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B paGorte paccMoTpeHa BO3MOKHOCTH TMPHUMEHEHHs MeToma MHorogasuoi xwuakoctu Volume of Fluid (VOF),
nporpamMmbl Ansys Fluent, 17isi 4iCIEHHOTO MOIEIMPOBAHUS TPOLIECCa IUIABIEHHS MATEPHUATIOB KCIIEPUMEHTAIBHOTO
YCTPOUCTBA 1 MX TIEPEMELICHUS 110 00beMY pacueTHO obnactu. [yt MOJETMPOBaHUs BEIOpaHa KOHCTPYKIMS TUIIOBOTO
9KCIIEPUMEHTAIBHOTO YCTPOMCTBA, HCIIBITHIBAEMOTO B PEAKTOPE, pa3paboTaHa IByXMepHAast pACUETHAs MOJIEIb, OMUCAHBI
METO/IBI PEICHHs TEIUIOBOM 3a/1a4, IIPUBEICHbBI PE3YIbTATH MOICIMPOBAHUSL.

Kniouesvle cnosa: >kcriepuMeHTaIbHOE YCTPOMCTBO, 0€30MacHOCTb, PacIUiaB, METOA 00beMa JKHAKOCTH, (a3oBbIit

Nepexoa, BA3KOCTb.

BBEJEHUE

PacueTtHoe 0O0CcHOBaHHME OE30MACHOCTH BCEX JKCIIE-
PUMEHTANBHBIX Pa0OT, CBS3aHHBIX C PEAKTOPHBIMH H
BHEPEAKTOPHBIMH 3KCIIEPUMEHTaMH, poBoanTcs B Ou-
mane MAD PI'TI HALL PK ¢ moMomibio THIIEH3HOHHOTO
nporpammuoro obecneuenust ANSYS Fluent [1], koto-
poe MpenHa3HAa4eHO IS pEIleHHs IIHPOKOro CHEeKTpa
3a7a4 TerIo(QU3NKH, THAPO-Ta30JUHAMHKH, adPOIUHA-
MUKH, XAMHA U MHOTHX Ipyrux [2-5].

[lpu BBINONHEHWW aHalW3a YCIOBHH 0€30MacHOTro
IIPOBEACHUS PEaKTOPHBIX IKCIIEPUMEHTOB BO3HUKAET He-
00XOIMMOCTh MOJENHPOBAHUS TEIUIOBOTO COCTOSHHSA
TOIUTMBHOM CEKIIMM B MOMEHT €€ IUIaBJICHHS U IepeMe-
IeHNs B 00beMe yCTpoiicTBa B pacIuIaBIEHHOM COCTOS-
Hun. B mannbni momenT B Grmnane MAD PI'TI HALL PK
TaKUe 337a4M PEIIAloTCs IyTeM MO3TAITHOTO IepecTpoe-
HUSI TEOMETPUH MOJIEINH, KOT1a HOBOE HOoJIoKeHue  (op-
Ma pacIuiaBa TOIUIMBA U KOHCTPYKIIMOHHBIX MaTepHalOB
3a/1aeTCsI PacueTYMKOM caMocTositenbHo [6-8]. Taxoit
MOJIXOJ] COICPXKUT B ceOe psijl IOMYIIeHUH U NPeAIoo-
KEHUI, a Takke TpeOyeT 3HaAUUTENIbHBIX BPEMEHHBIX 3a-
TpaT Ha NEPECTPONUKY MOJENH.

B pabote npencTaBieH HOBBIA MOJIXOA K PELICHUIO
3a7a4 MOJICJIMPOBAHUS TEIVIOBOTO COCTOSHHS HKCIIEPH-
MEHTaJIbHBIX YCTPOHCTB, KOTOPBIH CIIOCOOCTBYET Pa3BH-
THIO TIPUMEHSEMBIX METOJIOB KOMITBIOTEPHOT'O MOJEIH-
POBaHHMS U B CYIIIECTBEHHON Mepe PACIINPSIET CIIEKTP pe-
IIaeMbIX 3a/1ad.

B mporpamme Ansys Fluent qns penienns nogo0HbIX
3a[a4 UCTIOJIb3YETCS MOJIeNTb MHOTO(a3HOH KUAKOCTH, a
AMEHHO MeTon oOwema xunkoctu Volume of Fluid
(VOF). Metox VOF mosxeT MoAenupoBaTh BE UIH 00-
Jlee HeCMEIINBAIOMNXCS KUAKOCTH ((haz), perras oauH
Ha0Op ypaBHEHWI IBUKEHHS U OTCISKHUBAS 0OBEMHYIO
JIOJTIO K)KJI0HM N3 HUX BO Bcel pacueTHOH obnactu. [lan-
HBII METOJ{ YCIICIIHO NPUMEHSIETCSI JJIsl HPOTHO3UpPOBa-
HUsI pa3pblBa CTPYH, PEIICHWs 3aladd NepeMeIleHHs
OOJIBIINX ITy3BIPEKOB B )KUAKOCTH, ABHKECHUS HKHUIKOCTH
IIOCJIe TIPOPHIBA IUIOTHHBI, & TAKKE JJISI OTCIEKUBAHHS
rpaHull pasjena «icuokocmo-2as» [9, 10].

Ecmm o6beMHy0 105110 (-0i1 ppakiim B saeiike 000-
3HAYHTh KaK (g, TO B IPOLECCE MOJCITUPOBAHUSI BO3MO-
JKHBI TPU COCTOSIHUSL:

— aq = 0 — B pacueTHOI1 stueiike J-as Qpakius OT-
CYTCTBYET;

— aq = 1- suelika 3amonHeHa (-oi (pakumed Ha
100 %;

— 0 < aq<1-pacueTHas s;uciika YaCTUYHO 3aI10]-
HeHa (-oit ¢hpakuueit

Hcnone3yromuecss B ypaBHEHUSIX HEPa3pbIBHOCTH U
JBHKEHUS TeIUIO(U3MIECKIe CBOHCTBA XKUAKOCTH OIIpe-
JEISAI0TCSA ¢ y4eTOM OOBEMHOM oMU KaxIoi u3 ¢pak-
Ui B pacueTHOM dJIeMeHTe. B kadecTBe mprMepa mnpu-
BesieHa (popMyJIa BRIYUCIICHHS INIOTHOCTH MaTepHana;

P :Zaq Py
-1

Takum o0pazom, pemias eqUHbIM HaOOp ypaBHEHUIH
UMITyJIbCa, OTCJIE)KUBACTCS O0bEMHAs J0JIsT KaXKIOU U3
(a3 MHOTO(A3HOI MOJEITH IO BCeH pacueTHO# o0sacTu
[11].

B nporpamme Ansys Fluent mMeeTcst BO3SMOXHOCTB
ONIEPUPOBATh JBYMsS THIAMHU Matepuanos: «fluidy u
«solidy. Marepuansl TiIa «solid» ACTIOIB3yeTCs ISl MO-
JeIIMPOBaHUs TBEPIBIX TEJ, B KOTOPBIX YpaBHEHHS CKO-
poctu He pemratotcs. Marepuanst tana «fluidy» npenna-
3HAYEHBI AJIsI MOJCIHPOBAHHS MTOBEICHHUS KUIKOCTEH
ra3oB MOJ JIeiiCTBUEM BHYTPEHHUX M BHEIIHHX CHJI, Ha-
npuMep, rpaBuTanyy. PeieHue 3a1aun iaBieHus TOM-
JIMBA OCIIOXKHAETCS TEM, YTO HEOOXOJUMO MOJICIINPOBATH
JIBa MOCJIE/IOBATENLHBIX COCTOSIHUSI MaTepralia — epBoe
COCTOSIHUE COOTBETCTBYET HEMOJBHKHOMY TBEPJIOMY Te-
JIy 10 TeMIIEpaTyphl IUIABJICHHS, BTOPOE — XapaKTepH3y-
eTcsi U3MEHeHHeM (Pa30BOTr0 COCTOSHUSI B OTHEJIBHBIX
syekax Marepuala, KOTOpbIE JOCTUIJIM TEMIIEpaTyphl
IUIABJIEHHUS ¥ MOTYT CBOOOIHO HepeMeIaThesl B Ipeje-
Jlax pacyeTHoi obnacTu.

Peanuszanns Takoil 3amauu BO3MOKHA B ITPOTpaMme
Ansys  Fluent npu  HCHOJB30BAHMH  MOJCIH
«solidification and melting» [12], koTopas oTcieknBaeT
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(a3zoBOe COCTOSHNE KaXKJOU SIEHKH MaTepHaia M KOHT-
pONUpYET pelieHHe YPaBHEHUH CKOPOCTH U HMITYJIbCa
JUIsl TaHHOM 00J1acTy.

IToMHMO 3TOTO, €CTh BO3MOXKHOCTh 33/1aBaTh (HyHK-
[[MOHAITbHBIC 3aBUCUMOCTH CBOWCTB MaTepHANOB, TAKHX
KaK IUIOTHOCTb, BSI3KOCTh, TEIUIOEMKOCTh M TEILIONPO-
BOJIHOCTB OT TEMIIEPaTyphbl, YTO 0OecreunBaeT Hanooee
TOYHOE MOJICIMPOBAHNE UX [TOBEICHUS B Pa3JIMYHBIX Te-
IUIOBBIX COCTOSTHHSX.

IIOCTAHOBKA 3AJIAYH

Ienb naHHOM PabOTHI — HCCIIEIOBAHUE BO3MOXKHOCTH
MPUMEHECHHS MPOrpaMMHOT0 Komiuiekca Ansys Fluent
IUTE MOZETHPOBAHUS TEIUIOBOTO COCTOSHHSA JKCIIEPH-
MEHTaJBHOTO ycTpoiicTBa (OY) B MOMEHT (ha30BOTO Ire-
pexona MaTepHaioB.

Jiis mocTIKeHUs JaHHOW IIeNM MOCTPOCHA pacyeT-
Hag mozens DY. PacueTrHas monens TUIIOBOro DY BBI-
MOJTHEHA B JIByXMEPHOM IMOCTAaHOBKE W MMEET OCEBYIO
CUMMETpHI0. MoJIellb COCTOUT U3 KOPITyca, TOIIMBHOTO
CTep>KH, TOIUIUBHOM 000JIOUKH U CBUHIIOBOTO TEILUIOHO-
cutens (pucyHok 1). Koneuno-anementHas cetka JY co-
crout u3 139000 snemeHTOB. MUHMMAaNbHBIM pa3Mep
pacdyeTHOTO KOHEUHOro 3JeMeHTa cocTaBiset 0,2 M.

[LLL

a) 6)

1 — cTanbHoM Kopryc, 2 — CBUHLIOBbIN TENMOHOCUTENb,
3 - TONNMBO M3 AMoKCKAA ypaHa, 4 — cTanbHas obonoyka Tonnmea

Pucynox 1. Pacuemnas ogyxmepras mooenv JY:
a) eeomempus pacuemHou ooracmu,
6) pacuemnasi KOHeYHO-dIeMEeHMHASL CeMKd

Y4uTBIBas CHMMETPUYHOCTH JKCIEPHUMEHTAIBEHOTO
YCTPOWCTBA OTHOCUTEIBHO BEPTUKAILHOW OCH, pacyer-
Has 00J1aCTh MPeICTaBlIeHa OTHOW BTOPO YaCThIO BYX-
MepHoii mogenu OY. B Tabnune 1 mpencraBiaeHbl reoMme-
TpPHUYECKHUE MapaMeTpsl JY.

B kadecTBe MaTepuaa TOIUIMBA 33/1aH JUOKCH] ypa-
Ha, a 000JIOYKOI TOTUTHBA SIBJISIETCS HEPIKABEIOIIAs CTATb
DOI1-823, koTopast TakKe CIYKHUT MaTePHAIOM KOpITyca
DV. Ins obecnieyeHHst HEMOIBMKHOCTH B pacUeTHOH 00-
JIACTH MaTepUaIIOB THIA «fluidy, IPH TeMIlepaType HIDKE

TOYKH (ha30BOTO Nepexoa JaHHBIM MaTepraiaM 3a1aHbl
Gonbme 3Hauenus Bsskoctd (10° kr/m-c). Bsskocts
JaHHBIX MaTEPHAJIOB MMEET JIMHEHHYIO 3aBUCUMOCTb OT
TemriepaTypsl. B Tabiuie 2 npuBeneHs! 3aJaHHbIE 3aBU-
CHMOCTH BSI3KOCTH MaTE€pPHAJIOB OT TEMIEPaTyphl.

Tabnuya 1. I'eomempuueckue napamempuvt DY

MNapametp 3HauveHue

BbicoTa aKCnepuMeHTanbHOro YeTporcTea, MM 278
Bbicota TonnmeHoro cton6a, Mm 121
BHyTpeHHui paauyc kopryca, MM 18
TonwmHa kopnyca, MM 2

BHyTpeHHui paguyc Tonnuea, Mm 38
BHeLwHui paguyc Tonnuea, Mm 8,8
TonwyHa obonoyky Tonnmea, MM 0,6

Tabnuya 2. 3asucumocms 8s3K0Cmu OUOKCUOA Ypana u Cmanu
om memnepamypbl

[vokeua ypaHa Cranb 30M-823
WHTepBan WntepBan
M, Krim-c M, Krim-c
Temnepatypbl, K Temnepatypbl, K
300-2800 108 300-1650 108
2800-2890 105-50 1650-1698 105-50
2890-3500 50-1,06 1698-3500 50-0,3

Br16op 3THX TemIepaTypHBIX HHTEPBAJIOB 00YCIIOB-
JICH TE€M, 9TO HeOOXOIMMO 00eCIIeYNTh HEMOBIKHOCTh
KHUIKOHM (PpakInu B pacIeTHOH 00IaCTH IPH TEMIIepaTy-
pax HIDKe TOYKU (Pa30BOTO IEPEX0/a U MOCTEIICHHOE U3-
MEHCHHE BS3KOCTH C HM3MCHEHHEM TEeMIIepaTyphl, II0-
CKOJIBKY PEe3K0€ M3MEHEHHE BA3KOCTH NMPUBOIHT K MOTe-
pe cxomumMocTu 3amauu. IlpuHsATtas B maHHOM pabote
TemIeparypa Hadana (a30BOro mepexoja Uil TOIUTMBA
cocrasmsieT 3120 K, ms cramu OI1-823 — 1670 K, mus
ceunma — 600 K.

CaolicTBa MaTepuanoB DY, TakHe KaK TEIJIOEMKOCTb
1 TEIUIOTPOBOIHOCTD, OBLIH 33aJaHbI IS ITUPOKOTO JIHA-
MMa30Ha TEMIIepaTyp, M 3aMMCTBOBAHBI M3 CIIPaBOYHOM
nurepatypsi [13, 14].

Hauanvnoie ycnosusn

Juis MonmenupoBaHUs TUIABICHUS MaTepHaia METo-
nom VOF HeoOxoaumo, yToObI MaTepuan Npu TeMIepa-
Type HIDKe TOYKH (ha30BOTO Iepexoja ObLI HETOIBUXK-
HBIM, U [I0CJIE Pa3orpesa JI0 TeMIiepaTypsl (pa3oBoro re-
pexona Hayal nepeMernarscs B pacdeTHor obmactu. C
9TOH IEJIBI0 IPOBECHHI /1Ba pacdeTa C pa3IMIHBIMH Ha-
YaJIbHBIMHU YCJIOBUSIMH.

B nepsom pacuere:

— BKJIIOYCH YYET BIUSHUS CUJI TPAaBUTALINY;

— HayalpHas TEeMIlepaTypa TOIUIMBa U3 TUOKCHIA
ypana pasna 300 K;

— HaydaJIbHas TEMIepaTypa CTaJbHOH 000JI0UKHU TO-
muBa paBaa 300 K;

— HayaJgbHas TeMIlepaTypa CBHUHIIOBOTO TEIIOHO-
cutens pasHa 700 K;

— HayaJbHas TeMIIepaTypa CTaJbHOTO Kopiryca DY
pasna 300 K.




NPUMEHEHWE METOZIA VOLUME OF FLUID AN MOQENUPOBAHUA
NPOLIECCA NNABNEHUA U NEPEMELLEHUA TOMNUBA

Bo BTOpOM pacuere:

— BKJIIOYCH y4eT BIMSHHS CHJI T'PaBUTAlINY;

— HayaJlpHas TeMIlepaTypa TOIUIMBA W3 JHOKCHIA
ypaHa paBHa 3500 K;

— HayaJbHAasl TEMIeparypa CTaJbHOH 000JI0UKH TO-
wBa paBHa 1000 K;

— HayaJpHAas TEMIIEpaTypa CBHUHIIOBOTO TEILIOHO-
cutens pasHa 700 K;

— HavdalbpHas TEMIIEpaTypa CTaIbHOTO Kopmyca Y
pasHa 300 K.

[Ipu HavaneHOM Temmepatype 3500 K Bs3kocTs ano-
Kcuza ypaHa umeet 3HadeHne 1,06 Kr/m-c, KoTopoe HIKe
3HaueHMs BA3KOCTH JuoKcua ypana mpu 300 K B 10° pa3
[14].

B nepBoM pacuere oxunaercs, 4To Gppaxuus TMOKCH-
Jla ypaHa M cTajiu OyJeT OCTaBaThCs HENOABMIKHOW Ha
MPOTSHKEHHH BCETO BPEMEHH pacyera, a 3HaueHHe TeM-
MepaTypsl TEIJIOHOCUTENs (CBHHILIA) CHU3MUTCS 3a CUET
TEeIUIoONepeiadl JUOKCHIY ypaHa U CTallH.

Bo BTOpOM pacuere mpenmonaraercs, 4To (QpaKiys
TorutuBa pu Temreparype 3500 K Oynet nepemeniatbcs
01 IefiCTBHEM I'PaBUTAlU BHU3, CHHXKAsl COOCTBEHHYTO
TEMIIEpaTypy 3a CUET TeTII000MEHa C IpyTIMH MaTepH-
anamu. CranpHast 000JI09Ka, TTOTIIOMAst TEIUIO OT JHOK-
cuja ypaHa, JOCTUTHET TEMIICPATYPhI INIABJICHUA U TOXKE
Ha4HeT IepeMenaTbes B oo0beMe OV mo AeUCTBHEM CHUIT
TpaBUTALIAM.

ObbemHas Temnepartypa
bpakuma 700.0
i
660.0
09
’ 620.0 -
08
‘ - 580.0
06 540.0 l
05 500.0
0.4 460.0
03 420.0
0.2 380.0
01 340.0
0.0 300.0
[vokeup ypana Crane Caunel| Temnepatypa K]
a)0,1c
OBbemHas Temnepartypa
ppakums - 700.0 -
1.0 ‘w l
\ 660.0
09 | |
620.0 -
08 ‘
‘ o7 “ 580.0
[ 06 ‘ 540.0 W{
05 500.0
f
04 | 460.0
| 03 ‘ 420:0
0.2 380.0
0.1 340.0
0.0 al 300.0
[vokeup ypana Crans Cauney Temneparypa K]
B) 1,0c

PE3YJIBTATBI MOJEJTUPOBAHMS

Pezynomamor pacuema mennoeozo cocmosnus Y

npu HauarvbHou memnepamype ouokcuoa ypana 300 K

OO0paboTKa pe3ysbTaTOB PacueToOB MPOBEJCHA C UC-
noss3oBaHueM mporpamMmbel CFD-Post. Chenyer 3ame-
TUTb, uTo nporpamma CFD-Post BXoauT B mporpaMMHBIi
nakeT ANSY'S u npeaHa3zHaueHa 11t 00pabOTKH pe3yib-
TaTOB MOJAEIUPOBaHUA. B naHHON mporpamme umeeTcs
BO3MOXKHOCTh CO371aBaTh aHMMALMOHHOE BHIEO IO pe-
3yJIpTaTaM HECTAI[MOHAPHOTO PELICHHS, YTO IMO3BOJIIET
BU3yaJIM3MPOBATh IPOIECC B3aMMOACHCTBUS MaTepHa-
10B DY Mexay coOoit.

B xopne peleHus mojgydeHsl pe3ynbTaThl pacdyera B
BUJIe pacnpeneseHnii 00beMHBIX (QpaKLUii MaTepruaioB
JUISL pa3JIMUHBIX 3HAYCHUH BpeMeHU. Pe3ynbpTaThl nepBo-
ro pacyera, Iie HauyalbHas TeMIlepaTypa JUOKCUIa ypa-
Ha ¥ ero crtaibHON o0osmouku paBHbI 300 K, mpuBeneHs!
Ha pUCYHKe 2.

Ha nporspkeHnn Bcero pacdera HaOmomaeTcst mpo-
mecc TEIooOMeHa MEeXIy CBHHIIOBBIM TEIJIOHOCHTE-
JIeM, TOIUTMBOM W CTaJIbHOW oOomoukoi. TemmepaTypa
CBHMHIIA CHW)XAETCS BJOJb CTCHOK CTAIBHOW 00OJOYKH
TOIUTUBA W CTaJbHOTO Kopmyca DY (puCYyHOK 2, 6-T).
[Ipn cHWXeHNN TeMmneparypsl CBUHIA BOJH TPAHHIII
B3aMMOJIEHCTBHSA, BA3KOCTh CBHHIIA YBEIMUMUBACTCSA, YTO
BeJIET K «3aTBEP/ICBAHHUIO» MaTepHaa.

ObbemHas e Temneparypa
pakuma 700.0
1.0 .
660.0
0.9
620.0 ©
08
’ - 580.0
06 540.0
05 500.0 l
0.4 460.0 ‘
03 420.0
0.2 380.0
01 340.0
0.0 300.0
[Avokeng ypana Crans CauHey Temneparypa K]
0)0,5¢
OBbemHas Temnepatypa
bpakuma o 700.0 -
1.0 l
660.0
0.9
620.0 -
08
Fo7 | 580.0
06 540.0 1
05 4 500.0 I
0.4 | 460.0 ‘
03 | 420.0 |
0.2 380.0
01 340.0
0.0 al 300.0
[uokeupn ypara Crans CauHey Temneparypa K]
rnl5c

Pucynox 2. Pacnpedenenue ob6vemnoll gppakyuu mamepuanog u memnepamypuvt 8 OV 0ns pasnuunsix 3HaveHuti 6pemenu
npu HauarvHot memnepamype monauea 300 K
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o
~

ObvemHas

pakuma Temnepatypa
1.0 3497.5
09 3178.0 F
08 2858.6
B 2539.1 1
06 2219.7
0.5 1900.2
0.4 1580.8 |
03 1261.3
0.2 941.9
o1 6224

0.0 303.0
Avoxeun ypasa Cranb Cauney Temnepatypa Kl
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Pucynox 3. Pacnpedenenue o6vemnotl ¢ppaxyuu mamepuanos u memnepamypvl ¢ Y 015 paziuunblx 3HAUeHUl 8peMeHu
npu HauanieHot memnepamype monausa 3500 K

CranpHasi 000JI0YKa U TOIIMBO M3 JAUOKCHA ypaHa
YBEJIMYHUBAIOT CBOIO TEMIIEPATYpY, IMOIJIOLIAsl TEIUIO OT
CBHHIIOBOTO TEIJIOHOCUTENS (PUCYHOK 2, 6-T). Beneacer-
BUEC YCTO TEMIIEpATYypa JaHHBIX MaTEpHUAIOB HE JOCTUT A~
er Touku (hazoBoro mnepexona. Iloatomy oOBEMHbIE
(pakiyy TOMJIMBA U CTAIbHOI OOOJIOUKH OCTAIOTCS He-
MOJIBIXKHBIMHU, COXPAHSIOT HAYalbHYI0 TeoMeTpHYec-
Ky (OpMY U LEJIOCTHOCTh HAa MPOTSKEHUH BCEro pac-
gera (PUCYHOK 2).

Pezynomamor pacuema mennoeoeo cocmoanus Y npu

HauanbHol memnepamype ouoxcuoa ypana 3500 K

Ha pucynke 3 npezcTaBieHo pacrpeeiaeHue 00bem-
HBIX (ppakuuii MaTepranoB DY Ipu HaYaIbHOW TeMIepa-
Type InoKcHaa ypaHoBoro torumusa 3500 K.

CBUHIIOBBIN TEINIOHOCUTENb C HAYaJIbHOI Temmepa-
Typoit 700 K HarpeBaeTcsi Ha IPOTSHKEHHH BCETO BpeMe-
HU pacyeTra, Morjiomas TeIIo OT TOIUIMBAa M CTalbHOM
0007104KH (PUCYHOK 3, a-T).

CranpHas 000JOYKa TOIIIMBA HWMEET TEeMIIEpaTypy
HIDKE TOYKH (a30BOro nepexosa. B HadanbHBI MOMEHT
BpeMeHH (PUCYHOK 3, @) IEIOCTHOCTh JaHHOTO MaTepu-
ana coxpansercs. B mpouecce TenmooOMeHa ¢ TOIUIHBOM
cTajgbpHas o00oiiouka paszorpeBaercsi (pUCyHOK 3, 6-T),
CHIDKAeTCS €€ BI3KOCTh, M HAYMHASTCS IPOIIECC ee pas-
pymenus. HaGmonaercst BemibiTHe Qpakiuy CTaIbHOR
000J104KH B 00bEME CBUHIIA, TOCKOJIBKY TUIOTHOCTD CTa-
Jla MEHBIIIE.

Juokcua ypaHa nMeeT HA3KYIO BSI3KOCT (Tabmma 2)
TIPU HaYaJIbHO 3a7aHHoi Temnepatype 3500 K, moatomy
JIaHHBIIl MarTepuall TepseT CBOI HAYalbHO 3a/IlaHHYIO
TEOMETPUYUECKYIO (POPMY M IIETOCTHOCTH (PUCYHOK 3, O—
r). [Ipu pacueTrnom BpemeHn# 1,5 ¢ (pHCyHOK 3, T) MOXKHO
YBHJETh, YTO TEMIIEPaTypa TOIUIMBA B HEKOTOPBIX pac-
YeTHBIX O0JACTAX HIKE TOYKH (a3oBoro mepexopa,
JaHHBIA MaTepuajl HAa4YMHAeT «3aTBEpCBaTh» H3-3a yBe-
JIMYEHHS BSI3KOCTH MaTepHana.

BBIBO/IbI

B nporpamme Ansys Fluent ¢ ucrnonszoBanueMm mo-
JIeJT MHOTO()A3HO# KHUIKOCTH METOIOM 00beMa JKUIKO-
cru (Volume of Fluid) npoBenen uncneHnsiii pacyeT npo-
1ecca IUIaBJIeHUs MaTtepuanoB DY THUIOBOW KOHCTPYK-
un. Pacuer npoBeeH A pa3nyHbBIX HAYalbHBIX 3HA-
YEeHUH TeMIIepaTyphl TOTUIMBA M €70 CTATEHON 000I0UKH.
HauanpHast Temmneparypa CBHHIIOBOTO TEIUIOHOCHTEINS
ocTaBajach HEM3MEHHOW. B pe3ynbTaTe YNCIeHHBIX pac-
YETOB YCTaHOBIICHO:

— mnpumenenue merona VOF mo3BoisieT mogyduTh
pacmpenenenne oO0beMHBIX (pakmuii MaTepuaioB DY
JUTS pa3IMIHbBIX 3HAYCHUHA BPEMEHH, 110 KOTOPBIM MOXHO
BH3YQJIN3UPOBATh JHHAMHYECKYIO KAPTHHY IepeMerne-
HUS MaTEpHAJOB B pacueTHOI obiacTu;

— cucnonb3oBanueMm merona VOF, ¢ yueToM mojie-
mu iaBnenus u kpucramsanuu (Solidification and
melting) u myTem 3amaHus CBOMCTB MaTepuasa B 3aBHCH-
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MOCTH OT TeMIEpaTyphl, ObUIO JOCTHIHYTO COCTOSHHE,
IpH KOTOPOM TOIUTHBO U €ro CTalbHas 000I0uKa, Oymy-
uyn matepuanamu tana «fluid», coxpausror cBoro reome-
TpUUECKy0 popMy IPH TEMIIEpaType HUXKe TOUKU (a3o-
BOTO MEPEeX0/a;

— TONyYeHa KapTHHA MEPEMELICHHS MAaTepHajoB
QY nmoj nefcTBUEM CUII TPABUTALIMH U UX 3aTBEPACBAHUS
IPY CHW)KCHUH TEMIIEPaTyphI.

Takum oOpasom, ucnonszoBanne meroga VOF mpu
MOZCIUPOBAHUH TEIUIOBOIO COCTOSHUS DY MO3BOJACT
OTKa3aThCs OT MHOTOKPATHBIX IOIIATrOBEIX IIEPEcTpoe-
HHUI TEOMETPUH MOJEIH U €€ CETKH, IIPOBOAUTE pacydeT
TEMJIOBOTO COCTOSHHUS DY € y4eTOM BO3MOXKHBIX (ha3o-
BBIX TMEPEXOJOB, OTCICKHBATH MEPEMEIICHUE KHUIKHUX
bpakuuit ¥ UX B3aUMOAEHCTBHE ¢ KOHCTPYKIHOHHBIMH
MaTepHanaMu.

