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B1,myCKH "<l>H3HKa H MeTOJU,1 paclfeTa Sl,11.epBJ,(X peaKTOpoB" 
no,I{I'OTaBJJHBaJOTCsr liHCTHTYTOM aroMHoit 3Hepmu HM. H.B. Kyp11aTOBa 
e paHee BLlxO,nHJJH B cocrane cepHH "<l>H3HXa 
H TeXHHI<a Sl,11.epllldX peaKTOpoB ". ,ll,aHHl,Dl s1,mycx .QBa.Q~TI, U.IITliH. 

PeA3KQHOHHaJI KOJJJJerHJI cepHH: 

A.IO. rarapHHcxuu: (rn. pe.a,aKTop), B.,ll,. ropsi11eHxo, C.M. 3apnu,KHH (3aM. rJJaaaoro pe,naKTOpa), 
B.'1>. Konecos, T .TI. '1>e,11.ocee11a (OTB. cexpe-rap11), .sl.B. Illesenee. 

B BliIIYCXax "(l)u3uxa H MeTO.QH pac11e-ra S1,11.epHlilx peaKropoB" nyWIBKyJOTCsMaTepuruu,rno cne.a.yt0~M sonpocaM: 
- Teopu H Meroni,1 pacqera Sl,11.epHblX peaKTOpoB, 6.n:aHKCTOB TepMOS1,11.epu1,1x peaKTOpoB, pa,nHaIJ,HOHHOH 33ID,HThl, 

nepeHoca H3JI)"ICHHH; 
- npo6neMhl o6ecnetiellllJI pac11ern1,1x H 3KCnepHMeHTaJJbHLlX BCCJle,11.OBaHHH nporpaMMaMH A}UI '3BM; ODHC3BHSI H 

3HBOTaU,HH nporpaMM, KOMDJJeKCOB H CHCTeM nporpaMM; 
- paClfeTHLle HCCJle,11.OB8HHSI no (pH3HKe S1,11.epe1,1x peaxiropoB, 6JJaHKeTOB TepMOSl,ll.epHlilX peaxropos, pa,neaIJ,HOHHOH 

3aID,HTlil, nepeuoca H3JIYlfeHHH; pac<1eTHhle HCCJJe,11.OB3HHSl OT,11.eJil,ffl,IX acneKTOB pa3BHTHSl S[,11.epHOH 3HepreTHKH; 
- 3KCDepHMeHTaJJl,Hble MeTOALl H 3KCnepHMeHTaJJbHhle HCCJJe,noBaHHSI DO (pH3HKe g,nepHl,IX peaKTOpoB H B nepe'IHCJJeH­

HWC CMe,KHblX o6.nac-rsix; 
- MaTeMaTH'leCKHe npooJJeMbl TeOpHH nepeuoca H TeOpHH peaxropoB. 
MaTepHaJJl>l WUI ony6JJHKOBaHHJ[ cne,nyer eanpaBJJSITb B MHCTHT)'T aroMBoH 3Hepmu HM. H.B. Kyp'larosa na HMSI 

rJJaBHOro pe.a.aKTOpa cepHH. 

Materials related to the topics described below are published in issues "Nuclear Reactor Physics and Calculational 
Methods": 

- theory and calculational methods for nuclear reactors, fusion reactor blankets, radiation shielding and radiation 
transport; 

- codes for calculational and experimental investigations; descriptions and abstracts of codes, code complexes and 
systems; 

- calcu1ational analysis of reactor, blanket and shielding performances and radiation transport; caculational analysis 
of some nuclear energy development aspects; 

- experimental methods and experimental analysis in field of nuclear reactor physics and other above mentioned 
items; 

- mathematical problems of transport and nuclear reactor theory. 
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T E O P H .sl H P A C 11 E T .sl JI, E P H bl X P E A K T O P O B 

YAK 621.039.51 

METO,D; KOMTIEHCHPOBAHHl>IX B03MYIIJ.EHH0 
)I:Jl.sl PACIJETOB KPHTIAHOCTH H OilTHMH3AIJ;HH PEAKTOPOB 

3.A. CryM6yp 

Ilpell,IIOJ!(eHa MO,1111cj>mca1.11u1 TeopKK B03Mj'llleH1tft, nOCTpoeHHlill HI OCHOBe KOHL1,enL1,KH 1COs4icl>KL1,KeHTOB K KHTerpa.nos pe:IKTHBHOCTH. Taxoll cnoco6 
nOJBOruleT pacunqlltTb paMKH npKMeHemnl TeOpKK B p83JIH'lllb!X paC'leTax cj>H3K'lecKKX xapaKTepHCTMK peaKTOpoB. 

A COMPENSATED PERTURBATIONS METHOD FOR CRITICAUIY CALCUI.ATIONS AND REACTOR OPTIMIZATION. E.A. STUMBUR. 
Perturbation theory modification by means of lhe conception of reacllvl1y coefficients and Integrals Is proposed. This way extended frameworks of theory 
to various reactor physics calculations. 

BBE)(EHHE 

Me-roA KOMDeBCHpoaaHHhlx B03~eHHii (MKB) 

SIBJUleTCSI MeTOA0M onpeAe.JieHHSI KPHTHllecKHX napaMerpoB 
cepHH aapHaHTOB peaxropos Ha OCH0Be MHIIHM3JlbH0H 

HHq>opMaUHH O CBOHCTBaX HeKOTOporo "6asosoro" :eapHaH­
Ta. MKB CTpoHTCSI ucxoAll H3 o6w;ero HHTef'PaJlbBOro co­
onmmeauSI CBSl3b1B3IOIJJ;ero ll0TOKH H n;eHHOCTH HeHTPOHOB 
B peaKTOpe C rpaAl,leBTaMH M8KpocKOillflleCKHX ce'lleHHH Ha 

6a3e KHHeTnlleCKoro ypaeeeHHSI nepeuoca. 3ro noasom1er 

yc:raHOBHTb CB513b Me,KJcy K094><t:nm,HeHTaMH peaKTHBHOCTH 

MaTepHanos CTPYKTYPhl peaKTopa aa rpaeHn;ax OTJ:le.JibHl>IX 
30H H HHTerpanaMH peaKTHBHOCTH no OObeMaM T3KHX 30H. 
OTCIOJ:13 B03HHKaeT B03MOXHOCTh Cl{gTHSI Ol'paHH\lemm Ha 
neH3MeHHOCTb Hapy:xmoii rpamm,1,1 peaxropa (ooblllHOe yc­
JIOBHe TeopHH B03MytD.eHHH [1 - 3 ]) • a T3K)Ke DOCTpoeHH51 
Bapnau;H0HHOI"O COOTHOmeHHSI Me~y pa3MepaMH OTAe.Jib­
HblX 30H H HX COCTaBaMH npn coxpaHeHHH YCJJOBH51 

KpHTHllHOCTH CHCTeMbl. Ha OCHOBe nepBblX ny6JIHK3U,HH no 
MKB [ 4, 5] y)Ke 6blJIH rrOJJylleH1>1 ueKOTOphle npaKTH'lleCKHe 

pe3yJibT3Tbl no IIP0I'H03HpoeaHHJO KPHTJflleCKHX napaMeT­
pos B A0CTaro11uo nmpoK0M .I1Hanaaoee crpyKTYPHblX H3Me­
HeHBii peaKropos (cM. [ 6, 7 J H BAHT aa 1977 - 1988 m). 
Tauce 6bIJJa noKa3aHa B03M0:iKHOCTb Ha 0CHose HP 
(pacc\lHTaHHNX B AH<i><PY3HOHHOM npH6JimKeHHH) .IIOCTa­
T0\IH0 T0'IHO HaXOJJ.HTb 3HalleHHll KP Ha rp8HHD;aX 30H (rAe 
3To npu6mnicem1e HeKoppeKTH0) [8 ]. B ceere 3THX pe3yJib­
Taros npeJJ.CT3BJISleTCH IlOJie3HhIM 6onee CHCTeMaTH'YHO 

npeJJ.CTaBHTb ocnoe1,1 u s03MO)KHOCTB cnoco6a MKB, 'leM 

3TO 6blllO CAeJI8H0 paHbWC. 

I. K03<I>Cl>HLU1EHTbl H HHTErPAJlbl PEAKTHBHOCTl1• 

<l>yHKD;HSI pacnpe,qe.neHH51 Il.llOTH0CTH HCHTpOHH0ro IIOT0Ka 

<p(r, E, Q) H conpsi:)KeHHasi: <f>ye1CU,HS1 <p+(r, E, Q) ("ueH­

HOCTb"} B XPHTH'ICCKOM peaKTope Il0A'lHHCHbl 

KHHeTHlleCKHM ypaeeeHHSIM nepeaoca 

Q'il<p = iv,; -Q'il<p+ = i+I{)+ (1) 

npu CJle,tcylOID;HX rpaHH11HL1X YCJI0BWlX Ha BHemeeii (HeBO­

I'H)'TOH) noaepXHOC'rH rs= 

• Bc!O.ny no.11 r " Q nOIIKMBIOTCR &eKTOpbl '? " '5,KpoMe cj>opMyJJ 
(33). (34), (36) - (39). 

'l'(r5, E,Q) = 0 npu (Qn) < O; 

rp+(,s, E,Q) = 0 npH(Qn) > 0. 
(2) 

OnepaTopeoe e1,1pa)KeHue I<p MO)KH0 npeACT3BHTb (1, 2, 
5] B <f>opMe 

Lp e J dE' f dQ' 4~ X (E, E'fV'T.j.r,E')<p(r, E', Q') + 

+ J dE' J dQ'l:s (r; E', Q' -+ E, Q)<p(r, E', Q') -

- l:i(r, E)<p(r, E,Q). (3) 

3,Aecb npH1urr H30TpOilHblH cneKTP eeihpoHOB JJ.eJICHHSI X' 
a B .ts OObCJJ.BHCBhI see Bff.Ilbl paccesi:HH5l: ynpyroe, eeyn-

pyroe, (n, 2n) H AP· 

CorJlaCHO TOOpHH M8JlblX B03Myw,eHHii [ l, 2, 5 J BHe­

ceHHe H3MeHeHHlf B MaKpoCK0IIH'leCKKe ce\leHHR d fxv'T.11, 

d [l:s ], d [l:t] npnee,Aer K H3MeHeHmo k
3
¢: 

o(l/k~ =) I dV fdE f dQip+{J dE'fdQ'cpx 
Fye 

x(dfxvl:1J + d[l:s]) - o[:E1]<p}, (4) 

rAe Va - o61.eM, B K0TOpoM ceqemrn MeHSIIOTCSI. 

Kax HOpMHpy10ma11 BeJIH\lHHa B (4) BXOAHT J F -

HHTerpam.easa u,eHH0CTb eenTpoHoe .n,eneHlfSI (ll;Hll - no 

yCTaHOBRBmeijcsi: Tep.MHHOJIOl'HH pa6on,r [ 3 ]) BO sceM 001,e­

Me peaxTOpa: 

J F = I dVf dEfdQ<p+(r, E, Q)fdE'x 
VP 

xfdQ',:vIJ.r, E', )<p(r, E', Q') = 11,Hll. (5) 

3AeCb VP - DOJJHblH OOO>eM pea1<TOpa. 

"Manocrh" B03M~euuii, eoo6w,e rosopsi:, M0'1<e-r 

IlOHHMaTbCSI KaK B CMblCJie MaJJ0CTlf H3MCHCHHK celleHHH 
lo [l: JI « l:, TaK H B CMb!CJJe 3aMeTHblX H3MCHCHHH ce­

\leHHH, Hos BecbMa ManoM o6beMe: V
8 
= ~V«VP.B 'lac-

THOCTH, MOJKHO Ilpe,!J.CT3BHTb CJiy\laH, Kor.a.a 06J1aCTb 803-

Myw,eHHH, 0XBaTh1Ba10mall orpeCTH0CTb HCKOTOpOH TO'!KH 

r, ycrpeMJisi:eTCSI K HYJIJO: c5 V(r) ... 0' a H3MeHCHHSI MaKpo­
celleHHH COCT8BJISIJOT 

(6) 
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c5[L
5
1 = - f/r; E', Q' -£, Q); 

c5 LI1 l = - }:1(r, E). 
(6) 

Toriw H3 (4) MO)KHO nOCTPOlfTb npe.o:eJlbHOC Bblpa)KCHllC 

KN(r) = -lim ~w = (<p 'I<p) . {
o(t/k )} + "' 

dv➔o O V(r) 1 F 
(7) 

ECTCCTBCHHO, K N(r) JJ.OmKHO B M3TCM3TllttCCKOM OTHO­

wcmm nOHIIM3TbCSI K3K "06061ll,CHHa11" <PYHKl.l,1-111 OT r (pac­
npe.uc,1eH11C - s CMblCJJC Co60,1esa-llleapu.a L9)), a 

qJ113H4CCKH, KaK B11.ll,HO 113 (4), ee CMblCJJ COCTOltT B JIO­

Ka,lbHOM BKJ13,!l,C B k:icp = 1 npou,eccoe B3altMOJJ.CHCTBl1SI 

HCIITpOHOB C MaTep11a,10M peaKTOpa, COCT3BJ1SIIOUU!M cro 
CTPYKTYPY B TOttKe r. 

B3TOM CMblCJJC KN(r) MO)l(HQ H33BaTb HOpM11poaaHHblM 

Koacpcjmu.11eHTOM peaKTHBHOCTH (KP) Belll,CCTBa peaKTopa 

B TO'{KC r. HopMHp0B3HHOCTb 3,11,CCb IlOHHMaCTCSI B OTHC­

CCHlH( KP K ac,,11'!1-1Hc J F = ll,HD: - C.ilHHOH .1:1nsi J1.3Httoro 

pcaKTOpa KOHCTaHTC, a npli aHaJJH3C KP KaK <PYHKU.HH OT 

r s npc,11e,1ax Ka,K,11.oro OT.ZJ:CJJ&Horo peaKTopa Ta1<of1 

MHO)IC HTCJI h I/ J F MQ)ICCT OblTb onylll,eH, Tio::>TOM y 43 lll,C no,[[ 

KP 6yneM nott11MaTb HCHop11-111poeaHtty10 BCJJltlfHHY K(r) 
(6e3 HH.D.CKCa N). 

CK0004HOC 0003Ha4CHHC (f,g) B (7) onpen;eJICHO K::IK 

CKa,1srpHOC npOlf3BC11.CHl-lC cpyHKU.Htt / H g npn 

Httrcrpttpoeamm no £ u Q: 

(/, g) = 4nf dEJ dQ/(r, E, Q)g(r, E, Q), (8) 

8 COOTBCTCTBHH (I) MO)KHO 3am1CaTb Bblpa)KCHll!I D;JISI KP: 

K(r) = (,p+, I,p) = (,p+, QV,p) = 
" = (,p, L+,p+) = -(,p, Q'V,p). (9) 

TTpu Bh!pa)KCHllll M3Kp0CC4CHHH ttepea SID;CpHblC KOHUCHT­

pau;mi p/ r J scex tty1<1m,o.os s11.o.a i KP M0:11<HO npe,o.cTaa11T& 

ttepe3 "HYKJJHJlHbie" ki(r), 33BHC.Sllll,l!C OT MHKpOCC'feH11i1, 

HO BXO,US!llnte B Hl1X noTOKH H U,CHHOCTH D;CJT3IOT HX T3K:IKC 

cpyHKUHSIMH OT KOOplHIH3T [5 ]: 

K(r) = ~plr)ki(r). (10) 
I 

ECJJw cpytt1<u.1110 K(r) J11t60 KN(r) npOHHTerpHposaTb 

no om.eMy HCKOTOPOH o6JJaCTH peaKTOpa, TO pesy,,hT3T B 

o6w.eM CMblCJJC 6yµ;eT HMCHOB3TbCSI HHTerpaJJOM 
peaKTHBHOCTH (MP). HaH6onbwy10 aa:11<HOCTh e npo­

BOD;HMOM aHamue peaKTOpa HMCIOT BCJ111lfHHbl MP, no.ny­

lfCHHb!C np11 11HTCrpHp083HHH no BCeMy OObCMy peaKTopa 

VP. ECJJ11 He oroeopeHo, non; HP 6y.o.cM nom1MaTh 

J = J K(r)dV; J N = J KN(r)dV. (11) 
V V p p 

KaK 011.n.tto H3 onpc)leneHHH (9), (3) H (5), TaKHC MP 

MO)ICHO npe.n.CTaBHTb B BH,ll_e Bbipa)KeHHH 

J = IJ,H,Il + 1.l,HP - IJ,HT; 

J = _!_ _ l _ 1.l,HT - IJ,HP 
N - J F - ll,H,Il 

( 12) 

Atta-1oru'f1-10 H3BCCTHOMY o6o3Ha4CHHJO UH.Il = J F seeJJ.e­

Hhr UHP - HHTerpa,1&Has1 u,eHHOCT& pacceSIHHh!X tte.iiTpo-

4 

HOB 11 UHT-11ttTcrpaJT&Hall yTpaTa U.CHHOCTcii HcihpoHOB 

BO BCCX aKTax CTOJJKHOBCHlti't C .Sl,!Ipa11-111. Oncp,ITOp 1:, onpe­

.ne11CHHblH B (3)' MO:IKHO 3anl1C3Tb B qmpMC p.!3HOCTlf 

i: = ft - A, B&mCJ111e <UICH ,o.eJICHHif u 4JICH, npe,o.cTae.nsi­

lOlll,Htt nornow.emte HC11TpOHOB 33 Bbl'!CTOM p33HOCTH U,CH­

HOCTCH Heihpottos n;o 11 noCJie pacceS1m1it. Tor.Ila MO>KHO 

BBCCTH Clll,C 0003HalfCHIISI: 

JA=f(,p+,Aip)dV; JN= 1-JA/JF. (13) 
V 

p 

2. HHTEPflPETAUIUl B PAMKAX 
JJ.WIJ>IJ>Y3HOHHOro nPH6J1H)l(EHl1SI 

8 npaKTHKe peaKTOpHb!X paC4CTOB 43lll,e HCQOJJb3YCTCSI 

.o.ncpcpyaHOHHOC (HJlH P,) np1i6,TH>KCHHC, a no:JTOMY 60,,ee 

"ttarJtSID;HblM" MO>KCT 6b!Tb 113,10:IKCHHC pa3BMTOrD BblWC 

cpopMaJJH3Ma B T3KOH cpopMe • .Ilnsr 3TOro 33TTHWCM ypas­

HCHHSI ncpeHoca D;JISI TIOTOKa H conplDKCHHOH cpyHKUIUI [It 
2] B BH.ilC 

{

div ,p1 ·= I.0 ,p0; 1-div,pi'" =: }:~rp0+; 

ip 1 = -Dgrad,p0 ; 'Pi = Dgrad,pci-
(I 4) 

floTOK 'Po(r, E) H TOK 'PI (r, E) CB.Sl33Hbl C ¢YHKU,HCl1 

cp(r, E,Q) yCJJOBHCM 

I 
ip(r, E, Q) = 4n {cp0(r, E) + 3Qr,1 (r, E)} (15) 

(aHaJIOrHttHO H .[IJ1!1 conpSl)l(eHHblX BCJl11411H), KO-

::i¢cp111.1,11CHT JJ.HCtxpy3Hl1 

D(r, E) = l/3{Ii(r, E) - I.s(r, E)/tc,} (16) 

(r.ne µo - cpe,nHHff KOCHHYC yrna paCCCSIHHSI). QnepaTOp 

B3311MOD;eHCTBl1.SI HCHTpOHOB co cpe.o:oi-i MQ)l(HQ 3a mica Tb 

BhtpalKCHHCM 
I\ 

r.D'Po = fx(E, E')vifr, E')rpo(r, E')dE' + 

+ J Ls(r, E' - E)ip0(r, E')dE' - Ii(,, E)ip0(r, E). (17) 

Corrp.Sl)KeHHblH CMY onepaTOp CTpoHTCSI 113 paBCHCTBa CKa­

JISipHblX CKOOOK, 0003Ha4aJ0~11x HHTCrp11poaatt1-1e no E: 

l'P6, i v'Po I = [,p0, I~'P6 I ; f/, g l = ffgdE. ( 18) 

CornaCHO onpe)J.CJleHHIO (9) Ha OCHOBe (15) noJJy4aCM Blf)J. 

KP e A11q>cpy3.110HHOM npH6JJ11:11<eHHlf: 

K 0 (r) = (,p+, Q'Vip) = [ip;, div rp 1 ] + [cpf, gradcp0 I (19) 

HJIH no (14) lfepe3 HYJICllb[C MOMCHTbI: 

KD(r) = [,pt, I D'Po] + [DV,pt, V,po ]. (20) 

floc.,1e TIO,[ICTaHOBKH B SIBHOH cpopMC onepaTOpHoro Bblpa­

:IKCHHSI (17) .11 HHTCrpHpoBaH1U1 no 06-heMy peaKTOpa noJiy­

ttaeM BHD; MP B ,ll_Hcpq>y3HOHHOM OIIHC3HHH: 

JD = J KDdv = ll,H.Il + o(QHP) - IJ,HTI + 
V 

p 

+ f [DV,pt, V,p0 ]dV. 
V 

p 

3,o.ecb yn;o6tto Bbl.ll,e.JIHTb 11HTCrp3JlbHblC BK.;la}l.bl: 

(21) 

\. 

l 



d(UHP) e f dV['f'ri, {f>:'s(r, E' ➔ E)rp0(r, E')dE' -

- "i:.s(r, E)rp0(r, E)} J (22a) 

eCTb H3MeHeHHSI (nOTepsi: HJ11I npHOliJII>) u;enHOCTH B axTax 
pacce51nm1, 

ecr& n0Tep11 u;ennocreit: neihpoROB B axTax norJJo~eHHSI. 

Su + C) (23Su + Be) 

----=-~-
-- 5u3S% -:;:-

0,7 (23SU35% + Be) -----

0 

...... ...... ·-·-·-·--·--.. ----·----
' (239pu + Be)__.:,.-...._ -------:c ---O,S.__ ___ ..__ ___ ..__ ___ ....,,.2 ___ --'--:3:-------'4 

0 10 10 10 10 
P3aM/p9 

Pttc. I . 3aBHCHMOCTL HOpMHpo&aHHblX HHTerpa.noe peaKTHBHOCTH e 

3KCTpanOJJH&aHHOM00&eMeJ~(3) orpaa.MIP11,eJ1. JtJJII "l'OJILIX" peaKTOpoB 

C pa3JIHIIHblM 'JaMe,lt)IHTe.JICM 

IloCJie.t(HHH 'Ulen a (21) MOXCeT TpaKTOBaTbCSI xax 
.11.mtxpy3HOHHOe COilpoTHBJJeHHe cpe,11.bl yTe'IKe u,eHHOCTH 
neHTponoa H3 peaxropa. IlpH 3TOM eCJJH WP pacnpocr­
paHHT& Ha 3KCTpanOJIHpoBaHHblH om.eM peaKTopa v3, TO 

ero BKJJa,ll; 6yAer paaen (CM. (10 ]) BKJJa,zJ;y OCTa.llbHLIX 'llle­
HOB <popM)'nl>I (21). 3ro 011:eBH,AHO, eCJJH npHMeHHTb Teo­

peM)' raycca H Y,'lecr&, 'ITO rp+(r:) = 0. Tor.11.a BHJ:IHO, 11:ro 

nopMHpoeanHhlH HP e 3KCTpanonuposaHHOM 00&eMe paeeH 

J1//-3
) = fK~V= 2(1 - 1/k+), (23) 

y3 

r,11.e k+ = (U:H.Il)/ {(UHil) - d(UHP)} - HeKOTOPhffl aHa­
nor (11 J BeJIINHHhl k.,.. ,Zl.nsi: "rom,ix" peaxropoB B 0.11.no-

rpyaaoeoM npHOJIHX<eHHH, npH d(UHP) = 0, H3 (23) r.ne­
AYeT annpoxcHMaU.HSI 

J N ::: J~ =:: Jf/-3
) = 2(1 - t-)• (24) 

00 

IlpH acee npHOJJHJKeenocrH Taxoro npe,11.CTaBJienuS1 oeo ece 

:lKe MO:lKeT DOCJIJJKHTb WI.SI npe.11.aapHTeJibHOii ou;eHirn 

3aBHCHMOCTH J N OT COCT3Ba peaKTOpa, ero neihpounoro 

cnexTpa. Ha OCHOBe MHOrorpynnOBblX paC'leTOB kaa pa6on,1 

[l 2 J MOJKHO npocJie,o;HTb 33BHCHMOCTb 1t<3) .lVISI l"OJJl>IX 

peaKTOpOB np11 H3MeHeHHH cocrasa OT CHCTeM C HaHOO.llee 

:lKecTKHM cneKTpOM 000% ypaaa-235 HJJH rutyTOHHSI) .11.0 
CHCTeM co cneKTPOM, xapaxTepHblM WI.SI TeMOBhlX peaK­
TOpOB {c roMOreHRblM pa36aBHTeJJeM-3aMe.lVIHTeJJeM (Be, 

C If T.n.) npH coOTHomeHffj[X Paa.Ml P-,,,eJI - 104) . KaK BHJ:IHO 

H3 pHC. 1, 3H3'1CHWl J N OpoRBJISIIOT OO.llblI1YIO MOHOTOH­

HOCTb, napimoKcaJibHblH KOHCepsanJ3M 3Ha\feHHH 

J N = 1 ± (0,2 + 0,3) npH xap,11.HHaJJbHOM H3MeHeHHH xa-

paKTepa HeeTpoHnoro cnexTpa H cocrasa peaKTopoB. Ilo­

.o;o6nllle csoiCT11a HP (nO-BHJ:IHMOMY, B HeKoropoe Mepe 

coxparuuo~ecsi: H .lVISI peaKTopoe co CJia6o norno~a­

JO~HMH OTpa:>KaTeJISIMH) .o;enaJOT ne6e3blHHTepecHlllM 6onee 
BHHM3TeJlbBOe H3ylfeRHe TaKHX cpyHKl.l;HOHaJIOB WP. 

3. TEOPEMA 06 HHTErPAJJE PEAKTHBHOCTH 

,U;iSl K( r) Kax 4>YHKUHH KOOp,11.HHaT MO)KeT 6&1Tb noc­
Tpoeuo a1,1paxenHe grad K( r), a ero cxa.1rnpHoe npoH3Be­
AeHHe Ha r (B CMhlCJie OObl'!HblX aexropoe) np11 onpe,lle­
neHHH (9) npHMeT CJie,11.yJO~HH Bffll: 

rgradK = r'il(rp+, i:rp) = (r'ilrp+, Q'ilrp) -

- (rVtp, QVrp+) + (rp+, r{Vf}rp). (25) 

Bee.o;eM Tenep& no;rnoe cKansipHoe npo113ee.11.enHe 
¢ynxu.11il: - c HHTerp11poeaH11eM no eceMy OO'beMy peaK­
Topa VP, 0003Ha11a11 ero yrJIOBblMH CK06KaM11: 

IJ, g) = f (j, g)dV. 
V 

p 

IlpHMeHHB 3TO HHTerpHp0B3HHe K COOTHOWCHKIO {25)' no 
TeopeMe raycca H C y11eTOM rpaHH'IHblX YCJJOllJ,IH (2) AJISI 
nepBblX .a.eyx \fJICHOB nOJ1y1111M 

(rvrp+, QVrp) - (rVrp, ovrp+} = 
== -2(rp+ , QVrp) = -2/. (26) 

BMeCTe c TeM B paMxax OObl"'lHoro eexropHoro auan113a [ 13 J 
(B TOM 'IHCJie H npH pa3pb1BHOM noee.a.eHHH K(r)) HMeeT 
MeCTO COOTHOmeHHe 

f v r'ilKdV = Ps (m)K(r)dS - 3J, (27) 
p H 

r.o;e SH - Hapy,KH3ll noeepxHOCTb peaKTopa. Tor.11.a 113 

(25) - (27) nOJ1y\fHM Bblpa:>1<eH11e 

J - -(rp+, r{Vf}cp) + 'Is (rn)K(r)dS. (28) 
H 

0.ctHaKo, Tax KaK K( r) paccMaTp1rnaeTcst xaK o6o61l(eHHast 
cpynK1J,HS1 OT r, TO BXOASIU(He e {Vf} cet1eHHst,eoo6ll.(e roeopst, 
,11.0JIX<Hbl HMeTb rpa,11.HeHTbl B cpopMe [9 ] 

{Vl:} ='ill:+ L {l:ext(r) - l:;,i/r)}ne<r)d(r - r5) (29) 
j J 

(VI - rpa.o;neHTbl ce'leHHH xax .a.nsi 06bl11HOH HenpepblBHOH 
<PYHKU,HH). Ho, B \faCTHOCTH, Ha Hapy)KHOH noBepxHOCTH 
peaxTopa SH {rZJ;e "I:ext = 0) 3TO rrpeZJ;craBJ1ett11e aeTo-

MaTH'leCKH ,nae-r 3Ha1Jenue HHTerpana no S
11 

e (28). 

B HTOre BblpalKeHHe.lVI.SI WP np1106peTaCT KOMD3KTHYIO 
ct,opMy: 

(30) 

B KOTOPOH {Vi} llOHHM3eTCSI B CMblCJie rpa,nHeHTOB ce­
'ICHHH, BXO,llSIJ.O.HX e (3), KaK rpa.zuteHTOB o6o6w,eHHblX 
4>YHKIJ,HH OT r. 

Ilp~CTaMeHHe (30) 51:BJJSICTCSI aHaJJiiTl{llCCKHM Bhlpa­
)KeHHeM cy~HOCTH TeOpeMbl 06 HHTerpaJJe peaKTHUHOCTH 
[14, 15 ], ycraHaBJJHBatom;en o61l(yl0 CBSIJI, vf PC nOTOK3MH, 
u,eHHOCTSIMH H rpa.11.HeHT3MH M3KpOCKOmt4eCKHX CCllCHHH 
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B np0113B0JlbHOM KPIITHtfeCK0M pcaKT0pe ~pyrott cnoco6 

.D;OKa3aTenbCTBa COOTHOWeHHSI {30) coi1ep)Kl1TC.II s. [8] 11 e 
[5 ]). 

8 tfaCTHOM, HO npaKTHtfeCKH B3)KH0M CJJytfae, Kor.z:ca 

pcaKT0p C0CTOHT H3 COBOKYilHOCTH I"OM0rCHHblX 30H, V}; B 

HX npei1e.nax HClfe3alOT, a d-<pyHKU.HH no (29) 06paru,a10T 

npaeyio 11aCTh (30) e cyMMY CK3lfKOB KP Ha rpattmi;ax 

Si scex TaKHX roMoreHHblX 30H, npoUHTerpHpoeaHHblX no 

HX noeepxHOCT.IIM (BKJ1l0tf3SI H Hapy,1<Hy10 noeepXH0CTh 

peaKTopa): 

J = JV KdV = ~ '}'i S. (rne) lKY,;i(r) - J<:¥1i(r) ]dS = 
p ' J • 

= 3}: oK.V .. 
I I J 

(31) 

3HatfeHHSI ycpe.11,HCHHblX CK34KOB <3Kj onpe,a;e.llSIIOTCSI noc-

11eJ:1Hl1M paeeHCTBOM, ri1e VJ- OO'hCMbl, 0XB3Th1B3eMble co­

OTBCTCTBYIOIIUIMH noeepxHOCTSIMH. 

TIO On pe.o,eneHHSIM (11) H. (9) HCX0.D;st H3 (30), M0)KHO 

B pa3eepHyTOH <popMe 3anHC3Th o6mee C0OTH0WeH11e: 

JdV JdE JdQ[rp+(I: + r{Vf})rp] = 0. (32) 
V 

p 

Otto HMeeT uttsapuaHTHblH xapaKTep, 116o ,nnsi mo6oro 

peaKTOpa npH KJ(p === 1, DOTOKH rp 11 11,eHH0CTH rp + e KOT0POM 

YA0BJJCTBOPSIIOT ypasHeHHSIM ( 1) c rpaHltll'HhlMH yCJI0BHSIMlt 

(°2), a onepaTop f 3aii;aH no (3) Hero rpai111eHT nomtMaeTcsi 

a o6o6weHHOM CMblCJJC (29) , C00TH0Wemre (32) AOJJ.lKHO 

Bbln0JlH51ThCSI TO}l{.D;eCTBeHHO, (6onee o6w;ec Bbipa)KeHHe, 

OXB3Tb1Bal0mee T3K.)KC H HeKpHTH'ICCKHe CHCTCMbl, 6b!J10 

no11y'ieHo e [4 J H npuse,z:cetto e [5]). 
B KalfeCTee 3JieMCHT3pHhlX HarnSI.D;HhlX npm,tepoe Bhl­

pa.lKCHHSI WP t1cpe3 rpaHH4Hhle 3Ha\JeHHSI KP Ha oCHose 

(31) MO)ICH0 33nHCaTb ,!:{JISI c¢epHtieCKHX KPHTH4eCKHX 

peaKTopoe: 

e .CJlyqae roJJoii roMoreHH0H c¢epb1 pa.a;uycoM R 

R 

J = 4,if K(r)r2dr = 4nK(R)R3; (33) 
0 

np11 roMoreHHOH aKTHBHOH 30He pam,ycoM Rf C 0Tpa­

)1<3TeJleM pa.nHycoM R
0 

(11u.a;eKc11pysr aHanomllHO KP Hx 

MaTepua110B K1 11 K
0
): 

Rr Ro 

fn = J K1 r2dr + JK0 r2dr = 
0 Re 

=== [KfR1) - K0 (R1) ]Rj + K0 (R
0
)R! (34) 

(3aMeTHM, 4TO H3 (33) CJie.a;yeT paBeHCTB0 KP Ha ettewHeii 

rpaHHll.C 1/3 OT KP, ycpeAHeHuoro no OO'heMy c¢ep1>1; 3T0 

Il03BOJIS!CT HaHTH n04TH TO'lH0e 3H3'leHHe n0T0Ka Ha 

rpaHHu.e no ou;eHKe l1P e .nnct><Py3HOHHOM npHMH)KCHHH 

[8 ]). 

4. METO,!J, KOMITEHCJ.iPOBAHHbIX B03MYIIJ;EHHA' 

Mero.n CTp0HTCSI Ha OCH0BC HHBapuaHTHOCTH YCJI0BHSI 

(31) B paMxax coxpaHeHHSI k:icp = 1 npH mo6wx H3Me-

HCHHSIX B CTpyKType peaxropa. B o6ui;eM CJlyqae npH 3TOM 

6 

AOJJ)Kffbl 6b1Th Y4TCHbl H3MCHeHH51 KP' o6ycnoeJJeHHblC 

H3MCHeu11eM CC4eHHH, nOT0K0B H u.eHHOCTeH, H3MeHCHHCM 

pa3Mepos H ¢opMhl ecex 30H, a T3K)Ke 06-beMa peaxTopa. 

OJJ.HaKO TaKa51 nOCTaH0BKa 33.ll.a'IH np~CT3BJISICTC.ll 

tfepecqyp YCJIO)ICHCHHOH, BPSIA JJH npaKTHL!CCKlt u.e.necoo6-

pa3H0H. 

B 6onee npocroM CJly'lae, npe.nnonorasi rrpHMCHHM0CTh 

TeopHH MaJihlX B03Myll.\eHHH, T.e. coxpaHlfSI HeB03Myrn;eH­

Hl,IC Il0T0KH H l.(eHHOCTH H npH npeJJ.CTaBJJeHl1H KP, Bblpa­

)IC3CMOro no (10), qepe3 HeH3MCHHh1e uyKJTHAHbie KP -
3H3'!CHHSI ki(r), no (31) MO:>KHO nocT0PHTb eapuau,H0HH0C 

COOTHOlllCHHC: 

+ {. [.K1/J(r) - tjJ,(r)] (nori)dS} = 0. (35) 
J 

3ACCb CyMMHpoBaHHe no i BC,Z:CCTCSl' e nepsOM 4JleHe no BCeM 

OObCMaM v. (oxeaT1,1BaeMblM rroeepXHOCTSIMH S .) , B K0TO-
/ J 

pb!X npoH3B0.D;HTClf paBHOMCpHoe H3MCHCHHC KOHUCHT-

pal.(HH HYKJIHAOB dpy) (caoc e Ka)K.D;oH Jotte) npH HeH3MeH­

HhlX oO'heMax 30H V/ BTopoi:i: 'iJlCH ehtpa:>KaeT eap1rnu.mo 

MP, onpei:1ensteMylO H3MCHeHHeM pa3Mepoe HJIH KOHq)Hry­

paLt,HH dr. noeepxHOCTCH pa3.a;ena 30H S. npH HCH3MCHllC-
/ / 

MblX BeJIHl(HHax K<J)(r) Ha 3THX rpamtu.ax. TaKoe 

eapHaU.HOHH0e ypaBHCHHe* C0OTBeTCTBYCT 061.IJ;eMy yc­

JJ0BHIO oJ = 0 (coxpaueu11si k3¢ = 1; CM. pa3.a;. 1 H 2), a e 

MaTeMaTH\JecKOM CMblCJie COOTBCTCTByeT eap11al.(HH 

¢YHKU,HOHaJta C nO.D;BH)KHhlMH K0HU.3MH [ 17 ]. B uenoM OHO 

0TBellaeT 00.!(XOJJ.Y TeopHH B03Myru,eHHH nepaoro nopSIJJ.Ka, 

HO OTJll1\J3CTCSl' B03M0)KH0CTllMH H3MeHeHHH Hapy)ICHOH 

rpaHHl.(hl peaKTopa, a T3K.lKe no3B0JllleT e psi,z:ce 3aii;aq 6onee 

TO'lHO onpe.a;e.nHTh CKattox KP Ha rpatt11u;ax JOH (11cnoJib3Yst 

MS! 3T0ro eblpa)KCHHC MP no (31)). 
TIOSICHHM nOCJJe,z:cHee ROJJ.po6ttee. Ou.eHKH 3¢cpeKTOB 

B03MymeHHH npH paBHOMCPHOM H3MCHeHHlf COCTaeoe B 

OObCMax vi (eCJIH JfX pa3Mepbl He M3Jll,1 no cpaBHeHHIO C 

AJIHHaMH npo6eroe) a TeopHtt nepsoro nopS1.!(Ka MOryT 0b!Th 

noJiyt1eH&1 no 3Ha'iCHHSIM ki(r) H3 AHqltpy3HOHHOro paC4CT3 

(npH yCJIOBHH MaJJOCTH op/}; p j). 3Ha 4CHHJI KV\r) Ha 
j 

rpaHHll,aX 30H, 33MCTHO OTJIH43IOWHXCSI COCT3B3MH 

(aKTHBHaSI 30Ha-oTpa)KaTCJlb, Hapy,icttasc rp3Hlfl.(3 H T.n.), 

e .D;Hq><py3HOHHOM npH0JlH)KCHHH 6yi:1yT HMeTh 3H3'iHTeJlh­

Hhle norpelllH0CTH. O.a;H3KO CK3'l.KH KP Ha rp3HHI.1,3X 30H 

crporo CBSl33Hhl C 06-beMHhlMH 11P B paMK3X KHHCTHlle~KOH 

TeopHH (cM.p33A, 3). TI03TOM)' 3H3lfCHHst [K;,,1 - Kextl 

(HJIH f5K} M0)KHQ BbllJHCJIHTb H3 COOTH0IIJCHH51 (31) , 

HCil0Jih3YSI paC'leT BCJIHtfHH WP B .AH<l><PY3HOHHOM 

np116nmtceHHH, TaK KaK OCHOBHOH BKJl3.!( B HHX nMy\JaeTCSI 

OT npocrpaHCTBeHHO npOTSl)KCHHbIX o6nacrei1, y,naneHHblX 

OT rpaHHU s .. ITpoCTei-imHe 0ll,eHKH [8 ], noK33blBalOT, \JT0 
J 

CK3\JOK K(r s) J:(3)KC Ha rpaHHU,e peaKTop-BaxyyM npH 3T0M 

• qaC'rna11 cpopMa TaKOl'O aapHa1.11101111oro COOTHOWeHIIII - )11111 

c<j>ep1111ecu1x peaKTOpoe c 6ecxo11e1111b111< OTpa)f(aTe11eM - 6b1Jta nOJ1y11e11a 
e paoore [I 6). 

I 
I 
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Bhl'I.HCJl5leTCJI C TO'I.HOCThIO Ha nopSI.D,OK 11y11we, 'leM 

,!J,HcpqlY3HOHHasr ou;eHKa (B lfaCTHOCTH, npH pa3Mepax 30Hhl 

scero B 1,5 npooera JJ;aJOT norpeWHOCTb K(r 8) Mettee 3 -

4 % OTHOCHTeJibHO Bhl'IHCJJeHHH no KHHeTH'leCKOH TOO PHH). 

