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Hporpamma 25-o0it koHbepeHIHH
«B3AUMOJIENUCTBHUE IIJIA3MbI C IIOBEPXHOCTBIO»

3aceoanue Nel

YerBepr, 27 suBaps Ha4yaJ0 B 9.45

Hpencenarens — FO.M. I'acnapsin

9.45 -
10.00

OTKpBITHE TIEPBOTO HA KOH(PEPEHIIUN

10.00 —
10.30

C.B. Mupnos', A.B. Beprkos?, M.IO. Xapkos?, A.B. Kypsuuii®, U.E. JIro6nunckuii®,
A.C. Ixypuk', M.M. Mypaues', B.B. Jlazapes', H.T. Jlxuraiino’, H.B. Jlemos',

P.B. Yexymmn', C.U. KpaBayk', B.A. Moposos', I[I.A. Auronos', A.B. 3opun’,

SILA. Bacuna', H.IL. ITetposa'

' Hayuonanvuwiii uccnedosamenvckuil sioepuwiii ynusepcumem « MUDHy

’HUL] «Kypuamosckuii uncmumympy

Co3naHue 1 IJI1a3MeHHbIe HCTIBITAHUSA HA Tokamake T-11M neiicTBy01I€il MOaeIH
MOJIy3aMKHYTOr0 KOHTYPa HHPKYJISIMU JUTHSA 11 KBa3UCTAIMOHAPHOT 0
TOKaMaKa

10.30 —
11.00

U.B. Mazynsb, P.H. Tunusarynun, A.A. Kasun, H.B. JlutyHOBCKUH,

A.H. Maxanskos, IL.IO. [Tuckapes, B.H. Tanuyk

Hayuno-uccneoosamenvckuii uncmumym snekmpoghuzuieckoti annapamypul um. /1.B.
Eg¢pemosa, Canxm-Ilemepbype

IIpoexmuwiii yenmp UTOP, Mocksa

OoOpamenHble K MJ1a3Me KOMIOHEeHThI Tokamaka TPT

11.00 —
11.20

M.IO. XKapkos', A.B. Beprkos', U.E. Jlro6nunckuii', C.B. MupHoB?,

B.b. Jlazapes?

40 «Kpacnas 36e30a», Mockea

’AO T'HL] P® TPUHUTH, Mockeéa

JInTHeBBI TUMHUTEP KBA3UCTALMOHAPHOTO TUNa TokamMaka T-11M kak nporoTun
gumutepa Tokamaka T-15M]]

11.20 -
11.40

A.A. Tucapes', JI.E. 3axapos?, A.B. Beptkos®, B.B. Jlymmx®*,

M.IO. XKapkos?®, M.C. Konecuux®, U.E. Jlro6auuckuii®, U.B. Mazyns’,

I1L.YO. INuckapes’, P.B. Pynes’, I'M. Tapaciok;, A.A. [llanopenkos*

'Hayuonanwmeiii uccredosamenvckuti adepuviii ynusepcumem « MUDH»

’LiWFusion, USA

SAO «Kpacnas 36e30a»

*Uncmumym usuueckoti xumuu u snexmpoxumuu um A.H. @pymruna

SOAO «HUHUD DA um. JI.B. E¢ppemosay

MaxkeT NpHEMHOIi IVIACTHHBI IMBEPTOPA TOKAMAKA, 0CHOBAHHOI'0 HA KOHIeNHH
TEKYLIEro CJI0s1 JKUJAKOT0 JIUTUS

11.40 —
12.00

Kode-opeiik




Hpencenarens — FO. M. I'acnapsin

12.00 —
12.20

B.II. Bynaes'?, A.M. Xurnyxun®, FO.B. Mapteinenxo', B.JI. [ToakoBeIpoB?,

N.M. Iosusx>*, J1.B. Kosanenko?, B.IO. L{pi6enko’, 3.1. HoBocenosa®*,

E.Jl. ®enynaes™*, JI.A. Bypmucrtpos?, C.JI. Jlumkuropsies™*, O.P. Ucmaruios®
'HHAL] «Kypuamosckuii uncmumymy, Mockea

’Hayuonanwvuwiii uccnedosamenvckuil ynueepcumem « MOHy, Mockea

340 T HL] P® TPHHHUTH, Tpouyk, Mockea

*Hayuonanvuwiii uccnedosamenvckuil ynueepcumem « MOTHy, Jlonzonpyonuiil
HcenbITaHUSA ONBITHBIX 00PAa310B TEMJI03AMMTHON 00TMIIOBKH KYIIOJIa IMBEPTOpa
HUTIP nnazmennbivMu norokamu Ha KCIIY-T: pe3yabTaThl 4 3KCTPANOJIALUS HA
yciaosuss UTIP

12.20—
12.40

L. Borodkina'?, D.V. Borodin®, D. Douai*, D. Tskhakaya', H. Kumpulainen®,

E. de la Cal®, J. Romazanov>, A. Huber® and JET contributors”

!Institute of Plasma Physics of the CAS, Prague, Czech Republic

’National Research Nuclear University MEPhI, Moscow, Russia
SForschungszentrum Jiilich GmbH, Institut fiir Energie- und Klimaforschung —
Plasmaphysik, Partner of the Trilateral Euregio Cluster (TEC), Jiilich, Germany
‘CEA, IRFM, F-13108 Saint Paul Lez Durance, France

SAalto University, Espoo, Finland

SCIEMAT, Madrid, Spain

*See the author list of E. Joffrin et al. 2019 Nucl. Fusion 59 112021

Overview of plasma-facing component erosion and impurity migration studies at
JET-ILW

12.40 —
12.55

B.A. Ilonos'?, A.C. Apakuees'”, .B. Kannaypos', A.A. Kacaros'?,

B.B. Kypkyuekos', IO.A. Tpynes', A.A. Bacunses', JI.H. Bauecnapos'

' Unemumym aoepnoii pusuxu CO PAH, Hoéocubupck

’Hosocubupckuii 2ocyoapcmeennulii yHusepcumem

SHosocubupckuii 20cyoapcmeentvlii mexHu4eckuil yHueepcumem
TepmMoTOK B BoJibhpamMe U NPUNIOBEPXHOCTHOM HCIAPEHHOM CJI0€ MPH
HMITYJIbCHOM HarpeBe

12.55 -
13.10

H. B. laBbiio'?, A. C. Apaxuees?, A.A. Bacunbes?, JI.H. Bsauecnaos?,

U.B. Kannaypos?, A.A. Kacaros'?, JI.E. Yepenanos®

"Hoeocubupckuii 2ocyoapcmeennviii ynueepcumem, Hoeocubupck

’Unemumym soepnoti pusuxu um. I'. H. Byoxepa CO PAH, Hosocubupck
HccaenoBanue TepMuyeckoil fepopManuy mJIACTHH NPH UMITYJIbCHOM Harpese




13.10 -
13.25

A.A. Bacunses'?, A.C. Apaxuees'”, A.B. Bypaakos'”, J.H. Bsauecnasos'??,

U.B. Kannaypos', A.A. Kacaros'**, B.B. Kypkyuekos'?, A.I'. Makcumona'>*,
B.A. ITonos'?, A.A. Pykryes'?, JI.E. Uepenanos'**, A.A. lllommn'>
!®eoepanvroe 2ocyoapcmeennoe 6r00xcemnoe yupescoenue nayku Uncmumym
s0eprot pusuxu um. I.H. Byokepa Cubupcrxoeo omoenenus Poccuiickoii akademuu
Hayxk, Hoéocubupck

2®edepanvroe 2ocydapcmeentoe agmoHoMHOE 06PA306aMENbHOE YUpeducOeHUe
svicuie2o obpazosanus « Hosocubupckuii HAYUOHANLHBLY UCCTE008AMENbCKUL
2ocyoapcmeennblil yrugepcumemy , Hosocubupck

‘Dedepanvroe 2ocyoapcmeennoe 6r00xcemmnoe 06pazoeamenvHoe Yupecoenue
svicuieco oopazosanus «Hosocubupckuii 20cyoapcmeentvlil mexHu4ecKu
yHusepcumemy , Hogocubupck

‘Dedepanvroe 2ocyoapcmeennoe 6100xcemnoe yupescoenue nayku Mncmuniym
BLIYUCTUMENLHOU MameMamuKu u Mamemamuyeckotl eeopuszuxu Cubupckoeo
omoenenus Poccuiickoii akademuu nayx, Hosocubupck

JAunamuka ¢popMbI MOBEPXHOCTH BOJIb(paMa mociae 00pa3oBaHUs CeTH TPeIHH
BO BpeMsl TEMJIOBOTO yaapa

13.25 -
14.25

O0en

pencenarens — A. A. Ilncapes

14.25 —
14.40

P.A. Cenusanos', M.A. Copokur'?, C.A. Kpar', H.C. Ceprees'?, JI.B. Konoako'~,
®.C. ogonsaxo', E.A. ®edenosa’, O.B. Bonkosa*, B.B. 3axapos*

'Hayuonanvuwiii uccnedosamenvckuii sidepuwiii ynusepcumem « MUDHy», Mockea
*@Opsasunckuti punuan Hucmumyma paouomexnurxu u 21ekmponuxu um. B.A.
Komenvnuxosa PAH, @pssuno

SHayuonansnwiii uccnedosamenvckuii uncmunmym «Kypuamoeckuii uncmumympy,
Mockea

*Uncmumym evicokomemnepamyphoti snexmpoxumuu Ypo PAH, Examepunbype
Hccnenopanne 60p-1UTHEBOI0 KOMIIO3UTA MO AeliCTBHEM MOIHBIX TEIIOBBIX H
HOHHO-TIA3MEHHBIX HATPY30K

14.40 —
14.55

K.A. Porosun', B.I1. Bynaes'?, C.JI. ®enoposud’, A.B. Kapros'?,

M.B. Jlykamegckuii', A.I1. Cusa', A.JO. Mapuenkos', B. Yan Kyanr',

B.C. KBackos'?, A.A. KonbkoB!

' Hayuonanvuwiii uccnedosamenvckuil ynueepcumem « MOH»

’Hayuonanvuwiii uccredosamenvckuii yenmp «Kypuamoscxuii uncmuntymy
HccnenoBanue pe3yibTaTOB BO3/1€CTBUS JIa3€PHOI, 3JIEKTPOHHO-NYYKOBOI U
AYTOBOii HATPY30K HA HAHO-CTPYKTYPHPOBAHHbIE MOBEPXHOCTH MATEPUAJIOB
TOKAMaKa-peakTopa

14.55 -
15.10

H.H. Kacumoga, JI.b. berpambekos, C.C. JloBraniok, A.M. 3axapoB
Hayuonanvhoiii uccredosamenvcxuii asdepuuiii yuugepcumem « MUDHy
Moaunpukanusi aTIOMAHUH-BOJIb(PaAMOBBIX ¢JIOEB Ha BOJb(pamMe npu
TePMH4Y€CKOM BO3/1eiiCTBHH




15.10 -
15.25

B.II. Bynaes'?, C.JI. ®exoposuu’, 0.B.Mapremenko™', A.B. Kapmnos'~,
A.JO. Mapuenkos', M.B. Jlykamesckuit', A.B. Jlazykun', M.K. ['yOkun',
J.U. Kaeeipmmn', J1.C. JIykbsanues', M.B. Bynaesa’, B. Yan Kyanr',

I'.5. Bacunses!, K.A. Porosun', A.A. Koupkos'

'Hayuonanonwii uccneoosamenvckuii ynusepcumem « MOHy, Mockea

’HUL] «Kypuamosckuii uncmumymy, Mockea

SOI'BYH O6vedunennviii uncmunym evicokux memnepamyp PAH, Mockea
*Hayuonanvuwiii uccnedosamenvckuil ynueepcumem « MOTHy, Jlonzonpyonuiil
PocT HAaHOCTPYKTYpP HA THTaHe M :KeJie3e MPH IIa3MeHHOM 00, Ty4YeHHH
CTALMOHAPHBIMH IJIA3MEHHBIMHU Harpy3kaMu B ycranoske IIJIM

15.25 -
15.40

H.C. Ceprees'?, U.A. Copoxun'?, ®.C. Ilogonsixo', O.B. Oropoanukosa',

B.C. E¢pumos', IO.M. l'acnapsin’

'Hayuonanvuwiii uccnedosamenvckuil sioepuwiii ynusepcumem « MUDHy», Mockea
’Hayuonanwsuwiii uccnedosamenvckuil uncmumym «Kypuamoeckuii uncmumymy,
Mocxesa

SDOpasunckuil puruan Uncmumyma paduomexnuxu u snekmpoHuxu um. B.A.
Komenvnuxosa PAH, ®pazuno

Moaudukanus NoBepXHOCTH BOJIb(paMa 1oJ Bo3AeiicTBHEM IeJIMeBOH MJIa3Mbl €
NMPUMeChI0 HHEPTHBIX I'a30B

15.40 —
15.55

H.H. Angpuanosa', A.M. Bopucos'?, E.C. Mamkosa®, M.A. OBuuHHUKOB’

' Mockosckuii asuayuonnwiii uncmumym (Hayuonanonwiii uccreooeamenscxuii
yHueepcumem), Mockea

?Mockosckuii 2ocyoapcmeennbiii mexrono2uueckuti yuueepcumem “CTAHKHH”,
Mockea

SHayuno-uccnedosamensvckuii uncmumym sioeproii pusuxu umenu J.B. Cxobenvyviua,
MI'Y umenu M.B. Jlomonocosa, Mockea

MoaudunupoBanue yrjepoa-yrjiepoaHbiX KOMIO3UIMOHHBIX MATEPUAJTIOB NIPH
BBICOKO/I03HOM BO3/1€iiCTBUM HOHOB ILIa3Mbl TEPMOSIIEPHBIX YCTAHOBOK

15.55 -
16.10

M.M. LIBeHTyX

Qusuueckuit uncmumym um. I1.H. Jlebeoeea Poccuiickoii akademuu nayk (PHAH),
Mocksa

OnpeneseHne KPUTHYECKOI TeMIlepaTyphbl BellecTBA U3 NapaMeTPOB IJ1a3Mbl
KaTOJHOI0 MATHA BAKYYMHOM 1yru

16.10 —
16.30

Kode-0petik

Ipeacenarens — JI. b. berpam6exoB

16.30 —
16.45

A.A. Konpkos, K.A. Poro3zun, B. Yan Kyanr, B.C. Kackos, C.B. benoycos,
A.B. Kapnos, A.B. 3axapenkoB, C.JI. ®enoposuu, B.I1. bynaes
Hayuonanvnulii uccnedosamenvckuil ynusepcumem « MOH», Mockea
HcnbiTaHue 0XJI2:K12eMbIX KUAKOMETANIMYECKUX JUTHEBBIX KANMJISPHO-
MOPHUCTHIX CUCTEM CTALMOHAPHOM IUVIa3MEHHON W UMITYJIbCHOI J1a3epHOM
HAIPy3KO#




A.C. Ymepenxosa', 0. Ban', 3.P. Apytronsan', JO0.M. T'acnapsn’,
B.C. Epumos', A.M. JIutnosckuii’, O.B. Oropoanukosa', K. lapcus-Posanec’
'Hayuonanwmwiii uccnedosamenvckuii adepuviii ynusepcumem « MUDH»

iggg B ’Forschungszentrum Jiilich GmbH, Institut fiir Energie- und Klimaforschung, Jiilich,
' Germany

3Ceit-IK4 Technology Center, San Sebastian, Spain
3axBat noHoB neiitepust B SMART cmiiaBax W-Cr-Y
H.IT. Bo6sips', B.C. Epumon?, B.1. Xpunynos', JI.U. Yepxkes', JI.A. Koznos',
A.C. Oyrun', C.C. Ananbes!

17.00 — 'HHUI] "Kypuamosckuii uncmumym", Mockea

17.15 ’Hayuonansmwlii uccnedoeamenvckuii soephuiil ynusepcumem « MU®Hy, Mockea
Biausinne npuMecu TAHTAJIA HA 3aXBaT JieliTepUs NPU HU3KOTEMIIEPATYPHOM
IUIa3MEHHOM 00,1y4eHuH B ciiase W-Ta
JI.C. Tyrun', H.IT. Bo6bips'?, JI.A. Ko3nos'

17.15 — 'Hayuonanvuwiii uccnedosamenvckuil yenmp «Kypuamoeckuii uncmumymy, Mockea

1 7'3 0 A0 BHHUHHM um. A.A. bousapa, Mockea

’ Hccaenopanne BJAMSHAS MOHHO-UHIYIHPOBAHHBIX /1epeKTOB B OpoH3e

CulCr0,1Zr na HakoIIeHUSs AeliTepust
3.P. Apytionsn, FO.M. TI'acnapsin, B.C. Edumos, C.A. Kpar, A.A. [Tucapes

17.30 — 2 < 5

17.45 Hayuonanvnutii uccredosamenvcxuil soepuwiii ynugepcumem « MUDH
3aMeleHre U30TONOB reJius B BOJIb(ppaMe NpH HOHHOM 00J1y4eHU U
E.A. ®edenosa, C.A. Kpar, FO.M. l'acniapsia, B.C. E¢umos, M.M. 3apunosa, M.I'.
Ucaenxona, A.A. Tlucapes

17.45 — v . 5

18.00 Hayuonanvnutii uccnedosamenvcxuil soepuwiii ynugepcumem « MUDH
Bausinne npuMecu rejiusi Ha CBOICTBA COOCAXKIEHHBIX BOJIb(paM- JeliTepueBbIX
CJIOEB U yJepikaHue JelTepuss B HUX
H.B. Jlemog, A.H. Illep6ak, B.I". [lerpos , A.}O. Adonun

18.00 — AO I'Hl] P® TPHUHHTH, Mockea

18.15 IlepBBie pe3ybTaThl NpeacKa3aHus MJIOTHOCTH MJIa3Mbl ¢ TOMOLIbIO
HCKYCCTBEHHBIX HelipOHHBIX ceTeil 1is Tokamaka T-11M
I'.b. Bacuises', C.JI. ®enoposuy’, A.B. Kapnos'?, B.IL. bynaes'?,
JW. Kapeipmun'=, B. Yan Kyanr!, M.B. Jlykamesckuii', M.K. I'yoxun',
K.A. Porosun', A.A. KoHpkos!

18.15 - ' Hayuonanvmwiii uccnedosamenvckuil ynueepcumem « MOH»

18.30 ’Hayuonanenwlii uccnedosamensckuii yenmp «Kypuamosckuil uncmumymy

SOUBT PAH, Mockesa, Poccus
HcenpiTanust BoIb(ppaMoBBIX MOy Ieii KOMOMHHPOBAHHOM NJIA3MeHHOH U
JIa3epHOIl HATPY3KOH

Konen nepBoro aust KoHpepeHIHN




3aceoanue Ne2

IaTanna, 28 susaps Ha4ajg0 B 9.55

Hpencenarens — FO. M. I'acnapsin

9.55 -

10.00 OTKpBITHE BTOPOTO JTHS KOH(MEPEHIIUH
A.T. Pasno6apun', A.M. Jimurpues’ 2, .. Enen'?, E.E. Myxun', JI.JI. Boraues',
FO.M. T'acnapsn?, U.B. AnekceeHko’

10.00 — 'OTH um. A.®@. Hopghe, Canxm-Ilemepbype

10.30 HUAY « MUDH», Mockea

' SBDY um. Kauma, Kanununzpao

Pa3pa6oTka KoMIIeKca Jia3epHbIX THATHOCTHK MEPBOil CTEHKU HA TOKaMaKe
I's100yc-M2
A Il. MeHy1IeHKOB

10.30 — Hayuonanvuwiii uccnedosamenvckuil sdepuuiii ynugepcumem « MUDH )y

11.00 CHHXPOTPOHHOE U3JIyYeHNe — YHUKAJIbHBII HHCTPYMEHT HCCJIeI0BAHUS
BellecTBa
A.A. Aiipanetos, f.A. Cagosckuii, JI.b. berpambekos

11.00 — Hayuonansuwiii uccnedosamenvcxuil aoepHulii yHueepcumem « MUDH

11.20 30H10BO€ YCTPOICTBO Il KOMILIEKCHOI0 HCCJIeOBAHMS MJI1a3MBbl € IMBEPTOPOM
TEPMOsIIEPHBIX YCTAHOBKAX
A.B. I'pynun, JI.b. berpamGexon

11.20 - Hayuonanvuwiii uccnedosamenvckuil sdepuwiii ynugepcumem « MUDH )y

11.40 30H10BO€ YCTPOHCTBO I KOMILIEKCHOTO HCCJIeJOBAHNS B3auMoAelicTBUI
«IJ1a3Ma/CTEeHKa» B TEPMOSIIEPHBIX YCTAHOBKAX
C.B. Poroxkkun'? A. A. Hukutun®!, A.A. Xomuu®>', A.A. Boraues”!, A.B. Knay3'?,
H.A. Uckangapos®!, A.A. Jlykeanuyk®', O.A. Pasauupin®', A.C. Illytos*!,
A.T. 3amyxnsiii'?, }O.E. Topmkosa®, I'.JI. Boryuasa®

11.40 — I " Y b

12.00 Hayuonanvuwiii uccnedosamenvckuil ssoepuwiii ynugepcumem « MUDHy, Mockea
’HUL] «Kypuamosckuii uncmumymy — HTO®D, Mocksa
306veounennvlii uncmumym s0ephvix uccredosanuil, JJyona
KoMmuiemeHTapHBIN aHAIM3 PAANANMOHHBIX 3P (PEeKTOB B MaTepHaiax

388 B Kode-6peiix

Hpencenarens — C. A. Kpart

JI.M. Baaypuna', A.H. Cyukos', U.B. Koznos'?, H.IL. bo6sips’, FO.A. I'yposa’,
B.C. E¢pumos', E.C. Kymukosa®, A.B. Criuuun'~, FO.M. T'acnapsn’

12.20 — 'Hayuonanoneiii uccneoosamenvckuii soepuwiii ynueepcumem « MUDH )y

12.35 ’Hayuonanvuwlii uccnedosamenvckuii mexnono2udeckuil ynusepcumem « MUCuCy

SHUL] «Kypuamosckuil uncmunymy
Binsinue geritepusi Ha (pa3oBblii cocTaB Ma1oakTHBHpPYeMoro npunosi TiZr4Be

8




12.35 -
12.50

H.IO. CBeunukos, B.I'. CtankeBuu

HUI] “Kypuamosckuii uncmumym’”’, Mockea

O BO3MOKHOCTH CHEKTPOCKOMMYECKHX HCCIEN0BAHUI MPOAYKTOB 3PO3UH
BOJIb(hpama ¢ yriiepoaHbIMH NPUMECSIMH

12.50 —
13.05

H.II. boGwips'?, T.A. Audumosa'”, 5.B. Usanos', A.C. Auuxun®, U.I'. Jlecuna?,

A.A. Cemenor?, H.E. 3a6uposa’, A.C. Kprokosa®, A.H. Bykun**, A.B. Jluzynos?
'Hayuonanenoiii uccnedosamensckuii yenmp «Kypuamoeckuii uncmumymy, Mockea
240 «Bvicokomexnono2uueckuil Hay4Ho-UCcie0068amenbCKull UHCMUmym
Heopaanuyeckux mamepuanog umenu akademurxa A.A. bousapay, Mockea

I Poccuiickuii xumuko-mexnonoauueckuti yuueepcumem um. JI.HM. Menoeneesa, Mockea
IIpumeHeHnne MeToAa paguOJIOMUHOTPad UM JJIsl AHAIN32 HAKOIJIEHUS] TPUTHS B
3J1eKTPOHHO-MHAYIUPOBAHHBIX Ae(peKTaX B NepCHeKTUBHbIX MaTepHaiax
TepMOsI/IEPHBIX PEAKTOPOB

13.05 -
13.20

H.E. Edbumos, /I.H. Cunensuukos, JI.I'. Bynragapsia

Hayuonanvhoiii uccredosamenvcxuii sdepuuiii yuugepcumem « MUDHy
Kaau0OpoBka aHaan3aTopa noToKOB HeMTPAJIBLHBIX AaTOMOB /IJISI TOKAMAaKa
MHUOUCT

13.20 -
14.20

Ob6en

IlIpeacenarenan — A. I'. Pazgo6apun

14.20 -
14.40

KO0.M. T'acnapsn, JI.I'. Bynaranapsx, A.W. Anuesa, H.H. Jlerrsapenko, H.E. Edumos,
B.C. E¢pumos, A.B. Kazues, C.A. Kpar, B.B. Kynarun, E./[. Mapenxkos, ®.C.
[Monomnsko, H.C. Ceprees, JI.H. Cunensaukos, U.A. Copokun, A.A. CTenaHeHKo,
A.M. Cron6os, M.A. ITonoBa, M.M. XapbrkoB

Hayuonanvuwiii uccnedosamenvckuil sdepuwiii ynugepcumem « MUDH

MeToabl AUCTAHIMOHHOTO KOHTPOJISI HAKOIUIEHUS M YaJleHUsl H30TONOB
BO/0PO/1a U3 CTEHOK TePMOSIAePHBIX YCTAHOBOK

14.40 —
14.55

M.A. llonosa, M.B. I'puinaes, [.I'. Bynrapapsis, FO0.M. I'acnapsiu

Hayuonanvroiii uccnedosamenvcxuil s0epuviii yuugepcumem « MUDHy

O1ueHKa NOTPeIHOCTH H3MEPEHHs ColepP KaHusl ieiiTepusi B BOJIb(ppaMe MeTOI0M
JIa3epHO-UHAYIHPOBAHHOM AecopOouumn

14.55 -
15.10

B.B. Kynarun, A.1O. Xowmskos, FO0.M. I'acnapsin, H.H. Jlertsapenko
Hayuonanvuwiii uccnedosamenvcxuii aoepHulii ynugepcumem « MUDH y»
O1eHKa COOTHOIIEHUSI MOTOKOB J1eCOPOLIMHA ATOMAPHOI0 H MOJIEKYJISIPHOTO
BOJ0PO/a C IOBEPXHOCTH BOJIb(ppama

15.10 -
15.25

JLLA. Bapmiapuuk, H.A. babunos, 3.I". Jlromwn, E.A. CTapoBoiiTOB,

C.U. Korakos, E.E. Myxun

OTH um. A.®@. Hogpghe PAH, Canxm-Ilemepbype

MopaeaupoBanue HANIbIJIEeHUS] HA BHYTPUBAKYYMHYIO ONITHKY AHATHOCTHKHU
AUBEPTOPHOT0 TOMCOHOBCKOTO paccessuusa UTIP
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15.25 -
15.40

AM. Imutpues'***, AT. Pasno6apun', JLA. Cuurupes', JI.U.Enen'*, .M.
Bykpeesl, A.Il. Yepnakos'?, E.E. Myxun', C.IO. Tonctsaxos', U.B. Kynpusnos®, B.JL.
Byxosen®, A.E. T'opopeuxuii’, A.B. Mapkun®, P.X. 3anaByTauHoB’

'®I'BYH ®TH um. A.D. Hoghgpe PAH, Canxm-Ilemepbpe

240 «Cnexmpan-Tex», Canxkm-Ilemepbype

‘A0 « BHUHUHM um. A.A. Bousapa», Mockea

*Hayuonanvuvlii uccnedosamensvckuii soepuwlii yuusepcumem « MUDHy, Mockea
OI'BYH HDXD um. A.H. @pymxuna PAH, Mockea

MarneTpoHHoe ocaxIeHue OepHILIHS H HHKJINYeCKAsi OUHCTKA THATHOCTHY€CKUX
OoKkOH B m1azme BY paspsiga

15.40 —
15.55

3.1. Jlromnuu'?, H.A. Badunos'?, JI.A. Bapmasuuk'~, E. E. Myxun'

'DTH um. A.®@. Hogpgpe PAH, Canxm-Ilemepbype

2340 Cnexmpan-Tex, Canxm-Ilemepbype

Ab initio noTeHIIAAJIBI M CeYeHHUS YIPYIoro B3auMoeiicTBUS A MOJAeJTMPOBAHMS
TPAHCIIOPTA YACTHIL B ra3e

15.55 -
16.15

Kode-0Opetik

IIpencenarens — A. A. Ilncapes

16.15 -
16.35

P. Bittner', H.R. Koslowski!, A. Litnovsky'?, Ch. Linsmeier
'Forschungszentrum Jiilich GmbH - IEK-4, Jiilich, Germany
’National Research Nuclear University MEPhI, Moscow, Russia
Modeling of surface segregation of Cr in the WCrY SMART alloy

16.35 —
16.55

B.I1.bynaes'?, A.M. XKutnyxun®, }0.B. Mapteinenko', B.JI. IToakoBsIpos?,

WM. Ioszusax>*, 11.B. Kosanenko®, B.1O. Lipi6enko’, 3.1. Hosocenopa*,

E.Jl. ®enynaes™*, JI.A. Bypmucrtpos??, C.JI. Jlumkuropsies™*, O.P. Mcmaruios®
THUI] «Kypuamosckuii uncmumympy, Mockeéa

’Hayuonanvuwlii uccnedosamenvckuii ynueepcumem « MOHy», Mockea

JAO T'HL] P® TPUHHTH, Tpouyx, Mockea

*Hayuonanenwiii uccnedosamensckuil ynueepcumem « MOTHy, Jlonzonpyonuiil
HcnbITaHUA ONBITHBIX 00Pa3L0B TEIVIO3AIMTHOH 00/ IMIOBKH KYyI0J1a IMBepTOpa
HUTIP nnazmennpivu notokamu Ha KCIIY-T: pe3yabTaThl 4 3KCTPANOJIsALUS HA
ycaosusa UTIP

16.55 —
17.10

I1.B. Munamun', A.b. Kykymkun'>

'HUI] «Kypuamoeckuii uncmumymy, Mockea

HUAY MH®HU, Mocksa

CnexkTpajbHasi HHTEHCUBHOCTH 3JIEKTPOHHOT0 UKJIOTPOHHOI0 U3JTyYeHUs
IUIa3Mbl, BBIXOJSIIIEr0 HA MepBYI0 cTeHky B UTIP

17.10 —
17.25

O, Kapeipmun', B.I1. Bynaes'~, C.JI. ®enoposuy’, A.B. Kapnos'~,

B.®. Yunnos®’, M.B. Jlykamesckuii', B. Yan Kyanr', M.K. I'yOkun',

E.B. Mypasbesa', A.C. Mssun', I'.B. Bacunbes', K.A. Porosun', A.A. Konbkos'
"Hayuonanvnwiii uccnedosamenvckuii ynusepcumem « MOHy», Mockea

’HUI] «Kypuamoeckuii uncmumymy, Mockea

OI'BYH Obvedunennviii uncmumym svicokux memnepamyp PAH, Mockea
Onrnyeckasi SMHCCHOHHAS CIIEKTPOCKONMS IS MCCJIeA0BAHNSA 00J1aCTH
B3aMMOJeHCTBHA MJIA3MEHHOT0 MOTOKA ¢ BOJIb(ppaMoBBIM 00pa3nom
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C.J1. ®enoposuu’, B.IT. Bymaes'?, A.B. Kapnos'?, A.Il. Cnusa',
A.IO. Mapuenkos!, M.B.JIykamesckuii', M.K. I'y6kun’', JI.U. Kappipmmn',
A.B. 3axapenxkos!, B. Uan Kyanr!, K.A. Porosun', A.A. Konbkos'

1725 — 'Hayuonanwmweiii uccnedosamenvckuii ynusepcumem « MOHy», Mockea

17.40 ’HHUI] «Kypuamosckuii uncmumymy», Mockea
JINarHocTHKA NPUNOBEPXHOCTHOH TYpOY/IeHTHOM NMJIa3Mbl M TENJIOBBIX MIOTOKOB
Ha o0palleHHbIE K IJIa3Me MATepPHaJIbl B IKCIIEPUMEHTAX € TYrOBBIMH
npoueccamu
J.U. Yepkes, H.O. Crenano, C.C. AnanneB, A.B. Crinibia

17.40 — HHUI] «Kypuamosckuii uncmumympy, Mockea, Poccus

17.55 YceraHoBKa VISl H3YYeHHS B3aNMO/IeCTBHSA IJIa3Mbl ¢ MATePHATIaMH HA OCHOBE
BY-ucToyHHKA re IMKOHHOTO THIIA: MePBbIe Pe3ybTAThl
B. Yan Kyanr', B.I1. Bynaes'?, A.B. llenos', C.J1. ®exoposuu’, I.1. Kapsipmmn'=,
A.B. Kapnos'?, 10.B. Mapreirenko?, A.T. Komos', A.B. Jly6enuenxo',
M.B. Jlykamesckuii', A.B. 3axapenkos', M.K. I'yokun', I'.5. Bacuibes',

1755 | KA. Porosun!, A.A. Konskos', B.C. KBackos'
'Hayuonanvuwiii uccnedoeamenvckuii ynueepcumem « MOHy, Mockea, Poccus

18.10 ’HHUI] «Kypuamoeckuii uncmumymy, Mockea
Y06veounennvii uncmumym evicoxkux memnepamyp PAH, Mockea
Cucrema BY -HarpeBa Ay 10CTH:KeHHS IapaMeTPOB IU1a3Mbl B ycTaHoBKe TIJIM-
M
IO.A. 'yposa', A.H. Cyuxos', JI.M. Bauypuna', H.C. Ilonos', O.H. Cesprokos',
A.M. Jlutnosckuii'?, 111, Tan>3
'Hayuonanvmwiii uccneoosamenvcruii adepuwiii ynueepcumem « MU®Hy, Poccus

18.10 — ’Forschungszentrum Jiilich, I'epmanus

18.25 SHefei University of Technology, Kumaii
HccnenoBanue npuMeHuMocTH ciiapa-npunos TiZr4Be nisa naiiku
CaMONACCHBUPYIOIINXCSH BOJb(PPAMOBBIX CIUIABOB €O CTAJIBIO 1/ TePMOSIAEPHOT0
peaktopa DEMO
Al Cmusa', B.K. Jlparynos', A.I0. Mapuenkos', B.II. Bymaes'?, JI.A. Xryt',
U.E. Xmypko', C.JI. ®enoposuu’, A.B. Kapnos'

1825 — ;HaZﬂtOHaﬂbelﬁ uccnedosamenvckutl ynusepcumem « MOH», Mockea
HUI] «Kypuamosckuii uncmumymy, Mockea

18.40 O MeToae 3IEKTPOHHO-TY4YeBOH HAIJIABKH € NMPUCAT0YHON MPOBOJIOKOI IS
HM3TrOTOBJICHHUSA OXJIAKAAaeMbIX BOJb(PaMOBBIX MOAYJIeH TeMI03aIUTHON
00JIMII0BKH INBEPTOPA TOKAMaKa-peaKkTopa

18.40 —

18.50 3akpbITHE KOH(DEPEHIHH
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C.B. MUPHOB'*, A.B. BEPTKOB?, M.10. )KAPKOB?, A .B. KYPJIUNII?, I.E.
JIFOBJIMHCKUIZ, A.C. JUKYPUK', M.M. MYPAUEB', B.5. JTIA3APEB!, H.T.
JDKUT AMJIO!, H.B. JIEHIOB', P.B. UEKVIIIMH', C.1. KPABUYK! B.A.
MOPO30B!, I1.A. AHTOHOB!, A.B. 30PH!, s.A. BACUHA!, H.IL.
I[IETPOBA!

TAO "T'HI] P® Tpouyxuii uncmumym uHHO8AYUOHHBIX U MEPMOLOEPHbIX ucciedosanuil”,
Tpouyk, Poccus
24.0. «Kpacnas 36e30a», Mockea, Poccus
“mirnov@_triniti.ru

CO3JAHME U IIVTIASMEHHBIE UCIIBITAHUSA HA TOKAMAKE T-11M
JEACTBYIOLIEN MOJEJIU TOJY3AMKHYTOI'O KOHTYPA
HUPKYJIALIUU JIUTUA JJIA KBASUCTAIIUOHAPHOI'O
TOKAMAKA

Wcnonp3oBanue JUTHS ISl 3alIUTHl BHYTPUKAMEPHBIX JJIEMEHTOB TOKaMaka
kamuisipHo-niopucteiMu - cuctemamu  (KIIC) ¢ kupkum nuTHeM  BIEpBbIE
NpUMEHEHHOe  HaMu  Ha  poccuiickom  Tokamake T-11IM  (1999r),
MPOJIEMOHCTPUPOBAIO BaKHbIE A(PQPEKTHI: CYIIECTBEHHOE CHIDKCHHE YPOBHS
TSOKENIBIX TMPUMEcCe B TopsuYeil BOJOPOJHOM IUIa3Me |, COOTBETCTBEHHO,
yMeHbIIeHHEe €€ 3PPEeKTUBHOTO 3apsiaa Z,pp 10 3HAUEHUN ONM3KHX K 1, 4yTO, Kak
M3BECTHO, MPUHIIMIHAIHFHO HEOOXOAMMO IS HOPMAJIBHOTO (DYHKITMOHUPOBAHUS
TOKaMaka - peaxKTopa. DOTa JUTHEBas TEXHOJIOTHS, Pa3BUTAs B pe3yJbTare
coBMmecTHOM nestenbHocT AO «'HI[ PO TPUHUTU» u AO «KpacnHas 3Be3na»
Ha Tokamake T-11M B nepuoa 1999-2010 rr, nonyunsia npoaokKeHUe - OHa OblIa
YCIICIIHO HCIOJIb30BaHa: Ha Tokamakax 1-10, FTU (Mranus), ucrmaHCKoM
cresuaparope TJ-11 u nmpeanonaraer B JaabHEUIIIEM UCTIOJIB30BAHUE HA TOKAMaKax
T-15MJ] u KTM (Ka3zaxcrtan). OfHaKo MO Mepe 3TOro JABUKEHUS U HAPACTAIOIIETO
pacxo/ia JIUTHUS OJHO U3 TJIABHBIX TEXHOJOTUUECKUX MTPEUMYIIECTB IPUHATON HaMU
CXeMbl — aBTOHOMHOE JinTHeBoe nuTanue KIIC-31eMeHTOB, OrpaHUYMBAIOIINX
KOHTAaKT IJIa3Ma- CTEHKa, MOTPEOOBAIIO HOBOTO pelieHns. A UMEHHO, 3aMEHY HMX
MUATAIOIMINX 0aYKOB, M3TOTOBISIEMBIX C HUMH 3a0/HO, U 3aMOJHAEMBIX JINTUEM JI0
MIOCTAHOBKH B KAMEPY, Ha HEKOE YCTPOUCTBO, MO3BOJISIONIEE B XO/I€ IKCIIEPUMEHTA
UX J03alpaBKy U3BHE pa3psAIHOM Kamephl 0e3 HapylieHus BakyyMa. TeM caMbIM
CHSAJIOCH OBl OrpaHMYEHUE Ha [UIMTENBHOCTh JIMTUEBOTO SKCIEPUMEHTA.
CoenvHeHHe TaKOTO YCTPOWMCTBA C CHCTEMOM cOOpa <JIMIIHETO JIMTHUS,
MO3BOJIAIOIIEE €ro MEPUOIUYECKOE Y laJeHue 0e3 HapyIIeHHs B KaMepe BaKyyMHBIX
yCJIOBHH, Morja Obl 00ECIEYUTh KBA3UCTAIMOHAPHBIM PEXUM pabOThl TOKaMaKa-
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peakTopa ¢ OTHOCUTENILHO KOPOTKUMHU NEpephIBaMU JJIs 103AMPABKHU €T0 JTUTUEM U
pasrpy3ku. JlelcTByromass MoJedb Takoro YCTpoilcTBa Oblila co3faHa Ha 0Oaze
Tokamaka T-11M um ycmemHo mpouuia IJIa3MeHHblE HchbITaHus. B pabote
00CY>XTatOTCsI IETaIN U PE3ybTaThl IPOBEIECHHBIX UCITBITAHUA.
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1.B. MA3VJIL', P.H. TUHUATYJIMH, A.A. KABUH, H.B. HHTYHOBCKHﬁ,
A.H. MAXAHBKOB, IL.IO. IITMCKAPEB, B.H. TAHUYK
Hayuno-uccneoosamenvckuii uncmumym snekmpoghusudeckoi annapamypul um. /1.B.
E¢pemosa (HUHODA), Cankxm-Ilemepbype, Poccus
Hacmnoe yupeocoenue “llpoexmuuiii yenmp UTOP”, Mockea, Poccus
‘mazuliv@niiefa.spb.su

OBPAIIEHHBIE K IIVIASME KOMIIOHEHTBI TOKAMAKA TPT

[IpencraBnena koHIenus oOpameHHbIX K TuiazMe kKommnoHeHToB (OIIK)
tokamaka TPT, paOoTtaromero B peXumMe MIUTEIBHBIX Pa3psioB U BBICOKOU
CpelHel TEeIUIOBOM Harpy3ku Ha cTeHku. OmnucaHa CTpyKTypa U IpoOiemMaTHKa
OIIK, B3aMMOCBSI3b OCHOBHBIX IapaMETPOB M MPOLECCOB, OOECIEUHUBAIOIIUX
KOM(pOpPTHOE COCYIIECTBOBaHME IUTa3Mbl M  OKPYXAIOIIUX €€  CTEHOK.
IIpencraBieHbl KOHCTPYKTUBHBIE PEIICHHS NTAHEIEH MIEPBOM CTEHKU U AUBEPTOPA,
BBITIOJTHEHHBIE Ha ocHoBe TexHosnoruit MTOP. OO6cyxmarorcs 0coOeHHOCTH
npumeHeHus: kujakux MerawioB B OIIK. Ilogpob6HO paccmarpuBaroTcs
BO3MOKHOCTH aJIbTEPHATUBHBIX PEIICHUH I JUBEPTOPHOU MUILICHH.
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M.IO. )KAPKOB'"*, A.B. BEPTKOB', I.E. JIIOBJINHCKWI', C.B. MUPHOB?,

B.B. JIABAPEB?
TAO «Kpacnas 36e30a», Mockea, PD
’AO I'HI] P® TPHHHUTH, Mockea, PD
*"MG-dist@yandex.ru

JIMTUEBBII JTUMUTEP KBASUCTALIMOHAPHOI'O TUIIA
TOKAMAKA T-11M KAK TIPOTOTHUI JUMMUTEPA TOKAMAKA T-
15M]

JlutneBsle KIIC B KkawecTBe OOpaméHHOrO K IuTa3Me Marepuaia
BHYTPHUKaMEPHBIX 31eMeHTOB (BD) ycneniHo ucnpITanbl B UMITYJIbCHOM PEXKUME Ha
oreuectBeHHbIX (T-10, T-11M) u 3apy6exusix (TJ-II, KTM) TtepmosinepHbix
yctanoBkax [1]. IIpu nepexone k GoJiee JUIUTEIBHBIM PEXKUMaM TOPEHUS TIIa3Mbl
TpeboBaHus K BD ykecTodaroTcs, B 4aCTHOCTH UMEIOT MECTO:

1) orpannuenue Ha temmeparypy npuémuon noepxHoctu (T < 600°C) mns
MPEIOTBPAIlCHUS YPE3MEPHOTO MOCTYIJICHUS JINTUS B IJIA3MY;

2) TpeOoBaHME NEPUOAUYECKOM OYUCTKU JIUTUS OT H30TONOB BOAOPOJA U
HAKOIUBILIUXCS IpUMeEcen Ui o0ecnieueHnst 0€30MacHOCTH U pab0TOCIIOCOOHOCTH
YCTPOMCTBA;

3) TpeOoBaHME TMOANUTKHA YCTpOMCTBa JuUTHEM 0€3 pasrepMeTh3aluu
BaKyyMHOU Kamephl JJ1s1 6ecriepeOoHON paboThI.

B 2019-2021 rogax na AO «KpacHas 3Be3na» Obl1 pa3paboTaH U U3rOTOBJIEH
JUTUEBBIN JIUMUTEP KBA3UCTAIMOHAPHOIO TUIA s Tokamaka T-11M (pucynku 1
u 2). OcHOBHas IeJIb YCTPOMCTBA: OTpabOTKa MPUEMOB pPadOTHl C IMOTOKOM
TEKYIIEro JIUTUS U MOANUTKON TUMUTEpa i ooecniedeHus: TpeboBanuit NeNe 2, 3.
YcTpoiicTBo M3HavyaJlIbHO CO3/1aBaJIOCh oe3 aKTUBHOMN CUCTEMBI
TEPMOCTAOMIIN3AIMH, TaK KaK B CUJTy UMITYJIbCHOTO PEXHMa TOPEHUS IJIa3Mbl Ha
tokamake T-11M ounenuth €€ BKJIAJ B TEIUIOBOE COCTOSHHE IPUEMHOM
MOBEPXHOCTH HE MPEJCTABISETCS BO3MOXKHBIM. Brinonnenue tpedoBanust No2 o
MEPUONYECKON OYUCTKE JIUTUS OT M30TONOB BOAOPOAA U HAKOMUBIIUXCS
npuMeceil 00ecreuynBaeTCsl HAUTMYUEM JIBYX KOJUIEKTOPOB JIMTUS JIJIsl OpraHu3aluu
MeIJIEHHO Tekyinero moToka jutus B 00béme KIIC (T.H. «mponuBka»). (O0a
KOJUIEKTOpA CBSI3aHbI C BHEIIHEH CUCTEMOW MOAMMUTKU CUCTEMON TPyOOIpPOBOIOB
yepe3 cwibPoHHbIE y3ibl. CHCTeMa MOXET ObITh T'MOKO MOIuM(UIMpOBaHA MOJ
KOHKPETHBIE 3aJlayd: OpraHu3alus 3aMKHYTOIO KOHTypa UHUPKYJSLUUA JTUTHUS
(pucyHoK 16) ¢ BO3MOXHOCTBIO PEKyINepaluud BO BHEIIHEM (CIMBHOM) Oake
3aXBaY€HHBIX U30TOMOB BOJOPO/Ia WU MOMUTKA YEPE3 OJIUH U3 KOJUIEKTOPOB /IS
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BOCITIOJIHCHHA IIOTCPb JIMTHA B KIIC B X0AC OSKCIICPUMCHTAJIIBHBIX KaMHOaHUH

(pucyHoxk 1B).

BepxHuit KonnekTop

Li

MNpuémHas NoOBepPXHOCTbL

CunbdoHHbI y3en

Li

/

Li
(«nponueka»)

Li [
(nognuTka

Kne)

®naney Tokamaka T-11M

HuKHMWit KonnexkTop

Bak
HanopPHbIA

H2NOpHBIA

Li H
bak ﬂ
u Hacoc
C/IMBHOWM u

. 3NeKTPOMErHMTHbIX

LI [MarsuTHas cucTema
HE NOKA3aHa)
C:b 3anpaska oT
ﬂ BHEWHEro HCTOYHWUKA

= 6 B
Pucynoxk 1 — 3D-monens nuMutepa JIUTUEBOTO KBAa3UCTAIMOHAPHOTO TUIIA
tTokamaka T-11M: a — numuTep; 6 — BHEIIHSS CUCTEMA MOJIUTKY JIJIs

OpraHu3aluy 3aMKHYTOIO KOHTYpa UMPKYJISLUMA JINTUS; B — BHEILIHAS CUCTEMA
MOJMUTKY JJIs1 IOANUTKA OJTHOTO U3 KOJUIEKTOPOB

Ha mepBom »Tame ObLIM TpOBENEHBI PabOTBI MO OTPAOOTKE TEXHOJIOTHUHU
MOJIMTUTKN YCTPONCTBA JUTHEM O€3 pasrepMeTH3allii BaKyyMHOW KaMepbl IS
OecniepeboiiHoi paboThI (BeITOTHEHUE TpeOboBanus Ne3). BHemHss cucTema Oblia
coOpaHa B BapuaHTe, IOKAa3aHHOM Ha pUCYHKE |B, M coeJAMHEHA depes
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OBICTPOCHEMHBIN (GUTTUHT U TPYOOIIPOBOJI C HUKHUM KOJUIEKTOPOM (PUCYHOK 2).
[Tocne pacxomoBaHus TUTHS B HIDKHEM KOJUIEKTOpE Obljia YCIIEHIHO peaan30BaHa
npoleaypa NOAMUTKH MMyTEM NEepeKauYMBaHUS KUIAKOTO JINTUS U3 MUTAIOIIEro 0aka
B HIDKHUM KOJUIEKTOpP 3a CYET TMIPOCTATHMYECKOTO IaBJICHUS CTOJNO0A KUAKOTO
JUTHS WK U30BITOYHOTO AaBJIEHUS] HHEPTHOIO rasa.

PucyHok 2 — M3roToBIICHHBIN JIMIMUTEP JTUTUEBBIN KBa3UCTALIHOHAPHOTO
thna Tokamaka T-11M ¢ cuctemMoi NMOANMUTKY JTUTHEM HHKHETO KOJUIEKTOpA

N3roroBneHHbI atumuTep Tokamaka T-11M MOXeT CiayKUTh IPOTOTUIIOM IS
JUTUEBOrO JIuMHUTEepa Tokamaka T-15M/I, onHako 1 OCIEqHEro MOHAI00UTCS
aKTUBHAsl CHCTeMa OXJaXIEHUs [UIsl BBIMOJHEHUs TpeboBanus Nel 00
OTpaHUYECHUU TEMIIEPATYPhI B CHITy 00JIee JUIMTETFHOTO BPEMEHHU TOPEHHUS TJIa3MBbl.
B AO «Kpachas 3Be3na» Obul pa3paOoTaH BapuUaHT KOHCTPYKIMHM JIUTHEBOTO
numutepa Tokamaka T-15MJI kBazucTaliMOHapHOTO NEUCTBUS (PUCYHOK 3) AJid
OTpabOTKM TEXHOJIOTUM OXJAXKACHUA TNPUEMHONM JIMTHEBOM TMOBEPXHOCTH.
Pacnionoxenue nuMmuTepa BHIOPAHO C yUETOM UCKIIOUEHHUS BO3JCUCTBHS IMYyYKOB
YCKOPEHHBIX JJIEKTPOHOB Ha MNPUEMHYIO NOBEPXHOCTh. Jlumurep Toxkamaka T-
I15M/1, kak ¥ OpOTOTHUII, UMEET TPpyOUaTyr0 KOHCTPYKLHUIO (PUCYHOK 30), OJJHAKO
BHYTPH ONOPHOU TPyObl OPraHM30BaH OXJIAKJIAIOIMINKN KaHal. B ponu xianareHTta
MPE/IOIaraeTcs UCIOab30BaTh AUCIEPTUPOBAHHBIN Ta30KUIKOCTHBIA MOTOK [2],
[3], koTopbIii OyaeT oOpa3oBBIBATHCS B MHEBMOTHIPABIMYECKON (DOpCYHKe,
HaxOJSIIECs Ha BEPXHEM KOHLE NMPpUEMHONW NMOBEpXHOCTH. Ha HMXHEM KOHIE
pacnoiaraercsi KOJUIEKTOp JIMTHS, HWMEIOUIAN CBSI3b C BHEIIHEH CUCTEMOM
MOJITUTKYU Yepe3 TPyOOonpoBO/I.
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[IpoBenéHHbIN KOMILUIEKC pabOT MO3BOJISIET MEPEUTH K CO3AAHMIO JIMTUEBOTO
numuTepa ais Tokamaka T-15M]], yuuTeiBast Bce HIOAHCHI CTAIlMOHAPHOIO PEXUMA
padoTHI.

Hamepa Toxamara T-15M[]

Tpanmua nnazve:

—_—

[lepmatent

MpuEnHeii 3nemeHT MNpuémnan

NOBEpPXHOCTE

CunbdoHHBIA yIen

Onopuuiit dnaney

Ysen
bopMHpOBaHNA
¥NafarenTa Xnapareut
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/ 3

/ [t

/ i

§
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§

/ |8

/ H

/ §

X a
Pucynok 3 — Pa3paGoTaHHbI JTUTHEBBIM aumuTep Tokamaka T-15M/I: a —
pa3MelieHre B BAKyYMHOM KaMepe ToOKaMaka, 0 — MpUEMHBIIN 2JIEeMEHT

Cnmcok ucnoJib30BaHHBIX HCTOYHUKOB

[1] Vertkov A.V., Lyublinski LLE., Zharkov M.Yu. In-vessel devices based on
capillary-porous systems with liquid metal for a stationary tokamak. Plasma Physics
Reports, 2018, Vol. 44, No. 7, pp. 664 — 670.

[2] BeptkoB A.B., KomoB A.T., JlroOmunckuit W.E. u np. Ilpumenenue
TUCTICPTUPOBAHHOTO ra30>KUIKOCTHOTO MOTOKA TUTST OXJIQKICHUS
KUJKoMeTalmdeckoro gumurepa Tokamaka T-10 - BAHT. Cep. TepMosiiepHblii
cuntes, 2018, 1. 41, BB 1, ¢. 57-64, doi: 10.21517/0202-3822-2017-41-1-57-64.
[3] 3axapenkoB A.B., JloktmonoB B./., lemoB A.B. u np. IlpumeHnenue
JTUCTICPTUPOBAHHOTO ra30’kKHIKOCTHOTO MOTOKA TUTSI OXJIaXKICHUS

SHEPrOHAIPSKEHHBIX 3JeMeHTOB KOHCTpyKiui. - BAHT. Cep. TepMosiaepHblii
cuntes, 2021, 1. 44, Beim. 3 c. 1-10.
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MAKET IPUEMHOM IJIACTUHBI JIUBEPTOPA TOKAMAKA,
OCHOBAHHOI'O HA KOHIEIIIUA TEKYIIEI'O CJIOA ) KUJIKOI'O
JIUTUA

Hcnonb30BaHue KUAKOTO JIMTUS B TEPMOSIIEPHBIX YCTAHOBKAX MOKA3aJl0 €ro
NEPCHEKTUBHOCTh KaK MaTepuaia, oOpaieHHoro K miazMe. OgHa U3 KOHUENUui
CO3JaHUA KUAKOMETAJUIMYECKUX IMOBEPXHOCTEH OCHOBAaHA Ha OpraHu3aluu
TOHKOTO CJIOS KMJIKOTO JIUTHS, TEKYIIEro MO IUIACTUHE. TEeOpEeTUYEeCKUEe pacyeThl
MOKAa3bIBAIOT, UTO TaKasi CHCTEMA MOXKET KapAUHAIbHO U3MEHUTH CBOMCTBA MJIa3Mbl
U IIPUBECTH K TOMY, UTO YHEPTreTUUYECKUI BBIXOJ TEPMOSIEPHON peakuuu OyneT B
HECKOJIBKO pa3 BbIIIE 3aTPauye€HHON dHEepruu. sl cpaBHEHUS TyUIIUH MMOKa3aTeb
Ha HacTosee Bpems paseH 0.6.

