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HAYYHO-TEXHUYECKAS NOAAEPKKA MTOJIMTUKHN ITPABUTEJIBCTBA KA3AXCTAHA
B OBJIACTU MUPHOI'O NCITIOJIb3OBAHUSA ATOMHOU S9HEPT' U1

BatbipOexos J.I'.

PI'll «Hayuonanwvnotii adepusiii yenmp Pecnyonuku Kazaxcmany, 2. Kypuamos, Kazaxcman

B cratee ocBemena aestenbHOCTs HarmoHansHOTO simepHOro neHtpa PecryOmmkm KasaxctaH B COOTBETCTBHHU C €TO
MHCCHEH — HayYHO-TEXHUIECKOW MOAIEP)KKOM MTOJIUTHKY MTpaBUTENbcTBa Kazaxcrana B 00J1aCTH MUPHOTO MCIOIb30Ba-
HUs aTOMHOHU SHeprun. [1oapoOHO OTpaKeHB! JOCTHXEHUS 10 5 cTpaTernueckuM HalpaBiICHUSAM AeATeIbHOCTH LleHT-
pa: pa3BuTHiO aToMHOM »HepreTukH B PK, pagmannonnoii sxonormu Kaszaxcrana u CUII, momnepikke pekuma Hepac-
MIPOCTPAHEHHUS, Pa3BUTHIO abTEPHATUBHON (BO30OHOBISEMOI) SHEPreTHKH, HHPOPMALIMOHHONW U KaIpOBOH MOAIEPIK-

Ke aTOMHOMW OTpacii.

BBEJIEHUE

OfHUM U3 TTIaBHBIX IPUOPUTETOB BHEIIHEH U BHYT-
peHHel MOJUTHKM HaIIero rocyaapcTBa SBISETCS IO-
CTpOCHHE MHpa, CBOOOJHOTO OT siiepHOTO opyxus. U
cerofnst Kazaxcran 0e3 COMHEHHs SIBISIETCS OJHUM M3
JTUIEPOB B 00IACTH SIIEPHOTO PAa30PYKEHUs, HEpaclpo-
CTpaHEHHs U AAEPHON OE30MaCHOCTH.

[Ipexne Bcero, ctouT oTMETHTH TOT (akT, uto Ka-
3aXCTaH BHEC CYLIECTBEHHBIN BKJIaa B co3naHue B Llen-
TpanbHON A3nu 30HBL, CBOOOJHOH OT SIEPHOTO OPY-
xwust, koraa B 2006 rony B Cemumanatuacke Mexay Ka-
3axctanoM, Kuprusweii, Y30ekucraHoM, TaKHKUCTa-
HOM U TypkMeHHelH ObUI MOIIMCAH COOTBETCTBYFOIIHIA
JIOKYMEHT.

Hama crpana onHol u3 nepBsix cpeau ctpan CHIT
npucoenuHuiIack kK JloroBopy o HepacnpoCTpaHEHUU
SIIEPHOTO OPYKUSL.

A B 2009 rony ¢ tpudynst OOH nmaep nHameit crpa-
uel Hypcynran Abumesny Hazapbaes npemioxun 00b-
SIBUTH 29 aBrycra BecemupHBIM HEM OTKa3a OT SJEpHO-
TO OPYXKHSL.

BaxxHolt HOBOM MHMIMATUBOW ['J1aBbl HaIIEro rocy-
nmapctBa ctan [IpoekT «ATOM», KOTOPBIH MPOIOIIKHI
HOJIUTHKY JOCTIDKEHHS TJI00aIBHOTO SIIEPHOTO Pa3opy-
KCHHS.

[Ipoekt HampaBieH Ha co3jaHHe TII00ANBHON MOJ-
JICpKKH 3amlpeTa UCHBITAaHUS SIEPHOTO OPYXKUS U €ro
TOTaJIbHOTO YHHUTOXEHHUS IO BceMy MHpy. B pamkax
MIPOEKTa JII000H YeNoBeK Ha IUTAHETE MOJKET IOJIIH-
caTbcs MOJ METULMEN KO BCEM JIMJEpaM U IPABUTENBCT-
BaM MHpa C NPU3BIBOM HABCETJa OTKA3aTbCsA OT AJep-
HBIX UCIIBITAHUH.

Ho cambiM nmepBbiM marom Kaszaxcrana, KOTOpBIit
3aJI0KWJI OCHOBY OyZyIneil MONMUTHKK HEPacIpOCTpaHe-
HUSI, CTaJl OTKa3 OT YETBEPTOTO 0 MOITHOCTH SCPHOTO
apcenana B mupe. B 1991 rony Ykazom ['maBel rocy-
nmapctBa Hypcynrana Abumesnua HasapOaesa Obut 3a-
KPBIT caMblii Ooubiol Ha TeppuTopuu ObiBiiero CCCP
CeMunanaTUHCKUI UCIBITATEIBHBIHN SIEPHBIA OJIUIOH.

TpyIHO HEIOOIEHUTh BAXXHOCTh TAKOI'O PEIIEHUS,
kak jus Kazaxcrana, Tak 1 JUIs MEPOBOT'O COOOIIECTBa
B 1enoM. Tem He MeHee, ¢ 3akpbiTueM CHUII Bo3HMKIN
BOIIPOCHI, KOTOpPBIE CIIEIOBANO pElaTh HAIeMy TOrJa

e1e MOJOAOMY TOCyIapcTBY. A HMEHHO:

— TPENCTOsUIO 3aHAThCS JIMKBUIALKEH HHpacTpy-
KTYPBI U TIOCIIEICTBUI UCTIBITAHUHN SIIEPHOTO OPYXKHS;

— Heo0X0IUMO OBLIO MPOBECTH KOHBEPCHIO OBIB-
HIEr0 BOCHHO-NpoMBbIIIIeHHoro komiuiekca CUII u uc-
MOJIb30BaTh €ro HAyYHO-TEXHWYECKHH MOTEHIMAT B
MHUPHBIX IETISIX;

— OCTpO CTOSUT BOIIPOC KOHTPOJISL 32 MPOBEACHHEM
HUCIIBITAHUN SIIEPHOTO OPYKUSl Ha JPYruxX IEHCTBYIO-
IIMUX MOJMTOHAX MUPA;

1, HAaKOHEI, HeoOXoIuMo OBIIO CO3aBaTh HAYY-
HO-TEXHUYECKYIO, TEXHOJOTHYECKYIO0 U KaJpoBYyIO 0azy
JUTS pa3BUTHS aTOMHOM 3HepreTuku B PK.

VImMeHHO 17151 pemeHust 3TUX 3a7a4d Ha 0a3e KOMITIEK-
ca CHII u cOOTBETCTBYIOLIUX HAYYHBIX OpPraHU3alUN U
00bekToB, YkazoM Ilpesunenra or 15 mas 1992 roxa
6611 co3nan HaumonaneHslit sinepusiid neHTp PK.

MuCCHUs U CTPATETHYECKUE HATIPABJIEHUS

JEATEJbHOCTU HAIL PK

Muccua Hayuonanvnozo saoepnozo uenmpa PK
3aKaouaemcea 6 HAYUHO-MEXHUUECKOU noodoepiricke
nonaumuku npasumenscmea Kazaxcmana e obracmu
MUPHO20 UCNOIb306AHUA AMOMHOU IHEPUU, U 04
IMO20 onpedenenvl 5 cmpamezuuecKkux HanpPagIeHuil
Hawieil OeameapbHoCmU.

IlepBoe cTpaTernueckoe HamnpasieHue — «Pa3Burue
aTOMHOM 3HepreTuku B Ka3zaxcrane», mo koropomy
HCCIICIOBAHMS TPOBOISTCS B TOCTATOYHO IMIMPOKOM JIH-
amasoHe: OT JKCIICPUMEHTAJIBHBIX HUCCIICAOBAHHUIA B 00-
JacTi 0E30MACHOCTH aTOMHOM YHEPreTHKH M TEXHHKO-
9KOHOMHYECKUX HCCACIOBAHUMN 110 000CHOBAHUIO CTPO-
utensctBa ADC B Kazaxcrane 70 pa3paboTku u peanu-
3aIlMU Pa3IMYHBIX MHHOBAI[HOHHBIX MTPOCKTOB.

Cnenyer otmetutb, uto HALl PK — enuncTBeHHas B
Kazaxcrane opranusarsi, KOTopas HIMeeT Bce HE00Xo-
JTUMOE JIJIS TIPOBEJICHUS UCCIICIOBAHUI B OOJIACTH aTOM-
HOM YHEPTreTUKU.

Bo-miepBBIX, €CTh CHENHANKCTHI, UMEIOMIHE Cephe3-
HBIH OTBIT B 00JaCTH JKCIUTyaTalllu SACPHO-YHEPTEeTH-
YECKMX yCTAaHOBOK W TPOBEACHUS CIIOKHBIX YHUKAIb-
HBIX BHYTPHUPEAKTOPHBIX SKCIIEPUMEHTOB.

Bo-Bropeix, B HALL PK camas kpymnHas B Kazaxcra-
HE 3KCIepUMEeHTalIbHas 0a3a, KOTOpasi BKIIFOYAET B ceOs
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3 WccremoBaTeNbCKUX SMEPHBIX peakTopa (puc. 1-3),
pa3INuHbIC YHUKAJIbHBIE 3KCIIEPUMEHTAIbHBIE CTEHIBI
1 ycTaHOBKH (puc. 4-5), a Tarke CTPOSIIIMICS B TOI-
nepxky npoexta UTOP ka3axcraHckuil MaTepuanoBes-
yeckuii Tokamak KTM (puc. 6).

Pucynox 3. Hccreoosamenwvcxuii peaxmop UI'P

Pucynok 6. Mamepuanosedueckuii moxkamax KTM
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W3 pecrybOnukaHckoro OromkeTa (DUHAHCHPYIOTCS
JIB€ HAYYHO-TEXHUYECKHE IPOrPaMMBI.

IlepBas 3TO0 HayyHO-TeXHHYECKasl nporpamma «Pas-
BHTHEe aTOMHOW 3HepreTHku B PecmyOimke Kaszax-
CTaH».

Ot0 ocHOBHast OroykerHas nporpamma HALL, B ko-
TOPOH y4acTBYIOT BCE (MBI IPEIIPHUSITHS, a TAKKE
PI'TI S u PT'TI UT'U.

Bropas 0ro/pkeTHas HayYHO-TEXHUYECKas IporpaM-
Ma — 310 «Hay4yHo-TexHHMYeckasi MOJJepP:KKa cOo3/a-
HHS U IKCIUIYaTAMM Ka3aXCTAHCKOI0 TePMOsIIePHO-
ro MaTepuaaoBea4eckoro peakropa Tokamak».

Peanuzanns mpoekra «CTpPOHUTENBCTBO Ka3axXCTaH-
cKoro Marepuanoenueckoro tokamaka KTM» — sto
ocobasi Hama TOPIOCTh. DTOT MPOEKT peaan3yeTcs Mo
nnunmaruse [Ipesunenta PK H.A. HazapbaeBa u B co-
oTBeTcTBHHU C pemnieHueM [IpasurensctBa PK B moxnep-
KKy TpPOTPaMMBlI CO3IAHUS MEXKIYHApPOAHOTO TepMO-
SIIEPHOTO SKCIIepUMeHTalbHOTO peaktopa I TER.

Y>ke yCIenHo NpoBe/ieH NPOOHBIN 3aITyCK TOKaMaKa
KTM, na xotopoMm B BakyymMHO# kamepe KTM Ob11 10-
JiydeH B TeueHne 40 MC IUIa3MEHHBIN IIHYp C MaKCHU-
MaJBHEIM TOKOM 25 KA — «1mepBas mia3May (puc. 7).

Pucynox 7. «Ilepsas naazma» moxamaxa KTM

HHTepec MEXIyHapOIHOTO TEPMOSIIEPHOTO CO00-
mectBa kK TokamMaky KTM odeHb OOJIBINON, O YeM CBHU-
JIETeNIbCTBYIOT MeMopaHaymbl, noanucanusie HAL[ PK
C BEAYIIMMHU HAYYHBIMHU [ICHTPAMH MHUPA, a TAKXKE MPO-
BezieHHe paboT 1o co3nanuio MexayHapoaaoi Koann-
umu [lTonme3oBaTeneit Tokamaka KTM.

Ousnueckuil myck ycraHoBkn KTM mmanupyercs
ocymecTBuTh B 2017 rony, B mpeaaBeprun MeXIyHAPOI-
Hoii BeicTaBku «Acrana DKCITO-2017».

W, yuutsiBasg TEMaTHYECKYH HANPaBICHHOCTb Bbl-
CTaBKH — «DHeprus OyAyIIero», y’e CerogHs IPHHATO
peuienue, 4to Tokamak KTM Oynetr ogHUM U3 TJIaBHBIX
9KCIIOHATOB Ka3aXCTaHCKOT'O MaBUIIbOHA BBHICTaBKU «Ac-
tana DKCIIO-2017».

B nocnenHue roapl HaMETUIICS 3HAUYUTEIbHBIA IIPO-
rpecc B pa3BUTHH HAIIMX HCCACIOBAHUMN B 00acTu Oe3-
OITaCHOCTH aTOMHOW YHEPTETHKH.

B Gosbiieii cTeneHu 3TO CBA3aHO ¢ HOBBIM 3TAIloM B
COTPYAHUYECTBE C ANMOHCKUMH HAYYHBIMH OpTraHU3alu-
SIMU TI0 BOIIpOcaM 0€30MacHOCTH aTOMHOM SHEPIreTHKH,
20-nerue koToporo Mel otMeTHIu B utoHe 2014 rona.

Ha npotsxenun muorux et B HALL PK npoBoasitest
PCaKTOPHBIC U BHEPEAKTOPHBIC IKCIIEPUMEHTHI, ITO3BO-
JUBIIUE TTONYYUTh YHUKAIGHBIC PE3YIIBTATHI 10 Pa3iIid-
HBIM acCIeKTaM W3YYCHUs TKEIBIX aBaphil JIETKOBOI-
HBIX SACPHBIX PEaKTOPOB, B TOM YHCIE IO BOIPOCAM
B3aMMOJICHCTBHS pacillaBa aKTUBHOW 30HBI C OETOHOM,
BOJIOH, THHIIIEM KopITyca peakropa (puc. 8, 9).

Pucynox 9. 3acmuiewiuii pacnias 6 6emonnoil 108yuKe

Ha crenne EAGLE u B peakrope UI'P 651 mpoBe-
JICH pSi/T SKCIEPHUMEHTOB 10 MCCIICI0OBAHUIO BO3MOKHO-
CTH CMATYCHHS TIOCIEICTBUH WM MPEIOTBPALICHHIO
BO3HHUKHOBCHUS l'[OBTOpHOﬁ KPUTUYHOCTU B TCYCHUE
[IOCTYJIMPOBAaHHOW aBapHHU C IJIABJICHUEM aKTUBHOM 30-
HBI JIUISI CO3J]aBaeMOro B Hacrosiiee BpeMsi B SImoHuu
KOMMEPYECKOr0 PeakTopa Ha OBICTPBIX HEMTPOHAX C Ha-
TPUEBBIM TEITIOHOCHTEIIEM.

B pesynbrare 3THX SKCIIEPUMEHTOB Oblia Ipoje-
MOHCTPHPOBaHA BO3MOXKHOCTH MCIIOJIb30BAHUS B aKTHB-
HOW 30HE pa3IMUHBIX CHENUATBHBIX KOHCTPYKIMUH, KO-
TOpBIE TTO3BOJIAT 337aBaTh HAIPABICHHOE (KOHTPOIHPY-
€MOo€) TIepEMEICHNE PAcIUIaBICHHOTO TOIUINBA 3a Mpe-
JIeTIbl aKTUBHOM 30HBI PEaKTOpa BO BPEMsI aBapHH.

B nponomxenue 3tix pador B 2015 roay noanucan
¢ JAEA HoBbiii kouTpakT EAGLE-3 Ha mocnenyromue
TpH Toja.
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Crout ormetuth, uto HAI] PK — onHa u3 HeMHOrux
OpraHM3anii B MUpE, KOTOpas MMEET KOMIICTEHIUU B
00J1aCTH TIPOBEAEHUSI SKCIIEPHUMEHTOB 110 MCCIICIOBAHUS
TsoKenbIX aBapuil Ha ADC ¢ pacIulaBiIeHHeM aKTHBHOM
30HbI. [lonTBEpPIKACHHEM ATOTO SBIISIFOTCS HAIM HOBBIE
KOHTPakThl B O0OCHOBaHHE O€30MACHOCTH ATOMHOM
SHEPreTHKH.

Hauunas ¢ 2012 ronga HALL PK coBmecTHO ¢ KOp1io-
pamueit TOSHIBA u Marubeni US Ltd. Benytes uc-
cienoBanust no mnpoekry CORMIT (Corium and
Refractory Materials Interaction Test — DxcriepumMeHTHI
10 B3aMMOJICHCTBHIO KOPHyMa M KapOCTOMKOTO Mare-
puaia).

Cosmectro ¢ kommanueit Marubeni US Ltd Bexyr-
cs1 pabOTHI B paMKaxX HOBBIX COBMECTHBIX HCCIICOBAHUH
no npoexkty FUKUSHIMA, nanpaBieHHOMY Ha Mojie-
JUPOBaHME U MOCTENyIoNlee H3yUyeHHEe CBOMCTB 3aCThIB-
muX (parMeHTOB paciuiaBa aKTHBHOW 30HBI PEAKTOPOB
ADC Dykycuma-1 (puc. 10).

Pucynox 10. Cneyuanucmor TOSHIBA 3naxomsamcs
¢ pe3ynbmamami IKCHepUMeHma

['on oT roga 3HAYNTENBHO pacuIupsieTcst reorpadus
npoektoB HAII PK.

B 2014 rony nonyuena norosopeHHocTs ¢ Komucca-
pHaTOM IO aTOMHOM SHEPIUH M ajJbTEPHATHBHBIM HCTO-
yaukam (CEA, ®paHums) o COBMECTHOH peanu3aluu
6ospioro npoekra SAIGA B pamMkax co3iaHus peakTo-
pa Ha OblcTphIx HeWTponax ITokonmenust IV c Harpue-
BbIM TeruioHocutenem ASTRID.

Henps npoekra SAIGA — npoBeneHHe dKCIIEPUMEH-
TOB Ha OJKCIIEpUMEHTaIbHON Oa3e HammonamsHOTO
SIIEPHOTO LIEHTpa 71 0OOCHOBAHUS CIIOCOOHOCTH KOH-
CTPYKLIMM aKTUBHOI 30HBI MPOCKTUPYEMOI'0 PEaKTopa
CMSrYaTh MOCJEACTBUS TSDKEJIOW aBapuH peakTopa C
TUTaBJICHHEM TOILIHBA.

HALL PK sBasieTcst y4acTHUKOM MEXKyHapOJIHOTO
KOHCOpILIMyMa OpraHu3aluid mo co3jgaHuio B benbrum
peakropa MYRRHA — mHOrodyHKIMOHANTBEHOTO peak-
TOpa ¢ OBICTPBIM JHEPreTHYECKUM CIIEKTPOM HEHTpo-
HOB, CIIOCOOHOTO paboTaTh KaK MOJKPUTHYECKOM, TaK
B KPUTHYECKOM PEXHMax M 3allyCKAaeMbIH C IMOMOIIBIO
MIPOTOHHOT'O YCKOPHTEIISI.

B pamkax 3TOro KOHCOpIMyMa MBI TaKKE OTBEYACM
3a paboTel O 0OOCHOBaHHMIO 0E30MAaCHOCTH peaKkTopa
MYRRHA B Tspxensix aBapusx u B 2015 roxy yxe Ha-
YaJu NpeJBapUTeNIbHOE KOHLENTYaIbHOE MPOEKTHPOBa-

HHE SKCIEPHUMEHTAIBHBIX YCTPOHCTB IUISi HPOBEICHUS
BHYTPUPEAKTOPHBIX 3KCIIEPUMEHTOB.

Heo0xoanmMo OTMETHTH, YTO TaKXKE B paMKax Iep-
BOT'0 CTPAaTETHYEeCKOT0 HAIIPaBJICHHUSA B HACTOSIEE Bpe-
ms1 HALL PK pa3paGatbeiBaer npoekr 1o co3nanuio Pec-
My0JIMKAHCKOI0 LeHTPa 110 nepepadoTKe U JJIUTeEIb-
HOMY XPAHEHHIO PATHOAKTHBHBIX 0TX0/10B.

[TpoekT BKiIIOYaET co3naHue OONblLIepasMEepHON pa-
JuanuoHHo-3ammTHOW kameps! (P3K), mpoun3BoacTBeH-
HBIX KOMITJIEKCOB T10 ITepepaboTKe U KOMITAKTHPOBAHHIO
TBepAbIX U unknx PAO, nx nMMoOMIM3aIym, MOIHO-
CTel 110 M3TOTOBJICHUIO 3AIUTHBIX KOHTEHHEPOB U MpO-
M3BOJICTBEHHBIX IUIOMIACH VI JUINTEIBHOTO XPaHEHUS
PAO (puc. 11), noaroToBIEHHBIX K 3aXOPOHEHHIO.

Pucynox 11. /leticmsytowee xpanunruwe AMUU
na KUP «batixan-1»

Bropoe crparternyeckoe HampapiieHWE Haliei nes-
TenbHOCTH — «Pagnanunonnas sxoJorusa Ka3zaxcrana
u CHUID».

ITocne obperenust HezaBucumoctn Pecrybnuke Ka-
3aXCTaH HYXHO OBUIO pemarh MpoOJeMbl, CBSI3aHHBIC C
peabunuTanyeil MeCT MPOBEACHNUS SIIEPHBIX UCTIBITAHUH
(CHUII, Asrmp, Jlupa, «MupHBIe» SACpHBIC B3PHIBBI), a
TaKke HE0OXOJIUMOCTBIO O0ECIeUYeHUs SIepHOil U pa-
IHMAIMOHHOKM Oe3omacHOCTH HacejaeHus. Crenuanucra-
mu HSILL PK BeimonHsieTcss OOJBIION KOMILICKC padoT,
HayMHas OT Pa3pabOTKH MPOEKTOB UCCIIEJOBAHMS, C 110-
CJICIYIOIMM IPOBEJCHUEM pabOT MO ONpENeTICHUI0 U
JeTIN3aMY paJialliOHHON 00CTaHOBKH, peMeIraiium
TEpPUTOPUH, U3BATHIO U Oe3omacHoil mepeBo3ku PAO,
JI0 pa3MEeIICHNUs UX B XPaHIIHIIAX.

st pemnenns nocrasnensbix 3anad HAL] PK pacno-
JaraeT Kak COBPEMEHHBIM amnapaTypHO-aHaIUTHYEC-
KM 00OpyIOBaHUEM, TaK M BHICOKOKBAIM(HUIIMPOBAH-
HBIMHU COTpYyIHUKamH (puc. 12).

Ceronus CHUII u3 ucTouyHNKa BOGHHON YrpO3bl CTaI
00BEKTOM HAYIHBIX HCCIIETOBAHUH.

B rteuenue mnocnennux 7 ner HALl PK ycmemno
NPOBOJIUT 34€Ch KOMIUIEKCHBIE PaJNO0IKOJIOINYECKUE
UCCJIEJIOBaHMs, KOTOPBIE MO3BOJISIT JOCTOBEPHO TOBO-
pUTH 00 YpOBHE 3arps3HEHHH HCCIEAYyeMbIX TEPPHTO-
puii. O6cnenoBano yxe 6onee 50% TeppuUTOPUH TOIH-
TOHA, TIPOBEJCHO Ooyiee 2 MIIH. TIOJEBBIX M3MEPEHUN U
6onee 100 TrIC. TabOpaTOPHBIX HccinenoBanuil (puc.13).
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Pucynox 12. Cospemennoe obopyoosanue
0N151 Macc-CneKmpomMempuy

Pucynok 13. Mobunshvie nabopamopuu paouayuonHo2o
KOHMpOJis

B pesynbraTe pa3nuuHBIX 00CIEIOBaHUI MOIyuYeH
OoutbIIol 00beM MH(GOPMAIMKA OTHOCHTENIFHO TEKYILEH
panuanmonHoit oocranoBku Ha CUIT n npuneraronmx x
HEMY TEppPHUTOPHSAX. BBIABIECHB! OCHOBHBIC YYAaCTKH pa-
JMOaKTUBHOTO 3arps3HEHMs, OMNPEIEICHBl OCHOBHBIC
IyTH ¥ MEXaHW3MBI TEKYIIEro W MOTEHIHAIBHOTO pac-
MIPOCTPAHEHUS] PAJNOAKTHBHBIX BEIIECTB. BBIMONHEHEI
paboTHl IO COOpPYKEHHIO (PH3MUECKUX OaphepoB, Ipe-
JOTBPAIAOIINX JOCTYIl K OTXOAaM SIAEPHON JesiTeNb-
HOCTH, HaXO/SIIIIMCS Ha OT/IEJIbHBIX y4acTKaX HCIbITa-
TeIbHBIX Tomanok oemBmero CUIT. O6cnenosano 95%
MECT IPOBEACHUS SJCPHBIX B3PHIBOB M 00eCIICUeH pery-
JISIPHBIA KOHTPOJIb O0BEKTOB M TEPPUTOPHH, MOTEHIIN-
JIBHO TIO/IBEPXKEHHBIX MX BIMSAHUIO. Kpome Toro, mpo-
BEZICHBI PaJIMOJIOTHIECKHIE MCCIECAOBaHUS YacTH Teppu-
Topuii Maiickoro, basHaynsckoro, JleOspkeHCKOTO,
Abaiickoro, beckaparaiickoro, AKTOraiiCKoro paiioHOB,
npuieratormmx k CUIL.

[Tomy4eHHbIe AaHHBIE MO3BOJSIIOT CHENaTh BBIBOJ,
YTO B HACTOSAIIEE BPEMS, MOCIEIACTBUS SACPHBIX HCIIBI-
TaHUN HE OKa3bIBAIOT HETaTUBHOI'O BIIMSHUS Ha OKpY-
KAOLIYI0 Cpely U 370pOBbE JIFO/EH, TPOKUBAIONINX Ha
MIPUJIETAOIINX TEPPUTOPHAX. BMecTe ¢ TeM, paauosko-
JIOTHYecKasi 0OCTaHOBKa HE SIBJISCTCS CTaOMIIBLHOM, BbI-
SIBJICHBI TIPOLIECCHI MUTPALIUH PAJMOaKTUBHBIX BEILECTB,
YTO BBI3BIBAET HEOOXOANMOCTD MIPOBEJCHUS PETYJIISIPHO-
IO MOHUTOPHHTA paMalliOHHOMN CUTYaIl1H.

Hapsiny c¢ wuccnenoBaTesnbcKO — JIESTENBHOCTBIO,
HAIl PK mpoBoaWT MpakTHYECKHE MEpONPHSTHS II0
YIY4IICHUIO paauanuoHHoii obcraHoBku na CUIL. B
4acTHOCTH, pabOThl 110 peMeAualuu Hauboliee pajua-
IIUOHHO-0nacHbIX 00bekTOB CUII (prc. 14).
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Pucynok 14. Pemeouayus paouayuoHHo-0nacHvlx 00beKmos

Tem He menee, Ha CUII umeroTcss Mecta, Ha KOTO-
PBIX peMeauaIisi IpOBOAUTHCS HE OyIeT, T.K. OHa HKO-
HOMHYECKH HerlenecooOpasHa. Ha manHbIX TeppuTopu-
SIX TIPEAIOoJaraeTcs MpoBEACHHUE YaCTHYHOW peMeIra-
LUK 1 BO3BeleHne (HU3NUECKUX 0apbepoB, OrpaHUYHBa-
IOIIUX TOCTYTI K HUM HaceJeHUs U )KUBOTHBIX.

B Crpareruro HALL PK BXxoauT MakcUMalbHO TMOJ-
HOE HCIIONIb30BaHNE BCEH TEPPUTOPHHU MTOJUTOHA, BKIIIO-
Yas ero 3arps3HeHHbIe ydacTku. 1 Hanboee BHITOTHBIM
MIPUMEHEHHEM JIaHHBIX 3EMellb SIBJISIETCS, HarpuMmep,
CTPOUTEIBCTBO TOJMTOHOB YTHJIM3ALMH OTXO/OB IPO-
MBIIIJICHHOTO IPOW3BOJICTBA, a HanboJee Mmoaxoasmeit
sBIsIeTCS TUTomanka «baraman». [maBHEIM mpenmyIe-
CTBOM JJaHHOH TUIOIIAKH SIBJISIETCS HAJIMYUE BOJIOYIIOP-
HBIX TJIMH, MOIITHOCTH KOTOPBIX B IIEHTPAIIEHON M BOCTO-
YHON YacTsAX IUIOMmanku gocturaet 90 M, KOTopble Ha-
JIEKHO MEPEKPHIBAIOT PETMOHAJIBHBIN BOJOHOCHBIM TO-
PH30HT.

B 2014 roxy HamMu GBUIO OCYIIECTBICHO CTPOUTEIb-
CTBO MOJHMIOHAa MPOMBIIUIEHHBIX 0TX0M0B 111 TOO
«Kazuunk». Beero 3a onuH roj ObUTM MPOBEIEHBI KOM-
IUIEKCHBIE PaJIMO’KOIOTUYECKHE HCCIIeIOBaHHSI, BbIBE-
JICHBI 3€MJIM M3 3eMellb 3araca, IpoBe/ICHbI BCE TOAro-
TOBUTEJILHBIE I CTPOUTEIHHO-MOHTAXKHBIE paOOTHI.

OTO OJIMH M3 COLMATbHO-3HAYNMBIX IPOEKTOB. Benb
3eMJIM, KOTOphIE HUKOTA Ja)Xe He TUIAHUPOBAINCH HC-
TIOJTE30BaTh, YK€ MPUHOCAT PEAbHYIO IONB3Y HAIIeMy
rocynapcTBy. PaboTsl Mo comepikaHUIO M IKCIUTyaTa-
nuu Ilonurona Ha nosnurone npoogarcs cunamu HALL
PK.

Hpyroit BaxusIil 11 sxonorun Kasaxcrana mpoexT
— CTPOMTENILCTBO KOMILJIEKCA MO TIepepadoTKe U 3aX0po-
HEHHIO TOKCHYHBIX MPOMBIIUIEHHBIX OTXO/0B.

CUII He equHCTBEHHBIH OOBEKT MPHUCTAIBHOTO BHU-
manus, crieuuanuctsl HALL PK npoBonsT koMiuieke pa-
00T, HampaBJICHHBIX Ha oOecIieueHHEe paJraliOHHOM
6e3omacHocTyu 1o Beell PeciryOuinke, rie B CHIIy pa3HbIX
MpUYUH (B OCHOBHOM CBs3aHHBIX ¢ HacienueM CCCP)
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JI0 CHX TIOp MMEIOTCS pajlaliOHHO-OIACHBIE OOBEKTHI.
HAILL B 3TOM miiaHe sIBJISIETCS YHUKAJIbHOW CTPYKTYpO,
KOTOpasi UIMEET BCE BO3MOXKHOCTH IO MX 0O€30mMacHOM
JIMKBHJIALIMH.

bonbiioe 3HaYeHUe Hallle TOCYAapCTBO YAEISET 3/10-
POBBIO JIFOZIEH, KOTOpble B CHIY pPa3UYHBIX NPHUYMH,
OBUTH TTOJIBEPIKEHBI PaJHAIH.

Crermmamucramu HALL PK Bexytcs paGothl mo pe-
KOHCTPYKIIMH JI030BBIX HAarpy30K HaceleHHs HE TOJIBKO
it CUIL, HO W mpyrux paiioHOB (ABTHPCKOTO) s
OIICHKH TIOCIICICTBUH SAepHBIX HcbITaHmid. C 3TOi Ie-
JBIO TIPOBOJSITCS KOMIUICKCHBIE JO3UMETPUYECKHE U
MEIUIMHCKHE 00CIIe0BaHMUS OTACNBHBIX IPYII JIIOCH,
MIPOKUBAOLIMX BOJIN3H MOJUTOHOB, HA KOTOPBIX IIPOBO-
JUITACH UCTIBITAaHUA SIEPHBIX B3PHIBOB (pHC. 15).

Pucynox 15. Kamepa ons CUY

Amnanoruygele, HO 0Ooyiee MacIITaOHBIE HMCCIIEI0BA-
HUS TUIAHUPYETCs TPOBOMTH B PaMKax pa3paboTaHHO-
ro HALI PK npoekra mo co3nanuto PecryOnukanckoro
LIEHTPa KOMILJIEKCHOM TO3UMETPUU. DTOT MPOEKT SIBJISI-
€TCSI KITFOYCBBIM 3BCHOM CHCTEMBI y4eTa JI030BBIX Ha-
Tpy30K Ha HaceJeHHE, He0OXOAUMOCTh CO3JaHHus KOTO-
poii onpenensercs 3akoHoMm Pecrryonuku Kazaxcran «O
paanraoHHON 0€30IaCHOCTH HACEICHUS.

JIro60it rpaxkmannH Kazaxcrana cMokeT IpOWTH 06-
cienoBaHue B LleHTpe KOMIUIEKCHOW TO3UMETPUHU U TO-
JIYYHUTh MOJHYI0 UH(OpPMALIUIO 0 103€, MOJIyYeHHONH UM
B TECUCHHE KHU3HH.

Tpetse cTparerndeckoe HarpaBiIeHUE AESITETbHOCTH
Hentpa - «Ilongepikka pexumMa HepacmpocTpaHe-
HHS OPY’KUSI MacCOBOro yHUUYTOKeHUus1 (OMY)».

Paboter HarmoHamsHOTO sSACpHOTO IEHTPA B 3TOM
HaTIPaBJICHUU B OOJIBIICH CTETICHHU BBHITIOIHSIOTCS BO HC-
monmHeHne pamouyHoro Cornamenus mexny PecmyOunm-
koit Kazaxcran n Coenmaenabivu IlItatamm Amepuku
OTHOCHTEIIFHO YHHUYTOKECHHUS IMAXTHBIX ITYCKOBHBIX yCTa-
HOBOK MEKKOHTHHEHTAJIBHBIX OAITMCTUIECKUX paKeT,
JIMKBUJIALIMY NIOCIEACTBUM aBapUHHBIX CUTYallMi U Ipe-
JOTBPAIICHHUS PACIPOCTPAHEHUS SACPHOTO OPYXKHUS OT
13 mexabps 1993 rona (Cormamenune LUITY) u psaga uc-
TIOJIHUTEIBHBIX COTJIAIICHUN.

Haubonee kpynHoe n3 Hux — CormnamieHue o JIMKBU-
Jaly HHPPACTPYKTYPHI SIACPHOTO OPYKUSL.

YcnoBHO X0 padoT 1O JTUKBUAALNN HHPACTPYKTY-
pBl mpoBeneHus syiepHbIx ucnbiTanuit Ha CUIT MoxHO
pasmenurh Ha 3 orama. Ha mnepBom ortame (1996-
2000 rr.) ObUTH POBECHBI OCHOBHBIC PA0OTHI [0 YHHY-
TOXEHUIO Bceil nHdpacTpykTypsl OMY.

B wactHOCTH, Ha mJIOIIAAKe TOpHOTO MaccuBa Jlere-
neH obmielt mromansio 300 KB. KM, re ObUIO IpoU3Be-
neHo 209 moa3eMHBIX SAEPHBIX HCTBITAHWN B IITOJB-
Hix, cnenuanuctamMu HAL PK Obutn 3aKkpbITHI TOpTAED
Bcex 181 mrTomneH ¢ nenpio HCKITIOYUTh BOBMOXHOCTD HX
WCIIOIb30BAHMS U WCHBITAHHS SIICPHOTO OPYXKHUS B
OyIylieM W CHATh YyBCTBUTENILHBIE BOIPOCHI Hepac-
npocTpaHenus (puc. 16).

Pucynox 16. Jlukeuoayust wmonbHu 63pbleom

Ha mromanke «bamanmany Ha miomann 784 KB. KM C
1963 mo 1989 rozas! 6su10 poBeaeHo 108 smepHbIX Hc-
MBITAHUH B CEUHAIBHBIX CKBAa)KMHAX, a 13 CKBaXkKHH OC-
TaBaJIMCh HEUCIIOIb30BaHHBIMU. [IpoBeneHs! paboTHI 110
JMKBHUIALUH ATUX HEUCIIOJIb30BaHHBIX CKBAXXMH B PaM-
kax peanmzanuu Cornamenus Mexay [IpaBurenscTBom
P® u IlpasurensctBom PK o konreitnepax «Konba» u
CHEaJIbHOM TEXHOJIOTHYECKOM 000pyI0BaHHHU, HAXO-
JsMcest Ha Tepputopun OsiBriero CUII, cBsi3aHHBIX ©
JTVKBHIALNEH «IyBCTBUTEIBHOW) MH(POpMALIUHL.

Ha Bropom u Tpetsem stamax (2000-2012 rr.) pabo-
ThbI BBINOJIHSJIUCH YK€ HA TPEXCTOPOHHEH ocHOBe: PK—
PO-CIIA.

Lenbo 3THX PabOT OBLIO:

— YCWICHHE CO3JaHHBIX B NpEAblIyllue romsl Oa-
PBEPOB M HCKIIIOYEHUE HECAHKIIMOHMPOBAHHOTO JIOCTY-
a K oTxo/1am saepHoit aestensaoct (OS/[1) (puc. 17);

— TNpenoTBpallleHHe PaclpOCTPAHEHUS NEIISIINXCS
W paJlMOaKTHBHBIX MaTepHajOB M, COOTBETCTBEHHO, HH-
(dopmaryy, «JyBCTBUTEJIFHOI» IO KPUTEPHSIM Hepac-
npoctpanenus OMY.

10
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Pucynox 17. Jlukeudayus «4yecmeumenbHowy» uHgopmayuu

Onupasick Ha HMMEIOIIMNCS OMNBIT TPEXCTOPOHHETO
COTPYAHUYECTBA, CETOJHS Hayajcs COBEPLUIEHHO HOBBIM
stan pabor Ha CUII, cBA3aHHBIA yXe C yCTpaHCHHEM
ocTeICTBUH ucbITanniit OMY — peMennarus OTIeNb-
HeIX ydactkoB CUII, B 9acTHOCTH, TEPPUTOPHUHU ILIO-
manaku «ONBITHOE MOJIe», COAEpXKalled OTXOIbI siIep-
Ho#t nestenpHOCTH (OS]]).

IIpoBomsaTcss paboOTHI MO CO3MAHHWIO COBPEMEHHOM
CHCTEMBI TPEXyPOBHEBOI (hU3MUECKOH 3aIIUTHI UCIIBITA-
TenbHbIX Iomanok CUII u cTpaternyeckux 0ObEKTOB
HAAIL, B ocHOBY KOTOPOH 3a10’KE€HBI EPEAOBbIE METOABI
JMCTaHIIMOHHOTO OOHAPY)KEHHsI HECAaHKIIMOHUPOBAHHO-
ro TPOHUKHOBEHHS Ha CTPaTerHM4ecKue OOBEKTHI
(puc.18).

Pucynox 18. Hcnonvzosanue BIIJIA

CuctemMbl TUCTAaHIMOHHOTO KOHTPOJISL TOCTyMa I03-
BOJISIIOT BBIBOAUTH MH(OpPMAIMIO B KapayJbHbIE HOMe-
LIEHUS CUJ1 OXpaHbl U cuTyaluuoHHbIi nentp PI'TI HALL
PK.

HAIT PK npu noanepxke DOE CIIHA u Aprons-
CKOW HAalMOHAJIbHOW J1a00paTOpUU NMPHUCTYIHI K BbI-
TTOJTHEHUIO TPOEKTA 110 CHIKEHHIO 000TaIeHHs TOTLIN-
Ba B uccienoBaTtenbckux peakropax UBI.IM u UI'P ¢
90% no 19,75% no U-235.

B 2014 romy ObIn 3aBepIIeH MEPBBIA 3Tall 3TOTO
MIPOEKTAa — PAcUETHO-TEOPETHYECKoe oOocHoBaHue. U
MIOCKOJIBKY OBLTa MOATBEPXkKIECHA TEOPETHIECKAsk BO3MO-
KHOCTb TaKOW KOHBEPCHH 0€3 yXyALIEHUs] TEXHUUECKUX
XapaKTEePUCTUK PEAKTOPOB, Mbl MPUCTYIIIN K peann3a-
LIUM BTOPOT'O 3Tamna — UCTIBITaHUSIM IMHIOTHBIX 00pa3LoB
CIELHaJbHO CO3/IaHHBIX B PD TEeXHOJIOTMYECKHUX KaHa-
JIOB C HU3K0OOOTaleHHbIM ypaHoM (puc. 19).

Pucynoxk 19. Hogoe monnugo dns peakmopos HAL PK

B pamkax 4eTBepTOro CTpaTernyeckoro Hampasie-
Hus — «Pa3BuTHe aJbTePHATHBHON (BO300HOBIIsIE-
MOJi) JHepreTHKMW» 10 NMopyueHHo MuHMCTpa HHepre-
tuku PK paspaboTtaHbl nmpeanokeHus Mo pa3BUTHIO aJlb-
TEpHATUBHBIX HCTOYHUKOB YHEPTHH.

OT0 Hccne0BaHus B 00JIaCTH IeIIMO3HEPTI €THKH, Be-
TPOIHEPIE€THKH, BOJOPOJHON 3HEPTEeTHKH, BO30OHOBIIA-
eMoro TorumBa 1 B cepe 6uosHepreTuku. Paspaboran
IIpoeKkT Hay4HO-TEXHUYECKOW MPOrpamMmbl, B KOTOPOM
HOAPOOHO U3MI0KEHBI LIeNH, 3aJa4t, TAlbl pealn3anuy
U 0)KU/IaeMBbIE PE3yJIbTATHI.

VYcnemHoe pa3BUTHE HAyYHO-HCCIEIOBATENbCKUX U
MIPUKJIQAHBIX HAlpaBJICHUH aTOMHOM SHEPreTUKU U TeX-
HUKH HEBO3MOXXHO 0€3 BBICOKOKBAJIH(DUIIMPOBAHHBIX
CHELHMANINCTOB, MOATOTOBKA KOTOPBIX OCYILECTBIISETCS
B paMKax MATOrO0 CTPAaTETHYECKOrO HAaNpaBJICHUS —
«HpopmanoHHasi U KaJpoBasi MOJJEP:KKa aTOM-
HOM 0Tpacam».

JInst TOTOTOBKH CIIEIHATINCTOB OOIIEHHKCHEPHBIX
¥ WHXEHepHO-(m3nyecknx cnenuanpHocTeit B HAL PK
peanu3yercs mporpaMma COTPYAHHYECTBA C y4eOHBIMU
3aBEACHHUSIMU U OpraHU3alusAMH He Tosbko Kazaxcrana
U CTPaH COAPYKECTBA, HO U CTPaH JalIbHETO 3apyOexbs,
€XKEroJHO TMPOBOJUTCS KOH(EPEHIH-KOHKYPC MOJIO-
neix yueHsix u cnenuanuctoB HAL] PK (puc. 20).

Pucynok 20. Yuacmnuxu xonxkypca HUOKP
MONOOBIX YUEHbIX U CHEYUATUCINOE
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HAYYHO-TEXHU4ECKAS NOJAEPXKA MONUTUKW NPABUTENBCTBA KASAXCTAHA
B OBJIACTU MMPHOIO UCMOJIb3OBAHUA ATOMHOW SHEPT UK

[IpeanpusTie TPHHUMAET ydacTHE B IIOJTOTOBKE
CIIELIMAIMCTOB SAEPHOTO MPOGUIIS IO CHEUATEHOCTSAM:
«Snepnas usuka», «MaTepHalOBEICHHE M TEXHOJIO-
rus HOBBIX Marepuaniony, «I[Ipubopoctpoenue», «Oxo-
norus», «Texuuueckas (usuka», «SnepHbie peakTopbl
Y DHEPreTHYEeCKUE YCTAHOBKI.

Ha 6a3ze HALL PK co3nanst 3 ¢unmana kadenp ka-
3aXCTaHCKUX YHUBEPCHTETOB, HA KOTOPBIX BEJETCS MO
roToBka iokropoB PhD.

Heorpemnemoil d9acTpio JEATENBHOCTH JIFOOOTO
MIPEANPUATHS ABISIETCST ero MH(OpManuoHHAs Mmoaep-
skka, 1 HSIl PK ne sBngercs mckmouenueMm — ¢ 2001
rofa HaMM H3JaeTcd HAyYHO-TEXHHYECKUI >KypHAI
«Bectauk HAL[ PK», a ¢ 2008 roma — naydHo-y6u-
OUCTHYECKUA >XKypHan «YemoBek. DHeprus. ATomy».
OcymecTBiseTcs u3naHue MoHorpaduii, COOPHHUKOB
TPYIOB MPOBOJUMBIX MEXIyHApOIHBIX KOH(EpeHIHH,
yueOHBIX, MH(GOPMAIMOHHBIX W PEKJIAMHBIX MaTepHa-
JIOB.

3AKJIIOYEHUE

ITogsoas uror, HEOOXOAUMO OTMETHTh, YTO YCIEIl-
Hasl pean3alys IepcleKTUBHBIX poekToB Hanmonans-
Horo snepHoro nentpa PK Hampasiena, npexie Bcero,
Ha COXpaHEHHEe M YKpEeIJICHHe MUPHOIO CTaTyca Halle-
ro roCy1apcTBa, KOTOPOE 110 MPaBy CUUTAETCS OJJHUM H3
JUJEpPOB B 00ECIIEUEHUH SIIEpPHON O€3011aCHOCTH.

CeroHs MOXKHO C YBEPEHHOCTBIO CKa3aTh, yTo HAL]
PK ycmemHo peannsyer BO3JIOXEHHYIO Ha HEro MHMC-
curo. [ToaTBeprkACHHEM 3TOTO SIBISETCS BBICOKAS OIICH-
Ka pe3yJibTaToB psma padot, Bemmomasembix HAL] PK B
00JIaCTH MHPHOT'O HCIIOJIb30BAHUS aTOMHOM 3HEPIUU U
MOJ/IEPXKKH PEKUMa HEPACIIPOCTPAHEHNUS], KOTOPhIE ObI-
mu oTMedeHbl B COBMECTHBIX 3asBieHHsAX lIpesmnenra
Kazaxcrana H. Hazapb6aesa u Ilpesumenta CIIA
b. O6ambl B xonme Bcrpeun B Bammurrone 11 ampeds
2010 roma u Ha Cammute o sAepHOI 0€30IaCHOCTH B
I"aare 25 mapta 2014 rona, a Taxke B COBMECTHOM 3asi-
Brenuu [Ipesugentos PK, CILIA u P® na Cammure no
sanepHoit 6ezomacHoctu B Ceyne 27 mapra 2012 roaa.

KA3AKCTAH YKIMETIHIH ATOM SHEPTUSICBIH BEUBIT MAKCATTA HAUJIAJIAHY
CAJTACBIHIATFBI CASICATBIH FBIJIBIMU-TEXHUKAJIBIK KOJIIAY

Batbipoexos E.T.

Kazaxcman, Kypuamos k., «Kazakcman Pecnyonukacvinoiy ¥aimmulx a0ponsik opmansizety PMK

Maxkanana Kazakctan PecnyOmukachlHbIH ¥IITTHIK SAPOJIBIK OPTANBIFBIHEIH Ka3akcTaH YKIMETIHIH aTOM SHEPTUSCHIH
OciOIT MakcaTTa MalJanaHy CalachIHIAFbl CasCaThIH FHUIBIMHU-TCXHUKAJIBIK KOJAay MHCCHACHIHA COWKEC >KYMBICHI
amein - KepcetiumreH. OpTanblK KBI3METIHIH 5 cTpaTerwsuiblk  OarbIThl: KP-7ma aToM »HEpreTHMKachlH aMBITY,
Kazakcranusiy xoHe CCII-HBIH pamualusiIblK SKOJIOTHACH, TapaTiay peXHMIH Koigay, 0amaMaibl (>kaHapTHUIATHIH)
SHEePreTUKaHBI JAMBITY, aTOM CaJIaChIH aKIIaPATTHIK JKOHE KaJpIIBbIK KOoaay OOMBIHIIIA KOJI )KEeTKI3TeH JKETICTIKTepi XKaH-

JKaKThI CUIIaTTaJIFaH.

SCIENTIFIC AND TECHNICAL SUPPORT FOR KAZAKHSTAN GOVERNMENT POLICY
IN PEACEFUL USE OF ATOMIC ENERGY

E.G. Batyrbekov

RSE “National Nuclear Center of the Republic of Kazakhstan”, Kurchatov, Kazakhstan

This article describes the activity of the National Nuclear Center pursuant to its mission — scientific and technical
support for Kazakhstan Government policy in peaceful use of atomic energy. Achievements in 5 strategic Center’s
activity: atomic energy development in RK, Kazakhstan and STS radiation ecology, nonproliferation regime support,
alternative (renewable) energy development, informational and staff support in nuclear industry are presented in more

details.
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Main outcomes and contributions to exclude the recriticality issue in sodium-cooled fast reactors (SFRs) accomplished
through the EAGLE project, which is an experimental program conducted under the cooperation of Japan and the
Republic of Kazakhstan since 1998, are summarized. Future plan, i.e., EAGLES3, to enhance the safety of SFRs is also

described.

ABSTRACT

The recriticality issue in core disruptive accidents
has been one of the major safety issues of sodium-
cooled fast reactors (SFRs). A FAIDUS (Fuel Assembly
with Inner-Duct Structure) concept has been sought as
one of design measures to exclude the recriticality issue.
An experimental project EAGLE has been conducted
under the cooperation of Japan and the Republic of Ka-
zakhstan since 1998 aiming at acquiring data of core-
material relocation to demonstrate effectiveness of the
FAIDUS for exclusion of recriticality issue by con-
trolled core-material relocations. In this paper, the main
outcomes and contributions to exclude the recriticality
issue accomplished through the EAGLE project are
summarized. In addition, the future plan to enhance the
safety of SFRs is also described.

1. INTRODUCTION

One of major concerns in the safety of sodium-
cooled fast reactors (SFRs) has been the possibility of
recriticality and the resultant energetics potential in the
case of postulated core disruptive accidents (CDAS)
from the beginning stage of its development. Although
both the understandings of initiating events leading to
the CDAs and developmental efforts for systems to pre-
vent such initiating events have made the occurrence of
CDA s negligible in an engineering stand point, the im-
portance of CDAs is still emphasized from the view
point of safety design and evaluation to appropriately
mitigate and accommodate the consequence and thereby
to minimize the risk of public. Because SFR cores are
not characteristically arranged in their most reactive
configurations, compactive motions of fuel will lead
energetic recriticalities under hypothetical degraded-
core conditions as shown schematically in the right side
of Figure 1. On the other hand, fuel removal from the
core region will effectively reduce the core reactivity.

In the conventional safety approach, because exper-
imental knowledge was not enough to evaluate the fuel
removal from the core region, the intactness both of the

reactor vessel and the containment was confirmed as-
suming the release of the mechanical energy by recriti-
cality. For the commercialization of SFRs, in order to
achieve the in-vessel retention of core-materials (IVR)
in the large-scale SFRs, JAEA has sought “the recriti-
cality-free concept” in which exclusion of such the re-
criticality issue will be achieved by introducing
adequate design measures. A fuel subassembly called
“FAIDUS” (Fuel Assembly with Inner-Duct Structure),
which is shown schematically in Figure 2, has been
considered as one of design measures for the recriticali-
ty-free concept. The FAIDUS excludes the recriticality
issue by the “controlled material motion (CMR)” in
which a progression of core-melting is prevented by
discharging the molten fuel from the core region
through the inner duct structure [1], [2].
Severe accident
Recriticality-free
Concept

Controlled Material
Relocation (CMR)

Exclusion of
mechanical
energy release

Recriticality &
mechanical
energy release

Figure 1. Recriticality-free concept reactors
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MAIN OUTCOMES AND FUTURE PLAN OF THE EAGLE PROJECT

Based on the background above, an experimental
project EAGLE, abbreviation of “Experimental Acquisi-
tion of Generalized Logic to Eliminate recriticalities”,
has been conducted under the cooperation of Japan and
the Republic of Kazakhstan since 1998. The main ob-
jectives of the EAGLE project are to acquire basic in-
formation on the relocation and cooling of molten-core
materials for establishing IVR, to investigate effective-
ness of special design concepts FAIDUS on discharging
of molten core material and thereby to present a possi-
ble solution (a design for CMR) to exclude the recriti-
cality issue of SFRs.

Wrapper _,
tube

63
R

;
% %l
Edb:i

Core
region

Inner -
duct

.......... It

Expected
discharge
direction

«  Cross
section

EAGLE-1 EAGLE-2

Figure 2. Schematic of the FAIDUS concept

In this paper, the main outcomes and contributions
to the recriticality issue accomplished through the
EAGLE project are summarized. In addition, the future
plan for achievement of I'VVR is also described.

2. OUTLINE OF THE EAGLE PROJECT

In 1994 and 1995, Japan Atomic Industrial Forum
Inc. missions headed by Prof. Fuji-ie visited National
Nuclear Center of the Republic Kazakhstan (NNC), and
it was confirmed that Impulse Graphite Reactor (IGR)
in NNC has an excellent potential for experimental stud-
ies on CDA in SFRs. In 1998, a feasibility study of
EAGLE was launched under the collaboration between
the Japan Atomic Power Company (JAPC, which is the
representative of nine electric utilities, Electric Power
Development Company in Japan electric power compa-
nies) and NNC. Japan Atomic Energy Agency (JAEA),
called Power Reactor and Nuclear Fuel Development
Corporation then, participated in the EAGLE project.
Since 2000, the EAGLE project has been conducted by
JAEA and NNC. The EAGLE project, which has al-
ready been conducted, are divided into the two phases,
the EAGLE-1 and EAGLE-2 project.

The objective of the EAGLE-1 project is to acquire
basic information on relocation of molten-core materials

through the sodium-filled duct. The EAGLE-1 project
consisted of 24 out-of-pile tests and 6 in-pile tests [3].
The out-of-pile test program was begun from the con-
struction of a new experimental facility called “EAGLE
stand”. The apparatus of the test device for the final step
tests of the out-of-pile program, called IDO series tests,
is schematically presented in Figure 3.

H— Crucible
i Induction coil

Molten materal

]

T
\

Buffer tank Expansion

tank
(~0.1md)

A P

Roooasaaaoais

é
?
%

N Eﬁpansion tank

pipeline, @15
Exhaust
tank
~0.5m3)
L=
=
|
Electro-magnetic Lower vessel
f f s
low meter for @400, H~1000

sodium

N~ Debris collector

Unit: mm

Figure 3. Apparatus of the test device for the out-of-pile
program

The device can be divided into a melting section and
a test section. The melting section is designed to pro-
duce approximately 5 liters of molten fuel simulant by
induction heating. The test section consists of an upper
vessel, a discharge duct and a lower vessel, which simu-
late a degrading core region, an inner duct structure and
a coolant plenum, respectively. In experiments, molten
core states are generated by pouring melt into the upper
vessel by chipping a plug off at the bottom of a crucible
in the melting section. Melt begins to discharge after
failure of the discharge duct in the upper vessel by heat-
transfer from melt. Alumina was selected as a fuel simu-
lant taking into account heat transfer characteristics both
to sodium and to the duct wall since these heat transfer
characteristics affect the discharge phenomena through
the sodium-filled duct. In the in-pile test program, two
large-scale tests (ID tests) were planned as the final step
ones and the test apparatus is shown in Figure 4.
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Double
/T containment
vessels

Fuel-pin
bundle

Figure 4. Apparatus of the test device for the in-pile program

The fuel pin bundle made of uranium dioxide and
steel cladding was loaded in the core-simulating vessel.
A sodium-filled inner duct and lower melt receiver were
installed. In order to prevent radioactive materials from
releasing to environment, the test section was contained
into the double containment vessels which were fabri-
cated during the EAGLE-1 project. The test apparatus
was installed in the central experimental channel of
IGR. The pin bundle was melted rapidly by fission en-
ergy provided by high neutron flux from IGR during the
test. In order to develop techniques to conduct such
tests, the step-by-step approach was employed in which
the amount of fuel melted in the test was gradually in-
creased through two small scale tests, one medium scale
test and one large scale test without sodium. Through
the EAGLE-1 out-of-pile and in-pile test programs,
techniques to achieve molten core state by induction
heating and nuclear heating and to measure sequence of
events, i.e. failure of the inner duct, discharge of melt
through the inner duct and settlement of melt, were de-
veloped. In addition, techniques to treat sodium includ-
ing sodium removal from the test section and solidified
materials were also developed.

The objective EAGLE-2 project was to show effec-
tiveness of the FAIDUS with the upward discharge op-
tion for exclusion of the recriticality issue and to obtain
the prospect of the coolability of the discharged molten-
core materials in the reactor vessel. 12 out-of-pile tests
and 4 in-pile tests were efficiently conducted thanks to
high level and unique techniques for execution of exper-
iments developed through the EAGLE-1 program.

3. MAIN OUTCOMES FROM THE EAGLE-1

AND EAGLE-2 PROJECTS

In order to show the effectiveness of the FAIDUS
for exclusion of the recriticality issue, the following
three points must be confirmed: (1) The inner duct in
each subassembly must fail before its wrapper tube fail-
ure by the heat-transfer from the molten-core materials,
(2) heat loss from molten-core materials both to the so-
dium and the inner duct wall must not hinder their dis-
charge through the inner duct, and (3) the sufficient
amount of molten-fuel for leading the core to the sub-
critical state must discharge. Through the out-of-pile
and in-pile tests in the EAGLE-1 and EAGLE-2 pro-
jects, comprehensive database was acquired to under-
stand characteristics of fuel discharge behavior through
the inner duct consists of the failure of the inner duct by
the heat transfer from the molten core and the discharge
of molten core materials through the sodium-filled duct.

Comparisons of data in the out-of-pile and in-pile
tests revealed the heat transfer characteristics from mol-
ten-core to the inner duct. It was shown that the exist-
ence of molten steel could effectively enhance the heat-
transfer from molten-core to the inner duct, and hence,
the duct would fail before the occurrence of significant
heat removal by sodium inside the duct [4]. This result
shows that the wall heat-up rate is dominated by the
thermal inertia of the wall, namely, the wall-failure time
can be controlled by the wall thickness. The thinner
inner duct compared with wrapper tube thus assures
earlier duct failure in each fuel subassembly under the
CDA condition. Observed phenomena of the melt dis-
charge through the inner duct were common in the out-
of-pile and in-pile tests. These series of experiments
showed that the discharge path can be entirely voided
by the vaporization of a part of the coolant at the initial
melt discharge phase that this is followed by coolant
vapor expansion and that melt penetrates significantly
into the voided channel as presented schematically in
Figure 5 [5].

As a result, the effect of sodium on the discharge of
molten fuel is limited and the possibility of plugging
inside the discharge path is negligible because the heat
of melt is mainly transferred to the duct and a sufficient-
ly large hydraulic diameter prevents the discharging
melt from forming the blockage inside the duct. Alt-
hough the discharging melt contacted with the sodium
again in the lower vessel and sodium vaporized rapidly
there, overall discharge process did not hinder signifi-
cantly because duration of this pressurization was short
due to rapid condensation of sodium vapor in the sur-
rounding sub-cooled sodium.

In the EAGLE-2 project, experiments which consist
of a series of out-of-pile tests and one in-pile test were
performed in order to obtain experimental knowledge of
the upward discharge of molten fuel since the FAIDUS
with the upward discharge option was selected as the
reference design of the Japan Sodium-Cooled Fast Re-
actor (JSFR) [6].
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* Sodium vaporization
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discharge of this pressurization was so
through the short that overall discharge
voided duct did not hinder significantly.

Figure 5. An interpreted sequence of discharge process

As shown in Figure 6, the flowrate of upward melt
discharge increased in accordance with the increase of
the initial pressure difference between the core and up-
per coolant plenum simulating regions, and extrapola-
tion of the results to the supposed condition in the early
phase of the CDA in the JSFR design suggests that the
sufficient upward flow rate of molten fuel was expected
to prevent the core melting from progressing beyond the
fuel subassembly scale [7].

The effect of the FAIDUS on the reactivity transient,
which is evaluated by the safety analysis code
SIMMER-111 with outcomes of the EAGLE project, is
displayed in Figure 7 [8].

-3
3 x10 I | | |

T |
: 0O Out-of-pile tests |1
O In-pile test

Averaged flow rate [m/s]

0 0.1 0.2 03 04 05
Pressure difference [MPa]

Figure 6. Average flow rates obtained from the out-of-pile
and in-pile tests

The first power peak around 19 seconds was caused
by the positive reactivity feedback due to the coolant
boiling in the initiating phase. Prompt criticality was
prevented by the negative fuel motion reactivity and the
fuel melting derived by this power peak induced fuel-
discharge through the inner duct. It is shown that, in the
case without the FAIDUS, recriticality and remarkable
power peak would take place due to the fuel compaction
in the molten-core pool. In the case with the FAIDUS,
on the other hand, molten-fuel discharge through the
inner duct before the formation of a molten-core pool
would bring the significant reduction of reactivity and
power.

From the experimental results and the evaluation
with outcomes of the EAGLE project, it is concluded
that the three confirmation points to show the effective-
ness of the FAIDUS were confirmed and the recriticali-
ty issue can be excluded by the design for CMR.
Concerning the coolability of the discharged molten
core materials in the reactor vessel, quantitative and
well-organized experimental data on the fragmentation
of the discharged core-materials was obtained and they
are beneficial to confirm high coolability of molten core
materials in SFRs [9].
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Figure7. Reactivity and power transients evaluated
by SIMMER-I1I

Although the EAGLE-1 and EAGLE-2 projects
were programmed to investigate the effectiveness of the
FAIDUS, the obtained data are quite useful for evalua-
tions on the relocation of the molten-core materials.
JAEA and CEA have started a collaborative study using
the data of EAGLE projects since 2011. JAEA,
Mitsubishi FBR Systems Inc. and Mitsubishi Heavy
Industries Ltd. have participated the ASTRID program
since 2014 in which severe accident study is defined as
one of important issues and the EAGLE data are also
utilized as the essential part of the severe accident study
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I

(1) Initiating phase

(2) Early-discharge phase  (3) Material-relocation phase (4) Heat-removal phase

Pin disruptions and
fuel dispersal in the
range of F/A

Fuel discharge through
inner duct

relocation to lower plenum  Cooling of relocated fuel

CABRI experiments
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EAGLE-1 and EAGLE-2

EAGLE-3
Relocation through C/R guide tubes
Stable cooling of the relocated fuel

Figure 8. Sequence of CDA with the FAIDUS and related experimental knowledge

for ASTRID. The experimental facilities in NNC are
continuously used to promote the severe accident stud-
ies in the world.

4. THE EAGLE-3 PROJECTS

The sequence of CDA can be categorized into the
four phases as shown in Figure 8.

The FAIDUS effectively discharges the molten-core
materials in the early phase of core melting and leads
the core to the sub-critical state. As a result, un-molten
fuels remains in the core region and they are heated-up
and melt gradually by their decay-heat. Understanding
the relocation of this core-remaining fuels and their
coolability at their relocated places becomes the key
issues for the achievement of IVR. Therefore, experi-
mental studies address these issues are programmed as
the EAGLE-3 project, and NNC and JAEA have just
started the EAGLE-3 project in March, 2015.

5. CONCLUSION

As the results of good collaboration between Japan
and the Republic of Kazakhstan in the EAGLE-1 and
EAGLE-2 programs, experimental data on relocation of
molten-core materials was obtained and it was evaluated
that the FAIDUS design can effectively discharge mol-
ten-core materials. Based on these knowledge, a solu-
tion to exclude the recriticality issue of SFRs, which had
been one of the major safety issues of SFRs for more
than a half century from the beginning stage of the SFR
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IN- AND EX-VESSEL CORIUM STUDIES AT JRC-ITU, KARLSRUHE
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The article gives an overview of the severe accident research as part of the reactor safety programme at JRC-ITU
Karlsruhe. 1TU has been examining the high temperature properties of U-Zr-Fe-O materials fabricated in the institute
using a laser heating and pyrometry system to observe the various melting transitions. As a major system for reactors
this will help the understanding of the key mechanisms of UO, fuel degradation. It has also examined selected ex-vessel
compositions.

The paper then describes samples taken from major severe accident studies including the melted material from TMI-2
and degraded bundles from the French IRSN Phébus PF project. The comparison of the small and large—scale studies
illustrate how the similar processes are observed and how the small scale testing can help understanding of reactor core
degradation. In particular the oxidation conditions during the accident can be greatly effect the mechanism and extent of
the core’s collapse.

1. INTRODUCTION 2. CORIUM SYSTEM STUDIES

It is important to understand refractory systems such 2.1 UO,-ZrO, and UO,-Zr system
as UO,-ZrO, relevant to the nuclear reactor particularly Melting point determinations carried out at ITU
in extreme conditions. Good quality data and knowledge (Fig. 1) use a high power fast laser flash (FLF) system
of high temperature mechanisms is necessary to im- to rapidly heat up a synthesized pellet. The 2mm diame-
prove the severe accident co_des. . ter laser beam rapidly heats (in several hundred milli-

In the event of core cooling loss then decay heat will seconds) the sample pellet to above 3000K (2700°C)
heat the cladding to 1200°C and so initiate rapid steam inside an airtight glass-sided cell. The cell is kept under
oxidation c_>f the _ercaloy c_Iad_dlng anql furthe_r this heat 3 bar pressure of inert (eg Ar) or other gas, principally
up to melting point. The liquid cladding rapidly reacts to avoid excessive volatilisation. Two pyrometers moni-
with the UO, both oxidising and dissolving the fuel pel- tor the temperature: a fast 2-wavelength pyrometer

lets [1-2]. There is a loss of rod geometry, there is a
gradual collapse of the liquefying bundle to form a mol-
ten corium pool; this slumps downwards to collect low-
er down in the core or finally the lower head (see
Phebus Pf [3] and TMI-2 investigations [4]).

(A=645nm & 488nm every 10us) and a wide band spec-
trometer (180A from 550 to 910nm everylms). The
spectrometer enables the spectral intensity variation to
be calculated and so correct the recorded bright field
temperatures to the true temperatures.

Autoclave SZSS ¥
e pectro- Nd:YAG laser
\ pyrometer (1064.5 nm,
\ 4.5 kW)
Fibreoptics CE

Coxvertible
op tic system

Sample i
2\ IM}O‘M”-
pyrometer
Ar’ laser
(488 nm,
0.75 W)

Fig. 1. Fast Laser Flash (FLF) facility at ITU, Karlsruhe for high temperature melting point determination
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The thermal arrest on cooling of the liquid phase in-
dicates the presence of an additional (solid) phase and
gives an estimate of the liquidus temperature of the lo-
cal phase [5]. A liquidus measurement (~3020K) of a
UO,-10at% Zr sample is given in Fig. 2.

3400

3300

3200
3100 T
melt

3000

True temperature
(polychromatic pyrometer)

2900

2800 -

Temperature, K

2700

2600

ODR signal (arb.units)

Vibrations of liquid surface
2500 +

2400 4 Fast monochromatic pyrometer

(assumed emissivity = 0.85)
2300 T T T T T T T T T
03 0,4 0,5 0,6 0,7 0,8 0,9 1,0 11 1,2

Fig. 2. Laser flash pyrometry results of a UO,-5at% Zr sample
showing a single elevated temperature arrest at 3020K
at the liquidus temperature (Tji)

Det Exp 10 pm

SE 9067 08080664, A960 - 2 plece

Point analyses of melted phase (at%)

Analysis a b c d mean sD
pt.
Zry 7,7 3,2 4.8 5,6 53 (+1,9%)
Uy 923 | 968 | 952 | 944 94,7 | (£1,9%)

Fig. 3(a). Micrograph of a dense melt zone
of the UO,-5at% Zr sample

Fig. 3(b). UO,-30mol% Zr showing large primary grains
with a secondary 2-phase grain boundary structure

In Fig. 3(a) an SEM photograph is seen with energy-
dispersive (EDS) analyses showing the local composi-
tion is close the overall pellet composition with evi-
dence of only slight phase separation. This composition
is close to the limit of Zr solid solubility in UO, (see
Fig. 4); both oxides are high—-melting and mixed oxides
can form for a sizeable range of U/Zr ratios. The phase
diagram for the pseudo-binary UO,-Zr(O) system (Pesja
& Kleycamp [6]) in Fig. 4 is shown with FLF pyrome-
try results for the various liquidus and possible solidus
temperatures. The data show the same tendencies alt-
hough the FLF data indicates higher liquidus values by
100K for the low to medium Zr content coria. This may
be a result of some phase segregation despite the rapid
cooldown. Small amounts of Zr metal (up to 10at%)
have slight, predictable effect on the UO, melting prop-
erties, however by 30at% Zr there is a significant varia-
tion of experimental values from the calculated liquidus
(Tiiq in Fig. 4).

The microstructure in UO,-30at%Zr (Fig. 3(b)
shows rounded primary crystallites with secondary pre-
cipitates that freeze in a eutectic—type structure at the
grain boundary. This can be interpreted as deriving from
2 immiscible liquids: a Zr-rich and a U-rich. Modelling
by Cheynet & Fischer also indicates 2 immiscible lig-
uids occurring in the centre of this high temperature
system [7]; this can result in a deviation of the calculat-
ed liquidus line beyond 40mol % Zr.

This system is the major in-vessel composition and
therefore a baseline case for the ex-vessel corium as
external materials from concrete are added. This has
been extensively examined by NITI, Sosnovy Bor eg.
[8]. The variable oxidation state of the Fe can also alter
the system and phases that are formed. The thermogram
is given for 20% ZrO, -20% UO,-60mol% FeO in Fig.
5. In the micrograph Fe-rich phases are shown along
with primary U-Zr rich phases (Fig. 6).

3200 T T - - T — T T

¢ Solidus
¢ Liquidus

+ Liguidus (newer data) _
Solidus ?

Tligmodeled

/ (Thermodata- |
- . Cheyneta Fischer)

3000

2800

2600

2400 P

A UZno, +L
2200 - | -

Temperature, K

2000 UZno, +aZr+ L,

1800

1600

adr +pZrily

I UIZNQ, + uZr +PZr{U)
1400 :

: 1 L I L .
0 20 40 €0 80 100

at. % Zr

Fig. 4. UO,-Zr pseudo-binary phase diagram [8]
and modelling [9] with ITU laser flash pyrometry data.
At small Zr contents there is good agreement.

The 30mol% Zr point lies above the calculation
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Fig. 5. Thermogram for 20mol% UO,-20mol% ZrO,-60mol%
FeO, showing the upper signals for a UO,-ZrO, rich phases
and a lower inflection for the FeO-rich freezing point

FeO-rich zone
showing lamellar  crystallites
structure (U- &Jor Zr-rich)

12101049-Bottomley
001582

Analysis

Point Z b ~ 2

U&zZr U&Zr
phases phases

Fe (Ka) 55.22 62.64 90.3 92.32

Zr (La) 1995 1821 576 471

U (Ma) 2484 19.15 3.93 2.97
Weight %

Fe (Ka) 28.51 36 77.5 81.92

Zr (La) 16.82 = 17.09 8.08 6.83

U (Ma) 54.66 46.91 14.4 11.24

Atom % FeO FeO

Fig. 6. A U,Zr-rich (~40 at % Zr+U) crystallite is seen
in a FeO rich phase with very fine eutectic structure
(with ~10 mol% U,Zr oxides) ~2000x mag.

2.2 UO,-ZrO,-FeO system

It can be considered as a pseudo-binary
FeO/(U,Zr)O, system in the ranges 15mol% FeO and
90mol% FeO; outside this range the secondary phase
influence is very slight [9]. The variation of melting
temperature with composition has been modelled using

the GEMINI2 code with the NUCLEA data base [10];
this confirms the extended melting range between FeO
(mp.1640°C) and the refractory ZrO,-UO, system (UO,-
ZrO; eutectic ~2500°C). Thus prolonged flow times are
possible when FeO is present in the corium.

2.3 Molten Corium-Concrete-Interaction (MCCI)

system

As part of the ISTC intermediate scale MCCI test
[11] performed at the SAROV institute (VNIIEF) Rus-
sia, ITU analysed a small sample of solidified melt from
the test. The melt was created by igniting Zr and FeO
thermite briquettes in the crucible and then adding fur-
ther briquettes to gradually form ~100kg of reacted mix-
ture in a concrete crucible of 40cm diameter and 50cm
deep and maintained at 2500-3000°C for several hours.
The melt sample from the side wall showed a heteroge-
neous mixture of concrete and corium-based phases (see
Fig 9) as seen elsewhere. One phase was Zr-based with
Fe traces (white phases spectra:1-3) , the second, darker
phase (spect. 4 & 5) contained Ca, Si, Fe, Mg (ie. con-
crete —based). It was fully oxidic with an overall com-
position of Zr - 16at%, Fe — 4.2at% and concrete
components (Si, Ca, Mg, Al) 9.7at% (analysed from
spect. 6). The corium composition was very uniform
with depth indicating a good corium-concrete mixing
and interaction.

" . .
Spectrum 6 P' 3
'Spectrum 5§
il

70pm ! Electron Image 1

Fig. 9. Nodule from the outer edge of the SAROV
large scale MCCI test

3. EXPERIMENTAL INVESTIGATIONS

3.1 TMI-2 - an OECD project

ITU Karlsruhe was one of many national nuclear re-
search institutes involved in the OECD-NEA managed
TMI-2 debris investigation project [4, 12]. Samples
were collected out of the fully molten core (core bore
rocks) as well as from the surrounding semi-fused zones
(agglomerates). The molten core was found to be fully
oxidic, (U,Zr)O, with a slight super-stoichiometry,
which did vary with the extraction position. This mixed
oxide phase had often cooled slowly and separated into
2 phases in a eutectic-type structure (see Fig. 10). These
would be U-rich (U,Zr)O; in a cubic phase and then a
Zr-rich (Zr,U)O, often in a tetragonal phase. The Zr
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content in the ITU samples of (U,Zr)O, was typically 10
at% and the U content was lower at ~3 at%. The oxidic
melt sample in Fig. 10 had a U/Zr ratio of ~1.2 [12].
This ratio is close to the U/Zr ratio (1.32) of the TMI-2
bundle inventory.

Fig. 10. SEM micrographs of the fully molten core fracture
surface. The secondary electron image (SEI) shows many fine
spheres of Ag. The back-scattered image (BEI) shows a fine
eutectic structure of the melt, with <Ium wide lamellae
(U-rich layers are light; the less dense Zr-rich lamellae
are dark)

Secondary grain boundaries phases were seen; these
were typically Fe, Ni or Cr-rich oxide spinels or metal-
lic inclusions from the steel structural materials. Ag-rich
spheres from the Ag-In-Cd absorber rods were seen (see
Fig. 10); they were metallic and may have slowly pre-
cipitated out of solution in the solid on cooling despite
Ag's high vapour pressure. The melt eutectic lamellar
spacing indicated ~50 hours cooling time in the most
central regions.

3.2 Phébus PF- an IRSN-lead project

Phébus PF was a set of 5 bundle degradation tests
managed and financed by IRSN along with the Europe-
an Commission and with the participation of EU nation-
al research institutes [3].

Outer corium crust of
columnar crystals

Localised attack of the
ThO, liner

Central Corium
pool

Fig. 12. Disc 4 of the FPT2 degraded bundle
across the corium pool

FPT2 was an irradiated bundle that was degraded
under low steam flow: ie reducing conditions compared
to the baseline test FPT1. A section (disc 4) through the
mid-height of the molten pool of the FPT2 bundle is
shown in Fig. 12 [13]. The FPT2 bundle degraded (as
did the others) to produce a central cavity below above
the corium pool in a cooler position (eg. spacer grid).
The pool has also dissolved the outer ring of rods. There
is some local interaction with the ThO, thermal protec-
tion tube. The corium is close to equimolar (Zr,U)O,
melt with structural materials (eg. Fe, Ni, Cr) present.
The microprobe mapping in Fig. 13 shows how the Zr,U
concentrations vary locally and structural remnants (eg.
cladding, fuel pieces) are seen in the upper corner.

Cladding
remnant

Zirconium Uranium

Fig. 13. Large area mapping of upper corium pool (disc 4)
of Phébus FPT2

4. DISCUSSION

Considerable progress has been made to verify, im-
prove or older data and qualify measurements for nucle-
ar material databanks. With more reactive components it
is still difficult to verify the compositions thus Zr metal
extracts oxygen from the UO, in the UO,-Zr system.
The principal result that Zr can substantially reduce the
melting temperature of UO, is clearly important for
bundle degradation mechanisms. The addition of a low-
er temperature system of FeO (~1500°C) for FeO con-
tents >15mol% to the UO,-ZrO, system (2500°C)
results in a melting range (Tiiguigus — Tsolidus) reaching
1000°C. The possibility for flow and accumulation in
pools is thus increased. Some very high values of the
upper transitions of the UO,-ZrO,-FeO system [9] sug-
gest that phase segregation is occurring and would hap-
pen in typical accident conditions. Investigations at
TMI-2 and Phébus Pf have confirmed the basic corium
composition of (U,Zr)O, forming with further interac-
tions such as structural material/absorber interactions
(Fe,Ni,Cr inclusions). The corium composition also
becomes more complex with time as it relocates further
and more materials are dissolved in the liquid corium.
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More qualified data are needed (especially for ex-vessel
tests), especially in the event of mixed metallic and oxi-
dic phases formed in the pool.

5. CONCLUSIONS

1) Bundle degradation has advanced both in under-
standing and interpretation of high temperature mecha-
nisms.

2) Examination of major accidents and in-pile tests
indicates the final system formed is a stable, oxidic

3) Smaller scale testing has shown that the sub-
oxidic system (UO,-Zr) has a wider melting temperature
range in the Zr-rich range. It can react with steam/air
and further heat-up and so continue degradation.

4) The addition of FeO to the UO,-ZrO, system in-
creases the melting range to over 1000°C at mid-range
compositions and so extends the corium flow range.

5) The ex-vessel compositions involving concrete
elements such as Ca and Si oxides also require much

research given the many materials and their varied

UO,-ZrO, system with Fe-based inclusions (mainly ]
properties.

oxidic).
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CHHUL-UTI, KAPJICPYD PEAKTOPBIHBIH IIITHAE )KOHE KOPITYCBIHAH
ThIC KOPUYM BAJIKBIMACBIH 3EPTTEY

Bborromun I1.JI.B., Buc T., Manapa /I., bpemuep C., Pouaunesnna B.B.

T'epmanus, 76125 Kapacpys, I'epman ¢hon I'envmzonvy an. 1, Kapacpys
Kaszipei Foinoimu-3epmmey opmanvizel — Tpancypan snemenmmep uncmumynist

Makanaga CHUI-UTD peakroprnapbl KayilCi3miriH KaMmTamachl3 €Ty Oarjgapramachkl IIeHOepJepiHAe —aybIp
HOTWKEJIEpIMEH amnarThl 3epTTeyNepre IOy YCHIHBULABL. TpaHCypaH SJIEMEHTTEepI MHCTHTYTHI OANKBITYIBIH TYPJIi
opeKeTTepiHe FHUIBIMH Oakpliay KYprisy YIIiH HMHUPOMETpHs JKYHECIH JKOHE Jla3zeph KbI3ABIPYBIH MNaijanaHyMeH
uHCcTuTyTTa Aaibiaaanran U-Zr-Fe-O wmarepuannapiblH TeMIepaTypajblK KacHETTepiH 3epTTeyMEH aifHaJIbICa/Ibl.
Herizri xyite perinae 3eprrey Mamimertepi UO, OY3pUIFaH OTHIHHBIH HETI3T MEXaHU3MACPAiH TYCIHITIH )KaKcapTabl.
PeakTop xKopmychIHaH THIC )KEeKE KYpaMbl KapaCTHIPBUIIBL.

Maxanana, @paHIUSHBIH pagUalUsUIBIK KOPFAy JKOHE SIPONBIK Kayircizaik mHeTuTyThiHAa (IRSN) Phébus xobacet
OoitbIHIIIa TOXKIpUOEEPl KYPri3reHHEH KEHIH albIHFaH OTBIHJBIK CHIPBIKTAPABIH OY3bUIFaH MIOKTapbl jkoHe TMI-2
OaNKBITBUTFaH MaTePHAIABI KOCA, aybIp HOTIDKEIEPIMEH ipi amaTTap sl 3epTTey Ke3iHAe aJblHFaH YATiIep CHIaTTaIIb.
Kimi »xone ipi MacmrTaOTHl 3epTTEYJepAi CaJBICTBHIPY, YKcac yAepicTep Kamad >Xypri3iiemi >koHe Killi 3epTreyiep
Ke3iH[e PeakTOPABIH aKTHBTIK 30HACBIHBIH OY3BUIYBIH TYCiHyre OONaTBHIHBIH Kepcereni. Epekmienirinme maTt kes3iHme
TOTBIFY JKaF/ailylapbl aKTUBTIK 30HAHBIH bIIBIPAY JOPESIKECIHE HKOHE MEXaHM3MI'€ MaHBI3/IbI 9CEP €Tyl MYMKIH.
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N3YYEHUE PACIIVIABA KOPUYMA BHYTPHU N BHE KOPITYCA
PEAKTOPA CHUII-UTI, KAPJICPYD

Borromiu II.JI.B., Buc T., Manapa JI., Bpemuep C., Ponaunenna B.B.

Cosémecmuuwiii Hayuno-uccneoosamenvckuii yenmp — Hucmumym mpancypanosvix snemenmos, Kapncpys
na. Iepman gpon I'envmzonwvu. 1, 76125 Kapncpys, I'epmanusa

B crartee mpezncraBieHsl 0030p HCCIENOBaHMI aBapuil ¢ TSDKENBIMH IIOCIEACTBHSIMH B paMKax IIPOrPaMMBbI
obecrieuennst 6e3onacHocT peakropoB CHUILI-UTI. MHCTUTYT TpaHCYpaHOBBIX 3JIEMEHTOB 3aHUMACTCS M3YyUCHHEM
TEeMITepaTypHBIX cBOHWCTB MaTepuanoB U-Zr-Fe-O U3roToBIeHHBIX B HHCTHTYTE C HCIOJIB30BAHUEM JIa3€PHOTO HArpeBa
1 CHCTEMBI MUPOMETPHH ISl IPOBEACHHS HAYIHBIX HAOMIOAECHHUHN 3a Pa3IMYHBIMU IIEPEX0AaMHU IIaBlIeHUs. B kauecTse
OCHOBHOH CHCTEMBI JaHHbIE UCCIIEJOBAaHNS OOJIETIal0T IIOHUMaHNE KIIFOYEBBIX MEXaHM3MOB JiecTpyKimu Torusa UO,,
Tak >xe pacCMOTpPEH OTIENBHBIN COCTAB BHE KOPITyCa PEaKTOpa.

B crarbe onumcaHbl 00pa3ipl, B3sThIE MPU UCCICIOBAHHUAX KPYIHBIX aBapHi C TSHKENBIMU MOCIEACTBHIMH, BKIIOYAs
pacmaBieHHBIH Matepuan u3 TMI-2 u paspylleHHBIE IYYKH TOIUIMBHBIX CTEp)KHEH, B3sIThble IOCIE IPOBEICHUSA
9KCIIEpUMEHTOB 10 TpoekTy Phébus mpm HHcTHTyTE pagvanuoHHOW 3alMTHl U siAepHOW Oe3omacHocTH PpBHIMHK
(IRSN). CpaBHeHHe MajJbIX M KPYIHOMACIUTAOHBIX HCCJIEJOBAHWN ITOKa3bIBAIOT, KaK IPOUCXOJST aHAIOTHYHBIE
MPOLECCHl U KaK IMPU MaJlbIX MCCIEJOBAHUSIX MOXHO TOHSTH paspylleHHe aKTUBHOM 30HBI peakropa. B uactHOCTH
YCIIOBHSL OKHCIICHHS IIPY aBapUsIX MOTYT 3HAUYUTEIHHO MOBIHMATH HA MEXaHU3M U CTENEHb Paclaja aKTUBHOW 30HBI.
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R&D AND EXPERIMENTAL PROGRAMS FOR MITIGATING SEVERE ACCIDENTS CONSEQUENCES
IN GENIV SFRS AND IN THE ASTRID TECHNOLOGY DEMONSTRATOR
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Y Commissariat a | ’Energie Atomique et aux Energies Alternative, CEA Cadarache,
CEA/DEN/CAD/DER, Blg 1222, 13108 St Paul lez Durance — FRANCE
2 National Nuclear Center of the Republic of Kazakhstan, Krasnoarmeyskaya St., 071100,
Kurchatov, VKO, KAZAKHSTAN
% Advanced Fast Reactor Cycle System Research and Development Center, JAEA,
4002 Narita-cho, O-arai, Ibaraki, JAPAN, 311-1393

The ASTRID technological prototype, designed by CEA with industrial partners, has high level of requirements, in
particular for a robust safety demonstration. Despite high level of severe accident prevention with an innovative core,
complementary safety devices are added to mitigate the severe accident consequences. A large R&D program is under
way in cooperation with JAEA and NNC-RK. To extend programs carried-out in France in CABRI and SCARABEE
reactors, and in IGR in Kazakhstan, the feasibility of the SAIGA program in IGR reactor was performed, and a new

PLINIUS-2 platform for out-of-pile corium experiments is under development.

I. INTRODUCTION

Fast neutron reactors have a large potential as sus-
tainable energy source. In particular, Sodium Fast Reac-
tors (SFR) with a closed fuel cycle and potentialities for
minor actinide burning allow improved use of natural
resources and minimization of high level waste. Among
the fast reactor systems, the sodium cooled reactor has
the most comprehensive technological basis as result of
the experience gained from decades of worldwide oper-
ation of several experimental, prototype and commercial
size reactors. Currently, in France, a medium size (600
MWe) power demonstrator named ASTRID (Advanced
Sodium Test Reactor for Industrial Demonstration) has
been proposed and endorsed at European level as the
reference concept for Generation 1V Fast Reactors.
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Fig. 1. ASTRID Project Partnerships

Deriving from the feedback of experience, very high
levels of requirements have been set for the ASTRID
reactor. Innovations are needed to further enhance safe-
ty, reduce capital cost and improve efficiency, reliability
and operability, making the Generation IV SFR an at-
tractive option for electricity production. This puts great
pressure on the R&D and design teams at CEA and in-
dustrial partners. The ASTRID project [1] started in
2010. In the ASTRID Pre-conceptual Design phase
(AVP1) ended 2012, the aim was to evaluate innovative
options considering the GEN IV criteria. It is now fol-
lowed by the Conceptual Design phase, called AVP2,

until the end of 2015 which objectives are to focus the
design opt ions in order to finalize a coherent reactor
outline and the Safety Option Report by December
2015. First criticality is foreseen by the end of the twen-
ties.

The CEA acts as the industrial architect of the pro-
ject. In 2015, twelve French and international industrial
partners are involved in the project (Fig. 1). It must be
pointed out that a new partnership is now effective on
ASTRID design and R&D topics with Japan. This col-
laboration on the ASTRID Program and Sodium Fast
Reactor was signed by CEA, MEXT and METI Japa-
nese Ministers on the May 5, 2014 in the presence of the
French President Francois Hollande and Japanese Prime
Minister Shinzo Abe [2].

Il. THE ASTRID CFV CORE & GENERAL LAYOUT

[1]

During the Conceptual design phase, the choice of
an heterogeneous core with a low sodium void effect
(CRV core [3]) is confirmed. Its version 3 (see Fig. 2, 3)
with AIM1 as cladding material has been finalized in
2014 and is the basis for the Safety Option Report.
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Fig. 2. ASTRID core main features
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It is equipped with additional complementary safety
devices acting for the protection of the reactor (passive
shutdown systems acting in case of loss of flow for a
first system and Na temperature increase for the second
system) and the mitigation of hypothetical severe core
degradation (Corium Transfer Tubes to evacuate the
corium towards the core catcher).
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Fig. 4. ASTRID Reactor Building

Choice of 3 primary pumps, and 4 secondary loops
have been made. The use of electromagnetic pumps for
the secondary loops has been confirmed. Three types of
Decay Heat Removal (DHR) systems are used: 2 inside
the main vessel (one active designed by MFBR and
JAEA, and one passive designed by AREVA); the third
system located outside the main and the security ves-
sels) is used to mitigate the severe accident consequenc-
es. In such conditions, a core catcher able to
accommodate the whole core inventory was set-up in
the main reactor vessel [4].

The reactor building set on anti-seismic pads is
shown on Fig. 4.

I11. SEVERE ACCIDENT ISSUE AND ASSOCIATED

R&D [6]

The prevention of the core melting and the mitiga-
tion of severe accident consequences are obtained with
the innovative CFV core and an in-vessel core catcher.

For a robust safety demonstration, a comprehensive
safety analysis of hypothetical severe accidents is per-
formed: each event families (unprotected loss of cool-
ant, of heat sink, of power excursion, and of single
assembly faults) are studied with a progressive severity;
long term calculations will be performed and post-
accident management of the accident studied up to reach
a stabilized safe state of the reactor.

Such analyses should be performed with validated
simulation codes on a large experimental data base. This
requires:

- The development of models, if not available, to
simulate phenomena occurring during severe accident in
ASTRID or new SFRs on the short, middle and long
terms, taking into account their design options.

- The validation of the codes and models on ex-
pected severe accidents conditions.

A large R&D program with international coopera-
tion has been set up in the frame of the ASTRID devel-
opment to complete available simulation tools and the
experimental data base for models development and
assessment [6].

The general strategy [6] of severe accidents studies,
development of mitigation devices, simulation tools
modeling and experiment database completion is illus-
trated by the Fig. 5.

Development
of mitigation
devices

g

B N

Fig. 5. R&D Severe Accident Strategy

IV. EVALUATION OF SEVERE ACCIDENT

PROGRESSION IN SFRS AND MINIMIZATION

OF THEIR CONSEQUENCES BY DESIGN [6]

The strategy of studies of the CFV core under severe
accident conditions is first to evaluate the reactor natural
behavior without any mitigation devices and then with
them. It is supposed that the scram systems and the se-
vere accident prevention systems have failed to get a
severe accident scenario. The CFV core transient behav-
ior was studied under the following conditions:

- unprotected transient overpower (UTOP),

- unprotected loss of flow (ULOF) [7],

- and local unprotected cooling faults (USAF).
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Fig. 6. SIMMER - Normalized power during ULOF

Contrary to homogenous core, ULOF transients with
the CFV core do not exhibit significant power excursion
during the primary phase of the accident according to
the current study status. This is due to the negative So-
dium Void Worth of the CFV core (Fig. 6). Thus, the
core degradation is driven by thermal phenomena and
not by neutron physics phenomena as in homogenous
cores with positive Sodium Void Worth; the associated
time scale for CFV core degradation is then rather long.
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Fig. 7. SIMMER - Corium Propagation during USAF

The CFV core behavior in case of USAF (Fig. 7) has
shown a lower fuel molten mass and about the same
time scale up to hexagonal canister rupture as classical
cores with homogeneous pins.

V. MODELING AND NUMERICAL SIMULATION OF

SEVERE ACCIDENTS IN SFRs [6]

Severe accident scenarios of Sodium-cooled fast re-
actors (SFRs) involves various phenomena: core degra-
dation, melt progression towards the core catcher,
ablation of core catcher sacrificial materials by molten
corium, energetic fuel/coolant interactions (FCI), struc-

ture mechanical behavior during FCI, containment be-
havior, and fission production release and transport. In
order to simulate the complete accident scenarios, CEA
strategy relies on two chains of calculation codes: a ref-
erence mechanistic chain of codes and a chain of physi-
cal models with statistics and probabilistic capabilities.
The physical statistical chain of code is used to sup-
port design tasks and the safety demonstration (evalua-
tion of uncertainties...). SFR models under
development will be implemented in the CEA PROCOR
[12] framework, used up to now for light water reactors.
The reference mechanistic chain of calculation codes
includes SIMMERS to simulate core degradation and
corium progression towards the core catcher. A new
version of SIMMER (SIMMER-V) will be developed
with JAEA2 to improve the SIMMER capabilities (sim-
ulation of the primary phase of the severe accident, nu-
meric performance, ASTRID new options). SIMMER is
or will be assessed against the CABRI programs [9] (pin
degradation during primary phase and transition phase),
the SCARABEE program [9] (degradation of Fuel
SubAssembly, molten pool behavior), and EAGLE1&2
[10, 11] (Corium Transfer through dedicated Mitigation
Duct). SIMMER-V will be coupled with an irradiation
code (for example GERMINAL), a primary loop ther-
mohydraulics code (for example CATHARE) and ex-
ternal neutronics code such as ERANOS or APOLLO-

3®, thanks to a new dedicated platform named
SEASON developed by CEA and JAEA [2].

Other codes used for ASTRID are CONTAIN-LMR
code to simulate the FP transport, a derivative of the
MCCI code TOLBIAC-ICB, used for LWRs, to simu-
late the core catcher sacrificial layer ablation, a new
code SCONE (Simulation of COolant Na intEraction)
developed by CEA to simulate the Sodium Interaction
based on DUNE project numerical library. Consequenc-
es of mechanical energy release due to FCI are simulat-
ed with EUROPLEXUS (EPX) developed by CEA/JRC
and assessed on MARA and MARS experiments which
are SuperPhenix vessel mockups.

VI. EXPERIMENTAL PROGRAMS AND FACILITIES

DevoTeED TO ASTRID

Extensive testing of primary and transition phases of
core degradation has been done in-pile, in the
CEAV/IPSN CABRI and SCARABEE reactors [9]. How-
ever, in order to reduce uncertainties in SIMMER simu-
lations on degradation of heterogeneous fuel pins and
subassemblies of the CFV [3] core, CEA is studying
with NNC-RK the feasibility of an in-pile experiment
program SAIGA (Severe Accident In-Pile experiments
for Generation IV reactor and Astrid project) in the IGR
reactor [11].

