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Y,[(K 621.3.002 

CospeMeHHaH CHCTeMa KOHTpOJIH 3KCnJiyaTaUHH H,ll.epHoro TOUJIHBa Ha 
peaKTopax Tuna BB3P, ee sepmlmKaUHSI u BaJIH.l].aUHH Ha KaJIHHHHCKOH A3C 

A.E. KaJ1u1tyiu.Ku11, B.H. Mumu11, 10.M. CeM'lellK06, H.B. MUJ1bmo, B.A. Mullbmo, A.H. Ko6enb, 
PHU, "KypqaTOBCKHH HHCTHTyr", 123182, MocKBa, nn. KypllaToBa, 1 

IToCTynHna B pe.naKUHIO 26.01.2009 r. 

Tipe.ucTasneHo onwcaHHe cospeMeHHOH CHCTeMbl BHyTpwpeaKTopHoro KOHTponH (CBPK-M) 3KcnnyaTa­
UHH H,UepHoro TOnJJHBa Ha peaKTopax THna BB3P, npwse.ueHbl pe3yJJbTaTbl ee sepHCf)l,fKaUHH H BaJJH,UaUHH Ha 
KaJJHHHHCKOH A3C. 

Kll191Je6ble CJ/060: CHCTeMa BttyTpHpeaKTOpHoro KOHTPOJIH, H.UepHoe TOnJJHBO, nporpaMMHOe o6ecne•-ie-
HHe, sepHcfiHKaUHH, BaJJH,UaUHH. 

Modern System of Nuclear Fuel Operation Monitoring on VVER Reactors, Result of it's Verifica­
tion and Validation on Kalinin NPP. A.E. Kalinushkin, V.l. Mitin, Yu.M Semcl,enkov, N. V. Mil'to, V.A. 
Mil'to, A.I. Kovel'. RRC Kl, Kurchatov Sq., 1, Moscow, 123182. It is presented description of the modem in­
core monitoring system of nuclear fuel operation on WER reactors, result of it's verification and validation 
on Kalinin NPP. 

Key words: In-Core Monitoring System, Nuclear Fuel, Software, Verification, Validation. 

Bse.a;euHe 

B C0BpeMeHHhIX ycJI0BlUfX .UJUI o6ecneqe­
HH.sl 6e3onaCHOCTH 3KCnnyaTaUHH 3Hepro6no­
K0B A3C He06XO,llHMO HaJIH'l{He TOlIHOH H 

onepaTHBHOH HH<pOpMaUHH 06 3KCnnyaTaUHH 

.si:.nepHoro T0TIJIHBa. OcHOBHhIM HCT0'IHHK0M 
TaKOH HmpopMaUHH Ha A3C c BB3P Clly')KHT 

CBPK. 
r naBHaH 3a.naqa CBPK - onepaTHBHhIH 

K0HTP0Jih pacnpe.neJieHml IT0JI.sl 3HeproBbI.D,e­
neHH.si: H ero QJYHKUHOHaJIOB B npouecce 3KC­
nnyarnuirn 3Hepro6noKa. BmKHOH oco6eHHo­
cThIO CBPK npHMeHHTenhH0 K K0HTpomo 
.si:.nepHoro T0illlHBa .nom1rna 6hITh He3aBHCH­
M0CTb HCII0Jih3yeMhIX MeT0.D,0B H nporpaMM 

OT K0.U0B, rrpHMeH.si:eMbIX IIpH pac'leTax T0TI­
JIHBHhIX 3arpY30K, so H36e)KaHHe ourn6KH no 

o6ruei1 npH-qlffie. 
8 HaCTOSIIUee speM.si: C03.D,aHa H BHe.np.si:eT­

c.si: Ha A3C c BB3P coBpeMeHHaH CBPK-M, 

BbID0JIH.SllOIUaH HHQ)OpMaUHOHHhie, 3aIUHTHbJe 

H .D,HarH0CTH'leCKHe QJYHKUIDf C BhICOKOH T0"I­
H0CTblO, Ha.D,e)KH0CThlO H 6bICTpo.neHCTBHeM 

(nonrnep)K,lleHO 0TihIT0M ee 3KCnnyaTaUHH Ha 
n.si:TH 3Hepro6noKax c BB3P-1000), o6ecne­

lIHBaH peaJibH0e TI0BhillJeHHe Ka'leCTBa, Ha­

.D,e)KH0CTH H 6e3onaCHOCTH 3KCnnyaTaUHH 

.si:.nepHoro T0TIJIHBa H 3Hepro6noKOB A3C. 

1. KpaTKoe onucauHe CBPK-M 

CTPyKTypHo CBPK-M npencrnsmi:eT co-

6ou TPeXyp0BHeByIO CHCTeMy [l]: 
-ypoBeHb CB.sl3H C 061,eKTOM (naHHKH); 

- HH)KJillH ypoBeHb (ITTK HY c HCIT0Jih30Ba-

HHeM H3MepHTeJibHOH annapaTyphI CBPK-M); 

- Bepxmi:i1 ypoBeHh (ITTK BY c npHMeHeHH­
eM BhllIHCJIHTellbHbIX cpencTB H cpe.n;CTB 0T0-

6pa)KeHH.si: HHQ)OpMaUHH). 
CTPyKTypHaH cxeMa CBPK-M npHBe.neHa 

Ha pHcyttKe (nepeaJl cmpaHui,a i,eernHou 

8KJlaOKU). 

,ll;mJ K0HTP0ml TenJIOBOH M0IUH0CTH H 
pacrrpeneneHIDI nomr 3Hepros1,1.neneHH.si: s aK­

THBHOH 30He HCil0llh3yIOTC.sl CHrHaJihl CJie­

JlyIOIUHX naTl!HK0B: 
- 448(7x64) p0,AHeBbIX ,[(IT3; 

- 95 TepM03JieKrpHl!eCKHX npeo6pa30Ba-

TeJieH (TIT) rpanYHP0BKH XA (THn K); 
- 16 TIT H 8 TepMoMeTP0B corrpoTHBJie­

HH.sl Ha rreTJUIX I K0HTypa; 
- naTl!HKH nono)KeHH.si: OP CY3, K0HUeH­

TPaumI 6opHou KHCJJ0ThI, naBneHH.si:, pacxona 

TennoH0CHTen.si: H T . .D,. 
AnnapaTypa CBPK-M (" fHHAyKyrn-M") 

[2] .slBJlSieTC.sl pe3yllhTaT0M TeXHH'leCKHX pe­
llJeHHH, npoBepeHHhIX 6oJihllIHM 0TihIT0M 3KC­
nnyarnumI B cocTaBe CBPK Ha A3C c BB3P, 
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H peKOMeH,AOBaHa Me)l<Be,UOMCTBeHHOH KO­

MMCCHeH ,Ullil npHMeHemui ~a A3C. Annapa­

Typa YllOBJieTBOpHeT Tpe6oBaHHRM CTaH,n:ap­

TOB P<l>, HopM 11 peK0MeH,n:au.11ii M3K H MA­

r A T3 OTHOCHTeJibHO CHCTeM 6e30naCHOCTH. 

AnrrapaTypa "fHHllYKYlll-M" npe.ncrnB­

JIHeT co6oif rrporpaMMttpyeMhrn KOHrporniep, 

pa6orn10m11ii rro.n yrrpasneHHeM co6cTBeHHOH 

nporpaMMbl cpyttKI.J.HOHHpOBaHHH. B annapa­

Type HCnOJib30BaH rrpHHI.J.HII rrporpaMMHO­

yrrpasm1eMOH MarncrpaJibHO-MOllYJibHOH 

CTPYKTYPbl. AnnapaTypa peaJIH30BaHa no 

np11ttu11ny "master-slave" 11 cocTOHT H3 ,n:Byx 

6noKoB yrrpasnemrn ( " master"), Ka)l():(hIH H3 

KOTOpbIX 06ecrreq11BaeT yrrpaBJieHHe OT,D.eJib­

HOH MarHCTpaJiblO, 6JIOKOB KOMMyttHKau;m-1 H 

6JIOKOB CBH3H C 061,eKTOM ("slave"), HMeIO­

IUHX HHTepcpeifc c .ny6nHpOBaHHOH Marncrpa­

JlbIO. 

IlporpaMMa cpyttKUHOHHpOBaHHH anrrapa­

Typbl CBPK-M ocYIUeCTBllileT o6pa6oTKY 

CHrHaJIOB .naT'IHKOB, paccqHTbIBaeT JIHHeHHYJO 

MOIUHOCTb MaKCHManhHO Harp)')KeHHOro TB3-

Jia H 3anac .no KpH3ttca Terrnoo6MeHa B Ka)K­

.noif TBC B ceMH cnosrx rro BbTCOTe aKTHBHOH. 

30Hbl, cpaBmrnaeT C .n.onycKaeMbIMH ycTaBKa­

MH H rrpH HX .D.OCTH)KeHHH cpopMHpyeT CHrHaJI 

3aIUHThI B CY3, a TaK)Ke o6ecne'IHBaeT nepe­

.uaqy H3MepHTeJibHOH. H ,D.HarHOCTHqecKOH 

HHcpopMau,1111 Ha Bepxmrn ypoBeHb CBPK-M, 

peaJIH30BaHHblli Ha COBpeMeHHblX npOMbllll­

JieHHbIX Bbl'IHCJIHTeJlbHblX KOMIIJieKcax, 

<pyttKUHOHHPYJOllUIX no.n. yrrpaBJieHHeM one­

pauMOHHOH cttcTeMbI Tttna lOHHKC. 

Oco6eHHOCTH TeXHH'IeCKOH rrnaT<pOpMbI 

3THX BbI'IHCJIHTeJibHbIX KOMTIJieKCOB o6ecrre­

qJIBaJOT: 

a) B03M0)1(H0CTb C03,D.aIDUI COBpeMeHHbIX 

11 nepcneKTHBHbIX peruemt:H Ha 6a3e lllHpOKO 

HCil0Jlb3yeMbIX CTaH.n.apTOB ( CTaH,D.apTbI .D.llil 

npHKJia.L{HOfO no - POSIX 1, l .B, l .c 11 .n.py­

rHe, onepau,HOHHM CHCTeMa ceMeHCTBa 

lOHHKc, npoueccop Intel H .upyrne) 3a cqeT 

npMMeHeHHSI apXHTeKTypbI OTKphITbIX CHCTeM; 

6) Ha,Ae)l(HOCTh, peMOHTOnpHrO,D.HOCTb H 

B03MO)l(HOCTb peaJIH3aIJ,HJI lllHpOKOfO crreKTpa 

pellleHHH ITO KOMnOHOBKe 3a C'IeT HCil0Jlb30-

BaHIDI Ha116onee TeXHOJIOI'H'IHbIX npOMbllll­

JieHHbIX KOHCTPYKTHBOB, o6Jia.L{aIOmHx CJie­

.D.YJOIUHMH oco6eHHOCn!MH: 
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- CTaH,napTHbie pa3Mepbl y.n.osneTBOpSIIOT 

MexaHH'IeCKHM CTaH.D.apTaM ANSI/EIA RS-

310D); 

- CTOHKOCTb K y.uapaM H BH6pau:1u1M; 

- CTaH,D.apTHOe lllaCCH, ,D.OCTYfIHOe OT 

MHOfHX IIOCTaBIUHKOB; 

- CTaH.n.apTHble HHTepcpeHCbI H llIHHbI 

BBO,D.a IBbIBOJJ:a; 

- MO.D.YJibHOe HCIIOJIHeHHe TeXHH'IeCKHX 

cpe.ucrn; 

- B03MO)KHOCTb ropHqeJ1: 3aMeHbI 6JIOKOB 

nHTaHlUI 11 HaKornnenei1. 1rncpopMau1rn; 

B) BbICOKYJO rrpOH3B0,D.HTeJihHOCTb 3a cqeT 

npHMeHeHHSI npoueccopHbIX Mo.n.ynei1. Ha 6a3e 

rrpoueccopoB Intel 64-6HTHOH apxMTeKTyphI. 

Ha116onee HaYKoeMKoif qacTbIO CBPK-M 

cn~T npmrna.n.Hoe nporpaMMHoe o6ecneqe­

HHe (TITIO) BepxHero ypoBHSI CBPK-M (TITIO 

"XopTHIJ,a-M") [3]. nrro npe,D.Ha3Ha'IeHO .D.JIH 

o6pa60TKH HH<pOpMaIJ,HH, IIOCTyrra10mei1. OT 

annapaTypbI CBPK-M, pacqern Tern10Boi1. 

MOIIJ,HOCTH peaKTOpa, BOCCTaHOBJieHHSI IlOllil 

3HeproBhI,D.erreHHH H ero cpyttKU:HOHaJIOB B aK­

THBHOH 30He, BbISIBJieHHH Ha116011ee 3Hepro­

HaIIpjl)KeHHblX TB3JIOB, C.HrHaJIH3aUHH O npe­

BbJllleHHH BHyrpttpeaKTOpHbIMH rrapaMerpaMH 

3KCIIJiyaTaIJ,HOHHblX npe.n.enoB H rrpe.n.eJIOB 

6e3orraCHOH 3KCnnyaTaU:H11 H T.,D.. 

AnropHTM BOCCTaHOBJieHJUI IIOJISI 3Hepro­

BbJ,D.eJieHHH B o6beMe aKTHBHOH 30Hb1 OCHO­

BaH Ha MaTeMaTH'IeCKOH MO,D.eJIH, BKJI10qa10-

meif: B ce6sr ypaBHeHHe CBSI3H pe3yJibTaTOB 

H3MepeHHH. C HCKOMhIM noJieM, a TaK)l(e ypaB­

HeHHe .n.mpcpY3HH HeHrpOHOB. )J,llil pelI.IeHIDI 

ypaBHeH.HH .n.11cpcpY3HH H orrpe.n.eneHHSI rrapa­

Merpos B HelirpOHHO-cpH3HqecKOH MO,D.eJIH 

HCilOJih3yeTCSI .HTepaU,HOHHM cxeMa. )J,JISI 

YMeHbllieHHSI paCXO)l(,D.eHHH Me)l(.uy Heif:rpoH­

HO-QJH3H'IeCKOH MO,D.eJlblO H nOKa3aHHSIMH 

,D.aTqHKOB npOBO,[{HTCH a.uanrnum1 MaTepHaJib­

Horo napaMeTpa H ceqeHHH .ueneHHSI Ha ocHo­

Bamt:H pe3yJihTaTOB H3MepeHHH: )J,aHHbIH aJI­

ropHTM ycnelllHO npHMeHSieTCSI ,D.JISI A3C c 

BB3P-1000. 

DOJibWOH 06beM HCIIbITaHHH., rrpoBe,D.eH­

HbIX Ha III 6noKe KanHHHHCKOH A3C, I 11 II 
6noKax A3C "TsrabBaHb", V H VI 6noKax 

A3C "K03JIO.D.ytt", II 6noKe oaJiaKOBCKOH 

A3C, noKa3aJI, 'ITO CBPK-M o6na.n.aeT Bhrco-
, 

KMMH Ha,D.e)l(HOCTHbIMH, BpeMeHHbIMM M Toq-

HOCTHbIMH xapaKTepHCTHKaMH. 



2. BepmlmKau.1u1 u saJiunau.uH KOHTpOJIH 
3KCnJiyaTaUHH Hnepttoro TOilJIHBa 

tta KaJIHHHHCKOH A3C 

.D,m1 no.nrnep:>K.nemrn npasHJJbHOCTH pa-

6oThI CBPK-M npw KOHTPOJJe 51J].epttoro rnn­

JJHBa Ha KaJJHHHHCKOH A3C npose,ueH cpas­

HHTeJJbHbIH amunn OTHOCHTeJJbHbIX MOIUHO­

CTeH TBC. PaccMaTpHBaJJHCh TOIIJJHBHbie 3a­

rpY3KH, B KOTOpbIX 3KCn11yaTHpOBaJJHCb pa3-

JJH'-IHbJe MO.UHCjnrn:aUHH TBC THna TBCA . .[(llil 

conocTaBHTeJJbHOrO aHaJJH3a rrpuMeHIDJHCb 

3KcnepuMeHTaJJhHhie ,uaHHbie BMITO " Xop­

Tttua" (CBPK npe.UbI.Uyiuero noKoJJeHHH), 
llllQ "XopTHUa-M" H pacqeTHbie ,uaHHbie, 

rro11yqeHHhie C HCIIOJJb30BaHHeM rrporpaMMHO­

ro KOMnJJeKca KACKA.[( [ 4] Ha 6a3e 6u6mw­

TeK MaJJOrpynIIOBbIX KOHCTaHT, ITO)J;I'OTOBJJeH­

HbIX c rroMOIUhIO nporpaMMhI TBC-M [5]. 
OrnuquTeJJhHOH oco6eHHOCTbIO Mo.uepHH-

3auuw CBPK Ha nepsoii oqepe.nH KaJJHHHH­

CKOH A3C KBJJ51eTcK opramnaUHH napaJJJJeJJb­

HOH pa60Tbl BMllO " Xopn1ua" H rrrro 

"XopTuua-M", BhHIBJJj{jJ He.nopa6oTKH s Ka)K­

.UOM H3 HliX. O,uHaKO K cpasttemuo pe3yJJbTa­

TOB HX pa60Tbl Heo6XO.UHMO 110.UXO.UHTb aKKy­

paTHO. HanpHMep, BMITO " Xopnm,a" He MO­

)KeT KoppeKTHO pa6oTaTh c TBC 6011bII1oro 

BbITOpaHllil (3KCnJJyaTaum1 5 I{ 6011ee JJeT). B 

CB513H C 3TKM npOH3B0,UHTC.ll rrepHOJlHqecKa.sJ 

KoppeKl(HK BhrropaHHK s BMITO "XopTuua" 

(s CTOpOHY YMeHbIIIeHIDI), qTQ npHBO.UHT K 

,UOIIOJJHHTeJJhHhlM norpelUHOCTKM onpe.nene­

Hllil MOIUHOCTH TBC. 3m norpeIIIHOCTh MO­

)KeT .D.OCTHraTb 5 % s OTKOppeKTHposaHHhIX 

TBC u cooTseTCTBeHHo se.neT K yse11HqeHHIO 

norpeIIIHOCTH s .npyrnx TBC . 
.[(llil npose.nettHK atta111na no.nroTOBJJeHhI 

apXHBHbie .naHHhie: copT TOITJJHBa Ka)K)].OH 

TBCA, speM.sJ 3Kcn11yaTauuu H BbrropaHHe 

TBCA Ha MoMeHT Haqa11a u s npouecce KaM­

naHHH, 3<p<peKTHBHOe BpeMH pa60Tbl peaKTO­

pa, ero MOIUHOCTb, KOHUeHTpauHK 6opHOH KH­

CJJOTbl, .naHHbie TepMOKOHTPOllil, IlOJJO)KeHHe 
OP CY3, a TaK)Ke ,uaHHbie BMITO " XopTuua" 

H rrrro " Xoprnua-M " no OTHOCHTeJibHOH 

MOIUHOCTH TBCA (Kq)-
llepsoHat.JaJJbHO npou3se.netta ouettKa 

rpa<pHKa Harpy3KH peaKTopa. ,[(JI.sJ conoCTaBH­

TeJibHOro aHaJJH3a MOIUHOCTeii TBC sh16paHbI 

cpe3bl .naHHhIX, COOTBeTCTBYJOIUHe CTauuo-

ttapHoMy pe)KHMY pa6oThI peaKTopa. llpu no­
MOIUH nporpaMMHoro KOMnn eKca KACKA.[( 
npose.nettbI pacqeTbI no nporpaMMaM BI1IlP-

7 AH IlEPMAK-A c onpe.neneHHeM Kq . 
llpH npose.neHHH COITOCTaBJieHirn MOIUHO­

CTeH TBC BhIIlOJIHKJJC.sJ aHaJJH3 3HaqeHHH, rro­

nyqeHHhIX B BMITO " Xopnnla" (Kc,X), s 

rrrro " XopTHUa-M" (Kc,XM) M paccq11TaHHbIX 

no nporpaMMaM Bill1P-7 A (Kc,E) 11 ITEP­

MAK-A (Kc,IT). l1ccne.nosa11ach 3aBMCMMOCTh 

OTJJJ,fqJ,f.sJ yKa3aHHbIX 3Hat.JeHHH OT copTa TOIT­

JIHBa, speMeHJ,f ero 3KCnnyaTaUHH, rny6MHbl 

BbITOpaHHK TOITJJHBa. B Ta6JJ. 1 npHBe,ZI.eHO 

OIIMCaHHe copTOB TOIIJJHBa, HCllOJJb3YeMbIX B 

paccMaTPHBaeMblX TOIIJIHBHbIX 3arpY3Kax. 

B Ta6JI. 2 .. .4 npe,D.CTaBJJeHbI CTaTHCTHqe­

CIOle oueHKH conocrnsneHH.ll 0THOCHTeJThHbIX 

MOIUHOCTeH TBC IIO pacqeTHbIM H 3KcrrepH­

MeHTaJJbHbTM LI.aHHbIM C yqeT0M pa3faleHJ:Ul 

TBC Ha rpynnhI .un.s1 pa3nHqHhIX 3arpY30K. 

Ka)K)].a.sJ rpynna TBC onpe.nenK11ac1, copTOM 

TBC H speMetteM ee JKcm1yaTaUHM. 

B Ka"l!eCTBe ,ZI.OilOJIHHTeJibHOH HH<pOpMa­

UHH s Ta6n. 2 npuse.uem,I: cpe.zlHee Ha"l!aJihHOe 

o6orameHHe TBC, cpe.uHee sbrropaHMe s 

rpynne Ha Ha"l!aJIO TOIIJIMBHOH KaMIIaHMH H 

cpe.ntt.s1.s1 OTHOCHTeJihHa.sJ MOIUHOCT~ 1 dC 
(Cp(KqE)) B BhI6paHHOH rpynne; TaK)Ke yKa-

3hIBaIOTC.si: o6ruee KOJIHt.Jecrno TBC s rpynne 

H KOJJKLJeCTB0 TBC C BHyrpHpeaKTOpHblMH 

.naT"l!HKaMH cpe.nw HHX. IlpH aHanH3e nony­

qeHHhIX pe3yJibTaTOB He BbUIBJieHO CTPOroH 

3aBHCHM0CTH OTKJJOHeHHH 3Hat.JeHHH OTH0CH­

TeJibHhIX MOIUHOCTeH TBC, I10nyqeHHbIX pa3-

nuqHbIMH cnoco6aMM, OT copTa Torrmma H 

speMeHH ero 3KCnnyaTaUHH. Ilpu 3TOM OT­

KJJOHeHH.ll HaxO,U.sJTC.ll B rrpe.nenax .nonycTHMhIX 

norpenrnocTeii, onpe.ne11KeMbrx nacnopToM 

.UJJ.ll pacqeTHbIX nporpaMM u roCT-26635 .D.JI.ll 

CBPK. 
ConocTas1neJihHhlH aHaJIH3 3KcnepHMeH­

TaJJhHhIX .naHHhIX BMITO " XopTHUa", rrrro 

" XopTHlla-M" H pactieTHhIX .uaHHhIX, rrony­

qeHHhIX C HCITOJih30BaHHeM nporpaMM 

El1llP7-A u ITEPMAK-A, llOKa3aJJ, qTQ 

BMITO " XopTHUa" M rrrro " XopTHUa-M" 

BOCCTaHaBJIHBaIOT OTHOCHTeJibHOe 3HeprOBhl­

.ueneHHe TBC c ypatt-ra.nonHHHeBhIM TOITJJH­

BOM C 3a.sJBJieHHOH TO':IHOCThIO no cpasttemno 

C pact:JeTHbIMH LI.aHHhIMH. 

5 



0\ Ta6 1. 0 nHcam1e co PTOB TOnJlHBa 
TB3Jlbl 1 TB3Jlbl 2 TB3Jlbl 3 TB3rH Cpe)].Hee Konw-1ecTBO 8b1c0Ta 

KonH- O6ora- KonH- O6ora- KonH- O6ora- KonH- O6ora-
Gd, 

o6ora- )].HCTaHUHO- TOnJlHB-

THn TY YeCTBO, w.eHHe, yecTBO, w.eHHe, YeCTBO, w.eHHe, YeCTBO, w.eHHe, 
% 

w.eHHe, HHPYIOW.HX HOfO CTOJl-
WT % WT % WT % WT % % peweTOK, WT 6a, MM 

390GO 498.04.000-13 240 4,00 66 3,60 6 3,30 5,00 3,90 15 3 530 

398GO 498.04.000-18 306 4,00 6 3,30 5,00 3,98 15 3 530 

399A9 498.04.000-30 303 4,00 9 3,30 5,00 3,99 15 3 530 

438A9 498.04.000-31 303 4,40 9 3,60 5,00 4,38 8 3 530 

438M9 498.08.000-02 303 4,40 9 3,60 5,00 4,38 8 3 530 

439GT 498.04.000-1 7 306 4,40 6 3,60 5,00 4,39 15 3 530 

439GT 498.08.000 306 4,40 6 3,60 5,00 4,39 8 3 530 

439GT 498.07.000 306 4,40 6 3,60 5,00 4,39 15 3 680 

481EN 498.05 .000-02 240 4,95 48 4,40 18 4,40 6 3,60 5,00 4,81 15 3 530 

481ES 498.05 .000-03 240 4,95 48 4,40 18 4,40 6 3,60 5,00 4,81 15 3 530 

481TM 498.05.000 240 4,95 66 4,40 6 3,60 5,00 4,81 15 3 530 

481TN* 498.05.000-0 I 240 4,95 66 4,40 6 3,60 5,00 4,81 15 3 530 

481TN* 498.08.000-0 I 240 4,95 66 4,40 6 3,60 5,00 4,81 8 3 530 

M47E9 498.08.000-03 303 4,70 9 3,60 5,00 4,67 8 3 530 

458R6 498.04.000-28 306 4,595 6 3,60 5,00 4,58 15 3 530 

418R6 498.04.000-27 306 4,195 6 3,30 5,00 4, 18 15 3 530 

4l7R9 498.04.000-29 303 4,195 9 3,30 5,00 4, 17 15 3 530 

*CopTa TOnJlHBa H)].eHTH'-IHbl, HO pa.311HYaJOTC$1 HX TeXHHYeCKHe ycnoBH$1. 
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Ta 6 JI H ~ a 2. CTantCTHYeCKaH oueHKa conocTasneHHH 0TH0CHTenbHblX MOll.lHOCTeH TBC no pacYeTHblM 11 3KCnep11MeHTaJlbHblM .n.aHHblM 

C yYeT0M 6t,1eH11H TBC Ha rovnnb1 22-ti TonmtBHOH JaroV3KH I :meoro6noKa Ka1111HHHCKOH A3C Oa3 _ ~ ~ -- - - ----- --- - - - - I-' 

,:s: ~ 
:s: 

L.Q c::: >< ~ 
;s: Q) Q) C L.Q c::: c:,:s 

:i: ;:s: c::r, L.Q c::r, C c::r, >< ~ 
:s: c::r, C ::x:: ::x:: c::r, L.Q c::r, C ::x:: 

c:,:s c:,:s 
~ ::> i c::r, ::x:: 

c::r, :s: 
al C: :i: L.Q ::x:: c::r, ' ' ::x:: 

c::r, ::x:: c::r, ' ::x:: :r 
~ 

(1) a. L. c::r, 
' ::x:: ~ ~ ' ::x:: ' ~ ~ ~ 

u 
:s: 3' 0 ~ ~ L.Q ' ' >< >< ' o:i 
r:: c:,:s ' >< ~ >< ~ ' ' >< ~ 
C ~ c:,:s ~~ (1) 

(3, L.Q c::r, >< c::r, >< e:( t-
L. ~ c::r, c::r, >< c::r, >< ~ ~ c::r, >< 0 0 0 (1) 

~ ::x:: ~ 
c::r, c::r, 

~ 
(.) 

0 
f- al \0 

al u :i: c::r, c::r, ~ ::,G c::r, 
(1) (1) (1) u L. 

f- f- 0 (1) i- e:( (1) 0 
(1) ::,G (1) ~ (1) (1) (1) ::,G (1) 

a. (.) (1) o:i (1) :i: (1) (1) :i: 0 :i: 0 (1) o:i (.) 

0 
(1) (1) 

§:~ a. e:( ::.::: :i: 0 ;i:: 0 e:( ::.::: e:( ;i:: 0 t- o:i 
g; (1) ::.::: 

u u (1) u e:( ::.::: e:( ::.::: (1) (1) e:( ::.::: :i: Q.) a. (1) (1) a. u u 0 

r:: e:( . u u a. (1) r:: a. u 0.. 0.. u u a. u 
0 (1) u u u u (.) 

::x:: 0.. 
;s: 

u ::l" 

48ITN 1 4,81 0 1,20 0,00 0,01 - 0,04 0,03 -0,04 0,02 0,00 0,05 0,00 0,06 - 0,04 0,07 1 18 

M47E9 I 4,67 0 1,01 -0,03 0,02 0,00 0,02 -0,03 0,03 -0,01 0,03 - 0,04 0,03 0,00 0,04 I 6 

438M9 I 4,38 0 1,24 0,00 0,01 0,03 0,03 0,03 0,02 0,00 0,03 0,00 0,02 0,03 0,02 18 18 

481EN 2 4,81 12 1,22 0,01 0,01 0,01 0,00 0,02 0,00 -0,02 0,01 -0,01 0,00 0,03 0,01 1 1 

481ES 2 4,81 12 1,23 0,00 0,01 0,02 0,01 0,02 0,0 I - 0,02 0,01 - 0,02 0,01 0,04 0,01 1 1 

481TN 2 4,81 12 1,23 0,00 0,01 0,02 0,02 0,02 0,02 0,01 0,03 0,01 0,02 0,0 I 0,03 10 10 

438A9 2 4,38 15 I, 14 0,00 0,01 0,01 0,02 0,01 0,02 0,03 0,03 0,03 0,03 - 0,02 0,03 4 12 

399A9 2 3,99 16 I, 11 - 0,01 0,01 0,00 0,02 - 0,01 0,01 0,01 0,03 0,00 0,03 - 0,01 0,02 6 12 

398GO 2 3,98 12 1, 16 0,00 0,01 -0,05 0,01 - 0,05 0,02 0,02 0,05 0,01 0,05 - 0,06 0,05 0 6 

481TN 3 4,81 28 1,05 0,01 0,01 0,00 0,01 0,01 0,02 -0,02 0,02 0,00 0,02 0,02 0,02 4 12 

439GT 3 4,39 31 0,99 0,01 0,01 0,00 0,02 0,01 0,01 0,00 0,03 0,00 0,02 0,00 0,02 4 17 

398GO 3 3,98 32 0,93 0,00 0,01 0,01 0,02 0,01 0,02 0,03 0,02 0,03 0,02 -0,02 0,02 4 18 

48ITM 4 4,81 42 0,94 0,01 0,00 0,00 0,01 0,00 0,01 - 0,04 0,05 -0,03 0,05 0,04 0,06 3 6 

439GT 4 4,39 43 0,51 0,00 0,01 0,00 0,02 0,00 0,02 -0,02 0,03 -0,02 0,03 0,02 0,03 4 21 

439GT 5 4,39 52 0,35 0,00 0,00 -0,03 0,02 - 0,02 0,02 - 0,03 0,04 - 0,03 0,04 0,00 0,04 2 3 

390GO 6 3,9 54 0,32 0,01 0,00 -0,01 0,02 0,00 0,02 - 0,01 0,04 -0,01 0,04 0,01 0,04 1 2 

CKO - cpe.n.HeKsa.n.pan1YecKoe 0TKnoHeH11e 

-..l 



00 

Ta6Jinua 3. CrnTHCTH'-leCKrui OtWHKa conocTasneHHj! OTHOCHTeJlbHbIX MO~HocTeH TBC no pac'-leTHhtM H 3 KcnepHMeHTaJlhHblM )].aHHhIM 

c yYeTOM pa.361-feHHj! TBC Ha rpynnht 23-H TOnJlHBHOH 3arpy3KH l 3Hepro6noKa KanHHHHCKOH A 3C 

~ ,:s; 
"-'1 ~ X :s: af af t:; "-'1 t:; :i: :s: <:?, "-'1 t:; <:?, X <'d :s: 

~ ;:J 
~ t:; ~ ~ ~ er ~ I,!) ~ t:; ~ ~ 

<'d :i: I,!) ~ ~ ~ C0 t:: 
~ I 

~ I 
~ ~ <:?, I 

~ :s: ~ 
<I) C. L.. <:?, I 

~ ~ ~ 
I 

~ I 
~ 2 :l' ~ 

I I X X I c:; <'d 0 :.: I,!) 
I 

~ 2 I I X ~ C: :.: <'d ~l <I) ~ ~ <:?, X ~ X L.. ~ ~ <:?, X ~ ~ <:?, 0 0 0 <I) <:?, 
~ ~ ~ <:?, 

~ f-- C0 ID C0 0 :i: <I) ~ <:?, er <I) ~ ~ <:?, f-- <I) i-- ~ ~ ~ 
<I) 

~ 
f-- 0 <I) 11) <I) 11) 11) <I) C. u <I) o::l :i: 0 <I) 

~ :i: 0 = 0 11) 0 <I) <I) 

~2 C. 
~ ::::i::: :i: 0 0 1::1: ::::i::: 1::1: ::::i::: :i: 0 :r 11) u u :s: = u ~ ::::i::: 1::1: ::::i::: <I) u 11) u 1::1: ::::i::: <I) C. 11) C. C. 11) c:; 1::1: C. u C. u C. u u u C. u 0 11) u u u u ::::i::: C. 

u 

481TN I 4,8] 0 1, I 0 - 0,03 0,0 I 0,04 0,05 0,01 0,06 0,01 0,02 -0,02 0,02 0,03 0,07 
438M9 I 4,38 0 1,24 -0,01 0,01 0,02 0,01 0,01 0,02 0,02 0,02 0,01 0,02 - 0,01 0,02 
481TN 2 4,81 16 1, 18 0,00 0,04 0,03 0,02 0,03 0,03 0,05 0,03 0,05 0,06 -0,02 0,04 
M47E9 2 4,67 12 1,31 0,05 0,02 0,00 0,02 0,05 0,02 - 0,01 0,01 0,04 0,01 0,01 0,02 
438M9 2 4,38 17 1,21 -0,01 0,02 - 0,02 0,04 -0,03 0,04 -0,02 0,03 -0,03 0,03 0,00 0,02 
481EN 3 4,81 28 1, 12 0,0 l 0,00 0,02 0,01 0,03 0,01 -0,06 0,01 -0,06 0,01 0,08 0,01 
481ES 3 4,81 28 I, 12 0,00 0,00 0,01 0,01 0,0 I 0,01 -0,06 0,01 -0,05 0,01 0,07 0,01 
481TN 3 4,81 28 1, 11 0,01 0,00 0,01 0,01 0,02 0,01 -0,04 0,02 - 0,04 0,02 0,05 0,02 
438A9 3 4,38 31 1,05 0,01 0,01 - 0,02 0,02 -0,01 0,01 - 0,03 0,01 -0,02 0,01 0,00 0,01 
399A9 3 3,99 31 0,88 0,02 0,02 -0,05 0,01 -0,02 0,02 0,00 0,02 0,02 0,02 - 0,04 0,02 
398GO 3 3,98 29 1,01 0,00 0,00 -0,04 0,01 -0,04 0,01 0,00 0,01 0,00 0,01 - 0,04 0,02 
481TN 4 4,81 43 0,93 0,02 0,01 -0,01 0,02 0,01 0,02 - 0,02 0,01 0,00 0,01 0,01 0,01 
439GT 4 4,39 44 0,46 -0,01 0,00 -0,01 0,01 -0,02 0,01 0,00 0,01 -0,01 0,01 - 0,01 0,01 
398GO 4 3,98 43 0,60 0,03 0,01 -0,01 0,01 0,02 0,01 0,02 0,00 0,05 0,01 - 0,03 0,00 
481TM 5 4,8 I 55 0,32 -0,01 0,00 0,00 0,01 0,00 0,01 0,00 0,01 -0,01 0,01 0,00 0,01 
439GT 5 4,39 49 0,32 0,00 0,00 -0,01 0,01 - 0,01 0,01 0,00 0,01 0,00 0,01 -0,01 0,00 
439GT 6 4,39 59 0,28 0,00 0,00 - 0,01 0,01 -0,01 0,01 0,03 0,01 0,03 0,01 -0,04 0,01 

:s: 
~ 
<'d 
:.: 
:s: 
:r 
f-- u 
<'d c:Q 
c:t r 
0 0 
u L.. 

c:Q 11) 
0 r o::l 

0 
c:; 
u :s: 
::r 

2 24 
18 18 
12 18 
4 6 

6 18 
0 I 

0 1 

0 10 
4 12 

4 12 

0 6 
8 12 
2 12 

0 I 
2 6 

1 4 

1 2 
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Ta6n11u.a 4. CTantCTHYecKajl oueHKa conocTaBJleHHjl 0TH0CHTenbHblX M0lUH0CTeH TBC no pacYeTHblM H 3KCnepHMeHTMbHbtM ti.aHHblM 

c yYeT0M pa36HeHHjl TBC Ha rpynnbt 20-H rnnnHBHOH 3arpy3KH II 3 Hepro6noKa KanHHHHCKOH A 3 C 

-;J. >:S: L0 t:: >< :s: oi d) t:: L0 t:: :.: :s: ~ L0 ~ t:: I:;-

"' :s: ;; ::) 
~ t:: ~ ~ ~ ~ 

~ t.O ~ t:: ~ 
"' C: :.: LC ~ ~ ' ~ ' ~ 

~ ~ ~ ~ I 
al ::. (I) 0. '- ~ t.Q ~ ~ ' ::E ' ~ x ~ ::E :s: 3 ~ ~ >< 2 "' 0:.: ::E ~ ' I >< :.: "' ~l ~ Ji ~ >< ~ >< '- (I) 

~ ~ >< ~ ~ ~ 0 0 0 (I) <::?- ~ ~ 
~ ~ ~ f- al \0 al u :.: (I) ~ <::?- <::?- (I) ~ (I) ~ 

f- f- 0 (I) i- q (I) (I) ~ (I) ~ (I) (I) (I) 
0. u (I) c:o (I) :.: 0 (I) (I) :.: 0 :.: 0 (I) 

0 (I) (I) 

~ ::E 
0. q ::.:: :.: 0 :i:: 0 q ::.:: q ::,::: :i:: 

u :r (I) u (I) q ::,::: q ::.:: (I) (I) q :s: :i:: u u u q (I) 0. (I) u (I) u 0. 0. (I) c:; 0. u 0. 0. u u 0. 0 ., u u u u ::.:: 0. 
u 

458R6 1 4,595 0 1,06 -0,04 0,02 0,02 0,02 -0,01 0,02 0,04 0,02 0,00 0,03 -0,0 1 

417R9 1 4, 195 0 1,28 0,03 0,0 1 0,01 0,03 0,04 0,04 0,02 0,03 0,05 0,03 -0,0 1 

418R6 1 4,195 0 1, 16 -0,02 0,0 1 0,03 0,03 0,01 0,03 0,04 0,03 0,02 0,03 -0,0 1 

458R6 2 4,595 15 1,23 0,02 0,02 - 0,01 0,02 0,01 0,02 -0,02 0,03 0,00 0,02 -0,0 1 

417R9 2 4,195 18 1, 15 0,0 1 0,01 - 0,02 0,01 -0,02 0,02 -0,03 0,02 -0,02 0,02 0,01 

4 18R6 2 4,195 16 1, 10 0,0 1 0,02 - 0,01 0,02 0,00 0,02 -0,0 1 0,02 0,00 0,03 0,01 

458R6 3 4,595 30 1,0 1 0,02 0,02 0,01 0,02 0,02 0,03 0,00 0,01 0,01 0,03 0,01 

4 17R9 3 4,195 32 0,98 0,00 0,00 -0,01 0,01 - 0,01 0,01 -0,03 0,02 -0,03 0,02 0,02 

418R6 3 4, 195 31 0,83 0,01 0,02 -0,02 0,02 -0,01 0,02 -0,02 0,02 -0,01 0,03 0,00 

439GT 4 4,39 43 0,42 0,00 0,00 -0,02 0,01 -0,02 0,01 -0,0 1 0,01 -0,01 0,0 1 -0,01 

4 18R6 4 4,195 40 0,42 0,00 0,01 -0,02 0,02 - 0,02 0,02 -0,02 0,01 -0,02 0,02 0,00 

:s: 
::. 
"' >< :.: 

'1" :s: 
~ ~ u 
' c:o ::E q E->< u 0 <::?- u '-
~ c:o (I) 

u 
0 E- c:o 
::.:: 0 
u c:; 

u 
:s: 
::r 

0,02 2 24 

0,04 4 6 

0,01 18 18 

0,02 18 24 

0,01 4 6 

0,03 4 18 

0,02 4 24 

0,02 0 6 

0,02 5 18 

0,01 3 12 

0,02 2 7 



HOBbIM no cpa1rneH1nO C rrpeJJ.bUJ,yIUHM 

fI0K0JieIIBeM CBPK CBOHCTBOM rrrro "Xop­

THUa-M" HBmieTCH B03M0)KH0CTb K0HTP0JIH 

rroTB3JibHoro pacrrpeJJ.eneHHH 3Hepr0BhI)lene­

HHH. 3m cpyttKUHH npHMefUl:eTCH )].AA: 

- pacqeTa K03(pq)HIJ,HeHTOB rrporropUH0Hallb­

H0CTH Me)KJJ.Y TOK0M .D:IT3 H nHHeHHblM 3Hep­

r0BblJ].eneHHeM B TBC; 

- orrpeJ].eneHHH MaKCHMallbHO HanpH)l(eHHbIX 

TB3ll0B H TB3roB; 

- orrpeJJ.eneHHH rrpeBbnueHHH JIHHeHHOH Ha­

rpy3KH TB3JI0B H TB3roB rrpeJJ.ellhHbIX 3Haqe­

HHH H cpopMHpOBaHHH CHrHall0B rrpeJJ.yrrpeJJ.H­

TeJibHOH H aBaptti1Hoi1 3all.lMT no noKanhHhIM 

rrapaMeTPaM. 

qT06hI HMeTb B03M0)KH0CTb K0HTP0llHp0-

BaTh n0TB3llbH0e 3Hepr0BbIJ].eJieHHe, B ITITQ 
"XopTHUa-M" J].o6aBneH M0JJ.Yllb mf pacqeTa 

MHKporroneii. BrrepBbie Ha KanHHHHCKOH A3C 

M0JJ.YJib mf BKJIIO'leH B rrrro "Xoprn:ua-M" Ha 

III 6noKe. 3a BpeMH ero 3KcrrnyaTaUHH cne­

UHanHCTaMH KanHHHHCKOH A3C rrpoBeJ].eH 

aHanH3 ero pa6oThI, cpaBHeHHe pe3yJibTaT0B 

pact:feT0B co lllTaTHbIMH cpeJJ.CTBaMH (rrpo­

rpaMMa IIEPMAK-A rrporpaMMHoro K0M­

rrneKca KACKA,n). ITo pe3ynbTaTaM aHanH3a 

Bbl)laHbI 3aMet:faHHH H peKoMeHJ].aUlIB, yqeT 

K0T0pblX II0BbICHJI T0t:fH0CTb H HaJ].e)l(H0CTb 

pact:feToB no M0JJ.ynro mf. 

B HaCT0HIIJ,ee BpeMH M0JJ.YJih mf HCTI0J1b-

3yeTCH Ha I H II 6noKax KamrnIIBCKOH A3C. 

Ha I 6noKe np0H3BeJJ.eHa M0JJ.epmnau,llil 

BepxHero ypoBHH CBPK - BMITO "Xopniua" 

3aMeHeH0 Ha rrrro "XopTHIJ,a-M", Hat:fHHM C 

24-H TOilllHBHOH 3arpy3KH. .ll:o 3T0ro ITI1O 

"Xopnma-M" npoxoJJ.Hno 3Tan om,ITH0-

npoMhmrneHHOH 3KCnnyaTaUHH B Tet:feHHe 

TPeX KaMnaHHH. 3a 3T0 BpeMH pa6oTa M0J].ymI 

mf TIIJ,aTeJihHO npoTeCTHp0BaHa H B HaCT0H­

ruee BpeMH OH BKnIOt:feH B pa6oTy no npoeKT­

HOH cxeMe. 

Ha II 6noKe H)leT noJ].roTOBKa K M0JJ.epHH-

3aIJ,HH CBPK - B 2008 r. 3aMeHeH BepXHHH 

ypoBeHb CBPK. B HaCT0.stIIJ,ee speMH rrno 
"XopTHD,a-M" Ha II 6noKe pa6orneT B HH­

cpopMaUHOHHOM pe)l(HMe, Tecn1pyeTCH ero 

pa60Tocrroco6HocTb B ycnoBHHX 3KcnnyaTa­

UHH TOITJTIJ:Ba H3 pereHepHp0BaHH0ro ypaHa. 

OIIbIT npttMeHeHHH MOJJ.ynH mf Ha III H I 6no­

Kax n03B0nHn BBeCTH ero B lllTaTHbIH pe)l(HM 

3KCrn1yaTaUHH. 

OrrhIT 3KcnnyaTaUHH M0JJ.ynH n0TB3llbHhIX 

pacqeT0B J].aeT B03M0)l(H0CTb CJ].enaTb cne­
JJ.YJOII.1,He BbIB0J].bI: 

- pa6orn M0JJ.YJIH HBnHeTCH ycTOWIBBOH; 

- pe3ynhTaTbI pact:feT0B xoporno C0BilaJ].aIOT C 

pact:feTaMH no rnTaTHOH rrporpaMMe ITEP­

MAK-A )lllH C00TBeTCTByIOIUHX COCTOHHHH; 

- 3aMet:feH0 BJIHHHHe Ha pe3ynhTaThI pacqeT0B 

HeJ].0CTOBepHbIX J].aHHbIX 06 3Hepr0BbI)lene­

HHH no .D:IT3. 

3. HcnoJJbJOBaHHe CBPK-M 3-ro 6JJoKa 

KaJJHHHHCKOH A3C J).JJH J).HafH0CTHKH 

JJOKaJJbH0f0 KHneHHH TenJJ0H0CHTeJJH 

B cocTaB CBPK-M 3-ro 6noKa KanHHHH­

CKOH A3C BX0JJ.HT cpeJJ.CTBa BHYTPHpeaKTop­

HOH IIIyMOBOH J].HarH0CTHKH, KOT0pbie no3B0-

JIHIOT BbIJ].eJIHTb MTH0BeHHyro KOMIJ0HeHTY 

T0Ka ,nIT3, o6ycnosneHHyro 3cpcpeKTOM KoM­

nToHa, qT06b1 pernCTPHP0BaTb lliyM HeHTPOH­

Horo II0T0Ka. 

O.D.HOH 113 0CH0BHbIX IIpH'lHH B03HHKH0-

BeHHH rnyMa HeHTPOHHoro rroToKa HBJUIIOTCH 

KOJie6aHHH napaMeTP0B Terrn0H0CHTeAA (pac­

X0J].a, J].aBJieHHJI, TeMIIepaTyphI ), K0T0pbie 

npHB0JJ.HT K <PJIYKTYaUH.srM IIJI0TH0CTH Tenno­

H0CHTeAA. CooTBeTCTBYJOII.l,He Kone6aHJrn 

MaKpoceqeHHH 3aMeJJ.neHHJI H rrornorueHHH 

TeIIJI0H0CHTeAA Bhl3bIBaIOT IllyM HeHTpOHH0ro 

rroT0Ka. AHanm H3MeHemu1 xapaKTepa rnyMa 

J].aeT B03MO)KH0CTb CYJJ.HTb 06 H3MeHeHHH co­

CT0HHHJI TerrnoH0CHTeJIH (pa3BHTHH npou,ecca 

KHrremrn) B rrpocTPaHcTBe, K0HTP0JIHpyeM0M 

.D:IT3. 

.ll:AA pa3pa6oTKH anropHTMa J].HarH0CTHKH 

n0KallhH0fO KHileHHH rrpoBeJ].eHbl HCCJieJ].0Ba­

HH.sl c rrpHMeHeHHeM rrporpaMMhI NOSTRA 

[ 6] TPeXMepHOH J].HHaMHKH aKTHBHOH 30Hh1 

BB3P. HccneJJ.oBaHHJI rro3B0JIHJIH BhIJJ.enHTh 

nonocy qacTOT rnyMa HeHTPOHHoro rroToKa 

(0,2 ... 5 fu), B KOTOpOH t:fYBCTBHTeJibH0CTb 

rnyMa K Kone6aHH.slM rrapaMeTP0B TeIIJI0H0CH­

TeJI.sI HaH6onee BhIC0Ka. 3Ty nonocy qacTOT 

perneH0 HCII0ilb30BaTb B KaqecTBe pa6oqeii 

rrpH J].HarH0CTHKe C0CT0.si:HHH TeTIJI0HOCHTeAA. 

AHanH3 pe3ynhTaT0B M0J].eJIHp0BaHH.sl K0-

ne6aHml rrapaMeTP0B Terrn0H0CHTeJI.si: B aK­

THBHOH 30He BB3P-1000 B CHTyaumi:x c rro­

BepxHoCTHbIM tt o6beMHbIM KHIIeHJfeM, B 0T­

CYTCTBHe KHrreHH.sl H B pa3JIHt:fHbie M0MeHTbl 



KaMnamrn onpe.nenHJJ 3aBHCI1MOCTb HHTeH­

CHBHOCTH 11 npOCTPaHCTBeHHOro pacnpe.uene­

HM.11 llly-Ma HeHTPOHHOro IlOTOKa OT xapaKTepa 

KHnemrn, napaMeTPOB napa, s11.ua, aMnnHTYJlbI 

11 qacTOTbl KOne6aHH.II napaMeTPOB TennOHO­

CHTen.11. Ilpose.ueH CTaTHCTH'lecKHH attanH3 

60ilbllIOrO MaCCHBa pe3ynbTaTOB H3MepeHH.II 

llly-Ma HdiTPOHHOro IlOTOKa OT)leilbHbIMH ,ll;I13 

Ha 3-M 6noKe KanHHHHCKOH A3C. Conocrns­

neHHe pe3ym,TaTOB MO)lenHposaHH.11 H H3Me­

peHH.II Illy-Ma HeHTPOHHOro IlOTOKa Il03BOilHilO 

pa3pa6oTaTb MeTOJl .u11arHOCTI1KH IlOKanbHOfO 

KHileHH.11 TennoHOCMTen.11 [7, 8]. 
MeTOJl OCHOBaH Ha 3cpcpeKTe YJ3en11qemrn 

lJ)'BCTBHTeilbHOCTH llly-Ma HeHTPOHHOfO IlOTO­

Ka K Kone6aHHRM napaMerpos TennoHOCHTem1 

np11 BO3HHKHOBeHHH KHneHH.11. B KatJeCTBe 

napaMeTpa llly-Ma HcnonbJyeTc.11 CKO UIJ'MO­

soro CHrHana .ll:Il3 (~ _Ail3u)- .lJ:n.11 scex i-x 
.lJ:Il3 Ka)K)lOH j-H c6opKH BHYTPHpeaKTOpHbIX 

)leTeKTOpos paCC'lMTbIBaIOTC.11 HH)lHBH)lyanb­

Hble YCTaBKH ~ _AI13u npe,!l, npeBblllJeHHe KOTO­

pbIX HHTepnpeTHpyeTC.11 KaK HaCTynneHMe KH­

neHH.11, C BblBO)lOM Ha naHenb E~Y npe.uy­

npe)l(JlaIOmero CHrHana. B MeTOJle np11MeID1-

IOTc.11 OT6paKOBKa 11 cpHnbTPaUH.11 CHrHanOB 

.lJ:Il3, Y'-11,fTbJBaeTC.II Koppen11posaHHOCTb CHr­

HanOB OT )laT'IHKOB, pacnoilO)KeHHbIX Ha pa3-

HOH BbICOTe O)lHOH c6opKH. 

MeTOJl HaxO)lHTC.11 B OilbITHO-npOMbIIll­

neHHOH 3KCnnyaTaUHH Ha 3-M 6noKe KanH­

HHHCKOH A3C, .nose.nett .uo ycTOH'IHBOro pe­

)KHMa pa60Tbl H, 6naro.uap.11 OTna)KeHHOH CHC­

TeMe OT6paKOBKH u qmnbTPaUHH CHrHanOB 

llly-Ma, IlOKa3bIBaeT Ha)le)l(HyIO pa6oTy. 

4. Harrpasnenue .UaJJbneihnero 
pa3BHTHH CBPK-M B ttacTH K0HTp0JIH 

H.aepnoro Tonnusa 

Ilpose.ueHHbie s nocne11.Hee speMR 3Kcne­

p11MeHTanbHb1e H pacqeTHble HCCne.uosaHM.11, a 

TaK)Ke OTibIT 3 KCrrn yaTau1rn, IIOKa3bIBaIOT, '-ITO 

KOHCTPYKUH.11 TB3nos BB3P-l 000 o6na.uaeT 

JJ.OCTaTOlJHO BblCOKHMH 3anacaMH no pa60TO­

cnoco6HOCTH s ycnoBH.IIX nepeMeHHbIX Harpy-

30K. 3TO Il03BOn.lleT nepeCMOTPeTb PM orpa­

HH'-IeHHH Ha 3KCnnyaTaUHIO TOilflHBa 11 yqeCTb 

TPe6osaHH.II aTOMHbIX CTaHUHH no nosbIUJe­

HHIO 3 KcnnyaTaUHOHHOH r116KOCTH TOITJIHB­

Hb!X UHKJ10B H ysem1qeHHIO 11.onycTHMOro KO­

n11qecrna UHKnOB Harpy'")Kemrn:. 

Onpe11.en.1110IUHM cpaKTOpOM B nepex_OJJ.­

HblX pe)KHMax Cily'")KHT CKalJOK MOIUHOCTH, on­

pe.uen.11eMblH KaK ysen11tJeHHe (co 3HatJHMOH 

CKOpOCTblO) noKanbHOH nHHeHHOH MOIUHOCTH 

TB3na OTHOCMTeilbHO npeJJ.bIJlyruero npHpa6o­

TaHHOro 3HaqeHH.11. BpeM.11 Bb!XOJJ.a Ha npHpa-

60TaHHOe COCTO.IIHHe 3aBHCI1T OT MHOrHX cpaK­

TOpos: 

- IlOKanbHOro BbirOpaHH.11 B TOililHBe; 

- nHHeHHOH MOIUHOCTH; 

- TeMnepaTypbI Torrmrna H o6ono'IKH 11 .up. 

B o6meM cnyqae npupa6oTaHHoe cocTo.11-

HHe H cTaUHoHapttoe 3HatJeH11e nHHeHHOH 

MOIUHOCTH TB3na onpe11.en.11IOTC.II. )leTanbHbIMH 

pactJeTaMM no noTB3nbHbIM HeHTPOHHO­

Q)H3HtJecKHM xapaKTepHCTMKaM. 

IlpH HanWIHH COOTBeTCTByIOIUeH CHCTe­

MbI BHyrpHpeaKTopHoro K0HTp0JUI 11 rrpo­

rpaMMHOfO 06ecneqeH11.11. onpe11.enett11e np11-

pa60TaHHoro COCT0.IIHH.11. TT03B0n.ll.eT peanH30-

BaTb K0HTPOJU, CKaqJC0B M0IUH0CTH on-line H 

BO MHOfOM CH.IITb npo6neMy yqeTa UHI<JIOB 

Harpy'")KeHH.11. 

3aKJ11011enue 

Co311.aHa H BHe,npetta Ha A3C c BB3P co­

speMeHHaR CBPK-M, 06na.ua10ma.11 BbICOKOH 

Ha)le)KH0CTblO H 6bICTPOJJ.eHCTBHeM np11 KOH­

TP0ne 3KCnnyaTaUHH .ll)lepHoro TOilnHBa B aK­

THBHOH 30He. XapaKTepHCTHKH CHCTeMbl IlO)l­

TBep)l(JleHbI rrpH sepHQ_)HKaUHH H BanH)laUHH 

Ha Kan11HHHCKOH A3C, a TaK)Ke HCITbITaHH.11.­

MH H 3KcnnyaTau11eH Ha .upyr11x 3Hepro6no­

Kax A3C c BB3P. Pa3pa6oTaHHbie CHCTeM­

Hbie peUieHHJI TI03B0Il.lllOT nepecMOTPeTb p.11.Jl 

orpaHMtJeHHH Ha 3KCirnyaTauHJO .11.11.epHoro TO­

IlilHBa H npH pa3BHTHH CHCTeMbI yqecTb TPe-

6osaHH.II. A3C no nosbIUJeHHJO 3Kcrrnyarnu11-

0HHOH rn6KOCTH T0ililHBHbIX UHKnOB H yse­

nHtJeHHIO 11.ony cTHMOfO KOn HtJeCTBa UHKJ10B 

H arpy'")KeH 11.11.. 

B JaKilIOl.feHHe aBT0pbI Bblpa)KaJOT 6onb­
lllyIO npH3HaTeilbH0CTb nepcoHany KanHHH­

CKOH A3C 3a IlOMOI..Ub B Il0)lfOTOBKe CTaTbH. 

CnncoK JIHTeparypbt 
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Y,l(K 681.6 
PeaKTHBHOCTHhle 34>4>eKTb1 B peaKTope BB3P-1000 

3-ro 6JioKa KaJIHHHHCKOH A3C ua 3Tane 4JH3H1.JecKoro nycKa. 
Pac1.JeTb1 n HHTeJIJieKTyaJibHOH nporpaMMHoii: cpeAe ShIPR 

c 6H6JIHOTeKoii: ,unyrpynnoBblX ce1.JeHHH, noJ1y1.JeHHblX no nporpaMMe UNK 

M.H. 3u1u11, 
PHU. "Kyp1-i:aTOBCKHH HHCTHTyr", 123182, MocKaa, mi. Kypqarnaa, 1, 

B.r. 3uMu11, 

MM<l>l1 (HaUHOHanbHhIH jJ_JJ.epHhlH ymrnepcHTeT), 115409, MocKBa, KaurnpcKoe rnocce, 31, 
C.H. 3u:1u11a, JI.B. Kp11K6U11, B.A. llumUJ1UAt06, B.A. TepetuoHoK, 

OAO ''BHMI1A3C", 109507, MocKBa, <l>epraHCKM y11., 25 
IlocTymrna a pe.ua.KI{HlO 24.02.2009 r. 

B HHTenneKT)'aJlbHYIO nporpaMMHYIO CHCTeMy Shf PR .u,nll MaTeMaTH'-lecKoro Mo,neJrnposaHHll llAepHblX 
peaKTopos BKnlO'-leH Ha6op Bbl'-IHCJTHTenbHblX MOAyneH, peanH3YIOI.J..IHX no,nrOTOBKY MaKpoce'-leHHH Ha OCHO­
se JJ.ByrpynnoBOH 6H6JlHOTeKH HeHTpOHHO-<pH3H'-leCKHX Ce'-leHHH, noJ).r0T0BJleHHblX .ll)lll HOAaJlbHOH npo­
rpaMMbl SKETCH-N . .D:syrpynnosall 6H6nHoTeKa HeHTpOHHO-cpH3H'-leCKHX ce'-leHHH no)].roTOsneHa no npo­
rpaMMe UNK .ll,Jlll rpexMepttoro JJ.H<pcpy3HOHHoro pac'-leTa nepBblX KaMnaHHH BB3P-1000. Pac'-leTbl noneii 
HeHrpoHOB s c11cTeMe ShlPR JJ.enanHCb no nporpaMMe DP3 s .nsyrpynnosoM AH<pcpy3HOHHOM npH6nm1<eHHH 
B rpexMepHOH rpeyronbHOH re0MerpHH. PaCC'-IHTaHa 3cp<peKTHBHOCTb scex rpynn peryn11py101.J..1HX CTep:>1<.HeH 
JJ.nll nepBOH TonnHBHOH 3arpY3KH 3-ro 6noKa KanHIDtHCKOH A3C . .D:ononHHTenbHO pacC'-IHTbIsan11cb TeMne­
parypHble, 6apoMerp11'-1eCKHe H nllOTHOCTHble 3cpcpeKTbl peaKTHBHOCTH H K03q>q>HUHeHT peal,.'THBHOCTH no 
KOHUet-rrpaUHH 6opHOH KHCJlOTbl B peaKTope. Pe3yllbTaTbl pac'-leTOB cpaBHHBalOTCll C 3KCnepHMeHTOM. 