Kputnueckum  37€MEHTOM  TakOMl ~ CHUCTeMBbI  SIBJISIETCS  IUJIACTHHA,
NoJJIepKUBaroIas TeKymHuid ciaoil jutus. OHa AO0KHA 0051aJaTh BBICOKOU
TEIJIONPOBOIHOCTBIO, HE MOABEPraThCs KOPPO3UU B JIMTUH, XOPOILIO CMaYUBATHCSA
JUTHEM, 00€CTIeYMBaTh PABHOMEPHOCTh TOHKOTO TEKYIIIETO CJI0s, COXPAHATH CBOU
CBOICTBA MpH TepMOUMKINpoBaHuU. [Ipenpinymue padoThl 3a pyOekoM IIo
CO3JaHMIO TAKUX IJIACTUH OBLIIM OCHOBAHBI Ha MaliKe TOHKOTO JINCTa HepKaBeIoLeh
CTalM Ha TOJICTYI0O MEAHYIO TEIJIOOTBOJAUIYIO IJIACTUHY HA HCIOIb30BAHUU
B3pPBIBHOM CBApKHA HEPIKABCIOIIECW IUIACTHHBI M Meau. B mepBom ciydae He
YAaBaJOCh IMOJIYYUTHh XOPOIIEE OAHOPOAHOE COEAMHEHUE MO BCEW MOBEPXHOCTH,
YTO IPUBOJMJIO K JOKAJIBHBIM IIEpPErpeBaM U OTCIIOCHUIO IO TPaHULIE pa3zelia, a BO
BTOPOM TOJIIIMHA CTaju ObUIa CIMIIKOM BBICOKOM, YTO CHJIBHO YXYJIIAJIO
TEIUIONPOBOIHOCTb.

[To 3aganuto POCATOMa npoBenena padora 1o pa3paboTKe albTepHATUBHBIX
TEXHOJIOTUM CO3JIaHMsl ITUIACTHHBI, CO3JAHUI0 MAKETOB TAaKOW IUIACTHHBI H
POBEACHUIO MX MCHBITAaHUN. BbUIM CO3/1aHbl MAaKeThl MO TPEM TEXHOJIOTHSIM.
ITepBas Texnonorus (Mo3anyHasl maiika B Bakyyme - MBII miactuna) 3akitouanach
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B TOM, YTO Ha TOHKHI CTaJbHOM JIMCT HAMAWBAJIMCh MOJ HArpy3KOH B BaKyyMe
HeOoubIKe (2X2 cM) TUIMTKA Meau ToimmHod 1 cM. B aTom cinydae mo Bceit
MMOBEPXHOCTH HE BO3HUKAIM TLJIOXO MPOMNAsHHBbIE OOJACTH, KOTOPBhIE MOTJIA Obl
MPUBECTH K JIOKAJIbHBIM TieperpeBam. Btopas TexHonorus (ropsiuee
n3octatuueckoe npeccoranue -I' NI miactuna) 3akiatoyanach B TOM, YTO TOJICTas
MeJIHasl TUIACTUHA BaKyyMHO TUIOTHO 00OpavmBajach TOHKUM CTAIBHBIM JINCTOM,
MPOCTPAHCTBO MEXK/1y HUMHU OTKAa4MBaJIOCh, OTKAYHOE OTBEPCTHUE 3aBAPUBAJIOCH, U
cOopKa nmorpy>ajiach B ra30ByI0 KaMepy MoJl BBICOKMM JaBJICHUEM U HarpeBaiach
710 BBICOKOM TemImepaTyphl. B pesynbrare audy3noHHON CBapKHU CTAIBHON JINCT U
Me/IHasl IUIACTUHA TUIOTHO COEAUHSIINCH MO BCE MOBEPXHOCTU. TpeThs TEXHOJIOTUSA
(xumMHu4ecKoe ocaxjaeHue Bosibhpama u3 napoBoit ¢aszel Ha Mear CVD mnactuna)
3aKio4angach B TOM, YTO Ha IMOBEPXHOCTh MEIHOM ImacTuHbel metogom CVD
OCAXJATOCh TOHKOE BOJb(PPaMOBOE TMOKPHITHE. TOJIIMHA TOKPHITUS MHOTO
MEHBIIIE TOJIIMHBI CTAIBHBIX (DOJBI, KOTOpPHIE WCIIOIB30BAIUCH B JABYX JAPYTHX
METO/IaX, a  TEIUIONPOBOAHOCTH  BoOJib)pamMa  CYIIECTBEHHO  BBIIIE
TEIJTONPOBOIHOCTH HEPIKABEIOUIEH CTalli. DTO 00€CIIeUnBAET JyUIlINi TETIOOTBO
OT JINTUS B CUCTEMY OXJIaXKICHHUS.

bruin TipoBelleHBI UCHBITAHUST TPEX MAKETOB Ha KOPPO3HI0 B JIMTHUH,
CMauMBaE€MOCTh IMOBEPXHOCTH JUTHUEM, PABHOMEPHOCTh TEUEHUS JIUTHUS IO
MMOBEPXHOCTH, OTCYTCTBHE JIOKAJIBHBIX NEPErPEBOB IIPU BBICOKUX TEIUIOBBIX
Harpy3Kax Ha MOBEPXHOCTbh U YCTOMYMBOCTh CBOMCTB K TEPMOIMKINPOBAHUIO.

CMaunBaeMOCTh IIACTHH OKa3a/1ach 0KUAAEMO xoiomeﬁ Hin 600°C.

CMa4yMBAEMOCTH U BUJ KaIlJIn

600 °C

B
#

Pucynok 1 ¥YcrpoiicTBo 715 ncclienoBaHus

el & : = = \
PucyHok 2 - By BHEIIHEN 1 BHYyTPUKaMEPHOM YacTeil 1JIs UCTIBITAHUNA Ha
TEUECHUE JIUTHUS
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TedeHue TUTHUS MO MIIACTUHE UCCIENIOBAIOCh B BakyyMme. CTeneHb MOKPBITHS
MOBEPXHOCTH M XapakTep TEUYEHHUS 3aBHUCIAT OT KOJMYECTBA I10/IaBa€MOro Ha
wiactury Jutus. [Ipu manom konudectse autus (0.2 r/c) miacTuHa HENOJHOCTBIO
MIOKPBIBAETCS IUTUEM, HECMOTPSI HA XOPOILIYI0 CMauMBaEMOCTh, & TEUEHNE HOCHUT
CTpYHHBIN XapakTep. [Ipu yBenmnueHnn komdecTBa nojgaBaemMoro jautus a0 0.8 r/c
CTENEHb MOKPBITHS Bo3pacTaeT 10 85 %, W TeueHHe MIET MO BCEW IUIAaCTHHE.
Opnnako, TeM HE MEHee, CIIOH JINTUSL 0Ka3bIBAETCS HEPABHOMEPHBIM IO TOJIIIUHE.

7

o

Pucynok 3 - Teuenue nutust mpu pacxome 0.2 e u 0.8 /e

TennoBbie UCTIBITAHUS TTPOBOJUIUCH HA MPEIMET OJHOPOJIHOCTH TEIIOOTBOA 10
BCEU MOBEPXHOCTH IJIACTUHBI 0€3 00pa3oBaHUs IMATEH MEpEerpeBa U Ha MpeaMeT
CTOMKOCTH IJIACTUHBI K TEPMOIMKIMpOBaHUIO B quamna3zone 200-500°C. JIokanbHbIe
OTKJIOHEHHSI TeMIepaTypbl OT cpeaHero 3HayeHuss He mnpeBblmanun 20K mpu
cpennert Temneparype nopsaka 800K, to ecte 2.5%. Heomnoponuocts Ha [UII
IUIAaCTUHAX CBA3aHa C OJIM30CTHIO KaHAJOB oxjdaxkaeHus, Ha MIIB mmactuHax
HEOJJHOPOHOCTHIO TEIUIOOTBOAA B 1IelsIX, HAa CVD 1iacTuHax - HAIMYMEM Karleslb
BOJIb(hpaMa Mmpu ero OCaKJIEeHUN Ha TIOBEPXHOCTh.

Pucynok 4 - bumerannuyeckue [ U1, CVD u MBII nnactuHbl Ha 0XJ1aK1a€MBbIX
MEIHBIX ITOUIOKKaX JUIS TEIUIOBBIX MCIBITAHUN
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Teuneparypa, G

Ptz Tcsas i, Wb

Pucynok 5 — TemneparypHoe pacnpenenenne Ha nosepxnoctu U1 nmnactunb
nocse 1000 HMKIOB IpH IIOTHOCTH IOTJIOMEHHOM MoIHocTH 8,04 MB1/M?

Tamnepatypa, *C

25
......

T i T
10 Fuil 20 40 8 &1

PaccronHme, mm

PucyHnok 6 - TemneparypHoe pacnpenesienue Ha mosepxnoctu MBII miactrnbl
IIPH TUIOTHOCTH MOTJIONIEHHOM MomHocTH 4,90 MB1/M? (720-i nuKn)

Pucynok 7 - TemneparypHoe pacnpenenenue mno nosepxuoctu CVD minacTuHbl
IIPH IUIOTHOCTH MOTIOIIEHHOM MomHocTH 4,86 MBT1/M? (170-i 1uKI)

Bce Tpum Makera YCIEIIHO NPOUUIM TEPMOLMKINYECKHE HCIBITAaHUSA, YTO
MO3BOJISIET PAaCCYUTHIBATh, HA TO, YTO ATH TEXHOJIOTMH MOTYT OBITh UCIIOJIb30BaHbI
IIpY CO3JaHUU JUBEPTOPA TOKAMAKa, OCHOBAHHOI'O HA KOHLIETIIIMH TEKYILETO CIIOA
KUAKoro auTus. Pabora BeIMoONHsUIach MO KOHTpakTy 774/152-]1 ¢ YacTHBIM
YUpexKJACHUEM 0 00ECTIEUeHHI0 HAyYHOTO Pa3BUTHs aTOMHOM oTpaciu «Hayka u

HWHHOBALIUM».
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HCHBITAHUA ONBITHBIX OBPA3IIOB TEILJIO3AIIIUTHOM
OBJIMINOBKHA KYIIOJIA IUBEPTOPA UTJOP INIVTASMEHHBIMU
IHIOTOKAMMH HA KCIIY-T: PE3YJIBTATBI U OKCTPAIIOJIALIUA HA
YCJIIOBUA UTDOP

[Ipn na3MeHHBIX HAarpy3kax B MepexoJHbIX mporeccax (DJIMax, cpbiBax) B
UTOP [1] O0XKUJACTCA CHUJIbHAs 3PO3HUs TEIUIO3AIUTHON  OOJIMIIOBKHU
BoJb(pamMoBoro auBepTopa [2]. Hanbonee omacHpIMU MeXaHU3MaMHU pa3pyHICHUS
3AIIUTHBIX TOKPBITHI SIBISIOTCS MAaKPOCKOITMYECKUE MEXAHU3MbI IPO3UU: TEUEHUE
1 pa30phI3rUBaHUE pacIliaBa, a Takke — 00pa3oBaHue TpemuH [3,4].

B pabore uccnenoBaHa »po3uu BOJb(PPAMOBBIX MHUIIEHEH MOJ JIEUCTBUEM
MOIIHBIX MUIA3MEHHBIX IOTOKOB M NIEpEMEIIEHUS paciiaBa. PaccMarpuBaroTcs aBa
MexaHu3Ma 00pa30BaHUs HEPOBHOCTEW HA MOBEPXHOCTHU: HEYCTOMYHUBOCTH
KenbBuna-I'enbmronbua 1 GopmMupoBaHrue NEPUOAMYECKUX BO3BBILICHUN -
«Iynbcupyromux OyrpoB» [5-7]. Otu mpoueccsl 0OYCIOBIEHBI TPaUuE€HTOM
JaBJICHUS B Y3KOM IUIa3MEHHOM clioe, (pOpMHUpYEMBbIM IIa3MEHHBIM IMOTOKOM,
pacTeKaromuMCcst BIOJIb MOBEPXHOCTH MUIIEHHU.

OKCHEepUMEHThI 10 OOJIy4eHHIO BOJIB(PPAMOBBIX MHILIEHEH WHTEHCUBHBIMU
MOTOKAMU  BOJOPOJHOM IUIa3Mbl MPOBOJMIINCh HAa  KBAa3WCTALMOHAPHOM
mna3mMeHHoMm yckoputene KCITY-T (I'HI[ P® TPUHUTH, Tpowuik, Mocksa).
YcnoBust ra3MeHHOro 00y4deHUs COOTBETCTBOBAIM HArpy3KaM Ha JUBEPTOPHbBIC
IJIaCTUHBI, oxkugaeMbiMu ipu DJIMax B UTOP. [l co3nanust MAarHUTHOTO MOJIS B
00JacTH B3aUMOJEHUCTBUS IJIa3Mbl ¢ 00pasuoM B mumieHHou kamepe KCIIY-T
ycraHaBieHbl Kkosibna ['ensmronena. Co3maBaeMoe HMM  MarHWTHOE  IOJIE
nocturaino no Beauunae 0,6 Ti.

J171st SKCTIepUMEHTOB ObUIM U3TOTOBIICHBI 4 MullieHH. [[Be U3 HUX uMenu popmy
KBajgpata co cropoHod 92 mm (Puc. la), aBe npyrue — OpSIMOYTOIBHUKU CO
cropoHamu 92x122 mm. Kaxxnas MuilieHb COCTOUT U3 IUNIMTOK BOJIb(pama Mapku B-
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99.95-MII ¢ pasmepamu 30x30 MM U TOJIIMHON 3 MM, 3aKpPEIUICHHBIMU Ha
MOJJIOKKAX U3 HEPKaBeroIIel cTtaiu. 3a30pbl MEKy COCETHUMH BOIb(PaMOBBIMU
mInTkamy - 0,5 MM.

OO6mas cxemMa OOJydYeHHMS MHIICHEW IIa3MoW mpejncTaBieHa Ha Puc. 10.
Temnmosas Harpy3ka Q Ha OCM IIa3MEHHOro moToka Obuia 1,5 MJDx/Mm2,
JUINTENIBHOCTh BO3JeicTBUs cocTaBisia t, = 0,75 mMc (3TH ycnoBus, OIU3KHE K
Harpy3kam npu DJIMax, oxunaemsix B UTOP). B skcniepumeHTax BapbUpOBaJICs
yroJl TMaJeHus IUla3Mbl HAa MOBEPXHOCTH: 0= 0° m o =45° a Takxke BeIWYNHA
MAarHUTHOTO M0JIs1 B MUllleHHOM kamepe: B = 0 6o B = 0,6 Ti.

Konbua lensmronbua,

L 92 mm . NnasmeHHbli MuLwWweHb R=75cm
ycKoputenb

92 mm

/777777272

6) BakyymHas Kamepa
[OunarHocTnyeckoe oKHO

Pucynox 1 — (a) sonvgppamosas muuieHv 00 0o1yueHus niasmot, (6) cxema
o001yueHus muwenetl niasmou Ha ycmanoexe KCIIY-T

OO BU MUIIIEHEH ITOCIIE BO3AECHCTBHUS IIa3MEHHOTO MOTOKA, ITOJAI0IIEr0
[0 HOpPMaJIU K TIOBEPXHOCTH, TIpecTaBieH Ha Puc. 2. Ha moBepXxHOCTH MOKHO
BBIJICTIUTH HECKOJIBKO 00JIacTel, MOKa3aHHBIX MyHKTUPHBIMU 3€JICHBIMU JIMHUSIMU.
HenocpencTBeHHO Ha OCH MOTOKA, a TakXke BOJIU3M Hee HaOr0gaeTcs OecTsiast
TJIaJKast IOBEPXHOCTh 3aCTHIBIIETO paciiaBa. Pasmeprl 3Toi 007aCTH COCTaBISAIOT
D=3 cm. 3a ee npeaesiaMi HaXOJUTCS 30HAa OIUIABJICHHS C IIEPOXOBATOM
MMOBEPXHOCTHIO. B Hell HaOM01at0TCs My3bIPhKU U KAIUTH U3 3aCTHIBIIIETO METAIA.
Ha nepudepun 11a3MeHHOro IMIOTOKa MOXHO BHJETh HEOIUIABICHHYIO
MTOBEPXHOCTH CO CIEAaMU OCAXICHHBIX MTPOIYKTOB 3PO3HUH.

[Ipy HOpMaTEHOM TAJCHUU TJIA3MEHHOT'O TTOTOKAa MAarHUTHOE T0JI€ TIOIaBISET
JIBMKEHHUE paciuiaBa, GopmupoBanue Kamneib u ctpyi (Puc. 26). Ilpu naknmonHoM
MaJICHUM BKJIOUEHHE MArHUTHOTO TMOJIsI BENIET K CYIIECTBEHHOMY YCHIICHHIO
MJIaBJICHUST BOJIb(PPAMOBBIX 3JIEMEHTOB (0OCOOCHHO MX KPOMOK), HHTEHCHU(PUKAIUU
TEYEHHS paciiaBa 1 00pa30BaHUIO BHICOKMX HAIUIBIBOB Ha TPaHUIIAX.
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L 92 Mm |

92 mm

.92 Mm

36 mm

Pucynox 2 — Obwuii 6uo onvghpamosvix muuiereii nocie
oonyuenus naasmot, . = 0°: (a) B=01n, (6) B= 10,6 Txr

Jlo m mocne BO3ACHCTBUS TUIa3Mbl OBLT M3MEPEH penbed Ha MOBEPXHOCTHU
MUIIICHEH (B0JIb MyHKTUPHBIX JUHUN Ha Puc. 2). M3Mepenus ocyiecTBIsIIUCH C
MOMOIIbI0  JIa3epHOro  TpuaHryjsiuoHHoro  jgaruuka  RIFTEK-P®603,
MEPEMEIIAEMOT0  I[IATOBBIM  JBUTATEIEM 10  MNPEUU3UOHHOM  JIMHEWHOMN
Hanpasisironiedn HIWIN. Takol matyumk MO3BOJISIET U3MEPATH PACCTOSIHUAS O
uccueayemMoro o0bekTa B AuamnazoHe oT 15 go 20 MM ¢ TOYHOCTBIO = 1 MKM.
[IpocTpaHCTBEHHOE pa3pelIeHUE IPU ITOM ONPEACISIETCA IUAMETPOM MSTHA
Jazepa Ha UcclieIyeMoM 00beKTe B cocTaBisieT 200 MKM.

Jlns moapoOHOTO aHanu3a ObUTHA BRIOPAHBI YYAaCTKH, MPOTSHKEHHOCTHIO 6,5 MM,
OTMEUYEHHbIC Ha PHC. 2 %KeNThIM IBETOM. YUaCTKHA COOTBETCTBYIOT: 1 — LIEHTP 30HBI
maBjeHus, 2 1 3 — 001acTh paciiaBa ¢ HEPOBHOCTSIMH U 3aCTHIBITUMHU KaruIsIMu, 4
— IIOBEPXHOCTH 32 IIPEAEIaMHU 30HbI IIaBJIeHUA. Ha Ka)Ka0M ydacTKe BBIYMCIISIIACH
mepoxoBaTocTs Ra.

IIpy HOpManbHOM NAJECHUM IUIA3MEHHOTO MOTOKA BKIFOYEHUE MAarHUTHOTO
TOJIsl BEJIET K YMEHBIIICHHUIO IIIEPOXOBATOCTH IPUMEPHO B 2 pa3a B 007aCTH MEXKITY
[IEHTPAJbHOM 30HOM IUIABJICHMS W HE OIUIABJICHHOW IIOBEPXHOCTHIO. B
LEHTPAJIbHON M «HEBO3MYIICHHOW» oOmactsx Ra ocraercs mpakrtuuecku 0e3
W3MEHEHUH U COCTABIISIET = 5 MKM.

[Ipy HAKIOHHOM MAJIEHUU IJIA3MEHHOrO MOTOKA BKJIIOYEHHUE TOJISI BEIET K
CTJIQKMBAHUIO HEPOBHOCTEH Ha MOBEPXHOCTH pacijiaBa BOJW3M OCH TIOTOKA, B
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HalpaBJICHUX TIOTIEPEK €ro JBWXKEHUsA. Bjoab mnoTtoka HaOMromaeTcs
HE3HAYMUTENIBHBIA POCT IIEPOXOBATOCTU. B mpomexyTouHON 00JIacTH TOTIEPEK
MOTOKAa MPOUCXOJUT 3aMETHBIM pocT HepoBHOCTEN ¢ 4,7 no 8,0 MKM, mpHu 3TOM
BJIOJIb TTOTOKA HabOromaeTcss o0patHbiid 3 ekt — cHmwkenne Ra ¢ 6,9 mo 5,0 MxM.
B HeBo3MyIeHHON 007aCTH IIEPOXOBATOCTh OCTAETCA IMPAKTHYECKU O3
U3MEHECHH.

Pabota BeimonHena npu nogjaepxkke ['K «Pocarom» B paMkax BBITTOJIHEHUS
rocynapcTBeHHbIX KOHTpakToB No H.4a.241.19.18.1027, Ne H.4a.241.19.19.1009,
Ne H.4a.241.19.20.1042, EOTII-YTII-223, a Taxxe npu (UHAHCOBOM MOJICPKKE
P®®U B pamkax npoekra Ne 18-29-21007.
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OVERVIEW OF PLASMA-FACING COMPONENT EROSION AND
IMPURITY MIGRATION STUDIES AT JET-ILW

The Joint European Torus (JET) is the largest tokamak in use and currently the
only one capable of handling tritium (T). JET is equipped with the ITER-like wall
(ILW) utilizing the same as ITER material combination: tungsten (W) divertor and
beryllium (Be) main chamber providing the most relevant environment for ITER
plasma-wall interaction studies [1].

One of the JET analysis and modelling tasks relevant to plasma-surface
interaction (PSI) studies is the “Isotope wall content control and long-term
erosion/migration interpretation”. Among other activities of this task in the previous
years the strategy for reducing D wall inventory before T campaign (and T before
D) to stay within neutron activation limits was elaborated [2], also various methods
to monitor isotope ratio in the plasma were cross-validated. Code applications to
JET-ILW experiments have helped to improve general erosion/migration/retention
prediction capabilities including validation as well as various physics extensions for
instance a treatment of dust particles transport.

This paper presents the main results of the recent task activities dedicated to
analysis and modelling of Be and W erosion and migration at JET-ILW based on
the previous and current H/D/T experiments at JET.

High impact energy threshold for W sputtering mostly prevents the erosion of
divertor by fuel, except to intra-ELM. Therefore, erosion by impurities including
Be is the main contributor in the inter-ELM or in the L-mode and ohmic phases of
the pulse. Therefore, Be erosion and migration into the W divertor largely
determines the W erosion which is critical for the plasma operation [3]. Moreover,
chemically assisted physical sputtering (CAPS) of Be is the important contributor
to Be erosion. The Be erosion yield for the mentioned processes were interpreted in
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H/D plasmas based on the analysis of the recent dedicated experiment [4]. In the
frame of this experiment the surface temperatures T, sScans and impact ion energy
scan (fuelling was varied) with various levels of CAPS suppression were obtained
in D and H plasma. It was shown that Be CAPS magnitude and the T ~550°C of
full CAPS suppression do not dependent on H/D isotope. This finding supports the
hypothesis that D or H outgassing is the determining factor. A larger fraction of
BeH to atomic release in H plasma than BeD in the D plasma is observed. The
analysis of the ohmic limiter plasmas has been done using spectroscopy data to
obtain the D and eroded Be fluxes and, thus, study the isotope effect on Be effective
sputtering yields (Yz5.) (Fig.1). Applying the simplified S/XB [5] method to Bell
527 light emission (characterizing a total erosion of Be including CAPS) a 2 times
larger Be effective sputtering yields (Y.s5.) was obtained in D plasma compared
with H plasma. A good agreement with published data was obtained as well. One
can see that the increase of the erosion in T is larger than could be expected just
from the SDTrimSP calculated [6] physical sputtering yields just crudely
proportional to the 1:2:3 isotope masses.

Impurity transport and plasma-surface interaction codes are widely used to
simulate material erosion and migration. A powerful tool ERO2.0 [7] for erosion
and migration modelling is applied for simulation of Be erosion and transport
considering 3D wall geometry and machine-sized simulation volumes. ERO2.0
code was recently updated by adding important new physics into the code. The
homogeneous mixing model was successfully implemented into ERO2.0 code and
benchmarked against ERO1.0 in the quasi steady-state wall conditions of the long-
term exposure experiment in divertor configuration, by simulating the Be/W erosion
and deposition on tile 5 at JET [8]. The Guiding Center Approximation was
implemented into ERO2.0 code allowing to speed-up the code performance by
factor of 9 [9]. The work on the implementation and validation of radial and parallel
electric fields and thermoforces in ERO2.0 is ongoing based on the JET related data
(heat fluxes and electric fields) provided by the plasma edge modelling code
EDGE2D-EIRENE.

EDGE2D-EIRENE background plasmas for several H-mode JET plasmas in D
and T have been executed to simultaneously reproduce multiple diagnostics,
including the upstream (HRTS) and outer divertor target (Langmuir probes)
electron temperatures and densities. Edge-localized mode (ELM) simulation is
conducted by adjusting ELM parameters to reproduce the time evolution of ne, Tk,
plasma stored energy, divertor heat flux, Be II emission and D-alpha emission
during the ELM cycle. The plasma backgrounds obtained by EDGE2D-EIRENE
code were implemented into ERO2.0 code and 2D distribution of W density was
calculated (Fig.2). It was shown that W primary erodes at strike points, however the
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W screening is expected to be very efficient. The simulations imply that the charge
exchange atoms significantly contribute to W erosion at the outer divertor entrance,
which determine the core W content.

In view of the D-T experiments at JET it is important to simulate the plasmas
with different isotope ratios and predict the SOL plasma parameters. The full kinetic
modelling of JET SOL with different D/T mixture was conducted by the particle-
in-cell (PIC) full kinetic massively parallel code for SOL modelling BIT1 [10]. The
plasmas with three isotope D/T ratios as 25/75, 50/50 and 75/25 were simulated
with the Ne as main seeded impurity. It was shown that the relative concentration
of the main ions in the JET D+T SOL is uniform except the divertor plasma, where
the deviation from the upstream value can reach up to 50%. The main sheath
parameters were studied. Main ion flow to the divertor is approaching the sonic
(Mach number (M) ~ 0.6 — 1.0), however the impurity flow is supersonic (M > 2).
Divertor sheath parameters are shown to be independent of relative D/T
concentration. The next step is the model validation by the JET experimental data.
The second direction of the kinetic modelling work was the simulation of ELMs at
JET. ELMs of different size and pedestal temperature were considered with and
without Ne seeding. Fig 3 demonstrates the intra-ELM power loads at the outer
divertor during ELM duration (~ 80 us) for the selected ELM size with and without
Ne seeding. One can see a non-buffering of power target loads by Ne impurity
during ELMs. It should be noted that only Ne and Ne" were included in the
simulation, however simulation with the updated Ne model is ongoing. The kinetic
simulation of the sheath parameters during ELM showed that divertor T, reaches ~
0.7-0.9 Tpyeq for short time interval ~20 ps. One can conclude that there is no
significant ELM electron-to-ion energy transfer in the SOL. The estimation of intra-
ELM W sputtering source demonstrated the W sputtering increases and the
inner/outer sputtering asymmetry decreases with increasing ELM size which is in a
good agreement with experimentally observed scaling [1]. The average energy of D
ions absorbed at the outer divertor scales as E; ~ (2-3)Tpeq (Fig.4) which is in
agreement with experimental work [11] and the analytical approach [12] for
estimation of an intra-ELM W sputtered influx using Langmuir probe
measurements considered the time-resolved pedestal temperature and density drop
during the pedestal crash during ELM. The effect of plasma filaments appearing
during ELMs on the JET Be limiter erosion was assessed for the first time [12].

The analysis and modelling studies in the frame of this task highly support the
current experimental H/D/T campaigns at JET and the task activities aimed to
extrapolate Be erosion and migration with impact on W erosion to ITER are
ongoing.
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Figure 1. The measured Be sputtering
yields in H, D and T plasmas at inner and
outer wall (KS3 — horizontal sightline of
spectrometers; KLDT — wide-angle view
visible cameras with Bell filter).
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TEPMOTOK B BOJIb®PAME U IPUITIOBEPXHOCTHOM
UCIIAPEHHOM CJIOE IIPU UMITYJIbCHOM HATPEBE

[IpemnoxkeHa Mozelnb BO3HUKHOBEHHUS 3aMKHYTOTO TOKa IMPU UMITYJIbCHOM
HEOJTHOPOJHOM HArpeBe JI0 TeMIIEpaTyp CYLIECTBEHHO BBIIIE MOPOTa IJIABJICHUS
BoJb(pama. [Ipu HarpeBe CyIecTBEHHO BBIIIE MOPOTa MIaBJICHUS UCTIAPSIONTUNACS
ra3 CTAaHOBUTCS IUIa3MOM M HAYMHAET MPOBOAUTH TOKHU. Torma 3a cu€T paznuyuii
MEXIYy TEPMOJMHAMUKON TIJIa3Mbl W TBEPAOr0 Marepuaia BO3HUKAET HE
MOTEHIMAIbHAS CUJIa, KOTOpasi MPUBOAUT K BO3SHUKHOBEHHUIO 3aMKHYTOrO TOKa,
MPOTEKAIONIETO BOKPYr TrpaHulbl cpea. Ilpu 3ToM  BenuymHa  TOKa
MPONOPIMOHAIIbHA TPAAUEHTY TEMIIEPATYPhI Ha rpaHule. [IpennoxeHHass MoIeIb
npuMeHsiercss Kk ycraHoke BETA s onmcanust HaOMOIABIIErocs paHee
BpalleHus paciyiaBa. Teopust He TpeOyeT HAIMYMs BHEITHETO UCTOYHUKA 3apsija U
MOXET OBITh MPUMEHEHA K HarpeBy MHBIMHU CIIOCOOAMM, HAIPUMEDP U3ITYUCHUEM.
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UCCJIEJOBAHUE TEPMUYECKOHN JE®OPMALIUMM IVIACTUH ITIPU
UMITYJIbCHOM HAI'PEBE

Bonasdppamossiii quseprop UTEP Oyzner noaBep:keH 3HAUYMTENBHON TEILIOBOM
Harpy3ke. WM3-3a OOMOapAMpOBKM MOKHAAIOUIUMU TEPMOSJAEPHYIO ILJIa3My
YacTHIIAMH TEeMIIEpaTypa TMOBEPXHOCTH €ro IUIACTHMH OyAET MOBBIIIATHCS, YTO
MPUBENIET K TEIUIOBOMY PACIIMPEHHUIO Marepuaia. B CBA3M ¢ 3TUM B IUTACTUHAX
OyJleT MOSIBIIATHCS MEXaHUYECKHUE HAPSHKCHUSI.

Jns  wm3ydeHuss mporecca TOBPEXKJICHUS MeTaula Obula paspaboraHa
quarHoctuueckas cucrema (Ha ycraHoBke BETA), koropass mMo3BOJseT
OCCKOHTAaKTHBIM M HEpa3pyIIAIOIIMM METOAOM in-situ HaOMIOaTh HANPSHKEHUS B
BOJIL()PAMOBBIX IJIACTUHAX, [TOIBEPTaIOLIUXCSI TEPMUUYECKOMY yAApY.

[IpuHuun paboThl CHUCTEMBI COCTOUT B PETUCTpPALlUM HM3MEHEHHs pa3zMepa
Ja3epHOr0 IMy4YKa, OTPaKaeMOTo OT MOJUPOBAHHON [0 3€epKaJbHOTrO Olecka
MOBEPXHOCTH 00pa3ia, oOpaTHOM K HarpeBaemoil. Vcxons W3 MallocTd u3ruoda,
MO>KHO CUUTATh, YTO MJIACTHHA U3TUOAETCS B CEKTOP CPephl.

[Tomo6HbIN M3ru0 Bps U OyIeT 3aMETEH JJIsl pealbHOTO JETEKTOpa, HO MOXKET
OBITH UCITIOJIB30BAH JJISI UBMEPEHUS HAMPSDKEHUS B MaTepUalie B YIOMSIHYTOM BbIIIE
JMAarHOCTHYECKON cucteme. TeopeTnyeckoe ucCiaeOBaHUE JAHHOrO Mpolecca
HEOOXOUM I JIYyYIIero MOHMMAaHUs TOBEJCHUS MaTepuana, MpeacKa3aHus
JOJITOCPOYHBIX MOCIEACTBUAN TEIJIOBOM HAIPY3KHU U JOJTOBEYHOCTH IUBEPTOPA.

B pamkax mnpuBeneHHON pabOThl paccMaTpHUBAIOCh IOBEJIECHHUE KPYTJION
MIJIACTUHBI TI0]T TETIJIOBOM HArpy3Ko#, onuchiBaeMoe ypaBHeHHueM Kupxroda-Jlssa:

ph 02 1
AW+ ——W=- —AMT( t, 1)
D 912 (1-0)D
rne W — nporu6 miacTuHbl, p — IIIOTHOCTh MaT€pI/IaJ3'Ia IUIaCTUHBI, h — ToNmmuKHa
h
IUTaCTUHBL, 6 — Koo unment [lyaccona, D = ( o) (E —™monyib FOHra),
12\ 1 - 06~

M—T——MOMEHT BHyTPEHHUX YIIPYTUX CUJI, BBI3BAHHBIN TEILUIOBBIM PACLIUPEHUEM.
Pemenne nckanocs Mertonom Oypee Il pa3IMUYHbIX KPACBBIX YCIOBHM.

32



B pesynbTare noiayyeHa AMHAMHUKA MOBEACHHE a0COIIOTHO YIPYTOW MIaCTUHBI
MOJ1 TEIUIOBOM HAarpy3Ko#. [Iiist pyHKIMIA TEMIOBOro MOMEHTA, XapaKTepHOE BpeMs
U3MEHEHHSI KOTOpPbIX OJM3KO K MEpUOAY OCHOBHOM TapMOHHUKU ILJIACTUHBI,
pa3BUBAIOTCA KoieOaHHWA C JaHHBIM T[EPUOJIOM, YTO TakXKe OTMEUYEHO B
skcriepuMenTe.  PesympraT  MomenuwpoBaHusi — OyJeT ~— CpaBHUBATBCS €
AKCHEPUMEHTAIBHBIMU JaHHbIMU ¢ ycTaHoBku BETA nnst onpenenenus posiv
BO30Y’KJJa€MbIX HarpPEBOM YNPYTUX KoyieOaHUM B AepopMallii IIACTUHBI.

KpoMe mrMHamMu4ecKoro MoJIEIupOBaHus MPOBOJWINCH PACYETHI CTATUYECKUX
HaIpsHDKEHHO-Ae(OPMUPOBAHHBIX COCTOSIHUM IUIACTUHBI BO BpEMsSl W TOCTE
MOIIIHOTO HUMITYyJIbCHOIO HarpeBa. OTOT cCllydail COOTBETCTBYET OBICTPO
3aTyXxaromum kosiebanussM. OCHOBa MOJIEIH MJIACTUYHOCTH OblIa B3sTa U3 padOThI
¥ JIOMOJIHEHA ASKCTIOHCHIIMATBHON pelaKcanue IiacTHYecKor medopMamuu ¢
3a1aBa€MbIM  XapaKTEPHBIM BpPEMEHEM. OKCIIEPUMEHTAIbHBIE  PE3YyJIbTAThI
OKa3aJIMCh MEX/y pe3yJibTaTaMU YUCJICHHBIX Pacu&ToB JIJIsi OECKOHEYHO OBICTpPOi
1 OECKOHEYHO MEJITIEHHOM ITaCTUYeCKOM nedopmanuu. Bunumo, 111 KOppeKTHOTO
onucaHus aepopMaluii U HaOpsDKEHUH IMPU MOIIHOM HMMITYJIbCHOM HarpeBe
nuTenbHoCcThi0 0T 100Mke 110 ImMc TpeOyeTcs y4ué€T KOHEYHOM CKOpPOCTH
MJIACTUYECKON e opMalinu.
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JANUHAMUKA ®OPMbI TIOBEPXHOCTH BOJIbB®PAMA ITOCJIE
OBPA3OBAHUA CETHU TPEILIMH BO BPEMA TEIIJIOBOI'O YIAPA

Pazpymenne mnazmonpueMHukoB B Tokamake UTOP B TeueHun Bcero cpoka
AKCIUTyaTalluyd SIBISIETCS OJHOM M3 €ro OCHOBHBIX MpoOiem. Jljis yMeHbIlIeHUs
BO3HUKAIOIINX TEIUIOBBIX MOTOKOB JINHUY MHAYKIMHA MATHUTHOTO IOJIS Ma1at0T Ha
IJIACTUHBI JUBEPTOPA MO CKOJIB3SIIMMHU yriiaMu okoJio 4-5° [1]. Kpome Toro, Bo
Bpemsi akcruryaTaiuu UTOP Henb3s NOTHOCTHIO HCKITIOUUTD OBICTpPBIE TEPEXOHBIE
npouecchl, Takue kak DJIMpb1 Tuna [. OHU BBI3BIBAIOT OBICTPBHIE TEIJIOBBIE HATPY3KU
U MOTYT IPHUBECTH K IOSBICHUIO CETH TPEIIMH Ha BOJb()PAMOBBIX IJIACTHHAX.
[Ipenpinyniue 3KCIEPUMEHTHI MOKa3aliv, YTO MOBEPXHOCTh BOJIM3U KPAaeB TPEIIUH
MOJHUMAETCS, OTKJIOHSSACH Ha yrojl okoJjio 0,5° [2], 4TO MOXET U3MEHSTh YroJ
MaJIEHNs TEIUIOBOTO MMOTOKA U €r0 MOBEPXHOCTHYIO INIOTHOCTh MOIIHOCTH. JlaHHas
paboTa mocCBsIIeHa JUHAMUKE (OPMbI MOBEPXHOCTH BOJb(PPAMOBBIX IIJIACTUH
MIOCJIE PACTPECKUBAHUS MPU MOCIEAYIOIUX TEPMAYECKHAX HArpy3Kax.

OKCHEepUMEHTaJIbHOE MOJIEJIMPOBaHUE OBICTPHIX TEIJIOBBIX YAApOB Ha
BOJIb()PAMOBBIE JIACTUHBI TPOBOJMIIOCH HA CTEH/IE C 3EKTPOHHBIM ImyukoM BETA
(Beam of Electrons for material Test Applications) B UA® CO PAH. O6pa3zubl
MOJINPOBAIUCH JI0 3€PKAJIBHOTO COCTOSIHUS, YTOOBI MCIIOJIB30BaTh IUAarHOCTHUKY C
nazepHoi nojicBeTko [3]. [IpuHIMI paboTHI ATON TUAarHOCTUKH OCHOBAH HA TOM,
YTO MPHU PACTPECKUBAHUU 00JIACTH MOBEPXHOCTH MO Pa3HbIe CTOPOHBI OT TPEUIUHBI
MIOAHUMAIOTCS. M OTKJIOHSIOTCS Ha Yrojdl OKOJIO 1° B NIPOTHBOIOJIOXKHBIE
HarnpaBiieHus. Ecnu mocTpouTh u300pakeHHe o00dydaeMold MOBEPXHOCTH U
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pa3MeCTUTh JKpaH 3a IUIOCKOCTbIO HM300paXeHUs, TO PpaCXOJALIUECS JIy4H
0o0pa3yloT TEeMHbIE TMOJOCH, COOTBETCTBYIOIIUE penabedy pacTpecKaBlIeiics
MOBEPXHOCTH. DTO TMO3BOJISIET OTCIEKUBATH HE TOJBKO MOMEHT TMOSIBICHUS
TpEIINH, HO U U3MEHEeHHE (DOPMBI TOBEPXHOCTH, KOTOPOE CBSA3AHO C JaldbHEHIIeH
nedopmarueir  obpasma. Bo  BpeMs OKCIEpUMEHTa Takke H3MEPSIIUCH
pacrpezieieHiue TeMIepaTypbl Ha MOBEPXHOCTH M €€ X0JI B HECKOJBKUX 00JIacTsIX
obpa3ta.

BonbdpamoBbie MaacTUHBI OOMy4YalMCh TEIUIOBBIM yAapaM € MapaMeTpoM
notoka temiaa okoio 20 MJ/Ix/m%c’> u mmrensHoCcTHIO 10 1000 MKC, 4TO MEHBIIE
nopora rasiieHust Boibppama. [locie HECKOIBKUX UMIYJIBCOB Ha TMOBEPXHOCTH
o0pa3oBbIBaJIaCh CETh TPEUIMH W Kpas TpelmuH MmogHuManuchk. Ha oOpasie
MOSIBJISUIACH TIPOTSDKEHHAs CTPYKTypa MOJHSATHN MaTepuaia, KOTOPYH MOKHO
ObLI0 HAOMIOAATH N Situ MO yBEIMYEHUIO HHTEHCUBHOCTU PACCESTHHOTO JIA3€PHOTO
CBeTa W W3MEHEHMIO KapTuHbI wu3zoOpaxkeHus [4]. Ilocime »sToro oO6pasibl
MOJBEPTAIIUCH JIOMOJHUTEIBHBIM TEIUIOBBIM yaapaM. [Ipu nocieayromiemM Harpese
Marepuag C TpPEIIMHAMHU JIOCTUTae€T TOTO K€ COCTOSHHUS IUIACTHYECKUX
nedopmaruii Ipu MaKCUMaJIbHOM TeMrepaType, YTO U JO0 pacTpeCKHBaHHUA. DTO
MIPUBOJUT K TOMY, YTO CTPYKTYypa MOTHATUMA pa3paBHUBACTCS BO BPEMS TEILIOBOTO
yaapa, B pe3yJIbTaTe 4ero MpoOUCX0IUT YMEHbIIIEHHE HUHTEHCUBHOCTU PACCESHHOTO
CBE€Ta U HMCUE3HOBEHUE CETH HEOJHOPOJHOCTEH HAa M300pa’KeHUH MOBEPXHOCTH.
ITocne okoHYaHWS HarpeBa MaTepual OCTBHIBACT W MPOUCXOJUT OOpaTHas
nedopmaliys, HO MEXaHWYECKOW CBSI3M MEXIY KpasMu TPEIIMHBI HET, TTO3TOMY
MMOBEPXHOCTh BOJIM3W KpaeB TpEHIuHBI JaeopMupyeTcss CuibHee W Yroi eé
OTKJIOHEHHUSI OT MCXOJHOM IJIOCKOCTH YyBelnuuBaeTcsi. OnucaHHOE yBeIUYEHUE
CTPYKTYpbl TOJHSTHUI BBI3bIBAET JOMOJHUTEIbHBIA POCT HWHTEHCHUBHOCTH
paccessHHOTO CBETa M YIIUPEHHE HEOHOPOJHOCTEH Ha KapTUHE N300paKeHUs.

[Tocie HeCKOJIBKUX UMITYJILCOB MTPOUCXOUT CTAOUIM3AIUS TMHAMUKH pelibeda
noBepxHOCTH. V3MeHsIs BpeMs 3aImycka KaMepbl MOXKHO MOJTYYUTh CEPUI0 CHUMKOB
MMOBEPXHOCTH B Pa3HOE BpeMsl TEIUIOBOTO yaapa (puc. 1). nuTenbHOCTh TEMI0BOTO
ynapa cocrtaBimsuia 700 Mmxc. Ha pucyHke 2 BUIHO, YTO TEMHBIE IIOJIOCHI,
COOTBETCTBYIOIIME MOAHATUSM MOBEPXHOCTH, MIPOIMAIAIOT K KOHITY OOJydeHUs, U
IOTOM CHOBA TMOSIBJIIFOTCS C OXJIAKICHUEM MMOBEPXHOCTH. M3 MOTy4eHHBIX JaHHBIX
clelyer, YTO NpPU HMIIYJIbCHOM HAarpeBe IOcCie PacTpecKUBaHUs BOJbppama
MPOUCXOJUT pPACHPSIMICHUE TOMHITUNA W CMBIKAHHE KpaeB TPEUIMH K KOHILY
obmyuenus. [Tociae okoHYaHUS TETIOBOTO Y/apa Kpas TPEIIUHBI CHOBA PACXOJSTCA,
a Ha IOBEPXHOCTH MOSIBIISIETCS CTPYKTYpa NMogHsATH. OOpa31sl ObLUIN HCCIICI0BAHbI
post mortem ¢ nomotnisto COM u onTudeckoro npoduioMerpa ajis onpeaeacHus
rmapaMeTpoB MOIU(PUKAIMK TMOBEPXHOCTH: IMHUPHUHBI TPENIuH, mpoduien
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BOSBBIHIGHI/II‘/JI, mepoxoBaToCT U T.A.

Puc. 1 — CHUMKH OBepXHOCTH 00pa3iia Mpu 00IyYEeHUH TOCTe
pacTpECKUBaHUs, MTOJYYEHHBIE B Pa3HbIE MOMEHTHI BPEMEHH TEILIOBOTO yAapa.
a) 85—105 mxkc, 0) 285-305 mkc, B) 385-405 mkc, r) 680-700, 1) 880-900 mkc, €)
1580-1600 Mmxkc.

Cnmcok ucnoJib30BaHHBIX HCTOYHUKOB

[1] R.A. Pitts, et al., Nucl. Mat. and Energy 20 (2019) 100696

[2] A.S. Arakcheev, et al., Nucl. Mat. and Energy 20 (2019) 100677
[3] A.A. Vasilyev, et al., Fus. Eng. and Design 146 (2019) 2366-2370
[4] L.N. Vyacheslavov et al., Phys. Scr. 93 (2018) 035602
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_HACCJIEIOBAHHUE BOP-TIMTUEBOI'O KOMIIO3UTA I1IOJ
JAEUCTBUEM MOILIHbBIX TEIIVIOBBIX U HOHHO-IIJIASMEHHBIX
HAI'PY3O0K

Bri6op maTtepuana obpaméHabix K miaazme saemenToB (OI1D) TepmosinepHoit
YCTaHOBKHU — KJIIOYEBOI BOIPOC, ONpeAesomuii e€ paborocnocooHocts. OnHUM
U3 TEPCHEKTUBHBIX MAaTEpUAIIOB SIBJSIETCS JIMTHUH, HCIOJIB30BAaHHE KOTOPOTO
NpEeAnonaraeTcss B  paMKaX  KOHIENIMM  KUJAKOMETAIMYECKOW  CTEHKHU
TEPMOSAIEPHON YCTaHOBKM. lIpenMymiecTBa JUTHS 1O CPaBHEHUIO C JIPYTUMHU
MaTepHallaMid COCTOSIT B €0 MUHHUMAJIbHO BO3MOXXHOM aTOMHOM HoMmepe (Z=3),
XOpOILLIEH COBMECTUMOCTH € BOJOPOIHOM IJIa3MOM, HU3KOU SHEPrue MOHU3ALNH,
IIMPOKUM JHana3oHOM TeMIepaTyp, B KOTOPOM OH MOXET MNPUMEHSAThCSA (OT
temneparypsl mwiassienus ~180 °C go ~ 1000 °C). DkcniepuMeHThl Ha TOKaMaKax C
xuakonutueBbiMu OI1D nokazanu nojaoxureabHbie 3QPEKTh MPUMEHEHUS JTUTUS
Ha TEPMOSJIEPHYIO IJ1a3My (YMEHBUIEHUE BOJOPOAHOIO PELUKINHIA, YMEHbBIIIEHNE
a(dexTuBHOTrO 3apsja IUIa3Mbl, I[IOJIaBJieHUE HecTaOuiabHOCTeH). M3 Bcex
CYILLECTBYIOIIUX TEXHOJOTUYECKUX PEIICHUM, CBA3aHHBIX C IPUMEHEHUEM JINTUS,
HanOoJee Pa3BUTHIM SIBISIETCSI MCIOJIb30BAHHE KaNWUISIPHO-IIOPUCTHIX CHUCTEM
(KIIC), namonneHHbix nutueMm, B kadectBe OIID. Ilpu coOnrogeHun yciaoBus
XOpolLIel CMauMBac€MOCTH, NPABWIBHOM BbIOOpE Marepualia M KOHCTPYKLHHU
matpuilbl, KIIC ¢ )Kuakum TuTueM CriocOOHbBI BBIIEPKUBATH TEIUIOBBIE HATPY3KH ~
10 MB1/m?%. K negocratkam cymectsyromux KIIC cieayer OTHECTH CI0KHOCTD B
UX O0CITyXKUBaHUHU, HEBO3MOXKHOCTh PEMOHTA B Cllydae JOKAJIbHOTO pa3pylIeHUs
MaTpHIbl, HAPUMEP B CIIy4ae JIOKAJIbHOTO UCTOUIECHUS JINTHSA, OOJIBIION aTOMHBIN
HOMED TYTOIUIABKHX METAIIJIOB, HCIIOJIb3YEMBIX B KAUECTBE MaTEpHUala MaTPHULIBL.

C Touku 3penust KIIC kak OIID, onTUManbHbBIM SIBISETCA MaTepUal MaTPULIbI
C MaJbplM aTOMHBIM HOMEPOM, XOPOILO COBMECTHMBIN C TEPMOSIEPHOMN IUIa3MOH,
XOpOILIO CMAYMBAEMBbIN JIUTHEM, U JETKUI B 00paboTKe.
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Bbop-nutuessiit komno3ut (BJIK) npexacrasnser coboii Marpuily 6opuaa JuTus
Li;B¢, 3anonHeHHyo MetauimueckuMm guTueM. MaccoBsiil coctaB BJIK: ~ 80+4
mac.% Li, ~ 2044 mac.% B. BJIK nmpumensiercss B kauecTBe Marepuasia aHOJIOB
XUMHYECKMX UCTOYHUKOB TOKa, pabOTaIOIUX MpU BBICOKUX TeMmepaTypax ~ 500-
600 °C, T.x. oOmamaer BBICOKUM KO(POUIIMEHTOM aAre3u JUTHS B MaTPHIE
O6opuaa, 4To oOecreunBaeT BBHICOKOW TIACTMYHOCTBIO M JIETKYI0 MEXaHUYECKYIO
0o0paboTKy MaTepuana, HpU STOM (PUIUKO-XMMHUYECKHUE CBOMCTBA JIMTUS HE
nperepneBatoT n3MeHeHus. BJIK coxpaHseT cBoM MexaHMYEeCKue CBOWCTBA 0
temneparypsl ~ 800°C. Bcé sto memaer BJIK marepmanom, MOTEHIHMAIEHO
MEPCIIEKTUBHBIM JUIA Kcnoiab30BaHus B OIID MeHee HarpyXKEHHBIX 3JIEMEHTOB
IIEPBOI CTEHKH TOKAMAaKOB C JINTHEBBIMU 3JIEMEHTAMU.

beimu mpoBenens! nepewie ncnbiTanus 00pasioB bJIK kak matepuama OI1D mox
TEIUIOBOW HArpy3KOW 3JIEKTPOHHBIM ITYYKOM W IUIA3MEHHOW HATPY3KOM T'EIMEBOU
mna3Mbl. McnbiTaHusl TPOBOAMIMCH HAa ycTaHOBKE [IP-2 ¢ mydkoBO-IIa3MEeHHBIM
pazpanoM. B kadectBe o0pas3noB wucnoib3oBaiuch BJIK ~25x25x5 MM 06e3
AKTUBHOI'O oxXJIaxkaeHus. Bo BpeMs ucnweiTanuii npoBoawiack MK-tepmomerpust
MOBEPXHOCTH  00Opaslla, HW3MEpPEeHHEe  TeMmIlepaTypbl  oOpaméHHOM K
M1a3Me/3JeKTPOHHOMY TYUYKY IMOBEPXHOCTH U 3aJlHEW MOBEPXHOCTH oOpasia, a
TAaK)K€ M3MEPEHHUE IMapaMeTpOB IUIa3Mbl MPU MOMoLM 30HAa JIeHrmropa, macc-
CHEKTPOCKONMHM HOHHBIX IOTOKOB M OO30pPHOW ONTUYECKOM CIEKTPOCKOIHUU.
[ToBepxnocTs BJIK n3ydanace 10 ¥ mociie UCIBITAHUM IPHA IMTOMOIIY CKAHUPYIOLIEN
ANEKTPOHHON MUKPOCKOIIMH, 3HEProJAUCIEPCUOHHON crieKTpockonuu. s 6omee
noApoOHoro wm3ydeHus CTpykrypsl BJIK Obutm mpoBeseHbl JOTOJHUTEIBHBIE
MCCIIEIOBaHUsA, B KOTOPBIX JUTHM ObUT BhimapeH u3 BJIK myTém ero HarpeBa o
~500 °C B BakyyMe paJMallMOHHBIM HarpeBaTeaeM U JJIUTEIbHON BBIIEPIKKH.

bruto ycranosneno, uto bJIK mociie BeimapuBaHus U3 HETO JIUTUSL B BAKyyMe
MpEeACTaBsAeT cOOOM Pa3ymnopsA0YEHO MEPEIUIETEHHbIE BOJIOKHA Oopuia JIUTHUS.
TonmuHa BONOKOH cocTaBisieT ~ 1 MkM, anuHa Oonee 50 MKM, XapakTepHOE
paccTosiHuEe MEXJIy BOJIOKHaMHM ~ 5 MKM. CTOUT OTMETHUThb, YTO TIOCIE
BbimapuBaHus nutus o0béM BJIK yBennuwmsics B ~ 3 pasza, mo3Ttomy MOKHO
OKHMJAaTh, YTO HW3HAYAJIBHO PpPACCTOSHUE MEXKJIYy BOJIOKHAMM  MEHBLIE
Ha0JI0/1aeMOT 0.