B Tex aa,!J,aqax, r.ne eo3MO)l(HO onpe,!1,e.neHHe 

rpaHH'IHhlX cKatJKOB KP ttepe3 seJnpffiHhl MP no COOTHO­

meHmo (31) 1 IlO,!J,CTaHOBKa HX B BapHaD;HOHHOe ypasneHHe 

(35} 3aMeTHO DOBhlmaeT TOllHOCTb KOppeJUIL(HOHHhlX 

33BHCHMOCTeii B03M}'m;aeMhlX napaMeTpoB peaKTOpa, cox­

paH51IOID;HX ero KpHTH'leCKOe COCTO.IUIHe. Ha OCHOBe TaKOl'O 

DO,!J,XO,!J,a H3 (35} H (31) MOl')'T 6111Tb nOCTpoeHbl AOCTaTOl[HO 

npOCThle AH¢q,epeeumUihHhle ypaBHeHH11, CBSl3hlBaIOm;He 

pa3JIH'lllhle ¢H3HtJecxHe xapaxTepnCTHKH peaxTopoe: coc­

TaBhl 30H, o6oram;eHHSI, TOJIUJ;HHhl OTpa;lKaTeJieH, H3Me­

HeHH51 pa3MepoB HJIH ct>oPM 30H H T.,IJ.. Ko3$pnu;HeHTbl npH 

npOH3B0,lJ;Hl,lX B 3THX ypaeeeHHSIX, xax npaBHJIO, Bb!pa­

xaIOTCll B q>OpMe OTHOWeHHH napu;HaJibHhlX (no 30HaM HJIH 

KOMilOHeHTaM) 11P H OKa3blBaIOTCSI BeCbMa KOHcep­

BaTHBJihlMH BeJJHIJHH3MH, UOIJTH UOCT051HHhlMH B .ll;OBOJlbHO 

mupOKHX ,!J,Hana30HaX BapbHpyeMhIX napaMeTpoB. 3TO B 

p11,!1,e CJiytraeB Il03BOJI5IeT IlOJIJIJHTb DpocThle 

aHaJIHTHtrecxue cl>oPMhl 3aBHCHMOCTH xpHTH'leCKHX napa­

MeTpos, o6ecnetrusarom;ue rrpH6nmiceHHYIO ou_eexy 

KpHTH'lCCKHX pa3MepoB (,!J,O 1,5% B 3Ha'ICHHSIX 

KpHTpa71HyCOB) Ha OCHOBe MHHHMa.JlbHOH HHcl>opMaU,HH 0 

csoiicraax eexoToporo "6a3oaoro" 11apHaHTa peaxTopa. Ha 

ocHoBe Ta xoro no,n:xo,!J,a B pa6oTax [ 5, 18 ] 6wrn noCTpoem,1 

cpopMyJihl aanncHMOCTeH AJI51 pac11eTa KpHTH11ecKHx 

pa,nHyCOB OhlCTpblX peaxTopos OT COCTaBOB 30Hbl H 0Tpa­

JK3TCJUJ, TOJIUJ;HHhl H MaTepHaJia orpalKan:JI51 (B )J,Hana3o­

Hax pa36aeneHHH 30H l!O 50%, sapHau;HH TOJIUJ;HH OTpa­

)l(aTeJieti OT O )J.O 00)' a TaK>Ke nonylfeHa 33BHCHMOCTb 

KpHTHIJeCKHX pa3MepoB AJISI CHCTCM H3 ,!J,e.lJ511ll,erocll (Ha 

HeiiTpoeax acex aHeprHH) MaTepmllla npH roMoreHHOM ero 

pa36aBJieHHH 3aMe,!J,JIHTe.JISIMH (Be, C, H 20 H T.n.) a npe-

,lienax OTHOmeHH.ll KOHu,eeTpaII,HH O :5 p~M!p5 :5 103, T.e. 

npH Kap.n;HHaJlbHOM H3MeHeHHH HeHTpoHHOro cneKTpa. Co­

l'JlaCHe c axcnepnMeHTOM 3THX cpopMyJI noxa3aeo s [6 J. 
ECTeCTseeHo, B oOJiee y3KHX ,1J;Harra3onax aapuau;uu 

pa3JIH'IHhlX xapaKTepHCTHK peaxTOpoB TO'IHOCTb ,liOJDKHa 

6b!Tb 60J1ee BblCOKOH, H nOTOMY K8)KCTCSI u.enecoo6pa3Hb1M 

npHMeHHTb T3KOH nO.D,XOA npH peweHHlf 33,D;a'l onTHMH3a­

U.H0HHOrO no11cxa e rrpe.o;sapHTeJibHblX rrpoeKTHhlX rrpopa­

OOTKax, npex.ne ti:eM ocraHOBHTh Bhl6op Ha xoHxpeTHOM 

BapHaHTe, ;u;a.nee yX<e Tpe6yrow;eM npeQH3HOHHOro HeHT­

pOHHO-q>H3Hlfecxoro paclfera. 3TO MOrJIO 6bl 33MeTHO COK­

paTHTb BbI'IHCJIHTeJlbHhle 33TpaThl, eCJIH ea OCHOBe HHQ)Op­

M3UHH O $H3HtJeCKHX xapaxTepuCTHKaX "6a3oeoro" 

aapHaHTa peaKTopa, noJ1&3ysic& MKB, npoeeCTH 

npHWUIJKeHHOe nporH03HpoBamte OCHOBHblX napaMeTpoB 

MOAH$HUHPOB3HHhlX sapHaHTOB, LVJSI KOTOpblX coxpaHller­

CSI TO xe 3Hati:eHHe K3q). 

B 'IHCTO HJIJIIOCTpaTHBHOM rmaHe paCCMOTPHM npo­

CTCHWYIO 11aCTHY10 3a,!J,atry: onpe,!1,eneeHe napaMeTpHti:ec­

Koft: CB513H H3MCHeHHH B OblCTpOM 3HepreTH'leCKOM peax­

TOpe COCTasos ero aoe (30Hhl Ma.noro o6oraw;eHH51 - 3MO), 

(30Hbl 6onbmoro o6oram;eHHll - 360) H COOTBeTCTBeHHO 

pa3MepoB 30H. W3MeHeHHe COCTaBOB MOJKeT COCTOSITb B 

eapHaU,HSIX o6oralll,eHHSI, XHMH4CCKOJ'O cocrasa TOIIJIHBa 

(U02 ➔ UC), H3MeHeHHe ,!1.0JIH TeaJIOHOCHTeJJSI H ;i.pymx 

xapaKTepHCTHK - COOTBeTCTBeHHO B TOH JUIH HHOH noCTa­

HOBKe ODTHMH3aD;HOHHOH 33,!l,3'1H. 

)],mi nOHHM8HHll Bb1KJl3J];OK npe.nCTaBHM 33,!J,atf.y B yc­

JIOBHllX cqiepHlJecKoii reoMeTpHH. CxeMa crpyxTyp1>1 peax­

ropa H 3aBHCHMOCTb K( r) ,n:anhl Ha pHC. 2 (,!J,Jlll peaJibHOii 

PHc. 2. CxeMa 6bICTporo peaKTOpa ccpepH'leCKOil reoMerpHH H 
pacnpeAenem1a K(r) e HeM 

ll;HJIHH.11.PH'leCKOH reoMeTpHH aHaJIOrH'IHbleQ)OpMyJihl, HMe­

JOm;He 6oJiee rpoMoa.o;xy10 ¢opMy, npHBOLISITCSI B pa6oTe 

[SJ). 
Ha OCHOBe oom;ero BblpaxeHHSI (31) H ero tf.aCTHOH 

Q)OpMhl (34) LVJSI JJ;3HHO.H 3a,Qa'IM MO)KHO 3aneCaTb Bblpa­
xceHHe 11P ttepe3 CKa'lKH KP u su.ne 

J = JM + J6 +Jo= [KiRM) - K6(RM)JR! + 

+ [K6(R6) - Ko<R6) JR~ + K0 (R0)R~. (36) 

3,!J,eCb COOTBeTCTBeHHO J M' J 6 H JO - KOMilOHeHTbl 11P no 

om.eMaM 3MO, 360 H OTpa)KaTeJI51-3KpaHa, nony11aeMble 

npH HHTerpHposaHHH e npe.t1enax (0, RM), (RM, Rf) H 

(R6, R
0
), a o6m;HH KOa<p¢HL(HeHT 4it onyw;eH. 3HatreH'iJSI 

3THX WP MoryT OblTb ~ocraTO'IHO TO'IHO pacc11HTae1,1 s 

P 1-npMOJIHX<eHHH (B cHJiy npoT'sixeHHOCTH 30H) no ii:attHblM 

"6a3011oro" uapHattTa. Bem11.n1Ha KaCR
0

)R~ AJUl OOJihlllHX 

peaKTOpoB THna 6H l];OCTaTO'IHO Mana (TaK KaK 

K (R ) - e-2R/L/ R2). Hee OL(eexa MO}KeT 6b!Tb npHHSITa o a o 

B TOM xce npHOJIHJKeHHH: K0(R0) - KD(RJ. 3ttalfeHHe 

cKa11xa KP Ha rpaHMu;e 3BO - oTpaxcaTeJib He MO)l(eT 6&1Th 

,n:OCTaTO'IHO TOtf.HO nony1.1eHO H3 ,n:ucpcpy3HOHHOI"O paClfeTa 

ueu,ny peaKoro H3MeHeHH51 cetJeHHH Ha 3ToH rpaHHu,e, a 

DOTOMY ou;eHKY MOXHO nOJIJ'lHTb JIHWb H3 COOTHomeHM.SI 

K6(R6) - Ko(R6) = 

1 3 3} 3 = - 3-{J - [KM(RM) - K6(RM) ]RM - K0(R0 )R0 • ( 7) 
R6 

3Ha'lHTeJJbHO MeH&mee pa3JIH'IHe e cocTaeax 3MO H 3:SO, 

treM B npe;i.bl..ll:yw;eM cnyqae rpattH1..v,1 ;i.11yx cpe.g, ,!J,onycxaeT 
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B Kaarecree nepeoro npH6Jrn)l(eHHK OL(eHKY cKa'IKa KP Ha 

0CHOBe .llH<l><PY3HOHHOrQ pac'leTa: K~ - Kf. 

riy~b Tenepb nocTae.neHa 3a.n;a•rn H3MeHeHmr cocraea 

3MO e Bmte 3aMew,eHm1 WI0THOCTH HeKoroporo Ma­

Tepm1.11a X Ha M3TepmUI Y, a B 360 - MaTepHaJia a Ha 

MaTepHan b. IlpH 3TOM BO H36e)((aH1-1e o6pa3oeaumr 

11ycrOT Ba pH31.l,HH ITJIOTHOCTeK MaTepHMOB Oji x• Oji y• oy a H 

oy lJ .D;OJDKHb! Y.ll0BJieTB0p.llTb COOTH0WeHH5!M: 

oyx oy oya oyb 
y + ~ = 0 H ,;- + ,;- = 0. Ilpu TaKHX H3MeHeHH.llX 

x 'Y 1 a 1 b 
COCT3B0B 30H 0.llHHM H3 cnoco6oB coxpaHeHHH KPHTHtlec­

K0ro COCTOilHHSI, K0TOpblM o6na.n;aJI HCXO.D;HblK "6a30Bb1H" 

eapH3HT, MOJJ<eT 6b1Tb H3MeHeHHe Hapylt<HOl'O P3.1lHyca 

360. ComaCHo eapHaU,H0HH0MY ypaBHCHHIO (35) npH 3T0M 

.ll0JDKH0 Y.ll0BJH!TB0PSITbCH yCJI0BHe 

av RM 

V M J (y /y - y Jcx)?-dr + 
M 0 

+ [K6(R6) - K
0
(R6) ]RgoR6 = 0. (38) 

3.n.ecb oVM/VM H 0V5IV5 - OTHOCHTeJihHhle o6&eMHble 

.llOJJH 3aMew,aeMblX MaTepm1.1Ioe e 3MO H 3BO, a 

kx, ky. ka H kb - 0THCCeHubie K UJIOTHOCTRM cooTBeTCT-

BYIOlil,HX MaTepml.lloe 3Ha'leHHH KP (e <l>YHKI.UUI OT Ko-

0p,!IHHaT) . TTpH BBe,llCHHH COOTBeTCTBYIOII.{HX napl.(H3JlhHblX 

HHTerpanoe peaxnrBHOCTH ,AJ(SI 3THX eell{eCTB (CMblCJI KO­

T0phlX 0'!CBHJteH) Ix, Jy, Ia H lb, a T3K::>Ke 33MCHe pa3-

H0CTH KP Ha rpaHHL(e 3BO - OTpa)l(aTCJih no Bblp3)((CHHIO 

(37) noJiy'laeM 

ovM ov6 oR6 
w(x, y) VM + w(a'. b) V6 + R6 = 0, 

r.n;e w(x, y) = (IY - Ix)/ J w; w(a, b) = (lb - la)/ J w; 

J w E {J - [Ki RM) - K6(RM) JR; - K0(R0)R~}. (39) 

KaK HeTPY.llHO emteT&, 3ae11cHMOCTh Heo6xo.QHMoro H3Me­

HeHHSI oR6 pa.n;Hyca 350 Bblpa,t<aeTC51 'iepe3 K0-

3<1,qmu,HeHThl (npH OObCMHblX ,ll,0JIRX 33MCHbl B 30H3X 

pa3JIH'!HhlX M3Tepnanos) 1 npeACT3BJISl!OII(He OTH0WeHHSI 

napn;HaJI&HhlX HP (rurn nx pa3HOCTH) , T.e . BCJIH'iHH, o6na­

Aaromnx .D;0CT8T0lJHO BblCOKOH KOHCepeantBHOCTblO (3TO 

6hUio U0K338H0 B pa3.D;. 2, a T3K)Ke CJie.n;ye-r H3 pe3yJlbT3TOB 

paoor [5, 6, 16, 18 J). 3HalfeHHR w(x, y)H w(a,b) H8X0A51TCR 

H3 paC'ICT0B HCHTpQHHblX IlOT0K0B H UCHHOCTCH lVISI "6a-

30BOro" eapHaHTa peaKT0pa, npoee.D;CHHOro B P1-

npHMHlKCHUH, HO npH HX Bhl'!HCJleHUH 3H3'1CHHe CK3'1K8 

KP Ha rpaHHUe 350 - oTpa)KaTCJib (nnoxo oueHneaeMoro 

AH<txPY3UOHHO) 38MCHCHO 3H3'1CHHCM, noJTytJeHHblM H3 

(37). TaK KaK tJaCTb BXO,ll,SIW,HX s UOCJIC.D;Hee C00THOWeHHe 

1LJieHOB ece ,t<e oueHeHa B .llHcl>cl>Y3HOHHOM npH6JJH)KeHHH, 

TO BeJIH'iHHbl w He AOCTHraJOT TO'IHOCTH KJIHeTH'-tCCKOro 

pacttCTa, HO 6y.QyT 3H3'1HTeJibHO 6mnKe K HX HCTHHHblM 

JHa11ett11ilM1 'leM eCJIH obl nony1Ia.11Hcb H3 o6bI'iHOH 
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.n;Hqxpy3H0HHOH TeopHH B03My1..qeHHH nepeoro nops1.11,Ka. 

TTpHBC.QCHHhlH BhllDC, .D;0BOJlbHO TpHBH3JlhHbIH, 

npHMCp HCITOJJb30B3HHSI UHBapHaHTH0CTH o6ll{ero COOTH0-

meHHS[ (32) KaK OCHOBhl .QJISI nocrpoemur cpopMyJI B33HMHOH 

KOMneucan;uH B03Mym;eaHi1 s paMKax TeopnH nepeoro 

nopSIJ(Ka 0THIO.llh He nc4epnbleaeT scex B03M0,t<HOCTett 

pa3BHTHSI 3TOI'O no.D;xo.n;a. HanpHMCp, O'!CBHJtH0, 'IT0 

Bapuan;uOHHOe ypaBHCHHe (35) M0)KeT 6b1Tb 33MCHCHO 60-

nee o6w,eii cl>opMoii smta 

f dK(r)dV + L 1' CK}',[1(r) - _fy]tJ (nor.)dS = 0, (40) 
~ }~ I 

r.D;e HYKJIHD;Hhle k; TaK,t<e eapbHPYIOTCSI, eapHan;nH P; 

3aBHCSIT OT KOOP.llHHaT, a rpaHH'IHble KP COOTBeTCTBylOT 

HX 3Ha'!eHKllM l(JlS[ B03MyW,eHHOH CHCTCMbl i<.<J). TaK MOll<CT 

CTpoHTbCSI MKB lt/ISI TeopKH 6onee BblCOKHX nopll.QKOB • 

B \f3CTHOCTH, H3 (35) H .D;JlSl Teoplut nepeoro nopSln;Ka 

M0)((eT 6h1Tb nonytJeHo Bblp3)KCHl1C AJISI on;eHKH k3cp' K0r,Qa 

B03Myll{eHHH He KOMUeHcnposaHI,l: 

4 f dKdV + 4 J [Kint - Kextl (n~r)dS + 
I VJ J SJ 

+ l ,rP ( k~) = 0, (41) 

r.n;e J F = U.HJI., KaK onpe.n;eneHo s pa3.a;. l n' 2. 
TTpH onpe,!leJICHH~ creneHH HCKPHTH'IHOCTH peaKTOpa 

He C noM0II(blO TP3AHUHOHH0ro k3<1>' a C n0M0II.{blO co6cr-

BCHH0I'O 'IHCJla S - noKa3aTeJISI 3KCIT0HeHI..Vt8JlhH0l'O BO 

epeMeHH nose.QeHHSI HettTpOHHoro noToKa (2, 5, I 9] (Ko­

TOphlH B o6meM CJJy'iae BBOAHTCSl npu npco6pa30B3HKH no 

Jla11Jiacy HeCTal.(nouapHoro ypaeHeHn!I nepeHoca [20 ]) 
HHB3 pHaHT (32) np1rnuMaeT qmpMy [ 4' 5 1 

t dV JdE fdQ [cp+(I + rlVl:} --;)ip] s 0, (42) 

p 

r,lle ~ (H q;+) - TpaHcq>opM3HThl JlanJiaca <PYHKU,HK OT 

epeMeHK cp(r, E, Q, t). 

O,ZI.HaKO ece npooJieMhl, CBSl33HHblC C 3THMH 

pacwupenH51MH MKB, He M0ryT 6h1Tb paccMoTpeHbl B o.n.Hott 

CTaTbe. 
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IlOCJIE)lOBATEJibHOErPYililOBOEOilliCAHHE 
K03~~HIJ.HEHTOBPEAKTHBHOCTH 

IlPH JIIDIEAH0:0 ~OPMY JIHPOBKE rPYIIIIOBblX KOHCTAHT 

M.<l>. Bopcm,1Hu.ee, A.C. CepemH 

PaccMaTpl1BllCTCR npo6JieMll rpynnosoro OnHCBKHII 61tJ1HHeHHblX 4>YHXll,HOH8JIOB npH HCROJlb30B811HH JIHHCHHO ycpe)IHCHH~IX KOHCT8HT, ,ll;aercR 

xoppeKTHDe peweHHe 311,il.allH rpynnoaoro om1caHHH K03q)q)HQHCl!TOB peaXTHBHOCTH B paMK8X JIHHdt110A li>oPMYJIHpoDKH rpynnOBblX XOIICTBHT, BblllBJIIICTCA 

11enOJ1HOT8 TP8AHll,110HHOl'O 11a6opa rpynnOBblX KOHCTaHT )IJISI npe.qCKA3aHHll 6KJJHHeHHblX ct,yHKll,HOH8JIOB. 

CONSISTENT GROUP DESCRIPTION OF THE REACTIVITY WORTH BY USING LINEAR-WEIGHTING WORTH CROSS-SECTIONS. M.F. 
VOROTYNTSEV, A.S. SERIOGIN. A bilinear functionals group description problem with the use of linear-weighting cross-sections is considered. The 
consistent solution of the reactivity wonh group description problem within the frames of the linear group constants formul11tion Is given. Incompleteness of 
the traditional group constant set for the bilinear functionals prediction is revealed. 

Bse.neHHe 

Me-roA rpynu 51BJI51eTC.11 OCHOBH.blM Mero.QOM 0IIHC3HHSI'. 

3Heprent'leCKOH 3aBHCHMOCTH eeiiTpoHHblX pacnpe,ll;e­

.neHHH B peaxrope. C ¢opM3JibHOH To11xu 3peHmI 

KJl3CCHt(CCKHH MeTOA rpynn COCT0HT B AHCKpeTH33l.l,HH He­

npepHBHOU 3HepreTHQeCK0H 33BHCHMOCTH Il0TOKa HeiiTpo­

H0B, npH KOTOpoH ceqeHHSJ B3aHMOAeHCTBlfil, a T3KJKC Be­

J)OllTHOCTH H3MeHCHHll 3HepraH npu aaMe,ll;JleHHH JaMeHSl'.­

JOTCR B K3XQJ;OH KOMil03ffll.HH HX ycpe,ll;HCHHIMMH (Ha rpyn­

nOBLIX HHTepBa.nax 3HepmH) C BCCOM noroKa HCHTp0H0B 

3HatteHH51MH. IlOAI'OTOBK3 rpyilII0B.bLX KOHCT3HT, ope,ll;Ba­

psr10m;asr paCl[eT peaKTopa, noA1mueea U.eJIH anpuopHoro 

npu6nIDKeHHll rpyon0BlllX K0HCTaHT K yxaaaHHblM cpep;HHM 

3H3QeHH51M. IlOJJO;)J{HM, QT0 HMeeTCR opHHU.HilH3JlbH3ll B03-

M0;)J{HOCTb, HCil0Jlb3YSI HeKO'l'opy10 CHCTCMY IlOi{I'OT0BKH 

rpynn0BlilX K0HCTaHT' oo.nyqaTb nOCJie!Jn{He C J[JOOOH CTe­

neHblO TO'IHOCTH He3aBHCHM0 OT qecna rpynn. TorAa xa-

paKTepHCTHKH peaKTOpa, SIBJISIIOl.1.1,HeCSI JlHHeHHbIMH HJIH 

ApooHO-JlHHeHHhlMH <l>YHKU){OHa.naMH Il0T0Ka HCHTPOH0B 

(Ksct>, KB·, Ten.noe~eJieHHe, OTHoweHHll CKopocreA 

peaKU.HH u .Qp.), M0ryT 6hlTb HaHACHbl rpynnoBhlM MeT0.Q0M 

TaxJKe c JIIOOOH creneHbKl T0'IHOCTH • 

KpoMe DOA06HblX xapaKTepHCTHK llIHP0K0e npHMe­

HeHHe B pa3JIHQHhlX o6naCT51X (pH3HKH 51AepHblX peaKT0P0B 

H3IIIJIH BeJIHl{HHbl, .IIBJISIIOW:HeCll 6HJJHHCHHblMH 

(J>yHKll,H0Ha.naMH D0TOKa HeHTp0H0B H pa3JIH'IHblX 

<PYHKU.HH u.eHH0CTH. flpu 3T0M K3K UOT0K HeHTpOH0B, TaK 

H cl>yHKD;HH U.CHHOCTH OTH0CRTCSI K 0,ll;H0MY H T0MY :tee C0-

CTOllHHJO peaxTopa, HanpuMep K KpHTH'i'eCK0My. TaKHMH 

BeJIK'IHHaMH S1BJlll10TCS1 -Jiroo&e cpyHKU.HOHam,1, nopoXQJ;ae­

Mble TeOpHCH B03My~eHHH nepBoro nopsiz.Ka. B 'laCTHOCTH, 

B Kpyr TaKHX <PYHKll,HOHaJIOB BX0ART K03!pcpHu,HeHTbl 

peaKTHBHOCTH (KP) (KP npe.QCTaBmuoT co6oii K0-

9<lxl>uu;ueHT1>1 llYBCTBHTeJlbH0CTH K34, K pa3JIH4H0I'O P0Aa 

B03Mym,eHHSIM) [ 1 ], KOaqxj>Hu,HeHTbl 'IYBCTBHTCJlbHOCTH 
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o6o6m;eHHOH TeopHH B03Mym;eHHH [2, 3) H ,Zlp. 3aMeTHM, 

'ITO 3TH BCJUf'IHHbl B ,ZleTaJibHOM OOHcaHHH npou.ecCOB onpe­

,ZleJISIIOTCSI HCB03Mym;eHHblMH OO°t'OKaMH HeiiTpoHOB H HX 

1.1,CHHOCTblO. 

l-lcnoJib30BaHHe rpynnOBblX KOHCTaHT, crporo SIBJISl­

lOIIJ,HXC.SI Cpe,ZlHHMH Cel[CHHSIMH B3aHMO,ZlCHCTBHSI B n.aHHOH 

HCB03Mym;eHHOH KOMil03HU,HH, npHHU,HilHaJlbHO He 003B0-

JUleT HaHTH B rpynnOBOM npe.IJ.CTaBJICHHH CTporne 3Ha '!CRH.SI 

yxa3aHHblX Bblme OHJIHHCHHblX q>yHKl.l,lfOHaJIOB. 0:HblMH 

cnoeaMH, Tpa,Zlllll,HOHHblH rpynnoBOH MeTO.IJ., 6y.IJ.y'IH 

3KBHBaJICHTHhlM .IJ.eTaJlbHOMY C TO'IKH 3peHHSI npen.cKa-

3aHHSI JIHHeHHhlX H .IJ.pooHO-JIHHeHHhlX <PYHKU:HOHaJIOB, He 

SIBJI.SleTC.SI TaKOBblM no OTHOWemuo K 6HJJHHCHHblM 

cpy HKU.HOHanaM. 

3TOT ¢axT OWi ooHapyxceH npu pac'ieTax cp~Hero 

epeMeHH ,KH3HH MrHOBCHHhlx neHTpoHOB u KP [ 4] H B .IJ.aTlh­

HeKmeM nony'!HJJ HHTepnpe-rau,Hto "necoxpaneHHSI 

OWJHHeHHblX cpyuKu;HoHanoe npH ycpe.IJ.HCHHH ce'!eHHH c 

BCCOM IlOTOKa HCHTpoHOB" (5, 6 ]. qHCJICHHOMY HCCJICAO­

BaHHlO :noro IlOJIOJKeHHSI IlOCB.Slll~eHO 3Ha'IHTeJihHOe 

KOJIH'ICCTBO pa6oT, CChlJIKH Ha KOTOpble MO)KHO naihH e 

003ope [7 ). 
PemeHRe npooneMbl uecoxpatteHHSI 6wmHeHHblX 

q>yHKU,HOHa.JIOB MHorne aeTOphl [6 - 8 J B~SIT B OTKa3e 

OT JIHHeHHOH cpopMynupoeKH rpynnoeoro MeTOAa H nepe­

XO.IJ.e x oHJTHHeiinofl cpopMyJiupoexe. B 3THX H .a.pyrnx pa6o­

Tax [9 - 11] "uecoxpaHeHHe 6HJIHHCHHhlX cj:,yHKU,HOHa­

JIOB" rrpH3HaeTC.SI o6beKTHBHhlM CBOHCTBOM Tpaiuu.HOHHOI'O 

rpynrroeoro MCTO.IJ.a, o6ycnosneHHhlM necoxpaHenueM 

rpyrinOBOH IJ,eHHOCTH. K HaCTOSII.U,eMy epeMeHH He pa3pa­

OOT8Hbl CHCTeMbl IlO.IJ.I'OTOBKH 6wnrneHHO ycpe.IJ.HeHHblX 

rpynnOBbiX KOHCT8HT npe}K,IJ,e Bcero H3-3a OTCYTCTBHll 

OCHOBHblX npRHU,lfflOB HX nocneAOBaTMbHOl'O 

cpopMHpoBaHH.11. CnmKHOCTb cpopMyJJHpoBKH nOCJJC,ZlHHX 

CB.513aHa C WIOXO u3y11eHHblM noee.IJ.eHHCM <PYHKU,HH u,eH­

HOCTH, onpen.eneHHI>IX no OTHOIDCHHIO K pa3JIH'iHblM 

cl>YHXU,HOHanaM B ACTaJihHOM onucaHHII npou.eccoe. 

TioMHMO 6umrneitHOH ¢opMynHpoBKH B JIHTe-

paType paCCMaTpHeaeTCH B03MOX<HOCTb HCIIOJlb30BaHHSI 

Tpa,ZlHU:HOHHOH JIHHCHHOH cpopMyJiupoexH rpynnoeoro Me­

TOAa wisi pacttera 6rumfteitHI.ix ¢yuxu11ouanoe. B o63opnoi1 

pa6oTe [7 J C.IJ.e.nau BblBOA o HeooxomtMOCTR y'ieTa H3Me­

HeHuii rpynnOBhlX MaKpoKOHCTaHT BO eceM peaKTOpe npH 

paC'leTe peaxTHBHOCTH, o6yc.noeneHHOH JIOKaJlbHblM B03-

Mym;eHHeM. B AaHHOH pa6oTe TaKHe H3MeHeHHSI 6y.IJ.yT Ha-

3b!BaTbCSI cnexTpaJibHhlMH B03Mym;eHHSIMlf B rpynnOBhlX 

KOHCTaHTaX. }Lnsi o6ecne'leHHSI AOCTaT011HO TOl[HbJX pac'ie­

TOB peaKTHBHOCTH rpynnOBblM MeTOAOM e [7] pexoMeH.11.y­

eTCJI HaXO,ZlHTb cneKTPa.JlbHble B03Mym;eHHSI B rpynnOBhlX 

KORCT8HT3X nyTeM npHMOH 01.l,CHKH cneKTpa B03Myll.l,eHHOro 

COCTOSIHH.51 "yJibTpaMyJihTHrpynnOBhlM MCTOAOM" (~ 105 

rpynn). M0)1'80 Bblpa3HTb cepbe3Hble COMHeHH.51 B B03MO~­

HOCTH xoppeKTHOH ou,eHKH B03Mym.eHHOro ,ZleTa.llbHOro n po­

crpaHCTBCHH0-3HepreTHtfecxoro pacnpeAe.neH11.11 npR He-

6onbwux JIOKaJibHhlX B03Mym;eHlfSIX. 

B paooTe [ 12 J paccMaTpueaeTcsr 3aAatia paclleTa Ko-

3¢ct>uu;11eHTa peaKTHBHOCTH B 6ecKOHe'IHOU cpeAe npu 

OAHOp0,Zl.HOM B03Mym;eHHH TIJIOTHOCTH HYKJTH.IJ.a. OcHOBHOe 
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BHHMaHHe B HeK YACJISICTCll cornacoeaHHIO pactieTOB 

peaKTHBHOCTH no TeopHH B03Myll.l,eHHH H onocpe,llCTBOBaH­

HblM ~eTO.llaM (nyTeM pac'leTa Ks¢ B B03Myw;eHHOM H He­

B03MYIUCHHOM COCTO.SIHHSIX) B paMKax CHCTeMbl IlO.IJ.I'OTOBKH 

KOHCTaHT APAMAKO-BHAB (13 ]. Ilpu 3TOM .IJ.ae-rcsi 

011,CHKa cneKTPMbHOro B03MYUJ.CHHSI, o6ycnOBJieHHOro 

H3MeHeHHCM caM03KpaHnpoeaHHSI, B npH6JIH:>KeHHH nocro­

SIHCTBa WJOTHOCTH coyAapeHHK. 

0.IJ.HaKo npo6neMa KoppeKTHoro rpynnoeoro onHcaHHSI 

6WJuHeiiHhlx cf>yHxu:uonanoe (e paMxax nuueiieoii cpop­

MYJIHpDBKlf rpynnOBblX KOHCTaHT) OKa3hlBaeTCSI ,ZlOBOJlbHO 

CJIO:>KHOH u He MO:>KeT 6b1Th pemena e paMKax npOCThlX 

npu6JIH,KCHKH u OT,llMbHhlX 3¢<peKTOB. ITo:noMy npe)K,lle 

ecero eeooxo.llHMO U,eJibHoe TeopeTHtICCKOe pa3peweHne 

3TOil: npo6JICMbl, o6ecne'iHB310ll.l,ee 3KBHBaJieHTHOCTb ne­

TaJlbHOl'O H rpynnoBoro npen;CTaeneHHH 61111HHCHHhlX 

<PYHKU,HOHaJIOB B AOilOJJHCHHe K COOTBCTCTBYIOW.eH 3XBHBa­

JieHTHOCTH JJHHCHHblX 11.llpooHO-JllfHeiiHblX cpynxU,HOHaJIOB. 

B JJ.aHHOH paooTe .n;aeTc11 pewen11e 3TOii 3a.IJ.a'iH J:VJSJ K0-

3<pcpuu,ueHTa peaKTHBHOCTH, CBSl3aHHOI'O C B03MYIQeHHCM 

KOHU,CHTpaU,HH Bbl.lle.JlCHHOI'O HYKJIHJJ;a B oxpeCTHOCTH He­

XOTOpoK TOtfKK OJJ;HOpo.IJ.HOI'O peaxTopa. llpu 3TOM IlOKa3aHa 

OWHOO'IHOCTb yTeep:lK,ZlCHH.51 0 HecoxpaHemrn 6HJIHHCHHblX 

<PYHKU.HOHanoe npR JIHHeHHOH cpopMyJIHpoexe rpynnoehlx 

KOHCTaHT H aHaJIH3HpyeTCSI npH\IHH3 HecoxpaHeHHSI npH 

TP3.IJ.HUHOHHOM rpynnOBOM paC'!eTe. 

1. OOCTAHOBKA 3A,!1A"IH 

Bo BBC.IJ.eHHH IlOJJ;'iepKHBaJJOCb, l!TO npo6neMa 3XBHBa­

JICHTHOCTH .IJ.eTa.JlbHOro H rpynnoeoro OnHCaHHH 6«mrneii­

HblX <PYHKU,HOHaJIOB B03HHK3eT npH 3H3HHH TO'iHblX rpyn­

IlOBblX KOHCT3HT. Tio3TOMY Heo6XO.IJ.HMO Bb16paTb TaKylO 

MOAeJlb peaKTOpa, B paMKax KOTOpOH MO)KHO JJ;OCTaTOllHO 

IlpoCTO (no KpaKHeH Mepe B HCB03MYUJ.CHHOM COCTOSIHHH 

peaKTOpa) nepeHTlf OT .11;eraJJbHOro K rpynnOBOMY 

onHcaHHIO npou.eccoB. 113BCCTHO, '!TO B OCHOBe 

60JibWHHCTBa CHCTeM TIO,ZlroTOBKH rpynnOBhlX MaKpOKOH­

CTaHT Jle:llCHT npe,ZlnOJJO:llCCHHe O pa3,ZleJICHHH npoCTpaHCT­

BCHHOH H 3HepreTH'leCKOH 3aBHCHMOCTCH B pacnpe.a.e.neHH"I 

HCHTp0HOB. 3TO npe.o;noJIO)l(CHHC crporo BblIIOJIHSICTCSI .IJ.JISI 

aCHMilTOTHllCCKOI'O peweHHSI B O,Zl.HOPOJJ.HOM peaKTOpe 6e3 

OTpa)KaTeJISI [14 ). no yKa33HHblM npH\IHHaM 3a,Zl.a'!a O xop­

peKTHOM rpynrrOBOM OilHC3HHH KD3cl><t>HUHeHTa 

peaKTHBHOCTH HYKJTH.IJ.3 B TO'!Ke 6yn.e-r paccMaTpHB3TbCSI B 

0,Zl.HOpO,ZlHOM peaxTope. HeihpoHHble pacnpel{eJICHHSI 6yAyT 

onHCblBaTbCSI JJ.H¢<l>Y3HOHHblM npH6JJH;)KeHHCM KHHCTHtfe­

cxoro ypaeneHHSI [ 14 ]. 
➔ 

B1,1paJtCeHue .Zl.J[ll xo3¢¢11u,11eHTa peaxni:eHOCTH k1(r0) ... 
HYKJJHJJ.a i e TO'!Ke 'o• npHBeJJ;eHHOe e pa6DTe [l ]. MO,!CCT 

6bITb 3anHcauo (c Y'ICTOM npHH!IThlX Bb!WC orpaHHllCHHH) 

CJIC.IJ.YIOmHM o6pa30M: 

[VR(~) )2 + 2 k1(r0) = 2V (<p (u),3atr .(u)D (u)tp(u)) + (1) 
JR r)dV '1 
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R2(~) " 
+ fR2(rjdV{-(y,+(u),~u)y,(u)) + (y,(u),va1_1(u))}. (1) 

V 

TioSICHHM CMHCJI BeJIH'l{JfH, BX0ASlm;HX s <pOPMYJIY (1). 
3HepreTH'lecKHe pacnpeAeJJeHH.51 DOT0Ka neihpoH0B y,(u) 
u cpyHKUHH n.enHOCTH y,+(u) :e KPHTH'lecKoM peaKrope 

YA0BJleTB0p.SIIOT ypa:eHeHHSIM: 
2 ;\ ;\ 

B D(u)y,(u) + My,(u) = Ftp(u); (2) 

B2D(u)y,+(u) + W-rp+(u) = fo+'P+(u), (3) 

B KOTOpblX B2 - reoMeTpH'ICCKHH napaMeTp (14 ), 
D(u) - K03<P<iiRIJ,HeBT AH<l><l>Y3HH, D(u) = 1/3 l:,,(u); 
" ;\ W - oneparop 3aMe,zweHH51 K0MJ103HD,HH, M · = 

" = 1:t<u)· - JduI
5
(u' ➔ u); F-onepaTop renepaunH neif-

Tpouoe AeJieHH51, F = x(u)Jdu'vl:fu'); Mu;+ - onepa-

" " T0pbl, conpSl,KeHHble onepaTOpaM M H F COOTBeTCTBeuuo. 

Tipoc-rpaHCTBeHHa.113aBHCHMOCTh DOTOKa HejiTpoHOB H 

q>yHKUHH ~CHHOCTK R(;j llBJUICTC.51 pemeHHeM 33,l{a'IIH 

V2R(rj + B2R(rj = O; R(;jl ,er = o, (4) 

r.o;e r - :eaeDJH.su1 3KcrpaaonHpo:eaHna.11 rpamru,a peaKropa, 

npHHHMaeMa11 0AKH8Ko:eoii AJI.SI :ecex 3Hepmii. Tpancnop­

THoe ce'leHHe a1,/u), oneparop 38MCJVIeHH.SI M}u). = 
= CT1/u) · - f du'os,;(u' ➔ u) · H ce'leHue reHepan.m1 HeA­

TpoH0B AeJJCHHSI VO'J,;(u) xapaKTep113yJOT ~epno-

4,K3H'llecKHC ceoucrea HYKJIHAa i. Ilpu noJiytieHHH <papMy­

Jibl (1) 6hUIH HCil0Jib30B8Hhl CJieA)'JOm;He HOpMHp0B0'1Hhle 

COOTH0WCHM SI AJl.11 CDCKTp0B tp( U) H '{> + ( U): 

Jvl:.1 (u)'P(u)du = I; fx(u)'P+(u)du = 1. (S) 

IlepeXOA K rpynn0B0M)' IlpeACTasneHHIO IlOT0K8 nei\TpoHOB 

B OAH0p0AH0M peaKTOpe COOTBeTCTByeT AHCKpeTH38UHK 

ypaeHCHHSI (2) nyTeM 33MCHbl He 38BHCRIIJ;HX OT K0M­

D03Hl\HH ce'leHHH rrpou,ecco:e B 3TOM ypa:eHeHHH KX yc­

peAHeHHblMH C BCCOM tp(u) Ha rpyrrn0BhlX KHTep:eanax 

t.u, 3HatieHHSIMH a~ (13, 14): 

J dua;(u)rp(u) 
j flu. 

0 x = 
1 
J dutp(u) (6) 

AuJ 

r.11;e cetiem1e npouecca THna x 

a;(u) = ox(u)Kf(u), 

x!j(u) - cl>YHKUHSI, pasna.11 BCp0.IITHOCTH 3aMewtCHHSI HeH­

TP0HY npH paccesrHHH H3 JJeTapruH u E 6.ui B rpynnosoii 

HHTepean Au, M51 rpynnoBblX K0HCT8HT 3aMC'AJieHH.II; 

K~(u) = 1 AJlSI ·rpynn0BhlX KOHCT3HT OCT3JlhHhlX peaXUHH. 

B peayJJ&TaTe ypa:eHeHHe AJISI Be~ rpyrrn0BhlX nOTOK0B 

ip, H0pMHpoBaHHOro yCJI0BHeM (vt.f' ip') = l, M0llCeT 6hlTb 

33DHC8H0 B BHAC 

J.c,,,>l= t, (7) 
A 

r.o;e CHMBOJI A(tp) 03Ha'{aeT, 'ITO rpynnosble KOHCTaHThl, ,._ 
onpe.[leJISIIOIQHe 3./lCMCHThl MaTpH'IH0ro orreparopa A(rp), 

HafmeHbl ycpe.[IHCHHeM C BeCOM cneKTpa tp(u); 

A(rp) = B 2D(rp) + P(rp), D(rp) H P(rp)_ - rpynnoBble npe.11;­

CTaBJJeee.11 oneparopoB D( u) H M,· v'l:.f<p) Hr - BeKT0pbl 

rpynn0BblX M8Kp0KOHCTaHT .ll;e.JICHHSI COOTBeTCTBCHH0. 

Ypa:eneHHeM AJISI BCKTopa ;+, COCTaBJICHH0ro H3 rpyn­

IlOBblX ueHHOCTCH 'l'j' .SIBJISleTCSI ypaeHeHHe, corrpst:iKCHH0e 

(7): 

(8) 

TpaAHll,HOHHOe rpynrrosoe npe,!1.CTaBJICHHe ¢yHKI.\HOH3Jla 

kl~ OOLl'IIHO 3anHCliBaJOT e BHAe [l, 6, 9) 

➔ [V R(~) J2 ➔ /'-.. 2 
,kf?(ro) = f R2(rjdV (rp+' '3atr,iD (rp)ip) + 

V 

R2
(~ .. ,--

+ JR2(;jdV[-(y,+' ~u)(rpnt) + (ip, voj,i(tp))], (9) 

I' 

r.11;e 02<y,), ~CT)(y,), voj,;('P) - rpynn0Bhle JIPC'ACTae­

JieHHll O'r,,;(u)D2(u), ~o) H VCIJ,;(u) C00TBCTCTBCHH0. 

MaTpnua a;p2 AH8fOHaJJ.bHa, ee HCHyJJeBhle 3JJeMeHThl 

(o,,,;D2)il = (atr,ID2)f - rpynrroeble aua4eHMsi rrpoHaee­

ACHHR (ltr ;(u)D2(u), onpeAeJieHHble ¢opMy.llOK (6). 
•,.,. 

