaJUINIHOU
(1)21351.

Puc. 5. MukpocTpyKkTypa NoBEpXHOCTH Puc. 6. Mopdomnorust moBepxHOCTH ypaHa
a — xocoii g (x500) a — moclie UCX0IHOM 00paboTky (nurdoBku), perutuka (x5000);
6 — obpasua ypawa mocie OOMOApIMPOBKM HOHAMH G — mocne OOJMydeHHs HWOHAMH THTaHa C dSHeprueil E, =2,7 k3B,
TUTaHa npu Ei = 2,7 K3B, Tn =400 °C (X400) Tn =20 OC’ perumKa (XSOOO)

Mertammorpadgudeckue HCCICHOBAaHUS TOBEPXHOCTHOTO CIIOS  ypaHa IIOcie HOHHOH —OoMOapInpoBKH
MTOITBEPKAAIOT ATO 3aKiroueHue. Ha puc. 5 mpencrasnena Mukpogdororpadus kocoro numda odpasna u3 ypaHa mocie
HMOHHOW OYMCTKH TIpH TemuepaType momioxkkn ~400 °C. Habmogaercss mpunoBepXHOCTHBIN cliod s < 1 MKM, IpudeM
mpujieraiomas K HeMy CTpPyKTypa ypaHa OTJIMYaeTcsl OT HCXomHoW (Oomee rimyOoko iexamieii). MHUKpOTBEpPIOCTH
MIPUIIOBEPXHOCTHOTO ci10s1 coctapisieT 4,6—4,8 I'Tla; nns ypana xapakrepHo 3HaueHue 2,9-3,6 ['Tla.

U3 puc. 6 crnemyer, 4To B TNEpBble MOMEHThI HOHHOM OYHMCTKH IOBEPXHOCTh IIOKPBHIBAETCS JOCTATOYHO
OJTHOPOJHOMW TIIJICHKOMW, COCTOAIIEH, MO-BUIUMOMY, W3 COEAMHEHHWH THUTaHA C MOJIEKYJaMH OCTAaTOYHBIX Tra3oB (B
OCHOBHOM, M3 KapOOHHTPHUAHBIX coeiuHeHWi TtuTaHa [32]). Menkue Bkmo4eHus, (puc.60), ¢ XapakTepHbIMHU
pasmepamu okono 0,2 MKM, BKJIIOYEHUsS] HaONIOAAINCh IIPU BCEX PEXMMAx HOHHOM ouncTKH. [lo-BHaMMOMY, OHHU
MIPEACTABISIOT CO00I KapOWIHBIE BKIIIOUEHHS, CO/ICPXKALIMECs] B UCXOJHOM METalJIE W MPOSBISIONINECS IPU HOHHOU
ourcTke. Pe3ynpTaThl MO WCCIEIOBaHUIO MOPQOIOTHH TOBEPXHOCTH B 3aBUCHUMOCTH OT BpeMeHH (dirroeHca)
OOJIydeHHsI COTJIACYIOTCS C pe3yibTaTaMM, IOJyYCHHBIMH IIPH MCCICAOBAHUM KHHETUKH HAKOIUICHHWS THTaHAa B
TIOJJTOXKKE, T7Ie OBLIIO OOHAPY>KEHO PE3KOE MOBBIIICHHE KOJIMYECTBA TUTAHA B ITOJUIOKKE H MTOBBIIICHNE TTOBEPXHOCTHON
KOHILIEHTPAIIMK THTaHA B IEPBbIE MOMEHTHI HOHHOH OYHCTKH.

OO0pazoBaHne TPyIHOPACTIBUIIEMON IUICHKHM TPH HMOHHOM OYHCTKE CBSI3aHO C Jerasalueil Karoaa, oOpaslos,
OCHAaCTKH BaKyyMHOW KaMepsl. B ciaydae Hammuus B BaKyyMHOH KaMepe Te€4M TakKas IUICHKAa MOXKET 00Opa30BBIBATHCS B
TE4YEHHE BCEro BPEMEHH MOHHOIM OYHMCTKH, YTO MPUBENET K YXYIIICHUIO aAre3ud MOKPBITHS K MoJoxkKe. [loaTomy
BaKyyMHbIE YCJIOBHsI BO BPEMsI HOHHOW OYMCTKH SIBJISIOTCS BO MHOTOM OTBEYAIOIIUMU 32 3((PEKTUBHOCTh OYHCTKH U
aAre3uIo MOKPBITHS K nojutokke. Ha puc. 7 moka3aHa 3aBUCHMOCTE CKOPOCTH TpaBJICHHS CIIIaBa ypaHa MOHAMU THTaHa
OT CpeIHEro JIaBJIEHUs B BaKyyMHOI KaMepe BO BpeMs HOHHON ouuCTKH. C yXyAlleHneM BaKyyMHBIX YCIOBHH, Aaxe B
OYEeHb HEOOJNIBIINX TpejeiaX, HAOII0JaeTCsl Pe3Koe CHIDKEHHWE CKOPOCTH TPABJICHUS MMOBEPXHOCTH IOJUIOKKH. JTOT
pe3ysbTaT COTIacyeTcsl C JaHHBIMH, IMONyYeHHBIMH aBTopamu paboTel [33]. B a3To0#f paboTe moka3aHO, YTO IpH
YXyIIIEHUN BaKyyMHBIX YCJIIOBHH TOUYKa HYJICBOTO ITPHUBECAa Ha KPHBOHM OCAKICHHUE—PACIIBIJICHUE IOUIOKKH U3 CTaln
X18H10T capuraercs ¢ —600 B (ipu p, = 1,3 -10~° ITa) g0 —1500 B (11pu py = 2,6 <10 [1a). Takoe CHUKEHHE CKOPOCTH
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TpaBﬂeHI/Iﬂ o6ycn03neHo CHUXCHUCM KHHCTMH@CKOﬁ 3Hepr1/11/1 nagarouimx UOHOB HpI/l B3aMMOﬂeﬁCTBHH C yaCcTuuamMmm
raza ¥ C U3MCHCHHEM COCTaBa MOBEPXHOCTH — OOpa30BaHMEM Ha HEW OKCHIHBIX, HUTPHUIHBIX I KapOWIHBIX
COEeIUHEHNH TUTaHA.

Vips I\I/IKM/‘{ Cr, at. %
7
60
8 -
40
4 L
20
‘ I \'\
0 1 2 p, mlla I ! !
0 0,05 0,1 0,15 h, MKM
Puc. 7. 3aBucumocts ckopocTu Tpasnenus (Vy,) casa YCM Puc. 8. [lpodunm pacnpeneneHns TATaHA B TIOAJIOKKE U3 ypaHa
MOHAMH THTaHA OT JIaBJICHUsSI BO BpeMsI HOHHOW OYUCTKH NPH ocJIe MOHHOM OYUCTKHU TIPH E[ =2,7x3B, T, =350°C

E =2,7xB,J, =24 Alem® 5 R
! 1 — orcyrcrBue Teun, p < 1,6 - 10~ Ila; 2 — teup, p= 1,6 - 10—

1,1 -1072 a

HccnenoBanne NpoQuisi pacrpeneieHns] THTaHa B IIOJUIOKKE W3 ypaHa IMOATBEPAWIM BBICKA3aHHBIC BBIIIE
MIPEIIOJIOKEHHS O HAKOIUICHUH 3HAYUTENIFHOTO KOJIMYECTBA THTAHA HA TIOBEPXHOCTH MOIJIOKKH IPH HOHHOH OYHCTKE
B YCIOBHAX IUIOXOro Bakyyma. Ha puc. 8 mokasansl npo¢unu pacnpeneieHus THTaHa B IOJJIOKKE W3 ypaHa,
oOpa3zoBasiiMecs B Ipoliecce HOHHOI 00MOapIMPOBKH MIOBEPXHOCTH B PA3IMYHBIX BaKYyMHBIX YCIIOBUsX. BuaHo, 4yto
C YXYALIGHHEM BaKyyMHBIX YCJIOBHH PE3KO BO3PAcTaeT COJIEpKaHHE TUTaHA Ha MOBEPXHOCTH IMOJUIOKKH. [Ipu aTOoM
BBICOKAsi KOHLICHTPAIMsS THTAHA B MPUMOBEPXHOCTHOM CJIOE€ OCTAeTCs MOCTOSHHOMN 10 riy6uHbl 2 ~ 1000—1500 A, a
3areM najaer A0 Hyis. [Ipu Hanu4yMu Teun B BaKyyMHOM KaMmepe Ha MOBEPXHOCTH IMOJUIOKKH (OpMHUpYETCs IUICHKa,
KOTOpasi, MO-BUANMOMY, COCTOMT U3 OKCHHUTPHIHBIX coeAnHeHWil Ti M BO3HMKaeT B IMpPOLECCE MOHHOW OYMCTKU
BCJIEACTBHE 00pa3oBaHKs coeAnHEeHui Ti ¢ OCTaTOYHBIMU Ta3aMH U MPOIECCOB CEJIEKTUBHOTO TPABJICHHS MOJIOKKH,
KOTJIa CKOPOCTH pacIbUIEHHsI OKCHIOB M HUTPU/IOB TUTAHA 3HAUYUTEIBHO MEHBIIIE, YEM YHCTOTI0 YpaHa.

YMeHbIIeHHE CKOPOCTH TPaBJICHUsS M 00pa30BaHME HA MOIJIOKKE TPYAHOPACHBUIAEMBIX COCIUHEHHUH OCTaTOYHO
MOJIHO paccMOTpeHo B paborax [34,35]. B aTux paboTax Uil XapaKTepHCTUKH HAaOIIOJaeMOro SBJICHHS BBEACHA
Oe3pa3MepHasl BEJMYMHA «IIapaMeTp TPABICHHSI» WM «OTHOIICHUE 3aMEIICHHUs», ONpeaensieMas Kak OTHOIICHHE
CKOPOCTH TIOCTYIUICHHS MOJIEKYJl XMMHYECKH aKTHBHOI'O ra3a Ha IOJJIOKKY M CKOPOCTH YHAJICHHS MarepHana C
TIOJIOXKKH:

R= fm = 4,67 -10*

[pacn.MaT ( M s T

ra3

Ze
praB (3)

1 b
—J.S
)5

TA€ Pry; — JABJICHHE XUMHUYECKH akTUBHOro rasa, Ila, M., — macca monekyn rasza, T.,,— TemmepaTypa rasa, J;—
IIOTHOCTh HOHHOTO TOKa, A/cM’, Z — cpeHuii 3aps HOHOB (JU1s HammX ycrnosuit Z = 1,8), e — 3apsan snextpona, Ki,
S — nHTErpaIbHBIA KOA(QQUIUEHT paclbUIeHHS TOBEPXHOCTH HOAIOKKH.
S [TapameTp TpaBieHUsI XapaKTepU3yeT OamaHC MEXITy
OJTHOBPEMEHHO MIPOTEKAIOIIMHA Ha TIOBEPXHOCTH
IpomeccaMy aacopOIny Ta30B W MPOLECCAMH PaCIbUICHHS
MaTepuana MoAI0XKKHA. MOJIEKyIbl aKTUBHBIX Ta30B, ONagast
Ha MOBEPXHOCTh IOJUIOKKH, XEMOCOPOMPYIOTCSI HAa HEH U
e 0o0pa3yroT ¢ aromMamu (MOHaMH) THTaHa XHMHYCCKUE
COE/IMHEHUSI, UMEIOIINE HU3KHIA KOA(DPHUIIUCHT pacibUICHHS.
—————— OTO NpPUBOJAMT K H3MEHEHHI0 COCTaBa IOBEPXHOCTH
1F MOJUIOKKH ¥ CHIDKCHHIO HHTErpaibHOro Ko3(h(duIeHTa
pacmsiieHus. Ha oBepXHOCTH MOAJIOKKH Yepe3 HEKOTOpoe,
| | JOCTaTOYHO KOpPOTKOE, BpeMst yCTaHaBIMBACTCS
107 107" 10° R OmpererneHHoe coJiep>kaHue TPYAHOPACHBUIIEMBIX
COCIMHECHUH THWTaHa, 3aBUCSIIEE OT CKOPOCTH OOpa3oBaHMS
Puc. 9. 3aBucuMoCTS HHTErPANBHOTO KOIPHIHEHTa STHX COCOMHEHUH (CKOPOCTH IMOCTYIUICHHS Ha MOBEPXHOCTH
pacrbuIeHHs (S) TOBEPXHOCTH YpaHa OT OTHOICHUS MOJUIOKKH AaKTHBHBIX Ta30B, T.€. OT MX JaBleHHsA) H
sauemenns (R) mpi OHHCTKE HOHAMH THTAHA COOTHOIIGHUS MEXKAYy CKOPOCTBIO PACHBUICHHS  3THX
COEMHEHUH M CKOPOCTBIO PACHbBUICHHS MaTepualia IOIUIOKKH, T. €. OT Si/S,, rae S; — kodpduuueHT pacrubuieHus

0
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HNOMJIOKKH ypaHa, a S, — KOI()(OULUUEHT paclbuleHus] coeluHeHui TuraHa. Ha puc. 9 mnokazaHa 3aBHCHMOCTh
MHTETPAJIBHOr0 KOA(p(QUIUEHTa PACHbUICHHS TOBEPXHOCTH ypaHa (S) OT OTHOLIGHUs 3aMelleHus] R NpH OYHCTKE
MMOBEPXHOCTH ypaHa MOHAMH THUTaHa CO cpeaHel sHepruer E;= 2,7 kaB B atMocdepe ocrarouHbix ra3os. [Ipu Hu3KOH
CKOPOCTH TIOCTYIUIEHHsSI MOJIEKYJl aKTUBHBIX TA30B Ha MOBEPXHOCTh ITOJUIOKKM (HH3KHE 3HAueHMsI R WM JaBJICHUS
OCTaTOYHBIX Ta30B B BaKYyMHOH KaMepe) CKOPOCTb 00pa30BaHMs COSIMHEHWH THTaHAa OYEHb HW3Ka, a MHTETPAIbHBIN
KOX(QQUIHMEHT pacmbuleHUs ypaHa woHamu TuTaHa (S;~ 3,0) moctarouno Benwk. C TMOBBIIICHWEM 3HadeHWS R
(yXynmeHue BaKyyMHBIX YCIOBHH WM CHW)KEHHE IUIOTHOCTH HOHHOTO TOKA) WHTErPalbHBIA KOI((QHUIUEHT
pacmbUIeHHs yMEHbHIaeTcAd. OTO CBSI3aHO C TEM, 4YTO YacTb IIOBEPXHOCTH TOAJOXKKHA (0) MOKpHITA
TPYAHOPACHBUIIEMBIMU COETMHEHUAMH TUTaHa ¢ KoddduipenTom pacusuieHns S; = 1,3.
WuTerpanpHbIi KO3QQUIEHT pacubUICHHS S COOTBETCTBEHHO JUTSA UCCIEAYEMOTO CITydast PaBeH:

S=aS +(1-a)s;, 4

I7ie Ol — 9acTh NOBEPXHOCTH, 3aHATAs XMMCOEIUHEHUSAMH TUTaHa. C yBeIHMUEHHEM 3HaueHHs R 4acTh NMOBEPXHOCTH,
HOKPBITOH COCMHEHHUSMH THUTaHA, pPAcTeT, W HWHTErpajbHbIH KOI(QOHUIMEHT pacnbuieHus cHikaercs. Korma R
JIOCTaTO4HO BeNMuKo (R >R, = 1,6) (I1oxue BaKyyMHbIE YCIOBUS U HU3Kas IUIOTHOCTh HOHHOTO TOKa) BCS MMOBEPXHOCTH
HOJJIOKKH TIOKPBIBAETCS COENUHEHMSIMH TUTaHa (o~ 1) WM WHTerpajbHbId KOA(PQUIMEHT paCHbUICHHS CTAaHOBHUTCS
paBHBIM KOA(Q(UIIHEHTY pacibUieHHs coeinHeHui Turana (S =S, = 1,3) u B JanpHelIIeM yxe He H3MEHSIETCS.

@®OPMHUPOBAHUE IMEPEXO/JHOM 30HbI MEX/Y OCHOBOM U IOKPHLITUEM
H TTla YcraHoBneHo, 4yTO ¢dopmupoBanue muddysrnonnon
MEPEeXOAHON 30HBI MEXOY MOKPBHITUEM U IMOMI0XKKONW HAUYMHAETCS
YK€ B IPOIecCe OYUCTKU €€ TOBEPXHOCTH HOHHON 00MOapIpOBKOM
nepen ocaxkeHueM MoKpbITUs. [Ipu TemepaTtype mOJI0KKHU CBBIIIE
300 °C (1s THTAaHOBOTO TOKPHITHS Ha YpaHE) B Ipollecce NOHHOM
O00MOapIUPOBKHA  CTAaHOBUTCS 3aMETHOH  pOJIb  TEPMHYECKOM
muddy3un. IIockompKy IpH BAKYyMHO-TyTOBOM HOHHO-TIAa3MEHHOM
OCaXKJICHUU MOKPBITUS OUYNCTKA MOHHBIM PACHBUIEHUEM NEPEXOIUT B
CTamuI0 KOHICHCAIMM ©Oe3 Tay3bl, IEepBBIE CJIOM IOKPHITHA
dbopmHupyrOTCS TpH 00jee BBICOKOH TOCTUTHYTOM B MpoIlecce
OYHCTKM TEMIIepaType, 4YeM IMOCIEeIyIOIUe CJIOH, OCaXKICHHBIC
nocie crabwiaM3anuu  Temmeparypbl. [Ipy  3TOM  BO3MOXXHO
nanbHeimee 1uddy3noHHOE B3aUMOJICHCTBHE PACTYILETO MOKPBITHS
C ypaHOBOI mojoxkoil. Bee 3Tu mpoueccsl MOTyT 3aMETHO BIIUSTH
Ha CTPYKTYpy HEPEXOJHON 30HBI MEXIY MOKPHITHEM U IOJJIONKKOI
PaccTosiHIE OT MOBEPXHOCTH TTIOKPBITHSI U, CII€JI0BAaTENIbHO, HA 3alIUTHBIE CBOICTBA MOKPHITHA. B 3T0M CBSI3M
MIPEACTABIISETCS eIeco00pa3HBIM OLICHUTh BO3MOXHbBIE
Tutan B3aUMOJICHCTBUSL ypaHa C OCaXJAacMbIMM MaTepuajlaMd B HalIUX
YCIOBHUSX.

| YpaH HccnenoBanme ocymiecTBiIsuid Ha oOpasmax u3 ypana. Jlns
e e T T ] | OCaXIECHHUS TOKPBITHIA HCTIONB30BaJIH HEOXJIaX TaeMBII
\&\ \\m MOJUTOXKKOJIEPIKATENb ¢ KOHTPOJIEM TEMIIEPATypbl  0OpasIoB.
T Temneparypa NOAJI0KKH MPU OCAXKJIECHUU MOKPHITUI MOCIE MOHHOU
150 MM | ~ \ OYUCTKH JIOCTATOYHO OBICTPO CTAOWJIM3HPOBAIach M OCTaBajach
— NnocTosiHHOM Ha ypoBHe 175-200°C B TedyeHHE BCEro BPEMEHHU

Ipoliecca OCaKICHUS MOKPBITHIL.

Pric. 10. Cxema cetenns 06pasia ¢ THTAHOBHIM B o0Opasmax Mexay NHOKpHITHEM M OCHOBOW HabromaeTcs
ITOKPHITHEM H COOTBETCTBYIOIIETO PACTIPEICTCHHS Tepexo/JHasl 30Ha TOJIIUHOK /2 < 1 MKM, IpuyeM B TIpHIIETaronmen K
3HaYeHHs MUKPOTBEPAOCTH (HAarpy3Ka Ha HHAeHTOp  HEH 00JacTH ypaHa ero CTpYKTypa OTJIMYaeTCsl OT UCXOIHBIX, Oojee
20 I'): I — moBepxHOCTH MOKpHITHUS; 1] — 30Ha KOCOTO nIyOOKO — JIeXKAaIMUX — CIOoeB.  XapaKTePHBIMH  OCOOCHHOCTSIMHU
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ceueHUs NOKpeITHS; I11 — ci1oit HHTepMeTaIiza; MHKPOCTPYKTYPBI ~ HOKPBITHS  SBIICTCSI  BBICOKAas  IUIOTHOCTH
IV — nepexonnbiit Cg’“ (MHTepMETaNINA-YpaH); MHKPOIIOp, pa3Mep KOTOPBIX YBEIWYUBACTCS K IIOBEPXHOCTH
— ypan

MOKPBITHSA, XOTS IIOTHOCTh IOP YMEHbIIAeTcs. MHUKpPOTBEPAOCTh
TUTAHOBOT'O TIOKPBITUS YMEHBIIACTCS K TPAHHUIIE pa3zesia MOKpeITHe—TomIoxkKa (puc. 10).

B obnactu mepexomHON 30HBI OOHAPY)KWBAeTCS CIOH TONIIMHOW A ~ | MKM, MHKPOTBEPIOCTH KOTOPOTO BEIIIIE
3HAUYEHWH, XapaKTepHBIX I ypaHa. B mpmieraromeil K 3TOMy CJI0I0 30HE 3HAUYE€HHE MHKPOTBEPIOCTH B IIpeenax
MOTPEIIHOCTH M3MEPEeHHUH COBNAJaeT C €€ 3HaueHWeM B Oojee IIyOOKHMX CIOSX ypaHa, XOTs OOHapyXHuBaeTcs
TCHACHIHNA K YMCHBIICHUIO CPEAHCKBAAPATUYHBIX OTKJIOHECHUM 3HAYCHUS MUKPOTBEPAOCTH.

SHCKTPOHHO-MHKpOCKOHI/I’-IeCKI/Ie HUCCICA0OBaHUA (HByXCTyHeH‘IaTbIe IJIATUHO-YTJICPOAHBIC PEIUIMKU, CHATHIEC C
MMOBEPXHOCTH KOCOTO CeueHMsi oOpas3la ypaHa C THUTAHOBBIM IIOKPBITHEM) IO3BOJIMUIM HAOJIONATh OCOOEHHOCTH
MHUKpPOCTPYKTYpbl Ha Oosee ToHkoM ypoBHe (puc. 11). Kak ykassiBasmocs Bbimie, mokpsitie (3oHa Il Ha puc. 10)
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o0J1aaeT MEJIKOAUCIICPCHON CTPYKTYPO#i C BBICOKMM YPOBHEM IUTOTHOCTH MHKpomop (puc. 11a). Cioi moa mokpeiTHEM
(3oHa III Ha puc. 10), BeposiTHEe Bcero, npejcTaBisieT co0ol nTepMeTauInIHOe coeanHenne. Ero MUKpocTpyKTypa Ha

Pa3HbIX  y4dacCcTKax Ha6J'HOﬂeHI/I${ pa3janvHa. Ha

TpaHMIle pa3lelia MOKphITHe—HMHTepMeTauy  (puc. 110),

O00OHapy’>KMBAETCsl BBICOKasl IJIOTHOCTh MHKPOIOp, TaKMX KaK B CaMOM IIOKPBITHH, a Takxke Ooiee KpymHbIX. Croi
HMHTEPMETALTH/IA ITOKPBIT CUCTEMOI MUKpoTpernH (puc. 11B).

P
i @c“‘ .- Pod # <

Puc. 11. MuUKpocTpyKTypa pa3IndHbIX Y4aCTKOB KOCOTO CEYeHHUs 00pasia u3

Ha rpanmme c ypanoMm BciieacTBHe
MEXaHUIECKOTO g oBaHus pu
MOJTOTOBKE obpasia MIPOUCXOIUT
XpYIIKOE pa3pylleHHe, BUAHBI CKOJNBI U
oTcioeHne uHTepMetamuaa (puc. 11r).
[lpn »>TOM MOXHO HabmIOAaTh, Kak
CTPYKTYPHBIE OCOOEHHOCTH, TPHUCYIIHUE
ypaHy, HaCJIEAYIOTCS U PACTYIIUM CIIOEM
HHTEpMETAIHAa. | paHuIBl pa3opHeH-
THPOBAHHBIX OJIOKOB (3epeH) ypaHa MOTYT
OBITH OYaramMm pa3pymIeHUs,, OTCIOCHUS
uaTepMeTauuaa  (puc. 11m).  Iprote-
rafonas K MHTEPMETAIUTULY IepexXOmHas
30Ha HWHTepMeTauA-ypaH (3oHa IV Ha
puc. 10) oTnugaercs Mo MHKPOCTPYKType
(puc. 11e) ot OGonee TIyOOKO JICKAIIUX
cJI0€eB ypaHa (3oHa V Ha
puc. 10;MuKpocTpyKTypa — Ha puc. 11x).
Paznnume 3akmiovyaeTcs B HMCKaKEHMH,
N3MEHEHUN JJIEMEHTOB UCXOJHOM
MHUKPOCTPYKTYPBl ¥ B HAJIMYHH BBICOKOH
IUIOTHOCTH BBIACNEHUH BTOpOH  (hazsr

(BO3MOXHO TOp WJIM  COCOUHCHHH)
(puc. 11e).
W3  mnpuBeneHHBIX  pe3yiabTaTOB

CJIEIyET, YTO MPU OTHOCHUTENILHO BBICOKHX
TeMmIepaTypax MOMJIOXKKH B IIpolecce
HOHHOW OYHMCTKH U OCAKICHUS MEXIy
MOKPBITHEM W OCHOBOW (hOopMHUpYeTCs
UHTEPMETAUINIAHBIA  CJIOM,  KOTOPBIH
o0ecreunBaeT BBICOKYIO aJAre3uro, HO
SBIIICTCA  XPYINKHM COEAMHEHHEM, B

ypaHa ¢ TIOKpBITHEM U3 THTaHA

T,=430°C (x14000): a — mokpeiTHe; 0 — 30Ha MepexoJa IOKPHITHE —
WHTEPMETAJUINA;, B — U HTEPMETAUTHI, T — TPaHUIla pa3jieiia HHTePMETAIUTUA —
ypaH; Il — CIUIaB y TPaHUILBL; € — [IepexX0oHas 30Ha HHTEPMETAUIUA — YPaH; K —

KOTOPOM T€HEPUPYIOTCS MHUKPOTpPEIINHBI,
MOTYIIHE TIPUBECTH K  OTCIIOCHHIO
MOKpBITHS. Hamumume Ha TOBEPXHOCTH
MOJJIOKKH TOJCTBIX OKCHIHBIX CJIOEB

yPpaH BJalii OT TPaHUIIbI Pa3fena MOKPBITUE - MOAT0XKKA

¢, B

-0,5

0,5

6

1,0 | | | |
107 107 10 10° J, wA/em’
Puc. 12. Ionspuzaunonnsie kpusbie Ti

MTOKPBITHH, ToJTy4eHHbIe B pacTBope NaCl-
3%: T,=293 K, U, =0(1),—100 B (2),
—200 B (3); T,=673 K, U, =—50 B (4),

—100 B (5); «mpyTroBbiit» Tutad (BT1) (6)

JIOJDKHO 3aMEJUINTh TIPOLECCHI, MPUBO-
e K 00pa30BaHUIO MHTEPMETAN-THIHOTO CIIOSA, WIM BOOOIIE Ipe-
MATCTBOBAThH €T0 00Pa30BaHUIO.

Meraorpadpuryeckue HCCIEIOBaHUS O00pa3loB C TUTAHOBBIM
MOKPBITHEM JIAIOT XOPOILee COBMAACHHE C Pe3yJbTaTaMU UCCIIEI0BaHUI
COCTaBa M CTPYKTYpBI IIPUIOBEPXHOCTHOTO CJIOSI ypaHa Iocjie WOHHOMN
ouncTtku. MoHHas ouucTtka mpu TemmepaType noioxku 71, > 300 °C
npuBOIUT K QopmupoBaHuio TU(Qy3NOHHOW 30HBI, JaIbHEWIINE
SBOJIOLMH KOTOPOH, TMO-BHIMMOMY, IIPOMCXOMAT TIPH OCAXKJICHUU
MOKPBITHS (32 BpeMst OCThIBaHMsI 00pasla OT TeMIlepaTyphl, JOCTUTHYTOM
BO BpPeMsI HOHHOM OYHCTKH, 10 TeMuepaTypsl 175—200 °C, npu koTopoit
MIPOUCXOIUT OCAXKICHUE MNMOKPBHITHH). OO0 3TOM CBHIETENBCTBYET TOT
(hakT, yTO HabNMFOIAEMBIE TITYOWHBI TPOHUKHOBEHUS T1 B ITOAJIOKKY TIPH
WOHHOM oumcTKe (puc.3, kpuBas 3 u 4), HECKOJIBKO MEHBINE, YeM
HaOmofaemast TP METALIOTPa(QUUECKUX HCCICJOBAaHMAX TOJIINHA
MHTEPMETAUIMIHOTO CJIOSI W 30HBI ypaHa C M3MEHEHHOH CTPYKTypOH.
[TockonbKy TONIIMHA MHTEPMETAJUTUIHBIX CIOEB HAXOJHUTCS Ha Tpelele
4yBCTBUTEIBHOCTH METAIIOrpa(uuecKix MU3MepeHH, BO3MOXKHA TOJIBKO
Ka4yeCTBEHHasl OLIEHKA UX TOJIIIUHEI.
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HOﬂy‘ieHHble JaHHbIE HE IMO3BOJJIAIOT AOCTATOYHO KOPPEKTHO pasiC/iuTh BJIUIHUC HOHHOM OYHUCTKH H
MOCIIEAYIOIEr0 OCAX/CHUS TOKPBITHH Ha mpouecc (HOPMHPOBAHUS IIEPEXOJHON 30HBI, HO JAalOT BO3MOXKHOCTBH
MIPEATNONIOKNUTh, YTO (OPMHUPOBAHUE TEPEXOAHONW 30HBI TPOJOIDKAETCS M B IPOIECCe OCAKACHHUS IOKPHITHH. O
3aMeTHOH poiu AU (GY3MOHHBIX TPOLECCOB BO BPEMS OCAXKICHHS IIOKPHITHH CBHIETEIBCTBYIOT HW3MEHEHHMS
MHKpPOTBEPJOCTH TI0 CEYEHHIO 00paslla ¢ THTAaHOBBIM IIOKPBITHEM, IpeicTaBleHHbIe Ha puc. 10. AHamormuxoe
CHIDKEHHE MHKpPOTBEPAOCTH THTaHA BOJM3M TPaHUIBI pa3/iesla MHTEPMETAUIMA—TUTAaH, CBA3aHHOE C Pa3BUTHEM
MHUKPOIIOPUCTOCTA B THUTaHE, HaOmromaimm aBTOPHI paboTel [36] mpum umccnemoBanmu muddysmu B mape Ti—-U. Oto
pa3BuTHE TOpUCTOCTH ObUTO BBI3BaHO B3amMHON muddysueit Ti B U u U B Ti u cBA3aHHBIM ¢ 3TUM 3P HEeKTOM
Kupkennana. OGHapyx)eHHe aHAIOTMYHOTO 3(dexra B AaHHOW paboTe MOCTATOYHO yOEAWTENBHO MOATBEP)KIAET
cymiectsoBanue B3aumHO#N quddysuu Ti B U u U B Ti, KOTOpass MOXKET MPOUCXOAUTH TOJIBKO B MPOILECCE OCAKICHHUS
HOKpLITHfI. IloBbIIICHNE IOTHOCTH MUKPOIIOp Ha I'paHUIIC pa3aecjia TATAH—MHTEPpMETAIUIN/, CBA3aHHOC, ITO-BUAUMOMY,
¢ B3aumHoit auddysueit Ti n U, HaknagpiBaeT HEKOTOPbIE OTPAaHMYEHUSI HA TEMIIEpaTypy HNOAJIOKKH IPH OCaXKICHUH
MOKPBITHH. JleiCTBUTENBHO, B Cllydae MHTEHCUBHOM B3auMHOW an¢¢y3un Ti u U, MIOTHOCT MUKPOIIOp HA TPaHUIIE
paszena MOXeT JOCTHrarh OonbmMX 3HadeHWH. CyliecTBOBaHHME BBICOKOHW IUIOTHOCTH IOp Ha TpaHMIE pasziena
SIBJISIETCS TONIOJIHUTENIBHBIM «(akTOpOM PHCKa», CIIOCOOCTBYIOIIMM 00pa30BaHUIO MUKPOTPEIIMH W OTIIEIYIINBAHUIO
TIOKPBITHS B ITPOIIECCE IKCILTyaTaluH.

[Ipr moHMXEHUN TEeMIIEpaTyphl MOIIOKKHA BO BpeMsi MOHHOW OYMCTKH W OCaXIeHHs MOKphIThit Himke 300 °C
TepMoan(Py3NOHHBIE TPOLECCHl NMPAKTHYECKH ITOJABICHBI M MEXIy ITOJUIOKKOW M ITOKPBITHEM HE IPOHUCXOANT
(opMHpOBaHUS WMHTEPMETAUINAA W 30HBI ypaHa C M3MEHEHHOHW MHKpOCTpYKTypoil. He Habmomaercs Taxke
(opMHpOBaHHE TOPHCTOTO CIOS B THTAHOBOM IIOKPBITMM HA TPaHHUIE pasfela MOKPBITHE—TIOUIOKKA, YTO
JIOTIOJIHUTENBHO TOATBEPXKIAET cyliecTBoBaHME d(dekra KupkeHnana mpu OCakACHHM TUTAHOBOTO IOKPHITUS Ha
ypaHe B ycnoBuax IudgQy3noHHOro B3auMoaeiicTBUs TuTaHa U ypaHa. Ho mpu 3ToM Ha rpanune pasznaena Gpopmupyercs
KBa3MaMOp(GHBIN €0, MeXaHH3M 00pa30BaHUS KOTOPOTO HE COBCEM IMOHATEH. BO3MOXXHO, OH mpencTaBisieT coboit
MeractabminbHoe coenuHenue Ti 1 U, Bo3HMKarollee B pe3ysibTaTe HOHHOTO INMEepeMEIIMBaHUS B NEPBbIE MOMEHTHI
OCaXJECHUSI TOKPBHITHH, a BHYTPEHHHE IIOBEPXHOCTH pasjena, HaOlloJaeMble B CJO€, NPEACTABISIOT coOon
MHUKpPOTpPEIIMHBI, BO3HUKAIOIINE B TIpoliecce GOpMUPOBAHHS TIOKPBITHIA.

IIpy noHMXeHUU TeMIepaTypsl MOAJIOKKUA BO BPeMsS MOHHOW OUUCTKM M OcaxJeHHs mokpeituil Hmke 300 °C
TepMoan(Y3MOHHBIE TPOLECCHl NMPAKTUYECKH ITOJABJICHBI M MEXIy IOJUIOKKOW M IOKPBITHEM HE IIPOUCXOAMT
(dopMupOBaHUS HMHTEpMETAUINAa W 30HBI ypaHa C WM3MEHEHHOHW MHKpOCTPYKTypoil. He wHaOmomaercs Taxke
(opMHpOBaHHE TOPHCTOTO CJIOS B THTAHOBOM IIOKPBITMM Ha TpaHUIE pasjeia IOKPHITHE—TIOUIOKKA, YTO
JIOTIOJTHUTENNBHO TIOATBEPXKIAeT cymiecTBoBaHue >(dekra KnupkeHpana mpu OCakA€HHHM THTAaHOBOTO MOKPHITHS HA
ypaHe B ycioBusAxX quddy3HoHHOro B3auMoaeiicTBIsI TUTaHa U ypaHa. Ho mpu 3ToM Ha rpanuie paszaena Gpopmupyercs
KBa3MaMOp(HBIA CIIOW, MEXaHN3M 00Opa30BaHUS KOTOPOTO HE COBCEM MOHATEH. BO3MOXKHO, OH NpencTaBisieT coOOH
MetacTabuiabpHoe coeanHeHne Ti m U, BO3HMKaloIiee B pe3yibTaTeé MOHHOTO NEPEMELIMBAHHSA B IIEPBbIE MOMEHTHI
OCa)XJCHUS] TOKPBITHH, a BHYTPEHHHE IIOBEPXHOCTH pa3jiesa, HaONIoJaeMble B CIOE, MPEACTABISIOT COOOH
MHUKpPOTPEUIMHBI, BO3HHUKAIOIINE B TIpoliecce POpMUPOBAHHS TIOKPBITHIA.

CpaBHI/ITeJ'[I)HO BBICOKO€ 3HAYCHHUC MHUKPOTBEPAOCTU TUTAHOBOTO TIIOKPBITUA W HAJIAYUC OYaroB XpYIIKOTO
pa3pyLIeHUsl ero Haj BBICTYNAIOIMIMMH Ha MOBEPXHOCTH HUIM(a yacTHIaMHu KapOWAOB ypaHa, a TakKe Ha IpaHHIaxX
paszena MoryT OBbITh CJIE€JCTBUEM 3arps3HEHHs] THTaHa 3JIEMEHTaMH OCTaTOYHOH aTMOC(EPHI.

IlomyueHHble CBefeHUS O CTPYKType IMOKPBITHS U MNEPEXOAHON 30HBI MEXIy HOKPBITUEM U IOMI0XKKON
CBHJICTEJILCTBYET O TOM, YTO /I OOECIeYeHHs CIy)KEOHBIX XapaKTEPHCTHK CO31aBAaeMbIX IOKPHITHH HE00X0IMMO
YUUTBHIBATh POJIb Pa3MEPHBIX (HaKTOPOB (TONIIHMHA ITPOMEXYTOUHBIX CJIOCB, HAapHUMEp HWHTEPMETAJUINIA, W T.X.).
JleHCTBUTENBHO, TIOCKOIBKY WHTEPMETAIUTHIHBIN CIIOW SBIISETCS JOCTAaTOYHO XPYNKHAM, BO3SHHKAIOIIAs B HEM CETKa
MHUKPOTpPEIIVH B JaJbHEHIIEM MOXKET IPUBECTH K OTCIIAMBAHHUIO TOKPBITHIL. Takast ceTka MUKPOTpPEIINH HaOMoaaeTcs
y’Ke IIPU TOJIIMHE HHTEPMETAUIUAHOTO CIIOS MopsAAKa | MKM.

SAIIMTHBIE XAPAKTEPUCTUKUA METAJVIMYECKAX U KOMITO3UIIMOHHBIX MMOKPBITU

YcnemHoe peuieHre MpoOJeMbl aHTUKOPPO3UOHHOM 3allUThl W3/ENUI  ONpeAesseTcs, C OJHOW CTOPOHBI,
obecrieueHNEM HAJCKHOM M CTAOMIBHOW BO BPEMEHHM aJre3ueil MOKPHITUS K OCHOBE M, C JPYrod, NpHIaHHEM
ONpPENETICHHBIX CBONUCTB CaMMM MOKpHITUAM. K Takum CBOHCTBAM OTHOCSTCS MX IOPHUCTOCTh, CTPYKTypHBIE U
TEKCTypHBIE XapaKTEPUCTHKH, BPEMEHHAS CTaOMWIBHOCTh BCEX XapaKTEPHCTHK B YCIOBHAX OKcIulyarauuu. Hmke
TIPUBE/ICHBI PE3YJIBTAThI, KACAIOIIUECs] BTOPOH YaCTH PEIICHUS TPOOIEMBI.

TuTanoBble MOKPHITUS
OmnH w3 BaXHEWIMX (DaKTOPOB, ONMPENEISIONIMX 3alIUTHYI0 CIIOCOOHOCTH MOKPHITHH, — WX CKBO3Has
MMOPUCTOCTh. B ciiydae HOCTaTOYHO TOJICTHIX MOKPHITHH (/2 > 10 MKM) OCHOBHOM MPUYMHON BO3HUKHOBEHHUS CKBO3HBIX
TOp SABISIFOTCSL HEOJHOPOJHOCTH (HAmpuMmep, KapOWIHBIE BKIIOUEHHS M T.I.) W 3arps3HEHMs, CYNIECTBYIOIINE Ha
moIokkKe [37]. XOoTs Ipu HAJMYUH B TOTOKE KOHACHCHPYEMOTO BEIIECTBa MUKPOKAIEIIEHOW COCTABIISIONICH CKBO3HBIC
TIOPBI MOTYT BO3HHUKATh 10 «IPOOOHHOMY» MEXaHH3My B pe3ysbTaTe yAapa JIETSIIeH MHUKPOKAIUTH O MOBEPXHOCTh
pacrtymero nokpeitusi [23]. ITosToMy 11 mMcciaeoBaHUSI CKBO3HOW MOPHUCTOCTU THTAHOBBIX MOKPBITUH IOKPBITUS HA
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HOJIOKKY M3 ypaHa OCa)/1aJld U3 HeHUIbTPOBAHHOTO ITOTOKA IIa3Mbl BAKYYMHOM IyTH.

Koppo3uonHas cTOMKOCTh TUTAaHOBBIX MOKPBITUI B 3aBUCHMOCTH OT PEXHMMOB MX KOHAEHCAIMM HCCIIE0BaNach
MMOTEHIIMOCTATHYECKUM MeTo/oM. [lomydeHHble pe3ysbTaThl NpHBeAeHb! Ha puc. 12. Haubonbpmias Koppo3uoHHas
CTOMKOCTH (MEHBIINI HOHHBIH TOK PaCTBOPEHUS] TUTAHOBBIX IMOKPBITHH) HaOJII0OAAIACh Y TIOKPHITHH, MOIY4YEHHBIX PU
noteHuuanax 50—100 B, T.e. He UMEIOMNX YETKO BBIPAXKEHHOH TEKCTYpbl pocTa. HO Bce MOKPBITUS U3 TUTaHA UMEIOT
MEHBIIYI0 KOPPO3HOHHYIO CTOHKOCTH IO CPAaBHEHHIO C «IIPYTKOBBIM» METAJUIOM. DTO MOKHO OOBSICHUTH TEM, YTO
TIOKPBITHSA TEPECHIIICHB Ae(PEKTaMH, BCJIEACTBHE YEro MMEIOT BBICOKHH YPOBEHb BHYTPCHHHUX HAIpPSIKECHHH, Kak
YKa3bIBaJIOCh PAHEE, @ 3TO MOKET IPUBOANUTH K MOBBIIIEHUIO CKOPOCTH KOPPO3HH.

V3meHeHne Temneparypsl KOHACHCALMN TIPH COXPAHEHUH HEM3MEHHBIM MOTEHINANA TOAJI0KKH CYIIECTBEHHO HE
HU3MEHSAET KOPPO3HOHHYIO CTOMKOCTb TUTAHOBBIX IOKPBITUIL. DTOT pe3yNbTaT HENb3s CUNTATh HEOXKUAAHHBIM, TaK KakK B
9TOM MHTEpBaJIe TEMIIEPATyP KOHICHCAIIMU B OKPHITUAX (POPMUPYETCSI CTPYKTYpa € pa3MepoM 3epHa MeHee 1 MKM U
YPOBHEM HaIpsHKEHUI OJTHOTO MOPSIIKA, YTO U 00YCIOBJIMBACT MPAKTUYECKOE COBIAACHHE MONSPU3AIIHIOHHBIX KPUBBIX.

TakuM 00pa3oM HawiIydllIWe 3aIUTHBIC XapaKTEePHCTHKH IOKPBITHH JOCTUTAIOTCS, €CIM HMX (OpMHpOBaHHE
ocyuiecTBisieTcs pu noteHmane moiokku —(50—-100) B u remnepatype < 673 K.

[lpn HaHeceHWW TOKPBHITHS Ha TpaHHLE C ypaHOM oOpa3yercss HpPOMEXYTOUYHBIH CIIOH, MO-BHIMNMOMY,
MIPEACTABISIONNA HHTEpPMETAUINAHOE coenuHeHne ypaHa ¢ turaHoM U,Ti, KoTopoe B pPaBHOBECHBIX YCIOBHUSX
oOpaszyercs npu Temrepatypax > 923 K, a B HameM cirydae 3T0 coeiMHEHHE 00pa3yeTcst B pe3yIbTaTe B3auMOICHCTBUS
BBICOKOPHEPTeTUYHBIX HOHOB THTaHa C ypaHoM. MHTepmeTaymmMaHbld cliod oOecnedrBaeT BBICOKYIO aAre3nio
MIOKPBITHSA C TOAJOXKOH W TOBBIIAET 3alIUTHYIO CIIOCOOHOCTH IIOKPBITHS, KOTOpas OIpEAEISeTCS €ro CKBO3HOH
MMOPUCTOCTHI0. B ciIyd4ae MOCTaTOYHO TOJICTBIX MOKPHITHHA (> 10 MKM) OCHOBHOW NPHUYMHOW CKBO3HOH MOPHCTOCTH
SBJISTIOTCSI HEOJHOPOJHOCTH B CTPYKTYpE IMOJUIOKKH (HAmpuMep, KapOuaHble BKIIOUCHUS B ypaHE) W 3arpsi3HEHUS Ha
nojutoxke. I1py HanmMuuK KaneIabHOW COCTaBIIAOIIEH B I1a3Me CKBO3HBIE IIOPHI MOTYT BO3HUKATh U B PE3YJIbTATE yaapa
MHKpPOKameab O MOBEpXHOCTh MOKpHITUSA. Ha puc. 13 moka3aHa 3aBHCHMOCTB IUIOTHOCTH CKBO3HBIX ITOP B THTAaHOBOM
HOKPBITUU OT €ro TOJIIUHBEL. BUIIHO, YTO IJIOTHOCTh CKBO3HBIX IOP YMEHBIIAETCS C POCTOM TOJIIMHBI MOKPBITHS,
KOTOPOE CTAHOBUTCSI OCCIIOPUCTHIM MPH TOMIIUHE 25—30 MKM.

HccnenoBanus 3alMTHON CIIOCOOHOCTH TUTAHOBOTO ITOKPBITHS TOIMMHONW 10 MKM Ha NUIMHAPHUYECKHUX 0Opasnax
ypaHa IpH CTaTUYECKHX MCHBITAHUSIX B Bo3ayxe (Temmeparypa 333 K, orHocurenbHas Bnaxnocts 100 %) mokazanm,
yro B TedeHue nepBbix 1000 4 ucrbITaHMi HAOMIOAAIOCH HENIPEPHIBHOE YBEIMUSHNE MacChl 00pa3lioB, XOTsl BHEITHUN
BUA TOKpbITUS He m3Mensuics. [Tocie 1500 9 mcnbITaHnii MOSBIIIMCH HAPYIICHHS CIUIOIIHOCTH ITOKPBITHSA, KOTOpPHIC
3aTeM TMPOTPECCHpOBANN. TEepMOIMKINPOBAHNE NMPHUBOIUT K YCKOPEHHUIO TpoIecca pa3pyIIeHHs IMOKPBITHH — YyKe
nociie 20 UKJIOB UCIBITAHUN NOKPBITHE HAYMHAET pa3pyLIaThCsl.

OO6pasmp!l ¢ ToNmMHON MOKPHITHS 20 MKM BBIIEpXKAlH CTaTWYeckue WcmbITaHus B TedeHue 5000 u, a Takke
TEPMOIMKINYECKHUEe HCIBITaHuA ¢ oOmuM BpemeHneM 1000 u. OmHako 0o0Opas3mpl ¢ TOW K€ TOJIIWHOW IMOKPBITHSA H
MOJIBEPTHYThIE CTATUYECKUM, a 3aT€M TEPMOLUKINYECKHM UCTIBITAaHUsAM ¢ 00tmM BpemeHeMm 6000 4 uMeInu JToKaIbHbIe
pa3pyIeHusi, KOTOpbIe MOSIBIIUCH HA BTOPOM 3Tarle UCTIBITAHUH.
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Puc. 13. 3aBUCHUMOCTb IIIOTHOCTH CKBO3HBIX MOP B THTAHOBOM Puc. 14. Kunetnka okuciieHus 00pas3iioB ypaHa ¢ THTAHOBBIM
MOKPBITHH Ha YpaHe OT TOJIIUHBI TIOKPBITHS TOKPBITHEM
1 — npsiMoii 1 2 —(HUIBTPOBAHHBII MOTOKH [LIA3MBI h=10 (1), 20 (2), 30 (3) Mmxm

OO0pasirel, UMEOIIe MOKPBITHE U3 THTaHA TONIIHHON 30 MKM, BBIZEp)Kadd Bce BUABI MCIBITAHUI HAa CTOHKOCTH
MpOTHB aTMochepHoi Koppo3uu. OOIas MPOIAODKUTEIBHOCTh HCHbITaHui npeBbicuina 6500 4. Hu mpuseca, Hu
W3MEHEHHs BHEIIHETO BHJa 00pa3loB IpH 3ToM He Habmoganock. Ha puc. 14 mpuBeneHs KHHETHYECKHE KPHUBBIE 110
aTMOC(EepHON KOPPO3MH YPAHOBBIX OOpPAa3lOB C THUTAHOBBIM IMOKPBITHEM pa3IMYHON TONIMHBL. Kak BumHO u3
MOJIYYEHHBIX PE3yJbTaTOB, HAOMIOJAETCsl TOCTATOYHO XOPOIlas KOPPEJSIHs MEXIy pe3yJbTaTaMH KOPPO3HOHHBIX
UCTIBITAHUN U U3MEPEHUI CKBO3HON MOPUCTOCTH MOKPBITHIA.
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Meraiuorpaduueckue HCCIeA0BaHUs 00pa3LoB C TOKPHITUEM IOKa3alld, YTO BHIOPAaHHBIH PEXHUM HOHHOU
OYHMCTKH M OCaXKJCHHUS TO3BOJISIET MOJIyYaTh HOKphbITHE ¢ nepexoaHoil 30HoH u3 U,Ti Mexay MOKPHITHEM M YPaHOM.
OnHako, HECMOTpSI Ha HaJM4YMe WHTEPMETAJUTUIHOTO COSJMHEHUsI, CKBO3HAs IOPUCTOCTh OKa3bIBAaeT OMpE/EIsIoNIee
BJIMSHHUE HA 3AIIMTHYIO CIIOCOOHOCTH MOKPHITHS. B MecTax Haau4us CKBO3HBIX MOp 0Opa3yloTCs OKCHIBI ypaHa II01
WHTEPMETAUTHAHBIM ciloeM. B pe3yibraTte MPOUCXOAUT OTCIOCHHE M B3AYTHE HMOKPBHITHA Ha HEOONBLIMX ydYacTKax
NOBepXHOCTH oOpasua. JlanpHelee KOPPOSUOHHOE Pa3BHTHE 3THX JIe()EKTOB MPUBOAUT K HAPYIICHHUIO CIUIOIIHOCTH
TTOKPHITHS 1 00Pa30BaHUIO MaKPOIE(PEKTOB.

Puc. 15. BHemnmii Bug 00pasoB ypaHa ¢ TATAHOBBIM ITOKPBITHEM TOMIIHON 20 MKM (a) 1 TonmmHoi 60 MKkM (0) TOCIIe HCIIBITaHU
B BBICOKOTEMIIEPAaTYPHOW BOJIE

B BeicokoTemneparyproii Boze (7= 573 K, p = 8,8 MIla) ucneiteiBanu o0pasipl ypaHa ¢ TATAHOBBIM ITOKPHITHEM
tommuHoK 20, 40 m 60 MmkM. Ha obpasmax ¢ mokpertreM mnocie 0,5 4 ucnbiTaHuid 00HApY>KEHO OONBIIOE KOJHYECTBO
KOppO3WOHHBIX 3B (pHcC. 15). TIoBepXHOCTh MOKPHITHI IOCTE WCIBITAHWN HMMeNa CEephlii IBET, a B pe3yibTare
IIPOHMKHOBEHHMS BJIATH K ypaHy ¢ 00pa3oBaHMEM OKCHJA ypaHa BO3HHKAIM A3BEHHBIE Pa3pyIICHMs, YTO MPUBOIHUIO K
Pa3pyIIEHUIO TOKPBITHS B 3TUX MecTaX. Tak Kak MOKPBHITHS THTaHA TONIIMHOHN Oomee 25—30 MKM, Kak ITOKa3aHO
paHee, He IMEIOT CKBO3HBIX IIOP, TO MEXaHU3M IPOHUKHOBEHHUS BJIAaTW MOYKHO MPENNOTIOKUTh ciaexyrouuid. [lokpeiTrue
MUMEEeT 3aKpBIThIEC MOPHI, pa3lesieHHbIe CTeHKaMH. [IoCKOIBKY BOZAa HAXOAMUTCS IO BBICOKMM JaBJIEHHEM, TO IOJ €ro
JIeHCTBUEM CTEHKH pa3pyllIaloTcss M Bjara IOCTyNaeT K YpaHy, BBI3bIBas €ro OKHCICHHE M, KaK CIEICTBHE —
pa3pyIiaeTcs MOKpPhITHE.

TaxuMm 00pazoM, ncCeIOBaHMS MTOKa3aIH, YTO ONTHMHU3UPOBAHHbIE ITapaMeTpbl HAHECEHHsI TIOKPBITHI M3 THTaHa
MO3BOJIIIOT TIOJTydaTh MOKPBITHS, O0ECHEYMBAIOIINE 3aIIUTY YPAHOBOM OCHOBBI OT aTMOC(EpHON KOpPPO3HMH IIpH
TOJILIUHE TOKPBITHS ~30 MKM.

HoxpbITUS M3 UMPKOHUSA

Pa3zBuTne aTrOMHOI 3HEpreTHKn OOYCIOBWIIO IIOBBIIIEHHE WHTEpeca K LUPKOHUIO. B saepHBIX peakTopax,
paboTaroNMX NMPEUMYIIECTBEHHO Ha TEIUIOBBIX HEHTPOHAX, IUPKOHUH MPUMEHSIETCS Ul M3TOTOBIECHUS KaHAJIBHBIX
TpyO, KacceT, 000JI0ueK TeruioBbLAesromuX ieMeHToB (TBDJI) u apyrux aerajei akTHBHOW 30HBI PEAKTOPOB THIIA
PBEMK u BBP. LlupkoHuii, ¢ OJHOH CTOPOHBI, COBMECTHM C YPaHOM, 00pa3yeT ¢ HUM DPsJ HENPEPHIBHBIX TBEPIbIX
pactBopoB. MakcuMaibHasi pacCTBOPUMOCTh B a-ypane coctaBiseT ~0,4 at. % npu 935 K, B o-1IupKOHUU pacTBOPSETCS
okoio 0,5 at. %. C apyroil CTOpOHBI, IIUPKOHUH 00JIaJaeT BBICOKOH KOPPO3UOHHOW CTOHKOCTHIO. [Ipu KOMHATHO#
TeMIIepaType OH YCTOW4YMB Ha Bo3ayxe [38]. 3aMeTHast CKOpOCTh OKHCJIEHUs HaOII0aeTcst TOJIBKO 1OCcje Harpesa 10
temneparypsl 473 K u cocrasiser ~0,03 Mr/nv’a. Bo BIaXHOM BO3IyXe CKOPOCTh OKHCICHHS OTHOCHTE/IBHO BBIIIIE, HO
npu Temnepatypax a0 373 K taxxe HesHaunTenbHa. [Ipy ncObITaHUAX B BOASHOM Nape CKOPOCTb KOPPO3UH LIUPKOHUS
BIDIOTH 10 TemuepaTyp 373 K HaxoauTcs Ha ypoBHE omMOKH n3MepeHuil. B Tabi. 4 mpuBeneHBl HEKOTOPBIE JaHHBIE TI0
KOPPO3MOHHOM CTOWKOCTH ULHUPKOHUS. J[laHHBIE 00 OCHOBHBIX 3aKOHOMEPHOCTSX (DOPMHPOBAHMS 3alIUTHBIX
IUPKOHUEBBIX TOKPHITHH YKazaHBI B padbote [39].

Tabnwma 4
Koppo3noHHasi CTOHKOCTh IUPKOHUS
o CKOpOCTh KOPPO3HH, MM/TO
XuMuyeckas cpena Konnenrpanus, % T=290 K T-373K
ATmochepHBIii BO3AyX 0 0
5 0 0
ConsHas KucioTa 18 0,0029 —
KonuentpupoBanHas 0,0025 0,005
Cepnas KucioTa 10 0,005 0,018
20 — 0,00457
50 0 —
KonuenTtpupoBannas — 0
A3oTHas KucjaoTa 10 0,00025 0,00075
KonnentpupoBanHas 0,00025 0,00125
Enxwii HaTp 10 0 0,0005
50 — 0,0043
PacTBOp moBapeHHO# conn 20 — Jlerkoe moTycKHEHHE

I[J'IH OLCHKH 33HII/ITHOﬁ CIIOCOOHOCTHU HUPKOHHECBBIX HOKpI)ITI/Iﬁ B 3aBHUCUMOCTH OT PCKUMOB KOHJACHCAIIUU
HcCJICA0BAIN UX KOPPO3UOHHYIO CTOHUKOCTD INOTCHIOUOCTATUYCCKHUM MCTOIO0M. HOJ’Iy‘ICHHHe PpE3yJIbTaThl HPUBCACHBI HA
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puc. 16. Koppo3noHHass CTOWKOCTh MOJIYYEHHBIX KOHIEHCATOB IIMPKOHMS PAa3jIN4aeTCsl HECYLIECTBEHHO (3HAYCHMA
HMOHHOT'O TOKa B COCTOSTHMU HACBHIILEHHUS), YTO HAXOAUTCS B COOTBETCTBUH CO CTPYKTYPHBIMH XapaKTepHUCTHUKaMH, TaK
KaK M30TPOITHBIC KOHJAEHCAThl IIMPKOHHS B MCCIEAOBAaHHBIX WHTEpBanax dSHEPrHi KOHJCHCHPYIOIINXCS HOHOB HE
noiydeHsl. OTXHUI Takke HE IMPUBOAUT K IOBBIIICHUIO KOPPO3MOHHOM CTOMKOCTHM LMPKOHHEBBIX KOHIEHCATOB.
ITockonbKy KOpPpO3MOHHAs CTOWKOCTh KOHAEHCATOB IMPKOHUS, MOJYyYEHHBIX Npu mnoreHuuane —50 B, Bce-Takm
HECKOJIBKO BBIIIE, YeM Hpu Apyrux U,, TO MOKPHITHA W3 IUPKOHHUS HAa YPAaHOBBIX oOpa3max (opmMupoBaluCh INpu
motenane —50 B. [l wcciemoBaHWs 3alIUTHOW CIOCOOHOCTH ITMPKOHHMEBBIX ITOKPBITHH OBUIO H3TOTOBICHO
HECKOJIBKO MapTuii 06pa3mos ¢ TommrHoi 20 — 200 MKM.

CornacHo JuarpaMMe COCTOSHHMSA LMPKOHMH M ypaH 00pa3yloT B o-(aze TBepAble pacTBOPHI, KOTOpbIE, Kak
H3BECTHO, HE MOTYT CIY>KUTh 3aIIUTOHN. 3alUTHAS CIOCOOHOCTh IIMPKOHNUEBOTO MOKPBITUS OTIPEIENIIETCS €r0 CKBO3HON
nopucrocteio. Ha puc. 17 mokazaHa 3aBUCHMOCTb IUIOTHOCTH CKBO3HBIX TIOp B IIMPKOHHEBOM MOKPBITUH OT €ro
TOJIIMHBL. BUIHO, YTO LMPKOHUEBBIE MOKPBITHS CTAHOBSATCS OECHOPUCTBIMHU IPH TOJIIMHE MOKPBITHS > 20 MKM. JTO
TPaHUYHOE 3HAUCHHE TOJIIMHBI YMEHBIIACTCS IOYTH BABOE NPU (OPMHUPOBAHMM IIOKPBITHI OCaXICHUEM U3
(UIBTPOBAHHOM (CenmapupOBaHHOMN) ITa3MBbI (KpHBas 2).

0. B n,cm
0 30 I
0.5 201
1,0 10
2
1’5 | > | - |0 | 0

-3 — — 2
10 107 10 10 I, MA/eM 5 10 15 h, Mxu
Puc. 16. Ilorenumommuamuyeckue (60 MB/mMun) momspu- Puc. 17. 3aBUCHMOCTh  IUIOTHOCTH  CKBO3HBIX TIOp B
3al[IOHHBIE KpHBbIe ZI MOKPBITHH, MOIY4eHHBIX B 3%-HOM IIMPKOHUEBBIX MOKPHITHAX HAa ypaHe OT TOJIIUHBI TMOKPBITHS.

pactBope NaCl mpu 293 K [oxpriTiss u3 HepunpTpoBanHoro (1) u ¢uasTpoBaHHOrO (2)
1 —cmmag 110; U, =-100 (2), —200 (3),-50 (4),0 (5), —150 [OTOKOB ITa3MbI
(6)B

HccrmenoBanust 3alUTHON CITOCOOHOCTH IIMPKOHHUEBHIX MOKPBITHH TommuHOW 20 MKM Ha o0Opa3lax ypaHa Ipu
cratmyecknx wucmbiTaHuax B armocdepe (333 K, Bmaxnocts 100 %) mokasamm, uro B TedeHume mepBbix 500 9
WCIBITAaHUN HAONIOaeTCs yBeMMYEHHE MAcChl 00paslia, XOTs BHEITHUHA BUI MOKPHITHA He m3MeHseTcsa. [locne 1500 u
WCIBITAHUK W3MEHEHHE MacChl CTajo pacTé ObicTpee (puc. 18), Ha oOpaslax MOSBIINCH JIOKAIbHBIE BCIYYHBAHUS
MOKPBITUS, KOTOpPBIE IPOTPECCHPOBAIM KaK B KOJIMYECTBE, Tak U B pa3Mepax (puc. 15). TepmoumkiaupoBaHue
(333 K262 K, £=100 %) npuBOOUT K YCKOPEHHIO OIMHCAHHOTO mporecca. OKCHUAHBIA CIIOW 00pasyeTcs moj
I y3MOHHBIM CIIOEM LUPKOHUII—ypaH. OTO U TNPHUBOIUT K BCIyYUBAHUIO IOKPBITHS. YBEIWYEHHE TOJNIIUHBI
NOKpbITHs 10 30 MKM TOJIBKO 3aMeIUIsieT MpOlecC, KUHETHKa ocraercss Tod ke. OOpasipl, UMEIOIINE TOJIINHY
LUPKOHUEBOTO MOKPHITUS 40 MKM, BBIIEPKAIM BCE BHbI UCIBITAHUN IPH aTtMoc(epHoit koppo3uu B Teyenue 3000 u,
tepmornmkupoBanue (333<>263 K) ¢ obmum Bpemenem 3000 4, a Takke WX KOMOWHAIUIO. YBEIMYCHHS MACCHI
00pa3iioB He HAOIHOIATOCH.