Ucneitanusa BJIK nmox nelicTBUEM 37€KTPOHHOTO My4Ka MPOBOAUIUCH C ITYYKOM
nuametpoM 30 MM IIPHM OCTaTOYHOM JaBjeHuu 5x10¢ mOap m mMakcumanbHOMN
MOIIHOCTBIO TEIIOBOro moroka 1 MBT/M? (mpu  (UKCHPOBaHHOW JHEPrHU
AIIEKTPOHHOTO My4Ka - 4 k3B). Bo BpeMst ucnpITanuii MOIIHOCTH TEIJIOBOTO OTOKA
BapbUpOBAJIACh C IOMOULIBI0 TOKAa DMHUCCHM 3JIEKTPOHHOM IyUIKH CTYIIEHYaToO C
¢ukcupoBaHHbIM maroM. I[locie Kaxxaoro yBelIWYEHUS MOIIHOCTH JOCTHUTaIOCh
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CTAIlMOHAPHOE COCTOSHHE TEMIIepaTypbl OOpAIICHHOW K IMY4YKYy IOBEPXHOCTH
oOpa3lia ¢ TOMOIUIBIO0 OJIHOM U3 YCTAaHOBJIEHHBIX Ha JeprKaTesie TepMoIiap.

B xone ucnbitanuit BJIK nox Harpy3koi resiineBoi miaa3Mel pabodee 1aBieHue
reiqusi B kamepe ycraHoBku cocrtaBisiiio 0.01 — 0.02 mOap, MOIIHOCTH paspsaa
BapbUPOBAJACh C IMOMOIIBIO HACTPOEK 3JIEKTPOHHOW MYIIKU (TOK SMHCCUHU U
YCKOPSIFOIIMI MOTEHIIMaN) JI7Isl MOHOTOHHOTO HarpeBa 00pasiia, KOHTPOJIUPYEMOTO
C MTOMOUIBIO BCTPOEHHBIX TepMomap. MOIIHOCTh pa3psijia TAKKE KaK U B TEILUIOBBIX
ucnbiTanusax bJIK yBenmumBaiiach CTYIEHYATO C JOCTHUKEHHEM CTALMOHAPHOTO
3HAYEHUsI TeMIepaTypbl OOpallleHHOW K IjIa3Me MOBEPXHOCTH oOpasna. MoHHBIM
IOTOK M3 IUIa3Mbl, IUIOTHOCTH KOTOpO# Jexana B mpegenax (1-5)x10'% cm,
3JIEKTPOHHas Temreparypa — (2-5) 5B, mocturan Benmmuunsl ~102! M2, DHeprus
HMOHOB M3 IJIa3Mbl JOCTUTajla BEJIMYMHBI MOPsJIKa MOTeHIMana mia3msl (~10 3B).

Kak moa nmercTtBueM 3IEKTPOHHOTO IMy4YKa, TaK W IOJ JIEMCTBUEM TEIUEBOM
MJ1a3Mbl COXPaHSETCs LIETIOCTHOCTh 00pa31oB, HE HAOIIOIaeTCs IPKO BhIPAKEHHOU
kanenbHoOU (aszwl. [Ipu 3TOM 1Mo uctomenuro autus B o0béMe BJIK nHabmomaetcs
CYIIECTBEHHOE YyMEHbIIICHHE JUHEWHBIX pa3sMepoB oOpasna bJIK, craruBanue
MaTpHUIel K 00JacTH BO3JeUCTBUA Ha oOpaszel. Ilociie oOmydeHus: HaOIr0MaeTCA
3HAYMUTENIbHOE H3MEHEHHE MOP(OIOTHH TOBEPXHOCTH 00pa3Il0B KaKk Ha MaKpO-, TaK
Y HaA MUKPOCKOITMYECKOM YPOBHE.

[Tog nelicTBHEM »BJIEKTPOHHOTO IMy4yKa HCIHapeHus Oopa u3 o0pas3loB HeE
MIPOUCXOJUIIO0, YTO MOATBEPKIAIOT MacC-aHAJIN3 MOHHOTO MOTOKA W ONTHYECKas
CIEKTPOCKOMHS (B CIIEKTPE MpeoOIaaatoT JUHUK atoMapHoro nutus 670um). [1pu
BO3JICHCTBUY TEIIMEBOM MJIa3Mbl POUCXOIUT aKTUBHOE pacnblieHrne 6opa u3 bBJIK.
OO0 3TOM CBHIETENLCTBYET TO, YTO B MACCOBOM COCTaBE HOHHOT'O MTOTOKA U3 TJIa3Mbl
MPUCYTCTBYET PKO-BhIPAKEHHASI KOMITOHEHTE 00pa; Py 3TOM KOMITIOHEHTHI JINTHUS
Y €r0 MPOU3BOJIHBIX BHOCAT 3aMETHBIN BKJI]l B COCTAB MOHHOTO ITOTOKA TOJIBKO MPH
MOITHOCTSX paspsiaa 6osee 500 Br.

Takum 00pa3om 1o pe3ysbTaTaM MEPBBIX UCIBITAHUNA MOKHO TOBOPUTH O TOM,
yto BJIK Moker ObITh mepcnekTuBeH kak marepuain OIID, ciaemayer mpoaoyKaTh
ruccnenoBanus MoxXHO oxuaaTh, 4TO Npu akTuBHOM noanutke BJIK nutuem, a
TaKXe MPU aKTUBHOM oxJiaxkieHnu nopepxHoctu bJIK, Hanpumep npu peanuzanuu
UUPKYJISIUU KUAJKOTO JIUTHUSI C TTIOCTOSSHHOW TEMIIEpAaTypoll B KOHTAKTE C 3aJHEN
noBepxHocThI0 BJIK, BJIK ciocoOeH OyAeT BhIIepKMBATh BHICOKHE CTAlIHOHAPHBIC
MJIa3MEHHbIE Harpy3KU B TEYCHHE IITUTEIILHOTO BpEMEHU 0€3 pa3pyIIeHHS.
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VCCJIEJJOBAHME PE3YJIbTATOB BO3JENCTBUS JAZEPHOM U
SJEKTPOHHO-ITYYKOBOM HAT'PY30K HA
HAHOCTPYKTYPUPOBAHHBIE IOBEPXHOCTHU MATEPHUAJIOB
TOKAMAKA-PEAKTOPA

TenuoBble U MIa3MEHHBIE TOTOKU BO BpeMsl pa0OThI TOKaMaKa-peakTopa OyayT
OKa3bIBaTh 3HAYMTEIIBHOE BIIMSHUE HA IOBEPXHOCTh MEpPBOM CTEeHKU. M3-3a
BBICOKOM MJIOTHOCTH MOIIIHOCTH 3JIEMEHTHI NIEPBOM CTEHKH M3 BOJbppama OyayT
WCIIBITBIBATh HEPABHOBECHBIM KPATKOBPEMEHHBIN HAarpEB C BBICOKUM I'PaJUEHTOM
TEMIIEpaTyp MO CEUEHHUI0. ITO OyAEeT NPUBOJUTH K IJIABJICHUIO, PACTPECKUBAHUIO,
APO3HH, a TAKKE K UX MOJAU(PUKALIMU U POCTY HAHOCTPYKTYP B T.4. THIA «IIyx» [1].

Jlist uccienoBaHusl CBOWCTB MOJOOHBIX CTPYKTYp HEOOXOAMMO NPOBOJMTH
DKCIIEPUMEHTBl C KOMIUIEKCHBIM  BO3JIECHCTBUEM MOIIHOM CTAalMOHAPHOU
IJIA3MEHHOW M UMITYJIbCHOW JyrOBOM, JIQ3€pHOW U DJIEKTPOHHO-IIYYKOBOU
Harpy3KOM Ha IOBEPXHOCTh IIEPBOM CTEHKH TOKamaka-peakropa. I[lpm stom,
pe3yapTaT BO3ACHCTBUS KOMIUIEKCHBIMM TEIUIOBBIMM HAarpy3KaMH CHIIBHO
OTJINYAETCd OT OTIAEIbHOTO BO3JEHCTBUS CTAalMOHAPHBIMHU IJIa3MEHHBIMHU
MOTOKaMH, JJA3€PHOTO WU AJIEKTPOHHO-ITYYKOBOTO O0TyUYEHUS.

Ha ycranoBke IIJIM-M B HIUY MOW co3nansl ycioBus sl MPOBEACHUS
AKCIIEPUMEHTOB C BO3JIEHCTBUEM IIJIA3MEHHOM U J1azepHOM Harpysku [2]. [TJIM-M
MO3BOJIIET TIOJIyyaTh IUIa3My B CTallMOHAPHOM pEXHUME CO CBOWCTBaMU
IIPUCTEHOYHOW IIIa3Mbl TOKaMmaka: MarHutHoe mnose 0.25 Tm, mioTHOCTE
snexTponos 10! — 10%° M3, snexTponnas Temneparypa 2-3 5B, TemioBas Harpyska
Ha MueHs 10 10 MB1/M? , MOHHBIH TIOTOK (Tenuid, apron) Ha muiess 102 — 10%
m2¢!, TITIM-M o6opynoBaHa CTEHIOM Ha OCHOBE UMITYJILCHOrO jazepa Nd:YAG
mozenu LQS529A ¢ nnunoit BoaHb! uznyuenus A = 1064 HM U sHeprueit uMITyJibca
1o E =500 m/Ix, nnmutenbHOCTh uMIyJibca 10 He.

[IpoBeneHo wuccnenoBaHWE BIMSHUS KOMOWHHMPOBAHHBIX IIa3MEHHBIX U
JA3€pHBIX HArpy30K Ha INAAKYyH0 M IIOPUCTYH0 HAHOCTPYKTYPHUPOBAHHYIO
MOBEPXHOCTH BoJb(pama. [IpoBeneHo ncciaenoBanye BIUSHUS KOMOMHUPOBAHHBIX
IIJIa3MEHHBIX 17§ IIEKTPOHHO-ITYYKOBBIX Harpy3oK Ha  IOPHUCTYIO
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HaHOCTPYKTYPUPOBAHHYIO TTOBEPXHOCTH BOJIb(pama.

Jns mccnenoBaHus BIUSHHUS KOMOWHHUPOBAHHOW IUIA3MEHHOM M JIa3epHOMU
Harpy3ku Ha TIOBEPXHOCTH BOJb(PpamMoBOro Moayys Obuia chopMupoBaHa
BBICOKOITIOPHUCTAasl TMOBEPXHOCTh B TIuia3Me ycTaHoBku [IJIM-M. IInoTHOCTH
TEIIOBOTO IOTOKA IUIa3Mbl Ha MOBEPXHOCTL Obu1o 2 MBT1/M2. Ha mosepxHOCTH
MOAyJds W3 BOJb(paMOBOM TulacTUHBI Temmeparypa aocturana 1850°C. s
JIOKAJbHOTO yBEIWYEHUS IUIOTHOCTU IUIa3Mbl HCIOJB30BAIIOCh HUCIIApEHUE
BOJIb()paMa C TOBEPXHOCTH MO JCHCTBHEM Ja3epHOro u3nydenus. [Imomasns narHa
nasepa mpu (GOKyCHpOBKe Ha moBepxHocTd - 0,725 mm? (popma — smmic).
[110THOCTH MOIIIHOCTH B UMITYJILCE Ha MOBEPXHOCTH OOpaslia Morja JIOCTUTaTh
BenruuHbl 21x10'2 JIx M2¢'2, uro npeBbIIaeT mopor uenapeHus Boabdpama.

JlanHble,  MOJy4YeHHBIE C  TIOMOIIBIO  ONTHYECKONM  JUATHOCTUKH
MIPUIIOBEPXHOCTHOM I1a3Mbl, TOATBEPAIIN HCTIApEHUE BOJTb(paMa C TOBEPXHOCTH,
o0myqaemoro JiazepoM. MHUKPOCKOTTMYECKHE HCCICIOBAHUS TOKa3ald, YTO BCS
MOBEPXHOCTh 00pa3lla MOKPhUIACh BHICOKOIIOPUCTHIMHU CTPYyKTypamu. B oOnactu
Ja3epHOro O0JIydeHUs HAOIOAAeTCsl MEPeruIaBieHUue MOBEPXHOCTU MOPUCTOTO
CIOSl C COXpaHeHWeM Tmop moa HuM. OOpa3yeTrcss MHOTOCIOWHAas CTPYKTypa
MOJIMKPUCTATUTMYECKUI BOJIb(PpaM — MOpUCTast CTPYKTYpa — MOTUKPUCTATUTHUECKUN
BoJb(paMm. Yacth mOp OKa3bIBaeTCS TOJA CIOEM OIUIABJICHHOTO MeETalia.
PactpeckuBanue maTepuana NpakTUYECKU OTCYTCTBYET.

bri1 mpoBeieH KOHTPOJIBHBIN SKCIIEPUMEHT ISl NUTM(POBAHHOTO BOJIb(Ppama.
O6pa3zer moaBeprajics 00ydeHUIO TIa3MON B aHAJIOTHYHBIX YCIIOBHIX M TIPU TOM
Ke TeMriepatype oopasia. O0aydeHue j1a3epoM ObLUIO TPOBEACHO 10 Havajia pocTa
myxa. BeIsIBIIEHO 3HAUUTENIBHOE OIJIABJIEHUE U PAaCTPECKMBAHUE MaTepHalia B 30HE
00JTyUYeHUSI.

SEM HV: 10.0 kv SEM MAG: 273 x
Viaw flakd: 2.32 mm Dat: S& 500 jm
WD: 13.04 mm

SEM
Det: BSE 00 pam
WD: 25.83 mm

SEM HV: 10.0KY | SEN MAG: 109 kx
WView fiekd: 5.00 pn Det: BSE
WO: 15.95 mm

B)

Puc.1. hoTo moBepxHOCTH BOB(paMa 1mocie KOMOMHUPOBAHHOTO 00JTydeHUS
TUTa3MEHHOM HArpy3KO# | JIa3epHBIM UMITYJILCOM, 0) OTO IOPUCTOM CTPYKTYPHI C
OIUIABJICHHBIM CJIOEM, B) (DOTO MOBEPXHOCTH MITU(OBAHHOTO BOJIb(Ppama mociie
BO3/ICHCTBHS JJA3€PHOTO UMITYJIbCA
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KapaunanbHble pa3inuuus MOCIEICTBUMA JTa3epHOT0 OOMYyUYEHUS Ha TJAJKYIO U
HAHOCTPYKTYpPUPOBAaHHYI0  TMOBEPXHOCTh  MOXHO  OOBSICHUTH  3(PdeKToM
MOTJIOLIEHUS JIA3EPHOTO M3JIyYEHHUSI B BEPXHEM CIIO€ MOPUCTOM IJIEHKH, IIPU 3TOM
TEIJTIOBOM KOHTAKT HarpeThIX BOJIOKOH C IMOBEPXHOCTHIO YMEHBIIEH B CPABHEHUU
CO CIUIOIIHOW CpeAoi, T'paJMeHThl TeMIEpaTypbl Ha MOBEPXHOCTH IOJJIO0KKHU
CIUIOIIHOIO METajula HWXKE, YTO M MPUBOAUT K KYyNUPOBAHUIO MEXaHHU3MOB
KPYyIHOMACIITAOHOI'O PaCTPECKUBAHUSI.

BisiHue 3JIE€KTPOHHO-IIYYKOBBIX HAarpy30K Ha HAaHOCTPYKTYPHUPOBAHHYIO
MIOBEPXHOCTh B KOPHE OTIMYAETCA OT BO3ACHCTBUA Jazepa. s mpoBeneHus
uccienoBanuii B ycranoBke [IJIM-M nHa oOpasue Boibppama Obula moJydeHa
pa3BUTasl HAaHOCTPYKTYpUpPOBaHHAsl MOBEPXHOCTb. 3aTeM JaHHBIA oOpa3zer ObuI
nepemenieH B ycTaHoBKY ADJITK-344-12 ¢ sneprodmokom DJIA-40U. [lns
MPOBEICHUSA UCIHBITAaHUNA OBLT BBIOPAaH PEXHUM HMITYJIbCHOW  Harpy3KH.
Temneparypa OOKOBOW MOBEPXHOCTH MOJUKPUCTALNIMYECKOTO BOJb(pama
nocturana 850°C. [T10THOCTS MOIIHOCTH Ha OBEPXHOCTH IpeBbimana 50 MB1/m2.
B pe3ynbrate aHanm3a MOBEPXHOCTU PACTPOBBIM JIIEKTPOHHBIM MHUKPOCKOIIOM
BBISIBJIECHO YTO HA YYacTKaX YHCTOIO IIyXa HaOJIOJAaeTCs HE3HAYUTEIbHOE
yYBEJIMYEHHUE TUIOTHOCTH Ha HauOoJjiee BBICTYMAIOUIMX YYacTKax Iyxa, IO
CPaBHEHHIO C MCXOJHBIM cOCTOsiHHEM. CIIeIOB 3p03HHM MOBEPXHOCTH, TAKUX KaK
IUIaBJICHHUE, pacTpeCcKUBaHUe 0OHapykeHO He ObLI0. [Ipu nomananny nNpUMeCcHbBIX
YaCTHII Ha IMTyX HaOII0AaeTCs YBEIMUYCHUIO SPO3UH, PACTPECKUBAHUIO TTOBEPXHOCTH
Y pa3pylIeHHUE CIIOA IyXa BOKPYT YACTULIBI.

X £ oy i
RS AR T B : ; :
SEM HV: 10.0 kV SEM MAG: 1.92 kx
Viow fiold: 329 pm Dot: SE, BSE
WD: 10.02 mm

SEM HV: 5.0 kV SEM MAG: 61 x T SEMHV:S0KV SEM MAG: 316 K
View fleld: 7.83 mm Det: SE, BSE View fleld: 20.0 pm Det: SE, In-Beam SE
WD: 22.06 mm WD: 10.73 mm

a) 0) B)
Puc. a) poro noBepxHOCTH BOIb(ppaMa MOCIe KOMIUIEKCHOTO BO3/IEUCTBUS
J1a3Mbl U AJIEKTPOHHOTO Ty4Ka, 0) (OTO HAHOCTPYKTYpPHI THUIA MTyX B 00JIACTH
BO3/ICHCTBUSA ITy4Ka, B) 00JIaCTh MOMaaHUs MPUMECH Ha TTOBEPXHOCTh

Pe3ynpTaT CTOMKOCTH IyXa MOXET ObIThb OOBSCHEH BBICOKOM paccenBarolen
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CTIIOCOOHOCTBIO CJIOEB, KOTOpast 00ECIeYuBaeTCs OIPOMHOM yIEIBbHON TUIOMIAbIO
MOBEPXHOCTH U (PU3MUYECKUMU TapaMeTpaMH CTPOCHUs cios myxa. Heobxomumo
y4eCTh, YTO MAKCUMYM ODHEPTOBBIIEICHHUS HAXOAWTCS HA HEKOTOPOW TIyOuHe.
OnHako, TTyOMHA IPOHUKHOBEHHS AJIEKTPOHHOTO ITyYKa B TIOPUCTHIA MaTepUal He
u3ydyeHa.

Takum o00pazom, B yCIOBHSIX pabOTHl TOKaMaKa-peakTopa, KOMILIEKCHOE
BJIMSIHME POCTa HAHOCTPYKTYp M BO3JAEUCTBUS AYTOBBIX IpoieccoB u DJIMoB Ha
MaTepual NepBOi CTEHKH MOKET MPUBOJAUTH K (POPMUPOBAHUIO TOPUCTOTO CIIOA,
3allepTOro OIUIABJICHHBIM METaJIOM. BcerencTBue 4ero, Takasi CTPYKTypa MOXKET
HAKaIlUIMBaTh B ce0€ TPUTUM, YTO HETaTUBHO CKAa3bIBACTCSA Ha pabOTE YCTAHOBKH.
[Tpu 5TOM, TaKkKe CTPYKTYpPhI OKa3aJiCh YCTOHYHMBBI K BO3JICUCTBUIO JIEKTPOHHBIM
MYYKOM C DHEprueH, BBI3BIBAIONICH pa3pyIICHHE MOBEPXHOCTH NUIH()OBAHHOTO
BOJIb(pama.

PaboTel Mo co3ganuio jazepHOro Kommiekca ycranoBku [1JIM-M npoBonunuck
omaroaapst npoekty ['ockopniopamuu "Pocatom" Ne 223 EOTII-YTII 774/158-/1.
PaGoTel 1O wuWCCIEIOBaHUIO B3aUMOACHCTBUS  J1a3€PHOTO  M3IYYEHUS C
HAaHOCTPYKTYpUPOBaHHBIM BoJbGpamMoM mnopjepxkanbl rpantom PH® Ne 17-19-
01469-I1 mo Teme Ne 3051170 3a 2021 r. PabGoTrsl mo wucClIeqOBaHUIO
B3aMMOJIEHCTBUS 3JIEKTPOHHOIO ITydyKa C HAHOCTPYKTYPHUPOBAHHBIM BOJIb()paMoM
noaaepxkanbl rpantoM PODU Nel19-29-02020.

CnucoK MCnoJib30BaHHbIX HCTOYHHUKOB

[1] B.IL. bynaes, BAHT. Cep. Tepmosinepnslii cunres, 2017, T. 40, BbII. 3, c. 23-
36.

[2] Bynaes B.I1., ®egoposuu C./., enoB u ap. «Ilnazmennas ycranoska [1JIM-
M ju1st uICTIBITaHUH TETUIO3AIUTHON OOJIUIIOBKY BHYTPUKAMEPHBIX KOMIIOHEHT U
JMAarHOCTUKHU MPUCTEHOYHOM TJIa3Mbl TEPMOSIAEPHOTO PEAKTOPA-TOKAMAKA.
Bcepoccuiickas kondpepenuus « IMAI'HOCTUKA
BBICOKOTEMITEPATYPHOU IIJIABMbIy». 2021r. 27.09-1.10.2021, r. Coun,

YCTHBIN JOKJIAJ
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H.H. KACUMOBA", J1.b. BETPAMBEKOB, C.C. JJIOBI'AHIOK, A.M.
3AXAPOB

Hayuonanvhuiii uccneoosamenvckuil ssoepusiil ynugepcumem « MU®H», Mocksa
*kasimova.nataliia@gmail.com

MOJUPUKALUA ATIOMUHUN-BOJIb®PAMOBBIX CJIOEB HA
BOJIb®PAME IIPU TEPMUYECKOM BO3JIENCTBUA

B kaudecTBe KOHTAKTUPYIOWIUX C IUIA3MOM MaTepuasoB i MexXayHapoIHOro
Tepmosineproro DxcnepumenTtaibHoro Peakropa (MTOP) BeiOpansl Oepuiuimii 1
Boibppam. B mporecce paboThl peakTopa, pachbUICHHBIE I1a3MON aTOMBI
OeprITNEeBON TIEPBOM CTECHKH, OYIyT OCAXKIATHCS, B YACTHOCTH, Ha BOIH)PaMOBOM
IUBEpPTOpE, GOPMUPYS HA €T0 MOBEPXHOCTH, COAEpKAIINe OSPUILIINI OKPHITHUS, B
KOTOPBIX MOTYT HAKaIlJIMBAThCs IUIa3MOOOpa3ylolile ras3bl, B TOM 4YHUCIE
paIMOAKTUBHBIM  TPUTHUM, KOJIMYECTBO KOTOporo B ycraHoBke UWTOP
aumutupoBano (700 rp.). ITlosToMy wccimeqoBaHWe CBOWCTB OOpa3yHOIIMXCS
ITIOKPBITUM SIBIIAETCS KPAHE BAXKHBIM.

Oxcup Oepuiuiust SIBASETCS BHICOKOTOKCHYHBIM MaTE€pUajIoM, YTO HAKJIAbIBACT
orpanuyeHue Ha paboty ¢ Be B mabopaTopHbix ycTraHoBKax. Bmecre ¢ Tem, huzuko-
XUMHUYECKUE CBOMCTBA OCPHILIUS U AIFOMUHUS BO MHOTOM CXOJHBI. B wacTHOCTH,
ObLII0 OOHAPYKEHO CXOACTBO 3aKOHOMEPHOCTEH yiepKaHus BOAOPOJa B CIOSX,
00pa3yromuxcst Ipu 0CAXKJIECHUU aTOMOB aTIOMUHUS U OEpUILIUS HA BOJIb(paM.

B mpencraBmsiemoii paboTe TPOBEACHO HCCIEIOBAaHUE OCOOCHHOCTEH
dbopmupoBanus W-Al cioeB pu 0CaXJICHUN aTOMOB aJTFOMUHUS Ha BONbdpam, a
TaK)KE XapakTepa MX TpaHchopMaly OpU TEPMHUUECKOM BO3AeHcTBUH. Bcé
CKa3aHHOE BbIIIE, KaK HaM MPEICTABIISIETCS, TO3BOJISIET CUUTATh, YTO MOTYYEHHbIE
pe3yabTaThl OyIyT HE TOJBKO MOJIE3HBIMU ISl TOHUMaHUS (HPU3UKO-XUMUYECKUX
CBOICTB MOBEPXHOCTHBIX MHTEPMETAIIIMYECKUX CIOEB, HO M TO3BOJISAT BHIBECTH
oOlIre 3aKIoYeHus: 0 noBeneHus cioéB Be-W B paznuuHbIX yCIOBHUAX pabOTHI
UTOP.

JKCNepUMEHTAIbHAA 4YacTb. OOpa3ipl MPEACTaBISIIM COOOM TIIACTUHKU
MOJUKpUCTAUIMYEcKoro Bosibpama Mapku PW99,95 (AO "llonema") pazmepamu
7x7%x1,0 mm®. W-Al nokpeitus GopMHPOBAIKMCH Ha 00Opa3Lax MpU TEMIIEPATYPE
450-500 K aromamu adrOMHHMS, PACHBUIAEMBIMH C QJIIOMUHHEBOM MUIIEHU
MOHAMH aproHoBoi mmiasMmbel. CKOpOCTh ocaxaeHus cocrasisiua 1x10' ar/em’e.
KonuyecTBO OCakI€HHBIX aTOMOB, COTJIACHO BECOBBIM H3MEPEHUSIM, PABHSIOCH
9x10'® ar/cM?, 4TO COOTBETCTBOBAJIO CJIOSAM AJOMHHHUSA TOMIMHOM 1500 HM.

Jnst u3ydeHuss 3akoHoMepHocTe ¢opmupoBanuss W-Al cTpykTyp Ha
noBepXHOCTH W TocCiie OCaXKJE€HHUs aTOMOB QJIOMUHHS Ha BOJb(pam 00pasiibl
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ObUIM  pa3ioMaHbl M 00pa3oBaBIIMECS TMpU pa3jioMe TOpLbl 00pa3loB
HCCIIEIOBAINChL C TOMOIIBI0O PACTPOBOTO DBJIEKTPOHHOTO MHKpockomna (POM)
TESCAN Vega 3, cHa0XeHHOr0 MOAYJIEM YHEPrOIUCIIEPCUOHHON PEHTTEHOBCKOM
criektpockonuu (3C) INCA-xAct (Oxford Instruments).

Jnst uccrnenoBaHus TpaHcPopMalid 0Opa30BABIIETOCS TPU HAMBUICHUH
MOBEPXHOCTHOTO CJIOS IIPU TEPMUUECKOM BO3ACHCTBUHM 00pa3IIbl MOCIE OCAKICHUS
ATIOMHUHHUS TIOCIIEIOBATENbHO ObLIM Harpethl (ckopocth — 5 K/c) B Bakyyme 110
900 K, 1150 K 1 1600 K mpu mnasnenun 1x107 I1a. Jlo 1 HOCIIE KaXI0T0 IPOrpeBa
n3Mepsiiach Macca o0pasioB Ha MukpoBecax «AND BM-20».

Pe3yabTaThl 3KCIIEPUMEHTOB UM HX 00cyxkaeHue. MccnenoBaHue mokasalo,
YTO OCaXJCHUE aTOMOB AJIIOMUHMS Ha TOBEPXHOCTH BOJb(paMa B YCIOBHSIX
AKCTIIEPUMEHTA COMMPOBOXKAAIOCH MX Auddy3ueit B 00beM Boabdpama. Ha pazabix
y4acTKax IIOBEPXHOCTH CTETEeHb IPOHWKHOBCHHS QIIOMUHHEBBIX aTOMOB B
nIyOuHy BoibdpaMa U CTPYKTYphl OOpa30BaBIIMXCS CIIOEB  Pa3IMYAIIUCh.
['oOynsipHBI TTOBEPXHOCTHBIA CIOM 3aHMMall OOJIBIIYIO YacTh MOBEPXHOCTU
cioma obpasna. Takol clIol BKJIHOUYA XOPOIIO pa3IudruMble TJIO0YIIbl pa3MepamMu
npumepHo 200 HM. B Buy Masibix pa3MepoB 100y MBI MOYKEM TOBOPHUTH TOIBKO
00 00111el KOHIIEHTpAIMU ATFOMUHHS B 3TOM ciioe. TommmuHa cinos (<1000 um) u
KOHLIEHTpalus B HeM alfoMUHUS (<93 aT. %.) 3aMEeTHO He pa3IMyaiuch 10 BCel
TOJILLIUHE CIIOS.

K rnoOynsipHoMy ClIOI0 TPUMBIKATU KpUCTANIMYECKUEe 3EPHA, pa3InyHbIE 1O
CTPYKTYpE U IO COJICPKaHUIO aTIOMUHUA. B X 4ncie MOXHO BBIIECIUTH, CY/Is 110
POM-uzo0paxkenusiM, paspyuieHHbIe ((PpparMEHTUPOBAHHbBIE) KPUCTANIMYECKUE
00J1aCTU U KPUCTAILIBI C «TPATUCHTHBIMY COJICP’KaHUEM ATFOMUHUSL.

[IpoTsKEHHOCTh ~ pa3pyLIEHHBIX  KPUCTAUIMYECKUX  oOyiacTeil  BIOJb
MOBEPXHOCTH CcjioMa Morja gocturath ot 10 1o 20 MkM, a ToJuMHa — OT 3 10
10 mxMm. KoHIleHTpanusi aqrOMUHMSI B Pa3HbIX KPUCTAJUIMUECKUX «(PparMeHTax»
pa3pyIIEHHBIX KPUCTATMYECKUX 00JIacTel OblIa pazinyHa 1 cocTanisia ot 10 1o
50 at. %. Paznombl Boib(paMOBBHIX OOpa3lOB /10 HAMBUICHUS ATIOMUHHS HE
colep)aau TOAOOHBIX  CTPYKTyp. OTMETHM, YTO TOXOXHA aHCaMOJb
c1a00CBS3aHHBIX MEXKIY COO0M KpHUCTAUIOB UHTEPMETAJUIHIOB (PMKCUPOBAJICS Ha
MOBEPXHOCTH 00pa3iia rocie ero mporpesa g0 1150 K.

K moBepxHOCTHOMY TJIOOYJISIPHOMY CJIOK TAaKX€ MPUMBIKAIN KPUCTAIUIBI C
IPAIUEHTHBIM  COJIepKaHUEM  alioMuHuA. KOHUEHTpauus  allOMUHUS B
TPaIMCHTHBIX KpHUcTauiax yoOwmBama oT 90 at. % B HauOosiee ONM3KUX K
MMOBEPXHOCTH Yy4YacTKaM JI0 HECKOJBKMX TIPOLIEHTOB B YyuacTKax, HaumOoJliee
OTHANIEHHBIX OT TMOBEPXHOCTU. Takue Kpuctamibl 3aHuManun okosno 30%
MIPUTMIOBEPXHOCTHOM 00aCTH CKOJIa, U UX pa3Mepbl JocTuranu 20 MKM.
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B umenoM, Takoe KOJIMYECTBO pa3IMYHBIX  BOJIb(PpaM-aTIOMUHUEBBIX
(opMUpOBaHUII Ha pa3IUYHBIX ydacTKaxX O0JIACTU pacHpoCTpaHEHUs aTOMOB
AIFOMUHUS B BOJIb()paMe MOXKHO OOBSICHUTD Pa3IMYHON OpUEHTALUEN U CTETIEHbIO
COBEPIIEHCTBA CTPYKTYpP KPHUCTALIMYECKHX 3€pEH B OOJACTH, MPUMBIKAIOMIEH K
MOBEPXHOCTHBIM CJIOSIM. 32 3THMH BOJIb(PpaM-aTIOMUHUEBBIMU 00pa30BaHUSIMU C
KOHIICHTPALIMEN OT HECKOJbKHX JECATKOB MPOLEHTOB JO MHUHUMAIbHO
m3mepsieMort B Hammx ycnoBusx (0,01 at. %), peructpupyembie KOJIUYECTBA
ATIOMHUHUS OOHAPYKUBAIIMCH 10 FPaHUIAM 3EPEH U B MUKPOCKOIIMYECKUX TTOpax C
pasMepamu 10 4 MKM BHYTPH.

AHanu3 TOBEPXHOCTH OOpa3lloB W MX CJIOMOB, MPOTPEBAEMBIX I[OCIIE
OCaXJICHHWSI aTOMOB, IIO3BOJIMJ BBIABUTh HECKOJIBKO 3TAallOB 3HAYMTENIBHBIX
M3MEHEHUH B 00JaCTSIX, COJCPHKAIIUX aTFOMUHUM.

[Tocne ocaxaeHus: aTOMOB aTIOMUHUS Ha BOJIb(ppaM Ha MOBEPXHOCTH O0Opasiia
HaAO0JII0IANTUCH JIETKO pa3InduMbIe 3epHa pazMepamu nopsiaka 1 Mmxm. Ilpu Harpese
10 900 K cTpykTypa moBepxHOCTH 00pasiia He u3MeHs1ack. BMecTe ¢ TeM, BecoBbIe
M3MEPEHUsI CBUICTEIILCTBOBAIM 00 YMEHBIIEHUH Macchl oOpa3ua Ha 1-2 %. D10
YKa3bIBaJO Ha KCHApeHUE COOTBETCTBYIOIIETO KOJMYECTBA ANIOMUHUA, IIPH
temneparype < 900K, 4Yro HaMHOro MeHbIIE TEMIEPATYPbl HCIAPEHUS
Metamnyeckoro amoMmunus (2740 K). B 1o e BpeMs, dHEpro-AuciepCuoOHHbIN
aHaJIM3 MOBEPXHOCTU 00pa3lia CBUJIETEILCTBOBAN 00 YBEIMUYEHUH KOHIIEHTpALUU
amtoMuHMs 10 99 ar. % B MOBEPXHOCTHOM CJIO€, TOJIIHUHOW, IPUMEPHO PABHOM
1100 HanOMETpaM, TOCTYIHBIM JIJIS1 TOTO METO/1a TPU AaHAIM3€ UHTEPMETAUIN/IA C
KOHIIEHTpatuen amomMunus oonbineit 90%.

[Tporpes mo 1150 K npuBen k 00pa3oBaHUIO0 KPUCTAILIOB Pa3inyHbIX GopM U
pa3MepoOB Ha MOBEPXHOCTH 00paslia, MOKPHITOr0 MajlOpa3MEPHBIMH BBICTYIIAMH,
OTMEUaeMBbIMH Tpu OoJiee HHU3KHX TeMmIeparypax. BiBemmBanue o0Opa3ioB
CBHUJIETEJILCTBOBAIO O NPOJOJDKCHHM MCHAPEHUs ANIOMUHUS B UWHTEpBaje
temneparyp 900-1150 K. Temepp B o0Opasuax ocrtaBasiock 93 % anomMuHus,
ocaxIEHHOro Ha oOpasen. B To ke BpeMs KOHIEHTpalus aJlOMUHUS Oblia
MPAKTUYECKH OJMHAKOBAa U BO BHOBb OOpa30BaHHBIX KpHUCTA/IaX, M B ydacTKax
ITOBEPXHOCTH, IMPOCMATPUBAEMBIX MEXIYy HHUMH M cocTaBisuia 78 %. MoxHO
IIPEATIOII0KUTH, YTO YKa3aHHBIE U3MEHEHUS COCTAaBA U CTPYKTYPBI [IOBEPXHOCTHOTO
CJIOSl MPOM30IUIM B XOJI€ YHNOMSIHYTOTO BBIIIE MPOIECCAa KPUCTAIUIM3ALMUA TPU
temneparype 1020 K, koTopblii TpeACcTaBisiI  CcO00M  peKpUCTATIU3AIUIO
CTpyKTypbl Al;;W TNOBEpXHOCTHOIO HHTEPMETAJUIMYECKOIO CJIOS B CTPYKTYpPY
AlsW.

AHanu3 pe3ynpTatoB HM3MepeHud mnocie mnporpesa a0 1600 K mo3posmin
3aKJIIOYHTh, 4TO B Auanazone temiepatyp 1300-1500 K Bonsdpam-antoMuHIEBbIE
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MHTEPMETAJUIMABI B  MPUIOBEPXHOCTHOM oOjactu oOpasna pacnagaliuch.
KoHnneHTparnus aroMuHUS B 3TOM 00JIaCTH yriajia, B cpeHeM, 1o 2 at. %. Ucueznu
KpUCTaJIbl, OOHApy>XCHHbIE Ha IOBEPXHOCTU MpPU PEKpUCTALIM3ALMU. 3a
MIPUIIOBEPXHOCTHOM 00JIACTHIO ATIOMUHUM PETHCTPUPOBAJICS KpalHE pEIKo B
CyOMUKPOCKOMTUYECKHUX OOpa30BaHUAX, B KOTOPHIX KOHIICHTPALUA AaTFOMHUHUS
cocTaBisiia He Oosbie 2 aT. %. Mcnapsiiock 47 % atomoB amtomuHus. He 6omee
10%  coxpanuBmierocss B  BoJb(pame  alOMUHUA  HAaXOAWIOCh B
IPUIIOBEPXHOCTHOM 00J1acTH, a octaBiuecs 43 % — B 00béMe oOpa3ua. B takom
Clly4yae CpeAHsisi KOHIICHTPALMs aIFOMUHUS B BOJb()paMe He JOJKHA MPEBBIIIAThH
0,4 at. %.

3akmouenne. [lokazaHo, 4YTO TpHU OCAXIEHUH aTOMOB AQIIOMUHHUS B
xommgectse 10 9x10'® at/cm? npu Temmeparype 450-500 K quddysns amroMunns
B BOJIb()paM MPHUBOAUIIA K 0Opa30BAHUIO0 HHTEPMETATNINYECKOTO TTOBEPXHOCTHOTO
cinosi. OOHapyKeHbl KpHUCTaUIbl BoOJibppaMa C TPaJUEHTHBIM COJACpPKAHUEM
IFOMUHUSA OT AECSITKOB J10 €IMHHUIL IPOLIEHTOB, a TAKKE KPUCTAILIBI C €AUHUYHBIMU
3aM0JIHEHHBIMU ATIOMUHUEM MHUKPOCKOIMUYECKUM MOJOCTIMU. ATOMBI aTFOMUHUS
TaKKe MPOHUKAIN B BOJIb(paM 0 IpaHUIaM 3€pEH Ha ITyOUHBI HE MEHbIIIHUE, YEM
260 MKM.

[Ipu mnarpeBe 10 900 K mnoBepxHocTh 00pa3uoB cinab0 U3MEHsIIACh
Kpucrammmzanuss uHTepMeTauInaa ¢ o0pa3oBaHUEM CTPYKTYpBL, MO-BUIUMOMY,
coctraBa AlsW mnpoucxomuna mpu temneparype 1020 K u compoBoknanachk
MHTECHCUBHON KPAaTKOBPEMEHHOW jaecopOumell aproHa, 3aXBau€HHOTO BO BpeMs
HaIbUICHUS ATFOMUHUS.

B nunanaszone temneparyp 1300—-1500 K mpoucxoaun pacnan nHTEpMeETaIMaa
C BBIJICJICHHEM 3aXBAaYE€HHOTO BOAOPOJA W ocTaBuierocs aprona. Konuentpaius
QTIOMUHUS B TIPUIIOBEPXHOCTHOM 00JIacTH, ymnaja B cpeaHem 1o 2 at. %. Oxoio
47 % aroMoB anOMuUHHUS uUchapsuiock ¢ mnoBepxHoctd. He Oomee 10 %
COXpaHMBIIETrOCs B BOJIb()paMe ATOMHUHHS HAXOJWIOCh B IPHUIIOBEPXHOCTHOMN
obnacrtu, a ocrapmuecs 43 % — B 00béMe 0Opazna. B TakoMm ciiyyae, cpeaHss
KOHIIEHTpAIHs aIFOMUHUS B BOJIb(PpaMe He AokHa npeBbimarth 0,4 at. %.
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POCT HAHOCTPYKTYP HA TUTAHE U KEJIE3E IIPU
INJIASMEHHOM OBJYYEHUU CTALHIMOHAPHBIMH
IIVIASMEHHBIMHU HAT'PY3KAMMU B YCTAHOBKE IIVIM

B nocneanue ropl npu 00JydeHUH TeIUeBOM II1a3Moil MeTaiuioB (Bosib(hpama,
MOJIMO/I€HA U JPYTUX) B SKCIIEPUMEHTAX Ha JIMHEWHBIX YCTAHOBKAX - CUMYJIITOpax
JTMBEPTOPA C MATHUTHBIM YAEPKaHUEM IIJIa3MbI OBLITH MTOTYYEHBI HOBBIE MaTePHATIbI
C YHUKaJbHOW HAHOCTPYKTYpPUPOBAHHOW MOBEPXHOCTHIO THUIA «ITyX» (CM. 0030p
[1]). B Teoperuyeckoit moaenu [2], HanOoee aIeKBAaTHO OMHUCHIBAIOMICH TaKOM
IpoIIeCC, paccMaTpUBAETCs, 4YTO CTPYKTypa MyXa Ha MeTajjlaX, BKIIOYas
BoJIb()paM, MOJIUOJIEH, TUTAH, KeJIe30 U JIp., 00pazyeTcs B pe3ysibTaTe pocTa u3
aJ1aTOMOB, MOSIBJISIOLIMXCS HA TOBEPXHOCTH B pe3ysibTaTe 00MOapIupOBKH HOHAMU
refvs INpu Iula3MeHHOM oOpabGoTke. OOpa3oBaHHe anaToMa Ha MOBEPXHOCTHU
MIPOUCXOJUT B pe3yJIbTaTe BHIOMBAHMS aTOMa U3 NMOBEPXHOCTHOTO CIIOS, JIJIsi YETO
TpeOyeTcss PHEprus paBHAs OKOJIO OJIHOM TpPEThed OT HSHEPTHH CYyOIMMAaIlnH,
OTIpEEINAIONICH MOPOT pacHblICHUS. DTOT IHEPreTUUECKUI TOPOT JIJIs1 MIOHOB TeTus
OmpeJeNseT YCIOBUS 00pa3oBaHMA HACTPYKTYpHBIX CJIOEB THIIA IyX Ha
noBepxHocTh. Korga cTpykrypa myxa y»xe o0pa3oBajach U 3KpaHUPYET UCXOAHYIO
MOJIOKKY, TO MOHBI TeJIUs CO3JIal0T aJlaTOMbl HEMOCPEACTBEHHO Ha BOJIOKHAX
(Bomockax) myxa. Ha ocHoBe Teopernueckoit moaenu [2] B HacTosieil pabote
OIpeJIeNIeHa CKOPOCTh OOpa30BaHus aJaTOMOB MPU 00JyYeHUH UOHAMU Telus s
TUTaHa U >Kejie3a. B HauvanpHOW CTaguu Mpolecca pocTa aJaaTOMbl MOTYT
MIPUCOEANHATHCA K CTYIEHbKaM, BBICTYIaM, BCKPBIBIIUMCS MOJIOCTSIM ITY3bIPbKOB
refivs MoJi TOBEPXHOCTHIO U JIP. HA TTIOBEPXHOCTH U, 00BEIUHAICH, 00Pa30BbIBAThH
KJIACTEPBhI, SBIIAIONIMECS 3apOAbIIIAMH  HAHOBOJIOKOH. POCT HaHOBOJIOKOH
MPOUCXOAUT B COOTBETCTBHM C MEXAHU3MOM, OMNHMCAaHHBIM B [2] : aJaTOMBbI
T GYHANPYIOT MO BOJOCKY W BCTPAMBAIOTCS B €Tr0 CTPYKTYPY Ha BEpIIUHE
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HAaHOBOJIOKHA, IMOCKOJIbKY Ha €ro BEepIIuHE 00JIbIIIe KPUBU3HA U OOJIbIIE JIOBYIIIEK
Uit agatoMoB. OmpesienieH TeMIiepaTypHbIA UHTEPBAJI TIOBEPXHOCTH , B KOTOPOM
MOXeT (OPMHUPOBATHCS CTPYKTYpa TUTIA ITyX: OT OJTHOM YETBEPTHU OT TEMIIEPATYPhI
IJIABJICHUST 70 OJHOM BTOpPOM OT TeMIepaTyphbl IJIABJICHHUS (BBIIIE KOTOPOM
HEBO3MOXXHO 00pa30BaHHUE KIIACTEPOB M3 aIaTOMOB BCJICACTBHE UX TEPMHUCCKOTO
pacmaza).

Pacuerbl Ha ocHOBe Mojienu [2] mokazainu, 4TO JJIsi TUTaHa MPU TeMIlepaType
obpasuma 800K m muoTHOCTM TOKa Ha moBepxHOcTh 500 mA/ cm? miuuHa
HAaHOBOJIOKOH (BOJIOCKOB) TTyXa CO BpeMEHeM OOJydeHHs OyaeT pacTh Kak h =~
2-108-t2 m . JInat sxenesa npu Temnepatype oopasua 700 K u miuoTHOCTH TOKa Ha
noBepxHocTh 500 mA/cm? IMHA HAHOBOJIOKOH (BOJIOCKOB) IIyXa €O BPEMEHEM
00yuenus Oyaer pactu kak h = 107-t12 m .

[IpoBeneHbl pacyeThl MapaMeTpPOB IUIA3MEHHON HArpy3kd Ha TUTAHOBBIE U
KeJe3Hble 00pasibl B CTAIIMOHAPHOM T'E€JIMEBOM pa3psiic yCOBEPIICHCTBOBAHHOMN
ycraHoBku [IJIM-M [3] nmnga pocTa HAaHOCTPYKTYpPHUPOBAHHOW IMOBEPXHOCTH C
Pa3IUYHON CTENEHBIO MOPUCTOCTH M IUIOTHOCTH C Pa3MepoOM HAHOCTPYKTYp B
nuanazoHe ot 20 HanomeTrpoB 10 500 HaHoMeTpoB. PaccumTaHHble 3HAYECHUSA
TeMIlepaTypsl OOpa3IOB THUTaHa M jKelle3a MJis YCIOBUW  OKCIEpPUMEHTa Ha
IJIA3MEHHOW yCOBepIIEHCTBOBaHHOM ycTaHoBKe [IJIM-M mipu nexar B ntuanazoHe
oT 150 rpanycoB Lenscus 1o 1100 rpaxycos Lenbcus. s TuTana temmeparypa
oOpasna mpu IJIa3MEHHOM OOJIydeHUU JIOJDKHA OBITh BOMM3M 527 TpaaycoB
Henbcust. [ns sxene3a TemriepaTypy oOpaslia HpH IUIa3MEHHOM OOJy4eHUH
HeoOxoauMmo nogaepkuBaTh oT 300 rpaxycos [enscus g0 500 rpaxycos Lenscus.
[TmoTHOCTH TIOTOKA reust Ha oOpaser] ciaeAyeT MoAIePKUBATh Ha YPOBHE OoJiee |
= 500mA/cM?. TIpoBemeHHBIE DSKCrepuMeHTHl Ha I[1JIM-M MOATBEPINIIH
MPaBUJIBHOCTh PACYETOB: B YCIOBUSX , MPEJACKA3aHHBIX B pacdyeTax, Ha oOpasmax
TATaHA W jKele3a ObUIM TOJYyYEeHBI HAHOCTPYKTYPHUPOBAHHOW TOBEPXHOCTH C
Pa3IUYHON CTENEHBIO MOPUCTOCTH U IJIOTHOCTH C pa3MepOM HAHOCTPYKTYp B
nranazone ot 20 HanomeTpoB 10 S00 HAaHOMETPOB.

[1na3smMeHHOMY OOJY4YEHHIO TOJIBEPrajuch TUTAHOBBIE 00pa3lbl B BUJIE JHCKOB
JUaMETPOM 8MM W TOJIIMHON 3MM , U3TOTOBJICHHBbIE M3 TUTaHa Mapku BT-1, u
&Kele3Hble 00pasipl, ui3rotobieHHble u3 cranu 1X18H10T B Bume rpubka
CaHTUMETPOBOTO pazmepa. B cepum 3KCriepuMeHTOB 00pa3iibl YCTaHAIUBAIUCH B
paspsaHol kamepe ycrtaHoBku [IJIM-M nepneHaukyJIspHO TOTOKY TeIUeBOM
mia3Mbel.  TeMrepaTypa TIOBEpXHOCTH O0Opa3loB, OOpalieHHOW K IUIa3Me,
KOHTPOJIMPOBAJIACH TEPMOTIApaMu M ONTHYECKOW MUPOMETPHUEH. DHEPTrus WOHOB
reyusi, JIOCTUTAIONIUX TIOBEPXHOCTH, ObLIa OKOJIO =50 »B, Kkotopas
MOAICP)KMBAIACH ~ OTPHUIIATEIBLHBIM  CMENIEHWEeM  MOTCHIHalia  00pasIoB
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OTHOCHUTEJIBHO TUIa3Mbl OCHOBHOTO pa3psiaa. PexuMbl mia3sMeHHOro 00JydeHus 1
XapaKTepUCTUK IUIa3Mbl: TOK IUIa3MEHHOro paspsaa 1,5 A, moTeHmuman karonaa
183,5 B, nasinenne reius 1,2 102 Topp. OOnyueHHWEe THUTaHOBBIX OOpPa3IOB
MPOBOJUIIOCH MpU Temreparype mnoBepxHoctd 600°C B TeueHne 60 MUHYT.
OO6nydyenne >xene3HbIX 00pa3lioB MPOBOAMIOCH MPU TEMIIEPATypPe TOBEPXHOCTH OT
300°C no 450°C B TeueHue 67 MUHYT.

B ) e =
SEM HV: 5.0 kV WD: .77 mm MIRA3 TESCAN  SEM HV: 5.0 kV
View field: 5.00 pm Det: SE View field: 20.0 pm

(a) (6)
Pucynox 1 — COM mukpodoTorpaguu MmoBepxXxHOCTH TUTAHOBOI'O 00pa3la,
00JIy4YE€HHOTO B CTAal[MOHAPHOM I'eJIMeBOM paspsje ycranoBku [1IJIM-M

SEM HV: 10.0 kV WD: 3.00 mm

View field: 5.00 ym Det: SE, In-Beam SE

Pucynok 1 - COM mukpodoTorpaduu cios co CTOXaCTHIECKOW KIacTepHU3alneH
C UEPapXUUYECKOU IPaHyJIIPHOCTHIO, TUTAHOBBIN 00pa3ell
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Ha puc. 1 mnokazana cTpykTypa MOBEPXHOCTH THTAaHOBOrO oOpasua c
MOPUCTBIMH CIIOSIMU € pa3MEpPOM HAHOCTPYKTYp B Auana3one ot 20 HaHOMETPOB
no 500 HaHOMETpOB, 00pa30BaHHBIMM  MpPH IUIA3MEHHOM OOJyYe€HHUU B
yCOBEpIICHCTBOBaHHOU ycTtaHoBke [1JIM-M. HaOmromaroTcst ciiom ¢ pa3iaudHOM
CTENEeHbI0 MOpPUCTOCTH, puc. la m 16. Ha HekoTophix obpasmax (opmupyercs
CTOXACTHYECKasi KIACTepH3alusi C HUEPAPXUUYECKOW T'PaHyJSIPHOCTHIO, pHC.2,
MoJ00HO paHee ONMKMCAaHHBIM CTPYKTYpaM Ha BoJb(dpame u yriepoie, cMm. [4].

Ha puc. 3 nokaszaHa CTpykTypa >KeJIe3HOTO 00pa3lia C MOPUCTHIMHU CIOSIMU €
pa3MepoM HAaHOCTPYKTyp B auamnazoHe oT 20 HaHomeTpoB g0 500 HaHOMETPOB,
00pa30BaHHBIMU MPU MJIa3MEHHOM OOJIYyUY€HU B yCOBEPIIEHCTBOBAHHOW YCTAHOBKE

N " . C
SEM HV: 10.0 kV WOD: 10.12 mm MIRAI TESCAN| SEM HV: 10.0 kV WOD: 10.12 mm
View field: 2.00 pm Det: In-Beam SE 500 nm View figld: 5.00 pm Det: in-Beam SE 1 pm

Pucynok 3 — COM mukpodororpadmy MOBEPXHOCTH KEIE3HOTO 00pasIia,
00JTy4eHHOTO B CTAIlMOHAPHOM TeJIMEeBOM paspsie yctaHoBku [1JIM-M

[Ima3MeHHBIE  HWCHBITAHUS  OPOBOAWIMCH TPU  TOAAECPKKE  MPOEKTa
INockopniopanuu "Pocatom" Ne 223 EOTII-VTII 774/158-]1, aHanu3 CTpyKTypbl
MOBEpXHOCTU-IpH TtoaAep:kke rpanta PH® 17-19-01469, pentrenoBckuii aHanms

— 1pu nojaepkke MuHucTtepcTBa Hayku U Bbiciiero oopasoBanus PO (FSWEF-
2020-0023).
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MOIUPUKANINA HIOBEPXHOCTH BOJIb®PAMA 11O/
BO3JIEUCTBHUEM I'EJIMEBOMU IIJIAZMBbI C IPUMECBIO
HMHEPTHBIX I'A30B

OgHuM #3 TPUOPHUTETHHIX HAMpaBICHU B O00JacTH TEPMOSIEPHBIX
WCCJIEIOBAaHUN SBIIAETCA KOHTPOJIb YPOBHA IJIA3MEHHO-TEIUIOBOM Harpy3ku Ha
BHYTPHUKaMEPHBIE 3JIEMEHTHI YCTAaHOBOK MAarHUTHOTO YJEp>KaHUs TOPSIUE T1a3MBbl.
[TocTenenHoe pa3BuUTHE TEXHOJOTHM Hamycka nmpumecu uneptHoro rasza (He, Ne,
Ar) B mipoliecce MmIa3MeHHOI0 pa3ps/ia B yCTAaHOBKAaX TUIA TOKaMaK M cTejliapaTop
[, 2] xak cpeacTBa paAWAIIOHHOTO OXJXKIACHUS Tepudepun IUIa3Mbl,
NPEABABIAIOT HOBbIE TpPEOOBAHMS 1O KOHTPOJIIO COCTOSIHUSI TOBEPXHOCTHU
oOpal€HHbIX K IIa3Me 3JIEMEHTOB.