Kmo'leeble cnoGa: BB3P-1000, 3cpcpeKTHBHOCTb OP CY3 H A3, K03cpQ)HUHeHTbl peaKTHBHOCTH, JJ.BY­
rpynnosoe AHcp<py3HOHHoe npH6muKeHHe, 3D TpeyronhHall reoMeTpH.11, ShJPR, SKETCH-N, UNK. 

Reactivity Effects in VVER-1000 of the Kalinin Power Station 3-rd Unit at the Physical Start-up. 
Calculations in the ShIPR Intellectual Code System with the Two-Group Cross-Section Library Gener­
ated by the UNK Code. M.N. Zizin, RRC Kl, Kurchatov sq., 1, Moscow, 123182. V.G. Zimin, MEPhl (Na­
tional Nuclear Research University), Kashirskoe shosse, 31, Moscow, ll 5-109. S.N. Zizina, L. V. Kryakvin, 
V.A. Pitilimov, V.A. Teresltonok, VNIIAES, Ferganskaya st. , 25, Moscow, 109507. The computing module 
set realizing preparation of two-group neutron macro cross-sections by the library from nodal code SKETCH­
N has been included in the Sh[PR intellectual code system for nuclear reactor simulation. The two-group li­
brary is prepared by code UNK for VVER-1000. The two-group diffusion calculations in the Shi PR system 
were done by the DP3 code in three-dimensional triangular geometry. Efficiency of all control rod groups for 
the first fuel loading of 3-rd unit of Kalin in power station has been calculated. The temperature, barometric 
and density reactivity effects and changing reactivity because changing concentration of boric acid in reactor 
were calculated also. Results of calculations are compared with experimental data. 

Key words: VVER-1000, Reactivity Effects, Two-Group 3D Triangular Diffusion Calculations, Shi PR, 
SKETCH-N, UNK. 

Bee}lenue 

B 2007 r. a HHTenJleKTya.JThH)'lO npo­

rpaMMH)'lO CHCTeMy ShIPR [ 1] JJ.Jljl MaTeMarn­

liecKoro MO,ZleJJHpOBaHHji jlJJ.epHI>IX peaKTOpOB 

BKJIIOqeH Ha6op Bbl'iHCJlHTenbHbIX MO,Zl)'JleH, 

peanHJ)'lOIUHX no.uroTOBKY MaKpoceqeHHH Ha 

OCHOBe JJ.ByrpynnoBOH 6H6nHOTeKH HeHTPOH­

HO-<pH3H'IeCKHX ceqeHHH, nOJ).fOTOBneHHbTX 

JJ.AA HOJJ.anhHOH rrporpaMMhI SKETCH-N (2, 
3]. .aJlj{ Hee pa3pa6oTaHbI HOBM CHCTeMa no-

JlHHOMHanbHOH annpOKCHM?UHH / HHTepnomI­

UHH HeHTpOHHO-<pHJHqecKHX KOHCTaHT 

SUBSET-XS (4] H noJJ.nporpaMMa pac'-leTa 

ce'-leHHH H3 nOJJ)"IeHHOH 6H6nHoTeKH. Pac11e­

ThI no11ei1 HeH-rpoHOB B CHCTeMe ShJPR BhI­

nonHll:JlHCh no nporpaMMe DP3 [5] B JJ.BY· 

rpynnOBOM JJ.H<p<pY3HOHHOM npH6J1H)KeHI1H B 

-rpexMepHOH -rpeyronhHOH reoMe-rpHH. C HC­

nonh30BaHHeM 3TOH 6H611noTeKH ce'-leHHH 

paCC'-IHTaHa 3<p<peKTHBHOCTb acex rpynn pery­

JlHP)'lOIUHX CTep)KHeH JJ.Jlji nepBOH TOnJlHBHOH 
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3arpy:nrn 3-ro 6JIOKa KaJIHHHHCKOH A3C. )].o­
nOJIHHTeJibHO paCC'IHTbIBaJIHCb TeMnepaTyp­

Hbie, 6apoMeTPHtJeCKHe H nJIOTHOCTHbJe 3cp­

cpeKTbI peaKTHBHOCTH H K03q>q>HI.{HeHT peaK­

THBHOCTH no KOHI.{eHTpaiurn 6opHOH KHCJIOTbl 

B peaKTOpe. Pe3)'JibTaTbI pactJeTOB B CHCTeMe 

ShIPR cpaBHHBaIOTCR c 3KcnepHMeHTOM. 

PacqeTbI noneH HeHTPOHOB .ueJiaJIHCb no 

nporpaMMe DP3 B .llB)'rp)'IlilOBOM .llHq>q>Y3H­
OHHOM npH6JimKeHHH B TPeXMepHOH TPe­
yrom,HOH reoMeTPHH. B 2007 r . B CHCTeMe 

ShIPR peaHHMHpOBaHa fillOHCKM MeTO,llHKa 
JAP - o,ro,rn H3 npoCTbIX BapHaHTOB HO,llaJib­

HbIX MeTOAOB, 3cpcpeKTHBHO )'TOlJHRlOmHX pe-
3)'JibTaTbl pac'leTa nOTOKOB Ha KpaIO jfl,JeeK. 

PeaJIH30BaH BapHaHT MeTOAa [6), npeAJIO)KeH­

HbIH A .C . CepernHhIM [7). Ilp11 pac'leTax c 
rrpHMeHem-1eM MeTO,llHKH JAP (Mo.uym, 

DP3 _JAP) BbIITOJIHRJIHCb AeCRTb HTepauHii no 

K03<pq>HUHeHTaM KOppeKUHH Ha cpopMy IIOTO­
Ka rro jfl,JeHKe. 

11CXOAHaJI reKCar0HaJibHM KapTorpaMMa 
aBTOMaTHtJeCKH pa36HBaJiaCb Ha TPeyrOJibHH­
KH 11 66JibllIM tJaCTb pac'leTOB npoBOAHJiaCb B 

TPeyroJibHOH reoMeTPHH c 24-MR TPeyroJib­
HHKaMH Ha KacceTy 11 80-K> TOlJKaMH B aKTHB­

HOH 30He no BbICOTe (ShIPR, ShIPR 80). ,[(oc­

TaTO'IHOCTb TaKOH ,llHCKpeTH3al.llrn o6ocHoBa­

Ha B pa6oTe [8]. qaCTb paC'leTOB npOBOAHJiaCb 
c meCTblO TpeyrOJibHHKaMH Ha reKcaroH H 40 
TO'IKaMH no BbICOTe aKTHBHOH 30HbI (ShIPR 

40). PactJeTHM MOAeJib CO,llep)KHT O,llHH 
BHeIIIHRH PR.ll c6opoK, a TaK)Ke BepxHHii H 
HH)KHHH TopueBbie 3KpaHbI C OTpa)KaTeJieM. 

Bo Bcex 3KcnepHMeHTax nruH = 4 IIIT., ~ 3<1> 
= 0,74 % H 3TH AaHHbie, a TaK)Ke CTPOKa C 

T 3<I> = 0 3fPfP.CyT y6paHbl H3 Ta6JIHU. 
Ilp11 pac'leTax B c11cTeMe ShIPR peaKTop 

rrpe,llsapHTeJibHO BbIBO,llHJICR Ha KpHTH'IHOCTb 

3a C'leT H3MeHeHHH KOHI.{eHTpaumr 6opHOH 
KHCJIOTbl. 

1. Pac'leT cetfeHHn 

,[(ByrpynrroBM 6H6JIHOTeKa HeHTPOHHO­
q>H3H'leCKHX celJeHHH IIO,llrOTOBJieHa ITO npo­
rpaMMe UNK [9, 10) ,llm1 TPeXMepHoro AHq>­
q>Y3HOHHOro pacqeTa rrepBbIX KaMIIarum 
BB3P-1000 5-ro 6noKa 3anopO)KCKOH A3C H 
3-ro 6noKa KanHHHHCKOH A3C. 

HeiiTPOHHo-cpH3H':lecKHe ceqeHIDI AJij{ 
TBC aKTHBHOH 30HbI 3aBHCRT OT cne.n;)'lOilJJfX 
WITH rrapaMeTP0B: 
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1) BbIT0paHHe TOIIJIHBa, ,llHaITa30H H3MeHeHI-I.H 

0 ... 40 MBT·CyT/Kr; 

2) IIJI0THOCTb TeITJI0H0CHTeJISI, ,llHanaJOH H3-
MeHeHHH 0,5 ... 1 r /cM3

; 

3) TeMIIepaTypa TeIIJIOHOCHTeJISI, AHaIIa30H 
W3MeHeHHH 293 ... 600 K; 
4) TeMTiepaTypa TOIIJIHBa, AJ,iaila30H H3MeHe­
HHH 293 ... 1 800 K; 
5) K0HI.{eHTPaUHR 6opHOH KHCJI0Tbl, AHaITa30H 
H3MeHeHJ{j{ 0 ... 3 000 ppm. 

O6e 6116JIHOTeKH .llJIH TBC co.uep)KaT 30 
HeHTpOHHO-q>H3H'leCKHX AaHHbIX. 

1-2. 3Ltr(, 3:Etr2 - TpaHCIIOpTHbie ceqeHHR 1-H 
H 2-H rpynn, COOTBeTCTBeHH0. 

3-4. Lai, La2 - ceqeHHR rrornomeHHR (a = c + 
+ j) 1-H H 2-ii rpynn. 

5-6. VLf1, v:E.12 - ce'leHHR pa3MH0)KeHJ{j{ 1-H H 

2-ii rpyrrrr. 

7-8. L:/1, :E.12 - ceqeHHH AeJieHHH 1-H 11 2-H 
rpynn. 

9. :Es,1-+2 - ceqeHHe paccej{HHH H3 1-H BO 2-IO 
rpyrrrry. 

10. kinf - K03cpqm:UHeHT pa3MH0)KeHHJI B 6ec­
K0He'IHOH cpe,lle. 

11. a:; - _ceqeHHe nornomeHHH KCeHoHa BO 

2-H rpyrrne. 

12. a!; - ceqemre rrornomeHHR caMapHsr BO 

2-ii rpyrrne. 

13. p - C)'MMapHM AOJIR 3aIIa3AbIBaIOumx 
HeHTpOHOB. 

14-19. P 1 .. -P6 - 0TH0CHTeJibHbie .UOJIH mecTH 

rpyrrn 3aIIa3.llhIBaIOllI.HX HeiiTpottos (:EPi= 1). 
20-25. A.1 •• . A.(; - nocTOHHHbie pacna,lla npe.n;­

meCTBeHHHKOB rneCTH rpynn 3aila3AbIBa10llI.HX 

HeHTpOHOB. 

26-27. Vt, v2 - cpe,llHRH CKOp0CTb MrH0BeHHbIX 
HeHTpOHOB 1-H 11 2-ii rpynn (Mic). 

28. ro,.135 - cpeAHHH BbIXOA HOAa Ha 0AJ,IH aKT 
,lleJieHHH. 

29. mxe-135 - cpeAHHH BbIX0A KCeH0Ha Ha O,llHH 
aKT Aenemrn:. 

30. roPrn-135 - cpe.llHHH BbIX0A rrpoMenrn Ha 
0AHH aKT AeJieHHH. 

2. Pac11eT 3cl>ct>eKTHBHOCTH 
opraHOB peryJJHp0B3HHH 

C HCITOJJb30BaHHeM HOBbIX MO,ll)'JJeH: B 

cpe.n;e ShIPR npoBeAeH pacqeT 3q>q>eKTHBHo­
cTH CTep:>1rne:u CHCTeMbl ynpaBnemu H 3allJ.H­

Tbl (CY3) BB3P-1000 .llJIR nepBoii T0IIJIHBHOH 

3arpY3KH 3-ro 6noKa KaJIHHHHCKOH A3C rrpH 
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pa6oTe Ha MHHHMaflbHO KOHTPOilllpyeMOM 

ypOBHe MOIUHOCTH Ha :nane cpH3H'leCKOro 

nycKa [11]. B HaCTOHIUeH pa6oTe MeTO,D,HKa 

pac'leTa 0ITHCbIBaeTcH Ha npHMepe pactJeTa 

3cpcpeKTHBHOCTH 9-H H 10-H rpynn opraHOB 

peryJIHposaHHH (OP) CY3. Pe3yJihTaThI pac­

GeTOB cpaBHHBaIOTCH C 3KcnepHMeHTaflbHbIMH 

naHHbIMH. 

KaprnrpaMMa aKTHBHOH 30HbI 1-H TOTI­

JIHBHOH 3arpY3KH BB3P-1000 3-ro 6JioKa 

KaJIHHHHCKOH A3C npHse,neHa Ha pHc. 1. Ha 

3TOM )Ke pHCYHKe IlOKa3aHO pacnoJIO)KeHJ-Je 

rpynn opraHoB CY3. B 3arpy3Ke aKTHBHOH 

30HhI HCITOJih30BaJIHCh TBC mITH Tmrns: 

• 13AU - TBC c o6orameHHeM TOITJIHBa 1,3 

%; 
• 22AU -TBC c o6orameHHeM TOITJIHBa 2,2 

%; 
• 30AV5 - 303 TB3Jia o6orarueHHeM 3,0 

%, 9 TB3f0B C o6orarueHHeM TOilJIHBa 

2,4 % 11 co.uep)l(aHHeM OKCH.Ua ra.uoJIH­

HHH 5 %; 
• 39AWU - 243 TB3Jia o6orarueHHeM 4,0 

%, 60 TB3JIOB o6oraIIJeHHeM 3,6 %, 9 

TB3f0B C o6orarueHHeM TOIIJIHBa 3,3 % H 

conep)KaHJ,t:eM OKCH,Ua ra,UOJIHHHH 5 %; 

• 39AZU - 240 TB3JIOB o6oraruettHeM 4 ,0 

%, 66 TB3JIOB o6oraIIJeHHeM 3,6 %, 

9 TB3fOB C o6orameHHeM TOIIJIHBa 3,3 % 

H conep)l(aHHeM OKCH,Ua ra.UOJIHHHH 5 %. 

TBC BB3P-1000 co.uep)l(HT 312 Ton-

JIHBHhIX HtJeeK, 18 s11-1eeK no.u KJiaCTepbI 

CY3 H l.{eHTpanhHYJO H'leHKY c Tpy6oi1 .UJIH 

Q TBCnma 13AU 

Ghsc THna 22AU 

@TBC THna 30AV5 

• TBC T1tna 39A WU 

P1-1c. I . KapTorpaMMa 3arpY3KH aKTHBHOH 30HbI H 
pacnono)l(ett1-1e rpynn oprattos CY3 I -i-1 TonnHB­
HOH KaMnaHHH BB3P- I 000 3-ro 6noKa Ka.1rn­

HHHCKOH A3C 

YCTaHOBKH .uaT'!HKOB CHCTeMbl BHyTpHpeaK­
TOpHoro KOHTponH. War perneTKH TBC co­

cTaBJIHeT 23,6 CM, BbICOTa aKTHBHOH 30HbI 

353 CM. TennoHOCHTeneM CJIY)KHT sona, co­

.nep)l(aruaH pacrnopeHHYIO 6opHylO KHCJIOTY 

H 3BO3. Bee HCIIOJih3yeMhie TBC HMelOT 

l.{HpKORHeBbie yroJIKH. PHC. 1 co.nep)KHT 

KaprnrpaMMY THITOB KacceT (6e3 60KOBOfO 

OTP8.)l(aTellil). KaprnrpaMMa B pacqernx .no­

norrHeHa 0.D,HHM pH.D,OM KacceT 60KOBOro OT­

p8.)l(aTeJJH . 

.ll.BH)l(eHHe CTep)l{HeH Mo,nen11poaanocb 

H3MeHeHHeM H0MepoB cpH3H'!eCKHX 30H no 

BhICOTe OP CY3 9-ii: HJJH 10-H rpynnhI Ha Ka­
)1{,!J,OM ware l.{HKJJa. AKTHBHaR 30Ha pa36HBa­

nacb Ha 80 yqacTKOB IIO BbICOTe. I1ornoTHTeJJb 

nocnenoaaTeJibHO BBO.D,HJICR B Ka)K,UbIH H3 

yqacTK0B. Ilocne BB0LJ.a nornonnemr, HMHTH­

pyioruero OP CY3 coorneTcTByiorueii rpyn­
IlhI, npOH3B0,ZlHJICH pac'!eT 3cpcpeKTIIBHOf0 K0-

3cpcpm.i:HeHTa pa3MHO)l(eHH.SI. H3MeHeHHe peaK­
THBHOCTH 3arroMHHaJIOCb. 

3aTeM npOBO,ZlHJI0Cb H3MeHeHHe K0Hl.{eH­

Tpal.{HH 6opHOH KHCJI0Tbl no BbIBe,neHHSI peaK­
Topa B KpHTH'leCKOe C0CT0HHHe H ITOfJIOTH­

TeJib CHOBa onycKanC.SI Ha O.UHH war no BbIC0-
Te. HttTerpanbtta.sr 3cpcpeKTHBHOCTh OP CY3 

9-H HJIH 10-H rpynnhI paCC"IHTbIBaJJaCb KaK 

CYMMa H3MeHeHHH peaKTHBHOCTH . .D.onoJIHH­

TeJibH0 paCClfHTbIBaJIHCb: dpfdC %/(r/Kr) -

K03cpcpmJHeHT peaKTHBHOCTH no K0Hl.{eHTPa­

UHH 6opHOH KHCJI0ThI B peaKTope H dpldH, 
10-) %/CM - D,HcpcpepeHl.{liaflbHM 3cpcpeKTHB­

H0CTb 9-H HJIH 10-H rpynnhI OP (rn6n. 1). 
Pe3yJihTaTbl 3KcrrepHMeHT0B H pacqeTOB 

3cpcpeKTHBHOCTH 9-H H 10-H rpynn npHseneHbl 

Ha pHc. 2 ... 5 (emopaR u mpembR cmpaHUtfbl 
11eemHou eKJZaOKu) . Honb cooTBeTcTsyeT HH-
3Y, a 100 % - sepxy aKTHBH0H 30HhI. B 
3THX pac'!eTax HCilOJib30BaflC.SI 21 THil KacceT 

(cTep)l(HH 13-36 H 11-38 He BbI,UeJIHJJHCb s OT­

,neJibHhie THIIbl). 

3. 34>4>eKTHBH0CTb A3 pea1nopa 

Pac'!eTbI 3cpcpeKTHBHOCTH A3 peaKTopa 

npoBO.D,HJIHCh C yqeT0M 3aCTPeBaHH.SI caMhIX 
3cpcpeKTHBHbIX CTep)l{HeH 13-76 H 11 -38. Pe-

3YJJhTaTbl pac'!eTOB np11seneHhI B rrocne.uyio­
m11x rn6n. 2 11 3 . 3cpcpeKTIIBHOCTH CTep)l{HeH 

13-36 11 11-38 paCClfHTb!BaJIHCb KaK pa3HOCTb 

H3MeHeHH.SI peaKTHBHOCTH C HHMH H 6e3 HHX. 
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Ta 6 JIH u a 1. HHTerpaJJbHa.ll H )],Hq>cpepeHUHaJJbHa.ll 3cp<peKTHBHOCTH rpynn OP CY3 
H .D.HcpcpepeHUHaJlbH8H 3Q)Q)eKTHBHOCTb 6opHOH KHCJl0ThI 

fpynna HoP, HA3=Hop HA3, Max.J)p!oH, c6,, HoP. HA3=Hop HA3, Co,, l~PI, ap1ac, 
OP CM + 17,25, % 10-, %/CM r/Kr CM + 17,25_ % r/Kr % %/(r/Kr) 

CM CM 

I 3 150 167,25 47,11 0,8322 352 0, 148±0,007 - 1,98±0,10 
ShIPR-80 189,74 46,25 0,900 6,596 335,35 5 6,561 0,1573 - 2,02 

2 3 125 142,25 3,343 352 0,58±0,03 -2,04±0,10 
ShIPR-80 216,2 38,75 3,415 6,468 335,35 5 6,352 0,5810 - 2,02 

4 3 121 138,25 3,572 6,46 352 0,62±0,03 - 2,02±0,10 
ShlPR-80 216,2 38,75 3,621 6,459 335,35 5 6,336 0,6151 - 2,03 

6 3 113 130,25 37 6,225 352 1,02±0,04 - 2,01±0,10 
ShlPR-80 225,0 36,24 5,732 6,357 335,35 6,1884 0,9300 - 2,080 

7 3 135 152,25 43,25 2,365 352 0,41±0,02 - 2,06±0,10 
ShlPR-80 202,98 42.5 2,561 335,35 5 6,4198 0,4399 - 2,001 

8 3 105 105,0 29,8 7,446 352 1,22±0,05 - 2,03±0,10 
ShlPR-80 238,3 32,5 7,595 335,35 5 6,0615 1,1829 - 2,056 

9 3 107 107,0 30,4 6,090 352 1,00±0,04 -2,01±0,lO 
ShIPR-80 225,0 36,24 5,738 335,35 5 6,1864 0,9349 - 2,073 

10 3 131...145 2,745 0,49±0,02 - 2,04±,010 
ShlPR-80 220,6 37,5 2,736 335,35 5 6,4049 0,4981 - 2,002 

3 - 3KCnepHMeHT, A3 - asapHHHa.ll 38ll(lff8, ap;ac - pacl!eTHbie 3Ha4eHH.ll 1-13 ShlPR 6epYTCH KaK cpe.D,HHe 
,U.JlH COCTO.!IHHH C MHHHMaJlbHblM H M8KCHMaJlbHblM norpy)KeHHHMH HCCJle)],yeMOH rpynnbl OP 

Ta 6 JI u u a 2. 3cpcpeKTHBHOCTb A3 peaKTopa, 3cpcjleKTHBHocTb "3acTpHawero" OP CY3 
(9/13-36) H TI0JlHa.ll 3ffiffieKTHBHOCTb A3 (Ta6Jl. 121 H3 pa60Tbl f 111) 

TiapaMeTp 3KcnepHMeHT 
Pac4eT ShIPR 40, Pac4eT ShIPR 80, Pac4eT ShlPR 80, 

0%* 0%* 5 %** 

N, %NHOM 0,3 0 0 0 
H1 ... H 9, % 100 100 100 100 
H10, % 90 90 90 90 
NrrJOP CY3 9/ 13-36 9/13-36 9/ 13-36 9/ 13-36 
c 6K, f l f<I' 6,8 6,686 6,65 6,65 

Tax 280,7 °C 553,35 K 553,35 K 553,35 K 
!::..T, °C 0 0 0 0 
P1, Mila 15,74 15,6 15,6 15,6 

!::..PA3, % 4,52 ± 0,22 5,93 6,16 6,15 

!::..PoP, % 1,92 ± 0, 19 1,97 2,02 2,01 

!::..PA3~:, % 6,44 ± 0,32 7,90 8,18 8, 16 

TipHMe48HHe K Ta6Jl. 2 J,f 3: 
!::..pA3 - 3cpq>eKT peaKTHBH0CTH, BB0.11.HMOH B aKTHBHYIO 30HY npH c6poce A3 c HMHT8UHeH 38CTPeBa-

H1U1 o,u.Horo OP CY3; 
!::..p0p - 3cpcpeKT peaKTHBHocrn, BBO)],HMOH B aKTHBHYlO 30HY npH c6poce " 3acTpJrnwero" OP CY3; 
!::..PA3I = !::..P1 + !::..p2 - cyMMapHbIH 3cpcpeKT peaKTHBHocrn; 

!::..-r - HHTepsaJJ speMeHH Me)K)],y Ha4aJJ0M na,u.eHHH A3 H Ha4aJJ0M na,u.eHHH " 3acTp.!lswero" OP CY3. 
PaCCTO.!lHHe Me)K)],y HH30M aKTHBHOH 30Hhl H norn0THTeJJeM O % (*) H 5 % (**) 

4. TeMnepaTypHblH KOJ<i><i>HUHCHT 

peaKTHBHOCTH 

Thi pacqeTOB, B KOTOphIX CTep)KHH 13-36 H 11-
38 He Bhl,D;eJJ~JlHCh B OT,D;eJihHhie nm.bl. 

Tiocne BhlBO,D;a peaKTopa Ha KpHTHqHOCTh 

Ja cqeT H3MeHemui: KOHUeHTPallHH 6opHOH 

KHCJJOTbl TeMnepaTyphl TOIIJIBBa H TeIIJJOHO­

CHTerr~ H3MeH~J1HCh Ha )];Ba rpa,ayca C COOT­

BeTCTBy'IOmHM H3MeHeHHeM TIJJOTHOCTH Terr­

JlOHOCHTe~. Ta6n.4 H 5 co,aep)KaT pe3yJJhTa-

5. JiapOMeTpH'ICCKHH H UJIOTHOCTHOH 

KOJcl>cl>HUHCHTbl peaKTHBHOCTH 

B 3THX pacqeTax (Ta6JJ. 6) HCIIOJ1.b30Banc~ 

21 nm KacceT ( CTep)KHH 13-36 11 11-38 He 

B.bI,D;eJJ~IDIC.b B OT,D;eJibHhie THTihI). 
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Ta 6 J1 Hu a 3. 3cj>cj>eKTHBHOCTb A3 peaKTopa, 3cj>cj>eKTHBHOCTb "3acTp.srnwero" 
OP CY3 (6/11-38) H nonHa.si 3cj>cj>eKTHBHOCTb A3 (rn6n. 123 113 pa60Tb1 (11]) 

TTapaMeTp 3KcnepwMeHT Pac'-leT Pac'-!eT Pac'-!eT 

Sh IPR 40* Sh!PR 80* Sh!PR 80** 
0% 0% 5% 

N. ¾NHOM 2 3-10-1 
' 

0 0 0 

H, ... H9,% 100 100 100 100 

lf10, % 90 90 90 90 

!vrp/OP CY3 6/ 11-38 6/11-38 6/11 -38 6/11-38 

C6s, r/Kr 6,8 6,685996 6,649871 6.649871 

r .. 280,7 °C 553,35 K 553,35 K 553,35 K 

6.T, °C 0 0 0 0 

P1,Mna 15,64 15,6 15,6 15,6 

b.PA3, % 5,33 ± 0,27 6,12 6,35 6,34 

6.pop, % 1, 11 ± 0, 11 1,70 1,83 1,82 

b.PA3L, % 6,44 ± 0,32 7,90 8, 18 8, 16 

Ta 6 JJ u u a 4. TeMneparypHblH Kmcj><pHUHeHT peaKTHBH0CTH, 
I 0-.si rpynna, 80 % (Ta6n. 92 113 pa6oTbt [ 11]) 

3Ha'-ICHHe 

TTapaMeTp 
Pac'-!eT Sh!PR, 

3KcnepHMet·IT '3KcnepHMeHT 
dpldT 

H,o,% 82 ... 77 61. .. 59 80 

H9,% 100 100 JOO 

Hs.% 100 100 100 

H, ... H1,% 100 100 100 

c6., r/Kr 6,8 6,78 6,637672 

Ta._, 1011bl 280,3 ... 277,5 °C 271,8 ... 275,6 °C 553.35 K 
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T 6 5 n a JJHUa .pO)l.OJDKeHHe 

rovnna OP 9, 10 9, 10 10 10 10 
H, % 0 0 67 65 65 
rovnna OP 8 8 I 2 4 
H,% 65 16 0 0 0 
C6K, r/Kr 5,91 

5,31 6,71 6,50 6,46 

Pi , Mna 15,8 
15,8 15,8 15,8 15,6 

'Ytt,o (T= 553,35 K) 
0,7648889 0,7648889 0,7648889 0,7648889 0,7645955 

'Ytt,o (T= 551 ,35 K) 
0,7682158 0,7682158 0,7682158 0,7682158 0,7679293 

Ytt,o (T= 549,35 K 
0,7715277 0,7715277 0,7715277 0,7715277 0,7712483 

'Ytt,o (T= 547,35 K) 
0,7748684 0,7748684 0,7748684 0,7748684 0,7745961 

optar, 10-3 ¾l°c -(12,0±0,7) 
- (15, 1 ± 1,1) - (6,5 ± 0,5) -(6,7 ± 0,5) - (8, I ± 0,5) 

oploT, 10-3 %l°C, ShlPR - 11 ,74 
-14,4 

- 8,25 
- 8,94 - 8,42 

c6K, r/Kr, ShlPR 5,738610 
5,145 6,526958 6,319615 6,295399 

T 6 5 n a JJHQa IPO.D.OJDKeHHe 

rovnna OP 10 10 10 10 
H,% 65 60 65 65 
fovnna OP 6 7 8 9 
H, % 0 0 0 0 
C6K, r/Kf 

6,26 6,58 6,17 6,27 

P1 , Mna 
15,6 15,8 15,6 15,8 

Ytt,o (T= 553,35 K) 
0,7645955 0,7648889 0,7645955 0,7648889 

Ytt,o (T= 551,35 K) 
0,7679293 0,7682158 0,7679293 0,7682158 

'YH,o (T= 549,35 K) 
0,7712483 0,7715277 0,7712483 0,7715277 

YH,o (T= 547,35 K) 
0, 7745961 0,7748684 0,7745961 0,7748684 

optar, 10-3 ¾l°c 
- O .6 ± o.:n - ( I 0. l ± 0. 7) - <7.7 ± 0.5) - (5. 1 ± 0.4) 

3aKJJIOIJeHHe 

Pe3yJibTaTbl pac'leTOB 3q>q>eKTHBHOCTH OP 
CY3 H K03q>q>HU.HeHTOB peaKTHBHOCTH BB3P­
l 000 3-ro 6noKa KanHHHHCKOH A3C Ha JTane 

q>H3HttecKoro nycKa B CHCTeMe ShIPR c 6u6-
nuoTeKoH JJ.ByrpynnOBblX cetJeHHH, nonyqeH­
HhIX no rrporpaMMe UNK [9], noKaJanH pa-
3YMHOe cornacue c 3KcnepuMeHTOM. Eon ee 
nonpo6Hhle pe3ynbTaTb1 OITHCaHHblX pactJeTOB 
npHBe}leHbl B OT'-leTe [12). 
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Y,[(K 621.~39.58(075.8) 
POJib XHMHl.feCKHX peaKU,HH B qepH06blJibCKOH KaTaCTpo<t>e 

E.H. I'puiua11u1t, 
PHU: "KypqaTOBCKHH HHCTHTyr", 123182, MocKBa, nJI. KypqarnBa, l 

TiocTynHJia B pe.uaKUHIO 12.02.2009 r. 

IlOKaJaHO, 'IT0 XHMH'!eCKHe peaKUHH Hrpa.nH cymecTBeHHYlO p0Jlb B lfepH06bIJlbCKOH KaTaCTpoq>e Ha 
scex ee CTa)J.HSIX. B3)KHO, '!TO peaKT0p .11.0 B3pbIBa HaX0,ll.HJlCSI B C0CTOSIHHH " HOAHOH S!Mbl", peaKTHBHOCTb 
KOTOpOH, no-BH.nHM0MY, He YHH'IT0)KeHa B3pbIB0M. Ocso6o)K,neHHe peaKTHBHOCTH np11 pacna.ne KCeHOHa-235 
Ha BTOpbte CyTKH nocne B3pbIBa npHBeJlO K BblX0.ny peaKTopa Ha MOIUHOCTb 80 ... 110 MBT. 3a C'leT 3TOH 
MOIUHOCTH B aKTHBHOH 30He npox0,[J;HJlH peaKUHH BOCCTaHOBJleHHSI ypaHa, nnyr0HHSI H .11.pyrnx MeTa.JlJlOB npH 
TeMneparype nopSl,nKa 2 000 °C. IlpH 3TOM pe3KO yseJlH'-fHJlCSI BblXO,n npo,nyKTOB .neneHHSI. YpaH H .npyrne 
MeTaJlJlbl CTeKa.JlH B HH)KHHe KOMMYHHKaUHH no.nso.na BO.Ubl H HH)KHHe noMemeHIDl.. Ilocne BOCCTaHOBJleHHJI 
ypaHa H 0T,neneHHSI ero OT rpaq>HTa uenHaSI peaKUHSI npeKpaTHJlaCh, TeMneparypa aKTHBHOH 30Hbl yMeHbllJJ,f­

JlaCh H BblX0,n aKTHBHOCTH npeKpaTHJlCSI. 
f(J11o'le6ble Cll06a: 1fopH06blJlbCKaSI KaTaCTPOq>a, pacna.n Xe, MOIUH0CTb peaKTOpa, XHMH'leCKHe peaKU.HH, 

B0CCTaH0BJleHHe ypaHa. 

The Role of Chemical Reactions in the Chernobyl Accident. E.J. Grisl,anin. RRC Kl, Kurchatov Sq. , 
1, Moscow, 123182. It is shown, that chemical reactions played an essential role in Chernobyl accident at all 
its stages. It is important, that the reactor before explosion was at maximal xenon poisoning, and its reactivity 
apparently, was not destroyed by explosion. Reactivity release due to decay of Xe-235 for the second day af­
ter explosion has led to the reactor power of 80 ... 110 MWt. Due to this power the chemical reactions of re­
duction of uranium, plutonium and other metals at temperature about 2 000 °C occurred in the core. The re­
covery of fission products thus has sharply increased. Uranium and other metals flew down in the bottom wa­
ter communications and rooms. After reduction of uranium and its separation from graphite chain reaction 
has been stopped, the temperature of core has been decreased and an activity yield has been stopped. 

Key words: Chernobyl Accident, Decay of Xe-235, Reactor Power, Chemical Reactions, Reduction of 

Uranium. 

B TeXHHqecKOH JIHTepaTYPe y.ueneHO MHO­

ro BHHMaHHH nepBOMY 3Tany KaTaCTpOq>hl Ha 

IV 6JioKe tJepHo6hlJll,cKoH A3C - HeynpaB­

m1eM0My pOCTY MOIUHOCTH peaKTOpa [l). Mc­

CJie)lOBaHHe npoueccoB nocJie B3pbma peaKTO­

pa B TeXHHqecKOH JIHTepaType He onHCaHO. 

MccJie.UOBaHHe cocTOHHHH aBapHHHOro IV 
6JIOKa 6ypeHHeM CKBIDKHH )laJIO YJlHBHTeJib­

Hhle q>aKTbl, a HMeHHO, B peaKTOpe OTcyrcT­

ByK>T rpaq>HTOBaH KJla)lKa H TOilJIHBO H Haxo­

JlHTCH 6eTOHHbie KOHCTpYKUHH OT pa3pyrneH­

HOfO noMeIUeHIDI 6apa6aH-cenaparnpoB 6e3 

KaKHX-JIH60 CJie)lOB B03)leHCTBHH BhlCOKOH 

TeMnepaTyphI, a B no.upeaKTopHbIX noMewe­

HH»x co.nep)l(HTCH He 6oJiee 10 % TOilJIHBa B 

BHJle JiaBOBbIX TOilJIHBOCOJlep)KaIUHX Mace [2]. 
B pa6oTe [2] JlJIH o6'bHCHeHHH BbillleH3-

JIO)KeHHbIX q>aKTOB npe.uJIO)KeHa HHTepecHa.SI 

BepCHH, no KOTOpOH nocJie YBeJIHqeHHH MOIU­

HOCTH peaKTopa .no 10 000 % npoH3O1IIJIH HC-
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napeHHe qaCTH TOIIJIHBa H pa3pYIIIeHHe UHp­

KOHHeBbIX Tpy6 BbICOKOfO ,naBJieHHj{. Ilo 3TOH 

BepCHH qacTb aKTHBHOH 3OHbl B IOfO­

BOCTOqHoM ceKTOpe "pa6oTana KaK HeonTH­

MaJibHbIH paKeTHbIH MepHbIH JlBHraTeJib", 

BbI3BaBIIIHH noBpe)K)leHHe onopHoH KOHCT­

PYKUHH B 3TOH qacn1 H 06yc110BHBIIIHH TaK 

Ha3bIBaeMbie naBOBbie MaCCbI, co.uep)Kall{He 10 
% ypaHOBOH 3a.rpY3KH peaKTOpa. 

BbICOKOe )laBJieHHe napa H fa3OB B o6'be­

Me rpaq>HTOBOH KJia,l{KH pa3pYIIIHJ1O CTaJibHOH 

KOprryc peaKTOpa, KOTOpbIH crrpoeKTHpoBaH Ha 

pa3pbIB TOJlbKO O)lHOH Tpy6bI BbICOKOfO ,naB­

JieHH.SI " crroco6eH BhI,llep)l(aTI, H36hITOllHOe 

,naBJiettue He 6oJiee 3,5 6ap. 3aTeM rro.u .D.ettcT­

BHeM 3TOfO .uaBJieHHH rpaq>HTOBaH KJia)lKa C 

OCTaBIIIHMCR B HeH TOilJIHBOM 6bIJia BbI6po­

IIIeHa H3 6eTOHHOH 111axTbl peaKTOpa. 3THM 

o6'bsrcHsreTC.SI nepBbIH B3pbIB. BbrneTaIOillaH 

aKTHBHaH 3OHa MrHOBeHHO IIOTepsrna BCIO BO­

.UY H 3a cqeT 3TOfO B HeH TaK)Ke 6bICTpO ITO.SI-



BHJ1aCh IlOJ10'lKHTeJ1bHa.ll peaKTHBHOCTb nop.llJJ.­

Ka 4,5 JJ.OJ1ett 3aml3)].bIBalOLUHX HettTpOHOB. 

Pa3rOH Ha MrHOBeHHbIX HettTpoHax JJ.O 

MOLUHOCTH 4 7 000 % HCnapHJ1 see TOnJ1HBO H 

secb rpaqmT aKTHBHOH 30HhI. Ilocne :noro B 

rnaxTe peaKTopa HHtiero cymecTseHHoro He 

npOHCXOJJ.HJ1O, TaK KaK "nbIXTeTb" B )],aJ1b­

Hef:irneM 6brno HetieMy. 3aTeM B nyCTYIO max­

TY peaKTOpa ynanH TpH 6eTOHHbIX 6noKa pa3-

pyrneHHOro 6oKca 6apa6aH-cenaparnpa, a no­

TOM Ha pe6po sepXHIDI MeTaJ1J1OKOHCTpYKUHH, 

Ha3hrnaeMrui "EneHof:i". 

O)].HaKO :na sepCH.ll He 06bHCH.lleT MHorne 

xoporno H3BeCTHbie H JJ.OKYMeHTaJ1bHO 3aqmK­

CHposaHHbie cpaKTbI, a HMeHHO: OTHOCHTenb­

HOe "3aTHlllbe" s Tetiemrn 20 qacos nocne 

B3pbrna, KOr)].a Ka3aJ10Cb, lITO xy)],rnee no3aJJ.H; 

pe3KOe BO3paCTaHHe BbIXO)].a paJJ.HOaKTHBHO­

CTJ,1 qepe3 20 qacos; aKTHBHOe ropem1e rpa­

q>Hrn; B03paCTaHHe B 4 pa3a BhI6poca PaJJ.HO­

aKTHBHOCTH c 1 no 6 MaH; YMeHhllieHHe Bbl-

6poca paJJ.HOaKTHBHOCTH s MHJ1J1HOH pa3 no­

CJ1e 6 MM. 

JlerKO TIOKa3aTb, '-ITO rpaq>HT He MOf HC­

napHTbCH. Bo-nepBbIX, B HeM BbI)].eJ1.lleTCH 

TOJ1bKO 6 % MOlllHOCTH aKTHBHOH 30Hbl, B0-

BTOpbIX, ero Macca s 10 pa3 6onbIIIe MaCCbl 

TOililHBa, a TennoeMKOCTb B 3 pa3a 60J1bllle 

TennoeMKOCTH TOnJ1HBa. Ilo3TOMY npH pa3rO­

He peaKTOpa rpacpHT npaKTHtieCKH He Harpe­

BaJ1CH. 

HanpHMep, eCJIH TOilJlHBO HarpeeTCH 3a 

C'-leT pa3fOHa Ha 1000 ° C , rpaq>HT HarpeBaeTC.ll 

scero Ha 2 ° C; ecnH TOnJIHBO HarpeeTCH, Ha­

npHMep, Ha 3 000 ° C 11 HcnapHTCH, a 3aTeM 

BhIJleTHT H3 TeXHOJJOfHtieCKOro KaHana, KaK H3 

CTBOJla opyJJ.HJI, TO rpaq>HT HarpeeTCH scero Ha 

6 °C. 3TO csof:icTso PEMK xoporno HJsecrno 

oneparnpaM A3C. lfaCTb rpacpHTa Morna Bbl­

JieTeTb 113 peaKTOpa 3a C'-leT MeXaHHtieCKOfO 

cuenneHHH C UHpKOHHeBOH Tpy6of:i TeXHOJ10-

rHqecKoro KaHana. 

U:enb .uaHHOH pa60Tbl - YT0<JHeHHe co6bI­

THH, np0HCIIIe)],lllHX B npouecce asapHH, C 

ytieTOM XHMH'-leCKHX H SIJJ.epHblX peaKUHH. 

O6menpHHJITO MHeHHe, 'ITO Ha IV 6noKe 

qA3C HMeJ1a MeCTO HeynpaBJJJleMM uenHaJI 

peaKUH.ll JJ.eJJeHHH, o6ycnosneHHaH HeJJ.opa-

6oTKaMH s KOHCTpYKUHH peaKTopa 11 Hapyrne­

HHeM pernaMeHTa oneparnpaMH [ 1]. IlpWIHHbl 

3TOH KaTaCTpOQ)bI Te )Ke, 1'.ffO npHBeJIH K asa­

pHH Ha I 6noKe JleHHHrpaJJ.cKott A3C s 

1975 r. [3 , 4]. 

,l],JJH scex peaKTOpos nma PEMK csottcT­

seHHa npocTpaHCTBeHHaJI HeycTOH'-IHBOCTb 

HeHTpOHHOro IlOJ1H H3-3a HX "6om,IIIHX" pa3-

Mepos no cpaBHeHHIO C )],JJHHOH MHrpau1111 H 

HaJ1H'-IH.ll IlOJJO)KHTeJibHbIX o6paTHbIX CBH3eH 

no MOlllHOCTH qepe3 napOBOH K03q>cpHUHeHT 

peaKTHBHOCTH. B aKTHBHOH 30He 60J1bllIOf0 

peaKT0pa MHOro KpHTHtieCKHX Mace H OHH 

cna6o CBHJaHbI JJ.pyr c JJ.pyroM, npHtieM PEMK 

HBJ1.lleTC.ll "60J1blIIHM" H no JJ.HaMeTpy, H no 

BbICOTe. 3cpcpeKT HeycTOH'IHBOCTH HeHTpOH­

HOro IlOJlJI He 6blJ1 ytiTeH s npoeKTe I 6JJOKa 

JleHHHrpaJJ.CKOtt A3C. 3m npocTpaHcTBeH­

Hhie Kone6aHHJI HettTpOHHOro IlOTOKa npHXO­

JJ.HJJOCb HeHTpaJ1H30BaTb nepeMemeHHeM pe­

rynHpy!QlllHX CTep)KHett, ocymeCTBJ1JleMbIM 

oneparnpoM BPYtIHYIO· 

HeyJJ.HBHTeJ1bHO, 'ITO HacTynJrn M0MeHT, 

KOr.l{a onepaTop c HHMH He cnpasHJJCH. B pe-

3YJJhTaTe s JJ.eKa6pe 1975 r. npoHJornen nepe­

rpes 6onee 42-x TOTIJJHBHhIX c6opoK. TeMne­

paTypa o60JJO'-leK TB3JJOB B HHX npeBbICHJJa 

1 600 °C. ToJJbKO .usa Kopnyca BhICOKoro .uas­

neHH.ll HJ u11pKott11esoro cnnasa pa3pyrn11-

JJHCb, HHa'Ie TIOCJie)].CTBHH TaKOH asapHH MOf­

JJH 6hITb TaKHMH )Ke KaTaCTpOq>HtieCKHMH, KaK 

Ha IV 6noKe qA3C. AsapHH Ha JIA3C H 

qepH06hIJ1bCKM KaTaCTpO<pa HMel-OT OJJ.HHa­

KOBYIO npHpOJJ.Y H OTJJHtiaJ-OTCH TOJJbKO MaC­

rnTa6oM nocJie,l{CTBHH, KOTOpbie s CBOl-0 oqe­

pe,llb o6ycnosJJeHbI pa3l1H'IHbTMH HatiaJ1bHbIMH 

ycJJ0BH.llMH (B OCHOBHOM "HOJJ.HOH HMOH"). 

Ilo perneHHJ-O Ilpas1ueJJbCTBeHHOtt KO­

MHCCHH, KOTOpM paccne)].OBana npH'-IHHbl 

3TOH asapHH, pa3pa6oTaH KOMnneKC TeXHHtie­

CKHX perneHHH, TIOBbICHBlllHX ycTOH'IHBOCTb 

npocTpaHcTBe1rnoro pacnpe.uenemrn MOlllHO­

CTH. 3TOT KOMnJ1eKC BKJJIO'IaJ1 CHCTeMy JJO­

KaJ1bHbIX peryJJJITOpOB MOlllHOCTH (JIAP). B 
Ka)K)lOM .llOCTaTO'-IHO 60JJblllOM o6beMe aKTHB­

HOH 30Hbl 6bJJJ npe.uycMoTpeH co6CTBeHHbIH 

aBTOMaTH'IeCKHH perymrTop MOIUHOCTH. 3Ta 

CHCTeMa YJJ.OBJJeTBOpHTeJJbHO noMep)l(HBaJ1a 

He06XOJJ.HMOe pacnpe.ueneHHe MOIUHOCTH, T.e. 

COOTHOWeHHe MOIUHOCTH Me)K)ly nO'ITH HeJa­

BHCHMblMH o6JiaCTSlMH aKTHBHOH 30HbI. 

11.MeHHO no3TOMY B 60JiblllOM peaKTOpe B03-
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HHKaeT perJiaMeHTHOe orpaHwieHHe Ha MH­

HHMaJibHOe KOJIH"-JeCTBO perynHpyK)lllHX 

CTep)l(HeH, KOTopoe onepaTOpbl HapyrnHJIH 

npH npoBe.ueHHH HCilbITaHHH. 

26 anpem1 1986 r . Ha IV 6noKe lIA3C 

npOBO.UHJIHCb 3anJiaHHpOBaHHbie 3apaHee HC­

IlbITamu1 lllTaTHOH CHCTeMbl 6e3onacHOCTH 

nepe.u BBO.UOM ee B 3KCnnyaTaUHIO. AHaJIO­

rHtJHbie HCilbITaHH'1 6bIJIH H Ha .n;pyrHX 6noKax 

PEMK. 3Ta CHCTeMa He 6bIJia CBOeBpeMeHHO 

HCilbITaHa H BBe.n;eHa B .n;eHCTBHe npH nycKe 

IV 6noKa lJA.3C. 0Ha HCIIOJih3yeT Bb16er Typ-

6oreHeparnpa .n;n,i: 3JieKTPOCHafoKeHH'1 rnaB­

HhIX UHPKYJI'1UHOHHbIX HaCOCOB ([IJ.H) npH 

HX o6ecTO'IHBaHIIB. 

CHCTeMa pa.3pa6oTatta ,Zl;Jl'1 peaKTopOB TH­

na BB3P-440, KOTOpbie HMeIOT repMeTHtJHbie 

HaCOCbI C OtJeHh MaJiblM BbI6eroM, 'ITO C03.Ua­

BaJIO onaCHbIH neperpeB o6oJIOtJeK TB3JIOB npH 

IlOJIHOM o6eCTOtJHBaHHH rIJ.H. Heo6xo.uH­

MOCTb npHMeHeHHJI TaKOH CHCTeMbI .LlJI'1 

PEMK BeCbMa coMHHTeJibHa, TaK KaK PEMK 

MO)KeT pa60TaTb Ha ecTeCTBeHHOH KOHBeKUIIB 

npH MOI.IlHOCTH .uo 40 %. TOT q>aKT, 'ITO per­

JiaMeHTHPYJOlllHe opram,1 pa.3pelllHJIH 3KC­

IlJlyaTailHIO 6JIOKa 6e3 3TOH CHCTeMbI, xapaK­

TepH3YeT CTeneHb ee HeffY)KHOCTH. 

IlpH HCilbITaHHH IlJlaHHpOBaJIOCb BbIBeCTH 

peaKTop Ha MOlllHOCTb 200 MBT, 'ITO npH­

MepHO COOTBeTCTBYeT MOIUHOCTH OCTaTO'IHOro 

TeIIJIOBbl.LleJieHIDI, 3aTeM o6ecTO'IHTb IlOJIOBH­

HY [IJ.H H onpo6oBaTb HX 3JieKTPOCHafoKeHHe 

3a ctJeT Bb16era TYP6oreHeparopa. 

Ilepe.u HCDLITaHHeM peaKTop HaXO.llHJI­

CH e rJiy6oKOH "HO.UHOH HMe", KOTopaH no 
naweii ouenKe epeMenno yMeHLUIHJia Ja­
nae peaKTHBHOCTH na 2,9 % H cymecreeu­
no yeeJIH'IHJia napoeoii Jclul>eKT peaKTHB­
HOCTH. 3TO HMeeT npHHUHilHaJibHOe 3HatJe­

HHe. TaKoe HCilbITaHHe B TeX )Ke ycJIOBH'1X 

npHBe.n;er K TaKOH )Ke aBapHH. B npouecce 

XHMH"ieCKHX peaKUHH HMeJIO MeCTO .UOilOJIHH­

TeJibHOe OCB06o)K.LleHHe IlOJIO)KHTeJibHOH pe­

aKTHBHOCTH. 

Ilepe.n; B3pbIBOM TeMnepaTYPa rpactmTO­

BOH KJia,ZJ;KH paBH'1JiaCb npHMepHO 500 cC. 

Pacxo.u TeilJIOHOCHTen,i: 6h1Jl 60Jibllle HOMH­

HaJibHOro 3a CtJeT BKJIIOtJeHH'1 pe3epBHOro 

ru.H. l13-3a 60JiblllOH IlOTepH peaKTHBHOCTH B 

"HO,llHOH '1Me" .n;n,i: BbIBO,lla Ha MOIUHOCTb one-

22 

paropaM nplUIJJIOCb H3BJie% H3 aKTHBHOH 30-

Hbl cymeCTBeHHO 60Jlblllee tJHCJIO peryJIH­

PYJOIUHX cTep)f(HeH, 'leM 3TO .norrycKaJIOCh 

pernaMeHTOM. B pe3yJibTaTe 3TOrO HeKOTOpbie 

t.JaCTH aKTHBHOH 30HhI He ynpaBJIHJIHCb JlAP. 

l103TOMY C TOlJKH 3peHHH HeycTOH'IHBOCTH 

HeHTµOHHOrO IlOTOKa B IV 61101<e ycnOBHH 

npH6JIH3HJIHCh K ycnoBH'1M Ha I 6noKe JIA3C 

B 1975 r. 110-BH,Zl;HMOMY, HMeHHO B IOro­

BOCTO'-IHOM ceKTOpe 6bIJIO H3BJiet.JeHO HaH-

6oJiblllee '-IHCJIO pery1rnpyiol1lHX CTep)KHeH. 

11o3TOMY HatJaJibHM CTa.UHH pa.3BHTH'1 aBapHH 

Ha IV 6noKe 6hIJia npaKTHtJecKH TaKOH )Ke, KaK 

Ha JIA3C B 1975 r. 

liacTb KaHaJIOB neperpenacb 3a ctJeT He­

KOHrponHpyeMoro poem HeHrpOHHOro IIOTOKa 

B OTCYfCTBHe JIOKaJibHbIX peryrrHTOpOB. flo 

cpaBHeHHIO c aBapiieH Ha J1A3C IIOJIO)KeHHe 

ycyry6mrnocb TeM, '<ITO peaKTOp HaXO.LlHJICjj_ B 

"HO,llHOH jj_Me", Kor.na napOBOH 3<pcpeKT peaK­

THBHOCTH CTaHOBHTC'1 CYll.leCTBeHHO 6oJibWe, 

a TaK)Ke TeM, '-ITO 6brna Ha)KaTa KHOnKa c6poca 

Bcex perynHpYJOIUHX cTep)lrneu, .na10mero B 

3TOM cnyqae B HatJane ,llBH)KeHHH IlOJIO)KH­

TeJibHYJO peaKTHBHOCTb. B pe3yJibTaTe noro 

neperpeTO B HeCKOJibKO pa.3 60JibWee tJHCJIO 

KaHaJIOB no cpaBHeHHIO c aBapHeH 1975 r . 

YBeJIH'-IeHHe MOlllHOCTH conpOBO)K,Zl;aJIOCb 

BCKHilaHHeM TennoHOCHTeJIR. 

Kor.n;a Hacryn1rn KpH3HC Tennoo6MeHa H 

TeMnepaTYPa UHpKOHHeBhIX o6onot.JeK TB3JIOB 

qacTH aKTHBHOH 30Hb1 ,llOCTHrna 1000 cc, Ha­

t.Jan o6pa.30BbIBaTbCjl so,nopo.u Ja ct.JeT napo­

UHpKOHHeBoH peaKUHH Zr + H 20 = Zr02 + H2 

B KOJIH'-!eCTBe 1000 HOpMaJibHbIX Ky6oMerpOB. 

3TO npHBeno K pe3KOMY B03pacTaHHIO rn.n­

paBJJH'-!eCKoro conpOTHBJieHH'1 B KOHType 

UHpKymm;HH TeIIJJOHOCHTeJJjl, YBeJJH1-ieHHIO 

peaKTHBHOCTH 3a C'leT BbITeCHeHHH B0.Llbl H3 

aKTHBHOH 30Hb1. B pe3yJJbTaTe 3TOro Ha 4-H 

ceKytt.Ue nocne cpa6aTbIBaHH'1 cTep)KHeH aBa­

pHHHOH 3aIUHTbI {A3-5) [IJ.H C pa6oTalOIUHMH 

:rneKTPonp1rno.n;aMH yMeHblllKmt pacxo.n B 2 
pa.3a B COOTBeTCTBHH co CBOeH "Hanop­

paCXO,llHOH" xapaKTepHCTHKOH, 'ITO jj_BJIJleTC'1 

Ha.ue)KHO 3acpHKCHpOBaHHbIM cpaKTOM. TipH 

3TOM ru.H, pa6oTalOIUHe Ha BbI6ere, cpa.3y 

OCTaHOBHJJHCb, 'ITO TaK)Ke 3a<pHKCHpOBaHO B 

BH,lle He,ZJ;OCTOBepHblX IIOKa.3aHHH ,naTtJHKOB HX 

pacxo.ua (o6paTHoro TOKa BO.LlhI llepe3 rQH). 



Eme qepe3 2 ceK)'H)lbl BCe ru;H BOCCTaHOBHJIH 

csoii pacxo.u, tJTO O.UH03HatJHO c11e.uyeT TPaK­

TOBaTh KaK MHO)KeCTBeHHOe pa3pyrneHHe UHp­

KOHHeBhIX TPY6 TeXHOJIOI'HtJeCKHX KaH:UIOB, 

HecyrnHx .uaBJJeHHe TeilJlOHOCHTeJrn:, TaK KaK B 

3TOM cnyqae pe3KO CHH)KaeTC.sl r11.upaBJJHtJe­

CKOe conpoTHBJJeHHe .un.si: rQH. 

MHo)KeCTBeHHOe pa3pymemi:e TPY6 BhICO­

Koro naBJJeHH.sl o6ycrrOBJJeHO TeM, tJTO npH 

)laJJbHeHIIIeM yseJJH'tJeHHH MOlllHOCTH peaKTO­

pa TeMTiepaTypa neperpernro napa npeBhICHna 

1000 °C H TPY6hI H3 CIIJJaBa UHpKOHH.sl IIOTe­

p.si:JJH rrpotJHOCTb. 3TO npOH30lllJJO B 10ro­

BOCTOtJHOM ceKTope peaKTOpa. IlpH MHO)KeCT­

BeHHOM npaKTHtJeCKH O)lHOBpeMeHHOM pa3-

pyrnemm KaHaJJOB BbICOKOro .UaBJJeHH.si: HMeJJ 

MeCTO MOWHblH rn,npaBJlHtJeCKHH y,nap, KOTO­

pbrn neqiopMHposarr onopy peaKTopa, orrycTHB 

ee Ha 4 M. TaKOH. ynap MOr BbI3BaTb COOTBeT­

CTBYJOlUHe ceHCMHtJeCKHe .slBJJeHml, KOTOpbie 

3aperHCTPHPOBaHhI ceiicMonoraMH H nocny­

)KHJJR OCHOBaHHeM nrr.si: rHIIOTe3 0 ceHCMHtJe­

CKHX npHtJHHax qepH06hIJJbCKOH KaTaCTPOqlbl. 

Ilocne pa3pyrneHH.si: MHOrHX KaHaJJOB BbI­

COKOro naBJJeHH.si: nap H so.uopo.u c TeMTiepa­

Typoii 1000 °C HatJaJJH IIOCTYTiaTb s rpaq>HTO­

BYJO KJJa.UKY, r.ue rrpoxo.rurna 3H.UOTepMHtJe­

cKa.si: XHMHtJeCKaH peaKUH.sl H20 + C = co + 
H2. POJJb .upyrnx XHMHtJeCKHX peaKUHH rrpaK­

THtJeCKH HecymecTBeHHa. B 3TO BpeM.si: peaK­

TOp pa6oTarr KaK rITTaHTCKHH ra3oreHepaTop c 

.si:.uepm,IM HCTOtJHHKOM Tenna. Kor.ua H36bI­

TOtJHOe .uasJJeHHe B rpaq>HTOBOH KJla)lKe rrpe­

BbICHJIO 3,5 Krl cM2, Kopnyc peaKTopa pa3py­

IIIHJ1C.sl. 3TO rrepBbIH napOBOH B3pbIB, orrpOKH­

HYBIJJHH BepxHIOIO KOHCTPYKUHJO peaKTopa H 

Bh16pocuBII.IHH tJaCTh Torrmrna H rpaqiura. 

11:3 peaKTOpa B U:eHTPaJJhHbIH 3aJJ IIOCTy­

IIHJlH BO,UOpo.u H MOHOOKHCb yrnepo.ua (CO) B 

KOJlHtJecTBe 6onee 10 000 Ky6. MeTPOB, KOTO­

pbie, CMeIIIaBIIIHCb C B03.UyxOM, o6pa30BaJJH 

B3pbIBOOnaCHYJO CMeCb. B3pbIB CMeCH HHH­

UHHpOBaJJH, HanpHMep, KYCKH rpaqrnrn, 

HMesmHe TeMnepaTypy nopH.UKa 500 °C. 3ro 

BTOpOH 061,eMHblli B3pbIB, KOTOpblH H rrpH.UaJJ 

COOTBeTCTBYJOIURH xapaKTep pa3pyrneHHIO 

3,UaHHH peaKTOpa, o6ycnoBHJ1 HaJJHtJHe Ca)ICH 

npH B3pbIBe co H TeMHOKpaCHhlH IJ,BeT IIJla­

MeHH. TaKHM o6pa30M, Ba)KHeHlll)'IO ponh so 

B3phrne peaKTOpa IV 6noKa CbirpaJJH XHMHtJe-

CKHe peaKUHH: nap0-l.lHpK0HHesa.si: peaKuu.si: B 

TOIIJlHBHbIX KaHarrax H o6pa30BaHHe co B 

rpaq_JHTOBOH KJJa)lKe. 

B3opsarrach TOJJhKO qacTh aKTHBHOH 30-

Hhl, s KOTOpOH 6bIJJO IlOTepmo yrrpaBJJeHHe 

H3-3a H3BJletJeHHH perynHpYJOIUHX CTep)l(HeH 

csepx .uorrycTRMOro pernaMeHTOM. OcrnB­

wa.si:cH tJaCTb 6bIJia s TIO)lKpHTH1IeCKOM co­

CT0.slHHH. 

IIocne.uYJOmee npoTeKaHHe aBapHHHOro 

rrpouecca ycnosHo MO)KHO pa3,uenHTh Ha cne­

.uyiomue 3TanhI: 1) rrepshre CYTKH nocne 

B3phma; 2) BhIXO)l peaKTopa Ha MOlllHOCTb H 

pa3orpeB aKTHBHOH 30Hbl .uo 30 anperr.si:; 3) 

pa3pyrneHue o6onotJeK TB3JIOB, o6pa3oBaHHe 

H0B0H KOHq>Hrypaum1 aKTHBHOH 30Hhl C 

,lHUlhHeHlUHM pOCTOM peaKTHBHOCTH, TeMrre­

paTyphl aKTHBHOH 30Hbl H ysenHtJeHHeM Bbl-

6poca npO.llYKTOB .uenemrn, HatJHHa.si: c 30 an­

pen.si:; 4) pa3pyrnemIe UHpKOHHeBbIX Tpy6 BhI­

COKOro .uasnemrn, np.si:MOH KOHTaKT rpaqiurn C 

TOTIJlHBHhIMH Ta6JieTKaMH B HHTepsarre 4-6 
Ma.sl. 