For the feasibility study, SAIGA program is sup-
posed to include three tests: a loss of flow at nominal
power, and fast and medium power excursions (TOP).
The feasibility study for the 3 tests includes the prede-
sign of the test section with the experimental instrumen-
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tation (Fig. 8) and of a Sodium Loop to feed the test
section (Fig. 9), neutronic calculations to estimate the
power deposition in the experimental fuel using BN350
or VVER-1000 fuel (17% and 4.4% enrichment) and the
coupling factor with the driver-core, calculation of the
temperature field in the experimental test device
(Fig. 10), pretest calculations of the fuel degradation
(Fig. 11), core power diagram and associated control
rod motion, licensing requirements, possible tests
schedule (which will take into account the JAEA
EAGLES3 program schedule) and preliminary cost esti-
mation.
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Fig. 8. SAIGA Test Section

Fig. 9. SAIGA Na Loop

It is shown that BN350 Fuel must be used to get
enough energy deposition; however, due to neutron ab-
sorption in the fuel assembly, the power deposition is
much higher in the peripheral row of the subassembly
than in the central row. Therefore, to get flat power
deposition, the feasibility of pellet production with vari-
ous enrichments, from BN350 pellets, is under study at

NNC-RK and UMP. Same tasks, as described above,
are carried-out with a fuel assembly with pin rows with
different enrichment. TOP tests with single pin are also
studied.
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Fig. 11. SIMMER Calculation

An experimental program has also been started at
CEA on the core catcher with sacrificial material. It
includes corium-small scales interaction tests with can-
didate sacrificial materials in the VITI facility of the
PLINIUS Platform. Sodium compatibility of candidate
materials is being also studied in the CORRONA facili-
ty.

A Fuel Coolant Interaction program FARO-
TERMOS, at large scale, has been started at JRC Ispra
in the 1980s but not completed. Therefore, CEA is cur-
rently designing the PLINIUS-2 platform [12] to per-
form similar types of experiments up to Sodium
saturation temperature (Fig. 12&13). In addition to
EAGLE1&2 programs, this platform will also allow
assessing Corium dispersion through Transfer Tube in
ASTRID conditions. At last ASTRID Core Catcher as-
sessment will be carried out in PLINIUS-2.
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VIl. CONCLUSIONS

To support the development of the ASTRID demon-
strator, a large R&D program has been set up by the
CEA. This program has 4 folds:

- Study of Severe Accident Scenarios in ASTRID

- Definition of Mitigation Devices for mitigating the
Severe Accident Consequences

- Developments and Assessment of Calculation tools
for supporting the ASTRID design option choices and
for a robust Safety demonstration in the field of Severe
Accidents

- Definition of experimental programs to complete
the existing experimental data base for qualification of
ASTRID options, for new model developments and as-
sessment for decreasing the calculation uncertainties. As
far as possible existing facilities are used, sometime
abroad within international collaborations arrangements
if possible, modified when necessary.

This R&D program is set up according the Safety
Approach for defined ASTRID, and taking into account
the Safety Objectives and Design Options of ASTRID.
This R&D program is defined and carried out with the
ASTRID industrial partners (mainly AREVA, EDF, and
MFBR36) and with R&D foreign organizations (mainly
JAEAS36, IGCAR, KIT and NNC-RK).

In particular, for reducing the SIMMER calculations
uncertainties on the heterogeneous fuel pin degradation,
a feasibility study of the SAIGA program in IGR is on-
going; it is carried out by CEA, NNC-RK with the tech-
nical support of JAEA to benefit from the feedback of
EAGLE1&2 program in IGR. For experiments with
prototypical corium a dedicated platform PLINIUS2 is
currently designed at CEA.
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ASTRID JEMOHCTPANUSAJIBIK TEXHOJIOI'USIJIBIK PEAKTOPBIHJIA GENIV
BAFJAPJIAMACBIHBIH, INIEHBEPJIEPIHJIE HATPUIJIIK PEH AYBIP AITATTAPJIBIH
HOTHWXEJIEPIH )KEHIJIAETY YIIIH TOXKIPUBEJIK BAFTIAPJIAMAJIAP/IbI
KOHE I3TKX XKYPTI3Y

2 Cepp @., ) Maiio D, Y Croto K., 2 Tporunsbon JI.,
2 Barbip6exos E.T'., 2 Bypum A L., 2 Maxuun A.B., 2 Buriok B.A.,
£ Ky®6o 111., % Karo A., % To6ura E., 9 Kamusma K., 9 Manyoa K., % Togoka .

b Dpanyusansvly anrbmepHamuemiK IHePzUs Ko30epi Hncaone amom IHepusacol ootvinua komuccapuamoinviy (CEA)
«Kaoapaw» 3epmmey opmanvizol, Cen-Ilony-Jle-/[ropanc, 1222, 13108 eumapamui, @Ppanyus
2 KP ¥A0 PMK, Kpacnoapmeiickasa koweci, Kypuamos k., ILIKO, 071100, Kazaxcman
% JKoioam Helmponoapoa peaKmopnap WUKIbIHbIY OipiecKeH JCyieCiHil 2blblMU-3epmmey Opmanbiol,
JAEA, Hapuma 4002, O-apait, Hoapaku, 311-1393, ’Kanon

Omnepkacin cepikrectepinin KatbicyblHma CEA  yxbiMbiMeH jkoOamanraH ASTRID TeXHONOTHSIIBIK pEakTop
MPOTOTHUIIHIH, €pPEeKIIeTIriHAe CeHIMAI KayilCi3MiKTi KOpCeTy YIIiH TalanTapAblH >KOFaphl JeHreili O0ap. AKTHUBTIK
30HAHBIH KUPAybIMEH aybIp anarrap Ke3iHAe HOTIXKeIEepIiH )KOFaphlF ACHIeiiHe KapaMacTaH, oJlapAbl KeHIIeT] YIIiH
KOCBIMIIIa Kopray Kypanmapsl Oenrineneni. JAEA xone KP ¥50 PMK xeimertectiringe F3TKIK Garmapmamacst
OofipIHIIIa MacIITaOTHIK JKYMbIcTap xyprizineai. SAIGA GarnapiaMacs! meHOEpiHAe KOHE OHBI iCKe achIpy MYMKIHIT]
ymia ®panmmsina CABRI, SCARABEE peakrtopnapeiga sxoHe Kaszakcranma WIP  peakroprsiHma 3epTTeynep
KYprizingi. PeakTopibIKTaH ThIC ChIHaKTapAa KopuyMmasl 3eprrey OoitbiHima PLINIUS-2 cemuHapbIHBIH HIEHOEpiHAE
JKYMBIC ICTeyTe apHaJIFaH )aHa miaTGopmMa JKeTUIIIpy caThIChIHIa 00y /Ia.

INPOBEJAEHUE HAOKP U SKCIIEPUMEHTAJIbHBIX ITPOI'PAMM JIJI51 CMAT'Y1EHUS
MNOCJIEACTBUMU TSKEJBIX ABAPUU HA HATPUEBBIX PEH B PAMKAX ITIPOI'PAMMBI GENIV
N HA JEMOHCTPAIIMOHHOM TEXHOJIOT'HYECKOM PEAKTOPE ASTRID

2 Cepp P., ) Maiio D, Y Croto K., b Tporunson JI.,
2 Batbipoekos J.I'., 2 Bypum A, D Maxuun A.B., 2 Butiok B.A.,
% Ky6o III., ¥ Karo A., ¥ Tooura E., ¥ Kamusama K., ¥ Mauy6a K.,  Toéoka JI.

Y Heeneoosamenvcexuii uenmp «Kaoapaw» Komuccapuama no amomnoii snepeuu u aibmepHamueHbvim
anepzoucmounuxam Opanyuu (CEA), Cen-Ilonv-Jle-/[ropanc, 30anue 1222, 13108, @panyus
2 prin HAL] PK, yn. Kpacnoapmeiickasa, 2. Kypuamoes, BKO, 071100, Kazaxcman
3 Hayuno-uccnedosamenvckuii yeHmp co6pemMeHnoll CUCIEMbl YUKIA PeaKnOpPO8 HA DbICIMPbIX HElIMPOHAX,
JAEA, Hapuma 4002, O-apaii, Hoapaxu, 311-1393, Anonus

[Iporornn TexHonornueckoro peakropa ASTRID, cripoekTrpoBaHHBIN (paHIy3CKHM HCCIIEA0BATEILCKIM HHCTUTYTOM
CEA npu yyacTUM NPOMBIIIICHHBIX IAPTHEPOB, HMMEET BBICOKMI YPOBEHb TpeOOBaHM, B YaCTHOCTH IS
JIEMOHCTpallMi HaJEXKHOW Oe3zomacHocTH. HecMOTpst Ha BBICOKMH ypOBEHb TSDKENIBIX TIIOCIECACTBUI aBapuil ¢
paspylIeHHEM AaKTHBHOW 30HBI, UIT WX CMSTYEHHS YCTAHABIMBAIOTCS JOMOJTHUTEIBHBIC 3alIUTHBIC YCTPOMCTBA.
B pamkax mporpammer HUOKP Smonckoe arenrctBo JAEA cosmectHo ¢ PITI HAL] PK mpoBogut macmrabHyio
pabdory. C 1enbpl0 TPOABMXKCHUS W BBIABICHHS BO3MOXHOCTH peanusaiuu mporpammbl SAIGA mnpoBeneHs
uccienosanus Ha peakropax CABRI, SCARABEE Bo ®paniuu u Ha peaktope UI'P B Kazaxcrane. B Hactosiuee
Bpemsi Benercsi paspaborka HoBo miaardopmbl PLINIUS-2 nmis npoBefeHUs] BHEPEAKTOPHBIX DKCIIEPUMEHTOB I10
U3y4YECHUIO KOpUyMa.
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SKCHEPUMEHTAJIBHBIE UCCIEJOBAHUA TEIIJIOTUAPABJINYECKUX XAPAKTEPUCTHUK
JABYX30HHBIX TBC C TOPUEBBIM TOIVIMBOM

Boabmakos B.B.
Hauyuonanvuutii uccnedosamensckuii yenmp «Kypuamoeckuii uncmumymy, Mockea, Poccus

[IpoBomsTCs MccaeIOBaHUs AT MPAKTHIESCKON peaTn3alliii TOPUEBOTO IIKIIA Ha aTOMHBIX cTaHnusAX. [Ipeamnonaraercs
BHEJIPUTHb 3Ty TEXHOJIOTMIO IIyTEM YacTHUYHOM, a Jajee W MOJHOM 3aMeHoM TpaauuuoHHbIX TBC geilcTByrommumx
peakropoB BBOP-1000 ma TBC c TopmeBsiM TommmBoM. C 3TOH Ienbio ObIIa CKOHCTPYHpOBaHA IBYX 30HHAs
TOIUIMBHAA COOpKa, cocrosmas W3 nepudepuiHOW 30HBI OJIaHKeTa W IEHTPAIbHOM CHA-30HBL. 30HA OlaHKeTa
Habupanach W3 MUIMHIPUICCKUX TBIJIOB, & B KAYECTBE TBAJIOB CHA-30HBI HCIIOIB30BAUCH BUTHIE TBAJIBI TPEXITyUeBON
(hOpMBI MOTIEPEUHOT0 CEYCHHUSA. ITH BUTHIC TBAJIbI XapPAKTEPHU3YIOTCS PA3BUTOM MOBEPXHOCTHIO TEIIOOTIAYH, BHICOKUM
BBITOPAHHEM M OTCYTCTBHEM HEOOXOIMMOCTH HCIIOIB30BaTh AMCTpenieTku it ux ¢ukcanuu B TBC. C menbio
U3yYCHHsI TEIUIOBBIX M THAPABIMYECCKUX XapakTepucTHK TopreBoii TBC ObuH IpOBeIeHBI CEPUU IKCIIEPUMEHTOB I10
U3YYEHHUIO THJIPABIMYECKOTO COMPOTUBIEHUS M Kpu3uca Ttemnoordaud Ha cteHae KC B HUL «KypuaTtoBckuit
HUHCTUTYT». VcroNib30BaHMe OJJHOTO U TOTO K€ IKCIEPUMEHTAIbHOr0 KaHaja JUisl MyYKOB C UMHUTATOPaMU Pa3uYHbIX
TUIIOB TBAJIOB MO3BOJIMJIO MPOBECTH MPSIMOE CPABHEHUE UX XapaKTEPUCTUK. Pe3ynbTaTbl U TEXHOJOTHH, MOJYYEHHbIE
TIPH TIPOBEICHUN BCETO KOMIDIEKCa PabOT, MOTYT UMETh U IOTIOTHUTEILHBIC TPAMEHEHS.

[IpoBeneHsI cepuy TEIIOTUAPABIMYECKHX HCIIBITA- BB3P-1000
HUH SIIEMEHTOB NBYX30HHHIX TBC (TeIUuIoBBIAEISIO- .
X cOopok). Takue IByX30HHBIE COOPKHU OBLIH pa3pa-
00TaHbBI B paMKaX HCCIEAOBAHHH 0 MMPAKTHYECKON pea-
JMU3aI[ TOPHUEBOTO TOIDIMBHOTO ITMKJIA HAa aTOMHBIX
cranusax. [lenpto pabotr ObUI0 00OCHOBaHUE paboOTO-
CIIOCOOHOCTH M TeruoTexHu4Yeckoi Haaexunoctd TBC ¢
TOPUEBBIM TOIUIMBOM, KOTOpBIE IMO3BOJIIOT YaCTUYHO
WU TIOJIHOCTBIO 3aMeHHUTh mTatHele TBC neiicTByro-
mux peakropoB BBOP-1000. Mcxoas u3z atoro, TBC ¢
TOPHUEBBIM TOIUIMBOM JIOJI’KHA MOJTHOCTBIO COOTBETCTBO-
Bate TBC BBOP-1000 o crnexyromum napaMmeTpam:

*  OCHOBHBIE T€OMETPUYECKHE PA3MEPHI;

Pucynox 1. Ilonepeunoe cevenue TBC

*  DacIIOJIOKEHHE M pa3Mephl LEHTPAIBHOTO U Tie-
pubepUitHBIX KaHAJOB,

* THIPaBIMYECKOE CONPOTHBICHHE;

* CyMMapHOE SHEeproBblIC/ICHHUE.

PaccMarpuBauch paziuyHbe BapUaHTbl KOHCTPYK-
mu TBC 11st TopreBoro TOIUIMBa, MPOBOAUIUCH MPE-
BapUTEIIbHBIE TEIJIO-THIPABINYECKHE U HEUTPOHHO-(HU-
3U4ecKue pacueTbl. B pesynbrare Oblia CKOHCTPYHpO-
BaHa JIByX30HHAs TOIUIMBHAs cOOpka B (opm-dakrope
TBC peakropa BBOP-1000. B stoit TBC nmeercs me-
pudepuiiHas 30Ha OnaHKeTa W HEHTPAIbHAs «CHI»-30-
Ha. Ha pucynke 1 n3o0paxkeHBI MOIEpPEUHBIE CEUECHUS
TBC peakropa BBOP-1000 u Topuesoit TBC.

Jus cun-30m61 TopreBoit TBC mpemiokeHo HCroib-
30BaHNE TEXHOJOTMH OMMETAINIMYECKOTO ypaH-IIMPKO-
HHUEBOI'O TOINIMBA, XapaKTCPU3YIOUICTOCA BBICOKOM
IUIOTHOCTBIO U BBICOKHMM BBII'OPAHUEM. OFpaHI/IquI/Iﬂ 110
TeMIiepaType OMMETaIUIMYeCKOro TOIUIMBA 110 CpaBHe-
HUIO C OKCHIHBIM TOIUIMBOM IIPHMBENU K HEOOXOAMMO-
CTH HCIIOJIB30BaHUs KOHCTPYKIUH TB3JIa C pa3131/1T01‘/'1 10~
BEPXHOCTHIO TEIUIOOTIAAYH.

B pesymnbrate, ObUT BBIOpAH TB3J CO CIEIYIOUIHMMU
apaMeTpamu:

*  TpEXITy4eBOi (HOPMBI IOMICPEIHOTO CCUCHUS,

*  3aBHT OTHOCHTEIHFHO MPOIOJIEHON OCH;

*  CcaMOJUCTaHIMOHHUpYMOmuiics (He TpeOyroTces
TICTPEIICTKH);

* pa3BUTas MOBEPXHOCTh TEIIOOOMEHa M HU3Kas
TeMIIepaTypa TOILIMBA,

e rtommmBo — U-Zr cras;

* HU3Tr0TaBJIINBACTCSI METOAOM 3KCpr3I/II/I;

*  IIar pacnojiokeHus — 12,75 mMm.

VYcnexu B TEXHOJOTHH W3TOTOBJICHHHM TaKOTO THIIA
TBAJIa METOJIOM IKCTPY3HH MO3BOJIIECT PEaibHO paccMa-
TPHUBATh BO3MOXKHOCTh IIPUMCHEHUS WX B KOHCTPYKIIUU
cua-30ub! Topuesoi TBC.

B kadectBe TBAIJIOB OJIAaHKET-30HBI HCITOJIB30BAHEI
TPagUIMOHHBIC IMIMHIPUYSCKHE TBAJIBI HEMHOTO
MeEHbIIero Jauamerpa, yem TB3ias1 BBOP-1000, co cre-
IYIOIUMH [TapaMeTpaMHu:

* TOINIMBHBIE TAa0IETKH M3 cMecu okcuaoB ThO, u
Uo,,

*  JuaMeTp TBIJOB — 8,4 MM;

e mar pacrnojioxkenust — 11,73 mMm.
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CretyeT OTMETHTb, YTO IPOBEINCHBI aMITyJbHBIC
BHYTPHPEAKTOPHbIE HCIIBITAHUA KOPOTKUX 00pa3uoB
TBAJIOB CHA-30HBI W 30HBI Onankera. Ha pucynke 2
MpCACTAaBJICHBI B CPABHCHHUHU MOINCPCYHBIC CCUCHUA TBO-
noB BBOP-1000 u TopueBoro peakropa.

Cup-30Ha
Zr cladding

| : Zr displacer
U-Zr alloy fuel

3
R
2

/&

Pucynox 2. [lonepeunvie ceuenus mesnos

[IpenBapurenbHble TEIIOTHAPABIMYECKHE PACUETHI
MOKa3aJIi OTCYTCTBHE HEOOXOANMBIX KOPPEIALHUHA B TO-
JTHOM Mepe ONMCHIBAIOIIMX TI'€OMETPHIO CHI-30HBL. B
CBSI3M C 3TUM OBUIM MPOBEACHBI UCTIBITAHHS Pa3INIHBIX
Mojenei cOOpPOK ¢ BUTBIMH UMHTaTOpaMu TBAJIOB. JKC-
MIEPUMEHTHI [TPOBOAMINCH HA OJHOM M3 KPYIHEHIINX B
EBpone Temnopuzngeckom creane KC 8 HULL «Kypua-
TOBCKHI MHCTHTYT». XapaKTEPUCTUKU CTEH/a MO3BOJIA-
0T MPOBOAUTH AIKCIIEPUMEHTHl Ha IOJHOMAIITAOHBIX
mogensix TBC B ycnoBusx pabounx mapaMeTpOB BOJIO-
OXJIaX/IaeMbIX peakTopoB. OCHOBHBIE XapaKTEPUCTUKH
crenaa KC cnenyromue:

®  TEIUIOHOCUTEIID ..evvvveeeeerrereereneearenees JUCTHILIAT,

MapoBOJISHAsI CMECh;

*  MOIIIHOCTb 3JIEKTPOOOOrpeBa

moaean TBC ..., 8000 xBT;

*  MAaKCHUMAJIBHOE JABIEHUE ......evvvvvvnnnns 17,0 MIla;

* MaKCHMAaJIbHBIH pacxoj TerioHocuTens . 50 1/4.

Ha mporsoxkenun psaa et ObUIM TOCIENOBATEIHHO
MPOBEACHBl AIKCIEPHUMEHTHl Ha CIEIYIONINX MOIEIIX
cun-30861 TopueBoii TBC: 1-crepHEBBIE C BHUTHIM
umHuTaTopoM (anuHa 1 M); 7-CTep)KHEBBIE MyYKU C BU-
TBIMH uMHTaTopamu (amuHa 1 M) [1]; 19-cTepxHeBbIe
ITy4YKH ¢ BUTBIMU UMUTaTOpamMu (JiauHHa 2,5 M) [2], niar
NpoJ10JibHOM 3aBUBKH: 340 MM U 720 MM.

[Ipn ucnbITaHUSAX PA3IMYHBIX IYYKOB CTEpXHEH ¢
BUTHIMH HMHTATOpaMH TB3JOB BCETZA HCIBITHIBAJICS
AQHAJIOTUYHBINA peepeHTHBIN MyYOK C HMINHIAPHIECKH-
MH HMHTaTOpamu. Hawrydmme pe3ynpTaTsl IPOAEMOH-
CTPHPOBAJIN MOJIEITH BUTHIX CTEPXKHEH € IIaroM 3aBUBKH
340 MM. DTH MOJEIH UCIIBITHIBAINCH B CICAYIONIEM JTH-
ara3oHe PeKUMHBIX 1apaMeETPOB:

*  JABJIEHHE HA BBIXOIE .vvvvvvvvvvererererererennns 16 MIla;
*  TEMIEPATyPa HA BXOJE ...ccoeerververnens 195+320°C;
. OTHOCHUTECJIbHAS SHTAJIBIINUA HA BBIXOAC

W3 30HBI TEIUIOBBIACIEHUS .......... -0.15 + +0.32;

*  MaccoBasi CKOPOCTb
TETTIOHOCHTEIIS ..vvvervvenns 1000 + 4400 kr/(m*c).

Ha pucyske 3 mpeacTaBieHO CpaBHEHHE KpHTHYEC-
KMX MOLIHOCTE! 3KCIIEPUMEHTAIBHBIX IIyYKOB CTEPK-
HEll ¢ BUTBIMU M LHWIMHIPUYECKUMHU cTepkHAMHU. Kpu-
TUYECKUC MOITHOCTU JaHbl B 3aBUCUMOCTH OT TEMIICpaA-
TYpHI Ha BXOJIE B OKCIIEPUMEHTAIBHBINA ITy4OK TPH Mac-
COBBIX cKopocTsax TemtoHocurens 3000 u 4000
kr/(m%c).

P w=3000 kg/(m*s)

P, kW
A- twisted
4000 Ap 0- cylindrical
A
3000 oO@(Ib & b A
Bo L
0Q0g &
2000 ©
0]
1000
0
170 210 250 290 tin, °C
£ @=4000 kg/(m?-s)
P, kW
&.&A A-twisted
4000 o %& | o-cylindrical
© O o a A A~
3000 O o A
© o
* o
2000 o)
1000
0
170 210 250 200 tin, °C

Pucynox 3. 3asucumocmov kKpumuueckou MowHocmu
IKCNEPUMEHMATLHO20 NYYKA 0N MEeMRepamypbl Hd 6X00e

1.2

A-twisted
1 @ ©- cylindrical

.
5
o o8 3 A =
5 s o
L 06 6 %
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02
0
0 1000 2000 3000 4000 5000 6000

Mass flow rate, kg/(m?:s)

Pucynox 4. 3asucumocme nomepu oagienus
HA 9KCNEPUMEHMATLHOM NYYKe ChepIICcHel
0m MAcCco80ll CKOPOCMU MeNIOHOCUMEls

IIpu Bcex MaccoOBBIX CKOPOCTSIX HaOMOmaeTcst 3Ha-
YUTEJIFHOE MPEBBIIIEHHE MOIIHOCTH, HAa KOTOpOW Ha-
OmromaeTcsl KPU3UC TEIUIOOTAAYM y MYYKOB C BHUTBIMH
MMHTATOPaMH TBAJIOB HaJ aHAJIOTMYHBIMHU C LIMIIMHIPU-
yeckumu. Kpome Toro, ruapaBiuyuecKoe CONpPOTHBIIE-
HHE MOJIeJIeil C BUTBIMHU CTEPXKHSIMHU ITpuMepHO Ha 40%
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HIDKE, 9YeM y aHAIOTUYHBIX MOJelNel ¢ HMITHHAPUICeCKHU-
MH CTEPKHSAMH. DTO HArJSJHO MPOJEMOHCTPUPOBAHO
Ha pUCYHKE 4.

B kauecTBe OCHOBHBIX PE3YJIbTATOB SKCIIEPUMEHTOB
MOKHO OTMETHUTH CIIEAYIOIIHE:

* KPHUTUYECKHE TEIUIOBbIE MOIIHOCTH MyYKa C BH-
TBIMH UMHUTaTOpaMu He MeHee yeM Ha 20% BbIlIe, YeM
y MYYKOB C HWIMHAPUYECKUMU UMUTATOPaMH TBIJIOB BO
BCEM JIMana30He MacCOBBIX CKOPOCTEM

*  W3BECTHBIC KOPPEISAINH IS pacdeTa THAPABIH-
YECKOTO CONPOTHBIICHUS HE MPUTOMHEI IS CHI-30HBI C
BUTBIMH TBIJIAMH.

B Hactosimee Bpemsi paboTa HaXOIWTCSA HA CTAIUH
3aBepIICHUs] 3CKU3HOTO MpoekTra Ha ombITHyI0 TBC c
TOpUEBBIM TOIUTHBOM [3]. BakHbIM pe3ynbTaTtoM mpen-
CTaBJICHHBIX 3/IeCh PabOT TAKXKE SBISICTCS BO3MOXHOCTD
JIOTIOJTHUTEIBHOTO TPUMECHEHHUS TOJIYYCHHBIX HOBBIX
TEXHOJIOTHH, HalpHMep, YCTAHOBKAa BHUTHIX TBIJIOB B
TBC BB3OP-1000 BMecTO TpagULMOHHBIX LMJIMHAPUYE-
CKUX:

- IPUBOJUT K CHIXKCHUIO THJIPABIMYECKOTO COMPO-
tuBienus TBC Ha 40%;

- MO3BOJIsAET yBenmnunuTh MoImHOCTE TBC Ha 20%;

- YBENWYCHUE MOIIIHOCTH HE MPHUBOAMT K Tpobieme

MIPEBBILLIEHUS] OTPAHUYEHUI 110 TEMIIEpATYpE TOIUIMBA.
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EKI 30HAJIBIK KIIIK TOPA OTBIHBIMEH KBLTY THJIPABIAKAJIBIK
CUITATTAMAJIAPJBIH TOKIPUBEJIIK 3EPTTEYJIEPI

Boasmakos B.B.
Peceit, Mackey, «Kypuamoe uncmumymur» ¥1mmulx 3epmmey opmaioieol

ATOM CTaHIMSUIApbIHAA TOPUH LMKIIBIH TXIPUOEINiK iCKe achlpy YIIIH 3epTTeysep Kyprizineai. OCbl TEXHOIOTHSIHBI
topuii otbiHbIMeH JKIIDDK BBOP-1000 opeker eretin peaktopiapasiH nactypii JKIDK Gemmekren keiiHge TOIBIK
ayBICTBIPY KOJBIMEH €HTi3y YChIHbUIaAbl. OChl MaKCcaTIEeH OPTaNbIK CH/A-30HA/IaH JKOHE OJIAHKETTIH IIEeTTEeri 30HajaH
TYPAaTbIH €Ki 30HaJIBIK OTHIHABI )KWHAKTAYAaH KypacThIPbUIFaH. biiaHKeT 30HaChl HUIMHIPIIK TBAJIIEPACH AJIbIHFaH, ajl
CHJI-30HAaHBIH TBIJJIEpl PETIHIE KOJJCHEH KUMaHBIH YII coynem (opmana WipiireH TBajaep HalmanaHsuiasl. by
nipinren tBanaep JKLDK omapasl Oekityre apHaidfaH IUCTTOpJapAbl MaiifanaHy KaKETTUNTIHIH OOJMaybl JKoHE
JKOFapbl KYHIN KeTyiHe, buty OepyniH nambiran Oetimen cunartanansl. Topuid XKIIDK xputy *oHE THAPAaBIMKAIBIK
cumarramanapzasl 3eprrey makcateiMeH «KypuatoB mHCTHTYTEY F30 KC crennminme ity OepyaiH AarmapbIiChl MEH
THIIPABIUKANBIK KEIEePricCiH 3epTTey OOHBIHIIA TIKipHOenep cepusutapbl XKYprizimi. TBamepAiH Typil THITEpPiHIH
eNIKTeyNepiMeH MIOKTaphl YIIiH coyl Oip ToXipuOemiK KaHAIIBl MalgamaHybl OJapAbIH CHUIaTTaMallapblHA TiKeleH
CAJIBICTBIPY Kyprizyre pykcatr erTi. JKymbicTapaplH OapiblK KEIICHIH JKYPri3y Ke3iHAC aJbIHFaH HOTIDKEED MEH
TEXHOJIOTHSIAp/1a KOChIMIIIA KOJIaHy 0O0JTybl MYMKIH.

EXPERIMENTAL THERMAL-HYDRAULIC RESEARCH OF TWO-ZONE FA WITH THORIUM FUEL

Valery V. Bolshakov
National Research Centre “Kurchatov Institute”, Moscow, Russia

Research is being conducted for the practical realization of the thorium fuel cycle in nuclear power plants. It is
supposed to implement this technology by partial, and then complete replacement of traditional FA of operating
VVER-1000 reactors at the FA with thorium fuel. The two-zone fuel assembly was designed for this purpose. It is
composed of the peripheral blanket zone and the central seed zone. The blanket zone is collected from the cylindrical
fuel elements, while the seed-zone is formed by twisted triple-vane cross sections fuel elements. These twisted fuel rods
are characterized by advanced heat-transfer surface, high burnout, and are not required spacer grids for their
arrangement in the FA. In order to study the thermal and hydraulic characteristics of the thorium fuel assembly a series
of critical heat flux tests and pressure drop tests were performed at the test facility KS in the NRC “Kurchatov
Institute”. Using the same experimental housing for the bundles with simulators of different types of fuel elements
allowed making a direct comparison of their characteristics. Technology and results obtained during the full range of
activities may have the additional uses.
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UNUSUAL CONDUCTION MECHANISMS OF CUPRATE SUPERCONDUCTORS
IN THE NORMAL STATE AND PSEUDOGAP EFFECTS

S. Dzhumanov, P.J. Baimatov, Sh.S. Djumanov
Institute of Nuclear Physics, Uzbek Academy of Sciences, Ulugbek, Tashkent, 100214, Uzbekistan

We study the mechanisms of the charge transport in the normal state of doped high-T, cuprates. We argue that the
relevant charge carriers in these materials are large polarons and polaronic Cooper pairs. The in-plane conductivity of
underdoped to overdoped cuprates is considered as the conductivity of large polarons and Cooper pairs at their
scattering by lattice vibrations in CuO, layers. The appropriate Boltzmann transport equations were used to calculate the
conductivity of polaronic carriers and bosonic Cooper pairs above and below the pseudogap (PG) temperature T in the
relaxation time approximation. We show that the linear behavior of the in-plane resistivity p,,(T) above T~ is associated
with the polaron—phonon scattering, and different deviations from the T-linear behavior in p,,(T) below T are caused by
the BCS-like PG effects. The calculated results for p,,(T) are consistent with the experimental data obtained for various

hole-doped cuprates.

1. INTRODUCTION

After the discovery of the doped cuprate supercon-
ductors, it has become clear that the mechanism of su-
perconductivity is related to their unusual normal state
properties observed from underdoped to overdoped re-
gime and not encountered before in conventional super-
conductors. In particular, the normal state transport
properties of underdoped to overdoped cuprates show
striking deviations from the standard Fermi-liquid be-
havior due to the pseudogap (PG) which appears in the
excitation spectra of these materials above the super-
conducting (SC) transition temperature T, [1]. Despite a
large number of experimental [2,3] and theoretical
[4, 5] studies considering the in-plane and transport,
especially the in-plane and c-axis resistivity (pq,) in lay-
ered cuprates, many aspects of this issue are still unde-
termined. Many experimental results indicate (see Refs.
[6, 7]) that strong electron—phonon interactions and po-
laronic effects may be involved in the PG phenomena
and high-T, superconductivity in these systems. The
opening of a PG in the normal state of the cuprates
should affect their transport properties.

In this work, we study the unusual charge transport
in the normal state of underdoped to overdoped cuprates
and discuss the intrinsic mechanisms of the in-plane
polaron transports. We show that the precursor Cooper
pairing of polaronic carriers in the CuO, layers above T,
and the formation of the BCS-like gap (or PG) in the
excitation spectra of high-T, cuprates below a character-
istic temperature T'(> T.) are responsible for linear and
nonlinear behaviors of pg,(T) in the normal state of these
superconductors. We also show that the BCS-like transi-
tions above T, are manifested as the different resistive
transitions at T", which are similar to existing experi-
mental data.

2. RELEVANT CHARGE CARRIERS AND THEIR

BCS-LIKE PAIRING

These charge carriers in a polar crystal interact with
the acoustic and optical phonons and the ground states
of the doped carriers interacting with lattice vibrations

are their selftrapped (polaronic) states lying in the
charge-transfer (CT) gap of the cuprates. According to
the theoretical [7] and experimental [8] studies, charge
carriers in doped cuprates are large polarons with effec-
tive masses m,=(2-3)m, [8, 9] (where m, is the free
electron mass). We believe that the normal state (pre-
cursor) Cooper pairing of large polarons may occur in
the intermediate coupling regime [7] and the formation
of incoherent (i.e. nonsuperconducting) polaronic
Cooper pairs becomes possible at T>T, in the CuO,
layers of underdoped to overdoped cuprates. In this case
the unconventional electron-phonon interactions (i.e.,
the combined and more effective BCS- and Frohlich-
type attractive interactions) are believed to be responsi-
ble for the pairing correlation above T, in these materi-
als. Actually, the underdoped, optimally doped and
moderately overdoped cuprates are non-BCS supercon-
ductors, where the important difference between the
normal-state Cooper pairs and SC state Cooper pairs is
that the preformed Cooper pairs like composite bosons
may undergo the Bose—Einstein condensation (BEC) in
the noninteracting particle approximation above T,
without superconductivity (i.e. according to the Landau
criterion for superfluidity, the BEC state of an ideal
Bose-gas of preformed Cooper pairs is not the superflu-
id state), while the interacting composite bosons (SC
state Cooper pairs) condense into a superfluid Bose-
liquid state (that is like the superfluid state of liquid
*He) below T, [7].

3. RELAXATION TIME FOR CARRIER-PHONON

SCATTERING

The charge carriers in polar crystals are scattered at
their interaction with the acoustic and optical lattice
vibrations and these scattering processes are major
sources of temperature-dependent resistivity in the cu-
prates above T, and can describe better the normal-state
transport properties.

The carrier-acoustic phonon scattering may be treat-
ed as elastic scattering and the relaxation time for polar-
on-acoustic phonon scattering is given by [10]
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nhtpyvE
\/EEém;/szT\/E ' (1)
where p,, is the material density, v, is the sound veloci-
ty, E4 is the deformation potential.

The relaxation time of large polarons scattered by
optical phonons having the specific frequency w, = wg
may be determined from the relation [11]

_ 42mE(hwq))3/? hwo|

Top = wde? my X [kBT]' @

where § = (1 — n)/e, is the effective dielectric con-

stant, €, and g, are the high frequency and static dielec-
tric constants, respectively.

Then, the total relaxation time above T is given by

1 1 1

Tac(8) =

2 ® 2@ | op &)
where Tac(€) = A, /tVe, A, = h?pyv?/
E,%\/Emf,/szT*, t=T/T", Top = Bpehwol/kBT t

B, = 4V2mé(hwg)*/? whe? [m,.

Below T~ the polaronic carriers in the energy layer
of width &, around the Fermi surface take part in the
BCS-like pairing and form Cooper pairs in the CuO,
layers. If we use the property of §-function S[E (k") —
E(K)] = (de/dE)S[e(k") — e(k)] in the expression for
7, (k) below T, the relaxation time of large polarons at
their BCS-like pairing is given by

EO 1 (), )

Tpes(e) = B Tp

where E(k) = /52 (k) + A*? is the excitation spectrum

of quasiparticles in the BCS-like PG state, &(k) =
&(k) — u, wis the chemical potential (or Fermi energy
€F) of a polaronic Fermi-gas. The relaxation time of
preformed Cooper pairs, which are scattered as the
composite bosons at the acoustic phonons below T, is
determined from the relation
c _ h pM”s2
T5.(e) = W’ (5)

where mg = 2mp is the mass of polaronic Cooper pairs.

Below T~ the relaxation time of preformed Cooper
pairs scattered by optical phonons having the energy
hwg = hw,g, is determined from the relation

42mE(hwgy)3/? hwoz

(wp2)%(2e)2\ymp exp [kBT*t]' ®)

4. THE CONDUCTIVITY OF POLARONIC CARRIERS

IN THE CuO, LAYERS

Now we consider the layered high-T, cuprate super-
conductor with a simple ellipsoidal energy surface and
the conductivity of large polarons in the quasi-two-
dimensional (2D) CuO, layers (with nonzero thickness)
above and below T". We take this approach, since it
seems more natural. Further, we take the effective-mass
components my=mg,=My, for the ab-plane and my=m,
for the c-axis in the cuprates. Then the effective mass
m, of polarons in the layered cuprates is (m2,m.)/3.

Tt <1) =

The conductivity of large polarons above T" can be
written as [12]

3
2ne? Jy tp(e)eZ(-0fy(e)/0e)de
3map Jo fp(©)et/2de

0, (T >T") = G

E-H
where n is the density of polarons, f,(¢) = [ek? +1|?
is the Fermi-distribution function.

When &z is much larger than their thermal energy
kgT, we deal with a degenerate polaronic gas for which,
we have approximately f,(s <er) =1land f,(e>
er) = 0. Therefore, the integral in the denominator in
Eq. (7) can be replaced by 2¢2/% and than we may re-

place —df,/de by (¢ — &) and evaluate the integral in
(7) as

_Ip = aje &%
f Tp(e)SZ( )de B,e OV (8)
where a, = hogy /kgT", ¢, () = (Bp/A,)te?r’t,
Thus, we obtain
_ nezBpeaP/t
> D = ey ®)

Below T", polarons in the energy layer of width &,
around the Fermi surface take part in the Cooper pairing
and form polaronic Cooper pairs. The total number of
the excited components of Cooper pairs and bosonic
Cooper pairs is given by

n=mn,+2ng =
= 2 XUk fy () + v (1 = £ ()], (10)
where ny, = 2%, uif, (k) is the number of the excited
components of Cooper pairs, ng = Y, v (1 — f, (k) is
the number of bosonic Cooper pairs, f, (k)=
(¥4 + )7, e =3 (L +E/E), vie = 5 (1~ £/E).

The contribution of the excited polaronic compo-
nents of Cooper pairs to the conductivity in CuO, layers
below T is given by [12]
ne? [£¢_ rscs(a+u)(é+u)3/2%(1+%)(—aaig’ a

) - (11)

O'p(t <D= 3mgp fooofp(e)sl/zde

The PG A* and the temperature T~ are determined
from the BCS-like gap equation.

Below T, the conductivity of bosonic Cooper pairs
in CuO, layers at their scattering by acoustic and optical
phonons is given by [12]

op(t <1) = 019’;;3 :3 [ tp(e) /2 (- 2LE) ae =
mB 2,2 Bcea/t . E3/ze.s/kBT*t

Maph® kpT"t -0 (ef/kBT*f—1)2(1+ﬁc(t)x/E)

where fy(e) = (e¥/*8T — 1)~ is the Bose distribution
function, tz(&) is the relaxation time of Cooper pairs
scattered by acoustic and optical phonons and
determined as  Tz(e) = 15 (&)T5,/ (T4 () + TSp),

té.(e) = A /tVe, A, = mh*p,,vi/E; \/_m3/2kBT*,

=0.19 de, (12)
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t5p = Beemox/ksT B = \2mé(hag,)? /0f,e\mg
Be(t) = BcteaC/t/Ac: ac = hwgy /kgT".

The resulting conductivity of the excited polaronic
components of Cooper pairs and the bosonic Cooper
pairs below T* in the CuO, layers is calculated as

op(t<1)=o0y(t<1)+op(t<1). (13)

5. ANOMALOUS BEHAVIORS OF p4(T) ABOVE T,

AND THEIR EXPERIMENTAL VERIFICATION

Equations (9) and (13) allow us to calculate the in-
plane resistivities p,, (T > T*) = py + 1/04, (T > T*)
and pg, (T < T*) =pg+1/0,, (T <T*), where pg is
the residual resistivity, due presumably to impurity or
disorder in samples of high-T. cuprates. The Fermi en-
ergy for undoped cuprates is about Er=7 eV [7] and Eq4
is estimated as Eq =(2/3)Er . For high-T, cuprates, the
experimental values of py, Vs, €4, € and hw, lie in the
ranges py = (4—=7)g/cm?, v = (4—7) X
105cm/s, &,=3—7, g =22—-50 and ho,=
0.03 — 0.08 eV [12]. We show in Fig. 1 results of our
calculations for two different samples of underdoped
cuprates with T*=170 K (1'=0.585) and T*=110 K
(1°=0.541) obtained using the relevant parameters
vy = 5.5x10°cm/s, py =6.0g/cm3,  E=5.6,
Ma=1.82x10"%" g, m,=2.003x10%" g, n = 0.5x10?* cm?,
hoos = 0.05 eV, hag, = 0.056 €V, p, = 0.22 mQcm,
and v, = 5.4x10° cm/s, py = 5.8 g/cm® , & = 4.6,
Ma=1.88x10%" g, m,=2.14x10%" g, n = 0.45x10% cm’®,
hag = 0.04 eV, hog, =041 eV, p, = 0.4mQcm
respectively.
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Figure 1. Temperature dependences of pg, calculated for two
different underdoped samples of the cuprates with different
PG opening temperatures T* below which p,,(T) deviates
either downward (curve 1) or upward (curve 2) from linearity

As can be seen in Fig. 1, pap(T) shows T-linear be-
havior above T* as observed in various underdoped cu-
prates. This strange metallic T-linear behavior of the
resistivity arises from the scattering of large polarons by
acoustic and optical phonons. Below T  the resistivity
pan(T) shows nonlinear T dependence and starts to devi-
ate either downward or upward from the T-linear behav-
ior, depending on specific materials parameters. Fig. 1
shows clearly that p,p(T) in high-T. cuprates exhibits a

sharp drop or jump at T*. These results for the resistive
transitions closely resemble those found in some high-T,
cuprates [13, 14].

In Fig. 2 we compare our calculated resistivity as a
function of temperature with the experimental results
obtained by Carrington et al. [15] for underdoped and
optimally doped samples of YBa,Cu3O7.; (YBCO).
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Figure 2. Comparison of our calculated results for pg,(T) (sol-
id line) with the experimental resistivity data (open circles)
obtained by Carrington et al. (Ref. [15]) for underdoped cu-
prates (with 6=0.19 and 0.28) and optimally doped
YBa,Cus06 g5 material. Fits are performed in the
T range from above T, to 300 K and agree nicely
with the experimental data

In the numerical calculations of p,,(T > T*) and
pap (T < T*), we use the following sets of intrinsic ma-
terials’ parameters in order to obtain the best fits:
vy = 4x10° cm/s, py =41 g/cm3, £ =41, my, =
1.257x10727 g, m, = 1.75992x10727 g, n=
1.15x102* cm™3, hwy; = 0.041 eV, hoy, = 0.058 eV,
P, = 0.02mQcm, for underdoped YBa;Cu3Ogg,
v, = 41x10° cm/s, py =41g/cm3, ~ £=4.1,
Mgy = 1.547x107%7 g, m, = 1.925x107%7 g,
n=10x1022cm™3, hoy; = 0.051 eV, ko, =
0.062eV, p,=0.018mQcm, for underdoped
YBa,CusO47, and vy = 4x10° cm/s, p,, = 4.0 g/cm?
, € =4.0,mg, = 1.2x107% g, m,, = 1.6221x1077 g,
n = 1.35x10%Y cm™3, hwy, = 0.040 eV, Hhwog, =
0.057 eV, p,=0.016 mQcm, for optimally doped
YBa,Cu3Oggs5. Obviously, the calculated results agree
quite well with the experimental data both above T" and
below T".

Finally, we conclude that the agreement between the
modeled and the various experimental resistivity data
obtained for underdoped, optimally doped and overdo-
ped cuprates is quite good. The above quantitative anal-
ysis of the resistivity data shows that our theory
describes consistently both the T-linear resistivity above
T" and the distinctly different deviations from the high
temperature T-linear behavior in pap(T) below T in
these materials.

36



UNUSUAL CONDUCTION MECHANISMS OF CUPRATE SUPERCONDUCTORS
IN THE NORMAL STATE AND PSEUDOGAP EFFECTS

REFERENCES

1. Timusk, T. The pseudogap in high temperature superconductors: An experimental survey/ T.Timusk, B. Statt//Rep. Prog. Phys.-
1999.-Vol.62.-P.61-122; Orenstein, J. Advances in the Physics of High Temperature Superconductivity/ J. Orenstein,

A.J. Millis//Science -2000.-Vol.288-P.468-474; Tallon, J.L. The doping dependence of T — what is the real high-T, phase
diagram? /J.L. Tallon, J.W. Loram//Physica C -2001.-VVol.349-P. 53-58.

2. Takagi H., Hussey N.E., / G. ladonisi, J.R. Schrieffer, M.L. Chiafalo (Eds.), Proceedings of the International School of Physics
“Enrico Fermi” Course CXXXVI, IOS Press, Amsterdam, 1998, p. 227.

3. Nagib, S.H. Temperature dependence of electrical resistivity of high-T. cuprates-from pseudogap to overdoped
regions/S.H. Nagib [et al]/Physica C -2003.-V0l.387-P.365-372.

4. Alexandrov, A.S. Hall effect and resistivity of high-Tc oxides in the bipolaron model/ A.S. Alexandrov [et al]// Phys. Rev. Lett.-
194.-Vol.72.-P.1734; Alexandrov, A.S. Hall effect and resistivity in underdoped cuprates/A.S. Alexandrov [et al]// Phys. Rev.
B-2004.-Vol. 69.-P.052505.

5. Varshney, D. Interpretation of temperature dependence of the in-plane electrical resistivity in YBa,Cu,Og: Electron—phonon
approach/D. Varshney [et al]// Physica C -2010.-Vol.470.-P.2016-2022; Nagib, S.N. Modeling of the out-of-plane resistivity
of cuprate superconductors/S.N. Nagib [et al]// Physica C-2011.-Vol. 471-P.1598-1601.

6. Kresin, V.Z. Colloquim: Electron-lattice interaction and its impact on high-T, superconductivity// V.Z. Kresin, S.A. Wolf// Rev.
Mod. Phys.-2009.-Vol.81-P.481.

7. Dzhumanov, S. Theory of Conventional and Unconventional Superconductivity in the High-T. Cuprates and Other Systems/

S. Dzhumanov- New York:Nova Science Publishers, 2013-P.; Dzhumanov, S. Pseudogap formation and unusual quasiparticle
tunneling in cuprate superconductors:Polaronic and multiple-gap effects in the tunneling spectra /S. Dzhumanov [et.al]// Physica
B-2013.-Vol. 427.- P.22-30.

8. Kastner, M.A. Magnetic, transport, and optical properties of monolayer copper oxides/M.A. Kastner [et al]// Rev. Mod. Phys.-
1998.-Vol.70-P.897.

9. Miyaki, S. Two-Copper-Atom Units Induce a Pseudo Jahn-Teller Polaron in Hole-Doped Cuprate Superconductors/ S. Miyaki
[et al]//J. Phys. Soc. Jpn.-2008.-Vol.77-P. (034702-1-6).

10. Dzhumanov, S. Theory of novel normal and superconducting states in doped high-T. superconductors/ S. Dzhumanov// Internal
Report, IC/IR- Trieste, Italy, 2011.-P.1-17.

11. Anselm, A.l. Introduction to Semiconductor Theory/ A.l. Anselm- Moscow, Leningrad: Izd. Fiz. Math. Literature, 1962.

12. Dzhumanov, S. Normal-state conductivity of underdoped to overdoped cuprate superconductors: Pseudogap effects on the in-
plane and c-axis charge transports// S. Dzhumanov [et al]// Physica B-2014.-Vol. 440-P.17-32.

13. Ulug, A. Observation of anomalous resistive transition in a new mixed-phase Y 3;Ba,Cu;0y system around 125-260 K /A. Ulug
[et al]//Physica C-1994.- Vol.235-240.-P.879-880.

14. Koike, Y. Impurity and magnetic field effects on the stripes in cuprates/Y. Koike, T. Adachi// Physica C -2012.-Vol.481 —P.115.

15. Carrington, A. Hall effect and resistivity of oxygen-deficient YBa,Cu30;.5 thin films/A. Carrington [et al// Phys. Rev. B-1993.-
Vol. 48-P.13051.

KYIPATTBI )KOFAPFBI OTKI3TTHITEPAIH HOPMAJI XAJIETTEI'T OTKI3YINIITTHIH FAJIETI
MEXAHUM3M/EPI ’)KOHE IICEBJOBOCTBIK D®®EKTEPI

Hxymanos C., BaiimaTos I1.2K., [lxxymanos L.C.

O36exicman Pecnyonuxacet Forivimoap Axkademuscor Aopo ¢puszuxa uncmumymol,
Yayzéex, Tamkenm, 100214, O3bexicman

bi3 nernpoBaHABIK KynpaTThl KOFaphl TEMIIEPAaTypajbl ©Te OTKI3TIITEpIiH HOpMall XaJeTAerl 3apsATapAblH Keulipy
MEXaHM3MJIEPIH 3epiTTeiK. AHBIKTaTybIHINA, OyJ MaTepHanapaa 3apsaap/asl ajbll KeLIpyl YJIKeH HOJIIpoHIap
MeH nossipoHAbIK Kyrep mapanaps! 6oubin mibIKThL. KymparTsl jKOFaphl TeMIepaTypaiblK eTe oTKi3yminaepai ab- 6etin
OTKI3YIIUIIT YIIKEH MoJsIpoHAap sl skoHe Kymnep napanapasiy onapasiH CuO, KaOBIFBIHAAFBI PEIIETKACHIHBIH TepOeny
IIaIbUTYBl Aen Kapaiasl. OcblFaH apHainFraH bonmbiMaH TeHAEyl HMONSpaHAbIK Kemipymriep koHe 0030HIBIK Kymnep
napanapeiHeH 1ceBo6ocTsikTarbl (ITB) T~ KOFapsl jKOHE TOMEHTi TeMIepaTypanapHHIAFsl YAKbIT JKybIFBIHIAFE]
PENAKIMSCHIH €CenTeNny/le KOMIaHbABL T  JaH XKOFapsl ab- Typsl Keaepri Typi Kopinyi pa(T) mOMspoH-GOHOHIBIK
IIANIBUTYBIMEH GaiimanbicTsl, T  -1aH ToMeHzaeri 6ip KaxsimTsl e3repici ITB sddexrrepi cnsikrsr BKII sddexrrepmen
OalIaHBICTBUTBIFBI KOPCETUIMI. pap(T) YIIIH ecenTiH menriMaepi op Typii TeCik —JIETHpOBaHIAJFaH KyNpaT YIIiH
OKCIICPUMECHT KOJIBIMEH aJIbIHFaH HATHXKCJICPMCH caiikec Keneai.

37



UNUSUAL CONDUCTION MECHANISMS OF CUPRATE SUPERCONDUCTORS
IN THE NORMAL STATE AND PSEUDOGAP EFFECTS

HEOBBIYHBIE MEXAHUW3MBbI ITPOBOANMOCTHU B HOPMAJIBHOM COCTOsIHUHN
KYHOPATHBIX CBEPXITPOBOJHUKOB U IICEBJOLIEJEBBIE OPEKTHI

Jdxymanos C., baiimaTos IL.2K., I:xxymanos II.C.

Hucmumym sadepnoit puzuxu Axademuu nayk Pecnyonuku Y3oexucman,
Yayeoex, Tawkenm, 100214, Y3oexucman

Hamu u3ydeHsl MexaHN3MBI IEPEHOCA 3apSA0B B HOPMAIBLHOM COCTOSTHUM JISTHPOBAHHBIX KYIIPaTHBIX BEICOKOTEMIIEpa-
TYPHBIX CBEPXIIPOBOIHMKOB. Y TBEP)KIAETCS, YTO HOCUTEISIMU 3apsiIOB B 3THX Marepuanax sBISIFOTCS OOJNbIINE MOJIs-
POHBI H MOJAPOHHBIE KylepoBckue mapbl. [IpoBoguMocTn ab-TIOCKOCTH KyIpaTHBIX BBHICOKOTEMIICPATypPHBIX CBEpX-
TIPOBOAHUKOB PACCMATPUBAETCS KaK MPOBOJMMOCTH OOJBIINX MOJIIPOHOB M KYHNEPOBCKUX Iap MPH UX PACCESIHUU Ha
koneOanuax pemerkd B CUO, ciosx. COOTBETCTBYIOIIME ypaBHEHUs BobIMaHa HCIIOIB30BAIUCH JUIS BEIYHCIICHUS
MIPOBOAMMOCTH MOJISIPOHHBIX HOCHTENEH M OO30HHBIX KYNEPOBCKHUX Iap BBIIIE W HIWXKE TEMIIEPATyphl MCEBIOIIEIN
(L) 7" B npubIMKeHNN BpeMeHH peakcaiui. Hamu mokasaHo, 4To TMHEIHOe MOBEIeHHe CONPOTHBIeH s ab- mioc-
KOCTH pap(T) Boime T  CBSA3aHO C MONMAPOH-DOHOHHBIM PACCESHUEM, @ PA3TUUHbIE OTKIOHEHHS OT JIHHEHHOro MoBe/Ie-
Hus B pap(T) Hike T Bhi3Banbl BKIL-mono6usmvu 111 addextamu. PaccunTannble pesymbTaThl 11s pap(T) cormacyror-
Csl C OKCIIEpUMEHTAIBHBIMH JAHHBIMH TIOJTyYSHHBIMH ISl PA3JINYHBIX ABIPOYHO-JIETMPOBAHHBIX KyIIPATOB.
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OINNPEAEJEHUE YIIPYT'UX KOHCTAHT KOHCTPYKIIMOHHBIX MATEPHUAJIOB
SAJEPHBIX PEAKTOPOB

12) AxmemkanoB ®.P., ) Boarabaes AD,, 9 Kypranues J.H., Y 3 mnuszos O.U.

1 . N
)CamagKaHOCKuu 2ocyoapcmeennwlit ynusepcumem, Camapkano, Y3oexkucman
Hucmumym aoepnoit pusuxku AH PY3, Tawkenm, Y3oexucman

Omnpenenensl koapdunuent [lyaccona n ynpyrue moxynu FOHra u casura amomuHneBbix ciuiaBoB CAB-1 u AMIT-2,
Bce BenMIMHBI pacCUNTHIBANINCH U3 3HAYCHUI CKOPOCTH IPOJIONBHBIX U ITONIEPEYHBIX aKyCTHIECKUX BOJH, H3MEPEHHbIX
(hazoBo-uMITyTECHBIM MeToZIoM Mak-CkumuHa Ha actote 10 MI'. [Toka3ano, 4To HanOOIBIINE U3MEHEHHUS 10 CPaB-
HEHHMIO C YHCTBHIM aJIIOMUHHEM Habmronatorces B ciutase CAB-1, B koTopoMm 3HaueHHs: Moayis FOHra u MOmysst ciBUra
yMeHbIaroTcst Ha 5% u 2%, cOOTBETCTBEHHO. B mpeznenax TouHOCTH M3MepeHui ko3¢ dunuent Ilyaccona amst oboux

CIIJIaBOB HEC N3MCHSCTCA.

BBEJEHHUE

AKyCTI/I‘IeCKI/IC METOABI KOHTPOJA W JUArHOCTUKH
HIMPOKO HMCIOJIBL3YIOTCS ISl UCCIIEOBAHMs, KaK MakKpo-
CKOITMYECKHX Ne(eKTOB, TaK M MPOIECCOB, MPOTEKaIO-
IIMX B KOHCTPYKIMOHHBIX MaTepuaiax Ha MUKPOCKOIIH-
4yeckoM ypoBHe [1]. OqHako mpuMeHeHHe XOpOoUIo pas-
pabOTaHHBIX aKyCTHYEeCKHMX METO/IOB, OCHOBAHHBIX Ha
M3y4YeHUHU BHYTPEHHETO TPEHWS, Il HEepa3pyIIaloIero
KOHTPOJISI CBOWCTB M CTPYKTYPBI PEATFHBIX METAJUIOB U
CIIaBOB BEChbMa 3aTPYIHHUTENBHO HU3-3a CIOKHOCTU HH-
TepIpeTaniu pe3yabTaToB. OOYCIOBIEHO 3TO HATUYH-
€M MHOXXECTBa (DM3WYECKHX M METOAMYECKHX (aKTo-
POB, BIUSIIONIMX Ha OClla0JeHHe aKyCTHYECKOTO CHTHa-
Jia TIpU €ro MmpoxXoXXKACHUMU IO MaTepuaily U, COOTBETCT-
BEHHO, 0OJIBIION MOTpemHOCThi0 MeToAa (6oee 20%)
[2].

Mekty TeM CKOpOCTh paclpoCTpaHEeHHUs aKyCTHYec-
KOl BOJIHBI SIBJISIETCS TAKOW €€ XapaKTepPUCTHKOM, KOTO-
past JIETKO M3MepseTCs B peallbHbIX M3/CINAX U3 KOHCT-
PYKLIMOHHBIX MaTepHanoB. Bemnunna ckopoctu (yHK-
[IMOHAJIbHO CBS3aHa C YNPYTHMMH KOHCTaHTaMM (MOIy-
JISIMH), OT KOTOPBIX 3aBHUCAT BaXKHbIC (PU3NIECKUE U TEX-
HOJIOTHYECKHE CBOWCTBA CIUIABOB M KOTOPBIE XOTh H
cmabo, HO 3aBUCAT OT CTPYKTYpHI cruiaBoB [3]. Taxwum
00pa3oM, MOXKHO OXKUJIATh OMNPEAEICHHOT0 COOTBETCT-
BUSL MEXY CKOPOCTBHIO PACIpPOCTPAHEHHs aKyCTHYec-
KOW BOJIHBI B CIUIABaX U UX CTPYKTYpPOH.

Crenyer OTMETHTB, YTO 3aKOHOMEPHOCTH H3MEHe-
HUSI CKOPOCTH PAaCHpOCTPaHEHHs aKyCTHYECKUX BOJH B
YHUCTBHIX METaJUIaX HCCIEO0BaHO JOCTAaTOYHO MOJHO H
9KCIIEPUMEHTAIIBHBIE PE3YJIbTAThl HETIOXO OITUCHIBAIOT-
csl Teopuel AucIoKaluoHHON cTpyHHI I'panato—JIrokke
[4]. Co cnnaBamu neno oOCTOMT CIIOXHEE, TOCKOJIBKY
Ha JAMCIOKaMOHHBIE 3()(EeKTHl HAKIIAIBIBAIOTCS JIpyTHE
CTPYKTYpHBIE (DaKTOpPBI HA Pa3HBIX YPOBHSX, BKIIOUAs
TOYEYHBIC IEPEKTHI, Pa3IMIHON MPHPOILL. Tarke ocTa-
€TCsl HEBBISICHCHHBIM H3MEHEHHE CKOPOCTH 3BYKa IPH
pa3IMYHBIX BHEUIHUX JHEPreTUYECKHX BO3AEHCTBHAX
Ha METaJIbl U CILIaBBI, BKJIIOYas BO3JECHCTBHE HEUTPOH-
HOTO M3IyYEHUs B SIIEPHBIX PEAKTOpax.

HawuGonee pa3paboTaHHBIMH METOAAMH OIpejelie-
HUA CKOPOCTU aKyCTHYCCKHUX BOJIH B MaT€puajax siBJIsd-

10TCs (Ha30BO-UMITYIbCHBIE METOMBI [5], KOTOpPBIE MOTYT
oka3zaTbes d(GGEKTUBHBIMHE M JUIS PELICHUS 3aa4, CBs-
3aHHBIX C OMNpE/EICHHEM YIPYIHX CBOHCTB KOHCTPYK-
[HOHHBIX MaTepUaJIOB SACPHBIX PEaKTOpPOB, o0ecIeyu-
Basl Hepa3pylaoUuid KOHTPOJIb UX OCHOBHBIX MEXaHH-
YEeCKUX XapaKTepucTuk. B Hacrosmiedl pabore Takoii
NoAX0J OBUT MCIIONB30BaH Ul OINPEAETeHUs] YIPYTrux
KOHCTAHT aJlOMUHHEBEIX criaBoB CAB-1 u AMI-2.

Amomunuessle ciiaBbl CAB-1 u AMI'-2 otHOCsTCS
K TpyIIie CIUIaBoB TpoitHoi cuctembl Al-Mg—Si. Haps-
JIy C OCHOBHBIMH JICTUPYIOITMMH KOMIIOHEHTaMH KpeM-
HHEM M MarHWEM B HHUX MOTYT IPHCYTCTBOBATb JIPyTHE
MIPUMECH U PA3IMYHbIE HHTEPMETAUIMUECKHUE COEIIHE-
uust, takue kak AlsFe, AlSiFe, CuAl,, Mg,Si u ap. [6,
7]. CrmaBel 00maaeT BRICOKOH MEXaHHUECKOW MPOYHO-
CTBIO, TJIACTHYHOCTBIO, YCTOWYMBBI K PaJUAIIMOHHOMY
BO3ACHUCTBUIO, M LIMPOKO HCIIONB3YIOTCS B KauecTBE
KOHCTPYKIIMOHHOTO MaTepualia Py M3TOTOBJIEHUH pa3-
JMYHBIX MOJXYJEeH B aKTUBHOI 30HE aTOMHBIX PEaKTo-
poB. MHorue Qusnueckie CBOWCTBA THX CILJIABOB HC-
cieioBaHbl B psijie pabot [8—10], omHako MX ympyrue
CBOMCTBA NMPAKTUYECKH HE N3yUYCHBI.

OBPA3ILBLI U METO/IbI HCCJIEJOBAHUS

O6pasier crutaBoe CAB-1 u AMIT-2 munisapryec-
Ko popMmbl, TrameTpoMm 8 MM 1 JuInHOI 20 MM, pUro-
TaBIMBAJINCh U3 CTEP)KHEH MPOMBIIIICHHON MOCTaBKH.
[InoTHOCTH Cr1aBa ompeaessiach O U3MEPEHUSIM Mac-
CBl 1 00beMa 00pa3oB ¢ norpemHocTsio 0,1%. AHanms
3IeMeHTHOro cocTasa cruiasa CAB-1 npoBoauincs ¢ no-
MOIIBIO PEHTTCHOBCKOTO MHKpoaHaiu3aTopa «Jeol»
JSM 5910 1V (SImonus).

N3mepeHnst CKOpOCTH PacHpOCTPaHEHHs aKyCTHIEeC-
KHX BOJIH IPOM3BOIIINCE C TIOMOIIBIO yIBTPa3BYKOBOH
UMITYJIbCHOM ycTaHOBKHU. [IponosibHBIE M IONEpeyHbIE
aKyCTHYeCKHEe BOJHBI BO30Y>KAaIMCh KBAapLEBBIMHU IIpe-
oOpasoBarensiMu X— U Y—Cpe3a, UMCIOIIMX pPE30HaHC-
Hy!0 yacTtoty ~10 MI't AkycTudeckuii KOHTAaKT IIbE303-
JIEKTPUYECKOro TpeodpaszoBarens ¢ 00pa3loM CIulaBa
OCYILECTBIISICS Y€pe3 TOHKUW CJION 3MOKCUAHOW CMO-
JIBL

Jna u3MepeHusl CKOpOCTU aKyCTHUECKUX BOJH B
CIUIaBax HaMH OBII HCIIOJBb30BaH HM3BECTHHIH (pazoBo-
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AMOYJIbCHBIH MeTon Mak-CkuMuHa, OTIMYUTETHHOMN
0COOEHHOCTBIO KOTOPOTO SBIISICTCA HAIO)KEHHE BBICOKO-
YaCTOTHBIX YIIPYTHX MUMITYJIECOB, BO3OYKICHHBIX ABYMS
30HIUPYIOUUMH paauouMmiyibcamu [5]. Cxema aky-
CTUYECKOW M3MEPUTENBHON CUCTEMBI, aJallTUPOBAaHHOU
nox mero Mak-CxkuMuHa, IpuBeeHa Ha puc. 1.
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Pucynok 1. Bnok-cxema akycmuueckou usmepumenbHou cu-
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B cocras I/I3MepI/ITeJ'II)HOI\/II CHUCTEMBI BXOAT MOAYJIH,
BBINOJHSAIONINE (QYHKIMIO TeHepauuy KoyiebaHuii B 00b-
€KTE MCCIIE0BaHus, X MPUEM U UHIUKALHUIO MTapameT-
POB aKyCTHYEeCKHX BOJIH. B KauecTBe OCHOBHBIX MOIY-
Jed CHCTEMBI, HCIOIB3YIOTCS IPOMBIIUICHHBIE WM-
ITyJIbCHBIE W BBHICOKOYACTOTHBIE T€HEPATOPHI, YCHIIUTE-
JIM, 9aCTOTOMEP M ocLuuiorpad.

Kak BuznHO Ha puc.l, reHeparop BbICOKOYAaCTOTHBIX
HMITyJIbCOB, IIOAAaBAaEMbIX Ha IIbE30IpeoOpazoBaTes,
3aIlyCKaeTcsl OT JBYX I'€HEPAaTOPOB UMITYJIbCHBIX CHTHA-
soB (IC'MC). paboTaromux B TaKT ¢ TEHEPATOPOM JJIEKT-
POMarHuTHBIX KojebGanui Hu3koil yactots! (I'HY) B qu-
anazone 1 — 10 KI'u. TToxOupas nepuoa HU3KOYACTOT-
HBIX KOJICOAHWH, BBIPa0AaThIBAEMBIX 3TUM TE€HEPATOPOM
MOXKHO JTOOHMTBHCSI HAJOKEHUSI APYT Ha JIpyra 3X0-HM-
ITyJbCOB aKyCTHUECKHUX BOJIH, BO30Y)KIaeMbIX B 00pas-
ne. [Ipu aTOM cyMMapHast aMIIUTy/Ja HAIOKEHHBIX HM-
ITyJbCOB 3aBUCHUT OT PA3HOCTH (a3 MEXIy 3aloHSIO-
MU UMIYJIbC KOJEOaHNUIMH, KOTOPYIO MOXHO H3Me-
HATH B HEOOJBIINX TPeeax pPeryaupys 9acToTy BBICO-
KOYacCTOTHOTO TeHEPaTopa.

Peructpupys ¢ nomonipto udppoBoro yacroromepa
MIOCJIE/IOBATENIbHBIC 3HAUEHHs] YacTOThI, MPH KOTOPBIX
aMILUIATYAa Pe3yJIbTUPYIOLIETO UMITYJIbCa IPOXOAUT Ye-

pe3 MHHUMYMBI WIIM 4€pe3 MaKCUMYMbI, MOXKHO OIpe-
JIeITUTh CKOPOCTh PACIPOCTPAHEHHUS aKyCTHYECKOH BOJI-
HBI U3 COOTHOIICHUS [5]:

V=2L-Av, 1)

rae L — mmHa obpasia, Av — pa3HOCTh BYX COCETHHUX
YacTOT paJUOIepeaTYNKa, COOTBETCTBYIOUIUX MPOTH-
Bo(pasHON wuHTephepeHiuy. TOYHOCTh OIpeaecICHHS
ckopoctu coctanisiia ~0,01%.

PE3YJIBTATBI SKCIIEPUMEHTA U OBCYK/JIEHUE

PesynpraTel peHTreHOTpaQHUUECKOro aHaau3a »diie-
MEHTHOTO COCTaBa 00pa3lOB 3THX CIUIABOB IPHBEICHBI
B Tabu. 1. BugHO, 9TO OCHOBHBIMH JETHPYIOIIUMHE dIIe-
MEHTaMH SBIAIOTCS KpeMHUH U MarHuil. Tak B criase
CAB-1, nons kpemuus coctaisuia 2.1 macc %. omns
OCTaJIbHBIX OOHAPYKCHHBIX 3JIEMEHTOB COCTaBJsUIa HE
6oitee 0.06 macc %, 3a UCKIIIOUEHHEM 3KeIe3a B CILIABE
AMTI-2. Tlo pe3ynbraTaM U3MEpEHUI IUIOTHOCTH CILIA-
BoB CAB-1 u AMI-2 oxazanace paBHo# 2.88 u 2.92
r/cM®, COOTBETCTBEHHO.

[MoryueHHBIE SKCTIEPUMEHTATFHO 3HAYCHUS TUIOTHO-
CTH U CKOPOCTH paCIpOCTPaHCHHS, MPOTOIBHBIX V| U
ronepeyHsIX Vs aKyCTHIeCKUX BOIH OBLTH MCIOIBh30Ba-
HBI JUIS OTIPENIeNICHUs YIPYTHUX KOHCTaHT — Moxyst FOH-
ra E u Mmonmyss cieura G us cootHomenwii [3]:
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TZie p — IUIOTHOCTh Martepuana, y — ko duuuent [lyac-

COHa.
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PesynbTaThl KCHIEpUMEHTa U pacueTa MpUBEJICHBI B
TabmuIe 2, B KOTOPOH I CpaBHCHHS IPUBEACHBI JTaH-
HBIE [T HOMHHAIIBHO YHCTOro amomunus [11].

Tabauya 1. Dnemenmuviii cocmas cninaeoe CAB- 1 u AMI™-2, npu T=298 K

AnemeHTHBII cocTaBs, Macc %
Cnnas OCHOBHblEe KOMMOHEHTbI Mpumecwk, He Gonee
Al Mg Si Fe Cu Ni Ti B Cd Zn Na
CAB-1 97.6 0.07 241 0.05 0.03 0,04 0.02 0.01 0.01 0.03 0.01
AMI-2 97.3 1.85 0.1 0.24 0.06 0.06 0.06 0.01 0.02 0.04 0.01
Tabauya 2. Cropocmu akycmuueckux 0aH u ynpyaue koncmanmol cnaaéa CAB-1 u antomunus
CkopocTb CkopocTb
Matepuan n;'g: ::;st’ npono:';t(.)rsll;;xcﬁonu Vi, nonepe:gabz( :1(311", Vs, Mo?g::;_l::ra' Mo.c;)g;l: I: .::Zwra, Ko;?iz;l::m
CAB-1 2.88 5.98 2.95 6.71 2.51 0.337
AMI-2 2,92 6.16 3.02 7.15 2.66 0.342
Al 2.70 6.26 3.08 7.10 2.56 0.340
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OMPERENEHUE YNPYTUX KOHCTAHT KOHCTPYKLIMOHHBIX MATEPUAIIOB
AADEPHbIX PEAKTOPOB

W3 Tabnuier 2 BUIHO, YTO CKOPOCTH TPOJOIBHBIX H
MIOTIEPEYHBIX aKyCTUYECKHX BOJH B CIUIaBaX, OCOOCHHO
B criae CAB-1, 3aMeTHO MeHbIIE COOTBETCTBYIOMINX
CKOpOCTEHl B HOMHHAJILHO yhcTOM anromuHuu. Cornac-
HO [9], 3a cuUeT JErHpyromMx >JIEMEHTOB MarHus |
KPEMHHSI KPHCTaJUTMUECKasl pelleTKa CIulaBa CTAaHOBHT-
Csl MCHEE YIIAaKOBAHHOW, YBEIHMYUBACTCS KOHIICHTPAIIHS
BaKaHCHH, MOSBISIOTCS MOPBL. B pe3ynkTate yMeHsbIa-

CTBEHHO YMEHbLIAIOTCs Moxysb FOHra u Monynb caBu-
ra, KOTOpbIe OlpeeNnseT IPOAOIbHbIE U CABUTOBEIE Je-
dhopmanum.

Crienyer OTMETUTh, 4TO 3HaueHHWe KoddduiueHTa
[Tyaccona y1si aTFOMHHUEBBIX CILIABOB MPAKTHYECKU HE
OTJINYATCS. OT €r0 3HA4YEHHs ISl aJJFOMUHHS, YTO COOT-
BETCTBYET TeopuH [1], cormacHo KOTOPOii 3HAUCHUE KO-
a¢punmenta [lyaccona B MeTajulax M cIulaBax MEHsET-

I0TCs CHJIBI B3aPIMOZ[eI>iCTBPIH MECXKIY aTOMaMH, COOTBET- Cs HC3HAYUTCIIBHO.
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SITPOJIBIK PEAKTOPJIAPJBIH KOHCTPYKIHSIIBIK MATEPHAJIIAPIBIH KATTHI
KOHCTAHTTAPBLIH AHBIKTAY

12) AxmemxkanoB @.P., ) Bosnrradaen AD,, D Kypranues 3.H., Y 3mmuszos O.M.
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[Iyaccon koaddummenti xone FOHra KaTThl Momymbpaepi xone CAB-1 xone AMI-2 anroMuHNH KOPBITIAJapBIHBIH
e3repicrepi aHBIKTANABL. bapisik Memmepnep 10 MI'm xwuiniringe Mak-CkuMuHHIH (a3albIK-UMIOYIBCTIK dAiCiMEH
OJIILICHI'eH OOMIIBIK JKOHE KOJJICHEH aKyCTHUKAJIBIK TOJKBIHIAP KbULAAMJBIFBIHBIH MarbIHANapblHAH ecenrtenmi. Taza
ATIOMHHUIIMEH CaNbICThIpY OOMBIHINA €H YIIKeH e3repTyiiep FOHra Moy MeH e3repic MOYJIiHIH MaFbiHaJIaphl COMKeC
5% sxoHe 2% a3atobl, CAB-1 GankpiMaceinia OaiiKaaaTelHbl KOpCeTUINl. Oniiey A9MIITriHIH HIeKTepiHae eKi OalKkbiMa
yuit ITyaccon koa¢dunmenTi e3reprinmeiini.

DETERMINATION OF ELASTIC CONSTANTS OF CONSTRUCTIONAL MATERIALS
OF NUCLEAR REACTORS

12 F R. Akhmedzhanov, ? A.F. Boltabaev, ¥ E.N. Kurtaliev, ¥ O.I. Eshniyazov

) state University of Samarkand, Samarkand, Uzbekistan
2 Institute of Nuclear Physics, Academy of Sciences of Uzbekistan, Tashkent, Uzbekistan

Poisson ratio and elastic shear modulus and Young modulus of SAV-1 and AMG-2 aluminum alloys have been
determined. All the quantities were calculated from data of longitudinal and transverse acoustic waves velocity
measured by phase-pulse Mac-Skimin method at frequency 10 MHz. It is shown that the most changes as compared to
pure aluminum are observed for SAV-1 alloy, in which the values of shear modulus and Young modulus are decreased
by 2 and 5 percent, respectively. Poisson ratio for both alloys is not changed within the accuracy of observation.
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METOJUKA OINPEJEJEHUA SQHEPTETUYECKUX NAPAMETPOB
BHYTPUPEAKTOPHbBIX UMITYJIbCHBIX 9KCIIEPUMEHTOB

Butiok B.A., Bypum A/l

QDunuan «Hncmumym amomnoii snepzuuy PI'TI «Hayuonansnolii 10epuotit yenmp
Pecnyonuxku Kazaxcmany, 2. Kypuamos, Pecnyonuxa Kazaxcman

Cratbs TocBsiIIieHa pa3paboTKe U MPUMEHEHUIO METOANKH OIPE/IeJICHHs] U IPOTHO3UPOBAHMUS SHEPreTHYECKHX Mapame-
TPOB BHYTPUPEAKTOPHBIX MMITYJIbCHBIX KCIIEPUMEHTOB. MeTOIMKa OCHOBAaHA Ha PEIICHUH YPaBHEHHUI TEIIoBOro Oa-
JIaHCA 1 YCTaHOBJICHUH CBS3U MEXIy TeTIO(MU3MIECKUMH U SHEpreTHIecKuMH mapamerpamMu TBC B uctisITaHusX B MC-
CJIC/IOBATENILCKOM HMMITYyJIbcHOM TpadutoBoM peaktope (MI'P). IIpomemoHCcTprpoBaHa BO3MOMKHOCTH OIPEAEICHUS
MOIITHOCTH M 3HEproBelfeneHus B TommBe TBC mo pe3ynpTaraM HW3MEpPEHHUS TEIUIOBOTO COCTOSHHSA. Y CTaHOBIIEHA
CBSI3b MEXKAY SHEPreTHIeCKUMH mapaMeTpaMu ucnbiTeiBaeMblx TBC u peakropa UI'P ans obmacti SHEproBhIIEIeHU
Om3KOH K 007aCTH MMHTAlMOHHBIX SKCIIEpUMEHTOB. [IpruMenenne pa3paboTaHHOH METOANKH MTO3BOMIAET TOBBICUTH TO-
YHOCTh U OINEPATUBHOCTH NMPOTHOZUPOBAHMS U OIpeNeNIeHus] sHepreTndeckux mnapamerpoB TBC mpu moaroroBke u

MMPOBEACHUM DKCIICPUMEHTOB.

BBEJIEHUE

WcnpiTanus peakTOPHOTO TOIUIMBA B HCCIICAOBA-
TENBCKUX PEaKTOpax SBISIOTCS MPSIMBIM M Hauboliee
MPEJICTABUTENEHBIM CIIOCOOOM MOTYYCHUS IKCTICPUMEH-
TABHBIX JAHHBIX O €ro MOBEJCHUH B MEPEXOAHBIX U
aBapUIHBIX peXUMax paboTel. [Ipu mpoBeneHUH dKCTIe-
PUMEHTOB B PEAKTOPHBIX YCJIOBHUSIX MOXET OBITh JI0C-
TUTHYTO MaKCHMaJIbHOE TPUOIIDKEHHE K pPealbHbIM
IKCIUTYaTalHOHHBIM PEXHUMaM, H, CIeI0BaTeIbHO, MO-
BEJICHHME TOIUIMBA B MAaKCHMAJILHOM CTEIIEHN MOYKET CO-
OTBETCTBOBaTh peajbHOMy. OIHUM U3 Hanboiee BOC-
TPeOOBAHHBIX TSI TPOBEACHHUS TAKOT'O POJIa UCTIBITAHUI
SIBJISIETCSL UMITYJIBCHBIN rpaduToBbid peaktop [1], Tex-
HUYECKHUC XapaKTePUCTUKU KOTOPOrO OOECICUMBAIOT
BO3MOKHOCTh MOJICTTUPOBAHUS TSDKEJBIX aBapyUil B IIU-
POKOM JHamna30He OCHOBHBIX ONPEACISIONINX BEINIHH,
TaKUX Kak (IIOCHC TEIJIOBEIX HEHTPOHOB (0
106 H/CMZ) M MaKCHUMaJbHas IUIOTHOCTH ITOTOKA TEIUIO-
BBIX HeifTporoB (10 10" u/(cm* ¢)).

TTPOBJIEMA KOPPEKTHOCTH PEAJIM3ALIUA

3AJAHHOT'O SHEPTOBBIJIEJIEHUS

OmHO# W3 OCHOBHBIX MPOOJIEM MPH IMOATOTOBKE 3KC-
nepuMeHTOoB Ha peaktope UI'P sBnsieTcss KOppEKTHOCTD
peanu3anuy 3aJaHHBIX HSHEPreTHYECKUX MapaMeTpoB
HCIBITBIBAEMOTO TOIUIMBA. Pa3Mepsl m MaTepHalbHBIC
XapaKTEPUCTHKH aKTHBHOM 30HBI PEAaKTOPa TaKOBBI, UTO
MPAKTHYECKH JII000€ DKCIIEPUMEHTAIBLHOE YCTPOMCTBO,
MOMEIIEHHOE B aKTUBHYIO 30HY PEakTopa, BHOCUT Cy-
IIECTBEHHOE BO3MYIICHUE M MEHSET HEHTPOHHO-(pU3M-
YECKHE XapaKTePUCTUKU Bcell cucteMbl. [loaTomy Bes-
KHii pa3, KOrJIa B PEaKTOp 3arpykaercsl HOBBI OOBEKT
HCIBITAHUN, TPEOYETCs MPOBEIACHUE KOMIUICKCA HCCIIe-
JIOBaHUM JIJIs1 YCTAHOBJICHHUS CBSI3U MEXK]y DHEpreThyec-
KHMH TIapaMeTpaMy peakTopa U 00beKTa UCTIHITAHUH.

Bo3moxHO onpenenenre 3TON CBSI3U € UCHOIb30Ba-
HUEM (U3NIECKOTO MAaKeTa, aHAJIOTHYHOTO IO KOHCT-
PYKIHH SKCIEPUMEHTATEHOMY YCTPOHCTBY. B prsmuec-
KOM MAaKeTe yCTAaHABIUBAIOTCS UMHTATOPHI TBAJIOB FITH
WHBIE MHIUKATOPBI, C MOMOIIBI0 KOTOPHIX MPOBOISATCS

CHEKTPOMETPUYECKHE H3MEPEHUS HHEPrOBBIICICHUS
unu moenca HeiitpoHoB B TBC [2]. HccnenoBanus ¢
(pU3MUECKMM MAaKETOM IIPOBOJISTCS IIPH HU3KOM DHEPro-
BBIJICJICHUN B PEAKTOpE, YTO CBSI3aHO C HEOOX0aMMO-
CTBIO OTPaHWYEHHS YPOBHEH OOIydUeHHMs TOIUIMBA M Jie-
TEKTOPOB JJIsI BO3MOKHOCTH OIIEPATHBHOTO INPHMEHE-
HUSI METOJIOB crieKTpoMeTpuH. [lomydeHHoe o pe3yiib-
TaTaM TakKuUX HCCIEAOBAHUI OTHOILIEHHE MOIIHOCTH
TBC x mommuoctu UI'P ucnoneiyercs ans peanu3anim
3a/laHHBIX TapameTpoB ucnbITanus TBC.

Ha xoppeKkTHOCTP NpPHMEHEHHS TaKOro IMOJIX0/a
BJIMSIET TOT (DAKT, YTO TMOJIE HEHTPOHOB M3MEHSETCS B
Teuenne mycka UI'P. Do sBieHne oOycioBieHo n3Me-
HEHHMEM CEUCHMs pacCessHUsI HEHTPOHOB MPHU U3MEHEHUU
TEeMITepaTypbl ypaH-TpadUTOBOH KIaaku peakTopa. B
xoge mycka UI'P mu3MmeHsieTcss OTHOLICHHE MOTOKA HEW-
TpoHOB B TBC Kk cpenrHeMy MOTOKY B peaKTOpe U K CHI-
Hally JAE€TEKTOpPOB IOTOKA peakropa. B myckax c BbICO-
KHM SHEPTOBBIICICHHEM DPEAKTOPa, XAPAKTEPHBIX IS
ucnbitannii TBC, ata BennunHa Bo3pactaet Ha 10-20%
[3]. Ha koHQwurypammio moToka HEHTPOHOB B aKTHBHOM
30HE TAaK)Ke OKA3BIBACT CUJIBHOE BIMSHHUE NEPEMEIICHNE
PEryIHpYIONIMX CTepKHEH peakTopa [4].

B 1o xe Bpemsi, TBC, pa3zpaboraHHble [isi KaI0ro
SKCIEPUMEHTa, OCHAILIEHBl Pa3BUTOI cUCTEMON u3Mepe-
HUS TEIUIO(QU3NIECKUX MapaMeTpoB (JaTYMKU TeMIlepa-
TYPBI, JaBJICHNU ), TIO3BOJISIONICH ONPEAEIUTH SHEPTETH-
yeckne xapakrepuctuku TBC. IlomoOHble 3amaum yc-
MEIIHO PEIIAKTCS HA MHOTUX UCCIIEA0BATENbCKUX pPeak-
Topax [5-7] Ha CTaMOHAPHBIX PEKMUMaxX HCIBITAHUI
TBC.

UccnenoBanus na UI'P peanusyrores, yaie Bcero, B
HUMITYJIbCHOM peXHMe paboThl peakTopa, MpH KOTOPOM
CTAllMOHAPHBIN PEXUM TEIUIOOOMEHa B JKCIIEPHMEH-
TaJbHOM YCTPOWCTBE HE OoCTUraercs. B 3Toi cBs3u 3a-
Jlada ofpeneNeHus 3HepreTudeckux napamerpos TBC
dbopmynupyercs creayromuM obpazom. Heobxomumo
YCTaHOBUThH CBS3b MEXKJy SHEPreTHYeCKMMH U TEeIyo-
¢usnueckumu napamerpamu TBC ¢ ydeTom Hecraruo-
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METOOWKA OMPEOQENEHWA SHEPTETUYECKUX NAPAMETPOB
BHYTPUPEAKTOPHbIX UMMYNbCHbIX 3KCMNEPUMEHTOB

HapHOTO XapakTepa TEIUIOBBIX IMPOIECCOB B JKCIIEPH-
MEHTaJIbHOM ycTpoiictBe. Jlns permreHus 3amadu Obuia
pa3paboTaHa COOTBETCTBYIOIIAs METOIUKA.

METOJUKA ONPEJAEJEHUSA SHEPTETUYECKHX

HAPAMETPOB TBC B UMINTYJIbCHBIX

HNCIIBITAHUSAX

B ocHOBe METOAMKM ONpPENEIIEHUsI SHEPTETUYECKUX
NapaMeTPOB UMITYJIbCHBIX PEAKTOPHBIX 3KCIIEPUMEHTOB
JIeKUAT pelIeHrne ypaBHEHHs TeruioBoro Oamanca. Ilpu
npoBeneHnH ucnbITanuii TBC B UMITYyJIBCHOM peKUMe
HMCKOMOW XapaKTEepUCTUKOW HMITYJIbCa SIBJIAETCS MHKO-
BOE€ 3HAueHHWE MOIIHOCTH. PaccMoTpum OamaHc Termia
JUTS 3JIEMEHTApHOIro 00beMa TB3Ja V BBICOTOM AZ, pac-
MOJIOKEHHOTO B OKPECTHOCTH HEKOTOPON MPOU3BOJIb-
HOM TOYKM MEXAY ABYMS NEPIEHIUKYJISIPHBIMU OCH
TBC mrockoctsimu. B obmiem Buzie

=Y. 1)

rzie M — KOJUYECTBO KOHCTPYKIIMOHHBIX 3JIEMEHTOB;
Qs — cyMMapHOe KOJIMYECTBO TeIUla, BBIICIHBILIETO-
csl B 00beMe TOIUTMBA V1 33 MHTEpBall BpeMeHH 7, JIx:

jqu )dv-dz; )

Qi — KOJMYECTBO TeIUIa, 3aTPAYCHHOE Ha Pa3orpes i-
oro KoHCTpyKTuBHOTO 3nementa TBC, [Ix:

:
Q=[[n o Ty, dr, ®)
Vi 0 aT

rze gy — 00beMHast III0THOCTh HEPTOBBIICIICHHS B TOII-
JIMBE, BT/M3;

Vj — DIIEMEHTapHBIN 00BEM i-0TO 3TIEMEHTA, M

i — IUIOTHOCTh Marepuana i-oro 3JieMeHTa, KO/,

— yZeNnbHas TETUIOEMKOCTh MaTepuaia i-oro aje-

meHTa, J[x/(xr-K),

T; — Temneparypa i-oro snementa, K.

OO0beMHasl MIIOTHOCTh SHEPTOBBIJICIICHHUS B TOTUINBE
MOYeET OBbITh BRIpOKEHA KaK

q,(7)= Kr-KZ-W: K, K, ~%~n(1), 4

rae K, K; — 3HaueHne pananbsHOTO W BEICOTHOTO KO-
¢uIeHTa HEPAaBHOMEPHOCTH SHEPTOBBIICIICHUS. B pac-
CMaTpUBacMOM 00beMe;

V — o6bem Tommmea B TBC, M°;

n(z) — 6e3pazmepHast GYHKIIHS MOIITHOCTH,

n(r)= M
m

Np — «IHKOBOE» 3HAYEHHE MOIIHOCTH B UMITYIIBCE,
Br.

Bun GyHkmum N(7) n3BeCTeH 1O pe3ysbraTtaM 3KCIe-
PUMEHTA, MPH 3TOM €€ MaKCHMaJlbHOE 3HAYECHHE PABHO
eJIMHHIIC TI0 YCIIOBHIO HOPMHPOBKH.

JBOMHOW WHTErpaJl, ONUCHIBAIOLIMM TEIUIO, 3aTpa-
YEHHOE Ha Pa30rpeB i-Oro AJIEMEHTa, MOXKHO mpeobpa-
30BaTh K BBIPAKEHHUIO!

Hp. .

dv dr=p,-C v (T (r)-T;(0)) =
G
=p,-C-V 'ATTi
IJle C, — CPelHss TeMIOeMKOCTh MaTepHaa i-oro e-
menta B untepsare Temmeparyp T,(0)..T;(z),
Jox/(xr-K);
T,(0), T,(7) - cpennemaccosas Temneparypa i-oro

3JIeMeHTa B MOMEHT BpeMeHH 7, K.
Beipaxxenue (1) MoXHO 3amcaTh B BUIIE

K, K, '%Ni'jn(r)drzzm:pi -G -V, -AT,, (6)
0 i—1

WITH, BBIHOCS B ITPABOl YaCTH 3a 3HAK CYMMBI CllaraeMoe
¢ i =1 (oTHOCsIIIEECS K TOIUTUBY ), MOTYYUM:

r

K, -K A v,j[n -dr =
0

V, AT )
— = pI
=P1'C1'V1‘AT1' E — J—

i1 PGV AT].

Beimonaus 3ameny /vy = FilFy, toe Fj — mmomans
MOTIEPETHOTO cedeHus i-oro snementa TBC, miist muko-
BOro 3HadeHus MomHoctd TBC nony4nM cooTHOLICHHE

N, = m, -G, - AT, (iﬂﬂij’ ®)
K: K, _[ (r)-d(z)""

rae my = p;V; — macca tormuea B TBC, kr;

4 - pG-R

pC-R
i-oro siemMeHTa;

OTHOCHUTCJIbHAA TCIINIOCMKOCTb

AT :
= —= — OTHOCHUTEJNbHAs TeMIeparypa i-oro sje-

1

MEHTA.

Ecnu B HEKOTOpPBII MOMEHT BpeMeHn 7 0 << 1 s i
> 3, TO pacyeT MUKOBOTO 3HAUYEHHsI MOIIHOCTH Ny MOXK-
HO NIPOBOJMTH TI0 TIEPBHIM JIBYM CJIaraeMbIM COOTHOIIIE-
Hus (8). [Ipu atom A'Fl u A'IT2 ClIeZlyeT ONpeeNsiTh 10
MTOKa3aHMSIM TaTINKOB TEMIIEPATypHI (TEpMOIIap), ycra-
HOBJICHHBIX B TB3JIC HA OJHOH BBICOTC, T.C.

n :KWF—IS'Y(A.I_-1+¢2'A.I_-2)’ 9)

rae Y — uHTerpan 0e3pa3MepHOil MOLTHOCTH BCIBIIIKY,
PpaBHBII1

Y =jn(r)dr=j¥dr=j¥dr ,

0 m 0
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rae N(t) u Ny — Tekylnee ¥ MaKCHMAaIbHOE 3HAYCHUE
MOIIIHOCTH peakTopa, B;

I(x) m |, — Texymiee U MakCUMalbHOE 3HAYCHHUE I10-
Ka3aHUI TOKOBOI KaMephsl peakTopa, A.

YcepenHuB 3Hau€HUs 110 KaKI0M Iape TepMmonap, 1o-
JIYYUM OIICHKY IMTMKOBOT'O 3HAYCHHWA MOIITHOCTHU:

_ 1n
Nm :sz:“lej ' (10)
rae Npj — paccautanHoe 1o ¢opmyre (8) mo mokasaHu-
SIM j-0it Iaphl TepMoInap 3HaueHue, Br;
N — KOJIMYECTBO T1ap TepMoIap.
OreHKy CyMMapHOTO SHEPIOBBIJICTICHUS B UMITYJIbCE
MOYKHO BBIITOJIHHUTS 110 (hopMyJIe:

. -
Q =N, jn(ﬂd(ﬂ:%(n@ .6,) (11)
0 Kr : Kz

[Tpu ompezneneHNH SHEPTETHYECKUX XapaKTEPUCTUK

TBC B ummnynsce 1o BeipaxkenusM (9) u (11) ve Oyayr

YUTEHBI COCTaBILIOIINE, CBSI3aHHbIE C IIepeaadell Tera

OT TBAJIa K OKPY>KalOIIMM KOHCTPYKIIMOHHBIM MaTepHa-

JIaM U TEIUIOHOCHTEN0. [109TOMy, 1Tl OLICHKH OIINOKH

pacdeTa HeOOXOAUMO OLIEHUTH yTeuku Teria or TBC 3a
BpeMs 7.

PEAJIM3ALINS TENTIO®U3NYECKOTO METOIA

B PEAKTOPHBIX DKCITEPUMEHTAX

OKkcnepruMeHTH B 000CHOBaHKE pa3paboTaHHOM Me-
TOJMKH OBUIM BBHITOJIHEHBI B paMKaX CEpHUH METOAMYec-
KHX HCIIBITAaHWH C BHYTPHUPEAKTOPHBIMH AKCIIEPUMEH-
TaJIbHBIMH YCTPOHCTBaMH.

1.18 - Homer TBONG
+100..+750 - ypomerb wcTaroeku T3M B TeRINE
e~ T3M B TOn/MEE

®- T3l Ha osonouxe

Cxema paccraHosku T3l B TBC

SKcnepmmeHTaanaﬂ cekuma

Mecro yctaHoBku T3 Tun TIN KonuyectBo
LleHTp TB3Na BP 5/25 1
O6onouyka TBana BP 5/25 1
Bbixog TH u3 TpakTa oxnaxaeHus TBC BP 5/25 1
LLecturpaHHbIit yexon MC BP 5/25 1
Bxog TH B TpakT oxnaxaeHus TBC XA 1

Pucynox 1. Koncmpykyuonnas cxema u 0CHO8Hble
napamempul cucmemvl usmeperuti y-1

ITepBoe ycrpoiictBo DVY-1 (pucynok 1) mpencrasmus-
eT coboil MakeT yCTpOWCTBa, MPETHA3HAYCHHOTO IUIS
9KCIIEPUMEHTAIHOTO HCCIIEIOBaHHUSA IOBEIEHHUS MO-
nenpHbiXx TBC tunma BBOP-1000 B ycnoBusix, Mojaemnu-
PYIOIIMX 3aKIIOYUTENbHYIO (ha3y aBapuul ¢ MoTepei Te-
TUTOHOCUTENSI. DKCIIEPUMEHTAIbHOE YCTPOWUCTBO OBLIO
OCHAII[EHO CHCTEMOW N3MEpPEHHH TEeTUIOPU3NIECKUX I1a-
pametpos. U3mepenus temneparypsl TBC ocymecTBns-
nock 11-r0 mapaMu TepMmomap, YCTaHOBJIEHHBIX B pa3-
HBIX JacTsaX cOopku. Taxke OCyIIeCTBIISUIACh PETHCTpa-
sl TEMIIEPATYPhI TEIUVIOHOCUTENS HA BXOJIE M BBIXOJE
cOOpKH, a TakKe TEMIIEpPaTypa yexiaa COOpPKH.