1,0 [MonyueHHbIe pe3yabTaThl KOPPO3UOHHBIX HCIIBITAHUH
HaXOJATCSl B YAOBJICTBOPUTEIBHOM COTJIACHU C JTAHHBIMHU
[0 ONPENCIICHUI0 OTKPHITOW TTOPHUCTOCTH IMPKOHHEBBIX
MOKPBITHH, a CpaBHEHHWE NMPKOHHUEBBIX IOKPBITHH C
TUTAaHOBBIM  TIOKa3bIBa€T, 4YTO  IIOCIenHHE  Oojee
3¢ (HeKTHBHBL

B  BhIcOKOTEMIEpaTypHOW BOAE  HCIBITHIBAIUCH
00pa3ipl ypaHa ¢ HUPKOHHUEBBIM MOKPBITHEM TOJIIMHOMN
20-200 mxM. Ha obpasuax ¢ TonuuHoi nokpbitus 20 MKM
0oJIbIIIOE KOJIMYECTBO $I3B 0OpasoBasiock yxke mocie 0,5 u
ucnpitanuii. C  yBeIMYEHHWEM  TOJIIUHBI  TOKPBITUS
KOJIMYECTBO  SI3B  yMEHBIIAETCS HE TOJBKO  MpHU
COXpaHEHWH, HO ¥ NPU YBEIMYCHUH BPEMEHU HCIBITAHHMA.
Tonpko mMOKpEITHE ToMmUHOW Oojnee 100 MKM HaIEKHO
3aIIMINAeT ypaH OT KOPPO3MH B BBICOKOTEMIIEpATypHOMH

2
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JIUTEeTbHOCTh UCTTBITAHUM, 4
Puc. 18. Kuneruka okucnenus o0pasia ypaHa ¢ IHPKOHUEBBIM
nokpsrtueM: h =20 (1), 30 (2), 40 (3) Mxm

BOJIE.

IoxkpbITHSI HA OCHOBE AJIIOMHHHS M €r0 OKCHIO0B
Kak nokaszano paHee, MepCreKTUBHBIMH IS 3alIUTHI AeTaNell 0T aTMoc(hepHOil KOPPO3UU MOTYT OBITH MOKPHITHS



21
Protecting coatings on uranium EEJPVOol.1 No.4 2014

W3 aHOJHO MOJISIPU3YIOUIMXCS 10 OTHOLIEHUIO K OCHOBe MaTepuanoB. C 3TOH TOYKH 3peHus] Haubosiee NMpHeMIIeMbIMU
JUIsl OONBIIMHCTBA KOHCTPYKIMOHHBIX MaTepualioB MOTYT OBITH IIPEXKJE BCEro aJIOMUHHMH M €ro CIUIaBbl, a TaKXke
xene30. [lockonmbKy Kene3o B aTMOC(EpHBIX YCIOBHSIX CaMO CHIIBHO KOPPOAUPYET, €ro NMPUMEHEHHE IS 3aluThl
W3JIeTMH UCKITIOYaeTcsl. JIONOIHNUTEIbHBIMU TIPEUMYIIIECTBAMH aJIOMUHUS IIEepesl IPYTMMH METaJUIaMH SBIISIFOTCSI €T0
JIOCTYITHOCTb, HEBBICOKAsi CTOMMOCTb M BO3MOXHOCTh CUHTE3a €r0 OKCHUIOB B Ipoliecce ocaKaeHusl MoKpeITuil [40, 41].

Kak m3BecTHO, KOPPO3HOHHAS YCTOWYHBOCTH aTFOMHHHUS 00YCIOBICHA OKCHIHOHN TUICHKOW, 00pa3yIomeiics Ha ero
MOBEPXHOCTH. B Tex ycnoBusx, Korza 3Ta IUIeHKa HEYCTOHYNBA, HAIPUMED, B YCIOBHAX IIPHUMOPCKO 30HEI, Al Tepser
CBOIO KOPPO3HOHHYIO CTOMKOCTH [42]. II03TOMYy €CTECTBEHHBIM ITyTE€M IIOBBIIICHUS KOPPO3MOHHON cToWkocTH Al
SIBISIETCSI CO3JJAHUE Ha €0 MOBEPXHOCTH 0oJiee KaUeCTBEHHOM M TBEPAOH OKCHAHOW MJIEHKH. JTOr0 MOXHO JAOOUTHCS
TMOBBIIICHUEM YUCTOTHI 00pabOTKU MMOBEPXHOCTH, BBO/sL B Al nerupyromiye 100aBKH, MOBBILIEHHEM YUCTOTHI Al [43],
MyTeM 3JIEKTPOXUMHUYECKOTO WK TUTa3MeHHOTo aHoaupoBanus [40].

Hamm HCCIICAOBaHUA IIOKasaliu, 4YTO IIpU 06])1‘{HI)IX TCXHOJIOTMYCCKUX KJlaccax O6p360TKI/I TTOBEPXHOCTHU
(R,=0,5-2,8 MkM) anekTpoxumuueckue cBoiictBa Al He m3menstorcs. [Ipumenenne Al Oosiee BBICOKOI YHCTOTHI
3aTpyIHEHO, a aHOJUPOBAaHKE U IIpUMEeHEHHe 0ojee KOPPO3HOHHO-CTOMKHX CIUIaBOB Al He Bceraa MOXKeT 00eclednTh
HEOOXOANMBIC MEXaHUYECKUE WM 3JIEKTPOXUMHUIECKHE CBONCTBA.

W3BecTHBI METONBI MOJYyYEHHS MOKPHITHH M3 Al, MMEIOINX BBICOKHE 3HAYCHHS MHKPOTBEPIOCTH, ITyTeM
TEPMHUYECKOTO I HOHHOTO ocaxkaeHus Al B atmocdepe Bozmyxa [42] mnm kucnopona [40].Takue MOKPHITHS UMEIOT
OYEeHb BBICOKHE 3HAUE€HUS MUKpoTBepaocTH (o 14 I'Tla), HO UX KOPPO3MOHHBIE CBOMICTBA HE UCCIICAOBAHEI.

31ech MpUBENEHBI PE3yIbTaThl MCCIEAOBAHUS COCTaBa, CTPYKTYPHl, MEXaHHYECKHX M KOPPO3HOHHBIX CBOMCTB
IIOMHHHUEBBIX TOKPBITHH, TOJYYEHHBIX M3 (UIBTPOBAHHBIX IOTOKOB IUIA3Mbl BAaKyyMHOW IYT'M B TIPHCYTCTBHH
KHCJIOPOJIA, a TAKXKE UX 3aIlUTHBIE CBOMCTBA MO OTHOIICHHUIO K YPaHy U €ro CIIJIaBaM.

AJIIOMHHHEBbIE MeTA/UINYeCKHEe MOKPBITUs. Ha puc. 2 nokazaHa 3aBUCHMOCTb CKOPOCTH OCAXKICHUSI TTOKPBITHS
Al n pacnbuleHHs] KOHJIEHCATa U ITOJUIOKKH OT MOTEHLMaj a cMelleHns: Ha Hed (kpuBas 4). Ilepexoanas Touka, mpu
KOTOPOW CKOPOCTH OCaK/ICHHS M PacIlblICHUs] PaBHBI, COOTBETCTBYET IoTeHIMany noainoxku U, = —600 B. Haubonee
CYIIECTBEHHO CKOPOCTh OCAXJICHHS BO3pacTaeT Mpu moTeHimane momioxkku U, < —150 B. Haubomnee TeXHOIOTHYCCKH
MIpUeMJIeMbIe 3HaUSHHUs TIOTSHIHaIa MOJIOKKH, 00eCIIeYBAIONINE MAKCUMAJIBHYIO ITPOM3BOANTEIHHOCTD, HAXOSTCS B
naTepBaie ot —10 1o —150 B. B Hammx ycioBusx napaMeTp pemeTKy B IpeeIax OMMOKH SKCIIEPUMEHTA HE 3aBHCEN
OT TIOTEHIHAJa MOIOKKA M HECKOJBKO MPEBOCXOWI MapameTp pemerku jutoro Al (a =4,049 A). B otuune ot
rapameTpa pemIeTKH pa3Mep o0JIacTeil KOTepEeHTHOTO PacCeMBAHMS C YBEIMUCHUEM IIOTEHIMANA MTOUIOKKH HECKOIIBKO
noHmwkancs. He ObIIO 3aMEUeHO CYMIECTBEHHOTO BIMSHHS IOTEHIMANA ITOUIOKKH Ha MOP(OJOTHIO TTOBEPXHOCTH
MOTy9aeMbIX MOKPHITHHA. THmmaHas MOpQOIOTHS IDICHKH aTIOMUHHS Ha METHOHN ITOJIOKKe ToKa3aHa Ha puc.19a. Kak
BUJIHO M3 PUCYHKA, MOKPBITHSA Al HMEIOT JOCTATOYHO TIAAKYIO IOBEPXHOCTh, TUITMIHYIO JUIS TIOKPBITHH, MOTy9aeMbIX
BO BTOPOIi 30He AuarpamMMbl MoBuaHa—/lemunmuHa [20].

Ha puc. 196 MoKa3aHa
MukpodoTtorpadus mornepedHoro uutrda
Al mDOKpBITHSA,  TOJYy4YEHHOrO  Ha

BOJOOXJTaXJaeMOH nmooxke. [TokpeiTus
UMEIOT  CTOJOYaTyl0  CTPYKTYpy ¢
pasmepom 3epeH D <15MkMm, dTO
TUIMYHO JUIi BTOPOH 30HBI MoByaHa—
Jemunmuna. IlepexogHas 30Ha MEXIy
MIOKPBITHEM U TIOATI0KKOH, TI0-BUANMOMY,
MIPEACTABISIET COO0H MHTEPMETAIITHIHBINA
cJ10i, 00pa3oBaBIIUIiCS BO BpeMs HOHHON
OUYHCTKM TOANOXKK (korma 7, MOXKeT
nocturats 120-130°C u ymeHbIIaThCS 32
3-4MUH 10 KOMHATHOH TeMIepaTypbl

Puc. 19. Mopdosorust moBepxHOCTH (a) U CTpyKTypa (0) aIroMHUHHEBOTO
MTOKPBITHS HAa MEAHOW BoJOOXIaKaaeMolt moanoxke npu U, = —(10-12) B,
h = 5,3 mxm, %4500 (a); U, =0, h = 6 MmxMm, x7500 (6)

P OCAXKIECHUH MTOKPBITHSA).

Cronbuatas crpykrypa ¢popmupyercs npu temmeparypax ot 0,3 no 0,5 7, (temnepatypst mnasnenus) [20]. s
amoMuHus 310 — 200 o 330 °C. Taxoif TemmepaTypHBIi HMHTEpBaJl XapaKTEpU3yeTCs BBICOKOM MOBEPXHOCTHOI
nuddy3ueit KOHIEHCUPYEMBIX aTOMOB, IPUBOJSIIEH K 00pa30BaHUIO CTOJIOYATON CTPYKTYPHI.

OOBIYHO TP TOYYSHUU TOKPHITUIT HOHHBIMU METOJIaMU MTPOUCXOIUT CIBIDKKA TEMIEPaTypHOTO MHTEpBaia 30H
MoBuana—/leMunIIHa B HHU3KOTEMIlepaTypHylo obiactb. Ciaboe BIMSHHME MOTEHNMANA IOUIOKKH Ha CTPYKTYpY
MOKPBITHH Al, MO-BHIMMOMY, CBSI3aHO C TE€M, YTO NPU OCAXJCHWH NMOKpbITHH Al Ha momroxky mpu T, >300°C
noBepxHocTHast 1udy3us Al yxxe mpoxoaut 1octaTodHo 3¢ GeKTHBHO. JIONONHUTENbHAS CTUMYJISIINS TIOBEPXHOCTHON
muddy3un 3a c4eT 3HEPrHH MOHOB IPU MOHHO-IUIA3MEHHOM OCAXKICHUH [44] MpH 3TOM CyIIECTBEHHO HE BIMSCT HA
CTPYKTYpPY TMOJy4YaeMbIX MOKPHITHH. B 3TOH CBs3M Ienecoo0pa3Ho B KauecTBE ONTHMAJBHBIX 3HAYCHHU ITOTEHITHAA
MOJJIOKKK BBIOMpATh Takhe, MPU KOTOPBIX OyAyT HamOoiee BBICOKHE CKOPOCTH OCaXICHHUS W MHHHMAIbHBIE
SHEPreTU4ecKUe MOTOKH Ha MOBEPXHOCTh M3JENH, T. €., HanOoiee ONTHMAIbHBIC 3HAYCHUS MOTCHIMANA TOMI0XKKA
COOTBETCTBYIOT HHTEpBay oT —10 1o —50 B.
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Xorsi mieHkd Al B OTIMUME OT JIMTOrO MeETajsla MMEIOT OTHOCUTEIBHO OOJbIIYI0 00JacTh NacCHBHOCTH,
HapyllleHHe TaCCUBHOI0 COCTOSIHUSA MOBEPXHOCTH NMPOUCXOAUT NMPAKTUUECKH MPH TeX K€ 3HAUEHUSIX MOTEHIMala, 4To U
JUISL JIATOTO aJTIOMUHMA. Takoe 3JIeKTPOXMMUYECKOE MOBEACHUE TNICHOK Al, MO-BHIMMOMY, MOXXET OBITH 00YCIIOBIEHO
HEKOTOPbIMH PAa3IUYUsMU B COCTaBE€ M CTPYKType OKCHIHOM IJIEHKH, BO3HMKamolell Ha ux mnoBepxHocTH. Ho
HEYCTOMYMBOM 3Ta IJICHKA CTAHOBHUTCS IIPH TEX XK€ YCIOBHAX, YTO M OKCHIHAS IJIEHKA Ha JTUTOM Al.

Takum o00pazoM, NpU KOHJACHCAIMH ATIOMHHHEBBIX IUIEHOK BAaKyyMHO-IYTOBBIM METOJOM HX MOpPQOIOTHs,
CTPYKTYPHBIE W DJIEKTPOXHMHUYECKHE XapaKTCPHCTUKH B AHMANa30HE HANpsDKeHWH Ha momioxkke oT —10 mo —100 B
c11a00 3aBUCST OT MOTEHINAIIA TTOUIOKKH.

n, cM
' ¢, B
-1,4
| a1
2
-1,0
1k
-0,8
-0,6 3
= )
1 -0,4 \ I !
2 10° 100 10t 107 I mA/eM
|
0 5 10 15 h, MKM
Puc. 20. 3aBUCHMOCTh CKBO3HOW MOPHCTOCTH TOKPHITUS OT ero  Puc. 21. AHOIHBIC MONAPH3aIUOHHBIE MOTCHIUOJHHAMIYECKIE
TOJIIHMHEI KpuBble Al-TIOKPBITHI, TIONyYEHHBIX Ha BOJJIOOXJIAXKIAEMOM
1 — uncteiit Al; 2 — nByxcnoitHoe nokpeitae Al+Al,O3 MEIHOW TMOJUIOKKe, B BomHOM pactBope O0,5H NaCl +
0,5H Na,SOy4

1-U,=-20B,2-U,=-100 B; 3 — nuTo# aqoMHHHI

Heo6xonnMbpIM KauecTBOM MOKPBITHH, MpeJHa3HAYCHHBIX [UISI KOPPO3MOHHOW 3aIMTHl MaTEpUaNoB, SBISACTCS
OTCYTCTBHE B HHUX CKBO3HBIX IIOp, uYepe3 KOTOpbIe BO3HUKAET KOHTAKT arpecCHBHOM Cpelsl C 3alluIaeMoit
noBepxHocThi0. Ha puc. 20 npuBeneHa 3aBUCUMOCTh TNIOTHOCTH CKBO3HBIX IOP OT TOJIIIMHBI MOKPBITHA. M3 pucyHka
CIIE/Ty€eT, 4TO JAByXCioiHbIe MOKPBITHS Al+AlO5 065anaroT HU3KO# MOPUCTOCTHIO IPH ToJIKMHE /1 ~10 MKM, B TO BpeMs
KaK HOKPBITHS, OJTy4aeMble TPaIUIIMOHHBIMH METOJJAMH, CTAHOBATCS OecopucThbIMU 1pH TonuHe 20—-30 MKM.

becniopucteiMu mienku Al craHoBsaTcst mpu TonmmuHe 10 MKM, YTO 3HAYUTENBHO MEHBIIE, YeM B IUICHKaX,
MOJTy4aeMbIX TPAJAUIMOHHBIM METOJIOM. J{JIs 3HAYUTEILHOTO TOBBIIICHHUST KOPPO3UOHHOM CTOWKOCTH OOBIYHBIE TUICHKU
TpeOYIOT JIOMOIHMTEIBHON 3alIUThl. JTOT BBIBOJ HAIVISHO IOATBEPXKIACTCS pPEe3yJbTaTaMH HCIBITaHWH 00pa3IoB
ypaHa ¢ aJIIOMHHUEBBIM MOKPHITHEM (puc. 21).

Oxcuanble NOKPbITHS. [Ipy CHHTE3¢ OKCHAHBIX MOKPHITUI JONOIHUTENEHBIM TEXHOIOTHYECKHM (AKTOPOM, O
CPaBHEHHIO C MPOIIECCOM OCAKACHHUSI METAJUTMUECKHX IUICHOK, SIBJISIETCS ITAPIUALHOE IaBJICHHE KHUCIOPOAA B KaMepe.
EcrecTBeHHO 0XHAATh, YTO 3TOT MapameTp OyIeT CYIIECTBEHHO BIHUATH Ha CKOPOCTb OCAXICHHUS, CTPYKTypy H
CBOMCTBA MOKPBITUH.

3aBHCHMOCTh CKOPOCTH KOHICHCAI[MH OT JaBJICHUS

H, I'lla V, um/c P AicHcall A
KHUCIIOpO/ia B KaMepe mpejcTaBieHa Ha puc. 22 (xkpusas 1).
16 = 4 Veennuenue CKOPOCTH KOHJEHCAIIUU MOKPBITUS MPU POCTE

JaBJIeHHs Krcaopoaa 10 6,6:1072 Ila (5-107* Topp) cesi3amo,
MO-BUAMMOMY, C yBEIHUYCHHEM OObEMa alFOMHUHHEBOM
o ; IUICHKA TP TIOTJIONICHWH KHUCIIOpOJa, a TaKke C
° / H3MEHEHHUEM cocraBa IJIa3MEHHOTO IIOTOKA,
d ] B3aMMOJICHCTBYIOMIETO ¢ MOJeKyinaMu Taza [40]. I3menenue
4 2 1 cocraBa IUIa3MBI MOXKET OBITH OOYCIOBIEHO BBICOKUM
=TT R L] L1 3HAYCHHEM CEUCHHs Iepe3apsAKd MHOTO3apSAIHBIX HOHOB
0 _5 4 -3 0 MeTajyla Ha MoOJeKyJax rasa. lIpoucxopsiiee Tpu STOM
10 10 10 p, Topp YMEHBIIIEHUE CPETHETO 3apsJia HOHOB B IJIa3Me B YCIOBHUSIX
Puc.22.  3aBUCHMOCTH  CKOPOCTM  KOHJIEHCAalMd ¥  IIOCTOSHCTBA  IIOTEHLMana  ITOJUIOKKH  NPUBOAUT K
MHKPOTBEPIOCTH IIOKPBITHS OT JABJICHUS KHCIOPOaa CHUKEHHUIO CpEJHEH HHEPTruu KOHJEHCHUPYEMBIX YaCTHIIL.
JlaHHOe sIBJICHUE BCJICICTBHEC CHJIIBHOM 3aBUCHMOCTH
KO3 PUIMECHTa KOHICHCAIUM AIOMUHHS OT JSHEPIHH MOXKET IPHBECTH K POCTYy CKOPOCTH KOHICHCAIUH MpU
VBEIIMYCHUH JaBIcHUSA Kuciopoaa. CHUKEHUE CKOPOCTH KOHACHCAIIMH ITOKPBHITHS, HaONIOmaeMoe C JadbHEUIINM
IOBBIIICHHH JaBICHUs (CBbImE ~6,6:107 [1a), cBsA3aHO C yHpyrUM paccesHHEM HOHOB HA MOJIEKYJIax Taza MpH UX
JIBIDKCHUH OT HCTOYHHKA IJIA3MBI K TIOTOXKKE.
XapakTtep 3aBUCHMOCTH MHKPOTBEPIOCTH OT JaBIIEHUS Kucioponma (puc.22, KpuBas2) aHAJIOTHYCH

12 N 13

[\®}
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paccMoTpeHHOH 3aBucumoctd V(p). Ilpy 5TOM MakcumanbHOE 3HAUEHHME MUKDPOTBEPAOCTUH [, M yJENbHOro
CONPOTHUBIICHUSI O TIONYy4YeHbl NpU JaBicHUH P = 510" Topp. BbicOkue 3HaueHUs JTUX IApPaMETPOB
(H,=14TTla, p ~10° OM-CM) CBHIETEBCTBYIOT O BEICOKOM MPOLIGHTHOM COZICPYKAHIH B TIOKPHITHH (Bazbl Al,O;.

[TokpbITHs, TOJNyYeHHbIE KOHAEHCAlMel (UIBTPOBAHHOTO IUIA3MEHHOIO MOTOKA, NMPAKTUYECKH HE COAepIiKar
nedexToB, XapakTepHBIX ISl KOH/IEHCATOB, OCAXK/ICHHBIX B TIPSIMOM MOTOKE.

MHUKpPOTBEpAOCTh CUHTE3UPOBAHHBIX IUIEHOK B 3HAUMTENBHOM CTENEHHU OMNpeAessieTCs COOTHOLIEHHEM IOTOKOB
mwia3mel Al u O, u m3mensiercs ot ~50 mo 1200 MIla ¢ yBenuuenuem nasnenus O, Ha aBa nopsaka. [lo-Buaumomy,
OTHOIIEHHE TIOTOKa MOJIeKy) O, K oTOKy HOHOB Al (I / I)) SIBIISIETCS PEBAIMPYIOIINM MTapaMETPOM, ONPEACIISIONINM
COJIepKAHUE KUCIOPOJa B MOKPHITUU.

HaGmojaemoe HachlIeHHE COAEPIKaHUS KHCIOpOo/ia B MTOKPBHITHU IIPH BHICOKMX 3HAYEHUSIX I / [4)., TO-BHIMMOMY,
00YCIIOBJICHO yMEHBLIEHHEM BEPOSTHOCTH B3aUMOJCHCTBHUS ajaTomMa KHciopoja ¢ aromMamu Al Bcuencrtshe
TIOBBIIICHUS] KONMM4ecTBa (B OympkaiiieM OKpPYXEGHHHM aToMa KHCJIOPOZA) YK€ CBSI3aHHBIX B OKcHA aToMoB Al n
COOTBETCTBEHHO IOBBIIICHHS BEPOATHOCTH I€COPONH aTOMa KHUCIIOPOAA.

3aBUCHMOCTh COJEPKAHUS KHCIOPOJa B NMOKPBITHAX OT COOTHOIICHUS MOTOKa MOJIEKYJ KHCIOpOJa K IOTOKY
MOHOB aIIFOMUHUS (OT JaBJICHUS KMCIOPOJa B BAKYYMHOH KaMepe) HOCUT HHOW XapaKTep, 4YeM, HallpuMep, 3aBUCHMOCTh
COZIep’KaHUsl a30Ta B TUTAHOBBIX MOKPBITHSX [45]. OTCyTCTBHE HYETKO BBIPAKEHHBIX NBYX [IHANA30HOB IABICHUS
PEaKIIMOHHOTO Tra3a M ciabasg 3aBUCHUMOCTb COJIEpXaHHSA KHCIOpOJa B TIOKPBITHHM OT IapaMeTpoB IIa3Mbl
CBHJIETEILCTBYIOT O TOM, 4to i Al, ocaxxmaemoro B armocdepe O,, Bech mpouecc (pOpPMHUPOBaHHS MOKPHITHUI
MPOUCXOIUT BO BTOPOM JIMANa30HE JaBJICHHIA, ONMpeneieHHOM B padote [45]. [ns N, 3TOT Auanma3oH COOTBETCTBYET
IaBieHusM > 6,67-10 [1a 1 XapakTepusyeTcst TeM, YTO MOJIEKYIbl PEaKIIHOHHOIO Ia3a JOCTATOUHO AKTUBMPOBAHBI H
COJIEpKAHUE a30Ta B MOKPBITHH ONPEAEISETCS TOJIbKO CKOPOCThIO MOJAuYM MOHOB MeTajila Ha HOJUIOKKY. IIpu 3Tom
MPAKTUYECKH BCE MOJEKYNBl PEaKIMOHHOIO rasa, MoMajarolliie Ha IMOJUIOKKY, UMEIOT SHEPrHI0, AOCTATOUHYIO IS
BCTYIJIEHHSI B PEAKLMIO CHUHTE3a, KOTOpas NPEBBINAET HEKOe Moporosoe 3HaueHue Oy, B NEPBOM NPHOIMKEHUH
paBHOE 3HAYCHUIO SHEPTHUH TUCCOLHANI MOJIEKYJIBI Ta3a.

B ciyuae cuHTe3a OKCHIA AMIOMHUHHS NPH OCAXKICHUH MOKPBHITHH B MPUCYTCTBHM KHCIIOPOAA 3TO TOPOTOBOE
3HAYEHHE PHEPTHU HUXKE, UM B CIIyyac HUTPHUIHBIX IOKPBITHH, TaK KaK SHEPrHs AUCCOLHMAINK MOIeKyiasl O, HUxKe,
yeM MoJekyibl N; (5,1 3B npotus 9,76 3B cootBercTBeHHO0). CnenoBaTesbHo, npu ocaxaennu Al B armocdepe O, He
TpeOyeTcsl aKTHUBAIlMKM PEaKIMOHHOTO ra3a M TNPaKTHYECKH BCE MOJIEKYJIBI, TONAJAIONIMe Ha IOMJIOKKY, HMEIOT
SHEPruIo, IOCTATOYHYIO JUIs BCTYIUIGHHS B peakiuio cuHTe3a. IloaToMy copepikaHue KHUCIOpoAa B MOKPHITUSAX B
HEePBYIO OYepellb ONpeesseTcs noAadell BelecTBa B PeaKIMOHHYIO 30HY (Ha MOJUIOKKY), T. €., OTHOIIEHHEM HOTOKa
MmoJiekys O; K ToToKy HOHOB Al.

[TockonbKy PHEPrHs aKTHBALMHM PEaKIMM CHHTE3a OKCHJIA aJllOMHUHHS IPHU OCAXKICHUH B aTMocdepe KHUCIIopozaa
JOCTaTOYHO HU3KA, CIEAYET OXHIATh CIabOH 3aBHCHUMOCTH COJEpPKaHHsS KHCIOPOAA B TOKPBITUH OT TeMIepaTyphl
TIOJUTOKKH

PeHTreHOCTPYKTYpHBI aHAaN3 MMOKAa3al, YTO TOKPHITHE COCTOMT M3 TUCIIEPCHBIX BKIIOYCHHH ducToro Al m o-
¢dazer AlLO;. Tlpuuem Hanmume Oompmioro muddys3Horo GoHa Ha AuppakTorpaMMe yKa3blBaeT Ha TPHUCYTCTBHE B
IUIEHKaX aMOP(HBIX U YJIBTPaAUCIIEPCHBIX OKCHIOB aTfOMUHMA. C MOBBIMICHUEM COIEPKAHUS KUCIOPOAa B MTOKPBITHN
MIPOUCXOAT YBEIMUYECHUE MTapaMeTpa PelIeTKH U pe3koe yMmenblieHne pazmepos OKP. Ilapamerp pemetkn pocturaer
makcumyma mpu 20-30 at. % kwucioposa, a HpH JadbHEHWIIEM pPOCTE COAEP)KaHUS KHCIOPOAa YMEHBIIAeTCsS 0
UCXOJHOTO 3HAYEHWs, NPAKTHYECKH COBNAJAIOIIEro ¢ mapamerpoM pemerku Jsutoro Al. Pa3mep o6Gunacreit
KOT€pPEHTHOT0 pacCceMBaHMA MPU JajbHEHIeM MOBBIMIEHUH coaepkaHus kuciaopoaa (ot 20 mo 50 at. %) uzMmensercs
11260 ¥ MPAKTHYECKH OCTAETCS MOCTOSHHBIM U paBHBIM ~100 A.

Hexotopsiii poct pazmepa OKP HaOmomaercst mpu MOBBINICHUH COAEPXaHUS KUCIOPOJAa B TNOKPHITHH Oojee
50 at. %. Pasmep OKP a—¢aser Al,O; 3HaYUTEIBHO MCHBIIE 3aBUCHT OT COJEPXKAHUS KHCIOpoAa U pacteT oT 50 1o
100 A ¢ nosbimenneM copepxkanus kuciaopoaa ot 20 jgo 57,7 at. %. OJHOBPEMEHHO C M3METbYEHHEM 3epeH
IIPOUCXOUT yBEIWIECHNE BHYTPCHHUX HANPSDKEHUH, KOTOPhIE TOCTUraloT MakcumyMa mipu 4050 at. % xucnopona.

CyIecTBEHHOTO BJIMSIHMS TIOTEHIMANa MOAJOXKKKA Ha mapameTp pemeTkn u Ha pasmep OKP He oOHapyxeHO.
N3menpueHne CTPYKTYphl HOKPBHITHH, HaOJfOZaeMoe INpH TOBBIIIEHUH COAEPXKAHUS B HHUX KHCIOPOJA, OYEBUIHO,
CBSI3aHO C TEM, YTO IIPH IOBBIIMICHUU JABICHUS KHCIOPOAAa B BaKyyMHOW KaMmepe, a 3HA4YWT W IIPU TOBBIMICHUU
COJIepKaHUsI KHCIIOPOJa B TIOKPBITUSIX, 110 TPAHUIIAM PACTYILUX 3€PEH BBINANAcT OKCH] aJIFOMHUHUS, TOPMO3SIIHUIL pocT
3epeH. DopMmupyercsi CTpPyKTypa, MpeICTaBIsiomas coOOW 3epHa aOMHHUS, OKpYXXCHHbIE IIJICHKOW OKCHAA.
[ToxpeITHS, UMEIOLINE TaKyl0 CTPYKTYpPY, NOJDKHBI MMETh HMOBBIIICHHYI0 KOPPO3UOHHYIO CTOMKOCTH, 00YCIOBICHHYIO
TEM, 4TO KaxK1oe 3epHO Al 3alMIIeHO OKCHAHOW IUIEHKOH, YTO OyJeT MNpernsTCTBOBAaTh Pa3BUTHIO ITMTHHIOBOW
Koppo3un. Kpome Toro, Takue HOKpHITHS B 3aBUCHMOCTH OT pa3MepoB 3epeH Al MOTyT COXpaHSTh CBOM IPOBOSIINE
CBOMCTBA IIPH JOCTATOYHO OOJIBIIOM COJIEPXKAHUH B HAX OKCHJA.

Koppo3noHHasi CTOMKOCTH MOKPBITHH C OOJIBIINM COJAEPKaHHEM OKCHIAa HCCIIEA0BATACh JIIEKTPOXHUMHUUECKUM
METOIOM. YCTaHOBJICHO, YTO C IIOBBIIICHHEM COJEPKaHHUS KHCIOpOJa B MOKPHITHM KOPPO3MOHHAS CTOMKOCTB
CYIIECTBEHHO TIOBBIIIAECTCS. Tak, MOKPBITHA, coaepxamme Oonee 40 ar. % KuCIOpoAa, MAacCHBHPOBAHBI BO BCEH
00J1aCTH MCCIIEIOBAHHBIX MTOTEHIINAIIOB.

Crnenyer OTMETHTb, YTO PAaBHOBECHBIN IEKTPOJHBIM NOTEHIMAN MOKPBITHH, COACPIKAIINX OKCHI AIFOMHHUS,
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CYIIECTBEHHO 3aBUCHUT OT COACPIKAHUA B HUX KUCJIOpOAA. C DOBBIIIEHHEM €r0 COACPIKaHU L BHGKTpOZLH])lﬁ noTeHuuama
HOKpLITI/Iﬁ HECKOJIbKO BO3pacCTa€T M MHOYTU AOCTUTaCT 3HAYCHUSA CTAHAAPTHOI'O PAaBHOBECHOI'O J3JICKTPOXUMHYCCKOI'O
NOoTCHIIMAaIa NJIsI pEaKInn

Al +3e > Al (6)

paBHOTO @) =—1,46 B 0THOCHTENBEHO XIIOPCEPEOPSHOTO IEKTPOa. 3aTeM DIIEKTPOIHBIA MOTEHIAAT TIPU COACPKAaHIH
kuciopozaa B mokpeITud oT 20 1o 40 at. % u3mensiercs cmabo. [Ipu comepkaHnu KuciIopoa B MOKpHITHN cBbIme 40 art.
% 3HaYCHME DJEKTPOJHOTO TOTEHIMAaNa PE3KO YMEHBINACTCS A0 3HAYECHUS 3JIEKTPOAHOTO IOTEHIMANa JIUTOTO
AIIIOMUHHS.

IMoxpeitus 3 Al+ O, 0 CpaBHEHHIO ¢ MOKPHITUSAMHU U3 4ucTOro Al mmeror Goiee BBICOKYIO KOPPO3HOHHYIO
CTOMKOCTh M MOTYT BCIIEJICTBHE BBICOKOTO JJIEKTPOOTPHUIATENHHOrO IMOTEHIMANa O0eCHeyrBaTh 3alUTy ypaHa M
JpYruX METaJUIOB B IIOPAX U MUKPOTPELIMHAX MOKPHITUA. IIOCKOIBKY 2JIEKTPOXMMUYECKUE CBOMCTBA IOKPBITHM, I10-
BUAMMOMY, B OCHOBHOM OIIPEJEISIOTCS TONIIMHONW OKCHIHOHM IIJICHKH, OKPY’KarolleW 3epHa ajllOMHUHUs, 3aIllUTHBIC
CBOMCTBA IMOKPBITHH JOJDKHBI 3aBHCETh OT pa3Mepa 3epeH, a 3HAauYuT — M OT TeMIeparypsl MOIOKKH. [losTomy,
BO3MOJXKHO, TIPH JIOCTATOYHO BBICOKMX TEMIIEpaTypax OCKICHUS ONTUMAaJbHBIH MHTEPBAJ COJCP)KaHMs KUCIOpOjAa B
TTOKPBITHN MO>KET HECKOJIBKO U3MECHHUTHCSI.

[TokpeITHS W3 aNIOMUHHUS, OCaXHaeMble B KHCIOPOAE, NPEACTABISIIOT CO0OIl TOBOJBHO HEpaBHOBECHBIC
CTPYKTYpBI, UMCIOIIHE BBHICOKHI YpOBEHb Ae(eKkTHOCTH. KpoMe Toro, kak oTMeyanoch BBIIIE, OHH COmepXkaT d-(a3y
AlLOs;, a Takke amMophHBIE W YIBTPAMEIKOAWUCIICPCHBIC OKCHIBI alfoMuHUs. [loaToMy B mpolecce XpaHCHUs B
MOKPBITHAX MOTYT IPOMCXOJUTH PA3IMYHbIE PETaKCalliOHHBIE IPOIIECCH, BBI3BIBAIOLINE CTAapeHHE. Takue IUICHKH
(h~100 A), BBImEpXaHHBIE TIpM KOMHATHOH TeMIiepaType B TedeHMEe 6 MecsleB, MOKa3ald yBeIHYeHHe
3MeKTpoconpoTuBIeHns ¢ 750 10 2000 Om/cM”, B TO BpeMs Kak CpeHHil pasmep 3epeH ymenbumncs ¢ 170 no 120 A.
Ilpn BBIZEpkKKE B KOMHATHBIX YCIOBMAX B TeueHHe 10 MecsAleB MUKPOTBEPIOCTH IIOKPHITHH, IOMYYEHHBIX Ha
BOJIOOXJIQXKJAEMON MOJIOXKKe, Bo3pocna Ha 5—30 % B 3aBHCHMOCTH OT COJCP)KaHMS B HHUX Kuciaopopaa. XoTd,
BO3MOXKHO, B MOKPBITHSX, HOJYYEHHBIX MpU OoJiee BBICOKUX TeMIlepaTrypax IO/JI0XKKHU, MPOLECCHl CTapeHus: OyayT
MPOABIATHECA MEHEC 3aMCTHO. HeI[OCTaTKOM 9TUX HOKpBITI/Iﬁ ABJIACTCA UX BBICOKASA XPYIIKOCTb, UYTO MOXKET IMPUBECTU K
pacTpecKHUBaHUIO TOKPBHITHH B MPOLIECCE IKCILTyaTallii, 0COOCHHO B CIIy4ae UCIOJIb30BAHUS TOJICTBIX TOKPBITHI.

3AK/JIIOYEHUE

B pabote cucreMaTH3MpOBaHBI JaHHBIC IO PE3YJIbTaTaM SKCIIEPUMEHTAIBHBIX HCCIIEAOBAHUA BaKHOW IS
SIIEPHOI SHEPreTHKN MPOoOJIEeMbl OBEPXHOCTHOM aHTHKOPPO3MOHHOW 3allUTHl ypaHa M €ro CIUIaBoB. PaccMoTpeHsbI
OJTHOKOMIIOHEHTHbIE W MHOTOKOMIIOHGHTHBIE MAaTE€pHAJIbl, NPUTOTHBIE JUIA HCIIOJNB30BAaHMS B  KadyecTBE
TUIEHKOOOPA3yIONINX NP CHHTE3€ UX BaKyyMHO-IYTOBBIM METOOM. IIpoBesieH cpaBHUTENBHBIN aHAIN3 KOPPO3HOHHON
CTOMKOCTH TOKPBITHH Pa3IWYHOrO COCTaBa B YCIOBHAX 3KCIUTyaTallMd WX B aKTHBHOW 30HE SICPHBIX PEAKTOPOB, a
TaKXKe CTOWKOCTH UX MPOTHB aTMOC(HEPHON M THAPUIHON KOppo3uH. PaccMOTpeHB! (GU3NKO-XUMHUYECKHE MEXaHHU3MBI
IPOIIECCOB, OTBETCTBEHHBIX 32 (POPMHUPOBAHME 3ALIUTHBIX CBOMCTB IOKPBITUIL: PACHbLIEHHE IOBEPXHOCTH ypaHa B
npolecce OYUCTKH OOMOapIMpPOBKOM HOHAMHU METaIMYECKOW IUIa3Mbl, (JOPMUpPOBaHHE MEPEXOJHON 30HBI MEXKIY
YpaHOM 1 NOKPBITUEM; OIMUCAHBbI 3allIUTHBIC XapaKTCPUCTUKNU METATNIMYCCKUX U KOMITO3UTHBIX HOKprTHﬁ, B TOM YHCJIC
TaKuX HauboJiee MePCIIEKTUBHBIX KaK MOKPBITUS U3 THTaHa, IUPKOHUS U AIIOMHHUS B COYETaHUH C €r0 OKCHIaMHU.
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The spectrum of emission of a composite particle with one degree of freedom in a constant electric field is obtained in the paper. The
effectiveness of emission of such particle is compared with the structureless particle having the same parameters. The power of
emission of composite particle is several digits more than that of a structureless particle. The dependence of the main characteristics
of the emission spectrum on the parameters of the composite particle is discussed.
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H3JIYYEHUE KOMIO3UTHOM YACTHULIBI B IOCTOSSHHOM JIEKTPUYECKOM MOJIE
C.B. Cimnymrenxo’, A.B. Typ"™, B.B. SInoeckwuii’, FO.H. MacioBcknii”
. Unemumym monoxpucmannoe HAH Ykpaunut
np. Jlenuna 60, 61001, Xapvros, Yxkpauna
Xapvroeckuii HayuonanoHuld ynusepcumem umenu B.H. Kapazuna
ni. Ceoboowl, 4, 61022, Xapvros, Yrpauna
" Universite de Toulouse [UPS], CNRS, Institut de Recherche en Astrophysique et Planetologie
9 avenue du Colonel Roche, BP 44346, 31028 Toulouse Cedex 4, France
B pabote nomydeH criekTp U3MydeHHs KOMIIO3UTHOW YaCTHIIBI C OJHOH 3apsHKEHHOI BHYTPEHHEH CTETIEHbIO CBOOOIBI B MOCTOSHHOM
anekTpraeckoM noie. [IpoBeaeHo cpaBHeHNE 3 GEKTHBHOCTH U3TYUYEHUS TAaKOW YaCTUIEH ¢ OECCTPYKTYpHOHU, 00JIafaromei TakuMu
XKe TapameTpaMy. MOIIHOCTh M3Iy4eHHs KOMITO3MTHOM YacTHIBI NPEBBIIAET HA HECKOJBKO IMOPSIKOB MOIIHOCTH H3TyYCHHUS
OecctpykrypHOH. OOCyXIaeTcs 3aBUCHMOCTh OCHOBHBIX XapaKTEPHCTHK CHEKTpa H3NTydeHHs OT IapaMeTpoB KOMIIO3UTHOM
YaCTHIIBL.
KJ/IIOYEBBIE CJIOBA: KOMIO3UTHOM 4acCTHIIl, CHEKTpa U3Iy4eHUs], IOCTOSIHHOE 3JIEKTPUUYECKOE I0Jie, BHYTPEHHUE CTEIEHU
cBOOOIBI

BUIIPOMIHIOBAHHSI KOMIIO3UTHOI YACTUHKHA B IOCTIMHOMY EJEKTPUYHOMY HOJII
C.B. Cuinymenko’, A.B. Typ™, B.B. SInoscokuii’, FO.H. MacioBebKuii”
*IHcmumym monoxpucmanie HAH Yrpainu
np. Jlenina 60, 61001, Xapxis, Yxpaina
Xapkiscokuti Hayionanvhutl ynieepcumem imeni B.H. Kapasina
m. Ceoboou, 4, 61022, Xapxie, Yrpaina
" Universite de Toulouse [UPS], CNRS, Institut de Recherche en Astrophysique et Planetologie
9 avenue du Colonel Roche, BP 44346, 31028 Toulouse Cedex 4, France

Y poGOTi OTpUMAaHO CHEKTP BUIPOMIHIOBAHHS KOMIIO3UTHOI YaCTHHKH 3 OJHUM 3apsKEHUM BHYTPILIHIM CTyleHeM CBOOOAU B
nocTiifHOMy enekTpudHoMy mouti. [IpoBeneHo MOpiBHAHHA €()EeKTHBHOCTI BHIIPOMIHIOBAaHHS TAaKOK YAaCTHHKOK 3 0€3CTPYKTYpPHOI,
IO BOJNOJI€ TaKMMHU XK mapaMerpamu. [IOTy)XHICTHP BHIIPOMIHIOBAaHHS KOMIIO3UTHOI YAaCTKHM IIEPEBHINYe Ha KiTbKa ITOPSIKIB
MIOTYKHICTh BHIIPOMIHIOBaHHS 0e3cTpyKTypHOi. OOrOBOPIOETHCS 3aTI€XKHICTh OCHOBHUX XapaKTEPHCTHK CIEKTpa BHIPOMIHIOBAHHS
BiJl apaMeTpiB KOMITIO3UTHOI YaCTHHKH.
KJIFOYOBI CJIOBA: xoMI03UTHa YaCTHHKA, CIIEKTP BHIIPOMIHIOBAHHS, HOCTiHE €IEKTPHYHE 110JIe, BHYTPIIIHI CTYIIEHI CBOOOIH.

As nanotechnologies make constant progress, it becomes important to study systems with small number of degrees
of freedom. There is a number of reasons for it. Firstly, from general point of view, every particle has finite dimensions
and, respectively, degrees of freedom. That's why abstract idea about particles as point objects has certain restrictions.
Finding out the influence of size finitude and internal degrees of freedom upon the particles behaviour is an important
direction of studies. Secondly, the tendencies to miniaturization of different mechanisms and to creation of robots and
nanorobots lets one experimentally implemented systems with a small number of internal degrees of freedom. In a
sense, multifunctional nanomechanisms must have a small, but sufficient for chaotic modes to arise, number of internal
degrees of freedom. The presence of chaotic mode enables various rearrangements of functioning modes and, in fact,
embodies multifunctionality. The reason of multifunctionality in the presence of chaos is connected with possibility to
rearrange modes of movement without changing the device itself, in particular, periodic movements. Such possibility is
defined by the presence of countable number of unstable periodic orbits in the chaotic region of phase space. That's
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why, using special technique of control, one can rearrange the frequency of periodic movements and, in that way,
influence the frequency of emission. As the simplest among such devices, we can regard molecules of rotaxanes and
“nanopeapods” [5-7]. It is of great importance to find out how efficiently such a system will emit. To prove the
efficiency of emission, one can limit oneself to a simple model of composite particle with one internal degree of
freedom and, respectively, one period of movement. In this case, the above-mentioned possibility to rearrange the
frequencies is absent, but the quality character and properties of emission will be the same. To be more precise, as it is
shown below, the frequencies rearrangement does appear in this case, but according to a different mechanism. In our
paper, we concentrate exactly upon the efficiency and emission properties of such a system, which can be regarded as a
converter of constant electric field into electromagnetic radiation. It is the study of such systems that we discuss in our
paper.

In the paper, the spectrum of emission is obtained for a composite particle with one charged internal degree of
freedom in the constant electric field. The dependence of the main characteristic of this emission spectrum upon the
parameters of the composite particle is discussed. The possibility to control the emission frequency by changing the
value of the electric field is shown. A considerable efficiency of such particle emission is found out compared to the
emission of a structureless one with the same characteristic parameters. The emission power of the composite one
exceeds the emission power of a structureless one by several digits.

The general aim is an investigation the properties of the radiation of a structurally complex charged particle, which
has internal degrees of freedom.

THE EMISSION OF A CHARGED COMPOSITE PARTICLE
Let us consider the emission arising when a charged composite particle is moving in the constant electric field. By
a charged composite particle we mean a particle consisting of a neutral shell and a charged internal particle (Fig. 1). The
internal particle moves freely, absolutely elastically colliding with the shell. Though the structure of such a particle is
rather simple, the results can be easily generalized for more complicated cases.

M

U OL>
~— q,m

Fig.1. The structure scheme of composite particle moving in constant electric field E . The internal particle with the charge ¢ has

mass M . The shell is neutral with mass M . The velocity of the shell is lettered as U , and that of the internal particle —as V .

The movement of the composite particle with the charged internal particle in the constant electric field has been
thoroughly studied in. Is is found out that such particles can be in two different modes of movement. In the first mode,
the internal particle periodically collides with only one wall of the shell, and in the other mode — with both walls
alternately. It is important to note that in both cases the movement is periodic. In the first case the velocity of the

internal particle in the moments of collision with the shell 7, is described by a simple formula:

2m
V,=n—" (U, ~V;) 4V,
m+M
The typical graph of shell and the internal particle velocity dependence upon time is shown in Fig.2. The

oscillation period is defined by the relation [8]:
2m
r=2U-V),
qE

here U —V is the difference of velocities of the shell and the internal particle in the moment of their collision, £ is
the electric field strength, and ¢ is the charge of the internal particle.

Considering the movement of the charged internal particle in detail, one can notice that it is the composition of
uniformly accelerated movement and periodic collisions with the neutral shell. So, the total emission of the composite
particle consists of the deceleration emission and the emission of uniformly accelerated charge. The interference of
these components will cause an emission with a special spectrum to arise.

In nonrelativistic case, the emission of the charge, moving with acceleration into a solid angle at a certain
frequency is described by a simple formula:

dl(w) ¢
Ao 4z m

The angle 0 is counted off the direction of the charge movement. The angular dependence sin’@ is characteristic

for the emission of a charge moving with nonrelativistic velocity. Such dependence means that the emission mostly
takes place into a plane, which is perpendicular to the direction of the particle movement. Since we limit ourselves to

0 IVeiwtdt‘z .
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the case of nonrelativistic velocities, then in order to obtain the spectral dependence it is enough to make a Fourier

transform of the particle acceleration v(t).

Let us consider the spectral distribution of emission for a composite particle emission moving in the constant
electric filed during the time 7 . Taking into account that the acceleration of the internal particle has a periodic
component with a period 7 , it is convenient to choose the general time of the movement multiple of this period duration

T = N7 . One can imagine the movement of the internal particle as uniformly accelerated movement with consecutive
strikes. So the dependence of the acceleration on time has the following form:

N
V(t)=a+ Y AvS(t—t,),
n=0

with AV being the leap of velocity of the internal particle after collision with the shell, and ?, = %7 . Using Fourier

transform a(Z) = v(¢) , we obtain the emission spectrum of the composite particle:

2
dl(®) ¢° . N o
= sin‘@||ae” dt+AvZe n
Ar*c? -([

d Q n=0
The first summand corresponds to the emission of the particle with uniformly accelerated motion. As it was
discussed, e.g. in, such emission is difficult to observe. Really, at I —> % the spectrum of the uniformly accelerated

particle emission changes into O -function.
u(t).v(H)1

U, vit)
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Fig.2. A typical example of dependence of the shell velocity U and the charged internal particle velocity ¥ on time.
The left graph corresponds to the movement mode with the internal particle colliding with both walls of the shell. The
right one concerns the mode with the internal particle colliding with only one wall of the shell. The dashed line shows,

for comparison, the movement of a structureless particle with mass M +m and charge ¢ .

In other words, such an emission will be concentrated on very low frequencies. So, this component may be not
considered. The contributions of separate collisions of the internal particle with the ¢ shell can be easily summed up,

since the collisions take place between the same lapses of time f, = 17 . As a result, the spectrum of the emission takes

the form:
2
dl(a)) _ qzsinze 2M(U0 —VO) sinzNa)Z'/z
dQ 47 M +m sinwt/2
The graph of a typical emission spectrum is shown in Fig.3. It is easy to see that the maximum value of the

Q, nqE

2t 2mU,-V,)

emission power is achieved at frequencies multiple by @ and at these frequencies it is

2 .2
% N?. The characteristic width of the peaks A® is also easy to evaluate, and it coincides with Aw = i
4r°c N

So, the spectrum turns out to be concentrated on the main frequency of internal particle collisions with the shell

and on the frequencies multiple to it. In the formula obtained, the amplitude of the peaks on multiple harmonic

components is constant with frequency increase. A similar problem is observed also at obtaining of deceleration

emission spectrum and at a separate collision. The solution of this problem is trimming the spectrum at a certain

frequency. For a separate collision, the value of this frequency is defined by the characteristic time of colliding of the
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shell and the internal particle 7,,; . So, in the case of charged composite particle the linear spectrum of the emission is

also trimmed for the same reason at frequency @,,,, ™~ 1/ T..i - Being aware of the spectral emission of the composite
particle, let us calculate the average power of composite particle emission:

24 (Vo 2
col r .

comp

3 3
3nc’ \ T T 3zc

col

a., being the acceleration of the internal particle at the collision with the shell. To compare how many times the
composite particle is more effective emitter compared to a structureless particle, it is enough to compare the power
obtained with the full power of the emitted structureless particle with mass 72+ M and charge 9 in the electric field
E This power is easy to obtain by means of the well-known Larmor formula:

2
p 24 . _24( qE
lid :
3¢ 3 \m+M
Comparing the emission powers obtained, one can evaluate the efficiency of composite particle emission
compared with that of a structureless one. Really, they are related as

_ Beomp _ 2a.,(U, = V) L £

P, 7(QE / m)t

Moreover, taking into account that the internal particle velocity change during the time of collision is comparable
to its change during the time between the collisions, the efficiency can be evaluated in a simple correlation:

T
77N—
r .

col

T

col col

The time of collision of internal particle with the shell is usually very small compared to the time between separate
strikes upon the walls. So the composite particle, as an emitter, turns out several digits more efficient than a
structureless particle.

sis, =<

0.8 5

0.6 \

0.4 v

0.2 \

0.0 0.5 1.0 15 /o,
Fig.3. A typical emission power spectrum of a charged composite particle.

Here Q, = 2z is the frequency of colliding of internal particle and the shell.
T

Let us now discuss the influence of the medium on the emission of such systems from the qualitative point of
view. It should be noted that such influence is rather easy to take into account. Let us explain it on the most realistic
case of shell friction on the medium. If the energy passed to the shell at collision with the internal degree of freedom is
less than the energy spent on the friction during the period of movement, which corresponds to the case of low friction,
the average tempo of shell acceleration will reduce, but in all the rest the character of composite particle movement and
its emission will be preserved. The friction increased, the movement mode arises with the average velocity of shell
movement is preserved, the movement of internal degree of freedom is preserved qualitatively. Even at bigger friction
when the average velocity of the shell movement becomes arbitrary small, the periodicity of the internal degree of
freedom movement is preserved and so the character of such system emission s preserved qualitatively. In this case, the
spectrum of emission and the rest of its characteristics are easy to obtain, making the shell mass tend to
infinity M —> o0,

Back to the dependence of the period upon characteristic parameters of composite particle, one should note the
easiness of controlling the emission spectrum of a composite particle by changing the value of the electric field. In this
sense, the system we have considered has an extra advantage, its frequency can be chosen in the range needed for the
observation by choosing in the right way the value of the field or masses of external and internal degrees of freedom. In
its turn, it enables passing more complicated information with the use of frequency modulation. Besides, such a particle
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can be used as a detecting device of constant electric fields.

In a more complicated case, the collisions of the internal particle alternately with both walls of the shell the
resulting formula for the spectrum is supplemented by a multiplier corresponding to the interference between the
collisions with the front and the rear walls. It is natural that this multiplier does not depend upon the frequency. Thus,
the form of the power spectrum is the same in a more complicated case as well.

CONCLUSION

In the conclusion it is worth mentioning that the results obtained in the paper predict the characteristic properties
of emission of structurally complicated particle with charged internal degrees of freedom when it moves in an constant
electric field. Such a system can be regarded as a kind on nanoantenna. The presence of interaction between internal and
external degrees of freedom is important for it. In a certain case, the properties of such emission carry information about
the internal structure of a structurally complicated particle. Taking into account that with body size reducing, the
number of internal degrees of freedom is decreased, one should expect the arising of such effects in nanoparticles of
general nature.
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A method for calculation of the critical temperature of transition of a many-particle Fermi system into a superfluid or a
superconducting state at an arbitrary pair potential of the interparticle interaction is proposed. An original homogeneous integral
equation, that determines the critical temperature, is transformed into a homogeneous integral equation with a symmetric kernel that
enables application of a general theory of integral equations for calculation. Examples are given of calculation of the superconducting
transition critical temperature for the BCS potential with the Coulomb repulsion and the critical temperature of the superfluid
transition of liquid helium-3 into p -wave pairing state for the Morse potential.
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KPUTHYHA TEMIIEPATYPA INEPEXOQY ®EPMI-CUCTEMHU
B HAJIUIMHHUAMA CTAH IIPHA JOBLIbHOMYIIAPHOMY IOTEHIIIAJII
FO.M. IToayekroB, O.0. Copoka
Hayionanvnuii naykosuti yenmp “Xaprigcokuii ¢izuxo-mexuiunuil incmumym”
61108, syn. Akademiuna, 1, Xapxie, Yrpaina

3anporoHOBAaHO METOJ| PO3PaXyHKY KPUTHYHOI TeMIlepaTypu Iepexoly OaraTodacTHHKOBOI (epMi-cHCTeMH B HaJIUIMHHUI abo
HaJNPOBITHUI CTaH MPH JOBUIFHOMY ITAPHOMY MOTEHIiali MiXXYaCTHHKOBOI B3aeMoil. BuxigHe ogHopinHe iHTerpanbHe PiBHIHHS,
110 BU3HAYa€ KPUTHYHY TEMIIEPaTypy, IEPETBOPIOETHCS B OJHOPIAHE iHTErpaibHe PIBHAHHA 3 CUMETPHYHHUM SAPOM, IO JI03BOJIIE
3aCTOCYBATH JUISl PO3PAxXyHKY 3arajbHy TEOpil0 iHTerpanbHuX piBHAHb. HaBeleHi NpuUKiIaau po3paxyHKY KPHTHYHOI TeMIepaTypu
HaAmpoBigHOro mepexony ais moreHmiary BKIII 3 KynoHIBCBKMM BiAIITOBXYBAaHHAM Ta TEMIIEpaTypd IEpexXody Temis-3 B
HaJIUTMHHKI CTaH 3 p - CHAapIOBaHHAM JUIsl OTeHuiaty Mop3e.

KJIOUYOBI CJIOBA:kpuTH4Ha Temiiepatypa, HaAlpOBiAHICTh, HAAIUIMHHICTh, MApHHUN I[OTEHIial, OTHOPIAHE iHTEerpajbHe
PIBHSHHS, XapaKTEPUCTUYHE YHUCIIO

KPUTHYECKAS TEMIIEPATYPA NIEPEXOJA ®EPMU-CUCTEMbI
B CBEPXTEKYYEE COCTOSIHUE ITPU NPOU3BOJIbHOM IMAPHOM INOTEHLHHUAJIE
10.M. [ToayakTOB, A.A. Copoka
Hayuonanvnouii nayunwlii yenmp “Xapoko6ckuii (puzuxo-mexnuyeckuii uncmumym”’
61108, Axaoemuueckas, I, Xapvkos, Yxpauna

IpemnokeH MeETOJ pacdyeTa KPUTHYSCKOW TeMIlepaTyphl MepexoJa MHOrOYacTHYHOW (epMU-CUCTEMbI B CBEpXTEKydee WIIU
CBEPXIIPOBOASIIEE COCTOSIHUE HPH MPOU3BOJILHOM MAPHOM MOTEHIHANIE MEKYACTHYHOTO B3auMoeiicTBus. VICX0QHOE OAHOPOIHOE
HHTETpalbHOE ypaBHEHHE, ONMPEACISIONee KPUTHUECKYIO TEMIIepaTypy, Mpeodpa3yercst B OMHOPOJHOE HHTEIPaIbHOE YPaBHEHHUE C
CHMMETPUYHBIM SIIPOM, YTO TTO3BOJISIET IPUMEHHTH TS pacieTa OOIYI0 TEOPHIO HHTETPAIbHBIX ypaBHEeHHA. [IprBeIeHbI IPUMEPhI
pacueTra KpHTHUYECKOH TeMIIepaTyphl CBEPXIpOBOAAIIEro mepexona s morteHnuana BKII ¢ KylTOHOBCKMM OTTalKHBAaHHEM H
TeMIepaTypbl Iiepexo/ia reunsi-3 B CBepXTeKydee COCTOSHHE C P -CIIapuBaHUEM JUIs IToTeHIraxa Mop3e.

KJIFOYEBBIE CJIOBA: kputndeckass TEMIIEpaTypa, CBEPXIPOBOIUMOCTb, CBEPXTEKydYeCTh, MApHBII MOTEHLHAN, OJHOPOIHOE
HHTETpaIbHOE yPaBHEHHUE, XaPAKTEPUCTHIECKOE YHCIIO

Calculation of the critical temperature of a superfluid or superconducting transition in a Fermi system is a central
issue in the theory of superfluid Fermi systems. The importance of this problem has especially risen after the discovery
of high-temperature superconductivity [1,2]. In calculation of the critical temperature in the theory of conventional
superconductivity [3-5], it is assumed that the interaction between the electrons exists only in a narrow energy range of
the order of the Debye energy near the Fermi surface. This allows one to approximate the interelectron interaction
potential by a constant. But such approximation becomes fairly rough to account for the influence of the Coulomb
interaction[5-7], because in this case the region of interaction is not confined by a narrow energy range. The validity of
approximations, employed in calculation of the critical temperature in conventional superconductors, is broken in many
cases in high-temperature superconductors. Of special interest is calculation of the transition critical temperature in
superconductors with overlapping conduction bands [6-8], because such a model can be used for a theoretical
description of superconductivity both in the transition metals and high-temperature superconductors. A detailed analysis
of calculations of the superconducting transition critical temperature in different systems is given in the book [9]. It is
noted therein that the solving of an integral equation determining the critical temperature for in the least bit complex
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interaction “constitutes a well-known problem”.

Taking into account of interparticle interaction only in a narrow range near the Fermi energy in calculation of the
temperature of transition of *He into the superfluid phase [10] is also, generally speaking, inconsistent. In particular,
apparently this is responsible for a difference of some orders of magnitude in theoretical estimations of the *He critical
temperature in papers of different authors [11,12]. Besides that, the reason of such large discrepancies is connected with
sensitivity of the calculated temperature to a choice of parameters of the interparticle interaction potential.

The aim of this paper is to develop a consistent method for calculation of the critical temperature of transition of a
many-particle Fermi system into a superfluid or a superconducting state at an arbitrary pair potential of the interparticle
interaction. The essence of the proposed method consists in transition to a study of a homogeneous integral equation
with a symmetric kernel that enables application of the known results of the theory of integral equations. In principle,
the proposed method enables to calculate numerically the critical temperature for an arbitrary interparticle interaction
potential with a prescribed accuracy. As examples of use of the proposed method, the critical temperature in the BCS
model with a finite ratio of the Debye energy to the Fermi energy is calculated and the influence of the Coulomb
repulsion is taken into account. It is shown that the formula for the critical temperature [5,13] in the presence of the
Coulomb interaction, obtained earlier by means of an approximate consideration, is exact within the framework of the
selected model. The critical temperature of the superfluid transition of liquid *He into p -wave pairing state for the

Morse potential is calculated and its strong dependence on the value of one of parameters of this potential is shown. At
reasonable choice of parameters of the potential, the calculated critical temperature is close to the experimentally
observable one.

TRANSFORMATION OF THE EQUATION FOR THE CRITICAL TEMPERATURE
TO A HOMOGENEOUS INTEGRAL EQUATION WITH A SYMMETRIC KERNEL

The critical temperature 7. of transition into a superfluid or a superconducting state of a Fermi system is found

from the linearized equation for the order parameter A, [13]:

1 A, . &
A =——>SU, , —X th=2% 1
: V; Ko, 2T M

where Kk is the wave vector, & =h’k?/2m, —u, uis the chemical potential, m, is the effective mass. Fourier
component of the interaction potential has the form

U, = [drU(r)e™, )
where U (r) is a potential energy of the interparticle interaction. We will consider an isotropic system, and expand the
order parameter and the Fourier component of the potential in spherical functions

A =VAZY Y A, (K)Y, (), ®

1=0 m=-1
e /
U =47Y. Y U, (kK'Y (Q) Y, (2Y). 4)
1=0 m=-1

Supposing that the potential depends only on a distance U (r) =U (r) , we find for a component of the potential

U, (kK'Y = 4z [ drr°U (r), (k) (K7) s)

Ji(x)= /21 J , (x) are Bessel spherical functions. In the case of the singlet pairing, when A, = A_, , in the expansion
X l+E

(3) only components with even / remain, and for the triplet pairing, when A, =—A_, , only components with odd / .In
an anisotropic medium, for example in a crystal, the expansion of the order parameter and the potential should be made
in basis functions of the irreducible representations of a symmetry group of a crystal[14].