Iloc11e B3phrna peaKropa B TetJeHHe nep­

BhIX tJaCOB Ka3aJJOCb, tJTO )laJJhIIJe x~e He 6y­

,ueT, peaKTOp OCThIHeT, TaK KaK OCTaTOlJHOe 

renJIOBhI.UeneHue 6b1crpo YMeHhmaerc.si:. TaK 

6hIJIO npH Bcex asap1rnx. C B03JlYXa HOllhIO 

BH)lHbl CBeT.suua.si:c.si: aKTHBHa.si: 30Ha, )lHeM nap, 

BhIXO.U.slIUHH H3 pa3pyrneHHOro peaKTOpa. B 

3TO BpeM.si: B rpaq>HTOBOH KJJa)lKe HMena MeCTO 

cne.uyIOma.si: peaKuIrn: 2C + 02 = 2CO. ,!wyr11e 

peaKUHH C o6pa3oBaHHeM CO2 npeHe6pe)KJIMO 

Mam,I H3-3a H36bITKa rpaqi1,:1Ta HJJH He)lOCTaTKa 

KHCJIOpo,ua. IlpH 3TOM TeMOepaTypa rpaq>HTa B 

HatJaJJbHbIH MOMeHT 6brna nopH,UKa 500 °C , 

npH KOTOpOH CKOpOCTh 3TOH peaKUHH HeBeJlH­

Ka. He60JihIIIOe KOJJH1IeCTBO co CMermrnaeTC.sl 

C XOJlO)lHbIM B03.UyxOM B npOCTPaHCTBe Ha)l 

peaKTOpOM H HMeeT OTHOCHTeJlhHO HeBhICO­

KYJO TeMrreparypy. Il03TOMY TIO)Kapa Ha,ll pe­

aKTOpOM B TetJeHHe nepBhIX CYTOK rrocne 

B3pbIBa He 6I:.rno. 

Bropoii 3rnrr HatJ1-rnaeTc.si: Ha BTOpbie cy­

TKR IIOCJie B3pbIBa. PeaKTOp HatJaJJ BbIXO,llHTh 

Ha MOlllHOCTh B pe3yJibTaTe pacna.ua 110.ua H 

KCeHOHa-135 (BbIXO.U H3 " 110,UHOH .si:MbI"). l13-
6hITOK peaKTHBHOCTH KOMTieHCHpOBaJJC.sl co­

OTBeTCTBYJOIUHM IlOBbillleHHeM TeMTiepaTypbI. 

BbIXO)l aKTHBHOCTH pe3KO yseJIHtJHJIC.sl. 1"13-3a 
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pa3orpeBa peaKTOpa CK0p0CTb XHMHqecKOH 

peaKu,1u1 2C + 02 = 2CO pe3K0 B03pocna H 

Ha,ll peaKTOp0M B03HHK Il0)Kap, B K0T0p0M ro­

pena CO. ITpHMepHo 29 arrpem1 rrocne noqTH 

II0JIH0ro pacrra,lla H0,lla H KCeH0Ha OCB060JlH­

nacb MaKCHMaJlbHa.H peaKTHBH0CTb M = 2 ,9 % 
H peaKTOp pa3orpenc.H Jl0 MaKCHMaJibH0H TeM­

rrepaTypbI, KOTopyio M0)KH0 0IJ,eHHTb cne­

Jl)'IOIUHM o6pa30M. 

Ecllli rrpHIDITh, qTQ JlOITJiepoBKHH K03cp­

cpHUHeHT pasett rrpHMeptto dk/dt = 2,9· 10-
5 

1/rpa,ll, TO cpe,llH.H.H no 06beMy aKTHBHOH 30Hb1 

TeMnepaTypa TOITJJHBa JlOJI)l(Ha BO3paCTH Ha 

seJrnqHHY ~T = Ml(dkldt) = 0,029/(2,9· 10-5) = 
1000 °C. 3a cqeT HHTeHCHBHOH ecTecTBeHHOH 

UHPKYJI.HIJ,HH BO3,llyxa HH)KH.H.H qacTb peaKTopa 

HMena cpaBHHTeJibHO HH3K)'IO TeMITepaTypy 

nop.H,llKa 30 ° C. I103TOM)' MaKCHMaJibHM TeM­

nepaTypa TOilJIHBa Jl0JI)l(Ha fihITh 2 000 °C, 

qTo6hI cpe,llH.H.H TeMnepaTypa T0ITJIHBa paBH.H­

nacb 1000 °C. OcBo6o)l(Jlemrn rroJIO)KHTeJib­

HOH peaKTHBHOCTH nocne BbIXO,lla H3 "HO)lHOH 

.HMhI" onpe,lleJrnno cocTo.snrne asapHHHoro pe­

aKTopa, nonyqHBillee Ha3BaHHe aKTHBHOH cpa-

3b1. 

Y CTaHOBHBlliHHC.H rrocne pa3orpesa peaK­

Topa yposeHJ, MOIUHOCTH onpe.n:en.HeTC.H H36bI­

TO'iHOM peaKTHBH0CTbIO 2,9 % H paCXO,llOM 

BO3)lyxa qepe3 pa3pymeHHb]e KOMMyttHKaIJ,HH 

peaKTOpa 3a cqeT ecTeCTBeHHOH KOHBeKIJ,HH. 

U:HPKYJI.HUH.H B03.Uyxa B pa3pyrneHHOM peaK­

Tope o6b.HCH.HeT MH0rHe rrpOXO)lHBll1He s HeM 

rrpoueccbI. Otta HMena MecTo se3.n:e, r.n:e BhI­

,lleJI.HJJ0cb TeilJIO. Ba)KHO OTMeTHTb CJie,llyio­

IUHe TpH napanneJihHhIX K0HTypa UHPKYJI.HUHH 

so3.n:yxa. ITepBbIH H3 HHX BKJiroqaeT TpaKThI 

KaHaJI0B B IOrO-BOCTOqHoM CeKTope, pa3py­

meHHbie B HX HH)KHeH qacTH, pa3.UaToqHh]e 

KOJIJieKTOpbl H OCTaJibHhie KaHaJibI, pa3py­

rneHHbie B sepxtteii qacTH. XonOJlHhIH B03.llyx 

rrocTynaeT qepe3 pa3pyrneHHhre KaHaJihI 10ro­

s ocToqttoi-i qacTH, .n:anee s paJ.n:aroruHe K0JI­

rreKTOpbI H H3 HHX B KaHaJibl, pa3pyrneHH1Ie B 

sepxHeH qacTH. 3TOT B03.llyx oxna)K,[laeT TOII­

JJHBO. Pacxo.n: B03.Uyxa B 3TOM K0HType oueHeH 

paBHbIM G = 40 Kr/c, a TennoeMK0CTb B03.Uyxa 

C= 1,0 K)J>Kl(Kr·rpa.n:). 

MOIUHOCTb peaKTopa IlpH TaK0M pacxo.ue 

B03.Uyxa N = GCL~T = 40x 1,o x2 000 = 80 000 

KBT. ITpH cpe.n:tteM 3HaqeHHH TeMnepaTYPhI 
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T0ITJIHBa era MaKCHMaJibHOe 3HaqeHHe )l0JI)K­

HO 6blTb paBHbIM 2 000 °C. Pa3HHIJ,a TeMnepa­

Typbl Me)l(Jly T0ilJIHBOM H TeI1JJOH0CHTeJieM­

B03}lyx.OM HeBeJIHKa H3-3a MaJIOH MOIUH0CTH. 

I1o3TOMY rro.n:orpes B03.Uyxa B Kattanax c Ton­

JIHBOM pasett rrpHMeptto 2 000 °C. Tennosoc­

npH.HTHe B aKTHBHOH 30He 3a cqeT 3H)lOTep­

MHqecKHX peaKIJ,HH BOCCTaHOBJieHH.H MeTan-

110B ouetteHo npHMepHo B 3 MBT. Ysen11qett11e 

HJIH YMeHhllieHHe TennosocrrpH.HTH.H 3a cqeT 

XHMHqecKHX peaKUHH npHBe)leT C0OTBeTCT­

BeHHO K YBeJIHt-leHHIO HJIH YMeHhrneHHIO 

M0IUH0CTH. 

Brnpow KOHTyp ecTecTBeHHOH UHPKYJI.H­

UHH B03.Uyxa o6pa30BaH 3a30p0M Me)K.n:y KOp­

nycoM peaKTopa H rpacpHTOBOH KJla)lKOH H 3a-

30paMH B rpacpHTOBOH KJia)lKe. Xono.n:Hhrn 

B03.llyx Il0CTynaeT no 3a30py Me)l(Jly KOprry­

COM H rpacpHTOBOH KJia,llKOH, ,llaJiee B 3a30phl 

rpacpHTOBOH KJia)lKH, OXJia)K,[laeT ee H BbIX0-

JlHT qepe3 BepXHIOIO qacTh pa3pyrneHH0ro pe­

aKTopa B npocTpaHCTB0 Han HHM. TpeTHH 

KOHTyp ecTeCTBeHHOH UHPKYJJ.HUHH B Il0,llpe­

aKT0pHbIX IlOMerueHH.HX OXJia)l(JlaeT Tpy611, 

nona10ruHe so.uy B KaHanhI peaKrnpa npH pa-

6oTe B HOpMaJibHb]X pe)KHMax. 3,lleCb B03,llyx 

HaqHHaeT HHTeHCHBHO UHPKYJIHpOBaTb, Kor.n:a 

B 3TH Tpy611 HaqJ,ittaeT ITOCTynaTb pacrrnaB­

JieHHblli ypaH. 

B03.n:yx, rrocTynaroruHH B KaHanhr c Torr­

JIHBOM, rrpH Bb]COKOH TeMnepaType aKTHBH0 

0KHCJI.HeT UHpKOHHeBbie o6onoqKH no cne­

.ll)'IOIUeH XHMJ,lqeCKOH peaKIJ,HH: Zr + 02 = 
ZrO2. I1p11 3TOM o6onoqKH TB3JI0B pa3pyrna­

JIHCb. 

TpeTHH 3Tan rrpoTeKaHH.H asapHH HacTy­

ITHJI IIOCJie Il0JIH0ro pa3pyrneHH.H o6onoqeK 

TB3JI0B B KaHanax 11 0Cb1IlaHH.H HX. Y.n:aneHHe 

UHpK0HHeBbIX o6onoqeK TB3JI0B H3 aKTHBHOH 

30Hb1 no pacqeTy npHB0)lHT K pocTy peaKTHB­

HOCTH rrpHMepHO Ha 1,2 %. CooTBeTCTBeHHO 

YBeJIHqHsaeTC.H cpe)lH.H.H TeMnepaTypa TOIIJIH­

sa npHMepHO Ha 350 °C H MOIUH0CTb peaKTo­

pa B03pacTaeT Jl0 110 MBT. ITpH 3T0M TeMne­

paTypbI B03.Uyxa Ha BbIX0)le peaKTOpa H TOil­

JIHBa B sepxtteif qacTH aKTHBHOH 30HhI YBellli­

qHJIHCh )l0 2 700 °C. 

I1pH CT0Jib BbICOKOH TeMnepaType Haqan11 

6hICTpO 0KHCJI.HTbC.H H pa3pyrnaTbC.H UHpKO­

HHeBbie Tpy6hr Kattanos peaKTopa. B sepxtteH 



qacTH 0HH M0I'JIH 6hI .!J,a)Ke ITJiaBHTbCH. 3TO 

CTaJI0 HatJaJI0M qeTBepT0fO 3Tana asapHHHOfO 

npouecca. IloJIHOe OKHCJieHHe, OCbIOaHHe H 

rrnasneHHe 3THX Tpy6 MOrno 6hI npHBeCTH K 

y.uaneHHIO 113 aKTHBHOH 30Hbl 60JiblllOf0 KO­

JlHtJeCTBa u11pK0HJ1j[ H ITOHBJJeHHIO 3a cqeT 

3TOfO .!1,0ITOJIHHTeJihHOH peaKTHBHOCTH nopH.!1,­

Ka 1,5 %. CooTBeTCTBeHHO M0I.I.lHOCTb peaK­

Topa H TeMIIepaTypa MOrJIH 6hl B03paCTH eme 

6onhllle. B sepxHeH qacTH aKTHBHOH 30HbI B 

nepBYIQ oqepe.uh o6paJosanach xaoTHtJeCKM 

3aCbIOKa Ta6neTOK TOilJIHBa H B03M0)KH0 He­

KOToporo KOJIHtJeCTBa <pparMeHTOB OKHCJieH­

HhIX UHpKOHHeBhIX KaHaJIOB. 

TaKoe H3MeHeHHe, HaCTYIIHBmee npHMep­

HO 30 anpeAA - l MM, npHBeno K Henocpe.u­

cTBeHHOMY KOHTaKTy Ta6JieTOK UO2 C rpaq>H­

T0M. Haqanocb HHTeHCHBHOe BOCCTaH0BJieHHe 

ypaHa H .upyrnx OKHCJJ0B np0JJ.YKT0B .ueneHHH. 

3TO npHBeJJO K ysenlflleHHIO BbI6poca pa.zmo­

aKTHBHOCTH B 4 pa3a. Ilo CYI.I.leCTBY peaKTOp 

pa6oTan KaK HeonTHMaJibHM .!J,OMeHHM nelJb 

.lJ.Jlj[ BbIOJJaBKH MeTaJIJJHtJeCKOro ypaHa, nny­

T0HHH H np0JJ.YKTOB .ueneHHH H3 HX OKHCJIOB. 

Ilo Mepe CTeKaHHH BOCCTaHOBJJeHHOro MeTan­

.Jlli'IeCKOro ypatta 30Ha BbICOKOH TeMIIeparypbI 

onycKanacb HIDKe. IIpouecc soccTaHOBJieHHR: 

11poTeKan no.uo6HO ropeHKIO CBetJH. 

IIp11 HeIIocpe.!1,CTBeHHOM KOHTaKTe peaK­

UHH B0CCTaHOBJieHHR: HMeJIH BH.!J, C + UO2 = u 
+ 2CO2, MeO + C = Me + CO2. )],Jij[ oueHKH 

npHHUHilHaJihHOH OCYI.I.leCTBHMOCTH XHMHtJe­

CKOfO npouecca BOCCTaHOBJieHHH ypaHa rpa­

q>HTOM BhITIOJIHeHbl pactJeThl H3MeHeHHH H30-

6apHO-H30TepMHtJeCKOro noTeHUHana (3Hep­

fHH fH66ca) npH aTMOC<pepHOM .!1,aBJieHHH H 

pa311Hll_HOH TeMnepaType. IIpH 3TOM HCilOJJb-

30BaJIHCb MeTO.!J,HKa Ii HCXO.!J,Hble .!J,aHHbie no 

H3MeHeHHIO 3HTaJib0HH H 3HTPOilHH XHMHl{e­

CKHX peaKUHH H3 pa6oT [5, 6]. 3TH oueHKH 

IlOKa3aJIH, lJT0 peaKUHH B0CCTaHOBJieHKH ypa­

Ha rpaq>HTOM B03MO)Kffa npH TeMnepaType 60-

nee 500 QC B 6ecK11cnoponHoif aTMoc<pepe. 

OTCYTCTBHe KHCJI0po.ua o6ecnel{J1BaJIOCb HH­

TeHCHBHhIM 0KHCJieHHeM rpaq>HTa npH BbIC0-

KOH TeMnepaType. 

BocCTaHOBJieHHhIH ypaH (TeMnepaTypa 

0JlaBJieHKH l 100 QC) CTeKan s HH)KHHe 

cTanhHhie TPY6h1, qepe3 KOT0pbie no.uasancH 

TenJI0HOCHTeJih H KOTOpb!e xop0illO coxpaRH-

JlHCh, TaK KaK OXJia)K.!J,aJIHCb B03.!J,yxOM. B HHX 

MeTanJIH'-leCKHH ypaH 3acTbIBan. IIpH 3TOM 

IIOCTeneHHO ypaH yxo.!J,HJI H3 rpaq>HTOBOH 

KJia.!J,KH. Kor.ua npou.ecc BOCCTaHOBJieHHH 3a­

K0HlJ11JlCH, uenHM peaKUHH .uenemrn npeKpa­

T11nacb, TaK KaK ypaH OT.!J,eJIHJICH OT rpaq>HTa. 

f paq>HT .uoropen, 11 BbI6poc aKTHBHOCTH 

YMeHhlllHJJCH CHaqana B 1000 pa3, a 3aTeM B 

MHJJJJHOH pa3, '-ITO npOH30IllJIO 6 MM. MeTan­

JlHtJeCKHH OJIYTOHHH npH BbICOKOH TeMnepa­

Type B03fOHMCH, H II0TOMY ero KOHUeHTPa­

mrn B ypaHe HeBeJIHKa. 

B IOfO-BOCTOlJHOM ceKTOpe peaKTOpa nep­

BbIM B3pbIBOM 6blJIH noBpe)K.!J,eHbl onopa pe­

aKTOpa H KOMMyHHKaUHH IlO.!J,BO.!J,a TeIIJIOHO­

CHTeAA. IIo3TOMY soccTaHoBneHHhIH ypaH 

CTeKan H B HIDKHHe noMemeHHH, r.ue B3aHMO­

.ueHCTBOBaJI c 6eTOHOM npH TeMnepaType 

l 100 QC H o6pa30BaJI TaK Ha3bIBaeMbie TOn­

JJHB0C0.!1,ep)Kal.I.lHe naBOBbie MaCChI, KOJIIflleCT­

BO KOTOpbIX BIIOJIHe COOTBeTcTByeT Macnna6y 

neperpeTOH qacTH aKTHBHOH 30Hbl, nonyqeH­

HOMY B pa6oTe [ l]. OueHKa speMeHH npoTe­

KaHKH rrpou.ecca rrocne s3p1,ma xopomo cos­

rra.uaeT C peanbHOH .!J,JlHTeJJbHOCTblO rrpouecca. 

He.uocTaIOI.I.lKH ypaH cne.uyeT HCKaTh B MeTan­

noKOHCTPYKUHHX IlO.!J,BO,Zla BO.Uhl B peaKTop, 

KOTOpbie He IIO,ZlBepranHCb 6ypeHHIO. O6Ha­

p~eHHe B IDIX MeTaJIJIH1IeCKOro ypaHa 6y.ueT 

IIO.!J,TBep)K.!J,eHHeM H3JlO)KeHHOH 3.!1,eCb BepCHH. 

11MeHHO H3-3a XHMU''leCKHX peaKUHH 3a 

ctJeT Tenna uenHoH H.nepHoH peaKUHH 60111,­

IllM qaCTb JieTyqHX npO.UYKTOB .ueneHHH: fa3bl, 

HOJJ., u.eJHH, cTpOHUHH H nJIYTOHHH BblJleTemi: 

H3 peaKTOpa H pacnpOCTPaHHJIHCb no BCeMy 

MHpy. B pa3pyrneHHOM peaKTope OCTaJIHCb 

TOJlbKO BhICOKOKmunJ.lHe npOJJ.YKThl .ueneHHH. 

11MeHHO Il03TOMY BblXO.Zl aKTHBHOCTH nocne 6 
MM YMeHblllHJICH B MHJIJIHOH pa3. IIo.u capK0-

<parOM OCTaJIHCb B OCHOBHOM TyroTIJiaBKHe 

IIpOJJ.YKThI .ueneHKH. 

Heo6XO.!J,HMO eCTeCTBeHHO o6bHCHHTb, 

IlO'IeMy B IllaXTe peaKTopa Il0'ITH HeT CJie.!1,0B 

B03.!J,eHCTBHH BblCOKOH TeMnepaTypbl H KaK 

Ty.ua norranH 6eTOHHbie 6JIOKH, coxpaHHBillHe 

KpacKy. B 6eTOHHOH IJ1axTe HMeeTCH 3a30p 

Me)K.!J,y 6eTOHOM 11 rpaq>HTOBOH KJla.!J,KOH IllH­

pHHOH 6onee 0,5 M. IIocne B3pbIBa qepe3 3T0T 

3a30p nocTynan XOJIO.!J,Hblli B03.!J,yx, KOTOpbIH 

.uanee no menHM H KattanaM B rpaq>HTOBOH 
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KJia,aKe npoHI1Kan B rpacj:Hn, r)le npoTeKanH 

Bbillleynowrnyrhie XHMH'leCKHe peaKI{HH. O6-

pa:30BaBWruIC.sI B pe3yJihTaTe XHMH'leCKHX pe­

aKU:HH CMeCb a30Ta H co npH TeMIIepaType 

npHMepHO 450 ° C BbIXO)lHJia B npocTpaHCTBO 

Ha)l peaKTOpOM, r)le CMelllHBaJJaCb C B03Jlyx0M 

H o6pa30BbIBa.Jia cpaKeJI rrJiaMeHH, KOTOpbIM 

6hIJI BCeM xopOlllO BH)leH. 

3aKJJIO'leHHe 

OpeJlJIO)KeHa HOBM Bepc1rn HCXO)lHbJX co-

6hITHH, rrpHBe)llllHX K B3pbIBY peaKTOpa N 
6JIOKa 1IA3C, OCHOBaHHa.sI Ha HeycTOMtJHBO­

CTH HeHTpOHHOro TI0T0Ka B peaKTOpe 60Jlb­

illHX pa3MepoB. XapaKTep pa3pymeHH.sI peaK­

TOpHoro 3a.Jia CBH)leTeJibCTByeT, 1ITO B HeM 

npOH30illeJI o6beMHblH B3pbIB CMeCH B03)lyxa 

C BOJlOPOJlOM H OKHCblO yrnepo)la. 

Pacna)l KCeHOHa H HO)la npHBeJI K B0306-

H0BJieHHIO u:enHOH peaKI{H.H .ueneHH.sI, Tenno 

KOTOpOH TIOillJIO Ha BOCCTaHOBJieHHe OKHCH 

ypaHa, IIJiyrOHH.sI If npOJ.lYKT0B )leJieHJrn. BbI­

X0Jl aBapHHHOro peaKT0pa Ha M0mHOCTb no­

p.si:.uKa 80 MBT C IlOCJieJ.lywmHM yaen11qem,1eM 

JlO 110 MBT o6ycnomrn oco6eHHO T.sI)KeJibie 

pamrnU:H0HHbie TI0CJie)lCTBH.sI qepe3 cyrKH no­

CJie B3pbma. 

XHMH'leCKHe peaKI{HH Hrpa.JIH Ba)K_HYIO 

pOJib B npou:ecce KaTaCTPO<pbl Ha N 6JIOKe 

qepHo6hIJihCKOH A3C Ha :nane Jl0 B3pbrna, 

npH B3pbIBe H nocne B3pbIBa, o6b.sICH.ll.sI Ba)K­

Hbie .ueTanH. B 3aKJJIO'IHTeJibHoi1: cTaJlHH pe­

aKTop pa6oTan KaK HeOTITHMa.JihHllil Jl0MeHHa.sI 

netJ.b, B KOTOpOH OKHCb ypaHa, 0KHCb nnyro­

HH.ll H OKHCJlbl npOJlYKT0B )lenemrn BOCCTa­

HaBJJHBaJJHCb B MeTaJJJlbI. 

MeTann11qecKHi1: ypaH HaXOJlHTC.si: B HH)K­

HHX MeTaJJJlOKOHCTPYKU:H.sIX IlO)lBO)la BO.Ubl B 

peaKTOp, a MeTann1-1qecKHH nnyroHHH B03ro­

H.si:nc.si:, 3apa)Ka.si: TPHJlU:aTHKHJJOMeTp0BYIO 30HY 

B0Kpyr qepH06bIJI.sI. 

B npou:ecce pa3BH.TIDI asap1rn no,uasmno­

mrui 'laCTb np0J.lYKTOB .uene1m.si: C TeMnepaTy­

poii KHIIeHH.sI Melibllle 2 000 ° C noKHHyna pe-
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aKTOp. B capKocpare 0CTaJJHCb TOJlhKO BbTC0-

K0KHTI.sII.QHe rrp0.UYKThI .ueneHH.si:. Oo3TOMY co­

.uep)KHMoe capKocpara He npeJlCTaBn.si:eT orrac­

HOCTH C TO'IKH 3peHH.sI cymecTBeHHOro BbTXO­

.ua pa,aHOaKTHBHOCTH. 

ABTOp Ha)leeTc.si:, qTo rry6n11KaU:H.sI 3TOH 

pa60Tbl Bhl30BeT HHTepec pa3I1H'IHbTX cneu:Ha­

JlHCTOB K 6onee TI.QaTeJibHOMy HCCJle)loBaHHIO 

p0JIH XHMH'leCKHX peaKI{HH B qepH06blJlbCKOH 

KaTacTPoq>e. 

ABrnp 6rraro.uapeH E.B. EypnaKoBy 3a 

u:eHHbie 3aMetiaHH.sI. Oco6rui 6naro.uapHOCTh 

KaH)lH)laTy XHMH'leCKHX HaYK B.K. IlonoBy 3a 

BhITIOJJHeHHbie paclleTbl no o6oCHOBaHHIO 

B03M0)KH0CTH XHMWieCKHX peaKI{HH. 
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Y,D,K 621.039.546 
IlpuMeueuue KOMnJJeKca nporpaMM SUHAM-2D )),JUI pacqeya AByMepuoro 

6euqMapK-3KcnepuMeHTa ua c6opKe VENUS-2 c ypauOBhlM H MOX TODJIHBOM 

B. </J. Em,puuoo, B.A. Heou1tut(a, 
PH~ "Kyp•rnToBCKHH l1HcT11Tyr", 123182, MocKBa, nn. KypqaToBa, I 

TiocTyn11na B peD.aKl(HIO 29.12.2008 r. 

flpose.n.ettbt H onHcaHbt cpaBHHTeJtbHbte pac'-leTbt no KOMnneKcy SUHAM-2D .nsyMepttoro 6eH'-IMapK-
3KcnepHMettrn Ha c6opKe VENUS-2 c ypaHOBbIM H MOX TonnHBOM. CpaaHeHHe npose.netto c pe3yJ1bTa­
TaMH KaK 3KCnepHMeHTa, TaK H pac'-!eTa no .npyrnM nporpaMMaM. 

/v11o'leGbLe cJ1oea: KOMnneKc nporpaMM SUHAM-2D, aepHCpHKal.(H$1, VENUS-2, cpaBHHTenbHbte 
pac'-!eTbl. 

Application of Code System SUHAM-2D for Calculation of the Two-Dimensional Experiment 
VENUS-2 with Uranium and MOX Fuel. V.F. Boyarinov, V.A. Nevinitsa. RRC Kl, Kurchatov Sq., 1, 
Moscow, 123182. Comparative calculations of two-dimensional benchmark experiment VENUS-2 with 
uranium and MOX fuel by code system SUHAM-2D have been carried out and described. Comparison has 
been carried out with both experimental results and calculations by other codes. 

Key words: Code System SUHAM-2D, Verification, VENUS-2, Comparative Calculations. 

BapuaHT KOMnneKca nporpaMM SUHAM-

2O [I, 2] B CB.Sl3Ke c MOD.YllilMH KOMnJieKca 
UNK [3] - SUHAM-U-2O [2, 4] pa3pa6an,I­
BaeTcH D.JUI perneHHH D.BYMepHhIX HeHTPOHHO­
q>11311qecKHX 3a)la'I B aKTHBHOH 30He (a.3.) 

HD,epHbIX peaKTopos C TPeyrOJibHOH H KBa)l­
paTHOH peweTKaMH. TipH 3TOM MO.n,y1rn npo­

rpaMMbl UNK 11cnoJih3YJOTCH D.JIH no,uroTOBKH 
rpynnOBbIX ceqeHHH H30TOilOB H MaTepHaJIOB. 

MoD.y1rn nporpaMMhI SUHAM npHMemnoTCH 
.nm1. perneHHH MHororpynnosoro ypasHeHHH 
nepeHoca HeHTPOHOB B a.3. peaKTOpa MeTO.ll,OM 
nosepXHOCTHhIX rapMOHHK (MTir) [5 ... 9]. 

MITT - JTO MeTO.n. peweHHH ypasHeHIDI 
nepettoca tteHTPOHOB BO BceM 061,eMe a.3. 
H.n,epHoro peaKTopa, o6na,uaIOll(HH npe11My­
mecTBaMH .neTepMHHHCTH'-leCKHX (TO'-IHOCTh 
pactJeTa) H HH)l(ettepttbIX (BbI'IHCJIHTeJibHbie 

3aTpaTh1) MeTOD.OB. B pa6onx [2, 4] np11se.n.e­
HO on11caHHe nepBoro sapHaHTa KOMnJieKca 

SUHAM-U-2O, npoBeD,eH Bh16op 'IHCJia H 
rpaHHl( :mepreTH'leCKHX rpynn, BhIIlOJIHeHa 
Ha'laJibHaH BepH(pHKal(}rn. 

B pa6onx [ l O ... 12] np1rneD,eHo on11caH11e 
Bep11cpm<auuu KOMnneKca SUHAM-2O Ha 
6eHtJMapK-pactJeTax TBC BB3P- l 000 c ypa­
HOBhIM 11 MOX TOnJIHBOM, T.e. Ha 061>eKTax c 

TPeyronhHOH peweTKOH . .L(aHHaH pa6on no-

CBHll(eHa .ll,aJibHeHmeu sepH(pHKal(HH H BaJIH­

.n,al(HH KOMnneKca SUHAM-2D Ha .llBYMepHOM 
6eHtJMapK-JKcnep11MeHTe VENUS-2 [ 13] c 

ypaHOBhIM H MOX TonnHBOM H Ha pac'leTax 

JToro 6eH'IMapKa no D.pyrHM nporpaMMaM. 
Cne.uyeT OTMeTHTh, tJTO c6opKa VENUS-2, 
Bo-nepBbIX, npe,llCTaBllileT co6oH 061,eKT C 

KBa,upaTHOH pemeTKOH 6JIOKOB H, BO-BTOphIX, 

BKJIIOtJaeT B ce6H a.3. H OKp~eHHe ( OTPa)Ka­

TeJib H np.). TiocKOJihKY KOMmreKc SUHAM-
2O rrpe.n,HaJHaqeH .n,JIH pacqen TOJihKO a.3., 

OKp~eHHe CMOD,eJIHpOBaHO KaK ee qacTb . 

1. Onucaime c6opKH VENUS-2 

C6opKa VENUS-2 npe,ucTaBJIHeT co6ou 
peaKTOp ttyneBOH MOll(HOCTH nma PWR, a.3. 

KOTOporo COCTOHT H3 12 TOilJIHBHbIX c6opoK 
TPex pa3HhIX THIIOB. B ueHTPaJihHOH qacTH 
c6opKH pacnoJIO)l(eH 3anonHeHHhIH BOD.OH Ka­

ttan npHMOyrOJihHOro Ce'leHHH, OT.ll,eJieHHhIH 

OT a.3. CTaJibHOH neperopOD,KOH. 3TOT KaHaJI 

co Bcex CTOpOH OKp~eH ,ueC51TblO p51,llaMH 
TB3JIOB, co.n,ep)l(all(HX ,llHOKCH.ll, ypaHa C 060-

rameHHeM 3,3 % BeCOBhIX, C o60JIO'IKOH H3 
UHPKaJIOji. B JTOH )Ke 30He pa3MemeHhI 
CTep)l(HH c IIOrJIOTMTeJieM Pyrex (Tuna 6opo­
CHJIHKaTHOro CTeKJia) s CTaJibHOH o6onoqKe, 

MOD,eJIHPYJOIUHe THilH'-IHbie KJiaCTepbl norno­
maIOll(HX JJieMeHTOB peaKTopa THna PWR. 
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Tonmrnm,1e cTep)l(HH 3TOH 3om,1 co.nep)KaT 
1-ie60JihIII)'lO .no6aBKY ecTecrneHHOro 6opa B 
KaqecTBe Bhrroparow.ero nornoT11Te1rn. 

3otta 3,3 % o6oraw.emrn oKp~eHa ceMhJO 
p51JJ;aMH TB3JIOB H3 JJ;HOKCH.Ua ypaHa C o6ora­
w.eHHeM no 235U 4,0 % BeCOBbIX B CTaJibHOH 
o6ono~e. TTepmpepHHHM qacTb a.3. (BHern­
m1e 8 p51JJ;OB TB3JIOB) 3arp~eHa MOX Tonn11-
BOM C co.nep)KaHHeM OJIYTOHH51 2, 7 % BeCOBhIX 
H 235U 2,0 o/o BeCOBbIX TaK)Ke B CTaJibHbTX 060-
JIOqKaX. 

3oHa c MOX TOITJIMBOM, npe.ncrnaJI51JO­
W.HM co6oH TB3Jlbl B KBa.npaTHOH ynaKOBKe, 
oT.neneHa OT ao.nHoro OTPa)KaTeJ151 cTaJihHOH 
rreperopo.nKoH, TTpocTPaHCTBO Me)K.ny BHYT­
peHHeH H BHernHeH rreperopo.nKaMH 3anonHe­
HO BOJJ;OH. 

Bc.si: KOHCTPYKUH.sl pa3MemaeTC.sl B UHJIHH­
.npHqecKOM 6aKe (barrel), KOTOpbIH a CBOJO 
oqepe.nh BCTaBJieH a qexon (jacket), npo­
CTPaHCTBO Me)KJJ;y CTeHKaMH 6aKa H qexna 3a­
nOJIHeHO BO.UOH. B 3TOT ao,n.si:Hoii 3a3op no-

Baffle 

Barrel 

Neutron Pad 

Mern.eH u11mrn.npH'IeCKHH CJIOH .H3 CTaJIM (neu­

tron pad), Mo.nenHp)'lOW.HH 3aW.HTY peaKTopa. 
1-Iexon pa3Mern.ett B Kopnyce peaKTOpa, TaK)Ke 
3anOJIHeHHOM BOJJ;OH. 

l130TOITHbie KOMnO3HUIDI ypatta .UJI.sl Bcex 

TPeX TOilJIHBHblX 3OH, a TaK)Ke IlJIYTOHM51 H 

KOHCTPYKUHOHHbIX MaTepHaJIOB, npHBeJJ;eHbl B 

[ l3]. TaM )Ke IlOKa3aHhl pe3yJibTaThl H3Mepe­
HH.sl TeMnepaTyphl BOJJ;hl. Ha pHC. 1 npeJJ;CTaB­
JieH BH,n c6opKH VENUS-2 B nnocKOCTH XY. 

l13 pHC. 1 BHJJ;HO, 1iTO 

• a.3. KpHTC60pKM B ropH3OHTaJibHOM rrnatte 
HMeeT Kpecrno6pa3H)'l0 cpopMy c ceKTO­

poM CHMMeTPHH B 45°; 
• B nnocKOCTH XY a.3. OKJJ~eHa UHJIHHJJ;­

pHqecKHM KOpnycoM; 

• B JoHax Me)K.ny a.3. 11 umnm.D,p11qecKHM 
KopnycoM, BHe UHJIHHJJ;pl-PieCKOro KOpny­
ca, Me)K.uy TB3JiaMH H nornonuen.si:MH, 
BHYTPH BHYTPeHHeH neperopo.nKH, a TaK­
)Ke CBepxy H CHH3Y a.3. HaxO,n;HTC.R: BOJJ;a. 

P11c. I. BH.D. c6opK11 VENUS-2 a nnocKocrn XY 
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B npeJ1.CTaBJ1eHHOH pacqeTHOH M0J1.em-1 

c6opKa orpaHH4eHa UHJlHHJl.pHqecKOH no­

sepXH0CTblO C pa.n,HyCOM, cosna.n,aIOlllHM C 

BHyrpeHHHM p a.n,ttycoM qexna, KOT0pbIH pac­

IlOJlO)l{eH npaKTHtl eCKM cpa.3y )Ke 3a cpp arMeH­

T0M 3allU1TbI (neutron pad). 

Ha pHC. 2 npeJJ.CTaBJleHbI pacn 0Jl0)l{eHHe 

30H, n ornoma1-0mttx 3JleMeHTOB, HYMep au1-rn 

TB3Jl0B, 11x pj1J1.0B H crnn6uos. Illar perneTKH 

TB3Jl0B paBeH 1,26 CM. 

.D:1rn pac'-IeTOB II0 nporpaMMHOMY KOM­

nneKcy SUHAM-2D pac'-IeTHM MO.D.eJJh He­

CKOJlhK0 MO.D.H<pHUHposatta. 3TO CBj{3aHo C 

TeM, '-ITO B HaCTOjllllee speMjl M0J1.YJ1H, OTBe­

qa10m11e 3a <popMHpoBami:e rpaHWIHbIX ycno­
BHH Ha KpHBOJJHHeHHOH HJJH noMaHoH s ttern­

Heii rpaHHUe (pHc. 1), B K0MIIJleKce SUHAM-

2D 0TCYTCTBYlQT. Ilo3TOMY Mo.n,enb ceKTopa 

CHMMerpIDI 1/4 c6opKH J1.0Il0JlHeHa J].O KBa.n-

paTa R'-IeHKaMM C COCTaBOM, C0OTBeTCTBYIO­

ll.lHM H30TOnHoMy cocrnsy qexna (p11c.3). Ho­

MeHKJlaTypa HCI10Jlb30BaHHbIX THTTOB jltJeeK: 

• so.n,a BHyrpeHHero 6acceil:tta; 

• BHyrpeHHjljl CTaJlbHM neperopo.n,Ka; 

• a.3. 3,3 11 4,4 % o6oramerurn no ypaHy-

235; 

• MOX TOilJlHB0; 

• nornoTHTeJlb Pyrex; 

• BHellilUUI CTaJlbHM neperopoJJ.Ka (baffle) 

Ha rpattHUe C ypaHOBbIMH j[qeHKaMH; 

• stternHAA CTaJJbHajl neperopo.n,Ka Ha rpa­

HHUe c MOX T0nJJHBoM; 

• BOJ].HblH 0rpa)l{aTCJlb; 

• CTCHKa 6aKa; 

• BOJ1.HbIH 3a.3op; 

• CTaJlbHM 3am11Ta; 

• '-ICX0Jl. 

- 27- 26- 25- 24- 23 -22-21- 20- 19- 18- 17 - 16- 15 - 14- 13-12- l l - 10 - 9 -8 - 7 -6 - 5 -4 -3 -2 - 1 0 I 2 

311 281 266 251 236 221 2 191 7 61 146 13 I 6 IOI 
6i 62 

50 
39i 2 

14 7 I 

312 2 282 267 252 237 222 207 192 177 162 147 132 117 !02 7 63 51 40 23 15 8 2 

313 29 83 26 253 238 223 208 193 178 63 148 133 1l 103 8 75 5 I 32 24 I 9 3 

314 99 2 2 9 5 224 09 I 7 1 134 119 04 
' i ' 

53 4211125 17 10 4 

315 3 85 70 5 240 225 210 195 18 165 150 135 120 105 
91 77 ~ 

54 43 6 18 II 5 

31 301 286 71 256 241 226 211 196 81 166 151 136 121 106 55 44 34 27 19 12 6 

' 
31 3 2 7 27 257 242 227 212 197 1 2 167 152 137 122 107 92 78:156 45 35 28 20 13 U02 3.3% 

318 3 2 273 258 243 22 213 198 l 3 1 8 153 138 23 108 93 79 57 4 36 29 I 

; 31 8 274 59 244 229 14 199 I 169 154 I 9 12 109 4 80 69 58 47 37 30 -= cit l 320 3 5 75 245 230 215 200 I 5 170 155 140 I 110 95 81 70 59 8 38 

\ 3 I 3 91 276 61246 31 I 20 18 I I 156 I 12 111 96 2 71 60 9 
if, 3 307 29 277 26 247 232 217 02 I 7 17 157 I I 7 112 9 83 7 61 

3 308 2 3 27 263 48 233 218 203 l 173 15 143 28 113 98 84 73 IC t-= t:lC 324 309 294 2 64 2a9 234 19 204 189 I 15 12 I 4 99 85 
" 3 5 3 0 29 280 265 50 35 0 205 190 175 1 145 30 115 100 

" 
U0z4.0% 

Measured values: in bold 
Interpolated values: in italics 

,, 
0 

~ UO,J.3% 
U02 4.2% 
MOX 
Pyrex 

P1-1c. 2. H)'Mepau.m1 TB3nos B pacYeTHOH Mo.nenH c6opKH VENUS-2 
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PHc. 3. Pac4eTHasi Mo,nenb wrn nporpaMMHOro KOMn.neKca SUHAM-2D 

2. OnucaHHe paC'leT0B no K0MOJieKcy 

SUHAM-2D 

Jl,Jrn pactJeTa .LlB)'MepHOH M0.[leJrn KpHTH-

1..J:eCKOH c6opKH npHMemIJJCR nporpaMMHbIH 

K0MnneKc SUHAM-2D c 6u6mrnTeKoi1 K0H­

CTaHT B645 [14]. JI.mi: pacqera rpynn0BbIX 

MaKp0K0HCTaHT HCilOJJb30Ba.JJHCb BX0.URI.IJ.He B 

C0CTaB K0MilJJeKca C00TBeTCTB)'IOI.IJ.He M0.UYJJH 

nporpaMMhI UNK. 
B HaCTORI.IJ.eH pa6oTe pactJeT np0B0.[lHJICR 

npH Il0M0IQH MIIr c n p HMeHeHHeM 12-

rpynnoBoro npe.ucrnBneHIDI :mepreTHtJecKott 

38BHCHM0CTH MaKp0CK0ilHt.JeCKHX cet.JeHHH., 

12-rpynnOBbie MaKp0K0HCTaHTbl TI0JI)"-leHhI 

nyreM 3HepreTnqecKoi1 csepTKH no cneKTPY 

3KBHBa.JJeHTHhIX R'!eeK, pacqeT K0T0phIX Bbl­

Il0JIHRJICR MeT0.Ll0M Bep0RTH0CTH nepBbIX 

CT0JIKHOBeHHH B MHKporpynnax. Jl,nR pacqeTa 
~ 6 235U pe30HaHCH0H JI0KHp0BKM .UJIR H30T0IT0B , 

~38 239 240 241 242 
U, Pu, Pu, Pu, Pu H Zr- ecT. 11c-
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Il0Jih30Ba.JJ0Cb 0ilHCaHHe o6naCTH 3aMe,ll,JJeHHR 

s 7 400 MHKporpynnax. 

3KBHBa.JJeHTHbie R1IeHKH IT0.l],r0T0BJieHbI 

.Llllil Bcex 30H .LlB)'MepHOH M0.[lemi c6op KH, 

BKJIIOqrui: q>parMeHT 3amHTbl H qexon. IlpH 

no.uroTOBKe 12-rpynnOBbIX K0HCTaHT n p o­

.Ll0JJbHaR yretJKa HeHT{)OH0B )"fHThJBa.JJacb ny­

TeM 3KCnep11MeHTaJlbHbIX aKCHaJlbHbIX 6aK­

JIHHroB [ 13]. PeweHHe rpynnosoro ypaBHemur 

nepettoca HeHT{)OHOB no nporpaMMe SUHAM-

2D np0BO.[lHJI0Cb C TI0M0I.IJ.hlO Mfir C 3 -MR 

npo6HbIMH MalJ)Hl.{aMH Ha Ka)K,ll)'IO R'!eHKy. 

B pa6oTe [ 13] Kp0Me 3KCnepHMeHTaJlb­

H blX pe3yJibTaT0B npe.UCTaBJieHbI pe3yJibTaTbl 

pacqeT0B paccMaT{)HBaeMoro 6eHt.JMapK-

3Kcnep11MeHTa 12-10 p acqeTHbI MH rpynnaMH, 

np11 3T0M 6 rpynrr HCTI0J1b30BaJJH nporpaMMbI, 

peanHJ)'IOI.IJ.He MeT0.Ll MoHTe-Kapno, a oc-



Ta 6 JI n u a 1. k_ l!'!eeK 

Tim ll'leHKH, 060-
Cpe.o.Hee 3Ha'!emte no Cpe.o.ttee 3Ha'!ett11e 

Cpe.o.ttee 3Ha'!em1e SUHAM-2D .o.eTepMHHHCTH'!eCKHM no MoHTe-Kapno 
ramettHe U/Pu, % no sceM pac'!eTaM 

pac'leTaM pac'!eTaM 

1,40834 

UO2, 3,3/0 
0 31 ' ) 

1,40400 1,40786 1,40593 ' 0 03 '') 
' 0 I 7'"l 
' 

1,33878 

UO2, 4,0/0 
0,26 

1,33527 1,33925 1,33726 
- 0,04 
0, 11 

1,25667 

MOX, 2,0/2, 7 
0,10 

1,25546 1,25800 1,25673 
- 0, 11 
0,00 

' ) 0 OTJIH'!He B ¼ OT cpeJJ.Hero 3Ha'!eHHll no .o.e-repMHHHCTH'!eCKHM pac'!eTilM 

" > OTJHf4He s % OT cpe.n.Hero 3Ha4eHHll no MoHTe-Kapno pac'!eTilM 

"'l OTJIH'!He s % OT cpe.o.ttero no sceM pac<ieTaM 

Ta.JlbHhie 6 - nporpaMMbI, peanH3YJOIUHe ]le­

TepMHHHCTHtJeCKHe MeTO./lbI. CJie]lyeT OTMe­

THTb, 'ITO HeKOTOpbie paC'IeTHhie rpymlbI 

npHMemrnH O.D.HH H Te )Ke pactJeTHbie ITpo­

rpaMMbI, a HeKOTOpbie - HeCKOJlbKO MO]leJieH 

pac'-IeTa ITO O./lHOH nporpaMMe. 

B Ta6JI. 1 npHBe]leHbI cpaBHHTeJibHbie pe-

3YJibTaTbI paC'-IeTa k_, 3JieMeHTapHbIX .K'-!eeK 

]l.Jl.sl BCex THTIOB TB3JI0B, HCn0Jib30BaHHblX B 

c6opKe. B KOMnneKce SUHAM-2D k-, .KtJeeK 

paccl.fHThIBaJIHCh Mo.uyneM PAIUUI (15] Me­

TO.U0M IT0BepXH0CTHbIX nceB,D.0HCT0'IHHK0B 

[ 16], npH 3T0M npHMeHJUIOCb rpaHH'-IH0e yc­

JI0BHe, 6JIH3KOe K 3epKanhH0MY OTJ)a)KeHHJO 

Ha KBa.n.paTH0H rpaHHUe .KtJeHKH [17]. BH.UHO, 

'-ITO paccl.fHTaHHbie no SUHAM-2D 3HatJeHHH 

k-, xqeeK xopowo cornacyroTc.s1 c pacqeniMH 

no .upyrHM ITporpaMMaM. 

Pe3yJibTaTbl cpasHeHH.sl co cpe]lHHMH 3Ha­

'l{eHH.KMH no MouTe-Kapno pacqeTaM H ITO 

T a 6 JI n u a 2. k.nvt. c6ooKH 

BCeM pacqeTaM 110./lTBep)K)laJOT oueHKY T0'-I­

HOCTH pacqern k-, .K'-leeK no nporpaMMe SU­

HAM- 2D B 0 ,2 %, ]laHHYJO B pa6oTe [12] JlJI.K 

.s1qeeK BB3P-1000. OTrrH'-!He OT cpe.n.ttero 

3HatJeHllil 110 ,lleTepMHHliCTH'-IeCKHM paC'-IeTaM 

HeCKOJibK0 60Jibmee - 0,3 %. B Ta6JI. 2 IIpH­

Be]leHbI cpaBHHTeIThHbie pe3yJibTaTbl pac'-leTa 

kJ<!xl> c6opKH. 

BH.uuo, '-IT0 SUHAM-2D JaMeTHo 3aHH­

)KaeT k:$1> c6opKH IIO cpaBHeHHIO C 3KCnepH­

MeHTaJibHbIM H pac'IeTHbIMH 3Ha'-IeHllilMH. 

TorrhKO pac'-!eTbI ITO rrporpaMMaM DORT H 

GNOMER .n.aJOT MeHbWHe JHa'-!eHllil k :><1>4>· ITo­

BH.D.HM0MY, 3TO CB.sl3aH0 B rrepayro oqepe]lb C 

MO,lleJIHpOBaHHeM 0Kp~eIDl.sl a.3. 

B Ta6JI. 3 npHBe,lleHbl cpaBHHTeJibHbie HH­

TerpanbHbie xapaKTepHCTHKH T0'IH0CTH pac-

1.feTa 3uepr0Bhl.UeJieH1U1 (peaKUHH .uenemrn). 

CpaBHeHHe npose.ueH0 C 3KCITepHMeHTarrbHbl­

MH 3Hal.feHH.slMH, cpe.D.HHMH 3Hal.feHH.slMH no 

3 Kcne-
Cpe.o.Hee 3Ha'!emte 

C pe.o.ttee 3Ha<ieHHe 
SUHAM-2D no MoHTe-Kapno 

pHMeHT 
pac<ieTaM 

no sceM pac4ernM 

0,99454 

1,0 
- 0 55') 

0,99983 0,99758 ' - 0 53'') 
' - 0 30'") 
' ., 0 OTJIH'!He B ¼ OT 3KCnepHMeHTMhHOro 3Ha<ieHHSI 

" l ornwme B % OT cpe.o.ttero 3Ha'!eHHll no MottTe-Kapno pac'leTaM 
'"l oTnH<iHe s % OT cpe.o.Hero no sceM pac'!eTaM 
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Ta 6 J1 11 Q a 3. I1HTerpanbHble xapaKTepHCTHKH TOlJHOCTH 
pac<JeTa 3HeprOBbI,ll,eneHHll, o/c 0 

SUHAM-2D 
YpaHosoe Tonmrno MOX 

BenH4HHa c o6oraUJ,eHHeM TOTTJIHBO 
3,3 4,0 

Max(8£,) -4,8 8,0 (5,9)") 6,5 
AVG - 0,9 - 0,l (- 0,lfJ 2,5 
RMS 1,8 2,2 (2, 1 )°l 3,3 

Cpe,l),Hee no scei:i 30He 0,61 
RMS no sceH 30He 2 5'> 

' 
Cpe,lJ,HHe 3Ha4emrn no sceM pac<JeTaM 

AVG - 1,57 -0,74 4,3 
Cpe.a.Hee no sceH 30He 0,85 

MCNP-4B, GRS 
Max(8£,) 8,5 7,1(-5,3)°) -4,0 

AVG -0,65 -0,95 3,16 
Cpe.uttee no sceH 30He 0,68 
") OUJH60YHOe 3HaYeHHe 1,05 3HeprOBbt,ll,eJleHHll B T04Ke 
(x = - 25,83,y= 6,93) 113 (13] 3aMeHeHo Ha 1,105, 
nonyllettHoe HHTepnonllu.HeH 

BCeM rrporpaMMa H pac1.JeT0M GRS [13] no 

nporpaMMe MCNP-4B. B Ka1.JecTBe HHTe­

rpa.nbHhIX xapaKTepHCTHK TO'-IHOCTH HCIIOJib-

30BaJIHCb cne.uyroIUHe xapaKTepHCTHKH: 

• Max(8E;) - MaKCHMaJibHOe OTKJIOHeHHe 

IlOKaJibHOrO 3HeprOBbl)leJieHHSf B TB3nax 

OT 3KCIIepHMeHTaJibHOro 3Ha1.JeHHj{ (c yqe­

TOM 3HaKa); 

• A VG (average pin power percent error) -

cpe.uttee OTKilOHeHHe IlOKaJibHOro 3Hepro­

BbI,ZleneHHSf no BCeM TB3JiaM OT 3KCnepH­

MeHTaJibHbIX 3Ha1.JeHIIB; 

• RMS (root mean square of the power per­

cent error distribution) - cpe,uHeKBa.upanr­

qecKoe OTKJIOHeHHe JIOKaJibHOro 3Hepro­

BbI,ZleJieHHj{ no BCeM TB3JiaM OT 3KCnepH­

MeHTaJibHbIX 3Ha1.JeHHH. 

<I>opMyn1,1 .um1 A VG H RMS HMeIOT BH.ll 
] N 

AVG=-:~> 
N n=I "' 

(1) 

lw RMS= - ~>~. 
✓N n• I 

(2) 

3.uecb N - CyMMapHoe 1.JHCJIO TB3JIOB, en -
paCC'-IJfTaHHOe npoueHTHOe OTKilOHeHHe 3Hep­

rOBbI,Zlenemrn: .unsr n-ro cTep)f(H.H OT 3Ha1.JeHH.H, 

npmunoro 3a 3TaJIOHHoe. 

C yqeTOM TOfO, '-ITO rrorpernHOCTb 3Kcne­

pHMeHTaJibHO H3MepeHHb]X 3Ha4eHHH 3Hepro­

BbI,lleneHHSf [ 13] COCTaBJISTeT 1, 7 % B TB3nax c 

ypaHOBbIM TOIIJIHBOM H 2 ,5 % B TB3Jlax C 
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MOX TOnJIHBOM, cne.uyeT OTMeTHTh, '-ITO rro­

rpernHOCTh paCClfHTaHIIl>IX 3Ha1.JeHHH KaK no 

rrporpaMMe SUHAM-2D, TaK H no CChIJIO'-I­

HhIM rrporpaMMaM B HeKOTOpbIX TOl.JKaX BbIXO­

,llHT 3a paMKH rrorpeIIIHOCTH 3KCIIepHMeHTa. 

BH.UHO, '-ITO nporpaMMa SUHAM-2D .uaeT 

T0'-IH0CTb pac1.JeTa 3HeprOBbI,ZleJiemrn B TB3-

nax, cpaBHHMyIO C T0'-IHOCTbIO pacqeTa no 

nporpaMMe MCNP-4B H 3aMeTHO nyqmyro no 

cpaBHemno co cpe.uIDlMH 3Ha1.JeHHsrMH no 

sceM pac1.JeTaM. 

OTMeTHM, '-ITO HaH60Jiblllee OTJIH'-IHe OT 

3KCnepHMeHTaJibHO H3MepeHHbIX 3Ha1.JeHHH 

3HeproBbI,ZleJieHHj{ Ha6mo.uaeTc.H Ha rpaHHUe 

MOX 30HhI c OTPa)f(aTeneM. 

Pacc1.JHTaHHoe no rrporpaMMe SUHAM-

2D pacnpe.uenem1e 3HeproBhI,ZleneHHsr B TB3-

nax npHBe.uetto B Ta6n. 4, a B ra6n. 5 noKa3a­

HhI OTHOCHTeJibHbie OTKJIOHeHH.H paCC'-IHTaH­

HbIX 3Ha1.JeHHH 3HeprOBbI,ZleneHHSf OT 3KCile­

pHMeHTaJibHbIX B %. 
O6paruaeT Ha ce6sr BHHMaHHe TOT cpaKT, 

'-ITO MaKCHMaJibHM norpewH0CTb, paBHa.H B 

HaCT0j{lQeM cnyqae 8 %, ,ZlOCTHrHYTa B TO'-IKe 

(x = - 25,83, y = 6,93), B KOTOpOH Ha6mo.uaeT­

csr MaKCHMaJibHM norpellIH0CTb npHMepHO 

TOH )f(e BeJIH'-IHHbl rrpaKTH'-IeCKH ,llJI.H scex pac-

1.JeTOB, npHBe,lleHHbIX B [ 13]. I1pH 3TOM B OK­

p)')KaIOIUHX ST4eHKax norpellIHOCTb cyruecT­

BeHH0 HH)f(e. KpoMe 3T0fO, 3Ta T0tJKa .HBmi:eT-

-



w 
w 

- - - ' - - r - r, ' -. ' ,, 
X-+ 

MOX TB3Jlbl 2,7/2,0 TB3Jlbl C o6oraw e H11eM 4 ,0 % TB3Jlbl C o6o rawe HHeM 3,3 % 
Y! 
CM -37, 17 -35.91 -34.65 -33.39 -32, 13 -30.87 - 29,61 -28,35 - 27.09 -25,83 -24,57 - 23,3 1 - 22,05 - 20,79 - 19,53 - 18,27 - 17,01 - 15,75 - 14.49 - 13,23 - 11 ,97 - 10,71 -9.45 -8,19 -6,93 

0.63 0.461 0.535 0.606 0.676 0.747 0.824 0.919 1.074 1.063 1,196 1.282 1,344 1,395 1,447 1,53 1 1,255 1.247 1,356 1,393 1,35 1 1.250 1,3 10 1.3 16 1.250 1,085 

1,89 0,459 0,533 0,603 0.673 0.744 0.821 0,916 1,070 1.059 1,192 1,278 1,34 1 1,391 1,443 1,51 5 1,193 Pyrex 1,295 1,372 1,290 Pyrex 1,253 1,309 1,249 1,076 
3,15 0.454 0,528 0.597 0.666 0,737 0.8 13 0,908 1.062 1,05 1 1.184 1,271 1,333 1,386 1,440 1,526 1.252 1,246 1,357 1,397 1,358 1,260 1,323 1,330 1,258 1.065 
4.41 0.448 0,520 0,588 0,657 0,727 0.803 0.897 1,049 1,040 1.172 1,259 1.323 1,376 1.432 1.520 1,250 1.245 1.358 1.400 1,364 1,269 1.337 1.347 1.276 1,072 

5.67 0.438 0.509 0.576 0.644 0.713 0,788 0,88 1 1,032 1,024 1,156 1,243 1,308 1,363 1,420 1.500 1,187 Pyrex 1,295 1,382 1,3 12 Pyrex 1,297 1,364 1.3 14 1. 133 
6.93 0,427 0.496 0.562 0.628 0,696 0.770 0,861 1.010 1,004 1,134 1,222 1,288 1,347 1,409 1,508 1,252 1.255 1.347 1,405 1,398 1,332 1,397 1,414 1.378 1.287 
8. 19 0.413 0.480 0.544 0.609 0,675 0.747 0,837 0.984 0,979 1.108 1, 196 1,264 1,326 1,394 1,506 1,272 1,308 1.291 1,394 1.440 1.445 1.459 1,456 1,429 
9.45 0.397 0.461 0.523 0.586 0.650 0,721 0,809 0.952 0.949 1,077 1, 165 1,235 1,299 1,372 1,490 1,260 1,254 Pyrex 1,335 1.448 1,480 1,488 1,480 
10.71 0.378 0,440 0.499 0.559 0.622 0.690 0,776 0,915 0.914 1,039 1,127 1,199 1,266 1,345 1,472 1,265 1.324 1,304 1,409 1.470 1,494 1,499 
11.97 0,357 0.4 16 0.472 0.530 0,590 0,656 0,738 0,873 0,874 0,996 1,084 1,157 1,227 1,3 10 1,445 1,258 1,350 1.392 1,442 1.477 1,494 

13.23 0.334 0,390 0.443 0.497 0.554 0.617 0.696 0.825 0,828 0,947 1,034 1, 107 1,180 1,267 1,407 1,235 1,34 1 1.399 1,440 1,467 

14.49 0.3 10 0.361 0,4 11 0,462 0,515 0,575 0.650 0,773 0.777 0,89 1 0,976 1.049 1, 123 1,2 13 1,356 1, 199 1,309 1.374 1,416 

15.75 0.284 0,33 1 0.377 0,424 0,474 0,530 0,600 0,7 15 0,720 0,827 0,908 0,980 1,053 1,143 1,287 1,146 1.260 1.329 

5. OTI _ -- __ _ -- ___ _ __ HOCHTeJlbHble OTKJlOHe HHSI p aCCLfHTaHHbIX 3HaYeHHH 3 He prOBbI)J.eJleHHSI OT 3 KCne )HMeHTaJlbHblX )J.8HHblX 

X-+ 
MOX TB3Jlbl 2,7/2,0 TB3Jlbl C o6or a w eHHeM 4,0 % Te311b1 c 06oraw e m1eM 3,3 % 

Y! 
CM - 37.17 -35.9 1 - 34.65 -33.39 -32. 13 - 30,87 - 29.6 1 - 28.35 -27.09 -25,83 - 24,57 -23,31 -22,05 - 20,79 - 19,53 - 18,27 - 17,01 - 15,75 - 14,49 - 13,23 - 11 ,97 - 10.7 1 - 9,45 - 8, 19 - 6,93 

0.63 6.5 3.6 5.0 5.4 4.8 2,5 1.9 1.5 2,7 1,7 0.3 0.3 0, 1 - 1,5 - 1.9 1.5 1.9 0,5 -0,3 -3.3 - 3,3 - 1.8 - 1.0 0, 1 0.5 
1.89 4.8 3.7 4.5 4.6 3,8 3.0 1.0 0.5 2,5 1,9 0.7 0,3 0,0 - 1,5 -2,6 0,8 Pyrex 0,9 - 1,9 -2,3 Pyrex - 2,3 - 2,6 -0, l 2.2 
3. 15 2.8 4.3 4.5 3.6 2.8 2.1 -0. 1 0.1 2.4 2, 1 0.7 0,8 0,4 - 1,0 -2,0 0,5 1.1 -0. 1 0, 1 - 2.2 -4.8 -3,0 0,1 -0.2 3,8 
4.41 4.6 3.9 4.5 4.1 3.1 1.6 0.2 0.0 1,7 2,7 0.7 0,8 0,2 - 1,4 - 1,5 0,0 0,7 -0.6 0,9 -0,7 -3,0 -3,2 -2.9 0.5 -0,4 
5,67 3.9 2,4 5.4 4.9 3.1 0,9 -0.1 0,1 0.8 2,6 0, 1 0.3 0,2 - 1,8 -2,4 0.0 Pyrex - 1,4 1.4 - 1,5 Pyrex -2,9 -0.7 1,2 0.2 
6.93 4. 1 4.0 5.8 4.8 3,4 1.8 0.3 -0,3 0,3 8.o·> 0,7 0.5 -0,8 - 1,9 - 1.8 1,2 -0,4 0. 1 2,0 -0,1 -3,1 - 3,6 - 1.0 0,0 - 1,2 
8,19 5.8 6.4 6.0 5.1 3,9 1,5 -0.5 0,6 0,8 2,5 1.9 0,0 - 1,7 -2. l - 1,3 0,5 2,2 0.4 -0,3 - 1,0 - 2,9 - 3.2 - 1,8 - 2,l 
9.45 3.8 3.2 5,9 4.8 3,6 0,8 -0,3 0.0 0,6 2,0 1,6 -0. 1 - 1,8 -3,2 - 1,9 - 1, 1 - 1,4 Pyrex -3,4 -1.9 - 2,3 - 1,8 - 1,9 
10.7 1 3J 4.3 5.3 4.6 3,3 0.2 - 1,8 - 1,3 0,4 1,5 1,2 -0, 1 - 1,6 -3,0 -2.3 - 1,0 1.5 -2,6 - 1.9 -1.5 - 1,6 - 1,5 
11 .97 4. 1 3.5 5.2 4,7 2.0 0, 1 -0,5 - 1,3 0,4 0,4 0,8 -0,8 -2,3 -3.8 -2,3 -0,7 1,6 0,1 - 1.6 - 1,9 - 1,9 

13,23 5.4 3.9 3.2 4,2 2.8 -0.5 I.I -0,1 0,6 -0,6 0,2 - 1,1 -3,2 -4,5 -2,7 -0.7 - 1,6 -0.9 - 1,4 - 2,3 

14.49 3,2 2.0 4,3 3,3 1.5 - 1.2 0,0 -0,2 0, 1 0,9 0,1 - 1,8 -3,5 -4,5 -3,0 -0,9 -2,9 -0,9 -2,3 

15.75 2.2 0.0 3,0 2.4 0,2 - 2,1 - 1,1 -0,9 0,5 2.3 0, 1 -0,8 -2,5 -4,6 -3,0 -0,2 -0, 1 - 1,8 

17.01 2,9 1.3 1,3 1,3 1,0 0.2 1,4 1.2 2,0 4.2 1,6 0,8 0,7 - 1,6 -2.0 0,2 -4.2 

18.27 4,8 0.7 1.2 2.2 3.2 3,0 6,2 3,4 5,9 5,9 4,3 3,2 1.3 - 1.9 -2. 1 2. 1 ., 
C yYeTOM n-OllpaBKH OWH60YHOfO 3H8t.feHHSI 1,05, npHBe)J.eH IIOrO B [4), Ha I, ] 05 3TO LfHCJlO p 8BHO 2,6, T.e. npaKTHt.feCKH T8KOe )Ke, LfTO H B COCe)J.HHX TOLfK8X no 

OCH Y 

, 



CJI He 3KCIIepHMeHTaJH,HOH, a HHTepIIOJUIUH­

OHHOH IIO 3KCIIepHMeHTaJibHI,IM 3HaqeHIDIM, H 

ecnH apoBeCTH mrneHHyro HHTeprronJIIJ;HIO IIO 

coce,UHHM TOqKaM B HarrpasneHHH KaK OCH X , 

TaK u OCH Y, TO nonyqaeTCJI umppa 1,105, a He 

1,05. 3TOT cpaKT rOBOpHT o TOM, qTQ B [13] B 

3TOH TOlfKe .uorrymeHa orreqaTKa (aporrymeHa 

UHcppa 1 cpa3y nocne 3aIIJ1TOH). 