MaTpHua ~o) - HH.ltrneTpeyroJibHaSI C 3JieMeHTaMH 

(p(u)),1c = O' lr.-+j AJISI k < i H (P (CT)) .. = O' j I + a i . l ,, 1 11 a, ys.3aM,1 

M.11 k = j. 3JieMeHTaMH BeKT0pa w't,i SIBJISIIOTCH rpynn0Bb!e 

cetieHH51 reuepanuu ueihpottoe AeJieHHR va ti .• 
,1 

Pacqen,r K03(pq>H~KCHTOB peaKTHBH0CTH no q>opMy­

.llaM (1) H (9) npHBCAYT K pa3HblM 3H3'1CHHSIM, 'lTO H <t>op­

MYJIHpye-rc.11 Kax necoxpaHeHHe 0HJIHKCHHhlX q>yHKUHOHa­

JIOB npK JlHHeHHOH ceepTKC cetieHHH B rpynn0Bhle K0HCTaH­

Tbl. O,!I.HaKO M0,KHQ R0K838Tb, \ITO HCn0Jlb30BaHHe JIHHeH­

HOA <p0pMyJIHp0BKH rpynrr0BblX K0HCT3HT C8M0 no ce6e He 

,[I0JJ.lKH0 rrpHB0.[IHTb K HecoxpaHCHKIO K03q>q:muHeHTOB 

peaKTHBH0CTH. KpaTKO paCCMOTPHM 3TO JI0JI0lKeHHe. <l>op­

Myna (1) COOTBeTCTBYeT cne.ny10w.eMy onpem:JieHHIO 

k;(~: 

(10) 

I'AC M31J! :: K31Ji - 1; M31J! - H3MCHCHHe K3q3, cooTBeT­

crsy10w,ee H3MCHCHKIO K0HUCHTpaUHH HYKJI~a i Ha 

BeJJH4HHY dp 1 :e o6nacru 6. V(~) 0.!1.H0poAH0ro KpHTHtiecKoro 

peaKropa. 3TOT cnoco6 B03MYW.CHHSI rrepeB0,!I.HT HCXO.ll;HblH 

o.11;nopo.[1Hb1K peaKTop s HeOAHOP0AHblH. CneAOBaTeJI&Ho, 

npe.ll;eJJ&HblH nepeX0A (10) e rpynnosor.i 0nHCaHHH .ll;0JJ.lKeH 

ocyw;eCTBJI.llTbC.11 B He0)l;H0pO.ll;H0M peaKTope. IIpe.11;no­

n0.llCHM, cyw;ecreyeT npHHU.HITHaJlbHall B03M0.lKH0CTb rrony­

'IICHHll rpynn0BhlX l<0HCT8HT, K0T0pble YA0BJieTB0p5UOT cne­

AflOIIUfM Tpe6oBaHH.SIM: 

1) rpynn0BblC JIOT0KH, D0JIY'ICHHble Ha 0CH0BC 3TOH 
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COBOKynHOCTH KOHCTaHT, coxpaHSIIOT CK0p()CTH peaKll,HH B 

OOJl3CTH B03My~eHHSI 11 V(~) H BHe ee; 

2) rpynnosoe onHcauee o6ecneqHeaer coxpaHeHHe 

yTellKH ueiiTpoHOB H3 peaKTopa; 

3) Tpe6osaHH,t I H 2 MOryT 6h1Tb BblR0JIHeHbl Ha JIIOOOM 

3Tane B03MyJ:QeHH,t, onp~e.nS1eMoM BeJJHl.fHHoii napaMerpa 

B03MyJ:QeHIDI p = 6 Vdp ;-

He paccMaTpHB3SI 3.D.eCb KOHKPeTHblH cnoco6 BBe.o;eHHSI 

rpynn0BblX K0HCTaHT, 33MeTHM, lfT0 3TH tpe6oeaHHSI YD.0B­

JICTB0p5UOT B U,eJI0M JIHHeHHOH KOHU.emJ,HH rpynnOBblX KOH­

CT3HT, 

3aUHmeM 33D.31IY WISI B03MYJ:QeHHOro flOT0Ka ueihpo­

H0B B rpynnoeoM npe.o;craBJieHlf.H: 

-VD'('Pp)Vc$'(;:j + P'(ipp)4>'(;:j = K~(p) Q'(ipi~'(rj, 

i•crJI r-er = 0 · (ll) 

KpoMe Toro, pemeuHe 3~a'IH (11) .o;oJI::ir;Ho YD.OBJ1eTBopS1Tb 

yCJJOBHSIM CWHBKH rpynnOBblX R0TOKOB H T0KOB [14 J Ha 

rpauuu.e pa3n.e.na 30H, BHYTPH xoropblX rpynn0Bh1e KOH-

"' "' CTaHTLI ue 3aBHCRT OT xoopii:nuaT. B (11) D'(rpp), P'(rpp) 
-" 

H Q' (ip p} - M3TpHllHhle oneparopbl D.Hct>cl>Y3HH, 3aMeD.-

JieHHSI H reHepaU,HH ueiiTpoHOB n.e.neHHSI, :=meMeHThl KOTO­

PLIX cyn rpynn0Bh1e K0HCT3HTbl B03MyJ:QeHHoro COCTO­

JUIH.s{, onpeD.e.neHHble yCpeAReHHeM ce'leHHH C BeCOM B03-

Mym;eunoro D.eTMbH0ro cneKTpa <pp· C y"lfeTOM Tpe6oeaeni'f 

1 - 3 K3ep(P) 33D.3'1H (11) crporo cosna.o;aer c xo-

3<lxl>nu,HeHTOM pa3MHO,KeHHSI B03My~eHROH 33D.3"lfH B ii:e­

T3JlbHOM 0IlHC3HHH npou,eccos. TIOCJie.o;Hee o6yCJJoBJieHo 

TeM, lfTO l / K3ep(p), SIBJUISICb IlpocThlM co6CTeeHHblM llHCJI0M 

33)];3\JH ( 11)' M0>KeT 6hl.Tb npeD.CT3BJieH B BHJ(e CJJeJJ;yJOJ:Qero 

D.POOHO-JIHHeituoro <l>YHKll.HOHana nOTOKa ueATpoHos: 

1 ---= 
K3ep(p) 

N ➔ 
L (f dV(l:~('Pp)'<l>irj - Jdf(d(rpp))'(irvrt>pj)] 

= • I 'V N N r ,(12) 

L J dVx;(r1L (vl:j{v,P))'<l>{r) 
i=I V l=l 

B q>opMyJJe (12) j = 1, 2, ... , N - HHD.CKC HOMepa 

rpynn1,1.; n - H0pMaJib K BHeWHeH rpaHHU.C r (OCT3JlhHhle 

0003H3lleHHSI A3Hhl paHee). cI>opMyna (12) cne.o;yer H3 (11) 

H oTpaX<ae-r n0JIHblii 6anaHc Hdhpoaoe B xsa3HKpHTH11e­

cxoM peaKTOpe. Tax K3K COCT3BHble 'f3CTH 6a.naHca HCHT­

pOH0B s q>opMyne (12) paBHhl B COOTBeTCTBHH c Tpe6o­

BaHH51MH 1 - 3 COOTBeTCTBYIOll\HM COCT3BIDIIOmHM 6aJJaHca 

He1hpoHOB B D.eTaJibHOM 0ilHC3HHH npou.eccoe, TO H 3Ha­

"lfeHHSI K'3¢i(p) coena.o;a10T. 

Hapsmycnpe,o;craeJJeHHCM (12) srBHhlHBHJ(K3ep(p) 3a­

.n:a 'lH ( 11) MO)!CeT 6b1Th HaKJJ;eH c npHBJie\leHHeM rpynnOBOH 

li>YHKU.HH u.eHH0CTH xpHTH\feCK0ro peaKTOpa, y.o;oenereo­

psno~eil 33.o;a"tfe 

-VD(rp)V<I>+ + p+(v:,)rt>+ = Q+(~)<l>+, (13) 
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(13) 

rpynnoeble K0HCT3HThl, onpe.o;eJISIIOll\He M3TPHU.hl 

D(y,), p+(y,) H Q+(rp), nonyqem,1 ycpeJJ;HeHHeM c eecoM 

HeB03MyJ:QeHHOro JJ:eTanbH0ro cnexTpa aeATpoHOB <p(u). l•fa 
3a,o;aq ( 11), (13) cnen.yeT rpynnoeoe npe.11.CTaBJieHHe D.JI51 

K:,¢,(P) e BHD.e JJ;po6Ho-6HJrn:HeHHOro lt>yHKU.HOHaJia (Bhlpa-

)KeHHoe H3MCHeHHeM M3ep(P)/ K3ep(p)): 

11K3¢(p) 
K:,¢,(p) -

➔ "' ➔ ➔ "' ,,..,-+ 
JdV{-(Vrt>+,ADV<I>') - (<l>+,[AP - AQJ<l>')} 
V 

rn.e 
"" A A.A .,.._ 

AD= D'(tpp) - D(v,); AP= P'(tpp) - P(v,); 

AQ = Q'(<pp) - Q(v,). 

(14) 

B pe3yJII,T3Te BeJIH'lHHbl M:,¢,(p)/ K3ep(P), HaKJJ;eHHble 

H3 (14)' coena,o;aIOT C COOTBeTCTByJOmHMH saaqeHHSIMH B 

D.eT3Jil>HOM onHcaHHH. l-fHaqe roeop51, n106oii qJJeH nOCJie­

,o;oeaTeJibHOCTH (10) M0)l(eT 6b1Tb xoppeKTH0 HaKJJ;eH s 

rpynnoBOM onucaHHH. CJJ~OB3TeJlbHO, Be.JIHqIma k;(~). 

llBJISIIOJ:QaSIC51 np~eJI0M :rroii nocneii;oeaTeJibH0CTH, T3K>Ke 

M0:>Ker 6h1Tb crporo nOJJy'leHa B rpynnosoM npe.11.craeneHHH. 

2. IlOCJIE,AOBATEJlbHOE rPYTIIlOBOE IlPEACTABJIEHHE 
K03C!>C!>HU.HEHTA PEAKTHBHOCTH ki(to) 

Tipose.o;eHHOe JJ;0K333TeJibCTB0 no cyJ:QeCTBY omrpaJIOCb Ha 

B03M0)l(H0CTb BBe,o;eHH51 rpynn0BhlX KOHCT3HT, OTBe'la­

JOIQHX TpeooB3HHSIM 1 - 3. 3THM Tpe6oeaHH51M crporo 

yii;oBJiereop51JOT rpynnos1i1e xoncraHTbl, onpe,o;e.n:sreMhle e 

K3)K.IJ.0H T0'lKe peaKT0pa. O,1:1Haxo C TOl.fKH 3peHHSI pac­

CMaTpHsaeMOH 3,o;ec& 3~3\JH OHH M0ryT 6b1Tb OCJI30JieHbI. 

113 onpeii;e.neHH51 (10) D.JISI k;(~) H npeD.CT3BJieHHSI (12) ,11.JISI 

K:,¢, CJJ~yer, 'ITO D.OCT3TO'lH0 norpe6oeaT&, lfTOObl rpyn­

noeble K0HCT3HTbl B03MYll\CHH0TO COCTOSIHH51 0DHChIBaJIH 

rnaeHyJO 'l3CTb H3MeHeHHX CKOpocTeH npou.eccoe (BKJI!Olf3SI 

YTC'IKY HeiiTpoH0B H3 peaKT0pa), nponop1umHaJibHYKl 

napaMerpy 803My~eHHSI p. HHX<e oy,o;er HCil0Jih30B3H nepe­

X0D. K rpynnOB0MY onHcaHHJO, npH KOTOpoM CetfeHHSI 

peaKU,HH H 33MCAJJeHHSI ycpe,u;HjlJOTCSI C BecOM ,11.e"raJJbHhlX 

cneKTpoe noT0Ka, onpe,11.e;ieHHblX e o6naCTH B03MYII.J.CHHSI 

AV(~) H BHe ee, a K03$1>HU.HeHTbl ,o;H<pct,y3HH ycpe.D;HSIIOTCSI 

C eecoM HHTerpaJibHblX cneKTpoB rpaJ:{HeHT0B ll0TOKa HeH­

Tp0H0B, onpe,o;eJJeHHhlX Ha rpaHnu;ax YK333HHhlX o6naCTeit 

TaKOH cnoco6 CBePTKH B rpynnOllhle KOHCT3HTbl lf3CT0 

HCll0Jlb3yercsr B npaKTHKe paCIH!T0B peaKT0p0B (uanpHMep, 

npH noJiyll:eHHH MaJiorpynnOBblX K0HCTaHT), X0TSI HeJib3SI 

yTBepX<JJ;aTb, 'lTO OH npHB0AHT K coxpaHeHIUO K'3¢, H CK0-

poCTeH peaKU,HH no 30HaM ycpe,11.HeHHSI. 0.~HaKO K HaCTo­

Sl(I.J.eMy epeMeHH IT0JIJ"l(eHO CTporoe A0K333TeJibCTBO Toro, 

lfT0 HCilOJih30B3HHe KOHu,enu.HH HHTerpaJtbKblX cneKTpOB 
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coxpausurr B pacCMaTpHBaeMoA s~ecb sima11e rnaeHyJO 

qacrb HSMeHeHH.51 Ksq, •. 

Bse~eM B paCCMOTpeHBe HHTerpa.ru,m,i:e cneKTp1>1 sos­
Mym;eHBoro COCTO.IIHHSI: 

➔ ➔ ➔ 
'Pa(u) = f tppCr,u)dV; Ja(u) = f dfV'Pp(r,u), a= 1, 2, (IS) 

v r 
a a 

r'Ae a = 1 - HIQCKC o6.naCTH seecenu B03~eHII.II 
➔ 2 -~-- ➔ ➔ LiV(ro); a= - mmeKc uwl.dCTH V- AV(r0); 'Pp(r,u) -

B03My~eHHoe opocrpanCTBeBHo-gaepreru11eacoe pacope­
~e.rreHHe ueiiTpoHoB. ITOCJI~ee .5!.BJUleTcsi: pemeHHeM aa­
,1:1a11n 

-VD'Vtpp(?; u) + M''P/1: u) = K~(p) F'tpp(?; u);(l6) 

'Pp(t.' u) I ,.er = 0. 

PemeHHe tp pC?; u) y,1toBJiersop.11eT yCJioBHIO eenpeplilBHOCTH 

H0PMaJibHOH K0MII0HeRTH TOIC8 D'V,p /t: u) · it Ra noeepx­

HOCTH pas.Ae.na OOJiaCTeH rl. B ypaBHeHHH (16) 

D' = D(u) + dD(u) u o6Jiacm V1 e D' = D(u) B o6.naCTH 

~2; " <5~): -(~piatr,1D2(u))/(1 + 3dp1a~,1.D(u~J; 
M' = M + <5M, F' = F + <5F B o6.naCTH vi H M' ;:: M, 

F' = F e o6nacra v2; dM = <5pi Mt1
), dF = 

= <5pix'(u)Jdu'vaiu'). 
IlOJJ0JICHM, 'ITO rpynnoB111:e K0HCTaHTlil B03My~enuoro 

COCTOSlHHll, onpe,1:1eJilllO~e M8TPH'IJD,le onepaTOpbl 

D'(,pP), P'('Pp) H <}'('Pp) B ypaeueHHH (11), noJ1ytteHbl yc-

peJnieHHeM COOTBeTCTByJOm;ax ce11emrn B xa~oM H3 o6Jia­
CTelk ¥1 H ¥2 C BecaMH HHTCrpaJil>Hlil cnexTpoB 'Pa(u) H 

Ja(u). Ycpe'AHeHne npoBQAHTC.51 no <POPM)'JJe (6) c 3aMenoh 

HeB0SMym;eHHoro cneKTpa ,p(u) CO0TBeTCTBYIO~HMH HHTer­
p8.1IbHblMH cnexTpaMH. PaCCM0TpHM B0SMy~eHHSI 

MaTpHlJHI,IX oneparopoe Ha npKMepe onepaTopa saMe'A­

neenR P. B o6naCTH V1 B03M)'~enHe AP 1 M0X<eT 6blTb npe,J.-

CTaBJieno B BIQe 

Ml = P'('P1) - P(,p) = <Jp/1<1)('1'1) + 

+ CP('P1) - P('f') l = <Jpz11<1)<'P1) + AP(tp1)· (17) 

B q>opMyJie (17) Pf a)(tp1) - rpynnoBoe npencraeneHue 

onepaTOpa aaMeJVIeHHSI M }<1); AP(lfJ1) - B03Mym;eHHe 

rpynn0Bl,IX K0HCTaHT HyKJIIQ0B HCXOAHOH K0MD03HIUUI, 
CBSl33HH0e C pa3JIHIIHeM crreKTpclB ycpe,J.HeHHSI 'P1 (u) H 

tp(u). B o6JiaCTH v2 B03M)'~eHue AP2 o6ycnosneuo JIHlllb 

pa3JJJNHeM cnexTpoB, Tax xax K0HIJ.eHTpao;HH HYKJI~0B B 
neii He MeHJIIOTCSI: 

A A A A 

lil'2 = P(tpz) - P(tp) c lli'(tpz). (18) 

BoaMy~eHH51 onepaTopoB AH(Jxf,y3HH H reHepao;HH ueih­
pc>Hos .qe.neHH.SI B rpynnoB0M 0DHC3HHH npe,J.CT3BJill10TCSI 
BhlpaxeHHRMH, aH3.IJ0I'HlUIID,{H (17), (18). Hcno.nb3YSI 
npe.u;crauneHH.11 Bff'Aa (17), (18) ~ BCex oneparopos sa-

• ,IJ;OK838.TeJlbCTBO np<>neAeHO B P i-npHMHJKeHHH C HCDOJlb30-

BIIHHeM rpynn08blX KOHCT8HT, onpeJJ,eJieHHl,IX B K8>KAOA TOIIKC b03M}'~CH• 

HOro pe8KTOpa; OHO hpHHBAIIClKHT A.A. PHHeACKOM)' H 0AH0MY H3 8BT0p0B 

)UIHHOA PBOOTbl. 

D;alfll (11) H npHMeHli x 3a,u;a11aM (11), (13) npoo;e,1:1ypy 
nepexpecrsoro YMJI0:iKeHHSI [1 ] nOJiy11HM Bhlpa:lKeHHe AJI.51 
AK~(p)/ Ksq,(p): 

Msq,(p) 1 ➔ + • ➔, 
Ksq,(p) = IF {<Jp,:V[(V<I> ' atr,;('P1)V<I>) + 

+ (ci+ • c~t('P1) - Pfa)('P1)~')] + 
-+ A ➔ ➔ A 

+ J dV[-V<I>+, A.D(J1)V<I>') + <1>+, [AQ(tp1) -
AY 

-" ➔ ➔ A ➔ 
-AP(tp1)]<1>'] + J dV [-(V<I>+, LiD(Jz)V<I>') + 

Yz 
➔ ~ A ➔ + <1>+ • [A.\t('P2) - A.P(tp2) ]<I>']}' (19) 
➔ ~ ➔ A 

J'l1.,eJ F = J dV(<I>+, \:!'<I>');~ i(<p1)-rpynnosoenpencrae-
Y ' 

JieHHeBe.rtH'IHHl>I (-c5D(u)/<5pi). B <f>opMyJie (19) ony~emi 
➔ ➔ 

apryMeHTbl eexroJHl>yHKo;Hii <l>+(ij H <l>'(ij. 
ECJIH e !pOpMyJie (19) npeHeope'lb ABYM.!1 D0CJI~HHMH 

CJiaraeMblMH H nposecrH CJle'AYJOl.ll;He 3aMee1,1: 4>'(;.j ... 
➔ ~(ij = /R(rj; Q' ➔ Q(cp); (;;,.,h,,), p(a)('P1), 

Q<a)('P,)) ➔ (<}>2(<p), p(a)(tp), Q}<1)(,p)), TO oua nepe­

X0.D;HT B Tpa,I{HD;H0HH0 HCDOJib3yeMyJO B rpynn0B0M npe'A­

CT3BJieHHH <f>opMyny TeopnH B03Mym;eHHH nepsoro nopsr.i{­

Ka ,1:1JI.11 AKsq,/ Ksq,. 11cnOJJb30Banue Taxoro "o6pesaHHoro" 

B&1pa:xceeu.51 JV1J1 Msq,/ Ksq, B onpC'AeJieuHH (10), s CBoJO 

oqepeJl.l>, npHB0'AffT K Tpa,I{HU.HOHH0A <f>opMyJie (9) ,l:IJISI xo-

3<P(p~HCHTa peaKTHBHOCTH HYJ{11HJJ;a kpi(~) B rpynD0BOM 

onHcaHKH. ODHcaRHaR BblWC rrpou.e'Aypa q>aKTH'IICCKH 03Ha-

11aeT 1Ipe'AD0JJO¥CHHe, 'IT0 ,!I.Ba nOCJie,ll.HHX C/laraeMNX B 
<PQPM)'Jie (19) HMCIOT nop9,A0K MaJI0CTH He HH¥e 

6. V(<JpJ2• IToKa:llCeM, 11ro Taxoe npe'Anono:lKeHHe owu6oiiao. 

J. rPYIIIIOBbIE KOHCTAHTbl 
CilEKTPAJibHOfO B03MYI.U;EfflUI 

}J.sa DOCJIC'AffHX CJiaraeMhlx <POPMYJJbl (19)' D051BJieHHe 
K0TOphlX o6yCJ10BJieHO OTJIH'IHeM B03MyID;eHHblX HHTel"­

paJlbHblX cneKTJ)OB 'P1(u),/1(u),'Pz(u), l2(u) OT HCB03M)'-

~eHHHX J(u), tp(u), 6y'AJT Ha3I:iiB3TbC.51 \fJICH3MH CDCKT­

paJihH0ro B03MyID;eHHJI. '.3JieMeHTbl onp~eJISIIO~HX HX 
A A A 

MaTpnu; A.D(J a>• lil'(tp a) H A.Q(~ a> npe.qCTaBJUII0T co6oA 

paSHOCTH rpynn0Bl,IX MaKp0X0HCT3HT (nyKJiff'AOB HCX0,!1.HOH 

K0Mil03HUHH) BH.ll.3 

J du~(u)l:;(u) 
~ . . 

J J du<p(u) a l:~,a(p) - l:~, (20) 

6uJ 

J'l1.,C B apryMeHT HHTerpa.nbH'blX cneKTpclB <Pa(u,p) BBe'ACHa 

(AJISI SICH0CTH ,ll.a.JlbBemnero H3JI0:1KeHH51) 51BHaH 

33BHCHMOCTb OT napaMerpa B03My~eHHSl p, CMblCJI :r; 61,l)l 
D0SICHeH npH 3anHCH Q>OPMYJibl (6). '.3neMeHThl MaTpHU. 

13 



AD(J a) T3K:lKe onpe,n:em1IOTCS1 q>opMynoit (20) c 3aMeH0H 

:r;(u) Ha D(u) H cnexTpos 'Pa Ha Ja. 3annmeM nepsyio 

sapnau;Hio ol:(a(P) nOJJHoro H3MeHeHHSI rpynnosoro ce­

t1eHmr t.l:~.a(p): 

d'.i/ (P) 
d".£/ ( ) = x,a I . p, 

x.a p dp p=O 
(21) 

aJ:.ta(p) 
r.Qe BeJIH'IHHbl --,-- I HMelOT .4-.H3H'leCJCHH CMhlCJI dp p• O 't' 

llYBCTBHTeJibHOCTeH COOTBeTCTBYIOmMX rpynn0BblX K0H­

CT3HT l:{.,a(P) K MaJI0MY B03My~eHHIO p = AV(~)opi' He-

nocpe.n:crseuuo .n:u<j><j>epeHu;upyg :r~.a(p) (q>opMyna (20)) 

no napaMeTPY p, nOJJy'laeM 

Jdu:£:( )d,pa(u,p) I 
tIJ:.i X u dp p=O 

x,a<P) I = 6._u..__j ----.,...,.......----,-----

dp psO J durp(u) 
6.uj 

drpa(u,p) 
Jdu d 

,6.u. p 
- :r1 --'--J .,,.....,...---,-,--

.x J durp(u) 
6ul 

(22) 

drpa(u,p) 
r,ll.e dp I p•O 3HepreTH'llecxHe 3asHCHMOCTH 

'IYBCTBHTeJibHOCTeH HHTerpaJibHblX cnexTpoB ipa(u) K B03-

My«.eHHIO p. 8 pe3yJibTaTe 0TBeT Ha sonpoc, HJU[lOTC.ll JIH 

'IJleHbl cneKTpaJibH0J'O B03My~eHIUI B q,opMyne (19) 
BeJIH'IHH3MH nepsoro HJ'IH OOJiee BblC0K0ro nopsr,qxa Ma­

JIOCTH OTHOCHTeJlbH0 p, paBH0CHJJeH pa3pemeHHIO 3JlbTep­

H3THBbl: K0He'llHbl HJIH 6ecKOHC'IHO MaJibl BeJIH'llHHbl 

d'.£{,a(P) I 
dp p=O 

e <j>opMyne (22). PeweHue nOCJie.QHeH 3a-

.D;31UI Tpe6yeT HaX0.llC,.D;eHHK ypaetteHHU, KOT0pblM Y.ll.0BJieT­

B0pSIIOT HHTerpan.bHble cnexTpbl, H DOCJIC.QYIO~ero 

3HaJIH3a BX. 

MHTerpaJibHble cneKTl)bl .D;OJI:>t<:Hbl YA0BJieTB0pRTb 

ypasHeHH.llM, TIOJIY\l3JO~C51 H3 33,Q3l{H (16) nyreM 

HHTerpHpoBaHlUI ypasHeHHSI .D;JISI rpp(r';u) no OOJiaCTSIM vi 
H Y2. M3BeCTHO, 'IT0 DOJIY\l3IOID;3SICSI npu 3TOM CHCTeMa 

ypaBHeHHH 0K33blBaeTCSI neaaMKHYTOH. O.n:HaKO A,1151 HaWHX 

u;eneif .Ii;OCT3TO'IH0 nOJiy'lHTb npu6JIH:>KeHHble ypaetteHHSI, 

HO KOppeKTHO 0ilHCb1B3IOI14He nepeyJO eapuau;HIO HHTer­

pa.n:bHblX cneKTpoB B YCJJOBHSIX MaJI0ro B03Mym.eHHR. Pe­
menne Taxoir sa,n:a'IH nony'lleHo asTOpaMH ,11.anttou pa6oT1,1. 

CoOTeCTCTBYIO«.He ypaeneHHSI HMeJOT eu.n:: 

B 2(D(u) + ~D(u))v,1 (u,p) + 
" "' + (M + OM)'(J1(u,p) = X (u); (23) 

B2D(u)'(Ji(u,p) + Mrp2(u,p) = x (u) + W(~)B2AV(D(u) + 

drp1(u,p) 
+ oD(u)) (v,(u) + d(..I: ) I . p); VP; paO 

14 

➔ R2
(~) (VR(~))2 

W(ro) = fR2(ijdV - B2JR2°(r)dV; 
V V 

(24) 

1 "' 
JR(';'jdif 2(u,p) + Mrp2(u,p) + 
V 

+ (M + oM),p1 (u,p)A VW(~) = x (u); (25) 

M 1(u,p) = C·d'(J1(u,p), C = const. (26) 

YpaBHCHHSI (23) - (26) n03BOJISIIOT H3HTH, B CB0JO 0lle­

pe,ll.b, ypa&HeHH51 AJU1 COOTBercrsyIO«.HX ti:yBCTBHTeJI.bHO­

CTCH HHTerpan.bHliX cneKTpoB: 

2 "' d'(J I 
(B D(u) + M) d(opi) I p=o = 

= - [ -3atr}Y(u)B2 + ~o) ],p(u) ; (27) 

(B
2
D(u) + M) :

2 
lp=o = 

= W(~)3at,,;(u)B2D2(u)'(J(u) ; (28) 

"dl2 " 
(B2D(u) + M) -d I = W(~)B2f R(i-jdVM0 )'(J(u);(29) 

p p•O V - I 

dJ1 (u) dip1 (u) 
I · - C · I (30) d(Jp ;) p•O - d(~p ;) p=O • 

3annmeM ypaBHeHne (27) 11 paasepnyToM su.n:e: 

2 df1 
(B D(u) + It(u)) d(Jp;) I p•o -

u d9"1(u') 
- J du':r5(u'-+ u) d(~ ) I = (3B2D2(u)u1, ;(u) -

-oo 'P; p~O • 

u. 

- a, ;(u))ip(u) + fdu'a5;(u' ➔ u)v,(u'). (31) 
• -(I) 

Ypasnenue(31)nocsoe11cTpyxTypecrporocosnao;aer 

dv,l 
c ypasHeHneM AJISI cnexTpa v,(u). OTJ1Ht1ne -;,rx;;,; ] OT 

""\vP;J p•O 

ip(u) onpe,11.en:SieTCSI paa.nH'IHblM BH.D;0M npaBblX lfaCTeH co­

OTBeTCTBYIO«.HX ypasneHHH (B CJiylfae ypaBHeHHSI .Ii;JI.51 

v,(u) npaB0H lf3C1'bl0 SIBJI.SICTCSI cneKTp HeHTpOH0B JJ.eJICHHJI 

dip I 
x(u)). Ol{eeu.n:Ho, 'llTO d(..1: ) I .c v,(u) (e CJiyqae pasen-

VP; p•O 

dr.(a(p) 
CTBa BeJJH'IHHli d I o6pam:aIDTC.51 B nyn&) H 60JJee 

p p•O 

Toro, KaK .D;eTaJibH3SI CTpyxTypa, TaJ< H rJIOOaJibH0e noee­

dipl 
JJ.CHHe <j>yHKLl;HH ~ I CHJihHO OTJIH'laIOTC51 OT .u;eTaJib-

""\ vP ;J paO 

HOH CTPYKTYPbl H mo6aJI1>HOH <j>opMbl cneKTpa 'l'(u). 
.D:eiiCTBHTCJll>HO, eCJIH noee,l:ICHHe 'l'(u) B 0KpeCTH0CTH ya­

K0ro pesonaeca ~1/I,(u), ro HCX0.Ii;H HS ypaBHeHHSI (31) 

M0:>KH0 noK333Tb, 'lTO B 3TOM CJiyt1ae 

drpl ut ,(u) 

d[oo:i) I ~ - 2-. KpoMe Toro, cnexTp v,(u) stBJisterC51 
'P, p•o It (u) 



CTporo IlOJIO:lKHTeJI&HOA 4>ym:1U1eii. B DpoTHBOIIOJIO;KBOCTb 

3TOM}' npaBa5111aCTL (31) MmKeT npHHHMaTb OTpHD;aTe.,n,­

HhlC 3H3'1:CHH51 H, xax CJie,ll,CTBHe, .n.onyCKaeT B03MO::ICROCTb 

d,.pl 
OTpm:i;aTeJibHhlx sea11emm ~ I n aexOTOplilx HBTep-

.,_\ ..;P 1J p•O 

ea.nax 3eepmH, 'ITO ee COOTBeTCTByer 4>esa11ecKOM)' CMHC­

JIY llYBCTBHTe.m.HOCTeii CDCKTpa. IIpon~eRROJ'O KpaTKOTO 

oocy;'l(,l(eHHK .n,ocraro'lBO AJU1 yreep~elllUl, qro 

~l(p) 
11yeCTBH'reJll,HOCTH rpynuonwc KOHCTaHT d I ee 

p p•O 

paBHhl H}'JIIO. 3TO ynep;'l(,l(eHHe paropocrpaWle'I'CSI H Ra 

11yBCTBHTeJibHOCTH JlPYl'H-X (a ;I! 1) rpynuoewc KOHCT3HT. 

TaKHM o6pa30M, 'IJICHlil cneKTpam,aoro B03MYJQCHH.SI 

e 4>opMyJie (19) COJlCPJKaT BeJIH'IHRl,l nopswca MaJIOCTH p. 
3TH Be.mt'IHHhl onpeJJ;eJISIIOTC51 lfYBCTBRTCJl&ROCTSIMH l'pYII­
IlOBl,IX KOHCT3HT K B03MYIIJ;CHH.llM. ,IlaJil>mC IlOCJIC.n,HHC oy­

.n,yr B33111B3TbC51 rpynnOBlilMB KOKCTaHTaMH cneKTpa;I.bHOTO 

B03M}'ID;CHH51. IIpll'IHHa Il0SIBJJCRH51 T3KHX JCOHCTaHT KJ)O­

CTC51 B onpe.n,eJieHHH TJ)aAHIJ;HOHHblX rpynnoBHX KOHCT3HT 

K3K cp~HX ce11emm: B38HMOJJ:eHCTBWl B KOHKPeTHOA KOM­

II03Hil,HH, 'ITO npHBOAHT B KOHC'IHOM ClleTC K HC51BBOH 

HCJIHReimoA saBHCKMOCTR HX OT KO~eHTpaIJ,H.H. Ba::iteHO sa­

MeTHT&, 1ITO npeee6pellCeHHe yxasaHBOH 33BHCHMOCTblO 

npeBOJJ;HT K HeKoppeKTHOCTH TpaJJ:HD,HOHHIIIX il>oPMYJl 

TOOpHH B03~CHHH nepnoro nop~a. Tax KaK B BHX y-r­
pa11eHa 'l3CT& 'VIeeoe nepeoro nop~a MaJIOCTB. 

4. cltOPMYJIA JlJISI K031J>IJIHIOIEHTA PEAKTHBHOCTH 

C 11,eru.10 nOJiyqeHJUI Bhlpa::1CeHH.S1 AJI51 k1(~ npoe~eM 

P.HJJ: ynpom;eRHii B il>oPMYJie (19). Bo-nepe1,1x, aaMCHHM 
➔ 

B03Mym;eHHblH rpynnOBOH DOTOK <I>' ea HeB03MYID;CRHwi 
➔ ➔ 

cl> = yfR(;j a V<I> Ha 'IV R a acnOJlbsyeM I dV(V Rtr) )2 = 
y 

= B 2 f dVR2U,). Bo-BTOpwc, oy.n,eM np~nonaran, 'ITO yf H 
y 

;+ ➔ HOpMHp0B3Hbl yCJIOBHSIMH (;+, x) = 1; 
(/,vI.~'P)) = 1. B-TpCT&HX, CTpome 3B3tJCHH.SI oneparopoe ,,.. ,,.. ,,.. 
cneKTpam.eoro B03MYIQCHHSI flD( J a), flQ( 'Pa> H M(,p a) 3a-

,,.. (dJ a) ~ (dip a) 
MCHKM Hx nepBhlMH eapeao;HllMH lJD dp , CJ'!,t dp , 

"(d'Pa) oP dp . Ilocn~e MaTpH~hl COCTaBJJeHhl H3 rpynnOBIIIX 

KOHCT3HT cneKTpam,HOI'O B03MyIQeHHsr BHJJ;a (21). B 

pesym.TaTe npaxo.ln{M K 4>opMyJie AJI.SI M:,¢,/ K,c1, B 

npa6Jia;11:eenH nepeoro nop51JJ:Ka: 

oK 1 J R2{rydV 7i! = dp; i;2(rydv<;+,c-~cr)(,p) + ~a)('P)}1) + 

f(VR)2(rydV 
+AY (➔+ 3B2J)(J ~- + 

JR2(rydV 'P ' tr,,'YJ 

V 

Ilo;:,;CTaHOBKa DOJIY'ICHHOI'O s1,1pa:1KeHHSI AJUI nepeoA 

eapaau;eu K34> e onp~eneeee (10) H nOCJ1e;:,;y101Qee ocy-

IQec:t'BJieHHe np~em»ROI'O nepexoJ];a Il03BOJUIIOT DOJlJ'IHTb 

HCKOMylO q>opMyJiy JJ:.1151 xoa<l>4>HIJ,HCHTa peaKTHBHOCTH 

k;(~). BHA noJ1yqa10~eiicsi npH 3TOM q>opMyJI1,1 stcee H3 

(32), a TaK KaK oea 6yJleT JJ;aJt&me npeo6pasoeaea, TO a;:,;ecb 

He npaBOJ];HTCll. 3aMeTHM JIHIIlb, 'ITO 'VJCHI,1 CIICKTpa;lbHOro 

B03M}'~eBH51 B o6cy;'l(,l(aeMOH il>oPMYJIC (CM. (32)) OAH03-

H3'1HO CB.Sl33Hhl C COOTBCTCTBYIO~MH o6naCTHMH peaKTOpa. 

Be~eM 4>oPM8JlbHblC (pyHICIJ,HH cnexTp8.1lbHOI'O B03M}'-

m;eHH51 µ{ (u) H µ~(u), np~CTaBJlJIIOm;He KOM6HH3IJ,HH 

lfYBCTBBTeJibHOCTCH HHTCl'paJibHblX cneKTpoB H YAOBJlCTBO­

pSDOJIUIC ypaBHCHH51M 

(B2D(u) + M)µ~(u) = -~cr)'P(u); (33) 

(B2D(u) + M)µ~(u) = 3ot,,,(u)D2(u)ip(u). (34) 

IIo.n.11epKHeM, lJTO (pYffKIJ,HH µ;(u) H µ~(u) Ka~aSI 

nopo3Hb ee OTBeTCTBeHRJ,[ 33 CDCKTpaJibHOC B03Mym;eHHe 

HH B OOJJaCTH fl V, HH B o6naCTH V2, HO noseomnoT npoeeCTH 

neperpynnupoexy 'VICHOB cneKTpa;l&HOI'O B03MYIQCHHSI H 

npHBeCTH ¢oPMYJIY AJUI k;(~) K OKOH'laTem,HoMy, y.Ao6-

eoMY AJU1 HCROJib30BaHH51 BHJJ;y: 

[VR(~]2 ➔ /'-. 

k (r.~\ - ----''--- ("'4- -:i.: D2,,,) + 
i OJ - f R2(rydV r • .,..,tr,i r 

y 
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MaTp~ BWJ;a -P(µa,'P) (H aHaJJOl'lf1llllie HM) HMeJOT 

TY .llCe crpyKrypy' qTO MaTpH'IHlie onepaTOphl rpynnoBHX 
KOHCTaHT, RO COCT8BJieBJ,1 B3 K0HcraHT cneKTpanbHOro B03-
~emur. onpe,D;e;reHIIJ,lX no q>opMyJie (22) c 3aMeeoii B 
seA: 'IYJICTBBTe.llhHOCTeii cneKTp0B COOTBe'l'C'l'BYIO~H 
4>~ CDCKTJ)aJU,HOro B03M}'ID;eHWI. 

<l>opMYna (35) Mil k/4~ B rpynnosoM npe.u;craBJJeHHH 

3KBBBaJICBTRa <l>oPMYJIC (1) WU1 k;(~ B .t{eTaJlbR0M 

01IHC:3HB11 npou.eccos. 

3AKJIIO'IEHHE 

C4>oPMYJtHpyeM OCHOBHhle peaym,TaTH. B paoore 
DOK333Ha Be38MKHyrocTb TP~0HHOro rpynnosoro DOJJ;­

XOA8 DPH paCDIHpeRMH ero Ha npe.u;ciraaaHHe 6BJIHHeAHlil 
4>ymau10WU10B TeopHH B03M)'~eRBii nepsoro nopSl,IOCa. He-
38MKH}"rOC'l'I DpoSlBJIJleTC.11 B eeo6x~HMOC'I'B AODOJIBeJDUI 

sa6opa rpynnOBLIX KOHCfaHT' ODHCLIB3IO~ CKOpo(.TH 

peaKIUrii, KOBCTaRTaMH CDCKTpa.lU,H0ro B03~CHRJI 
(KCB). KCB DJIJIIOTCj( 'l}'BCTBHTe.11bROCTSIMH 

T~OHlll,IX rpynnosax KOBCf8HT K B03M}'ID;CIDUIM. 
BJCJI3A KCB B B3MeeeHHe 4>ymau10sa.na HMeer TOT .llCe 
nopSQox MaJIOCTH, 11TO H <l>a3ffl(ecKoe B03M}'ID;eHHe. Ilpe­
ee6pexeHHe KCB DPHBOAHT x npooneMe eecoxpaeeBlUI 
6HJ111BeiiBHX <t,ymcu.aonanos. 
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IlPHMEHEHHE IlPffimHDA MAKCHMYMA 
.D;rul AHAJIJl3A OilTHMAJil>HbIX PEJKHMOB O:S~ TOIIJlllBA 

HCCJIE.l(OBA TEJihCKHX PEAK.TOPOR 

B.B. XpoMoe, o.r. KoMJiee, B.B. rne6oe 
C DOMOlll,l,IO npHHI1,HI18 M8JCCHM}'Ma npoaHIUIH3Hp0BaHO noeen,el!He QTifOwe11H11 K011qeHTJ)81U1A HY~OB npo~TOB ,lleJleHH.11 AJI.11 TOMHBa HCCJJe­

,llOBaTCJl.l,CICHX peanopoa B 3UHCHMOCl'H OT cp.llJOeHca. YKa38Hbl crpyKtypbl OllTKM&nl,HLIX ynpa1111emw. 

APPLICATION OF MAXIMUM PRINCIPLE FOR ANALYSIS OF OPTIMAAL REGIMES OF RESEARCH REACTOR FUEL BURNING. 
V.V. KHROMOV, O.G. KOMLEV, V.B. GLEBOV. Dependence of concentration ratios of fission produciB on the nuence value was analysed for research 
reactor fuel through a maxlmam pi:tnctple. Structures of optimal control are represented. 

1. IlOCTAHOBKA 3A,IJ,A'IH 

B paoore (1 ] paCCMOTpeH MeTOA KOHTp0JISI BI,ll"OpaHIUI 

TOIIJIHB3 HCCJICA0BaTem.cKHX peaKTOpoB, HCDOJib3yeMHA B 
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HRcneKD;HOHBo:A: Aenem,eOcrH MAfAT3. MeroA s1<;uoqa­
eT aHaJIH3 y-cneKTpoB orpa6araemwc TBC e pacqer ua­
xoMeHH.11 npo,!J,YKTOB Ae.lleHWI Ha OCH0Be HH<l>oPM3U,HH o6 



ecropHH HX OOJiylleHHil, O~o:A H3 n.eHTJ)aJlbBlilX 3~aq 
gsm1eTCJ1 o6oceosaHHe A0nyC'J'RMoro pas6poca paC11eTIIIilX 
B 9KCDepHMeHTa.nbHHX .D;allHblx, npe KoropoM 33Be.D;0M0 
BbllIOJIHSllOTCll Tpe6osamu1 MAr A T3. C ::n-oii 11;eru,10 pema­
JOTCil 0ilTHMH33IJ,H0BHl,le 3~31ffl, KOTOplile Il03B0Jlill0T 
onpe.D;eJISITb peXUIMH OOJJyqeHHR TOIJJIHBa C M3KCHM3JJbHHM 

B MHBHMaJlblllild BW-OpaHHeM 235U. Pemeeee T3KHX 3~311 
KBK npaBHJJ0, ocy~eCTBJJSleTal MeTO.D;OM DOCJie.D;OB3Telll>HOi 
JlHHeapH3311.J(H, 3$1)eJCTHBHOCTb KOTOJlOl'O B HeMa.JJOA CTC­

neHH 33BBCHT OT Bhl6opa aaqam,aoro npHWOl:;ttemui: NJil 
HCK0M0ro 0IITHMa.n&B0I'O pe,KHM3 OOJI)"leHJU. B ABBBOii 

pa60Te C Il0M0~IO npmm.mra MaXCHM}'Ma BCCJie.zo'eTC9: 
CTpyrrypa 0nTHMaJlbHhlX pememm [2 J. 