Bropoe ycrpotictBo DVY-2 sBiseTcs MakeToM KaHa-
7a, MPeAHa3HAYEHHOTO ATl ONpENesICHHs MapaMeTpoB
MIPOIIECCOB, MPOTEKAIOMINX B YCIOBHAX MOJECIUPOBAHUS
TSOKEJIOW aBapUU SHEPreTHYecKOro SAEPHOr0 peakropa
Ha OBICTPHIX HEHUTPOHAX C IUIABJICHUEM AKTUBHOW 30HBI

[8] (pucyHoxk 2).

OKkcnepuMeHTanbHoe  JKCnepuMeHTanbHas

4 MopensHas TBC
YCTPOICTBO cekuns

e, Trser—}

an T2eg/1—

Pa3meLeHve TepMonap
B TEPMOMETPUPOBAHHBIX TBINAX

Pa3meLLeHue TepMonap
B 9KCMIEPMMEHTAIbHOI CeKLN

Pucynok 2. Koncmpykyuonnas cxema u 0cHO6Hble hapamen-
bl cucmemvl usmeperuii JY-2
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Tabauya. Pesynomamur onpedenenus snepzemudeckux napamempog TBC

YcTpolicTBO y-1 9y-2
Homep nycka 1 2 3 4 5 6
Oneprosbiaenerue B TBC, kx 545411 1030+18 1168+30 51048 746+15 1204+32
YpenbHoe aHeprosblgenenve, Ix/r(UO,) 91+2 17343 196+5 253+4 37047 597416
MowHocTb TBC (nukosas), kBT 530+11 1065+18 4441 480+8 568+11 736120
o~ 55 13 _ 25 T
§ 50 ; :o‘: y =0,0199x
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T8 25 ¢ i g Ls —
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Pucynox 3. [luazpammol usmenenus mownocmu UI'P 6 nyckax Heprosuaenenue & peatope. b
6)

Brinmu peanuszoBansl mecTs MyckoB peaktopa UI'P ¢
Pa3IMYHBIME YPOBHSIMHU SHEPTOBBIICICHUS B PEaKTOpe
(pucynok 3). Ilpu mpoBeACHUH SKCIIEPUMEHTOB C Tep-
BbIM JKCIIEPUMEHTAJIbHBIM YCTPOWCTBOM oOOecre4nBa-
JIOCH MPHHYAUTEIILHOE OXJIKICHNUE TOIUTMBHON COOPKU
TETJIOHOCHUTEIIEM.

B pesynbprate 00pabOTKM M aHAN3a MONTYYCHHBIX
9KCIIEPUMEHTAIIBHBIX AaHHBIX OBUTH pacCUUTaHbl 3HAYE-
HUSI MOIIHOCTH W DHEPTOBBIAEICHUS TOIIMBHBIX cOO-
POK B PEaKTOPHBIX MyCKax (CM. TabIHILy).

[orpemHOCTD OMpeneNneHnsl SHEPreTHIECKUX IMapa-
MeTpoB TBC B myckax ¢ UCHOIb30BaHHEM pa3paboTaH-
HOM METOAMKH HaxOAuTCsd B auamasoHe or 5,8 % 1o
12,7 %.

Ha ocHOBaHWM pE3yJIbTaTOB METOAMYECKHX JKCIIe-
PHMEHTOB OIpe/ielieHbl 0a30Bble 3HAUYEHHs OTHOLICHHS
9HEProBhleNieHns B ToriBe MojienbHbIX TBC 1 B pea-
krope UI'P. IlomyueHHble 3Hau€HHs HCIOJB30BAIUCH
JUISl YCTaHOBJICHUsI MapameTpoB pabotsl peakropa UI'P
B UMHTAMOHHBIX UCIBITAHUAX C Pa3pyIIEHUEM TOILINB-
HBIX COOPOK (PHCYHOK 4).

Pucynok 4. Pesynomamul onpedenenus 6a3068blX 3HAYEHUL
OMHOWEHUsL SHeP208blOeNeHUs 6 monauge MooenvHbix TBC
u 6 peaxmope UI'P (a — ons DV-1, 6 — ona DY-2)

3AKJIIOYEHUE

Pa3paboTanHass MeTOOMKa OIPEAEICHUS SHEPreTH-
YeCcKHX MapamMeTpoB MoAenbHbIX TBC B MMITyTbCHBIX
ucnelTaHusAx Ha peakrope MI'P mo3Bosiser onpenensits
MOILHOCTh M MHTEIPalbHOE YHEPrOBBIACIECHUE MOJEIIb-
Helx TBC 1 ycTaHaBnIMBaTh CBSI3b DHEPreTHUECKUX Ma-
paMeTpoB 0OBEKTOB MCIBITAHUH M PEaKkTopa JIs BBICO-
KHX ypOBHEH SHEprOBBIIENEHUS B peakTope. 3a cuer
STOr0 IIOBBIMIAETCS TOYHOCTb IIPOTHO3UPOBAHHS DHEP-
rerudeckux napamerpos TBC mpu nmoAarotoske u mpo-
BEJCHUM HMMUTALMOHHBIX WCIBITAHWNA, B TOM 4YHCIE C
pa3pylIeHHeM TOIUIMBHBIX cOOpok. TeopeTndeckn BO3-
MOKHOCTh NPUMEHEHHS Pa3pabOTaHHONH METOIWKH Or-
paHH4YeHa TOIBKO PEKUMAMH, MPU KOTOPBIX IPOUCXO-
mut paspymenune TBC umm ytpaumBaercst paboTocmo-
COOHOCTB caMHX JaT4uKOB. [Ipy 3TOM ee JOCTOMHCTBOM
ABIISIETCA BBICOKAs OIEPATHBHOCTb, 4 TAK)KE BO3MOXK-
HOCTb IIPUMEHEHMSI U1l OLIEHKH SHEPreTUYeCKUX Iapa-
MmeTpoB TBC kak 1o pesynpTataM 3KCIIEpUMEHTa B Iie-
JIOM, TaK U Ha €ro OTJEJbHbIX JTalax.
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PEAKTOPABIH IINTHAEI'T UMITYJBCTIK TOKIPUBEJIEPIIH
SHEPT'ETUKAJIBIK IIAPAMETPJIAP/IbI AHBIKTAY 9AICTEMECI

Butiok B.A., Bypum A/l

Kazaxcman Pecnyonukacol, Kypuamos, «Kazaxkcman Pecnyonuxacet ¥nmmulx a0ponsix opmansieely
PMK «Amom snepzuacel uncmumymoty Qunuanst

Makasa peakTOpIbIH iIIiHIETI UMITYJIbCTIK TKIpUOenepIiH SHEPreTUKANBIK MapaMeTpiapblH aHBIKTay JKoHE Ooinkay
ozicTeMelNepiH o3ipieyre jkoHE KOJJaHyFa apHaJIFaH. OAICTeMe 3epTTey MMIYIbCTIK rpadurrik peakropaarsl (UI'P)
cerHaManapaa JKIDK sxpity Qu3nKanblk KoHE SHEPreTHKAIBIK MapaMeTpiapAblH apachblHIarbl OaiIaHBICTBI OpHATY
JKOHE KbUTy OaylaHc TeHJeyNepiHiH memimMine HeriznenreH. JKbUly karmaiiblH enmey HoTwkenepi Ooibrama JKIIDK
OTBIHBIHJIA KyaTTHl XKOHE DHEPTHACHH OOyHi aHBIKTay MYMKIHZIITI Kepcerimmi. Emixteym Toxipubenep caiachiHa
JKaKpIH JHEpTusHBl Oemy camacel ymriH WI'P peaxtopsr xoHe chHanateiH KUK sHepreTHkanmblk mapaMeTpiapsi
apbICEIHIA OaiimaHbIC OeNTiNCH . O31pICHIeH 9MiCTEeMEHIH KONIaHyhl ToXKiprOenep i JalbIHaay jKoHe XYPrily KesiHmae
KUK sHepreTHKabIK MapaMeTpiiapbiH 00IDKay JKoHE aHBIKTay IOJIAIrT MEH XKeeIiriH apTThIpyFa MyMKIHIIK Oepeti.

METHODS OF ENERGY PARAMETERS DETERMINATION OF IN-PILE IMPULSE TESTS
V.A. Vityuk, A.D. Vurim

Branch “Institute of atomic energy” RSE “National nuclear center of Republic of Kazakhstan”,
Kurchatov, Republic of Kazakhstan

Article is devoted to the development and application of methods of energy parameters determination and forecasting of
in-pile impulse tests. Methods is based on the decision of thermal balance equation and on the coupling setting between
thermal end energy parameters of fuel assemblies during the testing at the research impulse graphite reactor (IGR). The
possibility of power and energy release determination in the FA’s fuel by the results of thermal condition measurements
is shown. The coupling between energy parameters of FA and IGR is determined for the area of energy release which is
close to the area of simulation tests. Developed methods application lets to increase the accuracy and efficiency of
energy parameters of FAs during the tests preparing and conducting.
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BJIMAHUE TEMIIEPATYPbBI I/ICHI)ITAH“I/II?'I HA CKOPOCTbB ITOJI3YYECTH KOHCTPYKIIMOHHOMN
CTAJIM 12X18H10T OBJIYYEHHOMU BBICTPBIMU HEUTPOHAMMU B PEAKTOPE BH-350

Juxos A.C., JlapuonoB A.C., Carnaes /I.A., Kucinuun C.B.

Hncmumym adepnoit pusuxku Munucmepcmea snepzemuku PK,
Pecnyonuxa Kazaxcman, 2. Anmamol, yn. Hopazumosa 1

B ycnoBusx, MMHTHPYIOIIMX JJIMTENFHOE XpaHEHHE OTpabOTAaHHOTO SIIEPHOTO TOIUIMBA, MPOBEICHBI HCIIBITAHUS HA
MTONI3YYECTh OOTYIEeHHBIX OBICTPHIMU HEUTPOHAMHU 00pa3ioB KoHCcTpykuuoHHOU ctamu 12X18H10T — marepuana gex-
JIOB TeIIoBBLAEIIOMUX cOopok peakropa BH-350. IIpu temnepatypax ncnbrranuit 350 °C u 450 °C onpenenena cko-
POCTh TOCTPAAMAIIMOHHON IMOI3Y4YeCTH 0OIydeHHOH ObicTphiMu HedTpoHamu ctamm 12X18HI0T. YcraHosmeHo, uto
MOBBIIIeHHe TeMuepaTypsl ucnbitanuii ¢ 350 °C o 450 °C npuBOAUT K YBEITHUYCHHUIO CKOPOCTH MOI3YUECTH Ha YCTaHO-

BUBIIICHCS CTaIUN.

BBEJEHHUE

Oo6paieHre ¢ OTpabOTABIIUM SIICPHBIM TOILTHBOM
(OSIT), B 4acTHOCTH €ro JOJATOBPEMEHHOE CYyX0€ XpaHe-
HUe, TpeOyeT 3HaHUN 0 MEXaHWYECKUX CBOMCTBAxX mare-
puainoB oboxouex OST. OgHUM U3 ONpeneNIomnX Me-
XaHU3MOB paspyuienust odonouek OST sBnsercs mon-
3y4ecTb Marepuaiia 0OOJIOYKHM MNOA JeWCTBHEM Hampsi-
KEHUH W TeMIlepaTypsl B MEPUOJ JUTUTEIHHOTO XpaHe-
HUsI, ycyryOJIeHHAs MPeIbICTOpHEd — HEHTPOHHBIM 00-
JMydeHHEM B MEpHOA JKcIuTyaranuu. st pa3paboTku
MIPOTHO3HBIX MOJIETIEH TSI OLIEHOK COCTOSIHUSI 000JI09eK
OSIT HE0OX0aMMO 3HATH 3aBHCUMOCTH CKOPOCTH TI0JI3Y-
4YecTH MaTepualia 000JI049eK OT TeMieparypsl. B cBsizu ¢
O9THUM, HCJIIBIO HACTOAIINX I/ICCHe}lOBaHI/Iﬁ SABJIACTCSA OKC-
NEpUMEHTAIBHOE OMpeeNcHre TeMIepaTypHOU 3aBU-
CHUMOCTH CKOPOCTH TMOJI3Y4YECTH HEp)KaBeloIlel craiu
12X18H10T — KOHCTPYKIIMOHHOTO Marepuaia oTpado-
TaBIiel TemioBbLnestonei coopku (TBC) mepsoro mo-
KOJICHHS peakTopa Ha OblcTphIx Helitponax BH-350. Pe-
3yJIBTAaThl TPEACTABICHHBIX HCCIIEIOBAHUN SIBIISIOTCS
MIPOJIOJDKEHHEM PadOT aBTOPOB MO BBISBICHUIO OCTATO-
YHOTO pecypca MaTepHaioB O00JOYeK OTpadOTaBIIMX
TBC B ycnoBHSAX, HMUTHPYIOUINX JIUTEIBHOE XpaHe-
nue OAT [1, 2].

B macrosimeit pabore mpeacTaBIeHBl Pe3yIbTaThI
JUIMTCJIIbHBIX MEXaHUYCCKUX HUCIIBITAHUM HepmaBe}omeﬁ
cramn 12X18H10T — marepuana yena orpaboraBiueii
skpanHoil TBC peakropa BH-350, BbImOnHeHHBIE NpHU
temneparypax 350 °C u 450 °C u nocTosHHON Harpys-
ke 100 H.

MATEPHAJ U METO/IbI HCCJIEJJOBAHUS

B kadyectBe 00OBEKTa AJIsl HMCCIIEAOBAaHUI BhIOpaHa
aycTeHuTHas HepkaBeromiast cranb 12X 18H10T — mare-
pHall MIECTUTPAHHOTO YeXJia TEIUIOBBIACIIONIEH cOop-
ku (TBC) peakrtopa Ha ObIcTpbIX HedTponax BH-350
MTOCTIC UTUTEIBHOM SKCIDTyaTaluu. Y CIOBUS 00IyIeHUS
cenyromme: Tos, ~400 °C; mo3a 2-3 cHa; CKOPOCTH Ha-
6opa no3er ~0,5-10-8 cHa/c.

I[To naHHBIM aTTeCTalMd B HUCXOIHOM COCTOSHHH
cranp 12X18H10T ¢ T'LIK — pemreTkoil ©MeeT CIeayro-
Ui 3J1eMeHTHBIN coctaB (Bec.%): Fe —69,78; C —0,12;

Cr-17,0; Ni—10,66; Ti—0,5; Si —0,34; Mn — 1,6. Uc-
TBITAHUSI TIPOBOJIMIINCH HA CIICIHAJIbHO MPHIOTOBJICH-
HBIX 06pasmax pasmepamu 20x2x0.3 MM BbIpE3aHHbIE
U3 BepXHel yacTu rpanu yexina orpaborapureii TBC (Ha
otmeTke «+900 MM» OT LeHTpa akTHBHOH 30HBI). O6-
pasipl BBIPE3and METOJIOM JJIEKTPOUCKPOBOM PE3KH M3
TUTACTUHBI TPAaHH YeXJia B MOMEPEeYHOM 10 OTHOLIEHHIO
K ero ocu HanpasiieHnH. [IoBepXHOCTh y4acTKOB 00pas3-
OB BOJM3M MeECTa pa3pblBa IEpel] HCCIEIOBaHUEM
CTPYKTYpBHI IOJBEPTali MEXaHWYECKOH IUIN(POBKE H
3JIEKTPOXMMHUYECKOMY TPABICHUIO B BOJIHOM pacTBOpE
COJISTHOM M Q30THOM KHCIIOTBI.

JlnutenbHble UCIIBITAHUS HA MOJ3Y4YeCTh IPH HATpy-
3ke 100 mmutensHOCTRIO 1500 4 M KpaTKOBpEeMEHHBIE
MEXaHUYECKUE UCTIBITaHMs (CO CKOPOCThIO Jeopmanuu
0,5 mm/MuH) npoBoawiu npu Temneparypax 350 °C u
450 °C Ha yHUBEpCalIbHOM WCIBITATCILHON MAIIUHE
LR5K Plus. UccnenoBanusi W3MEHEHHH CTPYKTYpBI H
YIIPOYHEHHMS/Pa3yIpOYHEHNST MAaTEPHAIOB TOCIE MeXa-
HUYECKHUX HMCIBITAHUN OCYIIECTBIISIIM METOAaMH ONTH-
YeCKOM MHKPOCKOIIMM M H3MEPEHHs MHKPOTBEPIOCTH
mo Bukkepcy ¢ HCHONB30BaHHMEM  MHKPOCKOMA
AxioObserver u mukpotsepaomepa [IMT-3M.

PE3YJIBTATHI UCCJIEAOBAHUSA

ITo pesynpraram KpaTKOBPEMEHHBIX MEXaHHYECKHX
WCIIBITAaHUH MOCTPOEHB! MHXKEHEPHBIC AMArpaMMbl pac-
TsDKEHHS (PUCYHOK 1) M onpeneneHsl MeEXaHHYecKHe Xa-
pakrepuctuku cranmu (tabnmma). M3 amarpamm pacts-
JKEHHs BUITHO, YTO C IOBBIIICHHEM TEMIIepaTyphl UCIIBI-
taHust oT 350 1o 450 °C pacmupsercst 0671acTh yIpyrux
nedopmarniuii, 3T0 MPOSIBISETCS B MOBBILICHUH YCIOBHO-
ro Tpezaena TeKy4decTu (op). Taxke HabmogaeTcs yBe-
JIMYEHHE MpejieNia MPOYHOCTH (Oy).

Tabnuya. Mexanuueckue xapakxmepucmuxu
cmanu 12X18H10T

T . ,°C o,MMa 0, MMa 5, MM
350 620 578 1,46
450 685 669 0,93
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Pucynox 1. Juacpammer pacmasxcenus cmanu 12X18H10T npu memnepamype 350 (1) u 450 (2) °C.

a

Pucynox 2. Muxpocmpyxmypa cmanu 12X18HI10T 0o u nocie KpamrospemeHHbIX UCHbIMAHULL: A — UCXOOHbIN MAMepUa,
6 — ucnvimannwiil npu memnepamype 350 °C; 6 — ucnoimannwii npu memnepamype 450 °C. Yeenuuenue: x500

O/IHOBPEMEHHO C ITUM NpPH IMOBBIIICHUH TeMIepa-
TypBI UCTIBITAHMS UCCIIETyEeMbIil MaTeprai CTAHOBUTHCS
GoJiee XpyNKNM, TTOKa3bIBas 3HAUNTEIHHOE COKpAICHUE
obmacTy mmactTudeckoit neopmanum.

W3 pucyska 1 BHAHO, YTO TIpenen MPOYHOCTH Gy C
BO3pacTaHHEM TeMIIepaTypsl yBeanduBaetcs Ha ~10%,
TIPEAEN TEKYUIECTH Gp, yBENNIMBaeTcs Ha ~14%.

H3menenue muxkpocmpykmypsl cmaiu TOCIE HCIBI-
TaHUIl MpeACTaBICHBl Ha pUCYHKe 2. B mcxomnom co-
CTOSTHMM CTajb MMEET NPEHMYIIECTBEHHO KPYIHO3ep-
HUCTYIO CTPYKTYPY C HEOOJIBIIMM KOJTHYECTBOM MEIKHX
3epeH. CpenHuii pa3Mep 3epeH cocTaBiseT nmopsaka S50
MKM, okoio 10 % 3epeH mMeroT pasmep mopsaka 16
MkM. HaOmromaercst OoNbIIOe KOJIHYECTBO KapOHIOB
pasmepoM | — 8 MKM, pacrioo)KeHHBIX B OCHOBHOM II0
TpaHUIIaM 3EpEeH.

KpaTkoBpeMeHHBIE MEXaHUYECKUE HCIIBITAHUS TIPH-
BOJAT K 3HAYUTEIHHOMY H3MEIbUCHHUIO 3epHA M YMEHbB-
LICHUIO Pa3MepoB KapOHMIOB, & TaK K€ yTOHEHHE rpa-

Hull 3epeH. V3meHenus: B Oosbliel Mepe TpOsBISIOTCS
mpu Temrieparype 450 °C. Cpenauii pa3mep 3epeH moc-
ne ucnbITanui mpu temmneparype 350 °C cocrasmusier 12
MKM, HEKOTOpBIE 3€pHa JIOCTHTaloT pasmepa ~49 MKM.
Pasmep xapbunoB B cpegaem 1-6 mxM. [locie mcmbita-
Huit mpu 450°C 3epHa mmerot pasmep 14 — 40 MimM, pas-
Mep kapounoB ymeHbmmaercs 10 0,5 — 4 MKM.

3HaueHHs MUKPOTBEPAOCTH TaK >K€ CHIXKAOTCS TOC-
JIe UCNBITAaHUM NPAKTUYECKU B PaBHOM cTeneHu. Muk-
POTBEPAOCTh CTAJIH B HCXOJHOM COCTOSTHHU COCTaBIISIET
~345 MIla, nocne ucneitanuid npu 350 °C u 450 °C
3HauYE€HHWE MUKPOTBEPAOCTH cHmKaeTcs 1o 334 Mlla u
338 MIlIa, cOOTBETCTBEHHO.

ITono6HEI X0 KPUBOI HA TUarpaMMaXx pacTsHKEHUS
W WICHTUYHOE W3MEHEHHE MHUKPOCTPYKTYPHI B Pe3yilb-
tate ucneltaunii pu temmneparype 350 °C u 450 °C ro-
BOPSAT O OAMHAKOBOM MEXaHM3ME pa3pyLIeHUs IpH 000-
ux Temmeparypax. [loBbIIeHHE TeMIlepaTyphl UCTIBITA-
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Hust Ha 100 °C mpHBOAWT K YBEJIMYEHHIO IPOYHOCTH
MaTepHana 1 €ro OXpyI4uBaHHIO.

Hcnvimanua na noaszyyecms ctamu 12X18H10T c
MOCTOSTHHOM Harpy3ko# Ha oopasen 100 H kak mipu tem-
neparypax ucnsitanuii 350 °C [1], tak u 450 °C noka-
3bIBAIOT, YTO INPOILECC NMPOTEKaHUs MOI3Y4eCTH UMEET
cTaguiiHbIi XapakTep. [lokasaHo, 4yTO mpU TemIepary-
pax 350 °C u 450 °C Ha quarpamMMe WCIIBITaHUH TpHU-
CYTCTBYIOT HayallbHasi U yCTaHOBHBIIASCS CTAAUU (CM.
pucyHok 3). Ha HaganbpHOW CTagnu CKOPOCTH MOJ3Yde-
ctu mpu 350 °C cocramma 51x10° mv/mMun npu miu-
TEIBHOCTH CTaauu 24 4, Ha YCTAaHOBUBIICUCS CTAIUN —
0,1x10° mm/mun. TIpi MOBBINICHHH TEMITEPATyPhl HC-
meitaeust 10 450 °C cKOpOCTh MON3YydYEeCTH Ha Hadallb-
HOM CTaJguy CHMXKAETCS 10 7x107 MM/MUH, OJIHAKO MPU
9TOM JUINTEIBHOCTh CTaJuM yBEIM4YHBaeTcs A0 96 d
(cMm. muarpammy 2 Ha puc. 3). YBennueHHe ATUTEIbHO-
CTU HayaJbHOH CTaauu npu OojblIel TemmepaType Hc-
IIBITAHUS BBI3BAHO KaK TEMIIEpaTypOW MUCIIBITAaHUS TaK U
OoJiee BBICOKMM 3HaYCHUEM Gg, [2] MOIYyYEHHBIM IIPH
temrneparype 450 °C, marepuan JoJiblIe MPOSIBISET
CHOCOOHOCTB K CONPOTHBIICHHUIO IUIACTHYECKOH nedop-
Marn. [Ipu T, = 450 °C Ha ycTaHOBHUBIIEHCS CTaIuu
CKOPOCTH  ION3Y4ecTH moBbimaercs o 2.7x10°
MM/MHH, 3TO 00YCJIOBJICHO BIMSHUEM TEMIIEPATypHI HC-
TIBITAHUSL.
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Pucynok 3. [luazpammel ucnvlmanuti Ha NOA3y4ecms CManu
12X18H10T npu nacpysxe 100 H u memnepamypax 350 C (1)
u 450 C(2)

a

0

JITUTENBbHOCTh MCOBITAHUS TPH OOEUX TEMIIepaTy-
pax coctasmia ~1500 gacos. O6pamaeT Ha ce0s1 BHIMA-
HHUE TO, YTO HECMOTpPS Ha OoJiee HU3KOE 3HAUCHHUE Jie-
(dopmany B Haualle yCTAaHOBUBIICWCS CTalM JUI CTa-
U ucneiTaHHON mpu 450 °C, 3a cueT OoJjiee BBICOKOM
CKOPOCTH ToJ3yuecTy Aedopmarus 3a nepron ~800 ya-
COB NPEBBIIAET Je(HOPMALIUIO TTOJI3yYECTH CTATN HCIIBI-
tanHo# npu 350 °C.

Takum 00pa3oM MOBBINIEHNE TEMIEPATYPHI UCIIBITA-
Hust Ha 100 °C mpUBOIUT K CHIKEHHUIO HA TTOPSIOK CKO-
pOCTH TTON3YYeCTH HAa HAa4YaJbHOW CTaguM W yBEIHYe-
HUIO B ~3,7 pa3 CKOPOCTH IOI3YYECTH yCTaHOBHUBIICHCS
cTanuu (pPUCYHOK 4).

Hccnedosanue muxpocmpykmypsl TOKazano, YTo,
KaK ¥ MPU KPATKOBPEMEHHBIX MEXaHUYECKHX HCIIbITa-
HUSX [IPOMCXOIUT 3HAYUTENBHOE N3MENIbUYECHHE 3ePEeH U
KapOHUJ0B, IPH 3TOM KapOuabl pasmMepoM ~1 MKM moi-
HOCTBIO PacTBOPSIIOTCS B TBEPAOM DPACTBOpE (PUCYHOK
5). Ipu Temmeparype 350 °C yTOHEHHs TpaHUI] 3epCH
He HaOmromaeTcs, Toraa kak npu 450°C mpoucxoauT 3a-
METHOE YTOHEHUE TPaHMI] 3EPEH, YTO BBI3BAHO TOBBIIIIE-
HueM temneparypsl Ha 100 °C. Pasmep 3epeH B cranmy,
ncnbitaHao# npu 350 °C cocraBisioT 14 — 45 MM, ipu
450 °C 3epna umeroT pa3mepsl 15 — 47 mxm. Cpennuii
pa3Mep kapOuIOB yMeHBIIWICA 10 2 — 4 U 2 — 3 MKM
s temrepatypsl 350 u 450 °C cOOTBETCTBEHHO.

MUKpOTBEpAOCTh MaTepuala 1nocje UCIIBITaHUH TPH
350 °C He3nauuTenpHO yBenuumiach 10 348 Mlla. Ilo-
cie ucnbitanuit mpu 450 °C MUKPOTBEPAOCTh YBETUYU-
nack 10 351 MIla. D10 TOBOPHUT O TOM, YTO HpHU JUIU-
TEJILHOM NPUIIOKEHUU HAarpy3Ky MaTepuall IpeTepreBa-
€T HEKOTOpOE€ YNPOYHEHHE Nake HE CMOTpPs Ha ITOBBI-
[ICHUH TeMIEepaTypbl HCIBITAHUH.

W3 BhIecka3aHHOTO CIEAYET, YTO MPH UCTIBITAHUAX
Ha TIOJI3y4ecTh TPOUCXOANUT H3MENbUYEHHE 3€pHA H
YMEHbBILICHHE KOJMYECTBA NE(PEKTOB PEIIETKH, YTO B
CBOIO OYepe/Ib MPUBOJNT K YBEIUUCHUIO 3HAYCHUIT MUK-
POTBEPAOCTH, T.€. K HEKOTOPOMY YIPOYHEHUIO MaTePH-
ana.

Pucynoxk 5. Muxpocmpykmypa cmanu 12X18H10T 00 u nocie OnumenbHbix MEXAHUYECKUX UCHBIMAHULL 4 — UCXOOHBIL MAEPUAl,
6 — ucnvimannwiii npu memnepamype 350°C; ¢ — ucnvimannwiil npu memnepamype 450°C . Veenuuenue: x500
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3AKJIIOYEHUE

OmnpezneneHa CKOPOCTh MOJI3YYECTH MIPH TeMIIEpaTy-
pax 350 °C u 450 °C cramu 12X18H10T ob6myueHHOI
ObIcTpbIMU HeliTpoHaMu B peakTope bH-350.

Y CTaHOBIIEHO YTO MOBBINIEHUE TEMIIEPATypPhl HCIIbI-
tanuit ¢ 350 °C mo 450 °C npuBOAWT K YBEIHMYEHHUIO
CKOPOCTH IIOJI3yYeCTH HA YCTAHOBHUBILEHCS CTaJuU B
~3,7 pas.

[TokazaHo 4TO JUIUTENBHBIE HCIBITAHUS TIPH MOCTO-
SITHHOM HarpysKe IPUBOJIAT K HEKOTOPOMY YIIPOYHEHUIO
MaTepHralia HeCMOTpPS Ha TOBBIIICHUE TeMIIEPaTyphl HC-
TIBITAHUH.

JIMTEPATYPA

[Mosrrmenue Temnepatypsl g0 450 °C mpu ucmbITa-
HHSX Ha IOJI3y4eCTb MPUBOAUT K CTPYKTYpPHBIM H3Me-
HEHHUAM B MaTepHalle, a UMEHHO YTOHEHHIO TPaHHI] 3e-
peH.

HOJ’[y‘-ICHHbIC pe3yabTaThl CBUACTCIILCTBYIOT O CHU-
KECHUU TMPOYHOCTHBLIX XapaKTCPUCTHUK MaTepuala 4ex-
noB orpaboraBmx TBC ¢ yBennueHneM TeMieparyphl,
Y TPUBOAMT K 3HAYUTEILHOMY COKpAIIEHHIO CPOKa HX
CYXOTO XpaHEHHSI.

1. JTuxos A.C., Kupees B.B., I'opiie A.I1., Kucnumun C.b., Hecrepopa A.1O. ITomsydects cramu 12X18H10T — marepuana
YEXJIOB OTPaOOTaHHBIX TETUIOBBIICIIOMNX cO0pok peakTopa BH-350 B ycoBusixX, MOAENUPYIOMINX JUTUTEIEHOE XPAHEHUE
orpaboranHoro siaepHoro toriea // Bectauk HALL PK. — 2011. — Bein.3(47) . — C.77-82.

2. C.b. Kucmuuus, A.C. Tuxos, [I.A. Carnaes, A.C. JlapuoHoB. [TocTpaanannoHHbIe HCIBITAHUS] KOHCTPYKIMOHHBIX CTalel —
marepuainoB 4exiioB orpaborasmux TBC peaktopa BH — 350 // marepuansr 11-it MexayHap. koud., «B3aumoeiictBue
HM3IYYEHUH ¢ TBepIbIM Tenom» MuHck, bemapyck, 23-25 cenr. 2015 r. — C. 433-435.

3. Jlapuonos A.C., Kucimmua C.B., luxos A.C., Catnaes [I.A. HccienoBanue GU3nKo — MEXaHHIECKHX CBOHCTB KOHCTPYKITH-
onHoii cramu 1X13M2B®P, o6yuénnoit 661cTpeiMu Helirporamu B peakTope BH — 350// C6. Tpynos korpepenimn «PyHma-
MEHTAJIbHBIC M IPUKIIAHBIC UCCIICIOBAHMS B 00JACTH TOYHBIX M €CTECTBEHHBIX Hayk». HoBocubOupck — 2014 r. - C.28-34.

BH-350 PEAKTOPBIHJIA COYJIEJEH/IIPLII'EH KXbLJIJIAM HEUTPOHJIAPMEH
KOHCTPYKIUAJIBI BOJIATTBIH 12X18H10T CBIPFBIIITHIK KbIJITIAMIBIFBIHA
TEMIIEPATYPACBIHBIH 9CEPIH CBIHAY

JduxoB A.C., Jlapuonos A.C., Catnaes [.A., Kucaunun C.B.

KP suepzemurxa Munucmipnizi, 0ponvix ¢pusuxa uncmumymeol,
Hopazumos k., Anmamut Kanacwl, Kazaxkcman Pecnybnukacut

¥3aK cakTay NaWganelHFaH OTHIHABI imiktey skarmaiieiama 12X18H10T OomartetH BH-350 peakTopbsIHIAFBI
MaiilaJanFad KpUTyOONIeTiH KypacThlpMa KanTapblHHAH JKacajfaH MaTephall >KacalFaH YJTi CBHIPFBIITHIK CHIHAY
xyprizinai. BH-350 peakropeiga xeuigam Hedtponmapmen coynenerzmipinred 12X18H10T 6omartem 350 °C xone
450 °C TtemmeparypachiH/ia CBHIPFBILITHIK JKbUIIAMIBIFEI aHBIKTANABL. ChIHAKTBIH TemmepaTypacbitbie 350 °C  aex
450 °C-re nmeitin apTThIPYbl KAJIBINTACKAH K€3CHIE CHIPFBIIITHIK JKbUIAAMIBIFBIHBIH OCYIHE OKEJe Il

TEMPERATURE TEST INFLUENCE ON CREEP RATE THE 0.12Cr18Nil10Ti STAINLESS STEEL
FAST-NEUTRON IRRADIATION IN REACTOR THE BN -350

A.S. Dikov, A.S. Larionov, D.A. Satpaev, S.B. Kislitsin

Institute of Nuclear Physics Department of Energy of Republic of Kazakhstan,
Ibragimov Str.1, Almaty, Kazakhstan, 050032

Post irradiated creep tests of stainless steel 0.12Cr18Nil10Ti — structural material for hexagonal ducts of fuel assemblies
the BN-350 fast neutron nuclear reactor was carried-out under conditions simulated long term dry storage of spent fuel.
Creep rate of irradiated by fast-neutrons 12Cr18Nil0Ti steel was determined at temperatures of 350 °C and 450 °C.
It was established that increasing in test temperature from 350 °C to 450 °C results in an increase in creep rate at the

steady state stage.
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COBPEMEHHOE COCTOAHHUE PABOT B OBJIACTH YTC
B HUII «KKYPYATOBCKHUU NHCTUTYT»

A3u3zoB J.A., Ky3nenosa JLK., Tpyonuxos A.C., XBoctenko ILII.

Hauuonansntit uccneoosamensckuii yenmp «Kypuamoscxkuit uncmumymy
na. akademuka Kypuamoea, 0.1, Mockea, Poccus, 123182

[IpencraBnensr paboThI, KOTOpBIE B HacToswiee Bpems npoBoasitest B HULL «KypuaTtoBckuii mHCTHTYT» B 00macti YTC,
a IMEHHO: pacyéTHO-TEOPETHIECKHE pabOoTHI, IKCIIepIMEHTaNbHBIe — Ha TokaMake T-10, HaOuparomas 060poThl MO-
JepHH3aIM TokaMaka T-15, paboTsl B MOAAEPKKY MEXITyHApOIHOTO TEPMOSIEPHOTO SKCIIEPUMEHTAIBHOTO PEaKTopa
UTOP, paspaborka ucrouHnka TtepMosiaepHbix HelTpoHoB (THMH) Ha ocHOBe Tokamaka. IIpemmoskeH mpoekT
WT'HUTOP, HaneneHHBIN HA IEMOHCTPAITHIO 3)KUTAHUS TEPMOSICPHBIX PEaKIUi B INIOTHOW TUTa3Me TOKaMaka. DKCIIe-
puMeHTanbHbe paboTel Ha T-10 HampaBieHBl Ha W3y4EHHE PEXXHMMOB YIYUIIEHHOTO YAEPKaHUS IUIa3Mbl B YCIOBHUSX
momHoro CBY-Harpesa u otpabotky nuarnoctuk st T-15 u UTOP. IlepeBoopykeHne HHKEHEPHBIX U TEXHOJIOTHYEC-
KHX cucTeM Tokamaka T-15 mo3Bonut Poccun co3aTh HHHOBAIIMOHHYIO AKCIIEPUMEHTAIBHYIO YCTAHOBKY C BBITSIHYTHIM
CeueHHEeM U JUBEPTOPOM U MPOBOAMTH IIMPOKUH IUAMa30H aKTyalbHBIX HccienoBaHuil B moxnepxky UTOP u THUH.
Kyp4aToBCKUM MHCTHTYTOM NpeIioKeHa CTPaTer s MCCIIE0BAHUM U TPOrpaMMa pa3BUTHsI THOPUIHBIX CUCTEM «CHH-
Te3-AeneHue» B Poccun Ha OCHOBE TOKAMAaKOB U JKUAKOCOJIEBBIX SIIEPHBIX TEXHOJIOIUH, OTKPBIBAIOIIAs HOBBIE BO3MOXK-
HocTH Juist sHepreTuku XX| Beka B peleHnH cIoKHeHIeld npobaeMbl IepepadOTKH M yTHIIN3AIMN JOJITOKUBYIIHAX pa-

JHOAKTHUBHBIX OTXO/J0B.

BBEJEHUE

Hayunoe nanpaBneHue YmpaBisieMblil TepMOsAEp-
weiid cuaTe3 (YTC), opueHTHPOBaHHOE HA pelIeHHe Ba-
JKHEHIe 3agaun 00eCIeueHnsT YeIoBeYecTBa MPaKTHU-
YEeCKH HEHCUYEPNaeMbIM M 3KOJIOTHYECKH IPHEMIIEMBIM
UCTOYHUKOM 2Hepruu, Bo3uukio B CCCP, CIIIA u Aur-
JIUH B TIpoIiecce paboT 1Mo CO3AaHUI0 ATOMHOTO OPYXKUS
B 1940-x—1950-x rr., KOTOpBIC MPOBOIUINCH B YCIIO-
BUSIX a0CONIOTHOM 3akpbITOCTH. IlepBas TopownaibHas
YCTaHOBKA C MMEHEM «TOKamak» mosiBunach B KypuaTos-
CKOM MHCTUTYTE B 1957 I, B TOT caMblif roji, Koraa ¢ Koc-
Mozpoma baiikoHyp B Kazaxcrane ObuT 3amyIeH mepBbIit
HCKYCCTBEHHBI CITyTHHK 3eMIH. MICTOpHYecKd CloxKH-
JIOCh TaK, 4To Kyp4yaToBCKOMY MHCTHTYTY BbINala YeCTh
OBbITH PYKOBOZUTEIIEM ¥ KOOPAMHATOPOM HCCIIEIOBAHUH B
oomact YTC B CCCP u Poccun. B ganékxme 1950-¢ romsr
ObLT aH CTapT, 33JaH YPOBEHb M JMHAMHKA HCCIIEOBa-
HHH, MO3BOJIMBINME Ha MpoTshkeHMH MHOTHX jer CCCP
YIEp)KUBATh JUAUPYIOMIKME MO3UIMH B MHUpPE B 3TOM Ha-
TPaBJICHUH.

B KypuaToBckOM HHCTUTYTE C MOMEHTA BBIXOJa I10-
ctaHoByeHus IIpaButenscTBa «O MpOBENEHUH HAy4HO-
HCCIIEIOBATEIIbCKUX M OKCIIEPUMEHTAIBHBIX pabdoT 1o
BBISICHEHUIO BO3MOXKHOCTHU OCYIECTBICHHUS MarHUTHOTO
TEPMOSIAEPHOro peakTopa» oT 5 mast 1951 r. Nel463-
732 cc/cn ObIIa cOOpyKEHaA Cepusi TOPOMIANBHBIX Tep-
MOSIICPHBIX YCTaHOBOK, HAYMHAS OT NEPBOH MOMBITKH
MOTY4NTh 3aKUTaHUE B TOPOUIATIBHON KaMepe U3 KBap-
LEBOro cTekna 6e3 marHutHoro nodjs (1951 r.), ropou-
nmanpHOU ycranoBku TMII (1954 r.), mepBoro Tokamaka
T-1 (1957 r.), no kpymnHeiimero B Mupe (K MOMEHTY CO-
OpY’KeHHs) TOKaMaka CO CBEPXIIPOBOJHUKOBOM MarHuT-
Hoit cuctemoit T-15 (1988 r.). Oto Tokamaxu: TMII,
T-1, T™MB, T-2, T-3,T-4, T-5, T-6, T-7, T-8, T-9, T-10,

TO-1, TO-2, TM-1, TM-2, TM-3, TM-4, T-11, T-12,
T-13, TBJ, TMI', TM-1-BY, TCII (T-14), T-15.

Teoperudeckasi IKoNa, CO3JaHHAS HA 3ape TEPMO-
AIEpHBIX HucchenoBannii B KypuaToBCKOM HHCTHUTYTE
akageMukoM M.A. JIeoHTOBHYEM, B BIIOCIICICTBHU BO3-
rnaBiasieMas akagemukamu b.b. KamomueBsim u B.JI.
[adpaHoBbIM, U3BECTHA B HAYYHOM MHPE CBOUMH BbI-
JIAFOLIMMUCS TIEPBOIPOXOAYECKUMH paboTaMu B obJac-
™ YTC, usuku mia3Mbl U MIa3MCHHBIX TEXHOJIOTHI
[1], HayuyHBIMU TpaJULUSIMU M BBICOKUM YpOBHEM HH-
TeNJIeKTa TeopeTukoB. Iloxkanyii, HeT B MuUpe MIa3MeH-
HOM naboparopuu, r1e Obl HU OBbUIN KEJTaHHBI TEOPETH-
ku KypyaToBCKOro WHCTHTYTa, U HET yHHUBEPCHTETa,
rae 0v1 ¢pu3uky mwiazmel 1 YTC HE u3ydanu OBl IO KHU-
ram Hallux y4€HbIX.

PykoBoauiu KoIeKTHBOM TeEpMOsiAEpIIMKOB B Kyp-
YaTOBCKOM HHCTUTyTe akajgemuku: JL.A. ApuuMoBmd
(mo 1973 r.), b.b. Kagomues (¢ 1973 mo 1998 r.), B.IL
CmuproB (¢ 1998 r. mo 2009 r.), ¢ 2009 r. — mpod.
O.A. A3u30B. B cTeHax MHCTUTYTa BBIIOJIHSUIM CBOH
BBIJIAIOIHMECS TMOHEPCKUE paboThl yu€HbIE ¢ MUPOBOIA
u3BecTHOCThIO:  M.A. JleontoBuy, B.JI. Illadpanos,
WN.H. TonoBun, H.B. ®unmunmos, C.M.  Ocoser,
AWM. MopozoB, b.A. TpyOnukos, H.A. SIBnuHCKHH,
M.C. Hodde, B.B. Annkaes u apyrue.

CoTpyIHUKH WHCTUTYTA B pa3HOE BpeMs OBLIH yII0-
CTOEHBI BBICIINX TOCYIapCTBEHHBIX Harpan: JIeHHHCKas

mpemusi — 20 gen., Cramuackas npemus — 11 gen.,
T'ocynapcteennas npemuss CCCP — 34 uen., ['ocynap-
ctBeHHas npemus Poccuiickoit denepanun — 1 gen.,

IIpemus IIpaButennsctBa Poccuiickoii denepannu B 00-
JIacTH HayKu U TeXHUKU — 4 yen., [Ipemus Jlenunckoro
KoMcomona — 4 yen., 3omoras Menanb u IIpemus nme-
HU BeLAaronuxcs yueHsix AH CCCP — 3 yen.; [Ipemus
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PAH — 9 den., mpecTmxHBIC 3apyOeKHBIE TPEMUN —
7 gemn.

Tepmosnepusie uccienoanus 8 HULL «Kypuaros-
CKUH HHCTUTYT» CETrOoAHA MPCACTABJICHbI DKCIICPUMECH-
TaJbLHBEIMU HCCIENOBAHUSIMA Ha Tokamake T-10, Habu-
patorieii  000pOTHI MojAepHHM3anueidl Tokamaka T-15,
y4acTHeM B MPOEKTE MEXITYHAPOJHOIO TEPMOSAEPHOTO
JKCIepuMeHTanbHoro peaxkropa MTOP, a takxe mep-
CIICKTUBHBIMH ITPOCKTaMH — PA3BUTUA FI/I6pI/II[HI)IX CHu-
CTeM «CHHTE3-/IeTICHUE» (TUH-TUBPUL) u
HUT'HUTOP, xotopsie uayT B GopBaTepe COBPEMEHHOMN
POCCHHCKONH TIPOrpaMMBbl TEPMOSIEPHBIX HCCIIEI0BA-
HUH.

Pa6oter B obmactu YTC B HUIL] «KypuaroBckwmii
HWHCTUTYT» HPOBOAATCS Ha OCHOBE ['ocyaapCTBEHHOM
NpOrpaMMbl COBMECTHOH JEATEIbHOCTU OpIraHM3alUil,
Y4acTBYIOIIUX B IWJIOTHOM IIPOEKTE 10 co3aanuro Ha-
IIHOHAJIBHOTO HCCcleioBaTeabckoro nenTpa «Kypuaros-
ckuil mHCTUTYT», Ha 2013-2017 romsl, Temaruueckoe
HanpasieHue 3 «PyHIaMeHTaIbHbIE U IPUKJIaTHBIE HC-
CJIeIOBaHUsI B 007acTH (DM3MKH TUIa3MBl 1 TOKAMAKOBY.
TexHHueckoe NEPEeBOOPYKEHUE OIKCHEPUMEHTANIBHOM
TepMosiepHON ycTaHoBKH Tokamak T-15 ocymecTsis-
ercss B paMKkax (emepanbHONH II€I€BOM IPOTPaMMEI
«SlmepHble SHEPTOTEXHOJOTUM HOBOTO ITOKOJEHHUS Ha
mepuox 2010-2015 roxoB u Ha mepcnexTuBy 1m0 2020
romay.

TEOPETUYECKME UCCJIEJOBAHUS

1 MOJAEJIMPOBAHUE

B HacTosmee BpeMs yCHIUS TEOPETHKOB HaIlpaBile-
HBI Ha PEIICHHE BOMPOCOB (DM3UKH IIa3Mbl M TOKaMa-
KOB, aTOMHBIX U PaJIMAIIOHHBIX MPOIIECCOB, 00OCHOBA-
HUIO TIPOBOJMMEBIX W IUIAHHUPYEMBIX JKCIIEPHMEHTOB Ha
tokamakax T-10, T-15, UTOP, 060cHOBaHWIO WHHOBA-
numonnbix npoektoB TUH-ITMBPU, AEMO-THUH. Pa-
OOTHI IPOBOAATCS B TECHOM KOHTAaKTE C IKCIEPUMEHTA-
TOpaMH U MHXKEHEPaMH.

Cpenu pabot nepsoro necsatunerus 2000-x rr. cre-
JyeT BBIICIHUTD:

— pasBUTHE TEOPUHU U KOJOB CAMOCOITIAaCOBAaHHOIO
OITMCAaHUs] HU3KOYACTOTHOM TypOYJIEHTHOCTH B TEpMO-
SIIEPHBIX CUCTEMAX.

— Pacnpoctpanenue 3HEPreTHYECKOr0 METOAA WC-
CIIeZIOBaHUS MarHUTOTHApO-aAnHammdeckor (MI'JI) yc-
TOWYMBOCTH IIIa3MBl Ha OO CITydail TOPOHMIATBHBIX
TeueHud. HeTpuBHaAIbHOCTh METOJIa B MCHOJb30BAaHUU
LIENIOYKU HOBBIX MHTErpalIoB JIMHeapu3oBaHHOro MI'/]
ypaBHEHHsS W BBIBICHHOW (YHIAMEHTAJIbHOW pOJIH
ACUMMETPUYHBIX BOJIH C OTPULIATENILHON SHEPTUeH.

— Pa3Butue yHuBepcanbHOW JBYMEpHOH KBa3u-
KJIACCUUECKON KMHETUYECKOW MOJIEN Uil pUI0eproB-
CKOTO aToMa B YCJIOBHSX acTpO(HU3UUECKON M TepMo-
SIIEPHOM IIa3MBI.

— Pa3pabotky ©0a30BOil BBIUMCIHMTENBHOIN Cpenbl,
00BETUHSIONICH YNCIIEHHBIE KOJIBI TT0 PAacUeTy PaBHOBE-
CHUs cO CBOOOTHON W (PHKCHPOBAHHOW TpaHUIICH ILIa3-
Mbl (SPIDER), MI'/I-ycrortunBoct (KINX) u Tpanc-

mopTHBIX mporieccoB (ASTRA) B camocoriacoBaHHOM
MOJIETTUPOBaHUU ClieHapueB pazpsna UTOP.

3a nociaenHue 5 Jer:

— TEOPETUYECKH ITpejicKa3aHa BO3MOXKHOCTh MOJaB-
JICHUA paavualibHBIX IMEPEHOCOB IIJIa3MblI B TOKaMaKax 3a
CYE€T KOHEUHOro AaBiieHUs Iuia3Mbl. llpu yBenuueHuu
JIaBJICHUS], BIUIOTH JI0 MPEJEIBHOTO O PaBHOBECHUIO, KO-
¢ punueHT panuanbHO Anddy3uu yMmeHslaercst 60-
Jiee YeM Ha MOPSIJIOK.

— BhInosiHEHBI pacueThl B3aUMOJEHCTBUS YIbTpa-
KOPOTKHX JIa3€PHBIX UMITYJILCOB C aTOMHBIMH CHCTEMa-
MU, PE3yIbTaThl KOTOPBIX OTKPBIBAIOT HOBBIE BO3MOXK-
HOCTH MCCJIEJJOBAaHUS aTOMHBIX CHCTEM C ITOMOIIBIO
YJIBTPAKOPOTKHX JIA3€PHBIX UMITYJIECOB.

— Co3nana GammicTUuecKkas MoOJeNb POHUKHOBE-
HUS HEUTPANbHBIX YaCTHI B IJIa3My.

— Pa3BuTa Teopus CTaTHCTHYECKOTO OMMCAHUS pa-
JMAIOHHO-CTOJIKHOBUTEIBHBIX ITIPOIIECCOB C TSKEIbI-
MH MHOTO3JIEKTPOHHBIMH HOHAMH B TIIa3Me.

— IMonyunnu pa3BuTHe OOpaTHBIC 33a4X B CHEKT-
POCKOITMYECKUX JHAarHOCTHUKAX TEPMOSIECPHON ITa3MBbl;
pacyeTHO-TeOpeTHYeCcKoe O0OOCHOBAaHUE TOMCOHOBCKOIA
JTUArHOCTHKY HEMAaKCBEJUIOBCKOH IUIa3Mbl B TOKaMaKax-
peaxTopax.

— Pa3paboraHbl COBpeMEHHBIE NPOrpaMMHO-HHCT-
pYMEHTaJIbHBIE KOMIUIEKCHI A1 MOJIENHMPOBAHMS IUIa3-
Mo¢usnueckux sBienui, D{U-u3nydenus B sneprooda-
JaHCE TUIA3Mbl M TIPOBEIEHBI HCCIICAOBAHUS BIMSIHUI
pouIBHBIX 3((HEKTOB Ha IPOLIECCH IEpeHoca B TUIa3-
me npu urxekunn CBY-mouHocTy.

— IlpoBeneHbl BaKHBIE MaTEPHAIOBEIUECKHE HC-
CJICZIOBAHUSI B TOKAMaKax.

— Ilpennoxxena HOBass (HOPMYJIMPOBKA TPAHHIHBIX
YCIIOBHH B 3a/lau€ YCTOHYMBOCTH BHHTOBBIX MOJ], B3au-
MOJICHCTBYIOUIUX C PE3UCTUBHOM CTEHKOM BaKyyMHOMH
kamepsl (Resistive Wall Mode — RWM) B Tokamakax.
Pa3Bur meron aHanu3a yCTOMUMBOCTH 3alepThIX U Bpa-
maronmxcss RWM B Tokamakax. IlpenckasanHoe aHa-
JUTUYECKH [2] cuibHOE BIUsIHUE CKUH-d(dekTa Ha au-
Hamuky RWM B Tokamakax yOenutenbHO (BrepBble!)
OBUIO JTOKA3aHO BBIYMCIICHUSIMH, ITPOBEICHHBIMH C TI0-
Moo koma CarMa, o0iagaromiero yHUKaaIbHON BO3-
MOKHOCTBIO TPEXMEPHOT'0 OOBEMHOTO pacdera IIPOBO-
JSIIUX CTPYKTYP B 33a4ax yCTOWYHBOCTH TOPOHUIAIIb-
HOU mnna3Mmbl. IlosydueHHbIE pe3ynbTaTbl JOKa3bIBAIOT
HEOOXOANMOCTh ATOTO IOJX0/Ia BMECTO TPAAUIMOHHO
HCIOJIb3YEMBIX MOJENIEH U KOJOB C «TOHKOM CTEHKOM».
Jannas paboTa rmojry4nia BEICOKYIO OLEHKY B BEIYIINX
NpOQUIBHBIX MEXTyHAPOIHBIX KypHAIaX.

— HccnenoBanbl 1100abHBIE TE€OJE3MYECKUE aKy-
cTrdeckne MoJsl B Tokamake (TAM).

Ocobo cnenyer ormeruth pabory B.JI. Bpnosuna,
nonyuuBiyto Ilepsyro I'maBryto IIpemuro MAUK
«HAYKA/MHTEPITEPMO VKA 3a iydmryio cTaTbo
10 TeIMKOHHOM TemaTuke: «l'eHepanus Toka relMKoHa-
mu 1 HI'-BoiHamMu B COBPEMEHHBIX TOKaMaKax M peak-
topax UTOP u JJEMO. CueHapuu, MOIETUPOBAHUE H
anTeHHbsD [3]. B paborax [4, 5], SBISIFOIIMXCS MPOIOI-
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JKeHreM [3], BuepBbie OblIa peaIoKeHa H 000CHOBaHA
cHCTeMa MOJJepKaHMs TOKAa TeIMKOHAMU B TOKaMake
T-15. IIpennoxkeHa BHEOCEBas TEHEPAIUs TOKA TEIHUKO-
Hamu U HI'-BosHamMu B siipe COBPEMEHHBIX TOKaMaKOB
u peakropoB TUH-AT, UTOP u JEMO u anbdBeHOB-
CKUMH BOJIHAMH B IIbE/IECTAIE TIa3MBbl.

TokAMAK T-10

Toxamak T-10 BBenén B crpoii B 1975 r. (Tokamak
KpPYTJIOTO CEYeHHUs ¢ OOJBIINM PaTuyCcoOM BaKyyMHOH
kaMmepsl R = 1,5 M, MajbIM paguycoM BaKyyMHOH KaMe-
pet a = 0,4 M, ¢ TopouganbHbIM TosieM B = 4 Tn u max-
CHUMaJIbHBIM ToKoM paspsia | = 600 xA). C Havana pa-
0OTHI | TO cell JeHb Ha HEM mpom3BeneHo okono 100
000 mnazmenHbIX paspsaoB. B 1978 r. na ycranoske T-
10, ocHalleHHOH HEe UMEOIUM aHAJIOTOB B MUPE TMPOT-
POHHBIM KOMIDIEKCOM, BIIEPBEIC B MHpE OBLIa TOCTHUT-
HyTa 3JIEKTpoHHAast Temnepartypa 1,= 10 k3B, cooTBet-
CTBYIOIIAsi PEaKTOPHBIM TPEOOBAHUSIM.

B nacrosmee Bpems T-10 kpynHeWmwii neiicTByTO-
I POCCUICKUIA TOKamak (M €IWHCTBEHHBIH B MHpE
JEHCTBYIOINI KPYIMHBIH KIAaCCHYECKHH TOKaMak), Oc-
Hall€HHBIA YHUKAJIbHBIM JBYXYaCTOTHBIM T'MPOTPOH-
HBIM KOMIUIEKCOM U crucTeMoit BBoja CBY-MomHOCTH ¢
M3MEHSCMBIMH YTJIAMU 10 OTHONICHHUIO K HANPABIICHUIO
MarHuTHOTO moii. ['MpOTpoHHAas cucTeMa IT03BOJISET
Hapsily C HarpeBOM IIIa3Mbl IIPOBOJIUTH SKCHEPHUMEHTEI
¢ TeHepanueldl Oe3BIHAYKIHOHHOTO Toka. Obmas Morr-
HocTh CBY-komrutekca cocraBiseT 4,5 MBT, 9To 103-
BOJIICT TONy4YaTh PEKOPIHBIC BEIWYWHBI IUIOTHOCTEH
prmaga CBU-mommoctn (20—30 Br/em®) (puc. 1, 2).
JMarHoCTUYECKU KOMIUIEKC YCTaHOBKM BKJIIOYAET B
cebs Ooree AByX NECSATKOB AMArHOCTHK. He cMoTps Ha
TO, YTO ycTaHOBKa pabotaer 40 5eT, oHa He yTpaTHia
CBOEH HayYHOU 3HAYMMOCTH.

Pucynox 1. [{ea cupompona (mowrocmoio 1 MBm kaswcowiii),
ycmarognenHvle Ha moxkamake T-10 015 6800a
CBY mownocmu 6 niasmy moxkamaxa

Ha ycranoBke T-10 B akcriepuMeHTax 1o TeHepaiu
0e3bIHIYKIIMOHHOTO ToKa Ha D1l- pe3oHaHce MoJTy4YeHbl

PSKUMBI C CyMMapHBIM T€HEPUPYEMbIM HEHHAYKIMOH-
HBIM TOKOM, CPaBHUMBIM C ITOJIHBIM Pa3psiIHBIM TOKOM,
HCCIIEA0BAaHO BIMSHHE NPOQUINPOBAHUS IUIOTHOCTH
TOKa Ha yJIepXKaHHe IUIa3Mbl, IOJIYYECHbI U UCCIICTOBaHbI
BHYTpeHHHE TpaHcnopTHeie Oaprepsl (BTB). Ilpome-
MOHCTPHPOBAHO YTIpaBJIEHHE yCTOMYUBOCTBIO KPYIHO-
macmrabHeix MI'J] HeycroWdMBOCTEH, TakMX Kak He-
OKJIacCHUecKasi THPUHT-MOJia ¥ HEYCTONYMBOCTh BHYT-
PEHHETO CPBIBa, C MOMOIIBIO XOPOIIO JIOKAIN30BaHHBIX
CBY-narpeBa u resepanuu Toka. Peanmn3oBaHo ynaine-
HHE WOHOB NIpHMece W3 BHYTPEHHHX oOiacTell mpu
Bkiasie CBU-MOIIHOCTH B IIEHTpPE TUIA3MEHHOTO IITHYPA.

Pucynoxk 2. Cucmema ¢ usmeHaemMblmMu nOIOUOATLHbIM
u mopoudanvuvim yeramu 66oda CBY mowrnocmu
Ha yposHe 2-x MBm

B HacTosiee BpemMsi OCyIIECTBISIETCS TEXHUIECKOE
nepeBoopyxkenue Tokamaka T-10 ¢ 1enpio gajabpHeiIe-
ro e WCHOJb30BAHUS ISl BBHIMOJHCHUS IPOrPaMMBI
VYTC u nogrotoBku crneuuanuctoB s UTIOP. B tom
YHCcIie, 32 MOCICTHIE 5 JIET BHIMOJHEHBI BaXKHBIC Pado-
THI TI0O MOJICPHU3AINH JAHATHOCTHYCCKUX WM WHXKCHEP-
HBIX CHCTEM:

— CO3[1aH YHMKaJIbHBI JAMArHOCTUYECKUH KOMII-
JIeKC Ha OCHOBE WH)KEKTHPOBAHHA B TUIA3My ITyYKa Ts-
JKENBIX MOHOB JUIsI UCCIIENOBAaHUS T€0IE3NUECKUX aKy-
crudeckux Moj (TAM): Tok myuka ObuT yBenuueH B 3,5
pasa (M TOCTUT BETUYMHBI 75 MKA), TNIOTHOCTh TOKa —
B 10 pa3 (momyueno 75 MkA/cm®) M dHEprusi OCTHIIA
300 x3B. IlosiBHnIack BO3MOXKHOCTB IIPOBOJIUTH U3Mepe-
HUS DJIEKTPUYECKOT0 TOTEHIMaNa MO0 BCEMY CEUEHHUIO
IIHYpa U TPH BRICOKOH ITIOTHOCTH TUTa3MEI;

— W3TOTOBJICH W YCIENIHO WCIBITAaH WHKEKTOP
«IeUTEepUEeBON IIBLINY;

— YCTaHOBJICH JIOTIOTHUTENBHBIN AeCATUKAHATBHBIN
MPUEMHUK  DIIEKTPOHHO-IIMKIOTPOHHOTO  M3JIYYCHUS
ITa3MBI TSI I3MEPEHUS SJICKTPOHHOUW TEMIIePaTypHI;

— pa3paboTaHa, U3rOTOBJICHA U ONPOOOBaHA MOHH-
TOpUPYIOIIAsi CIEKTpaldbHAsl CHCTEMa, MO3BOJISIOIIAS
PETHCTPUPOBAThL OJHOBPEMEHHO WMHTEHCUBHOCTH 10
CHCKTPAIBHBIX JIMHUH B BHIAMOM [HANa30HE JJTHH
BOJHH (puc. 3);
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PMCyHOK 3. ﬂecﬂmuKaHa/lea}l CnekmpajlbHdas cucmema

— OCYIIECTBJIEH TEPEBOJ CHUCTEM PETHCTPAlldN U
JTUCTAHIIMOHHOTO VIIPABJICHUS PEHTTCHOBCKOTO CIIEKT-
poaHanu3aTopa Ha COBPEMEHHYIO AJIEMEHTHYIO 0a3y;

— MpOBECHA MOJCPHM3ALHNS «OBICTPOrO» KiamaHa
BBICOKOTO JaBIICHHSA, KOTOpasi MO3BONIMIA B 3 pasza co-
KpaTuTh 33JIePXKKy MEXIy IoJaueil HampsHKeHUs Ha
KJIariaH U NOCTYIIJICHUEM rada B KaMEpy TOKaMaKa,

— 3aBepleHa paboTa MO MOJEPHU3AIMH CUCTEMBI
BOJIOOXJIXK/ICHUS] TOKaMaka ¥ TUPOTPOHHOTO KOMILIEK-
ca U CHCTEMBI BaKyyMHOW OTKayK{ Hapy>KHBIX ¥ BHYT-
PEHHHX KaMmep TOKaMaka.

— B 2014 r. 6p11a ycrienHo npoBeieHa TeXHOIOTU-
yecKasi KaMIIaHWs, HAallpaBJICHHAs Ha MOJITOTOBKY KaMe-
pBl UIS BBemeHHs B He€ BOIBb(PpPaMO-IIMTHEBHIX IHa-
¢dparm.

OKCIIepHMEHTAIbHBIC HCCIEeIOBaHUS Ha TOKaMake
T-10. Cpenu Haubosiee pe3ybTATUBHBIX 3a MOCIICAHUC
TOJIbI MOKHO BBIACTUTH dKcriepuMeHThl 2010 1. 10 u3y-
YeHUIo (IIyKTyauuil MUIOTHOCTH TUIa3Mbl C MOMOIIBIO
KoppensuuoHHoi pedaekromerpun. OOHapykeHO Cy-
LIECTBEHHOE pasznnure (J0 6 pa3) KOPPENSIMOHHBIX
JUIMH CO CTOPOHBI cl1ab0ro U CHIBHOTO MarHUTHOTO TO-
T8l

DkcriepuMeHTanbHbIe uccienoBanus (2012 r.) mpo-
LIECCOB MEPeHOCa B IJIa3Me TOKaMaKa IpH MPeHMYyIIecT-
BEHHOM HarpeBe 3JCKTPOHOB B IIHPOKOM [IHAIa30HE
OTHOIIECHHH 3JIEKTPOHHON 1 MoHHOM Temmepatyp (T/T;
= 1+8) nmpu ypoBHe noriomenHoi B mazme CBY momr-
HocTHd B 3,3 MBT mokasainu, 4To B IEPEHOCE SHEPTUH U
YaCTHIl CYIIECTBEHHYIO POJIb UrpaeT TypOyJEeHTHOCTS,
«HCTOYHHMK» KOTOPOH HAXOJIUTCS HA CTOPOHE Caboro
MarHUTHOTO TIOJISI.

[IpoBeneHbl IKCIEPUMEHTHI 110 MEPENbUICHUIO Tpa-
(UTOBBIX BHYTPHUKAMEPHBIX JJIEMEHTOB B YCIOBHSX
MomHoro aononHutensHoro CBY-narpesa. Ilomyden-
HBIC JaHHBIE TTO3BOJIAT PELINTH MPOOIIEMY IIEpPBOTO 3ep-
kana st U'TOP.

[IpoBeneHbI SKCTIEpUMEHTANBHBIE MCCICIOBAHUS 10
ornrtuMm3anuy (assl Mpodos U moasEMa TOKa B TOKaMa-
ke ¢ ucnonb3oBannem CBY-narpesa. Ilokazana Bo3mo-
JKHOCTH OCYIIECTBJICHHUS po00st ra3a Ha 2-1 TApMOHHUKE
OIP. O6GmacTh mMpobos pacroyiokeHa BONIM3M 00IaCTH
Ol pe3onanca.

IIpoBeneHo wmccienoBaHNe HAHO-CTPYKTYPHBIX Xa-
PaKTEPUCTUK CIOUCTBIX YIJIEBOJOPOAHBIX IUIEHOK, 00-
pasyIoImuUXCs IPH B3aMMOJICHCTBHUH IIa3Mbl C BHYTPEH-
HEl TOBEPXHOCThIO BaKyyMHOH KaMephl TOKamaka
T-10.

Ha Toxamake T-10 npoBeneHbl UCCIEIOBaHUS BBIHO-
ca 4acCTHIl U3 IIEHTpa IUIa3MBbl NOCJE BKJIIOYEHUS LEHT-
pansHOro OIlP-HarpeBa npu ABYX pa3IHNUHBIX 3HAUCHUSAX
MorHocTH HarpeBa Pe. ~0,55 MBr u P ~1,1 MBT 1

(bUKCHPOBAaHHOM IIOJHOM TOKe Ia3Mmbl |, =180 KA, mo-

KazaBIIKEC, 4YTO IIpU MaJIon MOMIHOCTHU LCHTPAJIbLHOI'O
OI[P-HarpeBa BBIHOC YacTHUI[ W3 LIEHTPAILHOM 00JacTu
ITa3MbI OCYIIECTBIISICTCS B OCHOBHOM 3a CYET BO3HUKHO-
BEHUS JIOTIOJHHUTEIFHOTO KOHBEKTHBHOIO IMOTOKA dYac-
THII, a IPY OOJIBIION MOIIHOCTH HarpeBa — 3a CYET BO3-
HUKHOBEHHUS JIOTIONTHUTENBHOTO M y3noHHOTO OTOKA
YACTHII.

C wucmonp3oBaHWEM 2-X THPOTPOHOB (OOUH — C
MoImHOCTEI0 P1=1,4 MBT 11 reHepanmu TOKa B Hampa-
BIICHHM TOKa IDIa3MBl Ha paanyce = 15 cM m co3naio-
MIKH TI0CKOE pacrpelelieHne apaMeTpoB Ia3Mbl (TH-
OpuIHBIH pexxum), BTopoit — ¢ P,=1 MBT, Hanpasien-
HBIH TaK, YTOOBI €r0 MOIIHOCTh MOTJIOIIANACh B IICHTPE
IUTA3MEHHOTO IIHYpa), YAAIOCh MOIHITH 3ddekTus-
HOCTh HarpeBa M TOJYYHTh MPUPOCT TEMIIEPATyPHl B
LIEHTPANBLHOW 00JacTH IIa3Mbl = B 2 pasa (puc. 4, 5).
PesymbraTel 3kcriepuMeHTa OOHAAEKWBAIOT OTHOCH-
TEJBHO BO3MOXXHOCTH ITONTyYSHHS B MOCIEIYFOIINX YKC-
epuMeHTax emé Ooyiee BBICOKHX TEMIIEpaTyp, Mpe-
CTaBIISIOIINX HHTEPEC ISl TEPMOSIIEPHOTO PEaKTopa.

T-10 Ne 66077

3L 4
o
o
£
S
= 2+ 1
©
-3
>
= s
g 1
2 1L ]
g P' Pz
o ,—I/
[

0 L 1 1

100 300 500 700 900 1100

Bpewms (mc)

Pucynox 4. Bpemennoti xo00 T,(0) 6 omn.eo.
Py u Py — épems deticmeusi u MOWHOCHb SUPOMPOHO8

T
1,220 kA
B=2,17Tn
n=1,87x10

Ne 66077

19 .3

(2)

T (xaB)
N

P

1

’_‘ -
| n L L
o -10 0 0

-20
r(cm)

Pucynox 5. Ipogpunu T,(r): 1— nepeo sxnouenuem
eupompona Py; 2 — nocne sxniouenust cupompona P,
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B 2012 r. Ha Tokamake T-10 ObUIM HCCIEIOBAHBI
reo/Ie3NUEeCKe aKyCTUIECKUEe HEYCTOMYMBOCTH Ha rpa-
HUIIE TIa3MBI TOKamaka, a B 2014 1. ¢ momoIipio Koppe-
nsioHHoM peduexromerpun (KP) u 3oH1upoBanus my-
ykoM TsxENbIX noHoB (3I1TU) mpoBeaeHs! uccienona-
HUA KOneOaHus MOTEeHIMaaa ¥ INIOTHOCTH B JMala3oHe
'AM, KoTOpBIE MOTYT MOJAABUTH TypOYJECHTHBINH Iepe-
HOC ¥ YJIy4IIUTh yjep)kaHue mia3mel. OOHapysKeHa BbI-
COKasi KOppeJsiuusi KoneOaHui IOoTeHIMana U IUIOTHO-
ctr, nzmepennsix 3[ITU u KP B obnactsx, pasHeceH-
HBIX Ha 90° BIOJIB TOpa. DTO yKa3bIBAaET HA III00AIBHBIHA
xapakrep '”AM. Ammntyna u yacrora ' AM okazanmch
MOYTH MOCTOSIHHBIMH TI0 CEYCHHUIO IUIa3Mbl, YTO TAKXKE
coryacyercsi ¢ Teopueil rinobamsHBIX ['AM. BMmecte ¢
TeM, B PEeXKHMMax C WU3MECHEHHEM TEeMIICpaTyphl, HalpH-
Mep, 3a cuyer DIIP-HarpeBa, yactrora 'AM f mensercs
KaK KOpeHb U3 KOMOHMHALUK IEKTPOHHOU T, M MOHHOM
Temneparypsl T; (puc. 6), rne T 6epercs B Touke, OJIU3-
Koii k mepudepun (r/a=0,9).
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Pucynox 6. 3asucumocms wacmomur I'AM om xombunayuu
Teu Tina paduyce rla= 0,9, usmepennas 6 wupokom ouana-
301e mokog |y, nomnocmeii Ne u Macnummuwvix noneti B.
Cnaownas kpusas — meopemuieckas 3a8uUcUMocns

CO31AHUE HALIMOHAJILHOM

3KCNEPUMEHTAJIBHOW BA3bl TOKAMAKOB

Tokamak T-15 mosiBuiICS BCIIEICTBHE HEOCYIIECTB-
JIEHUSI CBEPXaMOMIIMO3HOTO COBETCKOTI'O ITPOEKTa TOKa-
maka T-20. K 1975 r. B CCCP 06b11 TOATOTOBIIEH 3CKHU3-
HBII TIPOEKT YCTaHOBKH peakTopHOoro maciraba (T-20),
KOTOPYIO IIaHMPOBAJIOCh BBECTU B CTpod B 1985 r. u
pasmectuth Ha l'OCynapCTBEHHOM HCHBITATENBHOU
crannuu TepmosnepHsix peakropos (I'MICTP) B 1. Co-
cHoBbIM bop Henaneko ot Jlennnrpaackoit ADC. Onna-
ko no3xHee BMecTo T-20 u TMCTP 6buto perieHo cos-
JaTh OKOJIO NIeCATH MEHee aMOMIIMO3HBIX YCTAaHOBOK,
Takux kak Tokamaku T-15 u TCII u oTKpBITEIE JTOBYII-
ku JIOJI u T'OJI [6, 7]. OnHOBpEMEHHO 00CYXIAIUCH
mpoekTel feMoHcTpanuonHoro (JJEMO) u ombITHOTO
(OTP) TepMosiiepHBIX pEaKTOpOB.

B 1988 r. Obl1 OCymiecTBIICH (U3MUECKHN ITyCK
KpYIHEHIIero B MUpe Tokamaka (Manslii paanyc a=0,7
M, Oombmmoit pagmyc R=2,43 M) co cBepXIpOBOJHHKO-
Bo#t (Nb3Sn) maraurtHoii cucremoit T-15 (puc. 7). Bouio
MOJY4E€HO HOMHHAJIFHOE 3HAYECHHE BEIWYHMHBI TOPOH-
nmanpHOTO Touts 3,5 Ti u mpoBeneHsl SKCIEPUMEHTHI C

TokoM Tu1a3Mbl 800 KA. Treromuit pa3psia B BaKyyMHOM
kamepe T-15 noka3an Ha puc. 8. B tabnuue 1 mpusese-
HBI IIPOEKTHHIE U JOCTUTHYTHIE mapaMeTpsl T-15.

(T e RNy s Ml

Pucynox 7. Moumasic unoykmopa mokamaxa T-15
Ha wmamuoe mecmo (1987 2.)

Pucynox 8. Tnerowuii paspso 6 kamepe T-15 (1995 2.)

Tabauya 1
Mapametp MpoekTHbIE HocTurhyTble
MarutHoe none, T 35 3,6
Tok nnaamel, MA 1,4 1
[inuTenbHoCTb MMNYIbea, Cex. 5 15
NBI, MBT 6 0,6
ECRH, MBt 5 1,5

Bcenencteue pazsara CCCP, MHOTOKpaTHOTO IMOJIO-
POXaHUsI PHEPrOPECYPCOB M OTCYTCTBHS (PMHAHCHUPOBA-
Hus nocne aedonra 1998 r. mpoBOIUTH KpymHOMAC-
mTabHBIe SKCIEPUMEHTHI C IUIa3MOM Ha yCTaHOBKE HE
yAJIOCh.

Cutyanusi ¢ HEBO3MOXKHOCTHIO TPOBEACHHS Jallb-
Helmmx pabdot Ha T-15, curyanms ¢ xaapamu, ycrape-
BaHHUEM JKCIIEPUMEHTAIBHON 0a3bl 000CTpsIach, W Ha
TTOBECTKY JHS BCTaJ BONMPOC MOACPHHU3AINN TOKAMaKa.
Kakue neiictBus O6buti npeanpunsaTel? B Hauane 2000-x
I'T. OBbLT BBITIOJIHEH TEXHUYECKHI POEKT MOJICPHU3ALIUH
ycranoBk# (T-15M) ¢ pa3mepamu I1a3MEHHOTO IIHypa
«1/4 VUTOP», BBITAHYTHIM CEUCHHEM W JIMBEPTOPHOM
KoHpuryparnuei. B aBrycre 2007 r. Obuia chopmyupo-
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COBPEMEHHOE COCTOAAHWE PABOT B OBNACTU YTC
B HWL «KYPYATOBCKUN UHCTUTYT»

BaHa M yTBEpXkJAcHa Ha 3acenaHuu IlpaBurensctBa PO
«KoHuenuust oOBIafgeHUs] B3HEPrueil TEepMOANEPHOTO
cunresa B Poccuiickoit @eneparnyu Ha nepuon 1o 2015
roja u JanpHeimyroo nepcrnektuBy». B 2009 r. B I'K
«Pocarom» nmo nHunuartuee akanemuka E.II. Bennxosa
OblJI1a co31aHa KOMHUCCHS JUIS aHAJIM3a COCTOSHUS U Tep-
CIIEKTUB paboT MO (M3MKE U TEXHOJOI'MH TOKaMaKOB B
Poccun. B 2010 r. Ob11 BoImyIneH TeXHHYECKHI POEKT
SKCTIEpUMEHTAJIbHON TepMosiiepHO ycraHoBku T-15MJ]
U yTBep)KIeHa (enepanbHas [eneBas IMporpaMma
«SlmepHble SHEPTOTEXHOJOTUM HOBOTO ITOKOJEHHUS Ha
mepuox 2010-2015 roxoB m Ha mepcnexTuBy 1Mo 2020
roza», B paMKax KOTopoi Hagayoch «TexHuueckoe mne-
PEBOOpPYXKEHHUE OSKCIEPUMEHTAIBHOW TEPMOSAECPHOU
ycraHoBkH Toxamak T-15». OcHOBHBIE TapamMeTpsl
MOJEPHU3UPOBAHHOTO ToKamaka T-15 mpuBeneHbl B
Tabuune 2.

Tabauya 2. OcHoghble napamempuvl MOOEPHUIUPOBAHHOO
moxamaka T-15

AcneKTHOe OTHOLLEHME 2,2
Tok nnasmsl [, MA 2,0
BonbLwoit paguyc Topa R, M 1,48
BbITSIHYTOCTb CeveHust nnaambl k 1,9
TpeyronbHoOCTb Nnasmbl & 0,5
KoHdurypaums nnasmbl SN
AnurensHocTs paspsfa tpasp, © 5-10
TopouaansHoe none Ha ocv Mnasmbl By, Tn 2,0
3anac notoka B coneronae AYcs , B6 6
MoLLHOCTb UHXeKUnM HeiTpanos, MBT 9
MowHocTb CBY-Harpesa, MBT 6
MowHocTb ULi-Harpesa, MBT 6
MotyHocTb HI-Harpesa, MBT 4

. LleHTpanbHbii coneHoug

oy V2

1 —
@ r
TopougansHan Karylka &

e

MexaHuyeckme onopbl

BakyymHan kamepa 3o

C 2011 r. mo HacTosmee BpeMs ObLIA BBIMYIICHA
MIPOEKTHAsI JOKYMEHTAIMsl ¥ U3TOTOBJICHBI BCE JJIEMEH-
T DMC 1 BakyyMHOW Kamepbl. beuto mpruoGpereno u
UCIIBITAaHO 00OpYZOBaHWE BHICOKOBAKYYMHOW OTKAauyKH,
BOJSHOTO OXJIXKICHUS, HH(POPMALMOHHO-YIPaBIAIO-
meld CHUCTEMBI, YaCTUYHO OOOPYAOBAHUE CHIIOBOTO
JJIEKTPONUTAHMS U (PU3NUECKUX TUAarHOCTUK. beim co-
opy»eHbl LIeHTp ynpaBieHns: KOMIUIEKCOM, THarHOCTH-
YECKHE U TEXHOJIOTUYECKHE TIOMEIeHus (puc. 9).

Coopy’keHa U HaJaXeHa CHCTEMa BOISIHOTO OXJIaXK-
JIeHUs C Tpou3BoanuTeNbHOCTEI0 2000 M/aac mo JTMC-
THITHPOBAHHOM 1 1500 M>/aac 1o peunoii Boze. 3aBep-
mieHa pekoHcTpykims noacraniuu Nell0 10/0,4 B,
MIPOBEJICHA HalaaKa KOHTPOJIbHO-PACIPEIEIUTEIBHBIX
ycrpotictB 10 kB. CoopykeHn xoMmbioTepHbIid LleHTp U
IpOBeJIcHa HallaJlka OCHOBHOTO oOopynoBaHus. lleHt-
paibHas yIpaBIIAIOIas CUCTeMa KOOPIUHUPYET U yIIpa-
BJICT TEXHOJIOTMYECKHMMH M OBICTPHIMU IPOOJIEMHO-
OpUEHTUpYeMBIMU ToAcucTeMaMu, umeeT WTOP-mo-
JNOOHYI0 CTPYKTypy ¥ ocHoBana Ha SchneiderElectric
KOHTpOJUIepax, IporpaMMHOM obecnedenun \Won-
derWare u mwraropme NI.

Jlo xonma 2015 1. maHupyeTcst IPOBECTH AEMOHTAX
CYIIECTBYIOIIEH »IEKTPOMAarHUTHOW cuctembl T-15,
MIPOBECTH KOHTPOJIBHYIO COOPKY TOPOMAAIBHON Mar-
HUTHOW CHCTEMBI M BaKyyMHBIE HCTIBITAaHHUS KaMephbl Ha
3aBOJIaX-U3TOTOBUTENSX, OCYIIECTBUTb IIOCTAaBKy MU
MOHTaX TEXHOJIOTH4ecKoro obopynoBaHus. B mmanax
2016 r. — cbopka MOJCPHU3UPOBAHHOTO TOKaMaka T-
15, mocraBka, MOHTaX M HaJlaJlka 3JIEKTPOTEXHUYECKO-
ro obopynoBanuu. Ha 2017 r. Hame4yeHO: (PU3UUCCKUI
myck — 1 ouepenpb, NepBbIE IKCIIEPUMEHTHI C IIIa3MOH,
BBOJI CHCTEMbl HMH)XEKIUHM HEHTpajbHBIX aroMoB. Ha
2018 r. — BBox cuctemsl CBU-HarpeBa; BBOJI CHCTEMBbI
BY-narpesa (2019 r.); BBox cuCTEMBI HIXKHETHOPHTHO-
ro HarpeBa (HI') m mommepkanus TOka, (U3MUECKUt
myck — 2 o4. (2020 1.).

Pucyrnox 9. Mooeprusuposannwiii Toxamax T-15 ¢ uzeomosnenuvimu s1eMeHmamu 31eKmpoMAeHUMHOU CUCEMb U 8AKYYMHOU
Kamepwl (creea), yeHmpaivbhblii coreHouo Ha 3asode-uzeomosumene OO0 «HIIO «'KMII» (2. bpauck) (cnpasa)
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Crenn UWPEK. HWonnble wucrounukn HWBUC wu
CTHUC-1. Pa3paboTka CHCTEMBbI IOMOJHHUTEILHOIO Ha-
rpeBa, BKJIIOYAOLIAsl CO3aHHe aOCONIOTHO HOBBIX HOH-
HBIX MCTOYHHUKOB, MPOJOJDKAIOLIASACS B TEUSHHE 5 JIET,
Ha ostane 2014 r. 3aBepurmiack BeimoaneHneM HHAOKP
o pa3paboTke U uccienoBaHus MouHbex (2 MBT u 4,5
MBT) cranmonapHsix HoHHBIX ncTouyHHKOB CTHC-1C u
CTUC-2 ans MHXKEKTOPOB ycTaHOBKM T-15. Bbut u3ro-
TOBJIEH W YCIICITHO MCIIBITAH TOJIOBHOM 00paszer cepuii-
HOro cramuoHapHoro woHHOro ucrounmka CTUC-1C
(puc. 10 a, 6), c MOITHOCTBIO HOHHOTO Tiy4ka 2 MBT 1
qmtensHocThio uMmyabea 5 c. B CTHUC-1C ycraHos-
JIeHa TPEX-NEKTPOJHAs HOHHO-ONTHYECKas CHCTEMa
(MOC) ¢ mMemHBIMH 3IIEKTPOAAMHU C HPUHYIUTEIHHBIM
OXJIQKICHUEM.

Pazpaborana KJ| mns m3rotoBiieHHs 3KCIIEpUMEH-
TaJbHOTO 00pa3lia CTAIMOHAPHOTO MOHHOTO MCTOYHHUKA
(myuxa Bomopomubix noHoB) CTHUC-2 c moBsIIIeHHOM
70 75 k3B osHepruell U yABOCHHBIM IO CPABHEHHUIO CO
CTUC-1 Tokom myuka (60 A). Ucrounukun CTUC-2
JOIDKHBI B OynymieM 3aMeHATh 10 2 HCTOYHHUKA
CTUC-1C B umxekropax T-15. Konmenmus pa3mere-
HUSI ICTOYHNKA BHYTPU BaKyyMHOTO KOpITyca UCTOYHH-
ka (BKWN), ananmornanas umxexropy UTOP.

Pucynox 10 (a). Buo conosnoco obpasya cepuiinozo cmayuo-
HapHnozo uonnozo ucmounuxka CTUC-1C

Pucynox 10 (6). I'azopaspsaouasn kamepa uoHHO20
ucmounuxa CTUC-1C 6 coope

IIPOEKT UTIP

B 1985 1. CCCP BBICTYIHII MHHLIAATOPOM MEXIY-
HapOJIHOTO IMIPOEKTa TEPMOSIEPHOTO 3KCIEPHMEHTAb-
HOro ToKamaka-peakropa UTOP — kpymHeiimero cos-
PEMEHHOTO HAyYHO-TEXHHYIECKOTO IMpPOEKTa, HaIleIeH-
HOTO Ha JIEMOHCTPAIMIO TEXHUYECKOI OCYIIeCTBUMOCTH
TEPMOSIEPHON dHEPreTuku. B HEM peanusyroTcss MHO-
THe WJIeH COBETCKHMX YUYEHBIX, Ipexne Bcero Kypuaros-
CKOT'O HHCTHTYT4, 3aJI0KEHHBIE B KOHCTPYKIIUIO OTE€4ECT-
BEHHBIX (@ 3aTeM M 3apyOe)KHBIX) TOKAMAKOB: UJICH BBITSI-
HYTOTO Ce4eHHs, TUBEPTOPHOIO YCTpOiicTBa, OllaHKeTa,
BY-narpeBa mia3mbl ¢ IPUMEHEHHEM MOIIHBIX THPOTPO-
HOB U apyrue. OcHoBHbIe 3a1aun UTOP — nHabop Hayu-
HOM MH(OpMAIMU U MPOBENCHUE SIEPHO-TEXHOIOTHYEC-
KHX HUCIIBITAHUH B OOOCHOBAaHHE IPOEKTUPOBAHUS IIep-
BOM OITBITHOI TepMOsAEpHON 3ekTpocTaHiuy — JJEMO
[6, 7]. OxoHuarenbHBI BapHaHT PEaKTOpPa PacCUUTAH
Ha nosryuenue DT mnasmsl ¢ Pgs = 400 — 500 MBT 1
Q > 10 B MUHAYKTUBHOM PEXHUME JUTUTENBHOCTBIO ~500 C
U UCCIICIOBAaHUE BO3MOXKHOCTH peskuMoB ¢ Q > 30, skc-
NEePUMEHTHI C Oe3bIHIYKIMOHHBIM MOJIep)KaHHEM TOKa
B KBa3UCTAIlMOHAPHOM pexuMe ¢ junTenbHocTsio 3000
c pu Q > 5. B Hacrosmiee BpeMst HAET COOpYKEHHE pe-
aktopa UTOP B Kanapame (®panmus). C camoro Haua-
na ipoekT UTOP paszBuBancs Ha OCHOBE TECHOTO MEX-
JYHapOIHOTO COTpyIHHYecTBa. B paboTax mo mpoexty
yaactBytoT EC, Poccust, CLUA, Smonus, Kuraii, FOxnas
Kopes u Uunus, nosydass yHUKaJIbHBIA OIBIT COBMECT-
HBIX HCCIICIOBAHUIM C TIPHUBICYCHUEM KPYNHBIX IPO-
MBIIUICHHBIX KOMIAHWI, CO3[JaHUsl HOBBIX IPOU3-
BO/JICTB, HOBeHIIME TEXHOJOTUH U MatepuaioB. B Poc-
CHH OCHOBHBIMH OpPTraHH3alUsIMH, YYaCTBYIOIIUMHU B pa-
6orax mo mporpamme UWTOP semsrorcs HUMUDA
nm. I.B. Edpemosa, HUL[ «KypuaTtoBckuit HHCTUTYTY,
HUKUST u BHUMHM um. A.A. bousapa, UII «IIpo-
extHbl 1eHtp UTOP». HULL «KypuaToBckuil MHCTU-
TYT» SIBISIETCS TOJIOBHOW OpraHu3alMiel, OTBedaromeit
3a (pusmyeckue uccuenoBanus mo nporpamme UTOP.

B npoexre UTOP Poccust nmeer psig 00s3aTebCTB
1o pa3paboTKe W MOCTaBKAM JAWArHOCTHYECKOTO M JKC-
MIEPUMEHTAIBHOT0 000PYyI0BaHHS U IIMPOKUI KPYT pac-
YETHO-TEOPETUUECKUX HCCIIEIOBaHNH B O0OCHOBaHUE
npoekTa. B 1990-e rogsr Kyp4aToBcKuilf HHCTUTYT HpH-
HUMaJl aKTUBHOE U HETIOCPEICTBEHHOE YJacTHE B pa3pa-
6oTke TexHmueckoro npoekra UTOP u pacueTHO-TeOpe-
THYECKHUX paboTax o ¢usmke rmiazmsl UTOP.

B Hacrosiiee BpeMs B HAIlIeM MHCTHTYTE IPOBOJIMT-
sl pa3paboTKa ANArHOCTHYECKOro obopynoBanus (ped-
JIEKTOMETPHS CO CTOPOHBI CHIIBHOT'O MAarHUTHOTO TIOJIS,
CIEKTPOCKOIUSI BOAOPOJHBIX JIMHUH U HOpuUMecel
(CBJI), mazepHas WHIyIHPOBaHHAS (IFOOPECIICHITHS
(JIN®), ncnplTanus MPOTOTUTIOB THPOTPOHOB UTIOP m
PacyeTHO-TEOPETUIECKHE HCCIEOBAHUS MO0 ONTHMHU3A-
IUHU TUTa3MO(HU3UYECKUX TapamMeTpoB peaktopa MTIP.
OCHOBHBIE TOCTH)XEHHS COCTOSAT B PazpaboTKe U ampo-
0aluK METOIMK U3MEPEHHH M YCIIEIIHBIX TECTaX IPOTO-
THUIIOB anmnaparypbl Jjsl yKa3aHHBIX JHarHOCTHK. Pe-
3ynbeTaTtel HUOKP npumenstorcs Ha qeicTBYOMEM TO-
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kamake T-10 U MOTYT OBITH MICTIONIB30BAHBI IS TTOATO-
TOBKH JJMarHOCTHK TJIa3Mbl HOBBIX OT€YECTBEHHBIX TEp-
MOSIZIEPHBIX yCTaHOBOK. KOHEUHBIE 1Ienn pacueTHO-TeOo-
peTHYECKUX HCCIENOBAaHUN COCTOST B YTOYHEHUH IIPO-
rpaMMbl OYIYIIMX IKCIEPHUMEHTAIbHBIX HCCIICI0BAHUI
Ha peakrope UTOP, a tarxke noBbieHHH 3PEeKTUBHO-
CTH 3TUX HCCIJIEJIOBaHUH Oyaroqaps CO31aHMIO TIa3MeH-
HBIX CUMYJIATOPOB, peIHa3HAYEHHBIX LIS MOAPOOHOTO
MIPEIBaPUTEIIEHOTO MAaTEMaTHYECKOTO0 MOJEIUPOBAHUS
BCEX PEXMMOB paboThl peakropa. Co3maHne yHUKaNb-
HOTO, HE HIMEIOIIETO aHAIOTOB B MHUpPE, CTEH/a MO HCITHI-
TaHUIO TUPOTPOHOB, mocTaBisieMblx Poccueit Ha UTOP
1 TIPOBEZICHHE €T0 UCTIBITAaHUH CBHIECTENBCTBYIOT 00 yc-
TMIEITHOM Pa3BUTUH OTEUECTBEHHBIX TEXHOJIOTHUMH, orepe-
KAOLINX aHAJIOTUYHBIE 3apyOeKHBIE.

METANPOEKT «MTHUTOP»

Wnest cozmanust TokaMaka, IeMOHCTPHPYIOIIETO BO3-
MOYKHOCTb 3@)KHUTaHHs TEPMOSICPHON peaknuH B IUIOT-
HOW IUIa3M€ HCKIIIOYUTEIBHO 3a CYET OMHUYECKOTO Ha-
rpeBa Obla BbICKa3aHa M3BECTHBIM UTAIBSHCKUM (pr3u-
koM bpyHo Kommm kak actpodu3mueckuii sKcrepu-
MEHT, CBSI3aHHBIM C MOJEIMPOBAHHEM MOBEPXHOCTHBIX
TEePMOSIIEPHBIX peakuuii Ha 3BE3max, emé B 1990-e rr.
[8]. B 2010 r. oTa unes noiayyuwia NOHUMaHUE U TMOJ-
JIEp’)KKY Ha BBICOKOM YPOBHE M ObLIa IpeIyIoxkKeHa Tep-
MosiiepHoMy cooOrmectBy Poccun m Urtanum mnst pea-
muzauuu. [oarorosnennoe cotpyanukamu HUL «Kyp-
YaTOBCKUI MHCTUTYT» COOTBETCTBYIOIIEE MPEIOKECHUE
OyYmIIo ofoOpenne, U B Hadane 2012 T. poccuiicko-
UTAIbSTHCKUH MPOEKT COOPY)KEHHS TOKaMaKa CO CBEpX-
CHJIbHBIM MarHWTHBIM IIOJIEM M OMHYECKHM HarpeBOM
mwia3mMbel «UTHUTOP» Obim yTBepKAE€H Kak ONWH W3
IIPUOPUTETHBIX MEXIyHApOAHBIX MEranpoekros B PO.
C poccuiicKoil CTOPOHBI B TaHHOM NPOEKTE YYaCTBYIOT
I'K «Pocarom» um HUI] «KypuaToBCKHUN WHCTUTYT».
IIpoekT HaneneH Ha JEMOHCTPALMIO 3aXKUTaHUs TePMO-
SIIEPHBIX peakluil B MJIOTHOH IIa3Me TOKaMaka U CO3-
JJaHWE MOIIHBIX HEHTPOHHBIX MCTOYHMKOB U SIBISETCS
MPUHLIUINAIBHBIM IIarOM Ha MyTH CO3JAHUS TOKaMa-
KOB C BBICOKHM YJICJIBHBIM TEPMOSIIEPHBIM 3HEPrOBbIIE-
JIEHHEM 3a CYET OMUYECKOro Harpea masMsl. [Ipenmy-
IIECTBOM TOKaMaKOB TAKOT'O THIIA SIBIISIETCS] OTCYTCTBHUE
CJIOXHBIX M JOPOTHX CHCTEM JOMOIHUTEIBHOTO HarpeBa
IUTa3MBbI, YTO CYIIECTBEHHO CHIDKAeT CTOMMOCTH U TIO-
BBIIIACT HAAEKHOCTh peaKkTopa.

[Ipennonaraercs, yto Tokamak « UITHUTOPy» 6yner
n3roroBneH B HMramuu. Jlns pasmeleHus ToKamaka
UT'HUTOP Poccuiickas CtopoHa MpeajoXuia Iio-
manaky TPUHUTU, r. Tpounk (Teneps 3T0 TEpPUTOPHS
«6ompmoit» MockBbl). C TOYKM 3peHUs 3asiBICHHBIX
texauyeckux Tpebosanmii k. MTHUTOPy, kommiexc
«Tokamak ¢ cmutbHBIM MarHUTHBIM TosteM (TCII)» ¢ ero
SHEPreTUIeCKOH, HKCIIePUMEHTANBHOW 0a30i U MHOpa-
ctpykrypoit TPUHUTU B HanbomnbIieii cTeneHn yIOB-
JETBOPSIET HAYAIBHBIM YCIOBHSAM /TSI LIEJIN peai3alin
IIpoexkra.