Equation (1) decomposes into equations for the separate components of expansions (3), (4) with different/ for the
order parameter and the potential, which after the transition in (1) from summation to integration acquire the form

A1<k>=—ﬁ [U, (b k) F (KT o, (R) R ©

]
where A, (k) = z a,, A, (k), a, are arbitrary coefficients, because the transition temperature does not depend on the

m=-1

index m . In (6) the designation is introduced

F(k)zF(k;Tc)zgltthk. ™
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Thus, calculation of the critical temperature comes to finding values of the parameter 7., at which the homogeneous
integral equation

A(k)= TR(k,k’)A(k')dk’ ®)

has different from zero solutions. The kernel of this integral equation

R(kK") =—ﬁU(k,k’)F(k';Tc)k'2, ©)

is, obviously, unsymmetrical R, (k,k') #R (k',k). The index [ of the order parameter and the potential here and in

what follows is omitted.
For subsequent analysis it is convenient to go over to an integral equation with a symmetric kernel, that will allow

us to use general results of the theory of integral equations. For this purpose we multiply equation (6) by k,/F (k) and
define the function ® (k)= k,/F (k)A(k) . As aresult we come to the homogeneous integral equation

® (k)= [ K (k, k3T, )@ (k') k', (10)
0
with the symmetric real kernel
kk'
(27)

K(k,k';T,)=K(k,k')=K(k',k)=— U(k,k")JF(k)F(k"). 1t

2
As opposed to the Fredholm homogeneous integral equation of the second kind [15]
b
o (x)=2[K (x.t)p(t)dt, (12)

in equation (10) a parameter, which role is played by the critical temperature here, enters not as a factor before the
integral, but is incorporated in a complicated manner into the kernel of the integral equation K (k,k'; T C) .

Note that the order parameter A(k) is, generally speaking, complex, so that it and the above defined function can
be presented in the form A(k)=A'(k)+iA"(k) and ®(k)=d'(k)+i®"(k). Because of the kernel (11) being real,
identical integral equations come out for the real and the imaginary parts of the function (D(k) .Therefore, in what

follows we consider this function real.
Despite the fact that equation (10) is not of the Fredholm form, finding of the critical temperature can be reduced
to finding of characteristic numbers A of the equation of type (12). To this end, let’s consider the auxiliary equation

B (k) = A(T) [ K (k. K5T) (K )k (13)

The kernel of this equation depends on the parameter 7', which in our case has the meaning of temperature.
Characteristic numbers of equation (13) 4 (T) (several numbers can exist) are functions of temperature. Equation (13)

coincide with equation (10) in the case when at some temperature one of characteristic numbers appears to be equal to unity, so
that the critical temperature has to satisfy the condition

A(T.)=1. (14)

From here on assuming eigenfunctions to be normed by the condition _[(Dz (k)dk =1, we get
0

A(T) = T(D(k)K(k,k';T)d)(k’)dkdk}l . (15)

Transition to a superfluid state is possible only for such potentials at which equation (13) has positive characteristic
numbers. From equation (15) and the form of function (7), it follows that characteristic numbers are large at high
temperatures and fall off with decreasing temperature. A phase transition takes place when condition (14) becomes
satisfied for one of numbers. If for a given potential condition (14) is not satisfied at any temperature, then a phase transition is
not possible. Dependence of the characteristic number on temperature for the potential of the BCS type (20) is shown in
figure 1. Qualitatively, dependence of absolute values of characteristic numbers on temperature has a similar form as well
for arbitrary potentials.
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Fig. 1. Dependence of the characteristic number on temperature in the BCS model
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CRITICAL TEMPERATURE FOR SEPARABLE POTENTIALS
Characteristic numbers of the integral equation (13) can easily be found if, for instance, its kernel can be
represented as a product of the two same factors

K(k,k")=vK(k)K(K'), (16)
wherev = +1. Such a representation takes place for potentials of the special formU (k,k') =vU (k)U (k') , called

separable potentials. In this case

K'(k):%U(k) F (k) (17)

and the integral equation has the single characteristic number
-1

A(1)=v|[K* (k)dk} . (18)

This number is positive if v =+1. In the opposite case the characteristic number is negative and a phase transition is
absent. Condition (14) leads to the equation determining the critical temperature for the case of the separable potentials

1
(27)
Note that the separable model potentials are widely used, for instance, in the theory of the nucleus [16].
The matrix element of the interaction potential in the BCS model can be represented as

(U2 (0)F (ks ) ok =1 (19)

U (k') = ~Uyyr (K)yr (). (20)
wherey (k) =0(k—k, —Ak)—0(k—k, +Ak), and k, = (37[211)1/3 is the Fermi wave number, 7 is the electron density,
6’(k) is the unit step function, U, >0. The width of the shell nearby the Fermi surface, in which fermions interact,is
determined by the Debye frequency @), , so that Ak =m, @, /hk, . As seen, the BCS potential is separable, withv =1and
U(k)=\U,w(k), and therefore the integral equation (13) has the single characteristic number. In this case
equation (19) can be represented in a standard for the BCS theory [3-5] form

U kp+Ak kz 5
—=o_ j —th[—kjdk:L 1)
(271') K~k Sk 2T,

In calculation of the transition temperature into a superconducting state one needs, generally, account for the two energy
parameters characterizing a system, namely the Debye energy e, = /%@, and the Fermi energy &, =h’k./2m,.
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In conventional superconductors the Fermi energy is by two orders higher than the Debye energy, so that . > &, . In

some cases, for instance in high-temperature superconductors [1,2], this strong inequality can be violated. In this
connection, let’s make calculation of the critical temperature, not assuming the ratio I' =¢, /¢, to be small, so that

equation (21) can be written in the form

&p/Te
U,N T
2 —ep/Te EF 2 y

N, =m.k, [2z*h* is the density of states at the Fermi surface. Usually, assuming that " < 1, the square root in formula
(22) is assumed to be unity. In addition, in further calculation in the BCS theory it is assumed that &, > T...

This condition is also violated in the HTSC. A standard BCS formula for the superconducting transition temperature,
calculated under the condition &,, > T, has the form [13]

2y 11
T.=—"¢,exp| ——— 23
cT % p|: U,N, J (23)
where y = e, C ~0.577 is the Euler’s constant. In general case, the critical temperature is determined by zero of the function
&p/T \
¥ [T FgJ_l—— [l Try-th(ld—y, (24)
¢p 2 0 €p 2)y

depending on the three dimensionless parameters7/e,, T'=¢,/¢, andg=U,N,. Dependence of the critical
temperature on the parameter” at a fixed value of gis shown in figure 2. At maximum possible valueI =1, the
critical temperature decreases by nearly 10%.

0,040 |- \

0,039 | \

0,038 -

0,037 L 1 L L
0,0 0,2 0,4 r 0,6 0.8 1,0

Fig. 2.Dependence of the critical temperature on the ratio ofthe Debye energy to the Fermi energy

t.=T./e,=7.(T),g=03

CRITICAL TEMPERATURE IN THE CASE OF THE DEGENERATE KERNEL
If the potential can be represented in the form

U(k,k') Zv U, ( (25)
where v, =+1orv, =—1and N is a finite number, then the kernel in the integral equation (13):
K(k k) =3 vk, (KK, (k). 26)
i1
and besides

K, (k)=U, (k)zi,/F(k) : @7)

T

For such kernel (26), which is called degenerate, finding of the characteristic numbers A or the corresponding
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eigenvalues o =1/ is reduced to finding of roots of the algebraic equation [17]

vK,-o v,K, VK
A(o-) _ v, K, wK,,—-o ... Vv,K,, —o. 28)
v, Ky, v,Ky, ... "WwKyy—-0o
where
K, =K, ELIU[(k)Uj(k)F(k)kzdk. (29)

T ()
It is obviously that K, > 0. As noted above, a phase transition occurs when, at decreasing temperature, one of the roots

becomes unity in the transition point. If for a given potential that does not take place, then no phase transition exists.
Let’s consider in more detail the simpler case N =2, when the potential is represented in the form

U (k.K) =—wU, (K)U, (K') = w,U, (K)U, (K). (30)

Then, according to (28), the characteristic numbers are determined from the quadric equation

o’ _O—(VIKII +V2K22 ) Wy, (K11K22 _Klzz)

0, €2))

having the solutions

O

+

1
- E[(VlK“ +1,K,,) iD] , (32)

where D = \/(VIK“ -v,K,, )2 +4v,v,K, . For solutions (32),there are obvious relations

o,-o_=D>0, o, +to_=vK, +v,K,,

2 2 _ 2 (33)
o,-0_= (V1K11 +v,Ky )D’ 0.0_=WV, (KuKzz - Klz)’

so that o, > o . Hence, if VK, +Vv,K,, <0 andv,v, (K“K22 —Klzz) >0, then both eigenvalues are negative and a phase

transition into a superfluid state is not possible. Whereas ifv, K|, +v,K,, >0, then for v, (K“K22 —Klzz) <0 one

eigenvalue is positive o, >0 and another is negative o <0, and forv,v, (K”K22 —Klzz) > 0both eigenvalues are

positive. In both latter cases the critical temperature is determined by the condition A, (7,.) = 1/ o, (T.)=1, so that the

equation for 7. is the following

WK, (T.)+v, K, (TC)+\/[V1K” (To) v, K, (T.)] +4vy, K3 (T.) =2. (34)
This equation can be written as well in the form
|:V1K11 (TC)+V2K22 (TC ):| WY, [Ku (TC)KZZ (Tc)_K122 (TC )] =1. (35)

As a concrete example, let’s consider calculation of the critical temperature when, besides the attraction described by
the BCS model, there is also repulsion in a certain shell around the Fermi surface. Then v, =1, v, =-land

U (K)=JUyw,(k),  U,(k)=Uc.w,(k), and  besides v, (k)=0(k—k.—Nk)-0(k—k.+Ak),
v, (k)=0(k—k, —Ak,)—O(k—k, +Ak,), Ak =m,@, [k, , Ak, =m,o.[lk, . Herew, ~ &, [h, so that Ak, > Ak, .

This model approximately describes the influence of the Coulomb repulsion on the superconducting transition
temperature. From equation (35) it follows

K122 (TC )

Kn(Tc)=1+ma (36)

where in the present case
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U UN, “f [T 3\ dy
K, (T)= U_ZKIZ(TC):# .[ 1+i)"th£—j7,

—ep/Te (37)

e [Te
U.N T.
K, (T.) ==+ J’ /1+—‘y-th(1jﬂ.
2 ~&r [T SF 2 y

As shown above, even for maximum T =¢, /¢, =1at replacement of the root under integrals (37) by unity the
difference from the exact result is no more than 10%. From this approximation it follows

&
K = 2,0, Ky =gc (®+IHS_FJ> K, =88 O, (38)
D
where g, =UN,, g.=U.N,, ©= ln% . Then from (36) the equation for the critical temperature follows
C
&c
O|lgy———F—— =1, 39
[go 1+gcln(gF/,9D)} (39)

which coincides exactly with the one obtained in the model under discussion earlier [5,13]. Note, that in [13] it is
stressed that the integral equation determining the critical temperature is very difficult to solve even for a simple interaction,
and therefore the consideration carried out in [13] proves to be “quite approximate”. However, as shown above, formula
(39) is exact for the selected model interaction.

CRITICAL TEMPERATURE FOR PAIR POTENTIALS OF GENERAL FORM
If we have such a potential that the kernel of integral equation (13) cannot be represented in the form of (16) or
(26), then there exists an infinite number of characteristic numbers. In this case we have to employ approximate
methods for finding characteristic numbers of the symmetric kernels [17-19]. Reasonably efficient is the Ritz method,
and we will employ it for finding eigenvalues (characteristic numbers) of the non-degenerate kernels. Since in the
problem under study eigenfunctions are defined on the half-axis 0 < k < oo, it is convenient to expand them in the functions

I (k/k.)=exp(—k/2k, )L, (k/k,) which are expressed through the Laguerre polynomials L, (k/k; ) [20]:

0

(k)= B, (k/k;.). (40)

n=0

Since the orthogonality relation holds for the introduced functions, |7, (k)Z,(k)dk =3, , then the coefficients of the

nm

S ey 8

expansion(40) are defined by formula
B, =kljcb(k)zn (k/k,.)dk . (41)
F 0

From the normalization condition it follows Z Bj =1. Expansion (40) holds for functions satisfying the requirement of
n=0

square integrability [20]:

j @2 (k)e ™ dk <o . (42)
0
Then, the integral equation (13) is reduced to the system of an infinite number of homogeneous linear equations
z[agmn _Kmn]Bn :O’ (43)
n=0
where
1 0 00 7(k+k') k k;
K, =K, =——[[U(kK)e " L, [—] L {—J F(k)F (k') kk'dkdk' . (44)
(27T ) 00 ki ky

The eigenvalues are determined by the condition of the determinant equaling zero

det[o5,, - K,,]=0. (45)

mn

In the Ritz method the infinite determinant is replaced by the determinant of the finite matrix. Since a phase transition
takes place under satisfaction of the condition O'(TC) =1 (T C) =1, then the equation for the critical temperature of a

phase transition takes the form
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det[émn -k, (T. )] =0. (46)

If in expansion (40) only two main terms withn = 0 andn =1 are left, then from (45) it follows the quadratic equation
for approximate determination of the two highest by absolute value eigenvalues

0'2—o-(KOO+K“)+KOOK”—K(fl =0. 47)
Hence
1
o, :E(KOO +K,, iD) s (48)

where D = \/ (Ko — K, )’ +4KZ . From obvious relations for solutions (48)
o,—o_=D>0, o, +o =K,+K,,
O'f—O'f =(K00+K11)Ds 0,0 =K00K11_K§1
it follows that, if K, + K|, <0 and K, K,, — K, > 0, then both roots (48) are negative and a phase transition is absent.
Whereas ifK,, +K,, >0, then one (for K, K, —K;, <0) or two (forK, K, —K,, >0) positive roots exist, and the

(49)

transition temperature is determined from the condition o, (T C) =1, so that

Koo (TC)+ K (Tc)+\/|:Koo (Tc)_Kn (Tc ):|2 +4K§1 (Tc) =2, (50)

or
|:K00 (Tc)+K11 (TC )]_I:Koo (TC)KII (TC)_Kgl (Tc)] =1. (51
Consider one more method of approximate determination of the critical temperature not requiring use of the

eigenfunctions. For a symmetric kernel under the normalization condition J.(D,. (k)®, (k)dk = 5, the bilinear expansion
0

holds [15]:
N (k)D, (k'
K(k,k’): E_l—’( )/1 ’( ) ) (52)

Here the number of characteristic numbers N can be finite for degenerate kernels and infinite in general case. It is
assumed that the following conditions are satisfied for the kernel

[ K (kKT )didk' <40, [K? (k,K'3T, ) dkdk' <+o0, (53)
0 0

i.e. the integral equation is of Fredholm type. If kernel (52) is continuous and its characteristic numbers are all positive,
or there is only a finite number of negative characteristic numbers, then the bilinear series of this kernel converges
uniformly (Mercer’s theorem) [15,17]. Assuming in (52) & = k' and integrating both sides by k , we obtain the formula

for the trace of the continuous kernel K (k,k')

® N
jK(k,k)dk:Zi. (54)
0 s
Squaring both sides of equation (52) and integrating by £ and k', we come as well to the relation
00 00 , , N 1
j K? (k,k") dkdk :Z?. (55)
00 j=1 7%

Taking into account that 4, (TC) =1lin the transition point, formulae (54) and (55) can be used for both an approximate
calculation of the critical temperature and checking self-consistency of calculations of the critical temperature by other
approximate methods. If the maximum eigenvalue o, =1/4, is positive and o, >> |02| > |(73| > ..., then the equation

[ K (kI T, ) ke =1, (56)
0

following from (54), can be used for calculation of 7,.. However, this approximation is by no means always valid. It

can turn out that, in addition to the maximum positive eigenvalue, a substantial contribution is made by another
eigenvalue which, if negative, can even exceed by absolute value a contribution of the positive eigenvalue. Therefore,
for obtaining more accurate equation for 7., at least the two maximum by absolute value eigenvalues o, and o, should

be taken into account. From (54) and (55), the system of algebraic equations follows for these eigenvalues
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o, +0, =K, ETK(k,k)dk=— L [U(kk)F (k) Rk (57)
e
ol +ol =K, j j K (k, k") dkdk' = (k, k') F (k) F (K"K dkdk' . (58)
The solutions of this system of equations are:
o1, =%(1<1 +D), (59)

where D = /2K, — K] . Here the subradical expression 2K, — K > 0, because all characteristic numbers of an integral
equation with a symmetric kernel are real. The obvious relations hold
1
o,-0,=D, o’-0:=KD, o0, =5(1<12 -K,). (60)
IfK, <-Dand K} > K, , then both roots are negative and a phase transition is absent. IfK, >—Dand K — K, < 0, then

o, >0ando, <0, and besides, if in this case K, <0, then|c72| >o0,.IfK, >-DandK; - K, > 0, then both roots are

positive and o, > o, . Thus, with account of the two characteristic numbers the equation for the critical temperature has
the form

Il
S}

+2K, (1) - K (T
K (T,) =1+ K, (T.)-1. (62)

In the latter formula the plus sign should be taken if X’ — K, >0, and the minus sign if K} - K, <0.

, (e1)
or, equivalently,

For estimation of value of the minimum (by absolute value) characteristic number A, (TC) (i * 1) , the method of

i

iterated kernels [15,17,19] can be used, for instance. The iterated kernel is defined by the relation

= jK(k,k,)K(kl,kz)...K(an,k')dk,dkz .dk, (63)
0
and its trace by the relation
S, =K, (kk)dk=> —. (64)
.([ ( = 111

In the transition point

5, (1) = [ K, (kT )k =143 /1»1( Tt

Formula (65) enables to estimate the value of the minimum different from unity characteristic number |/12 (T )| If

(65)

|/”L2 | )|>1, then

o ()| =[Js. (7)1 (69
And if |4, (T,)| <1, then

~1/m
(7 ) =], (7)) (67)
Formulae(66), (67) can be used for checking self-consistency of calculation of the critical temperature by approximate
methods.

TEMPERATURE OF TRANSITION INTO HELIUM-3
SUPERFLUID PHASE FOR THE MORSE POTENTIAL
Now we apply the proposed calculation methods to evaluate the critical temperature of the superfluid transition of

liquid *He into p -wave (l = 1) pairing state, using the known Morse potential
U(r)=u, {exp[—Z(r—rO )/L]—Zexp[—(r—ro)/L]} , (68)
which is widely used for modeling of interactions between atoms and has the three parametersu,, 7,, L . The parameters

r, andu, define the minimum point of the potential (a distance between atoms and a depth of the potential well in this
point) and the parameter L characterizes a scale of potential variation. Fourier component of potential (68) has the form
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, L 2 kL k'L ,
U, (k,k ):%{exp(%j1(7,7j—16exp£%°jl(kL,kL):| : (69)
where
(1+x2+y2) 1 ]+(x+y)2

In

I(x,y)= xy|:1+(x—y)1[1+(x+y)1_4x2y2 1+ (x=y)

(70)

In this case the kernel

’ 0L3 2O kL k,L 0 ’ ’ ’
K (kk')= —”8” {exp(%)l(;,T)—Mexp(%]I(kL,kL)}kk JF(k)F (k) 1)

is not degenerate and approximate methods should be used for calculation of the critical temperature.
For numerical calculation of the *He superfluid transition the following values of the potential parameters are used:

1, =2.95-10"%cm, u, / k, =10.0 K. The parameter L is chosen from such a criterion that the calculated scattering length

e

should be close to the average adopted in the literature value a, =-8.2 A [21]. It gives for the dimensionless parameter

a, e J.U(r)dr:%ﬁez (eL —16] (72)

L= L/, the value L=0.386. The following parameters of the liquid helium are chosen: the density of atoms
n=1.8-10" cm™, that corresponds to the mass density p, =0.08 g-cm™, the Fermi wave number and the Fermi
temperature k, = 0.81-10°cm™, T, =1.71K . Numerical calculation by the Ritz method in the approximation of two
characteristic numbers gives the value 7. =6.604-10", that corresponds to the critical temperature 7. ~1.1 mK.Note
that experimentally observable transition temperature increases from the value T, = 0.9 mK at zero pressure to the
value 7. =~ 2.6 mK at the maximum possible pressure [11]. Calculation by formula (48) of the second eigenvalue gives
the value o_(r,.)=-12.8. In order to check self-consistency of the result obtained above by the Ritz method, let’s
compare the value of the characteristic number A (z.)=0c (z.)" =-0.078 with the value of this number calculated
independently by the trace method (67). Result of calculation by the trace method converges rather rapidly with
increasing a number of iterations m, and for m =3 gives the value 4 (z.)~-0.082. This result differs from that

one obtained above by the Ritz method by nearly 5%, that indicates good accuracy of this approximation with regard to
the Morse potential.

Let’s calculate the critical temperature of the phase transition by another method based on using the relations (54),
(55) with account of two eigenvalues that leads to equations (61), (62). For the same set of parameters of the system and

the potential as that used above, we get 7. =1.43-107and 7. ~ 24.5 mK. The second eigenvalue, obtained by formula
(59), 0,(z,)=-16.4 and the corresponding characteristic number 4,(z.) = o,(z.)"' =—-0.061. Calculation by the trace
method gives 4, (z,.) ~—0.077 form =3.In this case the characteristic numbers obtained by different ways differ by
nearly 20%. Therefore, the second method gives a less accurate result than the Ritz method and leads to the overestimated
value of the superfluid transition temperature.

It should be noted that the value of the critical temperature proves to be very sensitive the value of the
dimensionless parameter L. As shown in table 1, variation of this parameter by only 0.001 (x0.25%) leads to
variation of the critical temperature by two-three times. Such strong dependence can be connected with the fact that the
parameter L of the Morse potential defines the relation between quantities of the attractive and the repulsive parts of the

potential. With increasingithe role of the repulsive part of the potential falls and of the attractive part rises
exponentially, and this presumably causes high sensitivity of the transition temperature to this parameter.

Table 1.
Dependence of the critical temperature and the scattering length on the parameter L= L/ r, of the Morse potential
L 0.385 0.386 0.387
T, mK 0.35 1.1 2.3
a, A -7.9 -8.2 -8.5
CONCLUSIONS

A method for calculation of the temperature of a phase transition of a many-particle Fermi system into a superfluid
or a superconducting state, based on transition to a homogeneous integral equation with a symmetric kernel, is
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proposed. For potentials bringing to a degenerate kernel of an integral equation the problem of determination of the
critical temperature is solvable exactly, and for potentials of general form approximate methods of finding eigenvalues
of homogeneous integral equations with symmetric kernels can be employed. The developed method enables to
calculate the temperature of transition into the superfluid state for an arbitrary pair potential with a desired accuracy. As
examples of use of the method, the results of the BCS model with account of a finite ratio of the Debye energy to the
Fermi energy are reproduced and the influence of the Coulomb interaction on the critical temperature is analyzed. It is
shown that the known formula [5,13] for the critical temperature in the BCS model accounting for the Coulomb
interaction is exact for the selected model. The temperature of the superfluid transition of liquid *He into p -wave

pairing state for the Morse potential is calculated. It is shown that the calculated temperature depends strongly on the
value of one of parameters of the potential and at reasonable choice of parameters calculation gives the value of the
critical temperature close to the experimentally observable one. The developed method of calculation can be employed
for determination of temperatures of phase transitions in other physical systems.
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The effect of high hydrostatic pressures of up to 10 kbar on the basal ab-plane conductivity of YBa,Cu;0;_5 single crystals with
unidirectional twin boundaries is investigated. We show that application of a high pressure leads to a substantial decrease of the
pressure derivative of the coherence length d&./dP while increasing dT./dP and a temperature shift of the 2D-3D crossover point.
Possible mechanisms of the influence of high pressure on the critical temperature and the coherence length are discussed within the
frames of a model assuming the presence of singularities in the charge carriers electron spectrum typical for lattices with strong
coupling. The excess conductivity Ac (T) in YBa,Cu;0,-5 has been revealed to obey an exponential dependence in the wide
temperature range T.<T <T". At this, the description of the excess conductivity by the expression Ac ~ (1 — T/T") exp(A*/T ) can be
interpreted in terms of the mean-field theory, where T" is the mean-field superconducting transition temperature and the pseudogap
temperature dependence is satisfactory described within the framework of the BCS-BEC crossover theory. An increase of the applied
pressure leads to a narrowing of the temperature range of the realization of the pseudogap regime, thereby expanding the linear
temperature dependence of the ab-plane resistivity p(T).

KEY WORDS: YBaCuO single crystals, hydrostatic pressure, excess conductivity, crossover, coherence length, fluctuation
conductivity, pseudogap state, high-temperature superconductivity, critical temperature

BIIJIMB BUCOKOI'O I'TJIPOCTATUYHOI'O TUCKY HA PI3HI TUIIN MPOBIJHOCTI MOHOKPUCTAJIIB YBaCuO

13 3AJAHOIO TONOJIOT'IEIO IVMIOCKUX JE®EKTIB

K.B. TmTepeBa', K.A. KOTBI/Illeal’Z, O.M. Coxonosl, M.P. BOBR', P.B. BoBk'”’
Xapriscoxuii nayionansnuii ynisepcumem imeni B.H. Kapasina
61022, nn. Ceoboou 4, Xapxis, Yrpaina
ZVKpai'HCbKa 0epPIAHCABHA aKAOeMisi 3aNI3HUYHO20 MPAHCHOPMY
61050, m. Xapxis, nn. Qeiicpbaxa 7, Vrpaina

VYV poboTi mOCTIKEHO BIUIMB BHCOKOTO TrifpocTaTHyHOro THcKy mo 10 kbap Ha mnpoBiaHicTe y ©OasucHii ab-rutonmHi
MOHOKpHUCTaMYHHX 3pa3kiB YBa,Cu;07_s 3 cHCTEMOI0 OJHOCTIPSMOBAHUX ABIMHUKOBUX MEX. BusABIIEHO, 1110, JOAaBaHHS BHCOKOTO
THUCKY TPU3BOIUTH 0 JAESKOTO 3MEHIICHHS BeNWYWHH OapuuHOi moximHoio d&./dP mpum omHowacHOMmy 30imemenni dT./dP Tta
3MIIIEHHS 3a TeMneparyporo Touku 2D-3D kpocoBepa. OOroBOpIOIOTECS MOXKIIMBI MEXaHI3MHU BILIMBY BUCOKOTO THCKY Ha KPHTHUHY
TeMIeparypy i JOBXKHHY KOTE€PEHTHOCTI B 00CS3i €KCHEpHMEHTAIBHOTO 3pa3ka B paMKax MOJENi, W0 Iepexdadac HasBHICTH
CHHTYJISIPHOCTEH B €JIEKTPOHHOMY CIIEKTpi HOCIIB 3apsiiy, SIKUi XapakTepHHU IS PEIIiTOK 3 CHIIBHHUM 3B'si3KOM. BcraHoBneHo, 1o
HaMIIKoBa nposignicts Ac(T) Monokpucranis YBa,CusO; 5 y mmpokomy intepsaii temmeparyp Te<T<T" mimmopsaKoByeTbCs
CKCTIOHCHIIIMHIA TeMmepaTypHiili 3anekHocTi. [Ipu IbOMY OIMKC HAIJIMIIKOBOI MPOBIAHOCTI 3a JOMOMOTOK CITiBBIAHOIICHHS
Ao~(1-T/T") exp(A"w/T) Moxe OyTH IHTEpIpETOBAaHO B TepMiHax Teopii cepenHboro moms, e T NpeACTABICHA, 5K
CepeIHBOIIOIb0BA TEMIIEPATYpa HAAIPOBIIHOTO MEPEXOy, a TEMIEPAaTypHa 3aJI€XKHICTh IICEBIOIIUINHN 3aI0BITBHO OIHCY€ETHCS B
pamkax Teopii kpocoBepa BKII-BEK. 30inbpieHas THCKY TPU3BOIUTE 10 €PeKTy 3BYKCHHS TEMIIEPATypHOTO iHTEpBay peajizamii
TICEBIOUIITMHHOTO PEXKUMY, THM CaMUM, PO3IIUPIOIOYH 00JIACTb JIiHiiTHOT 3anexHocTi p(T) B ab-ruromuHi.
KJIFOYOBI CJIOBA: wmonokpucramu YBaCuO, npomyBaHHS, TiIpOCTaTHYHHN THCK, HAQ/JIMIIKOBA IIPOBIIHICTH, KPOCOBED,
(urykTyaniliHa IpoBiIHICTb, IICEBIOIIUINHHNN CTaH, BUCOKOTEMIIEpaTypHa HaJIIPOBIIHICTh, KPUTUYHA TEMIIEpaTypa

BJIMSTHUE BBICOKOI'O THAPOCTATUYECKOI'O JABJIEHUS HA PA3JIMYHBIE TUIIBI TIPOBOANMMOCTH
MOHOKPHUCTAJLIOB YBaCuO C 3AJJAHHOM TONOJIOTMEM IMJIOCKUX JEPEKTOB
E.B. TmTepeBal, K.A. Koreunkan'?, A.H. Cokouos!, H.P. Bosk', P.B. Bopk'?
IXapbkogcmn? HayuoHanvhvild yHusepcumem umenu B.H. Kapasuna
61022, nn. Ceoboowi 4, Xapvros, Yxpauna
?Vipauncras 2ocydapcmeenias akademus JcenesnodoporCHo20 Mpancnopma,
61050, 2. Xapvros, ni. Qeepbaxa 7, Yxpauna
B pabote nccienoBaHo BIMsSHHE BBICOKOI'O T'HAPOCTATUYECKOro naBieHus 10 10 x6ap Ha IPOBOAMMOCTh B 0a3MCHON ab-IIIOCKOCTH
MOHOKpHCTaIMYeckux o0pa3uoB YBa,Cuz;O;_; ¢ cucreMoil OJHOHANPABICHHBIX JBOHHHMKOBBIX rpaHull. OOHapy»KEHO, 4YTO,
MPUIIOXKEHHE BBICOKOTO MABJICHMSI MPUBOIAMUT K HEKOTOPOMY YMEHBLICHHIO BEIMYMHBI Oapudeckoil mpowsBoguoir dé/dP  mpu
onHoBpemenHoM yBennuennu dT./dP u cmemenuro mo Temmeparype Toukd 2D-3D kpoccoBepa. OOCYKIArOTCSI BO3MOXKHBIE
MEXaHU3MBbI BIUSHUS BHICOKOTO JABICHUS] Ha KPUTHUECKYIO TEMIIEpaTypy U AJTMHY KOTEPEHTHOCTH B 00BEME 3KCHEPHMEHTATBHOTO
oOpasna B paMKax MOJETH, MpPEAIoJararomeil HaIMYue CHHTYISPHOCTEH B AIIEKTPOHHOM CIIEKTpEe HOCHUTENeH 3apsia, KOTOPBIH
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XapaKTepeH JUTs PEIeTOK C CHIIBHOM CBsI3bI0. Y CTaHOBIIEHO, 4TO U30bITOUHas npoBoauMocTb Ac(T) monokpucramioB YBa,Cu;07-5
B IIMPOKOM MHTEpBAJIE TEMIEPATYp T.<T<T" HOXYHHSAETCS IKCIOHSHLHAIBHOI TEMIIEPATYpHOH 3aBUCUMOCTH. [Ipu 3TOM onucanue
H3OBITOYHON MPOBOANMOCTH ¢ MOMOIIBK cooTHOmEHHsT Ac~(1—T/T") exp(A”/T) MOXeT ObITh HHTEPIPETHPOBAHO B TEPMHHAX
TEOPHH CpefHero mons, rae T  MpeicTaBIeHa, KAk CPEIHEIONeBas TeMIepaTypa CBEpXIIPOBOSINETO Nepexo/a, a TEeMIepaTypHas
3aBUCHMOCTb IICEBJIONIEIH yJOBICTBOPUTEIHHO OIICHIBAETCS B paMkax Teopun kpoccosepa BKII-BOK. VBennuenne mpuiaraeMoro
JaBIEeHUS TPHUBOAUT K 3(PdeKTy CcykKeHHe TeMIepaTypHOrO HHTEpBaja pPeaH3all{ IICEBJOIIENICBOTO pPEXHMa, TEM CaMbIM,
pacmmmpsist o6acts auHelHo# 3aBucuMoctH p(T) B ab-mmockocty.

KJIFOYEBBIE CJIOBA: moHokpuctawiel YBaCuO, nomupoBaHHe, THAPOCTATHYECKOE JAABJICHHE, M30BITOYHAS MPOBOIUMOCT,
KpoccoBep, (IyKTyalHOHHas HPOBOJUMOCTb, IICEBJOIIENIEBOE COCTOSHHE, BBBICOKOTEMIIEpAaTypHas CBEPXIPOBOINMOCTS,
KpHUTHYECKas TEMIepaTypa

In the absence of a full microscopic theory regarding the high-temperature superconductivity (HTSC) [1-3], the
use of high pressure [4-7] remains an important tool for examining the adequacy of numerous theoretical models and
constructing new empirical ways for improving the critical parameters [6,7]of high — T, materials. In this aspect,
compounds of the so-called 1-2-3 system (YBa,Cu30;-5) are most promising materials to study. This is caused by
several reasons. Compounds of the 1-2-3 system have a rather high critical temperature (T.) allowing for measurements
at temperatures above the nitrogen liquefaction temperature [8]. Relatively easy to obtain single crystal [9] alloy
[10]and samples large enough. Electrotransport characteristics of these compounds can be easily varied by changing the
oxygen content [11-14] and total [15-17]or partial [18-23] replacement of components. Characteristic feature is the
presence of compounds YBaCuO planar defects in them - twin boundaries (TB). TB result from tetra-ortho ferroelectric
transition at a saturation of the samples to the stoichiometric oxygen content [24-26]. The presence of TB often creates
additional difficulties in the study of power, heat and mass transfer due to the complexity highlight the contribution of
these planar defects.

Given the motivation above, the aim of this work investigate the effect of pressure on the resistive characteristics
of YBa2Cu307-6 single crystals, with the geometry of the transport current applied parallel to TBs, that allows us to
minimize the effects of scattering at TBs [27]. According to the present-day views it is this unusual phenomenon which
alongside with the actuation paraconductivity [2,3], metal-insulator transitions [31,32] and pseudogap anomalies [28-
30] is the key to understanding the nature of HTSC.

EXPERIMENTAL METHODS

The YBa,Cu;0;-5 single crystals were grown by the solution-melt technique in a gold crucible as detailed
elsewhere [33]. For resistive measurements, crystals of a rectangular shape with the dimensions 3x0.5x0.03 mm3 were
selected. The smallest crystal dimension corresponds to the c-axis. The electrical contacts to the samples were formed in
the standard 4-probe geometry by applying a silver paste on the crystal surface followed by the attachment of silver
leads of 0.05 mm diameter and a three-hour annealing in an oxygen atmosphere at 200°C. Such a procedure allowed us
to obtain a contact transient resistance of less than 1 € and to conduct resistive measurements at transport currents of up
to 10 mA in the ab-plane.

As is well known, when YBCO compounds are saturated with oxygen, a tetra-ortho structural transformation
occurs. This results in crystal twinning which minimizes its elastic energy. To obtain samples with unidirected twins, a
bridge of 0.2 mm in width and a distance between the voltage leads of 0.3 mm has been cut out. In doing so, the
experimental geometry was chosen such that the electrical current vector I was directed parallel to the twinning plane.
The hydrostatic pressure was created in a cylinder-piston pressure multiplier [34]. The pressure value was monitored
with a manganin pressure gauge, while the temperature was measured with a copper-constantan thermocouple mounted
on the outer surface of the chamber at the sample position level.

RESULTS AND DISCUSSION

Fig. 1 shows the temperature dependence of the basal-plane resistivity p,,(T) in the YBa,Cu;07-5 single crystal for
a series of pressures. As shown in Fig. 1, the values of T, and p,,(300) at atmospheric pressure are 91.08K and 98.7
uQcm, respectively. As it is seen in Fig. 1 and its insets, with increasing applied pressure the resistivity increases and
the critical temperature rises with a rate dT./dP=0,08 K/kbar, which is consistent with literature data for YBaCuO
samples of stoichiometric composition [4,6,7].

In general, the pressure derivative value dT./dP can be analyzed relying upon the traditional use of the McMillan
formula [35,36] for the T.(P) dependence, viz.,

1.04(1+ 4)
A— i (1+0.622) (M
where 0p is the Debye temperature, and " is the screened Coulomb pseudopotential describing the electron repulsion.

A is the electron—phonon interaction which, in turn, depends on the parameters of the electron and phonon spectra of the
superconductor

0
T =—Lexp[-
¢ =145 0L
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Fig.1. Temperature dependences of the
basal-plane electrical resistivity p,, (T) of
the YBa,Cu;0,-; single crystal for the
series of pressures
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inset: Experimental geometry. Lower inset:
Pressure dependence of the critical
temperature (left axis) and the resistivity at
300 K (right axis).
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Fig.2. Resistive transitions to the
superconducting state (a) and (b) their
temperature derivatives.
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where N(er) is the density of states at the Fermi level, I is the matrix
element of the electron—phonon interaction averaged over the Fermi
surface, and M is the ion mass.

The Fig. 2 shows the resistive transitions to the superconducting state
in dp/dT — T and p - T coordinates for a series of pressures. One can
distinguish several peaks (Fig. 2b) corresponding to the steps in Fig. 2a. As
it has been revealed in [37,38], such a form of the superconducting
transition attests to the presence of several phases with different critical
temperatures T.; and T, in the sample volume. These temperatures are
defined as those corresponding to the maxima of both peaks. At this,
according to the known parabolic law [39], each of these phases is
characterized by the respective concentration of the charge carriers.

As follows from Fig. 2a, the increase of the applied pressure leads to
some broadening of the superconducting transition and to the change of the
height and the shape of the steps, as well as to the temperature upshift of
the maxima points. This, in turn, can attest to a substantial modification of
the current passes due to the changes in the sizes and the composition of
the clusters with different T.. In the case of non-doped YBa,Cu;0;_s of
oxygen nonstoichiometric composition, phenomena of this kind can be
observed as a consequence of the ascending diffusion process [5,38].

As it is seen from Fig. 2a, the increase of the applied pressure leads to
an increase of the difference (T.—Tc), which is indicative of a phase
segregation in the sample. At the same time, the oxygen concentration in
the sample is close to the stoichiometric content, that should minimize the
effect of the labile oxygen redistribution on the aforementioned processes.
Indeed, as it was shown in [4-7,40], application of a high pressure in the
case of nonstoichiometric YBa,Cu3O;-s does not, as a rule, initiate
structural relaxation processes which usually takes place in consequence of
the diffusion of the labile oxygen in the sample volume.

The application of pressure also leads to expansion of the linear
portion 10 K depending p,,(T) at high temperatures. The latter appears to
reduce the magnitude of the temperature T  at which the systematic
deviation of the experimental points down from a linear function.
According to modern concepts, the T" corresponds to the pseudogap
opening temperature [2,28], as will be discussed in more detail below.

The sublinear decrease of p,,(T) observed at T<T" attests to the
appearance of the so-called excess conductivity, Ac, in the crystal. The
temperature dependence of the excess conductivity is usually determined
as

A

Ao-=o-—o-0’ 3)

where c,=p,"'=(A+BT)" is the conductivity determined by interpolating
the linear section of p(T) to zero temperature and o=p™ is the experimental
value of the conductivity in the normal state.

The experimental dependence Ac(T) thus obtained at atmospheric pressure is shown in the inset to Fig. 1 in InAc -
1/T, representation. One sees that in a rather wide temperature range the curve can be fitted to a straight line, that
corresponds to its description by an exponential dependence of the form

Ac ~exp(A, /T), (4)

where A", is the value determining some thermoactivated process over an energy gap — the “pseudogap”.

At present, the most argued-for scenarios of the realization of the pseudogap state in HTSC cuprates refer to the
so-called conception of uncorrelated pairs [2,41], as well as various models of dielectric fluctuations [28]. Among the
theoretical works standing up for the former viewpoint one should mention the crossover theory from the BCS
mechanism to the Bose—Einstein condensation mechanism (BEC) [41]. Specifically, within this BCS—BEC crossover
theory obtained were the pseudogap temperature dependences for the cases of weak and strong coupling. In the general

form these dependences read
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— AO)— T T 2O xR+t
A(T) = A(0) A(O)\fz 0 exp[ T } {1+erf[ A0 H (5)

where x= W/A(0) with p being the chemical potential of the system of carriers and A(0) the energy gap at T =0, while
erf(x) is the error function.

In the limiting case xo—o0 (weak coupling) expression (5) acquires the form
which is well known in the BCS theory. In the limiting case of strong coupling in the 3D regime (xo <—1) equation (5)

A(0)

A(T) = A(0) — A(0)\27A(0)T exp [-T} (6)

reduces to

A(T) = A(0) - %ﬁ (@] exp {_W‘*A(O) } ™

T

At this, as it was shown in [2, 29, 42], provided the measurement
accuracy is high enough, the pseudogap values in a wide temperature range
can be deduced from the basal-plane electrical resistivity pab(T) at
temperatures below some characteristic value T called the pseudogap
opening temperature.

The exponential dependence Ac(T) was previously observed in
YBaCuO samples [43]. As it was shown in [29,42,43], the approximation
of the experimental data can be substantially expanded by introducing the

factor (1-T/T"). In this case the excess conductivity turns out proportional
to the density of superconducting carriers ne~(1-T/T") and inversely
[t . . ‘ proportional to the number of pairs ~exp(-A"/kT), broken down by the
8,0x10° 9,0x10° 1,0x107 1,1x10” thermal motion
K Ac ~(1—1/T")exp(A., / T)- 8)
Fig.3. Inverse temperature dependence of the
excess conductivity Ac(1/T ) of the sample
at atmospheric pressure.
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At this, T is regarded as the mean-field superconducting transition
temperature, while the temperature interval T.<T<T", in which the
pseudogap state exists, is determined by the rigidity of the order parameter
phase. The latter, in turn, depends on the oxygen deficit. In this way, using the methodology proposed in [29,43], from
the experimental curve InAc(1/T) one can deduce the temperature dependence A”(T) up to T'.

Fig. 4 presents the temperature dependences of the pseudogap in A(T)/ Apax — T/T" representation for the same
series of pressures as in Fig. 1. Here, Amax is the value of A"on the plateau away from T". The dashed lines in Fig. 2
show the dependences A"(T)/ A(0) versus T/T", calculated by Eqs. (6) and (7) in the mean-field approximation within
the framework of the BCS-BEC crossover theory [41] for the crossover parameter W/A(0)=10 (the BCS limit), -2, -5,
and -10 (the BEC limit). One sees that as the applied pressure increases, the behavior of the curves transits from Eq. (7)
to Eq. (6). This behavior is qualitatively similar to the effect of transformation of the temperature dependence of the
pseudogap in YBaCuO samples upon reducing the level of oxygen nonstochiometry [29]. Evidently, the mentioned
correlations in the behavior of the curves A'(T) are not occasional. Indeed, as is well known from the literature (see,
e.g., [4-7,40]), the application of a high pressure to HTSC samples from the 1-2-3 system, as well as an increase of the
oxygen content [29] leads to an improvement of the conducting characteristics, that becomes apparent through a rise of
the T, value and a significant reduction of the resistivity. In this way, given some conditionality of the determination of
the value of the pseudogap opening temperature T~ from downturns of the p,,(T) curves from the linear dependence, the
agreement between the experiment and the theory is satisfactory.

As seen from Fig. 3, in the case of approaching T, is a sharp increase in the absolute value of the excess
conductivity. The excess conductivity near T, is known to be caused by processes of the fluctuation pairing of the
charge carriers. It can be described by the power-law dependence derived in the Lawrence-Doniach model [44]. This
model assumes a gradual crossover from the two-dimensional (2D) to the three-dimensional (3D) regime of the
fluctuation conductivity upon decreasing the sample temperature

G:Lghd}l {1+J5" }_1/2 )

>

where (T-T™)/T™ is the reduced temperature with T™, being the critical temperature in the mean-field approximation
and J=(2&,(0)/d)* is the interlayer pairing constant with & being the coherence length along the c-axis and d the
thickness of the 2D layer. In the limiting cases, the 3D regime ensues near T., when £.<<d and the interaction is
possible in the planes of the conducting layers. In these limiting cases (9) reduces to the known expressions in the
Aslamazov-Larkin theory [45]
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Fig.4. Temperature dependences of the
pseudogap in the YBa,Cu;0;_; single crystal
in the reduced coordinates A*(T )/A*max -
T/T"(A"max is the value of A" on the plateau
away from T%*).

The curve numbering corresponds to that in
Fig. 1. The dashed lines 5-8 show the
dependences  A"(T)Y/A(0)  versus T/T"
calculated according to for the crossover
parameter p/A(0) =10 (the BCS limit), -2, -5,
and -10 (the BEC limit) [41], respectively.

2

€ -1
= —-2CE R 10
T2 = 6hd (10)
2
e
A — -1/2
% = THE (11)

In the case of fitting experimental data a crucial role is played by
accurate determination of the value of T™., which substantially affects the
slope angle in Ac(g). Usually, while comparing &.(0), with experimental
data, d and T, in (9), (10), and (11) are fitting parameters [46]. However,
when such a method is used, one comes up with considerable discrepancies
between theory and experiment. This in turn substantiates the necessity of
using a scaling factor, the so-called C-factor, as an additional fitting
parameter. This C-factor allows one to fit experimental data to calculated
ones and, thereby, to account for possible inhomogeneity of the transport
current distribution for each specific sample [46]. In our case for T™, we
took T. determined at the derivative maximum in the d p,/dT(T)
dependences in the superconducting transition region, as it was proposed in
[6] and is shown in the inset (b) to Fig.2.

Fig. 5 displays the temperature dependences Ac(T) in InAc(Ine)
representation. One sees that near T, these dependences are satisfactory
approximated by straight lines with a slope of @;=-0.5 corresponding to the
exponent —1/2 (11), that attests to the 3D character of the fluctuation
conductivity in this temperature range. With a further increase of the

temperature the decrease rate of Ac speeds up substantially (ay~-1). This fact can be viewed as a signature of the
dimensionality change in the fluctuation conductivity. As it follows from Egs. (10) and (11), in the 2D-3D crossover

point

&y =4 (0)/df (12)
20F In this case, having determined the value of g, and
b 'm'\-‘: using the literature data for the dependence of T, and the
g, < h . interlayer distance on & [47,48], one can calculate £,(0). As
W8l o a i a e it is seen in the inset to Fig. 2, the value of £.(0) calculated
: Bb“%‘j&‘k‘b - h by (12) decreases from 1.75 to 1.69 A with increasing T..
16 ‘“u,, 0 2 & 510 This is qualitatively different from the analogous pressure
s D%‘“E\_ r e dependences of E.(O)for substituent-free YBCO samples,
= sl og ¢ for both optimally doped [6,49] as well as underdoped
' @ 03; s 4 single crystals [7]. As it was revealed in [6,49], the value
% R of £.(0) for optimally doped crystals is affected by pressure

121 17 % only slightly.
L It should also be noted that there is a clear correlation
10 L 9 a between the behavior of the pressure dependency &.(P) and
3,0 -2,8 -2,6 2,4 2,2 2,0 T.(P): during the application depressurizing both quantities
Ing vary substantially symmetrically - the growth of T.(P)
Fig.5. Temperature dependences Ac(T) in InAc(lng)  Value E(P) is reduced and vice versa, which may indicate a

representation for a series of pressures.

The curve numbering corresponds to Fig. 1. Inset: Pressure

dependence of the coherence length &.(0).

change in the same nature of these characteristics. Certain
influence in this may have specific mechanisms of the
quasiparticle scattering [30,48,50-52], due to the presence
in the system of kinematic and structural anisotropy.

CONCLUSION

In summary, the increase of the applied pressure leads to some broadening of the superconducting transition and
increases the critical temperature. Such a form of the superconducting transition attests to the presence of several phases
with different critical temperatures T,; and T, in the sample volume. This, can attest to a substantial modification of the
current passes due to the changes in the sizes and the composition of the clusters with different T..

It is shown that the dependence of the excess conductivity Ac (T) is satisfactorily described by the theoretical

model Aslamazov-Larkin.

The value of £.(0) decreases from 1.75 to 1.69 A with increasing T.. It should also be noted that there is a clear



47

Effects of hight hydrostatic pressure on different types of conductivity EEJPVOol.1 No.4 2014

correlation between the behavior of the pressure dependency &.(P) and T.(P): during the application depressurizing both
quantities vary substantially symmetrically — the growth of T (P) value £.(P) is reduced and vice versa, which may
indicate a change in the same nature of these characteristics.

The application of a high pressure to HTSC samples from the 1-2-3 system, leads to an improvement of the

conducting characteristics, which is reflected in an increase in the absolute value of T, and a significant decrease in
resistivity.
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It is experimentally shown that with the increase of temperature of the vessel bottom with horizontal oil layer, separately placed
convective cells appear in the quantity from one-two at the beginning of the process and till full fill-up of the oil volume at the end.
On the basis of the obtained experimental data the theoretical model describing a cylindrical convective cell is offered, for which the
structure of space speed distribution and temperature is calculated. Energy substantiation of the principle of pavement (coating) of
the liquid surface with cylindrical convective cells is presented.

KEYWORDS: elementary convective cell, convective processes, transfer of heat, temperature gradient, velocity of mass transfer

®OPMHUPOBAHME JIEMEHTAPHOM KOHBEKTUBHOM SIYEMKH B TOPU30HTAJIbHOM CJIOE BA3KOM
HECKUMAEMOM KUJKOCTHU
JI.C. Bo36eii "™, B.B. Bopu*), A.O. Kocrukos ™™, B.U. Tkauenko™
Y «Xapvrosckuii usuro-mexuuyeckusii uncmumymy HAH Ykpaunol
ya. Axademuueckas, 1, 61108, . Xapvros, Ykpauna
™ Xapvroeckuil Hayuonanvnvill ynusepcumem umenu B.H. Kapasuna
nin.Ce0600v1,4, 61022, 2. Xapvros, Yxpauna
Y «Hncmumym npobnem mawunocmpoenust umenu A.H. I[loocoprocoy HAH Yxpaunwvl
ya. [loacapcroeo, 2/10, 61046, 2. Xapvkos, Ykpauna
OKCHEpUMEHTAJIbHO II0KAa3aHO, YTO C IOBBIIICHHEM TEMIEpPaTyphl JHA €MKOCTH C TOPU3OHTAJIBHBIM CJIOEM Macia BO3HUKAIOT
OTZENBHO PACMOJIO0XKEHHBIE IUIMHIPUYECKHE KOHBEKTUBHbIE S4YEHKH B KOJIMYECTBE OT OJHOM-ABYX, B Hadajle Ipolecca, U 10
MOJTHOTO 3alONHEHUs] UMM o0beMa Macia - B KoHIe. Ha OCHOBE MONydeHHBIX SKCIIEPHMEHTAIbHBIX HAHHBIX IpPEIIOKEeHa
TEOpeTHYecKass MOJENb, OMNHCHIBAIOMAS IWINHAPHYECKYI0O KOHBEKTHBHYIO SUEHKy JUIi KOTOPOH paccuWTaHa CTpyKTypa
IIPOCTPAHCTBEHHOTO pacIpe/eNIeHus] CKOPOCTH MaccorepeHoca M TemmepaTypsl. ChopMymupoBaH >HEPreTHYECKHH NPHHIINAI
(opMHpOBaHUS KOHBEKTHBHBIX CTPYKTYp B CIO€ BS3KOH, IIOJOrPEeBacMON CHH3Y HEC)KHMAeMOH XHMAKOCTH. JlaHO sHepreTmueckoe
000CHOBaHHE NPUHINIIA 3aMOLIEHHS (TOKPHITHS) TOBEPXHOCTH JKUIKOCTH HWIMHIPHICCKUMI KOHBEKTHBHBIMH sTYCHKaMU.
K/IFIOYEBBIE CJIOBA: sneMeHTapHas KOHBEKTHBHAs s4elKa, KOHBEKTHUBHBIC IIPOLECCHI, NEPEHOC TeIUla, TeMIepaTypHBbIH
IpajlueHT, CKOPOCTh MacCOIepeHoca

®OPMYBAHHS EJJEMEHTAPHOI KOHBEKTUBHOI KOMIPKHA B TOPU30OHTAJIbHOMY ILAPI B’SI3KOi
HECTHCJIOBOI PLIUHA
J.C. Bos6eii™", B.B. Bopu”, A.O. Kocrikos™ """, B.A. Tkauenko™""
*) i . p. i . .. i .
«Xapxkiscokuil pizuxo-mexuiunuti incmumymy HAH Yxpainer
syn. Axademiuna, 1, 61108, m. Xapxis, Vrpaina
) Xapkiecokuti nayionanvhuti ynisepcumem imeni B.H. Kapasina
matioan Ceob6oou,4, 61022, m. Xapkis, Yrpaina
" «Inemumym npobnem mawunodyoyeanns imeni A.H. Ilooeipnocoy HAH Vkpaunol,
eyn. Ilooicapewrozo, 2/10, 61046, m. Xapxis, Vkpaina
ExcriepuMeHTanbHO MOKA3aHO, IO 3 MiJBUIIEHHAM TEMIIEPaTypH JHA €EMHOCTI 3 TOPU3OHTAIBHIM IIAPOM Macia BUHUKAIOTh OKPEMO
pO3TalIoBaHi IWIIHAPUYHI KOHBEKTHBHI KOMIPKH B KUJIBKOCTI BiJ] O/IHI€I-IBOX, Ha IOYATKy MPOIIECY, 1 JO TOBHOTO 3aIlIOBHEHHS HUMH
obcary macnma - y kinmi. Ha oCHOBI OTpHMaHHX €KCIICpHMEHTAJIbHUX IAaHHX 3allpOIIOHOBAHA TEOPETHYHA MOJENb, IO OMHCYE
IUTIHJAPHYHY KOHBEKTHUBHY KOMIpDKY, [UIS SIKOI pO3paxoBaHa CTPYKTypa IPOCTOPOBOTO DO3INOJUTY IIBHAKOCTI MacoNepeHocy i
temneparypu. ChopmyTbOBaHUH eHepreTHYHMI PUHIUT (OpMyBaHHS KOHBEKTHBHHUX CTPYKTYp y IIapi B'I3KOi, IO MigirpiBaeThCs
3HU3Y, HECTHUCIMBOI pianHK. JlaHO eHepreTH4yHe OOTPYHTYBaHHS TNPHHIMIY 3aMOIICHHS (TOKPUTTS) IIOBEPXHI pPiIUHU
WITIHAPUYHUMHU KOHBEKTHBHHMH KOMipKaMH.
KJIFOUYOBI CJIOBA: enemeHTapHa KOHBEKTHBHA KOMipKa, KOHBEKTHBHI MPOLIECH, IEPEHECCHHS TeIJIa, TeMIIepaTypHHUI TPali€eHT,
IIBUIKICTH MacoIepeHocy

The French physicist Henri Bernard conducted the experiment on the research of mass-transfer in the heated from
below layer of spermaceti oil, where appearance of hexagonal cells was observed in 1900. Subsequently such type of a
cell began to call by his name [1l; 2], although as Relay mentioned in [3], it looks like Hendri Bernard was not
©Bozbey L.S., Borts B.V,, Kostikov A.O., Tkachenko V.I., 2014
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acquainted with James Thomson paper [4], where he describes similar structures in the layers of soap water, cooled
from above (honeycomb structure in emulsions).

Most often the ordered structures in the form of Bernard cells are met in nature. It can be for example multi-layer
systems of granulation on the Sun [5], cells on clouds [6], one-layer structures on the surface of saline lakes [7],
hexahedral columns on islands and in caves [8], structures of ice peaks and cavities under uneven melting of soils [9],
ordered convective cells in the upper mantle of the Earth. [10].

As far as the granulation on the Sun, it is observed in convective zone on the distance approximately 2x 10° km,
forming 20-27 layers, consisting of Bernard cells [11]. Proceeding from observations, there are three different scales of
granulation: granulation (with typical diameter 150 - 2500 km), mezogranulation (5.0 - 10.0)x 10°> km) and super-
granulation (more than 2X 10* km). Lower layers of granulation of convective zone can be characterized as super-
granulation, since the granule size changes within the limits (2 - 4)x 10* km, and thickness - (3 - 8)x 10° km [12, 13].
Life period of granules depends on the size and placement in the convective zone: the biggest (super-granules) exist
about 20-36 hours, the smallest, which are located in the outer layers of the zone, about 2 minutes. Speed of the fluxes
on the axis of such cells is directed for the Sun center. Value of typical horizontal speed in cells, measured on Doppler-
grams, is determined by value v, = 205 m/s. In other publications its value is in the interval from 170 m/s to 360 m/s.
[14]. Average density of the substance, which forms the convective cells on the Sun in convective layer is of order p =
1.4x10° kg/m’, and distribution of the temperature in the layer and characteristic coefficients have the following
meanings [12-14]: T, =2x10°,7; =5x10’ K — temperature of the upper and lower layer, correspondingly; g*=273.1

m/s® acceleration of gravity; v =635 m/s’ - kinematic viscosity; y =705.6 m/s* — thermal conductivity factor;

B=342x10" K" — volume thermal expansion factor.

It is known that solutions describing horizontal and vertical speed components of the speed inside of the cell, as a
result of geometrical transformations, can form such structures, as convective horizontal shafts, square convective cells
and regular polygons (triangles and hexagons) [3, 15 - 17]. These structures are fully filling the volume of convective
layer and thus provide maximal transfer of heat between the layer boundaries.

However, in our opinion, main principle of forming the polygonal convective structures in temperature-tensed area
should be not the geometric constructions but energy principle. This principle is visually demonstrated on the
appearance of Bernard cell in the layer of viscous fluid: with the increase of vessel bottom temperature, progressive
increase of quantity of convective cells till the point of full filling of the whole volume is observed.

In other words, this principle reads: the more the temperature of the vessel bottom under correspondent
temperature gradient, the more convective cells appear, form of which, while vessel volume is filling, is reached to
polygonal (including hexagonal), and the more effective heat exchange between the heated lower border of the
environment with upper takes place.

For realization of such energy principle of formation of convective cells introduction of idea of elementary
convective cell is needed, from a large number of which, under their tight packing, polygonal convective structures can
form [18, 19]. Thus for example, selection of cubic convective cell with free boundaries as the elementary cell turned to
be productive under description of processes of Langmuir circulations (LC) [20].

Purpose of this paper is experimental observation and mathematical description of elementary convective cell in
the layer of viscous incompressible fluid, determination of its characteristic physical parameters.

EXPERIMENTAL DATA ON PARAMETERS OF BENARD CELLS
One of the questions arising during the research of Bernard cells is the question on the value of aspect number,
which determines ratio of Bernard cells diameter to the depth of liquid depth layer. Experimental data of these values,
taken from different scientific publications and obtained by authors in laboratory conditions are presented in Table 1,
where 4 =d/h local aspect number, equal to ratio of cell diameter D to the layer thickness /.

The error of the presented experimental data constitutes the value 5 - 10 %.

Table 1.
Geometrical sizes of Bernard cells
Source Diameter D, mm Thickness 7, mm A,
M. Van — Dyke [21],
Koschmieder E.L. [22] 6.25 1.9 3.3
E. D. Eidelman [23] 3.0 1 3.0
Experimental dada [18] 3.2 1.0 3.2

EXPERIMENTAL TECHNIQUE
Experimental data, presented in Table 1, are obtained with use of vacuum oil BM - 5 (2 ml) with addition of small
quantity of aluminum powder (0.056 g). Conditions of experiment were the following. Oil with thickness layer about
1 mm was pored into cylindrical vessel with radius 26 mm and height 2.5 mm. Heating of the vessel was conducted
from below from electric furnace, temperature of oil on the vessel bottom was on the level 120 = 1 °C. Kinematic
viscosity of oil under mentioned temperatures was estimated in the value 10 mm?*/s [24].
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It was shown in the experiments, that when reaching the temperature of the vessel bottom 7 = 120£1 % °C, in
vacuum oil with layer thickness about 1.0 mm Bernard cells appeared with diameter 3.2 mm.

Dependence of quantity of convective cells in the liquid layer on the temperature vessel bottom
temperature. In order to research the dependence of quantity of convective cells on the temperature value of the vessel
bottom, a number of experiments was conducted, conditions of which correspond to those which are described in
experiments on determination of local aspect number of Bernard cell (see Table 1).

Fig.1 shows photos of cylindrical convective cells, number of which increases with the increase of vessel bottom
temperature from 44 °C to 120 °C starting from one — two cells and ending with their tight packing of oil surface with
appearance of polygons including hexagons. Temperature gradient d7/dz remained on the same level 10 -13 °C/mm

with the increase of the vessel bottom temperature.

a) 1)=44 °C 6) T,=45 °C B) 1,=50 °C v r) 1,=56 °C
T\=34°C T\=35°C T\=40°C T\=43°C
Fig.1. Change of number of cylindrical convective cells depending on the vessel temperature 7, change (7, — temperature
of the upper oil layer). Local aspect number of cells about A" =3.2.

Proceeding from results of the experiments, presented on Fig. 1, it can be concluded that with the increase of the
vessel bottom temperature, number of convective cells increases under insignificant increase of temperature gradient.
The cells observed in experiment until full filling of the oil value with them, create circles with diameter about 3.2 mm
on the upper surface of the oil and are characterized with separate mutual position.