ByAeM paccMaTpmtaTI> H3K0DJJeBHe B HCCJICA0BaTeJIJ,­

CX0M peaKrope r-aKTHBHHX IlJlOAYKTOB ,n;eneHHJI, KOTOplile 

o6pa3yIOTa1 HeIIOCpeACTBeHH0 npR n.e.neeHH 

(133cs, 137Cs, 153Eu, 9Szr, 106Ru, 144Ce), JIHOO nyTCM 

nocneAy10meu (n, y) peaKIJ,HH (134Cs, 154Eu). ,lJ,ng xa11e­

crseHHoro 0illlcaJUUI Il0Be.D;CHIIJI OTR0WeHIUI K0BD,CRT-

paIJ,Hil IlJlOAYKTOB 11,CJieHHll K K0HIJ;CRTpaIJ;BH 137Cs npH 

pa3HliX 3H3'11CHIDIX q,moeuca AOCT3TO'IIB0 paCCMOTpeTb ~a 

pa311uqa10muxcsr no cnoco6y o6pasosaemr ~a. Iloa­
T0MY ecreCTBeHHo, llTO M9: aea.JJusa CTPYJCTYPH oDTHMam.­

HlilX peJKHM0B M0JICH0 orpaBHllHThCSI paCCMOTpeBHeM ee-

60JU,mOro 'l(HCJI3 npo,n;yxT0B AeJJefflUI H3 yK333HHblX rpynn. 

McCJie,n;yeMasi ceCTeMa xapaxTepH3YeTCil nexropoM 

K0HD,eHTpaQHii (3AeCb paccMaTpHBaIOTCSI TOJibK0 HyKJIBJ'.11,1 
TOIJJIHBa, eeo6xol{HMble M9: ,n;am,aeiimero aHa.JJH3a sa­
AB'IIH): 

i\t) - {x1(t), x2(t), x<3>(t), x4(t), x5(t)}, 

rJ:{e 

(xl: 235U; (x 2: 133Cs, 153Eu); (x3: 134Cs, 154Eu); 

(x4: 9Szr, I06Ru, 144Ce); (x5: 137Cs). 

KOMDOHeHTl,I BCKTOpa ~Q onHCl,IB3lOTC51 CHCTeMOH 

AHct><l>epeHIJ,HaJlbHNX ypaBHeBHii:: 

dx1 I dt = -a1 • U·xl. a , 

dt'!dt = OJ,i U · x1 -U:·U·x2; 

dx3!dt = ~ux2- (~U +,t3)x3; 

dx4! dt = u4 U·x1 - (~U + A4)x4; /,I c 

dx5!dt = oJ.1ux• - (~U + ,tS)x5, 

c ea'lla.n:bH&IM yCJiosHeM i{O) =- (1; 0; O; O; 0), me 
...i I I (i u • v1,1 = a1 · e1,1 s1,1- OTHOCHTeJD,HlilH BlilX0A 1-ro nyKJmAa 

npH AeJJeHHH 235U); U - DJIOTBOCTb noroKa TeDJJ0Bl,IX 

HeUTJlOH0B; (7 - CC'IICHHlil norJiomeHHR (a). AeJICHHSI (f), 
~aU.HOHH0I'O 33XB3Ta (c); ). - IlOCT0JlllHbl:e p-pacn~a. 

OTMCTHM, lf1'() NJ9 paCCM3TpHBaeMhlX HYKJIBJ'.I0B Bl,IDOJJWI­

IOTCSI nepaBeHCTBa: 

,t4>,t3>,t5; ~>~>~. 

K0He11Boe COCTOllHRe CHCTCMI,{ xapaxTepHsyerc.51 TeM, 

'IIT0 0TH0meHHe KOHD;eHTpalJ,HH HBXOAHTCJI B A3HH!iX npe­

;o;eJiax: 

F!in S x4(t1)/x5(t1) ::S Pmax, 
~e ti - KOHellHJ,IH M0MeHT peXHMa o6.ny'l'.eHWl. 

O1lTHMB3HpyeMHM tp}'HJCIUIOHaJIOM B CJiyllae BliC0K0-

o6orameHHOI'O TOJIJIBBa (HCCJI~0B3TeJlbCXHe peaKTop1,1) 

DruleTCil K0HD;CHT~ 235U B KOHellHWi: M0MCHT 

x 1(t1). B Ka11ecTBe ynpaBJielllUI B03bMeM q>yHKLT,HJO WIOT­

BOCTH DOTOKa BeATpoBOB U(t), t E [0; ti]. Ha ynpaB­

JieHBe uaKJUlAH113eTCSl orpaBHlleHHe 

0 S U(t) ::S Umu, t E [0; t1 ]. 

Toma sap;a11a D0RCKa ynpaBJieHH51, npH KOT0poM co­
ACp:ir.aHHe 235U B OOJI}"leHHOM TOWIHBe M3XCHMa./IbH0, 

3aDHChlB3C'I'CJI B B~e: 

max(x1(t1)); 

'P1 E x3(t1) - F~a.xx5Ct1) S 0; 

rp2 s x5(t1~ · F!im - x3(t1) s O; 

rp3 = x4(t1) - F;a.x •x5(t1) S 0; 

rp 4 = x5(ti). P;.10 - x•(t1) S 0; 

0 S U(t) ::S Umax• t E [0; t1 ], 

(1) 

a 0llTHMH33LT,H0BHaSJ: sa.u:aqa, COOTBeTCTBYJO~aSI 

MHHHMaJlbH0M}' C011,ep:)K3HHIO 2350 B TODJIHBe, B BH,n;e : 

rp1 s 0; rp2 s 0; rp3 s 0; rp 4 s 0; 

0 s U(t) S Umax• t E [0; t1 ]. 

(2) 

{ 

min(x1(t1)); 

Koue'IH!iA M0MCHT BpeMeHH t1 He 3Mau. BneAeM 

D03TOM}' .lJ:0DOJIHHTeJibffYJO nepeMeHHYIO x6, YA0MeTB0plil­

lODzylO ypaseeRHIO 

dx6 

dt = 1. 

BBe.D;eM Truo,;e nepeMeeny10 x0(t), onHC1iBaeMy10 

ypaeHCHHCM 

dx°.fdt = ± o! · U · x1
• 

Tenepb M0XH0 3aUHcaTb raMHJlbTOHHaH CHCTeMli 

'Jl= {(± V'o - V11)a!x1 + 1/>2(uJ.1x• - ~x2) + 

+ ¥13(~x2 - ~x3) + 1P4(uj,1xl - a:x4) + 

+ V'5(oj,1x• -~x5)} •U -v,f3x3 -tj1J4x4 - (3) 

-v,;.5x5 + 1/16 = rp·U -v,f3x3 -tp;4x4 - tp;sx5 + 1/>6 

(rp - cliYJIKIVISI nepeXJIJO'lCHHll). 

YpaBeemu1 NJ9 conpsi::ir.eeHLIX q,yaKI.i;Bii onpeAemnoT­

csr COOTR0WCHHSIMH 

dv,i iJH 
dt = - uxi' i = 0, I , ... , 6. 

y CJIOBHil TpaHCBCpc8JIJ,HOCTH ABIOT s1,1pa,r;eHHSJ: AJISI 

1Pit1): 
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'P1 (t1) = µo; lfr2(t1) = O; 11'it1) = -µ 1 + µ2; 

1P/t1) = - µ3 + µ4; 

V'5(t1) = FJ1 - Fl1rl'2 + F!J3 - F!J4, 
4 

rAe µ 1 ~ 0; i = 0, l, 2, 3, 4 H L"i > 0. 
i = 0 

KaK H3BecTH0 [3 ], BblpaJICeHHe WU[ KJlaCCHllecxoro yn­

paBJieHHB HaX0AHT H3 yCJI0Bmi: 

'P = 0; 

!Pi!_= 0· (4) 
dt ' 

d2'P 
dfl = 0. (S) 

11:cnoJII,aysi paBeHCTBa (4), (5) H npe.a.nonarasi, lfTO 

x2 ¢ 0, aanmneM BHpaJ1CeHHe ,1J,m1 UKJl.(t) 

,t4(,t4 _ ,t3)~ 1/J 
U (t) = _ t,I 4 + 

KJI xi 
(~ - a~ - ~ -cif.1 x2 + ~) ·-i4o1,11/J4 

,t5(,t5 _ ,t3)~ 1/J + t,1 5 

(~ - a~ - a; - "7.1 ~ + ~)).5{1tl's 

IlocxOJJbxy yCJioBHB TpaHCBepca.,lbHOCTH craBJITCH s 
38BHCHMOCTH OT 3Ha'lemm: 'P1 (i=l, 2, 3, 4), paCCMOTpHM 

ICJiaCCbl ,ll;0DYCTHMblX ynpaBJICHHA, KOT0phle npHB0~T K 

pa3JJH11HJ,lM 3H811CHH51M 'f) i" liMeeM cne,!(yIOm.He cnyqau B03-

MOJKHJ,IX COlleT8HHH {'Pi}: 

I-y,1 <0; 'Pi<O; '1'3 <0; q,4 <0; 

11-y,.<0; 'P2=0; 'P3<0; 'P4<0; 

III - 'Pi = 0; <p2 < 0; <p3 < 0; 'I' 4 < 0; 

IV-v,1 <0; q,2 <0; <p3 =0; <p4 <0; 

'1 "'.:... 'P1 < O; '1'2 < O; 'P3 < O; 'P 4 = O; 

VI - q,1 = 0; 

VII - 'Pt = 0; 

VIII - q,1 < O; 

IX -q,1 < 0; 

'P2 < 0; 

'1'2 < 0; 

'1'2 = 0; 

'1'2 = 0; 

'1'3 =0; 'P4 < 0; 

V'3 < O; 'P4 = 0; 

'1'3 < 0; "'4 = 0; 

'P3 = 0; '1'4 < 0. 

ByAeM eaa1,1eaT1> orpaHH'leHue, eaKJ1aJ{l,lBaeMoe ea 

OTH0WCHHe KOHI.l,CHTpaII,Hit B~a 

Fmln S xk°(t1)/x5(t1) S Fmax• k = 3, 4, 

cym.ecrseHHbIM, eCJIH DPH H3MCHCHHH F min• F max pemeBHe 

onTHMHaa~noHHOR aaJJ;a'IH ( 1) (.11H6o (2)) H 3Ha11eHHe ~e­

JleBoro <i>YHKII,HOHaJla B 0IITHMyMe H3MCIDIIOTCSI. Jlenco 

BHAen,, 'ITO CJiy11aH II, III H IV, V cOOTBeTCTBJIOT cym.e­

CTBeHHOCTH orpaHHllCHHH Ba 0.!(HH H3 'PYHKII,HOHaJIOB 

orpaHH'leHHii x3(t1)/ x5(t1); x4(t1)/ x5(t1). 
PemeHHe aaJJ;a•m OTHMH3aD,HH c ~YMSI 4>ynxII,Houa­

J1aMH orpaHHlfCHHA B CJ1y11ae cym;ecrBeHBOCTH 0,IIJI0l'O H3 
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HHX 3KBHB3JleHTH0 pemeHBIO 38,ll;alfH 0DTHMH3aQHH C 

0,zoiHM COOTBeTC'I'B}'IO~ (j)ymc~OHaJIOM 0l'paHlflleHIUI. 

1103T0MY pac0tOTpeHHe cnytraeB II, III H IV, V COOTBeT­

CTByeT paCCMOTpeBHIO 38,ll;a'IH 0llTHMH32QHH C DAHHM 

orpaBHlfeHHeM. 

2. AHAJIH3 )l,OilYCTHMhlX KOMilOHOBOK 
OilTHMAJibHOI'O YDPABJIEHIDI 

IlPH O,!UiOM OI'PAHK'IEHIUI 

2.1. Bo3MOIHOCTb peaJIH3aQHH KJJaCCH'leCKoro yn­

paaneHHSI. Heo6XO,IJ;HMl>IMH YCJI0BIDIMH ODTHMaJJl,HOCTH 

KJlaCCH'lecJC0l'O ynpaBJ1eHH51 ilBJIJDOTCSl: 

a d2 iJ;Jt, > 
0 s UKJl.(t) s Umax; au dt2 au - 0. 

PaCCMOTpHM B03M0,t,;:HOCTI> pea.rmaaQHH KJlaCCHtfeCK0-

ro ynpaBJICHHSI, K0l')l;a KQHD;l,I TpaCKTOPHH OTHomeHm1 K0H­

~eHTpa~HH IlJ)0,11,YJCT0B AeJICHHSl YA0BJleTB0pRIOT 0,11,H0MY H3 

C.ll)'ll3CB II - V. 
lfcCJle,o;yg 3H8KH 'IHCJIHTCJ151 H 3HaMeHaTeJ151 Bhlpa­

)KCHIUI U KJI.( t) C HCTIOJlb30BaHHCM HMelOID.WCCll B xa~0M 

H3 3THX CJiy1IaeB YCJI0BHH TpaHCBepcam,HOCTH, npHX0AHM 

K BblB0,11,Y, 'ITO BO Bcex CJ1yqau HMeIOTCll eapymeHHJI He­

OOX0,11,HJ,lblX YCJIOBHH 0DTHMaJlbHOCTH. 

TaKHM o6pa30M, npu 0IITHMH38~1ffl c 0.!(HHM 

orpaHH'ICHHeM KJl8CClf11ecKoe ynpaBJieHHe B 0DTffMYMe He 

pea.,mayeTC51 H ,11,onyCTHMlllMH THnaMH ynpaBJICHHSI SIBJIH­

IOTCSI U max H Umin = 0. 
2.2. CTpyKTypa ,11,onycTHMblX KOMDOHOB0X ODTHMaJib­

HOro ynpaueHHJI, OrpaHH11eHee Ha x3(t1)/ x5(t1) • .D:o­

nycn1M1,1 II H III KJ1accbl ynpaeJleHH~. Onpe,11,e.nHM, K Ka­

K0MY H3 3THX KJl8CC0B ynpaBJleHHH npHHa,11,Jie,KaT peweHH5l 

aa.a.all (1), (2). 

Ilpoee,11,eeae (j)yeKQHH x3(t)I x5( t) xapaKTepHayerc11 

TeM, qro 

KpoMe TOl'O, q>yHKUHB x3(t)/x5(t) M0)KeT B03p8CT8Tb T0Jib­

K0 npe U(t) = Umax· Hcxo.n_g H3 cxaaaHuoro MR aa,11,a11 (l), 

(2), M0::11:H0 YTBep:ll<,Q3Tb, 'IT0 H3 ,11,BYX B03M0XCHblX CJiy'18CB 

II H III B onTHMyMe pea.n:uayeTC51 CJ1yqai'.i: II. 
IlpoaHaJIH3HpyeM ,ll;JIR Hero Il0Be,!l;CHHe npoH3BO,ll;HOH 

OT d,yHK~HH nepeKJI1011eerur 'P (CM. (3)). 3eax dq, I dt onpe­

i,;e.nSieTCll Bhlpa.«eHHeM 

;_3~ x2 1/'s 
,-----+-- i.5~ x1 lf'3 · 

t,I 

ComaCHo yCJI0BHRM TpaHcBepcan:LHOCTH tP3(t) > 0, 

tp5(t) < 0. Y'IHTLIBasi COOTHomeHHs.1 ~ >~, ,t3 >.t5, a~>~. 
H8X0ii;HM, 'lTO 

- <i>YHKII.HSl ltP5(t)/tpit) I M0H0TOHHo y6hieaeT; 

- ¢ymcum1 x2(t)I x1(t) Hey61,1Barow.ax. 

3TO 03Ha<1aer, 'ITO (j)yH~Sl f(t) ee M0XCeT HMeTb 6o­
J1ee 0p;H0I"O HJJUI H, CJle,!l;0BaTeJll>B0, 6cmee ~BYX HHTepBaJI0B 

3HaxonOCT051HCTBa. OTCJOi,;a CJ1eeyer, 11To d>YftKUHSl nepeK­

J110<1eHH.11 'f) HMeeT ee 6oJ1ee ,11,Byx eyJ1eit. Toma onTHMMb­

HblM MR 38,!(3l[ (1), (2) DJISleTCSl 0.!(HH H3 pe.lKHM0B: 

~ 

I 
I 



i 

U(t) = Urnax, t E [O; t1 J; 

{

Umax• t E [0, • 1 ]; 

U(() a: 0, t E (•p -ri); 
Umax' t E [T2,t1 ]. 

Bo.nee n~pooeoe paccMOTpeeue nose.zi;eHIDI <l>~ 
x3(t)I x5(t) ea yxa3aH111,1x pe"°™ax noxa31,rnae-r, qro B 

ooTHMyMe pean:H3YeTCll neps111ii pe,icHM. 

OrpaHJ111eHBe ea x4(t1)/ x5(t1). lI.onycrHMhl IV u V 

KJiaCCl,I ynpaBJieHHii. lI.JUI <PYHKIVIH x4(t)/x'(t) 
xapaKTepHI:i CJie.IzylO~e oco6eHHOCTH nose.zi;eeHll: 

.. 4r 1\ e11 x4( t) ~1 ➔ ...Lt!.• I .. o. 
x'(t) T-+0 tJ.(' x5(t) T-+ 00 t 

:, [~~~) l,~o<O. 

Pe;,icKM o6Jiy11eHB51 

!
Umu.•t E [0, r 1 ]; 

U(t) a: 0, t E (TI' t
1 

], 

r.ne-,; I ➔ 0, a MOMeHT ti Bb16HpaeTC51 H3 YCJIOBWl 

x4(t1)/ x5(tl) E [F!1n• f'!ax ], llBJI.lleTC51 WJ.51 3~al.lH (1) 

ODTHM3.llbHl,IM. )leHCTBHTCJ[bHO, BeJt'H'lHHa x1(t1) 
nponopu,HOHaJlbHa cna.narom;eii 3KCDOHeHTe H, 3Ha'IHT, 

ynylffiIHT& peJ1CHM o6JiyqeeH51, npuBOAllW.Hii K 

x1(t1) ➔ x1(0), eeso3M0:itCH0. 

TioJiylleHHoe Bl,IJ)OJIC;QCHBoe pemeHue ll~atJH (l) (B 

q>opMe MHHHMH3Hpyrom;eii DOCJieAOBaTCJrbHOCTH) CB~e­

TeJII,CTBYeT O HeKoppeKTHOCTH nocraHOBKH 3a]lallH (1) WJSI 
OAHOro <PYHIJ,HOHaJia OTHomeHHH KOBIJ,eHTpau,mi 

x4(t1)I x5(t1)· 

PaccMOTpuM 3~aqy (2) wi.11 x4(t1)/x5(t1). Jlel'l<o 

B~eTb, l!TO B ODTKMYMe x4(t1)/x'(t1) = F!in H, TaKHM 

o6pa3oM, WJ51 3~a11e (2) pea.JIHaye-rc.11 cnyllaii V. 
CAe.nas aHaJIH3 aea1ea d,p/ dt WJ51 aa11.attu (2) aHa­

JIOI'H'lHO npose.zi;eHHOMY npu orpaeutteHHH ea 
x3(t1)/ x'(t1), npHXO]IHM K Bl,IBOJIY, tfTO <PYHKIJ,H.51 nepeK­

JllO'lCHHll ,P HMeeT He 6o.nee ~yx HyJieH. TaKHM o6pa30M, 
OQTHMaJU,Hl,lM RBJISICTCil OAHH H3 pe,KHMOB: 

U(t) = Umax• t E [0, t1 J; 

{

Umax• t E [0, -r1 ]; 

U(t) = 0, t E (T 1, Tl)J; 

Umax' t E [r2, t1 ]. 

Aeanua nose.neHH11 q,yeKIJ,HH x4(t)/x'(() ea yxaaaH­
HJ,lX peXHMaX OOK33blB3eT, 11:TO B ODTHM}'MC pean:H3YeTC51 

nepsblii pexHM. 

3. ,11,0ITYCTHMbIE KOMITOHOBKH 
OilTHMA.rn.Horo YITPABJIEHHH 
B CJIYtJAE ,II,BYX orPAHH'IEHHR 

HA 4>YHICU.}IOHAJlbl OTHOIIlEHHA KOH~EHTP~HA: 

Bbl.sicHHM, K xaxHM KJ1accaM (I - IX)a;onycrHMWC yn­
paBJieHHii.npHH!WJe:iteaT pemeHH.ll a~alf ( 1), (2). )J,ny ~­
ro paCCMOTpHM COBOKynHOCTb 3~a11: 

• 

max x3(t1)/x5(t1) = Fa<h, g), 

s=h, 
x4(t1)/ x'(t1) = g, 

0 :s u(t) :5 U=• t E [0; t1 ]; 

min x3(t1)/ x'(t1) = Flh, g), 

~=h, 

x4(t1)/ x5(t1) = g, 

0 :5 U(t) :5 Umax• t E [0; t1 ]; 

max x4(t1)/ x5(t1) = Ga<h, I), 

~=h, 

x3(t1)I x'(t1) = /, 
0 :s U(t) :5 Umax; t E [0; t1 J; 

min x4(t1)/ x5(t1) = Gi(h, I), 

s=h, 

x3(t1)/x'(t1) = /, 
0 :s U(t) :s Umax; t E [0; t1 ]; 

max~= Ha<J, g), 

x3(t1)/ x'(t1) = /, 

x4{tl)/ x5(tl) = g, 

0 :5 U(t) :5 U max' t E [0; t1 ]; 

min g = Hl/, g), 

x3(t1)/ x5(t1) = /, 
x4(tl)/x5(tl) = g, 

0 s U(t) s Umax• t E [0; t1 ], 

tl 
Ol:C ~ = JU(t)dt - ¢moeHC HCHTp0HOB. 

0 
y T B e p ;,,: JI e H H e I. Tipe.zi:oOJI0,KHM, 'ITO q,yHK~HH 

Fa(h, g), F1(h, g) H Ga<h, /), G;(h, I) aenpep1i1B111,1 no nep-

B0MY apryMeH'Ty, a Ha</, g), H//, g) - no OOOHM apry­

MeBTaM. TorAa <PYHKU.HH Fa(h, g) B H;(f, g), F;(h, g) H 

Ha(/, g) npu (pHKCHpoBaHBOM g, a Ga<h, I) u 

Ha(/, g), Gi(h, I) H Hlf, g) npn q>HI<CHPOB8HHOM: f .!lBJUi­

JOTCSl OOpaTHblMH. 
3TO yrsep)K,!leBKe Il03B0JlileT ~eJtaTb BhlBOll;, 'ITO B 3a­

~a11e (I) pea,mayercsr CJIY'l8H IX, a s 3~atJe (2) - c.ny11aA 
VII. 
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3.1. B03MOJKHOCTb peanH3aU,HH KJJaCCH'fCCKOrO yn­

pasneHHSI. PacCMOTpHM sa,11;a11y (1). TipoaHanH3HpyeM B03-. 

M0)((HOC'fb peaJIH38U,HH KJJaCCH'leCK0l'O yrrpaBJTeHHSI npH ee 

pemeHHH. KaK nonylleHo B&IWe, B 0DTHMyMe peaJtH3YeTC11 

CJJyqai{ IX. 
AHann3 (j)yHKU.HH U KJl(t), Y'IKT&1Ba10IIViH Heo6-

X0AHMOCT& y,11;0BnersopeHHSI yCJJ0BH11M 0IITHMa.JibHOCTH 

(iJ/iJU)(d2/di1\a;,e/iJU) ~ 0 H y,11;onne-reopeHHS1 

orpaH111JeHHSIM O :s u IUl(t) s u max• npHBOAHT K cne.21;y10m,e­

MY yTeep~eHHIO. 

y T B e p .llC A e H H e 2. MO:lKHO .ll;0Ka33Tb, '-IT0 B 

0IITHM3JlbHOM ynpaBJJeHHH, Koropoe 11BJISleTCSI peweHHeM 

3a,11;a11H (1), KJiaCCH'leCKoe ynpaenem1e M0JKer noKanH30-

eaT&eSI mnm, Ha 0.D;H0M OTpe3Ke no .epeMeHH. 

PaccMoTpHM 3a,11;aqy (2). B 0DTHMyMe peanH3ye-rc.11 

cnyqafl VII. J.fa ycnoeaii TpaHceepca.n:&HOCTH CJJe.QyeT, 'ITO 

eCJJH t/15 :s 0, TO 'IHCJJHTeJib non0)KHTeJICH H, CJJe.D;OBaTeJib-

HO, nH6o UKJJ(t) ~ [0; Uma.x], JIHoo UKJl(t) ne 0nTHMan&Ho. 

Ecne t/Js > 0, TO 3HaMeHaTenb Bl,lpa,ic;eHesi .D;JI11 UKJl(t) 

OTpHU,3TeJieH, a 3H3'1HT U KJl(t) He ODTHMaJlbHO. 

TaKHM o6pa3oM, if KJI( t) e onTHMyMe He peanHayercS1. 

3.2. CTpyxTypa .D;OnyCTHMl,{X KOMDOHOBOK ODTHM3Jlb­

HOrO ynpaBJICHHR, AHaJJH3 rroee.n;eHHSI IlpqH3B0.D;HOH OT 

ct,yHKU.HH rrepeXJI1011eHHS1 d'f)I dt .D;JISI CJJy11asc IX, KOTop&1if 

peaJJH3YeTSI B 33.D;a'le (1), npHBO.D;HT K 33KJIIO'leHHIO O CJJe­

.n;yiolI(eH CTpyxTy pe onTHMaJJhHoro ynpanneHusi: 

( 

Uma.x' t E [0, t1' ]; 

UXJJ(t), tE (t1', t1"); 
U(t) = U tE[t" t'")· 

max• 1 • 1 ' 
0, tE(t1"',t1 ]. 

Y.llK 621.039.52 

CornaCHo pa3A, 3.1.ll]l.11 CJiy11asc VII, KOTOpbIH pea.,rn3y­

eTCS1 B pemeHHH 3~atlH (2)' ODTHMaJlbHOe ynpaBJieHHe 

COCT0HT H3 y11aCTKOB Umax H Umin= 0. OTHOCHTeJihHO 

OIITHMaJJbHOl'O pe)((HM3 o6Jiy'leHH11 .ll;JISI 33.D;3'1H (2) cnpa­

Be.D;JIHB0 CJJeAyIO~ee yTBep)l(AeHHe. 

y T B e p )(( A e H H e 3. MmKHO JI.0K33aTb, '!TO CCJIH 

.ll;JISI OilTHMaJJbHOl'O ynpaBJieHHSI B 3aAa'le (2) 

U(t) I,. .... ,. = 0, ro OHO HMee-r BH.D; 
1 

_ ,UIJW(.,t E [O, t1' ]; 
U(t) - 0, t E (t1', t1 ]. 

CnHco~ nuTepaTyp~ 

1. XpoMOB B.B., AnC3 B.A., Pyx.no B.Il. H .21;p. Pac­

qerHO-::>KcnepuMeHTaJil>HHii .MeTOA KOHTp0JISI BhlropaHHSl 

T0IIJIHBa B .9JI.CPH&IX peaKT0pax. - B KH.: AicTyaJibHble 

npo6.neM&1 (j)H3HKH .9AepHb1X H TepMOSI.D;epHhl.X peaKTopoe 

/IloA pe.D;. B.H. Cy66oTH.Ha. - M.: 3HeproaTOMH3A3T, 

1988. 
2. PyJI.HK A.TI. OnTHMH3aU,HSI <fJH3H'ICCKHX xapaK­

TepHCTHK S1.D;epHb1X peaxropoB. - M.: AToMH3.D;aT, 1979, 
c. S - IS, 35 - 42. 

3. ra6acoe P.ct>., KHpHJIJio.ea ct>.M. Oco61>1e onTHMaJI&­

H1>1e ynpaBJieHH.11. - M.: Hayxa, 1973. 

CTaTbll nocrym,1.na e peAaKI.IHIO 

12 anpe.nA 1989 r. 

Donpocbl 8TOMHOH 11ayKH H teXHHK•L Cep. 
ll>H3H Ka HAepHblX peaKTOpoo, 1990, Bbln. I, c. 16 - 20. 

3<DcJ)EKTHBHbIE PE30HAHChl YPAHA-238 

C.B. AiceMymKHH, B.TI. Ko11ypoe 

nony'leHbl napaMeTJ)bl 3Ql4>eKTHBHblX pc30H8HCHblX ypoeHefl ypana-238 (no OAHOMY e JK8)1(A0H H3 rpynn 11 - 17 CHCTeMbl 6HAB). Y A OBJJeT­

IIOPHTeJlbHOC cornacHe HMeeTCll MeJKAY pac'leT8MH no nporpaMMe TRIFON C HCnOJlb3088HHCM mx napaMeTJ)OB H pac'leT8MH no MCTOAY M OHTe-Kapno. 

EFFECTIVE RESONANCES OF URANIUM-238. S.V. AKIMUSHKIN, B.P. KOCHUROV. Parameters of effective resonance levels or uranium-238 ,,,. 
(one for each of 11 - 17 BNAB groups) are derived. Reasonable agreement exists between TRIFON code calculations using these parameters and ( 
Monte-Carlo results. 

BBE,ll.EHHE 

B pa6oTe (1 ] 61,lJI npe.D;JimKeH MCTOA pactteTa peao­

HaHcHoro norJIOID,eHHSI, D03B0JUIJOID.KH npeACTaBHTb nor­

JIOII(CHHe HCKOT0poH 33AaRHOH rpynnou ypoeueii B BH.D;e 

nornom,eHH.11 OAHHM pe30H3HCHblM YP0BHeM C 3$­
lpCKTHBHhlMH napaMerpaMH. nIDI s-ypoeHeH 6bLJJH U0Jiy­

llCHbI napaMerpbl ::>q)cpeKTHBH&IX pe30HaHCOB ypaea-238 

.D;JJS rpynn 15 - 17 cHCTeMhl BHAB [2] H noKa3aHa ux 

npHMeHHMOCTb .ll,JISI pac11era pe3oHaHCHOl'O nornolI(eHH.11 B 

sr11euxe peaKTopa nYTeM conOCTaBJieHHSI c pac'leTaMH no 

20 

nporpaMMe TRIFON [3 ], Henocpe,11;CTeem10 y<1HT&1Ba­

IOIIJ,HMH HCX0AHhle pe3oHaHChl, H C pacqeT3MH no MeT0AY 

MoHTe- Kapno [4 ]. 
B ,D;aHHOH pa60Te napaMCTpH 3<ixt,eKTHBHbIX peaoHaH­

COB noJiy'ICHJ,l .D;JJsr rpyrrn CHCTCM&I BHAB (no 0AHOMY pe30-

Haecy .e xa~oif rpynne). HapSI.D;)' c s-ypoBHSIMH y 11TeHhl 
p-yp0BHH. )lnSI nocrpoeHHSI. HCXO.D;H0H CHCTeMbl napaMCT(l0B 

pe30HaHC0B B Hepa3pemeHHOH 06.naCTH HCDOJib30BaHa MO­

.D;eJib H30JIHp0B3HHhlX ypoetteH C 0.lJ.HHaKOBhlMH pacCTo­
SIHflSlMH Me:iK.D;y pe3oHaHcaMH no 3HepreTH'leCKOH OCH, noc­
TOSIHHble (cpe.D;HHe) 3H3'leHHSI pa.D;H3U,H0HHblX mHpHH JI M0-

.ll,eJII> ToMaca - TiopTepa .a.nsc HeATpoHHhlX wHpHH. Crum-

• 



B1i1e <PYJIKD;HH A.JUI s- H p-ypoBaeii B3flH ua [S ); AaB111,1e 
o napar.urrpax s- H p-pe3ou.mcos WlJI rpynn 13 - 17 6wm 
B3llThl B3 (6 ]. 

METO)J; PAC'IETA IlAPAMETPOB 
3«l>«l>EKTHBHLIX PE30HAHCOB 

Jl.1ur pacqe-ra napaMeTJ)OB gcp¢eKTHBHIJIX pe30H8HCOB 
6w acno.llbsoBae MeTOA [ 1 ] c aeKOTOpblMH 
MOAftipBXaU.WIMH. 

K Ha6opy napaMeTJ>OB 3q)(peKTHBHOI'O pesoeaHca -

E, r n. r.r, L (L onpe,u;eJUieT p;oDJiepoBcxoe ymupeBBe * 
cpeKTHBHOH JIHHHH B = r/(LA)), t:,. = U ET7A - 6HJJo 
A008B.lleHO DOCTOBHHOe (B A3HHOH rpynne) ce11eHHe 
P3AH811,HOBHOro 33XB3T8 O. 

MeHHMH3npyeMaH cpyaKll,HB 6iiJia eaMeHeaa TaXHM 

o6pa30M, 'ITOObl C AOCT3TO'IHO xopomeii TO'IBOCTl,10 npo-
51BJUIJJC51 AOII.llep-3<P<l>eKT. 

IlyCT& 

M 
I(S,T) = L lm(S,T) 

m=-1 
(l) 

eCTb peaoaaHCHblH HHTerpa.11 AJU[ CHCTeMbl H3 M HCXOAHblX 

ypoeHeH, paCCl!HT8HHblH no MO.JJ;eJIH npoMC.)l(yTO'lHlilX peao­

H3HCOB H 38BHC51~eH OT ce\ieHIDI pa308B.llCHlUI s H TeM­

nepaTyp1,1 T; 134,(S,T;lf) -peaoaaace&1ii: nHTerpa.n, 

pacc•utT8HHblH lfepea napaMe'l'"bl 3cp4>eKTHBHOro ypoBHll 
K 

F(U) = L {f;(lf) + F~(U)} + A(E/ E0 - 1)4 + 
IC"" I 

+ B(l.,,(U)/1,,. - 1)2, (2) 

rAe 

fill) = (I34,(SK,T1;U) - I3'P(S,T2;U))l(l(SK ,T1) -

- /(SK,Tz)) - I; 

FK(U) = I(Sk,Tl)/ISIP(SK,Tl;U) - 1. 

BKJI101.1eHBe cpyHKD,Hit /IC, npeJ:{CTaBJisno~x pasuOCT­

HhlH TeMDepaTypHl,lH sq,q>eKT, Il03BOJUleT AOCT8TO'IHO TOl.1-
HO onHcaTb AOruiep-31t,ct,eKT. IlpCAfiOCJieAHHi 'I.IICH e (2) 
A8eT B03MO:llUIOCTb pery.11HpoB3Tb OTICJIOReBBe OT anpHopeo 
S3A8HHOH 3HCPI'HH 9cp(peKTHBHOl'O pe30H8Hca, DOC.lleJ:{Hm'i 
1i./ICH - OTK.IIOHeHHe OT peaoHaHCHOl'O HHTCrpaJia 6ecKo­
HC'IHOI'O paa6aBJICHB51. IlpH BblllHC.IICHHH HHTerpaJJOB 
L,., MA, onpe,AeJI51IO~X napaMeTP npoMCXC)'TOl.lHOCTB (CM. 

¢opMY.1Ib1 (8), (9) B (1 ]) '6HJJa HCIT0.111>30B3H3 33MCH8 nepe­
MCHHOH V = arctg 8x BMCCTO npex:eeii: 33MeHbl V = arctgx, 
T3K JC3K IlOC.lleAHSB npHBO,lOt/13 K DOTepe TOl.lHOCTH npu Ma­
JlblX 8. 

,llJI5I DOHCKa MHHHM)'M8 <PYJIICD;HH F(U) 6HJJa HCDO.lll>-
30BaH3 npou.e.J:typa MINNEW (c oopa~eHBeM K SEEK, 
SIMPLEX, MIGRAD) BMecTO nporpaMMI,1 MINSQ, TSK KaK 
IlOC.IIC,ll;Hli He HCICJJIOl.18.lla DOD3A3HHC B OOJiaCT& OTpHD;8-
TC.ll&HblX sHa11eHHA uapaMeTpos. MeTepcpepee~eit 
IlOTCHU.Ha.JD,HOTO H pe30H8HCHOTO paccemuu1 npeHe6pera­
.lIOCb. 

B aepaapemeuHoii. o6JiaCTH (AJlsl rpynn 11, 12, a 
T8IOICe B OTAeJll,HOM pat11eTe AJlil rpynm. 13) paCCTomme 
Me)l(,!zy s-ypoBH51MH npHHHMaJIOCb OAJIH8KOBblM H paBHblM 
cpe,AHeMy sea1.1eHHIO D0 = 20, 9 aB, paccro1111He MellO(y p-

ypoBWlMH D 1 = 7 ,2 aB [5 ]. P8ABao.uoHB8s mHpHHa C'IHTa-

JJ8C& IlOCT051HBOH! ry = 0,0235 aB [6 J. 
IlpHBe,!l;eHJWe HeHTpoHBblC mHPHHl,l I;! H r~ 

cpopMHp0B3JIHCh B COOTBeTCTBHH C pacnpe.11;en:eaHeM TTop­
Tepa-ToMaca c n .. 1 H n = 2: 

P(x)dx = P1(x)dx; P1(x) = exp(-x/2)/-./'Eu; 

P(y)dy = Pi(y)dy; Pi(y) = exp(-y); (4) 

x = I;!I~; y = r~/f~. 
AJis onpe,u;eJieHHSI ~Hf~ HCDOJib30B8JlHCh 3H8'1eHIUI 

CHJIOBlilX cj>yeKIJ,HH s0 = 1,2· 10-4, s1 = l · 10-4 [SJ, rne 

S0 = (g~}/(Do); S1 = (gf~}/(3D1). 

IJPOME:XCYTO'IHblE PE3YJibTATbl 

PeaouaeCBJ,1e HHTerp8.lll,I wis Ka~oH H3 rpynn 
( 11 - 17) I paCCl.lBT3HHliC IIO MeTO~e, onHcaHHOH B pa6o­
Te (1 ], C npHHllTHMH 3~CCb (HJIH ccpopMnpoeaHHblMH A.II.II 
Hepaspennomi\ OO.ll3CTH) napaMeTpaMH ypOBHCll MO:iKHO 
cpaBHBTb C A8HHHMH no rpynnoBLIM KOHCT3HTaM [2 ]. 

B npHIDITl,IX 0003Hal.leHHSX HHTCrpa.rl 6eckoee'1Horo 
pa3BeJ:{eRHs /

00 
= I(S = oo, T = 0), Kos<ti¢au.11euTH ca-

MOOJIOKHJ>OBKH FC(S,T) = l(S,T)/1.,,. 

T a 6 JI K u a 1. Pe30H8HCHWe Hmerpa.rtbl J,., H i:o3Cj>elJHUHelffl,( 
caMOOJioupoem FC 

Ho-
He- s-10 6 s- 100 6 S-10006 
TO'I 

MCp 
HffK 

rpyn 
I,,. pac- FC /!,. FC /!,. FC /!,. IlbJ 

'lCT8 

1•1 
o,428 

0,840 0,044 0,952 0,016 0,994 0,0024 

11 (2) 
0,448[*) 0,884 0,039 0,968 0,0115 0,996 0.0015 

(7) 0,780 0,085 0,937 0,0285 0,992 0,0037 

[*I 
0.640 

0.727 0,059 0,897 0.031 0,948 0,006 

12 (21 0,795 0,065 0,929 0,028 0,990 0,004 

[7) 
0,681 

0,720 0,107 0,908 0,043 0,988 0,006 

1•1 0,835 0,455 0,075 0,720 0,067 0,941 0,020 

13 12) 0,999 0,592 0,083 0,791 0,054 0,954 0,012 

{71 1,010 0,585 0,125 0,833 0,069 0,965 0,012 

1·1 
1,393 

0,338 0,066 0,601 0,080 0,897 0.034 
14 12) 0,377 0,077 0,625 0,083 0,903 0,033 

171 
1,401 

0,376 0,091 0.631 0,102 0,913 0,033 

1•1 
2.547 

0,215 
0,053 

0,459 0,093 0,835 
0,055 

IS [2] 
2,541 

0,239 
0,059 

0.471 0,095 0,840 
0.053 

[71 0,183 0,330 0,090 0,703 

1•1 
3,465 

0,147 
0,039 

0,355 0,089 0,759 
0,076 

16 [21 
3,510 

0,171 
0,043 

0,358 0.084 0,750 
0,074 

17] 0,146 0,269 0,090 0,626 

17 
[*I 15,42 0,058 0,007 0,148 0,030 0,419 0,088 

12) 15,S4 0.060 0,007 0,130 0.024 0,386 0,075 

TI p ff Me 'I a H H !I! I. l*I - 3ACCb H 8 APYrHX T86JIHl.(8X pe3ynbTILTbl 

ABHHOK paooTbl. 
2. t,. 2 FC (900 K) - FC (300 K).2. 
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B Tat5.n. 1 npHBe,n;eehl 3H3'leHH51 Ia., FC H3 [2] H 

paCClfflT3HHhle B .zi;aHH0H pa&>Te • .lvill sepxHHX rpynn npe.n;­
craBJieHbl T3K)Ke oueHKH H3 (7 J. 

IlAPAMETPbl 31J>IJ>EKTHBHblX PE3OHAHCOB 

IlapaMerpbl 3<J><peKTHBHhlX pe30HaHC0B, nony11eHHble 
onucaHHJ>IM s1,1me cnoco6oM, n~CTaBJieHbl a Ta6n. 2. Pac­
'leThl 6wtH npoae.n;effl. c ea6oPQM H3 Tpex aHa'leHHH S(20, 
80, 200 6) u ABYX 3H2'1eHHH TeMnepaTyphl (Tl = 300 K 

H T2 = 900 K). 

Ha•ULllhHUe aaa11eHID1 aHepmH E0 H BeJIHlfMHa napa­

MeTpa A B1i16upa.11Hc& TaKHM o6pa:mM, 'ITOOhl aeepm51 iax­
.zi;oro pe3oHaHca 6Wia 6Jiuaxa K cpe.n;eeMy SHa'leHHJO 
aaepmu B rpynne. IlapaMerp BB q>opMyne (2) 3MaBaJJCSI 
HeOOJJhWHM, T8K 'ITO .n;onyCK2.JIOCh 3H3'1HTeJJhBOe OTKJJO­
HeHHe OT pe30HaHCHOI'O HHTerpana 6ecKOHC'IHOro pa3Be­
.n;eHH51, HO o6ecne'IHB8JI0Ch CHHJKeHHe BeJJH'IHHl,I norpem­
HOCTH B 3~3HHOH OOJJaCTH 20 < S < 200 6. 