3aKJiro'leHue 

ITpose,ueHbI H OilHCaHbI cpaBHHTeJibHble 

paclleTbl ao KOMDJieKcy SUHAM-2D .llBYMep­

Horo 6eH1IMapK-3KcnepHMeHTa Ha c6opKe 

VENUS-2 c ypaHOBblM H MOX TODJIHBOM. 

CpaBHeHHe npose.ueHO C pe3YJibTaTaMH 3KCIIe­

pHMeHTa H pactieTa no .upyrHM nporpaMMaM, 

HCnOJib3yIDillHM KaK MeTO.ll MoHTe-Kapno, TaK 

H ,lleTepMHHHCTHlleCKHe MeTO,llbI .UJIJI perneHHJI 

ypaBHeHHJI nepeHoca HeHTJ)OHOB. 

I10Ka3aHO, 'ITO 

• T0llHOCTb pactieTa "- .11qeeK PWR no cpas­

BeHHIO co cpe,UHHM 3HaqeHHeM no BCeM 

CCblJIOllHbIM nporpaMMaM He npeBbJlllaeT 

0, 17 %, T.e. ne>KHT B npe.uenax oueHeHHOH 

s pa6oTe [ 18] TOllHOCTH pacqeTa k_ ,iqeeK 

BB3P-1000 no nporpaMMe SUHAM-2D B 

0,2 %; 
• .llJ1JI TB3JIOB c o6orameHHeM 3,3 % MaKCH­

MaJibHOe OTKJIOHeHHe OT 3KCnepHMeH­

TaJibHblX 3HatieHHH 3HeprOBbI.lleJieHHJI co­

CTaBJIJleT BeJIHllHHY - 4,8 %, cpe.uHee OT­

KJIOHeHHe OT 3KCnepH:MeBTaJibHblX 3Halle­

HHH COCTaBJIJleT - 0,9 % (T.e. paclleT s 

cpe,utteM 3aHH)KaeT 3HeproBbI.lleJieHHe ), a 

cpe;xHeKBa.upaTH'!eCKOe OTKJIOHeHHe 1,8 

%; 
• .llJIJI TB3JIOB o6orameHHeM 4,0 % MaKCH­

MaJibHOe OTKJIOHeHHe OT 3KCnepnMeH­

TaJibHblX 3HaqeHHH 3HeprOBbI.lleJieHHJI co­

CTaBnJleT BeJIHllHHY 5,9 %, cpe.uHee OT­

KJIOHeHHe OT 3KCnepHMeHTaJibBbIX 3Haqe­

HHH COCTaBJIJleT - 0, 1 % (T.e. pacqeT s 

cpe.uHeM HeMHoro 3aH.IDKaeT JHeprosbme­
neHHe B OCHOBHOM B TB3Jiax, IIpHMLIKaIO­

IllHX K 30He o6oramettHeM 3,3 %), a cpe.u­

HeKBa.upaTHqecKoe 2 , 1 %; 
• .llJIJI TB3JIOB c MOX TOIIJIHBOM MaKCHManb­

Hoe OTKJIOHeHHe OT 3KCrrepnMeHTaJlbHblX 

3HalleHHH 3HeproBbl,lleJieHHJI COCTaBJIJleT 

BeJIH-q],fHY 6,5 %, cpe.uaee OTKJIOHeHHe OT 
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3KCrrepHMeHTaJibHbIX 3HalleHHH 2,5 % (T.e. 

pacqeT B cpe.utteM 3as1,IrnaeT 3Hepros1,1.ue­

nettue, rrpu 3TOM cymecTsy eT TeH,lleHUHJI K 

CHCTeMaTHlleCKOMY 3aBbillleHHIO 3Hepro­

BbI,lleJieHHJI B nocne.UHHX lleTbipex p.11.uax 

nepmpepHHHbIX TB3fl0B ), a cpe;xHeKBa,llpa­

TH-iJeCKOe 3,3 %; 
• OTHOCHTenbHOe OTKJIOHeHHe paCCllHTaH­

HbIX 3HaqeHHH 3HeproBbI.lleJieHHJI OT JKC­

nepHMeHTaJibHbIX BeJIH-iJHH Ha rpaHHUe 

30HbI MOX TB3JIOB H TBJJIOB H3 .unoKCH.lla 

ypaHa c o6orameHHeM 4 % secoBbIX no 

ypaHy-235 HHr.ue (3a HCKJIIOlleHHeM 0.llHOH 

TOqKH c 3,4 %) He npeBbllllaeT 2 % co CTO­

pOHbl MOX TOnJIHBa. ,[(JIJI ypaHOBOfO TOII­

mrna OTKJIOHeHHe paCCllHTaHHblX 3Halle­

HHH OT 3KCnepHMeHTaJibHblX Ha rpaHHUe C 

MOX T0DJIHB0M He npes1,I11Iaer 3 % 3a 

HCKJIIOlleHHeM 0.llHOH TOllKH, r.ue OHO .uoc­

THraeT BeJIHllHHbl 5,9 %; 
• nporpaMMa SUHAM-2D .uaeT TOllHOCTb 

paclleTa 3HeprOBbI,lleJieHHJI B TB3Jiax, 

cpaBHHMyro C TOllHOCTblO pactieTa no npo­

rpaMMe MCNP-4B H 3aMeTHO Jiy-qlliyro no 
cpasHeHHIO co cpe;xHHMH 3HaqeuHJIMH no 

sceM pactieTaM; 

• nporpaMMa SUHAM-2D 3aMeTHO 3aHH)Ka­

eT k)(j>4> c6opKH - Ha 0,55 %. ITo­

BH)lHMOM)', 3TO CBJl3aHO B nepsyro oqepe.llb 

c MO,lleJIHpOBaHHeM OKp~eHHJI c6opKH, 

noCKOJibKY k_ JllleeK H 3HeprOBbl,lleneHHe B 

TB3Jiax ( cpyttKUHOHaJibl a.3.) paCCllHTbIBa­

IOTCJI C TOllHOCTbIO, cpaBHHMOH C JI}":lllIH­

MH CCLIJIOllHbIMH nporpaMMaMH. 
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BepH<l>nKauuH KOMnJJeKca nporpaMM SUHAM-2D ua pacl.feTax BhlropauuH 
TOnJJuBa B TBC BB3P-1000 c ypaHOBbIM u MOX TonJJHBOM 

B.<1>. EoRpunoB, B.J(. ,/JaBuiJe11Ko, A.A. llonuc.JHaKoB, B.<1>. l.(u6ynbcKuu, 
PHU "Kyp'-laTOBCKHH HHCTHTyr", 123182, MocKBa, nn. Kyp'-laTOBa, l 

ITocTyrmna B peaaKUHIO 29.12.2008 r. 

TTpose,neHa 11 on11caHa sepmp11Kau11.11 KOMnneKca nporpaMM SUHAM-2O Ha cpaBHHTeJibllblX pact.fe­
rnx Bb1ropaHHll TOnn11sa s TBC BB3 P- I 000 c ypaHOBblM 11 MOX Tonn11soM. CpasHeHHll nposo.n11n11cb c 
pact.feTaMH no nporpaMMaM UNK 11 RECOL. TTporpaMMa UNK )].Jill peweHHll ypastteHHll nepeHoca HeH­
TPOHOB 11cnonb3yeT MeTO.D. sepollTHOCTeH nepsbIX CTOJIKHOBeHHH, a nporpaMMa RECOL - MeTO.D. MoHTe­
Kapno C nOTOt.fet.fHblM 3HepreTHt.feCKHM npe.ncrnsneHHeM cet.feHHH. OCHOBHblM pe3yJibTaTOM scex cpasHe­
HHH llBJilleTC11 3aKJI10'-leH11e, '-!TO nporpaMMa SUHAM-2O pacc"IHTbrsae-r Bb1ropaH11e Tonn11sa s TBC 
883P- I 000 c ypaHOBbIM 11 MOX Tonn11soM c .nocTaTOt.fHO BbICOKOH TOt.fHOCTblO. 

l&11o'le6ble clloea: KoMnneKc nporpaMM SUHAM-2D, sepmp11Kau11J1, BbiropaH11e TOnn11sa, TBC 
BB3P-1000. 

Verification of Code System SUHAM-2D by the Burnup Calculations of VVER-1000 Fuel As­
semblies with Uranium and MOX Fuel. V.F. Boyarinov, V.D. Davidenko, A.A. Polismakov, V.F. 
Tsibulsky. RRC Kl, Kurchatov Sq., I , Moscow, /23182. Verification of code system SUHAM-2D by com­
parative burnup calculations of VVER-1000 fuel assemblies with uranium and MOX fuel has been carried 
out and described. Comparison has been carried out with UNK and RECOL codes. UNK code uses the first 
collisions probabilities method for solving the neutron transport equation, and RECOL code uses Monte­
Carlo method with point-wise energy presentation of cross-sections. The main conclusion of all compari­
sons is the SUHAM-2O code calculates the fuel burnup of VVER-1000 fuel assemblies with uranium and 
MOX fuel with enough high accuracy. 

Key words: Code System SUHAM-2D, Verification, Fuel Burnup, VVER-1000 Fuel Assemblies. 

BBeJJ,eHHe 

B apwaHT K0MITJieKca nporpaMM SUHAM-
2D (1, 2) B CBR3Ke C M0.UYJIRMH K0MnJieKca 
UNK (3) - SUHAM-U-2D (2, 4) pa3pa6aTbl­
BaeTCR .llllil perneHl-lR .UBYMepHI,IX HeihpoHHO­
¢H3H'-!eCKHX 3a,ua'-1 B aKTHBH0H 30He R,uepHblX 
peaKTOp0B C TPeyr0JibHOH H KBaapaTHOH pe­
rneTKaMH. 

ITporpaMMa SUHAM-2D o6na.uaeT cne­
.llyIOLQHMH oco6eHHOCTRMH: 

• C0BpeMeHHaR MHKporpynn0BaR (nopR.UKa 
7 000 MHKporpynn) 6H6JIHOTeKa ce'-!eHHH, oc­
H0BaHHaR Ha cpai-inax R.UepHblX .uaHHblX 
ENDF-B, JEFF H JENDL; 
• aBT0MaTH3HpoBaHHaR H aep11cpm.1;i1poBaH­
HaR npoue.uypa .UJIR Il0il0JIHeHI-rn 6116mt0TeKH; 

• perneHHe MHororpynnoaoro ypaBHeHl-lR 
nepettoca HeHTPOHOB rrpoB0.UHTCR MeTO.ll0M 
IT0BepXH0CTHblX rapM0HHK (MITf) [ 5 ... 9); 

• npOCTPaHCTBeHHM roMoreHH3aum1 H .UH<P­

<i>YJHOHHOe npH6JIH)KeHHe He npHMeHRIOTCR 
HH Ha 0.UH0M :nane pac'-!eTa. 

36 

IlpH 3T0M M0.UYJIH rrporpaMMhl UNK HC­
noJib3YIOTCR .llJUI no.uroT0BKH rpynn0BbJX ce­
'-!eHHH H30T0TT0B H MaTepHaJI0B, a TaK)Ke .llllil 
perneHHR ypaBHeHHH BblT0paHH.H. Mo,uyJIH 
nporpaMMbI SUHAM npHMeIDilOTCR .UJIR pe­
rneHH.H MH0rorpynnoBoro ypaBHeHHH nepeH0-
ca HeHTPOHOB B aKTHBHOH 3oHe peaKTopa c 
n0M0LQblO Mnr - MeTO,ua perneHHR ypaBHe­
HH.H nepeH0Ca HeHTpOHOB BO BCeM 06beMe aK­
THBHOH 30Hbl R,Uepuoro peaKT0pa, 06na.ua10-
mero npeHMymecTBaMH .ueTepMHHHCTH'-!eCKHX 
(TO'-IHOCtb pac'-!eTa) H HH)KeHepHblX (Bbl'-IHC­
miTeJibHbJe 3aTPaTbI) MeTO,U0B. B pa6oTaX (2, 
4] npwse.ueHbI onHcaHHe nepaoro aap11aHTa 
K0MnJieKca SUHAM-U-2D, Bb16op '-IHCJia H 
rpaHHU :mepreTH'-!eCKHX rpynn, 1-iaqaJibIIM 
BepHcpHKaUJ,f.H. 

B pa6oTax [ l O ... 12) on11caHa Bep11¢HKa­
UHR K0MnneKca SUHAM-2D Ha 6eH'IMapK­
pac'-!eTax TBC BB3P- l 000 c ypaH0BhIM 11 
MOX T0IIJIHB0M, T.e. Ha o6beKTax c TPe­
yr0JihHOH perneTKOH. B pa6oTax [ 13 ... 15) 
npHBe,UeH0 0ilHCaHHe BepHcpHKaUHH 11 BaJ111-



.naum-1 KoMm1eKca SUHAM-2D Ha .llBy'MepHOM 
6eHtIMapK-3KcrrepHMeHTe VENUS-2 [ 16] c 
ypaHOBhIM H MOX TOIIJIHBOM H Ha pactJ.eTax 
3Toro 6eHtIMapKa no .npyrnM rrporpaMMaM. 
Cne.nyeT OTMeTHTh, tITO c6opKa VENUS-2, 
BO-rrepBbIX, rrpe,llCTaBJUleT co6oH 061>eKT C 
KBaJJ.paTHOH perneTKOH 6nOKOB H, BO-BTOpbIX, 
BKJUOtJ.aeT B cefo1 aKTHBHYJO 30HY H OKp)')Ke­

HHe (OTpcl)KaTeJib H rrp.). IlocKOilhKY KOM­
rrneKC SUHAM-2D rrpe.nHaJHatJeH .nmI pactJe­
Ta TOilhKO aKTHBHOH 30HhI, OKp)')KeH1-1e CMO­

.nenHpOBaHO KaK qacTb aKTHBHOH 30HbI. 

B pa60TaX [17, 18] rrpHBe,lleHO OIIHCaHHe 
sepH<pHKaUHH KOMIIJieKca SUHAM-2D Ha 
Me)K)ly1-rnpo.nHoM 6eHtJMapKe C5G7 c 3a.naH­
HhIMH 7-rpyrrrrOBhlMH MaKpocetieHIDIMH. .L(aH­
H<UI: pa6oTa rrocsmueHa BepH<pHKaUHH KOM­
rrneKca SUHAM-2D Ha cpaBHHTeJihHhIX pac­
tJeTax BhiropaHm1 TorrnHBa B TBC BB3P-1000 
c ypaHOBbIM H MOX TOIIJIHBOM. Pa3pa6oTaH­
Hrui: rrporpaMMa SUHAM-2D crroco6Ha pac­
cqHThIBaTh BhITOpaHHe B Ka)K)lOH TOIIJIHBHOH 

30He H Ka)K)lOH 30He BbITOpa10mero rrornoTH­

TeJI_j[ Ka)K)lott sitJ.eHKH TBC peaKTopa BB3P-
1000. 

1. OnHcauue 6H6JJHOTeKH K0MnJJeKca 
SUHAM-2D 

KoMrrneKc SUHAM-2D B KaqecTBe 6H6-
JIHOTeKH HCIIOJlb3)'eT 6H6JIHOTeKy S!JJ.epHhIX 

JJ.aHHhIX rrporpaMMbl UNK, creHepHpOBaHHYJO 
H3 cpaii:nos S!JJ.epHhIX .llaHHhIX ENDF/B, JEFF H 
JENDL. Ilpoue.nypa reHepaUHH fo16nH0TeK11 
IIOJIHOCTblO aBTOMaTH3HpOBaHa. OCHOBH<UI: 

3HepreTJil:leCK<UI: CeTKa HMeeT 89 rpyrrrr - 24 
rpyrrnhl B o6nacrn: JaMeJJ.neHHSI H 65 B Terrno­
BOH o6naCTH. KpoMe 3Toro, pe3oHaHCH<UI: 06-
naCTh (2,15 3B ... 2,15 K3B) npeJJ.CTaBJijleTCSI B 
MHKporpyrrnoBOM BH,L(e - rropsi.nKa 7 000 MHK­
porpyrrn. IlpH 3TOM TOHKM 3HepreTHtJ.eCKM 

CeTKa CfYlllaeTCSI B o6naCTH pe30HaHCOB pa3-
JIHlJ.HhlX H30TOilOB H pa3pe)l(aeTCSI B o6nacTH 
Me)K)ly pe30HaHCaMH. Pa3Mep MHKporpyrrrr B 
o6naCTH pe30HaHCOB CTaHOBHTCSI MeHee 0, 1 
3B. AnropHTM csepTKH MHKporpyrrnOBbIX ce­

qeHHH s MHOrorpyrrnoBbie OIIHCaH B [ 19]. 
liH6mrnTeKa S1JJ.epHhIX .naHHhIX JJ.JISI perne­

HIDI ypaBHeHHH H30TOIIHOH KHHeTHKH COCTOHT 

H3 JJ.Byx B3aHM03aMeHS!eMbIX tJ.acTeH, creHe­

pHpOBaHHhlX H3 cpaHJIOB oueHeHHhIX Sl,llepHhlX 

,naHHhIX cooTBeTcTBeHHO ENDF/B-VI H 
JENDL-3 .2. 3nr JJ.aHHbie BKn10qa10T s ce6si 
.naHHble no BblXO,naM npO.llYKTOB JJ.eJieHHSI, ne­
pHOJJ.aM nonypacrraJJ.a HeCTa6HJibHbIX H)'KJIH­
.llOB H 3HeprOBbIJJ.eJieHHSIM 3a CtJ.eT pacrraJJ.a, 
KaHanaM nepeXOJJ.OB H30TOIIOB B pe3yJihTaTe 

pacnaJJ.a HJIH HeHTpOHHOro B3aHMOJJ.eHCTBHsi. 
EH6JIHOTeqHbIH Ha6op JJ.aHHblX o6ecnetJHBaeT 
pactJeT HCTOtJHHKOB 3HeproBbI,lleJieHHSI B pe-

3YJibTaTe pacrraJJ.a HecTa6HJihHbIX HYKJIHJJ.0B. 
TpexrpyrrTIOBhie BbIX0.D.bl np0.llYKT0B JJ.eneHHSI, 
C0OTBeTCTBYJOIUHe .neneHHIO no.n B03JJ.eHCTBH­

eM TeIIJI0BbIX HeHTpOl·I0B, HeHTpOHOB cneKTpa 
JJ.eJieHHSI H HeHTp0H0B BblCOKOH 3HeprnH, 

HMeIOTCSI JJ.llil scex HYKJIH,ll0B, JJ.IlS! K0TOpbIX 
JJ.aHHaR HH<pOpMau1rn HMeeTCR B HCX0,llHbIX 
cpaiinax oueHeHHbIX R,llepHbIX .naHHblX 
ENDF/B-VI H JENDL-3.2. 

PacqeT Bhrropamu1 s KOMrrneKce SUHAM-
2D 0CYIUecTBnsieTcR c Ylf.eT0M scex npo.nYK­
T0B .neneHHSI, JJ.JISI K0T0pblX B 6H6JIHOTeKax 
si.nepHbIX .naHHbIX CYIUeCTByeT HH<pOpMaUH.R 0 

HeHTpOHHblX cetJ.eHHRX (TaKHX H30T0II0B npH­

MepH0 200), rrpH pacqeTe npHMeHSIJOTCSI Ky­
MYllilTHBHbie BbIX0.D.bl C00TBeTCTByIOIUero 
H30T0IIa C yqeT0M pacna.na ero K0p0TK0)l(H­

BYIUHX rrpeJJ.llieCTBeHHHK0B. 

JI:nsi Ka)K)l0ro JJ.eJISIIUerocsi H30T0IIa H oc­
K0JIKa ,neneHHSI HaIIHCaHbl C00TBeTCTBYJOIUH.e 
ypaBHeHHSI BbiropaHHR. B pactJ.eTHYJO cxeMy 
BKJIIOtJeHbI HX aHaJIHTHtJ.eCKHe perneHHSI 6e3 
KaKHX-JIH60 yrrpomeHHH H npH6JIH)l(eHH.H. 
YpaBHeHHSI 3arrHCaHbl .llJIR l{enoqeK, BKJIIO­
qaIOIIIHX qeTbipe nocne.nosaTenhHbIX aKTa 
npespameHIDI H30T0IIa C pa3JIHqHblMH KOM6H­
HaUHRMH (3aXBaT, JJ.eJieHHe, (n, 2n), (n, 311), (n, 
a) HJIH pacrra.LI.). Eonee .nnHHHbie uenoqK11 
npeBpameHHR l130T0II0B paCClJHThIBaIOTCR no 
speMeHHbIM rnaraM. B rrpHHI.{Hne .LI.JIHHY l{e­
II0'-IKH .ll0CTaT0lIH0 JICfK0 pacrn11pl1Tb B cnyqae 
B03HH.KH0BeHHSI TaK0H He06XO,llH.MOCTH, o,nHa­
K0 K0HKpeTH<UI: pac"-leTHaR npaKTHKa II0KaJana, 
qTo B 6onbllleH JJ.eTan113au1rn HeT H)')KJJ.bl. 

2. OnucaHHe 6eH'IMap1e-pac1.JeT0B 

O61,eKTaMH JJ.IlSI 6eHtJMapK pacqeTQB cny­
)l(aT TBC peaKTopa BB3P-1000 c ypaH0BhIM 
(U42G6) H MOX (P39G8) T0IIJIHB0M. TBC 
U42Q6 C0CTOHT H3 ,nsyx THII0B TOIIJIHBHblX 
CTep)l(HeH C ypaH0BbJM T0IIJIHBOM (U42 11 
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U37) H cTep)KHeM c U-Gd TOITJIHBOM (U33G). 
TBC P39G8 cocTOHT H3 TPex Tnrros TOITJIHB­
HhIX cTep)KHeli c MOX TonnnsoM (PU39, 
PU26 H PU29) H CTep)KHeH c U-Gd TOITJIHBOM 

(U36G). 
PacqeThl BbITOpamrn npOBO)].HJIHCb □pH 

cne.n.yiomnx ycnosm1x: 
• MOIUHOCTh TBC pasHa 52,13855 

KBT/CM (Ha 1 CM BbICOTbl), YtJHTbIBcUI 3Heprmo 
raMMa-KBaHTOB, IlOHBJifilOIUHXCH nocne no­
rnomeHHH HeHTPOHOB KOMilOHeHTaMH aKTHB­

HOH 30HhI; 
• TeMTiepaTypa TOnJIHBa pastta I 036 K; 

• TeMnepaTypa o6onotJKH rn:rna 600 K; 
• TeMTiepaTypa TenJIOHOCHTem[ 575,7 K. 
ITepecqeT scex cneKTpos s BbiropaIDIUHX 

MaTepHarrax npOBO)].HJICR B cne.n.yioIUHX spe­
MeHHblX TOtJKax: 0,1, 0,5, 1,0 H .n.arree qepe3 
1,0 .n.o 50,0 MBT·cyr/KrTM BKJJIOtJHTeJibHO, 
r.n.e TM 03HatJaeT TSl)KeJihie MeTaJIJihI. Bee 
reoMeTPHtJecKHe H MaTepHarrbHbie napaMeTphI 
pacctJHTattHl>IX TBC, a TaIOKe HX KapTorpaM­
MhI npHse.n.eHhl s pa6oTe [20]. 

CpasHeHHe npOBO)].HJIOCb C pacqeTaMH no 
rrporpaMMaM UNK [3] H RECOL [21]. ITpo­
rpaMMa UNK .unsr perneHHH ypastteHHH nepe­
Hoca HeHTpOHOB HCTIOJib3YeT MeTO.ll sepOHT­
HOCTeH nepBbIX cToJIKHoBellllH, a nporpaMMa 
RECOL - MeTO.A MottTe-Kaprro c noTotJetJ­
HbIM 3HepreTHqeCKHM npe,llCTaBJieHHeM ceqe­
HHM. Bee TPH nporpaMMbl ,llJHI no.n.roTOBKH 
cetJeHHH ,llJIK OCHOBHblX H30TOTIOB npHMeHHJIH 
o.n.HttaKOBbie q>aHJihI K.D.epHbIX .uaHHhIX. Pac'le­
ThI no BCeM nporpaMMaM npOB0,llHJIHCb C BbI­
ropamleM B Ka)K,AOM TOTIJIHBHOM CTep)KHe. 

JJ;rrsr cpasHeHH,ll B OT,lleJihHbIX TO"!Kax no 
BbirOpaHHIO HCTIOJ1b30BaJIHCb cne.uyiomne 
q>yHKUHOHaJibI: 

• k.,., TBC; 
• KOH1.~eHTPaum1 OCHOBHblX H30TOTIOB 

(23Su, 238u, 239Pu, 240Pu, 241Pu, 242Pu), ycpe.n.-

HeHHbie no sceM cTep)KHKM TBC; 
• K03q>q>HUHeHTbl HepaBHOMepHOCTH 

3HeproBhl.llenemrn s TB3rrax. 
KpoMe 3Toro, .urrsr cpasHeHHH pacnpe.n.e­

neHHH 3HeprOBbI)].eJieHHH npHMeHHJIHCb cne­
.llyIOIUHe KOJIJieKTHBHbJe npoueHTHbie Mepbl 
OIIIH6KH [22]: 

I N 

AVG =-Ile.I, 
N n• I 

(1) 
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(2) 

3.n.ecb N - C)'MMapttoe tJHCJIO TB3JIOB; en -
paCCtJHTaHHOe npoueHTHOe OTKJIOHeHHe )].JIR 

n-ro CTep)KHH OT 3HatJeHHR, npHHHTOfO 3a 3Ta­
JIOHHOe; A VG (average pin power percent er­
ror) - cpe.n.ttee no Mo.n.ymo OTKJJOHemIe 110-
KaJibHoro 3HeprOBbI,lleJieHHH no sceM TB3JiaM; 
RMS (root mean square of the power percent 
error distribution) - cpe.n.HeKsaJJ,paTH'leCKoe 
OTKJIOHeID!e JIOKaJibHOfO 3HeproBhI)].eJieHHR 
no BCeM TB3JiaM. 

3. PelyJibTaTbl pac'-leTOB 

PactJeThI no sceM nporpaMMaM nposo.n.n­
JIHCh C BbirOpam1eM B Ka)K,AOM TOnJIHBHOM 
cTep)Ktte. ITo nporpaMMe SUHAM-2D ,Aonon­
HHTeJihHO npose.n.eHhl pacqeTbl C 'IHCJIOM BbI­
ropaIOIUHX TB3JIOB, paBHbIM tJHCJIY pa3HbIX 
TB3J10B B HatJaJibHbIH MOMeHT speMeHH: 3 JlJIH 
TBC U42G6 H 4 JlJIH TBC P39G8. O6o3HatJHM 
3TH pac':IeTbI SUH-3 H SUH-4, coorneTcTBeH­

HO. 
B Ta611. 1 npe)lCTaBJieHbl cpaBHHTeJibHbie 

pactJeTbI k.,., TBC KaK cpyttKUHH BhirOpattaR, 
npH 3TOM H:CnOJib30BaJIOCb cne.n.yioruee o6o-
3HatJeHHe: 

Bk (!) = l OO k_ (Suham) - k_ (I) (3) 
- k_(J) ' 

r.n.e I - HM,ll pacqernott nporpaMMbI. 
lfa Ta6rr. 1 BH)lHO, ':ITO 
• 3HaqeHHH k.,., TBC, paccqHTaHHhle no 

nporpaMMaM SUHAM-2D H RECOL, HMeJOT 
He60JibIII11e OTJIH':IHK - MaKCHMaJibHOe OTJ1H­
q11e no sceM 3Ha':IeH11RM BhiropaHHK .n.11.si: TBC 
U42G6 He npesb111IaeT 0,4 %, a JlJIH TBC 
P39G8 - 0,2 %; 

• 6011ee 3HatJHTeJibHble OTJIHtJHK Ha6mo­

.n.aIOTCK JlJIK 3Ha':IeHHH k.,., TBC, paccqHTattHhIX 
no nporpaMMaM SUHAM-2D H UNK: JlO 0,5 
% .unsr TBC U42G6 H .n.o 0,9 % Jl]J,I[ TBC 
P39G8. QqeBHJlHO, TaKHe 60JibIIIHe OTJIHtJHH 
CBR3aHbl co cne.uyioIUHMH .llBYAf,1£ cpaKTaMH: 
1) B .llaHHOM pac':IeTe H3-3a 3KOHOMHH pacqer­
HOfO speMeHH nporpaMMa UNK He HCTIOJih30-
sarra MHKporpyrmosoe pa1611ett11e, a nposo­
JlHJia pactJeT s 89-TH rpynnax c npwMeHeHHeM 
TeopeMbl 3KBHBaJieHTHOCTH; 2) nporpaMMa 
UNK .n.nsr U-Gd cTep»rnei1 11cnoJih30BaJia o.u-
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T a 6 JI u o: a 1. CoasmnenbHbte pacYeTbt k_ TBC 

U42G6 P39G8 

MBT·cyr/KrTM 
k_ ok_(J t), % k_ ok_(I t), % 

SUHAM-
2D 

UNK RECOL 

0,0 1,25480 0,24 0, 10 

0, 1 1,2 1566 0,24 0,06 

1,0 1,20344 0,33 0,03 
2,0 I, 19728 0,39 0,01 

4,0 I, 18410 0,39 0,03 

6,0 1, 17058 0, 17 0,20 

8,0 1,15801 -0, 18 0,13 

I 0,0 1,14687 --0,39 0,10 

12,0 1,13579 --0, 14 0, 18 
14,0 1, 12196 0,18 0,24 

16,0 1,10574 0,29 0,32 

18,0 1,08930 0,33 0,30 
20,0 1,07334 0,35 0,34 

22,0 1,05787 0,38 0,34 

24,0 1,04286 0,40 0,37 
26,0 1,02825 0,42 0,3 1 

28,0 1,0 1400 0,44 0,35 
30,0 1,00010 0,45 0,36 
32,0 0,98653 0,46 0,28 

34,0 0,97327 0,48 0,34 

36,0 0,96034 0,49 0,28 
38,0 0,94772 0,49 0,25 

40,0 0,93542 0,50 0, 15 

42,0 0,92346 0,51 0, 17 

44,0 0,91186 0,51 0, 11 

46,0 0,90063 0,51 0,17 
48,0 0,88977 0,52 0, 12 

50,0 0,87929 0,52 0, 11 

Max( 8k_ (I)) 0,52 0,37 

HY Bbrropa10ruyro 30HY, a nporpaMMa SU­
HAM-2O - nHTh B1>rropa10ruax JOH. 

B Ta6n. 2 H 3 npe.l(CTaBJieHbl pacqeTbl no 
nporpaMMe SUHAM-2O ycpe.n.tteHHOH no 
sceM TonnHBHhIM cTep)l(HHM TBC nnoTHOCTH 
H30TOnOB (B KTITTM) .l(J15I TBC U42G6 H 
P39G8 COOTBeTCTBeHHO npH cne.l(yIOIUHX 3Ha­
qeHHHX BhrropaHHH: 0, 10, 20, 30, 40 H 50 

MBT·cyr/KTTM, a TaIOKe onmqHJI 3HaqeHHH, 
paccqHTaHHhIX no SUHAM-2O, OT 3HaqettHH, 
paccqHTaHHhlX no .n.pyrHM nporpaMMaM. 

lfa 3THX cpaBHeHHH BH.l(HO, 'ITO 

• Jl)UI OCHOBHbIX H30TOnOB MaKCHMaJib-
Hbie OTJIH'IHJI OT 3HaqeHHM, nonyqeHHbIX IIO 
nporpaMMe RECOL, .n.ocTHraIOT: .l(JJH TBC 
U42G6 - 0,9 % .LJ.JIH 235U , - 2, 1 % .n.nH 

239
Pu, -

2,9 % .n.nH 240Pu H - 9,3 % .LJ.JIH 
242

Pu; .LJ.JIH TBC 

SUHAM-
SUH-3 

2D 
UNK RECOL SUH-4 

0,000 1,15949 --0, 13 --0, 16 0,18 
0,000 1,13270 --0,20 --0, 18 0,19 
0,000 1,11749 --0,01 --0, 14 0,20 
0,000 1,10738 0,06 --0, 16 0,20 
0,000 1,0932 l 0, 18 -0,16 0,20 

-0,00 I 1,08228 0,10 -0,21 0,20 

-0,001 1,07373 - 0,27 --0, 13 0,19 
--0,003 1,06722 --0, 71 --0,22 0,18 
-0,003 1,05740 --0,90 --0, I 7 0,16 
- 0,003 1,05740 --0,80 --0, 18 0,14 
-0,005 1,04973 --0,52 --0, 13 0,16 
--0,006 1,03918 --0,29 --0,02 0, 18 
--0,007 1,02690 --0,18 -0,06 0,20 

-0,008 1,01419 -0,14 0,02 0,21 
-0,010 1,00167 -0,11 -0,06 0,22 

-0,011 0,98949 --0,10 --0,06 0,22 
- 0,012 0,97768 - 0,08 0,02 0,23 
-0,013 0,96624 -0,07 --0,01 0,23 
-0,015 0,95515 --0,06 0,02 0,23 
-0,016 0,94440 --0,05 - 0,05 0,23 

--0,017 0,93399 --0,03 0,01 0,24 
-0,018 0,92390 - 0,02 --0,08 0,24 
-0,019 0,91413 0,00 --0,13. 0,24 
-0,020 0,90468 0,02 --0, 18 0,24 
-0,021 0,89555 0,04 -0,14 0,23 

--0,022 0,88673 0,06 --0, 19 0,23 

--0,022 0,87821 0,08 --0, 18 0,23 

--0,022 0,87000 0,10 - 0,14 0,23 

--0,022 - --0,90 --0,22 0,24 

P39G8 - 1,2 % ,Ll.J15I mu, -0,5 % ,Ll.JIH 239Pu, 
0,4 % .n.mI 240Pu H 4,5 % .Ll.AA 

242
Pu; 

• .n.mI OCHOBHbIX H30TOnOB MaKCHMaJib-
Hbie OTJIH'-IHH OT 3HaqeHHH, nonyqeHHbIX no 
rrporpaMMe UNK, .n.ocrnraroT: .n.nH TBC 
U42G6 - 2,9 % ,Ll.J15I mu, 1,7 % .Ll.AA 

239
Pu, -

1,9 % .LJ.JI.sI 240Pu H -4,1 % .LJ.JI.sI 242Pu; .n.mI TBC 
P39G8 - 1,6 % ,Ll.JIH mu, 1,2 % ,Ll.J15I 239Pu, 1,7 
% .LJ.JI.sI 240Pu H 2,0 % .LJ.JI.sI 

242
Pu; 

• pe3yJibTaTbl pacL!eTOB H30TOIIHOf0 co-
CTaBa no SUHAM-2O H SUH-3 .LJ.JI.sI TBC 
U42G6 rrpaKTH'leCKH cosna.n.a10T ,!J.JI.sI Bcex 
JHaqeHHH BbrropaHHH. Pe3yJihTaTI,I pacL!eToB 
H30TOnHoro cocTaBa no SUHAM-2O H SUH-4 
)lJIH TBC P39G8 HMeIOT 6onee 3aMeTH1>1e, xo­
T.sI H He60JibIIIHe, OTJIH1UUI: 1,5 o/o ,Ll.JlH 

235
U, 1,8 

% )lJIH 239Pu, 1, l % )lJJ.sI 240Pu H - 0,5 % .LJ.JJ.sI 
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Ta 6 JI n u a 2. CpaBHHTenbHb1e pact.teTbl ycpe.n.HeHHoro cocrnsa TormHBa (KrlTTM) B TBC U42G 6 

MBT·cyr/KrTM 0,0 10,0 20,0 30,0 40,0 50,0 
L>Ou 3,041 lE+0l 2,2358E+0I 1,6013E+0l 1,1106E+01 7,4373E+00 

%oTRECOL 4,0779E+0l 
0,43 0,74 0,91 0,90 0,69 

¾oTUNK 0,54 1,13 1,72 2,31 2,94 
% OT SUH-3 0,000 0,000 0,000 0,009 0,040 

U-238 9,5300E+02 9,4631E+02 9,3903E+02 9,3 I 15E+02 9,2265E+02 
% OT RECOL 9,5922£+02 

0,01 0,02 0,03 0,04 0,04 
¾oTUNK 0,01 0,02 0,03 0,03 0,03 

% OT SUH-3 0,001 0,001 0,001 0,001 0,000 
Pu-239 3,5696E+00 5,2219E+00 5,9985E+00 6,3263E+00 6,4296E+00 

%oTRECOL 0,O000E+00 
-2,10 -1,01 -0,59 -0,44 -0,28 

%oTUNK -0,63 0,08 0,63 1, 17 1,67 
% OT SUH-3 -0,003 0,010 0,023 0,041 0,061 

Pu-240 4,7890£-01 l,2001E+00 l,8823E+00 2,4601E+00 2,9135E+00 
¾oTRECOL 0,0000E+00 

-2,94 -1,03 -0,21 ~ 0 33 0,66 
' %oTUNK - 1,94 -1,26 -0,47 0,41 1,28 

¾oTSUH-3 0,002 -0,008 -0,016 -0,012 -0,010 
Pu-241 1,8621 E-01 6,7061 E-0 I 1, 1748E+00 l,5828E+00 l,8724E+00 

%oTRECOL 
0,0000E+00 

-7,09 -4,22 -2,64 - 1,71 -1,04 
¾oTUNK - 1,97 - 1,06 -0,47 0,12 0,75 

% OT SUH-3 0,000 -0,003 -0,009 -0,013 0,000 
Pu-242 1, I 728E-02 9,5975E-02 2,7912E-0 I 5,4649£-01 8,6916E-0I 

¾oTRECOL 
0,0000E+00 

-9,30 -4,82 - 1,89 0,09 1,37 
%oTUNK -4,10 -3,14 -2,47 -1,86 - 1,29 

% OTSUH-3 0,034 0,025 0,025 0,024 0,017 
CyMMapHblH Pu 4,2514E+O0 7,2179£+00 9,4175E+00 1,1084E+0l 1,2367£+01 

%oTRECOL 0,0000E+00 -2,49 - 1,46 -0,97 -0,64 -0,33 
¾oTUNK -0,85 -0,31 0,16 0,66 1, 17 

%OT SUH-3 0,000 0,006 0,013 0,018 0,032 

Ta 6 JI u u a 3. CpaBHHTenbHble pact.teTbI ycoe.n.HeHHoro coc-raaa rnrmHBa (KrlTTM) B TBC P39G8 

MBT·cyr/KrTM 0,0 10,0 20,0 30,0 40,0 50,0 

1 2 3 4 5 6 7 

U-235 3,2287E+00 2,6060E+00 2,0204E+00 I ,5 l 70E+00 1,1017£+00 
%oTRECOL 3,7892E+o0 0,39 0,94 1, 13 1, 18 1,08 

¾oTUNK 0,06 0,77 1,05 1,34 1,63 
% OTSUH-4 0,16 0,45 0,76 1, 1 1 1,48 

U-238 9,5456E+02 9,4744E+02 9,3989E+02 9,3 l 84E+02 9,2333E+02 
%oTRECOL 

9,6136E+02 0,00 0,01 0,01 0,01 0,00 
%oTUNK 0,01 0,01 0,01 0,00 -0,01 

% OT SUH-4 -0,04 -0,04 -0,04 -0,03 -0,03 
Pu-239 2,4654E+0 1,8890E+0l 1,4609E+0l 1, l 674E+0 1 9,7895E+O0 

%oTRECOL 
3,1966E+0l 

-0, 13 0,02 -0,03 -0,21 -0,47 
¾oTUNK 0, 12 0,37 0,58 0,85 1,20 

% OT SUH-4 1,52 1,71 1,80 1,75 1,58 
Pu-240 4,9444E+00 6,5129E+00 7,2 191 E+00 7,28 18£+00 6,9448E+00 

¾oTRECOL 
2,2828E+O0 -0,32 -0,28 -0,05 0,21 0,40 

¾oTUNK 0,48 0,69 1,0 I 1,34 1,66 
% OT SUH-4 0,71 0,73 0,85 0,98 1, 10 

Pu-241 1,8979£+00 3,1490E+00 3,9471E+00 4,2833E+00 4,2578E+00 
¾oTRECOL 4,0776E-01 -0,16 0,02 0,04 0,03 -0,04 

¾oTUNK 0,04 0,82 1,24 1,64 2,03 
% OT SUH-4 0,49 0,59 0,77 0,98 1, I 6 
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T a 6 J1 11 u a 3. OKOHYaH11e 

I 2 3 4 5 6 7 
Pu-242 2,4856E-0I 5,2676E-01 9,5942E-0I 1,4946E+00 2,0661E+00 

¾oTRECOL 
l,4986E-0I 

1,55 2,09 2,79 3,65 4,53 
% OTUNK -1, 13 -0,92 0,05 0,99 2,01 

% OT SUH-4 0,30 - 0,38 -0,5 1 - 0,45 -0,31 
CyMMapHbIH Pu 3,1789E+0 I 2,9133E+0I 2,6817E+0I 2,4862E+0I 2,3246E+0I 

%OT RECOL 3,485 I 7E+0 I -0,15 -0,03 0,02 0,07 0, 13 
¾oTUNK 0,16 0,46 0,77 I, 13 1,56 

% OT SUH-4 1,32 1,33 IJ0 1,25 1, 18 

Ta 6 J1 u u a 4. OTllHYHSI B % 3Hal.JeHHH KOJQJQJHUHeHTa K11 HepaBHOMepHocrn 
JHeprOBbI.lleJleHHSI, paccYHTaHHblX no nporpaMMe SUHAM-2D, OT 3Hal.feHHH, 
JaCC'-IHTaHHblX no nporpaMMe RECOL TBC U42G6 ' .llJlSI 

8eJ1Hl.fHHa MBT•cyr/KrTM 
0,0 10,0 20,0 30,0 40,0 50,0 

Max(8K") B TBJJlax 1,02 1,21 1, 12 1,22 1,07 1,24 
U42 

Max(8K11) B TBJJlax 
- 0,61 -1,05 1,72 - 1,53 -2,32 - 1,99 

U37 
AVG 0,37 0,37 0,41 0,52 0,56 0,69 
RMS 0,42 0,44 0,56 0,65 0,72 0,81 

T a 6 J1 u u a 5. Orn11l.f11.si B % 3Hal.feHHH KOJcj>cj>11u11eHTa K" HepaBHOMepHocrn 
JHeprOBbI.lleJleHHSI, paccl.fHTaHHbIX no nporpaMMe SUHAM-2O, OT 3Hal.feHHH, 
p RECOL TBC P39G8 aCC'-IHTaHHbIX no nporpaMMe ' .llJlSI 

BeJlH'-IHHa 
0,0 

Max(8K") B TBJJlax Pu39 1,60 
Max(8K11 ) B TBJJlax Pu29 - 0,86 
Max(8K") s TBJJlax Pu26 - 1,05 

AVG 0,59 
RMS 0,71 

242Pu. 3TO I'OBOpHT O HCMHOro 6onee 3aMeT­
HbJX npocrpaHCTBeHHblX 3cp<peKTaX npH BbTrO­
paHHH rnnmrna B TBC P39G8. 

B rn6n. 4 H 5 np11Be,D,eHbI 3HatJeHIDI: no­

TB3JihHoro K03<p<pHUHCHTa HepaBHOMepHOCTH 
(K11) 3HeproBhI,ueneHH}I B TBC coorneTCTBeH­
HO c ypaHOBhIM (U42G6) H MOX (P39G8) TO­
rrnHBOM, a TaK)l(e HX OTHOCHTeJibHbie OTKJIO­

HeHH.sl. OT 3HalJeHHH, paCClJHTaHHbIX no rrpo­

rpaMMe RECOL (B %) npH cneJJ.yroWHX 3Ha­
YeHH.sIX BbirOpaHH.sI: 0, l 0, 20, 30, 40 H 50 

MBT·cyr/uTM. 
}fa Ta6JI. 4 H 5 BHJJ.HO, 'ITO 

• ,un.si. TBC U42G6 MaKCHMaJihHOe ornH­
lJHe K03<p<pHUHCHTa HepaBHOMepHOCTH 3Hep­
roBhIJJ.eJieHH.sl. He npeBbiwaeT 2,3 %, A VG -
0, 7 %, a RMS He npeBhIWaeT 0,8 %; 

• JJ.n.si. TBC P39G8 MaKCHMaJihHOe ornH-
1me K03<pQ)HUHeHTa HepaBHOMepHOCTH 3Hep-

MBT·cvr/KrTM 
10,0 20,0 30,0 40,0 50,0 
1,2 1 - 1,19 - 1,22 - 1,30 1,44 

-0,81 - 1,3 1 - 1,32 - 1,7 1 - 1, 13 
-1,95 -2,49 -2,31 -2,94 -2,02 
0,46 
0,61 

0,61 0,56 0,70 0,79 
0,77 0,74 0,88 0,88 

roBhr,ueneHH.sI He npeBhrmaeT 3,0 %, A VG -
0,8 %, a RMS He rrpeBbiwaeT 0,9 %; 

• BCe OTJIHlJHH B Ta6n. 4, 5 He j"iHTbIBa­
fOT OTJIHlJIDl B U-Gd TB3rax, nocKOJibKY B 
nporpaMMe RECOL npH pac1IeTe 3HeproBbI­

.ueneHHH B TB3rax j"iHTbIBaJIOCb 3HeprOBbI,Ue­

JieHHe, CBH3aHHOe C BbIXO,UOM raMMa-KBaHTOB 

nocne nornoweHH}I tteiirpoHoB Ha H3oTonax 

ra.uonHHHR H H30Tonax B ueno1-1Ke HX npe­

BpameHH.sI (Tb-159, Dy-160, Dy-161, Dy- 162, 
Dy- 163, Dy- 164), a B nporpaMMe SUHAM-2D 

3TO 3HeproBhIJJ.eJieHHe He ynIHTblBaJIOCb. 

B ra6n. 6 npHBe,ueHhI BpeMeHa pactJeTa Ha 
PC-3,2GHz no nporpaMMe SUHAM-2D KaK 
Bcero pactJeTa Bb1ropaHH.s1 TBC, TaK H OT­
,uenbHbIX ero 3Tanos, a HMeHHO, 3TanoB noJJ.­
roTOBKH 12-rpynnoBbIX cet.J.eHHH, perneHH.sl. 
12-rpynrrosoro ypasHeHH.sl nepeHoca HeiiTpo­
HOB H peweHH.sI ypaBHeHIDI BbiropaHH.sl. Bpe-
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Ta 6 JI u ~ a 6. BoeMst oacqern no nporpaMMe SUHAM 2D -

Bemf'iHHa 
TBC U42G6 TBC P39G8 

SUHAM-2D 

CyMMapttoe speMst 5 4ac 18 MHH 40 C 
{53 TOl{IOI no BbirooaHHIO) 

ITo.u.roTOBKa 12-rpynnOBbIX 12 4aC 56 MHH 50 C 
ceYeHHH 

Pewem-1e rpynnosoro ypastteHHst 
nepettoca HeHTPOHOB c 2 qac 6 MHH 40 c 

nOMOlll.blO MI1f 
Pewett11e ypasHeHH.H Bb1ropaHHst 0 lfaC 18 MHH 40 C 

MeHa pacqern no nporpaMMaM UNK H 
RECOL KMeIOT CYIUecTBeHHO 66JihIIme 3Ha­

qemrn. 

3aKJIJO'leHHe 

Ilpose.n.eHa H OITHCaHa sepHcpHKailHJI 
KOMnJieKca nporpaMM SUHAM-2D Ha cpaB­
HHTeJihHhIX pacqeTaX BhrropaHml TOnJIKBa B 
TBC BB3P-1000 c ypaHOBhIM H MOX Tonrrn­
BOM. CpaBHeHml npoB0,lJ,HJIHCh C pacqeTaMH 
no nporpaMMaM UNK H RECOL. IlporpaMMa 
UNK .lJ.llil perneHHJI ypaBHeHHJI nepeHoca Heif­
TPOHOB HCnOJih3yeT MeTO,lJ, BepoHTHOCTeH rrep­
BhIX CTOJIKHOBeHHH, a nporpaMMa RECOL -
MeTo.n. MoHTe-Kapno c noToqelfHhIM 3Hepre­
THqecKHM npe.n.CTaBJieHHeM ceqeHHH. Ilpo­
rpaMMa SUHAM-2D cnoco6Ha paccqnTaTh 
BbITOpaHHe B Ka)l(JJ.OH TOnJIHBHOH 30He H KIDK­
.UOH 30He Bhrroparomero nornoTHTeJIH Ka)l(JJ.OH 
JltJeHKH TBC BB3P-1000. Ilpn 3TOM .Ullil pac­
qera .ueTaJihHhIX tteifTPOHHhIX cneKTPOB B 
TBC B OT.UeJihHhlX ToqKax no BhrropaHHIO 
npHMeHJleTCJI MIIr. 

OcHOBHhle BhIBO,lJ,hl H3 pe3yJibTaTOB cpaB­

HeHHJI: 

• 3HaqeHHJI koo TBC, paccqnTaHHhie no npo­
rpaMMaM SUHAM-2D H RECOL, HMeIOT 
OTJIHqm[ no BCeM 3HaqeHHJIM BhrropaHHJI B 

npe.uenax 0,4 %; 
• 6onee 3Haqn_TeJihH1>1e OTJinqnJI Ha6nro.ua­

IOTCJI .Ullil 3HaqeHHH koo TBC, paccqHTaH­
HhlX no nporpaMMaM SUHAM-2D HUNK: 

.uo 0,5 % .Ullil TBC U42G6 H .n.o 0 ,9 % .Ullil 
TBC P39G8; oqeBHJlH0, TaKHe 6orrhIIIHe 
OTJIHqHJI CBJl3aHI,I co cne.n.yrolllHMH .UBYMJI 

q:>aKTaMH: 1) B ,naHHOM pacqeTe H3-3a 3KO­
HOMHH pacqeTHOrO BpeMeHH nporpaMMa 

UNK He ncnoJih30Barra MHKporpynnoBoe 
pa36HeHHe, a npoBO,lJ,HJia pacqeT B 89-TH 
rpynnax C npHMeHeHHeM TeopeMbI 3KBH-

42 

SUH-3 SUHAM-2D SUH-4 

1 qac 20 MHH 17 c 7 4ac 21 MHH 10 c 1 4ac 32 MHH 34 c 

0 4ac 49 MHH 56 c 4 qac 9 MHH 35 c 0 t.Jac 57 MHH 20 c 

0 4ac 27 MH.H 16 c 2 yac 49 MHH 48 c 0 YaC 3 1 MHH 29 C 

0 4ac 3 MHH 4 C 0 4aC 21 MHH 48 C 0 4ac 3 MHH 3 6 C 

BaJieHTHOCTH; 2) nporpaMMa UNK .UJIJI U­
Gd cTep:>1rneii ncnoJih30BaJia O.UHY Bhrro­
paromyro 30HY, a nporpaMMa SUHAM-2D 
- IIJITh BbITopaIOII.lHX 30H; 

• ,ZlJIJI OCHOBHhIX H30TOnOB MaKCHMaJihHbie 
OTJIHtJHJI KOHUeHTPaUHH OT 3HaqeHHH, no­
JiytieHHhIX no nporpaMMe RECOL, .n.ocTH­
raroT: .UJUI TBC U42G6 - 0,9 % ,lJ,JIJI 

235
U, 

-2, 1 % Jlllil 239Pu H -2,9 % .n.mI 
240

Pu; ,nnH 
TBC P39G8 - 2 % .n.mi: 235U, -0,5 % .um 
239Pu H 0,4 % .um 240Pu; 

• JlJUI OCHOBHhIX H30TOnOB MaKCHMaJibHbie 
OTJIHqHJI OT 3HaqeHHH, norrytieHHhIX no 
nporpaMMe UNK, .uocTnraroT: Jlllil TBC 
U42G6 - 2,9 % Jlllil 

235
U , 1, 7 % ,nllil 

239
Pu 

n -1 ,9 % .um 240Pu; .UJIH TBC P39G8 - 1,6 
% .umi: 235U, 1,2 % ,ZlJUI 

239
Pu H 1, 7 % ,lJ,JIJI 

240Pu· 
' 

• pe3yJibTaThI pacqeTOB H30TOilHOro COCTaBa 
no SUHAM-2D n SUH-3 ,nllil TBC 
U42G6 npaKTnqecKH cosna.uaroT .Ullil Bcex 
3HaqeHHH BhrropaHHJI. Pe3yJihTaThI pacqe­
TOB H30TOnHoro cocTasa no SU HAM-2D 
H SUH-4 ,nJIJI TBC P39G8 HMeIOT 6onee 
3aMeTHbie, XOTJI H He60JihIIIHe OTJIH'IHJI: 
1,5 % ,nJIJI 235U , 1,8 % .umi: 239Pu H 0,5 % 
,lJ,JIJI 242Pu. 3TO roBOpHT O HeMHOro 6oJiee 
3aMeTHhIX npOCTPaHCTBeHHhIX 3q:>q:>eKTaX 

npH BhrropaHHH TOnJIHBa B TBC P39G8; 

• MaKCHMaJihHbie OTJIHqHJI K03cpq:>HUHeHTOB 
HepaBHOMepHOCTH :meprOBhI,Zlenemrn, 
paccqHTaIIHhIX no nporpaMMe SUHAM-
2D, OT 3HaqeHHH, paccqnrnHHhIX no npo­
rpaMMe RECOL, He npeBhIJIIaIOT 3,0 % 
,lJ,JijJ o6enx TBC; 

• cpe,nHeKBa.upaTnqecKHe ornnqnJI K03q:>q:>H­
uneHTOB HepaBHOMepHOCTH 3HeproBhI,Zle­

JieHHJI He npesh1rna10T 0,9 % .n.mI o6enx 
TBC, npn 3T0M o6a MaKCHMaJihHhIX 3ua­
qeHHJ1 ,ZlOCTHraIOTCJI ,lJ,JUI MaKCHMaJihHhIX 
3uaqeHHH BhirOpaHHJI. 



--
OcHOBHOH BhIBO.ll scex cpasHem111 3a­

Kmo,rneTCH s TOM, 'ITO nporpaMMa SUHAM-
20 pacctJHThmaeT Bbiropam1e Tornrnsa B TBC 
8B3P-1000 c ypaHOBhIM H MOX rnnnHBOM c 

.llOCTaTO'-IH0 BhICOKOli T0'lHOCTblO. TeM He Me­

ttee He06XO.llHMa llaJlbHeHlll~, 6onee .ueTaJlb­
HM BepHQJHKal.{H.H pacqern BbITOpaHHH no 

nporpaMMe SUHAM-20, BKJIIO'laH cpasHem1e 

KOHI..{eHrpaUHH BbTCWHX aKTHHH.UOB (H30TOTTOB 

Am H Cm), a TaK)l(e pactieTbI Bb.rropamrn o6b­
eKTOB c KBa.upaTHOH peweTKOH 6nOKOB 

(PWR). 
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PeaJIH33U.HH TpexMepHbIX ypaBHeHHH MeTOJ].a noBepXHOCTHLIX rapMOHHK 

B KOMnJieKce nporpaMM SUHAM-3D 

B. <I>. lioapuH06, 
PHU "KypqaTOBCKHH HHCTHTYf", 123182, MocKBa, nJI. KypqaTOBa, 1 

IlocTynHJia B pe.uaKUHIO 29.12.2008 r. 