Hannas paboma evinonnena 6 pamkax HayuHo-
mexuuyeckou npozpammur Ne BR09158470 «Paszeumue
amomHou sHepeemuxu 8 Pecnyonuxe Kazaxcmany.
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VOLUME OF FLUID 9JICIHIH OTBIHHBIH BAJIKY )KOHE BAJIKBIMA KO3FAJIBICBIH
MOJEJIBJAEY NPOLUECCIHAE KOJLJAHY

E.A. Ka6abuikakos, A.C. Cypaes
KP ¥A0 PMK «Amom suepzuacel uncmumymaly gunuanvt, Kypuamos, Kazaxcman

Maxkanama Ansys Fluent 6armapaamacsiima Volume of Fluid (VOF) ecerrrey amicii Komany apKbLUIBI, MaTepHAIAPIbIH
0aNKy >koHe OaIKBIMAaHBIH KOFaITy IPOLIECCIH MaTeMaTHKAIBIK MOIENbIIeY MYMKIH/ITI KapacThIpbUIa bl. MaTeMaTHKAIIBIK
MOJICNIBICY YIIH 3KCHCPUMCHTANIBIK KYPBUIFBIHBIH €Ki OJIIeM/Ii TCOMETPUIBIK JKOHE CaHIBIK-CCENTEYIiK MOJCIi
sacanbl. JKbUTYIbIK €CeNnTiH MIbIFapy d/iCi CUIIATTAIBIN, MATEMATHKAJIBIK MOJIENBACY/ IIH HOTHKEIEP] KOPCETIITeH.
Tyiiin co30ep: banxvima, Kayincizoik, IKCNepUMEHMAaiblOblK KYpbliesl, asa apanslk aybicy, MYMKYPIbIK.

APPLICATION OF THE VOLUME OF FLUID METHOD TO SIMULATE THE PROCESS
OF MELTING AND MOVEMENT OF FUEL

Ye.A. Kabdylkakov, A.S. Suraev
Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan

The article considers the possibility of using the method of multiphase fluid Volume of Fluid (VOF), the Ansys Fluent
program, for numerical simulation of the melting process of the materials of the experimental device and their movement
over the volume of the computational domain. For modeling the design of a typical experimental device tested in the
reactor was selected, a two-dimensional computational model was developed, methods for solving the thermal problem
were described, and the simulation results were presented.

Keywords: experimental device, safety, melt, liquid volume method, phase transition, viscosity.
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OCOBEHHOCTHU NPUMEHEHHUS KAJIMUS B KAUECTBE HEATPOHHO-ITOTJIOIMIAIOIIETO
9KPAHA ITPU JIETUPOBAHHUUN KPEMHUS B ATEPHOM PEAKTOPE

IlaiimepaenoB A.A., PomanoBa H.K., Caiipan6aes /I.C., I'm3atynaun HI.X.
PI'Il «Hucmumym sadepuoii puzuxun M3 PK, Anmamui, Kazaxcman
E-mail ons konmaxmos: ashaimerdenov@inp.kz

Hanmune rpagneHTa HEHTPOHHOTO TOJIS B SIAEPHOM PeakTope ¥ TpeOOBaHMI 10 AOITyCTUMOMY pa30opocy yIeIBHOTO 3IEK-
TPUYECKOT'O COIPOTUBIICHHS 110 00BEMY CIIUTKA KPEMHUS JeNaeT He0OXOUMBIM pa3paboTKy 00Jy4aTeqbHOro YCTpOii-
ctBa. OCOOEHHO, 3TO aKTyaJIbHO ISl CIMTKOB KpeMHHUs 00jb1Ioro pasmepa. OIHUM U3 BAPHAHTOB CHIDKEHUS TPaJIUCHTA
MIOTOKa HETPOHOB IO BBICOTE CIMTKA SIBJIAETCS NIPUMEHEHUE HEHTPOHHO-TIOTIONIAIONINX IKPAHOB B KOHCTPYKIMHU 00ITy-
yarenbHOro ycrpoiictBa. Ha peaktope BBP-K B xauecTBe HEHTpOHHO-TIOIIOIIAONIETO MaTepHalia SKpaHa IpUMEHsIeTCS
KaJMUI C MPUPOJHBIM W30TOITHBIM COCTaBOM. B paboTe mpuBeIeHbI pe3yabTaThl UCCIEIOBAaHUS 00Iy4aTeIbHOTO YCT-
pOMCTBa C KaAMHUEBBIM dKpaHOM. [loka3aHo BiMSHHE dKpaHa M3 KaJMHsl Ha HEHTPOHHO-(H3MYECKUE XapaKTEPUCTHUKU
00JTyJaTenbHOTO YCTpOMCTBA ISl ISTUPOBAHMS KPEMHHS.

Kniouegvie cnoga: neimpoHHO-MpaHCMymayuoHHoe e2uposanue, a0epHblll peakmop, KaOMul, nI0MHOCMb NOMOKA

HeﬁmpOHOG, HEPABHOMEPHOCNb J1€CUPOBAHUAL.

BBEJEHUE

HelTpoHHO-TpaHCMYTallMOHHOE JIETUPOBAaHUE KPEM-
HUSI Ha 0ase SIIEpHBIX PEakTOPOB MMEET PsIl NMPEenMy-
IIECTB 110 CPAaBHEHHUIO C IPYTHMHU NPOMBIIIUIEHHBIMH Me-
TOJaMH JITUPOBaHMS, HO OJHOM M3 IJVIABHBIX HAay4YHO-
TEXHUYECKHUX 3a/1a4, KOTOPYIO HY)KHO PEIIUTh PH 00Iy-
YeHUHU KPEMHHUS B SJIEPHOM peaKkTope — 3To obecrieueHue
00BEMHO#T OTHOPOIHOCTH JierupoBanus. Jlrobomy siaep-
HOMY PEaKTOpy XapaKTepeH TPajueHT IJIOTHOCTH MOTO-
Ka HEHUTPOHOB, KaK IO BBICOTE, TaK U MO JUAMETPY aK-
TUBHOW 30HBL, YTO CBS3aHO C YTEUKOH HEHTPOHOB ¢ 00-
KOBBIX NTOBEPXHOCTEH peakTopa, MOATOMY pa3paboTKa
HAy4YHO-OOOCHOBAHHBIX TEXHOJIOTHYECKHX CII0COOO0B
JUIsl PABHOMEPHOT'O JIETUPOBAHMSI CIIUTKOB KPEMHHUS SIB-
nsetrca BocTpeOoBaHHON 3amaueil. TpeGyemble yCIoBUSA
o0yueHus1, Kak paBuiio, GOpMHUPYIOTCS 32 CYET KOHCT-
PYKIMHU 00JTy4aTeIbHOTO YCTPOMCTBA, I/Ie OJHUM U3 Me-
TOJIOB CHWKEHHS BBICOTHON HEPaBHOMEPHOCTH IJIOTHO-
CTH IIOTOKA HEMTPOHOB SIBJIIETCS] IPUMEHEHUE HEUTPOH-
HO-TIOTJIOMIAONTUX 9KPaHOB (CTATUYHBIA METOJ), a JJIs
CHIDKEHHsI paJiManbHOM HEPABHOMEPHOCTH IIOTHOCTH
MOTOKa HEHUTPOHOB IPUMEHSETCS BpAIICHUE CIUTKA
KpEMHHsI BOKPYI LHEHTpaIbHON ocH. BTOphIM MeTomom
CHIDKEHHSI BBICOTHOW HEPaBHOMEPHOCTH MIOTHOCTH MO~
TOKa HEWTPOHOB sIBIsIETCs peBepcUBHBIM MeTod. CyTh
BTOPOTO METO/1a 3aKJII0YAeTCs B IEpeMeIeHIH (M3MEHe-
HUH) TIOJOKEHUS CIUTKa KPEMHHS OTHOCHUTEIHHO 30HBI
obmyuenus [1, 2].

®opMUpOBaHUE OJHOPOAHOIO HEUTPOHHOIO MOJIA
IpH 0OJTyIeHNN KPEMHHS SIBIISIETCS 00sI3aT€IbHBIM yCJI0-
BHEM IIPH €ro JiernpoBaHuH. [Ipu BeIOOpE CTATHYHOTO
METOJIa, B KAUECTBE HEUTPOHHO-MOMJIOAIOIINX YKPAHOB
UCTIONIB3YIOTCSI MaTepHaIbl C OOJIBIINM CEYEHHEM HOTJI0-
IIEHUSI TEIUIOBBIX HEUTPOHOB, TaK KaK TPAHCMYTaLUs
KpEMHHsI MPOTEKaeT Ha TEIUIOBBIX HeWTpoHax. Hampu-
Mep, A1 MpOoGUIMPOBAHMS MOTOKA TETIOBBIX HEHTpPO-
HOB HUCIOJB3YIOTCS CIENYIOIUE MaTepualbl: KaaMHI,
KapOux 6opa, raJoIMHIIA, EBPOIHA, TUTAH U Ap. [2—4].

B peaxtope BBP-K mist nmpodrnmpoBaHus moToka Ter-
JIOBBIX HEHUTPOHOB I10 BBICOTE 0OTydaTeIbHOTO YCTPOIiCTBA
TIPY HEUTPOHHO-TPAHCMYTAIIFIOHHOM JISTUPOBAHUHN KPEM-
HUS TUTaHUPYETCS UCTONb30BaTh kaamuil [5—7]. C Touku
3peHusl (PU3UKO-TEXHUUECKUX 1 SKOHOMUUYECKHX ITOKa3aTe-
JIeH, KaIMHii XOpoHIo cedst 3apEKOMEH IOBANT KaK MaTeprai
sKkpana. OfiHaKo NpHMEHEHHE KaJMHUs B Ka4eCTBE HEUTPOH-
HO-TIOIJIOMIAFONIEr0 AKpaHa UMEET CBOM OCOOEHHOCTH, KO-
TOpBIC W pacCMOTPEHHI B HacTosIiel padote. Mccnenona-
HUE HEUTPOHHO-(DM3HICCKUX XapaKTEPHCTHK O0ITydaTelh-
HOTO YCTPOWCTBA MPOBOIMIOCH Ha KPUTHIESCKOM CTCHIIC.
Lenpro HacTosmIIeH pabOTHI SBIAETCS OITMCAHHAE OCOOCHHO-
CTell TIpUMEHEHHsT KaJMUsI B KauecTBe HEUTPOHHO-TIOTIIO-
IIAIOIIETO MaTepuaja MpH JICTUPOBAHUN KPEMHUS B sIep-
HOM PEaKTope, C y4ETOM OIIBITa, ITIOJyIeHHOTO Ha KpUTHIE-
CKOM cTeHfe U peaktope BBP-K.

MATEPHAJBI U METO/1bI

B pabore paccMoTpeHO 00JydaTeNbHOE YCTPOWCTBO,
Npe/JHa3HaYEeHHOE Ul HEHTPOHHO-TPAaHCMYTAIMOHHOTO
JIETUPOBAHMS CIMTKOB MOHOKPHCTAUTMYECKOTO KPEMHHS
JraMeTpoM o 6 mrorMoB B peaktope BBP-K. B ycrpoiict-
BE€ MCIOJIb3YETCS HEUTPOHHO-TIOTJIOIIAOIIMA 3KpaH st
HpOQUITMPOBAHHMS TNIOTHOCTH TTIOTOKA HEHTPOHOB T10 BBICO-
Te. B kadecTBe MaTepuaa 3kpaHa BbIOpaH KaJMHHA ¢ TIPH-
POAHBIM HM30TOITHBIM COCTaBOM. JlernpoBaHHe KpeMHHSA
NpOTEeKaeT IO  CJeAYyIOIeH  SIIepHOM  peakmuu:
30Si(n,y)*'Si—3P. Ceuenue snepHoii peakiiy paanamyoH-
HOTO 3aXBaTa KpeMHHUs MoKa3aHo Ha pucyHke 1 [8]. 13 pu-
CyHKa 1 BUJHO, YTO 4€M MEHBIIIE SHEPrUsl HAJIETAOLIETrO
HeUTpoHa, TeM 3 deKkTrBHEE OyIeT IPOTEKaTh sAEpHast pe-
akuust. OJjHaKo, TaHHAS sIIepHas peakiys UMeeT aBa 00JIb-
IIMX pe30HaHca B 3IHUTEIIOBOi obmactu. IlepBblii peso-
HAaHC COOTBETCTBYET SHEPruU HEHTpoHOB 2235 3B npu ko-
TOPOM CEYEHHE TNOTJIOMIEHUSI HEHTpPOHA COCTaBIISIET
506 6apH. BTopoii pe30HaHC COOTBETCTBYET SHEPTHH HEH-
TpoHOB 4977 3B, npu KOTOPOM CEUESHHUE TTOTIIONIEHUS HEH-
TpoHa cocrasisieT 126,9 GapH [8].



https://doi.org/10.52676/1729-7885-2021-3-9-14

OCOBEHHOCTH NPUMEHEHUS KAOMUS B KAYECTBE HEUTPOHHO-MOTIOLLAIOLLErO 9KPAHA
NPW NErTMPOBAHUU KPEMHUA B ANEPHOM PEAKTOPE

1E3 [ T oioiiiin D 9 4 100 4 0 0 4 4 R S 840 ————"

Cross Section (b)

1E-5 1E-4 1E-32 1E-2 1E-1 1E0

1E1l 1E2 1E2 1E4 1ES 1E6 1E7

Incident Neutron Energy (eW)

— Si-30(n.g) JENDL-4.0

Pucynox 1. Muxpockonuueckoe ceuenue 3°Si

Ha BHEIIHIOI MOBEPXHOCTh OOJy4aTENbHOTO YCT-
pO¥CTBa YCTaHABIMBAIOTCS KaJMHUEBBIE KOJIbIA TOJIIIH-
Hoi 0,5 MM u BbeIcOTOH OT 3 10 5 MM. PerynmupoBanue
pacnpesieneHus MIOTHOCTH MOTOKAa TEIUIOBBIX HEHTpo-
HOB TI0 BBICOTE YCTPOMCTBA JOCTHUIAETCS M3MEHEHHEM
I1ara pacroyIOKEHHUs U IUPHUHBI KaAMHUEBbIX koser. O0-
Jy4aTeIbHOE YCTPOHCTBO M3TOTOBICHO M3 CIUIABA aJIiO-
muHus A1070. BHenHuit Bu 00mydaTebHOTO yCTPOU-
CTBa MTOKa3aH HA PUCYHKeE 2.

Pucyrnok 2. BrewHuil 610 o01yuamenbHo2o ycmpoucmea

HccrenoBanre MpoCTpaHCTBEHHO-IHEPTETHYECKOTO
pacrpeneneHus HEHTPOHOB B 00y4aTeIbHOM yCTPOICT-
BE MPOBOJUIIOCH SKCIIEPUMEHTANBHBIM METOIOM. B Ka-
YeCTBE METOJa DSKCICPUMCHTAJIBHOTO HCCIICAOBAHMS
HEHUTPOHHOTO MOJII BHYTPHU 00JTy4aTEIILHOTO YCTPOUCTBA
OBUT BBIOpaH HEHTPOHHO-aKTUBAI[MOHHBIA METOJ] Kak
HanboJiee TIOTHO YJOBJIETBOPSIONINH CIIEII(pHKe peax-
TOpPHBIX M3MepeHnid. K mpenMymiecTBamM JaHHOTO METO-
Jla MOXXHO OTHECTH: MaJylble pa3Mephl IEeTEKTOPOB; Tac-
CHUBHBIM METOJT U3MEPEHUN HEUTPOHHOTO IOTOKA, HE Tpe-
Oyrommii TPOMO3JIKOM ammaparypsl; SHEPreTHYecKoe
pazOueHue u3MepsIeMOi BEIMYUHBI; IPOCTOTA U YI00CT-
BO B OOpalIeHWU; MpHEeMJIeMas TOYHOCTh HM3MEPCHUS.
[TTOTHOCTP MOTOKA TEILIOBBIX HEUTPOHOB M3MEPSIIACh C

MOMOLIBI0 (OJIBI U3 TUCTIPO3UsL. DKCIEPUMEHTAIbHbIC
HCCIIEIOBAaHHsl MPOBOJMIIMCh HAa KPUTHYECKOM CTEHJIE,
rze ObUTM CMOJICTUPOBaHbI YCIOBHs OOTy4eHHs, OJu3-
KHE K yCIoBHsM B peaktope BBP-K [9-11].

Kpurnueckuil creHj 3amynieH B 9KCIUTyaTalUIO B
1972 rony u sABASETCS PEAKTOPOM MajOM MOLIHOCTH Ha
TEIUIOBBIX HEWTPOHAX C JISTKOBOJHBIM 3aMEIIUTENIEM U
oTpaxkaresieM M3 BOAbl WM Oepmiumus. Kpurnueckas
cOopKa KpUTCTEH 1a TO3BOJIET CO3aBaTh U NCCIIEOBATh
aKTHBHBIC 30HBI BOJO-BOASIHBIX PEAKTOPOB PA3IMIHOM
koHOurypauuu [12]. Tak kak oOxydeHHe CIUTKA KpeM-
HUSI TUaMEeTpoM 6 JIOWMOB IUIAHUPYETCSl B BEPTUKAJIb-
HOM KaHase peakTopa BBP-K, To Ha kpuTHUeckoM CTeH-
Jie ObLIM CO3/1aHbl AHAIOTHYHBIC YCJIOBHS OOJIy4eHUs
(paccTosiHEE OT LIEHTpa aKTUBHOM 30HBI, PACIIOJIOKEHHUE
[0 BBICOTE MOIJIOIIAIOIIUX CTEPIKHEH, KOHPHUrypalus
AKTHUBHOU 30HBI U T.]11.).

PacueTHble MccenoBaHUS BBHITOPAHUS KaJMHUs IIPO-
BEZIEHBI C IPUMEHEHNEM ITporpaMmMHoro cpeacrsa MCU-
REA, rne ypaBHeHHe nepeHOca HEHTPOHOB pemiaeTcs
MetonoM Momnre-Kapio [13]. B pacuerax mcronb3osa-
nack onbnmoTeka ssaepHbXx qaHHbIXx DLC/MCUDAT 2.1
[14]. MeTon kpaliHe T0JIe3€H MPHU PEIIEHUH CIOKHBIX 3a-
Ja4d, KOTOpbIE HEBO3MOXXHO CMOJEIMPOBATh IIPOTpam-
MOM, OCHOBaHHO} Ha JIETEPMUHHUCTCKOM MeToze. i ka-
KTOM YacCTHIBl MOJICTHUPYIOTCS CIydaiHbIe COOBITHS.
COBOKYITHOCTb OTAEIBHBIX COOBITHH, HOCAILIUX CTAaTH-
CTUYECKHUH XapaKTep, COCTABIISAET MOJIHYIO KapTUHY IIPO-
HCXOJISIIIEro Tpolecca. TOYHOCTh PacdyeToB METOA0M
MoHre-Kapiio 3aBHCHT OT TOYHOCTH ONMCAHHON MOJIEIIH
(reomMeTpHs ¥ MaTepUaNIbHBIN COCTAB), a TAKXKE OT KOJIU-
YecTBa CMOJEIHMPOBAHHBIX HCTOPHHA B3aUMOJICHCTBUS
yacTull ¢ BemiecTBOM. CrTaTHCTHYecKasl MOTPEIIHOCTb
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metona Mownre-Kapio nponoprmonansua 1/ «/ﬁ ,Tae N
— KOJINYECTBO PacCMaTPUBAEMBIX HCTOPHUH.

B pacuerHoil Moz€enH, BCe 37IEMEHTHI aKTUBHOM 30HBL
peaxTopa BBP-K 0pum cMomenipoBaHbI Kak reTeporeH-
Has cpena, 3a uckimodeHneM TBC, koTopas omrcaHa Kak
TOMOTICHHasl Cpeia U3 ypaH-aJIOMUHUH-BOJHOTO Mare-
puana. B pacuerax yuuTHIBANOCh BHITOpaHHE TOILIMBA,
¢axTnueckuit matepuanbueiii coctaB TBC (okono 200
M30TOIOB) M OTpaBieHue Oepmuius (HapaOoTka suep-
noryiotureneit). B pacuerax He y4MTBHIBaNOCH BIIMSIHUE
CTepKHEH KOMIIEHCAIllUM PEaKTHMBHOCTH HAa BBICOTHOE
pacnpeenenye II0THOCTH MOTOKa HeUTpoHoB. ITpu Mo-
JIeNMPOBaHUHU ObLIO paccMoTpeHo Gonee 10° mcTopuit
B3aMMOJICHCTBHS HEUTPOHOB co cpemoid. CraTmcTHdec-
Kasl MOTPEIIHOCTh PacdyeToB He npesbimana 3% [15].

PE3YJBTATBI U OBCYXJIEHUE

H3mepeHo pacnpeneneHre IIIOTHOCTH IOTOKA Tell-
JIOBBIX HEUTPOHOB II0 BBICOTE OOJIy4aTEeIBHOTO YCTPOM-
CTBa C UMUTATOPOM CIIUTKA KpeMHU:. B xayecTBe nmu-
Taropa KPEMHHUS HCIIOJBb30BAJICS YUCTBHIA aTFOMHHHMA.
VMuTaTop mpencTaBisyl cO0OH CIMTOK AHAMETPOM
152,4 mm u BeicoTO# 500 MM, C 5 CKBO3HBIMHU OTBEPCTH-
SIMU JUIS pa3MeEIleHHs] B HUX JIETEKTOPOB HEHTPOHHOTO
n3nyuenus. iMutarop nomemniancs B 00Jy4aTesibHOE yc-
TPOICTBO, KOTOPOE MPEACTABIISIIO COOOI aTIOMUHHEBYIO
TpyOy C 3aBapeHHBIM JHOM U JlaJiee 3arpyxajics B 00iy-
YaTeNbHbIH KaHall. DKCIIepUMEHTAIbHOE 3HaYSHNE HEeO -
HOPOJHOCTH HEHTPOHHOTO TMOJISI O BBICOTE CIIUTKA
(umuraTopa) cocraBuio 18% (cM. pucyHok 3), 4to 00y-
CJIaBIIMBAECT HEOOXOIMMOCTD pa3pabOTKH JOMOITHUTENb-
HBIX Mep Ul BEIPABHUBAHHMS MPOQUIIS HEHTPOHOB.

1,2
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T

AIEARARRAS LA ST

4

- 4— +—mm—

44—

0,5 1

MNOTHOCTL NOTOKA HEMTPOHOB (OTH.eA.)

0v4 T T T T T
-300 -200 -100 0 100 200 300

BobicoTa (Mm)

1 — aKCriepUMeHTanbHbIe aHHble, 663 KAAMUEBOTO 3KpaHa; 2 — pacyeTHble
[JaHHble, 683 KagMMEBOrO 3kpaHa; 3 — SKCNepUMEHTANbHbIE JaHHbIE, C
KafIMMEBLIM 3KPaHOM; 4 — pacyeTHble AaHHble, C KaAMMUEBLIM SKpPaHOM

Pucynox 3. Boicomnas nepagHomepHocms n10mMHOCHU
NnomoKa Hetimponog 8 001y4amenbHoM YCmpouicmeae

dopmupoBaHUe paBHOMEPHOTO NPOQUIIS IIIOTHOCTH
MOTOKA TEIJIOBBIX HEUTPOHOB OCYILECTBJIEHO C MpHUMe-
HEHHEM KaJIMHEBOTO 3KpaHa. DKCHEPUMEHTAIbHBIM ITy-
TeM OBUIH TOZ00paHbI MUPHHA KaIMHUEBBIX KOJIEI U pac-
CTOSIHUSI MEXly HUMU, 4TO [T03BOJIMJIO MUHUMHU3UPOBATh

BBICOTHYIO HEOTHOPOIHOCTH. [lomyueHHbIH poits Te-
IUIOBBIX HEHTPOHOB B 00JTy4aTeIbHOM YCTPOHCTBE C Ka/I-
MHUEBBIM JKPAaHOM MOKa3aH Ha pucyHke 3. Heognopon-
HOCTb HEUTPOHHOTO 1oJis MeHee 4%.

W3 pucyHka 3 Takke BUAHO, UTO IPUMEHEHHE KaMH-
€BOTO PKpaHa NMPHUBOAUT K CHUKECHUIO MHTEHCHUBHOCTH
MIOTOKA TEIJIOBBIX HEHTPOHOB B 00JIy4aTeIbHOM yCTPOU-
CTBE U COOTBETCTBEHHO K YBEJIIMUEHHIO BPEMEHH 00TyUe-
HUSI CITUTKA KPEMHUS ISl JOCTHKEHHS HE0OXOIUMOTO
YAENBHOTO 3JIEKTPHYECKOTO CONPOTHBICHUS. B Hamem
cllydqae, MaKCHMaJlbHOE CHI)KECHHE IUIOTHOCTH IOTOKa
HEUTPOHOB cocTaBuio 33%.

ITorpenrHoCcTh SKCEPUMEHTANBHBIX JaHHBIX, IPUBE-
JICHHBIX Ha pucyHke 3, He mpesbimaet 8%. Cnenyert ot-
METHTb, YTO COIJACOBaHME HKCIEPUMEHTAIBHBIX pe-
3y/lbTaTOB C PACYETHBIMU HAXOAUTCS B Npefenax u3Me-
PEHHOM HOrpeIIHOCTH. PacxoxaeHue Mexny SKclepu-
MEHTAJbHBIMH M PAcUETHBIMU pe3yibTaTaMM, IO Bceil
BUANMOCTH, CBSI3aHO C HETOYHOCTHIO PACUETHON MOJEIIH
00JTy9JaTeIbHOTO YCTPOHCTBA M MMEIOIIEHCSl OTPEITHO-
CTH sIIepHO-(PM3NIECKUX TaHHBIX, HCIIOIb3YEMbIX B pac-
qeTax.

[IpoBeneHHBIE 3KCIIEPUMEHTHI M OMBIT MPUMEHEHHS
KaJMHEBOTO 3KpaHa IOKa3aj, 4To KaIMHH B IIpolecce
o0JlydeHUs] HCTOIIaeTcsi (BBITOPAET), YTO BBI3BIBACT
CEephE3HYI0 03a00UEHHOCTh. [IpOBe/ieHHBIE OLIEHKH TI0-
kazanu, uto Cd'*® 6yser ncrommen Ha 2,3% B TeueHue 011-
HOTO rojia o0sryueHus Ha noyiHo# MomHoctH (6000 kBT)
mpu OOJydeHHH IUIOTHOCTBIO TIOTOKAa HEHTPOHOB
10?2 cm2c ! [15]. Koneuno ke, Takas OLIEHKA SBISETCS
KOHCEPBAaTHBHOMN U HE yUHTHIBAET IEPHOIBI OCTAHOBA pe-
aKTOpa MEXy 00JTydaTeNIbHBIMH KaMIIAaHUSMH U BBICOT-
HYI0 HEpaBHOMEPHOCTH IFIOTHOCTH TTOTOKAa HEHTPOHOB.
W3-3a Hanu4ust BBICOTHOTO T'PafieHTa INIOTHOCTH MOTO-
Ka HEHTPOHOB, MCTOIIEHHE KaJIMUSI 110 BBICOTE HEPABHO-
MEpHO M Ha IIEHTPAJIBHBIX KOJBIAX UCTOIIEHNE KaaMHUS
BBIlIE, YeM Ha nepudepuiinbix. HepaBHOMEpHOE HCTO-
HmieHue Kagmusi Oyner BIUsTh Ha 3()()EeKTUBHOCTH dKpa-
Ha, 4TO TOBJIEUYET 3a c000il HepaBHOMEPHOCTB JIETHPOBA-
HHS CIIUTKOB KpeMHUs. Takoi 3 peKkT BO3MOKEH TOJIBKO
IpHU JUTUTETFHOM HCIIOIBb30BaHUH KaJIMUEBOTO SKpaHa B
WHTEHCHBHBIX HEHTPOHHBIX TOJISIX.