B pesynbrare BO3meucrBus He mmasmel co3maroTcss  ycIIOBHS  JUIS
dopMupoBaHUS  OCOOBIX  HAaHOPAa3MEPHBIX  CTPYKTYp Ha  TMOBEPXHOCTH
BOJIL()PAMOBBIX 3JIEMEHTOB OOJMIIOBKM BaKyyMHOW Kamepbl ycTaHOBKH. Kak
M3BECTHO, MOBBIIICHHAS TEMIIEpaTypa MOBEPXHOCTH, MOTYUYaIONIasICs B PE3yIbTaTe
JNEUCTBUS TUIa3MEHHON Harpy3ku Tg,r~ 1000 °C B codeTaHun ¢ OOJBIIUM
3HAYEHHWEM II0TOKA HMOHOB M3 IUIa3Mbl Ha MOBEPXHOCTh I~ 1x10%! M2,
CIIOCOOCTBYET Pa3BUTHIO OCOOOM CTPYKTYphl — BOJIbPpamMoBOro «myxa» |[3].
[TosiBiieHHE M pa3BUTHE TTOIOOHBIX MEJIIKOMACIITAOHBIX CTPYKTYP Ha MOBEPXHOCTHU
BOJIb()PAMOBBIX 3JIEMEHTOB, UMEIOIIUX HETMOCPEICTBEHHBIM KOHTAKT C IJIa3MOM,
CITOCOOHO MPUBECTH K YBEIWUYCHHUIO PO3UU MaTepuajia OOIUIIOBKH, YTO B CBOIO
ouepenb CIOCOOHO OKa3aTh HETaTUBHOE BIMSAHHME Ha TMapaMeTphl IIa3Mbl:
MIPOHUKHOBEHHE MPUMECH C BHICOKUM 3HAYEHHEM Z B LIEHTP IJIA3MEHHOTO IIHYpPa
C TMOCIEAYIOUIMM  YBEJIMYEHHEM  pAJUAlMOHHBIX TOTEPh U3  ILJIa3MBbl.
JIOTIOTHUTENTFHO BO3HHUKAET BOIPOC O MEXaHM3Max 3axBaTa Ta3a BOJb(pamMoM C
pa3BHUTON TaKUM 00pa30M MOBEPXHOCTHIO.

B nanHoi paboTe npencTapiseTcs UCCAeA0BAHUE BIUSHUS TPUMECH HHEPTHOTO
ra3a (Ar, Ne) Ha nmpoiiecc Moau(UKaIMu MOBEPXHOCTH BOJIb(paMa, HaXoAsIIencs
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oz ooyuenuem He rurazmer.

Kaxapiii oOpasenr 10x10 Mm? ObLI M3rOTOBJEH M IOJMKPUCTAILIMYECKON
Bosb(pamoBort (99.9%) doneru tommmHoi 50 mxMm (Plansee, ABctpus). s
CHSTUS OCTAaTOYHBIX HANpsHKEHWH, a Take s YMEHBIIEHHUS KOJIWYECTBA
CTPYKTYPHBIX Je(PEKTOB TOBEPXHOCTH, IEpei] HadajJoM OOJIydeHHs] 00pa3Iibl
noABeprajvch npouenaype orxura npu temneparype 7= 2000 °C B teuenue 30
MUH.

OO6nyueHue o0pa3lOB MPOUCXOJUIIO B JMHEHHOW YCTaHOBKE, IIa3MEHHO-
XUMHUYECKOM PEAaKTOpe, HCIONB3YIONIEM IyYKOBO-TUIA3MEHHBIN paspsan [4].
JlanHasi ycTaHOBKa CIOCOOHa CO3/JaBaTh CTAI[MOHAPHBIM TUIa3MEHHBIA pasps ¢
OJTHOPOAHBIM pacHpe/ieICHUEM NapaMeTpoB IUIa3Mbl B TONEPEYHOM CEUYEHUU
mydka, 00eCIeurBaoIIee PaBHOMEPHOE BO3JACHCTBHE IIa3Mbl Ha TMOBEPXHOCTH
uccienyemoro oopasmna. C Lenpio in-sifu KOHTPOJISI MOHHOTO COCTaBa IJIa3Mbl
MPUMEHSIICST Macc-CIIeKTpoMeTp Ha 0Oasze ¢unbTpa Buna, ana in-situ oneHKH
BEJIMYMHBI MOHHOTO TOTOKA HA IMOBEPXHOCTh, a TAKXKE KOHTPOJS IMapaMeTpoB
M1a3Mbl B MpOIecce OOTyUYEHUS HCIOB30BAJICS TMOJABIIKHBIN OJNMHOYHBIA 30H]I
Jlenrmropa.

B xoz€e 3kcrnepuMeHTOB NPOLEHTHOE CoAepKkanue npumecu Ar, Ne B reaueBoun
Iia3Me BapbUPOBAJIOCH IOCPEICTBOM PETYJIMPOBKUA 3HAYEHUS NapLHUAIBLHOTO
JaBJI€HUS] MPUMECH MHEPTHOIO Ta3ad Pimpurity- 1IpU ITOM 3HAUYE€HHUE AOCOJIOTHOIO
JaBJICHUS B KaMepe B3aWMOACHCTBUS MOJACPKMBAIOCh HA MOCTOSSHHOM YpPOBHE
Drotal = 2.5%102 mbap. TakuMm 00pa3oM, B KaxIOW CEpUM SKCIEPUMEHTOB I10
00JTy4eHHI0 BOJb(PpPaMOBOTr0 00paslia OTIMYAJIOCh OTHOIICHHE MapIHaIbHOTO
JABJICHUS PUMECH MHEPTHOIO ra3a K BeJIMYMHE a0COJIFOTHOTO JaBJCHUS B KaMepe
B3aUMOACUCTBUSA  Pimpurity/Protal. I KKIOTO 3HAYCHUS  Pimpurity/Protal  OBLIH
MPOBENICHbI JIB€ CepuM OOTYyYeHUH C Pa3IMYHBIMU MOTEHIMAIaMH CMEIEHUs
obpasna Upias = 75,150 B. 3Hadenne Temreparypa MoBepXHOCTH 00pa3IoB B XOJe
skcnepuMeHTa (Tsur = 1223 K) KoHTpOSIMpOBaiack mpu nomoinu tepmonapsl BP-
5/20. CornacHo 30HJ0BBIM U3MEPEHUSM, BEJINUMHA TOTOKA HOHOB HA MOBEPXHOCTh
B XOJIe BCEX DKCIEPMMEHTOB cocrapisia [~ 1x10%! m2cl. Urorosoe 3nauenue
103bl 00Iy4eHHs I BCeX 00pasloB cocTaBisaino @;pe = 6x10* M2 ucxons us
IAHHBIX MAacC-CIIEKTPOCKOIMUU O KoaudectBe uoHOB He" B cmecn. CDOM-
n3o0paxkeHue BoIb(PpamMoBoro oobpasiia nocie odyueHus yncto He minasmoit, a
TaK)Ke MapamMeTpbl 00IydeHHs TpeCcTaBIeHbI Ha puc. 1.
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He plasma, U, =75V

®.=6x10*"m?3 T, =1223K

S5500 25.0kV -0.7mm x100k SE 500nm

Puc 1. COM-u3o0pakeHne moBEpXHOCTH BOJIb(PpaMoBOro oOpasia mocie
ob6myuenust He mia3moti.

[Io pesynbratam in-situ Macc-CIIEKTPOCKONUMU ObUIa BBISIBICHA HEJIMHEHHAas
CBSI3b MEXY J0Jiel 100aBKH MpUMECH U e€ coiep>KaHheM B CYMMapHOM HOHHOM
MOTOKE, MPUXOAIIEM Ha MOBEPXHOCTh oOpa3ua. MccnenoBanue nporecca 3axpara
reqds MOAU(PUIMPOBAHHON TOBEPXHOCTBbIO BOJIb(ppaMa, TNOJyUMBLIEHCS B
pe3yapTare BO3AEHCTBHS MEIMEBOM IJ1a3Mbl C ITpUMeEChio Ar, Ne, TPOUCXOAWIO IPH
momoru  TepmoaecopormonHor  criekTpockommu  (TJIC) [5]. BusyanbHbIHA
KOHTPOJIb TIOBEPXHOCTU 00pa3loB Mociie 00JyYeHHUs BBITIOJIHAJICS TPU MOMOIIU
COM.

B cnydae obmydeHuss oOpasioB YMCTOW TEIMEBOM IJIa3MOM TPHU YKa3aHHBIX
Bbiie napamerpax B TJIC cmekTpax NpUCYTCTBYIOT TPU BBIPAKEHHBIX ITHKA
aecop6mmu raza. OCHOBHOM MUK AecopOumu renust npu temmnepatype 7~ 1150 K,
BBICOKOTEMIIEPATYPHBIN UK pu TeMIeparype T=1600 K, u
HU3KOTeMIepaTypHblil nuk npu temneparype 7' = 470 K. JlobaBnenue npumecu Ar
1 Ne criocoOCTBYET MOSIBJICHUIO CJI0KHOM TMHAMUKH B MIPOLIECC 3aXBaTa Ielivs, B
npejenax JoJed MpOLEHTa 3HAYEHUH  Pimpurity/Protal HAOIIONAETCS CHIIBHOE
m3menenue B TJIC cnekrpax.
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MOJUPUIINPOBAHUE YIVIEPOA-YIVIEPO/JHBIX
KOMIO3UIIUOHHBIX MATEPUAJIOB ITPA BBICOKOJO3HOM
BO3JIEUCTBHUAU NOHOB IIVIASMbI TEPMOSAJAEPHBIX YCTAHOBOK

['padut u rpadurononoOHbIe MaTepuaibl OCTAIOTCS OJHUMHU U3 BO3MOKHBIX
KOHCTPYKIIMOHHBIX KOMIIOHEHTOB II€pBOM CTEHKM BAaKyyMHOW KaMepbl B
TEPMOSZICPHBIX ycTaHOBKax [1,2]. BaxHoit mpoOiaeMoit Kak B cilyyae MPUMEHEHUS
rpauTONOO0HBIX MaTEpPHAIIOB, TaK M aHAJIOTOB SIBIAETCS HEOOXOIMMOCTH B
JIETAIBHOM XapaKTepUCTHKE Tomorpaduu IMOBEPXHOCTH U €€ HU3MEHEHUSIX B
CIIOKHBIX MarHUTHBIX TOJISIX TEPMOSIEPHBIX YCTAHOBOK C PA3IUYHBIMHU YTJIaMHU
MaJIeHNs YaCTUIl Ha BHYTPEHHIOI TTOBEPXHOCTh BaKyyMHOUM KaMepbl U IIUPOKUM
AJIEMEHTHBIM CcocTaBoM. Jlyig pemieHuss 3TOH MpoOJieMbl HEOOXOIUMBI  Kak
TEOpPEeTUYEeCKHe, TaK U  DKCIEPUMEHTAJIbHbIE  HCCIEeIOBaHUSA.  BaxHbIM
MIPUMEHEHHEM HMOHHO-JIYYEBbIX METOJIOB BO3JIEUCTBUS SABIISIOTCS UMUTALIMOHHbBIE
WCCIIEIOBaHUs  paaualmoHHOro BozuaeiictBus [3]. B dyacTtHocTH, Takue
OKCIEPUMEHTHI  pacCMaTpuBarOTCA Uil  TpaduToB U TIpadUTONOT00HBIX
KOHCTPYKIIMOHHBIX MaTepuanioB [4,5]. Hapsiiay ¢ oOiydeHueM COOCTBEHHBIMU
MOHAMHU, T.€. HOHAMHU YTJIEPO/ia, UCIONIB3YIOT 00IydYeHUE NOHAMU UHEPTHBIX ra30B
M XUMUYECKH AaKTHUBHBIX JJIEMEHTOB. [IpyM WHTEHCMBHOM paaualiiOHHOM
BO3JICICTBUM OCHOBHBIMH (paKTOpaMu SIBIISIOTCS KaK MPOIECCHl HAKOIUICHUS
nedeKToB, TaK U MPOIECCHl pacnblieHus (MepeHanbUIeHUs) 1 MOIU(PUITUPOBAHUS
o0sryyaemoit moBepxHocTH [1-5].

VYraeponHoe BosokHO W3 nonuakpwionutpwia (ITAH) mMoxeT ciayxuth
MOJIETFHBIM MaTE€PUAJIOM PA3IUYHBIX IPadUTOB 1 KOMITO3UTOB. O00JI0UKa BOJIOKHA
XapaKTEepPU3yeTCs BBICOKOM CTEMEHBIO TpauTallUd U COJAEPXKHUT IMOpPhI, KaK U
UCKyccTBeHHbIE TpaduTsl. [Ipucymias 3TumM mMaTepuanamM NOPUCTOCTh YMEHbIIIAET
WX YIETbHYIO IUIOTHOCTh 10 CPaBHEHHIO C OJM3KAM K MOHOKPHUCTAJLTY
BBICOKOOPHEHTUPOBAHHBIM TporpaduroM. CTpykTypa 000JOYKH BOJOKHA C
JTOMUHUPYIOIIUM HaIpaBJIEHUEM OCH ¢ TI0 PauyCy BOJIOKHA TMO3BOJIIET BBISIBUTH
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HauOoJee cyiecTBeHHble 3 (EKThl, CBA3aHHBIE C AHU3OTPONHUEH TpadUTOBBIX
MatepuasioB. O0ydeHne yriepoaHOro BoJIOKHA MO3BOJISET OIICHUTh BO3JCHCTBUE
MOHOB IUIa3Mbl TEPMOSIEpHBIX ycTaHOBOK (TAY) Ha MaTepuasn CTEHKHM BO BCEM
WHTEpBAJIe YIJIOB MaJIeHUs MOHOB. BepiinHHas 4acTh BOJOKHA OOJydaeTcs: 1o
HOpMaJli K MOBEPXHOCTH, TOTAa Kak nepudepuiiHas 4acTh BOJIOKHa 0oOmydaercs
MOJ  CKOJB3SIIIMMU  yriamMu mazeHus. HeoO0XoauMocTh TakuxX JIaHHBIX
HEOJTHOKPATHO OTMEYalach B aKTyaJIbHBIX 3aJa4ax UCCICAOBAHUMN 1JIs1 TOKAMAaKOB,
CM., Harpumep, [6].

K nHacTosimemy BpeMeHU MOAPOOHO HCCIENOBAHBI MPOIECCH 0OOpPa30BaHUS Ha
MOBEPXHOCTH  TpadUTONONOOHBIX  MaTEepHATIOB  HMOHHO-WHIYLUPOBAHHBIX
ITIOBEPXHOCTHBIX CTPYKTyp npu Temmeparypax 1o 600 °C, KOTopsle MO3BOJISIOT
CBs3aTh, B YACTHOCTH, SBJICHHE HMOHHO-MHAYIMPOBAHHOTO TO(PPHUPOBAHUS
yriiepoAHblIx  BoJOKOH w3 [[AH ¢ aHM30TpONHBIMH  pagualMOHHO-
WHIYLIUPOBAHHBIMH IJIACTUYECKUMU TporieccaMu (OPMOUZMEHEHHSI YTIIEPOIHBIX
matepuaios [7]. B nanHoit paboTe mpoBOIUTCA CPAaBHEHHUE U 00CYKICHUE TaHHBIX
o oOJydyeHHIo yriiepojgHoro BojokHa u3 ITAH woHamu renus u yriepoja,
MOY4YeHHBIX B padorax [7-9]. B astmx paboTax mNOpoBOAMIOCH OOJIydYCHUE
yriepogHoro BosiokHa «Kymon» wu kommnosuta KVYII-BM, apmupoBaHHOrO
BosiokHamMmu BMH-4, nonamu He™ u C* ¢ sneprueit 30 k3B npu temneparype 7 >
200°C na macc-monoxpomarope HUUSD MI'Y [7,9], u nonamu He™ ¢ sneprueti 3
k3B Ha IJIa3MEHHOM YCKOpUTEEe C AHOJHBIM
cioeM [8]. @iyeHc 00IydeHus BO BCEX CIIydasx cocTasisi > 3-10'8 em2,

O6nyuenne kommnoszuta KVYII-BM wu yraepoansix BosokoH u3 IIAH,
apMUPYIOIIMX KOMIIO3UT BBHIOPAaHHBIMU HMOHAMH, ITOKa3bIBAET 3HAYUTEIBHYIO
pa3HUIYy MOAUMUIIMPOBAHUS ITOBEPXHOCTH YIIIEPOIHBIX BOJIOKOH, cM. Puc.1. Jlns
CpPaBHHUTEIILHOTO aHanu3a AedekrooOpa3zoBanus Ha Puc. 1 mpuBenmeHsl Takke
npoduin yuciaa cMeUIeHUH Ha atoM (dpa) JUisl KaKIOro KOHKPETHOTO ciyvas
oOnyuenus. s obnydyenust nonamu renus ¢ 3ueprueit 3 u 30 kaB nabmogaercs
o0pa3zoBaHue MPOJIOJIBLHOTO U MONEPEYHOTO ropUPOBAHUS TOBEPXHOCTH BOJIOKHA
M, Kak IOKa3ajo HccienoBaHue B pabore [7], CBS3aHHOE C pPacHOJIOKEHHUEM
MakcuMyMa oOpa3zoBaHus aeeKToB no riayoune. O6myueHre HoHaMu yriiepoja ¢
sHeprueir 30 k»B He NpPUBOAUT K BU3YyAIbHOMY HW3MEHEHUIO ITOBEPXHOCTH
YIJIEPOJAHOTO BOJIOKHA, COXPaHAs €ro INAaJKUM B pe3yJibTare UMIUIAHTalluu U
CaMOpaCHbUIEHHUS]  MOBEPXHOCTH  YIJIEPOJHOTO  BOJOKHA.  CHEKTpOCKOMMs
KOMOMHAIIMOHHOI'O paccesHusl CBETa MoKa3aia, YTo OOJydeHHE BO BCEX CIIydasx
MPUBOJUT K 3HAYUTENIBHOW JePEKTHOCTH MOAU(PUIMPOBAHHBIX CJIOEB IIPHU
coxpaHeHuu ux rpadutoBoit ocHoBbl [7,9]. U3 pucynka POM npu obmydeHUn
noHamu renus ¢ sHepruerd 30 k3B BaXkHO OTMETUTH TaK)Ke€ BO3MOXKHBIA (aKT
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o0pa3oBaHusl PUIIJI-CTPYKTYp MPU CKOJB3SIIMX YIJIaX MaJeHusT HOHOB Ha
nepudepun yriepoaHoro BojokHa [10].
e P
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Puc.1. POM u3o0pakeHus: 1 COOTBETCTBYIOIINE UM NPOGIIU dpa Iist
ciyyaeB o0nyueHus nonamu He' ¢ sueprueii 3 k3B (BBepxy), ¢ sHeprueii 30
9B (B cepenune) u nonamu C* ¢ sneprueii 30 k3B (BHU3Y)
PaccMoTpeHHbIE cilyyad MOKa3bIBalOT, YTO OOJMyYEHHE YIJIEPOJHBIX BOJIOKOH
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II03BOJISIET JKCIIEPUMEHTAIBHO omnucarh Ipoueccsl B TAY ¢ yriepoaHeiMu
CTEHKaMH, JJIs IIUPOKOro Habopa yriaoB O0OJydeHHs, MOHOB M MapamMeTpoB
o0nyuenusi. OtmeruM, 4yto B TAY ¢ yriaepoaHbsIMU CTEHKaMH UMEIOTCS Y4aCTKU
CTEHOK C OCaXIEHHBIMH CIIOSIMH PACIBUIEHHOTO YIJIEpoAa W3 JIpYrux oosacren
yctaHoBKU. [Ipodunu dpa nns Takux yd4acTKOB OyAyT ONpPENessThCs MPOLECCOM
MOHHOTO OOJIy4eHHUsl pacTylIero ciiost yriaepoaa. MojennpoBaHue Takoro ciydast
MOKa3bIBaeT MOCTOSHHBIA YPOBEHb dpa Ha BCIO TONIIMHY HANBLICHHOTO CIIOSL.
[Tockonbky rpanueHTa dpa B Clio€ HET, TO MOXHO OKUIATh IIaJKyI0 TOBEPXHOCTh
BOJIOKHA, JJa)kKe eclii OyAeT MPOUCXOIUTh HOHHO-UHAYLIUPOBaHHAs rpaduranus c
TEKCTypOor 00070YKH BOJIOKHA. OTCYTCTBHE 3PO3UU MOBEPXHOCTH YIJIEPOJHOIO
BOJIOKHA B cCiIyyae OOJIydeHHMs] HOHAMHU YIJIEpOJa MOXKET SBJISATHCA Ba)KHOU
OCOOEHHOCTBIO IPU PACCMOTPEHUM BO3AEUCTBUS IUIA3Mbl CMELIAHHOIO COCTaBa B
TEPMOSIAEPHBIX PEAKTOPAX.

HccnenoBanue BBINOIHEHO MPU YACTUYHOM (PUHAHCOBOW MOJJIEPKKE TpaHTa
Poccuiickoro Hayunoro ¢gonaa (mpoekt Ne 21-79-30058)
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ONPEJAEJEHUE KPUTUUYECKON TEMIIEPATYPbBI BEIIECTBA U3
ITAPAMETPOB IIVIASMbI KATOAHOI'O ITFAITHA BAKYYMHOMU AYI'

B BakyymHOM pa3psze (B TOM YuCle, B AYTOBOM) IUIa3Ma CO3/aeTcs U3
MaTepuaia dJeKTPOJO0B. BrIcTphle IMKINYECKHE BCIUIECKH B3PBIBHOM AJIEKTPOHHOM
IMHUCCHH (POPMHPYIOT CTYCTKH TUIOTHOH IUTa3Mbl U OOECIIEYMBAIOT MPOTCKAHHE
Toka. Hamu Oblia pa3BuTa MOJENb IMEpexoja Yepe3 KPUTHUECKOE COCTOSHHE,
XapakTepHU3yIoLeecs Temreparypoii ~1 5B u miotHocThI0 ~10?2 ¢M™, 171 OLEHKH
HaOII0JaeMbIX TApaMETPOB IJIa3Mbl 3TUX B3PBIBOAMUCCHOHHBIX BCIUIECKOB [1].
beutn monydeHbl OLIGHKH AJIE CKOPOCTH PACIIUPEHHs TUIa3Mbl (MOHOB) Eji, H
CpEIIHEro 3apsifa NOHOB Z,, AJS Pa3IMYHBIX METAJIOB. BBUIO MoMy4YeHo Xopoiiee
corJiacue C U3BECTHBIMU (TaOJUYHBIMH ) U3MEPSEMBbIMU BETHUNHAMMU.

[Tpu >TOM 3apsAOBOE COCTOSHHWE HOHOB IUIA3Mbl B BaKyyMHOW Iyre M WX
CKOPOCTh JIBIXKEHHSI MOXKHO HM3MEpPUTh B JETANSAX, B OTIMYUE OT KPUTUYECKHX
TEMIIEPATYP, U3MEPEHHBIX TOJBKO ISl HECKOIBKHX METAIIIOB [2]. DTO CBA3aHO C
BBICOKOM TIOTHOCTBIO 3HEPTHH B TaKOM 3KCTPEMaJIbHOM COCTOSIHUM BEILECTBA.
Taxum 06pa3zom, MOXKHO HAOOOPOT MPUMEHSITH MOJIENb JJISl OLEHKH KPUTHYECKON
TEMIIEPaTyphl BEIIECTBA U3 U3MEPIEMBIX MAPAMETPOB IJIa3MbI

T = (Zaov—1) eV (1)
Ty = Epin/ 100 2)

HHuTepec mpeacTaBisieT NMPUMEHEHHE JAHHOTO ITOJAXO0Ja JUIS OIpeAeiICHUs
MapaMeTPOB HOBBIX CJIOKHBIX BEIIECTB — KaK MMOBEPXHOCTH ¢ HAHOCTPYKTYpoit (W-
fuzz) [3] uau MHOTOKOMIIOHEHTHBIE CTUIABHI [4].

B wyactHoctn, B pabore [4] OBUIO MOJy4E€HO OTKJIOHEHHWE OT HW3BECTHOM
AMITUPUYECKON 3aKOHOMEPHOCTH — cohesive energy rule [5], corilacHO KoTOpou
HaIpsHKCHUE TOPESHUS TyTOBOTO Pa3psijia 3aBUCHUT OT SHEPTHH CBSI3H Eo, KakK

Uc: U0+AEcoh (3)

[Ipu 5ToM B [4] ObUIM MPOBEAECHBI BHIYMCICHUS SHEPTUU CBSI3U Eop METOIOM
¢ynkuuonana miotTHoctd u anroputMoM USPEX, mokasbiBaromue HOpUMEPHO
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JUHENHYIO 3aBUCUMOCTbh, HE COTJIACYIOLIYIOCS C U3BMEPEHUSIMU KaTOAHOTO MaCHUS
u cohesive energy rule.

OueHuM mapameTpbl BEIIECTBA — KPUTHUECKYIO TEMIEPATypy U HalpsKEeHUE
TOPEHHsI U3 M3MEPEHHBIX B paboTe [4] mapaMeTpoB MIa3Mbl B COOTBETCTBHH C
Haluei MOJENbI0 B3PbIBOAMUCCUOHHOTO UMITyJibca [1].

OtmeTuM, 4yTo 11t METAUIOB Ecop = 5 T, cM. puc. 1. Ilpu 3TOM mnazma
oOpa3yeTcsi Npu MEepexoJe Yepe3 KPUTHUECKOE COCTOSHUE, B KOTOPOM Ecp
oOnynsierca. Takum oOpaszom, Oosiee 11es1ecoo00pa3Ho TOBOPUTH O T a HE Ecop.

10+

E eV
me

T

o N LY T 1 ) Tl T, T S el T, | S Tl T i T
Li Al Ti Fe Co Cu Zr Nb Cd In Sn Sm Ta W Pt Pb Bi

Puc. 1. BennuuHnsl cohesive energy u KpUTHYECKOW TeMIIepaTyphl 11t

Pa3JIM4IHbIX MCTAJIJIIOB

N3 cpennero 3apsna moHoB Nb u Al u ux cpeaHell KHHETUYECKOW SHEPTUU
MOYHO MOJYYUTh OLIEHKU KpUTUYECKOU Temnepatypsl no (1) u (2), cm. puc. 2.
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Puc. 2. Ouenku kputnueckor Temmneparypsl ciiaBoB Nb-Al u3 cpegnero
3aps/ia HOHOB IJIa3Mbl U UX KHHETHYECKON SHEPTrun
VY4urem ycpeaHeHHe B COOTBETCTBUM C COOTHOIIEHHEM KOMIIOHEHT (1 — J0JIs
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Nb), cm. puc. 3. U ounenum katonmnoe manenue mo (3): U.

pasnnuHbIX mapameTpoB Uy u A, cm. puc. 4.
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Puc. 3 OneHkn KpuTHYeCKOU TeMIiepatypsl ciiaBoB Nb-Al u3 cpennero 3apsia
MOHOB TUTa3MbI M UX KHHETHYECKOW SHEPTUH C YCPEIHCHUEM TI0 JTOJIM KOMIIOHEHT
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Puc. 4. IamepenHbIe BETMUUHBI KaToAHOTO TageHus U, 1 crutaBoB Nb-Al u3
[4] v u3 [5], ¥ OLICHKH 11O CPEAHEMY 3apsAy U KHHETUYECKOW SHEPIUU MOHOB

I1J1a3Mbl
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HUCHOBITAHUE OXJIAKIAEMBIX ) KUJKOMETAJJINYECKHUX
JIUTUEBBIX KAMWJIJIAIPHO-IIOPUCTHIX CUCTEM
CTAIIMOHAPHOM IITASMEHHOHW U UMITYJIBCHOM JIASEPHOM
HATPY3KOH

[Ipu pazpaboTke BHYTPUKAMEPHBIX KOMIIOHEHTOB JIJIs1 OYAYIIUX TEPMOSIEPHBIX
YCTaHOBOK OCTPO CTOUT MaTepuajioBedecKas mpobiieMa, KoTopas 3aKIr04YaeTcs B
CIIOHOCTH pa3pabOTKM MaTepuaioB, CHOCOOHBIX BBIICPKUBATH BBICOKHE
CTaIlMOHAPHBIC U UMITYJIbCHBIC TEIIJIOBBIC HArPY3KH HA MIOBEPXHOCTh, OOpaIIEHHYO
K Ta3me. B cBs3M ¢ 3TUM pa3BUTHE MOJIyYalOT MPOEKTHl MO aJlbTEPHATUBHBIM
METOJaM 3alllUThl MAaTepUAJIOB TMEpBOM CTEHKU. OJIHUM M3 CIOCOOOB 3aIIUTHI
MIEPBOM CTEHKHU SIBISETCS MCIIOJIB30BAHHUE KUIKOMETAUIMYECKUX KaUJUISIPHO-
IIOPUCTBIX CUCTEM.

B xome wacrosimiedt paGoThl pa3pabOTaHbl M HCHBITAHBI Ha IIA3MEHHOMN
ycranoBke [IJIM omnbITHBIE MakeThl BHYTPUKAMEPHBIX KOMIIOHEHTOB Ha OCHOBE
JUTUEBOU  KUJKOMETAIUTMYecKoM  KamwuisipHo-niopuctoit  cuctembl  (KIIC)
CTAIlMOHAPHOM IUIA3MEHHOW W MMITYJIbCHOM JIa3epHOM Harpy3koul. Ha maHHBIX
MakeTax oTpabaTeiBasach TexHuKa oxnaxaenus KIIC pucneprupoBaHHBIM
noTokoM. @oTtorpadus ONBITHOTO MaKeTa Mpe/ICTaBIeHa Ha pUCYHKE 1.

Pucynok 1. — @oTorpadus onbITHOTO MaKeTa OXJIAKIaeMOM
KUJAKOMETAIIMYECKON KaWIIIPHO-IIOPUCTOM CUCTEMBI

[TapameTppl ucnbITaHul: TOK paspsna 1-6 A, nmoreHuuman karoma -203 B,
noTeHman maketa +14 B, Tok u3 mia3mel Ha oOpazer] 1-3 A, gaBieHue renus B

63



BakyyMHoO#1 kamepe 0,012 Topp, Bpemst o0myuenus coctaBuio 120 munyt. OOpasen
owu1 Harpet 110 460 K.

®dororpadust ONBITHOIO MakeTa MOCiie UCIBITAHUN MPEICTaBIeHa HAa PUCYHKE
2.

Pucynok 2. — ®ortorpadust oOpaiieHHOH K M1a3Me TOBEPXHOCTH MAaKeTa
nutueBor KM KIIC nocne ucneitanuii B yctanoBke I1JIM, 1 - o6sacTs ¢ mutuem,
2 - 00J1aCTh JIa3E€PHBIX HATPY30K

CnenoB HOyroBbIX HPOLECCOB, KaK M CIENOB JIA3€pHOTO U3Iy4YeHUs, Ha
MMOBEPXHOCTH JIUTUSI OOHAPYKUTh HEBO3MOXXHO, IMOCKOJBKY JIUTUA BO BpeMs
HKCIIEPUMEHTA HAXOJUTCS B >KHJIKOM COCTOSHUU W BO3HHKaromue nedeKThl Ha
KHUJKOM TOBEPXHOCTH 3aIlIbIBAIOT, B TOM 4YHCJIE, BO3HHKAIolue AedopManuu
MMOBEPXHOCTH OT BO3JICHCTBHS JIa3epa 1 TyTOBBIX MPOIIECCOB OBICTPO MCUE3AIOT MPHU
JBWKEHUM paciliaBa TOJ JEUCTBMEM MOBEPXHOCTHOTO HATSDKEHHUS pacIiuiaBa.
OCHOBHOM 00bEM OCTABIIETOCS MOCIE IKCIIEPUMEHTA JIUTUSL HAXOAUTCS B TIIyOUHE
KIIC. 30H mOBEpXHOCTH C OTKPHITOM MOJIUOICHOBOM CETKOM HE OOHAPYKEHO.

beimu npoBenensl ucciaeaoBanus ¢ nomoibio COM MOBEPXHOCTH JIMTHEBOM
KM KIIC. UccnenoBanus MpoBOAWINCH B 00JIACTH TMATHA, U B 00JaCTH BBICOKUX
JIA3€PHBIX U IYTOBBIX HATPY30K, TJIe IJICHKA UMeJIa MUHUMAJIBHYIO TOJIIUHY.

B 3o0mHe matHa (pucyHOK 3) HaOIIOIaTach BBICOKOMOPHCTAS TOBEPXHOCTH.
OO6Hapy:keHbl Kariu TuTus cepudeckoit hopmsl pazmepom ot 500 HM 10 20 MKM.
AHaJIOTUYHBIE PE3YIbTaThl ObUIM MOJTYYEHBl paHEe MPU UCCIEIOBAHUU JIUTHUEBBIX
MarepuanoB U3 Tokamaka T-10, mocne miua3MeHHbBIX SKCIIEPUMEHTOB C JIMTUEBOU
KIIC. Ha CDOM- wu3o0paxeHuu, TMOIYYEHHOM C TIOMOIIBIO JETEKTOpa
oOpaTHOpaccessHHbIX 3JIeKTpoHOB (BSD nerexkropa), OTCYyTCTBYeT KOHTpACT,
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puCYHOK 3 (0).

SEM HV: 5.0 kV WD: 25,30 mm MIRA3 TESCAN|
View field: 107 pm Det: BSE 20 pm

g W
SEM HV: 5.0 kV WD: 25.33 mm
View field: 1.00 mm Det: SE 200 pm

(@) (6)
Pucynok 3. — COM u300pakeHus TUIEHKU B 00J1aCTH TISITHA, (2) — yBETUYCHUE
632, nerextop SE, (0) — yBenuuenue 5926, nerektop BSE

HccnenoBanus 30H OBEPXHOCTH, KOTOPBIE MOJBEPTIUCH MOIIHBIM J1a3€pHBIM
Y JyrOBBIM Harpyskam, IOKa3ajlu HaJu4Me CIEI0B IUIaBICHUS U OBICTPOTO
OTBEPJICHUS TTIOBEPXHOCTH (PUCYHOK 4, a). Takasi HOBEpXHOCTb - BBICOKOTIOPHUCTAS,
COCTOUT U3 YaCTHUII JUTUIITUYECKON (POPMBI C XapaKTEepHBIMHU pa3MepaMH MOpsIKa
1-2 mxm (pucyHok 82 0). Ha moBepXHOCTHM NPUCYTCTBYIOT JUIMHHBIE BOJIOKHA
muametrpoM 500 HM U TuHOM 10 15 MkM (pucyHoK 4, B). MuHHUMalIbHAs TOJIIMHA
JUTHICOEPKAIUX KOMIIO3UTHBIX COCTMHEHUN Ha MOBEPXHOCTH OOHApYKEHA Ha
rpanunax KIIC B HenmocpeACTBEHHON OIM30CTH OT MOJIUOIEHOBOI paMKH.

SEM HV: 5.0 kY WD: 24.76 mm MIRAZ TESCAN
View fisid: 2.82 mm Det: SE

SEM HY: 59 kV WO: 24.68 mm SEM HV: 50 kV WO; 24,88 mm | MIRAS TESCAN|

Vinw fiold: 42.5 ym Det: SE 40 ym. View fiald: 38.2 ym Dat: SE

(0)
Pucynok 82 — COM- nzo0pakeHus MIOBEPXHOCTU B 30HE BO3ACHCTBUS
MOIIIHBIX JIa3€PHBIX HArpy3okK. (a) — yBenuuenue 223, (0) — yBenuuenue 14854, (B)
— yBennuenue 15319
B xose paboThl OBLITH UCTIBITAHBI MAKETHI OXJIAKIAEMON KUTKOMETALTUNISCKON
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JUTHEBOM  KANWUIIPHO-TIOPUCTOM CUCTEMBI B  YCIOBUAX  CTAallMOHAPHOW
MJIa3MEHHOW M MMITYJIbCHOW Jla3epHOM Harpy3ku. beutn ucciemoBanbl o0jacTu
HEUCIIAPEHHOIO JIUTHSL W BO3HUKIIME HAa IOBEPXHOCTH MOIYJIS JIMTHUEBBIE
HAHOCTPYKTYPbl METOAOM CKAHUPYIOUIEW 3JIEKTPOHHOW MHKpPOCKONuH. beuia
WCIIBITAHA CHUCTEMA OXJAXKACHUS MAKETOB JUCIEPIrUPOBAHHBIM IOTOKOM. B
pE3yNbTAaTe UCTIBITAHUIM MAaKET U MOJIMO/IEHOBAsI CETKA HE OBLIIN MOBPEXKICHBI.

[ImasMeHHBIE  WCHBITAHHUS  OPOBOAWIMCH IIPU  TNOAAEPKKE  IMPOEKTa
I'ockopmoparuu "Pocatom" Ne 223 EOTII-YTII 774/158-]1.
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3AXBAT UOHOB JIEUTEPUS B SMART CILIABAX W-Cr-Y

CamonaccuBupymomuecs cmiasbl, B ToM yucie SMART chnaBel Ha OCHOBE
BoJIb(ppama, mpejiararorca BMecTo uncroro W B kadectBe matepuana OIID B
OyIymux TEpMOSIIEPHBIX ycTaHOBKaX. MccnenoBanue 3axBaTta Bogopoga B W-Cr-
Y criaBel IPEACTABIISIET MOBBIIICHHBINA HHTEPEC ¢ TOYKU 3pEHUs 0€30MaCHOCTH.

[IpoBeneHo uccinenoBaHME 3axBaTa HU3KOIHEPTETUYHBIX MOHOB JAeHTepus B
Bosb(ppame, xpome U cruiaBax W-Cr-Y nais xapakTepu3aluu LEHTPOB 3axBara
BoJioposia B 3Tux Marepuanax. CrmaBel W-Cr-Y ObUIM TMOJy4YEHBI METOAAMU
HcKpoBoro ImiasMeHHoro crekanuss (FAST) u ropsyuM H30CTaTUYECKUM
npeccoBanuem (HIP).

HccnenoBanne MpoBOAWIOCH Ha dKclepuMeHTanbHOM ycraHoBke MEJIMMOH,
MO3BOJISIONIEH TIPOBOAUTH OOIydeHHE 00Pa3I[0B MaCC-CENapUPOBAHHBIMU HOHAMU
AeiTepus W TEPMOICCOPOIIMOHHYIO CHEKTpOCKONmHio Oe3 BbIHOCAa OOpasiia Ha
atMocdepy. [IpoBenens! 001ydeHns BOJIb(PPaMOBBIX CIUIABOB, YUCTOTO BOJb(pama
¥ YHCTOr0 XpoMa C OJAMHAKOBOM 1030i 10%' D/M? mpu KOMHATHOM Temieparype.
Jlanee mpoBeleHbl 2 CepuM SKCHEPUMEHTOB Mo oOmydeHuto W-Cr-Y cCruiaBoB,
W3TOTOBJIEHHBIX Pa3sHBIMM TeXHOJNOTMAMH, no3oi 102! D/M? npu pasnuusbx
temreparypax (300-900K). ITocne kaxaoro oomyuenus nposoauiau TIC no 1200
K co ckopocteio HarpeBa 2K/c. DToil Temneparypbl JOCTATOYHO IJISI MOJHOIO
BbIXOAA JedTepust U3 4ucTtoro odpaszua W M NMpakTUYECKU IOJHOTO BBIXOJA W3
cuaBa W-Cr-Y. Temmeparypy wusmepsuin Tepmomapor W-5%Re/W-20%Re,
MPUBApPEHHON TOUYEYHOM CBAapKOM HEMOCpencTBEHHO K oOpasiy. KomuuectBo D,
BhIZieMBIIeecss U3 oOpasma mipu  TJIC, peructpupoBaiu ¢ TOMOIIBIO
KBaJPYIMOJIBLHOTO Macc-crekTpomerpa. boijiee BbicOKkME TemmepaTypbl He
MCITIOJI30BAJIUCH, YTOOBI M30€kKaTh TpaHcpopMmaluu MaTepuana u ucnapenus Cr.
HccnenoBanus ncnapeHus: Xpoma MpoBOIUIUCH HA BRBICOKOBAKYYMHOM YCTaHOBKE,
C BO3MOXXHOCTBIO H3MEPEHMsI HCMAPSEMON MacChl C MOMOIIBIO KBapIEBOrO
MuKpooOananca. Mcnapenue xpoma Habmo1anoch npu temneparype Boiie 1250 K.
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C mnoBbllleHHEM TemmepaTypbl 3axBar jedrepus B crmiaBe WCrY-HIP
yMeHbIIaetcs, Torga kak g criaBa WCrY-FAST naOmrogaercst yBenuueHnue
HakoruieHuss npu Ttemmneparype 700K. Choektpsl TepMoaecopOuuu s ABYX
CIUIaBOB BOJIb(paMa ¢ OJIM3KUM AJIEMEHTHBIM COCTaBOM, HO Pa3HOM TEXHOJIOTHUEH
MPOU3BOJCTBA, UMEIOT CUJIbHbIE paznuuus B criekTpax. /s FAST texnosoruu B
oOpa3liax oOOHapyXeHbl IEHTPbl 3axBaTa C BBICOKOM OSHEprue CBs3H,
OIPEACIIAIOIINE HAaKOIUICHUE pu IIOBBILICHHBIX TeMIleparypax.
[IpennosnoKuTeapHO, 3TO IOBEPXHOCTh BHYTPEHHUX I10DP.
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BJIUSATHUE NPUMECH TAHTAJIA HA 3AXBAT JEUTEPUS IIPU
HU3KOTEMIIEPATYPHOM IIVIASMEHHOM OBJYYEHHUUA B
CIIJTABE W-Ta

B nacrosimee Bpemsi Boib(ppaM paccMaTpuBaeTcs Kak OAMH U3 MAaTEpPUANIOB,
oOpallleHHbIX K TMIa3me, Js OyAylIux TepMOSIEPHBIX peakTopoB. B kauecTBe
Martepuaia, obOpamieHHoro kK rmiaasme, W OyleT MmoABepraTtbCs HHTEHCUBHBIM
MIOTOKAM JIEUTEPHUs], TPUTHSI, YACTUILI TEJIHs, a TAKKE HEUTPOHOB C dHepruei 14 MaB
oT peakuuu D — T-cunre3a. OOngydyeHHE HEUTpPOHAMHU BBI3OBET H3MEHEHHE
MHKPOCTPYKTYpBI W 3a cdeT cMmernieHus B oobeme u oopazoBanus Re u Os [1]. Tak
K€ B JJAHHBII MOMEHT pacCMaTpUBAETCS BO3MOXXHOCTb BBEJCHUS JIETUPYIOIINX
npumeceil B BoJab(hpaM Uil HOBBILIECHUS JIaCTUYHOCTH. Hannuue npumeceit MoxxeT
BIUATh Ha YyJAEp’KaHUE H30TONOB BOAOpoJa B Bodb(ppame. B mnpeasiaymiem
MCCJIeIOBaHUN OBUIO TOKAa3aHO YMEHBIIEHHE KOJMYECTBA ACUTEPUS C POCTOM
KOHLIEHTpaluu npumecu Ta B MOHOKpUCTaiuiax W mociie ra3oBoro BO3JIEUCTBUS
[1].

B nmaHHOM wWccnenoBaHMM B KaueCTBE HKCIEPUMEHTAIBHBIX 00pa3LoB
MCIIOIb30BAIUCH TUTACTUHBI M3 MOHOKpUCTAUTMYEeCKuX ciiaBoB W, W-xTa (x = 1;
3; 5 xoHueHtpamus B at.%). Bce oOpa3ipl ObUIM OTIOJIMPOBAHBI 10 3€PKATBLHOMN
MOBEPXHOCTH U JierasupoBansl B Bakyyme rpu 1100 K B Teuenue 2 yacoB. Habopsl
obopasznioB W, W-1Ta, W-3Ta, W-5Ta obOnydanuch AeHTEepUEBOM ILIa3MOil MpHU
temneparypax 410 K u 610 K 1o no3er 2E25 nonom/cm? Ha ycranoskax JIEHTA u
ITIN-2 [3]. VYnepxanue D B cmmaBax W u W-Ta wusMmepsiii MeTOIOM
tepmoecopomonnoi cnekrpockonuu (THC).

[Toka3aHO CyIIECTBEHHOE BIUSHUE BEIMYMHBI IJIA3MEHHOTO MOTOKA HA 3aXBaT
nevtepusi. HabmromaeTcsi CylIECTBEHHOE CHUKEHUE KOJIMYECTBA 3aXBAYEHHOTO
JEUTEepUsi C POCTOM TEMIIEPATYPHI.

PaGora BoinosniHeHa nipu nogaepxke Poccuiickoro Hayunoro ®@onaa (No. 18-
72-10162m).

CnmcoK ucnoJib30BaHHbIX HCTOYHUKOB
[1] H. Bolt et al., J. Nucl. Mater.,307-311 (2002) 43-52
[2] H.I1. BoObIps 1 n1p., SAnepHas ¢pusznka u THKUHUPUHT, (2021).
[3] A.N. Yepkes u np., BAHT, 2020, 1. 43, BbIII. 3, . 101-110
69



J.C. IYTHUH", H.II. BOBLIPL'2, J1.A. KO3JIOB!
!Hayuonanvnwiii uccneooeamenvckutl yenmp « Kypuamoeckuii uncmumymy, Mockea
A0 BHUHUHM um. A.A. Bousapa, Mockea
*dmitrydugin@gmail.com

NCCJIEJOBAHUME BJIUAHUA NOHHO-UHAYIIUPOBAHHBIX
JAE®EKTOB B BPOH3E CulCr0,1Zr HA HAKOIIVIEHUA JEUTEPUSA

BolnosiHeHO uMcCCeIOBaHWE HAKOIUIEHUS B XPOMIMPKOHUEBOW OpoH3e
CulCr0,1Zr, B TOM yncie B IPUCYTCTBUH HOHHO-UHAYLIUPOBAHHBIX fedeKToB. Jlis
MPOBEJCHUS HWCCIIeIOBaHUs BbIOpaHbl 4 oOpasma OpoH3el: 2 oOpasia,
TIO/IBEPTHYThIE HMHUTALMOHHOMY 001y4eHnIo nonamu Fe** u sneprueii 5,6 MaB 1o
noBpexaaromnieit 10361 1 cHa [1], 1 2 ucxoaHsix oopasia 6e3 nedexros. [ ogHoro
U3 00pasloB, COJAEpXKAIIMX HOHHO-UHAYLUUPOBAHHBIE JE€(PEKTHI, IPOBEICHA
BbIJIepKKa B BakyyMe npu 700 °C ¢ 1enbio OTKUra MHAYIUPOBAHHBIX JAE(EKTOB.
Bce 00pasiiel HackIanuch B Ta3000pa3HOM JEHTEpUH B TEUEHHE 25 9acoB IPHU
temrepatype 400 °C. AHanu3 HakoIUIeHMs JAeiTtepuss B oOpasliax BBINOJHEH C
ITOMOIIIBIO MeToJ1a TEPMOIECOPOIIMOHHON CHEKTPOCKOIHHU Ha
CHEUAIIN3UPOBAHHOM cTeHAe [2]. B pabore mpuBeneHbl pe3yiabTaThl aHAIM3a
MOJIYYCHHBIX JKCIEPUMEHTAIBHBIX JaHHBIX U OIICHKa BIUSHUS JCPEKTOB
CTPYKTYpBI, a TaK)K€ COCTaBa CIUIaBa XPOMIIMPKOHHUEBOM OpOH3bI Ha HAKOILICHUE
neitepus B oOpasiax.

Pa6ora Beinmonnena npu noanaep:xkke HULL "KypuatoBckuit nHCTUTYT" (MpUKa3
ot 18.11.2021 No2948).

Cnmcok ucnoJib30BaHHBIX HCTOYHUKOB

[1] Use of MeV energy ion accelerators to simulate the neutron damage in fusion
reactor materials / Alexander V. Spitsyn [et al.] // Fusion Engineering and Design.
—2019. —Vol. 146. — Part A. — P. 1313—1316.

[2] Ayrun JI.C. MccnenoBanue mpoliecca HakoruieHus aetepus B criaBe CuCrZr
METOJIOM TepMojiecopOImonHon crektpockonuu / boosips H.IIL., Hyrun. [.C.,
MenuukoB A.A. // Bectauk MDU. —2021. — Ne 6. C. 31—36.
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SAMEHIEHHUE U30TOIIOB I'EJINA B BOJIb®PAME TP NHOHHOM
OBJIYYEHUU

I'enuii OyneT npuCyTCTBOBaTh B IUIa3ME TEPMOSACPHBIX YCTAaHOBOK Kak
IMPOIYKT TEPMOSIEPHON PEAKLIMU U B3aUMOJAECHCTBOBATh C OOPAILIEHHBIM K IIJIa3Me
matepuasiom (OIIM). Bonsppam Oyaer ucmonab30BaH B KauecTBE Marepuaa
HauOoJee HarpyxeHHbIX yacTeil quBepTopa B ITER u paccMarpuBaeTcs B kauecTse
OJIHOTO W3 NPUOPUTETHBIX MaTepuanoB mid OIIM Oyaymux TepMosIepHBIX
pEaKkTopoB OyaroAapsi BBICOKOW TeMIEpaType IUIABIEHUS U TEIIONPOBOAHOCTH H
MajoMmy ko3 duiruenTy puzndeckoro pacnbiieHus [1].

["enuit uMeeT OOMBIIYIO SHEPTHIO CBSI3U C IeeKTaMu B MeTalIaxX, IO3TOMY MpU
MOHHOM BHEJIPEHUU JOCTATOYHO OBICTPO MPOUCXOAUT JOCTUIKEHUE OOJBIINX
KOHLEHTPALMKA reusi B TOBEPXHOCTHOM cioe. [Ipu 3ToM, HaOmonaercs cuiabHas
Moau(UKaIMA TOBEPXHOCTHOTO CJIOSI M CHIJKAETCS TPAHCHOPT MaJalolIUX Ha
MOBEPXHOCTh YacTHIl B 00beM MaTepuaia. B yacTHOCTH, MpHU OJHOBPEMEHHOM
OOJy4YEeHUN MOBEPXHOCTH HOHAMM JECUTEpUS U TeNusl, MPOHUKAIOMIUNA IOTOK
neiitepus uyepe3 BoibppaM U CKOPOCTh HHTErPAJbHOTO HAKOIUIEHHUS CHIJIBHO
CHUKAIOTCS.

Jnst  Oonee neTambHOTO M3YYEHHMsS] TPOIECCOB HAKOIUIGHHMSI TeIus B
MOBEPXHOCTHOM CJI0O€ M €ro JecopOIuu B JaHHOM paboTe MPOBOAUIUCH
SKCIIEPUMEHTHI C IMOCIIEN0BATENBHEIM 00ydenneM usotonamu remus (*He, “He)
BoJIb(paMa Ipu KOMHATHOH | MOBBITIIEHHBIX TeMiepatypax (700-1200K) o6pasima.
DOKCIEpUMEHTHI TMPOBOAWINCh, HAa HOHHO-IyukoBou ycranoske MEJIMOH. B
KauecTBe OOpa3loB MCHOJIb30BAJIUCH IMOIMKPUCTAIMYECKUE BOJIb(pamMOBBIE
doneru TommmHOM S50 MKM u uuctoror 99,95% (mpousBojacTBo Plansee,
I'epmanus), oroxokeHHble Ha ycrtaHoBke TJIC-cTeHA B YyCIOBUSAX BBICOKOTO
BakyyMa 1ipu temrnepatype 2000 K ¢ Beiepskkoit 30 muH. J[j1s1 HaChIIEHUsI TeJTueM
MOBEPXHOCTHOTO CJIOSi 00paslibl BHayaje OOJIy4yaluCh Macc-CernapupOBaHHBIM
nyuykoM nonamu ‘He* ¢ sneprueii 3 kaB noszoii 5x10%' He/m? [2]. Janee o6pa3isl
obnyuamuce monHamu -He" B mmamaszome no3 1x10%' - 5x10%' He/m?. 3artem
npoBoamIIcs Tepmoaecopormonnsiii ananus (T/IC) oOpasiia co CKOpoCThIO HarpeBa
2 K/c meronom in-situ B ycranoBke MEJ/IMOH no temnepatypsr 1500 K. Takxe
nposoawica THC anamu3 meronoM ex-situ 1o temreparyps! Boime 2500 K Ha
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ycranoBke TJIC-crenn.

[Ipn yBenuueHuun Temmeparypbl oOJdydeHUs: 3(P(GEKTUBHOCTb 3aMEIECHUs
yBenuunBaerca. [Ipm KOMHATHOM M MOBBIIIEHHBIX TEMIEPATypax 3aMelleHue
M30TOTIOB  HAONIOMAeTCS TakXKe JUIA  BBICOKODHEPTeTHYECKHX  JIOBYIIEK,
TEPMOECOPOITMOHHBIN UK KOTOPBIX MOSBIISIETCS TTpu TemmnepaTtype ~2500 K.

Cnucok MCmoJIb30BAHHBIX HCTOYHUKOB

[1] V. Philipps, J. Nucl. Mater. 415 (2011) S2.

[2] Y. Gasparyan, S. Ryabtsev, V. Efimov, Z. Harutyunyan, A. Aksenova, A.
Poskakalov, A. Kaziev, M. Kharkov, O. Ogorodnikova, A. Pisarev, S. Kanashenko,
Y. Ivanov, Phys. Scr. 2020 (2020).
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BJIMSAHUE IIPUMECH I'EJINS HA pBOfICTBA COOCAKIEHHBIX
BOJBb®PAM-AEUTEPUEBBIX CJIOEB U YIEPKAHUE IEUTEPUSA B
HHUX

Haxornnenne n30TonoB BOAOPOIa B MaTeEpUaiax peakTopa sIBISETCS OJTHOW U3
OCHOBHBIX MpPOOJIEM Ha MyTH K KOMMEpPYECKOMY TEpPMOsIEpHOMY peakTtopy. B
HUTOP B kauecTBe TOIIMBA OYyJET KCIOJNB30BATHCS NEUTEPUI-TPUTHUEBAS CMECH;
HaKOIUICHHE PAJAMOAKTUBHOIO TPUTUSA B MATEpHAIaX CTEHKU PEaKTopa
MPEICTaBIAET MPOOIEMY C TOUKU 3PEHUS paAraiMoHHOM 6e3onacHocT. OTHUM U3
OCHOBHBIX MEXAHU3MOB HAKOIUIEHHS M30TONOB BOJOPOJA B PEAKTOPE SIBIISIETCS
COOCAXJICHHE ¢ MaTepHralaMH OOpaIeHHBIX K Tu1azMe siaeMenToB [1,2]. B UTOP B
KauecTBEe MaTepuaja Haumbojiee HarpyXeHHOM oOJacTM NEepBOM CTEHKU —
IUBepTOpa, BbIOpaH BoJib(ppaM. IloHMMaHMe mporecca COOCAKIEHUS H30TOIOB
BOJIOPOJIa C 3TUM METANIOM HEOOXOIUMO 1715l KOJIMYECTBEHHOM OLICHKH Yep KaHus
Ttputus B OIID.