OnHcaH nepBbIH sapHaHT KOMnneKca nporpaMM SUHAM-3D. B KOMnneKce peanH30BaHbI TpeXMep­
Hbie KOHetJHO-pa3HOCTHble ypasHeHHl! MeTO,!J.a nosepXHOCTHbIX rapMOHHK (MilI") C TpeMll nonepe4HbIMH 
H JlBYMll npOJlOJlbHblMH npo6HblMH MarpHI..(aMH )J.JISI KBa.npaTHOH peweTKH H ,!J.Jlll JlByx3TanHoro paC4eTa 
(ll4eHKa-peaKTop) c OJlHOH pac4eTHOH TOlfKOH Ha o.ney llt:ieHKY H o.ney 3HepreTH<:ieCK)'IO rpynny. ,lLrrll se­
pH<pHKal.\HH nporpaMMbI SUHAM-3D HCnOJib30BaJICSI TpexMepHbIH Me)KJ{)'HapOJlHhIH 6eH<:iMapK C5G7. 

l6z10'le6ble CJlOBa: MeTOJJ. nosepXHOCTHblX rapMOHHK, ypasHeHHe nepeHOCa HeHrpOHOB, KOMnJieKC 
nporpaMM SUHAM-3D, sepH<pHK~Hll. 

Realization of 3D Equations of Surface Harmonics Method in Code System SUHAM-3D. V.F. 
Boyarinov. RRC Kl, Kurchatov Sq., 1, Moscow, 123182. The first variant of code system SUHAM-3D has 
been described. The 3D equations of surface harmonics method with three transversal and two longitudinal 
trial matrices derived for square lattice and for two-stage calculation with one calculation point per one cell 
and one energy group have been realized in this variant of code system. International 3D benchmark C5G7 
was used for initial verification of code system SUHAM-3D. 

Key words: Surface Harmonics Method, Neutron Transport Equation, Code System SUHAM-3D, 
Verification. 

Bee,!leHHe 

PerneHHe ypaBHemui: nepettoca HeHTpOHOB 

BO BCeM o6'beMe aKTHBHOH 30Hhl COBpeMeH­

HbIX MepHblX peaKTopoB .ua)Ke Ha COBpeMeH­

HhlX KOMilbIOTepax .srnm1eTCH .UOCTaToquo TH­

)KeJIOH 3a.uaqeif. 

flpH 3TOM npHMbie .ueTepMHHHCTH'-1:eCKHe 

MeTO.llhI pemeuIUI ypaBneHIUI nepeHoca HeH­

TpOHOB, TaKHe KaK MeTO.U xapaKTepHCTHK, SN 
MeTO.U H .upyrHe, B opHHUHile C TaKOH 3a.uaqej;i 

cnpaBJIHIOTCH, HO, KaK npaBHJIO, ntt6o c Beeb-
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Ma 3Ha'lHTeJihHhIMH BhJIIHCJIHTeJihHbIMH 3a­

TpaTaMH, JIH6o c .UOilOJIHHTeJihHhlMH npH6JIH­

)KeHJ,£HMH, HanpHMep, C He.UOCTaTO'lHI,IM .llilll 

noJiyqemrn ueo6xo.uHMOH TOqHoCTH pa3fo1e­

HHeM. 

Htt)KeHepHhie IlO,llXO.Zlhl OCHOBhJBaIOTCH Ha 

TOM HJIH HHOM MexaHH3Me npOCTpaHCTBeHHOH 

roMoreHH3aUHH H .UaJibHeHIIJeM peIIIeHHH 

.uucpcpy:urnHHOro ypaBHeHIDI, B TOM qHCJie H C 

npHBJieqeuHeM HO.UaJihHhlX MeTO.UOB. IlpH 

3TOM BhI'lHCJIHTeJibHbie 3aTpaThI BilOJIHe 

Y.UOBJieTBOpHTeJihHbie, O.UHaKO TO'IHOCTh pac-
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P11cyttKH K CTaTbe M.H. 311311tta H .n,p. 
"PeaKTHBHOCTH&re 3cpcpeKT&I s peaKTope BB3P- l 000 
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qeTa, KaK npaBHJIO, He,!lOCTaTO'{Ha. Ilocne,a­
Hee, KOHe'-IHO, He OTHOCHTCH K TeM nporpaM­
MaM, KOTOpbre HMeIOT IlO}U'OHO'{Hbie napaMeT­
pbI ,!lJIH pac'!eTa onpe,aeneHHbIX COCTOjJHHH 
KOHKpeTHOro anrrapaTa, OCHOBaHHbie Ha 6011ee 
TO'IHblX pac'leTax, Ha CTfil{HOHapHbIX 3KCITe­
pHMeHTaX Ha c6opKaX H CTaUHOHapHbIX H3Me­

peHHHX Ha peaKTOpax. 
HapHAY C BbIIIIeyrroMHHYTbIMH ITO,!lXO,!la­

MH pa3BHBaIOTCH MO,!leJIH, coqeTaIOlllHe s ce6e 

npeHMyruecTBa .ueTepMHHHCTH'leCKHX H HH­
)KeHepHbIX MeTO.UOB. B 3THX TIO.!lXOAaX ypas­

HeHHe rrepeHOCa HeifrpOHOB pemaeTCH B He-
60JibllIHX o6beMax (s wreih<ax, TBC), npH'IeM 
'TIICJIO TaKHX pemeHHM (npo6HbIX pemeHHH) 

cyrueCTBeHHO 6om,me eAHHHUbl H OTJIH'-IalOT­
CH 3TH pemeHIDI .upyr OT Apyra rpaHH'IHbIMH 
ycJIOBHHMH. PemeHHe B Ka)KAOM 06beMe 

npeACTaBJIHeTcH s BH.Ue JIHHeHHOH KOM6HHa­

UHH npo6HbIX perneHHH C npOH3BOJibHbIMH 
K03<pq>IDVieHTaMH. 3aTeM MOMeHTbl o6wero 
pemeHHH B 3THX o6beMax rrpHpaBHHBaIOTCH Ha 

rpaHHUaX Me)K,!ly 3THMH o6beMaMH. B pe3yJib­
TaTe nonyqaIOTCH KOHe'IHO-pa3HOCTHbie ypaB­

HeH_Hj{ AJIH K03<pq>HI..{HeHTOB rrpH rrpo6HbIX 
pemeHHHX B 3THX o6beMaX. O;::cHHM H3 HaH6o­

nee nocJieAOBaTeJibHblX IIO.UXO.UOB TaKoro TH­
rra CJI~T Mfir [1.. .5], pa3pa6aTbIBaeMbIH B 

PHU "KypqaTOBCKHM HHCTHTYT" ~e 6onee 

30 JieT. 
B PHU KM c 1995 r. pa3pa6aTbrnaeTcH 

KOMnneKc nporpaMM SUHAM [ 6] sttaqane s 

CBH3Ke c nporpaMMOH WIMS-SH [7] (KOM­

nneKc SUHAM-W [6]), a JaTeM s CBH3Ke c 
rrporpaMMOH UNK [8] (KoMnJieKc SUHAM-U 

[9, 10]). IlpH 3TOM MOAYJIH nporpaMM WIMS­
SH H UNK npHMemIIOTCj{ .UJIH rro,uroTOBKH 

rpyrrnoBbIX ceqeHHH H30TOTIOB H MaTepHaJIOB. 
KpoMe 3TOro, MOAYJIH nporpaMMbI WIMS-SH 
HCTIOJib3YfOTCH .UJIH TIOAI'OTOBKH 3cp<peKTHBHbIX 
ceqeHHH HlJeeK AJIH ABYMepHbIX KOHe'IHO­

pa3HOCTHblX ypaBHeHHH Mrrr, a MO.UYJIH npo­
rpaMMbl UNK - AJIH pemeHHH ypasHeHHH BhI­
ropaHHH. M0Ayn11 nporpaMMbI SUHAM npH­

MeHHIOTC.st .umi: pemem1.sI MH0rorpyrrnosoro 
ypasHeHHH nepettoca HeihpoHOB BO BCeM 
o6beMe aKTHBHOH 30Hbl peaKTOpa C TIOMOIUbIO 

Mrrr. 
B paMKax sepH<pHKaUHI-1 ABYMepHOH npo­

rpaMMbl SUHAM-2D [11] nposeAeH Bb16op 
'lHcna rpyrrn H rpaHHU MHororpyrrnosoro 

3HepreTHqecKoro pa36HeHHR ;:cm pacqeTa 
BBB3P-1000 c MOX 3arpY3KOH [9, 10). Bo 
scex ,!laJibHeH.IllHX paclJeTaX HCilOJib30BaJIOCb 
Bh16paHHoe 12-rpynrrosoe pa36HeHHe. 

PaHee nposeAeHbI cne.uyrow11e .UBYMep­
Hbie sepH<pHKaUHOHHbie paclJeTbl no npo­
rpaMMe SUHAM-2D: 

• 6eH1IMapK-pac1.JeThI TBC BB3P-1000 c 
ypaHOBbIM 11 MOX TOIIJIHB0M [10, 12, 13]; 

• pacqeTbI Bhrropamrn TBC BB3P- l 000 c 
ypaH0BhIM 11 MOX rnnn11soM [14 ... 16]; 

• Me)K,!lyttapO,!lHbIH 6eH'IMapK .umr .!lBYMep-
HOH aKTHBHOH JOHbI BB3P-1000 

[17 . .. 19); 

• Me)K,!lyttapo.uHhrn ABYMepHbIH MOX 6eH­
qMapK C5G7 [20, 21); 

• Me)l(.uyttapo.UHbIH 6eH'IMapK MocTennepa 
.UJI.sI 3cpq>eKTa ,D;onnepa [22, 23]; 

• ABYMepHblH 3KCnepHMeHTaJibHbIH 6eH­
<IMapK VENUS-2 [24 ... 26]. 

B AaHHOH pa6oTe OITHCaH rrepBbIH sapH­
aHT TPeXMepHoro nporpaMMHOro KOMITJieKca 

SUHAM-3D. B 3TOM sapHaHTe nporpaMMbI 

peaJIH3OBaHbl TPeXMepHbie KOHe'IHO­

pa3HOCTHbTe ypasHeHHH Mrrr c TPeMH rrorre­
pe'IHbIMH H .UBYAfR npO.UOJibHbIMH npo6HbIMH 

MaTPHUaMH .UM K.BaApaTHOH perneTKH H .um 
.usyx3TaIIHoro pacqern (H'Ieih<a-peaKTop) c 

O.UHOH pactieTHOH TO'IKOH Ha O.UHY H1.Jei11<y H 

0AHY 3HepreTH'leCKYIO rpyrrny [27). ,[I;M se­
pmpHKaUHH nporpaMMbI SUHAM-3D npHMe­
HJIJICH TPeXMepHbIH 6eH'iMapK C5G7 [28]. 

1. TpexMepHble ypaBHeHHH MIIT, 
peaJJH30BaHHbte B nporpaMMe SUHAM-3D 

Bnepsble TPeXMepHbie KoHe'Ulo-

pa3HOCTHbie ypasHeHilll MITT nonyqeHbI B 

pa6oTax [ 4, 5]. B pa6oTe [27] C HCTIOJib30Ba­

HHeM rrpoMe)KyrO'iHbIX TPeXMepHbIX ypasHe­

HHM H3 [ 4, 5) (ypasHeHHH .UM aMTIJ1HTYA rrpH 
rrpo6HbIX q>yttKU:HHX) rronyqeHO ynpoweHHOe 

TpexMepHoe ypasHeHHe MTir c TPeMH none­

pe'IHbIMH H .UBYMH np0AOJibHbIMH npo6HbIMH 

MaTp11uaMH c O.UHOH HeHJsecTHOH Ha O.UHY 

.s11.JeHKY H 0AHY 3HepreTHtieCKyIO rpyrrny. 3a­

rr11rneM 3T0 ypasHeHHe .un.s1 nepeMeHHoro rna­

ra no OCH z B BHAe 

A=<l>k +A'<l>k - 1:;<1>k =0 , (1 ) 

r.ue 
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H'. =2D' (D' +D')-1D'· 
tk J, Ji t k> 

h 0: = ;• (<pt)rl; 
(4) 

D' = h, (,,.,.c1> )-1. 
• 2 ·n ' 

k - HOMep u;eHTJ)aJibHOH ~eHKH; i - HOMep 

60KOBOH rpaHH (i = l.. .4 .D.llil ~eHKH C KBa.D,­

paTHOH rpaHHu;eii H i = I ... 6 .um1 ~eHKH c 

reKCarOHaJibHOH rpaHHu;eii:) HJIH HOMep TOp­

u;eB0H rpaHH (i = 1, 2); }; - HOMep ~eHKH, 

HMe10meii: c k-ii: ~eHKOH o6myio rpaHb i (60-

KOB)'lO HJIH Topu;esyio); q,;·<1
> H q,;·<1

> - COOT-

BeTCTBeHHO npO.D,OJlbHaJI H pa.D,HaJibHaJI aHTH­

CHMMeTJ)Hqm,Je npo6Hbie MaTJ)HU:bI; <I> k -

rpynnOBbie HeH3BeCTHbie BeKTOpb1; A' H A' 
- K0He'IHO-pa3HOCTHbie onepaTOpbI; n; H D~ 

- MaTJ)HU:bI 3<p<peKTHBHbIX K03<p<pHUHeHTOB 

.D.H<pcpy:mH. :6onee no.npo6Ho see 060JHatJeHH.s1 

CM. B [27]. 
YpastteHHe (1) - caMoe npocTOe H3 scex 

B03MO)l(HbIX TJ)eXMepHbIX KOHeqHo­

pa3HOCTHbIX ypaBHeHHH Mrrr C TJ)eMJI none­

peqHblMH H .D.ByMJI npo.D,OJlbHhIMH npo6HbIMH 

MaTJ)HU:aMH. Cne.uyeT OTMeTHTb, qTo no 

BHeUIHeMY BH.D.Y ypaBHeHHe ITOXO)Ke Ha KO­

uequo-paJHOCTHblH aHanor .D.H<p<pyJHOHHOro 

ypasHeHHJI. <l>opMaJibHbJe OTJIH'IH.ll 3aKn10qa­

IOTC.ll B TOM, 'ITO MaTJ)HU:bI K03<p<pHU:HeHTOB 

.D.H<p<pyJHH KaK nonepetIHbie, TaK H np0.D,0Jlb­

Hble - ue.n.Harouanblibie. Eonee cymecTBeH­

Hbie OTJIHlJH.ll 3aKnIOtJaIOTC.ll B TOM, 'ITO BeKTOp 

<I> k , a TaIOKe K03<p<pHU:HeHTbI ypaBHeHH.ll ( 1) 

HMeIOT HeCTatt.napTHbIH CMbICJI, B pe3ynbTaTe 

qero H nonyqaerc.s1 cymecTsettttoe YTO'llieHHe. 

TTo,npo6HOCTH CM., HanpHMep, s pa6ornx 

[I.. .5]. 

2. KoMnJieKc nporpaMM SUHAM-3D 

)].aHHaJI BepcH.ll nporpaMMHOro KOMTTJieK­

ca SUHAM-3D npe.D.HaJHatJeHa .un.s1 perneHH.ll 

TJ)exMepttoro ypaBHeHH.ll nepettoca tteHTJ)OHOB 
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B o6beKTe c KBa,npaTHOH s nnatte peweTKOH. B 
□porpaMMe peanHJOBaH .usyxnantthIH pacqer 

(.s1:qei1Ka-peaKTOp ) , npH 3TOM KOHetJHO­

pa3HOCTH0e ypaBHeHHe paCClJHTbIBaeTC.ll C o.u­

HOH pactJeTHOH TOt:{KOH Ha o.ntty .ll9eHKY H o.u­

HY 3HepreTwrncKyio rpynny. B nporpaMMe 

peanHJOBatto TJ)eXMepHoe ypasttem1e (I) c 

nepeMeHHbIM rnaroM no OCH Z. 
Cne.uyeT OTMeTHTb, 'ITO see K03<p<pHU:HeH­

Tbl ypaBHeHH.ll ( 1) 3aBHC.llT OT HeH3BeCTHOro 

co6cTBeHHoro JHaqeHH.ll k"$1>, no3TOMY opra­

HH30BaH .D.OllOJIHHTeJibHbIH CJJOH HTepau;HH 

(csepXBHelllHHe HTepau;HH). O6maJI pactJeTHaJI 

cxeMa rrporpaMMbI SUHAM-3D npe.ncTaBJJe­

tta Ha pHC. 1. 
PeJyJJbTaTaMH pacqera .s1sJJ.s110Tc.s1: 

• 3<p<peKTHBHbIH K03<p<pHU:HeHT pa3MHO)Ke­

HH.sl o6'beKTa: Jc.,. H.JIH k3<1>4i; 

• rpynrroBbie, cpe.D,HHe no ~eHKaM ITOT0KH 

HeHTJ)OHOB; 

• rpynrroBbie peaKU:HH nornomettH.ll B .s111eii­

Kax; 

• rpynnOBbie peaKU:HH .ueneHH.ll B .ll'leHKax; 

• o.nttorpynnosb1e, cpe.D.HHe no .s1:qei1KaM no­

TOKH HeHTJ)0HOB; 

• o.nttorpynnosb1e peaKUHH nornomeHH.ll B 

~eiiKax; 

• o.n.Horpynnosble peaKUHH .ueneHH.ll s 

.llt.JeHKax. 

3. Bepmt,HKaU.HH nporpaMMbl SUHAM-3D 

)].ml sepmt>HKau;HH nporpaMMhI SUHAM-
3D HCTIOJib30BaJICj{ TJ)exMepHbIH Me)K.D,y-Ha-

Beo.n. reoMeTpHH, ce'-!eHHH 
MaTep11anoe, k: 

k<•> 
~ 

no.n.roTOBKa nonepe'-IHblX H npO.D.OJlbHblX. 
3cpcpeKTHBHblX rpynnOBblX xapaKTepHCTIIK .R'-!eeK 

I 
Pewem1e -rpeXMepHblX rpynnOBb!X 

I ypaBHeHHH nepeHoca C noMOlUblO Mnr 

8~ > CJ HJJH O<l> > €2 

I Pac'-leT cpyHKU.HOHanoe I 
P11c. I. 06ma.R pac'-!eTHrui cxeMa nporpaMMbl 

SUHAM-3D 
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P11c. 2. ,n:syMepHall KOHcjmrypaum1 6eHl!MapKa C5G7 H cxeMa TOnJIHBHOH l!lleHKH 

poJlHbIH 6eH'IMapK C5G7 [28] c 3a,uaHHhIMH 7-
rpynnoBbIMH MaKpoceqeHIDrMH MaTep:nanoB. 

Ha pHC. 2 npHBe,n:eHbl KOHcp:nrypauIDr 6ettq­
MapKa C5G7 B nnatte (1/4 1IaCTh) H cxeMa TO­

IIJIHBHOH jJ'{eHKH, a Ha pHC. 3 - Kott<P:nrypaum1 
6ett1™apKa C5G7 IIO Z ttanpaBneHJno. Ha pH­
CyttKax TaIOKe yI«l3aHbl rpaH:nqHbie ycnOBIUI. 

Ha pHc. 4 IIpe,n:cTaBJieHa .n:B)'Mepttrui: cxeMa 4-x 
TOIIJIHBHbIX TBC B 6eH1IMapKe C5G7 (2 TBC­

U02 H 2 TBC-MOX). 
IlOJIHbie pa3Mepbl .ll:B)'MepHOH KOH<PHTY­

paum1 paBHhI 64,26x64,26 CM, a Ka)K.ll:OH TBC 

- 21,42x21,42 CM. ~ TpeXMepHOH KOH<PH­
rypauHH pa3MephI TBC no Z HaIIpaBneHHIO 

(1) 

:s: 
:i: 
(1) 

~ 
C. 

5 

BaI<yyM 

3aMe.U.JlHTeJlb 

OTpa)KeHHe 

::s 
>, 
>, 
:.: 
«:I 

co 

P1-1c. 3. KoHCjmrypauHJ1 6eHY:MapKa C5G7 no Z 
Hanpasnemuo 

paBHbl 192,78 CM, a BO)lHHOro rnpueBOro 0T­
pa)KaTeJUI - 21,42 CM. IlOJIHbie pa3Mepbl 

TpeXMepHOH KOHqrnrypaIJ.HH paBHbl 
64,26x64,26x214,20 CM, a Ka)K.ll:OH TBC -

64,26x64,26x l92,78 CM. 
IlpH pac'IeTe 6eH1IMapKa no IIporpaMMe 

SUHAM-3D TBC H 51'-IeHKH B,n:om, ocH Z pa3-
6HBaJIHCh Ha 3 CJIQj{ c pa3MepaMH 96,39, 96,39 
H 21,42 CM. IlpH 3T0M npH pacqeTe npo.n:orrh­
HbIX npo6HhIX MaTpHIJ. mar no Z 6panc51 paB­
HhIM 0,9639 CM ,n:n51 jJ'{eeK TBC (100 rnqeK) H 
1,071 CM )lJI51 OTpIDKaTeJI51 (20 TO'IeK). 

CpaBHeHHe rrpOBO)lHJIOCb C pe3yJibTaTaMH, 

pacc'lliTaHHblMH no nporpaMMe MCNP [28]. 
3ttaqeHHe k3ct>ct> c6opKH, pacc'IHTaHHoe no npo­

rpaMMe MCNP, paBHO 1,18381 (± 0,008 %), a 
3Ha1Iem1e k3cj>ct>, paccq1-1TaHHOe no nporpaMMe 
SUHAM-3D, paBHO 1,18528. TaKHM o6pa30M, 

MeTo,n:HqecKM omH6Ka pacqern k,ct>ct> c6opKH 
,n:JI51 .n:attttoro 6ettqMapKa no nporpaMMe SU­
HAM-3D paBHa 0,12 %. 

B Ta6JI. 1 np1rne,n:eHbl HeKOTOpbie HHTe­
rpa.m,Hbie cpaBHeHH51 JIOKaJibHbIX 3HeproBbI­
.neneHHH (peaKIJ.H51 .n:eneHH51), IIpH 3TOM BeJIH­
'lliHbl AVG (average pin power percent distin­

ction), RMS (root mean square of the percent 
distinction) H MRE (mean absolute power per­

cent error) pacc'IHThIBaJIHCh no cne.n:yIOIIJ.HM 

<popMynaM: 
} N 

AVG= - rle.l; 
N n•I lw RMS= r.; Le~ ; 
vN n•I 

J,/ 

MRE = Lie,,ip,,/(Np,vg ), 
n=I 

(5) 

(6) 

(7) 
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23 
24 
25 
26 

27 
28 
29 
30 
31 
321\\W-+-i 

33 
34 (\\\l,J,l'trt'l'~l"i'I 

0 U02 Fuel 0 7,0 % MOX Fuel ■ Guide Tube 

~ 4,3 % MOX Fuel O 8, 7 % MOX Fuel ■ Fission Chamber 

P11c. 4. 4 T0flJIHBHb1e TBC s 6eH'-lMapKe C5G7: 2 TBC-UO2 H 2 TBC-MOX 

r}le en - npoueHTHM ourn6Ka :mepr0Bhl.Zle11e­

HHJ1 Pn B n-M TB3Jle. 
B Ta6n. 2 np1rne,ueHhI cpasHemu1 3Hepro­

Bhl.Zle11emrn s TBC, pacctJHTaHHhIX no npo­
rpa.MMaM SUHAM-3D H MCNP. 3HeproBbI­
L1eJ1eHHH s TBC s rn611. 3 npeJlCTasneHbI B 
TOM )Ke nopH.UKe, tJTO H TBC Ha p11c. 2, 4. 
Cne}lyeT OTMeTHTb, lJTO npoueHTHbie OTJlH­
qJiJ[, npHBe.UeHHbie s Ta611. 2, 3, nonyqettbI c 
IlOMOIUblO Exel -Ta6mm, npe}lOCTasneHHb]X 
aBTOpaMH 6eHtJMapKa. 

B Ta611. 3 ... 5 npeJlCTasneHbI pacnpe}lene­

HHJI npoueHTHbJX OT.JllflJHH 3HeproBbI}leJ1em1i1 
s TB3nax coorneTcrneHHo B TBC-UO2- l, 
TBC-UO2-2 H TBC-MOX, pacctJHTaHHbIX no 
nporpaMMe SUHAM-3D, OT cooTBeTCTByJO­
IUHX 3HatJeHHH, paCCtJHTaHHblX no nporpaMMe 
MCNP. 
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3aKJIIO'ICHHe 

B }laHHOH pa6oTe OITTICaH nepBbIB sapH­
aHT TPeXMepHoro KOMnneKca nporpaMM SU­
HAM-3D. B 3TOM sap11aHTe KOMnneKca pea­
mnosaHbI caMble npOCTbJe TPeXMepHbie ypaB­
HeHHR Mrrr C TPeMJl nonepetJHhIMH H JlBYMJl 
npo,UOJlbHblMH npo6HbIMH MaTPHUaMH, BbIBe­
}leHHbie }lJlR KBa}lpaTHOH perneTKH H JlJ}J[ 
JlByx3TailHOfO pacqern C O}lHOH pactJeTHOH 

TOtJKOH Ha OJlHY RtJei:iKy 11 O.llHY '.mepreTHtJe­
cKyio rpynny. 

ITpose}letta nepsHtJHaR sepmpHKaUHR 
KOMnneKca SUHAM-3D Ha TPexMepHOM Me­
)KJlyttapOJlHOM 6eHtJMapKe C5G7. CpasHeHHe 
npOBO}lHJlOCb C pe3yJlbTaTaMH pactJeTOB no 
nporpaMMe MCNP. I1oKa3aHo, '!TO JlJ1Jl ]laH­
Horo 6etttJMapKa: 



T a 6 J1 H u a 1. l1HTerpaJibHble cpaBHemu1 nOKaJlbHblX :meprOBbl,D.eJJeHHH 
(JleneHHH), oaccYHTaHHb1x no nporpaMMaM SUHAM-3D 11 MCNP 

Ben11Y11Ha MCNP SUHAM- OrnHYHe OT 
3D MCNP,% 

Cpe.n.ttee :meprosb1.nenett11e a TB3ne 1,000 
MaKCHMaJlbHOe 3HeprOBbI.UeneHHe 8 TB3ne 2,500(± 0, 16 % ) 
MHHHMaJlbHOe 3HeproBbl,D.eneHHe B TB3ne 0,231(± 0,58 %) 

MaKCHMaJlbHall npoueHTHaR ow116Ka 
AVG,% 0,32 
RMS,% 0,34 
MRE,% 0,27 

l-fHcno TB3noa a npe.n.enax 0,688 MCNP 
lJ11cno TB3nos B npe.n.enax 0,958 MCNP 
lfacno TB3nos B npe.n.enax 0,998 MCNP 
tfacno TB3n0B s npe.n.enax 0,9998 MCNP 

CyMMapttoe YHcno TB:mos 1 056 
Cpe.n.ttee 3Heprosb1.nenett11e B TB3ne s TBC-UOr l 1,867 
Cpe.n.ttee 3HeprOBbI.D.eneHHe s TB3ne s TBC-MOX 0,802 
Cpe.UHllll 3HeproBbI.!lenem1e a TB3JJe a TBC-UO2-2 0,529 

T a 6 J1 H u a 2. Cpasttem1e 3HeproBbI.D.eneHHH B TBC, 
accYHTaHHblX non or aMMaM SUHAM-3D 11 MCNP 

1,000 
2,515 
0,226 
2,92 
0,77 
0,97 
0,65 
105 
153 
241 
316 

l 056 
1,878 
0,799 
0,524 

MCNP SUHAM-3D Orn11Y11e OT MCNP, % 
492,9±0,10% 21 1,7±0, 18% 495,7 21 1,0 0,58 -0,37 
2 11,7± 0,18% 139,6±0,20 %) 2 11 ,0 138,4 - 0,37 -0,90 

0,62 
-2,09 

0,58 
-0,37 
-0,90 

T a 6 J1 u u a 3. Pacnpe.n.enett11e npoueHTHblX ornKYHH 3Heprosb1.nenett11i1 B TB3nax B TBC-UO2-1, 
pacc•mTaHHbIX no nporpaMMe SUHAM-3D, OT 3HaYeHHH, pacc•rnTaHHbIX no MCNP 

UOr I OpouettTttoe orn11Y11e 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

b ,41 I 

2 

3 

4 

5 

6 

7 

8 

9 

10 
J I 

12 

13 

14 

15 
16 

17 

0,52 0,44 

0,55 0,66 

0,39 

0,42 0,70 0,59 0,47 

0,68 0,64 0,62 0,50 

0 ,78 0,65 0,73 

0,62 0,87 0,57 

0,45 0,87 0,58 

0,75 

0,53 

0,64 0,61 0,44 0,70 0,70 

0,67 0,70 0,55 0,57 0,75 

0,68 0,88 0,91 

0,48 0,67 0,64 0,64 0,92 

0,53 0,72 0,55 0,67 0,84 

0,67 0,96 0,84 

0,57 0,83 0,51 0,48 0,75 

0,46 0,69 0,51 0,60 0,73 

0,86 0,83 

0,66 0,58 0,70 

0,62 0,69 

0,62 0,4 1 0,43 0,27 0, 18 I 

0,61 0,63 0,56 0,43 0,10 2 

0,88 0,73 0,55 0,40 0,06 3 

0,63 0,66 0,55 0,18 4 

0,67 0,60 0,62 0,3 1 0,24 5 

0,85 0,86 0,41 0,14 6 

0,68 0,63 0,66 0,32 0,23 7 

0,59 0,4 1 0,65 0,35 0,05 8 

0,82 0,70 0,54 0,19 9 

0,48 0,26 0,64 0,15 0,09 1 

0,59 ),52 0,61 0,22 -0,021 

0,83 0,72 0,39 0,17 1 

0,51 0,62 0,47 0,37 0, 16 I 

0,53 0,41 0,25 1 

0,05 0,34 0, 18 1 

~.16 H),381 

H),52 1 

0 

I 

2 

3 

4 

5 

6 

7 

• OTJIHq11e pacqern k3<1><1> c6opKH pasHo 0, 12 
%; 

• cpe.uHee no MO,!lymo OT.1IWiHe JJOKa.JlbHbIX 

3HeprOBbI,!leJieHHH 0,8 %; 
• MaKCHMa.JlbHOe OTmP-rne JJOKa.JlbHbIX :mep ­

fOBbI,!leJieHMH (peaKIJ.MH .ueneHH.R.) 2,9 %; 
• cpe.uHeKBa.upaTHqecKOe OTJJH'iHe JJOKaJJb­

HbIX :meprOBbI,!leJieHHH 1,0 %; 
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T a 6 JI u u a 4. Pacnpe.nenem1e npol..{eHTHbIX OTJIH'-IHH 3HeproBb1.nenem111 B TB3nax B TBC-UOr2, 
pacc'-!11TaHHbIX no nporpaMMe SUHAM-30, OT 3Ha'-!eHHH, pacc'-!HTaHHbIX no MCNP 

UOr 2 TTpol..{eHTHoe ornH'-!He 

I 8 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

18 8 H),93 i--0,86 -0,69 i--0,42 1--o, 16 l-0,33 i--0,73 -0,88 i--0,77 i--0,94 - 1,15 1-1,08 ,_ 1 ,59 - 1,73 - 1,82 -1 ,42 i--0,64 I 

19 9 i--0,6 1 1--o,5 I i--0,20 i--0,33 i--0,46 i--0,43 -0,53 i--0,56 i--0,90 -0,83 - 1,34 ~1,44 - 1,48 -1 ,58 -1 ,29 l-0,33 1 

W 0 -0,16 i--0, 11 l--o,06 l-0,21 -0,31 -0,25 - 0,39 1--o, 78 - 1,32 - 1,37 -0,79 0,00 i2 
21 I i--0,09 l-0,07 l-0,33 -0,24 -0,49 -0,74 - 1,0 1 i--0,82 1-1,29 -0,97 -0,93 i--0,17 ~ 

22 2 i--0,34 0,00 i--0,24 -0,41 -0,49 -0,80 -0,88 i--0,77 1-1 ,23 i-1,33 - 1,23 - 1,06 Kl,29 2 

n 3 l-0,29 -0,55 -0,53 -0,86 1-l ,34 1-) ,27 - 1, 13 l-0, 13 i2 
~ 4 l-0,61 -0,52 -0,42 -0,83 1-1,2 1 '-I , 10 1-1,48 '-l ,96 - 1,64 - 1,34 i--0,28 2 

~ 5 -0,62 -0,71 - 1,10 - 1,01 -0,96 1-I ,35 1-J ,96 - 1,53 - 1,48 f--0,40 2 

26 6 -0,72 - 1,18 1-) ,32 -1,67 -1 ,42 f--0.37 2 

27 7 - 1,10 - 1,75 - 1,56 1-1,69 - 2,08 - 2,05 -1 ,78 f--0,73 2 

28 8 - 1,64 - 1,94 -2,19 - 2,15 - 2, 18 - 2,03 l-0,92 2 

29 9 1-J ,99 '-2,38 '-2,08 1-1,23 ~ 

30 0 ~2,51 1-2,92 1-2,80 1-2,45 -1,23 13 

31 

32 

33 
34 

-2,82 

'-2,79 

1-l ,98 

'-2,57 

1-2,09 

- 1,61 l3 
1-),71 13 
- 1,94 13 
1-),43 p 

2 

3 

4 

T a 6 JI u u a 5. Pacnpe,neneHHe npol..{eHTHbIX OTJlH'-IHH 3HeproBbI.UeJieHHH B TB3Jlax B TBC-MOX, 
pacc'-!HTaHHbIX no nporpaMMe SUHAM-30, OT 3Ha'-leHHH, pacc'-!HTaHHblX no MCNP 

MOX TTpol..{eHTHoe ornH'-!He 

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

I 

2 

3 

4 

5 

6 

7 

8 

9 

0,30 

0 ,28 

0,28 

0,25 

0,31 

0,56 

0,22 

Kl, 14 

b ,40 

Ol--o,03 

llo,20 

2KJ,5 I 

30,16 

40,09 

50,22 

f-0, 11 

7-0,3C 

l-0,05 

0,19 

0,28 

0,34 

-0,21 

-0,03 

-0,5 1 

f--0,48 

1--o, 14 

1--o, 76 

i--0,43 

f--0,02 

i--0,56 

0,07 

l-0,03 

HJ,02 

f--0, 11 

b,o3 -0,05 

b , 15 0,43 

i--0,32 0,46 

0,69 

-0,10 -0,48 

0,84 

0,46 - 1,02 

0 ,53 l-0,89 

b ,31 

0 ,69 l--o,81 

b ,50 i--0,80 

b ,82 

i--0,41 i--0,74 

b,25 

- 0,56 Kl,39 

i--0, 11 0,08 

1--o, 12 -0,29 

-0,16 b,34 f--0, 16 -0,50 

-0,72 i--0,02 f--0,79 -0,52 

-0,44 0,70 0,51 

-0,38 1,06 f--0,87 -0,90 

- 1,33 0,35 l-0,96 -0,90 

0,52 0,42 0,26 

-0,76 b,64 - 1, 18 - 1,35 

~1,10 kl,37 -1,22 - 1,10 

b ,66 0,40 KJ,22 

i--0,98 0,43 -1 ,35 -1 ,60 

~ 1,10 b,24 1- I, JO l--o,94 

lo,25 0,29 P,18 

~ 1,32 0,39 1-1,21 1-1,48 

i--0,66 0,59 1-I ,03 -1,20 

i--0,68 b ,08 0, 11 

-0,95 -0,25 f--0,98 - 1, 11 

-0, 17 0,12 l-0,32 -0,49 

• OTJmque J HeproBh1.ue11eHHH TBC He rrpe­

B~rmaeT 0,9 %; 
• MaKCHMaJlhHbie OTJIH'IH.SI JIOKaJihHhIX 3Hep­

rOBhT,UeJieHHH H MaKCHMaJibHOe OTJIHqHe 

ycpe,UHeHtthrx no TBC J neproBhI.UenettHH 

tta6mo.uaIOTC.SI .UJI.SI TBC-UO2-2, KOTopa.S1 
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-0,09 

-0,06 

C 

0,46 

0,51 

0,37 

b ,67 

Kl, 18 

0,20 

0,02 

0,23 

-0,46 

-0,22 

-0,57 l-0.6~ f--0,35 - 1,22 

-0,92 -0,97 1--o, 78 - 1,55 

0,25 0, 15 - 1, 14 

-0,94 - 1,00 0,40 - 1,17 

- 1,17 - 1,12 0,31 -2,31 

0,50 0,00 HJ,11 

- 1,35 - 1,40 0, 12 -1 ,88 

1-J ,4'i 1-I ,44 Hl,02 1-) ,96 

Kl,3 I 1--o, 15 l-0,23 

- 1,5S - 1,66 i--0,2( 1-2,2'1 

1-) ,30 1-l ,52 Hl,34 - 2,0( 

0 ,08 -0,15 -0,51 

1-1 ,59 - l ,7S Hl,24 - 2,2i 

-1 ,74 -1,4~ i--0,24 -1 ,9( 

i--0,30 r-0,3j 1-1,37 

1-1,56 1-l ,7C 1-J, 16 -1 ,75 

- 1,07 - 1,32 i--0,76 '-l ,23 

-1,4C 1-1 ,45 - 1, 18 0,38 I 

-0,8C '-I , 16 -0,87 0,32 2 

-0,30 -1,53 - 1,22 0,32 3 

l--0,79 -0,60 0,59 4 

- 1,41 '-l ,54 - 1,32 0,64 5 

-0, 10 -0,78 0,61 6 

-1 ,54 i--0,45 - 1,60 -0,067 

'-l ,87 l----0,97 1-J ,4( Kl,29 8 

i--0,64 i--0,8S b,44 & 
1-),97 Hl,58 1- ) ,9~ P, IO I 

~l ,87 Hl,95 1-2,30 b ,14 I 

i--0, I 6 1-] , 14 P ,04 I 

-1 ,78 -1 ,62 1- l ,80 0,07 I 

1-J ,05 1-J ,09 0,32 I 

- 1,0C 1-2, 18 -1 ,54 l-0,0 1 I 

-1 ,26 1-l ,8( ~1 ,05 Hl,301 

-1 ,46 1-J ,23 '-I , 15 0,27 I 

0 

1 

2 

3 

4 

5 

6 

7 

HaXO.UHTC.SI s HaH6onee HeO.UHOpO.UHOM 

OKpy')KeHlrn. 

Pe3)'JlhTaTbl BepmpHKaUHH TTOKa3hIBaIOT, 

qrn KOMrrneKc SUHAM-3D pacctIHTbIBaeT 

6eHqMapK C5G7 c .uocrnrnqtton .UJI.SI rrpaKTHKH 

TQqHQCThIO H tte60JihlllHMH Bhl'IHCffHTeJibHhl-



MU 3arpaTaMH - 1 '-lac 15 MHII Ha PC 3,2GHz. 
,UaJJbHeihuee pa3B11THe TpexMepHoro KOM-

11neKCa SUHAM-3D npe)lnonaraeTCH Ha o6'h­

eKThI c TpeyronhHOH perueTKoii, BKJ110'-laH 

rpeX3TanHhlH pac'-!eT BB '3 P-1000. 
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IlpHMeneuHe KOMnJieKca nporpaMM SUHAM ,n;JIH pac1.1eTa 
6eH1.fMapKOB MocTeJIJiepa ,ll;JIH H1.feeK PWR C pa3JJH1.fHbIM TODJIHBOM 

B. <I>. h0RpUH06, 
PHU: "KypqaTOBCKHH HHCTHTYT", 123182, MocKBa, nn. KypqaToBa, 1 

ITocTynHna B pe.naKUHJO 29.01.2009 r. 

Tipose.a.eHa sepHcpHKaUHR KOMnneKca nporpaMM SUHAM Ha 6eHttMapK-pac'ieTax R'ieeK PWR c 
ypaHOBbIM peaKTopHbIM MOX H opy)l(eHHblM MOX TOnJJHBOM. CpasHeHHe nposo.a.HJJocb co 3Ha'ie­
HHRMH k.., RtteeK H K03q><pHUHeHTOB peaKTHBHOCTH ,nonnepa, pacc'iHTaHHbIMH no nporpaMMe MCNP5 c 
ce'ieHI-UIMH, nony'ieHHblMH H3 R.1J.epHb1x.naHHblX ENDF/B-V, ENDF/B-VI H ENDF/B-VII.0. 

J(;uo"leBble CJzoea: KOMnneKc nporpaMM SUHAM, sepH<pHKaUHR, 6eH'iMapK-pac'ieTbI, it'ieHKH 
PWR. 

Application of Code System SUHAM-2D for the Mosteller Benchmark Calculations of the 
PWR Cells with Different Fuel. V.F. Boyarinov. RRC Kl, Kurchatov Sq., 1, Moscow, 123182. Verifi­
cation of the code system SU HAM by the benchmark calculations of the PWR cells with uranium, reac­
tor-MOX and weapon-MOX fuel has been carried out. Comparison has been carried out with values k.., 
of cells and Doppler coefficient of reactivity calculated by MCNP-5 code with cross-sections derived 
from the ENDF/B-V, ENDF/B-Vl, and ENDF/B-VII.0 nuclear data sets. 

Key words: Code System SUHAM, Verification, Benchmark Calculations, PWR Cells. 



Beeae1rne 

B pa6oTe [1] Russell D. Mosteller npe.u­
no)KHJI .um1 o6mero ttcrroJ1h30Ba!ilU1 pac'-!eT­
Hble 6eH'-!MapKH .um1 K03cpqmQHeHTa peaKTHB­
HOCTH ,nonnepa. reoMeTpH51 6eHlJMapKOB co­
OTBeTCTByeT 6eCKOHel!HOH peIUeTKe O.UHHaKO­
BbIX TOITJIHBHbIX 51'-!eeK PWR. TaKaH peIUeTKa 
MO)KeT 6bITh CMO.UeJlttposaHa OT,!leJibHOH TOIT­
JIHBHOH 51'-!eMKOH c Ksa.upaTHOH rpaHHQeM H 
ycnosHeM OTpa)KeHH51 Ha sepXHHX H HH)KHHX 
TOpQeBhlX nosepXHOCT.sJX, a TaK)Ke Ha 60KOBbIX 
rrosepXHOCT51X. l.J.enh 3THX 6eH'-IMapKOB - pac­
C'-IHTaTb 3cp<peKT ,nonnepa Me)K.uy .!lBYMH co­
CT051HH51MH: 1) ropH'-lee COCT051HHe, nonHaH 
MOIUHOCTb (HFP); 2) rop11qee COCTOHHHe, Hy­
nesa51 MOIUHOCTh (HZP). 11:cxo.uHo 3TH 6eH­
'IMapKH 6hlJlH "cnem,IMH", T.e. pe3ynhTaTI:,I 
pacqeTa HH no O.UHOM nporpaMMe He 6brnH 3a­
pattee H3BeCTHhl. 

B 2007 r. Ha Me)KJWHapo.UHOH KOHcj)epeH­
UHH M&C-2007 ony6nHKOBaHo HeKOT0poe 
KOJlH'-leCTBO pa6oT C pe3yJlhTaTaMH pac'-leTa 
6eH1-1MapKos MocTennepa. Bh1.uenHM cpe.uH 
HHX pa6oTy [2], s KOTOpOH o6o6meHbl pe3yJlb­
TaTbl 44-x pac11eTOB 3THX 6eH'-IMapKOB IIO pa3-
HhIM rrporpaMMaM C npHMeHeHHeM pa3HblX 
6H6JIHOTeK, a TaK)Ke pa6oTy [3], s KOTOpOH 
npe.ucrnsneHbr pe3ynhTaThI pacqeTa no npo­
rpaMMe MCNP5 c KOHCTaHTaMH, npnroTOB­
neHHhlMH Ha OCHOBe cpaifoos H,uepHhIX .uaH­
HhIX ENDF/B-V, ENDF/B-VI H ENDF/B­
VII.0. Ha 3TOH )Ke KOHcpepeHI.lHH npe.ucrnsne­
HhI pac11eThr 6eH1-1MapKO.B MocTennepa no 
rrporpaMMe SUHAM [ 4]. KpoMe pac'-!eTOs ca­
MHX 6eH'IMapKOB c IlOMOIUhlO nporpaMMbl 
SUHAM nccne.uosaHhl cne.uyiow11e 3cpcpeKThI: 
• BJlHHl!He ycnoBH51 OTpa)KeHH51 Ha rpaHHUe 

H'leHKH; 
• BJlHHHHe o6be.[{HHeHJ,!H o60Jl0'-IKH H 3a3opa 

B O.UHY 30tty; 
• OT.[{eJlbHOe BJlHHIIHe H3MeHeHirn TeMnepa­

Typbl H pa,uttyca TOilJIHBHOro CTep)l(Hjl', 
B .uaHHOM pa6oTe octtosttoe BHHMam1e 

yneneHO cpaBHeHJUO paCC'-IHTaHHhTX no npo­

rpaMMe SUHAM ~ 51qeeK H K03cpqrnw1eHTa 
peaKTHBH0CTH )],orrnepa co 3Ha'-!eHHHMH, pac­
c•rnTaHHhlMH no nporpaMMe MCNP5 c ceqe­
HHHMH, nonyqeHHhlMH H3 H.[{epHI,IX .[{aHHhIX 
ENDF/B-V, ENDF/B-VI H ENDF/B-VII.0. 

1. OnucauHe 6en11Map1eoe 

f eOMeTpI-IH 6eHl.JMapKOB COOTBeTCTByeT 

6eCKOHe'-!HOH peIUeTKe O,UHHaKOBbIX TOIIJIHB­
HhIX HLJeeK PWR (pttcyttoK). TonmrnHbie 
.R.'-leMKH COCTOHT H3 '-leTblpex 3OH: TOnJIHBO, 

B03.!lYIIIHhIH 3a3op, 06ono11Ka H 3aMe,unHTem, 
(6opttposaHHaH BO.!la). PaccMaTpHBaJIHCh cne­
.!lYfOIIIHe SH.Uhl TOilJIHBa: 

• TOITJIHBO H3 UO2 (7 51qeeK); 

• peaKT0pHoe TOITJlHBO H3 CMeIUaHHoro OK­
CH)-la (MOX) (5 .R.'-leeK); 

• MOX TOnJIHBO Ha 0CHOBe IlJlYTOHH51 opy­
)KeHHOro KJ1acca ( 4 .sPieHKtt). 

060J10'-1Ka 

3aJop 

-------3aMe,umrrenb 

feoMeTpHSI TOnJIHBHOH SllfeHKH 

B Ta6Jl. 1 npHse.ueH H30TOilHhIH COCTaB 
nnyTOHH51 B MOX TonnHBe. 

T a 6 JI u ll a 1. JtboTonHblH coCTaB nnyroHH.ll, 
aT.% 

Tonmrno 239pu 240Pu 241pu 241pu 

PeaKTOpHblH MOX 45,0 30,0 15,0 10,0 

Op)')KeHHhlH MOX 93,6 5,9 0,4 0,1 

ABT0p 6eHt.JMapKOB HCn0Jlb30Ban CJle­
.!lYfOIIIH.e ynpoweHIDI COCTaBOB MaTepHanos: 

• T0nnHB0 co.uep)KHT T0JlhK0 LJHCThIH UO2 
HJIH MOX 6e3 npH.Meceii H npO.!lYKT0B .[{e­
neHH51; 

• o6orameHHblH ypaH CO.[{ep)KHT TOJlbKO 
H30T0IThl 234U, 235U H 238U, a co.uep)KaHHe 
234U nponopuH0HaJlbHO K0HUeH-rpaum, 
23su. 

' 
• Tonnttso MOX co.uep)KHT T0JJhK0 'IHCThIH 

PuO2 H UO2 c Pu, conep)KallIHM T0JlhK0 
t.JeTbipe 0CH0BHhlX H30Tona IlJIYfOHIDI, H. C 
U, conep)KallIHM TOJlbK0 nsa OCHOBHhIX 
H30Tona ypatta; 
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• HfHOpHpyeTCH npHCYTCTBHe KOHCTpy'KUH­

OHHhlX MaTepHaIIOB; 

• 060JI0'-1Ka COCTOHT TOJlhKO H3 '-IHCTOfO Zr 

6e3 npHMeceit 

5It.JeHKH paCC'-IHThIBaJIHCh B JJ.Byx COCTOH­

Hmrx: 

1) rop.si:qee COCTOHHHe, TIOJJHaH M0lUHOCTh 

(HFP); 

2) ropHl.Jee COCTO.sIHHe, HyJieBa.si: MOlUH0CTh 

(HZP). 

TTpe.unonaraJIOCh, '-ITO TeMnepaTyphr 060-

JJO'-IKH H 3aMe.umnen.si: He MeHHlOTC.sl H paBHhI 

600 K, a TeMrrepaTypa TOIIJIHBa MeH.si:JJaCh OT 

600 K }lJI.sl COCTOHHH.sl HZP }lO 900 K }lJIH co­

CTO.sIHH.sI HFP. 5I.uepHhie TIJJOTHOCTH 060JIO'-IKH 

H 3aMe}lJJHTen.si: npH 600 K H Bcex BH}lOB TOTI­

JIHBa npH 600 H 900 K .sIBJJfilOTCH H3BeCTHhIMH 

BeJIH'-IHHaMH H npHBe}leHhl B [l, 2). feoMeT­

pH'-IeCKH H3MeHeHHe TeMnepaTyphl TOTIJIHBa 

Yt.JHThIBaeTCH H3MeHeHHeM pa.u11yca T0ilJJHB­

HOro CTep)l{HH. PaJMephl 30H .silJeHKH C TOTIJIH­

B0M H o60JJO'-IKOH, a TaK)Ke mar perneTKH npH 

HHTepeCYIQlUHX Hae TeMTiepaTypax npHBeJJ.e­

HhI B rn6n. 2. 

600 K 900 K 
0,39398 0,39433 
0,40226 0,40226 

6onOlfKH 0,45972 0,45972 
War 1,26678 1,26678 

2. KpaTKOe onucanue 
pactteTHOro HHCTpyMenTa 

EeHt.JMapKH paCClJHTaHhI no KOMITJJeKcy 

SUHAM-U - BapHaHTY KOMnneKca SUHAM 

[5 ... 7), KOTOphIH }lJJH Il0}lroT0BKH rpynn0BblX 

cet.JeHHH H30T0TI0B H MaTepuanoB HCTI0Jih3yeT 

MO.UYJJH K0MnneKca UNK [8). B .uaHHhIX pac­

lJeTax npHMeHHJJaCh 6H6JJHOTeKa cet:JeHHH, no­

CTp0eHHM Ha 0CH0Be 6116JIHOTeKH 4>aHJIOB 

a.uepHhlX }laHHhlX B-645 [9). ,Un.si: BCex H30T0-

TI0B, l•ICTI0Jlh3yeMbIX B naHHbIX pactJeTax, Kp0-

Me 
238

U 6H6JJHOTeKa B-645 npHMemieT 4>aHJJhI 

ENDF/B-VI, a JJ.JJH 
238

U - !paHJJhI ENDF/B-IV 

+ ENDF/B-V .un.si: rrapaMeTpoB pa3perneHHhIX 

pe30HaHC0B. 

KoMnneKc nporpaMM SUHAM-U pa3pa-

6aThrnaeTc.si: ,UJIH ,UBy- 11 TpexMepHhlX HeH­

TpOHHO-lpH3HlJeCKHX paclJeT0B aKTHBHOH 30Hhl 
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H.uepHoro peaKTopa c TpeyronhHOH 11 KBa,upaT­

HOH peWeTKaMH. TTpH 3TOM MHOrorpynnoBoe 

ypaBHem1e nepeHoca Hei1TpOHOB pernaeTCH 

MeTO}l0M noBepxHOCTHhlX rapM0HHK [ 10 ... 14]. 

PaclJeThI no nporpaMMe SUHAM-U opra­

HH30BaHbI cne,UYIQlUHM o6pa30M: 

• MHKporpynnoBoi1 (nop&}lKa 7 000 rpynn) 

pact.JeT Ka)KJJ.OH HlJeHKH C ycJJOBHeM H3O­

Tp0TIHOro OTpa)KeHHH na UHJIHHJJ.pH'leCKOH 

rpaHHUe HlJeHKH; 

• CBepTKa MHKporpynnoBbIX ceqeHHH MaTe­

pHaIIOB B MHOrorpynnOBhie (3JJ.eCh HC­

l1OJlh3YIQTC.sl 12 rpynn); 

• perneH11e MHororpynnoBoro ypaBHeHHH 

nepeHoca HeHTpOHOB B paCC'-IHThIBaeMOM 

061,eKTe MeTOJJ.OM IIOBepxHOCTHhIX rapMO­

HHK. 

KaK npaBHJI0, B Ka'leCTBe paCC'CJHTbIBae­

M0ro 061,eKTa paccMaTpHBaeTCH aKTHBHM 30-

Ha peaKTopa. OJJ.HHM H3 3TaII0B pemeHH.sI MH0-

rorpynnoBoro ypaBHeHH.sI nepeHoca Hei1Tpo­

H0B B aKTHBHOH 30He peaKTopa CJI~T peme­

HHe 3T0ro ypaBHeHHH B .si:qei1Kax peaKTopa, 

BKJIIO'-IM pac'leT Ha koo. Mo.uynH nporpaMMhI 

PAQ115I [ 15] rrpHMeH.sIIOTc.si: .un.si: perneHH.si: no­

cne,nHei1 3a}la'IH, npH 3T0M JJ.JI.sl perneHHH MH0-

rorpynnoBoro ypaBHeHH.sI nepeuoca HeHTpO­

H0B HCTI0Jih3yeTCH MeT0,ll Il0BepXH0CTHhlX 

nceB,ll0HCT0'CJHHKOB [ 16]. 

Mo11.yn11 nporpaMMhI PAQ1151 MOryT Mo­

,nen11poBaTh KaK ycJI0BHe H30Tp0nHoro 0Tpa­

)KeHH.sI Ha UHJJHHJJ.pH'leCKOH rpaHHUe .si:qei1KH, 

TaK H rpaHHt.JHOe ycJIOBHe, 6JIH3KOe K ycno­

BHIO 3epKaJihHOro OTp~emu1. Ha KBa11.paTHOH 

rpaHHUe [ 17] . .[{n.si: MO,lleJJHpOBaHHH nocne,nHe­

ro ycJI0BH.sI npHMeHHlOTCH JJ.BYMepHhie !pyHK­

UHH fpHHa. PeaIIhHO ueHTpailhHM .sit.JeHKa OK­

p)')KaeTCH HeKOTOpbIM KOJIHt.JeCTBOM TaKHX )l{e 

.si:qeeK. ,Una KBa.upaTHOH pemeTKH 3T0 JJ.0ilOJJ­

HHTeJibHOe 'IHCJIO .si:qeeK MO)l{eT 6hITb paBHO 

qeTbipeM, BOChMH H 6onee, 3aBHCHT OT JJ.JJHHhl 

cBo6o,nHoro rrpo6era B JaMe.unHTene B pac­

cMaTpHBaeMoi1 3HepreTH'-leCKOH rpynne H M0-

)l{eT 6bITb pa3JJHlJHbIM B pa3HblX rpyrrnax. 

3. llpose,neHHble pactteTLI 
H anaJIH3 pe1yJ1LTaTOB 

no MOJJ.yJIIO PAQ115I K0MIIJJeKca SUHAM­

u npoBe,lleHhl pact.JeThl 4-x 30HHhlX .si:qeeK C 

rpaHH'-IHhIM ycJJ0BHeM 3epKaIIhHOro OTpa)l{e-



HHSI tta KBa.upaTHOH rpaHHue S1qeihrn. Cne­
,nyromue BCJIHqffHI,I HBJISIIOTC.sl pC3YJihTaTaMH 

pacqeTOB'. k,,, H !),,p/!),,T, npu 3TOM 3HatJeHHC !),,p 

pacctJHThIBanoc1, no cne,uyromeii cpopMyne: 

ll.p = (kHFP -kHZP)/(kHFPkHZP). 

Ta6n. 3 ... 5 IlOKa3hIBaIOT pactJeTHble pe-
3yJihTaTh1 ,ZlJI.sl j[qCCK C U02, peaKTopHhIM H 

op)?KCHHhlM MOX TOilJIHBOM, COOTBCTCTBCH­

HO, C ycJIOBHCM 3epKaJihHOro OTpa)KCHJ,l.sl Ha 

KBa.upaTHOH rpaHHUC .sl'ICHKH. 