B pabore [3] moka3aHo, 9TO KagMui CKIOHEH K Ha-
TPEBaHUIO U JiehopMalH M3-3a MOTJIOIEHUS] OCHOBHOM
YacTH MOTOKA TEIUIOBBIX HeHTpoHOB. HarpeBanume xan-
Must OyJieT BHOCUTD CBOM BKJIA/l B TEMIIEPATYPHOE I10JIe
BOKpYT' CIMTKa KPEMHUs, MOITOMY IIOCIEe pa3paboTKH
KOHCTPYKIIMU OOJTy4aTeIhbHOTO YCTPOWCTBa Tpedyercs
MIPOBEACHUE TETIO(YU3NIECKIX PacueToB I OIpeerie-
HUSL HEOOXOJMMOCTH JOTIOJHUTEIBHBIX Mep M0 OXJIaXK-
neHnto kpeMuuA. Jledopmarust KaaMus 3aBUCHT OT TOJI-
IIMHBI MCIIOJIB3YEMOTO KaJMMS, HEHTPOHHOIO IOTOKA,
KOTOPOMY OH HOJBEpraercs, U OKpYyXaroleil cpeasl, B
KOTOpOW OH HaxomuTcsi. B cBs3u ¢ atuM, Tpedyercs uc-
M0JIb30BAHKE JONOTHUTENIBHBIX KOHCTPYKIMOHHBIX Ma-
TEPUAJIOB sl COXPAHEHHsI LIEJIOCTHOCTHU 3KpaHa.
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SITPOJIBIK PEAKTOPJIA KPEMHMIAIBI KOCHAJAYFAHIA KAIMUMIAIT
HENTPOH CIHIPETIH DKPAH PETIHJIE KOJIJIAHY EPEKIIEJIKTEPI

A.A. lllatimepaenos, H.K. Pomanosa, /I.C. Caiipan6aes, L11.X. I'uzatyaun
PMK «Aoponvik puzuka uncmumymury KP IM, Anmamot, Kazaxcman

S nponbIK peakTopIa HeUTPOH OpiciHiH IpaINeHTiHIH OOTYHI )KOHE KPEMHUH KYHMAaCHIHBIH KOJIEMiHE MCHIIIIKTI IIEKTPIIK
KapChUIBIKTBIH PYKCAT €TUI'eH TapallyblHa KOMBUIATHIH TaJlanTap CoyJIeJIeHAIPY KOHABIPFBICHIH Kacaydbl KaXeT eTell.
Byt acipece yiikeH KpeMHHI KyiiMagapbsiHa KaThICThl. KyiMaHbIH OUIKTIrT OONBIHIIIA HEWTPOH aFbIHBIHBIH IPATHCHTIH
TOMEHJIETY HYCKaJIapbIHbIH Oipi-CaylieNeH ipy KOHIBIPFBICHIHBIH KOHCTPYKIHMSCHIH/IA HEUTPOHIBI CIHIPETIH 3KpaHIap ibl
konpany. CCP-K peakropbiH/ia HEHTPOHIBI CIHIPETIH 9KpaH MaTepualibl peTiHlie TAOMFH M30TONTHIK KypaMbl 0ap KaJMHUi
KoJIIaHbUIaAbl. Makasana KaIMHUi KalKaHbl 0ap coyJeNeHIipy KOHIbIPFBICBIHBIH 3epPTTeY HoTHKeepi OepinreH. Kaamuit
9KpaHBIHBIH KPEMHHINI JONMHIKE apHaJIFaH COyJEeNICHIPY KOHIBIPFBICHIHBIH HEHTPOH/bI-(DU3UKAIIBIK CHIIATTaMaja-
pBIHA 9cepi KOPCETUITeH.

Tyiiin co30ep: HelUmpoHOLIK MPAHCMYMAYUATBIK KOCHAAAY, SOPOIbIK pPeakmop, Kaomuil, HeumpoH aebIHbIHbIY
Mbl2bI30bIbI, IPKENKINIK KOCnanap.
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OCOBEHHOCTH NPUMEHEHUS KAOMUS B KAYECTBE HEUTPOHHO-MOTIOLLAIOLLErO 9KPAHA
NPW NErTMPOBAHUU KPEMHUA B ANEPHOM PEAKTOPE

SPECIFIC FEATURES OF APPLICATION OF CADMIUM AS A NEUTRON-ABSORBING SCREEN
WHILE DOPING SILICON IN A NUCLEAR REACTOR

A.A. Shaimerdenov, N.K. Romanova, D.S. Sairanbayev, Sh.Kh. Gizatulin
RSE “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan

The gradient of the neutron field in a nuclear reactor and the requirements for the permissible spread of the specific
electrical resistance over the volume of the silicon ingot makes it necessary to develop an irradiation device. This is
especially true for large silicon ingots. One of the options for reducing the gradient of the neutron flux along the height
of the ingot is the use of neutron-absorbing screens in the design of the irradiation device. At the WWR-K reactor,
cadmium with a natural isotopic composition is used as a neutron-absorbing screen material. The paper presents the results
of a study of an irradiation device with a cadmium screen. The effect of a cadmium screen on the neutron-physical
characteristics of an irradiation device for silicon doping is shown.

Keywords: doping, nuclear reactor, cadmium, neutron flux, irregularity of doping.
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Ha Teppuropun [Inasckoro paanoaktuBHOTO maTHa Tynbckoit oomactu Poccun, o6pa3oBaBmierocss BCIEICTBHE aBapHU
Ha YepHoOsuibckoit ADC, B 2019 1. mpoBOIMIIH OLIEHKY paianliOHHOI 0€3011aCHOCTH BBIPAIIUBAHUS KOPHEIUIO0B MOP-
KOBH U CBEKJIbL. YCTaHOBJIEHO, 4TO cojepkanune =/Cs B MaXOTHBIX BBINIEIOYEHHBIX YEPHO3EMaX B 2,5—4,5 pasa IpeBbI-
1I1aeT JOMyCTUMBIN YPOBEHb INIOTHOCTH MOBEPXHOCTHOI'O PaJAMOAKTUBHOIO 3arps3HeHus no4s. OfHAKO CpeAHUe BeH-
YHHBI yIEJIbHOIM aKTHBHOCTH PaJIMOHYKJIHA B OBOIIAX HE MPEBHIIIAIOT 5 BK/KT, 4TO CylIECTBEHHO MEHBIIIE TOMyCTHMOTO
CaHUTAPHO-TUTMEHHYECKUMH HOPMaMH YPOBHs Hakormienus *3’Cs B oBolax, a MHAMBUAYyanbHas rojoBas dQQeKTHBHas
Jl03a Mpu ux noenanuu coctasmsietr MmeHee 0,01% oT gomycTUMOH JIsl HACEJIEHUS BEIMYUHBI O0TYUESHHSI OT TEXHOTEHHBIX
uctounukoB. Koapduuuents! Hakomnenus *¥'Cs B obuieii GuoMacce MOPKOBM U CBEKIIbI cocTasioT 2,0-1072 u 7,5:1072,
a B moegaeMbIX KopHemionax — 1,1-2,0-1072, uro xopomo cormacyercs ¢ oneHkoid MAIATD 10 HHTEHCHBHOCTH IIEpe-
xoa *3’Cs B IpOLYKIMIO OBOIIHBIX KOPHEIIOAOB U3 TIOYB CYTJIMHUCTOTO U TIMHUCTOTO COCTaBa.

Kniouesvie cnoea: Lesuii-137 (*'Cs), paduoaxmuenoe 3azpasmenue, 4epHobblIbCKas A6APUS, NPOOOEOTbCIECHHA

bezonacHocme.

BBEJEHUE

OBolM COCTAaBIAIOT BaXXHYIO 4acTh pallMOHA MUTa-
HUS 4eJIOBEeKa U PEKOMEHIYIOTCS AUETOJI0raMu U Hy TpH-
LHOJIOTaMHU K PEryIsIpHOMY HMOTPEOICHUIO JUIL MPeaoT-
BpalleHusl TakuxX OoJie3HEH IUBHIM3ALMH, KaK OXHpe-
Hue, nuabet 2-ro Tumna, runeptoHus u T.4. CormacHo pe-
KOMeHAalusaM BeceMupHOW opranu3anuu 3[paBooXpaHe-
Hus (2012), exenHEBHOE TOTpEOICHUE OBOMICH U PPYK-
TOB J10JKHO cocTaBisaTh oT 400 mgo 800 r [1]. Ilpu atom
CAaHWTapHO-TUTUCHHYECKHE TpeOOBaHUS K KadecTBY
OBOIIHOHM TPOXYKIMH 3a4acTyi0 0Oojee CTporue, 4eM B
OTHOIIICHHUH MTUIIEBOH MPOIYKINHU, KOTOpas MOITyJIaeTCs
npu nepepaboTKe APYTruX MPOJyKTOB paCTEHHEBO/ICTBA,
MTOCKOJIbKY MOTpeOIIeHHE OBOIIEH 3a4acTyI0 TPOUCXOIUT
[10CJIE MUHUMAJIbHOU MIPEIBAPUTEIILHON U KYJIMHAPHOU
00paboTKH, a TaKXKe B CBIPOM BHJIE.

B cnmcke npHOPUTETHBIX 3arpA3HSAIONINX BELIECTB,
coJiep)KaHre KOTOPBIX B OBOILAX U (GPYKTax HEOOXOIUMO
KOHTPOJHPOBATh, HAXOASTCS M PATHOAKTUBHBIC dJIEMEH-
Thl, B 4acTHOCTH, '¥'CS, KOTOPBIil SBISETCS OCHOBHBIM
103000pa3yIOIMM TEXHOTCHHBIM PAaTUOHYKIUIOM, TO-
JYYUBIITUM TII00AEHOE paccestHre B Onocdepe BCIeacT-
BUE UCIIBITAHUH SIEPHOTO OpYXKHs B aTMocdepe B 60-x
rr. XX croneTus, a TakXKe B pe3yJIbTaTe KPYIHBIX aBapuil
Ha 00BEKTax SAEPHOI 3HEepreTHKu. B wacTHOCTH, ITOCTE
4epHOOBUTECKOI aBapun 1986 1. Ha EBpomnelickoii Teppu-
Topun Poccnm ~2,9 MJIH ra 3eMenb CeNbCKOX03sHCTBEH-
HOTO Ha3HAuYeHMs OBLIO 3arpsA3HEHO PAAHOIe3WeM Ha
yposHe 6onee 37 kbx/M%, npuuem Gonee 1 MiH ra u3 HEX
— Ha ypoBHe cBble 185 kbx/M?, uto B 5 1 6onee pa3 npe-
BBIIIAJI0 HOPMATUBHYIO MPEAEIbHO JOMYCTHUMYIO MIOT-
HOCTh MOBEPXHOCTHOTO PaJAMOAKTUBHOTO 3arps3HEHUs
moyB [2]. Peabuimranust mOCTpagaBIINX CEIbCKOXO035H-
CTBEHHBIX yroJuii HOoTpeboBaIa NPUMEHEHHsI OpTraHn3a-

OHOHHO-TEXHUYECKUX KOHTPMEp, OTHON W3 Hamboiee
JEeHCTBEHHBIX CpeIu KOTOPBIX OKa3ajJoCh HCIONb30Ba-
HHUE «0e30MacHBIX» KyJIbTyp-AHUCKPUMHUHATOPOB C HU3-
KOl MHTEHCHBHOCTBIO KOpHEBoro norpebnenns ¥'Cs u3
mouBsl [3, 4]. IloaGop Mog0OHBIX KyIbTYp IS BEIPAIIIH-
BaHMS HA PaJHMOAKTUBHO 3arpsi3HEHHBIX MAaXOTHBIX I10Y-
BAaX MOKET CHM3UTh MHTEHCHBHOCTH Iepexoza 3’Cs B
Onomaccy pacTeHHi, 1o pa3HBIM OIeHKaM, oT 12—-61%
[5] mo 5-50 pa3 [3, 6] B 3aBUCUMOCTH OT (IIIOTCHETHYE-
CKUX 0COOCHHOCTEH KYIBTYP.

[Ipu BRIpaniBaHAN Ha MOCT-YEPHOOBUTECKUX 3EMIITX
OBOIIIHBIX KOPHEIUIOIOB JOCTATOYHO HETPOCTO IPOTHO-
3UpOBaTh BEJIMUYMHBI yIeIbHOIM akTuHOCTH ¥ CS B npo-
JOYKUMH pPacTeHHEBOJCTBA. XOTS B PYKOBOJCTBE
MAT'ATO no mapamerpaM mnepexojia paJuoOHyKINAOB B
CEJIbCKOXO3sIICTBEHHBIE KYJIbTYpPhI 00J1acTell yMepeHHO-
ro KiuMara ko3¢ GuieHTs! HakorieHus (KH) paauorie-
3Ms1 AJ1s1 OOBEIMHEHHOM IPYIIbI KOPHETJIOA0B OL[CHEHBI
Ha ocHOBe ~8(0 ompoOOBaHWI, HO OHM HIMPOKO KOJIEO-
JIOTCS. B 3aBHCHMOCTH OT THIIA TTOYB U BUAA KYJIBTYPHI
(ot 1-1073 10 8,8:1071), n maske AN CXOAHBIX MO yCIIOBU-
SIM OMOJIOTUIECKOH JOCTYITHOCTH PaIHOHYKINIA TITHHH-
CTBIX MUHEPAIILHBIX II0YBAX BAPBUPYIOT B IIpeeiiaX Ma-
Tematuueckoro nopsyka (ot 5,0:107 no 6,0-1072) [7].
Bwmecre ¢ TeM, yka3aHO, 9TO OHH SIBJIAIOTCS JOCTATOYHO
aKTUBHBIMU TIOTpeOuTeasiMu ¥'CS B psjy IOHHKarO-
muxcst BeauduH KH: TMCTOBBIE OBOIIM > KIyOHEBbIE >
KOPHETUIOABI > 3epHO0000BBIE > KYKYypy3a > 3JIaKOBBIC
> MHOTOJIETHHE MAaCTOMIIHbIC TPABbI > HEJIUCTOBBIE OBO-
M. DTO aKTyaIH3upyeT Mpo0sieMy YCTaHOBJCHUS (ak-
THYecKMX 3HaueHui KH ¥'Cs B IpomyKIuy Kak OTeNb-
HBIX KYJIBTYpP OBOILIHBIX KOPHEIUIOJIOB, TaK U JJIs JAHHOH
TIPOM3BO/ICTBEHHOM I'PYIIIBI PACTEHHUH B LIEJIOM.
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OBBEKTHI U METO/bI UCCJEJOBAHUS

OleHKa MHTEHCHBHOCTH mepexoaa >’'Cs u3 nous B
OBOIIHBIE KOPHETLIO/IbI (MOPKOBB M CBEKITY) ITPOU3BOIN-
nack B 2019 rony B opeose [InmaBckoro painoakTHBHOTO
ISITHA — OJJHOTO M3 HamOoJyiee BBIPAXKEHHBIX PaiiOHOB
«BOCTOYHOTO CJie/1a» YePHOOBUIbCKUX BBINAICHHUHN B ITpe-
nenax yepHo3zemHol 30HbI (ITnaBckuii paiion Tymbckoit
obmactu). B 1986 roxy mioTHOCT IIOBEPXHOCTHOTO pa-
JIMOAKTHBHOTO 3arpsi3HEHUS MOYB JAHHOH TEPPUTOPUHU
BapbupoBana B npenenax 185-555 kbk/m? (pucyHox 1),
4yTO B 5—15 pa3 mpeBbIIANO AOMYCTUMBIN YpOBEHb 3a-
Ips3HEHHUs HazeMHbIX sKkocucTeM (=37 xkBx/M?) [8]. Toc-
JIe TIPOBEJICHUS TIIyOOKOH peadbnINTallMOHHOM BCIAIIKU
MOYB MAXOTHBIX yromuii [lnmaBckoro paauoakTUBHOTO
natHa B 1986-1987 rr. ¥’Cs noBceMecTHO NPOHHMK B
npoduitk 10 riyouHs! 30 CM U CPaBHUTEIHLHO OHOPOIHO
pacmpenenuics B mpeneiax nanHoi Tomamu [9]. B HacTo-
autee BpeMs 3anackl ©’CS B aXOTHOM/CTapONaxOTHOM
TOPU30HTE YEPHO3EMOB O0CIIEIOBAaHHBIX CEIbCKOXO3SH-
CTBEHHBIX yroiui IlmaBckoro paguoakTHBHOTO IIATHA
coctapnsor 130-220 kbx/m? [9], uto B 3,5-6,0 pas mpe-
BBIIIIAET HOPMY paJUalliOHHON 0€30IIacHOCTH.

g T

MOpPKOBb
°

0)

Pucynox 1. Mecmononodcenue 06beKkmos ucciedo8anus Ha
Kapmocxeme paduoaKmusHozo 3azpasnenus nove Eeponeii-
ckotl meppumopuu Poccuu nocie uepnobulibckoll asapuu
6 1986 2. [10] (a) u onopusix NIOWAOOK 8 ACPOYEHO3AX
KOpHeni0006 Ha meppumopuu I[11ascko2o paouoakmueHo2o
namua 6 2019 2. na kocmocnumxe Yandex (6)

[ponykumuto mopkoeu (Daucus carota L., copr
«Hopserusi») u cBekusl (Beta vulgaris L., copt «Bonan»)
O0TOMpaIM Ha ONOPHBIX IUIONIAJKAX, NMPHUYPOUECHHBIX K
LEeHTpanbHON yacTH [1naBcKoro paguoakTUBHOTO IATHA

1 PacIOI0KEHHBIX Ha PACCTOSIHAHU ~1 KM JIpyT OT ApyTa,
Ha mwiomanu 250 cm? B 3-KpaTHOi moBTOpHOCTH. st
CHIYKEHUSI BEPOSITHOCTH MPOCTPaHCTBEHHOH aBTOKOppe-
JISIIIMU TOYKU O0TOOpa pa3MeIaiuch B BU/IE TPEYTOJIbHHU-
Ka co CTOpOHOH okoyo 15 M Ha ruomanu 25%25 m. Ilo-
MHMO HENOCPEACTBEHHO YNMOTPEOSIEMBIX B MUILY KOP-
HEIJIO0B IIPOU3BOIMIICS TaKXKe 0TOOP HECheTOOHBIX Ya-
CTEH KyJIbTYp: TUCTHEB U cTeOIIei, OOKOBBIX KOPHEH pa3-
MepaMu >1 MM H TOHKHX KopHe# pazmepamu <1 mm. O0-
mjasi Macca IpoO OBOIIHBIX KyNbTyp coctaBisiia 10—
15 xr mis obecrieueHNs JOCTATOYHOCTH MAaCChl CYETHBIX
00pa3moB 1y1st Bcex (hpaximii OmomMacchl.

B HemocpeacTBeHHOH GJIM30CTH OT TOYEK yKOca Haj-
3eMHO¥ OMOMAcCHI U 0TOOpa Po0O MOI3eMHON OHOMACCHI
pacTeHui MpoMCXoAWI OTOOp NMPOO MaxXOTHBIX TOYB C
¢dukcanueld oobeMa o0pasla LMIMHIPUYECKHIM MeTajl-
JIMYECKUM MPOOOOTOOPHUKOM JMAMETPOM 8 CM /10 TiIy-
ounbl 30 cM.

IMocne TmarenbHONH OTMBIBKM HaJ3€MHBIX M — OCO-
OEHHO — OA3EMHBIX YacTeil GMoMacchl MOPKOBH U CBEK-
JIBI OT MEJIKO3€Ma MOYBbI UX IO/IBEPTaIN TPaIUINOHHON
IpoOOIIOArOTOBKE K raMMa-CHEKTPOMETPUIECKIM aHa-
mm3aM (cymka npu temmeparype 75-80 °C, mamensue-
Hue). I[IpoOs! MoYB BEICYIINBAIIN IPH KOMHATHOH TeMIIe-
parype, U3Mellbuald U NPOCEHBAIN Yepe3 CHTO C JHa-
METPOM sTueiiku 1 MM.

Benuuunbl yenbHoit aktueHocTH 27 Cs B cyxoii Mac-
CE PacTUTENBHOCTH U MOYBE ONPENeISUI B T€OMETPUH
poOBI «AEHTa» Ha MOIYPOBOJHUKOBOM Y-CIIEKTPOMET-
pe GR 3818 ¢ BeicokouncteiM (HPGe) nerexropom dup-
MBI «Canberray (CIIIA). AHaauTHYeCKas OIIMOKa H3Me-
peHuii He mpesbIana 2%.

O1eHKy cpeHel WHANBUIYAIBHON rooBoH 3¢ dek-
TUBHOM 03Bl JUIS B3POCJIOTO 4YEIOBEKA IPH IOETaHuU
KOPHETIJIOI0B MOPKOBHU M CBEKJIBI, BHIPAILICHHBIX Ha Tep-
puropuu [11aBCKOro pajinoaKTHBHOIO MSATHA, IPOBOAHU-
JIM, MCXOJSl U3 aHAJIMTHYECKU OINPEICNICHHBIX CPEIHUX
3HaueHuil ynensHoi aktusHocTH ¥'CS B KopHemnozgax,
OpPHEHTHUPOBOYHBIX HOPM MOTPeOIeHUs OBOIIEH U mepe-
BOJIHOTO JI030BOr0 KO3 duiineHTa, no Gopmyiie:

Deir = AC137 x | x Der x 1073 ),

rae Dett — nHIMBUAYasHas TogoBas G GeKTHBHAS 1032
(M3B/roxn); A% — cpenusas ynensHas akTuBHOCTD °/CS
B CBIPOiIl Macce KOPHEIUIOAOB (ITOCKONBKY MOTpeOIeHne
OBOIIIEH IIPOUCXOUT B 3TOH (popMe WITH ImocTie He3HAYH-
TENBHOM KyIWHApHOW 00pabOTKH, a TaKKe UMEHHO IS
HEC MPOM3BOIATCS OILCHKH TOMOBOTO IIOTPEOIICHHS);
| — pexomennoBanHas PocmoTpe6Ham30poM HOpMma pa-
[IMOHAJILHOTO TOTPEOICHUST HACEICHUEM MOPKOBU WIIH
CBEKJIbI WJIH CTaTHCTHYeckue nanHsie BO3 mo cooTBet-
CTBYIOIIIEMY NOTpeOJIeHHIO KOpHerogoB B EBpome
(xr/rox); Dcs — mepeBotHON O30BBIA KOAPQHUIUEHT IS
187Cs, pasumiii 1,3-107 38/BK, KOTOpBIH peKoMeHI0BaH
MexayHapoiHOW KOMHCCHEH MO PaguoNIornyeckoi 3a-
omre (ICRP). JloMHOXXeHHE UTOTOBOTO MPOM3BEACHUS
BeanurH Ha 1073 HeoOXomuMO 11 MepeBoia 3HAYEHUsS
3¢ PEeKTUBHOM 03bI, U3MEPEHHOH B 3B, B Pa3MEpHOCTb
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M3B, KOTOpast HCTIONB3YETCS ISl HOPMUPOBAHHUS JIOTYC-
THMBIX yPOBHEN BO3JEHCTBUS MOHU3UPYIOLIETO U3JTyye-
HHs HA HACEJICHHE.,

3nauenus KH ¥'Cs B o0uieil 6nomacce MOPKOBH U
CBEKJIBI M B UX KOPHEILIO/AX PACCUMTHIBAIIM 110 (OPMY-
e

KH =AY ¢ pacmenusx | A% g nouse  (2),

rae A1 _ cpennue 3HaYeHHs yAeNbHOU aKTHBHOCTH

187Cs B cyxoit macce pacTenuii u noussl (BK/Kr), cooT-
BETCTBEHHO.

PE3YJILTATHI U OBCYKIEHUE

OreHKa TeKyIIMX 3Ha4eHUil IIIOTHOCTH IIOBEPXHOCT-
HOTO DPAaJMOAKTUBHOTO 3arpsA3HCHMS MaxXOTHBIX [OYB
[TnaBcKOTrO PagMOaKTUBHOTO IIATHA B arpoLEHO3aX KOp-
HEIJIONOB IIOKa3aja, YTO CpeJHee COAEp’KaHWE B HUX
187Cs B 2,5-4,5 pasa npeBbllIaeT HOPMATUBHO JOIYCTH-
Melit yposenb 37 kBx/M? (Tabnuna 1).

Tabnuya 1. Cpednue eenuuunnvt yoenvhoti akmuernocnmu 3'Cs u
NIOMHOCHTb NOEEPXHOCHO20 PAOUOAKMUBHO20 3A2DSAZHEHUS.
6 NAXOMHBIX NOYGAX 6 AZPOYEHO3AX MOPKOGU U CEEKbL
Ha meppumopuu I11a6cko20 paouoaxmueHo20 namHua

YpenbHas akTMBHOCTb |  [INOTHOCTL NOBEPXHOCTHOTO
Arpougtos 137Cs, BK/Kr 3arpssHeHus 1¥Cs, kbk/m?
MOPKOBb 420 £ 31 168 + 22
cBekna 244 + 32 92 + 11

[Tpu 3TOM, HECMOTPSI Ha JTOJITOBPEMEHHO COXPaHSIIO-
mieecst paJHoOaKTUBHOE 3arps3HEHHE IaXOTHBIX MOYB
paiioHa KOHACHCAIIMOHHBIX YePHOOBIILCKUX BBITIAJCHUI
137Cs, HHTEHCHMBHOCTB €T0 NEPEX0/Ia B MIOEAAEMYIO YacTh
MOPKOBH M CBEKJIbI OTHOCHTEJIBHO HEBBICOKA (PUCYHOK
2). CpenHue BeIHYUHBI YICIbHON aKTHBHOCTH PaIHOHY-
KITU/Ia B KOPHEIUIOAaxX He mpeBbImatoT 5 Br/kr (a ¢ yue-
TOM JTOBEPHUTEIHHOTO HHTEPBaja BaphHPOBAHHUS TIOKa3a-
TeJNs He MPEBBIAIOT 5,4 BK/KT 17151 KOPHETUIOI0B MOPKO-
BU U 6,4 BK/KT A1 KOPHEIUIONOB CBEKJIBI), YTO CYIIECT-
BEHHO MEHbIIIE MPEAEIbHO JIOMYCTUMBIX CAHUTAPHO-TH-
I'MEHMYECKMMHU HOPMaMH YpoBHeii HakomieHus 'Cs B
OBOIIIAX, COMNIACHO TpeboBaHusM poccuickux (120 u
600 Bx/kr ay1s1 CBIPO# U CyX0it GHOMACChI COOTBETCTBEH-
Ho) [l1], eBpomeiickux H MHPOBBIX TpeOOBaHUII
DOAO/FOHECKO (1 000 Br/kr) [12-13].

Bwmecrte ¢ TeM, B IpyTuX opraHax KOPHEIUTIOIOB (pHK-
CHUPYIOTCS CYIIECTBEHHO O0JIee BEICOKUE 3HAUCHIS BEITU-
4yH yaensHoi aktuBHOCTH ¥7CS, yObIBAIOIIME B CIIEY-
IOIIEM psily MOCIIEI0BATEIILHOCTEH:

— MopkoBb — TOHKHE OOKOBBIE KOpHH (<1 MMm) >>
cTeOnH ¥ JIMCThS > OOKOBBIC KOpPHH (>1 MM) =~ KOpHe-
IO

— Cgekia — TOHKHE OOKOBBIe KOpHH (<1 mMm) >>
cTeOJIM W JINCThsI =~ OOKOBBIE KOpHU (=1 MM) > KOpHe-
IUTOJI.

TakuM 00pa3oM, TOHKHE COCYIIHEe KOPHU KOPHEILIO-
JIOB MOTYT pacCMaTpUBAThLCS KaK OMOJIOrHUecKuid 6aph-
ep Ha mytH nepexoza 3’Cs B 6momaccy oBoIIeli, a BeIu-
YHHBI yJIeIbHOW aKTHBHOCTH PAJIMOHYKJIN/IA B HUX B ~3—
5 pa3 Oombie, yeM B OoJiee KPYIHBIX OOKOBBIX KOPHSX,

u B ~5-11 pa3 Gompie, yem B KOpHemIoxax. [leperoc
HHKOPIIOPUPOBAHHOIO B KOpHEBYIo Maccy *3'Cs no cocy-
JlaM KCHJIEMBI B 3€JICHbIC HaJ3eMHbIC YaCTH MOPKOBH H
CBEKJIBI BBIPAXKEH TAK)Ke MOCTATOYHO HHTCHCHBHO, B
9TOW CBSI3M JIUCTBSI M CTEONH KyIbTYp SIBISIOTCS TOit
¢pakuueit putomaccsl, koTopas cocpenoraunBaet 49%
(cBexna) — 82% (MOPKOBB) 3aI1acoB pajMOHYKIHAA, Iie-
peLIeaAnIero U3 Mo4Bhl B PACTECHHSI.

B &r

Exdr

0)

Pucynox 2. Benuuunvi yoenvnoii akmuenocmu 3'Cs
60 (hpaxyusx abcorOmHo cyxol 6UOMACCbl MOPKOSU (@)
u ceexnwl (6), bx/ke

B nenom, kopaesoe norpedienue 3'Cs cexioii He-
CKOJIbKO 00Jiee BBIPAKEHO, YeM IJIsi MOPKOBH, XOTS U B
TOM, U B JPYTOM CJIydae KYJIbTYPbl OTHOCSTCS K BHIaM-
JTUCKpUMHUHaTOpaM (tabimma 2). 3Hauenus KH 187Cs, ko-
TOpBIC PACCUYHUTHIBAIOTCS KaK COOTHOIICHHE BEIMYUH
YIETbHOM aKTHBHOCTH 3JICMEHTAa B PACTHTEILHOCTH U B
mouBe, B 00IIeit OnoMacce CBEKIIEI B ~4, a B KOPHETIIO e
B ~2 pa3a 0oJbllle, YeM COOTBETCTBYIOIIHE oleHKH KH
JUTST MOPKOBH.