MATHEMATICAL MODEL OF DESCRIPTION OF CONVECTIVE PROCESSE IN VISCOUS
ENVIRONMENTS WITH FREE BOUNDARIES
In Rayleigh problem [3, 17, 18] infinite in the direction of axes x and y layer of viscous liquid with thickness #

is studied. z axis is directed upwards, perpendicular to the borders of the layer z=0 and z=# Distribution of
temperature inside the layer 7, (z) is given so that the temperature of the lower border is more than the temperature of
the upper border: T,(0)=1T7,, I,(h)=1, (I,>1)). We assume that in condition of equilibrium, distribution of
temperature in the layer is described with linear function from the coordinate z :

VI, ()= -7 v

where ©® =T, -7, - difference of temperatures between lower and upper planes, €, - unit vector, directed along the

axis z .
The initial system of equations for dimensionless disturbances constitutes Navier-Stokes equation in the
Boissinesq approximation and has the view: [15 - 17]:

‘;—‘t’ = —Vp+ AV+RTE. @
poL_ v.=AT )

ot
div(v)=0, Q)

where A - Laplace operator, V - gradient operator a, R = gﬁh3®/ ( v;() - Rayleigh number, g — acceleration of gravity,
directed against axis z, P=v/y - Prandtl number, v and y - coefficients of kinematic viscosity and thermal
diffusivity of the liquid correspondingly, £ - coefficient of volume thermal expansion of the liquid,

v E(VX,V V. ) ,p,T - velocity, pressure and temperature disturbance, correspondingly.

While diverting the system of equations (2) - (4) to dimensionless form the following measurement units were
used: length unit — thickness of the layer 4 ; time unit - 7 = #>v™"; temperature unit - ©.

In order to determine “normal” disturbances in viscous heated from below liquid layer, equation system (2) - (4)
can be used, on condition that it should be filled with boundary conditions.

The task with free boundary conditions when the tangent tensions and temperature disturbances on the layer
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boundaries z=0 and z =1 are equal to zero:

’ 6]
v.=0,. 2o r=0.
0z

System of equations (2) - (4) and boundary conditions (5) determine identically the spectrum of characteristic
equilibrium conditions of the viscous, incompressible, and heated from below liquid, which can form such structures as
convective shafts and regular polygons [15 - 17].

It should be noted that observed data on the Sun granulation, apparently indicate that the equations system,
describing convective mass-transfer of the solar matter in gravitation and temperature fields [14], in linear
approximation, neglecting rotation of the Sun and generation of magnetic field, can be brought to equation system (2) -
(4) and boundary conditions (5).

Thus Navier-Stokes equations system in Boissinesq approximation (system of equations (2) - (4) with boundary
conditions (5)) can be used for research of spectrums of convective disturbances and conditions of stable existence of
layer of viscous, incompressible fluid, including solar substance, earth clouds, frozen ground and Earth mantle.

THEORY OF ELEMENTARY CONVECTIVE CELL WITH FREE BORDERS

Reference equations and boundary conditions. Taking into account the fact that view of the presented on Fig.1
convective cells has cylindrical form, we can find the solution of the task on the stability of equilibrium of heated from
below layer of viscous, incompressible fluid in cylindrical geometry, assuming the boundary conditions are free.

Free boundary conditions in the cylindrical coordinate system ( 7,¢,z ) correspond to the demand of absence of the
layer on borders underz=0 and z=1 tangential stresses, i.e. OV, / 0z=0. This demand follows from boundary
conditions in rectangular coordinate system dv _/0z=0 and ov, / 0z =0 where variable z, after becoming non-
dimensional on the layer depth /4, changes in the limits from 0 to 1.

It is easy to show that for cylindrical cell boundary conditions coincide with conditions (5).

Based on experimental results presented on Fig.1, it can be concluded that structure of convective cells does not
depend on azimuth angle ¢ . That is why we will study all disturbed values in axial-symmetrical approximation, which

is we assume everywhere 0/0¢ =0 .
In this case for layer with free plane boundaries, after action of the operator rot(rot(...)) on equation (2) and its
record of z - projection, equations (2) - (3) take the view:
0 (6)

—Av_=AAv_+RA T
ot

Pa—T:AT+v, )
ot -

o 10( 0 .
where A=A +—, A, =——| r— | - transverse Laplacian.
0z ror\ or

Solution of initial system of equations. The equations (6), (7) have particular solutions, which describe the time
dynamics of disturbances of vertical speed and temperature in axially-symmetric cylindrical cell:

v, (r,z,t)=v(z)J, (kr)exp(—4t) (®)
T(r,z,t)=9(z)J, (k,r)exp(-4t) (€]
where A - eigenvalues, which characterize attenuation (1>0), rise (1<0) or stationary condition (4=0) of

disturbances (5), (6); V(Z) and 19(2) - are amplitudes of disturbances of vertical speed and temperature

correspondingly; J, (x) - Bessel functions of the first type of zero order from argument x; k, - radial wave number,

which characterizes dependence of disturbances on transverse coordinate r .
For free boundary conditions in cylindrical cells, determined by expression:

v(0)=v(1)=0, 8*v(0)/z’ =&°v(1)/oz* =0, 9(0)=9(1)=0, (10)
values of disturbance amplitude of vertical speed v(z) and temperature J(z) can be presented by simple harmonics
[15, 16], and the solutions can be presented in the following way:

v_(r,z,t)= A-sin(nzz)J, (k,r)exp(-At),
T(r,z,t)=B-sin(nxz)J,(kr)exp(-At)
where n=1,2,3,... - integral numbers, 4 and B - constant coefficient.

an

Expression for radial liquid speed in convective cell V,,(r,z,t) can be obtained from the condition of its

incompressibility (equation(4)):
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v, (r,z,t) =—Anzk;" cos(nzz)J, (k,r)exp(-Ar) 12)

Thus, parameters of cylindrical convective cell with free boundaries are determined in this part.

Determination of radial wave number of perturbed velocity. Solution (12) corresponds to physically
substantiated boundary conditions: on cell axis (»=0) and on its external border (7 =R ) — radial speed should be
equal to zero. Radial wave number value can be determined from this:

k., =o, R

c

(13)
where R, - radius of convective cell, o, - i - zero of Bessel function of the first type of the first order (J, (au) =0),

i=1,2,3,..... In particular, first five Bessel function zeros have the following meanings [25]: ¢,, =3.832; 0, =7.016;
0,;=10.173; 0, =13.324; 0,,=16.471.

It should be noted that solution of the type (8) is presented in [20, 26, 27] where on its basis current lines were
built and axial-symmetric location of concentric convective shafts was analyzed. However usage of physically
substantiated boundary conditions, which determined radial wave number of the obtained solutions is not mentioned in
these papers.

Fig. 2 shows isolines (relative unit) of velocities projections in convective cells, described by solutions (8), (9)
taking into account (11) undern =1. As it follows from figures, despite the cell of rectangular geometry [15], maximal

v, (r,z,t)| on the axis is more of its meaning on the outer

border, and maximums of radial speed |V,, (r, Z,t)| on the lower and upper borders of the cell are equal and are equally

dislodged to its axis. Calculations show that isolines of distribution over coordinates of the relative temperature of the
cylindrical cell 7/B correspond to the distribution of relative vertical speed with opposite sign.
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Fig. 2. Isolines of relative vertical and horizontal projections of speeds in convective
cell.

Determination of the eigenvalues of cylindrical convective cell. In order to determine the spectrum of the
eigenvalues for solutions (8), (9), their placement into input equations (2), (3) is needed. Such placement results in two

equations, connecting the amplitudes of disturbances 4 and B :
(72'21’12 +kii)[l—(ﬁ2n2+kii)JA+Rk,i,B:O, (14)
A+ AP—(z'n* +K,) | B =0.
For existence of nontrivial solution of system of equations (14) its determinant should be compared to zero. As a

result of this we will get the square equation relatively to the proper numbers A . Roots of this equation li . are

determined with following expressions:

. _ P+l P-1Y RE:, T
ﬂ,’;, —%( +k2 ) [[7) (}1272'2+k3’i)2+m . (15)

Spectrum of the eigenvalues (15) turns to be discrete not only on the mode of disturbances 7, but also on radial
wave of the cylindrical cell k,,, which receives discreet meanings, depending on the radius of cell R, and roots of

Bessel function o .
Fig 3.a,b shows diagram of the surfaces, describing dependencies of real parts of the eigenvalues /Li . on Rayleigh
number R Prandtl number P for the main mode n=1 at i=1 and R =3. While constructing the surface, the

following change ranges R and P: 0.1<P<3.0; —5000< R <5000 were set, and cell radius meaning R was
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selected in accordance with experimental data, presented in Table 1. On Fig. 3 to the left from diagram of surface of
dependency of real parts of the eigenvalues from Rayleigh numbers and R Prandtl numbers P their levels lines are
shown.

Fig. 3. Dependence of real parts of the eigenvalues Re(ﬂl’l) on the Rayleigh numbers R and Prandtl numbers P .

a— overall view, b — top view

It should be noted that imaginary values of solutions (15) provide oscillations of solutions (8), (9) which do not
result in growth of their amplitudes.

Calculations show that real part of the eigenvalues Re(/lfl) is positive. For the such the eigenvalues, solutions
(8), (9) attenuate exponentially.
Real part of other type of solutions Re(ﬂ{l) (see Fig. 3) has areas either of positive or of negative meanings. As it

follows from this there are meanings equal to zero in the spectrum of the eigenvalues Re(ﬂ.,]) This fact means that

under Re(ﬂ{l) =0 in the cell, described by solutions (8), (9), stable condition of convective mass transfer is observed.

Determination of radius of cylindrical convective cell. Due to the fact that, for researched in the paper oil, the
characteristic time turns to be about 7=0.1s, then based on proportionality of disturbed vertical speed to the

exponential multiplier exp(—i(r/ ‘L')) , stable existence of cylindrical cell is only possible at Re(ﬂlfl) ~0. From thism
for the main mode (7 =1), incomplete cubical equation can be written for determination of cell radius R, :
f(x)=x’-Rx+ R’ =0, (16)

where x=7"+(0,, /R, )2 :

We will study only real solutions of equation (16). Under R > 277" / 4 equation has three real solutions, two of
which under R=R_ =277z*/4 are equal to [28]:

X, (R)= —(a+ (R) +a_ (R))/Z F i«/g(a+ (R) —-a_ (R))/Z
X (R) =a, (R)+a7 (R)
rre a, (R)=-7'R/2+ JO(R) . O(R)=—(R-277*/4)R*/27.

Radius of convective cell, based on solutions of equation (16) can be determined by one of the following

expressions:
(R), =R/ (3 (R)) .

where k=1,2,3, x, (R) -solution of equation (16).

In order to select from expressions (17) of the physically substantiated meaning of convective cell radius we will
proceed from the following experimental fact: with the increase of oil layer thickness cell radius in increasing. That is

why as the results of numerical calculations show, in the expression (17), solution X, (R) should be used.
Qualitative estimation of heat power of the convective cell W under z=0.5,n=1,1 =0 shows proportionality to
the radius R, :
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W=aACpS, (T,-T)), (18)
where a - coefficient of proportionality is about one, C - specific heat capacity of the liquid, S; =27R A - area of
down flow liquid flux; A << R, - thickness of liquid boundary layer, transferring the heat.

As the cell radius corresponds to the thickness of the layer (solution xl(R) is selected on this principle),

expression for the power (18) can be brought to the value, which is proportional (x1 (R))3 .
For analyses of conditions of appearance of convective cell we will study the dependency of solution x, (R) on the

R number. This solution has maximal meaning x, (R)=+/R/3 at R, =27-4"'z* and with growth R is decreasing.

Lets note that minimal meaning of Rayleigh number corresponds to minimal Rayleigh number of the main mode [13].
As it follows from solutions (17) and (18), with the increase of Rayleigh number from R _. to infinity, the radius

‘min
of elementary convective cell in increasing, and heat power is decreasing o (x1 (R)) . Thus maximal power of the cell

is reached under its minimal radius. Value of minimal radius can be determined by substitution of the obtained values

x (R,,) and R into expression (17):

n

1 (19)
R =027 ~0450,,.

For the first zero of Bessel function o, ~3.83 cell radius is equal to R, ~1.72, which if calculated on diameter,

quantitatively corresponds to experimental data, presented in Table 1.
Thus for main disturbances mode (n =1), maximal power of the cell is reached under minimal radius value.
Radius value of cylindrical convective cell can receive discrete values, determined by zeroes of Bessel function of the

first type of the first order (J, (o-l,l.) =0).

Substantiation of the cell size and forming of polygonal structures. As it follows from the described
experiments (see Fig.1), with the increase of temperature of the vessel bottom, number of cylindrical convective cells of
minimal diameter is increasing from one-two till filling of the whole surface of the vessel.

On our opinion, phenomenon of initiation of one cell and further appearance of the same second is stipulated by
the fact that, they transfer more heat in the time unit between the liquid borders, than in case of elementary increase of
cell diameter to the value, determined by second zero of Bessel function o, . In the second case, as it is shown in

[22, 26 ,27], concentric convective shafts rotating towards can be created. However for creation of such structure,
provision of special boundary conditions is needed, moreover they are unstable to discretization on hexagonal
convective cells of smaller diameter [15].

Advantage of appearance of two similar cells is confirmed by the fact that power of convective liquid flux (18) is
proportional to the radius either as to the perimeter of the cell. Consequently, forming of two similar cylindrical cells is
energetically more profitable, than of one cell, but with larger radius. Energetic advantage is confirmed by
correspondent inequality: 20, =7.664 > c,, =7.016.

Based on the presented above statement, principle of pavement (coating) of the liquid surface with polygonal
structures [29] can be formulated. As the increase of temperature of vessel bottom results in growth of a number of
elementary cylindrical cells, there should be a moment when they start contacting each other and in the result of dense
packing will start creating polygons, which cover (without gaps and coverings) the liquid surface. At this, the polygons
structure with minimal radiuses of convective cells, and correspondingly with large total cells perimeter, provides
maximal transfer of heat. In ideal case such polygons are hexagons. Further increase of temperature of the vessel
bottom, as experiments show, will destroy the existing order and liquid layer is transferred into the stage of random
boiling.

CONCLUSIONS

The paper is directed on make up for this deficiency. Paper demonstrates that with the increase of temperature of
the vessel bottom with horizontal oil layer 1 mm, appearance of cylindrical convective cells in the quantity from one -
two till full filling of the oil volume is observed. At this, the difference of temperatures between the oil borders remains
on the level 10 — 13 °C/mm.

Cells appearing during the heating of the vessel bottom are characterized by distinct mutual position. On the upper
surface of the oil they create similar circle with diameter about 3.2 mm. For free boundary conditions solutions were
obtained which describe cylindrical convective cell. For such cell space distribution of the perturbed velocity and
temperature was determined, and also its diameter was calculated, the value of which corresponds to experimental data.
Based on the results of experiment and also based on the properties of the obtained solutions, cylindrical convective cell
can be considered as elementary, from all large number of which convective structures are formed.

Energy principle of appearance of convective structures in the layer of viscous, incompressible liquid heated from
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below was formed. Energy substantiation of the principle of pavement (coating) of the liquid surface with cylindrical
cells was presented.
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INTRINSIC STRESSES IN COATINGS DEPOSITED AT PLASMA IMMERSION ION
IMPLANTATION
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The intrinsic stresses in the coatings deposited at plasma immersion ion implantation (PIII) in pulsed bias potential mode including
case of differently charged ions are theoretically investigated. An expression for dependence of internal stress on ion species and its
energy, as well as duration, and pulse repetition frequency is derived. The condition of applicability of the expressions for stress is
discussed, that allows identifying the critical parameters of pulsed bias potential mode. The possibility of taking into account
differently charged ions in calculation of internal stress by introducing the average charge of deposited ions is discussed. Calculation
of stresses in TiN coatings during deposition of low-energy differently charged ions Ti* from filtered vacuum arc plasma is executed.
The comparison of the calculated stresses with the experimental data is carried out. It is shown that the approximation of the average
charge can lead to large errors at stress determination in the coating deposited from the ion beam. The important role of deposition
temperature in the control of internal stress in deposited coating is noted.

KEY WORDS: plasma-ion coating deposition, ion charge, pulsed bias potential mode, intrinsic stress, non-local thermoelastic peak
ofion, TiN coating

BHYTPIIIHI HATTIPYKEHHSI B TIOKPUTTSX, IO OCAIKYIOTBHCSI ITPA
IJIA3SMOBO-IMEPCIVHIN IOHHIN IMIIIAHTA LI
0.1. Kaniniuenko, C.A. Kozionos, C.C. Ilepeneskin, B.€. CTpebHUIbKHI
Hayionanvnuii naykosuii yenmp «Xapxiscokuii @izuxo-mexniunuii incmumymy HAH Yipainu
Xapxie, 61108, eyn. Axademiuna, 1

TeopeTHUHO IOCHIIKYIOTBCS BHYTPIIIHI HANpy>KeHHs B MOKPUTTAX, LI0 OCADKYIOThCS IIPH IUIA3MOBO-IMEpCiiHINH 10HHIM
iMmmotanTanii (plasma immersion ion implantation, PIII) y pexumi iMmyabcHOro moTeHLiany, y TOMY YHCIi IPH OCA/PKCHHI MOTOKY
pi3HO3apspKeHnX ioHiB. OTprMaHO BHpa3 il 3aJI€KHOCTI BHYTPILIHIX HANIPYXKEHb BiJ COPTY i eHepril i0HiB, TPUBAJIOCTI i YacTOTH
MOBTOPEHHSA iMITyNbCiB. OOrOBOPIOETHCSI YMOBAa 3aCTOCOBHOCTI BHpasy A BHYTPILIHIX HANPYXEHb, WO AO3BOJSE BU3HAYMTH
KPUTHYHI MapaMeTpPH PEeKUMY IMITyJIBCHOTO MOTEHIiamy. JlOCHiKyeThCsl MOXKIIMBICTh ypaxyBaHHS Pa3HO3apsSOHOCTH 1OHIB MpHU
PO3paxyHKy BHYTPILIHIX HAIPY»KEHb IULIXOM BBEACHHS CEPEIHBOTO 3apsiIy 10HIB, 10 Oca/uKYI0ThCs. HaBeeHO po3paxyHKH HAIpyT
y mokputtsx TiN mpu ocamkeHHi Hu3bkoeHepridHux iomiB Ti' 3 ¢inmbTpoBaHOi IJasMM BakyyMHOI AyrM 3 ypaxyBaHHAM
PI3HO3apsIPKEHOCT] 10HIB, IO 0CAaPKYIOThCS. [IpOBOUTHCS MOPIBHAHHSA PO3PaxXyHKOBUX HAMPYT 3 €KCIIEPHMEHTAIbHUMU JAHUMH.
[Moka3yeTbcest, 1110 HAOIMKEHHS CEPEAHBOT0 3apsiay MOXe IPHUBOJUTH O BEJIMKUX IIOMUJIOK IPY BU3HAYEHHS HAIPYT y MOKPHUTTI, IO
0Ca/KY€EThCsl 3 MydYKa iOHIB. Big3HavaeTbcs BaXkiMBa pOJb TEMIEPAaTYpHU OCAIDKEHHS IPH KOHTPOJI BHYTPIIIHIX HampyXeHb B
MOKPHUTTI, 110 OCAJKYETHCSI.

KJIOUYOBI CJIOBA: mna3mMoBo-iOHHE OCA/UKEHHSI MOKPHUTTIB, 3apsSIHICTh 10HA, PEXKUM IMIYJIBCHOTO MOTEHIIANy, BHYTPILIHE
HaTpY>XCHHS, HEJIOKaJIbHUI TepMOTIPY>KHUI MKk i0Ha, TiN HOKpPHTTS

BHYTPEHHME HAIPSI)KEHUS B IOKPBITHUSIX, OCAXKIAEMbIX IIPU IVIASMEHHO-UMMEPCHOHHOM
HOHHOW UMILJTAHTAILIAA
A.N. Kannnunuenko, C.A. Ko3uonos, C.C. Ilepeneinxun, B.E. CtpeabHunkuii
Hayuonanvnorii Hayunwiii Llenmp «Xapvko6ckuil (ou3uxo-mexHudeckuil uHCmunym»
61108, Xapvkos, Axademuyeckas, 1

Teopernueckn HCCIEAYIOTCS BHYTPEHHHME HANpPsOHKEHHS B MOKPBITHAX, OCAXKIAEMbIX MpPU IUIA3MEHHO-UMMEPCHOHHOW HOHHOM
nMmITaHTamy (plasma immersion ion implantation, PIII) B peskxume UMITyTIECHOTO MOTEHIHMANIA, B TOM YHCIIE TIPH OCAXKIECHHH OTOKA
pa3HO3apaaHEIX HOHOB. [lomydeHO BBIpaKeHWE JUIS 3aBUCHMOCTH BHYTPEHHMX HANpsHKEHWH OT copTra M JHEPTUH HOHOB,
JUTUTEIBHOCTH W YacTOTHl ITOBTOPEHHs HMIyNbCoB. OOCyXKIaeTcss YCIOBHE HPHUMEHMMOCTH BBIPOXKECHUS U1 BHYTPEHHUX
HarnpsHKEHHUH, TO3BOJISIONIEE ONPEIeNTUTh KPUTHIECKHE TTapaMeTphl PeXknMa NMITYIbCHOTO MoTeHIHana. Vceiaenyercss BO3MOKHOCTh
ydeTa pa3HO3apsSIHOCTH MOHOB IIPU pacuyeTe BHYTPEHHHMX HaINpsDKEHHI ITyTeM BBEJCHUS CPEIHEro 3apsija OCaKIAAeMBIX HOHOB.
TTpuBeeHBI pacueThl HANIPKEeHUH B MOKphITHAX TiN pH OCaKIEHHH HU3KOIHEpreTHIeckuX HoHOB Ti' 13 (UIHTPOBAHHOM MIa3MBI
BaKyyMHOH Jyrd C y4eTOM Pa3HO3apsAHOCTH HOHOB. [IpOBOIUTCS CpaBHEHHE PACUETHBIX HAMPSDKCHUH C AKCIIEPHUMEHTAIbHBIMH
nanHbIMU. [TokazaHo, 9TO MPHONMKEHNE CPEAHETO 3apsia MOKET NPHUBOIUTH K OOJBIINM OIIHOKaM MPU OMpeaeTIeHHN HapshKeHN
B TIOKPBITHH, OCAXKIAEMOM M3 Iydka HOHOB. OTMedaeTcss BaKHAsi POIb TEMIIEPAaTyphl OCAKAEHHS IPU KOHTPOJIE BHYTPEHHHX
HaINpsHKEHUH B 0Ca’KIa€MOM ITOKPBITHH.
KJIIOUEBBIE CJIOBA: mia3MeHHO-HOHHOE OCAKACHHE IIOKPBHITHH, 3apsAHOCTh HOHA, PEXHM HMITYJIBCHOTO ITOTCHIHAINA,
BHYTpPEHHEE HaIpsDKEHUE, HEJIOKAIBHBIA TepMOYIIpyruii ik noHa, TiN mokpeITHe

BHyTpeHHHEe HanpsoKeHUs ¢, BOSHUKAIONIME B MOKPBITUSAX NMPH OCAXKACHUU U3 MOTOKA MOHOB, B 3HAYUTEIHHOU
CTETICHH OIIPEEIISIOT IKCIUTyaTallMOHHbIE XapaKTePUCTHKHU MOJy4aeMbIX MOKpbITHi. B [1] Obuta mpeanoxkeHa npocras
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Mozeldb (QOPMHPOBaHHS O, COIJIACHO KOTOPOW BHYTPEHHHME HANpsDKEHUS BO3HUKAIOT B pE3yJbTaTe JBYX
Pa3HOHAIPABJICHHBIX MPOIECCOB: 1) IMOAIOBEPXHOCTHOTO BHEAPEHHS HOHOB, IPUBOIMIETO K BO3HUKHOBEHHIO
HaNpsDKEHUH cKatus, U 2) yObUIM Ae(eKTOB 3a CYET MX MHIPALMU B TEPMHYECKHX IHKaX HOHOB, YTO IPHBOIHUT K
penakcanu HampsbkeHud. B pesynbpTare ObUTO MOMYYEHO BBIpAKEHHE AN BHYTPEHHHX HANpPsDKEHHH Kak (DyHKIHH

SHEpPruu uoHa k:
E, JE

1-TT E+wy(Eu)’

rne Ey n I1 —monyns FOnra m xosddumment Ilyaccona matepuana MuiieHH, & - OTHOIICHHE MOTOKA OCaXKAAEMbIX
aToMOB R K IIOTOKY HMOHOB j. UMCIIO TEPMOAKTUBHPOBAHHBIX IIE€PEXOJIOB, W, BBI3BIBAEMBIX HOHOM, BBIYHCIISUIOCH B

G(E,u)~ @)

paMKax Mozemnu TodedHoro tertooro nuka (TTID):
wy (E,u) = 0,016 p(E/u)”” )

TZIe U - SHEPTusl MUTpanuu AeeKTa, p — KOHCTaHTa, KOTOpasi, Kak IPaBHiI0, IPUHIMAETCS] pABHOW CIMHHUIIE.

Opnako ucnonszoBanne Monenud TTII ans ommcanus penakcanuy MEXaHHMYECKMX HANpSHKEHUH MPOTHBOPEUUT
(bakTy HENOKAILHOCTH Iepelladyl SHEPIrHy OT HOHA BEIECTBY MUIIEHH M II03TOMY HE BIIOJIHE KOpPeKTHO. Benencrue
3TOr0 Ka4yeCTBEHHOE COIVIaCHE C SKCIEPUMEHTANbHBIMHU TaHHBIMHU TOCTHUraeTcs NpH BeauuumHax # = 3 — 113B,
MHOTOKpPaTHO MPEBOCXOISIINX U3BECTHBIE 3HAUEHHSI JJIsl TPOIIeCCOB MUTrpanny nedekroB. Takum o0OpazoMm, u CIyKHUT B
mozenu JlpBuca [1] MOArOHOYHBIM IMapaMeTPOM, M BO3MOXKHOCTh €€ (hM3MYECKOW HHTEpHpeTaliy 3aTpYyIHUTEIbHA.
OTMeTUM U BHYTPEHHIOIO IPOTHUBOPEUUBOCTh MOJEIH, IMOCTPOCHHOM MCKIIOUUTENBHO JUI Ciydas HyJIeBOH
TeMIepaTypbl Cpelsl, U, B TO e BpeMs, NpeAnojararolleil MmoCTOSHCTBO ee TeminoeMkoctu. Ilocnennee ycimosue
HaxXOJHUTCsl B NMPOTHBOPEYNH, Kak ¢ Teopuel Jlebas, Tak M C JaHHBIMH SKCIEpHMEHTa. BciencrtBue 3Toro Monens
JlPBuCca TPHHOWIINATIBHO HE MOXET OOBACHHTh 3KCICPUMEHTATBHO HAOIIONAaEMyI0 3aBHCHMOCTh BO3HHKAIOIINX
HaNpsDKEHUH OT TEMIIEPaTyphl OCAKACHHS.

B [2] 6112 npeanoxena moaudukamnus Gopmyssi (1):

E, JE
1-11 é+w(E,u)’
Cosrniazas o crpykrype ¢ (1), mogupunmpoBanHas popMyia UCTIONB3YET AJS pacueTa Jucia TEPMOAKTUBHPOBAHHBIX

niepexon0B wW(E,u, Tj), co3maBaeMbIX IEPBUIHBIM HOHOM, MOJIENb HEJIOKaJIbHOTO TepMoympyroro nuka (HTII), cormacHo
KOTOpOil:

0(E,u)~ 3)

u u

| - __
y ; V.[ R kBT(t,E,TO)ie kBT gz

0

TL'
w(E,u,TO):nOvIV(t,E) e keT(LET) _ , KTy |, dt, 4
0

rne kg — nocrostHHast bonbiimana, 1) — KOHIIEHTpanusl aTOMOB MHIIEHH, V- YacTOTa KojeOaHui aroma, 7)) — HayaubHas
TeMIepaTypa MulleHu, 7 —temueparypa B ke, V(¢ E) - oobem HTII, nopoxgaemoro HoHoM, 7, - Bpems xkusHu HTII ¢

paguycoM Ryrp: 7, ~ Ry /(4/() [3]. Ilpu uncneHHBIX pacdeTax 7, BBIOHMpAeTCs Ha OCHOBE AHAIM3a IMOBEICHUS

TIOJBIHTETPATIbHON (PYHKIMU B 3aBUCHMOCTH OT BeMM4MH E 1 u. Beipaxenue (4) moaydeHO B MPEIIONOKEHUH, YTO
YHCIIO TEPMOAKTHBUPOBAHHBIX IIE€PEXOJOB, BbI3BaHHBIX BO3HUKHOBeHHMeM HTII, MOMKHO CTpeMHTBCS K HYIIO IpU
CTpEMJICHHH TEeMIIEPaTyphl B TUKE K TeMIepaType MOUIOKKU Ty.

MomudunuposanHas GhopMysia MO3BOIHIA OOBICHUTE Pl 3aKOHOMEPHOCTEH, HAOIIOMAOIIMXCSI TIPU OCAXKICHUN
yraepoaHsix 1 BN MOKpBITHI, XapaKTepU3YIOLUIUXCS OQHO3aPITHOCTHIO OCaXKJAEMbIX HOHOB, B PEXHUME MOCTOSHHOIO
noteHuana. OQHaKo, BHEIPEHUE HOBBIX MPOTPECCUBHBIX TEXHOJOTHH IMIa3MEHHO-UOHHOTO OCAXIEHUS MOKPHITHH, B
YaCTHOCTH, MWCIOJIb30BAaHUE pPEKUMa HMITyJbCHOTO MOTEeHIMalda, TpeOyeT OO0OOMEeHUsI TEOpHH BO3HHKHOBEHHMS
BHYTPEHHUX HaNpsDKeHHH B MOKpbITHH. Kpome Toro, mpu ocakaeHuu uoHOB Ti, Al, Mo u np. u3 ¢unprpoBaHHOH
TUTa3Mbl BaKyyMHOW IIyT'H NMPUXOAWUTCS MMEThH JEJI0 C MOTOKOM pa3sHO3apsAHBIX HOHOB, IPHOOPETAIONINX Pa3INIHbIC
KMHETHYECKHE YHEPTUH MPH MAJCHUH Ha ITOUIOXKKY, YTO Takke TpeOyeT ydeTa Ipu BeIBOAE (YOPMYIIBI U1l BHYTPEHHHUX
HaIpsHKEHUM.

Ienbto paboTeI ABIsIETCS BHIBOA (POPMYIBI ISl pacdyeTa BHYTPEHHHUX HAIPSHKEHUH B MOKPBITUAX, OCAKIAEMBIX U3
MI0OTOKA HOHOB B PEKUMaxX MOCTOSHHOTO M MMITYJIbCHOTO MOTEHIMANa, YIUTHIBAIOIEH Pa3HO3aPSJHOCTh OCAKAAEMbIX
MOHOB, a TaKkke pacueT HanpskeHuit B TiN MOKpPBITHSX, OCaXIaeMbIX U3 Iyuka MOHOB Ti' B 00OMX peKHUMax M
CpaBHEHHE PE3yIbTaTOB PACUETOB C HIKCIICPUMEHTAIBHBIMU TaHHBIMH.

MATEMATHYECKASI MOJEJIb
ITpn BbBosme QopMynbl I BHYTPEHHHX HAINpsHKEHHH, B OCHOBHOM, IOBTOPSETCS XOJ| PAacCyXICHUM,
WCIIONIb30BaHHBIA B padote [1]. Mbl mpenmonaraeM, 4TO CTaI[IOHAPHBIE HANpPSOKEHUS B TOKPBITHM NP HOHHOM
OCKICHUHM BO3HHUKAIOT B PE3yJbTaTe JBYX IPOLECCOB, B3aMMHO YPaBHOBEMIMBAIOIIMX IPYT APYra: WMIUIAHTaluH
HOHOB, TIPUBOAIIEH K 00bEMHOH AedopMaliii ¥ HANPSDKCHUSAM CXKATHS, U yObUIN €(EKTOB 3a CUET MX MUTPALUH B
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TCPMHUYCCKUX NMMKAaX HOHOB, YTO NPUBOAUT K peIakCalilun Hanpsmceﬂnii.
B PCKUME HMIYJIBCHOI'O IOTCHIHATA MOIMCPEMCHHO OCAXKIAIOTCA HOHBI IBYX Pa3IMYHBIX 3Hepr1/11>'1

E,+ ie(U + UO) n E, +ieU,.3necy E)— HadanbHas 3Heprus HoHa, U — NOTEHIUAN, 10JaBaeMBbIi Ha MOMNOXKKY, Uy —
IUTABAOIUHA TOTEHIWAN, e — 3apsAj IPOTOHA, | — 3apsAAHOCTh MOHA. EcnM INIHTETBHOCTH M 4YacTOTa CIEJOBaHMA
UMITyJIbCOB BBICOKOM SHEPIUH, COOTBETCTBEHHO, PABHEI £, U f, TO JUIMTENBHOCTh NIEPUO/IA, KOI/IA MUILIEHb O0IyJaercs
HMOHAMHM HM3KOHM JHEpruu, COCTaBiIieT f ’l—tp. BHyTpeHHHE HanpsbKeHMs CXKaTHs, KOTOpbl€ YCTaHABJIUBAIOTCSA B

MOKPBITHM, B 3TOM CIIyyae 3aBUCAT OT BHJA BO3HMKAIOIIETO MOKPBITHA. Tak, €ClM JUINTEIbHOCTH HMITYJIECOB
JOCTaTOYHO BEJIMKH, YTOOBI PaCCMaTPHBATh OCAXIAEMBIN B T€UEHHE KaXKIOT0 UMITYJIbCa MaTepuall Kak TBEpJOTEeIbHbIN
CJIOM MaKpOCKOIMMYECKOH TONIIMHEI, TO BHYTPEHHEE HaNpsDKEHUE, BO3HUKAIOIIEE B KaXKIOM CIIO€, CIeIyeT OLEHUBATh C
MOMOIIIBI0 BeIpaxeHust (3), B KOTOpoM E — 3TO DHEPrHs HWOHOB, (POPMHUPYIOLIMX paccMaTpuBacMblii ciiod. B atom
cllydae TOKpPBITHE MOXHO paccMaTpuBaThb KaK MHOTOCIOMHBIN CIHIBHY, a pABHOBECHbIE HANpPSHKEHUS B HEM
paccUMTHIBATh, UCXOAS U3 HANPSDKEHUH M TONIIMHBI KaKA0ro cios [4]. OxHako ecnu 3 (eKTHBHAs TOJNIINHA KaXI0T0
CJIOS HE TPEBBINIAET MEKATOMHOTO PACCTOSIHUS ¢, TO OECCMBICIEHHO T'OBOPHTH O (DOPMHUPOBAHUM HANPSDKEHHUS B
KaOKAOM M3 TaKUX «CIOEB», MOCKOIbKY BO3HUKAIONIME TEIUIOBBIE IHKH HOHOB HMEIOT pa3Mephbl, 3HAUYUTEIbHO
TIPEBBIIAIOIINE TOIIIMHY «CI0s» [2] M, TaKMM 00pa30M, BHOCST BKJIAJ] B IPOLIECCH PETAKCAINU B HECKOJIIBKUX «CIIOSIX)
OJHOBpEMEHHO. B 3TOM ciydae MOXHO CUMTaTh, YTO TOKPHITHE (DOPMHPYETCS CMEChIO MOHOB ABYX Pa3IMYHBIX

SHepruil (MpUOIIKEHHE CMEIIAHHOTO ITyYKa), NpWYeM JOJIH HOHOB C SHEPTHSIMHA E0+ie(U+U0) n E,+ieU,
cocraBnsaoT fi, u 1— fi , coorBeTcTBeHHO. KpUTepHii peannsanuu nocieiHero ciydas MMeeT BUL:

f>Ra, (5)
T7ie @ — CpeHee MEKATOMHOE PACCTOSHIE B 0CAXKIAEMOM TTOKPBITHH.

[IpuHumast s oueHoK R = 310" em?c!, @ =2,5 10 cm, mormydaeM u3 (5) yenoBue f > 20 I'm. TTockonbky mpu
OCaXXJICHIH MOKPHITHH B PEKUME UMITYJIbCHOTO MOTEHIIHAJIa UCIIOIB30BaTUCh YacToTHl f = 1..20 xI'wt, TO I ommcanus
BO3HHUKAIOIINX B MOKPBITHH HANPSHKCHUN HEOOXOMMO HCITOJIH30BaTh IPUOIMKEHUE CMEIIAHHOTO MTyYKa.

Wznaraemas mojens, kKak U Mojaenb [IpBuca [1] ommpaercs Ha TUIOTE3y O JHMHEHHON 3aBHCHMOCTH MEXIY
00beMHOM JnedopMalreli TBEPIOTEIBHOW IUICHKH, OOMOApIupyeMOi 3HEPTrHYHBIMH YaCTHUI[AMH, U IIOTHOCTHIO
JIe(EeKTOB, 00Pa3yIOIINXCS B PE3YIBTATE PACCESHUS IEPBUYHOTO HOHA HA aTOMax MuIeHH. B [5], ucxons U3 nmuHeHHON
TEOpUM KacCKaJHBIX CTOJKHOBEHUM 3MIMyHJa, [10Ka3aHO, YTO CKOPOCTh 0Opa3oBaHMs AE(BEKTOB 7#,, B pacueTe Ha
eIMHUITY IUIOIIAAM, CBS3aHAa C IUIOTHOCTHIO TOTOKA HAJNETAIOIIMX WOHOB j W dHEpPrueil MOHOB E COOTHOIICHHEM
i, ~ JE'* . Cnenyer, 0/IHaKo, OTMETHTh, YTO yKa3aHHAs 3aBHCHMOCTb, BHITEKAIOIIAS U3 MOJIEbHBIX MPEINON0KEHH i,
SIBIIICTCS JIUIIIb aHAIMTHYCCKOW alpOKCUMAIUeH, YI0BICTBOPUTEIHLHO OMKUCHIBAKOIICH Tporiecc AedekToodpa3oBaHus
TOJIEKO TPH JOCTATOYHO OOJNBIION SHEPTHH HAJETaromero nona £ >> E,, rae E, — sHeprus nedpexroobpazoBanus. B
HacTosIell paboTe MBI UCIIONB3YeM 3aBUCUMOCTb AJIS 71, , JaBaeMyIO MPSAMBIM PAcueToOM JOJH SHEPrHu HOHA, HIAyIIeH
Ha oOpasoBaHue BakaHcuii U(E), co3maBaeMbIX MOHOM ¢ dHeprueid E. Pacuer ¢ynkumm ¢ (E ) IIPOBOAUIICS C

romonipio nporpamMel SRIM2000 B mpubmmkennu “Detailed Calculation with full Damage Cascade” [10]. Bynem
HoJIaraTh, 4TO KaXIO0W BaKaHCHU COOTBETCTBYET MEXKAOY3IHe, o0pasyromiee ¢ Heil mapy Ppenkens. B coorBercTBHU €
ompeneneHueM GyHKIUU O(E) , 9rcio ToueqHbIX aedexToB (map dperkens), 00pa3yeMbIX IEpBUYHBIM HOHOM, PABHO

EU(E )/Ed . IIpu pacuerax mpunumanoce E, =25 3B. Cieayer Taxxke ydecTh BKJIAJ B 00BbEMHYIO JeOpManuio
MIEPBUYHOIO HOHA, SBJSIOMIMICS TOCTOSHHOM BEJIMYMHOM 11 BCEX MOHOB C JHepruel E > E , NpH KOTOPHIX OH
IPOHMKAET MOJ HMOBEPXHOCTh TBepaoro Tena (E, ~1032B) B pesynbrare BblpakeHHE A8 CKOPOCTH 00pa3oBaHU
JNe(eKTOB MOXKHO MPEICTABUTDH B BUJIE:
. | Ev(E)
i, ~ | E2E) oy ©)
E,

rae Y - cOOCTBEHHBIH BKIJIAJ NEPBUYHOTO MOHA B OOBEMHYIO Je(OpMaIiiio 3a CYeT ero MMIUIAHTAIWH, B COMHHUIAX
BKJIaJa napel OpeHkens.
Ecnu B moTOKE MPUCYTCTBYIOT HOHBI IBYX PA3IMYHBIX YHEPTHMA, TO (6) IEPETHUIIETCS B BHIE:

i, ~j[ﬁpg(ie(U+UO)+E0)+(1—ﬁp)§(ieU0+Eo)], )
rie BBejieHo obosHaueHne ¢ (E)= (Eu(E)/Ed + Y) .

Ha puc. 1 npusenensl Qynxkuuu AEY? u ¢ (E ) ans cmydas GomGapaupoku uoHamu Ti' mumenu TiN

(HOpMHMpOBOYHAsI KOHCTaHTa A BEIOpaHa Tak, 4TOOBI (QYHKIMHU COBIAAANIN Ha TpaHulle npumeHnMocta monenu HTTI, To
ectb ipu £ = 3 x3B).
Kax BuHO U3 pHCyHKa, pe/aracMasi 3aBHCUMOCTh ¢ (E) uncna fe(eKToB, 06pa3yeMbIX MePBUYHBIM HOHOM, OT
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SHEpPruy MOHa MpHu 3Heprusix £>1 k9B Gnn3ka K KOpHEBON 3aBUCHUMOCTH ~ JE , KOTOpas UCIIOJIb30Baach B paboTax

[1,5]. OnHako B 0ONAcTH ManbIX SHEPrHil OTIMYME MEXIy KpuUBOH ¢ (E) M ammpoOKCHMAIMOHHONW KOPHEBOH
3aBUCHUMOCTBIO ABJIACTCA CYIIECTBEHHBIM, YTO CKa3bIBACTCA HA BUJIC KpHBOﬁ HaHpH)KeHI/Iﬁ IIPU HU3KUX DOHCPIUsix.

Penakcanus HaIpPsSDKEHUN OIpeneIsaeTcs KOJINYECTBOM

ﬁ TEPMOAKTUBUPOBaHHBIX InepexonoB aroMoB B HTII uona, 3amaBaembix

BbIpakeHUueM (4). CKOpOCTb peNaKkcaliu aTOMOB 71, B pacdeTe Ha €JUHHILY

IUVIOIIAAY MPONOPLHOHAIbHA YHCIY TEPMOAKTUBHPOBAHHBIX IE€PEXOJ0B
aTOMOB, JI0JIE aTOMOB, KOTOPBIE HaXOJSITCSI B METACTAOMIBHBIX TTOJIOKEHUSIX
n/n,, U TOTOKY UMIUIAHTHPOBAHHBIX HOHOB j:

o5 iy == jw(E.T,)., (8)
0
TJIe 71 — KOHIEHTpanus 1e(eKToB.
Ecnmn B ocaxgaeMoM HOHHOM TIOTOKE IIPHCYTCTBYIOT HOHBI JIBYX
Pa3IUYHBIX SHEPrui, TO TaKue MOHbI co3naroT pasnuunele HTII, BHOCSIUE
0 1 é E. xoB pasnuuHBI BKIag B MPOXYKLIHIO TEPMOAKTHBHPOBAHHBIX HepexonoB. C

YUC€TOM 3TOI'0, BBIPpAKECHUEC I flR an/Io6peTaeT BHU:

.o . B .
nR—noj[ﬁpw(le(U+U0)+Eo,u,To)—i-(l ftp)w(zeUO+E0,u,TO)]. )

Puc 1. Oynkimu g (E ) (cruTomHas
KpuBasi) W 0,031~E  (MyHKTHpHas

KkpuBas) Junt - cnyHast GombappoBKu HanpsbkeHue B MOKPHITUH TIPH TIA3MEHHO-HOHHOM OCaXICHUU MOXKET
vonamu Ti" Mumeru TiN. OBITH Temeph BBIUHCIEHO, MCXOAS W3 MPEANONIOKEHHSA, UYTO HMEeTCs
paBHOBECHE MEXIy HPOLIECCAMH BO3HUKHOBEHHUS A€(EKTOB NP HOHHOW MMIUIAHTALMHI U MX YOBUIH 33 CYET MHUTPALIHH,
B pe3yJIbTaTe Yero MIOTHOCTh MMITIAHTHPOBAHHBIX aTOMOB HE 3aBHCHT OT BPEMEHH.

CKopocCTh, B pacyeTe Ha eAUHHUILY IUIONIA]IH, ¢ KOTOPOH HMILTAHTHPOBAHHBIE ATOMBI BHE/IPSIOTCS B IUICHKY, PaBHA
R(n/n,), tne R — cymMapHasi CKOpPOCTb, B pacueTe Ha CAWHHMILY IUIOMIANH, C KOTOPOH aTOMBI IPUCOCAUHSIOTCS K

pactymeid ienke. C Apyrod CTOPOHBI, Pe3yNbTUPYIOIIAs CKOPOCTh NPHBHECEHUS AC(PEKTOB 3aacTCs PAa3HOCTHIO
MEXIy CKOPOCTBIO MOSIBIICHUS Je()EKTOB 3a CYET UMIUIAHTALMH M CKOPOCTBIO HX YOBUIH 32 CUET TEPMOAKTHBHPOBAHHOM
murparmd. ClenoBaTenbHO, YCIOBHE CTAIlIOHAPHOCTH (TIOCTOSHCTBA IUIOTHOCTH Ne(eKTOB) MPUBOIUT K
COOTHOLICHHIO:

io=RI 4, (10)
ny

IMoxncrasus B (10) 7, U 71, U BBIpa3UB B HOJyYEHHOM yPAaBHEHHU NOJIO MMIUIAHTUPOBAHHBIX HOHOB B ILIEHKE
n/n, , nomy4aem:
" fi,¢ (ie(U+U,)+ Ey)+(1- f1,) ¢ (ieU, +E,)
ny &+ fiyw(ie(U+U,)+Ey)+(1- 1, ) w(ieUy + Ey)

)]

[To npeamnosoxeHuto, ooObeMHas aehopMalys £ IPONOPLUOHATIBHA J0JIe UMIUIAHTUPOBAHHBIX aTOMOB B ILICHKE
n/n, . JIIs TOHKOrO MOKPHITHS CKMMAKOLIES HANPSDKCHHE, ACICIBYIOIIEe B IUIOCKOCTH IOKPBITHS, CBS3aHO C

neopmanueii COOTHONEHNEM o = E, ¢/(1-11) . B pesysbrate nonydaem OKOHYATENBHO:

E, ﬁ,,g(ie(U+U0)+E0)+(1—ﬁp);(ieU0+E0)
1= &+ fi,w(ie(U+Uy) +Ey) + (1 fi, )w(ieU, + Ey)

rne A — HOPMHUPOBOYHAsT KOHCTAHTA, 3aBHCSINAs, B OOIIEM Cilydae, OT MaTepuaja MOKPBITHS H COPTa OCaKAAEMbIX
HIOHOB.

Ecnu B moTOKE MPUCYTCTBYIOT MOHBI Pa3lUYHON 3apsAHOCTH, TO OHU TaKXke OyIyT NpHOOPETaTh pa3IWdHBIC
SHEPrUM B TIOJIE  yCKOpAMOIEero moTeHnuana U W, CIEIOBaTeIbHO, XapaKTEPU3YIOTCS  Pa3IMYHBIMU
neeKTOO0pa3yIOIIUMH  CIIOCOOHOCTSIMA M CKOPOCTSAMH ~ MHTpaiuu  1eheKToB. PacCykIcHHs, aHAJOTHYHBIC
MIPUBEJICHHBIM TIpH BbIBOjie (opMmyibl (12), MPUBOIAT K CIIEAYIOLIEMY BBIPDAXCHUIO Ul HANPSHKEHUH B IOKPBITHH,
0CaX/[acMOM B UMITYJIbCHOM PEXHUME U3 ITyUKa Pa3HO3apsAIHBIX HOHOB:

P fo, 516 (ie(U+Uy )+ By )+ (1= 11, )2 ¢ (ieUy + E )
O'(U)= Y i i

I=T1 &+ fi, 3 yow(ie[U+Uy |+ Eg )+ (1= /i, ) Z 2w (ieUy + Ey)

o(U)=4 (12)

(13)

3nech y; - 1071 MOHOB C 3apsi/IoM ie, IPUYEM Z 2 =1
i

B pexxume MOCTOSHHOTO MOTEHIMAlda BBIpAKEHHE U1 HANpsDKEHUI B CiIydae Iydka pa3sHO3apsIHBIX HOHOB
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ToJy4aeM, nonoxus fi, =1:
E, ;;(,{(ie(U+UO)+EO)
I=T &+ 3 gw(ie[U+U, ]+ Egu, Ty )

o(U)=4

B cimydae moroka ofHO3apsAAHBIX MOHOB CIENyeT MOJOKHUTh ¥, =0, , B pe3yiabrare dero (14) npeobpasyercs B
U3BECTHOE BhIpakeHue (3).
Herpynno o6o6umte ¢opmyny (13) Ha ciiydali MHOTOMMITYJIBCHOTO DPEXHMa OCAXKICHUS, KOT/a MOTEHIHAI

CMEILEHUs IPEACTaBIAeT co00i Habop UMITyIbCoB ¢ ammutynoi U,,U,,...U,,... U JUIUTEIbHOCTIMU Lo Lpaseeil pseen s

COOTBETCTBEHHO, MOBTOPAIOMMXCS C YACTOTOH f, mpudem ¢, =1. Eciu BBINONHAETCS «KPHTEPUH CMELIAHHOTO
k

(14)

nyuka» (5), To BeIpakeHHE Ul BHYTPEHHUX HAINPSHKEHUH B OCaXIa€MOM HOKPBITUH [TPUOOpPETaeT BU:
©) E, f%tkalié’(ie(Uk"‘Uo)"‘Eo)
o(U)A4 L .
1-T1 §+f§tpk2;(iw(ie[Uk +U, |+ E,)

(15)

PE3YJIbTATHI BBIYMCJIEHUN U OBCYX/JIEHUE
Jlns pacuera BHYTpeHHUX HanpsokeHuit B TiN mokpbITuu nipu umiviantamuu noHos Ti' ucnonbs3osanack Gopmyina
(13), B KOTOpOHl B CIyyasx PeKMMOB MMITYJIbCHOTO M MOCTOSHHOIO MOTEHIMAIOB MpUHMManocsk fi, = 0,12 u fi, = 1,
cooTBeTcTBeHHO. COTJIaCHO JTaHHBIM, NPECTABICHHBIM B [6], noHBI Ti IpH OcaxIeHNHU MX U3 QUIBTPOBAHHOHN IUTA3MbI
BaKyyMHOM Jyru UMEIOT 3apsaHocTh oT 1 go 3, mpuueM y; = 0,27; y, = 0,67; y; = 0,06. B aTOM ciayyae umeem Jist
cpennero 3apsna nona Ti': g =1,79%.

IIpu pacuere BHYTpPEHHUX HaNpsKEHUH B
ol OCaXIAaeMOM  TIOKPBITUM  HEOOXOIUMO  YUHUTHIBATH
H
B \ TeMreparypy  oOcaxneHus 7Ty, KOTopas  MOXKET
a “ CYIIECTBEHHO HW3MCHATHCA C€ HWU3MCHCHHUEM OHCPIUuu
] OCaX/IaéMbIX MOHOB, IOCKOJBKY IOTOK HOHOB TpeeT
1 MOBEPXHOCTb TOKPHITHA. MOXHO IOKa3aTb, YTO B
1
1
1
1
\
1

15

MPHOJIMKCHAN JIMHEHHOTO YPaBHEHUS TEILUIOIPOBOIHO-
CTH C TIOCTOSTHHBIM K03()(PHUIIMEHTOM TEILIOPOBOAHOCTH
¥ B CTalMOHAPHOM PEKUME TeMIIepaTypa ocaxaeHus 1)
CBs3aHa ¢ moTeHIuaioM U JNMHEHHOW 3aBHCHUMOCTBIO:

T, (U)=2[G(U+Uy)+Eg [+ Ty, e g=eXiy

10

CpelHUM  3apsn  HMOHOB, Iy —  TemIeparypa
HeoOJy4aeMoil ToaIoXku. BennumHa A 3aBHCHUT OT
TEXHUYECKUX ITapaMETPOB YCTAHOBKHU II0 OCAXKICHUIO
MOKPBITUA M, B paMKaX HACTOAILLETO WCCIENOBaHMUS,
| mondupaeTcss W3 YCIOBHS pPAaBEHCTBA TEMIIEPATyPHI
0 1000 2000 UB OCaXIECHUS €€ DKCIEPUMEHTAIBbHOMY 3HAYEHHUIO IIpU
’ W3BECTHOM  SHEPrUM  OCaXJAaeMbIX HOHOB. B
COOTBETCTBUM C JAaHHBIMH, NPUBEAECHHBIMH B [7]
Puc 2. PacueTHble 3aBHCHMOCTH BHYTpEHHHX HampspkeHuii or  mpuHuManock 7(0 B)= 573 K u T(540 B) = 873 K, uto
norenyuana Ha nooxke U B nokpertun TiN, ocaxaaeMoM B jaer onenky A = 0,3 K/3B.
pexuMax MOCTOSHHOro (kpuBas 1) M MMIyJbCHOrO (KpuBas 2)
NOTeHLMaNoB. YepHble KPYXKKH - JaHHbBIE 3KclepuMeHTa [7] HaNpsUKeHWil OT NOTeHUMana Ha mnomiokke U B
(pexuM TOCTOSIHHOTO IOTEHLHMAala, TeMIepaTypa OCaXKICHHs .
573 K); cBeTnble KpYKKH - AaHHBIE dKcHepuMeHTa [8] (pexum noxpertir TiN, ocakiaeMoM B PEXHME IOCTOAHHOTO
2
HMITyJIbCHOTO IOTEHIHaNa, TeMIeparypa ocaxuenus 473 K), ~ HOTCHIHMaIa (xpusast 1). Ilpu pacuerax HCHONL30BAHCE
PacueTHble HANPSDKGHHS —IOyYeHBl IpH  Temmeparypax  CHACIyIoIne 3HadeHus mapamerpos: u=0,590B, U, =
OCAXJICHUS, COOTBETCTBYIOIIUX SKCIIEpUMEHTAIbHBIM 20 B, Eo =40 3B, A :0,3 KB T ( 0 B) = 573 K. Kak
3HaueHWsIM. [lyHKTHpHas KpuBas - HaIlpsDKEHHS B THOKPBITHH,
OCaXJ]AeMOM B PpEXHUME IOCTOSHHOTO IOTCHLHUANa IpH
Temmneparype ocaxaeHus 473 K.

Ha pI/IC.2 MMpUBCJICHA 3aBUCUMOCTbL BHYTPEHHUX

BUAHO W3 pPHCYHKa, MaKCHUMyM HalpsDKeHUH O,
6,6 I'Tla nmocturaercs mpu mnoreniuane U = 50 B.
Yepusle KPYXKKH COOTBETCTBYIOT 3HAYCHUSM,
HOJIyYEHHBIM B 9KCIIEPUMEHTE 10 OcakaeHHI0 TiN MOKPBITHS B peXXUME MOCTOSHHOTO noTeHnuaia [7]. st cpaBHeHUs
MpUBEJICHAa TaK)Ke KpHUBas HalpsDKEHUH, cooTBeTcTBylomias temneparype ocaxaenus 1(0 B) = 473 K (wrpuxoBas
kpuBasi). Kak BUJHO U3 pUCYHKa, CHH)KEHHE TeMIIEpaTyphl OCAX/ICHNS BEJET K CYIIECTBEHHOMY POCTY HalpsDKeHUH.
KpuBast 2 cooTBeTCTBYeT BHYTPEHHUM HANpsHKCHUSIM B MOKPBHITHH TiN, OCaXIaeMOM B PEXHME HMITYJILCHOTO
NOTEHIHANa €O CIeAylIUMH napamerpamu: u = 0,593B, f = 24 kI'n, ¢, = 5wmkc.,, Uy = 20B, E, = 4053B,



62
EEJPVol.1 No.4 2014 A.l. Kalinichenko, S.A. Kozionov et al

7(0 B)= 473 K. Makcumy™m HampspkeHuid oy, = 10,2 I'Tla mocturaercs npu mnoteHuuane Ha mnoanoxke U = 430 B.
CBeTnbIMH KpY)KKaMU OTMEUEHbI 3HAYCHUS HANPSHKEHHUH, MTOJTyYeHHbIE B OKCIIEPUMEHTE 10 ocaxieHnto TiN MOKpbITHs
B peXHMe HMIyJIbCHOro mnoTeHuuana [8]. bauskue pesynpTartel momydeHsl U B [9]. Teopermueckue KpuBble
HOPMHUPOBAHbI HA MAKCUMAJIbHOE 3HaY€HUE HANPSDKEHUH MOTYYEeHHBIX B dKCIIEpUMeHTe [§].

Kak BugHO U3 puc. 2, B pexyMe UMIIYJIbCHOTO MOTEHIMAada UMEET MECTO 3HAUUTENIBHOE CMEIEHHE MaKCUMyMa
KpPHBOH HamlpspkeHWH B 00JIacTh OOJIBIIMX 3HEPrHH, IO CPaBHEHHIO C PEXHMMOM IOCTOSIHHOTO IOTEHIMana, YTo
corjacyercst ¢ SKCIIepUMEHTAIbHBIMUA JaHHBIMH. Kpome Toro, pacdersl Moka3aid, YTO B Clydae HMITYJIbCHOTO
MOTCHIIMAIa CHI)KEHHE TEMIIEPATYPhl OCAKICHUS TaKkKe BEAET K CYIIECTBEHHOMY POCTY HaNpsDKEHHH B MOKPHITHH. B
TO )K€ BPEMs OCaKACHHE B PEXHME HMITYyJIbCHOTO MOTEHIHAIA NMPUBOJUT K 3HAYNTEIBHO MEHBIINM HANpPSDKEHUSM,
HEKEIIM OCAaXJCHHE B PEXHMME IIOCTOSHHOTO MOTEHIMada HpU TOW jke Temmeparype. TakuMm o0pa3oMm, pexum
HMITYJILCHOTO TIOTEHIIMANa MO3BOJISIET MOIY4aTh MOKPBITUS C MaJbIMH HAIPSKEHUSMHU NIPU OTHOCUTEIILHO HEBBICOKUX
TeMIIepaTypax OCAXICHHS, YTO IO3BOJSET OCAXKIATh IOKPHITHS HAa MaTepUalbl C HU3KOM TeMIepaTypoi OTITycKa.
INocnenHee OOCTOATENBCTBO CYLIECTBEHHO paclIUpseT HOMEHKIATYpy MaTepualioB, HCHOJIB3YyEeMbIX B KauecTBe
nojutoxek. Kpome Toro, HU3KOTEMIIEPaTYPHBIH PEXUM OCAXKICHHUS B LIEJIOM PsiJie CIydacB 0OECIeYnBacT MOoJIy4eHHE
MTOKPBITHS HEOOXOIMMOTO KauecTBa.

B nenom, MOKHO KOHCTaTUPOBATh, UTO UMEET MECTO Ka4ECTBEHHOE COTJIacHe TEOPETUYECKUX KPHUBBIX C JAHHBIMU
9KcriepuMeHToB. Halbmiomaromeecss pacxox/IeHHe MOXKET OOBSICHATHCS HETOYHBIM BBIOOPOM TP pacdeTax BEIHYMH
CpeZHeTo 3apsaa M HadaJIbHOM SHEPTHH, 110 CPABHEHHUIO C PEabHBIMU BETMYHMHAMH.

B psine paboT aHamM3 BO3HUKAIONIMX HANPSHKEHWH IPOBOIWICS HAa OCHOBE CPEIHETO 3apsiia ¢ OCaKAAaeMbIX

HOHOB [7]. B cBs3u ¢ 3TUM MpEACTaBISIET MHTEPEC CPAaBHUTH PE3YJIbTAThl PACcUETOB, OCHOBAHHBIX Ha TOYHOM yueTe
Ppa3HO3apsAAHOCTH OCaXXJACMbIX HOHOB, C pacdeTaMd Ha OCHOBE CpPEIHEro 3apsaa ¢ . BeIpakeHus Uil BHYTPEHHUX
HalpsDKeHNH, BO3HHKAIOMIMX B pexxume umiysbcHoro (13) m mocrosHHoro (14) moTeHUuanoB, B NPHOIMKEHUN
Cpe/Hero 3apsiaa NpHOOPETa0T, COOTBETCTBEHHO, BU/:

E, Jt, g(@(U"‘Uo)“‘Eo)*‘(l_ﬁp)é’(qUo"'Eo)

o(U)=4 (16)
) 1—H§+ﬁpw(c7[U+U0]+EO)+(1—ﬁp)w(c7U0+E0)
u
7(U+U,)+E
o(v)-atr __SAWU)rE) (17)
1=T1 £ +w(q[U+U, ]+ Ep,u.T,)
A€ BSJINMYUHA CPCAHECTO 3apsijia 67 BBIUYHUCJIACTCA 110 q)OpMyJ'IGZ

g=cXiy; . (18)

Ha puc.3 mpencraBieHsl  pe3ysibTaThl  pacdyeToB
BHYTPEHHUX HaNpsDKEHHH B ocaxkaaeMoM HOkpbiTuu TiN ¢
YYETOM Pa3HO3apsAHOCTH Majalolmmx HoHoB Ti' (crommHas
KpuBasi) W B NPUOMIDKEHUH cpegHero 3apsma ¢ =1,7%

(mTpuxoBas KpuBas). Pacder mpoBemeH ANA  peXUMa
MOCTOSIHHOTO ToTeHInana. [Ipu pacyerax nmpuaumainocs 7(0 B)
=573 Ku1=0,3K/3B.

Kak BumHO W3 puUCYHKa, MaKCUMalbHbIE 3HAYEHHs
HamnpsbKeHui, peanusyonyecst Boum3u noreHnuana U ~ 50 B,
OTJIIMYAIOTCS ~ HE3HAYMTENBHO  (IOTPEIIHOCTh  COCTaBIISET
~4 %), oqHAaKO MpU yBENIWYEHUU FHEepruu uoHoB ao 200 »B
MOTPENIHOCTH OBICTPO BO3pacTaeT /10 BeuuuHbI ~30 %.