B Hacrosmee BpemMs HAET aKTHBHAs COBMECTHas
POCCHICKO-UTANIbSIHCKAs paboTa [0 MPOJBIKEHHUIO MIPO-

€KTa, TOJIyYHBIIETO MOJIUTHYECCKYIO IMOJJIEPKKY PYKO-
BOJICTBa 00E€HX CTpaH.

NHHOBAILIMOHHBIE HAIIPABJIEHUS CO3JIAHMSI
TEPMOSIIEPHOM SHEPTETHUKH BYAYIIETO HA
OCHOBE KOHHENNIWU 'UBPUIHBIX CUCTEM
«CWHTE3-IEJIEHUAE>
«Mul naxooumcsa celiuac 6 maxou cmaouu pazeumus, Koa-
0a Hado nepecmompemsb 6a308vie udeu A0epHOll IHepze-
MUKU 8 NPUHYURUATLHOM, cucmemuom niane. Ce2o0Hs
Mbl NIAHUPYEM PA36UBANDb HOB0E NOKOJIeHUEe 2UDPUOHBIX
SAOEPHBIX IHEPeMUYECKUX CUCEM, MAK HA3bIBACMYIO 3e-
JIEHYI0 AOEPHYI0 DHEPSEMUKY Y.

E.Il. Benuxos. U3 unmepevio cazeme «Hzeecmus»

om 12 gespansa 2015 .

Teoperudeckne pa3pabOTKH THOPUAHBIX CHCTEM B
VYTC usBectnsl eme mo 1970-x IT., 0IHAKO JadbHEHUIINE
HCCIICIOBAHMS U Pa3pabOTKH OBLTH MPEKPAaIIeHBI BCIE -
CTBHE OIIACEHHH pAacCHpOCTpaHEeHHs HapabOTaHHOTO
simepHoro Toruiuea [9]. B HarleM HHCTUTYTe pabOTHI BO-
300HOBIIIKCH B 2012 T., KOTJa OBLTH IPOBEACHBI UCCIIC-
JIOBAaHMSI TTOTEHIMAIBHBIX BO3MOXHOCTEH HapaOOTKH
SJIEPHOTO TOILIMBA ¢ ucnonb3oBanueM THUH u onpene-
JICHUsI MecTa B TII00AIEHON SHEPreTHKe TePMOSAECPHBIX
HCTOYHHKOB HEHTPOHOB KakK HApabOTUMKOB SIEPHOTO
torumBa [10].

B urone 2013 r. mo nanumatuse E.I1. BennxoBa ObI-
Ja co3maHa paboyas Tpymia mo pa3paboTke THOPUIHOM
nporpammel. Llenb — cdopMynaupoBaTh KOHIETIHIO
9HEPreTUYecKy 3HAYMMOW YCTaHOBKH CO CPOKaMHu CO-
opyxerus 10 2030 r. ¥ B KOPOTKOE BpeMs IOJATOTOBUTH
JIOKYMEHTHI Ais npencrasieHus B IIpaBurenscto PO.
B mojzepxky KOHIeNuuu ObUIM Ha4yaThl PabOTHI IO
TEXHHYECKOMY HPOEKTHPOBAHHIO YCTAaHOBKH JleMOHCT-
PalMOHHOTO TEPMOSAEPHOr0 HMCTOYHUKA HEHTPOHOB
JEMO-THUH. Pa6oueii rpynmoii ObIM paccMOTPEHEI
MIPUMEHEHHS] THOPUIHBIX CHUCTEM, TaKhe Kak: HapaboT-
YHK TOIUIMBA C TTO/IABJICHHBIM JENIEHUEM M HENpEephIBHON
niepepaboTroit xuakoconesoit (JKC) cmecy; TpancMyTaTop
Ha ocHOBe JKC-TexHOIOTHH C BBIPAOOTKOW 3IEKTPO-
SHEpruM; MOJKPUTHUYECKas nekTpocTtanius na U-238
umn Th-232 ¢ JKC-remmonocurenem [10].

B 2014 r. 8 HUAIl «Kyp4yaTOBCKHII WHCTUTYT» COB-
mectHo ¢ 'K «Pocatom» m MwuHOOpHayKH Haudayiach
pa3paboTka mporpamMMbl co3znaHusi OTBITHO-TIPOMBIII-
nenHol rubpuanoii ycranoBku (OII'Y) Ha ocHOBe TO-
KaMaka, HalleJIeHHOH Ha YCKOPEHHOE pa3BUTHE M IIHPO-
KO€ BHEJIpeHHE B III00AIBHYIO SHEPTeTHKY YHcToro (6e3
YTIIEPOIHBIX BHIOPOCOB) crioco0a MpOM3BOACTBA JJIEKT-
POSHEPTHH C HCIOJIB30BAHUEM SIICPHBIX U TEPMOSIEP-
HBIX pEaKLuil.

Peanmzanus mporpaMMbl TMO3BOJMT 32 CUET CO37a-
HUSI THOPUIHBIX PEaKTOPOB COBMECTHO C SIICPHBIMU pe-
aKTOpaMH Ha TEIUIOBBIX M OBICTPHIX HEUTPOHAX BOBJIEYD
B SIACPHBIN TOIUTMBHBIN IIUKII CHIPHEBBIC H30TOMBI ypaHa
Y TOPHS C MaKCUMAaJIbHBIMU ITPOTHO3UPYEMBIMHU TEMIIa-
MH; CHU3HUTh PaJIMOTOKCUYHOCTh 3aMKHYTOT'O SJEPHOTO
TOIUIMBHOT'O LIMKJIA Ha TPU TOPSAKA; CO3aTh HAy4YHBIH
W TEXHOJIOTHYECKHH MOTEHIMA] 3aMEIIeHHs yTIIeBO0-
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POAHON SHEPreTHUKU SKOJIOTMYECKH YHMCTON SAEpHOMN
sHepretukoil B XXI| Beka; co3mare mepByro lIpombrm-
JIEHHYI0 TepMosiiepHylo snekrpoctannuio (II1TD) x
2050 romy; YKpEHmUTh JHEPreTHUCCKYH) OE30MacHOCTh
Poccun u moBsIcuTh sKcnopTHBINA noteHnuan I'K «Poca-
TOMY.

B 2013—2014 rr. pa3paboTaH TEXHUYECKUH POEKT
tokamaka JIEMO-THUH [11] [IpennoxeHo pa3MenieHue
yctaHoBkM Ha tuiomanke Ouimana HUOXU wum.
JI.51. KapnioBa B OGHMHCKe.

B cucreme aroMHON SHEpreTHKEe C THOPUIHBIMU
TEpMOSACPHBIMHI YCTaHOBKAMH U TEIUIOBBIMU PEaKTOpa-
MU 0I5 THOpUAOB OyneT coctaBisaTh MeHee 10%. B cu-
CTeMe aTOMHOW YHEPTeTUKH C TEIUIOBBIMU U 3 (EeKTHB-
HBIMH OBICTPBIMU PEAKTOPAMH IO MOCICTHUX OyneT
6onee 70%. Takum 00pazoM, yCTOWYHMBOCTH PabOTHI
SJIEPHOM YHEPreTUUECKON CUCTEMBI C PEaKTOpaMHu Jiejle-
HUS ¥ TEPMOSICPHBIMH THOPUIHBIMH YCTaHOBKaMH Oy-
JeT Bhime. TepMmosiiepHble THOPUIHBIE YCTAHOBKH MO-
T'yT OBITh pa3MEIIeHbl B MEXIyHapOIHBIX [IEHTpax TOII-
JIMBHOTO IMKJa M oOecrednBarh SIEPHBIM TOIUTUBOM
BCEX MOTpeOuTeNei Ha KOMMEPUYECKOI OCHOBE.

3AKJIIOYEHUE

Meranpoext UTOP sBnserca B Hacrosiuee BpeMms
caMbIM KPYIHOMAacCIITaOHBIM MEKIYHApOJHBIM IPOEK-
TOM COOPYKEHHs TEPMOSAJEPHOTO PEeaKTopa, IeIblo KO-
TOPOTO SBJSIETCSI IEMOHCTpALUsl 3aXHIaHUS TEpMO-
SIIEPHOH peakIiy, CO3/1aloIero 0a3y Ui CIeIyIoIero

JIUTEPATYPA

mara — JeMoHcTpauroHHoro peakropa A9MO. Ilepe-
BOOPYXXCHHE MH)KEHEPHBIX U TEXHOJOTHUYECKUX CHCTEM
Tokamaka T-15 mo3Boimut Poccum nMeTh HaIMOHAIb-
HYI0O COBPEMEHHYIO 3KCIIEPHMEHTAJIBHYIO YCTAaHOBKY C
BBITAHYTHIM CEYCHHEM U TUBEPTOPOM H IIPOBOIUTH IITH-
POKUH [uana3oH aKTyaJbHbIX UCCIIEIOBAHUN B MOAJEP-
KKy WUTOP u ucTouHmka TepMOsIEpPHBIX HEHTPOHOB
(TUH) nast ruOpumHOTO peakropa. DKCIEepHMEHTaIlb-
HbIe pa0oOTHl Ha Tokamake T-10 HampaBlieHBI Ha U3yUe-
HUE PEKUMOB YIYUIIEHHOTO yAEp KaHUS TJIa3MbI B yC-
noBusix MomrHoro CBY HarpeBa, Ha 0TpabOTKy qUarHo-
CTUK JJI1 MOJEPHU3UPOBAHHOrO Tokamaka T-15. Bax-
HOE MecTO B paborax Ha Tokamake T-10 3aHMMAalOT mC-
cleoBaHus 1Mo pa3BuTHiO quarHoctuk UTOP u, mpex-
JIe BCero, peqeKTOMETPUH CO CTOPOHBI BBICOKOTO TO-
nst, CXRS puarnoctuku u H-anbda quarnocruku. Kyp-
YATOBCKUM HHCTUTYTOM MPEJIOKEHA CTpAaTerusl uccie-
JIOBaHUN W TporpaMma pa3BUTHS THOPUIHBIX CHCTEM
«cuHTe3-neneHne» B Poccurn Ha OCHOBE TOKaMakoB U
JKUJKOCOJIEBBIX SJIEPHBIX TEXHOJIOTHH, OTKPBIBAIOIIAS
HOBBIC BO3MOXHOCTH JUIsl dHepreTuku XX| Beka B pe-
IICHUH CIIOKHEHIIeH mpo0ieMbl mepepaboTKH U YTHITU-
3alyN JOJTOKUBYIINX PaJUOAKTHBHEIX OTX0M0B. Jloc-
TUTHYT TPOTPECC B MPOIBIKEHUN POCCHUICKO-UTANBSIH-
CKOro IpoekTa coopyxeHus Tokamaka MI'THUTOP. Oto
OyZeT KOMITAKTHBIH TOKaMaK C BBICOKHM YACIbHBIM
TEPMOSIIEPHBIM SHEPrOBBIACIICHHEM TOJBKO 3a CYET
OMHYECKOT0 HarpeBa IIa3MBlL.
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«KYPUYATOB HHCTUTYThI» F30 YTC CAJTACBIHJIA ’KYMBICTAPIBIH KA3IPTT )KAF JAMBI

A3smsos J.A., Kysnenosa JLK., Tpyonuxos A.C., XBocrenko ILII.

123182 Peceii, Mackey, Kypuamoes axademuczinin an. 1 yi,
«Kypuamoe uncmumymuor» ¥nmmoix 2oiisimu opmansieol

Kaszipri yakpsitra YTC canaceinna «KypuatoB uacTuTyThDy F30 XKYprisineTin xyMbIcTap YCHIHBUIABI aTan aiTKaHa:
ecen alBIPaThIH-TCOPHUSIIBIK JKYMBICTap, Toxkipubemik — T-15 TokamarslH jkaHapTy OarbIThiH amateiH T-10
Tokamarsiaaa, UTOP xanbikapaiblk TepMOSIPOIBIK THKIPHOETIK PeakTOPBIH KOJAAy KYMbICTaphl, TOKaAMakK HeTi3iHzae
TepMmosiaponblK  HelTponmap kesaepin (THK) kerimmipy. TokaMakThlH TBHIFBI3 IUIA3MachblHIA TEPMOSIPOIBIK
peaxmmsIapas! oATysIH Kepceryre MakcarTamrad M HUTOP sxo6acer yeprapuiasr. T-10 Toxipubenik sxymeictap T-15
meH UTOP apHanfran AHarHOCTHKTEPiH eHIEY koHe KyaTThl JXOKIK-KeI3IpIpy KarmaimapelHAa IIa3MaHbl JKeTUTIIpIm
YCTam Kajly peximuepin 3eprreyre OarbITTanmsl. T-15 TokaMariHiH WHXKEHEPIIK jKOHE TeXHOJONTISUIBIK KYHelIepiHin
KaiiTa KypannaHnybl Peceiire co3pliFraH KUMachbIMEH JKOHE IMBEPTOPHIMEH WHHOBALMSUIBIK TOXIPHOENIK KOHJIBIPFBIHBI
Kypyra xone UTOP xone THK konpmayra akTyanbIpIK 3epTTEYNEpiH KEH IHala3oHbIHbI XKYprizyre pykcar Oepeni.
Kyp4aToB MHCTHTYTBIMEH Y3aK OMipJiIi paJHoaKTUBTIK KaJIBIKTap/bl KaliTa OHIEY KoHE JKOIOABIH KYpAEi Macenenepin
menryae XXI FaceIp/iblH SJHEPreTUT] YIIIH jKaHa MYMKIHAIKTEPIH allaThlH, CYHBIK TY3/IbI SAPOJIBIK TEXHOIOTHSIIapIbIH
JKOHE TOKaMaKTapIblH HeriziHme Pecelie «cuHTe3-OeiHy» OymaH KyHelepiH JaMbITy OarmapiamMachl MEH 3epTTey
CTpaTEerusIChl YCHIHBIIJIBI.

CURRENT STATE OF WORK IN THE FIELD OF CONTROLLED FUSION AREA
AT THE NRC “KURCHATOV INSTITUTE”

E.A. Azizov, L.K. Kuznetsova, A.S. Trubnikov, P.P. Khvostenko

National Research Center “Kurchatov Institute”
1, Kurchatov sg., Moscow 123182, Russia

The works, that are currently held at the NRC "Kurchatov Institute” in the field of nuclear fusion consist of: theoretical
work, experimental — on T-10 tokamak, T-15 tokamak further proceeding modernization, work in support of the
international fusion experimental reactor ITER, the development of fusion neutron source (FNS) based on the tokamak.
The suggested IGNITOR project is to demonstrate the ignition of fusion reactions in dense tokamak plasma. T-10
experimental work is aimed at the study of improved plasma confinement modes in a high-power microwave heating
and tests of the diagnostics for the T-15 and ITER. Rearmament of engineering and technological systems of the T-15
tokamak will allow Russia to create an innovative experimental setup with the extended section and the diverter and to
conduct a wide range of relevant researches in support of ITER and FNS. The Kurchatov Institute proposed research
strategy and development program of hybrid systems “synthesis division” in Russia based on tokamaks and molten-salt
nuclear technology, that would open new possibilities for the XXI century energetics in solving complicated problems
of processing and disposal of long-lived radioactive waste.
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PA3PABOTKA CXEMbI SKCIIEPUMEHTA I10 HCCJIEJOBAHUIO
AAEPHO-BO3BYKJAEMOUN JIOMUHECHEHIWH I'A30BBIX CPE/]

b T'opauenxo 10.H., b Bartbipbexon J.I'., 2 Monkpartos 10.B., 2 Xaceno M.Y.,
2 Bapcykos H.H., 2 KyJancapros T.B., b 3ayp0OekoBa K. A., b Tyay6aes E.1O.

Y PriI «Hayuonansnuvii ao0epuvtii yenmp Pecnyonuxu Kazaxcmany, &. Kypuamos, Kazaxcman
2 gy «National Laboratory Astanay, . Acmana, Kazaxcman

B nanHO# paboTe mpuBeCHO ONcaHue pa3pabOTKHU CXEMBI IKCIIEPUMEHTA 110 UCCIIEIOBAHHIO SIEPHO-BO30YKIaeMOn
JIIOMMHECLIEHIIMM Ta30BBIX CpeA B YCJIOBHSAX paboThl cranmmoHapHOro siiepHoro peakropa VBI.IM u ommcanue
9KCIEPUMEHTAILHOTO CTEHA M 00IyYaTeNbHOr0 aMIIyJIBHOTO YCTPOICTBA, UCTIONb3YEMBIX B 9THX IKCIIEPUMEHTAX.

BBEJIEHUE

CrekTpanbHbIE UCCIIEOBAHNS ONTHIECKOTO H3ITyde-
HUSI SIIEPHO-BO30YKJaeMOM IUIa3MBbl NIPECTABIIAIOT HH-
Tepec I PEeIIeHNUs 3a1a4 CBA3aHHBIX C ITOUCKOM Pabo-
YHX Ta30BBIX CPeJ ¢ BRICOKOH 3(h(heKTHBHOCTHIO Peo0-
pa30BaHUsl PHEPrUM SAJEPHBIX PEaKLUUi B 3HEPIUIO Jia-
3€pHOT0 WIIM CHOHTAHHOTO H3JIy4eHHs. Takue cpebl
MOT'YT IIPUMEHATHCA JJId BBIBOJA SHEPTHUU U3 ANECPHOTO
U TEPMOSZIEPHOTO PEaKTOPOB B BUJE ONTHYECKOTO W3-
JIy4eHUs, a TaKKe JUI KOHTPOJISI U PETyJIMpPOBaHMUS I1a-
paMeTpoB PEaKTOPOB.

Hecmotpst Ha TO, 4TO M3y4eHHE ONTHIECKUX Xapak-
TEpUCTHUK Ta30BbIX cpel (Ha OCHOBE WHEPTHHIX T'a30B U
nX cMeceii), BO30y>X1aeMbIX HOHU3UPYIOIINMH H3ITyde-
HUSIMH, Hadanoch 0ojiee 50 jieT Ha3am, McciienoBaHus B
9TOM HalpaBJICHUH HENb3sl CYNTATh 3aBEPIICHHBIMHU.

B ®wmane NAD HALl PK na peaktope UBI.1M
(Kypuatos, Ka3zaxcran) B HacTosiiiee Bpemsl IIPOBOJIAT-
csi paboThI 1O HCCIEIOBAHUIO CHEKTPAIbHO-TFOMHUHEC-
LEHTHBIX XapaKTEePUCTUK sJePHO-BO30YKAaeMOi 1ias-
MBI, 00pa30BaHHOW MPOMYKTaMH SIOEPHBIX PEaKIHi, C
LIENIBI0 0TOOpa ra30BBIX CMECeH ¢ BBICOKUM K03 dumu-
€HTOM NpeoOpa3oBaHMs SACPHOW PHEPrHMU B ONTHYEC-
Koe n3iydeHue. /s mpoBeieHNs] pPeakKTOPHBIX IKCIIEpH-
MEHTOB I10 MCCJIEOBAHMIO JIIOMHUHECIICHTHBIX XapakTe-
PHUCTHK Ta30BBIX CPEll, BO30YKAAEMBIX HOHU3UPYIOINM
M3Iy4YeHrneM, Oblia pa3paboTaHa cxeMa MpOoBEICHUS pe-
aKTOPHBIX 9KCIIEPHMEHTOB M KOHCTPYKIHNS 00TydaTelb-
HOT'O aMITyJIbHOTO YCTPOMCTBA, UCIOJIB3YEMOI0 B 3THUX
JKCIIEPUMEHTAX.

1. PA3PABOTKA CXEMBI PEAKTOPHBIX
3KCIHEPUMEHTOB 11O UCCJIEJOBAHHIO
JIOMMHECUEHIUU IT'A30BbIX CMECEN

1.1. Cnoco0bl M HICTOYHMKH BO30Y:KIeHHS ra30B

NMPOIYKTAMH SIIEPHBIX PeaKuii

B skcrepuMeHTax MO HCCIEIOBAHUIO ONMTHYECKOTO
M3IYYCHUS SICPHO-BO30YXKTaeMOU ITa3MBblI, MPOBOJIHU-
MBIX Ha PEaKTOpaxX, HEIMOCPEJCTBEHHOE BO30YXKIACHHE
AKTUBHBIX Ta30BBIX CpEIl OCYIIECTBISIETCS, KaK IpaBH-
JI0, HE C MTOMOIIBI0 HEUTPOHHOTO M3IYYCHUS, a TIPH HC-
MTOJTB30BAaHUN TIPOAYKTOB SK30TEPMHUUECKUX SIEPHBIX
peakiuii, MPOTEeKAIIUX MPU B3aUMOJEHCTBUM TEILIO-
BBIX HEWTPOHOB C siApaMH g 6, 2%y, Z%py, *He [1,
2].

OB +n— 7Li(1.47 MeV) + *He (0,84 MeV); (1)
°Li+n - *He(2.73 MeV) + 3H (2,05 MeV; (2)
350 +n > ff(99.8 MeV) + FF(66,2 MeV); (3)

9pu +n - ff(100.0 MeV) + FF(71,5 MeV); (4)

3He +n — 3He(0.19 MeV) + 'H (0,57 MeV). (5)

CeueHne ITHX peakIUi IS TEIUIOBBIX HEUTPOHOB
cocrapmsor: 4010 Gapu (°B), 945 Gapm (°Li),
582.9 6apH, (*°U), 742 Gapu (*°Pu), 5400 6apu (*He)
[31.
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Pucynox 1. Cnocobul 6036yicOeHus 2a306bIx cped

Hnst adexTrBHOrO BO30YXKICHUSI Ta30BOH CpeEJbl
HEO0XOIUMO, YTOOBI U30TOIbI, B3aUMOACHUCTBYIOIIHE C
HEHTPOHAMH, HAXOIMIUCHh B HEITOCPECICTBCHHOM KOHTA-
KTe ¢ ra3oBoil cpenoi. CylecTBYIOT JBa BO3MOXHBIX
crioco0a HCIOJIB30BAHUS JHEPTUHU SICPHBIX PEaKI[Hid
JUIS. MOHHU3AIMKA ¥ BO30YKICHHS TUIa3Mbl (PHUCYHOK 1):
HCIIOJh30BAHUE MMOBEPXHOCTHBIX UCTOYHUKOB 3apsKCH-
HBIX YacTHIl (BHYTPEHHSS MOBEPXHOCTh paboucii kame-
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PBI TIOKPBIBAETCS TOHKAM CJIOEM H30TOIa 10B, 6Li, 235y
W ero coequnenus 2°UO,, 235Ue,Og); 100 HCIIONB30-
BaHHE 0OBEMHBIX HCTOYHUKOB 3apsDKEHHBIX YacTHIL (ra-
3000pa3HbIil U30TOM WU €T0 COEAMHEHUE 3He, 235 UF6,
'°BF; BxoasT B cocTaB paboueii cmecn).

Jnst noHn3anmu u Bo30YXKIIEHHsI Ta30BBIX Cpel B
9KCIIEPUMEHTaX, MPOBOJUMBIX HA CTAI[MOHAPHOM peak-
tope VBI'.1M 06bu1a BeIOpaHa MpakTUYECKH HE UCTIOJNb-
30BABIIAACA paHEE peakUus 6Li(n,oc)T. IIpu stom nns
BO30Y>KAEHHS Ta30BOH cperpl ObLT BEIOpaH MOBEPXHOCT-
HBI CIIOCOO MCTIONIB30BAHUS 3aPSHKEHHBIX YACTHII.

1.2. CxemMa peakTOPHBIX IKCIIEPUMEHTOB

MO HCCJIeJOBAHMIO JJIOMHHECHEHIIMH Fa30BbIX

cMecei

CriekTpanbHOE UCCIIEOBAaHUE ONTUYECKOro MU3Iyde-
HUSI Ta30BBIX CMeceH, BO30YKTAaeMbIX IPOLYKTAMH
SIIEPHBIX peaKnuii, IMEEeT ONPEAEIeHHYI0 0COOEHHOCTh
(B oTiMYme OT MHOTHX JPYTrUX padoT Mo OOIydYCHHIO
MaTepHalIoOB Ha PEaKTOPax): U3MEPEHHs AOJDKHBI IIPO-
BOJUTHCS B YCIOBHUSX pabOTHI peakTopa Ha MOLIHOCTH.
TpyaHocTu, CBsI3aHHBIE C 3THM, 3aKI0YalOTCA B obec-
NeYeHNH OWOJOTMYECKOW 3aIlliuThl IPU MHHUMAIBHBIX
MOTEPSAX CBETOBOTO U3IYUEHHUS U B CIONKHOCTSIX PErUcT-
paiuu CIeKkTpa B yCJIOBHUSX sSAepHOro peakropa. Ileppas
TPYIHOCTB pa3pelirma ¢ IOMOIIbIO BEIOOpa oIpeeseH-
HOW KOHCTPYKIWH O3KCIEPUMEHTAJIBHOW YCTAaHOBKH H
aMITyJIbHOTO yCTPOWCTBA, BTOPYIO MO3BOJISIET PEIINTH
(hOTORIEKTPUUECKUH METOJ PETHCTPAIIMU ONITHYECKOTO
N3ITy9EHHUS.

Tpebosanus k cucmeme pecucmpayuy CHeKmpos

JIOMUHeCYyeHYuu

Cuctema perucTpanuy CIEKTPOB JTIOMHHECICHINN
ra30BbIX CMECeH JOIDKHA COCTOSATh U3 CIEAYIOMINX KOM-
TUIEKTYIOIIMX: KOJUIMMATOp — JIMH3a Jyis coopa u (oKy-
CHPOBKHU CBETa Ha BXOJ CBETOBOJa; TMOKHH CBETOBOZ;
CIEKTPaIbHBIA MPUOOpP — CIIEKTPOMETP MM MOHOXPO-
MaTop. Bo MHOrux ciydasix JOCTaTouHO pa3peularomeit
CHJIBI COBPEMEHHBIX KOMITAaKTHBIX CIIEKTPOMETPOB C pe-
ructpanueil criekrpa Ha CCD-marpuiy. B Tabmune |
MIPUBE/ICHBl TapaMeTpbl ONTHYECKHX CIIEKTPOMETPOB,
KOTOpBIE MOTYT OBITh MCHOJB30BaHBI B 3KCIIEPUMEHTAX
10 MICCIIEZIOBAHUIO CIICKTPOB JIFOMHHECIIEHIINU Ta30BbIX
cMecei.

B psne 3anau (CneKTpbl HHEPTHBIX Ta30B B OJIMKHEH
HK-o0mactH), a1 HaASKHONW HACHTH()UKALNU JTHHHHA,
pasperieHus OJIM3K0 JeKaIuX JIUHUH He0OXOIUMO HC-
M0JIb30BaTh MOHOXPOMATOP CO CHEKTPalIbHBIM pas3pe-
LIIEHWEeM B J0NU HaHoMeTpa. [l HajexHOH perucrpa-

LUK CHEKTPa JTFOMUHECICHI[MH U3 aKTUBHON 30HBI peak-
TOpa, BKIIIOYas CiIadble JTMHUHU, HeoOXxommuma (HOTO3JIeK-
TpUYECKasi pErHCTpallus CBETa.

Takasi cucrema perucTpanuy MOXKET OBITH CcO3/1aHa
Ha Oa3e MoHoxpomaropa MJIP-204 u cucTeMsbl JeTEKTH-
poBanusi ¢ ®OY R928 (061acTh YyBCTBUTEIBHOCTH OT
185 M 10 900 HM) 1 R5108 (00sacTh 4yBCTBHTENBHO-
ctu ot 400 HM 110 1200 HM).

YuuteiBasi crenuduyeckue 0coOEHHOCTH IpOBeJie-
HUSI PEaKTOPHBIX SKCIIEPUMEHTOB U TPEOOBAHMUS, IPE/Ib-
SIBIISIEMbIE K CHCTEME PerucTpaiuu, Oputa pa3paboTaHa
CXeMa PEeaKTOPHOTO JKCIEPHUMEHTA IO KCCIIETOBAHHIO
CIEKTPAIbHO-IFOMHUHECIIEHTHBIX XapaKTePUCTHK TIa30-
BBIX Cpell, BO30YXIaeMbIX MPOIYKTaMH SIACPHOU peak-
1wt °Li(n,0) T, prcyHOK 2.

7 8 9 14|
N\ 10 11 12
8}
L

1 — TMOTOK TEIUIOBBIX HEHTPOHOB;

1 — 3KcnepHMeHTaNnbHad A4eiika;

2 — cIioii HAHECEHHOTO JIMTHA;

3 —rasosad cMech BO30Y:KICHHaA MPOAYKTaMH
ACPHOIT peaKIuH;

4 — CBETOBOE H3ITyUEHHE;

5 — KOpIIyC aMITyJIbHOTO YCTPOICTBa;
6 — KBapLICBOE OKHO;

7 — MOBOPOTHOE 3€PKalIo;

8 — KOJUIHMATOP:

9 — ONTOBOJIOKOHHBIH Kadenb;

10 — MOHOXpOMATOp;

11 — ¢oToneTeKTOp;

12 — ocnorpag;

13 — onTHYeCKHIT CIIEKTPOMETD;

14 — KoMIBIOTED.

Pucynok 2. Cema sxcnepumenma no uccie008aHuio Cnex-
MPATLHO-TIOMUHECYEHMHBIX XAPAKMEPUCIUK 2A308bIX CPeO,
o« “ 6.
6030yoic0aembix npodykmamu soepuotl peaxyuti “Li(n,o)T

CaeroBoe n3nydeHue (4) U3 aMITyJibl, BOSHHUKAIOIIEEe
B pe3yJsbTare Bo30YyXKIEHHs HCCIIeyeMOl Ta30Boil cMe-
CH IIPOJTYKTaMH SIIEPHON peaKiiu, BEIBOIUTCS U3 aMITy-
JBI Yepe3 KBaplieBoe OKHO (6) M, OTpakasich MOBOPOT-
HBIM 3epKasioM (7) momasiaet Ha (YOKYCHPYIOIIYIO JTHH3Y
(8). Hamee mo ontoBoiIOKOHHOMY Kabemto (9) cBeT mo-
MajiaeT Ha BXOJ ONTHYECKOro crekrpomerpa (13) wu
BXOJHYIO mens MoHOXpomaropa (10) ¢ ®3Y (11), pa-
OoraromuM B pexknMe cdera (GoToHOB. [lomydeHHEIH C
TIOMOIIBIO ONTHYECKOTO CIIEKTPOMETpa CHEKTp JIFOMHU-
HECIEHITNH 3aChIBaeTCsl Ha KoMIbioTep (14).

Tabnuya 1. Komnaxmusie cnekmpomempbl, no020mosieHHble 05l IKCNePUMEHMO8 HO NPOEKMy

Mogenb CnekTpanbHas obnactb (HM) | Paspewenue | LnpuHa wenu (Mkm) Bpems nHterpupoBaHus
USB2000+VIS-NIR ot 349 o 1026 1,5 Hm 25 ot1mcpo20c
HR4000CG-UV-NIR ot 200 fo 1100 0,75 Hm 5 ot4mcpo20c

QE Pro-abs or 199 70 974 . 10 or 8 e A0 15 Myt

(C ccTeMolt TEPMOBNEKTPUYECKOTO OXMaXAEeHUS MaTpHLibl)
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2. JKCIIEPUMEHTAJIBHOE OBOPYJIOBAHUE U
METOJIMKA ITPOBEJIEHUS YKCNNEPUMEHTOB

2.1. UcTOYHHMK HEHTPOHHOIO MOTOKA

B kauecTBe MCTOYHMKAa HEWTPOHHOI'O MOTOKA s
OCYIIECTBIICHHS SIACPHBIX PEAKLUI U BO3OYXKISHUS Ta-
30BBIX CMecell B JKCIEPHUMEHTaxX IO HCCIIEIOBAaHHUIO
CIIEKTPOB JIIOMUHECLEHIMM aKTHBHBIX Ta30BbIX Cpe,
OyzeT, UCTIONIB30BaThCS CTALMOHAPHBIA SAEPHBIA peakx-
top BI'.1M.

PeaxTop BI'.1M — nccnenoBaTenbcKuil BOIO-BOIS-
HOM TeTepOTreHHBIN KOPITyCHOTO THIIA SICPHBIA peakTop
Ha TEIUIOBBIX HEWTPOHAX C JIETKOBOJHBIMHU 3aMeJTUTe-
JIEM U TETJIOHOCHTENEM M OEpPHIUIMEBBIM OTpaskaTeieM
HEWUTPOHOB.

Texnnueckue napamerpsl peakropa UBI'.1M cneny-
IOIIHe:

— TETIIOBAS MOITHOCTD ....ccvvvvvnnieeesrirsninnseennans 10 MBT;
— 3¢ PEeKTUBHBII pa3Mep aKTUBHOM 30HHI ....... 548 mum;
— BBICOTA AKTUBHOM 30HBI ...vvvvveiivieeeniinnessnnnens 800 mm;
— coJiepKaHue ypaHa-235 B akTUBHOM 30HE ..... 4,6 kr;
— INIOTHOCTh MOTOKA TEIJIOBBIX HEUTPOHOB B LIEHTPE
9KCIIEPUMEHTAIIBHOTO KaHANA ........ 3,51 0% w/em?-c.

3HaveHHe MOTOKa HEWTPOHOB HAa MOIIHOCTH PEaKTo-
pa UBI'.1M 6 MBTt npuBeznieno B Tabmuie 2.

Tabnuya 2. [lomox HelimpoHo8 8 yenmpe aKmueHol 30Hbl
peaxmopa UBI'. 1M npu pabome na mowrocmu 6 MBm

OHepreTnyeckas ot0 o1 0,67 ot 0,1 VIHTerpanbHbii
rpynna 100,67 3B [0 0,1-106 3B | mo 10 MaB noToK

HenTpoHHbI#

0,87-10% | 0,4210% | 0,22-10" 1,5:10%
norok, 1/(cm2-c)

2.2. DKcnepuMeHTAJIbHBIH CTeH/
PeakTopHble OKCIEPUMEHTBHI 1O HCCICJOBAHHIO
CIICKTPAJIbHO-JIIOMUHECIICHTHBIX XapaKTCPUCTUK Ta30-

BBIX Cpell, BO30YKIaeMbIX IPOIyKTaMHU SACPHBIX peak-
1K, OyIyT MPOBOJUTHCS HA KCIIEPUMEHTAJIBHOM CTEH-
ne JIMAHA, pa3memenHom Ha peaktope WBI.IM.
[MpuHOMNIHaNbHAs cXeMa HKCIIEPUMEHTAIBHOTO CTEHAA
MpeJCTaBICHa Ha PUCYHKE 3.

OkcnepuMenTtanbHblit crenn JIMAHA, ¢yHkimo-
HAJILHO COCTOMT M3 aMITyJIbHOTO YCTPOMCTBA C IKCIIEpH-
MEHTaJIbHOU sYEHKOM, coaepxkalled HCCIeTyeMyto
CMech ra3oB U pabodero 0yoka (Ha pUCyHKe 3 OH BEIJie-
JIeH KpacHOU ITyHKTHUPHOH nnHei). B cBoro ouepens pa-
0oumii OJIOK COCTOHT W3 BaKyyMHOH CHCTEMBI, CHCTEMBI
HaIycka HCCIETyeMBIX Ta30B B 00BEM JKCIEPUMEH-
TANBHOW SIYEHKHN aMITyJIbHOTO YCTpOWCTBa M MH(OpMa-
MOHHO-U3MEPUTENbHOTO KoMIuiekca. [TogpobHoe omm-
CaHMe KCIIEPUMEHTAIBHOTO CTEHIA MPUBEIEHO B pado-
Te [4].

CepbIMU IYHKTHPHBIMH JIMHUSAMH Ha TPHHIUITHAIb-
HOW CXeMe BBIJICJICHBI OJIOKH, KOTOPBIC ObLTH CIICIIHAIIb-
HO pa3paboTaHbl JUIS HMPOBEACHUSI PEAKTOPHBIX JKCIIe-
PUMEHTOB IO HCCIIEIOBAHHIO JIIOMHUHECIIEHTHBIX XapaK-
TEPUCTUK Ta30BBIX CpeA BO30YXIECHHM IPOJYyKTaMH
SIIEPHON peakuil.

AMITyTThHOE YCTPOWMCTBO pPa3pabaThIBaJIOCh HCXOMIS
W3 337129 UCCIIEIOBAHUA U XapaKTepa TEXHUIECKOTro 00-
CITy>KHBaHUSI, CBI3aHHOTO C STUMH 3a7adaMH.

Jna mpoBemeHHs PeaKTOPHBIX SKCIIEPUMEHTOB IIO
cxeMme, MPEACTaBICHHON Ha pUCYHKe 2, ObUIO pa3pado-
TaHO aMITyJIbHOE YCTPOHCTBO C IIOBEPXHOCTHBIM HUCTOY-
HHUKOM 3apsDKCHHBIX YacTHII (CM. pUCYHOK 4). B kauect-

BE UCTOYHHUKA 3apsDKEHHBIX YACTUIl B JAHHOM aMITyJib-
HOM YCTPOICTBE UCHOJB3YyEeTCS MPUPOIHBIN IUTHH, Ha-
HECEHHBI TOHKHM CJIOEM Ha BHYTPEHHHME CTEHKHU JKC-
MEPUMEHTANIBHON SUEHKH aMIyIbHOIO YCTPOWCTBA
(mpupombIi coctas m3ortonos mutws: °Li (7,5%) + 'Li
(92,5%)).

1 — aKcnepuMeHTanbHOe amMnynbHOE YCTPOWCTBO; 2 — MoHoXpomaTop ¢ ®JY; 3 — onTudeckuit cnekTpomeTp; 4 — LndpoBoit ocuymnorpad;
5 — komnblotep IBM PC; 6 — macc-cnektpometp; 8, 17, 20 — pyyHble BakyyMHble BEHTUNS; 9 — HakonuTenbHas emkocTb; 10 — cuctema
OuMCTKN cMecy ras3os; 11 — cucTema noaroToBkM cmecw ra3os;12 a3oTHas nosywka Anst ¢op Hacoca; 13 — ¢hopBakyyMHbIA Hacoc;
14 - BbICOKOBaKyyMHble Hacocbl; 15 — patumk faBnenus; 16 — perynsrop pacxopa rasa (Hatekartenb); 18 — Bakyymmertp BAr-1;

19 — MexaH14ecKmin BakyyMHbIA BEHTUMb

PuCyHOK 3. Cxema IKCnepuUMenmoe no U3y4enuro CnekmpailbHO-JIIOMUHECYEHNIHBIX XAPAKMEPUCMUK 2d306blX cmecell
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1 — ONTOBOMOKOHHbIA CBETOBOZ; 2 — KONNUMATOP; 3 — NOBOPOTHOE 3epkano;
4 - kBapLEBOe OKHO; 5 — TPaKT OTKAYKWU 1 NOAAYM CMeCH ras3os; 6 — kopnyc
aMnynbHOrO YCTPONCTBA; 7 — KOPMYC SKCMIEPUMEHTANBHON S4ENKu; 8 — KokyX
oxnaxaeHns; 9 — HarpeBatenb;10 — TOHKMIA Cron Aensiierocs matepuana
(nuTNiA); 11 — TpaKT oxnaxaeHus

Pucynox 4. PeakmopHoe amnynvHoe ycmpoucmeo ¢ nogepx-
HOCMHbIM UCTOYHUKOM 3APSAICEHHBIX YaACTUY

PazpaboTanHOe aMITyJIbHOE YCTPOMCTBO BKIIFOUAET B
ce0s: IKCIEePUMEHTAIFHYIO S4YelKy, Ha BHYTPCHHHE
CTEHKH KOTOPOW HAaHECEH TOHKHI CIION JTUTHS; OMUYEC-
kuii HarpeBarenb (nmpoBoxg KTMC XK), mpennaznaveH-
HBII 1711 HArpeBa CTEHOK SKCIIEPUMEHTAIBHOU SAYEHKU;
TepMoIap sl KOHTPOJIS U PETHCTPAliU TEMIIEPATYpPhI
KOpILyca aMIyJbHOIO YCTPOMCTBA; yCTPOMCTBO ra3oBo-
TO OXJIAXACHUA B BUAC OJCTOI0 Ha JSKCHCPUMCEHTAJIb-
HYIO SUEHKY KOXyXa OXJaKmeHHs (I MoIaep KaHust
HCCIIeyeMOH TeMIIepaTypbl KOpIyca 3KCIEepHMEHTalb-
HOM siueliku IpU MPOBEAECHUH PEAKTOPHBIX SKCIEpHU-
MEHTOB).

Hmxe npencraBieHbl TEXHUYECKHE XapaKTEPUCTHKH
aMIyJIBHOTO YCTPOUCTBA!

— MaTepua KopIyca aMIlyJIbHOIO yCTpoiicTBa
U SKCIIEPUMEHTAIBHOUN AUEHKH ........ HeprKaBeroIas
crais 12X18H10T;
— rabapuTHBIC pa3Mepbl aMITyJIbHOTO yCTPOMCTBA:

D 0111 ¢: E 2300 mmM;

—  JTHAMETD .evvevrveerenen. He Oonee 40 mM;
—rabapuTHBIC pa3Mepbl IKCIICPUMEHTATBHON SUCHKY:

—  JUTHH iviiieeeeessiiineeee e 200 Mm;

—  JIHAMETD weevvveeernrereenrneeennneas 20 MM;

— JeJALIMACS MaTEPHAT .....ccvvennenne MPUPOJHBIN TUTHI

(°Li (7,5%) + "Li (92,5%);

— TOJILIMHA CJIOS JIUTHSL ...ccvvvvvvnnieeeeeeeenninnineenns 50 MKM,;

— HCCIIelyeMBbIe Ta3bl U Ta30BBIE CMECH
HA UX OCHOBE ....oovvviriiiiiiniiinnns He, Ar, Ne, Kr, Xe;
— HCCIIeyeMoe JaBJICHHUE Ta30B B 00beMe
aMITyJIbHOTO YCTPOHCTBA .... . ot 0,05 o 1 arm;
— BBIBOJ] CBETOBOTO CUTHAJIA ............ 4yepe3 KBapieBoe
OKOIITKO, BMOHTHPOBAHHOE BO (p1aHelr;
— MOUIHOCTb 3JIEKTPUUECKOTO

HATPEBATEII .ooovvviiiieiiins e o1 400 Br;
— MaKCUMaJIbHBIN pacxo] rasza

B CUCTEME OXJIAKIEHUS ..ccvvvvnneerirrnrnseeeseennns 60 r/c;
— TEPMOTIAPDI ..ecvvveveeeeaneennns XpOMeIb-aoMensb (XA).

2.3. MeToauka npoBeieHUsi IKCIIEPUMEHTOB

VYuuThIBasi TEXHOJOTHYECKHE OCOOCHHOCTH HCCIie-
noBatenbekoro peakropa UBI.IM u skcnepuMeHTab-
Horo crenna JIMAHA, Osuia paspaborana MeTonuKa
TIPOBEACHUS PEAKTOPHBIX HKCIEPUMEHTOB TIO HCCIIEN0-
BaHUIO CIIEKTPATHHO-TIOMHUHECIICHTHBIX XapaKTEPUCTHK
Ta30BEBIX Cpell BO30YKIaeMBIX IPOAYKTaMHU SIISPHOU pe-
aKIUU 6Li(n,()L)T, KOTOpast 3aKIIF0YAaeTCs B CICTYIOMIEM:

— aMIyJIbHOE YCTPOMCTBO 3arpyXaeTcs B dKCIIEpH-
MEHTaNIBbHBIN KaHan peaktopa VIBI'.1M takum o0Opazom,
YyTOOBI 3KCIEpUMEHTaJbHAs sUeiika pa3Melnanoch Ha
YPOBHE LIEHTPA aKTHBHOMN 30HBI PEaKTOPa;

— Jianee TIPOBOJUTCS OllEHKa BHECEHHOTO aMITyJION
HM3MEHEHHs PEaKTHBHOCTH PEaKTopa, MOCie Yero aMIry-
Ja TOJCOEIUHSETCS K BaKyyMHOHW CHCTEME JKCIIepH-
MeHTanmsHOTO cteHna JIMAHA u mpoBoasTcs Bce HE00-
XOJMIMBIE TEXHOJIOTHIECKHE MPOIIETyPHI IO TIOATOTOBKE
3arpy>kKeHHOT'0 00Jy4aTelbHOTO aMITyJIBHOTO yCTPOMCT-
Ba u creHaa JIMAHA k mpoBeneHHI0 peaKTOPHBIX JKC-
TIEPUMEHTOB;

— 3areM, Iepell BBIXOJIOM PEeakTopa Ha 3aJaHHBIH
YPOBEHb MOIMHOCTHU, NPEABAPUTCIIBHO IMOATOTOBJICHHAA
uccieayemas CMech Ta3oB, HaOpaHHas B HAKOIHTEJb-
HOM eMKocTH (9) (pucyHOK 3) € TIOMOIIBIO CHCTEMBI Ha-
MycKa roJjiaeTcsi B 00beM aMIyJIbHOI'O YCTPOWCTBA JI0
3aJIaHHOTO JIaBJICHUS,

— TIOCJIE TOTO PEaKTOp BHIBOAWTCS Ha 3aJaHHBIN
YPOBEHb MOIITHOCTH ¥ TIPOBOJISITCS N3MEPEHHUS CBETOBO-
ro noroka. CBeTOBOE HM3ITydeHHE, BO3HHKAIOILIEE B pe-
3yJbTaTe BO30YXKICHHUS HMCCIEAYEeMOW T'a30BOM CMECH
MPOJyKTaMU SIAEPHBIX PEAKLMM 110/ BO3AEHCTBUEM HEM-
TPOHHOTO ITOTOKA, BBIBOAWUTCS W3 aMIyJbl depe3 KBap-
[[EBOE CTEKJIO ¥ C MOMOIIBIO KOJUIIMATOpa U ONTOBOJIO-
KOHHOT'O Kabens (C IByMsl CBETOBBIMH KaHallaMM) T10/1a-
eTCsl Ha BXOJ| ONTHYECKOr0 CIEeKTpoMeTpa (10 OJHOMY
KaHaJly ONTOBOJIOKOHHOTO KabeJys) U Ha BXOJHYIO LIEJb
MoHOXpomaropa ¢ @DV, pabdoTaronieM B pexHMe cueTa
¢boToHOB (10 APyroMy KaHamy);

— janee, 1ocJe 3aIycu CIEeKTPOB JIIOMHHECIICHIINT
Ha 33JJaHHOM CTallMOHAapHOM YpPOBHE MOIIHOCTH peak-
Topa, peaktop MBI'.1M BbIBOAUTCS Ha CIEAYIOMIUNA CTa-
[IMOHAPHBIA YPOBEHb MOITHOCTH U TIPOBOISTCS CIEIYIO-
IIIe U3MEPEHUs CBETOBOTO ITOTOKA,

— TIOCTE€ HW3MEPEHHUS CIIEKTPOB JFOMHHECIICHIINU
Ta30BBIX CMECEW Ha BCEX HMCCIEAYyEMBIX CTAIlMOHAPHBIX
YPOBHSX MOIIHOCTEN peakTopa MPOBOAUTCS IUIAHOBBIN
OCTaHOB peaKTopa.
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3AKJIIOYEHUE

B nacrosmieit paboTe mpeacTaBIeHO OMUCAHUE OC-
HOBHBIX 3TaIllOB pa3pabOTKHA CXEMBI SKCIIEPUMEHTOB I10
UCCJIEZIOBAHUIO SIEPHO-BO30YKIa€MOW JIFOMUHECIICH-
IIUM Ta30BbIX Cpej.

OmbIT OKCIUTyaTalluu SKCIOCPUMEHTAJILHOTO CTCH/A
MOKa3aJl, 4TO TEXHUUYECKUE XapaKTepUCTUK CTEeHJa
JIMAHA wu ero MoiepHH3anuu 0e3 HapyIIeHUs paboTo-
CIIOCOOHOCTH €r0 OCHOBHBIX CHCTEM, IO3BOJISIIOT HC-
MTONTE30BATh CTEH] B AKCIIEPHMEHTAX 10 MCCICIOBAHUIO
CIEKTPOB ONTHYECKOTO M3ITyUYSHUS B YCIOBUAX PabOTHI
CTallMOHApHOro saepHoro peakropa UBI.1M.

JIMTEPATYPA

Pa3zpaboTanHOe aMIybHOE YCTPOHCTBO MOITHOCTHIO
COOTBETCTBYET BCEM TpPEOOBAaHHUSIM IPOBEACHHS peak-
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Paper describes the development of experimental scheme on study of nuclear-excited luminescence of gaseous media
under conditions of stationary work of 1VG.1M nuclear reactor. The description of experimental facility and reactor
ampoule device used in experiments also presented.
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HccnenoBanoch BiusiHEE OOMyYeHUs TEIJIOBBIMH HEHTpOHAMH HEpXaBeIoIMX aycTeHHTHBIX ctaied 12X18H10T n
12X18H9 B peaktope BBP-K mo pazmmunpix ¢umroencos. [lomydeHsl nedopMaIiioHHbIe 3aBUCUMOCTH HAKOIUICHUS
MapTeHCUTHOH o'-(ha3bl B MHIKEHEPHBIX U «HMCTHHHBIX» KOOPAWHATAX IPU Pa3IMYHBIX TEMIIEpaTypax HCIBITaHHH.
[Tokazano, uTo yBenuueHue ¢urioeHca 00IydeHuUs IPUBOIUT K MOBBIMICHNIO KPUTHIECKUX HaNpsDKEHUH (GopMHUpOBaHMS
MapTeHCUTHON (a3bl B AyCTCHUTHBIX CTALIX. BiWsAHHME MPEeABAPHTENBLHOTO HEHTPOHHOTO OOJTydeHHs Ha KHHETHKY
MapTeHCUTHBIX IPEBPAICHUH IpPH OTPHLIATEIBHBIX TEMIIEpaTypax XapaKTepH3yeTcs CHIDKCHHEM HHTEHCHBHOCTH
HakoIuIeHHs o' -(a3bl B CPAaBHEHUH C HEOOIyIeHHBIM MaTepUaIoOM.

BBEJEHHUE

HGJIBIO HaCTOAMIETO UCCICAOBAHUA ABJISICTCA U3Yy4d€C-
HHUEC BJIIUAHHUA 06J1yqu1/1;1 TCIIJIOBBIMHA HeﬁTpOHaMPI )5
TeMIepaTyp mnocienyroieii nedopMaiuu Ha CTPYKTYp-
HBIC, MAarHUTHBIC 1 MCXaHUYCCKHC XapaKTepI/ICTI/IKI/I ay-
CTCHUTHBIX HepncaBeloumx CTaHeﬁ. AKTyaHLHOCTL U Ba-
JKHOCTb TaKoro poaa pa60T BbI3BaHa TEM q)aKTOM, qTo
o I[efICTBPIeM BHCHIHUX BO3I[eI7[CTBI/II71 B ayCTCHUTHBIX
HEPIKABCIOMINUX CTAIAX U3MCHACTCA CTPYKTypa U (1)a30-
BEII cocTaB. [lapaMarHUTHBIN ayCTEeHHUT TpaHCPOPMHU-
pyercs B 0ojiee MPOYHYIO M XPYNKYI0 W MarHUTHYIO
MapTeHCHUTHYIO (a3y. B cBoio ouepesp, 3T0 MOXKET IpHU-
BCCTH K TPYJHO KOHTPOJHMPYCMBIM H3MCHCHHUSIM DKC-
TUTyaTallMOHHBIX XapaKTCPHUCTHUK MaTepHala.

MATEPHAJIBI 1 METO/bI HCCJIEJOBAHUSA

B kauectBe 00BeKTa HCCIEIOBAHUI OBUIH BHIOPAHEI
Hepxkapetomue cranu 12X18H10T u 12X18H9, xumu-
YEeCKH COCTaB KOTOPHIX mpuBeneH B Tabmmie 1. Cramu
XapaKTepU3yIOTCS pa3IMYHON »Heprueil medexra yma-
KOBKH, 9TO OOYCJIOBIHMBAET WX Pa3INYHYI0 UyBCTBU-
TEJIBHOCTh K TEMIIEPAType MEXAHUIECKUX UCIIBITAHUH.

B Tabnuite 2 mpuBeaCHBI yCIOBHS OOJyYCHHUs CTa-
neil B uccnenoparenbckoM peaktope BBP-K, a Taroke

TEMIIEpaTyphl, IPH KOTOPBIX MPOBOAMINCH MEXaHUIEC-
KW UCTIBITaHUS 00pa3IoB.

s ycTpaHeHUs] BO3MOXKHBIX (DEpPHUTHBIX BKIIIOYE-
HHf/lI, KOTOPLIC B uaaneﬁmeM MOTJIN 6])1 IIOBJIMATH Ha
pe3yabTaThl SKCIEPHUMCHTA, IIPOBOAWIIACH IIPCABaApHU-
TeNbHas aycTeHu3anus oopasmor craned npu 1050 °C B
teuenue 30 MUHYT C 3aKalikoil B Boay. [lmockue obpas-
1B JIUIs1 OOJTY4EHHS U TOCIIETYIONINX MEXaHHYECKHUX HC-
IBITAHUH OBIIM M3TOTOBJIEHB! B (hopMe BOWHOMH Jtomar-
KU ¢ pazmepamu padoueit gactu 0.3 Mmx3.5 MMx10 Mm.
WzroTtoBneHnsie 00pa3ipl 00dydann B aKTUBHOH 30HE
uccienoBatensckoro peakropa BBP-K (Ammater, Ka-
3axcraH) npu temieparype ~80 °C 1o pa3nuyHbIX ¢irio-
encos ueiitporos (10 — 10% w/cm?). TTocne obydeHws
¥ BBUICKUBAHUSA (B PaJHalliOHHOM XPaHWJIHIIE) 00pa3-
(bl TIOABEPTAIM JICKTPOIOIUPOBKE JUIS CHATHS OKHC-
HOT'O CJIOA, UBMEPSIIN MUKPOTBEPAOCTh U IPOBEPAIIN HA
HaJM4Yle€ B HUX MATHUTHBIX BKJIFOUEHUN (C IIOMOIIBIO
(deppurockona durrepa MP-30). IIpoepka mokasaia
HyJIeBOE cojepkaHue (eppoMarHWTHOH (a3sl B mapa-
MarHUTHOM ayCTEHHTHOM MaTpHuIe Iocie OOIydeHHs
HE3aBHCHMO OT MapKH CTaJIH.

Tabnuya 1. Xumuueckuti cocmae Cr-Ni aycmenumnuix nepoicaserowux cmanet (gec.%)

Mapka ctan eMEHT c Cr Ni Ti Si P S Fe Mn
12X18H10T <0.12 | 17-19*(18.5") | 9-11(10.2) 0.5(0.54) <0.8 (0.73) 0.035 | <0.02 bal. <2.0(1.24)
12X18H9 <0.12 17-19 (19.0) 8-10 (7.56) - <0.8 (0.39) 0.035 | <0.02 bal. <2.0(1.96)

* - no TpebosaHuam [OCT;
** — 0 JaHHbIM 3HEPro-AucnepcuoHHoro aHanuaa (EDX)

Tabauya 2. Yenosus obnyuenus u memnepamypul 0epopmayuu ucciedyemuvix oopazyos cmanei

Cranb ®nioeHc, Hlcm? MoBpexpatowan fosa”, cHa Temnepartypa gedopmaumm, °C
HeobnyyeHHble 0 -100, -60, -40, -20, 0, 20
12X18H10T 4.9x1019 0.012 -100, -40, -20, 0, 20
1.3x10% 0.032 -100, 20
HeobnyyeHHble 0 -100, 20
12X18H9 8.8x1018 0.002 -100, 20
9x101° 0.022 -100, 20

* — Temnepatypa 06nyyeHns B uccnegosatenbckom peaktope BBP-K 80 °C;

** — 3HaueHus NoBpeXAaLLMX 403 Oblnn paccunTaHbl U3 CooTHoLEeHUs 4 x1025H/M2= 1 cHa
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MexaHn4ecKHE HCIBITAHUS Ha OAHOOCHOE pacTshKe-
HHUE NPOBOAWIN NIPU KOMHATHON M OTPHUIATENILHBIX TEM-
meparypax Ha OOJy4eHHBIX U HEOOITy4eHHBIX oOpasmax
Ha yHHBepCalbHOHM pa3ppiBHOM MammHe Instron-1195
npu ckopoctn medopmuposanns 8.3x107 ¢t Tlepen
MEXAaHNYECKUMH HUCIIbITAHUAMHU Ha IMOBEPXHOCTH KaXK-
Joro o0pasna crienualbHbIM MapKepoM ObUTH HAaHEeCEHBI
METKH JUIsl DKCTEH30METPUUIECKUX U3MepeHuid. Mcnbira-
HUSI TIPOBOJIMIIM B TIOIIArOBOM PEXUME C MEepHOANYEec-
KHMH OCTaHOBKaMH Je(OopMaluu, pa3rpy>keHHEM U BbI-
€MKOI 00pasiia Juisi ONpeeIeH s ero JMHEHHBIX pa3Me-
poB (UIMPHWHBI ¥ TONIIMHBI). MchbelTanus mpu oTpuia-
TenpHBIX Temneparypax (—100 °C...0 °C) npoBoxunu B
CHEUAJIBHON HU3KOTEMIIEPaTypHOH Kamepe, YCTaHOB-
JIEHHOH Ha pa3pbIBHOM MamuHe [1]. OxmaxaeHue kame-
pBI € 00pa3IOM OCYIIECTBIUIOCH C TIOMOINBIO aBTOMa-
THUYECKOT'0 HAITyCKa XHJKOTO a30Ta, TeMIeparypa BHYT-
pH Kamepbl KOHTPOJHPOBANACh TEPMOINApPAMH «XPO-
MeJTb-aJIIOMEIIb» ¢ TOYHOCTBIO TMOJICPIKAHUS TeMIlepa-
Typbl 4 °C mpu —150 °C. Bpems BbaepxkuBaHus 00-
pasna npu NoOMEIICHNU B KaMEpy It CTa6I/IJ'[I/I33,LII/II/I HC-
00XO0IMMOM TeMIIepaTyphl cocTaBisuio He Menee 10 mMu-
HYT.

W3mepenne HaMarHW4EHHOCTH Je(OPMHPOBAHHBIX
00pa3IoB OCYIIECTBISUIM TIOCJTIE CHATHS HArpy3kd Ha
Pa3HBIX OTMETKax MO anuHe pabodyel dyacTH. 3HaYCHUS
HaMarHudeHHOCTH Mf B (heppHTHBIX HpoLeHTax ObLTH
TepeBeIeHbl B 00beMHBIE TIPOLIEHTHI CoAep KaHus dep-
POMAarHUTHOW MapTEHCHTHOU o'-(ha3bl, ¢ y4eTOM IIO-
MIPaBKH Ha yMEHBIIAIOUIYIOCS TOJIIMHY H3MEPSEMOTO
ydacTka obpasiia, cormacHo Metoauke [2]. OTHOCHTEINb-
Hagd TOYHOCTH OHNPCACICHUA 00BEMHOTO COACpKaHUA
maprencura AMy¢M; ue npessimana £10%. ITocre me-
(dhopmanmy Ha CTaJbHBIX 00pa3Iax U3MEPsUTH pacipee-
JIEHHE MMKPOTBEPAOCTH 10 paboyeit yactu H, 1 nposo-
JWJIM OLIGHKY HM3MEHEHHH B MHKpOCTpykType. C 3TOi
LIENIBI0 U3 00pa3loB BBIOMBAIN JUCKU JUIsl TPOCBEYHBA-
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forei anexTporHoi Mukpockonmu (IIOM) muamerpom
3mm Jlucku moaBepranu nutnOBKe, MOJUPOBKE U (Qu-
HaJIbHON CTPYHWHOH 3J1EKTPONOJUPOBKE TP KOMHATHOM
TEMIlepaType B DJEKTPOJIUTE CIIEIyIOUIero COoCTaBa:
20% HCIO,; + 80% C,HsOH. HccnemoBanus MHKPO-
CTPYKTYpPBI Ne)OpMHUPOBAHHBIX MCXOJHBIX U OOJIy4eH-
HBIX HEHTPOHAMH 00Pa3II0B OCYIIECTBISUN C IIOMOIIBIO
MPOCBEYMBAIONIECTO AJIEKTPOHHOTO MHKpockoma JEM-
100CX npu yckopsitorneM HanpsbkeHnn 100 kB. dazo-
BEII coctaB HeoOmyueHHOU cramm 12X18HI10T wmcce-
JIOBAJICSI C TIOMOIIBIO PEHTTEHOCTPYKTYPHOTO aHallM3a
(Bruker ADVANCED D8, menp K,;, 26=35...100°).

PE3YJABbTATBI DKCIIEPUMEHTA

BnusHue TemmnepaTypbl UCHIBITAHUN Ha MeXaHHYeC-
KHe CBOWCTBA M KMHETHKY Y—>0.' MpeBpalleHuil Haubo-
Jlee KOHTPACTHO BHUJIHO NPHU CONOCTABICHUU Pe3yJbTa-
ToB sKcriepuMenToB mpu 20 °C u —100 °C, T.e. kpaltHuUX
3HAYEHUAX HMCCIEJYyEeMOro TeMIepaTypHOro MHTEepBana.
Ha pucynkax 1 u 2 npezacraBiieHbl HHKEHEPHbBIE U HC-
THHHBIE AWArpaMMbl PacTsHKEHHsT 0Opas3loB XPOMOHH-
keneBpix cranedt 12X18H10T u 12X18HIT, neobmy-
YEHHBIX M OOJyYEHHBIX HEHTPOHAMHU [0 Pa3JINYHBIX
(roercoB U AehOpMUPOBAHHEIX IO CXEME OJJHOOCHOTO
pactsoxenns npu 20 °C u —100 °C.

YcraHOBNIEHO, 4TO B 00pa3lax XpOMOHHUKEIEBBIX
cTajieil mpenen TEeKy4ecTH MOHOTOHHO BO3pAacTaeT ¢
yBenYeHueM (QIIIoeHca HEHTPOHHOTO O0JIy4eHHs He3a-
BHCHMO OT TeMriepatypsl nedopmanun. [1pu sTom cranb
12X18H10T moka3wiBaeT 0ojiee BBICOKHI MPUPOCT Gp
IpU MOHMXKEHUU TeMIepaTyppl € KOMHATHOM [0
—100°C mo cpaBHEHUIO ¢ OE3TUTAHOBOW CTaJbIO
12X18H9. B T0 ke Bpemst IpUPOCT Npefena NPOYHOCTH
Op Ipu NOHMWKEHUU Ty, ¢ 20 °C g0 —100 °C mpakTuue-
CKHM HE 3aBHCHT OT (pIroeHCa MpeBapuTeIbHOTO 00Iy-
YEHHS U 2JIEMEHTHOTO COCTaBa CTAJIH.

True stress, ¢i, MPa

- non-irradiated

4.9x10'° n/em?

_ 1.3x10%®n/cm?

0 o102 03 04 05 06 07 08 09 0
Strain, €

a

0,1 0,2

03
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0
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B

Pucynox 1. Unocenepnvie (a, 6) u ucmunnvie (8) ouazpammol pacmsaxcerus onsa oopasyos cmanu 12X18H10T,
UCXOOHBIX U 0OyHeHHbIX Hetimponamu u deghopmuposannvix npu memnepamypax —100 °C u 20 °C
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Pucynok 2. Hnocenepnvie (a,6) u ucmurnvle ouazpammol (8) pacmsicenus ons 0opasyos cmanu 12X18H9,
UCXOOHBIX U 0OYUEHHbIX HellmpoHamu u depopmuposannvix npu memnepamypax —100 °C u 20 °C
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Pucynox 3. Hnocenepnvie (a, 6) u ucmunnvle (8, 2) ouacpammol pacmsdicenus oopasyos cmanu 12X18H10T
HeoOmyuennoll (crnesa) u 0OIyuenHol Heumponamu 00 4.9510% n/ca? (cnpasa)
st o6pasuos cranm 12X 18H10T, HeoOaydeHHBIX 1 WH)XCHEPHBIC M UCTUHHBIE KPUBBIE DPACTSKEHUSA IIPH
1 2
oOy4eHHBIX (urroeHcoM 4.9x10 ® w/em?, GbuIH poBe- PasIMYHBIX TEMIEpaTypax Ae(OpMaluy CyMMHPOBAHEI
JIEHBl COIIOCTAaBUTEIBHBIE WMCCICAOBAHUS B WHTEpBaje Ha PUCYHKe 3.

temnepatyp aedopmarm —60 °C...0 °C. Iloxy4ueHHbIC

68



BNUAHWUE OBNYYEHUA U QEGOPMALIMK HA ®A30BbIE NPEBPALLEHNA
B PEAKTOPHbIX XPOMOHUKEJEBbBIX CTANAX

3aBucumoct Me(gj) s IBYX THIIOB cTaneil B Hc-
XOIHOM W OOJYYeHHOM HEHTPOHAMH COCTOSIHUSX, Je-
¢dbopmupoBannbix npu Temneparypax 20 °C u —100 °C
MpUBEICHBI Ha pucyHke 4. He3zaBucumo ot crenenn 00-
nydeHus popma kpuBbX Me(e) oxmHakoBa mist 0Opaz-
LIOB cTayeH, 1eOPMHIPOBAHHBIX MPH OAWHAKOBON TEM-
neparype ucnbitanuit. [Ipu 20 °C Bux kpuBbix Mg(g;)
630K K mokazaTensHoi ¢yukiun. [Ipu —100 °C xpu-
BbIC UMCIOT S-00pa3Hyr0 (GOpMy C HACHIIIICHHUEM.

[lomyueHnple KpuBBIE HAKOIDICHHSA O'-(ha3bl IpH
pa3MuHBIX TemIlepaTypax JedopMaluu CyMMHPOBaHbBI
Ha pucyHke 5. Iloka3aHo, YTO MOHMXKEHHE TEMIIEpaTy-

PBI UCTIBITAaHWH HA OJHOTHITHBIX 00paslax HPUBOAWT K
BO3PAaCTaHUIO HWHTEHCUBHOCTH MAapTEHCUTHBIX y—>0'
MpeBpaIieHui.

W3 aHann3a npescTaBIeHHbIX KPUBBIX MOTy4EHBI 3a-
BHCHMOCTH KpuTHiecknx HanpspkeHuit oy (T), onpene-
JSFOIIMX Havano y—>o' TMPEeBpalIeHUu B CTalIH MpH Jie-
tdopmarmu (pucyHok 6). [lokazaHo, 9TO I WCXOMHOM
CTAIM C TIOHIKEHHEM TEeMIIepaTyphl 3HAYCHUS Oy
yMeHbIIaoTca. B cramu, oOmydeHHOH pa3TmIHBIMU
(roeHCaM¥U HEUTPOHOB, HANPOTHB, HAOJIIOTAETCS YyBe-
JTMYECHUE Gy
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Pucynox 5. Kpusvie naxonnenus mapmencumnoii o-ghazet 6 oopasyax cmanu 12X18HI10T (cresa) neobnyuennoii
u (cnpasa) obnyuennoti nelimpornamu 0o uioenca 4.9x10"° u/cr®
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Pucynox 6. Hzmenenue npedena mexkywecmu u KpUmuyeCckux HanpsaxceHull y—>a’ npeepaweHuil ¢ ucCXoOHou
u oonyuennou Hetimponamu cmanu 12X18HI10T ¢ memnepamypotl ucneimanuti
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Pucynox 7. Koppenayuounwie kpusvie AH,, (My), nonyuennvie ona oopasyos cmanu 12X18HI10T, neobnyuennoi
u obyuennoii neiimponamu 0o goencos 4.9x10" u 1.3x10%° u/ea®, depopmuposannvix pacmsoicenuenm
npu pasiuynelx memnepamypax 6 unmepeaie om —100 °C oo 20 °C

V3MeHeHHe MHUKPOTBEPAOCTH Ie(hOPMHUPOBAHHON
CTaJIM 4acTO MCIOJB3YIOT KaK OAMH U3 IOKa3aTenei ee
JIe(pOPMAIMOHHOTO TBEPACHHUS, 00YCIOBICHHOTO Y—>0
npespameHusiMi. Ha pucyHke 7 mpeacTaBiieHBl HOTy-
JeHHbIe B paboTe CBOAHBIE AaHHBIE o AH,, u My m3me-
PEHHBIE HA OJIHUX M TEX )K€ OTMETKaxX Ha paboveil yactu
obpaszioB cramu 12X18H10T, nedhopMupoBaHHBIX NpH
pa3HbIX Temneparypax. Ha auarpaMme mpuBeneHsl pe-
3yJIBTaThl U3MEpeHu a1 oopasuos cranu 12X18H10T,
HCXOJHBIX M OOJy4YEHHBIX HEUTpOHaMH 10 (IIIOCHCOB
4.9x10%n/cM? u 1.3x10%%u/cM?. OO0nyueHHBIE 00pa3IbI
UMeN OJIM3KKME BEIUYMHBI MONHOW aedopmarmu O <
0.4.

W3 pucyHka 7 BUIHO, 4TO C YBEIUUYEHUEM COZEpXKa-
HUS o'-(a3pl TBEpIOCTh CTaiu mnoBbiaeTcs. ITokaza-
TENBHO, YTO JeOopManMonnbiii Bknan AH, s B ynpod-
HEHHE MAaKCUMaJIeH JJIsl HeOOIyuYeHHOH CTalll U YMEHb-
mraeTcs ¢ pocToM (QIIloeHca HEHTPOHHOTO OOIydYeHHSI.
[Tpu BBICOKOM cozepxkanuu o'-(ha3sl B cTaiu, AehopMu-
posanHoii npu —100 °C, H, pasnuuHbIX 00pa3nos 6am3-
KU 10 BenuduHe. [Ipu 3TOM B cTany HaOMogaroTcs 00-
[IMPHBIE YYacTKW MapTEHCHTA C HEBBICOKHM COJepKa-
HHUEM OCTaTOYHOro aycCTeHHUTa. sl Takoil CTPyKTYyphl
CTalM TBEPAOCTb OYAET OMpENeNAThCS YPOBHEM Jie-
(hexTHOCTH ¥ pa3MepaMy BKIFOUEHU o'-(a3bl.
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—o—[011] fec

---0----[-2110] hcp
= [100] bec
* double diffr.

o002, 011«
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Pucynox 8. 3apoosiwu mapmencumnoui gpaszvl 6 neobnyuennoti cmanu 12X18H9, oeghopmuposannoii oo € = 0.5 npu —100 °C.
a — ceemaononvoe IIDM usobpasicenue, 6 — memnononvhoe uzoopasxcenue a~paswl 6 pegpnexce (011), ; 6 — nracmunsol,
memHononbHoe u300pasicenue 6 pegnexce s-gasol, 2 — mukpooudparyus ¢ undexcamu [011],, [100],u [2110],

IIposenensr [I9M wuccnemoBanuss 00pas3moB XpoOMO-
HUKeNeBbIX cTanel, neopmupoBanHbix a0 € ~0.05-0.06
npu —100 °C. Ilpu naHHOM TemmepaType UCHBITAHUH,
COracHO KpuBbIM M¢(€), rapaHTupyercs oOpa3oBaHUe
3aMETHOTO KOJIMYECTBA MApPTEHCHUTA JaKe NPH MalIbIX
nedopmanusax. 3aMeTUM, 94TO MPH KOMHATHOH TeMIiepa-
Type HaONIOJaTh 3apOXICHWE MapTEeHCHUTA 3aTpyIHH-
TENILHO U3-3a €r0 HEBBICOKOT'O CO/ICPXKAHUSI B yCTECHHT-
HOM Matpure. [Ipu mepopmanusax ¢ < 0.1 mapreHcHuT
NPaKTHYECKU OTCYTCTBYET Aa)Ke B OOJYYEHHBIX HEH-
TPOHaMH CTalIbHBIX 0Opa3nax. [Ipu Mansix nedopmaru-
SIX B YCJIOBHSIX HU3KMX TEMIlepaTyp B CTald HaOJoza-
eTcsi 00pa3oBaHKe BBICOKOH IUIOTHOCTH JeeKToB yra-
koBkH ([IY) B mnockoctsix {111}, mepecekarommx Bce
3epHO. CtpykTypHO Y mpencraBisitoT co0Oi TOHKHE
ciou g-¢asel (I'TTY). CronbxkeHUE TUCTOKAIMNA TEPBO-
HadaJIbHO ocymiecTBiasiercss B 1mockoctu Y. Ilpm
—100 °C a/-¢paza B MCXOJHBIX XPOMOHHKEJIEBBIX CTAIAX
HauMHAET WHTEHCHBHO ()OPMHUPOBATHCS NMPHU HAIpsDKe-
Husix cBbime 300 MITa gns 12X18H9T wu  BeIIIE
400 MIla — gns cramu 12X18H10T. O6pazoBarue Kpu-
CTAJUINTOB MAPTEHCUTHOH (ha3bl MPOHUCXOIUT Ha Iepe-
CeyeHnH Je(PEeKTOB YITaKOBKHU 110 MEXaHU3MY C/IBUTA.

3AKJIIOYEHUE

B pabote npeacTaBiIeHbI Pe3yabTaThl MEXAHHUECKUX
HCUBITAHUKA ~ O00pa3loB  XPOMOHHKEJIEBBIX  CTallei
12X18H10T n 12X18HY9, mcxomHpIX M OOIyYIEeHHBIX
HeliTpoHamMi 70 ¢uroenco B amamasone  10%-
10% w/cM®. 3ydeHo BIMSHHE HH3KHX TEMIICPATYp [c-
(dbopmary Ha MEXaHU4YeCKUE CBOMCTBA U OCOOCHHOCTH
(ha30BO-CTPYKTYPHBIX IPEBPALIEHHH MapTEHCUTHOTO
THUIIa B UCXOAHBIX M 00JydeHHBIX cTtaysix. [lo momyyen-
HBIM pe3yJIbTaTaM MOJYKHO CZIeJiaTh CJEIYIOIINE BBIBO-
JTBI:

1. TloHwxeHue TemrepaTypbl nedopmanud B 00-
JacTh ~ OTPHLATENBHBIX 3HAUYEHWH B  HMHTEpBale
—100...20 °C npuBOIUT K MOHOTOHHOMY BO3PacTaHHUIO
MIPOYHOCTHBIX XAapPaKTEPUCTHK MaTepHasa IIPE/IEIIOB
MPOYHOCTH U TUIACTUYHOCTH ISl BCEX CTaJIbHBIX 00pa3-
[[OB HE3aBHCHMO OT CTENEHH IMPEIABAPUTEIHLHOTO 00IIy-
YCHUS.

2. Tlpn oxmHaKkoBOW TemmepaType MCHBITaHUH 00-
Jy4E€HHbIE XPOMOHUKEJIEBbIE CTalM MMOKa3bIBAIOT Ooliee
BBICOKHE TIPOYHOCTHBIE XapaKTEPUCTHKHU 10 CPAaBHEHHIO
¢ HeOOJTy4eHHBIMH CTaJSIMU. [IpH 3TOM € pocToM crere-
HU 00JIyUYCHHUS Ggp U G BO3PACTAIOT.
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3. ComocraBieHre JaHHBIX 0 KPHBBIM HaKOILIE-
Hus o'-(a3el pu qedopManny, MOIyIeHHBIX Ha 00pa3-
LIax C pa3HOH CTENEeHbI0 00IyUeHNS TP PA3HBIX TEMIIE-
parypax MOKa3bIBacT, YTO MaKCHMAaIbHOE KOJIHYECTBO
o'-(a3pl 3aBUCHUT OT CIENyIOmUX (PaKTOpOB: 3HAYCHUH
O, TUTACTHYHOCTH 00pa3IoB M CKOPOCTH Y—>0.' MpeBpa-
LIEHUI.

4. TloHmwkeHHe TeMIepaTyphl UCTIHITAHUN HA OIHO-
THUITHBIX 00pa3nax MPUBOJWUT K BO3PACTAHUIO HHTEHCHB-
HOCTH MapTEHCHUTHBIX Y—>0. TIPEBPAIICHUH.

5. Bxmag B nedopMaimoHHOE YIPOYHEHHE CTal,
HEOOXOMUMBIH JIJI1 BOSHUKHOBCHHS YCIOBHH IS 3apo-
KIEHHUST MapTeHCHTa Ae(opMali YMEHBIIAEeTCs C T0-
HIDKEHHEM TEeMITepaTypbl Ul HeOOIydeHHBIX W 00Iy-
YEHHBIX CTAJIBHBIX 00pa3oB. [Ipy 3TOM ¢ MOHMKEHHUEM

JIMTEPATYPA

TEeMITepaTyphl Ul HEOOTy4YEHHOW CTall KPUTHIECKHUE
HaIpsDKEHUs] Hadalla MapTeHCUTHOTO MIPEBPAIEHHs 110-
HIDKAIOTCS, TOTAA KaK s OOJydeHHBIX CTallel, Hampo-
THUB, BO3PacTaloT.

6. KapruHa pa3nu4HOi KHHETHKU y—>0' TpeBpalle-
HUM B OOJYYCHHBIX CTAJIAX IO CPaBHEHHUIO C HEOOy-
yeHHbiMH TIpu —100 °C oTpaxkaercsi B Ooyiee BBICOKOI
IUIOTHOCTH 3apOobleil o'-¢a3sl B HEOOTy4eHHOH cTa-
JM TI0 CPaBHEHHIO C OOJyYEHHOH yXKe MpH MallbIX Jie-
(dopmarusx.

7. MapreHcUTHBIE Yy—>0' TIPEBPAICHUS WIPAIOT
POJIb TOTIOJTHUTENILHOTO MEXaHM3Ma aJanTaluy 1 Iepe-
CTPOHKH MHKPOCTPYKTYPHI Ie(QOpPMHUpPYEMOH CTaIHu C
[eJIbI0 MUHUMU3AIMK €€ BHYTPEHHEW HEprhH, COmpsi-
JKEHHOM ¢ penakcauuell BHyTPEHHUX HapsKEHUH.
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2. Rybin S.V., Maksimkin O.P., Gusev M.N. “Development of chambers for low and high temperature tests for study of plastic
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PEAKTOPJIBIK XPOMHUKEJIbAI BOJTATTAPBIHIAT'BI ®A3AJIBIK TYPJIEHYJIEPTE
COVYJIEJIEHAIPY MEH JE®OPMAILINSHBIH bIKITAJIBI

Y Iaii K.B., Y Po¢pman O.B., 2 Py6an C.B., Y Makcuminn O.IL, T'apuep ®@.A.

2 Aoponvik puzuxa uncmumymet, Anmamol, Kazaxcman
2 . .
) «Paouayuanvik acepdi 3epmmey Koncanmunziy, Puunano, Bawunzemon wmamut, AKIII

CCP-K peakropsiaaa toreiknaitein 12X18HI0T sxone 12X18H9 aycrenurti GonarrapbiH op Typii (uroeHcTepre
JICWiH JKBUTYJIBIK HEHTPOHJAPMEH COYJENeHIIPY/IiH BIKIANbl 3ePTTEeIAl. Op TYpIi ChlHAY TEeMIIepaTypaiapbl Ke3iHJeri
MapTeHCHUTTI o'-(a3a KWHAKTATYBIHBIH Ae()OpMAIMSIIBIK TOYEIAUTIKTEpI HHKCHEPIIK KOHE «IIBIHIBIKY KOOpAWHATA-
napaa anbiaabl. CoyneneHaipyaid (GIFOCHCIH YIFARTY ayCTEHUTTI OOiaTTapblHIaFsl MAPTCHCUTTI (pasa TYbIHIAYBIHBIH
CHIHM KEpHEYJIePiHiH >KOFapblIayblHa OKEIill COKTHIPAThIHBI KepceTiai. Tepic TeMneparypanap Ke3iHAeri ajijbH-ana
HEHTPOHJIBIK COYJENEHAIPYAIH MapTeHCHTTI TYpJICHYAIH KHHETHKAChlHA ocepl CoyJeJCHAIPIIMEreH >KaJlblFaTIeH
calbICThIpFan/a o'-ha3aHbIH )KUHAKTATY KapKbIH/IbUIBIFbIHBIH TOMEH/ICYIMEH CHUIIATTaJa Ibl.

THE EFFECT OF IRRADIATION AND DEFORMATION ON PHASE TRANSFORMATIONS
IN REACTOR Cr-Ni STEELS

YK.V. Tsay, ¥ 0.V. Rofman, ¥ S.V. Ruban, ¥ O.P. Maksimkin, ? F.A. Garner

Y Institute of Nuclear Physics NNC RK, Almaty, Republic of Kazakhstan
2 Radiation Effects Consulting, Richland, WA, USA

Studies were performed on Cr-Ni stainless steels — 12Cr18Ni10Ti and 12Cr18Ni9 — non-irradiated and irradiated with
neutrons in WWR-K research reactor to different fluencies. Engineering and true stress-strain relationships and
associated accumulation of martensitic o'-phase were obtained. It has been shown that rise of irradiation fluence leads
to an increase of critical stresses for the beginning of o’-phase formation in austenitic steels, while critical strains show
a decrease. The effect of preliminary neutron irradiation on kinetics of martensitic transformations at sub-zero
temperatures is expressed in reducing an intensity of ao'-phase accumulation compared to that in the non-irradiated
material.
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Pabora IMOCBAIICHA UCCIICAOBAHNIO BO3MOXXHOCTH ITOBBIIICHUSA KIII ABC ¢ ra3o0xjaXaacMbIM pEAKTOPOM 3a CUCT HC-
MOJL30BAHHUS TOHKOCTEHHEIX TEIJI000OMEHHBIX pr60K B TEIIOOOMEHHHMKAX peaKkTopa. OHHaKO HHTCHCHUBHOC nap006pa-
30BaHHUC, a TaKXC TpOﬁHOﬁ NEPErpeB mapa B NaporeperpeBaTeiiax MnmpeabiaBIAIOT ocoObIe Tpe60BaHI/IH K IMMPOYHOCTHBIM

XapaKTepUCTHKaM TPpyOHOTro ImydKa.

BBEJIEHUE

[TaporenepaTropsl OJHH W3 BXKHEHWIIMX SJIEMEHTOB
ADC ¢ peakTopamMu ¢ BOAOW MOJ JaBJICHHEM, OCHOB-
HBIM Ha3Ha4€HHEM KOTOPBIX SIBJISIETCS] BBIPaOOTKa 1apa,
MOCTyHamuero Ha TypOuHy. B Hacrosimee Bpems Ha
ADC c BBOP mpumenstot naporeseparops! tuna I1I'B-
440 u I1I'B-1000. ITpu 3TOM CYILIECTBYET €1€ HECKOIb-
Ko Momudukanmid maporeHepatopa [II'B-1000 (TII'B-
1000V, III'B-1000M, III'B-1000MKII u 1.1.).

OCHOBHBIM 3JIEMEHTOB IapOTCHEPATOPOB SIBIISETCA
ITy4YOK TEIUIOOOMEHHBIX TPYOOK, depe3 OBEPXHOCTh KO-
TOPBIX IPOUCXOJIMT TIepe/iaya Teria oT pabouero Tena K
BOJIE JUIsl €€ Moceaytolero napoodpazosanus. B pado-
Te [1] moxa3aHo, YTO YMEHBIIIEHHE TOJIIUHBI CTEHOK Te-
IUIOOOMEHHBIX TPYOOK C O/IHOH CTOPOHBI BEJIET K TTOBBI-
LICHUIO TEIUIOBOH 3((EKTUBHOCTH, a C APYTrOil — K CHHU-
JKCHUIO HAJIS)KHOCTH M OE30ITaCHOCTH 3a CUET yBeJnye-
HUSI BEPOSITHOCTH Pa3phIBa, YTO HEOJHOKPATHO HMMEIIO
mecto Ha ADC ¢ PWR.

Takum 00pa3zoM, IpU TPOSKTHPOBAHUY HTaporeHepa-
TopoB st ADC 1 TETIIOOOMEHHUKOB B IIEJIOM, CIEIyET
YUUTBHIBATh KaK TEIIOBBIC, TAK W MPOYHOCTHBIC Xapak-
TEPUCTHUKH KOHCTPYKINOHHBIX 3JIEMEHTOB.

B Hacrosimieli pabote paccMaTpUBAIOTCS TETI000-
MEHHBIE anmnapaTthl B KOTOPBIX MOCIE MapooOpa3oBaHus
NPOBOJIMTCS TIEpErpeB Mapa A0 CYIIECTBEHHO OOJBIIMX
temneparyp (o 500 °C), yeM B BOJO-BOISIHBIX PEAKTO-
pax. Takoii moaxoj MO3BOJIIET HMOBBICHTH 3(H(PEKTHB-
HOCTb HCIOJIB30BaHUSI DHEPIHMU PEaKTopa, HO B peak-
TOPHOM PHEPTETUKE HE UCIIOJIB3YETCSL.

Lenpto paboTHI SBIISICTCS HCCIIEOBAHUE PEXMMa T1a-
pooOpa3oBaHus U MEpErpeBa napa B TOHKOCTEHHBIX Te-
I000MEHHBIX TpyOKax no Temmeparypsl 500 °C B xo/e
SKCIUTyaTalui peakropa. AKTYalbHOCTh TaHHOH pabo-
ThI 3aKJIFOYAETCS B HEOOXOAMMOCTH MOBBIIICHHS 3P deK-
TuBHOCTH ADC C NPUMEHEHHEM HOBBIX TEXHHYECKHUX
petieHuid. PaboTa BBINIONHACTCS B paMKax (puHaHCHPYe-
moro npoekta MOH PK «A3C Ha ocHOBe ra3zooxiax-
JIAeMOI'0 PEaKTOpa C BOAHBIM 3aMeIUIUTEIIEM» (JOrOBOP
271 or 12.02.2015 1.).

OBBEKT UCCJIEJOBAHUS

OOBEKTOM HCCIIEIOBAHMS SIBIISETCS T'a300XJIaX/1ae-
MBI peakTop ¢ BOAHBIM 3amesumteneM [2]. TerutoHo-
CHTEJIEM B PEaKTOpE U TEIUIOOTJAIONINM areHTOM B Tel-
JOOOMEHHBIX ammapaTax sBisiercs renuii. B kadectse
3aMeUINTENSl UCIIOJIb30BaHA CMECh JIETKOM M TSDKENOH
Bozbl. OCOOCHHOCTBIO SIBISAETCS HCIIONB30BAHHUE IS
MOJIOTPeBa BOJIBI MOCJIE KOHAEHCATOPa YHEPTUH 3aMefl-
nenus u nporedek u3 TBC. Cxema KOHTYpOB nepenadu
TeIUla MoKa3aHa Ha pUCYHKeE 1.

Cxema BKIIIOYaeT B ceOs: Ta300XJIakIaeMblil peak-
TOp, MOAOTpeBaTeb BOJBI, MAPOTeHEPaToOp, TPH Hapo-
neperpeBares, TypOuHy, KOHJCHCATOp, TPU LUPKYJIs-
[MOHHBIX HAcoca MapoBOASHOTO KOHTYpPa W Ta30BbIii
UPKYJISIIMOHHBIA Hacoc.

Tennosas momHocTh peakropa 1000 MBT. Hanmuuue
JIETKOW BOJIBI B 3aMeJIINTENE C OOJBIION 3aMe ISIOIeH
CIIOCOOHOCTBIO JIENAeT aKTHBHYIO 30HY KOMITAaKTHOM.
AkTuBHas 30Ha peakTopa coctout u3 549 TBC c BHem-
HUM nuameTpoM kopmyca 10 cm. JluaMeTp akTUBHOH 30-
HBl 3 M, BbicoTa TBYI0B B TBC — 2,2 M. Kaxxnas TBC
COIEPXHUT 59 TBAJIOB C BHEIIHHM THAMETPOM 6,8 MM.
Hasnenne 3amemmurens 2,5 MIla npu temmeparype Ha
Bxozie B peakrop 170 °C. JlapneHue TEMIOHOCUTENS Ha
Bxoqe B TBC 6 MIla [2].

TENVIOOBMEHHBIE AIIIAPATBI

B razooxnakmaeMoM peakTope cxema Iepemadu Te-
IJ1a OT peakTopa K TypOMHE pearn30BaHa MATHIO TETIO0-
OOMEHHBIMH amIapaTaMi Pa3iInIHON MOITHOCTH W Ha-
3HaueHus. Takoill moaxom obecrmeyuBaeT pacrpenaene-
HHUE HAarpy3Kd U CIIOCOOCTBYET IMOBBIIMICHUIO HAICKHO-
CTH BCEro KOHTYpa.

Hoooepesamens 600bi. JaHHBIN TEMIIOOOMEHHHUK
MouHocTeio 150 MBT npennaszHaueH s npeaBapu-
TENBHOrO MOJOrPEBa MUTATENBHOM BOABI MEPEN MPOU3-
BOJCTBOM mapa. OcOOEHHOCTh 3TOTO TEIIO0OMEHHHUKA
3aKJIFOYAETCS B TOM, YTO JUIS MOAOTPEBA UCHOIB3YETCs
SHEprus 3aMeICHUs] HEUTPOHOB M MPOTEYEK Teria 3
TBC.
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Pucynox 1. Cxema konmypog nepedauu menia
Ilapozenepamop.  MommocTs  maporeneparopa OCOBEHHOCTH TEILJIOOBMEHHBIX ATITAPATOB

414 MBr. B otinume ot maporeneparopa BBOP-1000 B
JTAHHOM TapOoreHepaTope OTCYTCTBYIOT CeNapaluoHHbIe
Y3JIbl, YTO YMEHBILAET €ro rabapuThl 1, CIIeA0BaTENbHO,
Maccy, a TaKKe I03BOJIIET IPON3BECTH 0oJiee KOMITAKT-
HOE ¥ TUIOTHOE pa3MelIeHHe TPYOHOTO ITy4Ka.

Iaponepeepesamenu. Tpu napomneperpeBaTens pea-
JMM3YIOT TeperpeB mapa 10 paboyell TeMmIiepaTypbl
500 °C mnist Tpexcrynen4yaroil TypOuHbl. J[BrkeHue ma-
pa B 9THX TEIUIOOOMEHHUKAX IOCIIeIOBATEIBHOE CO
CHIKEHHEM paboyero JaBiieHHs, 00YCIIOBIEHHBIM MPO-
XOXKJCHUEM CTyIeHell TypOuHbI. J[BH)KeHHE TersIoHO-
CHUTEJIsl TapajulellbHOe C OAWHAKOBBIM JaBJIEHHEM BO
BCEX TEIIO0OMEHHMKaX. BakHOM OCOOEHHOCTBIO cXe-
MBI SIBJISI€TCS BBICOKAsl CyXOCTb Iapa Ha BBIXOJE U3 Typ-
OWHBI, TIO3BOJISIONIAs MCIOIb30BaTh JONATKU TYPOUHEI
13 JIEEBON CTalH.

XAPAKTEPUCTUKM TEIVIOOBMEHHUKOB

Ha ocHoBe merommk [3, 4], mpoBeneHBI pacueThl
BCEX TEIUIOOOMEHHBIX ammnaparoB. [lomyueHHbIe Xapak-
TEPUCTUKHU TIOJHOCTBIO YAOBIIETBOPSIOT TPeOOBaHUSM,
MIPEABSBISIEMBIM K TETJIO00MEHHHKAaM Tra300XJaxiae-
MOTO peakTopa — oOecrednBaeTcsl 3a/laHHasi MPOU3BO-
JUTENIFHOCTh, TPOCTOTa HcHonHeHus. [lomywaercs
MEHBIINH yIENbHBIA CyMMAapHBIH BeC TEII000OMEHHHU-
KOB B CpaBHEHHH ¢ TeruiooOmMeHHuKamu BBOP-1000
IIPY OAMHAKOBBIX TpyOKax. [Ipu ymMeHbIIEHNH pa3MepoB
TPyOOK IPOUCXOAUT AAJIbHEHIIee yMEHBIICHHE MAacCChI
TEIJIO0OMEHHUKOB. Pe3ynbTaThl IpencTaBlIeHbl B Tad-
nare 1.

B mpemmaraemoii cxeme WHCHONB3YIOTCS TEILIOO00-
MEHHBIE ammnapaThl, B KOTOPBIX 110CIE Tapoo0pa30BaHus
MIPOBOAMTCS MEPETPEB Mapa [0 CYIIECTBEHHO OOIBIINX
temmeparyp (1o 500 °C), 4uem B BOJIO-BOJSHBIX PEAKTO-
pax. DTo MO3BONSET OTKAa3aThCsl OT cemaparopa mapa,
TaK KaK B XOZIe JaJbHEHILEro neperpeBa oCTaTky Biar
JIOJDKHBI IepelTH B map. Bmecre ¢ TeMm, Takoil moaxon
TpeOyeT CcOOTBETCTBYIOLIEro 0oOOCHOBaHUS. CBs3aHO
9TO, B IEPBYIO OYEpelb, C NMPHUCYLIIMMHU ABYX(a3HbIM
norokaMm ocobenHocTsiMH. OOpasylomuecs B BOJHOM
cpene OoJbIIME TPaJMCHTHI JIABJICHHS, IUIOTHOCTH H
TEMITEpaTyphl B X0/1€ KUIICHNS HETIOCPEICTBEHHO BIIHSA-
0T Ha XapaKTEePHUCTHKHU TEIUIOOOMEHa, KaKk B padodmx
peKUMax, TaKk ¥ B aBAPUHWHBIX CHUTyalusx, TPeOyroT
ydera MHOTHX (hakTopoB [5, 6]. Tpebyercs mpoBeneHume
CJIO)HBIX PAacyeTOB, AITOPUTM KOTOPBIX JNOJKEH OBITH
MOATBEPKACH OKCIICPUMEHTAJIbHBIMU TaHHBIMU.

Heobxoanmo wnccnenoBaTh Mpoleccsl napoodpaso-
BaHMS U Teperpesa rnapa B TOHKOCTEHHBIX TPyOKax Tern-
JOOOMEHHHMKOB pa3MYHBIX pa3MepoB. B Hactosiee
BpeMsi Ha maporeHeparopax [II'B-1000 ncmons3yrorcs
TpyOKn pazmepom D16x1,5 MM. YMeHbIIEHHE AUAMET-
pa TpyOOK M MX TOJIIMHBI MTO3BOJIMIIO OBl CHU3UTH BEC
TETIIOOOMEHHHUKOB 32 CUET MOBBIIICHUSI HHTCHCUBHOCTH
TerIooOMeHa (B TOM 4uciie mapoodpa3oBanust). Jomk-
Ha ObITh 000CHOBaHA BO3MOXHOCTh OTKa3a OT YCTAaHOB-
KU HPOMEXYTOYHOTO CEmaparopa MEXIy MaporeHepa-
TOPOM U MapoIeperpeBaTesieM.