Ilonyuennble 3HaueHus KH nns uccieIOBaHHBIX
KYJBTYp XOPOIIIO COTTACYIOTCS ¢ 0000IIEHHON OIIEHKOI
MAT ATD no unteHcuBHOCTH nepexoga 3'Cs B mpoyk-
[MIO OBOIIHBIX KOPHEIUIOJOB M3 IOYB CYTJIMHHUCTOIO U
[JIMHKCTOTO cocTapa (B cpeanem 2,4-3,0-1072) [7], onna-
KO BHIIIIE, 4eM BenmuanHa KH 11 KOPHETIOI0B MOPKOBH,
0TOOpaHHBIX B OKPeCTHOCTIX CeMHITaIaTHHCKOTO UCTIBI-
TaTENIHHOTO MOJIUTOHA Ha y4acTke «OIMBITHOE TOJIEY, KO-
Topast Gba oneHena kak 6,7-107° [14].
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Tabruya 2. Cpeonue senuyunvl KO3QDuyueHmos HaKonieHus
137Cs 6 npodykyuu MopKoSU U CEEKbL, GLIPAUSUEACMBIX
Ha meppumopuu IInaecko2o paduoakxmusHozo namHa

IAEA (2010),
KynbTypa Opaxuma Hactonwee FMUHUCTbIE
tutomacch! nccnefoBaque nousk! [7]
000 obuwas duTtomacca 2,0-10-2 —
MOPKOBb
P xopHennoa 11102 51096102
ceeKa obuwas duTtomacca 7,5-102 —
BEKIT
KopHenmnog 2,0:10-2 5-10-3-6:102

Tem He MeHee, oueHHMBas TOMOBYIO 3((PEKTHBHYIO
JI03y 00JTy4eHUs! JUIs B3pOCIIOTo YesloBeKa, KOTopast Mo-
JKeT 00YCJIOBIMBaTLCA ToenanueM -'Cs-copepxkaiieit
MPOYKIIMK MOPKOBH M CBEKJIBI, BRIPALLICHHBIX HA TEpPHU-
Topuu [lnaBckoro paanoakTHBHOrO IsATHA (Tabiuna 3),
MOJKHO KOHCTaTHpPOBAaTh, YTO, OCHOBBIBASICH HA HOpMax
notpedienus: kopuermioaoB B Esporne [15], ona cocras-
nset meree 0,01% ot obmiei momycTuMOi 111 Hacee-
HUSI BEJIMYMHBI 00IyYeHHSI OT TEXHOTCHHBIX ICTOYHHUKOB
B 1 M3B B rox [16]. CoracHO peKOMEHAAMSIM HAIHO-
HaIIbHOM cIyx0b1 PocnioTpedHan3opa, 1011 MOPKOBH U,
0COOEHHO, CBEKJIBI B TOJI0OBOM PALIIOHE B3POCIIOTO YeJ0-
BeKa J0/DKHA ObITh B pasbl Beiie [17]. Ho u mpu stom
uHIUBHIyaneHas 3¢dexTuBHas rojosas no3za ooiyde-
Hus, co3aBaemast 3’ Cs Ipy NoelaHuy 3THX OBOIIEH, Oy-
JIeT cocTaBiATh He Oonee 0,1% oT JOmMyCTUMOro ypOBHS
00JTyyeHHs YeoBeKa OT TEXHOI'€HHBIX HCTOYHUKOB.

Tabauya 3. Oyenka uHOUBUOYATLHOU 2000601 3P HeKMuUsHOU

003b1 06yuenus (Deft) 0151 63pocnozo uenosexka npu noedanuu

MOPKOBU U CEEKTIbl, BbIPAUeHHbIX Ha meppumopuu ITiascko2o
PaouoakmusHo2o namua, m36/200/uen

Hopma Poccuiickue
notpe6nexus pekoMeHAaLmm
KyneTypa BO3, Dt no notpeénexuio, Dt
Kkriropa/yen Kkr/roa/yen
MOPKOBb 8,0 4,9-10~4 17 1,0-10-3
cBekna 0,7 4,410 18 1,1-10-3
3AKJIIOYEHUE

B nauane BTOporo nepuoja noiaypacnazaa *¥’Cs moc-
JIe 4epHOOBIIIBCKOW aBapHH MIOTHOCTh OBEPXHOCTHOTO
palMOaKTHBHOTO 3arpsi3HEHHs IaXOTHBIX YEePHO3EMOB
[TnaBcKOTO PagMOAKTUBHOTO TIATHA B HMCCIIEAOBAHHBIX
arpoueHo3ax KOpHEIuoAoB B 2,5-4,5 pa3a npeBbllIaeT
HOPMAaTHBHO JIONyCTHUMBIH ypoBeHs. [Ipu 3ToM mporec-
CBI KOPHEBOTO MOTPEOJICHUS paJIMOHYKINa KOPHETIO-
JlaM{ MOPKOBH M CBEKJIBI CYIIECTBEHHO JTMCKPUMHUHHPO-
BaHbI, YTO ONpEAEIIeT HU3KUE 3HAUCHHs KOdPHIIUCH-
ToB HakomneHus ¥’Cs B obmieii Guomacce KymbTyp, a
TaKKe HE3HAYUTEJIbHBIE BEJIMYHMHBI YICIbHOW aKTHBHO-
ctu ¥’Cs B moenaeMbIX 4acTaX, KOTOPHIE MOHOCTBIO
YAOBIETBOPSIOT TpeOOBAaHUSIM paIMAIlMOHHON Oe3omac-
HOCTH 4eJIOBEKa MO KPUTEPHUSIM TPeIelIbHO A0IYCTUMO-
rO ypOBHS HakoruleHus (B Bk/kr) n naanButyansHoH ro-
noBoii adexTrBHON 110361 (B M3B/roa/uen). Takum 00-
pa3oM, BBIpAIIMBAHUE KOPHEIIOAOB CBEKIIBI U MOPKOBH
Ha TeppuTopun I1naBckoro pajuoakTHBHOIO ISITHA BO3-

MOXXKHO 0e3 HapymieHHs TpeOOBaHHU paaHallOHHO-THU-
THEHHUYECKOH 0e30MacHOCTH  CeNbCKOXO3SHCTBEHHOI
TPOYKIIUH.

Hccneoosanue evinonneno npu puHancogou nooodep-

arcke POOU ¢ pamrax nayunoeo npoexma Ne 20-35-
90119.
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Protection. — 2021. — ICRP Publication 147, Ann. ICRP https://docs.cntd.ru/document/420374878 (data
50. obrashcheniya 15.10.2021).

IIBIFBIC YEPHOBBLIBI I3IHJEIT PECENIH KAPA ’KEP AMAKBIHJA OCIPLITEH COBI3
’KOHE KbI3bLJIIIIA OHIMJIEPIHIH PAJUALUSIIBIK KAYITICI3AITTH BAFAJIAY

D T.A. IMapamonoga, P O.JI. Komuccaposa, 2 H.B. Ky3bmenkosa, 3 JI.A. Typbikun, ) O.E. Jlenucosa

D Tonvipakmany paxynsmemi, 2 Xumus gpaxynomemi scane, d I'eozpagpus gpaxynomemi
Jlomonocoe amuwinoazel Mackey memnekemmik ynusepcumemi, Mackey, Peceii

1986 »xbuTBI YepHOOBUTH aTOM 3JIEKTP CTAHIMACHIHIAFHI alaT HOTIDKeciHae maiina 6onraH Peceiini Tyna oONBICHHBIH
[TnaBckoe paanoakTHBTI omarbl aymarbiHaa 2019 kbputbl eceTiH ¢o0i3 MEH KbI3BUIIAHBIH paJualusuIbIK Kayinci3airi
Oarananbl. Kasipri yakeITTa 3epTTENETiH sKepIEp/iH ericTiK ciTici3aeHren Kapa TonsipakTapbinia 3'Cs memmepi 90—
170 kBk/M? KypalTBIHBI aHBIKTANbI, OYJI TOMBIPAKTHIH OETKI PaJMOAKTHMBTI JIACTAHYBIHBIH PYKCAT ETUINEH THIFbI3/BIK
neHredinen 2,5-4,5 ece jxorapbl. JlereHMeH, co0i3 koHE KbI3bUILA JAaKbULAAPBIHIAFBl PaJHOHYKIUATIH YJIECTIK
Gencenainiri 5 Br/kr acmaiiapl, 6y kexenicrepne 2'Cs KMHaKTalTybIHBIH €H JKOFAapbl PYKCAT €TiITeH JeHreHiHeH
afTapibIKTail ToMeH (abcomoTTi Kyprak canMak yiriH 600 Bx/kr). Co0i3 MeH KhI3BUIINIAHBIH JKaIIbl OHOMaccachHIa
187Cs xumnaxrany kospdunuentrepi 2,0-1072 sxone 7,5-1072, an xeren TambipskeMicTinepae — 1,1-1072 xone 2,0-1072,
OYJT COMKECIHIIIE KAKCHI. Ca3/Ibl )KOHE Ca3/Ibl TOMBIPAKTAH OCIMJIIK TAMBIpIApbIH OHAIpy e >/Cs 0Ty KapKbIHBUIBIFBI YILiH
MAT ATD GaranaypIMeH KeJiciM.

Tyiiin co3dep: yesuii-137 (**'Cs), paduoaxmuemi nacmany, uepHobbinb anamvl, a3blK-MyniK Kayincisoiai.

RADIATION SAFETY ASSESSMENT OF CARROT AND BEET PRODUCTS CULTIVATED IN THE
BLACK EARTH ZONE OF RUSSIA IN THE OREOL OF THE EASTERN CHERNOBYL TRACE

D T.A. Paramonova, P O.L. Komissarova, 2 N.V. Kuzmenkova, ® L.A. Turykin, ¥ O.E. Denisova

1 Faculty of Soil Science, ? Faculty of Chemistry and ® Faculty of Geography
Lomonosov Moscow State University, Moscow, Russia

On the territory of the Plavsky radioactive hotspot of the Tula region of Russia, formed as a result of the accident at the
Chernobyl nuclear power plant in 1986, an assessment of the radiation safety of growing carrots and beets was carried
out in 2019. It has been established that at present the content of 3’Cs in arable leached chernozems of the surveyed lands
is 90-170 kBg/m?, which is 2.5-4.5 times higher than the permissible level of density of surface radioactive contamination
of soils. However, the specific activity of the radionuclide in carrot and beetroot crops does not exceed 5 Bg/kg, which is
significantly less than the maximum permissible level of *3’Cs accumulation in vegetables (600 Bg/kg for absolutely dry
weight). The accumulation coefficients of *3’Cs in the total biomass of carrots and beets are 2.0-1072 and 7.5-1072, and in
eaten root crops — 1.1-1072 and 2.0-1072, respectively, which is in good agreement with the IAEA estimate for the intensity
of the transition ¥’Cs in the production of vegetable roots from loamy and clayey soils.

Keywords: Cesium-137 (*¥Cs), radioactive contamination, Chernobyl accident, food safety.
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Kazakhstan’s nonproliferation initiatives are recognized worldwide. Kazakhstan is a party to almost all major nuclear
treaties, a key driver in the creation of a Central Asian nuclear-weapon-free zone, initiated the Universal Declaration on
Building a World Free of Nuclear Weapons, established a low-enriched uranium bank under the auspices of the IAEA in
Ust-Kamenogorsk to be used for peaceful purposes in the event of a disruption in the supply of fuel for nuclear power
plants.

While the foreign policy acts of Kazakhstan in non-proliferation are well known and internationally appreciated, the
transfer of Kazakh experience in the governance of the nuclear sector is lesser known asset. For example, the experience
of the Committee for Atomic and Energy Supervision and Control and KAZATOMPROM in uranium mining and
transport was shared with countries from the Southern African Development Community, under an EU project,
implemented by the International Science and Technology Center. This example reveals the great potential this themes

have for the further input of Kazakhstan in international development cooperation.
Keywords: Kazakhstan, foreign policy, nonproliferation, international cooperation, constructivism.

INTRODUCTION

In the greater part of mainstream International
Relations research, Foreign Policy Analysis (FPA) is
mainly carried out based on neorealist assumptions or
geopolitical explanations. Constructivism also manifests
itself in the field, albeit more rarely. In the search for a
possible constructivist analytical tool, Walter Carlsnaes
suggested scrutinizing the foreign policy act as the
building block of international relations. This method
implies analyzing the preparatory intentional phase of the
act, the identity pre-disposition of the actor, and the
reaction of the structure (the international system) that
reflects back onto the agency and influences it in turn [1].

In the same vein, Elisabetta Brighi and Christopher
Hill argued that foreign policy decisions are best
understood through the strategic-relational model [2].
This model traces the loops that connect and blur together
ends and means in foreign policy. It allows us to examine
Kazakhstan’s foreign policy through surveying priorities
and actions that mirror processes within the country.
It overcomes the apparent black-and-white dilemma
between interests-based and values-based policies,
highlighting the in-betweens and the mixed results from
foreign policy acts.

As far as the definition of national interests is
concerned, Alexander Wendt, the father of construc-
tivism, formulated a different viewpoint from that of
neorealist theory. He expanded and qualified the
assumption Kenneth Waltz made, that the only interest of
states is survival [3]. Instead, Wendt proved that national
interests include the four objective interests of survival,
autonomy / independence, economic well-being, and
collective self-esteem [4].

In the existing literature, constructivist approaches
have been applied to the analyses of Kazakhstan’s
foreign policy primarily with regard to initiatives

pertaining to “purely” external acts, with little attention
paid to the interlink with internal or internalized norms
and capacities. In terms of foreign policy promulgation,
Kazakhstan’s nonproliferation initiatives are well known
and recognized worldwide. It suffices to mention by way
of evidence the initiatives leading to the UN Universal
Declaration on Building a World Free of Nuclear
Weapons, or the UNGA declaration of 29 August as the
International Day against Nuclear Tests.

However, when it comes to Kazakhstan’s partici-
pation in scientific cooperation that can help improve
international relations and ease tensions in situations of
political strain, the record is less clear. Interms of
development cooperation, the transfer of Kazakh
experience in the governance of the nuclear sector is a
lesser-known asset.

The experience of the Committee for Atomic and
Energy Supervision and Control and of KAZATOM-
PROM in uranium mining and transport was shared with
countries from the Southern African Development
Community (SADC), under an EU-funded project,
implemented by the International Science and Techno-
logy Center (ISTC), namely Project MC 5.01 15B
Support to Southern African States in Nuclear Safety and
Security [5]. This example reveals the considerable
potential that nuclear governance has to substantiate the
input of Kazakhstan in international development
cooperation in general, and in the improvement of the
security—development nexus within it.

Given its considerable economic and demographic
potential, Kazakhstan is turning into an emerging middle
size power that seeks to become a significant factor in
international relations. Kazakhstan’s ambitions on the
international arena do not solely stem from its ideational
aspirations to be a ‘good’ member of global society and
increase its favorable image in the world, but also from
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an attempt to contribute to the establishment and
codification of standards for international behavior.
There exists a plethora of pragmatic reasons
underpinning specific foreign policy decisions as well,
related to the need for external investment and
technological innovations. Besides, it provides an inte-
resting perspective on the performance by Kazakhstan as
an emerging donor of official development aid.

Kazakhstan constitutes a typical example of an
emerging regional power. Kazakhstan’s non-prolifera-
tion policy can help define the impact of this type of
actors on the international system. The question is
whether they tend to be drivers for change towards multi-
polarity or could equally be a stabilizing factor due to
their preference for more normative elements in the IR
anarchical environment. Moreover, the study of the
Kazakhstan case proves that the natural inclination of
middle-size actors in favour of enhanced regionalism
does not preclude, but rather complements their evolution
towards becoming pillars of international community.

Seen from this angle, it would be worthy to analyze
aspects of the nuclear governance potential Kazakhstan
disposes with and how it may support its regional policies
and the intra-regional cooperation, in particular between
Africa and Central Asia.

ACCUMULATED NORMATIVE EXPERIENCE AND

EXPERTISE

In  Kazakhstan the contemporary regulatory
framework for atomic energy use and radiation safety
came into existence in a specific historical context related
to the break-up of the Soviet Union. Additional
specificity arises from the characteristics of the state
political system, particularly the preeminent role and
function of the presidency. One observation Thomas
Wright, a Brookings-based scholar, made about U.S.
foreign policy may equally apply to Kazakhstan, namely
that it is ‘defined by the character and the opinions of its
president’, not anybody else [6].

The regulatory framework of Kazakhstan has four
tiers: (1) Decrees by the President, promulgating Laws
adopted by Parliament; (2) Decisions (Decrees) of the
Council of Ministers; (3) Rules and Regulations defining
radiation safety issues, prescribing permissible levels of
radionuclides in the environment, etc., approved by the
relevant empowered State Agencies; (4) Standards,
Guidelines, and Standard Operational Procedures,
adopted by industry and other actors.

The relevant pieces of legislation include: Law No.
442-\ “On the use of atomic energy” dated 12 January
2016 [7]; Law No. 219 “On radiation safety of the
population” dated 23 April 1998 [8]; Law No. 202-V
“On permits and notifications” dated 16 May 2014 [9];
which replaced the Law “On licensing”; the Environ-
mental Code of the Republic of Kazakhstan No. 212
dated 9 January 2007 [10].

The legal basis in Kazakhstan reflects and responds
to national circumstances. It provides a lore of codified
experience on topics related to nuclear and radiation

safety and security; nuclear science, technology and
applications; efficiency of the IAEA safeguards,
verification and non-proliferation; and also encompasses
a range of topics from licensing through export control
and public awareness to training and certification of
personnel employed at nuclear power facilities.

The African context differs considerably from the
conditions and inherited legacies in Kazakhstan.
However, many African countries seek to develop or
improve regulatory frameworks and policies in their
pursuit of uranium production, nuclear energy and other
nuclear applications. Some Kazakh regulations of
peaceful use of atomic energy provide an adequate
example for benchmarks for them to follow.

For instance, in Kazakhstan the Law “On the use of
atomic energy” defines the basic rights of authorized
state bodies and officials. The Committee for Atomic and
Energy Supervision and Control (CAESC), the nuclear
regulator, is a department of the Ministry of Energy.
In South Africa the situation is similar. In most of the
Southern African countries, however, the regulator is
placed under the Ministry of Health as is the case in
Kenya and in Zambia, or the Ministry of Environment —
as in Malawi and in Eswatini. In the Seychelles, on the
other hand, the regulator is located in the Ministry of
Labor and Employment, to be institutionally equally dis-
tanced from proponents and critics of atomic energy use.

CAESC provides an example of an independent and
autonomous regulatory organ, regardless of its position
in the specific institutional organizational chart. It also
illustrates that the regulator should possess the necessary
organizational, financial, material and technical
resources and should have qualified personnel for the
safe operation and maintenance of a nuclear installation
throughout its entire life cycle.

In Kazakhstan the Law “On radiation safety of the
population” establishes radiation safety standards,
sanitary rules, hygienic standards, building codes and
rules, labor protection rules, methodological,
instructional, and other documents on radiation safety.
Inturn, the Law “On permissions and notifications”
regulates the introduction and implementation of a permit
or notification procedure for the implementation of
certain types of activities. It is noteworthy that the
legislative framework of the nuclear industry in
Kazakhstan continues to develop dynamically.
For instance, on 30 April 2020 the Senate adopted a draft
bill on civil liability which domesticates the 1997 Vienna
Convention, ratified by Kazakhstan, and protects
potential victims of damage resulting from a nuclear
incident. African countries similarly experience the
dynamics of emerging nuclear governance.

Another example is the Environmental Code, which
incorporates international experience in ensuring
environmental safety and production in Kazakhstan.
It pays special attention to the transboundary movement
of radioactive waste and materials, to the radiation
situation in settlements, to the radiation safety of building
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materials, mineral fertilizers, fuel, and energy raw
materials. In Africa, among the SADC Member States,
there is an acute need to ensure safe and secure trans-
portation of nuclear material within and out of the region.

In addition to the level of statuary legislative acts,
Kazakhstan has developed various normative and
technical regulations, such as: technical regulations on
nuclear and radiation safety [11], on the safety of nuclear
power plants [12], and on nuclear research installations
[13]; as well as sanitary standards and epidemiological
requirements for ensuring radiation safety [14], and
associated rules [15] and rules for radiation-hazardous
objects [16]. The secondary legislation also includes:
rules on the collection, storage, and disposal of
radioactive waste and spent nuclear fuel [17]; on
advanced training of personnel employed at nuclear
power facilities [18]; on the certification of personnel
[19]; and on qualification requirements for personnel
employed at nuclear power facilities [20].

The above mentioned vast and expanding database of
relevant documentation served as source of orientation
and guidance during the implementation of the project
Support to Southern African States in Nuclear Safety and
Security. Under the supervision of a team of Kazakh
experts led by Dr. Timur Zhantikin, Director of NPP,
African participants prepared nine country specific
reports on Eswatini, Madagascar, Malawi, Mozambique,
Namibia, Tanzania, Zambia, Zimbabwe, and South
Africa, respectively, thus covering more than half of the
SADC Member States. In all these case studies, with the
exception of the report on South Africa, the legislative
framework on nuclear governance is in an emerging
state, and the Kazakh experience was welcomed as a
valuable model and example for various normative
documents.

According to the Embassy of Kazakhstan in Pretoria,
accredited to all countries south of the Sahel, the nuclear
safety cooperation with African counterparts gave
substance to the bilateral relations with some states, with
which Kazakhstan has an otherwise insignificant trade
exchange, or practically no collaboration at all. Science
and technical cooperation boosted the entire complex of
bilateral relations, raising the international esteem and
trust towards Kazakhstan in individual countries and in
the region. The episode therefore illustrates how an act of
international cooperation, for which Kazakhstan has due
pre-disposition, brings back a positive reaction from the
system, and helps achieve part of the foreign policy
objectives, at least as perceived from constructivist point
of view.

DOMESTICATION OF INTERNATIONAL TREATIES

AND CONVENTIONS ON NUCLEAR SAFETY AND

SECURITY

In terms of the existing UN treaties relevant to nuclear
safety and security, the attention of Kazakhstan was
focused on the Treaty on the Non-proliferation of
Nuclear Weapons (NPT), the cornerstone of the global
nuclear order. Among the international commentators of

NPT, Kazakhstani experts included, there is a broadly
shared understanding that this order faces three possible
options [21]: preservation of “the same number of the
nuclear states and nuclear weapons [ in the hope ] that
nuclear weapons are not used by states or terrorists; a
process whereby “new states acquire nuclear weapons...
or existing states abandon arms control and revert to
Cold War postures”, or “infused with a new collective
sense of common danger and responsibility, it [the order]
could tramsition to “zero”, a world with few or no
nuclear weapons”. The latter option, constructivist in
nature, is the guideline for Kazakhstan. In practice the
first and the second option seem to be unfolding
simultaneously in recent years.

Within the NPT-specific topics, Kazakh diplomacy
has developed a sensitivity towards the so-called “Article
X problem”, through which states could avail themselves
of the right to peaceful use in order to develop secretly
nuclear military applications, and then retreat from NPT
with impunity (as done by the DPRK). Hence the
proposal of Kazakhstan to make withdrawal from the
NPT extremely difficult and costly, potentially through a
special Security Council resolution that would have
serious consequences for Treaty violators [22].

Kazakhstan’s participation in the UN Group of
Governmental Experts (GGE) on Nuclear Disarmament
Verification [23] illustrates motivating aspects of the
country’s attitude towards the NPT implementation, and
also some similarities with the approach of South Africa,
standing in GGE for the African group. The Kazakh
representative at GGE, Dr Erlan Batyrbekov, Director
General of the National Nuclear Center, made various
valuable contributions, including the proposal for
involvement of the scientific community in the
verification process. His supporting arguments referred
to the social factors of nuclear disarmament, and the need
to increase public trust in the monitoring process [24].

Kazakhstan signed and ratified practically all
international conventions related to nuclear safety and
security, introduced into the national legislation by the
following laws: Law No. 243-IV “On ratification of the
Convention on early notification of a nuclear accident”,
dated 3 February 2010 [25]; Law No. 244-1V “On
ratification of the Convention on assistance in the event
of a nuclear accident or radiological emergency ”, dated
3 February 2010 [26]; Law No. 416-1V “On ratification
of the amendment to the Convention on the physical
protection of nuclear material” (A/CPPNM), dated 19
March 2011 [27]; Law No. 245-1V “On ratification of
the Convention on nuclear safety”, dated 3 February
2010 [28]; Law No. 405-1V “On ratification of the
Vienna Convention on civil liability for nuclear damage
of 1997 ”, dated 10 February 2011 [29]; Law No. 246-1V
“On ratification of the joint Convention on the safety of
spent fuel management and the safety of radioactive
waste management”, dated 3 February 2010 [30]; and
Law No. 92-1I “On ratification of the Convention on
access to information, public participation in decision-

23



KAZAKHSTAN’S NUCLEAR GOVERNANCE AS A FOREIGN POLICY ASSET

making and access to justice in environmental matters”’
dated 23 October 2000 [31]. Out of these conventions
A/CPPNM has particular importance universally,
including for African states, being the only legally
binding international instrument.

ACQUIRED INSTITUTIONAL FRAMEWORK

In Kazakhstan, apart from CAESC, several other
government bodies have regulatory functions in the
nuclear field: the Committee of Environmental
Regulation and Control of the Ministry of Ecology,
Geology, and Natural Resources [32]; Committee of
Sanitary and Epidemiological Control of the Ministry of
Healthcare; national security services of the Ministry of
Internal Affairs (on security matters), Committee of
Industrial Safety of the Ministry for Emergency
Situations (on elimination of consequences of accidents);
Industrial Development and Industrial Safety Committee
and Transport Committee of the Ministry of Industry and
Infrastructural Development.

Being at the heart of the regulatory system, CAESC
has diverse competences in the conduct of national
policies and international cooperation in the nuclear field,
supervision and licensing of activities, elaboration of
technical regulations, physical protection, accountancy
and transport of nuclear materials, radiation sources and
waste, rules for advanced training and certification of
personnel, export control, etc.

Alongside with the attribution of functional
competences, the Kazakh system provides good example
for others to follow in the coordination and
synchronization of the performance of various
government agencies involved in nuclear control and
supervision. The resolution of the Government No. 769
“On the organization of state systems of accounting for
and control of nuclear material and ionizing radiation
sources”, dated 22 July 2005, provides the normative
framework for such coordination.

In terms of export control, Kazakhstan accepts and
implements national procedures and rules that are in line
with the international norms and practices. The country
is a member of the Nuclear Suppliers Group (since 2002),
the Zangger Committee (since 2008), as well as a
candidate for accession to the Wassenaar Agreement,
with strong credentials. It applies the EU List of Export
Control on Dual-use Material and Technologies.
To promote the latest achievements of the export control
system in industrial enterprises, Kazakh Internal Control
Programs are elaborated and adopted, serving also as
guidelines and teaching material [33].

THE INTERMEDIARY FRAMEWORKS FOR KNOW-

LEDGE TRANSFER AND EXPERIENCE SHARING

Kazakhstan disposes with various mechanisms thro-
ugh which it can make its expertise in nuclear governance
internationally known. The International Science and
Technology Center (ISTC), headquartered in Nur-Sultan,
is one of them. The Center has executed numerous
projects, including in institution building, training,

education and scientific research. Since 1995, ISTC has
funded 67 projects of the National Nuclear Center worth
a total of $25 million, based on project agreements and
individual experts’ assignments, approved by the
government of Kazakhstan. Since 2016, ISTC has
expanded the scope of its activities to cover African
countries, and implements nuclear safety projects on the
continent, making use of the available Kazakh expertise.

Kazakhstan disposes with state of the art
internationally renowned technical support organization,
the Nuclear Technology Safety Center (NTSC).
It supports CAESC in relevant areas, such as: modelling
and risk assessment, waste disposal, reactor engineering
and NPP, nuclear safety and safeguarding, radioactive
materials handling, internal compliance program for
industry producing dual use materials and technologies.
The Center cooperates with international partners in the
field of nuclear and fusion energy, reactor physics and
radiation material science, radioecology, new conversion
and nuclear technologies, nonproliferation, including
information and personnel exchange.

Under the EU-funded ISTC-implemented Project
Support to Southern African States in Nuclear Safety and
Safeguards, NTSC prepared working visit for
representatives of sixteen African countries with the
purpose of acquainting them with the experience of
Kazakhstan in ensuring safety in the process of mining,
milling and transport of uranium ores. An overview of
the program provides a wide picture of the multifarious
knowledge and practical experience Kazakhstan may
offer to international counterparts. In Nur-Sultan the
working visit comprised meetings at CAESC - on nuclear
sector regulation and governance, and at the Nuclear
Society of Kazakhstan — on awareness raising and
demystifying of nuclear.