Eme Oonbme Bo3pacTaeT pasiuuude B  BEIMYMHAX
HaNpsDKeHUH B ciydae OOJBIION AUCIEpPCH B paclpeneeHuI
MOHOB 10 3apsiiaM. Tak Ha puc. 3 MpeacTaBiIeHbl Pe3yIbTaThl
pACCUMTAHHBE C yYeToM pealbHoro pacrpenenemus  PACIETOB BHYTPEHHHX E—IaHpﬂ)KeHI/Iﬁ B OCA)KIAEMOM MOKPLITHH
ocaxaeMbix HoHOB Ti' Mo 3apsinam (CTomHas KpuBas) TiN B MOfe/bHOH  CHTYyallMH, — XapakTEpH3YIOUIEHCS
U B IpUOIMKEHUU CPEIHETo 3apsaaa (IUTPUXOoBask KpUBas). CIIEYIOIIUM pacIpesielieHHeM MOHOB 1o 3apsgam: y; = 0,605;
IITpuX-MyHKTUpPHAs KpUBas — BHYTpeHHHe Hampsokenus  y; = 0; y; = 0,395 (wrpux-myHkTtupHas kpuBas). Jlerxko
B MOJGNBHOM ciyyae C OONbIION JuCHepcHel  yGeauThCs, YTO BHIOPAHHOE PACHpENEEHUe XapaKTEPU3yeTCs
pacnpefieNieHus HOHOB 10 3apsizam: z; = 0,605; 7, = 0;  tem e cpemHuM 3apsnoM. B To ke Bpems pacxXoxkIeHHE B
Z3= 0,395. Pacuer nposenen [isl peXMMa MOCTOSHHOTO  NagcHMyMe HAMpsDKEHHH ¢ BETHYMHAME, PACCUMTAHHBIMU B
HoTeHIaa. NPUOJIMKEHHH CPEHEro 3apsija, cocrapiser Ooinee 10 % wu
BO3pacTaet 10 ~65 % npu yBenuueHuu 3Hepruu 1o 200 3B.

Takum o0Opa3oMm, pacyeT BHYTPEHHUX HAIIPHKEHUH B MPUOIMKEHUHM CPEIHEro 3apsia MOXKET MPHUBOIUTH K

2,5

0 200 400 600 UB

Puc. 3. BHyTpeHHne HamnpspkeHUss B MOKpbITHH  TiN,
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OOJIBIITMM OINMOKAaM, MO CPaBHEHHIO C PAcYCTOM, YYUTHIBAIOIIAM paCIpeeICHUE OCaKIACMbIX HOHOB IO 3apsaiaM,
MPUYEM OINMMOKA BO3PACTACT IS CIIy4acB paclpeIeICHUH 1Mo 3apsaaaM ¢ OOJBION JucTiepcueii.

BbIBO/bI

1. B paMKkax MOZeNH HEIOKAIGHOTO TEPMOYIIPYroro MuKa MOJTyYeHO BEIpaKeHHE JJIsl BHYTPEHHUX HAIPSDKEHUH B
MTOKPBITHH, OCAKAAEMOM B IUTa3MEHHOI cpelie IPH OAHOBPEMEHHOW 60MOapIHpOBKE MOTOKOM MOHOB, CIIPaBEUINBOE B
pPEeKUMax Kak IOCTOSIHHOTO, TaK M MIMITYJIbCHOTO MTOTCHIIMAJIA U YIUTHIBAIOIIEE BOZMOXKHYIO Pa3HO3aPsTHOCTH HOHOB.

2. Iloka3aHo, 4TO CHHXKECHHUE TEMIIEPATyphl OCAKACHUS BEAET K CYIIECTBEHHOMY POCTY BHYTPEHHUX HaNpsDKEHUH B
OCa)KIa€MOM TMOKPBITHH B PEKHUMaX KaK IIOCTOSIHHOTO, TaK U MMITYJIbCHOTO ITOTCHIIMAJIOB.

3. CpaBHEHNE Pe3y/IbTaTOB pacyeToB BHYTPEHHHUX HampspkeHHH B TiN MOKPBITHH, OCQ)KZaeMOM M3 ITy4Ka HOHOB
Ti, ¢ aKClepUMEHTAIBHBIMHU JIJAaHHBIMH T10Ka3aJ0 MX KauecTBeHHOe corjacue. OcaxeHne B PEKUME UMITYJIbCHOI'O
MOTEHIMajla NPUBOIUT K 3HAYUTEIHHO MEHBIIUM HANpsDKEHUSM, HEXEIH OCaXAECHHE B PEXUME IOCTOSHHOTO
MOTEHI[MAaJIa NIPU TOH ke Temreparype. PexuM MMIyIbCHOrO MOTEHIMANa MO3BOJSET NOTYYaTh HOKPBITHS ¢ MaJlbIMU
HaNpsOHKEHUSMU IPU OTHOCUTEIBHO HEBBICOKMX TEMIIEpaTypax OCaXAEHHs, YTO MO3BOJSIET OCaXJaTh MOKPHITHS Ha
MaTepHallbl ¢ HU3KOW TemIiieparypoi ormycka. [locienHee oOCTOATENBCTBO CYIIECTBEHHO pacHIMpsieT HOMEHKIATYPY
MaTepHallOB, UCIIOJIB3YEMBIX B KauecTBe MOJUIOKEK. KpoMme TOro, HU3KOTEMIEPATypHBIN PEXXUM OCAXKJICHHS B LIETIOM
psine ciaydaeB oOecrieunBaeT MOoTydeHNe MTOKPBITHA HE00X0IMMOT0 Ka4ecTBa.

4. Pacyer BHyTPEHHHX HAIPSHKEHUH B MIPUOIIIKEHUH CPEAHETO 3apsaa MOXKET MPUBOIUTD K OOJIBIIMM OMIMOKaM 110
CPaBHEHHUIO C PacueToOM, YUYHWTHIBAIOIINM pPACHpEeIeHHE OCaKAAeMbIX HOHOB IIO 3apsiiaM, NpHUYEM OIIHOKa TeM
GoutbIne, YeM OOJIbIIE AUCHIEPCHS PACTIPECICHUS] HOHOB IO 3apsiaam.
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CROSS-SECTION OF 90.6 keV y-RAY GENERATION FOR THE “*Ti(p,y)*V REACTION
OVER THE PROTON ENERGY RANGE 0.95-2.8 MeV
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The differential cross-section of **Ti(p,y)*’V reaction was measured with 90.6 keV y-rays (the transition from the first excited state of
YV to the ground state) and 90° detection angle. An isotope titanium target of 97.8% “*Ti content and thickness 3.6-10'® at.Ti/cm?
was used. Such a thickness value provided averaging of the cross-section over several contiguous resonances, improving the
accuracy of cross-section measurements. There is general agreement of maxima and minima in the measured excitation function with
analogous reference data for the excitation function measurements in relative units. It was shown that for proton energies up to 2.8
MeV the main channel of the **Ti(p,y)*V reaction is 90.6 keV y-ray emission, and this channel can offer the greatest sensitivity for
titanium analysis by the PIGE technique.

KEY WORDS: protons, nuclear reactions, target 8Ti, differential cross-section, PIGE.

MEPEPI3 TEHEPAIIII y-KBAHTIB 3 EHEPTIEIO 90,6 xeB
3 PEAKIII “Ti(p,y)*V B OBJIACTI EHEPT1il IIPOTOHIB 0,95-2,8 MeB
B.M. Bonaapenko, O.B. I'onuapos, B.I. CyxocraBeub, C.M. YT€HKOB
Hayionanvnuit Haykosuii Llenmp “Xapxiecokuil Qizuxo-mexniunuil incmumym’
8yn. Akademiuna 1, m. Xapxie 61108, Vkpaina
Tnbepenuiitauii mepepis peaxii “*Ti(p,y)**V OyB BUMIPSIHUIA TS -TIpoMeHiB 3 eHeprieto 90,6 keB (mepexiz 3 meprioro 30y KeHOT0
crany *°V B ocHOBHHIT cTam) mpr KyTi peectpartii 90°. Y BIMIpIOBAHHAX BHKOPHCTOBYBANACh i30TOIHA THTAHOBA MimeHb (BMicT **Ti
97,8%; ToBmuHa 3,6:10'% ar.Ti/cM?). Mimrens Takoi TOBIMHE 3a0e3ledyBaga OCEPEIHCHHS Mepepisy MO KiTbKOM CYMDKHEM
pe30HaHcaM peakilii, 0 IMiJBHUIIYBAIO TOYHICTH BHMIpIOBaHHS mepepidy. [lomokeHHS MakCHMyMiB Ta MiHIMYMIB Yy BUMIpsHIii
¢GyHKIii 30yPKeHHS y MIJTOMY Y3TOJDKYIOTBCS 3 HasBHHMH B JIiTepaTypi JaHUMHU BUMIpIOBaHb (YHKIII 30y/KEHHS Yy BITHOCHHX
onuHMIsAX. [lokaszaHo, mo B obnacti eHepriii mpoToHiB 10 2,8 MeB BunpomintoBanHs 3 eHepriero 90,6 keB € ocHOBHMM KaHaIOM
peaxuii **Ti(p,y)*V, mo noBunmo 3a6e3nedysarn MakcHManbHy 4y TIHBICT I aHATI3Y THTaHy 10 MeToxumi PIGE.
KJIKOUOBI CJIOBA: npotonu, snepHi peaxiii, Mimess **Ti, qudepenmiansauii nomepeusuii nepepis.

H

CEYEHUE T'EHEPAIIVH y-KBAHTOB C SHEPTHUE 90,6 k3B
W3 PEAKIIUM *Ti(p,y)*V B OBJIACTH SHEPT U1 IPOTOHOB 0,95-2,8 M>B
B.H. Bonaapenko, A.B. I'onuapos, B.1. Cyxocrasen, C.H. YTeHkoB
Hayuonanvuvuii nayunviil yenmp «XapbKosckuil (pusuKo-mexHuiecKutl UHCmumymy»
ya. Axademuueckas 1, 2. Xapvros 61108, Yrpauna

Juddepenunansaoe cedenne peakunn “Ti(p,y)*V msmepeno mwis y-msnydenns ¢ smeprueit 90,6 k3B (Iepexoa M3 mepBoro
BO3GYXK/ICHHOTO COCTOSHMS *°V B OCHOBHOE COCTOsIHHE) MpH yrire perucrpamiy 90°. B H3MEPEHHAX HCIIONB30BATACH M30TOIHAS
THTAHOBAs MHUIIEHD (comepkanne “Ti 97,8%; Tommuna 3,6:10" ar.Ti/cm?). Murens Takoit TOMIIMHEL 0GECIICUHBANA yYCPETHEHIE
CCUCHUS 110 HECKOJIBKMM CMEXHBIM PE30HAHCAM PEaKIliH, YTO MOBBIIAIO TOYHOCTE N3MepeHus cedeHus. [10moxKeHnss MakCHMyMOB
U MUHMMYMOB B U3MEPEHHOH (YHKIMH BO30OY)KAEHHS B LEJIOM COTJIACYIOTCS C MMEIOIIMMUCS B JIUTEpaType NAaHHBIMH U3MEpeHHUI
(GyHKIUE BO30YXKICHUS B OTHOCHUTEIBHBIX ¢IUHHUIAX. [loka3aHO, 4TO B 00JIACTH 3HEPrHil MPOTOHOB 10 2,8 M»3B usnyueHue y-
KBaHTOB ¢ sHeprueil 90,6 k3B sBiseTCS OCHOBHBIM KaHanoM peakimu “CTi(p,y)*V, uTo m0omKHO 0BeCHeuMBATH MAKCHMAJIBHYEO
YyBCTBHUTEJILHOCTb JJIS aHaJIW3a TUTaHa 1o Metoauke PIGE.
KJIFOUEBBIE CJIOBA: poTOHSI, sepHbIE PEakiuH, MUIIEHs T, TuddepeHnmansHoe ceueHue.

[IpoToHHBIE TYYKH MIMPOKO MPHUMEHSIOTCS IS DJIEMEHTHOrO aHamm3a MartepuanioB [1-2]. B ocHoBHOM
UCTIONB3YIOTCST ABe MeToauMKku. OnHAa M3 HUX OCHOBaHa HA PETHUCTPALMM XapaKTEPUCTHYECKOTO PEHTTEHOBCKOTO
m3nydenuss (XPU), BO3HMKAiOIIEro TMPH HOHM3ALMHU MPOTOHAMHM BHYTPEHHHX OO0OJIOUYEK aTOMOB AaHAIM3HPYEMBIX
anemenToB (Metoauka PIXE: proton induced X-ray emission). [[pyras ocHOBaHa Ha PErHCTpalUU Y-H3IY4CHHS U3
SACPHBIX peaKIii, ”HUINUPYEMbIX IPOTOHAMH Ha siIpax aTOMOB aHATU3UpPyeMbIX uieMeHToB (MeToauka PIGE: proton
induced y-ray emission). HecMoTpsi Ha TO, 4TO MpH 3JIEMEHTHOM aHaJIM3€ BBIXObI Y-H3Iy4YEHHs CyLIECTBEHHO MEHBIIIE,
yem BeIXOABl XPU, merommka PIGE wnmeer mnpemMyIiecTBO B HCCIEIOBAaHMU paclpeleNeHUil aHaIHU3UpPyeMbIX
npuMeceil 1o riryOuHe 00pa3uoB. B 3TOM ciyuae MCHONBb3YIOTCS M3BECTHBIE PE30HAHCHI SICPHBIX peakuuit. Kpome
TOro, M3-3a OOJBIIEH MPOHUKAIOIIEH crocoOHOCTH Y-nyued MeToauka PIGE obGnamaer Goibliel riryOWHOW aHANM3a,
YTO 0COOEHHO Ba)KHO IPH aHAJIM3€ METANIMYECKUX CIUIABOB, IIOCKOJIBKY DJIEMEHTHBIH COCTaB Ha MaJloi IiTyOuHe, T.€. B
IIPUIIOBEPXHOCTHOM CJIO€ 00pa3iia, MOKET 3aMETHO OTJIMYAThCS OT COCTaBa B 00beMe oOpasia.

B mocnennne ronsl B pe3ynbTare COBEPLICHCTBOBAHUS XapaKTEPHCTHK JETEKTOPOB U3 CBEPXUYHCTOrO T'€pMaHMs
(HPGe-gnerexTopa) mosiBWIach BO3MOXKHOCTH OJHOBPEMEHHOTO HW3MEPEHHUs JHepreTHueckux crektpos XPU u
© Bondarenko V.N., Goncharov A.V., Sukhostavets V.1., Utenkov S.N., 2014
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HHU3KOIHEPreTUYECKOTO Y-U3JIy4YeHHsS C BBICOKOH S(P(EKTUBHOCTHIO PErUCTpPalliM M TEM CaMbIM PpaCUIMPHINCh
BO3MOXXHOCTH aHAJIN3a Ha MMyYKaX YCKOPEHHBIX HOHOB.

[MapanienbHO MPOUCXOAUT U pa3BUTHE METOJMK aHAJIM3a Ha Iydykax. Tak rpymma uccienoBareneil u3 Jluccabona
pasBmia BapuaHT Meroaukn PIGE 06e3 ucmonb3oBanus craHmaptoB [3]. BapwmaHT OCHOBaH Ha UCIOJNBE30BAaHUH
W3BECTHBIX DHEPreTHUECKHX 3aBUCHMoOcTed muddepenimansueix cedenuit PIGE nnms y-kBaHTOB ompeneneHHON
sHeprud. s Beruncienus Beixoga PIGE ot ananusnpyeMoro Toncroro oopasna Npou3BOIUTCS HHTETPUPOBAHUE STHX
(GyHKIMHA BO3OYKAEHHS C YYETOM TOPMOXKEHHMS IIPOTOHOB B BemlecTBe oOpasma. Takoil moxxonx oOmerdaer
JEeSATENFHOCTD 110 IUTAHMPOBAHHIO IKCIIEPUMEHTA 10 aHAIN3Y U BEIOOPY JUTS HETO ONTUMAaJIbHBIX YCIOBHH.

Oro HampaBieHHe TpeOyeT co3naHMs OaHKa JaHHBIX MO COOTBETCTBYIOIIUM JHEPreTHYECKHM 3aBHCHMOCTSIM
ceuennit PIGE mis ananmsa 1mo pa3in4HbIM JIEMEHTaM | MOIAepKABaeTcs U koopauaupyetcss MATATO [4].

Jlns aHanmu3a THTaHa B MCCIEAyEMBIX OOpasnax HauOojee NMEPCHEKTUBHBIM SIBIACTCS HCIOIb30BAaHME PEAKIIUH
“Ti(p,y)*V. O peakmmu cocrapmusier +6,76 MaB.

Uzmepenne QyHKIUM BO3OYXKACHHS 3TOW pEaKIWH C IEIbI0 ONpedeNieHHs CTPYKTYpbl YpOBHEH sapa Oy
MPOBOJWIOCH MHOTUMH aBTopamu [5-11]. HambGonee netanbHBIM OBUIO HMCCIIEOBaHHE, BBHIMOIHEHHOE J[MHOM U
Kameponom [11]. ITo ux nanHbIM B auana3zone sHepruit nporonos 1,0-2,5 MaB nabmogaercs okono 150 pe3oHaHCOB
9ToM peakimu. K coxalleHHIO JaHHBIC 3TUX pabOT Hellb3s UCMoyib30BaTh B PIGE-ananu3e, mockonbky B OOJIBIIMHCTBE
UX M3MEPSIIMCh WHTETpalIbHbIE BBIXOJBI Y-M3Iy4YE€HHsS B OTHOCHTENBHBIX €IMHMIAX, a B padore Kennera m np. [10]
U3MepsuIoch He auddepeHaIbH0e CeYeHHe PeaKkny AJsi KOHKPETHOTO yIila PErnCTpalui U KOHKPETHOM Y-IMHHH, a
MIOJTHOE CEYCHUE.

Cpell MHOXECTBA Yy-TMHHMII B CIeKTpe m3myueHms u3 peakuuu “Ti(p,y)*V ommHOi M3 caMbIX MHTEHCHBHBIX
sBisiercs uHusA 90,6 k3B, cooTBercTBYyIOIas M1-niepexoay U3 MEPBOro BO30YKICHHOTO COCTOSHHS ¥V B ocHoBHOE
cocrosiaue. [To manubM [lemopthe [12] BIXOA MO 3TOM IMHME cocTaBiseT okoio 40 % ot obmero Beixoga PIGE Ha
TUTaHEe TpU dHepruu nporoHoB 1,5 MaB. Takas BbeIcOKas OTHOCHTENbHAsh MHTEHCHBHOCTH OOBSICHSETCS TEM, YTO
TepeXo/bl U3 GONBIIOr0 KOIMYECTBA BHICOKOBO3OYKICHHBIX COCTOsIHMIT 'V B OCHOBHOE COCTOSIHME, TaK MM MHAue,
COBEPIIAIOTCS Yepe3 MepBoe BO30YKACHHOE COCTOSHHUE.

Hemnpro Hacrosmieilt paboTel ObUTO W3MepeHue auddepeHnuansHoro cedeHus renepaunu PIGE ¢ sHeprueit
90,6 k3B u3 peakumn *Ti(p,y)*’V B o6mactu suepruii mporonos 0,95 — 2,8 MaB s yria peructpammn 6=90 rpagycos.

IKCHHEPUMEHT

W3mepennss mpoBOAMINCH HAa MPOTOHHOM Iydke yckopurens DCY-5 HHI[ XDTU [13]. CkommumMupoBaHHBIN
My90K JTUAMETPOM 2 MM Tajiai Ha MutieHb. CpeqHuid TOK IMydka BO BpeMst u3MepeHuit coctasisut 0,2 MKA.

I'eomerpus u3MmepeHHMi mpencTaBieHa Ha puc. . Permcrtpupyemoe y-m3iyueHHe W3 SACPHOH peakUUd Ha
MaTrepualie MUIICHHU MOMaaio B JETEKTOp Yepe3 OepriuineBoe okHO ToamuHor 100 MKM B cTeHKe KaMepbl. [locKomIbKy
B TAaKOi re€OMETpUM JaHHOE HM3Iy4YeHHE He MPOXOJHUT Yepe3 Marepuall IOJUIOKKH, TO NMpU 00paboTKe pe3ysbTaToB
1/13MepeH1/11‘?1 CJICAYCT YYUTBIBATHh IMOIVIOINECHUE U3JTYUCHHSA TOJBKO B MaTCpuajic MUIICHU. I[.HSI I/ICHOHI)SyeMOﬁ HaMH
MHUILEHHU (CM. HIKE) BIMSIHAE 9TOTO MOTJIOIEHHS Ha U3imydeHue ¢ sHeprueit 90 k3B 0b110 TpenedpexMo Malio.

V3en MHIIEHH OBUI DJIEKTPHYECKU

f};‘(%d\?“g | COCIMHEH C KaMepoil MHIICHH, KOTopasi, B
o CBOIO OdYepe/b, UYepe3 HHTErpaTrop ToKa

Ta- backing [14] Opmma coemuHena c¢ 3emuteld. Ha

OXPaHHOE KOJILIO, PACIOI0KEHHOE TEPE,

Proton beam P 1o, p pea

y3710M MHUIIIEHH, TOTaBaJICS
orpunaTenbHbii moteHmman 300 B mist
MMOJABJICHUSI  BTOPUYHBIX  3JICKTPOHOB,
BBIOUTHIX U3 MUIIICHH TPOTOHAMH ITyYKa.
OHepreTHyeckas KannOpoBKa
YCKOPHTEIS MIPOBOTUIIACH c
WCIOJh30BAHUEM W3BECTHBIX PE30HAHCOB
991,9 u 1683,6 k3B peakuu >’ Al(p,y)**Si.
+ Uk B  wW3MepeHHAX ~ HCIOIB30BAIACh
HM30TOMHAS MUIIICHb u3 TUTaHA,
(] 1PGe detector OCaXICHHOTO Ha IOMJIOKKY M3 TaHTala
(TommuHa MOUTOKKH 0,3 MM).
OTHOCHUTEIBHOE COACPKAaHHE H30TOMa B4
B BEIIECTBE MHIIEHHU cocTaBisuio f=0,978.
CopnepkaHre OCTAIBHBIX M30TOIOB THTAaHA COCTABHJIO COOTBETCTBEHHO: **Ti (0,002), *'Ti (0,01), “Ti (0,007), *Ti
(0,003). Tommuna mumenn (3,6:10' ar.Ti/cm?) Gbina H3MepeHa ¢ MOMOIIBIO Pe3ephOPIOBCKOT0 0GPATHOTO PACCESHHS
Ha Myd4Ke HMOHOB renws ¢ 3Hepruei 1,6 MaB. Ilpu 3ToM OBUIM HCIONB30BaHbI JaHHBIE PabOTHI [15] MO TOpMO3HOM
CIOCOOHOCTH MOHOB Tejus B TUTaHe. COpOC HEPTrUU MPOTOHOB B TAKOW MHIICHU M B TAKOW T'EOMETPUH COCTABIISLI
okoj0 60 k3B npu sHeprun nporoHoB 1 MaB u oxosno 30 k3B npu sHepruu 2,8 MaB. OueHku cpefHero paccTosSHUSA

100 pm Be window

Puc.1. Cxema npoBeieHNs H3MEPEHHH.
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MEX/1y Pe30HaHCaMH PEaKLUH B 3aBUCUMOCTH OT SHEPTUH IPOTOHOB MOXHO ITOJIY4HTh, UCXOAS U3 JIETAIbHON QYHKINU
BO30YKIICHHS, IPUBEICHHON B pabdore [11]. B cOOTBETCTBHM C 3TUMH NAHHBIMH CpPEJIHEE KOJIMYECTBO PE30HAHCOB B
npezenax cOpoca SHEPIUU MPOTOHOB COCTABMIIO OKOJIO TpexX MpH dHepruu 1 MsB u okoio msté — npu sHepruu 2,8
MbB. Takum 06pa3om, HcIoIbp3yeMasi BEJIMYHHA TONIIMHBI MUIICHH TT03BOJIsIAa IPOBOIUTE YCPEIHEHNE U3MEPSIEMOT0
CEUEHHS 110 HECKONBKHM CMEKHBIM PE30HAHCAM peakuud Ti(p,y)"’V, 9To NOBBIIAIO TOYHOCTH aGCOMIOTHBIX
HU3MEPEHUH CeueHusl.

Perucrpamum y-u3nydeHus mpoBommiack ¢ momommbio HPGe-gerekropa co CIEAYIOIIMMHE XapaKTePUCTUKAMHU:
SHEPreTUYeCKOe paspelleHre MO JUHUM p-KBAaHTOB ¢ 3Heprued 59,6 kaB cocraBnser 350 3B; TonmumHa BXOIHOrO
OepmmmeBoro okaa — 100 MKM; IDIOIIaNs W TOJNIIMHA YYBCTBUTEIHHON 007acTH, COOTBETCTBEHHO, 20 MM 1 6 MM.
[ocnennee 3HaueHne obecrieynBaiio YPPEKTHBHYIO PETUCTPAIHNIO y-KBAaHTOB ¢ 3Hepruei mo 200 k3B, T.e. B Hamrei
pabodeit obnmacTh W3MEpeHHWH, HO TMO3BOJSUIO CYIIECTBEHHO CHH3UTh YPOBEHb 3arpy3KH JIETEeKTopa B
BBICOKOIHEPTETHIECKON 00JIacTH crieKTpa. Bo BpeMst uaMepeHuii 1eTeKTop ObUT pactoioskeH Ha paccTossHud 20 MM OT
MHUIIICHH.

Jns onpeneneHus sHepreTuueckoil 3aBucuMoctH 3¢ dekTrBHOCTH &(E,) NeTeKTopa B HCIOIb3yeMONH TeOMETPUH
npumensuichk ucrournkn OCTU **Ba, *?Eu, **' Am. ITomnyuennoe 3uauenue sddexruBrocTH 1is sueprun 90,6 k9B
cocrtasuio 0,000246.

B pasHbIX ToYKax (YHKIHMH BO30YXKICHHUS Y-CIEKTPbl M3MEPSUIMCh NPH Pa3HbIX SKCHO3UIMAX B quanasoHe 50 —
300 mMxK B 3aBHCHMOCTH OT HHTEHCHUBHOCTH M3Iy4deHus no juHuu 90,6 k3B.

TunuyHelfl CHEKTp mpencTaBieH Ha puc.2. B cnektpe HaOmronmarorcs nuamm 62,3, 90,6 u 1529 k3B,
COOTBETCTBYIONIME MEPEX0JaM MEXKJIy HIDKHHMHM YpOBHSAMM spa V, a TakkKe JMHMH, XapaKTepPH3YIOLIHe
B3aMMOJIEHCTBHE ITyUKa C TAHTANOBOM 110/10%K0it (iHuu XPU 1 y-nmunus, 06ycloBieHHas peakuueii Ha '*'Ta).

600 —
g al,2 Ta Target “Ti/Ta
500 Ep=1 050 keV
Q=2000 uC

] 5/2- 4 1 | 90.64
4007 7/2- T ' 0

32, ,152.93

w 4 49V
£ 3004 90.64 keV
3 |
) 62.29 keV
E l K‘M Ta 181 /
Ta(p,py)
100 136.2 keV
] 1
0 A A
T T T T T 1 ' 1 ' 1
1000 1500 2000 2500 3000 3500

Channel number

Puc. 2. Yuacrok y-criekTpa, U3MEpEeHHOr0 IIpyu 3Hepruu npotoHoB 1050 k3B, u cxeMa HUKHUX ypOBHEH Py [16].B
HU3KOJHEPTreTHYECKOI YacTH TAHHOTO y4yacTka HabmonaroTes psa K-muauii XPU, 00yclIOBICHHOTO B3aUMO/ICHCTBUEM TyYKa C
MaTepUaJIOM TaHTAJIOBOW MOJUI0KKH MULICHH.

WntencuBHocTs nuHMM 136,2 k3B cymiecTBeHHO Bo3pacTajla TNPH SHEPrUAX TPOTOHOB cBbime 2 MaB, B

PEIYILTATE UCTO NPUXOAUIIOCH CHMKATH BEJIMUMHY TOKA ITyYKa.

OBPABOTKA PE3YJIbTATOB M OIIEHKA NOT'PEINTHOCTH U3MEPEHUI
VYepennennoe no Tomumue ¢ (at.Ti/em®) nuddepenumanbHoe cedeHne dcy(E p,B)/ dQ (cM’/cp) reHepaimu y-

KBAHTOB C dHepruei £, U3 peakuud (p,y) B 7a00paTOpHOIl CHCTEME KOOPAMHAT I YIJIa PETHCTPAIHH 6 ONPEeNenoch
73 00IIETO BRIPAKEHHS
do, (E P> 6) Jt

N E ,6 :kN Q )
v( P ) P 0 eff cos (D

rae N, — KOJIMYECTBO 3aPErHCTPUPOBAHHBIX P-KBAHTOB C 3HEpruei £, (Moma b COOTBETCTBYIOLIETO NMMKa Hal (POHOM B
y-criektpe); N p — KOJIMYECTBO IMPOTOHOB, YMNABIIMX HA MHIICHb BO BPEMs Habopa CreKkTpa; kK — OTHOIICHHE >KUBOTO

BPCMCHH K BPEMCHH OKCTO3HIHH; Q.0 =Q 5 (Ey) — 3 pexTHBHBIN TENECHBIH YroJ CUCTEMBI JIETEKTUPOBaHUS; f —

OTHOCHTEJIHOE COZEp)KaHWE W30TOIA, peaklusi Ha KOTopoM Hccieayercs. OcranbHble 0003HAYCHUS! ObLIM OMHCAHbBI
BBIIIIE.
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Kak 00b14HO, BenmmunHa N p OTPEJENANACH U3 COOTHOWCHUS N ), = Q/e,rne Q — MHTErpaJIbHBIN AIIEKTPHUECCKUI

3apsiy, cOOpaHHbBIM HAa MHIIEHH BO BpPEMS DKCIIO3HMIUH I10]] IPOTOHHBIM ITyYKOM, € — 3JIEMEHTAPHBINA 3JIEKTPUUECKUN
3apsiz, a 3¢ (HEeKTUBHBIN TEIECHBIA YTOJ ONPEACIIIICS U3 COOTHOIICHUS a(Ey ) =Qp/4n.

[MTorpenrHOCTs BEMTMYMHEI & B BeIpakeHHN (1) OLEHNBaIAaCh N3 M3MEPEHUH NPHU pa3HbIX 3arpy3kax CIIEKTpOMETpa 1
He npesbimaeT 3 %. [TorpenHocTn 3MEpeHHs OCTalbHbBIX ITapaMeTpoB cocTaBuiu: 1 % (uHTErpanbHsi 3apsan 0); 7 %
(>pdexruBHOCTD () peructpanuu crnekrpomerpa); 2 % (onpenenenue cose); 5 % (TonmmHa muiieHu). Iocnenuss
BEIMYMHA OIPENeNsUIach B OCHOBHOM IIOTPEHIHOCTHIO JAHHBIX II0 TOPMO3HOW cmocoOHocTH WOoHOB He,
ncnoip3oBaBmuxcs B RBS merommke ompenenenus tommuHbl [15]. CraTHcTHdeckas MOTPEIIHOCTH OIPEACICHUS
iomaau N, uKa B B )-CIEKTPE U3MEHANAch OT 5 % B MakCUMyMax M3MepeHHOH (yHkimu Bo3OyxaeHus 10 15 % B
MUHMMYyMax. B pesyibrarte cpenHsas norpemHocts n3mepenns ceueanii PIGE coctasumna 15 %.

Uto kacaeTcs BO3MOXKHOI'O BKJIaJa peaklUU 49Ti(p,ny)49V Ha msorome “Ti, coZiep)KaHUE KOTOpPOro B Hallel
muieHn cocrasiser 0,7%, B oOmui u3MmepseMblil Boixoq 1o juHud 90,6 k3B, TO mpu sHepruu 2,8 MaB ero
OTHOCHTE/IbHAs BETMYMHA HAXOAWTCS Ha ypoBHe <107, DTa OIeHKa ClemaHa HAa OCHOBE JaHHEIX paGot [10,17] mo
TIOJTHBIM CEYEHUSIM JaHHBIX PEaKLnii.

PE3YJIbTATHI U3SMEPEHUI U OBCYKJIEHUE
Ha puc. 3 mpencraBieHsl u3MepeHHas HaMH (GYHKIHUS BO30YXICHHUS, a TakkKe MEHee JeTanbHas (QYHKIHS
BO30YK/ICHHs, H3MepeHHas B paboTe [10] ams monHoro cedenus peakumn Ti(p,y)*’V. Mbl He IPHBOIMM 3/16Ch TaHHBIE
JPYTHX aBTOPOB, ITOJy4YE€HHbIE B OTHOCUTENIFHBIX eAnHNIAX. C HUIMH MOXKHO O3HAKOMHTHLCSI B OPUTHHAIBHBIX paboTax
[5-11].

100 B M3MEPEHHOU yHKIIH
BO30Y)KAEHHUA, HECMOTpS Ha CIUSIHUC
OOoJIBIINHCTBA Y3KHX PE30HAHCOB,
804 —o—do/dQ (Ey=90.6 keV, 9= 90°, our data) 00yCJIOBJCHHOE  KOHCYHOW  TOJIIIMHOM
—e— 5‘0‘a|/47-[ (Kennett et. al.; 1981) HCII0JIB30BABIICHUCS HaMHu MHIICHHU,

'\0\ /0 MIPOSIBIISIFOTCSL Psi/i HAOJIOIaBIINXCSl paHee
60 °\ ./ °\ o e ¢ pe3onancoB [9,11]: ayOner pe3oHAHCOB
[ ] [olNe)

| 48Ti (p,y)49V

¢ 1007+1013 k3B, a Takke pPE30HAHCHI
Ol O/Q) o 1362 k9B, 1564 k3B, 1923 k3B, 2199 x3B.
/ ! OyHKIUSA BO30YXKICHUS, U3MEpECHHAS
olP \ B OTHOCHTENBHBIX enuHMIaX B padore [11]
o Ha TOHKOH MHWIIICHH 0 SHEPTHH MPOTOHOB
oy 2,5 M»B 0OpI1a HE CIUIOIIHOMN, a cofeprkaia
| o ™ / o, & ® HECKONIBKO  MPOMYMICHHBIX  Y4aCTKOB
e Qe & sHeprud. OOHapyXEeHHBIE B HacToOsIIei
Or———7 7T 7T T T T T T T pabote pe3oHaHCH C »Heprusmu ~1770
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40

do/dQ, ub/sr
°
O @
/
.

Puic. 3. Oynuxuus Bo3Gyxaenus peaxmuu “CTi(p,y)**V

n3MepeHHoH B padote [11].

W3 comocraBieHWs HalIMX NaHHBIX C JaHHBIMH paboThl [10] MO HM3MEpEeHWIO IOJHOTO CEUYEHHs pPEeaKIHu
“Ti(p,y)®V cnenyer, uro BeIxon peaxmuu mo ymaEE 90,6 ¥3B cocraBnser or 30 mo 80 % obmero BhIXoma B
3aBHCHUMOCTH OT SHEPTHH IPOTOHOB. DTO COraacyercs U ¢ JaHHbIMU JlemopThe [12].

OTMeTHM, YTO AN aHauu3a TuUTaHa ¢ nomouiplo MeToaukd PIGE MoryT OBITH HCIONB30BaHBI TaKXke
muddepeHIaTbHbIe CCUCHNs TeHEpaIMH Y-KBaHTOB ¢ sHepruei 889 k3B u3 peakuun *“Ti(p,p’y)*°Ti u y-kBaHTOB C
sueprueii 983 k3B u3 peaxumu “*Ti(p,p'y)*™Ti, usmepennsie B paGore [18] ans yraa peructpamun 6=56". B oGoux
Clly4asix 3TH Y-KBAaHTBI COOTBETCTBYIOT E2-niepexomam n3 mepBoro Bo30y>KAEHHOTO COCTOSIHUSI B OCHOBHOE COCTOSTHHE.
OnHako BeNMWYMHBI 3TUX CEUCHMH CYIIECTBEHHO MEHBINIE CEUCHHS T'€HepaluuH y-KBaHTOB ¢ »Heprued 90,6 k3B u3
peakmmn **Ti(p,y)*V, usmepennoro B Hacrosumeii paGote. Tak, HampuMep, NP SHEPIHH MPOTOHOB 1,75 M3B 10
pas3niuaue JOCTHUTAET MOPSIIKa.

BbIBO/bI
W3mMepeHHas sHepreTHdeckas 3aBUCHMOCTh a0COJIIOTHOTO CeUeHHs TeHEepalny y-KBaHTOB ¢ »Heprueii 90,6 k3B B
peakuun *Ti(p,y)*’V cornacyercs ¢ nauubIME Apyrux asTopos [10-12].
Beixon n3mydeHns 1o TaHHOMY KaHaJly PEakIH{ COCTAaBISET OCHOBHYIO JIOTIO BCETO BBIXO/A PEAKIUH.
Hna PIGE anammza mpuMmecedd TUTaHa AaHHas (QYHKIUS BO30YKICHHS MOXET OBITh HCIIONIb30BaHa B 00JacTh
sHepruil mpoToHoB A0 1,5 M»3B, mockonpky mpu Ooiee BBICOKMX 3HEPTHsX OyIeT CKa3bIBaThCS JOTOTHHUTEIBHBIN
BbIx0z 110 JnHHH 90,6 K9B, 06ycnoBnennsii peakmueit **Ti(p,ny)*V.
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Considered the elemental and isotopic composition of fission products in spent nuclear fuel. Analyzed thermal characteristics
(melting point, evaporation temperature, the binding energy, the value of the vapor pressure) of the elements of spent nuclear fuel,
and consider the possibility of removing impurities at the stage of thermal heating. Proposed simulation environment for the
separation of spent nuclear fuel.

KEY WORDS: spent nuclear fuel, the binding energy, dimer, fision product, actinoids, mass separation.

PO MOJKJMBICTH PO3AIJIEHHS EJJEMEHTIB BATATOKOMIIOHEHTHOI CYMIIII ITPU HATPIBI
B.Bb. IOdepoB, B.B. Katpeuko, C.B. lllapuii, €.B. Mydeius, B.O. LiiuboBa, O.C. CBiukap, K.1. ’Kuankos,
T.I. Tkauosa, C.M. Xixkuak
Hayionanvnuii naykosuii yenmp «Xapkiscokuii ¢izuxo-mexniunuil incmumymy HAH Yxpainu
Xapxie, 61108, eyn. Axademiuna, 1

Po3riisiHyTHil i30TOIMHMI CKJIaa MPOAYKTIB AJICHHS y BiAlpanboBaHOMY saepHoMy nanusi. IIpoBeneHuit aHami3 TeruiodizndHUX
XapaKTepUCTUK (TeMIepaTypu IUIaBJICHHS, BHUIIAPOBYBAHHS, HEPrii 3B'SI3Ky, BEJMYMHHM MPY)KHOCTI IapiB) eJIEMEHTIB
BINPAlbOBAHOTO SIEPHOTO TMANMBA, PO3IJSIHYTa MOMJIMBICTh BHIJICHHA CyMimed Ha cragii TepMmidHoro HarpiBy. [lns
MOJICITIOBAHHS IPOLIECY PO3AUICHHS BiPalbOBAHOTO SICPHOTO TaJIMBa 3aIPOIIOHOBAHI IMITaIli{HiI CepeH.

KJIFOYOBI CJIOBA: BianpamnsoBaHe sifepHe HaJHBO, CHEPTis 3B'3KY, IUMED, MPOAYKTH AUJICHHS, aKTHHOIIN, Mac-cemaparis

0 BO3MOKHOCTH PA3JEJEHHSA YJIEMEHTOB MHOI'OKOMIIOHETHOM CMECH ITPM HAT'PEBE
B.B. lO¢gepos, B.B. Karpeuko, C.B. Lllapsiii, E.B. Mydeas, B.O. UiabuueBa, A.C. CBuukaps, K.U. ’)Kupankos,
T.U. TkaueBa, C.H. Xu:kHsK
HHI] “Xapvrosckuii ¢usurxo-mexnuueckui uncmumym” HAH Vkpaunol
Xapvkos, 60108, yn. Akademuueckas, 1

PaccMoTpeH 5neMEHTHBIH M H30TONHBIA COCTaB NMPOAYKTOB JelNeHHS B OTpabOTaHHOM siepHOM TorumBe. llpoBeneH anamu3
TerOo(QU3NIECKUX XapaKTEPUCTHK (TeMIIepaTypa IUTaBIeHUs, TeMIIepaTypa UCTIapeH s, SJHEPTH CBSI3H, BEIMYHHA YIPYTOCTH apOB)
JJIEMEHTOB OTpPabOTAaHHOTO SIIEPHOTO TOIUIMBA, W PACCMOTPEHa BO3MOKHOCTH YJIaJIeHHs NpUMeceil Ha CTaaud TEPMHUYECKOTO
Harpesa. [[Jis MoenupoBaHus Tpoliecca paszeleHus OTpabOTaHHOTO SIASPHOTO TOIUIMBA MPEIOKEHBI IMUTAIIMOHHBIEC CPEJIBL.
KJIFOYEBBIE CJIOBA: orpaboTaHHOEe SACpHOE TOIUIMBO, JHEPIUS CBS3H, TUMEpP, MPOIYKTHI JCICHHS, aKTHHOHIBI, Macc-
cemaparus

[Mepepaborka OST siBisieTcss OJHONM M3 COCTABIISIOIIMX CTPATErMU 3aMKHYTOTO SIEPHOTO TOIUTUBHOTO IIMKIIA
(3ATL) B VYkpaumne, KoTOpas OyIeT CIOCOOCTBOBATH IIOBBIIICHHIO €€ OJHEPreTHYeCKOH M HKOHOMHYECKOH
HE3aBUCHMOCTH. B Hacrosimee Bpems mnepepaboTka orpabGorannoro suaepuoro tomwmsa (OSIT) mpoBoautcst mpu
HCIOJb30BAHUH PATUOXUMUYECKUX METO0B, B YACTHOCTHU C NOMOIIBIO MBIOPEKC-NPOoLecca, KOTOPBIH MPUMEHSIETCS BO
Opanruu, Aurianu, Snonnn, PO. OgHako, mpu 3ToM 00pa3yeTcst OONBIIOe KOJTUYECTBO PAIMOAKTUBHBIX PACTBOPOB,
TpeOYIOINX JOIOJIHUTEIFHON 00paboTku mepen 3axopoHeHueM [1]. CymecTByromiye ra3oTopuaHbIe TEXHOJIOTHH
CO3JIAIOT 3HAYUTEIFHO MEHBIIICE KOJIMYECTBO OTXO/I0OB, HO OHH ITOKa HEe 0TpaboTaHbl. Pa3BUBaeTCS MarHUTOIUTa3MEHHAS
(MII) mepepabotka OST, Brirodatormas MII pasmeneHue BO Bpamiaromieics miasMme Ha simepHoe TorumuBo (SIT) u
mpoayktsl aenerus (I1/1). MarautonnasMeHHas nepepadoTKa OCYIIECTBIACTCS TOJIBKO (U3NIECKUMHU METOIaMH, HE
TpeOYIOMMMHA XUMHUYECKAX PEareHTOB, YTO B 3HAUHTEILHOW CTEIICHH CHIDKACT yBEMYEeHHE 00BEMOB paHOAKTHBHBIX
otxozoB, Hecymux 90% pamgmoaktuBHOCTH. Ilpn otmenenmnn ot AT - I1Jl, akTHHOMABI MOTYT OBITH HCITOIB30BAHEI
BTOpPHUYHO, a 1] moasnexar 3aXopoHEHHI0.

Llenbio HacTosield pabOThI SBJISETCS MCCIENOBaHUE (M3MYECKUX HPUHIUIIOB pa3/ielieHHss MHOTOKOMIIOHEHTHOW
cmecu (OST) nmpu e€ nHarpeBe. Hanbonee nmepcnexktuBHo# TexHonorueit mis pazaenenus OSAT wa 1] u AT, ¢ namei
TOYKH 3pCHHS, SBJSICTCA MAarHUTOIUIA3MEHHBIN Meron pasnmenenus. [[ns peanusammu MIT mepepadotku OST Obutn
MIPEAJIOKEHBI TOCIeI0BaTENIbHbIE CTalU, KOTOPhIE BKJIKOYAIOT HArpeB JIO0 OMpPENEICHHBIX TEeMIIepaTyp, UOHU3ALUIO
(pa3neneHue, WCMONB3YIONIEE PA3IMYhe B YIPYTOCTH MAapOB, JHEPTUSAX CBSA3UM aTOMOB B MOJICKYJIaX W MOTCHIUAIOB
MOHM3ALMU Pa3IMIHBIX A1eMeHTOB) u cobctBeHHO MII pasmencnme Ha ST u I1J] Bo Bpamaromeiics B ExH momsax
mna3Mme. Uccnenosanus no MII paznenennto OST nposoasarcs B HHI XDTU [2-5]. B nHacrosiiee BpeMsi HCCIETYIOTCS
¢uznueckne npuHIME MII pa3neneHus, Ipu yMEpEeHHBIX T€OMETPHUSCKIX MapaMeTpax CernapalioHHONW YCTaHOBKH.

© Yuferov V.B., Katrechko V.V., Shariy S.V., Mufel E.V,, llichova V.O.,
Svichkar A.S., Zhivankov K.1., Tkachova T.I., Khizhnyak S.N., 2014
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Jdns sToro ompezneneHa BO3MOXKHOCTh uMuTHpoBarb OST snemeHTamy pasiuyHbBIX Macc ¢ moxodueMm (Qusnko-
XUMHUYECKHX CBOICTB 3JIEMEHTOB IIPHU PA3IMUYHBIX TapaMmeTpax pa3felUTelIbHOr0 yCTpPOHCTBa. B cemaparmoHHOM
YCTaHOBKE MPOBEAEHBI SKCIEPUMEHTHI 110 Pa3/eIEHUI0 HHEPTHBIX ra30B, UMUTHPYOUIUX pasnuuue macc B AT u I1]] B
npomnopimu 3:2:1 (Xe,Kr,Ar). I[Ipu MII pa3nenenun rpynm 3j1eMeHTOB HEOOXOJMMO HAIMYUE CIIETYIOUIMX YCIIOBHH:
CTOJIKHOBUTEIILHBIA PEKUM TUIa3Mbl B OOJACTH IJIa3MEHHOI'O MCTOYHMKA M OOJNACTH TPAaHCIIOPTHPOBKH IUIA3MBI IIPH
0ECCTOKHOBUTEIBHOM pEKHUME B OOJACTH DPA3[ENCHUS JIEMEHTOB MO MaccaM. [l yMEHbBIICHUS ONACHOCTH
BO3HUKHOBEHHUSI camorpon3BosbHOW 1enmHOoW peakiun (CLIP) B peanbHBIX YCIOBHSX MPEIIOKEHBI IapaMeTphl
mwia3MeHHoro ucroynuka (I1M). YienpHble 3HEprozaTpaTbl MarHUTOIIA3MEHHOTO pa3ZelICHUS TPYI 3JIEMEHTOB
okaspiBatoTcst ymepeHHbiMH. [loatomy MII nepepaborka OST Moxer cTaTh BechbMa MEPCIEKTHBHOM Uit YKpPaWHBI C
JOCTAaTOYHO IUIOTHO 3aCENEHHOM TeppUTOpUEH U OrpaHMYEHHBIMH BOJHBIMU M SHEPTETHUYECKHUMHU PECYpCaMu.

MHuoroxomnoHeHTHbIH cocTaB OSAT. DnementHsiil coctaB TBOJIOB mipu BeITpy3Ke U3 peakTopa MpOCTHPaeTCs
or 1 mo ~100, a xonuuecTBo m3oTonoB nocruraer ~2000. Ha puc.l mpencraieHsl HanOoliee pacrpocTpaHEHHbIE
aJIeMeHTHI, coctaBisitomue [1]], B ananasone nopsakoBbix HoMepoB oT 30 10 72 (10 BEPTUKAIBHOM OCH) U aTOMHBIMU
maccamu oT 70 10 178 1o ropu3oHTaNIBHON OCH, COOTBETCTBEHHO.

;M o0 st 2 63 64 es 65 o7 68 60 70 71 7z 75 74 76 78 77 78 79 m B G2 & 39 86 8 & 85 8 90
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Puc. 1. DnemeHTsI ¥ X U30TOIIBI C OPSAAKOBBIMI HOMEPaMH
a) 57 no 70, 6) 44-57, B) 30-44 ( I1o BepTUKAIBHOI OCH - YHUCIIO TPOTOHOB, 110 TOPU3OHTAIILHON — YUCIIO HEUTPOHOB)

U3 puc.l BuAHO, YTO y JIaHTAHOMIOB (puc.la) umeercst OoJblle CTAOMIBHBIX M30TONOB (TEMHbIE KBAJIpaThl), a
6onee serkue snementsl [1]1 (prc.16,B) — UMEIOT MEHbBIIIEE KOJUYECTBO CTAOMIIBHBIX H30TOMOB. B mpomecce 1-3x
rofauyHoi Beiaepkku TBDJIoB B BOAHBIX OacceifHax 3a CYeT KOPOTKOKHUBYIIMX H30TONOB (+, B- mepexo0B u 3axBare
SIIPOM BHYTPEHHHX OpOHMTAIIBHBIX JJIESKTPOHOB) MX 00Iee KOJINYECTBO COKpaIaercs, 1 paauoakTuBHocTh 1 kr OST B
MIpUpEaKTOpHBIX OacceitHax npubnmxkaercs k~1 Toic. Ku B cpaBHenuu c¢ 25-170 teic. Ku npu uzBneuenun OST u3
peakrtopa [1].

B Tabnuie | npencTaBieHbl OCHOBHBIE PaAHOHYKIIUIBI, OIPEIEIISIOINE BeMnunHy u3inydenus [6] B OAT.
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Ta6nuna 1
PamoHyKIuabl, Onpeessitone akTUBHOCTh M TOKCHYHOCTh OST.
Bpemennoit uaTepsani, rox Ornpenensioniue paaruoHyKITHIbI
Tlo 100 Fe-55, Co-58, Ni-59, Sr-90, Ru-106, Sb-125, Cs-134,137, Ce-144,

Pm-147, Eu-154,155

100-1000 Sm-151, Co-60, Cs-137,Ni-59,63
1000-10000 Pu-239,240, Am-241

10%-10° Np-237, Pu-239,240, Am-243, C-14, Ni-59, Zr-93, Nb-94

>10° 1-129, Tc-99, Pu-239

Ha puc.2 npencrasnen xonudecTBeHHbIM coctaB I1J] ¢ maccamu ot ~ 70 no 170, akTHUHOMAOB U UX OKUCIOB C
Maccamu oT ~ 235 mo 280. K akrmHOMZaM n00aBiicHa BeIWMYMHA KpaTHas 16(aToMHas macca Kuciopona). Bricora
MMUKOB YpaHa M MAJbIX aKTHHOHUIOB, MA, TipeficTaBIeHa B IPOU3BOJBHBIX CIUHALIAX.
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Puc.2. AT u nponyktsr aenenust OST kak QpyHKINS aToMHON MacchI[9]

t
=

W3 tabmumet 1 BugHO, uTo pamuonykiuasl Fe,Co,Ni HIMEIOT BRICOKYIO CTeIIeHb aKTUBHOCTH, OAHAKO, KaK CIEeIyeT
W3 PUCYHKA 2, OHH JOJDKHBI MPUCYTcTBOBATh B OST B Manom KoiIm4yecTse.
B [5,7] paccmarpuBancs mponecc ounctku OST ot I/l mytem HarpeBa W WMOHM3AIMH, YTO BO3MOXKHO TMPH
HCIIOJIB30BAHUHN TOINIMBA B BHJAC MCTAJJIMYECCKOIO ypaHa, OJJHAaKoO, B 6OJ'II>I_HI/IHCTBC 3HepFCTI/I'-IeCKI/IX peaKTOpOB
VYkpaunbl (Tabnuna 2), B OCHOBHOM, HCIIOJIB3YIOTCSI OKHCIIBI ypaHa, W W30TOIBl ypaHa B TOILUIMBE, KaK IMpPaBHIIO,
HaxOJISITCS B IPOIIEHTHOM COOTHOIIEHHH: B8y -95.. .96,5%, a 33y -3,5...5%.

Tabmuma 2.
Tun peakTopoB U BUJ TOIIMBA [6]
JlerxoBogusie BBOP | TsxenoBonHble I'a3oBbIE PEMK BricTprie
SGHWR HTGR
Uo, uo, U, ThO, U, UO, U, UO,,PuO,

ITpn o6myuennn ST neiitponamn U-235 u Pu-239 nenutcs, B OCHOBHOM, Ha JIBa OCKOJIKA M IPEBPAILAIOTCS B
takoe xe (mo Becy) kosmuectBo 11, Yacte U-238, moryomass HEHTPOHBI, MPEBpAINACTCS B ACISIIMNACS IUTyTOHUH,
BKJIaJ{ KOTOPOTO B SHEPTeTHKY peakTopa nocturaet ~30%. Ilossienne Pu-239 caBuraer dynkuuro pacnpenenenus [1]]
B cTOpOHY Oompmnx Macc, HO Ha MII pa3generne OAT 3T0 He MOMMKHO MOBIUATH, TaK KaK Pedb HICT O pa3AeieHUN
TPYTIII AJIEMEHTOB, CHIIBHO pa3nJaronuxcs mo maccam (AM~70 a.e.M.)

ITpu Beropanmn 3-5% U-235 nosnserca 6-10 % IIJ] (mo xonmdecTBy szep). ONMOTHUTENBHO K NPHMECM
HykHO oTHecTH # [1]] myTonus u mansrie aktuHOUAB (MA) - Np, Am, Cm, To ects B OAT mosBisercs okomno 12-15%
npumecei (1o KOJIUYIECTBY S/A€p), KOTOpble OTHOCUTENILHO PABHOMEPHO paclpezieeHbl o 00beMy ToruuBa. M3BecTHo,
yro B TBD3JIel 3arpyxaercs, mpeccyercss M CIEKaeTCsl IMOPOIIKOOOpa3Has JBYOKHCh ypaHa, HMEHOIIAs
IPaHElCHTPUPOBAHHYIO KYOUUECKYIO CTPYKTYpY C 8-10 OJIMKalIIMMu cocelsiMU ypaHa, KOTopast MOXKET CYIIECTBEHHO
U3MEHSTBCS [IPU PaAMAlIMOHHOM BO3JIEHCTBHH, U, HCX0s U3 odmero koauyectsa [1/1 u ST, psgom ¢ 8-10 MosekyiaamMu
AT npaxtudecku Besze okaspiBatores [1/1.

B mponecce pacmaga spep U-235 u Pu-239 mnosBisroTcs pasneTaroliuecss OCKONKH JAEICHHs, HMEIOIINe
pa3HOHAIIPABIECHHbIE, OJJMHAKOBBIE MMITYJIbChI, ¢ KHHETHYECKOM SHEpruei JErKoro M TSHKEIOTO0 OCKOJIKOB JICJICHHMS
(Bcpemnem) ~ 98 u ~67 mms U-235 u ~100 u ~72 MaB s Pu-239 (puc.3). Ocransnas sHeprust (17%) ot obmiei,
cocraBsaronieit ~214MaB g U-235 u ~201 MaB pmns Pu-239 Ha akT OeneHHs COOTBETCTBEHHO, pacCIIpeNeNseTcs
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NpUOTH3UTENIBHO PABHOMEPHO ME3KIY MIHOBEHHBIM H3ITydeHHEM Y-KBAHTOB, HEHTPOHAMH JeNeHus, B~ u3MyueHHeM, |-
u3nydenuem I1]1, y-u3mydeHuem mpH 3axBaTe HEHTPOHOB M 3Hepruei, yHocuMoN HeWTpuHO. OFHAKO Ha BENUYMHY
panuanMoHHbBIX TOBPEXKICHNI MUIIICHH BIMSIET B OCHOBHOM dHeprus ockoyikoB [1/1, a ocranmbHas 4acTh oHepruu Oyner
MMETh Ha HECKOJIBKO IOPSIKOB MEHbIlIee BO3ICHCTBHE, B OCHOBHOM 3a CYET OOJbIINX JUIMH npobera yactull. CeueHne
J000BBIX CTOJNKHOBeHMH noHOB I1J] ¢ simpamu mumeHu (B OCHOBHOM, ypaHa), Ha 6-10 MOpSIKOB MEHbIIE CEYEHHH
WMOHU3AIINH, JUCCOIMAINU U BO30YXKAEHUs, MO3TOMY HOHBI I1]] mpakTHYeckn He MEHSIIOT CBOETO HAIpaBJICHUS INPH
TopMOXkeHHU. OCTaHOBUBILUICS OCKONOK nAeneHus, I1[, mpogomkaeT U3MydaTh MPOXOAS M3OTOMHBIE M AIIEMEHTHBIE
MpEeBpalLEHHUS.

Puc.3. Cxematudeckuii Bua TpekoB TopmoxkeHus [1] i mocnenyroniee ux U3rydeHne

Nonsr [1]1 (MOHU3UpPOBaHHBIE OCKOJIKH JCIICHHS) MHOTO3apSIHBI, UX SApa UMEIOT H30BITOK HEHTPOHOB, TO3TOMY
3a Bpemena ~107 ¢ TIJ] ucryckaroT HeHTPOHBI 1 raMMa-kBaHTbI ~107c. Brauane 3apsx nosos I1J] MOXeT JOCTHTaTh
10-20, 1 4acTh OPOHTATBHBIX SIEKTPOHOB OCTAETCS B TPEKE TOPMOXKEHHs, (KoTopoe amutes okono 10™ ¢) cosmapas
YCIIOBHSA IS AIEKTPOIIPOOOEB M pa3psiioB B TPEKE. 3a 3TO BPeMs OCKOJIIKH MOTYT IIPOXOANUTE B BO3AyXe OKOJO lcMm, a B
WIOTHBIX cpenax ~107cm (uro B 10° pa3 menpme auamerpa TBDJIa). 3apsia OCKOIKOB ONMPEAENSETCS MPOLECCAMU B
aape (psa GeTa-pacmafioB)u JIEKTPOHHON 000J0YKe NMpH TOPMOXKEHHH B MuIIeHH. IIpoxons depe3 cpemy OCKOIKU
TEPAIOT CBOIO JHEPrHIO0 HA HMOHM3ALMIO, JUCCOLMALMIO M BO30YXKICHHE aTOMOB cpebl, obpasys mo 5-10° mou-
9NEKTPOHHBIX map (ei), mpu E, =34 sB/ei. IlepBuunblie 3MeKTpoHBI MOHM3aLUK, oOpasoBanHbie I1]I, MoryT nmers
sHepruto 1o (4m/M)E, rme m — macca snektpoHa, M — macca ockoJika JeneHusi, E — sHeprus ockojka JCJICHUs, T.¢
ok0710 10’B 1, B CBOI0 OuepeIb, HPOBOAAT HOHM3ALMIO MHUIICHH. B mpomecce TopMoxkenus I1J] B MUIIEHH MONEKYII
UO,, mpoucxoaut auccomuarus moyiekyn Ha cocraBiromue U, O, UO, O, B BO30YXICHHOM U HOHH30BaHHOM
COCTOSTHUSIX.

UO,+ (iJ’kmn — UO+0, U +20- sneprun cBs3u npu auccouuanun: 7,8 u 8,03B.
U0, -5,25B
UO"-5,55B
U"-6,2 5B
UO,* UO*+0, U* +20*

Kunernueckas sHeprusi )parMeHTOB MOJIEKYJI IIPU UX PasjieTe MOXET OBITh TaK)Ke BBIUMCIICHA U3 COOTHOIICHHMS
(4m/M)E. DOmueprusi Bo30OyXIeHUS /sl JJNEKTPOHHBIX ypOBHeH ypaHa cocraBiseT ~1-49B, koneOarenbHBIX U
BpalareiabHbX, cooTBeTcTBeHHO ~0,25B u 0,015B. [Ins paBHOBECHBIX YCIOBHM CyMMapHble SHEPrUH YPOBHEM
MpUOIM3UTENBLHO paBHEI U cocTaBisitoT: 3/2xT; 5/2 kT; 7/2kT.

B UO, marpuiie HakamiuBalOTCsS paJnallOHHBIE MOBPEXICHMS: BAKAHCHU, MEKIOY3EIbHBIE aTOMBI, IPUMECH,
JMCIIOKany | T.JI. B mporecce oximaxeHns TpeKka MpOoAyKThI TUCCONMANNN MOTYT CBs3bIBaThCs ¢ [1/1, 0Opa3ys HOBbIe
coequaenus: ZrO, UJ, CeO, UO, CsH, UCe, PuO, NpZr u ap., paccessHble IO TOIDIMBY. ATOMBI Ta30B, 00pa3yromuecs
B OJT Taxme, kak H-1,2,3, He, Kr, Xe, J, (mpu mossimenHoi Temneparype TBDJIa), B 0CHOBHOM, IIpEeBpaIiaoTcs B
ITy3BIPBHKH, CO34aBasi Fa30BYI0 MOPHCTOCTh M YBEIMUUBAs pacyXaHre. DTH COSIUHEHNS UMEIOT pa3HbIe SHEPTUHN CBSA3U
W TIOTCHIWAIbl HWOHM3AIMH. B CBSI3M C [JIUTENBHBIM OONydYeHHEM NpU JOCTATOYHO BBICOKOH Temreparype
i dy3HoHHBIE MPOIIECCHl MOTYT NPHBOAWTH K CEerperanuy npuMeceid, Kak B BHJEC OKUCIOB, COCAWHEHWi, TaKk U
3JIEMEHTOB (MOJIEKYJI M aTOMOB). DHEPIHHU CBSI3U Pa3IMUYHBIX JUMEPOB IpEACTaBICHbI B Tabmuax 3,4 [8].

B Tabnuue 4 BennuMHBI MOTEHIIMAJIOB B3aMMOJCHUCTBHS OTiIHUaronuxcs atoMoB (1 u 2), o603HayeHHble *, ObLIN
MOJy4€Hbl PacyETHBIM IyTEM, HCIOJB3Ysl M3BECTHBIM NMpPUEM MOJIEKYJSIPHOH (HU3MKH ONpesesieHHss HEH3BECTHOTO
IOTEHINANA B3aHMOICHCTBHS MOJIEKYII- (1, IO M3BECTHBIM MOTEHIHANAM Q1 H @ : Q12 = (Q1; @z )", DHEprus cssu
quMepoB-aToMoB ypaHa-Uy: ¢1;=2,313B. Takum 00pa3om, 3HEprus CBSI3H OIHOTO aToMa MpH 8-OJMmKaiIIMX Cocesx
ypaHa B WJCaIbHOM TPaHCICHTPHUPOBAHHOW PEIIETKE COCTaBUT Y (11~18,53B. BTophic u TpeThu Onmkaiimme cocenu
nobaBisitoT emie okoyio 30% W moyiHAs SHEPrus CBSI3M €ro B TBEPIOM Teje cocTaBuT okoyio 30 3B. B 1o ke Bpems
Beiropanue TormBa (U+Pu) cocraBmsier ~4%. To ecth okono 800 Ma3B Ha 100 saep ypana wiu 8 MaB Ha kaxpIit
aToM, 4TO MOKeT obecreunth okono 2,7 10° cmemennmii Ha atom(cHa) B OSIT. B KOHCTPYKTHMBHEIX BJIEMEHTAX
COBPEMEHHBIX PEaKTOPOB 3Ta BEJIMYMHA HAXOIUTCS Ha ypoBHE 50 CHa M B OyAyIINX peakTopax Ha OBICTPHIX HEHTpOHAaX
npeamnonaraeTcst Ha ypoBHe 150 cHa.