B Ta6.n. 2 npuBe.n;eHhl napaMe-rp1,1 xa,tQJ;oro ypoaHll 
E, rn, r,.. L, a. (TTapaMerp1,1 .D;JISI rpynm. 13, nOJ1y\JeHHble 

no .n;aHHhlM .D;JISI uepaapememn,ix pe3oeaeco11, npaBe,n;eHhl 
B npHJJo;,,;eHHH 1, napaMeTpbl 3CP(PeKTHBHblX pe30HaBC0B, 
nOJ1y11eHHhle npH .zi;pymx ua6opax SH T, - B npHJJO:ll:eHH51X 
2 - 4.) B Ta6.11. 3 npe.n;CTaBJieHhl OTBOmeHHSI f-'j>J Ia,, ce­

'ICHHSI B M3KCHMyMe, a T2KJKe MaKCHMaJlbHble BeJUfllHHhl 
He893KH, DOJJY'leHHOH B pe3yJI&TaTe MHHHMH3a~HH 

e0 = maxk IFkl; e1 = max.tlfkl, 

npH'leM t I xapaKTepH3YeT TO'IJHOCTh DOH oacqe-re Te,,me­

paTypuoro 3(j)q)eKTa. 

T a 6 JI ii 1' 8 2. CTapaMCTpbl 3CjHjJCKTHBffhlX pe3O118HCOII 

HoMep 
E, 3B f

11
, 3B fl', ::iB L CJ, 6 

rpynm,, 

II 15062,8 254,7 14,36 102,15 0,2347 

12 7532,9 136,9 7,007 73,74 0,1996 
13 3499,3 49,34 2,308 42,7 0,0546 
14 1874,4 1,902 1,6136 14.18, 0,2921 
15 694,48 0,5008 0,4027 JO.I 0,3138 
16 342,51 0,1415 0,1564 5,95 0,2779 
17 150,23 0,5055 0.0794 4,45 0,00056 

Ta 6 JI 11 11 a 3. Omowe11HA f;:!II.,,, ce'ICHKII a0 B M8xc111,1y1,1ax 

3(jl(jleIC111aH1,1X pe3011a11coo, 11e11113KH s0 ii e 1 

HoMep 13j'll.,. oo, 6 £0, % €1, % 
rpynru,1 

11 0,428/0,428 165,3 0,7 3,0 
12 0,638/0,640 332,1 2,8 3,8 
13 0,7854/0.8351 718,0 2,3 5,2 

14 1. 2502/ I ,3929 759,0 2,5 7,5 
15 2.152/2,547 2099,2 1,7 7,7 
16 2,829/3,465 3647,1 I, I 7,1 
17 12,56/ 15,42 15130,0 4,0 25,0 

TECTHPOBAHHE 

.II.mi nposepKH T0'IHOCTH pac11eros c napaMerpaMH 3¢­
cpeKTHBHlilx pe3oHaHC0B 6wt BblTIOJIHeH pac'leT pSl,ll.a ypaH-
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B0J:tHhlX 514eeK no nporpaMMe TRIFON H npoBe,neeo cpae­
uenHe c peayJ1&TaTaMH ,npymx pa6oT [4, 8, 9J, B Ka~ou 
H3 KOTOpblX HCnOJlh30BaJI3Ch CB0.11 CHC1'eMa K0HC1'8HT. 3To 
CJieAyeT HMCTb B BHJJ;y npH cpaBHHTeJJhHOM aHaJIH3e. Cpe.nH 
paCCM0TpeHHlilX .ll'leeK 6WIH H eec&Ma Tecm,i:e - c 0TH0-
meHHeM 001,eMa 3aMe.D;JIHTeJI51 K OObeMy T0IIJIHBa :::: 0,5. 
CpaBHHBaJIHCb Henocpe,ncreeHH0 'IHCJia 33XB3TOB Ha ypa­
He-238, a TaKJKe K,.. - KOS<pq)H~HeHT pa3MHO;,<eHIDI 6ec-

KOHe'IHOH pemeTKH, Ps - OTH0meHHe qncna H3ATeil.lI0BhlX 

aaxeaTOB K TeilJIOBblM Ha ypaHe-238, CR - 0THomeHue 
'IHCJJa saxBaTOB Ha ypaue-238 K 'IHCJJy .n;e.neHHH Ha .ne­
JISl~XCj{ H30TOnax (ypau-235, JUIYTOHHii-239, 241) . 

B pa60Te [4) HMeJOTCSI pe3yJihT3Tbl pacqera 'IHCJia 33-
xaaTOB e ypan-ao.n;Hhlx 51qeHKax .D;.1151 rpynn 16, 17, noJiy­
'leHHble Mero.11;0M MoHTe-KapJio. B Ta6n. 4 co.n;ep.)KHTCll 
cpaBHeuue 3THX .naHHl>lx c pe3yJJLTaTaMH pac1.1era no npor­
paMMe TRIFON c napaMerpaMH, npHee.zi;eHHblMH Ta6JI. 2. 
ToK no auepreTH'leCKoii OCH qepe3 sepxmoio rpaaIn~y rpyn­
ru,i 16 H0PMHpoBaH ua e.D;HHH~y. 

PeayJI&T3Tbl B OCH0BHOM corJiaCyJOTC.11 B npeJ:1,e.nax 
oma6xu MeTo.na MoHTe-KapJio [4 ], ucx1uo'!eHHe cOCTaB­
JISJeT uapHaHT U3, me OTJIH•me .11:0CTHraeT :::: 7%. 

Ta 6 JI H LI a 4. · 'IHCJia 3axaaroo a ypatte-238 AJ!A rpynn 16, 17 
AJJII ypan-BO,aHwx 11'lee1t [4] 

Ba- 16 17 

pHOHT [•] (4) ' 1•1 14) 

U3 0,0257 0,0277(3) 0,0431 0,0465(3) 

us 0,00794 0,00798(15) 0,0135 0,0138(5) 

U7 0,0111 0,0111 (2) 0,0193 0,0195(2) 

U02 0,00113 0,00111 (2) 0,00192 0,00196(2) 
U03 0,0179 0,0184(5) 0,0305 0,0315(3) 

U06 0,00848 0,0080(1) 0,0144 0,0145(1) 

U06T2 0,0108 0,0104(2) 0,0164. 0,0166(2) 

U06T3 0,0126 0,0122(3) 0,0194 0,0203(3) 

0 p II M e 'I a !I H c. B CKOOKaX np11oeAeHa norpewHOCTb MCTOJln 

Mo11Te-KapJIO [4) . 

AOCTaTo'IHO xopomo pacc11HTbleaercsr TeMnepaTypHblH 
aqxt,eKT (cp. eapuaHThl U06 - 300°, U06T2 - 900°, 
U06T3 - 2000°). 

CJie,.n;y10m;all cepH51 paC'leTOB OTHOCHJJaCb K ypaH-B0.D;­
HblM 51lfeHK3M C TOll)lHB0M H3 ypaaa HJIH ABYOKHCH ypaHa 
H C OTHOmeHmlMH OOheMOB B0J:{bl H TOIIJIHBa 0,5:1,0:1,82 
{9 ]. Ta6n. 5 co.nep;,,;HT HCX0.D;Hble .n;aHHble 3THX .ll'feex. 

B Tat5.n. 6 npe,.n;CTaeJieHbl BeJJH'IHHbl K,.. H CRR (0TH0-

meuae 'IHCJJa 38XB3T0B B ypaHe-238 K llHCJJY aaxeaT0B B 
ypaue-235), paCC'IHT2HHUe no nporpaMMe TRIFON c acp­
<l>eKTHBHJ,lMH pe30RaHcaMH B rpynnax 11 - 17, a T3KXe 
pe3yJJhTaThl pac'leroe no nporpaMMaM WIMS H MCU (Me­
T0A MouTe-KapJio), npHBe..n;eRuble e [9 ]. 

3Ha11eHHS1 Ka., BblquCJieHnhle no nporpaMMe TRIFON, 

HeCK0JILKO HH)Ke 3Ha'leHHH, noJiy'leffHI,; • no nporpaMMe 
MCU, npH1.1eM 0TKJI0HeHH51.D;0CTHraIOT::.: 0,5%, .zµi.11 npor­
paMMli WIMS MaxcuMaJJhHOe OTKJI0HeHHe 3 % . 

Ko3$1>H~eRT BOCnp0H3B0..D;CTBa, noJiy'leHHblH no 
nporpaMMe TRI FON, Jie::KHT npaxTn'leCKH e npe..n;eJiax 
omn6xu (=:: 1 %) paCtleTa Mero.noM MouTe-Kapno, WI.II 

,. 
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T a 6 JI H ll a 5. Hcx0,11m,1e A8Hllble ,ll,JIR R'ICeK [9) 

XapaKTepHCTHKB Bap>t&HT 

R'l:CHK>t 1 3 5 7 9 II 

THn T0MH88 U02 u U02 u U02 u 

O6ora~em1e, % 3,9 2,0 5,9 3,0 7,9 4,0 

Cocras TOnJIHllll, 10-24 CM-3: 
ypaH-235 0,00085 0,00085 0,00128 0,00128 0.00165 0.00165 
ypaH-238 

0,0205 0,0409 0,0200 0.0405 0,0197 0.0401 
KHCJI0p0A 

0,0426 - 0,0426 - 0,0426 -
P11n11yc JaMeAJUITCJIA 

0,693 0,597 O,S31 (BHeWH>ti'I), CM 

Pa.1111yc TB3Jlll, CM 0,387 

Pa.1111yc OOOJIO'IKH, CM 0,455 

COCTIIB OOOJIO'l:KH, 

10-24 CM-3 Zr, 0,0425 

Ta 6 JI H 1.1 a 6. BeJIH'IHHl,I K,. H CRR AJUI ypaH-BOAHblX ll'leeK HJ [9) 

(*] WIMS MCU 
Bap11aHr 

x .. CRR I<.,,. CRR Koo CRR 

1 1,449 0,318 1,151 0,311 1,458(0,1) 0,317(0,4) 

3 1,274 0,556 1,282 0,542 1,278(0,2) O.S60(0,7) 

5 1,417 0,372 1,425 0,358 1,421 (0,3} 0,370(0,9) 

7 1,239 0,640 1,256 0,607 1,241 (0,2) 0,643(0,6) 

9 1,293 0,484 1,314 0,449 1,301 (0,3) 0,473(1,0) 

II 1,116 0,832 1,146 0,768 I ,113(0,4) 0,844(1, I l 

n p II M e ,, a H H 11: I. B nporpnMMe WIMS ~•cnonb30BllJIOCb ceqeHue 238,04. 
2. l.htcno B CK06Kax - OWK6K8 Merona MOHTe-Kapno, % ' 

nporpaMM.bl WIMS OTXJJ0HeHH11 AOCTHralOT 9%. YAOJIJleT­
BOPHTeJibH0e cornacne ASHBoro pacqe-ra c pacqe-roM no 
nporpaMMe MCU [9] HMeeTC11 H no 11aCJJaM peaK~HH B ypa­
ue-238 (Ta6JI. 7). 

.[vI5I ypaaa-23S e HameM paC11ere ooJiyqaJOTc11 ooJiee 
HH3KHe 'IHCJJa AeJieHHH B H31J,TCDJJ0BOH OOJJ.3CTH H 6onee 

BhlCOXHe IJHCJJa Ae.n:emrii B TCnJIOBOit o6.n:aCTH no cpaBHCHHIO 
c nporpaMMoA MCU. 3TH OTKJJ0HeHHst e oceoeeoM eaaHMH0 
CKOMneHCHl)OBaHhl. 

IlpHBCACM, eaxoee~. peayJJhT3Thl cpaBHCHHSI C paclle­
TaMH, BhmOJJHeHHblMH s [8] no MeT0IJ.Y MoeTe-KapJio c 

T a 6 JI K I( a 7. 'IHCJIB peaKL111it B ypaH-B0.QllblX ll'leKK8X 

E > 1 sn E < 1 :,D 
BapHaHT MeTOn 

cs F5 cs F8 cs F5 C8 

I 1•1 0,0312 0,0595 0,1576 0,0228 0,0877 0,5124 0,0622 

MCU 0,0331 (I} 0,0605(1} 0,1555(4) 0,0230(1) 0,0869(1) 0,5084(8) 0,0617(1) 

3 1·1 0,028 0,0546 0,2204 0,0390 0,0729 0,4261 0,1035 

MCU 0,0273(1) 0,0556(1} 0,2206(8) 0,039(1) 0,0722(2) 0,4218(10} 0.1024(2) 

9 1•1 0,1074 0,2246 0,2900 0,0427 0,0448 0,2584 0,0173 

MCU 0,1071 (5) 0,2339(7} 0,2824(14) 0,0432(1) 0,0430(3) 0,2490(18) 0,0168(1) 

11 [•] 0,0884 0,1898 0.3934 0,0662 0,0334 0,1931 0,0264 

MCU 0,0889(5} 0,1973(8) 0,3951 (17} 0.0663(2) 0,0312(3) 0.1806(18) 0,0250(2) 

n p II M e 11 a H H e. E - SHepr>lll HnflTpoHoe; C - Pa:IHllU.H0Hll~lil JaxnaT; F - lleJICIUIC; 5 - ypau-23S; 8 -
YPnH-238; MCU- pe3yJ1htar H3 [9]; 1111CJ10 e CKo61<ax - owH6Ka MeTOnn Mo11Te-KnpJ10. 



KOHCTaHTaMH ENDF/B-V. l1cxoAHhle AaHHhle si:11eeK 

npHB~eHl,l B Ta6Jt. 8. 
PesyJlhT8Thl paC11eT0B npe.o.craBJieHI» B Talfa. 9. Ko-

3<1>¢uu,ueHT paSMHO:llCeHHH no nporpaMMe TRIFON Jie)KHT 
HH)Ke pesyJibTaTos p.fcqera no Mero,Ay MoHTe-Kapno Ha 
0,5 - 1,5% (sa HCKJ110qeHHeM BapuaHTa NB-2), no npor­
paMMe WIMS (c K0HCTaHTaMH "238.02" ,zvISI ypana-238) 
3Ha'leHWl K03¢<l,Hu,HeHTa pa3MH0JICeHH51 JieJIC8T em.e HH)Ke, 

e CJI)"Iae BapuaHTa NB-5 (c 011eH1, TeCHOH pemen:on) npor­
paMMa WIMS e1irnma Ha aBapumu,dt OCTaHoe. 

T n 6 n H Lt a 8. Hcxo)J,nhle )J,aH11ble AJill R'leeK I 8) 

XapaKTCpHCTHK8 

R'lellKII NB-I 

Pn11HyC T0nJJHBft, CM 0,4864 

Cocran TOnmma, 10-24 
CM-3: 

KHCJJ0P0.!I 4,6946-2" 
ypan-235 3,112-4 
ypan-238 2,3127-2 
nJJyY0HHH-239 
llJl)'T0HHH-240 -
nJJ)'T0HH .... t-241 -

-

PaAHYC o50JJO'IKH (a11ewm1(!)' CM 0,5735 

Cocran o6ono•1K•1. 10-24 
CM: 

Zr -
Al 4,899-2 

Illar, CM 1,5578 

T•m peweTKH feKC8l'Ofl!IJlbHall 

• CnenyeT 'IHT8Tb 4,6946· 10-2. 

T a 6 JI H u. a 9. Pe3yJibTIITbl PIIC'le-l'OB ll'leeK NB (8) (E = 0,625 38) 

Ba- Be.rm-
1•1 

WIMS 
(l.lHJIHHAPH'ICC-

(U238.02} [8] pH8HT I.IHHII 
Kall ll'leHKa) 

K«> 1,1344 I ,1254 1,1471 (16) 

NB-I P8 1,375 1,458 1,363(8) 

CR 0,804 0,829 0,798(3) 

Koo 1, 1734 1,1640 l, 1748(23) 

NB-2 Ps 2,526 2,372 2,612(15) 

CR 2,110 2,319 2,148(8) 

Koo 1,3363 1,3424(35) 

NB-4 p8 2,666 2,654(16) 

CR 0,556 9,549(2) 

Koo 1,1302 1,1456(17) 

NB-5 Pg 8,452 8,503(68) 

CR 1,015 1,006(3) 

TI p H 111 e " n » H e. (8) - MeT0)I MoHTe-KapJJO c XOHCTllllTaM~I 

ENDF/B-V; e CKo6xax - owH6Ka Mern11a. 
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Ko3<1>¢uu,ueHT socnpoH3B0ACTBa CR no nporpaMMe 

TRIFON OTJIH11aeTCS1 OT pesyJI1,TaT0B pact1eros no npor-­

paMMe MoHTe-KapJio Ha "" 1 % (sa HCKJlIO'ieHHeM NB-1: 

= 3,5%), no · nporpaMMe WIMS ornH'iHe JJ;0CTuraer 

= 7,5%. 3naqeHH.!I p8 s uameM pact1ere u e pesyn1iTaTax 

[8 ] npaKTH'leCKH cornacyIOTCSI (B npei.eJiax OIDH0KH Me­

TOA3 MoHTe-Kapno), no nporpaMMe WIMS ,zvIR eapHaHTa 

NB-1 HMee-rc.11 sashlmettue .ia = 7 % . 

Ba pita HT 

NB-2 NB-4 NB-5 

0.6414 0,508 0,4675 

4,401-2 4,442-2 4,5047-2 

1,504-4 6,465-4 6,94117-4 

2,073-2 2,2559-2 2,18195-2 

3,974-4 - -
3,344-5 - -
1,60-6 - -

0,7176 0,59474 0,529 

4,266-2 4.015-2 -
- - 4,73054-2 

2,210 1,4605 1,166 

Kaa11paTHa11 Kea11paTtta11 reKC8l'OHllJlbH8ll 

MeTOAOM, OnHcaHHhlM e OCH0BHOM B pa6oTe (1 }, noJiy-

11eHl,l napaMeTphl $1>eKTHBHhlX pe30H8HCOB ypaHa-238 B 

rpynnax 11 - 17 CHCTeMhl BHA6. 
Mo.ZJ;H!pHKaIJ;HR MeT0,ll.a Kacanac1, H3MeHeHH51 

MHHHMH3HpyeMoro <PYHKn;aoHana, noaeon.11101qero c 6oJ11i­
meit TO'IHOCTI,JO yt1eCT1, TeMnepaTypHhlH 3(p(peKT, H BKJito­

'!eHH51 nOCTOjffiHOH 1I3CTH ceqeHHSI x napaMcrpaM yposttsi. 
YllTeHhl s- H p-pesoHaHclil. B ttepa3pemeeHou o6JiaCTH 

CTpCIHJI3Cb CHCTeMa pe30H3HCOB C YlleTOM pacnpe.n;e.neHUSI 
HeHTpCIHHhlX mHpHH. TeCTOBhle paC'leThl noKasanu 
npHMeHHMOCTb nony11eHHhIX na paMeTpoB K paC'ieTY pe3o­
H3HCH0I'O norno~eHHR B 511feHKax peaKT0pa C npHeMJieMOH 
T0'IHOCTblO. OTJIH1fHSI OT pesyJII,T3T0B paC'leT0B IJ0 MeTO.QY 
MoHTe-Kapno e 3ITHTelIJI0B0M nornoin;enuu He t5oJiee 2 -
3%, 'IT0 He npeshlmacr norpemHOCTh, BH0CHMYIO Heonpe­

.n.eJieHHOCThlO B napaMcrpax pesoHaHC0II' HJIH norpemHOCTb 
HHTerpaJibHhlX 3KcnepuMeHT0B [10 ]. 

1 

... 
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nPWJIQ)l(EI-Um I 

IlapaMerpH 3<1>¢eKTHBHOro pesoHaeca AJUI rpynm,1 13, 
D0JJY,.leHHble no M0'AeJIH W]SI aepaspemHM0H OOJiaCTH: 
E = 3430,2 3B; r11 = 51, 74 3B; r,, = 2,513 ::,B; L - 49,2; 

a= 0,15356; (P,! = 0,9646; a0 = 734,76; e0 = 3,2% 

e1 = 4,8%). 

TIPHJIO)KEHHE 2 

IlapaMeTphl 3qJ(peKTRBHblX pesoHaRCOB, IlOJJ)'lleHHlie 

npH S -= 20, 80, 200 6 H T • 300, 600, 900 K 
(e0 ~ 1 + 7 % ; e 1 0t 5 + 8 % ) 

HoMep 
E, 3B f,,_, 3B r,,, 3B L a, 6 

rovnnb1 

11 14880 315,8 16,73 131,8 0,171 

12 5965 113,0 3,734 73,32 0,2688 

13 3260 46,96 1,933 45,45 0,0643 

14 1714 1,305 2,781 13,67 0,01365 

15 872,8 0,643 1,059 11,45 0,1448 

16 369,0 0,169 0,165 6,45 0,2782 

17 169,6 0,775 0,0757 5,74 0,0501 

IlPimO)KEHHE 3 

TI a paMeTpbl 3<l><PexTHBHHX pe30H3HCOB, ,n0JIY'leHHHe 
npH S = 10, 30, 60 6; Tl= 300K; Tz = 900K 

(e0 "" 2 + 3%; t:1 ::::: 7%) 

HoMep 
E, 3B f

11
, 3B r,,. 3B L Cl, 6 

mvnnLI 

13 3303,S 3,4085 2,5751 26,84 0,2140 

14 1569,02 1,2462 0,8819 19,89 0,2734 

IS 630,01 0,4161 0,1993 14,32 0,3310 

16 280,26 0,07624 0,06077 7,934 0,2833 

17 196,02 1,8459 0,06557 8,969 0,0040 

ITPHJIO)KEJ:-IHE 4 

TiapaMeTp'bl ::,cj)cpeXTH:BHblX pe30HaHC0B, nOJJytJeHHbIC 
npH S = 100, 1000, 500 6; T 1 = 300 K; T2 ::; 900 K 

(t:0 ::::: I + 3%; e1 = 3 + 10%) 

HoMep 

rovnblbl 
E, 3B fn' 3B r,,. 3ll L o, 6 

13 3402,8 4.271 2,819 10.584 0,2980 

14 1788,3 2,216 1,431 8,74 0,3656 

15 690,84 0,4965 0,549 6,192 0,3671 

16 341,43 0,1553 0,2342 3,894 0,2506 

17 142.3 0,2118 0,1028 2.877 0,2169 

CnHcox JJHTepaTyp1,1 
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IlPOrPAMMhl" KOMilJIEKChl IlPOrPAMM 

YnK 621.039.5 
KOMIIJIEKC IIPOrPAMM WIMS-SU 

H.M. JlaJienlH, H.B. CyJITaHOB, B.<l>. EoS1pHHOB, C.B. BoiiToBeU.KHH 

B pe3ynbTaTe orn.e11~1ttemu1 nporpaMM WIMS-D4, P AI.UUI, PA,ll.WK u KJIAP A Ha 6a3e nporpar.1Mb1 WIMS-04 C03AaH KOMnJJCKC WIMS-SU. l<OMnneKc 

WIMS-SU HMCCT BOJMOlKHOCTb pactteTa 11eyxrpynnOBblX xapaKTej}HCTHK ~tteeK, HCnOJlbJ)'eMblX npH pacttCTC J}COKTOpa MeTOAOM nonepx11ocn11,1x l'OpMom1K 

a 1u13weM npH6JJH>KCHHtl no cyll\eCTey1011tHM nporpaMMOM nma JOSHUA, 60KP, nEPMAK, a e 60JJee BblCOKOM np1-16m1ll<eHHH no npol'paMMC HEM3. 

WIMS-SU code COMPLEX. N.l. LALETIN, N.V. SULTANOV, V.F. BOYARINOV, S.V. VOYTOVETSKY. As a result of merger of programmes 
WIMS-D4, RATIA, RADIK and KLARA on the basis of WIMS-D4 programme a new WIMS-SU complex emerged The WIMS-SU has a capacity for 
automatic calculation of two-group cells characteristics applicable for reactor computations by surface harmonics method In lower approximalion both with 
use of lattice codes [with programmes of JOSHUA, BOKR, PERMAC type) and with use of HEM3 type progralflme whiche are applicable for detniled 
pauerns of reactor calculations. 

BBE,D,EHl1E 

IloBblIIIeHHe Tpe6osaHIUf K TOI.IHOCTH pac1.1eTa COBpe­

MeHHblX peaKTOpOB o6yCJIOBHJIO nOSIBJieHHe BbllJ.HCJIHTeJlb­

HblX MeTOll,OB, C IlOMOll.J.blO KOTOpbIX noJiy1.1aJOTCSI YTOI.IHeH­

Hble cxeMbl pac1.1eTa (1 - 5 } . .il.JISI 3TJ.IX HOBblX MeTOll.OB 

Tpe6yeTCSI npoBOll.HTb KpoMe o6hl'-1Hb1X MHOrorpynnOBblX 

pacl!eTOB Sl'-leeK Ha onpen.eJieHue K
00 

ew.e MHororpynnoehte 

pacl!eTbl Sl'-ICCK C BTeKalOW.HMH B Sl'-leHKY TOKaMH HeiiTpOHOB 

[l, 4, 5}. nnst TaKHX paclleTOB XOpOWO npHCDOC06JieHbl 

nporpaMMbl, HCilOJib3YJOW.He MeTO,!l, noeepXHOCTHblX ncee­

ll.OUCTO'-IHHKOB [6 - 10 }. TaK, lJ.)ISl pac'leTa ManorpynnOBOH 
A 

MaTpHU.bI ce1.1eHHH nornow,eHHSI H .u.enemrn }:.01 MeTo.qa 

noBepxttOCTHblX rapMOHHK (MIIf) [l - 3 J B 1..uunrnApH1.1e­

CKOH SltJ.efiKe ucnoJib3yeTCSI nporpaMMa PAI..1)-1.51-1 [11 ], e 

K,1acrepttoH S11.1e.i1Ke - nporpaMMa KJIAPA-1 [12]. JJ,nsi 
pac,1e-ra ManorpynnoBou MaTpm.{bJ Ko3¢qmu.ueHTOB 

An<l><PY3HH Mnr B .U.ILJJHHAPHtJ.eCKOH st4eHKe HCnOJib3yeTCSI 

nporpm,n.ia PAJJ)1[K [13 ]. 

IloCJie o6beAHHeHHSI nporpaMMbI P AIJJ15I-l, KJIAP A­
l, P A,lll1K H wupoK011cnoJtb3YeMOH a MHpoBOH peaKTopHOH 

rrpaKTHKe AJJSI p.1C4CTa TeilJIOBbIX peaKTOPOB nporpaMMbl 

WIMS-D4 (14 J Ha octtoee noCJIClJ.HeH nporpaMMbJ 6bJJI co3-

.a_aH KOMnneKc WIMS-SU. B pe3yJJbTaTe e HoeoM KOMIIJteKce 

no.sieHJJHCb .qee HOBbre om.{HH: PALI.M5I-PA,II,l1K H KJIA­

PA. 

KoMnJieKc WIMS-SU noJIHOCTbJO coxpattsieT see B03-

MO:)KHOCTH nporpaMMbJ WIMS-D4. K HHM ,1:106aBJillJOTCR ew.e 

11 eo3MO)KHOCTH, 3ano)KeHHble a nporpaMMax PAUI15I-l, 
KJIAPA-1, P .AJ:U1K, a TaK)Ke B03MO)KHOCTb, cssi3attttasi. c 

aBTOM3TH'-leCKl1M paclleTOM 6ii6JtHOTeK ManorpynnOBb!X 

xapaKTep11CTHK Sll{eeK, KOTOpbJe MO.>KHO HCilOJlb30BaTb lJ.JISl 

pac,,eTa peaKTOpOB KaK MeTOJJ;OM roMOreHl133U.JIH, T3K H 

MCTO.!J.OM noeepxHOCTHblX rapMOHHK. OcTaHOBHMCSl Ha :JTl-!X 

HOBbrx B03MO)KHOCTSIX KOMrrJJeKca WIMS- SU no.11,po6Hee. 

om.r,m1 PAU.MSI-PAAHK 

Omu-u1 PAUM.51-PAnllK SJBJl51eTCSI OJJ;HOlf H3 eeTBeH 

TpaHcnopTHoro MHororpynnosoro pac<1eTa ll.HJIHHJJ;pH<1ec­

KOH S1<1eHKH .siJJ;epHoro peaKTOpa e KOMnJieKce WIMS-SU. 

nnst paC'leTa JJ;eT8JlpHOrO npoCTpaHCTBCHHOI'O pacnpe,!J,e-
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JieHm1 HeiiTpoHOB BHYTPH S111e11KH B 3TOH onu.11u pewaeTCll 

MHororpynnoBoe TpaHcnopTHoe ypaaHem1e 

MG 
QV1/Jg(r:-Q) + '£tot gCrJvigCr:-Q) = L~sog ... 8 ,(rjipog'(rj + 

g'=I 

X MG 

+ / ~ v}:.ic'(;j1t'og•C0 + 
""g""I 

+ 1gCr:-o)o(r - ;:!CT)+ sgC;:j, c1) 

➔-r.qe 1f g(r,Q) - q>yHKU.1151 pacrrpeJJ;eJteHHSI HeHTpOHOB B rpyn-

ne g,· 1/1
0
gCrj = f1/J gCr$)dQ - rroTOK tteiiTpOHOB e rpynne 

Q 

g; JgCr:-Q) - HHTCHCHBHOCTb HCT04HHKa HeiiTpOHOB, pac-

IlOJIO:)KeHHOI'O Ha U.HJIHtU~pHlleCKOH noeepxHOCnl pa.11,Hyca 

rHcT (r11u ~ r 11cT) Ii co3,na10mero Ha etteumefl rpamuie 

SllleHKH rllll HHTerpaJibHbIH 'l'OK HCHTpOHOB 11HTCHCl1BHOCTbJO 

Tg B rpynne g; SgCrj - IlJIOTHOCTb DOCTOSIHHOI'O no 30H3M 

06-beMHOfO HCTO"lfHHKa HeihpOHOB B rpynrre g; MG -
l{HCJIO rpynn (l ~ g ~ MG). 

B no.1:i:orr~HH PAUM51 Ha BHewHew rpaH111.1,e stl!CttKH 

CTaBMTCSI CHMMCTpHlIHOe rpaHHllHOe yCJIOBJ/IC 

b (Qnjip ir:,)'~)dQ = Tg. (2) 

B no.1:i:on~m1 P A)JJ1K Ha BHewHeii rpaHHu,e st<1ei°1K11 

CT3Bl1TC.ll aHTHCHMMeTpHtJ.HOe rpaHl14HOe YCJIOBHC 

f (Qfi"ip (r ,Q)dQ = T cosa, (3) 
Q ~ g ~ g 

r.a;e a - 33HMyTaJibHbUf yron npocTpaHCTBCHHOfl nepeMeH-
- ➔ 

HOH r . 
.n:nSI perneHH5l ypaeHeHHll ( l) C rpaHll'IHblMH yc­

JIOBHSIMH (2) H (3) HCDOJlb3YeTCSI cnoco6 pacw.enJJCHlfSI one­

paTopa [10, 15, 16 ], npw-teM AJISl pewemrn npocrpaHCT­

eeHHo-yrJioeoii 1.1acTH 3aJJ;a1.111 np:111,ietteH MeTo.a. noeepxtto­

CTHblX ncee,noHCTO'lHHKOB e G;(,-npJ116JHI:1KeHHH (B 

no.qom.(HH PAUI1~ Mo.o.11<t>.11u.upoBaHHctll rrporpaMMa 

IIPAKTl1HELI.-<l> [ 17 ], a rro.1:i:onu,1111 PA,n:I1K 

Mo,nmjmlJ,HpoeaHttasi nporpaMMa OPAP-UM ll8]) . 
OcHOBHbIMH np116JIH:>KeHHSIMH cnoco6a pacw.enneHJIISI 

onepaTopa 51BJISIIOTCSI rrpClJ.ITOJIOll<CHHSI O nOCTOSI HCTBe no 30-

HaM J/ICTO'IHHKOB HCHTPOHOB .D:CJICHHSl H npOH3BO.ll_HblX 3Hep­

reTH'leCKOI'O TOKa HCHTpOHOB (5 ]. TioCJJClJ.HCC 

.. 



.. 
I 

npH6JIH.llCeHHe .51BJUleTCll 9Ha'lHTeJJbHO 6o.n:ee CJl86blM 

Orp3HHlleHHeM npH paC'leTC .ll'feeK, 'ICM DIHl)OKO HCDOJib-

3yeMoe npn6Jin}KeHHe "MOCKHX DOTOKOB" B MCTO.Qe Bepo­

.llTBOCTeii nepBliX CTOJIKHOBeHHH, 'ITO D03BOJl.lleT ee 

.zqx,()HTb 30BH .IIIICHKH Ha DOA90111,1, TCM C3MlilM yMeHl>ma.11 

epeMJ1 c11e-ra Ha 3BM. Ha eeenmeii rpaHHI.\e .1111eHKH 

BCDOJlb3YJOTCH rpaHH'IHble ycnoeH.11: "CTOK ea 6ecxoneq­

HOCTH" [19), "H30Tpoll1IWA CTOK" a "KoM6HHHpoBaHlll,lH 

crox" (20] B nOAOillUfll PAUIUI H "crox Ha 6ecxoHe'I­

ROCTH" H "OOheMHHA crox" U3] e nQAonlU(H PA.lUIK. 

DO,ll;OIIIJ,HJI PA~ 

B 31'08 noAODIUIH paCCIIHTHBalOTCJI Manorpynnoehle 

(1 - 6 rpynm11) xapaxTepHCTHKH .ll'ICCK, HCDom.3yCMhlC 

xaK B TPMIIIJ.HORHHX MeTOAax ['()MOreHH33~HH, Tax H B 

yro11HeHHI11X cxeMax paC11eTa pearropoe, .11BJ1.1110~xcS1 no 

CYTH o6o6IQCHHCM MeTOAOB C'OMOl'CHH3a~HH. 

IlpH HCDOJJh30BaHBR TpaJ:tHIJ,HOHHMX MeTOAOB I'OMO­

reHH33D;HH B DOAOIIIU{H PAUKSI ypaeueHHe (1) c 

rpaflH'IHLIM YCJIOBHCM (2) pemaeTCSI Ha Haxo~eHHC co6-

CTBCHHOl'O 3Ra11CHHX K,,, .ll'ICHKH (TOrAa T
1 

= 0 H 

S 
1
(ij = 0 A,11.11 I ~ g ~ MG> H co6crBeHHoii 4>yHl(IJ.HH !/J 

1
• 

B DOAOIIU.HH ecTh B03MO}KHOCTb peman ypaBHeRHe (1) 
c BHemHHMH HCTO'IHHKaMH HewrpoHoe: JIHOO c OOheMHIIIMH 

HCTO'IHHKaMe ueiiTpoeoB SgC;.j (~J'Aa T
1 

= O>, JIH6o c 

HHTerpaJU,HhlMH TOKaMH HeiiTpoHOB T g ea BHemueii 

rpaHHu;e .111JeiiKH (rorAa S g = 0), JIH6o c TeMH e AP)'J'HMH 

HCTO'IHHK3MH eewrpouoe BMeCTe. 3Ta eb3MO,teHOCTh 

HcnOJ11,ayercH B DOAO~HH PAUIUI wi.11 pac'leTa Manorpyn­

noe&1x M3TPHO: CelleHHH norJIOIQCHH.51 H AeJICHHJI 'J:.a/' 

npHM,:!H.lleM.IIIX B YTO'IIHCHHblX CXCM3X pac11CTa peaxropoe 

MeTOAOM nonepxHOCTHNX rapMOHHK. 3Ta MaTpH~ l:a1HMe-

eT CJICAYJOIQHH BHA! 

(4) 

rAe S - noeepXHOCTh sl'leHKH; V - OOheM .1111eiixH; i -
M3Tpau;a rpaHH'IHblX rpynnOBIIIX ypoBHCH uewrpoHOB Ha 
euemHen nonepxHOCTH .ll'lenxu. 

MaTpHu;a i HMeeT oco6eHHOCT& THTia nOJIIOC, no3TOMY 

ee YAOOHO npe.QCTaBHT& e BHAe ,AByx cnaraeMhlX [21 ]: 

"1,.~" ,p = p (r0xp, + v, (5) 

I'Ae p = (K,,, - K~/ K,,,; t0 eeKrop ypoeHeH 

(KOM6HHau;HH nOToxa u eroporo ymoeoro MOMeHTa 

q,ymcu;HH pacnpe.Qe.n:eHB1l (22 )) HCHTpoHOB Ha BHeIDHeH .. 
rpamm.eneAKM B 3aAa11e Ha uaxo~euueK

00
; p- eexTOP, 

3JleMelrrbl KOTOJ)OI'O paeHH 3H811eHH.IIM ~, Ha BHCIDHeH 

rpaHHa;e H'ICHKH; Fjj
1 

- pemeune ypaBHeHe,i:, coppSl:iKeH­

uoro ypaeueHHIO .ltll.11 <t>yHKu;HH F01 e aaAa'le ua Haxox­

ACHHe K.,, ,i:qenKn; (J!t0 xM - MaTpHu;a, aJieMeHThl xoropoH 

{toxi1l ,,., HMeIOT BUA F, · p,.; ~ - MaTpuu,a rpaHH'IHblX 

ypoeHeii OT eJnfBH'IHNX rpynnOBHX TOKOB BTeKaJOw;Hx ueit­

Tl)OHOB B Sl'leiixe C DOA8BJICHHHM pa3MHOX<CHHeM 

(v.I18 = O); K341 - 3<pq>eKTHBHLIH Koa<pcpeu;HeHT paaMHO-

:itceHHJI paconrn,raaeMoro om,eKTa • 

MaTpHU,a ; (CM. (5)), paCC'IHTHBaeMa.11 e DOAODU,HH 

PAUM51, npe.QH33Haqeea .lt1]ll ABYMCpHl,IX pac'leroe peaK­

ropoe MCTOAOM noeepxHOCTHhlX rapMOHHK. B 3TOH 
DOAOnD;HH B HCKOTOpoM npu6JIH,t;;CHHH paCC'IHTbl88IOTCSI H 

" MaTpHUlll "'r' CB.113aHHllle C CHMMeTpK'IHhlMH npo6HblMH 

<t>YHKD;HJIMH BAOJJh OCH z. 3TJt M8TpHD;&I; r npeACT3BJI5IIOTCSI 

TalOIC.e e BHAe ABYX cnaraeMwc. (cM. (S)) : nepBoe cnaraeMoe 

CBSISaHO C "COOCI'BCHRIIIMH" HCHTpDHaMH .111iCHKH, BTO­

poe - C BTCKalO~MH B .1111eAxy TOKaMH ueiiTpoHOB. )I.nsi: 

MaTpHu;l,I i z BTOpoe CJIOraeMoe CB.113880 C TOK3MH HCHTpO-

HOB, BTCK810IQHMH B j{'ICHKY qepea ee TOpu;eeyJO rpaHb. 

JI.ng pac11e-ra MaTpKu;bl; HCOOXOAHMO BhlnOJtBHTh (CM. 

4>oPMYJJY <S> > OAHH pac'ICT Ha HaXo,tCAeHHe K,,,, Sl'ICKKH H 

G (me G- 'IHCJIO Maxporpynn) MHororpynnoBblX pactfeTOB 

.IIIJCHKH C BTeKalOllJ,HMH B Hee TOK3MH HeiiTpOHOB W{JI 

Bhl'IHCJICHH51 MaTpHo;hl;. KpoMe MaTpHD;bl ~. SIBJISIIO~CHC51 

ABYMepuoit xapaKTepHCTHKOH S111eiixu, ,1Vu1 TpexMepHwx 

paC'lleTOB Tpe6yerc.11 paC'ICT M8TPH.Qhl ;,, KOTopaSI HMCCT 

BHA (S) u wisi: e1,l'lHCJ1eH1U1 KOTopoa ueo6xoAHMO eme G 
AODOJIHHTeJlhHlilX MHOrorpynnOBhlX paC'leTOB gqeiiKH. 

HTaK, Tpe6yeTC.11 (2G + 1) MHororpynnoe1>1x pactfeTOB 

S111eiixu. 

B noAonu;ue PA~H.SI HCDOJI&3yeTc.11 npHeM, noae0JJS1-

10m;Hii npoeeCTH 2G + 1 MHororpynnOBblX p8CtfeTOB gqeuKH 

3a BpCM.11, KOTOpoe HC3Ha'IHTeJibHO npeBbllllaeT BpeMSI 

OAHOro MHOrorpynnoBoro pacqera .ll'IICHKH. Jl,JUI ::rroro cea­

'13Jl3 BblDOJIH.lleTCSI DOJIHOCTI,IO no MeTOAY noeepXHOCTHblX 

DCCB,l{OHCTO'IHHKOB OAHH MHOrorpynnOBOH paC'leT BCCH 

Sl'IICHKH, B pe3yJJLTaTe xoroporo aanOMHHalOTC.11 HCKOTOpble 

BCDOMOraTeJibHl>le MaTpHu;1i1. 3aTeM, UCDOJlb3Yll 3TH ecno­

MOraTe./lbHhle MaTpHLU,1, DpocThlM MaTpH'lffblM nepeMHO­

)KCHHeM onpe.QeJI.IIJOTC.11 eeo6xOAHMble peweHHSI B 

3aBHCHMOCTH OT Kpaee:iiix yCJioBHii 3aAatJH. TaK 20-rpyn­

noBoH pacqe-r 7-30HHOH D;HJIHHAPH'ICCKOii 5111eiiKH H 

Bhl'IHCJICHHe Ha ero oceoBe ecex MaTpHu, ea 3BM EC-1055 
33HHM8eT ~ 2 MHH, npH 3TOM MeTOAH'I.CCKa51 norpewHOCTh 

paC'leTa AByxrpynnOBhlX KOHCTaHT 51tteeK COCT3BJISleT ~ I % 
(6 - 8 ]. 