In Stepnogorsk, the Kazatomprom Joint Venture
Sulfuric Acid Plant stood ready to share achievements in
the “yellow cake” uranium production cycle, the
underground leaching method, the safe and efficient
transportation of uranium oxide, etc.

In Oskemen, the Ulba Metallurgical Plant would
show its industrial safety and security system, and the
unique IAEA Bank of Low Enriched Uranium,
guaranteeing access to nuclear fuel for states that have
renounced weapons-grade uranium enrichment.

In Taukent, the working visit would take participants
to the Taukent Mining and Chemical Enterprise to
witness safety measures in uranium mining.

In Almaty, they would visit various installations at the
Institute of Nuclear Physics: a WWR-K research nuclear
reactor, a U-150M isochronous cyclotron, a UKP-2-1
electrostatic accelerator, and an ELV-4 industrial
electron accelerator. In turn, the Almaty Institute of
Oncology and Radiology would demonstrate to the
visitors safety and security systems at facilities using
category 1 and 2 radioactive sources.

The Nuclear Society of Kazakhstan (NSK), the
consolidated organizations of nuclear science and
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industry in Kazakhstan, was designed to enhance public
awareness in the field of use of peaceful nuclear power
and various nuclear applications, and it has fulfilled its
mission very successfully thus far. In the context of
contacts with African counterparts, during the 2017
EXPO, it hosted a visit of officials from eleven African
countries that were impressed by the NSK activities
geared towards the younger generations, and, in
particular, by the Information Center “Energy of the
Future”. The objectives of the Center are very pertinent
for many African countries that seek to enhance their
science and technical education, improve the
dissemination of basic knowledge about the nuclear
industry, and ensure the transfer of knowledge and
experience among communities of practitioners.
Moreover, the NSK Youth section established contacts
with the African Young Generation in Nuclear, a non-
profit organization committed to ensuring the youth
engagement and support within the nuclear industry.

As mentioned above, Kazakhstan established a low-
enriched uranium bank under the auspices of the IAEA
in Ust-Kamenogorsk to be used for peaceful purposes in
the event of a disruption in the supply of fuel for nuclear
power plants. This unique storage facility is of interest to
potential buyers of nuclear fuel.

Another major facility is the Nuclear Security
Training Center, under the Institute of Nuclear Physics, a
first-class training facility with programs in physical
protection, accounting and control, reduction of illegal
traffic of nuclear materials, radiation safety and radiation
control, and information security. The Center is a leading
member of the IAEA International Network for Nuclear
Security Training and Support.

At the Institute of Nuclear Physics in Astana, the
Accelerator Complex DC-60 is also a convenient site for
radiological security trainings. In 2017, it hosted the
Regional Radiological Emergency Response Exercise
“SUNKAR” to which several East and Central Africa
(ECA) countries — Kenya, Burundi, the Democratic
Republic of Congo, Ethiopia, Ghana, Malawi, Namibia,
Rwanda, Tanzania, the Seychelles, Uganda and Zambia
— sent observers. The exercise consisted of two parts: a
hybrid Table-Top Exercise (TTX) that included
simulation, on a compressed time scale, of a radiological
incident with radioactive source and, going beyond a
traditional TTX, Practical Demonstration of emergency
response radiation measuring and identification
techniques and on-site emergency response actions.

Another training site in Kazakhstan of interest to
African counterparts is the Anti-Crisis Training Center in
Ust-Kamenogorsk, a state-of-the-art facility equipped
with shooting and automobile training systems, and
transport simulators. The Center was set up under the
joint Global Nuclear Security Program.

The Center for Emergency Situations and Disaster
Risk Reduction (CESDRR) for Central Asia is additional
institutional sediment from international cooperation in
the region. The Center is a permanent intergovernmental

body, an international organization established to ensure
effective mechanisms to decrease the risk of
emergencies, to mitigate the consequences, to organize a
joint response through agreed measures of the Parties and
to stimulate regional and international cooperation.
African countries face similar challenge to interact in
disaster risk reduction, prevention and elimination of
emergency situations. They may benefit from the
experience of Central Asian states to coordinate mutual
efforts and strengthen preparedness for effective and
timely response to emergencies, including the spread of
dangerous radiation.

REGIONAL APPROACHES

Like other emerging regional powers, Kazakhstan has
a natural inclination in favor of enhanced regionalism.
This does not preclude, but rather complements its
aspirations after an intermediary place, in-between the
great powers and the small states on the international
arena. Moreover, emerging regional powers show a
tendency to link various adjacent regions of the world
and contribute to the formation of a comprehensive
international system. Some facets of Kazakhstan’s non-
proliferation policy acts follow such trajectory.

In Central Asia, integrational tendencies have
appeared periodically on the regional arena, mainly due
to external incentives and pressure. Kazakhstan worked
consistently to construe the Central Asia Nuclear
Weapons Free Zone (CANWFZ), thus introducing a new
dimension to the regional cooperation. However, nuclear
security and safety remain relatively low on the scale of
shared priorities. Multilateral regional projects in that
field are mostly proposed and funded by external actors.
An example in that regard is the EU-sponsored Strategic
Master Plan for Environmental Remediation of Uranium
Legacy Sites in Central Asia.

In a sense, Kazakhstan uses the regional platform as
a springboard to increase its involvement in the United
Nations, as illustrated by its non-permanent membership
in the UN Security Council in 2017-2018. The country
ran for the Security Council seat as the first ever
candidate from Central Asia, building on its positive
record in disarmament and non-proliferation and
opposition to arms race. The latter achievements can
hardly be attributed to Central Asia as a whole. They
belong to Kazakhstan itself.

Throughout Kazakhstan’s campaign at the United
Nations, nuclear security was a major topic among the
four central pillars on which the bid was based. The main
priorities of Kazakhstan’s membership in the Security
Council were laid down in special policy address to the
Security Council, entitled “Concept and vision for
sustaining global partnerships for a secure, just and
prosperous world” [34]. Kazakhstan’s prime goal was to
help ensure humankind’s survival through a world free of
nuclear weapons. Kazakhstan called on all Member
States, especially the Security Council’s permanent
members, to set a goal of ridding the world of nuclear
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weapons by the one hundredth anniversary of the United
Nations in 2045.

Nealy all elected members at the Security Council,
Kazakhstan included, feel they should mark their
presidencies of the Council with thematic debates to fulfil
campaign commitments and to provide platforms for
their leaders. In January 2018, Kazakhstan opted for the
theme of “Non-proliferation of weapons of mass
destruction: confidence-building measures”, two topics
that form the core of the country’s legacy and interests.
Conflict management and resolution also came under
scrutiny indirectly, in the sense that these processes
urgently need confidence and trust as a pre-requisite for
success.

Meanwhile, Kazakhstan participated actively in the
elaboration and adoption of the Treaty on the Prohibition
of Nuclear Weapons, which became the first legally
binding document in the history of nuclear disarmament
and signed it on 2 March 2018, the day of the anniversary
of its accession to the United Nations.

In terms of regional non-proliferation policy,
following the entry into force of CANFWZ on 21 March
2009, Kazakhstan needs to create a permanent mecha-
nism to the Treaty of Semipalatinsk in the form of a
Regional Consultative Process (RCP). The Semipala-
tinsk RCP is to be understood as one of the methods of
governance in the field of nuclear disarmament and non-
proliferation on a regional scale. A future Secretariat of
the Semipalatinsk RCP will boost the capacity of
CANWEFZ to interact with other nuclear weapons free
zones, Africa included, where the African Commission
on Nuclear Energy performs similar functions.

GLOBAL AND INTER-REGIONAL DIMENSIONS

The overall state of the international system provides
the context of the foreign policy behavior of individual
states, including Kazakhstan. While scholarly opinions
on the evolution of the IR system differ, at times
dramatically, it would be fair to say that the system
demonstrates a considerable degree of resilience.
Academic explanations of the resilience of the
international system include the observation that the
United States successfully steers its foreign policy course
from dominance to leadership. Jake Sullivan from the
Carnegie Endowment believes that “over the past
decade, the U.S. diplomacy has facilitated a shift from
formal, legal, top-down institutions to more practical,
functional, and regional approaches to managing
transnational issues —through “coalitions of the willing”’
... This shift...has also made the rule-based order less
rigid, and therefore more lasting.” [35]

A noteworthy example is the process of Nuclear
Security Summits that the US initiated to draw attention,
at the highest possible level, to the need to secure nuclear
material and thus prevent nuclear terrorism. Forty-seven
countries and three international organizations participa-
ted in the first summit. Kazakhstan was among the most
active and enthusiastic participants.

Kazakhstan also participates in the Global Partner-
ship (GP) Against the Spread of Weapons and Materials
of Mass Destruction. The country is actively engaged in
preparation of the gift basket initiatives. A telling
example is the Japanese initiative for a Transport Secu-
rity Gift Basket. The latter is realized through four
working groups chaired, respectively, by Japan (for road
transport), the UK (for maritime transport), Kazakhstan
(for railway transport), and the US (for air transport). Gift
basket diplomacy fundamentally is a collective action
agreed by smaller groups of participants that goes beyond
the lowest common denominator consensus that larger
groups often reach in large multilateral fora. In the frame-
work of the NSS and the Global Partnership, Kazakhstan
demonstrates that is capable of contribution to the deve-
lopment of the normative base of the international system
and the spread of best practices in its implementation.

Another example of leading position of Kazakhstan is
pertinent in the field of verification. Since 2019, the
Verification Research, Training and Information Centre
(VERTIC) has been undertaking a project, with funding
from the Norwegian government, in support of the
development and strengthening of practical and effective
nuclear disarmament verification measures for the
achievement and maintenance of a world without nuclear
weapons. The project aims to analyze the potential
involvement of Argentina, Brazil, Kazakhstan and South
Africa in nuclear disarmament verification activities.

The project investigates the feasibility of establishing
national or regional nodes/hubs for nuclear disarmament
verification in the Global South. It also seeks to initiate
the identification of possible lessons that may be
applicable for future nuclear disarmament initiatives
from the experiences of the South African case of
terminating and dismantling its nuclear explosive device
program in a verifiable and irreversible manner; of
Kazakhstan, in the decommissioning of nuclear test site
infrastructure; and of Argentina and Brazil, in the
verifiable disposal of weapons-usable fissile material.
The perception is that the national or regional nodes/hubs
— in Africa, Central Asia and Latin America — could
constructively engage with each other and share their
work to develop a cadre of verification experts and
appropriate approaches, policies and programmes.

While disarmament is primarily a political matter,
verification is a technical matter. Verification challenges
are a mix of political and technical aspects. Nuclear
disarmament verification research and innovation should
also be at both the technical and conceptual levels,
influenced by both technical and political considerations.
Kazakhstan is therefore very well positioned to prove in
action both its political will and technical expertise.

CONCLUSION

Kazakhstan, the country that voluntarily renounced
the world's fourth largest nuclear arsenal, strives to
remain a reliable partner of the international community
in matters of non-proliferation, disarmament and the
peaceful use of nuclear energy. The example set up by
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Kazakhstan provides support and inspiration to various
countries, African states included, regardless of their
political, economic, and military potential, to address
issues related to the renunciation of nuclear weapons and
the peaceful use of atomic energy.

The implementation of Kazakhstan's policy in the
field of non-proliferation, export control, use and control
of nuclear technologies within the framework of
international cooperation helps Kazakhstan to create an
effective and efficient nuclear security infrastructure and,
as a result, increase the effectiveness of the non-
proliferation and export control regime in the world.

As an emerging regional middle power, the country
has the vocation and capacity to act towards strengthe-
ning regionalism, but also towards dialogue and coopera-
tion between different regional and sub-regional associa-
tions. Kazakhstan, the country in the heart of Eurasia
with impressive initiatives in global non-proliferation,
exults intra muros of the UN and other relevant formats
not only its own voice, but that of an entire category of
international actors — the emerging middle powers.
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KA3AKCTAHHBIH, SI/IPOJIBIK CAJIAJJAFBI KbI3METIH PETTEY )KYHECI
CBIPTKBI CAACHU AKTUB CUAKTbI

K.C. Beauukos

Xanvikapanvik olivimu-mexnuxanvix opmansix, (XF10),
JLH. I'ymunee amwvinoazel Eypasus ynmmulx ynueepcumemi

KazakcranHbIH TapaTnay cajachlHAAFel OacTaManapsl skahaHABIK JeHrewne MoubIHAaNIbl. KazakcTan OapiiblK Aepiiik
HETI3T1 SAPOJIBIK IMapTTapAblH KaTBICYIIBICH], OpTanblK A3WSAarsl SIPONBIK KapylaH a3aT aiiMak KypyAarbl HeTisri
KO3FayIIbl Kyml Oousbll TaOBIIamel, SIApONBIK KapyAaH as3aT oJieM KYpy Typaibl >KaINBIFa OpPTaK JeKIapanusra
OacTaMambUIBIK JKacaabl, aTOM 3JEKTP CTaHIMSAJIApbl VINIH OTBHIH JKETKi3yAe ipkijic OoxraH Karnmaijga OeiOir
MakcarTap/a naiianany ymin Ockemenne MAI'ATD asceiHna TeMeH OalbITBUIFaH ypaH OaHKIH KYPJIbL.

27



KAZAKHSTAN’S NUCLEAR GOVERNANCE AS A FOREIGN POLICY ASSET

KaszakcTaHHBIH TapaTiay callaChIHAAFbl CBHIPTKBI CasCH iC-KMMBULIAPBI KAKCHl OCNTiI jKoHEe XalbIKapaiblK IeHrerme
OarayaHFaHBIMEH, SIPOJIBIK CEKTOPJIbI OacKapylarbl Ka3aKCTaHbIK TOKIpuOeHiH Oepinyl a3plpak OeNriiai akTUB OOJBII
TaOblIaa6I. MbIcaiibl, XanblKapaliblK FEUIBIMU-TEXHUKAIBIK OPTANIBIK XKy3ere acbipatbiH EO jxoback! menbepinge ATom
SHEPTHSCH CallaChIHIAFbl KaJaranay jkoHe Oakpuiay KOMHUTETI jkoHe KazaroMeHepKacin KOMITaHHMSCH! ypaHIbl OHIIpY
MeH TackiManaay canackiHga OHTycTik Adpuka namy KOFaMIacTBIFBIMEH ToXipuOe anMmacTbl. ATajqFaH MbIcall
KazakcTaHHBIH 1aMy cajlaChIHAAFbl XaJlbIKApajbIK BIHTHIMAKTACTBIKKA OaH 9pi yJiec KOCYBI YIIIH OCBI TaKbIPHINTHIH
YJIKEH QJICyeTiH KopceTe .

Tyiiin co3dep: Kazaxcman, colpmibl cascam, mapamnay, XanblKapanblk bIHMbIMAKMACMbIK, KOHCIPYKIMUGU3M.

CUCTEMA PET'YJIMPOBAHUSA JIEATEJIbHOCTHU KA3AXCTAHA B AIEPHOM OBJIACTH
KAK BHEITHETIOJIMTUYECKHA AKTUB

Beaunukos K.C.

Meosrcoynapoonuiii hayuno-mexnudeckuii yeump (MHTIL]),
Eepazuiickuit nayuonanvuoiii ynueepcumem um. JI.H. I'vmunesa

Nunnmatusel Kazaxcrana B 00JacTH HEpaclpOCTPAaHCHUS MPU3HAHBI Ha T00ambHOM ypoBHe. KasaxcraH sBisiercs
YY9aCTHHKOM IIOYTH BCEX OCHOBHBIX SIICPHBIX JOTOBOPOB, KIIFOYEBON MBIDKYINEH cHiioil B co3manuu LleHTpamsHO-
A3maTckoil 30HBI, CBOOOJHOI OT SIEPHOTO OPYXKHSA, WHUIMHPOBAT BceoOmryro Aekmapamiio 0 MOCTPOCHHU MUpa,
CcBOOOHOTO OT SAOCPHOTO OPYXHA, y4peAwa OaHK HHU3KooOorameHHOro ypana mox srumoii MAT'ATD B Vcrs-
KaMeHorOpCcKke Ui WCIONB30BAaHHSA B MHPHBIX IENIX B CIy4ae IepeOOeB IMOCTaBOK TOIUIMBA IS ATOMHBIX
3JIEKTPOCTAHLIUH.

B To BpeMs kak BHeIIHemonHuTHYeCKue neiicTBus KazaxcraHa B 00NacTH HEpacHpOCTPAaHEHHS XOPOIIO W3BECTHHI H
OIICHEHBI Ha MEXIYHApOJHOM YPOBHE, mepeaaya KazaxcTaHCKOro OmbITa B yNPaBICHUH SEPHBIM CEKTOPOM SIBIISIETCS
MEHee W3BECTHhIM akTHBOM. Hampumep, B pamkax mnpoekta EC, ocymecTtBiasiemoro MexayHapOIHBIM Hay4yHO-
TEXHUYECKHUM IIEHTPOM, OBLT IIPOBeIcH 00MeH onbIToM KoMuTeTa 1Mo Haa30py ¥ KOHTPOJIIO B 00JIACTH aTOMHOMN SHEPrUH
u komrnanud KASATOMITPOM B o6siacTu 1OOBIYH U TPAaHCTIOPTUPOBKH ypaHa ¢ CoobuiecTBoM pazutus FOra Adpuku.
JlaHHBI npuMep NoOKa3plBaeT OONBIION MOTEHIMAT ITOH TeMaTWKU A JanbHedmiero Bkiaga Kasaxcrana B
MEXITyHAPOJAHOE COTPYIHUYCCTBO B 00JIaCTH pa3BUTHS.

Knrwuesvie cnoea: Kaszaxcmawu, 6HewHss NOIUMUKA, HeEPACHPOCMPAHEHUE, MeNCOYHAPOOHOe COmPYOHUYeCmeo,
KOHCMPYKMUBUIM.
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SKCHEPUMEHTAJIBHBIE UCCJIEJOBAHUS 11O OTPABOTKE METOJA OIIPEJAEJIEHUA
KOJINYECTBA NTIPUMECHBIX I'A30B B SA/IEPHOM TOII/IUBE

D Butiok I'.A., 2 Butiok B.A., V) Bypum A.Jl., ¥ Keacunrasuna P.E., V) Bekmaram6erosa B.E.
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2 PI'll «Hayuonanoubstii adepusiii yenmp Pecnyéonuxu Kazaxcmany, Kypuamos, Kazaxcman

E-mail onsa konmaxmos: shmeleova@nnc.kz

CraTbsi TOCBSIIIICHA OICHKE KOJIMYECTBA NPHMECHBIX I'a30B B SIEPHOM TOIUIMBE B acIEKTE Pa3pyIIAOIIEro BKJIALA
BBIOpOCa Ta30B Ha oOmIee AaBICHHE BHYTPH aMIIyJBHOTO YCTPOWCTBA IPU MOJCIMPOBAHWU TSDKEIOW aBapHH C
IUIABJICHUEM aKTUBHOM 30HBI. B pabore mpencraBieHa MeTOIUKa pacyera, OCHOBAaHHAsi Ha M3MEPEHUH JABJICHUS U
TEMIIepaTyphl ra3a B 3aMKHYTOM 00beMe TB3JIa BO BpeMsI IUIaBJIeHHs TOIINBa. KOppeKkTHOCTH pa3paboTaHHOW METOANKU
MOJTBEPIK/ICHA Pe3yabTaTaMH IIPOBEJCHHBIX AKCIIEPUMEHTOB 110 TUIABJICHHUIO TOIUIMBA HAa MMITYyJbCHOM IpaduTOBOM
peakrope UI'P npu peanusanuu peryiupyeMoro HEMTpOHHOIO UMITYJIbCa.

Kniouesvie cnosa: umnynvcuviii epagumossiii peaxmop HUI'P, snympupeakmopHuiil SKCnepumenm, 5KCnepumMeHmanbHas
anpobayus, msadicenas asapus, OdeieHue, NPUMecHble 2a3bl, Nd6leHUe MONIUGA.

BBEJEHUE

C 1983 rona B peakrope UI'P mpoBoasTcs uccneno-
BaHMA MOJENBHBIX TBIOB 1 TBC 3HEpreTHUecKuxX peak-
TOPOB B aBapUIHBIX U IIEPEXOAHBIX PEKUMAX. Y CIIOBUSAM
HCCIIEIOBAaHNUHN OTAETIBHBIX SIBIICHHUH U IIPOLIECCOB COIPO-
BOKAAIOIINX Pa3pyIICHUE TEIUIOBBIACIAIONINX JJIEMCEH-
TOB, B HanOOJbIIIEH Mepe OTBEUAIOT aMITyJIbHBIC HCIIBI-
TaHUs BBUIY MX UCXOMHOM ImapaMeTpHUYHOCTH, T.€. BO3-
MOJKHOCTH HCCIIeIOBaHUS BIUSHUS Ha TepMOMEXaHHUe-
CKOE [TOBEICHHE TBAJIOB OTJCIBHBIX ()aKTOPOB HIIH IPYII-
bl (JaKTOPOB B IIMPOKOM AMana3oHe ucneitaHuid. Ot-
JIeJIbHBIE PEeXHUMBI aMITyJIbHBIX HUCTBITAHUH TOCTaTOYHO
PEATMCTUYIHO MOJICTMPYIOT aBapUHHBIC YCIOBHUS PabOThHI
SIEPHBIX YHEPTEeTHUYECKUX YCTAaHOBOK H, CIIEZI0OBATEIBHO,
MO3BOJISIIOT TOJIYYUTh MHTETPAIBHOE IMPEACTaBICHHE O
Macitabax cOOBITHH U SIBIICHUI B aKTUBHOW 30HE peak-
TOpA.

[Tpu hopMHUpOBaHUHE METOAMYECKOTO MOJX0Ja K UC-
IBITAaHUSIM M pa3paboTKe HKCHEPUMEHTANbHBIX YCT-
POWCTB 3HAYMTEIHHOE BHUMAaHHE yJeNseTcs BOIPOcaM
0€e301acHOCTH.

AMIyJIbHBIE HCTIBITAaHHUS XapaKTEPU3YIOTCS KPUTHYE-
CKHM ypPOBHEM Harpy3oK Ha TETIJIOBBIICNISIONINE 3JIeMEH-
THI, IPUBOJISIINE K pa3repMeTH3aluu 000JI04€eK TBIJIOB
WIN K TOJHOMY pa3pyLICHUIO BIUIOTH /IO IUIABICHUS H
ucrapeHus ToIuMBa. B ciydae peann3anny npeaenbHbIX
10 BEJINYMHE Harpy30K aMITyJIbHOE YCTPOIHCTBO IpU3Ba-
HO HOJTHOCTBIO JIOKAIM30BaTh BbIIEIUBIINECS IPOYKThI
JieneHnst 1 pparMeHTHhl 3JIEMEHTOB KOHCTPYKIMH pa3py-
IIEHHOTO TBAJIA.

Takum o0Opa3om, oreHKa O€30MIaCHOCTH MPOBEACHUS
aMIYJIbHBIX HCIBITAaHUI 3aKII0YaeTCs B OLEHKE YCTOM-
YHBOCTH aMITyJIbHOTO yCTPOICTBA K BO3JIEHCTBHIO pa3-
pymaromux ¢axropoB. K uncny paspymaromux pakTo-
POB, BO3IEHCTBUE KOTOPBIX Ha aMIyJbHOE YCTPONCTBO
OLIGHUBAETCA NpPU MOATOTOBKE aMITyJIbHBIX UCIBITAHHI,
OTHOCSTCSI:

— MEXaHMYECKHEe Harpy3Kd Ha CTEHKH aMITyJIbHOIO
YCTPOWCTBA, BbI3BAHHBIE MOBBIIIEHHEM MAABICHHUSA MpU

pa3orpese TEMIOHOCUTEIS, 3AOIHSIONIETO aMITyJbI;

— MEXaHHMYeCKHe Harpy3Kd Ha CTEHKH aMITyJIbHOTO
YCTPOWCTBA, BBI3BAHHBIE YIApPHBIMH BO3ACHCTBHIMH,
(hOpMHPYIONTMMHUCS TIPH OOIIMPHOM B3aUMOJCHCTBUH
pacmaBa MaTepHanoB KOHCTPYKIHHU TBAJIOB C TEMIOHO-
CHUTEIIEM;

— MeXaHMYeCKHe Harpy3Kd Ha CTEHKH aMITyJIbHOTO
YCTPOWCTBA, BBI3BAaHHBIE BBHIOPOCOM Ta30B, KOTOPHIMHU
3aI10JIHEH MOJEIIbHBIN TBIJL.

[Mocnennuit daxkrop 3a4acTyro HE YYUTHIBAJICS NPH
NpoBOAUMBIX ucnbiTaHusx Ha WUIP, T.k., BO-mepBhIX,
aHaJN3 YKa3aHHBIX MEXaHHYECKUX Harpy3oK Ha OCHOBE
psAa KOHCEPBAaTHBHBIX JOMYIICHUH MO3BOJSET ONpese-
JISITh MAKCUMAIIbHO BO3MOXKHBIE CTATUYECKHE JaBICHUS
U, KaK CIIEICTBHE, 3aBEIOMO yYBEIMUUBATh TOJIIHHY aM-
ITyJIBHOTO YCTPOWCTBA B LessiX Oe3omacHocTH. Bo-BTO-
PBIX, aMITYJIBHBIE YCTPOHWCTBA C 00IyYEHHBIM TOILUINBOM,
3KCIIEPUMEHTHI ¢ KOTOPBIMU IpoBoaunnck Ha UI'P, pas-
Menianu B cebe He 0osiee IByX TBAJIOB, CIEA0BATEIBHO,
BKJIaJ B oOIllee aBJIeHNE, BBI3BAHHBIN BRIOPOCOM T'a30B,
3aMOJIHAIOMINX TBAJI, ObUT MUHUMAaJIEH B CPaBHEHHH C OC-
TaJIbHBIMU MEXaHUYECKUMH Harpy3KaMH.

OpnHaxko, B cBA3M C TeM, uTo Ha peaktope UI'P nmposo-
JUTCSI Bce OOJIbIIE UCIIBITAHUH C OOJIBIIMM KOJINYECTBOM
MOJIENBHBIX TBAJIOB, COAEPKAIUX NOPsAKA 8 KT TOTLIUBA
(Takoe KOJMYECTBO PAa3MEIIACTCS B OrPAaHUYECHHOM aM-
IIyJIbHOM HPOCTPAHCTBE, a pa3Mepbl aMIlyJbHOTO yCT-
po¥icTBa OrpaHUYEHB! KOHCTPYKIMEH HEHTPAIBHOTO IKC-
nepuMeHTaIbHOTO Kanana — [{9K), u ¢ Tem, dro Tommu-
Ha CTEHOK aMITyJIbHOTO yCTPOMCTBA BIMAET HA KOJHMUeE-
CTBA «IIOJIE3HBIX)» HEHTPOHOB IS POBEICHUS SKCIIEpH-
MeHTa (CTajbHasg aMIlyjia CIIOCOOHA MOTNIOmAaTh OO0Jb-
moe KOJIMYEeCTBO HEHTPOHOB, a paborta peaxropa MI'P
OTpaHMYEHA TEMIEPaTypPHBIM 3(PPEeKTOM peaKkTHBHO-
CTH), TOSIBIISIETCSI HEOOXOJUMOCTh TOYHOTO OTpe/eIie-
HUSI BCEX BO3MOJKHBIX pa3pylIarolux (pakTopos, KOTO-
pble MOTYT BO3/I€HICTBOBaTh Ha aMITyJIbHOE YCTPOUCTBO,
C LEJIbI0 TOYHOT'O OTIpeJIeNICHNsI HEOOXOAMMON TOJIIHHBI
ero creHok. Tem Oosiee, YTO KOJIMUECTBO ra3os, COJEP-
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AKCMEPUMEHTANbHBLIE UCCNEAOBAHWA MO OTPABOTKE METOJA OMPEAENEHNA
KONUYECTBA NPUMECHbBIX rA30B B ANEPHOM TOMUBE

KAITIXCS TI0]] 000JIOYKON TBIJIOB y 0OJIYYEHHOTO TOILTH-
Ba, JIOCTATOYHO BEJIMKO, 1 MOKET BHECTH CYIIECTBEHHBIH
BKJIa]] B 00lllee AaBJIeHUE B aMITyJIbHOM YCTPOHCTBE MpH
MIPOBEJICHUH YKCIIEPUMEHTOB C Pa3pyIICHUEM TBAJIOB.

Takum o6pazoM, He0OX0IMMO OBLIO pa3paboTaTh U
9KCIIEPUMEHTAILHO aNpOOMPOBAaTh METOJUKY TOYHOTO
OTIpeIeTICHNUS] KOJIMYECTBA ra30B, HaXOJSIIIUXCS 110]] 000-
JIOYKOU TBAJIOB, TIONTOTOBJICHHBIX IJIsI TPOBEACHHMS IKC-
nepuMeHToB Ha UT'P.

