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—Kinetics and thermodynamics of the interaction of hydrogen isotopes with
solids, including the effects of radiogenic helium.

—Mechanical properties and structural transformations of structural materials
in a hydrogen environment.

— Hydrides and hydride transformations.

— Equipment and research methods.



HNPEJUCJIOBUE

B 2022 roxy mer mpoBomumM yxe 15-yro MexnyHaponayto [komy mo te-
Matuke «B3anMoseiicTBie H30TOMOB BOIOPOAA C KOHCTPYKIIHOHHBIMU MaTEepH-
amamu. IHISM Junior». Creryet 0oTMETHTD, 4TO peUIeHHEe O MPOBeIeHUH Mex-
nyHapoaHo# IlIkoner 66u10 npunsaTo B 2004 roxy B r. CapoB B xone Broporo
MEXXAYHapOJHOTO CEMHHApa ¢ OJHOMMEHHBIM HazBaHHeM. [lepBrie MexayHa-
poausie Hkomnsr IHISM Junior 6 ipoBesenst B 2005 u 2006 rogax Ha 6ase
yueOHOro 1eHTpa «Yposepo» Kapenbckoro I'ocyaapcTBeHHOTO yHUBEpCHTETa
nioxt [etpozaBoackom (mpeceatesb JOKAIFHOTO OpPraHU3aHOHHOTO KOMHUTETA
npocteccop 0. B. 3anka) u cTranu oueHb MOMYJSPHBI B CPEEC MOJOMIBIX yde-
HBIX, 3aHUMarOIuXCcs BogopoaHoi Tematukoi. C 2008 roma IIkona HOCHT UMsT
BEJIMKOTO YYEHOTO U OpraHu3aropa, npodeccopa Cankr-Ilerepbyprckoro INoc-
ynapcTBeHHoro yHuBepcurera A. A. KypIiomoBa, CTOSBIIEr0 y HCTOKOB €€
oprannzanyu. OUKcHpoBaHHOTO MecTa npoBeneHns Llkonsl He cymecTByeT —
ee OpraHu3aTopaMu cpa3y >ke ObLI BHIOpAaH NMEepeIBIKHON CTHIIb MPOBEICHUS
lkonsl. 3a 310 Bpems lllkona mposoxunack: B Ilerpo3aBoncke (2005, 2006
u 2016 rr.), B Cankr-IlerepOypre (2007 r.), Ha Teroxoae «['eopruit XKykos»
(2008 u 2012 1.), B Capose (2009, 20014 u 2019 rr.), B Boponexe (2010 r.),
B 3Benuropoze (2011 r.), 8 Mockse (2015 r.), IIporsuno (2017 r.) u T'atunne
(2021 1).

Ha 15-it Mexxnynaponnoii [llkone «B3zaumozeiicTBue H30TOMOB BOJOPOIa
€ KOHCTPYKIIMOHHBIMA Matepranamu. |HISM 22 Junior» 6yayT npezcTaBieHsl
o0meoOpa3oBaTeNibHBIE M CIEHMUANbHBIE JIEKIUM BEIYIIUX CIEIHAINCTOB,
a TaKkXKe JOKJIaJbl MOJIOJIBIX YUEHBIX MO IIUPOKOMY KPYTy BONPOCOB, CBSI3aH-
HBIX ¢ TeMaTukoil II1konsl.

OprkomureTr Onarogapur 3a IOMOINb B OpPraHU3alMK KOH(EpeHIHH
U cnoHcopckyro nogaepxkky OI'YII «POAI-BHUUIDD» u T'ockopnopanuio
«Pocatom», HanuoHanbuelii neHtp ¢usnku u matematuku (HIIDOM), HUL]
«KypuaroBckuit nHcTUTYT», CaHKT — [leTepOyprckuil MHCTUTYT siiepHOU (u-
suku (HULL «Kypuarosckuii uactuTyT — [TUSD») 32 akTHBHOE yd4acThe B Op-
ranuzauuu 1Ikossl.

XKemaem Bam ycmemrHoil miuogoTBOpHOH pabOTHl, MHTEPECHBIX BCTPEY,
MPUSITHOTO M MOJIE3HOTO OOLICHUS.

OprkoMuTeT
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FOREWORD

In 2022, The International school for young scientists «Interaction of Hy-
drogen Isotopes with Structural Materials. IHISM Junior» is already held
for the 15™ time.

It should be noted that the decision to hold the International school was
made in 2004 in Sarov during the Second International Seminar of the same
name. The first IHISM Junior International Schools were held in 2005 and
2006 on the basis of «Urozero» training center of Karelian State University
near Petrozavodsk (chairman of the local organizing committee Professor
Yu. V. Zaika) and became very popular among young scientists engaged in
hydrogen topics. Since 2008, the School has been named after the great scien-
tist and organizer Professor of St. Petersburg State University A. A. Kurdyu-
mov being the institutor of its organization. There is no fixed location to hold
the School - its organizers immediately chose the mobile style of holding the
School. Over this period, the School was held: in Petrozavodsk (2005, 2006 and
2016), in Saint-Petersburg (2007), on the motor ship «Georgy Zhukov» (2008
and 2012), in Sarov (2009, 20014 and 2019), in Voronezh (2010), in Zvenigo-
rod (2011), in Moscow (2015), in Protvino (2017) and in Gatchina (2021).

General and special lectures of leading specialists, as well as reports
of young scientists on wide range of topics of the School will be presented
at the 15" «Interaction of Hydrogen Isotopes with Structural Materials. IHISM
Junior» International School.

The organizing committee thanks FSUE «RFNC-VNIIEF» and Rosatom
State Corporation, the National Center for Physics and Mathematics (NCPM),
National Research Center «Kurchatov Institute», Saint-Petersburg Institute of
nuclear physics (NRC «Kurchatov Institute») for the assistance in organizing
the conference and sponsorship support.

We wish you every success and efficient work, exciting meetings, pleasant
and useful communications.

Organizing Committee



COJEPXAHHUE
CONTENTS

OoweobpazosamenvHbie J1eKyuu
General lectures

Al. FOxumuyx A. A.

Hayunas nporpamma npoekra «®u3rka ©30TOIOB BOJAOPOIa»

HAITMOHATILHOTO MEHTPA (DU3UKU U MATEMATHKH ... ee' e vveeneeneeenaenennenes 24
Yukhimchuk 4. 4.

Scientific program of the «hydrogen isotopes physics» project

of the national center for physics and mathematics ................coeevvennnen 25
A2. Kymeeg b. B.

Bonpmoii cpeiB B TOKaMakax: (U3WKa U TEXHOJIOTHU CMATYCHUS

B oY1 (=1 (N = 7 1 27
Kuteev B. V.

Disruption in tokamaks: physics and mitigation technologies ................ 27
A3. Kopobyes C. B.

BOOPOTHAS SHEPTETHKA .. v+t vevteeas veeeeeae vt eneeneenenaenseeeaseeeeneenens 28
Korobtsev S V.

Hydrogen ENEIgY ... et e e e e e 28
A4. Boponun B. B.

PEaKTOPHBIN KOMIITEKC TIHIK .. vveuenenteneeeetneenennnenaennenane e eneennes 29

1. Kunemuxa u mepmoounamuKka 63aumooeiicmeus

U30MON0E8 6000pP00A C MEEPOLIMU MeNAMU, 6KAI0YaAs I hexmbl
paouozennozo zenus

1. Kinetics and thermodynamics of the interaction of hydrogen isotopes
with solids, including the effects of radiogenic helium

B1l. /lenucos E.

MCTOJII)I OINPCACIICHUA COACPKAHUA U MOJABMKHOCTU BOAOpOAA

B MATCPHATIAX .+ e vee vreenvenvenaennen et ene eae ses e en e en it en e e tne tnesenenen e e 32
Denisov E.

The methods for determining the hydrogen content and mobility

N MALEITALS .« et e e e e e e 33



12

B2. I'onybesa A. B.
BzaunmoelicTBre H30TOIIOB BOZOPO/IA C MaTepHaiaMu

TEPMOSIICPHBIX PEAKTOPOB ... teeueautaneenententaneetnetaeeneesaennenaaeeeens 35
Golubeva A. V.
Hydrogen isotopes interaction with materials of fusion reactors .............. 36

B3. Kpam C. A., Bacuna A. A., puwesuyvin A. C., Ilonkos A. C.,

Tacnapan 0. M., Ilucapes A. A.

Coneprxanue eiiTepus B COOCAKICHHBIX U3 IUIa3MBbl JINTHEBBIX CIIOSX

U CTIOCOOBI €T0 yIaJICHUS U3 HUX . . e, 38
Krat S A, Vasina Ya. A,, PrlshwtwnA S PopkovA S

Gasparyan Yu. M., Pisarev A. A.

Deuterium accumulation and removal from Li-D co-deposited layers ....... 40

B4. 3auxa FO. B.

OueHka rmapameTpoB OBICTPOH BOJIOPOAOIIPOHHUIIAEMOCTH ciiaBa Bl

B OKCHEPUMEHTE TPOMHOTO HPOPBIBA ...vviviiiiiiisiie st st 42
Zaika Yu. V.

A estimation of the quick hydrogen permeability parameters

for B1-alloy in triple breakthrough experiment ... 42

C1. Ackepbexos C. K., Kynocapmos T. B., 3aypbexosa K. A.,

TI'opouenxo IO. H., [lonkpamos IO. B.

Pe3ynbTaThl peakTOPHOTO SKCIIEPUMEHTA TI0 UCCIICTIOBAHUIO MTAPaMETPOB
B3aUMOJIEHCTBUS U30TOMOB BogopoAa ¢ utueBor KIIC ...................... 43
Askerbekov S K., Kulsartov T. V., Zaurbekova Zh. A., Gordienko Yu. N.,
Ponkratov Yu. V.

Results of the reactor experiment to study the interaction parameters

of hydrogen isotopes with lithium CPS ... 44

C2. Kynaeun B. B., I'acnapsan 10. M.

MonenupoBaHue J1a3epHO-HHIYIUPOBAHHON NecOpOIIH BOIOPOIa

C TTOBEPXHOCTH BOJIBMPAMA U OCPHILIHS ..vvvevve et eneneie eaee e vennenes 46
Kulagin V. V., Gasparyan Yu. M.

Simulation of laser-induced desorption of hydrogen from tungsten

and beryllium SUrfaCes .......o.viii i 47

C3. Angpumosa T. A., I'onybesa A. B.

W3oronHblit 3¢ ekt npu B3anMoaeHCTBUI BOIOPOIA

cmarepuanaMu TAP ... 49
Anfimova T., Golubeva A.

Isotope effect in the interaction of hydrogen with fusion

FEACTOr MALEIIAlS .. .\ ee et et e e e e e 50



13

C4. ®egpenosa E. A., Kpam C. A., l'acnapsn FO. M., E¢pumos B. C.,
3apunosa M. M., Hcaenxosa M. I'., Ilucapes A. A.

BJ'II/ISIHI/IC TCJINS HAa HAKOIIJICHHUC BO}IOpO}Ia B OCAXKXICHHBIX M3 IIJIa3MBbI

D103 1011) 01 (0):3:8 0. Qo1 (0 . QP
Fefelova E. A., Krat S A., Gasparyan Yu. M., Efimov V. S,

Zaripova M. M., Isaenkova M. G., Pisarev A. A.

Effect of helium on the accumulation of deuterium in co-deposited
TUNGSTEN LAYEIS L. ve et e et e e et e e e e e e e e e e
C5. boobwipy H. I1., Angpumosa T. A., [yeun J[. C., Koznoe /. A.,
Poszenkesuu M. b.

HccnenoBanue n30TonHOr0 oOMeHa Bojopoaa B 6ponsze CUCrzZr ...............
Bobyr N., Anfimova T., Dugin D., KoZlov D., Rozenkevich M.

Investigation of the hydrogen isotopic exchange in bronze CuCrZr .........
C6. I'paues B. A., boicmposa O. C., Casonos A. b.

Bxiag rormnsa BBOP B Hakomnenune H-3 B TemioHocuree

§10S70):10) WO T8 (V) ¢ 017 o T
Grachev V. A., Bystrova O. S,, Sazonov A. B.

The contribution of VVER fuel to the accumulation of H-3

in the primary CoOlant ...........ouii i e e e

C7. Axanos A. M., Aumxynos M. T., Illlatimepoenos A. A.,

Kyavcapmos T. B., Ackepbexog C. K.

l"azoBEIEIeHUE TPUTHS U3 OTHO(A3ZHOH TUTHEBOH KePaMHUKH

IIPH BEICOKOTEMIICPATYPHOM HEHTPOHHOM OOTyICHUHU

BpeakTope BBP-K ...
Akhanov A. M., Aitkulov M. T., Shaimerdenov A. A., Kulsartov T. V.,
Askerbekov S K.

Gas release of tritium from single-phase lithium ceramics during
high-temperature neutron irradiation in a WWR-K reactor ..........c.c.ccoceennee.

C8. ITusenv B. A., Cuoopos H. U., I'abuc U. E., lllunanos B. U.
HpOHI/IHaeMOCTB BOJIOPO/Jia CKBO3b CIIJIaBbl HA OCHOBEC MaJLIaIusd

%00 5721 - 110 &
Piven V. A., Sdorov N. |., Gabis|. E., Shipalov V. I.

Permeability of hydrogen through palladium

and vanadium-based alloys ..........cooiiii i
C9. Kyszenog C. P., Anumos B. H., Bycuwox A. O., JTluewuy A. U.,
Ilepeoucmos E. IO.

Tpancnopt Bogopoaa uepe3d OLIK-crmaBbr V-Fe ..........coooviiiiininnnn.
Kuzenov S. R, Alimov V. N., Busnyuk A. O., Peredistov E. U., LivshitsA. I.
The hydrogen transport through the BCC-Fe alloys .............c.cooeeenin.

52

55

58

59

61

63

65

66

67

68



14

C10. [emuoos /. H., Boowvips H. I1., Ananves C. C.

Omnpenenenne SHepreTHIecKuX 1 AU (Hy3HOHHBIX TapaMeTPOB
B3aUMO/JIeHCcTBHA BoOpoa ¢ ioBymkamu B OLIK W:

AQHATU3 TEPMOIECOPOIIMOHHBIX CTIEKTPOB ... vt venaesven eueeneentennennenaennens 74
Demidov D., Ananiev S, Bobyr N.

Determination of energy and diffusion parameters of interaction

of hydrogen with traps in BCC W: analysis of thermal

0 [=Ro oL o N o3 1 - SRS 75

C11. Monouaes A. C., I'onybesa A. B., [ pawun C. A.

I'padur SIGRAFINE kak obparieHHbii k miasme matepuan T-15M/T ......
Molochaev Ya. S, Golubeva A. V., Grashin S A.

SIGRAFINE graphite as plasma facing material T-15MD ..................... 8

C12. [iyeun /]. C., bobwips H. I1., Yepxes /. U., Koznog . A.

OcobeHHocTr nepecyera MoKa3aHui MaccC-CIICKTPOMETPOB

B OKCIICPUMCEHTAX I10 TepMoz[ecop6uI/m H30TOIIOB BOAOpOaa

B a0COJIFOTHBIC BEJTMUMHBI TA30BBIX TIOTOKOB ...evvererireesreeersseeessessessseesseseesses 80
Dugin D. S, Bobyr N. P., Cherkez D. |., KoZlov D. A.

Peculiarities of recalculation of readings of mass spectrometers

in experiments on thermal desorption of hydrogen isotopes

into absolute values of gas flOWS ..........ccoooeiiii i 82

C13. hobuipv H. I1., [{yeun /]. C., Koznoe []. A., @eoun I1. A.

HUccnenosanue 3axsara neiirepus B craau DK 181 B npucyrcrBun

b1 (SIS QN0 : T o3y 0 44 4 ) S 84
Bobyr N., Dugin D., KoZlov D., Fedin P.

Investigation of the deuterium retention in EK 181 in presense

of structural defeCts ........coorie i 86

C14. Xeocmog P. I1., Llxypvieun J]. M., ['onybesa A. B.

Mertonka UcciaeI0BaHus BOJIOPOAO-TIPOHUIIAEMOCTH MeMOpaH

TIPH B3AUMOCHACTBUMT C TABOM ...tvuaneneeneaneue eneeneenenennenrenenseaeeneenens 88
Khvostov R. P., Shkurygin D. M., Golubeva A. V.

Methodology of studying the hydrogen permeabilityof membranes

at interaction With gas ..........oo i 89

C15. Cmenanos H. O., Yepxes /. U.

BuusiHue rpaauvieHTa TeMneparypbl Ha TPAaHCIIOPTHBIE ITapaMeTPhl

n“30TOMOB BOIOPpoa B cTamd YC-68 ..o, 91
Sepanov N. O., Cherkez D. I.

Influence of temperature gradient on transportation parameters

of hydrogen isotopes in the ChS-68 steel ...........ccooviiiiiiiiiii 94



15

C16. Ilocmuukog A. FO., Llapes M. B., 3abasun E. B., Cucses A. B.,

Cumanog B. A., [lonosunkun I1. E., Moxkpywun B. B., 3a6poouna O. FO.,
Lapesa U. A., Cenesnesa A. J]., Cknsposa H. A.

W3ydeHue CBOMCTB aIFOMOCHIMKATHBIX MUKpOChep u OleHKa

ko3¢ punreHTa MPOHUIIAEMOCTH CTEHOK TIO T€JIUI0 U BOJOPOY «..vvvevnen-.. 97
Postnikov 4. Yu., Tsarev M. V., Zabavin E. V., Ssyaev 4. V.,

Smanov V. 4., Polovinkin P. E., Mokrushin V. V., Zabrodina O. Yu.,

Tsareval. A., Sdlemeva A. D., lyarova N. 4.

Investigation of properties of aluminum silicate microspheres

and evaluation of the permeability coefficient of the walls

for helium and hydrogen ...........ooo i, 99

2. MexanuuecKkue ceoticmea u cmpyKkmypHbole npeepaujeHus
KOHCHPYKYUOHHBIX MAMEPUAI0E 8 CPede 8000P00a

2. Mechanical properties and structural transformations

of structural materialsin a hydrogen environment

B5. Beepamberos JI. b., 3axapoe A. M., Ilynmaxoe H. A.

PasBurne CTPYKTYP KOHYCOB UM BUCKCPOB Ha MOBCPXHOCTAX TBEPABIX TECJI
IIpY HOHHOM OOJIYYCHUH ... .... cereeneneseenenneenienneens 102
Begrambekov L. B., ZakharovA M Puntakov N A

Development of structures of cones and whiskers on the surfaces

of solids under ion irradiation .............cooiiii i 103

B6. Yykanos A. H., , Cepeees A. H., Tepéwun B. A.,

T6030e6 A. E., Axosenko 4. A.

TCpMOI[I/IHaMI/IKa ACCTPYKIUHA U JIOKAJIBHOTO 06€3yrﬂepO)KI/IBaHI/IH cTaneu

B XOJI€ BOTOPOIHOM CTPECC-KOPPOBHH .. vvsvvsvvsvensensansnnsensensnnsensnnsnnns 104
Chukanov A. N., Sergeev A. N., Tereshin V. A,

Gvozdev A. E., Yakovenko A. A.

Thermodynamics of destruction and local decarburization steels during
hydrOgen SErESS COMTOSION ... .. .. .ee e eeeeeeeeee e e et e e e e e eeeee e 106

B7. Cenesenes A. A.

OCHOBEI MOJICKYJIAPHO-AUHAMHNYCCKOTO MOJACTINPOBAHUA CBOWCTB
KOH/ICHCHUPOBAHHBIX MATEPUATIOB ... .eteieintsaneineias iaeassassaaienae e easns 108
Selezenev 4. A.

Fundamentals of molecular-dynamic simulation of condensed

MaterialS PrOPErties ... ... ..o e it e e e e e e e 110



16

C17. Anvruesa A. B., boiiyos U.E., Kazumos M. B., Manxose H. JI.,

Lllesnun E. B.

I/ICCJ'IGJZ[OBaHI/Ie KPaTKOBPEMCHHOT'O BJIMAHUA BOAOPOJa BEICOKOT'O

JIaBJICHUS HA MEXaHUYECKUE CBOMCTBA U CTPYKTYPY TUTAHOBOTO

CIIABA BT 20 ... e e e e 112
Yalysheva 4. V., Boytsov I. E., Kazimov M. V., Malkov I. L., Shevnin E. V.
Investigation of short-term influence of high pressure on mechanical

properties and structure of BT20 titanium alloy .............cccovveiie v, 113

3. Tuopuost u zudpuonsie npespauienus
3. Hydrides and hydride transformation

B8. Heyxuna O. B., Komosa O. B.

T'unpuabl 60pa Kak SFHEPTOEMKHIE MATEPHATIBT «..uvvvesvrnern vt eneenennnnennenes 116
Netskina O. V., Komova O. V.
Boron hydride as energy-rich materials ...........cocoovviiviiiiiii i s 118

B9. Mycsies P. K.
MeTaoruApuIHbIE TOPOIIKOBBIE MaTEPUAIIBI B 3KCIIEPUMEHTAIBHOM

¢usrke. OCOOEHHOCTH HOATOTOBKU M HIPUMEHEHUS ...vvv v venvearnenne s, 120
Musyaev R. K.

Metal hydride powder materials in experimental physics.

Features of preparation and application ..............cocooiviiiii i, 121
B10. Iucapes A. A.

TOHKHUE IICHKH JUTST XPAHCHUS BOJOPOIA v vevvevnevneaunaenaennannaneneeneanns 123
Pisarev A. A.

A thin films for hydrogen storage ..........co.oooiiiiii i, 123

B11. l'onyoros A. H., Mankos H. JI.

HccnenoBanue cBOWCTB TMAPUIOB METAIIIIOB

TIPY BBICOKUX JABICHUAX BOJOPOMA v vreneneenneneneannnnsennenansenenenanens 124
Golubkov 4. N., Malkov I. L.

Investigation of metal hydrides properties at high pressures of hydrogen ... 125

B12. Mumpoxun C. B., I[Ipoxopenxos M. A.

Craructuyeckas IMMPOTHOCTUYIECCKAA MOAECIb n01160pa COCTaBOB
BOJOPOIOTIOTIIOMIAONITUX CIITABOB (Pa3bl JIABECA .. v vvvveiiiiiiii e 126
Mitrokhin S. V., Prokhorenkov M. A.

Statistical forecast model for tailoring Laves phase hydrogen

absorbing alloys COmMPOSItIONS ........vie e e e e, 127



17

C18. Dnoman P. P., Kyouspos B. H., Kypowomos H. E., Ilywununa H. C.
MozenupoBaHue TEIJIONEPEHOCa B CUCTEMAX METAIIOTUAPHTHOTO

Dq0r:1: (213178 00100 (07510 ) t- R VPPN 128
Elman R. R, Kudiiarov V. N., Kurdyumov N. E., Pushilina N. S,
Simulation of heat transfer in metal-hydrides storage system ................. 129

C19. Comkuna E. B., Benosa FO. C., Tapacos A. A., ['openos A. M.

AHanu3 nporecca BaKyyMHO-TEPMHUYECKOH 00pabOTKH MPECCOBaHHBIX
00PA3IIOB W3 THAPHIA JIATHIST - .« evvneentueeunten tennen e e eneeneeeaennennenenes 131
Somkina E. V., Belova Yu. S, Tarasov A. A,, Gorelov A. M.

A review of vacuum-thermal treatment of pressed lithium

hydride SPECIMENS ... .. e 132

C20. Kypckuii P. A., 3abycos O. O., Poxckos A. B.

®opMHpOBaHUE CTPYKTYPHI THAPHUIOB B 000JI0YKaX TBAIJIOB

B YCJIOBHSIX CYXOI0 XpaHeHHs oTpaboTrasiero saeproro tormusa (OAT) ... 133
Kurskiy R. A., Zabusov O. O., Rozhkov A. V.

Hydride structure formation in fuel claddings under dry storage conditions

of the spent nuclear fuel (SNF) .......ooiiiiiii i, 134
C21. Ilpoxopenros M. A., Mumpoxun C. B., Mosnaes 3. A.

T'unpuaer UMC ¢a3 JlaBeca ¢ BEICOKHM JIaBICHHUEM TUCCOIMAINH .......... 136
Prokhorenkov M. A., Mitrokhin S. V., Movlaev E. A.

IMC hydrides of Laves phases with high dissociation pressure ............... 137

C22. Kypeanckas A. A., Tepéwuna U. C., Bepbeyxuii B. H.

Bimsune TUAPUPOBAHUSA HAa MAarHUTHBIC U MAarHUTOKAJIOPUYCCKHUC

cBorictBa cucteM RNi (R=Gd, Th) ..o, 139
Kurganskaya A. A., Tereshina |. S, Verbetsky V. N.

The influence of hydrogenation on magnetic and magnetocaloric

properties of RNi (R = Gd, Th) SYStEMS .......cvuieieiiiie i 140

C23. Becenosa C. B., Bepoeyxuti B. H., Tepéwuna H. C.

BuinsiHue Boopoaa Ha CTpYKTYypy U MarHUTHBIE CBOMCTBA
HHTepMETAITHIECKHUX coequnennit (Sm, R).Fe17, rme R = Ho, Er ........... 142
Veselova S. V., Verbetsky V. N., Tereshinal. S,

Effect of hydrogen on the structure and magnetic properties

of intermetallic compounds (Sm, R)2Fe17, where R = Ho, Er .................. 145



18

C24. llIxanowibuna B. B., Menwapanog P. M., Cunaxoe M. B.,

Hsanos b. B.

I/ICCJ'IGI[OB&HI/IC BJIMSTHUSA HABOJOPOKUBAHUA TUTAHOBBIX KOJIJIEKTOPOB TOKa

Ha XapaKTePUCTHKH dIEKTPOIU3HOM stueiikn ¢ TIID ..., 146
Shkandybina V. V., Mensharapov R. M., Snyakov M. V., Ivanov B. V.

The study of hydrogenation effect of titanium current collectors

on the characteristics of the electrolysis cell with PEM ........................ 148

C25. Cunsxos M. B., 3acvinkuna A. A., Cnacos /1. ., Menwapanos P. M.,
Anexceesa O. K., Heanosa H. A.

CoenuHeHHs THTAHA B KAYeCTBE aHTUKOPPO3UOHHBIX ITOKPBITHHA

JUISL 3JIEKTPOAOB TBEPAOIOIUMEPHBIX 3TEKTPOXUMHUYECKUX YCTPOUCTB ..... 150
Snyakov M. V., Zasypkina A. A., Spasov D. D., Mensharapov R. M.,

Alekseeva O. K., Ivanova N. A.

Titanium compounds as corrosion-resistant coatings for electrodes

of solid polymer electrochemical devices ............cocvvvviiiiiiiiiine i, 152

4. Annapamypa u memoosvl Ucc1ed06aHus
4. Equipment and research methods

B13. Jlusuuy A.H.

MeMmOpaHHBIE TEXHOJIOTUH JII TEPMOSIEpPHOM 1 BOZOPOAHOHN SHepreTHky .. 154
Livshits A. 1.

Membrane technologies for the nuclear fusion and hydrogen energy ........ 155

Bl14. Maxcumxun U. I1.
[Moxxomp! K CO3AAHUIO TPUTHEBBIX CHCTEM Ha IIPUMEPE TPUTHEBOM

HHPPACTPYKTYPHI PPArMEHT-CENAPATOPA AKYITHHA-2 ...vovvneenearnannaennenns 157
Maksimkin I. P.

Approaches for development of tritium systems by the example of tritium
infrastructure for the Akulina-2 fragment separator .............cccocceveeen. 158

B15. Bapeosckun A. B.
Hcnonp3oBaHne MeMOpaHHOHN TEXHOJIOTHH [T U3BJICUCHUS BOAOPOAa

U3 TEXHOJOTHUYECKHUX TA30BBIX CMECEH ... uvuen e vt e it iieenieieieeneeeee 159
Varezhkin A.

Application of membrane technology to extract hydrogen from process

GBS MIXEUIES ..ttt et ettt e et e e et e e e e et et e re e e e n e eanas 160
B16. Ananves C. C., Heanos b. B., Kymeeg b. B., FOxumuyk A. A.

IIporpamma passurus TexHonoruit rorusHoro nukna 'CCJ B PO ........ 162

Ananyev S, Ivanov B., Kuteev B., Yukhimchuk A.
Technologies development program of the FFHS fusion fuel cycle in RF .... 165



19

B17. Posenxesuu M. b., bByxun A. H., Mapynuu C. A., Ilax 1O. C.,
Ilepesesenyes A. H.

MCTOJII)I JACTPUTHU3AIUN TEXHOJIOTUYCCKUX U C6pOCHI)IX Ta30BbIX IIOTOKOB
PabOUNX TOMEIIEHUH STEPHBIX OOBEKTOB ... vuvvuevneinennenneeniennennieeeens 168
Rozenkevich M. B., Bukin A. N., Marunich S A., Pak Yu. S,

A. N. Perevezentsev

Methods of detritiation of technological and waste gas flows of working

rooms of nuclear iNAUSEIY ..ot e, 169

B18. Boponuna T. B., Kasepszuna A. A., Knumos M. IO.

ABTOMaTI/ISI/IpOBaHHaH CHUCTEMA np0600T60pa H aHaJIN3a TSOKEIoi BOJBI

Ha PEAKTOPE TIHK ... \uiniiii s s 171
Voronina T., Kaverzina A., Klimov M.

Automatic sampling and heavy water analysis system (ASSA HW)

(o)l o] | N =T To1 (o] PRSP 173

B19. Fonoapenxo C. ., Anexcees U. A., Bacsnuna T. B., @edopuenxo O. A.
O6opynoBaHWe YCTAaHOBKM M30TOTHOW OYMCTKH TsDKeIoW Boael [TMSD.
OIIBIT DKCTITYATALIAIH .. v esvsesaan e eas e aes eaee ean e sat e aes et e eanenes 174
Bondarenko S D., Alekseev |. A., Fedorchenko O. A, Vasyanina T. V.
Equipment for the heavy water isotope purification facility at PNPI.

Operating EXPEIIENCE ... v ivn et cit e iee et e e et e et e e e e aen s 175

C26. Ilepeoucmos E. IO., Anumos B. H., Bycniok A. O., Kysenog C. P.,

Juewuy A. U.

[psimoii BuyTperuuii peuukauar D/T B TSP ¢ nomomnipo

CBEPXIIPOHUIAEMBIX MEMOPAH ... 1vvvnvesvenaenvenaenensaan e ans e ansansennennns 177
Peredistov E. Yu., Alimov V. N., Busnyuk A. O., Kuzenov S R,

Livshits A. I.

Direct internal recycling of D/T to TR using superpermeable membranes .... 179

C27. Usanos b. B., Ananves C. C.

OL[CHKa YPOBH:A TOTOBHOCTU TEXHOJIOTHI BOCIIPOM3BOJACTBA TPUTUA

U obecrieyeHust TpHTI/IéBOﬁ OesomnacHoctd B Poccuu Ha npumepe

npoekta JEMO-THH ... 181
Ivanov B. V., Ananyev S. S.

Assessment of the technology readiness level for tritium production

and tritium safety in Russia based on the DEMO-FNS project ............... 183



20

C28. Kownanw B. ., Ananves C. C.

MoaenupoBanue ToruuBHoOro nukina JEMO-TUH ... 185
Koshlan V. I., Ananyev S. S.
Modeling of the fuel cycle DEMO-FNS .......cooiiiiiiiiiii e 187

C29. Ananves C. C., Hsanos b. B., [[necmposckuii A. FO., Kyxywkun A. C.
Br100p n30TonHOTO cocTaBa rasa Uil HHXEKTOPOB HEHTPaJIbHBIX ITyYKOB
KOMIIAKTHOTO UCTOYHHKA TepMosiaepHbIX HeliTponoB TUH-CT .............. 189
Ananyev S, Ivanov B., Dnestrovskij A., Kukushkin A.

Choice of gas isotope composition for neutral beam injectors

of the FNS-ST compact fusion neutron SOUrCe ............ocovveeeiieineennnnns 191

C30. Tusukosa O. A., FOxumuyx A. A., Maxcumxun 1. I1., Bypsix E. B.,

banyee B. B., Mycsies P. K., Kuposuuxun A. A., [lepwuna B. M.,

Puvioicyxuna A. B.

YCTaHOBKA OUUCTKYU Ta30BOM CPEIBI OT TPUTHSL «.uvvnvvnenvenveannennennenses 194
Tivikova O. A., Yukhimchuk 4. 4., Maksimkin I. P., Buryak E. V.,

Baluev V. V., Musyaev R. K., Kirdyashkin 4. 4., Pershina V. M.,

Ryzhukhina 4. V.

Installation for gas medium purification from tritium .......................... 195

C31. Kysvmun []. A., @eoopuenxo O. A., bpvik A. A., Anexcees U. A.
HccnenoBanue M30TOMHBIX 3 (PEKTOB MPU HCIOIB30BAHUH

ANEKTPOXUMUIECKOTO BOIOPOTHOTO HACOCA ... vvvervneevnevneennennannennnes 196
Kuzmin D. A., Fedorchenko O. A., Bryk A. A., Alekseev |. A.
Study of isotope effects using an electrochemical hydrogen pump ........... 197

C32. Cnacos /1. [., Hsanosa H. A., Menwapanos P. M., 3aceinkuna A. A.,
Cepecuna E. A., Cunaxos M. B.

WcneiTanus QJICKTPOXUMHNYCCKOI'0 BOAOPOAHOI'O HAcoOCa

C TBEPABIM IOJTUMEPHBIM DJIEKTPOIUTOM B PA3IUYHBIX YCIOBUAX ............ 198
Spasov D. D., Mensharapov R. M., Zasypkina A. A, Seregina E. A,

Snyakov M. V., lvanova N. A.

Tests of an electrochemical hydrogen pump with a PEM

under various CONAItIONS .......ce et ittt e e e e 199



21

C33. Usanosa H. A., 3acvinkuna A. A., Menwapanos P. M., Cnacos /1. /1.,
Damees B. H.

DNEeKTPOKATaTU3aTOPhl PEaKIIUi BBIIEICHHS BOJOPOIa U KUCIOPOIa

M METOIBI UX MCCIHEIMOBAHII . vvuvvueeeeaae e e e eansensensns snsenenenesneenens 201
Ivanova N. A., Zasypkina A. A., Mensharapov R. M., Spasov D. D.,

Fateev V. N.

Electrocatalysts for hydrogen and oxygen evolution reactions

(HER and OER) and their investigation methods ................ococoveiienin, 202

C34. XKmyposckuii A. B., Bypsix E. B., Mycaes P. K., Tuxonog B. B.,

Puiorcyxuna A. B.

YcraHoBka JJI1 OTIPpEACICHUSL KOS(l)(I)I/I]_II/IeHTa TCIUIOMIPOBOAHOCTH
MOPOIIKOBBIX MAaTEPHUAIOB IIPU BBICOKUX TEMIIEpATypax U JABJICHUSX ...... 204
Zhmurovsky 4. V., Buryak E. V., Musyaev R. K., Tikhonov V. V.,

Ryzhukhina 4. V.

Installation for determining the thermal conductivity coefficient

of powder materials at high temperatures and pressures ................c....... 205

C35. Yepkes /]. U., Cmenanos H. O., Ananves C. C., Cnuyoin A. B.

VYcraHoBKa JUIsl M3Y4EHHS B3aUMOICHCTBHS IU1a3Mbl ¢ MaTepuaiaMu

Ha ocHOBe BYU-McTOYHMKA TeIMKOHHOTO THIIA: IIEPBBIE PE3YIBTATHI ......... 206
CherkezD. I., Stepanov N. O., Ananyev S. S, Sitsyn A. V.

Helicon-type RF facility for plasma-material interaction investigation:
FIFSEPESUILS .ot e e 208

C36. Kyousipos B. H., Jluoep A. M., I'apanun I'. B., Mypawxuna T. JI.,
Caxeun U. C., @eoopos B. B., 3apnuyvin A. IO., IIhwuruna H. C.,

Onvman P. P., Kyporomos H. E., Cemenos O. B.

Pa3pa60TKa ABTOMATU3UPOBAHHOT'O KOMIIJICKCA U U3YYCHHUE IPOLICCCOB
copOIMH-aecopOIH BOAOPOIa B KOMIIO3UTAaX HA OCHOBE METaJNIMIECKUX
THAPUJOB U METAJII-OPTaHUYCCKUX KAPKACHBIX CTPYKTYP ..vvvvvnrnennnnnnnn 210
Kudiiarov V. N,, Lider A. M., Garanin G. V., Murashkina T. L.,

Sakvin |. S, Fedorov V. V., Zarnitsin A. Yu., PushilinaN. S, ElIman R. R,,
Kurdyumov N. E., Semenov O. V.

Development of the automated complex and study of hydrogen
sorption-desorption processes in composites based on metal hydrides

and metal-organic framework Structures .............cocecviveiievinienine e, 211



22

C37. 3apybuna E. FO., Pocoxcuna M. A.
Onrrueckas AMATHOCTHKA CJIOS M30TOIOB BOJOPOa B KPHOT€HHOM

MHUIICHU JJIA JTa3€PHOTO TEPMOAACPHOTO CHHTE3A ... v v vi i vvaannannas

Zarubina E. Yu., Rogozhina M. 4.
Optical diagnostics of hydrogen isotopes layer in cryogenic target

for laser thermonuclear fuSIoN .........coviv it e

C38. 3apyobuna E. FO., Pozoscuna M. A.
Onruueckast AMarHOCTHKA CII0S1 H30TOIIOB BOIOPO/Ia B KPUOTEHHOM

MUIICHU JJI4 JIa3CPHOTO TEPMOAACPHOI'O CHUHTE3A .. v v v vii e veiannas

Zarubina E. Yu., Rogozhina M. 4.
Optical diagnostics of hydrogen isotopes layer in cryogenic target

for laser thermonuclear fuSION ..........oooviiiiiii e

ABTOPCKHI YKABATEIID ... .eevotenane s aeeeaen vaeernnen sneeenansenenennen s



Al-A4
OBUIEOBPA3OBATEJIHHBIE JIEKIIN U

GENERAL LECTURES



24 Obweobpazosamenvhvie 1eKyuu

IOxumuyk Apkaguii ApkaabeBuY
3amecTHTENh HAYaNbHIKA OTICICHUS
607189, ®I'VII «POAL-BHUNDD»,

r. CapoB Hmxkeropoackoit o011,
npocrekt Mupa, 37
Hz0monvt 6000poda

Yukhimchuk Arkadiy
Deputy head separation
607189, FSUE «RFNC-VNIIEF»
Mira Ave., 37, Sarov,
Nyzhny Novgorod region, Russia
Hydrogen isotopes
arkad@triton.vniief.ru

HAYYHAS TPOI'PAMMA ITPOEKTA «®U3UKA N30TOIIOB
BOJOPOJA» HAIIMOHAJIBHOT'O HEHTPA ®U3UKHU
N MATEMATHUKH

A. A. FOxumuyx

Poccuiickuit ®enepansblil Anepusiii Lientp — Beepoccuiickuit
HayY4YHO-HCCIICA0BATEILCKII HHCTHTYT SKCIEPUMEHTAILHON (GrU3nKu
(OTVYII «POAL-BHUNDD»)

B 2021 r. nocranosnenue IlpaBurenscrea P® ot 27.08.2021 r. Ne 1416
Ob11 co3nan HanmonansHbIi nentp ¢pusuku 1 Marematukd (HIIOM). B pamkax
[IEHTpa OpraHu3oBaHa paboTa mo aecsTH HayIHbIM [IpoekTam:

1. HaumoHanbHbI# HEHTP MUCCIICAOBAHUS APXUTEKTYP CYNEPKOMITBIOTEPOB.

2. Marematrnyeckoe MoaearpoBanue Ha cymnep-IOBM skca- u 3erradion-
CHOM ITPOU3BOJUTEIHHOCTH.

3. l'a3zoauHamuka u pU3KMKa B3phIBA.

4. ®u3uka BRICOKHX ITIOTHOCTEH SHEPTHU.

5. ®u3nka 4acTUI B KOCMOJIOTHSI.

6. SnepHast v paguanuOHHAs (HU3HKA.

7. UccnenoBaHus B CHIIBHBIX U CBEPXCHIIBHBIX MATHUTHBIX MOJISX.

8. du3uka n30TONOB BOJOPO/AA.



General lectures 25

9. UckycCTBEHHBIM MHTEIUICKT M OOJBIINE NAaHHBIC B TEXHUYECKHX, IIPO-
MBIIUICHHBIX, TPUPOJHBIX H CONUAIBHBIX CUCTEMAX.

10. DkcniepuMeHTanbHas 1abopatopHas actpodusuka u reohusmKa.

IMpoekt Ne 8 «®Du3nka U30TONOB BOJOPO/Ia» HANPIMYIO KacaeTcs TeMaTH-
ku nipoBoaumoit [Ikonel. B pamkax nannoro Ilpoekra npemnonaraercs npose-
JICHUE UCCIICJOBAaHUH 110 CIIEAYIOIUM HAIPABICHUSIM:

— ¢yHAaMeHTaJIbHBIE M TPUKIAJHBIC HCCIEIOBAaHUS B 00JacTH B3aMMO-
JEHCTBHUS H30TOIOB BOJOPOIA C TBEPABIM TEIIOM;

— M3MEpEHHE JJICKTPOMATHUTHBIX CBOMCTB HEUTPHHO C HCIIOIB30BAHHUEM
WHTEHCUBHOTO TPUTHEBOTO HCTOYHUKA (AHTH)HEHTPUHO;

— M3YYCHHUE CBOHCTB HEHTPOHHO-U30BITOYHBIX SCP, JISKAIIUX Ha TPAHUILIC
HEHTPOHHOU CTaOMIILHOCTH;

— CO3JIaHWE HAIMOHAJIHHOTO IICHTPa KOJUICKTUBHOTO MOJIb30BaHus «Tpu-
TN,

B nexnmm nmpuBommTcs HaydHas mporpamma pabot mo IIpoekry, obcyx-
JAIOTCA MPOOJIEMHBIE BOIIPOCH! U BO3MOYKHBIC ITYTH UX PEIICHHS.

SCIENTIFIC PROGRAM OF THE «HYDROGEN ISOTOPES
PHYSICS» PROJECT OF THE NATIONAL CENTER FOR PHYSICS
AND MATHEMATICS

A. A. Yukhimchuk

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»),
Sarov, Nizhny Novgorod region, Russia

In 2021 the National Center for physics and Mathematics (NCPM) was
founded on the basis of a decree of the Government of the Russian Federation
of 27.08.2021 Ne 1416. Within the framework of the center, the following sci-
entific projects were implemented:

1. National Center for supercomputer architecture research.

2. Mathematical simulation on supercomputers of exa- and zettaFLOPS
performance.

3. Gas dynamics and explosion physics.

4. Physics of high energy densities.

5. Particle physics and cosmology.

6. Nuclear and radiation physics.
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7. Research in intense and super intense magnetic fields.

8. Hydrogen isotopes physics.

9. Artificial intelligence and big data in technical, industrial, natural and
social systems.

10. Experimental laboratory astrophysics and geophysics.

Project Ne 8 «Hydrogen isotopes physics» directly concerns the subject
of the School. Within the framework of this Project, it is planned to conduct
studies in the following cases:

—basic and applied research in the field of hydrogen isotopes interaction
with a solid;

— measurement of neutrino electromagnetic properties using intensive trit-
ium source of (anti) neutrino;

— study of neutron excess nuclei lying on the boundary of neutron stability;

— creation of «Tritiumx» national center for collective use.

The work provides a scientific program of work on the Project, a number
of issues and their solutions are discussed.
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BOJIBIIIOM CPBIB B TOKAMAKAX: ®U3UKA
U TEXHOJIOTMM CMATYEHUSA OCJEJICTBUAN

b. B. Kymees
HMUII «KypuaroBckuii ”HCTUTYT», MoCKBa
DISRUPTION IN TOKAMAKS: PHYSICS
AND MITIGATION TECHNOLOGIES
B. V. Kuteev

NRC «Kurchatov Institute», Moscow
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BOJAOPOJHAS DQHEPTETUKA
C. B. Kopobyes

HMUII «KypuaroBckuii ”HCTUTYT», MoCKBa

HYDROGEN ENERGY
S. V. Korobtsev

NRC «Kurchatov Institute», Moscow
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PEAKTOPHBI KOMILIEKC UK.
B. B. Boponun

HUII «KypuaTtoBckuit unctutyr» — [INAD, I'atunna, Poccust
e-mail: Voronin_VV@pnpi.nrcki.ru

Byner mpencraBnen 0030p mapamMeTpoOB M COCTOSHHS JIENI MO CO3/IaHHUIO
CaMOro MOIIHOTO MCTOYHHWKA HEHTPOHOB, NpeIHa3HauYe€HHOTO JUId paboTsl Ha
BBIBEJIEHHBIX My4Kax, UccienaoBarensckoro peakropa [TMK (HUL| «Kypuaros-
ckuii uHCTHTYT» — [TUS®, INaTunna).

Peakrop MUK (my4koBblit HCCIeA0BATEIBCKII KOPITYCHOM) MPEACTABIACT
c0001 ICTOYHNK HEHTPOHOB C PEKOPAHBIMHU IIApaMeTpaMu, IPU3BaHHBIN CTATh
(marMmaHoM HEWTpOHHBIX HccienoBanuii B Poccun. OH mpencraiseT coOoi
BOJI0-BOJSIHOW KOPITyCHOIt peaktop, rae yerkas Boga (H20) ucnonesyercs kak
TEIUIOHOCHTENb, a Tsbkenas Boga (D20) kak oTpaxarenb M 3aMeIUTENb
HEeUTpoHOB. OCHOBHBIC MPOCKTHBIC XapaKTEPUCTUKH peakTopa cienyromme [1]:

— Temnosast morHoCTH — 100 MBT.

— O6bem akTHBHOH 30HBI — 50 1.

— IInoTHOCTE MOTOKAa TEIUIOBBIX HEUTPOHOB B  OTpaxareie —
(0,1-1,2)-10" w/em?-c.

st BBIBOJA HEHUTPOHHOIO H3JIydeHus u3 orpaxarens peakropa IIHK,
a Taxke o0mydeHus obpasios, peaktop [TMK cHabGxeH 3HAaUUTETHHBIM YUCIIOM
SKCHEPUMEHTANBHBIX KaHAJIOB.

HenTpasnpHblil akcnepuMenTaipHblid kanan (LIDK) pasmenieH, B BoqHO#
MOJIOCTU aKTUBHOMU 30HBL [1MOTHOCTH MOTOKA TEMIOBBIX HEUTPOHOB B MOJIOCTU —
5-10"n/cm’ - c.

— lopusoHTaIBHBIC dKCIIepUMeHTaIbHbIe KaHansl (['DK) — 9 .

MOTOKH TEIUIOBBIX HEHTPOHOB Ha moHbimikax — (0,1-1,2) - 10" u/ oM’ ¢

. 11 2
MOTOKH TEIUIOBBIX HENTPOHOB Ha Bhixoae — (0,2—3)- 10" u/ cMm” ¢
nmuametp kaHamos — 100—250 mm.
— Haksonnsle axcniepuMenTasbpHble kKaHaisl (HOK) — 6 .

MOTOKH TETUIOBBIX HEUTPOHOB Ha MoHbImKax — (0,2—1) ) - 10" u/ em?-c.
B nacrosimee Bpems peakrop ITMK BeiBeeH Ha SHEPreTUUYECKUI peKUM
pabotsr, B Mapte 2022 r. [ocTUrHYTa TerioBas MomHOCTs 7 MBT [2], BenyTces
iaHoBbIe paboThl. KpoMme 3TOro, BBEIEHBI B AKCILUTyaTalMIO TIepBbie 5 CTaHIMN
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HEUTPOHHOTO paccesiHus, POBOAATCS IepBbie dkcnepumeHTHl [3]. Havara pea-
JM3anysl MOJHOMACIITA0HOM MpOrpaMMbl CO3MaHMs NMPHOOPHOTO mapka Juis
NIPOBEJICHUS JKCIEPUMEHTAIbHBIX MCCIENOBAaHUN HA BBIBEJCHHBIX IIydKaXx
HelTpoHOB [4].

JlaHHas ycTaHOBKAa Ha HECKOJBbKO AECATUIETHH ONPENENHUT CTPATErHUI0
pa3BUTHS HEUTPOHHBIX UccienoBaHuid B PD u craner ocHOBO MexayHapon-
HOT'O LIEHTpa HEUTPOHHBIX UCCIIEI0BAHUII.

JIUTEPATYPA

1. KoBanbuyk M. B., Cmonsckuii C. JI., Konomnes K. A. Kpucramnorpa-
¢bus, 66 (2) 184-190 (2021).

2. KoBansuyk M. B., Boponusn B. B., I'aBpurnos C. B. u ap. Peaxrop ITHUK.
[epBsie sxcnepumenTsl, Kpucramiorpadus. 2023. 67. Ne 5. p. 785.

3. Grigoryev S., Voronin V. V., Gartvik A. et al. PIK research reactor put
into megawatt-power operation, Neutron New, 2022 (in publication).

4. Kovalchuk, M. V., Voronin, V. V., Grigoriev, S. V. et al. Instrument
Base of the Reactor PIK. Crystallogr. Rep. 66, 195-215 (2021).
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ISOTOPES WITH SOLIDS, INCLUDING
THE EFFECTS OF RADIOGENIC HELIUM
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yauBepcutet, 199034, Poccus, Cankr-IlerepOypr,
YHuBepcuterckas HabepexHas, 1. /-9
HccnenoBanus B 001acTH B3aUMOJICHCTBHS BOJIOPOAA
C MeTaJUIaMH, HEeMETaLIMYECKIUMH 3aIIUTHBIMH
MOKPBITUSIMH, YIIEPOIHBIMU MaTepraiaMu
(B T. 4. HAHOCTPYKTYPHPOBAHHBIMH)

Denisov Evgeny

Assistant professor

Saint Petersburg State University, 7-9 Universitetskaya
Embankment, St Petersburg, Russia, 199034
Research in the field of interaction of hydrogen
with metals, non-metallic protective coatings, carbon
materials (including nanostructured ones)
e.denisov@spbu.ru

METO/bI OITPEJAEJTEHUA COAEPKAHUSA
N NMOJABUKXHOCTHU BOAOPOJA B MATEPUAJIAX

E. Jlenucos
Cankr-IletepOyprckuii TOCy1apCTBEHHBIN YHUBEPCUTET

M3BecTHO, YTO HAKOIUIEHHE BOJOPOJA B METALNTUYECKUX KOHCTPYKIIMOH-
HBIX CIUIaBaX, KOHTaKTHPYIOUIMX B MpOIEcce HKCIUTyaTallii C BOJOPOIOCO-
JIEepXKamMH CPeAaMH, MOKET MPHBOAWUTH K CYIMIECTBEHHOW Jerpajali uX
MEXaHWYECKHX CBOMCTB. DTOT acleKkT, HapsIy ¢ MEXaHHYECKHIM W TepMHUe-
CKUMH HArpy3KaMH, SIBIISICTCS OJHUM M3 OCHOBHBIX, HAKIIAJBIBAIOIINX OTPaHU-
YeHWE Ha MPOCKTHBIC CPOKH JKCIUTyaTallud o0opymoBaHus. B To xe Bpewms,
MIPUHIUIE SKOHOMHYECKOW PEHTA0CIFHOCTH HA00OPOT TPEOYIOT MaKCHMAIb-
HOT'O YBEIWYCHUS Ieproia 0e30macHOi paboThl, KOTOPHIA MOXET JOCTHTaTh
HECKOJIbKUX JieT. O4eBUAHO, YTO OMpEIENIEHNE 3TOr0 BaXKHEHILEro napaMmerpa
HEBO3MOXHO 0€3 KOMITBIOTEPHOTO MOJCIHPOBAHUS C WCIOJIb30BAaHUEM alCK-
BaTHBIX (PM3MUECKUX MOJIENEH C 3aJI0)KCHHBIMH B HUX KHHETUYECKUMHU U Tep-
MOJMHAMUYECKUMHU TIapaMeTpamMu. DTH MapameTphbl ONMpPENeNsIOTCs, KaK mpa-
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BWJIO, B pe3ynbTaTe 00pabOTKM AaHHBIX, HOIYYCHHBIX C IOMOIIBIO Pa3IMIHbIX
9KCTIEpUMEHTAIBHBIX METOANK. B maHHOM noKiane mpeacTasieH 0030p Gpusn-
YECKHUX MCTOJO0B, MO3BOJIAIOIINX OMPEACIINTE KWHECTUKY HAKOIICHUS, CKOPOCTH
MUTpanyy, TpOoQHIN pacipeeNieHus U BOAOPOAa B KOHCTPYKIIMOHHBIX Mate-
pHuanax u apyrue mapamerpsl. Cpenu 3THX METOOB!

® METOJI BOAOPOJONPOHUIIAEMOCTH,

® METOJ] TEPMOAECOPOLINH C IPOTPAMMHUPYEMBIM HaIPEBOM,

® METO/I SI/IEPHOTO MarHUTHOTO PE30HAHCA,

® HEHWTpOHHAs paguorpadus,

® ATOMHO-30HJI0Basi TOMOTrpadus,

® BTOPUYHAs! HOHHAsI MacC-CIIEKTPOCKOIINS,

® TpHUTHEBas aBTOPaIUOrpadus/BOIOPOIHAS MUKPOIIEYATh

® 1 IpyTHE.

OcHOBHOM 3amadeil JOKJIana SBISETCS PACUIMPEHHE KPYro3opa MOJOABIX
YYCHBIX, CBA3AHHBIX C BO)IOpO)IHOfI TeMaTI/IKOfI, B oOJyracTu COBPEMEHHBIX JKC-
MIEPUMEHTAIBHBIX MeTOAWK. CpaBHHUTENBHBIN aHAIM3 BO3MOXKHOCTEH M 0o0Omna-
crei MMPUMEHUMOCTU PACCMOTPEHHBIX METOAOB MAOJDKEH MOMOYb palOHaJIb-
HOMY BBI60py Hauboee MOAXOAAMUX METOAUK U KPUTHICCKOMY OTHOIICHUIO
K ITOJIy4a€MbIM pE3yJibTaTaM.

THE METHODS FOR DETERMINING THE HYDROGEN
CONTENT AND MOBILITY IN MATERIALS

E. Denisov
Saint Petersburg State University

It is known that the hydrogen uptake in metallic structural materials con-
tacting with hydrogen-containing media during operation can lead to a signifi-
cant degradation of their mechanical properties. This aspect, along with me-
chanical and thermal loads, is one of the main ones that impose restrictions on
the design operation life-time of the equipment. At the same time, the princi-
ples of economic profitability, on the contrary, require the maximum increase
in the period of safe operation, which can reach several years. It is obvious that
the determination of this most important parameter is impossible without com-
puter simulation using adequate physical models with kinetic and thermody-
namic parameters embedded in them. These parameters are determined, as
a rule, as a result of processing data obtained using various experimental tech-
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niques. This report presents an overview of physical methods to determine ac-
cumulation kinetics, migration rates, distribution and hydrogen profiles
in structural materials, and other parameters. Among these methods:

o thermal desorption method with programmed heating,

e method of nuclear magnetic resonance,

e neutron radiography,

e HeliTpoHHAs paanorpadus,

e atom probe tomography,

e secondary ion mass spectroscopy,

e tritium autoradiography/hydrogen microprint technique

¢ and other.

The main goal of the report is to expand the horizons of young scientists
related to hydrogen topics in the field of modern experimental techniques.
A comparative analysis of the possibilities and areas of applicability of the con-
sidered methods should help rational choice of the most appropriate methods
and a critical attitude to the results obtained.
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I'osry6eBa AnHa BiaagumuposHa
HavanpHuk naboparopun
HUII «KypuaToBCKHI HHCTUTYT»
Poccust, Mocksa, rut. Akagemuka Kypuarosa, 1. 1
Bonopon, marepuansi, TAP

Golubeva Anna Vladimirovna
Head of laboratory
NRC Kurchatov Institute
Russia, Moscow, sg. Academician Kurchatov, 1
Hydrogen, materials, fusion
Golubeva_av@nrcki.ru

B3AUMOJIEMCTBUE U30TOIOB BOJIOPOJIA
C MATEPUAJIAMU TEPMOSAJAEPHBIX PEAKTOPOB

A. B. I'onybesa
HMHII «Kyp4aTOBCKMII HHCTUTYT»

K obparmennsv k mwrazme (OIIM) u koHCTpYKIMOHHBIM Matepuaiam (KM)
TepMosiTiepHbiXx peaktopoB (TSP) BeiiBHratoTCsS TPeGOBAHUS BBHICOKOM TEIIO-
MIPOBOIHOCTH, CTAOMIIBHOCTH TEPMOMEXaHHUECKHUX CBOMCTB B HKCTPEMAIIbHBIX
YCIIOBHAX TEPMOSIEPHOTO peakTopa, a Takke OBICTPOTo chaja HaBEICHHOU
aktuBHOCTH. OIIM, MOMHUMO 3TOTO, JOJDKHBI OBITH YCTOWYHMBBI MPHU BO3ICH-
CTBHH ITa3MEHHOTO OOJIydeHHUS W BBICOKHX TEMIEpaTyp, a X IPUMECh B IUIa3-
Me, TOSIBIISIONIAsACS B Pe3yIbTaTe pacIbUICHHS, HE TOJDKHA 3aMETHO OXJIAXKIaTh
mwia3My. [lepeurcieHHBIM TPeOOBaHUSAM YAOBIETBOPSIOT OY€Hb HEMHOTHE Ma-
tepuanbl. B kagectBe OIIM B Hacrosmuii MOMEHT paccmarpusBaioT Be, C
W yrIIepoAHbIC KOMIO3UTHBIC Martepuaisl, Li, W, B kauectBe KM — aycrenut-
HBIE CTand, (heppUTHO-MAPTEHCUTHBIE CTaJH CO CHIKCHHOW aKTHBaLuei,
cmwiassl V-Cr-Ti.