Bn.z:,.Ho, qTo 

• K03cpcpHUHCHT )J,orrnepa OTpHUaTeJieH ,ZlJI.sl 

BCCX BH,ZlOB TOIIJIHBa H BCCX BapHaHTOB; 

• ,ZlJI.sl 6eH~MapKOB C U02 TOilJIHBOM a6co­
JIIOTHOe 3HatJeHHe K03cpcpHUl-leHTa ,[(onne­
pa )'MeHhlllaeTc.si: c yaen~eHHeM o6ora­
IUCHH.sI ypatta; 

• ,u11.s1 6etttJMapKOB c peaKTopHhIM MOX TO­
IIJIHBOM a6cOJIIOTHOe 3HaqeHHe K03cpcpH­
UHeHTa ,[(onnepa )'MeHblllaeTC.sl C yaeJIH­
tJeHHCM co,uep)KaHH.sI Pu02 B TOilJIHBe; 

• ,un.si: 6e~MapKoB c op)')KeHHhIM MOX Ton­
JIHBOM K03cpcpuuneHT )J,onnepa cna6o 3a­
BHCHT OT co,nep)KaHH.si: Pu02 B TOIIJIHBe. 
B Ta6JI. 6 ... 8 npe,ZlCTaBJICHhI OTJIH"'llUI 3Ha­

qeHHH k,,, .si:qeeK H K03cp<tmuneHTa peaKTHB-

T 6 a JI en a 3 p aetieTHbie pe3YJibTaTbl )J.JUI 514eeK e uo 2 TOIUUiB0M 

O6orameHlfe, Ko3cpq>HLU-leHT peaKTHBH0eTH 

Bee.% 
HFP, k_ HZP, k_ 

)J;ormepa (ll.p/ll.1), pern/K 

0, 711 0,66180 0,66702 - 3,94 

1,6 0,95252 0,96019 - 2,80 

2,4 1,08925 1,09789 - 2,41 

3, 1 1, 16676 1,17591 -2,22 

3,9 1,22934 1,23886 -2,08 

4,5 1,26491 1,27462 - 2,01 

5,0 1,28943 1,29926 -1,96 

Ta6J1 ena 4 p aetieTHbie peJYJibTaTbl .nn.11 .lltieeK e peaKT0PHbIM MOX fIJlHB0M TO 

Co,!lep)KaHHe 
HFP, k_ HZP, k_ 

Ko3cpq>HUHeHT peaKTHBH0CTH 

PuO2, Bee. % )J;ormepa (ll.p/ll.1), pem/K 

1,0 0,93494 0,94434 - 3,55 

2,0 1,00865 1,01933 - 3,46 

4,0 1,06228 1,07366 -3,32 

6,0 1,09024 1,10171 - 3,18 

8,0 1,11310 1,12451 - 3,04 

Ta6 JI e n a 5 p aetieTHbie peJynbTaTbl AJl.11 .114eeK e opY)KeHHhlM . MOX JIHB0M TOTI 

CoJJ.ep>KaHHe 
HFP, le.. HZP, k_ 

Ko3q>q>Hl.{HCHT peaKTHBH0CTH 

PuO2, Bee.% )J;ormepa (!::,p/ll.1), pem/K 

1,0 1,07671 1,08565 - 2,55 

2,0 1,16392 1, 17456 -2,59 

4,0 1,22916 1,24096 -2,58 

6,0 1,26388 1,27595 -2,49 
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T a 6 J1 u u a 6. Ornw-11-u1 k_ R'leeK H Ko3cpcpHUHeHTa peaKTHBH0CTH .[l.onnepa, 
pacc'IHTaHHblX no KOMruteKcy SU HAM, OT 3Ha'!eHHH MCNP, pacc'IHTaHHbrx 
C pa3HblMH 6 6 ENDF/B M H JlHOTeKaMH , )1.JlR R'!eeK C ypaHOBblM TOnJlHB0 

6H6JJHOTeKa 
O6oraw.eHHe 

8k.., %, 8k.., %, 8Ko, 
R.n.epHblX .n.aHHblX HFP HZP % 

0, 711 0,35 0,33 - 3,2 
1,6 0, 10 0,09 - 0,7 
2,4 0,02 0,04 1,7 

ENDF/B-Y 3, 1 0,04 0,02 - 1,3 
3,9 0,05 0,01 -5,0 
4,5 0,03 0,01 - 2,9 
5,0 0,04 0,03 - 1,5 

0, 711 0,34 0,30 -5,3 
1,6 0,15 0,12 -4,1 
2,4 0, 14 0,14 0,0 

ENDF/B-Vl 3, 1 0,11 0,09 -3,5 
3,9 0,14 0, 12 - 1,9 
4,5 0,20 0,16 - 5,2 
5,0 0,21 0, 18 -3,9 

0,711 0, I 1 0,06 - 5,7 
1,6 - 0,17 -0,16 0,7 
2,4 - 0,14 -0,15 -1,2 

ENDF/B-Vll.0 3, I -0,10 - 0,13 -3,5 
3,9 -0,09 - 0,14 -5,4 
4,5 - 0,08 - 0,12 - 4,7 
5,0 -0,01 -0,08 - 7,6 

Ta 6 J1 H u a 7. OTJJH'IHR k.. R'!eeK J,f K03cpcpHUHeHTa peaKTHBH0CTH 
.[1.onnepa, pacc'!HTaHHbIX no KOMruteKcy SU HAM, OT 3Ha'!eHHH MCNP, 
pacc'!HTaHHbIX c pa3Hb!MH 6H6JJHOTeKaMH ENDF/B, )1.JlR R'!eeK 
C peaKTOpHblM MOX TOrutHBOM 

6H6JJHOTeKa Co.n.ep)l(aHHe 8k_, %, 8k.., %, 8Ko, 
R.n.epHblX .n.aHHblX PuO2, sec.% HFP HZP % 

1,0 0,19 0,10 - 8,7 
2,0 0, 11 0,05 - 5,7 

ENDF/B-V 4,0 0,07 0,03 - 3,2 
6,0 0,03 - 0,01 - 3,9 
8,0 - 0,04 - 0,07 - 2,6 
1,0 0, 16 0,11 - 5,1 
2,0 - 0,06 - 0,09 - 2,8 

ENDF/B-VI 4,0 - 0,20 -0,23 -2,9 
6,0 - 0,29 - 0,33 -3,3 
8,0 -0,35 - 0,38 - 1,9 
1,0 0,05 - 0,01 - 5,8 
2,0 - 0, 12 - 0,14 -2,3 

ENDF/B-Vll.0 4,0 - 0,24 - 0,26 - 1,8 
6,0 -0,33 - 0,36 - 2,4 
8,0 - 0,34 -0,38 - 3,2 

HOCTH ,l],onnepa (Ko), paccqHTaHHbIX no KOM­

nneKcy SUHAM, OT 3HaqeHHH, paccqHTaHHhIX 

no MCNP5 c pa.3HhIMH KOHCTaHTaMH .llJJ.sI .s111e­

eK COOTBeTCTBeHHO C ypaHOBbIM, peaKTopHbIM 

MOX H opY)KeHHhIM MOX TOTTJJHBOM. 

lfa aHaJIH3a pe3YJlbTaTOB, npe)lCTaBJJeH­

HblX B rn6n. 6 ... 8, MO)l(HO C)leJlaTh CJJe)l)'IO­

lllHe BblBO)lbI: 

• )lJI.sI .siqeeK C ypaHOBbIM TOilJIHBOM )lJJ.sI 

o6oHx cocTO.sIHHH OTJIHqH.si 3Ha4eHHH le,,,, 
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T a 6 JI II u a 8. 0Tn111urn k.. .s11-1eeK 11 K03cpcp111.-111eHTa peaKTHBHOCTH 
.l(onnepa, pacc4HTaHHbIX no KOMnneKcy SUHAM, OT 3Ha4eHHH MCNP, 
pacc411TaHHbIX c pa3HbIMH 6116n110TeKaM11 ENDF/B, ,nnll ll4eeK 

~ MOX C O0V)Kel1HblM TOnJYHBOM 

E116n110TeKa Co.nep>KaH11e 
ll,nepHblX ,naHHblX PuO2, sec. % 

1,0 

ENDF/B-V 
2,0 
4,0 
6,0 
1,0 

ENDF/B-VI 
2,0 
4,0 
6,0 
1,0 

ENDF/B-VII.0 
2,0 
4,0 
6,0 

llqeeK, paeeqHTaHHhIX no KOMIIJieKey SU­
HAM, OT 3Haqemrn, paee'lliTaHHbIX no 

MCNP5 c pa3HhIMH KoHeTaHTaMH, He npe­

BhlllHUOT 0,2 %, KpoMe 3Haqemrn ,llJill npH­

pO,llHOfO ypaHa H KOHCTaHT, npHrOTOBJieH­

HbIX m cpaiinos ENDF/B-V, ENDF/B-VI, 
,llJill KOTOpbIX 3TH OT.Jlli'IIDI }lOeTH.falOT 0,35 
%, qrn nOJlTBep)K,UaeT aHanorHqHyIO 

oueHKY JlJI.ll llqeeK BB3P-1000 e o6ora­

meHHhIM ypaHOBblM TOnJIHBOM [18]; 
• ,llJill jlqeeK e ypaHOBbIM TOITJIHBOM HaH­

MeHhlllHe OTJIH'UUI 3HaqeHHH kx, llqeeK Ha-

6mo,uaIOTCll OT 3Haqemrn MCNP5 e 6H6-

JIHOTeKoi1 ENDF/B-V (s npe,uenax 0,1 %) 
3a HeKJI10qeHHeM OilllTb )Ke jlqeeK c npH­

pO,llHbIM ypaHoM; 

• }lJill llqeeK e ypaHOBbIM TOnJIHBOM OTJII{qHll 

3HaqenHH kx, jlqeeK JlJill eoeTOllHHH HFP H 

HZP Me)K,Uy JlBYMR. nporpaMMaMH npaKTH­

qeeKH O}lHHaKOBbie; 

• .UJill llqeeK e peaKTopHbIM MOX TOnJIHBOM 

HaHMeHhllrne OTJIHqHll 3HaqeHHH koo Ha-

6mo.ua10Tel1 OT 3HaqettHH MCNP5 e 6H6-

JIHOTeKoi1 ENDF/B-V - s npe,uenax 0,2 %; 
• JlJill HqeeK e peaKTopHhlM MOX TOnJIHBOM 

HaH60JiblllHe OTJIHqll[ 3HaqeHHH kx, llqeeK 

tta6mo.ua10Tell OT 3Ha'-IelIBH MCNP5 e 

6tt6n110TeKaMH ENDF/B-VI H ENDF/B­
VII.0 JlJJll 6oJibIIJHX 3Ha'-IeHHH eo]lep)l(aHHll 

PuO2 B MOX TOITJJHBe - JlO 0,4 % ; 
• JlJill llqeeK e peaKTopHbIM MOX TonnHBOM 

nprucr11qeeKH see paee'lliTaHHbie rro SU­
HAM 3HaqeH11ll kx, jlqeeK MeHbllle 3Haqe-

8k_, % , 8k.., % , 8K0 , 

HFP HZP % 

- 0,25 -0,32 - 6,9 
- 0,34 - 0,33 0,8 
- 0,40 -0,38 2,4 
-0,41 -0,44 - 3, l 
-0,13 -0,24 - 11 ,2 
-0,36 - 0,39 - 3,4 
- 0,57 - 0,60 - 1,9 
-0,70 -0,70 1,2 
- 0,31 - 0,40 -9,9 
-0,57 - 0,61 -4,4 
- 0,73 -0,78 - 3,7 
-0,87 -0,88 0,0 

IDI.H, paeeqHTaHHhIX no MCNP5 e 611611110-

TeKaMH ENDF/B-VI H ENDF/B-VII.0, 3a 

tteKJIIO'-IeHHeM enyqaR. e eo}lep)l(aHHeM 

PuO2 B MOX TOITJJHse, pasHbIM 1,0 %; 
• JlJill llqeeK e op~ettHhIM MOX TOITJJHSOM 

see OTJIJ,iqll[ 3HaqeHHH kx, jlqeeK OT 3Haqe­

HHH MCNP5 oTpHUaTeJJbHbie H npesb1-

IIJa10T no MO,llYJIIO 0,2 %; MaKCHMaJJbHhie 

OTJJH'-1:Hll Ha6JJIO}lal0Tell OT 3HaqeHHH 

MCNP5 e 611611110TeKoH ENDF/B-VII.0 
,llJlll MaKeHMaJibHOfO eo,uep)l(aHHSI PuO2 s 

MOX rnnnHBe - - 0,9 %; 
• JlJill jlqeeK e ypaHOSbIM TOnJIHBOM MaKeH­

MaJJbHOe OTJIHqHe K03fP<PHUHeHTa peaK­

THBHOeTH .D:oIIJiepa, paee'lliTaHHOfO no 

nporpaMMe SUHAM, OT 3HaqeHHH, nony­

qeHHhIX no MCNP5 e pa3HhIMH 6116n110Te­

KaMH, MeHlleTe.ll OT 5,0 JlO 7 ,6 %; 
• JlJill llqeeK e peaKTopHbIM MOX TOIIJJHSOM 

MaKeHMaJJbHOe OTJJl{qJ,fe K03<P<PHUHeHTa 

peaKTHBHOeTH ,ri:onnepa, paee'lliTaHHoro 

no nporpaMMe SOHAM, OT 3HaqeHHH, no­

nyqeHHhIX no MCNP5 e pa3HhIMH 6tt6-

1111OTeKaMH, MeIUleTell OT 5, 1 .n.o 8, 7 %; 
• JlJill .llqeeK e op~ettHhIM MOX TonnttsoM 

MaKCHMaJJbHOe OTnH'-IHe KOJcpqmutteHTa 

peaKTHBHOeTH ,ri:onnepa, paee'lliTaHHOrO 

no nporpaMMe SUHAM, OT 3HaqeHHH, no­

nyqeHHhTX no MCNP5 e pa3HhIMH 6116-

JJHOTeKaMH, MeHlleTCll OT 6,9 JlO 11,2 %; 
• npaKT11qeeKH see 3HaqeHHll K03cpcjmutteH­

Ta peaKTHBHOeTH ,ri:onnepa, paecqHTaHHO­

ro no nporpaMMe SUHAM, no a6eoJIIOT-
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HOH Bem11.nrne Mem,rne 3Ha1JeH11:H, nony­
t.JeHHhIX no MCNP5. 
Cne,nyeT OTMeTHTb, '-ITO ouetteHHM B pa-

6oTe [2] TO'-IHOCTb pacqeTa K03qJqJHUHeHTa 
peaKTHBHOCTH ,D.onnepa .nmr 44-x pac1:1eTOB no 
pa3HblM nporpaMMaM 11 C HCnOJih30BaHHeM 
pa3HbIX cpaHJIOB si,nepHblX .uaHHblX COCTaBJUl:eT 
npHMepHO 10 %. HecMOTpSI Ha TO, '-ITO npe.n­
CTaBJieHHbie OTJlll'IHSI pacqern K03qJqJHUHeHTa 
peaKT11BHOCTJ1 ,D.oIIJiepa no nporpaMMaM SU­
HAM 11 MCNP5 tte npoTHBope1:1aT 3TOH Heon­
pe.neneHHOCTH, OCTaeTCSI HeKOTOpM ttey.uoB­
JieTBOpeHHOCTb nonyqeHHbIMH pacxo)KJl.eHHSI­

MH KaK no koo, TaK H no K03cpcp11u11eHTY peaK­
THBHOCTH ,ll:Onnepa, oco6eHHO ,llllil: siqeeK c 
MOX TOnJIHBOM. I1o-BH.UHMOMY, 3TO cBsi3aHo 
C He.UOCTaTKaMH 6116JIHOTeKH cpaii:JIOB B-645. 

Cne,nyeT OTMeTHTb, '-ITO B HaCTOSIIUee Bpe­
M.SI roTOBHTCSI HOBaSI 6116JIHOTeKa ,llJISI npo­
rpaMMbl UNK [19] c 6onee ,neTaJibHhIM pa3-
6HeHHeM 3HepreTH1JeCKOH IliKaJibI, OCHOBaH­
HM Ha IIOCJie,llHHX BepCHSIX cpaHJIOB SI.UepHbIX 
.naHHbIX. HMeeTCSI onpe.ueneHHM YI3epeH­
HOCTb, lJTO pacqeTbI no KOMnneKcy SUHAM c 
HOBOH 6116JIJ10TeKOH (Kor.na OHa 6y.ueT roTOBa) 
.na.nyr 3HalJeHHSI He:HTpOHHO-cpH3HlJeCKHX 
cpyttKUHOHaJIOB, 6onee 6JIH3KHe K paCClJHTaH­
HbIM no penepHbIM nporpaMMaM THna MCNP. 

3aKJIIO"leHHe 

I1poBe.uetta BepHcpHKaUHSI KOMnJieKca 
nporpaMM SUHAM Ha 6eHqMapK-pac1JeTax 
siqeeK PWR c ypattOBbIM, peaKTopHbIM MOX 
H op)')KeHHbIM MOX Tonn11B0M. CpaBHettHe 
npoBO.llHJIOCb co 3Hat.JeHHSIMH k,., siqeeK 11 K0-
3cpcpHQHeHTa peaKTHBHOCTH ,IJ;onnepa, paCClJH­
TaHHhIM.H no nporpaMMe MCNP5 c cet:JeHHSI­
MH, nonyqeHHbIM.H H3 SI.UepHbIX .uaHHbIX 
ENDF/B-V, ENDF/B-VI H ENDF/B-VII.0. 
T aIOKe yqHThIBaJIHCb pe3yJibTaTbl 44-x pac'-le­

TOB no pa3HbIM nporpaMMaM C HCilOJib3OBaHH­

eM pa3HbIX cpaHJIOB ,naHHbIX, npHBe.ueHHbIX B 

o63ope MocTem1epa. 
Pe3yJibTaThI cpaBHeHHH noKa3bIBaIOT: 

pact:JeTbl k,., Sit:JeeK H K03cp<pHUHeHTa peaKTHB­

HOCTH ,D.onnepa no nporpaMMe SUHAM tta­
xo.ns1:Tcsi BHYTPH ouetteHHhrx tteonpe.nenetttto­
CTeH no BCeM 44-M pacqeTaM. K CO)l(aJieHHIO, 
3TH Heonpe.ueneHHOCTH JlOCTaTOlJHO BeJIHKH. 

CpaBHeHJ1SI c pacqernMH no nporpaMMe 
M CNP5 noKa3aJIH tteKOTOPYIO ttey.uoBnerno-
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peHHOCTb pe3yJibTaTaMH, oco6eHHO ,Zl;Jl}I Sit:JeeK 
c MOX TOTIJIHB0M Ha octtoBe op)')Keiittoro Pu 
(60JJhlliOe co.nep)l(aHHe 239Pu ), 1:ITO CBSI3aH0, 
Il0-BHJJ.HM0MY, C He.U0CTaTKaMH npHMeHSieMOH 
B ttacTOSIIUee BpeM.SI B nporpaMMe SUHAM 
6tt6n1-10TeKH B-645. 
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Y)];K 621.039 
OnHcauHe nporpaMMhl GETERA 

A.B. llpR1lU'lllUK06, 

PHU: "Kyp1-rnTOBCKHH HHCTHTYT", 123182, MocKBa, rrn. Kyp'laToBa, 1 
ITocTynHJia B pe.uaKU:HIO 20.02.2009 r. 

TTp1,rnenetto onHcaHHe nporpaMMbl GETERA, npe.llHa3HalJeHHOH .llJISI paclJeTa HeHTpOHHo-cp1131fLJeCKHX 
xapaKTepHCTHK (H<l>X) SllJeeK H TIOJIHRlJeeK aKTHBHOH 30Hbl Sl)lepHoro peaKTOpa. TTporpaMMa HCTIOJ!b3yeTCSI 
.llJIH nO)lfOTOBKH MaJiorpynnOBblX CelJeHHH, He06XO.llHMbIX np11 TIOJIHOMaClliTa6HOM paclJeTe peaKTopoB, a 
TaJOKe .llJISI aHaJIH3a H<l>X peaKTopa. 

Kll1011e6ble c1106a: SllJeHKa, HeHTpOHHO-cpH3HlJeCKHH pac1.JeT, nonI-01lJei:1Ka, Bb1ropaHHe. 

Description of the GETERA Code. A. V. Prya11iclt11ikov. RRC Kl, Kurchatov sq., 1, Moscow, 123182. A 
description of the GETERA code is presented in this paper. The code is intended for the neutron-physical 
characteristics calculations of the nuclear reactors cells and super cells. The code is used for the few group 
cross-sections preparation which are used in the whole core calculations and for the analysis of reactor neu­
tron-physical characteristics. 

Key words: Cell, Neutron-Physical Calculations, Super Cell, Burn up. 

Beei:.euue 

IlporpaMMa GETERA npe.UHa3Ha'leHa .um1 
pacqeTa Hcl>X H'leeK, nonIDI'leeK H cpparMeH­
TOB aKTHBHOH 30HbT si:.uepHoro peaKTopa. Crn­
U:HoHapttoe ypaBHeHHe nepeHoca HeHTPOHOB 
pewaeTCSI MeTO.UOM Bep051.THOCTeH nepBhIX 

CTOJIKHoBeHHH (BITC), on11caHHbIM, HanpH-

Mep, B [ 1]. BIIC BbI'lliCJI5I.IOTCSI .unsi: 0.UHOMep­

HOH U:HJll-lH,UpH'leCKOH, ccpepw1ecKOH HJIH 

nnocKoH reoMeTPHH. I1pH6Jrn)l(emi:e rron11si:qe­
eK I103BOJI51.eT MO,UeJIHpOBaTb CJIO)l(Hble JJ.By­

MepHhie CHCTeMhl B npennoJIO)l(eHHH TIOCTO­

SIHCTBa IIOTOKa B 30Hax 51.'leeK. 3TOT MeTO.U 
CO0TBeTCTByeT MeTO.UY TIOJIHH'leeK nporpaM­

MhI WIMS [2]. Ilp11MeHeHHe H'leeK c BHyr-
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peHHHMH rprurn:uaMH ,uaeT B03M0)KH0CTb pac­

CtJHTbIBaTh MeTO,UOM rromurqeeK KJiaCTepHbie 

CHCTeMbl, rro.uo6Hbie T0IIJlliBH0MY KaHany 

PEMK, H TOIIJIHB0 C MHKp0TB3JiaMH [3]. bJIOK 

BbITOpamui: pacctJHTbIBaeT 3HeproBbI.UeJieHHe 

H H3MeHeIIBe HyKJIH,UHOro COCTaBa B rrpouecce 

pa60Tbl peaKT0pa. C II0M0lll.blO cpe,ucTB 

ynpaBJieHH.H pactJeTOM M0,UeJIHpyJOTC.H pa3-

JIHlJHbie TOIIJIHBHbie UHKJibl. 

MnKpocetJeHH.H B3aHMo,uei1cTBHH, tteo6-

xo,n.HMbie np11 pactJeTe noneii ttei:irp0H0B, 

rro,AroTaBJIHBaIOTC.H K0MIIJieKC0M CONSYST 

c 6n6mrnTeKOH EHAE-93 [4]. MyJibTHrpyn­

II0Boe (299 rpynn) npe,AcTaBJiettne 3HepreTH­

qecKOH 3aBHCHMOCTH cetJeHHH II03BOJI.HeT pac­

ClJHTbIBaTb urnpOKHH KJiacc CHCTeM c 6hICT­

pbIM, pe30HaHCHbIM H TeIIJIOBbIM crreKTpaMH 

HeHTp0HOB. B HaCTO.Hlll.ee speM.H rrporpaMMa 

HCIIOJih3yeTC.H ,llJI.H pacqeTa TeIIJIOBbIX peaKTO­

pos. Pe3yJibTaThl TeCTHposaHH.H rrporpaMMbl 

GETERA Ha .HtJeiiKax BB3P 11 PEMK rroKaJa­

JIH xopowee cornacne c .APYTHMH crreKrpaJib­
HhIMH nporpaMMaMH H pe3yJibTaTaMH 3KCrre­

pHMeHTOB. 

IlporpaMMa opraHH30BaHa no M0.UYJibH0-

MY IIpHHUHITY, ee MO)KH0 BKJIIOtJaTb B C0CTaB 

,upyrnx nporpaMM H pacurnp.HTh H0BbIM11 pac­

qeTHhIMH MO.AYJI.HMH. 

IlporpaMMa GETERA c03,n.aHa B MH<l>H 

Ha Ka<pe,Ape N!! 5 B 1990 r. EenoycoBbIM H.H., 

IihitJKOBbIM C.A., MapqyI<0M IO.B., Ilp.HHHtJ­

HHK0BhIM A.B. [5]. 3aTeM 0Ha pa3BHBaJiaCb BO 

BHHHA3C B corpy,n.HHtJecTBe c MH<l>H H 

PHU, "KyptJaTOBCKHH HHCTHTyr". IlporpaMMa 

llIHp0K0 rrpHMeH.HeTC.H B HaYtJHOH ,ue.HTeJibHO­

CTH H yqe6HoM rrpouecce MH<l>H, a TaK.)Ke s 

MH<l>H, PHU, "KypqaTOBCKHH HHCTHTYT" H 

BHHHA3C KaK .H'IeetJHM rrporpaMMa .Uilll 

rro,uroT0BKH ManorpynrroBhIX ce'IeHHH. C ee 
II0M0lll.blO rro,ur0T0BJieHhl 6n6mrnTeKH ceqe­

HHH, HCII0Jib3yeMbie rrpH C03,UaHHH aHaJIHTH­

qecKHX n IIOJIHOMaCrnTa6HbIX rpeHa)KepoB 

A3C [6 . .. 8]. 

1. PaC'leT npocTpaHCTBeHHO-'.)Hepre­

TH'leCKOro pacnpe,!leJieHHH HeHTpOHOB 

Mern.u BIIC xopowo ce6.H 3apeK0MeH,n.o­

san B .HtJeetJHhIX pactJeTax. C Il0M0lll.blO Hero 

MO)KH0 6bICTpo n c rrpHeMneM0H T0lfil0CTbJO 
HaHTH pewemre B CHCTeMaX C He CJIHllIK0M 
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60JibllIHM K0JIHtJeCTB0M 30H. B HaCT0.Hillee 

speM.H rrporpaMMa GETERA pacclJHTb1BaeT 

.HlJeHKH H IIOJIIUltJeHKH C ti:HCJI0M 30H He 6onee 

200. 
YpaBHeHue nepeHoca HeumpoHoB 6 .Memo­

oe BflC. PaCCM0TIJHM CHCTeMy, C0CT0.Hlll.yJO 

H3 N roMoreHHbIX 30H. YpaBHeHHe rrepeHoca 

HeHTp0H0B s Mern,ue BIIC 110nyqaeTc.H H3 

ypasHeHH.H Ilaiiepnca H 3aIIHCbIBaeTC.H B CJie­

.uyrolll.eM BH,Ue: 

L,~~k = 

= "IJ~:[-1-x:f v12./F,' + }:2.~7"'kF,'], (1) 
,;, k.rr ,;, ,;, 

r,ue 2.,~ - rroJIHoe ceti:eHHe s 30He j, rpynne k; 

F/ - II0T0K, YMHO)KeHHbIH Ha 061,eM; V f l,/ -

cet:IeHHe rettepau1rn HeiirpoH0B ,AeJieHH.H; x~ -
crreKrp HeiiTp0H0B ,AeJieHH.H; 2.:;k - 3JieMeHTbl 

MarpHUbl pacceHHH.H H3 rpYIJIIbl / B rpynrry k. 
IlpH BblB0.[le ypaBHeHHH ( 1) rrpHMeHeHbl 

,nBa rrpH6JIH)KeHHH: "rrJIOCKJ,{X" II0T0K0B H 

H30TIJ0IIHbIX HCT0ti:HHK0B pacceHHH.H H ,Aene­

HH.H. OllIH6Ky, CB.H3aHHyJO C rrpn6JIH)KeHHeM 

"IIJIOCKoro" Il0T0Ka, YMeHblllalOT, pa36HBM 

Ht:IeiiKy Ha 6oJiblllee tJHCJI0 30H. AHH3orponwro 

pacceHHHH rrpH6JIH)KeHHO yqHTbIBalOT, rrpH­

MeH.H.H rpaHCII0pTH0e rrpH6JIJ1.)KeHlie. 

B ypaBHeHHlf rrepeH0Ca (1) HCII0Jlb3YeTC.H 

Bep0.HTH0CTb ~k ' K0T0pM npe,ACTaBJI.HeT co-

6oH sepo.HTH0CTh Hei:irpotty rpynnhl k, po­

.UHBIIIeMyc.H B 30He i OT 0,UH0po,uttoro H H30-

rponHoro HCT0tJHHKa, HCIIbITaTb rrepBoe co­

y.AapeHHe B 30He j. Toti:Hoe Bbipa)KeHHe .[lJI..H 

sep0.HTH0CTH P,: 3anHCbIBaeTC.H KaK 
1,-,1 
- f 1:: (., )ds 

l, k o 

p k = _!J_ ff e drdr', (2) 
u 4n lr-r'I 

VI V, 

r.ue V, H Y.i - 061,eMhl 30H i H j, C00TBeTCTBeH­

Ho; r, r' - pa,unyc-BeKT0pbl T0tJeK B 061,eMaX 

V; H ~ - C00TBeTCTBeHH0; s - ITYTh Me)KJ:ly T0ti:­

KaMH r, r'. 
Ilocne BhitJHCJieHHH sepo.HTHOcTeii P,; 

ypaBHeHHe ( 1) pelllaeTC.H MeTO,U0M HTepauHH 

HCT0tJHHKa. ,[(lll onpe,AeJieHH.H pacrrpe.AeJie­

HH.H Il0T0K0B no 30HaM npHMeH.HeTC.H MeT0,U 

faycca c qacTHlJHbIM BhI6opoM Be,AYll.J.ero 

3JieMeHTa [9]. CrreKTp HeHrp0H0B onpe.11.en.H-



eTC>I C ITOMOIUhIO HTepaUHOHHOro MeTOJ].a ra­

ycca - 3ei1.D.eJIH [ l O]. 

Pac'lem 6epOJmmocmeu 6 0011.oMepHbtx 
i,W1u11.opu'leCKUX u c¢epu'lecKux R'leii.Kax. 
ITporpaMMa GETERA pacctfHTbIBaeT BITC B 

OJJ.HOMepHoi-i >I'leHKe. BITC B .D.By-MepHoi-i c11c­

reMe paCC'lHTbIBalOTC>I B rrp116mrn<emrn ITOJIH­

WieeK, B KOTOpOM TaIOKe HCITOJib3)'10TC>I Bepo­

>ITHOCTH O.D.HOMepHblX >1qeeK. 

ITpocrei-irnei-i 11 Ha116onee yrrorpe611Tefil­

ttoi-i crpyKTypoi-i .D.nH Hei-irpoHH0-

¢11311qecKoro pacqera CJI)')KHT JPiei-iKa BHTHe­

pa - 3ei1ua. Otta npe.D.CTaBnHeT co6ou O.D.HO­

MepH)'IO uettrpanbHO CHMMerpHW)'IO >1qei1Ky, 

COCTO>Illl)'IO 113 UHJIHH.D.p11qecKHX HJIH c¢epH­

qeCKHX 30H. PacCMOTpHM pac11eT sepOHTHOCTH 

P;f B WieiiKe B11rnepa - 3euua. HoMep rpyrr-

UhI k orrycTHM. <I>opMyJibl .D.nH BhPIHCJieHHH ½ 
B3>ITbl H3 pa6oT [ 11. .. 13]. 

l1HTerp11posaHHe Bbipa)KeHHH (2) npOBO­

.D.HJIOCb B rrpe.D.IIOJIO)KeHHH, qTo HeHrpOHbl ne­

peceKaIOT rpaHHUbl Ka)K}lOH 30Hbl C yrJIOBbIM 

pacrrpe.aeneHHeM, nporropuHOHaJibHbIM KOCH­

Hycy yrna Me)K.Lly HanpaBneHHeM }lBH)KeHH>I 

Hei-irpoHa H HOpMaJiblO K IIOBepxHOCTH. Bepo­

HTHOCTH pl} Bbipa)KalOTC>I qepe3 BeJII.P-IHHbl 

P,vi 11 P/0
, npe.D.CTaBnHIOIUHe co6ou sepo>IT­

HOCTH HeHrpOHY, po)K.LleHHOMY B 30He i, no­

KKHYTh 3TY 30HY qepe3 ee cooTBeTCTBeHHO 

BHyrpeHH10IO (i) mrn BHelIIHI-010 ( 0) rpairnuy. 

B pa6ore [ 11] npKBeJ].eHhl CJie.D.)'lOIUHe 

Bhlpa)KeHK>I .D.JI>I pacqeTa ½ , B cnyqae i < j 

011pe}len>1eMbie KaK 

P= 
lj 

(p vo + P "'Qoo p iv )piv · = ·+l· 
1 1 ,-1 , J , } l , 

(p vo + P"' Qoo p iv )Piv X 
I I t-1 I j 

J - 1 

X IT (Pi,'o ),J > (i + 1), 
k= t+I 

(3) 

r ,Lle Q,00 
- sepo>ITHOCTh Hei-iTpoHy nepece'!h 

30HhI c HOMepaMH k :S i ; P/0 
- sepo>ITHOCTh 

Hei-irpoHy, sneTeBilleMy qepe3 BHyrpeHHIOIO 

rpamnzy, BbIJieTeTb qepe3 BHelIIHIOIO rpaHHUY-

Bepo>ITHOCTb Q,00 HaXO}lHM IIOCJie.D.OBa­

TemHo· Qoo = Q . Qoo = p o•Qoo p io + p oo f .LJ.e 
• 0 ' I I J-1 I I ' 

P,00 
- BepO>ITHOCTH HeHrpOHY, BJieTeBrneMy 

qepe3 BHellIHIOIO rpaHHUy, BbIJieTeTb qepe3 

BHelllHIOIO rpaHHUY- O11eBH.LJ.HO, 4TO 

p oo = Qoo p oo = l _ p ov _ p o• p io = l _ p iv 
I I ' , , , ' , , ' 

p oi = p io Si /so . KpoMe , , , , Toro, H3 cooTHOIIIe-

HHH B3aHMHOCTH [l] cne)lyeT 

1t = P,'" ( 4V;/ s: )r;. 
BepO>ITHOCTb ½ .D.JI>I cnyqa>I i > j Haxo-

.D.HTC>I 11epe3 COOTHOllleHHe 3KBHBaJieHTH0CTH 

½IY, = ½,I 1V1 
[ l]. TaKHM o6pa30M, 3a.n,a11a 

CBeJiaCb K Bhfl-lHCJieHHIO P,vi H P,vo . 8 )laJih­

HeHlllliX paccy)K.LleHK>IX orrycTHM HHJ].eKC i B 

Bbipa)KeHH>IX J].JI>I P,vi H P,vo . 

Pacl./em 6epoRmHocmeu p vi u p vo 6 11u­

/l.UHOpU'leCKOU 2e0Mempuu. B cnyqae 0.1lHO­

MepHoH UI1JIHH.D.pH1IeCKOH reoMerpHH sepO>IT­

HOCTH p vi H p vo Bbipa)KaIOTC>I 4epe3 OIIpe}le-

JieHHbie HHTerpanbI OT ¢YHKUHH DHKJIH 

Ki3 (~) B CJie.D.)'IOIUeM BHJ].e [12): 

p vi _ 2 [n h ( z )
2 

- 7tZ (1 + h) 4 - H X 

+l;Ki,(~)(,/H' -,/h' -~' )} 

p vo =Pvi + 2 [n(l-h)-~x 
nz (1 + h) 4 l -h 

X ! dl;Ki, (~),/! - ~' l ( 4) 

r.D.e h = ri/ r0
' z = r(r0 

- ri) , ri - BHyrpeHHHH 

pa.1lHYC 30HhI, r0 
- BHeIIIHHH pa.D.HYC 30HhI, 

q>ym<UH>I DHKJIH rrop>I.D.Ka n npe.D.CTaBJI>IeT co-

6ou HHTerpan 

Ki,, (~) = I_ f exp ( -~) · sin"-
1 
0d0. 

2 
0 

sm0 

,l],AA ycKopeHHH pacqeT0B Bepo>ITHOCTeH 

p vi H p vo B UHJIHH.D.PH'leCKOH re0Merp1rn 

rrpHMeHfilOTC>I rrp116nm1<eHHbie cpopMYJibl DO­

HaJIYMH [ 12]. KaK ITOKa3bIBaIOT paC'IeThl, HC­

ITOJib30BaHHe 3TI1X cpopMyJI IT03BOJIReT rrony-

11aTb ITOTOKH Hei-irpOHOB C Y.D.OBJieTBOpHTeJib­

HOH TO'IH0CThIO, eCJIH OITTH'leCKa>I TOJIIUHHa 

30H Jr'leHKH He CJIHIIIKOM Mana, T.e. BbIITOJIIDl-

eTC>I ycnosHe I ( r 0 
- ri ) > 0, l . ,l],AA pac'IeTa 

65 



TOHKHX 3OH B nporpaMMe GETERA pearr113O­

BaH arrropHTM qJ1cneHHoro pacY:eTa onpe.n;e­

neHHhIX HHTerparrOB OT <PYHKUHH .bHKJlH 

Ki3 (~). ,z::i:n.si: HHTerpHpoBaHH.sI IIpHMeH.sieTC.sI 

nporpaMMa DCADRE H3 6116n110TeKH npo­

rpaMM IMSL [14) . 
.bOHarI}'MH npRBO.D;HT cne.n;yroruee Bbipa-

)KeHHe .D;Jl.sI BepO.sITHOCTH piv : 

z Ki2 (z/2) 
__c:......:_~x 

l-hKi3 (z/2) 

x(r(h)-: h-(1-h)J 

1-Ki (z) 
p iv = 3 exp 

rc/ 4 

BepO.sITHOCTh p vi BhI'-lHCm1eTC.sI qepe3 co­

OTHOIIIem1e B3aHMHOCTH. pvo HaXO.D;HM IIO 

Q)OpMyJie p vo = 1-Pct - ( 1-piv) P'1 
, r.n;e 

Povv npe.n;CTaBJI.sieT co6oi1: Bepo.sITHOCTh HeH­

TPOHY, pO.D;HBIIIeMyc.si: OT O)lHOpO.D;HOro H3O­

TpOIIHOro HCTOqHHKa B 30He, npeTepneTb B 

HeH coy.n;apem1e np11 ycnoBHH, '-ITO o6nacn,, 

orpaHHqeHHa.sI BHYTpeHHeH IIOBepXHOCThlO, -

nycTOTa. ,z::i:mi: pacl:feTa Pt HCIIOJlh3yeTC.sI 

Q)OPMYJia 

Povv = 

{

~(z(l - h)) , h < 0,7; 

= ( 1+3z (l-h) J ~ z(l-h)F(h) ( ) () , h ?. 0,7, 
1+3z l+h F h 

r.n;e ~ (z = 1:r) - BTIC HeHTPOHa, pon11Brne­

roc.s1 B 6eCKOHe'-IHOM UHJIHH.n;pe pa.D;HyCOM r 11 

C HeHTPOHHhIM ce"leHHeM L. ,z::i:mi: pacqeTa ~ 

IIpHMemi:eTC.sI anrrpOKCHMaUHOHHa.sI cpopMyna 

~(z)= 

1,25z - 0, 5z2 (1, 25 - 0,57722- ln (0, 5z)), 

= z < 0,1; 

1--
1 

( 1-(1+~JJ-4,5s z?. 0 1. 
2z 4,58 ' ' 

B IIpH6JIH)KeHHhIX Bbipa)KeHH.sIX .l];Jl,SI pac­

'-leTa Bepo.si:THOCTeH HCTIOJlh3OBaJIHCb CJie­

.n;yromne q:>yHKUHH: 

T(h) = ½( arc~n h -✓l-h} 
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0 

<PyuKUHH K (h), E ( h) H Q)YHKUHH .bHKJlH 

Kii(z), Ki3 ( Z) paccqHTbJBaIOTC.sI C TIOMOlllhlO 

JIHHeHHOH HHTepnomm1111 3apaHee pacc'-IH­

TaHHhIX 3HaqeHHH. 

Paci/em eepoam,wcmeu p vi u p vo e crjJe­

pu'lecKou zeoMempuu. B cnyqae c<pep11qecKoH 

30Hbl C BHYTPeHHeH IIOBepXHOCTblO BepO.sITHO­

CTH p vi H p vo BhNHCJl..sIIOTC.sI TIO q>OpMyJiaM 

[14). 
,z::i:n.si: rrepBOH 3OHhl BepO.sITHOCTH paccrrn­

TbIBaIOTC.sI KaK 

,z::i:m1 IIOCJle)lyi<>IUHX 30H Bepo.sITHOCTH BhI­

q}iCmIIOTC.sI IIO cpopMyJiaM 

. 3 h2 _po• 
pvi = 

4z(l+h+h2
) ' 

-
r.n;e E3 ( Z) = f u-3e-=u du - HHTerparrbHa.sI 3KC-

notteHTa. 

TipH pac'-leTe BepO.sITHOCTeH p vi H p vo B 

TOHKHX 3OHax IIpHMeH.sieTC.sI pa3JIO)KeHHe BbI­

pa)KeHHH (5) 11 (6) B p.si:.n;. ToHKHMH C'-IHTalOTC.sI 

3OHhl, llml KOTOpbIX BhlIIOJIH.sieTCSI ycJIOBHe 

✓(l+h)/(1-h) <0,01. 



• 
Pac1.Jem eepoRmHocmu e ooHoMepHou 

nflOCKOU 2e0Mempuu. B pe3ynI>TaTe HHTerpH­

poBaHIDI (2) B 0.llHOMepHOH IlJIOCKOH reoMeT­

pHH nonyqaeTC.R. cne.uy10IUee sblpa)KeHHe ,um1. 

P;/ 

1--1- (~-E (L Lix )) i = 1·· LllX 2 3 I I ' ' 
I I 

1 -(£3 (LLix )-E3 (LLix+L,Lix, )-
L,Lix, 

-E3 (LLix+L
1
Lixj )+ E3 (LLix+L,Lix, +L

1
Lix1 )), 

i * j, 
r.ue L,Lix, - OilTHqecKa.R. TOJll.I.lHHa 30Hbl i ; X -

CYMMapHa.R. OilTHqecKaH TOJIIUHHa 30H, Haxo­

,ll.R.IUHXC.R. Me)K,lly 30HaMH i Hj. 

Pac1.Jem BJJC e noflUR.1.JeuKe. 06brrno pac­

qeT noneii HeHTpOHOB s o,uHoMepHoH Hqei1Ke 

BHrnepa - 3ei1ua cn~HT .UAA rronyqeHH.R. ro­

MoreHH3HposaHHhIX ceqeHHH. 3aTeM 3TH ce­

qeHHR HCilOJib3YJOTCR B IlOJIHOMacuJTa6HhlX 

pacqeTax aKTHBHbIX 30H peaKTOpOB . .5J:qei1Ka 

BHrnepa - 3ei1ua c ycrrexoM npHMeHReTcH 

rrpH pacqeTe peaKTopa, npe,ucTaBJI.R.IOIIlero co-

6oii O,UHOpO,UHYJO HJIH cna6o Heo.rmopO.UHYJO 

perneTKY H3 UHJIHH,UpHqecKHX TOilJJHBHbIX 

3JieMeHTOB, OKp~eHHbIX 3aMe,UJIHTeJieM. 

0,uHaKo c IlOMOillbIO O,UHOMepHOH .sr'leHKH 

HeJib3.R. CMO,UeJIHpOBaTb HeO,UHOpO.UHYJO pe­

weTKY H3 TOilJIHBHbIX 3JieMeHTOB Fl IlOrJIOT.11-

TeJieH, a TeM 6onee KJiaCTepHYJO CHCTeMy. )]:JIH 

3TOro Tpe6yeTCH .UBYMepHblli pacqeT. ITpo­

rpaMMa GETERA 11cnon1,3yeT .UJIH .UBYMepHo­

ro pac'-Iera rrpH6JIH)KeHHe r10nm1:qeeK. qaIUe 

scero MeTO.ll IlOJIHJiqeeK npHMeHHeTCH ,UJIH 

Mo,uenHposaHHH oKp~eHHH H'-IeHKH. Ero Hc­

noJih3YJOT H .um, .UBYMepHoro pacqeTa CHCTeM 

c He6om,lIIHMlf HeO,UHOpO.UHOCTHMH, HanpH­

Mep, .llJIH pacqera TBC 6e3 nornoTHTeneii 

BB3P. 
OcHOBHa.R. H.lleH :noro MeTO,ua COCTOHT B 

TOM, qTO BITC s .llBYMepHOH cHcTeMe npH-

6JIH)KeHHO BbPIHCJ1.R.IOT qepe3 sepoHTHOCTH, 

nonyqeHHbie )IJ1H OL{HOMepHbIX .R.qeeK BHrHepa 

- 3d1ua. )]:JIH 3TOro CHCTeMa pa36HBaeTCH Ha 

cpparMeHThI, B Ka)K.[{OM H3 KOTOpbIX IIOTOK 

HeHTpOHOB paccqHTbIBaeTCH B 0.llHOMepHOM 

IIpH6JIH)KeHHH. ,LJ:anee 3TOT cpparMeHT Ha3bIBa-

eTCH .R.'-Iem<OH IIOJIH.R.'lem<H. 5lqe0.KH BbI6Hpa­

lOTCH TaK, qT061,1 C"IHTaTb 0.[lHHaKOBbIMH rro­

TOKH H TOKH HeHTpOHOB no rrepHMeTpy. TOK 

HeHTpOHOB, sTeKaIOIUHH s H'leHKY, rrpe.ucras­

JI.R.eTcH B BH.[le CYMMbI TOKOB, nporropuHo­

HaJihHbIX IIJIOIUa)I.R.M 06IUHX rpaHHU H'-IeeK, 

Ji = ~ s/J J o (7) 
I L..J S J' 

J I 

r )Ie Su - o6IUa.R. IIJIOIUMb gqeeK I" J; J ~ - TOK 

HeHTpOHOB, BTeKaIOIUHX (i) B RtJeHKY I; J;­
TOK HeHTpOHOB, BbITeKaIOIUHX ( 0) H3 .R.qeHKH 

J; S1 - IIJIOIUa.llh j{qeHKH I. 
CHCTeMy ypaBHeHHH (7) MO)KHO rrpe.ucTa­

BHTb B MaTpHqHoM BH.lle 

i = AJ0
, (8) 

r)Ie MaTpHUa A COCTOHT H3 3JleMeHTOB 

a1J = Su / S1 , rrpe,ncTasnRIOIUHX co6oi1 .uonro 

o6IUeH rrnoIUMH j{qeeK I H J no OTHornemno K 

rrnoIUa.llH j{qeHKH I. Mcxo.lIH H3 3Toro orrpeae­

neHHH, Ha30BeM MaTpHUY A anh6e,nHoH. 011-

pe,uenem1e (7) rro3soJI.R.eT paccqHTaTh BTIC B 

rron11Hqei1Ke. JJ:nH :noro 3arrmneM ypasHem1e 

6anaHca HeHTpOHOB B nonmrl:leHKe, aHanorH1:J­

Hoe ypasHeHHIO 6ananca B .R.qeifKe (1). Ka)K­

.lla.R. H'leHKa 11pe,UCTaBJI.R.eT co6oH 0.llHOMepHYJO 

j{qem<y B11rttepa - 3eiiua. OrrycTHB HOMep 

rpynrrhI, 3aIIHilleM ypasHettHe 6anaHca 

(9) 

KpoMe Toro TOK, BhITeKaIOIUHH H3 .srtJeHKH 

I, MO)KHO rrpe,UCTaBHTb B BH,lle 

J o= ~Q p vb + J 'P,bb (10) 
I L..J 11 11 · 

J 

B (9) H (10) HCII0Jlh3YJOTCH cneayioIUHe 

o6o3Ha11eHHH: i H j - HOMepa 30H, rrp1rnaane­

)KaruHX j{qeHKe I; Q; - HCTO'lHHK pacce.srHHH H 

)Ien emrn s 30He I; Py0 
- BITC .lIAA j{qeHKH c 

11epHbIMH rpaHHUaMH; ~ bv - BepOHTHOCTb 

HeHTpoHy, BJieTesrneMy 11epe3 rpaHHUY (b) 
H'leHKH I, HCIIhITaTh B HeH rrepsoe coy,napeHHe 

B 30He j ; ~ vb - sepo.R.TROCTb HeHTpOHY, po­

.lIHBIIIeMyCH B 30He j , )IOJieTeTb )IO rpaHHUbI 

j{qeHKH I 6e3 CTOJIKHO,BeHIDI; Pibb - sepOHT­

HOCTb HeHTpOHY nponeTeTb .srtJeHKY I 6e3 

CTOJ1KHOBemrn. CHCTeMhI ypaBHeHI-IH (9), ( 10) 
MO)KHO 3aIIHCaTb B MaTpH'lHOM BH)Ie 
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l:F = [ pO T Q + pbv i ; ) 
Jo = pvbQ + pbb i . 

(11) 

Pa3pern11B MaTJ)H'iHhie ypaBHeHmI ( 11) 
OTHOCHTeJJhHO TIOTOKOB, TIOJJ)"IHM cne.uyroruee 

Bhipa)l(eHHe .umi: Bep051.THOCTI1 B TIOJIHH'ieHKe: 

p = pO + pbv AT ( E _ pbb AT r' pvb. ( 12) 

Pbv pbb u 
ITocKOJJhKY 3JJeMeHThl MaTJ)HI-l , n 

pvb MOryT 6hITh nonyqeHhI npH pacqeTe :rne­

MeHTOB MaTJ)HI.-lhl P0
, TO ,UJJ51. pacqeTa Bep051.T­

HOCTeH B TIOJIH51.'iefi:Ke .ll,OCTaTO'iHO paccqMTaTh 

MaTJ)MUhl BepOHTHOCTdi: .ll,AA .sI"IeeK C qepHhIMH 

rpairnuaMH, a TaK)l(e onpe.n.enHTh MaTpHl-lY A. 
Ecn11 npoc-rpaHcrneHHoe pacnpe.n.eneHHe 

TIOTOKa no nepHMe-rpy 51.'ieHKH 3aaq11TeJJhHO 

OTJJH'iaeTC5.I OT IIOCTOWHOro, TO Bee j["qeii:KH B 

TIOJJI1.sI1'IeHKe MO)l(HO H3MeHHTh, no.n.npaBHB 

3JJeMeHThl MaTJ)Hl-lhI A. 

Pacl.(em HeumpOHHblX nomoK06 6 nOJlU­

R'-leUKe c o<JuHaKOBblMU R'-leuKa.MU. MeTO.D.HKY 

pacqeTa BepOUHOCTeH B IlOJJl-fj[':IeHKe MO)l(HO 

rrpHMeHHTh .ll,JJ51. ynporueHHOro OIIHCaHH5.I 

CJJO)KHblX CHCTeM, oco6eHHO eCJJH Heo6xo.ll,H­

MO 3HaTh TO':IHhIH crreK-rp TOJJhKO B HeKOTOphIX 

.sI1'IeHKax IIOJJHj[':IeHKH. PaccMOTJ)HM noJJH-

5.11:IeHKY peaKTopa, B KOTopoii HMeIOTCH .sI"IeHKH 

c O.ll,HHaKOBhIM HeH-rpOHHhIM IlOTOKOM. 3To 

.ll,OJJ)l(Hhl 6bITh 5.l'ieHKH c O.ll,HHaKOBhIMH COCTa­

BOM H pa3MepaMH, a TaK)l(e CHMMe-rp11qHO 

paCIIOJJO)KeHHble OTHOCHTeJlhHO .n.pyrHx 5.11:IeeK, 

HanpHMep, 5.11:IeHKH c HOMepaMH 2 Ha pHC. 1. 
I10JJH5.11:IeHKa, H306pa)KeHHaR Ha pHC. 1, 

COCTOHT H3 'ieTbipex 5.11:IeeK -rpex THilOB. Qqe­

BH)lHO, 'ITO pacnpe.n.eneHH51. IlOTOKOB HeH-rpo­

HOB B 5.l'ieHKax BTOporo THna 6y)lyT H)leHTH'I­

HhIMH. IloTOKH B 3THX 5.11:IeHKax onpe.ueJJj[IQTCH 

O)lHHaKOBhIMH ypaBHeHHHMH, TI03TOMY, CJlO­

)KHB ypaBHeHl{j[ .ZJ.1151. 3THX 51.qeeK B (9) H ( 10), 

3 2 3 2 

2 1 2 1 

3 2 3 2 

2 I 2 I 
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rronyqHM CHCTeMy ypaBHeHHH He .n.m 4-x 51.qe­

eK, a .um 3-x. 3neMeHThl MaTpHUhl A paCCqJf­

ThIBaEOTCH C yqeTOM Toro, '-!TO 5.11:IeeK BTOporo 

THIIa - .ll,Be: 

0 

A= 0,5 

0 

1 0 

0 0,5 

1 0 

KpoMe Toro Ha.ll,O yqeCTh, 'ITO CYMMapHhlli 

061,eM HqeeK BToporo nrna B )lBa pa3a 6oJJh­

rne. CYMMapHhIH 061>eM pacCqJfThIBaeM qepe3 

N2-KpaTHOCTh KaK v2 = N2V . BBe.ll,eHHe KpaT­

HOCTeH cyruecrneHHO YMeHhrnaeT 'IBCJJO 

ypaBHeHHH. HanpHMep, ec1111 B nonn51.1:1ei1:Ke, 

H306pa)l(eHHOH Ha pHC. 1, 5.l'ieHKa HOMep 3 

HMeeT Te )Ke rrapaMeTJ)hI, 'iTO H 51.qeiiKa HOMep 

2, TO MO)l(HO npe.unoJJO)Kl{Th, qTo pacrrpe.n.e­

neHHe HeH-rpOHOB B HeH 6y.n.eT npHMepHO Ta­

KHM )Ke. ITonyqeHHaR TIOJJHH'leHKa COCTOHT 113 

qeTbipex 51.qeeK )lByx THTIOB. N2-KpaTHOCTh 

.sI"IeHKH BTOporo THila paaHa 3, a aJih6e.ll,HaR 

Ma-rp11ua BhITJl51..ll,HT KaK 

0 1 

A=½ ½ 
.LJ:arree OIII1ChIBaeTC5.I rrpHeM, KOTOphIH 

OKa3hrnaeTCH none3HhIM rrp11 pac'ieTe cneK-rpa 

HeHTpOHOB B 51.'ieHKe 0.ll,HOro THna, OKp~eH­

HOH 60JlhllIHM KOJlH'ieCTBOM 5.1qeeK .n.pyroro 

TMna. OH HCilOJlh3yeTC51. )lJl_jl MO.ll,en11poBaHH51. 

cneK-rpa HeHTJ)OHOB B 51.qeifKe C rpaHHl!HhIMH 

ycJJOBHHMH, He 3aBHCfilUHMH OT COCTaBa pac­

CMa-rpHBaeMOH 51.1:IeHKH. ITyCTh paccMa-rpH­

BaeMyIO .sI"IeHKY OKp~aIOT N O.ll,HHaKOBhIX 

.sI"IeeK. PaccMOTJ)HM rro11115.11:1eifKy, cocTOHIU)'lO 

113 (N + 1) HqeeK .n.Byx THTIOB. Ma-rpHl-la A .D.JJH 

paccMaTJ)HBaeMOH IIOJlH.sI1'IeHKH 3aTIHChIBaeTC51. 

0 1 

A=¼ 1-¼· 
EcnH q11cno N .n.ocTaTO'iHO 6onhrnoe, TO 

CBOHCTBa BCeH CHCTeMbI onpe.n.enHIOTCH TOJlh­

KO OKp~alOIUHMH 51.'ieHKaMH H He 3aBHC51.T OT 

paccMa-rpHBaeMoH 5.1qeHKH. 

Pac'iem KJlacmepHblX R'ieeK. Ha p11c. 2 
noKaJaH rnrrnMBHhIH Kattan P£MK. B rrepBoH 

aepcm1 rrporpaMMhI GETERA TaK)'lO CHCTeMy 

rrpe.n.cTaBJl51.JlH B BH.ll,e O.ll,HOMepHOH 1-lHJlHH.ll,­

paqecKOH j["'ieHKH, pacrronaraR TOJIJJHBO B BH­

.n.e KOHUeHTJ)H'leCKHX CJJOeB . .LJ:1151. npaBMJJhHO-



Terr110HOCHTeJ1b - B0,lla 

f paqmTOBhlH 

3aMe)lJ1HTeJ1h 

T OITJIHBHhie 

6J10KH 

P1-1c. 2. TonnHBHhIH KaHan P6MK 

ro Y'{eTa pe30HaHCH0f0 rror11om:eHml B T0IT­

JIHBHhIX 6JIOKax ( CM. pa3,lleJI Il0,llr0T0BKH 

rpynrr0BhIX ceqem{H B pe30HfiliCHOH 0611acn1) 

npHX0,llHJI0Ch npHMemITh oco6hie M0,lleJIH. B 

OIIHChIBaeMOH BepCHH rrporpaMMbI MeT0)l II0-

JIHH'IeeK ycoBeprneHCTB0BaH ,llJIJI pacqeTa Ka­

HaJI0B PEMK u .llpyrnx KJiacTepHhIX c11cTeM 

[7]. 
Ha puc. 3 rroKaJaHa rromur11eifKa, rrpe,ll­

CTaBn.snom:rui: KaHan PEMK. OHa C0CT0HT 113 

HeCK0JihKHX T0ITJIHBHhIX HIJeeK H j{qeiiKH 3a­

Me,llJIHTeJIH. Oco6eHHOCThIO 51qei1KH 3aMe,llJIH­

TeJIH 5IBJI5IeTCH HaJil1lJHe .llByx IIOBepXHOCTeH: 

BHenrneH ~ H BHyrpeHHeH s. BH.ll CHCTeMhl 

(11) ypaBHeHHH rrepeH0Ca HeHrpOHOB B TaKOH 

nonmrqei1Ke M0)KeT 6hITh coxpaHeH npe)KHHM. 

il3MeHHeTC51 anropHTM )lJIJI pacqeTa BeJIJtqHH, 

CB513aHHhIX C rrepeT0KaMH HeHrpOHOB H3 

H'IeHKH B 5111eiiKy. Tiepeorrpe,llemuoTCR :rne­

MeHThI, 0IIHCbIBa10m:11e Bep05ITH0CTH rrona,lla­

HH51 HeHTpOHOB H3 O,llHOH HlJeHKH B ,llpyryIO. 

3To KacaeTCH Marpmi; pbv, pbb' pvb u A. 
B CJ1Y'{ae, K0r,lla HqeHKH HMeIOT T0JihK0 

v pbv 
0.llHY rpamruy, Ka)K,llhIH 3JieMeHT MarpHI.{hl 

rrpe,llCTaBJIHeT co6oii Bep0HTH0CTh ueiirpoHy, 

BJieTeBrneMy B RIJeHKY, rrpeTepneTh nepBoe 

coy,llapeHHe B OJ.J;HOH 113 30H 5IqeifKH. ,[(ml 
H11eiiK11 c .llBYM5J: rpaHHUaMH Ka)K)lhIH 3JieMeHT 

Pbv pbov 
Marp11UhI pacm:errJIHeTCH Ha )lBa: Ha i -

BepoHTH0CTh tteiirpoHy BJieTeTh 11epe3 BHern­

HlOIO rpa!ii-m;y H rrpeTeprreTh CT0JIKH0BeHHe B 

30He i 11 P,biv - Bep0HTH0CTh HeHrpOHY BJieTeTh 

qepe3 BHYTpeHHIOIO rpamuly H rrpeTeprreTh 

CT0JIKH0BeHHe B 30He i. Pa3MepHOCTh J.J;Haro­

HaJihHOH MarpHUhl pbv Y.llBaHBaeTCH: 

pbov 0 
pbv = 

0 pbiv . 

TIO)l06HhlM )Ke o6pa30M Y.llBal1BaeTCH 

pa3MepH0CTh MarpHUhI pvb_ MarpHUa pbb 3a­

MeHHeTC51 Ha Marp11uy, C0CT05IlllyIO 113 qeTbI­

pex Marpuu: 

pbobo pbob, 

Pbb 
- pbibo pbib, 

CMbICJI Ka)K)lOH 113 npHBe,lleHHhIX BepoHTH0-

cTeii HCeH 113 HX o603HaqeHHH. 