1 OB30P METO/IMK ONPEJEJEHASI IAPAMETPOB

M COCTABA T'A3A I1OJ] OBOJIOUYKOM TBIJIA

CymectByet Meroauka «lccienoBanue BbIXo/a ra-
3000pa3HBIX MPOAYKTOB ACICHUS IO 00OIOYKY OIIBIT-
HBIX TBAJIOB C KOMITAKTHOM JBYOKHCBIO ypaHa) OIHCAH-
Has aBTOopamu [1]. Meronuka ocHOBaHa Ha HENpPEpPHIB-
HOM M3MEpPEHHH JaBICHUS B TBINIAX B IIPOIECCcE UX 00-
JIy4€HUs B UCCIe0BaTeNbcKOM peaktope CM-2. Ilocne
00y4eHus: TPOBOAUTCS 00paboTKa MOIYYCHHBIX pe-
3yJIbTAaTOB, ONpE/e/ICHHE TapaMeTpOB OOJIyYCHUs U Ta-
30BbIIeNeHIs. OOMydeHne TB3JI0B MIPOBOIUTCS B IeETie
HCCIIEI0BATEIbCKOIO pPEeakTopa, 3alOJHEHHON BOJIOM.
MopenbHblii TB3JI HAIIPSIMYIO COEAMHAETCS C U3MEPUTE-
JAMH gaBieHud. J{o moacoennHeHUs K MOAEIbHOMY TB3-
Ty U3MepuTeneil JaBieHus, B HeM U3Mepsercs: cBobo-
HBII 00BEM U IPOBOANTCS N3MEPEHHE CBOOOIHOTO 00B-
eMa U KaJTuOpOBKa M3MEPHUTEICH.

KomnmuecTBo raza onpenemnsercst At CHCTEMBI «TBIJI-
N3MEPUTENN JaBICHUSD) TI0 CPEAHEH TeMIepaType B TB3-
ne. JlaHHas TeMIiepaTypa OmpeesnseTcs B CICACTBHE Te-
IUTOTHJIPABINYECKOTO pacdera C y4YeTOM H3MEHEHHS
IUIOTHOCTH HEWTPOHHOTO MOTOKA MO Pajuycy TOILIUB-
HOM TabneTkn. OgHAKO, O0IIAs MOTPENTHOCTH ONpeIene-
HUS KOJIMYECTBA ra3a, BBIIIE/IIEro U3 TB3JIa B IpoIecce
ero oOiyueHus, siBisercss QyHKIHEeH MHOTHX MepeMeH-
HBIX. ABTOpBI [1] yTBEpKIAroT, 4TO OHA HE MPEBBINIACT
10%.

JlaHHBIH c110c00 SBIAETCS TOCTATOYHO TOYHBIM, OJI-
HaKo IpezyiaraeMasi KOHCTPYKIHUS U BBIBUTaeMbIe Tpe-
G0BaHUS K TEPMETHYHOCTH MOZAEIHHOTO TBJIA C T10JICOe-
JMHEHHBIMU K HEMY N3MEPHUTEISAMH JaBJICHUS JOBOJIHHO
cinoxHbl. K ToMy e naHHas METOJMKA HE YYUTHIBAET TO
KOJIMYECTBO I'a30B, KOTOPOE MOXKET ObITh 3aKJIIOYEHO B
MOpax TOIUIMBHBIX TaOJIETOK, MOSIBUBLIMXCS TaM B IIPO-
L[ecce ero 00IydIeHus.

CymectByeT MeToauKa «M3mMepeHne o0béMa u 1aB-
JICHUsI Ta3a B TB3JIE U CBOOOJHOro 00bEMa Ha YCTAHOBKE
JIa3epHOTO MPOKOJa B 3aUTHON Kamepe K-5», pa3zpabo-
tanHas u atrectoBanHas AO «HIl HUMAP» [2]. [lan-
Hasi METOZIMKa OCHOBaHAa Ha Macc-CIIEKTPOMETPHYECKOM
METO/I€ OTpe/IeNICHNs KOJIMYECTBEHHOTO ¥ Ka4eCTBEHHO-
IO COCTaBa rasa I1oJ 000J04YKaMu 00JydeHHBIX 1 HEe0O-
JIy4E€HHBIX TBIJIOB, a TAK)KE U3MEPEHUS JaBJICHUS U CBO-
6oxHOTO 0O0BEMa 1TOT 0007I0YKOH. Macc-crieKTpoMeTpu-
YEeCKHI METOJ OTPENENeHUs] COCTaBa, BBIACIHBILIETOCS
BO Bpemsi 00mydeHus: Ta3a, chopmupoBaH Ha dddeKkTe
JIeJIeHUs] HOHOB B TIONIEPEYHOM MarHUTHOM ToJie. B cBoio
ouepes HOHM3AINS YacTUI] pacCCMaTPUBAaEMOro Ta3a pe-
AIM30BBIBACTCS ITyTeM OOMOAapAMPOBKH MX 3JIEKTPOHA-

mu. Ha ycTaHOBKE € TB3JI0M B CIELUAIBHO 3alIUTHOMN Ka-
Mepe MPOMCXOAUT MPOKOJ TBIJIA JIyuyoM nazepa. U3 or-
BEPCTUS B IPOXKEHHON 000JI0UKe ra3, coaepKamuiicsa B
TBDJIC, BBIXOJUT B TEPMETUUHYIO CHCTEMY razocoopa u
HU3MEpEHUs. ABTOPHI YTBEPKAAIOT, UTO «IOBEPUTEIbHBIC
IpaHMIBl NOTPEIIHOCTH OIpeleIeHusl o0bemMa rasa co-
crapsior + (2,7-6,8) cm® npu ero o6veme B TBINE 29—
1150 cm®» [2].

JlaHHBIH CcIOCO0 ABIAETCS JOCTATOYHO TOYHBIM B Ka-
YeCTBE OIPE/IENICHISI COCTaBa T'a3a, BRIXOAIIETO U3 TB3-
7a B mporiecce ero obmydenus. Ho, kak u B mpensiaymei
METOJIMKE, HE YIUTHIBACT TO KOJIUIECTBO Ta30B, KOTOPOE
MOJKET OBITh 3aKJIFOUCHO B TIOPaxX TOTUTUBHBIX TAaOJICTOK.

CymectByeTr Meronuka «OmnpeneneHue napameTpoB
TBIJI0B peaktopa BH-600 HepazpymammuMu Metoaa-
MI» mpemiaraemas apropamu [3]. Metoanka ocHOBaHA
Ha TaMMa-CIEKTPOMETPUUECKUX H3MEPEHUSX aKTHUBHO-
CTH ¥ JUCJIOKAlXU ra3000pa3HbIX NPOJIYKTOB AEJICHUS B
TBJIe O€3 HapymeHHUs TrepMeTHIHOCTH obomouku. Hc-
CIIEZIOBAHUS IIPOBOISTCS B 3AIIUTHBIX KaMepax, a JiIs pe-
THCTPAalUU TaMMa-M3ITy4eHHUsI HCIOIB3YETCs MOIYIIPO-
BOJHUKOBBIH NETeKTOp. B KaxmoMm TBIJIE U3MEpseTcs
pacmpeneneHne pagrioHYKIHIOB KaK 110 BHICOTE TBIJIA,
Tak U B ra3ocOopHUKax. OTHOCHUTENbHAS ITOTPEITHOCTh
HM3MEpEeHU MpU onpeaesIeHUH aKTUBHOCTH H30TOIIOB CO-
crasiseT 3—6 %, a abCoIOTHAsI BEIMYMHA ITOTPEIIHOCTH
oxouo 10 %.

JlaHHBIH c1TOcO0 MPUMEHSIICS HEMOCPEACTBEHHO B 3a-
LIUTHBIX KaMepax npu peakrope bH-350 u HanpasieH, B
OCHOBHOM, Ha BBbIsIBIICHHE Je(EKTOB B TBIJIC M €r0 aK-
TUBHOCTH. JlaHHBIH crocol maet MH(pOpMAINio 0 HaIU-
YU B Ta30COOPHUKAX IIPOTYKTOB JENICHHS H OIIPEICIIICT
X Ka4eCTBCHHBIH COCTaB, HO HE JaeT WHPOPMALHUIO O
KOJIMYECTBE TA30B 101 000I0YKOH U NaBICHUN.

BonbpmmHCcTBO 3KCNIEPUMEHTOB ¢ MojaenbHbIMU TBC,
KOTOpBI€ BBINOJHSAOTCA Ha peakrope VI'P, npeanonara-
10T IUIaBJICHHUE SIAEPHOTO TOIIMBA C LENBI0 MMHTAIHH
TsDKeNoN aBapuu B TBAJaX M TBC sHepreTuueckux peak-
TopoB. COOTBETCTBEHHO, NPH IJIABJIEHUH TOIUIMBA KPO-
Me TeX ra3oB, KOTOPbI€ HaXOIATCA MO 000JI0YKON TBI-
JIOB, BBICBOOOXKIAIOTCS M T€, KOTOPbIE HAXOAATCS B IO-
pax TOIUIMBHEIX TabieToK. B HeoOIrydeHHOM TOIUIMBE
MIPUCYTCTBUE TPUMECHBIX Ta30B B TIOPax SAEPHOTO TOII-
JUBa 00YCIIOBIIEHO OCOOCHHOCTSIMH €TI0 IIPOU3BOJICTBA C
HCTIOJB30BaHUEM TEXHOJIOTHH XOJIOJHOTO MPECCOBAHUS
U CIICKaHHS TaOJICTOK U3 IMOPOIIKa THOKCHAA YpaHa, a B
OOJIy4eHHBIX — MPOAYKTAMH [ENICHHS TPH OOIydeHUH
SIEPHOTO TOTUIHBA.

Bce nmpeacraBieHHbIE BBIIIE METOIUKH, a TAKXKE Me-
TOJIMKA M3MEPEHUs COJepKaHUsI MPUMECHBIX Ta30B NPH
M3TOTOBJICHUH TOILIMBA, YCIOBUH PaCIUIaBICHHUS TOILIU-
Ba HE MPEIIOIAraoT U, KaK CICICTBHE, HE YIUTHIBAIOT
MTOJTHOE KOJIMYECTBO Ta3a 1MoJ1 000JI0YKOH U B TOTUTUBHBIX
tTabneTkax. B maHHOH cTaThe pacCMaTPHBAIOTCS PE3YIib-
TaThl YKCIEPUMEHTAIEHOW OTPAaOOTKU METOAUKH OIpe-
JIeJIeHUs] KOJIMYeCTBa MPUMECHBIX ra30B AJIs1 MPOrHO3U-
pOBaHUs HapaMeTpPOB HCIBITAaHUHA C IJIAaBJICHUEM MO-
JenbHbIX TBC, OCHOBaHHO! HAa MPUMEHEHUU YPaBHEHUS
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Knaneiipona-MeHeneeBa, ycTaHaBIMBAIOLIETO CBS3b
MEXIy 00hEMOM, JaBJICHHEM U a0COIFOTHOM TeMIIepaTy-
poil uaeanbHOTO Tra3a, HaXOAAIIErocs B 3aMKHYTOU Tep-
MeTHYHOM Kamcyie [4].

2 DJKCNEPUMEHTAJILHOE OBOPYJIOBAHHME
U MOCTAHOBKA 3KCIHHEPUMEHTOB

2.1 Peaxrop UI'P

TexHn4ecKHe XapaKTePUCTHKH UMITYJILCHOTO Tpadu-
toBoro peakropa (UI'P) (pucyHok 1) obecrieqnBaroT BO3-
MOJKHOCTh MOJICTUPOBAHHS TSDKEIBIX aBapHil B LIHPO-
KOM JINana3oHe OCHOBHBIX ONPEICIIIONINX BEJINYNH, Ta-
KX Kak (IIOEHC TEIIOBEIX  HEHTpOHOB (IO
3,7-10% w/cm?) u MakcUMaJIbHAs IIOTHOCTH IIOTOKA TEII-
JIOBBIX HeHTPoHOB (10 7-108 n/(cm?-¢)) [5].

OKcNepUMEeHTAIbHBIC HCCIEIOBAHUS U HCIIBITAHUS,
KOTOphIe NpoBoasaTcs Ha peakrope MI'P, npaktuuecku
BCerJla CBA3aHBI C MOTyYCHUEM 3KCIIEPUMEHTAIBHOM HH-
(dbopmarmu 0 OBICTPONPOTEKAIONINX (HU3UICCKUX U TEII-
JIOBBIX TIpOIEccax B SIIEPHBIX peakTopax, o paborocmo-
COOHOCTH OOBEKTOB HCIIBITAHWI B HOPMaJIbHBIX M aBa-
PHHHBIX YCIOBHUSIX KCIUTyaTaIlH, O TOBEACHUH TOIUINBA
1 KOHCTPYKIMOHHBIX MaTepHaIoB sl 000CHOBaHHMs Oe-
30T1aCHOCTH CHCTEM U 3JIEMEHTOB SIICPHBIX SHEpreTnye-
CKHX YCTaHOBOK [6].

OCHOBHBIMHU PEKHUMaMH PadOTHI peaKkTopa SBISIOTCS
HEPETYJIUPYEMBIil UMITYJIbCHBIN PEXUM — PEXKUM CaMo-
racsiuencs HEUTPOHHOU BCIIBIIIKY U PEryJIMpyeMBbIid pe-
xUM. [[1g ocymiecTBieHMS peXHMa caMoracsiueics

I ,ﬂn

Bepmuxanvnoii pazpes

BCIIBIIIKH PEAKTOPY cOO0IIaeTcsl peakKTUBHOCTD, IIPEBHI-
LIAI0IIas J0MII0 3ara3AbIBAlONINX HEHTPOHOB, BEINYMHA
KOTOpO# omperneinsier GpopMy, aMILIUTYLy U MOIYIHIUPHU-
HY BCIIBIIIKH; FallICHUE BCIIBIIIKH IPOUCXOIUT BCIIEACT-
BHC OTPUIIATEIILHOTO TEMIEPATYypPHOTO d(PQeKTa peak-
TUBHOCTHU. Perynupyemslii pekiuM OCYyLIECTBIISIETCS T1e-
peMelIeHHEM CTEp)KHEH PeryiInpoBaHusl, KOMIEHCHPY-
IOINX OTPUIATEIBHBIN TemrepaTrypHbid 3ddekt peak-
THUBHOCTH IO 3aJaHHOMY 3aKoHY. [Ipu moboM pexime
pabots!l HeliTporHEIH OTOK B TP MoxeT Ha mopsaku
NPEBBINIATh TOTOKH B YHEPIeTHYECKUX PEaKTOpax, YTo
obecriednBaeT BO3MOXKHOCTH INPOBEACHMS IHHAMHYEC-
KHX UCIIBITAHUH DJIEMEHTOB UX KOHCTPYKIHH B 9KCIIEPHU-
MEHTax.

2.2 JxkcmepuMeHTAJbHAs aMIyJja

OkcnepuMeHTaNbHast aMITyJia (pUCYHOK 2), IIpezcTa-
BIISIET cOO0 TepMETHYHBINA COCYA BBICOTOH 2930 MM, n3-
TOTOBJICHHBIH U3 HEPXKABEIOIIEH CTalN, B KOTOPBIH ycTa-
HOBJICHA TaHTAJIOBasl BCTaBKa. TOIUIMBHBIC TaOJETKU M3
JuoKkcuaa ypaHa oboramenuem 4,4% mno U-235 Ttuna
BB5P-1000 pa3zmenianucs BHyTPY TaHTAJIOBOI BCTABKH.
Jlis mpeaBapUTENhHOTO pa3orpeBa TOMIMBA HA HapyK-
HOW MOBEPXHOCTHU KaICyJbl pacroyarajics HarpeBaTelb
OMMYECKOT'0 THIIA.

AwMIyna ¢ TommBoM ycraHaBiauBanack B LIOK peax-
topa UI'P Tak, 9T00BI 0OECIeYnTs COBIIAJCHUE IICHTpa
TOIUIMBHOTO CTOJI0A C IIEHTPOM aKTHBHOM 30HBI PEaKTO-
pa UI'P.
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fopu30HmanbH0e ceyeHue

1 — KOXYyX; 2 — 3KpaH 60KoBOM; 3 — OTpaxaTerb; 4 — aKTUBHasH 30Ha; 5 — kaHamn MOHNU3ALMOHHOM Kamepbl;
6 — KaHan CTepXHs perynupoBaHus; 7 — BOKOBOW SKCMIEPUMEHTaNbHBI kaHan; 8 — LieHTpanbHbI KCTiepUMEHTanbHbI KaHan;
9 — kaHan uanyeckux nameHeHuit; 10 — kaHan TepMOSMEKTPUYECKOro NpeobpasoBanms; 11 — Gronornyeckas 3awuTa;
12 — Bak; 13 — nonocTb oxnaxaaroLLen Bofbl; 14 — nepekpbiTe BepxHee

Pucynox 1. Peakmop UI'P
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MD-10 Dr-40

1 - coeuHNTENbHARA TPYOKa (MMNYMbCHAS NMHKS); 2 — TaHTaNoBas BCTaBKa;
3 — TonnuBHbIE TAabneTk; 4 — ANEKTPUYECKUA HarpeBaTenb; 5 — cTanbHas
kancyna; 6 — Tennon3onALNs; 7 — MOHUTOP SHEProBblAeneHus; 8 — noByLuka
aBapuitHas; 9 — amnyna akcnepumeHTanbHoro yctpoicTsa; 10,11 — Toukm
KOHTPOIIS TemnepaTypbl

Pucynok 2. Cxema 3KcnepumeHmanisHo20 yCmpoucmed

CHavana OCYIIECTBISIICS NPEeABAPUTEIBHBIN pa3o-
I'PEB TOILIMBA U CTEHOK KarcyJsl. B npouecce pasorpesa
KallCyJibl ¢ TOINIMBOM OCYLIECTBIISIACH CYIIKA TOILUIUBA.
Jl1st 9TOM 1esIn POU3BOAMICS HArPEB TOILIUBA 10 TEM-
nepatypsl 673 K ¢ o1HOBpEMEHHBIM BaKyyMHPOBAaHHUEM
BHYTpPEHHEH I0JIOCTU KalcyJibl. Harpes Tomnnusa u xar-
CyJIbl OCYLIECTBJISUICS IIPYM MOIIHOCTH Harpesarels
~1 xBT1. YnpaBieHue mporeccoM pazorpeBa OCyIIecTB-
JIieTCs M0 U3MEPEHHBIM 3HAYCHUSAM TeMIIepaTyphl CTEH-

KH KaIcyJIsl Ha TpaHuIle ¢ TaHTajoM. [locie mocTimkeHus
Temneparypsl 673 K MOIIHOCT HarpeBaTessi CHUXKajlach
10 10+20 BT 1 Ha 3TOH MOIIIHOCTH Pa30TpeB MPOIOIDKaI-
Cs1 10 Havasa peakTOpPHOTO IIycKa (IpU MOCTOSHHOM KOH-
TpoJe TeMIepaTypsl, KOTopas MOAJepXkKHUBajlach Ha
yposae 670130 K).

ITocne mocTkeHUs 3aJaHHOM TeMIeparypsl U BbI-
JICP’)KKU TOIUIMBA B TEYCHUE TISITH MUHYT IIPU AaBJICHUH
0,01 MITIa (B 3T0 BpeMs M3 TOIUIMBA yJaJsiach Bllara
rasbl, COJCpIKaIUecs B IIOBEPXHOCTHOM CJIO€ TaOJIETOK)
MIPOU3BOIMIIOCH 3aIMIOJTHEHUE KAICyJIBI aprOHOM IO Tpe-
OyeMoro J1aBJICHHUS.

Ilocne 3aBepuieHus onepanuil pa3orpeBa U 3aJaHus
HAYaJbHOTO JaBJICHHS aproHa B KaIlCyJie MPOBOIMICS
HCCIIEI0BATENIbCKUM MyCK.

Juarpamma n3MeHEeHHsI MOIIHOCTH peakTopa 1 3Hep-
TOBBIZICTICHUS B TOIUTHBE, KOTOPOE TPeOOBAIOCH peasu-
30BaTh B TOIUIUBHBIX TabJeTKax, IS IBYX 3KCIIEPHUMEH-
TOB TIpUBEJIEHA HAa PUCYHKE 3.

[Ipu peanu3anyu MOUIHOCTH PEaKTOpa MPOUCXOJIUINI
pasorpes ToIUIMBa B ammyne. B mpouecce pasorpesa u
IUTaBIICHHUS TOIUIMBA MPUMECHBIE Ta3bl BEICBOOOKIAINCH
13 TOIUTMBHOM MaTpuIlel. ['a30Bas cpesa B aMITyIie paso-
TpeBaNack, 9TO MPUBOIUIO K POCTY JaBIICHUS B Ta30BOH
MTOJIOCTH KaIICyJIBL. JaBiieHue B Ta30BOM MOJIOCTH KaICy-
JBI SIBJSTIOCH OCHOBHBIM OMpEACSICMBIM MapaMeTPOM B
SKCIICPUMEHTE.

JU11 KOCBEHHOTO M3MEpEHMs BBIACICHUS YHEPTUU B
TOIIIMBE PSAAOM C KaICyloi B TpyOKe yCTaHaBIMBAJICS
MOHHUTOP SHEPrOBBIICICHHs, KaTMOPOBAHHBIH MO cozep-
sxanuio 23U,

Jatunku naBneHus ObLTH pa3MeIleHbl BHE aKTHBHOM
30HBI ¥ COEIMHEHBI C MOJIOCTHIO KaICYJbl UMITYJIBCHOM
TUHAEH, 00bEeM KOTOPOi, KaK U 00beM MOJIOCTeH JaTdH-
KOB JTaBJICHU, OBLI PHHAT BO BHUMaHHE IIPH OIIpeIeIIe-
HUU Pa3MEPOB FePMETHYHOHN KaIICYIIBL.

Jui1 m3MepeHus TeMIlepaTyphl CTCHKH KallCyibl H
TaHTAJIOBOI BCTAaBKU UCIIOJIb30BANCH TEPMOTIAPHL.
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Pucynox 3. [Juacpamma usmenenus MOWHOCMuU 8 peakmope u dHep2os8bloeneHUs @ MOnauge i 08yX IKCNEPUMEHINOE
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3  PE3VJIbTATHI OQKCIEPUMEHTOB

OnwuchIBaeMbIii METOJ] OLICHKH KOJIMYECTBa MPHMeEC-
HBIX T'a30B B TOIUIMBE OBLI NMPHMEHEH K pe3ysbTaram
JIBYX BHyTpHpEaKkTOpHBIX 3kcniepumenToB GP (Gas Pres-
sure), KOTOpbIe ObLTH pOBeneHbl Ha peakTope UI'P [7].

Pesynomamet sxcnepumenma GP-1

B skcniepumente GP-1 cpennee sHeprosolieeHIE B
TOIUTUBHBIX TabneTkax cocraBmio 1,87 x/x/r UO,, npu
9TOM HaYaJlbHOE TAaBJICHUHU aproHa B KaIlCyJie COCTABIIS-
mo 0,365 MIla npu HavadpHOH TeMmepaType KarlCyJibl
720 K.

Wzmepennsie B xone skxcnepumenta GP-1 temmepa-
Typa W JaBJICHHE B JKCIEPHMEHTAIILHOM YCTpOIicTBE
NIPE/ICTaBICHBI Ha PUCYHKaX 4 1 5.

B skcnepumente GP-1 TomnmmBo OpUTO paciiaBiieHO
YaCTHYHO U IIPU pacyeTe COAepKaHus IPUMECHBIX Ta30B
BO BHHMaHHE ITPUHUMAJIaCh Macca TOJIbKO pacIljiaBJIeH-
HOM 4acTH TOIUIMBHBIX Ta0JIETOK.

Bec TomnmBa, KOoTOpoe OBUIO PacIUIaBICHO B XOZE
9KCIIEpUMEHTa, OBbLI ONpeleieH MO pe3yibTaraM B3Be-
LIMBaHUK JI0 W TOCJIe MPOBEAEHHs 3KclepuMeHTa. Pe-
3yJbTaThl B3BEIINBAHMS (ParMEHTOB ABYX BEPXHHX Ta0-
JIETOK, OCTaBIIMXCS HEpaCIUIaBICHHBIMH, TOKa3alH, YTO
Macca pacIUIaBICHHOTO TOIUIMBA COCTABIISCT:

My + M2 — Mocmamor = mpacma@a

r7ie M; — Macca IepBOi TaONETKU 10 MPOBEACHMUS IKCIIe-
pHUMeEHTa, T; My — Macca BTOPOI TabJIETKH 10 IPOBeEIe-

1400 135
1300 + //,.\\\\\ 1 120
1200 \\\\ 1 105
“\\\</ 2 ]
1100 \ T 90
. 1000 \-.. 75
£ 900 \\““\ 160 &
-
g - .ljf:“‘ ] .
S 800 ] renchsmd 45 (S
2 ]
= 700 30
600 1 1s
500 - o . PRV PO PSR S )
20 25 30 35 40 45 50 55 60 65 70 75 80
Bpewms, ¢

1 — MOLYHOCTb (TOK MOHM3ALMOHHON KamMepbl) peakTopa; 2 —~TemnepaTypa CTanbHoi Kancynbl;
3 14 - TemnepaTypa TaHTa0BOM BCTaBKM

Pucynox 4. [lapamempuol sxcnepumenma GP-1
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1 — MOLLHOCTb (TOK MOHM3ALIMOHHOI KaMepbl) peakTopa; 2 — faBnexue (aaTuuk aasneHust MD-10);
3 — naenexve (natumk Aasnenus DT-40)

Pucynox 5. Hamenenue oaenenus 6 sxcnepumenme GP-1
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HUS DKCTIEPUMEHTA, T; Mocmamox — MACCA TOTIIMBA, OCTaB-
LIErocst HepacIUIaBIEHHBIM B X0/1€ 9KCIIEpUMEHTA B Iiep-
BOW M BTOPOHM TabNETKaX, I; Mpacniasa — MACCa TOILIMBA
pacIuUIaBUBILIETOCS B IEPBOM M BTOPOI TabJeTKax B X0/e
9KCIIEPUMEHTA, T.

Macca pacruiaBlieHHOT0 TOIUIMBa coctaBuia 4,79 r.

PaccuntanHOE KOJMYECTBO NMPUMECHBIX I'a30B, BbI-
HIeIAX U3 TOIUIMBA B 3Kcepumente GP-1, cocrasmser
~2,24-10"° Monb. ITpy 5TOM yJeabHOE ColepKaHHe MPK-
MECHBIX Ta30B B TOIUIMBE B pacueTe Ha 4,79 T pacmias-
JICHHOTO TOTUTHBA (TOJBKO [UIS JBYX BEPXHHUX TAOIIETOK)
He npesbimaet 0,47-107% mons/r UO,.

Pesynomamet sxcnepumenma GP-2

B skcnepumente GP-2 cpennee sHeproBolieeHIE B
TOIUIMBHBIX TabneTkax cocraBuio 3,26 k/x/r UO,, npu

9TOM HaYaJIbHOE JIaBJIICHUN aproHa B KaICyJie COCTaBIIA-
10 0,267 MIla npu HadanbHOM TeMmmepaType KarlCyJibl
685 K.

Uzmepennsie B xoze akcnepumenta GP-2 temmnepa-
Typa ¥ JaBJICHHE B OIKCIIEPUMEHTAIHLHOM YCTPOWCTBE
MIPE/ICTaBICHBI HA PUCYHKaX 6 1 7.

B mponecce sxcnepumenta GP-2 tomnuBo 6bu10 110-
JTHOCTBIO PACIUIaBJICHO. Macca pacIulaBI€HHOTO TOILIH-
Ba cocraBuia 35,89 r.