B kamepe TepMOSAIEpHBIX YCTaHOBOK 3JIEMEHTHI KOHCTPYKLIUM HAXOIUTCS
B KOHTAaKT€ C PaJMOAKTHBHBIM TPHUTHEM. MaTepHasbl 3aIlUTHOI OOJIUIIOBKH
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00JIyJaroTCsi MOHAMHU TNPHCTEHOYHOH Iu1a3Mbl. CTEHKa KaMepbl U 3JIEMEHTHI
KOHCTPYKIIMH, HE 00JydaeMble MIa3MOH, HaXOIATCA B KOHTAaKTe ¢ razoobpas-
HBIM TpHUTHEM. V30TOmbl BogOpoga MOTYT OBITH 3aXBaueHBl B MaTepHalax,
a TaKKe MPOHHUKATh CKBO3b MaTepHaibl KOHCTPYKIHH. C 1enpio o0ecreueHns
panuaoHHOl 0e30MacHOCTH, a TakKe 10 YKOHOMHUYECKH COOOPaKEHUSAM II0-
TEpHU TPHUTHSA MOJDKHBI OBITh MUHHUMH3HPOBAHBI M XOPOIIO IPOTHO3ZUPYEMEI.
[ToaToMy TepMOSAEPHBIM COOOIIECTBOM HAKOIJICHA BHYIIMTENbHas 0a3a WH-
(hopmaruu o mapameTpax B3auMOJIEHCTBHUS BOIOpoaa ¢ MaTepuagamu TSP,

JlanHas paboTa CTaBUT LEJIBI0 CYMMHPOBAHNE OCHOBHBIX XapaKTEPUCTHK
B3aUMOJIEHCTBUS U30TONOB BoJlopoaa ¢ matepuanamu TAP. [IpoBoaurcs cpas-
HEHHUE 3axBaTa M BOJOPOAOIPOHULAEMOCTH MarepuanoB TSP pasznuuHbIX
KJIACCOB.

Pa6ota BemonHena npu nognepxke HUL «KypuaToBckuid HHCTHTYT».

HYDROGEN ISOTOPES INTERACTION WITH MATERIALS
OF FUSION REACTORS

A. V. Golubeva
NRC «Kurchatov Institute»

The plasma-facing materials (PFM) and structural materials of fusion reac-
tors (FR) are required to have high thermal conductivity, stability of thermome-
chanical properties in extreme conditions of a thermonuclear reactor, as well as
a rapid decline of an induced activity. PFMs, in addition, should be stable under
plasma irradiation at high temperatures, and their admixture in the plasma pro-
duced by spattering should not drastically cool the plasma. Very few materials
meet the listed requirements. At the moment, carbon and carbon composite
materials, lithium and W are considered as PFMs, and austenitic steels, ferritic-
martensitic steels with reduced activation, V-Ct-Ti alloys are considered as
structural materials.

In a chamber of fusion reactor, the elements of construction are in contact
with radioactive tritium. The materials of the protective tiles are irradiated with
near-wall plasma ions. The chamber wall and elements that are not irradiated
by plasma are in contact with gaseous tritium. Hydrogen isotopes can be
trapped in materials, as well as penetrate through materials. In order to ensure
radiation safety, as well as for economic reasons, tritium losses should be min-
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imized and well predicted. Therefore, the fusion community has accumulated
an impressive database of information about the parameters of the interaction
of hydrogen with materials for fusion.

This work aims to summarize the main characteristics of hydrogen iso-
topes interaction with FR materials. A comparison of the capture and hydrogen
permeability is carried out for fusion reactors materials.

This work was supported by NRC «Kurchatov Institute».
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COJIEP’)KAHUE JEMTEPUS B COOCAXKIEHHBIX U3 IJIA3MBI
JUTHUEBBIX CJIOSX U CITIOCOBBI ETO YJIAJIEHUA U3 HUX

C. A. Kpam, Al. A. Bacuna, A. C. [Ipuwesuyvin, A. C. Ilonkos,
0. M. I'acnapsn, A. A. [lucapes

HanunonaneHslil nccneoBaTenbCKUi aaepHbiil yausepcutetr MUOU

Jlutuii sBRsETCS MHOTOOOCIIAIONINM MAaTEPHATIOM s  OOpalleHHBIX
K IUIa3Me DJIEMEHTOB TEPMOSIEPHBIX YCTAaHOBOK. 13-3a ero HU3KOro aTOMHOIO
HOMEpa U CIIOCOOHOCTH IMOTJIOIMIATh BOJOPO OH XOPOIIO COBMECTUM C TEPMO-
siiepHOM Tu1a3Moi. Mcrnonb3oBaHHE KUIKUX JTUTHEBBIX 3JE€MEHTOB IMPUBOAUT
K YAYYIICHUIO yICPKaHWs IUIa3Mbl, YMEHBIICHHIO 3()()EKTUBHOTO 3apsaa
IJIa3Mbl M1 MOXET YMEHBIIUTh PELMKIMHT BoAopoaa. HemoctaTkom HU3KOTO
ATOMHOT'O HOMEpPA U HU3KOW TeMIepaTyphl IUIABJIEHUS JIUTHS ABISETCS TO, UTO
OT DJIEMEHTOB, OOpAaIleHHBIX K IUTa3Me, MOXKHO OXHIATh BBICOKHX ITOTOKOB
JINTHUS U3-3a UCHapeHus U 3po3uu. [lepeocakieHue TMTUS BMECTE C BOAOPOJIOM
MOJXKET MPUBECTH K 00pa30BaHUIO TOJICTHIX, HACKHIIMIEHHBIX BOJOPOJOM COOCaA-
JKJICHHBIX CJIOCB, OTCHIIMAIBHO COMEPIKAIIUX TBEPAbIC THAPUIHBIC (a3bl, YTO
OTACHO KaK C TOYKHU 3PEHUs paauaIiiOHHON 0€30MacCHOCTH, TaK U C TOUYKH 3pe-
HMSI TEXHOJIOTHH >KHJIKOMETAUIMYECKHX CTEHOK. Bce 3TO nmeiraeTr HeoOXomu-
MBIM U3yY€HHE HAKOIUICHHs BOJIOPOJAa B coocaxkaeHHbix Li-D crmosix u mero-
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JIOB yIaJeHUs N3 HUX 10 KpaiHeH Mepe TSHKENbIX M30TOIIOB Bogopoa. Pe3yib-
TaThl TAKMX UCCIIEOBAaHUH MPEICTABICHBI B IAHHOM paboTe.

IMockonbky Li siBIIsieTCS 04eHh XMMUIECKH AKTHBHBIM METAJUIOM, OH H CO-
OCaXICHHBIC CJIOM Ha OCHOBE Li BCTYMaroT B peakiiiio ¢ aTMOC(hEpHBIMHU Ta3aMH,
BKJIIOYas a3oT [1]. DTo o3Havaer, 4To TPeOYIOTCS CleLHATN3UPOBaHHBIC J1a00-
paTopHbIE YCTAaHOBKH, II€ MOXKHO TPOBOJHThH KaK COOCAXKIEHHE, TaK M aHAIN3
CJIOsI, HE MOJBeprasi COOCAXKICHHBIH CIIOH BO3JEHCTBHIO aTMOC(HEPHOTO BO3-
nyxa [2]. YcraHoBKa B 3TOM HCCIIEIOBAaHUH HCIIOIB3YEeT MATHETPOHHOE PACIIBI-
nenue Li xaroga Ha OCHOBE KANMILUIAPHO-TIOPHCTOW CHCTEMBI C JEHTEpHEBOM
mwiasMoi u Tepmoiecopounonnyio crekrpockonuio (TJC), nonoaHeHHYIO H3-
MEpEeHHEM CKOPOCTH McniapeHus Li B kauecTBe MeToa aHajm3a.

bruto obHapyxeHo, uto Li-D cion, coocaxxieHHbIe Ha TIOBEPXHOCTh IPH
KOMHATHO# Temrepatype, coaepxar ~20 ar. % D [3]. Dro 3HaueHue yBenn4m-
BaeTCsl C IOBBINIEHHEM Temneparypsl 1o ~50 at. % npu TemmepaTypax oca-
xnenns 400—500 K. Tlpu remneparypax Boie ~550 K nabnronaercst cuibHOe
camwkenne conepxkanua D. Cnextper TJAC npeifitepust AeMOHCTPUPYIOT, UYTO
JelTepuid Bhgensercss B ocHOBHOM B ofgHoM rnuke npu ~700 K, cBsizanHOM
C pa3JOXEHHEM JeiTepuaa JHUTHsS, KOTOPOE MPOHUCXOJHUT IIOCIE TOro, Kak
OoJpIasi 4acTh METAIMYECKOTO JIMTHS YK€ HCIAapHIach M3 COOCAKACHHOM
wienkn. OpHako HaOIrOAaIach HEKOTOpas aecopOIus mpu 00jee BBICOKHX
temnepatrypax mo ~1000 K. BeicokoTemmeparypHbie THKH aecopOIuu Oojiee
3aMETHBI TP 0oJiee BBICOKHUX TEMIIEpaTypax OCa)KIEHHs U BEPOSTHO CBS3aHbBI
C MOBEPXHOCTSIMH COOCAXKAECHHBIX CIIOEB — JINOO MOBEPXHOCTBIO CIOH-BAKYYM,
700 MOBEPXHOCTBIO CIION-TIOUIOKKA, M MOTYT OBITh PE3yJIbTATOM B3aUMOJEH-
CTBHSI COBMECTHO HAaHECEHHOT'O CJI0Sl ¢ (JOHOBBIMHU BaKyyMHBIMHU Ta3aMu.

ITockonbky HarpeB TepMmosaepHbix ycTaHoBok g0 ~1000 K He siBnsercs
TEXHUYECKH PEaNN3yeMBbIM PEIICHHEM, ObLIN UCCIIE0BAHbI METOAbI HU3KOTEM-
HepaTypHOTO yaajeHus Bojopoja u3 cioes Li-D. B kauectBe merosaa yiaie-
HUS TSDKEJBIX N30TOTOB BOJOPO/a OBIIO MTOKA3aHO, YTO BO3JEHCTBHE aTMOC(hepsI
nerkoro Bojgopoja (mpotus) mpu Temmneparype no ~473 K seusercs addek-
TUBHEIM, TIpH 3TOM 3 dekTuBHOCT yaanenus D mocturaer ~96 % nocie oo
HouH BozzeiicTBus [4]. B momnosHeHue K 9TOMY, BO3IEHCTBUE KECTKOTO YIIbTpa-
¢uoseroBoro mannydeHus ¢ JUIMHOW BosHbL ~ 200 HM OBLIO MPOAEMOHCTPHPOBA-
HO KaK MHOT000eMIAoIIHii criocod ycrpaneHus aecopoumu D mpu T > 700 K.
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DEUTERIUM ACCUMULATION AND REMOVAL
FROM Li-D CO-DEPOSITED LAYERS

S A Krat, Ya. A. Vasinag, A. S. Prishvitsyn, A. S. Popkov,
Yu. M. Gasparyan, A. A. Pisarev

National Research Nuclear University MEPhI

Lithium is a promising material for plasma-facing components in fusion
devices. Because of its low atomic number, and ability to absorb hydrogen it is
well compatible with fusion plasma. Use of liquid lithium elements leads to
improved plasma confinement, decrease of effective plasma charge, and can
decrease hydrogen recycling. The downside of low atomic number and melting
point is high lithium is that high fluxes of lithium can be expected from plasma
facing elements due to evaporaton and erosion. Redeposition of eroded lithium
with hydrogen can lead to formation of thick hydrogen-rich co-deposited lay-
ers, potentially containing solid hydride inclusions, which is dangerous both
from the perspective of radiation safety and from the perspective of liquid met-
al wall technology. All this makes it necessary to study hydrogen accumulation
in Li-D co-deposited layers and methods of removing at least heavy hydrogen
isotopes from them. The results of such studies are presented in this work.

Because Li is a very chemically active metal, it, and Li-based co-deposited
layers react with atmospheric gases, including nitrogen [1]. This means, that
specialized laboratory setups are required, where both co-deposition and layer
analysis can be performed without exposing co-deposited layer to atmospheric
air [2]. The setup in this study uses magnetron sputtering of a capillary-porous
system based Li cathode with deuterium plasma and a thermal desorption spec-
troscopy (TDS) augmented with measurement of Li evaporation rate as the
analysis method.
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It was found that Li-D layers co-deposited on near room temperature
surface contain ~20 at. % D [3]. This value increases with temperature up to
~50 at. % for deposition temperatures 400-500 K. At temperatures above
~550 K a strong reduction of D content is observed. TDS spectra of deuterium
demonstrate that deuterium is released mainly in one peak at ~700 K, associat-
ed with lithium deuteride decomposition, which happens after most metal lithi-
um has already evaporated from the co-deposited film. However, some desorp-
tion at higher temperatures up to ~1000 K was observed. High temperature de-
sorption peaks are more prominent at higher deposition temperatures, likely
associated with co-deposited layer interfaces, either layer-vacuum interface or
the layer-substrate interface, and might be the result of the co-deposited layer
interacting with background vacuum gases.

Because heating fusion devices up to ~1000 K is not a feasible solution,
methods of low temperature hydrogen removal from Li-D layers were investi-
gated. As a method of removing heavy hydrogen isotopes, exposure to light
hydrogen (protium) atmosphere at temperature of up to ~473 K was shown
to be effective, with D removal efficiency up to ~96% after one night of expo-
sure [4]. In addition to that, exposure to hard UV light at ~200 nm wavelength
was demonstrated as a promising way of removing D desorption at T > 700 K.
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Jlutnii U coenmMHEHM Ha €0 OCHOBE paccMaTpHBAIOTCS B KAauecTBE TpH-
THHBOCIIPOM3BOAAIINX MaTepuaioB OpHIEPHOTO OiaHKeTa pa3pabdaThiBaeMbIX
TEpMOSACPHBIX YCTAaHOBOK. B OOJNBIIMHCTBE CilydaeB pean3anusi NperMyIie-
CTBa JIUTHA 1O CPABHEHMIO C JPYTMMHU MaTe€pHalaMU OCHOBAHO Ha HCIOJb30-
BaHUHM JHUTHEBOH KamwuisipHo-mopuctoid cuctembl (KIIC), mpuHOMIHANIBEHO
HOBOTO MaTepHaja, B KOTOPOM >KUAKHHA JUTHH CTaOMIM3HPOBAH B MAaTpHIE
TBEPJOTO MOPHCTOTO MaTepHalia KaluUIAPHBIMU CHIIaMH.

Heo6xo1nMBIM yCIIOBHEM HCIIOJIB30BAHHUS TAKUX CUCTEM B TEPMOSIEPHBIX
peaxTopax SBISETCS BO3MOXKHOCTh X JAeTpUTH3anuu. [lo3ToMy, HccienoBaHme
MIPOIIECCOB B3aUMOAEHCTBHUS M30TOMOB Bojiopoa ¢ nutueBoit KIIC B ycrmoBmsax
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PEaKTOPHOTO OOJyYeHHs IO3BOJIUT IIOJNyYUTh HOBBIE SKCIIEPUMEHTAJIbHBIC
JAHHBIE.

B HacTosmielt paboTe NPHUBOAATCA pe3yiIbTaThl TAKUX HCCIIETOBaHMH,
a mMeHHO ucnbiTanne nutueBoil KIIC Ha ypoBHSAX cTalOHapHOW TEMJIOBOH
morHoctH peakropa UBI.IM (r. Kypuatos): 1 MBT; 3 MBT 1 6 MBHT.

OKCIIEpUMEHTHI NMPOBOAMINCE Ha PEAKTOPHOM aMIIyje CoJep Kamluii muc-
ciemyemblii oOpaser sutueBoit KIIC metogoM nuHaMudeckoi copOrmu. beutn
OTIpeZIeTIeHbl KBA3UMPABHOBECHBIC YPOBHM JABJICHMsS JICHTEpHUsl B CUCTEME IpPHU
pa3IMYHbBIX TeMIeparypax oopasua (B auamnazone 10 700 °C) u pa3HBIX YpOBHU
ITOTOKOB JCUTEepHs, IOJABAEMOT0 B HEIIPEPHIBHO OTKAYMBAEMYIO aMITyJly C HC-
CJIelyeMBIM 00pa3IoM.

Hayunad HOBHM3HA MOJIy4€HHBIX PE3YIBTATOB COCTOUT B HOBBIX JKCIIEPHU-
MEHTAIbHBIX JAHHBIX: TEMIIEPATYPHON 3aBUCUMOCTH M3MEHEHHs ra3oBOr0 CO-
ctaBa B kamepe ¢ nutueBoi KIIC, npu nogaue pasHbIX YpOBHEH MOTOKOB A€ii-
TEpUsI B YCIIOBHSAX PEAKTOPHOT'O OOIydEHHS.

RESULTS OF THE REACTOR EXPERIMENT TO STUDY
THE INTERACTION PARAMETERS OF HYDROGEN
ISOTOPES WITH LITHIUM CPS

S K. Askerbekovt?, T. V. Kulsartov}2, Zh. A. Zaurbekoval?,
Yu. N. Gordienka?, Yu. V. Ponkratov®

2Institute of Applied Sciences and Information Technology,
Almaty, Kazakhstan
'Kazakh-British Technical University, Almaty, Kazakhstan
3Branch «Institute of Atomic Energy» of NNC RK, Kurchatov, Kazakhstan

Lithium and compounds based on it are considered as tritium-producing
materials of the breeder blanket of fusion plants under development. In most
cases, the realization of the advantage of lithium over other materials is based
on the use of the lithium capillary porous system (CPS), a fundamentally new
material in which liquid lithium is stabilized in a matrix of solid porous materi-
al by capillary forces.

A necessary condition for the use of such systems in fusion reactors is the
possibility of their detritalization. Therefore, the study of the interaction of hy-
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drogen isotopes with lithium CPS under reactor irradiation conditions will pro-
vide new experimental data.

This paper presents the results of such studies, namely the testing of the
lithium CPS at the steady-state thermal power levels of the IVG.1M reactor
(Kurchatov): 1 MW; 3 MW and 6 MW.

Experiments were carried out on the reactor ampoule containing the sam-
ple of lithium CPS under study by dynamic sorption. Quasi-equilibrium pres-
sure levels of deuterium in the system at different temperatures of the sample
(in the range up to 700 °C) and different levels of deuterium flows fed into the
continuously pumped ampoule with the studied sample were determined.

The scientific novelty of the results obtained consists in new experimental
data: the temperature dependence of the change in the gas composition in the
chamber with lithium CPS, when supplied with different levels of deuterium
fluxes under reactor irradiation conditions.
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MOJIEJIMPOBAHUE JA3SEPHO-UHIYIIMUPOBAHHOMI
JECOPBIINU BOAOPOJA C TIOBEPXHOCTH BOJIb®PAMA
U BEPNJIJINA

B. B. Kynazun, FO. M. I'acnapan

Hanunonanensiit Mccnenosarensckuit Snepusiii Y ausepcuter «MUDH»,
Mocksa, Poccus

HUcrons3oBanne cmecu aeirepus (D) u tputus (T) B Oymymux Tepmo-
SIIEPHBIX yCTaHOBKax, Tuna MesxxayHapogHoro TepMosiiepHOro DKCIepUMEeH-
tanpHOrO Peaktopa (MTOP), HaknajgpiBaeT OrpaHHYCHHs HAa COICPIKaHUE pa-
JUOAKTUBHOTO TPUTHUS B CTEHKaX BaKyyMHOH kamepbl. Ha naHHBII MOMeEHT
M3MEpEHHsI COJIepKaHusl 3aXBaYeHHOT0 T POBOJATCS Ha OCHOBE OajlaHca HaIyc-
KaeMoro M OTKAa4MBaeMOTO ra3a, a TakKe MyTeM aHalli3a 3JICMEHTOB CTEHKH,
W3BJIEYEHHBIX TIOCJIE DKCIEPUMEHTOB. [ JIoKaupHOro in Situ MOHMTOpHHTra
paccMaTpuBaeTCsi COBOKYITHOCTD JIa3epPHO-MHIYIIMPOBAHHBIX MeTo0B [1]. On-
HUM W3 HHUX SIBJISCTCS aHAJM3 JIa3epHO-HHAyIHpoBaHHON mecopbumu (JIU])
3axBayeHHoro rasa. Jluarsoctuka JIMJl ocHOBaHa Ha JIOKaJIBHOM Harpese I0-
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BEPXHOCTH H TOCIEAYIOIIEM Macc-crniekTpomerpudeckoM (JIM-MC) wnm
criekrpockonmueckoM (JIMJC) ananuse Bolmenmero rasza [2].

B manHOl paboTe mpeacTaBiIeHBI Pe3yiIbTaThl YHUCIEHHOTO MOAEIHPOBa-
HUS JecopOIry BOIOPOAA ¢ TIOBEPXHOCTH BOJb(GpamMa U OEpUILIUS TIpH Jiazep-
HOM HarpeBe ¢ HAHOCEKYHIHOW M MIJUTMCEKYHIHOH JTUTEIFHOCTHIO MMITYJIbCA.
Pe3ynbraThl OBIIM TOJYYEHBI HAa OCHOBE MAaKPOCKONHMYECKOH PpEakIHOHHO-
1 (Hy3HOHHONW MOJENM TpaHCHopTa Bojoponaa B meramiax [3, 4]. Tlokasano,
41O HanboIbIas 3GHEKTUBHOCTh JECOPOIMU TOCTHTAETCS BOIM3U TeMIepaTy-
PHI TUIaBICHUS TPH TEIUIOBOM Harpy3ke ¢ MHJUTUCEKYHIHOH IUTUTEIEHOCTBHIO
nmirynbsca. OTienbHOe BHUMaHHe OBbIIO y/IeJICHO OIIEHKE aTOMapHOM (pakiuun
B IIOTOKE JI€COPOMPOBAHHOTO BOJIOPOJA, BKJIAJ OT KOTOPOH OOBIYHO HE pac-
cmarpuBaercs. [Ipsimast necopOumsi aToMOB IMOTEHIMAIEHO BO3MOYKHA IIPH MH-
TCHCHBHOM HAarpeBe MOBEPXHOCTH A0 BhICOKHX Temmepatyp (>2000 K) [5].
OO6pazoBaHue aTOMOB BO BpeMs IeCOPOLIMI MOXKET NMPUBECTH K POCTY HOTPELI-
HOCTH W3MepeHuit npu uHTepnperanuu pesynsraros JIMIC/JINJ-MC. Bouio
OTIpeIeNIeHO, YTO aTOMapHas (paKIUs COCTABIAET 3aMETHYIO 9aCTh OT ITOJIHOTO
MMOTOKa JeCOPOMPOBAHHOTO BOAOPOJAA TONBKO INPH UINTEIFHOM HAarpeBe [0
TeMIIepaTyphl IJIaBJICHUsI MaTepuaia. B ocTanbHbIX cilydasx atomapHas (pak-
uust He npessbiiaeT 10% oT moiHOro MoToKa ¢ MOBEPXHOCTH.
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SIMULATION OF LASER-INDUCED DESORPTION OF HYDROGEN
FROM TUNGSTEN AND BERYLLIUM SURFACES
V. V. Kulagin, Yu. M. Gasparyan
National Research Nuclear University MEPhI, Moscow, Russia

The use of deuterium-tritium (D-T) mixture in future fusion devices, like
International Thermonuclear Experimental Reactor (ITER), limits the amount
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of radioactive tritium in the vacuum vessel. At present, measurements of the T
content are based on the gas-balance method and the analysis of wall elements
extracted from the installation. Various laser-induced techniques are suggested
for the local in situ monitoring [1]. Laser-induced desorption (LID) is one
of such diagnostics. This technique involves local heating of the surface fol-
lowed by the mass-spectrometric (LID-MS) or spectroscopic (LIDS) analysis
of the desorbed gas [2].

The current study presents the results of numerical simulations on hydro-
gen desorption from tungsten and beryllium surfaces under laser heat loads
with nanosecond and millisecond duration. The results are obtained using
a macroscopic reaction-diffusion model of hydrogen transport in metals [3, 4].
It is shown that the highest efficiency of hydrogen desorption is achieved at
temperatures near the melting point after heat loads with millisecond duration.
A particular attention is devoted to the estimation of an atomic fraction in the
desorption flux of hydrogen. Atomic desorption is usually neglected in the sim-
ulations, although it is possible under intense heating of the surface to high
temperatures (>2000 K) [5]. The appearance of atoms in the desorption flux
can probably introduce an additional error when interpreting the results of
LIDS/LID-MS measurements. According to the results, the atomic fraction
noticeably contributes to the desorption flux only under long-term heating to
the near-melting temperatures. Under other conditions, it is found to constitute
less than 10% of the total desorption flux from the surface.
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OmHMM U3 KITIOYEBBIX BOIIPOCOB TEPMOSACPHOIN SHEPTETHKH SIBIISIETCS BBI-
060p MaTepHuajoB TEPMOSACPHOTO PEAKTOPA B COOTBETCTBHH C KECTKUMH yCJIO-
BUSIMH HX 3KCIUTyaTalluy U TpeOoBaHUSIMH Oe30macHOCTH. K BasKHBIM KpUTEpHSIM
BBIOOpa MaTepHaIoB, OOPAICHHBIX K IIa3Me, a TaK)Ke KOHCTPYKIIMOHHBIX Ma-
TEpUaJIOB, HE MOJBEPraloIINXCsl BO3JEHCTBHIO IIa3MBbl, OTHOCSTCSI OJaronpu-
SITHBIE XapaKTEPHCTHKH B3aMMOJECHCTBHS M30TONOB BOAOPOJA C MATEPHAIIOM.
BoszeiicTBne MHTEHCHBHBIX ITOTOKOB M30TOINOB BOAOPOJa Ha MaTepuaisl Iep-
BOM CTEHKHM peakTopa M KOHCTPYKIMOHHBIE Marepuaibl OyIeT NpHUBOIUTH
K 3aXBaTy JAEHTEPHs U TPUTHS B 3THX MaTepHaIax U NPOHHUKHOBEHHUIO N30TOMOB
BOJIOPO/Ia CKBO3b TH MaTepHabl 3a Ipeaessl KaMepsl peaktopa. /s obecre-
4yeHns1 0€30MaCHOCTH TEPMOSICPHOTO PeakTopa HEOOXOIMMO KOHTPOJIUPOBATH
1 HAaCKOJIBKO BO3MOKHO CHHM3HTH NMOTEPH PATUOAKTUBHOTO TPHUTHSA 3a CUET II0-
TOKOB 4Yepe3 CTCHKH KaMepsl peakropa. Takxke ydeT TpUTHS UMeeT 0co0oe 3Ha-
YeHHE JJIsl OpraHU3aluK TOIUIMBHOTO LUKJIAa TEPMOSAEPHOTO PEaKTopa.
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XapakTepuCTHKH B3aMMOJECHCTBHS HM30TONOB BOIOpPOJA C MarepualaMu
YaIe BCEro OIpEIeIIIOT B SKCIEPUMEHTax ¢ aelTepueM U npotueM. [Tockosbky
TPUTHI PaJMOAKTHBEH, OPraHW30BaTh JKCIIEPHUMEHTHl C HHUM 3HAYHMTENIBHO
cnoxxHee. M3oTomHeIi 3G (PeKT mposBiIsSeTcs B OTIMYAN MAapaMeTPOB B3aHMO-
JIEHCTBUS IPOTHS], JEUTEpUsl U TpUTHUS ¢ MarepuanaMu. IloHMMaHne MexaHu3-
MOB yJep)KaHHS BOJOpOJa B MaTepHajax M H3yUeHHE H30TOMHOTO 3ddexTa
MTO3BOJIAT MPEICKA3aTh MapaMeTphl B3aUMOACHCTBHS TPUTHS C MaTepHUalaMu Ha
OCHOBAHUH JTaHHBIX, TIOJTYYEHHBIX ¢ O0Jee JISTKIMH H30TOIIaMU BOJOPOIA.

Llenpro maHHOM pabOTHI ABISIETCSI CYMMHPOBAHHE M aHAIIN3 MMEIOIINXCS
JaHHBIX 110 M30TONMHOMY 3G QEKTy IpH B3aUMOJEHCTBUM M30TONOB BOIOPOJA
¢ 00palIeHHBIMH K IJ1a3M€ ¥ KOHCTPYKIMOHHBIMU MaTepuanamu TSP,

B paboTe paccMOTpeHBI TPaHCIOPTHBIE XapaKTEPUCTUKU M30TOIIOB BOJIO-
pona — ko3 dunnenTs TuPPy3un, TPOHULIAEMOCTH U PACTBOPUMOCTH B PAIE
MetayuioB U cmiaBoB (W, Be, ¢peppuTHO-MapTCHCHTHBIC CTaNH, ayCTCHUTHBIC
HepikaBerotue cramy, cmiaB CUCrZr). CormacHo KIacCHYECKO# Teopuu aud-
Gy3ur MOXHO OXHAATh, YTO KOA(PGHUIMEHTH TuGGY3UH M HMPOHHUIIAEMOCTH
M30TOIOB BOJOPOJIa COOTHOCATCSI KaK KOPEHb M3 00OPAaTHOTO OTHOMICHHS Macc
COOTBETCTBYIOIINX HM30TOMOB. B paboTe mpomaeMOHCTpHPOBAHO, YTO HKCIEPH-
MEHTAJbHbBIC JaHHBIE HE BCETJa COIVIACYETCS C MPEIION0KEHUSIMH, OCHOBAH-
HBIMHU Ha KJaccuueckoil Teopuu auddysuu. s npenckazaHus MHOTOKOB TPH-
THS 4epe3 MeTalIbl TpeOyeTcs ojee IeTanbHbIN aHaTu3.

Pa6ora BemonaeHa npu nogaepkke HULL «KypdaToBckuii HHCTUTYT.

ISOTOPE EFFECT IN THE INTERACTION OF HYDROGEN WITH
FUSION REACTOR MATERIALS

T. Anfimoval2, A. Golubevat

!National Research Center «Kurchatov Institute», Moscow (Russia)
2Mendeleev University of Chemical Technology of Russia, Moscow (Russia)

A choice of fusion reactor materials in accordance with the harsh condi-
tions of operation and safety requirements is one of the most important issues
of fusion energy. Favorable interaction characteristics with hydrogen isotopes
are important criteria for selecting the plasma-facing and structural materials.
The impact of the intense flows of hydrogen isotopes on the reactor first wall
and structural materials can lead to the retention of deuterium and tritium in
these materials and the penetration of hydrogen isotopes outside the reactor
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chamber. To ensure the safety of a fusion reactor, it is necessary to control and,
as far as possible, reduce the loss of radioactive tritium through the walls of the
reactor chamber. Also accounting for tritium is of a particular importance for
the organization of a fusion fuel cycle.

Characteristics of the interaction of hydrogen isotopes with materials are
often determined from experiments with deuterium and protium. It is much
more difficult to organize experiments with radioactive tritium. The isotope
effect is manifested in the difference between the parameters of the interaction
of hydrogen, deuterium and tritium with materials. Understanding the mecha-
nisms of hydrogen retention in materials and studying the isotope effect will
make possible to predict the parameters of the interaction of tritium with mate-
rials based on known parameters for light isotopes.

The purpose of this work is to summarize and analyze the available data
on the isotope effect at the interaction of hydrogen isotopes with plasma-facing
and structural materials of fusion reactor.

The paper considers diffusivity, permeability and solubility of hydrogen
isotopes in metals and alloys (W, Be, ferritic/martensitic steels, austenitic stain-
less steels, CuCrZr alloy) for fusion. According to the classical rate theory, it
can be expected that the diffusivities of hydrogen isotopes correlate as the root
of the inverse ratio of the isotope masses. It is shown that the experimental data
are not always consistent with the classical rate theory. A more detailed analy-
sis is required in order to predict tritium fluxes through metals.

This work was supported by the National Research Center «Kurchatov In-
stitute».
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HaxkoruieHne TpuTusa B MaTepranaXx TEPMOSIECPHBIX YCTAHOBOK SIBIISICTCS
npoOeMoll ¢ TOYKH 3peHUs paJuallMOHHON Oe3omacHOCTH. MakcuMaabHOE
JOITyCTUMOE COAEpKaHUE TPUTHUs B INIaBHOU BakyyMHOHN kamepe UTOP B mro-
60ii MmomeHT Bpemeru coctapisieT 700 r [1]. OaHNM U3 OCHOBHBIX MEXaHHU3MOB
HAKOIJICHHUsI M30TOIIOB BOJOPOJA B PEAKTOPE SIBIISIETCA COOCaXJEHHE C Mate-
puanamMu oOpalIeHHBIX K mia3me aneMenToB [2, 3]. B UTOP B kauecTBe Mare-
puana Haubosee Harpy>XeHHOH 00JIaCTH MEPBOM CTEHKH — JMBEPTOPA, BHIOpaH
Bonb(dpam. [ToHnmManue mpomecca cOOCaXKICHHUS HM30TOIOB BOAOPOJA C ITHUM
METAJUIOM HEOOXOIMMO MJIsi KOJMYECTBCHHOW OIICHKH YACPKaHUS TPUTHA
B 0OpaIIeHHBIX K TIa3Me dJIEeMEHTaXx.

I'enuii siBiIsieTCS pe3yabTaTOM TEPMOSIIEPHON peakLuu JEUTepus ¢ TPUTH-
€M, IPUMECh TeIHs B IUIa3Me MOJKET BJIMATH HA COAEp)KaHHE BOAOPOAA B CO-
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OCKIECHHBIX METAJUIMYECKUX CIIOSX. B pesynbraTe BHeIpeHHs reius oOpasy-
IOTCSI JOTIOJIHUTENIBHBIE Ae(EKTHI, KOTOPbIE MOTYT OBITH 3allOJHEHBI BOJOPO-
1oM [4]. MOXHO TIPEeaIONOKNTh, UTO HANYKME TeHs MPUBEICT K M3MEHEHHIO
HAKOIUICHUA TPUTHUA B COOCAXKICHHBIX CJIOAX M3-3a UBMCHCHUA CTPYKTYPHI IO
CPaBHCHHUIO C HAKOIUICHHUEM, IMPCACKA3bIBACMBbIM I METAUIMYCCKUX CIIOCB,
COOCAKACHHBIX 0€3 ero mpuMecH B ra3oBOH cMecH. B skcmepuMeHTax Imo co-
ocaxeHuio B Ar-D; 01510 00Hapy>keHO BIUSHHE MOP(HOIOTHH Ha HAKOTUICHHE
Bojmopozaa [5]. Heo6xoauMo U3yduTh BIHSHHE T'eHs Ha COOCAKIECHUE TPUTUS
C MaTepHaJaMH CTEHKH KaMephl JJIsl JajbHEHIeH OLCHKH yIepsKaHHus TPUTHUS
B MaTepuanax UTOP.

B pamkax naHHOW pa®OTHI NPOBOAWIINCH JBE CEPHU IKCIEPHMEHTOB IO
COOCaXK/CHUIO AeHTepHs ¢ BOIb(PAMOM Ha IKCIIEPUMEHTAJIbHOW YCTAaHOBKE
MP-2 [6], npeaHa3sHauCHHOMN /Il HAHECCHUS] METAJTMYCCKHUX TUICHOK METOIOM
MarHeTpoHHOTO pacnblUieHusl. OHa COCTOUT U3 JIBYX OTJEIBHO OTKaYMBAEMBIX
KaMep — kKamepsl ocaxkaeHus u kamepsl TJIC. [ImanapHbI MarHeTpoH MOCTO-
SHHOTO TOKa OBUI HCIIONB30BaH AJSl PACHBUICHHS BONb()PaMOBOM ITaCTHHBI
B KauecTBe pabouero raza Ar-D,-He. IIpumecs renus B ra3oBoif cMecH cocTas-
msma 0, 5 u 20% ot maBneHust Aedtepus. B kamepe OcaIeHHsI OCTaTOYHOEC

ABJIEHUE COCTABIISIIO 3.107° [1a, pabouee maBnenue cocrapmsuio 6,0+0,2 [1a,
a mapuuanbHoe maBieHue Ar cocrarisuio 2,8 I1a. HampsbkeHue, TOK ¥ MOIII-
HOCTh paspsiaa cocraisin ~600 B, ~0,3 A u 200 Bt coorBercTBeHHO. B Ka-
mepe T/IC ocratouHoe qaBiIeHHE COCTABIIIO IPUMEPHO 107 Ma.

B mepBoii cepuu ocakAeHHE NMPOBOAWIOCH IJIsI JHAIla30HA TEMIIEpaTyp
ot 400 no 800 K. JInst momydeHHBIX 00pa3moB OBLI MPOBEACH MO METOAY Tep-
MozgecopbuuonHoii crnektpomerpun (TJC) in vacuo. Anamu3 mokasan, 4YTO
NPUCYTCTBUE TS B LIETOM IMOJIABJIAET HAKOIUICHUE NeHTepHs B IUICHKE. JTO
MOXET OBITh OOBSICHEHO TEM, YTO TelIHMH W JeHTepuil KOHKYPUPYIOT 3a OJHHU
U T€ e THITBI JIOBYIIEK. [Ipy 3TOM refuii IpH COOCAKACHUU B CMECH C JIeiiTe-
pueM, 1o GoibIei YacTH gecopOupyeTcst B 00JacTH HU3KUX Temnepatyp. On-
nako TJIC ananu3 nposoamics ao temmeparypsl 1400 K, renuit MmoxxeT aecop-
OupoBathCst pu 00JIee BHICOKUX TEMIIEPaTypax.

Bo BTOpOIi cepumn ocaxieHne mpoBouIIoCh st Tpex temneparyp 400, 500
n 800 K. IMonyueHHbIe 00pa3lbl HCCIEAOBAIUCH METOJOM PACTPOBOM AIeK-
TpoHHO# MuKpockomuu (POM) ¢ ucmonb30BaHreM MHUKPOCKOTa Moaen Vega 3
Tescan. Bce n3oOpaxxeHusi ObUTH MOJYYSHBI B OTPAKCHHBIX DICKTPOHAX, 3TO
MO3BOJICT TAK )K€ MOJYYUTh JOMOJHHUTEIbHYIO HH()OpPMALHIO pactpeneeHn
9JIEKTPOHHOH IIOTHOCTH Ha MOBEPXHOCTH 00pa3lia, a 3HauYuT U 00 aTOMapHOM
coctaBe. OOpasIbpl HE UMENIH Pa3BUTOTO peibeda MOBEPXHOCTH, MPUCYTCTBO-
BaIM eIUHWYHBIC Ae(EKTHl B BHJE TPEIIMH M MBUIMHOK, HE MPEBBIMIAIOIINX
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pasmepst 20 mxm. B [7] npu coocaxaenuu Bosb(hpamMa B YHUCTO TeIHEBOM
miasmMe ObUTM OOHapy»KeHbl My3bIpbku pasmepoM 10 20 HM. Paspemraromas
CrocoOHOCTh MHKpockorma Vega 3 Tescan He MO3BOJSIET YBUACTHh Ie(EKThI
TaKUX pa3MepoB.

Taxk ke ObUI IPOBEJCH PEHTTEHOBCKHUN aHamn3 (a3oBOTO COCTaBa IMOIY-
YEHHBIX BO BTOPOH CEpHH 3KCIIEPHMEHTOB BOJH(PPAaMOBHIX IUICHOK. 3aIiCh
TU(QPAKIIMOHHBIX CHEKTPOB il OmpeneneHus (a30BOro cocraBa 00pa3IoB
U OLEHKH HMX CTPYKTYPHOIO COCTOSHHS IIPOBOJMIACH Ha IH(PPAKTOMETpe
Bruker D8 Discover npu ucnonb3oBannu CuU K, U3IydeHHS W MO3UIIMOHHO-
YyBCTBUTEIBHOTO AeTekropa LYnXEye. IIoKpBITHS NpEeNMYyIIECTBEHHO UMEIOT
OLIK-permieTky, MEIKOIUCIIEPCHBI U HMEIOT IMOCTOSHHYIO PELIeTKH OoIblIre,
9YeM [UIsi MOHOKPUCTAJUTMYECKOr0 BoJib(paMa. BOnbpInas nocTosHHAS PEIIeTKH
MOXeT ObITh 00BSICHEHA OOJBIIMM KOJMYSCTBOM aTOMOB 'a3a B COOCaXKICHHON
TUICHKE.

OO0pa3upl BTOpOH CEpHH IKCIEPUMEHTOB OBLIM HCCIEIOBaHbI METOJOM
TepMOAecOpPOIMOHHON crieKTpockonuu yxe Post mortem. Ilomyyennsie TIAC-
MHUKA CTPYKTYpHO cxoxu ¢ TJIC-nikamu, mojay4eHHbIMH 0e3 BBIHOCA Ha aTMO-
cdepy. ['enuii Tak xe BeicBoOOXIaeTcst mpu Temneparypax ot 1800 mo 2000 K.
OnHaxo 11t 00pa3ioB, OCAKACHHBIX B JEHTEPUI-TEINEBON CMECH, KOJINYECTBO
renus, 1ecOpOUPYIOLIETocs TP 3THX TeMIIepaTypax, najiaet. ITo TaK )Ke O3Ha-
9aeT, YTO TeNuii He OyAeT 3HAYUTEIIHHO MPEISITCTBOBATh OTKUTY Je(heKTOB.
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EFFECT OF HELIUM ON THE ACCUMULATION OF DEUTERIUM
IN CO-DEPOSITED TUNGSTEN LAYERS

E. A. Fefelova, S. A. Krat, Yu. M. Gasparyan, V. S Efimov, M. M. Zaripova,
M. G. Isaenkova, A. A. Pisarev

Moscow Engineering Physics Institute (MEPhI)

The accumulation of tritium in the materials of fusion devices is a radia-
tion safety issue. The maximum content of tritium within the main vacuum
chamber of ITER at any time is 700 grams [1]. One of the main mechanisms of
hydrogen isotopes accumulation in the reactor is their co-deposition with plas-
ma-facing materials (PFM) [2, 3]. In ITER, tungsten was chosen as the divertor
material. Understanding the process of co-deposition of hydrogen isotopes and
tungsten is necessary for a quantitative retention analysis of tritium in PFM.

Helium is the result of a fusion reaction of deuterium with tritium. The
admixture of helium in plasma can affect the hydrogen content in co-deposited
metal layers. As a result of the helium implantation, additional defects can be
formed, which can be filled with hydrogen [4]. It may be assumed that the
presence of helium will change how tritium accumulates in the co-deposited
layers due to a change in the structure compared to how tritium accumulates
in metal layers co-deposited without its admixture in the plasma. Co-deposition
experiments with Ar-D2 plasma have shown the influence of morphology on
the accumulation of hydrogen [5]. It is necessary to study the effect of helium
on the co-deposition of tritium and with plasma-facing materials in order to
further evaluate the retention of tritium in ITER materials.

In this work, two series of experiments were carried out on deuterium co-
deposition with tungsten using the MD-2 experimental setup [6], designed for
co-deposition of metal films by magnetron sputtering. It consists of two sepa-
rately evacuated chambers — the co-deposition chamber and the TDS chamber.
A planar DC magnetron was used to sputter a tungsten plate in an Ar-D2-He
gas mixture. The helium admixture in the gas was 0, 5, and 20% of the deuteri-
um pressure. In the co-deposition chamber, the residual pressure was 3 - 107 Pa,
the operating pressure was 6.0+0.2 Pa, and the Ar partial pressure was 2.8 Pa.
The voltage, current, and discharge power were ~600 V, ~0.3 A, and 200 W,
respectively. In the TDS chamber, the residual pressure was approximately
107" Pa.
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In the first series, the deposition was carried out for the temperature range
from 400 to 800 K. For the samples obtained, thermal desorption analysis was
carried out in-vacuo. The analysis showed that the presence of helium generally
suppresses the accumulation of deuterium in the film. This can be explained by
the fact that helium and deuterium compete for the same types of traps. In this
case, helium, when co-deposited with deuterium, for the most part desorbs
at low temperatures. However, the TDS analysis was carried out only up to
1400 K; helium can desorb at higher temperatures.

In the second series, the deposition was carried out for temperatures: 400,
500 and 800 K. The samples were examined via scanning electron microscopy
(SEM) using a Vega 3 Tescan microscope. All images were obtained from
backscattered electrons, which also makes it possible to obtain additional in-
formation on the distribution of electron density on the surface of the sample,
and hence on the atomic composition. The samples did not have a developed
surface relief; there were single defects in the form of cracks and dust particles
not exceeding 20 um in size. In [7], during the co-deposition of tungsten in
pure helium plasma, bubbles up to 20 nm in size were observed. The resolution
of the Vega 3 Tescan microscope does not allow us to see defects of this size.

An X-ray analysis of the phase composition of the co-deposited tungsten
films was also carried out. Diffraction spectra of the phase composition of the
samples were recorded via Bruker D8 Discover diffractometer using Cu K,
radiation and a LynxEye position-sensitive detector for and used for assessment
of their structural state. The films predominantly have a bcc lattice, are finely
dispersed, and have a lattice constant greater than single-crystal tungsten. The
large lattice constant can be explained by the large number of gas atoms in the
co-deposited film.

Second series samples were studied via thermal desorption spectroscopy
after the removal from the vacuum chamber. The resulting TDS peaks are
structurally similar to the TDS peaks obtained post mortem. Helium is also re-
leased at temperatures from 1800 to 2000 K. However, for samples deposited in
a deuterium-helium mixture, the amount of helium desorbed at these tempera-
tures decreases. This means that helium does not significantly interfere with
defect annealing.
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IIpumeneHue TpUTHUS B Ka4€CTBE OJHOTO U3 KOMIIOHEHTOB TOIUIUBA B TEP-
MOSZICPHOM peaKkTope HpHBieKaeT 0co00oe BHUMaHNe K 0€30IacHOCTH €ro dKc-
wryaranud. CocOOHOCTh M30TOIIOB BOJOPOAA IPOHHUKATH Yepe3 TBEpAble Ma-
Tepuaibl, 0COOEHHO NPH OXKHJIAEMBIX B IIpolecce paboThl peakTopa TemIlepa-
Typax, MO>KET IPUBOJUTh K CYLIECTBEHHOMY HAKOIUICHUIO TPUTHUS B MaTepua-
nax. CyIIecTBYIOIUI PHUCK BOZHUKHOBEHUS aBapUHHONW CUTYyalluH, MOBpPEXKIe-
HUS DJIEMEHTOB PEaKTopa, 3arpsi3HEHNUS TPUTHEM TETIJIOHOCHUTEIS, a TaKkke 0e3-
yCIIOBHast HEOOXOAMMOCTh TEXHUYECKOTO OOCITYKMBAHUS YCTAaHOBKH M YMEHb-
HIEHUs] KOJIMYECTB 3aXOPaHMBAEMBIX PaJMOAKTHBHBIX OTXOAO0B JENAIOT 3a7auy
CHIDKEHHsI aKTUBHOCTH MaTEpHUANIOB PEaKTopa OJHOM W3 MPUOPHUTETHBIX. [lo-
MHMO BOTIPOCOB 0€30IIaCHOCTH M SKOJIOTUH U3BJICUCHUE TPUTHS U3 MaTepHAIOB
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aKTyaJIbHO TaKXE M C TOYKH 3PEHHSI IKOHOMHUKH — BBICOKAsi CTOMMOCTh M OTpa-
HHYEHHOCTh PECYpCOB TPHUTHUS HPUBOAUT K HEOOXOTMMOCTH CHIDKEHHUS €ro
0€3BO3BpaTHHIX MOTEPh M MOBTOPHOTO MCIONB30BaHMA. B HacTosmiee Bpems
B peaktope UTOP B xauecTBe OCHOBHOTO METOAA IETPUTH3ALNHU paccMaTpHBa-
eTcsl BaKyyMHBIH OT)KUT NIEpBOH CTeHKH peaxropa npu 513 K u nuBepTopa npu
623 K [1]. Oanaxo sxcniepumentsl B xoae kamnanuu JET ITER-Like Wall mo-
Ka3aJiy, YTO JaHHBIA METOJ] He SBISACTCS BBICOKOA(P(eKTUBHBIM [2].

Metoa M30TONMHOTO OOMEHA, OCHOBAHHBIM HA 3aMEIICHUHU TSDKEIBIX H30-
TOTIOB B MaTepHaJie JISTKUMHU W30TOIIAMH BOJOPOAA, MOXKET CTAaTh MEPCICKTUB-
HOW albTepHATHBOM BaKyyMHOMY OT)KWTY WM HCIOJB30BATHCS B KAadeCTBE
METO/a TOOYHUCTKHU JIEMEHTOB BaKyyMHOW KaMmephl. B pamkax naHHO# paGoThI
OBUTIO TIPOBEJCHO HCCIIEOBaHHE HM30TOMHOTO OOMEHa NeHTepHst B OJHOM U3
marepuanioB TSP — 6ponze CUCrZr ¢ BomoposoM u3 ra3oBoi ¢asbl. s uc-
CJICIOBAHUSI MCTIONBb30BAINCH 00pa3Ibl OPOH3bI, HACHIIICHHBIE JeHTepueM Ipu
temneparype 400 °C u gaenenuu 1 atm. YacTh 00pasiioB MpeaBapHUTEIBHO

o0ydanack MOHAMU Fe’* ma HapaboTKH Ae()EeKTOB B CTPYKType 0OpasIoB.
B pabote npencraBieHsl pe3yabTaThl CEPUH HKCIIEPUMEHTOB, LIENBI0 KOTOPHIX
OBLTO CpaBHUTH 3()P(PEKTUBHOCTH U30TOITHOTO OOMEHA B MPEIBAPUTEIBLHO 00ITY-
YEeHHBIX M HEOOIy4eHHBIX 00pa3slax, a TaKKe OLEHWUTH BIIMSIHUE TEMIEPaTyphl
Ha 3} eKTHBHOCTH U30TOITHOTO OOMEHa JieiiTepust u3 TBEpAOH (a3l ¢ ra3000-
Pa3HbIM BOJIOPOJIOM.

Pa6ora Brermoxraena npu noxaepxke HULL «KypaatoBckuit ”HHCTHTYT».
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The use of tritium as fuel component in a fusion reactor requires special
attention to the safety of operation. The ability of hydrogen isotopes to pene-
trate solid materials, especially at reactor temperatures, can lead to tritium re-
tention in the reactor materials. The risk of an accident and incident, as well as
the need for maintenance of the facility and reduction of the amount of radioac-
tive waste make the task of reducing the activity of reactor materials one of the
priorities. The tritium removal from materials is also important from the point
of view of economics. The high cost and limited tritium resources lead to the
need to reduce irretrievable losses and reuse. Vacuum annealing of the first
wall of the reactor at 513 K and of the divertor at 623 K is considered as the
main detritization method in the ITER reactor [1]. However, experiments dur-
ing the ITER-Like Wall campaigns showed that this method is not highly effi-
cient [2].

The isotope exchange method can become a promising alternative to vac-
uum annealing. Also this method can be used for additional cleaning vacuum
chamber elements. The isotope exchange method is based on the replacement
of heavy isotopes in the material with light hydrogen isotopes. A study was
made of the isotopic exchange of deuterium in bronze CuCrZr with hydrogen
from the gas phase was made. Bronze specimens were saturated with deuterium
at 400 °C and pressure 1 atm. Some specimens were preliminarily irradiated
with ions Fe** to induce defects in the sample structure. The paper presents the
results of comparing the efficiency of isotopic exchange in pre-irradiated and
non-irradiated specimens and the results of a study of the temperature effect on
efficiency of isotopic exchange of deuterium from the solid phase with hydro-
gen from the gas phase.

This work was supported by the National Research Center «Kurchatov In-
stitute».
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BKJIA/] TOIIJINBA BB3P B HAKOIIJIEHUE H-3
B TEIIJIOHOCHTEJIE IEPBOT'O KOHTYPA

B. A. I'paues, O. C. Bvicmposa, A. 5. Cazonos
HHII «KypuaToBckuil ”HCTUTYT», T. MockBa

OcHoBHO# BKIag B obpasoBanue °H (TpuTus) B axTuBHOH 30He BBDP
BHOCAT TPOIECCHI TPOMHOTO JAENeHHs sijep ypaHa u rurytonust (6onee 95%),
a taxke peakuus °B(n, 20)°H, uaymas B TeMIOHOCHTENE HEPBOrO KOHTYPA.
[Ipu pabGote peakTopa Ha MOIIHOCTH OOJIBINAs YAacCTh TPUTHS YAEPKUBACTCA
TBAIaMH. [IpOIICHT yAep)KaHUS O HACTOSIIETO BPEMEHH OCTACTCS MPEIMETOM
cropoB. CpeIHIO BEIMYMHY BBIXOJA TPUTHSA B TCIUIOHOCHTENb IPUHSITO CUH-
tats paBro#t 0,1% [1]. Tem He MeHee, XOPOIIIO U3BECTHO, YTO (paKTOpaMu, BIH-
SIOIMMU Ha BBIXOJ H M3 TOMIMBA, SBISAIOTCA BUJ SAEPHOTO TOMIMBA, TIyOHHA
BBITOPAHHSI, THHEHHAS TEIUIOBAss MOIIHOCTH TBIJIOB M MPOHUIIAEMOCTh MaTEPH-
ana ux obonouek. B cBs3u ¢ yBenmuaenuem momrHocti BBOP-1000, mpomomku-
TENBHOCTU TOIUIMBHBIX IMKJIOB, a TAKXKE BBHJY IMEPCIEKTUB HCIIOIb30BAHUI
MOX- u REMIX-tormiBa 1 000J109eK W3 MaTEpUAIOB MHBIX, HEXEIH TPaIu-
[MOHHBIE [MPKOHMEBLIE CILIABBI, 3HaueHUe BhIxoja °H Tpebyer mepecMorpa
JUTSL KXKIOTO CITydasi B OTACIbHOCTH.
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B nactosme# pabore BBIXOJ TPUTHS M3 TOIUIMBA B TEIUIOHOCHTEINH OTIpE-
JIeTSUTH Ha OCHOBaHUM MOJICJIMPOBAHMSI €r0 MepeHoca Mo CIeIYIoIeH cxeme:
«TOIUIMBHAs MaTpUIA — T'a30BBIH 3a30p — 000JIOYKA — TEIUIOHOCHTENb». Pac-
TIpeeeHIe TPUTH B 00bEME TOIUIMBHBIX TAOJIETOK PACCUMTHIBACTCS MOTYIM-
NUPUYECKHU, C MIPUBJICYEHHEM HUMEIOIINXCS KCIIEPUMEHTAIbHBIX JaHHbIX. He-
3aBUCHMBIMH TTapaMeTpaMu IPH 3TOM CIIy’KaT BPeMs U 3aBUCALIEE OT BPEMEHU
TeMIiepaTypHoe moje. [Ipu 3ToM mepeHoC TPUTHS W3 TOIUIMBHOM MaTpHIIBI
B Ta3o0BbIi 3a30p OMHUCHIBACTCS KaK XUMHYECKas peakuus pasznoxenus. Cko-
POCTB Pa3NokKeHHUs ONpeIeNsIeT OToK aToMoB *H B 3a30p, re pacrpeneeHue
TPUTHS CTAHOBUTCS OJHOPOJHBIM. [IpUHHMMaeTcs, 4TO HakorueHus °H Ha
Mex(da3Hol TpaHUIe «Tra3 — TBEPAOE Teso» He nmpoucxomut. [lepeHoc tputus
Yyepe3 000JI0UKY ONHCHIBACTCS KIIACCHUECKON MOAENbI0 ogHOMepHOH mudgy-
3MM aTOMOB, PaCTBOPEHHBIX B TBEPJIOM Tele.

PacueThl ObUIM IPOBEJCHBI JUIS CTAHIAPTHOTO» BapHaHTa TOILIMBA Peak-
topoB: Marpuna UO;, obomouka u3 cioiaBa Zr u T. 1. [loaydeHsl 3HAYCHUS BBI-
xoma 3H B teruonocutens B auamazone ot 0,3 mo 0,5% B 3aBHCHMOCTH OT
ycioBuit paboTsl TBAa. CpaBHEHHE 3TUX PE3yJbTATOB C JIAHHBIMH 10 aKTHB-
noctu °H B c6pocax u BeIOpocax kumsiux peaktopos (BWR) [2] rosoput 06
a/ICeKBaTHOCTH IIPOBEJCHHONW pPAacUyeTHOW OLEHKH. Pe3ynbTaThl aHaJOTMYHBIX
pacyeToB it 00OJIOYEK M3 CIUIABOB XpOMa M HHUKEJSl AEMOHCTPUPYIOT BBICO-
KYIO IIPOHUIAEMOCTH MOCIICTHUX JUIsl TPUTHSL.