Ha coneprkanne BOIOpOJa B COOCAKIEHHBIX CIIOSX BIMSIET HAIMYHUE U COCTAB
IpuMeced B BOJOPOAHOM IUIazMe. B IeUTepuil-TpUTHEBOW CMECU PE3yJIbTaTOM
TEPMOSIIEPHON peakIMu sIBIsieTCsl oOpa3oBaHue renus. B pesynbpTate BHEApEHUs
refivs B MaTepualbl MEPBOM CTEHKH OOpa3yloTCs IOMOJHUTENbHBIE e(EeKTHI,
KOTOPBIE MOTYT OBITH 3aMOJIHEHBI BOJIOPOJOM [3]. MOXKHO TPEeAnooXUTh, YTO
HAJIMYWE TEJIUS MPUBEAET K M3MEHEHUIO HAKOIUIEHUS TPUTHUSA B COOCAXKICHHBIX
CIOSAX W3-32 W3MEHEHHsT MOP(]OJOTHH TOBEPXHOCTH. B sKcmepuMmeHTax 1o
coocaxaeHnio B Ar-D, Ob1710 0OHapy>keHO BIUsSHUE MOP(OJIOTHH HA HAKOTICHUE
Bogopoa [4]. HeoOXxoauMo M3y4dUTh BIUSHUE TeNMsl HA COOCAXKIEHUE TPUTHS C
MarepuajaMy CTEHKM KaMmepsl Ul JaJdbHEWIIEHd OLICHKH YJIEpXKaHUs TPUTUSA B
marepuanax UTOP.

B pamkax pgaHHOW pabOThl TPOBOAWINCH CEPUH IKCIIEPUMEHTOB IO
COOCXKJICHUIO JAEHTEpHs ¢ BOIb(DPaMOM Ha SKCIIEPUMEHTAIBHON ycTaHOBKe MP-2
[5]. IIpumecsk renus B razoBoi cmecu coctaniisiia 0, 5 u 20% ot pabodero JaBieHus
nevtepus (2,8 Ila), ocaxaeHue MPOBOIUIOCH METOJOM MarHETPOHHOTO
pacteuteHus s Tpéx tremmeparyp 400 K, 500 K u 800 K. TTomyuenasie 006pasifsr
HCCIIEIOBAIMChL METOJOM PaCTPOBOM 3JIEKTpOHHOM Mukpockonuu (POM) c
HCII0JIb30BaHUEM MUKpockona mozaenu Vega 3 Tescan. Bece uzoOpaxkenus Obuin
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MOJIy4eHbl B OTPaKEHHBIX 3ekTpoHax. OOpasubl umenu amopgHbiil penbed
MOBEPXHOCTH C EAMHUYHBIMU Je(ekTamMu B BHUAE TPEIIMH U MBUIMHOK, HE
npeBblatomux pasmepsl 20 MmxM. B [6] npu coocaxaeHun BosibpaMa B YHCTO
reJMeBON I1a3Me ObUIM OOHApYKEHBI My3bIpbKH pazmepoM a0 20 uM. Ily3sipeit
pazmepoM ~ 1 MKkM 1 Oosee He 0OHAPYKEHO.

Taxxe ObLT MPOBEACH PEHTTEHOBCKUN aHaNu3 (ha30BOr0 COCTaBa MOTYUYEHHBIX
BOJIb()PAMOBBIX IIEHOK. 3anmuch AUPPAKIMOHHBIX CHEKTPOB ISl ONpENeTICHUs
(dazoBoro cocraBa 00pa3lOB U OLIEHKU UX CTPYKTYPHOTO COCTOSIHUSI MPOBOAMIIACH
Ha nudpakromerpe Bruker D8 Discover nmpu ucnonb3oBannu Cu Ko n3nydenns u
[IO3ULIMOHHO-YYBCTBUTEIIBHOTO NETEKTOpa LynxEye. [TokpsITHS
npeumyimiectBeHHo umeroT  OLIK-pemieTky, MeEIKOAMCIEPCHBI W UMEIOT
IOCTOSIHHYIO pemeTky ot 3,1757 10 3,2051 A st pasHbIX MIEHOK, B TO BpeMs Kak
JUIl MOHOKPHCTAJLTMYECKOTO BOJIb()paMa IOCTOSHHAS peleTku paBHa 3,160 A.
Bosbras mocTosHHAS PEIIETKH MOXET OBITh 00BSICHEHA OOJIBIITUM KOJIHYSCTBOM
aTOMOB Ta3a B COOCAKICHHOMU TIIEHKE.

Panee mnpoBefeHHBbIE SKCHEPUMEHTHI MO BIUSHUIO TeIUs Ha HAKOIUICHUE
AeiTeprs B COOCAXKJIECHHBIX BOJb(PAMOBBIX CIOAX IMOKAa3ajid, YTO IPUCYTCTBUE
3HAYUTENBHOTO KOJIMYECTBA TENUs B LIEJIOM IOJABISIET HAKOIUIEHHE AEUTEepus B
MIEHKe, a HEe3HauMuTellbHa J00aBKa B Ta30BYI0 CMECh IOYTH HE BIMSIET Ha
HAKOIUICHUE JIeUTepHs B MIIEHKE. DTO MOXKET OBbITh OOBACHEHO TEM, YTO T'elIUi U
AeiTepuil KOHKYPUPYIOT 32 OJIHU U T€ ke ASPEKThI C ONPeAeIICHHBIMU YHEPTUIMU
CBSI3M (THUIIBI JIOBYILIEK).

Cnmcok ucnoJib30BaHHbIX HCTOYHUKOB
[1] Roth J. u ap. Tritium inventory in ITER plasma-facing materials and tritium
removal procedures // Plasma Phys. Control. Fusion. 2008. T. 50, Ne 10. C. 103001.

[2] Widdowson A. u np. Overview of fuel inventory in JET with the ITER-like wall
// Nucl. Fusion. IOP Publishing, 2017. T. 57, Ne 8.

[3] Bernard E. u ap. Tritium retention in W plasma-facing materials: Impact of the
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19, Ne August 2018. C. 403—410.

[4] Alimov V.K. u ap. Temperature dependence of surface morphology and
deuterium retention in polycrystalline ITER-grade tungsten exposed to low-energy,
high-flux D plasma // J. Nucl. Mater. Elsevier B.V., 2012. T. 420, Ne 1-3. C. 519-
524.

[5] Krat S.A. u ap. A setup for study of co-deposited films // J. Instrum. 2020. T.
15, Ne 1.

[6] Katayama K. u mgp. Deuterium and Helium Release and Microstructure of
Tungsten Deposition Layers Formed by RF Plasma Sputtering DEUTERIUM AND
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IHEPBBIE PE3YJIbTATBI IPEACKA3ZAHMA INIOTHOCTH IVIAZMBbI C
IHOMOIIbBIO UCKYCCTBEHHbBIX HEMPOHHbBIX CETEN I
TOKAMAKA T-11M

OnHMM U3 BaXKHEWIIMX MMapaMeTPOB IUIa3Mbl TOKAMAKa SIBIISIETCS 3JIEKTPOHHAS
miotHocTh. Ha Tokamake T-11M nns onpeneneHus cpeaHeld IUIOTHOCTH
ucronb3yercs auddepeHInaIbHbIA pePpakToMeTp, T dASKTPOHHAS TUIOTHOCTH
OMpEeNIEISEeTCS M0 BPEMEHU PACIPOCTPAHEHHSI MUKPOBOJIHOBOI'O CUTHAJA B IIa3Me
(Habery (as3pl MeXIy IBYMs CUTHajaMu ¢ Onu3kuMu yactoTamu) [1]. Oguum u3
HEJIOCTATKOB €ro HCMOJb30BaHUsl SIBJIAETCS MOTEHIHMAIbHAS BO3MOXHOCTH
pa3pylieHusi JE€TEKTOPOB MHUKPOBOJHOBOTO M3JIYYEHHUS B YCIOBUSX Pa3BUTHUS
AKECTKOTO PEHTIE€HOBCKOIO M3JIyYEHHUs, MHOTJA BO3HHMKAIONIETO0 KaK pe3yiabTar
CIIOHTAHHOTO (POPMHUPOBAHMS MHTCHCHUBHOTO My4YKa YCKOPEHHBIX 3JIEKTPOHOB B
peKUMax TEXHOJOTUYECKOM MOAroToBKH Tokamaka T-11M. B cBsizu ¢ stum
WCMOJIb30BAHUE  COOTBETCTBYIOIIEM  MHUKPOBOJIHOBOM  ammaparypel A
OmpeAeICHUS SJIEKTPOHHOM MJIOTHOCTH B TAKUX pa3psiax HEXKEIaTEIbHO.

B nannoi#t paGote s penieHus 3To mpoOJIeMbl UCCIETYETCs BO3MOXKHOCTh
WCIIOIb30BAHUSI B TaKUX peXUMax HCKyccTBeHHOM HeuponHou cetu (MHC),
KOoTopas 0e3 BKIIOUEHHUSI COOTBETCTBYIOIIECH MUKPOBOTHOBOM ammapaTypbl CMOTJIa
OBl MpeJCcKa3bIBaTh IJIOTHOCTh TUIa3Mbl. M3BeCTHBI paOOThI, B KOTOPHIX aBTOPHI
ycremiHo ucnosib3oBayin MHC pis mpeacka3zanust cpblBOB B Iiasme [2] u
MOJICIMPOBAHUS PA3JIMYHBIX TapaMeTpoB Iasmbl [3, 4], TakuM oOpazoMm
nokasbiBasi, uto MHC MoxkeT onucaTth 3aBUCUMOCTh MEX1Y IMapamMeTpaMu pa3psiia
(BXOIHBIMU JTAHHBIMHU) U TIapaMeTpaMU TI1a3Mbl (BBIXOIHBIMU JJAHHBIMU).

OaHUM U3 OCHOBHBIX MTAPAMETPOB, HEMOCPEACTBEHHO BIIMSIONINX HA TIIOTHOCTh
TJ1a3MBbl, SIBJISIETCS KOJIMYECTBO M BPEMEHHOMW CIIEHApUI HaIlyCKa ra3a B BaKyyMHYIO
KaMepy TOKaMaka BO Bpems IIa3MeHHoro paspsana. Ha tokamake T-11M cucrema
ra3oHamnycka mpejcTaBlieHa TpeMs ra30BbIMU UMITYyJIbCHBIMU KjamaHamu CHA-2.
COOTBETCTBEHHO, BXOJIHbIE JTAHHBIE — 3TO BPEMS OTKPBHITHUSA T'a30BOr0 KJalaHa,

! B macrosmee Bpems mecto pa6otsl — Koopaunanumonnsii LlenTp "Ynpapnsemblit

TEPMOSIIEPHBIN CUHTE3 - MEeKAyHapoHble poekThl" (Y TC-uentp), Mocksa
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JUINTETILHOCTh €ro pa®oThl M JaBlieHHWE ra3a Iepej KilanmaHamH, a BBIXOJHbBIE
JAHHBIE — TO «CHIPOW CUTHAJ AIIEKTPOHHOU IIJIOTHOCTH, U3MEPEHHBIHN C IIOMOILIBIO
pedpakTomeTpa.

Hnst 06yuenuss UHC, ucnonp30Banuch JaHHBIC SKCIIEPUMEHTAILHOM KaMITaHU!
2016 ronga, cymmapuo 851 paspsia (mpu 3TOM HUCHOJIB30BAIUCH JaHHble KoTTOH-
MyTtoH nosisipumeTpa [5]). Bxoaabie nanHbIe OBUTHM HOPMAJIU30BAHBI, @ BEIXOIHBIC
nanHele ycpenHensl. KomnuectBo smox o0yuenus coctaBuio 10000, mpu stom
CPEIHEKBAIPATUYECKOE OTKJIOHEHHE TTOYy4YriIoch B parione 0,012,

Ha pucynke | mpeacrtaBieHbl pe3ysibTaTbl CPaBHEHHUs MPEICKA3aHHOTO U
HEIMOCPEJCTBEHHO M3MEPEHHOr0 C IMOMOIIbI0 HHTEepdEepoMeTpa MNEPBUUYHOTO
CUTHaJIa DJEKTPOHHOM IUIOTHOCTH — pa3HOCTU (a3 Mexay OOBIKHOBEHHOW U
HEOOBIKHOBEHHOW BOJHAMHU (B BOJbTaX) — B 3aBUCHUMOCTH OT BPEMEHHU paspsjia
(pa3psan Ne40230). A Ha pucyHKe 2 MPENCTABJIEH pe3yJibTaT CPAaBHEHUS CpeHEH
AJIEKTPOHHOM TJIOTHOCTH AJIsl XOpAbl -1 cM Bo Bpems paspsana (pazpsg Ne40803),
pPACCUMTAHHBIA 10 MpPEACKa3aHHOMY W HW3MEPEHHOMY MEPBUYHBIM CHUTHAJIAM
uHTEepdepomeTpa.
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Puc. 1. BpeMeHHas tuHaMUKa MPEACKA3aHHOTO U U3MEPEHHOTO MIEPBHYHBIX
CUTHAJIOB HHTEpepoMeTpa B TeueHue pazpsiaa (paspsaa Ne40230)

Kak BUIHO 13 MOJIyYE€HHBIX PE3yIbTATOB, MPEACKA3aHHBIE U PEAIbHBIE CUTHAJIBI
3JIEKTPOHHOM IUIOTHOCTH HAaxXOJATCS B XOpOIIEM corjacuu. B panpHenmem
IJIAHUPYETCsl TIPUMEHEHHE OoJjiee CIIOKHOM MOJENH, PacUIUpeHue TaHHBIX, YTO
II03BOJIAT YYECTh U IPYTUE IMapaMeTPhl pa3psiia, BIUSAIOLIUE Ha IVNIOTHOCTD ILUIA3MBI
(Tum rasza, HampsbDKEHHE Ha KaTyIIKaX TOPOUJAJIBHOTO IMOJsS M T.I.), a TaKkKe
0o0ecreunTh BApUAaTUBHOCTh COCTOSTHUSI BAKYYMHOM KaMephbl TOKamMaka (COCTOsTHUE
CTCHKHU BaKyyMHOW KaMepbl, HAJIMUYUE BHYTPUKAMEPHBIX YCTPOUCTB — JIUMUTEPOB,
MHXEKTOPOB U T.I1.).
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Puc. 2. BpeMeHHas fMHaMUKa NpPeICKa3aHHOW U U3MEPEHHOM CpeIHen
AJIEKTPOHHOM TIOTHOCTH JJIsS XOpIbl -1 cM B Teuenue paszpsiaa (paspsan Ne40803)

Cnucox ucnoJib30BaHHbIX HCTOYHUKOB
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HUCHOBITAHUSA BOJIb®PAMOBBIX MOJIYJEN
KOMBUHHUPOBAHHOMU IVIASMEHHOM U JIABEPHOM HAT'PY3KON

B Toxmaxke-peaktope UTOP oxxnmaroTcss MOIIHBIE HATPY3KX Ha BOIB(PaMOBEIE
IUBEPTOpHbIE IUIaCTHHBI npu neictBun DJIMoB [l]. AxTyanbHO#l 3amauei
SBJISIETCS WCTBITAHWE BOJb(G)paMa MOIIHBIMA HUMIYJbCHBIMA  TETUIOBBIMH
Harpy3kaMM B CTallHOHAPHOM IUIa3MEHHOM pa3psane, MOJEIUPOBAHUE TAKOTO
MPOILIECCa MOYKHO MPOBOAUTH C UCIIOJIL30BAHUEM MOIIHOM UMIYJILCHOM JIa3€pHOMN
Harpy3K# Ha BoJb(pam, UCIIBITYEMBIH B MJIa3MEHHON YCTaHOBKE CO CTAIIMOHAPHBIM
pa3psAIoM.

[IpoBeneHbl uCHBITAaHUS O00pa3lOB BoOJb(PpamMa UMITYJIBCHOM J1a3epHOM
Harpy3kod BO  BpeMs  CTallMOHAPHOTO  IUIA3MEHHOrO0  OOJIydeHuss B
ycoBepIiieHCTBOBaHHOU ycTtaHoBKe [1JIM-M, cozmannoi Ha 6a3e ycranoku [1JIM
[2]. Co3man na3zepHbIit KomIuieke (puc. 1) Ha ocHOBe mMmmyibcHOTO Jazepa Nd:YAG
mozaenu LQS29A ¢ nnuHol BoHBI u3nydeHust A = 1064 HM, sHeprueit umiryiabca
E =500 m/Ix, nauTenbHOCThIO MMIYJibca 10 HC, MIOTHOCTh MOUTHOCTH JIa3€PHOTO
M3JIy4YEHUS 3a BPEMS UMITYJIbCa HA IOBEPXHOCTH ?6pa3ua nocturia 21 TBT/m2.

—

Puc. 1. ®oro ycranosku [IJIM-M c¢ nazepHbIM KOMILIEKCOM
OOpa3npl HAXOAATCSA O OOTyYEeHHWEM CTAIMOHAPHOM TeINeBOM IIa3Mbl B

78



ma3MeHHo ycranoBke IIJIM-M ¢ mapameTrpamu paspsga: Tok paspsuga 20 A,
norenuan oopasua 137 B, nasnenue renus B paspsagnoi kamepe 1,2:102 Topp,
BpeMsl TJIa3MEHHOT0 00JTyYeHus - 67 MUHYT.

YeTtripe Boab(paMoBBIX oOpasma (puc. 2) pazMepoM 8x8X2 MM YCTaHOBJICHBI B
kamepe IIJIM-M nox yriom 45° K mia3MeHHOMY MOTOKY. JlazepHoe u3nydeHue
BBOJIMJIOCH Yepe3 OOKOBOM MaTpyOOK, YroJl MEXIy IUTIOCKOCTBhIO 00pa3IloB M OChIO
nazepHoro u3nmydeHus Obul 18°. TemmepaTypa oOpaslia B X0j€ IKCIEPUMEHTa
nmocturana 1950°C.

Puc. 2. BonsdpamoBsie 00pa3iibl NOCIE HUCIBITAHUH JIA3€pHOM U MJIa3MEHHOU
Harpy3kou B [IJIM-M

N3mepenus TemmnepaTypbl MOBEPXHOCTH BO BpEMS SIKCTIEPUMEHTA MPOBOIMIHCH
MAPOMETPOM. AHAJIM3 CIIEKTPOB ONTHYECKOTO M3JIyUYEHUS IJIa3Mbl IOKA3aJl , YTO B
CHEKTpE MPUCYTCTBYIOT JIMHUM WU3JIyYCHHs BoJb(ppaMa. ITO CBUACTEIHCTBYET 00
WCIIApEHUH BOJIb()pamMa ¢ TMOBEPXHOCTH oOpasma. MccrmemoBaHne MOBEPXHOCTH
BOJL(MPaMOBBIX O00pAa3IOB MOCIE HCHBITAHUN CKAaHUPYIOUIUM 3JIEKTPOHHBIM
MHUKPOCKOTIOM TOKA3aJ10 HAaJU4YMe MAKpOoI€PEKTOB U OTCYTCTBHUE YaCTHUI] MeTalia
Y 3arpsi3HeHus nopepxHoctu. Habmoaenue ($ha3zoBoro kKoHTpacTa Ha U300paKeHUU
COM c¢ BSE-gerektopa CBHACTEIBLCTBYET O TIOJHOM pEKpUCTATUIM3ALUU
noBepxHocTH (puc. 3). B obnactu meiicTBUS KOMOMHUPOBAHHOM TUTA3MEHHOW W
Ja3epHOM  HArpy3Kd MPOUCXOJUT PacIUIaBICHUE TOHKOTO MPUIOBEPXHOCTHOIO
CJI0Sl C TOCJEQYIONMEe ObICTPON KpUCTAIIM3AIMEH, YTO MPUBOAUT K TOSBICHUIO
3€peH PEKPUCTAIIM3ALMH pa3zMepoM S5-10 MKM.
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Puc. 3. COM wmukpodororpadun moBepXHOCTH 00pasma Boibppama Mocie
oOnydenus B ruiazme ycranoBku [1JIM-M nonydyennsie Ha SE-neTektope (cineBa) u
BSE-nerekrope (crpasa) npu ysenuuenuu 321X (a) u 1260X (0)

[TpoBeeHbI aHAJIOTWYHBIC UCIBITAHUS BOJB(PPAMOBBIX 00pa3IoOB C Pa3BUTOU
BBICOKOIIOPUCTON CTPYKTYypoi. McITbITaHuS IMOKa3aJIH, 94TO ITOTJIOIICHHE JIA3EPHOTO
W3ITy9CHUS TIPOUCXOTUT B BEPXHEM CJIO€ TOPUCTOM CJIOC, TETUIOBOM KOHTAKT
paciuiaBa ¢ TOBEPXHOCTHIO HAMHOTO HWXKE, TPaJWeHThl TEeMIEepaTypbl Ha
MOBEPXHOCTH CIUIOIIHOTO MeTauia Hike. OJTHAKO B 3TOM Clly4ae paciijiaBICHHBIN
cioii uMeeT Oosiee BBICOKYIO TEMIIEpaTypy M MEIJIEHHEE OCTBIBACT, YTO PE3KO
YBEJIMYMBACT OJMHCCHIO aTOMOB Boibppama B IUiazMy. Habmromamoch
pacTpECKUBAHUE MMOBEPXHOCTH B 00JIACTH JIEUCTBUS Ja3€pHOM Harpy3ku (puc. 4),
HanOOJIbIIIEe KOJIMYECTBO TPEIIMH HAOIOMAIOCh B IIEHTPE IATHA B 00JIaCTH
MaKCHMaJIbHOTO dHeproBbieneHus. [llupuna TpemuH gocturaet 15 MM, JIHHA
IMM, 2BOJIONMS TaKWX KPYIMTHOMACIITA0OHBIX TPEIIMH  MOXET MPHBOJIUTH K
paspylieHuto oopasia.
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Puc. 4. COM mukpodororpadguu nsiTHa B3auMOJICHCTBUS Jiazepa Ha
MOBEPXHOCTH BOJIB()paMOBOTo oOpasia

Ha nmoBepxHOCTH MsTHA JIa3epHOU HArpy3KH OOHAPYIKEHBI KPATEPhl OT TyTOBBIX
(MCKpPOBBIX) MPOIECCOB, TMOKPHITHIE BHICOKOMOPUCTHIM clioeM. OHH HaXoasTcs B
LHEHTPAJIbHOM o0yacTu Ja3epHod oOpaboOTKM W CcPOPMUPOBAIUCH TOCIE
KPUCTAUTM3AIMA  PACIUIABICHHOTO CIIOS. OTO TOATBEPXKAAE€T BO3MOXKHOCTH
MHHIINAINA3ALUH POLIECCOB JTYTOBBIX Pa3psAI0B Ja3epHBIM H3ITyUYECHHEM.

IInasmMenHbie ucnbITaHus BbIMogHEeHBI npu nogaepxkke 'K «POCATOM»
npoekt 223 EOTII-YTII, aHanu3 MNOBEpXHOCTH MaTEpUATOB MPOBEICH MpHU
nojanaepkke MuHHCTepCTBa HaykKu W Bhiciiero odpazoanusi PO (FSWF-2020-
0023, oueHKH paaualMOHHBIX 3(PPEeKTOB MPOBEACHBI MPU MOIAECPKKE I'paHTa
PODOM 19-29-02020, CcHEKTPOCKONMYECKOE MCCIENOBAHUE BBIIOJIHEHO IIpU
¢uHaHcoBOM nogaepxke rpanta PH® 21-79-10281.

CnucoK ucnoJjib30BaHHbIX HCTOYHUKOB

[1] bynaes B.I1. BAHT. Cep. Tepmosinepnsiit cuntes, 2015, 1. 38, Ne 4, c. 5.
[2] bynaes B.I1. u np. BAHT. Cep. Tepmosinepnsiit cuntes, 2017. 1.40, Ne3. c.35.
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CUHXPOTPOHHOE U3JYUYEHUE — YHUKAJIbHBIH HHCTPYMEHT
NCCJIIEJOBAHUSA BEIHHIECTBA

CoBpeMmeHHOE pa3BuTHE (U3UKH KOHJICHCHPOBAHHOTO COCTOSHHUS U HAyK O
Marepuaiax TpYyJIHO ce0e MpencTaBuTh 0€3 HCMOIb30BAHUS YHUKAIbHBIX
MHCTPYMEHTOB — cuHXpoTpoHHOro (CHM) u HEUTPOHHOTO W3IY4YEHUH,
MO3BOJIAIOIINX HUCCIEAOBATEISIM  3arjIiHYyTh TJIYOOKO BHYTPh BEIIECTBA Ha
aToMapHOM ypoBHe. B nokmaze mnpexacTtaBieHbl OCHOBHbIE cBoiicTBa CU,
MEPEYUCIICHbl BEIYIIUE MHUPOBBIC IIEHTPHl CHUHXPOTPOHHBIX HCCIEIOBAHUIT,
MOoKa3aHbl nepcrnekTuBbl pa3Butuss CU u na3zepoB Ha CBOOOJHBIX 3JEKTPOHAX B
Poccun u 3a pybexxom. Ha mpumepe pabGoT, BBITTOJTHEHHBIX aBTOPOM, H3JI0KCHBI
OCHOBHBIE€ METO/IbI UCCIIEOBAHUS PA3JIMYHBIX MaTEPUAJIOB C Ucoib3oBaHueMm CU,
BKJIFOYAsi MaJIOYTJIOBOE pacCcesHUe, aHOMAJIbHYIO PEHTIC€HOBCKYIO AUGPaKIIHIO,
peHTreHOBCKyl0  crnektpockonuto  mnornomieHuss (EXFS u  XANES),
(hOTO3JIEKTPOHHYIO CTIEKTpocKomnuio (XPS), peHTreHOBCKUIT MarHUTHBIN KPYTOBOM
nuxpousM (XMCD), pezonancHoe Heynpyroe peHTreHoBckoe paccesaue (RIXS) u

Ap.
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Hayuonanvnuiii uccneoosamensckuii soeprwiii yHusepcumem « MUDHy
‘Ibb@plasma.mephi.ru

30HJIOBOE YCTPOMCTBO 151 KOMILIEKCHOI'O
NCCIIEAOBAHMSA IIVIASMbI C IMBEPTOPOM B TEPMOSJIEPHBIX
YCTAHOBKAX

JluBepTOp TEPMOSIEPHON YCTAHOBKH SIBIISICTCS SJIEMEHTOM, TTOBEPTAFOIIUMCS
HanOoJiee WMHTECHCHUBHBIM IIIa3MEHHBIM BO3JICHCTBUSAM. B HacTosmiee Bpems
BEIyTCSl MHTEHCUBHBIC WCCIICIOBAaHUS, TIOCBSIIEHHBIE pa3paboTKe MaTEpHUATIOB U
PSKUMOB  IUIA3MEHHOTO OOJIyYCHHsI JIUBEPTOPOB  CJICAYIOMIETO ITOKOJICHHUS
TOKaMaKOB, CIIOCOOHBIX paboTaTh B KBAa3WCTAIIMOHAPHOM pexkume. s pemeHus
ITHX 3a/1a4 YPE3BBIYAHO BAXKHO BBISBHTH CICNU(DHUKY M TAapaMETPhl MPOIECCOB
B3aMMOJICHCTBHS ITUTa3Mbl C JUBEPTOPOM B YCIIOBHSX SKCTPEMAIbHO BBICOKHX
TEMITepaTyp W WHTEHCHUBHOCTEH IUIa3MEHHOTO OOJydYeHHs, peaJu3yeMbIX Ha €ro
MTOBEPXHOCTH.

B Hacrosimee BpemMsi METOIbI, HCIOJNb3yeMble JJIsi  HCCIICOBaHUS
B3aMMOJICHCTBHUS IIJIa3Mbl C JUBEPTOPAMH TOKaMaKOB MOXKHO TOJIPa3ICiIUTh Ha
METOJIbI, H3MEPSIONIFEe B pPEAJbHOM BpPEMCHH TapaMeTphl MPUAUBEPTOPHON
IIa3Mbl, ¥ METOJbI, aHAIM3UPYIOIINE YCPSAHEHHBIA pe3yibTaT BO3ICHCTBUS
TUTa3Mbl Ha 00Pa3Ibl MATEPUAJIOB, YCTAHOBJICHHBIX HA TIOBEPXHOCTH JUBEPTOpPA U
00 Ty4aBIIUXCS TIa3MOM B TCUCHHE CEPHH Pa3IMUHBIX paspsyioB. B pesyinbrare,
BO3HHMKAIOT MPOOJEMBbl YCTAHOBJICHHMS COOTHOIICHHUS MEXKIy IapaMeTpaMu
BO3JICHCTBUS TUTa3Mbl Ha JIUBEPTOP, XapPaKTEPOM IIPOIECCOB HA TOBEPXHOCTH
IUBEPTOpa M X BO3JCHCTBHEM Ha TUIa3My. DTa mpobiaemMa MOKeT OBbITh yCTpaHeHa
NPH WCIIOJIB30BAaHUU ISl W3YYCHUS B3aMMOJACHCTBHS IUIa3Mbl C JHUBEPTOPOM
MpeIaraeMoro 30HJI0BOTO YCTPOHCTBA «IMBEPTOPHOTO 30HIAY.

30H] BBOJMUTCS B TAlJI TUBEPTOPA CO CTOPOHBI, 00pAaTHOM 0OIYICHHIO TIa3MOU
U pacroyaraetcs B HEM. PaccMaTpuBaroTCst 1Be KOHCTPYKIIMH 30H/Ia: C aKTUBHOU U
C MACCUBHOW CHCTEMaMH OXJIAXKICHUS. DIIEMEHT 30H/a, «CMOTPSAIINI B IJIa3My,
(oOpas3er) SBJISICTCS CMCHHBIM.

[Ipenmonaraercs B peailbHOM BpEMEHH H3MEPATh MTOTOKH U SHEPTUIO HOHOB WITH
AJIEKTPOHOB TUIA3MbI U TETUIOBBIC MIOTOKU Ha 00pasell, a Tak)Ke UCTOIb30BaTh €ro B
¢yHkmu 30Hma JIeHrMIOopa s aHaIM3a TapaMeTpOB IUIa3Mbl B 00JIaCTH
auBepropa. C 3TOM IENbI0 MOBEPXHOCTH 00pa3iia MOKET pacrojiaraThCsi BpOBEHbD C
MMOBEPXHOCTHIO Taila, OBITH YTOIJICHHOM, TMOO0 BHICTYIIATh HaJ HEH.

AHanmu3 SKCIIOHUPOBAHHBIX B TIa3Me 00pa3IloB, BHIOJHCHHBIX U3 MaTepuaia
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JMBEPTOPA, MO3BOJIUT OINPEIEIUTh CKOPOCTh PACHBUICHHUS AUBEPTOPA, XapakTep
MOAU(UKALKUN CTPYKTYpPhl U pelibedpa ero MmoBEpXHOCTH, KOJIMYECTBO U COCTaB
TBEPIOTENBHON NPUMECH, OCEBUIEH HA IOBEPXHOCTH AUBEPTOpPOA, U Ta30B,
BHEJIPUBIINXCA B €ro 00bEM. BbIBOa 00pa3iioB W3 Tokamaka M 3aMeHa 00pa3IioB
MOXXET TIPOBOAMTHCS MEXKAY HUMITyJbcaMu 0e3 pa3BaKkyyMHUpPOBaHHsS TOKaMaka (B
PYYHOM HJIM aBTOMAaTHYECKOM PEKUME).

Cucrema obOecrnieueHuss pabOThl 30HAA HAXOAMUTCS B BAaKyyMHOM OOBEME C
COOCTBEHHON CHUCTEMOW OTKa4Kd. B KOTOPOM pACHOJIAraeTcs 3HJIOCKOI BBOJA
30HJa B TOKaMakK, YCTPOMCTBO €ro NEPEABHKEHUSA, €MKOCTH CO CBEXXHUMHU H C
HKCIIOHUPOBAHHBIMU  O0pa3lamMu, poOOTU3UPOBAHHBIA y3€l, BBINOJHSIOLINE
MEXaHUYECKHE Olepaluy, 00eCHeurBaIOIINE pEeaNn3aliil0 OMHCAHHBIX BBIIIE
dbynkamii 30872, [lukm paboThl 30H71a: ycTaHOBKA 00pas3iia Ha PpoHTaTLHON YacTH
30HJIa, BBOJ| 30HJAa B JUBEPTOpP, NPOBEICHHE W3MEPEHUM, BBIBOJ 30HJA W3
TOKaMaka, MepeMellleHne 3KCIMOHUPOBAHHOTO B IUIa3Me oOpaslia B XPaHWJIMILE
UCIOJIb30BAHHBIX 00pa3loB (WJIM €ro M3BJIEYEHUE U3 BAKyyMHOM Kamepbl s
MIPOBEJICHUSI AHAJIM30B) BBIMOJHACTCS ABTOMATUYECKHM B COOTBETCTBUHU C
MPOrpaMMOM SKCIIEPUMEHTA.

JluBepTOpHBIA 30H]1 00€CTIeYUT MOTyUYeHUE JeTAIbHON KapTUHBI MIPOIIECCOB Ha
MOBEPXHOCTH JAMBEPTOPA MPHU PA3IUUHBIX PEXKUMaAX €ro oOJyueHHus IUIa3MOU U
MO3BOJIUT YCKOPUTH OTOOP MAaTEpUaIOB IJisl AUBEPTOPOB TOKAMAKOB CJIETYIOIIMX
ITOKOJICHUM.
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30HIOBOE YCTPOﬁCTBQ AJIA KOMIVIEKCHOTI'O
NCCIEOJOBAHUSA B3AUMOIENCTBUU «IIVIABMA/CTEHKA» B
TEPMOSAIEPHBIX YCTAHOBKAX

B3aumogelictBue 1miiasMbl ¢ MarepualaMud TEpBOM CTEHKH, Juadparm,
JMBEPTOPA TEPMOSJIEPHBIX YCTAHOBOK MOPOXKIAET LIEIYIO0 CEPUIO SIBICHUMN, B TOU
WIM WHOM CTENEHW OTPHUIATeNIbHO BIMSIONIMX Ha TMapamMeTpbl IJIa3MBbl.
HccnenoBanue B3aMMOACHMCTBUS «/CTEHKa» U TMONBITKA HA JTOW OCHOBE
MPEJOTBPATUTH PA3BUTHE WIH, MO KpailHEH Mepe, 0CiIabuTh yKa3aHHBIC SIBICHUN
Ype3BbIUAHO aKTyajbHa, MOCKOJBKY Pa3BOPAUMUBAIOTCS paOOTHI MO pa3paboTKe U
MCCJIEIOBAaHUIO KAHAWAATHBIX MAaTE€pPHANIOB ISl KOHTAKTHUPYIOIIUX C IUIa3MOU
AJIEMEHTOB OYJIyIIETo MOKOJICHUS TEPMOSACPHBIX YCTAHOBOK.

B nelicTByromux TEpMOSAEPHBIX YCTAaHOBKAX JJISl M3YUYEHUS B3aUMOJEHCTBUS
1a3Mbl C MaTepuajaMu IUIa3MEHHOM KaMepbl HCIOJb3YyeTC 3HAYUTEIbHOE
KOJIMYECTBO Y3KOCHEIUATU3UPOBAHHBIX METOJOB U YCTPOMCTB, MPOBOMSIIMX
U3MEpPEHUs B PEKHMME PEaJbHOTrO BPEMEHU WJIM ONepupyroline ¢ HHpOpMalue,
YCpeIHEHHOU 10 00MBIIOMY YHCTY pa3HBIX pa3psaoB. B pe3ynbrare He yaaércs B
COBOKYITHOCTH TOJYYUTh JOCTATOUYHO MOJIHBIN 00bEMa N3MEpEHU, HEOOXOANMBIX
JUISL  XapaKTepu3allud yCJIOBHH, OMNpeAesIiomux Habmomgaembie 3P ekt
B3aMMO/ICHCTBHUS JIa3MbI CO CTEHKOM.

[IpoGneMy OAHOBPEMEHHOTO BBIMOJHEHUS KOMIUIEKCA HU3MEpPEHUH B
nepudepuiiHON 1Ia3Me, He0OXOIUMOTO JIJIsl BEIPAOOTKU JOCTOBEPHOTO CYKICHUS
00 HccrIeayeMoM SIBICHHH, MPOIECCe U T.II., MPEAaraeTcs peuuTh ¢ MOMOIIBIO
30HJOBOTO  YCTPOMCTBA,  BBIMOJHEHHOTO B  BHAE  MaJOpa3MEpHOTO
MHOTO(YHKIIMOHAIBHOTO 30HJa, BBOJUMOTO B IIJIa3My, HE OKa3bIBAIOLIETO
3aMETHOIO BIIMAHHUA Ha €€ mapaMeTpbl U CIOCOOHOTO MPOBOJUTH KOMILIEKC
MCCIIeI0BaHu TIepu(pepUitHON TUTa3Mbl Ha Pa3IMYHbIX dTanax paspsaa.

30HA BKIIOYAET MaTepUaJIOBEAUECKYI0 U CHEKTPOMETPUYECKYIO CEKIIUH,
PacroJIoKEHHBIE B 3alIIUTHOM KOXYXe, a TaK)Ke BHEIIIHUE yCTpoiicTBa: 3001 Maxa,
30H/bI JIEGHTMIOpa, S3KCIIOHUpPYEMBIE B I1azMe 00pa3ipl. Cekuuu 30HAa paboTaroT
HE3aBUCUMO JIPYr OT Jpyra M BMECTE Jal0T KOMIUIEKCHYIO HH(POPMAIUIO O
KOMIIOHEHTaX MPUCTEHOYHOU IJIa3MBl.

30HJ MOKET BBOAMUTHCS U BBIBOAUTHCS M3 TOKamaka 0e3 mepepbiBa B padbote
TOKamaka
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30H] peIHa3HAuEeH JJIs BBHIIIOJIHEHUS CAEAYIOMNUX U3MEPEHUIA.
= [n situ aHayIU3 aTOMOB TBEPIOTENBbHON NpuMecH. Pa3pemenue: 1-2 ocaxaEHHBIX
aToMHBbIX c10€B npu 20-100 ciiosax Ha kKoJeKkTope, u 2-5 aromHbIX cioes 100-1000
HaIIbUIEHHBIX CIOSX.
= In situ Macc-CIeKTpOMETPUUECKHI aHaM3 MOTOKAa MOHOB IJIa3MbI B JHAa30He
OTHOIIIEHWA Macchl WOoHa K 3apsaay (m/Z=1+100). Paspemenue peructparuu
(m/Z)/A(m/Z) yBenuyuBaeTcss ¢ yMEHBIIEHHWEM Napamerpa m/Z oT Tpex MpHu
50<m/Z<100 no pecatu npu 1<m/Z<10. MuHUMaAIBLHO pErUCTpUpyeMas
KOHIIEHTpaIus npuMecu Bobdppama coctaniseT 0.01% mo oTHomeHno K o0IemMy
KOJIMYECTBY MOHOB.
= In situ aHanu3 3HEpruu UOHOB BoJOpoaa B nuamnazone (1+500 3B). Pa3zpemenue
E/AE =10.
= 3ou1 Maxa, Mo3BOJISI€T TPOBOIUTH U3MEPEHUS CKOPOCTH MOTOKA MepudepuitHOM
1a3Mbl, a TAK)KE€ U3MEPEHUs XapaKTepHbIe JIJIs1 OJIMHOYHOTO 30HAa JIeHrmiopa.
= AKKyMYJISILMSL HA KOJJIEKTOPE U MOCJIEAYIOIUN aHaJIu3 aTOMOB TBEPAOTEIBHOM
IPUMECH IIIa3Mbl, OBICTPBIX MOHOB IUIA3MBbl, U 3aXBAaYEHHBIX B OCAKIAEHHBIN CIION
aTOMOB Tra3a.

30H] o0ecreynBaeTcsi CUCTEMaMHi aBTOMATUYECKOTO yIpaBieHUs U 00paboTKH
PE3yNbTATOB U3MEPEHUN, THTETPUPYEMBIE B CUCTEMY YNPABIECHUS TOKaMakKa.

MHoro¢pyHKINOHAIBHBIN 30H]] MO3BOJUT MOIYy4YaTh KOMILIEKC HEOOXOIUMBIX
HKCIIEPUMEHTANBHBIX JAHHBIX JIJIS1 TOTO, YTOOBI COCTaBUTH CYKIEHHUE O MpoIleccax
Ha OO0Jy4aemMoil TUTa3MOMl CTEHKE IUIa3MEHHOM KaMmMepbl M O BIHUSAHUM ITHX
MPOLIECCOB Ha MIIa3My.
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KOMIIJIEMEHTAPHBINA AHAJIN3 PAJIUAIITMOHHBIX D®PEKTOB B
MATEPHAJIAX

IIporno3upoBanue paauallMOHHON CTOMKOCTH KOHCTPYKIIMOHHBIX MaTEPUAIOB
B PaJAMALMOHHBIX TMOJSIX HEPA3pPhIBHO CBA3AHO C TIOHUMAHUEM IIPOIIECCOB
ABOJIOLMM  MHUKPOCTPYKTYphl  (OpMUPOBaHUS  paJAMAIMOHHBIX  J1€(PEKTOB,
Mpe/IBBIJICIICHUH U BbIJeIeHUM (a3, epepacnpeiesICHUs IPUMECeH 1 JIETUPYIOIIHNX
AJeMEHTOB). XOpOIIO H3BECTHO, YTO CYIIECTBEHHbIE MAaKpPOCKOIHUYECKUE
NPOSIBIICHUS, TaKUE KaK paclyXaHWe, OXpPYIUMBAHUE U T.lI., HEMOCPEICTBEHHO
CBs3aHBI C TPOIECCAMH, MPOTEKAIOINIMMH Ha aTOMHO-IMO0 HaHO-MacIITaOHOM
ypoBHE. B TOXKE BpeMs IKCHEPUMEHTAIBHOE HW3YUYECHHE IPOLECCOB HAa TaKHUX
Macmtabax B CTaIsIX M JAPYTMX  MHOTOKOMIIOHEHTHBIX — MaTepHuaiax
3aTpyAHUTENHHO. M3ydueHne CTpyKTYpHBIX IEPECTPOEK TAKUX MaTepHaIOB TpeOyeT
MIPUMEHEHHUS psifia IKCIEPUMEHTAIBHBIX METOIUK.

VYHuBEpCAIbHBIM METOJIOM aHaliM3a MUKPOCTPYKTYpPbl MaTe€pUajiOB SIBIISAETCS
MpoCBeUMBarOIIasi  3JeKTpoHHas  Mmukpockonus  (II9M),  mozBomstoas
aHAIM3UPOBATH 3EPEHHYIO CTPYKTYpPY, (a30BO€ COCTOSHHE U pa3IUYHbIC
BKioueHust (cM., Hampumep [1, 2]). CoBpemennbie [IOM ycTaHOBKM Takxke
ITO3BOJISIFOT ITPOBOJIUTH PEHTTEHOBCKOM CIIEKTPOCKONMIO WA CIEKTPOMETPHIO
AJIEKTPOHHBIX YHEPTETUUYECKUX MOTEPH [3]. Menpyalilve BKIOUECHUS U KIIACTEPHI
MOXHO OOHApY>XHUTh C MOMOIIBIO MAJIOYTIIOBOTO paccesHus: HelTpoHoB (MYPH)
[4] mam ¢ momolbl0 aTOMHO-30HJ0BOM ToMmorpadguu (A3T) [2, 5]. MYPH
MTO3BOJISAET ONPEJETUTH C BBICOKOW TOUHOCTHIO 00bEMHYIO MJIOTHOCTh BKIFOUEHUN
M HAHOKJIACTEpPOB, a TAaKXKE IOJIYyYUTh WX PACIPEACICHHE MO pa3MepaMm.
XUMHUYECKUN COCTaB U MPOCTPAHCTBEHHOE PACHPEACIICHUE 3TUX KIACTEPOB MOTYT
OBITh JIETAIHHO M3YYEHBI C IIOMOIIBI0 aTOMHO-30HJI0BOM ToMorpaduu. A3T
UCCIIEIOBAHUS TMOKA3bIBAIOT, YTO COCTAB HAHOPA3MEPHBIX BKIIOUYEHUN 3a4acTyIO
OTJIMYAETCS OT COCTaBa OOJBIIMX CTEXMOMETPUYECKUX BKIOYEHUN ¢a3. DTu
METO/MBI SIBJSIOTCS B3aMMOJOTIONHSIONIMMHU, W HMCUEPHBIBAIOIIYI0 HWHOOPMAIIIO
JaeT TOJHKO KOMIUIEKCHBIN aHAIN3 paIualliOHHO-UHAYIIUPOBAHHBIX 2P HEKTOB |5,
6].
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B nacrosmieit paboTe mpeacTaBieHbl PEe3yJbTaThl aHAIW3a HAHOCTPYKTYPHI
Pa3IMYHBIX PEAKTOPHBIX CTaJ€H. 3HAYUTEIbHOE BHHUMAHHUE YAECIEHO IHUCIEPCHO-
YIPOYHEHHBIM OKCHJIAMU CTAJISIM, COJEPHAIIUM BBICOKYHO MUIOTHOCTh OKCHIHBIX
BKJIIOUCHUN M HAHOKJIAcTepoB, oOoramieHHbIX Y, O U JpYyruMu JICTUPYIOIIUMHU
aneMeHTaMu. [IpencTaBieHsl pe3yJbTaThl KOMILIEKCHOTO aHAIU3a C IPUMEHEHUEM
METOJIOB IPOCBEYMBAIONIEH JJECKTPOHHOWM MHUKPOCKONUU, ATOMHO-30HIO0BOMU
TOMOTpaduu, MaTOYTJIOBOTO PEHTIEHOBCKOTO PAaCCEsHUS.

CnucoK HCIO0JIb30BAHHBIX HCTOYHHKOB
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BJUSAHUE JEUTEPUS HA ®A30BBIA COCTAB
MAJIOAKTUBUPYEMOT'O ITPUIIOA TiZr4Be

CymecTByromuye KOHUENTyaIbHbIE MPOEKTHI IEPBOM CTEHKHM W JUBEPTOpA
peakropa JIEMO 1noapa3symMeBalOT HaJIMYWE€ HEPA3bEMHOTO COEAUHEHUS
BOJIb(ppaMa ¢ MaJIOAKTUBHPYyEeMOU (heppuTHO-MapTeHCUTHON cTaibio [1,2]. M3-3a
paszHuIBl KodddunmrenToB temioBoro pacmmperus (KTP) W u cramu ux npsimoe
coenrHeHue 3arpygHeHo [3]. IlepCreKTUBHBIM METOJOM IIOJIyYEHUS TaKOTO
COCJIMHEHUsI SIBJISETCS BBICOKOTEMIIEpaTypHas Tnaiika ObICTpO3aKalleHHbBIMU
JICHTOYHBIMHM  CIUTaBamMu  npunosMu. J{nsg xkommneHcaumu pasznuunii  KTP
Mpe/iaraeTcsi UCoJIb30BaHUE Pa3IMUHbBIX MPOMEXYTOUHbIX ciioeB (V, Tau ap.). K
HACTOSAIEMY MOMEHTY MPEII0KEHO HECKOJIbKO KOMIIEHCUPYIOIIMX MPOCTaBOK H
MIPUIIOEB JIJIsl COEIMHEHU BOJb(pama co cTaibio. B mogasmistonieM 00JbIINHCTBE
paboT mpeJicTaBlIeHa Maiika NPUMOSIMHU Ha OCHOBE MEJIM WM HUKeENS [4], KOTOpHIE,
HE YJIOBJIETBOPSAIOT TPEOOBAHUIO MAJIOAKTUBUPYEMOCTH .

B nanHoil paboTe ObUIO MpEAJIONKEHO HCIOJIb30BaHME TaHTaja B KayecTBE
KOMIIEHCHUPYIOILIETO CJI0si U MasioakTuBupyemoro npumnosi 48Ti-48Zr-4Be mac.%.
Takast KOMITO3UIIMS XAPAKTEPUIYETCS XOPOIIMMU MEXaHUYECKUMU CBOMCTBAMU U
CTOMKOCTBIO K TepMHYECKOM yctasnoctu [S]. OmHako, 3JE€MEHTHI, BXOJISIIUE B
COCTaB TMPUIIOS SBJISIOTCA XOpPOIIMMH TuApugoodpazoBatensamu. [loaTomy B
JaHHOW paboTe UCCIIeI0BAIM BIUAHUE JeHTepUs Ha (pa30BbIN COCTAB MPUIIOS.

Hacpienne npunost nposoawin B raze D, mpu 300, 400, 500 u 600°C u
nasneaun 10* TTa. YUncrora raza D, Obina Beime 99,99%. Ilepen HachlmeHUEM
npoBowin obesraxkuBanue mnpunos npu 600°C B Teyenwe 2 4acoB. Bpewms
HACBIIEHUS COCTaBIsI0 50 yacos.

Jnst  ompeneneHuss TOyHOro ¢azoBoro cocraBa mnpunos TiZr4Be Obun
WCITOIb30BaH aHalIM3 CHHXPOTPOHHOW PEHTTreHOBCcKoW mudpakmuu (SynXRD).
Ilepen anammzom Qombry omkuranu npu 600°C B TeueHue 2 dYacoB, UTO
COOTBETCTBYET MpoleAype oOesraxkuBaHus. Takxke MPOBOAMIN HUCCIEIOBAHUE
¢dazoBoro cocraBa mpumos mocie HacelleHus B D,. SynXRD BeimonHsum Ha
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KaHaJle  pPEHTTeHOCTPYKTYpHOro  aHaimu3a  KypyaTOBCKOro  MCTOYHHMKA
CUHXPOTPOHHOI'O U3JIyYEHUSI C MOHOXPOMATUUECKUM U3IIyYEHUEM C JJIMHON BOJIHBI
0,74 A. Obpasew npuIos pacrosarajiu IepleHIuKyIsSpHO JIydy, TOYHOE OMMCAHUE

CXEMbI MOHO HaiTu B [6]. Bpems skcniosunuu cocrasisiino 240 c. MHaekcamnuio
3anucaHHOM AudpaKkTorpaMmsbl BRIMOIHIIU ¢ Tomoibio [CDD PDF4+.

VY cTaHOBUIIN, YTO TIPUIION IO HACKHIIIIEHUS] COCTOUT U3 cieayronmx das: Ti;Zrs,
Bei7Zr,, TBepnoro pactBopa B(Ti,Zr) u Be,Zr.

dazoBble cocTaBbl Tpunoes nocie HacoimeHus mpu 300 u 400°C uaeHTUYHBI:
BexZr u TizZrs. Tunpuasl HEe o0pa3yloTcs, YTO KOPPETUPYET C OTHOCUTEIHLHO
HHU3KAM YICpKUBAHUEM JECUTEpUs B ITUX YyciIoBusX. Kpome toro, Be;7Zr2 u
B(Ti,Zr) pacTBOPSUINCH, BEPOSTHO, W3-3a JJIUTEIHHOTO BPEMEHH OTXKHTA TIPH
BeIZIEpKKE (50 gacoB).

['uapuner 00pa3oBaIuCh B MPUMOSIX, MOJABEPTHYTHIX HackimeHuto npu 500 u
600°C. IIpu 500°C ycranoBieHo oopazoBanue aerrepuaa turana (TiH1.96, ICDD
Ne 04-002-5203) m orcyrctBue (a3 Ti-Zr. DTo o03HayaeT, 4TO BECh TUTaH
B3aMMO/JICHCTBOBAJ C JeHTepueM M BBICBOOOXKIAJCS, OCTaBIsAs 0Zr B TBEPAOM
pactBope. B doinbre, Beiaep;kannoi mpu 600°C, npeobiiaiatoT UHTEHCUBHBIE TUKU
TiZrD, (TiZrD2, ICDD Ne 01-082-7060) u Be>ZrDy 56 (Be2ZrH0,56, ICDD Ne 04-
013-0305) mpu OTCYTCTBUM YETKHUX IIMKOB HWHTEPMETAIUIA0B. Bo03MOXKHO
MPUCYTCTBUE APYTUX (a3, HO B MEHBIITNX KOHIICHTPAITUIX.

OOpa3oBaHue TUAPUIOB KOPpPEIUPYET C pe3ybTaTaMu H3MEpPEHHUs 3axBaTa
nevtepusd. Cpennsisi koHueHtpauus aeurepus npu 500 m 600°C Bbllie Ha JBa
nopsijika mo cpaBHeHuto ¢ HackimeHueM 1pu 300 u 400°C. Takum oOpa3zom, MOXKHO
cZienaTh BBIBOJI, UTO 3axBaT jAeuTepus rpu temneparype meHee 400°C npoucxoaur
3a CYET pacTBOPEHHUsA, B TO BpeMs Kak mpu temmneparype Bbime 500°C 3a cuer
(opMupoBaHUs TUAPUAHBIX (a3.