Kak BugHO, cCoeiMHEHHS C KUCIOPOIOM HMEIOT HanbOoIee BEICOKYIO YHEPTHUIO CBS3H. DHEPTHUS CBSA3U COCTUHEHUHN
C BOJIOPOJIOM W HEKOTOPHIX AuMepoB MeTauoB(W-W, Nb-Nb) Taxke UMEIOT CYIIECTBCHHYIO BEIWYHHY, B TO BpeMs
KaK WHEpTHBIE Ta3bl CO3MAIOT TUMEpH ¢ dHeprueil cBsa3m He Ooinee 0,45 5B. PazHoaTOMHBIE ITUMeEpHI 3aHUMAIOT IO
SHEpPruy IMPOMEXYTOUHOE IMoyiokeHne. B nampHeiimenm, 3a Bpems Beiropanus TBOJIOB mumeps:, auddyrnupys B
matrpuie UO,, MOTYT COEIMHATHCS B KIACTephl 0ONbIHMX pa3MepoB. OCOOEHHO 3TO OTHOCUTCS K OJaropoHbIM Tra3am
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(He,Kr,Xe), umerommM Maiible 3HEpruM cBsizu ¢ Marpuneid. T.e. mpu HarpeBe u unonuzaumu OSAT moryr
JIecOpOMpPOBaThCS Ta3bl, AJIEMEHTHl W COEIUHEHHS C OOJBIIMMHU YHPYTOCTSMH I1apa, MalbIMH IOTEHIHAJIaMU
WOHU3AIUU U MEHBIIMMH, YeM Y OKHUCJIOB ypaHa, SHEpIUsMH JNUCCOIMAIMN MOJIEKYJ1. PeanbHo mporece pecopounu n
ucrapeHust Oyzner Oosiee CIOXHBIM, M TeMIlepaTypbl OyIyT HE COOTBETCTBOBAaTh YNPYTOCTSM IIapoB Ui MHOTHX

MMPOCTBIX COG,Z[I/IHCHPlﬁ, YTO BUIHO U3 Ta6J'II/H_[ AUMEPOB.

Tabmuma 3
9He THH CBSA3U PA3JIIMYHBIX ,III/IMCPOB
A-B Cs, Na, Sn, U, Au, Ta, Mo, Nb, W,
eV 0,46 0,66 1,94 2,31 33 4,05 4,52 5,33 6,92
A-B Y, In, Ga, 71, Li, Cd, Ge, Pt, Xe,
eV 1,63 0,83 1,18 1,5 1,05 0,04 2,5 0,93 0,024
Tabuuma 4
SHGpFI/II/I CBA3H PA3JIMYIHBIX COG)JI/IHCHI/If/i C BOAOPOAOM,KHCIIOPOJAOM U YPAHOM
A-B eV A-B eV A-B eV A-B eV A-B eV
Hg-H 0,41 S-H 3,67 F-O 2,28 0-0 5,18 U-Zr 1,87
Hg-D 0,44 Br-H 3,77 Zn-0 2,6 Nd-O 7.3 U-J 1,9"
Hg-T 0,45 CI-H 4,46 Na-O 2,8 Gd-0 7,42 U-Nb 3,58"
Mg-H 1,32 H-H 4,52 K-O 2,82 Nb-O 7,54 U-Mo 3,1
Na-H 1,93 H-T 4,57 Mg-O 3,72 Np-O 7,59 U-Cs 1,03
Nb-H 2,3 N-H 4,59 Ca-O 3,98 Pr-O 7,68 U-Cd 03"
Bi-H 2,94 D-D 4,6 Mg-O 4,03 U-0 7,84 U-Fe 1,45
J-H 3,07 D-T 4,62 Be-O 4,07 Zr-0 7,96 U-Ni 2"
Pt-H 3,43 F-H 5,85 Fe-O 423 Ce-O 8,2 Zr-Nb 2,87

Ha puc.4 cxemarnuecku npezncrasieHbl meMeHTH AT u OAT pasmepom B 4x5x5 amementapHbx saeek UO,
MHIICHA-MaTpUIbl ¢ npumecsmu I1]], oOpazoBaHHBIME B HeM. [ yIpOIIEHMS MOJENH BCE aTOMBI W MOJIEKYNHI B
sgeiike MMEIOT OAWHAKOBBIA pa3mep. bemsle W depHBIE KBagpaThl, COOTBETCTBEHHO Mojekynsl UO, m IIJ], a
3aIITPUXOBAHHbIE — MaJible akTHHOHUIBI (MA). [Ipr paBHOMEpHOM pacIpeieieH|H, B IepBOM MOHOCIoe 13 20 MOJIeKy
JOJDKHBI TPUCYTCTBOBAThH NpuOmmiutensHo ~2,5 atoma IIJI, m ~0,3 atoma MA (mpucyTcTByer omwH), T.e. B 2-3
MOCNIEAYIOIUX CIOSIX aToMbl MA He npHcyTcTBYIOT. OJHOBPEMEHHO C 3TUM MOTIJIH TOSIBUTHCS 2 aToMa KHCIOpoJa
(mepedyepkHyThIe KBaJpaThl), paHee CBA3AHHBIE C aTOMOM pa3lelMBIIETOCS ypaHa, OJHAaKo, »Heprus pasnera I1]]
HAMHOT'O ITPEBBILIAET SHEPTHIO MOJIEKYJISIPHOH CcBsi3u. Takue aroMsl kuciaopona Monekyn UO, nproOpeTaioT SHEpruio
TIPU pacraje, TopMo3sTes U tupyHmupytot B MaTpuue Mosekyia UO,. DHeprusi, BblJieJIeHHas B 00JIaCTH pacriajia sijiep
MIPUBOJUT K JUCCOLMALNK, MOHHM3ALMH M BO30YXKIECHHIO OMMKAWIIMX COCETHHX aTOMOB B CTPYKTYpE MHIICHU U
CO3/JaeT 3/1eCh 00JacTh paJUalMOHHBIX TOBpeXIeHUH. 3ameyieHHble atombl [1/1, kucinopoma, MA, muddynaupys,
MOTYT JajJie€ COCOUHAThCS B JUMEPHI (XMMHUYECKHE PEaKknn) M Jajnee KiacTepu3oBaThes. B cBs3m ¢ Oombliel nimm
MEHBIIEH PHEPrHed CBS3M Yy COCEIHHX aTOMOB, KHCIOPOJ MOXKET IEepPEeXOANUTh K aTOMaM HWIIM MOJIEKyJaM IpyTHX
3JIEMEHTOB, T.€. ¥ JaJee MOTYT MPOUCXOANTh XUMHUUECKHE PEaKIHH.

Pacnan sanep U-235 u Pu-239 npoucxonsar mpakTHYecku B KaxIoM MoHOcIoe. OMHAKO MPOIYKTHI ACTCHUS STOTO
A7jpa OKa3bIBAIOTCA HA PACCTOSHUAX B JECATKH THICSY aTOMHBIX CJIOEB OT MECTa BO3HHKHOBEHHS, UMITyJILCHO Harpepas
TPEK CBOETO 3aMeJICHHs Ha JECATKH THICSY IpagycoB Beimie TemmepaTypsl TBDJla. Bmaromapsi aToMy BeTHYMHBI
nporeccoB audpy3un MOIYT MHOTOKPATHO Bo3pacTarh (puc.4). KomnuecTBO 00pa3oBaHHBIX HOH-3JICKTPOHHBIX Map
(dE/dx) Bo3pacTaeT no Mepe yMeHbILICHUs SHEPTrHH OcKoJKa E, B CBS3M ¢ pocTOM ceueHHi HOHU3AINH Gj, TUCCOUAIINT
O e ¥ BO3OYXKJICHUS G*, cyMMapHas BeJIMuuHa OylieT paBHa: Oy =G;+0*+G,~1/E.
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Puc.4. Onement ycnoHoit pemetku TB3JIa no u nocne Beiropanus AT u Topmoxxkenus: ockonkos IT/1.
a — dJIEeMEeHT /10 00y4eHus, 6 — mocie 00IyueHus], B — KJIacTepu3alus puMecei IeJIeHus U yBelnnueHne o0beMa — pacimyXxaHue, 13-
3a HOSBJICHUS JBYX SAEP BMECTO OJHOTO, I — IIOSIBICHHE aTOMOB KHUCJIOPOa MOCIIE PEeaKINU ACIEeHHUs U yXo/ae ocKoiakoB 1] u
BO3MOXKHBIE XUMHUYECKHE PEaKINU KUCIOPOa C HEKOTOPHIMH NPHUIIEAIIIMHI OCKOIKaAMHU
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Brisenenue npumeceii IIJ1 u3 OAT Ha ctagum HarpeBa. Ha puc. 5 nmpencTtaBieHsl TeMIeparypsl IUIaBISHUS U
HCIApeHMs] YUCTBIX 3JeMEHTOB [9], a TakXke MJaBJIE€HHs MX OKUCIOB. B CBfA3M ¢ HanuuheM y MHOTHX JIEMEHTOB
HECKOJIBKUX COEIUHEHUH C KHUCIOPOAOM (MO 4YUCIy aTOMOB) U, COOTBETCTBEHHO, HECKOJIBKMX JHEPruil CBSI3U U
TEMIIEpaTyp IUIaBJIEHUs, BBEAEHBI BEPTHKAJIbHBIE IMpPSMBIC, COCIUHSIOIINE MEXIY COOOH 3T OKHCIBI (KOJIMYECTBO
aTOMOB KHCJIOPOJa B HUX PA3JIMYHO).
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Puc. 5. TeMnepaTprI IUIABJICHUS — M U UCITADCHUS — ® YHCTHIX aTOMOB, a TAK)XK€ UX OKHCIIOB

Kak BHIHO, ITepexo] OT METAIIOB K OKCHJaM HECKOJIBKO M3MEHseT cuTyaruio npu Harpee OST. [ns mepBoro
miKa, oT Zn 10 As HabiromaeTcs yMEHBIICHHE TeMIepaTyp miasieHus. i Broporo, ot Rb mo Sr aTo mmeer mecto
TOJNIBKO Ui 3-X 3JIeMEeHTOB, y Sr,Y,Zr Temmeparypsl okaszamuch Beime. s Nb,Mo,Tc,Ru — temmeparypsl cramm
cymectBeHHo Hmke. st nmuka Cd-J, anementoB Cd,In,Sn, Temnepatypbl cTanu cyiiecTBeHHO Bbiiie. CylecTBEHHbIM
CTaJI0O yBEJIMYEHHE TeMmIepaTypsl y Ba m mantanouwmgoB. Ho, rmaBHoe, MOsSBHIAch 3aBHCHMOCTH OT BaJICHTHOCTH
MeTaJlia, T.e. KOJMUYECTBAa MPUCOSAMHEHHBIX aTOMOB KHCIOpOoAa. B oTiMuMM OT €IMHOM TOYKH IUIABICHUS MeTallia,
OKHCJIBI MOTYT UMETh pa3Opoc B Temmepatypax miasienus ~1000C. Pacniaz sinep ypana B 3amkHyTo# cucreme TBOJla
(Mo uuMcy 4YacTHI) CHOCOOCTBYET IOSIBJICHHUIO CBOOOJHOTO KHCJIOpOJa, KOTOPBIH MOXET CBszaThes co Sr, Zr U
nantanongamu: La, Ce (3Heprus cBs3M-0JIM3Ka K CBS3SIM ypaHa), HO 9THX IOCJIETHHUX sJiep MEHbIIE, YeM 00pa3oBaoch
KUCIIOPOJa, a Ul ypaHa 3T0 9KBUBaJIeHTHO oOpa3oBanuto UO, ,s; 1160 HekoToporo konudectsa U307, Us0s, UO;.

OO0 yCIIO)KHEHMH CHTYaIlMd MOXET CBHAETENBCTBOBATH M pHC.6 [7], Tl MpEACTaBICHBI SHEPTUHU IAMCCOLMAIIN
oxucioB. CpaBHEHHE PUC.6 U pHC.5 MOKA3bIBAET OTIMYNE TEPMHUECKOTO OT/ENICHUS YacTH HJIEMEHTOB C HOMepamMu 38-
72 oT akTHHOMIOB 1 MeTamandeckoro ST. TeMneparypsl IIaBICHNS METAJUIOB, OKHCIIOB U MX 3HEPTHHU CBS3H UMEIOT
pa3NuyYHBIC BEIMYMHBL, YTO MOXET CBUACTEIBCTBOBATh O pA3IMIHOM HX HCHAPSIEMOCTH IIPU OJUHAKOBBIX
TemnepaTtypax u3 ux cmeceil. CymecTBeHHO Hike SHeprud cBsizu My Fe,Ni,Co, mo3TOMy 3THX OKHCIOB OBITH HE
JOJDKHO M OHH OynyT auddyHIupoBaTh B BUIE aTOMOB. B cMecu BMecTe ¢ MetanaudeckuM U ocTaHyTCs MeTalbl Zr,
Mo, Nb, Tc, 1aHTaHOUABI U MaJIble aKTHHOW/IbI, KOTOPBIE COCTABAT IuIa3My M pabounii Matepuan s MII paznenenus
OAT nns merammueckoro ST.

B [7] paccmarpuBanich SHEPIUU AWCCOLMALMN Pa3UYHBIX OKHUCIIOB, TJe OBLI C/eNaH BBIBOJ, YTO HEOOJBIIOE
KosmuecTBo oKucioB [1]] uMeroT sHeprum aucconnanyu, ONU3KNe U MPEeBOCXO/SIINE BETMYMHEI CBA3U OKHCIIOB ypaHa.
OTO 37EeMEHTHI, OTHOCSIIMECS K YETHIPEM 3allITPUXOBAaHHBIM ydacTkam (puc.6): 1-wiii- Ge, 2-oii -Zr, Mo, Nb, Tc u
3,4-p1if - naatanounsl — La, Ce, Nd, Pr; Sm, Eu, Gd. Onnako, B I1J] xommuecTBO 31eMEHTOB 1-0T0 U 4-0r0 Yy4acTKOB
HAXOMMTCA HA ypoBHE ~ 3-10°%, n nx mpumecu B ST MOryT He yuuThIBaThcs. 110 5TOM ke NPHUMHE MOXKHO HE
yuuThIBaTh U kapoctoiikue W, Os u Th. Takum obpa3om, u3 puc.5 BUIHO, uTo oTneneHue [1/] 2-ro u 3-ro y4acTKoB OT
AT mo sToMy npuHIUITY HE3((HEKTUBHO, TO €CTh OHU OYIyT HaXOIUTHCS B CMECH BMECTE C OKHCIAMH aKTHHOHJIOB, U
it ux otaenenus ot AT morpebyercs MII-pa3menenue TpyIm 3IEMEHTOB BO Bpalalomiencs mwiazme. Takum oopa3om,
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€CJIM U1 METAJUIMYECKOI'0 TOIJIMBAa MOXHO pacCMaTpuBaTb PE3YJIbTAaThl pI/lC.S, TO JJIA OKHUCHOI'O TOIIJIMBA Ba>XHbI
PE3YyIbTAThI PUC. 4, A€ OKa3bIBAIOTCA BaKHBIMU 3HAYCHUA YIIPYTOCTU I1apa COGI[I/IHGHI/Iﬁ C pa3jIMYHbIM YHCJIOM aTOMOB,
TO €CTb UMCCTCA HEKOTOPOC pa3Inune npu B},160pe HMI/ITaHI/IOHHoﬁ Cpeabl 11 OKUCHOT'O U METAJIJIMYCCKOT'O TOIIJIUBA.
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Puc. 6. 9Hepr1/n/1 JAucconuanu OKMCIOB HEKOTOPBIX METAJUIOB

Benuuunsl ynpyrocted mapoB HEKOTOPBIX UYUCTBIX METAJUIOB UM UX OKHUCIOB IIpeAacTaBieHbl Ha puc.7. Ilpu
naBnennu ~1 Top[7] ckopocTH McTapeHHs GONBIIMHCTBA MEMEHTOB, COCTABIAIOT 0K0J10~107 T/cM’ ¢, 4TO TIpH TOJTHOI
MOHIM3aIMK B IUIa3MeHHOM ucrounnke (ITM) TO3BONHT IOTydaTh HOTOKHM HOHOB OKOJNO ~10 A/cM’, 4TO BaXHO Juis
npon3BoanTenbHOCTH Metona MII paspenenus, Kak BHIHO, yrmpyrocTd HapoB YHCTBIX 3JEMEHTOB M MX OKHCIIOB
CyIIecTBEHHO paznmu4atorcsi, Hampumep: Mo,W, U. Kpome Ttoro, ympyroctu mapoB cmeceir B cpeme UO, moryt
CYIIECTBEHHO OTINYaThcA( U MO BPEMEHM HArpeBa), 4TO MOTPeOyeT NOMONHHUTENBHBIX MCCIEIOBAHUN 1O CKOPOCTSIM
UCTIapeHust. AHAJOTMYHAs CUTyalus Ioiydaerca Uil paguoHykimuaoB Fe,Ni,Co. XoTd M3BECTHO, 4TO HAJIMYHE B
MPOAYKTaX MCIIApPEHUS KaKOI0 OKHUCIIA ONPENENIIeTCs €T0 CTATUCTHYECKHM BECOM B CMECH.
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BbIBO/IbI

Craaus TepMHUYECKOTO HArpeBa IMO3BOJISCT BHIBECTH OOJBIIOE KOJIMYCCTBO AJIEMEHTOB M3 MHOTOKOMIIOHCHTHOW
cMecu MeTaiioB U okucioB. [Tocne narpesa B OST, kpome okucnos ST, ocTaércst orpaHUYeHHOE KOJIUYECTBO OKHCIIOB
I, B ocHOBHOM, Sr, Zr U JaHTaHOMJIOB, KOTOpbIE B JaJIbHEWIIEM, MPU MOHKU3auUOHHOW 1 MII-cemapanuu, cocTaBsT
MoutekyJsipayto miasmy OAT. dns moaenupoBanus noourctku ST ot ITJI Bo Bpamaromeiicss B ckpemenHbix ExH
MOJISAX TIa3Me, HamboJee MOAXOIIIeH HMUTAIMOHHOW CPEION OKa3BIBAIOTCS HEPAJAMOAKTHBHBIC OKHCIBI AJIEMEHTOB
U-238, Sr,Zr, Nb, Ba,Ce, octaroumnecs B OST nocne cranuii HarpeBa 1 noHH3anuu. OHAKO, YIUTHIBas ONpPEACICHHBIC
TPYOHOCTH TpH padoTe C ypaHcoAepKauuMu MaTepuaiamu s MII-pa3genceHus 2IeMeHTOB 110 MaccaM, BO3MOXKHO
HCIOJIb30BaTh, HaNpuMep, okucisl 6apus (BaO) B kauectBe okucioB AT u okucnsl Sr, mupkonus (ZrO,) B KadecTBe
okucioB I1J[, 94TO CyIIecTBEHHO YHpOLIaeT M YAEIIEBISET HKCIEPHUMEHT, KOTOPHIH Ienecoobpa3sHO MPOBECTH Iepen
paboToii ¢ okuciamu U-238.
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It is considered the transition radiation when the charged particle crosses the boundary of plasma medium, in the cases of uniform
motion and the motion, which consists of two parts of uniform motion, with two running across the boundary. The solution of the
problem is obtained for the conditions when the spatial dispersion is large, skin effect is anomalous, and the reflection of the
electrons from the boundary is partially specular and partially diffuse. There are found the differences of characteristics of radiation
from ones available in the case of ideally conducting medium and the conditions, for which these differences are considerable. It is
considered the question about effectiveness of generation of wide band radiation with use of pulsed accelerators.

KEY WORDS. Transition radiation, spatial dispersion, anomalous skin effect, mixed electrons reflection from boundary,
effectiveness of the wide band signal generation

NEPEXIAHE BUITPOMIHIOBAHHS B YMOBAX AHOMAJIBHOI'O CKIH-E®EKTY IIPU MIITAHOMY
BIABUTTI EJIEKTPOHIB BIJ MEXI
B.I. Mipomsunuenko', B.M. Octpoyuxo”
D Inemumym npuxaaonoi gisuxu HAH Yipainu
Cymu, 40030, eyn. I[lemponasniecoka, 58
Y Hayionansnuii Haykosutl yenmp «Xapkiscokuil gizuxo-mexuiunuu incmumym» HAH Ykpainu
Xapxie, 61108, eyn. Axademiuna, 1

Po3riisiHyTO mepexigHe BHIPOMIHIOBAHHS INPH IIEPETHHAHHI 3aps/DKEHOI0 YAaCTHHKOIO MEXI IIa3MOBOTO CEpEelIOBHUINA, SIK IPH
PIBHOMIpHOMY pyci, TaK i IIpU pyci, IO CKIANAETHCS 3 IBOX IUITHOK PIBHOMIPHOTO, 3 IBOPA30BHM IIEPETHHAHHAM MeXi. PO3B’ 130K
3a7a4i OTPUMAaHO 3a YMOB, KOJIM MPOCTOPOBA JMCIEPCis € 3HAYHO, CKiH-¢(EKT € aHOMAIBHUM, a BIIOHTTS €ICKTPOHIB BiJ MEXKIi €
YacTKOBO JA3EPKalbHHM, YacTKOBO AW(Y3HUM. BHsBICHO BiMiHH XapaKTePUCTHK BUIIPOMIHIOBAHHS BiJi HAsBHUX Yy BHUIIAAKY
iIeanbHO TPOBITHOTO CEPElOBHIIA Ta YMOBH, 3a SKHX Ti BiMIHM 3Ha4Hi. PO3rIsgHYyTO muTaHHSA NMpo e(EeKTHBHICTH TeHeparii
[IMPOKOCMYTOBOTO BUIIPOMIHIOBaHHS 3 BHKOPHUCTAHHIM IMITYJIbCHHUX IIPUCKOPIOBAYiB MPSAMOT [Iii.
KJIIFOYOBI CJIOBA: [lepexingHe BUIPOMIHIOBaHHS, IIPOCTOPOBA IUCIIEPCis, AHOMANBHUH CKiH-e€(eKT, MilmlaHe BigOUTTS
SJICKTPOHIB BiJ{ MEXi, €)EKTHUBHICTh TeHepalii IMHIPOKOCMYTOBOTO CUTHATY

IHEPEXO/JHOE U3JIYYEHHME B YCJIOBUSIX AHOMAJIBHOI'O CKUH-9®®EKTA ITPU CMEIIIAHHOM
OTPA’KEHHUU DJIEKTPOHOB OT 'PAHUIIBI
B.U. MHpOHIHﬂ‘leHKOI, B.H. OCTpoymlco2
) Unemumym npuxnaonoii pusuxu HAH Yipaunst
Cymut, 40030, yn. [lemponasnosckas, 58
JHHI “Xapvrosckuil pusuxo-mexnuueckuu uncmumym”’ HAH Yxpaunvl

Xapvros, 60108, yn. Axademuueckas, 1
PaccMmoTpeno mepexofHOe W3IIydyeHHUE IpU IEPECEUCHUM 3apsDKEHHON 4YacTHLEH TIpaHUlbl IUIa3MEHHOW Cpeipbl, Kak Ipu
PaBHOMEPHOM JIBUXKEHHH, TaK U IPU JIBUKEHUU, KOTOPOE COCTOUT U3 JIByX yYaCTKOB PaBHOMEPHOIO, C ABYKPAaTHBIM IepeceueHHeM
rpaHunbl. Pemenue 3agaun Moiay4eHo A YCJIOBHI, KOT/ia IPOCTPAHCTBEHHAs TUCHepCHs 3HAYUTeNbHA, CKUH-9QdeKT aHoManeH, a
OTpakeHHE DJICKTPOHOB OT TPAHMIIBI ABIISICTCS YACTHYHO 3epPKAJIbHBIM, YaCTHYHO JAU(Qy3HBIM. BBIBICHBI OTINYUS XapaKTEPUCTHK
H3JTyYeHHUsI OT HAJTUYHBIX B CIy4ae HAEabHO MPOBOIIEH CPEIbl U YCIOBUS, IPH KOTOPBIX 3TH OTJINYMS 3HAUUTENbHBL. PaccMoTpeH
Borpoc 00 3(deKTHBHOCTH TeHeparyuy MHPOKONOIOCHOTO H3IYyYEHHsS C HCIOIb30BAHHEM HMITYJIBCHBIX YCKOPHUTENEH MpsIMOro
JEUCTBHSA.
KJIIOUEBBIE CJIOBA: IlepexomHoe u3lydeHHe, IPOCTPAHCTBEHHAs IHCIIEPCHS, AHOMAIBHBIA CKHH-3((EKT, CMeIaHHOe
OTpakeHHE MIEKTPOHOB OT TPAHHUIIBI, Y(Q(HEKTUBHOCTH T'€HEPALMH ITHPOKOMOIOCHOTO CHIHANIA

Po3B’s130K 3a/1a4i PO IepexiHe BUIPOMIHIOBaHHS IPH MEPETHHAHHI 3aps/PKEHOI0 YaCTHHKOIO MEXI TIa3MOBOTO
cepenoBuina noOpe Bimommi. 30kpema, 3amgada Oyna po3B’s3aHa 1 3 ypaxyBaHHAM IpocTopoBoi aucmepcii [1].
JlocimKeHo, TakoX, OCOOJIMBOCTI MEPEXiHOTO BHUIPOMIHIOBAHHS, YTBOPEHOI'O YACTHHKOIO, SKa IEPETHYJIA MEXY
HEeBAOB3I micis 3iTkHeHHS [2]. KpiM TOTO, 3 METO0 po3pOo0KH TeHEpaTOPiB MEePEXiAHOTO BHIIPOMiIHIOBAHHS, OTPHMaHi
XapaKTepUCTHKH BHUITPOMIHIOBaHHSA, YTBOPEHOI'O MOIYJIHOBAaHHUMH ITydKaMH [3], Ta MPOBOAATHCS EKCHEPUMEHTAIIbHI
JNOCTIDKEHHS TEHepalii IMPOKOCMYTOBOTO IIEPEXiIHOTO BHIIPOMIHIOBAHHA 3 BHUKOPHUCTAHHSIM  IMITYJIBCHHX
npuckoproBadiB npsmoi aii [4]. Ha mepeximHOMy BUIIPOMIHIOBaHHI, SIK Ha €JIEMEHTApHOMY MEXaHi3Mi, MpaIoioTh,

© Miroshnichenko V.1., Ostroushko V.M., 2014
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TAKOX, 1HIII MPHIAJN, 30KpeMa, MOHOTPOH [5].

SIKIIO MIa3MOBUM CEpEJIOBHUILIEM € MeTall MPU HHU3bKIH TemIlepaTypi, BUIPOMIHIOBaHHS MOXE BiIOyBaTHCS B
YMOBaxX aHOMAIbHOrO ckiH-edexTy. Moro Teopis 3maunoo Miporo Gyna moGynoama B poborax [6] Ta [7], xe
po3misiany BiOWTTS E€JIEKTPOMArHITHOI XBHWJI BiJ IIa3MH EJIEKTPOHIB 3 pI3KOI0 MEXKEI0, NPUYOMY BiTOWTTS
EJIEKTPOHIB Bil MEXIi XapaKTepHU3yBAIOCS IEBHUM CITiBBiTHOIICHHSAM MK KUTBKICTIO €TICKTPOHIB, BITOUTHX A3epKaIbHO
Ta TUQy3HO. IMOBIpHICTH I3epKaTHHOTO BiIOWTTS €IEKTPOHIB 3aJIC)KHUTH Bi CHEpPrii Ta KyTa MaJiHHS €JICKTPOHA Ha
Mexy. Y pobOoti [8] 3amaua po3B’sI3yeThCS I JOBUTBHOI Takoi 3ajeKHOCTI, 3 BUKOPHUCTAHHSAM PO3KIALy y PSI
Heifimana. OpHak 3Ha4HY KIIBKICTH pPE3yNbTaTiB, Y TOMY YHCIi TOYHHX, OTPHMAHO NIPU OJHAKOBOMY IS YCiX
€JIEKTPOHIB KoeillieHTI A3epKalbHOCTI. 30KpeMa, y TaKOMY MPUIYIIEHHI TOYHO PO3B’S3aHO 33a[ady Mpo HOpMalbHEe
MaJiHHA XBWJII B YMOBaxX TPaHUYHO aHOMAJIBHOIO CKiH-ehekry [9] Ta BH3HAYEHO XapaKTCPUCTUKH IMPOHHKHEHHS
MO3JJOBXKHBOIO TIOJISL y IUIa3My B yMoBax, Onm3pkux a0 Takux [10]. Kpim Toro, y po6oti [11] orpumaHo TOYHMI
PO3B’SI30K 33/1a4i PO HOpMaJIbHE MAafiHHS y NPUIIYIIEHHI, 0 (QyHKILis po3noairy BiZOMTHX eNeKTPOoHIB (ikcoBaHa 3
TOYHICTIO IO MHOKHHKA, SIKMH TIEBHOIO MIpOIO XapakTepu3ye AU(Y3HICTh BiIOUTTS €IEKTPOHIB BiJ MeXi, a y poOoTi
[12] omepskaHO sIBHI CHiBBIIHOIICHHS JUTS TIA3MOBOTO IIAPY.

OcHoBHa MeTa J1aHOT poOOTH — OTpPHUMAaTH aMILTITY/ly BUIIPOMIHIOBaHHS ITPU HOPMAJIbHOMY Ia iHHI YaCTHHKHU Ha
JIOKAJIBbHO-130TPONHY IIIa3My 3 PI3KOI0 MEKEI0 Ha 4acToTaX 3HayHO OUTBIIMX BiJ YaCTOTH 3ITKHEHb, ajleé 3HAYHO
MEHIIMX BiJl MJIa3MOBOI, 32 HASBHOCTI 3HAYHOI MPOCTOPOBOI AMCIIEpCii. Y HACTYIHUX PO3JLTaX BUKIAAEHO MOOYIOBY
po3B’s3Ky. MeTox po3B’s3aHHS 3ajadi, TOPiBHAHO 3 BUKOPUCTaHUM Y [13] (me Oyno pO3TIIAHYTO MOXWIIE TAaIiHHS
€JIeKTPOMATHITHOI XBWJII Ha IDIa3My), JEIIO 3MiHEHWH, i iHaKmie BBEACHI NEesAKi MMO3HAYeHHA. Y IepeJOCTAaHHBOMY
pO3aidl PO3TIIIHYTO NMHUTAaHHA MPO €(PEeKTUBHICTh T'eHepalii MHUPOKOCMYTOBOI'O BHIPOMIHIOBAHHS IPH BHKOPHCTAHHI
IMIIYJIbCHUX TIPHCKOPIOBAaYiB MpPAMOI [ii, y 3B’A3Ky 3 UMM Yy OCHOBHIM 4YacTWHI POOOTH PO3TIATAETHCS BUIAIOK
AHOMAJIBHOTO CKiH-e(heKTy, KOJIM 3BUYaliHa OMIYHA AUCHIALlISA CHEPTii Maa.

BHUXIJIHI CIHHIBBIJHOIINEHHA
BBaxxaeMmo, 1110 YaCTHHKA 13 3apsaaoM Z,e, pyXaeTbes y3m0BxkK oci OZ 31 MIBUAKICTIO fcé. , e €, — OJUHUYHUI

BekTOop oci OZ, ¢ — IBUIKICTH CBiTIa, €, — 3apsg elekTpoHa, S, €(-L1), £, #0, a mna3MoBe cepegoBHILEe
posramoBaHe y miBopoctopi z >0. PiBHsHHs MakcBena y miBopoctopi z >0 3amucyemMo |y BHIUIAAI
rotE+c ' (8/00)H =0, rot H—c ' (0/)E —dnc™ (j+j,) =0, ne j, = Z,e,0(x)8(»)(z — fyct) Byce. , j =e, j d*vf,
f=f(,7F,t) — 30ypennst pyHKuii po3MOALTY €IEKTPOHIB; Ui HHOTO, y JIHIHHOMY HaOJIMKeHHI, 3 piBHSHHS BiiacoBa
BUIUIUBAE PIBHIHHSI (6/6t)f+\7(6/6;7)f+(eo/m)E(@/&f})f0 +vf =0, ne m — Maca eIEKTpOHa, V — 4YacToTa
3iTKHEHb, f, — He30ypeHa (GyHKILiS pO3HOALLY elIeKTPOHIB; BBaXAEMO il BIANOBIAHO0 i30TponHOMY po3nonity depmi
3 HYJIbOBOIO Temnepatypoto: f, =3n,(4zv,)”" npu v<v,, f, =0 npu v>v,, e v, — UIBUAKICTb €IEKTPOHIB Ha
piBui ®epmi, n, — rycruna enekrpoHiB. IToTik eneKTpoHiB 3 Mexi y IIa3My XapakTepu3yeMo udacTkor, p € (0,1),

eJIEKTPOHIB, BIIOWTHX Bi MEXi I3epKalbHO (pemrTa BigOMBaeThCs MUQY3HO), MO BiAMOBimaE MeXOBid, mpu z =0,
YMOBI fO)=pf(-v.) Ui v, >0. 3acTocoByeEMO HNEePETBOPEHHS Dyp’e 3 MHOKHHKOM

explioc' (ct —k x —k,y—k.z)] Ta iHTerpyBaHHAM 3a IHTepBalaMu [ € (—0,+©), x,y€(-0,+0), ze€(0,+0).
Bomumo  dymkuii  ¢q,(n7) = 37{@2n)  In[(1+7)/(1-m)]-1}, q,(n)= 327 H1I-C2n) A=) In[A+ 1) /A-n)]},
0,(k)=1-Qq, (B +k2)"?), O (k)=1-k -k -Qq,(Bk: +k)"*), ¥, (k)=oc [k E (k)+kE.(k)],
¥, (k) =wc [k E (k)-kE, (k)]

@, (k) =0, (kLY , (k) + pY¥, (k)] + k.1 (k.), ()
@, (k) =0 (k)Y (k) - p¥ (k)I+k (k) @)
y skux k, =k |, k, =k.@, +kee,, e ta e, — onunuuni Bexropu oceil OX ta OY, E, — NpPOEKLis KOMIOHEHTH
@yp’e  eNEGKTPUYHOTO MO HA HANPAMOK Bektopa &, , f=v.olc(w+iv)]', Q=aolo(w+iv)]"?,

o, =(4xein, Im)"?, I(k.)=1,/(k.~k,), k,=p8", 1L, =4xsign(B,)Z,e,/®. Oynkuii ¥,(k.) ta ¥, (k.), ax i
obynkuii £, (k,) ta E_ (k. ), MaloTh OyTH aHaMiTUYHMMHM y miBlulomuHi Imk <0 Tta y touumi k, =—k_,, a dyHkuii

z

®, (k) ta O_(k,) BiANOBiZAIOTH NMEBHUM JIHIMHMM KOMOIHAIiAM JBUX YacTUH HaNUCAaHUX DPIBHAHb MakcBelna i
MaloTh OyTH aHaliTHYHUMU y miBmiommHi Imk, >0 Tta y Touni k, =k, , y 3B’M3Ky 3 BUKOHAHHSIM DiBHSHb Y
niBnpoctopi z > 0. Oyukuii V¥, (k) Ta ¥ _(k,) y niBmtommui Imk <0 maroTh OyTH OOMEXEHUMH, 1, IO TOTO XK,
MaloTh BUKoHyBatuch piBHocTi W (*ik )=0 mia ¢ynkuii W(k,)=k W, (k,)—k ¥, (k). IlonibHo mo Toro, sk Gyno

3pobiieHo y poboTax [6,14,15] st 3agayi npo maaiHHI XBUIII Ha CEpeOBHIIe, KOXKHY 3 piBHOCTEH, (1) abo (2), pasom 3
BUMOTaMH aHAIIITHYHOCTI, MOJKHA PO3IJISAIATH K MEXOBY 3anaqy ['inbepra nuis map dymkui, { @, (k.), ¥, (-k.)}
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Ta {®, (-k), ¥, (k)}, ananiTnanux y pisHux miBmiommnax. Jns rpanuunux, mpu z —> 0+, 3Ha4eHbL EZ (2),
E (z) Ta H ,(2), BIINOBIHMX KOMIOHEHT TONsA (OIMHMYHMA BEKTOD HANPAMKY ¢ BU3HAYCHUH DiBHICTIO
e, =[Ez,l€L /k,1), axi Gynu yTBOpeHi iHTErpyBaHHSAM TiNBbKH 32 £, X Ta y 3 MHOKHHKOM explicc ' (ct=kx—k )],
maemo pisHocti E,(0+) =iV, (), E,(0)=-i¥, (), H,(0)=lim

TaKoX, 1 JliTepa W, MICUAMHM BUKOPUCTOBYIOTbCA y apryMeHTax (yHKUiH 3amicTs k_; 3HaueHHs 0+ aprymeHry

ol ¥, ()~ ()]} (nitepa u, a mai,
¢GysKmii E‘Z (z) Haramye mpo Te, 0, Yepe3 HasIBHICTh X049a O 4acTKOBO AM(Y3HOTO BIIOWTTS, Ha Pi3Kiil MexXi Iia3Mu

Mae€ iCHyBaTH HECKiHUEHHO TOHKHWH, 3MIHHUH 3 "acoM, mmap 3apsay [16], i 3HadeHHS HOPMAaJbHHUX 0 MEXi MPOeKIii
eJIeKTPUYHOTO TIOJIS 3 Pi3HUX GOKiB Bia Meski pisHi). [TosHasaemo A =(AQ)*"”. Beakaemo, mo | B, |~1, v, <c, Ta

PO3MIIAAEMO Ti YAaCTOTHI CKIAAOBL, Ui IKUX V K @, | A[»1 (T00TO, CKiH-e(heKT aHOMAIbHUIT), IPHIOMY HYacTOTY

3ITKHEHb V PO3TIJA€MO SK HECKIHYeHHO Mairy, i Ii TOIATHICTP BUKOPHUCTOBYETHCS JIHMINE IS 3 SICYBaHHS TIPABHII
00xoy ocobaMBOCTEH Ha KOMILUIEKCHIM mimomusi. Baxkaemo, Takox, mo k, €(0,1). XBum 3 &k, >1 y nopoxxHii

miBOPOCTIp z <0 HE BUNPOMIHIOIOTHCS, EKCIIOHEHUIHHO criaqarouu Tam npu z — —oo . ynkuii Q, (k) MawTh Hym
*k, ., BIAMOBIAHO, Ta TOYKK TalyXEeHHA *q, 1A AKUX ¢ = (B?-k)"?, Img—>0+ mpu v >0+, k, ~3"%iQ/ 3,
k. ~@Gx/4)'7id/ B . Beogumo dymnkuii Q; . (k.), ananitnani y nipmonmui Imk, >0 Ta no6:au3y TOUKH ¢ Tak, IO
0, (k)0 (k) =0, (k). Qi(o)=1, lim_ [0/ @)/u]=1, ta noxnamacmo O, (k)=0;, (k)/OL (k).
Oyuxuii Q; (k) Ta [Q;’,(—kz)]’l, AQHATITHYHI y PI3HUX MIBIUIOIIMHAX, € TapaMH pO3B’SA3KiB BIINOBIAHUX 3amad
Pimana. SIkmio Bix Touku ¢ mposecTd po3piz I y miBmnonmHy Imk, >0 Ha HEeCKIHYEHHICTH, TO NPH AHATITUYHOMY
nponoskenHi Qynkuid Q, . (k.) 3 06X0MOM TOUKHM ¢ 3 Pi3HMX OOKiB I Pi3HMIL 3HAYEHD HA Pi3HMX Oeperax pospisy
BHUKOHYIOTBCS piBHOCTI 0,. (k. 1-i0)-Q, . (k. (1+i0)) = —QZAM (B +k2)'"?), ne A, (n)==-3zin"",
A, () =3xi(n™ -=n")/2.
Posrnsmaemo (1) Ta (2) sk dynkuionanbni piBHgHHA. Skmo noxmactu X, (k) =Y, (-k)Q; (k.),
Y, (k.)=®, (k.)/O; (k) , To IPUXOMMMO JI0 PiBHSHb,
X, (k) + pQ; ()X, (k) ~k.L(~k)/ Q; (-k.) =Y, (-k.). 3)
X, (k)= pO; (k) X, (k) +k,1(~k)/ Q7 (k) =Y, (-k.), @)
Ta BUMOT aHanmituyHocTi Qyukuidi X, (k) ta Y, (k.) y miBmioumni Imk, >0 ta y Toukax g Ta k_ ; Kpim Toro,

MaloTh ICHyBaTH TpaHM4Hi, Ipu k, —> ico , 3HaueHHs BenuuuH X, (k), Y, (k.), X (k,)/k, ta Y (k )/k, .

PIBHSIHHSA JJI51 TIO3OBXKHBOI'O ITOJISA
3 piBHAHHA (3), BpaxoByrouHu aHanmiTuuHicts QyHkuid X,(k,) ta Y,(—k ) y niBmiommuax Imk, >0 Ta

Imk, <0, BigmOBiAHO, IOJAFOYH PEIUTY JOJAHKIB cyMaMy (YHKLIH, aHAIITHYHUX Y TUX HIiBIUIOLIMHAX, Ta 3aIUCYIOUH
PIBHAHHA Tak, 0O KoXKHa Horo yactuHa Oyla aHaJiTMYHA y OJHIM 3 MIBIUIOIIMH Ta CHAagHA TaM IpU k, —> o, O
Im#k_ >0 onmepxyeMo piBHICTH
+ -1 ~\—1 -1 X .
X (k)= X, (00) = Lok, [(k, + k.4)O; (k)] +(271) pIdW(W—k;) [Q; (WX, (=w) = X, (0)]=0; )
iHTerpyBaHHs y (5) BUKOHYETBCS 32 CAMETPUYHHM BiJJHOCHO HYJISI KOHTYPOM, SIKMH TPOXOANTH OJIM3BKO O AIWCHOT OCi
y JojaTHOMY ii HaIpsAMKyY Ta TaK, 10 TOUKH k,, k,, Ta g 3aluIIaioThcs 3 JIBOTo OOKY BiJ HbOIO. 3aMiHIOIOYU 3MiHHY,

W Ha —w, Ta IEpEeMIIIyI0ur KOHTYp iHTerpyBaHHS Ha po3pi3 [, omepKyeMo piBHSIHHS

X, (k) = X, (0) = Lok [k, + k.0)Q; (k)] = =pK, [ wi X, (W], (6)
y SIKOMY Iisl oTiepaTopa K Ha ¢yHKIifo f(1) BU3HAYEHA PIBHOCTIMH
R, Luw f0] = [ dw(uw) K, (0f(w), K, ()= Qi)' QA, (AU +w') )0}, ()] %)

(TTo3HaYeHHSs 3 IHAEKCOM 7 BHKOPHUCTOBYIOTBCS Jaii IPH PO3IIIsiAl mornepedHoro noss). [IpoctuMu mepeTBopeHHIMHI
MOKHA OTPUMATH PiBHSIHHS

X (k) k=X, 0)/ k. + Lok, +k.)0; (k)" = pK [k, ws X, (w)/ W], ®)

PO3B’30K SIKOrO MOXKHA TOJaTH JiHiiiHow KombGinauiero, X ,(k.)=X,(0)X(k.)—1.,[0; (k.,)]"' X;(k.), po3s’s3KiB
JIBOX PiBHSHB,

X0e) b, =k = PR, T, ws X (w) /], ©
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X5 (k) k= (k, + k)" = pK, Tk, w; X5 (w)/ w]. (10)
3 inTerpanbHux piBHAHG (9), (10) MoxkHa BimmykaTu 3HadeHHs X (k) Ha koHTypi I', a gami ckopucCTaTUCh THMH
PIBHSIHHAMH SIK SBHAMHU (opMymnamu Juist X ;°(k,) Ha yciif miommHi k,, KpiM po3pisy, cumerpudHoro 10 I’ BiTHOCHO
myns. Ilpu 1<k, |[<Q/f wabmuxeno maemo Q,(k.)~-Q%q,(Bk.), i sxuo mepeiitu a0 3mimmoi Bk., To

HaOJIMKEHO MOJKHA 3aMIHHUTH SAPO IHTErpalibHUX piBHAHB (9), (10) Ha sapo, MoOyaoBaHe 3a JOAATHOIO Ha JAIHCHIN oci
bynkuiero g, (iw) (3amicts Qynkuii Q,(iw)), a inTepain iHrerpyBanss y (7) MU piBHAHHS BIAHOCHO 3MiHHOI [k,

omm3pkuid 10 (l,00) . Po3B’s30K pIBHSHHA MOXXHA OTpUMATH dYepe3 30DKHMM iTepaulidiHMN Ipolec, BiAMOBITHUIN
nobynosi  pagy  Heiimama. IIpu |k [>1 maemo X (k)= X;(k)), a mpum |k I£1 MaEeMO
X;(kz)_Xi(kz) I kzO /(kzo +kz) N

PIBHSAHHSA AJ151 TIOIMMEPEYHOI'O ITOJISA
P03B’130K piBHAHHS (4), BIINOBIAHMI faHuM rpaHuyHuM 3HaueHHam £ (0) ta H (0), MoXHa moaTH y BUTTISL
niiinoi omGinanii, X, (k.)=[ik X(~pik.) =¥ X(psk E. (0)=iX (psk)H,(0)+ ok [0 (k)T X7(k). Tyr
c. =exp(—in/6)A/ B, ¥, =ic'lim __[uX(-p;u)—Q ()], X (k,) ta X(tp;k.) — po3B’si3kM (QyHKIiOHATEHHX
pismsns  X:(k)— pQ; (k)X (k) —(k, +k,) ' =Y (-k) 10  X(Epik)T pOr (k)X (Epi=h)=Y(tpi-k) 3
BUMOTaMH aHamiTHyHOCTI Qynkuiit X (k,), Y (k,), X(£p;k.), Y(£p;k,) y miBmmomuni Imk, >0 Ta y Toukax g Ta
k

o, IpuuoMy mpu k, —>oo ¢ynkuis X (k) mae Oyru cmagHoro, a ¢ynkuii X(£p;k.) HOpMOBaHI BHMOIONO

X(xp;0)=1. Iloxi6HO mO TOTO, IK OyIM OTpHMaHi piBHAHHA (6), (8), MOXKHA OTPUMATH PiBHIHHA

X))~ (k, +ky)" = pK [k, w; XE(W)], (11)
X(psk,)—1= pK [k, w; X(p;w)], (12)
X(-pik)/ k. = X(~p;0)/ k, = pK_[k.,w; X (~p;w)/ w] . (13)

Ipu Takux w, mo 1/ <« wik 4/ B, maemo K, (w)=~1/7, 1 AKII0 3anucaTH PIBHAHHA BIIHOCHO IIECTH HACTYNHHX
dynxuiit, X u/p), u”' X(p;ic. /u), u”' X(=p;ul B), u' X (ic, /u), X(p;u/B), X(=p;ic, /u), ax Gpynxuiit sin u ,
TO sApa y THX pPiBHAHHAX npu 1<|w|< A 6mmsbki 10 p/[7(u+w)]. MoxknuBicTh MOOYIyBaTH SBHO PO3B’S30K
piBHSAHHS 3 siapoM p/[7(u +W)] I03BOJISE 3aCTOCYBATH METOJ| YaCTKOBOro o6epHenHs. [losHayaemo & = 7~ arcsin(p)
Ta PO3IJISIAEMO PIBHSHHSA

Xw)=f(u)+ sin(m()JTc az(u+w)]" X (w). (14)
Bukonyroun 3aMiHy 3MiHHHX # Ta w Ha exp(u) Ta exp(w), NepeTBOPIOEMO HOr0 Ha IHTErpaJibHE PIBHSHHS Ha
inTepBam (0,00) 3 sSAPOM, 3AICKHUM BiA pisHUmI u—w. Po3B’s3yloun Take piBHAHHS MetonoM Binepa-Xomda,
OTPHMYEMO PiBHICTB

X (@)= fQu)+ ] dwV, (u,w) f(w), (15)
y SIKii

Vo (u,w) =7 (uw) ™" tg(zm) {sh[In(u/w)(1/2 + x)]/sh[In(u/w)] +
+7! tg(”K)Z:,n:1 [(-D)"" A, A, (0, +0.,) " exp(-o, , Inu—0c,, In w)]} ,

o, =n=12+(=)"x, A, =A_(io.,), A(s)=[l- sin(;rK)]l/ZH;[(l ~is/o,,)/(1~is/c, )] Pisauus Mix sapamu
piBHSHB JUIs 3rajanux wectd QyHKui ta sapom p/[z(u+w)] npu 1< w< A OUIHIOETHCA BEIHYUHOK MOPSIKY
(u+w)"'w' . SIKkimo, BUKOHABIIM TpaHWYHHIT Tlepexinq 4 —> o, f — 0, po3rnsaaTu iHTerpan 3 Pi3HHUIEIO AK BioMy
¢yHKIiIO0 (X04a HACTIPaB/i BiH MICTHTh HEBIIOMY (YHKIIiI0) Ta BKJIIOYHUTH Horo y ¢yHKUit0 f(#) y pIBHSAHHI BUIIISLY

(14), To Ha wmicmi piBHOCTI (15) OTpuMyeMoO iHTErpaibHE PIBHSHHS, SOPO SKOTO [IOCUTh IIBHAKO CIAfa€ IIPU
HEO0OMEKEHOMY 3pPOCTaHHI 3HAYEeHb 3MIHHUX, 1 TaKe PIBHAHHS IMPOCTOIO 3aMiHOIO 3MIHHUX MOKE OYTH IepeTBOPEHE 10
IHTETPaJbHOTO PIBHAHHSA 3 OOMEKEHHM SIPOM Ha OOMEKEHOMY iHTepBalli, y 3B’S3KYy 3 UMM 3aJEXKHICTh (PYyHKITiI

X/ pB), u'X(psic,/u) ta u'X(—p;u/B) Bin u upn 1<|u|< A Gnusbka 10 3anexHocti u*'. A omepxkarn
PO3B’SI30K pIBHSIHb, OTpUMaHuX 3 piBHsAHb (11-13), MokHa i 0e3 3acTOCyBaHHS METO/AY YacTKOBOrO OOEpHEHH:,
3aBJSIKM 30DKHOCTI Tpolecy iTepauiif, BigmoBigHOro mnoOymoBi psjay Helimana. Y piBHAHHAX a1 QyHKUid
u'X¢(ic, /u), X(p;u/B) ta X(—p;ic, /u) BinbHuUM nomaHKOM NpH | <|u |« A MOXHA 3HEXTYBATH, i PO3B’A3KH THX
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piBHSHb  ONM3BKI O pO3B’S3KIB  BIANOBIAHMX OJHOPIMHUX PIBHSAHb, SIKl, Yy 3B’A3Ky 3 PIBHICTIO
-1 . ® -1 .

7 sin(zk) J] dwu+w)y " P, . (w)=P, () (ne P — ynkuis Jlexanzapa), xapaxkrepusyrorbcs npu 1<|u |k A4

3aJIOKHICTIO Bifl u, OMM3bKOIO M0 u * . JIOWINBHO BIAHATH JOJAHKM 3 TaKUMH 3aJIEKHOCTSIMH BiJ PO3B’SI3KIB

OJTHOPIAHUX PIBHSIHB Ta PO3B’SA3yBATH PIBHAHHA JJISI PI3HUIb 4Yepe3 iTepauiiinnii mpouec. Sapa piBHAHb 11 QyHKIIH

Bif u/f abo ic, /u ONU3BKI 10 TAKUX, SIKI MOXKHA NOOYyBaTH, 3aMiHMBIIN QyHKLi0 O, (iu) , BIINOBIAHO, QYHKIIEIO

q.(iu) abo Takoro mapHow QyHKIi€cto, sika npu u >0 gopiutoe 37u/4+u" . TopisHioroun pisusuus (11) Ta (13),
mpu |k [>1 wabmmkeno wmaemo XO(k)~X(-p;k)k.X(-p;0)]"', a mpum |k |1 HabnmkeHO MaeMo
X(=p;k)/ X(=p;0)—k X (k)=k,,/(k,+k,). Ilpu po3B’s3aHHi BiANMOBITHWX DPIBHSHB, OLIHIOOYH BiJHOIICHHS
X(-p;u/ )/ X(~=p;0) Tta Benmmuuny X (-p;ic./u) npu wu=(ifc,)’’, MoxHa OOUMCIHTH BETUUMHY
F =X(-p;0)[dexp(iz/3)]*. ¥V 38’s3ky 3 piBHicTIO X (—p;0)X(p;0)=1 (BUBemeHHS KO KOPOTKO BHKIIAJCHE Y
HacTynHoMy ab3aili), Mae Micue pisHicTs X (—p;0)/ X (p;0) = F[Aexp(iz /3)]7".

PiBHicte X (—p;0)X(p;0)=1 moxna oTpumarH, Buxonasun 3 piBHsHE (12) Ta (13), sKi MalOTh OAHAKOBI fAIpa,

K,(u,w)=K, (w)/(u+w), i mma skux piBHoctsimu K, (u,w)= L_ dw'K,(u,w)K,(w',w) (n=0,1,2,...) Ta

R(u,w; p) = Z::O[Kn (u,w)p"] 0IHAKOBO BU3HAYAETHCS pe30iibBeHTa R(u,w; p) [17]. SamucaBim yepe3 pe30JIbBEHTY
pO3B’sI3KN, s BEJIUYUH X(p;0) Ta X(=p;o)/ X(-p;0), 3 BUKOPUCTaHHAM piBHOCTI
K, (u)R(u,w; p) = K_(W)R(w,u; p), Maemo DpiBHIcTh X (p;0)=X(—p;0)/ X(-p;0) Ta BpaxoByeMO BHMOIY
X(=p;»o)=1.

AMILIITYJA BUITPOMIHIOBAHHSI
Hozuauaemo F, = B lim, ,(0/0u)In[ X} (u)/Q; (u)], F. =B ' lim, ,(8/0u)In[X(-p;u)/Q} (w)]. llpu B <1,
A>1 3nauenns F,, F,, F. ta ¥ _ Onusbki 1o JilicHUX ducen (3alexXHUX Bix p). Y poborti [9], daxruuHo,
orpumane crmisBinHomenns W, ~ (7’ /48)"°[sin(a/2)/sin(a/3)]’, ne a=arccos(p). Uucnose po3B’s3aHHI
BIANIOBIHUX IHTErPalIbHUX PIBHAHb OMMCAHUM BHINE NULIXOM II0KA3allo, IO 3aJIeKHOCTI BenuuuH F,, F,(1-p) Ta
F.(1-p)"? Bin p y mexax noxubku 1% 61u3bKi 10 NiHIHHKX, 3i 3HAYeHHsAME, Omu3bkumu 10 1, 0,714 Ta 0,277 npu

1/2

p=0 T1a g0 0,85, 1,34 ta 0,6 mpu p =1. O6MmexenicTs BenuuuH F,(1-p) ta F.(1-p)’'~ nobiausy 3HaueHHA p =1

NOB’si3aHa 3 aHATITHUHICTIO GyHKUii V_(u,w) sk (QyHKuii 3MiHHOT x 1OOIM3y TOUKHM & =1/2 Ta 3 MOXIMBICTIO

PO3KJIACTH PE30JBbBEHTY CUMETPHYHOTO HETEPEPBHOTO OOMEKEHOIO sApa iHTErpajbHOTO PIBHSIHHA Ha OOMEKECHOMY
iHTepBaNi y pAX 32 BIACHUMH (DYHKISIMH 3 Koe(ilieHTaMH, SKi MICTSTh y 3HAMEHHUKAX PIi3HHII MK MHOXHUKOM
mepe] iHTerpayIoM Ta BiIMOBITHIM BJIACHUM 3HAUYEHHSIM TOTO MHOXHHKA [17].

Tos [k €1 waevo  X(-pik)O; (O [X(-p;0)Q; (k)] -1~ BEk, X} (k)Q;(0)/Q; (k) ~1~ BF k..
Bpaxosytoun, mo Q; (0) = iQ ~ Q7 (0), 3 Bumor ¥(xik, ) =0 omepxyemo X ,(0) =ik, X(—p;0)E (0),

C,E (0)-H,(0)~ B,L,, (16)
ne C,=ic¥  +pki(F,-F)X (-p;0), B, =-pQ'k (F,—F.)X(-p;0). A posrisjaroun 1oie y HiBIPOCTOPi
z <0, mpu 1aHOMY CTpYyMI, '70 =Z,e,0(x)5(y)0(z— B,ct) B,cé, , OTpUMY€EMO

E,(0)+w.H,(0) =ik, (w. —k.y) ' Ly (17)
ne w. =(1-k>)"?. Jlns MesKOBUX 3HAYEHD I:I; 0-), Ei (0-) Ta Ezr (0-) , BimMOBiAHMX KOMITOHEHT XBHJIi (3 XBUJICBUM
yucioM k. =-w,), BUNpOMiHeHoi y miBmpoctip z<0, Maemo I:I; 0-)=H o (0) ik, (k2 —w2) 'L,
l_:?j (0-)= —w:I:I ,(0-), E; (0-)=-k LI:I ,(0-), a BUNPOMIHEHY €HEpril0 MOXKHA [ONATH  IHTErPATOM
J‘: d wJO”/ZdHZE sinédW(w,0), nme xyr @ moB’ssanuii 3k,  piBHICTIO k =sinf, a dyHKUiT
W(w,0)=Q2r) "¢’ cos’ 0| H,(0-) " nae crexTpanbHy IycTHHY BHNPOMIHIOBaHHS y mpocTopouii kyT. 3 (16) Ta
(17) MOXHa 3HAHTH MEXOBi 3HAYCHHS, £ (0) Ta H ,(0), a mani orpumaru Benuunny X, (0) Ta pynxuii X, (k.),
W, (k), E .(k), uepes ski onucyerbcs mone y miasmi. HaGmmwkeno wmaemo | E (0) || H L0,
Flv (0) ~ ik [w.(w, =k ) "'L,, E (0)~ I:Iw 0)/C,, C; =ic,¥Y_, . Tobro, aMIIiTyJa IEPEX1AHOTO BUIPOMIHIOBaHHS Y

JAHOMY Jiama30HI YacTOT ONU3bKa M0 Ti€i, ska Oyma 0 y BHIAIKy, KOIU CepelOoBHUINE Y MmiBIpocTopi z >0 Oyino 6
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izeasbHO mpoBiAHUM. Yepe3 BiAMIHY cepelOBHINA BijJ i€aIbHO IPOBIAHOTO aMIUTITYAa BHUIIPOMIHEHOT XBHJIL
3MIHIOETBCSI Ha BIZJTHOCHO Majly BEJIMYHMHY, 1 L0 3MiHy MOXHa OIIIHWUTH, KOPUCTYIOUHCH HEHYJIbOBHM IOBEPXHEBHM
iMITeZIaHcoM, SIK 1ie 3po0JsieHo y poOori [1] y BUMaaKy cyTo A3€pKaJbHOTO BIIOWTTS €NEKTPOHIB Bij Mexi. pyruit
J0aHOK y o3HaueHHI C, € BIIHOCHO MallUM, 1 BIANOBiJa€ BXK€ MajJOMy BHECKY Y IMIENAaHC BiJ TOro, IO HOIe,

YTBOpPEHE Ha MEXI CEepelOBHUILA PYyXOM YAaCTHHKH Y HiBIpocTopi z <0, Mae HOpMajbHY IO MEXi CKJIAIOBY (TaKUH
JOAHOK 3’SIBJSIETBCS. TAKOXK 1 NPH PO3B’sS3aHHI 3a7a4i IO MOXWIE MaJIiHHS eJSKTPOMATHITHOI XBHJII Ha IIa3MOBE
cepenosute [13], a y BumagKy HOpMaIbHOTO MaAiHHS BiACYTHIN). A mpaBa yacTuHA piBHAHHA (16) mOB’s3aHa 3 TIOJIEM,
YTBOPEHUM PYXOM YaCTHHKH Yy MIBIPOCTOpPi z > 0.

Ha gacroTax, 3HauHO OLIBLIMX BiJl YaCTOTH 3ITKHEHb, XapaKTEPUCTUKN BHUITPOMIHIOBAaHHS 3aJISKaTh BiJ 4acTOTH
MIPAaKTHUYHO TLIBKK 4Yepe3 11 BIJHOIIEHHS JI0 IUIa3MOBOI YacTOTH. A came, Ha MaJdX 4acTOTaX, JOKH IMIIEAaHC MaJlUi,
CIEKTpalbHa TYCTHHA €HEeprii BHIIPOMIHIOBaHHS NPHOIM3HO OJHAKOBA, a Ha YacToTaX, OUIBIIMX BiJ IUIa3MOBOI,
LIBUJIKO CIIAJIAE 3 YACTOTOIO.