Takum 06pa3oM, pacueTHbIe 3HaUEHHs BbIXoa °H U3 TOMIMBA B TEIIOHO-
CHUTENIb Yepe3 000JIOUKY HETOBPEKACHHBIX TBIJIOB OKAa3bIBAIOTCS BBIIIE, YEM
tpaaunonHo npunsTeie 0,1%. bonee Toro, B cpeziHeM OHM Jjake BBIIIE 3HAUE-
HUsI, IPUHAMAEMOI0 C Y4eTOM HPOEKTHO# Herepmernunocty TB3IOB (0,32%).
Jns BBOP ¢ GopHBIM peryinMpoBaHHEM TaKHe pa3jindMs HE MPOSBIAIOT ceOs
Ha NPAKTHKE, TaK KaK cOpOCHI M BBHIOPOCHI TPUTHSI ONPEIEISIOTCS €r0 MHOTO-
KkpaTHO GoJbmMM oOpasoBanneM u3 °B. OmHako 11 Tex paspaboTOK, Tje
OopHOE peryaupoBaHUe HE MPEeJyCMOTPEHO, BKIIAJ TOIUIUBA B YTEUKU TPUTHUS
B OKPYXKAIOIIYI0 CPEely CTAaHOBUTCS OMNPEACNSIONINM U JIOJDKCH OLICHWBATHCS
C YYETOM MOJIYYCHHBIX PE3YJIbTATOB.
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THE CONTRIBUTION OF VVER FUEL TO THE ACCUMULATION
OF H-3 IN THE PRIMARY COOLANT

V. A. Grachev, O. S Bystrova, A. B. Sazonov
NRC «Kurchatov Institute», Moscow

The main contribution into formation of 3H (tritium) in the VVVER core is
made by the processes of triple fission of uranium and plutonium nuclei (more
than 95%), as well as the 1°B(n, 20.)*H reaction occurring in the primary cool-
ant. When the reactor is operating at power generation mode, most of the 3H is
retained by fuel rods. The percentage of retention remains a subject of contro-
versy to date. The average value of 3H release into the coolant is considered to
be equal to 0.1% [1]. Nevertheless, it is well known that the factors affecting
release of *H are the type of nuclear fuel ad its burnup, linear thermal power of
fuel rods, and permeability of their shell material. Due to the increase in both
power of VVER-1000 and duration of fuel cycles, as well as in view of the pro-
spects for using MOX and REMIX fuels and shells made of materials other
than traditional zirconium alloys, the value of the *H yield requires revision for
each case separately.

In this paper, the release of 3H from the fuel into the coolant was deter-
mined based on the simulation of its transfer according to the following
scheme: «fuel matrix — gas-filled gap — cladding — coolant». Spatial distribution
of 3H in the fuel pellets was calculated semi-empirically, using available exper-
imental data. Time and time-dependent temperature field were considered as
independent parameters. Transfer of *H from the fuel matrix to the gas-filled
gap is described as a chemical decomposition reaction. The rate of decomposi-
tion determines the flow of ®H atoms into the gap, where the H distribution
becomes homogeneous. It is assumed that the accumulation of H at the gas —
solid interface does not occur. The transfer of 3H through the shell is described
by the classical model of one-dimensional diffusion of atoms dissolved in
a solid.

Calculations were performed for a typical version of the reactor fuel: UO;
matrix, Zr-alloy cladding, etc. The values of the *H release to the coolant in the
range from 0.3 to 0.5%, depending on the operating conditions of the fuel ele-
ment, were obtained. Comparison of these results with data on the activity of
®H in discharges and emissions of boiling reactors (BWR) [2] indicates the ad-
equacy of estimates done. The results of similar calculations for claddings
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made of chromium-nickel alloys demonstrate high permeability of the latter
for °H.

Thus, calculated values of *H release from the fuel into the coolant
through claddings of the intact fuel rods are higher than traditionally accepted
0.1%. Moreover, on average, they are even higher than the value assumed tak-
ing into account the design leakiness of fuel rods (0.32%). For VVER with bo-
ron control, such differences are insignificant, since the discharges and emis-
sions of 3H are determined by its many times larger formation of 1°B. However,
for those developments where boron control is not applied, the contribution of
fuel to °H leaks into the environment becomes crucial and should be evaluated
with taking into account the results obtained.



Kinetics and thermodynamics of the interaction of hydrogen isotopes... 65

AxaHoB Acbll1 MakcaTyJibl
Umxenep nadoparopuu npodiem 6e30macHOCTH
ATOMHOH SHeprun
PecrrybnmkaHCcKoe TOCyIapcTBEHHOE IPEIIPHATHE
«MHCTUTYT snepHON PHU3HKU»
MununctepctBo sHepreTuku Pecrybnuka Kazaxcran
Pecnyonuka Kazaxcran, r. Anmarsl, i6parumosa 1
SnepHast pu3nKa, peakKTOPHBIC UCTIBITAHHUS,
TEpMOsiIepHbIC PEaKTOPBbI

Akhanov Assyl Maksatuly
Engineer of the laboratory of safety problems
of atomic energy
Republican state enterprise : |
«Institute of nuclear physics»
Ministry of energy Republic of Kazakhstan
Republic of Kazakhstan, Almaty city, Ibragimova 1
Nuclear physics, reactor tests,
thermonuclear reactors
aakhanov@inp.kz, assyl_akhanov@list.ru

T'A30BBIJIEJIEHUE TPUTHUA U3 OJHODPA3ZHOMN JIUTUEBOM
KEPAMUKH ITPH BBICOKOTEMIIEPATYPHOM HEMTPOHHOM
OBJYUYEHHWU B PEAKTOPE BBP-K

A. M. Axanoe, M. T. Aumxynos, A. A. Lllaiimepoenos, T. B. Kynbcapmos,
C. K. Ackepbexos

WuctutyT sinepHoit pusukn, Pecybnuka Kazaxcran

B peaxrope BBP-K npoBeneHo BricokoTeMIIepaTypHOE 00IydeHue mo0I0B
W3 MeTaTUTaHaTa JUTUS 10 (IIIOCHCA TEIUIOBBIX HEWTPOHOB 1,8-10" cm
B mnpouiecce 06ydeHHs TPOBOAUIIOCH M3MEPEHHE Ta30BbIIENICHHsT 13 300108
METOJIOM BaKyyMHOM OJKCTpakiuu. Peructpamuss ra3oBoi KOMIIOHEHTHI
MIPOBOIMIIACH MacC-CIIEKTPOMETPUYECKHM MetogoM Ha ycraHoBke CIRRA.
B pe3ynbTaTe ObUTH MOTYYIEHBI SKCIIEPUMEHTAIbHBIC TAHHBIE 00 0COOCHHOCTSIX
ra3oBBIJICJICHUS] W3 MeETaTUTaHaTa JUTHUS MpU €ro HarpeBe B YCIOBHSIX
PEaKTOPHOTO OONy4YCeHHs. BhIgencHHe TPUTHS TNPOUCXOAWIO B BHUAC IBYX
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monekyn (HT u T2). Jlons BeigeneHHON TpUTHEBO# Bojibl MeHee 5% oT ob1iero
KOJIMYECTBA BBIICICHHOTO TpUTHs. [10Ka3aHO, YTO JOJISA TPUTHSA, BBIACICHHOTO
u3 Kepamuku B Bume Mosiekyiasl HT cHmkaercs ¢ 85 mo 70% 3a omun
obmyuatensublii 1Mk (21 gaews). [Ipu 5TOM, 1051 BBIIEISEMOTO TPUTHS B BUJIE
MOJIEKYJIbI T2, CYIIECTBEHHO PacTeT CO BpeMEHEM OOJIydeHHSI.

PaGora BeImonHeHa mnpu ¢QuHaHCOBOW mojaepkke Komurera Hayku
MunucrepcTBa oOpasoBaHus W Haykn PecmyOmuku Kasaxcran (rpadt
Ne AP13068172).

GAS RELEASE OF TRITIUM FROM SINGLE-PHASE LITHIUM
CERAMICS DURING HIGH-TEMPERATURE NEUTRON
IRRADIATION IN A WWR-K REACTOR

A. M. Akhanov, M. T. Aitkulov, A. A. Shaimerdenov, T. V. Kulsartov,
S. K. Askerbekov

Institute of Nuclear Physics, Republic of Kazakhstan

High-temperature irradiation of lithium metatitanate pebbles to an

accumulate the thermal neutron fluence of 1.8-10*° cm™ was carried out in the
WWR-K reactor. The in-situ gas release from the pebbles was measured by the
vacuum extraction method. The registration of the gas component was carried
out by the mass spectrometric method at the CIRRA facility. As a result,
experimental data were obtained on the peculiarities of gas release from lithium
metatitanate when it is heated under reactor irradiation conditions. The tritium
release occurred as two molecules (HT and T»). The proportion of tritium water
released is less than 5% of the total amount of tritium released. It has been
shown that the fraction of tritium released from the ceramics as a HT molecule
decreases from 85 to 70% in one irradiation cycle (21 days). In this case, the
proportion of tritium released as a T, molecule increases significantly with
irradiation time.

This research is funded by the Science Committee of the Ministry of
Education and Science of the Republic of Kazakhstan (Grant No. AP13068172).
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MNPOHULIAEMOCTbB BOJOPOJA CKBO3b CIIJIABBI HA OCHOBE
MMAJVIAINA 1 BAHAIUS
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!KpacHomapckoe BBICIIEE BOCHHOE aBHALIMOHHOE YUMJIHIIE JIETIHKOB,
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HemHemHuii uHTEpEC K Pa3sBUTHIO BOJOPOJHOM 3HEPI€TUKH B OCHOBHOM
00yCJIOBJICH HCTOLICHHEM YTICBOAOPOIHBIX PecypcoB. B To ke BpeMs B CBs3H
C pa3BUTHEM BOJOPOJHON 3HEPreTHKH BO3HHKIA pACTyIlas IOTPEeOHOCTH
B BOJIOpOjie BbICOKOU uucToThl (>99,9999%), m3BneueHHe KOTOPOrO W3 pas-
JIUYHBIX BOJOPOJOCOACPIKAIINX Ta30BBIX CMECEH BO3MOXKHO C TIOMOIIBIO MEM-
OpaH U3 mayutaaueBbix cruiaBoB. OjpHaKo, MOCKONbKy Pd siBsieTcst moporocro-
SIIIAM METAJUIOM, JKEeNIATeIIbHO Pa3paboTaTh HEOPOTHE U BBICOKOA((EKTHBHEIC
CIUTABBI JiIsl IPOHUKHOBEHMUS BOJOPO/IA U €r0 U30TOMOB, OTIMYHBIC OT CILIABOB
Ha OCHOBE mautaaus. K ToMy e, Kak 0Ka3ajloCh, B 3aBUCHMOCTH OT YCIIOBHIA
NPUMEHEHHsT MeMOpaH Ha ocHOBe Pd OHH MOJABEPIKEHBI BOJAOPOIHOMY OXPYII-
YHUBAHUIO, YTO CHIDKACT UX MPOM3BOIUTEIBHOCTb.
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AJTbTEepHATHBON MaUIaqieBbIM MEMOpAHHBIM CIUIaBaM SIBISIIOTCS Ooliee
JIeleBbIe CIUIaBbl HA OCHOBE MeTauioB 5-oif rpymnsl V, Nb u Ta. B uucrom
BUJIE 3TH METAJUIBI [IOJBEP>KEHBI BOJOPOJAHOMY OXPYIUUBAHHUIO, YTO CBS3aHO
C BBICOKOW pacTBOPUMOCTBIO BOpopoja. [ToMUMO OXpymuuBaHuMs, BBICOKAs
KOHIIEHTPAIMsI PACTBOPEHHOTO BOAOPO/Ia MOXKET NPUBOJIUTH K 3aMETHOMY pac-
[IMPEHUIO PELIETKH H, B PE3yJbTare, «HeuaeanbHol muddysuu» Bogopoaa [1].
Jpyroii mpo6emoii ucnosnb3oBanus MetauioB V, Nb u Ta sBasiercst To, 94TO HX
MOBEPXHOCTh JIETKO MOKPHIBACTCS OKCHUAHBIMHU IUIGHKAMH H3-32 OOJIBILOTO
CPOZACTBA K KUCIOPOIY ITHX METAJIIOB.

Bananuii BeI3bIBacT HauOOJbIICe BHUIMAHUE U3-3a CBOCH CIIOCOOHOCTH CO-
xpanate OLIK cTpykTypy B Oojiee IIMPOKOM KOMIIO3MIIMOHHOM [Hara3oHe,
yem Ta u Nb.

Llenpro pabOTHI SIBISIETCSI KOMIIEKCHBIH CPaBHUTENBHBIN aHAN3 ancopo-
LIUOHHBIX M AW(Q(GY3MOHHBIX IPOIECCOB ITPOHUKHOBEHMS BOAOPOJA CKBO3b
MeMOpanb! 13 OuHapHbIX cruaBoB nmasuanust (Pd-Y) u sanaaus (V-Me, Me = Ni,
Ti, Co) B remnepatypHoM unrepsaie 350—-500 °C.
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PERMEABILITY OF HYDROGEN THROUGH PALLADIUM
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The current interest in the development of hydrogen energy is mainly due
to the depletion of hydrocarbon resources. At the same time, due to the devel-
opment of hydrogen energy, there is a growing need for high purity hydrogen



Kinetics and thermodynamics of the interaction of hydrogen isotopes... 69

(>99.9999%), the extraction of which from various hydrogen-containing gas
mixtures is possible with the help of palladium alloy membranes. However,
since Pd is an expensive metal, it is desirable to develop inexpensive and highly
efficient alloys for the penetration of hydrogen and its isotopes, other than pal-
ladium-based alloys. In addition, as it turned out, depending on the conditions
of use of Pd-based membranes, they are subject to hydrogen embrittlement,
which reduces their performance.

An alternative to palladium membrane alloys are cheaper alloys based on
metals of the 5th group V, Nb and Ta. In their pure form, these metals are sub-
ject to hydrogen embrittlement, which is due to the high solubility of hydrogen.
In addition to embrittlement, a high concentration of dissolved hydrogen can
lead to a noticeable expansion of the lattice and, as a result, "imperfect diffu-
sion" of hydrogen [1]. Another problem with the use of metals VV, Nb and Ta is
that their surface is easily covered with oxide films due to the high affinity for
oxygen of these metals.

Vanadium attracts the most attention because of its ability to preserve the
BCC structure in a wider compositional range than Ta and Nb.

The aim of the work is a comprehensive comparative analysis of the ad-
sorption and diffusion processes of hydrogen penetration through membranes
made of binary alloys of palladium (Pd-Y) and vanadium (V-Me, Me = Ni, Ti,
Co) in the temperature range 350-500 °C.
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TPAHCIHIOPT BOJAOPOJA YEPE3 OLIK-CIIVIABBI V-Fe

C. P. Ky3zenos, B. H. Anumos, A. O. Bychiok, A. U. Jluswiuy,
E. IO. llepeducmos

CIIOI'YT um. npod. M. A. bonu-bpyesuua, Poccus, r. Cankr-IlerepOypr

Mertannuueckne MemOpansbl, BbiosHeHHbIe n3 OIlK-crmaBoB BaHagus
HUMEIOT B Pa3bl OOJBIIYIO MPOU3BOJAMTEIHLHOCTh 10 BOJOPOAY IO CPaBHEHHUIO
¢ MeMOpaHaMHu W3 maiaads W ero cimaBos [1—3]. B wactHoctH, w3 OIIK-
crutaBoB 3amernenust V-Pd ymanock co3iath BBICOKOPOU3BOAUTEIBHBIC MEM-
Opanbl TpyOuaToit (HhOpMBbI, CHOCOOHBIC M3BJICKATH CBEPXUYUCTHIH BOAOPOM W3
MPOJYKTOB MapOBOH KOHBEPCHH YTIICBOMOPOIHBIX TOUB [4]. Takoit BEICOKOM
TIPOU3BOINTEIBHOCTH MEMOpPaH yAaJIOCh TOCTHYL B OCHOBHOM OJlarofapst 1ByM
9KCIIEPUMEHTAJIBHO 00OHApYXeHHBIM dddexTam: Bo-mepBbIX, Pd Kak nerupyro-
IIMH 3JIEMEHT, 3HAYUTENIFHO Mo/aBsieT pactBopuMocTs H B V, Takum oOpasom
pemast mpoOJieMy BOAOPOJHOI XPYIKOCTH INPU SKCIUTyaTalnu MeMOpaH H3
BaHaJMEBBIX CIIABOB, BO-BTOPHIX K03 duuuent auddysnn H B OLIK-crimaBax
samerennst V-Pd comsmepum ¢ koaddunuenrom nup¢ysun H B uncrom Bana-
aun. OgHako, B paborax [5, 6] 6sut0 omicano, yTo Fe€ Kak JIeTHPYIOmui 3Jie-
MEHT MOJaBJIseT pactBopuMocth H B BaHaauu paBHOCHIBHO Pd, HO Kpome TorO,
B TeX e paborax coo0Ianoch 0 HeOObIYaitHO BBICOKOM 3Ha4eHUH KO3 duim-
enra nuddysun Bogopoaa D B Heynopspouennsix OLIK cmiaBax V-Fe: naxe
BBIIIIE, Y€M B yrcTOM V!
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B cBsi3u ¢ 3TUM HeoXHAaHHBIM 3 dexToM, OBUT HHTEPEC MPOJIOIKUTE HC-
cienoBanue Tpancrnopra H uepe3s memOpansr Tpyouatoit ¢popmsr u3 OLK crna-
BOB V-Fe B quamna3one naBlieHUH, KOTOPBIA MOXET OBITh HCIIOJIb30BaH B Mpak-
THYECKOM 3KCIUTyaTallldl JaHHBIX MeMOpaH, HalpuMep B YCIOBHAX NApOBOM
KOHBEPCHH YTJIEBOJAOPOAHBIX TOIUIUB.

JIMTEPATYPA

1. Yukawa H., Nambu T., Matsumoto Y. V-W alloy membranes for hy-
drogen purification, J. Alloys Compd. 509 (2011) 881-884, https://doi.org/
10.1016/j.jallcom.2010.09.161.

2. Alimov V. N., Busnyuk A. O., Notkin M. E., Livshits A. 1. Hydrogen
transport through V-Pd alloy membranes: hydrogen solution, permeation and
diffusion, J. Membr. Sci. 481 (2015) 54-62.

3. Paglieri S. N., Wermer J. R., Buxbaum R. E., Ciocco M. V., Ho-
ward B. H., Morreale B. D. Development of membranes for hydrogen separa-
tion: Pd coated V-10Pd. Energy Mater 2008;3:169-76.

4. Alimov V. N., Bobylev I. V., Busnyuk A.O., Kolgatin S. N., Kuze-
nov S. R., Peredistov E. Yu., Livshits A. I. EXTRACTION OF ULTRAPURE
HYDROGEN WITH V-ALLOY MEMBRANES: FROM LABORATORY
STUDIES TO PRACTICAL APPLICATIONS. International Journal of Hy-
drogen Energy. 2018. T. 43. N 29. C. 13318-13327.

5. Suzuki A., Yukawa H., Nambu T., Matsumoto Y., Murata Y. Quantita-
tive Evaluation of Hydrogen Solubility and Diffusivity of V-Fe Alloys toward
the Design of Hydrogen Permeable Membrane for Low Operative Tempera-
ture.Materials Transactions, Vol. 57, No. 10 (2016), p. 1823 to 1831.

6. Asuka Suzuki, Hiroshi Yukawa. Quantitative Evaluations of Hydrogen
Diffusivity in V-X (X = Cr, Al, Pd) Alloy Membranes Based on Hydrogen
Chemical Potential Membranes, Membranes 2021, 11(1), 67. https://doi.org/
10.3390/membranes11010067.



72 Kunemuxa u mepmoounamuxa 3aumooeticmaus u3omonos. .

THE HYDROGEN TRANSPORT THROUGH THE BCC-Fe ALLOYS
S R Kuzenov, V. N. Alimov, A.O. Busnyuk, E.U. Peredistov, A.l. Livshits

Bonch-Bruevich Saint-Petersburg State University of Telecommunications,
St. Petersburg, Russia
skuzenov@ya.ru

The membranes of bcc V-alloys have significantly higher hydrogen per-
formance compared to membranes made of palladium and its alloys [1-3].
In particular, from V-Pd substitution BCC alloys have been created tubular
membranes capable of extracting with high productivity ultrapure hydrogen
from the products of steam conversion of hydrocarbon fuels [4].

Such high performance for this membranes was achieved mainly due to
two experimentally discovered effects: firstly, Pd as an alloying element, sig-
nificantly suppressing the solubility of H in V, thus solving the problem of hy-
drogen brittleness during the operation of vanadium alloy membranes, and sec-
ondly, in BCC substitution alloys V-Pd the diffusion coefficient of H is near
with the coefficient diffusion of H in pure vanadium. However, in articles [5, 6]
it was described that Fe as an alloying element suppresses the solubility of H in
vanadium as same as of Pd, but in addition, in the same works was reported
about an unusually high value of the hydrogen diffusion coefficient D in disor-
dered BCC V-Fe alloys: even higher than in pure V!

This unexpected effect have great of interest to continue studying the
transfer of H through tubular membranes made of BCC V-Fe alloys in the pres-
sure range that can be used in the practical operation of these membranes, for
example, in the conditions of steam conversion of hydrocarbon fuels.

REFERENCE

1. Yukawa H., Nambu T., Matsumoto Y. V-W alloy membranes for hy-
drogen purification, J. Alloys Compd. 509 (2011) 881-884, https://doi.org/
10.1016/j.jallcom.2010.09.161.

2. Alimov V. N., Busnyuk A. O., Notkin M. E., Livshits A. 1. Hydrogen
transport through V-Pd alloy membranes: hydrogen solution, permeation and
diffusion, J. Membr. Sci. 481 (2015) 54-62.



Kinetics and thermodynamics of the interaction of hydrogen isotopes... 73

3. Paglieri S. N., Wermer J. R., Buxbaum R. E., Ciocco M. V., Ho-
ward B. H., Morreale B. D. Development of membranes for hydrogen separa-
tion: Pd coated V-10Pd. Energy Mater 2008;3:169-76.

4. Alimov V. N., Bobylev I.V., Busnyuk A.O., Kolgatin S. N., Kuze-
nov S. R., Peredistov E. Yu., Livshits A. I. EXTRACTION OF ULTRAPURE
HYDROGEN WITH V-ALLOY MEMBRANES: FROM LABORATORY
STUDIES TO PRACTICAL APPLICATIONS. International Journal of Hy-
drogen Energy. 2018. T. 43. N 29. C. 13318-13327.

5. Suzuki A., Yukawa H., Nambu T., Matsumoto Y., Murata Y. Quantita-
tive Evaluation of Hydrogen Solubility and Diffusivity of V-Fe Alloys toward
the Design of Hydrogen Permeable Membrane for Low Operative Tempera-
ture.Materials Transactions, VVol. 57, No. 10 (2016), p. 1823 to 1831.

6. Asuka Suzuki, Hiroshi Yukawa. Quantitative Evaluations of Hydrogen
Diffusivity in V-X (X = Cr, Al, Pd) Alloy Membranes Based on Hydrogen
Chemical Potential Membranes, Membranes 2021, 11(1), 67. https://doi.org/
10.3390/membranes11010067.



74 Kunemuxa u mepmoounamuxa 63aumooeticmaus u30monos. ..

Hemupnos Imutpuii Huxosnaesnu
Wnxenep uccnenoparenb
HMUIL «KypuaToBCKHI1 HHCTUTYT»

r. Mockga, 1. Akagemuka Kypuarosa, 1, 123098
KommsrorepHoe monenupoBanue,
PpanuaoHHBIE TPOIECCH
U SIBJICHUS B TBEPIBIX TeJax

Dmitry Demidov
Research engineer
NRC «Kurchatov Institute»
1 Kurchatov Square, Moscow, 123098, Russia
Computer modeling,
radiation processes and phenomena in solids
Demidov_DN@nrcki.ru

OINNPEAEJEHUE DOHEPTETUYECKUX U IN®PY3NOHHbIX
MAPAMETPOB B3AUMO/IEMCTBHSI BOJOPOJIA C JIOBYIIKAMHM
B OIIK W: AHAJIN3 TEPMOJECOPBIIMOHHBIX CIIEKTPOB

M. H. [lemuoos, H. I1. Boowvipyw, C. C. Ananves
HanuonaneHslil HccaenoBaTensekuil HeHTp «KypuaToBCKUI HHCTUTYT»

C wucnone3oBaHHeM paHee paspaboTanHo# Mopenu [1], mosBosromieit
pacCYUTBHIBATh TPAHCIOPTHBIC XapaKTEPHUCTHKU BOAOPOJAA U €r0 HAKOIUICHHE
B Bakancusx B OLIK (Fe, W), TLIK (Cu), I'TTY (Be) Merajuiax npu HENpepPbIB-
HOM TIOBPEXJCHUH HEUTPOHHBIM OOJyueHHEM, MpeaokeHa METOIUKA MTPOBe-
JIEHUS] aHallu3a TEPMOJCCOOPIMOHHBIX JaHHBIX HJs 00pas3loB BOJbppama,
B TOM YHCJIE COACPIKALIUX Pa3INuHbIe JIETHPYIOINE TPUMECH, U MO3BOJISIOIIAs
PacCUUTHIBATH YHEPIreTUUECKUE M KUHETHYECKHE MapamMeTpbl M30TOIOB BOJIO-
poma B W.

C moMOIIBI0 JAaHHOW METOAMKH PACCYMTAHBI YHEPTUU CBSI3U ATOMOB
JeiiTepust ¢ JIOBYIIKAMU Pa3IUYHBIX TUIOB B W, MPOBEIEHO YHCICHHOE MO-
JICTTUPOBAHUE BIIUSHUSI HAJTHUYUS TAKUX JIOBYIIECK HA KHUHETHYECKUE XapaKTe-
puctuku (ko3ddurpent aupdy3un, TPOHUKAONIUA TOTOK Yepe3 MaTepHra)
neiirepust B W.
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B noknane OyayT mpencTaBiIeHBl pe3ylbTaThl aHAIN3a SKCIICPUMEHTANb-
HBIX JaHHBIX M UX CPaBHEHHE C paHee MPOBEICHHBIMU B pamkax Mozenu [1]
TEOPETUYECKMMHU OLCHKAaMH JUIi KHHETHYECKHX XapaKTePUCTHK BOIOPOIA
B MaTepuae ¢ JOBYIIKaMH, a TaKKe C JINTepaTypPHBIMH JaHHBIMH O YHEPTeTH-
YEeCKHX MapaMeTpax JOoByIIeK Bogopoaa B W.

Pa6Gora wacTHyHO TOAAEpXkaHa PocchiickuM HaywHBIM (OHIOM (TpaHT
Ne 18-72-10162 8 HULL Kyp4yaToBCKHii HHCTHTYT).
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DETERMINATION OF ENERGY AND DIFFUSION PARAMETERS
OF INTERACTION OF HYDROGEN WITH TRAPS IN BCC W:
ANALYSIS OF THERMAL DESORPTION SPECTRA

D. Demidov, S. Ananiev, N. Bobyr
NRC «Kurchatov Institute»

Using the previously developed model [1], which makes it possible to cal-
culate the transport characteristics of hydrogen and hydrogen accumulation in
vacancies in bcc (Fe, W), fcc (Cu), and hcp (Be) metals under damaging neu-
tron irradiation, a method for analyzing thermal desorption data for tungsten
samples, has been developed. With this method, it became possible to take into
account the influence various allowing dopants and calculate of the energy and
kinetic parameters of hydrogen isotopes in W.

Using this technique, the binding energies of deuterium atoms with traps
of various types in W have been calculated, and the traps influence on the ki-
netic characteristics (diffusion coefficient, penetrating flux through the materi-
al) of deuterium in W has been numerically simulated.

The report will present the results of the analysis of the experimental data
and their comparison with the theoretical estimates previously made within the
framework of the model [1] for the kinetic characteristics of hydrogen in a ma-
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terial with traps, as well as with the literature data on the energy parameters of
hydrogen traps in W.

This work has been partially supported by the Russian Science Foundation
(grant no. 18-72-10162 at the NRC Kurchatov Institute).
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TPA®UT SIGRAFINE KAK OBPAIIIEHHBIN K IIJIASME
MATEPHAJI T-15M |

A. C. Monouaes™?, A. B. I'onybesa?, C. A. Ipawun’

HUILL, «KypuaroBckuii UHCTUTYT», MockBa, Poccuiickas ®enepauus
ZHUY MPU, Mockea, Poccuiickas Genepanus

IIporpamma uccnenoBanuii Ha Tokamake T-15M/ HareneHa Ha penIeHHe
HamboJiee aKTyalIbHBIX MPOOJIEM TEPMOSICPHBIX PEaKTOPOB, TAKMX KaK MeXa-
HU3M (OPMHPOBAHUS U MOJAEP KaHMUS TPAHCIIOPTHBIX OAPHEPOB, CTAIIMOHAPHAS
reHepanys HEMHIYKIIMOHHOTO TOKa, HArpeB M YAEp)KaHHE Topsdel IUIa3Mebl,
yIpaBJIeHHE MpoIleccaMy Ha MEePBOI CTEHKE W B AWBEPTOpE, MOJABICHUE TJI0-
OabHBIX HEYCTOMYMBOCTEH H Ip.

B nmanssiit Mmoment rpadur mapku SIGRAFINE R6510P100D01 wucnoms-
3yeTcs B KadecTBe MaTepHaia JTuMuTepa B Tokamake T-15MJI. B Ommxkaiimem
OynymieM rpaduTOBBIE IUIMTKH OYZyT YCTAHOBJIEHBI JIByMs IIOSICAaMH BHYTpPH
Kamepsl. B nanbHeiiem paccMaTpuBaeTcsi BO3MOXKHOCTD MOJIHOCTBIO 00JHIie-
BaTh IpaduTOM BHYTPEHHIOIO MOBEPXHOCTH Kamepsl T-15M/I.

HUcnone3ys matepuan B kauecTBe obpamnienHoro k miasme (OIIM) B Tep-
MOSIIEPHOM yCTaHOBKE, HEOOXOAUMO 3HATh MapaMeTphl 3axXBaTa W30TOIOB BO-
nopona B OIIM u croiikocts OIIM mox Harpy3kamu. B oTHomeHnu rpagura
SIGRAFINE naHHBbIC HCCIIEIOBAHUS IUIAHUPYETCS MPOBOAUTH IO PE3yJIbTaTaM
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oOnydenus B Tokamake T-15M/I, mis dero BHyTpH KaMepsl OyIeT yCTaHOBIIC-
HO HECKOJIBKO JICCSITKOB JAepikareneill ¢ obpasnamu rpaduTa U KpeMHHEBBIMA
MOJUTOKKaMK Il cOopa MPOAYKTOB 3pO3uH. bmkalmunii myck ycTaHOBKH
T15-M/1 3amanupoBas Ha ocetb 2022 roma. IIpenBapurebHO HHPOPMALIHIO O
3axBate Bojiopona B rpapure SIGRAFINE M0oxHO MONy4uTh B 1a00paTOPHBIX
JKCIIEPUMEHTaX NpH BO3ICHUCTBUM Ha MaTepuas ra3o00pa3HOro BOAOPOJA
1 TUIa3MEHHOTO 00TyYeHHUS.

Ienbto manHON pabOTHI SBIISETCS HUCCIEAOBAHUE XapaKTEPHCTUK Tpadura
SIGRAFINE u ero B3aumoeiicTBus ¢ aelitepueM. beumn uccieoBaHbl MUKPO-
CTPYKTYpa, IUIOTHOCTh U MOPHUCTOCTB JaHHOro Marepuana. Meromom TJC uc-
ClIeZIOBaH 3aXBaT JEWTepHst B JaHHBIM IpauT IOCIe BBIIEPKKH 00pa3IoB
B ra3oo0pa3HOM jelTepun B TeueHue 4 4 mpu Temneparypax 473-873 K
u naenernn 10° Ia. CropoekTupoBaH y3en A o0irydeHus: 00pasloB B IIa3Me
TJICIOILETO paspsiza.

Pa6ota Bemonnena npu nogaepxke HULL «KypdaToBckuii HHCTUTYT.

SIGRAFINE GRAPHITE AS PLASMA FACING MATERIAL T-15MD
Ya. S Molochaev?, A. V. Golubeval, S A. Grashin®

INRC «Kurchatov institute», Moscow, Russian Federation
2NRU MPEI

The research program on the T-15MD tokamak is aimed at solving the
most pressing problems of the fusion reactors, such as the mechanism of for-
mation and maintenance of transport barriers, stationary generation of non-
induction current, heating and retention of hot plasma, control of processes
at the first wall and in the divertor, suppression of global instabilities, etc.

At the moment, graphite of the SIGRAFINE R6510P100D01 grade is used
as a limiter material in the tokamak T-15MD. In the near future, graphite tiles
will be installed in two belts inside the chamber. Further the possibility of com-
pletely coating the inner surface of the T-15MD chamber with graphite is being
considered.

Using the material as a plasma-facing (PFM) in a fusion installation, it is
necessary to know the parameters of hydrogen isotopes retention in the PFM
and a stability of the PFM under loads. With regard to graphite SIGRAFINE,
these studies are planned to be carried out based on the results of irradiation
in the tokamak T-15MD. For this several dozen holders with graphite samples
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and with silicon substrates for collecting erosion products will be installed in-
side the chamber. The next launch of the T15-MD installation is scheduled for
Autumn 2022. Preliminary information about the capture of hydrogen in the
graphite SIGRAFINE can be obtained in laboratory experiments when the ma-
terial is exposed to hydrogen gas and plasma irradiation.

The purpose of this work is to study the characteristics of graphite
SIGRAFINE and its interaction with deuterium. The microstructure, density
and porosity of this material were investigated. The capture of deuterium into
this graphite after exposure samples in gaseous deuterium for 4 hours at tem-
peratures of 473-873 K and a pressure of 10° Pa was investigated by the TDS
method. A module has been designed for irradiating samples with a glow dis-
charge plasma.

This work was supported by the National Research Center «Kurchatov In-
stitute.
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OCOBEHHOCTHU NEPECYETA ITOKA3AHUMI
MACC-CIIEKTPOMETPOB B OKCIIEPUMEHTAX
IO TEPMOJECOPBIIMH N30TOIIOB BOJIOPOJIA
B ABCOJIIOTHBIE BEJIMYNHBI I'A30OBBIX IOTOKOB

M. C. [lyeun, H. I1. bobwipw, []. U. Yepxes, /]. A. Koznos
HMUII «Kyp4aToBCKHIl HHCTUTYT»

KonuuecTBeHHbII aHATN3 HAKOIICHHUS M30TONOB BOJOPOJA B MaTepHanax
SIBIISIETCSI BAKHOM MCCIIEIOBATEIHCKON (ByHIaMEHTAILHON U MIPUKIIATHON 3a71a-
4yel U psiia oTpacieid MpOMBIINIICHHOCTH, HAyKH M TeXHHUKH. TepmoaecopO-
onHas crekrpockonus (TJC) sBrsieTcss HaIEKHBIM ¥ HHOOPMATHBHBIM Me-
TOJIOM HCCIICIOBaHMS 3aXBaTa M30TOIIOB BOJAOPOIA MaTepHalaMH, OCHOBAaHHBIM
Ha JecopOIiy BOIOPOIa U3 MUCCIEAYeMOT0 MaTepraa B Iporecce JINHEHHOTO
HarpeBa, B BHJIE Ta30BOT0 MMOTOKA PETHCTPUPYEMOT0 Macc-aHaIu3aTopom. Ya-
1II€ BCETO B XOJI€ MPOBEICHHS SKCIIEPUMEHTOB, 00pa3er] HaX0AUTCS B BHICOKOM
BaKkyyMe ITIpH HETIPEphIBHOM OTKadke JecopOupyromerocss u3 Hero rasza. s
KOPPEKTHOI HMHTEpHpeTanuy SKCHCPUMEHTAIBHBIX JIaHHBIX, ITOJyYEeHHBIX
C TIOMOIIBIO MACC-CIIEKTPOMETpa HE0OOXOIMMO IIPOBECTHU TIEPECUET Er0 OTHOCH-
TENBHBIX TOKa3aHWil B aOCOJIIOTHBIC 3HAYEHHUSI U3MEPSEMbIX ra30BBIX ITOTOKOB
(kanMbGpOBKa 1O Ta30BBIM MOTOKAM). B maHHO#N paboTe KaanOPOBKY MPOBOIHITH
C MCTOJIb30BaHMEM H3BECTHOW TEUW Maioil mpoBoauMocTH [1], mo uHauBHIY-
AJIBHBIM rasaM IyTeM OJIHOBpeMeHHOﬁ peructpanu MaccC-ClI€KTpa B OTKa4H-
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BaeMOil KaMepe perucTpanyy 1 abCONIOTHOTO JaBlICHUS ra3a B o0beMe Iepen
TEYbI0, 3aTE€M OIPENENIOT KOA(P(UIMEHTE aOCOMIOTHOW YYBCTBUTEIHHOCTH.
B nanHO# paboTe MccaenoBaIuCch HEKOTOPBIE 0COOCHHOCTH TepecyeTa Mmokas3a-
HUIl Macc-CHEKTPOMETPOB B IKCIEPHUMEHTaX IO TEPMOAECOPOIHH H30TOMOB
BOJIOpO/ia B a0COJIOTHBIE BEMMYMHBI Ta30BBIX IMOTOKOB. B kauecTBe paccmar-
pYBaeMbIX Ta3oB Ucnoib3oBamuchk Hp, HD, Dj, kak OCHOBHBIX, perucTpupye-
MBIX B Iporiecce Tepmozaecoporuu. s nposenerns kanudposku mo HD 6vima
MIPUTOTOBJICHA CMECh CO 3HAUMTENBHBIM cofepxanneM HD, myrem cmemienus
B o0beMe paBHBIX Jonei razoB Hy u D ¢ ux mocnenyromeit BbIIEpKKOil pu
450 °C B teyenuu 4 4. J{jst IpOBEACHHSI HCCACIOBAHUS UCIIOIB30BAJICS CIICIH-
ammsupoBanuelil ctenn THAC ¢ cucremoit kanuOpoeku [2], mogoGHo# onmcaH-
HOIt B pabore [1]. B xone uccrnenoBanus Ha OCHOBaHUH HKCIEPHMEHTATBHBIX
JAHHBIX OBUTM TOJIy4EeHBI 3aBUCHMOCTH KaJMOPOBOYHBIX KO3((UIMEHTOB uIs
BCEX UCCIIEAYEMBIX T'a30B OT BEJIMYMH JIABJICHUS MEpe]l TeUbl0, HOHHBIX TOKOB
Macc-aHanm3atopa. [loaydeHsl HeoOXOaMMBIE A KOPPEKTHOTO Iepecyera
MOKa3aHUil Macc-aHaJM3aTopa B Ta30BbIe MOTOKU KalMOpoBOUHBIE KOd(duIm-
entsl g Ha, HD, D, oneHeHbI rpaHUIpl BX TPUMEHUMOCTH H ITOTPELTHOCTH
MOJTyYCHHBIX K03 HUIueHToB. [IpoaHanmn3npoBaHo BIUSHUE KaTHMOPOBOYHBIX
KO3 GHUIMECHTOB Ha HHTEPIPETAIIHNIO CIICKTPOB TEPMOIECOPOIIHH.
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PECULIARITIES OF RECALCULATION OF READINGS
OF MASS SPECTROMETERS IN EXPERIMENTS ON THERMAL
DESORPTION OF HYDROGEN ISOTOPES INTO ABSOLUTE
VALUES OF GAS FLOWS

D. S Dugin, N. P. Bobyr, D. I. Cherkez, D. A. KoZlov
NRC «Kurchatov Institute»

Quantitative analysis of the accumulation of hydrogen isotopes in materi-
als is an important research fundamental and applied problem for a number
of branches of industry, science and technology. Thermal desorption spectros-
copy (TDS) is a reliable and informative method for studying the capture
of hydrogen isotopes by materials, based on the desorption of hydrogen from the
material under study during linear heating, in the form of a gas flow recorded by
a mass analyzer. Most often, during experiments, the sample is in a high vacu-
um with continuous pumping of the gas desorbed from it. For a correct inter-
pretation of the experimental data obtained with a mass spectrometer, it is nec-
essary to recalculate its relative readings into the absolute values of the meas-
ured gas flows (calibration by gas flows). In this work, calibration was carried
out using a known leak of low conductivity [1], for individual gases by simul-
taneous recording of the mass spectrum in the evacuated recording chamber
and the absolute pressure of the gas in the volume before the leak, then the ab-
solute sensitivity coefficients are determined. In this work, some features of the
conversion of mass spectrometer readings in experiments on the thermal de-
sorption of hydrogen isotopes into the absolute values of gas flows were stud-
ied. Hz, HD, D, were used as the considered gases, as the main gases recorded
in the process of thermal desorption.To carry out HD calibration, a mixture
with a significant HD content was prepared by mixing equal parts of Hz and D-
gases in volume, followed by holding them at 450 °C for 4 hours. To conduct
the study, a specialized TDS stand with a calibration system [2] similar to that
described in [1] was used. In the course of the study, on the basis of experi-
mental data, the dependences of the calibration coefficients for all the studied
gases on the values of pressure before the leak, ion currents of the mass analyzer
were obtained. The calibration coefficients for H,, HD, D, necessary for the
correct conversion of mass analyzer readings into gas flows were obtained, the
limits of their applicability and the errors of the obtained coefficients were es-
timated. The effect of calibration coefficients on the interpretation of thermal
desorption spectra is analyzed.
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UCCJIEJOBAHME 3AXBATA JIEUTEPHS B CTAJIM 9K 181
B MIPUCYTCTBUU JE®EKTOB CTPYKTYPBI

H.II. Bobwipu*?, J1. C. Jyaun®, J. A. Koznog*, Il. A. ®eoun*

'HUL «KypuaToBckuii HHCTHTYT», MockBsa, Poccus
2A0 «BBICOKOTEXHOIOTHISCKHIT Hay4HO-HCCIIE0BATEIbCKUNA HHCTUTYT
HEOpraHMYeCcKUX MaTepuaioB uM. akaa. A. A. bousapa», Mocksa, Poccust

HuskoaktiBHpyeMble (eppUTHO-MAPTEHCUTHBIE CTaH SIBJISIOTCS COBpE-
MEHHBIMH KaHIUIATHBIMH KOHCTPYKIIHOHHBIMH MaTepHajaMH Ul CO3TaHHs
OyIylUIMX TEPMOSIEPHBIX PEaKTOPOB C OOJIBIIUMH MMOTOKAMH HEHTPOHOB, Ta-
kuvMu kak JIEMO wimm Tepmosinepusiit uctoununk Hewtporos (THH) [1].
bonpime HEWTpOHHBIC, TEIUIOBBIE M IUIa3MEHHBIE IOTOKU OyIyT HPHBOIUTH
K MOBPEXICHHUIO CTPYKTYPBI Marepuaia. ITO MOXKET CHIIbHO MOBJIUSITH Ha CIIO-
COOHOCTh MaTepHAJIOB HAKAIUIMBATH M30TOIBI BOJOpoaa. B HacTosmielt padote
HCCIIEIOBANIACh POCCHICKAsT CTalb ¢ OBICTPBIM CIIaJ0M HABEACHHOW aKTHUBHO-
ctu OK 181 (Pycoep) paspadorannas B OAO «BHUMHM» (Mocksa, Poccusi).

OkcnepuMeHTanbHble 00pasnsl ctanu DK 181 Obumn monBeprHyThl BO3-
NEeHCTBHIO pasInUHBIX (akTopoB: obOmydenue wuonamum WSO ¢ smeprueii
20 MsB 10 yposHsa 1 cHa u oOnyuenue umoHamu Fe?* ¢ smeprueit 5,6 M>B
no yposuedr 0,05-0,15-0,5-1,5 cua (¢uroenc Ha o00pasisl COCTaBHUI
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1-3-10-30-10* yactui/cM?) A MMUTALMH  HOBPEXKAEHMI CO3aBaEMBbIX
HEUTpOHAMHU.

Jlis M3y4eHuss HaKOIUIEHHUsI M30TOIIOB BOJOPO/a B MOBPEXKICHHBIX M He-
MOBPEXICHHBIX 00pasnax Pycdepa mpom3Boauiocs HachkllieHHE BceX 00pas-
1IOB B razoo0pasHoM Jeitepun B uHTepBasie Temneparyp 300—800 K n nasie-
nuit 10*-10° a na CIEIMAIN3UPOBAHHOM BBICOKOBaKyyMHOM cTeHie B HIIL
«Kyp4aTOBCKMI1 HHCTUTYT».

Jnsa onpeneneHus KOJTUYECTBA MOTJIOMICHHOTO JeHTEpHs U ero pacipese-
JICHUS TIPUMEHSUICS METOA AJepHBIX peakiwid. B xome nccienoBanms obpasery
HOCIIE/I0BaTEILHO 00yHaeTcsl BHICOKOIHEPreTHIHbIMU HoHamu He® B juana-
3oHe 0,69-4,5MdB u mpouCXOAMUT peructpanusi NpOTOHOB 0Opa30BaHHBIX
B xoze peakuun D(®He, p)*He. MeTton no3BosseT y3HaTh pacnpeeneHue Jaeii-
Tepws TI0 TIyOHHE 00pa3la BILUIOTh A0 8 MKM.

s onpeneneHnsl HAKOIICHUS! TPUTHS HCTIONB30BAJICS METOH - M PeHT-
TEHOBCKOW JIIOMHHECHIEHIMU. MeTox ocHOBaH Ha 3(deKTe paJuoaKTHBHOCTH
TPUTHS ¥ CIIOCOOHOCTH UCITyCKATh HJICKTPOHBI.

OcHOBHasi yacTh 00pa3LOB aHAJIM3MPOBAJach METOJOM TEpMOIECOpOIH-
onnoit cnekrpockonuu (TJC) Ha CHENUATU3UPOBAHHOM BBICOKOBAKYYMHOM
crenzie co ckopocthio Harpesa 0,5 K/c no temmeparypst 1250 K.

B pabote mokazaHO, YTO KOJIMYECTBO IEHTEpHs B 00pa3max MOBPEKICH-
HeIx oHamMu WSO* Bo3pocio mpuMepHO B 2 pasa IO CPaBHEHMIO C HENOBpE-
JKIEHHBIMU 00pa3liaMu B MOBpEeXICHHOI obimacTu. Hakommnenue Tputus B mo-
BPEXKICHHOW 00JIaCTH TaK K€ YBEIMUHMIIOCH.

Bynyt tak xe npeacrasnensl TJIC crextpsl cranu 9K 181 mocie skero-
3MIMH B rase.

KosutexkTnB aBTOpOB BhIpaskaeT ocoOyro OmaromapHocTh Mateto Maiiepy
(UucTuTyT Qusuku miaa3mel uM. Makca Ilnanka, ["apxunr, [epmanus), FOmku
Xarano (MccrnemoBarenbCKuil [IEHTP W30TOMOB BOAOPOJa, YHHBepcuTeT To-
smbl, Tosima, Snonnst), Bsiuecnasy M. Yeproy (OAO «BHUMHM», Mockga,
Poccus).

Pa6ota Bemonaena npu nogaepxke HULL «KypdaTtoBckuii HHCTUTYT.
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1. Komnanwen T. H. K npobneme BeiGopa craneii 1 peakropa JEMO //
Bomnpocs! aromHoit Hayku U texHuku. Cepusi: Tepmosnepusiii cunre3. 2009.
Ne 3.C. 16-24
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INVESTIGATION OF THE DEUTERIUM RETENTION IN EK 181
IN PRESENSE OF STRUCTURAL DEFECTS

N. Bobyr'2, D. Dugin, D. KozZlov}, P. Fedint

!National Research Centre «Kurchatov Institute», Moscow (Russia)
2Stock Company «A. A. Bochvar High-technology Research Institute
of Inorganic Materials», Moscow (Russia)

Reduced-activation ferritic-martensitic steels (RAFMS) are possible ad-
vanced structural materials for the construction of future fusion reactors with
high fluxes of neutrons, such as DEMO or a Fusion Neutron Source (FNS).
Neutrons are responsible for displacement damage, while high heat fluxes may
create high thermal stresses (and as consequence cracks, fracture), or mol-
ten/resolidified areas in the materials. High neutron and/or high heat or plasma
fluxes may therefore strongly influence the hydrogen retention properties
of the materials. In the present work Russian type of RAFMS EK-181 (Rusfer)
was investigated.

Irradiation with 20 MeV W& ions was used as proxy for displacement
damage created by neutrons. Rusfer samples were irradiated to a damage level
of 1 dpa at the damage peak. 5,6 MeV Fe?* ions was used for irradiation Rusfer
samples to a damage level of 0,05-0,15-0,5-1,5 dpa at the damage peak.

To study the accumulation of hydrogen isotopes in damaged and undam-
aged Rusfer samples, all samples were saturated in gaseous deuterium in the

temperature range of 300—800 K and pressures of 10°~10° Pa on a specialized
high-vacuum stand.

Trapping of deuterium in the damage zone was examined by the
D(®He, p)*He nuclear reaction with 3He energies between 0.69 and 4.5 MeV
allowing determination of the D concentration up to a depth of 8 um.

Trapping of tritium was examined using an imaging plate (IP) and p-ray
induced X-ray spectrometry (BIXS). The method is based on the effect of triti-
um radioactivity and the ability to emit electrons.

The main part of the samples was analyzed by thermal desorption spec-
troscopy (TDS) on a specialized high-vacuum stand with a heating rate
of 0.5 K/s to a temperature of 1250 K.

The amount of deuterium retained in undamaged Rusfer steel increases
with increasing temperature. Generation of ion-induced displacement damage
and subsequent exposure to D, gas significantly increases the D concentration
in the damage zone.
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For Rusfer samples will be presented TDS results after gas exposure.

The team of authors is particularly grateful to M. Mayer (Max-Planck-
Institut fur Plasmaphysik, Garching, Germany), Y. Hatano (Hydrogen Isotope
Research Center, University of Toyama, Toyama, Japan), V.M. Chernov
(A. A. Bochvar High-technology Research Institute of Inorganic Materials
(VNINM), Moscow, Russia).

This work was supported by the National Research Centre «Kurchatov In-
stitute».
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METOIUKA HCCIIEAOBAHUMS BOJOPOJOIIPOHUITAEMOCTH
MEMBPAH ITPU B3AUMOJAENUCTBUU C 'A3OM

P. I1. Xeocmog*?, JI. M. LIxypvizun®, A. B. I'onybesa®

'HUL «KypuaToBCKuii HHCTHTYT»
ZHNY «MDU»

TepMosiepHBIC U THOPUIHBIC PEaKTOPHI B 0003pUMON IEPCIEKTHBE OYAYT
paboTaTh Ha cMecH TsDKeNbIX u30TornoB Bomopona D u T. Tlockonbky Tputuhit
PaIMOAaKTHBEH, BEChMa Ba)XHO 3HATh, KaK OH OYyJEeT MPOHUKATh Yepe3 MaTepHa-
JIbl 32 IpeJieNibl KaMephl peakropa. st mpenckasaHusi IOTOKOB U30TOIOB BO-
JOpoJa CKBO3b CIIOW Marepranxa HeoOXoaumo 3HaTh Kod3hduimentsr auddy-
3UH, MPOHUIIAEMOCTH, PACTBOPUMOCTH BOAOPOJa B MaTepuaje B 3aBUCUMOCTHU
OT YCIIOBHH, a TakKe BIUSHUE COCTOSHHUS TTOBEPXHOCTH HA TIEPEHOC BOJOPOJIA
yepe3 MaTepuan. OTy WHPOPMAIUI0O MOXHO IOJYYUTh B DJKCIEPUMEHTAX,
B KOTOPBIX OJHA W3 TMOBEPXHOCTEH MEMOpaHbl KOHTAKTUPYET C BOJOPOIOM
(B BHIE rasa, MOHHOIO IyYKa WM IMOTOKA MOHOB M3 IUIA3MBI), U H3MEPSETCS
IMOTOK BOAOPOAA, NECOPOMPOBABIIUIICS C OOpaTHON MOBEPXHOCTH MEMOpaHEI.
HccnenoBanust mepeHoca BoJOpoJa CKBO3b MaTepHajbl BeCbMa akTyajbHbl HE
TONIBKO U TEPMOSIACPHON W THOPUIHOHN, HO M UIA SACPHON U BOIOPOIHOM
SHEPIreTUKH, MOCKOJBKY JUIA 3TUX OTpAaciic HENpPEpBIBHO pa3padaThIBAOTCS
HOBBIE MaTepHalibl C yIyUIEHHBIMU XapaKTePUCTUKAMH.
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Crenn T'IIT co3nan uist McciaenoBaHUsl BOJOPOAONPOHUIIAEMOCTH MaTe-
pHANIOB IPU KOHTAKTE C Ta3000pa3HBIM BOAOPOAOM, IIOCKOIBKY B Ta30BOM JKC-
TIEPUMEHTE TPOIIe 00eCTIeYUTh UTUTEIbHYI0 CTA0MIBHOCTh YCIOBHM MPHU B3a-
HUMOJICUCTBHUH BOJIOPOJIa C MaTepHalaMHu.

HUccnenyemast MmeMOpaHa pa3iensieT Ba CBEPXBbICOKOBAKYYMHBIX 00bemMa —
KaMepy SKCIIO3UINY U KaMepy perucTpaiun. B kaMepy SKCIO3HIINN HAIyCKaeT-
cs pabounii Ta3 10 (GUKCHPOBAHHOTO AaBieHus B Auanasone ot 100 mo 10° IMa.
Temneparypa MeMOpaHbl B XOJI€ JKCIEPHMEHTAa MOXET TOJICPKUBATHCS
B mHTepBaje oT komHaTHOH 10 873 K. [loTok Bomopoaa win nedTepusi, mpoxo-
JIIAA CKBO3b MeMOpaHy, M3MEpseTCs B KaMepe PEruCTPaIliy IPU ITOMOIIH
KBaJ[PyHOJIBHOTO MAacC-CIIEKTPOMETPa, OTKATHOPOBAHHOTO IO ITOTOKY ras3a ue-
pe3 nuadparMy U3BECTHOM MPOBOIUMOCTH.

Joxmnan mocBAIIEH SKCIEPUMEHTAIbHON METOIMKE HUCCIIEeI0OBAHUS POHHU-
naemocTd. [IpencTaBineHbl SKCIepUMEHTABHBIC JAHHBIC 110 TOTOKaM, Ko3ddu-
nveHTaM U Gy3ur U MPOHUIIAEMOCTH I psfa KOHCTPYKIIMOHHBIX MaTepua-
JIOB B JIMana3oHe JapjieHuii neiirepus 100—10° ITa u Temneparyp 575-773 K.

Pa6ota Bemonnena npu nogaepxke HULL «KypdaTtoBckuii HHCTUTYT.

METHODOLOGY OF STUDYING THE HYDROGEN
PERMEABILITYOF MEMBRANES AT INTERACTION WITH GAS

R. P. Khvostov?, D. M. Shkurygin®, A. V. Golubeva®

INRC «Kurchatov Institute»
2NRU «MEl»

The fusion and hybrid reactors in the foreseeable future will operate on
a using a mixture of heavy hydrogen isotopes D and T. Since tritium is radioac-
tive, it is very important to know how it will penetrate through materials out-
side the reactor chamber. To predict the fluxes of hydrogen isotopes through
a material layer, it is necessary to know the coefficients of diffusion, permeabil-
ity, solubility of hydrogen in the material, depending on the conditions, as well
as the effect of the surface state on the transport of hydrogen through the mate-
rial. This information can be obtained in experiments when one of the mem-
brane surfaces is in contact with hydrogen (gas, an ion beam, or ions from
plasma), and the hydrogen flux desorbed from the back membrane surface is
measured. Studies of hydrogen transport through materials are very relevant not
only for fusion and hybrid reactrs, but also for nuclear and hydrogen energy,
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since new materials with improved characteristics are continuously being de-
veloped for these industries.

The GDP stand was created to study the hydrogen permeability of materi-
als in contact with hydrogen gas, since in the gas experiment it is easier to en-
sure long-term stability of conditions of hydrogen interaction with material.

A membrane under study separates two ultra — high vacuum volumes - the
exposure chamber and the registration chamber. The working gas is injected
into the exposure chamber to a fixed pressure in the range of 100-10° Pa. The
temperature of the membrane during the experiment can be maintained in the
range from room temperature up to 873 K. The flux of hydrogen or deuterium
permeating through the membrane is measured in the registration chamber us-
ing a quadrupole mass spectrometer calibrated by the gas flux through a dia-
phragm of known conductivity.

The report is devoted to the experimental methodology of permeability re-
search. Experimental data on fluxes, diffusion coefficients and permeability
coefficients for a number of structural materials in the range of deuterium pres-
sures 100—105 Pa and temperatures 575-773 K are presented.

The work was carried out with the support of the NRC «Kurchatov Insti-
tute».