/ TonnHBHrui H'-leifl<a 

@/ ..__n_e_p_s_o_ro_p_ll.D._a _ __, 

@~ TorumBHaJI ll4eHKa 
BToporo pll.na 

~~~ 
5l.4eHKa TeXH0JT0-
fH'-leCKOH Tpy6b1 
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AmUior111nu,IM o6pa30M MalpKUa A pac­

ruemrneTcH Ha qeTbrpe MalpHUhI, npe)lcTaB­

muoru11e co6oii .IlOJIH TOKOB HeHTpOHOB, nepe­

TeKaIOIUHX H3 OJlHOM jfqeHKH B .upyryio qepe3 

COOTBeTCTB)'IOIUHe noBepXHOCTH: 

Aoo Aoi 

Ka)K,[{hIH 3JieMeHT nonHoii MaTPHUhI A 
npe.UCTaBJIHeT co6oH a.JI.b6e.UHbie MaTpHI.{hI )lJIH 

COOTBeTCTB)'IOIUHX BHyrpeHHHX H BHelllHHX 

noBepxHOCTeH. 
Ilo,ucTaBHB paClllHpeHHbie MalpHUbI pbv, 

pbb, pvb 11 AB CHCTeMy (11) , TIOJiyqHM Bbipa­

)l(em1e .UJIH BITC, coBna.uaIOruee c (12). 

C BBe)leHHeM BTopoii noBepxHOCTH y 

HtJeHKH TIOHBHJiaCb B03MO)l(HOCTh paCC'IBThI­

BaTb CHCTeMbI, K0TOpbte paHee paCCt.JHTI,IBa­

JIHCh C TIOMOIUhlO roMoremnaUHH ceqeHHH. 

HOBhlli anropHTM paccqHTbIBaeT MHKpOTB3JlhI 

B rpaqrnTOBhIX rnapax H rpaqmTOBhIX npH3MaX 

c OTBepCTHHMH, TOTIJIHBHhie KaHa.JI.hI PEMK H 

peaKTopoB 3ITI (6HJIH6HHCKaH A3C), KOp­

peKTHO YtJHTbIBaeT BOJlHH)'IO meJib B TBC 

BB3P. 

2. Ilo,!lroTOBKa ceqenuu: B nporpaMMe 
GETERA 

IlporpaMMa GETERA HCnorrh3yeT B cBo­

Hx pactJeTax 6H6JIHOTeKy cetJeHHH EHAE-93. 

Ha HaCTOHIUHM MOMeHT nporpaMMa npHMeHH­

eT Bepcmo 6H6n110TeKH 1996 r . .D:mr no.uro­

TOBKH ceqeHHH HCIIOJlh3yeTCH KOMilJieKC 

CONSYST, KOTOphrn MO)l(eT 6bITh Il0JlKJIIO­

qeH K nporpaMMe .IlBYAfH crroco6aMH. B nep­

BOM cnyqae KOMilJieKC IlO)lKJIIOtJaeTCH KaK MO­

.IlYJlh nporpaMMhI GETERA. Bo BTopoM cny­

qae CONSYST pa6oTaeT KaK OT.IleJlhHM npo­

rpaMMa, 3arn-1chrnasi ceqeHHH B cpaun. 

EH6JIHOTeKa KOHCTaHT .6HAE nepBOHa­

qarn,Ho C03.IlaBarracb .IlJlH 6hIClphIX peaKTOpOB. 

Otta co.uep)l(arra ceqeHHH B 28-MH rpynnax, H3 

KOTOpbIX TOJihKO qen,1pe Jie)l(a.JI.H B TeTIJIOBOH 

0 6nacn1 RIDKe 4 3B. Ilo3TOMY TaKoe pa36He­

HHe He TI03B0JIHJI0 paccqHThIBaTh TenJI0Bhie 

cHcTeMbI. B nepBow Bepc1rn rrporpaMMI>I HC­

II0Jih30Ba.JI.HCh ceqeHHH B TeTIJIOBOH o6nacTH, 

nonyqeHHhie H3 ,llpyrttx HCToqIDfKoB. 

CoBpeMeHHaH BepcHH EHA.6-93 co,uep)l(HT 

ceqeHHH B 299-rpynnoBOM pa36HeHHH, H3 HHX 

78 rpynn HH)Ke 4 3B. 3TOro pa36HeHHH )l0C-
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TaT0tJH0 )lJISI pactJeTa TenJI0BbIX peaKT0pOB. 

KpoMe Toro, MeJIKoe pa36HeHHe B TennoBOH 

o6JiaCTH YtJHThIBaeT c TI0M0II.l,blO rpynnoBoro 
239Pu, 240Pu 8 pacqeTa lllHp0KHe pe3oHaHCbI 

o6nacTH 0,5 ... 1 3B. 

CmpoeHue 6u6JluomeKu EHAE-93. Mynh­

THrpynnoBoe pa36HeHHe CTJ)OHTCH Ha 0CH0Be 

28-rpynnoBoro npe,ucTaBJieHHH. Ka)K,[{aH 

rpynna .6HAE pa36lrnaeTCH Ha 6 ... 12 MYJih­

THrpyrrrr. fo16JIHOTeKa EHAE-93 IlOClpOeHa 

TaK, qTo MYJibTHrpynnoBoe npe,ucTaBJieHHe 

ceqeHHH ,uaHO T0JlhKO )lJIH HeKOTOpbIX HYKJIH­

.Il0B B HaH6onee Ba)l(HbIX, C T0tJKH 3pemrn aB­

T0p0B, o6naCTHX 3HeprHH. OCTa.JI.bHbie ceqe­

HIDI npe,UCTaBJieHbI B CTaH,UapTHOM 28-

mynnoBOM rrpe,UCTaBJieHirn. HanpHMep, ,UJUI 
2 0Pu MYJihTHrpynnoBoe npe,llCTaBJieHHe .uatto 

B o6JiaCTH CHJihHOro pe3oHaHCa 1 3B. 

1'13 Bcex K0HCTaHT, co,uep)l<alUHXCH B 6H6-

JIHOTeKe EHA.6-93, nporpaMMOH GETERA 

npHMeHHIOTCH CJie)l)'IOIUHe ceqeHm1: 

• cr0 - MHKpoceqeHHe nornomeHHH, CYM­

Mapttoe ceqeHHe Bcex rrpoueccoB, rrpHB0.IlH­

IUHX K Hcqe3HOBeHHJO HeHlpOHa; 

• <JJ - MHKpoceqem-1e .ueneHHH, CYMAfapttoe 

cetJeHHe Bcex rrpoueccoB ,ueneHHH; 

• vp1- MHKpoceqeHJ-ie reHepauHH HeHlpO­

HOB .ueneHHH; 

• <Js - MHKpOceqeHHe pacceHHHH, rronyqett­

HOe KaK CYMMa ynpyroro H Heynpyroro pac­

ceHHHii; 

• cr; - 3JieMeHTbl MalpHUhl HyJieBbIX M0Me-

HTOB MHKpoceqeHHH pacceHHHH H3 rpynllbI B 

rpyrrny, nonyqeHHOH CYMMHPOBaHHeM MaT­

pHU ynpyroro H Heynpyroro pacceHHHH. B ce-

tJeHHH cr; yqTeHbI peaKUHH (n, 2n) H (n , 3n) 

qepe3 MHO)l(HTeJib 

r = ( cr. + 2cr,,2,, + 3cr,,3,, )/(as+ cr,,2,, + cr,,3,, ); 

• µ - cpe.UHHH K0CHHyc yrna pacceHHHH, 

HCTIOJib3yeMblli ,UJIH pactJeT0B lpaHcnopTHOro 

ceqeHHR. 

j:(JIH pacqeT0B Ha KpHTWiHOCTb 60JihlllHH­

CTBa CHCTeM BTI0JIHe ,U0CTaT0qtt0 HYKJIH.Il0B, 

HMeIOlllHXCH B 6H6JIHOTeKe EHAE-93. O.uHaKO 

,UOCTynHhIX HYKJIH.IlOB He,UOCTaTOqHo, ecJIH 

ITOJlh30BaTeJIIO He06XOJlHMO TOtJHO pacc•rn­

TaTb 3aBHCHM0CTh OT BpeMeHH HYKJIHJlHOro 

cocrnBa T0IJJIHBa. Tio3TOMY B cTaH,uapTH)'IO 

6H6JIHOTeKy )l06aBJieHbI HYKJIH.IlhI, Heo6xo-



JlJHvfhie .un.s1 pacqern npouecca BbiropaH11.s1 TO­
nmfBa. TaK KaK 3TH HyI<nH)lbl HaKanmrnaIOTC.sJ 
B He3Ha'-IHTenbHOM KOnH"'-leCTBe, TO .z:1n.s1 HHX 
MO:>KHO npeHe6pe'-lb 6nOKHpOBKOH pe30HaH­
coB. ,[(11.s1 3THX HYJ<nH)lOB Ha OCHOBe ¢ai1noB 
noTO'-le'-IHbIX ceqeHHH 6116m10TeK JENDL-3.2 
H JENDL-3.3 [15] . no.nroTOaneHbI 28-
rpynnoa1,1e ce'-leHH.sJ 3axaarn 11 pacce.s1HH.sJ. 
,[(mr pacqeTa Ce'-leHHH HCilOJlh30BaJIHCb 300-
rpynIIOBble cneKTPhI HeHTpOHOB TonnHBHOH 
30HhI HeHKH BB3P. BHYTPH MynhTHrpynn1,1 
apHMemrnacb nuHeHHM HHTepnonmn.s1 cneK­

TPa. 

lloo20m06KQ 2pynn06blX Cel/eHUU 6 pe30-
1-WHCHOU 061tacmu. ,[(n.s1 pacqern cpe.UHHX no 
rpynne cet.IeHHH B pe30HaHCHOH o6nacTH 
KOMilJleKc CONSYST rrpHMem1eT ;ma rrp11-
6nm1<emrn: 
• np11611m1<ett11e cet.IeHH.sJ pa36aaneHH.sJ, 
HCDOJlb3y'IOIUee ¢opMaJIH3M <paKTopoB caM0-
3KpaHHpOBKH DOHL1apeH1<0 [ 16]; 

• no.nrpynnoaoe npn6nIDKeH11e [ 17]. 
I10.z:1rpynnoBOH no.nxo.u Il03BOJI.sJeT OTKa-

3aTbC.sJ OT OCHOBHblX 11p116mn1<emrn TeOpHH 
cet.IeHH.sl pa36aBJieHH.sJ, HO TPe6yeT 3Ha'!H­
TenbHbIX BbI'-IHCJIHTeJibHhIX pecypcOB H 3a­
MeTHO yaemt'IHBaeT BpeMH pac'-leTa. rro 3TOH 
npH'll!He no.z:1rpynnoaoe npn6nH)KeHHe npH­
Mem1eTCH B peLlKHX CJIY"4a.s1x. KpoMe Toro, 
pacqer B no.z:1rpynrrax TPe6yeT 0T.z:1en1,uoro 
3anycKa KOMnJieKca CONSYST. ,D,nH CTaH­
.z:1apTHhIX pacqeroa no nporpaMMe GETERA 
HCIIOnh3yeTC.SI npH6nH)f(eHHe ceqeHH.SI pa36aB­
nemrn, rrony'"'-laroruee rpynrroBhie ceqemrn 61,1-
CTPO H C y.uoaneTBOpHTeJibHOH TO'-IHOCTblO. 

KoMnneKc CONSYST pacct.IHTbIBaeT 
rpyrrrroa1,1e cet.IeHHJI .umr roMorettuoii cpe.z:11,1. 
)],JIH pacqeTa reTeporeHHbIX CHCTeM, COCTO.SI­
IUHX H3 30H C pe30HaHCHbIM rrornOTHTeneM H 
3aMe.un11TeneM, KOMnneKcy CONSYST TPe6y­
eTc.s1 3aL(aHHe KOHUeHTPaUHH q>HKTHBHOro 
HYJ<nHLla c HMeHeM "D-SC". 3m aenH'lllHa 

npe.z:1crnamreT co6oi1 L0 - TaK Ha3brnaeMoe 

3cpcpeKTHBHoe ceqem1e yre'-IKH, KOTopoe pe­
KOMeH.uyeTCH [ 18, 19] paCC'-IHTbIBaTb no cpop­
Myne 

L = (1-C)A 1 
0 

l+(A - l)C I 
(13) 

r.ue / - L(nHHa XOp.llbl 30Hbl C pe30HaHCHblM 
nornoT11TeneM (paaHa '-leTbipeM o6beMaM, .z:1e-

neHHblM Ha IlJIOIUa.z:11,); C - TaK Ha3bJBaeMblli 
cpaKTOp ,[(aHKoaa; A - KoppeKTHPYIOlllHH cpaK­
TOp K BnrnepOBCKOMY npH6JIH)f(eHHIO (Ha3bl-

aaeMblH q>aKTopoM Eenna) KaK q>yttKUIDI T M 

IlOJIHOro MaKpOCKOilH'!eCKOro cet.IeHHH cpeLlbl 
6JIOKa: 

A=(1+2,71X)/(1+2,34X), X=C/(TL,). 
TiocKOJibKY q>aKTop Eenna 6JIH30K K e.nu­

HHUe, TO B nporpaMMe GETERA BMecTo (13) 

npHMemi:eTc.s1 L0 = (1-C)A/T. <DaKTop Een­

na npHHHT paaHbTM 1,16 [20]. KaK npamrno, 
6nOKHpOBKa pe30HaHCOB paccMaTPHBaeTCH 
.z:1n.s1 Hy'KJIHLlOB TOTTJIHBHOH 30HhI (238U, 240Pu H 
T . .U.), OKpy')KeHHOH 3aMeL(nHTeneM [l , 16]. 
Cneny.s1 TPa!lHUHH, 30Ha c pe3oHaHCHhIM no­
rnoTHTeneM 6yneT Ha3bIBaTbC.sl TOilJIHBHbIM 

6JIOKOM, a 30Ha 6e3 pe30HaHCHOfO nornOTHTe­
nH - 3aMennnTeneM. 

TionpaBKa )],aHKOBa onpe.z:1emreTCH KaK ae­
poHTHOCTb HeHTPOHy, nonaaweMy B 3aMennn­
renh H3 TOilnHBHOro 6noKa, HCilbJTaTb CTOJIK­
HOBeHHe a 6noKe npH ycnOBHH, 'ITO TOilnHB­
Hblli 6noK HBnHeTCH "qepHbIM" nn.s1 HeHTPOHa. 
TiporpaMMa GETERA pacc'-IHTbIBaeT norrpaB­
KY ,[(aHKOBa qepe3 BepoHTHOCTH, Bbl'IHCJieH­
Hble B nonHH'-leHKax. TaKOH no.uxo.u no3BOJI.Sl­
eT rronyqaTb ce'-leHHH B pe30HaHCHOH o6naCTH 
)lJI.SI urnpOKOro Kpyra reTeporeHHbIX CHCTeM, 
MOL(en11pyeMbIX IlOJIHH'!eHKaMH, HanpHMep, B 
KOJibUeBOM 6noKe, peweTKe 6noKOB, KJiaCTepe 
H3 6nOKOB, perneTKe KJiaCTepOB, TOilmrne B 
BH!le MHKporpattyn. 

Pacl/em cpaKmopoe ,l(aHKoea. PaccMOTPHM 
CHCTeMy, COCTO.!lllly'IO H3 TOIIJIHBHOfO 6noKa F 
H N 30H 3aMeL(nHTeJIH. <DaKTop ,[(aHKOBa onpe­
.uen.s1eTCH '-1epe3 TeopeMy B3aHMH0CTH KaK 

C=l - "P.": =l- " 4
V,L, p - (14) 

~ /·1 ~ S ,F' 
l7'f' 17"F F 

r .ue P,: - aepOHTHOCTb HeHTPOHY, pO,Ul1BWe­

Myc.s1 B TOilmlBHOM 6JIOKe, HCilbITaTh nepBoe 

CT0nKIIOBeHHe B HeTOnnHBHOH 30He I; P,; -
BepO.!ITHOCTb HeHTpOHY, po.UHBUieMyCH B He­
TOTIJIHBHOH 30He i, HCilbITaTb rrepBoe CTOnK­
HOBeirne B TOTinHBHOM 6noKe; V, - o6beM 30-
Hhl C yqeTOM KpaTHOCTH; L; - Il0TeHUJ,[aJibHOe 
ceqe1rne pacce.s1H11.s1; Sp - nnoma.n1, noBepxHo­
CTH TOIInHBHOfO 6noKa. 
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floozomo6Ka 2pynn06blX ce~eHUU 6 men-

11060U 0611acmu. )l:m1 pact.JeTa cet.JeHHH pac­

ce.!IHIUI npu :mepruu HIDKe 4,64 3B KOMnneKc 

CONSYST npe.llycMa-rpuBaeT yqeT BJIH.!IHH.!I 

TennoBoro .llBH)l(eHHH aTOMOB B MOJieKynax H 

KpHCTannax Ha pacce.!IHHe HeHTJ)OHOB. .n:n.!I 

XHMH'IeCKHX coe,llHHeHHH, CO,llep)l(aillHX ner­

KHe HyKnH.llbI (BO,llOpO.ll, 6epKJIJIHH, rpaq>HT), B 

KOMnneKc CONSYST BKnfOt.JeHbI MaTJ)HI.{bI 

pacce.!IHHH B o6naCTH TepManHJaUHH. Ilpu 

onucaHHH pacce.!IHH.!I TeilJIOBbIX HeHTJ)OHOB Ha 

OCTallbHbIX HyKnH.UaX KOMirneKC orpaHHl.JHBa­

eTCH MO,lleJibIO H,lleanhHOro raJa, j"IHTbIBa.!I 

TOJibKO TennOBbie .llBH)KeHHH .11,llep, HO He CB.!1-

JH B MOJieKynax H KpHCTannax. 

Ecnu He Ja,llaHbI MYJihTHrpynnhl, TO cet.Je­

HH.!I JaXBaTa u ,lleJieHH.!I B TennoBOH o6nacTH 

Bbll.JHCJI.!IIOTC.!I B npe,llilOJIO)l(eHHH, '-ITO ceqe­

mrn no,llt.JHH.!lfOTC.!I JaKoHy 1/V, r,lle V - cKo­

pocTb HeHTJ)OHa. 

3. Pac'leT 4>yHI<.:D;HOHaJIOB 

Peunm ypaBHeHHe nepettoca HeHTJ)OHOB 

(1), nporpaMMa onpe,llen.11eT K03q>q>HUHeHT 

pa3MHO)l(eHHH H pacnpe.neneHHe IIOTOKa HeH­

TJ)OHOB. Mo.llym, q>yttKUHOHanOB nporpaMMbI 

GETERA pacccrnTbIBaeT paJJIH'IHbie q>YHK­

UHOHaJibI IlOTOKa H cet.JeHHH, HCIIOJibJyeMhie 

KaK .llJI.!I aHanHJa Hei1:-rpOHHO-q>H3Ht.JeCKHX 

npoueccoB, TaK H rrocne.llyroruero pacqern no 

.llpyrHM rrporpaMMaM. B JaBHCHMOCTH OT Ja­

,llaHH.!I HCXO,llHbIX .llaHHbIX MOrYT 6bITb pac­

Cl.JHTaHbl CBepHyTbie IlOTOKH, cet.JeHH.!I H CKO­

pOCTH paJJIHl.JHbIX peaKUHH, TOKH HeHTJ)OHOB 

qepe3 rpaHHUbI, K03q>q>HUHeHTbl HepaBHOMep­

HOCTH IlOTOKa, 3KCnepHMeHTallbHbie HH,lleKCbI, 

CKOpOCTH HeHTJ)OHOB, BblXO.llbl H cneK-rpbl Ja­

IlaJ,llbJBaJOllIHX HeHTpOHOB, cpe,llHHe BbIXO.llbl 

OCKOJIKOB, peJoHaHCHbie HHTerpanbI H K03q>­

q>HUHeHTbl q>OpMyJibl t.JeTbipex COMHO)KHTe­

nei-i. 

Cet.JeHHH nornowettHH, ,lleneHH.11 u pac­

ce.11ttu.11 CBepTbIBaJOTC.!I C BeCOM IIOTOKOB 

L_. = LF,kL!, /LF,k , r,lle L!, - cet.JeHHe pe-
k, kt 

aKUHH X .llJI.SI 30Hbl i H rpynm1 k. 
)l:n.!I nonyqettH.SI roMoreHH3HpoBaHttoro 

K03<pq>HUHeHTa .llH!pq>YJHH npuMeH.!leTC.!I 

cpopMyna 6ettya 6e3 yrnoBbIX KOppenHUHH 

[2 I] 
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4. Pac'leT BbffOpaHHH 

IlporpaMMa GETERA co,llep)l(HT B cBoeM 

COCTaBe MO.llYJib BbITOpamrn, paCC'lHTbIBaIO­

llIHH npouecc HJMeHeHH.!I KOHlleH-rpauuu HYK­

JIH.llOB BO BpeM.!1 pa60TbI peaKTOpa. OCHOBHOe 

BHHMaHHe y,lleJieHO BbirOpaHHfO TOilJIHBa B 

3HepreTHtJeCKHX peaKTopax. MO.llYJib Bbrropa­

HH.!I HCilOJibJyeT MeTO.ll MaTJ)H'lHOH 3KCilOHeH­

TbI [22], npHBJieKaIOIUHH npocTOTOH npo­

rpaMMHpOBaHH.!I u Ja.llaHH.!I ,llaHHbIX. K 'lHcny 

He,llOCTaTKOB 3TOro MeTO,lla OTHOCHTC.!I 3Hat.JH­

TeJibHOe BpeM.!I pacqern npu 60JibllIOM 'lHCJie 

HYKJIH.llOB (6onee 100), cpaBHHMOe c BpeMe­

HeM peIIIeHH.!I ypaBHeHH.!I (11) -rpaHcnopTa 

HeihpOHOB. 

,[lnHTeJibHOCTb pacqeTOB pacTeT nponop­

UHOHaJlbHO 3KCilOHeHTe OT 'lHCJia HYKJIH,llOB. 

O.llHaKo, rrocKOJihKY rrporpaMMa GETERA 

npHMeH.!leTC.!I .llJI.!I pacqeToB H <I> X .!l'-leeK H no­

JIH.!l'-leeK peaKTOpOB, OHa paCCl.JHTbIBaeT He-

60JibIIIOe 'iHCJIO OCKOJIKOB (57). B 3TOM cny­

qae xapaKTepttoe speM.!1 pa60TbI MO.llym1 BhI­

ropattHH B ,llBa--rpu paJa MeHbIIIe BpeMeHH 

peIIIeHH.!I ypaBHeHHH nepettoca HeH-rpOHOB, 

'-ITO He OKaJhIBaeT JaMeTHoro BJIH11HH.!1 Ha 

o6mee BpeM.11 pacqern. 

YpaeHeHue U3.MeHeHuR 60 epe1,1eHu HYK­
llUOHOZO cocmaea. HJMeHeHHe KOHUeHTpaUHH 

HyKnH.lla B peJynhTaTe o6nyqeHH.!I H pacna,lla 

OilHCbIBaeTC.!I ypaBHeHHeM 

d ' _e_ = -cr' p' F - '}...' p' - cr' a.'_.1p' F + dt a d 11211 11211 

+ ~ (a1p1 a.1--+, F + a1 pl a.1--+, F + ')...l p1 a.1--+, + £J c c ff d d 

l 

(15) 

r,lle F - IIOTOK HeHTJ)OHOB; cr'.T - MHKpoceqeHHe 

peaKI.{HH "x " HyKnH,lla i; A~ - IlOCT05lHHa.!I 

pacna,lla HyKnH,lla i; a.~➔/ - BbIXO.ll HyKnH,lla i B 

pe3yJib Ta Te peaKI,{HH "x " Ha HYKJJH,lle j. IloTOK 

B ypaBHeHHH ( 15) HOpMHPYeTC.!I Ha P - o6b­

eMHOe 3HeprOBbI,lleJieHHe (MBTI M3), 

P = ( ~ F, V, ~ cr;,EJ )/~ V, , rne Ej 

3HeproBbI.UeneHHe rrpu neneHHH HyKnH.lla i. 



fny6HHa BbITOpaHHR TOTTJIHBa B 

MBT·cYTIKTTM BhJtmcnReTCR nocpe.ucrnoM 

sseJleHHR <pHKTHBHOfO H)'KJIH,Ua C KOHUeHTpa­

uueH p
8

. l13MeHeHHe KOHUeHTPaUJrn 3Toro 

JJyKJIH)].a onHCbIBaeTCR ypaBHeHHeM 

d p 8 
( t) / dt ~ ( ~ E~cr/p' ) F . EcnH A06aBHTb 

3TOT H)'Kllli.U B CHCTeMy ypasHeHHH ( 15), TO 

B (t) - rny6HHY BbITOpaHHR B MOMeHT speMe­

HH t HaH,UeM KaK 

B(t)=ap8 (tV~(p'(t)A'), r.ue A; - aToM-

HbIH Bee H)'KllH.Ua i c aTOMHOH MaCCOH 6onee 

200, a - nepeBO.UHOH K03<p<pHUHeHT. 

KoHu;eHTPaumo H)'KllH.UOB B JOHe MO)KHO 

npe.n.cTaBHTh B BH.LJ.e seKrnpa p == (Pl Tor,D,a 

H3MeHeHHe KOHUeHTpaUHH H)'KllH.D,O8 BO Bpe­

MeHH 3anHCbIBaeTCR B BH.D,e Ma-rpwurnro 

ypaBHeHHH 

dp(t)/dt==Ap(t) , (16) 

r.n,e 3JieMeHTbl MaTPl1Uhl A onpe.n,eneHbI KaK 
_ I F '\ i I l➔)F j J➔1F 

alJ - - aa -1\,d -(Jn2nan2n +crcac + 
+ cr.i a1➔' F + 11.1 a1➔' + a' a1➔' F 

f f d d 11211 112n · 
B nporpaMMe GETERA CHCTeMa ypaBHe­

HHH ( 15) pernaeTCR MeTO,D,OM MaTPHqHoH 3KC-

noHeHTbI p (t) = p (t0 )exp ( A~t) , r.ue ~t -

BpeMeHHOH HHTepBan. MaTpwrna.H 3KCTIOHeH­

Ta HaXO,UHTCR pa3JIO)KeHHeM B pR.U no <pOpMy-
K 

ne expA = I,(Ak/k!). 
k=O 

fipH pernemm ypasHeHHH (16) npe.n,nona­

raeTcR, qTO ceqeHHR H TIOTOKH HeihpOHOB no­

CTOHHHhl Ha speMeHHOM HHTepsane perneHHH 

ypasHeHHR. qT06bI yqecTb H3MeHeHHe nOTOKa 

BO speMeHH, KOMTTOHeHThI MaTPHUhl A Bhl­

qHcnmoTCR C HCTTOJib3OBaHHeM cpe.D,HHX noTO­

KOB. TipH ycpe,uHeHHH noToKa npe,unonaraeT­

CR, 'CJTO OH 3aBHCHT OT speMeHH JIHHeHHO. 

L(enO'lKU npe6paUfeHuu OeJIJIUfUXCfl HYKJIU­

ooe. Bo speMR pa60Thl peaKTOpa MelU!eTCR 

HYKJIH.D.HhIH cocrns TonnHBa. CxeMa pa,uHoaK­

THBHhIX npesparueHHH T.s:l)KeJibIX H)'KJIH)].OB 

[23] npHBe,ueHa Ha pHC. 4. PactJeT TaKOH ue­

IlO'Cfl(H npe,ucTaBJIReT onpe.n,eneHHhlH HHTepec, 

OJJ.HaKo BpR.U nn onpaB,uaH .UJIH aHanH3a npo-

ueccos, Ba)KHbIX ,UJIR KpHTHqHOCTH peaKTOpa. 

fipHse,ueHHaR uenol{l(a ynporueHa s TOM 

npe.unoJIO)KeHHH, tJTO nporpaMMa 6y,ueT pac­

C'IHThIBaTh KOHUeH-rpaUHH H)'KJIH,UOB B Tenrro­

BOM peaKTOpe Ha BpeMeHHOM HHTepBane OT 

O,UHHX CYTOK .uo 10 JieT. BHeceHbl cne.uyiomHe 

ynporueHHH: 

• He yq11TbIBaeTCR npouecc (n, 2n), no­

CKOJihKY cpe,uHee cetJeHHe 3TOH peaKUHH s Te­

nnosoM peaKTope Mano H B npouecce Bhrropa­

mrn 3HatJHTeJibHOH pOJIH He HrpaeT; 

• H)'KJIH.D.bI c nepHo.n,aMH nonypacna,ua 

6onee 1000 neT ClJHTaIOTCR CTa6HJihHbIMH; 

• He yqHTbIBaIOTCR H)'KJIH)].hI C nepHO­

,UOM nonypacna.ua MeHee CYTOK. CtJHTaeTcH, 

'ITO nocne JaXBaTa HeHTPOHa HYKJIH.D. cpaJy 

rrepexo,nHT B npo,U)'KT pacna.ua; 

• He yqHTbIBaIOTCR npo.n,yKThl pacna.ua C 

BhIXO,UaMH MeHee 0,5 % . 
11CKJIIOtJeHhl cne.n,yioruHe H)'KllH,UbI: 

231 Th, 
231Pa, 232Pa, 232U, 231U, 239U, 236Np, 23sNp. 

KpoMe Toro, He yqHTbIBaeTCR HaKonneHHe 

Cf, Bk, Cm c aTOMHhIMH MaccaMH 6onee 245, 
Am c aTOMHbIMH MaccaMH 6onee 243, Pu c 

aTOMHbIMH MaccaMH 6onee 242. 3TH H)'KllH.Uhl 

o6pa3yIOTCH B He3HatJHTeJihHOM KOJIHtJeCTBe B 

peJynbTaTe .un11HHhIX uenotJeK npeBpamemm. 

H)'KllH.UhI, HCKJIIOtJeHHhie HJ ueno'-IKH npe­

sparueHHH, IlOKa3aHhl Ha pHC. 4 s nyttKTHp­

HhlX npRMoyronhHHKax. )];aHHble no BhIXO.UaM 

H)'KJIH.UOB s peaKUHH pacna.ua 11 nepHo,uaM 

nonypacna.ua B3RThI H3 pa6oT [23 ... 25]. Tio­

nyqeHHhie Ha6opbI TH)KeJiblX H)'KJIH,UOB npH­

se,ueHbl B rn6n. 1 11 2. 

Ta 6 JI II u a l. Cm1coK n0Kenb1x HYKnHJJ.OB, 
np11Be)J.eHHblX Ha cxeMe 011C. 4 
3neMeHT ATOMHaJI Macca 

Cf 249, 251 , 252, 253,254 
Bk 249, 250 

Cm 
242, 243, 244, 245, 246, 247, 
248, 249 

Am 241,242,243,244 

Pu 
236, 237, 238, 239, 240, 241, 
242, 243, 244 

No 236, 237, 238,239 

u 232, 233, 234, 235, 236, 237, 
238, 239 

Pa 23 I, 232, 233 
Th 231 , 232, 233 
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T a 6 JI u u a 2. CoKpaw.eHHbIH cm1coK 
j()l(eJlblX HYKJIHJlOB T 

3neMeHT ATOMHaj( Macca 
Cm 242,243,244,245 
Am 241,242,243 
Pu 238,239,240,241,242 
No 237,239 
u 233,234,235,236,238 
Pa 233 
Th 232 

PaouoaKmU6Hble npeepaUfeHUJl. OCKOJ1K06 
oeJ1eHWl. ITpH neneHHH rn)KeJibIX HYKJlH.llOB 

HeHTJ)OHaMH peaKTOpHOfO cneK-rpa o6pa3yioT­

C.H ,n:Ba OCKOJIKa. Bcero MO)KHO HacqHTaTI, 

COTHH OCKOJIKOB . .ll:JI.H )'MeHbilleHHR HX qHcJia 

npoBe,lleHbl ynpomeHHR. YqHTbIBaJIHCb TOJib­

KO Te OCKOJIKH, BbIXO.ll H ceqeHH$1 3axBaTa KO­

TOpblX BeJIHKH (TenJIOBOe ceqem1e HJIH pe30-

HaHCHblH HHTerpan OCKOJIKa 6onee l 00 6apH, 

a BbIXO,ll 6oJiee l %). 3niM -rpe6oBaHHRM 

y.UOBJieTBOpRIOT 35 HYKJIH,AOB 6H6JIHOTeKH 

:6HA.6-93, nepeqHCJieHHbIX B Ta6JI. 3. U:enoq­

Ka npeBpameHHM, yqHTbJBaIOIU~ 3TH OCKOJI­

KH, nonyqHJia Ha3Bamie COKpameHHOH. 

T a 6 JI u n a 3. Cn1-1coK HYKJIHJlOB 
B COKpaw.eHHOH ueno4Ke OCKOJIKO B 

3neMeHT ATOMHaj( Macca 
Kr 83 
Mo 95 
Ne 99 
Ru IOI , 103 
Rh 103, 105 
Pd 105 
Ag 109 
Cd 113 
In 115 
Xe 131, 135 
Cs 133, 134, 135 
Pr 141 
Nd 143, 145 
Pm 147, 148m, 148g 
Sm 149, 151 , 152, 150 
Eu 151, 153, 154, 155 
Gd 154, 155, 156, 157 

U:enoYKH pacna.ua OCKOJIKOB npepbIBaIOT­

C.H Ha CTa6HJibHOM OCKOJ1Ke HJIH Ha o6o6meH­

HOM ocKOJIKe "slag". B 6116J1HOTeKe EHA£-93 

ceqeHH.H 3TOfO OCKOJIKa paccqHTaHbl C yqeTOM 

Bcex OCKOJIKOB 3a HCKJIIOYeHHeM HaH6onee 
_ 13s 149s 1s1s 

CHJlbHhIX nornonnene11: Xe, m, m. 

,n:mi: OCKOJIKOB Ta6JI. 3 TaKOe npH6JII1)KeHHe 

CJlHillKOM rpy6oe. IT03TOMY ceqeHH.H 0606-

meHHOfO OCKOJ1Ka Bbl'-JHCJieHbl C npHMeHem-1-

eM pacurnpeHHOH uenoqKH OCKOJIKOB. .ll:mi: 

3Toro nocTpoeHa ueno'-IKa, BKJI10qa10maR B 

ce6.H 120 HYKJIH,llOB. 

PacCMOTJ)eHbl H)'KJJH,llbl C 3ap$1,llaMH OT 83 

.llO 157. YqTeHbl OCKOJIKH c TenJIOBbIMH ceqe­

HHRMH HJIH pe30HaHCHbIMH HHTerpanaMH 60-

nee 2 6apH H BbIXO,llOM npH ,lleJieHHH 6orree 

0,01 %. 113 uenolfeK HCKJI}OqeHbl H)'KJJH.llbl c 

nepHO.llOM nonypacna.ua MeHee 10-TH qacos. 

Pacc•-rnTbIBaJICR npouecc BbiropaHH.H Tonmrna 

B BB3P-1000, 3aTeM OCKOJIKH, He Bome.zrurne 

B COKpameHHblH CilHCOK, KOH,lleHCHpOBaJIHCb B 

o6o6mettHbIH ocKOJIOK. CnHcoK ocKoJIKOB, Ha 

6a3e KOTOpbIX paCCt:JHTb!BaJIOCb ycpe.uHeHHOe 

ceqeHHe o6o6weHHOfO OCKOITKa, npHBeneH B 

Ta6JI. 4. 

Ta6J111ua 4 . .LJ:ononHHTeJibHble OCKOJIKH, 
6 6 V KOHJleHCHDVeMble B O O w.eHHblH OCKOJIOK 

3neMeHT ATOMHaj( Macca 
Kr 84 
Rb 85 
Sr 86, 88, 89,90 
y 89 , 90 
Zr 91,92,93,94,96 
Mo 97,96,98, 100 
Ru 100, 102, 104, 106 
Pd 106, 107,108, 110 
Cd I I 0, I l I , I 12, 114, 116 
Sn 116, 117, 118, 119,120,122, 124 
Sb 121, 123 
Te 125, 126, 128 
J 127, 129 

Xe 130, 132, 134, 136 
Cs 137 
La 139 
Ce 141 ,142 
Ba 134, 136, 137, 138 
Ce 140 
Nd 144, 146, 148 
Sm 147, 154 
Tb 159 
Dy npHpOJlHblH COCTaB 

.ll:m1 OCKOJIKOB, OTCyTCTBYIOIUHX B 6H6-

Jll10TeKe EHAE-93, no.uroTosneHbI 28-

rpynnoBbie ce'IeHH.H . .n:m, 3TOf0 HCilOJib30Ba­

JIHCb cf>aHJlbl noTOlfe'IllblX Ce'-IeHHH 6H6mJOTeK 

JENDL-3.2 H JENDL-3.3 . .D:aHHbJe, no6aB­

neHHbie B 6116JIHOTeKy EHAE-93, BKJlIOYaIOT B 
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ce6.H T0JibK0 He6JIOKHpOBaHHbie ceCJeHH.H 3a­
XBaTa H pacceRHIDI. 

,[J;nR yqern BbiropaHH.H 6opa - nony;rnpHo­
ro nornoTHTeJI.H B rennoBbIX perucropax pac­

CtJHTbIBaeTcR H3MeHeHHe KOHUeH-rpaU.HH 
10B. 

laKmoqeuue 

OnHCaHhl MeTO,Ubl H anropHTMbI, npHMe­

H.HeMhle B nporpaMMe GETERA. Ilp1rne.neHbI 
ypaBHeHHe nepeHoca HeHTJ)OHOB MeTO.na BTTC 
H cnoco6 ero pemeHHR. OnHCaHbl 6H6JIHOTeKH 
HeHTJ)0HHbIX ,naHHhlX H MeT0.UbI no.nroT0BKJi 
ceqenHH, ueo6xo,nHMbie .UJI.H pemenHH -rpauc­
nopTH0ro ypaBHeHmI. PaccMo-rpeu11 uenoqKJi 
pa,uH0aKTHBHblX npespameHHH TH)KeJibIX H)'K­

JIH.l{0B H 0CI<0JII<0B .neneHHSl, a Tal()Ke np1rne­

.neu anropHTM pemeHHH ypaBHeHHJl, 0TIHCbl­
BaIOIUero H3MeHeHHe K0HU.eH-rpaUHH HYKJIH­
.U0B BO BpeMeHH. 
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Y,L(K 621.039 
Ilo.LJ.MO.LJ.YJJH MO.LJ.eJJupoBaHHH nepeHoca <1>0TOHOB B nporpaMMe MCU-PD2006 

A.C. KyllaKoB, C.B. Mapuu, 
PHU. "Kyp'iaTOBCKHH HHCT1,nyr", 123182, MocKBa, nn. Kyp'iaToBa, 1 

IlocTymrna B peJJ.aKUHJO 20.02.2009 r. 

8 HaCTOSIW.ee speMSI .llJlSI pac4eTa HeihpoHHO-q>H3H4eCKHX xapaKTepHCTHK aKTHBHblX 3OH si.nepHblX peaK­

TOpOB w11p0Ko npHMeHsieTCsi MeTO.n MoHTe-Kapno. B npHKJJa,nHoM naKeTe nporpaMM MCU .naHHhIH MeTo.n 
HCnOJlb3YeTCSI .llJlSI peweHHSI ypaBHeHHH nepeHoca HeHTpOHOB, q>OTOHOB, 3JleKTJ)OHOB H no3HTJ)OHOB. TTpo­
rpaMMa HMeeT Mo.nynbHYIO CTPYKTYPY, H K~asi pa6o4asi sepc11si ¢opM11pyeTcsi H3 Mo.nynei:1 H no.nMoJJ,ynei-1 
B 3aBHCHMOCTH OT pewaeMoi-1 3a,na4H. B paMKax cTaTbH onHcaHbl no.nMo.nynH <!>OTOH H r AMMA Mo.nenH­
poeaHHsi B3aHM0,neHCTBHSI q>OTOHOB C sew.ecTBOM H no,nMO.llYJlb HEr A reHepaUHl-1 q>OTOHOB B si.nepHbIX peaK­
UHSIX HeHTpOHOB c eew.ecTBOM, axo.nsiw.11e a cocTaBHOH q>H3H4eCKHH MO.llYJlb CO<I>Yi3M nporpaMMbI MCU­
PD2006. ,[(aHa KpaTKasi xapaKTepHCTHKa 6116J1HOTeKH K0HCTaHT 6a3bl .nattHbIX MCUDB50, no.n.nep)KHBal-0-
w.ei:1: pa6ory nporpaMMbl MCU-PD2006. 

&101Jeeble c.rwea: MeTo.n MoHTe-Kapno, np11KJ1au.HoH naKeT nporpaMM MCU, Mo.nen11poaaHHe B3aHMO­
.nei-lCTBHSI cpoTOHOB, 6a3a .naHHblX MCUDB50. 

MCU-PD2006 Code Units for Photon Transport Simulation. A.S. Kulakov, S. V. Marin. RRC Kl, 
Kurchatov Sq., 1, Moscow, 123182. Monte Carlo method is widely used to the solution of the transport equa­
tion for neutrons in the nuclear reactors. The method is used in MCU code for simulating neutrons, photons, 
electrons and positrons transport. The code is consisting of units. A current version of the code is based on a 
set of units which depends on current task. Three units are considered in the paper: PHOTON, GAMMA and 
NEGA. PHOTON and GAMMA simulate interactions of photons with matter. NEGA generates photons by 
neutron nuclear reactions with matter. All of those units are included in complex unit SOFIZM of MCU­
PD2006 code. The specification of MCUDB50 data base is also considered in this paper. The data base is used 
for the calculations by MCU code. 

K ey words: Monte Carlo Method, MCU Code, Simulation of Photon Interactions, MCUDB50 Data Base. 

BseJleHne 

)].anbHeiiwee pa3BHTHe H C0BeprneHCTB0-
Bam1e MeT0J].0B pacqeTa HeHrpOHHO­
Q)H3H'ieCKHX xapaKTepHCTHK .s1,nepHblX peaK­
T0p0B H B03pocurne B03M0)l(H0CTH Bbl'iHCJlH­
TeJlbHbIX MaWHH n03B0Jl.sIIOT HCil0Jlb30BaTb 
MeTOJ]. MottTe-Kapno [l] B Ka4eCTBe HHCTpy­
MeHTa JJ.JJ.sI nposeJ].eHH.sI npel.-lH3H0HHbIX pacYe­
T0B, B pjj_JJ.e cnyqaes pac'ieT0B HH)l(ettepttoro 
ypoBH.sI H JJ.JI.sI pernett11ii caMocornacoBaHHoro 
nepenoca pa3JIH'iHblX BHJJ.0B H3JiyqeHHH [2]. 
XapaKTepttbIM npHMepoM nocneJJ.ttero M0)KeT 

CJIY)KHTb 3a.uaqa MOJ].em1poBaHH.sI HeHTpOH­

cpoTOH-3JieKrpOHHOro nepeHoca B J].aT'-IHKax 

npjj_MQH 3ap.sIJ].KH CHCTeMbl BHyrpHpeaKTOpHO­

ro KoHrponH. 
)].m1 nporpaMMhI MCU-PD2006 [3 ... 5] 

ceMeikTBa MCU pa3pa6oTaHbI noJJ.M0.llYJJH 
<DOTOH H r AMMA JJ.11.sI on11caHHH B3aHM0-
JJ.eiicTBHH Q)OTOHOB C sern.ecTB0M H n0JJ.M0-
JJ.YJib HEf A JJ.JUI npoueccoB reHepau1rn QJOTO­
H0B B jJ_JJ.epHbIX peaK.1.u,rnx HeHrp0H0B C Beme­
CTBOM, BXOJJ.ffiUHe B COCTaBHOH Q)H3Ht.JeCI<HH 

M0JJ.YJib CO<DH3M. IToJJ.MOJJ.YJIH npeJJ.Ha3Ha­
'ieHbI Jl.Jljj_ pac'ieTa cpOTOHHbIX noneii B aKTHB-
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HblX 30Hax SinepHblX peaKT0p0B H 3a,aa1.J, CBSI-

3aHHblX C pacl.JeT0M pa,aHaUHOHHOH 3all.l,HTbJ 

SI,UepHO-cpH3Hl.JeCKHX ycTaH0B0K, pa.n:HaUHOH­

H0f0 Harpesa MaTepaa.JJos peaKTopa H onpe­

.n:eneHHeM ,U030Bb!X xapaKTepHCTHK Q)OTOHHO­

ro H3J1)":I eHffjl. 

IIo,aMo.n:ynH <!>OTOH H r AMMA pa3J1H­

l.Ja!OTCSI CTeneHblO JJ,eTa.JlH3aUHH npouecCOB 

B3a!1MO,UeHCTBmI Q)OTOHOB C semecTBOM. 

IIo.aMo.n:ynb <!>OTOH SIBJ1SieTC}I pa3B11THeM 

CBOeH npe,n:bI,UymeH BepCHH [ 6]. B HeM MO,n:e­

J1HPYIOTCSI TaKHe npoueccbI B3aHMo,n:ei1cTBH}I 

cpOTOHOB C semecTBOM, KaK HeKorepeHTHOe 

pacceHHHe, cporn:meKTpHtJeCKI1H 3cpcpeKT 11 

o6pa3oBaHHe 3J1eKTpOH-II0311TpOHHhIX nap. B 
no,uMo.n:yne cymecTseHHO nepepa6oTaHa 

CTPYKTypa no,unporpaMM H cpyttKUHH. Pacum­

peHbI cpyttKUHOHa.JlbHbie B03MO)KHOCTH 3a ClJeT 

pa3pa60TKH anropHTMa pacqern panHaUHOH­

Horo Harpesa OT Q)OTOHOB. 

IIo,aMO.UYJ1b .n:onOJIHeH nporpaMMHbIMH 

cpe,n:CTBaMH, 06ecne'il1Ba!Oll.l,HMH npHMeHeHHe 

JJ,aHHbIX no reHepauHH Q)OTOHOB B HeHTpOH­

HbIX peaKUHjlX, npeJJ,CTaBJ1eHHbIX B cpopMaTe 

ACE. Pa6orn no.n:Mo.n:ynSI no.u,uep)KHBaeTC}I 

6116J1HOTeKaMH SI,n:epHblX ,n:aHHhlX B rpynno­

BOM H nOTOl.Je'iHOM npe,ucTaBJ1eHffj{X 3Hepre­

THl.JeCKOH 3aBHCHMOCTH cetJeHHH. ITo.n:Mo.n:ynh 

r AMMA [5] OpHeHTHpOBaH Ha HCIIOJ1b30Ba­

HHe aHa.JJHTH'iecKHx ormcamrn: ,aHcpcpepeH.I..\H­

a.JJbHbIX ceqemrn 11 Mo.aen11pyeT npoueccbI 

B3aHMO.n;eHCTBHSI <pOTOHOB C semecTBOM C 

yqeTOM peaKUHH KOrepeHTHOfO H HeKore­

peHTHOro pacceSI:HHH, <pOT03J1eKrpH1.JeCKOfO 

rrornomeHH}I <pOTOHOB H o6pa30BaHHSI 3J1eK­

TpOH-Il03HTpOHHblX rrap C B03MO)l(HOCTblO no­

.SIBJ1eHHSI: BTOpHl.JHbIX cpOTOHOB, 3J1eKTPOHOB H 

II03HTPOHOB. 

B KJ1acce 3a,n:a1.J. cpH3HKH SI:,uepH1>1x peaKTo­

pos HCTOlJHHKaMH <pOTOHOB CJ1~aT B036~­

.n:eHHbJe B MepHblX peaKUH}IX sr,upa, npO.UYKThl 

.n:eneHH.si: .si:.n:ep H pacnaJJ,a, nepexo.u.si:m11e B oc­

HOBHoe 11J1H 6onee HH3KOe B036~.n:eHHOe co­

CTORHH}I. 3TH nepexo,n:bl conpOBO)K,llalOTC.lI 

HcnycKaHH.eM <pOTOHOB C 3HepnUIMH B He­

CKOJ1bKO M3B B .n:11anaJ0He, rrpH KOTopoM 

Ha116onee sepoSITHbI <pOT03J1eKTPHtJeCKHH 3cp­

cpeKT, KOrepeHTHOe H HeKorepeHTHOe pacceSI­

HH.sl H 3cpcpeKT o6pa30BaIDUI 3J1eKTPOH­

II03IfTpOHHOH napbl. .LJ:aHHble rrpouecCbl 0TIH­

CbIBaeT no.n:Mo.n:yn1, HEf A [5]. 
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1. BJaHMOJ{eHCTBHe {J>OTOHOB C BemecTBOM 

lfa Bcero MHOroo6pa3HSI B03MO)KHblX aK­

TOB B3alfMO,UeHCTBHSI HenonSipH30BaHHhIX cpo­

TOHOB c 0,UHHO'iHblMH cso6o,uHhIMH HeH­

TPa.JlbHbIMH aTOMaMH BeruecTBa (noKa 3cpcpeK­

Tb1 HHTepcpepeHUiflf Me)K.uy pacce.si:HHblMH 

BOJ1HaM!f OT pa3J1Ifl.JHbIX pacceaBa!OII..1,IfX ueu­

TPOB Ma.Jlhl) rrpHMeHHTeJ1hHO K peaKTOpHl,IM 

3a,uatJaM npHH.slTO BbIJJ,eJ1SITb l.JeTbrpe Tlfna cpo­

TOaTOMHblX peaKUHH, xapaKTepHblX ,UJUI 3Hep­

reT!f1.J.eCKOH o6naCTH OT O .n:o 20 M3B: Q)OT0-

3J1eKTpHtJeCKHH 3cpcpeKT, HeKorepeHTHOe (KOM­

IlTOHOBCKOe) pacce.si:H!fe Ha CBSI3aHHhIX 3JieK­

TpOHax, KOrepeHTHOe (TOMCOH-peneescKoe) 

pacce.si:HHe If o6pa3oBaHHe 3neKTpOH­

rro311Tponub1x nap. Bepo.si:THOCTH 3THX peaK­

UHH 3asac.si:T OT 3tteprna E-y cpoTOHOB 11 aTOM­

HhIX HOMepoB Z 3J1eMeHTOB, C KOTOpbIMH 

B3aHMO,UeHCTBYIOT Q)OTOHbl. 

B o6nacT!f 3uepr11H OT e,uaH!fU .n:o coTeH 

3B ocuosuoi1 BKJ1a,n: B nonHoe ceqeu11e B3aH­

Mo.n:ei1cTBH.si: <pOTOHOB co cpe,uoH .uaeT Q)OT0-

3cpcpeKT, SIBJ1.si:SICh rnaBHhlM npoueccoM rro­

rnomenHSI npH OTHOCHTeJibHO HeBbICOKHX 

3HeprnSI:X <pOTOHOB. <POTOH C 3HeprHeH Ey, 
60J1hllleH tJeM 3HeprH.si: CB.sl3H KaKoro-J11160 113 

3J1eKTPOHOB o6onotJKH aTOMa, rrpH B3aHMO­

,aeHCTBHH C aTOMOM nornomaeTC.sl HM, nepe­

.n:asaR CBOIO 3ueprHIO 3neKTPOHY aToMa, Haxo­

wrmeMyc.si: Ha O.UHOH 113 ero o6onotJeK. 3Hep­

rHR BbI6HTOfO H3 aTOMa 3J1eKTpOHa COCTaB­

nsreT sem1tJHHY, paBHYIO pa3HOCTH 3HeprHH 

<pOTOHa H 3HeprHH CBR3H 3J1eKTPOHa Ha .uaH­

HOH 060J101.J.Ke. 

C Ha116onhmei1 sepo.si:TnocTh!O B3aHMO­

.n:ettcrn11e npoHCXO.UHT c 3JieKTPOHaMH K-M 
o6onotJKH. <POTOH nornomaeTC.sl HH.UHBH.ay­

a.JlbHblM 3IleKrp0HOM Ha B036~.ueHHOH 060-

JlOl.JKe i. 3neKTpOH IlOKH,aaeT aTOM c KHHeTH-

1.JeCKOH 3Heprneif Ee = E-y - E;. ITpH E-y < EK 
<pOT03cpcpeKT B03MO)KeH TOJThKO Ha L-, M- H 

T.Jl. 060J101.J.Kax. 3To npHBO.UHT K no.si:BJ1eHHIO 

xapaKTepHCTHtJeCKHX rpaHHU nornomeHffjl B 

cetJeHHH cpormcpcpeKTa. 3anonHeHHe cso6o.u­

Horo ypOBH.sl npOHCXO.UHT C 11cnycKaHHeM 

HH3K03HepreTHl.JeCKOfO cpnyopecueHTHOfO H3-

J1j":leHH.sl HJJH 3J1eKTpOHOB O)Ke. 

CetJem1e CT<tin cporo:rneKTPH1.JecKoro no­

rnomemrn SIBJI.si:eTc.si: cpyHKU11eif 3HeprnH E-y 
cpOTOHa H aTOMHOro HOMepa Z. 3aBHCHMOCTh 



• 
o'f aTOMHOro HOMepa Z o6ycJJOBJieHa TeM, 'ITO 

B aToMax C BhICOKHM nopR,llKOBhIM HOMepoM 

3JJeK'TpOHhI, pacnono)KeHHbie Ha BHyrpeHHHX 

opfonax, HMeI-OT 66JJbillyI-O :rneprHH CBJl3H. 

KaqecTBeHHO 3aBHCHMOCTb ceqeHHJI q>OTOTIO­

rnoIUeHHJI OT aTOMHOfO HOMepa H :rneprHH 

Bbipa)KaeTCJI cpopMynoH [7] o~.(ET)~Zm I E; , B 

KOTOpOH IlOKa.JaTenH CTeneHH m H n MeHJII-OT­

CJI B ,uHana.JoHax 4 (£1 < 100 K3B) < m < 4,6 
(Ey ~500 K3B), 3 (Ey < 100 K3B) > n > 1 (£1 
~500 K3B). 

B 3TOH )Ke o6JJaCTH 3Heprni1 BTOpbIM no 

Benwurne BKJJa,ua B nonHoe ceqeHHe J1BmeTcJ1 

KorepeHTHOe pacceHHHe q>OTOHOB Ha aTOMax 

BemecTBa. 3m npou.ecc, npH KOTOpoM cpoTO­

HhI pacceHBaI-OTCJI CBJl3aHHhIMH aTOMHI,IMH 

3JieK'rpoHaMH 6e3 B036y)l(JleHlUI aTOMa­

MHilleHH, T.e. :meprHH CTaJIKHBaI-Oru.erOCJI H 

pacceJIHHOfO q>OTOHOB O,llHHaKOBhI. Kore­

peHTHOe pacceJIHHe BO3HHKaeT H3-3a HHTep­

ipepeHU.HH Me)K,lly BTOpH'lHbIMH 3neKrpOMar­

HHTHblMH BOnHaMH OT pa.3nH'lHhlX pacceH­

BaI-OII.J.HX u.eHrpOB pacnpe.ueneHHOfO aTOMHOfO 

3apJ1,ua. 

,[(HcpcpepeHilHaJihHOe ceqeHHe KorepeHT­

Horo pacceRHIDI q>OTOHOB npe,uCTaBmieTCJI B 

cne,UyI-OIUeM BH.lle [8]: 

do., = doT [F( Z)]2 

dQ dQ q, ' 
T T 

r.ue doT(0r)/ dQr = O,Sr,2 (1 + µ 2
) ecTh KJJaCCH'le­

CKaJI cpopMyna ToMcoHa .nmi: ceqeHHJI pacceJ1-

HHJ1 Ha CB060,D.HOM TIOKOJIII.J.eMCJI 3JieKrpoae; µ 
- KOCHHYC yrna 0y pacceJIHIDI; F(q, Z) - aTOM­

HblH cpopM-cpaKTop, npe,UCTaBJIJII-OlUHH Bepo­

JITHOCTb nepe,uaqH HMTIYJibCa q COBOKynHOCTH 

Z 3JieKTpOHOB aToMa; q = 2(Er I c)sin(0r / 2) = 
= ( EJ c )[2(1 - cos 0 r ) ]"2 ; c - CKOpOCTb CBeTa. 

KorepeHTHOe paccemHe CHJihHO KOJIJIH­

MHposaHo B HanpaBneHHH noneTa cpoToHa. 

Ero BKJJa,ll B TIOJIHOe ce'leHHe COCTaBmieT 2 ... 3 
% (~ 10 K3B) H BO3pacTaeT .llO 6 % (~ 0,1 
M3B), a 3aTeM 6b1crpo cna,uaeT. 

C pOCTOM 3Hepnrn q>OTOHOB Bhillie 0, 1 
MsB B cpe,ue c MaJihIMH 3HaqemrnMH Z H BhI­

we 1 M 3B B cpe.ue c 6oJihllIHMH Z npeo6na­

.uaroru.HM CTaHOBHTCJI HeKorepeHTHOe pacce.si:­

HHe q>OTOHOB Ha 3JieKTpOHax BemecTBa. 

HeKorepeHTHoe pacceRHHe cn~T oc­

HOBHhIM MexaHR3MOM, onpe,D.eJIJIIOIUHM IIOTe­

pro 3HeprHH npH npOXO)K,lleHHH q>OTOHOB qe-

pe3 BemecTBo. B pe3yfilTaTe HeKorepeHTHoro 

pacceJ1HHJ1 BMecTo nepBwrnoro qJOTOHa c 

3Heprneii Ey TIOJIBJIJleTCJI pacceJIHHblH q>OTOH C 

MeHbilleH 3Heprnei1 £;. B BOJIHOBOM npe.u-

CTaBJieHHH q>OTOHhl, pacceJIHHbie Ha pa.3Hh1X 

3JieK'rpOHax, o6na,uM OTJIHqHhlMH ,upyr OT 

.npyra q>a.JaMH, He HHTepcpepHpyI-OT. 

,[(HcpcpepeHU.HaJihHoe ceqeHHe HeKore-

peHTHoro pacce.si:HHJI HMeeT BH.ll [8] 

dcr "' = dcr •oM S(q Z) 
dD. dO. ' ' 

T T 

r.ue S(q, Z) - q>yttKU.HJI HeKorepeHrnoro pac­

ce.si:HIDI, KOTOpM OTIHCbIBaeT sepoRTHOCTh 

B036y)l(JleHHJI HJIH HOHH3aU.HH aTOMa C 3apR­

JlOM z rrpH nepe.naqe HMIIYJJhCa q mo6oMy H3 

aTOMHhIX 3JieKTpOHOB [9, 10], a do,
0
M/dQ

7 
-

yrJIOBOe .llHq>cpepeHU.HaJibHOe ceqeHHe KOM­

TITOHOBCKOro pacceJIHIDI q>OTOHa Ha e,ZlHHH'I­

HOM nOKOJIIUeMCJI CB060)lHOM 3JieKTpOHe 

Knei1Ha - HHllIHHhI -TaMMa [l 1, 12]. 
BepOJITHOCTh HeKorepeHTHOfO pacceJIHIDI 

OCTaeTCJI IlOCTOJIHHOH B paccMarpHBaeMOH 

o6JiaCTH 3HeprHH H rrpaKTH'leCKH He 3aBHCHT 

OT aTOMHOfO HOMepa. B 3Hepren:1qecKOM HH­

TepBane OT 0,2 .. . 0,4 .no 5 ... 6 M3B HaH6onee 

BepORTHhIM Bcer.na JIBmieTCJI HeKor epeHTHOe 

paccemHe, TaK)Ke KaK H npH HH3KHX 3HeprIDIX 

!pOTOHOB - q>OT03JieK'rpHqecKHH 3<pqJeKT. 

C pOCTOM 3Hepnm q>OTOHOB BO3pacrneT 

BepORTHOCTh qeTBepTOfO 3HaqHMoro npou.ecca 

3<pcpeKTa o6pa.30BaHHJI 3JieK'rpOH-

IlO3HTpOHHhIX nap: B none R.npa HJIH aTOMHoro 

3JieKTpOHa !pOTOH MO)KeT rrpeBpaTHTbCJI B rra­

py aHTH'-laCTHU. - 3JieKrpOH (el H no3H'IpOH 

(e+), KOTOpOH rrepe.naeTCJI IIO'-ITH BCJI 3Heprmi: 

q>OTOHa. B OTJJH'lHe OT paHee paCCMO'IpeHHhIX 

npou.eccoB 3<pcpeKT o6pa.JOBaHIDI 3JieKrpOH­

rro3H'fPOHHhIX nap OTHOCHTCJI K '-IHCJIY rropo­

fOBbIX. 

EcnH rrpou.ecc o6pa.JoBaHIDI napbI H.lleT B 

KYJIOHOBCKOM none R,upa J:llIH rrpoTOHa, TO 

3HepnUI o6pa.3YJOIII.eroc.H sinpa OT.Ua'lH OKa.JM­

BaeTcR MaJIOH, TaK KaK noporOBM 3HeprIDI 

q>OTOHa E nop, Heo6XOJlHMM .llJIJI o6pa.30BaHIDI 

rrapbl, rrpaKU:l'leCKH COBrra.naeT C y .usoeHHOH 

Maccoii noKOJI 3JieKTpOHa, E nop :::::: 2mec2 = 
1,022 M 3B. TipH o6pa.30BaHHH rrapbI B Kyno­

HOBCKOM IIOJie 3JieK'IpOHa rroporoBM 3HeprIDI 

q>OTOHa Enop = 4mec2 = 2,044 M 3B [13] . 
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C T0'fKH 3peHIDI onHcaHIUI nepeHoca cj)o­

T0H0B B cpe.ue Ba)l(HbIM o6CTQj!TeJibCTBOM, 

CBj!JaHHbIM C 3THMH qacTHUaMH, j!BJijleTCjl 