0TMeTHM, '!TO B MHOrorpynnOBhlX pac'!eTax no 

noAODD;HH PAUH.SI BbltfHCJISIJOTC.11 raxX<e e ManorpynnoeI,1e 

M3TpHU,hl peaKIJ;HH, npOH3Be.QeHH51 KOTOphlX Ha ypoBHH 

ueATpoHOB, pacctfHTaHHble B peaxrope no MeTOAY 

noeepxHOCTHhlX rapMOHHK, onpeACJI51IOT pa3JnttfHble 

4>yuKu;Honam,1, HanpHMep 3eeproe1>U1CJICHHe, nornom;emIe 

ueihpoHOB e HtfeiiKe e T.A. 
B noAonu;HH PAUKSI HMeIOTC51 orpaHHtfeHn51 no HO­

Mepy npH6JtmKCHHSI MeTOA3 noeepxHOCTHblX nceB­

.AOHCTOtfHHKOB <VI H ?::3), no t:mcny rpynn ( :S 30) " no 

'IHCJIY 30H (:S 11). TIOCJIC.D;HHC ABa orpaHH4eHH51 CB.1133Hbl 

C pa3MepHOCTblO HCDOJib3yeMhlX M8CCHBOB, KOTOpy10 HC­
TPY.D;HO H3MCmtTb, 
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nO,ll,Oflll,IUI PA,ll}1K 

B 3TOH no.u.om.1,HH paCCl{HTblBaeTC$! MaJI0rpynnosasr 

M3TPHU.3 K03<pq}HU,HCHTOB, HCilOJlb3yeMaSI B ypasHeHHSIX 

MI1r. Onpe,!l;eJJCHHe :=no.If MaTpHU,hI HMeeT BUA 

(6) 

rAe V - ooo.eM H S - [IJI0I.U3Ab nosepxHOCTH Sl'leHKH; 

Ip ac - M3JIOrpynnOB351 MaTpHu.a ypoeHeH HeiiTpOHOB Ha 

rpaHHU,e gqeffKH, COOTBeTCTBYJOI.UHX aHTHCHMMeTPH'!HblM 

npot5Hh!M ¢YHKU.HSIM. Ilpu 3TOM k-u CToJit5eu, MaTpHu,hl 
" -+ 
'Pac - Ma.n:orpynnosoH eeKT0P 'P ac,k - onpeAeJISleTCSI AJUI 

sr'leUKH co CJieD;y10m,nMH rpaHH'-IHhlMH yCJI0BHSIMu: s k-ii 
rpynne Ha BHewHeH rpaHHI.~e 5111eUKH 3aD;aeTCSI e.D;HHH'fHblU 

npoTeKa!OllJ,HH TOK..iieihpoHOB, a B 0CT3JlbHhlX rpynnax -

Hyneso.11. BeKTOp 11' ac,k CJJe,nyIOW.HM o6pa30M Bhipa>KaeTCSI 

'lepe3 Manorpynnoeou eeKTOP aHTHCHMMeTpU'IHOro pacn­

peD;e.nemrn Heihpottos e 5111e.11Ke Wac,i;=:O): 

- - 3 ➔ 2 ...,.,,7, ➔ ":;t 
'Pac,k - 1 l dQQkf drs'f'ac_irs,u), (7) 

n 

rD;e /- eAHHHU,3 rpaHHU,bl f 11; r,1 
- 113CTh rpaHHI.l,bl Sl'leHKH, 

JJe)Kaw,asr cnpasa OT om y [22 ]. 
B pa6oTax [22, 23] noKa3aHo, 'l:TO, npe.D;nonarasr cna-

6yio 33BHCHMOCT& MaTpnu,hI DOT <t>opMbr ettemtteH rpaHHU:hl 

SNeHKH, MQ)KHO HanucaTb CJ1eD;y10mee BhlpaJKeHHe AJHI 

MaTpHu,hl D 4epe3 attTHCHMMeTpH4:HYIO npo6tty10 MaTp11u:y 

a U:HJ1HHAp1-1qecKoi1 sr11eHxe: 

D - R,~1- l 
- ~u,ac' (8) 

rJJ;e R - paAHYC U.HJJHHAPH'l:ecxoit sitteHKH, 
I\ " 

'I' ~.ac = 'P~(R) + 2111;~(R) + vG'P;~(R). (9) 

3.D;eCb HCilOJih30B3H0 CJie.qyromee pa3JIO.lKeHHe 

aHTHCHMMeTpHqHOH cpyHKU:HH pacnpe.D;e.n:eHlUI: 

'P ( ) _ ~ 2n + 1 Y'(Q).r ( )'-V'tk 
m: w - L- 2.n( 1 + cl ) 11 ~ k a ac' 

11,k k,O 

(p Q) I ( ) {cos a (k 'leTHoe); 
rAe w = ,a, ; k a = sin a (k He'leTnoe). 

Bhlpa)Kem1e (8) HCrroJI&30B3JIOCh B no.qonu.1111 PA.l1,11K 

" ,ll;JJSI pactteTa MaTpHU,bl D. 
OTMeTHM, 'l:T0 MaTp11u.a D, 1-1cnon&3yeMa$! B ypaB­

HeHHRX MIIr, Rem,eTcR nonttoi-1 MaTp11ueii, T.e. HMeeT He­

ttyneshle He.n;HaroHaJI&Hble 11JleHbl. 3TO CIHI33HO C TeM, qTo 

BO-nepBblX, MaTpHu.a OTH0CHTCSI He K TO'!Ke, a K CHCTeMe, 

HMeJOw,eit. KOHe'IHble pa3Mephl (K SI\JeHKe); B0-BTOpblX He 

npe,n;nonaraeTC$! 0.D;HOP0AHOCTh peweTKH, T .e. He C'IHTaeTCSI 

H3BeCTHblM rpynrroBOH cnexTp. ITpH 3TOM HeihpOHhl B i-u 
3uepre-ru11ecxoit. rpyrrrre pa3AeJIS110TCS1 Ha Heii:Tpom,1, BTe­

KaIOw,He B R'leiiKy qepe3 rpaHHU:Y, H HeHTPOHbl, IlOSIBJISl-

10rn11ecS1 3a c11eT rpynnoshlx nepexo,11;oe (pacceSIHHe 11 .D;e­

.11emIe). 3TH HeiiTpOHbl AH<P<PYHAHPYJOT e sr'leifxe no-paJ-

"' HOMy. He,zi:HaroHaJihHOCTb MaTpHU,bl D B Mnr S!BJIS!eTCS! 

oco6eHHOCThIO, OTJIHttaJOlll,eH ee OT ,n;pyrnx onpe,lleJieHHH 

KOaq)<t>HU.HeHTOB .u.ml><by3HH. HecMOTPSI Ha TO 4:T0 K0Hett­

H0-pa3H0CTHble ypaeuettmI e HHJIIIeM npH0JIH)KeHHH MIIr 
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HMeIOT ,11;11<fi¢y31fOHHO-no,11;06Hh1H BH,!{ If HMeeTCSI 

3HaqHTeJibHOe KOJIHtteCTB0 peaKTOpHblX nporpaMM [24 -
26], B KOTOpblX peaJIH30B3Hhl ypaBHeHHSI TaKoro Tlma, ,11;aH­

HaS1 ocot5eHHOCTb MaTpHU.hl D He rio3BOJJSieT HenocpeACT­

BeHuo BOCil0Jlb30B3ThC.Sl 3THMH nporpaMM3MH ,ll;JISI 

pe3JIH3au.1111 ypaeHeHHH MTir. 

llJISI npeoAOJieHHSI 3T0H TPY,D;H0CTH a KOMDJieKce 

WIMS-SU HMeeTcSI HeCK0JibKO cnoco6oe AHaroHaJIH33U.HH 

MaTp111.1,1,1 D. 

OnU,HSI KJIAPA 

Onu,H.SI KJ1AP A-1 RBJ1S1eTCS1 OAHOii 113 eeTBeH TpaHc­

nopTHoro pacqern KJiacrepHhIX stlf.eeK nma PEMK e KOM­

n.nexce WIMS-SU. B 3Toif onu.HH peIIIaeTcsr MHororpynno­

eoe TpaucnopTuoe ypaeHeHne (1) c rpaHH'IHhTMH yc­

JIOBHSIMH (2) cnoco6oM pacmenJieHHSI onepaTOpa [9, 12, 
19 ], npH 3TOM .ll,.IISI peIIIeHHS! npocrpaHCTBeHHO-yrnoeoii 

'laCTH 38.D;a'IH HCil0J1b3YeTCSI MeTOA noeepxHOCTHblX ncee­

AOHCT0'l:HHKOB B ~-np116JimKeHHH [27 ], pa3pa6oTaHHb!H 

AAA pacttera KJiacrepHhlX Silf.eex. Ha attelllHdI rpaH11u.e 

R'leHKH HCDOJlb3yeTCSI rpaHHllH0e YCJIOBHe "CTOK Ha t5ec­

KOHe'IHOCTH" [ 19 ). 

B om:1,11H .KJIAPA HMeJOTCSI Te JKe B03MO)l(HOCTH, 4:T0 

He n0Aon1.1,HH PAIJ,115!, cTeM QTJIH'iHeM, 'ITO e onu,HH .KJIA­

PA peIIIaIOTC$! 3a,n;a1.1H .D;JISI KJiacrepHhIX st'leeK. B onu,H11 

.KJIAPA pac'leThl BhlnOJIHSIIOTC!I s G1-npH6Jtl1)Kemnt MeTo­

,11;a noeepxHOCTHblX nceB,IJ.OHCTO'IHHKOB, npu 3T0M M3JI0-

rpynn0Bhle xapaKTepHCT.11KH Sl'ICeK paCC'll1TblB3IOTCSI C nor­

Pe.IIIH0CTbJO npHMepHo B I% [9 ]. Ha 20-rpynnoeoii paclfeT 

KJiacrepHOH srl!e.HKH PEMK c ,11;eyM.sr psrAaMH TOMHBHhIX 

6JIOKOB H Ha IlO,[II'OTOBKY MaJiorpynnoeblX xapaKTepHCT.ltK 

Sl'leHKH, UCilOJib3YCMhIX B MTif, 3aTp3'!HBaeTCSI - 6 lltHH 

Ha 3BM EC-1055. B onu:1111 HMeeTCSI orpaHH'l:eHHe ea 1.111cno 

rpynn ( :5 30), Ha lf.HCJIO IJ,11JlHHAPH4:eCKHX 30H C 

TOilJIHBHhlMH 6JIOK3MH ( :5 5) H Ha '!HCJIO U.HJIHH.D;PHlleCKHX 

30H ( :5 11). 3TH orpaH11tteHHSI CBSl3aHbl C paJMepHOCThIO 

CO0TBeTCTBYIOI.UHX MaCCHBUB, K0T0pyJO HeTPYAHO 

H3MeHHTb. 

B03MO)KHOCTH KOMilJIEKCA 

B MeTOAe noeepXHOCTHhlX rapMOHHK B HH3IIIeM 

npH6JIHX<eHHH nony'l:eHhl K0Hel!HO-pa3HOCTHble ypae­

HeHHSI, no BHernHeMy BH.D;Y H3Il0MHHaIDrn11e aH3Jl0rH'IHhie 

ypaBHeHHR MeTO,D;a roMoreHH3aU.HH. Ilo3TOMY, npHBOASI B 

COOTBeTCTBHe aHanoruquble 'IJleHhl K0He'IH0-pa3HOCTHhIX 

ypaBHeHHH, MSI peIIIeHHSI ypaeHeHHH MI1r MO;>KHO HCD0Jib-

30BaTb ceTo'lHhIe nporpaMMbl, TaKue, Kax JOSHUA [23), 
BOKP [24 ), TIEPMAK (25 ]. ITo KoMnJJeKcy WIMS-SU ro­

TOBSITCSI TaKHe S(p(peKTHBHble MaJiorpynnOBhle xapaK­

TepHCTHKH SltteeK MTir, KOTOpble MoryT 6h1Th HCil0Jlh3□Ba­

Hhl B ,neyMepHhtX H TpexMepHhlX nporpaMllt3X TUna 

JOSHUA, BOKP, ITEPMAK, npHlfeM np11 AByMepHoM pac­

'leTe K0HC'IHhlX H 0,!IH0pO,ll;HhlX no BhlCOTe c6opox apO.!l;0Jih-

I 

i 



i 

Ha51 )'TC'IXa YllHTlllBaen:SI B 3¢<t>eKTHBHl,IX xapaK­

TCPHCTHJCax AeeK c noMo~io a~aHBoro B~. KpoMe roro, 

no xoMDJ1excy roTOBSITC51 ManorpynnoeNe MaTpHD,1,1 A0 H 

" Alt KOTOplile MOryT 6liTb HCilOJU,30BaHH B nporpaMMaX 

THDa HEM3 (28 ]. 
no KOMDJICKCY WIMS-SU MO)KHO Bhl'WCJUITb 

6H6JIHO'rCKH MaJIOrpynnoBlilX xapaKTCpHC'l'HK R'ICCK ~SI 

paaJIH'l.HliX Ten.noehlX peaxropoe. B KOMDJieKce WIMS-SU 

CC'J'b B03MO;KH0CTb aBTOWlTH11CCKOI"O pac11eTa 6HMBOTeK 

AByxrpynnoBhlX xapaKTCPHC'J'HJC Sl'ICCK, HCD0Jih3yeMHX MR 

paC'ICTa peaKT0poB MeTOAOM noeepxHOCTHhlX rapMOHHK xaK 

no CCTO'IHblM nporpaMMaM B HH3WCM npu6JIH.llCCH.HH (no 

nporpaMMaM THna JOSHUA, BOKP, IlEPMAK), Tax H no 

nporpaMMaM THDa HEM3, HCilOJJb3YIOID,BM )'TO'lHCHHHe 

CXCMH pacl.fCTa peaKTopoe. TipH paC'leTC JUOOOH H3 

6H6JIHOTCK Ma/l0rpynnoBHX xapaKTCPHC'J'HK SNCCK HCDOJib-

3yCTCR ueperynS1pHaS1 CCTKa napaMeTpoB. Pacnp~eneene 

3H3'1CHHH napaMCTpoB np0H3B0AHTCSI C noM0O:U,JO .o;aTlfHKa 

cneu,na.nbnoe A= -nOCJICAOBaTem,uocru [29 ]. Taxou nop;-

X0A Haruen WHpoKOC pacnpocrpaHeHHe npH Bl,l'IHCJICHRU 

MH0f"OMCpHhlX HHTerpa.noe, B pe3yJJ&TaTe cym,eC'J'BCHH0 

C0KpaTHJIOCb BPCM.Sl HX paC'leTa. vlc_nOJib30BaHHC MeTOAa 

A.=-[IOCJICJJ;OBaTCJibHOCTH DPH Bbl6ope T0'ICK CeTKH napa-

MeTJ)OB npHB0AHT K 3Ha'IHTCJibHOMY YMCHbillCHHJO 'IHCJJa 

ysnoe, a CJJCJJ;0B8TCJibBO, H K YMCHbWCHHJO epeMCHH pac­

tfCTa 6H6JIHOTCK xapaKTCpHCTHK Sl'ICCK ,Ha 1 - 2 nopsi.a;xa 

Ha 3BM. nanee paCC'lHTaHHhtC 6u6JlHoreKll AByxrpynao­

BlilX xapatcrepeCTHK SNeex c noMow.1,io nporpaMMhl TIYC­

TTOJIMH [30] IlPCACTaBJiillOTCSI B BHAC TIOJJHH0MOB He6oJlb­

moro nop.si.a;xa OT napaMeTpoB 6u6JIHOTCKll. 

,ll;;IS1 p;eMoucrpauHu eosMO)KHocreu xoMOJiexca WIMS­

SU no ero H0BhlM onu.H.SlM 6hlJIH n0,llJ'OTOBJJCHht AByxrpyn­

noe1:,1e 3$1>eKTHBHblC CC'ICHJIS[, HCDMb3YCMliC MCT0A0M 

nosepXHOCTHblX rapMOHHK B HH3WCM npH6JIH)l(CHHH AJISI 

paetteTa paccMaTpHBaCMliX 000,CKTOB no o6lil'IHhlM CeT0ll­

HblM nporpaMM3M. PaClfCTbl IlOJIHSl'ICilKH (Taxoro THna, KaK 

npHBe.J{CHHaJI'. B pa6oTe. (30 ]) • 0.ll_H0J)OAHlilX (THna npHBe- • 

AeHHHX :e pa6oTe [31 ]) H eeo:a;HopoJ.t:Hwc c6opox PBMK 

Bhln0JIHSIJIHCb no nporpaMMe JOSHUA, aeoAH0.POAHblX c6o­

pox BB3P [32] - no nporpaMMC TIEPMAK. 

PaCC'IHT3HHblH 3cl><t>eKTHBHbU1. K03<1><t,HU.HCHT pa3MHO­

:i11:eHHJI Ksct> D0JDHl11eHKH xopomo corJJaC0Ba./JCSI C pesyJI&-

TaT0M ero paC'ICTa MCTOA0M MoHTe-Kapno no nporpaMMC 

MCU [33 ]. 0TJJH'IHe peayJJhTaTOB cOCTaBJI.SlJI0 0,2 % npH 

CTaT:UCTHtfecxon aorpemHOCTH MCTo.o;a MoHTe-KapJJo 

0,3%. PaClfeTHOe 3HeproB~CJICHHC T3KXC HaXOAHJIOCb B 

npe:a;enax norpelIIBOCTCH MCTO.ll.a MoHTe-Kapno. Pac'ICT­

HhlH Ks4i, noJJy11eHHHil B .n.eyxrpynno:eoM npHMH.lKCHHH 

no nporpaMMC JOSHUA MCTOA0M Tpa.n.HUHOHHOH roMo­

renusa1um, 33BblW3CTCSI ea 2 % • 3aBblWCHHC o6yCJioBJJeHO 

TCM, lfTO B MCTOJJ;e roMOreHH3aII,HH aornom;eHHe B Hepa­

OOlfHX x11eii:xax (1111eiixu c AOD0JIHHTCJI&HblM nornorHTe­

neM, srt1eil:KH c opraeoM CY3, Sl'ICHKH c :eo.n.mhlM CTOJIOOM) 

HCJJ;OY'{HTlilBaCTCSI Ha 12 - 25 % . PacCtUlT3HHble K3¢ 

o.n.Hopo.o:Hhlx u HCOAH0J)OJJ;HhlX c6opox PBMK (CM. Ta6JlHuy) 

MCTO.ll.OM noeepXHOCTHhlX rapM0HHK OTJJH'laJIHCb OT 3KC­

nepHMCHTaJlbHHX .o;aHHhlX MeHee 'ICM ea $ "' 0,0064, npu 

3TOM pac11er MCTOAOM Tpa:a;HUH0HHOH l'OM0reHHsau11u 3a­

BbUWlCT Ks<I> Ha 3 - 5$. 
Ilpu pacqere c6opox BB3P 3eeproe~eneHHe, 

paCC'lHT3HHOC no Mflr, 0TJIH'la./JOCh OT 3KCnepHMCHT3Jlb­

HNX A3HHblX Ha 1 - 4 % • 'IT0 B 3 - 5 pas MeHhwe, 'leM 

B aHMOI'H'IHl:,IX paC'leTax MCT0JJ;0M l'OM0reHH3al.{HH B Mee­

Tax Heo.ll_HOJ)OAHOCTeA: BMH3H rpaHHU.H aKTHBHOH 30Hhl C 

OTpa:iteaTCJJeM WIH B6JIH3H "CHJibHlilX" aorJIOTHTCJieH (CM. 

pHCYHOK). 

Pear:mBHOCTI, c6opo1: ltllll.8JlbHOfO peaicropa ( a $. $ - 0,0064) 

Ho- COCTBB 3KcnepH- MeTOJI Meron noscpx 
MCP c6opKu• MCHT Yp3AH1.lHOH• HOCTHi.tX 

COOpKH HOH l'OMO· rapMOHHK 

l'CHH3llLlHH 

1 
23TBC c H2O 

+o,13 3,90 -0,27 
301nK 

45TBC c H2O 

2 4,An c H20 +-0,45 4,63 +o,47 

275 nK 

44TBC c H2O 

2' 4,Ufl 6el H2O +o,02 4,25 +o,06 

276 IlK 

49TBC c H2O 

3 4An 6e3 H2O +o,59 4,13 +o,75 

271 nK 

48TBC c H2O 

3' 4.Un 6e3 H2o -t-0, 12 3,72 -t-0,31 

272 ITK 

56TBC c H2O 

4 12,llil c H2 0 -t-0,14 3,47 -0,43 

256 IlK 

71TBC c H2O 

5 12.un 6e3 H2o +-0,17 2,65 -0,31 

241 nK 

89TBC c H2O 

6 32.Un c H2O -t-0,24 3,96 --0,33 

203 IlK 

7 
18TBCcH2O 

+o,40 3,63 +o,40 
306 nK 

8 
22TBC 6e3 H20 

+o,23 4,52 --0,13 
302 IlK 

• TDC - TeMOBbl,QenlllOUUIII ~pKa; .nn - AOllOJIHIITeJlbHblH nor­
JIOTHTeJlb; TIK - "nyCTOH KBHIIJI~ . 
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OTKJJOHemte pnc11eTHblX 3Hn11e1mi1 311eproBLIAeJ1eH1tH OT 

3KCnCp11MCIIT8JlbHblX )l.flHHhlX (B % ) no 0.D.II0MY 113 pnJ1HllJlbllbtX 

HnnpaBJJCHIIII c6opKU ZR-6 c K0HQ)llr)'pat~ueit 101/101 (a) 11 51/51 (6): 
MCT0.D. nooepXH0CTllb!X rnpM0HHK; - - - - Mero.n l'OM0l'C· 

Hll38ltHH 

3AKJ1lO'iEHHE 

Ko1>mJJeKc nporpaMM WIMS-SU no3som1eT csepx B03-

MO)KHOCTeH K0MnJieKca WIMS-D4 npoBOAHTh: 

- pacqeT 3q>q>eKTHBHblX xapaKTepHCTHK 51qeeK, 

ucnoJih3yeMhlX B CeT04HhlX nporpaMMax Tuna JOSHUA, 

60KP, TTEPMAK AJISI .11.syMepHh1x (c ytJeT0M B; s xapaK­

TepucrHKax Sl4eeK) H TpexMepHb!X paCI.JeT0B peaKT0p0B Me­

TOJJ;0M rrosepxHOCTHbIX rapM0HHK B HH3WeM npu6JJmKemm; 

- pac4eT MaTplil.l ~o H 1\. HCDOJlb3yeMblX B YT04-

HeHHbIX KOHetJuo-pa3HOCTHhlX nporpaMMax Tuna HEM3 

AJUt pac4eTa peaKTopoe; 

- paCIJeT 6H6JIHOTeK BbIWenepe'lHCJieHHblX MaJiorpyn­

JIOBbIX xapaKTepucntK 511JeeK C HCJI0Jlb30BaHHeM uepaBH0-

MepHOH ceTKH no napaMeTpaM, Ja.nasaeMhlX no MeTOp;y 

\n -nOCJieA0BaTeJibHOCTH, C noCJieD;ylO~HM npe.11.crae-

JieHHeM HX B BH.ne TTOJIHHOMOB OT 3THX rrapaMeTp0B. 
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TTPl,fJJO)l(EHWE 

METO,ll, nOBEPXHOCTHbIX IlCEB.IJ;OHCTOtJHHKOB 

1. MeTOA nosepXH0CTHblX nceBAOHCT0LIHHKOB 

( MTI III1), npeAJJO:>KeHHbTH H. M. JianeTHHbIM, srsnsie-rcsi Me­

TOAOM pemeHH51 ypaBHeHH51 nepeuoca HeHTpoHOB. B 0CHOBe 

MeTOAa Jle:>KHT HCnOJJb30BaHHe <pyHKU.mt rp11Ha B 

no.o;o6nacr.six (30Hax) l H3 Y.OT0pblX COCTaBJieHa BC51 o6JiaCTh. 

BHyTpH ~OH MaKpoce'lleHHSI B3aHMOAeHCTBlUI ue1'hpOHOB C 

BelJ..leCTBOM C'lHT3lOTC51 He 33BHCSllJ..IHMH OT K0OPAHHaT. Pe­

rneHHe B Ka~OH 30He 33BHCHT OT HeH3BCCTHblX 3HaKone­

peMeHHblX (ncee.no) HCTOLIHHKOB, pacnOJJ0:it<:eHlil,IX Ha 

rpaHHU.3X 30Hhl. l•fa Tpe6oeaHHSI HenpepbIBHOCTH (no nyqy) 

peweu11si Ha rpauuu.ax CMe)l(HblX 30H nony,.iaeTcsi CHCTeMa 

HHTerpaJibHbIX ypaBHCHHH AJ151 onpeAeJTeHHSI 11HTeHCHBHO­

CTeH nceBA0HCT0IJHHK0B. 

2. llJJll pemeHHSl 3T0H CHCTeMbl ypaetteHHH pa3BHT 

npu6nmKeHHhlH MeTOA, Ha3BaHHhlH GP_-np116nm1<em1eM. B 
/1 

HeM <pyHKU.HH rp11Ha npe.11.CTaBJICHbl pa3JIO)l(eHHblMH no 

ccpepHtteCKHM Q)yHKU.HSIM (HHAeKC n) OT yrnoB JIOJJeTa HCH­

Tpoea H no <PYHKU.HHM, 3aBHC.5U.l.{HM OT K0OPAHHaTHbTX yr­

JI0B (HHAeKc p). Mcnonh30BaHHe n11x pa3JJO)KeHHit 

npHBO.IJ.HT K CHCTeMe anre6paH1JeCKHX ypasHeHHH AJISI M0-

MeHT0B <PYHKU.HH, 0ilHCblBalOtu.HX nceBA0HCT0I.JHHKH. 

Ocra1meHHe B 3TOH CHCTeMe nepBbiX HeCKOJlbKHX ypae-

HeHHH .naeT c11creMy ypasHeHHH Gfi-np116nm1<eH11sr. Ycnex 

MeTOAa o6yCJJoeneH nonyqemteM YJi.OOHhlX wu, Bbl1.JHCJ1eH1u1 

Bblpa)KeHHH .AJIR M0MeHT0B ct>yHKU.HH fpHHa B OCHOBHblX 

CHCTeMax K00PAHHaT: AeKapT0Boii, c4>ep1111eCKOH 11 

U.HJJHHAPHlleCKOH. 

3. MeTOA MTITIM CJieAyeT OTHeCTH K HHTerpaJibHblM, 

IlOCKOJlbKY HenocpeACTBCHH0, 6e3 onpeAenemrn peweHHSI 

B Ka~oH T0I.JKe o6naCTH 113 CHCTeMbl ypaBHeHHH Gfi­

npH6JimKeHHSI HaXOASITCSI yrJIOBble MOMeHTbI peweHH51 Ha 

rpaHHu.ax 30H. 1{3 6anaHCHblX CO0THOUieHHH 3H3HHe T0KOB 

Ha rpaHHu.ax 30H noseonS1eT nerKo onpeACJJHTb cpe.nu11e no 

30HaM IlOT0KH. 8 CHJIY HHTCrpaJJbHOCTH MeT0A npH BblCOKOH 

T0llHOCTH onpeAeJICHHSl Ha116onee HHTepecytoiu.11x "ccne­

)\0BaTeJISl ct>YHKU.HOHaJIOB y)Ke B Ha'l3JlbHblX 

np116J1H)l(eHHSIX o6ecnet.JHBae-r 3KOH0MHIO Bbl\lHCJIHTeJJb­

Hhl.X 3aTpaT no cpaBHeHHIO C TaKl1MH MeT0.11;.IMH, KaK SIi, 

P,1-MeTOAbl, MeT0Abl xapaKTepHCTHK, a TaK)Ke C APYrHMH 

HHTerpaJibHblMH MeT0AaMH - MeT0A0M BCpoSITHOCTCH nep­

BhlX CTOJIKHOBeHHH (B11C), MCTOAOM noaepXHOCTHblX T0K0B 

{TIT). 

4. Tio cpaaHeHHIO c MCTOA0M BllC 11 TIT noMHMo ablroJJ. 

no Bhl\lHCJIHTeJJbHhlM 3aTpaTaM B HaH6011ee pacnpocrpaHeH­

HblX MOJJ.H(pHKaU,HSIX B03HHKalOT AOITOJIHHTeJibHble npeHMy­

w.ecraa: 

- HMeeTCSI B03MO;)KH0CTh Bb[l{HCJTeHHSl no nyTH He­

CKOJlbKHX nepBblX YrJJ0BblX MOMeHT0B peweHHSI B K0HK­

peTHhlX TOt.JKaX 06.JiaCTH; 31'0 BaX<H0 AJ)Sl pac4eTa xapaK­

TepHCTHK stt.JeeK THJia MaTpHU, CBS13H Ha HX rpam1u.ax TOKOB 

11 IlOT0K0B (HJIH ypOBHei1) HeHTpOHOB; Tatrne xapaK­

TepHCTHKH ueo6xo11.HMhl AJISI peweHHSI peaKT0PHblX ypaB­

HeHHff, B03HHK3l0lll.HX B ycoeepweHCTB0B3HHhlX cxeMaX 

T11na MTTr; KpoMe Toro, yKasaHHoe csoHCTao Me-ro.11.a 

none3HO np11 BhlllHCJleHHH noK333HHH ,l:\eTeKTOp0B He:ihpo­

HOB; 

I 
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- y11eT aHH30Tpomm pacceS1HHS1 mo6oro nop.sr.a,Ka B 

MIIIlM: npHB0,zl;HT JIHIIII, K He3H3'1HTeJlbHOM)' yCJI0JiCHeHHIO 

pac11eTa, Toma KaK B MeTo.n;ax BITC H noBepxHoCTHhlX To­

K0B npHBJietfeHHe .zl:0llOJlHHTeJibHhlX M0MeHT0B H~HKaTpa­

Cbl pacce5IHH.SI Be.n;eT K peaK0MY YBeJIH'leHHIO nop.sr.a,Ka 

CHCTeMbl ypaBHeHHH H, CJie.n;oeaTeJibH0, K 3Ha'IHTeJibH0MY 

YBeJIH'ljeHJUO Bbl'ljHCJIHTeJibB1ilX 38.TpaT. 

5. IloMHMO nporpaMM, some.n;nmx e KOMn.neKc WIMS­

SU u KpaTKO oxapaKTepH30BaHHI:.IX B omtcaHHH ero, HMe­

IOTCSl TaK.lKe CJJeAyJOIQHe: 

- O)l_HOCK0p0CTHaSI nporpaMMa pacqeTa IlJIOCKOti 

HlleHKH c YlleT0M aHH3DTJIOilHH pacce.11HHSI MeTO,zi:0M noeep­

XH0CTHhlX nceBJl.OHCTO'IHHKOB; 

- 0.D;HOCKOpOCTHaH nporpaMMa paCtfeTa lJ,HJIHHJl.PHtfe­

CKOH Sl'ljeHKH C YtfeTOM 3HH3DTponHH paCCe511ilUI MeTO,IWM 

nosepxH0CTHhlX nceBA0HCTO'ljHHK0B IIPAKTHHE~ S<ll 
(AP); 

- nporpaMMa nenTpoHHoro rpynnoBoro pacqeTa rum­
CKoii Sl'leHKH peaKTopa; 

- nporpaMMa HeuTpoHHoro rpynnoaoro pacqeTa 

u,JIJlHHJJ.PH ... ecKoH Sl'leHKH peaKTopa. 

B nocneAHHX ABYX nporp3MM3X HCIIOJib:30BaHa MHOI'O­

rpynnoBaSI ¢yHKU.H.II fpHHa. 3TH nporpaMMhl HCil0Jib30-

BaJJHCb npH H3y'leHHH OT)l_eJlbHblX 3qxi)eKTOB. HeKOTOpbie 

113 HUX npe.a.naraeTC.11 pa3BHTb H BKJIJOtWTb B K0MilJleKC. 

6. IlpuMepbl pac'leTOB: 

a) OAHOCKOpoCTHOH paci1eT KO~qlq>HIJ,HeHTa npourpbl­

wa HeHTpoHoB B ABYX30HHOH IJ,HJIHHJl.PH ... eCKOH ypaH­

rpacJ>uTosoii si1.1eiiKe: 

p
1
-npu6mu1<eHne ........... l,5109 ........ G1 ••••• 1,796 

p3-npH6nm1<eHHe ........... l,708 .......... G3 .. , .. 1,784 

p
5
-npu6nn.lKeHue ........... 1,756 .......... G5 ••••• l,782 

MeTo.a; MoHTe-KapJio •••. 1, 780 

6) 20-rpynnosoir pactieT SitJeHKH PfiMK MeT0AOM 

noeepxH0CTHhlX nceBJJ;0HCTO\JHHKOB no nporpaMMe KJIA­
PA: 

XapaKTepHCTHKa KJIAPA 
at WIMS-D4 PU• 

11'4ei'1u1 3 

Koo 1.2971 1,3000 (0,2) 

LT 
a 0,004654 0,004708 (1,2} 

}:~ 0,001291 0,001299 (0,6) 

y}:T 
f 0,006775 0,006872 O,S) 

1•l:j 0.0007731 0,0007741 (0,1) 

rs2+1 0,005693 0,005737 (0,8) 

, .. MIIII 52 110 

IlpHBC)leHO npou.eHTifoe OTJIHqHe pe:lYJlhTQTOO OT ARllllblX npor­

paMMbl KJIAPA. 
•• BpeMA pacqero 11'4eHKH ua 3DM EC-1055. 

IIPHJIO)KEHHE 2 

METO,!J. IIOBEPXHOCTHbIX r APMOHHK 

l{.nH Il0BblilleHHSI 6eaonaCHOCTH I{ 3KOHOMH'ljHQCTH 

~epHblX peaKTopoe HenpephlBH0 umyTCll H cnoco6hl Il0Bbl-

meHHSI TO\UI0CTH pac'l.eTa HeHTpOHHblX noJJeH B peaKTopax, 

He Tpe6y10m11e 38MeTHOro yeen11:11eHHSI Bhl'IHC..1HTCJibHblX 

3aTpaT. 

Mei-0.11, noeepxHOCTHhlX rapM0HHK (MITf), paaeueae­

MliH rpynnoH HCCJieAoeaTeneri eo rnaee c H.H. JlaneTHHhtM, 

Il03BOJISleT ,zl;OCTHl.lb (c HC3H3'1jl1TeJlhHblM YBCJIH\leHHeM 

BliltJHCJIHTeJJbHblX 33TpaT) yMeHbWeHHSI MeT0.ZJ;H'leCKOH 

norpemHOCTH pac ... e-ra, HMeromeiicH B cymecrsy10mnx noA­

X0Aax, AO ypoBH51 norpewH0CTH, CBSI38HHOH C tteonpe)l_e­

JieHHOCTblO 3H8HHSI MHKp0K0HCT3HT. 

C M3TCM8TH'ljCCKOH TOI.IKH apeHJUI MTif npe):!CT3BJllleT 

co6oii MeTOA nocrpoeHHll K0HetJHo-pa3H0CTHblX ypaeHeHHfl 

IlOBblWeHH0H TO'IH0CTH, OilHChlBalOIQHX HeHTpoHHhTe n0JISI 

B reTeporeHHhlX pea1<Topax. Cne~Hq>HKa peaKTOPHhlX aa­

A8'l Tpe6yeT pa3ll.eJiemrn pac'l.eTa ua 31'an pac11eTa ll4CHKH 

H (HJIH) K8CCeTI,I H 3Tan pacqeya nom1 BO BCeM peaKTOpe. 

B CBSl3H C 3THM K0He'lH0-pa3H0CTHbTH IT0AX0A 51BJUleTCll 

ecrecreeHHblM. KpoMe Toro, CTpyKTypa aKTHBHOH 30Hbl 

peaKTOpa H8KJl3)l_l,IB8eT orpaHH'ICHHll Ha war CCTKH ITPH 

K0HetIHO-pa3HOCTH0M n0AX0D,e, H CTpeMJJCHHe K yMeHb­

meHHJO norpewH0CTH pac"leTa o6yCJIOBJ1HB3eT 0TKa3 OT 

npocreiimux K0HetfH0-pa3HOCTHhlX anrrpOKCHMa~HH. 

KotteqHo-pa3HOCTHble ypaBHCHHSI B Milr Il0JIJ'l3IOTCSI 

CJie.11.YIOIQHM oopa30M: 

I) pemeHHe Hll(eTC51 B BH.ne cyMMbl npo6HblX 

<PYHKU:HH, Ka,K)l_a.11 H3 K0T0pbtX npe.11;noJJaraeTCSI yn;0BJleT­

B0P.IIIOW.eH ypaaHeHHIO TpattcnopTa HeHTP0H0B B onpe):!e­

JieHHOH S11.1eHKe (WI11 "MOAe"); Ka)K.[lasi 113 tta6opa npo6Hb!X 

<l>YHKIJ.HH, OTH0CSIW.e:OCSl K Bbl):!eJleHHOH S11Je11Ke, 0TnJilla­

eTCSI OT n;pyrnx aa.o;aHHblM yCJI0BHeM Ha rpaHm . .i:e ll'!CHKH; 

nocK0JihKY npo6HJ>1e q>yHKl.J:"" KJ1aCCHQH1U.HPY10TCS1 no 

rpaHHlfHhlM yCJJOBHSIM, Ha3hIBaeM HX nosepXH0CTHblMH rap­

MOHHKaMH; 

2) C HCil0Jlb30BaHHeM HeKOToporo eapHaUH0HH0ro 

npHH.U.Hna HaX0,O.HTCll CBSl3b Me:it<AY aMnJ111Ty.a;a11111 noeep­

XH0CTHbIX rapMOHHK, 0THOCSIW.HXCSI K CMeJKHblM 51qe11Ka111; 

npH 3T0M HCIT0Jlb3YeTCSl TaK)l{e CBSl3b Me)K.!J.y 'ljf!THblMH H 

He'ljeTHblMH YrllOBhlMH MOMeHTaMH peweHHII s OTAeJibH011 

S111el1Ke; 

3) II0JIY\leHH3SI CHCTeMa anre6paH4CCKHX ypaeHCHHl1 

npeo6pa3yeTCSl C n0MO[UblO HCKJIJ04CHIIII HCK0T0phlX 

HeH3BeCTHblX H BBC,IJ.eHHSI H0BbIX HCll3BCCTHblX K T8K0MY 

BH.ll.Y, tITO s Ha1.1a11hHbIX np06;m.ll<eu11Slx MIIr CHCTeMa cTa­

H0BHTCSI CXO.lJ.HOH C ypaBHeHHSIMH ODbfllHOro MeT0,IJ.a roMO­

reHH331J,HH. 

OnHCaHHblH MeT0,11; 6blJI 1tcnoJib3083H ,QJJ!l nony4CHl1Sl 

KaK ypauHeHHH, om1Cbtea10W.HX II0J!e BHYTPH KacceThl, TaK 

H ypaeHeHHl1, 0ITl1Cb1Ba10ll\HX none RO BCeH aKniBHOH 30He 

peaKTopa. 

B03HHK810W.He YTO'IHeHl151 M0::>KH0 KJl3CCH¢,111.1.11poaaTb 

CJICAYIOlllHM o6pa30M. 

I. Oc1w<111aJL nonpa<1,ca 11a ",cpyn1-1.b1ii. iuaz". flp11 noc­

TpoeHHH ypasaeHHH MITr TOK He1hp0Hoe qepe3 rpatt11uy 

CMe,KHhlX Sl'leeK 0Ka3h!BaeTCSI He nponopu,HOHa,,eH pa3-

H0CTH cpe,!IHHX O0T0K0B B lltfeHKax. Ero, 0,[IHaKo, M0:iKHO 

3an:ncaTb (B HH3KHX npH6JIHJKeHHSIX) nponopUl10H3JlbHblM 

pa3HOCTH BeJlH'fHH, xapaKTepH3YIOW.HX 3Tl1 ll4CHKH H Ha-

3B3HHhlX B MTTf ypoBHSIMH HeHTpOH0B B Sl4Cl1K3X. floC-
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JJC,ll.HHH npe.11.craBJJ.HeT coooii npoH3Be,ll.eHHe Cpe,!1.Hero IIOTO­
Ka B SllfeHKe Ha MHO,KHTeJJb, xapaKTepH3YlOIIJ,HH HeKOTO­
pblM o6pa30M KpHBH3HY pacnpe,AeJieHH51 HeHTl)OHOB 06cyxc­
naeMOH rpynm,1 eHyTpH 3TOH sl'leHKH. B npoc-reHmeM CJJy­
qae, Kor.11.a .H\feHKH l'OMOreHHble H paccMaTpHBalOTC.51 B 
onHoA: rpynne, no.11.o6HhlC nonpaeKH "Ha KPYITHhlH war" 
B03HHKaJIH B pa6o-rax AcKblO, TaKe,ll.bl H .11.pyrHX aBTOpOB. 

2. Y•iem o,cpy:11:e1-tu11. Jt•1eii,cu npu pacl{eme ee xapa,c­
mepucmwc. Manorpynnosasi annpoKCHMaU.HSI B Mnr 
npOH3B0,ll.HTCSI JIHWb Ha rpaHHU,aX Rtteex. BHyTpH xa~OH 
.!l'ICHKH npocrpaHCTBeHHo-:mepreTH'leCKOe pacnpe,!1.eJJCHHC 
na:)J(e e npenenax OJJ:HOH rpynm,1 OKa3hlBae-rcsi cynep­
nosHu,HeH HeCKOJibKHX <PYHKU,HH. Beca, C KOTOpbIMH BX0,!1.llT 
3TH cj)yHKU,HH, onpe,!1.eJl.HIOTC.H noCJie peweHHSI 3a,,ll.aq11 BO 
BCCM om,eMe. TaKHM o6pa30M npOH380,ll.HTCll yqeT oxpy­
X<CHHSI 51qeffKH. 

3. Ymo•me11ue zpynnoaozo 3a,co1-ta <l>u,ca. B Mnr 
803HHKaeT TIOJIH3SI (He.11.HarottaJ1bH351) MaTpHu,a K0-
3q)q>HU,KCHTOB J:U,fCt,cl)y3HH, T.e. TOK HeHTp0HOB Ha rpaHKU.e 
.514eHKH 3aBHCHT He TOJlbKO OT pa3JlJ1lHHI ypoeHeH He:ihpo­
HOB B coce.AHHX Sl4eHK3X, HOH OT aHanorHlfffblX BeJIHllHH 
JJ:Jlll JJ:pyrnx rpynn. 