74



WCCNENOBAHUE NAPOOEPA30BAHUA N MEPErPEBA NAPA
B TOHKOCTEHHbIX TENNOOBMEHHbIX TPYEKAX

Tabnuya 1. Xapakmepucmuku menioo6MeHHbIX annapamos

3HayeHune
Mapametp MaponeperpeBatenu
Moporpesatens MaporeHepatop y I ) | 3
UcxodHbie daHHbIe
MouyHocTs, MBT 150 414 200 | 135 | 99
TennoHocuTenb Bofa renui
Temnepatypa Ha Bxoge, °C 180 440 550
Temnepatypa Ha Bbixoge, °C 160 265 440
[aBnexue B koxyxe, MMa 1,1 6,0
PaBouee Teno BoAa BOASHOM nap
TemnepaTypa Ha Bxoge, °C 33 174 3684 | 2885 | 3153
Temnepatypa Ha Bbixoge, °C 174 366,84 500
[lanenue B TpyGkax, Ma 1,0 20,0 200 | 50 | 15
PacyemHbie OarHble
Mouyrocts, MBT 1326 4156 a4 | 1396 | 1026
Pacxop paboyero Tena, kr/c 317
Pacxop Tennorocutens, kr/c 1586 4549 224 148,2 108,7
CkopocTb TennoHocutens, m/c 2,83 50 49,2 49,8 499
Martepuan Tpy6ok Cranb 12X18H10T
Konuuectso Tpy6ok, L. 14562 | 15636 | 5010 | 3284 | 2439
Paamepbl Tpy6oK, MM @7x0,4x2000
Lar peLetku 10,5
Macca Tpy6ok, kr 3641 | 3909 | 12522 | 8212 | 6099
Matepuan koxyxa Cranb 12X18H10T
BHYTPEHHUI AMaveTp, M 233 | 3,36 | 16 [ 13 | 13
TonwuHa CTEeHKM, MM 100
Macca TennooGmeHHuka, kr 30895 | 4ro02 | s22192 | 261482 | 226419

[Ipencrasnennsle B Tabmmne 1 TpyOku MMEIOT 3Ha-
YeHHEe OTHOIICHHUS TOJIIIMHBI CTEHKH K THAMETpPy TPYObI
k=0,0571, uTto HaAXOOWTCS HAa YPOBHE 3HAUCHHUSI HTOTO
KO3 PHUIHIEHTA TSI TEIUIOOOMEHHBIX TPYOOK, TIPIMEHSI-
eMbix B maporereparopax B SAmonun (k=0,057) u I'ep-
manun (k=0,056). Jlns ITT'B-1000 k=0,094.

METO/JUKA MPOBEJEHUS SKCIIEPUMEHTA

OOBEKTOM HCCIIENOBaHUS B OTAEIBHOM 3KCIEpH-
MEHTE SIBJIICTCSI TOHKOCTEHHAsl TPyOKa OHOTO U3 THUIO-
pa3MepoB, IpeAcTaBIeHHBIX B Tabmwme 2. TpyOku BbI-
MIOJTHEHBI U3 HepikaBeromed cranu mapku 12X18H10T
WJIM TIOTOOHOM.

Tabauya 2. Bapuabenvhvle napamempusl mpyoxu

Tunopazmep PacnonoxeHue Tpy6ku Onuna TpyGKM, MM
@7x0,4
@12x2 TOPU3OHTaNbHOE / BEPTUKANbHOE 2000 - 5000
@16x1,5

OOt BUA 3KCIEPUMEHTAILHON YCTAHOBKH IMOKa-
3aH Ha pucyHke 2. Tak Kak OCHOBHOH HCCIIEAYyEeMBIi
IpoLECC MPOMCXOOUT BHYTPU TPYOKH, TO NPUHSTO pe-
LIIEHHe HCTI0JIb30BaTh B KaueCTBE MCTOYHMKA TEIJIOBOM
9HEPru¥ OMHYECKHH HArpeB camoil TpyOKH NpH Ipomy-
CKaHMHU 4Yepe3 Hee DIIEKTPUUECKOro Toka. JTo obecrie-

YMBAET BBICOKYIO PAaBHOMEPHOCTH TeEIUIONEpenady I10
JUTHHE TPYOKH.

Ilepen mpoBedeHHEM OJKCIHEPUMEHTa MPOBOJHUTCS
HarpeB BOJBI B €MKOCTH [I0 TEMIIEpaTyphl OJIM3KOH K
KUIICHUIO ITpU paboyeM JaBJIeHHH U HarpeB TPYOKH.

BAJIJIOH

TPYBKA
7x0,3

IITATUB

HATPEBATEJIb

Pucynox 2. [Ipumepnsiil 610 9KChepuMeHmanbHOU YCmaHo8Ku

B xoze sxcnepuMeHTa Bojia U3 €eMKOCTH C 3aaHHBIM
pacxoioM IMPOXOJUT 1O TPYOKe, TIe NpeBpaiiaercs B
map WM IneperpeBaeTcs 10 3aJaHHOM Temmeparypsl. Ha
BBIXOZIE M3 TPYOKHM Map yXoIuT B arMmocdepy depes
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CBEpPX3BYKOBOE cormio. KoHTponmupyercs H3MEHEHHE
TeMIIEpaTypsl IO [UIMHE TPYOKH, pacxo, JaBJICHHE BO-
Ibl Ha BXOJZle B TPyOKy M JaBJIEHHE Mapa Ha €€ BBIXOJE,
a Talke IIyMbl M BHOpallMM Ha Pa3IMYHBIX Y4acTKax

B Tabnure 3 mpuBeneHB! OCHOBHBIE XapaKTEPHCTH-
Ki 000pyIOBaHUS, KOTOpOe OyIeT MCHOIB30BAHO IPH
MOATOTOBKE W MPOBEACHUH 3KCIIEPUMEHTA.

3AKJIOYEHUE

TpyOKH. BBITOMHSAIOTCS MOMIEPKUBAIOIINE CTAI[OHAP-
HBIC M HECTAIIHOHAPHBIE TEIUTOMH3UMICCKHE PACUETHI 110
nporpamme [7].

IpennaraeMslii Ta300XJ1aXIaeMbIii peakTop obecrie-
ynBaeT monmyderne Beicokoro KIIJ (mo 46 %) mpu me-
penaue sHepruu B LuKI PeHkuna. HMcnosb3oBaHHas
cXeMa TeIUI00OMeHa MMEEeT BBICOKHMN MOTEHIMAN JIIst
CHIYKEHUSI MacChl TETJIO0OMEHHHUKOB 32 CUET MaJbIX Iie-

Tabruya 3. Xapakmepucmuxu 06opydosanus

Mapaverp 3Havenve PENasioB JaBJIEHUS B YacTH TEIIOOOMEHHHMKOB. Mc-
Obbem Gannoka ¢ asotom, 1 40 MOJIb3yeMbIe B CXeMe MHHOBAIIMOHHBIE pelIeHHs TpeOy-
Obwem emkocTy, N 10 IOT [IPOBEJIEHHE MCCIIEN0BAHNS XapaKTEPUCTUK Mapood-
MotuHoCTb Harpesatens emkocTi, Bt 3000 pa3oBaHus U IeperpeBa mapa B TpaKTe Ha OCHOBE TOH-
Tunopaamep Tpy6ku Tabnuua 2 KOCTEHHBIX TEIIOOOMEHHBIX TpyOOK. [lomydeHHbIe B
MotyHocTb Harpea Tpybku, BT no 15000 IKCIEPUMEHTaX JaHHBIC ITO3BOJIAT CHU3UTh METAII0EM-
MaTepuan TennousonaLum1 eMKoCT 1 TpyBKu Supersil KOCTb U KallMTalbHbIC 3aTPaThl IpH co3fanun ADC.
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peTiHze ra3abl calKbIHAATaThiH peakTopMeH ADC oK apTThIpy MYMKIHIITIH 3epTTeyre apHairaH. bipak, yremeni Oy
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RESEARCH OF STEAM FORMATION AND STEAM OVERHEATING
IN THIN-WALL HEAT-EXCHANGE TUBES
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This paper is devoted to research possibilities for increasing efficiency of NPP based on gas-cooled reactor by the mean
of using thin-wall tubes in the reactors heat exchangers. However, intensive steam formation as well as steam triple
overheating put forward special requirements to structural characteristics of tube assembly.
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REACTION RATE DETERMINATIONS AT EXTREMELY LOW TEMPERATURES FOR LIGHT
ELEMENTS NUCLEAR BURNING: THE IMPACT OF TROJAN HORSE METHOD MEASUREMENTS

YL, Lamia, *? C. Spitaleri, ? R.G. Pizzone

D Dipartimento di Fisica e Astronomia, Universita di Catania, Catania, Italy
2 Laboratori Nazionali del Sud-INFN, Catania, Italy

The paper reports the recent application of Trojan Horse Method (THM) to nuclear burning reactions of interest for
astrophysics. In more detail, the nuclear reactions involving lithium, beryllium, and boron are discussed because of their
role in both primordial and stellar nucleosynthesis. THM represents an indirect technique allowing for studying low-
energy nuclear reactions once the quasi-free reaction mechanism has been properly selected. The basic theory of the
method will be brief described together with the typical THM data analysis. Thus, the impact of the updated THM
reaction rate will be discussed, giving a particular emphasis to the stellar physics case.

INTRODUCTION

In the stellar physics domain the “light elements”,
lithium, beryllium and boron mainly experience (p,o)
burning at different temperatures, corresponding to dif-
ferent depths of stellar interior. Due to their different
fragility against (p,a) reaction, these are mainly de-
stroyed in stars at temperatures of few millions of kel-
vin, increasing from Ts>2 for those induced on lithium
up to T¢>4.5 for the one induced on boron isotopes.
Thus during the Pre-main sequence (PMS) phase, light
lements are completely burned in the stellar interiors;
however light elements can still be present at the stellar
surface where they can be spectroscopically observed.
Pre-main sequence (PMS) stars show really deep con-
vective envelopes at the bottom of whose the tempera-
ture reach the ignition values for nuclear burning.
Deuteron and lithium are usually strongly depleted in
such environments, while the Be and B depletion is less
efficient, strongly depending on the depth of the con-
vective envelope. This is in turn related to the stellar
mass and its metallicity; as well known the extension of
the convective envelope increases with the decrease of
the mass and with the increase of the metallicity. Since
the burning efficiency depends on the extension of the
convective envelope, the light elements can be then
used as tracers of stellar mixing phenomena, possibly
induced by stellar rotation. In order to complement the
still open questions for astrophysical models (i.e. opaci-
ty evaluation, stellar mass determination, convection
mechanisms description, etc.), nuclear cross section
reaction rates need to be precisely known in the astro-
physical range of interest for the Li, Be, and B burning,
which corresponds to Gamow peak ranges from few
keV's up to 10 keV [1]. These energies are low if com-
pared with the Coulomb barrier Ec, usually of the order
of MeV’s, thus implying the reactions take place via
tunnel effect with an exponential decrease of the cross
section,

o (E) o« exp(—27n)

(where 7 is the Sommerfeld parameter). Due to the ex-
ponential suppression, the direct cross section meas-

urements at astrophysical energies are usually extrapo-
lated from the high energy ones by means of the astro-
physical S(E)-factor [2]

S(E)=Ec(E)exp(2m) (1)

which, for non resonant reactions, varies smoothly with
energies. Nevertheless this extrapolation procedure can
introduce some uncertainties due, for example, to the
presence of unexpected sub-threshold resonances or
electron-screening effects [2].

Break-up
A

a
/ ¢
Virtual 2-body
reaction

Figure 1: Pole diagram describing the quasi-free (QF)
mechanisms discussed in the text

1. THE TROJAN HORSE METHOD: BASIC THEORY

In recent years, many indirect methods have been
developed in order to measure the S(E)-factor overcom-
ing the extrapolation procedures. In particular the THM
[3, 6] is an indirect technique aimed at extracting the
S(E)-factor for an astrophysically relevant two-body
process by selecting, under appropriate kinematical
conditions, the quasi-free (QF) contribution of a suitable
three-body reaction. By focusing to the case of charged
particle induced reactions in astrophysics, the three-
body process is induced in laboratory at energies well
above the Coulomb barrier in the entrance channel thus
allowing the experimentalist of extracting a charged
particle two-body cross section at astrophysical ener-
gies, free of Coulomb suppression.
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The application of the Quasi-Free (QF) break-up
mechanisms in the past was mostly connected to an ex-
tensive study of nuclear structure, as discussed in [5, 6]
and references therein. Basically, these reaction mecha-
nisms are direct processes in which the interaction be-
tween an impinging nucleus and the target can cause the
break-up of the target (TBU) or, that is the same, of the
projectile (PBU). In particular, the so-called QF are pro-
cesses having three particles in the exit channel one of
which can be thought as “spectator”. Sketching for sim-
plicity a TBU process, the picture is that of an interac-
tion between the impinging nucleus and fraction of the
nucleons forming the target (called “participants”),
while the other counterpart does not participate to the
reaction. The spectator in this picture will be then “free”
from any effect due to the interaction between the in-
coming nucleus and the participants. The analysis of the
QF reactions is usually performed in the framework of
the Impulse Approximation (l1A), for which, by assum-
ing the cluster A = X @ s configuration, the QF A+a —
c+C+s process can be described through the pseudo-
Feynman diagram shown in Figure 1, where only the
first term of the Feynman series is retained. The upper
pole refers to the target nucleus break-up into its con-
stituents, while the lower pole to the virtual two body
reaction a+x — c+C leaving s as spectator. This ap-
proach allows then to factorize the three-body cross
section as

__do  _kr |©(ps )|2 (d—GjN (e
dE,dQ,dO), do

where KF is a kinematical factor containing the final
state phase-space factor and it is a function of the mass-
es, momenta and angles of the outgoing particles [1],
®(ps) is the Fourier transform of the radial wave func-
tion for the x-s inter-cluster motion inside A, usually
described in terms of Hénkel, Eckart or Hulthén wave
functions depending on the cluster configuration in-
volved in the reaction, (do/dQ)" is related to the a-x
process cross section. The apex “N” is often used to
underline that with TH investigation one accesses to the
only nuclear part of the cross section, being the Cou-
lomb part naturally removed. It additionally represents
the half-off energy shell a-x cross-section [5,6], being x
a virtual particle thus not satisfying the standard mo-
mentu-energy relation, as explained in [6]. Further, the
a +x — ¢ + C reaction is then induced at energy E.n,
given in post-collision prescription as E;n, = Ecc —
Qabody: Ecc being the relative energy between the two
detected-outgoing particles and Qayoay the Q-value of the
two-body process. By knowing the momentum distribu-
tion of the involved “TH-nucleus” A and by its shape-
determination in the TH experiment, it is then possible
to extract the two-body reaction cross-section from a
measurement of the three-body coincidence yield by
inverting Eq. (1). This approach was successfully used
in these years to evaluate the cluster structure properties
of several nuclei, such as ?H, ®*He, ®’Li and °Be [5].

In particular, due to its p @ n cluster structure and a
well-known radial wave function for the p-n relative
motion, deuteron was largely used to investigate QF
break-up reactions having neutron or proton as spectator
in the exit channel allowing to extend the QF studies to
that of proton-induced or neutron-induced reactions. In
the last years, the Trojan Horse Method (THM) pro-
vides an useful application of such QF mechanisms to
astrophysically relevant reactions, whose direct study is
often hindered by the ultra-low values of their cross
sections because of the Coulomb barrier penetration.

1.1 Experimental Approach and Data Analysis

In the case of boron burning reactions, the indirect
study of the ™B(p,0)®Be has been performed by apply-
ing the THM to the three-body *H(*'B, o®Be)n reaction
[7,8]. The (p,a) reaction has been studied by using the
deuteron (*H) as “Trojan-Horse” nucleus: figuratively,
this “nuclear Trojan Horse” brings directly the proton
into the nuclear field of the boron isotope, inducing the
(p,o) reaction on B without this feels the presence of
the Coulomb barrier “Troy’s walls” effects. The
’H(B,0’Be) experiment was performed at the Labora-
tori Nazionali del Sud in Catania where only the
?H(*'B,a,’Be) channel was investigated. The SMP Tan-
dem Van de Graaf accelerator provided a 27 MeV B
beam with a spot size on target of about 1.5 mm and
intensities up to 2-3 nA. Deuterated polyethylene targets
(CD,) of about 170 pg/cm?® were placed at 90° with re-
spect to the beam direction. The detection set up con-
sisted of a Dual Position Sensitive Detector (DPSD),
made of two 50x10mm? silicon detectors mounted one
above the other and separated by 1 mm, and three
50x10 mm? standard Position Sensitive Detectors. Due
to its instability against a-decay, the ground state of ®Be
was selected by reconstructing the relative energies be-
tween two-alpha particles hitting in coincidence the
upper and lower part of the DPSD, as explained in de-
tails in [7, 8]. The trigger for the event acquisition was
given by the triple coincidences between the upper and
lower part of the DPSD and one of the three PSD’s.
This allowed for the discrimination of the “®Be event”
as double coincidence in the DPSD: by gating on the
relevant 90 keV peak in the a- o relative energy spec-
trum and by using the detection in coincidence with an
a particle in one of the other PSD’s, it has been possible
to completely reconstruct the kinematic of the the
2H(*'B, o®Be)n three-body process. After the calibration
of the involved detectors, the first step of a typical “TH-
analysis” is to discriminate the channel of the three-
body reaction of interest from the ones induced, in this
case, by the interaction of "'B on CD,. Under the hy-
pothesis that the third undetected particle had mass
number 1, all the variables of interest were further cal-
culated. In particular, by means of the energy conserva-
tion law, the Q-value spectrum for the selected events
was also reconstructed and reported in Fig. 2. The pres-
ence of a well separated peak around 6.4 MeV must be
compared with the theoretical Q-value of 6.36 MeV for
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the 2H(*'B,a,°Be)n reaction. The agreement, within the
experimental uncertainties, is a signature of our good
calibration and a precise selection of the three-body

(8] 2 4 6 8 10
stoay( MeV)

10

S(E) (MeV b)

80 0.1 02 03 04 05 0.6
Ecm (MeV)
b

Figure 2. (a) — Experimental Q-value for the three-body
2H(MB, ae®Be)n reaction. (b) — S(E)-factor for the B(p, ao)®Be
reaction extracted by means of the THM (black points) with its

fit (red line) as given in [8]. The blue-dotted line represents
the extrapolation of [9].

After this stage and eventually the detection of Se-
quential Decay (SD) processes [5,8], we can proceed
with the further steps of the analysis and, in particular,
with the selection of the events coming from the QF-
mechanism. The QF-mechanism is connected with the
behaviour of the undetected third particle in the exit
channel. A necessary check is performed by studying
the experimental momentum distribution of the neutron
in the exit channel. In the “quasi-free” hypothesis, the
neutron should maintain in the exit channel the same
impulse distribution for the p-n relative motion inside
the deuteron that it had before interaction with the im-
pinging particle. Selecting then a small energy region
where the two-body cross section can be assumed al-
most constant, the three-body coincidence yield correct
for the phase-space factor will be proportional to the
momentum distribution, as deduced in [5,8]. The
agreement obtained in both [7,8] between the experi-

mental data and the theoretical Hulthén function for the
p-n motion inside the deuteron represents the experi-
mental evidence that the neutron acted as a “spectator”
during the break-up occurred in the ?H(*'B,a,°Be) reac-
tion. Additional studies about the possible presence of
distortion effects and a DWBA analysis of the deuteron
momentum shape has been performed in [8].

Once the QF events have been selected, the
B(p,00)®Be bare nucleus S(E)-factor has been extract-
ed, as given in [8]. In particular, the TH data have been
normalized to the direct data of [9] once the effect of the
energy resolution (of about 40 keV) has been taken into
account. Because of the presence of the I=1 resonant
level at about 150 keV in center-of-mass energy and
because the TH data are not affected by the Coulomb
penetrability effect, two partial waves were taken into
account in extracting the data. In particular, the 1=0
component has been used to describe the non resonant
part, while the 1=1 partial wave has been used to calcu-
late the penetrability for the events belonging to the
resonant peak, as described in [8]. The result of the TH
analysis given in [8] is then shown in the right panel of
Fig. 2, where the experimental data (containing only the
statistical error) have been fitted (red-line) via a 2™ or-
der polynomial function (describing the non-resonant
part) incoherently added to a Gauss function (describing
the resonant contribution). Our measurement of the ze-
ro-energy S(E)-factor leads to the value of
S(0)=2.07+0.41 MeV b, where the quoted error takes
into account the statistical error on the experimental
points (~10%), as well as the sources of systematic un-
certainties, i.e. the choice of the cut-off radius in the
penetrability calculation (~14%) and the normalization
procedure (~10%). Our measured value is in agreement
with the extrapolated one of [5]. Once the behavior of
the bare nucleus S(E)-factor was evaluated, the electron
screening potential U, was determined using the low-
energy data of [10] normalized to those of [9]. In partic-
ular, the data of [10] have been “scaled” to 1% of their
published value, since the authors give their final S(E)-
factor values as the sum of both o and o; channels. By
using then the low-energy THM S(E)-factor of [8], the
fit fixes the free parameter U, for the oy channel to
Ue'™=472+160 eV, in strong disagreement with the
theoretical adiabatic limit of about 340 eV.

2. IMPACT OF THM RESULTS IN ASTROPHYSICS

The THM results obtained for (p,a) reaction induced
on lithium, beryllium and boron have been matter of
different studies [11-14].

Besides the role played by lithium-7 abundances and
the need of studying its temporal evolution in stellar
environments (see for instance [11-13]), THM S(E)-
factor measurements have been recently used in [14] for
evaluating the fate of °Be and '°B in stars, thanks to the
measurements discussed in [15, 16], respectively. The
case of °Li appears also of particular interest: any pre-
diction of its fate in, for instance, pre-main sequence
(PMS) stars could allow astronomers in probing stellar
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age. It must be stressed here that, although the efforts in
observational astronomy, °Li detection in relatively low-
mass stars represents still an issue. Detailed calculation
of the °Li temporal evolution has been made in [13] by
means of the PROSECCO code based on the well- test-
ed FRANEC code (see [17, 18] and references therein).
From our analysis, one can follow the evolution of °Li
initial abundances as the stellar age varies for a metal-
licity of [Fe/H]=-0.5. Surface lithium depletion strongly
depends on the temperature at the bottom of the convec-
tive envelope, thus our model suggest that only for
higher metallicities, °Li starts to be significant; in addi-
tion the depletion is even more efficient when lowering
the stellar mass, this reflecting the presence of a deeper
and hotter bottom of the convective envelope. This
qualitatively explains the °Li depletion, although the
present uncertainties in the model input parameters oth-
er than the reaction rates ones dominate our present un-
derstanding of lithium-6 in stars.

In order to complement the already available infor-
mation about lithium, beryllium involving reactions
have been also studied via THM. In particular, the work
of [15] allowed us to measure an S(0)=21.0+0.8 MeV b
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which is about 20% higher than the one adopted in the
NACRE compilation for the “Be(p,)°Li reaction rate
determination. Starting from such a discrepancy, we
have also calculated the beryllium-9 temporal evolution
as discussed in the recent work of [15]. Also in that
case, the calculations have been made for PMS stars in a
wide stellar mass range, starting from

0.08 M, up to 0.7 M, by means of the THM reac-
tion rate or the NACRE one. Our analysis show again a
remarkable difference in the depletion result of berylli-
um at different stellar masses, being this the combined
effect of both stellar structure and metallicity of the
adopted models.
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AJPOJBIK JKAHYJIbIH )KEHILJ JIEMEHTTEPI YIIIH AWMPBIKIIIA TOMEH TEMITIEPATYPAJIAPIA
PEAKIUSA KBIJIJAMABIFBIH AHBIKTAY: TPOSJIBIK AT OJIINEMAEPI 9IICIHIH 9CEPI

Y Mamua J., 12) Cnurapean K., 2 Mnzon P.T.

1 .
) Hmanun, Kamanus, Kamanus Yuueepcumemi, @uzuka sncane acmponomus xageopacot
2
) Hmanusa, Kamanus, Kamanus ¥1mmulx 3epmxanacot

Ocbl )KyMbICTa acTpO(QH3HKa YIIiH KbI3YFHIIIBUIBIK OUTIIPETIH XKaHyIbIH SAPONBIK peakiusuiapbiHa TPOsUIbIK aT diciH
(TAD) xonmmaHyIbIH KOPBITBIHABI HOTHOKEIEepi KenTipuiai. JInTwii, Oeprmii xoHe OOpAbI KOMIaHyMEH Kajaid 0acTarkbl
Jla, CoJai >KYIIBI3ABI HYKIHOCHHTE3/C OJIapIblH MOHACPiHIH ceOenTepi OOHBIHINA SAPOIBIK PEaKIUIap aca TOJBIK
KapacThIpeIIanbl. TPOSH aTHIHBIH 9JiCi ©3IMEH peaKIUSHBIH KBa3W C€PKiH MEXaHW3Mi JYpPHIC aHBIKTAJIFaHHAH KEHiH
TOMEH SHEPTeTUKANBIK SIIPOJIbIK PEAKIHUSIAP/IbI 3EPTTEyre PYKCAT €TETiH j)KaHaMa 9{icTeMeHI YChiHabl. TAO ajbIiHFaH
JepeKTep i Tanmay jKoHe 9JIiC TEOPHACHIHBIH Heri3aepi KpicKamia curaTTtainabl. COHBIMEH KaTap, KYMBICTa JKYJIIBI3IBI
(u3nKara epekie Hazap aynapa peakius KeUIIaMAbIFbIHA Ka3ipri TAO ocepi KapacThIPBLIAIEL.
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OIIPEJEJIEHUE CKOPOCTH PEAKIIMHU ITPU SKCTPEMAJIbHO HU3KHUX TEMIIEPATYPAX
IS JIETKUX SJIEMEHTOB SIIEPHOI'O TOPEHUS: BIMSIHUE METOJIA U3BMEPEHUI
TPOSIHCKHU1 KOHb

D Jlamuna J., 12) Cnurapean K., ) Muzon P.T.

b Kagpeopa puzuxu u acmponomuu Ynueepcumema Kamanuu, Kamanus, Hmanusn
2 Hauyuonansnasn naéopamopus Kamanuu, Kamanus, Hmanusn

B nanHo# paboTe nmpuBeAEHSBI IOCIETHIE Pe3yIbTaThl MpuMeHeHus Metona Tposiackoro koHs (MTK) k simepHbIM peak-
LUSIM TOPEHMS, TIPEJICTABISIONINM HHTEepecC Ui acTpodu3nku. boree monpobHO paccMaTpuBarOTCs sIepHBIE PEAKIIUH C
MIPUMEHEHHUEM JINTHS, Oepuinsa 1 60pa Mo MPUYMHE WX 3HAUCHUS, KaK B M3HAYAIBHOM, TaK U 3BE€3JHOM HYKJICOCHHTE-
3e. Meron TpostHCKOrO KOHS MPEACTAaBISIET cO00H KOCBEHHYIO METOAMKY IO3BOJISIONLYI0 M3y4aTh HU3KOIHEPreTHIeC-
KHe SIAEPHBIE PEAKIMH II0CIE TOT0 KaK KBa3HMCBOOOIHBIH MEXaHW3M peakIy ObUT BEpHO omnpeaeneH. KpaTtko onucans
OCHOBBI TEOpUH MeTOJa M aHaiu3 noiydeHHbIX naHHbIX MTK. Takum oOpazom, B paboTe paccMaTpuBaeTcsi BIUSHUE
coBpemerHoro MTK Ha ckopocTh peakiiiu, pu 3TOM yJelsist 0co00e BHUMaHUE 3BE3THOM (DU3UKe.
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ASTROPHYSICAL S FACTORS FOR THE REACTION °Li(p, y)'Be
AT ULTRALOW ENERGIES

V' s.B. Igamov, ¥ S.V. Artemov, Y R. Yarmukhamedov, ? N. Burtebayev, ¥ S.B. Sakuta

Y Institute of Nuclear Physics, Tashkent, Uzbekistan
2 Institute of Nuclear Physics, Almaty, Kazakhstan
% National Research Center “Kurchatov Institute”, Moscow, Russia

The astrophysical S factors for the radiative capture reaction °Li(p, y)'Be in the region of ultralow energies were
calculated on the basis of the R-matrix approach. The total width and the strength of the E.,,= 110 keV resonance were
determined by fitting the theoretical calculations to new experimental data. The total width value of the J* = 3/2°
resonance state is obtained to be equal to Ty = 248.0+25.0 keV and the resonances strengths values for the radiative
transitions into the ground (J" = 3/2°) and first excited (J"= 1/2") states are obtained to be similar and equal
w,=(8.3£0.1) eV. The contribution of direct radiative capture to the bound states of the 'Be nucleus was determined
with the aid of asymptotic normalization coefficients obtained from an analysis of the reaction °Li(*He, d)’Be. A value
of S(0)=70.2+12.0 eV b was obtained for the total astrophysical S factor.

1. INTRODUCTION

In standard cosmology, °Li is produced at the epoch
of big bang nucleosynthesis (BBN). Spectroscopic lithi-
um abundances have been detected in the atmospheres
of metal-poor stars [1-3]. The measurements indicate
that these stars have a very large abundance of °Li and it
is about 3 orders of magnitude lager than the Standard
BBN (SBBN) prediction. This discrepance suggests that
®Li has another cosmological origin after the BBN
epoch. Recently developed the Super Symmetry
(SUSY) theory that an extension of the SBBN (see [4]
and references therein), the non-thermal photon induced
reaction 'Be (yn, p)°Li, whose cross section is larger
than that of "Be(yn, a)°He for yy energies higher than
~10 MeV, can efficiently destroy 'Be and produce °Li,
where y,. are the non-thermal photons produced from
SUSY particle decay. The cross section of 'Be(y, p)°Li
is, however, not expected to affect the ‘Be abundance.
This is because the threshold energy of 'Be(y, a)*He
(Q=1.587 MeV) is smaller than that of 'Be(y, p)°Li
(Q=5.606MeV) so that as of the non-thermal photon
spectrum generated by the radiative particle decay pre-
fers 'Be destruction via the former reaction. On the oth-
er hand, the cross section possibly affect significantly
the ®Li abundance, which can characteristically be ele-
vated in this model with respect to the standard BBN
model [4]. Since the low-energy cross section of the
®Li(p, y)'Be reaction is related to that of the "Be(y, p)°Li
inverse reaction through the principle of detailed bal-
ance, the theoretical calculations of the BBN model
would benefit from an improved determination of the
cross section of °Li(p, y)'Be. Therefore, the measure-
ment of capture cross section of °Li(p, )'Be will permit
the production of ‘Be and °Li in the scenarios to be well
evaluated [5, 6].

The °Li(p, y)'Be reaction has been experimentally
studied by Switkowski et al. [7] at low energies down to
200 keV. Knowledge of the energy dependence of the
S-factor at very low energies is needed to perform a

reliable extrapolation. Although this is frequently de-
termined by the use of a direct capture-model calcula-
tion, there are cases when this does not work. Low-
energy resonances or subthreshold states can affect the
extrapolation. A theoretical extrapolation has been per-
formed by Barker [8] within potential model, based on
simultaneous fit of the °Li(n, y)’Li and °Li(p, y)'Be cross
sections. Arai et al. [9] used a four cluster microscopic
model to investigate low-energy °Li + p and °Li + n
reactions. The S-factor of °Li(p, y)"Be reaction from [9]
is in a good agreement with the available experimental
data. The calculated data from [8, 9] and the analyzing-
power measurement [10] for this reaction indicated that
the S factor had a negative slope toward slow energies,
while a thick-target measurement with a y-to-a branch-
ing ratio method indicated a positive slope [5]. In [11]
the y-ray angular distributions have been measured for
the °Li(p, y)'Be reaction with transitions to the ground
and first excited (1/2°, 429 keV) states of '‘Be at the
beam energies of Ep = 387, 690, 984 and 1283 keV in
the laboratory system. The obtained data were analyzed
in the framework of the direct capture potential model
by using FRESCO program. The calculations demon-
strate a wide resonance-like behavior of the astrophysi-
cal S factor around the E, = 400 keV. So at lower
energies the calculated in [11] astrophysical S factor
showed a positive slope. Evidently it was necessary to
carry out the cross section measurements for the °Li(p,
7)'Be reaction at energies less than 200 keV to clarify
controversial situation arisen. Recently in [12] a direct
S-factor measurement has been carried out at the ener-
gies 51 < E, < 257 keV. The S-factor data being in ra-
ther well accuracy shows a broad peak located at Eg =
195 keV. These data have been roughly fitted by R-
matrix calculations assuming a positive-parity reso-
nance state J * = (1/2, 3/2%) with the proton width 7, =
50 keV. In [12] the y transitions to the ground state (yo)
and to the first excited state (y,) in ‘Be have clearly ob-
served as well. The branching ratio of photo-peak y-ray
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yields for the ground- state (yo) and first-excited-state
(y1) captures behave as constant over measured energy
region and equal to 1.57+0.15 which is in a good
agreement with the value of 1.56+0.10 [7].

The present study is devoted to the analyzis of the
reaction °Li(p, y)'Be on the basis of the R-matrix meth-
od [13, 14] with allowance for experimental data on the
astrophysical S-factors from [7, 12]. The value of the
asymptotical normalization coefficient (ANC) for
ground state of "Be in the channel °Li + p obtained from
an analysis of the reaction °Li(®*He, d)’Be [15] have
been used at the calculation of the direct part contribu-
tion of the radiative capture amplitude for the reaction
®Li(p, y)'Be. This facilitates substantially the procedure
of fitting resonance widths to experimental data by fix-
ing the contribution of the direct radiative capture am-
plitude to the total amplitude for the reaction °Li(p,
7)'Be. It is physically justified from the point of view of
reducing the number of adjustable parameters (including
resonance widths, resonance energies, and channel radi-
us) inherent in the R-matrix method. Information ob-
tained in this way is used to extrapolate the
astrophysical S factor to the region of ultralow energies,
including E = 0. Previously, this approach was success-
fully used in [16-22].

2. R-MATRIX APPROACH TO RADIATIVE CAPTURE

In this section we give the explicit equations? for the
S(E) for ®Li(p, y)"Be in the R-matrix method [18,21,22].
We use the standard convention

S(E) = Ee?™, 1)
where o(E) is the reaction cross section, E is the relative
kinetic energy of colliding particles (p and °Li), and #; is
the Coulomb parameter for p°Li scattering. In the R-
matrix method, the cross section for the reaction °Li(p,
7)'Be of radiative capture to bound states of the nucleus
Be is given by

U]i(E) = Zli 95 (E),

k2(2]p+1)(2]m+1) it |MigigpL :

where J; is the total angular momentum of colliding
particles in the (p + °Li) channel; J;is the spin of the 'Be
nucleus; J, (Ju) is the spin of the proton (°Li nucleus);
and I, I;, and k = ,/2uE are, respectively, the total spin
of colliding nuclei, their relative orbital angular momen-
tum, and the relative momentum in the entrance reaction
channel, x being the reduced mass of colliding particles
(p and °Li). The transition amplitude M5y is represent-
ed in the form of the sum of the resonance and direct
amplitudes (M®5. and MPE)50q, respectively,
where L is the electromagnetic-transition multipolarity).
In the single-level approximation, the amplitude for
resonance proton capture can be represented in the form

/2
i€l o] [IIJJ‘LL(E)] )

E- ER+I.—

O'Mf( ) =

(R)
My, Ji ]fL(E) =

where &, is the sum of the hard-sphere and Coulomb

phase shifts; [j, is the total width; I77, is the protonic

partial width of the resonance state of the "Be nucleus in
the (p + °Li) channel; I}iy]fL is the radiative width. The

total width of the resonance is the sum of its p, a, and y
partial widths. The energy dependence of the proton
partial width is given by

_[E PyEro "
”111( ) ERP (ERTC) ”L]L( R) ( )

Here, Py(E, r¢) is the Coulomb penetration factor in
the proton channel, and rc is the proton channel radius.
Similar expressions give the energy dependence of the
partial widths for the other particle-decay channels. The
energy dependence of the gamma width is given by

Ey

y 2L+1 y
[}ilfL(E) - (ER+sf) I}i]fL(ER)' ©)

where E; +¢&, is the energy of the emitted y ray at res-

onance and & is binding energy for ‘Be nucleus in the (p
+°Li) channel.

In the long-wavelength approximation the direct
capture part of the amplitude corresponding to the EL
multiple capture is given by

L
(D,EL) _ L+l lfl L+1/2 u
My (B) = 0077 e / kT e (—mp)

3 (L+1)(L+1) 1
X [1 +(-1 e_L] \I L Lrn (6)

X 2(2L + 1)W (L; lf;]i;%;liii) Ia:;lilfL

The energy behavior as well as the normalization of
the amplitude for direct radiative capture are completely
determined by the radial integral (see, for example, [18]

Lyap = Cuy, J, drrt W gy +1(2xr)

x (1,() - €540, (1)), (7)
where W_,,f;lfﬂ/z is the Whittaker function; le]f, i
are the ANC, Coulomb parameter, and k = ,/2ues. ,
li(r) and Oy(r) are incoming and outgoing spherical
waves, respectively. As it is seen from (7) the direct
amplitude M,(ID]E]L)L totally depends on parameters
G e and r.. Despite the fact that these parameters are

mutually independent, they are conjugated to the nor-
malization of the radial integral Ia;lilfL- So, the different

pairs of these quantities could be used to obtain the
same Ia;ll-lfL- Consequently, one should try to use the

well-known values of the le,f as ell as to fit the chan-
nel radius r, that it retains its physical meaning. In this
work the le]f data from [23] are used. The problem of

the selection of the correct value r is decided in the
next section.
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3. CALCULATION OF THE ASTROPHYSICAL

S-FACTOR FOR °LI(P, 1)'BE REACTION

In the calculation of the astrophysical S-factor for
the °Li(p, y)'Be reaction the suitable values of the total
and proton widths of resonance states as well as the
gamma width of the radiative transition into the ground
state of the 'Be nucleus in the (p + °Li) channel may be
determined from the experimental data itself using a
fitting procedure. As these quantities conjugate with the
channel radius rc it is necessary firstly to fix this value
in correct way. The channel radius rc in the R-matrix
approach has a clear physical interpretation. It should be
comparable to or larger than the nuclear radius but it
should satisfy a distance where the wave functions of
the (p + °Li) — scattering and "Be bound state pass into
their asymptotes [18]. To determine this value of the
channel radius rc one needs to research of the radial
integral (7). Actually, the integrand functions

C 1, 2(2xT) and | (r)—eZi‘f"O,l (r) are asym-

ptotic of the overlap radial function ¢ (r) of the rela-

|vaW—’71

tive motion of p -°Li in 'Be and of the scattering wave
function y, (k,r) of the colliding proton and 8L, re-

spectively. The later is correct only when the phase
shifts &, is being calculated in the same potential of
p-°Li interaction as was used in the calculation of the
wave function y, (k,r) by solving the radial Schrodin-

ger equation. In practice the overlap function ¢ (r) is

replaced by the wave function being numerically calcu-
lated by solving the radial Schrodinger equation in a
some two — body potential such as the Woods-Saxon
potential. At present work the Gaussian basis wave
function from [24] calculated in the framework of the
two-cluster model founded on a phenomenological
semi-microscopic approach was used as the overlap
function ¢ (r). Within this model, local potential pa-

rameters of the interaction of the p vs °Li for the both
bound state and scattering state were determined by
fitting to the scattering data and properties of bound
states of the relative motion p -°Li in ‘Be [24]. The
analysis of the overlap function ¢ (r) and the wave

function v, (k,r) calculated by using the model para-
meters from [24] at different energies less than 1 MeV

showed that both functions passed into their asymptotes
at distance about 4.2 fm. Meanwhile the integrand (7)
calculated for the E1 transition reaches its maximum at
6.5 fm. We have carried out several calculations of the
astrophysical S factor of °Li(p, y)'Be reaction for differ-
ent channel radius values from rc=4.2 fm down to 3.2
fm. Every time the parameters of the R-matrix method
namely: the resonance strength, total resonance width
and ANC were determined by fitting to the experimental
data to minimize ¥ Note, we had to have fitted the res-
onance strength but not proton and radiation widths sep-
arately because of the observable peak of the resonance
capture at E.,= 200 keV was rather weak with respect
to the direct capture to fit each widths individually. In
Table 1 the result of the fittings for four values of the
radius channel r. is presented. As one can see from the
table the fitting parameters are changed noticeably,
while the astrophysical S-factor remains almost un-
changed. But each set of the fitted parameters could
pretend to be natural quantities describing the under
consideration reaction °Li(p, y)'Be. Note, although the
fitted values of E,s are different for each sets, because
of interference between the weak resonance amplitude
and rather strong direct capture amplitude, the center of
the peak is shifted to E.,=200 keV.

As mentioned above to avoid ambiguity in the use of
the fitting parameters one has to stick to use independ-
ent source data principle. In [23] the ANCs values for
the ground and first excited states of 'Be nucleus in the
(p + °Li) channel have been obtained by the analyzing
the proton transfer reaction °Li(*He, d)'Be differential
cross section data measured in two different experi-
ments at 33 [25] and 34 [23] MeV in the framework of
the modified DWBA and Coupled Reaction Channels
methods. These are  Cy1,°=0.140+0.020, and
C132°=3.39+0.50 fm™ (Cr.32°=1.26+0.18, and
C132°=2.27+0.33 fm™ in a lj-representation [23]) for the
ground state. The modified DWBA used in [23] is una-
ble to take into account the contribution of three-particle
(p—d—°Li) Coulomb dynamics (associated with all pos-
sible Coulomb rescattering processes involving p, d, and
®Li particles in the intermediate reaction state) in the
pole mechanism of proton transfer reaction °Li(*He,
d)’Be. It may be taken into account by introducing a
Coulomb renormalization factor, Z determining by a
method used in [26, 27].

Table 1. The fitting parameters for different values of the radius channel in the reaction °Li(p, y)'Be

rc, fm 4.2 35 3.3 3.2
[ 0.202 0.121 0.111 0.978
[ 5.125 3.022 2.744 1.728

w,, eV 1.098e-4 6.280e-5 8.300e-5 7.510e-5
Tiot, KEV 197.121 275.906 247.626 243.151

+ 0.291 0.266 0.289 0.30

Eres, MeV 0.138 0.1 0.11 0.109
5(300 keV), eV b 52.67 51.64 (2.0%) 51.77 (1.7%) 51.36(2.5)
S(500 keV) , eV b 40.59 41.01(1.0%) 41.25 (1.6%) 41.16 (1.4%)
S(1000 keV) , eV b 31.93 31.93 (0.0%) 32.5 (1.7%) 32.63 (2.2%)
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This factor has been found to be equal Z=1.24. The
practical values of the ANCs were determined by divid-
ing the experimental ANC’s data of [23] by Z. Thereby
the used ANC’s values are C1;1/22=0.113i0.016, and
C132°=2.73+0.40 fm™ which correspond to the channel
radius rc=3.3 fm. Taking into account that the interac-
tion nuclear radius of 'Be is equal to 2.22 fm [28], this
value of r¢ is rather acceptable to be the channel radius.
Accordingly the fitting parameters presented in fourth
column of the Table 1 were used to calculate the astro-
physical S-factor for the proton radiative capture by °Li
into the ground state of ‘Be. To calculate the astrophysi-
cal S factors for the proton radiative capture into the
first excited state of 'Be and total astrophysical S factors
we used the branching ratio value of the capture yields
yo and y; from [12], which is equal to 1.57+0.15. This
value is also used to extract the astrophysical S-factor
for the ground and first excited states as well as their
sum from [7, 12].
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Figure 1. Astrophysical S-factor for the radiative capture
reaction ®Li(p, 7)'Be. Solid lines present the results of the
calculations of the astrophysical S factors for the proton radi-
ative capture by ®Li into the excited, ground states of 'Be as
well as their sum, bottom -up. The filled triangle, rectangular
and circle data points are from [12], the rhomb ones from
[11], the hollow ones from [7], respectively. The dotted line
is the S factor calculated in [12].

In Fig.1 the astrophysical S factor for the radiative
capture reaction °Li(p, y)'Be is presented. As it is seen
from the figure, our calculated data describe the exper-
imental ones rather well at the whole energy range of
the available experimental data in comparison with
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ACBIPA TOMEH DHEPTHSIJIAP CAJIACBIHJIA °Li(p, y)'Be
PEAKLIMSICBIHBIH ACTPO®U3UKAJIBIK S-®AKTOPBI

Y Mramos C.B., ¥ Apremos C.B., b Spmyxamenos P., 2 Bypredaesn H., 2 Cakyra C.b.

1
) @s6excman, Tawrkenm, Aoponvik puzuka uncmumymal
2
) Kasaxcman, Animamut, Aoponvik puzuxa uncmumymat
3 Iy
) Peceii, Moackey, «Kypuamos uncmumymor» ¥1immulK 3epmmey opmaiviebl

R — MaTpuIaibiK KaKbIHAAY/BIH IIeHOEpiHAe THIM TOMEH SHeprus aiMarbima °Li(p, y)'Be paamamusuibik Kapmay
PEaKIMSICHIHBIH acCTPOPHU3UKAIBIK S — (haKTOPBIHBIH MOHAEP] ecenTeinmi. E,, = 110 k3B sHeprusce! ke3iHae pe3oHaHC-
TBIH TOJIBIK €HI MEH KYIIIi TEOPHSUIBIK ecenTeyep i *KaHa IKCIIEPUMEHTTIK JIepeKTepre KeNliCTipy apKbUIbl aHBIKTAJIJIBI.
Herizri (J" = 3/2°) sxone Gipinmi kosran (J'= 1/27) kyiinepre pe3oHaHCTHIK pajHalHsUIbIK aybICy KyIITepi Oipieit xoHe
W, = (8.3+0.1) 5B Ten Gombin cananFan ke3ze, J* = 3/2° pe30HAHCTBIK KYIiIiH TONBIK eHiHiH MoHI [y, = 248.0£25.0 k2B
TeH GONBIN TaGbUIABL. 'Be SIPOCHIHBIH GailTaHbICKAH KyilTepiHe Tikemei pagmarmsisik Kapmaynsie yiueci °Li(CHe,
d)'Be peakuuscelH Talnuay[aH aibIHFAH aCHMITOTAIBIK HOPMAIAyIibl KOd((OHUIMEHTTEPIiH KOMEriMEH aHBIKTAJLIBL.
Hennik sneprust xe3inje ToIbIK acTpou3uKaiIbK S — daxropase MaHi S(0) = 70.2+12.0 3B 6 TeH OOJIbIN albIHABL.

ACTPO®U3BNYECKHI S-PAKTOP PEAKIINH °Li(p, y)'Be
B OBJIACTH CBEPXHM3KHX SHEPT UM

Y Uramos C.B., Aptemos C.B., b Spmyxamenos P., 2 Byprebaes H., 9 Cakyra C.b.

9 Hncmumym aoepnoi pusuku, Tawkenm, Y3oexkucman
2 Hucmumym aoepnoit pusuxu, Anmameut, Kazaxcman
% Hayuonanvnuuii uccnedosamensckuii uenmp «Kypuamoeckuit uncmumymy», Mockea, Poccusn

B pamkax R — MaTpu4HOro nojaxona paccuMTaHbl 3HAUCHHsT acTPOPU3NUECKOT0 S — (hakTopa peakiuy pagualioHHOTO
3axBaTa 6Li(p, y)7Be B 001acTH CBepXHU3KKX dHepruil. [TomHas mupuHa u cuiia pe3oHaHca mpu sHepruu E; = 110 k3B
ObLTH ompeseNieHbl (PUTHPOBAHUEM TEOPETUUECKHX PAcdeTOB Ha HOBBIE 3KCIIEPUMEHTAIbHBIC JTaHHBIC. 3HAYCHHE IT10JI-
Holt mmpunbl J* = 3/2" pe3oHaHCHOTO COCTOSHMUS HaiiieHo paBHBIM [, = 248.0£25.0 k3B, B TO BpeMs Kak CHIIbI pe30-
HAHCHBIX PaJHAlMOHHBIX HepexoaoB B ocHoBHOe (J" = 3/2°) u nepBoe Bo30OyxaerHoe (J'= 1/27) cocTosiHUS CUUTATIHCH
OJIMHAKOBBIMHU M paBHbIMH W, = (8.3£0.1) 5B. Bknan npsMoro paauanioHHOTO 3aXBaTa B CBA3AHHBIE COCTOSIHUSA A7Apa
"Be 6bU1 OnIpe/ieNieH ¢ TIOMOMIBIO ACHMIITOTHYECKHX HOPMHPOBOUYHBIX KOI((HUIIMEHTOB, HOTyYEHHBIX U3 aHATH3a Peak-
wun °Li(*He, d)’Be. 3uauenue momHoro actpodusmueckoro S — (pakropa IpH HyJIEBOIl SHEPIHH MOMYYEHO PABHBIM
S(0)=70.2+12.0 5B 6.
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MEXAHM3M PEAKIIAH "Li(d, t)°Li IPA SHEPTUH JEUTPOHOB 25 M>B

2 Byprebaes H., 2 Bypre6aesa /I.T., b yiicedaeB A., Y 9KonnpiGaes T.,
= Kepumkyaos K.K., b Hacypaiaa M., 2 I'nymenko H.B., 2 Aptemos C.B.,
2 Kapaxonxaes A.A., 2 Canuxdaes Y.C,, 3 Caxyra C.B., 4 Knnuescku C.,
5 Msicenxn E., 5 Pycek K., 9 Ciogak P., 5 Tpuuncka A., 5 Boauncka-Ilnxouka M.

b Hucmumym sdepnoii puzuku, Aamamel, Kazaxcman
2 Hucmumym aoepnoit pusuku, Tawkenm, Y3oexkucman
R HHI] «Kypuamosckuii Hncmumymy, Mockea, Poccus
9 Hucmumym aoepnoit pusuxu, Kpakos, Ilonvwa
2 Jabopamopun maxycenvix uonos, Bapwasckuii Ynueepcumem, Bapwaea, Illonvwa

Ha sangpax "Li IpY SHEPTUH IeHTpoHOB 25 M3B n3MepeHs! yIiaoBble pacipeesie s yIpyroro U HEynpyroro paccestHus
¢ Bo3Gyxaenuem coctosams 0.478 MaB (1/27) u Tpuronos u3 peaxuuu 'Li(d, t)°Li ¢ mepexomom B ocrosroe (J" = 1%) u
HU3KONEXKaIe Bo30ysxkaennsie coctosaus (3° i 17) sapa °Li. DxcrnepuMenTansHbie JaHHbIe GBUTH TPOAHATI3HPOBAHBI
B PaMKaxX METOJa CBA3AHHBIX KAHAIIOB. VI3BIICUEHEI 3HAUCHHS CIIEKTPOCKOMMUECKHX (hakTopoB s cuctem ' Li — °Li¢)
+ n. OHU XOPOLIO COTTIACYIOTCS C TEOPETUICCKUMH TpeCKa3aHUsIMHU. BpUTO TIOKa3aHo, YTO MEXaHHU3M MOJXBATa OJJHOTO
HEeWTpOHA JOMUHHUPYET Ha MaJBIX yriaax (1o 40°) u peakiys HAeT Ha HOBEPXHOCTH SIpa.

1. BBEAEHUE

M3yueHnue B3auMMOAEMCTBUS 3apsHKEHHBIX YacTHI] C
SIIpaMy JIATHUS TIpeacTaBisieT Oonpinoii naTepec. C ox-
HOH CTOpOHBI, JIUTUI SIBISETCA OJAHUM M3 BaXKHEHUIIUX
9JIEMEHTOB TOIUIMBHOTO IMKJIa B HAHOOJIee MepCIeKTHB-
HBIX TPOEKTaX TEPMOSAEPHBIX PEAKTOPOB, HCIIOIB3YIO-
IUX JeHUTepui-TpuTHeByl0 IasMy. Jlpyroi acmekr
CBs3aH C BOIPOCAMU HYKJIEOCHHTE3a JIETKUX sAep Ha
paHHel cTaguu 3BOJIONUU BceneHHON UM peakuusmuy,
MPOTEKAIOIMMH C 00pa3oBaHMEM B 3BE3IHON cpele
sanep 'Be u 'Li. O6bIYHO aHANN3 SIEPHBIX PEaKIHii Ipo-
BOJIUTCS B PaMKaX ONTHYECKON MOJIENN U METOa HCKa-
*eHHbIX BonH (MUB). OmHako HPUMEHHMOCTH ITHX
MozeNel K JIerdJailluM sJpaM BbI3bIBAET CEPbE3HBIC
TPYAHOCTH, W CTaHJAPTHAs ONITHYECKas MOJEINb, a Cle-
JIOBAaTENIbHO, U OOBIYHBIA METOJ] MCKaKEHHBIX BOJH B
STHX YCJIOBHUSX HE MMEET CTPOroro 00OCHOBaHMA U OC-
TaeTcsd HEYAOBJIECTBOPUTEIBHBIM METOJOM ITOIY4EHUS
Ha/Ie)KHOHU CIIEKTPOCKONNYECKON HH(pOPMAIIHH.

Peakuus (d, t) ma sapax 'Li panee mccienoBamack
npu 3Heprusix 12 MaB [1, 2], 15 MaB [3, 4], 18 M»B
[5], 20 MaB [6] u 28 M»B [7]. Tombko npu Ey4 = 12
M>5B [1] usmepeHus: ObUTH BBHITIOTHEHEI B ITOJTHOM JIHA-
MA30HE YTIIOB. B OCTaNBHBIX CITydasX OHH MPOBOIMINCH
B oOmactu nepenaner moycdeprsl. CTaHOApTHBIN METO
HCKa)XCHHBIX BOJIH, KaK C HYJEBBIM, TaK U ¢ KOHCYHBIM
paanycoM B3aMMOJEHMCTBUS, UCIIOIb3YEMBIN B pacueTax
YIJOBBIX pacnpejenenuii B paborax [1, 2], He onuckiBa-
€T HKCIIEPUMEHTAIIBHBIC CEUSHHs TI0/ OONIBIIMMH yIiia-
mu. [Ipu apyrux sueprusx (15, 20, 28 MaB) npoBoxu-
Csl JIUILIb KaYECTBEHHBIII aHAIN3 HAa OCHOBE IJIOCKOBOJI-
HOBOT'O NPHUOIMKEHHs. 3HAYECHUS CEKTPOCKOMMYECKUX
(haKTOpOB HE N3BJICKAINCH.

TpyIHOCTH B ONMUCAHUU PEAKIIH 7Li(d, t) MeToOM
HCKa)KCHHBIX BOJIH MOTYT OBITh BBI3BaHbI, Kak 3 QeKra-
MU CBSI3M KaHAIIOB, TaK M BKJIAJOM OOMEHHBIX MpOIIeC-
coB. VX poiib 0 CHX IOp OCTAETCs HEUCCIIEOBAaHHOM.
Sapo Li sesieTcst CHIbHO 1e)OPMHUPOBAHHBIM U HMEET

KBaJpymnoJbHblli MOMEHT Q = 40.6 M0, a npuBeaCHHAs
BEPOSTHOCTD AIIEKTPHUECKOTO KBAIPYIOIBHOTO IIEPEXO0-
na 3/2° (ocuoBHoe cocrosaue) — 1/27 (E, = 0.478) co-
cramser B(E2) = 8.3 e® dm* [8]. Xors °Li umeer 3ua-
YUTENIFHO MEHBIIMH KBaJAPYyHONbHBIE MOMeHT (Q =
0.818 M0), U, ¢ 3TOH TOYKH 3pEHHUs, ITO SAPO TOUTH
cdepryeckoe, NpUBEICHHAs BEPOSTHOCTh JJIEKTpUYEC-
KOT'O KBaJIpyIOJLHOTO MEPEX0a U3 OCHOBHOTO COCTOSI-
uua (J* = 1) B mepBoe Bo3Oyxaennoe (J° = 3, E, =
2.186 M»aB) cocrapuser 25.6 ¢’ Om*, uro mourH Ha mo-
PSIOK TIPEBBIIIAECT BEPOSITHOCTH OAHOYACTHYHOTO TIepe-
xoxa [8, 9]. [Tosromy npenebperars 3ddexramu CBsI3H
KaHaJIOB yNPYroro W HEYNPYroro pPacCcesHHs HENb3s.
Kpome Ttoro, simpo ‘Li umeer sipko BBIpaXXEHHYIO Kiia-
CTepHYI0 cTabo CBSI3aHHYIO CTPYKTYpY 'Li =a +t, n B
9TOM Cily4ae OOMEHHBIH MEeXaHHM3M Mepelay 0-4acTH-
et 'Li(d, °Li)t MOKeT OKa3aTh CYIMECTBEHHOE BIIMSHHE
Ha yTJIOBBIC PACIIPEICNICHNS] TPUTOHOB.

IensmMu HacTosIIeH PabOTHI ABISIOTCS UCCICIOBA-
Hue Mexanm3Ma peakiuu ' Li(d, t) °Li npu snepruu neii-
TpoHOB 25 M5B ¢ yueTroMm cBsI3M KaHAJIOB 1 OOMEHHOTO
MeXaHHM3Ma Iepe/ladyn O-4acTHIBl ¥ MOJyYeHHE CIEKT-
POCKOTINYECKOH HH(POPMALHH.

2. DKCNEPUMEHTAJIbHASI METOJTUKA

M PE3YJBTATHI U3MEPEHUI

DKCIEPUMEHT MPOBOAMICS Ha MydYKe JCHTPOHOB C
sHeprued 25 M»sB, BbIBEIGHHOM U3 W30XPOHHOIO LIMK-
notpona Y-150M Hucruryra Sneproit @usnkn (Anma-
To1, Kazaxcran). JluddepeHnuansapie cedeHus ynpyro-
TO M HEYIIPYTOTO paccesHUs IeHTPOHOB W TPUTOHOB H3
peakmuu (d, t) Ha stapax "Li 6buH HU3MEpPEHbI B IHAIa30-
He yrioB oT 8° mo 169° B mabGoparopHOi cucTeme, 3a
UCKITIOUeHHeM objactu yrioB 77° - 107°, rae 310 ObLIO
CHeNaTh HEBO3MOXXHO H3-3a KOHCTPYKTHBHBIX OCOOEH-
HOCTeH MumeHHoro 6yoka [10].

B kadecTBe MHIICHH HCIIOJIL30BAJICS METAJLIMYCC-
Kuii MTH ¢ oBoramenneM 1o 'Li 10 99%, HaHECeH-
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HBI Ha TOHKYIO anyHaoByio (Al,O3) mrenky (~30
MKT/CM?) METOIOM TEPMHUYECKOTO PACIIBLICHHS B BAKYY-
me. Tommmua cocraisuia 300-330 Mkr/cm,

JIeWTpOHBI U TPUTOHBI PETUCTPUPOBAIUCH TEIIECKO-
MIOM CUETYHMKOB, COCTOSIIMM U3 JABYX KPEMHHEBBIX Jie-
TeKkTopoB ¢ ToamuHaMu 100 MKM U 2 MM, ¥ OTAEIUTUCH
OT JIpyTUX 3apsDKEHHBIX YacTHIl C TOMOLIBI0 METOIUKH
IByxMepHoro ananusa (AE — E).

TunmuuHble CIEKTPHI IEHTPOHOB M TPUTOHOB TTOKa3a-
HbI Ha puc. 1. B cnekTpax IedTpOHOB MOMUMO YNPYTO-
ro MHUKa HAOIIOMAIOTCA IEPeXoJbl B COCTOSHUS TIPH
sHeprusx Bo30yxneHus E, = 0.478 MaB (1/2°) u 4.65
MbB (7/27). Paccesnune Ha yriaepoae W KHCIOPOAE CKa-
3BIBAJIOCh HA TOYHOCTH U3MEPEHUN CEYEHUH TOJIBKO IS
coctosHus 4.65 M»B. [loaTomy 0HO OBIIO HCKIIOYEHO
U3 JajpHeHero ananusa. Pasnenenue nukoB ynpyroro
U HEYNpYroro paccesiHus ¢ BO30YKIEHUEM ypoBHS E, =
0.478 M»3B (1/27) oCyIIeCTBIAIOCH PA3IOKESHHEM ITOJI-
HOW CTPYKTYpHI Ha JBa NHKa IayccoBOH (HOPMBI, Kak
9TO MOKa3aHO Ha BCTaBKe. B crieKTpe TPUTOHOB M3 peak-
wan 'Li(d, t)'Li Habronanuch TpH HHTEHCHBHBIX IPYII-
IBI, COOTBETCTBYIOIME ocHOBHOMY (1) U BO3OYXIeH-
ueM (E, = 2.186 M>B(3") u 3.563 M»sB (07, T = 1)) co-
CTOSIHUSM sIIpa oL,
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Pucynox 1. (a) Cnexmpul 0etimponos, paccesiHHbix Ha A0pax
Li noo yenom 0,5 = 22° npu suepeuu nyuxa 25 MaB.
(6) Cnexmpul mpumornog noo yenom 6,,; = 8°
us pearyuu "Li(d, £)°Li.

W3mepeHHbIE YIIIOBbIE paclpeneaeHus JEUTPOHOB 1
TpHuTOHOB 13 peaxuun ' Li(d, t)'Li, kak 3T0 BUAHO U3 pH-
CYHKOB, IIPUBEIEHHBIX B CJIEAYIOILICH TIIaBe, UMEIOT XO0-
POIIO BBIPAXKCHHYIO AU(DPAKIIMOHHYIO CTPYKTYPY, 3aTy-
XaroIyro K OoybimM yriam. [IpudyeM ynpyroe u Heyil-
pyroe paccesiHue, Kak U CIEA0BAJIO0 0XKHUAATh, HAXOMIAT-
cs B mpoTuBo(dase APyr K Ipyry.

CraTuctuveckrue ONMOKA MU3MEPEHHBIX Tu(QepeH-
LUAJIbHBIX ceueHuil He mpeBbimanu 10%.

3. AHAJIM3 U OBCYKJEHUE PE3YJIBTATOB

Pacuer ceueHuil paccesHUs NEUTPOHOB U PEAKLUU
"Li(d, t)°Li mpoBommIcs B paMKax MeTOJa CBSI3AHHBIX
KaHAJOB pEaKUUid C HCIOIb30BAHHEM MPOrPaMMBI
FRESCO [11]. IIpu 3TOM y4YHTBIBAIUCH TOJILKO OIHO-
CTyMEeHYAThIe MPOLECChl MOIXBaTa HEUTPOHa U OOMEH-
HOTO MEXaHM3Ma C Iepelavyeil 0-9acTHYHOrO Kiactepa
"Li(d, °Li)t. B Hammx pacuerax cucTeMa U3 JCBSTH HYK-
JIOHOB, TIPECTABICHHAS BO BXOJHOM KaHame Kak 'Li +
d, samensimace Tpemst moacucremamu: |. d + ‘Li (ocH.
coct., J* = 3/2°: E, = 0.478, J*= 1/2); II. t + °Li (ock.
coct., J*= 1% E, = 2.186, J*= 3"): I11. °Li (ocH. cocr., J*
=1" E=2.186,J=3") +1t.

Cxema CBSI3M IIOKa3aHa Ha puc. 2.

g LN 2186 2.186 /N
LN a
- 0.478 6 : 6 -
172 t + Li Li +t
3/2° nepeaavan - '
) " nepenaya Ol

7
'l e
Pucynok 2. Cxema césseil, ucnonv3yemas 6 pacuemax
7 6] i
10 Memooy C6:A3aHHbIX KaHanoe ons peaxyuu 'Li(d, t)°Li.
Tonykpyau nokazeieaiom peopueHmayuy CRUHA OCHOBHHIX
- T
u 6030yo1cOeHHbIX cocmoanuii A0ep 'Li u "Li.

Iepexompl MexIy OCHOBHBIMH M BO30YXKICHHBIMU
cocrostamsiME sizep 'Li u °Li paccamnThiBamich B pamMKax
poTarmoHHON MozenH ¢ hopM-(paKTopoM

5, du(r)
) = G
JUISL KBaJIPYTIONBHBIX TTepexooB (A = 2).

3nech &, — mmHa nedopmanu (8, = PrR). DpdexTs
OT PEOPUEHTALINH, Opeie/IeMble MATPHYHBIM dJIEMEH-
tom <E, J"|V,| E, J™> Takxke OBUIN BKIIOYCHBI B CXEMY
cBs3u (puc. 2).

B pacuerax peakiuii ¢ nepenayeil HEUTpoHa U o-4ya-
CTHUIIBI UCIIOJIB30BAJIOCH prior-npezICTaBneHHe METOaa
HCKa)KEHHBIX BOJIH C KOHEYHBIM PaHyCOM B3aHMOJICH-
cTBHs, BKItoueHHOTro B mporpammy FRESCO. Bomno-
BbIe (DYHKIMH CBSI3aHHBIX cocTostHmit 'Li—°Li + n (1P),
Lisa + t (2P), ’Li—a + d (2S w1 ocroBHoro u 1D
IU1sl BO30YKIeHHOTO cocTosinuit) u t—d + n (1S) Bbruu-
CIISUTHCh CTaHIAPTHBIM 00pa30M C MOATOHKON ITyOUHBI
peanpHO# YacTH BYJC-CAKCOHOBCKMX MOTCHIMAJIOB, Ja-
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IOLIMX M3BECTHBIC SHEPIUU CBsI3U. [ eoMeTpuyiecKkue ma-
paMeTpsl MOTEHIINANOB (pagiychl M U PY3HOCTD) HMe-
11 GUKCUPOBAHHBIE 3HAYCHHS (CM. Ta0m. 1).

Tabauya 1. I'eomempuueckue napamemput 0ist 8Y0C-CAKCO-
HOBCKUX NOMEHYUANI08 NPU PACHEMAax 60THOBbIX QYHKYull
CBA3AHHBIX COCTNOAHULL

cucreMa R, dm a, bm
Li+n 231 0.65
d+n 1.85 0.65
d+o 2.33 0.65
t+a 2.48 0.65

CHeKkTpOCKOMYecKHe aMIUIUTY bl A1 KOH(Urypa-
it d + N1 o + t 3agaBanuch COOTBETCTBYIOIIMMH TEO-
pPETHYECKUMHU 3HAYCHUSMH, IIOJIy4eHHBIMH B paMKax
TPaHCIALMOHHO-UHBAapUAHTHOM Mozenu obomoyek [12].
OcTanbHbBIE CIIEKTPOCKONNYCCKUE aMIUIUTYAbl OIIPEaC-
JIAJIMCh U3 MMOATOHKHU PACYCTHBIX YIVIOBBIX pacCIipeaciic-
HUH K SKCIIEPUMEHTAJIbHBIM JIaHHBIM.

CornacHo o6onoyeyHo Moaean OcHOBHOe (3/27)
cocrostHue sIpa 'Li omuceIBaeTCs Kak B3aMMOJIEHCTBHE
xopa °Li (1%) ¢ Heiitporom B cocrostamsx | =1/2 u 3/2.
Xoponio M3BECTHO, 4TO ()OpMa PaCUYETHBIX YTIIOBBIX
pacrpeneaeHuil IPaKTHIECKA HE 3aBHCHT OT | M OIpe-
JeJIAeTCsl TOIBKO MepeJaHHbIM OpPOUTAIBLHBIM YITIOBBIM
momenToM (I=1). [losToMy B HalmieMm aHanu3e TPH OT-
CYTCTBUH 3KCIIEPUMEHTAJIBHOW MHPOPMAIIUHU O TIOJISIPH-
3allMi MOYKHO HU3BJIEYDL JIMIIb CYMMAapHOC 3HAYCHUEC

CHeKTpockommueckoro (akropa S = Syjp + Sipp. Tem He
MeHee, KOHKPETHbIE BBIYMCICHHUS BBINOJIHSINCH CO
CIIEKTPOCKOTIMYECKUMH aMIUTUTyIaMH Kak st j = 1/2,
Tak u j = 3/2, HCTOJIB3ysI B KAUYECTBE CTAPTOBBIX X TEO-
peTuueckue 3HaueHus [12].

Pacuersl OBUTM TIPOBEACHBI C YETHIPHMS HAOOpaMu
ONTHUYECKUX MOTCHIIUAJIOB YIS BXOJHOTO M BBIXOJHOTO
KaHAJIOB, MPEICTaBICHHBIMU B Tabimuie 2. OHu ObUIH
MOJTYYCHBI U3 aHallu3a YIPYTOro paccesHus ICHTPOHOB
1 *He cootBercrBenno Ha syipax 'Li u °Li npu sHeprusx
HAJIETAIOIINX YaCTUI| B Auamnazone 25-35 MaB [13-17].
HexoTtopble 13 NOTEHIHATIOB paHee ObLIH YCIEUIHO OIl-
poGosansl npu anammse peakumn °Li(*He, d)'Be mpu
sHeprun 34 MpB MeTomoMm CBS3aHHBIX KAaHAJIOB peak-
nuii [15]. B HacTosmux pacyerax Ui COTJIACOBAHUS Te-
OpPETHYECKUX CEYCHUH C IKCIIEPUMEHTAIbHBIMH JTaHHbI-
MH BapbUPOBAIMCH JIMIIb TTyOWHB MHUMOM YacTH II0-
tenrmanos (Wy, Wp).

B tabnune 3 npuBeneHs! UIMHBL fedopMannu (O;) 1
CHEKTPOCKOMHUECKUe (PaKTOphI S, OJTyUYCHHBIC U3 aHa-
JU3a ISl pa3HBIX HA0OPOB MapaMEeTPOB ONTHYCCKUX TO-
TeHuuanoB. CpeaHue 3HAYEHHS CHEKTPOCKOMHYECKHUX
(haKTOpOB HEIJIOXO COTNIACYIOTCSA C TEOPETHICCKUMHU
3HAYEHHUSMH, BBIYUCICHHBIMH B paMKax 00OJIOYEYHOM
mozenu [12, 18].

. Iy .
Tabruya 2. Onmuyeckie nomenyuaibl, UCROIb306aNKbLe 6 pacuemax cevenuil paccesnus u peaxyu 'Li(d, £)°Li
npu suepeuu oeimponos 25 Ma>B memoodom ceéazannvix kananos peaxyuil. Bo ecex ciyuasx fc= 1.3 ¢pm

Vr rv ay Wyp My aw Vso I'so aso
Habop | Crerena | (voB) | () | (@) | (MoB) | (@m) | (bw) | OMaB) | (o) | (ow) | U
] Li+d 811 117 | 091 | 11.09D | 1.325 | 0.75 | 6.76 107 | 0.66 [13]
SLi+t 113.0 1.15 0.74 20.80D 1.220 0.80 4.00 1.15 0.80 [14]
2 Li+d 81.14 1.17 0.91 10.09D 1.325 0.75 6.76 1.07 0.66 [13]
BLi+t 120.0 1.15 0.65 30.00v 1.46 0.85 4.00 1.15 0.80 [15]
3 Li+d 90.0 1.15 0.81 9.60D 1.34 0.87 6.00 1.15 0.81 [16]
SLi+1 1200 | 1.15 | 0.65 | 2500V | 146 | 0.85 | 4.00 115 | 0.80 [15]
4 Li+d 74.0 1.24 0.74 12.70D 1.24 0.74 10.44 0.82 1.05 [17]
i+t 171.0 1.11 0.69 17.00V 1.39 0.59 1.72 1.36 1.18 [17]
*V — nomenyuan ¢ obvemuvim noznowjenuem, D — nomenyuan ¢ nosepxnocmubim noz2nowjenuem.
Tabnuya 3. Juunet deghopmayuu (0,) u cnekmpockonuueckue paxmopot (S)
62) q)M S(j)
Habop [ 5L Lot LisPLi+n Lisard LT Sard
0.72
1 3.0 3.0 0.32 (1/2)+0.40 (3/2) 0.57 (3/2) 1.13 0.67
0.60
2 25 3.0 0.27 (1/2)+0.33 (312) 0.46 (3/2) 112 0.52
0.60
3 35 3.0 0.27 (1/2)+0.33 (3/2) 0.46 (3/2) 1.12 0.74
0.58
4 4.0 3.0 0.26 (1/2)+0.32 (3/2) 0.37 (3/2) 1.35 0.44
YcpenneHo o BceM Habopam 028 (1/2(;'_?335 312) 0.47 (3/2) 1.18 0.59
0.97
Teopust [12] 0.43 (1/2)+0.54 (3/2) 0.54 (3/2) 1.13 1.12
0.72
Teopus [18] 0.29 (1/2)+0.43 (312) 0.55 (3/2)
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Pucynox 3. (a) Yenosvie pacnpedenenus ynpy2o2o u Heynpyzo-
20 paccesnnbix deiimporos na 'Li npu snepeuu nyuxa 25 MsB
¢ 6030yxcoenuem cocmosanus npu Ey = 0.478 M»>B (1/2).
(6) Yenoswie pacnpedenenus mpumonos us peaxyuu 'Li(d,
1)°Li, omeeuarowux nepexodam 6 ocnosroe (1) u nepeoe 603-
Gyacoennoe (Ey = 2.186 MaB (3%)) cocmosmus sopa °Li.
Ksaopamul — sxcnepumenmanvivie mouxu. Kpusvie — pacue-
Mbl MEMOOOM CEA3AHHbIX KAHANO08 PeaKyuti ¢ y4emoM 6cex
ceazell, NOKA3aHHbIX Ha puc.2. B pacuemax ucnonvzosanuce
Habopbl nomenyuanog uz maba. 2: Habop 1 — wmpuxnyHx-
mupHvie, 2 — moueynvie, 3 — wmpuxosvlie u 4 — cniouiHvie
Kpusble.

ComocraBieHre pacdeTHBIX CEYEHHH YNpPYyroro Hu
HEYNPYroro paccestHus C BO30YXKICHHEM COCTOSHHS
E,=0.478 MaB (1/2°) sinpa 'Li u peakumu ‘Li(d, t)°Li ¢
nepexonoM B ocHoBHoe (17) u B0o3Oyxmennoe (3") co-
cTosHMs sapa °Li ¢ SKCIepHMEHTANbHBIMH JAHHBIMH
MOKa3aHO Ha PHC. 3 I pa3HbIX HAOOPOB MOTEHIHAIOB
n3 tabauus 2. [IpuBeieHHbIE pacyeTHBIE KPUBBIE OBLIH
MOJy4eHBbl C Y4YeTOM BCEX CBsI3el, IOKa3aHHbIX Ha
puc. 2. BugHo, 4To pacyeT BOCHPOM3BOIUT XapakTep-
HBIE YEePThI IKCIIEPUMEHTAIIBHBIX YTJIOBBIX pacipesaere-
HUH Kak no MaieiMu (1o 40° - 50°), Tak u moj 60Ib-
muMH yriamMu. Tonmeko B obmactu cpeqHux yrioB (50-
80°) TeopeTnueckue CeueHHs HIyT HUXKE IKCIIEPUMEH-
TaJIbHBIX.

bonee merampHBIE pacueThl MU Habopa MOTEHIHA-
70B 4 n3 Tabnuibl 2 npuBeneHs! Ha puc. 4. llltpuxosble
TOYEYHbIE KPHBbIE Ha 3TOM PHCYHKE OTBEYAIOT IPSMO-
My MOJIXBaTy HeiirpoHa B peaktmu 'Li(d, t)°Li u o6men-
HOMY MEXaHH3MY C Iepefayeld 0-4acTHIbl B PEaKLUH
“Li(d, °Li)t, BeIunCIEHHBIE C YUETOM BCEX CBS3EI, MOKa-
3aHHBIX Ha puc. 2. CIUIONIHbIE KPUBBIE UX KOTEPEHTHAas
cymma.

10% ¢
"Li(d, t)°Li

o Ex=0(1")
o
O
s 10°F
G
o \ Wi
TD % Semm AL T . .
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Puc. 4. Yanosvie pacnpedenenus mpumonos uz peaxyuu 'Li(d,
t)eLi, omeeuarouux nepexodam é ocnosnoe (1*) u nepsoe 603-
Gyacoennoe (Ey = 2.186 MaB (3)) cocmosmus sopa °Li.
Keaopamvr — sxcnepumenmanvuvie mouxu. Kpuevie coom-
eemcmeylom pacuemam ¢ nomenyuaramu Habopa 4 us
mabn.2. Cniownble Kpusble — pacuemol cO 6CeMu CA3AMU,
wmpuxossie — yumenvt 6ce cessu ¢ peaxyuu 'Li(d, )°Li, no
be3 6Kk1a0a nepeoauu o-4acmuybvl, moueyHvie — OOMEeHHbLI
Mexanusm nepedauu  a-uacmuybi 6 peaxyuu Li(d, SLit.
IImpuxnynxkmuphole kpussie — pacuem peaxyuu 'Li(d, t)°Li
0e3 c63U KAHAN08 (UCKAICEHHbIE 0NIHbL ¢ KOHEUHbIM PAOUy-
COM 83aUMOOCLICMEUSL).
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AHanms, IpoBeIeHHBII co BceMu Habopamu mapame-
TPOB MOTEHLUANIOB, CBUAETEIBCTBYET O TOM, YTO JIHIIb
yd4eT BKJIaga OOMEHHOTO MEXaHHW3Ma I03BOJISIET OIH-
caTb IIOBCACHHC CeUYeHM I noJ GOHbIIJI/IMI/l yriiaMu.
IITpUXIIyHKTUPHBIMU KPUBBIMM II0Ka3aHbl yTJIOBBIE
pacnpeaci€Hud TPUTOHOB MIPAMOTO MEXaHMU3Ma IMMoAXBa-
Ta HeiiTpoHoB B peaximu 'Li(d, t)°Li, Berumcennbe B
paMKax MeToJja MCKa)KEHHBIX BOJIH C KOHEYHBIM pajuy-
com BiaumopeiictBusi (FRDWBA) ¢ oTkimroueHHBIMH
CBSI3SIMH.

U3 namrero ananusa cieayeT Ipyro BasKHbIM BBIBOJ
(¥ 3TO XOPOIIO MILUTIOCTPUPYET pHC. 4) O TOM, YTO y4eT
CBSI3M KaHAIOB U OOMEHHOTO MEXaHU3Ma NPAKTHYECKH
HE BIHACT Ha MOBEACHHE CEUCHUI B 00JACTH ITIABHOTO
MaKCMMyMa YTJIOBBIX pacmpezaeneHuii (mo yriio 40° -
50°), ¥ 9YTO MeXaHHU3M IOAXBATa JJOMUHUPYET B 00JIaCTH
yrioB o 40° - 50°.

4. 3AKJIIOYEHUE

Ha siapax 'Li npu suepruu neiitporos 25 MaB B 06-
nmactu yrinoB 8-169° B mabopaTopHO#l cucTtemMe n3Mepe-
HBl nupdepeHanbHple CeYeHUs yIPYroro U Heympy-
roro paccesHuss ¢ Bo30OyxnaeHueMm coctosHus 0.478
M5B(1/2°) u ceuenns peakmmu 'Li(d, t)°Li ¢ nepexona-
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25 MaB DHEPTMSLIBI IEUTPOHIAPAAFBI 'Li(d,t)°Li PEAKIIUSICBIHBIH MEXAHU3MI

D Byprebaes H., b Byprebaesa /I.T., D HyiicebaeB A., b Koaawioaen T.,
b Kepumkyaos K K., 1 Hacypaaa M., b aymenko H.B., 2 Apremos C.B.,
2 Kapaxonxaen A.A., ) Cannxbaen Y.C, 3 Cakyra C.b., Y Knuueseku C.,
% Isiceuxn E., ¥ Pycek K., Y Cronax P., ¥ TpuuHcka A, % Bosmncka-Iluxonka M.

Y Kasaxcman, Anmamo, Aoponvik puzuka uncmumymat
2
) @s6excman, Tawkenm, Aoponvik puzuxa uncmumymaot
i, s » ¥
3 Peceii, Mackey, «Kypuamos uncmumymury ¥aimmoix 3epmmey opmanviavl
Ilonvwa, Kpakos, Aoponvik ghuzuxa uncmunymol
% Monvwa, Bapwasa, Ayvip uonoap 3zepmxanacwl, Bapuwiasa ynusepcumemi

25 M5B 5Heprusutsl AeHTPOHIAPABIE 'Li SIPOCHIHAH CEPIIiM/Ii XKOHE CepITiMCI3 MANIBIPAYHBIH GYPHIIITHIK TAPATYbIHEIH
xosprFan 0.478 MaB (1/2%) xyitepi sxone 'Li(d,t)°Li peaximsichinan TpuToHIapasH Herisri aysicyst (J*=1") men °Li
agpochiHbiH (3 sone 17) ToMeH kaTkaH Ko3bIFaH Kyiinepi seprrenmi. Toxipubenik ManiMerTep GaitaHbICKaH apHanap
omici Temiperinme Tammammsl. 'Li—°Li®+n kyifeci ymim cnextpockommsibik (axtop MoHi aHbIKTamasl. Omap
TEOPHUSUIBIK MAJIIMETTEpPMEH Colikec Keneai. bip HeliTpoHnbl Kapmy Mexanu3mi a3 (40° neifinri) OypbimTapaa xKypeTiHi
JKOHE PEaKIUs SAPOHBIH OeTKI KabaThIHIa 00JaThIHBI KOPCETLI .

MECHANISM OF THE ’Li(d, t)°Li REACTION AT 25 MeV ENERGY OF DEUTERONS

Y'N. Burtebayev, Y D.T. Burtebayeva, ¥ A. Duisebayev, ¥ T. Zholdybayev,
D 7h.K. Kerimkulov, ¥ M. Nassurlla, ¥ N.V. Glushchenko, 2 S.V. Artemov,
9 A.A. Karakhodzayev, ? U.S. Salikhbayev, ¥ S.B. Sakuta, ¥ S. Kliczewski,
S E. Piasecki, ¥ K. Rusek, ¥ R. Siudak, ® A. Trzcinska, ¥ M. Wolinska-Cichocka

Y Institute of Nuclear Physics, Almaty, Kazakhstan
2 Institute of Nuclear Physics, Tashkent, Uzbekistan
%) National Research Center “Kurchatov Institute”’, Moscow, Russia
) The Henryk Niewodniczanski Institute of Nuclear Physics, Krakow, Poland
% Heavy lon Laboratory of University of Warsaw, Warsaw, Poland

Angular distributions of deuterons elastically and inelastically scattered on 'Li nuclei with excitation of the 0.478 M>B
(1/2) level and tritons from the Li(d, t)°Li reaction, corresponding to transitions to the ground (J* = 1*) and low-lying
excited states (3" and 1*) of the °Li nucleus were measured at the 25 MeV energy. The experimental data were analyzed
within the coupled reaction channels. Extracted spectroscopic factors agree well with the theoretical predictions. It was
shown that one-neuron pick-up mechanism dominates at small angles (up to 40°) and reaction occurs on the nuclear
surface.
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ENERGY DEPENDENT OPTICAL POTENTIAL FOR DIFFRACTIVE **C+'°0 SCATTERING
IN THE ENERGY RANGE FROM 1 UP TO 100 MeV/NUCLEON

O.A. Ponkratenko, A.T. Rudchik, Yu.O. Shyrma, Yu.M. Stepanenko, V.V. Uleshchenko
Institute for Nuclear Research, Kyiv, Ukraine

Detailed study of experimental differential cross sections for the *C+°0 elastic scattering in the energy range from 1 to
100 MeV/nucleon is carried out. It is found that differential cross sections in the range of transferred momentum up to
3-4 fm™ exhibit a pronounced diffraction pattern in the whole range of energy considered. Variation of the g-locations
of the first eight diffraction maxima and minima as well as of the cross section value in the maxima with the change of
the interaction energy are smooth and understandable.

As a result of the analysis an energy-dependent optical potential for the examined ?C+*QO system is obtained.
The potential satisfactory describes the diffractive scattering in the whole analyzed energy range from 1 up to

100 MeV/nucleon.

1. INTRODUCTION

Optical model (OM) is known to be very useful in
description and understanding of the elastic nucleus-
nucleus scattering. OM-based distorted wave Born ap-
proximation (DWBA) and coupled reaction channels
(CRC) approach allow one to also describe inelastic
scattering and direct transfer processes.

To calculate cross section within the optical model
approach one needs to have optical potential which,
however, is different for different pairs of interacting
nuclei and values of energy. While nucleon-nucleus
potential as a function of energy is more or less known,
the question of energy dependent nucleus-nucleus po-
tential is still quite far from clear solution and still is
being solved.

Energy dependence of a successful OM potential for
heavy ions interaction seems not to be simple. Absorp-
tion from the elastic channel described by imaginary
potential is caused by many different types of inelastic
processes which all have different space-, density- and
energy- dependencies. Some of inelastic processes
strongly depend also on the angular momentum. This
all, even being averaged over many types of processes
which take place together, must obligatory lead to de-
formations of form of optical potential with changes of
energy and most probably to jump-like behavior with
changes of nuclei.

Here we would like to propose a ‘step by step’ way
to construction of the energy dependent optical poten-
tial. Namely one could firstly fix a ‘bare’ part of the
potential which would have smooth space- and energy
dependence and includes no threshold-like and no reso-
nant effects. After that it could be possible to further
precise the potential by adding corrections which are
responsible for more complicated interaction mecha-
nisms and which require more complicated contribu-
tions to the potential — contributions with strong energy-
or angular momentum dependence. Possibility of asso-
ciation of different interacting mechanisms with sepa-
rate terms of optical potential is illustrated by CRC cal-

calculations with direct treatment of inelastic channels
which lead to reduction of the imaginary part of the OM
potential with increasing of the number of directly in-
cluded channels.

A relevant example of a smooth potential interaction
is diffractive scattering. A successful description of such
kind of scattering in a broad range of energy by one
potential having a smooth energy dependence could be
thought as a first step in construction of a global energy
dependent potential.

2. STUDY OF THE ?C+'°0 ELASTIC SCATTERING

DATA SET

12C+%0 is one of the most studied nuclear system.
There exist a lot of measured data for elastic scattering,
inelastic scattering, various types of reaction data in a
broad energy range from 1 up to 10 MeV/nucleon filled
with no big gap. This makes the *?C+*0 system good
for construction of a phenomenological potential with a
smooth dependence on energy.

In order to localize the kinematical region where
12C+%0 scattering can be thought to be smooth poten-
tial we performed a comprehensive analysis of all the
available experimental data on the *C+*0 elastic scat-
tering cross section [1]. Totally, angular distributions at
73 values of interaction energy were included in the
analysis.

Actually, the region of diffractive *C+'°0 scattering
can be seen immediately when one take a look on a
graph with several angular distributions placed together.
It is much more suitable to present angular distributions
as a function of transferred momentum q=2ksin(6/2)
rather than of scattering angle 6. In Fig. 1 one can see
that at small values of q<3+4fm™ the differential cross
section demonstrates quite a regular behavior, typical
for diffractive scattering.

A clear diffractive nature of the *2C+'°0 elastic scat-
tering in this region becomes even more visible when
one quantitatively describes locations of the diffractive
minima and maxima.
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Fig.1 Differential cross section of the 12C+%0 elastic scattering (related to the Rutherford CS) in the region
of q<4.1 for several values of energy in the range Ej.,(*°0) = 57 + 1500 MeV. Each distribution is multiplied
by factor 10™ where n=0+6 — is the sequence number of the distributions on the graph. Points — published
experimental data from many different experiments. Lines — optical model description of each fixed energy,
fitted in the region q < 3 fmtor q < 4 fm™.
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Fig. 2. g-coordinates of minima and maxima in *C+'*0 experimental elastic scattering angular distributions

as a function of projectile energy. Lines correspond to diffractive model inspired parametrizations.

To precisely determine the location (g-coordinates)
of the diffractive minima and maxima we performed an
optical analysis of elastic *?C+°0 scattering at each
value of energy for which experimental contributions
exist. For each experimental value of energy an optical
potential was build which provides a good description
of experimental data. Presence of continuous functions
of g which well represent experimental distributions
allowed us quite precisely localize experimental minima
and maxima. These values correspond to points in
Fig. 2.

Diffraction model predicts equidistant minima and
maxima in the differential cross sections

qmax(min) = @’ (1)
d

where i=0+7 — sequential number of the minimum
(maximum), Ry — diffraction radius of interaction, a —
place of the first minimum (maximum) in units of n/Rg.
As one can see in Fig.2, experimental distributions con-

firm simple diffractive model quite well. Especially in
the energy range from 4 up to 40 Mev/nucleon. At low-
er values of energy, localizations of minima and maxi-
ma move to the higher values of momentum transferred.
The effect is the stronger the lower value of energy is.
This effect can be explained by influence of Coulomb
interaction which gets effectively stronger when the
energy of interaction decreases. Similar but much weak-
er effect is visible at very high energies 50-
100 MeV/nucleon. However, reasons of the high-energy
enhancement should be of another nature. Both en-
hancements can be described [1] using simple modifica-
tion of the formula ().

Thus, one can be quite convinced that at small val-
ues of transferred momentum, up to 3-4 fm™, elastic
scattering in the *0+C system is of pure diffractive
nature in the whole experimental range of energy 1-100
MeV/nucleon. Therefore, in this kinematical region the
scattering process can be correctly described by a poten-
tial with smooth energy dependence.
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3. MODEL OF THE POTENTIAL

Potential for a fixed value of energy

As typical for the optical model approaches, in our
model the total potential of interaction of two nuclei
includes real and imaginary nuclear parts and the Cou-
lomb interaction part. Coulomb interaction is described
by the potential of a uniformly charged sphere. Imagi-
nary part of nuclear interaction is a sum of volume and
surface components of the Woods-Saxon shape — (WS)
and (WSD) correspondently . Real part of nuclear inter-
action is calculated in two possible ways: either as the
Woods-Saxon squared form factor (WS2), or as the
normalized double-folding potential (DF) [2].

In calculations we used density distributions of the
projectile and target nuclei described by two-parameter
Fermi distribution with radius 2.6 fm for *°0, 2.115 fm
for 2C and surface diffuseness 0.45 fm for both nuclei
[3]. We also used density dependent effective DDM3Y1
Reid nucleon-nucleon interaction which includes direct
and exchange terms [4]. It worth be mentioned that the
resulting folding-potential is energy dependent due to
the energy dependence of nucleon-nucleon interaction.
Numerical calculation were performed by the code
DFMSPH [5].

WS2 kind of potential was used for representation of
all of the angular distributions included in the study
described in the section 2.

Energy-dependent potential

It is quite natural to try to build a global potential
based on the same form as the potential which success-
fully works at any fixed energy of interaction. In this
case parameters of such a potential simply get some
energy dependence. Due to our experience we expect
these dependencies to be well described by such func-
tions [1-2]:

Ey-E
p(E)={PGo)-e * ), E>E; p-w, W,
0, E<Ey
- @
P (E) = p; (+0) +[p; (0) — pi(+oo)]eA‘ P =R,.a Ry s
Rup 8o Vo, Ng

The parameters pi(+w), Eqi, pi(0), A;, pi(E;) are to be
determined by fit of OM elastic scattering cross sections
to experimental data in the whole energy range simulta-
neously.

Dispersive relations for optical potential

Because of the causality principle, energy depend-
ence of complex optical potential cannot be arbitrary, it
has to satisfy dispersive relation (DR). There are sug-
gestion that it is possible to split the real part of the op-
tical potential into two terms: one with weak energy
dependence and another with stronger one:

V(r,E)=V,(r,E)+AV(r,E), ?3)
where Vo(r, E) — potential with weak dependence on

energy which is caused by interaction nonlocality, by
nucleons exchange between nuclei and by density de-

pendence of nucleon-nucleon interaction. In this case
AV(r, E) is calculated as
1_W(r,E)
AV(r,E) ,[Pf " dE’. (4)
Here P denotes the principal value of integral [6].

Weakly dependent component on energy component
of the real part of the OM potential looks very likely to
be associated with the double folding potential. Double
folding do has a weak energy dependence due to non-
locality, nucleon exchange and energy- and dencity-
dependence of the nucleon-nucleon interaction. On the
other hand V(r, E) can also be parametrized in some
way as it is done in our WS2 approach.

It is worth to stress that dispersive relations have to
be satisfied in each point of distance between the inter-
acting nuclei. Now most often DR are simply checked
in their integrated form — not for the complex OM po-
tential at each value of radius but only for its integrated
real and imaginary parts. To our knowledge the present-
ed our analysis is the first work which includes DR in
the whole their power, in each point of space coordi-
nate.

4. FITTING PROCEDURE AND RESULTS

In order to deduce the parameters of the build energy
dependent potential a standard %*minimization proce-
dure was performed by comparing OM calculations
with experimental differential cross section at all 73
values of energy simultaneously. In order to avoid dom-
ination of forward scattering where data have better
statistics, uncertainty of the same level equal to 10%
was used in the fit for all experimental points. In each
iteration, after fixing of the potential parameters (2) the
correction to the real part of the energy dependent po-
tential which is generated by the DR (3-4) was calculat-
ed for every value of radius used in calculation.
According to our aim to build a ‘bare’ part of the energy
dependent optical potential responsible for the pure po-
tential scattering, region of limited transferred momen-
tum g<4.1 fm™ was only included in the fit.

As the result of the fit a set of parameters, which al-
lows one to calculate the ‘bare’ **C+™0 optical poten-
tial for any value of energy, was obtained for both DF
and WS2 representation of the real part of potential. It is
important to calculate the DR-caused correction to the
real part. This correction generates main part of the en-
ergy dependence of the potential.

The obtained energy-dependent potential provides
quite a successful description of the experimental data
on the C+™0 diffractive scattering in the whole range
of energy from 1 up to 100 MeV/nucleon. Quality of
description of the elastic scattering in the diffractive
region provided by the obtained potential is illustrated
in Fig. 3. As one can see, slightly better description is
provided by the WS2 — parametrization of the real part
of the nuclear potential, which however corresponds to
a larger number of fitted parameters than in the case of
double-folding real potential.
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Fig. 3. The same as in Fig.1. but with lines calculated with the energy dependent OM potential.
Solid line — DF real part, dotted line — WS2 real part.
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Fig. 4. The same as in Fig. 2 but with energy dependent potential calculation.
Meaning of the points and curves — as in Fig. 3.
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Fig. 5. Values of 2C+%0 elastic scattering cross section (re-

lated to the Rutherford CS) in the first 4 diffractive maxima.
Meaning of the points and curves — the same as in Figs. 3-4.

Energy dependent optical potential not only well re-
flects the experimental angular distributions pattern. It
also quantitatively describes all the diffractive features
of the differential cross sections revealed in the section
2. This fact can be clearly seen in Figs. 4 and 5.