PaGora BbimonHeHa 1mipu mnojaepxkke mnpoekra PH® Ne 17-72-20191.
HccnenoBanue oOpa3ioB C MOMOIIbIO CHHXPOTPOHHOTO W3ITyYEHHS BBINOJHEHO
npu nojjepkke MUHHUCTepCTBa HayKH M BbIcIIero oOpa3oBaHusi Poccuiickoit
Oeneparuu (mpoekt Ne 075-15-2021-1352).
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2020. Vol. 162, Ne October 2020. P. 112099.
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O BO3MOKHOCTHU CHEKTPOCKOIMWYECKHNX HUCCJIEJOBAHUMN
MMPOAYKTOB 2P0O3UHU BOJIbB®PAMA C YIJIEPOJIHBIMU
INPUMECAMHA

IlokazaHa BO3MOXHOCTb HCCJIEHAOBAHUSA CIIEKTPOCKONUYECKHUMHU METOAAMHU
AJIEKTPOHHOM CTPYKTYPBl U PETUCTPALMH MPOIYKTOB 3PO3UU MEPBON CTEHKU W3
BOJIb(paM-coAepKalluX MaTepuaJoB C MPUMECHIO YITIEPOJHBIX OCAXKICHUIA,
OCTaBUIMXCS OT NPEABIAYIIMX KaMIIaHWM, a TakXke OT YIJepoJa B BHUIE
aTMOC(EpPHBIX Ta30B UJIU U3 CIIEKTPaA OCTATOYHBIX ra3oB Bakyyma — CO,, CO, CH,.
N3BecTHO, YTO YriepoJHble MaTepuaabl Ha JAHHOM 3Tale HCHOJBb3YITCA B
HEKOTOPBIX TOKaMakax auBeptopHoro tuna (Hanpumep, DIII-D, NSTX-U, KTM)
WM TPUMEHSUINCh paHee N0 MepexoJa Ha METAUIMYECKYHO IEPBYIO CTEHKY
(manpumep, JET, T-10 mo 2016 r.). AKTyalnbHOCTh HCCIEAOBAHUNA IO TEMeE
«YTJIEPOJIHBIE — METAIUIMYECKUE MAaTEPHUAIIbI IEPBOM CTEHKW» O0YCIIOBIIEHA, B TOM
4yucie, COOpyXaeMbIM TepMmosiiepHbiM peaktopoMm JT-60SA  (Snonus, B
noanepxkky mnpoekta UTEP u JIEMO) c mepBodl CTEHKONW U AUBEPTOPOM H3
YTIEPOJHBIX BOJIOKHUCTBIX KOMIIO3UTOB, C KOTOPBIMU OyAyT paboTaTh B TEUEHUE
nepBbix 10 neT mocne 3amycka, ¢ MOCHEAYIOIMM NIEPEX0I0OM HAa METAIUINYECKUE
crenku [1]. Paccmorpensl  HamOoliee  HWCIOJIb3yeMble HA  MPAKTHKE
CHEKTPOCKONIMYECKHE METOMbI, TaKHe€ KaK PEHTIeHOBCKas (OTORIEKTpOHHAsS
cnektpockorust (P®IC), MK-crekTpockonuss U KOMOWHAIIMOHHOE paccesiHue
cBera. B kauecTBe mpuMepoB, JAEMOHCTPUPYIOUIUX HOJOOHBIE BO3MOXHOCTH, B
paboTe NmoKa3aHbl PE3yNbTATHI CAEAYIOIINX UCCIE0BaHU: 1) CMEIaHHbIX IUIEHOK
CHx-Me (mpumecun Me = W, Fe u ap.) Ha mognoxkke Si(100) U3 CHIIBHOTOYHOTO
miazMenHoro yckopurens KCITY-T (TPMHUTU) npu obmydenun BoiabhpamMoBoit
MUULIEHU BOJOPOJAHOM IIa3MOH, 2) yIIIepoIHO-AelTepueBbiX ieHok CDy (x = D/C
~0,3-0,8, T.e. xsomnbs, Wi haeiiku (flakes) ToammHOM ~30 MKM) U3 AEHTEPUEBBIX
IJJa3MEHHBIX pa3psaaoB Tokamaka T-10 [2], 3) nureparypHble CBEIEHHS 110
MCCJIEIOBaHUIO BOJIb)pamMa YyKa3aHHBIMH MeToAaMH. B kadecTBe mpumepa
n3Mepennit ¢ nomoupro POOC, Ha puc.l, 2 nmokazaHbl pa3inyuus 3JNEKTPOHHOU
CTPYKTYPbI, IOJIYY€HHBIE U3 CIIEKTPOB BaJIeHTHOM 30HBI TIeHOK CHy-Me u CDy. B
uTOre, B paboTe IMPEACTABIEHbl pa3iuuMsl CIEKTPAJIbHBIX OCOOEHHOCTEN
BOJIL()PAMOBBIX U YTIEPOJHBIX MPOAYKTOB 3PO3MH, YTO IMO3BOJISET MPOBOJIUTH
M01I00HBIE CIIEKTPOCKOMMYECKHUE UCCIIEAOBAHMSL.
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JHeprus ceBasm, 3B

Puc. 1. HopmupoBanHbie criekTpsl BaieHTHOM 30HbI (B3) muenok CDyx (x = 0.5) u
CHy-Me (Bximouas npumech W). Ilokazanbl xapaktepnsie nonocel st CHy-Me
(kpacHbIil 1BeT): ruOpuamnzoBaHHble cocTosHUs WS5d+O2p+C2p, C2s, O2s u
nyoser W4f, a taxxe cocrosiaus 11t CDy (cunuii): C2p+02p, C2s u O2s.

0,0

Eg=1,.3 eV ,Eg=2.5 eV

0 2 4 6 8
SHeprus cBA3u, 3B

Puc. 2. Ouenka 3amnpenieHHbIx 30H E, 10 kKacaTreabHOM (IIyHKTUpPHAs JIMHUS ) K KParo
B3 u3 cnektpoB Ha puc.l naet BenuunHbl By =2.51+0.04 5B (CDy) u E; =1.310.04
5B (CHx-Me), u3mepennbie OTHOCUTENbHO ypoBHS Pepmu Er.

Cnucok ucnoJib30BAHHbIX HCTOYHUKOB

[1] G. Giruzzi, M. Yoshida, et al. Nucl. Fusion. 2017. V.57. P. 085001.

[2] H. FO. Ceeunukos, B. I'. CrankeBuy, u ap. [loBepxHOCTh. PeHTreH., CUHXD. U
Heurtp. uccnen. 2017. Ne 12. C. 3—11.
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IHNPUMEHEHUE METOJA PAIUOJIOMUHOI'PA®PUNA 151 AHAIN3A
HAKOIUVIEHUSA TPUTHUA B QJIEKTPOHHO-UHAYIHINPOBAHHBIX
JAE®EKTAX B IIEPCIIEKTUBHbBIX MATEPUAJIAX TEPMOSAJIEPHbBIX
PEAKTOPOB

BaxxapiM KpuTepueMm BBIOOpa MaTEpUANIOB IS TEPMOSAEPHOTO peakTopa
BBICTYTIAIOT XapaKTEPUCTUKHU B3aAUMOJICUCTBUS C U30TONIAMU BOAOPO/IA, TOCKOJIBKY
BO3J/ICHICTBHEC MHTCHCUBHBIX MOTOKOB JEHTEpUS W TPUTHS HAa CTCHKH BaKyyMHOMH
KaMephl OyeT compoBOkAaThCs AUdPy31eil CKBO3b CTEHKY U 3aXBaTOM M30TOIOB
BOJIOpOJIa B META/IaX U CIulaBax. J[OMOJHUTENbHBIMU JIOBYIIIKAMHU JIJISl 3aXBaTa
BOJIOpoJia OyayT BRICTYINATh AehEKThI, 00pa3yIoIUecs B pe3yJibTaTe BO3ICUCTBUS
MOHOB U HEHTPOHOB Ha MAaTEPHUANIBl CTCHKHU. B CBs3H ¢ 3TUM 0c00YI0 aKTyaTbHOCTh
MPUOOPETAIOT HCCTIEIOBAHUS BITASTHUS HEUTPOHHO-WHIYIIHPOBAHHBIX
MOBPEXACHUN Ha HAKOIIJIEHWE W30TOIOB BOJAOPOAa B MaTepHaIaX TEPMOSICPHOTO
peakTopa. BBHaY CIOXKHOCTHM OCYIIECTBJICHUS HEUTPOHHOIO OOJy4eHUS IS
pEIICHHs] MCCIEA0BATeNbCKUX 3a/lad TMPUMEHSIOTCS HWHBIE METOMBI CO3JTaHMS
nedeKkToB — OOJydeHHE TSHKEIBIMU HOHAMU, JETKUMH HOHAaMH (TIPOTOHAMH,
YTIEPOJOM), @ TAKKE DJIEKTPOHAMM.

B nannoil pabGoTe mNpoAEMOHCTpUPOBAHA MNPUHIIMIHUAIBHAS BO3MOXHOCTh
PUMEHEHUs] METO/1a paguotoMuHorpaduu [ 1] nms uydeHnus BIUsiHUA 1ePEKTOB,
CO3JJaHHBIX OOJYYEHHEM MaJIbIM TMOTOKOM JJICKTPOHOB, Ha yACp)KaHHE TPUTHS B
BosIb(pame. B pamkax qaHHOTO MccneAoBaHMs ObLIa pellieHa 3a/1aya OnpeaeseHus
YYBCTBUTEJILHOCTU YKA3aHHOTO METOJla K HEOOJBIITUM KOJIMYECTBAM TPHUTHUA,
HakamMBaeMbIM B Takux Jedekrtax. Mcmonab3dyemblii MeTon  sIBIsieTCA
HEpa3pylIalonMM U HE OKAa3bIBAIOIIMM BIMSHUS Ha TPUTHH, yIEpKHUBAECMBIA B
MaTepualie, 9To 00eCcreunBaeT BO3ZMOXXHOCTh MPOBE/ICHUs MOBTOPHOTO aHAIU3A.
[IpuBenensl pe3yabTaThl UCCIEAOBAHUS pacIpejielieHus: TPUTUsS B Bojbdpame,
00JTy4eHHOM SJIEKTPOHAMHM, HETOCPEJCTBEHHO IIOCJIC HACBIIEHUS W3 Ta30BOM
¢a3bl, a TaKKe MOCye JIUTEIBHOTO (~2 T0/J1a) XpaHEeHHs] B KOMHATHBIX YCIOBUSX.
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Chnucok ucnojib30BaHHbIX HCTOYHUKOB

[1] UBanoB b.B. Pagmomtomunorpadust kak MeTOI M3yYEHHUS B3aUMOJCHUCTBHUS
M30TOIOB BOJOPOJA C KOHCTPYKIIMOHHBIMU MaTepuajaMu: 00JIacTh MPUMEHEHUS,
JIOCTOMHCTBA M HEJIOCTAaTKH // YCcIeXu B XUMUH U XUMHYSCKOH TexHonoruu. 2013,
27(6):131-135.
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KAJIMBPOBKA AHAJIM3ATOPA IIOTOKOB HEUTPAJIBHBIX
ATOMOB JJIs1 TOKAMAKA MUOPUCT

Opun u3 HauboJiee PacIpPOCTPAHEHHBIX METOJIOB ONPEIEICHUS TeMIepaTyphl
MOHHOM KOMIIOHEHTBl IUIa3Mbl B  TOKaMakax IMOJApa3syMeBaeT  AaHAJIN3
HHEPreTUUYECKUX PACTIPEACIICHUN HEUTPAJIOB Mepe3aps Ik, MOKUIAOIMNX 00J1aCTh
IJJa3MEHHOro I1Hypa. Jlns 3TOro mMNOTOK 4YacTHLl W3 Pa3psAIHONM Kamepbl
MPEABAPUTEIBHO HMOHU3YKOT M 3aTE€M OCYIIECTBIIIIOT €ro pa3feleHue B
AIEKTPOCTATUUYECKUX WJIM MarHuTHhIX cenaparopax. OO0aupka HEHTpaJbHBIX
aTOMOB, KaK IMPaBUJIO, OCYIIECTBIISIETCS MYyTEM HUX MPOIYCKAHUS Yepe3 ra3oBYIO
cpesly MM CKBO3b TOHKYIO (~50 A) yriepomnyro mnénky. IlIpu sToMm B ciydae
aHaJM3a HEUTpaoB ¢ 3HEprusiMu A0 5 k3B razopas o6aupka okasbiBaeTcs Ooliee
s dexTuBHOIM [1].

MUDUCT — mansbiii yueOHO-Uccaea0BaTeNbCKUM ToKaMak (a = 13 cm, R = 25
CM) C TopouAaTbHBIM oJieM 710 0,8 T, TOKOM Mm1a3Mbl HOpsiiKa 8 KA 1 0KUIaeMOM
temrieparypoid noHoB 200 3B [2]. [lyig aHaiM3a SHEPTETHUECKUX PACHPEIEIECHUN
MOTOKa HEUTPaJIbHBIX aTOMOB U3 IJIa3Mbl OYJIeT MpUMEHEHa KOMOMHAIIUS Ta30BOM
munieHu (amuHa 50 MM, AMaMeTpbl BXOJHOTO U BBIXOJHOIO OTBepCcTHil 1 MM) u
ANEKTPOCTATUYECKOIO SHEProaHAIN3aTOPa ¢ MIOCKOMAPAUIEIbHBIMY MIJIaCTUHAMHU
¥ TopMO3siIuM mosieM. [1ogo0Has KOHCTPYKIUSl paHee MPUMEHsUIach Ha MaJIbIX
TOKaMakax M OTJIMYaeTCs HaAEKHOCThIO U KOMIIAKTHOCTHIO [3].

B kauectBe paboyero BemiecTBa Ta30BbIX MOHU3ATOPOB B TOKAMaKax
pactipoctpanessl H, u N». B manHo# paboTe mpeioKeHo TPUMEHUTD TSI 00 TUPKH
rekcaTopusia ceppl. OJTOT Ta3 TMPHUBICKATEJICH BBICOKOW TeMIIepaTypoun
cyomumaruu (-63,8 °C), yTo MO3BOJISAET MOAAEPKUBATH HU3KUU YPOBEHb €r0
MapLUUAJIbHOTO JABJICHHWs B BAaKyyMHOW KaMmepe 3a CU€T NPHUMEHEHUS a30THOU
KpUOJIOBYIIKK. Takum 00pa3oM, CHIKAIOTCA TPeOOBaHMS Ha CKOPOCTh OTKAYKU
OCHOBHBIMH BBICOKOBAaKYyMHBIMH HACOCAMHM JAHHOM JIMarHOCTUKH. 3a CYET
BBICOKOM 3HEPTUHU CPOJCTBA K AIEKTPOHY SFe IprMeHsieTCs Kak ras, MoBbIIAIOIINN
BaKyyMHYIO 3JIEKTPUUECKYIO M3OJISIIUIO IIyTEM 3axBaTa CBOOOIHBIX 3JIEKTPOHOB,
YTO TaKXKE€ MOXKET MPUBECTH K Oojiee 3(PhHEeKTHBHON HOHU3AIMH HEUTPATHHBIX
aTOMOB BOAOPOAA.

B pamkax gaHHOW paboThl Ha MOHHO-IIYYKOBOM ycTaHOBKe «bombmioil macc-
MoHOoxpomarop «MHU®MN» [4] mnpoBeneHO ONpeaereHue  3aBUCUMOCTHU
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ko3¢ puLenTa oOMPKU aTOMOB BOAOPOJia IIPH MPOXOXKJIEHUU Yepe3 pa3IuvHbIe
ra3zoBbie mutieHu (Ha, N2, SFe, Ar) oT maBieHus raza u sHepruu yactuil. B kadecTse
HMCTOYHUKA HEUTPAIbHBIX aTOMOB BOJIOpOJa K3BHBIX JHEpPruil MCHOJIb30BaH
ahdexT mepe3apsanKd Mydyka MOHOIHEPTeTHYECKHMX HOHOB Ha TBEPAOTEIHHOU
30JI0TOM MHUIIEHHU MIPU MAIOYTI0BOM paccesaun. [lokazano, uro npumenenue SFe
10 CPAaBHEHUIO C OCTATBHBIMH T'a3aMHU TIO3BOJISIET TOCTUYD JTydiiel 3¢ (HeKTUBHOCTH
00JIUPKH aTOMOB NPY MEHBIIIEM JIaBJICHUH Ta3a (puc. 1), 4To cHUXKaeT TpeOOBaHUS
K CUCTeME OTKauKH aHaiau3aropa. [lomyueHa kpuBas 3aBUCUMOCTH KO3 uimeHTa
MOHU3AIMU AaTOMOB BOJOPOJa OT UX IHEPTUH (pucC. 2), MO3BOJSAIONIAS OCYIIECTBUTh
BOCCTAHOBJICHHE UCTHHHOUW (POPMBI CIIEKTpa Mociie 00 IUPKH aTOMOB.
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0171 | o N2 A a <
= A
= A SF6 A o s -
5 = & . ) ‘0 g 0.05
S L -
T A o Bg?". & 3 004
g = v o]
- 4 - . v .I =
z 0,01 = k£ 0.034
= Q
= e v =
3 =}
© v 0.02 ~
< . =
2 =
2 =
* A m 0-01
0,001 4 e g
L T T T T 0.00 : r T T :
10° 10 107 107 10 0 1 2 3 4 5
AaeneHue paboyero rasa, mbap SHeprus, k3B
PucyHnok 1. 3aBucumocts PucyHok 2. 3aBucuMocTb
ko3 PuIMEeHTa HOHU3AIUU ATOMOB ko3 puiMeHTa HOHU3AIUHU TIPU
BOJIOpoJia ¢ 3Heprueit 3 k3B ot pabouem raze SFq ¢ naBnenuem 7E-4
JABJICHUS TIPU PA3IUYHBIX pab0OunX Mbap oT sHEprun aTOMOB BOJOPOJA.
rasax.

Jlns ompeneneHus BIMSHUS amnmapaTHOW (yHKIMHM aHaiIM3aTopa Ha (GopMmy
HHEPTETHUYECKOTO PaCIpeIesICHHs] TPOBEICHO KOMIBLIOTEPHOE MOJCIHPOBAHKE B
cpene Comsol Multiphysics TpaekTopuu JBH)KEHHS HMOHOB B CO3JaHHOM
AJIEKTPOCTATUIECKOM HEproaHamusarope (puc. 3), a Takke dKCIepHUMEHTAIbHAs
MPOBEPKAa HA MOHOPHEPIETUUECKOM ITyYKE MOHOB BOJIOPOJIA PAa3TUIHBIX YHEPTHUH.
[TorydeHBI YHCICHHAS W AKCIIEPUMEHTAIbHASI 3aBUCUMOCTH DHEPTUU HACTPONKHU
Ka)XJIOro KaHalla OT Pa3HOCTH MOTEHIIMAIOB Ha OOKJIa/IKaX, a TaK)Ke 3aBUCUMOCTh
AE/E ot Homepa kaHana (puc. 4). Habmomaercs xopoiee coriiacue MOJETH C
HKCIIEPUMEHTOM, YTO IIO3BOJISET HCIIOJIB30BaTh €€ B JaJbHEWIIeM s Ooliee
IITUPOKOTO JTMAITa30Ha YHEPT U YaCTHUIl. DHEPTETHUECKOE pa3pelieHre I KaHaJIOB
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okasbiBaeTcst He xyxe 20%.

Taxkum o6pazom, B paboTe mpoBeeHa pa3padboTka U KaIMOPOBKA aHAIU3aTopa
HelTpanoB nepesapsanku st tokamaka MUOUCT. IlpennoxeHa MmeToauka
OTpe/eNIeHHs] 3aBUCUMOCTU Ko3((duiimenTa oOAUPKH HEUTpaloB OT AABIICHUS
ra3oBod MMIIEHH M SHEPrHMH YacTHUI] C MOMOIIbI0 MOHHOro mnyuka. Iloka3aHa
11e71€CO00pa3HOCTh MPUMEHEHUS TekcadTopuIa cepbl Ik OOAUPKU ITyYKa aTOMOB,
MOJIyYeHbl KaJUOpPOBOYHBIE 3aBHCHUMOCTH JJII BOCCTAaHOBJIEHHS WMCTUHHOTO
HHEPIeTUYECKOTO PACIPENEIICHNs] YaCTHII.

mime=1500 ns Particle trajectories 20 4
o ot 3 184
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2 16 ® 3KCNEPUMEHT
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U/E, BlaB

Pucynok 3. Tpaekropuu 1BUKEHUA PucyHnok 4. 3aBucUMOCTb
MIPOTOHOB C PA3JIMYHBIMU SHEPTUSIMU B pa3pelieHns aHaIn3aTopa OT
AIIEKTPUUYECKOM I0JI€ aHAIM3aTOpa OTHOIIIEHHUSI MOTEHIIMAJIa Ha
HEWUTpaJIOB MpHU MOTEHIIMAJIC HAa BEpXHEU CETKE K DHEpruu
ooxianke 1200 B. Pacuér B Comsol JIMAarHOCTUYECKOTO MMyYKa
Multiphysics 5.6. MOHOB.

CHHCOK HCMOJIb30BAHHBIX HCTOYHUKOB
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METOAbI IMCTAHIIMOHHOI'O KOHTPOJISI HAKOIIVIEHUA U
YIAAJEHHUA N30TOITOB BOJAOPOIA U3 CTEHOK TEPMOAIEPHBIX
YCTAHOBOK

B Hacrosee BpeMsi HIET CTPOUTENIBCTBO MEXIYHAPOJIHOTO TEPMOSIAEPHOTO
AKCHEpUMEHTANBHOrO peakropa MUTOP, Takke B pa3auyHbBIX CTpaHax BEIyTCS
aKTHBHBIE pabOTHI MO pa3paboTKe JAEMOHCTpalMoHHBIX peakTopoB (IIEMO). B
Poccum aktuBHO 00Cyk/1aeTcsa pa3paboTKka THOPUIHBIX TEPMOSACPHBIX PEAKTOPOB
Y NCTOYHUKOB HEUTPOHOB. OCHOBHBIE OTINYMS TEPMOSIIEPHBIX YCTAHOBOK HOBOTO
IOKOJIEHHUsT — Oonblllasg MOIIHOCTh W JUIMTENIBHOCTh paspsaaoB, padoTa ¢
PaguOaKTUBHBIM TPUTHEM, IPOU3BOACTBO BBICOKOIHEPIETHUYECKUX HEUTPOHOB H
gactull renus B xoae DT- peakuuu. DT 0COOEHHOCTH TPeOYHOT YTOYHEHHBIX
JaHHBIX O MOBEJACHUH U30TONOB BOJOPOJA B 3TUX YCIOBUAX, a TAKXKE pa3pabOTKu
JUCTAaHIMOHHBIX METOJIOB KOHTPOJIS UX HAKOIUIEHUS B YCTAaHOBKaX.

AKTHUBHO paccMaTpuBaeTCsl BO3MOXKHOCTb  HCIIOJIb30BAHUS  J1a3€PHOTO
M3JIy4eHUsl Uil 3THX LeJeid, MOoJ JACHUCTBUEM KOTOPOrO B 3aBUCUMOCTH OT
MOIIIHOCTH HM3Jy4E€HUs MPOUCXOTUT JHOO0 JecopOIus 3aXBauy€HHOTO rasza, Jubo
a0JALMs TOBEPXHOCTHOIO €10sA. Pa3paboTka TUCTAaHIIMOHHBIX METOJI0B KOHTPOJISA
Ha OCHOBE JIA3€pHOIr0 M3JIy4eHUs IPU3HaHA OJHOM U3 MPUOPUTETHRIX 3a1auy UTOP
Ha Ommxkaiimue roasl. OCHOBHBIE MEXaHU3Mbl HAKOIUICHHSI U30TOTOB BOJOPOIa B
TEPMOSIZIEPHBIX YCTAHOBKAX — 3TO COOCAXACHUE C PACHBUICHHBIM MATEPHUAJIOB
CTEHKM B 30HaxX IPEUMYILIECTBEHHOTO OCAXIECHHUS M HAKOIJIEHHE B o0BeMe
MaTepuaiia, KOTOpO€ MOXET BHOCHUTH OOJBIION BKJIaA MPU HAIUYUU BBICOKOU
KOHIEHTPAINH PaUallMOHHBIX 1€(EKTOB, CO3/]aBAEMbIX BEICOKOIHEPT€TUIECKUMU
HelTpoHaMmu. B ganHOM paboTe onucaHbl pe3yibTaThl SKCIEPUMEHTOB, PACYETOB U
KOMIIBIOTEPHOTO MOJEIMPOBAHUs MOBEACHUS W30TOINIOB BOJOPOJAA B METalIaX, B
TOM YHCJIE IPU UMITYJIbCHOM JIA3€PHOM BO3/I€MCTBHH, IPOBOANMBIX B JIA0OpaTOpUU
«DU3NKO-XMMHUUYECKUE IIPOLIECCHI B CTEHKAX TEPMOSIAEPHBIX YCTAaHOBOK»
uHcruryta Jlallnas HUAY MUOUN.

B yactHOoCTHM, Ha OKCIIEpUMEHTAJIBHOW yCTaHOBKE «bomblion-mace
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MoHoxpomatop MUDN» Obuia onpesneneHa 3aBUCUMOCTh KOJIMYECTBA JeHTEpHs,
BBIXOJISIIIIET0 U3 COOCAXKJEHHBIX THUTaH-IEUTEPUEBBIX U BOJIb(pam-IeUTeprueBbIX
clnoeB, OT IIoTHOCTH dHepruu (1o 30 JIk/cM?) BO3NEHCTBYIOIEr0 Ha HUX
JIa3epHOTO MMITyJIbca JIUTENbHOCThIO 10 HC (puc. 1). Jlnsg ummynbca ¢ 3TUMH
rapaMeTpaMu ¢ TOMOIILI0 MoieinpoBanus B koge TMAP7 onpenenena qunamMuka
M3MEHEeHHs] Tpoduiaell KOHIEHTpallMd BOJOpOJa B BoJb(pame, a TaKKe
MCCIIEJOBAHO BIMSHUE HA BBIXOJI BOJOPOA PA3IMYHbIX 3aCEICHHOCTEN, JHEPTUN U
KOHILIEHTPALM JIOBYIIEK M TEIIOo(QHU3NYECKUX CBOWCTB Marepuania. CpaBHEHUE
pPEe3yJIbTATOB MOJYYEHHBIX PE3YJIbTATOB C DKCIEPUMEHTAIBHBIMA JJISI HEKOTOPBIX
KOH(UTrypauuii napaMeTpoB IOKa3aHo Ha puc. 2.

[IpoBenena oneHka aToMapHON (pakiuyd B MOTOKE JeCOpOLUU H30TOIMOB
BOJIOpOJa MpH JIA3€PHOM BO3JEHCTBUM B 3aBUCUMOCTHM OT YCJIOBUH Ha
noBepxHocTH. Ha ocHOBe paccMarpuBaeMod MOJENH OBUIO  MOJYYEHO
AHAJUTUYECKOE BBIPAXKEHUE, ONpPEACIAIoNIee IOTOK aTOMOB BOJOpPOJa C
MOBEPXHOCTH B 3aBUCUMOCTH OT TEMIIEPATypbl, THTETPAJIBLHOTO TOTOKA JIECOPOIIHN
M TMOTEHIMaIbHOTrO Oaphepa aKTUBALMK XeMmMocopOuuu. beuta mnomyyeHa
XapakTepHas TemIepaTypa, MOpH KOTOpPOW aTomapHas (pakuus HayWHAET
npeoOnanate Haa MosekyisipHoi. IIpencraBieHa olieHka aromMapHOM (pakuuu
BOJIOPO/ia IIPU MOTOKAX, XapaKTEPHBIX JIs JIa3epHO-MHAYLUPOBAHHON JECOPOLIUH.
CormacHo pacueraMm, jJecopOIlds C YUCTOM TOBEPXHOCTU BoJb(pama OyaeT
MPOUCXOJUTh MNPEUMYIIECTBEHHO B BHJI€ MOJIEKYJl BIUIOTh 1O TEMIIEPATypbl
MJIaBJIEHUS BOJb(Ppama.

HccnenoBana paarauMoHHas JMHAMUKA PACIIAPSAIOLIECHCS JAa3€PHOM ILIa3MBbl.
[TokazaHo, YTO TpPU YCIOBHM JOKAJIBHOTO TEPMOJMHAMHUYECKOTO PaBHOBECHUSA
M1a3Mbl MHTEHCUBHOCTH U3ITyUEHUS /17151 BRICOKOMOHU3UPOBAHHOTO 00JIaKa 3aBUCHUT
oT moKasarenst aauadatel y. Ecnmm y > 5/3 | HHTEHCUBHOCTH M3JIyYCHHS] aTOMOB
YBEJIMUMBAETCS CO BPEMEHEM J0 T€X MOp, MOKa TeMIiepaTypa o0jiaka HE CTaHEeT
HU3KOM M CTENeHb MOHMU3ALMU HE CTaHeT Ooiybloi. 3a y < 5/3 HMHTEHCHBHOCTH
W3JIy4YCHHS aTOMOB B BBICOKOMOHU3UPOBAHHOM PEXKUME MOKET UMETh MUHUMYM. B
CIa00OMOHM30BAaHHOM CIy4yae€ HWHTEHCHUBHOCTH YOBIBAIOT CO BpeMEHeM. ITu
PE3yNbTATHl HE 3aBUCAT OT KOHKPETHBIX MpOoduiiel TeMrepaTypsl U MIOTHOCTH U,
CJIeIOBAaTENbHO, JCHCTBUTENbHBI ISl  JI0OOOr0 peXuMa aBTOMOJEIBHOTO
pacIINpEeHUsI.
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OLIEHKA IOT' PEIUIHOCTH U3MEPEHHSI COJEP/KAHWS
JEATEPHS B BOJIb®PAME METOJIOM JIA3EPHO-
WHIYLUUPOBAHHOI TECOPBLIMM

TepMmosinepHass 5SHepreTHKa SBIAETCA MHOTOOOCIIAIOIIMM  MCTOYHUKOM
DHEPrUM, OJHAKO WCIIOJIIb30BAaHUE PAJAMOAKTHUBHOTO TPUTHUS JUIA PEAKLIUU
MPE/ICTaBIIAET OMACHOCTh M3-3a ero HakoruieHus. CoocaxxkaeHue npeodaagaeT Haj
ApyrUMH BapuHaHTaMH HakoruleHus. M3oTombl Bojgopoaa u3 IJIa3Mbl U
BO3BpALIAIOLIMECS aTOMbl PACIbUICHHONM CTEHKHM OOpa3yloT Ha TMOBEPXHOCTHU
TOHKYIO COOCAXIEHHYIO IUIEHKY, 3HAYUTEJIbHO HACBIILIEHHYIO BoaopojaoM. [l
KOHTPOJISI TPUTHUSL B CTEHKE MPEJIaratoTcs JUCTAHIMOHHBIE METObI, B TOM YHCIIE
nazepHbie MeTo bl [ 1]. JIazepHbIil UMITYJIbC HATPEBAET JIOKATBHYIO 007aCTh CTEHKH
peakTopa, BbI3bIBas J€COPOLMIO BOJOPOJA WIM MCHApEHHUE MaTepuana CTEHKH, B
3aBUCUMOCTH OT MOIITHOCTH UMITYJIbCA U NIEPEIaBAEMOM 3a UMITYJIbC SHEpruu. [lpu
Ja3€pHOM MMITYJIbCE Ha MMOBEPXHOCTU CTEHKH 00pas3yercs KpaTep, a yIIESAIINN 13
HEro MaTepuall MOIMAJaeT B IPUCTEHOYHYIO IUIa3My, IO ONTHYECKUM CIEKTpam
KOTOPOM MOXHO ONPENEIUTh AJIEMEHTHBIM COCTAaB CTEHKH, a TaKK€ OLICHUTH
KOJIMYECTBO PAHEE 3aXBAUECHHOTO B HEE BOIOPOJA. AJIbTEpPHATUBHBIM BapUaHTOM
coopa uHpOpMaAIUU SIBISIETCS KCIOJNB30BAHUE Macc-crieKTpomeTpa. JlazepHbie
METO/Bl O00JIaJal0T TPEUMYLIECTBOM paboThl In situ, OOJBIIONW BapHualHen
KaJIMOPOBKH MapaMeTPOB JIJIsl TOCTHUKEHHS JKeTaeMoro 3 dexra.

B nmaHHOIl paboTe ompenensiaoch BIMSHHME HEONPENEICHHOCTH MaTepualla
IUICHKM Ha pacuér CoJep KaHMs BOAOpOJA B IUIEHKE. MOJIEIUpOBaHUE SBISAETCS
MPOJIOHKEHUEM MPENbIAYIIEro, TPOBOIMBILETOCS HA OCHOBE IMOJIYYEHHBIX paHee
Ha ycraHoBke «bosbmon macc-moHoxpomarop MHUDU» skcniepuMeHTaIbHBIX
JaHHBIX MO JECOpOIMM JEeUTepHUsl U3 BOJIbL(PPAMOBBIX CJIOEB INPU BO3JACHCTBUU
Nd:YAG nazepa ¢ anmuao# BosHBI 1064 HM U JJIMUTETBHOCTHIO UMITYJibca B 20 HC.
[I[70THOCTH 3HEPruu U3NyYEHHs B JaHHOW paboTe cooTBeTcTBOBaja S5 —45
MBrt/cm?, umu 1 JIx/cM? noNHOM epeIaHHON SHEPTUH 33 UMITYJIBC.

MogaenvupoBanue MPOBOAUIIOCH ¢ NOMOIIbIO Koxa TMAP7, mo3Bosiouero
OJHOBPEMEHHO pemiath 3afauu 1ud¢y3uu U TEIUIONPOBOJAHOCTH C PA3IUYHBIMU
I'PaHUYHBIMM YCJIOBUSAMHU. B mpocreiiieM NpeArnoaoKeHNNn O0XKHUAAETCS BBIXOJ
BOJOPOJA MNPONOPLUHMOHAIBHBIA  HW3HAYaJbHOMY COAEPKAHUIO, OJHAKO B
pEbHOCTU  yJAEpXaHUE BOAOPOJAa MOXKET OOyCIaBIMBATbC TaK K€ H
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XapakTepucTUKamMu martepuana. IIpy MoaenupoBaHUM BapbUPOBAIKNCH TaKUE
rnapaMeTpel MaTepHalla, KaK KOHILIEHTpalMs M SHEPrusl JIOBYIIEK, TEIUIOBBIE
CBOMCTBa MaTepuala.

[Ipn hukcupoBaHHON KOHIIEHTPAIIUX JOBYIICK MM (PUKCHPOBAHHOW SHEPTHUHU
JIOBYIIKH WM (PUKCUPOBAHHOW (YHKIMU TEIUIOMPOBOJHOCTH OT TEMIIEpPaTyphI
noiis  BbIxoga H ocrtaBamack TOCTOSIHHOM I8 Pa3jiu4HBIX  HadaJlbHBIX
3aceleHHOCTeN (PUCYHOK 1), YTO TOBOPUT O HPONOPLUUOHAIBHOCTH BBIXOJA
BOJOpOAa HayalbHOMY 3anojHeHuto. [Ipu Oosblieid aTomMapHOW IJIOTHOCTH
JIOBYIIEK U MpU OOJbIIEH 3HEPruu JIOBYIIEK JI0Js BBIXOJIa MEHbIIE OJiaroaaps
YBEJIMYEHUIO BIIMSIHUA nepe3axBara, HO npu 100% HayanbHOU 3amOJIHEHHOCTH

s dexT nepeszaxnaTa ociadEBaET, YTO MPUBOAUT K HEOOIBILIOMY YBETMUEHUIO JOJIN
BbIxoaa H.
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a) pa3aWYyHbIe KOHIIEHTPALIMH JIOBYIIIEK, 0) pa3IuyHbIe SHEPTUHU JOBYIIIEK,
B) pa3nuyHasi TEIJIONPOBOJHOCTh MaTepraia
Pucynok 1 — Jlons Beixoa H B 3aBUCMMOCTH OT 3aCEJIEHHOCTH JIOBYIIEK ITPU
BapbUPOBAHMHU [1TapaMETPOB MaTepHuaa

[Ipu BapbupoBanuu koHmeHTpauu jJoByiek ot 0,01 at.% no 10 at.% (Ep =1
5B) nons Beixoma H cocrabmser 3,8+0,8 % OoT Ha4aJIbHOTO 3aIlOJTHEHUS, TO €CTh
OTKJIOHEHHE OT CpeAaHero 3HaueHus 10 22%. [Ipu BappupOBaHUM SHEPTUU JOBYILIKA
ot 0,7 3B 1o 2 3B (¢t = 1 ar.%) nmonsa Beixomga H cocraBnser 3,2+1,3 % or
HayaJIbHOTO 3allOJIHEHUS, TO €CTh OTKJIOHEHHE OT cpeaHero 3HadeHus a0 41%.
br110 poBeieH0 MOJETMPOBAaHUE ¢ TEIIONMPOBOAHOCTRIO, cocTaBiisitomenn 50% u
80% ot nepBonavanbHou. [Ipu pukcupoBaHHOM OTHOIIEHUH A/Ag 10J1s Bbixoga H
MOCTOsIHHA, B nuana3zoHe koadduimenta ot 0,5 no 1 mons Beixoga H cocraBmiser
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4,8+0,9 % oT HaYaIBbHOTO 3aIIOJTHEHUSI, TO €CTh OTKJIOHEHHUE OT CPEIHETrO 3HAUEHUS
1o 19%.

Takum 00pa3om, B HIMPOKOM JIMAMa30HE MapaMeTPOB MOXKHO OXKHUAATh
MIPOTIOPIIMOHATIBLHOCTE TIOTOKA JEeCOPOIMH KOHIICHTPAIIMK BOJOPOa C TOYHOCTHIO
ayuyie, yem 50%.

[To pesynpTaTaM MAaHHBIX pAacuyeTOB H J1aOOPATOPHBIX ASKCIEPHUMEHTOB

IJIAaHUPYETCs pa3paboTKa AMAarHOCTUYECKOM CUCTEMBI JIJisi TokaMmaka ['11ooyc-M2 B
OTU um.A.®.HNodde.

Cnmcok ucnoJib30BaHHBIX HCTOYHHKOB
[1] E.E. Mukhin et al., Nucl. Fusion 56 (2016) 036017.
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OLHEHKA COOTHOHWEHMA ITOTOKOB JECOPBIIUN ATOMAPHOI' O
N MOJIEKYJIAPHOI'O BOAOPOJA C IOBEPXHOCTH BOJIb®PAMA

Haxomuienne pagnoaktuBHoro Tputus (T) B cTeHKaX OyAyIIuX TEPMOSACPHBIX
yctaHoBOK, Tuna WTOP, orpanudeHo TpeOoBaHMSIMU O€30MACHOCTH B Cilydae
BO3HMKHOBEHMS YPE3BbIYAWMHBIX CUTyalni. OHON U3 NEPCIIEKTUBHBIX METOIUK MO
KOHTPOJIIO COAEPKaHUSI TPUTUSA B CTEHKAX TEPMOSJAECPHBIX YCTAHOBOK SIBJISIETCS
Macc-CIEKTPOMETPUYECKUI aHaIN3 Ja3epHO-UHAYLIMpoBaHHOU necopOuuu (JIMJT)
3axBaueHHoro rasa [1]. [Torok necop6iuu nzoromnos Bogopoaa (H\D\T) Bkirouaer
B ce0a xak monekyisl H», Tak m atomsl H (B ciyuae cMecu M30TOIMOB Takke
BO3MOJKHA JIECOPOITHS MOJIEKYJI, BKIFOYAIOIINX pa3HbIe H30TOMbI, HanmpuMep, HD).
B 3aBUCHMOCTH OT COCTOSIHUSA U TEMIIEPATYPhl HOBEPXHOCTU COOTHOIIEHUE MEXTY
IIOTOKaMH aTOMOB M MOJIEKYJl MOXeET MeHAThcA. B ciyuae JIM]] onpenenenue
BEJIMYUH aTOMAPHOW M MOJEKYJSIPHBIX (DpaKIMil B MOTOKE C MOBEPXHOCTU BAXKHO
JUTsl KOPPEKTHOW M HanOosee TOYHOW MHTEPIPETAMN MaCC-CIIEKTPOMETPUUYECKHUX
U3MEpPEHUM.

B nannoii pabore Ha mpumepe Bodbdpama (W), kak ogHOro W3 HaumboJsee
NEPCHEKTUBHBIX MaTEPHUAIOB OOPAIICHHBIX K TJIa3Me 2JIEMEHTOB B TEPMOSIIEPHBIX
ycTaHOBKax [2], ObLT MpoOBEIEH aHAIM3 COCTaBa MOTOKAa JecopOumu. AHamW3
CTPOWJICSL Ha OCHOBE JuarpaMMbl MOTEHLUMAIBHOW SHEPrUM aToMa BOJOPOJa
BOJIM3U TIOBEPXHOCTHU U MPEATIOIO0KEHHUS, YTO HHTETPAILHBIN MOTOK ecopOruu ()
COCTOUT M3 aTOMOB W MOJIEKYJ] OJiHOro mzorona: J = J, + J,,,. Ha ocHOBe 3TOrO
OBLJIO TOJYYEHO AaHATMTUYECKOE BBIPAXKEHUE, OMPENEISAIONIee MOTOK aTOMOB C
MOBEPXHOCTH B 3aBUCUMOCTH OT €€ TeMIIepaTypbl, MOTECHIMAIBHOTO Oapbepa
XeMOocopOInu MoJIeKyI Bogopoaa (E,) ¥ HHTEerpaIbHOTO MOTOKA JIECOPOITHH.

bruta mpoBeneHa OLEHKA COOTHOLIEHUS MOTOKOB ATOMOB M MOJIEKYH C
MMOBEPXHOCTH MPHU Pa3IMYHBIX MapaMeTpax aecopoiuu. Ha pucynke 1 npuBogutcs
3aBUCUMOCTSH J, /] OT TemmepaTypbl MOBEPXHOCTH VISl Pa3IUYHbIX 3HaUeHUd E,. u
J. BapsupoBanue noToka J npoBoAMiIock B quanaszone: ot 1016 go 1028 m2¢c!. U3
rpaguka ciemyer, 4YTO IMPU YBEIWYEHUU TMOTOKA JECOpOIMU CHUKACTCS
BEPOATHOCTH BBIXOJId aTOMAPHOr0 BOAOpoJa. TakKe MOXKHO 3aMETUTh, YTO IPHU
MTOCTOSTHHOM TeMIlepaType yBEJIWYeHHE MOTEHIUAILHOTO Oapbepa XeMocopOIuu
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(TOueYHBIMU JTUHUAMH TIOKa3aHbl 3aBucuMocTy npu E. = 0.2 3B) Bexer k pocrty
aToMapHOU (PpaKINU B MIOTOKE.
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PucyHok 1 — 3aBUCMMOCTP HOPMHUPOBAHHOI'O MOTOKA aTOMapHOTO BOJOPOJA OT
00paTHOro 3HA4YEHUs TEMIIEpATypbl IPU pa3IMUHbIX 3HaueHusx E, u J. (1) — ] =
1028 m~2¢71, (2) - 102*m2¢c71, 3) — 10°m72¢c7Y, (4) — 10 M 2c71
Cmtomneie nmuanu — E. = 0, Toueunsie suann — E,. = 0.2 3B. BepTukanbHas
NYHKTHpHAs JIMHUS 0003HAYaeT TeMIIepaTypy IJIaBiIeHHs Bolb(ppama

B ycnoBusix JIMJl wuHTerpanbHbli MOTOK JA€COPOLMU MOXKET JOCTUraTh
sgauenus 1028 m2c! [3], 4ro cooTBeTcTByeT KpuBol (/) Ha HPHBEICHHOM
rpaduxe. CorinacHo pacueTam, MOKHO OKUJATh, YTO IPHU TAKUX 3HAYCHUSIX MTOTOKA
AecopOIusl C TMOBEPXHOCTH OyJeT MNPOUCXOAUTH NPEUMYIIECTBEHHO B BHUJE
MOJIEKYJI BIUIOTh JJO TEMIIEPATyphl IJIaBJICHUS BOJIb(Ppama.

PaGora BBIMONHEHA mNpU TOIACp)KKe MUHUCTEPCTBA HAyKW M BBICIIETO
obpazoBanusi PO (mmpoext Ne 0723-2020-0043).

Cnmcok ucnoJib30BaHHbIX HCTOYHUKOB

[1] Philipps V. et al. Development of laser-based techniques for in situ
characterization of the first wall in ITER and future fusion devices // Nucl. Fusion.
2013. Vol. 53, Ne 9. P. 093002.

[2] Pitts R.A. et al. Physics basis for the first ITER tungsten divertor // Nucl. Mater.
Energy. 2019. Vol. 20. P. 100696.

[3] Gasparyan Y. et al. Laser-aided diagnostic of hydrogen isotope retention on the
walls of the Globus-M2 tokamak // Fusion Eng. Des. 2021. Vol. 172. P. 112882.
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MOAEJIMPOBAHUE HAINIBIJIEHUSI HA BHYTPUBAKYYMHY1O
OIITUKY IUATHOCTHUKHU AIMBEPTOPHOI'O TOMCOHOBCKOI'O
PACCEAHUA UTDOP

BHyTpHBaKyyMHbIE ONITHYECKME KOMIIOHEHTHI TUarHocTuueckux cucrem UTOP
MOJBEPralOTCA  3arpsi3HEHUIO MPOAYKTaMH 3pO3UU  TepBOM  cTeHkHW. Jlid
obOecriedeHusl JOJITOBPEMEHHON pabOTOCTIOCOOHOCTH ONTHYECKUX JTUATHOCTHUK
NUTOP, B d4acTHOCTH JUBEPTOPHOrO TOMCOHOBCKOro paccesuust (JITP)
npearnojaraeTcs mnepuoandeckas yuctka BYU-pazpsgomM MOBEPXHOCTH MEPBOTO
cobuparomiero 3epkana. [ pa3paboTKu ONTHMATbHON KOHCTPYKITUH OTITHIECKUAX
KOMITOHEHTOB U CUCTEM MAaCCUBHOM 3aIUTHI, @ TAKKE JJIs1 YTOUHEHUS] TEXHUYECKHUX
TpeOOBaHUMN K CUCTEME YUCTKU U OIEHKHU CTENEHU €€ BO3JACHCTBUS Ha ONTUYECKUE
KOMIIOHEHTHI, Heo0XoauMa uHbopMalus 00 O0XKHIAeMbIX ITOTOKaX ITPOJYKTOB
3PO3UH HA ONTHYECKHUE ITOBEPXHOCTH.

Jnsd  OuLeHKM CKOpOCTHM 3arpsi3HEHHs ONTHYECKUX KOMIOHeHToB JITP
MIPOIYKTaMU 3PO3UH MEPBOM CTEHKH OBLIIO TPOBEICHO MOACIIMPOBAHKE TPAHCTIOPTA
BelllecTBa B jauarHoctuyeckoMm kanaine JTP wmeromom Monte-Kapno B
nporpammMHoM koze KlITe ¢ ywerom paccessHus 4YacTuUll Ha rase, IpOLECCOB
pacmbUICHUs] CTEHOK KaHalla U OTPaKEHHUsI 4acTHUIl OT HUX. B kauecTBe BXOJHBIX
JAHHBIX MCIOJIb30BAJIMCh 3HAYEHUSI MOTOKOB aTOMOB W HOHOB W3 OCHOBHOTO
oO0bemMa TOKaMaka Ha Bxoje B JauarHoctuyeckui kanan JITP. beunu onpeneneHsl
CKOPOCTh M HEOJIHOPOJIHOCTH 3amnblUieHusa nepBoro 3epkana TP u okpyxkarommx
KOHCTPYKIIMH (B TOM YHCJIE JIa3€PHOM ONTUKHN) aTOMaMH OCpUJIINS B 3aBUCUMOCTH
OT JlaBlieHHsI okpy»karomiero raza jaeutepus (0.1 Ila, 1 I1a u 7.4 Ila), koTopbie
MO3BOJIAT CJIeJIaTh BBIBOJ O HEOOXOAMMOM MEPUOAMYHOCTA M mMapameTpoB BY-
YUCTKH W, CIISIOBATEIHLHO, TEXHHUECKUX TPEOOBAHMSIX K CUCTEME.

MopgeaupoBaHue HANbUICHUS HA MepBblil onTH4ecKuid KomMmoHnenrt [TP.
JInst MopenupoBaHMs TpaHCIOpPTa MPOAYKTOB SPO3UM TIEPBOM CTEHKU B
nuarHoctruueckoM kanaine JITP B kauecTBe BXOJHBIX JAHHBIX ObLUINA UCIIOIb30BAHBI
paccunrannsle kogoM SOLPS-ITER 3Hadenus motokoB noHoB Be®, Be™?, Be™,
Be™ u D" u atomoB Be, D u D, u3 ocHOBHOro 00beMa TOKaMaka Ha BXOJ B
JMAarHOCTUYECKUM KaHal, B 3a30p MEXAY JIMBEPTOPHBIMU KacceTamu. BxomHbie
MOTOKU Oepwiius U JedUTepusi ObUTM 3aJaHbl Ha 36 sueiikax JBYMEPHOU CETKHU
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SOLPS-ITER, pacnonoXeHHbIX Nepe] IUBEPTOPHBIMU KacCETAMHU OT HUYKHEW 110
BepxHel rpanuisl Bxoaa B kanan JATP. [Ins monoB Oepwius u aeittepus Obuin
3aJlaHbl CPETHUE CKOPOCTHU MOTOKOB M YCKOPSAIOIIWN MPUCTEHOUYHBIA MOTEHIIAAII,
JUIST aTOMOB OEpUIUTHSI U ICUTEPHUsT UCTIOIB30BATUCH (PYHKIIUN pacIpeie]ICHUS 110
ckopocTsam. [l mocneayromiero MmoaenupoBanus KITe Obin BEIOpaHBI 2JIEMEHTHI
c OOJIBIIICH TUTOTHOCTHIO TOTOKA, KOTOPBIE SIBISIOTCS OCHOBHBIM HCTOYHHKOM
yactull: nousl Be?, Be™ u D", a Takxe atomsl Be u D».

C nmomourpro KITe nmpoBoaunocs MmoaenupoBaHue TPOLECCOB PACIIPOCTPAHEHHUS
IOTOKOB YaCTHUIL MEXAY IUBEPTOPHBIMU KAaCCETaMH, HEUTPAIU3ALUU HUOHOB MPH
OTPKEHUH OT CTEHOK KaHajla, BO3HUKHOBEHHE HOBBIX aTOMOB OEpWIIUSA B
MPOILECCE PACHbUICHUS] CTEHOK KaHAJIa SHEPTUYHBIMU YaCTUIAMH, U JTAIbHENIITNN
TPAHCIIOPT HEWTPaAIbHBIX aTOMOB OepwiUidg A0 NEPBOTO 3€pKaja coOuparolen
ONTUKHA AUArHoCTUKU [[TP. YuuThIBaIMCh CTOJIKHOBEHMSI YACTHUIl C TEIUIOBBIMHU
MOJIEKYJIaMU JeUTepHUsi, OMpeaAessiach 3aBUCUMOCTh CKOPOCTH 3arpsi3HEHUs
IEPBOr0 3€pKana OT [JaBlIeHUsA Jeutepus. MoAenupoBaHHE B3aUMOIECHCTBUS
YaCTHUI] CO CTEHKaMM (OTpak€HUE W pacIbUICHHE) MPOBOJIWIOCH HA OCHOBE 0a3bl
JAHHBIX, TOJYYEHHOW W3 TMPOBEICHHBIX pacueroB B mnporpamme TRIM,
MCIIOB3YIONIEH MOJCIb OMHAPHBIX CTOJKHOBEHHUH B TBepAoM Teie. Jljist Habopa
JOCTaTOYHOM cTaTUCTUKH MmojaenupoBaHue KlITe mpoBoawnocs B Tpu 3Tama, ¢
MIPOMEKYTOYHBIM COXPAHEHUEM PACIIPEAECICHUN U Pa3MHOKEHUEM MOJEIUPYEMBIX
yacTull (C YMEHBIIIEHUEM UX BeCa) IPU CMEHE ITAIlOB.

PesyabTaTel MoaenupoBanus. B pesynbraTe npoBeAEHHOIO MOJAEIUPOBAHUS
MOXHO CJHIeJlaTh CJHeAYIOIue BbIBOABL. [Ipm OCHOBHOM pabodeM HaBJICHUH B
nuseprope UTOP 7.4 Tla 3arpsiz3HeHHE ONTUYECKUX MOBEPXHOCTEH (coOuparomiei
Y Ja3epHoit onTuku) auarHoctuku JITP He mpoucxoauT: aToMbl OSpUILITUS TEPSIIOT
SHEPIHIO B MPOLECCE PACCESTHUS Ha ra3e W OCAXKIAIOTCS Ha CTEHKaxX KaHaya, He
JIOCTUTasi ONTUYECKUX ITOBEPXHOCTEH, PACIIOI0KEHHBIX HA JOCTATOYHOM YAAJICHUN
oT mnasmel. [lpu maBnenun | Ila, KOTOpO€ PacmonOKEHO HAa HUKHEW TPAHULE
nuarnasoHa pabouunx naBieHuit auBeptopa WUTOP, 3arps3HeHune ONTHYECKHUX
KOMITOHEHTOB OKa3aJ0Ch Ha MHOTO MOPSJKOB BbIIIE, HO MO-MPEKHEMY CIUIITKOM
HU3KUM JJIi CYIIECTBEHHOTO BJIUSHUS Ha pPabOTOCIOCOOHOCTh ONTHUYECKOU
JTUAarHOCTHKHU.

OCHOBHYI0 ONACHOCTh 11 ONTHUYECKUX KOMIIOHEHTOB IIPEACTABIIAECT
3arpsI3HEHUE MPU SKCTpeMAIbHO HU3KOM JaBieHuu ~0.1 Ila, koTopoe MOXKeT
peanu30BaThCs, HANPUMEpP, B pPEXKUME KOHIUIMOHUpOBaHHS cTeHOK WMTOP.
OcCHOBHOM BKJaJ, B 3arpsS3HEHUE KOMIIOHEHTOB BHOCST aTOMBI OepuILIHS,
pacIbUICHHBIC CO CTEHOK KaHaJla M TEXHUYECKUX KOHCTPYKIIUH ITOTOKOM HOHOB D
U3 OCHOBHOTO oObemMa. B TakoMm pexuMe HaANbUICHHE HEMPO3padyHOTO CIIOS
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OepwITusl TPOUCXOJUT 3a BpPEMs TMOPSAKAa HECKOJIBKMX MHUHYT. 3arpsisHEHUE
00JIacTH PACIIOIOKEHHS Ja3epPHBIX ONTHYECKUX KOMIIOHEHTOB MPOUCXOAUT C
COMOCTaBUMOM CKOPOCTBIO.