npouecc aHHHrHJUlllHH noJHTP0Ha c JJieKTP0-

H0M, KOTOpbIH npHB0.UHT K o6pa30BaHHIO .UByx 

cj)OTOHOB C 3HeprneH mec2 
Ka)l(,!lhIH. 

BepOUHOCTb peaKUHH o6pa30BaHIDI 3JieK­

TP0H-n03HTP0HHhIX nap B03pacTaeT C Y13eJIH-

1:1eHHeM 3HeprnH. IlpH M0.UeJIHp0BaHlrn o6bJ':I­

H0 pa3JIH':laIOT .UBe K0MTI0HeHTbl ceqeHIDI o6-

pa30BaHml nap: B noJie 3JieKTP0Ha aT0Ma, K0-

T0pM nponopUH0HaJibHa z, H B noJie jl.upa, 

nponopUH0HaJibHM ~ Z2
. BTOpM K0Mn0HeHTa 

B 60JibllIHHCTBe cnyqaeB C'lHTaeTCjl 6onee cy­

mecrneHHOH, nocKonhKY noJie aToMa B Z pa3 

BbJllle noAA 3JieKTP0Ha. 

IlpH 60JibllIBX 3HeprIDIX. q>OTOHOB B03pac­

TaeT sep0HTH0CTh B3aHMO.UeHCTBIDI C B036)')1(­

.ueHHeM 0T.UeJihHhIX H.Uepm,IX cocTOHHHH. IIo­

rnomeHHe BhIC0K03HepreTH':leCK0r0 q>OTOHa C 

6oJibUIOH sep0HTH0CThIO 6y.ueT conp0B0)l(­

,l(aTbCH BbIJieT0M HYKJI0Ha H3 H.Upa. CTaHOBHT­

CH B03M0)l(HbJMH CJie.l(yroIUHe cj)OTOH.[lepHbie 

peaKUHH: (y, n), (y, 2n), (y,p) H .upyrne. 

C yqeT0M ':leTbipex nepe'IBCJieHHbIX npo­

ueccoB noJIH0e ce1:1eHHe B3aHMO.UeHCTBHH 

(pHc. 1 H 2 Ha 'lemeepmou cmpaHU1,fe 1,fBemHou 
BKJlaOKU) npe.l(CTaBAAeTCH CyMMOH 

O'non = O'Kr + crHK + O'qm + O'on, 

r,l(e O'noJT - n0JIH0e MHKp0CK0llH':leCK0e ceqe­

HHe; O'qm - MHKp0CK0nHqecKoe ceqeHHe q>OT0-

3JieKTPH':leCK0ro 3cj)q>eKTa; O'on - MHKp0CK0nH­

qecKoe ceqeHHe o6paJOBaHIDI JJieKTP0H­

noJHTP0HHhIX nap; O'Kr - MHKp0CK0nHqecKoe 

ceqeHHe K0repeHTH0ro pacceHHIDI; crHK - MHK­

p0CK0nHqecKoe ce1:1eHHe HeKorepeHTHoro 

pacce.smrui:. 

3HepreTH':leCKM 3aBHCHM0CTb n0JIH0ro 

ceqeHJUI B3aHMO,!leHCTBIDI O'non(Ey) xapaKTepH-

3YeTCH HaJI.H'llieM MHHHMyMa, o6bHCHjleMhIM 

X0.U0M 3HepreTH':leCKOH 3aBHCHM0CTH TPeX ee 

C0CTaBmllOIUHX K0Mn0HeHT0B. Ilo Mepe pocTa 

JHeprnH ce1:1emrn cpoToJneKTPH':lecKoro 3cp­

cj)eKTa H HeKorepeHTHoro pacceHHHH y6hrna­

IOT, a ce1:1eHHe o6pa30BaHIDI 3JieKTP0H­

Il03HTP0HHhIX nap B03pacTaeT, HaqHHaH C no­

poroBOH 3Hepnrn. Bhuue HeKoToporo 3uaqe­

HIDI 3HeprHH, xapaKTepHoro .UJIH Ka)l(,!loro 

JJieMeHTa, pocT ce1:1eHIDI o6paJoBaHIDI 3JieK­

TP0H-n03HTP0HHhIX nap npeo6na.uaeT Ha.U 

y6hIBaHHeM CYMMbl ceqeHHH cj)OT03JieKTPH1:le-
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CK0ro nornomeHHH cj)OTOHa H HeKorepeHTH0ro 

paccemmi:. C B03pacTaHHeM aToMHoro H0Me­

pa z noJI0)l(eHHe MHHHMyMa CMemaeTCH B 

crnpoHy HH3KHX 3HeprHH. 

)JJ)yroH oco6eHHOCThIO B3aHMO,!leHCTBHH 

cj)OTOHOB C semecTB0M HBJIHeTCH HaJIH':IHe Ha 

0T.UeJibHhIX 3HepreTH':leCKHX HHTepsaJiax ,l(0-

MHHHpyIOIUHX npoueccos. TaK, B o6nacTH 

HH3KHX :rnepnrn npeo6Jia.uaeT npouecc cj)oTO­

JJieKTPH1:1ecKoro nornoruemrn cpoToHoB, B 06-

JiacTH cpe.UHHX 3HeprHH - HeKorepeHTH0e 

pacceHHHe cj)OTOHOB, s 6hICTPOH o6JiaCTH -

o6pa30BaHHe 3JieKTP0H-n03HTP0HHhIX nap. 

IloJIHOe ceqeHHe B 3THX 3HepreTHtJeCKHX HH­

TepBaJiax annpoKCHMHpyeTCH CJie.UyIOIUHMH 

Bhlpa)l(eHIDIMH: 

• B o6nacrn HH3KHX JHeprnH (Ey < 300 K3B) 

O'nonCZ) ~ Z5
; 

• B o6nacTH cpe.UHHX 3HeprnH (0,3 M3B < 
Ey < 7 M3B) O'nonCZ) ~ Z; 

• B o6JiaCTH BhIC0KHX 3Hepnrn (Ey > 7 M3B) 

O'nonCZ) ~ z2
. 

2. MoJJ.eJiupoBaHHe BJaHMOJJ.eHCTBHH 

cj>OTOHOB C semecTBOM B DOJJ.MOJJ.YJIHX 

cI>OTOH H r AMMA 

CxeMaTH':lecKoe npe.l(cTaBJieHHe npouecca 

Mo.uennposamrn B3aHMO,l(eHCTBHH <pOTOHOB co 

cpe.n.oH npe.n.crnsJieHo Ha pHc. 3. Ha cxeMe He 

0TPa)l(eHhI JI0rHtJecKHe CBH3H Me)l(.!ly MO.UYJIH­

MH H n0,l(M0JJ.YJIHMH C0CTaBH0ro cj)H3H':leCKOro 

M0.llYAA CO<l>:H:3M, B cocTaB KOToporo BXO.l(HT 

no.uMo.l(ynH <I>OTOH " r AMMA. 

IlocJie Toro, KaK M0.UyJieM ynpasJieHHH 

Bhipa6aTbIBaeTCH K0MaHJJ,a 0 npose.n.eHHH o6-

pa6oTKH BTOporo THTia 1-IaCTHU ( cj)oTOHOB ), co­

,l(ep)l(aIUHXCH s 6aHKe qacTHU, ycTaHaBJIHBa­

IOTCH 3Ha':leH'Hjl ynpaBJIHIOIUHX napaMeTP0B, 

no KOT0phIM MO.UYJIH nporpaMMhl HaCTPa1rna­

IOTCj1 Ha M0)leJIHpOBaHHe nepeHoca cj)OTOHOB. 

IlocJie BhI60pKH H3 6aHKa 1:1aCTliU q>aJOBhlX 

K0Op.UHHaT O'lepe.uHoro q>OTOHa, TaK)l(e KaK H 

nocJie Ka)l(,!lOr0 aKTa B3aHMO.UeHCTBHH, npOH3-

BO.UHTCH rrposepKa 3Ha'leHIDI ero 3HeprHH. Ec­

JIH OKa3hIBaeTCH, 'ITO 3HeprIDI q>OTOHa MeHhllle 

Ja.n.aHHoro noJih30BaTeJieM HeKoToporo 3Ha-

1:1eHIDI 3HeprHH EcuT o6pe3aHHH, TO MO,!leJIH­

poBaHHe nepeHoca .n.aHHoro q>oToHa JaBepllla­

eTcH H npoH3BO)lHTCH BhI60pKa cpa30BbIX KO-

0p.l(HHaT cne.uyromero cj)oToHa. Onpe.n.enHeTCH 



a 

)lJIJrna cB0601lHoro npo6era, npoxo­

)lHMOro cpoTOHOM 6e3 CT0JIKH0Bemui:, 

-
l = f xp0 (x)dx = Lnon X 

0 

-
xf xexp(-:E00nx)dx = L~~' 

0 

H no HeH ,neJiaeTCR BbIB0.ll 0 BbilleTe 

q>OT0Ha 3a rpaHHUbI CHCTeMbJ HJIH 

aKTe B3aHMo,neiicTBHR. Ha 3T0M 

ypoBHe no.nnporpaMMbI Il0.llM0.llYJIK 

<!>OTOH 06ecne1.mBa10T pactJeT 

BXOJJ.Hble napaMeTpbl: 

<pa30BbJe K00pJJ.HH3Tbl 

TeKymero <j>ornHa 

OnpeJJ.eneHHe :meMeHTa, 

C K0T0pblM np0H30llin0 

B33HMOJJ.eHCTBHe 

Po3b1rpb1w nma 

jjJJ.epHOH peaKUHH 

II0JIHoro ceqemrn B3aHMO,lleHCTBIUI 

cpoTOHa 3a,llaHHOH 3HeprHH co cpe­

JlOH. ECJIH co6hITHe TPaKTyeTCR KaK 

CT0JIKH0BeHHe (B3aHMO,lleI1CTBHe), TO 

no.nnporpaMMaMH II0,UM0.llYJHI onpe~ 

.nemllOTCj[: 

KorepeHTHOe mm 

HeKorepeHTHoe 

paccejjttHe 

Cl>OT03JleKTpH'-!eCKOe O6pa3083HHe 

nornomemte 3neKTpoH-

no3HTp0HH0H napbl 

• 3JieMeHT, C K0T0pbIM B3aHMO,lleH­

CTBYeT cpoTOH; 

BbIXOJJ.Hble napaMeTpbl: H0Mep 3JleMeHTa, 

THn peaKUliH, q>a30Bble K00pJlHH3Tbl BT0PH'-!Hb!X 

'-13CTHU, ynpaBJljjfO[UHe napaMerpbl M0JJ.YJljj 

• THII peaKiurn; P11c. 3 YnpomeHHIUI cxeMa MO.lle1rnpoaamuI B3aHMO.lleHCTBHjj cpo-

• napaMeTPbI BTOpHtJHblX tJaCTHU, 

o6pa3yIOIUHXCR B pe3yJibTaTe pe­

aKllHH. 

TOHOB co cpeJJ.OH 

B q>HJHqecKOH M0,lleJIH !pOT03JieKTPHqe­

CKOro 3cpcpeKTa, paccMaTPHBaeMoro KaK tJHC­

rne nornomettHe cporntta, B no,nMo,nyne <!>O­

TOH BbIX0,U BT0pHtJHbIX <pOTOHOB cpnyopec­

a.eHTH0ro H3JIY'-{eHIDI He Y'-[HTbIBaeTCR. Ilo-

3T0MY, eCJIH II0CJie paCII03HaBaHHR THIIa pe­

aKUHH 0Ka3bIBaeTCj[, tJT0 np0H30IIIeJI <pOT0-

3JieKTpHtJeCKHH 3cpq>eKT, <pOTOH CtJHTaeTCR II0-

rnoweHHbIM. Co6bITHe <pm<CHpyeTCR perncT­

pauH0HHbIM Mo,nyneM H nporpaMMa nepexo­

.llHT K MO,llem1poBaHH10 TpaeKT0pHH HOBOH 

qacn1uhl. 

B no.nMo.nyne r AMMA, ec1m Y'-[HThmaeT­

cR nepeH0C BTOpHtJHbIX qaCTHD., 0TJIH'-IHbIX OT 

<poTOHOB, paccMaTPHBaeTcR npouecc, Kor.na 

<t>oTOH c 3Heprnei1 E1 rrornowaeTcR i-H 060-

JI0l.[KOH aT0Ma 3JieMeHTa z, K0T0pM B036)7)1<­

.llaeTcR. <l>yttKllIDI pacnpe.neneHIDJ: IlJI0TH0CTH 

Bep0RTH0CTH i-H B036)')1<.neHHOH 06onoqx11 

npe.ncTaBJIReTCR B BH,lle CJIY'-{aHHOH .llHCKpeT­

HOH BeJIHtJHHbI p; = CTqin,;(Z, Ey)/CTcjin(Z, Ey), r.ne 

CTcjin.i{Z, Ey) - ceqeHHe HOHH3auirn i-ii o6onoq­

KH H CTcjin(Z, Ey) - Il0JIH0e aT0MHOe cetJeHHe 

<pOT03cpcpeKTa. BepORTHOCTH H0HH3aUHH 3THX 

BHYTPeHHHX o60JI04:eK onpe.neJij[}OTCj[ H3 co-

0TBeTCTByIOIUHX rrapumUibHbIX ceqemrn: 060-

noqeK. 

Ecm1 H0HH3aUHR rrp0HCX0.llHT Ha BHYT­

peHHHX K-, L- H M-06011oqKax, TO KHHeTHtJe­

cKaR 3HeprHR <pOT03JieKTPOHa Ee = E1 - Ei; 
OCTaTO'lHblli aTOM c BaKaHCHeH Ha o6onoqKe 

BII0CJie,llCTBHH nepexo,nHT B 0CHOBH0e co­

CT0RHHe, HCIIYCKM peHTreHOBCKHe KBaHTbl H 

O)Ke-3neKTPOHhI. EcnH H0HH3aullil npo11cxo­

.llHT Ha BHeIIIHHX o6onoqKax, TO KHHeTHI.J:eCKM 

3HeprHj[ <pOT03JieKTPOHa Ee = Ey. PeanH30BaHo 

,lleTaJibHOe on11cam1e <pOTOIIOrJIOIUeHHR Ha K-, 
L- H M-o6onoqxax . 

HanpaBJieHHe 3MHCCHH <pOT03JieKTPOHa 

0TH0CHTeJibH0 HarrpaaJieHIDI .llBH)KeIDUI II0-

rnoweHH0r0 <pOTOHa 0ilHCbIBaeTCR .llH<p<pe­

peHI.{HaJibHbIM no yrny BbilleTa 3JieKTP0Ha ce­

'leHHeM 3aYTepa [8, 14] JlJij[ K-0601101.[KH. 

C'iHTaeTCR, tJT0 yrnoaoe pacrrpe.neneHHe cpo­

T03JieKTP0H0B 1-rn L- H M-0601101.[Kax 6m13KO K 

pacnpe.neneHHIO Ha K-o6on otJKe. ,ll;anee cpornH 

C'lHTaeTCR nornomeHHblM. Co6bITHe <pHKCH­

pyeTCj[ perHCTPaUH0HHblM M0.llyJieM H npo­

rpaMMa nepexo,nHT K M0,lleJIHp0BaHmO TPaeK­

T0pHH HOBOH 'laCTHUbI. 

B <pHJHqeCKOH M0,lleJIH peaKUHH o6pa30-

BaHHR 3JieKTp0H-Il03HTP0HHblX nap IlO.llM0.llY­

Jij[ <!>OTOH: 
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• npe.unonaraeTCH coBna.ueHHe npo-

CTpaHCTBeHHbIX KOOp.UHHaT TO':leK o6pa30Ba­

HHH nap H aHHHfHJIHI.J.HH IT03HTpOH-3JieKTPOH; 

• BMeCTO .UByx qlOTOHOB C 3HeprHeH 

0,5 11 M3B Ka)KJlbIM, pa3neTaIOlUHXCH B npo­

THBonono)KHbIX HanpaBJieHIDIX, npOHCXO)lHT 

reHepau:IDI O)lHOro qlOTOHa c 3Heprnei1 0,511 
M3B, HMeIOmero H30TPOITHoe pacnpe.ueneHHe 

H Y.UBOeHHblM CTaTHCTH'ieCKHM Bee; 

• TOpM03HOe H3JiyqeHHe 3JieKTPOHOB He 

YlfHTbJBaeTCH. 

Ilocne onpe.ueneHHH napaMeTPOB qlOTOHa 

MO)lenHpOBaHHe TPaeKTOpHH npeKpall{aeTCH. 

Co6b1n1e qlHKCHpyeTCH perncTPaUHOHHbIM 

MO)lyneM H nporpaMMa nepeXO)lHT K MO)lenH­

poBaHHIO TPaeKTOpHH HOBOH qacTHU:bl. <l>oTO­

Hbl, o6pa30BaHHbie B pe3yJibTaTe aHHHrHllil­

U:HH, npWIHCllillOTCH K qlOTOHaM cne.uywmero 

IlOKOJieHHJI. 

EcnH yqHTbIBaeTCH nepeHOC BTOpH'IHbIX 

qacTHll, OTJIH'IHbIX OT qlOTOHOB, TO B nO)lMO­

.uyne r AMMA o6pa3oBami:e napbI 3JieKTPOH­

no3HTPOH onHCbJBaeTCH Ha OCHOBaHHH nony-

3MilHpJ,fCJeCKOM TeopHH Eere - ra.i1rnepa [10, 
15, 16]. I-b .uaHHOM MO)leJlll nonyqaIOTCH KH­

HeTH'IeCK.He :meprHH E_ H E+ o6pa30BaBIIIHXCH 

3JieKTpotta H noJHTPOHa. 

IlOJIJ!PHI,Ie Yf Jlbl HanpaBJieHHM )lBH)l(eHIDI 

3JieKTPOHa H n03HTPOHa (0_ H 0 +) OTHOCHTeJib­

HO HCXO)lHOro HarrpaBJieHHJI qlOTOHa nonyqa­

IOTCH H3 COOTHOIIIeHHH p( cos0±) = C (1 - p±x 

x cos 0±r
2

, r.ue C - HOpMHpOBO'-IHblH MHO)l(Jf­

TeJib, a 

~± =.JE±(E± +2m,c2)/(E± +m,c2
) 

- CKOpOCTb 3JieKTPOHa (-) H n03HTPOHa (+). 
A3HMYTaJihHbie cp_ H <p+ Yf Jlbl 3JieKTPOHa H 

I103HTPOHa reeepHpyIOTCH H3 paBHOMepHbIX 

pacnpe.ueneHHM cp_ = 2n~ H <p+ = 2n~, r.ue ~ -
CJlYlfa.MHOe 'IHCJIO, paBHOMepHO pacnpe.ueneH­

HOe Ha OTPe3Ke [O, 1]. 
B nO)lMO)lyne f AMMA npH MO)lem:1p0Ba­

HHH peaKUHH KOrepeHTHOro pacceHHHJI qlyttK­

U:IDI KorepeHTHoro pacce.SIIIH~ rrpe.ucraBnetta 

3MIIHpH'IeCKOM aHaJIHTH'leCKOM 3aBHCHMO­

CTblO [8, 17], a KOCHHyc yrna pacceHHHH µ = 
cos0y pacctJHThrnaeTCH MeTO.UOM HetiMaHa. 

B no.uMo.uyne <l>OTOH rrpH peaKUHH He­

KorepeHTHoro pacceHHHH onpe.ueneHHe napa­

MeTPOB <pOTOHa IIOCJie pacceHHIDI CBO)lHTCH K 

nonyqeHHIO BhI60p0'1HhIX 3Ha'-!eHHM 3HeprHH 
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H HarrpaBJieHHH noneTa H3 3a)laHHOM qlyttKUHH 

ITJIOTHOCTH BepOHTHOCTH. 11CIIOJih3yeTCH cno­

co6 [ 18], OCHOBaHHhlli Ha MO)leJIHpOBaHHH 

MeTO)lOM Hei1MaHa c mrnetittoM Ma)l(opaHTOM. 

Ilocne p03hlrph1IIIa 3HeprnH KOCHHyc yrna 

paccemIBH cporntta µ = cos0y onpe.uenHeTCH H3 

COOTHOIIIeHHH KIK1 = [I + K'(l - µ)r1
' r.ue 

K = Er /(mec2
) - KHHeTH'ieCKM 3HeprnH 4)0-

TOHa .D,O B3a.HMO)leMCTBHJI; K
1 = E; /(mec2

) -

K.HHeTH'leCKM 3HeprHH qlOTOHa nocne B3aH­

MO)leikTBHH. 

B rro.uMo)lyne r AMMA .D,JIJI pactJeTa ce­

':leHHM HeKorepeHTHOfO pacceHHHH C yqeTOM 

.uonnepOBCKOfO YIIIHpeHHH H 3qlqleKTa CBH-

3aHHOCTH npHMeHHeTCH pemi:THBHCTCKOe HM­

nyJihCHOe npH6JIH)l(eHHe [19, 20]. ,[(JIH p03bl­

rpbIIlla KHHeTH'IeCKOH 3HeprHH qlOTOHa E~ H 

a3HMYTaJihHOro yrna ero pacceHHHH <py HC­

I10Jlh3yeTCH anropHTM BhI60pK.H H3 [20]. EcJIH 

yqHThIBaeTCH nepeHOC BTOpH'IHhIX qacTm~, 

OTJIH'-IHhIX OT qlOTOHOB, TO Bhl'IHCllillOTCH rra­

paMeTPbI KOMIITOHOBCKOro 3JieKTPOHa Ee H 0e. 
Bo36y)l(JleHHM 3JieKTPOHHM o60JI0'1Ka cqH­

TaeTCH H3BeCTHOH H B03MO)l(H0 OTCJie)lHTh HC­

ITYIUeHHbie )lJIH CHHTHH B036y)l(JleHHH HOHH3H­

poBaHHOro aTOMa xapaKTepHCTH'IeCKHe qlOTO­

HhI H O)l(e-3neKTpOHhI. 

3. CTpyKTypa no.D,Mo.D,yJ1eii 

CTPYKTypa no)lMo.uynei1 onpe.uenHeTCH 

apXHTeKTypOM COCTaBHOro qlH3H'IeCKOro MO­

.uymi: C0<1>113M. B paccMaTPHBaeMOH BepcHH 

nporpaMMhl, KaK H 6onee paHHHX ee BepCHHX, 

o6MeH HHqlOpMal.(HeH OCYIUeCTBllileTCH qepe3 

qlOpManbHhie napaMeTPbl cneIIHanH3HpOBaH­

HOro tta6opa no.unporpaMM-HHTepq1eHCOB. B 

CBH3H C 3THM B CTPYKType IIO)lMO)lyJieM rrpH­

cyrcTByIOT no.unporpaMMbl p03blrphIIIIa THna 

npouecca, onpe)leneHHJC xapa.KTepHCTHK npo­

)lYKTOB peaKU:HH, MaKpocKonHtJecKHX ce•rnttHH 

11 )lpyrHe. 

Ilo.uMo)lynH cocTOHT H3 )lByx qacrei1, B 

Ka)K,llOM H3 KOTOpbIX CO)lep)l(aTCH no.unpo­

rpaMMhI, o6ecne':IHBaIOmHe pa6ory rrporpaM­

MbI Ha CTa)lIUIX: 

• IIO)lfOTOBKH H o6pa6oTKH HCXO)lHblX 

)laHHbJX ( C':IHThlBa.HHe HHqlOpMaUHH 06 H30-

TOnHOM COCTaBe, nepeKO)lHpOBKa HMeH H30-

TOnOB no BHYTPeHHeM Ta6Jlllue HMeH, no.urn-



TOBKa pa60'UIX fo16JIHOTeK KOHCTaHT rrepeHo­

ca cpoTOHOB ); 

• MO,lleJIHpOBamrn B3aHMO)leHCTBID.I cpo­

TOHOB C BeIUeCTBOM (p03bITpbllll cpH3HtJeCKOro 

npouecca B3aHMO)leHCTBHH cpOTOHOB C Beme­

CTBOM H reHepaUHH BbI6opoqHbIX 3HatJeHHH H3 

3aKOHOB pacrrpe.ueneHHH (pH3HtJeCKHX BeJIH­

tJHH). 
ITo.urrporpaMMbI, BXO,llHIUHe B rrepBblH 

pa3.uen, rrporpaMMHO CBR3aHbl C .upyrHMH MO­

.uymIMH rrporpaMMbI TOJibKO qepe3 BHeIIIHHe 

HOCHTeJIH 1rncpopMal{HH. Pe3yJibTaTOM HX pa-

60Tbl HBmieTCR pa6oqasr 6H6JIHOTeKa pacqeT­

HOfO BapHaHTa. ITo.urrporpaMMbl BToporo pa3-

.uena aa1rncaHbI B paMKax TPe6oBaHHH, ccpop­

MynupoBaHHbIX ,llJIH no.urrporpaMM COCTaBHO­

ro cpH3HqecKoro MO.UYJIH. Ka)l(J].M H3 HHX 

rrpe,llHa3HaqeHa .UM BhillOJIHeHHH KOHKpeTHhlX 

cpyHKUHH: p03blrphilll B3aHMO,lleHCTBHR, orrpe­

.neneHHe rrapaMeTPOB qacTHll, nocne B3aHMO­

.ueHCTBHH, reHepauHR MaKpOCKOilHtJeCKHX ce­

qeHHH u T.,ll. O6MeH HHcpopMauueH Me)K,lly 

no.nnporpaMMaMH COCTaBHOro cpH3HtJeCKOro 

MO,llyAA H rro.nnporpaMMaMR ,llaHHOro ITO,llMO­

.llYAA OCYIUeCTBAAeTCH qepe3 cpopManhHbie rra­

paMeTPbl. 

4. PHOTONT - 6n6JinonKa H,UepHo­

(j>n1nqecKHX JJ:3HHLIX ,!J;JIH MO,!J;eJIHp0B3HHH 

B33HMO,!J;eHCTBHH (j>OTOHOB C eemecTBOM 

6a3a .uaHHhIX MCUDB50, rro.I1,,llep)KH­

Ba10utaR pa60Ty nporpaMMbI MCU-PD2006, 

BKJIIOtJaeT B ce6R HeCKOlli>KO pa3,lleJIOB (6H6-

JIHOTeK), Ka)l(J].bill H3 KOTOpbIX co.nep)KHT ce­

tJeHHR H .upyrne KOHCTaHThl B3aHMO,lleHCTBHR 

HeHTPOHOB H (pOTOHOB co cpe.uoH B onpe.ue­

JieHHOH :mepreTuqecKOH o6naCTH u npHMeHH­

eTCH pa3HhlMR IlO,llMO.UYJIRMH COCTaBHOfO cpH-

3HqeCKOrO Mo.nynR rrporpaMMhI. KoHCTaHThI, 

OilHChIBaIOIUHe B3aHMO.UeHCTBHe (pOTOHOB C 

BemecTBOM H HCIIOJlh3yeMbie IlO.UMO.UYJieM 

<!>OTOH, npe.ucrnBneHhI 6u6nuoTeKoH 

PHOTONT. 

6u6nuoTeKa PHOTONT co.uep)l{JfT .naH­

m,1e no 3HepreTHtJeCKOH 3aBHCHMOCTH ceqe­

HHH B3aHMO.UeHCTBHR cpOTOHOB C BemecTBOM B 

rpynnOBOM H IIOTOtJetJHOM npe,llCTaBJieHHHX. B 

COCTaB 6H6JIHOTeKH BKJIIOlJeHbl TPH He3aBH­

ClfMbie rpynIThl KOHCTaHT, OilHCbIBaIOIUHe 

B3aHMO.[(eHCTBHe (pOTOHOB C BemecTBOM B 

3HepreTHtJeCKOH o6naCTH OT 1,0 K3B .uo 100 

M3B. 

ITepBM rpyrrna .uaHHhlX rrpe.UCTaBJieHa 36-

rpynnOBhIMH cetJeHH51MH, KOTOpbie OIIHChIBa­

IOT B3aHMO.UeHCTBHe (pOTOHOB C BeIUeCTBOM B 

o6nacTH 3HeprHH OT 10 K3B .no 14 M3B. ,n:aH­

Hhie nonyqeHbl C ITOMOIUbIO rrporpaMMHblX 

cpe.UCTB H3 MHOrorpynnOBOH 6a6JIHOTeKH 

DLC-41BMTAMIN-C (21]. Hcxo,n:HM 6u6-

JIHOTeKa C03.Ua.Ha C npHMeHeHHeM ITO,llMO.ny­

JieH nporpaMMHoro KOMIIneKca AMPX77 (22] 

H 6tt6m-rnTeKH oueHeHHhIX HeHTPOHHbIX .naH­

HhIX ENDF/B-IV (1978 r.). 

BTOpM rpynna .uaHHbIX co.uep)KHT ,n:aH­

HhJe C IIOTOlJelJHhIM rrpe,n:cTaBJieHHeM :mepre­

THtJeCKOH 3aBHCHMOCTH cetJeHHH, OilHCbIBaIO­

Ill,HX B3aHMO,lleHCTBHe (pOTOHOB C Belll,eCTBOM 

B o6nacTH 3HeprHH OT 1 K3B .uo 100 M3B. 

OueHKa BhIIIOJIHeHa C HCITOJih30BaHHeM HH­

cpopMaUHH, co.nep)KameHcR B cpaHnax 6u6nuo­

TeKH oueHeHHbIX HeHTPOHHhIX .UaHHhlX 

ENDF/B-IV [23]. 

TpeTbR rpyrrrra .naHHhlX npe,n:CTaBJieHa 42-

rpynnOBhIMH cetJeHHRMH, OIIHCbIBaIOill,HMH 

B3aHMO,lleHCTBHe (pOTOHOB C Belll,eCTBOM B 

3HepreTuqecKOH o6JiaCTH OT 10 K3B .n:o 30 

M3B. ITonyqeHa C ITOMOill,hlO nporpaMMHbIX 

cpe,llCTB H3 MHOrorpynnoBOH 6H6JIHOTeKH 

DLC-184NITAMIN-B6 [24], ocHoBaHHOH Ha 

HHcpOpMaUHH, co.nep)KameifoH B 6u6JIHOTeKe 

ouetteHHhIX HeHTPOHHbIX .naHHhIX ENDF /B-VI 

Release 3 H qacrntJHo B ENDF/B-VI Release 4 

(1996r.). 

5. Jiu6JIHOTeKa PHOTDATA ce'lettuii 

B33HMO,!leHCTBHH (j>OTOHOB C eemecTBOM 

no,!lMO.!lYJIH r AMMA 

6a3a .uaHHhIX MCUDB50, noMep:>KH­

BaIOmM pa6oTy nporpaMMhI MCU-PD2006, 

BKJIIOtJaeT B ce6H HeCKOJihKO pa3,lleJIOB (6u6-

JIHOTeK), Ka)K,llhIH H3 KOTOphIX co.nep)KHT ce­

tJeHHJI H .upyrne KOHCTaHThI B3aHMO)leHCTBHR 

HeHTPOHOB, <pOTOHOB, 3JieKTp0H0B H IT03HTp0-

HOB co cpe.noH B onpe.ueneHHOH 3HepreTHtJe­

CK0H o6naCTH H HCITOJib3YeTCR pa3HbIMH no.u­

MO.UYJIJIMH COCTaBHOrO cpH3HqecKoro MO,llyAA. 

KoHCTaHTbI, OIIHCbIBaIOill,He B3aHMO,lleHCTBHe 

cpOTOHOB C BemecTBOM B IlO,llMO,llyne r AM­

MA, npe.ncTaBJieHhI fo16nH0TeKoH PHOT­

DA TA. 
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fa.161moTeKa PHOTDAT A co.uep)l(Iff .uaH­
Hhie no :mepren1qecKoi1 3aBHCHMOCTH ceqe­
HHH B3aHMO}].eHCTBml <pOTOHOB C BerueCTBOM B 
noToqeqHoM npe.ucTaBJieHHH B 3HepreTuqe­
CKOH o6nacrn: OT 100 3B .uo 100 M3B. 

EH6JIHOTeKa 3aIIHCaHa B IIOLUJ.HpeKTOpHH C 
HMeHeM PHOTDA TA. B HeH co.uep)KaTcx 99 
<paHJIOB c HMeHaMH phZZ.gam H 99 ¢ai1noB c 
HMeHaMH ppZZ.gam, rL{e CHMBOJI zz cooTBeT­
CTByeT aTOMHOMY HOMepy 3JieMeHTa zz = 01 -

99. 
<l>aHJibl phZZ.gam COL{ep)KaT HHTerpaJib­

Hbie aTOMHbie H rrapUHaJibHbie ceqeHHH <pOT0-
3<p<peKTa BHYTPeHHHX K-, L- H M-o6onoqeK 
L{JIH 3Heprnii <pOTOHOB B HHTepBane 3Heprnii 
oT 50 .uo 1012 3B. )],aHHhie B3HThI H3 LLNL 
Evaluated Photon Data Library EPDL97 

[25 ... 27]. 
<l>aHJihI ppZZ.gam co.uep)KaT rroJIHhie ce­

qeHHH o6pa.30BaHIDI 3JieKTPOH-Il0311TpOHHblX 
nap <poToHaMH 3HeprHH OT nopora peaKUID:I 
L{O 109 3B B none HeHTPaJihHbIX aTOMOB . .D:aH­
Hbie rronyqeHhI rro rrporpaMMe XCOM [28]. 

B noLUJ.HpeKTOpHH c HMeHeM SHELL­
DAT A HaxoL{HTCH ¢ai1n atconf.dan, KOTOphIH 
COL{ep)KHT HH<pOpMaUHIO O KOH<pITTypaUHHX 
aTOMOB B OCHOBHbIX COCTO.SIHHHX, 3HeprHH 
HOHH3aUHH [29] H 3HaqeHHHX J, (p= = 0) OL{H0-
3JieKTPOHHblX o6onoqeK KOMilTOHOBCKHX 
rrpo<pHJieH [30] .um1 3JieMeHTOB Z = 1 - 99. 

OCTaJibHaH q11cJieHHM HH<pOpMaUHH xpa­
HHTCH BO BHYTPetttteu 6a.3e L{aHHhIX IIOL{Mo.uy­
AA f AMMA. 

HHTerpaJibHbie H L{H<p<pepeHUHaJihHble ce­
qeHIDI KorepeHTHoro 11 HeKorepeHTHoro pac­
cexHHH paCCqflTbIBaIOTCH IIO}].MOL{yJieM Ha 
3Talle BBOL{a HCXOL{HhIX .uaHHblX Ha OCHOBaHHH 
¢opMyJI H MO}].eJieH, npHBe.ueHHhIX B COOTBeT­
CTB)'lOIIIHX pa3.uenax OIIHCaHIDI npouecca MO­
.uen11poBaHHH IIO.UMOL{YJIH f AMMA. 

6. MoueJrnpoBaHue npoueccoB reHepauuu 
<J>oT0HOB B ueihp0HHhlX peaK_UHHX 

Il0JJ,M0llYJieM HEr A 

<l>oTOHbJ KaK BTOpHqHblli HCTO'IHHK 113JIY­
qemrn B HeHTpoHHO-QJH3HqecKOH 3aL{aqe B03-
HHKaroT B rrpouecce .ueneHHH xL{ep HeHTPOHa­
MH B pe3yJibTaTe paL{HaUHOHH0rO 3aXBaTa 
HeHTPOHOB x.upaMH cpeL{bl, HcnycKaJOTCH rrpH 
HeynpyroM paccexHHH HeHTPOHOB B HL{epHbIX 
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peaKUHHX THITa (n, kn) H B pxL{e L{pyrHx HL{ep­
HbIX npoueccax. no 3TOH rrpwrnHe HeHTPOH­
H0MY nonro BcerL{a c0TTYTCTByeT crettep11po­
BaHHoe HM B cpe.ue COOTBeTCTB)'lOIUee QJOTOH­
HOe none. TipOCTPaHCTBeHH0-3HepreTJ,[qeCKOe 
pacnpeL{eJieHHe <pOTOHHOrO II0AA paccqHTbl­
BaeTCH C HCIIOJlh30BaHHeM QJH3HqecKHX MOL{e­
JieH, peaJIH30BaHHblX B II0L{IIporpaMMaX IlOL{­
MOL{yJieH <l>OTOH u r AMMA, 11 6H6mrnTeKH 
PHOTONS rettepau;HH cpoTOHOB B tteuTpOH­
HhIX peaKUHHX, BXO.UHIUeH B C0CTaB 6a.3hl L{aH­
HbIX MCUDB5. 

TipH MOL{eIDlpOBaHHH COBMeCTH0ro rrepe­
H0Ca qaCTHU - HeHTPOHOB H <pOTOHOB, KOrL{a 
<pOTOHhl reHepHp)'lOTCR B pe3yJlbTaTe B3aHMO­

.ueHCTBHH HeHTPOHOB C HL{paMH cpe}].hI, onpe­
L{eMIOTCR: 

• BhlXOL{ q>OTOHOB npH B3aHMOL{dicTBHH 

HeHTPOH0B c BemecrnoM; 
• 3HepreTHqecKoe pacnpeL{eJieHHe cre­

HepHpoBaHHhIX q>OTOHOB; 
• 3JieMeHT, C KOTOpbIM B3aHMOL{eHCTByeT 

q>OTOH; 

• THII peaKUHH; 

• napaMeTPhI BTOpHqffblX <pOTOHOB, IIO­
Jiyqarorumccx B pe3yJibTaTe B3aHMOL{eHCTBHH. 

Tio}].IlporpaMMaMH 06ecneq11saeTcR L{0C­
Tyn K TPeM THTiaM RL{epHbIX L{aHHhlX, a cpaKTH­
qecKH K TPeM pa.3HhIM 6f16JIHOTeKaM. TiepBM 
H3 HHX OCHOBaHa Ha L{aHHhIX, co.uep)KaIUHXCH 

B MHOrorpynnoBoH 6H6JIHOTeKe DLC-
4 lBNITAMIN-C [21], BTOpM - Ha L{aHHhIX 
MHororpynnoBOH 6H6nnoTeKH DLC­
l 84NIT AMIN-B6 [24]. O6a THna .UaHHbIX 
COL{ep)KaT HHq>OpMaUHlO TIO BhIXO}].aM H cneK­
TPaM QJOTOHOB B rpynrroB0M rrpe.ucTaBJieHHH. 
BhIXOL{ <pOTOHOB .UM 3a}].aHHOH 3HepreTHqe­
CKOH rpynnh1 orrpe.ueAAeTcx orrepau11eif yc­
peL{HeHHR IIO BCeM BO3MO)KffblM BhIXOL{aM cpo­

T0H0B B pa.3JIHqHbIX peaKUHRX. 
TpeTHH THIT sr.uepHhIX .uattHhIX rro rettepa­

UHH q>OTOHOB B HeHrpOHHhlX peaKUHHX, B 0T­
JIHqHe OT L{Byx rrepBbIX MH0rorpynrroBhIX, 
npe.ucTaBnxeT co6ou ouetteHHhre xL{epHbie 
L{aHHhie, npe.ucrnsneHHhie B cpopMaTe ACE 
[5]. Ottu coL{ep)KaTcx B 6116JIHOTeKe ACE 6a-
3hI .uaHHhIX MCUDB5. 

BpeMeHHaR 6H6JIHOTeKa pacqeTH0r0 Ba­
pHaHTa cpopMHpyeTCR Ha rrepBOM 3Tarre npo­

XO)K}].eHIDI 3a}].a'IH. 113 o6ruero CIIHCKa H)'KJIH~ 
L{OB C03}].aeTCH CIIHC0K HeTIOBTopxrommccR B 
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3a)laHHH Hj'KJUl)lOB C yqeTOM THITa HCITOJib-

3yeMOH 6H6JIHOTeKH .sr.nepHbIX J].aHHbIX, OTBeT­

cTBeHHbIX 3a reHepaumo qJOTOHOB B HeHrpOH­

HblX peaKUH5lX. CoJJJ.aeTc.sr KaTanor HMeH He­

noaTop.srromHxc.sr Hj'KJIHJJ.OB c YJ<a3aHHeM JJ.JI.sI 

1<a)KJJ.oro Hj'KJIHJJ.a 6H6mrnTeKH .sIJJ.epHbIX JJ.aH­

HhIX, H3 KOTOpOH 6yJJ.yr Bbl6HpaTbC.sI Heo6xo­

J].HMble J].aHHbie. 

CxeMa MOJJ.enHpoaaHIDI nocrpoeHa TaKHM 

o6pa30M, 'I.JTO ITO 3Hat.JeHHIO 3HeprHH Heiirpo­

na OITpeJJ.emieTC.sI BbIXOJ]. qJOTOHOB. IlocKOJibKY 

OH MO)l(eT 6hITb 3Hat.JHTeJibHbIM, TO 'I.JHCJIO po­

)K,lleHHblX cpOTOHOB B TeI<ymeM ITOKOJieHHH 

aeiirpOHOB perynHpyerc.sr yrrpaBJI.sIIOillHM na­

paMerpoM. B Kat.Jecrne yrrpaa11.sr10mero napa­

Merpa, 3Hat.JeHHe KOTOporo ITOJ].6HpaeTC.sI 

noJTh30BaTeneM ITPH 3aITyc1<e 3aJJ.a•m, ITpHMe­

H.sieTc.sr ae11Ht.J1rna, o6paTHa.sr aepo.srTHOCTH re­

HepaUHH qJOTOHa B peaKUIDIX HeHrpOHOB C .sIJ].­

paMH aemecrna. Otta OITpeJJ.en.srerc.sr cneJJ.yro­

IllHM o6pa30M: 

WPHO = 1,0 / PHGP, 

rJJ.e PHGP - aepo.sITHOCTh reHepaoHH cpoTo­

HOB. Ct.JHTaeTC.sI, 'I.JTO reHepauH.sI cpOTOHOB 

ITpOHCXOJJ.HT, ecnH ~ < PHGP. B 3TOM cnyqae 

reHepHpyeTC.sI OJ].HH qJOTOH co CTaTHCTH'I.Je­

CKHM aecoM Was = WbsWPHO, rJJ.e Wbs - CTaTH­

CTH'leCKJ,fH Bee HeiirpoHa. 

7. PHOTONS - 6H6JIHOTeKa reuepanHH 

ct,OTOHOB B H)lepHblX peaKJ.J;HHX ueiiTpOHOB 

c semecTBOM 

B 6H61rn0Te1<e PHOTONS ITpHBOJJ.uc.sr 

J].Be rpyrrmr J].aHHbIX ITO cet.JeHIDIM reHepaUHH 

q>OTOHOB ITPH B3aHMOJ].eHCTBHH HeHrpOHOB C 

aemecTBOM, BbIXOJ].bl cpOTOHOB H HX CITeKrpbI. 

Ilepaa.sr rpynna JJ.aHHhIX nonyqetta c ITO­

MOillhIO ITporpaMMHbIX cpe)lCTB H3 MHOro­

rpynITOBOH 6H6JIHOTeKH DLC-41 BNIT AMIN­

C [21]. HcXO)lHa.sI 6H6JIHOTeKa C03)laHa C HC­

IlOJib30BaHHeM ITO)lMO)lyJieH ITporpaMMHOro 

KOMIIJie1<ca AMPX77 [22] H 6H611H0Tel(J,f oue­

HeHHhIX .sIJJ.epHbIX JJ.aHHhIX ENDF/B-IV (1978). 

Brnpa.sr rpynna )laHHhIX no rettepaUHH 

(pOTOHOB ITOJiyqeHa C ITOMOillblO ITporpaMM­

HbIX cpe)lCTB H3 MHOrorpyrrnoBOH 6H6JUIOTe­

l<H DLC-184MTAMIN-B6 [24] . Hcxo)lHa.sr 

6H6JIJ.foTeKa C03)laHa C npHMeHeHHeM ITOJ].MO­

.llynei1 nporpaMMHoro 1<0Mnne1<ca AMPX77 H 

6H6JJHOTeKH oueHeHHblX .smepHbIX )laHHbIX 

ENDF/B-VI Release 3 H qacTwrno ENDF/B­

VI Release 4 (1996 r.). 

O6e rpynnhI )laHHhIX C0)lep)l(aT HHcpop­

MaUHIO no BbIXOJ].aM H cneKrpaM qJOTOHOB B 

rpyrrITOBOM ITpe)lCTaBJieHHH. BbIXO)l <pOTOHOB 

)lJI.sI 3a)laHHOH 3HepreTH'leCKOH rpyrrnhI orrpe­

)leJI.sieTC.sI onepauHei-i ycpe)lHeHH.sr no aceM 

B03MO)l(HbIM BbIX0)laM (pOTOHOB B pa3JIH'I.JHbIX 

peaKUH5lX. 

8. BepmjmKaJ.J;HH IlO)lMO)lyJieH 
<l>OTOH, r AMMA H HEr A 

.D:11.sr aepHcpHKaumr IIO)lMO)lyneii <DOTOH, 

r AMMA H HEf A npoao)lHJIHcb pact.JeThI 

6eH1IMap1< MO)leJieH H 3KCrrepHMeHTOB, B KO­

TOpbIX pernaJIHCb 3a)la'I.JJ.f rrepeHoca cpoTOHOB, 

HeHrpOHOB H BT0pH'I.JHhIX cpOTOHOB, o6pa30-

BaBUIHXC.sI B pe3yJibTaTe B3aHMO)leHCTBH.sI co 

cpe)lOH, a Tal()l(e pacqeT B3aHMOCB.sI3aHHbIX 

3a)la'I.J nepeHoca qJOTOHOB, 3JleI<rpOHOB H no-

3HrpOHOB B )laTt.JHKax np.sIMOH 3ap.sIJ].KH. Pe-

3j'JibTaTbl pact.JeT0B cpaBHlfBaJIHCb C aHaJIHTH­

qecKHMH perneHH.sIMH, 'I.JHCJieHHbIMH pact.JeTa­

MH, BhlfI0JJHeHHhIMH no nporpaMMaM MCNP H 

EGS4, H 3KCITepHMeHTaJihHhIMH JJ.aHHhIMH. 

IlonyqeHO j')lOBJieTBOpHTeJibHOe cornacHe. 

AHaJIJ.f3 cpaaHeHJUI. pe3j'JlhTaTOB OITy6JIHKOBaH 

B [31, 32]. 

3aKJIIO'leUHe 

Ilpe)lcTaaneHhI cae)leHH.sI, 1<aca10mHec.sr 

OilHCaIDUI: OCHOB qJH3HKH B3aHMO)leHCTBH.sI 

3JieKrp0MarHHTHOro H3JiyqeHIDI co cpe.n;oi1, 

MeTO)lOB M0)leJJHpOBaHH.sI B3aHMO)leHCTBH.sI 

<pOTOHOB C BellleCTBOM, peaJIH30BaHHbIX B 

nO)lMO)lj'JI.sIX <I>OTOH H r AMMA C0CTaBHOro 

cpH3Ht.Jec1<oro MOJlYJI.sI CO<I>H3M B rrporpaMMe 

MCU-PD2006, H KOHCTaHTHoro 06ecrret.JeHID1. 

)lJI.sI perueHH.sI 3a)la'l B3aHMO)leHCTBH.sI cpOTOHOB 

c BellleCTBOM. Tal()l(e onHcaH ITO)lMO)lj'Jih HE­
r A , rrpenHaJHa'leHHhrn JlJI.sI MO)lem1poaamrn 

po)l()lemur cpoTOHOB B npouecce B3aHMO)leH­

CTBIDI HeHrpOHOB C aemecTBOM. 

rro)lMonyJIJ.f <t>OTOH, r AMMA H HEr A 

HcnOJih3j'IOTC.sr B rrporpaMMe MCU-PD2006 

JlJI.sI Mon en HpoaaHH.sI rrpoueccoa nepeHoca 

HeHrpOHOB H cpoTOHOB aHaJIOroBhIMH H HeaHa­

JIOrOBbIMH (BeCOBbIMH) MeTO)laMH MoHTe­

Kapno Ha OCHOBe Ol.leHeHHbIX .sI)lepHblX naH-
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HhIX B Cl.fCTeMax c TJ)eXMepHOH reoMeTJ)l.feH. 
Ilpose,ll.eHa BepmpHKar.nu, nO.ZJ.MO.ZJ.yneH Ha 
6eH'IMapK M0,ll.eJUIX. 

IlpHMeHeHHe no.ZJ.MO.ZJ.yneii <DOTOH, 
r AMMA J,[ HEr A B C0CTaBe nporpaMMhI 
MCU-PD2006 no3B0JUieT npoB0.ZJ.HTh pacqeTbI 
cpH3H'-IeCKHX xapaKTepHCTHK aKTHBHbIX 30H 

peaKTopoB nma BB3P, PWR H .ZJ.p., B3aHM0-
CB».3Hhre pactieTbl nepeHoca HeHTJ)0HOB, cpo­
T0H0B, 3JieKTJ)0H0B H Il03HTJ)0H0B ,ll.JIH 0TIHCa­
HIDl cpH3litieCKHX npou:eccoB B ,ll.aTtIHKax npR­

MOH 3apR.ZJ.KH, a TaIOKe nonyqaTb pa3JIHtIHbie 

<pyHKUHOHaJibl. 

Pa6orn BhIII0JIHeHa npH no.ZJ..ZJ.ep)KKe OAO 
"TB3JI". 
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p 

YT011ueuuL1e npasuJia oct,opMJieHHH cTaTen 

TTpH no.nroT0BKe eTaThH B e6opHHK aBT0p ,ZlQJJ)KeH PYKOB0,ZleTB0BaTI,eR eTaH.napT0M 

"OpHrHHaJlhl aBTOpeKHe H TeKeT0Bble H3,ZlaTem,eKHe" (OCT 29 .115 - 88). K aBT0peKHM 

opHTHHaJiaM, nepe.uasaeMhIM ,ZlJUI H3,ZlaH~, npe,ZlbKBJUllOTeR ene,ZlyIOlllHe rpe6oBaHHR: 

1. 3K3eMmrnp eTaThH ,Zl0JJ)KeH 6b!Th nepBbIM, 0TneqaTaH Ha 0,ZlHOH eTopoHe JJHeTa cpopMaTa A4 
wpHcpTOM N2 12 qepe3 2 HHTepBaJia. CTaThR ,Zl0JJ)KHa 6hITh eoeTaBJJeHa B ene.nyromeM nopR,AKe: 

1m.neKe Y)U(; 3arnaBHe; HHHUHaJlhl H cpaMHJlliH aBT0p0B; MeeTO pa60Thl Ka)K_n0fO aBTOpa e 

nO'iTOBhIM a.npeeoM; aHHOTal.llUI (He 6onee 10 crpoK); KJilO'ieBhie enoBa - Bee Bhllllenepe'IBeJJeHHOe 

Ha pyccKOM H aHrmdieKOM H3hIKax; TeKeT; enHeOK JJHTepaTyphI; pHCyHKH; IlO,ZlpHeyttO'-lHbie no.nnHeH 

(Ha OT,ZleJJhHOM JJHeTe). 

2. CTaTbH .Zl0JJ)l(Ha TaK)Ke npe.uoeTaBJJRTbeH o6x3aTeJJbHO B BH,Zle 3JJeKrpOHHOH BepeHH o6hI'llihlM 

rupHcpToM N2 12 Times New Roman, Me)K,Ayerpo'IHhIB HHTepBaJI - O.ZlHHapHhIH, B pe.naKrnpe Word 

97 HJJH 6onee Il03.ZlHHX BepeHH. TeKeT He cpopMampyeTeH, B KatJeerne HMeHH cpaiina HCTIOJJb3yeTeR 

<l>MO nepBoro asTopa cTaThH. KaBhl'fKH B TeKeTe cTaBHTeH npH aHrnHifeKoH paeKJJa,nKe KJJaBHaTyphI 

(" .. "). 
3. Co.uep)KaHHe CTaThH ,ZlOJJ)KHO 6hITh KpaTKHM H '-leTKHM. MeKmoqa10TeH o6mHe pacey)K,AeHHH, 

H3BeeTHbie nOJJO)KeHHH. He .uorrycKaeTCH .uy6nHposaHHe MaTepHaJia B TeKeTe, Ta6JJHUax, 

no.npHeyttO'IHhrx Ha,UnHeRX. Heo6XO,ZlHMO eo6mo,D.aTb e,D.HH006pa3He B HanHeaHHH TepMHH0B, 

HaHMeHOBaHHH cpH3H'ieeKHX Benwurn H e,UHHHU H3MepeH~, yen0BHhrx o603Ha'ieHHH, eoKpameHHH, 

eHMB0JJOB. HaHMeHOBaHHH H o603Ha'ieHHH e,ZlKHHU qJH3H"'!eeKHX BeJJH'iHH Heo6xo,unMO npHBO,lJ.HTh B 

eHeTeMe CM. 

Heo6XO,ZlHMO o6pamaTh BHHMaHHe Ha HanHeaHHe nponneHblX H erp0'IHhrx 6YKB: pyeeKHe H 

rpeqeeKHe 6YKBhI (a, p, '/, q:> H T.,Il.) Ha6Hpa10TeH npHM0, a naTHHeKHe (x, y , Z, w H T.Jl.) - KypeHBOM. 

Te )Ke Tpe6oBaHHR B o603Ha'ieHHRX H~HO eo6JJIO,D.aTh npH HanHeamrn HH,lleKCOB H eTeneHeH B 

cpopMynax. O603HatJeHHR MarpHU H BeKTOpOB Ha6HpaIOTeH IlOJJ~HpHbIM wpmtJTOM npRMO. 

<l>opMyJJhI, BKJJlO'-leHHbie B TeKeT, cne.uyeT Ha6HpaTh 6e3 yseJJH'-leH~ KHTepBaJia Me)K,Ay crpoKaMH, 

HanpHMep bid, exp(x/e). 

4. Ta6nHUhl HYMepyroTeH, Ka)K,AaR Ta6n11ua ,UOJJ)KHa HMeTb 3arOJJOBOK. CoKpameH~ B rpacpax 

Ta6JJHUhI He .uonyeKalOTCH. B TeKCTe Heo6XO,llHMhl cehIJJKH Ha BCe Ta6JJHUhI. Ta6JJHUhl rreqaTalOTCH B 

o6meM TeKeTe noene nepBOH eehIJJKH. 

5. <l>opMyJJhl H 6y'KBeHHhie o603Ha'ieHHH BeJJH'IHH ,llOJJ)KHhl 6bITh pa3Me'ieHbI H epa3y 

pacwHcpposaHbl. <l>opMyJJhl HYMepyroTeH apa6eKHMH UHcppaMH, HOMep eTaBHTeH e rrpaBOH eTOpOHhl 

JJHCTa B Kpyrrrhrx eK06Kax. HYMeposaTb cne.uyeT TOJlhKO Te cpopMyJJhl H ypaBHeHKH, Ha K0TOpbie 

eCTh ecbIJJKa B noene.uyromeM H3JJO)KeHHH. <l>opMyJJhl BhllIOJJHHJOTCH B pe,uaKTOpax Equation 3.0 HJJH 
I I 

Math Type npH HeB03MO)KHOeTH tta6opa Ha KJiaBHaType ( x; ,y;,,.rx; f x,- H T.Jl.) . no.ucrpo'-lHbie H 
0 y 

Ha.nerpO'IHbJe HH,ZleKebI BBO.ZlHTeH e KJJaBHaTypbl (x3, KM
2 

J,l T . .Zl.) , rpeqeeKHe 6YKBbI BCTaBJJHJOTeH 

qepe3 MeHIO B c maBKa ➔ CUMBOll. 

6. B TeKeTe eTaTbH pHeyttOK ofol3aTeJihHO npe.uernsm1eTCH Ha 0T)leJihH0M JIHCTe q>opMaTa He 

6onee A4. Ha pHeyttKax .uorryeKaeTeH MHHHMaJlhHOe '!Meno o603Ha'ieHHH - KpaTKHe umppOBbie (no 

nopR.ZlKY HoMepoB cneBa ttanpaBo HJJH no qaeoBOH cTpenKe) 11n11 6YKBeHHb1e o6o3tta'ieH~. Bee 

TT0HCHeH~ BhIHOCHTCH s no,D.pHcyuoqHble IlO,ZlTIHCH. Ha o6opoTe Ka)K,ZlOro pHeyttKa y'Ka3bIBalOTCH 

<tiaMHJJHH aBT0pOB, Ha3BaHHe eTaThH, HOMep pHCyttKa, o603Ha'ieHHH sepxa H HH3a. BHyrpeHHHe 

Ha,ZlTIHCH Ha pHeyttKax Ha611pa10TeR rnpH(pTOM N2 11. BHH3Y Ka)K,Zl0fO pHCyttKa ,Zl0JJ)KHhl 6b!Th 

npHBe,ZleHhl ero HOMep H TI0,ZlpHCyttO'iHaR TIO,ZlnHCh wpH(pTOM N2 11 . TTpH HaJIH'IHH HeCK0JJhKHX 
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pa.3JHl':lHbIX rpacpHKOB Ha O,llHOM pHC)'HKe Ka)l(,llbIH H3 HHX o603Ha':laeTCH pycCKHMH 6YKBaMH a), 6), 

B) H T.,ll. H pacurncppOBbIBaeTCH. 

B KOMilbIOTepHOM BH,lle pHC)'HKH rrpe,uCTaBJUllOTCH B OT,lleJibHbIX cpaiinax, BbinOJIHeHHbie B 

rpacpH':lecKHX pe,uaKTOpax Paint, PhotoShop, Core/Draw B qepHo-6enoM UBeTe (cpoTOrpacpHH B 

pacTpOBOM cpopMaTe tif, dpi-300). PHC)'HKH B Word He BCTaBJIHTb KpOMe cnyqaeB, KOrJ.J.a pHC)'HOK 

H3Ha'laJ1hHO BhmonHeH B Word. 

7. CcbIJIKH Ha JIHTeparypy B TeKCTe ,uaIOTCH no nopH.UKY apa6CKHMH UHcppaMH B KBaJ.J.paTHbIX 

CK06KaX. CrrHCOK JIHTepaTypbl COCTaBJIHeTCH B TOH )Ke rrocne,uoBaTeJihHOCTH, B KOTOpOH rrpHBOMTCH 

CCbIJIKH Ha mnepaTypy. <l>aMHJIHH H HHHil,HaJ1bl aBTOpOB Hafoi:paIOTCH IlOJI~HpHbIM KypCHBOM. 

8. CrrncoK JIHTepaTypbI CJieJ.J.yeT ocpopMJIITTb B COOTBeTCTBHH c r ocy,uapcTBeHHbIM CTaH,uapTOM 

"EH6mrnrpacpH':leCKrui CCbIJIKa" (fOCT P 7.0.5-2008), B ':laCTHOCTH, Heo6XO,llHMO YKa.3aTb : 

a) ,llJIH )l(ypHaJ1bHbIX CTaTeH - cpaMHJIHH H HHHUHaJ1bl aBTOpOB (He MeHee rpex nepBbIX), 

Ha.3BaHHe CTaTbH, Ha.3BaHHe )l(ypHaJ1a (6e3 KaBbl'leK), ro.u, TOM, BhmycK, HOMep, crpaHHUhI; 

6) ,llJIH KHHr - cpaMHJIHH H HHHUHaJ1bI aBTOpOB, ITOJIHOe Ha.3BaHHe KHIITH, MeCTO H3,Uamui, 

H3,llaTeJihCTBO (6e3 KaBbI':leK), I'OJ.J. H3,llaHHH; 

B) .nnH aBTopecpepaTOB m1ccepTaUHH - cpaMHJIHIO H HHHUH8.JII,1 aBT0pa, Ha.3Bami:e aBTOpecpepaTa 

,llHCCepTaui,rn, Ha C0HCKaHHe KaKOH yqeHOH CTerreHH HaTIHCaHa mi:cceprauHH, MeCT0 H roJ.J. 3aIUHThI; 

r) ,llJIH rrperrpHHT0B - cpaMHJIHH H HHHUHaJ1bl aBT0p0B, Ha.3BaHHe nperrpHHTa, HaHMeH0BaHHe 

H3,ua10meii opramnauHH, mmpp H HOMep, MecTo H ro,u H3.UaHHH; 

.u) ,llJIH naTeHTOB - cpaMHJIHH H HHHUHa.Jlbl aBT0p0B, Ha.3BaHHe naTeHTa, crpaHy, H0Mep H KJiacc 

naTeHTa, J.J.aTy H ro.u 3aHBJieHH}I H ony6JIHKOBaHHH naTeHTa; 

e) ,llJIH 0T':leT0B - <IJaMHJIHH H HHHUHaJ1bl aBT0poB, Ha.3BaJrne 0T':leTa, HHBeHTapHbIH NQ, 

HaHMeH0Bami:e opraHH3aUHH, ro,u BhmycKa; 

)I() ,llJIH 3JieKrpOHHbIX HCT0':lHHK0B - IlOJIHbIH 3JieKrpOHHbIH a,upec (BKJIIO':laH ,uary 06pameHID1 K 

HCTOtJHRKY), Il03BOJIIDOillHH o6paTHTbCH K ny6JIHKaUHH. 

9. B K0HUe TeKCTa YKa3bIBaeTCH K0HTaKTHaH HHcpopMaUHH 0 Bcex aBT0pax CTaTbI-1: <IJaMHJIHH, 

HWl H OTqecTB0 (nonHOCTblO ), ,llOJI)l(H0CTh, Tene<IJoH, e-mail H no )l(eJiaHHIO aBT0pa - ,llOMalIIHHH 

no':lTOBhIH a,upec. 
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BHHMaHHIO 'IHTaTeJieH 

uayquo-TexuuqecKoro c6opHHKa 

"BonpOCbl aTOMHOH uayKH H TeXHHKH. CepHH: Cl>HJHKa HllepHblX peaKTopos"! 

PenKoJIJiern.!I. c6opHHKa " BAHT. CepIDI: <l>H3m<a .!l.,Aepu1,1x peaKTopoa" HH4>opMHpyer as­

Topoa H 'UITaTeJieH c6opHHKa 06 oprattH3ailHH co II nonyrom,rn 2007 r . nonnHcKH Ha "BART. 

Cepm1: <l>H3HKa KnepHLIX peaKTopoa". C6opHHK BKJnotieH s Karnnor "lfanaHIDI oprattos Ha­

yquo-TeXHH'leCKOH HH4>opMaUHH" OAO AreHTCTBO " PocnetiaTL" (HH,AeKC 66675, II0,AIIHCHruI 

ueHa 200 py6. 3a 0,AHH 3K3eMTIJI.!i.p) . 

HanOMHHaeM, t{TQ "BART. CepIDI: <l>H3HKa KnepHLIX peaKTopoB" rro-npe)KHeMy H3,AaeTC.!I. 

B TPeX BLIIIYCKax: <l>H3HKa H MeT0,AI,I pacqeTa .!l.,AepHLIX peaKT0pos, .[(HHaMHKa H 6e3onaCHOCTI, 

.!l.,AepHLIX 3HepreTHqecKHX ycTaH0B0K H 11Mnym,cHLie peaKT0pLI H rrp0CTLie KpHTWieCKHe 

c6opKH. 

IlpH3LIBaeM 3aHHTepecosaHHhlX cne[(liaJIHCTOB II0Mep)l{aTL aKTHBHOH Il0,AIIHCK0H 

c6opHHK "BART. CepIDI: <l>H3HKa KnepHLIX peaKTopos". 
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