Kinetics and thermodynamics of the interaction of hydrogen isotopes... 91

CrenanoB Huknrta Oseropuu
JlaGopaHT-HccnenoBarens
HUII «KypuaToBCKHI HHCTUTYT»
ITn. Akanemuka Kypuatosa, 1, Mocksa, 123098
KuneTnka B3anMOeHCTBHS H30TOMIOB BOJOPOIA
¢ marepuanamu TSP

Nikita Stepanov
Research laboratory assistant
NRC «Kurchatov institute»
1, Akademika Kurchatova pl., Moscow,
123182, Russia
Kinetics of interaction of hydrogen isotopes
with TNR materials
6121591@gmail.com

BJIMAHUE T'PAIUEHTA TEMIIEPATYPbBI HA TPAHCIIOPTHBIE
MAPAMETPBI U30TOIIOB BOAOPOJIA B CTAJIU UC-68

H. O. Cmenanos, /. U. Yepkes

Haumonanenelit ucciaenoBarensckuil HeHTp «KypuaroBckuit MHCTUTYT»,
Mocksa

Vpasnsemsit repmosiaepusiit cuntes (YTC) — oauH U3 KaHIUIATOB B HC-
TOYHUKHU SHEPruu OyAyLIero, B Ka4eCcTBE TOIUIMBA B KOTOPOM IUIAHHPYIOT UC-
MOJIb30BaTh CMECh TSDKEJBIX M30TOMoB Bomopoaa (MB): mefirepuii u TpuTHil.
PangnoakTHBHOCTH BTOPOTO HaKJIaJIbIBACT P OIpaHWYEHHH Ha BHIOOpP KOH-
crpykunoHHBIX (KM) 1 ob6paieHHbIx k miazme mMatepuanos (OIIM). Bo Bpems
pabotsl Tepmosiaeproro peakropa (TSP) mporekaer MHOKECTBO MPOLECCOB
CBsA3aHHBIX ¢ B3aumozeicTueM B ¢ KM, Takue kak: BHEIpEHHUE, OTPAKEHUE
1 3aXBaT, a TaK)Ke YTEYKH M30TOB BOJOPOJA B TEIUIOHOCHTENh. B HacTosImiA
MOMEHT IIPOJOJIKACTCS MOUCK HOBBIX NMEPCHEKTUBHBIX KOHCTPYKIIOHHBIX Ma-
TEpHaJIOB, PACCMaTPUBAIOT. ayCTEHUTHbIE U (epPUTHO-MAPTEHCUTHBIE CTAJIH,
BaHaJ¥MeBbIC CIUIABBI M MaTepHalibl Ha OCHOBE KapOWIga KpEeMHUs, NMpPU 3TOM
B3aumozeiicteue 1B ¢ HUMM M3y4eHO HEOCTaTOYHO, U3-3a Yero HeoOX0ANMO
IIPOBE/ICHUE UCCIIEAO0BAHUI B ’TOM HaIlPaBIECHUU.
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OnHUM 13 KITIOYEBBIX U3MEPSIEMBIX APaMETPOB B SKCIIEPUMEHTaX 110 B3a-
nmogperictuio VIB ¢ MaTepuanamu, OKa3bIBAIOIIUX CYIIECTBEHHOE BIMSHHUE HA
KHHETHKY MPOLECCOB, SBISETCS TeMIIEpaTypa, BBUAY 3a4acTyl0 appeHUYCOB-
ckoil mpuponsl npoueccos. Panee B HUI[ «KypuaTOBCKMII MHCTUTYT» Ha
crerne «[IUM» [1, 2] B 9kcmepuMeHTax MO0 MPOHUKHOBEHHUIO JCHTEpHs depe3
aycreHuTHYH0 cTaib 06X16H15M2I2TOP (UC-68) ompememsuiincs OCHOBHBIE
TPAHCIIOPTHBIE MapaMeTpPhl IeiTepusi — KOHCTAHTa MPOHUIIAEMOCTH U K03 hu-
uueHT aud¢ys3un. JKcnepruMeHTalbHbIN 00pa3el IpencTaBisl co0oil TpyOoKy,
BBapeHHYIO B BaKyyMHBII (pilaHel] ¢ OJHOTO KOHIAa M 3aIUTIOLICHHYIO U 3aBa-
penHylo ¢ apyroro. [IporpeB TpyOKH OCYIIECTBIISUICS NMPSIMBIM MPOIYCKaHUEM
TOKA, TIPH 3TOM K CBOOOJHOMY KOHILYy TPYOKH IOACOEIMHSIACH METHAsI KIIEMMa,
a CTOPOHBI (hJIaHILla PacHoyaraics OTPaKarolUIUi SKpaH, BHITOJIHSIOMINN TaKKe
POJIb TIA3MEHHOTO (CM. PUCYHOK). B pe3ynbpTaTe HarpeBa oOpasia B X0Je IKC-
MEPUMEHTOB (BBIACPIKKE 00pa3lia B BaKyyMe HJIM DKCIO3UIUH €ro B JeHTEPUH)
HaOJroIajcs CyIIeCTBEHHBIH Tepernas TeMmrepaTyphl 1Mo JJIMHE TPYyOKH, 00y-
CJIOBJICHHOTO HAJIMYMEM, KaK OTPaKaIOIIero 9KpaHa, TaK M 3HAYUTEIBHOIO
CTOKa TEIUIa Yepe3 MEAHBIN 3JIEKTpUYECKU KOHTAaKkT. KpoMe Toro, cyiiecTBeH-
HOE BIMSIHAE Ha paclpeieiieHHe TeMIepaTypbl OKas3blBald M (P QEKThl, CBS-
3aHHBIE C KOHBEKI[MOHHBIMH TOTEPSMH C ToBepxHocTH TpyOku. IlozmHee
B DKCIIEPUMEHTAaX MacCHBHas Me[Has KiemMMa Oblla 3aMeHeHa Ha HepiKaBelo-
I1yI0, MEHBIIEr0 pa3Mepa M COMOCTaBUMOTO C HUCCIIEAYeMOH TpyOKoi ceueHus,
YTO TO3BOJIMJIO CHH3MTh TEIUIONIOTOKH CO CBOOOJHOTO KOHIIA M B pe3yjbTaTe
YMEHBIINUTH TIeperaj TEMIEepaTyphl.

B mpexncraBnenHol paboTe OmMCaHO NMPOBEIEHHE YWCICHHOTO DPEIICHHS
33724y HAXOXXACHUS MPO(QWIS TEMIEpaTyphl MO UIMHE SKCHEPHMEHTAIEHOTO
o0pasia, BBIIIOJIHEHHOTO M3 peakTopHo# cramu UC-68, u onpeneneHus cremne-
HU €ro BJIMsSHHS Ha TPAHCIOPTHbBIE MapaMeTpsl JAeiTepus], a TaKk)Ke YTOUHEHHUS
orieHoK ko3 dunmentoB nuddy3un, MPOHUIIAEMOCTH H PACTBOPUMOCTH, Cle-
JIAHHBIX paHee. TemrepaTypHbId rpajeHT ObUT ONMpEeesIeH YUCICHHO B Cpeile
COMSOL Multiphysics, ocyIecTBIsIIOCh MOIEITHPOBAHHE HATPEBA TPSIMBIM
MIPOITyCKaHHEM TOKa, TEIUIONPOBOJHOCTH B TBEPJOM Teje, TEMI000MEHa U3ITy-
YeHHEM M KOHBEKTHBHOTO TeIlooOMeHa. J[is pemeHnst MoJenbHOM 3amadn
OblTa TIOCTPOEHA TPEeXMepHasi MOZAENb 00pas3la W YacTH JepiKaTelsl 3aMEHEeH-
HBIE TETPadAPUUECKOM pacueTHOH ceTkor. Termopu3snueckue 1 AeKTPHIECKHE
CBOMCTBa MaTEpHAJIOB 33JaBAINCHh (QYHKLIUSIMU TEMIIEPATypbl, HA OCHOBaHWUHU
JIuTepaTypHbIX AaHHBIX [3]. Takum 06pa3om, Mpu MOASTHUPOBAHUH SIUHCTBEH-
HBIM TI0I0MpaeMbIM mapameTpoM Obul K03 duiment usnyuenns. Ero nmondop
ObUT HEOOXOIUM BBUAY ITUHAMHUYECKH W3MEHSIOIIETOCS COCTOSHHS MOBEPXHO-
CTH — B XOJI¢ JUIMTEIHHOTO HAarpeBa SKCIEPUMEHTAILHOTO 00paslia B BaKyyMe
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Ha €ro MOBEPXHOCTH OOPa30BBIBANNCH pPa3INYHBIC CTPYKTYpHl (BEPOSTHO,
OKHCJIBI), HEMOCPEICTBEHHO BIMAIOIINE HA 3HAUCHUE KOOI UINECHTa CepOCTH.
[Ipu 06paboTKe pe3ynpTaTOB YHUCICHHOTO MOJACIHPOBAHUS OBbIJIa yCTaHOBJICHA
KOPpEJIAIUs MEeXIy U3MEHEHHEeM 3HadeHns Ko3(duimenTa u3rydeHus u Bpe-
MEHH BBLAEP)KKH 00pa3ia B ra3e Wil BakyyMme. Taxke OTMEYeHO, YTO TEpHO-
JIMYECKU TMPOU3BOJAMMAsl YUCTKA JIMIEBOM MOBEPXHOCTH B paspsjlie aproHa,
NPUBOIMT K CHUKEHHIO KodddunuenTa uznyuenuns. Ha pucyHke npezacrasnena
TpexMepHas MOJEJb JKCIEPUMEHTAILHOTO o0paslia W TpeXMEpHbI Tpaduk
pacrpeeseH s TeMIIepaTypsl.

degC
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400
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200

¥ 107

TpexmepHslii rpauk pactpeneIeHus TeMIIepaTypsl

AHanu3 TIpeJCTaBICHHBIX B paboTe mpoduieil TeMnepaTypsl CBUAETENb-
CTBYET O HEOOXOIMMOCTH €T0 y4eTa IpH 00paboTKe SKCIEPHMEHTOB TI0 OTIpe-
JICJICHUIO TPAHCHOPTHHIX MapaMeTpOB BOAOpOJa B MeTajulaX NpU MOJ0OHOU
TIOCTaHOBKE 3KcneprMeHTa. L{enecooOpa3HbIM SIBIISIETCS] NCITIOIB30BAHUE MaTe-
pHAJOB C HU3KMMHU 3HAYEHHEM TEIIONPOBOJHOCTH ISl 00ECIICUSHHS DIICKTPH-
YECKOTO KOHTAKTa, a TAKXKE CTPEMHUTHCS YMEHBUIUTh €r0 FT€OMETPUYECKHE pas-
MEpBL.

Pa6ora Bemosxaena npu noxaepxke HULL «KypuatoBckuiit HHCTUTYT».
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INFLUENCE OF TEMPERATURE GRADIENT
ON TRANSPORTATION PARAMETERS OF HYDROGEN
ISOTOPES IN THE ChS-68 STEEL

N. O. Sepanov, D. I. Cherkez
National Research Center «Kurchatov Institute», Moscow

Controlled thermonuclear fusion (CTF) is one of the candidates for the en-
ergy sources of the future; it is planned to use a mixture of heavy hydrogen
isotopes (HI): deuterium and tritium as fuel. The radioactivity of the latter im-
poses a number of restrictions on the choice of structural (SM) and plasma-
facing materials (PM). During the operation of a thermonuclear reactor (TNR),
many processes occur associated with the interaction of the HI with the SM,
such as: introduction, reflection and capture, as well as leakage of hydrogen
isotopes into the coolant. At the moment, the search for new promising struc-
tural materials continues, they consider: austenitic and ferritic-martensitic
steels, vanadium alloys and materials based on silicon carbide, while the inter-
action of HI with them has not been studied enough, which is why it is neces-
sary to conduct research in this direction.

One of the key measured parameters in experiments on the interaction
of HI with materials that have a significant effect on the kinetics of processes is
temperature, due to the Arrhenius nature of the processes. Previously, at the
NRC «Kurchatov Institute» at the «PIM» stand [1, 2], in experiments on the
penetration of deuterium through austenitic steel 06Kh16N15M2G2TFR (ChS-
68), the main transport parameters of deuterium were determined — the permea-
bility constant and the diffusion coefficient. The experimental sample was
a vacuum-sealed tube. The tube was heated by direct current flow, with a cop-
per terminal attached to the free end of the tube, and a reflective screen was
placed on the sides of the flange, which also served as a plasma screen (figure).
As a result of heating the sample, a significant temperature drop was observed
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along the length of the tube, due to the presence of a reflective screen and
a significant heat sink through the copper electrical contact. Later, the terminal
was replaced with a smaller stainless steel one, which reduced the temperature
gradient.

The present work describes the numerical solution of the problem of find-
ing the temperature profile along the length of an experimental sample made
of reactor steel ChS-68 and determining the degree of its influence on the
transport parameters of deuterium, as well as refining the estimates of diffusion
coefficients, permeability and solubility made earlier. The temperature gradient
was determined numerically in COMSOL Multiphysics, modeling direct cur-
rent heating, thermal conduction in a solid, radiative heat transfer, and convec-
tive heat transfer. To solve the problem numerically, a three-dimensional model
of the sample and parts of the holder were built, later replaced by a tetrahedral
computational grid. The thermophysical and electrical properties [3] of materi-
als were given by temperature functions taken from the literature, and the only
selected parameter was the emissivity. Its selection was necessary due to the
dynamically changing state of the surface; during prolonged heating of the ex-
perimental sample, various structures formed on its surface, directly affecting
the value of the grayness coefficient. When processing the results of numerical
simulation, a correlation was established between the change in the value of the
emissivity and the heating time. On figure shows a three-dimensional model of
the experimental sample and a three-dimensional graph of the temperature dis-
tribution.
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Three-dimensional graph of temperature

An analysis of the temperature profiles presented in this work indicates
the need to take it into account when processing experiments to determine
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the transport parameters of hydrogen in metals with a similar setup of the ex-
periment. It is advisable to use materials with low thermal conductivity to en-
sure electrical contact, and also to strive to reduce its geometric dimensions.

This work was supported by the National Research Center «Kurchatov In-
stitute» (order from September 29, 2020 No. 1953).
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B Hacrosmiedr paboTe MPOBEACHO MHUKPOCKOIHMYECKOE HCCICIOBAHUE
ATFOMOCWJIMKATHBIX MHKpocep, paHee HCCICJOBaHHBIX, HAIpHMEp, B pa-
6ote [1], ¢ MCHONB30BAHUEM COBPEMEHHOTO AHAIUTHYECKOTO 00OpPYIOBAHHS.
OnpenencH (QpakIMOHHBIN COCTaB JAaHHOTO MaTepuaa, H3y4eHa MOpPQOIOTHs
WHAWBUIYATBHBIX YaCTHIl, U3MEPEHA TOJNIIMHA UX CTCHOK, IPOBEJCHA OICHKA
AJIEMEHTHOTO COCTaBa MHUKpOc(hep METOJOM PEHTTCHOBCKOTO CHEKTPAILHOTO
MHUKpOAHaIU3a.
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Jlng mpoBepKu TUTEPaTypHBIX TaHHBIX O BBICOKON HM30MpaTeNbHON Mpo-
HUIIAEMOCTH TE€JIMs 4Yepe3 alfOMOCHIIMKaTHOe cTekio [2, 3] B maHHOM pabore
MPOBEEHBl CPABHUTEIBHBIC SKCIIEPUMEHTHI IO OICHKE K03()(UITMEHTOB Tpo-
HHUIIAEMOCTH HCCIIEAYEMOr0 MaTepuaja 0 TeJHI0 UM BOAOpOAy. Pe3ynbpTarsl
OTIBITOB MOJTBEPKAAIOT O0Jiee BHICOKYIO TU(PQY3UIO Tenus Yepe3 CTEHKH MHK-
pocdep MO CpaBHEHHUIO C BOJOPOAOM, a KHHETHYECKHE apaMeTpsl Ipolecca
MOTYT OBITh ONMUCAHBI MAaTEMaTHUYECKOW MOJIENbI0, MCTOIb30BaHHON B pado-
tax [2, 3]. [TonyueHnsie B paboTe JaHHBIC MOTYT MPEACTABIATh UHTEPEC MPH
HCIIOJIb30BAaHUH aJTFOMOCHINKATHBIX MUKpOChEp IS CEICKTHBHOTO BBIICICHUS
Teusl U3 ra30BbIX CMECEH.

ABTOpBI BBIpAXXalOT 0JIATOAAPHOCTh COTPYIHUKAM TEXHOJIOTHYECKOTO
nonpaznenenus POAL-BHUNID® 3a npenocraBineHue oOpas3ioB s MPOBeEIe-
HHS MCCJIEJOBAaHUH.
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INVESTIGATION OF PROPERTIES OF ALUMINUM SILICATE
MICROSPHERES AND EVALUATION OF THE PERMEABILITY
COEFFICIENT OF THE WALLS FOR HELIUM AND HYDROGEN

A. Yu. Postnikov, M. V. Tsarev, E. V. Zabavin, 4. V. Ssyaev, V. 4. Smanov,
P. E. Polovinkin,V. V. Mokrushin, O. Yu. Zabrodina, |. A. Tsareva,
A. D. Selezneva, N. 4. Sklyarova

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»),
Sarov, Nizhny Novgorod region, 607188, Russia
tsarev@depl9.vniief.ru

Microscopic investigation of aluminum silicate microspheres which were
previously investigated, for example, in the work [1], using modern analytical
equipment, has been performed in this work. The fractional composition of this
material has been determined, morphology of individual particles has been
studied, thickness of their walls has been measured, and elemental composition
of microspheres has been assessed by X-ray spectral microanalysis.

To verify the literature data on the high selective permeability of helium
through aluminum silicate glass [2, 3], comparative experiments to assess the
permeability coefficients of the test material for helium and hydrogen have
been carried out in this work. The experimental results confirm a higher diffu-
sion of helium through the walls of microspheres compared to hydrogen, and
the kinetic parameters of the process can be described by the mathematical
model used in the works [2, 3]. The data obtained in the work may be of inter-
est when using aluminum silicate microspheres for selective extraction of heli-
um from gas mixtures.

The authors thank the employees of the technology department
of FSUE-RFNC for providing of samples for investigation.
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PAZBUTHUE CTPYKTYP KOHYCOB U BUCKEPOB
HA NOBEPXHOCTAX TBEPJbBIX TEJI
TP NOHHOM OBJIYYEHUHN

JI. B. Beepamberos, A. M. 3axapos, H. A. [Iynmaxos
HanunoHansHbIM HCcen0BaTeIbCKui saepHblii yauBepcurer (MUDN)

PazButne penbeda MoBEpXHOCTH 9aCTO MPOUCXOANUT MPH HOHHOM O0ITyde-
HUH ¥ TIPH OCAKACHUH MOKPBHITHH. B HEKOTOpBIX Cilydasx MMEHHO Pa3BUTHE
penbeda ABISAETCS LETBbI0 3KCIEPUMEHTAa HIM TEXHOJOIMYECKOro Ipoliecca.
OpHako, Jalie BCEro Takoe MOCIeACTBHE BO3AEHCTBHS Ha MOBEPXHOCTh HEXKe-
JaTeNbHO, W JUIA M30aBJICHUS OT HETO 3aTpadyuBaeTcsi OOJbIIOE KOJIMYECTBO
BPEMEHH M Pa3sHOOOpa3HBIX METOOB. BAPbUPYETCS TEMIleparypa oOirydaeMon
TIOBEPXHOCTH IapaMeTphl 00Iydaromero moToka, CKOPOCTh M COCTaB Ocaxae-
MBIX Ha IOBEPXHOCTh KOMIIOHEHTOB (DOPMHUPYEMOTO MOKPHITUS H T. TI.

OnmHUM W3 YacTo MpOSBIISIOIIMXCS BAPHAHTOB pa3BUTHS pesbeda Npu
HMOHHON OoMOapaupoBke sBisieTcsi (OPMHPOBAHHME KOHHUYECKHX BBICTYIIOB
M KpUCTAUTOB (BHCKEpOB). B MOSABICHHM W Pa3sBUTHE JTHX MOBEPXHOCTHBIX
00pa3oBaHUi MPOIECCh], MPHUBOIIIINE K PAa3BUTHIO penbeda, MPOSBISMIOTCS
C HanOOJbIICH MOTHOTOW. 3HAKOMCTBO C YCIOBHSIMH TOSIBJICHUS, 3aKOHOMED-
HOCTSAIMH M MEXaHHU3MaMH WX Pa3BUTHS OKa)KETCS IOJIE3HBIM JUIS 9acToO Ipen-
MIPUHUMAEMBIX MOIBITOK MCIIOJIB30BAaHHS 3TOT0 HHTEPECHOTO SIBJICHHS, a TaKXKe
JUISL ONPEZICIIEHHs CIIOCOOO0B TTOJIaBJICHNSI WJIM PAa3BUTHA peibeda Ha o0ydae-
MO MOHAaMH U TIa3MOH TIOBEPXHOCTH.
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B PaGore paccMaTpuBarOTCsI IPUYUHBI, YCJIOBHS OOTY4EHHS M COCTOSHUS
TIOBEPXHOCTH, CIIOCOOCTBYIONINE 3apOXK/ICHNI0 KOHYCOB U BUCKEPOB Ha METal-
Jax, yriaerpauToBbIX MaTepHalax, IU3JeKTpuKax. PaccMaTpuBaroTes mpoiec-
CBl B NIPHUIIOBEPXHOCTHBIX CIIOSIX MOBEPXHOCTH, CIIOCOOCTBYIOIIHE MX Pa3BH-
THio. ONHCHIBAIOTCS CIeNN(UIECKHe yCIOBUS MX TOSIBICHUS TPH OOIydeHUH
MTOBEPXHOCTH HMHTEHCHBHBIMHM ITOTOKAMHM HOHOB B YCIIOBHSIX TE€PMOSIACPHBIX
YCTaHOBOK

DEVELOPMENT OF STRUCTURES OF CONES AND WHISKERS
ON THE SURFACES OF SOLIDS UNDER ION IRRADIATION

L. B. Begrambekov, A. M. Zakharov, N. A. Puntakov
National Research Nuclear University (MEPhI)

The development of the surface relief often occurs during ion irradiation
and during the deposition of coatings. In some cases, it is the development
of the relief, that is the goal of the experiment or the technological process.

However, most often, such a consequence of exposure to the surface is un-
desirable, and a large amount of time and various methods are spent to get rid
of it: the temperature of the irradiated surface, the parameters of the irradiating
flow, the speed and composition of the components of the formed coating de-
posited on the surface, etc. vary. One of the frequently manifested variants of
relief development during ion bombardment is the formation of conical protru-
sions and crystals (whiskers). In the appearance and development of these sur-
face formations, the processes leading to the development of the relief are most
fully manifested. Familiarity with the conditions for the appearance, regularities
and mechanisms of their development will be useful for frequently undertaken
attempts to use this interesting phenomenon, as well as for determining meth-
ods for suppressing or developing a relief on a surface irradiated by ions and
plasma.

The paper considers the causes, conditions of irradiation and surface con-
ditions that contribute to the emergence of cones and whiskers on metals, car-
bon-graphite materials, and dielectrics. The processes in the near-surface layers
of the surface that contribute to their development are considered. The specific
conditions for their appearance during surface irradiation with intense ion flux-
es, under the conditions of thermonuclear installations are described.
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TEPMOINHAMMUKA JECTPYKIIUHU U JIOKAJIBHOT'O
OBE3YIJIEPOXKUBAHMS CTAJIEN B XOJIE BOJIOPOJHOM
CTPECC-KOPPO3HUHN

A. H. Yyxanos, |[H. H. Cepeeed, A. H. Cepzees, B. A. Tepéuun,

A. E. I'6030e6, A. A. Axoeenko

OI'bBOY BO «Tyneckuii rocyiapcTBEHHBIH TeAaroTHUECKUil YHUBEPCUTET
nm. JI. H. Toncroro»

Beeoenue

B paMkax pa3BUBArOIIErOCS MHOTOYPOBHEBOT'O MEPAPXHUYCCKOrO MOAX0Ia
K M3YYEHHIO 3BOJIIOIMH JeEeKTHON CTPYKTYphI (MOBPEXKICHUS) cTaneil usyde-
HA CBSI3b 3BOJIIONAU Pa3HOMACIITAOHBIX 1e()EKTOB MOBPEIKICHHOCTH C JIOKAIb-
HBIM 00€3YTJICPOKUBAHIEM BHICOKOIPOYHBIX HH3KOJCTUPOBAHHEIX CTAJICH MpH
HU3KOTEMIICPATyPHOH 3JIEKTPOIUTUYCCKON BOIOPOTHOU CTpecC-KOPPO3UH.
TepMoarHaMuueck 0O0CHOBaHO 0Opa30BaHUEe METaHa B HECIUIOMIHOCTSIX CTa-
Jei B mpolecce MX 00e3yriepoKuBaHus. Pa3paboTaHa KHHETHUYECKas CXema
IpoIecca COBMECTHOTO HAKOILICHHs BOAOPOJa W MeraHa. Llenb JaHHOTO wHc-
CJICZIOBAHHUS — YTOYHCHHE MEXAHH3MOB JIOKAJIM30BAHHOIO HH3KOTEMIICpATyp-
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HOTO 00e3yriIepoXKHBaHUS YIPOYHEHHBIX KOHCTPYKLMOHHBIX CTajiel, a Takke
TePMOJMHAMHUYECKAs. OLICHKA W pa3pabOTKa KHHETHYECKOW CXEMBbl pPeaKLHi
00pa3oBaHHMs METaHa B HECIUIOIIHOCTSX ITHX CTaled B XOIEC BOZOPOIHOMN
CTPEeCC-KOPPO3UH.

Memoouxa uccrnedosanuii

HccnenoBann HU3KOIETHPOBAHHBIE KOHCTPYKIIMOHHBIE CTalIH ¢ (EeppUTHO-
MIePJIMTON ¥ OCHHUTHOHN CTPYKTYpOH. AHATM3UPOBAIH JACTPANAIINI0 MEXaHUIE-
CKHX CBOWCTB ¥ U3MCHEHHE MHUKpPO- M CYOCTPYKTYpPHI cTaieil B xone aedopmu-
POBaHHS U JJIEKTPOJUTUYECKOTO HABOMOPOXKUBaHUsS (KATOJHAS TOJISIPU3AIIMS
B KHCIBIX JJICKTPOJUTAaX MpPH IUIOTHOCTSIX Toka 2,6—60 A/v?). C momomipio
MEXaHUYECKOH CHEKTPOCKOMUHN YTOYHSIN MEXaHU3M JIOKaJIEHOTO 00e3yriiepo-
JKUBAHMS Ha CYOCTPYKTYPHOM ypoBHE. TepMoIuHaMU4ecKkast OlleHKa BKITFOYAIa
aHaJIN3 M3MCHEHUS MaplIUATBHOW CBOOOTHON YHEPTHH CUCTEMBI «IIOpa C rasa-
MU + MaTpHUI[a» B YCJIOBHSAX MEHSIOIICTOCS MaBiicHHs ra3oB. Ee M3MeHEHHUE
YUNTHIBATIA B KHHETHYECKOW CXEMe Ui ACTAIM3allMH COCTaBa IPOAYKTOB
U JIUTEIBHOCTH MpoIiecca 00e3yriieposkuBanusi. VICNoap30Baal JaHHBIC Me-
TaorpapuIECcKoro aHanusa. KoarmyecTBEHHbIE XapaKTEPUCTUKU (KOJIHMIECTBO
U pa3Mephbl €¢ IJIEMEHTOB U Ie(EKTOB. MUKPOTPEIIUH, TOpP, 00e3yriIeposKeH-
HBIX 30H). Ha uX oCHOBE KOHTpOIMpPOBaaH Ii((y3HOHHBIN MyThH ATOMOB yIJjIe-
polla K BOJOPOIHBIM KOJUICKTOpaM, pa3Mephl 00e3yriIepoKEeHHBIX 30H, YBOJIO-
U0 aHcamOJIsl MUKPOTPEIIHH, 00BeMHYIO oTI0 epputa U nepaura. OUeHKY
sHeprun I'mb6bca AG u mapumansHOH cBoOOgHOI SHepruu AF BbIONHSUIN
¢ nomoIpo Meroauku Bragumuposa JI. I1. 3HaueHus SHTaNbBNUKA U SHTPONUU
(H, S) peakuuii B CTaHAAPTHBIX YCIOBHUSIX 3aMEHSUTH O€3pa3MEPHBIMH MapaMeT-
pamu M u N. M = —0,21858 H%gs; N = 0,21858S5%0s. I'ie «298» — Temmneparypa
B K. 0,21858 = (1/R-2,3), (R = 1.989 kan/mons-rpan).

Bui16o0owi

1. HOKa32U'II/I, YTO B HU3KOJICTUPOBAHHBIX KOHCTPYKIIMOHHBIX CTAJIAX B XOJ1€
3JIEKTPOIMTHYECKON BOJOPOMHON CTPECC-KOPPO3HU PEATU3yeTCs JIOKAIN30-
BaHHOE 00€3yTrIIepOKMBAHUE C O0pA30BAaHMEM M HAKOIUICHHEM METaHA B MUK-
pormycrotax. JIBHKyIIeH CHIION SBIAETCS PAa3HOCTh MEXKAY PaBHOBECHBIM
Y TEKYIIUM 3HAYCHUSIMH MapIHaibHON CBOOOIHOW YHEPTUH B peakIusIX oOpa-
30BaHUs MCTaHA.

2. [onmyunmu ypaBHEHUS] KHHETHKH PEaKIIMA, COTMPOBOXKIAOIINX 00e3yT-
JepOXKUBaHKE. BBITIONHUIN OLEHKY JUIMTENLHOCTH IIpOllecca U pa3Mepa
00e3yTIIepOKEHHOM 30HBI.
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3. YcraHoBMIM mapaMeTp, XapaKTepH3yOLINil HHTCHCHBHOCTh HABOJIOPO-
xuBanust (0K). Onpemenuim ero moporoBoe 3HaUCHHE, CBA3AHHOE C MPEIeihb-
HO BO3MOXKHBIM [IOTOKOM aTOMOB yTII€pO/Ia.

4. YCTaHOBWJIM, YTO NPH MAaJbIX HHTCHCHBHOCTSX HABOIOPOXXUBAHUS
(oK << moporosoro 3HaueHus), NpeodIaJaloUM B 003yIIepOKUBAHUH SIB-
JISIETCSI IIPOLIECC HAKOIUICHHST METaHa.

THERMODYNAMICS OF DESTRUCTION
AND LOCAL DECARBURIZATION STEELS DURING
HYDROGEN STRESS CORROSION

A. N. Chukanov, N. N. Sergeev,| A. N. Sergeev, V. A. Tereshin,

A. E. Gvozdev, A. A. Yakovenko
Tula State Pedagogical University named after L.N. Tolstoy

Introduction

Within the framework of the developing multilevel hierarchical approach
to the study of the evolution of the defective structure (damage) of steels, the
relationship of the evolution of multi-scale damage defects with local decarbu-
rization of high-strength low-alloy steels under low-temperature electrolytic
hydrogen stress corrosion has been studied. The formation of methane in the
discontinuities of steels during their decarburization is thermodynamically jus-
tified. A kinetic scheme of the process of joint accumulation of hydrogen and
methane has been developed. The purpose of this study is to clarify the mecha-
nisms of localized low-temperature decarburization of hardened structural
steels, as well as thermodynamic evaluation and development of a Kinetic
scheme of methane formation reactions in the discontinuities of these steels
during hydrogen stress corrosion.

Research methodology

Low-alloy structural steels with ferrite-perlite and bainite structure were
studied. The degradation of mechanical properties and changes in the micro-
and substructure of steels during deformation and electrolytic hydrogenation (ca-
thodic polarization in acidic electrolytes at current densities of 2.6—60 A/m?)
were analyzed. Mechanical spectroscopy was used to refine the mechanism of
local decarburization at the substructural level. The thermodynamic assessment
included an analysis of changes in the partial free energy of the «pore with gas-
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es + matrix» system under conditions of changing gas pressure. Its change
was taken into account in the kinetic scheme to detail the composition of the
products and the duration of the decarburization process. Metallographic
analysis data were used. Quantitative characteristics (the number and size of
its elements and defects: microcracks, pores, decarbonized zones). They were
used to control the diffusion path of carbon atoms to hydrogen reservoirs, the
size of decarbonized zones, the evolution of the ensemble of microcracks, the
volume fraction of ferrite and perlite. The Gibbs energy AG and partial free
energy AF were evaluated using the Vladimirova L. P. technique. The values
of enthalpy and entropy (H, S) of reactions under standard conditions were
replaced by dimensionless parameters M and N. M =-0.21858 H0%qs;
N =0,218585%0s. Where «298» is the temperature in K. 0.21858 = (1/R.2,3),
(R =1.989 cal/mol-deg).

Conclusions

1. It was shown that localized decarburization with the formation and ac-
cumulation of methane in micro-voids is realized in low-alloy structural steels
during electrolytic hydrogen stress corrosion. The driving force is the differ-
ence between the equilibrium and current values of the partial free energy in
methane formation reactions.

2. The equations of kinetics of reactions accompanying decarburization
were obtained. We evaluated the duration of the process and the size of the de-
carbonized zone.

3. Set the parameter characterizing the intensity of flooding (wK). We de-
termined its threshold value associated with the maximum possible flow of car-
bon atoms.

4. It was found that at low rates of hydrogenation (o Ko the threshold val-
ue), the process of methane accumulation is predominant in decarburization.
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OCHOBBI MOJIEKYJISIPHO- IMHAMHWYECKOI'O
MO/JIEJIMPOBAHUS CBOMCTB KOHAEHCUPOBAHHBIX
MATEPHUAJIOB

A. A. Cenesenes

Poccuiickuit ®enepanbublii Anepusiii Lientp — Beepoccuiickui
Hay4YHO-HCCIICA0BATEILCKII HHCTHTYT SKCHEPUMEHTAILHON (Pr3nKu
(OTVYII «POAL-BHUNDD»)

B nmoxiaze paccMOTpEeHO TeOpeTHYecKoe OOOCHOBAHUE MPUMEHHMOCTH
MeToa MOJIeKy sipHO# nuHamuku (MJI) s pacuera CBOWCTB KOHIECHCHPO-
BaHHBIX MaTepuaioB. [IpeJcTaBIeHBI TOTCHIMAIE MEKATOMHOTO B3aHMMO/ICH-
CTBUSI, KOTOPBIC IMMUPOKO HCIOJIB3YIOTCS ISl ONMCAHUSI CBOMCTB KOHACHCHUPO-
BaHHBIX MaTE€pHajoB. PacCMOTPEHBI METOMABI OMPEACICHUS MapaMeTPOB MEXK-
aTOMHBIX MOTEHIMAJIOB U MeToabl M/ pacuera CBOMCTB KOHAEHCHUPOBAHHBIX
MaTepHAaIOB.

B moxiane Taxke 1aHO KpaTKOE OMMCAHHUE MOJIEKYISIPHO-TUHAMHIECKOTO
kona SAGE_MD [1]. OtinuurenbHON 0COOCHHOCTBIO TPECTABIIEMOro Koja
SIBJISICTCSL. €r0 HAIMPABJICHHOCTh HA MOJCIMPOBAHUE CBOMCTB KOHICHCHPOBAH-
HBIX MaTE€PUAIOB C PA3IMYHBIMU TUITAMU XUMUYECKUX CBs3el (MeTauTHuecKas,



Mechanical properties and structural transformations... 109

KoBayieHTHas1, nonHas). Kox mamucan Ha s3pike FORTRAN 90, wacte koma
HanmcaHa Ha s3pike MS VC++. Pazpa®oTaHHBIN KOJ TOTIONHEH JPYKECTBEH-
HBIM HHTepdericoM nonp3oBatensd. HTepdeiic moap3oBaTens NO3BOJISIET 3a1a-
BaTh BCC MCXOJHBIC MTAHHBIC JJIS KOAA C TIOMOIIBIO TUAIOTOB U MCHIO. Pe3yiib-
TaT BCEX OMNEpalii ¢ KPUCTAJUIMYECKOH pemeTkod, mpu (GpopMHUPOBaHHH
HavyapHOW TeoMeTpun MJ] sdeliku, oTtoOpaxaeTrcs Ha JUCIUIee, TO3BOJISIS
MTOJTF30BATENIO KOJa KOHTPOJIMPOBATH MPABMIIEHOCTh CBOUX JICHCTBUIA.
Ucnone3ys kog SAGE MD M0XHO MpOBOIUTE MOAETHPOBAHUE CBOWCTB
MaTEPHAJIOB MMPH MOCTOSHHOW TeMIepaType U/UiK Mpu MOCTOSHHOM JIaBJICHUH,
a TaK)Ke MOJICTUPOBATH MMOBEICHUE KPUCTAUTHYCSCKON PEIICTKH MaTepraa mpu
BO3/IEUCTBUM BHEUIHUX HAMNPSHKEHUI pacTsyKeHMs Wid cxaTus. B koae peanu-
30BaHBI pacyeThl (PYHKIMK paauanbHOro pactpenenenus atomos (Radial dis-
tribution function, RDF) u pacuer ko3d¢unmenroB muddy3un atoMOB BHE-
penus. [Ipu MomeIMpOBaHUN MOKHO HCIIONB30BaTh PA3IMIHBIX THITHI TPaHHY-
HBIX YCJIOBHUH: MEPUOAMYCCKUE TPAHUIHBIC YCIOBHSA, CBOOOTHBIC TOBEPXHOCTH.
B kon SAGE_MD uHKOpIOpUpPOBaHbI pa3inuHbIe TUIBI MEKATOMHBIX MOTEH-
[[HAJIOB ISl MOJICJIMPOBAHHUS CBOWCTB MaTEPHAIOB C HOHHBIMH, KOBAJICHTHBIMH
U METa/UTHYCCKAMU TUIIAMHM XMMHUYECKHUX CBs3eil. B Hacrosiiiee BpeMs B KOJC
peamu3oBaHa BO3MOXKHOCTH pacdéra CHII MEKAaTOMHOTO B3aMMOJCHCTBHS Ha
ocHoBe ab initio moaxoma. TecTupoBaHKe KOJa MPOBOJMIOCH MTOCPEICTBOM
cpaBHeHHS pe3ynbTaToB M/] monemupoBanus mo koxy SAGE_MD c pesynsra-
tamMu MJI MOZETHpPOBAaHUS MO APYTMM KOJAaM, a TAKKE C W3BECTHBIMH JKCIIe-
PUMEHTAIBHBIMA 3HAYCHUSIMH (DU3NUICCKUX XaPAKTEPUCTHK MAaTEPUAIIOB.
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FUNDAMENTALS OF MOLECULAR-DYNAMIC SIMULATION
OF CONDENSED MATERIALS PROPERTIES

A. A. Selezenev

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»)

The report considers the theoretical justification of the applicability of the
molecular dynamics (MD) method for calculating the condensed materials
properties. The interatomic interaction potentials, which are widely used to
describe the properties of condensed materials, are presented. Methods of de-
termination of the interatomic potentials parameters and methods of MD calcu-
lation of the condensed materials properties are considered.

The report also gives a brief description of the SAGE_MD [1] molecular
dynamic code. A distinctive feature of the presented code is its focus on simu-
lating the condensed materials properties with various types of chemical bonds
(metal, covalent, ionic). The code is written in FORTRAN 90 language, and
some part of the code is written in the MS VVC++ language. The developed code
is supplemented with a friendly user interface. The user interface allows you
to specify all source data for the code using dialogs and menus. The result of all
crystal lattice operations, when forming the initial geometry of the MD cell,
is displayed on the monitor allowing the code user to monitor the accuracy
of his actions.

Using the SAGE MD code, you can simulate the properties of materials at
constant temperature and/or at constant pressure, as well as simulate the behav-
ior of the material crystal lattice when exposed to external tensile or compres-
sion stresses. The code implements calculations of the radial distribution func-
tion (RDF) and calculation of diffusion coefficients of interstitial atoms. During
simulation you can use various types of boundary conditions: periodic boundary
conditions, free surfaces. Various types of interatomic potentials are incorpo-
rated into the SAGE_MD code to simulate the material properties with ionic,
covalent and metal types of chemical bonds. Currently, the code implements
the means of calculating the interatomic interaction forces on the basis of ab
initio approach. The code has been tested by comparison of the results of the
MD simulation according to the SAGE_MD code with the results of MD simu-
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lation according to other codes, as well as with known experimental values
of physical characteristics of materials.
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HCCJIENJOBAHUE KPATKOBPEMEHHOI'O BJIMSIHUASA BOJOPOJA
BBICOKOI'O JABJIEHUSI HA MEXAHUYECKHUE CBOUCTBA
N CTPYKTYPY TUTAHOBOI'O CIIVIABA BT20

A. B. Anviwesa, U. E. Botiyos, M. B. Kazumos, 1. JI. Mankos, E. B. Illesnun

Poccuiickuit ®enepansusiii Anepusiit Llentp — Beepoccuiickuii
HAYYHO-HCCIICIOBATEIILCKAN HHCTUTYT SKCIICPUMCHTANBHON (pH3UKH
(OTVIT «POAI-BHUNDD»)

B nacrosmee BpeMsl NMEpCHEKTUBHBIM HalpaBIeHHEM B 00JIacTH dHepre-
TUKH SIBJIIETCS pa3BUTHE BOJOPOAHOM SHEPTETUKU. B CBS3M € 3TUM aKTyaabHOU
3a7a4eil MaTepuaioBeICHUs SIBISIETCSl M3YyYEHUE 3aKOHOMEPHOCTEH BIIMSHUS
BOJIOPOJIa HAa CBOMCTBA KOHCTPYKIMOHHBIX MaTepuaioB (KM). U3sectHo, uto
Bo3zeiicTBUEe Bogopoaa Ha KM mpuBOAUT K CHUKEHHUIO UX IUIACTUYHOCTH, TaK
Ha3bIBAEMOMY «BOJOPOJHOMY OXPYITYUBAHUIO», BCIEICTBHE KOTOPOTO MOXKET
NIPOUCXOJUTh HEIPEICKa3yeMoe paspylleHHe KOHCTpyKUuH. M3 TUTaHOBBIX
CIUTAaBOB HamboJiee CKIOHHBIMH K «BOJOPOJHOMY OXPYITUHUBAHUIO» SBIISIOTCS
IICEBJ0-C-CIUIaBbI, YTO CBSI3aHO C OOJbHICH pPacTBOPUMOCTBIO BOAOpPOAA
B PB-daze. K coxaneHnio, Ha CETOTHAIIHUN JEHb BOIPOC <BOIOPOITHOTO
OXPYITYUBAHUS» TIOJHOCTHIO HE M3YUCH, II03TOMY HEOOXOAMMO MPOBOIUTH HC-
cienoBanusi KM B ycloBHsSIX HENOCPEACTBEHHOTO BO3ACHCTBYSI BOJOPOA.
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Ha ocHOBaHMH BBIIIECKAa3aHHOTO OBLIO MPOBEACHO HCCIICAOBAaHHE BIIUS-
HHA KpaTkoBpeMeHHOro (10 10 MUHYT) BO3IeHCTBHUS ra3000pa3HOro BOJAOPOIa
BBICOKOTO [aBJICHUS Ha MEXaHHWYECKHE CBOWCTBA M CTPYKTYpY THTaHOBOTO
ncesno-o-ciiasa BT20.

Bonopozgocroiikocts THTanoBoro cruiasa BT20 oneHnBanacs cpaBHeHHEM
€ro XapaKTePUCTHK MEXaHMYECKUX CBOWCTB, IMOJYYEHHBIX MPU HCIIBITAHUU
mumHapudeckux oopasmoB tuma 1V, Ne 9 TOCT 1497-84 nHa pacTspkeHue
B cpene renust U B cpeae Bojopozaa npu aaeineHun 80MIla u Ttemmeparypax:
20, 200 u 300 °C. HccnemoBaHne MHKpPOCTPYKTYpHI MaTepuana o0pasloB
MIPOBOJMIIOCH KaK JI0 BO3JICHCTBUS Ha HUX BOJOPOJNA, TaK M IIOCJE HEro.
[lepen ucHbBITAHUAMHU 3arOTOBKM OOpa3lOB OTXKHTANKCh NPH TEMIIepaTrype
(820£10) °C B Teuenue (25+2) muH.

Pe3ynbraThl HcciieI0BaHUS TIOKA3alIH, YTO BIUSHUAE BOJOPOJA HA MEXaHH-
YecKHe CBOWCTBA U CTPYKTYpy ciuiaBa BT20 He o6HapyxkeHO.

INVESTIGATION OF SHORT-TERM INFLUENCE OF HIGH
PRESSURE ON MECHANICAL PROPERTIES AND STRUCTURE
OF BT20 TITANIUM ALLOY

A. V. Yalysheva, |. E Boytsov, M. V. Kazimov, |. L Malkov, E. V. Shevnin

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»)

Currently, the development of hydrogen energy is a promising area in the
field of energy. In this regard, the urgent task of material science is the investi-
gation of the laws of the hydrogen influence on structural materials properties
(SM). It is known that the effect of hydrogen on SM leads to a decrease in their
plasticity, the so-called «hydrogen embrittlement», as result of which unpre-
dictable destruction of structures can occur. Pseudo-a-alloys (within the titani-
um alloys) are mostly subject to «hydrogen embrittlement» that is associated
with greater solubility of hydrogen in the B-phase. Unfortunately, at present the
issue of «hydrogen embrittlement» has not been fully studied, therefore it is
necessary to conduct SM studies in the conditions of direct exposure to hydrogen.

Based on the above mentioned, the short-term influence (up to 10 minutes)
of high pressure gaseous hydrogen on mechanical properties and structure
of BT20 titanium pseudo-a-alloy has been investigated.
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The BT20 Titanium alloy resistance to hydrogen has been evaluated by
comparing its characteristics of mechanical properties obtained when testing
cylindrical samples of type 1V, Ne 9 GOST 1497-84 for tension in helium and
hydrogen at a pressure of 80 MPa and temperatures of 20, 200 and 300 °C.
The microstructure of the sample material was studied both before and after
exposure to hydrogen. Before tests the sample blanks have been annealed
at temperature of (820+10) °C for (25%2) min.

The results of the study showed that the influence of hydrogen on the
mechanical properties and structure of BT20 titanium alloy had not been dis-
covered.
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Ir'napuibl BOPA KAK DQHEPTOEMKUE MATEPHUAJIbI
O. B. Heyxuna, O. B. Komosa
Wucruryt xarannza uM. I'. K. BopeckoBa CO PAH, HoBocubupck

CocTaB TMAPUAHBIX COCIMHECHHUI Gopa BecbMa pasHooOpaseH [1], HO Bce
OHM XapaKTEPHU3YIOTCS BHICOKOW BOJOPOJAHON €MKOCTHIO M OOJIBIION TETLIOTON
cropanms. CienoBarenbHO, HanboJIee TIEPCIIEKTUBHO WX HCIOJIB30BAHUE B Ka-
YecTBE KOMIAKTHBIX MICTOYHMKOB BOJIOPOJA M YHEPTOEMKHUX 100aBOK K TOILIHU-
BaMm. OmHako Tpu BeIOOpE THUApPUIA IJISI KOHKPETHOW 00JacTH MPUMEHEHHS
ClleyeT y4YUTHIBaTh €ro CTaOMJIBHOCTB, HMOCKOJBKY 3TOT KJacC COCAMHEHHH
6opa BecbMa PeaKIMOHHOCIOCOOEH.

Awnanu3 nutepatypsl [2, 3] mokasan, 4TO OCHOBHBIMH KaHIHOATAMH IS
CO3/IaHUSI KOMITAKTHBIX BOJOPOATCHEPUPYIONIMX KOMITIO3UIMI Ha OCHOBE THJI-
pugoB Oopa Bbictymaror ammuub6opan (NH3BHsz) u Ooprunpun Hatpus
(NaBHy). Mx mpakTuueckoe HCIHOJb30BAHUE, KaK HOCUTEICH BOIAOpO/a, Npe/-
oJIaraeT pa3HbIe MPUHIUITBI OPTaHU3AINY TPOIIecca ra30reHepaIny.
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Jnst ammuaOOpaHa Hanbojee NPHEMIIEMBIM CIIOCOOOM MONTYy4YEeHHs BOJO-
poxa siBisietcs Tepmoin3 [4], TemmepaTypy KOTOpOro HEOOXOAMMO CHH3HThH
Hioke 100 °C. [lns JOCTIDKSHUS 3TOW LIeNTH BapbUPYIOT TUCHIEPCHOCTh FHAPHIA,
Ie(DeKTHOCTh KPUCTAJUTMYESCKON PELISTKH, BBOISAT IOOABKH, BBIMOJIHSIOLINE
POJIb LIEHTPOB aacopOuuu/mecopOuuu u cnuuioBepa Bogopoaa [5]. B oraens-
HBIX paboTax [6] mpemiaraercst pacuMpuTh CIIEKTP THAPHIHBIX COSTHHEHU CO
cBs3bi0 N-B 771 mostydeHust Bomopoa ImyTteM TepMoin3a. Hampumep, Takum
COCTMHCHUEM BBICTYyMaeT 3THiIeHanaMuH(6uc)6opan [7], KOTOpsIil B3anMoeii-
CTBYS C STWJICHIUAMHUHOM B MPHCYTCTBHH TUIATHHOBOTO KAaTAH3aTOpa MOMKET
TeHEepHUPOBAaTh BOJOPOJ yXKe P KOMHATHOH Temmepatype [8].

CrefyeT OTMETUTB, YTO OOpCOACpIKAIME TUAPUABI YHEPIUYHO B3aAUMO-
JEHCTBYIOT C BOJOH C BBIIEICHHEM OOJBIIOrO KOJMYECTBa TEIUId, YTO MO3BO-
JSIET CO3AaTh BOJAOPOATCHEPHPYIOLIME CUCTEMBI sl ApKTHUecKol 30HbBI. Tem
HE MeHee, Ui UX Oe30IaCHOM HKCIUTyaTalliy ClieqyeT BEIOpaTh TUAPU C TIPH-
eMJIEMBIM TEIUIOBBIM 3 dexToM. TakuM COeTUHEHHEM SIBISAETCS OOPrHIAPHI
HATPHSI, HO JJISI €T0 MOJHOW KOHBEPCHU TPEOYIOTCS MPUCYTCTBHE KaTaIn3aTo-
poB [9]. TpaAUIHOHHO HKCIONB3YIOT KOOANBT KAK CaMbIii aKTHBHBIN CPEIH Tie-
pexomHbix MertamioB. OJHAKO CTOWT 3a/ada 3aMCHHTh KOOAIbT HA HHKEIb,
MOCKOJIBKY €T0 CTOMMOCTH CYIIECTBEHHO BO3pOCia H3-3a BOCTPEOOBAHHOCTH
B IIPOU3BOJCTBE JUTHH-MOHHBIX aKKyMYJSITOPOB. PaBHOLIEHHOH 3aMeHBI KO-
GanbTa Ha HUKEIb CHENATh HENB3sl, MOCKOJNBKY HUKEIh CYIIECTBCHHO MEHEe
AKTUBHBIA MeTaJll B THApONU3e Oopruapuzaa Hatpus. B HacTosIuA MOMEHT
pa3pabaThIBaIOTCS MOJXOIbI K MOBBILICHHIO aKTHBHOCTH HUKEJISL.
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BORON HYDRIDE AS ENERGY-RICH MATERIALS
O. V. Netskina, O. V. Komova
Boreskov Institute of Catalysis SB RAS, Novosibirsk

The composition of borohydride compounds is very diverse [1]. All of
them are characterized by high hydrogen capacity and high heat of combustion.
So, using borohydrides as compact hydrogen sources and energy-intensive ad-
ditives to fuels is most promising. However, stability should be taken into ac-
count when selecting a hydride for a specific application since this class of bo-
ron compounds is highly reactive.

Analysis of the literature [2, 3] shows that ammonia borane (NH3sBH3) and
sodium borohydride (NaBH,) are the main candidates for the creation of com-
pact hydrogen-generation compositions based on boron hydrides. Their practi-
cal use, as hydrogen carriers, implies different concepts of organization of the
gas generation process.

For ammonia borane, the most appropriate method to produce hydrogen is
thermolysis [4], the temperature of which should be reduced below 100 °C. To
do this, the hydride dispersion and crystal lattice defectiness are varied, and
additives that act as centers of adsorption/desorption and hydrogen spillover are
introduced [5]. In separate works [6], it is proposed to expand the range of hy-
dride compounds with an N-B bond for hydrogen production by thermolysis.
One such compound is ethylenediamine(bis)borane [7], which, when interact-
ing with ethylenediamine over a Pt/C catalyst, can generate hydrogen even at
ambient temperature [8].

It should be noted that boron-containing hydrides react intensely with wa-
ter, releasing a lot of heat. This makes it possible to develop hydrogen-
generating systems for the Arctic zone. However, for safe use, a hydride with
an acceptable thermal effect should be chosen. Such a compound is sodium
borohydride, but its complete conversion requires the presence of catalysts [9].
Cobalt is traditionally used because it is the most active of the transition metals.
However, its cost has increased significantly due to its demand in the produc-
tion of lithium-ion batteries. For this reason, it is suggested that cobalt should
be replaced with nickel. Unfortunately, an equivalent replacement is impossible
since nickel is a much less active metal in the hydrolysis of sodium borohy-
dride. Approaches to increasing nickel activity are currently being developed.
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METAJUIOTUAPUAHBIE IOPOIIKOBBIE MATEPUAJIBI
B OKCHEPUMEHTAJIbHOM ®U3UKE. OCOBEHHOCTH
nHoAroTOBKU U TIPUMEHEHUA

P. K. Mycses

Poccuiickuii @enepansuelil Anepusiii Llentp — Beepoccuiickuit
Hay4HO-HCCIIEA0BATENILCKUIA HHCTUTYT SKCIEPUMEHTAIBHON (pru3nuKu
(OI'VII «PDA-BHUNDD»)

PaccmoTpensl mpakTHdeckue MOAXOAbI M HKCHEPUMEHTANbHBIE METOIbI
H3MEpEHUs PasiInUHbIX (PU3MUECKUX XapaKTEPUCTUK M IIapaMeTpOB CHCTEM Ha
0aze MEeTaJUIOTHJPUIHBIX TMOPOIIKOB, HMCHOJIb3YEMBIX B KauecTBE rerrepa —
MIOTJIOTUTEJSI U30TONOB BoZoposa. Ha ocHoBe 0000IIEHHON MaTeMaTH4ecKon
MOJIENI HCCIEAYeMOTro 00BbeKTa OOOCHOBBIBACTCSI MOCTAHOBKA MOJAEIHEHOTO
9KcrepuMenTa (YCIOBHUS MPOBEACHUS OMBITA, THAMA30H W3MECHCHHUS TEPMOIH-
HAMHYECKUX BEJIMYHH W T. JI.) U CIOCOOBI M3MEPEHHsT HEOOXOMUMBIX (pru3mye-
CKUX BEJIMYHH.

B 3aBuCcHMOCTH OT NMPUMEHEHHS METAJUIOTHAPUIHOW CUCTEMBI Ha OCHOBE
nopomika (MoydeHre TeXHUUECKUX/pabourx XapaKTePHCTHK WM H3MEpEHHE
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bu3nYecKuX KOI(P(PUIMEHTOB CIUIOUIHON CPEbl) HCIOIb3YIOTCS 0cOo0bIe Mpo-
Leaypsl MOATOTOBKH 0Opa3loB (MpeccoBaHHE, M3MEPEHHE Tra30MpOHUIIAeMO-
CTH, TepMHUYECKAs aKTHBAIMs) C IEJbI0 MONYICHHs Psia UCXOMHBIX (hU3mde-
CKMX, MEXaHWYECKHX W KHHETHYECKHX IapaMeTpOB HCCIEAYeMOro OOBEKTa.
B3aumozelicTBue HM30TONOB BOAOPOJA C THUAPHIOOOPA3yIOUIMM METAIIIOM,
ONMCHIBAEMOE KUHETHMUECKHM YPAaBHEHUEM, IPU OIPEACIEHHBIX YCIOBHAX
B PaMKax MOJEJIN CIUIOUIHON, NOPUCTON U MIPOHULIAEMOU CpeNIbl, ONUCHIBAEMON
CHCTEMOW ypaBHEHHH OajlaHca TeIula, MMITYJIbca U BELIECTBA, UMEET CBOU OCO-
OEHHOCTH, KOTOPhIE MOTYT NPUBECTH K 3HAYUTEILHOMY OTJIMYMIO PAacUETHOTO
U pearbHOro 3Ha4YeHHs n3MepsieMoil ¢usmueckoit BemmuuHbl [losTomy mpa-
BWJIbHAs TIOCTAHOBKA JKCIIEPUMEHTOB, C Y4YETOM OCOOEHHOCTEH CILIOMHON
cpeabl TOPOLIKOBBIX MaTepHajioB, M MOAOOP HEOOXOIMMOTO M3MEPUTEIHHOTO
000py/IoBaHUsl, C Y4€TOM KPHUTEPUEB UX NPUMEHUMOCTH, UMEET OOJIbIIOE 3Ha-
YeHHE B KCIIEPUMEHTAILHON (QH3HKe.