5. CONCLUSIONS

A comprehensive analysis of *°0 + '2C elastic scat-
tering experimental data in the energy region from 1 up
to 100 MeV/nucleon was performed. The analysis in-
cluded angular distribution at 73 values of energy. For
each value of interaction energy an optical potential was
obtained which provides a good description of data at
this energy. A pronounced diffractive character of the
elastic scattering in the range of transferred momentum
up to 3-4 fm™ has been demonstrated in the whole ener-
gy range considered.

An energy-dependent optical potential for diffractive
1°0 + '2C scattering was constructed. The build potential
provides a successful description of the °0 + *C elastic
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scattering in whole analyzed kinematical range cluded in their full form, at every value of distance be-
E=1+100 MeV/nucleon and q < 4fm™. tween interacting nuclei. The dispersion relations gener-

For the first time the dispersion relations between ate the main part of energy dependence of the con-
real and imaginary parts of optical potential were in- constructed optical potential.

REFERENCES

Ponkratenko O.A., Rudchik A.A., Rudchik A.T. et al., Nucl. Phys. At. Energy, 15,222 (2014).
Ponkratenko O.A., Uleshchenko V.V., Shyrma Yu.O., Nucl. Phys. At. Energy, 14,239 (2013).
Nicoli M. P., Haas F., Freeman R. M. et al., Phys. Rev. C 61,034609 (2000).

Gontchar I. I., Hinde D. J., Phys. Rev. C 69, P. 024610 (2004).

Gontchar I. 1., Chushnyakova, Comput. Phys. Commun., 181, 168 (2010).

Mahaux C., Hgo H., Satchler G. R., Nucl. Phys. A 449., 354 (1985).

S wWNE

1 JEH 100 MeB/HYKJIOH JEMIHIT DHEPTUSICBIHBIH, IMANTA3OHBIHJIA JUDPAKIUSIBIK
2C+10 — INAIIBIPATY IbIH, SJHEPTETUKAJIBIK TOYEJ I ONTUKAJIBIK MIOTEHIUAJ

Ionkparenko O.A., Pyquuk A.T., lupma F0.0., Crenanenko FO.H., Yiaemenkxo B.B.
Ykpauna, Kues, foponvik 3epmmey uncmumymol

1 mer 100 MeB/HyknOH ne#iHTI SHEPTHICHIHBIH IHANA30HBIH]IA 2C+%0 cospuimans MIanTeIpaTy neie aud depeHuan-
JIBIK KUMACBIHBIH TOXKIPUOEIiK MOIIMETTEP IiH OOJIIEKTIK Taaybl OPBIHIAIE.

1264180 JKYHECIHIe CO3BUIMAINTBl MIAIIBIPATyIbH Iu(QepeHInanIplK KIMAChIHBIH 3-4 (1)M'1 apTHIK eMec OepinreH
AMITYJILCTAPbIH ~ UANA30HBIHAA OapiblK 3EPTTETIHETIH HSHEPreTUKANBIK UANa30HBbIHAA OPEKETiHIH alKbIH
TU(paKkIUsIIBIK CUNATBIH KOpceTeli. AJFAIIKbl Ceri3 MUHUMyMJap MEH MaKCHUMYMIApIbIH >Karqaibl JKoHE e
MaKCHUMyM/Iap/ila KHMaHbIH MarblHAJIApbhl SHEPTrUsIMEH Oip KaJbINTa e3repell >KOHE OChI IBONIOLUS JUPPAKIHSIBIK
MOJeNbIiH 0a3ackIHAA KEHLT TOCUIAIH MeHOepiHae CuaTTaMara KoHeIi.

Opsinpanras TangayabiH HoTwkecinae 1 geH 100 MeB/HykioH neifiHri 6apiblK 3epTTENIHI€H SHePTreTHKAIBIK THara3o-
HBIHAA AUQPAKIMIIBIK HIANIBIPATYIBIH TOXKIPHOCTIK MOTIMETTepiH KaHAFaTTAHAPJBIK CHITATBIH KaMTaMachl3 CTETiH
SHEPIreTUKATBIK TOYEI I ONTUKAJIBIK OTECHIIAAT KaCaJIbl.

SHETETUYECKH 3ABUCUMBIN ONITHYECKHUI NOTEHIHAJI JTH®PAKIIHOHHOT' O
2C+%0 - PACCESIHMSI B IMAITA30OHE SHEPTHH OT 1 10 100 M>B/HYKJIOH

Ionkpatenko O.A., Pynuuk A.T., llupma F0.0., Ctrenanenko F0.H., Yiemenko B.B.
Huncmumym adepuvix uccnedosanuii, Kues, Yxpauna

BrinosiHeH AeTanbHBIA aHadM3 JKCHEPHUMEHTANbHBIX JaHHBIX U] depeHInalbHOro cedeHust yIpyroro paccesHus
2C+1°0 B guamasone suepruii ot 1 10 100 MaB/HyKI0H.

[oka3aHo, 4TO B JMAMA30HE NEPEIAHHBIX HMITYIHCOB He Oomee 3-4 dM™ aupdepeHImaTbHOe CeUeHHe YIPYroro
paccesuust B cucteme “C+'°0  jmeMOHCTpHpyeT OTueTNMBBHIA IM(PAKIMOHHBIA XapakTep MOBEACHHS BO BCEM
HCCIIElyeMOM DJHEPreTHYecKoM Juana3oHe. [lojokeHWs TepBbIX BOCBMH JAW(GPAKIMOHHBIX MHHUMYMOB U
MaKCHMYMOB, a TaKXXE 3HAUCHHS CCUCHHS B MAKCUMyMax, U3MEHSIOTCS ¢ S9HEPTHeH IIaBHO M Ta IBOJIOLHS ITOJIAeTCs
OITMCAHUIO B PaMKax IPOCTOT0 MOAX0Aa Ha 6a3ze Mu(PPaKIMOHHONH MOJIENH.

B pesynbrare BBINOIHEHHOIO aHAIM3a IOCTPOEH JHEPreTUYECKH 3aBUCUMBIM ONTHUYECKUN NOTEHLMAN, KOTOPBIH
o0ecIeunBaeT yAOBIECTBOPUTEIBHOE ONMCAHNE HKCIIEPUMEHTAIBHBIX AAHHBIX AU(PAKIMOHHOTO PACCESHHUS BO BCEM
HCCIIeyeMOM dHepreTrudeckoM auana3one ot 1 go 100 Ma>B/HykI0H.
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N3MEPEHUE CEYEHH BBIXOJA XAPAKTEPUCTHYECKOI'O PEHTTEHOBCKOI'O
N3JIYYEHMSI K-, L- U M-OBOJIOYEK ITPU B3AUMOJAEUCTBUN HOHOB A30TA
SHEPI'MEM 11.2,16.8 U 22.4 M>B C ATOMAMU MUIIEHHN

12 Kypaxmenos A.E., by TI'opaauyes U/, 12 Ypanos U.A.,
D Caymenxo H.B., D 3nopoBen; M.B., Y Mnatos A.B.

Yprir Hucmumym sdepnoii puzuxu,
050032, yn. Hopazumosa 1, Anamay, 2. Aimamesl, Kazaxcman
2 Espasuiickuii Hayuonanvnwiii Ynueepcumem um. JI.H. I'ymunesa
010000, yn. Mup3zoana 2, 2. Acmana, Kazaxcman

OnHUM 13 epCIIeKTUBHBIX HAIIPABICHUI UCCIEOBAHNS JIEMEHTHOTO COCTaBa SIBISETCS METOJI, OCHOBAaHHBIN Ha PErv-
CTpalny XapaKTepPUCTHUECKOTO PEHTTEHOBCKOTO M3JIyYCHHMS! BO3HHUKAIOIIETO MIPU B3aUMOAEHCTBUH TSDKEINIBIX YCKOPEH-
HbIX MOHOB ¢ aromamu mumeHel (HIPIXE). Otor MeTox B HEKOTOpHIX cirydasx siBisercs Ooiee 3((GEKTHBHBIM MO
CPaBHEHHIO C APYTMMH PEHTTCHOBCKMMH METOAAMH, HCIIOIb3YIOIINMH MEPBUYHOE PEHTTEHOBCKOE M3IyUEHHE, 3IEKT-
POHBI ¥ IPOTOHBI, OJ1arogapsi UCIyCKaHMIO OOJIBIETO KOJIMYECTBA PEHTTCHOBCKUX KBAaHTOB HA OJHY HAJIETAOLIYIO Jac-
tuiy. B nanHOl paboTe n3yuyeHbl ceueHus BbIX0Ja peHTreHoBcKkoro m3nydenus K-, L- 1 M-o0onouek mpu B3aumoeii-
CTBHH aTOMOB MHIIEHeil ¢ yckoperubiMu noHamu N ¢ sueprusvu 11.2, 16.8 u 22.4 MaB. JI1st oTydeH s YCKOpeH-
HBIX ITyYKOB a30Ta UCIIOJIB30BAJICS YCKOPUTEIbHBIN KoMIUleke Ha 6a3e nukiotpona AI[-60 B r. ActaHna.

B pesynbTare BBINOIHEHHBIX PadOT pacCUNTAaHBl CEYEHHUS BBIXOJA XapaKTEPUCTUYECKOTO PEHTIT€HOBCKOTO M3ITyUYCHHUS
K-o6omouek ot tpunamiaru roukux muineneit (Ti, Cr, Cu, Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb), L-o6004ek ot Murie-
Heit (Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Sh, Ta, W, Pb, Bi) u M-o6omo4ek ot mumeneii (Ta, W, Pb, Bi). Pacuer ceuenwmii
BBIXO/Ia XapaKTEPUCTHIECKOTO PEHTI€HOBCKOTO M3ITy4eHHs MPOM3BOAMINCE Yepe3 ceueHust Pesepdopaosckoro odpat-
HOTO paccesHus. DKCIIEPUMEHTAIbHO M3MEPEHHbBIE CEUEHUs] CPABHUBAINCH C CEYCHHUSIMH, PACCIMTAHHBIMH B PaMKax
ECPSSR u PWBA Teopuii. TeopeTndeckne MOACYSTH MPON3BOAMINCEH C UCTIONb30BaHueM nporpammer ISICS. B cra-

ThE 00CYKIAIOTCSI BO3MO)KHBIE IPUIUHBI IMEIOIUXCS PACXOKACHHH.

1. BBEAEHUE

B nocnennee Bpems CylIECTBYET MOBBIIIEHHBIA HUH-
Tepec K NMPUMEHEHUIO METOJla AJIEMEHTHOrO aHain3a,
OCHOBAaHHOTO HAa PErHCTPALUM XapaKTEPHUCTHYECKOTO
peHTreHoBckoro u3nydenus: (XPU) mpu B3anmoseiict-
BUU TSDKEJIBIX YCKOPEHHBIX HOHOB C aTOMaMHU MUIICHEH
(HIPIXE). B atoMm ciy4ae u3-3a ropasuo 00JNbIIero Ko-
JINYECTBA MCIYCKAaEMBIX PEHTT€HOBCKMX KBAaHTOB Ha OJ1-
Hy HaJICTAIONIYI0 YacTHIy MMEETCS BO3MOXHOCTH IIO-
BBICUTh UYyBCTBHTEJIHFHOCTh METOAA IO CPaBHEHHIO C
TPAIUIMOHHBIMA PEHTTCHOBCKHMH ITOJXOIAMHU, WC-
MTONTB3YIOIINMH B KauecTBE MEPBUYHOTO MydKa PEHTIe-
HOBCKOE HM3ITyYCHHE, HIEKTPOHBI U MPOTOHHI [1, 2]. Ot
CTaTbu JACMOHCTPHUPYIOT, YTO JJId TIOJIYUCHHA HaICK-
HBIX PE3YJIbTATOB IPU HUCCJIEIOBAaHUU 00pa3loB C HC-
noas3oBaHrueM Metoga PIXE Ha TsokenbIx HOHAX TOJIK-
HBI OBITH XOPOILO ONpEeNICHbl CEYSHUs] HOHNU3AINN U,
KaK CIIeJICTBHE, CEYCHHUS BBIXO/a XapaKTePHUCTHUECKOTO
PEHTI€HOBCKOTO M3IIy4eHHUs] OT aTOMOB MuIIeHeil. Pa3-
BUTHIE TEOPETHYECKUE ITOJXOJBI JOCTATOYHO XOPOIIO
OINKCBHIBAIOT MEXAHHW3MBI TCHEPAlUH PEHTTCHOBCKOTO
M3IYYCHUS JITKUMU noHaMu. OIHAKO B ciiydac TsDKe-
nmononHO# PIXE »TO0 ymaercss mameko He Bcerna M3-3a
CIIO)KHOCTH OIMCAHMSI TPOIIECCOB, IMPOUCXOMAIINX IIPH
B3aUMOJICHCTBUU TSXKEIOr0 MOHA C aTOMOM MHULIEHU. B
STON CHUTyalu OOJIBIIOE 3HAYCHHE MPHOOPETaoT JKC-
MIePUMEHTAJIBbHBIE HCCIIEAOBAaHUS  (HyHIAMEHTAIBHBIX
napameTpoB st HIPIXE Ha yckopeHHBIX mydkax Tspke-
JIbIX HOHOB.

B mpencraBneHHo# paboTe W3ydannch CEUCHUS BHI-
X0J]a PEHTTEHOBCKOTO M3Iy4eHus: K-o0omodek oT Tpu-
Haaaty toukux mumenei (Ti, Cr, Cu, Zn, Zr, Nb, Mo,
Ag, Cd, In, Sn, Sh), L-o6onouek mummeneii (Zn, Zr, Nb,
Mo, Ag, Cd, In, Sn, Sh, Ta, W, Pb, Bi) u M-o6omouex
munrereit (Ta, W, Pb, Bi) npu B3aumoae#icTBuu aTOMOB
MUIIeHEH ¢ yCKOpeHHBIMH HoHami “*N ¢ sHeprusMu
11.2, 16.8 u 22.4 M»B. [Ing nomay4eHus yCKOPEHHBIX
IMyYKOB a30Ta HCHOJB30BAJCS YCKOPUTEIHHBIA KOMII-
nekc Ha 6ase mukioTpona J{1{-60, BBeACHHBIN B 3KCILTY-
atanuio B ceHtssoOpe 2006 roma B 1. Actana [3]. [pu
STOM HCIIOJIB30BAJICS MTOIXOMA, OCHOBAHHBIA Ha pacdere
cedenmit Berxona XPU gepes cedenue peszepdopaoBcko-
ro 00paTHOrO PACCESIHUS, KOTOPOE MOXKET OBITh PACCUH-
TaHo u3 popmyisl Pesepdopia ¢ BEICOKOH TOYHOCTHIO.

[TonyueHHble pe3ysibTaThl CPAaBHUBAIUCH C TEOPETH-
YECKHUMH CCUYCHHUSMH, TMOJNyUYCHHBIMH HaMU B paMKax
ECPSSR u PWBA wMopxeneii ¢ HCIOIb30BAHUEM TIPO-
rpammsl ISICS.

3a mpomeniee BpeMs HECKOIBKO TEOPETHUECKUX
MTOIXOZ0B OBUIM Pa3BUTHI JUIS OMHCAHUS Ipoliecca Mo-
HU3aIlUM BHYTPEHHUX 00O0JI0OYEK aTOMOB MPH CTOJIKHO-
BEHUH UX C THKEIBIMA HOHAMHU. B pamMKax 3THX MOAXO0-
JIOB CTAIIKWBAIOIINECs CHCTEMBI OBLTH KIIaCCHU(HUINPO-
BaHbl B COOTBETCTBUM C TapameTpaMu Zi/Z; u Vi/Vys,
rae Z; u Z; - COOTBETCTBEHHO aTOMHBIE HOMepa HaJleTa-
IOIET0 MOHA M aTOMa MHIIEHH, V3 — CKOPOCTh MOHA U
Vo5 — CKOPOCTB JJIEKTPOHA Ha BHYTPEHHEH OOOJIOYKHU
aToma MmuIieHd. B Hammx sxcnepumentax Zi/Z; v Vi/Vog
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ObLIN B JIHana3oHe 0.084<7,/7,<0.29 u
0.09<v1/v5<0.68. Cunraercs, 4To TEOPUS] BO3MYIIIEHHO-
ro cocrosaus (ECPSSR Teopus), passuras Brandt u
Lapicki [4] B 1974 roxy, Hanbosiee KOPPEKTHO OIHCHI-
BaeT IMPOILECC MOHM3AIMH HAJIETAIOINUM HOHOM [5, 6].
Ora Tteopusi sBiAeTcs MoaupUKarmerr OOPHOBCKOTO
npuOIKenust Ui mwiockux BoiH (PWBA), yuursiBato-
mast Takue dPQPEKThl, KaK MOTEPU SHEPIUU MOHA TOCIe
cTosikHOBeHUs (E), KyJIOHOBCKOE OTKJIIOHEHHE TPaeKTo-
puu nona (C), MoanpUKanuio SHEPreTUIECKUX COCTOS-
HUI aTOMapHBIX JJIEKTPOHOB Yepe3 MOJIENb BO3MYIIEH-
Horo coctosiHus (PSS) 1 KOppeKIMIo Macchl IEKTPOHA
m3-3a pensTuBHCTCKUX 3¢dexToB (R). B mocnennee
BpeMsl TIOSIBIJINCH YITydIIeHus 3Tod Mozaenu. K mpume-
py, koppekiusa oosenmuHenHoro aroma (UA) k ECPSSR
MO BKJIIOYaeT KOPPEKLHIO YHEPTUH CBSA3H JIEKTPO-
HOB MHIIIEHU W3-32 HAIWYHUS HAJCTAIOIMIEH YaCTHIIBI [7].
Bonee Toro, Benka et al. [8] mpemnoxumu yaydmienne K
ECPSSR mopmenu ajst Toro 4ro0sl yuecTh (opMupoBa-
HHE MOJIEKYJSIDHBIX OpOuTalell NMpu HOH - aTOMHBIX
CTOJIKHOBeHUsX, ciaenys UA moaxony.

2. OKCIIEPUMEHT

OO6pa3irs! OBLUTH MOATOTOBJICHEI B BHIE METaJUIHYEC-
KHX IUICHOK, HANBUICHHBIX METOJOM MarHeTPOHHOTO
TUTa3MEHHOT'O OCAXKICHHUS Ha OPTaHUYCCKYHO TOIOXKKY.
TOHIL[HHa I/ICHOJ'H)SyeMBIX IIJICHOK BapI)I/IpOBaJ'[aCI) B IU-
anasone ot 29 g0 200 MKr/cM?. Pacuer cevennii BBIXOJ1a
XPU npowmssoamics yepe3 ceueHune PesepdopaoBckoro
00paTHOTO paccesHusl, MO3TOMY B DKCICPUMEHTAX MPH
OOJIy4eHUN MUIICHEH OJHOBPEMEHHO PETHCTPHUPOBa-
JIUCHh ¥ PEHTICHOBCKHE KBAHTHI, 1 00PAaTHO pacCesHHBIC
YacTUIBL. PerucrTpamnusi pEeHTTEHOBCKOTO H3IyYCHUS
ocymectisuiack Si(Li) nerexropom miomiaapo 12 MM
u paspemenneM 135 3B Ha muamm 6.4 3B, pacnoo-
JKEHHBIM TI0Z yriioM 135° K HampaBIeHWIO IBIDKCHUS
nyuka. J[eTeKTOp OCHAIEH 3alUTHBIM OPraHHYCCKHM
okHoM TOHON ~200 HM. Ilpu peructpammun K-mu-

uuii Ti, Cr, Cu, Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb u L-
mvuuii Ta, W, Pb, Bi nepen nerexropoM pacrojaraics
OpTaHWYECKHH TOTJIOTHTENs ToimuHon 0.1 MM s
YMEHBILEHHUS BKJIa/Ia B PETUCTPUPYEMBIN CIIEKTP HU3KO-
SHEPreTUYHOTO0 PEHTI€HOBCKOIO M3NIydeHus. B ciyuae
JleTeKTUpoBaHus Bcex M-munwmid, a Taxxke L-muanii Zn,
Zr, Nb, Mo, Ag, Cd, In, Sn, Sb ¢uibTp He HCIOIB30-
Bauicsi. J{ns pacuera 3(p(heKTHBHOCTH CHCTEMBI PETHCT-
paunu XPU ncnons3oBascs Habop KIMOPOBOYHBIX MC-
TOYHUKOB 152Eu, 154Eu, 155Eu, 22Na, 54Mn, 1335&, 109Cd,
57CO, 65Zn, 2Lam u Fe. Ha pucyHnke | mpencraBieHa
M3MepeHHas KpuBast 3QpPEeKTUBHOCTH PETUCTPALIUN PEH-
Tr€HOBCKOTO M3IYYCHHUS C MCIIOIb30BAaHHEM OpraHuIec-
Koro ¢uiIsTpa u 6e3 QrIbTpa.

[Tpu peructparu 06paTHO paccesHHBIX YaCTHII MC-
MOJIB30BAJICS] TOBEPXHOCTHO OaphepHBIN IETEKTOp ILIO-
mazeio 50 MM, pacrionokKeHHbIH moa yriaom 160° k Ha-
[IPABJICHUIO JIBWKEHUS IIydKa. YTOJI, CTATMBAaEMBbIil Je-
TEKTOPOM, B SKCIIEPUMEHTAX COCTaBIIsLI 9.7 Mcpaa.

Pacuer ceueHnii BpIXoa XapakKTepUCTUIECKOTO PEH-
Tr€HOBCKOTO M3JTy4YeHUsI TPOU3BOAMIICS 110 hopMyIre:

N, D,Qpon | st
= (1)
e NDy |1-e™*

Ox

B Beipaxxenun (1) Nx u Ng — umcno 3aperucrpupo-
BaHHBIX PEHTI'€HOBCKMX KBAaHTOB M OOpaTHO paccesH-
HBIX 9acTHI[ cOOTBeTCTBeHHO; Dy m Dr — ko3¢ purmen-
THI, YYUTBIBAIOLIAE MEPTBOE BPEMsI IIPU HaOOpe peHTre-
HOBCKOTO CITEKTpa U CIIEKTpa 0OpaTHO paccestHHBIX Yac-
THUI] COOTBETCTBEHHO; r (Cpax) — TEIECHBIH YTOJ, CT-
THBAacMBIil ITOBEPXHOCTHO OapbepHBIM NETEKTOPOM; &
(Ex) — addextuBHOCTS Si(Li) MeTexTopa, 3aBHCAIIAsT OT
SHEpPIHH PEHTTEHOBCKUX KBAHTOB; 4 (cM*/T) (Ex) — Mac-
coBbIl KO3((UIMEHT OcnallieHHsT PEHTTeHOBCKOTO H3-
Jy4eHUs B 00ydaeMoM o0Opasiie, 3aBHCAIIMA OT dHEp-
MM PEHTICHOBCKHX KBaHTOB; t (r/cm”) — TonmuHa Ha-
NIBUICHHOM TUICHKH U OR — CEYeHHEe 00paTHOTO

1

-+

g

14

{ /ﬁ
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AdchextuBHoCcTb x10(-5)
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Pucynox 1. Kpusas s¢pghexmuenocmu pecucmpayuu penmeeHo68cKo20 usiy4enus.
6e3 opeanuueckozo gurompa (®) u ¢ ucnorvzosanuem guivmpa (M)
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paccesHus U 3aJJaHHOTO yTJIa M YHEPTUHU MIEPBHYHOTO
mydka. YieH B KBaApaTHBIX CKOOKax B BeIpaxeHHHU (1)
YYUTBIBAET CaMOIOIJIONICHHE PEHTTEHOBCKOTO HM3IIyde-
HHS B MHLICHU. B ciryyae ncrnonb3oBanust GUiIbTpa Bbl-
paxenue (1) mpuHUMaeT BUL;

_ Ny Dy Qg0q |: Mt :l
e N D.e 1-e

X

rae u; (eM?/r) (Ex) — MaccoBbIil Kod(bHIHEEHT ocaabe-
HHS PEHTTEHOBCKOTO M3JIy4eHHsI B QUIBTPE, 3aBUCSILUIA
OT PHEPTHH PEHTTEHOBCKHUX KBAHTOB, pf (I/cM°) — MIOT-
HOCTb Marepuaia ¢puiIbTpa 1 X (cM) — TONIMHA QHIBT-
pa.

3. PE3YJIBTATBI U OBCYKIEHUSA

Tabmuuer! 1, 2, 3 (K-nuuun), 4, 5, 6 (L-muuaun) u 7
(M-nuH#M) BKIIOYAIOT KaKk WHIAWBUIYAIbHBIC, TaK H
monHble ceueHus Bhixoaa cepuit (K, Liot 1 Myt coot-
BETCTBEHHO), MPEACTABISIONINX COOOH CyMMYy OTEIb-
HeIX JuHAA 11g 11.2 MsB (0.8 MbsB/HykimoH) 14N2+,
16.8 MaB (1.2 MsB/aykmon) “N* u 22.4 MsB (1.6
MsB/aykiton) “N*. B taGmumax 1-7 ykasaHsl Takke
MOTPEIIHOCTH OINPENENCHNS CEUYEeHUH BBIXOIA pEHTre-
HOBCKOT'O W3TYYEHHUS, OOYCIOBICHHBIE ONIMOKaMHU OII-

penenenus Ny, Nr, Or, ex, or (YpaBaenue 1). Teopetn-
YeCKHE JaHHbIC, MPEACTABICHHbIC B Tabaumax 1-5, ObI-
JM TIOMYYeHbl U3 OJHOBAKAHCHOHHBIX BBIXOJOB (iIyo-
PECLEHIINH U CeYEeHHMI HOHU3AIMH, PACCUUTAHHBIX HAMHU
B pamkax noaxonoB ECPSSR u PWBA ¢ ucnonb3oBa-
HreM mporpammuoro obecreuenus ISICS [9]. Durypsr
2, 3 u 4 noka3pIBalOT rpaUYEecKu BBIXOJ| XapaKTepu-
CTHYECKOTO PEHTreHOBCKOro m3myueHust il Kig, Ligt
and My Kak (YHKIHIO aTOMHOTO HOMepa siapa MHIIIe-
HH.

Kak crnemyer u3 Tabmun 1-7, momydeHHbIe KCTIEpH-
MEHTAJIbHBIE PE3YJIbTaThl JOCTATOYHO XOPOIIO COTJIACy-
torest ¢ ECPSSR Teopueii s K obonodek npu sHepruu
YCKOPEHHBIX HOHOB a30Ta 1.2 MaB/uykion u L o6omo-
YeK TPHU SHEPruH Haneraromux dactur 1.6 MaB/ayk-
JoH (pacxoxaeHue He npebinaeT 20% U HaXOAUTCA B
paMKax MOTPEIIHOCTH OINpE/CICHUs] CEYeHUH BBIX0/a).
B ocranbHBIX ciaydasx pacxoxkIeHHE MOJTyYeHHBIX JaH-
HBIX C TeopHed Haxoxutcs B nuanasoHe 20% — 60% u
HE MOJKET OBITb OOBSICHEHO JIMIIb IKCIEPUMEHTAIBHBI-
MH TIOTPEIIHOCTSIMU. [IpH 3TOM NMPHUCYTCTBYET SIPKO BBHI-
paKeHHAs CUCTEMaTHYeCKast COCTABIISIONIAS.

Tabruya 1. H3mepennvle u paccuumarible ceueHus 8blxo0a penmeeHoscko2o usnyuenus K-obonrouex amomoe muwenu (6 baprax)
1452+
ona 11.2 MsB N

AnemeHT Ka Ks Ktot Kiot ECPSSR Kiot PWBA
Ti 134412 16.7£1.5 151 297 2020
Cr 70.6+6.4 11.2£1.0 81.7 140 1139
Cu 17.7£1.6 2.5+0.3 20.3 27.2 272
Zn 13.6£1.2 2.1+0.2 15.7 20.3 204
Zr 1.47+0.13 0.28+0.05 1.75 1.51 12.0
Nb 1.19+0.11 0.21+0.03 1.40 1.21 9.17
Mo 0.84+0.08 0.15+0.02 0.99 0.97 7.04
Ag 0.29+0.03 0.063+0.08 0.35 0.35 1.95
Cd 0.21+0.02 0.036+0.008 0.25 0.29 1.52
In 0.18+0.02 0.031+0.007 0.21 0.24 1.19
Sn 0.13+0.01 0.024+0.005 0.16 0.20 0.93
Sb 0.10+0.01 0.019+0.004 0.12 0.17 0.73

Tabauya 2. H3mepennvie u paccyumannvie cedeHus: 8bix00a peHmaeH08cko2o usnyuenus K-obonovex amomos muuenu (6 bapuax)
1453+
ona 16.8 MaB =N

AnemeHT Ka Ks Kot Kiot ECPSSR Kt PWBA
Ti 1040+100 173+£17 1220 1480 4669
Cr 56957 99+10 668 7271 2844
Cu 12012 19.3£2.0 139 144 796
Zn 86.2+7.8 15.0£1.5 101 107 615
Zr 7.62+0.78 1.66+0.25 9.28 7.61 444
Nb 5.84+0.53 1.08+0.19 6.92 6.04 34.4
Mo 4.48+0.53 0.83+0.20 5.31 4.84 26.8
Ag 1.67+£0.17 0.32+0.06 1.99 1.72 7.84
Cd 1.40£0.14 0.20+0.07 1.60 1.42 6.18
In 1.13£0.15 0.13+0.08 1.26 1.17 4.88
Sn 1.02+0.11 0.12 £0.08 1.14 0.98 3.86
Sb 0.82+0.09 0.10+0.01 0.92 0.82 3.06
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Tabruya 3. H3mepennvie u paccyumanuvie cedeHus: 8b1x00a peHmaeH08cko2o usnyuenus K-obonovex amomos muwenu (6 bapnax)

ons 22.4 MsB “N**

AnemeHT Ka Ks Ktot Kiot ECPSSR Kiot PWBA
Ti 2030+260 279+36 2310 3814 7680
Cr 1260+130 217£20 1480 2009 4945
Cu 212419 36.6+3.3 249 434 1560
Zn 159116 26.7x2.7 186 324 1230
Zr 13.6+1.2 2.43+0.24 16.0 23.0 105
Nb 10.2+0.9 2.0£0.20 12.2 18.2 82.1
Mo 8.61%0.77 1.64+0.15 10.3 15.6 64.7
Ag 2.44+0.22 0.53+0.06 2.97 5.08 19.9
Cd 2.1240.19 0.36+0.05 248 418 15.9
In 1.95+0.18 0.27£0.04 2.22 3.45 12.6
Sn 1.43+0.16 0.18 £0.05 1.61 2.86 10.1
Sh 1.21£0.16 0.15+0.05 1.37 2.38 8.0

Tabnuya 4. Hsmepennvle u paccuumanHbie Ce4eHus 8bIx0008 PEHMeeH06CK020 usnyuenus L-obonrouex amomos muwenu (6 baprax)

ons 11.2 MB N#

AnemeHT Lo+l Le Ly Lot Lt ECPSSR Lt PWBA
Zn 4790044300 67591 94011
Zr 14600+1300 8540 23262
Nb 11300+1000 7125 20360
Mo 10300900 5976 17842
Ag 3670+330 2470 8795
Cd 3200£290 2105 7710
In 2740+240 1791 6728
Sn 2320£210 1516 5822
Sb 1540+140 1300 5084
Ta 81.317.3 49.5+4.5 7.31£0.7 138 91.6 380
) 70.846.4 429439 6.2910.6 120 82.8 34
Pb 30427 20.0+1.8 3.16+0.3 53.6 373 140
Bi 27.2+2.5 18.7£1.7 2.57+0.3 48.6 33.7 124

Tabnuya 5. Uzmepennvle u paccHumannble ceHeHust 8bixo0a PeHmaeH06CK020 usnyienus L-obonouex amomos muwienu (6 baprax)
14y 3+
ons 16.8 M>B =N

AnemeHT Lo+l Ls Ly Lot Lot ECPSSR Lot PWBA
Zn 7420046700 111200 120500
Zr 3180042900 21833 39144
Nb 2590042300 18745 35103
Mo 2290042100 16133 31485
Ag 1220041100 7356 17290
Cd 985041100 6367 15470
In 8410+760 5492 13763
Sn 77001690 4705 12132
Sb 55404500 4074 10772
Ta 282+25 164+15 20.3+2.1 465 322 1003
w 23321 134412 17417 385 292 908
Pb 114£10 71.746.5 9.83+1.1 196 138 409
Bi 104+10 61.745.6 9.58+1.1 175 125 368
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Tabruya 6. Hzmepennvie u paccuumanmvie ceuenust 8bix00a peHmeeHo8cko2o usiyienus L-obonouex amomoe muwenu (6 6aprax)
o 1473+
s 22.4 MbB N

AnemeHT Lo+l Ls Ly Lot Lot ECPSSR Lot PWBA
Zn 85000+13000 136910 134010
Zr 3760043800 36169 51932
Nb 2900043000 31829 47366
Mo 2640042900 28029 43181
Ag 1290041200 14101 25674
Cd 1240041300 12411 23336
In 97704980 10873 21085
Sn 89504900 9448 18867
Sb 81804820 8284 16990
Ta 39636 224120 29.3£2.6 649 731 1890
W 351432 195+18 24.8+2.2 571 666 17203
Pb 15614 96.518.7 14.0+1.3 267 321 809
Bi 143+13 87.447.9 13.3+1.3 245 293 734

Tabruya 7. H3mepennvie u paccuumannvie cedeHus: 8b1X00a PeHm2eH08CK020 usnyyenus M-obonrouex amomog muwenu (6 baprax)
ona 11.2 M>B **N**, 16.8 M>B **N*" u 22.4 M>B “N**

3 11.2 MaB 16.8 MaB 22.4 MaB
MEHT
ne Mot Mot ECPSSR | Mot PWBA Mot Mt ECPSSR | Mot PWBA Mot Mot ECPSSR | M.t PWBA
Ta 31100+2800 21718 55619 41700+5200 38140 87640 52300+3900 53955 113490
w 306002800 19867 51131 40800+4700 35137 81397 50200+4500 50108 106350
Pb 179001600 10134 26375 29700+3800 18796 44813 41300+3000 28132 62345
Bi 179001600 9253 24049 28500+3600 17255 41092 39700+2500 25929 57638
100 000,0

= N A—pwBA

E PWBA EC%R*

z 10 000,0 L
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Pucynox 2. Ceuenus gbixo0a penmeeno6cko2o usnyuenus ons K, Liot # Mygt Kak ¢ynryus amommnozo nomepa sioep muwienu

onsa 11.2 M>B N usmepennsvie (M) u paccuumannsie 6 pavkax ECPSSR () u PWBA (4) nooxodos
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Pucynok 3. Ceuenus vixoda penmeenogcko2o uznyyenus 0as Ky, Liot 4 Mgt kKax @hynryus amomuoeo nomepa soep muuieHu
ons 16.8 M>B *N** usmepennvie (M) u paccuumannsie 6 pavkax ECPSSR (@) u PWBA (4) nooxodos
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Pucynoxk 4. Ceuenus vixoda penmeenogcko2o usnyuenus 0asa Ky, Liot 4 Mgt kKax gpynxyus amommozo nomepa sadep munieHu
ons 22.4 MsB *N** usmepennvie (M) u paccuumannsie 6 pavkax ECPSSR (@) u PWBA (4) nooxodos

OnHON M3 BO3MOXHBIX NMPHYMH HAOJIOAAEMBIX pac-
XOXKICHUIN IKCIICPUMEHTATBHBIX U TEOPETHUCCKUX JIaH-
HBIX MOXXET OBITh HEJJOCTaTOYHAs! KOPPEKTHOCTH OIUCa-
HUS MEXaHW3MOB MOHH3AIMH, 3aJI0)KEHHBIX B MPOrpaM-
me ISICS. Kak crnenyer u3 Tabnui 1-7 oTiimaue sKcrie-
PUMEHTAJIBHBIX JaHHBIX OT TEOPETHYECKHX, PaCCUHTaH-
HBIX B pamkax PWBA mozeny, mocturaer B HEKOTOPBIX
ciydasx nopsaka BeiauduHbl. ECPSSR monens Oonee
NPaBIJIBHO OITMCHIBACT MEXAaHM3MBl HMOHHM3AIMH HPH
BO36y)KHeHI/II/I ATOMOB TsXKCJIBIMU HOHAMHU, YUHUTbIBas
IMOTECPU DHEPrurM MOHA MOCJIC CTOJIKHOBCHHSA, KYJIOHOB-
CKOE€ OTKJIOHEHHE TPAEKTOPHH HOHA, MOIU(DHUKALIIO
9HEPreTUYEeCKUX COCTOSHUM aTOMAapHBIX AJIEKTPOHOB
4yepe3 MOJIeNb BO3MYIIEHHOTO COCTOSIHUSI M KOPPEKIIHIO
Macchl AJIEKTPOHA M3-3a PENITUBUCTCKUX 3P dexToB. Ho

u B 9TOM cirydae B niporpamme ISICS paccmarpuBaercs
OJTHOBaKaHCHOHHBIH MEXaHM3M HWOHHM3aLMH M CHSTHS
BO30YK/IEHHs Yepe3 UCITyCKaHNE PEHTTEHOBCKOTO KBaH-
Ta. B TO ke Bpems B psne padot [10, 11] ykaseiBaeres,
yro MoHM3aiust K 000JI04eK aTOMOB MMIIEHH MOXKET
COTIPOBOXKIATHCSI OJJHOBPEMEHHBIM BHIOMBAHHEM 3JICKT-
poroB apyrux oboxouek (L, M), cozgaBast, Takum obpa-
30M, MHOTOBAaKaHCHOHHBIN BO30YXKICHHBIA aToM. MHO-
TOKpaTHas WOHW3ALUs BIHMSICT HA BEIMYMHY SHEPTUH
CBSI3H, BBIXO/1 ()JIyOPECLICHIINY U BEPOSTHOCTh paiuall-
OHHOT'O CHATHS BO30YxaeHust aroMoM. Takum oOpazom,
BBIXOZI PEHTT€HOBCKOT'O M3JIyYCHHUS B ClIydae OJHOKpPAT-
HOW M MHOTOKpPAaTHON MOHM3AaLlMU MOXKET CUJIBHO OTJIU-
yatbes. Kak nokaszaHo B pabore [12] npu Bo30yxaeHUH
voHamu °C** aToMOB MuIIIeHH HAGTIOIAIOTCS CABHIU H
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VIIUPEHUS] PEHTTCHOBCKUX JIMHUM, YTO MOXET OBITh
OO0BSICHEHO MPUCYTCTBHEM ITOMHMO OCHOBHOW OIHOBA-
KaHCHMOHHOW JIMHUH CPABHUMBIX 10 MHTEHCHUBHOCTH Ca-
TEJUTUTHBIX JIMHHUHA, COOTBETCTBYIOIIMX MHOTOBaKaHCH-
OHHBIM TIepexojaM. B HarieM sKcriepuMeHTe TakKe Ha-
OJIOAIOTCS CMEIICHHUS PEHTICHOBCKHX JIMHHMA, TOCTHU-
rarommx 190 5B B ciyuae 6ombapaupoBky noHamu N
TUTAaHOBOW MUIIICHU. DTO TOBOPHUT O MPUCYTCTBUU MHO-
TOBaKaHCUOHHBIX TIEPEXOJIOB U, KaK CIEACTBUE, O HE0O-
XOJMMOCTH YYUTHIBATh N3MCHEHNE CCUCHUN MOHU3AINI
7 BBIXO/a (PIIYOPECICHINU M3-32 HANWYHS MHOTOKpAT-
HOM MOHU3AIAH.

Kpome Toro, cymecTBytoT 06JIacTH MPUMEHUMOCTH
Pa3NIUYHBIX MOJENeH OMMCAHUS MEXaHHM3MOB HOHH3a-
MU aTOMOM TsDKeNbIMH noHamu [13], ompenemseMbix

JIOYEeK M 00pa3oBaHWe KBa3UMOJEKYJBl. DTH IPOLECCHI
OTIHMCHIBAET TEOPHSI MOJEKYILIpHBIX opbOuTaneii [14, 15],
YUUTBIBAIOIIAs] B3AUMHOE HCKKEHHE aTOMHBIX OpOHTa-
Jiel CTaJIKMBAIOIUXCSI MapTHEpOB. B Hammx skcnepu-
MeHTax oTHowmeHus Zi/Z; u Vq/Vos nexar auama3zoHax
0.084<27,/7,<0.29 n 0.09<v1/V<0.68. Takum 06pasom,
HECKOJIbKO HAIIUX 3KCHCPHUMEHTAJIbHBIX TOUYCK Ha 3TOU
JuarpaMme MPUMEHHUMOCTU TEOPECTUYCCKUX Moxlenef/i
Jexar BOJIM3M 00JIaCTH NPUMEHUMOCTH TEOPHH MOJIe-
KyJSIpHBIX OpOWTajel, 4TO yKa3bIBaeT Ha BO3MOJKHBIE
MOTPEIIHOCTH TIPH  KCIOJB30BaHUM B JTOM Cllydyae
ECPSSR Teopun mns pacdera cedeHHi BBIXOJa Xapak-
TEPUCTUYECKOTO PEHTTEHOBCKOTO M3ITyICHHUSL.
[IpeacTaBneHHbIE UCCIESIOBAHUS SBISIOTCS PO-

JOJDKEeHUeM padoT, BRIMOTHEHHBIX B 2013 romy [16, 17].

yepe3 oTHOmEHUs Z1/Z, u Vi/Vys. ECPSSR Monens xo-
poiro paboTaeT INPH AaCUMMETPHYHBIX M OBICTPHIX
cronkHoBeHusx 0.2<Z,/Z, u Vi/V,>0.3 [13]. dns cum-
METPUYHBIX M MEIICHHBIX CTOJKHOBEHHH HEOOXOIUMO
YUYUTHIBATE MOJIEKYJIAPHBIE MEXaHH3MBI B3aHMOJEHCT-
BUS MOHA C aTOMOM — IEPEKPBITUE DIEKTPOHHBIX 000-

BJIATOJAPHOCTH

Paboma evinonnena 6 pamxax epawma 0608 I'®D
MOH PK. Bwipascaem makace darazooapuocme Ileno-
kogy @.M. 3a niodomeopHoe u axmuenoe yuacmue 8
OUCKYCCUSX.
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K-, L- 7JKOHE M-KABBIKITAJIAPBIHBIH PEHTTEH/JIK COYJIEJIEHY CUTTATTABIHBIH, IIbIFY
KUbLJIBICBIH A3BOT HOHJAAPBIHBIH, 11.2, 16.8 ’KOHE 22.4 M>B SHEPI'USICBIHBIH HBICAHA
ATOMBIMEH O3APA 9CEPI KE3IHAE OJILIEY

12 Kypaxmenos A.E., H Topanaues U. 1., 12 Ypanon U.A., H I'nymenko H.B., H 3noposen M.B., ) Maatos A.B.

2 HAoponvik puzuka uncmumymaut PMK,
050032, Hopazumos k.1, Anamay, Anmamet K., Kazaxkcman
2 JLH. I ymunes amovinoazel Eypazua ¥nmmoix ynueepcumemi,
010000, Mup3osnn k. 2, Acmana K., Kazaxkcman

DJNeMEeHTTIK Kypam/ibl 3epTTEYAiH MEePCHEeKTUBAIBIK OarbITTapbIHBIH Oipl ayblp MOHAAPIbIH HBICAHA aTOMJapbIMEH
@3apa OpeKeTTEeCyiHeH Maijia OOoNaThlH CHMATTaMalblK PEHTTCHIIK COyJIeNIeHY/Al TipKeyre HeTi3fenreH dJic OoJbIm
tabbiansl (HIPIXE). Byn oxmic keiiOip skarmainapia, Ken MeJIIepe PEHTTeHIIK KBaHTapHbl IIbIFapyblHA Kapain
JNIEKTPOHAAPHl MEH MPOTOHAAPHI Oip VIIBIN KEJICeTiH O6JIIeKKe KEeNETiH, AJFallKbl pPEHTIEHIIK COYJICHYI
naijangaHaTblH 0acka pPEHTTeHIIK OJICTepPMEH CalbICThIpFaHAa THUIMJIIpeK OoJiblll caHalaabl. bynm jkymbicta
sueprusuiapsl 11.2, 16.8 xone 22.4 MaB Gonarsin N yeTinren HoHZapbIMEH HbICAHA aTOMJIAPBIHBIH OPEKETTECTIr
kesinzgeri K-, L- sxoHe M-KaObIKIIanap sl peHTIeHAIK cayJseleHyiHiH MbIFy KUMachl 3epaeiieH . A30TThIH YAETUIreH
IOKTapbIH aiy yiriH Actasa K. [11-60 muKIOTpoHk Oa3ackIHIAFEl YACTKINT KeMICH] Mali1aTaHbUIIbL.
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U3MEPEHUE CEYEHWA BbIXOIA XAPAKTEPUCTUHECKOIO PEHTTEHOBCKOIO U3NYYEHUA K-, L- U M-OBOJIOYEK
NPY B3AUMOZEUCTBUU UOHOB A30TA SHEPIMEN 11.2, 16.8 U 22.4 MaB C ATOMAMW MULLEEHN

Kymeicrapaer operapay Hotmxkecinae (Ti, Cr, Cu, Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb) ote13 xyka HbeicaHamaH K-
KaOBIKIIACBIHBIH, (Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb, Ta, W, Pb, Bi) ueicananapnan L-kaObikiiacsiabiy sxone (Ta, W,
Pb, Bi) Hbeicanamapgan M-KaOBIKIIACHIHBIH CHIATTAMANBIK PEHTTCHIIK COyJeNeHYiHIH IIBIFY KHMAachl €CeNTeNi.
CunarraMaliblK peHTI€H/IIK COYJIeIeHYIH WbIFy KUMaltapbiH ecentey Pe3ephopAThIK Kepi mambipay KUMachl apKbUIbI
Kyprizingi. OkcnepuMmeHTTIK eunmieHreH kumanap ECPSSR xone PWBA Teopusuiap mieHOepiHze ecenrtenreH
KAMaJIapMEH CalbICTRIphUIAbL. Teopusibik ecenteynep ISICS mporpamMMacelH maimanaHy apKbLUIbl JKYPTIi3ii.
Maxkanaga MyMKiH OOJaThIH alBIPMATBUTBIKTAPIBIH CeOCTITepl TATKBUIAHA B

CROSS SECTION MEASURING OF CHARACTERISTIC K-, L-, AND M-SHELL X-RAYS
DURING INTERACTION OF NITROGEN IONS WITH ENERGY OF 11.2, 16.8 AND 22.4 MeV
WITH ATOMS OF THE TARGET

12) A E. Kurakhmedov, ¥ 1.D. Gorlachev, *? I.A. Ivanov, ¥ N.V. Glushchenko, ¥ M.V. Zdorovets, ¥ A.V. Platov

Y RSE Institute of Nuclear Physics
1, Ibragimov st., Alatau, Almaty, Kazakhstan, 050032,
2 Eurasian National University named after L.N. Gumilyov
2, Mirzoyan st, Astana, Kazakhstan, 010000

The technique based on the detection of characteristic X-rays generated from the interaction of accelerated heavy ions
with target atoms is currently one of the promising areas of element composition research. This technique is sometimes
more efficient than other X-ray techniques which use the primary X-rays, electrons and protons due to the more X-rays
emission per incident particle. The present work provides a study K-, L- and M-shell X-ray production cross sections
induced by N accelerated ions with energies of 11.2, 16.8 and 22.4 MeV. The accelerator complex based on the DC-
60 cyclotron in Astana was used to produce nitrogen accelerated beams.

As a result of work performed K-shell characteristic X-ray production cross sections for the thirteen thin targets (Ti, Cr,
Cu, Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Sh), L-shell X-ray productions for the targets ( Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb,
Ta, W, Pb, Bi) and M-shell X-ray productions for the targets (Ta, W, Pb, Bi) were calculated. The technique of
simultaneous detection of X-rays and Rutherford backscattered particles was employed to obtain the X-ray production
cross section. The simultaneous measurement of induced X-ray emission and elastically scattered ions allows the X-ray
production cross sections to be calculated from the differential Rutherford cross sections. The obtained data were
compared with the theoretical predictions of PWBA and ECPSSR models calculated by us with the ISICS code. The
article discusses the possible reasons for the existing discrepancies.
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O PACHHPEJEJIEHUU KU3HEHHO BA’KHBIX 1 HEKOTOPBIX TOKCUYHBIX 3JIEMEHTOB
B PACTEHUSX, INIOJOOBOIHOU MTPOAYKINH, JEKAPCTBEHHBIX TPABAX U CBOPAX

Axmenos S.A., bakues C.A., Kyabakanos B.K., Paxmanos K., Ocunckas H.C.

Huncmumym aoepnoit pusuxku AH PY3, Tawmkenm, Y3doexucman

C moMOIIBI0 METOANKN HEHTPOHHO-aKTHBAMOHHOTO aHAIN3a MPOaHATH3NPOBaHO okosio 400 mpod mpeacTaBIIsSIONINX
6onee 200 BHAOB pacTeHUH M UX COCTABHBIX 4YacTei, CeMsH, JIEKapCTBEHHBIX COOPOB U IUIOJOOBOIIHONW MPOAYKIIHUH.
[Nomy4yeHsl HaHHBIC O COACPIKAHUS KM3HEHHO BaXKHBIX IS OpraHM3Ma YeJIOBeKa DJIEMEHTOB, a TAK)Ke HEKOTOPBIX TOK-
CHYHBIX 2JIeMeHTOB. OIpe/ieNie sl peiebl OOHapYKEHHS JaHHBIX JIEMEHTOB. BBIABICHBI PACTEHUS C MOBBIICHHBIMH
Y IOHM)KCHHBIMHU COACP KaHUAMHE 14 KI3HEHHO BaXKHBIX U 3 TOKCHYHBIX I€MEHTOB. Paccuntansl Ko uuneHTs O1o-

JIOTHUYECKOI'O MOTJIOMICHUSA JIA XYPMBI.

|. BBEAEHUE

M3BecTHO, YTO B OpraHU3ME UeNOBEKa COJEPKHUTCA
MpaKkTHYecKH Bes Tabnnia Menaeneesa — 81 u3 92 mak-
PO- ¥ MHUKPOAJIEMEHTOB. V30BITOK MM HEIOCTATOK OJ1-
HOTO W3 HUX NPUBOJMT K TE€M WM MHBIM 3200JICBaHUSIM
1 TATOJIOTHYECKUM COCTOSHUSIM, KOTOpBIE OOBSCHSIOT-
csl TUcOaTaHCOM COJIep)KaHHs 3JIEMEHTOB B OpraHu3Me.
3TO B CBOIO OUYEpe/b YACTO SABJISIETCS MPUINHOM TOTaIb-
HOM pa30alaHCHUPOBKH MHHEpaitbHOTO oOMeHa. Ilmma
SIBIISIETCS] OCHOBHBIM MCTOYHUKOM MOCTYIIEHUS] MHKPO-
3JIEMEHTOB B OpraHU3M uenoBeka. Iloatomy nccnenoa-
HHUE COJEp)KaHMs 3JIEeMEHTOB B HEl, paBHO Kak U B Jie-
KapCTBEHHBIX TpaBax M cOOpax, MPUMEHSeMbIX IUIs Jie-
YEeHUS Pa3TUYHBIX 3a00JI€BaHUH MHUKPO3JIEMEHTHOIO Xa-
pakxTepa, mpeacTaBisieT cod0oit 0coObIil HHTEpEC.

B nurtepatype uMeercss HeMalo OAHHBIX IO HJe-
MEHTHOMY COCTaBy NPOJYKTOB IHUTaHUs, MOJy4YEHHbIE
METOJaMH HEHUTPOHHO-aKTUBAlMOHHOro aHamu3a. On-
Hako OOJBIIMHCTBO PabOT BBHIIOIHEHO IO MOSBICHHS
JETEKTOPOB Y-U3Iy4YEHUSI C BBICOKMM DHEPreTHUECKUM
paspemeHreM. Vcnonp30BaHne TEXHUKH Ha 0ase moiy-
MIPOBOAHUKOBBIX IETEKTOPOB U3 BBICOKOYHCTOTO T'€pMa-
HUs ¢ BeICOKHM (1.8 K3B) paspemieHreM CymecTBEeHHO
YIIy4IIMIO BO3MOXKHOCTH aHATUTH4YecKux pabot. Tak,
NPOBEICHHBIC HAMM IIPEIBAPUTEIIEHBIC HCCIICTOBAHUS
MOKa3aJId, YTO B PACTUTENBHBIX MpPoOax MPOSBISIOTCS
JIMHUU PaIHOHYKIUAO0B 35—40 XMMHUYECKUX DIIEMEHTOB
[1]. OT0 mpemompeneniIo 1HEeNeco0Opa3HOCTh Pa3padboT-
KM COOTBETCTBYIOLIEH aHAIUTUYECKON METOAMKH U
MPOBEACHUE MHOTOVIEMEHTHOIO aHajau3a MIMPOKOTo
Kpyra NpOAYKTOB NMUTaHUS PACTUTEIBHOTO MPOUCXOXK-
JICHHsA, a TaKXKe JICKapCTBEHHBIX TpaB, MPOU3PACTaIO-
IIUX Ha TEPPUTOPUH ¥Y30EKHCTaHa.

Il. DKCIEPUMEHTAJIBHAS YACTh

11.1. MeTomuka HHCTPYMEHTAJIBLHOTO HEHTPOHHO-

AKTHBALIMOHHOTO AHAJIN32

IIpu pa3paboTke METOAUKY aHAIN3a IPOBEJECH BECH
LUKJI HEOOXOJMMBIX PaCUETHO-METOJMUECKUX UCCIIEO-
BaHMH, BKIIIOYAIOIIMX B ce0sl BBISIBICHUE TIEPEYHS Olpe-
JIETSIEMBIX AJIEMEHTOB, HCCIIEIOBaHHS BO3MOXKHBIX I10-
MeX Ul aHaJIN3a, BHIOOP aHATUTHYECKUX PAIMOHYKIIU-
JIOB, ONITUMHU3AIMIO BPEMEHHBIX IapaMeTpOB aHAIM3a U

oTpeieieHue MpeIesIoB 00HAPYKEHUS DJIEMEHTOB.

IIpu HENTPOHHO-aKTUBALIMOHHOM OIPEIECIICHUN 3JIe-
MEHTHOTO COCTaBa BEIIECTBA CYIIECTBYIOT TPH THIIA Me-
maromux (aKkTopoB: KOHKYPUPYIOLIHE SAEpPHBIE peax-
1K, uHTepdepeHys (HalIoKeHHne) raMMa-JIMHAN pas-
JWYHBIX PAAMOHYKIIUIOB M KOMIITOHOBCKUH (OH OT 60-
Jiee BBICOKOPHEPTUYHBIX Y-JIMHUH, OJHAMAIONINN TIhe-
JecTan I0J aHAINTHYECKOW JIMHHEH OmIpenessieMoro
3JIEMEHTa M, TEM CaMbIM, YXyJIIAIOINA COOTHOLICHHUE
curnai/¢owu [4].

CriekTp HEHTpPOHOB SJIEPHOTO PEaKTopa, Iae O0IIy-
YalOTCs aHaIM3UpyeMble 00pasibl, UMEET IUPOKUI a1-
anas3oH sHepru#t (ot 0 mo ~ 15 M»3B), Tak 4uTo, Kpome
OCHOBHOTO (N,Y), OTKPBIBAIOTCSA U Jpyrue (IOpOroBbIe)
KaHaJbl PEaKLi, M0 KOTOPBIM MOTYT 00pa3oBaThCs
AHAJMTHYECKHE PAJAMOHYKIUIBI OT JPYTHX 3JIEMEHTOB
[2]. PacueTsl, mpoBeACHHBIE C UCIIOIB30BAHUEM SJIEPHO-
(U3MUECKUX KOHCTAHT OCHOBHBIX M KOHKYPHPYIOIINX
peakuuii, moxasaiu, 4To Al paMOHYKIMIOB BCEX pac-
CMAaTPUBAECMBIX JJIEMEHTOB BKJIA/I KOHKYpPHPYIOIINX pe-
aKIMH HAYITOKHO MaJ ¥ €0 MOXKHO HE yUUTHIBaTh. bia-
roAaps BBICOKOMY pa3peIIeHHI0 raMMa-CIEeKTPOMETpPH-
YECKOH ammapaTypbl, CIy4aeB HaJOKEHUS JMHUN (WH-
tepdepennnn) B peaenax +2 k3B B HameM ciydae He
BeTpeuaercst [1]. I3BecTHO, 9TO B CIIEKTpE Y-H3IyUCHUiT
AHAJIMTHYECKHE JIMHUM MHOTHX OIPENENseMbIX JJIEMEH-
TOB HaxXOJSATCS HAa KOMITOHOBCKHM Ibe/iecTaine oT 0o-
Jiee BBICOKOOHEPTUYHBIX JHMHHUHA. YIIydIIeHHs OTHOIIE-
HUS CUTHaT/(OH MOXXHO JOOUTHCS, TOJNBKO BapbUpys
BpPEMEHHBIE MapaMeTphbl aHalk3a. DTUM MyTeM J00HBa-
JOTCSI TIOJYYEHHS ONTHMAIBHBIX ITapaMeTpoB aHaIN3a
IIPY OTIpeeNICHNH KOHKPETHBIX paJrioHyKimnaoB. OqHa-
KO B HallIeM CiTydae MpH HPOBEICHUH OJHOBPEMEHHOTO
MHOTO3JIEMEHTHOTO aHAJIM3a IPUXOAUTCA OTrpaHWYH-
BaThCAd HAXOXKICHHEM ONTHMYyMa HE Ui KOHKPETHOTO
PaIMOHYKIINAA, a JIUIIb JUIS TPYIIIbI DJIEMEHTOB.

YuuThIBas CKa3aHHOE BBINIE, MBI CIPYIITHPOBAIH
orpeiessieMble 3JIEMEHTBI Ha CIIEAYOIIHE TP IPYIIIbI C
yKa3aHHBIMH YCIOBUSIMU U peXUMaMU aHanu3a: [1]

I'pynna 1. Mg, Cl, I, Mn, Cu, Na, K, npu o6yuennu
KOTOPBIX TEIUIOBHIMH HEHTPOHAMH, 00pa3yloTcsi KOPOT-
KOXKUBYILHE PAJAUOHYKIJIHIbI 27Mg, 56Mn, 38C|, 1281 4 Ip.
C IepHoJiaMH TOJIypacliajia OT HECKOJIbKMX MHHYT JIO
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0 PACMPEJENEHWN XXU3HEHHO BAXHbIX M HEKOTOPbIX TOKCU4HbIX 3NIEMEHTOB
B PACTEHUAX, MNOAOOBOLLIHOM NPOAYKLUMKU, NEKAPCTBEHHbBIX TPABAX U CEOPAX

HECKONBKUX 4acoB. ONTHUMaIbHAS ATUTEIHHOCTH 00Ty-
YEHUS COCTABIISET 15 ¢ MpH MIOTHOCTH MOTOKA HEUTPO-
uos f = 10*® w/cm%c B TemoBoM Kanase peakTopa; tyy, =
10-15 mun. Jns onpenenenus Cu, Na, K t,,, = 200 c.
s onpenenenust Mg, CL, Mn u I t,,,,= 50 c.

I'pynna 2. B oTy Tpymniy BXOJST CPeTHEKHBYITHE
aykuael Ca, Sm, Mo, Lu, U, Yb, Au, As, Nd, Br, La,
Cd. OnrruMainbHast UIHTETBHOCTh OOTyYEHUsT COCTABIISA-
eT 15 yacoB mpH MIOTHOCTH MOTOKA HeHTpoHOB f = 10"
H/eM?e, by, = 10 sHed, by = 200 .

I'pynna 3. Te xe npoObI (00TyyeHHBIE TI0 TpyNIIe 2)
BEBIICP>KUBAIOTCS IS ocThIBaHUA 30 CYyTOK IJIs Ompesie-
nenust snemenros Ce, Se, Hg, Tb, Th, Cr, Hf, Ba, Sr,
Ag, Cs, Ni, Sc, Rb, Fe, Zn, Co, Ta, Eu, Sb mo gonroxu-
BYIIUM HYKIHAaM. J[MHTENbHOCTH M3MEPEHHH COCTaB-
nset 400-600 c.

W3MmepeHne CHEKTPOB raMMa-H3Iy4eHHs OOITydeH-
HBIX TIPO0 ¥ STAIOHOB (CTaHAAPTHBIX 00PA3IOB) MPOBO-
QMM Ha KOMITBIOTEPH3UPOBAHHOM raMMa-CIHEKTPOMET-
pe BbIcOKOTO pasperrenus dupmel “Canberra”. Ilepen
HavyalloM M3MEpPeHHH CHEKTPOMETP HACTpauBalId C II0-
MOIIBI0 00pa31oBbiXx ramma-ucrounukos (OCI'U). Co-
JIepKaHUE JIEMEHTOB OIPEICISUTA OTHOCUTEIIEHBIM Me-
TOJIOM TIyTEeM CpPaBHEHHS AKTHBHOCTH PAJIHOHYKIHIIA
OTIPEeNIeNIIEMOT0 3JIEMEHTa C aKTUBHOCTBIO TOTO XKe dJie-
MEHTa B DTaJOHE WIH B CTaHAApTHOM oOpasie. OCHOB-
HBIE OIlepaluy 1Mo 00paboTKe Y-CIEKTPOB MPOBOAWIH C
MOMOIIBIO TTakeTa mporpamm Genie-2000, koTopsii yi-
PpaBIISeT MPOIIECCOM M3MEPEHHI, IPOBOJUT KATHOPOBKY
Y-CIIEKTpa, OINpPEAEseT SHEPTrUH Y-IUHHUH, BBIYUCISIET
WX MHTEHCUBHOCTH (IUIOIIAAN TOJ aHATUTUYECKOH JIn-
HHEH) M CTAaTHCTHYECKYI0 MOTPEHIHOCTh OIpEACICHHs
WHTCHCUBHOCTU JHHUU. [l0 SHeprusM ramma-jiuHUN

MIPOBOANTCST OAHO3HAYHAs MACHTHU(DUKAIMI paIioHyK-
JIUIOB XMMHUYECKHX 31eMeHTOB. Ilo moiydyeHHbIM HH-
TEHCUBHOCTSIM T'aMMa-JIMHUH NpoOBI U 3TAJIOHA OIepa-
TOp MPOBOAUT BBIYUCICHUC co,uepncaﬂnﬁ 3JICMCHTOB B
npobax.

Pa3paboTanHas MeToAuka IO3BOJIMJIA ONPENETIHThH
okono 40 31eMeHTOB B MPOOaX PacTUTEIHHOTO MPOHC-
XOXKJEHUS C TpeniesilaMi OOHapy»KeHUsl, yKa3aHHBIMH B
tabn. 1. Tam sxe mpuBeneHbI sAepHO-(PU3UIECKUE Xapa-
KTEPUCTUKH, ONpENesieMbIX 3JIEMEHTOB. B 3aBucumo-
CTH OT MEIIAIoMuX (aKTOPOB MpeAenbl 00HAPYKEHUS
MOTYT OTIMYATHCSI Ha MOPSIIOK.

JocronHCcTBaMHU pa3pabOTaHHON METOAWKH SBISIOT-
Csl MHOTORJIEMEHTHOCTh M BBICOKAasl 4yBCTBHUTEIBHOCTD
OTIpeZIeTICHUs] OOJBIIOrO YHCIIa SIEMEHTOB.

11.2. IToaroToBKa Npod

Hccnenyemble JeKapCTBEHHBIE TPaBbl B OCHOBHOM
MprOOpeTaIy B BHICYNIIEHHOM BHJIE B aNTeKax, y 4acT-
HBIX IPOAABIOB (CIEMUANN3UPYIOMHUXCS Ha cOope u
MpoAaXKe JEKapCTBEHHBIX TPaB), a OBOIIM, (PPYKTH U
HEKOTOpPBIE TPABbI — B €CTECTBEHHOM (HE BBICYILICHHOM)
Buze. [Ipu npuoOperernu mpod MO BO3ZMOKHOCTH yCTa-
HaBJIMBAJIN MECTO UX NIPpOU3pACTAHUSA.

OTo0panHbIe IPOOBI TIIATESIHLHO MPOMBIBATIH CHAYa-
Jla BOAOIIPOBOAHOM BOJIOH, a 3aT€M ABAXAbl AUCTHILIN-
pOBaHHOM BOJOH. 3aTeM MpoObl pa3zpe3anyn Ha MeNKHe
KyCOUYKH M CYLIWIH B CYIIMJIBHOM IIKady MpH TemIiepa-
type 60 °C. BricymienHble mpoObl U3Menp4aiu B ¢ap-
(opoBoii cTynke W MpomycKainu 4epe3 cuto. M3 atnx
M3MEINbYEHHBIX MPo0 roTOBMIN HaBecku no 100 Mr ams
00JTy4eHHns Ha peaKkTope.

Tabauya 1. Aloepro-ghuzuyeckue xapakmepucmuku OnpeoeiieMuix S1eMeHmMos U ux paouonykiuoos [3]

Ne Fpynna SnemeHT O6pasytowuiica Mepuop nony- OHeprus Y-KBaHTOB Mpenen obHapyxeHus,
paAvoHyknua pacnapa T1 aHanuUTUYeCcKoW NMHUK, k3B mrikr (%)
1 Mg Mg-27 9.46 MuH. 843.8;1014.4 100 (1079
2 Cl Cl-38 37.2 MuH. 1642.4 10 (1073)
3 K | 1-128 25.0 MUH. 442.9 0.1(107)
4 OpOTKOXMBYLLME Mn Mn-56 2.58 vac. 846.7;1810.7 1(107%)
5 HyKnme! Cu Cu-64 12.8 vac. 511-anHurvn. 1(107)
6 Na Na-24 15 vac. 1368.6 1(107%)
7 K K-42 12.4 yac. 1524.7 10(1073)
8 Ca Ca-47—Sc-47 3.35 K. 159.4 100(1072)
9 Sm Sm-153 1.94 oH. 103.2 0.0001(1078)
10 Mo Mo-99 2.75 ph. 140.5; 739.4 0.1(107)
11 Lu Lu-177 6.71 oH. 208.4;113.0 0.001(1077)
12 U U-239—Np-239 2.36 o 228.2 0.1(1075)
13 Yb Yb-175 4.19 pH. 396.3 0.01(1079)
CpenHe-xvByLyve Yb Yb-169 32.0 oH. 198.0 0.01(1079)
14 HYKMab Au Au-198 2.69 K. 411.8 0.0001(1078)
15 As As-76 1.10 AH. 558.4; 657.0 0.01(1079)
16 Nd Nd-147 11 oH. 531.0;91.1 ~0.1(1075)
17 Br Br-82 1.47 pH. 554.3; 776.5 0.01(1079)
18 La La-140 1.68 aH. 1596.5 0.001(1077)
19 Cd Cd-115 2.23 H. 527.9 0.1(1075)
Cd In-115m 4.49 yac. 336.2 0.1(107)
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Ne Fpynna InemenT O6pasytowuiics Mepuoa nony- OHeprus Y-kBaHTOB Mpeaen obHapyxeHus,
paAvoHyKnua pacnaga T+ aHanuUTUYeCcKoW NMHUK, k3B mrikr (%)
20 Ce Ce-141 32.5 oH. 145.4 0.01(1079)
21 Se Se-75 120 pH. 264.6 0.01(1078)
22 Hg Hg-203 46.6 oH. 279.2 0.001(1077)
23 Tb Tb-160 72.3 oH. 298.6 0.001(1077)
24 Th Th-233—Pa-233 27.0 oH. 311.9 0.001(1077)
25 Cr Cr-51 27.7 oH. 320.1 0.01(1079)
26 Hf Hf-181 42.4 ph. 4822 0.001(1077)
27 Ba Ba-131 11.8 AH. 496.3 1(107)
28 Sr Sr-85 64.8 oH. 514.0 1(107)
29 LonroxvsyLune Ag Ag-110m 250 aH. 657.8 0.001(1077)
30 HyKnMAb Ni (n,p) Co-58 70.8 pH. 810.8 1(1074)
3 Cs Cs-134 2061 795.8 0.001(1077)
32 Sc Sc-46 83.8 oH. 889.3 0.0001(1078)
33 Rb Rb-86 18.7 AH. 1076.6 0.1(1079)
34 Fe Fe-59 44.5 ph. 1099.2 1(107)
35 Zn Zn-65 244 pH. 11155 0.1(107)
36 Co Co-60 5.27r 1173.2; 1332.5 0.001(1077)
37 Ta Ta-182 27.1 H. 1221.4;1231.0 0.001(1077)
38 Eu Eu-152 136T 1408; 121.8 0.001(1077)
39 Sb Sb-124 60.2 fH. 1691.0 0.001(1077)

I11. PE3YJBTATHI U OBCYKJIEHUE

11.1. O0beKThI HccIeI0BaHNe ObLIH Pa30UTHI
HA rPYNIbI:

II1.2. B kauecTBe MJJIIOCTPATUBHOI0 MaTepuaja

HUKE IPUBOAATCHA:

1 | Osowwm 7 | Cemena

2 | OpykTbl 8 | CanaTHble TpaBbl

3 | CyxopykTbl 9 | NekapcTBeHHbIE TpaBbl 1 COOPbI
4 | Untpycosble 10 | Yau

5 | Aroabl 11 | CpeacTBa HapoAHON MeAULIMHBI
6 | Opexu 12 | HekoTopble NpoayKTbl NUTaHNs

IIpoBenieHbl KOMMYECTBEHHBIE AHANMU3BI PACTUTEIb-
HBIX TPO0 Ha BHINICYKa3aHHBIE DJIEMEHTHL. B 1enom
npoaHanu3upoBaHo okoyno 200 HauMMEHOBAaHUM pacTte-
HUH ¥ TJI0Z00BOILIHBIX POJIYKTOB, & C yYETOM aHaIN3a
pa3MuHBIX YacTel pacteHuit — okoio 400 mpoo, nim 16
000 »>nemeHTOONpeAeneHUN. [l ynpoIleHus: NOHUMa-
HUSI Ha3BaHMS PAacCTEHWH NMPHBOASATCS HE B JIATHIHM, a B
0OBIYHO YIIOTPEOIIEMOM BHIIC.

SAbnoko Mpanp cdpua —=— fl6noko MongeH

. Pacnipenenenue HEKOTOPBIX JIEMEHTOB B 3aBUCH-
MOCTH OT COpTa MPOJYKTa, MECTa IPOPACTAHMS, a TAKKE
pacrpeiesieHre 1Mo YacTsIM pacTeHui (pucysku 1-3);

1. TmarpaMMmsbl conep>kaHU HEKOTOPBIX KU3HEHHO
BaXKHBIX JJICMEHTOB B HCCIICAOBAaHHBIX MpoOax (pucy-
HOK 4).

I1l. MakcumanbHble COAEp)KaHUsI HEKOTOPBIX JKU3-
HEHHO Ba)KHBIX DJIEMEHTOB B HCCIICJOBAHHBIX INpo0ax
(pucyHoK b).

IV. MakcumanbHbIe COfepKaHusI HEKOTOPBIX TOKCH-
YHBIX 3JIEMEHTOB B HMCCIIEAOBaHHBIX Mpo0ax (PHCYHOK
6).
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Pucynox 1. Pacnpedenenue snemenmos 6 3a6UcuMoCmu om copma npooykma
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Pucynox 3. Pacnpedenenue no uacmsm pacmeHuil

HOBTOpHeMOCTL X0/1a KPpUBbIX pacnpeneﬂennifl

OTtHOcHUTesbHAs OJIM30CTh TOYEK U TOBTOPSEMOCTD
X0J]a KPUBBIX paclpe/eeHnil B 3aBHCUMOCTH OT cOpTa
MIPOAYKTOB M MECTa MPOPACTAHUS SIBIISTIOTCS] CBUICTEIb-

CTBOM TOYHOCTH W HAaJE)KHOCTHM MeTona aHanms3a. Ha-
OJroIaeMblil ke Pa3dopoc ToueK OOBACHIETCS HEKOTO-
poit pa3HHULIEH 3JIEMEHTHOI'O COCTaBa 10 COPTaM U OTJIU-
YHEeM JJIEMEHTHOTO COCTaBa IT0YB.
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Ko3punmenTsl 6H0I0rH4€CKOro NorjaoueHust

st Xypmbl ObUIH paccurTanbl KO3QQuireHTs OHo-
nornyeckoro mornomenuss (KBIT) — oTHomeHus koH-
LEHTpalK 3JeMEHTa B PACTHTEIBHOM Marepualie K
KOHIeHTpalu ero B nouse (Tabnuna 2). Eciu 3Hadve-
nue KBII snemeHTa BhIlIe €IUHUIIBI, TO AaHHBIE YaCTH

pacTeHusi pacCMaTPUBAIOTCS KaK KOHIIEHTPATOPHI JaH-
HOTO 3JIeMEHTa.

T.o., MOYTH BCE COCTABHBIC YACTH XYPMbI MOXKHO
CUUTATh KOHIICHTPATOPAMHU KAIIBIIUS, & MIKOTh U KOXKY-
PY — KOHIIGHTpaTOpaMu KaJTusl.

Tabauya 2. Kosgghuyuenmol 6uonozuneckoeo no2nowjenus 8 4acmsx Xypmol

Ken Mg Ca Na K Cu Zn Fe Cr Mn Mo Co As
nmet 0.44 7.25 0.09 077 0.19 0.22 0.01 0.01 0.57 0.15 0.01 0.02
anpo 0.09 1.09 0.11 083 0.23 0.05 0.01 0.01 0.03 0.14 0.01 0.01
Koxypa 0.07 1.11 0.12 1.94 0.01 0.04 0.01 0.01 0.01 0.15 0.01 0.01
MSKOTb 0.04 075 0.11 1.95 0.01 0.02 0.01 0.01 0.01 0.06 0.01 0.01
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Pucynok 4. Juazpammul codeporcanuii HeKOMOPHIX HCUSHEHHO BANHCHBIX INIEMEHMO8 8 UCCIe008AHHBIX NPobax
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Pucynok 5. Maxcumanvuvie cooepicanusa HEKOMOPbIX HCUSHEHHO BANHCHBIX INEMEHINO8 8 UCCIe008AHHBIX NPOOAX
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PuCyHOK 6 Maxcumanvhoie COOEP()ICQHMH HEKOmopblX MOKCUYHbLX D]IEMEHIMO0E 6 UCCIeO0BAHHBIX npo6ax

1V. BAKJIIOUEHUE

PaspaboTaHna HOBas BBICOKOUYBCTBUTEIIbHAS HEHi-
TPOHO-aKTHBALIMOHHAS METOAWKA aHAIN3a PACTUTEIb-
HBIX TIpO0 C omnpeAeNieHneM B 0HOH mpobe 1o 40 xuMu-
gecknx dnmeMeHToB. [IpoBenen amamm3 Oomee 200 Ha-

IToryuen Gonpioif MacCHB HOBOW aHAIUTHYECKOH
“H(pOpPMAINH, CYIIECTBEHHO ITOTIOTHAIONINN OaHK HAay4-
HbIX JTaHHBIX IO 3JIEMCHTHOMY COCTaBY PAaCTUTECJIbHBIX
npo6. UuctutyT snepHoit puszuku AH PY3 roros pac-
CMOTPETh BOIPOC O IIEJIECO00Pa3HOCTH UCIIONIB30BAHUS

Z[aHHOﬁ MCETOAMKH aHaIh3a IJid NPOBEACHUA COBMECT-
HBIX pa60T, B TOM 4UCJIC, BBIIIOJTHCHUA COBMCCTHBIX Ha-
YYHBIX HPOCKTOB II0 @yHﬂaMeHTaJ’ILHHM nu TpUuKiIag-
HBIM HCCJIICAOBAHUAM.

HUMEHOBAaHUH NPOAYKTOB PACTUTENHEHOTO MPOUCXOXKIE-
Hus. OnpeneneHsl pacTeHNs ¢ HANOOIBITNMH COEPIKa-
HHUSAMH KU3HEHHO B)KHBIX 3JIEMEHTOB, KOTOPBIE MOTYT
OBITh PEKOMEH/IOBaHBI B KaueCTBE KOPPUTHPYIOUIUX B
JAUETOJIOTUH IPH pa3IMYHbIX MUKPO3JIEMEHTO3aX.

JINTEPATYPA
1. S.A. Bakiev. Radioanalytical and Nuclear Chemistry. / Bakiev S.A. / [et. al] // 2007.-P.272-281.
2. 1.B. Meanuc. CripaBo4HbIe TaOIUIIbI JUTSI HEHTPOHHO-aKTHBAI[MOHOTO aHanu3a. /| Mexuauc. B.U. / Pura, 3unatse, 1976.

3. 1.B. Menuuc. 'amma — U3IydeHne paidoHyKIHAOB, IPUMEHIEMBIX B HEHTPOHHO - aKTHBAIIMOHHOM aHanu3e. [CripaBodHuk] /
Mennuc. B.U. / Pura, 3unarne, 1987.
4. U.A. MacnoB. CpaBOYHHK [T0 HSUTPOHHOMY aKTHBalMOHHOMY aHanu3y. / Macinos AW Jlykuunkuii A.B. / Jlenunrpaz, 1977.

OCIMAIKTEP, A3BIK-TYJIIK OHIM/EPI, TOPIJIIK HIOIITEP MEH TOIITAMAJIAPBIH KYPAMbBIH
OMIP YIIIIH MAHBI3/IbI )KOHE KEMBIP Vbl JJEMEHTTEPIIH BOJY TYPAJIbI

Axwmenos S.A., bakues C.A., Kyabaikanos B.K., Paxmanos K., Ocunckas H.C.
O3bexcman, Tawkenm, 3P FA Aoponvik puzuxa uncmumymul

HelTpoHapI-akTHBTIK aHAN3 dmicTeMeciHiH keMeriMeH 200 Typii eCIMIIKTEpAiH TY31Ty KYpaMbl, YPBIKTApPhI, JopyeH
JKUHAKTapHI JKOHE a3bIK-TYIIK eHiMaepiHiH 400re XybIK ynTici 3epTTenmi. AgaM OpraHu3Mi YIIiH €H KakeT OoiFaH
JJIEMEHTTEp, COHZIAW-aK KeHOip yibl JIeMEHTTepAiH KeJieMi oJmIeHAi. bynm sneMeHTTepAiH KaObuimay Melrmepine
aHBIKTANIBL. YITiJIEpAe agaM OpTaHu3MiHe oTe KaxXeT OosraH- 14, 3usaHbI 00aFaH-3 3JIeMEHTTEPiH )KOFaphl )KOHE TOMEH
KeJieMJIepl aHbIKTaIIFaH. BUONOTHsUTBIK CiHIpY KOA(QQUIIMEHTTEp] KypMa YIIIiH €CenTeN/Ii.

DISTRIBUTION OF VITAL AND SOME TOXIC ELEMENTS
IN PLANTS, FRUITS, VEGETABLES AND MEDICINAL GATHERS

Ya.A. Akhmedov, S.A. Bakiev, B.K. Kuldzhanov, J. Rakhmanov, N.S. Osinskaya
Institute of Nuclear Physics AS RUz, Tashkent, Uzbekistan

Using neutron-activation technique analyzed about 400 samples for more than 200 species of plants and their
constituents, seeds, medicinal gathers, fruits and vegetables. The data on contents for vital elements of the human body,
as well as some toxic elements were obtained. The detection limits for these elements were determined. The samples
with heightened and lowered contents of 14 vital and 3 toxic elements were defined. The biological absorption
coefficients for persimmon were defined.
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YOK 575.224; 575.167

HUTOTEHETUYECKWI AHAJIN3 MEJTAIIMHCKHUX PABOTHUKOB
KOHTAKTHUPYIOIINX C HICTOYHUKAMU NOHU3UPYIOINEU PATUAIIMA

Yepeaquuuenko O.I'., I'younxkas E.I'.
Hncmumym ooueii zenemuxu u yumonozuu KH MOH PK, Anmamui, Kazaxcman

[pencraBneHsl pe3yIbTaThl H3y4eHH s iN VIVO 3()(PEeKTOB XpOHHYECKOTO BIMSHHUS Y-H3Ty4eHUsS HA MEIUIMHCKHX padoT-
HHKOB, a TaKkKe OLCHECHA MX PaJHOYyBCTBUTEIBHOCTD IIPH JOMONHUTEILHOM N Vitro BosaeiictBuu 1 I'p y-m3mydeHus.
BbIsiBNIeHO 3HAYMTENBbHOE MOBBIIICHHE YAaCTOTHI XPOMOCOMHBIX abeppanuil y oOciemoBaHHON TPyl MEAWUIIMHCKUX
paOOTHHKOB 110 CPABHEHHUIO C KOHTpoJeM. 110 pe3ynbraTaM HUTOTeHETHUECKOTO aHali3a ONpeaeieHa CPeTHsIs 103a 110-
JTy4eHHass MeArepcoHanaoM (mo obmieit gactote AaumeHTpukoB u koinen) — 0,072 I'p u mpoBeaeHa MHIUBUAyaTbHAS
oreHka (1o o0Iei YacToTe XPOMOCOMHBIX abeppalluii ¢ UCTIOab30BaHHeM 1030B0oi kpuBoil) — 0 1o 0,3 38 (I'p). Ilpu
U3y4YCHUH DPaJMOYYBCTBHTEIFHOCTH MeJAIepcoHaa 0OHapyKeHO, YTO B CPEJHEM IpyIlla HpOsBisia PaauovyBCTBH-
TENILHOCTh CPAaBHUMYIO C TAKOBOM 37I0pPOBBIX JOHOPOB, MpH 3TOM 17,6% 00ciIe0BaHHBIX NPOSBISUIN PaJnOPE3UCTEHT-
HOCTb, 29,4% — paguo4yBCTBUTENBHOCTh. MHIMBHIYYMBI CO CpelHEN paguodyBCTBUTEIBHOCTBIO cocTaBmiu 53,0%.
[Ipennoxena MaremarniecKkas MOJeNb 3aBUCMOCTH BU/Ia HApPYIICHUH OT J03bI OOJIyYeHHUsS! C YIETOM YPOBHS PajHo-
YyBCTBUTEIBHOCTH NMPOQEeCCHOHATIBHBIX pabOoTHUKOB. Ha OCHOBaHMM 3TOH MOAENH AJISI PaJrodyBCTBUTEIBHBIX WHIIH-
BHUJIYYMOB IOTJIOLEHHAs J03a paguanuu coctaBuia — 0,16 M3B, ans paauoycroiiunBbix — 2,04 M3B, 1718 TpynHnbl Cpel-

HEYyBCTBHUTENBHBIX — 0,52 M3B.

Jis m3ydeHuss XpOHUYESCKOTO BIMSHUS MajbIX 03
MYyTareHHBIX (aKTOPOB JOCTaTOYHO YAOOHOH MOJEIHIO
SIBIIIETCSI KOTOPTA JIFOJIei, TpoeCCHOHATIBHO TOABEepra-
IOILKXCS BO3AEUCTBUIO panuauuu. B ominumne ot xute-
JIel 9KOJIOTHYECKH HeOJaronpUsITHBIX PErHOHOB, IJe
MOpPOW OYE€Hb TPYAHO BBIUJIECHUTH MPEUMYILIECTBEHHBIMN
THUII MYTar€HHOIro BOS}]CﬁCTBHS{, B JJaHHOM CJIy4a€ MbI
MOYEM JjayKe TOBOPHUTH O TUIIE PaUalldOHHOTO BO3/EH-
cTBus. Panee HamM mpoBeseHO 00CIIEI0BaHUE TPYIIIBI
JII0/IeH, TTOJIBEPraloINXCsl PEHTTEHOBCKOMY HM3JIyYEHUIO
B CIIIy CBOeH MpodecCHOHANBHON aesTenpHOCTH. Ha-
CTOSIEMYy OOCIICOBAHHUIO MOABEPTIIUCH 34 MEIWIINH-
CKUX PaOOTHHUKA, XPOHUYECKH TOIBEPTarOUINXCs Y-00-
JTy4eHHIO.

Hurorenernueckuii anaau3 paOOTHUKOB, KOHTAKTH-
pyromux ¢ UCTOYHUKAMHU Y-U3JTYUCHUSA, BBIABUII Y HUX
MOBBINIEHHBIN BBIXOX, KaK 4yucCJia a6eppaHTH1)1x KJICTOK,
Tak 1 yucina abeppauuii (Tabnuma 1).

CpenHssi 4acToTa KJIETOK C XPOMOCOMHBIMH Hapy-
HICHUSMH Y HUX coctaBmia 3,48+0,31%, uto 6osee yem
B 4 pa3a npesbIlIaeT KOHTPOIbHBIH ypoBeHb 0,87 +£0,1%
(. Taycyryp) (p<0,01). CrekTp XpOMOCOMHBIX Hapy-

[IeHUI ObUT Tpe/ICTaBIeH abeppanusMu abepparusMu
xpomocoMHoro tuma (2,1+0,25%) n xpomaruaHOTO TH-
ma (1,38+0,20%). I1pu 3TOM OoCHOBHYIO Maccy abeppa-
LU XPOMOCOMHOI'O THITIA COCTABIISUTA Pa3phIBBI U (par-
meHTH (1,84+0,23%). [Ipu anamu3e oOcieyeMbIX Me-
pabOTHHUKOB (KUTENH T. AJNMaTBI) OIMpaBIaHO MPOBEIC-
HHUE CPAaBHEHUSI C [IUTOTCHETHYECKUMHU JaHHBIMHU ajMa-
THHIIEB, HE KOHTAKTHPYIOIINX ¢ HOHU3UPYIOLIEH pajua-
LMeW U HE MPOXOJIUBIIMX 3a MOCIEIHUN O/l PEHTI€HOB-
ckoro oocnenoBanus [1]. CpaBHUTENbHBIE JaHHBIE CBH-
JIETEIBCTBYIOT 00 OJMHAKOBOM YacTOTe abeppanuii Xpo-
MATHJHOTO THIA, T.. BKJAJ XMUMHUYECKOH COCTaBIISIO-
nied MICHTHYCH B 00EUX BBIOOpPKAX. A TIOUTH CEMU-
kparaoe (2,1+0,25% mno cpaBuenuro c¢ 0,3+£0,07%,
p<0,01) yBenuueHme YacTOTHI abepparyii XpOMOCOMHO-
ro THIIA CBUJCTEIBCTBYET O MYTarcHHOM J3(PQeKTe pa-
JMUANAOHHEIX ()aKTOPOB TMPO(ECCHOHATBHON CPEIbl.
Koppermsmun Mexay Bo3pacToM, MPOJOKUTEITEHOCTHIO
paboTHI BO BPEAHBIX YCIOBUSAX M BBIXOJOM XPOMOCOM-
HBIX HAPYILIEHUH, XPOMOCOMHOTO THIIa B YaCTHOCTH, HE
OBLIO OTMEUEHO.

Tabauya 1. umozenemuueckoe 06cie0o8anue MeOUYUHCKUX pAOOMHUKO8, XDOHUYECKU NOOBEPLAIOUUXCSL P-00TYYeHUIO

Tunbi abeppaumii (%)
LWndcbp KneTtok ¢ YacroTa X
2o POMOCOMHbIe
obpasua |abeppaumamu | abeppauuii (%) XpomatugHbie
Bcero Pa3spbiBbl, hparmeHTb! [nuenTp.+ KonbLa Tpancn.
CpepHee | 3,25+0,30" 3,48+0,31° 2,1+0,25 1,8410,23' 0,24+0,08 0,03+0,03 1,38+0,20°
K 0,87 +0,1 0,87 +0,1 0,19£0,05 0,19£0,05 - - 0,68+0,09
rc 1,6 £0,12 1,6 +0,12 0,3+0,07 - - - 1,3+0,15
lMpumeyaHus: K — . Taycyryp (koHTporb) (42 yenoBeka)

rc —r. Anmarbl (rpynna cpaBHeHus)) (28 Yenosek)
'p=<0,01
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WunnBuyanbHble KOTEOaHUS YaCTOT XPOMOCOMHBIX
HapymeHui coctasmwin 1-7%. ¥V 11 genosex (32%) oHa
Obl1a OTHOCUTENBHO HOpManbHOH 1-2%, y 45% moBbI-
mieHHoi u y 8 uenoBek (23%) Bbicokoit — 5 u Oonee
NPOLIEHTOB XPOMOCOMHBIX HapymeHuit. OfHaKo, y 3TUX
JIIo/Iel BKJIaJl 4YacTOThl abeppalMii XpOMaTHJHOTO THIIA
B O0IIYI0 CyMMy XPOMOCOMHBIX HapymeHuit 0611 45%,
B TO BpeMsI KaKk B IPYIIIE ¢ HOPMAJIBHOW 4aCcTOTOH Xpo-
MOCOMHBIX HapyIIEHHH OTOT II0Ka3aTellb COCTAaBUII
20%. OTu naHHBIE CBHACTENBCTBYIOT, YTO B JAaHHOH
rpyIIe JIfoaeH, BeposSTHO, HabmonaeTcest olmee CHIKe-
HHE NIMMYHHUTETA WIN PErapanuoHHON aKTHBHOCTH, TaK
KaK Ha HUX 3HAYUTENIbHOE BIIMSHHUE OKA3bIBAIOT €IE U
XUMHYECKHE (PaKTOPHI.

W3 Bceit KoropThl 00CIeTyeMbIX 3aCTy>KUBAIOT BHU-
MaHUsl 1Ba WHAUBHIYyMa.

OnuH Mo MEAUIIMHCKUM TOKa3aHUsIM ObUT MOABEpT-
HYT JIOKQJTbHOMY (KOJIEHHBIA CYCTaB) paavalliOHHOMY
y-oOydenuto B no3e S5 I'p 3a Mecsiy g0 3abopa KpoBU
JuIs Hanrero uccienosanus. [lpu sToMm y Hero HaOmona-
Jlach HOpMaJlbHas 4acTOTa XpPOMOCOMHBIX HapyIIeHUH —
1%, 9T0 CBHOETENBCTBYET JHO0 00 aJanTHPOBAHHOCTH,
100 O CHMXKEHHOHM pagrodyBCTBHTEIBFHOCTH JaHHOTO
WHIUBUIYyMa.

Bropoii 6611 pogom u3 permona CUIT u mpoxxuBan
Tam 710 17 netr. Y Hero oOHapykeHO 7% XPOMOCOMHBIX
HapylIeHUH, 5 W3 KOTOPBIX SIBISIOTCS abeppaunusMu
XpOMOCOMHOI'0 THIAa. B 1aHHOM ciy4ae, ckopee Bcero,
UMEeT MECTO PaIMOCEHCHOWMJIM3AIUs WM palualroH-
HO-MHIYLIMPOBaHHAs HECTaOMIIBHOCTD reHoMa
(PMHCT). Ilpu oOcrietoBaHUM HaMU JKUTENEH perHoHa
CHUII npoBeneHHOM paHee OOHapy>KEHO, YTO HanOOJIb-
mas yacToTa AWIEHTPUKOB HAOIONAeTCs B MIlaIeiH
BO3pacTHOU rpymme g0 20 yer. ITo NOATBEPKIAET Te-
3UC 0 OOJIBIICH YyBCTBUTEIBHOCTH JIETCKOTO OpraHu3-
Ma. [lomydeHHbIE JaHHBIC TIOKA3BbIBAIOT HE TOJIBKO TEKY-
mee XpOHWIECKOE BO3JCHCTBHE MOBBIIICHHOTO pajya-
LIMOHHOTO ()OHA, HO M COCTOSHHE HECTAOMIBHOCTH Te-
HOMa, TIepelaHHOE OT pOAUTeNel, HemoCPEeICTBEHHO
NOJIBEPTaBIINXCSI BO3/ICHCTBUIO SJCPHBIX HCIBITAHUIM
Ha CUIL

B aHamOrM4HBIX HCCIIEI0OBAHUSIX, POBEJICHHBIX HAa-
MU paHee NpY U3yYeHUH MEAUIMHCKUX PEHTTEHOJIOTOB,
WHIUBHyalbHbIE KOJEOaHMsI 4acTOT KIETOK C XpOMO-
COMHBIMH HApyIICHUSIMH COCTaBWJIM B OCHOBHOM 1-
10%. LluToreHeTryecKuii aHaIM3 pabOTHUKOB PEHTICH-
nabopaTopuii BBISIBIJI TTOBBIIICHHBIN BBIXOJ, KaK 4HCIiIa
abeppaHTHBIX KJIETOK, TaKk W 4mcia abepparmii. Cpen-
HSIS1 9aCTOTa KJIETOK C XPOMOCOMHBIMH HapyIICHUSIMA y

HUX cocTtaBmna 6,3+0,54%, uto Gonee uem B 7 pa3 mpe-
BEIIIaCT KOHTPOJBHBIN ypoBeHb (1. Taycyryp) [2].

CriekTp XpOMOCOMHBIX HapyIIeHHH OBII Mpe/CcTaB-
JeH MPEUMYIIECTBEHHO alepparsiMid XPOMOCOMHOTO
THIIa, YacTOTa KOTOPbIX ObUIa B J(Ba pasa BHIIIE
4,79+0,47%, yem abepparuii XpOMATHIHOTO THIIA
2,5410,3%. Ilpu 3TOM mo4TH TpeTh abeppanuii XpoMo-
COMHOTO THITa COCTaBJIUTN OOMeHHBIe abeppariu — Iu-
LIEHTPHKH, KoJIbIla U TpaHcaokanuy (1,42+0,16%). Kop-
PEISILUY MEXAY BO3PACTOM, MPOIOJDKUTEIBHOCTBIO pa-
0OTHI BO BPCAHLIX YCIIOBHAX U BBIXOJOM XPOMOCOMHBIX
HapylIIeHU, XpOMOCOMHOTO THUIMa B YACTHOCTH, TAKXKe
He OBUTIO OTMEYEHO.

Pa3nuuns B 4yacToTax M CIEKTPE XPOMOCOMHBIX Ha-
pyLIEHHH y MeIpaOOTHUKOB, MOBEPralONIIXCs peHTIe-
HOBCKOMY U Y-H3JTy9€HHIO BO3MOXHO KPOETCSI HE TOJIb-
KO B MOJy4aeMBIX J[03aX, XOTS MO IPOTOKONY OHH He
MIPEBBIIIAIOT CYMMAapHBIA Tpeell T030BBIX HAarpy30K 3a
1 rox, uro cocraBmser 10 M3B g mepcoHana, HO U B
THUIIE PaJNaIMOHHOTO BO3AEHCTBUSI.