KonmuecTBO MpUMECHBIX Ta30B, BBIIEAIINX U3 TOM-
nuBa, cocTaBuio 3,99-107° Monk, 4To B pacueTe Ha Mac-
cy pacmiasieHHoro TorumBa (35,89 1) cocraBmio
1,1-:107% mons/r UO,. DTo 3HayeHue sBisieTcs Oojee
KOPPEKTHBIM, TaK Kak B akcniepumente GP-2 Obuto mo-
HOCTBIO PACIIaBIICHO BCE TOTLIMBO.
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1 — MOLLHOCTb (TOK MOHM3ALMOHHOI kamepbl) peakTopa; 2 ~TemnepaTypa CTanbHol Kancynbi;
3 14 - TemnepaTypa TaHTaN0BOM BCTaBKY
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1 — MOLLHOCTb (TOK MOHM3ALIMOHHO KaMephbl) peakTopa; 2 — faBnenue (aatunk aasnexns MD-10);
3 — naenexve (natumk Aasnenus DT-40)

Pucynox 7. Usmenenue oasnenus 6 sxcnepumenme GP-2
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BBIBObI

PesynbTathl HCClieOBaHMA, HATIPABICHHBIX HA OTPE-
JICJICHUE KOJMYECTBA MPUMECHBIX Ta30B B TOIUTMBHBIX
TaOJeTKaX W BIUSHUS MPUMECHBIX Ta30B HA BEIHYUHY
JTaBJICHUs, (POPMUPYIOIIETOCs B 3aMKHYTOM 00beMe MpU
IUTABJICHUU B HEM TOIUIMBA, MIOKA3aJIH, YTO:

— B ClydYae IUIaBJICHHUS SICPHOTO TOIUTHUBA B 3aMK-
HYTOM 00BEMe KOJIMYECTBO MPHUMECHOTO ra3a, BBIIIE.I-
IIIETO U3 TOIUIMBA B 3TOT O0OBEM, MOXKET OBITH OLIEHEHO,
€CJIM K ONMHMCAHUIO TIOBEACHUS Ta3a MPUMCHUTH ypaBHe-
HHE COCTOSHUS HICaThbHOTO ra3a;

— OCHOBHBIM YCJIOBHEM, KOTOPOE IOJKHO OBITH BBI-
MOJHCHO JJIsi TOJYYCHUS KOPPEKTHBIX PE3yJIbTaTOB
OIICHKH KOJIUYECTBA MPHUMECHBIX Ta30B, SBJISCTCS HUC-
MOJIb30BAHUE COBEPIICHHON CHCTEMBI MPSMBIX H3Mepe-
HU TeMIepaTyphl U TaBICHUS T'a3a;

— COfep)KaHKe IMPUMECHBIX I'a30B B TOILIMBE IO pPe-
3yJIbTaTaM MPOBEICHHBIX 00JydaTeIbHBIX IKCIICPHMEH-
TOB ompeneneHo Ha ypoHe 0,49...1,1 moms/r UO, ipu
IUTaBJICHUU JUOKCHIA ypaHa. [lorydeHHbIE JaHHBIE XO-
POIIIO COTJIACYIOTCSI C TPeOOBAHUSAMHE, PETIIaMEHTHPYIO-
OIMMHA MaKCHMAJBHOE COJIEpXKaHWE TPHMECHBIX Ta30B
IUTA TaOJIETOK U3 MTOPOIITKA TUOKCHAA YpaHa, KOTOPOE CO-
craBiseT 0,9 Monb/r UO; B TEXHUYECKUX YCIOBUSIX IS
poccuiickux nmpousBoauteneit, 2 mosb/r UO, — st mpo-
usBoauteneit CIIA, u 4-107 mons/r UO; ana npousso-
mureneit u3 [lseruu [8]. TlonyyeHHBIH B pe3ybTaTe uc-
MOJIb30BAHUS Pa3pabOTaHHONW METOAUKU OIPEICIICHHS
00beMa PUMECHBIX I'a30B B KEPAMUICCKOM TOTUIMBE JTH-
amasoH Jiy1s TorumBa tuna BBOP xopormo cornacyetcs ¢
TpeOOBAHUAMHE K TOIUIUBY POCCHICKOTO IMMPOU3BOJICTBA U
MOJITBEPKIACT KOPPEKTHOCTHh pa3pabOTaHHON MeTOoIu-
KH.

Bxutag oT mpUMecHBIX Ta30B B 00IIee JaBICHUE MIPH
IUTaBJICHUH HEOOIBIIOr0 00beMa TOIUINBA OyAeT MUHH-
MaJieH, ¥ POCT JaBJCHUs OYIET BbI3BaH MPOIIECCAMHU, HE
CBSI3aHHBIMH C BBIXOJIOM ITPUMECHBIX Ta30B. O1HAKO, Ba-
JKHO OTMETUTh, YTO NMPH MPOBEIACHUU BHYTPUPEAKTOP-
HBIX 3KCIIEPHUMEHTOB C IIABJIICHHEM OOJBIIOr0 00bemMa
CBEXETO, U, TeM OoJiee, 00yd€HHOTO TOTTMBA, BKJIAJI OT
MIPUMECHBIX Ta30B B 00IIee JaBJICHUE JTOJKEH OBITh y4-
TEH IPH IJIAHUPOBAaHUH U TIPOBEICHUH aHAJIN3a yCIOBUN
0€30MacHOTO MPOBEICHUS HCITBITAHUN.

PaspaboTaHHast 1 SKCIIEpUMEHTAIBHO anpoOupOBaH-
Hasl OpUTHHAJBbHAS METOIUKA OLECHKH KOJIHYECTBA TPH-
MECHBIX Ta30B B TOIUIMBE MOYKET OBITh YCIIEIIHO pealu-
30BaHa P YCIOBHUH HCITOIB30BAHUS PA3BUTON CHCTEMEI
H3MEPEHHUsT TEMIIEPaTyphl T'a3a W AaBICHHS, IPU ITOM
HauboOJIee BAKHOE 3HAYCHHE MMCIOT M3MEPCHUS TeMITe-
paTyphl MOKPHIBAIOIIETO ra3a, Tak KaKk TeMIleparypa rasa
B 00JIaCTH pa3MELICHHS TOIUIMBA MOYET OBITh MTPHHATA
paBHO#M TeMIIepaType CaMOro TOIUIMBA, KOTOPAsh MOXKET
OBITh JOBOJILHO TOYHO PACCYMTAHA 10 3HAYCHUSIM BBIJIE-
JIUBILIEHCS B HEM SHEPTHH.

Hannas paboma evinoanena 6 pAMKAX HAYYHO-
mexHuyeckou npozpammvl Ne BR09158470 «Pazeumue
amommnou suepeemuxu 6 Pecnyonuxe Kazaxcmany.
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SITPOJIBIK OTBIHIAFBI KOCIIAJIBIK T'A3IAPIBIH MOJIIIEPIH AHBIKTAY
9JIICIH OHJEY BOMBIHIIA DKCIEPUMEHTTIK 3EPTTEYJIEP

D Buriok I'.A., ? Butiok B.A., V) Bypum A1, Y Kencunrasuna P.E., ) Bekmaramoerosa B.E.

D KP ¥0 PMK «Amom snepzusacol uncmumymol» gunuanvt, Kypuamos, Kazaxcman
2 Kazakcman Pecnybnuxacvinoty ¥ammulx aoponvix opmanvizet PMK, Kypuamos, Kazaxcman

Makaa amIyJanblK KYpbUIFBIHBIH ilIiHIe OesiceH i alMaKThIH OaJIKybIMEH, aybIp anaTThl MOAENIBICY KEe3iHAE SAPOIIBIK
OTBIHAFbl KOCHANBIK ra3/apiblH KajlIbl KbICBIMFa 9CEp €Ty MOJILEpiHIH KOMFBII YJeci TYpFbICHIHAH OaraiayblHa
apHairaH. JKyMbICTa OTHIHIBI OAIKBITY KE3iHAE TBEJIH >KAOBIK KOJIEMIHIEr1 ra3blH KbICBIMBI MCH TEMIIEPATypachiH
OJILICYre HETi3JeNreH ecenTey oNiCi YCHIHBUIFaH. O3IpJCHIeH O/ICTEMEHIH IYPBICTBIFBI PETTENETIH HEHTPOHIBIK
UMITYJICTI 1CKE achlpy Ke3iHae HMMIynbeTi rpadutri peakropaa WMI'P orTbiHasl GankeiTy OOWBIHIIA KYpri3iiireH
9KCTIEPUMEHTTEP/IIH HOTIKEIEPIMEH PacTaIazbl.

Tyitinoi ce3oep: umnynvcmix epagpum peaxmopwvl UI'P, peaxmopiwinix mascipube, maxcipubenix cvlHay, ayelp anam,
KbICbIM, KOCNANbL 2A30ap, OMbIHHbIY OANKYbL.

EXPERIMENTAL STUDIES ON DEVELOPMENT OF THE METHOD FOR DETERMINING
THE AMOUNT OF IMPURITATED GASES IN NUCLEAR FUEL

D G.A. Vityuk, ? V.A. Vityuk, Y A.D. Vurim, ¥ R.Ye. Kelcingazina, ) B.Ye. Bekmagambetova

D Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan
2 RSE “National Nuclear Center of the Republic of Kazakhstan”, Kurchatov, Kazakhstan

The article is devoted to an issue of estimating the impurity gas amount in nuclear fuel in the aspect of the distracting
contribution from released gases to the total pressure inside ampoule of the device in the simulating a severe accident
with core melting. The paper presents a method based on measuring the pressure and temperature of gas in a closed values
of the fuel elements during the fuel melting. The correctness of the developed methodology is confirmed by the results of
experiments on the melting of fuel in a pulsed graphite reactor IGR with the implementation of a controlled neutron pulse.
Keywords: pulsed graphite reactor IGR, in-reactor experiment, experimental testing, severe accident, pressure, impurity
gases, fuel melting.
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HNCCIEJOBAHUE KAPBUJIN3AIINA ITOBEPXHOCTHU BOJIb®PAMA
IIPHU IIVIASMEHHOM OBJIYYEHUU

KantGoaarosa F'.K., Munuszos A.K., Tyaenoeprenos T.P., CokonoB U.A., Bykuna O.C.
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B nanHOI#i paboTe npeacTaBiIeHbl Pe3yiIbTaThl HCCIIeNOBaHUS (OPMHUPOBAHHS KapOUANZUPOBAHHOTO CJIOS B Pa3JIMYHBIX
9KCIIEPUMEHTAIBHBIX YCIOBUSAX M BHIOOpPAa ONTHMANIBHBIX IapaMeTpoB KapOWAW3alMu MOBEPXHOCTH Boib(pama Npu
IuIa3MeHHOM o0ryueHuu. [Iis nceiae1oBaHusl BIUSHUS TEMIIEPaTyphl HIOBEPXHOCTH 00pa3na Boib(ppama u U TEIbHOCTH
IUIA3MEHHOT0 00JTyUeHHMs IPOBOAMINCH SKCIIEPUMEHTHI IPH TeMIeparype noBepxHoctu oopasua 1300 °C u 1700 °C npu
qummtenbHocTH 06mydenus 300-2400 c. Ananu3 pe3yabTaToB UCCIIeOBaHUN MOKa3al, YT0 MakCUMajibHOe GopMHUpoBa-
e W,C Ha noBepxHoctu Habmonaercs npu Temneparype ucnsitanuit 1700 °C. Ipu remneparype 1300 °C ¢ha3oBbrii
COCTaB KapOMAU3UPOBAHHOTO CJIOA 3aBUCHUT OT JUIMTENBHOCTH IUIa3MEHHOT0 00my4yeHusa. COrlacHO JaHHBIM JIUTEPaTyp-
HOTO aHajm3a, oopazoBanne WC MpoHCXOIHUT Ha MOBEPXHOCTH BOJb(pama, U3 KOTOPOro aToMBbI yriepona nuddynaun-
PYIOT BHYTPb, BCICACTBHE Yero odpasyercs Hukenexamuii cinoit WoC. C yBennueHneM (iroeHca HOHOB B 3aBUCHMOCTH
OT BpPEeMEHHU 00Iy4eHHs U TEMIIepaTyphl MoBepXxHOCTH oOpasna nuddysus C B W yckopsiercs, conepxxanne WC yMeHs-
maercst, © W2C CTaHOBUTCS] JOMHHHPYIOIIAM KapOUIHBIM COSIHHEHUEM.

Knrouesvie cnosa: meman, xapb6uo eonvpama, noKpvimue, NAA3MeHHOe OOIyueHue, NAA3MA, NYYKO8O-NIA3MEHHbII

paspso.

BBEJEHUE

Kaxk n3BecTHO, Bosb(ppaM M yriiepos sSBISIOTCS Hau-
OoJiee MOXOISIUMH B Ka4eCTBE MAaTEpPHAJIOB, 0OpalieH-
HBIX K IUIa3Me, JUI IMBEPTOPa TEPMOSAEPHOTO peakTopa
[1, 2]. B wactHOCTH, B ToKamake KTM niepBas crenka 0y-
IIeT BBITIOJTHEHA U3 TpaduTa, a Ha MOIABIDKHO-IUBEPTOP-
HOM YCTpOMCTBe OyIyT pa3MeImaThCs Pa3TUdHbBIC MaTe-
puasel, B ToM dnciie Bonbhpam [3]. Hannune paznuvnbix
MaTepHalioB, a TaKKe IMpUMecel, B KaMepe YCTaHOBKHU
OyzeT MPUBOIUTH K 00pa30BAHUIO CMEIIAHHBIX CJIOCB HA
0OpaIIeHHBIX K Ta3Me MOBEPXHOCTIX, KOTOPBIE MOTYT
MOBJIMSATH HA B3aMMOJICUCTBHE C H30TONAMH BOJIOPO/IA U
reiavsi U3 MOTPaHUYHOM muasMmbl. i uccnenoBaHus
i dy3un H30TONOB BOAOPOJA, TN U UX YAEPKAHUS
B BOJ'H)(bpaMe CO CMCHIAHHBIMU CJIOSIMHU HA MTOBEPXHOCTH,
B YaCTHOCTH C KapOMJM3MPOBAaHHOW MOBEPXHOCTBIO,
UMHTHPYIOT IPOLIECCHl COBMECTHOTO ocaxkaeHust W u C
B JTUBEPTOPE TOKOMaKa Pa3INYHBIMHA METOAAMHU HaHece-
HUS TIOBEPXHOCTHBIX TIOKPBITHIA.

JJis momydeHns: TOHKHUX YTIIEPOAHBIX TUICHOK Ha IT0-
BEPXHOCTH BOJb(pamMa HCHOIB3YIOT Pa3UIHBIE METO-
ITbI, TAKUE KaK MarHETPOHHOE HAIBIJICHHE, CMEIITBAHUE
IIa3MeHHLIX TOTOKOB W u C, xumuueckoe ocaxaenue C
13 ra30B0# (asel win ucnaperne C mpu moMOIIH dJIEKT-
POHHO-Iy4eBOro ucnapures [4-9].

B psae pabot Hemerkoro npodeccopa K. Jluazmaei-
pa [6-8] mpencraBieHBl HCCIEMOBaHUS OOpa30OBaHWUS
KapOWI0B BOJb(GpaMa TOCIE HAHECEHHS YTIIEPOIHBIX
IUICHOK Ha BOJIL(PAMOBYIO IOJUIOXKKY. YTJIEPOJHBIE
IUICHKH HaHOCWJIMCh NPH KOMHATHOW TeMIlepaTrype Me-
TOJIOM HCIIapeHUs C MOMOIIBIO 3JIEKTPOHHO-IyYEBOTO
ucraputesns. 3aBUCHUMOCTh KapOHJI000pa3oBaHUsl OT
TEMIIEpaTyphl HCCIIEI0BAIACH TIPH JalbHEHIIEM OTXKHTe
BOJIL()PAMOBOH ITOVIOXKKH C YTIEPOAHON TIICHKOM.

OcHOBHBIE pe3yNbTaThl pabOTHI [6] MOKA3bIBAOT, UTO,
HauymHas ¢ temnepatypsl 500 °C, HaumHaercs oOpasoBa-
nue WoC. IIpu temmneparype Boinre 600 °C sta asza u
BECh OCTAaTOYHBIN yriepon mpespamatorcst B WC. Tlocne
Harpesa 10 1000 °C Oonpliast yacTh yriiepoja Inpopeart-
poBaina c BoibdpamoM ¢ odpazoBanreM WC. Bo Beex ciry-
Yasx Hy)KHasl TeMIlepaTypa gocTuraiach B TedeHue 600 c
U nogzaepxkuBanack B reuenue 1800 c.

B paborte [8] uccirenoBaHo B3aUMOICHCTBUE YTIIEPOI-
HBIX TUICHOK C BOJIB(PaMOBOH MOATIOXKKON IIPH TeMIepa-
Type oxura 1o 1430 °C. Cunpras quddysus C ycranas-
JMBasiack NpH Temieparypax Boiie 700 °C, uto npuBoau-
JI0 K TpoHUKHOBeHHI0 C B 00beM MOJIOKKN 1 00pa3oBa-
HHUIO KapOuaoB. [lepBoii oOpa3yromieiics: kapoumHoi da-
30i1 ocraBancs W2C, u npu Temmneparypax soiie 1200 °C
nonst WC yBennuuBaiach.

Ha mpoTspkeHHH TOCHETHUX HECKOJBKUX JIET HAMH
HccieyeTcs MeTol KaOuIu3annuy IOBEPXHOCTH BOMIb(-
pama ¢ IpIMEHEHHE MJIa3MBbl ITyYKOBO-TUIa3MEHHOT0 pa3-
psAna Ha mTa3MeHHO-TTy4ukoBo# ycraHoBke (ITITY). dus
peanM3aliy JaHHOTO METO/1a B Ka4ecTBe I1a3mMoo0pasy-
IOLIETo ra3a UCIob3yeTcst MeTaH. 3BecTHO, 4TO B cHc-
teMe W—C CymecTBYIOT J1Ba KapOuia: HU3IMIHMK KapOua
Bosbppama (W2C) ¢ rekcaroHaqIb»HOM TIOTHOYTIAKOBAH-
HOH pemeTkoi, u Beicui kapoun Bosbdpama (WC) ¢
MPOCTO# TekcaroHabHOUM pemerkoit [10]. Ha Hauans-
HoM 7tarie Ha [1I1Y Obi poBeieHB! SKCIIEPUMEHTEHI 110
KapOuau3anuy Bonb(dpama Ipu TeMIepaType IMOBEPXHO-
ctn obpasua 1000 °C ¢ UIMTENBHOCTBIO OOIydeHHS
mwra3moit 600 c. B 3Tux ycrnoBHSX HAOMIOIATUCH ITHKU
HEBBICOKOW MHTEHCUBHOCTH KpucTanieckux a3z WC,
W,C [11]. B ganpHeimmx padotax ObUIH U3MEHEHBI I1a-
paMeTpsl 00TyueHHs1, a IMEHHO TeMIlepaTypa II0BepXHO-
cTr oOpasia u JUIMTeNIbHOCTh 00irydeHus. Cepust aKcre-
pumenToB Ha IIITY npu nocrossHHON Temneparype Io-
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BepxHOCTH o6pasma 1500 °C moka3zana, 9To Mpu JaHHOM
TeMIIepaType, B 3aBUCHMOCTH OT BpPEMEHU OOIyuYeHus,
npouecc KapOMIu3aluk MOXKET MPOTEKaTh C OJHOBpE-
MEHHBIM HWJIM TOCJIEIOBATENLHBIM 00pa3oBaHHEM Kap-
ounneix haz WoC u WC [12].

KapOununzanus noepxuoctr Bonb(pama Ha [1I1V sB-
JISIeTCSl OTHOCUTENIBHO HOBBIM METOAOM, UMHUTHPYIOLIUM
nporiecchl ocaxaernss C u o0pa3oBaHUA KapOHIH3HPO-
BaHHOTO CJIOSI B JUBEPTOpPE TOKOMaka. TeM He MeHee, aHa-
JIM3 JTUTEPATypHI IOKa3all, YT0 N3MEHEHHE TEMIIEPATyPhI
MTOBEPXHOCTH BONB(pamMoBOro o0pasna u BpeMeHH JKC-
MO3HIINH, BHE 3aBUCUMOCTH OT METOZIa HAHECEHHSI yTJIe-
POJHBIX IUICHOK, OyJIeT OKa3blBaTh HEIOCPEIICTBEHHOE
BJIMSHHE Ha TIOBEPXHOCTHYIO KapOWIM3alMio BOJIb(pa-
Ma. OJfHaKO BBI3BIBACT MHTEPEC pacCIIUpEeHUE Juamna3oHa
ycnoBuii kapouausaryu Ha [TITY. B cBsi3u ¢ 3TuM B 1aH-
HOW paboTe NpENCTaBICHBI PE3yJbTAaThl DKCIICPUMEH-
TaJIBHBIX padoT, MPU KOTOPBIX TEMIIEpaTypa IIOBEPXHO-
ctu obpasnoB cocraBmswia 1300 °C u 1700 °C npu nmu-
tenpHOCTH 00yaeHust 300-2400 c.

1 DKCHEPHUMEHTAJIBHAS YACTH

1.1 Onucanne yCTAaHOBKH

OKCHEPUMEHTHI 0 MOTYYEHHIO KapOHIN3HPOBAHHO-
ro ciost Ha noBepxHocTd W nposojunuce Ha [IITY. [IITY
OblIa pa3paboTaHa B paMKax CO3IaHHsI M HKCILTyaTalH
Ka3aXxCTaHCKOTO MaTepuanoBequeckoro tokamaka KTM
JUISl UCTIBITAaHUH MaJioradapuTHhIX 00pa3loB U3 KOHCT-
PYKLIMOHHBIX MaTepruasioB U obopynosanust KITM. Ycra-
HOBKa OpPHEHTHPOBaHA Ha YHUBEPCAJIHHOCTh U BO3MOXK-
HOCTH OBICTPOU NepeHa a Ky AJIsl PElICHHsT Pa3InuHbIX
CHEIHaTN3UPOBAaHHBIX 3a7a4

OcHoBHbIMU y371aMu [TV sgBistOTCS: 3JIEKTPOHHAS
IyIIKa, ra3opaspsgHas Kamepa My4YKOBO-TUIa3MEHHOTO
paspsna (III1P), snekTpoMarHuTHAS cHcTEMa IS CO37a-
HUSI TIPOAOJIFHOTO MarHUTHOTO TIOJISI, BaKyyMHas Kamepa
B3aumoyeicteus [1I1P ¢ marepuanom u auarsocruyec-
Kasg cucrema Iuia3Mel. OOImIas cxema yCTaHOBKH IpHBe-
neHa Ha pucyHke 1. ITogpoOHoe omucaHue YCTaHOBKH
npencraBieHo B paborax [11-14].

CHCTeMa JHATHOCTHKH

Kamepa

33&1\‘1‘})051&1‘1{“&2 B3AHMOJIEHCTBHSA

CHCTEMaA

DIeKTpOoHHAA
Tymka

Kamepa 3arpyska

BakyymHBIe
HacOCHI

BakyyMHBIe

Pucynox 1. lpunyunuansnas cxema I111Y

1.2 MaTepuaabl 1 MeTOABI HCCAETOBAHUS

Jnst viccrieioBaHus BIMSIHUSL TEMIIEPATyphl U BpeMe-
HU 00y4yeHus Ha GOpPMUpPOBaHUE KapOUAN3NPOBAHHOTO
cios OBUIM MTOJTOTOBIIEHBI 00pa3Lbl U3 BOJIb(YPAMOBOTO
npytka @ 10 mm mapku BY B opme IHCKOB TOIIUHOM
2+0,1 MM (S=0,75 cm?). Topuesas cTopoHa (01Ha) BCEX
3arOTOBOK IIO/IBEpPTalach MEXaHWYECKOH MUTH(OBKE U
TTOJTMPOBKE J0 CTETeHH ImepoxoBaTocT Ra = 0,02 Mxm.
OO6pa3mpl 3aKpeIUBLIICh B BOIOOXIIAXIAEMBIH KOJUICK-
TOP TPH IIOMOIIH MOJUOJCHOBOTO JePIKATEIIS.

[lepen mpoBeaeHNEM SKCIEPUMEHTOB T10 KapOuam3a-
uu 00pasnsl Bodb(pama omkuranu Ha [II1Y B pexxnme
aseKTpoHHOr0 nyuka [14]. TemnepaTtypa oOpa3LoB npu
oTkwure coctasisia 1350+20 °C, mmrensHocTs — 1 yac.

Jdns xapOuamsany IMOBEPXHOCTH BoJb(pama Ha
[ITY ucnone3yeTcs MI1a3M0o00pa3yroIIHii a3 B BHIE Me-
tana (CHs— 99,998 %). /laBienue paboyero ra3a cocra-
Bisio (1,3-1,4)-107! Ia. {11 H3MEHEHHS TEMIIEPATYPhI
00pa3IoB BaphbHPOBATIACh MOIIHOCTE 3JIEKTPOHHOTO IIy-
YyKa. DHEpPTUs HOHOB 33/1aBajlach OTPUIIATEIIHHBIM ITOTCH-
LMaJOM Ha MUIIEHHBIN y3en u coctasisuia 500 s3B. V-
JIOBHS TPOBEACHUS SKCIICPUMEHTOB IIPEICTABICHBl B
tabmune 1. O0mydeHne MpoBOAWIOCH IPU TEMIIepaType
moepxHoctu 06pasios 1300 °C u 1700 °C ¢ usmeHeHu-
em auurensHocTH oT 300 ¢ o 2400 c.

Peructpanus u KOHTPOJIb TEMIIEPATYphl HA JIULEBOM
U TBUILHOHM MOBEPXHOCTSIX 00Pa3LOB OCYIECTBISIINCH C
nomouipto mupomerpa Mmapku IMPAC ISR 6 Advanced u
BoJb(hpam-peHneBoi Tepmomnaps! trma BP-5/20 ¢ moa-
KITIOYCHNEM K OJTHOKaHATBHOMY H3MEPHUTEITIO-PETYIISATO-
py TPM-201, cooTBeTCTBEHHO.

AHaIM3 OCTaTOYHBIX T'a30B B KaMepe B3aUMOICUCT-
BHS YCTAaHOBKH OCYIIECTBIISUICS C TIOMOIIBEO KBaJpy-
mormpHOTO MaccnekTpomerpa CIS-100. 'paduk mapuu-
AITBHBIX JaBJICHUN BO BpeMs MPOBEACHUS IKCIIEPHMEH-
TOB TIOKa3aH Ha PUCYHKE 2.

AHanu3 cocraBa IU1a3Mbl B KaMepe B3aUMO/ICiCTBHS
YCTAaHOBKH BOJIM3H IIOCKOCTH 00pasiia OCYIIECTBIISIICS
C MOMOIIBI0 onTudeckoro ciekrpomerp HR2000+ ¢ pe-
TUCTpalMell 3Ha4YeHWil NOCpPEeICTBOM MPOrPAMMHOTO
obecrieuennst OceanView mpu BpeMeHH HWHTErpaluu
100 mc. I'padukn onTHYIECKUX CIEKTPOB AJIS ABYX BBIJC-
JICHHBIX TEMIIEpPaTyp MOBEPXHOCTH 00Opa3Ia MMOKa3aHBI
Ha pUCYHKE 3.

Mo>kHO HaOMIOAaTh THHAM TpH 655,9 HM 1 485,6 HM,
KOTOpBIE OJNM3KH K MEePBBIM ABYM JIMHUAM cepuu bais-
Mepa 11t Bogopoaa He, Hg mpu 656,3 1 486,1 um. Taxoke
mpucyTcTByeT JuHUS 433,5 HM, O6IM3Kas K TpeTbel Jn-
uuu Bojiopoaa Hy (434,0 um), XOTSI HHTEHCUBHOCTb JIU-
HHUH MEHbIIIE, YeM Y TIePBbIX JBYX JIMHUH Bojoposa. Ha-
Ommonmaercss u3nydeHue Bo30yxkaeHHBIX Moiekyn CH
ok0j10 430 uM. Jluauu, cooTBeTCTBYOMIME yriepoay C,
HaXxoIATCs B nuana3oHe irH BoaH 516600 um. Jluauun
JIByXaTOMHOT0 Bojoposa Hy HaOmonatoTes B quanasoHe
600—640 uM Hanbolee MHTEHCHBHO B 3TO# oOnacTu. 3a-
(UKCHPOBaH POCT MHTEHCUBHOCTU ITHKOB B 3aBHCHUMO-
CTH OT TOBBIIICHNS TEMIIEPATYPBI HCCIIEAYEMBIX 00pas3-
1IOB.
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Tabruya 1. Yenosus nposedenus sxcnepumenmos na I1ITY

O6pase MowwHocTb anekTpoHHoro | [laBneHue paboyero | MOHHbIN Temnepatypa [nutenbHoCTb
nyuka, Bt rasa (metaH), Na TOK, M NoBEPXHOCTH, obnyyeHus, ¢
paseu B n A °C 6
1 616 1,01-10-" 105 130010 300
2 1093 1,02:10-1 153 170010 300
3 499 1,05-10-1 103 130010 1200
4 958 1,03-10-1 142 170010 1200
5 530 1,05-10-1 106 130010 1800
6 1086 1,01-10-" 152 170010 1800
7 460 1,01-10-" 94 130010 2400
8 845 1,10-10-1 136 170010 2400
U VU ‘
A T N Py
o e, mmns ) 2 ~—H s
0x10” e WW‘W“‘W““ .
Time:00:14:37
0x10 ~~ 4.04¢-006 Methane
- 1.25¢-005 Hydrogen
~ 3.35¢-007 Carbon dioxide
- 1.97¢-007 Water
0x10 - 3.25¢-007 Nitrogen
~~ 1.27¢-007 Oxygen
2.410-006 Methane

Pucynok 2. I'paghux napyuanvusix dasnenuil 60 8pems nposedeHus IKcnepumenmos npu memnepamype 1300 °C
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1580

1380

1180
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HHTEeHCHBHOCTE

580

380

180

:
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-20

41
476,021

008

107

772
490,605

254,02 3

269,

193,806
461,

208,899
223,966

239,006

432,
446,

433,483

655,887

m1300C
m1700C

723,267 763,301

660,34

519,69
534,191
37

505,161
548,664
563,111
577,529
720,178
734,288
748,

JITHHA BOJHBL, HM

Pucynox 3. Ceoouwtii 2paghux chexkmpoe onmuueckozo usnyuenus memanosoti niazmot (10~ ITa)
8 3ABUCUMOCIIU OM YCIIOBUL NPOBEOCHUS IKCHEPUMEHINOE

JIist m3MepeHus JIOKAIBHBIX TapaMeTPOB IUTa3MbI HC-
MOJB30BAJICS  HWIMHApPUYECKU 30HA  JleHrmropa.
ITo popmyne Boma, crenana oleHKa MIIOTHOCTH TUTA3MEI
Ne ~ 10*° M3, Onenka TeMmepaTyphl TEMIOBOTO JIEKT-
POHHOTO KOMIIOHEHTA TUIa3Mbl e ~ 6,7 3B.