Vcnionp30BaHNe COBPEMEHHBIX CPEICTB 0OpabOTKH IKCIEPUMEHTATbHBIX
JaHHBIX U cnennanu3upoaHHoro 10 mo3BosseT KaueCTBEHHO CMOIENHPOBATh
MTOBEJICHUE FCCIIETyeMO CHCTEMBI Ha 0a3e reTTePHBIX MOPOIIKOBEIX MaTepHa-
JIOB WM TIONyYUTHh HEOOXOAUMBIE KOA(PPHUINEHTHl Pa3INYHBIMHA PAaCUYECTHBIMU
METOJaMU C MCIOJIb30BAaHUEM HKCIEPUMEHTAJIbHBIX PE3YJbTAaTOB U3MEPEHUH
(pertrennst o6paTHO 3amaud, METO HAUMEHBIINX KBAIpPaToB | T. IL.). [Ipume-
HEHHE CIELUUalbHBIX IporpaMMHbIX mHakeToB Tuma CAIIP mnosBomser, mpu
HEOOXOANMOCTH, BHECTH KOPPEKTHBBI B MAaTEMaTHYECKyI0 MOJENb OOBEeKTa
HCCIIEOBAaHUN ¥ MPOBECTU «BUPTYaIbHBIII» dKCIIEPUMEHT, CPaBHUBAsS, B aJIb-
HelleM, pe3yabTaThl PACYETOB C ONBITHBIMU JaHHBIMHU.

METAL HYDRIDE POWDER MATERIALS IN EXPERIMENTAL
PHYSICS. FEATURES OF PREPARATION AND APPLICATION

R. K. Musyaev

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»)

Practical approaches and experimental methods of measuring various
physical characteristics and parameters of systems based on metal hydride
powders used as getter — hydrogen isotope absorber, are considered. Based on
the generalized mathematical model of the object under study, a model experi-
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ment (test conditions, range of changes in thermodynamic values, etc.) and
methods of measurements of the required physical values are justified.

Depending on the use of metal hydride system based on powder (obtaining
technical/performance characteristics or measuring physical coefficients of
a continuous medium), special procedures for preparing samples are used
(pressing, gas permeability measurement, thermal activation) in order to obtain
a number of initial physical, mechanical and kinetic parameters of the investi-
gated object. Interaction of hydrogen isotopes with a hydride-forming metal,
described by the kinetic equation, under certain conditions within the model of
a continuous, porous and permeable medium, described by the system of equa-
tions of the heat, impulse and matter balance, has its own characteristics, which
can lead to a significant difference in the calculated and real value of the meas-
ured physical quantity. There fore the correct setting up of the experiments,
taking into account the peculiarities of the continuous medium of powder mate-
rials, and the selection of the necessary measurement equipment, taking into
account the criteria for their applicability, is of great importance in experi-
mental physics.

The use of modern means of processing experimental data and specialized
software allows you to simulate qualitatively the behavior of the system under
study on the basis of getter powder materials or obtain the necessary coeffi-
cients by various calculation methods using experimental measurement results
(inverse problem solution, Ordinary Least Squares method, etc.). The use of
special software packages such as CAD allows, if necessary, to make adjust-
ments to the mathematical model of the research object and conduct a «virtual»
experiment, comparing, in the future, the results of calculations with the exper-
imental data.
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TOHKHUE IIJIEHKU JJI1 XPAHEHUA BOJOPOJA
A. A. [ucapes

HanmonanbsHblil HccnenoBaTeNnbeKuil saepHelil yausepcuter MUDU

A THIN FILMS FOR HYDROGEN STORAGE
A. A. Pisarev

National Research Nuclear University MEPhI
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Golubkov Aleksandr
Leading Researcher
Russian Federal Nuclear Center — All-Russian
Research Institute of Experimental Physics
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HCCJEJIOBAHUE CBOMCTB I'JIPUIOB METAJLJIOB ITPA
BBICOKHX JABJIEHHUAX BOJOPOJA

A. H. I'onyokos, U. JI. Manxos

Poccuiickuii @enepanshelii Anepusiii Llentp — Beepoccuiickuit
HAyYHO-HMCCIIEIOBATEIbCKUH HHCTUTYT SKCIIEPUMEHTAIBHON (pr3uKn
(OI'VII «PDAL-BHUNDD»)

B nexkumm paccMOTpeHBI KOHCTPYKTHUBHBIE OCOOEHHOCTH YCTaHOBOK,
MpeJHa3HAYCHHBIX U CUHTE3a U MOCIEAYIOUIETO UCCIEeJ0BaHUS CBOUCTB TH -
PUIOB META/UIOB IpPHU BBICOKOM J@BJIEHHUH H30TONOB Boaopopa. IIpuBeneHsl
MIPUMEPHl UCIOTHEHUS PEaKIHOHHBIX COCYIOB C HCCIEAYEMBIM BEILECTBOM,
KOMMYTHPYIOIIEH anmapaTypsl, AaTYUKOB AABICHUS, HMCTOYHHUKOB H30TOIOB
Bozioposia. PaccMoTpeH Kpyr crajeil u CIIaBoB, KOTOPbIE MOTYT OBITh HCITOJIb-
30BaHBbI U711 U3TOTOBJICHUS 3JIEMEHTOB YCTaHOBOK.

IIpoBenen kxpaTkuii 0630p mapamMeTpoB, KOTOPBIE Yallle BCEr0 PETHUCTPH-
PYIOTCS TIpU UCCIEIOBAaHUSAX CBOMCTB T'MIPHUIOB METAJJIOB IPU BBICOKOM JaB-
JICHHH M30TOINOB Bopopoja. bonee moapo6Ho OyayT paccMOTpeHBI OCOOEHHO-
ctu uccienoanust P-T-C cooTHOLIGHUId, MOCTPOCHUIO (DAa30BBIX THArPaMM,
TEPMUYECKOMY aHaIU3y U KaJIOpUMETPHU.
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INVESTIGATION OF METAL HYDRIDES PROPERTIES AT HIGH
PRESSURES OF HYDROGEN

A. N. Golubkov, I. L. Malkov

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»)

The work considers the design features of the installations intended for
synthesis and subsequent investigation of metal hydrides properties at high
pressure of hydrogen isotopes. Examples of the reaction vessels designs with
substance under test, switching equipment, pressure sensors, and sources of
hydrogen isotopes are given. A range of steels and alloys that can be used to
make installation elements is considered.

A brief review of parameters that are most often recorded when studying
the properties of metal hydrides at high pressure of hydrogen isotopes is carried
out. The features of P-T-C ratios studies, phase diagram construction, thermal
analysis and calorimetry is considered in detail.
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Mutpoxun Cepreii Biaguienosnu
3aBemyromuii 1aboparopuet
Xummueckuii pakynprer MI'Y um. M. B. JJomoHnocoBa
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MertamoruapuaHbIe TEXHOIOTUI

Mitrokhin Sergey
Head of laboratory
Chemistry Department Lomonosov
Moscow State University
Moscow, Leninskie gory 1-11
Metal-hydride technologies
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CTATUCTHYECKAS MTPOTHOCTUYECKASA MOJEJIb
HOABOPA COCTABOB BOAOPOAOIOI'JIOIIAIOIINX
CIINIABOB ®A3bI JIABECA

C. B. Mumpoxun, M. A. IIpoxopenkog
Xumnueckuit pakyiaprer MI'Y um. M. B. JlomoHnocoBa

Mogenb CTaTHCTHYECKOTO MPOTHO3a pa3padoTaHa JJis ONTHMHU3AIMU TOJI-
0opa COCTaBOB CIUIABOB CTPYKTYPHBIX TUMOB (a3 JlaBeca aJsi UCIOB30BAHUS
B MHOTOCTYTIEHYATHIX METAJUIOTHAPUAHBIX KOMIIpeccopax Bopopoza. VicxoaHbie
CIUIaBbI OBIJIM MCITBITAHBI C TIOMOIIBIO PEHTTeHOBCKOT0 M3nydeHus u EDX. beum
HU3MEPEHBI U30TEPMBI abCOPOIMU/IECOPOIIMU M COMTOCTABIICHBI SKCIIEPUMEHTAITB-
HbIE 3HAYEHUS TEPMOJAMHAMHUUECKIX MAapaMeTPOB C PE3yJIbTATAMHU PacUeTOB.
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STATISTICAL FORECAST MODEL FOR TAILORING LAVES
PHASE HYDROGEN ABSORBING ALLOYS COMPOSITIONS

S V. Mitrokhin, M. A. Prokhorenkov
Chemistry Department Lomonosov Moscow State University

The statistical forecast model is developed to optimize the tailoring of Laves
phase alloy compositions for use in the metal hydride multistage hydrogen com-
pressors. The initial alloys were tested with X-ray and EDX. Absorption/desorption
isotherm were measured and the experimental values of thermodynamic parameters
compared with results of calculations.
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JabmaH Poman PomanoBuy
Munanmmii HayuHsiit cotpyanuk MATIL
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Elman Roman
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MOJAEJIUPOBAHUE TEIIJIONEPEHOCA B CUCTEMAX
METAJIJIOTHAPUJHOI'O XPAHEHUA BOAOPOJA

P. P. Dnoman, B. H. Kyousipos, H. E. Kypowomos, H. C. [lywununa
ToMcKHi MOTUTEXHUYECKUNH YHUBEPCUTET

XpaHeHHe BOIOpPOJa B METAIOTHIPHUIHBIX CHCTEMAax NpPEACTaBIsgeT
OoupIION MHTEpEC ATl Pa3BHTHS BOJOPOAHON SKOHOMHKH. OIHAKO, Tak Kak
3aChINKa TMOPOIIKA THAPHIA METaIa B OalJIOHE XapaKTepPHU3yeTCsl HEJOCTaTOq-
HOW Iepejaveil Teriaa OT OJHOM YacTHIBI K APYro, a abcopbums Bomopozaa
THAPUI000Pa3YIOIUMH METaJUIaMH SIBIISIETCSI 9K30TEPMHUYECKHM ITIPOILIECCOM,
BBI3BIBAIONINM IOBBIIICHUE TEMIEpPaTypbl TBEPAOrO BEIIECTBA, UTO B CBOIO
odepesb CIIOCOOCTBYET TIOBBIIMICHHIO 3HAUYEHWH PAaBHOBECHOTO JaBIICHUS
U CHIDKCHUIO [IBIDKYIIEro IOTEHIMajla peaklHMu NpeoOpa3oBaHUs MeTaiia
B €ro rujapuj, HeoOxoauMma 3¢ QeKTUBHAS CHCTEMa I0/ABOJA M OTBOJA TeIlla
B CHCTEME JUIl OOECIe4eHHUs] BO3MOXKHOCTH HCIIOJIb30BAaHMS BCErO pearcHra
B METAJUIOTUAPUIHONA CUCTEME XpaHEHUs BOJLOpOAA. B 3TOH cBs3M, aKkTyasb-
HBIM SIBIISIETCSI pa3paboTka U ONTUMH3ALUsS TEINIOOOMEHHBIX JJIEMEHTOB Me-
TAJUIOTUJPUIHBIX CUCTEM XpaHEHMsI BOLOPOAA C MCIIOJIB30BAHMEM METO/OB
udpoBoro MosienupoBanust  3D-npoTOTUNIMPOBAHUSL.
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B Hacrosmielr paboTe ¢ moMouIpI0 METOAOB IU(POBOTO MOJECIMPOBAHUS
OBUIO MCCIIEIOBAaHO HECKOJBKO I'€OMETPHH TEIUIOOOMEHHHKA, BBHITIOJHEHHOTO
u3 Meau. Cpemoil Il MOAETHPOBAaHMSA OBIT BBIOpAH MakeT NPOrPaMMHBIX
cpeactB ¢upmbl ANSYS. Bbuta ompezesneHa onTuManbHas KOH(GUrypauus
TEIJI00OMEHHHKA, & TAK)Ke BBIYHCIIEHa CKOPOCTDH 3allOJIHEHHs] BOJOPOIOM Me-
TAITIOTHPHUIHOTO OaIOHA C TEINIOOOMEHHUKOM U 0€3 Hero.

C momoripio MeTomoB 3D-mpoToTHNHMPOBaHUS OBLIO PEaaM30BaHO He-
CKOJIBKO MOJeNel MeIHOTro TermtooOMeHHHKa. OcakAeHHe OCYyIIeCTBISUIOCH
IUTABJICHUEM U TIEPEHOCOM ITPOBOJIOKM MEIM Ha TOIJI0XKKY M3 HeprkaBeromen
cramu AlSI 321 B BakyyMHOI KaMepe IpU MOMOIIH AJIEKTPOHHOrO Jiy4da. Pas-
paboTraHa MeToIUKa M MOA0OpaH ONTHUMANBHBIA pexxuM 3D-newarn s nsro-
TOBJIEHUS] MEIHBIX TEIIOOOMEHHBIX JJieMeHTOB. [loka3aHa 3aBHCHMOCTH
CBOMCTB TEIUNIOOOMEHHUKA OT BBHIOPAHHOIN I'€OMETpPHUM, a TaKXKE OT IOTOHHOMN
sHeprun Q npouecca 3D-nevatn. [IpoBeneHBl UCTIBITAaHNS BHIOPAHHBIX TEIUIO-
0OMEHHHKOB B METAJJIOTUAPHIHBIX CUCTEMaX XpaHEeHHUs BOIOPO/Ia.

Pa6ora BbImoIHEHa TIpH ToAIepkKe Poceuniickoro HaydHoro ¢ouma (mpo-
ekt Ne 22-29-01280), a Takke B paMKax MPpOrPaMMBI TIOBBIIICHHST KOHKYPEHTO-
criocoOHoCTH TOMCKOTO MOJIUTEXHUYECKOTO YHUBEPCUTETA.

SIMULATION OF HEAT TRANSFER IN METAL-HYDRIDES
STORAGE SYSTEM

R. R. Elman, V. N. Kudiiarov, N. E. Kurdyumov, N. S. Pushilina
Tomsk Polytechnic University

Metal-hydrides hydrogen storage systems are of great interest for the de-
velopment of the hydrogen economy. However, insufficient heat transfer char-
acterizes metal hydrides in the tank. In addition, hydrogen absorption by the
hydride-forming metal is an exothermic process leading to temperature rise.
Which puts a stress on the equilibrium condition and reduces the driving force
of the conversion reactions of metal hydrides. That is why it is important to
develop efficient system for supplying and removing heat in the system to en-
sure that the entire metal hydride will be fully used. In this regard, this work is
devoted to the development and optimization of heat exchanger in metal-
hydride hydrogen storage systems using techniques of digital computer simula-
tion and 3D-prototyping.
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We studied several geometries of a heat exchanger made of copper using
digital modeling methods. The ANSY'S software suite was chosen as the simu-
lation environment. The optimal configuration of the heat exchanger was de-
termined, and the rate of hydrogen filling of metal-hydride tank with and with-
out a heat exchanger was calculated.

Several models of copper heat exchanger have been realized using 3D-
prototyping techniques. The deposition was carried out by the melting and
transferring copper wire on AISI 321 stainless steel substrate in a vacuum
chamber using an electron beam. A method of copper deposition has been de-
veloped and the optimal 3D-printing mode for the manufacture of copper heat
exchange elements has been selected. The dependence of the properties of the
heat exchanger on the selected geometry, as well as on the heat input Q of the
3D printing process is shown.

The work was supported by the Russian Science Foundation (project
no. 22-29-01280), as well as within the framework of the program to improve
the competitiveness of Tomsk Polytechnic University.
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AHAJIN3 TPOIIECCA BAKYYMHO-TEPMUYECKOM OFPABOTKH
INPECCOBAHHBIX OBPA3LOB U3 TUAPUJA JINTUSA

E. B. Comkuna, 1O. C. benosa, A. A. Tapacos, A. M. I'openog

TocymapcTBeHHas kopriopaliys o aroMHoi 3aepreruke «<POCATOM»
Poccuiickuit @enepanbusiii Anepusiit [lentp — Beepoccuiickuii
HAYYHO-HMCCIICIOBATEIECKUN HHCTUTYT SKCIICPUMCHTATBHON (pH3HKH
(OIVIT «POAI-BHUNDD»)

Pabota mocesiieHa aHanM3y Ipoliecca BaKyyMHO-TEPMHYECKOH 00padoT-
ku (BTO) mpeccoBaHHOTO THAPUAA JUTHS, IPUBOSILIEIO K CTAOMIN3ALUH XH-
MHUYECKOTO COCTaBa MaTepHana o0pa3oB. DKCIIEPUMEHTAIbHbIE UCCIIEI0BaHUS
3aKJIIOYANINCh B M3MEPEHMH MapaMeTpOB T'a30BOM Cpendbl A0 M IOCIEe Harpesa
00pa3moB, MOMENICHHBIX B TePMETHYHBIA BaKyyMHPYEMBIH KOHTEHHEp, [0
temneparyp 250, 400 u 600 °C. YcraHOBICHO, YTO OCHOBHBIMHU Ia3000pa3HbI-
MU MPOJYKTAaMH B YKa3aHHBIX YCIIOBHAX ABISIOTCS BOXOPOI M MeTaH. Paccun-
TaHBI y/IebHBIE KOJIMYECTBA BOJIOPOIa M METaHa, BBIACIIOMUECS U3 00pa3IoB
IIPY MX HarpeBe. BhIcKa3aHbl MpeAIoNoKeHHs O BO3MOXKHBIX PEAKIHIX o0pa-
30BaHUs ra3000pa3HBIX MPOAYKTOB.
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A REVIEW OF VACUUM-THERMAL TREATMENT OF PRESSED
LITHIUM HYDRIDE SPECIMENS

E. V. Somkina, Yu. S Belova, A. A. Tarasov, A. M. Gorelov

State Corporation for Atomic Energy «<ROSATOM»
Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (RFNC-VNIIEF)

The objective of the research is to study the process of vacuum-thermal
treatment (VTT) of pressed lithium hydride, resulting in chemical content stabi-
lization of specimens material. Experimental studies included measurements of
gaseous medium parameters before and after heating the specimens, placed in
vacuumized leak-proof container, up to 250, 400 u 600 °C. Hydrogen and me-
thane have been determined as main gaseous products under the specified con-
ditions. The specific amount of hydrogen and methane released in the process
of specimens heating has been calculated. Assumptions about possible reac-
tions of gaseous products formation have been made.
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Wmxenep-nccienoBaTeb
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Kurskiy Ruslan
An engineer-researcher
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Kurskiy_RA@nrcki.ru, Ruslan.kurskiy@rambler.ru

®OPMHUPOBAHUE CTPYKTYPBI T'H/IPUJOB B OBOJIOYKAX
TB2JIOB B YCJIIOBUAX CYXOI'O XPAHEHUSA OTPABOTABIIEI'O
SITIEPHOTI'O TOIIJIUBA (OT)

P. A. Kypckuii, O. O. 3abycos, A. B. Poyckos

HanuonanesHslil HccnenoBaTenbekuit HeHTp «KypuaTOBCKUN HHCTUTYT»,
Mocksa, Poccust

CyniecTBYIOIIMX Ha JaHHBI MOMEHT MoILIHOCTel 1o mnepepabdotku OST
kak B Poccum, Tak u B MUpe HE XBaTaeT IJIsl TOTO, YTOOBI yCIEBATh 3a TEKYLIH-
MU TOCTYIUICHHSIMH BHOBB BBITPYKEHHOTO TOIUIHBA, a TAKKe epepadOTKH yxe
nMmeromerocs. J[ist Toro 4ToOs! pemuTh MpodaeMy XpaHeHH OTPOMHOTO KOJIH-
gectBa OST ObutO MPHUHATO perieHHe pa3paboTKH W BHEIPEHHUS TEXHOJOTHH
«CyXOro XpaHeHWs». [[aHHas TEXHOJOTHS coYeTaeT B cebe psija MPEenMyIIecTB
10 CPABHEHHUIO C OCYIIECTBYIOIIEH TEXHOJIOTHENH «MOKPOTO XpPaHEHUSI» B TIJIaHE
0€3011acHOCTH 1 3KOHOMHYECKOH 3P PeKTHBHOCTH.

KiroueBbiMH TpeOOBaHMAMH IIpH 00ECHEYCHUH SAEPHOW Oe30ImacHOCTH
B Tpoliecce TpaHCHOpTHPOBKU U xpaHeHus OST sBisAroTCs rapaHTHs COXpaH-
HOCTM TOIUIMBA B XpaHWIHINE M HenomnaiaHue mponaykto aenenus (1)
B OKpy>Karouryto cpeay. IlepBbiM OapbepoM, NPEnsSTCTBYIONMM paclpocTpaHe-
Huto [1/] B TEIIOBBIX peakTopax sBisieTcs 000JI0YKa TBIJIOB, H3TOTOBICHHAS W3
LIUPKOHUEBOTO CIUaBa. [lo cyTH, 0e30macHOCTh 3KCIUTyaTallud U BCETo Ipo-
recca MoCIeqyOIero XpaHeHus TBajia (BKIOYask TPAHCIIOPTUPOBKY, BaKyyM-
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HYIO CYLIKY ¥ HEIOCPEACTBEHHO XPaHEHHE) BO MHOTOM OIpPE/ICISIeTCS H3MEHE-
HUSIMH CBOMCTB MaTepHaIOB 000JI0YEK.

HakonuieHHbIH Ipy 3KCIUTyaTalMy 3a CYET XUMHUYECKOTO B3aUMOEHCTBUS
0005I09€K TBAJIOB C TEIJIOHOCHUTENIEM BOJOPOJ CIIOCOOCTBYET 0Opa30BaHMIO
THAPUIHBIX (a3 MPH OXJIAXKIECHHH, KOTOPBIE NPH OIPEISIEHHON CTPYKTYype
1 OpUEHTAIMU CIIOCOOHBI BBI3BAaTh yXY/IIIEHHE MEXaHHYECKUX CBOMCTB 000I10-
YeK TB3JI0B. BomopoaHoe oxpymanBaHue u 00pa3oBaHNE pagualbHON CTPYKTY-
pPBI THUAPHUIOB CUUTAIOTCA OCHOBHBIMU IPHYHMHAMH, CIIOCOOHBIMH IPUBE3TH
K Jerpajalyy CBOWCTB 00OJIOUEK TBAJIOB BO BpeMs CyXoro xpaneHus. Hambo-
Jiee ONACHOM SBJISIETCS CTPYKTYpa TMAPUIOB, IPEACTaBICHHAs B BUIE CBS3HBIX
panuagbHO-TAHT €HIIMAIBHBIX CTEKOB, IEPECEKAaIONIMX HACKBO3b O00OJOUYKY MO
TOJIIIMHE.

B pabote mpexncraBieHbl OCHOBHBEIE (DAKTOPHI, BIUSIONINE HA CTPYKTYPY
THIPHUIOB B 000JIOYKAaX TBIJIOB W3 IIMPKOHHUEBBIX CIUIABOB B YCIOBHUIX CYXOT'O
XpaHEeHHUs, a TAK)Ke Pe3yabTaThl UCCIIEIOBAaHUH, IPOBEACHHBIX B paMKax o0oc-
HOBaHHA Oe3omacHOCTH cyxoro xpaHeHUst OSIT oTedecTBEeHHBIX PEaKTOPOB
BBOP-1000.

HYDRIDE STRUCTURE FORMATION IN FUEL CLADDINGS
UNDER DRY STORAGE CONDITIONS OF THE SPENT NUCLEAR
FUEL (SNF)

R. A. Kurskiy, O. O. Zabusov, A. V. Rozhkov
National Research Centre «Kurchatov institute», Moscow, RF

The existing SNF reprocessing capacities both in Russia and in the world
are not sufficient to treat the current intake of fresh SNF, as well as the repro-
cessing of existing SNF. It was decided to develop and implement the «dry
storage» technology to solve the problem of storage of huge amount of SNF.
This technology combines some advantages as compared with existing «wet
storage» technology in terms of safety and cost efficiency.

The key requirements of ensuring nuclear safety during SNF transporta-
tion and storage are the guarantee of the fuel safety in a storage facility and the
prevention of fission products (FP) from entering the environment. The fuel
cladding of zirconium alloys is the first barrier preventing FP spread. In fact,
both the safe operation and the following storage process of fuel elements in
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whole (including transportation, vacuum drying and storage itself) is deter-
mined by changes in fuel cladding properties.

Hydrogen accumulated during operation due to cladding oxidation reac-
tion promotes the hydride formation in cool-down, which being arranged in
a certain way (structure and orientation) are capable to cause cladding mechan-
ical properties drop. Hydrogen embrittlement and radial hydride formation are
the main reasons of cladding mechanical properties degradation during dry
storage. The hydride structure with radial-circumferential continuity stacks
crossing the cladding through the thickness is the most dangerous case.

The key factors influencing the hydride structure in claddings made of zir-
conium alloys during dry storage and the results of the study carried out in the
frame of the safe VVER-1000 SNF dry storage justification are presented in
this work.
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TUJIPUBI UMC ®A3 JABECA C BLICOKUM JABJEHUEM
JTUCCOLUMALMN

M. A. IIpoxopenkos, C. B. Mumpoxun, 3. A. Moénaes
MI'Y um. M. B. JlomoHocoBa, Xumudeckuii HaKyabTeT

Pa3BuTHe anbTepHATUBHBIX WCTOYHHKOB SHEPTHH M, B YACTHOCTH, BOJO-
POIHOM SHEPTETHKH IPEAOIPENESIIIIIO TOBBIIICHHBIH MHTEPEC K BEIIeCTBaM,
CIOCOOHBIM 3((EKTHBHO aKKyMYJIHPOBaTh M KOMIIPHMHUPOBATH Bogopon. s
9TOr0 HanbOoJiee MEPCIEKTHBHBIMHU SIBIISAIOTCS MHTEPMETAIIINYECKUE COSANHE-
must (MMC). Ha ceromusiuHuii AeHb C HMOSBICHHEM KOMITO3HTHBIX OallJIOHOB
BBICOKOTO JaBieHus Tpebyercs u paszpaborka UMC ¢ BBICOKHM BXOIHBIM
U BBIXOTHBIM JAaBieHHEM. [ TOro 4TOOBI MOJIYYUTh HY>KHOE PaBHOBECHOE
JaBJICHHUE, UCIOJIB3YIOTCSI MHOTOKOMIIOHEHTHBIE CHCTEMBI, UMEIOIINE OIHO-
¢baznyro crpykrypy. Celiuac caMbIMU MEPCIEKTUBHBIMU C TOUKU 3PEHHSI Mac-
COBOI €MKOCTH U SKOHOMUYECKH IiesiecooOpa3HeiMu sBisitorcss UMC Ha oc-
HOBE TUTaHa M LHUPKOHUs. Ha ceromusiHuii 1eHp 11 1oA00pa MOAXO0MIIEro
UMC 11 KOHKpPETHOHM 3aJaydl MPOBOAAT MacCy DKCHEpPUMEHTOB. B Hactos-
mel paboTe Ui COKpAIIEHUs YMCia HKCICPUMEHTOB Obljla MPUMEHEHa pas-
paboTaHHas HAMHU CTaTUCTHYECKasi MOJEIb M IIPONU3BEICHO CPaBHEHHE Teope-
THYECKU TIOJIy4YCHHBIX NAHHBIX C SKCIICPUMEHTAJIbHBIMU. 11 TOro 49TOOBI
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TOYHO OXapaKTepHu30BaTh [aHHBIE COCJUHEHUsS, OHM OBUIM MOJBEPrHYTHI
P®A u EDX. [TocTpoeHBI H30TEPMEI lecopOMu 1 abcopOmny, a TakxKe pac-
CUMTAHbl TEPMOJAMHAMHUYECKHE MapaMeTpbl PEaKIUU C BOAOPOJIOM CIEIYIO-
mux coemuHeHuil:  TigoeZro1(CrosMnoasFeoss)iss,  TiozeZro21(Vo2Feos)1.o2,
ZrFeq o4, Ti(Vo,05CI’o,37Mno,55CUoA02)2,o3, Ti(Vo,33Feo,57)1Agg, Paccuuranneie sKcIe-
pPUMEHTaJIbHBIE TEPMOIUHAMHYECKHE MTapaMeTpPhbl PEaKklui ¢ BOJOPOIOM Ipe.-
CTaBJICHHI B Ta0.

TepMO,I[I/IHaMI/I‘ICCKI/Ie napaMeTphbl p€aknu

CruiaB a S8, d, xJ[x/Moub sd,
kJDx/monb | Jlx/Mons-K | Jhx/momns-K
Tio.0Zro.1(Cro.sMno.2sF€0.25)1.84 16,9 96,9 19,7 103,1
Tio.79Zr0.21(Vo.2Feo.8)1.92 20,9 116,1 16,7 102,1
ZrFe1.o4 13,5 98,7 18,6 109
Ti(V0.05Cro.37Mno.56CU0.02)2.03 15,7 94 20,6 105,7
Ti(Vo.33Feo.67)1.88 21,6 110,6 26,4 123

HccnenoBanue BBITIOTHEHO Tpu (prHAHCOBOW moanepxke PODU B pam-
Kax HaydHoro npoekra Ne 19-58-80008.

IMC HYDRIDES OF LAVES PHASES WITH HIGH DISSOCIATION
PRESSURE

M. A. Prokhorenkov, S. V. Mitrokhin, E. A. Movliaev
Lomonosov Moscow State University Chemistry Department

The development of alternative energy sources and, in particular, hydro-
gen energy has predetermined an increased interest in substances capable of
efficiently accumulating and compressing hydrogen. For this, intermetallic
compounds (IMC) are the most promising. Today, with the advent of high-
pressure composite cylinders, the development of IMC with high inlet and
outlet pressures is also required. In order to obtain the desired equilibrium
pressure, multicomponent systems with a single-phase structure are used.
Now the most promising in terms of mass capacity and economically viable
are IMC based on titanium and zirconium. To date, a lot of experiments are
being carried out to select a suitable IMC for a specific task. In this work, in
order to reduce the number of experiments, we applied the statistical model
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developed by us and compared the theoretically obtained data with the exper-
imental ones. In order to accurately characterize these compounds, they were
subjected to X-ray and EDX. The desorption and absorption isotherms were
constructed, and the thermodynamic parameters of the reaction with hydrogen
were calculated for the following compounds: Tio.eZro.1(CrosMng 2sF€0.25)1.84,
Tio.79Zr0.21(Vo.2F€0.8)1.92, ZrFe o, Ti(Vo.05Cro.37Mnos6CU0.02)2.03,
Ti(VossFeosr)18s. The calculated experimental thermodynamic parameters of
the reaction with hydrogen are presented in table.

Thermodynamic parameters of the reaction

a, Sa, Sd,
Cruas kJ/mole kJ/mole -K d, ki/mole kd/mole -K
Tio.9Zr0.1(Cro.5Mno.2sF€0.25)1.84 16.9 96.9 19.7 103.1
Tio.79Zr0.21(Vo.2Feo.8)1.92 20.9 116.1 16.7 102.1
ZrFe1os 13.5 98.7 18.6 109
Ti(V0.0sCro.37Mno.s6Cuo.02)2.03 15.7 94 20.6 105.7
Ti(Vo.33Feos7)188 21.6 110.6 26.4 123

The study was carried out with the financial support of the Russian Foun-
dation for Basic Research within the framework of the scientific project
No. 19-58-80008.
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BJIMSTHUE I'MIPUPOBAHNS HA MATHUTHBIE
1 MATHUTOKAJIOPUYECKHE CBOVICTBA CHCTEM
RNi (R = Gd, Th)

A. A. Kypeanckas, Y. C. Tepéwuna, B. H. Bepbeykuii
MTI'V um. M. B. Jlomonocosa, 1199916 Mocksa, Poccus

Cpeny MarHWTHBIX MaTE€pUaIOB HMHTepMeTaumyeckue coequnenust R-Ni
TMPEJICTABIIIOT OOJIBINON HWHTEPEC M3-32 MX OOJBIIIOTO0 MArHUTOKATIOPHIECKOTO
sdpdpexra (MKD), Habmo1a6MOTO B HEX BOJIM3H Temiepatyp KropH, HaXOIsIixcst
B kpuorenHod obOmactu [1]. CoiicTBa pEIKO3EMENBHBIX HHTEPMETAILIHIOB
YPE3BLIYANHO TyBCTBUTEILHBI K PA3JIYHBIM 3aMEIIEHUSIM B TIOAPEIIETKAX PEIKOM
3eMIIM U HHUKels. [ WApHpOBaHHEe TAKKe CYIIECTBEHHO BIMSET HA TEMIICPATypb
MarHMTHOTO Mepexoja, HAMarHMYCHHOCTh W MArHUTHYHO aHH30Tpornmio [2].
Cruaset GdxThyxNi (X = 0,1 u 0,9) ObUIH MOTyYEHbI U3 BBICOKOYHCTBIX 3JIEMEHTOB
B JIyrOBOM TIeYM B 3allIUTHOM arMocdepe aproHa Ha MEIHOM BOIOOXJIAKIAEMOM
turte. ['umpuast Gy ThixNiHa (X = 0,1 1 0,9) GbL CHHTE3UPOBAHBI HA YCTAHOBKE
tuna CuBepca ¢ pabouyuM AMana3oHoM naBieHus Bomopozaa no 100 MIda.
CocTaB THAPHUIOB PACCUUTHIBAIHM BOIOMETPHUCCKHM METOOM, HCIIOIb3Ys
ypaBHeHue Ban-nep-Baansca. PenrrenoctpyktypHbiii ananmu3 obpasmos (PCA)
MPOM3BOJIMIICS B TeOMeTpHH bparra-BpeHTaHO ¢ HCHONB30BAaHUEM H3IYUCHHS
Cu-Ka B amanazone 20 = 10-120° c¢ marom 0,0072°. KpuBble HamarHu4yeH-
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HOCTH 00pa3loB ObLIM MOJydYeHbl B MArHUTHBIX TOJAX 10 7 Ta B jauamasone
temmeparyp 2—90 K. 3MeHeHHe H30TEPMHIUECKOM YaCTH SHTPOIIHH OBUIO PACCUH-
TaHO 1O m30oTepMaM HamarumumBanus M(H), ¢ ncmonb3oBaHHeM COOTHOIICHHSI
Makcgemna [3]. OGHapyKeHO, YTO THAPUPOBAHUE 3HAYNTEIHHO OHIKAET TEMITE-
parypy Kropu (Tc) B runpugax GdxThixNiHz o cpaBHeHHIO ¢ HCXOIHBIMHI COCTa-
Bamu GdyThyxNi. TuapupoBanue 3HauntepHo yBemmanaeT MKD uccremyeMsix
coenunenuit (mpu peAH = 5 Ti ¢ —Ast(GdogThoiNi) = 16,5 ik xrK™ mo
~Ast(GdogThoiNiHs) = 20,5 Jlxk kr K™ u ¢ —Ast(Gdo1ThogNi) = 14,5 ik kr*K™ no
~Ast(Gdo1ThoeNiHs) = 16,5 JIx kr'K™). Habmonaembie 3p(eKTH MOTYT OBITH
OOBSICHEHBI Ha OCHOBE M3MEHEHHMS OOMEHHBIX M MAarHUTOKPHCTAUTHUECKHUX
B3aUMOJICHCTBHI B HCCIIEYEMBIX COSINHEHHAX.

HccreoBanne BBIMOMHEHO 32 CUeT rpaHTa Poccuiickoro HaydHoro Qomja
Ne 22-29-00773, https: // rscf.ru/ project/22-29-00773/.
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THE INFLUENCE OF HYDROGENATION ON MAGNETIC AND
MAGNETOCALORIC PROPERTIES OF RNi (R =Gd, Thb) SYSTEMS

A. A. Kurganskaya, |. S. Tereshina, V. N. Verbetsky
Lomonosov Moscow State University, 119991, Moscow, Russia

Among magnetic materials R-Ni intermetallic compounds are of great
interest due to the large magnetocaloric effect (MCE) occurring in them near
their Curie temperatures, which are in the cryogenic area [1]. Rare earth
intermetallics are extremely sensitive to various substitutions in the rare earth
and Ni sublattices. Absorption of hydrogen also significantly affects magnetic
transition temperatures, magnetisation, and magnetic anisotropy [2]. Ingots of
GdxThixNi (x=0.1 and 0.9) were prepared from pure elements in an arc
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furnace under an Ar protective atmosphere on a copper water-cooled crucible.
The GdxTh1xNiH4 (x = 0.1 and 0.9) hydrides were synthesised using a Sievert-
type setup with a hydrogen pressure operating range to 100 MPa. The hydrides’
composition was calculated from the volume change before and after
absorption using the van der Waals equation. X-ray diffraction (XRD) patterns
were obtained in a Bragg-Brentano geometry using Cu-Ka radiation in a range
of 20 = 10-120° at steps of 0.0072°. The samples were measured in magnetic
fields up to 7 T in a temperature range of 2—90 K. The isothermal entropy
change was calculated from magnetisation isotherms M(H) by integrating
Maxwell's relation [3]. It was found that hydrogenation significantly decreases
Curie temperatures (Tc) in the hydrides GdxTb;«xNiHs compared to their parent
alloys GdxThixNi. Hydrogen absorption significantly increases MCE in the
compounds researched (at poAH =5 T from —Ast(GdoeTho1Ni) = 16,5 J kg'K to
—AST(Gdo,gTboleinO = 20,5 J kg*lK*1 and from —AST(Gdo,lTbo,gNi) = 14,5 I[)K kK1
to —Ast(Gdo,1ThooNiHs) = 16,5 JIx xr'K™). The observed effects could be
explained based on altered exchange and magnetocrystalline interactions in the
studied compounds.

This work was supported by a grant from the Russian Science Foundation
Ne 22-29-00773, https://rscf.ru/project/22-29-00773/.
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BJIUSIHUE BOJAOPOJA HA CTPYKTYPY U MATHUTHBIE
CBOMCTBA HHTEPMETAJIJIMYECKUX COEUHEHUM
(Sm, R)2Fe17, TAE R = Ho, Er

C. B. Becenosa, B. H. Bepbeyxuii, U. C. Tepéwuna

MockoBCKui Tocy1apcTBEeHHbIN YHUBEpCUTET, MockBa

MeTo/10M MHAYKITMOHHOH TJIaBKM B MHEPTHOW aTMocdepe MoiydeHbl 00-
pasubl (SmixRy)2Fe17(R = Ho, Er; x = 0,1; 0,2; 0,4). UccinenoBansl CTpyKTypa
U MarHUTHBIC THCTEPE3MCHBIC CBOMCTBA UCXOIHBIX COCIUHCHUN U TUAPUIOB Ha
UX OCHOBE. YCTaHOBIEHO, 4TO ruApuabl (SmixRy)2Fei7Hy coxpansror pombo-
sapudeckuit ThpZNni7; THI KPHUCTAJUTHYECKOH CTPYKTYPhI MCXOMHBIX COEAUHE-
Huit. ['uapupoBaHue NPUBOAUT K yBEIUYEHHIO TemrepaTypbl Kiopu u Hamar-
HHUYCHHOCTH HACHIIICHUS B 00J1aCTH KOMHATHOM TeMIIepaTyphl.

B HacTtosiiee BpeMs chepa IpUMEHEHUS WHTEPMETAIMUSCKUX COCIHHE-
Huii 4f-penko3eMenbHBIX DIIEMEHTOB ¢ MEPEXOJHBIMUA METAJUIAMK TPYIIIIbI XKe-
nie3a O4eHb IMUPOKa. B 4yacTHOCTH, MHTepMeTAJUIMUECKHe coequnerus RoFeis
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paccMaTpuBalOTCsl B Ka4eCTBE NEPCIIEKTHBHBIX BHICOKORHEPIOEMKHX MaTepua-
JIOB JUISl MOCTOSIHHBIX MarHuToB [1]. DyHKIMOHAJBHBIE XapaKTePUCTUKH CO-
enuHeHu SMmoFei7 mperepneBaoT KapIAWHAJIBHBIE M3MEHEHHUS IOCIIE BHEApE-
HUS JIETKAX aTOMOB /WM 3aMEIICHHE CaMapHs PeIKO3eMETbHBIM 3JIEMEHTOM,
KeJie3a — HEMarHUTHBIMM aTOMaMU B KPUCTAUTMYECKYIO PEIIETKY MCXOJHOIO
COE/IMHEHUs], YTO CrOCOOCTBYET MOBBILICHUIO TemImeparypbl Kiopu, Bo3pacra-
HUI0O OOMEHHBIX B3aMMOJEHCTBHII MEXIy aTOMaMH Keje3a M B HEKOTOPBIX
CITy4asx HHAYIUPYET OJHOOCHYIO MarHUTOKPHCTAJUIMUECKYIO aHU30TPOIINIO BO
BCell obylacTH TemIepatyp MarHUTHoOro ynopsiodenus [2, 3]. Ha ceromusi-
HUI JIeHb HECMOTPSI Ha TO, YTO JUIS coeiMHEeHuit SmoFe17H BeinonHeHo nocra-
TOYHO OOJIBIIOE KOJMYECTBO PAadOT MO YaCTHYHOMY 3aMEIEeHHI0 B 00eHx Moj-
peleTkax, B JUTEpaType MOJHOCTHIO OTCYTCTBYET MH(pOpPMAalHs O CTPYKTYpe
1 MarHWTHBIX CBOMCTBaxX TMAPHIOB Ha OCHOBE ICEBIOOMHAPHBIX COCIMHECHHUN
(Sm, R)2Fe17, rme R = Ho, Er.

Llens naHHON pPabOTHI — M3ydeHHE BIMSHHUA BOAOpPOJA Ha CTPYKTYpY
M MarHUTHBIE CBOMCTBA HMHTEPMETAUTMUECKUX CcoemuHeHni (SMixRy)2Fe1r
(R=Ho, Er; x=0,1;0,2; 0,4).

O6pasusr (SmixRy)2Fe17 (R = Ho, Er; x = 0,1; 0,2; 0,4) Gbuir IpUroToBJie-
HBl METOZOM HWHIYKIHMOHHOHM IUIaBKM W3 HMCXOIHBIX KOMIIOHEHTOB BBICOKOH
YUCTOTHl B MHEPTHOH arMocdepe. ['oMOreHM3Hpylomuil OTKUT MPOBOAWIN
B KBapieBbix ammynax npu 1273 K B treuenne 192 4. MUKpOCTpyKTypy U XU-
MHUUYECKHH COCTaB MaTepUaliOB B JIUTOM COCTOSIHUM M IIOCJIE BBICOKOTEMIIEpa-
TYPHOTO OT)KHI'a HCCIIEIOBAIM Ha CKAHUPYIOUIEM 3JIEKTPOHHOM MHKPOCKOIIE
«LEO EVO 50 XVP». Pentrenorpaduueckoe UcCiIe0BaHUE BCEX CUHTE3UPO-
BaHHBIX 00pa31oB npoBoawn Ha qudpaxromerpe JJPOH-3M B MoHOXpOMAaTH-
3upoBaHHOM CoKom3nydennn. @a3oBblif cocTaB 00pasLoB HCCleNOBaICs
¢ momomblo PurBenpa-ananmsa B nporpamme RIETAN 2000. T'mnpupoBanue
OCYLIECTBIISUIM TIPSIMOIl peakuuel nmpeaBapuTeIbHO MEXaHHYECKH U3MEIbUeH-
HBIX HCXOJHBIX CIUIABOB C BoaopojaoM mpu Temmeparype 473 K u naBmeHun
Bonopona 30 MPa B teuenue 3-5 u. MccnenoBaHie MarHUTHBIX CBOWCTB OBLIH
BBIITOJTHEHBI C TOMOIIBI0 W3MEpHTENbHOTO Kominiekca PPMS-9 B mmpoxom
IuamnasoHe temrepatyp. Onpeznenenue temiepaTtypsl Kiopu npoBoawmm ¢ 1mo-
MOIIBI0 TEPMOMArHUTHOTO aHanmu3a B oomactu Temmepatyp 290-800 K.
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ITo nanneM POA u COM, nocne npoBeaeHHs BBICOKOTEMIIEPATYPHOU ro-
MOTCHHM3AINK B MICXOJHBIX 00paslax Hapsamy ¢ OcHOBHOH (aza 2:17 mpucyt-
crBoBana ¢aza o—Fe no 10 macc. %. OcHoBHas daza (Sm, R).Fei7 kpucran-
nu3yercs B poMGodapHueckoil cTpykType THma ThoZniz (mp. rp. R3m).
B pesynbrare ruApuUpoBaHMs OBLIM TOJYYEHbl CTAOMJIBHBIE THIPUIBI
(Sm, R)2FeirHy (4 <y < 4,6), KOTOpBIE COXPAHSIOT THII CTPYKTYPhI HCXOIHBIX
00pa3LoB. YCTAaHOBICHO, YTO NPH THAPUPOBAHUM YBEIHYCHHE OObEeMa KpH-
CTAJUTMYECKOW pelIeTKH THAPHAOB cocTaBisiet 10 3.9 %, a Takke HaOIOaeTCs
AQHU30TPOIHOE M3MECHEHHUE ITapaMeTPOB pelIeTKH. BHeapeHue aToMoB BOJOPO-
Jla B KPUCTAJUTMYECKYIO PEIIeTKy coeauuenuit (SmixRy)2Fe17 okassiBaer Bius-
HHE ¥ HAa MarHUTHBIC CBOMCTBA: NMPU MX THAPUPOBAHUU YAAETCS 3HAYMTEIILHO
HOBBICUTh HAMarHMYCHHOCTh HACBILICHUSI U TEMIIEPATypPy MarHUTHOTO YHOPS-
nodenus. [lomydeHHbIe HOBblE MarHUTHBIE MaTepHAaIbl MOT'YT HAWTH MPUMEHE-
HHE B PA3JINYHBIX 00NACTH HAYKH M TEXHHUKH.
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EFFECT OF HYDROGEN ON THE STRUCTURE AND MAGNETIC
PROPERTIES OF INTERMETALLIC COMPOUNDS
(Sm, R):Fe17, WHERE R = Ho, Er

S V. Veselova, V. N. Verbetsky, I. S. Tereshina
Lomonosov Moscow State University

Ingots (SmixRx)2Fe17 (R = Ho, Er; x = 0.1; 0.2; 0.4) were obtained by in-
duction melting in an inert atmosphere. The structure and magnetic hysteresis
properties of the initial compounds and hydrides based on them have been stud-
ied. It has been established that (Smi.xRy)2Fei7Hy hydrides retain the rhombo-
hedral ThyZni7 type of crystal structure of the initial compounds. Hydrogena-
tion leads to an increase in the Curie temperature and saturation magnetization
at room temperature.
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HCCJIEJJOBAHUE BJIMSIHUSI HABOJIOPOKUBAHMUS
TUTAHOBBIX KOJUIEKTOPOB TOKA HA XAPAKTEPUCTUKHA
JIEKTPOJIN3HOMN SYEUKU C TIID

B. B. llIxanowibuna*?, P. M. Menwapanos*, M. B. Cunsixoe*, B. B. Heanog*

'HULL «Kypuarosckuii HHCTHTYT», MOCKBa;
2PXTY um. JI. . MenneneeBa, Mocka

DNEKTPONIU3 BOABI B 3JIEKTPONU3EPAX C TBEPAOMOIUMEPHBIM 3JIEKTPOIIH-
toMm (TTID) siBisieTcss GE30MACHOM, YKOJIOTHYECKH HEUTPAIBHOH, 3()HEKTUBHOM
TEXHOJIOTHEH IMoJy4eHus Bozopona ¢ yuctoToil ~99,99 %, obecneunBaronien
BBICOKHE IUIOTHOCTH Toka ¥ KIIJI, mo3BosnsieT mony4aTb BOJOPOJ MpH JAaBIie-
Hun ~20 MIla [1]. [ns npou3BOACTBA SMEKTPOXUMUUECKH CKATOTO BOAOPOAA
OPUMEHSIOT aCCHUMETPHYHYIO CXEMYy 3JICKTPOJM3a, KOTopas H30aBisieT OT
HEOOXOIMMOCTH UCIIONB30BaHMs Hacoca (KOMIIpeccopa) AJsl HarHETAHUS BOJbI
B aHOJAHYIO 00J7acTh, 0OeCTeunBasi B KATOAHOM MPOCTPAHCTBE MOJTYICHUE CxKa-
TOTO Bojopona. B accuMerprnuHbIx 3nekTponusepax ¢ TIID nmpumensior Tura-
HOBBIC KOJUICKTOPBI TOKA, XapaKTEPU3YIOIIHECS JOCTATOYHBIME dIEKTPODHU3H-
yeckuMH (YMEPEHHOE YJIEIbHOE COMPOTHUBIIEHHUE), MEXaHMYECKUMH (KECTKas
CTPYKTypa CIIEUECHHOTO METaJIa C MAJIBIM Pa3MEpOM TI0p) U AJIEKTPOXUMHUC-
CKHMH CBOMcTBaMHU (YyCTOMYMBOCTH K KOPpPO3uH) [2], YTO MO3BOJISET UM BBI-
JIepKHUBATh BBICOKHE Tiepenaabl AapieHns [3]. OmHako THTAHOBBIE KOJIEKTOPHI
MOJIBEPKEHBI BOJOPOJHOMY OXPYITYMBAHHIO, OCOOCHHO B CIydae JKCIUTyaTa-
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LY TIPY TIOBBIIIEHHOM JIABJIICHUH B KaTOIHOW 00JIACTH, YTO MOKET IIPUBOIHUTH
K CHIDKCHHUIO TIPOU3BOAUTEIILHOCTH SJICKTPOIH3HON yCTaHOBKH [4].

B nactosmei pabote GBITIO HCCIEIOBAHO BIUSHIE HABOJOPOKUBAHUS TH-
TAQHOBBIX KOJUIEKTOPOB Ha paboTy 3NeKTposm3HON sueiiku. KomnexTops! mpen-
CTaBISUIM COOOM IJIACTHUHBI KPYrJiIod (DOPMBI M3 CIIEYEHHOTO THTaHa MAapKH
BT1-0 mopucrocteio 30£3 %. OOpasiisl HACKIIIAIA BOAOPOIOM H3 Ta30BOM
¢a3er mpu HarpeBaHuu B ycTaHoBke «ATJIAH». AxtuBaruio o6pasiioB MpoBo-
aunu HarpesoM 110 550 °C B Bakyyme (107° mM6ap) u ymepsxaHueM IpH JaHHON
temrieparype B Teuenue 40 mun. KoHueHrpamuro Bogopoaa B o0pasmax ompe-
JETSUTH BOJIIOMETPUYECKUM U MAacCOBBIM MeTozioM. HaBomopoxxeHHbIe 00pasiibl
UCIIONIb30BAJIM B KAYECTBE KaTOIHOTO KOJUIEKTOpa TOKa B COCTaBE MEMOpaHHO-
anexTpoaHoro Gnoka ¢ TIID. Perucrpannio BogbTaMIEpHONW XapaKTEPUCTHKU
(BAX) 371eKTpONM3HO# sYSHKH MPOBOAWIN C MOMOIIBIO [H(PPOBOrO MYIBTHU-
metpa (MXD 4660 A, Kuraii) mpu cuie Toka B nuanazone 0,5-7 A.

B pesynprare Obimu monydeHbsl BAXu 35eKTpOSN3HON SYEHKH B 3aBHUCH-
MOCTH OT KOHIEHTpAal[MM BOJOpPOJa B KOJUIEKTOpax B AuamasoHe ot 10 1o
50 at. %. bbuia BbIsSIBIEHA TEH/ACHIMS K yBenuueHH0 HanpsbkeHus BAX ¢ po-
CTOM KOHIICHTPAaIlMH BOJOpOJa. XapaKTep ITaHHOW 3aBHCHMOCTH SBISETCA
CJIO’KHBIM, TIOMHMO KOHIIEHTPAIMH Bogopoaa Ha BAX anekTponn3Hoil sueikn
BIHsIeT AedopMarisi KOJUIEKTOPOB M COCTOSHHE MX IOBEPXHOCTH, KOTOPOE
W3MEHSJIOCH B pe3yibTaTe aKkTHBAIMKM OOpasloB, a TaKkxke Jpyrue (hakTopbl.
OtMeTnM, YTO BIHMSHUE Pa3lIMUHBIX (PAKTOPOB 3a4acTylO SIBJISCTCS pa3HOHaA-
MIPaBJICHHBIM.

Pabora BhimonHeHa npu nojaepxkke Poccuiickoro Hayd. goHIa B paMKax
npoexrta Ne 22-29-01367.
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THE STUDY OF HYDROGENATION EFFECT OF TITANIUM
CURRENT COLLECTORS ON THE CHARACTERISTICS OF THE
ELECTROLYSIS CELL WITH PEM

V. V. Shkandybina®?, R. M. Mensharapov!, M. V. Snyakovt, B. V. lvanov!

INRC «Kurchatov Institute», Moscow;
2MUCTR, Moscow

Proton exchange membrane (PEM) water electrolysis is a safe, environ-
mentally neutral, effective technology, that allows to produce hydrogen with
a purity of more than 99.99 %, providing high current densities and efficiency,
as well as ensures the possibility of producing hydrogen at a pressure up to
20 MPa [1]. To produce electrochemically compressed hydrogen, electrolysis
cell is operated at asymmetric pressure conditions, which eliminates usage of
a compressor to pump water into the anode side, providing compressed hydro-
gen in the cathode side. Unbalanced pressure electrolyzers with PEM use po-
rous titanium transport layer, which acts as current collectors. Such kind of
collectors are characterized by sufficient electrophysical (moderate specific
resistivity), mechanical (durable structure of sintered metal with small pore
size) and electrochemical properties (high corrosion resistance) [2]. These
properties make collectors being capable for enduring high pressure drops [3].
However, titanium collectors are susceptible to hydrogen embrittlement, espe-
cially under high pressure operating at the cathode side, which can decrease the
performance of the electrolysis plant [4].

In this report the hydrogenation effect of titanium collectors of the elec-
trolysis cell operation was investigated. The collectors were round plates made
of sintered titanium VT1-0 with a porosity of 30£3 %. The samples were satu-
rated with hydrogen from the gas phase during heating in the ATLAN setup.
Samples were activated by heating up to 550 °C in vacuum (10~° mbar) and
holding at this temperature for 40 min. The hydrogen concentration in the sam-
ples was determined by the volumetric and mass methods. Hydrogenated sam-
ples were installed as a cathode current collector in the PEM membrane elec-
trode assembly. The current-voltage characteristic (CVC) of the electrolysis
cell was registered with a digital multimeter (MXD 4660 A, China) at a current
strength range of 0.5-7 A.

As a result, the CVVC of the electrolysis cell and the electrical conductivity
of titanium collectors were obtained depending on the hydrogen concentration
in the range from 10 to 50 at. %. The nature of this dependence is complex. Ex-
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cept for the hydrogen concentration, the CVC of the electrolysis cell is affected
by the deformation of the collectors and the state of their surface, which changed
because of the activation of the samples and also other factors. It should be noted
that the influence of various factors is frequently multidirectional.

This work was supported by the Russian Science Foundation under project
no. 22-29-01367.

REFERENCES

1. Grigoriev S. et al. Electrochemistry. Vol. 37. N 8. P. 953-957, 2001.

2. Grigoriev S. A. et al. J. Hydrogen Energy. Vol. 34. P. 4968-4973, 2009.

3. Schalenbach M. et al. J. Hydrogen Energy. Vol. 38. Issue 35. P. 14921—
14933, 2013.

4. Briant C. L. et al. Corrosion Science. Vol. 44. P. 1875-1888, 2002.



150 Tuopuowt u cudpudnvle npespawerus

Cunsaxos Margeii Biagumuposuy
JIaGopaHT-nccienoBaTeb
HMUI «KypuaToBCKHI1 HHCTUTYT»
Mocksa, 1. Akagemuka Kypuatona, 1
BonoponHast sHepreTHKa, MeKTPOXUMHUS

Sinyakov Matvey
Laboratory assistant-researcher
NRC «Kurchatov Institute»

Y
Moscow, Russia - R—_—
Hydrogen energy, electrochemistry '\
3

mmatveimatvei4@gmail.com

COEJUHEHUNA TUTAHA B KAYECTBE AHTUKOPPO3MOHHBIX
MOKPBITUH JIJIS1 JIEKTPO/0B TBEPIONOJMMEPHbBIX
JIEKTPOXUMHUYECKHUX YCTPOUCTB
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P. M. Menwapanos®, O. K. Anexceeea®, H. A. Héanosa*
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2HUY «MDU», Mocksa, Poccus

SPXTY um. JI. . Mennaeneesa, Mocksa, Poccust

OIHHMM U3 CaMBIX COBPEMCHHBIX JIEKTPOXUMHUYCCKHX YCTPOMCTB SBISCT-
cst 06paTuMblid TOTUIMBHBIH d5eMeHT (OTD) ¢ TBepIbIM MOIMMEPHBIM JIEKTPO-
qutoM (TIID), B KOTOPOM BO3MOXKHO peajn30BaTh JABa pexKHMa pabOThI: MPo-
W3BOJACTBO BOAOpOAa (NMEKTPONU3Ep) U TeHepalys SHepPriuu (TOINTMBHbII d1e-
MeHT). B anekTponusepax Ha KUCIOPOAHOM 3jeKTpozae Ha nosepxHocT ['JIC
00pa3yroTCs OKCHIHBIE IUICHKH, KOTOPBIE CHIDKAIOT HPOU3BOAUTEIBHOCTD
NIEKTPOXMUMHUYECKOTO YCTPOICTBA, @ Ha BOJOPOJHOM IPOHMCXOAUT HAaBOZOpa-
xwuBanne ['JIC, 9TO0 MPUBOAUT K OXPYIMUHBAHHIO MarepHana siaektpona [1].
YroObl TOBBICHTH CPOK IKCIUTyaTA[MH W KOPPO3HOHHYIO CTOWKOCTH JAHHOTO
9JIEMEHTa YCTPOMCTBA HAHOCST CICIHATbHBIC 3allUTHBIC MOKPBITHS Ha TI0-
BepxHocTh ['JIC, B TOM unciie METOJJOM MarHeTpoHHoro pacmsuicHust (MP) [2].
Panee ObLIO HCCIIEAOBAHO BIUSHUE PAa3IMYHBIX pekUMoB MP Ha Mopdomoruto
U COCTaB MOJYYaeMbIX TOKpPhITHIT [3].
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B nannoii pabore mccienoBanoch BIMSHHUE aHTUKOPPO3MOHHBIX THUTAHO-
BBIX MOKPBITHH Ha pabodyre XapaKTepHCTHKH JIEKTPOJIOB 3JIEKTPOXUMUIECKUX
YCTPOHCTB, B KadecTBE KOTOPBIX HCIIOIB30BANUCH ra30au(Gy3HOHHBIE CIIOH,
a MMEHHO, yIJepoAHas TKaHb POCCHHCKOTO MPOM3BOACTBA. [IoKphITHA OBLIH
IOJIyYEHBl C MCIIOIb30BAHUEM Pa3IMUYHBIX PEXUMOB U yciaosuil MP, ykasan-
HBIX B Tabnume. BapsupoBanue yciaoBuit MP mO3BOIMIIO MONyYUTH COEAMHE-
HUSI THTaHA C Pa3HOOOPa3HBIM COCTABOM, 4TO OBIJIO OMPENENICHO MOCPEACTBOM
PEHTTEHOCTPYKTYPHOTO (ha30BOrO aHaIM3a U SHEPrOAMCIEPCHOHHOIO PEHTIe-
HOBCKOTO MHKpoaHanu3a. s onpeneneHus: pabounx XapakTepHCTHK o0paTh-
MOTO TOIUTMBHOTO 3JIeMEHTa OblI cOOpaH M UCIIBITaH MEMOPAaHHO-3JIEKTPOIHBIN
610Kk (MOB).