4. Y•iem (JblCUJUX npocmpa1-tcmaeHHblX eapJ.tOHUIC. 
Korna war peweTKH CT3HOBHTC51 ,!1.0CT3TO'IHO BeJlHK 
(HanpHMep, e CJtyllae paC'leTa peaKTopa, 30Ha xoToporo 
coCToHT 113 xacceT pa3MepoM nop.H,!1.Ka o6paTHoro 
"6aKJll1Hra"), npHo6peTalOT 3HaqeHHSI nonpaeKH, CBSl33H­
Hbte C YlleTOM BblCWHX npocrpaHCTBCHHblX rapMOHHK, lJTO 
<l>opManbHO BhlrnSIAHT K3K YBeJIHlJeHHe llHCJia rpynn B 
C1tCTeMe ypaBHeHHH. 

5. Tpa11cnopmH&ie nonpae1Cu Ha zpaHuu,ax JL•1ee,c. Tax 
KaK H3 HCOOJlb30BaHHSJ BapHaU,HOHHOro npHHt.nma CJJe.zi.yeT, 
4TO ,AalKe . B HH3KHX np116J1H)!(eHHSIX Mflf MO,KeT 
npOH3B0.1J.HTbCSI ClllHBKa Ha rpaHmi:ax 511teeK He TOKa H DOTO­
Ka HCHTpoHOB, a TOKa H JlOK3JibHOro ypoBHSI HeuTpOHOB, 
OTJ!lt'¾3l0lll.erocsi OT nOTOKa BKJIIO'leHHeM HeKOTOpoH ,ll.OJIH 
BTOph!X ymoBblX MOMeHTOB pe111eHJUI npH pa3nm1<eHHH no 
ccpep11lleCKHM rapMOHHKaM, nonyllalOW.HeCll ypaBHeHHSI 
OK□3blB3IOTCSI ·6onee T04Hb!MH. 3TH nonpaeKH oco6eHHO 
B□X<Hhl wu1 onncaHl-151 no;rn Hei1TpOHOB BHYTPH xacce-r, a 
T3K)l(e JJ.JISI ManblX aKTHBHblX 30H (nanpnMep, J::IJlSI HCCJie­
.lJ.0B3TeJJbCKHX peaKTOp0B). 
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KOMBHHATOPHbI8 rEOMETPMqEcKKR MO,AYJlb COMBIN 
,Il;Jl.sl MO,IJ;EJJHPOBAHMSI TPAEKTOPHR HE8TPOHOB 

IlPH PACIJETE PEAKTOPOB METO,AOM MOHTE-KAPJIO 

A.H. Mop,qBHHOB 

OnKcall KOM6KH8TOpHbltt reoMeTpK'ICCIU1H MO)O'nb COMBIN J\1151 pactJeTa MCTOAOM MoHTe-KapJIO peaKTOpHbLX CHCTeM TpexMep11oft re0Merpm1. 

TTpHBC)ICHbl ACMOHCTp0IJ,K0HHblC pac'leThl KpKTH'ICCKOH c6opKH. 

THE COMBINATORIAL GEOMETRIC MODULE COMBIN FOR NEUTRON TRACKS MODELING IN REACTOR CALCULATIONS BY MONTE­
CARLO METHOD. A.N. MORDVINOV. The combinacorial geometric module COMBIN for lhreedimenslonnl reactor systems calcula1ion by Monle-Cnrlo 
method is described. The critical assemblies demonstrative calculations are considered. 

Mcxon;.11 H3 noTpe6uoCTeu paet1e-ra peaKTopoe, reo­

MeTpHH KOTOpbIX He Il0A,ll.8IOTCll 0DHC8HHIO C Tpe6yeMOli 

T0l{H0CThlO cneu;HaJIH3Hp0BaHHhlMH l"COMCTPllllCCKHMH M0-

n;ymIMlf (1 - 4 ), II0SIBHJ13Cb HCOOXO}:(HMOCT!, pa3p300TKH 

reoMeTpHlleCKOro M0}:(YJlll KOM6nuaTopuoro nma. 3TOT MO­

AYJlb AOJlXCCH 6hlJI C0'le'r3Tb B ce6e: BblCOKyJO 3K0-

HOMHllHOCTh C u;eJihIO 11ClI0Jib30BaHH.sl ero B pac'lerax Ha 

3BM c M3Jloii na111.11T&JO (B3CM-6), 6b1CTpon;euCTBHe, 

cpaBHHM0C c 6b1CTpo,qeHCTBJ.'ICM cneu,uamrnnpoBaHHblX M0-

AYn~H, npOCT0TY 33}:(3HIUI HCX0:IJ;Hb!X ,ll,3HHblX, ,ll,HHaMH'le­

CK0e pacnpe,!1,eJieHHe naM.!ITH, YHHBepcaJlhHOCTb OXB8Ta 

npaKTHlle<:Knx K0HCTPYKIJ.HH. 

reoMeTpHllCCKHH KOM6HH3TOPHhlH M0AYJlb, YA0BJieT­

B0P51IOI.IJ,HH nepe•mCJICHHblM Tpe6oeaHHSIM, 6b1J1 C03A3H. OH 

nonyqM Ha3sam1e COMBIN. C aTou IJ.e.JJbIO 6hVI Bblpa6o­

TaH npen;CTaBJieHHhlK B:IJ;aHHOH CTaTbe non;xo,ll,, 0CH0BaHHblH 

Ha HClI0J1b30B3HHH 3JICMCHT0B KOM6HH3TOPHOH reoMeTpHH 

[5 - 6]. 

TiporpaMM3 M0AYJJSI HMeeT 6Jt0l{HYIO opraHH38ll,HIO. 

TI0,!1,06H1,1it npHHu,Hn CT8HAapTH3aU.HH ncnon&aye-rcsi B 

naxe-re npHKJiaAHblX nporpaMM KE.UP (7 - 8 ]. A.nropHTM 

Ka~oro nporpaMMHOro 6JIOKa 0!ITHMaJtCH C T0llKH 3pCHHll 

ero 6hlCTp0.QCHCTBHX H o6CJJy)KHBaeT onpC,l\e.JlCHHblH Tiffi 

npoCTeBIIJeii reOMCTpI1H HJIH pemeTKH. B 3T0M nJJaue HMC­

eTC5l HCK35l. aHaJI0fflll co cneJJ,H8JIH3HpOB8HHblMH Mon;y­

JIJIMH. 

C L1eJ1blO 3q>(peKTl1BHOl'O 0TIHC8HH.!I reoMeTp11ii, 

COCT0511Il,HX H3 OOJihlllOl'O '!HCJla K0MilOHCHT, B M0,ll,yJie 

HCil0Jlh3YeTCSI HepapXM'lCCKHH npHHU.Hil npe,!J,CTaBJieHlfSI, 

KOTOphIH 8H3Jl0I'H'!CH 0ilHCaHH0My B pa6oTe [5 ). B ,ll,8HH0M 

Il0}:(Xon;e HepapXHl{CCKlfH npHHLU,Hl 0}:(H0BPCMCHHO BblilOJI­

HllCT Q>YHKU.HH K0HCTpyHp0B3HHSI reOMeTPH4CCK0ff MO,ll,eJIH 

C0BMCCTHO C KOM6HH8TOpHblMH ooepau;mn,m H napa­

MeTPHlleCKlfM 33}:(aHHeM q>opM H pa3Mepos npoCTeHWHX re­

OMeTpHH. 

l13BeCTHO, l(TQ M0AYJIH Bb!COKOA YHHBepcaJibH0CTll 



Tpe6yJOT cncu.uaJibH0ro BXOJl.H0ro 513b1Ka co CJIO.llCHhlM 

CHHTaKCHCOM [5, 8 ). }lJUI ,llaHH0ro MOJ:IYJUl npo611eMa 3a­

.Q3HH51 A3HHblX peweHa nocpCJJ;CTB0M C03,ll3HH51 3BTO­

MaTH3Hp0B3HHOH CHCTCMl,l HHTepaKTHBH0ro BB0,l(a reo­
MtrpHH COMDI. 

3H31{ffTCJJhH3SI 3KOH0MHI.JH0CTb ,ll3HH0l'O M0..QYJISI 

.QOCTHrHyTa T3K.l!Ce 33 Cl{eT aBT0MaTJf3HpoBaHHOH KOMD0-

HOBKH ero TeKCTa H ODTHMMbHOH HaCTpoHKH pa6ol{HX 

M3CCHBOB no sapH3HTY 3a..QalJH. 3n( <l>YHKU,HH BblTI0JIHSleT 

cneu.mlJlbH0 co3..Q3HHaJI c»CTeMa COMP AG, oceoeaHHasi Ha 

HCD0Jib30BaHHH HHTepaKTHBH0ro MaKponpou.eccopa IlA­
rEH (PGN) (9 ]. 

Mo..QyJib COMBIN H CHCTeMbl COMDI-COMPAG yc­

newHo anpo6ttpoeaJIHCb e paClJCTax peaKT0PHhlX c6opoK Ha 

3BM 63CM-6. 

B pa6oTe npeJ].CT3BJTem,i OCHOBHble D0JIO)l(CHHSI Me­

T0.qHKH ODHC3HJHI J'COMeTpHU, CTpyKTypa a.nropHTMa MO­

AYJI.SI. BhlnOJIHCHhl .ACM0HCTP3ll.HOHHble P3CllCTbl ITOJIHOM3C­

UITa6HOH KpHTl1tJCCKOH c6opKH, np11ee.zi:ettbl xapaKTepHble 

napaMeTpbl pa6oTbl MOJ:IYJISI. 

IlOHSITHSI H OflPE.lJ.EJlEHH.SI 

nnSI 0DHC3HHSI reoMeTpHH CHCTeM BBC)l.eHbl D0H.!ITHSI: 

o6nacTb (OBL>, OObCKT (OBJ) H peWeTKa (LAT). 
B o6r.ueM CJiy1.Jae reoMeTpullecKaSI 0611aCTb 

orpaHHlleHHa.11, 3:lMKHyTa.11, MHOI'OCB.!13Ha.!l o6naCTb McR3• 

B ,ll.3HHOH pa6oTe paCCM3TPHBalOTCD reoMeTpH'leCKHe 

o6naCTH, HMCIOIIU.fe BHA npSIMbIX npH3M, OpHeHTHp0B3HHblX 

B):{0Jlb OCH z. Heo6xOJJ;HMOCTb BBCACHlur o6nacTeti B03HHK3-

CT no npH'IHHe reTeporeHHOCTH CHCTCM. Ka)l(Aa.11 OOJJ3CTb 

xapaKTCPH3yeTC:II cpopMOH, pa3MepaMH, rpam-ittHblMlf yc­

JIOBH.IIMH, MaTepHaJibHblM COCTaBOM. B HeH npoHCXO,!:IHT 

perucrpau.H.11 cpyHKU.HOHaJIOB. Mo..Qe.rmpoBaHHe TpaeKT0pHl1 

B 06.11aCTH ocyr.ueCTBJISleTC.11 CT3HJJ.aJ)THhlM cnoco6oM: pac­

CT0DHHC .Jl.0 ee rpaHim.bl B HanpaeJieHHH J:IBH:lKCHHSI tf3CTHU.bl 

cpaetttteaeTc.11 c AJIHHOK cao6o.o.Horo rrpo6era [ l ]. 
Om,eKT e o6meM CJiy•1ae rrpeACTasn.sieT co6oft CJIO:JKHYtO 

reoMeTpHt/CCKYIO CffCTCMY' C0CT0.!!Ill.YIO H3 KOM6HH3U.IIH 

o6naCTeH K .o;pyrnx o6beKTOB. XapaKTCpHCTHK3MH om,eKTa 

.!IBJIJ!IOTCSI: cpopMa, pa3Mepbl, llOJIO:lKCHHe H opHeHT3U,HSI B 

CHCTeMe K00p.a;irnaT T0l'O om,eKTa, B KOTOpbiH OH BJI0:lKCH, 

BHyTpeHHSIJ! CTpyKTY pa H rpaHHl/Hble YCJIOBlf.11. Tip11 K0M­

ll0HOBKC 061.eKTa MO)l(H0 llCDOJlb30B3Tb KOM6i.IH3TOpHble 

onepaU,HH CJJO)J(CHHSI H Bbll/HT3HHSI otn.eKTOB - 3JICMCHT0B 

peweT0K npH yc.TT0BHH, lJTO rpaHHIJ.bl OObeKTOB, Haxo­

Jl.SlllJ,HXCSI Ha pa3Hb!X ypoBHSIX 8110:>KCHHOCTH, HC nepeceKa­

JOTC.11. fpaHHU.hl o6nacrefl M0ryT npmf3B0~1bH0 rrepeceKaTb­

CSI TOJlbK0 om,eKTaMH, .!IBJISUOlll,HMl1CSI 3JICMCHT311H! pewe­

TOK (pHC. 1, 2). Tiocpe,!:ICTBOM 061.eKTa npml3BOAHTCSI npo-

1.1,CAypa BJT0:JKCHHSI 3JlCMCHTOB peaKTOPHOH CHCTCMbl ,npyr B 

JJ;pyra. 

B peaKTOPHblX CHCTeMaX, KaK npaeHJio, BCTpe<1aIOTCSI 

0.Jl.H0THllHbie 3JICMCHTbl, pacnonoX<eHHble ynop.11.11,0'!eHHO, 

ttanpHMep, KacceTbl B Tpeyl'OJihH0H pellleTKe, peweTKH 

opraHOB peryirnpoB3HH.!I. B npe.o.CTaeneHHOM M0AyJie pa3-
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pa6oTaHbl cneu.HaJJbHble a.nropHTMbl noCTp0eHH.11 Tpaex­

T0PHH B HCCK0JlbKHX THnax pemeT0K, 3JICMCHT3MH K0TOpblX 

M0ryT 6b1Tb OOhCXTbl pa3JUt'!Hb!X THDOB • 

PellleTK3MH 6yAeM H33b1B3Tb ynop.5U104CHHble onpe)J;e­

JieHHblM o6pa30M reoMeTpHlJCCKHe OObCKTbl, HMeIOlll,He 

0JJ;HHaxosyio suyTpeHHIOIO reoMeTpHt/ecKyIO CTPYKTYPY H 

BJI0)l(CHHble 11,eJIHKOM B 0AHH H TOT )KC OObCKT' Haxo­

.ASllll,HHCD Ha 6onee BhlC0X0M ypoBHe uepapxirn. Tio CB0eMy 

MaTepHaJibHOMY coc-raey o6beKTbl, exo,nS11ll,11e e pewe-rKy, 

y 

PHC. 1. Tionepe•utoe ce4em,c OllJA, COCTORl1.\Cl'O H3 .IJ.BYX om.ekTOB H TpeX 
OOJlaCreH 

y 

P•1c. 2. nonepe•1Hoe ce•1em1e OBJB, no11y•Ie1111oro HJ ODJA nyTeM norpy­
JKeHHll e 110CJ1c)lm1•1 peweTOK LATI u LA T2 

MOryT pa3Jll11.J3TbC.!l. Ha pnc. 1 IT0K33aH eapJf3HT KOMIT0-

H0BKH OBJA, HJ KOToporo nyTeM rrorpy,tceHHSI e Hero pewe­

T0K noJiylleH 6onee CJI0)KHbJH OBJB (cM. pHc. 2). O.o.Hoe­

peMeHH0 B OObeKT M0)l(CT 0blTb norpyll<eH0 HCCKOJlbKO 

peme-roK. 

nPEACTABJIEHWE PEAKTOPHOR CJiCTEMhl 

B nporpaMMe Mo..Qyn.11 pea.n113oaaHhl pa3mt'4Hble THnbl 

<PopM o6nacreit H o61,eKTOB: U.HJIHHAP, U.H.IIHHAPH4eCKoe 

K0JlbU.0, np.11M0YJ'OJJbH351, wecrHrpaHH3.!I H B0CbMHrpaHH3SI 

npH3Ma, MOJJ;H<i)HU.Hp083HHWH U.HJlHH,Jl.pH'ICCKHH ceKTOp H 

T.Jl.. PeaxTOpHa.11 CHCTCMa KOM6J!HHPYCTC.!l H3 rrpHMh!Ka-

101.1\HX ,npyr K .Qpyry o6naCTeM, BX0ASII.UHX 8 OObCKTbl, Ha­

X0JJ;Sllll.HCC.11 Ha pa3HblX ypoBHDX BJI0)KeHHOCTH. Cxe­

M3TH'ICCKH peaKT0pHa.11 CHCTCMa MO.)!(eT 6b1Tb npe.o.crasJieHa 

rpaq>oM. Ha pHC. 3 H3o6paX<eH rpacp KOMIT0HOBKH 3KC­

nepHMCHT3JibHOH c6opKH, Il0,!:lpo6ttoe 0ITHC3HHe KOTOpOH 

npHBe,!:leHO a pa6oTe [ l O ]. 
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C6opKa BB3P 

06/IBCTH 0Tpall<8.TMe8 K CT8/lbHblX IUIHT 

OtiJJaCTH MelKl<BHaJlbH0l'O DpoCTpllHCTBa 

O6J.eKT 

O6/IBCTH TJ)llX30HH0l"O TB!IJID 

PHc. 3. rpaq, :'!KCnepHMeHTIIJU,HO>I c6opKH ('ID(;rb rpa4>a He noKl131Uia) : 

O -o6.nacni; o -OObeKTbt; ◊ - OObeKTbl - 3JICMCHTbl pewe-roK 

OPl'AHH3AQHS IlPOrPAMMhl 

B u,eJUIX 3KOBOMKH MamHHHOH naMSITH H AaJlhHeHmero 
pacmHpeHH.H ¢ye:xu,HOHaJThHl,IX BOSMOXCHOCTeH anropHTMa 
nporpaMMa A3HHOro reoMeTpff\lecxoro MOA)'JISI eanecaea s 
6Jro'lHOM BH.ll;e. Ka)KJ(hlH nporpaMMHhlA 6nox eesasnceM e 
MOll<eT 61,lTb HCKnlO'!eH, ecJIH sapeaHT pacqera· He HCnom,-
3yeT ero. AnropHTM nporpaMMhl BhlOMfflleT CJI<:AYIOIIO{e 
IPYHKU,HH: aocrpoeene TpaexropHH s o6.11acrxx H peme-r­
xax, nOHCK npKHaAnCX<HOCTH TO'l.KH o6i.exTy H o6JraCTH, 
IlOHCK HH¢>opMaUHH B MaCCHeax reoMCTpli4CCKHX ,naHHblX, 
p03hirpl,lW HCTO'lHHKOB. Ilpe BhlneTe 'laCTHUhl H3 o6nacrH 
e npou,ecce 6ny~aHlU[ BKJIJO'laeTCJI anropHTM DOHCKa HO­
soro ee MeCTonono~eHHil. ,ll,Jig ycxopeeHil 3TOro rrpouecca 
Ja.n;aeTCSI HH¢>opMaUHil o nepexo.nax B pa~e,ie " rpaHH'IHhle 
YCJIOBH.H", CTeneBb KOHKpeTH3aIUtH KOTopoA onpe.ne.mierc.11 
IlOJib30BaTe.neM. 3,neCb :lKe J~alOTC.11 pa3JIH'IHhle rpaHH'IHlile 
YCJlOBH.ll (JepKaJibHOC OTpaxeeHe, BH.lleT, anb6CAHUe yc­
JIOBHll). 

B nporpaMMe Dpe.llyCMOTpeHlll .n;Ba 6noxa, s KO'rOPl,lX 
aanporpaMMHpoeaH rpa¢ paccMaTpesaeMoii peaxropHOH 
MOJJ;eJIH. B 3THX 6.noxax onpe.zle.lISUOTCSI THnaX<H o6beKTOB 
H o6.naCTeH H B COOTBeTCTBHH C HHMH, qepe3 a.npeCHhle 
MaCCHBlil, A3eTCll CCHJIKa Ha Ha11ana HH¢>opMaUHOHHblX cer­

MCHTOB B COOTBeTCTBYIOID;HX paJ.nenax HCXOJJ;Hb!X .naRHb(X 
reoMeTpHH. 

OilHCAHHEPAC'IETOB 

AnropnTM reoMe-rpnqecxoro MOAYJI.ll COMB IN 61,lJI an­
po6npoeaH B 3all,a'le paC<1eTa 3KCIICpHMeHTaJibHOH c6opxH 
BB3P MeTOAOM MoHTe-Kapno Ha 3BM B3CM-6. Ha pHc. 
3 H3o6paX<eH rpaqi c6opKH. C6opKa npe.z1crawu1er co6oit 
MeTaJIJIH'leCKHH 6aK, s KOTOp.r,di: norpy)KCHO 85 meCTHrpaH­
HhlX xacce-r, pacnoJioX<eHHLIX no TpeyroJihHOH pemerKe c 
maroM 14,7 CM (puc. 4), BHYTPH KOTOphlX H3XOAHTC.II 91 
TpeX30HHhlH TB3JI, co.nepxrnm;uii TOilJIHBHUe T8Q/leTKH H3 
U02 (o6orameHHe l,S%), TB3Jihl pacnOJio)KeHJ,1 no Tpey-

l'OJibHOH pemeTKe c maroM 1, 43 CM (pee. 5). KacceThl 

X 

PHC. 4. CxeMa pacnon0JKCIUlll K.ICCCT B c6opKe (IIOK!lJnH :,11eMeHT 
CltMMCTpH H 60°) 

y 

X 

P11c. 5. CxeMDTH'ICCKoe H306pnlKellHC nonepe'IH0I'O Ce'lemlH KDCCCTbl 

<t>mccHpYJOTCSl B OTBepCTH.llX CTaJihHblX IlJIHT, HaXOJJ;illIJ,HXCSl 
e HHllUICH H sepxHeH 'laCTHX 6aKa. COCTO.IIHHe KpHTH'iHOCTK 
AOCTHraercJr 3aJIHBOM 6axa BOAOH AO KpHTH'l.ecxoro ypoBHII, 
paBHOro 43,07 CM. BOJiee no.npo6Hoe ODHC3HHe 3KC­
nepHMeHTOB MO)J(ffO H3HTl'l B pa6oTe (10 ], a ODHCaHHe xac­
CCT H TBMOB s pa6oTe ( 11 ]. 

T a 6 11 1-1 Ll a 1. Cocrae&1 301i xp,rrH'lecxoii c6opxu BB3P 

HOMep K0HLJ.CKTP81.lHH 
311eNeHT 

X 1024 51,IICD/ CMJ • 
n01tc11c1111e 

cocrana 

:z3su 0,00033481 

I 238u 0,02198600 
TOMHBO 

0 0,04464100 

2 Zr 0,042500 
06ol!o'IKII xacceT 

H TB3/108 

2• Zr 0.041476 
O6onO'IKII KRCCCT H 

Nb 0,0010441 
TB3JIOB C 2,5%-HOil 

nPHMCCblO HHOOIIA 

3 Fe 0.084800 Ct8JtbHblC nJIHTbl 

4 H 0,066750 

0 0.033370 
Bo)UI 

5 0 0,000001 Bo:myx 



B Ka'!CCTBC rpaHH4HblX 6blJIH Bb16paHbl yCJI0BHSI Bbl­
Jl(;Ta, MaTepuaJihHblC C0CTaBbl 30H n0K333Hbl B T36JI. l. Dbl­
JI0 npoeeJJ.eHo .:i,ea pac4eTa: e nepeo111 o6oJJO\JKH KacceT H 
TB:moe COCTOllJ!ll H3 4HCT0l'O U.HPK0HH.ll, a BO BTOpoM 6bUla 
Y4TeHa JJ,o6aeKa 2,5% HHOOH.ll. B o6oux CJiy'iasix y•U1Tbl­
ea,1acb HenpephlBHa.ll 3aBHCIIM0CTb CCljCHIIH MaTepH.lJI0B OT 
3Hepnm. 

.LlaHHhle pactJ:eTa (Ta6JI. 2) Jl,JISI eapHaHTa, Y'!llTblBa­
lO~ero i:106aeKy m106m1, noKa3blBatOT cornacue ero c 3KC­
nepu111eHT0M no K31j> B npeJJ,eJiaX CTaTIICTHtfCCKOH norpew-

HOCTH pactJeTa, paBHOH 0,54 % . HeylfeT HH06ttsi, KaK noKa-
3bIBatOT pac--1CTbl, npH.B0.O.HT K 33MCTH0MY 33BhlilieHHJO 
K3<P CHCTCMhl HaJJ, CAHHHU,CH. 

T a 6 JI II I.\ n 2. PC3Y.llbTaTbl pac'leTOB KPHTH'leCKOA c6opKH BB3P 

TiapaMeTp 
6e3 y4eTn C y'leTOM 2,5%-HoA 

11noom1 np11Mec11 m1o6m1 

Kom1\ICCTBO HCTOptlH 12 600 46 200 

K3<b 1,01375 1,00419 

norpewllOCTb: 

CTan1cT1-1•1ecKDA,M 
0,012 0,0055 

0 OTIIOCHTCJlbHaA, 0 1,1 0,54 

IlpeMA, c: 
113 IICTOpmo 0,792 0,773 
HD CTO.~KHOnemtc 

0,0158 0,0158 

3AKJHOlfEHHE 

Pa3pa6oTaHa tt anpo6upoeaHa nporpa111111a Ko11161-rna­
TOpHoro reoMeTp»qecKoro 111oi:1y1rn COMBIN, npei:1Ha3Ha-
4CHHOrOJI.JJll paCtJCTa peaKT0pHblX CHCTCM C pa3HOnJTaH0B0H 
reoMeTpHeif MeT0/:IOM MOHTe-Kapno. Ilporpa111111a M0:)t(eT 
61>1Tb ncnoJib3oeaHa s cocTaec naKeTa MCU [2 ]. TioJ1yt1eHo 
xopowee cornac11e paC'lCTOB C 3KCnepHMeHTOM. CJIOJKHOCTb 
pact1eTH0H c6opKH, coCToS1~ei1 113 23 468 o6nacTett (reo­
MCTp11•IecKHx 30H), CBHJI.CTCJTbCrayeT 0 AOCTaT0lfH0 
wttp0KHX reOMCTpH'!eCKHX B03M0)l{HOCTSIX M0AYJlll. Bpe­
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TECTHPOBAHKE IIAKETA IIPOI'PAMM CAIJCJ)HP (BEPCHSI 1.4) 
~JU[ PAC11ETA PEIIIETOK IIEPCIIEKTHBHbIX PEAKTOPOB THIIA BB3P 

C.JI. KoaoHoe, B.B. Te6HH 

ITpeJICT8BJICHbl pe3yJ1bTIITbl TCCTHJXlBaHHJI sepc,m naxera nporpaMM CAil<l>HP, npe11naanaqennoA ,D,/111 HeftTpoHHO-<jlH3H'ICCKOl'O pac'leTa peweTOK 

nepcneKTH8HblX peaKTOJXl8 THna BB3P, 8 TOM 'IMCJJe peaxtopoe C TCCllblMH pewencaMH. 

THE VALIDATION OF TifE CODE SAPFIR (VERSION 1.4) FOR THE CALCULATIONS OF TIIE ADVANCED LIGHT WATER REACTORS 
LATTICES. S.L. KONONOV, V.V. TEBIN. The,results of the validation of the code SAPFIR for the neutron-physical calculation of the light waler la1tices 
are presented. Code SAPFIR seems to be useful ror calculation of dlrferent lattice lypes, tight lattices Included. 

BBE,IJ;EHHE 

8 DOCJieAHHe l"OAhl aKTHBHO aHaJIH3Hpyercsr B03MO:iK­

HOCTh YJJ)''IWeHml TOIIJIHBHOro II,HKJJa JierKOB0AHhlX peaK­

TOpoB c noMom;&JO yTecHenrui: pemerKu [l- 4 ]. Ilpu cy­

IIl;ecTBeHRo MCH&mux, 11eM e THIIINHhlX peaKTopax PWR 

HJIH BB3P, OTHomeHIDIX om.eMoe eo.1u,1 H TOIIJIHea e 
aKTHBHOH 30He (0,5 - 1 BMeCTo - 2) YA3eTCSI AOOHTbCR 

3H3'1HTeJibHOro n0BhlllleHH51 K03¢(p~HeHTa KOHBepcuH: OT 

0,S - 0,6 AO 0,8 - 0,9 [l - 4]. 
IlpHHUHDHaJlbHaSI oco6eHHOCTb peaKTOpoB C TecHblMH 

pemeTK3MH - OOJI&ma51 no cpaeHeHHJO c OObl'IHhlM.H PWR 

HJIH BB3P JJ;OJIR uornom;eHHii Heihpoaoe e o6naCTH pa3-
pemenmi1x pe3oBaucoe. ,ll.,ra npaeHJibBOro pacqera 3THX 

peaKT0poB neOOXOAHMa 60Jiee Bl,lCOKa51 (no cpaBHeHHIO C 

cym;ecrey10~MH PWR H BB3P) T0lfflOCT& pac11e-ra pe3o­

nattcaoro nornom;euH.si. OTCJOAa CJieAyer, 'ITO MeTOAHKH, 

HCnOJlh3yeMhle AJUI HeHTp0HHO-<l>H3H'leCKOro paC\fera Tec­
HhlX ypaH-B0.IUIJ,IX pemeTOK, A0JI)K}{bl 6h1Tb T~TeJlbH0 npo­

eepeHl,l He33BHCHMO OT TOTO, HaCKOJlhKO ycnemuo 0HH 

HCnOJih30BaJIHCb J:VISI paC'leTa QOJ,lllftl:,IX BOAO-B0ASIHhlX 
peaKTOpoB. TecrHpoBaHHe CTaHOBHTC51 em,e 6oJJee Heo6-

XOAHMhlM BBHAY SIBHOro HCAOCTaTKa xopomux K pHTH'leCKHX 

3KcnepHMeHTOB npH HY:llCHOM CDCKTpe HeHTp0H0B. 

U:e.nb A3HHOH pa6on,1 - npeACT3BHTb pe3yJibT3Tl,l 

TeCTupoeanHR eepcHH 1.4 naKera nporpaMM CAIT<I>J1P [S ], 
npe.z,;Ha3Ha'leHHOH AJUI pacqera pemeTOK nepcneKTHBHhlX 

peaxropoB THna BB3P, e TOM 'lHCJie peaKropos c TeCHhlMH 

pewerKaMH. TeCTHpoeauHe npoBe.z,;eHo 11epes conoCTaB­

JieHHe c pe3yJibTaTaMH pacqeTa no naKeTY nporpaMM MCU 

[6 ], B KOT0pOM PeaJIH30B3HO pemeuHe KHHeTH'lecKoro 

ypaBHeHH51 nepeHoca HCHTpoHOB MeTOAOM MoHTe-KapJIO. 

KoncraRTHoe 06ecne11eHHe AJIR CAII<I>HPa u MCU ocno­

eano ua 0AHHx H Tex ::.::e <t>aHJiax oueueHHhlX .t:1aum:i1x, TaK 

'lT0 TeCTHp0B3HHIO no.z,;sepraercR HMCHHO MeTOAHKa pac­

'ICTa. 

Paoora COCTOHT H3 '!eThlpex qacreii. CHa'laJia 

upHBOAHTCSI Ha6op Bhl0paHHhlX TCCTOB, 33TeM pactfeThl no 

naKeTaM CAIT<I>HP H MCU cpaeHHBalOTCSI no HHTerpaJib­

H0MY DOK333TeJIIO - K03<1><t>HUHeHTY pa3MH0)KeHH51 6ec­

KOHC'IHOH pemerKH. IloCJie 3TOro AOD0JIHHTe..rihHO npo­

BO.z,;HTC51 6oJiee TOHKOe C0D0CTaBJieHHe - no 'IHCJlaM 

peaKl,\HH JJ;JI51 p51,!1;a xapaKTepHhlX npol,\eCCOB Ha TSDKeJiblX 

HYKJIHAax. B nOCJieAHeH 11aCTH pa6oTh1 paccMa.TpHBaeTCR 

BOnpoc 0 BBC,ll;eHHH nonpaB0K Ha MeTOAH'leCKYJO OmH6Ky 

B Tex CJI)"Iasrx, KOr.z,;a neo6xOAHMO npOB0AHTb paC'leThl B 

OOJJaCTH, me HMeerc.11 MeTOAINCCK3SI OJDJl6Ka, He H3MeHSISI 

rrpu 3TOM caMOH MeTOAHKH paC'leTa. 

B upHJI0::ttemra KpaTKO 0DHC3H0 M0AYJihH0e HanOJI­

HeHHe naxera nporpaMM CAIT<I>HP, HCnOJib30eaanoe npn 
DOJIY'ICHHH pesyJI&TaTOB A3HHOH pa60Thl. 

1. HCXO,llHblE ,IJ;AHHbIE TECTOBbIX BAPMAHTOB 

B Ka'leCTBe TCCTOB 6WI Bhl6pan Ha6op TPCX30HHhlX 

UWIHH,Zl,pH'lCCKHX 51'1CCK, COCTOS!lll;HX H3 TOIIJIHBa (ZJ.eyoKHCH 

HJIH MeTaJIJIH11ecKoro ypaHa), UHpKoHHeeoii: o60.11otUCH u eo­

.z,;moro 3aMe,ll;JIHTeJlJI. no reoMeTpH'lCCKHM pa3MepaM TJl3Jl 

noAo6en TB3JJ)' BB3P: p~uyc TOIIJIHBa paeen 0,387 CM, 

pa,ll;ffYC o6o.no'IKH 0,455 CM. Ha6op coCToHT H3 30 11qeeK, 
pa36HThlX Ha ABC cepHH. 

B nepsyio cepu10 (18 si'leeK) oT06paHbI R'leHKH, AJlR 
K0TOphlX B T0IIJIHBe HMCIOTCll .z,;ea Tll)KeJlblX HYKJIHAa -
235u H 238u. CepHR 6b1Jla c(J>opMyJiupoeana CJieAyJO~HM 

o6pa30M: o6ora~eHHll TODJJHBa no 235u H BO}t0-TOnJU1BHble 
OTHOWeHH51 B Jl'leltKe BaphHP0BaJIHCb He3aBHCHMO APYr OT 
,u.:pyra Will o6ora~eHHSI OT 2,S AO 8 % 'AJ151 B0A0-TOnJIHBHOl'O 
OTHOWCIIHSI OT 0,5 .t:{0 2. KpoMe T0l'O B IlSITII eapHaHTax 
(nop; H0MepaMH 6 - 10) Sl'leHKH "rop51'1He" - TeMnepa­
TYpa TOWIHBa COCTaBJIReT 1000 K, a IlJIOTHOCTh 3a­
Me,ll;JIHTeJlll COOTBC'I'CTByeT TeMnepaType 579 K. B np0'IHX 
eapHaHT3X TeMnepaTyphl ucex 30H 51'1CHKH paBHbl 300 K. 
B lJ'leifKax 16 - 18 T0IIJIHBOM HBJIS1CTCS1 MeTaJIJIH'ICCKHii 
ypaH, B .iq>yrux - .t:IBYOKHCh ypaHa. TioApo6Hble A3HHblC 
,ll;JISI ll'leeK nepBOH cepHH npHBCAeHbJ e Ta6JI. 1. 

T a 6 .n H 1\ a 1. HCXO,llllble ,11a11111,1e AJIII ll'leeK C YP8110BblM TOn.nH80M 

Orno- HyKJ1HJIIILJr1 cocrae TOOJJHB8, 
Pa.neyc 

wenHe 10-?,ICM-l 

MM!! BO.llbl 8 
OObeMOB 

&apH8HT8 .1111eltxe, 
23Su 236u 238u BOJlbl H 

CM 
TOOJIHBa 

UI 0,65 1,4 0,0014 0,00035 0,02 

U2 0,625 1,2 0.0008 0,00015 O,o2 
' 

U3 o,ss 0,6 0.0013 0,00030 0,02 

U4 0,55 0.6 0,0011 0,00030 O,Q2 

us 0 531 OS 0.0016 0 00040 0 02 

U6 0,693 _ 1,8 0.0008 - 0,02 

U7 0,693 1,8 0,0009 - 0,02 
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P8Jl11yc 
OTHO· Hy1CJ1IIAHL1'1 COCT8B TOMIIBA, 

weHHC I0-24 CM-3 
HMII B0,Abl B 

OObeMOB 
eapHaHra 11qeAKe, 

BO,D,bl II 235u 236u 2380 CM 
TOMHBA 

U8 0,65 1.4 0,0015 - 0,02 

U9 0,515 0,8 0,00IO - O,Ql 

UIO 0,531 0,5 0,001 I - 0,02 

Ull 0,531 0,5 0,0011 0,00025 0,02 

U12 0,515 0,8 0,0010 0,00020 0,02 

U13 0,65 1.4 0,0015 0,00035 O,Ql 

Ul4 0:693 I 8 00009 0.00010 0,02 

UIS 0,693 1,8 0.0008 0,00010 0.02 

Ul6 0,693 1,8 0,00085 - 0,0409 

U17 0,579 1,0 0,00128 - 0,0405 

U18 0,531 0,5 0,00165 - 0.0400 

Bo eTopou cepuu (12 si:1.1eeK) 001,eAHHeHbl 51qei1KH, .IVISI 

KOTOpblX B TOilJJHBe npucyTCTBYJOT 238U H H30TOmil Wiy­

TOHHSI: 239Pu, 240Pu, 241Pu, 242Pu. Cepm1 6blJla cqiop­

MynupoeaHa HHa1Je, 1JeM ypaHoea51 cepusi:. B nepe1:,1x wecru 

sapuaHTax TODJIHBOM SIBJUleTCSI ABYOKHCb ypaHa, npu 3TOM 

B Tpex Sl'leitxax BOAO-TOllJlHBHOe OTHOmeHHe OOJlbIDOe -

1,8, a e Tpex npeAeJlbHO MaJioe - O,S. Cneeyiomue mecrb 
11qeeK cct>opMHpoB3Hbl 3H3JIOI'H'IHO, C TOH pa3HHIJ,eil, 'ITO 
TOnJIHBOM SIBJISleTCSI MeTaJJJIH'leCKHii ypaH. KpoMe 

eapbKp0B3HHSI BOAO-TOIL/IHBHOf'O OTHOIDeHHSI BapbHpoBaJI­

CSI u HYKJIJmHhlH COCTaB Tonnusa. IloAo6nhle A3HHhle no 

cepuu ypaH-nJIYTOHHeBhlX j{tfeeK np11e~eHbl B Ta6JI. 2. 

T a 6 n H u a 2. Hcxo,qm,1e .ll8HHble ,WIii ll'leel[ c ypaH-MyrOHlfellhlM 

TOllllKBOM 

Pa,1111yc 
OTHO· Hy1u1K,D,Hblfl COCT8B TOllJIIIBB, 

WCHIIC 10-l4 CM-l 
Hr,111 BOAbl B 

o61,eMOB 
Bllp118HT8 ll'ICAKe, 

238Pu BO.Ubl II 239Pu Pu-var• CM 
TOllJIHBa 

Pul 0,693 1,8 0,0008 0,0003 0.02 

Pu2 0,693 1.8 0,0008 0,0003 O.D2 

Pu3 0,693 1,8 0,0008 0,0003 0,02 

Pu4 0,531 0,5 0,0016 0,0006 0.02 

Pu5 0,531 0,5 0,0016 0,0006 0,02 

Pu6 0,531 0,5 0,0016 0,0006 0,02 

Pu7 0,693 1.8 0,0008 0,0003 0,04 

Pu8 0,693 1,8 0,0008 0,0003 0,04 

Pu9 0,693 1,8 0,0008 0,0003 0,04 

Pu IO 0,531 0,5 0,0016 0,0006 0,04 

Pull 0,531 05 0,0016 0,0006 0 04 

Pul2 0,531 0,5 0,0016 • 0,0006 0,04 

• Pu-var 03HB'lacr: 240pu Anlr 11qeeK Pul. Pu4, Pu7, PulO; 241Pu 
Anll S1'lee1< Pu2, PuS, Pu8, Pul I; 242Pu A,111111qeeK Pu3, Pu6, Pu9, Pu 12. 

2. CPABHEHHE PE3YnbTATOB PACqETA 
K03cJ>CJ>HUHEHTA PA3MHO.lKEHHi 

CpaBHHM peayJJbTaT.bl pac11e-ra no naKeTaM nporpaMM 
CAITCl>l-iP u MCU no sa:>t<HOMY HHTerpaJibHOMY noKa3a­
TeJIIO - K03<l><t>uuueHTY pa3MHO;>KeHHSI 6eCKOHe'IHOH 
pemeTKH K. 3TH pe3yJihTaTbl )VU( ypaHOBblX If ypaH-nJiy­
TOHHeBblX 51tJeeK npHBe.l{eHhl B Ta6Jt. 3 . .0:aHHble B Ta6JI. 3 
noKa31,lBa10T CJI~y10~ee. 