CheMKa PEHTTCHOBCKUX Au(ppakTorpamm 00pasiioB
mpousBoxmiack Ha augpaxromerpe Empyrean B
Cu Ko-u3i1y4eHnt, co CKaHUPYIOIUM JIMHEWHBIM JeTe-
kropom PIXcellD. Bpems skcrmo3umuu (Bpemst Ha Iiar)

IpH cheMKax cocTanisuio 30,6 ¢, pa3mep 11ara CKaHUpO-
BaHMs 11 nudpakrorpamm 0,026°26, uccienyemsliii yr-
noBO¥ nuana3oH 5—153°20. Mcmonk3oBanack GUKCHpO-
BaHHAs MIENTb PACXOXKJCHHS C YTIIOBBIM PACXOKICHUEM
1°, aHTHpaccenBaroIas meib 2°, Macka Iafalomiero my-
4yKa ¢ MapkupoBkoi 20, obecrieunBaromas MUPUHY Ma-
naroutero myuka 19,9 mm. J{ns uncroro Bodbdpama To-
[TUHA CJI0sI MPOHUKHOBEHHMSI COCTABISET OT 1,6 MKM (TipH
yrie 20 ~40°) no 4,2 mxm (nipu yrite 20 ~135°). Tpu yc-
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JIOBHH COJIEPKAHUS B COCTaBe 00pa3zia KapOnumaoB BOIb(-
pama B auanazoHe coctaBoB WC-W,C, nudpaxrorpam-
MBI HeCyT HH(OPMALIUIO O CTPYKTYPHOM COCTOSIHUM Ma-
Tepuana TonmuHoi ot 1,5-1,4 mxwm (mpu yrie 260 ~30°)
10 5,5-4,9 MxMm (mipu yrie 20 ~135°).

OO0paboTka nudpakTorpaMM MPOBOAMIACH MTOCPEN-
CTBOM IpOrpamMMbl Uil  OOpabOTKM M TOWCKa
“HighScore”. IIpomerypsr 06paboTKu HCXOAHBIX qrdpa-
KTOTpaMM BKJIFOUaJIH B ce0sI OTIENCHNE U yIaICHHE JIN-
HUH, COOTBETCTBYIOLIUX U3nyueHuto Kop; onpenenenue
(hoHa; TONCK MHUKOB; OMCK COOTBETCTBHS ITHKOB IO J0-
CTYIHBIM 0a3aM JaHHBIX 0e3 OrpaHHYEHHUH 10 HW3BECT-
HBIM IapaMeTpaM; aBTOMAaTHYECKYylO HJICHTU(PHUKALUIO
U3 CIMCKA KaH/IUIATOB C BBICIIUMH OLIEHKaMH; MOJTrOH-
Ky pacdeTHOro npoQuiis o BCeMy Jnara3oHy yrjioB Ju-
¢dpakTorpamMmsl ¢ marom ~40°26, npu orpaHUYEHNUN JTU-
ama3oHa uHTeHcuBHOCTeH oT 0 mo 10% makcumanbHOI
WHTEHCHUBHOCTH (TIOATOHKa Mpo¢uiIsl NpuBoIuT K Qop-
MHPOBAHHIO YTOYHCHHBIX YMCIIOBBIX 3HAYCHUH mapame-
TPOB THKOB, HEOOXOAUMBIX [UISl OIIpeneiIeHus (pa3oBoro
COCTaBa, aHAJIN3a CTPYKTYPHOTO COCTOSIHUS); IEPECMOTP
MIPUHSTHIX ATATOHHBIX KapTO4EK U IIOMCK KapTO4eK B CO-
OTBETCTBHUH C H3BECTHBIMHU JaHHBIMHU (O XMMHUYECKOM CO-
CTaBe, IPOCTPAHCTBEHHOM TPyNIIE H TIp.).

Hpoue,uypbl BBITIOJTHAIOTCS C IIOMOIIIBIO aBTOMATU3 U~
poBanHo# mporieayps! (“batch operation”) “ldeAll” T10
“HighScore”. Oto obecriedynBaeT 0JJMHAKOBOCTH IPOIIe-
JAYp NOMCKa NMMKOB U COOTBETCTBUA UM 3TAJIOHHBIX Kap-
TOYEK.

Jnst unentudukanuu $a3oBoro cocraBa HCHOIb30-
Bajachk 0a3a mamHBIX Crystallography Open Database
[15] u 6aza manueix PDF-2 ICDD Release 2004.

2 PE3VJIBTATHI U OBCYXKJIEHUE
B npouecce ananuza dazoBoro cocraBa 00pasios 3a-
MEUYEHO, YTO MPU HAJIOKEHUH Ha JU(paKTorpammy Kap-

Counts

TOYEeK AUPPAKTOMETPUICCKUX JAHHBIX, COOTBETCTBYIO-
mux ¢asze Boiab(ppama, SKCIIEPUMEHTAIbHBIE HHTEHCHB-
HOCTH MHUKOB HE ITOJIHOCTBIO COBMAJAIOT C IUTPHUX-IHa-
rpamMMOii IPUMEHIEMON KapTOYKH, HECMOTPSI Ha MOJIHOE
COOTBETCTBHE YIJIOBBIX MOJI0XKEHHU. B CBsI3M ¢ 3THM, /1714
uaeHTHUKaIUK (a3oBOro cocTaBa, ObUIM NPUMEHEHBI
KapTOUYKH TUPPAKTOMETPUUECKUX AaHHBIX MeTaJIH4ec-
xoro Boibdpama Ne 00-004-0806, W>C Ne 03-065-3896
u WC Ne 00-051-0939 [15]. Ha monmy4eHHBIX TU(paKTO-
rpaMmMmax o0pa3moB, Kak BUIHO U3 puUCyHKa 4, HaOrona-
torcs nudpaknronnsie muka WC u W,C.

B o6pasue 1 ocHOBHOI (a3oii sBisteTcs (aza rexca-
ronagbHOro WoC. [IuKkM HU3KOW MHTEHCUBHOCTU WICH-
TUQUIUPYIOTCS KaK MUKH, TpuHaexanme WC u Me-
tamyeckoi paze W. B pazoBom cocrase obpasua 2 co-
nepxanue ¢azsl WoC u dassl metasuimaeckoro W npax-
tudecku oauHakoBo. @a3za WC otcyrcTByeT. B coctaBe
oOpasia 3 oCHOBHOI (ha3oii Takxke sBiseTcs dasza WoC
reKCaroHajdbHOUW CHUHIOHUU. [IMKM Manod MHTEHCUBHO-
CTH WACHTUGUIUPYIOTCS KaK MHUKH, MPUHAJICKAIIIE
¢aze meraimmaeckoro W u daze W,C. Hausricmiee co-
nepxaane WoC (6omee 95%) nomydeno B ¢a3oBoOM co-
CTaBe MOBEPXHOCTH 00pa31oB 4, 6, 8. [Iuku oueHs Maoi
WHTEHCUBHOCTH, €/IBa pa3iMunUMbIe HaJ YpoBHEeM (hoHa,
UACHTHUUIMPYIOTCS KaK MUKH, TpUHAAIeKanme (ase
Metaumdeckoro W. B ¢dasoBom cocraBe oOpasma 5 oc-
HOBHO# (ha3oit sBisiercss WoC, muku WC uMEIOT MEHb-
LIYI0 HHTEHCUBHOCTB, a (paza MeTtammnyeckoro W ncue-
3aeT. B cocraBe oOpasna 7 ocHOBHOH (ha3oil siBisETCS
¢da3za WC rexcaronanapHoil cunronnu. [Tuku mMasoi uH-
TEHCUBHOCTU HIACHTHOUIMPYIOTCS KaK MUKH, PUHAJIC-
xarrue haze W»C.

Pe3ynbTaThl  MOJIyKOJIMYECTBEHHOTO  COJICPIKAHHS
peHTreHo(ha3oBoro aHanu3a o0pas3loB MPEICTABICHBI B
Tabmue 2.

b= ]
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Position [*26] (Copper (Cu))

Pucyrox 4. [Juppakmozpammvl uccied08anHbIx 00paA3Y08 (OPAHIICEBBIM YBEMOM OMMEUEHbL MeCHd
snokanuzayuu nuxos gazvt WC, senenvim — gpazvr W2C, 2onyouim — nuxu W)
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Tabnuya 2. Pe3ynomamul nOIYKOAUYECMBEHHO20 PA308020
ananuza obpasyos

O6paseu W (ky6.) (reKc.‘fvlg:-GmZ) (rexc‘.,,va?M m)
1 79 152 770
2 528 - 472
3 i, 165 835
4 14 - 98,6
5 N 28,2 718
5 45 _ 955
7 _ 86,1 13,9
s 04 _ 99,6

CoryacHO pe3ynbTaTaM PeHTTeHO(a30BOrO aHaINU3a
muddysust yrnepoaa B Boiab(pamM ¢ 0THOBpEMEHHBIM 00-
pasoBaHHeM IBYX (a3 KapOumoB Bomb(ppama MPOUCXO-
IUT TIociie oOirydeHus yxe mpu temneparype 1300 °C.
OpHako, mpu JaHHOH Temmeparype ¢a3oBoe conepika-
HHE OTJINYACTCS B 3aBUCHMOCTH OT JUTMTENILHOCTH 00ITy-
yeHns. Tak mpu amurenbHOCTH o0mydenus 2400 c oc-
HOBHOI1 (ha3oii sBistercs pasa WC rekcaroHaabHON CHUH-
TOHHH, YTO OOBSCHSETCS YBEIHUeHUEM (PIIIOCHCA HOHOB
B 3aBHCUMOCTHU OT BPEMEHH O0JTy4YEHHUS.

W3 Tabnuiel 2 BUIHO, YTO MOCIC 00IydeHUs 00pas-
moB mpu temmeparype 1700 °C comepxanue (hasbl
BoJIb()paMa Ha MOBEPXHOCTH 0Opasna ONM3KO K HYJIIO,
yKa3bIBasl Ha TO, 9TO METAJUIMYECKUH BOJIb(paM B MpHU-
MOBEPXHOCTHOM O00JACTH IOJHOCTHIO IPOpEarnpoBall.
[MomydeHHBIE pe3yabTATHI XOPOIIO COTTIACYIOTCS C JINTe-
parypubiMu nanubiME [6—9]. HauBbiciiee comepikanue
¢azer W>C nocite obmyuenust mpu temreparype 1700 °C
BHE 3aBHCHUMOCTH OT JUINTEIBHOCTH 00IydeHHs 0o0bsc-
nsiercst yckopenueM nup¢dy3un C B W npu BbICOKOA
TeMIepaType.

[IpeacraBneHHblE Pe3yNIbTATHI IKCIEPHUMEHTAIBHBIX
paboT NOATBEPIKIAIOT MPEAIIOIOKEHHE O BIUSHUU TEM-
neparypsl MIOBEPXHOCTHU BOJIb(paMoBOro oOpasiia u Bpe-
MEHHU ero HaxoxjeHus B cpexe CHis mpu mnasmeHHOM
00ay4eHHH Ha (HOPMHUPOBAHHE KapOMTUIUPOBAHHOTO
CJI0sI Ha IOBEPXHOCTH BOJIb(pama.

3AKJIOYEHHE

B nanHO¥M paboTe ObUTH MPOBEIACHBI UCCIICIOBAHUS
1o ¢opmMupoBaHHIO KapOUANZUPOBAHHOTO CJIOSI Ha MO-
BEPXHOCTH BOJb(pamMa B pa3IUUHBIX IKCIIEPHMEHTAIb-
HBIX YCIIOBHAX C M3MECHEHHEM TEMIIEPATypHl IIOBEPXHO-
cTH 00pasla ¥ JIUTEIBHOCTH OOJTYYCHHUS B Cpele MeTa-
Ha. [IpenMyIiecTBa TaKOTO METO/Ia, PeaTH30BaHHOTO Ha
[ITY, 3axitouaeTcst B CO3IaHUU YCIOBUH I XUMUYEC-
KHX peakinuii ¥ GU3NIECKUX IIPOLIECCOB, MPUOIMKEHHBIX
K BO3MOYKHBIM B TEPMOSIJICPHBIX YCTAHOBKAX.

AHanu3 pe3yJbTaTOB MCCIENOBAHUN IOKa3aj, 4TO
MakcumanbHoe (opmupoBanue W>C Ha THOBepXHOCTH
Habsromaercs npu temreparype 1700 °C. ITpu Temmepa-
Type 1300 °C a3oBeIii coctaB KapOHAW3ZHPOBAHHOTO
CJIOSl 3aBHCHUT OT JUJIMTENBHOCTH TIJIa3MEHHOTO OO0Iryde-
Hus. CorlacHO TaHHBIM JINTEPATYPHOTO aHalM3a, oopa-
3oBaHre WC MpOUCXOAUT Ha IOBEPXHOCTH BOJb(ppaMa,

13 KOTOPOTO BHYTPH dacTuilsl nuddyaaupyer C u oopa-
3yet HIKenexawuii cioit WoC. C yBennuennem QitoeH-
ca MOHOB B 3aBUCUMOCTH OT BPEMEHH OOJIy4EHUs U TeM-
nepatypsl moBepxHocTu obpasua audpdys3us C 8 W yc-
kopsietcs, conpepxkanre WC ymenbmaercs, 1 W2C cTa-
HOBUTCS IOMUHHUPYIOIINUM KapOUTHBIM COECANHEHUEM.

Mo>KHO czienaTh BBIBOJ O TOM, YTO IPH IJIa3MEHHOM
obyaennn Ha I[1ITY Temmeparypa moBepXxHOCTH 00pa3-
I1a ¥ JUTHTEITbHOCTh OOJTyYCHNS OKA3bIBAIOT CYIIECTBEH-
HOE BIHSIHHAE Ha KapOWIM3aHIo MOBEPXHOCTH BOJIb(pa-
Ma.

Jannas paboma GvinOIHEHA 6 PAMKAX HAYYHO-
mexnuyeckou npoepammor Ne BR0O9158585 «Hayuno-
mexnuueckoe obecneuenue IKCHEPUMEHMATbHBIX UCCTle-
008aHULl HA KA3AXCMAHCKOM MAMepuaiosedyeckom
moxkamaxe KTM».
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IVIASMAUJIBIK COYJIEJIEHY KE3IHAEI'T BOJIb®PAM BETIHIH
KAPBUIN3AIIUAJITAHYBIH 3EPTTEY

F.K. ‘Kano6oaarosa, A.7K. Munus3zos, T.P. Tynenoeprenos, U.A. CoxosoB, O.C. Bykuna

KP ¥A0 PMK «Amom rnepeusacol uncmumymoy gunuanst, Kypuamos, Kazaxcman

byn xkymbicta opTypii ToxipuOenik Jkarmaiinapia kapOunTenareH KaOaTThlH TY3UIyiH 3epTTey HOTHXKENepl >KoHe
IUTa3MaJjIbIK COyJICNICHY Ke3iHIe BOJb(ppaM OCTiH KapOuaM3anusIayAblH OHTAWIBI MapaMeTpiIepiH TaHaay OepiuireH.
Bonbdpam yrriciHig OeTiHIH TeMIIepaTypacklHBIH SCEPiH JKOHE IUIA3MANBIK COYyJIeNIeHY Y3aKThIFBIH 3epTTey yuriH 300—
2400 c coyneneny y3aktbirsiMeH 1300 °C sxone 1700 °C ynri OeTiHiH TeMIiepaTypachlHa SKCIEPUMEHTTEp KYPTi3iui.
3eprrey HoTHXKENepiH Tannay Oeringe WoC makcumans! Tysinyi 1700 °C cpiHak TemneparypacblHIa OaiiKallaTbIHBIH
kepcerti. 1300 °C Temneparypana KapOWATENTreH KaOaTThIH (azanblK KYpaMbl IUIa3MANBIK CIyJIEJICHY Y3aKTHIFbIHA
GaitanblcThl. OneduerTik Tangayra caiikec WC ty3inyi Bons(pam Oetinzae xypeai, onan C 6emmexke nuddysusiansim,
W:C acteinnarbl KabaTelH Kypaiasl. CoylenieHy yakbIThIHA XKoHe YiIri OeTiHiH TeMIeparypackiHa OaiIaHbICThl HOHIAp
aFbIHBIHBIH JKoFapeutaybiMeH C-torH W-ra muddysusacs! xeurgamaaiine, WC Kypamsl TemeHneiai, an W»C 6acsiMm
KapOu/l KOChUIBICBIHA aifHAIa bl
Tyiiin co30ep: meman, soab@pam Kapouodi, Hcabbvit, NAAMATLL CIYENEHY, NIA3MA, WOKMbIK-NIAZMATLIK PA3PSAOLL.
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INVESTIGATION OF TUNGSTEN SURFACE CARBIDIZATION
UNDER PLASMA IRRADIATION

G.K. Zhanbolatova, A.Zh. Miniyazov, T.R. Tulenbergenov, I.A. Sokolov, O.S. Bukina
Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan

This paper presents the results of a study of the formation of a carbidized layer under various experimental conditions
and the choice of optimal parameters for carbidization of a tungsten surface under plasma irradiation. To study the effect
of the surface temperature of a tungsten sample and the duration of plasma irradiation, experiments were carried out at a
sample surface temperature of 1300 °C and 1700 °C with an irradiation duration of 300-2400 s. Analysis of the research
results showed that the maximum formation of W»C on the surface is observed at a test temperature of 1700 °C. At a
temperature of 1300 °C, the phase composition of the carbidized layer depends on the duration of plasma irradiation.
According to the literature analysis, the formation of WC occurs on the surface of tungsten, from which C diffuses into
the particle and forms the underlying layer of W,C. With an increase in the ion fluence, depending on the irradiation time
and the temperature of the sample surface, the diffusion of C into W accelerates, the WC content decreases, and W,C
becomes the dominant carbide compound.

Keywords: methane, tungsten carbide, coating, plasma irradiation, plasma, beam-plasma discharge.
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TPEBOBAHUS K ODOPMJIEHUIO CTATEN

Cratbu A7 MyONUKaLUK B XKypHaje OTIPaBISIOTCS aBTOpaMH MOCIIE PErUCTPaIuy Ha BeO-caiiTe xypHaia B 3IEKTPOHHOM BUJIE B
¢dopmare MS WORD (.docx), a mocie npuHATHS peIIeHHs O MyOIMKAI[MK CTaThU peaKuuei (M0 OKOHYaHUM Mpoliecca IPOBEPKH U
pPELeH3NPOBaHMsI) — W B BHJE IEYATHON KOIMH OKOHYATENILHOW pPENaKIMH CTAaThbH C COTJIACHEM aBTOPOB Ha MyOIHMKAIHIO M UX
MOANHUCAMH (I10 TI0YTE, KyphEpPOM U Hp. B aJJpec PEAAKIINN).

Texct newyaraercs Ha auctax gopmarta A4 (210% 297 mm) ¢ momsamu: cBepxy 30 Mm; cHE3y 30 MM; caeBa 20 mm; cripaBa 20 MM, Ha
IIpUHTEpE ¢ BEICOKUM paspemerueM (600-2400 dpi). [opu3oHTaNbEHOE PacIonokeHHe JIUCTOB He JOITYCKAETCs.

HUcnonesyiite mpudt Times New Roman Bricotoir 10 mynkToB. [lokamyiicTa, HCHOb3yiiTe BCTPOECHHbIE CTHIM 3arojIOBKOB
(3arosoBok 1, 2...) TOJIBKO AJIS HA3BaHHA CTATHU U 3ar0JIOBKOB MOJPA3AEIOB, U HE UCTIOIB3YHTE UX U1 OOBIYHOTO TEKCTa, TAOIHI U
MOAPHCYHOUHBIX MOJMHUCEH.

B neBoM BepxHeM YIily MEepBO CTpaHHLBI JOJDKeH ObITh ykazaH uHAekc Y JIK. HazBaHue cTaThy mevyataercsi HIDKE 3arJaBHBIMU
OykBamu, B ojlHOM ab3arie. [Tocie 3Toro neyaraeTcs TEKCT KpaTKoii aHHOTauu Ha si3bike ctaThd (100—3000 cHMBOJIOB), M OTACIEHON
cTpokoii (mocie ¢passl Kirouessle croBa:) — kiroueBsbie ciioba (5—10). lanee, co cnemyromiero ad3ama — OCHOBHOI TEKCT, COICpKAIIHIA
paznensl: Beenenne, OcHOBHYI0 4acTh 1 Pe3ynbTaThl (BO3MOXKHO, C OApasaenamMu), 3akimodeHne. [locie TekcTa craTbil MPUBOAUTCS
CITMCOK JINTEPATypHI (Ha sI3bIKaX OPUTHHAIOB) U OJIOKH «Ha3BaHHE CTaThH, aHHOTALMs, KIIIOUEBHIE CIIOBA) HA IBYX OCTaBIIMXCS S3bIKaX.

O6parure BuuManue, uto GHO aBTOpOB U MpeCTaBIAeMble OPTaHU3AIN B CTAaThE YKa3bIBATh HE HYXKHO, T.K. CTATbH NMIPOXOAAT
JIBOMHOE «CJIENOE» PELEeH3UpOBaHHe. DTy MHOOpMAIMI0 HEOOXOAMMO OyIeT 3alOoNHUTh Ha TpeX SA3BIKaX (PYCCKOM, Ka3aXxCKOM,
aHIIIMICKOM) B (hopMe Ha BeO-caliTe mpu mojade craTbi. PekoMeHIyeM 3apaHee MOATOTOBHTH €€ B BHJE OTACIBHOIO JOKYMEHTA C
tabuiamu 1o o6pasity (cm. OBPA3EL] Ha crienyroleil CTpaHuIie) U MPHIOKHUTH K CTAThE.

JU7st TekcTa CTaTbU MCIIONB3YIHTe OANHAPHBIN MEXCTPOUYHBINH HHTEPBAJI, MEXKAy ab3allaMu He Hy>KHO BCTaBILITh ITyCThIe a03ambl 1
CTPOKH.

He ucnione3yiiTe TaOIHIBI Ul pacHONIOKECHHS WUTIOCTPAXil U MOJPUCYHOUHBIX TOANKCEH, a Takke CpeAcTBa prucoBaHus MS
Word moBepx WUTIOCTpAIIUii.

MakcuMaJIbHO TOMYCTUMBIH 00beM cTaThil — 10 cTpaHuII.

[pu Hanucanuu crateii He0GXOAMMO NPUAEP:KUBATHCS CJIEAYIOIIMX TPeOOBAHMIA:

e  OxoHUaTenbHas peJaKuus CTaThH, MPOIIEANIas PEEH3UPOBAaHNE U JOMYIIeHHas K IMyOIMKaIiH, JOJDKHA COAepKaTh OJIOKH Ha
Tpex SA3bIKaX — Ka3aXCKOM, aHITIMHCKOM U PYCCKOM, C yKa3aHHEM Ha3BaHUS CTaThH, (paMHINil, IMEH, OTUYECTB aBTOPOB, ITOJTHOTO
Ha3BaHMs OPTaHU3ALHUHI, TOPOJIOB M CTPAH MECTOHAXOKACHUS, KOTOPHIE OHH MPEACTABIIIOT, aHHOTAaH 00beMoM 100-250 cioB
(600 meyaTHBIX 3HAKOB), M KIIFOYEBBIX cioB (5-10).

e  CcbUIKH Ha JUTEpaTypHbIE HCTOYHHUKU JAIOTCS B TEKCTE CTAaThU IHU(PaMu B KBAAPATHBIX [...] CKOOKax MO Mepe yIOMHUHAHUS.
Crmcok smteparyps! npusoautcst mo 'OCT 7.1-2003.

e  [loxaimyiicTa, He UCTIONB3YHTE MEXaHU3M aBTOMAaTHUECKON HyMeparmu (Toist) MS Word 1utst Hymeparuu cChUIOK Ha INTeparypy,
CIMCKOB, PUCYHKOB 1 TAOJIHUI] — UCIIONIB3yHTE OOBIYHBIN TEKCT;

e  Ummoctpanun (rpaguku, CXeMbl, TUarpaMMbl) JOJDKHBI OBITh BBITIONHEHBI HAa KOMITbIOTEpe (IIMpUHA pUCyHKa 8 mwim 14 cm).
Ocoboe BHUMaHHE 00paTHTe Ha HAAIIICH HAa PUCYHKE — OHH JIOJDKHBI OBITh Pa3IMIMMBI IPH YMEHBIICHUH JI0 YKA3aHHBIX BBIIIE
pa3mepoB. DaifTbl pUCYHKOB JOKHEI OBITH MPECTaBICHBI OTAEIBHO B OJJHOM U3 PacTpOBBIX — .tif, .png (U cXeM u PUCYHKOB
¢ Hagmucsamu), .jpg (anst Goto) ¢ paspemerreM 300 dpi (~1000 px mis pucyHkoB mmpuHOH 8 cM 1 ~1800 pX Iy pUCYHKOB
MUPUHOW 14 cM) WM BEKTOpHBIX — .svg, .wmf, .emf ¢popmaTtax. HazBanus (aifioB JOJKHBI COOTBETCTBOBATH IOJIOKEHHIO B
cratbe (Hamp. Pucynok 1-a.tiff). [lns Haamuceid Ha pHCyHKax NPeNOYTHTENBHO HcHonb3oBaTh mWpUdT Arial Narrow wim
aHaIOTMYHBIN (y3kuil mpuT 6e3 3aceyex).

e  Maremarnyeckue HOpMyJIbl B TEKCTE TOJDKHBI OBITH HaOpaHbl kak ypaBHeHus MS Word wmm ¢popmynsr MathType. Cnenyer
HYMEpOBaTh JIHIIb Te HOPMYJIbL, Ha KOTOPbIE MMEIOTCS CCBUIKU B TEKCTE.

e  Tekcr nomkeH OBITH TIIATENBHBIM 00pa30M BEIBEPEH M OTpPEJaKTHpOBaH. byMakHas BEpCHH CTaThs JOJDKHA OBITh B KOHIIE
TMOJINMCaHa aBTOPAMH.

K craThe npuiaraiTcs cjieayoume 10KyMeHThI:

1) Conposodumensvnoe nucomo om aeémopos, B KOTOPOM NOJDKHBI COIEPKATBCS CBEACHHS O TOM, YTO CTAaThsi MOXKET ObITh
OMyOIMKOBaHA B OTKPBITOM MeYaTH, paHee He Oblia OMyOIHKOBaHa, HE HAXOUTCS HA PACCMOTPEHHH HA MPEIMET TyOIHKaliy B
IPYTUX U3OAHUSIX, CTAThs HE COAEPKUT HH(YOPMAINH, CIOCOOHOM MPUBECTH K KOHMIIMKTY HHTEPECOB.

2)  @aiinvl pucynkos.

HasBaHue cTaTbH, aHHOTAIMs, KIIFOYEBBIE CJIOBA, a TAK)Xe CBEJCHHS 000 BCEX aBTOpAx CTAThbH 3alOJIHAIOTCS Ha 3-X sI3bIKaX
(pycckoM, Ka3axcKOM, aHIJIMMCKOM) B (opMe Ha caiiTe mpu mojade ctathi (3Ty MHGOPMALMIO TaKXKe JKEeJIAaTEIbHO MPHIOKHTH K
crathe B BUJE OT/ebHOTrO (aiina — cM. OBPA3ELL Ha crefyrolueii cTpanuie).

JIOMONHAUTENbHYIO aKTyalbHYH0 HHPOPMALHIO 110 0)OPMIICHHIO, IOArOTOBKE CTaTeii, aBTOPCKUM IIpaBaM, PErHCTPALH MOXHO
TIOJTy4UTh Ha BeO-caiite xypHana B paszene IlpaBuia nis apropos (https://journals.nnc.kz/jour/about/submissions).
CratbH, 0opMIIeHHE KOTOPBIX He COOTBETCTBYET YKa3aHHBIM TPeGOBAHUSIM, K IMYOIMKALMH He JOIYCKAKTCS.
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