3alUTHBIE OKPHITHSA Ha OCHOBE TUTaHA, MOIy4eHHbIe MeTo0oM MP, 1103-
BOJISIFOT TTOBBICHTH KOPPO3HOHHYIO cToiikocTh ['JIC 1 yBenmmuuts pecypc pado-
ThI AJIEKTPOXUMHUUECKOro ycTpoiicTa ¢ TIIO B nemom.

O6pasis! I'IC 1 ycnoBus HaNbUICHHUS

[penBapuTenbHast B P C .
Ne obpaboTka 11\)4:\:{;1, l_p[a;’ T,°C OCTSZCF:;OBOH Pe:KMMBI HaTIBLICHUS
P,IIa | T,°C
1 {1,04¢102| 120 30 0,93 | 32-77 Ar ITocTOSIHHBII TOK
Il [1,044102| 120 | 30 | 0,93 | 28-79 Ar Hmny ecHeli TOK

100 xI'1, 7-3 Mkc
ITocTOSIHHBIN TOK,

11| 4,4¢102 | 123 30 0,93 | 34-102 Ar+ 02 Cwmemenne —200 B,

10 xI', 90/10 Mxc
IV | 7,8410° | 124 30 0,93 120 Ar+C ITocTOSIHHBII TOK

Pabora mommepxkana rtpantoMm IIpesmmentra Poccuiickoii Denepannn
MK-4120.2022.1.3.
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One of the most modern electrochemical devices is a reversible fuel cell
(RFC) with a solid polymer electrolyte (SPE), in which is implements two
modes of operation: hydrogen production (electrolyzer) and energy generation
(fuel cell). In electrolyzers on the hydrogen electrode the GDL is saturated by
Hz, which leads to embrittlement of the component [1]. To increase the service
life and corrosion resistance of the electrode, special protective coatings apply
to the surface of the GDL by magnetron sputtering (MS) [2]. Previously, the
influence of various MS modes on the morphology and composition of the ob-
tained coatings was investigated [3].

In this work, the influence of titanium coatings on the performance of
electrodes of electrochemical devices, which were used as gas diffusion layers,
namely, Russian-made carbon cloth, was studied. Varying the MR conditions
used to obtain titanium compounds (with C, N, O) with various compositions,
which was determined by X-ray diffraction phase analysis and energy-
dispersive X-ray microanalysis. To determine the performance characteristics
of a reversible fuel cell, a membrane electrode assembly (MEA) was assembled
and tested both as part of an electrolyzer and in the fuel cell mode.

Titanium-based protective coatings obtained by the MS method allows to
increase the corrosion resistance of the GDL and increase the service life of the
electrochemical device with SPE.

This work supported by a grant from the President of the Russian Federa-
tion MK-4120.2022.1.3.
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MEMBPAHHBIE TEXHOJIOT MM JUIS TEPMOSIIEPHOM
M BOJIOPOJJHOM DHEPTETUKH

A. Y. Jlusuuy

CankT-IletepOyprckuii TOCyIapCTBEHHBIH YHUBEPCUTET TEIEKOMMYHUKAIIAN
uM. ipod. M. A. boru-bpyeBnua

Bozmopon — ocroBa Gymymieit sHepretuku. M3otomsr Bogopoaa (D u T) —
TOTUTUBO JJTS TJIO0TEHOM TEPMOSIJIEPHOM SHEPTeTUKH. B TO jke BpeMst BOJIOpO.T —
9KOJIOTHYECKH YHCTBIA SHEPTOHOCHTENb M TOILUTMBO ISl MIPSMOTO Mpeodpa3oBa-
HUSI XUMHUYECKOH SHEPTUH B 3JIEKTPUUECTBO C TIOMOIIBIO TOIIMBHBIX 3JIEMEHTOB,
1 3TO — OCHOBA JJIsl B3PBIBHOTO PAa3BUTHS BOJOPOJHON SHEPTETHUKH M BOJOPOI-
HOH SKOHOMUKH. MeMOpaHHbIE TEXHOJIOTUH MOTYT UIPaTh BXXKHYIO POJIb B pa3-
BUTHH 000X HaIpaBJICHUH.

OnHOM U3 KPUTHYECKUX MTPOOJIEM B TOILTMBHOM LIUKJIE TEPMOSIEPHBIX pe-
aktopoB (TSP) otnenenue D/T-TomimBa oT NpoayKTa SACPHON peakUuu — re-
nust. DTa 3a/1a4a MOXKET OBITh pellIeHa C MOMOIIbI0 METANIMYECKUX MeMOpaH,
CBEPXIIPOHUIAEMBIX 110 OTHOUICHHIO K YHEPreTHYECKUM BOJOPOJHBIM YaCTH-
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[aM W HENPOHHUIAEMbIM HU ISl KaKUX APYIMX KOMIOHEHT Ta30BOH CMecH,
Brimovas He. Ceepxmponunaemeie MeMOpanbl (CIIM) cnocoOHBI aBTOMaTHye-
CKM CXKUMAaTh IMPOHHUKAIOINN BoAOpoa Ha mopsaku BenwmyuHbl. CIIM Moryt
OBbITh YCTAHOBJIEHBI HETIOCPEICTBEHHO B BhIXJONHOU cucreme TSP (cpasy 3a
JIMBEPTOPOM) M OCYIINECTBIIATH KOPOTKOIMKIOBOE (MUHYsI TPHTHEBBIA 3aBOJ)
otmenenre D/T cmecn ot He u apyrux mprMeceil 1 aBTOMaTHIECKOE BO3Bpa-
nrerne D/T-tommuea obparHo peakrop. Matepuanom CIIM siBistroTCsS MeTan-
a6t 5-0if rpymmet (V, Nb Ta) mpu Tom, uro B yenoBusx TSP Hanbosee momxo-
ISIIUMU BJsIoTesa BaHaauii 1 ero OLIK cruiaBsl.

BaxknelnyM MCTOYHMKOM BOAOPOAA Ul BOAOPOAHOM DHEPreTUKH OCTa-
€Tcs IPUPOAHBIN ra3, bnaronapst HyJaeBoMy YrIepOJHOMY CleNy, MEePCHEKTUB-
HBIM CT@HOBHUTCS TaKke OMOTOIUIMBO. MeMOpaHHBIE METOJbI MO3BOJISIOT HE
TOJIBKO BBIJICIIMTH CBEPXUYHUCTHII BOIOPOJ U3 MPOILYKTOB KOHBEPCHH YTJIEBOJIO-
POJHBIX TOIUIMB, HO M €CTECTBEHHBIM 00pa3oM pasnenuts moroku Hr n CO2
(c mensro memomymenus monaganust CO2 B atmocdepy). OIHUM U3 TEpCIeK-
TUBHBIX HaIllpaBJICHUH 31€Ch ABIAETCA pa3paboTKa HemauTaJueBBIX MEMOpaH,
a IMEHHO, MeMOpaH U3 METaJJIOB 5-0if IPyMIIbI U UX CIUIABOB. TpaHCKpHCTAa-
JIMYECKUI MepeHoC BOJOPOJa B 3THUX MaTepHajax MPOUCXOAUT CYIIECTBEHHO
OpIcTpee, UeM B MaUTaanu (Ha mopsiioK U 6oiee), a CeIeKTHBHOCTh MPOITYCKa-
HHS BOJIOpOJa — WjeanbHa (Kak M B Cilydae MajulagieBsix MeMOpan). Yxe co-
3maHbl TpyOuaTeie MeMOpansl n3 OLK criimaBoB Banamus a Takxke COOPKH TaKUX
MeMOpaH Ha TpeOyeMyl0 NpPOM3BOIUTENBHOCTh. Takwe COOpPKH HCIBITaHBI
B COCTaBe TOIUIMBHOIO IIPOIEccOpa, MPOM3BOJSIIEI0 CBEPXUMCTBIH BOJOPOJ
IIyTeM MapoBOI KOHBEPCUU METaHa JUIs F€HEePaLUU 3JIEKTPUYECTBA C TOMOIIBIO
HU3KOTEMIIEPATYPHOIrO TOIUIMBHOTO AJIEMEHTA.

MEMBRANE TECHNOLOGIES FOR THE NUCLEAR FUSION
AND HYDROGEN ENERGY

A. I. Livshits
The Bonch-Bruevich Saint Petersburg State University of Telecommunications

Hydrogen is the base of future energy. The hydrogen isotopes (D and T)
are the fuel for the global nuclear fusion energy. At the same time, hydrogen is
an environmentally friendly energy carrier and fuel for the direct conversion of
chemical energy into electricity using fuel cells, and this is the basis for the
explosive development of hydrogen energy and the hydrogen economy. Mem-
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brane technol ogies can play an important role in the development of both direc-
tions.

One of the critical problems in the fuel cycle of nuclear fusion reactors
(NFR) is the separation of D/T fuel from the nuclear reaction product, helium.
This problem can be solved using metal membranes that are superpermeable to
energetic hydrogen particles and impermeable to any other components of the
gas mixture, including He. Superpermeable membranes (SPM) are capable of
automatically compressing permeable hydrogen by orders of magnitude. SPM
can be installed directly in the NFR exhaust system immediately after the di-
verter) to carry out the short-way (bypassing the tritium plant) separation of the
D/T mixture from He and the automatic return of the D/T fuel back to the reac-
tor. The SPMs are made of group 5 metals (V, Nb Ta), while vanadium and its
bcc alloys are the most suitable under NFR conditions.

Natural gas remains the most important source of hydrogen for hydrogen
energy. Due to its zero carbon footprint, biofuels are also becoming promising.
Membrane methods allow not only separating ultrapure hydrogen from hydro-
carbon fuel conversion products, but also naturally separating Hz and CO;
flows (in order to prevent CO- from entering the atmosphere). One of the prom-
ising directions here is the development of non-palladium membranes, namely,
membranes made of Group 5 metals and their alloys. The transcrystalline hy-
drogen transfer in these materials occurs much faster than in palladium (by an
order of magnitude or even more), and their hydrogen selectivity isideal (asin
the case of palladium). Tubular membranes from bcc vanadium alloys have
already been created, as well as the assembly of such membranes for the re-
quired performance. Such assemblies have been tested in as a part of fuel pro-
cessor that produces ultrapure hydrogen by steam reforming of methane to gen-
erate electricity using alow-temperature fuel cell.
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nmoaxoabl K CO3JAHUIO TPUTHEBBIX CUCTEM HA TIPUMEPE
TPUTUEBOM UHO®PACTPYKTYPHI ®PATMEHT-CEITAPATOPA
AKYJIMHA-2

U. Il. Makxcumrun

Poccuiickuit ®enepanbublii Anepusiiil Lientp — Beepoccuiickui
Hay4YHO-HCCIIC0BATEILCKII HHCTHTYT SKCIEPUMEHTAILHON (PrU3nKu
(OTVYII «PDALI-BHUNDD»)

607188, Poccus, r. CapoB Hmxeroposckoit o0u1., nmpocriekt Mupa, 37

B neknuu paccMOTpPEeHBI OCHOBHBIC TOJXO/bI K CO3JJAHHUI0 TPUTHEBBIX CH-
cteM Ha npuMmepe paszpadbotanHonr OTVIT «POAI-BHUND®» TputneBoit uH-
bpactpykTypbl mas  ¢parment-cenapatopa AKYJIMHA-2. Ona BkiIoYaer
B ceOsl KOMILJICKC, TO3BOJIIIONINI paboTaTh ¢ TpUTHEM B KojuuecTBe 2,7 KK,
U CEMEWCTBO TPHUTHUEBBIX MHUIICHEH IS MPOBEICHUST COOTBETCTBYFOIIUX JKCITE-
PUMEHTAIBHBIX HCCIICIOBAHUIA.

CocTaBHbIC YaCTH TPUTHUEBOM MH(PPACTPYKTYPHI PACTIONATAIOTCS B CIICIHAIIb-
HOM TMOMEIICHUH, MPEIHA3HAYCHHOM Il pa0oThl ¢ TpuTreM 1o || Kimaccy paboT
C OTKPBITHIMHA WCTOYHWKaMH W3MydeHUd. [IpencTaBieHo ommcaHwe NaHHOW WH-
(bpacTpyKTypbl, OCHOBHBIEC TPUHIIUITBI OPTaHU3AIMK pabOT Ha HEl, a TaKKe KOH-
CTPYKTHBHBIE OCOOCHHOCTH Ta30BbIX H KHIKOTPUTHEBBIX MUIIICHEH.



158 Annapamypa u memoobsi uccied08anusl

Hanmuuue nanHoit HHGPACTPyKTYpHI J€1aeT BO3MOKHBIM TIPOBEICHHE IITH-
POKOT0 KJacca MCCle/IoBaHHi K30THHECKUX sjep, Takux kak ®7H, He, °He,
BBLi, 1%Be, 192IC, 24250 yu ngp., 0OpasyroIMXCs B OPAMBIX SAEPHBIX PEaKIUIX

(t. p) u (t, d).

APPROACHES FOR DEVELOPMENT OF TRITIUM SYSTEMS BY
THE EXAMPLE OF TRITIUM INFRASTRUCTURE FOR THE
AKULINA-2 FRAGMENT SEPARATOR

I. P. Maksimkin

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»),
Sarov, Nizhny Novgorod region, 607188, Russia

The work considers the approaches for development of tritium systems by
example of tritium infrastructure for the AKULINA-2 fragment separator, de-
veloped in RFNC-VNIIEF. It includes a complex that allows you to work with
tritium in the amount of 2.7 kCi, and a family of tritium targets for conducting
relevant experimental studies.

Components of the tritium infrastructure are located in a special room de-
signed to work with tritium on Il class of work with open sources of radiation.
The report provides a description of this infrastructure, the main principles of
organization of works on this infrastructure, as well as structural features of gas
and liquid-tritium targets.

The availability of this infrastructure makes it possible to conduct a wide
class of studies of exotic nuclei, such as 7H, "He, %He, 3Li, ®Be, 192!C, 2420
et a., formed in direct nuclear reactions (t, p) and (t, d).
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UCIOJIb30BAHUE MEMBPAHHOMN TEXHOJIOT'MU
JIIS1 U3BJIEYEHUSI BOJOPOJIA U3 TEXHOJIOTMYECKHUX
IF'A30BBIX CMECEMN

A. B. Bapesickun
Poccuiickuil xumuko-TexHonorndeckuil yausepcutet um. 1. . Menneneena

Pa3nenenrie ra3oB CTal0 OCHOBHBIM IIPOMBINUICHHBIM MPUMCHCHUEM
MeMOpaHHOM TeXHOJIOruu ToJibKo B nocienuue 40 ¢ Hebombimm ser. [Ipaktu-
YECKH BCE COBPEMECHHOE MPOMBIIUICHHOE ra30pa3/ielicHiHe OCHOBAHO Ha ILIOT-
HOW MOJUMEpPHON MeMOpaHe, U B 3TOM Cliydae pa3feiicHHE U IMPOHUIAEMOCTb
3aBHCAT OT MMOJBUXHOCTH OTICIBHBIX MOJICKYJ B MaTepHalic MEMOpaHbl H KO-
s¢¢urmenta copbumuu raza. OOBIYHO B KaueCcTBE MEMOpPaHHOrO MarepHaja
HCIOJB3YIOTCS CTEKII000pa3HbIe MOIMMEPHI H3-3a MX CHOCOOHOCTH pasindyaTh
pasmep MoseKkya. Mepoit ClocOOHOCTH MEMOpaHBI pa3iessaTh ABa ra3a sSBIsSET-
Cs1 OTHOIICHUE WX MTPOHHUIIAEMOCTEH, Ha3BIBAEMOE CEJICKTHUBHOCTHIO MEMOPaHBHI.

Bopmopon — 3To0 HeOONBIION HEKOHAEGHCHPYIOIIMMCS Ta3, o0Jagaroniui
BBICOKO# MPOHUIIAEMOCTHIO 10 CPABHEHUIO CO BCEMH IPYrHMU razamu. B 3aBu-
CHMOCTH OT Marepualia MOJMMEPHONH MeMOPaHbl TUIIMYHAS CEIEKTUBHOCTD TI0
Bojopoay it OonbImuHCTBA ra3oB gocturaet 200 mpu yaemsHOM HMOTOKE BO-
nopoza uepes memopany 250-350 am 3(u. y.)/(mM?-uac-atm). ITo 3Toit npuunne
HMMEHHO BBIJICJICHHE BOAOPOJa OBLIO TEPBBIM pa3pabOTaHHBIM IMPOIIECCOM Ta-
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3opaszaeneHust. [lepBbIM KpyMHOMACIITa0HBIM KOMMEPUYECKHM INPHMEHEHHEM
MeMOpaH OBUTIO OTJEJICHHE BOJOPOJa OT a30Ta B MOTOKaX HPOIYBOYHOTO rasa
ammuaka. [Iporece nporekaeT npu gasieHuu 13,5 MIla u nepenane gaBiacHus
Ha MemOpane 10,4 MIla. [lpyrum nOpUMeEpoM HCIOJIB30BaHUS MeMOpaH
B He(pTEXMMHYECKOW HPOMBINLICHHOCTH SIBISETCS BBIJCICHHE BOJIOPOAa U3
cMecell ¢ MOHOOKCHAOM yriiepoja. B atux mpoueccax BoIOpoJ KOHUEHTPUPY-
ercst 1o ypoBHs 90-99 %.

MemOpanbl s pa3feieHus Ta3oB (GOPMUPYIOTCS B BHJE CIHPATbHBIX
WIN TIOJIOBOJIOKOHHBIX MOJyJei. BakHoe NMpeMMyInecTBO MOJOBOJOKOHHBIX
MeMOpaH — BO3MOKHOCTH (hOPMHPOBAHUS BHICOKOW ITUIOTHOCTH YITAKOBKH I10-
BEpPXHOCTH MeMOpaHbl. J[namerp MOJIBIX BOJIOKOH BapbUpyeTcs B IIMPOKUX
mpenenax ot 50 1o 400 MxM.

XoTsl MoJMMEpHBIE MEMOpPaHbl MCHOJB3YIOTCS TTOYTH BO BCEX MPOMBIII-
JICHHBIX MPOLIECCax pa3/ielIeHHs ra30B, CyIIECTBYET HHTEPEC K METAJUTHUECKUM
MeMOpaHaM, B OCHOBHOM JJisl IPUMEHEHHS B BBICOKOTEMIIEPATYPHBIX MeEM-
OpanHBIX peakropax. MemOpanst 3 Pd u Pd-crutaBa upe3BsrdaifHO celeKTHB-
HBI, OHU TPOHHLAEMBI IUIS BOJOPOJA, HO MPAKTHYECKU HEMPOHHLACMBI IS
BCEX JPYrux razoB. [IpoHHIIaeMOCTh TaKMX MEMOpaH Mo BOJOPOAY, OOBIYHO,
B 10-100 pa3 BbllIe, 4eM y HOJIMMEPHBIX MeMOpaH. Bojopo/1 Takke NpoHUKaeT
B psad apyrux Mmeraios, Bkiodas Ta, Nb, Va, Ni, Fe, Cu, Co u Pt. OxHako
B OOJBIIMHCTBE CIIydaeB METAUTMYECKHE MEMOpaHBI JIOJDKHBI 3KCILTYaTHpO-
BaTbcs ipu Temneparypax Bbime 300°°C, 4To0bI MOJTYYUTh MPHEMIIEMYIO MPO-
HHUIIAEMOCTh ¥ IIPEAOTBPATUTh BOJOPOAHOE OXpyMUuBaHue MeTauia. Hecmotps
Ha UCKIIOYNTENbHYIO TIPOHUIAEMOCTh U CENICKTHBHOCTD, METAJUTMUECKHE MEM-
OpaHbl HalTM OYEHb OrPaHWYEHHOE NMPOMBIIUICHHOE NPHUMEHEHHE, B OCHOB-
HOM JUIsl TIPOU3BOJACTBA CBEpX4YHMCTOro Bomopoxaa (99,9 %) mns 3i1eKTpoHHOU
MIPOMBIIIUICHHOCTH U B KAYECTBE UCXOIHOTO Ta3a JUIsl TOIIMBHBIX HJIEMEHTOB.

APPLICATION OF MEMBRANE TECHNOLOGY TO EXTRACT
HYDROGEN FROM PROCESS GAS MIXTURES
A. V. Varezhkin
Mendeleev University of Chemical Technology
Gas separation only became a major industrial application of membrane

technology in the past 40 years with a little. Almost all current commercial gas
separations are based on the dense polymer membrane and in this case permea-
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bility depends on mobility of the individual molecules in the membrane materi-
al and the gas sorption coefficient. In general, glassy polymers are used as
membrane material because of their ability to distinguish the size of molecules.
A measure of the ability of a membrane to separate two gases is the ratio of
their permeabilities, called the membrane selectivity.

Hydrogen is a small, noncondensable gas, which is highly permeable com-
pared to all other gases. Depending on the polymeric membrane material, the
typical hydrogen selectivity for most gasesis in the range of 50200 at a specific
hydrogen flux through the membrane of 250-350 dm? (STP)/(m?-hour-atm). For
this reason, it was the separation of hydrogen that was the first developed gas
Separation process. The first large-scale commercia application of membranes
was the separation of hydrogen from nitrogen in ammonia purge gas streams. The
process proceeds under a pressure of 13.5 MPa and a pressure drop across the
membrane of 10.4 MPa. Another example of the use of highly hydrogen-
selective membranes in the petrochemical industry is the separation of hydro-
gen from carbon monoxide/hydrogen mixtures. In these processes, hydrogen is
concentrated to the level of 90-99 %.

Gas separation membranes are formed into spiral-wound or hollow fiber
modules. An advantage of hollow fiber membranes is that compact modules
with high membrane surface areas can be formed. The diameter of hollow fi-
bersvaries for gas separation from 50 to 400 mkm.

Although almost all industrial gas separation processes use polymeric
membranes, there is interest in metal membranes, mostly for the high-
temperature membrane reactor applications. Pd and Pd alloy membranes are
extraordinarily selective, being permeable to hydrogen, but essentialy imper-
meable to all other gases. Hydrogen permeability are extremely high, usualy
10-100 times higher in comparison with polymeric membranes. Hydrogen also
permeates a number of other metals including Ta, Nb, Va, Ni, Fe, Cu, Co, and
Pt. However, in most cases, metal membranes must be operated at high temper-
atures (>300-°C) to obtain useful permeation rates and to prevent embrittle-
ment and cracking of the metal by sorbed hydrogen. Despite their extraordinary
permeation and selectivity properties, metal membranes have found very lim-
ited industrial application mostly for to generate ultrapure hydrogen 99.9 % for
the electronics industry and as feed gasto fuel cells.
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IPOTPAMMA PA3BUTHS TEXHOJIOT Wi TOIJIMBHOI'O LIMKJIA
I'CCJI B P®

C. C. Ananvee*, b. B. Hsanoe*, 5. B. Kymees'?, A. A. FOxumuyx®

IHUL «Kyp4aToBCKHii HHCTUTYT», MoCKBa
HUAY «MUDU», Mocksa
SOIVII «POAL-BHUUD D>, Capos

OnuH U3 CLEHApHEB Pa3BUTH aTOMHOI 3HepreTHKU B PO cBsA3aH ¢ OTKpHI-
TeIM ypan-TopueBbiM (22U — 22Th) TOIUIMBHBIM LUKIOM. DTOT CLEHAPUH TaKkKe
paccMaTpHBaJICSI C CaMOro Hadajla pa3BHUTHA aTOMHOI SHEPTeTHKH, HO €T0 MPaKTH-
yecKkas peajM3alysl CAEpKUBAJIACH OTCYTCTBHEM BHEIIHHX HMCTOYHHKOB HEWTpO-
HOB, TaK KaK HEHTPOHOB HEI0CTATOYHO VIS TojTydenust 2°U B ypaH-TUTyTOHHEBOM
mukite. Ecmn ¢yHKmpm Takoro McToyHMKa OyIeT BBINOJHATH MCTOYHHK TEPMO-
sinepHbix HeliTpoHoB (THH), To Takas KOHIENIHUS TOMYYHT HEOCHIOPHMOE IIpe-
HMMYIIECTBO. B 3TOM clieHapun pa3BUTHE aTOMHOW SHEPTeTHKH Oy/eT CONMpPOBOXK-
JaThCs CO3JaHUEM PEaKTOPOB Ha TeIIoBbIX Helitponax (TP) [1].

OCHOBHOE TPEUMYIIECTBO TAKOTO IOJXO0JA 3aKI0YAeTCs B TOM, YTO HET
HEOOXOMMOCTH pasiessaTh oTpabotanHoe saepHoe tormuo (OST) mis ussie-
YEeHUS TOIUTUBHBIX HYKJIHIOB — OTPa0OTaBIINE TBAJIBI OYAYT M3BJIEKATHCS U3 aK-
THUBHOM 30HBI peakTopa W OTMPABILATHCS Ha INTENBFHOE XpaHeHHe. B ypan-
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TOPHEBOM LHUKJIC TaK)Ke HEOOXOIMMO IPOBOIUTH XUMHYECKYI0 00pabOTKY IS
Bblenenns 22U U3 ChIpheBOro HyKIMAA. BBULY 3HAUHTENHLHO MEHbILIEH aKTHUB-
HOCTH COIECPXHUMOTO ONlaHKeTa THOPHAHOTO TepMosiaepHoro peakropa (I'TP)
Takas repepaboTka MOYKET COIPOBOXKIATHCS 3HAUUTEIIFHO MEHBIIUMHU MTOTEPSMHU
panMoaKTHBHBIX MAaTEPHAIOB — 3 CYET MOJHOTO OTCYTCTBHUSI MUHOPHBIX aKTHHH-
JIOB ¥ HE3HAYUTENLHOU IO MPOAYKTOB AenieHus 1o cpaBHeHnto ¢ OSAT mo oT-
HOIIIEHWIO K OBICTPBIM peaktopaM. BBHIy TOro, 4to 3amacel Th 3HaunTENHHO
MIPEBBIMIAIOT 3amackl ImpupoaHoro U, Takas koHIenuus obecreuut Oojee Jyin-
TEJIbHOE Pa3BUTHUE SIIEPHOM SHEPIETUKY.

[poussoactso Tputus (°H) B kauectse Torusa TUH MoxeT 6bITh 0Oec-
HeYeHo B TEIUIOBLIX peakTopax, rie usoromn °Li Gyner ucmonb3oBaThes B Kaue-
CTBE BBIrOparolmiero mnornotutens. Ilpu ontuMuszanuu akTUBHOW 30HBI TP
MOJKHO 00ECHECYUTh MPOU3BOACTBO JTOCTATOYHOTO KOJMYECTBA TPHUTHS IS 3a-
MBIKaHUs TOIIMBHOTO 1KkIa Tanaema TP+I'TP no TepmosiaepHOoMy TOIUIHBA.

Paspaborka TUH axtuBHO 06Cy)naercs B HULl «KypuaToBckuii HHCTH-
Ty yixe 6osee 10 ner. [Tposenennsie HUOKP Obutn cBsi3aHbl ¢ TEXHUUECKUM
npoektupoBanueM THUH u mHTeHCHMUKanmei reHeparmu HeWTpoHOB B ['TP
JUIL TPaHCMYTallMd W BOCHPOHM3BOACTBA HYKIHIOB. CienyeT OTMETUTH, YTO
paccMaTpUBaINCh TAaK)K€ BO3MOKHOCTH BOCIPOM3BOACTBAa Tputusa B I'TP s
CTapTOBOM 3arpy3Kku OyIyIuxX TepMOSAEPHBIX PEAKTOPOB.

CoBpeMeHHOe BujeHHe cTpareruu passutus I'TP, B ToMm umcne oTpaskeH-
Hble B (emepasbHOM mpoekTe «Pa3BUTHE TEPMOSIEPHBIX W HMHHOBAIL[MOHHBIX
MJIA3MEHHBIX TEXHOJOTHIA» (KOTOPBIA BXOIHUT B COCTAB KOMIUIEKCHOM MpOrpam-
mbl ['ockopriopanu «Pocatom» «Pa3BuTHE TEXHUKH, TEXHOJIOTUI U HAyYHBIX
HCCIICIOBAaHUI B 00JACTH WCIIONB30BAHMS aTOMHOW 3Hepruu B Poccuiickas De-
neparus Ha epuox g0 2030 r») mpeaycMaTpHBaeT BO3MOXKHOCTh Peav3aiiu
npombimnieHHsx ['TP x 2050 1 [2].

«KypuaTOBCKMH WHCTHTYT» IUIAaHHPYET MPOBECTH MIMPOKOMAacIITaOHBIE
MIPUKJIAJHBIE HMCCIEOBAaHUS B paMKax 3Toro (enepanpHOro mpoekra. Panee
OBLJT BBITIOJIHEH KOHIIENTYaIbHBIN MPOeKT ToriBHOro nukia TWUH. Beina BbI-
OpaHa u moApoOHO omucaHa cxeMa TorumBHOTO nukia THH, nmpoanamusupo-
BaHbBI OTIIUYUS OT TEPMOsAepHOTO peakTopa [3, 4]. PacueTsl MOTOKOB U30TOIMOB
BOJIOPO/Ia B CUCTEMaX YCTAHOBKH MPOBOJAWIHCH JIIsl BEIOPAHHOW KOHCTPYKIHH
TOIUIMBHBIX CHCTEM Ha OCHOBAaHMH paHee MOJYyYSHHBIX pe3yIbTaToB. BriOpaHs
TEXHOJIOTHH-KaHIUIAThl JUIsl paboThl C TPUTHEM W Pa3pabOTaH KOMIUIEKC WH-
xekuu HeifrpansHeix myukoB (NBI). B 3amaunm Tekymiero meprona BXOIUT
obocHoBaHre DT-TOMITMBHOTO NUKJIA M BEIOOP TEXHOJOTHI THOPUIHOTO OlaH-
KeTa, a Takke TeXHuIecKuil mpoekt kommnaktHoro TUH (TUH-K) u ruGpuanoii
peakroproit ycranoBku (I'TY) miast oTpaGOTKM CTAlMOHAPHBIX TEXHOJIOTHIA,
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MaTepHanoB U KOMIOHEHTHI [2]. CBoeBpeMeHHOE 00ecieYeHHE CIICLUATH3HPO-
BaHHBIMU HCIIBITATENBHBIME CTCHIAMH M KBAJIN(QHUIMPOBAHHBIM IIE€PCOHAIOM
MO3BOJIUT 3P PEKTUBHO pea30BaTh NPOEKT cTpouTesibeTBa ['TP kommepuecku
MHTEPECHOM TEIMJIOBOM MOIIHOCTH.

MaxkeTtHass ycTaHOBKa TpuTHEBO-AeHTepreBoro TL[ momkHa OBITH CIpoek-
THUPOBaHa, pa3pabOTaHa M BBEJCHA B SKCIUTyaTalWIO JJIS IPOBEICHUS MCCIEHO0-
BaHW, HANPaBJICHHBIX HA OINpPEJETICHHE M YTOYHEHHE MapameTpoB paboThl cu-
CTEMBI, IPOU3BOJUTENBHOCTH, KOJIMYECTBA TPUTHA HA IUIOLIAJIKE W IPYIHX Xa-
paxtepuctuk cucteM T1I nnst npoekros JEMO-THUH nu TUH-CT kak ocHOBY 1uist
npoextupoanuss TUH-K n I'PY. IInanupyercst 000cHOBaTH O€30I1aCHOCTD TEX-
HOJIOTHYECKHX CHCTEM M O0YYHTH NEPCOHAN HKCILTyaTallH ATUX CHCTEM C 3ara-
COM TPHTHS Ha IUIomaake oobekra 1o 1 kr. Ha Oosee mo3aHMUX 3Tanax J0JDKHBI
ObITh pa3paboTanbl TexHuaeckue mpoektsl cucteM TL[ mnst TUH-K u I'PY, usro-
TOBJIEHBI MAKEThl U MPOBEAEHA MX COBMECTHAs IKCILTyaTalus B COOTBETCTBUH
¢ nporpammoit HUP. BynyT mpoBefeHsl uccieoBaHusl M BHIOOP ONTHUMaTbHBIX
TEXHOJIOTHH BOCHPOM3BOJICTBA M M3BJICUEHHS TPHUTHUS W3 ONaHKEeTa, COBEpIICH-
CTBOBaHWE M ONTHMHU3AIUS KOHKpeTHBIX TexHosoruii T1, obocHOoBaHue pagua-
nHoHHOM 6e3omacHocTH TL-ycTaHOBKH.

OmnmcaHnIo BCEX ATAIMIOB COCTABJICHHON JOPOXKHOM KapThl U MPOMEXKYTOU-
HBIX pe3yJIbTaTOB IPOBOANMON PaOOTHI OCBAIICH JaHHBIN TOKIA.

Pabora wactmuHo moanepxkaHa Poccuiickum HaydHeIM (OHAOM (rpaHT
Ne 18-72-10162).
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One of the scenarios for the nuclear power development in the Russian
Federation is associated with an open uranium-thorium (33U — 2%2Th) fuel cy-
cle. This scenario was also considered from the beginning of the nuclear energy
development, but its practical implementation was hampered by the absence of
external neutron sources, since there are not enough neutrons to produce 23U
within the uranium-plutonium cycle. If the functions of such source are per-
formed by the fusion neutron source (FST), then such a concept will receive an
undeniable advantage. In this scenario, the development of nuclear energy will
be accompanied by the creation of reactors with thermal neutrons (TR) [1].

The main advantage of this approach is that there is no need to separate the
spent nuclear fuel (SNF) for fuel nuclides extraction — spent fuel elements will
be removed from the reactor core and sent for long-term storage. In the urani-
um-thorium cycle, chemical processing must also be carried out to separate
233y from the raw nuclide. Due to the significantly lower activity of the fusion-
fission hybrid system (FFHS) blanket contents, such reprocessing can be ac-
companied by significantly lower losses of radioactive materials — due to the
complete absence of minor actinides and an insignificant fraction of fission
products compared to SNF from fast reactors. In view of the fact that the Th
reserves are much greater than the reserves of natural U, such a concept will
ensure alonger development of nuclear energy.

The tritium (®H) production as a FNS fuel can be provided in thermal reac-
tors, where the 6Li isotope will be used as a burnable absorber. When optimiz-
ing the TR core, it is possible to ensure the production of a sufficient tritium
amount to close the TR+FNS tandem fuel cycle for fusion fuel.

The development of the FFHS is being actively discussed at the «Kurcha
tov Ingtitute» for over 10 years. These R&D work was associated with fusion
neutron source technical design and neutrons generation optimization in FFHS
and the use of these neutrons for nuclide transmutation and breeding. It should
be noticed that the tritium breeding in FFHSs for start-up loading of future
thermonuclear power plants opportunities were considered also.
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Current views including those reflected in the Federal project «Develop-
ment of Fusion and Innovative Plasma Technologies» (which is a part of the
comprehensive program of the State Corporation Rosatom «Development of
engineering, technology and scientific research in the field of using atomic en-
ergy in the Russian Federation for the time period up to 2030») foresee the fea-
sibility of industrial FFHSs by 2050 [2].

The Kurchatov Ingtitute is planning to carry out a broad applied research
within the framework of this federal project. Previously, the conceptual design
of the FNS fuel cycle was carried out. The fuel cycle design for FNS was se-
lected and described in detail, and the differences from fusion reactor were ana-
lyzed [3, 4]. Calculations of hydrogen isotope fluxes in the facility systems was
carried out for the chosen fuel systems design, based on the previous results
obtained. Candidate technologies for operation with tritium are selected, and
a complex for neutral beams injection (NBI) was developed. The current period
tasks include substantiation of the DT-fuel cycle and the choice of hybrid blan-
ket technologies, as well as the engineering design of the FNS-C compact fu-
sion neutron source and hybrid reactor facility (HRF) for testing the steady
state technologies, materials and components [2]. Timely provision of special-
ized test benches and qualified personnel will make it possible to implement
efficiently the project for the construction of a HRF with commercially interest-
ing thermal power.

A mockup facility of the tritium-deuterium fuel cycle (FC) should be de-
signed, developed and put into operation for research aimed at determining and
clarifying the system operational parameters, productivity, amount of tritium at
the site and other characteristics of the FC systems supporting the DEMO-FNS
and FNS-ST projects as the basis for the design of FNS-C and HRF. It is
planned to justify the safety of the technological systems and to train personnel
for the operation of these systems with the tritium inventory at the facility site
up to 1 kg. At later stages, the engineering projects of the FC systems for
FNS-C and HRF should be developed, the mock-ups produced, and their joint
operation carried out in accordance with the research program. Research and
selection of the optimal technologies for tritium breeding and extraction in
blankets, improvement and optimization of specific fuel cycle technologies,
justification of the radiation safety of the FC-facility will be done.

This report is devoted to a description of the roadmap's all stages and in-
termediate results of the work being carried out.

This work was partially supported by the Russian Science Foundation
(grant Ne 18-72-10162).



Equipment and research methods 167

REFERENCES

1. Velikhov E. P. et a. Probl. At. Sci. Technol. Ser. Thermonucl. Fusion.
Vol 40. N 4.

2. Kuteev B. V., Goncharov P. R. Fusion Sci. Technol. Vol.76. 2020.
P. 836-847.

3. Ananyev S. S, lvanov B. V., Kuteev B. V. — Fusion Eng. Des. 2020.
Vol. 161. P. 111940.

4. Ananyev S. S, lvanov B. V. et d. Nucl. Fusion 61, 2021, 116062. P. 11.



168 Annapamypa u memoobsi uccied08anusl

Po3zenxeBuy Muxaua bopucosuu
IIpodeccop
Poccuiickuii XMMHKO-T€XHOJIOIMYECKUI YHUBEPCUTET
um. []. . Menneneesa
Mockga, 125047, Muycckast riomais, 9
O0nacTh Hay4YHBIX HHTEPECOB. (PU3NKO-XUMHUYECKUE
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METOABI AETPUTU3AIIUN TEXHOJOI'MYECKHUX U CBPOCHBIX
T'A30BBIX IOTOKOB PABOUYNUX IOMEIIEHUAM
SAJEPHBIX OBBEKTOB

M. b. Posenxesuu, A. H. Byxun, C. A. Mapynuu,
10. C. Ilax, A. H. Ilepegesenyes

Poccuiickuii XuMUKO-TeXHOJIOTHYeCKU yHUBepcuTeT uM. J1. M. Menneneesa,
Mocksa, Poccus

Jlo HeaBHEro BpeMeHH Ha 0OBEKTaX aTOMHOM oTpaciu Poccun nmpobiema
OYHCTKH OT TPHUTHS BBHIOPOCOB B OKPYXAIOLIYIO Cpely HE BCEraa pellanach.
D70 sBNsieTCS OAHOI M3 MPUYUH TOTO, YTO JOIyCTHMAas K cOpPOCY B OKpYIKaro-
LIYI0 Cpely KOHLEeHTpauusi TpuTus B Boje B Poccuu B coorBerctBuu HPB-
99/2009 npumepHO Ha MOPSIOK BeauuuHbl Gombuie, yem B CIIA (7600 Bx/kr
nporuB 740 Br/kr), u Gomee yem B 75 pa3 BbIIIe, ueM B cTpaHax EBpocoro3a
(100 Bk/kr). B HacTosiiee BpeMs, OMHAKO, B CBS3H C YXKECTOUEHHEM DKOJIOTH-
YEeCKOr0 3aKOHO/ATEbCTBA PEllieHNe 3a/1a4d ACTPUTH3ALMH COPOCOB IMepexo-
JINT B PsiJie CITy4YacB B CIIUCOK MEPBOOYEPETHBIX.
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Tputnii B Ta30BBIX MNOTOKAaX MOXET HAaXOIUTHCS B PAa3IUYHBIX XUMHUE-
CKHX (opMax: BOJOpPOJa, OPraHMYECKUX COEAWHEHNUH, Boabl. B cooTBeTcTBNM
C OTUM U METOABI OUYMCTKU MOI'YT HMCIIOJIB30BaHbl pPa3IndHbIC. HaHpI/IMep, JJIs
OYHCTKH MHEPTHBIX T'a30B OT TPUTHUSA B GOpPME BOJOPOJA MOTYT HCIIOIb30BaTh-
CA TCTTEPBI BOAOPOAA WU TAJIJIaAUCBBIC MeM6paHI)I. OJIHaKO 9THU METOJbI HC
BCETJa TMO3BOJIIOT JOCTHTHYTh TpeOyeMoil CTeNeHH ACTPUTU3ALUN B CHUIY
TEPMOJUHAMHUYECKHUX WM KHHETHYECKHUX MpuunH. [ToaTromy Hanbomnee pacmpo-
CTpaHCHHBIM METOAOM JACTPUTHU3AIUN T'a30BbIX IMOTOKOB ABJIACTCA NpECABaApU-
TEeJIbHOE OKUCIICHNE BOAOPOJa U OPraHMYECKUX COCJMHEHHUH 10 BOJBI C IIOCTe-
JYIOIIMMH OCYIIKOH ra3a TeM MM MHBIM METOJOM WJIM €r0 M30TOITHBIM 00Me-
HOM C BOJIOH, HE CofieprKalllel TPUTHS.

B Hacrosimiem nokiaze AeTanbHO aHAIM3HPYIOTCA BCE HUCIONB3YyEMbIE
TEXHOJIOTHH JICTPUTH3AINH KaK TEXHOJIOTHYECKHX, TaK U COPOCHBIX B OKpYXa-
IONIYIO CpeIy Ta30BbIX MOTOKOB. JTH 3aJadM Pa3iIMyaroTCcs Kak 110 MacITady
BEJIMYMHBI TOTOKOB, TaK M MO TpeOyeMoi cTeneHu AeTputuianuu. Kak npasu-
JIO, BEJIMYMHA TEXHOJIOTHYCCKUX Ira30BbIX IMOTOKOB, MUPKYJIHUPYIOHNIUX B rOpAINX
KaMepax HIn 6OK03X, CYHICCTBEHHO MCHBINEC BCHTUIIAIIMOHHBIX, a CTCIICHb HX
ACTPUTHU3AONN ONIPEACIIACTCA TOJIBKO Tpe6OBaHI/I$IMI/I noaaCpKaHusl KOHIICHTpa-
UM TPUTHUS B paboyell Kamepe, He TPEBHIMAIONICH 3a1aHHyI0. B cBOIO 0uepenp
BCIIMYMHA ITIOTOKOB BCHTHIALIMOHHBIX C6pOCOB MOXET OOCTHIaThb HECKOJBKUX
ThICSY M/, & 3HAYEHUS CTETEHH JeTpuTH3auK — 3Hadennii 100108, B 3aBucu-
MOCTH OT 33/IaHHBIX TAPAMETPOB OUYHCTKU — BEIMYMH OTOKOB M TpeOYyeMOH cTe-
TICH! JICTPUTH3ALMH — B JOKJIA/Ie pacCCMaTPHBAIOTCS PEaN30BaHHbIC HA IIPAKTH-
K€ WM NIPOEKTHPYEMBIE CUCTEMBI IeTpUTH3aluy B Poccnu 1 3a pyoesxom.

METHODS OF DETRITIATION OF TECHNOLOGICAL AND WASTE
GAS FLOWS OF WORKING ROOMS
OF NUCLEAR INDUSTRY

M. B. Rozenkevich, A. N. Bukin, S. A. Marunich,
Yu. S. Pak, A. N. Perevezentsev

D. Mendeleev University of Chemical Technology of Russia, Moscow (Russia)

Until recently, the problem of removing tritium from gas emissions into
the environment at the facilities of the nuclear industry in Russia was not al-
ways solved. Thisis one of the reasons why the concentration of tritium in wa-
ter allowed for discharge into the environment in Russia in accordance with
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NRB-99/2009 is approximately an order of magnitude higher than in the United
States (7600 Bg/kg versus 740 Bg/kg), and more than 75 times higher than in
EU countries (100 Bg/kg). At present, however, in connection with the tighten-
ing of environmental legislation, the solution of the problem of detritiation of
dischargesisin some cases on the list of priorities.

Tritium in gas flows can be in various chemical forms. hydrogen, organic
compounds, water. In accordance with this, various cleaning methods can be
used. For example, hydrogen getters or palladium membranes can be used to
remove tritium in the form of hydrogen from inert gases. However, these meth-
ods do not always make it possible to achieve the required degree of detritiation
due to thermodynamic or kinetic reasons. Therefore, the most common method
of detritiation of gas streams is the preliminary oxidation of hydrogen and or-
ganic compounds to water, followed by gas drying by one or another methods
or itsisotope exchange with tritium-free water.

This report analyzes in detail al the technologies used for detritiation of
both technological and gas streams discharged into the environment. These
tasks differ both in terms of the magnitude of the flows and the required degree
of detritiation. As arule, the value of technological gas flows circulating in hot
chambers or boxes is significantly less than the ventilation ones, and the degree
of their detritiation is determined only by the requirements to maintain the triti-
um concentration in the working chamber not exceeding the specified one. In
turn, the value of ventilation discharge flows can reach several thousand m¥h,
and the values of the degree of detritiation can reach values of 10°~108. De-
pending on the specified treatment parameters — the flow rates and the required
degree of detritiation — the report discusses the detritiation systems implement-
ed in practice or designed in Russia and abroad.
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Boponuna Tarbsina BukropoBHa
Crapmuii Hay9HBIH COTPYIHUK, HAYallbHUK
11abopaTopuu MPON3BOJCTBEHHOTO XUMHUYECKOTO PEKUMA.

HUI «Kypuarosckuii uncturyr» — [TNAD»

188300, Jleaunrpazackas oonacts, r. ['aTunHa,
OpuoBa Poma, 1. 1
XUMUS TSOKEION BOJIbI, XHMUYECKUN KOHTPOJIb
TEIUIOHOCUTENeH

Voronina Tatiana
Senior Researcher, Head of the Laboratory
of Operational Chemical Regime
NRC «Kurchatov Institute» — PNPI
188300, Gatchina, Leningrad region, Russia
Heavy water chemistry, chemical control
of reactor coolants
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ABTOMATU3UPOBAHHASA CUCTEMA ITPOBOOTBOPA
M AHAJIM3A TSIKEJIOM BOJIbI HA PEAKTOPE UK

T. B. Boponuna, A. A. Kagepzuna, M. FO. Knumos
HUII «KypuatoBckuii uHCTUTYT» — [INAD», PO

B nactosmee Bpems Hanbosiee YacToOM NPHUYUHON HETJIAHOBBIX OCTAaHOBOK
(mo 80 %) u cHmKeHHSI YPOBHS MOIIHOCTH SIIEPHBIX YCTaHOBOK (manee SY)
ABJISICTCS KOPPO3MOHHOE MOBpEXICHHE 000pynoBaHUs, OOYCIOBICHHOE IIO-
IPELIHOCTSAMH B TIOJACPKAaHUU BOJHO-XUMHYECKOro pexuma (manee BXP) ux
OCHOBHBIX KOHTYpPOB. I103TOMy BOnpoCH! B3auMOJI€HCTBUSI H30TONOB BOAOPOAA
C KOHCTPYKIMOHHBIMHM MaTepHalaMH s XUMHKOB fIY B mepBylo odepenb
CBOAATCSI K BOIPOCaM KOPPO3WUHM pEaKTOpHOro obopynoBaHus. OxHUM U3
Hanbonee >PPEeKTHBHBIX CIIOCOOOB INPEIOTBpALICHNS! KOPPO3HOHHBIX ITOBpE-
JKIEHUM sBIIsieTCs coBepuieHcTBoBaHue BXP.

B Hacrosamee Bpemsa B HULl «KypuaToBckuii unctutyr» — IIMS®D BBo-
JIUTCS. B BKCIUIYaTallMI0 BBICOKOIIOTOYHBIN TSXKEIOBOAHBIN UCCIIEI0BATENIbCKUM
peaktop [TMK. Koppo3noHHasi akTHUBHOCTB €0 JIETKOBOJHBIX M TSKEJIOBOIHBIX
TEIUIOHOCHUTENEH B OCHOBHOM OIIpeeNsaeTcs nokasareneM pH n KoHIeHTpanu-
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el mpumeceld. Baxxnoil cocrapnstoneit nonnepxanus BXP sBnsercs rpamor-
HBII XUMUYECKUI KOHTPOJIb.

Ipu sKcIUTyaTanMu TSOKETOBOAHBIX SIY 3HaumTenbHas dacts (mo 40 %)
JI030BOM HArpy3KH Ha IIEPCOHAJ peakTopa oOycioBieHa TpuTHeM. Bee paboTer
¢ Tskenont Bogpoit (D20), BKIrOYAs XHUMUYECKHNA KOHTPOIIb, SBISIOTCS paaua-
nuoHHo-omacHeIMU. Kpome toro, D2O — 3T0 cnienuanbHbIi HesACPHBIN MaTe-
pHaj, KOTOPHIA HEeNb3sl CIIMBATh B CIEIKAHAJIM3AINI0, a HE0OXOANMO BO3Bpa-
Iath nocie n3MepeHnit oopatuo B koHTyp TBO. B cBs3M ¢ 3THM akTyanbHOH
3agayeil Ha peakrope [IMK crama opranuzamusi cucteMsl MpOOONOATOTOBKU
u aHanu3a Tsokesoit Boasl (ACITIA TB [1]). B cocras ACITA TB mns koHTpons
xumuueckoro cocraBa D>O BKITIOUEHBI OTEUECTBEHHBIE IPOTOYHbIE aHATIM3ATO-
peL. dns koHTpOst m3oTomHOTO coctaBa DoO crermanuctsr [TUAD npemmoxu-
au ucnonp3oBath UK dypbe-cnekrpomerp Matrix-F (u3mepenue neiirepus)
u paguometp Wilma (u3mepenne tputus). B 2016 — 2017 rr. o6opyaoBanue
6buT0 3aKkyIuieHo, B 2017 — 2019 rr. aHaau3aTophl MPOLUTHA TPATYHPOBKY B Jia-
6oparopubix yciousx. B 2020 ACITA TB Osuia cmontupoBana. B 2021 —
2022 rr. BBINOJHSIOTCS PabOTHI MO MyCKO-HANAAKe CHCTeMbl. [LmaHupyemblit
CpPOK BBOJIa CUCTEMBI B dKcIuTyararmio — 2023 r.

Hcnonp30BaHue TaKoil CHCTEMBI Ha TSHKEIIOBOAHBIX PEAKTOPaxX U yCTaHOB-
Kax T03BOJIUT HETIPEPHIBHO KOHTPOJIMPOBATH M30TONHBIH M XUMHUECKHH CO-
CTaB TSDKEJIOW BOABI, Bo3Bpamarh D>O oOpaTHO B KOHTYp, CHU3UTH TO30BYIO
HarpysKy Ha IIEpPCOHaJI, @ TAK)Ke MOBBICUTH ONEPATUBHOCTh XMMHUYECKOTO KOH-
TPOJISL TSDKEJIOBOJHBIX TeruioHocutenei peakropa [IMK, uto BaxkHo [yt mon-
JIep)KaHMsT BOAHO-XHMHUYECKOTO PEKHMA.

JIUTEPATYPA

1. Boponuna T.B., Tyrymesa /I. FO. «ABTOMaTH3WpOBaHHAs CHUCTEMa
npobooTOOpa 1 aHanmm3a TsoKenol Boasl Ha peakTope [TMK». XXypuan Duepre-
tuk. 2020. Ne4. C. 20-22.
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AUTOMATIC SAMPLING AND HEAVY WATER ANALYSIS SYSTEM
(ASSA HW) OF PIK REACTOR

T. V. Voronina, A. A. Kaverzina, M. Yu. Klimov
NRC «Kurchatov Institute» — PNPI

Corrosion damage of equipment caused by errors in maintaining the water-
chemical regime is the most common cause of unplanned shutdowns (up to
80 %) and a power level decrease of nuclear installations, currently. Therefore,
the issues of interaction of hydrogen isotopes with structural materials for nu-
clear reactor chemists are primarily reduced to issues of reactor equipment cor-
rosion. Improve of the water-chemical regime is one of the most effective ways
to prevent corrosion damage.

Now NRC «Kurchatov Institute» — PNPI» is putting into operation a high-
flow heavy-water research reactor PIK. An important component of water-
chemical regime maintaining is competent chemical control. When operating
heavy water nuclear installations, a significant part (up to 40 %) of the reactor
staff radiation dose will caused by tritium. A work with heavy water (D20),
including chemical control, is radiation hazardous. In addition, DO is a specid
non-nuclear material. For this reason, after measurements DO have be returned
back to the circuit must but not drain special sewer.

Thus, one of the important tasks for PIK reactor is to organize an automat-
ed heavy water sampling and analysis system (ASSA HW [1]). To control the
chemical parameters of DO, it was decided to use Russian on-line analyzers.
To control the isotopic composition of D2O, PNPI specialists proposed using
the Matrix-F IR Fourier spectrometer (deuterium measurement) and the Wilma
radiometer (tritium measurement). In 2016-2017, equipment was purchased,
and in 2017-2019, the analyzers were graduated in laboratory conditions. In
2020, al ASSA HW equipment was installed. Currently (2021-2022), work is
underway to put the system into operation. The planned time frame is 2023.

Using such a system will organize automated remote monitoring the iso-
topic and chemical composition of heavy water, return the heavy water after
measurements back to the circuit, reduce the dose load on the reactor personnel
and increase the efficiency of chemical control of heavy-water coolants of the
PIK reactor, which isimportant for maintaining the water-chemical regime.

REFERENCES
1. VoroninaT. V., TugushevaD. Y u. Energetic. P. 20-22. 2020. |ssue 4.
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OBOPYJIOBAHUE YCTAHOBKH N30TOIMHOM OUMCTKH
TAKEJOM BOJIbI MUSA®. ONBIT SKCILTYATAIIUU

C. /. bonoapenxo, U. A. Anexcees, T. B. Bacanuna, O. A. @edopuenko
HUII «KypuaroBckuii uHcTUTYT» — [INSAD

B paGote paccmaTpuBaeTCst 3BONIOIHS OIBITHO-TIPOMBIIITICHHON yCTaHOB-
ku OBHO, sTansl MOAEPHU3AIMN U MIPUYHHBI AT MOJU(UKALINN TEXHOJIOTH-
YecKol cxeMbl U o0opyaoBaHus. OTBITHO-TIPOMBIIUIEHHAsT ycTaHOBKa DBUO
B IlerepOyprckom uHcTuTyTe sinepHoit ¢pusuku um. b. I1. KoncrantuHosa pa-
6otaer ¢ 1995 r. Ycranoska OBUO ucnonszyer CECE TexHonoruto, ocHoBaH-
HYI0O Ha IIPOLECCaxX OHJEKTPOJIN3a W KAaTATUTHYECKOrO M30TOITHOIO oOMeHa
B CHCTEME BOAA-BOJIOPO.

B cocraB ycranoBku BxoauT anekTponuzep ®C-525, koIoHHBI KaTanuTH-
YeCKOro M30TOIMHOro oOMeHa, paspadoTanHble U u3rorosieHHsie B HUL KM —
[MHSD. MaccooOMeHHasT YaCTh KOJOHH COCTOMT M3 KaTallM3aTopa W HAaCaIKH.
B ycranoBke npumeneH ruapo(oOHbIH TUIATHHOBBIM KaTajlu3aTop Ha COIOJIH-
Mepe AMBHHWIOCH3011a, paspaboranubiii PXTY um. MenzeneeBa u Heperysip-
Has FI/I}lpO(bI/IIII)Haﬂ Hacaaka CIHUPAJIbHO-TIPU3MATUYECCKOI'O0 THIIA U3 HEPIKaABEC-
IOLLEH CTaJIN.