CymiecTByeT HECKOJIBKO OCHOBHBIX METOJHK PETpPO-
CTIEKTUBHOM OIEHKU JI03 BHEIIHEro OOJy4eHHs B OC-
HOBHOM II0 4YaCTOTC AUICHTPHUKOB U KOJICL, IIPU 3TOM
pa3Hble aBTOPHI UCIIOJIB3YIOT YaCTOTY HApyILIEHUH, pac-
cunTaHHyI0 60 Ha 1, mubo Ha 100 kimeTok. B Hamem
WCCJIEOBAaHUN TIPH WHAWBUIYaJTbHOM aHAIM3E MeJpa-
OOTHMKOB 3TOT THN abepparuii ObUT 00HAPYKEH TOJILKO
y HEKOTOPBIX 00CIIeayeMbIX, HECMOTPSI Ha TO, YTO Y Ka-
JKIOTO WHAWBHIyyMa ObBUIO TpocMoTpero ot 200 mo
400 xIeToK.

Ha ocHoBanum 3TOro, MCXoas M3 OOIIEH YacTOTHI
JULEHTPUKOB M KOJIEIl 1O TPYIINE, MCHOIb3Ys! HEKOTO-
pble ypaBHeHHUs! perpeccuu (Tabnuia 2), MOXKHO Ompe-
JIeNITh, YTO CPEIHss 71032, MOJyYeHHas MEPCOHAIIOM,
cocrasnger 0,072 I'p.

O1eHKy MOJyYEHHBIX MEAIIEPCOHAJIOM 703 MO pe-
3yJbTaTaM IUTOTCHETHYEeCKOro aHanum3a (o oOueil va-
CTOTE€ XPOMOCOMHBIX abeppaliyii) Takxe MPOBOAWIN I10
MIOCTPOEHHON HaMH JJ030BOH KPHUBOH. 3aBUCUMOCTH J0-
3a-3¢ddexT momydeHa [yl raMMa-u3IydeHUs 0Opas3loB
KPOBH JIIOJICH C HMCIIOJIb30BAaHMEM MCTOYHHUKA Y H3ITyde-
HUSA 60Co, npu momHocTH 10361 0,1 I'p/mun. [ns mo-
CTPOCHUS KaTMOPOBOYHON KPHUBOW HCITOIB30BAHBI JO3BI
B nuamazone ot 0 no 1 I'p (0,01; 0,05; 0,1; 0,5; 1 I'p). C
LEJIbI0 MOCTPOCHUSI MaKCUMAaJbHO aJIeKBAaTHOM Kaiuo-
POBOYHOI KpUBOH 103a-3QdeKT, MpoaHaTH3UPOBAHBI
PE3YyabTaThl HUTOTCHETUYCCKOT'O HUCCIICAOBAHUA 20 xim-
HUYECKH 370POBBIX JIOHOPOB. YCpEIHEHHBIC 3HAYECHUS
[UTOTCHETHYECKUX JaHHBIX 110 9THM JIIOASM INPEICTaB-
JIeHbI Ha Auarpamme (pUCyHOK 1).

Tabnuya 2. Pacuem cpedne epynnosvix HaKONIeHHbIX 003 paouayuu no yacmome OUYEeHMPUKO8 U YeHMpU4ecKux Kouey

YacroTa Mo3a BHyTpeHHero HakonneHHoro obnyy4enus 38 (Ip)
BapuaHnt AWLIEHTPUKOB
" koney D=y/0,022 [3] Y=C+aD+3D2 (MAFATI)[4] y=0,1+1,5 D+6,3 D2[5]
MenpaBoTHuKM, KOHTaKTUpYHOLLME 024 0.11 0,059 0,072
C MICTOYHUKaMK Y-pagvaLin
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Pucynox 1. Yepeouennvie 0annvie uacmomol XxpoMoCOMHbIX abeppayuii npu y-o0iyueHuy
KYAbMyp JUMPOYUmMos 300p0osuix 00Hopos é ouanasone 003 0,01-1 I'p

Hcnonp3ys JaHHYIO KaIHOPOBOYHYIO KPUBYIO C He-
KOTOPOH [oJieil MpHONMKeHNUSI MOXHO BBIYUCINTH WH-
JIUBHIyaJbHBIE HAKOIUIEHHBIE 103BL. [Ipu 3TOM eciu uc-
XOOUTh U3 HHI[HBHZ[yaHLHOﬁ Bapualu 4aCTOTbI XpOMO-
coMHBIX abeppanuii (1-7%) morsoreHHas 103a 00yde-
Hus Takxke BapsupyeT ot 0 1o 0,3 38 (I'p).

B 00dbIIMHCTBE MOHUTOPUHTOBBIX HCCIICIOBAHUIMA
HETaTUBHOE BIVSIHAE CPEJIOBBIX (DaKTOPOB OICHUBACTCS
JIUIIIG TI0 YaCTOTE XPOMOCOMHBIX a0eppaIuii, He YIUThI-
Bas JPYTHX TeHeTHYeCKnX (yHKUWi KieTok. Ecmm Obr
TOMYIIANUS OblIa TEHETHYESCKHU «HUICANBbHOW» (TO eCTh
OCCKOHEYHOU M0 YHCICHHOCTH, B KOTOPOH BCcE ocoOm
nMenu ObI paBHYIO BEPOATHOCTH BKJIaJa CBOMX T€HOB B
crefyromiee nokoneHue), okono 50% ocobeit MOIKHEBI
ObLTH OBI TTOTTACTH B 30HY CPEIHETO 3HAYCHUS IPU3HAKA,
CBEPXUYYBCTBUTCIIbHBIC © CBeryCTOﬁ‘II/IBBIC JOJI’)KHBI
ObUTH OBI COCTABIIATH 1O 2,5% TOMYJISAIKMH, & CPEAN OC-
TanbHbIX 22,5% oTHOCHIHMCH Obl K OoJiee paguovyBCT-
BHUTEJIBHBIM, YeM B cpenmHeMm, npyrue 22,5% - x Ooinee
pPaluOPE3NCTEHTHBIM, YeM B CpeTHEM. DTH TEOpeTHYeC-
KHE pPacyeThl AJIIEKA OT PEeaJbHOCTH, TIOCKOIBKY «HJIC-
QIBHBIXY TOMYJISINN He ObIBacT. PealbHbIC MOy IISIIH
BCEr/Ia UIMCIOT OTPAHUYCHHYIO YUCICHHOCTD, U TTAHMHUK-
cuc (cBOOOIHOE CKpeInBaHKe) B HUX HUKOT/A HE HOC-
TUTAeTCSI B PE3yNbTaTe COIMAIbHBIX, IKOHOMHYECKIX,
MOPANBHO-3THYECKUX H APYTHX orpaHmdeHuit [6]. Kpo-
Me TOro, MHOTHE HEKOHTPOJUpYeMble (HaKTOPbl MOTYT
OBITh OTBCTCTBEHHBI 3@ 3HAYUTEIILHBIC OIIMOKKA OHOI0-
3uMerpuu [7].

B nocnennee BpeMs MOSBUIIOCH JI0CTATOYHOE KOJIHU-
YEeCTBO PadOT, MOCBSIICHHBIX POOJIeMe BIAMSHUS UHIU-
BUJyalbHOM pagMOYyBCTBUTENBHOCTH [8], KoTOpas
BHOCHT 3HAYHUTEIBHEIC KOPPEKTUBHI IPU OIIEHKE TO3HI,
Tak Kak 3(QeKT 0HOrO U TOTro K€ Mo BEIMYMHE 00Iy-
YeHHUs OyJeT pa3iIuyHBIM I Pa3HBIX MOMYJAIUN U
KOHKPETHBIX JIOAEH, B 4acTHOCTU. Pa3HMIIa B peakuuu
JII0JIeN MIPU OJIMHAKOBOM paJuallMOHHON Harpys3ke Mex-
Iy THIO- W THUINEPYYBCTBUTEIBHBIMH OCOOSMH MOXKET
ObITh MHOTOKpATHOHM [9]. UyBCTBUTENBHOCTH JIIOJEH K
MaJbIM J103aM OOJydeHHsT OCOOEHHO BeNHKa: pa3HbIe
JIIOJIA Pa3InyaliuCh MO 3TOMY Tpu3HaKy B 6,4 pasa, a
npu a03ax ceeime 2,5 I'p - Toneko B moatopa pasa [10].
N3ydeHue 3aKOHOMEPHOCTEH 00pa30BaHUs PaHalliOH-

HO-WHAYIIMPOBAHHBIX abepparuii XxpoMocoM B JTUMQO-
uurax yenoseka ¢ yuetoM ero MPY mano oreer oTHOCH-
TENbHO (OPMHUPOBAHUS IUIATO B OONACTH MAaJBIX JO3.
Ycranosneno, uro ¢ noseiieHneM MPY u3MeHsrorcs
TPaHMIBl PACIONOKEHHS IUIATO (JO30HE3aBHCUMOTO
ydacTka) Ha KainuOpoBouHoW kpuBoit [11]. B obctos-
TENIFHOM CBOJKE MaHHBIX MO MHIWBUAYaJbHOH W3MEH-
YMBOCTH PaJMOYyBCTBUTEIBHOCTH MIIEKOIUTAIOUINX
[12] noka3aHo, UTO B HNOIyJALMIX YEJIOBEKA CYIECTBY-
€T INama30H pacipeneseHus ocobeil o pagTnouyBCTBH-
TENBHOCTH: OOJbIIas 9acTh 0co0el XapakTepu3yercs
CpeIHel YyBCTBUTENFHOCTHIO K JICHCTBHIO MOHU3UPYIO-
et paauanuu, 14 - 20 % okaspIBaloTCs 3aMeTHO Oosiee
panuopesucteHTHbiME, a 10-20 % - 3ametHO Oonee pa-
JINOYIYBCTBUTEIHHBIMH.

Hcxozst u3 3Toro, ObIIIO M3yYEHO COCTOSIHUE PajHo-
YYBCTBUTCIIBHOCTH Y HIO)Ieﬁ, XPOHUYECCKH ITOABEPIaro-
muxcsa paguailuOHHOMY BOSﬂeﬁCTBHm B CBA3U C IIPO-
(eccnoHaTbHOM AEATETBHOCTBIO.

Jns v3yueHHsT WMHAMBUAYaJbHOW paJMOvYyBCTBU-
TENBHOCTH JTUM(OUNTHI Neprudepruueckoil KpOBH Meau-
LUHCKUX paOOTHHUKOB iN Vitro obmyvamu 1 I'p y-usnyde-
Hust Ha Gy craguy KIeTOYHOro nukia. PaanodyBcTBH-
TENBHOCTD OIEHHUBAJH IO CTEIICHU YBEINICHUS XPOMO-
COMHBIX abepparnuit mocie in Vitro o6mydenust mumMdo-
[IUTOB, 10 CPAaBHEHHIO C aHAJIOTHYHBIMU JaHHBIMH KOH-
TPONBHOM rpynmbl. KOHTPONBHEIM BapHAHTOM CITYXKHITH
JaHHBIC IO MHAYKIHUW PaJUOYyBCTBUTCIHLHOCTH B JINM-
¢domurtax mepudeprHuecKod KPOBH 3J0POBBIX JOHOPOB
MIPH TEX JKe pekuMax o0ydeHus (tadnuna 3).

B cpeanem rpynna oOcne10BaHHBIX HPOSIBIsIIa pa-
JIMOYyBCTBUTEIFHOCTh CPAaBHUMYIO C TakOBOH 3110po-
BBIX JIOHOPOB TI0 BCEM THIIaM HCCIIEAyeMbIX abepparuii.
Tem ne menee, 17,6% o0cnenoBaHHBIX MPOSBISUIN pa-
JIMOPE3UCTEHTHOCTD, 29,4% — paauouyBCTBUTENBHOCTD.
WHauBUayyMBI CO CpeqHEH paanodyBCTBUTEIBHOCTHIO
cocTtaBisiioT 53,0%. Ilpu 3TOM y MHIMBHIYYyMOB, OXa-
PAaKTEpHU30BaHHEIX C IOMOIIBIO JOMOIHUTENFHOTO 00-
JMy4deHHs KaK paguoOdyBCTBHUTENbHBIC HAOIIOHAJICS Hau-
Ooee BBICOKHMII YpOBEHb CIIOHTAHHBIX abepparuii xpo-
MocoMHoOTo THmna — 2,6+0,36%, y moaeit co cpenHent pa-
JIMOYYBCTBUTENBHOCTRIO — 1,86+0,22, y panuopesu-
creHTHBIX — 1,540,35%.
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Tabnuya 3. Hzyuenue paououyscmeumenbHoOCmu IumMpoyumos MeouyUHCKUx pabomHuKos, npogheccuoHantbHo KOHMAaKmupyouwux
€ UCTOYHUKAMU UOHUUDYIOWell paduayuu, nod gozdeticmeuem 1 I'p y-uznyuenust in Vitro

KneTok ¢ Bcero Xpomocomuoro tuna (%) X
Bapwuant abeppaumsamu | abeppauuii B Pa3pbIBbl, hpar- p:n;:rvlﬁ}u)oro
(%) (%) cero OuueHTpukm Konbua | TpaHcnokauuu MEHTbI OGMeHb! a7,
Meg. paboTHuMKN 14,92+0,61 18,4+0,66 | 16,7+0,64 3,8340,33 2,210,25 1,03+0,17 9,60,51 1,66+0,22
KoHTponbHas rpynna (k) 15,0+0,8 17,0+0,84 15,0+0,8 3,0+0,36 2,0+0,31 1,040,22 9,0+0,64 2,0+0,31

lMpumeyaHue:

K — IMMAOLMTLI 3A0POBLIX AOHOPOB, 06MyyeHHble 1 I'p y-n3nyyenus in vitro

Tabauya 4. Mooens 3a8ucumocmu 8uda HapyuwieHuti om 003bl 0OYUEeHUS C YYemOM YPOGHS UYECTNEUMETbHOCIIU
npogheccuoHATbHBIX pAOOMHUKOS

Nuneitnas mopens (Y = A + Kx D+axD)

Bug HapyweHun MpusHak
A Hapy! P A%SE K+ SE £ SE Df 2 P
) pagnoycTonyueble -1,4+0,18
Boero abeppauit CpeaHe-PaZMOYCTORUMBbIE 1,01£0,91 0,00£0,00 1,64+0,38 123 0.88 0.00
XPOMOCOMHOro T1na (%)
paanoyyBCTBUTENbHbIE 8,4+0,72
2,5

% abGeppanuii

9

1 3 5 7

9 21 23 25 271 29

O0ce10BaHHBIE JJIOAH

Pucynox 2. Pacnpedenenue kodghuyuenmos paououyecmsumenbHocmu
npu obnyueruu rumgpoyumos oociredyemuvix 1 I'p y-usnyuenus

Koaddumment pagnodyBcTBUTEIBHOCTH Y 00CIEy-
€MOr0 MeJrepcoHana koiebancs B mpeaenax 0,55-2,26.
CriexTp pacnpeneneHus «k03(pUIneHToB paguodyBCT-
BHUTEJIBEHOCTIY TPU 00IydeHNH TUMQOIITOB 0Ociexye-
MbIX 1 I'p y-m3iIydeHus IpeIcTaBIeH Ha pUCYHKE 2.

YKkazaHHBINA MMOAXOM pa3fesieHuss 00CIeayeMbIX JIto-
JIeH 10 NPU3HAKY PaIHOYyBCTBUTEIBHOCTH B OOJIbINCH
CTETICHH M03BOJISIET HA/IEAThCs Ha OoJiee 000CHOBAHHYIO
OLICHKY TIOTJIOIIEHHBIX JI03 PaJHalll U POBE/ICHHE pe-
IPECCHOHHOTO aHaJI3a. DTH MCCIIEA0BaHUS 0 MOJECIH-
POBaHMIO CHCTEMBI IIUTOTCHETHYECKHX IIOKa3aTenei
TOJBKO HAYaThl U ceiiuac Mbl MPEJCTaBIIsieM Npe/iBapu-
TENIbHBIE JaHHbIC.

JaHHbIi 10AX0A O3BOJIMI BBECTU ISl PETPECCUOH-
HOTO aHaIM3a (PUKTHBHBIC IEPEMEHHbIE, TAKHE KaK Ipa-
Januy TPU3HAKA M0 YPOBHIO PaIHOYyBCTBHTEIBHOCTH.
B tabnure 4 npuBeneHs! pe3ynbTaThl JIMHEHHON Moje-
JIM JUI pa3iIu4HbIX BUJIOB HApPYLIEHUH C y4€TOM YPOBHS
YyBCTBUTEIHHOCTH. JIMHEHHBIH 1 KBaJpaTHUHBIH KOA(-
(UIMEHTHI TPUOTU3UTEIBHO OJAMHAKOBBI JUIsI BCEX BU-
noB abepparmii. KoadduimieHT perpeccuu paBeH HyJIrO
Jutst KieTok ¢ abeppauusimu. Koaddunuent K Bospacra-
€T OT pPa/IN0yCTONYNBBIX K PaAHOYYBCTBUTEIIBHBIM.

Ha ocHOBaHMM TpeIOKEHHOW MOJENH JUIS pajuo-
YyBCTBHUTEIBHBIX 0COOEH MOTJIOMIEHHAs 1032 palralliy
cocraBuna — 0,16 mM3B, ms pamuoycroituussix — 2,04
M3B, JUISA TPYIIIHI CPEAHETYBCTBUTENRHBIX — 0,52 M3B.

Takum 00pa3oM IJisi OIIEHKH T030BOI HArpy3KH Ha
OpraHM3M 4eJOBeKa IPH XPOHHUUYECKOM BO3/ICHCTBUH -
paaualy HU3KOW HMHTEHCHBHOCTH CTAaHOBHUTCS aKTy-
aIbHOM 3a/1aua YCTaHOBJICHHS KOJIMYECTBEHHBIX Xapak-
TEPUCTUK CTENEHH PaJANOYyBCTBUTEIBHOCTH, U a1alTH-
POBaHHOCTH, YTO MOKET 3HAYMTEIFHO YMEHBIIUTH Be-
JWYMHY HEONPEAEIEHHOCTH TIPH OTPENICIICHUH BO3/eH-
CTBHS 703 PaJAMAllMOHHBIX (DAaKTOPOB M JacT BO3MOXK-
HOCTb YYUTHIBATh HX KOMIIJICKCHOE BIIMSIHHAE HA YaCTOTY
WHAYIUPYEMBIX ITMTOTCHETHYECKUX HapyIICHUH. IJTH
MTOKa3aTeIN MOTYT CITY)KUTH MPOTHOCTHYECKH Ba>KHBIMHU
KpUTEPUSMH TIPU OIICHKE pPUCKA PaJHAIlIOHHOTO BO3-
nerctBus. Takke MpOBeJACHUE ATUX MCCIEAOBaHUMN He-
00XOUMO JUI OLIGHKH PaJIMOYyBCTBUTEIHHOCTH HIIH
PaaroOpe3UCTEHTHOCTH JIFOACH NpU MpueMe Ha padoTy,
CBSI3aHHYIO C IOBBIILICHHBIM PUCKOM BO3IEHCTBUS pajiu-
AllMOHHBIX (haKTOPOB WMJIM IJIAHUPOBAHHEM JIy4€BOW Te-
panuu y OHKOOOJIbHBIX.
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NOHJAYHBI COVYJIE KO3JAEPIMEH JKAHACATBIH MEJIUIIUHA
KBIBMETKEPJIEPIHE HUTOT'EHETUKAJIBIK TAJIJIAY KYPT'I3Y

Yepeauuuenko O.I'., 'younkas E.I'.
Kazaxcman, Anmameot, ZKannot cenemuxa sncane yumonozua uncmumymus bFM FK KP

Byn kympIcTa in Vivo KarJalblHAA, MEIUIMHA KbI3METKEpJIEpIHE Y-COyNEeNEHYAIH CO3bUIMAaibl acepi 3PQeKTiCiHIH
HOTIDKEJIEpi KOpCeTireH, JKOHe COHBIMEH KaTap KOchIMIIa in vitro xarmaiisitga 1 ['p y-coymemenzmipy ocepiHiH
HOTWKECIHIE OJNapIblH paguoce3iMTalIbUIBIFEl  OaranaHapl. bakpilay TOOBIMEH —CaJlbICTBIPFAHIA MEAWIMHA
KBI3METKEpJICpiHIH 3epTTeNreH TOOBIHIA XPOMOCOMAJBIK AyBITKYJIApABIH JKUUITT aWTapibIKTail >KOFapiaFaHIbIFBI
Oaiikanapl. lluTOreHeTHMKANBIK Tangay/AblH HOTHXKeJIepl OOMBIHIIA MEAWIMHANBIK KbI3METKEPJIEpACH allbIHFaH
(IMLIEHTPHUK KOHE CaKWHAJap/bIH JKaJIbl JKUUIIri OoWbIHIIA) opramia jgo3ackl aHblKTanipl — 0.072 rp kKoHe Keke
Oararay (1032 KHCHIFBIH KOJIJJaHYbIMEH XPOMOCOMA aybITKYJIapBIHBIH XKaJIlbl KHUIJIIri Heri3inne) xyprizinai — 0-nen 0,3
38 (I'p) nmeitin. MeaunuHa KbI3METKEPIICPIIH PaaUOCE3IMTANIBUIBIFBIH 3€PTTEY KE3iHAe, cay JIOHOpJIapMEH
CAJIBICTBIPFAHIa OCHI TOI COYJICIICHYre Ce3iMTall OOJNBIN KEJCTiHI aHBIKTAIJBI, JKOHC COHBIMEH Oipre TEKCepiireH
3epTTey TOOTHIH 17,6% paanope3ucTeHTTimiriH, 29,4% -paaroce3iMTanAbIFbIH KOPCeTTi. Paanmoce3iMTaIbEsl
OipKasbIITHl OpTama sxeke TyiFanap, 53,0% -nel kypansl. CoyneneHy 103achl OOMBIHIIA AYBITKY OY3BUIBICTAPIIBIH
TYpJIepiHe HEri3/eNreH, KociOn MaMaHJIap/AblH paJroce3IMTalIBUIBIK JEHIeHiH ecelKe aja OTBHIPHINT MaTeMaTHKAJIbIK
Mozenb YCHHBUABL. OCBHl MOJAENh HETi3IHAEe pamuoce3iMTall TYJIFajapra >KYTBUIFaH pamwmanus mo3acel — 0,16 m3B
KYpaJsl, paIHope3ucTeHTTi TyiFaiap — 2,04 m3B, an oprama cesimran tornrap — 0,52 M3B Kypazsl.
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CYTOGENETIC ANALYSIS MEDICAL WORKERS
CONTACTING IONIZING RADIATION SOURCES

O.G. Cherednichenko, E.G. Gubitskaya
Institute of General Genetics and Cytology, Almaty, Kazakhstan

The results of the study in vivo effects of chronic effect of y-radiation on the health of employees and estimated their
radiosensitivity in vitro with additional exposure to 1 Gy of y-rays. There was a significant increase in the frequency of
chromosomal aberrations in the examined group of health workers compared to the control. According to the results of
cytogenetic analysis determined the average dose received by medical staff (based on the total frequency dicentric and
ring) — 0.072 Gy and conducted an individual assessment (based on the total frequency of chromosomal aberrations
using the dose curve) — 0 to 0.3 Sv (Gy). In the study of the radiosensitivity of nurses found that on average the group
showed radiosensitivity comparable to that of healthy donors, with 17.6% of the patients showed radioresistance, 29.4%
— radiosensitivity. Individuals with moderate radiosensitivity totaled 53.0%. A mathematical model based on the type of
violation of the radiation dose according to the level of radiosensitivity professionals. Based on this model for the
radiosensitive individuals absorbed dose of radiation was — 0.16 mSv, for radioresistant — 2.04 mSv and for a group
with moderate radiosensitivity — 0.52 mSv.
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INPUMEHEHUE MUPOBOI'O OIIBITA JUISI PEHHEHUSI ITPOBJIEMbBI
3AXOPOHEHMHS OTXO40B BBICOKOU AKTUBHOCTH B BEJIAPYCH

Caaranosa U.B.

O6veOuHnénnbLil uHCMUmMym Hepzemuieckux u A0epruvix uccnedosaruii «Cocnwvt»
Hauuonansnoii akademuu nayk benapycu, 2. Munck, benapyco

B Hacrosmiee Bpemst BaxxHoe 3HaueHue 1 benapycu umeeT npodieMa OKOHYATeIbHOTO 3aXOPOHEHHS PaHOaKTUBHBIX
0TX0/10B BbICOKOH akTuBHOCTH (BAO). Ceromust B Mupe He CyIIECTBYET eIMHOM 3((EeKTHBHOM CTpaTeTHH OKOHYATEb-
Horo 3axopoHeHuss BAO. Haunbonee 3¢ ¢dekTHBHBIM 1 0€30IaCHBIM pENIEHHEM MTPOOIEMBI TOITOBPEMEHHONW H30JISIIIN
BAO npuHATO CUNTATh MX 3aXOpOHEHNE B MOTHIIbHHKAX Ha riryouHe He MeHee 300—500 M B MIyOMHHBIX T€0JIOTHYEC-
KHX (opManusax ¢ coOM0AeHIEM IPUHIIUIA MHOr00apbepHOH 3aIUTHI U 0053aTEIBHBIM IEPEBOAOM KHIKUX PAJHOAK-

THUBHBIX OTXOJOB B OTBEPKACHHOE COCTOSAHUE.

B paboTe mpoaHanu3upoBaH OMBIT IPYTUX CTpaH 1o odopamieHnio ¢ BAO. V3ydeHs! mepcreKTUBEI PeIIeHHsT IPOOIEMBI
nonropemenHod m3omsanuun BAO B benapycu. [Ipoananu3upoBaHa BO3MOXHOCTh 3aXOPOHEHHUSI OTXOJOB BBICOKOTO
ypoBHs akTuBHOCTH benopycckoir ADC B rimyOokue reonoruueckue popmanuu. B noknane yka3aHbl yCIOBUsL, TPU KO-
TOPBIX B benapycu BO3MOXKHO CTPOUTENIBCTBO IITyOOKOr0 re0IOTHYECKOro 3aX0POHEHUS.

[Ipobnema 3ax0poHEHHsT BHICOKOAKTUBHBIX paloaK-
TUBHBIX 0TX010B (PAO) st benapycn Bo3HMKIa U cTa-
J1a 0COOEHHO aKTyaJbHOW B CBS3M C peajH3alueil mpo-
exTa crpoutenscTBa benopycckoit ADC. Beixon BbICO-
xoakTuBHBIX PAO (BAO) mmanupyercs 0,5 m® B rox [1].
Kpome Toro, Ha n1aHHBIE MOMEHT OKOHYATEJILHO HE pe-
mIEH BOIIPOC C OTXOAAMH OT OTpabOTaBIIETO SAEPHOTO
tormuBa (OAT). [Ipoekt Oynymeit ADC npemxycmatpu-
BaeT XpaHEHHE BHICOKOAKTUBHBIX TBEPABIX PAO B Teue-
HHUE BCEro CpoKa CIIy>KOBI CTaHIIMHU, YTO YKa3bIBAaeT Ha
BpPEMEHHOW MHTEpBall, B TeueHne kotoporo Pecny0iuka
Benapych nomkHa pemuTh nmpodieMy 3aXOpOHEHHS Bbl-
cokoakTuBHbIX PAO.

Ha cerogusmnuii nen» HanGonee 3QPEKTUBHBIM U
0€e30MacHbIM pEUICHHEM MPOOJIEMBI JIOJITOBPEMEHHOM
n3omsinuu BAO siBisieTcs Mx 3aXOpOHEHNE B MOTHIILHH-
kax Ha riayounHe He meHee 300 - 500 M B rryOMHHBIX
TeoIOTHYEeCKUX (POPMAIIX C COOMIOCHUEM TTPHHIIATIA
MHOTO0ApbEPHON 3aIUTHl U 00SM3aTEIHHBIM IIEPEBOIOM
xunkux PAO B oTBepkaéHHOE cocTosiHMe [2-6].

Takoll mnoaxonx 3akpeIui€H 3aKOHOAATEIbHO WIH
OOBSIBJICH TPHHIMIIOM TIOJIMTUKNA TPAaBUTEIbCTBA B
bensrum, I'epmanuu, Kurae, ®unnsanuu, Uaauu, Sno-
nuu, [IBenun, IBeitnapuun, Poccun, CIIA. Hckmoye-
HueM sBnsgercss Opannus. B npunstom Bo Opannuu 3a-
KOHE yKa3aHO, 4TO, KPOME 3aXOPOHEHHS OTXOJI0B B TIIy-
6okue reosiornueckre (HOpMaIH, MOTYT TIPUMEHSATHCS
JiBa JPYrHX crocoba obpamieHus ¢ oTxogaMu (Ionro-
CPOYHbIC XPaHWINIIA ¥ TPAHCMYTALMs), U TOKa OKOH-
YaTEJIbHO 3TOT BOIIPOC HE PELIEH.

Hexotopsie crpans (I1IBennst) HamepeHBI 3aX0paHu-
BaTh B INIyOOKHE reosoruueckue (GopMaiyy TaKxe OT-
xoJ56!I cpeHero ypoBHs akTuBHOCTH (CAQ).

AHanu3 m3ydeHust BOIpocoB obpamenus ¢ BAO B
Ppa3IMYHBIX CTPaHaX MHUpa MOKa3ajl, YTO OCHOBHBIMHU yC-
JIOBUSIMHU peaji3aluy poekTa MoruiabHuka BAO sBus-
I0TCS CIIELYIOLINE:

1. Cmpana oonscna umems nodxooauiue zeonozute-

CKlle U KiumMamuyiecKue yciogusi.

HakonneHHblii MHPOBOI ONBIT CBHUIETEILCTBYET,
YTO [JIsI COOPYKEHHS T€OJIOTMYECKOTO XPaHWIHINA,
MIPEIHA3HAYCHHOTO ISl 3aXOPOHEHHS BEICOKOAKTHBHBIX
JONTOXKUBYIIUX OTXOJOB, MOTYT OBITH IPUTOAHBIMH
pas3IUYHbBIE THITBI T€0JOTHIECKUX (GOpMaIHnii.

Haubomnee 6e3omacHo ¥ 3PPEKTUBHO HCIIOIB30BATH
Takue (opMaluu, KaK COJISHbIC 3aJIe)KH, KPUCTAILTHYEC-
KHE€ TOpHBIE IOPOJAbI THUIA I'PAHUTOB, MOIIHBIC TOJIIH
TJIMH WJIH TSOKEIBIX CYTJIMHKOB, a TAKXKe ByJIKaHUYECKHE
nopoxsl. Tak, Hampumep, BemukoOpuranus, Kanana,
Ounnsaaaus, Opanuy, HIBernys IpUMeHSIIOT UK Ipes-
MOJIArar0T UCIOJIb30BATh C 3TOM IEJIBI0 MAaCCHBBI KpU-
ctaundeckux nopoj; B I'epmanuu, CIIIA, Hunepnan-
Jax, Poccun ncnonp3yroT coneHocHBIE, a B benbrum —
TJIMHUCTBIE OTIIOKEHHUS [7].

[Tnomaaky U T€0TOTHIECKOTO XPaHWININA CIIEAy-
€T pa3MellaTh B TaKHX YCIOBHAX, I/I¢ CYIIECTBYIOIHE
Te0IMHAMHYECKHE TIPOLIECCHI U SIBICHUS ¢ OOJIBIION 10-
JIel BEPOSATHOCTH HE NIPUBEAYT K HEJOIYCTUMOMN yTEUKE
PaIMOHYKINIOB B OKPYKAIOIIYIO Cpely B TEUCHHUE Tpe-
Oyemoro nepuosna Bpemenu [8]. BriOpanHas Tepputo-
pus JOJDKHA XapaKTepu30BaThCs OTCYTCTBHEM JIaXe
MUHMMAJbHBIX TPOSIBICHHH TakUX IOBEPXHOCTHBIX
MIPOLECCOB, KaK OMOJ3HHU, DPO3Usl, BBIBETPUBAHUE U T.J.
AKTHUBHOCTb TEKTOHHYECKHUX U CEHCMHUYECKHX IpoIiec-
COB JOJDKHA FapaHTHPOBATH HU3KYH) BEPOATHOCTH IO-
BPEXK/ICHHS 3AIIUTHBIX 0aphepoB M CTPYKTYp MOTHIIb-
HUKa. VICKIrO9aroTcss M MecTa, Te €CTh MPEATIOCHIIKH
JUTs 3a001auMBaHus, IOATOIICHUS [9].

PaiionupoBanue tepputopuu benapycu no ycinosu-
M Toa3eMHoro 3axoponenus PAO u mpocreiimue reo-
JIOrO-THAPOTE€OIOTHYECKUE MOJENH IOA3EMHOTO 3aX0-
POHEHUS palOAKTUBHBIX OTXO/0B omnucaHsl B [10].

C TOYKM 3pEeHHS BO3MOXKHBIX METO/OB peau3aluu
o01ei KoHuenuuu nojazeMuoro 3axoponenus PAO, be-
Japych paslielleHa Ha HECKOJNBKO 30H C pa3IHMYHBIMU
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MIEPCIIEKTUBAMU | ycIoBUsIMHU m3ossan PAO ot cpensl
aKTUBHOM JKU3HEIEATEIIbHOCTH.

BbraronpusiTHBIME yCIOBHAMH B T€0JIOTMYECKOM OT-
HOIIEHUHU JAJIS TMOA3EMHOT0 3aXOPOHEHHs TBEPIBIX OT-
XOJIOB XapaKTepu3yeTcs 30Ha, 3aHUMAIoIIasi OYTH BCIO
Bpecrckyio 00macTh, 3a MCKIIOYEHHUEM TEPPUTOPHU K
3anagy oT JuHuM Pyxansl — bepésa — ['oponen u moutu
Bclo ['poaHeHCKyl0 001acTh, MCKIIOYas TEPPUTOPHIO
ceBepHee OctpoBua — XXoaumiky, a Takxke 3HaUYUTENb-
HYI0 9acTh MHHCKOI o0lacTu 3amagHee TUHAA 3eMOUH
— CmoneBnun — MuHck — Pynenck. Teppuropus 30HBL,
pacriojarafonielicss B aIMHUHHCTPAaTHBHBIX T'paHMIAX
Burebckoit 001acTy, Takke MepCreKTUBHA IS 3aX0PO-
HEHHUS TBEPIBIX OTXOJIOB B IIIyOOKO 3aJIETAIOIIHE Te0I0-
rudeckue Gopmarun. 30Ha, pacloyarampmasics Ha Tep-
putopuu [Ipunsrckoro nporuda (B aIMUHUCTPATUBHOM
OTHOIIIEHUH, B OCHOBHOM, OTHOCSIIascs K ['oMenbckoit
o0JiacTu, 3aXBaThIBasi OT/ENbHbIC pailoHbl bpecTckoil u
Morunésckoil obnacreii), Xapakrepusyercs OJaronpu-
SITHBIMU yCJIOBUSMHU AJISL 3aXOpoHeHus xugkux PAO
pa3IMYHON aKTUBHOCTH.

I'eonmoramu benapycu moapo6HO paccMOTpeHBI pas-
JWYHBIE TPYIIIHI TOPOJ C IIETBI0 BEIOOPA ONTHMAIBHOTO
BapHaHTa IeOJIOTHUECKON Cpeabl Ui COOPYKEHUS Xpa-
aumnmia CAO u BAO [11]. braronpusTHEIMA T€0JIOTH-
YeCKUMH OOBEKTaMH AT pa3MELICHUs OCIEAHNX MPHU-
3HaHBI (POPMAITUK KPUCTAUTMYSCKOrO (hyHIaMEHTa, Ta-
JIOTEHHBIX (COJIEBBIX) TOJII M KPYIHBIE 3aJI€KH MOHO-
MUHEpaJIbHBIX TJINH.

AHanu3 reoJorHUecKoro crpoeHus benapycu c¢ tou-
KM 3peHHs BbIOOpa ITyOOKO3aJeraronux reojiornyec-
KHX (opMaryii, NPUTOIHBIX JUIS 3aXOPOHEHUS BHICOKO-
aktuBHbIX PAO npuBenén takxke B [12].

IIpn uccnenoBaHMM H3BEPXKEHHBIX KPHUCTAJITUYEC-
KHX TOpOJ BBISIBIIEHO, 4TO Ha riyounax 300 — 500 m B
npeaenax llentpanbHO-benopycckoro maccuBa MOTYT
ObITb OOHApYXXEHBI TEOJOTHYECKHE TeNa, HMPUTOIHBIE
IUTA 3aJI0KeHus 3axoponenuii BAO.

BbIsiBJIEHO, YTO B KauyeCTBE IE€OJOTMYECKHX OOBEK-
TOB Juisi o0opynoBaHus MoruibHHKOB BAO wuHTEpec
NPEJCTaBISIOT THUIMTOBBIC MIMHUCTBIC MAuKH, U KO-
TOPBIX XapaKTEpHBI OUEHb MJIOTHASI CTPYKTYpa yMaKOB-
KM U ciabasi IPOHUIIAEMOCTh HE TOJIBKO JUIS BOJIBI, HO U
Juid raza. B xauecTBe MepCHEKTUBHOM Ul pa3MeEIECHUs
MormnbHuka BAO paccmarpuBaercss BEpXHEMO3BIPb-
CKasl TTIMHUCTAsl MOJCBUTA.

B kadecTBe IIMHUCTBIX OTIOKEHHH, MPUTOIHBIX TS
obopynoBanus rryOnHHBIX XpaHuwann PAO reomoramu
HCCIIEIOBAaHbI Pa3HOBHIHOCTH THUIIJIUTOB B FO’KHOH Hac-
i OpITaHCKOM BIAgWHBI, HAa ceBepHOM cKioHe JKio-
OMHCKOI1 CelTIOBUHEI, a Takke B paiioHax OCHIIOBHYEH,
I'myccka u Crapeix Hopor [12].

IIpu uccnenoBaHMM BOCTOYHOM YacCTH COJEHOCHBIX
otnoxennit [lpumarckoro mpornda yCcTaHOBJIEHO, HTO
riyOMHa 3aJeTaHusl COJICHOCHBIX OTJIOXKEGHUHM 3Hadu-
TEJILHO TPEBBIILIACT ONTHUMANIbHbIE TITyOUHBI U1 000pY-
nosanus xpanunung BAO (>2000 M), 9To nenaeT ux mMa-
JIOTIPUTOTHBIMH JUIS ATHX LIEJTIEH.

Takum oOpa3oMm, 1Mo pe3ysibTaTaM HCCIIeOBaHHH,
MMEIOIINXCSl Ha CETOIHSIIHNIN JIeHb, Hanbouee mepcrie-
KTUBHOM TeppUTOpUEN IS TIIyOMHHOTO 3aJ0KEHHS 3a-
xoponenuii PAO sBistercs 3anaaHas 9acts [punsrTcko-
ro nporuda, rie HaOmoaaeTcs nprueMiemMast st uccie-
IyeMBbIX Ienei rryOuHa.

2. Heooxo0uma npagosas ocnosa: uémkasn Hayuo-

HanbHAA cmpamezus 6 cghepe odpawieHus ¢ paouo-

AKMUGHBIMU OMX00aMU U HE0OX00UMOe 3aKOH00a-

menvcmeo no 3aeepuienuro ATL].

Ha nanHoMm srame B Haiell ctpane pa3paboTaHa U B
utore 2015 roga yTBepkaeHa cTparerdst 0OpamieHus ¢
paanoakTUBHBIMH oTxomaMu benmopycckoit ADC. Kaxk
oTMeydaercs B TekcTe CTpaTeruu, B COOTBETCTBUE C MPO-
extoM benADC npexycmaTpuBarorcst pyHKIMOHHPOBA-
HHUe cuctembl oopamenus ¢ PAO u ux xpaHeHue B IpH-
CTaHIIMOHHOM XPaHWIHINE B TE€UCHHUE JICCATH JIET C MOC-
JEIYIOIUM WX TEPEMENICHHEM B IMYHKT 3aXOPOHEHHS
PAO, coopykeHne KOTOPOro MPOEKTOM HE MPexyCMOT-
peHo.

Cpenu 3a1a4 U OCHOBHBIX HampapieHui Ctparerun
IUTAHUPYETCA npopabomka BOMIPOCa O COOPYKEHHH
MYHKTa 3aXOpPOHEHUs BHICOKOAKTUBHBIX PAO B riy6o-
KO Te0JI0rn4eckor opmMarnmnu.

3. /Ina ocywecmenenusn npoexkma mozunvuuxka BAO

mpeoylonica 3HauumenvHole YuHancogwle 610dice-

Hus.

B tabnuie npuBeneHbl CpaBHUTENIBHBIE Tapu(pbl Ha
3aXOpoHeHHe no knaccaM M BuaaM PAO nmas pasHbIX
CTpaH.

Lens! Ha 3axoponenne BAO B manHO# Tabmuie He
MIPHUBE/ICHBI, MTOCKOJIBKY Ha CETONHSIIHUHN JICHb B MHpE
HE CYIIECTBYIOT ITyHKTHI 3aXOPOHEHHUS I TAaHHOTO BU-
nIa otxonoB. OmHAKo, NMEIOLIHeCS CPaBHUTEIbHBIE Ta-
pudbl Ha 3axopoHEeHHUe Mo Kiaccam U Bupam PAO s
Pa3HBIX CTpaH MO3BOJIAIOT YTBEPKIATh, YTO VIS OCYIIe-
CTBJICHUS MpOeKTa MOTwibHUKa BAO TpeOyroTcs 3Ha-
yuTeNbHBIe (PUHAHCOBBIC BIOXeHUs. Kak yka3piBaeTcs B
6enopycckoil Ctparernu, npeaBapuTeNbHbIH 006EM (u-
HAHCOBBIX CPEJCTB JUISI CTPOUTENIBCTBA ITyHKTA 3aXO0pO-
Henust PAO omeHeH B cymme mpuOmm3utensHo 60
miH. gomtapos CIHA. B atom cMmbicine HEOOXOIMMO
TPE3BO OILEHHUTH CIIOCOOHOCTH CTpPaHbl (PHHAHCHPOBATH
CTOJIb MACIITaOHbIA MPOEKT, U TIPH OTCYTCTBUU TAKOBOIA
CIIOCOOHOCTH PAacCMOTPETh BAPUAHTHI y4acTUS CTPAHBI
B MEXAYHApOTHOM IIPOEKTE CTPOUTEIHCTBA Te€OJIOTHYe-
CKOT'0 XpaHWJIHUIIA.
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Tabnuya. Cpasnenue mapughos na 3axoponenue pasnuunbix kiaccos PAO no abcontomnomy 3uavenuto 6 pasmuvix cmpawnax [13]

I;r;cse:Ae(ﬁ) Bugbl PAO, nepeaaBaeMbIx MexayHapomHbIi oneIT
3aXOpOHeHMst Ha 3axopoHeHue CrpaHa PacuétHbin Tapudy, USD/m3 PacuéTHbin Tapud, Thic. py6./m3
Teepaoie B'.Ao C MIPEABAPUTENBHON | g HacTosiuit momeHT M3PO (nyHkTbI 3axopoHerust PAO) ans 3axopoHeHnust AaHHoro Buga BAO B mupe
BbIAEPXKKOI B LIENSIX CHUXKEHUS UX
Knacc 1 He CyLLecTBYIOT. B 0TAenbHbIX CTPaHax NoCTpoeHbI Nog3eMHbIe nabopaTopum s IPOBEAEHUS UCCneno-
TeNnoBbIAeneHns (0CTaTouHoe Tenro- .
BaHWI1 C Lienbto nopTeepxaenns 6esonacHoctn ctpoutenscTsa M3PO.
BblfeneHue — He 6onee 1 kBT/m?)
Teéoasie BAO B HacTosumit momeHT M3PO ans 3axopoHeHnst aaHHoro Buaa BAO B Mype He CyLLecTByHOT.
Knacc 2 " Pa B oTgenbHbIX CTpaHax nocTpoeHbl Nof3eMHble nabopatopuy Ans NPOBEEHNs UCCEA0BAHUN C LieMblo
1 TBEpAble fonroxueywne CAO
nopTeepxaeHus 6esonacHoctu ctpoutenscraa M3PO.
®unnsHaus Olkiluoto 7193 2211
OuHnaHaus Loviisa 8508 2615
_ Teépavie CAO Wseuyst SFR 4723 1452
Knacc 3 1 TBEpPAble JONTOXVBYLLME
HM3KOAKTMBHbIE OTX0AbI (HAO) lepmatus Konrad 4813 147,9
Kopest 7429 228,3
Liseiuapus Wellenberg 8143 250,3
Yexus Dukovany 731 22,5
®paHums Aube 764 23,5
Taépable HAO AnoHns Rokkasho 16432 505,1
Knacc 4 (BKITH0YAs O4EHb HIU3KOAKTUBHbIE Vicnanus El Cabril 2471 75,9
OTX0AbI) Benvko6puatis Drigg 473 145
Benbrus 5100 156,8
BeHrpus Udvari 2294 70,5

4. IIpu peanuzayuu npoekma mozunvhuxa BAO ea-
HCHBIMU YCTI06UAMU AGTIAIOMCA Pa3Mep AmOMHOU
ompacnu u 00vém coocmeennvix BAO.

B Pecnybnuke benapyce (I'pomHeHckas 00J1acTb)
OCYIIECTBIISICTCS. CTPOUTEIBCTBO AaTOMHOM 3JIEKTpO-
CTaHLUU N0 poccuiickomy npoekty ADC-2006 B cocra-
BE JByX OJIOKOB CYMMapHOH MOIIHOCTH TOpSIKa
2400 MBr.

CornacHo mpoeKTHbIM JaHHbiM  ADC-2006, s
9HEProOJIOKOB C PEaKTOPHBIMH ycTaHOBKamu BBOP -
1200 oOmiee KOMHYECTBO BBHICOKOAKTHBHBIX TBEPIBIX
PAO, obpa3zyromuxcst 3a TOA Ha OJHOM DHEProOJIOKe B
YCIOBUSIX HOPMAQJIBHOM O3KCIUTyaTallld, OICHUBAETCS
3nauenneM 0,5 M°, a MCXOHOE 3HAYeHHE 00bEMa 001Ie-
TO BBIXOJa KOHIUIIMOHWPOBAHHBIX U OTBep)K]léHHI)IX
PAO Hu3kol U cpefHeil akTUBHOCTH Ha OJIUH DHEPTro-
610k mpunsto 100 M3 /rox [14].

Takum o00pa3oMm, B TedeHHE CpPOKa HKCILTyaTaluu
aTOMHOW anekTpocTanimu (60 1eT) nmporHo3upyercs
o6pasoanue 60 M> BAO.

CornacHo mpeaBapuTeNbHON orieHke [15] mpornosu-
pyeMblii 00BEM 00pa3yIOmMNXCs BRICOKOAKTHBHBIX TBEP-
1meix PAO B pe3ynbpTare BBIBOJA aTOMHOM AIIEKTPOCTAH-
LMK U3 SKCIUTYaTalu| COCTABMSET 85 M° Ha OJHH SHEp-
ro0JIOK aTOMHOM 3MEeKTPOCTAHIIUH.

5. O6uiecmeennoe o0oopenue.

HarmonansHble IpOrpaMMBI 10 0OpaIieHuo ¢ 0TX0-
JlaMHU 4acTo JIeNalli aKkLEeHT Ha IJIaHUPOBaHHUH, BBIOOpE
MECTa XpaHWJIMIAa U CTAIKUBAJIUCh C MOIIIHBIM 06Ll_[eCT'
BEHHBIM IIPOTUBOJEHCTBUEM. B0 MHOrux crpaHax
HMMEHHO INPOTHUBOCTOSTHUE OOIIECTBA BHIHYJHMJIO BJIACTH
OTJIOKUTH PEANN3AIMI0 MPOEKTa T'eoJIOTHYECKOTro Xpa-
nwmma BAO (nmanpumep, B benbrun, Aprenrune, Hc-

nmannn, Utammm u ap.). B manHOM Bompoce SIBIISIOTCS
KpaliHe BaKHBIMU MHEHHE U MoJJiepkKa odriecTsa. Be-
POATHO, MO 3TOW MpUYHHE, HAIMOHAJIbHAs MOJHUTHKA
oOrreii cTpareruu oOpaieHus ¢ otxoxamu B Kaname u
BenukoOpurtanuu QopMmupyeTcs TOJIBKO TOCIE aKTHB-
HBIX KOHCYJIBTAIIMH C OOIECTBEHHOCTBIO.

ABTOpOM, COBMECTHO C KOJUIETAMHU M3 Pa3IHUHBIX
BVY3o0B cTpanbl, NpoBeAeHBI UCCIEJOBAHUS 110 BOCHPHU-
saruro crpoutensctBa ADC B bemapycu monomoi va-
CThIO HacesieHusi — crygaeHtamu [16]. CTyneHTsl — 3TO
HamOoJlee aKTHBHAs, MOOWJIbHAS, HaJeIEHHAS OIpere-
JICHHBIM MaKCHMAJIH3MOM M OCTPOTOH pPEaKIWd YacTh
HaCeNleHHs, 3TO — OyAyIias aJgMHHHACTPATHBHO-HHTEI-
JIeKTyanbHas 3nuTa cTpaHbsl. OHa MPUHECET B KU3HBb HE
TOJIBKO TpO(heCCHOHANIbHBIC 3HAHMS, HO M HPaBCTBEH-
HbIE KPUTEPHH OTHOIIEHHUS K OE30MacHOCTH 0OIIecTBa,
TaKXe U CBOHM aCHEKTHl BOCIPUSATHS PUCKOB pa3IUYHON
MPUPOABI, B TOM UYHUCIIE U PUCKOB, CBA3aHHBIX C pa3BU-
THEM aTOMHOM JHEpreTUKU. B CBs3u ¢ 3TUM, 0COOBIH
HMHTEpEC BbI3Balla MO3UIMA UMEHHO 3TOH YacCTH Hacene-
HUS 110 BOIIPOCaM, CBSI3aHHBIM CO CTpouTenscTBoM ADC
B Hamel pecryOmuke. C IeNpl0 aHAIW3a yPOBHS HH-
(hopMHUPOBAHHOCTH CTYACHTOB O cTpouTenbcTBe ADC, 0
BozzeiictBn ADC Ha 370pOBbE YEIOBEKa M OKPYKAI0-
IIyl0 cpeay, o0 OMacHOCTH PagHOAaKTUBHBIX OTXOJOB
ObUTH pa3pabOoTaHbl OMPOCHBIC KAPTHI, KOTOPbIC OBLIH
aJalTUPOBAHBI B HECKOJBKUX YUPEXKICHHUIX 00pa3oBa-
Hust (YO) Pecnyomuku Benapycs. B onpoce npuaumani
yuyactue crtyaeHtel YO «MI'QY um. A.Jl. CaxapoBa»
(akynpTeTa MOHUTOpPWHIA OKpYyKaromieh cpeabl), YO
«bemopycckuii rocynapcTBeHHBIN YHUBEpCUTET ((hU3u-
yeckuil Qakynpsrer), ['Y «['omenbckuii rocynapcTBeH-
HBI METUIIMHCKUHN yHUBEpCcHUTET» (JIe4eOHBIN (haKyIib-

120



NPUMEHEHWE MUPOBOIO OMbITA NS PEWEHWA NPOBNEMbI
3AXOPOHEHMA OTXO0B BbICOKOW AKTUBHOCTU B BENTAPYCH

TeT, Kadenpa oOIIei TUTHEHBI, SKOJIOTHH U PaIHaliOH-
HOW MeauuuHbI), a Takke YO «MuHCKHI rocymapct-
BEHHBIH IMOJIMTEXHUYECKHH KOJIIEDK» (TEXHOJOIUs Ma-
IIMHOCTPOEHHUS).

Pe3ynbpTaTel aHKETHpPOBaHMsI CTYJEHTOB IIO BOIIPO-
cam obpamenus ¢ PAO noka3zany, 4ro:

— ONTHMHCTHYECKAasl OLlEHKa TOTOBHOCTH OIpAalIH-
BaeMBIX COTJIACUTHCS C TUIAHAMH CTPOMTENILCTBA XPaHHU-
JIUIIA SAEPHBIX OTXOJOB TOATBEP)KIAETCS TOJNBKO MPHU
YCIIOBHH CTPOUTEIHCTBA JAJEKO OT MECTa ITPO’KUBAHNS;

— TI0 BONPOCY pealM3alliil MPOeKTa MOTHIbHUKA
BAO HeoOxonmMa pa3BépHyTas IIMpoOKoMacmTabHas
paboTa ¢ HaceJleHHEM NPH TIOMOIIH CIIEIUAINCTOB C IIe-

JIMTEPATYPA

JBI0 UHPOPMHUPOBAHUS M JTOCTHKEHHUS OOIIECTBEHHOTO
€/INHCTBA.

AHanu3 TEXHOJOTMYECKUX PELICHUH 110 OpraHm3a-
MU CUCTeMBbI 3axopoHeHus BAO B TIeoJoruveckux
(dopmanusx, onpeneneHHe BO3MOXKHOTO MecTa pa3Me-
HIEHHs, a TaKKe pa3paboTKa MPOEKTa MO COOPYIKEHHIO
Te0JIOTHYECKOT0 TIIyOMHHOTO 3aXOPOHEHUs! TpeOyIoT
3HAYUTEIBHBIX 00BEMOB UCCIIEJOBAaHHUH, YUaCcTUS B 9THX
MCCJIEIOBAaHMAX CHELUHUAINCTOB Pa3IMYHBIX MPOodeccuii
1 3HAYUTENFHBIX BPEMEHHBIX M (PMHAHCOBBIX 3aTpat A
Ppa3paboTKy COTIacOBaHHOTO Moaxona. Be€ aTo Heobxo-
VMO TIPDHHSTH BO BHHMAaHHWE, INPUCTYIAs K PELICHHIO
3aJaull COOPYKEHHs IMYHKTa 3aXOPOHECHHS BBICOKOAK-
THUBHBIX 0TX07I0B B bemapycu.
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BEJAPYCHUAJA KOFAPBI AKTUBTUIIK KAJIIBIKTAPBIH KOMY
MOCEJIECIH HIEITY YHITH 9JIEMJIK TOKIPUBEHI KOJIJIAHY

Canranosa U.B.

benapycv, Munck k., benapycus ¥nmmulx 2vtnvim akaoemuscol, « Cochoty
IHEP2eMUKATIBIK HCIHE AOPOIbIK 3epmmeyiepoin dipecKeH UHCIUMYmbl

Kazipri yaksrrta Benapycus yImiH MaHBI3IbI MaFBIHACHI JKOFAphl aKTUBTUIITIHIH PaguoaKkTUBTIK Kanaslkrapasl (KAK)
COHFBI KoMy Maceneci 6ap. byriari kyHi onemae JKAK courbl keMyniH OipbIHFall THIMII CTPATETHACHIHBIH 0OIMAYHI.
CyiBIK paJJHOaKTHBTIK KaIIBIKTApAbl MiHACTTI ayBICTBIPY JKOHE KOIl 0aphepilik KOpFay MPUHLHIIH CaKTayMeH TepeHIIK
reoorwswIblK opMmarsuiapaa 300-500 M kem emec TepeHAiKTe omapiasl obamapra kemyiH, JKAK y3ak yakbeITBUIIBI
OKIIIayJlay MoceIeciHiH eH THIM/II JKoHe Kayilci3 memiMi IeM ecenTey.

Kymricra XKAK aitransicy OoiipiHIa Oacka enmephiH Toxipubeci tammauabl. bemapycmsana JKAK y3ak yakbpITBUIBI
OKIIIayJiay MOCeJIECiH Ierny Kejemeri 3eprrenai. bemapyccus ADC TepeH reoJorusuiblK GopManusaaa akTUMBTUTITIHIH
JKOFapbl JIEHIeHiHIH KaIJBIKTapbhlH KOMY MYMKIHJIr Tannanisl. basanamana benapycusaa TepeH IeoJOrusuiblK KoMy
KYPBUIBICHI MYMKIH OOJIaTBIH yKaFaaiinap OenrieHmi.

APPLICATION OF THE WORLD EXPERIENCE TO THE HIGH-LEVEL
RADIOACTIVE WASTE DISPOSAL IN BELARUS

Irina Saltanova

Joint Institute for Power and Nuclear Researches “SOSNY”
of the National Academy of Sciences of Belarus, Minsk, Belarus

Final disposal of High-Level radioactive Waste (HLW) is currently a very important issue for Belarus. There is no
unified effective strategy for final disposal of HLW in the World. Disposing HLF in Deep Geological Repositories
(DGRs) at depths of at least 300 - 500 m while complying with the defense-in-depth principle and mandatory
solidification of liquid HLW is considered to be the safest and most effective solution.

In this paper, HLW-disposition experience of several countries is considered. Perspective solutions to the problem of
long-term HLW isolation in Belarus are discussed. A possibility of deep geological disposal of HLW in Belarus is
analyzed. Conditions under which a DGR is possible in Belarus are presented.
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SECURITY RESEARCH PERFORMED BY SURO

P. Kuca, J. Koc

National Radiation Protection Institute (SURO), Prague, Czech Republic

The paper presents actual aspect of security research in the Czech Republic organized by the Ministry of Interior, aimed
at Emergency Preparedness and Response in case of Nuclear and/or Radiological Emergency. Results of selected
projects, solved by the National Radiation Protection Institute (SURO) in recent years, are presented:

— Prevention and severe accident consequences mitigation analyses performed for Czech NPPs in connection with
the new experience obtained from the stress tests after the Fukushima accident.

— Research of advanced methods of detection, assessment and mastering of radioactive contamination aimed
at modernization of appropriate parts of system for ensuring protection of public and selected critical
infrastructures of the Czech Republic related to radiological attack or large-scale radiological emergency.

— Radiation Monitoring Network for institutions and schools for assuring early awareness and enhancing safety

of citizens.

The paper is drawn upon the basis of Ministry of Interior of the Czech Republic projects ID VG20132015105 et al.

INTRODUCTION

Security research in the Czech Republic, organized
by the Czech Ministry of Interior, is aimed at develop-
ment of novel approaches, methodologies, guides and
equipment for monitoring and evaluation of radiation
situation, preparing measures for protecting both public
and responding personnel and at development of novel
equipment for monitoring of radiation situation. Anoth-
er part of the research is aimed at

— Increasing the level of security of citizens by ex-
ploitation of newest technologies and knowledge ac-
cording to state of national and international security;

— Improvement the quality of identification of,
prevention to and protection against threats endangering
security of critical infrastructures, including reduction
of their consequences;

— Formation and improvement of technologies,
techniques, process, approaches, practices and their ap-
plication in praxis aimed at effective crisis management
and response on both national and international level;

— Optimizing the emergency workers response
strategy is to identify potential radiation source terms in
different serving areas of the NPP, together with domi-
nant exposure pathways, timescales over which the dose
will be received, potential effectiveness of the individu-
al protective options and ability of the data enable as-
sessing of the radiation situation in the time and place of
the response actions performed. Knowledge of the time-
scales over which exposures by emergency workers will
be received informs decision makers about the lead
times available to organize the implementation of nec-
essary emergency response on the technology, if neces-
sary.

Results of selected parts of three of the projects,
solved by SURO, are presented here.

Project: “Prevention and severe accident

consequences mitigation analyses performed

for Czech NPPs in connection with the new

experience obtained from the stress tests after

the Fukushima accident”

This project is solved by four participants — Czech
Technical University of Prague, Faculty of Nuclear Sci-
ences and Physical Engineering (FJFI — coordinator),
Research Centre Rez (CVR), National Institute for Nu-
clear, Chemical and Biological Protection (SUJCHBO)
and National Radiation Protection Institute (SURO).
SURO contribution is aimed at evaluation of the poten-
tial radiation doses for the emergency workers during
and in the recovery phase of the severe accident.

One of the basic tasks for optimizing the emergency
workers response strategy is to identify potential radia-
tion source terms in different serving areas of the NPP,
together with dominant exposure pathways, timescales
over which the dose will be received, potential effec-
tiveness of the individual protective options and ability
of the data enable assessing of the radiation situation in
the time and place of the response actions performed.
Knowledge of the timescales over which exposures by
emergency workers will be received informs decision
makers about the lead times available to organize the
implementation of necessary emergency response on the
technology, if necessary.

During radiation accident at nuclear power plant it is
likely that potential exposure rates in different parts of
the plant and airborne activity will vary in space and
time significantly, and consequently the doses received
by emergency workers will vary, both as a result of the
variations in exposure rates and as a result of diffe-
rences of potential spread of the fission and activation
products activity within the technology or as a result of
the atmospheric release.

Emergency workers, engaged in emergency re-
sponse, are usually properly trained and prepared for
fulfilling their tasks in advance within emergency re-
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sponse organization. But before involving them to the
actual response it is necessary to evaluate habitability
and radiation condition at the place of the intervention
aimed to avoiding unforeseen exposures. Data and in-
formation, necessary for this assessment, are usually
assessed from the NPP’s information systems during
normal operation of the nuclear power plant. Neverthe-
less, as the Fukushima accident showed, different situa-
tion may arise after severe radiation accidents? These
questions were analyzed in the course of the project
research.

Potential spread part of core fission radionuclides
inventory into the rooms and corridors next to the con-
tainment or directly to the environment (Fig. P1) have
been evaluated.

Source leak

Vent inlet

Figure P1

In order to develop an emergency plan, it is first
necessary to evaluate the projected doses for the situa-
tions being considered. The purpose of estimating pro-
jected doses and their likely spatial and temporal
distributions have to be taken into account. As a part of
these analyses a set of reasonably conservative accident
conditions was established and calculations of dose
rates and radionuclide volume concentrations as a func-
tion of the time were calculated for different assessing
points.

The doses individuals receive depend on two factors
— the levels of radiation or radioactivity in the working
space (for example in main control rooms, emergency
control rooms, radiation protection control rooms, utility
main gate, emergency response centres, shelters and
other working points where emergency response is con-
sidered during the emergency) and the time the individ-
uals stay in affected area. Other factors, such as
application of personal protection tools or means may
also play a part, especially in the case of radionuclide
intakes.

Radiological conditions have to be evaluated first for
example in the main control room. A lot of simulation
calculations for WWER 440 within the range of the
predefined parameter were performed. Some types of
potential outputs results described the exposure situation

in the main control room in graphic form are expressed
on the Fig. P2, P3, P4.

Fig. P2 describes the course of the effective dose
rates [Sv/h] from different exposition pathways in the
WWER 440 main control room.

Effective dose rate [Sv/h] — rratien
in WWER 440 main control room —apnen
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Figure P2

Fig. P3 summarized the results of the time course of
3311 in organic and inorganic form and **Cs and **Cs
volume activity (Bg-m™) in the main control room.

Time course of the radionuclides volume activity in the main control room
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Figure P3

Time dependences of the **'Cs time integrated air
concentration (Bg-s-m™) and **’Cs summary air concen-
tration (Bq-s-m™) calculated for each hourly time inter-
val in the main control room are presented on Fig. P4

[1].
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Figure P4

Prognosed doses for intervene persons from intakes
of individual radionuclides by inhalation can be esti-
mated by multiplying the calculated values of the time
integrated air concentration by the breathing rate and by
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appropriate dose conversion coefficient. The calculation
would have to be performed for each relevant radionu-
clide separately and the results then summed. The
knowledge of these values of the prognosed doses is
necessary for the timely and correct emergency re-
sponse decision making.

Temperature relation - plastic detector T1
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Dose relation - plastic detector T1
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Dose relation - GM T1 detector
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In the second part of the project we decided to eval-
uate the operability of the detection parts of the radia-
tion monitoring systems in different areas of the NPP
under changing radiation conditions during and after
severe accident. We have evaluated radiation monitor-
ing systems dedicated for both technological and areal
measurement of the dose rates. Different types of detec-
tors used on Czech NPP, but only those dedicated to
operate within the frame of the design basis accident
were evaluated.

Each of the chosen detectors have undergo the spe-
cial load tests to determine if there are able to respond
after being loaded above the producer declared working
conditions. Detectors were metrologically verified first
and the average value of the reference response was
determined. Then the detector was affected by the pa-
rameters of the load test and after each step of the load
tests the reference response was measured again and
deviation from reference value was calculated. Variable
parameters of the load test were: dose rate, dose, tem-
perature, temperature aging, vibration and combined
effects of different previous mentioned parameters.

Three detector types including integral electronics
were evaluated: Geiger-Miiller counters, proportional
tubes and plastic detectors. Detectors chosen are com-
monly used for detection of the radiation fields in the
areas where the nuclear technology equipment is located
or in the areas where radiation workers have performed
their normal working activities. Some of the results
from testing plastic and GM detectors are presented on
Fig. P5, P6, P7, P8 [2].

Project: ,,Research of advances methods of

detection, assessment and mastering of radio-

active contamination aimed at modernization

of appropriate parts of system for ensuring

protection of public and selected critical infra-

structures of the Czech Republic related to
radiological attack or large-scale radiological
emergency“

Objectives of this project covers a wide range - de-
tection of radioactive matters, early warning and provid-
ing information on radiation situation and its expec-
ted/predicted development to both public and respon-
ding personnel, education of public, methodology for
and training of responding personnel, foreknowledge of
public and of touched subjects and bodies.

Part of the project aimed at modern methods of ana-
lysis including field tests is described in more details.

Dispersion of radionuclide **°La by a small-range
blast in free space (Fig. R1: Locality of field tests) was
performed to simulate a ,,dirty bomb* attack, followed
by monitoring of atmospheric and surface activity con-
centrations and of dose-rates (Fig. R2a: Scheme of mon-
itoring points, R2b: Sampling points around the blast
point, Fig. R3: Equipment for air and surface concentra-
tions monitoring (a-b-c) and for mobile monitoring (d-
e), and observing meteorological parameters in the lo-

cality [3].
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Figure R1

Results obtained during this test (Fig. R4: Surface
activity concentration by fallout sampling and by dose
rates, Fig. R5: Time course of air activity concentration
near the blast point) are in good accordance with previ-
ous similar tests with partially driven direction of dis-
persion ([4], [5]) and confirm that (except others)

— character of such event could be expected as ra-
ther local with only a limited area affected;

— meteorological situation in time of the blast is
dominant factor for determining the direction of the
dispersion and size of the affected area in comparison
with blast configuration;

— fast decrease of the volume activity of the air can
be considered for decision on appropriate personal pro-
tective equipment;

— further development of mobile monitoring on
small-scale level is necessary, especially for formulating
methodology and approaches for both UGV and UAV
usage.

Experiences gained during this field tests [3] will be
used for solving project tasks.

Figure R3a

Figure R3b Figure R3c

Table R1. Surface activity of figurines” clothing
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Figure R2a

Figure R2b

Figure R3e

Height of Surface area of clothing | Distance from the Activity of front part of Activity of rear part of
Figurine figurine, (estimate), blast point, Radius clothing, clothing,
[m] [m?] [m] [Bq] [Bq]
woman 1.7 04 16 <1 <1
man 1.9 0.57 16 5.38 £0.92 5.00+0.98
child 15 0.3 16 0.92+0.31 0.58 +0.25
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Figure R4a
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Project: “Radiation Monitoring Network

for institutions and schools for assuring early

awareness and enhancing safety of citizens

(RAMESIS)”

This project is solved by three participants — Natio-
nal Radiation Protection Institute (SURO - coordinator),
Czech Technical University of Prague, Institute of Ex-
perimental and Applied Physics (UTEF) and NUVIA
ENVINET Company.

Project is aimed at improvement safety of population
through introducing of radiation monitoring systems at
level of institutions, schools and citizens in accordance
with current international trends. The instrumentation
necessary, include central application for receipt, stor-
age, administration and publication of monitoring re-
sults, will be analyzed, projected, developed and
obtained, and the system will be implemented at select-
ed institutions and schools including training and infor-
mational materials for understanding radiation
problematics developed during solution of this project’s
tasks.

In 2015 the first phase of the Project has been star-
ted, covering

— analysis of current status of citizens networks
performed over the world, especially those created after
the Fukushima accident, and expected trends of their
future development and progress;

— specification of general requirements on proper-
ties and parameters of detectors and probes suitable for
usage in such monitoring networks;

— analysis of technical and economical potentiali-
ties of realization of detectors and probes fulfilling
above specified requirements;

— analysis and design of technical platform (hard-
ware and software environment) suitable for central
application;

— specification of general requirements on central
application of such monitoring networks;

— specification of general requirements on such
monitoring networks.

Actually testing of set of detectors from different
producers including the widely used SAFECAST bGei-
gie Nano detectors [6] [7] (see Fig. S1, S2) is performed
in SURO aimed at their dosimetry parameters and per-
formance in field conditions — see Fig. S3.

Results of the tests and analysis of features and per-
formance of these detectors will be used in formulation
of requirements for new detectors and systems devel-
oped in this project.
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Figure S1. Examples of detectors tested (from left to right)
Radioactive@home, FTLab SmartGeiger, Libelium Waspmote, MyGeiger, Xwopen Geiger Counter, MightyOhm Geiger Counter
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— Safecast bGegie Nano (LND 7317 pancake Geiger)

— MyGeiger (SBM-20 tube) [se00
— MightyOhm Geiger (SBM-20 tube)

— SmartGeiger (semiconductor sensor)

i . =y Cnodpoélﬁwmlhﬂl(‘l) = e Figure S2. SAFECAST bGelgle Nano

CONCLUSIONS

L e Activities in the frame of Security Research, aimed
! ~ e G0 T at development of novel approaches, methodologies,
70! MightyOhm Geiger (SBM-20 tube)

guides and equipment for monitoring and evaluation of

radiation situation, preparing measures for protecting
both public and responding personnel and at develop-
ment of novel equipment for monitoring of radiation
situation, resulting into development of novel monitor-
ing systems and improved methodics and procedures
based on deeper understanding of the problematics, con-

e tribute significantly to improvement effectiveness of
Cosoposiiuméten) Emergency Preparedness and Response to both Nuclear
Figure S3. Example of response comparison and Radiological Emergency in the Czech Republic.
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MPKU KYPI'I3UVITEH KAYIIICI3AIK CAJIACBIHAAYBI 3EPTTEYJIEP

Kywua II., Kon H.
Yex Pecnyonuxkacwt, Ilpaza, Memnexemmik paduayuanvix Kopeay uncmumymaut (MPKH)

Maxkanana imki icrep MuHHCTpIIiTIMEH YHBIMIACTHIpbUTFaH Uex PecryOnmkachiHIa Kayirci3aik canachIHIAFBl ©3€KTi
3epTTeynep KapacTelpbuiaabl. Ockl 3epTeyiepaiH MaKcaThl SIIPOIIBIK XKHE /HeMece paaualisIbIK al0ybll sKaFaaibiHIa
OFaH XayalThl PEaKLIHBI XKOHE PaJAUalsIIbIK TOTCHILE JKaraaiiFa JallbIHIBIFBIH KaMTaMackl3 eTy. COHFBI KbUIIaphl
MemitekeTTiK paanaIsuisiK Kopray HHCTUTYThIMeH (MPKH) a3iprieHTeH jxeke sk00abIpIpIH HOTIKENepi eHri3emi:

— OykycuMazarsl amaTTaH KeHiHri CcTpecc-TecTTepie aNblHFaH JKaHa HOTWKelepre OaimaHeicTel Yex
PecniyOnukachiHna sAPOJIBIK AJIEKTPCTAHIMSIAPHI YIIIH 931pJICHIeH anaTTapblH ayblp HOTHXKENEPiH a3alTyabl Taiaay
JKOHE aJIJIbIH aiy.

— Ipi MacmTaOThl pajMOJOTHSIBIK amaThHeH JKoHE paJuOJIOTHSUIBIK  [aldybliMeH —OaitmanbicThl  Uex
PecniyOnukacbiHna TaH#anFaH CHIHAB WHQPAaKYpBUIBIMIAPABI JKOHE XallblK KOPFaHBICBIH KaMmTamachl3 €Ty YIIiH
KYHEHIH colikec KypaMabIK OeiriH j>kKaHapTyFa OarbITTaliFaH paJualMsUIbIK JIaCTaHy/Abl aHBIKTay, Oaranay >KoHE
0aKbUTayIBIH O3BIK O/IiICTEPiH 3EPTTELY.

— XanbIK KayilCi3AiriH jKaKcapTy *oHE YaKbITBUIBI aKHapaTTaHIbIPYAbl KAMTaMachl3 €Ty YIUiH MEKeMellep MEH
MEKTeNTep YIIiH pagralisIIbIKk MOHUTOPHHTTIH XYHeci.

Kymeic Yex Pecrmybnukaceiabiy imki icrep muauctpiiridig 1D VG20132015105 xoHe 0acka K0OACBIHBIH KYpaMIbl
Oetiri peTiHIe OpBHIHAAIIBL.

UCCJIEJOBAHMS B OBJIACTHU BE3OIIACHOCTH INPOBEIEHHBIE T'MP3

Kyua II., Kong n.

T'ocyoapcmeennvtii uncmumym paouayuonnoi 3auwumot (I'UP3),
IIpaza, Yewickaa Pecnyonuka

B craTtpe paccmarpuBaloTCs akTyalbHBIE HCCIIEOBaHUA B obsacTu Oe3onmacHocTH B Uemickoit PecryOnuke, oprannzo-
BaHHbIe MUHHCTEPCTBOM BHYTPEHHHUX Jeil. Llenbio HacTOAIMX HMCCIIeTOBAHUM SBISIETCS] 0OeCIedeHne TOTOBHOCTH K
paAraIoHHON Ype3BhIYAfHON CHTyallny M OTBETHOM peakIliy Ha He€ B CIydae SICPHOI W/HIIHM paJHOJIOTHIECKOH arta-
K1 Pe3ynpTaThl OTIENBHBIX HPOEKTOB, pa3pabOTaHHBIX [ OCyNapCTBEHHBIM WHCTUTYTOM pPaJUallMOHHOM 3aIlHTHI
(F'P3) 3a mocienHue TOAbI, BKIIOYAIOT:

— TlpodunakTrky 1 aHaIM3 YMEHBIICHUS TSHKEIbIX MMOCIEACTBUI aBapuil, pa3paboTaHHBIN IS SAEPHBIX JIEKTPO-
cranimi B Yenickoil PecryOirke B CBSI3U ¢ HOBBIMH Pe3yJIbTaTaMH, MONTYyYSHHBIMHU MPU CTPECC-TECTaxX IMOCIE aBapuu
Ha Oykycume.

— HccnenoBanue nepeoBbIX METOJIOB ONpPENENEHUs], OLIEHKH U KOHTPOJIS PaJHalliOHHOTO 3arpsi3HEHUs, HAllpaB-
JICHHBIX Ha MOJIEPHU3AIMIO COOTBETCTBYIOLIMX COCTABHBIX YacTeW CHCTEMBI JUIsl OOecriedeHHs 3alluThl HaceleHHs U
BBIOPaHHBIX KPUTHYECKUX HHPpacTpyKTyp B Yemickoii PecrryOimke B CBSI3M ¢ paJHoOIOTHYECKON aTakoH MITH paJiioIio-
TMYECKOH aBapHel KpyImHOTro MaciuTada.

— Cerp pauanimOHHOTO MOHUTOPHHTA JUISl YUPEKACHUH M MIKOJI JUII 00ecreyeHns] CBOEBPEMEHHOW MH(POPMHUPO-
BaHHOCTH M YJIydIICHHUA O€301IacCHOCTH HACEICHUS.

Pabota BhITIONTHEHA Kak coctaBHas yacTh npoekTa ID VG20132015105 u nap. MunuctepcTBa BHyTpeHHUX Aei Yelickon
PecryGimkn.
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BJUSHUE HOHU3UPYIOLIET O U3JTYYEHUS HA POCTOBBIE ITPOIIECCHI PACTEHUI
PUCA U SAYMEHS TP UCITIOJIb3OBAHUU Y CKOPUTEJIS 3JIEKTPOHOB
AO «ITAPK AJEPHBIX TEXHOJIOI'UW»

2 Bakupyas! K., Y Toxerosa JILA., 2 Epuun 3.P., 2 Kaceimzkanos M.T.

1 N N
) TOO «Kazaxckui HayuHo-ucciedoeamenbcKuil uncmumym pucogoocmea um. H. Kaxaesay,
2. Koizvinopoa, Pecnyonuxa Kazaxcman
240 «llapk sadepnvix mexnonozuity, 2. Kypuamos, Pecnyonuxka Kazaxcman

B crarse mpuBeneHs! pe3ynbTaThl Ja00PAaTOPHBIX UCCIEIOBAHUN 110 M3YYEHHIO BIMSHHA Pa3IMYHBIX 103 paJHallioH-
HOW 00paOOTKHM Ha POCT U Pa3BUTHE PACTEHUH pUca U AIMEHS B HAYAJIBHBIX CTaANAX OHTOreHe3a. CpaBHUTENIBHBIN aHa-
JIN3 POCTOBBIX MPOIIECCOB MOKa3al AU((HepeHINPOBAHHOE BIUSHIE HOHU3UPYIOMIETO U3MyIEeHHUsI M MO3BOJIMII OTpeie-
JIUTh TECTOBBIE MMOKa3aTesd Handoee 3pHEeKTHBHOTO MyTareHHOTo BO3ICHCTBHUS PaJHallHiOHHOW 00pabOTKH B pa3pese

KyJBbTYD.

ToBapuiiecTBO ¢ OTpaHUYEHHON OTBETCTBEHHOCTHIO
«Kaszaxckuii HayuyHO-UCCIe0BaTEIbCKUA HHCTUTYT pU-
coBoactBay (TOO «KasHUMP») npoBoaut HaydHO-HC-
CJIE/IOBATENIECKIE pabOTHl B PHCOBOAYECKOW OTpaciu
Kazaxcrana u BHeapsieT ux B npoussoactso. KazHUNP
ocHOBaH B 1972 rogy. OcHOBHas MHCCHsS — Hay4HOE
obecrieyeHne TOTPEOHOCTEH CENbCKOXO3SICTBEHHBIX
TOBapOIPOU3BOJNUTENCH B HOBBIX, KOHKYPEHTOCIIOCOO-
HBIX COpPTax puca W KyJIbTyp PHUCOBOTO CEBOOOOPOTA,
pecypcocOeperamomux TeXHOJIOTHAX PHCOBOJACTBAa. B
cructeMe MHUHHCTEPCTBA CENbCKOTO X03sicTBa Peciy6-
nuku Kazaxcran ¢ 2002 roaa, ¢ 2007 roga — Hay4HBIN
uccienoBaTensckuil HCTUTYT B coctaBe AO «KasAr-
poMuHoBanusy. C 19 suBapsa 2015 roma mexny Kaz-
HUMUP u IlapxoM snepHBIX TEXHOJOTHH AEHCTBYET Me-
MOpaHAyM O COTPYJHHYECTBE U O B3aUMONOHUMAaHHH.
I'maBHast nenp 3TOro MeMopaHAyMa, SIBISETCS HCIIOJb-
30BaHUE YCKOPUTENEH 3IEKTPOHOB Pa3sHON MOIHOCTH B
MpoIeccax MyTAIMOHHOW CENEeKIMH pUca U APYTHX
CEITbCKOXO3SICTBEHHBIX KYJIBTYP.

Ke3pumopanHcKas 001acTh TEPPUTOPHATIBHO HAXO-
JUTCS B DKCTPEMAIbHO HEOJIArONpHsATHBIX YCIOBHSX
OCYILECTBIICHUS] PACTEHHUEBOJYECKOTO TPOU3BOICTBA,
r7ie HaOJo/1aeTCsl MHTEHCUBHOE OITyCTBIHMBAaHUE, 3aCO-
neHue U Aeduanus IouB. YCIEIIHOE OCBOEHUE 3aCO-
JICHHBIX 3€MEeJIb MOXKET OBITh JJOCTUTHYTO ITyTEM YMEIo-
rO COYETaHUsI arpoMeIHOpPATUBHBIX MPUEMOB C 110/100-
poM Hambosiee COIeyCTOWYNBBIX, TPOJYKTUBHBIX KYJIb-
TYp U COPTOB, CIIOCOOHBIX BBIHECTH JICHCTBHE CTPECCO-
BEIX (DaKTOPOB Cpexdbl, (GOpMHUPYS BBICOKYIO YpoKaid-
HOCTb. B cBfI3M ¢ 3TuM, CTpaTerus CENEKIUH CEIbCKO-
XO3HCTBEHHBIX KYJIbTYp B peruoHe [Ipuapanss, npemry-
CMaTpPHUBAET CO3JaHHE COJICYCTOMYMBBIX COPTOB, OIpe-
JensemMasi BBICOKOM TNPOIYKTHBHOCTBIO, CKOPOCIIEO-
CTBIO, C OJIArONPUSATHBIM cOoueTaHHeM Mex(a3HbIX Iie-
PHOJ0B, UHTEHCUBHOCTBIO HAYAJIIBHOTO POCTA, C HU3KUM
MOpa)KCHUEM WJIM YCTOWYMBBIX K OOJIE3HSIM U BpeauTe-
JIIM, C BBICOKMM KauecTBOM 3epHa. OJHaKo A co3fa-
HUSI TAKMX COPTOB IOTPeOyeTCcss MHOTO BPEMEHH U CHIL.
Kpome Toro, oHM IpUTOHBI JIMIIE AJIS1 OJIarONpUSITHBIX
YCIIOBUH BbIpalllUBaHus. A CErofHs HY>KHBI COPTa, Jal0-

e MyCTb HE OYE€Hb BBLICOKHME, HO TapaHTUPOBAHHLIC
ypoXau, T.e. XOpOUIO NMPHUCIOCOOJICHHBIE K Pa3IHYHBIM
YCIIOBUSIM BO3JIEJIBIBAaHMS B KOHKPETHBIX 30HAaX, M KpO-
M€ TOTO, OTBEYAIOIINE TPAIUIHNOHHBIM BKycaM IOTpe-
6urens. Ecnu ydecTh, 4TO HEOCTATOK BJIArd, BHICOKHE
TEMITEpaTyphl C PE3KUM €€ MepernagoM B JHEBHOE U HO-
YHOE BpEMs, 3aCyXa, CyXOBEH, BO3BpPAT XOJIOJIOB, 3aCO-
JICHUE, CHIDKCHUE YPOBHSI IIOAOPOIHS TAXOTHOTO CIIOS
MIOYB SIBJIAIOTCS TTIABHBIMH JIMMHUTUPYIOIIMMH (haKTOpa-
mu pernona [lpuapanbs, a HanGonee 3pdeKkTUBHBIA U
SKOHOMHYHEIH CIIOCO0 CHIKEHHMS WX HETaTUBHBIX BO3-
JIEUCTBUI Ha KYJbTYPHYIO PAaCTUTEIBHOCTh — CEJIEKLHU-
OHHO-TE€HETHYECKHH, TO UCCIIEA0BATENbCKUE pabOTHI 1O
W3y4YCHUIO M CO3JaHUI0O HOBBIX PE3MCTEHTHBIX COPTOB
puca 1 STYMEHS SBISIOTCS BECbMa aKTyalbHBIMH. B aTOM
OTHOIICHWH, TPH BBIBEACHUH HOBBIX COPTOB, ITPUCIIO-
COOJICHHBIX K KOHKPETHBIM ITOYBCHHO-KIMMAaTHYEeCKUM
YCIIOBUSIM OTJEIBHBIX 30H PUCOCESHHS, 3HAaUUTEIbHAs
POIb OTBOANTCS PATUALOHHON CENEKIMN, KOTOpast Mo-
3BOJISICT TIOJTyYUTh MYTAHTHBIC JTMHHUH, OTIMYAIOLINECS
YCTOHYMBOCTBIO K a0MOTHYECKUM CTPECCOBBIM (DaKTO-
paM, a TakxKe 3HaYUTEIbHO COKpAIAIOIIAs CPOKU BbIBE-
JCHHSA HOBBIX COPTOB IIYTEM MPAMOI0 Pa3MHOXKCHUA
MYTaHTHBIX JIMHUM C KOMIUIEKCOM TIOJIOKHTENBHBIX
MPU3HAKOB.

C 1enpio MoTyuyeHHUs UCXOTHOTO MaTepuaia Jyis ce-
JIEKIMH puca W TIMEHS B BUJIE MYTaHTHBIX JIMHUI C ce-
JIEKIMOHHO-IIEHHBIMU TIPU3HAKaMH, ITOCPEICTBOM 00pa-
OOTKM CEeMSH HOHHM3WPYIOIMM H3JIy4eHHEeM ObLT Hc-
MOJTE30BaH yCKOpUTENb dekTpoHoB AO «Ilapk smep-
HBIX TexHoJorum» (r. Kypuarto, PK). PagmammonHo#
00paboTKe OBUTH TIOIBEPTHYTHI CEMEHA YETHIPEX COPTOB
puca u IByX copToB staMmeHs 1mo 500 3epeH B KaKI0M Ba-
puanTe. [Ipu 3TOM B3HEPrHs 3JNEKTPOHOB COCTABHIO 5
Mb5B, cpennuit ok myuka — 0,04; 0,08; 0,12; 0,16; 0,2
MA, CKOpPOCTbH Jy4eBOW CEKIIMU KOHBeiepa — 9 mM/MuH,
IHana3oH moriomeHHbx 103 — 50+10%; 100+10%;
150+10%; 200+£10% u 250+£10% I'p. Kontposas — HeoO-
paboTaHHBIE cCeMEHa JJaHHBIX COPTOB PHCa U SIUMEHSI.

HauanpHblii 5Tan nccnenoBaHuii BKIIOYA H3yYEHUE
BIMSHUS PA3IMYHBIX 103 MOHHU3HMPYIOIIMX H3Iy4ECHUH
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BIUAHWE MOHU3UPYIOLLETO U3NYYEHWS HA POCTOBBIE NMPOLIECCHI PACTEHWUWA PUCA U AYMEHA
NPU UCNONb3OBAHUA YCKOPUTENA ANEKTPOHOB AO «MAPK AAAEPHbLIX TEXHONIOr M»

Ha POCT U pa3BUTHE PACTCHUI pHca M SUMEHS B PaHHHX
CTaAMsAX OHTOTreHe3a (PHEPrHs NpopacTaHus, Jabopa-
TOpHas BCXOXECTb, BBICOTA, AJMHA, Macca POCTKOB M
xopenkoB 10 1 15-THEBHBIX MPOPOCTKOB) C LENBIO OI-
pelneNieHnst TECTOBOTO MoKa3atelsi Hanboinee 3¢ GeKTrs-
HOT'O MYTareHHOTO BO3/ICHCTBUS paauallMOHHON 00pa-
00TKH (PUCYHOK).

0

Pucynok. Jlabopamopnwiii oneim. « Bausnue paziuunvlx 003
Paouayuornoll 06pabomxu Ha pocmosvie nPoyeccsl pacme-
Hutl puca (a) u ssumenst (6)»

Pagnammmonnast o6paboTka cemsiH coprta puca Map-
’aH Ha MPOMBIIIICHHOM YCKOPHTENE 3JIEKTPOHOB

NITY-10 mokasana, 9T0 BEICOKHE O3B HOHU3UPYIOIIHX
M3ITyYEHHI OKa3alli CHIIbHOE BO3IEHCTBHE HA POCTOBBIE
mporecchl pacteHuit puca. Ilpu stom neiictBue obpa-
OOTKM Ha DHEPrHI0 MPOPACTAHHsI U BCXOXKECTh CEMSH
OBLTO HE3HAYHUTENIFHBIM M UX TIOKa3aTeIH BO BCEX J103aX
OKa3aJIuCch Ha oHOM ypoBHe (98,7-100%). OxHako neii-
ctBue Ha MHY 10 1 15-1HEBHBIX TPOPOCTKOB BHICOKHUX
703 00pabOTKM OKAa3aJHMCh PE3KO OTPHLATEIbHBIMU
(rabmuna 1). Tak, mo amuHe 10-7AHEBHBIX NMPOPOCTKOB
[0 Mepe YBEJIMUEHHS TOTJIONICHHBIX 103 HJET CHUXKE-
HHe IIuHEL oT 3,6 cM 1o 0,0 cM, a o mouHe 15-mHEB-
HBIX MPOPOCTKOB OT 5,9 cM 10 0,0 cm, ipu 6,3 cMm u 12,4
CM Ha KOHTPOJBbHBIX BapuaHTax. [lo nmune 15-1HEBHBIX
KOpemIKoB uaer cHikeHue ot 6,4 cm no 0,0 cMm, mpu
11,5 cm Ha KOHTpONE. AHaOTrMYHas KapTHHA HaOMr0/1a-
eTcsl 10 Macce 15-JHEBHBIX MPOPOCTKOB U KOPEIIKOB.
Cienyer OTMETUTb, YTO OTHOCHTENBHO HOPMalIbHBIE
BCXOJIBI MOJTYYEHBI TOJBKO B 03ax oOyueHus 50 u 100
I'p, B no3e 150 I'p pocToBble mponeccsl OBUTH CHIBHO
npuTopMoxeHsl, a B 1o3ax 200 u 250 I'p - Bcxozsl mo-
HOCTBIO MTOTHOIIH.

WHTepecHO OTMETHTH, YTO y SUMEHS IIpH MHHU-
ManbpHOH no3e m3mydeHus 50 ['p Habmomamock 3amet-
HO€ CHIDKEHHME BcxokecTH 1m0 85,4 %, Torma Kak Ha
JIpYruX BapUaHTax C MOBBIIIEHHOHN 1030# 3TOT MOKa3a-
Telb ObLI HAa YPOBHE KOHTpOIIS B peenax ot 91,6-94,6
%. Ilo npu3HakaMm «unHa 10-TH 1 15-TH THEBHBIX MPO-
POCTKOB M MX CBIpOH Macce» He OOHapy>KeHO CYIecT-
BEHHBIX pa3IM4YMi MEXIy BapHaHTaMH, 4YTO IOJATBEp-
KIAETCsl 3HAUEHUEM KPUTEPHS Fyuer<Frcop. XOTS BBISB-
JIeHa HEKOTopast 3aKOHOMEPHOCTh B IpubaBke pocra 15-
TH JIHEBHBIX TIPOPOCTKOB B cpaBHEHHH C 10-TH THEBHBI-
mu oT 2,0 10 3,5 ¢cM o Mepe yBEeIMUYEeHHs MOTTIOLIECH-
HeIX 1103 (I'p). JAncrnepcnoHHbIM aHamM3 AaHHBIX MOKa-
3an, yro HCP mna 95 %-ro moBepUTENBHOrO ypOBHS
(0,24 cm 1 0,002 r) o [UIMHE ¥ Macce KOPEIIKOB suMe-
HS C TIPONOPLIMOHAIBHBIM CHIDKEHHEM HX 3HAUCHHH I10
Mepe YBEIMUYECHUs 103 00JIydeHNH yKa3blBaeT Ha Cylle-
CTBEHHBIE Pa3Nn4usi MEXAYy BapHaHTAMH OIbITA, KOTO-
pble MOTYT CIIY)KHTh OJHUM W3 HH()OPMATHBHBIX (TECTO-
BBIX) MOKa3arelyieil Mpu oleHKe d(PPEKTUBHBIX 103 HO-
HU3MPYIOLIEro n3ay4eHus (tadiuna 2).

Tabnuya 1. Ananuz pocmoswix npoyeccos pacmenuii puca copma Mapoican npu pazauiHsix ypogHsx paouayuonHol o6pabomxu
CeMAH HA NPOMbIUIEHHOM YcKopumene anekmponoe UJ1V-10, 2015 a.

5 KonnyecTeo Konunyectso [rva 10-T7 Moka3sarenu 15-T AHEBHBLIX NPOPOCTKOB

CpeaHuii Tok [uanasoH NpopoCLINX
NI‘-' nydKa anek- | MOFMOWEHHbIX ("POPOZUMX) (vepe3 10 AHEBHbIX J— macca npo- AnMHa | Macca Kopelw-
nm vepes 4 oHA M POCTKOB, POCTKOB, KOpeLIKOB, KOB,

TPOHOB, MA no3, 'p GeMSH, IT. nueul).ut::remau, oM POCTKOB, CM : P ;
1. 0,04 5010 % 99,340,52 99,340,52 3,6+0,29 5,9+0,70 0,016+0,002 5,8+0,66 0,015+0,002
2. 0,08 100+10 % 100,0+0,00 100,0£0,00 3,0+0,46 6,0+0,22 0,014+0,001 6,4+0,70 0,014+0,002
3. 0,12 15010 % 98,7+0,97 99,3+0,97 1,74£0,08 0,4+0,07 0,001+0,000 0,4+0,07 0,001+0,000
4. 0,16 200£10 % 99,340,52 99,340,52 0,9+0,01 0,0 0,000 0,0 0,000
5. 0,20 250£10 % 99,340,52 99,3+0,52 0,0+0,52 0,0 0,000 0,0 0,000
6. KOHTpOMb He obpaboTaH 98,7+0,97 98,7+0,97 6,310,29 12,440,97 0,047+0,002 11,541,37 0,043+0,002
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Tabauya 2. Ananus pocmoswix npoyeccog pacmeHuti sumensi copma Coip Apyvl npu paziuunsix ypogHaX paouayuorHHol 06pabomxu
CeMAH HA NPOMbIUIEHHOM YcKopumene anekmponog UJI1V-10, 2015 a.

. KonuyecTso Onuna 10-Ti Moka3arenu 15-T gHeBHbIX NPOPOCTKOB
Ne CpeaHuit Tok [Onana3oH 1IDODOCLINX AHEBHBIX
— | nyykaanek- | MOrMOLEHHBIX pop BcxoxecTb, % ARMHa npo- Macca npo- AnuHa macca kopew-
nin TPOHOB, MA 803, Mp (yepes 4 aHs) poCTKOB, POCTKOB, KOPELLKOB, KOB,
) ) CeMSH, . oM pOCTKOB, CM r oM .
1. 0,04 50410 % 42,7 85,4 14,4 17,1 0,169 5,1 0,087
2. 0,08 10010 % 473 94,6 13,7 174 0,171 7,0 0,123
3. 0,12 15010 % 46,7 934 14,0 16,0 0,173 79 0,112
4, 0,16 200+10 % 46,3 92,6 13,2 16,4 0,163 7,1 0,103
5. 0,2 250+10 % 458 91,6 134 16,9 0,157 6,3 0,117
6. KOHTPOIb 483 96,6 14,4 18,3 0,173 8,5 0,145
HCPos 0,15 0,84 Fo<F: Fo<F: Fo<F: 0,24 0,002

Takum 06pa3om, aHAIN3 POCTOBBIX NPOLECCOB B Ha-
yalbHBIX (ha3aX OHTOreHe3a MOoKazal JU(QepeHIUpO-
BaHHOE BJIMSHHE HOHM3UPYIOIIETr0o U3Iy4YeHHs B pa3pese
KynbTyp. Tak, yBeluueHne N03bl MOHH3HMPYIOIETro H3-
nmydenust 1o 250 ['p He oka3pIBaja CHIIBHOTO YTHETalo-
IIETO BO3/IEHCTBUS HAa CEMEHa M PacTEHHs sTYMEHS, TOT-
Jla Kak y puca 10361 oomydenust ot 200 I'p u BbIme oka-
3aJIUCh JICTATEHBIMU KOHIICHTPAIUSAMU. B cBs3H ¢ 3THM,
HanOoJee ONTUMAJIBHBIMU J03aMH VIS TOJYYEHHS HOP-
MalbHBIX BCXOZIOB PacTeHHH pHca, IIe MOXKHO OXKHIATh
MyTareHHOE BO3JCHCTBHE SBISIOTCS TO3bI OOIydYeHUS
50 u 100Tp, a mis sumens B auanazone ot 50 1o
250 I'p.