Pe3ynbpTarsl MpoOBEIEHHOTO MOJAEIUPOBAHUS TOBOPIT O TOM, YTO 3arpsS3HEHHUS
ONTUYECKUX 3ieMeHToB auarHoctuku JITP (pacnonokeHHON B JAUBEPTOPHOMU
obJacTu), ciaeayeT OXKUAaTh MPEXKIEe BCETO HE BO BpeMsi OCHOBHOM paboTel UTOP,
a IPH Pa3JIMYHOr0 pOJia aBAPUMHBIX CUTYALIMIX, BKIIFOUAsl, HAIPUMED, HE3AKPHITYIO
JUAarHOCTUYECKYIO 3aCIIOHKY BO BPEMS MPOUEAYPbl KOHIAULIHMOHUPOBAHUS NIEPBOU
cTteHkH. Takum 00pa3om, pazpabaThiBaeMas CUCTEMA YUCTKU BHYTPUBAKYYMHBIX
ONTHUYECKUX KOMIIOHEHTOB JOJKHA OBITh OPHUEHTHPOBAHA TMPEKIE BCEro Ha
YCTpaHEHUE MOCJIEICTBUA aBapUMHBIX CUTyalldid, 4 HE HA YacTyIO PETYJISPHYIO
pabory. Oxmmaercsi, 4TO JJisI JHATHOCTUYECKHX CHCTEM, PACITOJIOKCHHBIX B
HKBATOPHUAIIBHBIX M BEPXHHUX MOPTaX CUTYAIHMs MOXKET OBITh MHOW W3-3a HHU3KOTO
0a30BOr0 MaBieHUS BO Bpemsi ocHOBHOM paboTel UTOP (we 6omee 0.1 Ila), ator
BOIPOC TPeOYyeT NabHEUIIIETO UCCIIeI0BAHMS.
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MAT'HETPOHHOE OCAKJIEHUE BEPUJIJINA U HUKIMNYYECKAS
OYUCTKA JMATHOCTUYECKHUX OKOH B IIJIASME BY PA3PAJIA

OOparieHHbple K IJ1a3M€ MEpBbIE 3€pKajla U 3alIUTHBIE OKHA ONTUYECKUX
IUAarHOCTUK ToKamaka-peakropa ITER wu cTOMKOCTH HX napaMeTpoB IpH
JUTUTEIIbHOM SKCILTyaTalliy HAXOASATCS B LIGHTPE BHUMAHUSI OOIIUPHOM MPOTPaMMBbl
uccienoBanuii [1], BkItoyaromei 1adopaTOpHbIE UCCIIENOBAaHUS U WCTIBITAHUS B
paboraromux Tokamakax. OcaxkIeHHe MaTepuaoB, COCTOSIIHUX W3 MPOAYKTOB
SPO3UM MaTEepUaioB MEPBOM CTEHKH (B OCHOBHOM — OEpWIIMN M BOJbPpam) U
OKPYKAFOIINX JIEMEHTOB KOHCTPYKIIUHA MOXKET 0Ka3aTh CYIIECTBEHHOE BIUSHHE HA
napaMeTpbl ONTUYECKUX KOMIIOHEHTOB, PACIIOJNIOKEHHBIX BOJIM3U MEPBOM CTEHKH.
BBuay orpaHMue€HHOr0 JOCTYIA K OOpaIlllEHHBIM K TJ1a3M€e ONTHYECKUM AJIEMEHTaM
HeoOxonuMa in-situ cucTeMa BOCCTAHOBJIEHUS UX ONTHYECKUX XapPaKTEPUCTHK.
CucreMa 1Ia3MEHHOW OYUCTKH, OCHOBAaHHAs HAa €MKOCTHOM BBICOKOYAaCTOTHOM
paspsiae, B KOTOPOM OYHMIIAEMOE 3€pKajo WM OKHO UTPAET POJIb HATPYKEHHOTO
ANEKTPOa, ToKa3aja cBOI0 3 PEeKTUBHOCTS IS yIaJICHHS TUIEHOK YTJIEBOJOPOIOB,
METaJJIOB U UX OKCUIOB [2-6] u mpemnaraercsa ais ucnosb3oBanus B [TER [1].
[TpuHIMnI paboThl CUCTEMBI TIIA3MEHHOM OYMCTKH OCHOBAH Ha (PM3UYECKOM W/WIIU
XUMHYECKOM  PpACHBUICHUM 3arps3HSIOMIMX OCAXACHUW TOTOKOM  HOHOB,
dbopmupyeMbIx B mpuaiekTpoaaoM ciaoe BU paszpsaa. [IpomomkurensHas HOHHAS
OoMOapIMpOBKa, OJIHAKO, MOXKET IMPUBECTH K IMOBPEXKICHUIO IOBEPXHOCTHU
OUYHMIIAEMOT0 3JIEMEHTa. B CBA3M € 3TUM CyLIECTBYET HEOOXOAMMOCTD peanu3aluu
CUCTEMBI KOHTPOJISl IPOLECCa OYUCTKU C OOpaTHOW CBSI3bIO, MPEAOCTABISAIOLIEH
MH(GOPMAIIIIO O COCTOSHUM pa3psia U mapaMeTpax ONTHUYECKOU MOBEPXHOCTH.

[lo mpuynHEe BBHICOKOW TOKCHYHOCTU OEpUILIHS OOJBIIMHCTBO HCCIIEI0BAHUN
nmporecca IUIa3MEHHOM OYHMCTKH 3€pKaJl MPOBOJMIIOCH C HCIOJIb30BaHUEM
MoaeabHbIX ocaxaeHuit: Al, Al,Os, Au u T1.n1. N3ydyeHue B3auMMOACHCTBUS
OepWIITMHCOAECPKAIMX IUIEHOK C TOBEPXHOCTHIO ONTHYECKUX BJIEMEHTOB U

110



IpoIecCa UX PACHBUICHHUS HUMEET, TEM HE MEHEE, ONPEIEIAIOIIee 3HAUCHUE s
Bepupukau 3(HPEKTUBHOCTH CUCTEMbI IJIa3MEHHOM o4HuCTKU. B moxnane
MPEJCTABICHBl PE3yJbTaThl IUKINYECKUX OSKCIEPUMEHTOB MO OCaXJICHUIO
OeprITUICOAePIKAILUX IUIEHOK U UX PACTIBUIICHUIO C MOBEPXHOCTHU MEPCIIEKTUBHBIX
MaTepuajoB 3AIIUTHBIX OKOH M MEPBOro 3€pKajla TUAarHOCTUKH TOMCOHOBCKOTO
paccesnusa B gauBeprope Tokamaka ITER. B kadectBe Takux wmarepuanon
MCIIOIb30BAINCH OKHA M3 IUIABJICHOTO KBaplila, MOHOKPUCTAJUIMYECKOTO cardupa,
OOpOCHJIMKAaTHOTO CTEKJa, a TaKXe 3€pKaja U3 MOHOKPHUCTAJUIMYECKOTO
MonnoaeHa. PopMupoBaHUe OEpUILIHIICOEPKAIIMX TIIIEHOK OCYIIECTBISIOCH PU
nomor BY marnerpona, paboraromero Ha vactore 13,56 MI'1. bepumimeBas
MUILIEHb ObLJIa M3rOoTOBJIEHAa U3 poccuiickod wmapku Oepuus TITI-5611C,
ono0penHoi mnsa npumeHenuto B UTOP. [lonydeHHble TIeHKU Oepuiuivs ObLIU
OXapaKTepHU30BaHbl TP NOMOIIMA CKAHUPYIOIIEH 3IEKTPOHHOM MHKPOCKOIUU
(SEM), oHeproaucnepcMOHHOW  peHTreHoBckoi  cmektpockonuu (EDX),
peHTreHoBcKas (porornekTpoHHoM ciekTpockonuu (XPS) u ap. In-situ mina3menHas
OYMCTKA OCYHIECTBIIsIach mpu nomoiu BY emkocTHOTrO paspsga ¢ yactorou 81
MI' B renuu npu aasienun 2 Ila. IIponecc 04MCTKA KOHTPOIUPOBAICS ITyTEM
MOHUTOPUHIAa HHTEHCUBHOCTH OTPAXKEHUS JIA3€PHOr0 U3JTyYEHHs Ha JUIMHE BOJHBI
532 HM OT MOBEPXHOCTH KBapleBOro ooOpasma. OnTUYeCKue XapakTEPUCTUKHU
o0Opa3LoB KOHTPOJUPOBAIIUCH B OPOMEXYTKaX  MEXIy  IUKIaMH
OCKJEHUS/yAalIeHUsI W TI0 3aBEPIICHUI0 SKCTIEPUMEHTaIbHON KaMmmanuu. Bcero
ObLI0O  coBepimIeHO 15 TIMKIOB oOcaxiaeHuss ©  ouucTku. [lo wToram
AKCIIEPUMEHTANIBHOW KaMIaHuu oOcyxaaercs 53P¢GEeKTUBHOCTh IUIa3MEHHOU
OUYHCTKHU U CTOMKOCTh MAaT€pUaJIOB 3€pKall U OKOH.

CHHCOK HCMOJIb30BAHHBIX HCTOYHUKOB
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AB INITIO HOTEHIIUAJIbI 1 CEHEHUSI YIIPYT'OI'O
B3AUMOJAEUCTBUA IJIA MOAEJIUPOBAHUSA TPAHCIIOPTA
YACTUII BT A3E

OpHoli M3 3ajay, pemaeMbix IpH pa3padOTKe ONTUYECKUX IUATHOCTUK IS
TEPMOSIIEPHBIX YCTAHOBOK CJIEIYIOILIEro MoKojaeHus, B ToM uucie UTOP, sensercs
npoOrieMa 3arpsi3HeHUs] BHYTPUBAKYYMHBIX ONTHYECKUX 3JIEMEHTOB MPOIYKTaMU
aposun. [ pazpabotku 3¢ HeKTUBHON KOHCTPYKIIMA HEOOXOIUM pacyeT MOTOKOB
IPOAYKTOB JPO3WU IIEPBOM CTEHKM HA ONTHYECKHE IIOBEPXHOCTH, a4 TAKXKe
MOJIETUPOBAHUE MPOIECCA YACTKU ONTUYECKUX AJIEMEHTOB IyTEM pachblUieHUs (C
Y4E€TOM IPOLIECCOB MEPENbIICHNS) B Ta30BOM paspsiae. [ pemenus o6oux 3a1aq
HEOOX0MMO MOJIETUPOBAaHUE TPAHCIOPTAa YACTHI[ B Pa3peKEHHOM raze u
c1a00OMOHU3UPOBAHHOM IJIa3Me€ MpPHU YCIOBUSAX, KOTJAa OCHOBHBIM IPOILIECCOM,
BIIMSIOLIUM Ha JBMKEHUE YACTULL, SIBJISIETCS YIIPYTrO€ pacCessHUE Ha rase.

JI1s1 TOBBIIEHUST TOYHOCTH MOJIEJIMPOBAHUM TPAHCIIOPTA YACTHUI] B ra3e BaKHO
MMETh TOYHBIE JIaHHBIE O CEUYEHMSX YIPYroro paccesHus dactuil. B nuamazone
cpeanux sHepruid yactul (0.01-100 3B) nnst onmucaHusi CTOJKHOBEHUS YaCTHI]
XOpoIIo padoTaeT Kiaccuueckoe npuonmxkenue. [Ipu 3ToM JaHHBIE O TOTEHIMAIE
B3aMMOJICHCTBHSI YAaCTHUI[ TO3BOJSIOT TOJYYUTh BCHO HEOOXOAUMYIO IMpHU
MOICIMPOBAHUH MH(OPMAIIUIO O PACCESHUHU, @ TOYHOCTh PACCUUTAHHBIX CEUCHUN
ONPENEIAETCS TOYHOCTBIO UCIIOJIB3YEMOT0 MOTEHIMAIA B3aUMOIEHCTBUS.

Ha panHBIE MOMEHT pa3paboTaHO OOJBIIOE KOJMYECTBO PA3IMYHBIX
MOJICJIbHBIX OMHAPHBIX TOTEHIIMAJIOB MEXKaTOMHOTO U MEXMOJEKYISIPHOTO
B3aUMOJICHCTBUSA, KaK YHCTO OTTAJIKUBAIOIIMX, TakK M HUMEIOIUX 00JacTh
npuTsDKeHUs. Y3 mocieHux T0CTaTOYHO IMPOKO U3BECTEH U YACTO UCIIOJIb3YETCS
noreHuuan Jlennapaa-J[>koHca, coyeTarommi TpoOCTOTY M JOCTATOYHO BBICOKYIO
TOYHOCTS.

C pa3BuTHEM KOMIBIOTEPHOTO MOAECIMPOBAHMS CTAIIO BO3MOKHBIM PACCUUTATh
MOTEHIMAJIbl B3aUMOJCHCTBUS YacTHI] METOJOM ab initio T.6 U3 TEPBbIX
OCHOBOIIOJIAralOUIMX  NPUHLMIOB  ©0€3  MPUBJICYECHUS  JOIMOJHUTEIBHBIX
AMIIMPUYECKUX MTPEATNIONIOKEHUN WIN ClIeHUaIbHbIX Mojieneil. B xoae paboThl Obu1
BBITIOJTHEH pacyeT NOTEHIMAJIOB B3aWUMOJEHUCTBUS C IOMOULIBIO MPOTPaMMBbI
NWChem. NWChem - 3T0 nporpamMMHBbIi NakeT ab initio 175 BBIYUCIUTEIHHOM
XUMHUH, KOTOPBIA BKJIIOYACT (PYHKIUU KBAHTOBOM XUMHUU U MOJIEKYJISIPHOU
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nuHaMukd. OH HalleJIeH Ha MacIITabupyeMOCTh KaK ¢ TOUYKH 3PEHHsI CHOCOOHOCTH
3 PEeKTUBHO pemIaTh CIOXKHBIE 3a/lauyd, TaK M C TOYKU 3PEHHUS BO3MOXXHOCTU
paclIMpEeHUs pelIaeMbIX 3aJady MpPHU  HKCHOJb30BAHUS  JOHOJHUTEIBHBIX
MapajuieIbHBIX BBIYUCIUTEIBHBIX pecypcoB. NWChem sBisieTcs mporpaMMoin ¢
OTKPBITHIM MCXOJHBIM KOJIOM W HaXOJHUTCS B CBOOOJHOM JIOCTYTIE.

[Ipn pacuere mOTEeHIMATa B3aWMOJEHCTBHS YaCTHUIl OBUIA HMCIOJIB30BAaHbI
KBAaHTOBO-MEXAHUYECKHUE METOJbl, OCHOBaHHbIE Ha Meroje Xaptpu — Doka -
npuOImKEHHOM MeToje pemieHus ypaBHeHust I[lIp&aunrepa myTéM cBeneHuUs
MHOTOYaCTUYHOW 3aaud K OJHOYACTUYHOM B NPEAIOJIOKEHUHU, YTO KaxJas
YyacTUIla JBWXKETCA B YCPEIHEHHOM CaMOCOTJIACOBAHHOM TII0JI€, CO3/1aBa€MOM
BCEMU  OCTaJbHBIMM  YacTHIAMH cUCTeMbl. HemocratkoM Metona B
MEPBOHAYAJILHOM BHUJE SBJISETCA HU3KAsl TOYHOCTb OIpPEAECICHUS DSHEPruu
CHUCTEMBI, CBSI3aHHAsA C OTCYTCTBHEM YyYe€Ta KOPPEJSIIIMOHHOTO B3aWMOJCHCTBUS
AJIEKTPOHOB. B CBSI3M € 3TUM B HACTOSAIIEE BPEMSI METO/I KaK MPABUIIO UCTIOJIb3YETCS
B COYETAHWHU C PA3JIUYHBIMU JONOJHUTENBHBIMA METOJAMH, MO3BOJISIOMINMU
ONPENIETUTh SHEPTUIO KOPPEISILIUU JIEKTPOHOB (METO bl OCT-XapTpu-Doka).

B Hacrosmeir pabore Uil HAXOXKACHUS DJHEPrUM KOppessiquu Oblia
HCIOJIb30BaHa MOJIENIb CBSI3aHHBIX KJIACTEPOB. MCMOIb30BaHHbBIN METO/ MIO3BOJISIET
BBITIOJTHATh BBIYUCIICHUSI C TOJHON HWTEpaTUBHOW OOpaOOTKOW OJUHOYHBIX U
JIBOMHBIX KOPPENSALMA M HEUTEPaTUBHBIM BKIIOUYCHHEM H(H(PEKTOB TPONUHBIX
KOppEIALMI METOOM TEOPUU BO3MYILEHHM.

[ToMumo MeTOIa MOJETMPOBAHMS, HA TOYHOCTh PACYETOB BIIMSIET BHIOPAHHBIN
O0asucHpIi HA0Op (YHKIWW JUIsI TPEACTABICHUS PACCUUTHIBAEMOW BOJHOBOM
GyHKIIMA B BUJE JIMHEHHOW KOMOWHAIIUM Oa3UCHBIX (DYHKUIMI. DTO IMO3BOISET
npeoOpa3oBaTh auddepeHnranbHble YpaBHEHUS B YaCTHBIX MPOW3BOJIHBIX B
anreOpandeckue ypaBHEHUs, Toaxoasmmue il dS(PdheKTUBHON peanu3aruu
MO/JIEJIMPOBAHUS HA KOMITBIOTEPE.

Jlns pacuera MOTEHIIMAIOB B3aUMOJCHCTBUS YaCTUIl BHIOpaHbl HAOOPHI cepuu
cc-pVNZ, pazpaborannsie JJaHHUHTOM U coaBTOpamMu. B Hacrosiee Bpemsi Takue
«KOPPETSAIMOHHO-COTIIACOBAHHBIE MOJISIPU30BaHHBIC» 0a3uCHBIE HAOOPHI MIUPOKO
WCTIONB3YIOTCS U SIBJISIFOTCST OOIICTIPUHSITHIM CTAaHAAPTOM JJIsi KOPPETUPOBAHHBIX
WIN nocm-xapmpu-g)okosckux BbluuciIeHud. Kpome TOro, mockoibKy B Hallem
CIIy4ae MOJEIMPYETCSA B3aNMO/ICVCTBHE MTap aTOMOB, B TOM YUCJIE PACTIOJIOKEHHBIX
JaJIeKO IPYT OT APYyTa, JIs TOUYHBIX pacdeToB HE0OX0IUMO 100aBUTh nuddy3HbIC
GbyHKIMH 1J1s1 ONUCAHUS TAJIbHOJIEHCTBYIOIINX B3aUMOICHUCTBUN, TAKUX KaK CHIIbI
Ban-nep-Baanbca.

B xone pa®ot Obuta mpoBejieHa cepusi pacyeToB, B Pe3yJIbTaTe KOTOPBIX ObLIN
MOJTYy4YEHBI MOTCHIMAJBI B3aUMOJICUCTBUS PAa3IMYHBIX MMap aTOMOB, HHTEPECHBIX C
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TOYKU 3PEHUS MOJCIMPOBAHMS MX TPAHCIOPTAa B JMATHOCTUYECKHUX MaTpyOKax
TOKaMaKOB M JIpyTuX IJa3MeHHbIX ycTaHoBKax: Be-He, Be-Ne, Al-He, Al-Ne.

bruta  mpoBenmeHa — OIlEHKA  TOYHOCTH  MOJIYYEHHBIX  ITOTEHIIMATIOB
B3aMMO/ICVCTBUHM U UX CpaBHEHUE ¢ moTeHIManoM Jlennapaa-/{xounca. cnonb3yst
MMOJTyYeHHBIE TTOTEHIIMAbl B KA4eCTBE BXOJHBIX JaHHBIX, OBUIM PACCUUTAHBI
DHEPTETHYECKHE 3aBUCUMOCTH JudPepeHIINaNbHBIX W TPAHCIOPTHBIX CEYCHUU
yOPYroro paccesiHus aToOMOB OepuUIvsi M aIOMUHHS B HHEPTHBIX Tra3ax.
PaccunTaHHple JaHHBIE CPAaBHUBAIOTCS C CEUYCHUSMHU, TOJYYEHHBIMH TPH
HCTIOJIb30BaHUM noTteHnuana Jlennapaa-/>xonca.

[TonydyeHHble pe3yabTaThl MO3BOJAT YIYUYIIATh TOYHOCTH MOJIEIUPOBAHMUS
TPAHCIIOPTa YacTHUI[ B PAa3peKEHHOM HWHEPTHOM Ta3e U CiIabOMOHU3UPOBAHHOM
I1a3Me.
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MODELING OF SURFACE SEGREGATION OF Cr IN THE WCrY
SMART ALLOY

Self-passivating Metal Alloys with Reduced Thermo-oxidation (SMART) are
promising candidates for the first wall of the DEMOnstration power plant (DEMO).
These materials aim at having an increased oxidation resistance during accidental
conditions and acceptable plasma performance during regular operation of the
power plant.

In this work, a tungsten-chromium-yttrium SMART alloy (WCrY) with a
composition of 68 at% of W, 31 at% of Cr and 1 at% of Y is studied. Previous
research already showed superior oxidation behavior in comparison to that of pure
tungsten [1,2], and first experimental results were obtained for the material’s
behavior under plasma loading [1]. However, a detailed physical understanding of
the interplay between sputtering, segregation and diffusion of the alloying elements
inside the material during plasma exposure is still missing.

To obtain a better understanding of these processes and assess their effect on
the surface concentrations, a phenomenological transport model based on the work
of Ho [3] is proposed. Ho’s model, which includes diffusion and sputter erosion
only, is complemented by a segregation flux term to allow for diffusion against a
concentration gradient of the alloying elements toward the surface.

Based on the experience that surface segregation affects the near surface region
only, a three parameter segregation flux term is proposed. It includes a segregation
constant K, a characteristic length L and the equilibrium surface concentration ceq.
The model is applied to annealing experiments at 800 K and 1000 K conducted by
Koslowski et al. [4,5]. Good agreement between simulation and measured data is
obtained  using L = 2 nm, Ksooxk = 410 nm/s,
Kioook = 4-10 nm/s, and diffusion coefficients of Cr in the WCrY matrix of Dggox
= 1-10"° nm?/s and Dygpox = 1-1073 nm?/s.
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IIJIASMEHHBIN YCKOPUTEJID C KAIIWILISIPHO-ITOPUCTBIMHA
AJIEKTPOAAMMU HA BA3E IIVIASMEHHOHU YCTAHOBKH I1JIM

KanwmuisgpHo-niopucTble 3JEKTPOAbl HA OCHOBE JIMTHUA M OJIOBA SIBISIOTCS
MIEPECIIEKTUBHBIMU [JISl MCIIOJIb30BAHMS B 3JIEKTPOJAMHAMUYECKOM IUIA3MEHHOM
yckoputene [1-4]. Takue 3nekTpoabl UMEKOT INPEUMYILIECTBO  IEPEX
TBEPJIOTEIBHBIMHU, UX >KUJKOMETALIMYECKAs] MOBEPXHOCTh BOCCTAHABIMBAETCA
nocJie JCHCTBUS TOBBIIEHHOW IMJIa3MEHHOW HArpy3KH, HE BO3HHMKAIOT 3 EKTHI
(dopMUpOBaHUSI HEOJHOPOJHOM TMOBEPXHOCTH, NPENATCTBYIOMIEH MPOTEKAHUIO
TOKa C 3JIEKTpoJAa B IUIa3mMy. Marepuan, UCIMAPEHHBIN C KUIKOMETATUIMYECKOU
MMOBEPXHOCTH, IPU MOCTYIUIEHUH B [JIA3MY MOKET BBICTYNATh I1a3MO00Pa3yOIIUM
BEILIECTBOM, BJIMSSI HA JUHAMUKY MOTOKA IUJIa3Mbl, TaKOM 3P(HEKT B JOCTAaTOUHON
MEpe HE HCCIIEJOBaH B YCTAHOBKAX C MAarHUTHBIM YJEp>KaHUEM IUIa3Mbl, TJ€
IJJAHUPYETCS HMCIIOJIb30BATh KOMIIOHEHTBI Ha OCHOBE KalWUISIPHO-IOPUCTHIX
cucteM (KIIC). DddexTsl B3aUMOAEHCTBS IUIa3Mbl C KUJIKOMETALTAYECKUMU
ANEKTPOAAaMH HEOOXOAMMO HCCIIEIOBaTh B CTAIIHOHAPHOM IJIA3MEHHOM pa3psjie
JUISL LIeJIel MCTIOJIb30BaHUs B CHCTEMaX KOCMHYECKOTO IIA3MEHHOTO JIBUTATENIA, B
YCTAHOBKaxX ISl MCHBITAHUN MaTEpHAIOB TEPMOSAEPHOTO PEAKTOpPa MOIIHBIMH
MJJa3MEHHBIMHU TTOTOKAMU, TEXHOJIOTMUECKUX TUIA3MEHHBIX YCTAHOBKAX.

ITepcrieKTMBHOM YCTaHOBKOM JJIsi TAKMX HCCIIEAOBAHUM SIBIIETCS yCTaHOBKA
ITJIM [5] u ee MoaepHuzupoBanHsbiii BapuanT [IJIM-M B HUY «M3BW». ¥YcranoBka
[1JIM npencraBisieT coO0OM JTMHEWHYIO MATHUTHYIO JIOBYLIKY C MYJIbTUKacCHOBOM
CXEMOM MArHUTHOIO YAEPKAaHUs IUIA3Mbl, COCTOSIIYIO W3 KaTyIIEeK C TOKOM,
CO3JAIOIIUX TMPOJOJIbHOE MarHuTHoe mnoje (mose Ha ocu - 0,02 Tn), u
BOCBMMIIOJIFOCHOM CHCTEMBI U3 TTOCTOSIHHBIX HEOJMMOBBIX MarHMTOB, CO3/IAFOIINX
MYJIbTUKACIOBYI0 KOH(PUTYpaluio (aHaJIOr HM3BECTHOM CXEMbI C MPOJOJIbHBIMU
TOKaMH — TakK Ha3biBaeMbiMU ‘“‘nanikamu Modde”), mone B kacmax - 0,2 Tn .
Oco0eHHOCTBIO ATOM YCTAHOBKH SIBJIIETCS CTAI[MOHAPHBIA PEXUM MHOTOYaCOBOTO
yaepkaHus Tuia3Mbl (0osiee 8 4acoB) C AOCTUTHYTHIMH TapaMeTpaMu ILIa3MBbI -
TeMIiepaTypa 3JeKTpoHOB Oosiee 3-5 3B ¢ ¢dpakuuein ropsuux 31eKTpoHOB A0 S50
5B, miotHoCTh Wiasmel 10 10 ¢cM™ u Gosee, YTO MpeaCTaBIsSET MPEUMYILECTBO
Ui OTpaOOTKM TEXHOJOTMH CTAllMOHAPHOTO KOCMHMYECKOTO IIa3MEHHOIO
JBUTATENSl M UCIBITAHUS MAaTEPUAJIOB CTEHKH TEPMOSIEPHOTO PEAKTOPA.
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B ycranoBke IIJIM Ha mepBoM Jrame IUIAHUPYETCS CO34aThb U HCHBITATH
YCKOPHUTENb TUIA PEIbCOTPOH, Y KOTOPOTO AIEKTPOABI (PEIbChI) MPEACTABISIOT
co0oM KanmuUIIpHO TMOpHUCThIe cucTteMbl [3]. B skcnepumente 3a)KUTraeTCs
CTallMOHAPHBIN pa3psi/i MEXKIYy KaToJIOM M aHOJIOM, 3aTe€M Ha PacIojOoKEHHbIS
BJIOJIb pa3psi/ia KamWUISIPHO-TIOPUCTBIE AJIEKTPOJbl MOJAETCS HANpsiKEHHUE,
TEHEPUPYETCS TOK MEXKTY JICKTPOIaMH, KOTOPBIN (POPMHUPYET YCKOPEHHBIN IMTOTOK
IJIOTHOM TUIa3MbI BIIOJIb pa3psija. Yckopurenb OyAeT paboTath B UMITYJIbCHOM
pPeXKHUME, YTO MO3BOJUTh OTKAYMBATh Pa3psAHYI0 KaMepy MEXIy HUMITYJIbCaMu U
paboTaTh C 10CTAaTOYHO OOJBIIUMH IUIOTHOCTSIMU T1a3Mbl. PabounMm razom Oynaet
renuii. Cuna, yckopstomas 1mia3smMy B peabCOTPOHE, paBHA

F=L-J22, (1)

rae L— WHAYKTUBHOCTP €IWHWLBI [UIMHBI PEIBCOTPOHA, J — TOK MEXIY
AJIEKTPOJIaMHU (pesibcaMu).

Ilpy WHTEHCHMBHOW TEIUIOBOM HArpy3Ke Ha DJIEKTPOAbI JKUAKUM METaJLI,
HanonHsAomwui nopucteli Mat KIIC, ucnapsercd ¢ NOBEPXHOCTH 3JIEKTPOJA,
HaIlOJIHEHWE TMOpPUCTOro MaTa d(PQPEKTUBHO BOCCTAHABIMBAETCA 3a CUET
KamwusipHbix cun [1]. TemnoBass Harpy3ka Ha DJJIEKTPOIbI, B OCHOBHOM,
OnpenesieTcs MOTEHUNUAIOM M TeMIlepaTypor Iuia3Mbl. [IOTHOCTH MOIIHOCTH,
BBIJIENIsIEMas Ha KaTOJIe, paBHA

Q« =(eno;vi/4)- (Ut —@)+ 1.5T)+ (( vi — 4j/enai)nai/4)-1.5T , (2)

rae vi =(2eT/M)"2, v. = (2eT/m)"?, 1 — noTeHuman HoHU3aLKH, (— PaboTa BEIXO/A,
T—remneparypa miasmel, U = (T/e)-In(ve /(vi — 4j/ena,) — moTeHMan katoaa, j —
MJIOTHOCTH TOKA.

[170THOCTH MOIITHOCTH, BBIACNIAEMasl HA aHOJIE, PaBHA

Q.=J(1.5T + o), 3)

TeMnepaTypa mia3mel T OIpCACIBICTCA OMUICCKHUM HAI'PECBOM IIPU ITPOTCKAHUN
TOKa:

(Boy+3T+)-001/0T )n-r?-h-dT/dt+WrH(Qxt+Q.) r’=j*h/cr? 4)

raie oy(T) — cTemeHb HMOHM3AIMA HCIAPEHHOTO0 MeTaia, WR — MOIIHOCTH
n3ny4deHus mia3mel, Qx U Q,— MIOTHOCTH MOIIHOCTH, BhIAEIsIEMas Ha DJIEKTPOAax,
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G — MPOBOJUMOCTb TJIa3Mbl, h — paccTosTHIE MEXKITy dJEKTPOAaMH, I— TTOTICPEUYHBIN
pa3Mep KaHaja TOKa B IJIa3Me.

Hcnapenue meTalnia ¢ MOBEPXHOCTH MPUBOUT K MOTEPE €r0 COACPIKAHUS
B emkoctu - HanosHutese KIIC, 4yTo HEoOX0MMMO yYUTHIBAThH B OajaHCe MacChl
KIIC. TIloreps w™accel MeTauia W3 HAIOJIHUTENA KaNWUISIPHO-TIOPHUCTHIX
ANEKTPOJIOB MPHU UCMIAPEHUH B IIJIA3MY C €AMHUIIBI IOBEPXHOCTHU OMPEETAETCS KaK

dm/dt = pms-exp(-H/kTj), &)
rae s =(3/4m)"3-cs, ¢s — ckopocTh 3Byka, H — sHeprus ucnapenus, Ts— TeMueparypa
HIOBEPXHOCTH 3JIEKTPOJIA.

B skcnepumente Ha [TIJIM OyayT BHIIONHATHCS U3MEPEHHS TEMIIEPATYPhI
IJIa3Mbl, IUIOTHOCTH IUIa3Mbl, pasMep M XapaKTEPUCTUKH  YCKOPSIEMOIO
IUIa3MEHHOTO IMOTOKA B HMILYIIbCE, XAPAKTEPUCTUKH  KAIMIUIPHO- ITOPHUCTBIX
5JIEMEHTOB - PACXOJ METAIIA U COCTOSIHHUE JIIEKTPOJIOB.

Pucynok 1 - (CxemMa KOaKCHMaabHOTO JJIEKTPOJAMHAMUYECKOIO ILIA3MEHHOTO
YCKOPHUTEIS

Ha cnenyromeMm »stane OyAeT coO3l1aH M HUCCIEIOBaH KOAKCHAIbHBIN
ANEKTPOJAMHAMUYECKHI TUIA3MEHHBIA yCKOpuUTenb (cM. puc.l) ¢ kanuuisipHo-
MOPUCTHIMH MTOBEPXHOCTIIMH AJIEKTPOAOB, OOpaméHHbIMU K Tu1a3me [4]. [Inazma B
TaKOU cxeme yckopsieTcs cunon Jlopenua, nercTByromleit Ha TOk [ B rutazme Mexay
AJEKTPOJaMH CO CTOPOHBI MArHUTHOTO Tmods B, co3maBaeMoro TOKOM B
aneKkTpojax. Takod KoakCHalbHBIM yCKOpUTENh OyAeT Takxke padoTath B
UMITYJIbCHOM peXuMe JUIisi 0OecreyeHUs OTKAYKW BaKyyMHOM Kamepbl MEXIy
UMITYJIbCAMHU TIPU OOJBIIUX IJIOTHOCTSIX YCKOPSIEMBIX IJIa3MEHHBIX CryCTKOB.
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PaGouum razom B paspsiic MPU UCIBITAHUSAX KOAKCHAIBHOTO YCKOpUTENS Oyner
renuid. TeroBast Harpy3Ka M XapakTepUCTUKU IUIA3Mbl ONPEAETAETCI OMUYECKUM
HarpeBOM IIa3Mbl TTOJI00HO PEIbCOTPOHY (CM. BHIIIIE).

[1nan pa®oT Ha cO3aBa€MOM 3JEKTPOAUHAMUYECKOM IIA3MEHHOM YCKOpPHTEIIE
C KaNmWUISIPHO-TIOPUCTHIMHU JJIEKTPOJAMU Ha OCHOBE JIMTHS M OJIoBa Ha 0a3ze
ycranoBku [1JIM BkitouaeT ucciieJoBaHUs W UCTIBITAHUS:
- IIEPCIEKTUBHBIX  KalWULIPHO-IIOPUCTBIX  JJIEKTPOJOB  IUIA3MEHHBIX
AIEKTPOJIUHAMUYECKUX YCKOPUTEIIEH 11 KOCMUYECKHUX JIBUTATENEH,
- MAaKeTOB JMBEPTOPHBIX IUIACTUH U MEPBOM CTEHKU TEPMOSIEPHBIX PEAKTOPHBIX
YCTaHOBOK, B TOM YHCJI€, C UCIIOJIb30BAHUEM KUIKUX METAILIOB,
- 00paboTKM MaTepHaioB M KOHCTPYKIMA B HHTEpecaxX HWHHOBAIMOHHOTO
MATEpPUATIOBECHNs,  BKIIOYAs  3a4a4d  CHWXKEHHS  adpOJMHAMUAYECKOTO
COIPOTHUBIICHUS JIETATEIbHBIX ANIIAPATOB MPHU BEICOKUX CKOPOCTSX IOJIETA,
- IJIA3MOJIMHAMHKH JJIsI TIPOBEPKU pa3pabaThiBa€MbIX WHHOBAIIMOHHBIX CXEM B
VHTEPECAX YIIPABILEMOI0 TEPMOSIAEPHOrO CUHTE3A.
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CIHHEKTPAJIBHAA UHTEHCUBHOCTD 3JIEKTPOHHOI'O
HUKJIOTPOHHOI'O U3JIYHEHUA 11JIA3MBbI, BBIXOJAIIETI'O HA
HEPBYIO CTEHKY B UTJP

B ycnoBusx Ttokamaka-peaktopa MTOP (BbicOkME 1O CpaBHEHHUIO C
JEUCTBYIOIMMHM YCTAaHOBKAMH 3HAYEHHS JJIEKTPOHHOW TEMIIEpaTypbl B LIEHTPE
mia3MeHHoro muypa Te(0) = 30 k3B u Hanps>KEeHHOCTH MAarHUTHOTO 1oJist, Bg = 5.3
T) cymiecTBeHHO BO3pacTaeT poib dJIEKTPOHHOTO IUKIOTpOoHHOTO (D11) n3nydyeHus
TJ1a3Mbl KaKk KOMIIOHEHTBI 3JIEKTPOHHOT0 SHEprodananca rmia3msl [ 1], [2], Tak 1 kak
WCTOYHHMKA TEIUIOBBIX U JJIEKTPOMArHUTHBIX BO3/ICMCTBHI HA BHYTPUKAMEPHBIC
KOMIIOHEHTHI B THarHocTuku [3], [4]. B mHanbonee sneprodpdekTuBHBIX pa3psagax
B UTOP wuHrerpasibHas (MO YacToTaM M yIVIaM MaJ€HUS Ha IOBEPXHOCTH)
MoIIHOCTh Oll H3My4YeHus IUIa3Mbl, MAJAOMIET0 HAa E€AUHUYHYHO IUIOMIAJKY
BaKyyMHOU CTE€HKH, F, IPEBOCXOAUT MOIIHOCTb PACCESHHOTO H3JIyYEHHUS OT
WHXXEKTUPOBaHHBIX B Iuia3aMy OM BoaH jis Ol pe3oHaHCHOro HarpeBa M
MOAICPKAHUS TOKA U IMATHOCTUKH KOJUIEKTUBHOTO TOMCOHOBCKOTI'O paccestHus [3].
HeoOxonuMo  IOMOJIHUTENBHO  HUCCIENOBAaTh  CHEKTPAIbHYIO  3aBUCHUMOCTH
coOctBeHHOro Ol m3nmyueHus 1uIa3Mbl, TaKk KakK TEIJIOBbIE M pagUallMOHHbIE
Harpy3kl Ha IEpPBYIO CTEHKY SBJISIOTCA BO3pacTarolied (yHKUMEH YacTOThI
n3nydenus. OcoO0eHHO BaXXHO YUUTHIBATh BIUsHUE cOOCTBeHHOTO DLl m3myueHus
IJJa3Mbl Ha CHCTEMBI JMAarHOCTHK, HWCIIOJb3YIOIIMX MHJIJIUMETPOBBIE BOJIHBIL:
pedIEKTOMETPUIO €O CTOPOHBI CHJIBHOTO M €1a00ro MAarHUTHOTO  TOJI,
pedICKTOMETPUIO TIOJIOKEHHSI TUTa3MBl, a TaK K€ JHUATHOCTHKY KOJUJIEKTHBHOTO
TOMCOHOBCKOT'O pacCestHusl, TaK KaK JMHUU Mepe1ad TUX TUarHOCTUK B MIPUHLINIIE
ITO3BOJIIFOT POBOJUTE JOMOJHUTEIbHBIE U3MEPEHUs criekTpa DLl uzmydenus [5]
Ha BBICOKHMX 4aCTOTAX.

B paGore npuBenenst pacuetsl kogaom CYNEQ [6], [7] cnekrpanbHOM
MHTEHCUBHOCTH Ol M3imyuyeHus, BBIXOASAIIErO U3 IJIa3Mbl HA CTEHKY BaKyyMHOU
KaMephbl, ISl pa3iuyHbIX ciieHapueB padoTel UTOP neoOxonumeie ams Oyaymien
OLICHKH BIIMSIHUSL OTOrO M3JyYEHUs] HA BHYTPUKAMEpPHBIE KOMIIOHEHTBl U
JUArHOCTHUKHU.

AJiroput™M pacdera uHTeHCUBHOCTH DIl M3aydenus miuasmel. B ycnoBusax
TOKamMaka peakTtopa (cpeaHsis Temreparypa 3JeKTpoHOB <T¢>y 2> 10 k3B,
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HEKpPYIJIOE CEYEHUE TOpa, CPEJHHWE 3HAYEHHsI AaCIEKTHOIO OTHOWEHus A~3,
MHOTOKpPAaTHOE OTPa)KEHHE M3IYyUYEHHs OT CTEHOK BaKyyMHOM KaMephl) MEpeHoC
coOcTtBeHHOro DIl M3mydeHus miaa3Mbl OKa3bIBaeTCsl HEJIOKAJIbHBIM, T.€. OOJblIas
yacTh dHepruu Oll u3yyeHHs TEPEHOCHUTCS BOJHAMHU (CpeaHue W OOJbIINE
rapMoHukH, n >3, dyagamedTanbHol Ol wacToThl), HNS KOTOPBHIX IL1a3Ma
SIBJISIETCS] ONITUYECKU TOHKOM. J[J1s 3TUX yCI0BUiA 3a/1a4a iepenoca aHepruu s 11
rapMOHUK n > 3 pemaercs noixyananutudecku B koge CYNEQ [6], [7] ¢ nomomnisro
UCIIOJIb30BAHMS MPEION0KEHUST 00 YIJIOBOM H30TPONUU HMHTEHCUBHOCTH O]
M3JIYyUYeHHUS, 0JICKa3aHHOT0 pacyeTaMu MOHTe-KapiaoBckuM kojioM SNECTR [8]. B
ONTUYECKH TMPO3PAYHON 00JACTH HMHTEHCHUBHOCTH BBIXOSIIETO H3ITy4deHHs, I,
ABJIsieTCs QYHKIMEH TOIbKO YaCTOTHI U TUIIA BOJIHBI ¥ 3aBUCHUT OT YCPEAHEHHBIX IO
yriam ko3¢ unuentoB nmornonienus u ucmyckaaus D1 BoaH. Kog CYNEQ Obur
MpoBepeH B OEHUYMapKMHTAaX C JPYTHMH KOJaMu IJsi pacyeTa mepeHoca Ol
m3nyuenus miasmel [9], [10].

[ns n3nydenus Ha O1] rapmonukax n = 1 1 n = 2 mua3ma sBIsE€TCS ONTUYECKU
IJIOTHOM U JIOKaJbHAsi HHTEHCUBHOCTh OJIM3Ka K YEPHOTEIBLHOU C TeMIepaTypou,
PaBHOW JIOKAJIBHOW TEMIIEpAType SJIEKTPOHOB. [103TOMY OlLlEHKa CHEKTpaibHOM
uHTeHCUBHOCTH D11 n3nyuenus, auddepeHInanibHON TakKe U M0 TeJIECHOMY YTy,
nposoguiaack 1o Qopmyne I(v) = V2 Trd(V)/c?, Trad(V) = Te(Tres), THE  Tres
koopauHata DLl pe3oHaHca BOJIHA-4aCTHLIA JIJIS1 BOJHBI C YACTOTOM V.

Pe3yabTaThl pacueroB uHTeHCMBHOCTH DIl m3aydyenns B UTIP. Pacuerst
MIPOBEICHBI IJIs TIAATU cueHapueB pabotsl UTOP, momydeHHBIX MOETHUPOBAHUEM C
nomotbo koga CORSICA [11]. OcHOBHBIE mapamMeTpbl CLEHAPUEB MOKA3aHbI B
Ta6muue. 1. 'eomerpuueckue napamerpsl UTOP: 6oxpiioit paauyc Topa Ro = 6.2
M, Majblii paauyc Topa a =2 M, yanuHeHue Keiong = 2.1, Tpeyronbnocts 6 = 0.5,
MarHuTHOE moJjie Ha reomerpuueckoit ocu Bo=5.3 T. Cpennuii no moBepXHOCTU
kod(pdunuent orpaxenus Ol uzmydeHUs OT CTEHKHM BaKyyMHOUM Kamepbl, Ry, B
UTOP sBnsieTcst cBOOOIHBIM TAPAMETPOM B OIPEAEIIEHHOM JIMANa30HE 3HAYCHUH.
Tabmuia 1. OcHoBHbIE TapaMeTpsl ciieHapueB UTOP.

N 1 2 3 4 5
Crenapum HMODE | HYBRID | HYBRID | STEADY | STEADY
13 EC11 LHO3 ECIF EC42
Te(0), k3B 22.1 29.2 314 37.4 35.9
<Te>v, k3B 10.6 13.2 14.3 15.3 14.2
ne(0), 10" M3 9.7 8.5 8.5 6.0 6.5
<ne>v, 10 m3 8.7 7.4 7.4 52 5.7
I,, MA 15.0 12.5 12.5 9.0 8.5
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Ha puc. 1 noka3zansl ciektpsl D1 uzmydenus miazMsl 11 TapMOHHUK DLl yacToTsl
n=1,2, a Ha puc. 2 — cnekrpbl DIl u3nydeHus miug n>3 B 4-M CLEHapUU U3
Tabnuuet 1, 111 KOTOPOro MHTErpaibHask MOIIHOCTh MAJaloLIero Ha CTeHKy Ol
M3JIy4YeHHUs OKasbiBaeTcss HauOonbiie. Ha puc. 3 mokazaHa 3aBHCUMOCTH
IJJOTHOCTH MOIIHOCTH Tajaromiero Ha cteHky Ol mimydenuss miasmel, F, and
cueHapueB u3 Tabmuie! 1 ot koaddunnenta orpaxenus Ry,.

0.8 T T T
n=1 % 3

L “® HMODE13,1.9 KBT/M

| ==TIYBRID EC11,2.3 «Br/w’
—&~ HYBRID LH03,2.5 kBr/v’
——STEADY ECIF, 2.7 kBr/m°
——STEADY EC42, 2.5 kBi/m’

&
>

=
=

=
[
]

-14 o 2
[, 107" MBT/(m“e cpe ['11)

100 150 200 250 300 350 400 450
v, [T

Puc. 1. CnekrpanbHasi MHTEHCUBHOCTD, BBIXOJAIIETO M3 Tuia3Mbl DI uznydenus,
JUTSl HU3KUX TapMOHUK Dl n = 1, 2, 1 uHTErpasibHas MO CIEKTPY IUIOTHOCTH MOTOKA
sHepruu Ol u3nydeHus: (MpUBEICHO B JIET€HJE) s clieHapueB padoTel UTOP,
yka3aHHbBIX B TaOmwmme 1.

8 T L] L] L] L L] L L] L) | L] L] L L} L] L} ] L)

nF2 :3 4 5 6 :7 8 :91011121314135161718 19 |

~ R _=0.60, 69.0 kBr/m’

N
T

—==R_=0.80,99.0 kBr/v’
----- R_=0.90, 138.8 kBr/m® |

—R_=0.95, 191 2 kBT/v"

I, 10" MB1/(s?% cpe ')
o N

STEADY ECID

.
ey

500 1000 1500 2000 2500 3000
v, I'Tu

Puc. 2. Cnektpanbable nHTeHCUBHOCTH OL mznyuyenust g D1 rapmoHuk n > 3,
paccuutannbie kogoM CYNEQ, mst paznmuanbix ko3 dunueHToB oTpaxkenus 1]
BOJIHBI OT CTEHKH Kamepsl, Ry, st 4-ro cueHapwust B Tabmwmne 1. B merenae ykazana
MHTErpaJIbHAas 1O CIEKTPY MOITHOCTH D1 u3yueHus Ha IepBYIO CTEHKY, JeJICHHAs
Ha TUIOIIaJb CTEHKH BaKyyMHOM KaMmepol S = 876 M2,
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Puc. 3. UnTterpanpHas Mo CHEKTPY IUIOTHOCTh MOTOKAa 3Hepruu Ol uznydeHus
IJ1a3Mbl Ha MEPBYIO CTeHKY, F, nis cuenapues pazpsga UTOP uz Tabnuusr 1 nms
pa3uyHbIX K03 dUireHToB oTpaxkenus DL n3myyeHus oT CTEHKH.

BoiBoawbl. Pacuetsl kogqom CYNEQ crniekTpaibHOM MHTEHCUBHOCTH COOCTBEHHOTO
AJIEKTPOHHOTO HUKIOTpOoHHOTO (DIl) M3mydeHus miia3mbl, BBIXOAIIETO W3 HEE,
ITOKA3bIBAIOT BO3MOXHOCTh CHJIBHOTO BO3JEUCTBUS OTOrO M3JIyYEHHUS Ha
BHYTpPUKaMEPHbIE KOMIIOHEHTHI U JTUATHOCTUKU B PA3JIMUHBIX CIICHAPUSIX PaOOThI
NTOP.

baarogapuoctu. ABTopel BbelpaxatoT Onarogapuocts JI.A. lllenyxuny wu
B.A. BepuikoBy 3a HOCTaHOBKY 3aJ1a4Hl U MOJIE3HBIE 00CYKACHMUS.
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OIITHNYECKAA ODOMUCCHOHHASA CIIEKTPOCKOIIUA AJIA
UCCJIEJJOBAHUSA OBJACTHU B3AUMOJENCTBUS IIJIASMEHHOI'O
HHOTOKA C BOJIB®PAMOBBIM OBPA3IIOM

OOBEKTOM HCCIIeJOBaHUS B TaHHON paboTe BHICTYIAET IJIa3Ma Telusi HU3KOTO
JaBJICHUS] C MAarHUTHBIM YJIEp>KaHHUEM Ha JKCIEPUMEHTaIbHOM cTeHjae MOU —
«ITa3MeHHOM JuHeHoMm mynbTukacte» (IIJIM) [1]. YcraHoBka mpenctaBisier
co00l MAarHUTHYIO JIOBYIIKY ¢ MUHUMYMOM MAarHUTHOTO MOJS HA OCH, IJla3Ma B
KOTOPOH CO31aETCsl MOTOKOM 3JIEKTPOHOB, JABMXKYILIUXCS OT TEPMOKATO/AA B JIEBOM
YacTH YCTaHOBKU (CM. pucyHOK 1) k anomy. B ycraHoBke yma€rcs co3naTh
CTAIlMOHAPHBIM TOTOK TEeINEeBOM TUIa3Mbl M TOJJCPKUBATH €r0 B TEUCHUE
HECKOJIBKMX YacOB MPHU MOCTOSHHBIX MapaMeTpax paspsia (aasieHue B kamepe 10
3+ 10! Topp, Tok paspsiga 4+15 A, pamuyc ctpyu 15+17 MM, najeHre HapsHKEHHs
Ha paspsaHoM npomexyTtke 100200 B), obGecneunBas TEmIOBYH Harpy3ky Ha
HIOBEPXHOCTH BBOAMMOM B IPHOCEBYIO 00acTh Mumenu 10 10 MBt/m2.

Jns  co3maHus  JIOKAJNBHBIX — OOJacTeld  JOTIOJHUTENBHOTO  Teperpena
MOBEPXHOCTH BOJb(paMOBOro oOpasla C IeJbl0 MOJCIMPOBAHUS YCIIOBUMN
MHTEHCUBHOTO JYrooOpa3oBaHHUs Ha OOpamiéHHBIX K IJIa3Me 3JIEMEHTaX MepBOH
CTEHKM TOKaMaka MCIOJIb30BaJCsi CTEHJI Ha OCHOBE NMEPUOAMYECKOro (dacTtora
cinenoBanuss uMmiynbcoB ~ 1 I'm) Nd:YAG nazepa ¢ JIUTEIHOCTBIO UMITYJIbCA
~10 HC ¥ BHepruei, BKJIaibiIBaeMOi B UMITyJIbC HEe MeHee S0 mJ[xk.

JIns MTMarHOCTUKHM IMapaMeTpoB IUIa3Mbl B OOJIACTH €€ B3aMMOJECUCTBUS C
UCIIBITYEMBIM O0pa3lloM B CTEHKAaX KaHajla YCTAaHOBKH ObLIM 000pYIOBaHbBI
CMOTpPOBBIE OKHa U3 candupa, 00eCeYynBaOIIMMU BO3MOXHOCTh CHEKTPATbHON
JMAarHOCTUKKA B JuamazoHe aauH BoiaH 250-1100 aM. B nmanHO#l pabote
MpEACTaBICHbl  PE3yJIbTaThl  OJHOBPEMEHHOM  pPETUCTpAllUd  ONTHUYECKHUX
AMUCCHOHHBIX CIIEKTPOB M3JTyUYEHHUs TUIa3Mbl BO BCEM yKa3aHHOM JUalla30HEe JJIMH
BOJH CO CIHEKTpajdbHbIM pazpemienneM (0.2-1 HM ¢  HCIOJB30BAaHUEM
YEThIPEXKAHAIBHOTO  ONTOBOJIOKOHHOIO  crnektpomeTpa AvaSpec. Pexum
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WCIIBITAHUN MaKeTa 00JIUIIOBKU BOJIB(HPAMOBOTO MOYJISI IPE/ICTABIICH B

Ta0muna . .
P i

CteHKa pa3pAgHOH KaMephl

JIuuus HaOmoaeHHA

Karox CO CIIEKTPOMeETpa

|

|

|

IlnasMeHHBH_— 1

HOTOK: I MHIIeHb

|

I

JTHarHOCTHYECKOE I
OKHO — —  ONTOBOJOKOHHBIH

Kkabep

CBeToBOJ
CIIEKTPOMETpa

Puc.1. CxeMa pa3psHoi KaMephl U CIIEKTPaIbHBIX U3MEPEHUM.

Tabmuira 1 — Pesxxum m1a3MeHHBIX MCTIBITAHUN MaKeTa BOJIb(PaAMOBOTO MOTYJIsS

Toxk [Torenmman | Ilorenmman | Temmneparypa Toxk u3 JlaBiieHue
paspsna KaToJ1a oOpasma obpasima TJ1a3Mbl resus B
Ha paspsaHOn
LA U,B ¢, B t,°C obpaselr Kamepe
p, Topp
1, A
12.39 -174 -98 1530 1.83 1.3-102

Jlazepubiit ayd (QOKyCHpOBAJICS Ha IIOBEPXHOCTH o0Opas3lia B 00JIaCTH
MaKCUMaJIbHONW WM OJM3KOM K MaKCUMAJIbHOM IUIa3MeHHON Harpy3ku. dopma
MsATHA Jy4ya Ha TMOBEPXHOCTU - 3yummnc (Mansiii auamerp 0.42 MM, Gosbiioif
nuametp 2.2 Mm). [lnomans nsarHa npu GoKyCHpOBKe Ha MOBEpXHOCTH — 0.725 MM2.
JlazepHas Harpy3ka Ha MOBEPXHOCTH 00pasiia MOrJia JOCTUraTh BeaIMIuHbl 69108
Jx M2c'2, uTO mpeBBIIaET TOPOrOBYIO BEIMYMHY ILIABICHUS BOIb(pama.
Bo3znelictBue na3zepa MpakTHUECKHM HE OKAa3bIBA€T BIMSAHMS HAa WHTEHCHUBHOCTH
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T'eJIMEBBIX JIMHUH, TTPU 3TOM 3aMETHO TOSBIICHUE B CTIEKTPE HEPA3PEIIEHHBIX TUHUN
atomapHoro Bojibppama W I (Omudka! McTouHHMK ccblikM He HaligeH. 2). Ha
REF Ref797\h \* MERGEFORMAT Omu6ka! McTOYHUK CCHIJIKN He HAM/IEH.
3 mpenacTaBiieH CHEKTP W3IYYEHHUs, 3aperUCTPUPOBAHHBIA CIEKTPOMETPOM,
HaOTI0JAI0MKUM 00J1aCTh B3aUMOCHCTBUS UCITHITYEMOTO 00pa3iia M MIa3MEHHOTO
MOTOKa B KoopauHaTax ‘“OTHOCUTENIbHAsi WHTEHCHUBHOCTh — JJIMHA BOJIHBI U
koopauHatax Buna [2]. Ha cnekTtpe, mOMUMO aTOMapHbBIX JIMHUI Telus U JTUHUU
Bojopona H-a cepum banbmepa, MOXKHO 3aMETUTh POCT KOHTMHYyMa C JJIMHOU
BOJIHBI, CBSI3AHHBIN C U3JIy4YE€HHUEM HArpeTo MOBEPXHOCTU 00pa3ia.