Equipment and research methods 175

Ha ycranoBke OBUO mposogsarcs HUP n onbiTHas Hapa®oTka TspKeJON
BOJBI U3 TSDKEIOBOIHOTO Pa30aBICHHOTO CHIPhS, B TOM YHCIE U C OYUCTKON OT
TpuTHs 10 ypoBHs 7600 Br/kr. 3a ToaBI SKCIUIyaTal[ik YCTaHOBKA MPETEPIIEa
PSR 3HAUMTENBHBIX M3MEHEHUI M yCOBEPIICHCTBOBAHUH, IMO3BOJUBIINX aBTO-
MaTH3UPOBAaTh PabOTy OCHOBHBIX Y3JIOB, CO3/aTh aBTOMAaTH3MPOBAHHYIO CH-
CTeMy OHJIAH aHAJIN3a MMOTOKOB ITOTy4aeMON MPOAYKIIUH U TIOAHATH IPOU3BO-
qutestbHOCTD ¢ 20 Kr/cyTKH Tshkenoi Bobl 10 30.

B paGote aHamM3mpyeTcsi ONBIT SKCILTyaTallud OCHOBHOTO 00OpYIOBaHUS
YCTaHOBKH, TaKOTO KaK: JCKTPOIHU3EP, MPUOOPHI U3MEPEHUSI U KOHTPOJISA pac-
XOJIOB JKMJIKOCTH U Ta3a, HaCOCHOTO o0opynoBanus. PaccMaTpuBaloTcst BOonpo-
Cbl aJanTalid CTaHJAPTHBIX IPOMBIIUICHHBIX PEIICHUH U NPUMEHEHUS
B IpoLieccax OYMCTKH TSDKEIIOH BOJBI OT IPOTHS U TPUTHS, BOIIPOCHI CHIDKCHHUS
BEIOPOCOB TPUTHS W TOTEPh TSDKEIOM BOJABI MPH IKCIUTYyaTaIlid yCTAaHOBKH
3BUO.

EQUIPMENT FOR THE HEAVY WATER ISOTOPE PURIFICATION
FACILITY AT PNPI. OPERATING EXPERIENCE

S D. Bondarenko, I. A. Alekseev, T. V. Vasyanina, O. A. Fedorchenko
NRC «Kurchatov Institute» — PNPI

The paper considers the evolution of the EVIO pilot plant, the stages of
modernization and the reasons for modifying the technological scheme and
equipment. Pilot plant EVIO at the St. Petersburg Institute of Nuclear Physics.
B. P. Konstantinova has been operating since 1995. The EVIO plant uses
CECE technology based on the processes of electrolysis and catalytic isotope
exchange in the water-hydrogen system.

The unit includes an FS-525 electrolyzer, catalytic isotope exchange col-
umns designed and manufactured at the NRC KI — PNPI. The mass transfer
part of the columns consists of a catalyst and a packing. The unit uses a hydro-
phobic platinum catalyst based on a copolymer of divinylbenzene, developed
by D. Mendeleev University of Chemical Technology of Russia and an irregu-
lar hydrophilic packing of a spiral-prismatic type made of stainless steel.

At the EVIO plant, research and experimental production of heavy water
from heavy-water dilute raw materials is carried out, including purification
from tritium to a level of 7600 Bg/kg. Over the years of operation, the installa-
tion has undergone a number of significant changes and improvements that
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have made it possible to automate the operation of the main units, create an
automated system for online analysis of product flows and increase productivi-
ty from 20 kg/day of heavy water to 30.

The paper analyzes the experience of operating the main equipment of the
installation, such as: an electrolytic cell, instruments for measuring and control -
ling liquid and gas flow rates, pumping equipment. The issues of adaptation of
standard industrial solutions for use in the processes of purification of heavy
water from protium and tritium, issues of reducing tritium emissions and losses
of heavy water during the operation of the EVI1O plant are considered.
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Assistant professor at department of physics
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Fundamental studies of the role of nanoscale
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transport (including superpermeability)
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NPAMOM BHYTPEHHU PEIMKJIMHI D/T B TAP C IOMOIIBIO
CBEPXITPOHUITAEMBIX MEMBPAH

E. IO. [lepeoucmos, B. H. Anumos, A. O. Bychiox,
C. P. Kyzenos, A. 1. Jlusuwuy

Cankr-IletepOyprekuii rocy1apcTBEHHBIH YHUBEPCUTET TEIEKOMMYHHUKAINI
um. npod. M. A. bonu-bpyesuua

Ipoxykrom simepHO# peaknuu mexay D n T ssrnsercs He, B xoTopsiit
npeBpalnatoTcs odpasyromuecs o-dacTuipl. Ilockonbpky KoHmeHTpamusi He
B paboueit mrazme TSP He momxna mpesbimaTth 5 %, rasoBas cMech JODKHA
HENPEephIBHO BBIBOJAUTHCS M3 paboueil miuasmsl depe3 auBepTop. Takum obpa-
30M BBIBOJIMMAs M3 30HBI PEAKIMU CMECh coaepkuT numb 5 % He, Torma xak
octansibie 95 % — 310 B OcHOBHOM D/T-TOIHMBO, KOTOpPOE IOIKHO OBITH
ounmeHo or He m npyrux mpumeceil m BO3BpameHO B pabodyio IUIa3Mmy.
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B cnydae mpsMoro BHYTpEeHHEro pelMKiInHra tornusa otaenaeHue D/T or He
U ApYrux mnpuMmeceil W Bo3BpaiieHue ouuniieHnoi D/T oGparHo B pabouyio
IUTa3My IOJDKHO OCYIIECTBIATHCS B 30HE, HEMOCPEICTBEHHO MPUMBIKAIOIICH
K ITUBEPTOPY, MHHYS TPUTHEBBIH 3aBo. [IpsiMoit BHyTpeHHu# permkimuar D/T
IUTAHUPYETCS OCYIIECTBUTh C IMOMOIIBI0 MEMOpaH, CBEPXIPOHUIAEMBIX I
HA/TEIUIOBBIX BOJOPOJHBIX YAaCTHI[ W HEMPOHMIAEMBIX UIS JIFOOBIX HEBOJO-
POIHBIX YAaCTHII ¥ Ta30B, BKIovyas He.

OnHO¥ U3 HAyYHBIX 33134 SBJISETCS MacIITaOMpOBaHUE UCCIICOBAHHM TI0
CEJIEKTUBHON OTKayKe HM30TONOB BOJOPOJA C IOMOIIBIO CBEPXIPOHHIIAEMBIX
mem6Opan (CIIM) u, COOTBETCTBEHHO, NMPOBEJCHHE HKCIICPHUMEHTOB CO CBEPX-
MIPOHUIIAEMBIMH MEMOpaHaMH, CIOCOOHBIMHU ITPOJIEMOHCTPUPOBATH TEXHHUYE-
CKH 3HaYMMBbIE XapaKTEePUCTUKH M MMEIOLUIMMHU KOH(HUTYPaLHIO, COOTBETCTBY-
IOIIYI0 T€OMETPUH NaTpyOKa, yepe3 KOTOPbIH OTKAauMBaeTCsl JUBEPTOP TEPMO-
saepHbIX ycTaHOBOK [1-3]. Takue CIIM nmomxkHbI ObITh 3((HEKTHBHO COMPSDKE-
HBI ¢ 00JAaCThIO0 T€HEpalMi HATEIJIOBBIX BOJOPOTHBIX YAaCTHI[, T.€. MEXKIY
9TOW 00JIACTHIO M BXOJHOHN moBepXxHOCThI0 CIIM moimkHa OBITH HOCTATOYHO
OobmIast CBsI3b, @ IMEHHO 3Ta Takas, 4YTO €€ BaKyyMHas IPOBOJUMOCTE, TOJIXK-
Ha OBITH MHOTO OOJIBINIE, YeM CKOPOCTh T'€HEPALNH HAATEIUIOBBIX BOJOPOIHBIX
YACTHII.

Bropoii 3amadeii SKCIIEpUMEHTANBHOM YCTaHOBKH SIBISIETCSI 0OecredeHre
nccnenoanuii paborsl CIIM B coueTaHnM ¢ pa3iIn4HBIMHU CIIOCOOAMH TeHepa-
LIMM HAJITEIUIOBBIX BOJOPOIHBIX YACTHII, BKJIIOYAsi TEHEPALUIO TEIUIOBBIX aTo-
MOB BOAOpOJa IIyTEM TEPMUYECKOH IHCCOIMALMA MOJIEKYJI Ha HaKaJeHHOU
METaTMYECKOH MOBEPXHOCTH ¥ TeHEPAIMIO aTOMOB U HOHOB BOJIOPO/IA B Ta30-
BOM paspsizie.
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DIRECT INTERNAL RECYCLING OF D/T TO TR USING
SUPERPERMEABLE MEMBRANES

E. Yu. Peredistov, V. N. Alimov, A. O. Busnyuk,
S R. Kuzenov, A. I. Livshits

The Bonch-Bruevich Saint Petersburg State University of Telecommunications

The product of the nuclear reaction between D and T is He, into which the
resulting a-particles are converted. Since the concentration of He in the work-
ing plasma of the TNR should not exceed 5 %, the gas mixture must be contin-
uously removed from the working plasma through a diverter. Thus, the mixture
removed from the reaction zone contains only 5% He, while the remaining
95 % is mainly D/T fuel, which must be purified from He and other impurities
and returned to the working plasma. There is a variant in which D/T will be
separated from He and other impurities in the zone immediately adjacent to the
divertor and the purified D/T will be returned directly to the working plasma,
bypassing the tritium plant. That. direct internal recycling of D/T will be car-
ried out using membranes that are superpermeable to epithermal hydrogen par-
ticles and impermeabl e to any non-hydrogen particles and gases, including He.

One of the scientific tasks isto scale up research on the selective pumping
of hydrogen isotopes using superpermeable membranes (SPMs) and, according-
ly, to conduct experiments with superpermeable membranes capable of demon-
strating technically significant characteristics and having a configuration corre-
sponding to the geometry of the branch pipe through which the diverter of
thermonuclear installations is pumped out [1-3]. Such SPMs must be effective-
ly coupled to the region of generation of suprathermal hydrogen particles,
i. e., between this region and the input surface of the SPM there must be a suf-
ficiently large connection, namely this one such that its vacuum conductivity
must be much greater than the generation rate of epithermal hydrogen particles.

The second task in assembling the experimental setup is to provide re-
search into the operation of the SPM in combination with various methods for
generating suprathermal hydrogen particles, including the generation of thermal
hydrogen atoms by thermal dissociation of molecules on a heated metal surface
and the generation of hydrogen atoms and ions in a gas discharge.



180 Annapamypa u memoobsi uccied08anusl

REFERENCES

1. Livshits A., Sube F., Notkin M., Soloviev M. and Bacal M. Plasma
Driven Suprerpermeation of Hydrogen through Group Va Metals. J. Appl.
Phys. 84. 1998. P. 2558-2564.

2. Livshits A. I., Alimov V. N., Notkin M. E. and Bacal M. Hydrogen su-
perpermeation resistant to sputtering, Appl.Phys.Let. V. 81. N 14. P. 2656—
2658. 2002.

3. Kathage Y. et a. Experimental and simulation progress of a metal foil
pump for fuel separation in the Direct Internal Recycling loop of DEMO, Fus.
Eng. Des. Submitted. 2021.



Equipment and research methods 181

Heanos bopuc Baagumuposuy
Minanmumii HayqHbIH COTPYIHUK
HULL «KypuaToBCKUI1 HHCTUTYT»

r. Mockga, 1. akagemuka Kypuarosa, a. 1
W3zoroms! Bomoposa

lvanov Boris
Junior researcher
Kurchatov Institute
Moscow, Academician Kurchatov sq., 1
Hydrogen isotopes
kapjicohh@gmai.com

OIIEHKA YPOBHSI TOTOBHOCTH TEXHOJIOT Ui
BOCHPOM3BOJACTBA TPUTHUS U OBECHEYEHUS TPUTUEBOM
BE3OINACHOCTH B POCCHUH HA ITPUMEPE
IMPOEKTA JEMO-THH

b. B. Hsanos, C. C. Ananves

HaumonaneHblit ucciaenoBarenbckuil HeHTP «KypuaToBCKUN MHCTUTYT»,
Mocksa

B noknane mpoBeneH aHalW3 CIAEAYIONIMX TEXHOJOTHM TPUTHEBOTO TOII-
ausHoro twkia (TLI): BOCIPOM3BOACTBO TPUTHS B OGIIAHKETE TEPMOSIEPHOTO
peakTopa; MOJyYeHHWe M TOATOTOBKA OpHIEPHBIX MAaTepHAalOB; W3BICUCHHUE
TpUTHA U3 OIIAHKETa; XpaHeHue TpuTHs B cucreMax TLI; obecrneyenus TpuTHe-
BOM 6E30IMaCHOCTH W aHalW3a TpUTHicodepkamuXx Benects. C ydeToM paHee
MOJIYYEHHBIX PE3YNbTaTOB [1], MpoaHAIU3UPOBAHBI BCE TEXHOJIOTHHA CHCTEM
tputreBoro TI[ mpoexkTHpyeMoro ruOpuaHOro (CHHTE3-JEJIEHHE) peakTopa
JIEMO-THH [2, 3].

Jlns aHanm3a TOTOBHOCTH ObLIA MCIIOJI30BAHA METOANKA OLEHKH YPOBHS
TexHooruueckoii roropuoctu (Technology readiness level, TRL). danuas
METOHMKA IIMPOKO UCIIONB3YETCs B POCCHU M MUpE JIJIs OLIEHKH 3PEJIOCTH TEX-
HOJIOTYH, IJIAHMPOBAHKS U OLEHKH PHCKOB MHBECTULUM B HAYKOEMKHMX M TEX-
HOIIOTMYECKHMX cepax. MeToauKa MO3BOJISET, UCHOIb3ys (opMabHBIE MPH-
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3HAaKH CpaBHUBATh DPA3JIMYHbIC TEXHOJOTHMH B LEJIEBOH cdepe MPUMEHCHHS
(B marHOM cityvae B TL] peaktopa JEMO-THH).

B pesysbrate aHanmi3a MOXKHO 3aKJIIOUKTh, 4TO B Poccuu nmeercs 3Ha4u-
TEJIbHBII 3aJ1e]l B pa3invHbIX cepax MPUMEHEHHS! U MCIOJb30BAHUSI TPUTHS,
TPUTHEBBIX M CMEHBIX TEXHOJIOTMH, B YACTHOCTH: MCCJIEJOBAaHbI TPUTHHBOC-
npousBosiie matepuanst (Li, ssrexktuku Li-Pb, LisSiOs, LioTiOs u ap.)
Y METOJIbI U3BJICYCHUS TPUTHS U3 OJaHKETa, pa3paboTaHbl CUCTEMbI JIJIs aHAJIH-
3a TPHUTHs, HAPUMEpP, MACC-CIIEKTPOMETPHUECKOTO aHajiu3a TPUTHEBBIX CMe-
ceil u T. 1. C Opyroi CTOPOHBI, BO3MOXKHOCTH JalIbHEHIIIETO Pa3BUTHS, COBEP-
IIEHCTBOBAHUS M MaclITaOMPOBAHUS TEXHOJIOTHH OrpaHUYEHbl UX CYIIECTBEH-
HO# 3aBHCUMOCTBIO OT MOCTABOK 3apYOE)KHBIX KOMIUICKTYFOLIHX (JIEKTPOHHBIX
KOMIIOHEHTOB, CIICHATbHBIX MATEPUAJIOB, CJI0)KHOTO 000PYIOBAHUS H T. 11.).

Cpenu HamOosiee pa3BUTHIX TEXHOJIOTHH MOKHO BBIJEIHTH IIEpEpabOTKy
TpuTHICOAEpKANMX OTX0A0B W ymaBiuBanus Tputus (TRL 5). K uucny
HavMeHee Pa3BUTHIX TEXHOJOTHUH MOXXHO OTHECTH: H3BIICUCHHE TPUTHS W3
onankera (TRL 3—4) (B Poccun TexHOI0THS OMPoOOBaHa TOJIBKO B J1a00paTop-
HOM MacinTabe) ¥ HEeKOTOphIe TEXHOJIOTHH IS aHAIN3a TPUTH. B HacTosimiee
BpeMsI ypOBEHb T'OTOBHOCTH TexHoJormi tpurueBoro TL[ peaxropa JEMO-
THH B OOMBIIMHCTBE CIy4aeB HE JOCTATOYEH IUI MX YCIIEHIHOTO M Oe3oIac-
HOTO HMCIOJIb30BaHus. Pa3BUTHE 3TUX TEXHOJOTHH BO3MOXHO B HAIPaBICHUH,
COOTBETCTBYIOIIEM MHPOBOMY COCTOSHHIO T'OTOBHOCTH, KOTOpPOE 3a DPEAKHM
UCKJIIOYEHHEM BBIILIE POCCHHCKOTO.

Lenecoobpa3Ho MpOBOANTH PabOTy MO YCHICHUIO MEXAYHApOIHOTO CO-
TpyZHHYECTBA B chepe NIPUMEHEHHUS] TPUTUEBBIX TEXHOJIOTUI B TEPMOSIEPHBIX
HCCIIEJOBAHMSX.

Pabora mnomnepxana HanuoHaNBHBIM —HCCIEIOBATENBCKUM  IIEHTPOM
«Kyp4aToBCKHMIl HHCTUTYT>.
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ASSESSMENT OF THE TECHNOLOGY READINESS LEVEL FOR
TRITIUM PRODUCTION AND TRITIUM SAFETY IN RUSSIA BASED
ON THE DEMO-FNS PROJECT

B. V. lvanov, S. S Ananyev
National Research Center «Kurchatov Institute», Moscow

The report analyzes the following tritium fuel cycle (FC) technologies:
tritium breeding in a fusion blanket; preparation of breeder materials; tritium
extraction from the blanket; tritium storage; tritium safety and analytics. Con-
sidering the previously obtained results [1], all technologies of the tritium FC
systems of the hybrid (fusion-fission) DEMO-FNS reactor project [2, 3] were
analyzed.

To analyze the readiness, the technology readiness level (TRL) assessment
technique was used. TRL method is widely used in Russia and in the world to
assess the maturity of technologies, planning and assessing the risks of invest-
ments in science and technological areas. TRL method allows, using formal
features, to compare different technologies in the target area of application (in
this case, in FC of the DEMO-FNS reactor).

As aresult of the analysis, it can be concluded that in Russiathereisasig-
nificant experience in various applications and usages of tritium, tritium and
related technologies, in particular: tritium-reproducing materials (Li, Li-Pb eu-
tectics, LiaSiOs, LioTiOs, etc.) and methods for extracting tritium from a blan-
ket, systems for the tritium analysis, for example, mass spectrometric analysis
of tritium mixtures, etc. On the other hand, the possibilities for further devel-
opment, improvement and scaling of technologies are limited by their signifi-
cant dependence on the supply of foreign components (electronic components,
special materials and equipment, etc.).

Among the most advanced technologies are the processing of tritium-
containing waste and the tritium capture (TRL 5). The least developed technol-
ogies include extraction of tritium from a blanket (TRL 3-4) (in Russia, the
technology has only been tested on a laboratory scale) and some technologies
for tritium analysis. At present, the level of readiness of the technologies of the
tritium FC for DEMO-FNS reactor in most cases is not sufficient for their suc-
cessful and safe usage. The development of these technologiesis possiblein the
direction corresponding to the world state of readiness, which, with rare excep-
tions, is higher than the Russian one.
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It is expedient to carry out work to strengthen international cooperation in
the field of application of tritium technologies in fusion research.
Thiswork was partly supported by NRC Kurchatov Institute.

REFERENCES
1. lvanov B. et d. PAS Ser. Thermonuclear Fusion. V. 44. N 4. P. 5-24, 2021.

2. Kuteev B. V. et a. Nucl. Fusion. V. 55. N 7. P. 073035. 2015.
3. Azizov E. A. et a. Phys. At. Nucl. V. 79. N 7. P. 1125-1136. 2016.



Equipment and research methods 185

Komuians Baaguciaas Uropesny
Crynenr, 4 kypc OakanaBpuaTa
HUNY «MockoBckuii JHeprerindeckuii MHCTHTYT»,
HUL «KypuaTtoBckuit UncTUTYT»
yan. Kpacaokasapmennas, 14, Mocksa, Poccus, 111250.
ToruIMBHBIN LUK, TEPMOSICPHBIN PEaAKTOP,
rUOpPHUAHBIN PEAKTOP CHHTE3-ENIeHHE, MOJICINPOBAHIE
TOIUTMBHOTO IIHKJIa, U30TOIIbI BOAOPOA, TPUTHUH

Koshlan Vladislav
Student, 4th year of Bachelor's degree
NRU «Moscow Power Engineering Institute»,
NRC «Kurchatov institute»
Krasnokazarmennaya . 14, Moscow, Russia, 111250.
Fud cycle, fusion reactor, fusion-fisson hybrid reactor,
fusion neutron source, hydrogen isotopes, tritium, fue
cyclesimulaion
vkoshlan@yandex.ru

MOJIEJHUPOBAHUE TOIIJIMBHOI'O HUKJIA AEMO-TUH
B. U. Kownanv?, C. C. Ananves?

HNY «MOCKOBCKOI 9HEPreTHYECKUI HHCTHTYT,
yi. Kpacnokazapmennas, 14, Mockga, Poccust, 111250
2HUIL] «KypuaToBCKHil HHCTUTYT,

1. Akagemuka Kypuartosa, 1, Mocksa, Poccust, 123182

Just periieHust 3aqa4M PaCUIMPEHHOTO TMPOM3BOJCTBA HEUTPOHOB TEPMO-
SIIEPHOTO CIEKTPa, HEOOXOMUMBIX Kak sl TPUKIAIHBIX 3384, TaK U JUIsl CTpa-
TErn4ecKuX — JeJIeHus U TpaHcMyTanuu Tsoxensix saep, B HULL «Kypuarosckuit
uHCcTUTYT» ¢ 2007 T Benmercs pa3paboTKa KOHIEIIIUY TEPMOSICPHOTO HCTOYHUKA
ueiitpoHoB (TUH) B Bujie rTHOPUIIHOTO PEaKTOpa, COUETAIOIIETO B cebe siIepHbIe
U TEPMOSICPHBIC TEXHOJIOTHH, Ha OCHOBE MArHUTHOW JIOBYIIKHM THIIA TOKaMak.
B pamkax peanusaipn DenepaibHON MPOrpaMMbl U Pa3BUTHS THOPHIHBIX CH-
crem cunres-genenne (CCJI) B PO nomkHel GbITh co3fanbl ycranoBku THUH-
CT [1] u ZEMO-THH [2] mo 2028 u 2037 T, cooTBeTCTBEHHO [3].
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[Tpn peanmzanmy 3THX IPOEKTOB HEOOXOIMMO Pa3BHBATh CYIIECTBYIOIIHE
TEXHOJIOTUH B HampasieHnu ux npuMmenenus B 'CC/] u B3auMHOI HHTErpanuu.
OT™MeTHM, 9TO pAJ TEXHOJIOTHI Hy)KIAaeTCs B 3HAUUTEIILHOM Pa3BUTHH — B CBSI3H
co crnennuKoi X MpUMeHeHns . K TakuM OTHOCSATCSI TeXHOJIOTHH TepMOsiiep-
Horo torumueHoro mukia (TII), obecreunBaromnme TpeOyeMbie apaMeTph MIIa3-
MBI B CTAaIIHOHAPHOM peXuUMe paboTel. TpeGoBaHMS K MPOU3BOIUTEIFHOCTH CH-
cteM TL nomkHBI OBITH OMPEAEIECHBI B MpoLiecce MOACTUPOBAHUS IOTOKOB KOM-
moHeHTOoB TorutkBa B TL] B pa3nuyHbIX pekuMax paboThl YCTaHOBKH.

st cranmoHapHbIX pexxuMoB padotsl yecranoBok TMH-CT u IEMO-TUH
Ob1IM copMyupoBaHbl TpeboBaHua K cucremaMm TL[ n oueHeHO copepikaHHe
TpuTHs (KaKk HauboJsiee IIEHHOTO0 KOMIIOHEHTa TOIUINBA, MOABEPIKEHHOTO Pajno-
aKTHBHOMY pacmajny) B yctaHoBke (cM. [4, 5]). Mexay TeM, s CLieHapHeB BBO-
Jla yCTAaHOBKH B 3KCIUTyaTalllio M HECTAIIMOHAPHBIX PEXKUMOB PaOOTHI KITIOYEBBIX
cucteM TLI 107KHO OBITH POBEICHO AOTIOIHUTEIFHOE MOICITMPOBAHHE.

B nmoxmane mpesicraBieHa paspaboranHas mojenb TL[ mms momenuposa-
HUS MHaMHUKW HakoruieHust Tputust B cucteMax TL[ TUH c yuerom Tepmo-
SIEPHOTO BBITOPAHMS, paciaaa TpUTHs B cuctemMax T1l u ero BOCIIpOM3BOACTBA
B OmankeTe. B ee 0CHOBE 3aJI05KEH TOIXO0/] «UEPHBIX SMIUKOBY [6], KOTOPBIi He
MTO3BOJISIET YYUTHIBaTh OCOOGHHOCTH Ka)KJOH CHUCTEMBI, OJHAKO, IPH Moa0ope
COOTBETCTBYIOLINX «BpeMEH NpeOBIBaHHUS», 00eCIeYnBaeT JOCTATOYHYIO JI0-
CTOBEPHOCTH MOJIy4aeMbIX pe3ynbTaToB. C UCIONB30BaHUEM CO3JaHHOM Moje-
1M, KoTopast 6asupyercs Ha kKoHuenrtyansHoi cxeme TL] TUH, 6summ nogo6pa-
HBl TIapaMeTpbl MOJEIMPOBaHMS, OOECIICUMBAIONINE XOpOIIee COBIAJCHHUE
C JIMTEPATYPHBIMU JaHHBIMH, MOTy4eHHbIMH KoxoM FC-FNS [7] mns npoekra
JEMO-THH. [Tokazana BO3MOXHOCTb OCYLIECTBJISATh MOJEIMPOBAHUE HECTa-
LMOHAPHBIX PEKUMOB PabOTHI YCTaHOBKH.

Pa6ora momnepxana HUL «KypuaTOBCKUIT HHCTUTYT.
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MODELING OF THE FUEL CYCLE DEMO-FNS
V. |. Koshlan?, S S Ananyev?
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Krasnokazarmennaya st. 14, Moscow, Russia, 111250
2NRC «Kurchatov institute»,

Ak. Kurchatov sg. 1, Moscow, Russia, 123128

To solve the problem of expanded production of neutrons of the thermonu-
clear spectrum, necessary for both applied tasks and for strategic fission and
transmutation of heavy nuclei, the Kurchatov Institute has been developing the
concept of a fusion neutron sources (FNS) in the form of a hybrid reactor com-
bining nuclear and thermonuclear technologies based on magnetic tokamak type
traps. As part of the implementation of the Federal Program and the development
of fusion-fisson hybrid reactor (FFHR), FNS-ST [1] and DEMO-FNS [2] instal-
lations should be created in the Russian Federation until 2028 and 2037, respec-
tively [3].

When implementing these projects, it is necessary to develop existing
technologies in the direction of their application in the FFHR and mutual inte-
gration. It should be noted that a number of technologies need significant de-
velopment due to the specifics of their application. These include thermonucle-
ar fuel cycle (FC) technologies that provide the required plasma parametersin
stationary operation. The performance requirements of the FC systems should
be determined in the process of modeling the flows of fuel components in the
FC in various modes of operation of the installation.
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For stationary modes of operation of FNS-ST and DEMO-FNS installa-
tions, requirements for FC systems were formulated and the content of tritium
(as the most valuable component of fuel subject to radioactive decay) in the
installation was estimated (see [4, 5]). Meanwhile, for scenarios of commis-
sioning of the installation and non-stationary modes of operation of key sys-
tems of the FC, additional modeling should be carried out.

The report presents a developed mode of a FC for modeling the dynamics
of tritium accumulation in FNS FC systems, taking into account thermonuclear
burnout, tritium decay in FC systems and its reproduction in a blanket. It is based
on the «black box» approach [6], which does not alow taking into account the
features of each system, however, when selecting the appropriate «residence
times» it provides sufficient reliability of the results obtained. Using the created
model, which is based on the conceptual scheme of the FNS FC, modeling pa-
rameters were selected that provide a good match with the literature data obtained
by the FC-FNS code [7] for the DEMO-FNS project. The possibility of modeling
non-stationary modes of operation of the ingtallation is shown.

The work was supported by the National Research Center «Kurchatov In-
stitute».
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BBIEOP N30TOITHOI'O COCTABA I'A3A JIUIA UTH)KEKTOPOB
HENTPAJBHBIX TYYKOB KOMIIAKTHOI'O HICTOYHHUKA
TEPMOSIIEPHBIX HEATPOHOB TUH-CT

C. C. Ananves', B. B. Hsanoe', A. FO. [Tuecmposcxuii*, A. C. Kykyuwxun?

IHML «Kyp4aToBCKHit HHCTUTYT», MoCKBa
HUAY «MUDU», Mocksa

Nmxekimst myakoB O6eicTpbix atoMoB (NBI) #30T0moB BoZopo/a B TIa3My
TOKaMaka CYIIECTBEHHO BIHUSET Ha W30TOMHBIM COCTaB IUIa3Mbl U BBIXOJ
Heitponos [1, 2 u ap.]. dus kommakTHeXx TokamakoB FNS-C/FNS-ST Biusaue
COCTaBa IydYKa Ha BBIXOJ HEUTPOHOB Hamboiyiee cymiectBeHHO [3]. IToaTomy
B HacTosimiee Bpems cucteMa NBI paccmarpuBaetcs, kak kitoueBasi TIOJICUCTE-
Ma tommuBHOro nukia (TLI) aast TepMOsSAEPHBIX MCTOYHMKOB HEHTPOHOB Ha
0a3e Tokamaka. COOTBETCTBEHHO, MPOBOMATCS COTJIACOBAHHBIC PAcUETHI TOI-
JMBHBIX TIOTOKOB HM30TOIOB BOJOPOAAa B OCHOBHOW M IHBEPTOPHOH ILIa3Me
u cuctemax TL[ ¢ ucmonp3oBaHreM pa3pabOTaHHONH MOJEIH KOMITBIOTCPHBIM
kogom FC-FNS.

MopaenupoBanue pabouyunx pexuMoB FNS-ST ¢ BBOgOM IOMOIHUTEIBHON
MOIIHOCTH HHKekropamu D+T, D win T momHOCTEI0 6 MBT mi1s1 pasiuyHbIX
3HaYEHUH TUIOTHOCTH OCHOBHOM IUIa3Mbl U KO3 GUIMEeHTOB MU (Hy3un HOHOB
[O3BOJIAET HAMTH TIOTOK HEUTPOHOB (BKIIIOYASI MyYKOBO-IUIA3MEHHBIE PEAKIINH)
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Kak (QYHKIMS JONU TPUTHS B IUIa3Mbl. [IOTOKM KOMIIOHEHTOB TOILTHBA B CH-
cremax TL] ycraHoBku paccunteiBarotcs kogamu SOLPS, ASTRA u FC-FNS
U 00CCICYUBACIOTCS PAa3IMYHBIMH CHCTEMaMHU HHXKCKIIMH — B BHUIC IEJUICT,
My4YKaMH OBICTPBIX aTOMOB U TOJa4cii raza B BAKYyMHYIO Kamepy. Panee ObLIO
NnoKa3aHo [3], YTO MOJNHMTKHA OCHOBHOM IUIA3MBI HEWTPAJbHBIMH Iy4YKaMHU
U HEHUTpPAIbHBIMUA MOTOKAMH M3 IUBEPTOpPA HEAOCTATOYHO IS MOIACPIKAHHUS
HEOOXOIUMOT0 YPOBHS TUIOTHOCTH I1JIa3MBbI.

B paGouem oxHe mapaMeTpoB (IUIOTHOCTH IUIA3MBI Ne M KO3 HUIHEHTA
i dys3un yactun Dfye) Obi1 Halinen D/T coctaB mia3mbl, TP KOTOPOM OKH-
JIae€TCSI MAaKCUMAJbHBIA BBIXOJ HEUTPOHOB. [Toka3aHO, YTO HpH BBIOPAHHOM
noaxozae k apxutekrype TL] [1] (¢ yacTHYHBIM pa3/ieiieHHeM OTBOJMMOTO U3
BaKkyyMHO# kamepsl raza — 2060 %) /i Bcex pacCMOTPEHHBIX PEXUMOB My4-
Ka BBIXOJI HEHTPOHOB OIPaHIMYUBACTCS U30TOIHBIM COCTABOM IUIA3MBbI, KOTOPAs
3aBHCUT OT COCTaBa IUIa3MbI JUBEPTOpA. BBIUT MpemIokeH HOBBIH MOIXOJ
K yNPaBICHUIO W30TOMHBIM COCTABOM IUIA3MbI JMBEPTOPA C MOMOIIBIO HHIKCK-
MY ra3a B BaKYyMHYIO KaMepy, OCHOBAHHBIH Ha pa3iejCHUH H30TOMOB BOIO-
pO/ia BO BCEM MMOTOKE BBIXJIOMHBIX I'a30B, OTKAYMBAEMBIX U3 THBEPTOPA.

Panee Obuio mokasano [3], uro mus D+T mydka HEWTPOHHBIA BBIXOI
4,5-55-10Y 1/c mocTwKuM TIpU IUIOTHOCTH ILIa3Mbl Ne = 7,0-8,5-10%° 1/m°
u Dly. =0,2-0,4—T. e. ipu XOpoIleM yaepKaHWU vacTull B miasme. s D
HydKa HauOOJbIIMI BeIXOA Helitponos 4,5-5,5-10% 1/c mocturaercs B auamna-
30HEe IIOTHOCTEH Ne = 7,0-10,0-10%° 1/m3 npu Dy, = 0,4-0,6. YBenuuenue
BRIXOa HeiftponoB 10 4,5-6,0-10Y 1/c mpomcxomur mis T mydxa 3a cdeT
yYMEHBIIeHUs 10U T B TIIa3MBI, T. €. Ne = 9,0-10,0-10% 1/m® u D/y. = 0,4-0,6.

[pu mpemiaraeMmoM HOBOM mojaxone K apxutekrype TLI (¢ paszmenenuem
BCETr0 Ta30BOr0 MOTOKA, OTKAYWBAEMOTO M3 BaKYYMHOW KaMepbl) HAanOOIBIITH
notok HelTpoHoB (m0 6,5-10Y 1/c) mna T-myuka COOTBETCTBYET OONACTU
GonbIeil WIOTHOCTH U Jiydmiero yaepxkanus (Ne> 8,5-10° M3 u D/y. < 0,4).
[IpuMeHeHHE 3TOTO MOAX0a K YUCTOMY IMydKy D M03BOJISIET YBETHUUTH BBIXO
HeliTponos 0 7,0-10Y 1/c. TIpu 3ToM 0671aCTh MEHbIIEH TJIOTHOCTH U XyJIILIE-
ro yaepxanus (ne < 8,5-10'° M= u D/y. > 0,3) cOOTBETCTBYET CaMbIM BBICOKHM
3HAYEHHSM MMOTOKA HEUTPOHOB.

Heob6xoaumbiit 3anac T Ha miomaake ycraHoBku (B cuctemax TII) mis
T- u D-ny4koB paccyuTtan JJsi PeKUMOB C MAKCHUMAJIbHBIM BBIXOJIOM HEUTpO-
HOB. CymmapHOe kosmdectBOo T2 B TL[ ycTaHOBKH BO BCEX pacCMOTPEHHBIX
ciydasx Haxoautcs B npeaenax 150-250r, HO pacrpenenseTcs Mo CHCTeMaM
TII (Ha miomanke o0bekTa) HepaBHOMepHO. Ontummsarust cuctem TII ¢ 1e-
JIBIO COKpallleHHe 3amacoB T — MEepPCHEeKTHBHAs 3ajada, KOTopas emie He [0
KOHIIA pEelICHa.
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Hanpumep, mpu pasiensHOd momade ra3a B HCTOYHUK HOHOB (T2)
u Heitrpamuzarop (D2) 3amac T B cucTeMe paszeneHUs H30TONOB BOJOPOIA
yBenmuutest 10 160 r (oTHOCHTENBHO BapuaHTa ¢ Tojgadeit T2 BO Bce KOMIIO-
HEHTBI MH)KEKTOPA M YaCTUYHOE pasjelieHue Ui yaajieHus npuMecu D). DT1o
npuBOAMT K yBenudeHuto 3amaca T> B TL[ na 40 r B npezenax pabodero okHa
napaMeTpoB. Mexy TeM Takas IpolLeaypa CHUXKaeT 3anachkl T2 B HHKEKTOpax
B 3 paza. DT0 HEOOXOAMMO YYUTHIBATH NMPH KOMIUIEKCHOM OIIEHKE Pa3IHYHbIX
BapHaHTOB BBIOOpa M30TOIHOTO COCTaBa ra3a B MHKeKTopax. OTMETHM, 4YTO
JUIsL IPUHATHS B3BELICHHOTO PEIICHHUs O pealn3alid TOrO MM MHOTO CLeHa-
pust 3anac T2 B TLl He ABIseTCS €IUHCTBEHHBIM KpuTepHeM. Takke cienyeT
YUYHUTHIBATH IOJCHCTEMBI CO 3HAYMUTEIBHBIM 3amacoM T2, TEXHOJIOTHYECKHE
CIIO)KHOCTH PEATU3aLIU TPUTHEBOH UHKEKIIMH U T. 1.

Pabora wactmuHo moanepxkana Poccuiickum HaydHeIM (hOHAOM (rpaHT
Ne 18-72-10162).
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CHOICE OF GAS ISOTOPE COMPOSITION FOR NEUTRAL BEAM
INJECTORS OF THE FNS-ST COMPACT FUSION
NEUTRON SOURCE

S. S Ananyevt, B. V. Ivanovi, A. Yu. Dnestrovskij?, A. S. Kukushkin®-2

INRC «Kurchatov Institute», Moscow
2NRNU MEPhHI, Moscow

The injection of beams of fast atoms of hydrogen isotopes into the toka-
mak plasma considerably affects the plasma isotopic composition and the neu-
tron yield [1, 2, etc.]. For the FNS-C/FNS-ST compact tokamaks, the effect of
the beam composition on the neutron yield is most significant [3]. Therefore,
the NBI system is considered currently as the key subsystem of the fuel cycle
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(FC) for a tokamak-based fusion neutron sources. Accordingly, the self-
consistent calculations of the fueling hydrogen isotope fluxes in the core and
divertor plasmas and FC systems are performed using the FC-FNS computer
model developed.

Simulation of FNS-ST operating modes with heating by D+T, D or T in-
jectors with 6 MW for various values of the main plasma density and ion diffu-
sion coefficients makes it possible to find the neutron flux (including the beam-
plasma reactions) as a function of the tritium fraction in the plasma core. The
fuel flow components in the facility fuel cycle systems are calculated by the
SOLPS, ASTRA, and FC-FNS codes, being provided by various injection sys-
tems — pellet injectors, fast atom beams, and gas puff into the vacuum chamber.
It was shown [3] that the plasma core fueling by neutral beams and neutral
fluxes from the divertor is not sufficient to maintain the required plasma densi-
ty level.

In the working window of the plasma core density n. and particle to heat
diffusivity ratio D/y., the D/T composition of the plasmais calculated, at which
the maximum neutron yield is expected. It is shown that with the chosen ap-
proach to the fuel cycle architecture [1] (with partial separation of the gas ex-
hausted from the vacuum chamber — 20-60 %), for al considered beam re-
gimes, the neutron yield is limited by the isotopic composition of the plasma
core, which depends on the divertor plasma composition. A new approach is
proposed for controlling the isotopic composition in the divertor plasma using
monoisotopic gas puffing into the vacuum chamber, which relies on the hydro-
gen isotopes separation in the whole exhaust gas flow pumped out from the
divertor.

It was shown [3] that for the D+T beam, the neutron yield of 4.5-5.5-10"7
1/s is achievable at the plasma core density ne=7.0-8.5-10%° /m* and
D/y.=0.2-0.4 — that is, at good particles retention in the plasma. For the D
beam, the highest neutron yield of 4.5-5.5-10% 1/s is achieved in the density
range ne= 7.0-10.0-10%° 1/m3if D/y. = 0.4-0.6. An increase of the neutron yield
to 4.5-6.0-10" 1/s occurs for the T beam by decreasing the T fraction in the
plasma core, that is, ne= 9.0-10.0-10*° 1/m® and D/y. = 0.4-0.6.

For the proposed new approach to the FC architecture (with separation of the
entire gas flow evacuated from the vacuum chamber) the highest neutron flux (up
t0 6.5:10 1/s) for the T beam corresponds to the region of higher density and bet-
ter confinement (ne > 8.5-10% N1 and Dly. < 0.4). Application of this approach to
the pure D beam makes it possible to raise the neutron yield up to 7.0-10Y 1/s. In
this case, the region of lower density and worse confinement (ne < 8.5-10%° n®
u Dly. > 0.3) corresponds to the highest val ues of the neutron flux.
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The required T inventory at the facility site (in the fuel cycle system) for
T and D beams is calculated for the regimes with the maximum neutron yield.
The total T2 amount in the FC of the facility is, in all the cases considered, in
the range of 150-250 g, distributed unevenly among the FC systems (at the
facility site) — see table. FC systems optimization with the goa to reduce the
T inventory is apromising task that is not fully resolved yet.

For example, with separate gas feeds for the ion source (T2) and neutral-
izer (D2), the T inventory in the hydrogen isotope separation system will in-
crease up to 160 g (relative to the variant with T, feed to al injector compo-
nents and partial gas separation to remove the D, impurity). This leads to an
increase of the T inventory in the FC by 40 g within the working window.
Meanwhile, such a procedure reduces the T, inventory in the injectors by a fac-
tor of three. This should be taken into account in comprehensive assessment of
various options for the choice of the isotopic gas composition in the heating
injectors. Note that for making a balanced decision on implementation of a par-
ticular scenario, the T, inventory in the FC is not the only criterion. We should
also take into account several subsystems with significant T, inventory, as well
as technological difficulties in implementing the T-beam injection, operating
the additional heating system and etc.

This work was partially supported by the Russian Science Foundation
(grant Ne 18-72-10162).
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YCTAHOBKA OYHMCTKHU I'A30BOM CPE/JIbI OT TPUTHUA

0. A. Tusukosa, A. A. FOxumuyx, U. I1. Maxcumkun, E. B. Bypsx,
B. B. banyes, P. K. Mycses, A. A. Kuposuwxun,
B. M. Ilepwuna, A. B. Poiicyxuna

Poccuiickuiit @enepanbusiii Anepusiit [lentp — Beepoccuiickuii
HAyYHO-HMCCIICI0BATSIbCKUNA HHCTUTYT SKCIICPUMCHTATBHOMN (pU3HKH
(OTVIT «PDAI-BHUND D)

607188, Poccus, r. Capos Hmkeropoackoit 061., mpocrekt Mupa, 37

Ipu mpoBeneHny pabOT C TPUTHEM OJHWUM W3 OCHOBHBIX SIBISIETCS BOIIPOC
obecrieueHns1 0€30MaCHOCTH: CYIIECTBYET HEOOXOIMMOCTh OYHCTKH paboyeii ra3o-
BOU cMecH (BO3yX MJIM MHEPTHBIH ra3) OT TPUTHSI U MOZIEPIKAHUSI OOIIIEro pajua-
IIMOHHOTO (JOHA B TIpeliesiax perfiaMeHTHpOoBaHHOW HOpMbl. B POAI-BHUND D
JUIL 9TOTO pa3padoTaH s CIEIHATI3UPOBAHHBIX YCTAHOBOK, OCHOBAHHBIX Ha
TIPUHITATIC HAKOTUICHHUS TPUTHS W TPUTHHCOJICPIKAIINX TIpUMeceii (TpuTreBas BO-
J1a) Ha CTICIHATBHBIX COPOCHTAX.

B noknane npencraBieHsl NPUHLMIMAIBHAS CXEMa YCTAHOBKM OYUCTKHU
ra3oBOil cpensl OT TPUTHS W ee KOHCTpyKnusa. OnmcaHbl MPUHINIBL PaOOTHI
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OTACJIBbHBIX Y3JIOB CHUCTCMBI. HpI/IBe,I[CHBI OCHOBHBIC TCXHUYCCKUC XAPAKTCPH-
CTHKH, NOJIYYCHHBIC B XO/1€ HCIBITAaHUH O,I[HOﬁ 13 YCTAaHOBOK.

INSTALLATION FOR GAS MEDIUM PURIFICATION FROM
TRITIUM

O. A. Tivikova, 4. A. Yukhimchuk, 1. P. Maksimkin, E. V. Buryak,
V. V. Baluev, R. K. Musyaev, 4. 4. Kirdyashkin,
V. M. Pershina, 4. V. Ryzhukhina

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»),
Sarov, Nizhny Novgorod region, 607188, Russia

When carrying out work with tritium, one of the main issues is the issue of
ensuring safety: there is a need to purify gas mixture (air or inert gas) from trit-
ium and maintain the general radiation background within the regulated norm.
RFNC-VNIIEF has developed a number of specialized installations based on
the principle of accumulation of tritium and tritium-containing impurities (triti-
um water) on special sorbents.

The report presents the schematic diagram of the installation for gas puri-
fication from tritium and its design. The principles of operation of certain sys-
tem units are described. The main technical characteristics obtained during the
test of one of the installations, are given.
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NCCIEJOBAHHUE N30TOITHBIX D®PEKTOB ITPU
HNCIIOJb30BAHUUA DJIEKTPOXUMHNYECKOI'O
BOAOPOAHOT'O HACOCA

. A. Kyzomun, O. A. @edopuenko, A. A. bpuvix, U. A. Arexcees
HMUILI «KypuaroBckuii uncTUTYT» — [IUAD

IMpororooOMenHble MeMOpanbl (PEM) 00bIYHO HCIIOIB3YIOTCS B DIIEKTPO-
nm3epax BOABI WM TOIUIMBHBIX JJIEMEHTaX B KadeCTBE TBEPAO-TIOIMMEPHBIX
anekTpoutoB (TIID). DiekTpou3ep U TOIUIMBHBIM 3JIEMEHT B COCTABE CHCTE-
MBI <OKHJIKasi BOAa-BOAOpo», Tak ke u3BecTHhI kak CECE mponecc, npen-
CTaBJLIIOT COOOM y37BI OOpalieHus] MOTOKOB: HIDKHUKA M BEPXHUH, COOTBET-
cTBeHHO. [IpoToHOOOMEHHBIE MeMOpaHbI TaKXKe BOCTPEOOBAHBI B JJIEKTPOXU-
MHYECKOM KOMIIPECCOpEe, HCIOIB3YyeMOM Il MOBBIMICHHUS JABJICHUS Ta3000-
Pa3HOTr0 BOJIOPOJIA M €r0 PEIUPKYIISALNHN, HAIPUMEDP MEXKIY TBYMs 0OMCHHBIMU
KOJIOHHAMU TpU OpraHu3alUy JByXTeMIlepaTypHoro mpouecca. [Ipencrasiser
HWHTEpEC ammapar CIIOCOOHBIH 3aMEHHUTh CO00M BEpXHUN W HIKHHN y3e1 o0pa-
[IEHHs MOTOKA (TOIJIMBHBINA 3JIEMEHT U 3JEKTPOJIU3ep), CYIIECTBEHHO YIPO-
cTUB mpotecc (OTCYyTCTBHE MPOOIIEM ¢ KUCIOPOIOM) U CHU3UB DKCILIyaTalu-
onnble 3atpartel CECE ycranoBku. TakuM anmapatoMm B KaKOH-TO Mepe MOMKET
CTaTh JEKTPOXUMHYECKUH BogopoaHbIi Hacoc (DBH). B nmaGoparopun pasne-
nenust u3otonos Bomopoaa B HUIL «Kypuatosckuit uHCTUTYT» — [TSID OBLI
coOpaH 3KcHepuMEeHTaNbHbIN o0pazery OBH, coctosmuii u3 omHON sYeKH
nuamerpom 80 MM. M3ydyeHbI 3JEKTPOXHUMUYECKUE XapaKTEPUCTHKU SUCHKH,



Equipment and research methods 197

a TaroKe MpOoIecC Meperadn MPOTOHOB Yepe3 MeMOpaHy I0 IETOYKe BOJOPOA-
HBIX CBsI3el npH M Hy3HOHHOM NPOTUBOTOKE MOJIEKYJI TSKEJION BOABI.

STUDY OF ISOTOPE EFFECTS USING AN ELECTROCHEMICAL
HYDROGEN PUMP

D. A. Kuzmin, O. A. Fedorchenko, A. A. Bryk, I. A. Alekseev
NRC «Kurchatov Institute» — PNPI

Proton-exchange membranes (PEM) are commonly used in water electro-
lyzers or fuel cells as solid polymer electrolytes (SPE). The electrolyser and the
fuel cell in the «liquid water-hydrogen» system, also known as the CECE pro-
cess, are flow circulation nodes: lower and upper, respectively. Proton ex-
change membranes are al'so in demand in an electrochemical compressor used
to increase the pressure of hydrogen gas and recirculate it, for example, be-
tween two exchange columns when organizing a two-temperature process. Of
interest is an apparatus capable of replacing the upper and lower flow circula-
tion units (fuel cell and electrolyser), significantly simplifying the process (no
problems with oxygen) and reducing the operating costs of the CECE facility.
To some extent, an electrochemical hydrogen pump (EHP) can become such an
apparatus. In the laboratory of hydrogen isotope separation at the National Re-
search Center «Kurchatov Institute» — PNPI, an experimental sample of the
EHP was assembled, consisting of a single cell with a diameter of 80 mm. The
electrochemical characteristics of the cell, as well as the process of transfer of
protons through the membrane along the chain of hydrogen bonds during the
diffusion countercurrent of heavy water molecules, were studied.
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HUCIIBITAHUA SJIEKTPOXUMHUYECKOTI'O BOAOPOJHOI'O
HACOCA C TBEPABIM NIOJIMMEPHBIM 3JIEKTPOJIUTOM
B PA3JIMYHBIX YCJIOBUAX

.. Cnacos*?, H. A. Hsanoea®, P. M. Menwapanoe*, A. A. 3acvinkuna®,
E. A. Cepezuna®, M. B. Cunsaxoe*

IHML «Kyp4aToBCKHil HHCTHTYT», MockBsa, Poccus
HNY «MDPU», Mockga, Poccus

DneKTpoXUMHUYECKUil BogopoaHblii Hacoc (DBH) siBnsieTcs aMeKTpoXUMu-
YECKUM YCTPOHCTBOM, IIO3BOJIIIOLIMM OOecIeunBaTh TPAHCIOPT BOJOPOAA
C aHOJTHOW CTOPOHBI Ha KATOIHYIO C UCTIONB30BAaHIEM IIEKTPUICCKON SHEPTHH.
JlaHHOE YyCTPOHCTBO COCTOUT M3 KaTAIMTUYECKUX CIIOEB, COCTABIIAOIINX OCHO-
By 3J€KTPOJOB, W NPOTOH-TIPOBOJSILIETO 3JIEKTPOJIUTA, PA3ACISIFOIIETO aHOT,
u karoJ. Bomopox moaBoauTcs K aKTHBHBIM IIEHTPAM aHOJHOTO AJICKTPOKATa-
JIM3aTopa, I7ie MPOUCXOMUT €T0 pa3/ielieHHe Ha MPOTOHBI U 3JEKTPOHEI, IPOTO-
HBI B CBOIO OYepe/ib MIPOXOAAT Yepe3 MPOTOH-TIPOBOSMIINI MaTepral K KaToay,
U PEeKOMOWMHUPYIOT C JJIEKTPOHAMHM, NEPEHECEHHBIMH BHEIIHUM HCTOYHHKOM
TOKa, ¢ 00pa3oBaHMEM MOJIEKYJ Bojopona. Takum o0OpazoM, 3¢(HEeKTUBHOCTH
OBH HampsiMyto 3aBHCUT OT aKTHMBHOCTHU 3JE€KTPOKATAIH3aTOPOB U MPOBOIU-
MOCTHU 3JIEKTPOJIUTA. B AeHCTBUTEIBHOCTH, peaKIUH OKUCIIEHHS U BOCCTaHOB-
JICHUs BOIOPOJA B BBICOKOH cTeneHu oOpatumbl B OBH [1], Takum oGpazom
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BKJIaJ MEpPEHANpPSHKCHHsS Ha aHOAC M KaTOAE SBIACTCS HE3HAYUTEIBHBIM,
U HauboJiplliee BIHAHHE HA 3(Q(PEKTHBHOCTh YCTPONUCTBA OKA3hIBACT BEIMYMHA
COTIPOTHBIICHHUSI MaTepHaa 3JeKTpoura [2].

OBH MOKeT yCIenHo MPUMEHSTCS B PA3IMYHBIX CHCTEMAax Kak JUlsl YBEJHU-
YeHHUs TABJICHUS BOJOPO/A, TaK M JUIS €r0 OTYHCTKH OT MPUMECHBIX Ta3oB [3].
K mpeumyiecTBaM JaHHBIX YCTPONCTB MOJKHO OTHECTH BBICOKYIO 3((EKTHB-
HOCTPB C)KATHSI BOJOPO/Ia, BEICOKYIO CTETICHb OYHCTKH M OTCYTCTBHE JBHKYIITUXCS
JacTeil, 1, KaK CJIICTBHE, BO3MOYKHOCTD JOCTIDKEHHS 60Jiee IMTEIBHOTO CPOKa
ciyx0b1. OcHOBHBIM HeocTaTkoM DBH siBisieTcs cuiibHast 3aBUCMMOCTD 3 dek-
THBHOCTH OT MaTepHasa U CBOHCTB IIPOTOH-TIPOBO/SILIETO IEKTPOJIUTA.

Pabora BeImONHEHa mnpH mnoaAepxkke Poccuiickoro HayuHoro (oHna
B pamKkax npoekra Ne 22-29-01367.
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TESTS OF AN ELECTROCHEMICAL HYDROGEN PUMP
WITH A PEM UNDER VARIOUS CONDITIONS
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E. A. Sereginal, M. V. Sinyakov!
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2NRU «M PEIl», Moscow, Russia

An electrochemical hydrogen pump is an electrochemical device that al-
lows hydrogen to be transported from the anode side to the cathode side using
electrical energy. This device consists of catalytic layers that form the basis of
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the electrodes, and a proton-conducting electrolyte that separates the anode and
cathode. Hydrogen is supplied to the active centers of the anode electrocatalyst,
where it is separated into protons and electrons, protons, in turn, pass through
the proton-conducting material to the cathode, and recombine with electrons
transferred by an external current source to form hydrogen molecules. Thus,
electrochemical hydrogen pump the efficiency directly depends on the activity
of electrocatalysts and electrolyte conductivity. In fact, the reactions of hydro-
gen oxidation and reduction are highly reversible in electrochemical hydrogen
pump [1], thus the contribution of the overvoltage at the anode and cathode is
insignificant, and the resistance value of the electrolyte material has the greatest
influence on the efficiency of the device[2].

Electrochemical hydrogen pump can be successfully used in various sys-
tems both to increase the pressure of hydrogen and to purify it from impurity
gases [3]. The advantages of these devices include high efficiency of hydrogen
compression, high degree of purification and absence of moving parts, and, as
a result, the possibility of achieving a longer service life. The main disad-
vantage of electrochemical hydrogen pump is the strong dependence of effi-
ciency on the material and properties of the proton-conducting electrolyte.

This work was supported by the Russian Science Foundation under project
no. 22-29-01367.
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DJIEKTPOKATAJIN3ATOPDBI PEAKHI/Iﬁ BBIAEJIEHUS BOJOPOJA
N KUCJIOPOJA U METO/IbI UX HCCJIEJIOBAHMUS
H. A. Heéanosa', A. A. 3aceinkuna®, P. M. Menwapanog?,
. 1. Cnacos*?, B. H. ®amees*

IHML «KypuaToBCKHii HHCTHTYT», MockBsa, Poccus
HNY «MDPU», Mockga, Poccus

TexHoNoTHs TOJTydeHH s SIEKTPOIM3HOTO BOJIOPO/IA SIBISICTCS] EPCIICKTUB-
HOHM M KOMMepUecKH peann3yemoii B Poccuy 1 mo3Bonut B 0003puMOi neperiek-
THBE 00ECIEYNTh CO3JaHHe KOHKYPEHTHOCIIOCOOHOIO MPOM3BOJICTBA BOJIOPO/A,
Kak s COOCTBEHHBIX HYXK[, Tak W dkcnopra. B Poccun Ha nepuojn 2024—
2035 rr. paccMaTpuBaeTCs LENblii KOMIUIEKC MPOEKTOB MO CO3/aHUI0 MPO-
MBIIUICHHBIX OPEIIPHUATHN TOTyYEHHUS «3EJIEHOT0» U <OKEITOT0» BOJOPO/a.