BUITPOMIHIOBAHHSI ITPU PYCI 3 KOPOTKOYACHHUM BUXOJA0M I3 CEPEJJOBHUILA
BimgMmiHHICTE [MaHOTO CepeloBHINA BiI 1J€anbHO TMPOBIAHOTO MOKE 3HAYHO BIUIMHYTH Ha AaMIDITYAY
BUIIPOMIHIOBAaHHS Y BUNAJKY, KOJIU A0 a00 MiCIs MEePEeTHHAHHSA MEXi CEepeIOBHINA YaCTHHKA PYXaeThCs HE Yepe3 yBech
MOPOXHi# miBnpocTip z < 0, 1 moJie, yTBOpeHE Ha MEX1 CEpeAOBHIIA Y 3B 3Ky 3 PyXOM YaCTHHKH y TOMY HIiBIIPOCTOPI,
Maie. Hanpukoran, KoM 9acTHHKA, BUHIIOBIIN i3 CEPEIOBHINA y TOPOKHIN MIBIPOCTIp, HEBJOB31 3MIHIOE HAIMIPSIMOK
CBOTO PyXy 4epe3 3iTKHEHHS 1 3HOB BXOAUTH y cepeloBHILe. Sk 3pa3oK Takol CHTyalii, MOYKHA PO3IIITHYTH BHUITAJIOK,
KOJIM YaCTUHKA, PyXalo4uCh y3/10BXk oci OZ, BUXOAUTH i3 cepelOBHIIA y MOMEHT Yacy ¢ =—f,, ae t, >0, amnpu 1=0
3MIHIOE HAlPSIMOK CBOTO PYXYy Ha NMPOTHJICKHUH 0€3 3MIHM BEIMYMHM IIBUIKOCTI. Y TaKOMY BHIIQJIKy PO3IJISI HOJS Y
niBnpocTopi z <0 gae piBHOCTI
> 3 . 3 3 2, 2 Il :
E (0)+w.H,(0)=—ik I,(w.), H,(0-)=H_(0)=2k [w.(Byw, D] [sin(wt,Syw.) — Byw. sin(@t,)]L.,,
ne I,(k.)=21,8,(1- Bk>) '[cos(at,) —exp(iot, B,k.)+iB,k. sin(at,)], npuuomy S, >0. A st mosst y miBIpocTOpi
z>0, y3dBIIM JiHIHHY KoMOiHamito, 3 koedilieHTaMu Fexp(Fief,), pPo3B’sA3KiB TaKUX 3a4ad, Y SKUX 4YacCTHHKA,
Maroud MBHIKICTE Ff,c, mepeTuHae Mexy z =0 mpu ¢ =0, oTpuMyeMo y mpasiif yacTuHi HabmmkeHoi piBHOCTI (16)
J0aTKOBUI MHOXKHUK 2isin(at,) .
BBakaeMo 4acTOTy Ta HalpsAMOK BUIIPOMIHIOBAaHHS TaKMMHM, IO BHKOHYIOThCS CIIIBBITHOIIEHHA of, <1 Ta
m/2—-60> /A (Tobro, 3a yac pyxy y miBnpoctopi z <0 ¢a3a KoJMBaHb 3 JAaHOIO YaCTOTOIO 3MIHIOETHCS MaJIo, a
HaIPSMOK BHIIPOMIHIOBAaHHS XBHIII y MIBIPOCTip z < 0 He qyxe OIM3BKUIA O JOTHYHOTO J0 MeXi). 3a TaKUX YMOB IS

pO3B’SI3Ky,  SIKMM  MOXXHa  OTpUMard 3  HaOmmKkeHux  piBHocted  C EE (0)- H ,(0)~2iwt,B, 1, Ta
El )+ WZI:IW (0)~ ik B,(wt,)’I,, wmaemo | ﬁ; (0-)/ ﬁw (0)-1|x1. SIkmo BUKOHYETBCS  CIIBBIJHOIICHHS
ot, > B A7'*" To oCHOBHHMII BHECOK y CTBOPEHHs BUIPOMIHIOBAHHS Ja€ PyX YACTHHKM y HiBHpoctopi z<0, i
BHKOHYIOTHCS CITiBBiTHOIIICHHS |E~‘L (0)/1:1(0 0)|«1 Ta I:I;(O—) ~ ik, Bw. (wt,)’ I, . Slkmo x of, < LA 1o
TepeBaKHa YacTHHA TEPEXiTHOTO BHIPOMIHIOBAHHS YTBOPIOETHCS 3aBISKU PyXy YaCTHHKH Yy MiBIpocTopi z >0, i Tomi
E (0)/H,(0) = ~w,, H}(0-) = 2iexp[-izn(x +1)/ 35 4™k (F, - F)F,(¥ w,) o, ..

EHEPTETUYHA E®EKTUBHICTh 'EHEPAIIIL BUTIPOMIHIOBAHHSI
Ha pocuTh BHMCOKMX 4YacTOTaX, KOJIM IIPUIYIIEHHS @ < @, HE BHUKOHYETHCS, BIIMOBIAHI OTPUMaHI

CIIBBIJHOILICHHS BTPA4aloTh cuiy. CrieKTpalibHa I'yCTHHA SHeprii BUIIPOMIHIOBAaHHS BXKE HE € MPAKTHYHO HE3aJICIKHOIO
BiJl 4aCTOTH, IIBUJKO CIaJia€ Npu 30LIbLIEHHI YacTOTH, 1 BUIIPOMIHEHA €HEpris € OOMEXKEHOI BEeIMYHHON0. SIKIIo
YacTHHKa MEPEXOANTh 3 TOPOXKHEUl y IUia3Mmy, TO 1O HEePEeXOAy YaCTUHKA IPUTIATYETHCS IO TMOJISPU30BAHOTO HEIO
IUIa3MOBOTO cepenoBuIa (y BHUIAAKY il€albHO IPOBIAHOTO CepeloBHINAa — HEHade O TO J0 CBOrO J3epKAIBLHOTO
300pakeHHs] 3 TPOTHIC)KHHM 3HaKoM). ToOTO, MpU TaKOMYy HANpPSAMKY pyXy IEpeXifHe BUIPOMIHIOBAHHS Ma€
CYIPOBOMXKYBATHCh NPHCKOPEHHAM YACTHHKM Ta 30UTbIICHHAM ii KIHETHYHOI €Heprii, a JpKepeiaoM eHepril s
MIPUCKOPEHHS. Ta BHIPOMIHIOBAaHHS € IIOTCHLIHA €Hepris B3aeMOJil BUIPHOI YAaCTHHKU 3 TOJSIPH30BAaHHM HEHO
cepenoBumieM (1 y BUIMAAKy ifeaqbHO MPOBIAHOTO CEpelOBUINa BUIPOMiHEHA €Hepris (popMaibHa HECKiHUYEeHHA). AJe
U TOTO, OO CTaTH BIIbHOIO, YaCTHHKA paHiIlle Maja BHUTH 3 SKOTOCh CEpPEeNOBHINA a00 3 MPHCKOPIOBada, 1 TaKUH
BHUXIJl TEX CYNPOBOKYETHCS IEPEXiTHUM BHIPOMIHIOBaHHSM, NPUYOMY YaCTHHKA TAJIbMY€THCS, IPHUTATYIOUUCEH IO
MOJISIPU30BAHOI0 HEIO CEPEIOBHINA Ta BIANAI0YM KIHCTHYHY CHEPril0 Ha 30UIBIICHHS MOTCHIMHHOI Ta HA YTBOPEHHS
BUNIpOMiHIOBaHHs. [IpM OIHAKOBI MIBHIKOCTI TEPETUHAHHS MEXI aMIUIITY[Ad BUIPOMIHIOBAaHHS Y BHUIAIKax
BXOJDKEHHS YaCTHHKHU Yy IUIa3My Ta BUXOAY 3 Hel JUIS MallMX 4acToT (32 YMOBH @ < @, ) ONH3BKi. A IPO CHEPreTHYHY

e(eKTHBHICTh MpOLIECY YTBOPSHHS BUIPOMIHIOBAHHS IIPH BHXOJI MOYKHA Ka3aTH y pa3i, KOJM YacTHHKA BTpadae IpH
ralbMyBaHHI 3HAUHY YaCTHHY KIHETHYHOI €HEeprii i Ta eHepris i/1e IepeBakHO Ha BUIPOMIHIOBaHHS. SIKIIO 3 BUXiTHOTO
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NPUCTPOIO MPUCKOPIOBaYa, SKE 3aKIHYYETHCS AHTEHOIO, BUXOJUTH 3TYLIEHHs YacTWHOK, TO JJs 3HAYyHOTO HOro
rajJbMyBaHHS NPU B3a€EMOJIi 31 CBOIM, YMOBHO KaXy4H, J3€pKaJbHUM 300paKEHHSM B aHTEHI 3apsij 3TyLICHHS Mae
OyTH mocuTh BEeNUKUM (1 U1l TAaKOTO 3apsiLy, 30KpeMa, Cuila, sIka pOo3IITOBXYE 3TYIICHHS, I11e OLTbIIa B/l CHIIH, sIKa HOTo
ranpmye). 1100 3rymieHHs BUHIILIO 3 IMITYJIbCHOTO TIPUCKOpIOBaya MpsAMoi Aii MOPIBHSIHO KOMIIAKTHUM (JIJIs1 OTPUMaHHS
BHUITPOMIHIOBaHHSA 3 MIMPOKUM CIIEKTPOM), IOTPIOHE JOCUTH OJHOPIIHE, TI0 BITHOIICHHIO 10 PO3MIipy 3TYIICHHS, TOJe, 1
JUTS HOTO YTBOPEHHS PO3MIp eNeKTpOoAy Ma€e OyTH OLTBIINM Bil pO3Mipy 3TyIICHHs, a HApPy>KEHICTh MO OLIBIIO0 BiJ
Ti€l, fKa PO3IUTOBXY€E 3TYIICHHS, 1 TOMYy 3apsja Ha eNeKTpoAi Mae OyTH OIMBIIMM Bix 3apsAny 3ryHIeHHS. A Tomi
BHUIIPOMIHIOBaHHS, SIKe BUHUKAE TPH IIBUAKOMY IIEPEMIICHHI TAKOTO 3apsAAy Ha eNeKTPOJ, 3HAYHO IOTYXKHIIIe, i He
MEHII IHPOKOCMYTOBE, HIX Te, SKE& BHHHKAE€ MOTIM TPHM TalbMyBaHHI IPHCKOPEHOrO 3TYHICHHA y o00JjacTi
po3TanryBaHHs aHTCHH. TOK, BUKOPHUCTOBYIOUH TUIBKH IHEPEMIIICHHS 3apsaiB y MPOBIIHUKAX, SIKI CKIaJalld CHCTEMY
JKUBJICHHS IMITYJIbCHOTO TPHCKOpIOBaYa MpsMoi Jii, 0e3 IydYka y BaKyyMi, MOXXHAa OTPHUMaTH 3HAYHO MOTYXKHIIIE
HMIMPOKOCMYTOBE BUIIPOMIHIOBaHHS, HIX T€, SIKE MOYKE JJATH ITy4YOK 3 aHTEHOO.

BUCHOBKH

OTtxe, y poOOTi BUKIIaAEHO NMOOYMOBY PO3B’SI3KY 3ajaui NMpO IepexiJHe BUIPOMIHIOBAHHS NPH HOPMAILHOMY
MaJliHHl YaCTWHKH Ha JIOKAJIBHO-130TPOIHY IUIa3My 3 PI3KOI0 MEXEI0 Ha YacTOTaX 3HAYHO OUTBIIMX BiJ 4acTOTH
3ITKHEHB, ajie¢ 3HAYHO MEHIIHX BiJ TUIa3MOBOi, 3a HAasSBHOCTI 3HAYHOI IPOCTOPOBOI IHICIIEpCii, KOMH CKiH-e(eKT €
AHOMAJIEHUM, Ta IIPH MIIIAHOMY BIiIOHWTTI €NEKTPOHIB Bill MEXi, [0 COPUYMHSE IO TOSBH IIapy 3apsay Ha MOBEPXHI.
[Ipu piBHOMiIpHOMY PYCi YaCTHHKM aMILTITy/la BHIIPOMIHEHOI XBMIII OJM3BKa 110 Tiei, sika Oyia 6 y BUIAIKY igeadbHOI
MIPOBIAHOCTI CEPEOBHUIIA, MEXY SKOTO IMEePETHHAE YACTUHKA. SIKIO K YaCTHHKA BUXOIUTH 13 CEPEIOBUINA y IIOPOKHIH
MIBIPOCTIp Ha KOPOTKUI 4Yac, TO BIMIHHICTh CEpellOBHUINA Bij 1/1eaJbHO MPOBIJHOIO 3HAYHO BIUIMBAE HA aMILTITYAY
BUIIPOMIHIOBAHHS.
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TRANSFORMATION RATIO AT PLASMA WAKEFIELD EXCITATION BY LONG
ELECTRON BUNCH WITH SHAPING OF ITS CHARGE ACCORDING COSINE
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Possibility of increase of the transformation ratio at plasma wakefield excitation by long relativistic electron bunch, which charge is
shaped according to cosine, with purpose to provide the absence of oscillating (on length of bunch) decelerating wakefield, usually
attainable, using bunch - precursor, is considered. Length of bunch is selected more larger than wavelength. It is shown analytically
that at the choice of charge shaping of long bunch according to cosine distribution one can do without a bunch — precursor to
eliminate oscillating decelerating wakefield. Thus the transformation ratio is just in one and a half times less than in the case with a
precursor.

KEY WORDS: plasma wakefield, transformation ratio, relativistic electron bunch

KO3®PUINEHT TPAHC®OPMAIINU ITPU BO3BY KJAEHNN KWJIBBATEPHOT O ITOJISI B TINTIASME JJINHHBIM
JIEKTPOHHBIM CT'YCTKOM C ITIPO®PUJINPOBAHUEM EI'O 3APSIJIA IO KOCUHYCY
B.U. Macaos, U.H. Onumenxo, U.II. SIposas*
HHI] Xapvkosckuil ¢puzuxo — mexuuueckutl UHCmumym
61108 Xapvros, Vkpauna, yn. Akademuueckas 1
* Xapvroeckutl nayuonanvhvlil yHueepcumem umenu B.H. Kapasuna
61022, Xapvkos, Ykpauna, m. C60600vl, 4

PaccMarpuBaeTcsi BO3MOXKHOCTh yBeIH4eHHUs KodbduuueHta TpaHchopMarmy npu Bo30YKICHUH KUJIbBATEPHOrO IO B IIIa3Me
NpOoQMINPOBAaHHBIM 110 KOCHHYCY JUIMHHBIM PEJSITUBHCTCKAM JJISKTPOHHBIM CIYCTKOM C IEJIBI0 OOECIIeUUTh OTCYTCTBHE
OCLIJUTMPYIOIIETO TOPMO3SIIETr0 KHWIGBAaTEPHOTO IOJSI HA JJIMHE CryCTKa, OOBIYHO IOCTHraeMoe C HCIIOJIB30BAaHUEM CTyCTKa —
npeiBecTHHKA. JIJIMHA CrycTKa BBIOMpaeTcs 3HAYMTENILHO OOJbIIeH [UIMHBI BOJHBL AHAJMTHYECKH I0Ka3aHO, YTO IPH BHIOOpE
3aKOHa MPOGHUIMPOBAHKS 3apsi/a JUIMHHOTO CTYCTKA MO PaclpeAeIeHUI0 KOCUHYCa sl YCTPaHeUsl OCHUIUIUPYIOIIEro TOPMO3SILLIEro
KWJIBBAaTEPHOIO MOJIsSI MOXKHO OOOHTHCH 0e3 CrycTka — mpeiBecTHHKA. [Ipu 3ToM K03 GHIMEHT TpaHchopMaliK BCEro JHIIb B
TIOJITOpa pa3a MEHbIIE, YeM B CIIy4ae ¢ NPEABECTHUKOM.
KJIFOYEBBIE CJIOBA: xunsBatepHO€ 110J1€, KOAGPHUIUEHT TPaHCHOPMALIUH, PEIATUBUCTCKHNA JIEKTPOHHBIN CI'yCTOK

KOE®IIIEHT TPAHC®OPMAIIIL ITPU 35Y )KEHHI KLIbBATEPHOI'O ITOJIS B IIA3MI JOBI'UM
EJEKTPOHHHMM 3I'YCTKOM 3 ITPO®LTIOBAHHAM MOI'0 3APSTY 3A KOCIHYCOM
B.I. Macaos, .M. Ounmenxo, LII. SIpoBa*
HHI] Xapxiscokuil ¢hizuxo-mexuiunuil incmumym
61108, Xapxis, Ykpaina, eyn. Akademiuna, 1
* Xapxiecvxuil Hayionanvuuil ynieepcumem imeni B.H. Kapaszina
61022, Xapxie, Yrpaina, m. Ceoboou, 4

PosrnsimaeTscst MOKIMBICTD 301TbIIEHHS KoedimieHTa TpaHchopMalii npu 30yIKeHHI KiTbBaTEPHOTO OIS B IUTa3Mi IpodiTboBaHIM
0 KOCHHYCY JOBTHM PEJSTHBICTCHKHM EJIEKTPOHHHUM 3TYCTKOM 3 METOI0 3a0e3eYHTH BiJCyTHICTh OCIMIIIOIOYOrO TalbMyHUYOro
KiJIbBaTEPHOTO TOJISt Ha JIOBXKMHI 3TyCTKY, IO 3a3BUYall JTOCATAETHCS 3 BUKOPHCTAHHAM 3TYCTKY - IepeaBicCHUKA. JOBXKHHA 3TyCTKy
BHOHMPAEThCS 3HAYHO OUTBIIIN JOBXUHH XBHJIl. AHATITHYHO MOKA3aHO, IIO MPH BHOOpPI 3aKOHY HPOdiIIOBaHHS 3apsay JTOBrOro
3TYCTKY IO PO3IMOJITY KOCHHYCa AJIsl YCYHEHHs OCLHJIIOI0YOro TalbMyIOYOTo KiJbBAaTEPHOTO IOJS MOXKHA OOIWTHCS Oe3 3rycTKy -
nepezasicHuka. [Ipu 1pomy koeditieHT TpaHcdopmaliii ychoro Juiie B MiBTOpa pa3u MEHIIe, HDK Y BUMAKY 3 IEPeIBICHUKOM.
KJIFOUYOBI CJIOBA: kinbBatepHe nosne, koediuieHT Tpanchopmarii, peisTHBICTCHKHIA eIeKTPOHHHIN 3TYCTOK

The transformation ratio TR, defined approximately as ratio TR=E, /E, of the wakefield E,, which is excited in

plasma by driver-bunch, to the field E,, in which an electron bunch is decelerated, determines the maximal energy &,., to
which the electrons are accelerated in the excited wakefield, for some energy of electron driver-bunch g4, (see [1-12]).
Surely that g,c>>¢,, if TR > 1. The large transformation ratio has been achieved at the linear driver-bunch shaping
with the use of bunch-precursor before driver-bunch [3, 4]. This rectangular bunch-precursor of a small charge and of
length, equal to one fourth of wavelength /4, is injected before the driver-bunch. Here A =2m/k =2nV, / ®,, V, 1s

the velocity of the driver-bunch, ®, is the electron plasma frequency. Because bunch-precursor is technologically

pe ?

difficult in experiments to prepare and place before driver-bunch, and natural in experiment longitudinal electron
distribution is Gaussian, and cosine distribution is closed to Gaussian, we consider cosine distribution. We show

© Maslov V.I., Onishchenko I.N., Yarovaya I.P., 2014
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analytically that approximately similar, as in [3, 4], transformation ratio can be derived simpler: at the use of driver-
bunch, the charge of which is shaped along bunch accordingly to the shortened bell-shaped distribution (accordingly to
the shortened half-cosine (Fig. 2 and (9)). The use of long electron bunch, shaped accordingly to half-cosine, has been
discussed in [5].

The bunch length L is selected to be much more than wavelength L>>\ as in [3-5]. We show that the decelerating
field in the area of the driver-bunch location is small and poorly inhomogeneous. The large transformation ratio TR=4N
is achieved in the approximation of a given current of bunch, more precisely in the approximation of non-deformable
bunch, N>>1 is the number of wavelengths on the length of driver-bunch. Optimal shortening of half-bell-shaped
distribution is considered. Charge of this optimal bunch is shaped so that it is distributed accordingly to shortened on
both-sides half-bell-shaped distribution (Fig. 2 and (9)).

We consider wakefield distribution in one-dimensional approximation, or more exactly wakefield distribution
along axis without specifying the transverse structure of wakefield. The purpose of this paper is investigation of the
possibility of the use of long driver-bunch of relativistic electrons, charge of which is shaped accordingly to half-cosine
(see Fig. 1 and (1)) for achievement of the large transformation ratio at electron acceleration by wakefield, excited by
this driver-bunch in plasma.

TRANSFORMATION RATIO IN THE CASE OF LONG HALF-BELL-SHAPED DISTRIBUTION OF
ELECTRONS

n,

>
L

g
Fig. 1. The density distribution of bunch, shaped accordingly to half-bell-shaped distribution

We consider at first the current distribution of bunch electrons I(t) accordingly (similar to [5]) to half-bell-shaped
distribution (Fig. 1)

I(t):%{l—cos(%j},0<§<L, €

where &=2z-V,t. One can see that the current I and density n, of relativistic electrons equal zero (maximum) on the first

(back) front of the driver-bunch.
n,

3

Fig. 2. The distribution of electron bunch density, shaped accordingly to the shortened on both-sides long half-bell-shaped
distribution of electrons

Here I, is the current, corresponding to the linear density of charge n,,. For analytical calculation of longitudinal on-

axis electric wakefield, excited by long bunch, the charge of which is distributed accordingly to half-bell-shaped
distribution, we use the expression, derived in [13], for longitudinal wakefield, excited by “point” bunch. Using this
expression and integrating along the driver-bunch one can derive that this longitudinal wakefield E, is proportional into

the driver-bunch to (Fig. 3)
E, (&) ], (%j {1 - [%) :I K%) sin (k&) + sin(%ﬂ : )

One can see that the field equals zero E,=0 on the first front of the driver-bunch &=0 and approximately equals zero E,~0,
in approximation L>>A neglecting the first term in (2), on the back front of the driver-bunch £=L. The maximal
decelerating wakefield into the bunch is small and at &=L/2 proportional to

s (& 1-(4 ] o

Using the expression, derived in [13], for longitudinal wakefield, excited by “point” bunch, and integrating along
the driver-bunch one can derive that the wakefield after £&>L the bunch is proportional to (Fig. 3)

E, (&), {1—(%)2}1 K;Tzz}in(k&h(I—QTZZ]sin(k(i—L))} :
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L\f\/\(\
)

Fig. 3. The distribution of longitudinal on-axis electric wakefield, excited by long bunch, the charge of which is distributed
accordingly to half-bell-shaped distribution, and corresponding to (4) and (2) in approximation L > A neglecting the first term (2)

For L/A=p, p=1, 2, ... we derive from the last expression
-1

E, (&) Io{l—%ﬂ sin (kg). )

-1
Thus, the amplitude of wakefield after &L the shaped bunch is proportional to I [1—(7\,/2L)2} . And the

transformation ratio approximately at L >> A equals
4L
TR = ®)
a
It is less in 1.57 times than the maximal known transformation ratio 2L/ in the case of triangle-bunch with a precursor
[3, 4]. However it is more in 1.27 times, than the transformation ratio nL/A in the case of triangle-bunch without a

precursor.

THE WAKEFIELD DISTRIBUTION IN THE CASE OF SHORTENED HALF-BELL-SHAPED LONG
DISTRIBUTION OF ELECTRONS
We have shown that the field approximately equals zero E,~0 at the end of long bunch &=L, where the electron
density of bunch is maximal. Hence these electrons do not excite the wakefield. Then it is useful to shorten the long
half-bell-shaped distribution. We consider following distribution of electron current I(t)

I(t):%’[l—cos(%&ﬂ,O<§<X,X<L. (6)

One can derive similar to (2) that the longitudinal on-axis electric wakefield into the bunch is proportional to

- (832

The field equals zero E,=0 at &=0 and does not equal zero E,#0 at £&=X, because X<L. The maximal decelerating field
equals (3).
One can derive similar to (4) that the wakefield after the bunch £>X is proportional to

E,(g)or [gj@{ﬂ(kg)(kgz_xﬂ
+[—%+kj_ {sm(ki %—ZTCTX)—Sl (kf;)}-(%H(j_ {sm(kc’;)ﬂm(kg—%_znTXﬂ . ®

THE WAKEFIELD DISTRIBUTION IN THE CASE OF SHORTENED ON BOTH-SIDES LONG HALF-
BELL-SHAPED DISTRIBUTION OF ELECTRONS
We consider the following electron current distribution I(t)

I(t)= 12[1 cos(fﬂ Y<E<X,X<LY>0. )

It corresponds to shortened on both-sides long half-bell-shaped distribution of electrons. Thus shortening from one side
is performed more, than on a half. L.e. the distribution is a trapezoid with smooth one side (see Fig. 2).
One can derive that the wakefield into the bunch is proportional to

e @3 5)E ) () fEre)(-Ersntae i ()
{%H(Jsin(k&—kYJr%)-(_IH(jsm(k& ky_%J}

At Y~k'<<L we have approximately
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Ez(g)oc[%’j(%j {—(%jsin[k(%—Y)J+sin(%j}. (10)

One can see that the oscillating field does not exceed the non-oscillating one and phase of oscillating field has been
changed in comparison with phase of oscillating field in (2).

CONCLUSIONS
So, it has been shown analytically that at the use of charge shaping of long driver-bunch accordingly to the
shortened half-cosine distribution one can do without a bunch — precursor to eliminate oscillating decelerating wakefield. Thus
the transformation ratio is only in one and a half times less, than in the case of linear shaping with a bunch-precursor.
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Presents modern methods of describing the production system. Shows a consistent relationship between the object (micro level) and
streaming (macro level) description of the system. Recorded in two moment approximation linearized equations for small
perturbations of stream parameters of the production line and the conditions for their applicability. In the first method of Lyapunov
stability criteria are defined for the parameters of the production line. Using the methods of physical kinetics investigated the
dynamics of the perturbation parameters synchronized production line. Oscillation damping mechanism is shown and proved.
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BUKOPUCTAHHS METOAIB ®I3UYHOI KIHETUKHW 1 JOCIIKEHHS KOJIMBAHb
IMMAPAMETPIB IOTOKOI JITHIT
B.JI. Xoxycos', O.M. Ilirnacruii 2
' Xapriscoruii nayionanshuii ynisepcumem im. B.H. Kapasina,
61022, Xapxis, n1. Ceoboou 4, Ykpaina
’Hayionansnuii mexuivmuii yuisepcumem «Xapkiecokuti Ilonimexuiunuti Incmumymy

61002, Xaprxis, eyn. @pynse 21, Vrpaina
BuknaneHo cywacHi Meroau onmcy BHpOOHHMYOI cucTemu. [lokazaHa y3ropkeHa 3B'S30K MK IMPEIMETHO-TEXHOJIOTTYHHM
(MiKpOpiBEHB) 1 MOTOKOBUM (MaKpOPiBEHB) OMIICOM CUCTEMH. 3aliicaHi B IByXMOMEHTHOE HAOMIKEHHI JTIHEapU30BaHi PiBHAHHS IS
MaJix 30ypeHb NOTOKOBHX ITapaMeTpiB BUPOOHMUOI JIiHIT i BU3HAUCHI YMOBH iX 3acTOCOBHOCTI. OTpHMaHi KpHUTepil CTIHKOCTI I
rapaMeTpiB ITOTOKOBO] JiHIT 3a mepmmM MeTonoM JIsmyHoBa. 3 BUKOPUCTaHHSIM METOIIB (i3MYHOI KIHETHKU JOCIIPKeHA TUHAMIiKa
PO3BUTKY 30ypeHb Ui TapaMeTpiB CHHXPOHI30BaHOKW BUPOOHWYOI JIiHiI. BHU3HOYECHHI 1 OOrpyHTOBaHMI MeXaHi3M 3aTyXaHHS
KOJIUBaHbB.
KJIFOUOBI CJIOBA: kiHeTHuHe piBHSAHHS, BUpOOHHYA cHCTeMa, moTokosa JiHis, PDE -Monens, aucnepciiiHe piBHSAHHS, OpeIMeT
Tpaili, CTiHKiCTb

HCIIOJIb30BAHUE METOJ0B ®U3NYECKON KHHETUKH JJIS HNCCJIEJOBAHUS
KOJIEBAHUI TAPAMETPOB IOTOYHOM JINHUN
B.A. XOlIyCOBl, O.M. IMuruacTeii’
Xaporosckuii nayuonanenwiii ynusepcumem um. B.H. Kapasuna,
61022, Xapvkos, nn. Ceoboowt 4, Yxkpauna
Hayuonansnsiii mexnuueckuii yuugepcumem «Xapvxosckuti Ilonumexnuueckuti Hnemumymy

61002, Xapvros, yr. @pynze 21, Ykpauna
W3noxkeHsl COBpEMEHHBIE METOJIBI OIMCAHUS MPOU3BOJCTBEHHOH cHcTeMbl. [lokazaHa coriacoBaHHas CBA3b MEXIY NPEIMETHO-
TEXHOJOTUYECKUM (MHKPOYPOBEHb) M TIOTOKOBBIM (MakpOYPOBEHB) OIMCAHHEM CHCTEMBI. 3aliCaHbl B JBYXMOMEHTHOM
MIPUONMKEHNN JIMHEAPU30BAaHHBIE YPaBHEHHS IUISI MAaJBIX BO3MYIIEHHH ITOTOKOBBIX HAapaMeTPOB IIPOU3BOJCTBEHHON IHMHHH U
OIIpEeNeHbl YCIOBUS UX NPUMEHUMOCTH. [loiydeHBl KpHTEpHM yCTOHYMBOCTH AN IApaMeTPOB IIOTOYHOW JIMHUH 110 HMEPBOMY
Merony JlsmynoBa. C HCIIONBb30BaHHEM METOJOB (PM3NYECKOH KHHETHKH HCCIEeJOBaHA IUMHAMUKA Pa3BUTHS BO3MYIUSHHIl VIS
rapaMeTpoB CHHXPOHU3UPOBAHHON NPOM3BOCTBEHHOI rHUN. OnpezeneH 1 000CHOBaH MEXaHN3M 3aTyXaHHUs KOJeOaHUH.
KJIFOYEBBIE CJIOBA: kuHeTH4yeckoe ypaBHEHHE, TPOU3BOJCTBEHHAs! CHCTeMa, ToTouHas nuHus, PDE -mozens, aucnepcuonHoe
ypaBHEHUE, IPEAMET TPYAa, yCTOHIMBOCTD

AKTYAJIBHOCTb TEMbI UCCJIEJJOBAHUS
W3BecTHO, 4TO MOTOYHAS JIMHUSI B HEPABHOBECHOM COCTOSIHHM XapaKTepU3yeTCs TEM, YTO B HEH M3-3a HaIU4Ms
MIPOCTPaHCTBEHHOW HEOJHOPOIHOCTH IUIOTHOCTH PACIPEENICHUS] MPEAMETOB TPYyla MO COCTOSHUSM M aCHHXPOHHOU
paboThl TEXHOJOTMYECKOro OOOPYAOBAaHUs, Ppa3MEUIEHHOTO BJOJb TEXHOJOTHYECKOTO MapLIpyTa, IOCTOSIHHO
CYIIECTBYIOT KoJjiebanus mapamerpoB [1]. AMmunTyna koneGaHUil ompenersieT pa3Mep eMKOCTH MEKOMepalliOHHbBIX
HAKOMHTENICH, HeOOXOAUMBIX JIsl obecrieueHust OecriepeOorHONW paboThl MOTOYHOW JinHUK. KoyieOaHust mapameTpoB
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TCCHO CBsA3aHbl CO CTOXAaCTHUYCCKUM XapaKTCpOM B3aHMO[lel71CTBPISI npeaMeToB Tpyda W IMPOU3BOACTBECHHOI'O
obopynoBanus. Ecnu BennunHa MEXOIEPalMOHHBIX 3aJIeJIOM BCIIEACTBHE KOJICOAHWH CTaHOBUTCS PaBHOM HYIIIO WIIU
MIPEBBIIIAET pa3Mep €MKOCTH MEKOIEepalMOHHBIX HAKOIUTENEH, TO MPOU3BO/JICTBEHHAS JIMHHUS OCTAHABIMBACTCS, YTO
SIBIISIETCSl HENOIYCTUMBIM. B CBS3M C 3THM INpeICTaBiIseT NPAaKTUUECKHH HHTEpec 3ahada OINpeAeeHus IMepHoaa
BO3HHUKAIOIINX KOJCOAHMH IMOTOKOBBIX INApaMETPOB W YCIOBHUS, NMPU KOTOPHIX YKa3aHHBIC KOJICOAHWS SBISIOTCS
3aTyXarOLIIMMH. JKCIIEPUMEHTAIbHAS OLCHKA NePHo/Ia KOJICOaHNH ITOTOKOBBIX NapaMeTPOB NMPOH3BOJICTBECHHOM JIMHUH
nmara B [1]. OgHako, aHATUTHYECKUE WCCIICAOBAHMS 3aBUCHMOCTHU Teproa KOMeOaHW OT XapaKTepHBIX ITapaMeTpoB
MIPOU3BOACTBEHHBIX JIMHHH B 3apy0eXHOH M OTEUYECTBEHHOH JHTepaType OTCYTCTBYIOT. ODTO ONPENeIHIo Leib
HacTosmed paboTBI: a) ONpeNeNuTh KPUTEPHH YCTOWYMBOCTH MapaMeTpOB MOTOYHOW JMHUH, 0) paspaborars
AQHAJMTHYECKUH METOJ pacdeTa COOCTBEHHBIX YacTOT KoJieOaHHH MapaMeTpoB CHHXPOHH3MPOBAHHBIX IMOTOYHBIX
JIMHUI; B)OOOCHOBaTh MEXaHNW3M BO3SHUKHOBEHHMs KOJICOAHHWH TIOTOKOBBIX MTApaMeTPOB; T)HAWTH yCIOBUS, IPU KOTOPBIX
KOJ'IC68.HI/I)I IMMOTOKOBLIX MAapaMETPOB CUHXPOHU3UPOBAHHLIX ITPOU3BOJACTBECHHBIX JIMHUH SIBJISIOTCS 3aTyXarolmuMHu.

MATEMATHYECKASI MOJEJIb CUCTEMBbI
OyHKIMOHUPOBAHUE COBPEMEHHOTO IPEINPUATHS C MAacCOBBIM  BBITYCKOM HPOIYKIHMH MOXET OBITh
NPEJCTaBICHO B BHJEC CTOXaCTHYECKOTO Ipolecca, B XOJAEe KOTOPOrO HMPOU3BOACTBEHHAs CHUCTEMa IEPEXOAUT M3
OJIHOTO COCTOSHUSA B Aipyroe [2]. CocTosSHUE CUCTEMBI ONIPEAENICHO KaK COCTOSHHE 00LIero uucia N IpeaMeToB Tpya
HpOHSBOI[CTBeHHOﬁ CHCTCMBI. HOBC}ICHI/IC npeaMeTa Tpyla NmOAYMHACTCA ONPCACICHHBIM 3aKOHaAM B COOTBETCTBHU C
YCTaHOBIJICHHBIM Ha MPEIIPUSITHN TEXHOIOTHYECKUM TporieccoM. COCTOsIHME MTpeAMeTa Tpy/ia ONUCHIBAeTCS B (ha30BOM
MIPOCTPAHCTBE COCTOSIHUI BEIMIMHAMHI (S i j), rae S;(rpH) 1 p; (TpH/4ac) COOTBETCTBEHHO CyMMa OOLIMX 3aTpaT U

MHTEHCHBHOCTD HX MEPEHOca Ha J - mpeamet Tpyna, 0 < j < N . CocTOSHHE CHCTEMBI B HEKOTOPBIA MOMEHT BPEMEHH
OyJeT OmpeaeNieHO, €CIH OMpeesIeHbl MHUKPOCKOIIMYECKHUE BEITMYUHBI (Sl, 5o SNsHN ), a B mo0oil apyroi
MOMEHT BPEMCHH HAMICHO U3 YPaBHEHUI COCTOSHHS MPEIMETOB TPyAa:

ds ;

J J

[Z]ll//(tasj)ﬁ [l]h//(tas‘)
2.5 as| [2h@.s))

rme [X]o (t,S)— IDIOTHOCTh TPEIMETOB TPyAa 1O TEXHOJOTHYECKOMY MapIIpPYTY; [;(]h// (¢,S) - temn oOpaboTkm

(M

MPEIMETOB TPYAa BIOJNb TEXHOJOTHMYECKOTO MapuipyTa 00OpYIOBAHHEM, PACIIOIOKEHHOM IO TEXHOJIOTHUECKOMY
MapLIpyTy C IUIOTHOCTBIO Ap =Ap(?,S). BBegem HopMHpOBaHHYIO (YHKLIHUIO pachpeneneHus N IpeaAMETOB

tpyna y(t,S, 1) . PasobbeM (a3zoBoe mMpoCTpaHCTBO Ha TaKOe YHCIO sUeeK, YTOOBI pazMmepsl sueiikn AQ = AS- Ay

OBUTH MHOTO MEHBIIIE XapaKTePHBIX pa3MEepOB MPOM3BOJICTBEHHOW CHCTEMBI U B TO JK€ BPeMsI COIEp Kall BHYTPH ceOst
00JBIIOE YHCIIO TPEAMETOB TpyAa. Ecim pa3mepsl SYeHKH TOCTATOYHO Majbl, TO MPUOIIDKEHHOE OMMcaHue OyneT
HECTH B ceDe MOYTH CTOJIb K€ IMOoAPOoOHYI0 MH(POPMAIHIO, YTO U ToYHOe. B cmity Toro, uto BenuumuHa y(¢,S, 1) - dQ

MIPECTABISAET COOOW YHCIIO MPEAMETOB Tpyaa B OeCKOHEYHO Majoi sueiike ALQ) (a30BOro IMpOCTpaHCTBA (S, ,u), MBI
MO>KeM I10 M3MEHEHHIO (ha30BOi KOOpAMHATHI S u (ha30BOil ckopocTH [/ 06a30BOTO MPOLYKTa CO BPEMEHEM CYIHUTh U

00 n3meHeHnnu camot pyHkumu  y(¢,S, 1) [3]:

oy 0 ) K i
6—7;+£ y+£ F(6.8) = )p(t,S) Igo(t,S,ﬁ,y)ﬁ;((t,S,ﬁ)dﬁ—y;g(t,S,u) ,J.J.;((t,S,ﬂ)dAdS=N(t). (2)
00

0
Oyukuun @(t,S, i, /) OIpeAeNsieT BEPOsSTHOCTh Mepexoja MpeaMeTa Tpyaa u3 coctosHust (S, I) B COCTOSHHUE
(S, 1) B pesynbraTe BoO3aeicTBHsA 000pyaoBanus. MHkeHepHO-TIPOM3BOACTBeHHAs GyHKIMs [ (¢,S) ompexaensercs u3

JOKyMeHTOoOoOopoTa npeanpustus [4]. B GobIIMHCTBE MHTEPECHBIX C TPAKTUYECKOW TOYKH 3pPEHHS CIydasx QYHKIHS
t//[ﬂ — | He B3aBHCHT OT COCTOSHHUSI 0a30BOr0 IPOLYKTA [0 HWCIBITAHUS BO3ACHCTBUS [l CO CTOPOHBI

TEXHOJIOTHIECKOTO 000pYIOBAHMS, YTO IPUBOIUT K YIIPOIICHUIO HHTETPO-Iu(PepeHIaIbHOTO ypaBHeHHS (2):

i—fﬁ—g P +2—i F.8) = Aogopyo Wl — ul- (2] — 1 2}, _[z(t»S,u)dw[Z]o Ix(t,S,ﬂ)Adw[z]l- 3)
0 0

Hynesoii [;(]0 W TIePBBIA [;(]1 MOMEHTHI (YHKIMH paclpeleieHus] HMEIOT TNPOCTYIO IPOM3BOACTBEHHYIO

MHTEPIIPETALNIO: 3a/IeNbl 0a30BBIX MPOAYKTOB M MX TEMII ABM)KEHHS BIOJIb TEXHOJOTHYIECKOH Iernoykd. C MOMOIIBI0
MOMEHTOB (YHKIMM paclpeAeieHUs] MNPEeAMETOB TpyJa IO COCTOSHHSAM 3aluIleM CHCTEMY YpaBHEHHMH [UIs
MaKpoIapaMeTpoB TNPOW3BOACTBEHHON MOTOYHON JMHHUU. YMHOXHUB ypaBHEHHE (2) COOTBETCTBEHHO Ha 1, 4 H

IIPOMHTETPUPOBAB 110 BCEMY IUANa3oHy [/ , MOTy4UM ypaBHEHHs OanaHCoB [2]:
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P P e
%+%:w&j j o0, T )T S )T — 10,510 4
0\ 0
oyl e e
%Jr% =£(8)-[rky + ip(t,S)J‘ jw(t,S,u,u)#z(t,S,#)udﬂ — 1 5(t,S, 1) du Q)
0\ 0

VYpaBuenust OanancoB (4), (5), mpeacrasisiomue coOOW ypaBHEHHs 3a/€J0B, TEMIa MPEIMETOB TPYAa BIOJb
TEXHOJIOTHUECKON IEMOYKH, HE3aMKHYThl. BO3MOKHOCTH MOJYYHTh 3aMKHYTYIO CHCTEMY YpaBHEHHI OCHOBaHA Ha
CBOMCTBaX (PYHKIIHH 1//[/7 — ,u]. Jnst TOTOYHOW JMHHKM C OONBIIMNM KOJHYECTBOM IIPEIMETOB TpyAa B

MeKOIepaIlOHHbIX 3ajieflax ypaBHeHus (4), (5) npunumarot Buf [2,3]:

%JFM_O, (a[ait]l+%=f(s)'[l]()s [z} =[x [[I]W/é]oj ©

oS

YCTOMYHUBOCTD ITAPAMETPOB IIOTOYHOM JIMHUU

XOpOI_HO HU3BCCTHO, YTO BJIMAHHUC MaJlbIX BOSMyLIla}OHlI/IX (baKTOPOB Ha MMOBCACHUC l'[pOH3BO)Z[CTB6HHO-C6I;ITOBOﬁ
CUCTCMBI 6y}1€T HE€ OJAWHAKOBBIM JIs1 pa3Jll/I‘IHI>IX HpOHeCCOB. Ha OIHU TCXHOJIOTMYECKHUEC HpOI.[eCCLI 3TO BJIUSAHHUC
HC3HAYUTCJIIbHO, TaK Kak BO3MyH16HHOC COCTOAHHUEC MAJIO OTJIHUYACTCA OT HeBOSMyHIeHHOFO. HaHpOTI/IB, Ha z[pyrne
TEXHOJIOTNYECCKUEC HpOHeCCI)I BJIIUAHUC BO3Myn1€HPII71 CKa3bIBA€CTCA BC€CbMa 3HAYUTCIIBHO, KakK 6LI HU 6LIJ'II/I MaJibl
BO3MYIlIaIOHII/Ie BOS,Z[GfICTBI/IH. TaK KakK B03My111a}0nme (1)aKTOpLI BCeraa CymeCTByIOT HeI/I36e)KHO, TO CTAHOBUTCS
IIOHATHBIM, YTO 3aJa4da YCTOﬁqHBOCTH HpOI/IBBOHCTBeHHOFO HpO].ICCC& HpI/IO6peTaeT O4YCHb BaAXHOC TeOpeTI/I‘IGCKOG 158
mpakThdeckoe 3HaueHue [5]. MccremoBaHme yCTOHYMBOCTH MPOHM3BOJICTBEHHOTO IIpoliecca OyIeM paccMaTpHUBATh
yepe3 MakpolapaMeTpbl MOTOYHOW JIMHUU: 3a€JIbl [;(]0 U TEMI MepeMeNieHnus 0a30BBIX MPOIYKTOB [;(]1 OT OJIHOM

TEXHOJIOTHUECKOH omnepauuu K apyrod. Ilox Bodmymaromumu QakrtopamMu OyneM TOHMMarh BO3ACHCTBUS, HE
YYMTBIBAEMBIEC IIPU ONKUCAHUU IPOM3BOACTBEHHOIO IIPOLIECCA BCIECACTBAE MX MAJIOCTH IO CPAaBHEHUIO C OCHOBHBIMHU
(haxTOpamH, BIHMSIOIIMMH Ha NPOM3BOACTBO W BBIMYCK NpoayKuuu. OHM MOTYT JIEHCTBOBaTh Kak MIHOBEHHO (YTO
CBEJIETCSl K MaJIOMy U3MEHEHMIO HAa4YaJIbHOTO COCTOSIHUSI IPOU3BOJICTBEHHOM CHCTEMBI), TaK U HEMPEPBIBHO (4TO OyzxeT
03HAYaTh: COCTABJICHHBIE YPABHEHHs IIPOU3BOACTBEHHOIO IIPOLECCA OTJIMYAKOTCS OT UCTUHHBIX HA HEKOTOPBIE MAJlble
TIOTIPaBOYHbIC WICHBI, HE YUTEHHBIE B YPaBHEHHSX IPON3BOJICTBEHHOTO Tporecca). [lycTs cucreme ypaBHeHHH (6) uis
OIKCaHMS TPOU3BOJICTBEHHOIO MIPOLECCA COOTBETCTBYET HEBO3MYILICHHOE PELICHUE

e =)y @), A =l) @s). (7)

Pemenne (7) cucremsl ypaBHeHHH (6) COOTBETCTBYET IJIAHOBBIM MOKAa3aTeIsIM IMPOM3BOJICTBEHHOTO mponecca. I1ycTs
HaOm0JaeMble TPOU3BOACTBCHHON MM JUCIETYEPCKON CITy>KO0H MaKpOBEINYMHBI: TEXHOJIOTUYECKHE 3a/1EIIbI [;(]0 "

TEMII JIBHXKCHUA 0a30BBIX MMPOAYKTOB BJOJb TEXHOJIOTHYECKON IIEMOYKHU [/}'/]1 , Iojydar cnyqaﬁﬂble MaJibIC
BO3MYUIICHUA [y]o, [y]l OTHOCUTCIIBHO CBOCTO HCBO3MYIICHHOT'O COCTOSIHUA (7)

bl =ledo -y bl =l - (®)

Jluneapusyem cucreMy ypaBHeHUH (4), (15) oTHOCHTENFHO MaIbIX BO3MYIIEHHH (§) B OKpeCTHOCTH
HEBO3MYIIEHHOTO cOoCTOSTHUSA (7):

0 0 0 0 0
_[;’t]o +%=0, %+%'B01+M1'Boo+ [y]O'Bloer’]o‘Bn:Oa )
IJie BBEJCHBI KO PHUIIUCHTHI
By :@, By, = Bgo 8(f(t,S)-[}(]o)| ,Bjo = _M’ B :_iBlo _M .(10)
[y as Al |, (21" F as Ay |,

Ilepron cymectBoBaHus BO3MyIUEHHUS 1,,,, IOKa3aTeleld COCTABISAET OT HECKOIBKUX JHEH N0 HECKOJBKHX
HeJlelb, B TO BpeMsl, Kak epuoj u3MeHenus koddpduuuentos B, By, onpenensercs cTpaTerndeckKuM yIpaBiIeHHEM
OPEeNNpHUATHA M COCTAaBIAET OT HECKOJBbKUX MeECAlEB [0 HecKoNbKUX JeT. IlocnenHee oOCTOATENBCTBO HaeT

BO3MOKHOCTh CUHTATh, YTO BBeACHHBIC K03(duimentsr (10) He 3aBHCAT SBHO OT BPEMEHH Ha MPOTSDKEHHH TIEPHOA

T,ps, - V3Menenus Bo Bpemenn AB(,, ABg;, ABjy,AB;; 3a mepuoj cCymiecTBOBaHHs BO3MYIUEHHS T,

MPOU3BOCTBEHHBIX MOKa3aTeell MHOTO MEHBIIIE 3HaUEHUH caMux Kod(puirentos (10):
Boo ..o Boi __ By Bio Bjp B OBy
> , > , >> , >> .
T at T at T303.W at T803M at

803M 803M

> > an
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Taxum obpa3om, OyeM cuuTaTh, YTo KO3 HUIMEHTH B ypaBHeHUsX (9) 3aBHCAT TOJIBKO OT S. Pazioxum Maisie
BO3MYILLCHUS Lv]o , Ly]l MakponapamMeTpoB [;[]0 u [;(]1 B paa Dypee:

[y]o:{y0}0+2{y0}j-sin[kj-S]+21yo]j~cos[kj~S], [y] {(n} +Z:y1 sm[k S:|+Z[y1 cos[k SJ 27[] (12)

rae {yo }0 , {yo }j’ UO ]j , {yl }0’ {yl }j’ b’l ]j - Koa(b(bHuHeHTm Pa3N0KEHUs MajbIX BO3MYIIECHHH MapaMeTpoB

MIPOM3BO/ICTBEHHON CHCTEMBI b’]o , b’]l BIOJIb TEXHOJOTHYECKOH LEMOYKH IPOM3BOACTBEHHOTO Ipolecca.
[oncrasnsas B cucreMy ypaBHeHHi (9) BMecTo [y]o , [y]l ux pasnoxenue B psag Oypee (12), mOIydInM CHCTEMBI

ypaBHEHHH 11 KO HUIIMEHTOB Pa3NIOKEHUST MAJIBIX BO3MYIIICHUH [y]o , [y]1 rnapamMeTpoB [Z]O u [;(]1 :

d d d . dlyol;
{yT.;}Ozo’ {Z—i}()+301.{y1}0+311.{y0}020’ {yo},_ Jj k=0, LZO]jJF{yl}j'k/:O’ (a3)
d{yl}j db’l]l

o [l -k +Bor-bal; =Bir Dol & +Big- ol ; =0, 7”300{ i) ki +Bor- [l +Bur- bl -k +Bio-[o); =0 (14)

C COOTBETCTBYIOIIMMU XapaKTEPUCTHUECKUMH YPaBHEHUSIMU [5]
. 2 . 2 . _

190'(B01+190):0, 19]+19](B()1i1800k1)+(kj 'B10+l'kj'B11)_0. (15)
Cucrema ypaBuenuii (13),(14) umeer xapakTepucTHIECKOE ypaBHEHHE C OJJHUM HYJIEBBIM KOPHEM 1901 =(. Takue
CHCTEMbl B TEOPHM YCTOMYMBOCTH OTHOCSATCS K KPUTHYECKHM CIIydasiM HCCJIEJOBaHUS YCTOMYMBOCTH M TPeOYIOT

JONOTHUTENbHOTO BHUMaHus. Cucrema ypaBHenni (13),(14) oTHOCHTENEHO BO3MYIICHUH L"]O , b’]l HMMEET peLICHUE:
ol = Cyp}, = const, ity = en(=Boo -1)+ {71} (16)
TpuBHaNbHOE pelIeHHE {yo }0 = C{J’O}o =0, {yl }0 =0 comepXHTCA B CEMEICTBE PELIEHUH pPACCMOTPEHHON CHUCTEMBI

YPaBHCHHH M COOTBETCTBYET HYIEBOMY 3HAYCHHIO MOCTOAHHON C{ =0. B ocobom ciydae HEBO3MYIIEHHOE

yo}o
COCTOSIHUE YCTOMYMBO. YCTOMYMBOCTb NpPU 3TOM HE 6yzleT acumnToruyeckoi. OJIHAKO Ha MPaKTUKE KoJiebaHus
SBJISIFOTCS 3aTyXaloIIMMHU. O0OocHOBaHUE JAHHOTO aq)(l)eKTa PACCMOTPEHO HUXKE.

OBOCHOBAHME 3ATYXAHMSA KOJIEBAHUI ITAPAMETPOB ITIOTOYHOM JIMHUN
Kunernueckoe ypaBHeHue (2) apnserca HenuHeHHbIM. Ecnmu momyckaercs konebaHne MOTOKOBBIX ITapaMeTpoB
TEXHOJIOTHYECKOM JIMHUU C MAJION aMIUTUTYIOH, TO ¥ (%, S, /) MOKHO JIMHEapU30BaTh

&S, )= 1o, S, 1)+ 1, S, 1), X0(6, 8, 1) >> x1(1,S, 1) (17)
rae y;=x1(t, S, 1) - Manoe oTknoHeHHE (QYHKIMH OT yCTAHOBHBIIEIOCS PaBHOBECHOI'O HEBO3MYILECHHOTO COCTOSIHUS
Xo=x0(tS, 1), Ja paboTaromux B pPaBHOBECHOM COCTOSHHM IIOTOYHBIX JMHHMH C BBICOKOH KOHIEHTparuei

000pyI0BaHUA 10 TEXHOJIOTHUECKOMY MapIpyTy Ap(t,S)-S,; >>1 xuneruueckoe ypaBHeHuii (1) umeer Bua

[75111//( 9 o ([Zl"’(t S)J TZO lS,#)d#:[ZO]o(t’S)’ Nm= TMO(LS)dS

20 (68, [xly, — 1 206,85, 1) =0, fo(t.9)= [0 .5) a5\ [} t.)
0 0

ot as fO(taS) :0’ (18)

rae @ (t,S, 4) npeactaBneHa GpyHkiuei Buza [6,c.16]:

8}(0(t,S,,u)+8;(0(t,S,,u) ﬂ+6ZO(tsSsﬂ)
Ou

v v-l _—pu -
oo, py=L—H e F(v):J.e_t W la, vs2, B>0. (19)
r(v)
C yuetoM (19) st ycTaHOBHBIIIETOCS PABHOBECHOTO PEKUMA
v v 2 —pu [ZO ]ly/ v
= —, = lim yolu)=0, lim yylp)=0.  (20)
X0 = [7(0]1,/, F(v) [ZO] 430 0( ) s O( )

B xome TexHomormueckoi o00paboTKM Tepex m-ThIM 00OpYyIOBaHHMEM OOpa3yeTcs MeXOIeparOHHBIN
TEXHOJIOTMUECKUH 3alen B BUae ouepenu N, mnpeameroB Tpyna [7,c.909-911]. M3meHeHue MIOTHOCTH [X]o (t,S) B

KHMHETHUYCCKOM YpaBHCHUUN (1) MPUBOJUT K U3MCHCHHUIO (byHKI_[I/II/I pacopenciacHusa nNpeaMeToB TpyJa N0 COCTOSIHUAM
Z(t, S, ,U), YTO BbI3BIBACT U3MCHCHHUEC IUIOTHOCTU IMPEIMETOB Tpyda [)(]0 (l,S) H, CJICHOBATCIIbHO, U3MCHCHUC IJIMHBI

ouepenu N, .Konebanus JuiuHbI 0O4epenu HPUBOIUT K KoseOaHUsAM (GyHKLIUM pactpenenenus y(¢,S, u), 1 HA000poT.
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PaccMoTpuM KoJicOaHUS TOTOKOBBIX MMApaMETPOB IMPOU3BOJICTBCHHOM JIMHUW JUISI PACIPOCTPAHCHHOTO Cilydast
CHUHXPOHM3AIMU TEXHOJIOTUYECKOTo obopymoBanus [4,8,9]. [Ipu CHHXPOHH3HMPOBAHHOM DPEXKHME PAaOOTHI MOTOYHOMN
JUHUU CpeJHee BpeMs O0pabOTKU TpeaMeTa Tpyla Ha KaKIOW TEXHOJNOTUYCCKOW OmMepaliy OJMHAKOBO, OTKYyJAa

a[ﬂ(]u,/ (&5)

as =0. Ing onHOMOMEHTHOTO onucanus [4,10]

Ahles) , b, 65)

=0, 21)
ot oS
0 [Z ]0 (f» S )
ot

OTKyJa U3 YCJIOBUSA CHUHXPOHU3ALNU 060py)1013aHH${ CICayceT =(0. Tax KaK IUIOTHOCTH MEKONICPAITMOHHBIX

3aJIe7IOB JJIsl CUHXPOHHU3UPOBAHHOW JIMHMM HE MEHSETCS CO BpPEMEHEM, TO TOMECTHB 4acTh MPEIMETOB Tpyla B
MEXXOIEPAIIMOHHBIE  CTPaXOBble HAKOMHUTENH, MOXHO HayalbHOE paClpeeiieHue MpPeAMETOB TpyAa BHAOIb
TEXHOJIOTHYECKOTO MapIipyTa MPEACTAaBUTh B BHAC DPAaBHOMEPHOIO paclpeaeieHus  IUIOTHOCTH. JlnHeapusyem
KUHETHYECKOe ypaBHEHHE (2) B OKPECTHOCTU YCTAHOBUBILIETOCS HEBO3MYIIEHHOTO COCTOSIHUA ¥ o = ¥o(t,S, 1) (20)

or , on 6}(0 1 [V]o T
AL =] =[yl, . 22
py + oS u- [l]lu/ PHX 5 0)(161/1 LV]o (22)

ITockonbky (22) NMMHEHHO W HE COACPKUT KOOPAWHAT B SBHOM BHJE, TO MCKOMbIE GyHKIMH y;=y;(¢, S, 1) u

[y]0=b]0 (t,S) pa3noXXUM Ha UHTEpBaje [0, S d] B pan dypre mo koopauHate S. PemeHus ypaBHeHus (22) Oyaem

HCKaTh B BUIC Y (t,,u)eikjs , [yj ]0 (t)eikjs s k= (27)/Sy . Torna

0
21 0, ¥
BT A T e [Z b0 =l 0. (23)
0
s pemienus ypaBaeHus (23) Bocnonb3yemcs Oypre npeodpa3zoBaHueM
l oot+o @ 1 00+.U 0
ajltn)=— J‘eﬂm}(ljw(/‘)dwn lew(ﬂ)=je’”’11j(t,#)df» [yj]o(t)=5r | Oy o) e [ij]():je’”’[yj]o(t)dt (24)
—00+0" 0 —0to 0

VMHOKHM ClTaraeMble KHHeTHIeCKOro ypaBHerns (24) Ha e’ v mpoMHTerpupyeM o BpeMeHH t, MOy M

o I .
;(1](0 :u) u ~0p [Z]l lkj[ij]()
v

. _ _ 1 T le(o,u a{ j ) )
Zl]a)(ﬂ) i(kj,u—a))+/1p,u > Uka)]o | ikj ooalo o O(u_p/)a;u’ J +’1P -(25)
(lkj"")“P)_Bs[ ] J.a » p
S )

Hcnonb3ys (20), momydaum:

Gl =((V_2)—ﬂ}go<u>. (23)
ou JZ
[Ipurnmas Bo BHUMaHuE, 9To [11,.252]
L o) d 3 PR
B -2-9 2, @4
L] j _p r(v)
IR
Bripaxenue (25) 3anuiieM B Buie
1 ;00
ioly = e I SR (25)

. . _p
(lkj +/1P)+V31k]((v—2)—p)%lnp 0 (’u /ﬂ)
[Mpumenum obparHoe npeobOpazoBanue Pypobe, HalineM uckomble GyHKIUH (¢, S, 1), [y]o (t, S ) . OnHako, yxe

obume popmyisl (25) MO3BOISIOT UCCICAOBATH IOBEACHUE i (t, /4) u [y j ]0 (t) c poctom t. AcumnroTHYecKoe

noBejcHre (DYHKIMIA MPH OONBIIMX t ONpEAesIeTCS XapaKTepoM 0coOeHHOCTel npeobpa3oBanus Jlamiaca. OyHKIUsA
71 ja)(/u) HMEET TaKHhe Xe OCOOCHHOCTH, YTO H kaw]o’ u nmobaBoYHBIN momroc ufl = p . PaccMorpum Bompoc 00
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0COOEHHOCTSIX (PYHKIUU b’kw ]0. OyHKIUSA ¥ /-(0,/1), 3a/aromias HadalbHOE BO3MYIICHHE, HE MMEET OCOOCHHOCTEH

TIPY KOHEYHBIX 3HaYeHUsAX 4 . Torja acuMNTOTHKa MHTErpaia (25) mpu OoNbIIKX t 3a1aeTcsl HyJISIMH YPaBHEHHUS

3 p' e
(i ; + ap )+ ik (v - 2)- p)E="In p=0. (26)
rv)
JIJsl CHHXpOHU3MPOBAHHON NMOTOYHOM JIMHUU T) R Ty ®..& T, *..~ T);~ Ty (N>>M), 4TO N03BOSET UIUTEIHHOCTD
NPOU3BOJICTBEHHOTO IMKJIAa 00padoTKK napTuu N-netaneil Ha M-onepauusax MpeACTaBUTh BEIPRKECHUEM

M
T; = E Tyt - (N-D)=7y-N. (27)

m=1

Beenem w,; = 2% n wy = 2% =2r- [Z]ly/' [Ipyn n3ydyeHWM TOTOYHOH JHMHHM PAacCMOTPUM KOJIEOAHWUS,
d 0

Nepuoa KOTOPBIX Ooublie BPEMCHH BBINIOJTHCHUA TEXHOJIOTHICCKON onepanuu 7y M HC MNPCBLIMACT UIUTCILHOCTH

w
WOq

napaMeTpoB }/j = 2% HCCJ’IGZ[yeMOfI JIMHUW NPEBbIMIACT YCPCAHCHHYIO MPOTXKECHHOCTh YHaCTKa TEXHOJIOTHYECKOro
J

MPOU3BOACTBCHHOI'O IUKJIA 1<

T .
<< d e HpI/I 9TOM IIpeanojiaracM, 4To AjJrHa BOJIHBI KOJIeOAHUH IMOTOKOBEIX
0

MapumpyTa, OrpaHU4Y€HHOI O 0[[HOI71 TEXHOJIOTHYECKOI onepaunef/i 1 MCHBIIC NPOTSHKEHHOCTH BCETO TEXHOJOTMYECKOro

MapmpyTa Sy : S %/[ = %P <<y ; <84 . YpasHerue (26), onpeseisioniee 3aBUCHMOCTE MEXIY @ H Kk ;, ABIACTCS

JUCTIEPCUOHHBIM ypaBHEHHEM TOTOYHOM THUHMU. Mcrons3ys o603HaueHme

k/ 2 2
="/ = =—-<<2r, S;=N, ApS; =M, 28
Y [x0)oSa PSd (28)

k-
JIUCTIEPCUOHHOE ypaBHEHHE TOTOYHOM iuanu (18) IpencTaBuM B BUIE COOTHOIIEHHS MTAPAMETPOB & = 7 g %
P d

v-3 —-p

s 3 p e _ _
D(g,%d)—l+zg I+v (V—Z—p)wlnp =0, p=

2r-v o (5 +i)
M awq (52 + 1)

JucnepcronHoe ypaBHeHHE (29) MO3BONAET ONPEAENUTh YACTOTHI KONeOaHWH BENMUMHBI MEKOMEPAlMOHHBIX
3aJ1eJI0B BJI0JIb TPOU3BOJICTBEHHOM JIMHUM.