B TekylieM rogy Takke 3aJ0)KeHbI MOJIEeBbIE OIBITHI
N0 H3YYCHUIO MYTArc¢HHOTI'O BO3I[eI>iCTBPIH Pa3INYHBIX
JI03 MOHU3MPYIOMIET0 M3Ty4YeHHs Ha PACTCHHUs puca H
ssumeHs. I1o peABapUTCIIbHBIM JJaHHBIM Ha IMOCEBAX sA4-
MeHsT OOHAPY)KEHBI JIBE BUMUMBIX TOMHUHAHTHBIX MyTa-
UM — U3MEHEHHE KOoocheB. Ha moceBax puca, o6pado-
TaHHBIX MyTarecHOM OOHAPYKEHBI PACTEHHS C OYCHb BBI-
COKAM POCTOM U HIMPOKHMHU KPYIHBIMH JIUCTHSIMHU.
OKOHYATENbHBIC PEe3yIbTaThl OyAyT W3BECTHBI IMOCIE
3aBeplieHnss yOOPKH U MPOBEICHHS OUOMETPHYECKOTO
aHaIM3a pacTeHUM.

«AAPOJIBIK TEXHOJOTUAJIAP ITAPKD» AK-abin JIEKTPOHJAP YAETKIIINIH KOJTJAHY APKbBIJIbI
KYPIII ’)KOHE APITA OCIMAIKTEPIHIH ©CY ITPOLUECIHE HOHJAYIIbI COYJIEJEPJAIH 9CEPI

2 Bakipyasl K, Y Toxeroa JLA., ? Epuun 3.P., 2 Kacpimxanos M.T.

b Kazaxcman, Kvizvinopoa K., «bl. 2Kaxkaes amuinoazvl Kazax, Kypiw wapyawvlivies
2ulvimu 3epmmey uncmumymoty KIIC
2 Kazakcman, Kypuamos K., «A0ponvix mexnonozuanap napkin AK

Maxkamaga Kypill TeH apra eciMIIKTepi OHTOTCHE3IHIH alFfamIKbl Ke3eHIEpPiHIETi OCIM-KeTUTyiHe paIuamusIIbK
OHJCYIIH OPTYPIi J03aNapbIHBIH ocepiH Tab0opaTOPISUIBIK 3epTTEY HOTHOKEIepi KeNTipiireH. Ocy IpoIeciH caibic-
THIpPMAJIbI TYPZE capamnTtay, HOHIAYIIIbI COYIICACPAIH dcepi 9pTYpJii OOJATHIHBIH KOPCETTI KOHE PaAUaIMsUIBIK OHICYIiH
HEFYPJIBIM THIM/II MyTareHIiK 9CepiHiH JaKpuaap OOMbBIHIIA TECTTIK KOPCETKIIITEPiH aHbIKTAYFa MYMKIHIIK Oepii.

EFFECT OF IONIZING RADIATION ON THE GROWTH PROCESSES OF PLANTS RICE AND BARLEY
BY THE USING OF ELECTRON ACCELERATORS JSC “PARK OF NUCLEAR TECHNOLOGIES”

Y K. Bakiruly, ¥ L. Tokhetova, ? Z. Ershin, 2 M. Kasymzhanov

Y LLP “Kazakh scientific research Institute of rice production named of 1. Zhakhaev”
2 JSC “Park of nuclear technologies”

The article shows the results of laboratory studies on the effect different doses of radiation treatment on plant growth
and development of rice and in the initial stages of ontogenesis. Comparative analysis of growth processes showed
differential effects of ionizing radiation and allowed us to determine the most effective test indicators mutagenic effects
of radiation treatment in the context of culture.
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YCKOPUTEJIA 3JIB - HHCTPYMEHT J1JI1 HHHOBAIIMOHHBIX TEXHOJIOT UiA

Kyxkcanos H.K., Canumos P.A., ®agees C.H., HembiToB I1.U., Kopuarun A.U., Jlappyxun A.B., Cemenon A.B.,
Yepenkos B.I'., Koryt JI.A., lomapos E.B., Bopooses J1.C., I'oxy6enko FO.U., I'oaxoBekuii M.I'.

DAHO Poccuu, Dedepanvroe zocyoapcmeennoe 6100xicemnoe yupedxncoenue nayku Hnemumym saoepnoil ghuzuxu
um. I''H. Byoxepa Cubupckozo omoenenusn Poccuiickoit akaoemuu nayx, Hosocuoupck, Poccus

WD CO PAH mpemnaraer cepuro ycKopureneil 31ekTpoHoB tuna JJIB mepekpriBatommx quamazod sHepruit ot 0,25
1m0 2,5 MsB, ¢ MakcHManbHBIM TOKOM IIy9Ka YCKOPEHHBIX 3JIeKTpoHOB 70 100 MA M MaKCHMalbHOW MOITHOCTBHIO
BbIBeZIeHHOTO Tyuka 10 100 kBT. Jlis mpupoa0oXpaHHOTO Ha3HAYEeHHs pa3paOdO0TaHbl YCKOPUTEIH ¢ TOKOM Iy4yKa JI0

500 MA u morHocTEIO 10 400 KBT.

B npencrasnenHoii paboTe NpUBEICHBI XapaKTEPUCTHKN MOIIHBIX YCKopHTeleh anektporo DJIB. Onucansl cucreMbl
YCKOPUTENST U IUPOKUH HAOOp IIOMOJHUTEIBHBIX YCTPOMCTB, PACIIMPSIOIINX AWAa30H NPUMEHEHUS! YCKOPHUTEIEH.
ITokxa3aHbl OCHOBHBIE HalpaBJICHUs IPUMEHEHUH YCKOPUTENIEH B IPOMBIIUIEHHOCTH.

Kniouessie cnosa: YCKopumeiu 3apAdNCeHHblX Yacmuy, ny4oK 9J1eKmpoHOo6

CoBpeMeHHass TPOMBIIIICHHOCTh IHPOKO HCIOIb-
3yeT TEXHOJIOTHYECKHE MPOIECCH C HCIOIH30BAHUEM
ITyYKOB 3JICKTPOHOB JJIs paJUaIliOHHON Moau(uKammm
MTOJTUMEPOB, CTUMYJTHPOBAHUS WIIM WHUIIMAPOBAHUS XU-
MUYECKHX PEaKIii, OYUCTKH T'a30B (AbIMa) U CTOYHBIX
BOJ, Ne3UH(EKINN 3epHa U TaK jAajee. DIEeKTPOHHO-TIY-
YCBBIC TEXHOJOTHUU INHUPOKO HUCIIOJIB3YIOTCA B IIPOMBIII-
JICHHOCTU JIsA pa,[[HaL[I/IOHHOﬁ CIIMBKHU TMOJUMEPHBIX
KOMITO3UIMI KaOeapHOH W30yanuu. Vcrmonb3oBaHue
9THX TEXHOJIOTWH II03BOJIMIO OCBOWUTH IIPOM3BOJCTBO
LIMPOKOTO aCCOPTUMEHTa TEPMOCTONKHUX M pajranoH-
HO-CTOMKHX TPOBOJIOB, Kalelsiei, TepMOyCa)KuBaeMbIX
mnenuii. Bece oHM 007aal0T MOBBIMICHHOW HAIEKHO-
CTBIO IIPU MOHTAXE M HKCIUIyaTallMH, KaK B OOBIYHBIX,
TaK ¥ B 9KCTPEMATBHBIX YCIOBHSIX.

Hamubonee coBeprieHHBIM HHCTPYMEHTOM JUTSI PajIHl-
aIMOHHON 00pa0OTKU ABISIOTCS MOIIHBIC IIPOMBIILICH-
HbIE YCKOpPUTENHU 31eKTpoHOB. [Ipouecc pagunanmnoHHoOM
006paboTku TpeOyeT mMpuMeHEHUs JOPOTOCTOSIIET0 000-
PYZAOBaHUs, TIO3TOMY 3a/1a4a MOBBIIIEHUS d(PPEKTHBHO-
CTH €ro HCIIOJIb30BaHMS SBJISIETCS TOCTATOYHO aKTyallb-
HOW. ONTUMH3HUPYS CIOCO0 OOTYUCHUS U3CIUI DIICKT-
POHHBIM ITyYKOM, MOKHO CYIIECTBEHHO IOJIHSTH Kade-
cTBO 00OyueHHst U 3()P(HEKTUBHOCTH MCIIOIB30BAHUS ITY-
YKa.

Wncturyt snepuoit ¢usuku Cubupckoro oriene-
Hus Poccuiickoil akageMuu HayK SIBIISIETCSI OJHUM M3
MHPOBBIX JTUACPOB B 001acTH pa3paboTKH, MPOEKTUPO-
BaHMWSA, IPOU3BOJICTBA U TIOCTABKH B MPOMBIIICHHOCTh
3JIEKTPOHHBIX YCKOpPUTENEH. YCKOPUTENIH 3JIEKTPOHOB
tuna DJIB sSBAArOTCS MalIMHAMH ITOCTOSHHOTO TOKa,
npe€aAHasHa4YCHHBIMU JII IOHPOKOIro MNPHUMEHCHHUSA B
pa3IMYHBIX TEXHOJIOTHYECKUX Ipoleccax. biaromaps
COBEpPILEHHOIN CHCTEME YNpaBJICHHUsI 3TH YCKOPHUTEIH
JITKO MHTETPUPYIOTCS B JIIOOOH TEXHOIOTHYECKOH
nponecc. Yckopurenu tuna DJIB paspaboransl ¢ wuc-
M0JIb30BaHUEM YHUGHUIMPOBAHHBIX Y3JOB U CHCTEM,
YTO MO3BOJIAET JIETKO aIallTUPOBATh UX K criennduyec-
KM TpeOOBaHUSAM MOTPEOUTENS MO OCHOBHEIM ITapa-
MeTpaM: Tuana3oH pabodmx dHEPTHid, MOUTHOCTh IyY-

Ka YCKOPEHHBIX 3JIEKTPOHOB, pa3Mep BBIIYCKHOTO OK-
Ha U T.1. ViMeetcs mmpoknii HaOOp JOMOIHUTENBHBIX
YCTPONCTB, PaCIINPSIONINA BO3MOXKHBIE NPUMEHCHHS
yckoputeneil. KOHCTpyKTUBHBIE U CXEMHBIE PELICHUs
obOecreunBarOT HEMPEePLIBHBIA KPYTIIOCYTOYHEIN pe-
UM PabOTHl B YCIOBHUAX NMPOMBIIIICHHOTO MPOU3BOI-
ctBa. CrnienuduueckumMu uepramu yckoputeneir DJIB
SBIISIIOTCSI KOHCTPYKTHBHAS IIPOCTOTA, yIOOCTBO ympa-
BJICHUS, HAJIE)KHOCTh B 3Kcmutyaranuu. AP npenna-
raer cepuro yckoputeneil snektpoHoB tuna JJIB me-
PEeKpBIBAIOIIKX 3HepreTuueckuil auamnasox ot 0,25 no
2,5 M1B, ¢ MakCUMaJIbHBIM TOKOM ITy4Ka YCKOPEHHBIX
31eKTpoHOB 10 100 MA ¥ MakCMMalbHOH MOLIHOCTBIO
BBIBEJICHHOTO ydka 10 100 kBT a1 0OBIYHBIX MAITUH
u 500 MA u 400 kBt s yckopureneid mpHpoOmoOx-
PaHHOTO Ha3HAYCHHUS.

Yckoputenu cepun DJIB — Hanbonee MacCCOBBINA THIT
OTEUECTBEHHBIX POCCUMCKUX YCKOpPUTENIEH, HAlleAINN
MPaKTHYEeCKOe IPUMEHEHNE BO MHOTHX 00JacTIX paju-
allMOHHOW XUMMH, a TaKKe Oyarojapsi CO3AaHUI0 CUCTe-
MBI BBIITyCKa B aTMOC(epy MOIIHOTO CPOKYCHPOBAHHO-
IO 3JIEKTPOHHOTO Iy4Ka, JaBIIel TOJTYOK Pa3BUTHIO pa-
JUAlMOHHO-TEPMUYECKUX TEXHOJIOTHH. YcCKOopuTenu
OJIB xopomio u3BecTHHI BO BceM mupe. K HacTosmemy
BpemeHu Oonee 140 yckopureneii nocrasieno ot ['ep-
MaHUU Ha 3anajae no0 Pwinunud u Manai3uu Ha BocC-
ToKe. MOXXHO (pOopMaTM30BaTh YCKOPHUTENHN IO HapamMe-
TpaM, Kak, HarpuMep, npuseaeHo B Tadmure 1. [Ipakru-
YECKHU )K€ YCKOPHTEIN MOTYT OBITh M3TOTOBJIECHBI B CO-
OTBETCTBHH C JIIOOBIMH CHEUU(PHUISCKUMH TPeOOBaHMSI-
MH T10JIb30BaTEIs.

ITo cBonm mapamerpam yckopurenu DJIB He TonbKo
HE YCTYMaloT JIy4IIUM MUPOBBIM 00pa3iam, HO BO MHO-
roM U mpeBocxomsT ux. [loatomy USAD tpaaunnoHHO
3aHUMAaeT BEAYyLIME MO3WIMU CPEIU MHPOBBIX (DUpM-
MIPOU3BOAUTENEH YCKOPUTEIEH AIIEKTPOHOB.

OO6mmit Bug yckoputenst DJIB npusenen Ha puc. 1.
[Ipn onHAKOBOM JMaMETpe OCHOBAHMS COCY/a, BBICOTA
€ro 3aBHCHUT OT MAaKCHMAalbHOM HEPTUH YCKOPEHHBIX
3JIEKTPOHOB.
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YCKOPUTENW 3NB - UHCTPYMEHT NSt UHHOBALIMOHHbIX TEXHONOM UK

Tabauya 1. Ocnosnvle napamempul yckopumeneii cepuu JJ1B

YekopuTens ﬂwan?aon MowHocTb B MakcumanbHbIi
3Hepruii, MaB nyuke, kBt TOK Mmy4Ka, MA
ONB-M1HM 0.2-0.4 20 50
3NB-0.5 0.4-0.7 25 40
3NB-1 0.4-0.8 25 40
ONB-2 0.8-1.5 20 25
ONB-3 0.5-0.7 50 100
9lB-4-1 0.5-1.0 100 100
OlB-4-1.5 1.0-1.5 100 66
OlNB-6 0.8-1.2 100 80
9lB-6M 0.7-0.9 160 200
ONB-8 1.0-2.5 100 50
9NB-12 0.5-0.9 400 500

1 — cocyd, 2 - nepBuWyHas 0BMOTKa, 3 — BbINPSMUTENbHBIE CEKLM,
4 - yckopuTenbHas Tpybka, 5 — BbICOKOBONbLTHBINA 3NEKTPOA, 6 — UHXEKTOP,
7 — Bnok ynpaBneHnst WHXeKTOpoM, 8 — onTuyeckast cUCTEMa ynpaBreHns
TOKOM MyyKa, 9 — fgenutenb dHeprun, 10 — MarHuTHas nuH3a, 11 — BakyyMHble
Hacockl, 12,13 — anekTpoMarHuTbl ckaHpoBaHws, 14 — BbINyCKHOE YCTPOM-
CTBO; 15 — dhorbra BbIMyCKHOMO OKHa yCKopUTENs

Pucynox 1. Obwuii 6uo yckopumens JJIB

I/ICTO‘-IHI/IKOM BBICOKOI'O Hal'[pﬂ)KeHI/IH B yCKOpI/ITeJ'IHX
DJIB sBisieTcs KacKaJgHBbIA TeHEpaTop ¢ MmapajlienbHON
UHIYKTUBHOM CBsi3bt0. KoJOHHA ceKluii BHICOKOBOJBT-
HOTO BBINIPSIMHTENS PACTONOKEHA BHYTPH TMEPBUIHOMN
obMoTkH. Kaxkrast BEIPSIMATEITbHAS CEKIUS COCTOHT U3
KaTyIIKA BTOPUYHOW OOMOTKH M CXEMBI BBIIPSMIICHUSL
HaNPsDKCHUS. BBITPSIMATENFHBIE CEKIIMUA COSAUHSIIOTCS
00 TMOCIeT0BaTEIHHO, IN00 TOCIIeA0BATEIFHO-TIApall-
JIEJIbHO. 3aKaHYMBA€TCs KOJOHHA BBICOKOBOJBTHBIM
3JIEKTPOIOM, B HEM HaXOTUTCA OJIOK YIIPaBICHUS WHKe-
KTOpOM. YCKOpHUTENbHas TpyOKa pacrojioKeHa BHYTPH
KOJIOHHBI BBIIPSMHUTEIBHBIX CeKuuil. Bce ykazaHHBIE

AJIEMEHTHl KOHCTPYKIIMHA pPa3MEMIeHH BHYTPH COCyIa
BBICOKOTO JaBJICHHMS, 3aIIOJIHEHHOTO 3ierasoM. B cumy
aToro obcrosTenscTBa yckopurenn JOJIB  namboinee
KOMITAKTHBI CPEJM MAIKH CBOEro kiacca. KoMoHeHThI
BAaKYyMHOW CHCTEMBI U BBIITYCKHOE YCTPONCTBO KPEIAT-
Csl K JHHILY COCyla. DJIEKTPOHBI, SMUTHPOBAaHHbIE Ka-
TOJIOM, PAacIlOJIOKEHHBIM Ha BEPXHEM KOHIIE YCKOpH-
TENBHOHM TpyOKH, MPHOOPETAIOT Ha €€ BBIXOZE MOJHYIO
sHepruto eUy. DIekTpoMarHuTaMu CKaHUPOBAHUS DJIEK-
TPOHHBIH ITy9I0K PABHOMEPHO pachpeaemnseTcs mo (oib-
Te BEIITYCKHOTO OKHA U BBIBOAUTCS B atMoctepy. [Tydox
CKaHUPYeTCs B JIBYX HAIPABICHHUSAX: BJOJHh U IMOIEPEK
¢omeru. OOpabaTbIBacMbIii MaTepHall IBIKETCS IO
BBIITYCKHBIM OKHOM yCKOpHTENIA. B oTmmdme oT mpyrux
YCKOpHTEJEH CIleraabHast 3JCKTPOHHKA MTO3BOJISIET HEe-
NPEpHIBHO KOHTPOJIMPOBATH MOJI0KEHHUE pacTpa IydKa.

s yckopureneii pa3paboTaHO CIIEAYIOIIee JO0MOJ-
HUTEJIbHOE 000pYI0BaHUE:

Cucmema xonvyeoeo u 08YXCMOPOHHE20 00.yye-
nusi. CHcTeMa KOJBIEBOTO OONydYeHHsl NperHa3HaueHa
JUIs1 00JTy4eHHS U30JILUH IPOBOIOB OOJIBIIOTO AUAMET-
pa (mo 50 MM) W TOJCTOCTEHHBIX TEPMOYCAKUBACMBIX
Tpy0. Vcnonp30BaHNe 3TOW CHCTEMBI TIO3BOJISIET TOTY-
YUTH PAaBHOMEPHOE MO a3UMYTy OOJyUeHHE H30JIALNU
32 OAMH MPOXOJ MPOBOJA MOJ My4dkoM. CxeMaTHIeCKu
cHCTeMa KOJBIIEBOrO OOJIydeHHs MOKa3aHa Ha puUC. 2.
Ha pucynke 1udpoii 1 0003HaueHBI TPACKTOPUH DJICKT-
POHOB, KOTOpBIE, BB U3 BBITYCKHOIO OKHAa YCKOPH-
Tenst 2, TIONajaioT B MOJIE DIIEKTPOMArHUTOB 3 ¢ MOJIIOC-
HBIMM HaKOHEYHHKaMH, OOECIeUUBAIONIMMHU TTOBOPOT
TPaeKTOpHUil JJIEKTPOHOB B BO3AyXE, KaK ITOKAa3aHO Ha
pucynke. V3meHeHne (GOpMBI MOJIIOCHBIX HaKOHEYHH-
KOB Ha 0oJiee TIPOTSDKCHHBIC B HAIIPABJICHUH BJIOJb BBI-
ITyCKHOTO YCTPOMCTBA, IMO3BOJISICT MOIYyYUTh CHCTEMY
JIBYXCTOpOHHEro obOiydenus. Cucrema IBYCTOPOHHSIA
npenHa3HadeHa g oOmydeHus O6omee ToHKMX (mo 10
MM Hapy>KHBIH THaMeTp) MPOBOIOB MPU MHOTOKPATHOM
TIPOXOXKIICHAX TIPOBOAA ITIOA IMYYKOM H OOECIICeYHBACT
JIBYXCTOpOHHEE 00JIy4YeHHEe MpoBoaa (CBEpXy U CHH3Y)
IIPY MIKpPHHE packKiIagku 10 60 cm.

Pucynoxk 2. Cucmema koivyegozo oonyuerus
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[t TTOBBIIIEHNST OJHOPOIHOCTH OOyHIEHUS H30JIs-
LMY [IPOBOIOB IPUMECHSIOT CIIOCO0 4-X CTOPOHHETO 00-
nmydenust. Packiazika mpoBoJia 1moJl IMy49KOM BBIITOJIHEHA
TaKUM 00pa3oM, YTO Ha Ka)KJIOM BUTKE BEPXHsISI U HUX-
HsIsl IOBEPXHOCTh NIPOBOJIA MEHSIOTCSI MECTaMU. JJIEKT-
POHHBII MyYOK BBIBOJMTCS O] yriiamu +/—45° x BepTu-
KaJM, TPAeKTOPHU IIyYKOB IIE€PEKPEUICHBI MO YIJIOM
90°, moaToMy, y4HTHIBasi CMEHY ITOBEPXHOCTEH, B UTOTE
MOJy4aeTcsl YETHIPEXCTOPOHHEE OOIyueHHe H3AENusl.
[puaIun paboThl ycTpOHCTBa IOKAa3aH Ha PUC. 3 U OC-
HOBaH HAa OTKJIOHEHHWH JJIEKTPOHHOTO ITyYKa MAarHWT-
HBIM TI0JIeM. BBIXOmSImuil 13 yCKOPHUTEIS 3IICKTPOHHBIHA
ITy4OK CKaHMPYETCs B IUIOCKOCTH PUCYHKA AJIEKTpOMar-
HUTaMH pa3BepTKH 2. Jlanee oH MomagaeT B MOCTOSHHOE
T0JIe SJIEKTPOMArHUTOB 4. JTO IMOJIe H3MEHSAET TPACKTO-
PHH SJIEKTPOHOB TaK, 4TO, HE3aBUCHMO OT MECTa BXOJa,
Ha BbIXOAE€ BCC JJICKTPOHLI, MPOXOIAIIUEC JIEBBIM Mar-
HUT, UMEIOT yTOJl C BEPTHUKAJIBHON ochio —45°t5°) a
MIpaBbIii, COOTBETCTBEHHO, 45°15°.

1500

CoOOoNe 6

600

1700

Pucynox 3. Cucmema 4-cmoponnezo obnyuenus

Tpancnopmmuvie ycmpoticmeéa. COBMECTHO C YCKOPH-
TeneM OJIB MOryT mocTaBisThCS TPaHCIIOPTHBIE YCT-
pOWCTBa AJIsl MEPEMOTKH MPOBOJIA, TEPMOYCAKHBAEMOMN
TpyOKM WM JIeHTHI oA mydkoM. Ha puc. 4 mokazaHa
KOHCTPYKIIMSI YCTPOHCTBA JJIsl TPAHCIIOPTHPOBKH IPO-
BOJIa WM TPYOKHU. YCTPOHCTBO COAEPIKUT BEAyIIUit Oa-
paban 7, Benomblii OapabaH 2, HalpaBIsIONINE BaJbl 4,
cemaparopsl 5. Bee ycTpoiicTBo coOpaHO Ha cTaHHWHE 3.
Benymuii 6apaban nmpuBOIUTCS BO BpalleHUE HIIEKTPO-
nmeurateneM 11. Obxywgaemas TpyOka WM MPOBOX TO-
CTyIaeT Ha Beaymuii bapabaH cBepxy, MPOXOINT Yepes3
cemapaTopbl Ha HA3 BeIoMoro OapabaHa, OruOaeT ero u
BO3BpallaeTcs Ha HU3 Beayllero OapabaHa. ITOT MyTh
MOBTOPSIETCSI MHOTOKpaTHO. B MecTe mepekpecTus mpo-
BOoA (TpyOka) momajmaeT MOJ 3JIEKTPOHHBIA ITyUOK.
ACHHXPOHHBIH JBUTraTe]Ib COBMECTHO C CHCTEMOM yIipa-
BJICHUSI 00ECTIEUMBACT ANANa3oH PEryJIUpOBaHHs CKOPO-
ctu 10 103, uto mo3BOMIAET COBMONATE IOCTOAHCTBO 10-
3Bl TIPH ITyCKE YCKOPHTEIIST WM €0 OCTaHOBE IPH JIIO-
ObIX CIIy4aiHBIX OTKJIIOYEHHUSX CUCTeMBbI. lIpuHsTas
cXeMa TPaHCIOPTHPOBKH (TOBEpHYTask ‘“‘BOChMEpKa’™)
obecrieunBaeT AByXCTOPOHHEE OOTyICHHE.

1680

E)

Pucyrnok 4. Tpancnopmuoe ycmpoticmeo

Jls pa3MerieHus: yCKOPUTEned HeOOXOIUM CIICIH-
ANbHBIA OyHKEp, SBJLIOIIUICS PaaHallMOHHONW 3alllu-
Toi. [Ins yckopurenei ¢ sHeprueii Beie 0.7 MaB Oyn-
Kep, KaK MpaBuWio, sBisgeTcs OeToHHBIM. CylecTByeT
HECKOJIbKO BEPCHH, ONpeAeNsieMbIX THIIOM HUCIOJIb3ye-
Moro yckoputens. DJIB B cBoeM Kiacce »Hepruil u
MOIITHOCTEH WMEIOT MHUHUMAIBHBIC pa3Mephl, T.€. CO-
KpaIaroTcs 3aTpaThl Ha CTPOUTENLCTBO. Ha puc. 6 mpu-
BEJICH BapuaHT pa3MemieHus yckopurens DJIB-4 ¢ nHa-
3eMHBIM DPAacHOJIOKEHHEM KaMepbl oOxyueHus. Brox u
BBIBOJI 00pabaThIBacMON MPOIYKIIMHA PACIIOIOKCHBI C
MPOTUBOIOJNIOXKHBIX CTOPOH OyHKepa. J[oBONBHO yacTo
HCTIONB3YeTCsl BApUAHT, KOT/Ia OHU PacIlOIOKEHBI C Of1-
HOW CTOpOHEI. byHKEep 000py/IOBaH OTKATHOH CTaIhHOMN
3aIlUTHOM IBEPBIO.

Pucynox 5. Kamepa obnyuenus ykopumens,
000pYy008aHHO20 MPAHCHOPIMHBIM YCIMPOUCMBEOM
u cucmemoti 4-cmoponnezo oo1yueHus,

Cyl1ecTByeT BapuUaHT C MOJA3EMHBIM PacloIOKEHH-
€M KaMmepsl 00y4eHus. B aToM ciydae 3amurHast ABepb
He TpeOyeTcs, a BXOJ B Kamepy OOJy4eHHs OCyIIecTB-
nseTcs depe3 JaOWPHWHT, CHIDKACTCsS BBICOTA KpPIOKa
MTOJJbEMHOT'0 MEXaHU3Ma, YMEHBIACTCS] KOJINIECTBO Oe-
TOHA.

Yckoputenu ¢ sHepruer Hmke 0.7 MaB moryT pac-
1oJiaraTbCsl B JIOKAJIbHOW paJualMoHHOM 3ammure. Kak
NpPaBIJIO, OHA M3TOTABIMBACTCS U3 CTAlU C 00ABJICHH-
€M B OTJENbHBIX MecTax cBUHIA. Ha puc. 7 npuBeneH
yckopurens Ha 3Hepruro 0.5 MsB u tox 100 MA B j10-
KaJIbHOM 3aIluTe.
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Pucynok 7. Cxemamuueckuil uepmedic ycKopumesis
0.5 M>B %100 mA 6 nokanvhotl 3auwume

Ha puc. 8 mpuBeneHo (HoTO MOIACPHU3UPOBAHHOTO
yckopurenst 0.8 MpBx40 MA, yCTaHOBJIEHHOTO Ha
WxeBckoM 3aBone IuiacTMacc. YCKOpUTENb ObUT W3ro-
toBiieH HUNO®A um. EdpemoBa n BrocieacTBuu Mo-
nepuusuposan UA® CO PAH.

Pucynok 8. @omo yckopumens na Hicesckom
3a600e naacmmacc
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CosmectHo ¢ KOxHO-KOpetickol (pupmoit Oblm pas-
paboTaHbl U W3rOTOBIIEHBI 2 TEPEOBIDKHBIX (MOOWIb-
HBIX) yckoputens. OCHOBHOE Ha3HA4YE€HHUE STHX MAaIluH
— neMoHcTpauus d(QGEKTHBHBIX METOJOB JJIEKTPOHHO-
nyuyeBoi 0OpaboTku. Ha puc. 9 mpuseneHs! ¢hoTo 31Ol
MallMHBL. J[BepH KaMephl 00Ty4eHUs OTKPBITHL.

Pucynox 10. Ilepedsusichoii yckopumens 6 npoyecce mpamc-
nopmuposKu

B xone ucnbiTanuil yckoputens 3a 4 yaca mpoexain
135 kM ¥ B TeueHue 15 MUHYT mocie NpuOBITHS Ha KO-
HEYHBIN MyHKT OBLI BBIBEAEH Ha pabouue mapaMeTphl.
Taxo#t xe yckoputenb ObuT TpaHcropTupoBaH B Cay-
JIOBCKOIO ApaBHIO U TIOCTIE MTPOBECHUS SKCIIEPHIMEHTOB
Bo3BpaireH B KOxnyto Kopero.

Ycekopurenu DJIB MCmonb3yloTcs MPaKTHYECKH BO
BCEX TEXHOJIOTHAX, I'7Ie HEOOXOIMMO NMPUMEHEHHE JIICK-
TPOHHOTO Iy4Ka.

1. OcHOBHEIM mpEMeHeHHeM Yyckopurener DJIB
SBJISIETCST MOMU(HKAIMS M30JIAHKA MPOBOAOB U Kade-
neit. O0My4eHre U3MeHsIeT CBOMCTBA M30IISIIMKU: JIeTaeT
ee TepMo-, OTHe-, Maclio-, PaJHaliOHHO- CTOMKOIl 1o
OTAEIBHOCTH WJIM KOMOWHHPOBAHHO K TEPEYHCICHHBIM
arenram. Ha yckopurensix 3JIB ob6pabaTsiBaroTcs mpo-
Boza ceueHueM oT 0.1 no 120 xB.mm. IIpousBoautens-
HOCTb (B 3aBHCHMOCTH OT Pa3MEpOB IPOBOJAa M COCTaBa
KOMIO3uLuu) Moxer nocrurate 500 m/muH. Cucrema
4-cTopoHHETO OOJYYeHHs YIIydlIaeT KadecTBO oOpa-
0OTKH, B YaCTHOCTH — OJHOPOJHOCTH pacIpeAeIeHH
MTOTJIOMIEHHON O3Bl IO a3uMyTy. [Ipu pukcupoBaHHOMH

HEOJHOPOJHOCTH BO3MOYKHO YMCHBILICHHE SHEPTUH He-
00XOMUMO# Uit 00yueHHsi, T.e. MOBbIICHHS 3D ek-
TuBHOCTH. [IpMeHeHune cucteMsl 4-cTOpoHETo o0Iyde-
HU 0c00eHHO 3(dexTHBHO A1l 00pabdOTKH IPOBOJIOB
00IBIIOrO AMaMeTpa cO 3HAYUTEIBHON TONIIMHOH U30-
JISILUH.

2. Eme omHMM BBITOAHBIM NPHUMEHEHHUEM YCKOpH-
teneit DJIB sBnsieTcss mMpoOU3BOACTBO TEpMOYCaKHBae-
MBIX M3JIEJIUH: TpyObl, MEpHBIE KYCKH, My(THI, JEHTHI 1
mwieHkn. [IponsBoauTensHOCTE MOXKeT gocturats 1000
Kr B 4ac. Kak npasmio, yckopurenu st 00paboTkH Ka-
0elst U TepMOyCaXMBAaeMbIX HM3JENUA padoTaloT KpyrT-
JIOCYTOYHO.

3. TIpou3BOACTBO HCKYCCTBEHHOM KOX U 3aIUTHBIX
MOKPBITHHA. DTO 03HAYaeT IOJMMEPHU3AIHIO JIIEKTPOH-
HBIM IIy9KOM JUI NPOHM3BOJICTBA KOXKETOJOOHBIX MaTe-
pHAJIOB C C TEII0-, OTHe-, Macjo-, XJIal0 U T.J. CTOMKO-
CTbI0. PainanimoHHO-XMMHUUYeCKas TEXHOJIOTHS II03BOJIA-
eT TOoJNydYaTb MaTepuai IJIsl YKPBITHH, CHEIOJISKIbI,
00yBH U CYyMOK.

4. TIpou3BOACTBO CaMOKJIESIINXCS IMOJOC M PEe3u-
HO-TEXHUYIECKUX M3JICITUH

5. Kommo3uTHbIii MaTepuan it MSTKOH KPOBIH.
[pennasHayeH U1 M3TOTOBJICHUS KPBILI XUIIBIX, 00LIe-
CTBEHHBIX M INPOMBIIUICHHBIX 3JaHUH U COOPYKEHHMIL.
OH dopmupyeTcs U3 pe3HHOBON CMECH Ha OCHOBE Kay-
YyKOB OOIIEro NPHUMEHEHHS ¢ IOCIEAYIONIUM ByJIKaHH-
3a1Meil BIEKTPOHHBIM ITyYKOM.

6. OtrnmenbHBIE YCKOPUTENH HCIOJIB3YIOTCS I
MIPOM3BOACTBA Telisl ¥ MPEPEroB, UCIIONb3YIOMINX YIIIe-
POJHBIE BOJIOKHA U MOJMMEPHBIE CBS3YIOIIHE.

7. OTBepKAEHHE JIAKOKPACOYHBIX MOKPBITUH JUIs
CTpOHHMHIYCTpHHU. VIMeno mmpokoe NpuMeHeHue, B Ha-
CTOsIIIIee BPEMsI HE UCIIOJIb3YETCSL.

8. [esuncekums 3epHa. [IpoBommmace B Onecce 2-
M yckoputesrsiMi 1o 20 kBT ¢ Tpou3BOAUTENTEHOCTHIO
200 T/gac xaxnaeiii. B Kurae paboraer ycraHoBka ¢ 2-
Msi yckoputessimu DJIB-8, momuocteio 100 kBT kax-
Iblid. 1Ipon3BOAUTENBHOCTD KaX/10H YCTAHOBKU COCTAB-
asiet 1000 1/uac.

9. DJekTpoHHO-ITyueBas 00OpabOTKa CTOYHBIX BOJI.
B Poccum Takas ycraHOBKa C JBYMSI YCKOPHTEIISIMH
momiHocThio 40 kBT paborana B r. BopoHexe 11 oun-
CTKHM 3arpsi3HEHHBIX NOA3EMHBIX BOJI. B Hacrosmiee Bpe-
Ms ee paboTa IpeKpaleHa, ITOCKOIbKY BOZOHOCHBIE TO-
PpU30HTHI ounmieHbl. [THI0THAsS yCTaHOBKA ISt OYMCTKH
CTOKOB KPAaCHJIBHOTO MPOU3BOACTBA C YCKOPHUTEJIEM
DJIB-12, MOUTHOCTBIO BBHIBEICHHOTO IIy9Ka KOTOPOTO
cocrasszet 400 kB, 3amymena B FOxHoit Kopee.

10. Vckopurenn JJIB moryr ObITh 000pYHOBaHBI
cucTeMoil BbIBoja B atmocdepy cdoKycHpOBaHHOTO
JIEKTPOHHOTO Iy4Ka. DTO MO3BOJIAET UCTIOIb30BATH yC-
KOpUTEIh B COBEPIICHHOTO B MHOM KadyecTBE. JJIEKT-
POHHBII IyYOK HMCIOJIB3YETCSl KaK TEIUIOBOM MCTOYHHUK
C BBICOKOH yZENBbHOM MIOTHOCTHIO MoUIHOCTH. OH Mo-
JKET WCIIOJIb30BaThCS VISl UCTIApeHHs JI0OBIX MaTepHa-
JIOB C LIEJIBIO MTOJTyYEHUs] HAHOIIOPOLIKOB, TPOM3BOACTBA
Karajqusaropa IJIsi CHHTE3a aMMMaKa, MOBEPXHOCTHOM
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HaIUIaBKU U 3aKaJIKU METAJUIOB, IJIABKU U PE3KU METaJ- 11. B UA®D umeercs crenn ¢ yckoputenem DJIB s
JIOB, MPOM3BO/CTBA CIIELMANBHBIX KepaMuk, u np. On- MPOBEJCHUSI UCCIIEIOBAaHUN B 00IAaCTH PagMAIlMOHHBIX
HaKO B MPOMBIIUICHHOCTH 3TO yCTPOWCTBO HE HCIIOJb- TexHonorui. IloTeHuanbpHble KIMEHTBl MOTYT IIPOBO-
3yeTcH. JUTb HAa HEM 3KCHEPHUMCHTEI 1O OTJIaIKEC TCXHOJIOT'UH.

9JIB YAETKIIITEP - UTHHOBANUAJBIK TEXHOJIOI'UAJAPT'A APHAJIFAH KYPAJI

Kyxkcanos H.K., Canumos P.A., ®agees C.H., HembiToB I1.U., Kopuarun A.U., Jlappyxun A.B., Cemenon A.B.,
Yepenkos B.I'., Koryt JI.A., lomapos E.B., Bopooses J1.C., I'oxydenko FO.U., T'oaxoBekuii M.I'.

Peceir, Hosocuoupck, Peceit 2vinvim akademuscoinotyy Cioip 6onimwecinivy I.U. Byokep amuvinoazol Aoponvik pusuxa
uncmumymol DedepanovlK memiekemmik 0100xcemmik 2olivim mexemeci, DAHO Peceii

PFA Cb A®U 100 xBt neiiin meFappuFaH MIOKTHIH MaKCHMalbIbl KyaTbIMeH >koHe 100MA mediHri yaeTkim
3IEKTPOHAAP HIOFBIHBIH MakcHManbIsl ToFbIMeH 0,25 TeH 2,5 M»sB neiiin sHeprus auana3zoHbH xkabaterH DJIB tumti
AIEKTPOHAAP YACTKIIITEepiHiH CepHsACHH YChIHAABI. TaburaTThl Kopray MiHzeTi ymin 400 aBT nmeitH KyaTeIMeH >KoHE
500 MA fieiiiH IIOK TOFBIMEH YAETKIIITEp 3ipIeH/].

¥YcbHbuFaH kymbicta DJIB anekTpoHAapAblH KyaTThl YASTKIIITEPIiH cHUNarTaMaiapbl KenTipinmi. Y AeTKimTepni
KOJIIaHy JMAaIa3oHbIH KEHEWTETiH KOCHIMIIA KOHJBIPFBUIAPABIH KEH JKMHAFbl MEH YIETKIll >KyWesepi CHMaTTaibl.
OHepkacinTe YAETKIITepAl KOJIIAaHyABIH HEri3ri OarbITTapbl KOPCETIII.

Tyuin co30ep. 3apsaomanzan benuiekmepoiy yoemkiuimepi, 31eKMpoHOap ulogsl

ELV ACCELERATORS — THE TOOL FOR INNOVATIVE TECHNOLOGIES

N.K. Kuksanov, R.A. Salimov, S.N. Fadeev, P.I. Nemytov, A.l. Korchagin, A.V. Lavruchin, A.V. Semenov,
V.G. Cherepkov, D.A. Kogut, E.V. Domarov, D.S. Vorobiev, Y.I. Golubenko, M.G. Golkovsky

Budker Institute of Nuclear Physics, Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

BINP of the Siberian Branch of the Russian Academy of Sciences offers a series of electron accelerators of ELV type of
the energy range from 0,25 to 2,5 MeV, with maximum electron beam current up to 100 MA, and maximum electron
beam power up to 100 kW. Accelerators with the beam current up to 500 MA and power up to 400 kW are developed
for environmental protection.

Characteristics of powerful ELV electron accelerators are given in the present work. Accelerator systems and a wide set
of additional devices expanding the range of accelerator application are described. The main directions of accelerator
usage in industry are indicated.
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ISTh JIET SKCILTYATAIMU TEHEPATOPA *"T¢, OTEUECTBEHHOI'O ITPOU3BO/ICTBA

Taxeaunos U.T., AmankyaoB K.M., )Kynycos K.T.

Kaszaxckuit HUH onkonozuu u paouonozuu, Anmamot, Kazaxcman

Beimyck reneparopa *"Tc ¢ HaGopaMu peareHTOB, ABIACTCS 3HAYMTENBHBIM TOCTHKEHHEM M OTKPHIBACT HOBBIC Mep-
CIIEKTUBHI B pa3BUTHU SaepHoil MmenunnHbl B Pecriybnuke. B HacTosmee Bpemst «I enb-reHepatop Mg TIEPEHOCHOI,
Boimycka MSI®, nomyyaror rr. Anmatsl, Actana u Cemeil. UToOBI CHU3UTH CPOKH JOCTABKM MOTPEOUTENIO0 HEOOXOANMO
Ha TPaBUTEILCTBEHHOM YpPOBHE PELIMTh BONPOC MEPEBO3KH OTEUECTBEHHOTO I'€HEpaTopa 10 BHYTPEHHEW aBUAIIMHHMU.
Just Toro, 9TOOBI CIIOJIHA MCHOIB30BaTh ITPOM3BOACTBEHHYIO MOIITHOCTH OTEYECTBEHHOTO T€HEepaTopa U OXBAaTHTh BCEX
HYXIAIOIIUXCS MAlMeHToB B PecryOnmke, BayKHO MaKCHMAJIbHO YBEJIMYUTH KOJIHMYECTBO JTA0OPAaTOpUil palrioHyKIHI-

HOM JUAargsOCTUKHU.

IlepenocHoi1 renepaTop %M, npousBoacTea UAD,
YCIIEITHO TIpomIen dkcrepuMenTaibpabie (2007 1.) u Bce
1-2 (2008 r.) 1 3 (2009 1.) a3sl KIIMHAYECKUX HCITBITA-
Huii B Kazaxckom HMUM oHKOjOrMM M paauosioruu
(KasHUMOwuP) r. Anmarsl. B mocnenneit ¢ase KiInHU-
YECKOT'0 UCIBITaHUs ydacTBoBall LIeHTp sinepHO Meau-
mueel ([IAM) Pecny6nukaHCKOTO THArHOCTHYECKOTO
mentpa (PALl) r. Acrana. B HacTosmee BpeMs reHepa-
Top ~"'Tc BEImycka M®, moa KoMMepPYECKHM Ha3BaHHU-
em «[enp-reneparop” Tc mepenocHoii», ¢ 2010 roxa
nonyuaroT KasHUMOuP u IAM PIAL, a ¢ 2013 1.
ISAM PernonanbHOro OHKOJIOTMYECKOTO IHCIAHCEPA T.
Cewmeii. [l Toro, 9TOOBI CIIOJHA MCTIONB30BaTh MPOM3-
BOJICTBEHHYIO MOIITHOCTH OT€YECTBEHHOTO IeHepaTopa u
OXBAaTHUTh BCEX HYKIAIOIIUXCSA B PATUOHYKIAIAHBIX WC-
CIIeZIOBaHUAX B OMMpKalIIne ro/ipl, 1a00paTopuu paauo-
HYKJIMJHOM JMarHOCTHKH JOJDKHBI (DyHKIIMOHHPOBAThH
BO Bcex ropoaax PecmyGuuky, a B KpyHHBIX TOpojaax —
HECKOJIBKO J1ab0paTopui.

B Tabn. mpeacraBineHbl pe3yNbTaThl MMPOBEICHHBIX
PpaaMOHYKIMIHBIX UccienoBaHuil ¢ «Hatpus neprexne-
tar-"Tc, pacTBOp Ul MHBCKIHHA M3 MEPEHOCHOTO
renp-reHepaTopa» mo rogam ¢ 2010 mo 2014 rr. 3a 5
JIeT Bcero obcienoBano 4593 MayieHToB ¢ HCIOIB30Ba-
HUEeM 23 reHeparopa. B mepBhIi JeHB SKCIUTyaTalluu
BBIXOJI aKTUBHOCTH B 3aBUCHUMOCTH OT MOIIHOCTH T¢He-
patopa coctasinsier 14 mo 26 I'bk HaTpus mepTexHeTaT-
¥MTe. B okcryaramun «[emb-rereparop " Tc TpaHc-
HOPTUPYEMBIi» KaKHX-TH00 cOOEB HE 3aMEUEHO.

W3 Tabmumpl BUAHO, KaK W3 TOJa B TOJl yBEIHMYHBA-
JIOCh YHCIIO 00CIEeIOBaHHBIX MAalMeHTOB. Tak, exeron-
HBII Tokazarensb 3a 2010-2014 roxa ot 497 Bo3pocio 1o
1501 o6cnenoBaHHBIX, 3a HckimouenreM 2012 r., korma
OblTa MOJIOMKa ramMMa-kaMmepbl. [Ipu 3TOM KoIMuecTBO
reHepaTopa M YUCIO0 OOCIeIOBaHHBIX Ha OJUH I'eHepa-
TOp Takke MOBBIIIANKCE OT 165 70 250. C 1111610 MOBHI-
meHns 3G QGEeKTUBHOCTH HCIOJIB30BAHUSI T€HEPAaTOpa B
TEUeHHEe CpoKa SKCIUIyaTalliM reHeparopa, pabora Be-
Jack U B IIEpPBBIE BHIXOAHBIE — CyOOOTY M BOCKpPECEHBE,
KOT'/1a BBIXOJ PaTHOAKTHBHOCTH €IIe BEICOK.

ITo Bumam wmccienoOBaHUS 3HAYUTEIHHO IMPEBOCXO-
T CHUHTHTPAUS CKEIEeTa, YTO BAYKHO B OHKOJIOTHH
JUTA TIOMCKA METAacTa30B, B TOM YUCIIE METacTa30B B KO-
CTX. DTO, B IEPBYIO O4Yepeb, paK MOJIIOYHOMN KeJe3bl y
JKEHIIMH U pak npocrtatel y MyxuuH B II-IV cranuu. Ilo
YacTOTe METacTa3UpOBaHKs Ha BTOPOM IUIaHE HAXOMST-
Csl: paK JETrKOro, paK IOYKU U paK IIUTOBUIHOW KeJle-
3pl. Ha TpeTheM — MuUEIOMHAs OOJIC3Hb, MEJIAHOMBI,
auM¢oMBl U HelipoOilacToMbl. B mpuHIune, moytu Bce
OCTaJIbHBIE 3JI0KAYECTBEHHBIE OIYXOJM METACTa3upyroT
B KOCTb, IIPU KOTOPBIX, KpOME KIMHHYECKHX IIPOsBIIE-
HUH, TIOKa3aHUEM IS CIMHTUTPAQUHA CKEJeTa MOXKET
CIIY’)KUTh THUIEPKATBIIMEMHUsT WM TIOBEIIICHUE YPOBHS
menoyHoi pochoTa3pl B OMOXUMHUECKOM aHAIIN3€e KPO-
BU. MaJloUHCIEHHOCTh UCCIIEN0BAHUM 110 JPYTHM Opra-
HaM CBSI3aHO CO ca00i OCBEIOMIIEHHOCTBIO CTICTIHAIIH-
CTOB B paHHOHyKHH}IHOﬁ JAUArHoCTUKE U OTCYTCTBUEM
CeprIHOFO BBIITYCKa HECKOTOPBIX PEAarCHTOB B OTCUCCT-
BEHHOM POU3BOJICTBE.

Tabauya. Buowvl uccie0o8anus u KOIUYECmMa0 60IbHBIX, 00CIe008AHHBIX PAOUOHYKIUOHBIM MEMOOOM, NO 200AM

Ne Bua nccnepoBanus 2010 2011 2012 2013 2014 Bcero
1 CupnHTurpacus ckeneta 353 667 576 1095 1441 4132
2 CunHTUrpachus LLMTOBMAHON Xenesbl 130 94 23 56 48 351
3 [uHamunyeckas cLMHTUrpadms noyek 14 17 22 25 6 84
4 CunHTUrpacus neveHn — 18 1 1 6 26
BCEro 497 796 622 177 1501 4593
'eHepaTopb! 3 6 3 5 6 23
Ha 1 reHepaTop 165 111 207 235 250 200
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C 2001 roga B USIdD Oputa ocHOBaHAa TEXHOJIOTHS
CTaI[IOHAPHOI'0 TEHEepaTopa C ICHTPAIM30BaHHOM IO-
craBkoil roroBoro Hatpus nepTeXHeTaT—gngc B M€IU-
LUHCKUE YupexaeHus . Aiamartsl. J{ns cpaBHeHus npu-
BE/IEM DPaJMOHYKIHIHBIE HccienoBanus 3a 2007-2009
roa ¢ MCIOJIb30BaHHEM HATPHS HepTexHeTar-"Tc, u3
CTaIlIOHAPHOT'O TEeHEpaTopa MpPOBEJCHO:CIUHTHIPABHS
ckenera -243, MUTOBUIHOM xKee3bl — 197, mouek — 43,
nedyeHu — 6 nanueHtaM. [lepeHoCcHON reHepaTop MOBBI-
maeT 3((PEeKTHBHOCTh 0XBaTa HYXIAIOIIMXCS B PajHo-
HYKIIMTHOM HCCIIEAOBAaHUH, U B TOXE BpeMs TpeOyeT
OpraHM3aINH, HANPAaBIEHHON Ha 3((EKTUBHOE HCIIOIb-
30BaHUE B TIEPHO]I IKCILTyaTaluy reHeparopa. Crarmo-
HapHbli reHepaTtop Haxonutcs B MSA®D, roTosslit ¥MTe ¢
T/, Bcero 6 4acoB, YTO MMO3BOJISIIO Pa3BO3UTH TOJIBKO I10
nabopaTopusiM PagUOHYKIUIHOW JWAarHOCTUKU T. Au-
Matbl. CaMbIM TJIaBHBIM MPEUMYIIECTBOM IIEPEHOCHOTO
reHeparopa, Iepel CTallMOHAPHBIM,SBIAETCS BO3MOXK-
HOCTb TIOCTaBKH €ro B npyrue ropoja PecmyOmuku. Ec-
JIM y4ECTh, YTO U3 BCEX MPOLEAYP PaJANOHYKIHIHBIX HC-
crnemosanuii 70-75% mpoBoaaTca ¢ - 'Tc ¥ MeYEHBIMH
M pagrodapmaneBTudeckuMu npenapatamu (POI),
TPYIHO MEPEOICHUTh BaKHOCTh OCBOEHHS TEXHOJIOTHH
MIEPEHOCHOTO TEHepaTropa M IIOCTaBKY IPOM3BOACTBA
€ro Ha MIPOMBIIIICHHYIO OCHOBY.

B mmpoBo#i mpakTHke pa3pabOTKH TEXHOJOTHH H
SKCIUTyaTaIusi TeHepaTopa ~ "'Tc JOBEIEHa 0 COBEp-
mrercTBa[ 1-3].B nabGoparopun pamaHoOHYKIHIHOW auar-
Hoctukun KazHUW onHkonmoruu u pagvionoruyl UMeeTcs
OIIBIT MCIIBITAHHUS ¥ DKCIUTyaTaluy reaeparopos “>"In u
9™ mpomssoacrea CCCP [6-8].

3AKJIIOYEHUE

3a msITh JIET dKCIUTyaTallu FeHepaTopagngc, MpOu3-
BojicTBa MAD, ¢ komMepueckum HazBaHueM «l'enb-re-
reparop ™T¢ mepeHOCHO#» 0Ka3alT ero BHICOKHE KC-
MIyaTaiuoHHble KadecTBa. COMPOBOJUTENBHBIE JTOKY-
MEHTBI, KpoMe (PMHAHCOBBIX, COJICPKAT CePTUPUKAT Ka-
YECTBA, PYKOBOJICTBO Ha MOHITHOM Ka3aXCKOM U pyc-
CKOM S3bIKaX, MPAKTHUYECKH MOXKHO JIETKO BOCIIPOU3BO-
JIUTh BCE MAHUITYJISLINU, CBSI3aHHBIE C JKCIUTyaTaluen
reHeparopa. MOHTaX U JIEMOHTaXK HE BBI3BIBAIOT OCO-

JIMTEPATYPA

ObIxX 3aTpynHeHHd. B Habope mMeeTcs JOCTaTOYHOE KO-
ar4ecTBO (IaKOHOB € 10 MJI CTEPHIBHBIM (PH3HOJIOTHU-
YECKUM PacTBOPOM U BaKyyMHPOBAHHBIMU (DITaKOHAMH
Ha 20 mu. Ilo KOHCTPYKIMM M MOIIHOCTH (BBIXOJ pa-
JMoaKTHBHOCTH) TeHepatop «Iemb-reneparop *"Tc me-
peHocHoi», npousBoacTtea MAD PK, He ycTynaer 3apy-
OEXHBIM aHAJIOTaM.

B cuny crieruduku Bce pasMOHYKIHIBI C «POXKIE-
HUSD) HAYMHAIOT PaclafaTbCs CO CKOPOCThIO COOTBETCT-
BEHHO Mepuoay ux noiypacnazna Typ. ['enepatop ®MTe
TOXe He HCKiIoYeHne. UToOsl MUHMMHU3HPOBATH HEW3-
OeXHbIe TTOTepH HEOOXOIMMO CHHU3HTH CPOK JIOCTaBKH
rereparopa u3 AiMaTsl B Apyrue ropoga PecmyGnukw.
Tonbko TOrza reHepaTop OTEYECTBEHHOTO MPOM3BOACT-
Ba OyJIeT KOHKYPEHTOCIIOCOOHBIM C 3apyOe)KHBIMHU aHa-
JIoTaMHU. A TIOCTIeHUE yXKe TOTOBBI BHEIPUTHCS B Aep-
Hyto MenuiuHy PecnyGmuku. B monnmepixkky otedect-
BEHHOT'O NPOU3BOAUTENS HEOOXOJUMO PEIIUTh BOIPOC
MEePEeBO3KU OTEYECTBEHHOTO TeHEepaTopa 10 BHYTPEHHEH
ABUAJIMHUM Ha MPAaBUTEILCTBEHHOM YPOBHE, HallpuMep,
JHULEH3UPOBaB HOBYIO aBHakoMnaHuio «ADP Kazax-
CTaH».

BbIBO/IbI
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ram.
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OTAH/JIBIK OHAIPICTI *"T¢ TEHEPATOPBIH BEC KbLJI MAMJIAJIAHY

TaxenunoB U.T., AmankyoB JK.M., Kynycos K.T.
Kazaxkcman, Anmamot, Onxonozusn syncane paouonozusn Kazax F3U

9MT¢ remepaTopbH mbFapy PecryGmukambizaa SIIpOIBIK MEIWIMHAHEI KEHIHEH JAMBITYBIHA KOJ AlIATHIH eJIeyIi
xkerictik. Kasipri Tanma oTaHABIK TeHepaTtopabl AnMatbl, ActaHa jxoHe CeMel KamaxapblHAAFBl PaIHOHYKIHITIK
MUArHOCTHKA 3€pTXaHajaphl KoJmaHyJa. [YTHIHYIIBIFA JKETKi3y Mep3iMiH MeiiliHme KpICKapTy YIIH, iIIKki aBHa
KaThIHACBIH TMaiilallaHy MacesIeciH YKIMeT JeHrelinie memnry kepek. OTaHAbIK FeHepaTOpIbIH OHIIPICTIK KyaThIH TOJBIK
KoJIaHbIl, PecrnyOnukaMbI3garbl KaKeT eTeTIHAEpIiH HayKacTapiblH OopiH KamTy VIOIH  paJuOHYKIHITIK
JIMarHOCTHKA J1a00paTOPHUSUIAPBIHBIH CaHBIH OaphIHIIA KOOSHTY KakeT.

FIVE YEARS EXPLOITATION OF *"T¢ GENERATOR
OF NATIVE PRODUCTION

I.T. Tazhedinov, Zh.M. Amankulov, K.T. Zhunusov
Kazakh Research Institute of Oncology and Radiology, Almaty, Kazakhstan

Producing *™Tc generators is a significant achievement and opens new perspectives in the development of Nuclear
Medicine in the Republic. Currently “"Tc generator of Institute of Nuclear Physics is being used in radionuclid
diagnostic laboratories in the cities of Almaty, Astana and Semey. To reduce the time of delivery to the consumer it
must be solved the problem of transportation of the generator on domestic airlines at the governmental level. In order to
full use of the production capacity of domestic generator and cover all needy patients in the Republic, it is important to
maximize the number of radionuclide diagnostics laboratories.
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NCCJIEAOBAHHUE IVIOIMATHOT'O PATUOAKTUBHOTI'O 3AT'PA3SHEHUA
HUCIHBITATEJBHOU IVIOIA KU «OIIBITHOE ITOJIE» (2012-2014 rT.)

2 Ymapos ML.A., 2 Jlykamenko C.H., Y Momxos A.C., ? Barbip6exos J.I'.,
2 Bepe3un C.A., b JMurtponasiienxo B.H., 2 Ocunnes A.10., ¥ HoBukos A.A.
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)Hucmumym Ppaouayuonnoii 6ezonacnocmu u xonozuu HAILl PK, 2. Kypuamos, Kazaxcman
2 . N
) Hayuonanonotit adepnotit yenmp Pecnyonuxu Kazaxcman, 2. Kypuamos, Kazaxcman

B cratbe npuBeneHbl pe3ynbTaThl MEUIEXOJHON TraMMa-CIEeKTPOMETPUUYECKON CheMKH, KOTOPBIE NMO3BOJIMIN OXapaKTe-
pHU30BaTh 0COOEHHOCTH MPOCTPAHCTBEHHOT'O PACIPE/IENICHHs PAAHOAKTUBHOTO 3arpsi3HEHUS] B Hanbosee «rps3HOM» Me-
cte CeMHUNMaIaTUHCKOTO MCIBITATENILHOTO MOJIMTOHA — UCIBITaTeNbHON miomnaake «OnbITHOe nojie». OnpeneneHsl Bce
SMHILEHTPATBHBIE 30HBI MECT MPOBEJCHHUS HA3EMHBIX SAJEPHBIX HCHbITaHNH. O003HAUYEHBI M 0XapaKTEPHU30BaHBI BCE Clie-
JIbl paIMOAKTHBHBIX BBINAJCHUH, KaK OT SAEPHBIX UCTIBITAHUH, TaK M OT HESEPHO-B3PBIBHBIX AKCIIEPUMEHTOB. BrsiBie-
HBI yYaCTKU PaMOAKTUBHOTO 3arpsA3HEHMS, paHEe HEM3BECTHBIX, M HE YKAa3aHHBIX B JOCTYIHON O(HIMaIbHON IHUTEpa-

Type, saepubix ucnsitaauax CCCP [1].

BBEJEHHUE

OCHOBHO# TIIOIIAAKOM AJIs1 IPOBEACHHUS Ha3eMHBIX
ucnbITannil Ha CeMUMaJaTHHCKOM TOJIUTOHE SIBIISJIACH
wiomaaka «OMeITHOE MOJIey, TAe ObUTO IpoBeneHO 86
BO3IYIIHBIX U 30 HA3eMHBIX SACPHBIX UcHbITaHui. [1no-
aIka MpeCTaBIsIeT cOO0M OTKPHITYIO PABHUHHYIO Me-
cTHOCTh omanpio ~300 kB.kM. O4eBHUIHO, YTO TaKOE
KOJIMYECTBO SACPHBIX HCIBITAHUN HA CPABHUTEIFHO HE-
OONBIION TEPPUTOPHH JODKHO OBUIO cOpMHUpPOBATH
MacImTabHOE PaJIMOAKTHBHOE 3arpsi3HCHHE MTOYBESHHOTO
MMOKPOBa. DTO MOITBEPXKAAETCA pe3yIbTaTaMd MHOTO-
YHCIICHHBIX UCCIICIOBAHNHN, IIPOBEICHHBIX Ha TUIOMIAIKE
«OmprTHOE TIOJIE» B iepuoa ¢ 1991 mo 2012 rr.

Haunbosnee BaXHBIMH B MOHUMAHHU XapakTepa Ipo-
CTPAHCTBEHHOT'O pacIpe/eieHUs] PaJIuOHYKIUIOB Ha
momaake cranu uccaegosanus 2010-2011 rr., xoro-
pBle 3aKiIoyanich B 0TOOpe M 1abopaToOpHOM aHan3e
mpo® TMOYBBI, OTOOpPAaHHBIX IO PETYJSPHON CeTH
500x500 m (6osree 1000 mpo0). Tem HE MeHee, naHHOE
HCCIICIOBAHNE BCKPBUIO HECKOIBKO MPOOIEMHBIX MO-
MEHTOB, KacaroIlUXCs WHTCPIPETAIIMA HEKOTOPBIX pe-
3ynbTaToB. Tak, ObIIH OOHAPYKEHBI YIACTKH, PaIHOaK-
TUBHOE 3arps3HEHUE KOTOPHIX, C(hOpMUPOBAHO TIPEUMY-
IIECTBEHHO aMEpHUIINEM M TUTyTOHUEM, MPH MpaKTHIec-
KA TOJHOM OTCYTCTBHH MPOAYKTOB JelicHHs (Le3ui,
CTPOHIIMI); B HEKOTOPBIX CIIydasX BBIIBISUIOCH aHO-
MaJIbHO BBICOKOE M30TOMHOE cooTHommenne Pu/Am (40-
50), B TO BpeMs, KaK B MOJIABJISIONIEM KOJIUYECTBE CITy-
YaeB 3TO COOTHOIIECHHWE JISKUT B Juanazone 5-15.
Ho camoe rmaBHOE 3TO TO, YTO NMPUMEHSEMBIH METOX
obcneroBanus (aHaM3 00pa3lOB IMOYBBI, OTOOPAHHBIX
0 PETYJIPHON CEeTH) HE TO3BOIMI HACHTU(PHUIINPOBATH
SMUIIEHTPHI OONBIINHCTBA, MPOBEICHHBIX HA HEH sep-
HBIX UCIIBITAHUH.

st monmyyeHust mOJHOM KapTUHBI IPOCTPAaHCTBEH-
HOTO pacTpeiecHNsl TeXHOTEHHBIX PaJHOHYKIHIOB B
MTOBEPXHOCTHOM CJIO€ TTOYBBI HEOOXOANMO OBUIO CyIie-
CTBEHHO CT'YIIaTh CeTh o0cienoBanms. OQHAKO, TaHHBIH
HOAXO0J SKOHOMHUUYeckH He 3¢ddexTrBeH u noTpedoBan
Obl, IOMHMO OTPOMHBIX (DUHAHCOBBIX BJIOKCHHH, 3Ha-

YUTETHHBIX BPEMEHHBIX 3aTPaT, CBA3aHHBIX C aHAIN30M
COTEH ThICAY TPO0.

B aT0i1 cBsA3M, IS AETAIBLHOTO OOCIIEIOBAHMS TLITO-
IIaaKd ObUT pa3paboTaH W BIIEPBBIC MPUMEHEH METOM
MIEIIEXOTHOW raMMa-CIIEKTPOMETPUICCKON ChEMKH, KO-
TOPBIA TO3BOJIHI ONPEACTATh AKTUBHOCTh B TIOBEPXHO-
CTHOM CJIO€ TIOYBBI TAKHX PaIHOHYKIHAOB, KaK > Am,
1370g 4 B2E.

JlaHHBIE AIIEeMEHTHI, COOCTBEHHO, MIEPEKPHIBAIOT BECh
OCHOBHOH JTMaIia3oH THIIOB IIPOIYKTOB, 00Pa3yIOMIHXCS
TP SAOEPHOM B3PBIBE — MPOAYKTHI ACTCHUS, MPOTYKTHI
aKTUBAIMX U MaTepHai sIEPHOTO 3apsaa. ITO MO3BOIIS-
€T OIICHUTh aKTHUBHOCTD APYTHX TEXHOTCHHBIX PaJHOHY-
KJIMJO0B, O0pa30BaHHBIX B PE3yJIbTaTe HCIBITAHUI, HO
aHAJIU3 KOTOPBIX COMPSKECH C CJIOXKHOCTHIO €ro BBIIOJI-
HCHUSA, UCIIOJB3YySA U30TOIMHBIC OTHOIICHUSA. JIHSI Kaxxao-
TO UCIHBITAHUS M30TOMHBIC OTHOIICHUS TPOIYKTOB Jie-
JICHWs, TIPOJYKTOB aKTUBAI[MM U MaTepualia sICPHOTO
3apsiga OyayT cTaOMIBHBIMH, C U3BECTHOM ITOJICH Bepo-
STHOCTH. EcTecTBEHHO, YTO I pasHBIX SACPHBIX HC-
MBITAHUHA TaKOE€ COOTHOIICHHUE TAaKXKe OYACT Pa3HBIM.

Tak, 1Mo aKTUBHOCTH 1e3Ms-137 MOKHO OIIEHHWBATH
aKTHBHOCTb °SI (TOXe MPOYKT JCICHHS SIEPHOTO
B3pbIBA); 0 aKTUBHOCTH MAm — 2920py (06a sBs-
FOTCS 3JICMEHTaMH MaTepualia SACPHOro 3apsiia); 1o aK-
tuBHOCTH *2EU — *H (IpoIyKThI aKTHBAIIHH).

DKCIMEPAMEHTAJIBHAS YACTh

[TpyHIMN HCCNEeNOBaHuS TUIOMIAIHOTO PAaIHOAKTHB-
HOTO 3arps3HEHMs oMk «ONBITHOS MOJIe» 3aKIIo-
Yajcsi B Habope MaccHBa JAaHHBIX - TaMMa-CIIEKTPOB, BO
BpeMsl JBI)KCHHUSI OTEpaTropa ¢ ramMma-CreKTpoOMETPOM
10 3aJaHHOMY MapIupyTy. JJist 3TOTO, PEABapUTENHHO,
BCsI TUTOMIANKA WM TPHICTAIOMAS K HEH TEeppUTOpHSI
(1 kM OT rpaHuIBI MJIONIAIKK) OblIa pa3buTa Ha Hiie-
MeHTapHbIe ceKTophI pazmepoM 500x500 m. Ha kaxmprit
CEeKTOp OblIa HAJIOXKEHA CETh MPOQHIEH, C PACCTOSHUEM
Mexay HAMH - 20 M, T.e. pacCUMTaHbl KOOPAUHATHI Ha-
yaja ¥ KoHua npoduieit. [anee, ornepaTop ocymiecTs-
JISIT ABMOKEHUE IO 3aaHHBIM MTPOQUIISM.
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st mpoBeneHUs MEUIEX0AHONM raMMa-CIEKTPOMET-
pPHUYECKON CHEMKH NMPHUMEHAIOCH CIeAylomee o0opyno-
BaHHE!

a) IloneBoil raMMa-CIeKTpOMETp CO CIUHTUILISAIM-
OHHBIM JIETEKTOPOM Ha OCHOBE KPUCTAIIOB OpoMuzaa
nanrtana (LaBrs(Ce))

6) Anammzarop ummyiascoB ORTEC DigiBase.

B) HoyrOyk wmu nonoO6ueiii PC mis ynpasnenus
cHCTeMOI Habopa raMMa-CIIeKTPOB.

r) Wi-Fi-agantep «TP-LINK» c¢ BHemiHell aHTeH-
HOW IS Iiepesiauyl JaHHBIX B IMYHKT YIpaBJICHHS pado-
TOH omneparopa.

o) Cucrema mauramuu — GPS Garmin Oregon 550
— JUTS AIBU)KEHHS «OTIEPaTOpay CTPOTo BAOJIb HPO(UIIS.

e) IIporpammuoe obecrieuenue:

— «Spectrool» (MPB2) — nmporpamma naketHoi 006-
paboTKH raMMa-CIieKTpOB;

— SpectroolsFisher (MPBD) — mporpaMma 3amucu
CIIEKTPOB M UX CHHXPOHHU3AIUHU C KOOPIUHATAMH B MEC-
Te Habopa CHEKTPOB.

Bpemst Habopa Ka)kaoro raMMa-CeKTpa COCTaBIIsIIo
10 c.

Bricota pacnonokeHusi JeTeKTopa HaJ ITOBEPXHO-
cthio — 0,5 M.

CKopoCTh JBIKEHUS oreparopa — 2-3 Km/4.

[IprmeHeHne BBIOpaHHOTO OOOPYAOBaHHS U 3alaH-
HBIX [IAPAMETPOB €T0 UCIIOJIL30BAHUS TO3BOJIUIIO JIETEK-

n-2m

THPOBAaTh PAJHOHYKIUIBI B IIOYBE B CAMHHULAX YACIb-
HOf aKTHBHOCTH — ' CS Ha yposHe ~150 Br/kr; 2Am —
~450 Br/kr, *?Eu — ~300 Br/xr.

PE3YJIBTATBI U OBCYXKJIEHUE

OO0OcnenoBanue Beell miommanaku « OMBITHOE MMOJIE», a
TaKKe Tpuerammei repputopur (1 KM OT TpaHUIIBI
IUIOIIA/IKK ), OBLIO TIpOBezieHo 3a Tpu roga — 2012-2014
rr. O6mas momanas oocienoBadus cocrasmia 350 KM,

Ilo pe3ynpraTaM NemEXOAHONM raMMa-CIEKTPOMET-
PUYECKON CHEMKH TTOCTPOCHBI KapThI-CXEMBI pacmpe/ie-
nerms “'Cs, ®Eu u *Am (cps) Ha oGcnenoBaHHOI
Teppuropud (pucysku 1-3).

Kak BUHO U3 TpencTaBiIeHHbIX KapT (pucyHku 1-3)
TUIOLIAIHOE pacIpelie]IeHHe HCCAEAyEeMbIX TEXHOTEH-
HBIX PaJHOHYKIHIIOB HECKOJIBKO DPa3IUYacTCs MEXIy
co00il. OTH pa3nuuMs MOKa3bIBAIOT, YTO TNPHBBIYHBIA
B3IJI HA paJMOAKTHBHOE 3arps3HEHUE IUIOMIAIKH
«OTmBITHOE TIONE», KaK Pe3yNbTaT TONBKO SICPHBIX HC-
MIBITAaHUM, HE SBISETCA IONHBIM. PangmoakTHBHOE 3a-
TpA3HEHHE IUIOMAnKd C(HOPMHUPOBAHO KaK SACPHBIMHU
HCIBITAHUAMH, TaK W Pa3IMYHBIMHU SKCICPUMEHTAMH C
AEpPHBIMU MaTepHuaiaMy (IUTyTOHUH M ypaH), KOTOpBIE
HE CONMPOBOXKAAINCH LEMHON peakuuen, U KaK CIeJCT-
BUE, HE MPHUBOIIN K 00pa30BaHUIO M30TOIOB, 00pa3y-
IOIUXCSL B pe3ysibTare JCICHUA sjpa 3apsaa U Hel-
TPOHHOM aKTHBAIUN OOBEKTOB OKPYKAIOIICH CPEIbI.

YcnoeHble 0603HaveHus
D rpaHuuya nnowaaku "OnbiTHoe none”
D TexHu4yeckne nnowanku

BOPOHKM
Cs-137, cps

<2

25

5-10

10-20

20-30
I 30-40
Il <050
I s0-100
I 100-200
I 200-400
I +00-800
I >s00

. —
0 1 2 4

137
Pucynox 1. ITnowaornoe pacnpedenenue = Cs na meppumopuu niowaoxu « Onvimnoe none»
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YcnoeHbie 0603HaueHUs
D rpanvua nnowaaky "OnbiTHoe none”
|:| TEXHNHECKVE NNOWAAKA
> soporkn
Eu-152, cps
. -

4-8

8-12
B 12-18
B 1620
I 20-30
I 00
I 060
I <050
I so-100
H >100

152
Pucynok 2. ITnowaonoe pacnpedenenue “*EU na meppumopuu niowadku «Onsimuoe noze»

YcnosHble 0603HaueHuA
D rpasuua nnowaakm "OneitHoe none”
D TeXHU4ECKUe NNowaaku

1 2 EX

Pucynox 3. ITnowadnoe pacnpedenenue **Am na meppumopuu niowadxu «Onsimnoe nonex
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«KnaccuueckoMy» TMPEICTABICHUIO O PaIHaIlOH-
HOM oOcTaHOBKe Ha Iuiomanke «ONbITHOE I10JIe» COOT-
BETCTBYeT KapTa IUIONIAAHOTO pacrpeneneHns - Cs
(pucynok 1). Ha He#l MOXHO BBIIEIUTH HECKOJIBKO 00-
JlacTel pagrMoaKTUBHOTO 3arpsi3HEHUS, IPUYPOUSHHBIE K

TexHndecknM rwromankam [1-1, I1-3, T1-5, I1-2, T1-7 (pu-
CYHOK 4).

Kpome 3TOr0, XOpomo AETEKTHPYIOTCS CIEAbl pa-
JMOAKTUBHBIX BBINAJCHUH, ITMPUHA KOTOPBIX JOCTUTaeT
HECKOJIBKUX KWJIOMETPOB (PHCYHOK 5).

Pucynox 5. Cnedvt paduoakmugnuix geinadeHuti om s0epHuix UCHbIMaHull
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ONHUIEHTPH! SIEPHBIX HCTBITAHUHA OTYETIIMBO IIPO-
SABWJIMCh HA KapTe ILIOMIAZHOTO pacrpeneieHus -Eu
(pucyHok 2). 3meck TakKe MOKHO OTMETHTb, YTO TPAaK-
THUYECKU BCE€ DIHUIEHTPHl PACIOIOKEHBl B IIpeAesiax
TexHuueckux miomanok I1-1, I1-3, I1-5, I1-2, I1-7 (pu-
CYHOK 6).

JlabopaTopHble aHanu3bl Mpo0, OTOOpPaHHBIX B JIIU-
LEHTPaIbHBIX 30HaX, MOKa3aJH, YTO OTHOLIEHUE PaIHo-
uykmuaos 2 Am/*¥'Cs nexur B muanazone 0,1-30. Jloc-
TaTOYHO  Mayible  KO3(D()UIMEHTH  COOTHOLICHUS
2LAm/Cs CBUICTENBCTBYET O MPUHAIJICKHOCTH 00-
JacTe pagroaKTUBHOTO 3arpsi3HEHUS LE3HEM K siziep-
HBIM HCIIBITAHUSIM C BBICOKUM K03 (duilmeHToM peanu-
3alMM AAEpHON peakuuu. ['0BOpsl «1OCTATOYHO Majible
K03 DUIMEHTHI», MOAPa3yMeBaeTcsi, YTO ObUIH 3a(uK-
CHPOBAHBI 1 aHOMAJILHO BBICOKHE KO (UIUEHTHI COOT-
HOLLIEHUSA 241Am/137CS, nocturarone 3Hadenus 1000,

T.€. UMEIOTCS YYaCTKH, TJ€ MPOU30LLIO0 JUCIEPTrUpOBa-
HHUE sJIepHOro Marepuana 0Oe3 siIepHOW peakiuu. DTo
MorJia ObITh KaKk aBapuiiHasi CUTyalusi Py NPOBEICHUH
SIZIGPHOTO WCTIBITAHUS, TaK M CIEHUabHBIE HEesJIEPHO-
B3PBIBHBIE IKCIIEPUMEHTHI C SIIEPHBIM 3apsIoM, TaK Ha-
3BIBaEMbI€ THUAPOSAICPHBIE WM THAPOIMHAMUYECKUE
SKCIIEPUMEHTBHI.

AHanu3 IJIOMIATHOTO PaCIpeIeIICHUs 2Am moka-
3aJ1, YTO TAKUX YyYacTKOB Ha ruiomaake «OMbITHOE MO-
JIe» HECKOJIbKO, CaMblil MOKa3aTeNbHBbIM M3 KOTOPBIX,
ato Tromanaka [1-2M (pucyHok 7).

Kax BugHO U3 pucyHKa 7 paIHOAaKTUBHOE 3arpsi3He-
Hue miomanku [1-2M o0yclioBIeHO, B 3HAYUTEIBHOM
CTETIeHH, PaJHOHYKIHIOM Am, ¥'Cs gpstercs TIPHB-
HECEHHBIM OT JAPYTHX HCHBITaHWI 31eMeHToM. Kpome
TOTO, PaJUOAaKTUBHOE 3arps3HEHHE XapaKTepu3yercs
MHOTOYHCIIEHHBIMHU CJI€IaMH1 BBITIaICHUH.

Pucynok 6. Mecma snuyenmpos s0epHbixX UCHbIMAHULL
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Pucynoxk 7. [Inowaoka [1-2M

JlaHHBIN TN paToaKTHBHOTO 3arps3HEHHs] MECTHO-
CTH MMEET HECKOJBKO XapaKTEpHBIX NPH3HAKOB, KOTO-
pBI€ OTJIIMYAIOT €ro OT PaJMOAaKTHBHBIX BBIAJCHUI OT
SIIEPHBIX B3PBIBOB, M T€M OoJiee, OT TI00aNbHBIX BBITIA-
TCHUH.

Bo-nepBBIX, 3TO MPOCTPAHCTBEHHBIE XAPAKTEPUCTHU-
KM paZinOaKTUBHOTO 3arpsi3HEHHs. Peub nper He o pas-
Mepax CJIeIoB, TaK KaK OYEBHIHO, YTO CIJIE/BI BBINae-
HUH OT HEAJEepHO-B3PBIBHBIX 3KCIEPHMEHTOB TOpa3io
MEHBLIE CJIEI0B OT «KJIACCUYECKHX» SIAEPHBIX UCIIbITa-
HUM, TaKk KaK MOILIHOCTb TaKHX SKCIIEPUMEHTOB HE Mpe-
BBIIIAET COTEH KI' B TPOTHJIOBOM JSKBUBalieHTe. J[imnHa
CJIEZIOB PaJMOAKTUBHBIX BBINAJICHUN OT THAPOSACPHBIX
U TUAPOAMHAMUYECKHX 3KCIEPHUMEHTOB JIOCTHraeT 3-
5 kM, mmpuHa — <100 M (pucynok 8). [Ipu sToMm, xapak-
TEpHOH 0COOEHHOCTBHIO SBISIETCS TO, YTO IIMPHHA ClIe/Ia
COXpaHseTcs OT HaJajga, M MNPaKTHYECKH, N0 KOHIA
(~80-90 m), T.e. He HabmOmAETCs KAKOro-mubo 3HAYH-
TEJBHOTO PACHIMPEHHs PAANOAKTUBHOM MOJIOCHI MO Me-
pe yIaneHus OT 3MULEHTPA, KaK MPU SICPHBIX B3pbIBAX
0O0JIBIION MOITHOCTH.

Kpome 3Toro, nampasieHue ciefa BbIMaJeHUN OT
HESIICPHO-B3PBIBHBIX JKCIIEPUMEHTOB OCTAeTCSl HEU3-
MEHHBIM Ha Bcell ero npotsbkeHHocTd. Oba ot dakra
(HeM3MeHHas IIMpPUHA U HANpaBlICHUE CIliela) MOTYT
CBUJICTEIHCTBOBATh O TOM, 4TO (hOpMHpOBAHKE CIIEIOB
JTAHHOTO THUIA TPOUCXOAMIO0 Oe3 BIMSHHUS METEOpOJIo-
THYECKUX YCJIOBMM Ha MOMEHT UCHbITaHUH. pyrumu
CJIOBAaMH, PaJHOAKTHBHBIC YACTHLBI OT IMOJOOHBIX HC-
IIBITAHU TIEPEHOCHITCH HE BETPOM, a HHBIM CIIOCOOOM.
[To omHOMY M3 IPEANONOKEHNH — HANPaBICHHBIM (KOJI-
JMMHUPOBAHHBIM) B3PBIBOM.

YenoaHble 06oaHavens

Cnes pagvoakTMBHbIX BbinageHui (241Am)

Wipuna crena, v

0 500 1000 1500 2000 2500
PACCTORHAE OT SMMUEHTRA MCTILITAHMS, 1

Pucynox 8. Cred paduoakmugnbix esinadenuti (***Am)
om dKCnepuMenma na mexnuieckoi niowaoxe 11-3

Bropoii oTnmuuTensHOH 0COOEHHOCTBIO CIIENOB pa-
JIMOAKTUBHBIX BBINAJACHUN OT TMIPOSAEPHBIX M THUAPO-
JMHAMHYECKUX SKCIIEPUMEHTOB SBIISIETCS UX ClielUdu-
YHBIA U30TOINHBIN cocTaB. PaguoakTUBHOE 3arps3HEHHE
MECTHOCTH B TaKMX MecTax OOYCJIOBICHO HCKIIIOYH-
TEITBHO PATUOHYKIMAAMHU, BXOSIIUMH B COCTaB szep-
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HOTO 3apsga — IUTyTOHHU (€ro H30TOmbI), ypaH-235,
amepurmii-241. JIpyrue paguoHyKIUAbl (IPOIyKTHI Jie-
JIEHHsI M aKTMBAllMH, TAKHE KaK 17¢s, gy, 9Co, 5?Eyu n
Jp.) MO0 MOJHOCTHIO OTCYTCTBYIOT, JINOO MX KOJHYECT-
BO HE3HAYUTCIIbHO, a CaMW OHH IPUBHECCHLI B PE3YJIb-
TaTe BBINAJEHUHI OT APYTUX AEPHBIX UCIBITAHUN.

Takum 00pa3oM, MOKHO YTBEPXkIATh, YTO B HACTOSI-
miee BpeMsl «OeJbIX MATCH» - HEM3BECTHBIX JIOKAIBHBIX
YYaCTKOB PaJOAKTUBHOTO 3arps3HCHUS HA TUIOMIAJIKE
«OrBITHOE TIOJIEY, HET.

Kpome Toro, HEOOXOAUMO OTMETHThH, YTO HA ILJIO-
manke «OIMBITHOE TTOJIe) MPOBOJIINCH HE TOIBKO SIep-

JIMTEPATYPA

HbBIE HCIBITAHHUA C XapaKTEPHbIM paJHOaKTUBHBIM 3a-
TPSI3HEHUEM MECTHOCTH, HO U JIPYTHME DKCIEPUMEHTHI,
IZie OCHOBHBIMU 3arpsI3HAIOIIUMMU PaUOHYKIHIAMU SIB-
JISIIOTCSL TPAHCYPAHOBBIE 3JIEMEHTHI, 8 UX KOHIIEHTPAIK
YPE3BbIUANHO BBICOKHE.

[IpoBeneHHbIe HCCIENOBAaHUS IIOUIAJHOTO PaIno-
aKTUBHOTO 3arpsi3HeHus «OTBITHOTO TOJIS» SBISIOTCS
OCHOBOH JIsl JalbHEWIIEeH AeTadbHOU XapaKTepu3aluu
TUIOLIA/IKH, BKJIIOYas IPOCTPAHCTBEHHOE PacIpOCTpaHe-
HUE TEXHOTCHHBIX PaJHOHYKJIHIOB B TIyOWHY ITOYBCH-
HOTO TIOKPOBa, (PH3MKO-XUMHUYECKHE OCOOCHHOCTH 3a-
TPSI3HEHUS U JIp.

1. Snepusie ucneitanust CCCP. Cemunanatunckuii nonurod. [ox pex. JloraueBa B.A. — Mocksa. U3nAT. 1997 1.

«PUBE AJTAHbBI» CBIHAK AJJAHBIHBIH AJJAHJBIK PAJIMUOAKTUBTI
JACTAHYBIH 3EPTTEY (2012-2014 sk.)

b Omapos MLA,, b Jlykamenko C.H., Y Momkos A.C.}, ? Batbip6exos E.T'.,
2 Bepesun C.A., b Jmurtponasienko B.H., 2 Ocunnes A.10., Y HoBuxos A.A.

D KP Y40 Paouauyuanuik Kayincizoik sycone skonozua uncmumymol, Kypuamos, Kazaxkcman
) Kazaxcman, Kypuamos K., «Kasaxcman Pecnyonuxacvinvtyy ¥1mmuix soponvix opmansizey PMK

Makanaga Cemell ChIHaK IOJMTOHBIHBIH HEFYpPJIBIM <«JIacTaHraH» jkepi — «ToxipuOe anmaHbl» ChIHAK alaHbIHJIAFbI
PaAMOAaKTHBTI TACTAHYIBIH KEHICTIKKE Tapaly epeKIIeTKTepiH CUIaTTayFa MYMKIHIIK OepreH raMMa-CIIieKTPOMETPITIK
XKasgy TYCIpYHiH HoTmkenepi kenripinreH. JXKep YCTiHIEri SOPONBIK CHIHAKTAD OTKI3UITEH >KEpIepHiH OapIibIK
SMUOPTANBIK  aiflMaKTapbl —aHBIKTANIBL.  SIIPONBIK  CHIHAKTAPIBIH, COHMAAM-aK, SIPOJBIK  eMEeC-)KapBbUIBICTHI
SKCIIEPUMEHTTEPIIH PaJANOAKTHUBTI TYCyJepiHiH Oapiblk i3aepi Oenrinennai skoHe cumartainasl. KCPO-HBIH sSAPOIBIK
CBIHAKTApHIHBIH OyfaH AeWiH Oenriymi OoiMaraH, KOJ JKETIMAI pecMH oxebmerTepie OepiiMereH pagrMoaKTHUBTI
ydackenepi aHbIKTanas [1].

STUDY OF AREAL RADIOACTIVE CONTAMINATION
AT “EXPERIMENTAL FIELD” TESTING SITE (2012-2014)

Y M.A. Umarov, ¥ S.N. Lukashenko, ¥ A.S. Moshkov, 2 E.G. Batyrbekov,
Y's.A. Berezin, ¥ V.N. Dmitropavlenko, ? A.Yu. Oussintsev, ¥ A.A. Novikov

Y Institute of Radiation Safety and Ecology of NNC RK, Kurchatov, Kazakhstan
2 RSE “National Nuclear Center of the Republic of Kazakhstan”, Kurchatov, Kazakhstan

The article presents the results of pedestrian gamma-spectrometric survey which allowed characterizing the features of
spatial distribution of radioactive contamination in the most “dirty” place of the Semipalatinsk Test Site —
“Experimental Field” testing site. All epicentral zones of underground nuclear tests were defined. All radioactive fallout
traces caused by nuclear tests and nonnuclear explosive experiments were marked and characterized. There were
defined radioactive contamination areas of USSR nuclear tests which were previously unknown and not indicated in
available literature [1].
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TPEBOBAHUS K O®OPMJIEHUIO CTATEM

CraTby mpenoCcTaBISIOTCS B AeKTpoHHOM BHJe (Ha CD, DVD nuicke wiy 1o 371€KTPOHHOW HOYTE NMPHCOSAWHEH-
ueM [attachment] daiizom) B popmare MS WORD u meyatHoO# KOITHH.

Tekct mewaraercs Ha imcTtax dopmara A4 (210297 mm) ¢ momssmu: ceepxy 30 mm; cHu3y 30 MMm; cireBa 20 MwM;
crpaBa 20 MM, Ha TIpUHTEPEe ¢ BhICOKUM paspernrerreM (300-600 dpi). TopusoHTaNbHOE pacoNOkKEHHE JIUCTOB HE JI0-
ITyCKaeTcsl.

HUcnone3yrores mpudt Times New Roman Beicotoii 10 mMyHKTOB ist 0OBIYHOTO TEKCTa U 12 MyHKTOB VIS 3ar0JIOBKOB.
[NoxayiicTa, JIs 3aroJIOBKOB UCTIONB3YHTe CTHIM (3aroioBokK 1, 2...) U HE UCTIONB3YHTE MX /ISl OOBIYHOTO TEKCTA, TAOJHIT
Y TIOJIPUICYHOUHBIX TTOJIITUCEH.

Tekcr neyaraercst yepe3 OAMHAPHBIA MEKCTPOYHBIH HHTEPBAN, MEX/Ty ad3alaMu — OJMH IyCTOH a03al Win UHTep-
BaJ nepes ab3aneM 12 ImyHKTOB.

B nieBoM BepxHeM yrity nojbkeH ObITh ykazaH nHzaekc Y/IK. Ha3BaHue craTbu medaTaeTcs HUKE 3arjlaBHBIMU OYK-
Bamu. Yepes 3 mHTepBasia 1mocie Ha3BaHUs, edaTaloTcs (aMUInd, UMEHa, OTIECTBA ABTOPOB U ITOJIHOE HAUMEHOBAHME,
TOPOJ U CTPaHa MECTOHAXOXKICHHSI OPTaHU3aLUH, KOTOPYIO OHM NpeAcTaBisioT. [locie 3Toro, oTcTynuB 2 MycThIX a0-
3alla WM ¢ WHTEPBAJIOM Iepes ab3ameM 24 ITyHKTa, MeYaTaeTcs aHHOTAIMS K CTAaTbe Ha PYCCKOM SI3BIKE, KIIIOYEBBIC
CJIOBA U OCHOBHOHM TEKCT. B KOHIIE cTaThy, MOCIE CIMCKA JINTEPATYPBI, IOBTOPSIIOTCS OJIOKU «HAa3BaHUE, aBTOPHI, Opra-
HU3aLMH, aHHOTAIMs, KJII0UEBBIE CII0BAa» HA Ka3aXCKOM U aHTTIMHCKOM SI3BIKE.

MaxkcumanbHO JOIMYCTHMEIH 00BbeM cTatbu — 10 cTpaHuIl.

IIpu HanucaHWU cTaTeii He00X0TUMO MPUAEPKUBATHCS CIETYIONIUX TPeOOBAHUIA:

e Crarbs I0JDKHA COJIep)KaTh aHHOTAIMK Ha Ka3aXCKOM, aHTJIMHCKOM M pycckoM s3bikax (130-150 cnoB) ¢ ykazaHrem
KJIFOUEBBIX CJIOB, HA3BaHUS CTAaThH, ()aMWINK, IMEHH, OTYECTBA aBTOPOB U ITOJTHOTO Ha3BaHMUS OpraHU3alluH, Topoa
Y CTpaHbl MECTOHAXO0KACHHS, KOTOPYIO OHM IIPEJICTABIISIOT;

e CChUIKM Ha JINTEPATYPHbIE HCTOYHHUKH JIAIOTCS B TEKCTE CTaThi U paMH B KBaJpaTHEIX [1] ckoOkax mo Mepe ymo-
muHaHuA. Crincok jmTepartypsl caenayer npusecty mo I'OCT 7.1-2003;

e Mmmoctpanmu (rpaduky, CXeMBbl, THarpaMMBbl) JOJDKHBI OBITH BHITIOJTHEHBI HAa KOMITbIOTepe (IIMPHHA PUCYHKA 8 MITH
14 cm), mubo B BUAE YETKHX YepTEXeH, BHIMOJHEHHBIX TYIIBI0 Ha Oenom mmcte popmata A4. Ocoboe BHUMaHHE
o0paTuTe Ha HAAMHUCH HA PUCYHKE — OHH JOJKHBI OBITh Pa3IN4MMBbl IIPH YMEHBIICHUN 10 YKa3aHHBIX BBIIIE pa3Me-
poB. Ha o6opoTe prucyHKa mpocTaBisieTcsi €ro HoMep. B pyKkonmucHOM BapHaHTE Ha MOJAX yKa3bIBAETCS MECTO pas-
MEIeHUs] PUCYHKa. PUCYHKM JOJKHBI OBITh TPEJCTaBICHBI OTIENBHO B oqHOM U3 Qopmaros *.tif, *.gif, *.png,
*jpg, *.wmf ¢ paspemenrem 600 dpi.

e Maremarudeckue GOpPMYJBI B TEKCTE TOKHBI ObITh HabpaHbl kak 00bekT Microsoft Equation win MathType. Xu-
MHYECKHE (GOPMYITBI K MEIKHE PUCYHKU B TEKCTE JOJDKHBI OBITh BCTABJICHBI Kak 00bekThl Pucynok Microsoft Word.
Crenyer HyMepoBaTh JIMIIb T€ OPMYJIBI, HA KOTOPBbIE MMEIOTCSI CCHUIKH.

K craTbe npuiaraiorcs cieayomue J0KyMeHTbI:

2 pEeleH3UHN BHICOKOKBATH(UIIMPOBAHHBIX CIIEIHAINCTOB (JOKTOPOB HAYK) B COOTBETCTBYIONIEH OTpacin HAyKH;
BBINIMCKA U3 ITPOTOKOJIA 3acelaHusl Kadephl MIIM METOJUIECKOT0 COBETa C PEKOMEHIAINEH K IIeUaTH;

aKT DKCIIEPTU3HI (AKCIEPTHOE 3aKIIOYCHHE);

cBezeHus 00 aBTopax (B OyMakHOM M 3yeKTpoHHOM Brje): PUO (mOTHOCTHI0), HANMEHOBAHHUE OPTaHU3ALNHN U e
MOJTHBIN aJpec, JO0JKHOCTD, YUeHast CTENeHb, TenedoH, e-mail.

Texker nomxeH OBITh TIIATCIIBHBIM o6pa30M BBIBCPCH U OTPCAAKTHPOBAH. B xoHnIie craths nomkHa OBITh noarnycaHa
ABTOPOM C YKa3aHHUEM JJOMAIIHEI 0O aJipeca U HOMEPOB CJ'IY)KGGHOFO U IOMalIHETro Teﬂe(bOHOB, 3J'IeK”[‘p0HHOI71 IIOYTEI.

CTaTI)I/I, O(I)OpMJ'IeHI/IG KOTOPBIX HC COOTBCTCTBYCT YKA3aHHBIM Tpe6OBaHI/IHM, K Hy6J’II/IKaHI/II/I HE TOITYyCKArOTCH.
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