KiroueBbiM KOMIIOHEHTOM 3jekTpoimsepa ¢ TIID sBuseTcss MeMOpaHHO-
aneKTpoaHbIi 010k (MDB), cocrosmmii U3 IBYX 2JIEKTPOIOB ¢ HAHECEHHBIMHU
KaTajauTHueckuMu ciiosamu, u TIID, cocrasisroniuM 24 % ot o01ieil ctronmo-
CTH 3JIEKTPOJIM3epa M B OOJIbIICH CTENEeHU ONpelessIoMMu 3P PEeKTHBHOCTh
U JIONITOBEYHOCTH paboThl ycTpoiicTBa. Ha aHoze anekTponmsepa MPOUCXOIUT
peakius BBIACICHUS KUCIOpoaa Ha KaTanu3aropax coctasa Ir/IrOz, Ru, a tak-
e UX COCTUHEHMS U Jp. B KauecTBe KaTOMHBIX AIEKTPOKATAIM3aTOPOB peaK-
LUK BBIIEJICHHUST BOJIOPOAA HCIOJB3YIOTCS B OCHOBHOM COCAMHEHUS TUIATHHBI
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KaK B BUJIC YE€PHH, TAK U HAHCCEHHbIC HA PA3IMYHBIC TUIBI NOAI0KKH. OT 3¢h-
(EeKTUBHOCTH JJIEKTPOKATAIN3ATOPA 3aBUCUT CKOPOCTh PEAKIIUH U TPOU3BO/IH-
TENLHOCTD dJekTponu3epa [1]. Takxke B mporiecce dKCIUTyaTalld POUCXOIUT
MOCTETICHHAs JieTpafanus 3JIEKTPOKATAII3aTOPOB, YTO CHHKAET 3(P(PEeKTHB-
HOCThH DIIEKTPOJM3a W TPOU3BOAUTENHHOCTH 10 Bomopoay [2]. CymiectByroT
pa3nYHBIE METO/BI, KOTOPBIC TIO3BOJSIIOT OMPEICTUTh OCHOBHBIE CBOMCTBA
9IIEKTPOKATAIN3ATOPOB. YACIbHYIO aKTHBHYIO MOBEPXHOCTE, AKTHBHOCTb, JIOJITO-
BCYHOCTB, & TAKKE TPE/ICKA3aTh UX BIMSHHE HA 3Q(PEKTUBHOCTD IICKTPOITH3A.

B Hacrosiieli paboTe OyayT pacCMOTPEHBI METOJbI MCCIIETOBAHUS JJIEK-
TPOKATAJIM3aTOPOB Ha MpuMepe 00pasioB coOCTBEHHOro mpou3BojcTea HUIL]
«Kyp4aToBCKUi MHCTUTYT». HHUKIHYECKas BOJHTAMIIEPOMETPHUS, MMIIEIaHCO-
METpHsl, YCKOPEHHOE CTPECC-TECTUPOBAHUE, HCCIACJOBAHUS KHHETHKH METOIOM
BPAILAIOIIETOCs JUCKOBOTO 3JIEKTPOJAA, a TAKKEe MOKA3aHO BJIMSHUE CBOMCTB
JNIEKTPOKATATIH3aTOPOB HA AIIEKTPOXHUMHUYECCKUE XaPAKTEPUCTUKH SIICKTPOIIH3-
HOM sSTUeHKH.

PaGota BbimonmHena mnpu moxaepxkke I'panta Ilpesumenta MK -4120.
2022.1.3.
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ELECTROCATALYSTS FOR HYDROGEN AND OXYGEN
EVOLUTION REACTIONS (HER AND OER) AND THEIR
INVESTIGATION METHODS

N. A. Ivanoval, A. A. Zasypkinal, R. M. Mensharapov?,
D. D. Spasovt?, V. N. Fateev!

INRC «Kurchatov institute», Moscow, Russia
2NRU «M PEIl», Moscow, Russia

The technology for producing electrolytic hydrogen is promising and
commercially feasible in Russia and will allow in the foreseeable future to en-
sure the creation of competitive hydrogen production, both for domestic needs
and for export. In Russia for the period 2024—2035, a scope range of projectsis
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rability of the device. At the an-

ode of the electrolytic cell, the reaction of oxygen evolution takes place on
catalysts of the composition Ir/IrO,, Ru, as well as their compounds, etc. Plati-
num compounds, both in the form of black and deposited on various types of
substrates, are mainly used as cathodic electrocatalysts for the reaction of hy-
drogen evolution. The efficiency of the electrocatalyst determines the reaction
rate and the performance of the electrolyzer [1]. Also, during operation, gradual
degradation of electrocatalysts occurs, which reduces the efficiency of electrol-
ysis and hydrogen productivity [2]. There are various methods to determine the
main properties of electrocatalysts: specific active surface, activity, durability,
aswell asto predict their effect on the electrolysis efficiency.

In this paper, we will consider methods for electrocatalysts investigation
on the samples of our domestic production at the National Research Center
«Kurchatov Institute»: cyclic voltammetry (CV see fig.), electrochemica im-
pedance spectroscopy, accelerated stress testing, rotating disk electrode study,
SEM/PEM, and other. There are also show the influence of the properties of
electrocatalysts on the electrochemical performance of the water electrolysis
cell (WE).

This study was supported by the Grant of the President of the Russian
Federation MK-4120.2022.1.3.
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YCTAHOBKA JJis1 ONPEJEJIEHUS KO®DPUIIMEHTA
TEIJIOIMPOBOAHOCTH INTIOPOLIKOBBIX MATEPHUAJIOB
ITPA BBICOKHUX TEMIIEPATYPAX U TIABJIEHUAX

A. B. XKmyposckuii, E. B. Bypax, P. K. Mycses,
B. B. Tuxonos, A. B. Pvisxcyxuna

Poccuiickuit ®enepansuslii Anepusiii Lientp — Beepoccuiickui
Hay4YHO-HCCIIEI0BATEILCKUI HHCTHTYT SKCIIEPUMEHTAILHON Pr3nku
(OTVYII «PDAL-BHUUDD»)

607188, Poccus, r. CapoB Hmxeroposckoit o6i., mpocriekt Mupa, 37

OnHOlf 13 OCHOBHBIX XapaKTEPHCTUK IIOPUCTBIX Ta30NPOHHIAEMBIX
MaTepuajoB SBIIETCS HX TEIUIONPOBOAHOCTh. OO0JacTh NPUMEHEHHs TaKHX
MaTepuaoB Kak IO JaBJICHUIO Ta30BOM cpeibl Tak M IO TEMIEpaType MOXKET
ObITh JOCTaTOYHO MHMpoKoH. CepuiHO TNPOW3BOAMMOE OOOPYAOBaHHE HE
pPacCUUTaHO IS MOTy4eHUS KO3((GUINEHTOB TEIUIONPOBOJHOCTH IIPU JaBICHUH
rasoB (Bkuiroyast Bogopox) 1o 150 MIla u temneparype no 600 °C. [{ns pewenus
9TOW 3ajaum OblTa pa3paboTaHa M M3TOTOBJICHA YCTAHOBKA II0 ONPEIEICHHIO
KO3 QUIMEHTOB TEIIONPOBOAHOCTH, CIIOCOOHAst pabOTaTh B 3THX YCIOBHUSIX.

B pabore mpencraBieHBl KOHCTPYKIHMSI pa3pabOTaHONH YCTAHOBKH
u onrcaHue ee paboTsl. [lepuBeeHbl pe3ynbTaThl KaTMOPOBOYHBIX UCTIBITAHUN
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YCTaHOBKHW U PE3YJbTAThbl OIIPCACICHUSL KOS(l)I/IL[I/IeHTOB TCIUIOMPOBOAHOYTH
HEKOTOPBIX MATCPHUAJIOB.

INSTALLATION FOR DETERMINING THE THERMAL
CONDUCTIVITY COEFFICIENT OF POWDER MATERIALS
AT HIGH TEMPERATURES AND PRESSURES

A. V. Zhmurovsky, E. V. Buryak, R. K. Musyaev,
V. V. Tikhonov, 4. V. Ryzhukhina

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»),
Sarov, Nizhny Novgorod region, 607188, Russia

One of the main characteristics of porous gas-permeable materials is their
thermal cinductivity. The application of such materials, both in terms of gas
medium pressure and temperature, can be wide enough. Commercially produced
equipment is not designed to obtain therma conductivity coefficients at gas
pressures (including hydrogen) up to 150 MPa and temperature up to 600 °C. To
solve this problem, the instalation for determining thermal conductivity
coefficients capable of operating under these conditions, was developed and
manufactured.

The work presents the design of the developed ingtallation and the
description of its operation. The results of calibration tests of the installation
and the results of determining the thermal conductivity coefficients of some
materials are given.
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YCTAHOBKA JIJIs1 U3YUYEHUS B3AUMOJIEMCTBHUS ILJIA3ZMBI
C MATEPUAJIAMHU HA OCHOBE BU-UCTOYHUKA
I'EJIMKOHHOT'O TUIIA: TEPBBIE PE3YJIbTATBI

Jl. 1. Yepkes, H. O. Cmenanos, C. C. Ananves, A. B. Cnuyvin

Haumonanenblit ucciaenoBarenbckuil HeHTP «KypuaToBCKU HHCTUTYT»,
Mocksa

OpHo#l U3 KIIOYEBBIX 3a/a4 IPU MPOEKTHPOBAHUU U CO3MAaHUH TEPMO-
saepHbix peaktopoB (TSP) sBisiercs BBIOOp MaTepHUANOB AJIsl 3aIUTHI BAKYyM-
HOW KaMephl OT BO3IECHUCTBHS IUIa3Mbl. B KadecTBe 0OpalleHHBIX K IIa3Me Ma-
tepuanoB (OIIM) mns ycranoeku UTOP, kak U3BeCTHO, OBLIM BEIOPAHBI BOJIb-
¢dbpam u OGepwiuii, B To BpeMs kak mist TSP cneayromux moKojaeHud BEpOsITHO
pacmupenne ux nepedns. Jnsg sxcruryaramum OIIM B TSP Heo6xoanmo mpo-
BEJICHHE psa UCCISAOBAaHUN B 00JIACTH B3aWMOJICHCTBHS M30TOIOB BOJOPOIA
B BHUJIE ra3a U IJIa3Mbl C MaTepUalaMy, BBUY PaJUOAKTUBHOCTU TPUTHS, €rO
BBICOKOM IIEHBI U CJIIONKHOCTH €T0 BOCIPOU3BOJCTBA B ycnoBusix TSAP. [Tomo6-
HBIE HUCCIIEIOBAaHHUSI HEOOXOIUMBI MO Psily NPUYUH: JJIsI MUHUMH3ALMHA HAKOII-
nenus Tputuss B OIIM u ero mapasuTHBIX yTeUeK uepe3 KOHCTPYKIIHMOHHBIE
MaTepualsl B TEIUIOHOCUTENIH, ONTUMH3ALUU TOMIMBHOro nukina TAP u xomu-
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YecTBa TPHUTHUS B YCTaHOBKE, OLEHKHU Xu3HeHHOro mukia OIIM u orpaborkm
TEXHOJIOTHH UX JCTPUTHU3ALNH H T. 1.

K nepcrieKTHBHOMY THITy KOMIIAKTHBIX TUIA3MEHHBIX UCTOYHUKOB JUIS HC-
CJIEI0OBaHUs B3aUMOJEICTBUS IIa3Mbl C MaTepuajlaMd MOXXHO OTHectu BY-
HMCTOYHHUKH IUTa3Mbl, B YaCTHOCTH C WHAYKIMOHHBIM Pa3psIoM TeITUKOHHOTO
TUna. JJoCTOMHCTBOM MOJOOHBIX IUIA3MEHHBIX MCTOYHHUKOB SIBIISETCS OTHOCH-
TeNbHAs TPOCTOTA, MACIITA0MPyEMOCTh M KaK CJICACTBHE BO3MOXHOCTH H3Me-
HEHUSI IUIOTHOCTH TUTa3Mbl (HOHHBIX TOKOB) B IIUPOKUX Tpenenax. Takxke BBH-
JIy OTCYTCTBUS SPOAUPYIOUINX B XOJI€ TOPSHHS Pa3psiaa AIEKTPOI0B, BO3MOYKHO
MPOBEICHUE OO0JIee «UHCTBIX» IKCICPUMEHTOB. Y CTAHOBKH MOJOOHOTO THIIA,
HO3BOJIAIOT JOCTUIaTh IIOTHOCTH Ma3Mbl nopsaka 107—10'° m~3 u otnuuaror-
sl KOMITAaKTHOCTBIO.

B nmamHO#t paboTre mpeacTaBICHBI Pe3ybTaThl MPOSKTUPOBAHUSA U CO3/a-
HUsI 1abopaTOpHOU dKcrepuMenTansHoi ycranoBku [TIN-2 [1] Ha ocHoBe BY
(13,56 MI't) wWCTOYHHMKA IUIa3Mbl TEIMKOHHOIO THIIA MOIIHOCTRIO 2 KBrT,
a TaKkKe TPE/ICTaBIeHB! NepBbIe YKCIIEpUMEHTANbHbBIE JaHHbIEe. B paboTte mpu-
BEJICHBI PE3YNbTaThl SKCIEPUMEHTOB C M3MEPEHHEM BEIMYUH MOHHBIX TOKOB,
MOJTyYCHHBIE C TIOMOIIBIO 30HAOB JIeHrMIOpa, B 3aBUCHMOCTH OT BBEICHHOM
BY moiHOCTH, AaBi€HUS W BEIWYMHBI MarHuTHoro mosst. IlonydeHHble pe-
3yNbTATHl MOATBEPKAAI0T BO3MOXHOCTh PaOOTHl HCTOYHHKA IIIa3MbI B OXKHJIA-
€MOM JMana3oHe IIOTHOCTeH noToka uoHos 10%°—10% uonos/(c-M?). B pabote
TaKXKe PacCMOTPEHBI MEPCIICKTUBBI NalbHEHIICH MOJCPHU3AIUN: yBEITHUCHIE
BBOAMMOW BU-MomrHOCTH, CcO3MaHHE MAarHUTHOW (POKYCHPOBKH C IIEIBIO IIO-
BBIIICHUS TUIOTHOCTH TUIA3MEHHOTO MTOTOKA.

Pa6ora BeimonHena npu noanepxxke HUL «KypuaroBckuit HHCTUTYT>.
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HELICON-TYPE RF FACILITY FOR PLASMA-MATERIAL
INTERACTION INVESTIGATION: FIRST RESULTS

D. I. Cherkez, N. O. Sepanov, S. S. Ananyev, A. V. Spitsyn
National Research Center «Kurchatov Institute», Moscow

One of the key tasks in the design and creation of fusion reactors (FR) is
the choice of materials for vacuum chamber from plasma exposure protection.
As is known, tungsten and beryllium were chosen as plasma-facing materials
(PFM) for the ITER facility, while for the next step facilities their list is likely
to be expanded. For the operation of PFM in the FR, it is necessary to conduct
a number of studies in the field of the hydrogen isotopes interaction from gas
and plasma with materials, due to the radioactivity of tritium, its high price and
the complexity of its reproduction in the conditions of the FR. Such studies are
necessary for a number of reasons: to minimize the accumulation of tritium in
the PFM and its parasitic leakage through structural materials into coolants, to
optimize the fuel cycle of the FR and the amount of tritium in the facility, to
assess the life cycle of the PFM and to develop the technology of their detritiza-
tion, and etc.

A promising type of compact plasma sources for studying the interaction
of plasma with materials is RF plasma sources, in particular, with a helicon-
type inductive discharge. The advantage of such plasma sourcesistheir relative
simplicity, scalability and, as a consequence, the possibility of changing the
plasma density (ion currents) over a wide range. Also, due to the absence of
electrodes eroding during the combustion of the discharge, it is possible to con-
duct more «clean» experiments. Installations of such a type make it possible to
achieve a plasma density of the order of 10~10%*° m and are compact.

This paper presents the results of designing and creating a GPI-2 laborato-
ry experimental setup [1] based on an RF (13.56 MHz) helicon-type plasma
source with a power of 2 kW, and also presents the first experimental data. The
paper presents the results of experiments with measuring the values of ion cur-
rents, obtained using Langmuir probes, depending on the input RF power, pres-
sure and magnetic field. The obtained results confirm the possibility of the
plasma source operation in the expected range of ion flux densities ~ 107°—
10% ions/(s-m?). The paper also considers the prospects for further moderniza-
tion: an increase in the input RF power, the creation of magnetic focusing in
order to increase the plasma flux density.
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PABPABOTKA ABTOMATU3UPOBAHHOI'O KOMIIJIEKCA
N N3YYEHUE MPOLHECCOB COPBIIMU/JECOPELIMA BOAOPOJIA
B KOMITIO3UTAX HA OCHOBE METAJUVIMYECKUX T'NJAPUI0OB
N METAJVIOPTAHUYECKHNX KAPKACHBIX CTPYKTYP

B. H. Kyousapos, A. M. Jluoep, I'. B. I'apanun, T. JI. Mypawxuna,
U. C. Caxeéun, B. B. ®eoopos, A. IO. 3apnuywin, H. C. [Iywununa,
P. P. Onvman, H. E. Kypoomos, O. B. Cemeros

ToMcKkuil MONMUTEXHUUECKUA YHUBEPCUTET

H3ydenne mpoueccoB cOpOUMH U IecCOpOIMH BOAOPOAA NPEICTABISET UH-
Tepec VIS Pa3NuyYHbIX (PyHJAMEHTAILHBIX U NPHUKIAIHBIX 3a/1a4. B obmactu Bo-
JOPOIHOMN SHEPTETHKN HEOOXOaUMO pa3pabaThIBaTh M MCIIBITHIBATH MaTepHAIIbI-
HaKOMMTENN BOAOPOAa. B 3TO# cBsi3M, aKTyalbHBIM SIBIsSIETCS pa3paboTka Mpo-
rpaMMHO-aNMapaTHBIX KOMIUIEKCOB /I BBICOKOTOYHOTO OMPENETIECHHs COpOLu-
OHHBIX U JI€COPOIMOHHBIX XapaKTEPUCTHUK 0 BOJOPOLY Pa3IMUHbIX MAaTEPHANIOB,
B TOM YHCJ€ B HOBBIX (DYHKIMOHAJILHBIX MaTepualiax, Kak B Py4HOM, TaK
U B TIOJTHOCTBIO aBTOMAaTHYECKOM PEKMMax MPOBEICHNS NCCIIEI0BAHMS.

KomnexriuBom ToMCKOro nojuTeXHMYECKOTO YHUBEpCUTETa ObLT pa3pado-
TaH aBTOMAaTU3HPOBAaHHBIN KOMIUIEKC [0 U3YYEHUIO B3aUMOJEHCTBUSA BOJOPOJA
¢ MaTepHajaMH ¢ MaKCHMaJbHBIM pabouuM aaBieHueM 50 aTM., TemrepaTyp-
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HBIM JHAIa30HOM OT TeMmmepaTypsl xuakoro azora g0 900 °C, peann3oBaHbI
ABTOMATHYECKHE PEXHMBI OTKauka, Hamyck, PCl-copouus, PCl-mecopOrus.
Anpobanusi pa3paboTaHHOTO KOMILJIEKCA BBIMOIHEHA C MPUMEHEHHEM HHTEp-
mertauindyeckoro coenuHenus LaNis.

Pa3paboTana MeToJuKa MOJYy4YEHHs KOMIIO3UTA Ha OCHOBE THAPHIA Mar-
uust ¢ podasiaenneM MOKC MIL-101. IToka3aHo, 9TO BBICOKOIHEPTETHUECKOE
MEXaHMYEeCKOEe BO3/ICHCTBUE B IUIAHETAPHOI MEJIbHUIIE ITPU COOTHOLICHHUH IIa-
poB k nopoiky 20:1, nponomkurensHocThio 3090 MHH M 1pH 4acToTe Bpa-
nrenus 6apabanos B quanazone 11-18 I'iy npuBOIUT K (POPMHUPOBAHUIO KOMIIO-
3HMTa C PABHOMEPHBIM PACIpEeICHUEM HaHOPa3MEPHBIX YaCTHUIl XpOMa Ha I0-
BEPXHOCTH KPYITHBIX YACTHII THIPHA MATHHS. JHEPTHS aKTUBAIIH JCCOPOIIH
BOJIOPOJA [UTsl KOMITO3UTA HA OCHOBE TUAPHIA MarHHs U METAJIOPTaHUYECKUX
KapKacHbIX cTpykTyp MIL-101, chopMUpOBaHHOTO TIPHU COOTHOIICHUH IIApOB
k nopomiky 20:1, mpogomkuTensHOCThI0 60 MUH M YacToTe BpaieHus Oapaba-
uoB 15 'y, cHikaetcst o cpaBHeHHto ¢ rugpuaom maraus (190 + 2 kJ{x/Moib)
Ha 35 % u cocrapisier 3Hauenne 120 * 2 kJ[x/MoJIb.

PaGoTa BbINOIHEHA NIPH TTOIEPXkKe Poccuiickoro HaydHnoro ¢onza (mpo-
ekt Ne 22-29-01280), a Takke B paMKax MPpOTPaMMBI TIOBBIIICHHST KOHKYPEHTO-
crocoOHocTH TOMCKOTO MOJIUTEXHUYECKOTO YHHBEPCUTETA.

DEVELOPMENT OF THE AUTOMATED COMPLEX AND STUDY
OF HYDROGEN SORPTION/DESORPTION PROCESSES IN
COMPOSITES BASED ON METAL HYDRIDES AND
METALORGANIC FRAMEWORK STRUCTURES

V. N. Kudiiarov, A. M. Lider, G. V. Garanin, T. L. Murashkina,
I. S Sakvin, V. V. Fedorov, A. Yu. Zarnitsin, N. S. Pushilina,
R. R. ElIman, N. E. Kurdyumov, O. V. Semenov

Tomsk Polytechnic University

The study of hydrogen sorption and desorption processes is of interest for
various fundamental and applied problems. In the field of hydrogen energy, itis
necessary to develop and test hydrogen storage materials. The study of the ef-
fectiveness of protection methods is possible by studying and comparing the
processes of hydrogen sorption and desorption by materials before and after
coating/surface modification. In this regard, the development of software and
hardware systems for the high-precision determination of the sorption and de-
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sorption characteristics of hydrogen in various materials, including new func-
tional materials, both in manual and fully automatic research modes is relevant.

The team of Tomsk Polytechnic University has developed the automated
complex for studying the interaction of hydrogen with materials with a maxi-
mum operating pressure of 50 atm., temperature range from liquid nitrogen
temperature to 900 °C, automatic pumping, puffing, PCl-sorption, PCI-
desorption modes have been implemented. Approbation of the developed com-
plex was carried out using the intermetallic compound LaNis.

The method for obtaining composite based on magnesium hydride with the
addition of metal-organic frameworks MIL-101 has been developed. It is
shown that a high-energy mechanical action in a planetary mill with a ratio of
balls to powder of 20:1, a duration of 3090 min and a drum rotation frequency
in the range of 11-18 Hz leads to the formation of a composite with a uniform
distribution of chromium nanoparticles on the surface of large particles of mag-
nesium hydride. The activation energy of hydrogen desorption for a composite
based on magnesium hydride and metal-organic framework structures MIL-
101, formed at a ratio of balls to powder of 20:1, a duration of 60 min and
a drum rotation frequency of 15 Hz, is reduced compared to magnesium hy-
dride (190 + 2 kJymal) by 35 % and is 120 + 2 kJ/moal.

The work was supported by the Russian Science Foundation (project
no. 22-29-01280), as well as within the framework of the program to improve
the competitiveness of Tomsk Polytechnic University.
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OIITUNYECKASA TUATHOCTHUKA CJIOS N30TOITIOB BOJOPOJA
B KPUOT'EHHOM MUILIEHU JJI51 JIASEPHOI'O
TEPMOSJAEPHOI'O CUHTE3A

E. FO. 3apybuna, M. A. Poeoowcuna

Poccuiickuit ®enepanshslii Anepusiiil Lientp — Beepoccuiickuil
HayYHO-HCCIICI0BATEIILCKUI HHCTHTYT SKCIEPUMEHTAILHON Pr3nKu
(OTVYII «PDALI-BHUNDD»)

607188, Poccus, r. CapoB Hmxeroposckoit o0:1., mpocriekt Mupa, 37

IprBeneHBI TPOMEKYTOUHBIC PE3yIBTAaThl PabOTHI HAJl HPOTrPAMMOM ONTH-
9ECKOI TEHEBO! JUArHOCTHKHM CJIOS1 H30TOIOB BOIOPO/iA B KPHOTCHHOM MUIIICHH.
MutiieHp npencTaBisieT coboi chepuyeckyto 000JI0YKY C HAMOPOKEHHBIM Ha €
BHYTPEHHEH MOBEPXHOCTH KPUOTCHHBIM CIIOEM H30TOIOB Bozoposa. Ilepen mo-
CTaHOBKOI MUILIEHU B HaSepHBIﬁ OKCIICPUMEHT 110 3AXKUT'aHUIO HeOGXO}II/IMO Tpo-
BECTH €€ JMArHOCTHKY Ha COOTBETCTBHE TPeOYyEeMbIM MapaMerpam: pasHOTOM-
LIMHHOCTh KPHOCIHIOS JODKHA ObITh MeHee 196, IepoxXoBaTocTh BHYTpPECHHEH
MOBEPXHOCTH KPHOCJIOS B MOJIIMMEPHOH 000104Ke —MeHee 1 mxm [1].

Bbrunciienne reOMeTpHIECKUX MapaMeTPOB KPHOCIOS OCHOBAHO Ha OIIpe-
JICICHAN TIOJIOXKEHHUSI XapaKTePUCTHIECKOTO «IPKOTO KOJBIIA» OTHOCHTEIBHO
Kpast 000JIOUKH HA TEHEBOM H300pakeHHH [2], KOTOpOe MPEICTABICHO Ha PH-
cyHke. [IpOBeIeHO MOCTPOCHHE TEOPETHIECKOW MOMIENH IPOXOXKICHHUS CBETa



214 Annapamypa u memoobvl UcCred08anUs

Yyepe3 ONTHYECKH IPO3PavyHyI0 000JI0UKY C TOILIMBOM, BBITIOJHEHA €€ JKCIIe-
pUMeHTaNbHas npoBepka. [lomydeHa 3aBUCMMOCTb TONIIUHBI KPUOCTOS OT IMO-
JIOKEHHS SPKOTO KOJIbI[a Ha TEHEBOM HM300paKeHUHU M MapaMeTpOB 0OO0JIOUKH.
B Hactosmee Bpems MpoBOIUTCA paboTa HaJl NPOTrpaMMOM aBTOMAaTHYECKOM
JIMarHOCTUKU KPUOCIIOA.
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TeneBoe m300paxkeHHe KPHOTCHHOH MHIIIEHH HEIPSIMOTO 0OIydeHUS
U pe3ynbTaT JUarHOCTUKU

BXOI[HBIC JaHHBbIC HpOFpaMMI)I: JAUaAMETPp U TOJIIHNHA CTCHKH O60.]'IO‘IKI/I,
miar mo yrity, Ha3BaHUs HM300pakeHHs Al oOpaOOTKM W (aiiina ajsl 3amicu
pe3ynbrata. OCHOBHBIE ATAllbl IPOrPAMMBI: BBIICJICHHE TPAHUIl Ha U300pae-
HUU, UTEPATUBHBIN MOUCK BHEIIHEH T'PaHUIBI W IIEHTpa 00OJOUKH; pa3BepTKa
U300paKeHUsI B MOJIAPHBIX KOOPIMHATAX M3 LIEHTPa 000JOYKU; HICHTU(HUKA-
LUl BHEIITHEH TPAHUIBI 000JO0YKH U <SIPKOTO KOJIbIIAa» U3 Pa3BEPHYTOr0 M300-
paKeHHUs; BBIYMCICHHE COOTBETCTBYIOIICH TOJIIMHBI KPUOCIOS. BBIXOAHBIMU
JIAHHBIMH TTPOTPAMMBI, 3aIUCHIBAEMBIME B (haiii, ABISIOTCS MPOGUIH U CIIEKTP
MotHocTH Dypbe BHYTPEHHEH MOBEPXHOCTH KPUOCIOS B IIOCKOCTU JIOKAH-
3alUK U300paKEHHs, CPEIHSS TONIIUHA U PA3HOTOIUHHOCTh KPHUOCIIOS, Ma-
pameTpbl 000JIOUKH.
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[InaHUpyeTCs OLEHUTh MOTPELIHOCTH U TPAHULBI IPUMEHHUMOCTH ONTHYE-
CKOTO METOJa, HCCICAOBATh BO3MOXKHOCTh OLICHKH Pa3MEpOB JIOKAIBHBIX He-
POBHOCTEH, HarpuMep, KaHABOK 0 TPAHUIIAM KPUCTAIIIOB JIbJla H30TOMOB BO-
nopona. Takke HeoOXonuMo pa3paboTaTh METOA M MPOTPaMMy AMATHOCTHUKH
KpHUOCJI0s PCHTTCHOBCKUM METOAOM IJIsI ONITUYCCKHU HETIPO3pavHbIX 000J10Y€eK
U METOJl YaCTUYHON PEKOHCTPYKIMH CJIOSl C HCIOJIb30BaHHEM JBYX Ocei
HaOJroIeHus.

JIMTEPATYPA
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fusion // J. Appl. Phys. 2010. Vol. 108. P. 91-101.
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OPTICAL DIAGNOSTICS OF HYDROGEN ISOTOPES
LAYER IN CRYOGENIC TARGET FOR LASER
THERMONUCLEAR FUSION

E. Yu. Zarubina, M. 4. Rogozhina

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»),
Sarov, Nizhny Novgorod region, 607188, Russia

Intermediate results of work on the program of optical shadow diagnostics
of the hydrogen isotopes layer in the cryogenic target are given. The target is
a spherical shell with a cryogenic layer of hydrogen isotopes that is freezed on
its inner surface. Before putting the target into the laser ignition experiment, it
is necessary to perform its diagnostics for compliance with the required param-
eters: polythickness of cryogenic layer should be less than 1 %, roughness of
inner surface of cryogenic layer in a polymeric shell —lessthan 1 pm[1].

Calculation of geometric parameters of the cryogenic layer is based on the
determination of the position of the «bright ring» characteristic relative to the
shell edge in the shadow image [2], which is shown in figure. A theoretical
model of the passage of light through the optically transparent shell with fuel
was constructed; its experimental verification was performed. A dependence of
the cryogenic layer thickness on the position of the bright ring in the shadow
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image and the parameters of the shell is obtained. Currently, the work on the
program of automatic diagnostics of the cryogenic layer is being performed.
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Shadow image of the cryogenic target of indirect irradiation and the diagnostics result:

HanpasJieHUe passepTku — Sweep direction,

LEHTp — center,

yron —angle,

sipkoe koubio — bright ring,

rpanuiia obonouku — shell border,

criekTp MomHocTH Dypre — Fourier power spectrum,

IJIOTHOCTH MOLIHOCTH (MKM2) — power density (Um2),

TpeGoBanus — requirements,

OTKJIOHEHHE TOJIIHHBI KPHOCIIOs OT cpeaHeit — deviation of cryogenic layer thick-
ness from the average one,

cpenusist Tonaa Kpuocnost = 201 mxm — average thickness of cryogenic layer =
201 pm,

paszHoTOIIUHHOCTH — POlythickness,

orkioHenue (mxm) — deviation (um),

noJsipHbIi yroa (rpagycsr) — polar angle (degrees).
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Program input data: shell wall diameter and thickness, angle spacing, im-
age names for processing and file for recording the result. The main stages of
the program: selection boundaries in the image; iterative search of the outer
boundary and the center of the shell; sweeping the image in polar coordinates
from the shell center; identification of the outer boundary of the shell and the
«bright ring» from the swept image; calculation of the corresponding thickness
of the cryogenic layer. The program output data recorded in the file are the pro-
file and Fourier power spectrum of the inner surface of the cryogenic layer in
the image localization plane, the average thickness and polythickness of the
cryogenic layer, shell parameters.

It is planned to assess the errors and limits of the applicability of the opti-
cal method, to investigate the possibility of estimating the dimensions of local
irregularities, for example, grooves along the boundaries of hydrogen isotopes
ice crystals. It is al'so necessary to develop a method and program for diagnos-
tics of cryogenic layer by X-ray method for optically non-transparent shells and
amethod for partia reconstruction of the layer using two axes of observation.

REFERENCES

1. Kucheev S. O., Hamza A. V. Condensed hydrogen for thermonuclear
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METOJ ®OPMHUPOBAHUSA COEPUYECKOI'O CJI10S1 U30TOITIOB
BOJIOPOJIA B KPHOTEHHOMN MUIIEHHU 1151 JIASEPHOI'O
TEPMOAAEPHOT'O CUHTE3A

M. A. Poeoocuna, E. IO. 3apybuna

Poccuiickuit ®enepanbblii Anepusiiil Lientp — Beepoccuiickuit
HAYYHO-HCCIICIOBATEIECKAN HHCTUTYT SKCIICPUMCHTATBHOHN (pH3HuKH
(OTVIT «PDAI-BHUNDD»)

607188, Poccusi, r. Capos Hmxkeropoackoii 061., npocriekt Mupa, 37
MARogozhina@vniief.ru

Just hopMupoOBaHUsT KPHOTEHHOTO OJHOPOAHOTO MO TOJIIMHE CIOS M30-
TOTIOB BOJIOpOJia B chepruieckoid 000I0UKe UCTIONB3YETCSI METOJ] paaruallbHbBIX
TEMIIEPaTypHBIX I'PaJiueHTOB. [IpuBeneHb! BapUaHThl peanu3aliy 3TOro MeTo-
Jia U pe3ysibTaT dKCIEPUMEHTA M0 (POPMUPOBAHUIO CIIOSI JeHTEepHsl, pa3HOTOI-
IIMHHOCTH KOTOPOTO YIOBJIETBOPSIET 3aJAHHBIM TPEOOBAHIIM.

BakHeWmM 3TarmoM pa3BUTHS COBPEMEHHBIX HCCIICOBaHUI B 00JacTh
nazepHoro tepmosiepaoro cunte3a (JITC) ABNSIOTCS TEXHONOTHH MOTYyYEHHS
KPUOTCHHBIX MuIlleHei. KproreHHas MHIICHb TpeacTaBiseT coboii cdepuue-
CKYI0 00OJIOUKY C KPHOTEHHBIM CIIOEM BOJOPOJHOTO TOILINBA, PACIIOIOKEH-
HYIO B IeHTpe O0Kca-KoHBepTOpa. K KpUOreHHOMY CIIO0 TPEIbSBISIIOTCS BbI-
cokue TpeOOBaHMsS, B YaCTHOCTH, PA3HOTONIIHUHHOCTH CJOSI (OTKJIOHEHUS] OT
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cdepuuHoCcTH) He noypkHA mpeBbimats 1% [1]. [Ins cuMMeTpu3anuu clios uc-
TIOJIB3YETCsl METOJI paIfallbHBIX TeMIIepaTypHBIX TPaANeHTOB. B 3aBncuMocTy ot
BHUJIA TOIUIMBA, WCIIOJIB3yEMOT0 B MHILICHH, PEaM3yeTCs] METO/ BBIPDABHUBAHUS
cnosi: UK-BbipaBHMBaHue mpu paboTe ¢ HepaJHOaKTUBHBIMH M30TONAMH BOJIO-
poma (D2, H2, HD) [2] wmu Gera-BbipaBHUBaHue s ciosi ¢ DT-cmecsio [3].
Peanuzanus MeToa MpeanoiaraeT BBIACPKUBAHUE OO0JIOYKH C BOAOPOTHBIM
TOIUIMBOM B M30TEPMHUYECKHX YCIOBHUIX IPHU TEMIIEpPAaType HUKE TeMIepaTyphl
3aMep3aHus TOIUIMBA. B 3TOM citydae M3-3a OOJIBLIEro BBIIEICHUS TEIia B 00b-
eme ToscToii oomactu DT-ciost ee moBepxHOCTH OyzeT Ooniee Harpera, 4yeM Io-
BEpXHOCTh TOHKOH oOuyiacTH. BermecTBo ciost Oyner ucnapstbest ¢ Oonee Harpe-
TON 00JIacTH, M KOH/ICHCHPOBAThCA B MEHEE HarpeTol 00JacTH Ha OBEPXHOCTH
CJI0s1, KaK 1mokazaHo Ha puc. 1. IIporecc BEIpaBHUBaHMS TOJIIMHEI HMEET IKCIIO-
HEHIMAIBHBIA XapaKTep, IOCKOJbKY IO Mepe BBIPABHHWBAHUS CIJIOS I'PaJIHEHT
TeMIIepaTypbl Ha €ro MOBEPXHOCTH CHIDKaeTcsl. KpnoreHHsli ciiolf B KOHEUHOM
TMOJIOXKEHUX TTPUMET BHJ] OJJHOPOIHOIO TI0 TOJIIUHE CHEPUIECKOTo CJI0sl, HaMO-
POXEHHOTO Ha BHYTPEHHIOIO TTOBEPXHOCTH c(hepruecKor 000I0UKH.

B pesynbTate peanuzanyn MeTo/Ia paJnalibHbIX TEMIIEPATYPHBIX TPaJneH-
TOB JIJIsl HEPAIMOAKTHBHBIX U30TOIMOB BOJOPO/a ObUIN MOJIyYEHBI CIIOW JieiiTe-
PpHst, VIOBIETBOPSIOIINE TPEOOBAHHUSIM PA3HOTOIIIUHHOCTH CJI0s (pHC. 2).

Mero/ moJy4eHHs OJHOPOJHOTO KPHOTEHHOTO CJIOSI C HCIIOJIb30BaHHEM
VK-BbIpaBHUBaHMS MCHONB3YETCs ISl MOTydeHHs1 0a30BBIX 3HAHUH O pu3HUe-
CKOM MeXaHH3Me 00pa30BaHMs KPHOCIIOs BOJIOPOAA, KOHCTPYKIIMH KPHOMHMIIIE-
HH, JITOPUTMAaX MPOBEICHHS SKCIIEPUMEHTOB, TEM CaMbIM CHHIKasi PHCKHU, BO3-
HUKAIOIIHe NPH paboTe C paJHoaKTHBHBIMH BELECTBAMHU.

Puc. 1. [Tpunimn paGoTel MeToqa Puc. 2. KpuorenHsiii cnoit neirepus
paauanbHBIX TEMIIEpaTypHBIX TPaAUCHTOB B chepuueckoif o6omouKe
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Meton VK-BeIpaBHHBaHHUS MOXKET TAKXKe YCIEIIHO MPUMEHATHCS MPH pa-
6otre ¢ TBepapiM DT-tommmBoM B KadectBe ycwieHus 3ddekra Oera-
BBIpaBHUBaHUs (B Ciydae, €CIHM TPUTHII-COMEPIKAIIE CIIOW HE IOIYYHIIHUCH
TpebyeMoii 0JHOPOIHOCTH). Bollee Toro, IMEHHO KOMOUHAIIUS 000MX METOIOB
MOXET 3HAYHUTEJIbHO YBEIUUUTh BEPOSTHOCTD IOJIYYEHHUS] OJHOPOJHOIO KPHO-
TEHHOTO CJIOsI, @ TAK)KE COKPATHUTh BpeMsi JOPMHUPOBAHHUS CIIOS.
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METHOD OF FORMATION OF HYDROGEN ISOTOPES SPHERICAL
LAYER IN THE CRYOGENIC TARGET FOR LASER
THERMONUCLEAR FUSION

M. A. Rogozhina, E. Yu. Zarubina

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics (FSUE «RFNC-VNIIEF»),
Sarov, Nizhny Novgorod region, 607188, Russia
MARogozhina@vniief.ru

To form uniform cryogenic layer of hydrogen isotopes in a spherical shell,
the method of radial temperature gradients is used. Versions of implementation
of this method and the result of experiment on formation of deuterium layer,
polythickness of which meets the specified requirements, are given.

The most important stage of modern research development in the field of
laser thermonuclear fusion (LTS) is the technology for obtaining cryogenic
targets. Cryogenic target is a spherical shell with a cryogenic layer of hydrogen
fuel located in the center of converter-box.

The cryogenic layer is subject to high requirements, in particular, the pol-
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ythickness of the layer (deviation from sphericity) should not exceed 1 % [1].
Method of radial temperature gradients is used for symmetrization of layer.
Depending on the fuel type used in the target, the method of layer alignment is
implemented: |R-alignment when working with non-radioactive isotopes of hy-
drogen (D2, H2, HD) [2] or beta-alignment for the layer with DT-mixture [3].
The implementation of the method involves holding the shell with hydrogen
fuel inisothermal conditions at a temperature below the freezing temperature of
the fuel. In this case, due to greater heat generation in the volume of the thick
region of DT-layer, its surface will be more heated than the surface of a thin
region. The substance of the layer will evaporate from more heated area and
condense in aless heated area on the layer surface, as shown in fig. 1. The pro-
cess of thickness alignment is exponential, as the layer is being aligned the
temperature gradient on its surface decreases. The cryogenic layer in the final
position will take the form of uniform spherical layer freezed on the inner sur-
face of the spherical layer.

As a result of implementation of the method of radial temperature gradi-
ents for hydrogen isotopes, deuterium layers meeting the requirements of the
layer polythickness, have been obtained (fig. 2).

Method for obtaining a uniform cryogenic layer using IR-alignment is
used to obtain basic knowledge about physical mechanism of hydrogen cryo-
genic layer formation, cryogenic target design, experimental algorithms, there-
by reducing the risks arising when working with radioactive substances.

Fig. 1. Principle of work of radial Fig. 2. Cryogenic layer of deuterium
temperature gradients method in the spherical shell

The IR-alignment method can also be successfully used when working
with solid DT-fuel to enhance the effect of beta-alignment (in case, the tritium
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containing layers are not uniform as required). Moreover, it is the combination
of both methods that can significantly increase the probability of uniform cryo-
genic layer, as well as reduce the formation time of the layer.

REFERENCES

1. Kucheev S. O., Hamza A. V. Condensed hydrogen for thermonuclear
fusion // J. Appl. Phys. 2010. Vol. 108. P. 91-101.

2. Bittner D. N., Collins G. W., Mondler E., Letts S. Forming uniform HD
layers in shells using infrared radiation. // Fusion Technology. 1999. Voal. 35.
P. 244.

3. Martin A. J,, Simms R. J., and Jacobs R. B., Vac J. Sci. Technol. A 6.
1885. (1988).



Aiirkynos M. T.
AunekceeB U. A.
Anexkceesa O. K.
Amimos B. H.
Amnannes C. C.
Andpumona T. A.
Acxkep6exos C. K.
AxanHoB A. M.

banyes B. B.
berpamb6exos JI. B.
benosa 10. C.
Bo6sips H. IT.
boiinos U. E.
Bounpapenxo C. .
Bprik A. A.
Byxun A. H.
bypsxk E. B.
Bychiok A. O.
Brictposa O. C.

Bapexxun A. B.
Bacuna 1. A.
Bacsauna T. B.
BepOeuxkuii B. H.
Becenora C. B.
Boponun B. B.
Boponuna T. B.

I'abuc U. E.
lapanunu I'. B.
lacnapsu 10. M.
I'so3nes A. E.
TonyGesa A. B.
Tony6xoB A. H.
['opmuenxo HO. H.
l'openos A. M.
I'paues B. A.
I'pamm C. A.

Aitkulov M. T.
Alekseev I. A.
Alekseeva O. K.
Alimov V. N.
Ananyev S. S.
Anfimova T.
Askerbekov S. K.
Akhanov A. M.

Baluev V. V.
Begrambekov L. B.
Belova Yu. S.
Bobyr N. P.
Boytsov I. E.
Bondarenko S. D.
Bryk A. A.

Bukin A. N.
Buryak E. V.
Busnyuk A. O.
Bystrova O. S.

Varezhkin A.
Vasina A. S.
Vasyanina T. V.
Verbetsky V. N.
Veselova S. V.
Voronin V. V.
Voronina T.

Gabis I. E.
Garanin G. V.
Gasparyan Yu. M.
Gvozdev A. E.
Golubeva A. V.
Golubkov A. N.
Gordienko Yu. N.
Gorelov A. M.
Grachyov V. A.
Grashin S. A.

ABTOPCKHMM YKA3ATEJIb

65

174, 196
150

70, 177

74,162, 181, 185, 189, 206

49, 58
43, 65
65

194

102

131

58, 74, 80, 84
112

174

196

168

194, 204
70, 177
61

159

38

174

139, 142
142

171

67

210

38, 46, 52
104

35, 49,77, 88
124

43

131

61

77



224

Jemumos /1. H.
Jlenucos E.

Juecrposckuii A. 1O.

Hyrun [1. C.
Edumos B. C.
Kmyposckuit A. B.

3abasuH E. B.
3abpoauna O. IO.
3abycos O. O.
3auka 1O. B.
3apunosa M. M.
3apuunpsiH A. 1O.
3apyouna E. 1O.
3aceimkuHa A. A.
3aypbekoBa XK. A.
3axapoB A. M.

HBanos b. B.
HBanoBa H. A.
Hcaenkosa M. I'.

Kasepsuna A. A.
Kasumos M. B.
Kuppsmkun A. A.
Kmmos M. 1O.
Ko3znos [I. A.
Komoga O. B.
Kopob6ues C. B.
Komnans B. U.
Kpar C. A.
Kynusipos B. H.
Kysenos C. P.
Kysemun /1. A.
Kykymkun A. C.
Kynarun B. B.
Kynbcapros T. B.
Kypranckas A. A.
Kypmtomon H. E.
Kypckuii P. A.
Kyrees b. B.

Demidov D.
Denisov E.

Dnestrovskij A. Yu.

Dugin D.
Efimov V. S.
Zhmurovsky A. V.

Zabavin E. V.
Zabrodina O. Yu.
Zabusov O. O.
ZaikaYu. V.
Zaripova M. M.
Zarnitsin A. Yu.
Zarubina E. Yu.
Zasypkina A. A.
Zaurbekova Zh. A.
Zakharov A. M.

lvanov B. V.
Ivanova N. A.
Isaenkova M. G.

Kaverzina A.
Kazimov M. V.
Kirdyashkin A. A.
Klimov M.
Kozlov D. A.
Komova O.V .
Korobtsev S. V.
Koshlan V. .
Krat S. A.
Kudiiarov V. N.
Kuzenov S. R.
Kuzmin D. A.
Kukushkin A. S.
Kulagin V. V.
Kulsartov T. V.
Kurganskaya A. A.
Kurdyumov N. E.
Kurskiy R. A.
Kuteev B. V.

74

32

189

58, 80, 84

52
204

97

97

133

42

52

210

213,218
150, 198, 201
43

102

146, 162, 181, 189
150, 198, 201
52

171

112

194

171

58, 80, 84
116

28

185
38,52
128, 210
70, 177
196

189

46

43, 65
139
128, 210
133
27,162



JIuBiui A. U.
Junep A. M.

Makcumkun U. I1.
Mankos U. JI.
Mapynnu C. A.
Menmapanos P. M.
Murpoxus C. B.
Mosgnaes D. A.
Moxpywmun B. B.
Mornouaes f1. C.
Mypamxkuna T. JI.
Myecses P. K.

Henkuna O.B.

IMTak 10. C.

IlepeBesenuen A. H.

[epenuctos E. 1O.
[lepmnna B. M.
[Tusens B. A.
[Mucapes A. A
[HonoBunkus II. E.
[Moukparos 0. B.
ITomnkos A. C.
IToctHuKOB A. 1O.
[pumsumeH A. C.

[Tpoxopenkos M. A.

[lynrakoB H. A.
Mymumaa H. C.

Poroxuna M. A.
ProkxoB A. B.
PozenkeBuu M. b.
Peoxyxuna A. B.

CaszonoB A. b.
Caksun U. C.
Cenesenes A. A.
Cenesenera A. 1.
Cemenos O. B.
Ceprees A. H.

Ceperuna E. A.

Livshits A. .
Lider A. M.

Maksimkin I. P.
Malkov I. L.
Marunich S. A.
Mensharapov R. M.
Mitrokhin S. V.
Movlaev E. A.
Mokrushin V. V.
Molochaev Ya. S.
Murashkina T. L.
Musyaev R. K.

Netskina O. V.

Pak Yu. S.

Perevezentsev A. N.

Peredistov E. Yu.
Pershina V. M.
Piven’ V. A.
Pisarev A. A.
Polovinkin P. E.
Ponkratov Yu. V.
Popkov A. S.
Postnikov A. Yu.
Prishvitsyn A. S.

Prokhorenkov M. A.

Puntakov N. A.
Pushilina N. S.

Rogozhina M. A.
Ryzhkov A. V.
Rozenkevich M. B.
Ryzhukhina A. V.

Sazonov A. B.
Sakvin 1. S.
Selezenev A. A.
Selezeneva A. D.
Semenov O. V.
Sergeev A. N.

Seregina E. A.

70, 154, 177
210

157, 194

112,124

168

146, 150, 198, 201
126, 136

136

97

77

210

120, 194, 204

116

168

168

70, 177
194

67

38, 52, 123
97

43

38

97

38

126, 136
102
128, 210

213,218
133

58, 168
194, 204

61

210
108
97

210
104
104
198



226

Cunopos H. U.
Cumanos B. A.
Cunskos M. B.
Cucsies A. B.
CxisipoBa H. A.
Comkuna E. B.
Cmacos /1. .
Crunpia A. B.
Cremanos H. O.

Tapacos A. A.
Tepémmn B. A.
Tepémmna 1. C.
Tusuxosa O. A.
Tuxonos B. B.

®dartees B. H.
Denun I1. A.
®enopos B. B.
®denopuenko O. A.
Ddedenora E. A.

XBocros P. I1.

Hapes M. B.
[lapesa U. A.

Yepxes J1. U.
Yykanos A. H.

[aiimepneHos A. A.

[lleBnun E. B.
[Iumanos B. W.
IlIkangsionaa B. B.
xypsirun . M.

Onbmas P. P.

IOxumuyk A. A.

SIkoBeHKO A. A.
Slmemmena A. B.

Sidorov N. I.
Simanov V. A.
Sinyakov M. V.
Sisyaev A. V.
Sklyarova N. A.
Somkina E. V.
Spasov D. D.
Spitsyn A. V.
Stepanov N. O.

Tarasov A. A.
Tereshin V. A.
Tereshina l. S.
Tivikova O. A.
Tikhonov V. V.

Fateev V. N.

Fedin P. A.
Fedorov V. V.
Fedorchenko O. A.
Fefelova E. A.

Khvostov R. P.

Tsarev M. V.
Tsareva l. A.

Cherkez D. I.
Chukanov A. N.

Shaimerdenov A. A.

Shevnin E. V.
Shipalov V. I.
Shkandybina V. V.
Shkurygin D. M.

Elman R. R.

Yukhimchuk A. A.

Yakovenko A. A.
Yalysheva A. V.

67

97

146, 150, 198
97

97

131

150, 198, 201
206

91, 206

131
104
139, 142
194
204

201

84

210
174,196
52

88

97
97

80, 91, 206
104

65
112
67
146
88

128, 210

24,162, 194

104
112



C npuckopbuem coodiaeM, uto 18 urons
2022 rona Ha 82 romy JKHU3HH CKOPOTIOCTHKHO
CKOHYAJICS Halll TOBApHUII M KOJJIera JAOKTOp
¢usnko-mMaTemarnyeckux Hayk lllapamos
Banepuit Muxaitnosuu.

Banepuii MuxaiinoBuu pomuics 26 Ho-
stopst 1940 roga. B 1958 rogy OKOHYMI MIKOJTY
B I'. MOHMHO C 30JI0TOH MeJaibio M MOCTYITHII
Ha ¢usndeckuil pakymbTeT MOCKOBCKOTO Io-
CyJapcTBeHHOro yHusepcutera um. M. B. Jlo-
MoHocoBa. [locie ero okoH4aHHs ¢ Kpac-
HBIM JIUIUIOMOM IIOCTYIIWJI B AaCIUPAHTYpPY
¢usdaxka.

Banepuit MuxaitioBuu Hauyan TpYyJIOBYIO JAesATeNbHOCTh B MHCTUTyTE
¢usnueckoii xumum AH CCCP ¢ 1969 roma. B HameM HWHCTUTYTE WM
3aIUIICHB] KaHAWAATCKas M TOKTOpcKas auccepranuy. OCHOBHBIM HarpaBlie-
HHEM €T0 HAay4YHBIX HCCIIEJOBAaHWHA OBUIO B3aMMOJIEHCTBHE BOJOPOIA C TBEp-
JIIM TEJIOM, B MIEPBYIO 04Yepe/b, IPUMEHHUTENILHO K MPOOIeMaM TEPMOSAEPHOTO
MaTepHaoBeIeHHs. M COBMECTHO C COTPYJHHKAMH JIaOOpaTOPHUH IOBEpX-
HOCTHBIX SIBJICHHUH IIPH HU3KOAHEPTeTHUECKUX BO3ACHCTBHAX OBLI BBHIOJIHEH
0O0JIBIION IIMKI PadOT MO M3YYEHHIO 3aKOHOMEPHOCTEH IPOHMKHOBEHUS BOJIO-
poJia CKBO3b METAJUIMYECKHE CHCTEMBI, HaXOJSIUe B KOHTAKTE C BOJOPOIHOM
1a3Moi. DTH paboThl BHEC/IM Ba)KHBIM BKJIQJ B MOHUMAHUE SIBJICHUS PEIMK-
JIMHTa U30TOIIOB BOJIOPO/A B AKCIICPUMEHTAIBHBIX TEPMOSIEPHBIX YCTAaHOBKAX
1 OBUTM WCHOJB30BaHbl Ul OLCHKH IU((Y3HOHHBIX yTEUeK TPHUTHS CKBO3b
IUTa3MOKOHTAaKTUPYIOIIKE MaTepHaIbl TEPMOSACPHOTO peakTopa-TOKaMaka.

Banepuem MuxaiinosuueM Oblia pazpaboTaHa METOIMKA TIa3MOXUMUYIE-
CKOTO OCaXIEHHUsI OOpOYyIJIEepOAHBIX IJICHOK C HWCIIONB30BaHHEM KapOopaHa.
ITox ero pyKoOBOJICTBOM 3TOT METOJ OBUI HCIIONB30BaH IS OOpOHHU3AINH
KPYITHBIX TEPMOSIICPHBIX YCTAaHOBOK — TOKAMAKOB W CTEJUIApPaTOPOB IS yIyd-
LIEHHs apaMeTPOB TEPMOSIICPHOH IIIa3MBl.

COBMECTHO C COTPYIHHKAMHU OBIIH NPOBENICHBI HCCIICIOBAHUS 110 3aXBaTy
1 HaKOIUICHHIO M30TOIIOB BOAOpOJa B OEpWLUIMM M BOJIb(pame, a Takxke IO
9PO3MH YIIEPOIHBIX MaTepHaIoB IPH TUIA3MEHHOM 00iydyeHHH. B mocnennue
rogs! Banepuit MuxaiinoBud aktuBHO cotpyauudan ¢ MI'Y um. M. B. Jlomo-
HocoBa, MI'TY um. H. 3. baymana u UOD um. A. M. IIpoxoposa PAH mno
MporpamMMe HCCIIeIOBaHNSA KOHCTPYKIIMOHHBIX MaTepHasIoB I MexayHapoI-
HOTO TepMmosiepHoro peaktopa UTOP. B coaBropcTBe M camocTosiTensHO Ba-




nepuem MuxaiiimoBudeM ObUTO omy0rkoBaHO Oosee 110 opurnHaIbHBIX HAYY-
HBIX paboT u 0030poB. B 2022 roxy BeImen 0630p 0 OOPOHHU3AINH TOKOMAKOB
B XKypHaJie «Bonpockl aTOMHOM HayKH U TeXHUKHU. Cepusi: TepMOsSACPHbII CHH-
TE€3», YWICHOM PEAKOJUIETHH KOTOPOTO OH OBUT MHOTHE TO/IBI.

Banepuiit MuxainioBud umell IUPOKUNA Kpyro3op, UHTEPECOBAJICS JINTEPA-
TypOH, >KMBOMHCEIO, TeaTpoM, ¢ororpadueii. Ero cammox «/loBepHuTeIbHBIN
PasroBOP» 3aHsJ IIEPBOE MECTO BO Bcecor3HOM KOHKypCe TIOOUTEIbCKUX (Ho-
torpaduii, mpoBoauBiemcs razeroil «IIpapma» B 1976 romy. Pasnuunsie ¢o-
TOKOMITO3MLMK Banepus MuxainoBiuua HCHONB30BaINCh BO MHOTHX CIEKTaK-
msx Jloma ydeHbBIX AKaJeMHUH HayK, a Takke B COOpPHHKAaxX BOCIIOMHUHAHUH
U CTHXOB €r0 CTyJeHYeCKUX Apy3eid. OH aKTUBHO y4acTBOBAJI B CTYJEHUYECKUX
CTPOUTEJBHBIX OTPAAAX M JI0 MOCIEeIHUX JHEH MOAJEep)KUBaJl CBSI3U CO MHOTH-
MU BBIITyCKHUKaM1 (U3HYECKOT0 (aKyybTeTa.

Banepuit MuxaiinoBnd ObT B 9YHCIIe TEpPBBIX opraHmzaTtopoB ILIIkoms
«B3anmozaelcTBIEe N30TONOB BOIOPO/IAa C KOHCTPYKIIMOHHBIMH MaTepHaIaMu».

Bripaxxaem nckpeHHee co00JIe3HOBaHHME CEMBbE, POACTBEHHHKAM U OJIN3-
KHUM B CBSI3U C TSKEJION yTPaTOH.
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