14 4
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[nvHa BOMHbI, HM

Puc. 2. CiexTpbl HEeBO3MYIIEHHOMN TJIa3Mbl U MIPH JIa3€PHOM OOTyUYEHUH.

OnpenenéHHas Mo yriy HakJIOHa OMNMCBHIBAIOIIEW ATOT YYacTOK pocTa B
KoopauHatax Buna nipsmoit temnepatypa coctapisgeT T = 1850 K. Ilocne Brixoaa
Ha CTallMOHAPHBIN PEKUM pabOTHl YCTAHOBKHU OB JOCTUTHYT TEIJIOBOM OanmaHC U
3Ta TeMIlepaTypa OCTaBajach HEM3MEHHOM, BO3JIEWCTBHE JIa3epHBIX MUMITYJIHCOB
TaK)Ke MPUBOJUIIO JIUIIb K KPATKOBPEMEHHOMY MOSIBJICHUIO JOKAIBHBIX 00OJacTen
reperpeBa NoBEPXHOCTH 00pa3ia. B criekTpax Takke MOXKHO OOHAPYKUTh KpalHe
cnabytro a0 noHa renus He 11 468.6 HM, 94TO MO3BOMISIET OIICHUTH TEMITEPATYPY
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anekTpoHoB B mnazme T, = 7000 = 2000 K [3, 4].
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Puc. 3. CniexTp u3nydenus mia3Mbl U oOpasiia B JJIMHHOBOJIHOBOM 00J1acTH.

CrnexTpocKonuYeckrue M3MEpPEeHUs BBITIOJTHEHBI IpU nojjaepkke rpanta PHO
21-79-10281, paboTsl o reneparnuu mwiazmel Ha [1JIM BbIIOTHEHBI TPU MOJACPKKE
npoekra ['ockopnopanuu "Pocatom" Ne223 EOTII-YTII 774/158-/1.
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JIUATHOCTHUKA ITPUIIOBEPXHOCTHOM TYPBYJIEHTHOI
IIJIABMBI U TEIIVIOBBIX IIOTOKOB HA OBPAHIEHHBIE K IIVIASME
MATEPHAJIBI B OKCIIEPUMEHTAX C AYT'OBBIMMU ITPOINECCAMHA

B coBpeMeHHBIX TOKamMakax HaOJNIOMAIOTCS JKCTPEMalIbHO OOoJbIINe
TEIJIOBbIE TIOTOKA M MOTOKW YACTHI] HA MOBEPXHOCTh AUBEPTOPHBIX IUIACTUH U
mumutepoB [1]. Ilpomeccel ayrooOpa3oBaHus Ha OOpalleHHOW K IUIa3Me
MOBEPXHOCTH BO3HUKAIOT IPU MPEBBIIIEHUA IOPOTOBOTO YPOBHSA JIOKAJIBHOTO
TEIUIOBOTO MOTOKAa HAa MOBEPXHOCTh M BBI3BAHHOTO MM IIEPErPEBa NMOBEPXHOCTH;
TaKOW MpolecC OXujaaercs mnpu BozaeiicTBuu DJIMoB B KpymHOMAacIITaOHOM
TOKaMaKe M pPEaKTope, €ro B IMOJHOW Mepe MOXHO Oyner u3ydyaTh JIHUIIb B
KkpynHoMacmtaOHoMm cranonapuoM Tokamake (WEST, EAST, UTOP wu np.).
MopenvpoBaHie TaKWX HArpy30K MOKHO MPOBOJWUTH B JIMHEMHBIX IJIa3MEHHBIX
YCTaHOBKaxX - cUMyJisiTopax auBepropa. [ns takux uened 8 HUY «MOU» Ha
mia3MeHHo ycranoBke [IJIM (mma3MeHHBIM JMHEWHBIM MyJbTHUKAcH) [2]
BBITIOJIHSIOTCSI WCCIIEIOBAHUSA B3aWMOJICVCTBUS IIJIa3Ma-CTEHKA W HCHIBITAHUA
HOBBIX TEXHOJIOTUW MHTCHCUBHOTO OXJXKIEHHUS KOHCTPYKIUH BOJIH(PAMOBBIX U
KUIKOMETAIMYECKUX JINTHEBBIX BHYTPUKAMEPHBIX KOMIIOHEHTOB MPH MOIIHBIX
IIa3MEHHO-ITYYKOBBIX TEIUIOBLIX HAarpy3kax 10 u 0osee 10 MBt/M?, B TOM uncie,
IIpU AYTOBBIX Iporeccax. i uccienoBanus B3aUMO/IECTBHS MIa3Ma-CTEHKA MPH
TaKuX ODKCTPEMAJIbHO BBICOKMX HArpy3kax HEO0OXOAMMBI  KOMILJIEKCHBIC
OJIHOBPEMEHHbBIEC U3MEPEHUS CBOMCTB NMPUIIOBEPXHOCTHON TYypOYJIEHTHOM IJIa3MBbl,
dopMupyromiel MOTOKM Ha MaTepual, U PETuCTpalusl TEIUIOBBIX MOTOKOB Ha
martepuai. g u3MepeHus ITUX XapaKTEepUCTUK ObUTa pazpaboTaHa AMArHOCTHUKA
Ha OCHOBE 30HIO0B JIEHIMIOpa, MUPOMETPUUYECKUX H3MEPEHUN M TEpMOIap s
WCIIOb30BAHUS TPU UCIBITAHUSAX BOJb(PPAMOBBIX MOIYJIEH TEIUIO3aIUTHON
0OJIMIIOBKYU AUBEPTOPA.

[IpuHIIMTIHANIBHASL CXE€Ma 30HI0BBIX U3MEPEHUN MPEACTABICHA HA PUCYHKE 1.
30H10Bas cOopka U3 4-X JEHTMIOPOBCKHUX 30HJIOB (PacCTOSHUE MEXy 30HIaMHU
ObUI0 3 MM) MOTpy’Kajach OBICTPHIM MAHUITYJISITOPOM TOMEPEK IJIa3MEHHOTO
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HMWINHAPUYECKOTO pa3psiaa B 00J1acTh Ha/l UCTIBITYEMbIM MOJTYJIEM TETLTIO3AIUTHON
oOnuIOBKU. B sKcnepuMeHTe ompeneseHO ONTUMajIbHOE BpeMs MNpeObIBaHUS
30HJIOB B ILIEHTPaJIbHOW O0OJACTH IUIa3MEHHOro paspsga - He Oonee 1,5 c.
BuyTtpennuii nmamerp — kamepsl yctaHoBku IIJIM - 150 mm, ammiutyna
MepeiBIKEHUsT 30HI0BOM cOopku - 110 mM. MakcumanpHass CKOPOCTh
nepeaBmwkKeHnst coopku 30HI0B mpeBbimaer 500 mm/c. Cuctema perucrpaiuu
CUTHaJla W cOopa JaHHBIX CO3JjaHa C MHCMOJb30BAaHUEM 3aMIOMHHAIOIIUX
ociutorpadgos Owon XDS3202a, no3BOJISIIOMINUX 3apETUCTPUPOBATh CUTHANBI B
gacTOTHOM auara3zone oT 1 ['ir no 1 MI'm.
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Pucynok 1 — CxemMa quarHoCTUKU MPUIIOBEPXHOCTHOM TUIa3Mbl, TYpOYJIEHTHOCTH
IIJIa3MBbl ¥ TEIJIOBBIX ITIOTOKOB

1- cOopka 30H110B, 2- UCTIBITYEMBII 0Opasell, 3-pa3psaHas kamepa, 4-mupoMeTp, S-
cunboH, 6 - cucTeMa MepeBMKEHUM, 7 -JTMHEUHBIM TPUBOJI, 8 - CEPBOINPUBOI,
9,10 - aBTOMaTHM4ecKas cucTema ympasieHus, 11 - mudpoBoi 3aITOMHHAOIITUAN
ocrmutorpad, 12 - u3MepuTenbHbIN MIYHT, 13 -UCTOYHUK TUTAHUS THATHOCTUKH.

Co3nmanHas JaWarHocTuka OblIa CMOHTHpPOBaHAa Ha YCOBEPIICHCTBOBAHHYIO
yctaHoBky IIJIM (pucynok 2). CurHam ¢ TepMmomnap, YCTaHOBJICHHBIX B
HCTIBITYEMOM MOJYJIe, PErUCTPUPOBAJICS MHOTOKaHAJbHOM CHCTEMOM cOopa H
00paboTKM JnaHHBIX. PacxoXIeHWe TOKa3aHWW TepMomap C IOKa3aHUSIMHU
nupoMeTpa He mpeBbimano 1 K mpu u3MepeHun temmeparypbl MOBEPXHOCTH.
IOctupoBka nupomeTpa mpoBOAMIACKE IO TEMIEpaType ruiaBiaeHus oyioa 232°C.
[IpoBeneHbl U3MEPEHUS XapPAKTEPUCTUK MPUITOBEPXHOCTHOM TJIa3Mbl U TEIUIOBBIX
MOTOKOB MpPH IUIA3MEHHBIX MCIHBITAHUSIX  TEIUIO3AIIUTHBIX  JUBEPTOPHBIX
0OJIUIIOBOYHBIX MOJTYJICH, U3TOTOBJIEHHBIX 10 TexHosoruu MTOP.
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Pucynok 2 — (a) Cucrema TuarHOCTHKHA Ha yCOBEPIICHCTBOBAHHOMW TUIa3MEHHOMU
yctanoBke [1JIM. (6) Maketr Boib(ppamMOBOro JUBEPTOPHOTO MOYJIs

BonbdpaMoBBIii TETUIO3aIIMTHBIA JAUBEPTOPHBIA MOIYJIb OBITI  HM3TOTOBJIEH W3
Bosbppama mMapku BM-II UTOP - Bocemb BOJIB(pPaMOBBIX IJIACTHH Pa3MepoOM
10x10%x8 MM, mpunasHHBIX K MEIHOW MOIJIOXKKEe pasmepoMm 20x20x42 Mm ¢
TpyOKoil TuameTpom 14 MM AJ1s TOAKITIOYEHUS CUCTEMBI OXJIAXKICHUSI, PUCYHOK 20.
W3mMepeHHBbIil TEMIOBOM MOTOK HA MOBEPXHOCTh MPH IUIA3MEHHBIX UCIBITAHUAX B
renuesoi miasme - 0,2-0,25 MBt1/M?.

B skcnepuMeHTax M3MEpUTEINbHBIE 30H/bl YCTAaHABINBAINCH HA PACCTOSTHUU OT 5
MM 110 70 MM 10 TIOBepXHOCTH BoJibPpamMoBoro Moxayis. Cucrema uU3MepeHus
MO3BOJISJIa 3aPETMCTPUPOBATh KOHLIEHTPALMIO IUIa3Mbl M MOTEHIMAN IUIa3Mbl B
30HE U3MEpeHus 30H10M. Ha TeHrMopoBCcKre 30H/1bl MojaBaics noreHuuan -100
BOJIBT  TPU H3MEPEHHMH  HOHHOTO TOKA HACBIIIEHUS (COOTBETCTBYIOIINMN
KOHIICHTPAILIMH TJIa3Mbl), PETUCTPUPOBAIUCH (PIIYKTyallMl CUTHAJA. AHAIU3 3TUX
CUTHAJIOB TO3BOJMJ TMOJYYUTh JIaHHBIE O XapaKTePUCTHKAX TypOyJIE€HTHOCTH
MIPUITOBEPXHOCTHOW IIa3Mbl. IloTeHIMaN mia3mMbl ONPEAENsUICS M0 U3MEPEHUSIM
IaBarolero noreHuuana. CpeaHeKBaJpaTUYHOE OTKIOHEHUE (UIyKTyauui
IUIABAIOLIEr0 MOTEHLHajda OT cpeaHero 3HayeHus Osuio 1,8 + 0,55 B.
OtHOcuTenbHBIN ypoBeHb pimykTyaruid 0,5 = 0,15. CriekTpsI 3aperucTprUpOBaHHBIX
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CUTHAJIOB Jexat B quana3one ot 1 1o 1000 xI'1, pucynok 3. CBolicTBa ¢urykTyanuit
3apEruCTPUPOBAHHBIX XapaKTEPUCTUK MPUITOBEPXHOCTHOM TUIa3Mbl YKa3bIBAIOT HA
IpeioBO-AUCCUMATUBHBIA TUI TYpOYJEHTHOCTH IUIa3Mbl, HaOIIOJaeMblii B
NPUCTEHOYHOM T1a3Me TOKaMaKOB. S

floating potential with laser.
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power law fit a=-1.8294
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Pucynok 3 — (a) - maBaromuii moTeHIana 30a1a. (0) - @ypbe-crexTp GayKTyarui

MOTEHIMANIa 30HJa, MOJArOHKA CHeKTpa (IIyHKTUpP) CTeHneHHOW ¢yHKuuen S~f2
a=1,83

[IpoBenensl  KOMOWHHUpPOBaHHBIE  WUCIBITAHHUA  BOJB(PPAMOBBIX  MAaKETOB

OOJIMIIOBKH JIMBEPTOPA IBYMsS THUIIAMHM Harpy3ok: Harpyskamu 0,5-1 MBT1/M> Ha

IJIA3MEHHOM CTE€HJIE B CTAIMOHAPHOM PEKHUME CyMMapHOM miuTenbHocTd S0

4acoB, Harpy3kaMu 70 50 MBT/M? Ha CTEHE C DIEKTPOHHBIM ITyYKOM.
[Ina3mMeHHbIE WCMBITAHUS MPOBOAWINCH MPU MNOJIJEpKKe [ ockopropamuun

"Pocatom" mpoekr Ne 223 EOTII-YTII 774/158-/1, CcHEKTpOCKOIMMYECKHUE

MCCIIEIOBAaHNUs ITapaMeTPOB IUIA3MBbI - IIpU nojaepxke rpanra PH® 21-79-10281,

OIICHKA paJnanuoHHBIX 3G (HeKkToB — mpu moanepxke rpanta PODU 19-29-02020,

PEHTIE€HOBCKUI aHallu3 — MpU NOAJAepKKe MUHUCTEPCTBA HAyKH W BBICIIETO

obpazoBanus PO (FSWF-2020-0023).

Cnucok ucnoJib30BAHHBIX HCTOYHHKOB

[1] bynaes B.I1. BAHT. Cep. Tepmosinepnsiii cuntes, 2015, 1. 38, Ne 4, c. 5.

[2] BynaeB B.I1. u ap. BAHT. Cep. Tepmosiaepnsiii cuntes, 2017. 1.40, No3. c¢.35.
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YCTAHOBKA JJ151 U3YUEHUSA B3AUMOJIEACTBUS IJIA3MBI C
MATEPUAJIAMH HA OCHOBE BY-UCTOYHHUKA I'EJIMKOHHOI'O
THUITA: IEPBBIE PE3YJIbTATHBI

HNcTouHnkn HU3KOTEMIEPATypHOM IIIa3Mbl B HACTOSIIEE BpPEMS IIUPOKO
MPUMEHSIOTCS B CaMbIX pPa3HOOOpPa3HBIX OOJIACTAX HAYKHM M TEXHUKH, WU
MIPOMBINIJIEHHOCTH: OBITOBOE TPUMEHEHHWE B KaueCTBE WCTOYHHUKOB CBETa;
MIPOU3BOJICTBO MUKPOIJICKTPOHUKH; IJTa3MEHHAss 00pabO0TKa MaTepUaioB; HAyYHbIE
HCCIIEIOBaHUs, TTOCBSIIEHHBIE PA3JIUYHBIM ACIEKTaM B3aMMOJICVCTBUS ILJIa3MBbI C
MaTepuaiaMd, B T.4. MNEPCHEKTUBHBIMU I NPUMEHECHUS B TEPMOSICPHOM
peakrope. I[lna3mMeHHbIE HCTOYHMKM OCHOBBIBAETCS HA PA3JIAYHBIX METOJAxX
MOHM3AIMN Ta3a: HOHU3ALHS MOJIEKYJ B TJICIOUIEM Ta30BOM pa3ps/c, MOHU3ALUA
raza DJJEKTPOHHBIM YJIapoM, BO30YyXKJeHHE BbICOKOoYacTOTHRIMU (BY) wu
cBepxBbicokoyacToTHbIMU (CBY) nctouHukamu Toka W T.4. s mpoBeneHus
MPUKJIaJHBIX UCCIIEAOBAHUM B 00JIACTH B3aUMOICUCTBHUS TIa3Mbl C TIOBEPXHOCTHIO
MPUMEHUTEIIBHO K 3aJa4aM TEPMOSACPHBIX YCTAaHOBOK HambOoOJee HHTEPECHBI
BBICOKOIIOTOYHBIE IUIA3MEHHBIE TEHEPATOPHI, UMUTHUPYIOLINE TIA3MEHHBIE ITOTOKU
CYLIECTBYIOLIUX U CTPOSIIUXCSI TEPMOSIAEPHBIX PEAKTOPOB.

K nepcrnexkTUBHOMY THUIy KOMIIAKTHBIX ILJIA3MEHHBIX MCTOYHUKOB JJIsI
HCCJIEOBAHUS B3aMMOJICHMCTBUS IUJIa3Mbl C MaTe€pUalaMH MOXHO oTHectn BU-
HWCTOYHUKMU IUIA3Mbl, B YACTHOCTU C UHIYKIHMOHHBIM PA3PsAIOM IE€IMKOHHOTO THUIIA.
JIOCTOMHCTBOM IMOJOOHBIX IUIA3MEHHBIX HMCTOYHHMKOB SBISETCA BO3MOXKHOCTH
BapbUPOBATH IJIOTHOCTH TJ1a3MbI (M, COOTBETCTBEHHO, TOTOKH IJIa3Mbl) B IIUPOKHUX
npenenax, a TakKXe OTCYTCTBHE JPOJAMPYIOIIMX B XOAE TOpPEHHUs paspsaa
3JIEKTPOAOB, YTO CYIIECTBEHHO BJIMSAET HA YMUCTOTY IUIa3Mbl. B Toxke Bpems,
YCTaHOBKH TAaKOT'0 THIIA, TO3BOJISIFOT JOCTUTATh TUIOTHOCTH IU1a3Mbl mopsaka 1017—
1019 M-3 1 O0TJIIMUAIOTCSI KOMIIAKTHOCTBIO.

B pabGore mpencraBieHb pe3yJdbTAaThl IPOCKTUPOBAHUS W CO3JAHUS
nabopaTtopHoOi skcnepumeHTanbHoi ycraHoBku ['TIM-2 Ha ocHoBe 13,56 MIn
TeJIMKOHHOTO MCTOYHMKA IIa3Mbl MOIITHOCTHIO 2 KBT. YcTaHoBKka npenaHazHauyeHa
JUI1 U3YYEHUSI B3aUMOJICMCTBUA TUIa3Mbl C TIEPCIEKTUBHBIMU JJI NTPUMEHECHUS B
TEPMOSIICPHBIX peakTopax wmarepuaiiamu. B paboTe Takke pacCMOTPEHBI
MEPCIEKTUBBI TAIBHEUIIIEN MOJCPHU3ALMN: YBEINYECHUE BBoAUMON BU-momHoCcTH
Y TIPUMEHEHHUE JOMOTHUTEIBHBIX MAarHUTHBIX Karymiek (10 0,3 Tn) nns co3ganus
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MarHuTHON (POKYCHPOBKH C II€JIbIO MOBBIIIEHUS TUIOTHOCTH TJIA3MEHHOTO MOTOKA.
B texymieit kondurypauu ycTaHOBKH B KauecTBEe pabOvero rasa MCIOIb3yIOTCsS
M30TOIBI BOJOPO/IA: MPOTUN WU JAEUTEpUil, B T.4. C BO3MOKHOCTBIO TOOABICHUS
MIpUMECeH — TelTisl, HEOHA WK apToHa.

B paGore Taxke mpUBEIEHBI TIIEpBBIC PE3YJIBTAThl DKCIIEPUMEHTOB C
M3MEPEHUEM BEIMYMH HOHHBIX TOKOB B 3aBUCHMOCTH OT BBe1¢HHOU BY MomHOCTH,
a TaKkXKe JaHHbIE, MOJIyYEHHbIE C ToMoIbl0 30HJ0B Jlenrmiopa. IlomyueHHbie
pe3yJIbTaThl MOJTBEPXKAAIOT BO3MOXKHOCTH pPa0OThl HCTOYHHMKA IIJIa3Mbl B
O’KHMJTa€MOM JIHAaITa30He TIOTHOCTeH moToka noHOB 1020—1022 nonoB/(c M2).

Orta paboTa Obula yacTUUHO mojaepxaHa PoccuiickuM HayuyHbIM QoHI0oM (Ne
18-72-10162).
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CUCTEMA BY-HAI'PEBA JIUIAA AOCTUKEHUSA TAPAMETPOB
IIJIASMbBI B YCTAHOBKE I1JIM-M

[Ina3menHas nuHeliHas marHutHas JsoBymka [IJIM-M mocrpoena na 6asze
uMmeronieiicss ycranopku I[IJIM (HUY «MOW») [1] ¢ uenpo MoaeaupoBaHUs
KpaeBOM MJIa3Mbl B TEPMOSIACPHBIX PEAKTOPaX, UCMBITAHUS OOPAIEHHBIX K IJIa3Me
BHYTPUKAMEPHBIX KOMIIOHEHTOB COOTBETCTBYIOIIEH HArpy3KOM, OXHIaeMOW B
TEPMOSIZIEPHOM pEaKTOpe W HU3Y4YeHHUs MpoOJieM B3aUMOJCUCTBUS TIIa3Mbl C
MOBEPXHOCTHIO, BKJIIOYas IIEPEHOC IPUMECEH, paclbUICHHE, COBMECTHOE
OCaXJICHUE, PEKPUCTALIN3AIMIO, U3MEHEHHUE MMOBEPXHOCTHBIX CI0€EB [2].

B nannoit pabore pa3paboTaHa m M3rOTOBJICHA cCUCTeMa cTarmoHapHoro BU-
HarpeBa C UCIOJIb30BAHUEM T€JIMKOHHOW aHTEHHBI JIJIsl MOBBIIICHUS IJIa3MEHHBIX
napameTpoB B ycraHoBke I[IJIM-M, KkoTopble CIIOCOOCTBYIOT 0OO€CIEYUTh
COOTBETCTBYIOIIME PEAKTOPHBIM IUIa3MEHHBIE HArpy3ku Ha marepuaiiel. Kpome
TOro, C TIOMOIIbIO JaHHOW cucTeMbl BU-HarpeBa OyayT NPOBOAUTHCS
HCCIIEIOBAaHUS BO3MOKHOCTHU MPUMEHEHHS T€IMKOHHOTO UCTOYHHMKA TUIa3Mbl IS
KOHJUIIMOHUPOBAHUS CTCHOK TOKaMaKa U B MJIA3MEHHBIX JIBUTATEISX.

Cucrema BUY-narpeBa COCTOUT U3 TEIMKOHHOHW AHTEHHBI, CHUCTEMBI
OXJAXJICHHSI, UCTOYHMKAa BY-muTaHus, CUCTEMBI COIJIACOBAHWS W MAarHUTHOM
cucteMbl (puc. 1). KBapieBoe CTEKJIO TOJIMIMHOW CTEHKM 3 MM M BHEIIHUM
TUaMeTpoM 75 MM IOMEIIAeTCs BHYTPh AHTEHHBI, YTOObI M30€XKaTh MPSIMOTO
KOHTAKTa MEXJy aHTCHHOW M IUIa3MOM. DHEprus MoOIIHOCThIO 110 4xBt n3 BU-
reHeparopa, rnmepeaacTcs B Iia3My 4epe3 KoaKCHaIbHBIN Kabenb mapkoi PK 50-7-
22; cucTeMy COIJIacOBaHMS W T'€JIMKOHHYIO aHTeHHY Ha dactote 27,12 MI'u. [ns
nepelaud MOIIHOCTM HM3BHE BHYTPEHHEW TE€IIMKOHHOW AHTEHHE HCIOJb30BAHBI
oxJiaxk1aembie BU-BakyyMHbBIE BBOJBI.
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Pucynok 1 — bnok-cxema ycranoBku [IJIM-M c cucremoii BU-Harpesa
IJ1a3MBbl. YKa3aHO I10JI0KEHUE BHYTPEHHEN I'eJIMKOHHON aHTEHHBI C BOJASHBIM
OXJIAKICHUEM.

['enukoHHas aHTeHHa (PUC. 2a) MOJIYBUHTOBOTO THNa uMeeT JuHy 100 MM u
BHYTPEHHUI AuameTp 78 MM, U3rOTOBJIEHA U3 MEIHON TPYyOKH JTuaMeTpoM 6 MM.
Jlnst obecriedeHrsT BO3MOXKHOCTH pPabOTHI cucTeMbl BU-HarpeBa mmasMbel B
CTAallMOHAPHOM PEXMME K aHTEHHE MOAKII0YAETC CUCTEMA BOISTHOTO OXJIAXKICHUS.

Cucrema cornacoBanusi (puc. 206) COCTOUT U3 JABYX BaKyyMHBIX MEPEMEHHBIX
KOHJICHCATOPOB HOMHHaIBbHOW eMKOCThio oT 20 mo 1000 nd. 3amada maHHOU
CUCTEMBI SIBJISIETCA TPUPABHEHUEM COIMPOTHUBJICHUS HArpy3kud (MHIYKTUBHOE
CONPOTHBIICHUE AHTEHHBI, AKTUBHOE COINPOTUBIIEHUE IJIa3Mbl) CONPOTUBIICHHUIO
reaepatopa (50 Om), 9TOOBI HCKITIOUUTH MOTEPh MOITHOCTH. JTa CUCTEMA JOJDKHA
oOecrnieunBaTh TapaHTUPOBAHHYIO pabOTy ¢ aKTUBHOW cocrtaBisoniein BY-
Harpy3k# oT ~ 1 10 50 OM u ¢ peakTuBHOM cocTasistouei ot j1 10 j250 Om.
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(6)
Pucynok 2 — (a) ®otorpadus U3roToBJICHHON T'eJIMKOHHON aHTEHHBI;
(0) ®oTtorpadus U3rOTOBIEHHON CUCTEMbI COTJIACOBAHMUSI.

Bakyymnas wu raszoBas cucrteMmbl ycraHoBku [IJIM-M  mosBossror
YCTaHABJIMBATh JIaBIICHUE B AKCIEPUMEHTAIBHON KamMepe B 3aJlaHHBIX Mpeaesax.
MuHUMaNbHOE JOCTHIHYTOE JaBjieHue B pabouedl kamepe 1:10* Ila, uyro
MOJTHOCTHIO 00€CIIeYrBaET PEKUMBI PaOOTHI TETMKOHHOTO pa3psija.

BaXHbIM TEXHUYECKUM JIIEMEHTOM, UCIOJB3yeMbIM B cucteMe BY-HarpeBa
IJ1a3Mbl TEJIMKOHHOTO THIA, SIBJISIETCS BHELIHEE CTAlMOHAPHOE MAarHUTHOE I10JIe
IapajuIeIbHOE OCH CUMMETPHH PA3PSAAHON KaMephl. DTO BHEIITHEE MATHUTHOE T10JIE
CHOCOOCTBYET yIEepXKaHUIO BHYTPH IUIa3Mbl 3apsyKEHHBIX YaCTHUI], BO30YKIEHUIO
ANEKTPOMArHUTHBIX TEIMKOHHBIX BOJIH, 3HEPrus KOTOPBIX MOXET MPOHHUKATh
BIUIyOb TUIa3MBbl U MOTJIONMIATHCS BO BCEM IIIA3MEHHOM O00BEME.

B ycranoske IIJIM-M, MarHuTHas cucreMa COCTOMT HUX JBYX 4YacCTeu:
MPOJ0JIbHOE MarHWTHOE T0JIe, CO3/JaBaeMoe Karymkoil ¢ TokoM j0 200 A, u
CHCTE€Ma PaJualIbHbIX MarHUTHBIX IOJIEH, KOTOPbIEe (POPMHUPYIOTCS MOCTOSHHBIMU
HEOJUMOBBIMU MarHutamu. B pesynbrate Qopmupyercss MyJIbTHKACIIOBas
KOH(UTypalys MarHUTHOTO TIOJIS - 8-TIOJIbHBIA MYJIbTUKACI, UMEIOILIETO 3HAaUEHHE
no 0,2 Tn B Kkacmax, KOTOpPOE YAOBIETBOPUT YCJIOBHIO BO30YKIEHUS
3JIEKTPOMArHUTHBIX TEJIMKOHHBIX BOJIH IpH yactore 27,12 MI'L.

Cucrema nauarHocTuku 1mia3mbl B yctaHoBke [IJIM-M Bkitouaer B cels
TpoitHOM 30HA JIeHrMiopa M CHCTEMY ONTHYECKOM CHEKTPOCKOIHMH BBICOKOTO
paszpelieHusl Ha OCHOBE MOHOXPOMAaTOp-CHeKTporpada.

Oxupmaercd, 4YTO CHUCTEMA MO3BOJIMT MOJIYYUTh IIJa3My, HMEIOLIYIO
snekTpoHHble Temneparypy Te 10 10 5B u mnotaocTs ne = (1-10)-10'° M~ npu
BEJIMYMHE MarHUTHOTO 1oJjist Ha ocH 10 0,03 T B crarimoHapHOM pexuMe padoThI.

OsxunaeMas IWIOTHOCTh TEIJIOBOIO MOTOKA HAa MOBEPXHOCTh, OOpPAIEHHYIO K
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miasMe - g0 10 MBr/M?> u Oojee, jgocturaemas B OKCIEPUMEHTAX C
JOTNIOJIHUTEIILHON HATPY3KOM € UCIOJIBb30BAHUEM J1a3epHOTo Komiuiekca [1JIM-M.

CHeKTpoCKONMMYECKOE UCCIIEI0BAHKUE BBITTOIHEHO MTPU (PUHAHCOBOM MOAEPIKKE
rpanta PH® 21-79-10281, ucneitanus matepuanoB Ha ycraHoBke [IJIM - mpu
noaaepxkke mpoekrta Ne 223 EOTII-YTII 774/158-J1 T'K «Pocatom» UY «Hayka u
WHHOBAllUM», AHAJIN3  MOBEPXHOCTHM MATEPUAIIOB IPOBEICH MPU MOAAECPKKE
MunuctepcTBa Hayku U Bbiciiero oopaszopanus PO (FSWF-2020-0023), ouenku

paguanioHHbIX 3P (GEKTOB MpOBEACHB TpH Tomajaepxkke rpanta PODU 19-29-
02020.

Cnucok ucnoJib30BaHHbIX HCTOYHUKOB

[1] bynaes B.IIL. u ap. [Inasmennas ycranoska [1JIM st ucnisitanuii Bosbgppama
MOIIIHBIMU CTallMOHAPHBIMU IJIA3MEHHO-TEIUIOBbIMU Harpy3kamu / SJAEPHAS
OU3UKA U UHXWHUPUHI'. —2018. —Ttom 9. - Ne 3. — C. 283-294.

[2] V. P. Budaev Stochastic clustering of material surface under high-heat plasma
load / Physics Letters A. —2017. —Vol. 381. — Ne 43. — pp. 3706-3713.

[3] Chen F. F. Helicon discharges and sources: a review / Plasma Sources Science
and Technology. —2015. — Vol. 24. — Ne 1. — pp. 1-25.

[4] Shunjiro S. Helicon high-density plasma sources: physics and applications /
Advances in Physics. —2018. — Vol. 3. — Ne 1. — pp. 185-220.
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HCCJIEJOBAHUE HPUMEHUMOCTH CIIJTABA-IIPHIIOSI TiZr4Be
JJIA TAUKU CAMOITACCUBHUPYIOLHIUXCA BOJIB®PAMOBBIX
CIINTABOB CO CTAJIBIO JIA TEPMOAIEPHOI'O PEAKTOPA DEMO

Tepmosinepusiii peaktop DEMO (DEMOnstration Power Plant) — 310
CHEAYIOIIUM IIar Ha IYTH K CO3JaHUI0 MPOMBILUIEHHOW TEPMOSIECPHOU
anekTpoctaniuu. [Ipoextst DEMO pa3pabaTsiBatoTCsi BO BCEM MUPE.

B kaxnoi u3 pazpabaTblBaeMbIX KOHUENIUN MPEAyCMaTpUBAETCS CO3/IaHUE
TaKOro Ba)XHOTO KOMITOHEHTA, KOTOPBIM SIBISIETCS YacThiO OJIaHKeTa, KakK mepBas
crenka (FW — First Wall), ocHoBHast hyHKITHS KOTOPOI 3aKJIFOYAETCA B TOM, UTOOBI
CIIOCOOCTBOBAaTh IMPOM3BOJACTBY DJIEKTPOIHEPTHMM 3a CYET MpeoOpa3oBaHUs
TEIUIOBOM SHEPIHM, MOJydaeMoil Omaromapsi MOTOKaM TeIla W3 IJIa3MEHHOTO
mHypa. Bce KoHIenumm mogpa3yMeBarOT —MCIOJB30BAaHHE B KadecTBE
KOHCTPYKIIMOHHOTO Marepuaia cTaiu (eppuTHO-MapTEHCUTHOTO Kiacca ¢
MMOHMKEHHOMW aKTHBAIIMEH, a MaTepuall, OOpaniEHHBIN K T1a3Me, OyAeT BOJIb(pam.

B cinyuae aBapum c moteperr temnonocurens (LOCA) ¢ oaHOBpeMEHHBIM
NOMNaJlaHuEM BO3JyXa B BaKyyMHYIO KaMmepy, IPOUCXOIUT OBICTPOE OKHCIIEHUE
BobpamMa U BBIOpOC paanoakTHBHBIX OkcuaoB (WO3) B armochepy. UToOsI
pPEIINTh JaHHYIO MpOOJEeMy YYEHbIE AKTUBHO pPAa3BUBAIOT CO3JaHHE YMHBIX
CIUIaBOB, B COCTaB KOTOPBIX KPOME BOJIb(pama Oy IyT BXOJAUTh TaKUE JIETUPYIOLINE
BJIEMEHTHl KAaK WTTPUW, LUPKOHUW M XpoM. B ciiydae aBapuu OpoOU30UAET
oOpa3zoBaHuEe CTAOWMIBHOM 3aIMTHOM IJIEHKM Ha IOBEPXHOCTU MaTepuana Ipu
BBICOKHX TeMIIepaTypax, KoTopas OyAeT MpeaoTBpaIiaTh 00pa3oBaHNE OKCHIA.

[Ipu co3znanny Mareprasa NepBoM CTEHKU BO3ZHHUKAET CI0KHOCTD IPU MPSIMOM
coelMHeHUU BojJb(ppama (BoJdb(PpaMOBOro CIuUlaBa) CO CTAJIbIO M3-3a OOJIBIION
pasHunibl B kod(dduimente tersioBoro pacmmpenus (KTP). [Ins momaBnenus
pasuuibl KTP 00bIYHO MCTIONB3YIOTCSA MPOMEKYTOUHBIE MPOCIONKH, TaKHE Kak
BAHAJW WA TaHTaJ, NPH OBTOM BBICOKOTEMIIEpAaTypHasi NalKa SBISETCA
MEepPCIIEKTUBHONM TexHosorue. B HacTosimiee Bpems OOJBIIMHCTBO padoT
IIOCBAIIICHO IIPUIIOSM Ha OCHOBE MEIM WM HHUKEIA, OJHAKO MX NPUMEHUMOCTH
OTpaHWYCHA W3-3a BBICOKOM OCTATOYHOM pagnoakTUBHOCTHU. [lo3TOMY B maHHOM
pabote ObLI UCIIOJIb30BaH ITOJIHOCTBIO MaJI0aKTUBUPYEMBbIN
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npunioit 48T1-48Zr-4Be mac.% (TiZr4Be). Temneparypa TutaBieHUsT JaHHOTO
MIPUIOS MO3BOJISIET COBMECTHUTD MPOLIECCHl Ak U TEPMOOOPAOOTKH CTaleH.

B paborte mpoBenena maiika Boibppamosix cmuiaBoB (WCrY u WCrZr) co
ctasamu  (epputHO-MapTeHcuTHOTO Kiacca Rusfer, Eurofer, mo pexumam
tepmoodpadoTku ctaneit (1100°C /60 munr +720°C /180 mmu, 980°C /30 MuH
+750°C /90 MHH) COOTBETCTBEHHO.

[Tassupbie coemunenust Rusfer/Ta/SA  u  Eurofer/Ta/SA, mnonydeHHblE C
ucrnonb3zoBanrem npunos TiZr4Be, XapakTepu3yloTcs OTCYTCTBHEM TPEILUH,
HecmiomHocte u mop. C momombio EDS aHanmuza ycTaHOBJIEHO CTPYKTYpPHO-
dazoBoe cocrosuue nasHpix MBOB Rusfer/ TiZr4Be /Ta u Eurofer/ TiZr4Be /Ta
UJICHTUYHBI: B IIIBaX 00pa3yoTcs TBEp/Ible UTII000pa3Hbie (Pa3bl HA OCHOBE TaHTAJIA
Ha ¢oHe (a3, COCTOSAIINX U3 KOMIIOHEHTOB MPHUIIOS U COSTUHSIEMBIX MaTepPHAIIOB.

B mBax WCrY/ TiZr4Be /Ta u WCrZr/ TiZr4Be /Ta oGpa3syrorcst ¢a3pl Ha
ocHoBe Ti, Taxke B mBe WCrZr/ TiZr4Be /Ta npoucxoaut obpa3oBanue (a3 Ha
OCHOBE BoJib(hpama.

Pa6ora BeinosiHeHa TipH nojaepkke IHpaymeHT @onga HUAY MUODU.
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O METO/IE DJIEKTPOHHO-JIYYEBOH HAIIJIABKH C
IMPUCAJIOYHOH ITPOBOJIOKO JIJISI U3TOTOBJIEHUS
OXJIAJKITAEMBIX BOJIb®PAMOBBIX MOJIYJIEN
TEIJIO3AIIIUTHOM OBJINIIOBKHU JIUBEPTOPA TOKAMAKA-
PEAKTOPA

Bonbpam wucnomwszyercs Ui U3TOTOBIEHUS  OOJIMIIOBKHM — MOJYyJeH
TEIJIo3alUTHON  oOnmuuoBku  auBepropa WTOP, paccmarpuBaercs s
W3TOTOBIICHUSI JUBEPTOPOB M MEPBOM CTEHKM TOKaMakoB-peaktopoB THUH wu
JEMO. JIns obecniedeHus OXJIAXACHUS 3TUX MOYJICH HCTIOIb3YIOTCS OPOH30BbIE
M MEIHBIE TIOJJIOKKH CIIO)KHOM KOHCTPYKIIMHM C TpyOKamMu OXJIaXKICHUSI.
CoenuHenne BOJIb(PaAMOBBIX IUIACTUH C TOJJIOKKAMU OCYIIECTBISIETCS CBApKOM,
TaKue CII0KHBIC MHOTO3JIEMEHTHBIE KOHCTPYKIIMH HE 00ECIIeUYNBAIOT ONITUMAITBHBIC
YCIIOBUS JKCIUTyaTalldd MOJYJIEH TEeIJIO3alllUTHON OOJMIIOBKH, OHU TPYJOEMKH
NpyA  U3rOTOBJIEHHUHM. [ly4ykoBBIE, TEIJIOBBIE, IUIA3MEHHBIE  HCHIBITAHUA
BOJIL()PAMOBBIX MOJyJIeH Harpy3kamu, oxugaeMbiMu B UTOP, mokazanu [1], uro
M3-32 BBICOKMX TpPaJUEHTOB TeMIepaTyp MHpH TEPMOLUUKINYECKUX Harpys3kax
BHYTpU BOJb(pPaMOBOM OOJIMIIOBKM, a TaKXKe Ha TpaHUIE KOHTAKTa C
TEIUIOOTBOSIIUMHM KOHCTPYKIIMSIMHA W3 OpOH3BI W MEAW BO3HUKAIOT BBICOKHE
OCTATOYHBIE HAIPSKEHUSI, KOTOPBIE BHICTYNAIOT KaK JABUKYINAS CUJIa 3apOKIACHUS
Y Pa3BUTHUS TPEILIHH [2], UTO SABIISIETCA PUCKOM pa3pyLICHUS MOYJIEN U MONaJaHus
B KaMepy BOJBI W3 pa3pylICHHBIX TPYOOK OXJaXIeHHWs. B 3Toil cBs3wm,
MEPCIIEKTUBHBIMU  SIBJISIFOTCS  TEXHOJIOTMM M3TOTOBJICHHSI ULEIBHBIX MOAYJIEH
JUBEPTOPHBIX TaHeNed U3 BoIb(paMOBBIX MaTepuasioB. IIpu 3ToMm cyiecTByer
MOTEHIIMAbHA BO3MOXKHOCTh C(POPMHUPOBATH TPATUEHTHYIO TPAHUIy B 30HE
KOHTAaKTa C OXJIAJAUTEJIeM B TpyOKe, YTO MO3BOJIMT CHU3HUTH KOHILIEHTPAILIMIO
HanpsDKeHU ¥ M30€KaTh paspylieHUd 10 TpaHWIE pas3jena B Mpolecce
AKCIUTyaTanuu [3].

OnHoMt M3 TakuX TEXHOJOTHM SBISETCS aIauThUBHOE (HopMOOOpa3oBaHUE.
Cpeny MHOTOYHCIICHHBIX IPOIIECCOB aIUTUBHOTO IMPOU3BOJICTBA HAMOOIBITUI
MPOrpecc AJOCTUTHYT B TEXHOJIOTHM CEJIEKTUBHOIO Jia3epHOro ruiaBieHus (SLM),
3aKJIFOYAIOIIEHCS B CIIEKAHUN MEJIKOJIUCIEPCHOTO MOPOIIKOBOIO METAILNINYECKOTO
Marepuaja ¢ momoIblo yasepa. [lo pesynbpraram ucciie10BaHUi OB BBISIBIICHBI
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OCHOBHBIE (PAKTOPbI, MPENATCTBYIOUIUE MOIYUYEHUIO KauyeCTBEHHOI'O MaTepuasia
nyTéM agauTuBHOro (QopmooOpazoanust [4, 5]. Bo-mepBeix, HU3Kadg
KHUIKOTEKYUeCTh BOJIb(Ppama, BHICOKAsSI BI3KOCTh B KUJIKOM COCTOSIHUM M BBICOKAs
CKOPOCTh KPHUCTAJUIM3ALMU MPUBOJAT K BBICOKOM MOPHUCTOCTH HAIUIABIEHHOTO
Marepuana. Bo-BTOphIX, BoJb)paM HHTEHCHUBHO OKHUCISETCS TMPU BBICOKHUX
TeMIeparypax, 4YTO TMPUBOJUT K 3arpsI3HCHUI0 TOBEPXHOCTHU, MOSBICHUIO
HECIUIaBICHUA W  TIOPUCTOCTH. B-TpeTbux, BombhpaM UMEET HHU3KYIO
IJIACTUYHOCTH, YTO MPUBOAUT TPEIIMHOOOPA30BAHUIO HA ATANaX KpUCTALTU3AIUN
Y TIOCJICYIOIIETO OXJIAXKIACHHS B TBEPIOH (aze.

Ha ceroansitinuii neHb MetojgoM SLM monydeHbl OTHOCHUTEIBHO HEIJIOXHUE
pe3yapTaThl — B HauOosiee YJayHbIX oO0pasliax MOPUCTOCTh BoJb(ppamMa He
MPEBBIIIAECT JIECATHIX JOJIEH MPOILIEHTa, a TPEUIMHBbI MPAKTUYECKH TOJHOCTHIO
OTCYTCTBYIOT [6]. BMecTe ¢ TeM, HEOOX0UMO MPUHUMATH BO BHUMaHUE TOT (axT,
YTO M3-3a HU3KOTO 3araca MIACTUYHOCTU HaJMYUe Ja)Ke TaKUX HE3HAYMTEIbHBIX
JUTs1 OOJTBITMHCTBA KOHCTPYKIIMOHHBIX MaTepHalIOB Ae()EKTOB B BUJE TOPUCTOCTH
WU pacTpeCKUBaHUsA, I BoJb(pama SBISETCS BeCbMa KPUTHYHBIM TIPU
BO3JIEHCTBUH SKCIUTYaTallMOHHBIX HArpy30K. B CBsA3U ¢ 3TUM, BOIPOC O MOBBIIIEHUH
KauecTBa BOJbGPAMOBBIX JeTaliel, TMOJy4yaeMbIX METOAaMH aJJUTUBHOTO
dbopMooOpa3zoBaHus, OCTAETCS OTKPHITHIM U aKTyaJbHBIM.

Jns  BoiabdpamMa  HCHOJIB30BAHHUE  TEXHOJOTUU  BJIEKTPOHHO-IYYEBOIO
crutaBienuss (EBM) sBrisercss mpeamnodTHTENbHBIM, TMOCKOJIBKY 00s3aTeIbHOe
HaJIM4YMe BaKyyMa IMO3BOJISET 3allIUTUTh HATPETHIN 1 pacIiyiaBiIeHHBINA BOJIb(Ppam oT
B3aUMOJICHCTBUS ¢ aTMoc(epoit (T.e. oT okucieHus). Pe3ynbTaThl mpuMeHEHUs
oTrpaboranHoil TexHosornn EBM mno3Bomwim monyduTh BOJb(paM C HHU3KOH
CTEIEHBIO MOPUCTOCTH U 0€3 BUIUMBIX TpelluH [7]. OgHOo#M U3 NPUYUH OTCYTCTBUS
CTaOMWIBLHOCTH TIpoliecca GopMooOpa30BaHUs 3arOTOBOK U3 BOJIb()pama SIBISIETCS
MCIT0JIb30BaHUE TOPOIIIKOB B KaUeCTBE MaTepuaia i (OPMUPOBAHMS 3arOTOBOK.
CyuiecTBeHHasi IUIONIAb IMOBEPXHOCTH MOPOIIKOBOTO CHIPHEBOTO Marepuasa
0o0yClaBIMBAaeT CHUXEHUWE YHCTOTHI Marepuaia (OPMUPYEMBIX W3ACIUN U
3aroTOBOK, YTO SBJIIETCS OCHOBHOM MPUYMHON 00pa30BaHMS MOPUCTOCTU U MOXKET
MPOBOIIMPOBATh TOSIBJICHUE TpemuH. B 3Toil CBs3W, OJHUM U3 CHOCOOOB
aJAIUTUBHOTO (HOPMOOOpA30BaHMsI, IOKA3aBIIMM CBOIO IEPCINEKTUBHOCTh Ha
pa3IMYHBIX MaTepuanax (puc. 1), AsBisieTcss METO JIEKTPOHHO-TY4€BOM HaAIJIABKU
C UCIIOJIb30BAHUEM MPUCATOYHON MPOBOJIOKH.

[Inomaas MOBEPXHOCTH OJHOTO KHJIOTpaMMa BOJIB(PAMOBOTO IOPOIIKA
dpakiueit 50 MM cocraBiser 6,234 M%, a OAHOrO KWjorpaMma IIPOBOJIOKH
nuameTpoMm 0,5 mm — 0,416 Mm%, Takum 06pa3oM, IEPEXO K IIPOBOIOYHOMY CHIPIO
MpPUBEACT K YMEHBIICHUIO IUIONIAIU TOBEPXHOCTH OoJiee yeM Ha nopsiaok. Kpome
TOTO, TPOBOJIOKA SIBISIETCS Oojee YyIOOHBIM ChIphEM: €€ MpoIle TOTOBUTH K
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HaIlJIaBKE, XPaHUTh U TPAHCIIOPTUPOBATH.

,it “’,lix

A Qummuu

Pucynoxk 1. [IpuMeHeHne 3MeKTPOHHO-TY4YEBOT0 aITUTUBHOTO OPMOOOPa30BAHHUS [T
MTOJTyYEHHUS 3aTOTOBOK M KOHCTPYKIIUHA U3 PA3IMYHBIX MaTEPHAIIOB: a — TeJIa BPAIIEHUS U3
cranu 3161, 0 — oOpazern Jy1si MEXaHMYECKUX UCTIBITaHui U3 ciiaBa BT6u

BBuny ¢dopmupoBaHus BBICOKOTO YPOBHS HANpPsDKEHUH B TOTYyYaeMbIX
3aroTOBKax W U3JENUAX 3a7adya OOECIEeUeHMs] TEXHOJOTMYECKON MPOYHOCTU
(hopMUPYEMBIX KOHCTPYKITUN CTOUT HanboJjee akTyanbHO. [10BBITIIEHNs CTOMKOCTH
NpPOTUB O0pa30BaHUS TPEUIMH MOXXHO JOOUTHCA 3a CUET JIETMPOBAaHUSA U
oOecriedeHus MPaBWIHLHOTO TEPMHUUECKOTO IUKJIA Ipu (POPMUPOBAHUU U3JIETUN U
3aroToBoK. [lmacTU4HOCTH BONbppamMa CHUIBHO 3aBUCHUT OT €ro YHUCTOTHI U
COCTOSIHMSI: TEMIIEpaTypa nepexoaa B xpynkoe coctosinue cocrasisier 300...400°C
st AeOpMUPOBAHHOTO TEXHUYECKOro BoJibppama U okojo 500°C — nmnd
pekpuctaimzoBaHHoro [8]. OTHOCHUTENBHOE YIJIMHEHHE TPU KOMHATHBIX
TeMIeparypax NpakTHYEeCKU paBHsETCS Hyxto, npu temneparype 1650°C — 49%
[8], a momyctumasi ctemeHb aedopMmaliuu npu ropsueid 00pabOTKe JaBiIEeHUEM
cocraBiusier 35% nmpu  1000°C [9]. Opnako, Temmeparypa Hadana
pekpucTauzanuu Boibdpama okono 1400°C, u HarpeB TEXHUIECKOTO BOJIbPpama
AIIEKTPOHHO-TTy4eBOM T1aBku (urictora 99,8 mac. %) Beime 1500°C mpuBoauT K
CHJIBHOMY pOCTY 3€pHa BCIEIACTBHE COOMpPATENbHOW peKpucTamm3anuu [8].
PexpucTamm3aimoHHBI OTXKUT PE3KO YXYyAIIAeT IUIACTUYHOCTh BoJb(pama u
MOBBIIIAET TEMIIEpaTypy nepexozaa B xpynkoe cocrosinue [10]. Takum obpazom, B
MpPOIIECCE TMOCTPOCHUS KOHCTPYKIMSl JIOJDKHA HAaXOAMWThCS MpPU TeMIepaType,
o0OecrneunBaroleld BHICOKYIO IJIACTUYHOCTh METaIa, TPU KOTOPOIl HE TPOUCXOIUT
pocta 3epHa. Mcnosb3oBaHME MOCTOSHHOTO TOJOTPEBa M3JEINI M 3arOTOBOK B

144



untepane temmeparyp 1200...1400°C B mporecce ux (OpMHUPOBAHUS MOKET
obecreunTh JOMYCTUMBIA TepMoaehOpPMAIIMOHHBIN peXuM 0e3 00pa3zoBaHUs
TpenuH. Jlnms  3Toro HeoOXomuMo  pa3pabaThiBaTh  CHEIUATU3MPOBAHHOE
o0opyZ0BaHHe, TO3BOJIAIONIEE MPOU3BOJIUTHL HArpeB B BaKyyMHOH Kamepe 0
TpeOyeMbIX TemmepaTryp, CICIHATU3UPOBAHHYI0 OCHACTKY [UIS  IOJauu
MIPOBOJIOYHOTO CBHIPHEBOTO MaTepHalia B YCIOBUSX HWHTEHCHUBHOTO TEIUIOBOTO
OOJy4eHHsST W3 30HBI TOCTPOCHHS, W KOHCTPYKIIMIO MHOTOCIOWHBIX TEIUIOBBIX
DKPAHOB JUIsI 3aIUTHI AJIEKTPOHHOW TMYIIKH, TPHBOJOB M BHYTPUKAMEPHOTO
000pyIOBaHUS OT HHTEHCUBHOTO TEIUIOBOTO M3JIyYCHUSI.

DNEKTPOHHO-JIyYeBOE aJJIUTUBHOE (POPMOOOpa30oBaHUE C MPOBOJIOYHBIM
CBIPBEBBIM MaTepHaJIOM IMO3BOJSET (OPMHUPOBATH MaTepHal C 3aJaHHBIM
XUMHUYECKHUM COCTAaBOM in Situ W3 HECKOJBKUX MpoBOJIOK [11], B ToM uwmcie
IPAAVCHTHBIX MAaTePUAIIOB — C IUIABHBIM, PETYJIUPYEMBbIM HW3MEHEHHEM
xumuueckoro cocrara [12, 13]. [IpuMeHeHHEe TaKMX TEXHOJOTHU MEPCIEKTUBHO
IUIE WM3TOTOBJICHHS OXJIAXKTAEMbIX BOJIB(PPAMOBBIX MOJIYJIEH TETUIO3AIIUTHOM
OOJUIIOBKY AUBEPTOPA TOKAMaKa-peaKkTopa 13 BOJb(ppaMa 1 ero CIjIaBoB.

Pa6oTa yactTuyHo noaaep:kaHa npoektom Ne 223 EOTII-YTII 774 /158-/1
'K «Pocatom» YY «Hayka v wHHOBamyu» U MUHUCTEPCTBOM HAyKU U
BbIcuIero oopasoBanusa PO (FSWF-2020-0023).
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