(29)

AHAJIN3 PE3YJBTATOB
Ha puc.1 u puc.2 nmpencraBieHo MoBeAeHUE ASHCTBUTEILHOM Re(D) U MHUMOH In{D) COCTABJISIONIUX (DYHKIHH

E(g, %} ) uid  mpoms3BoAcTBeHHOW — jgmHMH  (M=400,v=3) B  1uWama3oHe  HW3MEHEHHMS  [apaMEeTpOB
!
1.0 < Re(%d j <10.0, (— 10.0)S Im(% ) <10.0 mpu j=1 (£=0.015). KpuBble cOOTBETCTBYET pa3HbIM 3HAYECHHIM
d

Im(% j (XKpuBBIC TTONMCAHBl 3HAYCHUEM JAaHHOW BEJIMYHMHBI). BBIMOIHEHHBIH YMCIICHHBIN aHamu3 ypaBHeHus (29)
d

MTOKA3BIBAET, YTO TPU OOIBIIIOM KOJMYECTBE TEXHOJIOTHUSCKUX OTIepalnii TUCTIEPCHOHHOE YpaBHEHUE HE UMEeT KOPHEH.
OTo 03HAyYaeT, 4TO BO3MYIICHHS IUIOTHOCTH pAacHpeAeieHHs NMPEeAMETOB TPyAa BIOJIbh TEXHOJOTHYECKOTO MapIipyTa
SBIIAIOTCS 3aTyXaloIUMMHU. PelleHne AMCIIEPCUOHHOIO YPAaBHEHMs Ul Juana3oHa 3HAYEHUH 86[0.01..3.0] (v=3)

0] . . .
mpeacTaBieHo Ha puc.2. [Iycts % TOT U3 KOpPHEH AMCIIEPCHOHHOTO ypaBHEHHUA (29), KOTOPHI 00Ja1aeT MEHbIIEH
d

10 BEJIWYMHE IOJIOKHUTEIBHOM MHUMOW YacThio (OMIpKalInii K BellecTBeHHOW ocu). Toraa B MHTErpaie BBIPRKEHHS
(25) 6yner cymecTBeH (Ipyu O0JIBIIMX t) TOIBKO BEIYET OTHOCUTENIBHO HOJ0CAa @) . OcTanbHble 4acTU MHTErpana OyayT
9KCIIOHEHIMAILHO Majbl [0 CPABHEHHUIO C YKa3aHHBIM BAPHAHTOM H3-3a HAJIWYUSA B HOABIHTETPANbHOM BBIPAKCHUH

MHOKHTETS ¢ P! AcMMITOTHYECKNI 3aKOH yObIBaHHS BO3MYIICHUS TUIOTHOCTH MEXOTEPAIIOHHBIX 3aJIeTIOB JAeTCs

BEIPQKCHUEM
[yj ]0 = exp(— iRe a)kt)- exp(— Im a)kt). (30)
C TedyeHHEM BpPEMEHH BO3MYILIECHMS IIOTHOCTU 3aTyXalOT HKCIIOHEHIMAIBHO € JAeKpeMeHToM Imwy . OueHum

XapaKTepHOE BpEeMs 3aTyXaHHs BO3MYIICHUs IUIOTHOCTH MPEAMETOB TpyJa U MoTouHOi smHun Intel, comepxamieit
M=200 TeXHONOTMYECKHX OIepanuil NpH IIUTEIBbHOCTU IPOM3BOACTBEHHOro uukna 7,;=8..12 negens [1]. [Jux
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&= (2% 00): 0,0314 (v=3) ¢ ucroap30BaHUEM PE3yIbTATOB YHACICHHBIX PAcYeTOB (PHUC.2) OMpPEeIsieM TCOPETHICCKOE

XapakTepHOE BpeMs 3aryxaHus ¢ ~1..2 Hexenu. HaOnromeHus, NOMYYCHHBIE C MPOU3BOJCTBCHHBIX JIUHHN
(M=200..400, v=3,£=0.02.0.04) 1O U3rOTOBJICHUIO TOJYNPOBOJHUKOBOI mpoaykiuu Intel moaTBEepKAAIOT
YUCIICHHBIE PAcueThl Il BPEMEHM 3aTyXaHHUs KojeOaHUH IJIOTHOCTU [)f]o (t,S) [12]. DkcniepuMeHTalIbHbIE JaHHBIE

[12,c.445] cBHIETENBCTBYIOT O TOM, YTO HAa TPOW3BOJCTBEHHON IMHUW INEPHOAMYECKH BO3ZHHKAIOT BO3MYIICHHUS
MIOTOKOBBIX NapaMeTPOB IPOAODKUTEIBHOCTBIO 0 7 = 1..2 HeJlenu NIpU MPOU3BOACTBeHHOM nukie 7; =8..12 Henenb.

B 3axmodeHnn OCTaHOBHMCS Ha CBoWcTBaX GyHKIUU y(Z,S, 1) . Vickomas QpyHKIHS TOIydaeTcs MOACTaHOBKOH (25) B
(24). TloMuMO TONIOCOB, MPOUCXOJSIIMX OT b’kw ]0 , TIOJBIHTETPAIbHOE BBIPRKCHWE HMMEET IIOJIOC B TOYKE

i(kj,u - a))+ Apu=0.Tlo BeIYETY B HEM HAXOJUM

216 )= expl(= Appt). (31)

B0[m == = mm e = oo e am am m e e e e e e

i | i D RIS L S S | S
110 N SO S S DO L G T S—
34}
30}- -

26F- -

221- -

— e -

il
1
I
I
I

1!?),300 0‘,633 0967 1,300 1,633 1‘,967 2:3(]0 2:633 2‘,967 33
Puc. 2. ®ynkuus Im(cq/agj) =f(e).
Bosmymenne GyHKIMH pacnpeneneHus 3aTyxaeT co BpeMeHeM. OyHKIHA J; (t,S, y)z exp(ik S —ik;ut —Ap ,ut)
SIBIISIETCS PELICHNEM KHHETHIECKOTO YPaBHEHHUS DU HAYaIbHOM PAaClPENCIeHAN [ (0, y)exp(ik j S)

o

-1 T
T TR R @)

M
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C XapaKTepHBIM BPpEeMEHEM 3aTyXaHHsI BO3ZMYILICHUI <r> ¢byHxuun pacnpenenenust y(¢,S, u) .

BbIBO/IbI

Ucnonb3ys nepBblii MeTon JIsmyHOBa, MHOJIY4YEHBl YCIOBHUS YCTOWYMBOCTH MApaMeTpoB IMOTOYHOW JIMHUH,
MIPECTABISIONIAE COOOH COOTHOUICHHUS MKy BEIHMYUHOHN ONMEPaIlMOHHBIX 3a/ICIOB M TEMIIOM ABIDKCHHS MPEIMETOB
TpyZa OT OJHOM TEXHOJOTMYECKOW OIepanuu K APYroll omepauuy BAOJIb TEXHOJOTMYECKOrO Ipolecca. Y CIOBUS
YCTOHYMBOCTH IJISl MAPAMETPOB, XapaKTepU3YIOMUX (PyHKIIMOHNPOBAHUS TOTOYHON JTMHUH, ONPEAEISIOTCS YCIOBISIMA
CHHXPOHHU3AIUH MTPOU3BOIUTEIFHOCTH TEXHONIOTHYECKUX Y4acTKOB. [lokazaHO, YTO B pacCCMOTPEHHOM MPHOIMKEHUN
YCTOMYMBOCTh HE SBIAETCS acUMNTOTHYeCKOW. /[l manbHeiiiero wuccineqoBaHUs YCTOWYMBOCTHU TOTOKOBBIX
MmapaMeTpoB IMPUMEHEHBI MeToAbl (usndyeckoil kuHeTukd. C  HKCHOJB30BAHHEM JAHHOIO IMOAXOda  JJIs
CHHXPOHHM3MPOBAHHOW MPOU3BOACTBEHHON JIMHUMN JIETATBHO HUCCIICAOBAHBI KOJeOaHHs TapaMeTPOB MOTOYHOM JIMHUK U
TEOPETUYCCKH 00OCHOBAHO UX 3aTyxaHue. [107Iy4eHO U YHCICHHO PEIICHO JUCIIEPCUOHHOE ypaBHEeHHE. [loaTBepKIcHO
C TMOMOIIBIO YHUCIEHHBIX pPAacyeToB, YTO JUISlI CHHXPOHU3WPOBAHHBIX MPOU3BOJCTBEHHBIX IOTOYHBIX JIMHUM,
SKCIICPUMCHTAIBHO HCCIICAOBAHHBIX B paboTe [12], xapakTepHOE BpeMs CYIICCTBOBAHUS MallbIX BO3MYIICHHI
IJIOTHOCTH PACHpelleleHUs NPEeIMETOB TPYyJia BJIOJIb TEXHOJIOTMYECKOr0 MapIIpyTa COCTaBisieT 7 ~ 1..2 Henenu mnpu

JUIUTENBHOCTH IPOU3BOJICTBEHHOr0 ukia 7,; =8..12 Heneuns.
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SMALL ANGLE X-RAY SCATTERING STUDY OF INSULIN FIBRILS
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The small-angle X-ray scattering technique was employed to determine low-resolution 3D structure of insulin amyloid fibrils. This
object is of particular interest since amyloid deposits of insulin causes insulin injection amyloidosis. Structural characterization of
amyloid fibrils as a particular class of linear highly ordered protein aggregates is of utmost importance for deeper understanding of
the molecular etiology of conformational diseases and development of effective therapeutic strategies. The small-angle X-ray
scattering pattern analysis showed that the maximum dimension of the insulin fibril cross-section reaches 24+2.4 nm, while gyration
radius of the cross-section is about 6 nm.

KEY WORDS: amyloid fibrils, insulin, small angle X-ray scattering, Thioflavin T

BHUBYEHHSI ®IBPUJI IHCYJIIHY METOJOM MAJIOKYTOBOI'O PEHTTEHIBCHKOI'O PO3CISIHHS
M.B. Pomanoga', LJI. Masiiios', M.C. Tipuu', K.O. Byc', JI.I. Ceepryn?, O. Kikxneii’, C. Ixedpic’
! Xapriscoruii nayionansnuii ynisepcumem iveni B.H. Kapasina
nn. Ceoboou, 4, Xapxie 61022, Vrpaina

2Eeponeiicora rabopamopis MonexyispHoi Gionozii

Homxewmpacce 85, I'ambype D22603, Himeuuuna
MeToa MaJIOKyTOBOTO PO3CisHHS OyB 3aCTOCOBaHHUH Ui BH3HAueHHs 3D CTPYKTypH HH3KOI PO3IiTBHOI 3[aTHOCTI aMiOiAHHX
¢i6pun iHCYymiHy. IHTEepec mo maHoro 00’€kTy OOYMOBJIEHHMH 3[JAaTHICTIO aMiMOIJHMX NEMO3MTIB 1HCYNIHY BUKJIMKATH IHCYINiH-
OIOCEePEIKOBAHUH 1H €KIIHHUK aminoino3. JlociikeHHs CTPYyKTYpHOI opraHizamii aminoigaux ¢Gpidpuir, 0co6ImMBOro Kiacy JiHIHHIX
BHCOKOBIIOPSKOBAaHNX OITKOBHUX arperariB, BHKIIOYHO BaXKJIMBE I OUTBII TIIMOOKOTO PO3YMIHHS MOJEKYISIPHOI eTionorii
KOH(OpPMaIiHHAX XBOpOO Ta CTBOPEHHs e(PEeKTHBHHX TEpalleBTHYHUX CTpaTeril. AHaNi3 NMaTTepHIB MaJOKYTOBOTO PO3CISHHS
M0Ka3aB, 110 MaKCUMAJIBHUH Po3Mip mnepesizy ¢iOpmi iHCymiHy csrae 24+2.4 HM, a pagiyc oOepTaHHS Iepepidy CKIaaae OIM3bKO
6 HM.
KJIFOUYOBI CJIOBA: aminointi ¢ibpunu, iHCYyJIiH, MaJIOKyTOBE PEHTTeHIBCbKE pO3CisiHHS, TiodaaBin T

HU3YYEHUE ®UBPUJIJI HHCYJIHUHA METOJOM MAJIOYT'JIOBOI'O PEHTTEHOBCKOI'O PACCESIHUA
M.B. Pomanoga’, IJI. Mamuiios', M.C. Tupuu’, E.A. Byc', JLI. Ceepryn?, O. Kukxueii’, C. i:xedppuc’
]XapbKOf?CKuﬁ HayuoHanvbusli yHueepcumem umenu B.H. Kapaszuna
ni. Ce0600wi, 4, Xapvros 61022, Yrpauna
?Eeponetickas nabopamopus Monekyisphoii 6uoio2uu
Homxewmpacce 85, ['amoype D22603, ' epmanus
MeTo/ Majoro yriioBoro paccesiHusi ObUI IPUMEHEH sl onpeaeieHus 3D CTpyKTypsl HU3KOTO pa3pelieHHs] aMUIOUAHBIX GUOpHILT
nHCynMHA. MIHTepec K AaHHOMY OOBEKTy CBSI3aH CO CIIOCOOHOCTBIO AMHJIOMJIHBIX OTIOXKEHUI MHCYJIMHA BBI3BIBATH HMHCYIHH-
OTIOCPEOBAHHBIN MHBEKIIMOHHBIA aMuIon03. MccaenoBanue cTpyKTypHOH OpraHM3allii aMUJIOMAHBIX GUOpHILI, 0ocoboro kiacca
JTMHEHHBIX BBICOKOYTIOPSITIOYEHHBIX OEIKOBBIX arperaToB, HCKIIOUUTEIBHO BaXKHO IS O0jee TiTyOOKOro MOHUMAHHS MOJEKYIIpHON
STHOJOTUH KOH(OPMAIMOHHBIX Ooyie3sHel W co3maHHs S(P(EKTHBHBIX TEPaNeBTUYECKUX CTpaTeruil. AHaIW3 IATTEPHOB
MaJIOYTJIOBOTO PACCESIHUS ITOKa3al, YTO MAaKCHMAUIBHBIA pa3Mep cedeHHs (HOpIUI MHCYIMHA Jocturaer 24+2.4 HM, a paguyc

BpAIIIEHNs CEUSHHUS COCTABIISIET OKOJIO 6 HM.
KJIIOUEBBIE CJIOBA: amunonabie GuOpHILIIBI, HHCYIINH, MAIOYTJIOBOE PEHTIEHOBCKOE paccestuue, ThoguaBuH T

One of the most interesting properties of polypeptide chain involves its ability to one-dimensional crystallization
with the formation of highly ordered insoluble assemblies (amyloid fibrils). These specific linear aggregates are
currently associated with a number of conformational disorders, such as Alzheimer’s, Parkinson's, Huntington's
diseases, type II diabetes, rheumatoid arthritis, spongiform encephalopathy, systemic amyloidosis, etc.[1-3]. The
biophysicists operate with a modern definition of amyloid fibrils, in which twisted and unbranched fibers typically have
a diameter of about 10 nm and highly variable lengths up to several microns[4— 6]. The protofilaments are characterized
by a core cross B-sheet structure in which continuous f-sheets run along the fibril axis and are formed from B-strands
stacked by hydrogen bonds in the direction perpendicular to the long axis of the fibril [7,9]. Such a B-sheet structure
produces a typical high resolution X-ray patterns with meridional reflection at 0.47 nm corresponding to the main chain
spacing and a broader equatorial reflection at 0.8-0.12 nm determined by the side chain spacing [6,10,11]. The
structural similarity of amyloid fibrils and their common features, viz. yellow-green birefringence on the association

© Romanoval M.V., Maliyov I.L., Girych M.S., Vus E.A., Svergun D.I., Kikhney Al., Jeffries C., 2014
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with specific dye Congo red and intense fluorescence on the binding to most prominent amyloid marker Thioflavin T
suggest a common mechanism of fibrillization process [7,12].

Small-angle X-ray scattering (SAXS) is a structural method providing information about low resolution shape of
macromolecules in solution. This method enables researchers to investigate biological samples in a nearly physiological
environment and to analyze structural changes of biomacromolecules in response to variations of external conditions in
the absence of their crystals [13,14]. SAXS is applicable to native particles in solution and is particularly suitable for the
study of less structured systems. Importantly, SAXS can be applied to macromolecules possessing inherent flexibility,
that are difficult to crystallize and their high resolution structure cannot be determined by Macromolecular X-ray
Crystallography (MX). SAXS is often used as a complimentary tool for high resolution techniques, such as MX and
Nuclear Magnetic Resonance (NMR), in particular, the methods have been developed to generate probable
configurations of missing fragments in the incomplete high-resolution structures based on the solution SAXS patterns
from the full length proteins, and they were successfully employed in practice [15-17].

In a typical scattering experiment the dissolved macromolecules are exposed to a collimated X-ray (SAXS) or
neutron (SANS) beam and the scattered intensity /(s) is recorded by the detector. The experiments on macromolecules
in solutions involve separate measurements of the scattering from the solution and the solvent. For dilute solutions
(concentrations in mM range) the particles are chaotically distributed leading to isotropic intensity depending only on
the scattering angle 20 between the incident and scattered beam. For monodisperse solutions, the intensity /(s) obtained
after subtraction of the separately measured solvent scattering is proportional to the scattering from a single particle
averaged over all orientations [18]. To characterize the space of the object and estimate overall sizes of the object, the
p(r) distance distribution function, corresponding to the distribution of distances between volume elements inside the
particle is often used. I(s) is related to p(r) through Fourier transformation:

p(r) = % Oooszl(s)%ds; I(s) = 47rf0Dmaxp(r)%dr. (1)

In principle, the distance distribution function p(7) contains the same information as the scattering intensity /(s),
but the real space representation is more intuitive and allows the immediate evaluation of the largest particle dimensions
by visual assay of p(r)[19].

Polypeptide hormone insulin is the most studied protein which is known to form fibrils at physiological conditions
and in vitro, this fact making it a convenient model for the fibrillation investigations. Despite the growing body of
research in this field, the absolute molecular mechanism of the fibrillation process is remain to be unexplained and more
in depth knowledge of the structure of insulin amyloid fibrils is essential for understanding the mechanism involved in
the formation of intracellular deposits, which causes insulin injection amyloidosis disease.

The goal of the present study was to gain insight into the structure of insulin mature fibrils. In the first part of work
we studied the growth of insulin fibrils by fluorescent method. The formation of fibrils was confirmed by Thioflavin T
assay. For structure determination SAXS technique was used for different protein concentrations. The structure
investigations of insulin fibrils could not only help to understand the insulin-related disorders, but may also give a hint
for developing of anti-amyloidogenic agents in general.

MATERIAL AND METHODS
SAXS data processing and analysis
Synchrotron radiation X-ray scattering data were collected

10007 from four solute concentrations of the fibrillar insulin in the

200- range 0.3 to 2.0 mg/ml in glycine buffer on the “P12” camera of

the European Molecular Biology Laboratory (EMBL) on storage

. 600 ring “PETRA III” at Deutches Elektronen Synchrotron (DESY),

| Hamburg, Germany). The data were collected using a photon

b 400. counting Pilatus 2M detector at a sample-detector distance of

- 3.1 m and a wavelength A = 0.124 nm, the range of momentum

200 transfer 0.06 <s<3.5nm™ was covered (s =4 sinf/A, where

20 is the scattering angle). To monitor the radiation damage, 20

0 successive 0.05 seconds exposures of insulin solutions were

0 50 100 150 200 250 compared. The data were normalized to the intensity of the

Time, h transmitted beam and radially averaged; the scattering of the

Fig. 1. Fluorescence intensity of Thioflavin T as a buffer was subtracted and the difference curves were scaled for
function of time. Shown in inset is the structural formula  protein concentration.

of ThT.

The data processing steps were performed using the
program package “PRIMUS” [20]. The pair distribution function p(r) was computed using the indirect transform
package “GNOM” [21].

Fibril formation and fluorescence studies
Bovine insulin (Ins) fibrillization was induced by continuous shaking of the proteins (10 mg/ml) for 10 days at 37
degrees, pH 1.6. The process of fibril formation was monitored by Thioflavin T (ThT) assay (Fig. 1). Fluorescence
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measurements were performed with a LS-55 spectrofluorimeter equipped with a magnetically stirred cuvette holder
(Perkin-Elmer Ltd., Beaconsfield, UK). The fluorescence intensity of amyloid insulin-bound ThT proved to be 12 times
higher compared to the dye emission in the presence of native protein. Furthermore, the insulin amyloid formation was
confirmed by the blue shift of ThT emission maximum by ca. 8 nm compared to the dye emission maximum in the
presence of native protein.
RESULTS AND DISCUSSION

The processed SAXS pattern and distance distribution functions from insulin fibrils are displayed in Fig. 2,3. The
nominal resolution of the scattering data is indicated as d=2mn/s. Insulin mature fibrils may be micrometers long [6,22-
24] whereas for our experimental range of momentum transfer (0.06 <s < 3.5 nm™ ) dyy is 100 nm, clearly, in this case
only cross-sectional parameters are available and correspondingly less structural information can be obtained by SAXS.

30000+
\ Ins concentration0,5 mg/ml| 80 \ Ins concentration0,5 mg/ml|
~ 20000+
z
0
2
10000+
0+ -
00 05 10 15 20 25 30 35 0 50 100 150 200
S, nm” I, nm
Fig.2 SAXS pattern of insulin fibrils. Fig.3. Distance distribution function for insulin fibrils.

Distance distribution function of cross-section is presented in Fig. 4. The scattering pattern analysis showed that
the maximum dimension of the fibril cross-section is about 24 + 2.4 nm, while the radius of gyration (Rg) of the cross-
section is about 6 nm. The 100 nm peak in the p(r) could be interpreted as a repeating unit. One could say that cross-
section can be represented as an ellipse with semiaxes 2 and 12 nm (i.e. 4 nm x 24 nm).

30+ | Ins concentration0,5 mg/ml| Recent Atomic Force Microscopy measurements of different

: fibrillar species of insulin showed mature fibrils to have a diameter

- 25 of about 4 nm [25, 26]. According to the proposed model of fibril
S 20/ self-assembly, rodlike protofilaments interact with one another and
3 form protofibrils, which typically consist of 2 or 3 intertwined
% 15 protofilaments. Further interaction of protofibrils results in the
5 101 assembly of mature fibrils. TEM studies of insulin fibrillization
= report fibril diameter ranging from 3 to 15 nm. In some cases,
A 59 protofibrils (3 nm) are seen to bundle together in groups of 2—5 and
0l yield mature fibrils that are 10-15 nm in diameter [27]. Based on

0 3 10 15 20 25 our finding and the results reported elsewhere we assumed that

insulin fibrils with a diameter 4 nm align to each other and form a
ribbon like packing in the cross-section.

To summarize, SAXS data can be interpreted as follows:
insulin fibrils have repeating units of 100 nm, presumably turn structure (e.g. consisting of two 50 nm motifs) with the
prolate cross-section of dimension 4 nm x 24 nm, composed of six fibrils with 4nm diameter aligned together in a
ribbon like manner.

r,nm
Fig.4. Distance distribution function of cross-section.
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The ability of novel anticancer drug candidates, europium coordination complexes (EC), to penetrate the phospholipid monolayer
composed of dimyristoylphosphatidylcholine (DMPC) was studied using Langmuir monolayer technique. EC were found to insert
readily into the lipid monolayer with penetration extent being dependent on both drug structure and initial surface pressure of the
lipid film. Evaluation of the limiting surface pressure revealed that all drugs are capable of inserting into the cellular membranes.
KEYWORDS: europium complexes; anticancer drugs; Langmuir monolayers; membrane penetration

B3AUMOJIEVCTBUE XEJATOB EBPOITUS C JIMITATHBIMU MOHOCJIOSMHA

B prCOBa:, A. IOaunues’, O. Kyuemco*, E. Ilaxomosa’, P. Boasincknii ", I'. Top6enko’, T. leaureoprues’, II. KHHHyHeHH
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“Kageopa Buomeduyunckoii Hnocenepuu u Komnviomepuwix Hayk, Yuusepcumem Aaromo
FI-00076, Dcnoo, @unaauous
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C nomompro MeToma MoHocioeB JleHrmropa Obuta ¥cClieoBaHAa CIHOCOOHOCTh HOBBIX HPOTHBOOITYXOJIEBBIX IPEIapaToB,
KoopAMHAIMOHHBIX ~ KomiuiekcoB  eBporusi  (KKE), BcrpamBaThcss B JNMOMAHBIE  MOHOCIOW, COPMHUpPOBaHHBIA U3
aumupucronnpocharumuinxomHa (IM®PX). Bouto obnapyxeno, uto KKE npoHMKalOT B JMNUIHBIE MOHOCIOH, M CTENEHb
MIPOHUKHOBEHHS 3aBUCUT KaK OT CTPYKTyphl Tpemapara, Tak U OT HAa4albHOTO TOBEPXHOCTHOTO IABIEHMS JIUMHIHON IUICHKH.
OmneHka KPUTUYECKOTO TTOBEPXHOCTHOTO JABIEHUS MOHOCIOS TOKa3aia, 4TO HCCIeXyeMble NpenapaTsl MOTYT BCTPAaHBaThCS B
KIJIETOYHBIE MEMOPAHBI.
KJIIOUEBBIE CJIOBA: koMIUIeKCH €BpOIHST; IPOTUBOOITYXOJIEBEIE TIPENapaTsl; MOHOCHION JIeHrMIopa; BCTpanBaHHe B MEMOpaHy

B3AEMOAIA XEJIATIB €BPOIIIIO 3 JIIINIJHUMHA MOHOIIAPAMU
B Tpycosa’, A. ¥Oainnes”, O. Kynenko', O. ITaxomosa”, P. Bosmnceknii™, I'. Top6enxo’, T. Nexireopries’, I1. Kinnynen™
"Kagpeopa sdepnoi ma meduunoi izuxu, Xapriecokuii nayionanvnuii ynisepcumem in. B.H. Kapasina
nn. Ceoboou 4, Xapkis, 61072, Vxpaina
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FI-00076, Ecnoo, @innsanoia
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Coqia, 1164, boneapis

3a onomororo MeToy MoHomapiB JleHrmropa Oyia HociipkeHa 3aTHICTh HOBHX NPOTHIYXJIMHHUX IperapaTiB, KOOPAWHAIIHHIX
xomiutekciB eBpomito (KKE), BOynoByBatucs y nimiguuii MoHomiap, chopmoBanuii 3 mimipicroindocharuamnxomniny (AMDX).
3Haiineno, mo KKE npoHukaoTh y JinigHuii MOHOLIAp, a CTYNiHb NPOHUKHEHHS 3aJIEXHUTh SK BiJl CTPYKTYpH Ipenapary, Tak i Bix
HAa4yaJbHOrO IOBEPXHEBOTO THUCKY JimiaHOT riiBKH. OIlliHKa KPUTHYHOTO MOBEPXHEBOrO THUCKY MOHOLIApY MOKa3aja, o
JOCHIIKyBaHi IpenapaTH MOXKyTh BOYJOBYBaTHCA y KIITHHHI MEMOpaHH.

KJIFOYOBI CJIOBA: KOMIICKCH €BPOIIi0; TPOTUITYXJIMHHI ITpenapaTtu; MoHomapu JIenrmiopa; BOyJoByBaHHS y MeMOpaHy

Interactions of pharmacological agents with cell membranes play a fundamental role in both drug activity and
delivery. According to the canonical Meyer-Overton rule, membrane lipids represent the target for the pharmaceuticals,
and drug potency linearly correlates with the solubility in lipid phase. The important prerequisite for attaining the
necessary therapeutic effect of a drug is its entrance into cell through plasma membrane. Irrespective of the mechanism
of its uptake and action, membrane permeability of pharmacological compound is crucial for its targeted delivery [1]. In
view of this, thorough investigation of the molecular level interactions between the drug and lipids seems to be essential
aspect of drug design. Due to extremely complex composition of cellular membranes and ambiguity of the obtained
results, model membranes of defined composition represent the convenient systems for analyzing the drug-lipid
interactions, especially those occurring at lipid-water interface. Among a huge variety of existing model membranes,
Langmuir monolayers are prized for their homogeneity, stability and planar geometry [2,3]. In addition, a range of
variables like chemical nature and packing degree of lipid molecules, temperature, pH, ionic strength, subphase
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composition, etc. can be readily modulated [4]. Analysis of the surface pressure — area isotherms, kinetic curves and
surface pressure changes may provide quantitative information on the drug membrane affinity and penetration ability,
influence of pharmacological agents on stability and permeability of lipid monolayers, etc. [1,4-7].

In the present work Langmuir monolayer technique has been employed to explore the penetration behavior of the
novel anticancer drug candidates — europium (III) tris-B-diketonates — into dimyristoylphosphatidylcholine (DMPC)
lipid membranes. EC are an asymmetric Eu(Ill) coordination complex with acetyl acetone ligands and a 1,10
phenanthroline motif. The organic chromophores of this complex are responsible for absorbing the excitation light and
transferring the energy to the lanthanide. Taking into account the high hydrophobicity of this compound and its
relatively small size (approximately 11 A) in comparison with the lipid bilayer thickness (46 A) EC are expected to be
efficiently incorporated into the lipid phase. Indeed, the ability of europium chelates to penetrate the lipid bilayer has
been demonstrated in our previous works, in particular, using several fluorescent probes [8,9]. However, utilization of
external fluorophores is indirect method for tracing membrane incorporation of a certain compound, which can interfere
with other processes occurring in the system, for instance, specific interactions between the probe and lipid bilayer or
drug molecule. Langmuir monolayer studies outlined here represent more accurate detection of EC membrane
penetration, and thus may emerge more detailed picture of drug-lipid complexation.

The purpose of this work is to study the lipid-associating ability of the novel potential anticancer drugs using the
Langmuir monolayer technique.

MATERIALS AND METHODS
Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was from Avanti Polar Lipids (Alabaster, AL). Eu(IIl)
coordination complexes defined here as V3 — V12 (Fig. 1) were synthesized at the Faculty of Pharmacy and Chemistry,
University of Sofia, as described previously [10]. All other chemicals were of analytical grade and used without further
purification.

Monolayer experiments

Monolayer measurements were conducted using tensiometer DeltaPi-4 (Kibron, Finland). A Teflon trough
(Multiwell plate, Kibron Inc., Espoo, Finland) was filled with 1.3 ml of filtered 10 mM HEPES buffer (pH 7.4). The
subphase was continuously stirred with a magnetic bar during the measurement. Monomolecular lipid film was formed
by careful spreading of DMPC chloroform solution at air/buffer interface with a Hamilton syringe. Surface pressure ()
was monitored with a Wilhelmy plate attached to a computer-controlled Langmuir film balance. After stabilization of
applied monolayer to the desired initial surface pressure my, the drugs were injected into the subphase. All
measurements were performed at ambient temperature. The increase in surface pressure (An) was monitored until the
stable value was reached. An was plotted vs. my for each drug, yielding straight line with negative slope and x-axis
intercept equal to limiting surface pressure.

Thermodynamics of drug penetration into lipid monolayer
The thermodynamical description of drug penetration into lipid monolayer is based on classical Gibbs adsorption
isotherm. Surface pressure (I1) is defined as:

H=y,-7 &)
where y, and y are the liquid/vapor surface tension of pure solvent and with adsorbed surfactant, respectively. The

classical surface excess of insoluble species M can be expressed as:

1
FM - A_ (2)

M
where 4,, is the area per molecule of the insoluble surfactant in the monolayer.
The surface excess of the soluble surfactant, I'g, is approximately equal to its surface concentration, at least for

species that are strongly surface active. The chemical potential and the activity of the soluble surfactant are related by
du =RTdIna_ . For very dilute solutions, activity a, is approximately equal to the molar concentration c, of the

soluble component in the subphase solution. Therefore,

du, =RTdInc, 3)
For a two component system Gibbs adsorption equation takes the form:

dy=-Tdu, T dpu, “)
or taken into account Eq. (1):

dll1=T,du, +T du, 5)

Assuming the adsorbed amount of M is fixed

[a—HJ =T +T, [—a“M j (6)
aﬂ.ﬁ' F.W aﬂS l_:‘/l
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Rearranging this equation results in
1

] <[-w(3))
ou, )r.. o Jr,

Change in excess Gibbs free energy at constant temperature and pressure is

dG =—-Ady+ udm_+ u,,dm,, ®)
where A is surface area, m_and m,, are excess moles of soluble and insoluble (monolayer forming) components,
respectively. Maxwell relations can be written as:

0 04
(3 A2
v my, my my 7
0 _
(ﬂ) (o) g (10)
al—‘[ My ,m, an/lM p
M 51 7
where ZM is defined as partial molar area of the component M. Combination of the Egs. (7), (9) and (10) yields:
4, -4
RT A, Olnc, »
RESULTS AND DISCUSSION

During the past decades lanthanide complexes are placed in the focus of increasing research efforts because of
their extremely attracting photophysical properties, such as exceptionally long lifetime, large Stokes’ shifts, and line-
like emission [11] arising from Laporte-forbidden f-f transitions in lanthanide ions [12]. These unique spectral
characteristics created the necessary prerequisites for utilization of lanthanide chelates as luminescent materials [13],
chemosensors [14], fluorescent labels [15], photoluminescence devises [16], etc. Moreover, lanthanides are successfully
used in medicine as effective MRI contrast agents, hypophosphatemic agents for hemodialysis and palliative
pharmaceuticals for osteosarcoma patients [17-20]. Recently medical applications of lanthanide complexes were
expanded by introducing the newly synthesized europium compounds (EC) as novel anticancer drugs [10] (Fig. 1).
Specifically, europium (III) tris-f-diketonates were shown to exhibit profound cytotoxic effect presumably arising from
abundance of DNA-intercalating pharmacophore in their structure [11].

EC R, R,
V3 CH, CH,
V4 CH,,C,H,S  CH,, CF,
V5 CH CH,
V6 CF,, C,H,S C,H,S, CF,
V7 CH, CF,
% C,H,S, C,oH, CF,

V9 CH,0 CF,
V10 CH, CH,
Vil C,oH,,NO CF,
V12 CH,Cl CF,

Fig. 1. Chemical structures of europium complexes

Since the main prerequisite for pharmacological action of the drug is its association with membrane lipids, in the
present contribution we utilized lipid monolayer technique in attempt to get molecular-level understanding of EC
therapeutical effect. The monolayer technique represents an extremely informative tool for mimicking the phenomena
occurring at cellular membrane/extracellular medium interface.

Typically, compounds interacting only with monolayer surface induce minor changes in monolayer pressure. On
the contrary, penetration into hydrophobic core of lipid monolayer induces profound alterations in © values. Fig. 2
shows the variation in surface pressure upon injection of EC into the subphase underneath DMPC lipid monolayer. As
seen from this figure, addition of the drugs resulted in the marked increase of m value with time, indicating fast



103
Interaction of europium chelates with lipid monolayers EEJPVOol.1 No.4 2014

monolayer penetration of these agents. Notably, kinetic profiles of EC penetration were found to depend on the drug
structure. Specifically, for V4, V7, V8, V9 and V10, after initial increase and some fluctuations Azn values reach the
equilibrium, as can be judged from the plateaus attained around 11.2, 10.2, 10.8, 15.2 and 10 mN/m, respectively,
indicating the termination of drug penetration. In contrast, in the case of V3, V5 — V7 and V12, An slowly decreases
after a steep increase up to the maximum values 14.5 mN/m for V3 and V6, 16 mN/m for V5 and 15.8 mN/m for V12.
This effect can be explained by partial desorption of some EC molecules from the lipid monolayer [4]. Finally, in the
case of V11 Arm exhibited a saturation after reaching the maximum value and then showed continuous increase which
may reflect the multilayer drug sorption.
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Fig. 2. Representative penetration kinetics of EC into DMPC monolayer

Of course, based on the results of monolayer experiments it is difficult to draw unambiguous conclusions on the
origin of kinetic profiles observed here for EC. However, it cannot be excluded that the observed phenomena reflect
modification of molecular architecture of lipid monolayer by europium complexes. Particularly, specific interactions of
lanthanide molecular groups with lipid headgroups may modify hydrogen bonding network within the monolayer and
destabilize it contributing positively (further increase in surface pressure, like for V11) or negatively (drug desorption
from the monolayer, as was shown for V3, V5, V6 and V12) to the energy of drug-lipid complexation. However, to
confirm the validity of the above assumptions, further studies are required. With the purpose to get closer to the details
of drug desorption process we used linear regression model for analysis of post-penetration profiles for V3, V5, V6 and
V12. The linear extrapolation of the penetration curves for these EC presented in Fig. 2 revealed that the time required
for complete desorption (Am becomes zero) of the drugs from lipid monolayer is 445, 430, 470 and 475 s for V3, V5,
V6 and V12, respectively. This time is considered as the time at which drug-lipid interactions are finished and
monolayer re-attained its original surface pressure.

In order to obtain more detailed information about EC interactions with DMPC monolayers we examined the drug-
induced changes in surface pressure as a function of my. The values of An were found to decrease upon increasing initial
surface pressure (Fig. 3).
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Fig. 3. Surface pressure increase as a function of initial surface pressure in the presence of EC
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This finding is explained by tighter packing degree of lipid molecules in more compressed monolayers with higher
7. This would prevent drug penetration into the lipid film, resulting in decreased Ax. Notably, at different initial surface
pressures the drug rows showing the rise in An were found to be different. For instance, at my=5 mN/m V10 displayed
the lowest increase in surface pressure, while V5 showed the highest increase of this parameter. In turn, at 7;=30 mN/m
the minimal and maximal rise in Ar was found for V4 and V8, respectively. The observed phenomenon allowed us to
suppose that there is no unique mechanism of EC — lipid association, and that complex interplay of the factors such as
drug structure from one hand, and lipid monolayer physicochemical properties from the other hand, seem to play
essential role in the drug membrane incorporation.

At the last stage of our study we quantitatively analyzed the plots of surface pressure increase vs. initial pressure
presented in Fig. 3. Approximation of these curves by linear regression model yielded the value of limiting surface
pressure (m;,). Notably, different terms are currently used for 7y, [21]. Among them are exclusion pressure, critical
insertion pressure, maximum insertion pressure, surface pressure cut-off, packing pressure, etc. In fact, all these terms
reflect the boundary surface pressure at which the insertion of a certain compound into monolayer is energetically
favorable, and beyond which no penetration occurs [4]. Table 1 summarizes the values of m, for different EC. It
appeared that for all drugs limiting surface pressure is greater than 30 mN/m, the value corresponding to the surface
pressure of biological membranes [3].

Table 1.
The values of limiting surface pressure for EC penetration into the lipid monolayer

EC Tim

V3 32.842.4
V4 33.1£2.5
V5 33.6+6.2
Vo6 32.743.1
\% 34.1£3.7
V8 39.3£5.2
V9 35.243.9
V10 33.9+3.4
V11 31.843.2
V12 34.842.4

This finding indicates that the examined compounds would readily penetrate into cell. The largest m;, was
revealed for V8, while the lowest — for V11, reflecting respectively the highest and the lowest affinity of these drugs for
the membrane.

CONCLUSION

In conclusion, using the Langmuir monolayer technique we studied the association of the novel potential
anticancer drug candidates, europium coordination complexes, with DMPC lipid monolayers. It was found that the
examined drugs readily penetrate the lipid monolayer. Furthermore, based on the values of limiting surface pressure it
was shown that all drugs would penetrate also cell membranes. However, V3, V5, V6 and V12 were shown to desorb
from the lipid monolayer at approximately 8™ minute of the interaction. Thus, there is a strong need for improvement of
EC penetration into the monolayer without drug desorption that would result in the achievement of maximal therapeutic
effect of these pharmacological agents.
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I'eopruii AnarosibeBu4 MIWIIOTHH

K 100sitemuio co ous posicoenus

I'eopruit AHatosibeBU4Y MIITIOTHH OBUT YEJIOBEKOM 3aMeuaTeNIbHON M HEOOBIKHOBCHHOU Cynp0bl. EMy moBe3no B
CBOEH KM3HM oOwaTbcss M paboraTb C ABYMs BbLIAOIIMMHCS (u3mkaMu XX BeKa: TEOPETHKOM, aKaJeMUKOM,
maypeatom HoOeneBckoit mnpemmn mo ¢usuke JlbBom [laBbimoBmuem Jlammay ©  BenudaidmmMm  (HU3HKOM-
9KCIIEPUMEHTATOPOM, TIpodeccopom JIbBom Bacunseuuem IlyorukoBbM. (Eciu ObI He ero Tparmdeckas cyanoa, Jies
BacunbeBnu HaBepHsika ObuI OBl yaocToeH HoGeneBekoi mpeMun 3a Kakoh-au00 U3 0OHapYKEHHBIX UM 3((HEKTOB. )
EcTecTBeHHO, YTO 3TO OTIIOKIIIO OTTIEYATOK HA BCIO NATbHEHIIYIO KU3HB U cynp0y I'. A. MmmroTuHa.

T'eopruit AnaronseBnd MwumioTHH poawics 3 ceHtssOps 1914 r. B c¢. Opruiabckoe bobpoBckoro paiiona
Boponexckoit obmactu. Ero orter, Anartonmuii Tpodummosmy Mumorud, B 1904 r. okonHuma XapbKOBCKHIA
TEXHOJIOTUUECKHH MHCTUTYT W TIOJNyYHJI JIUILIOM HHXXEHEepa-TeXHOJIOora, ObUI M3BECTHBIM CIICIMAIMCTOM B o0nacTu
caxapHOH HPOMBINIICHHOCTH, pa0dOTajl AMPEKTOPOM psla caxapHbIX 3aBofoB. OH HE BOCIMTBHIBAJ CBOETO ChIHA
YBAHJINBBIM OapuyKoM-0e3/1eIbHUKOM, a NMPUBHUBAJ €My C MajbIX JIET JII0OOBb K JIIOJSIM U Tpyay. B nerckue roip
I'eopruit AnatonbeBuY yxe paboTall B MaCTEPCKUX CaXapHBIX 3aBOJOB, YTO OYCHb IPHUTOJUIOCH EMY B JajbHEHIIEM.
OH OBUI OJMHAKOBO BEXJIMB, AOOpOXKENIATE]EH, YBaKUTEIEH M IpeNyNpeiuTeeH, BHAMATEJIEH INPH OOIIEHHH C
pa3sHBIMH JIIOABMH. M C aKaJeMHKaMH, M ¢ 0co0amy, 3aHMMAIOIIMMH BBICOKHE M OYEHb BBICOKHE IIOCTHI, M C
MIPOAABIAMH, U CO CITYXKAIIUMH Ja’ke CaMOTO HHU3KOTO paHra M ¢ COBCEM Majo00pa30BaHHBIMH MIPOCTHIMH JIFOABMU.

B urone 1930r. 'eopruit AnarosibpeBud OKOHYMI «aeBsTyio rpyminy Kypckoit OnbitHoit Ikonst 11-i crynenu c
MeTaTOTMYEeCKIM YKIOHOM». B VYmocroBepeHnn 00 OKOHYAaHHHM IIKOJIBI YKa3aHO, YTO OH <IPUSHAH ... BHOJHE
Nn0020MOGNEHHbIM O 3AHAMUA OOJHNCHOCMU Yuumens 8 wikone l-ii cmynenu, omuocuicas K O0OA3AHHOCHAM
0obpocosecmuo u akkypamuo». Ito 3akmodenue [Tosepounoit Komuccun okasanoch BemmM — ['eopruii AHaTOIBEBUY
JICMCTBUTEIILHO CTajl YUYHUTEJIEM MHOTHMX IOKOJECHUH CTYIEHTOB (M3MKO-TEXHHMYECKOTo (hakynbTeTa XapbKOBCKOTO
YHUBEPCHTETA.

B 193lrogy I'. A. MUIIOTMH MOCTYNWJI YYHMThCS Ha THEPBBIH Kypc (H3MKO-MeXaHH4YecKoro QakyibreTa
XapbKOBCKOTO MEXaHHUKO-MAIIHMHOCTpouTeapHOro uMHCTHTYTa (HhiHe HTY «XIIM»). Beibop oxasancst yaadHbIM —
HOBBIH (pakynbTeT ObUI CO34aH JUISl MOJATOTOBKH CIICLHAINCTOB YKPAaWHCKOMY (DPM3UKO-TEXHHUYECKOMY HHCTHUTYTY,
otkpbiToMy B 1928rony. [lexkanom dakynsrera Obul nupextop YOTU MBan BacuibeBnu OO6penmos. Jleximn
crynmentam uyutanu K. JI. CunensuukoB, A. K. Banerep, JI. /1. Jlanmay, JI. B. Po3eHkeBUd W Apyrue COTPYIHHUKH
WHCTUTYTa, MaTematuky npenogasan f. [1. bnank. Ha 3Tom (akynbrere BriepBbie B YKpanHe Oblja peaan3oBaHa Tak
Ha3pIBaeMasi «(pH3TEXOBCKas» CHCTEMa MOATOTOBKM HAyYHBIX KaApoB, KOTOpyio [. A. MMIIOTHH TpOYyBCTBOBAI
M3HYTPHU. DTO MOMOIJIO €My B JajbHEHIIIEM CO 3HAHMEM JieNia IOMOTraTh Peajln30BaTh ee Ha co3fanHoM B 1962roay B
XapbKOBCKOM yHHBepcuTeTe 1o wuHHIUatuBe akageMukoB K. JI. CumenpamkoBa u A. K. Bamprepa ¢usuxo-
TeXHUYEeCKOM (akynbrere. B cBomx BocrmomuHaHmsax [.A. Mwumotun mwmcan. «llocie coauu 3K3ameHa NO
anekmpoounamuxe Jlanoay evioenun Heckobko uenosexk u3z naweil epynnvl (Cmapyesa, Macnosa u mewns) u cman
omodenbHo ¢ Hamu 3anumambscs». ['eopruit AHatonbeBud coOupaics mnocrymnath B acmnupantypy k JI. J1. Jlannay,
OJIHAaKO cynp0a pacropsiiniach nHaye. B cHily BO3HUKIIMX 00CTOSATEIBCTB, OH, OyIy4H ele cTyJAeHToM 4 Kypca, rmorai
B KpuoreHnywoo saboparoputo JI. B. lllyonukoa B YOTU. Paboras B sroil naboparopuu, I'. A. Mumotun cran
YYaCTHHUKOM  MHOHEPCKHX pabor 1o  aHtudeppomarnetusmy (copmectHo ¢ O. H. TpamesnukoBodr u
JI. B. IlyGHUKOBBIM) — OHHM W3MEpHIN TeruroeMkocTh xmopumoB Co, Cr, Ni. Haiimendble WMH TeMIieparyphl
AHOMAJIBHBIX CKA4KOB TEIUIOEMKOCTH (10 COBPEMEHHOW TEPMHHOJIOTHH — TeMmreparypsl Heemst) mo cux mop
(GUTypupyIOT B CIIpaBOYHHKAX 0e3 BCAKMX M3MeHeHWH. [lo matepmanam 3THx paboT I'eopruii AHATONBEBUY HAIHCAT
IUIUTIOMHYI0 paboTy (M aBe cTaThul B JXKypHamax) W B 1936T. MOMydMa OUIUIOM W KBATH()HKALHNIO <WHKCHEP-
HCCIICAOBATEIB» MO CIEIHANBHOCTH «CTPYKTYpPa TBEPHOTO TeIa».

Vike B kauecTBe crapuero umxenepa YOTU (¢ 1936r.) ['eopruii AHATONBEBUY CTad 3aHUMATHCS H3MEPEHUAMHM
teroeMkocTH MetaHa. JI. B. IIlyOHUKOB ckazan eMy, <«mo usmepeHus menioemMKoCmuy MemaHa — camas 8adiCHAs
paboma Hawiel npPopAMMbL U UMO MU USMEPEHUs. HYHCHO Oeiamb Ovicmpo». Bonplioil mHTEpec K 3TOH padote
nposieist 1 JI. 1. Jlanpay. Ilocne mpeomoneHus psaa TpyaHocted (MPUTOTOBICHHE YHUCTOrO METaHa, MOTYyYCHHE
Oonpuinx gasieHuit (mo 2000atm)) pabora 6buta BeimoHeHa B 1937r. yxe 6e3 JI. B. Illy6HnKoBa, KOTOPBINA B TOM ke
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rofly IO JIO)KHOMY OOBMHEHHIO OBIJ PENpeccCMpoBaH M PAcCTpeisH Kak <«Bpar Hapoxa». B To cioxHoe Bpems
I'. A. MWIIOTHH, Kak 4eloBEK, Ui KOTOPOrO TOHATHE YECTH M IMOPSIOYHOCTH OBIJIO NPEBBIIE BCErO, IPOSBUI
BeJMYAiflliee MYXECTBO: OH HE OTKazajci OT cBoero yuurens. [lo MarepmamaM IpOBEACHHBIX HCCIIEIOBAHHN
I' A. MmmioTiH caM Hamucan U o)OpMEJI CTaThlo, JOJOXWI paboTy Ha WHCTUTYTCKOM ceMuHape. B utore, pabota
Beinia B 1939r. B xkypuane “Nature”. (Ykasanue asropctBa JI.B. IllyOHHKOBA 10 YCIOBUSIM TOI'O BPEMEHH OBLIO
COBEPINCHHO HEBO3MOXHBIM.) OTO ObUIa TiepBas B MHpe paboTa TPH TaKWX BBHICOKMX MaBICHUSX W HH3KHX
TeMIepaTypax; OHa CTajla KIIaCCHUECKOH, Ha Hee OBII0 CIeTaHO OTPOMHOE KOJIMYECTBO CCHUIOK.

B 1940r. T'. A. MuirotiH Tnepemresl Ha pabOTy Ha JOJDKHOCTH CTAapIIEro HWH)KEHepa Ha «XapbKOBCKUMN
JIEKTPOMEXaHUYECKHUil 3aBO». B leHTpasbHON 3aBO/ICKOH J1ab0paTOpUu OH NMPOAOIDKAT 3aHMMAThCsl HAYKOW — peral
aKTYaJIbHYIO0 TOTJa IMpo0jeMy BBICOKOYACTOTHOM 3aKaJKH METauioB. BoliHa momemiana JoBecTH 3Ty padoOTy a0
BHepeHust. OOCTOATENLCTBA CIOKMIINCH TaK, YTO M3 XapbKoBa OH HE yeXaJl, B pe3yJbTaTe «HaXOIMJICS Ha BPEMEHHO
OKKYNHPOBaHHOHW Teppuropum». ['eopruii AHaTonbeBUY JAeHCTBUTENBHO pabotan B roxasl okkymanuu B YOTU n
CBITpaJl BAYKHYIO POJIb B COXPAaHEHUH B LIEJIOCTH U OTHOCHTENIBLHOM COXpaHHOCTH yckoputens Ban ne I'paada. Orto B
JanbHEHIeM, TIocie OKOHYaHHS BOHHBI, Koria pemanach cyapba YOTHU, oka3anoch 04eHb BaXKHBIM: TOT/Ia B XapbKOBE
B pamkax COBETCKOro aTOMHOTO IpoekTta Obuta opraHu3oBaHa JlaGopatopuss Ne 1. [locie okoHYAaHHS BOWHBI
I'. A. Mumiotud OBUI HarpaxiaeH Mmemanpio <«3a TpymoByro mobaects B Bemukoit OteuectBenHo# BoiHe 1941—
1945r1r.».

C 1946r. T'eopruii AHATONBEBHY, IMOCIAEC OC3yCICIIHOW IOMBITKA YCTPOHTBhCS Ha padory B XDPTU, cran
3aHUMATHCS TPENOAABATENBCKON NEeSTeIbHOCTIO B JIOJDKHOCTH CTapIIero IpernogaBaTelsi XapbKOBCKOTO WHCTHTYTA
cTpouTenbHBIX MarepuanoB. B nauane 1950r. K. JI. CunensHukoB mpuriiacuin ['eoprus AHaroibeBH4a Ha paboTy
ACCHCTEHTOM Ha (PU3MKO-MaTeMaTH4ecKoM (akyibTeTe XapbKOBCKOTO YHHBEPCHTETA Ha 3aKPBITOM TOT/A OTICIICHUU
snepHoit ¢pusuku. Ha snepHom otnenennu ['eopruit AnarosseBud npopabotan Biutots 10 1962rona, korna Ha 6aze
OTJEJICHUS B yHUBEPCHUTETE OBbLT CO3/1aH (PM3UKO-TEXHMUYECKHUI (PaKyIIbTeT.

B cepennne mapra 1963r. nexan ¢usuko-rexuuueckoro dakynsrera M. WM. 3amoboBckuil yexan B [UIMTEIbHYIO
HayYHYI0 KOMaHJIMPOBKY, a OOS3aHHOCTH J€KaHa ObUIM BO3JIOKEHBI Ha ['eoprust AHarojbpeBHYa, Kak Ha CaMOro
MTOJITOTOBJICHHOTO JJISl 3TOW paboTHI MperoaBaTesisi HoBoro ¢akyiabTera. C 3TOT0 MOMEHTa Ha €ro INICYH IOJTHOCTHIO
jeriau Bce 3a00THI MO OpPTraHM3allM Y4eOHOTO IpoIlecca W CTPOHTENBCTBY ydueOHoro kopmyca T B mocenke
ITatuxaTku . XapskoBa. IloyeMy ydeOHBIH KOPIYC PEINMINA MOCTPOUTh B IlsTrxartkax? IIpuunHa ObLta MPOCTON —
(dakympTeT MODKEH OBUI pacmojaraTbcs NOOMMKe K 0a30BOMY WHCTHTYTY, YTO TIIOJHOCTBIO YKJIAIBIBaJIOCH B
KOHIICTIIINIO «(pDU3TEXOBCKOW» CHUCTEMBI 00pa3oBaHus. VIMEHHO Ha JOJDKHOCTH JIeKaHa TMPOSBWICS OONbIION
opraHu3aTopckuii TananT ['eoprust AHatonbeBrda. Ha dakynbrere ObUIH OpraHU30BaHBI BE HOBBIE Kadeaphl: TiepBas B
cTpane kadenpa usuku miasmel (nepebiid 3aBeayroumii — akan. K. JI. CHHenbHUKOB, 1ata OTKpbITUs — Maid 1962r.) u
Kadeapa MaTepuanoB PeaKTOpOCTpocHus (HmepBblid 3aBenyromuii — akan. B. E. BaHOB, nata OTKpBITHS — HOSOPb
1962r.). Bbuti co3aaHbI HOBBIE TA0OPATOPHBIC IPAKTUKYMBI, pa3paboTaHbl MPOrPaMMbl HOBBIX KYPCOB JICKLIHI.

Jletom 1969r. cdaxynpreT mepeexan B HOBbIH yueOHbIH Kopmyc. 1969/70y4eGHblit roa ObLT HEMPOCTHIM IS
npernojaBaTesiell U COTPYJHUKOB, a TeM Oosee aiist fekaHa. [Ipuxoauinocs, Mo cyTH, BOCCTaHABJIMBATH MOCIIE Nepeesnia
y4eOHBI TIpoIiecC, OCOOCHHO JabopaTropHble NpPakTUKyMbl. [lo wHUnUMatwBe ['eoprus AHaToNbeBHYa OBLIH
OpraHM30BaHbI elle ABe Kadeapsl — o0l U IpuKIagaHod (usuku (HepBbii 3aBenyromuii — gou. B. T. I'punpina), a
TaKKe OOIIEeH MaTeMaTHKUd M MaTeMaThdeckod ¢u3uku (3aBexyromuii — npod. I'. 5. Jlrobapckuii, Ha 0OIIECTBEHHBIX
Hayajax) BMECTO Kadeapsl yCKOpHUTETIeH i Kadeaphl CBEPXBBICOKOTO BaKyyMa. B 3TH TOMBI B CBsI3H ¢ OYPHBIM POCTOM
(dakynpTeTa pAcCIIUPsUINCh W pPa3BUBAIKMCH HAy4YHBIC HCCIEAOBaHWsA B Jaboparopusx ¢akynbrera. CymecTBEHHO
YBENMYHIIACH YHUCIIEHHOCTh COTPYIHHUKOB B HAyYHO-HMCCIIEIOBATEIECKOM ceKTope. Bo3pocio konndecTBO myOmuKamii,
n300peTEeHN U COOTBETCTBEHHO KOJIMUECTBO 3AILUT JUCCEPTALNM, KaK KAaHAUAATCKHUX, TaK U JTOKTOPCKHX.

Boubias 3arpyxeHHocts ['eoprust AHaTosibeBUYa (aKyJIbTETCKUMU JIeJIaMU HE TT03BOJIsIAa BEPHYTHCSI K HAYYHOH
paboTe —OH TOJHOCTBhIO OTHaBajcs 3abotam o ¢akynbreTe. [locieqHss MOMBITKA 3alIUTHI qUccepTaunu (U TO MOA
nasienuem K. /. CunenpHukoBa u A. K. Banerepa) Obuta npeanpuusrta B Hayaige 1961r. Beuio momydeHo coriacue
BAK CCCP Ha 3amuty I'eoprus AHaToinbeBHYa <«I10 COBOKYIHOCTH paboTr». OHAaKo 3aliuTa BHOBb HE COCTOSIIACK,
HECMOTpPS Ha TO, YTO OH SBJBUICS COaBTOPOM PabOT OCHOBATEINSI COBETCKOM IIKOJIBI (DPM3MKH HU3KUX TEMIIEPaTyp.
IIpaBna, B Te roasl ums JI. B. llyOHWKOBa BCe eliie cTapaanuch HE YIIOMHHATb.

B momxHOcTH nekaHa I'eopruii AHaroiseBuu mpopaboran mo ceHrsops 1978r. Ero HemocpeacTBEHHBIMHU
nmoMomHUKaMu B nekaHate Obutn  A. C. UepkacoB, M. H. MakapoB, A.M. brnunkuH, cMmenuBmui ['eoprus
AmnaronbeBra Ha mocty aekana B 1978r., O. U. Jemenruii, E. U. JIyueuko. J{o urorst 1987r. I'eopruit AHaToabeBHY
pabotan Ha kadenpe oOmeH U MPUKIATHOW QU3UKH B JODKHOCTH JIOIEHTA, MPOIOJDKas 00ydaTh a3zaM 3JIEKTPOHHKH
HOBOE ToKojeHue (pu3ukoB. OH ymen ¢ GakyybTeTa [0 «COOCTBEHHOMY KEJIaHUIO» B TOABI ero pacusera. Kak torna
TOBOPHJIH, 10 CBOEMY KaJpOBOMY M HHTEIUICKTYaJbHOMY MOTEHLHMATY (DaKyJbTET BIOJHE MOT CTaTh HOJHOLEHHBIM
HaY4HO-HMCCIIE0BATEILCKUM HHCTHUTYTOM.

[ocne yxona Ha IEHCHIO OCHOBHOMW 3a00TOMH M CMBICIIOM XM3HU ['eoprusi AHaTOJILEBHYA [TO-TIPEKHEMY OCTaBaJICs
¢u3uKo-TexHuyecknii (axyiabrer. OH 3akaHunBaJ pabOTy HajJ CO3JaHMEM, KaKk I[OTOM €€ CTajld Ha3blBaTh €ro
BocrUTaHHUKH, «KpacHoll kHuru». B Helt coOpana nonHast HHGOpMaIKs 000 BCeX BBIITYCKHUKAX SIEPHOTO OTJENICHUS
¢usmarta U GU3HKO-TeXHHYCCKOTO (akyiaprera 1mo cocrosanio Ha 1990 rom. 3aKOHOMEPHO, YTO CBOM MHOTOJIETHHUI
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TPYA, KOTOpBIH MO 00beMy HH(OpMAIMK, HABEPHOE, BIOJIHE MOT «IOTSHYTH» Ha TMPCICTABICHHE B Ka4yeCTBE
nucceprauuu, l'eopruil AHAaTONbEBMY MOCBSATHI NaMATH cBoero yuutens u HactaBHuka K. JI. CHHENbHUKOBA.
Bnaromaps I'. A. MimoTiHy, MBI CETOIHS 3HaeM, YTO CPEAM BEITYCKHHKOB SJICPHOTO OTAEICHHUS €CTh aKaIeMHKH,
I'epoun Courpyna, naypearsl JIenunckoi u ['ocynapcTBeHHBIX ipeMuid, Te, kTo BMecTe ¢ 1. B. KypuatoBeiM co3nmaBamu
simepHbIi Ut crpadbl. 1150ero BOCIMTaAHHUKOB, €r0 «MajbuHUKOB», C 0JIArOMapHOCTHIO BCIIOMUHAIOT TOMbI yIeOBI HA
¢ustexe. Ceromnst paboTy 0 OOHOBJICHHIO HHPOPMAITUH O BBITYCKHUKAX (U3TeXa B MaMsTh 0 [ 'eoprun AHaTOIhEBUYIE
npoaoskaoT ero BocnutaHHUKUA. Oxono 30% BbIMYCKHUKOB (hakylbTeTa 3aIlUTHIA JOKTOPCKHE W KaHIWAATCKHE
IUCCEepPTAalli, TPUALATH ONWH 4YeJIoBeK H30paH B HarmoHampHYI0 akafeMuio HayK YKpawHBI, JOECSITKH CTaH
JaypeaTtaMH pa3MYHBIX IMPEeMUi, 4yeM HCKpeHHe ropawics ['eopruit AHatonbeBudY. JIOCTIDKCHHS B HayKe CBOUX
BOCIIUTAHHUKOB OH CYUTAJI CBOUMH COOCTBCHHBIMH.

I'.A. Mumotun ymen w3 xu3nu 16 asrycra 1990r.

B oxkrs6pe 2000 r. B naboparopuu, B KOTOPOH OH IIPOBOAMII 3aHATHs, B TOPKECTBEHHOW 0OCTaHOBKE Oblia
OTKpBITa MEMOPHABHAS TOCKA.

K cromernro co mus poxneHust ['eopruss AnatonbeBnda Onaromapss (pUHAHCOBOW MOANEPKKE COTPYAHHUKOB U
BBIITYCKHHUKOB OBLIH COOpaHbl CpPEACTBA HAa MEMOPHAIBbHYIO JOCKY ¢ Oapembedom I'. A. MummoTHHA, KOTOpPyRO 3
cenrssops 2015romaa TOPIKECTBEHHO OTKPBUIM B 3MaHMK (DHU3MKO-TEXHHYIECKOTO (akyiprera B IIsTnxartkax. Ha mocke
30JI0TBIMH OyKBaMH BIUCAaHO: «DHU3TEXOBCKAsI CHCTEMa 00pa3oBaHMA — 3aJI0T HAILIETO yCIIeXa» C ero aBTorpadom, 94To
OJDKHO BOCHPHWHUMATHCS KaK €ro 3aBellaHne IMOTOMKaM. Temepp HMX, MOJIOIO€ ITOKOJICHHWE CTYICHTOB (u3rexa,
MaJIbYMKOB, KaK Ha3bIBaJX CTYAeHTOB [ eopruii AHaTONBEBNY, TOXKE BCTpEUaeT JOOPHIM B3TILAOM Haml [lexaH.

Asapenrxoe H.A., bapvsaxmap B.I., bepeocnou FO.A., Bracos B.B., Boesooun B.H., l'apkywa U.E., l'upra U .A.,
I'namuenxo CJI., I'puyuna B.T., Heanoe b.A., Knenuxos B.®@., Kupouxun FO.A., Mypamoe B.H.,
Henemmunckuu C.B., Cemunoowcenxo B.I1., Cnrocapenxo FO.B., Cmopuoicko B.E.,

Dapenux B.., Xooycos BJ., LLlynvea H.D.
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