T a 6 n II LI a 3. PCJyJibT8Thl paC'ICTa no KOJ(p<PllllUCIITY paJMIIOllCCllllH 

OTHO· 
BepoHT- Ko::1dxi>HUHeHT PIIJMHOlKCHHH 

HOCTb 
WCHHC 

HMSI 
OObCMOB 

HCHTJ)OH}' 

sap11aHra .aoATH .ao CATT- MCU• (C-
BOAhl 11 <llHP (C) (M) M)/C, % 3HCprHH 

TOl1JIHB8 
1 sB 

Jl'leU.l(U C VDaHDllblM mo/lJIU60M 

UL I 4 0.6 I 472 1,472(5) 0 

U2 1,2 0,6 1,374 1,380(5) -0,44 

U3 0,6 0,4 1,286 1,292(4) -0,47 

U4 0,6 0,4 1,265 1,265(5) 0 

us O,S 0,3 1,247 1,259(5) -0,96 

U6 I 8 0,6 1.381 1,392(5) -0,80 

U7 1,8 0,6 1,400 1,407(4) -0,50 

U8 1,4 0,5 1,411 1 ,413(5) -0,14 

U9 0,8 0,4 1,238 1,245(5) --0,57 

UlO 0,5 0,3 1,122 1, 142(4) -1,78 

Ull 0,5 0,4 1,205 1,207(5) -0,17 

Ul2 0.8 0,5 1,326 1,316(5) 0,75 

U13 1,4 0,6 1,480 1,480(5) 0 

U14 1,8 0,7 1,463 1,469(5) --0,41 

UIS 1,8 0,7 1,440 1,431 (5) 0,63 

U16 1,8 0,7 1,278 1,278(3) 0 

Ul7 1,0 05 I 238 I ,241 (2) -0,24 

Ul8 0,5 0,2 1.109 1,113(5) --0,36 

Jl'tl!ii.lCU C \ll)QH•IIJIYlnG/IUe8blM 1110/IJIUBOM 

Pul 1,8 0,6 1,276 1,279(5) --0,24 

Pu2 1,8 0,6 1,623 1,619(4) 0,25 

Pu3 1.8 0,7 1.481 1.483(4) -0,14 

Pu4 0,5 0,2 1,074 1,096(5} -2,05 

Pu5 o,s 0,2 1,502 1,502(4) 0 

Pu6 0,5 0,2 1,242 1,260(4) -1,45 

Pu7 1,8 0,5 1,173 1,179(2) -0,51 

Pu8 1,8 0,6 1 489 1.482(4) 0,47 

Pu9 1,8 0,6 1,347 1,357(5) -0,74 

Pu!O o,s 0,1 0,969 0,979(3) -1,03 

Pull 0,5 0,1 1,321 1,321 (4) 0 

Pu12 0,5 0,2 1,091 1,116(6) -2,29 

• B CJC001[8.X nOKB3&H8 CTBntCTM'ICCKB.11 own61<a B nocneAHCN 3H81[C 
'IHCJIQ. 
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Bo-nepBblX, J'.VUI ypaBOBbl.X 1111eeK aa6JII0,11.aeTCl1 

33BHCHMOCTb OTKJIOReHml B 3Ha1JeBHK KOT BOAO-TOilJIHBHO­

ro OTHOIDeHHSl B SI'lemce. Ec.,rn AJ]Sl He OlfeRb TeCHbl.X ll'ICeK 

(c B0,11.0-TOIIJIHBHhlMH OTHOmeHIDlMH > I) peayJibTaT pac­

lleTa no naKeTY CATI<l>HP Jie}KHT, KaK npaBruJO, B npe,lle­

nax norpemHOCTH paC'leTa no MCU, TO c AaJI:bBeKUIHM 

yMeH&meHHeM ,11.0JJH B0,11.1,1 aaW110.11;aercst 33HH:lKCHHe K, AO­

XOAsi:m:ee AO 1 - 2 % npH B0,11.0-TOWIBBHOM omomeHHH 0,5. 
He BffAHO 3HatmMOH 33BHCHMOCTH norpemHOCTH pacqera 

OT TeMDeparyp1,1 T0IIJIH]l3 H 3aM~TeJlll, a T3KJKe OT THna 

TOMHB3 (MeTaJl)I HJIR .l{JlyOKHCb). 

Bo-BTOPblX, AJU1 ypae-ruiyroHHeebl.X ll'!CCK OTKJJO­

eeeHe 3aBHCHT H OT B0,11.0-TOMRBHOl"O OTHOmeHHB (AJIJI 

mHpoKHX SflleeK OTKJIOHCBHe Ma.JJO, AJ].11 TecHHx, xax H B 

CJJy'lae ll'leex c ypaHOM, I - 2%), u OT COCTaBa TOMHBa 

(A,IUI MeTaJIJJH11eCKOI'O TOWIHB3 OTKJIOHCHHSI 6on1,me, lleM 

AJHI ABYOKHCHOI'O, HMCCTCll 33BHCHMOCTb H OT BHA3 H30TOTI3 

MJTOHHll B TO[U]HBe). HaHJIY1IW3JI CHT)73U,HSI Ha6JIIO,IJ.3eTCSI 

AJ]ll Tpex Sl'ICCK C P.BYOKHCHhlM TOTIJIHBOM H OTHOCHTeJibHO 

6anbIIIJJM B0,11.0-TOMHBHblM OTHOWCHHeM - peaym,TaT 

CATI«I>HPa naxo)J,HTCSI B npe,lleJiax norpemHOCTH pac11era 

no MCU. B OCTa.JJhHhlX CJI)"l311X qam:e Ha6moAaIOTC.II 

6MbWHe OTKJIOHeHHll. 

Peayn&TaT MO)KHO c\lHTan, eoo6m:e roeopsi:, ecrecr­

eeHHblM. )leJIO B TOM, 'ITO HCTIOJlb30B3HHOC B ,IJ.8HHhIX pac­

'ICT3X Mo,11.yn1,uoe eanoJIHeHHe npe,11.Ha3ea11anoc1, nepeoea­

'laJibHO AJ]SI paCtJeTa pemeTOK C eepO.IITHOCTblO ,II.ORTH ,11.0 

TCWIOBOH 3HepmH He MCHbme 0,3 H co.n.ep:teaHHeM .n.e­

JISIID:HXCll HYKJIHAOB ,11.0 5%. BHAHO, 'ITO BhlX0,11. H3 ::rroro 

,IJ.Hana30Ha npHBOAHT K B03HHKHOBCHHIO BflOJIHe 383\fHMblX 

OTKJIOHeHHU pe3yJJbT3TOB paClfeTa no cpaBHCHHIO C 

npeu,H3HOHHOH nporpaMMoii. 
oOJiee noney10 KaPTHHY TO'IHOCTH paccMaTpHeaeMoro 

MO.llY JJbHOl"O uanoJieCHH.11 naKeTa nporpaMM c ,Arr <I> HP 
MO,KHO IlOJiyqHTb, ecJIH paCCMOTpeTb OTKJIOHeHH.SI B p.11,11.e 

xapaKTepm,i:x <l>YHKU.HOHaJIOB - llHCJiax peaKL(lffl ea TSl­

)l(eJJbIX HYJCJIHA3X. 

3. CPABHEHHE PE3YJlbTATOB PACqETA 
CKOPOCTE8 PEAKIUIR 

CpaeHHM peayJJbT3Thl pac11eTa no naKeTY nporpaMM 
CATI<I>HP H MCU no p.11,11.y t,lHCe.n: peaKL(HH H OTeomeHHH 

11HCeJI peaKL(lffl, KOTOpble 6yAeM 0003H3'13Tb cn~IODlHM 

o6pa3oM: 

fission - tJHCJio peaKII.HH ,11.e.n:emu1; 

capture - 'IHCJJO peaKD;HH p~eau,noHHoro 3axeaTa; 

absorption - 'IHCJIO peaKil.HH norno~eHJU1; 

alfa - OTHomeHHe peaxu.uii saxeaT3 H ,11.e.nelJHj(; 
K-infinitive - xo3cl><l>~neaT pa3MHOJKeHH.II 6ecxo-

Het(HoH pemeTKH. 

qHCJJa peaKIJ,HH (B HOpMHpoBKe Ha nOJIHOe nomo­

m;eHHe e j{tfeil:xe) 6y,11;eM paccMaTpHBaTb B ,11.ByxrpynnoBoii 

ct,opMe, T.e. Wl.11 ABYX 9Repreru11eCKHX HHTepBanoe: 0 -
l 3B ('IHCJia peaKU,HU: ,IJ.JJSI 9TOH o6naCTH IIOMCTHM HH.u;eKCOM 

thermal) a Bhlme 3B (fast). B eexorop1,1x CJJytfallX pac­

CMaTpHsa10Tcsi: OAHOrpyDIIOBlile 1(HCJia peaKIJ,HH, KOTOpble 

IIpHBO.ll;llTCSI 6e3 HH.u;eKCOB. tJro61,1 ~e.n:aTb MHO)KCCTBO 

OTKJIOHCHHH B pa3JIH1(eblX <l>YHKU.HOHaJiax ,llOCTJDHbIM ,II.ml 

BOCDpH.IITIUI, llOCMOTPHM aa Ha6ophl OTKJIOHeHHU B 

pa3JJHlfflhlX <l>YHKu;Hoea.nax H pa3lIH11HI,1X gqemcax xax ea 

MaoroMepH}'IO Bhl6opicy. 06pa6oTae 9Ty BlilOOPKY, no­

.11y11HM MaTeMaTH'!ecKHe OXHAaHH.11 olllH6ox pac11era no 

naxery CATI<l>HP, ,11.HcnepcHH omn6oK, a Tau1:e xo­

eapuaIQIH onm6ox B pac11e-re paccMOTpenehlx cl>yKIJ,Houa­

nos. 

PeayJlhT3Tbl npoee)J.eHWI orrecaHHoii npou.CAYPbl .11;aHbl 
B Ta6JJ. 4. PacCMOTpHM ax CMLlCJJ. 

T a 6 n H Lt a 4. 01DH61CH PBC'letll nona11:ery CAIIll>HP .AJlll 'IHceJI 
pea11:.1tHii a OTHomeHHH 11Hce.n peBU\HH 

Ko:,cpq>HI\HCHT 

BH,11 pe~HH HJIH orno- OwH6U paC'leTa, 
11:oppenRUHH 

C OWHli1toA 
weHHll pe&xlJ,HH % 

B xo:,cpq,~eHTC 

Da3MHO>KCHH!I 

Jl'IJ!U.ICU C lnaH06bLM mDMU60M 

K-lnfinltlve -0,30 :!: 0,56 I 

Fission- 235U-thermal --0,27 ± 1,27 0,62 

Alfa- 235u-thermal 0,03 ± 0,42 0,38 

Fission- 235u-fast 0,94 ± 2,09 0,11 

Alfa- 235U-fast 2,91 ± 1,12 --0,15 

Absomllon- 236u -2,68 ± 2,21 --0,44 

Fission- 238u-rast --0,04 ± 0,6S --0, 11 

Capture- 238u-thermal --0,28 ± 1,57 O,S9 

Caoture- 238u-rast --0,44 ± 0,93 --0,52 

Jl'IJ!Ul(.U C VIIQINIJIVnw/UUUlblM mDIIJIU60M. 

K-lnflnltlve --0,59 ± 0,95 I 

Fission- 238U-fast -2,44 ± 0,70 --0,44 

Capture- 238u-thermal -2,41 ± 2,69 0,73 

Capture- 238u-fast -1,20 :1: 0,78 --0,46 

Fission- 239Pu-thermal -1,50 ± 2,66 0,64 

Alfa- 239Pu-thennal 0,14 ± 0,30 0,21 

Fission- 239Pu-fast 1,86 ± 1,41 0,52 

Alfa- 239Pu-fast 0,91 :!: 0,84 ~.01 

Fission- 240Pu-fast --0,54 :!: 0,79 0,08 

Caoture- 240Pu 2,04 ± 2,77 --0,35 

Fission- 241 Pu-thermal 1,66 ± 1,61 0.06 

Alfa- 241Pu-thennal --0,51 ± 0,34 0,74 

Fission- 241Pu-fast 2,49 :!: 2,88 0,92 

Alfa- 241 Pu-fast --0,62 :!: 0,77 -0,73 

Absomtlon- 242Pu 12,6 ± 4,3 --0,59 . 
39 



Bo-nepBblX, c.ne,u.yer 3aMerHTh, 'ITO JJ:JUJ 00./lbWHHCTBa 

IJHCeJI pea~Hii Ha H30TOnax ypaHa OmH6KH paC'le-ra no 

naKe-ry C.AII<l>MP MaJJlil no cpaBHeHHIO c KOpHeM H3 

,11;11cnepcuu MeTOJJ:H'lecKoii omu6Kn, T.e. CATI<l>MP B cpea;­

HeM ,a:aer DO'ITH npaBHJibHhle 3H3'1eHH.II, MCKJIJO'leHH.11 -

nornom;eHHe Ha 236U H OTHOIDCHHC 'IHCC.11 33XBaTa H AC­

JICHHll 235U B OblCTp()H OOJiaCTH. 3TH HCKJIIO'leHH.11 HMelOT 

CBOH OOb.llCHeHH.11, )I,n_g 236U no pSl.l{y npH'IHH 6u611u0Te11-

Hble ce'leHu.11 B CAII<l>MPe u MCU OT11u11a10TC.11, T3K 11To 

pacxo,ti;,ZJ;eHHe 3.ZJ;eCb HOCHT He MeTOJJ:H'lCCKHH, a KOHCTaHT­

HblH xapaKTep (npH paC'ICTe llOJIHhlX pe30HaHCHlilX CC'ICHHH 

236U B03M0'1:Hbl OTPHl\3TeJibHhlC 3H3'1eHH.II B OOJl3CTH 

HHTep<pepeHI\HOHHhlX MHHHM)'MOB, KOTOpble coxpaH.IIIOTCH 

npu pacqere no MCU, HO 1<orop1,1e 3aHyJISIJIHCb npu no,a:­

roTOBKe no,a:rpynnonhlx napaMeTpoB .11.Jl.ll naKeTa CAII­
<l>MP). IlpH1J1rna no.11e.11eHH.11 MeTOAH'lecKoH omu6Ku e 

OTHomeHHH ceqeuuil: 33XBaTa H ,a:CJienu e 61,1crpou: o6naCTH 

AJI.11 
235U MO:lleeT DhlTb CJie,ZJ;YIOIIl,CH. Ilpu DOJIY'ICHHH no,a:­

rpynnOBhlX napaMeTpoe [7] B CAil<l>MPe o,a:auM u3 ocnoe­

HLIX Tpet5oeauuii OWJO npaeHJihHoe onucauue noee,11.eHIDI 

ITOJIHOJ'O Ce'leHJUl (XOTSI napIJ,HaJihHble Ce'leHIUI TO)Ke CMOT­

PeJIHCb, HO MeHee Tm,aTCJibHO}. Ilo3TOMY, no-BHAHMOMY, 

npu HeooJihmnx omu6Kax e noJIHOM ce11eHHH omu6Ka e 

OTHOCHTeJibHO MaJIOM ce11eHHH 33XBaTa OK333.113Cb 33MeT­

HOH. 

Bo-eTop1,1x, .tVJll peaKIJ,HH Ha H30Tonax DJJYTOHH.11 nor-­

pemuocrH pact1era no naKeTy CAII<l>MP B cpe,11.HeM 6o.11L­

me - CJiy11au, KOl'll.a omu6xa HaMHoro Mem.me xopHSI H3 

,a:ucnepcuu, 3,U:CCb SIM.IIIOTCSI HCKJIIO\ICHHCM, a He npaeHJIOM. 

)I,n11 oco6o B1M,11.CJI.1110m,eiic.11 norpemHOCTH pact1eTa norno-

m;eeusi Ha 242Pu npHllnHa Ta xe, 'ITO u .11.JlSI norpeIDHOCTH 

norJiom,eHu.11 ua 236U. Bee oCTaJihHhle omu6xu o6yc.noe­

JieHhl B nepeylO Ollepe,a:b TCM, 'ITO AJJH Sl'leeK C IlJIY'fOHHCM 

AOJI.ll BapnaHTOB C napaMeTpaMH, BhlXOJI.Sim;HMH 3a n.o­

nyCTHMJIO o6naCTb ucnonb30B3HHOl'O MOJJ;YJJbHOl'O HaITOJI­

HCHHSI, 33MCTHO 6onbme, 'ICM ,11.J].II ypaHOBhlX 51.'ICCK. KpoMe 

TOro, npH nOJJy'ICHHH nonrpynnOBhlX napaMeTpoB [7 ] ,11.JJH 

H30TODOB IJJIYTOHHSI npe.a.nonaraJJOCb, 'ITO OHH, KaK 

npaBHJIO, npHCYTCTBYIOT B Torunrne B MaJiblX KOHU,CHT­

pau,Ujj'.X. Ilo3TOMY TO'IHOCTb npe,u.CT3BJICHHSI pe30H3HCHhlX 

ce'leHHH uaoronoe DJJJTOHH.11 OhVla yMulll./leHHo 3aHmKeua 

UVljj'. IlOBhlIDeHHSI oom;ero OblCTpo,11.eHCTBHSI) OTHOCHTeJJbHO 

H30TOilOB ypaHa. 

B-TpeTbHX, HY)KHO o6paTHTb BHHMaHHe Ha K0-

3$1:>~HeHTbl KOppeJISII\HH OIDHOOK B K03<p(f)HI\HCHTC paa­

MHOX'CCHH.ll H 4Hc.nax peaKu,nii. B 6o.11hmHHCTBe c.nyt1aee K0-

3<1>q,uu;neHTbl xoppemnl,HH HMeJOT pa3yMHblC 3HaK H 

BeJIHllHHY, H3 ti.ero cnea;yeT, 'ITO omHflKH B pacqe-re JJ:3HHblX 

'lHCeJI peaKu,uii MOryT 6h1Tb npH'lHHOH paCCMOTpeHHOJ'O Bbl­

me noeea;eHHSI OTKJIOHCHHil: B K03Qxp~HeHTe pa3MHO­

;,tCCRHSl, Bcrpe'lalOTCSI, npaB,1\a, H crpaHHhle Ha nepeblii: 

B3r.lISl,l{ 3H3'1CHH.11 K03Clxt>Hu,neHTOB KOppeJJ.IIU,HH. TaK, HMe­

eTCSI IlOJJO:iKHTe.JThHa.11 KOppeJJ5IIJ,HSI TCITJIOBOro 33XB3T3 B 

238U H K03Q>q)HU,HCHT3 pa3MHO;,tCCHHSI. IlOll.OOHblC 3q)(pCK­

Thl CBSl33Hhl C CHJJbHOH B33HMHOH Kopperu1u,ueii omu6oK B 
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pa3JIH'!HhlX CKO])OCT.IIX peaKI\HH TCITJIOBOH 3axeaT B 

238U CHJlhHO KOppCJIHp0B3H C TeDJJOBblM ,11.e.JICHHCM 

235U 1 'ITO H CJIY)KHT npmi:HHOH YK333HHOro 3cpcpeKT3. 

TaKHM o6paaoM, Mbl ycraeOBHJin npHMepHo c.ne,11.yJO­

m;ee: CAII<l>MP ,a:ae:r e cpe.a.ueM npaBHJlbHble pe3yn&T3Tbl 

,IVIX He O'ICHb TeCHJiX (c BOJl.0-TOILIIHBHblM OTHOWCHHCM 

> 1) pemeTOK npH HaJJH\IHH KaK H30TOUOB ypaea, T3K H 

H30TOTTOB DJIYTOHHSI. _nng Sl'ICCK C B0,U:0-TOilJIHBHblM OTHO­

illCHHCM < 1 cym,eCTByeT He TOJlhKO HCKOTopaSI .11.ucrrepCHSI, 

HOH CHCTeMaTH'leCKOe OTKJIOHeHHe B peayn&TaTax pacti.eTa 

11uceJI peaKu,Hii no naKeTY CATT<l>MP, 1.1'.TO npHBOJl.HT u K 

omu6xe B paC'leTe K03q)q)HI\HeHTOB pa3MHO)KeHHSI. 

MTaK, B HHTepecyiom;eM H3C .a.uanaaoue H3MeHeHH.II 

napaMeTpoB pemerox paCCMOTpeHHOe MOAYJJbHOC Hanon­

HCHHe HMeer onpe,a:eneHHYIO MeTOJJ:H'ICCKJIO OWH6Ky. 

0'1CBHJJ:HhlMH cnoco6aMH ee ucnpaBJJCHHSI SIBJISIIOTC.11 HJIH 

pa3pa6oTKa 6onee T011HOro anropnTMa H YBeJIH'ICHHe 'IHCJJa 

no.a.rpynn, HJIH ucnOJJb30BaHHe Mo,a:yneH .a.eTaJJhHOro pac­

tJ:eTa e peaoHaHCHOH o6naCTH 3Hepmu H3 na1<era CAII<l> MP. 

01J;H3KO 3TO BJJC'leT 33 COOOH 60JibWHC 33Tp3Tbl KaJICHJJ:ap­

HOl'O n ct1ereoro epeMeHH. Bonee DblCTph!ii: npueM yMeH&­

meHHSI norpemROCTH - BBOJI. pa3JIH'IHhlX nonpaBOK. Ho 

B03MOJICHOCTb BBOIJ;a nonpaBOK B MeT0,11.HKY pac'leTa .11.Jlll 

o6o6m;eHHOro non.rpynnoeoro ITOl'.{XOJJ:a OTCJTCTBYCT no pSl.l{y 

npHHI\Hnnam,HblX ~oo6pa~eHu_i1. Ilo3TOMY paccMOTPHM 

cnoco6 BBe,11.eHH.11 nonpaBOK He B MCTO.l(HKY, a B pe3yJibT3Tbl 

pac11CTa. 

4. BBO,!l nonPABOK HA METO,!lH'IECKYIO OllJJ,IEKY 
B PE3YJlbTATbl PAC'IETA 

no IlAKETY nPOl'PAMM CAfill>HP 

8blme 6bUIH ITMY'ICHhl KOJJH'leCTBCHHble xapaK­

TepuCTHKH MCTOJI.Hl,ICCKHX OWHDOK pac<1eTa no naKeTy 

CAII<l>MP. ECJJH Mbl HMeeM OU,CHKH ,11.JISI 3THX OWHOOK, TO 

HX MO)KHO HCOOJJb30BaTb .l(./1.11 TOI'O, 'IT06bl BBCCTH rronpaexu 

Ha HeTO'lHOCTh MCT0,11.HKH pact1CTa H nony'IHTI, npaBHJibHblft 

pe3yJJ&TaT. IlocrynnM c.nea;y!OW.HM o6pa30M. MMex HCXOA­

Hble pesynhTaTbl pacllera 'IHCeJI peaxu,nii no naKeTy CATT­

<l>HP, H3MeHHM HX B COOTBCTCTBHH C HaHl'.{eHHhlMH Bblme 

omu6KaMH B CKOpoCT.51X peaKll,Hii H HX B33HMHblMH KO­

BapnaqmlMH. IlOCJie 3TOI'O, paCC'IHTaB xos¢cf>uu,ueHThl 

qyeCTBHTCJibHOCTH K03q)cpHU:HCHTa pa3MH0)1(CHH.II K H3MC­

HCHHIO 'IHCe.JI peaKI\HH, rrOJiytJ:uM H rronpaeKy K pac'leTHOMY 

3H3'!CHHIO K03q)cpHU,HCHT3 pa3MHO:iKCHH.II. ConOCTaBJISl.51 

3TY nonpaeKy c peaynhTaToM MCU, c,a:e.naeM ebleo.11. o TC!M, 

KaK cpaOOTa.n HCITOJlb30B3HHblH MeTO.Jl. KoppeKI\HH Ha Me­

TO.Jl.H'leCKJIO omn6Ky. 

Pe3yJILTaTbl npHMeueum1 onucaHHoro no.n.xo.a.a npuee­

AeHbl B T36JI. 5. Ilpu HX DOJiyqeHHH HCITOJJb30B3Hbl, B .a:o­

DOJIHeHHe K npe,zi;craeJieHHhIM Bhlme Ol\eHKaM AJI.11 Me­

T0,11.H<ICCKHX OWHOOK, ABC H33H3'1CHHhle 3KCDel)THO non­

paBKH: 'IHCJia HeiiTpoHOB .n.e.neHHSI e 6blCTpoH o6JJaCTH .l(./1.11 
235U H 239Pu yBeJIH\ICHbl Ha 1 % (BOilpOC O CMblCJie 3THX 

nonpaBOK DOKa OTJJO)KHM}. Hy)l{Hble Koa¢cl>nu;HeHTbl 

llYBCTBHTeJlhHOCTH ObVIH nonytJ:eHhl AHcl>cpepeHU,HpOBaHHCM 

Bblp3)KCHIDI, CBSl3hlB310lll,ero KO:;xj)q>HU,HCHT pa3MHO)KCHH51 

c ,a:eyxrpynnOBhlMH 'lHCJiaMH peaxu.utt. 



T a 6 n H 1.l a S. KoppeK~HR pe3y.Ri.TBTOB pac'leTa no naxe-ry nporpaMM 
CAn<l>HP 11a MeTOAH'ICCIQ'JO OWHtiicy 

Kn..,t,,hHUHCKT""...,HOlKCIIHR 

11MR napHatml CAil<l>HP 
CAilct>WP MCU 

c nonoasoxA 

JloteUICU C Vnhli()BblM mQII.IIUBOM 

Ul I 472 1,472(5) 1.475(6) 

U2 1,374 1,380(5) 1,375(6) 

U3 1,286 1,292(4) 1,290(7) 

U4 1,265 1 265(5) 1,268(7) 

us 1,247 1,259(5) 1,253(8) 

U6 1,381 1,392(5) 1,382(6) 

U7 1,400 1,407(4) 1,402(6) 

U8 1 411 1,413(5) 1,416(6) 

U9 1,238 l,245(5) 1 242(7) 

UIO 1,122 1 142(4) 1 127(7) 

Ull 1,205 1,207 (S) 1.209(7) 

U12 1.326 1,316(5) 1,329(6) 

Ul3 1,480 1,480(5) 1,483(6) 

Ul4 1,463 l ,469(5) 1,464(5) 

UIS 1,440 1,431 (5) 1 441 (S) 

U16 1,278 1,278(3) 1,278(6) 

Ul7 1,238 1,241(2) 1·.241 (6) 

U18 1,109 1,113(5) 1,114(6) 

JI 'leiu:U c vnaH-nAvnw11ue6blM 1110ILIIUBOM 

Pul 1,276 1,279(5) 1,285 (13) 

Pu2 1,623 1.619(4) 1,622(4) 

Pu3 1,481 1,483(4) 1,492(7) 

Pu4 1,074 I ,096(5) 1,081(1 I) 

PuS 1,502 1.502(4) l 502(7) 

Pu6 1,242 1,260(4) 1.25900) 

Pu7 1,173 1, 179(2) 1.181 (12) 

Pu8 1,489 1,482(4) 1.488 (5) 

Pu9 1,347 1.357(5) 1,357(8) 

Pul0 0,969 0.979(3) 0,974(10) 

Pull 1.321 1,321 (4) 1.319(7) 

Pu12 1,091 1,116(6) 1,102(9) 

.llaHHhle Ta6.11. 5 DOK33hlllaIOT. 'lTO HCOOJlb30BaHH3SI 

KoppeKIJ.HSI Ha MeTOAnqecKy10 omn6Ky cpa6oTaJta xopowo: 

npaKTH'leCKH AJISI ecex TecTOB AOBepHTCJlbHhle HHTepB3.1Ibl 

e o,o;Ho cpe,o;HeKBa,1:1paTK'!HOe oTKJJoHeH»e ,v;;u1 CATI<!>MPa 

H MCU nepeKpb1Ba10Tcsi. HeMHorne HCKJJIO'!eHnsi MO)KHO 

oTHeCTH Ha craTHCTH1.1ecKHe Bhl6pocb1 pac'-le-ra no MCU. 

TaKHM o6pa30M, KOppeKIJ.HSI pesy JibTaTOB paC'ieTa no naKe­

TY CATI <I> MP Ha Mero,o;HtfecKyJO omn6Ky AaeT eo3MO)KHOCTb 

ncnoJI&3oBaT& .AaHaoe MOAY.llbHOe ttanonHeHHe CATT<!>MPa 

,D;JUI paC'l:eTOB He1hpoHHO-cpH:rn11eCKHX xapaKTepHCTHK 

siqeeK B WHpoKOM ,D;Hana30He BO,D;O-TOn.lllfBHblX OTl{OWeHHH 

(OT 0,5 AO 2) H npn JIIOOOM HYKJIHAHOM COCTase TOWIHBa. 

Tenepb BepHeMCSI K BalKHOMY eonpocy O TOM, t[TO MO­

lKeT 3H3'1HTb 3KCnepTHaJI nanpaeKa K l.lHCJiy HeHTp0HOB ,v;e­

nemu1 B 6b1CTpoii 00.llaCTH. Ee BBO,!l. npaKTH'leCKH HH Ha 

'iTO ee BJIH.lleT AJISI IDHp0KHX peweTOK, HO AJISI TeCHblX 

yBeJIH'IHBaeT K ea - 0,5%, 'ITO no3BOJUieT xopomo cor­

nacoeaTb pe3y.11bTaTI:i1 H AJISI caMblX TeCHbIX pellleTOK, no 

MHeHHlO aBTOpoB, eepoSITH3 CJie,11;y10w,asi: npH'lHHa 3TOl'O 

3cpq>eKTa. CyASI no eceMy, B OTHOCHTeJibHO MaJIOH SHep­

reTH'leCKOH o6naCTK npH HaH6onee BbICOKHX SHeprHSIX pac­

l.leT llHCen peaKUHii .1:1eneHHS1 no naKery CAIT<l>HP HallHHa­

eT ,v;aeaTb 6onhmy10 om116Ky. IlocKOJibKY o6nacrb 

OTHOCHTeJlhHO Mana, no11yBCTBOBaTb 3TY MeTO,D;H'ICCKyIO 

omn6Ky Kax OIDHOKY a CKOpocTH peaKIJ.HH AeneuI.u1 Mhl He 

MO)KeM, TaK KaK HCilOJtb30B3.IIH rpy6oe .D;Byxrpynnoeoe 

npe,11;craeneHHe omH6KH. Ho nocKOJibKY omn6Ka 

OTHOCKTeJlbHO BeJIHKa, xo3Q)¢HU.HeHT pa3MHOlKeHHSI ee 

"'lyeCTByer" H OCT3CTCSI 33HH:lKeHHblM, HeCMOTQSI Ha TO l{TO 

a cpe,AHCM IlOf'JIOIUCHHe a 6b1CTpoii o6.naCTH CllHTaeTCSI 

npm.1epHO npaBH.llbHblM. Tio::>TOMY HaH,AeHHble 3KCnepTHO 

nonpasKH - ::ITO cnoco6 nony<IHTb cornacHe (no K) pac­

l.leTOB no naxe-ry CAII<J>MP H MCU, coxpaHSISI OTHOCHTeJih• 

HO npocry10 ,v;eyxrpynnosy10 MOJI.CJlb npeACT3BJieHHSI Me­

TO,ll;Hl{CCKOH omH6KH (npH 3TOM, KOHellHO, He y,11;aeTCS1 IlOA­

npaBHTb AOJtlKHblM o6pa30M CKOpoCTH pea KU.HM). Pa3yMe­

eTCSI, ec;m OK3)KeTCSI B03MO)l(HblM noCTpOHTb 6011ee TOHKYIO 

MOAeJib, TO Heo6XOAHMOCTb B 3TOH nonpaaxe ,D;OJDKHa 

OTrtaCTb. 

B 3aKJUO'leHHe 3aMeTHM, llTO Mbl He o6cy)KJJ.aJIH Bonpoc 

o TOM, eacKOJibKO o6ocHoeaeo ucnoJib30Baune naxeTa MCU 

xaK penepuoro HHCTpyMeHTa. 3TOT aonpoc He pac­

CMaTpHBaCTCsi C03H3TeJlbHO . .Ile.no B TOM, l{TO KOJIH'leCT­

BeHROe onpe,11;eneHHe MeTO,IJ;JilfeCKOH OWH6KII ecerJI,a 

OTHOCHTeJlbHO - C TO'lHOCTblO .n.o ny11wero Ha JI,aHHblH MO­

MeHT penepuoro pac11eTa. Ha ceroAH.51WH11ii .v;eH& MCU -
JIY'llllHH penepHblH HHCTpyMeHT J.l]lSI TeX yCJIOBHA, KOTOpbre 

paccMaTp11BaJIHCb B 3TOH pa6oTe. KpoMe Toro, npH TaKOM 

Bbloope penepnoro pac'leTa y.11.a11och ahlnoJIHHTb ea)KHCii­

mee AJJSI onpeAeJieHJf.SI MeT0,!1.H'lCCKOH OWHOKH Tpe6oeaH11e 

HACHTHl{HOCTH KOHCTaHTHOH 6a3hl. Ho, eCTeCTBeHHO, H 

npeUH3HOHHble nporpaMMbl pa3BHBaIOTCSI, It nocne onpe­

AeJieHHOro BpeMeHH ece ou.eHKH MCTOAH'4CCKHX OWHOOK 

npHJI.eTCSI nepecMaTpHB3Tb, xoppeKTHPY.SI HX yJKe no HO­

BblM, JIY'llliHM npeU.H3HOHHblM nporpaMM3M. 

3AKJ1l0lfEHHE 

TipoeeAeHo TeCTHpoBaHHe aepcm1 naKeTa nporpaMM 

CATI<l>MP AJISl pacqeTa nepcneKTHBHblX peaKTopos nma 

BB3P, a TOM 11nCJie pcaKropoa c TeCHblMH pcweTKaMH. TI" 
Ka3aHO, 'ITO JVISI peweTOK nma coapeMeHHblX peweTOK 

883P (C BOAO-TOIUIHBHblM OTHOWCHHCM =:!: 1) MCTO,D;H'ICC­

KaSI owH6Ka pac11eTa no CATICllMP npa1<rn'IeCKH He-

3HaqHMa • .llm1 peweTOK C BO,AO-TODJIHBHblM OTHOWCHl1CM 

< 1 flOSIBJISleTCSI MCTO,D;Hl!CCKaSI OlllHOKa. EC.1111 ee y4eCTb, 

HCDOJib3YSI pe3y.llbT3Tbl JI,aHHOH pa60Thl, TO paccMOTpeHHYIO 

acpcu10 naxeTa nporpaMM CATI<I>lif P MOlKHO npHMeHSITb B 

WHpoKOM .D,Hana30He H3MeHeHHSI 80,D;O-TOnJIHBHOl'O OTHO­

weHHSI B peweTKe (OT o,s J:10 2)' TTJlOTHOCTH TOTIJlHBa (.ABy-
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OKHCb HJJH MeTaJIJI) H HYKJJ~Horo COCTaBa TOOJIHBa (ypa­
HOBOC HJJH ypau-ruiyTOHHCBOe). 

nPHJIO)KEHHE 

MO.IJ.Y JlbHOE HATIOJIHEHHE 
ITAKETA nPorPAMM CAITCl>HP, 

HCIT0Jlb30BAHHOE B .IJ.AHHOR PABOTE 

CAil<l>l1P np~craen51e-r co6oii cnCTeMy, cnocooHylO 
HHTCrpHpoBaTb pa3Jl~Hb1C a.nropHTMLI pac11era Sl'leeK 

51.l(CPHWX peaKTOpoB. B .a.aHHOH pa6oTe HCDOJJb30BaHa 'laCTb 
CTaH.l{aPTHOro Moii;yJll>uoro HanOJJHeRHSI H 6u6nHOTexu 
eepcHH 1.4 naKeTa CAII<l>WP. IIpuee.a.eM KpaTxoe 
onncaaue :noii 11acrH (no oonaCTilM 3aepraii: eeATpoHoB). 

06JiaCTb aHepndi 10,S M3B - 10 xaB. Pac11er 
npoBOAHTCll e rpymIOBOM npu6JIHxeHHH (I 1 nepBblX rpynn 
26-rpynnosoro pa36ueuH9) . HeiiTpoHHl,le ce1Leun11 B3SITI,I 

H3 6u6JIHOTeKH BHAB-Ml1KPO [8 ]. Pe3oeaecea11: caMo-
3KpaHHposxa ii;m1 xa~oH OAJIOpo~oii: q:>H3H'ICCKOii aoHH 
Y'IKTl>IBaeTCH B q:>opMaJIH3MC /-q:>aKTOpoB. I1pocTpaHCTBCH­
Hoe pacnpe.a.e.neuHe HeHTJ>OHOB HaxOJ:J;HTCSI Ha OCHOBe 
peweHHJI ypaBHeHH51 qepHHKa. 

06nacTb 3HeprHK 10 1eaB - 1 3B. Paet1er npoeo.a.nTcsi: 
B paMX.ax oooo~euaoro no.lll'pynnoeoro no.a.xo.a.a [7 ]. ,IJ,;ui: 
y11e-ra B38HMHOH pe30HaHCHOH 3KpaHHJ>OBKH pa3JJH'IHLIX 
HyKJJ~OB HCDOJJb3yeTCSI AODOJIHHTeJlbHOe OTHOCHTeJlbHO 
pa6oT1,1 (7 I .11on~eHHe: MaTpn~a xoppenst~HH B .a.auuoii: 
sepcHH OTCYTCTByeT. ,IJ,n11 uepeaoaaucHlilx HYKJJHAOB uei­
TpoHHhle ce11eHH 6epy'J"CJI H3 6u6JinOTexu BHAB-Ml1KPO. 
I1apaMe-rp1,1 o6o6m:euHoro noJ:J;rpynnoBoro no.a.xo.a.a nOJiy-
11eu1i1 Ha OCHOBe .a.aHKblX H3 6uwmoTeKH LIP AR [9 ]. I1pn 
pemeHHH npOCTpaHCTBeHHOH 33JJ.a'IH HCDOJlb3YIOTCSI eepo­
JITHOCTH nepBblX CTOJIKHOBeHHii, 00.III'OTOBJieHHlie C Y'ICTOM 

· TpCOOB3HKH OOOO~eHHOT'O 00.Ilrpynnosoro IlO,AXOJla. 
06.11aCTb aueprHH uaze 1 aB. Pac11er npoBOJJ.HTC.11 B 

40-rpynnOBOM npHWJH:iteeHHH c Y'leTOM TepMa.rrnaaa.HH 
HeATpoHOB. ll.aHHble O celfeHH.IIX nOJJy'leHhl ua OCHOBe 
6u6JIHOTeK LIPAR u KOPT [10). IlpocTpaucrseuHoe pac­

npeAC/leHHe HCHTpoHOB BaXOAHTCJI nyTeM pemeHHSI ypaB­
HeBH.11 1IepHHKa. 
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CPABHEHHE HEKOTOPblX IlPOrPAMM PACqETA 
XAPAKTEPHCTHK 5[qEEK 51,D;EPHhlX PEAKTOPOB 

H.B. CynTauoe 

IlpoaeJJ.eHO cpaaHeHHe pe3yJ11.n11oa pact1eT8 KJ1aCTepHoi1 11'1efutH PiiMK. no.ny11eHHblX no onu.1-111M DSN, PERSEUS, PU nporp11MMh1 WIMS- D4 H 

no nporpaMMBM PAUKSI 11 K.IIAPA. 

A COMPARISON OF SOME CODES FOR TIIE CALCULATION OF CELL CHARACTERISTICS IN NUCLEAR REACTORS. N.V. SULTANOV. 
A comparison of a cluster RBMK cell calculation results which are calculated by options DSN, PERSEUS, PU of the code WIMS-D4 and by the code 
RACIA and code KLARA, Is presened. 

BBE.[lEHHE 

D,rui: pac11e-ra peaKTOpa PBMK Tpe6y10TCS1 Manorpyn­
noa1i1e KOHCTaHTbl ero KJiaCTepHl>lX Sl'leeK (CM. PHCYHOK) . 
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3TH KOHCTaHTbl MOX<HO OOJIY'IHTb H3 pactfeTa j[tJeliKH no 
pa3JIH'IHhlM nporpaMMaM, uanpm,tep KJIAPA (1 ], PAI.I;l151 
(2), no OIIl(WIM nporpaMMhl WIMS-D4 [3]: DSN, PIJ, 
PERSEUS. JJ,auuaSI pa6o-ra nOCBS1LUeHa BhlS1CHeun10 



pe.lKHMOB paoon>1 ynoM.smyT1i1x nporpaMM. o6ecne'IHsa-
10m;KX no.ny'leHHe K0ppeKTHl,IX no T0'lHOCTH paC'leTa xa­

paKTepHCTHK KJiaCTepeoii x11.eiiKH PBMK. 

B Ka'leCTee o6beKT8 HCCJICA0BaHH.!I 6bVIa s1>16paHa 

xtie:iiKa (CM. pucynoK), co.a;epxam;asi "csexee" TOl1JIHB0 H3 

Hp 
K.nacrepHRll ll'leiilUl peaKTopa 

u 02 C o6oram;eHHCM B 2 % . 5I 'leil:Ka HaX0AHJJaCb B X0JIOAH0M 

C0CT0SlHHH C BO.ll;OH B KaHane. 5lz:lepe1i1e 11JIOTHOCTH Ma­

TCpHaJIOB npHBCACHbl B Ta6JI. Ill. OCHOBHblMH xapaK­

TCpHCTHK8MH Sl'ICDKH, no KOT0pblM npoB0.ll;HJIHCb cpan­

HCHHJI pe3yJibT3T0B pactieroe, 61,urn k,,. Jl'lCHKH H ABYX-

rpynnoshle KOHCT3HThl .!l'lCHKH, ycpe,nHCHHhle no Il0TOKaM. 

PAC<JET KJIACTEPH08 HqEffKH 

Pac'leThl si,monmUIHCh B 20 rpynnax (Ta6n. il. l). 
rpynnoB1>1e xouCTaHThl - cetteHHSl nornom;ee1u1, pacce­

llHHR, ,a;eJJeHHSI, rpynnoBhlX nepeX0A0B H cneKTpbl 

HdiTpoHOB ,11eneHHSl - BO ucex pac'le-rax 6paJIHCh H3 npo­

rpaMMhl WIMS-D4. TeMnepaTypa Bcex MaTepHanou 

Ta6;1uua 

KJIAPA PAUIDI" 

KOHCTRHTII 
cl 01 03 3 

koo 1,2965 1,2963 
1,2971 

( 0,05) (-0,06) 

°i;T 0,004690 0,004676 
a 0,004654 

(0,8) (0,5) 

~ 0,001295 0,001295 
a 0,001291 

(0,3) ( 0,3) 

VLT 
0,006834 0,006813 

I 0,006775 
(0,9) (0,6} 

,•.tJ 0,0007517 0,0007517 
0,0007731 

(-2,8) (-2,8) 

tST.., fi 0,005777 0,0005777 
0,005693 

(1,5) (1,5) 

t, MHH 5,2 I 2 

npHHHMaJiacb paueon 300 K. 
IlpHBCACM KpaTKYIO xapaKTepHCTHKy HCD0Jib3YCMblX 

MeT0A0B H nporpaMM. .II,.nst peweHUSI MHOrorpynnOBOro 

KHHeTH11.ecKoro ypauHeHHSI B nporpar.u,iax KJIAPA u PA­

.U.M5i ucnoJib30BaH cnoco6 pacm;eDJJCHHSI onepaTOpa a 

npH6JJH::>KCHHH "IIJIOCKHX" npoH3B0.ll;HblX OT 3HepreTH'Iec­

KOI'O TOKa HCHTp0HOB. Ilp113TOM npoCTpaHCTBCHHo-yrnosaH 

ll3CTb 33A3'!H pemaeTC.!I MeTOA0M noBepXH0CTHblX ncen­

A0HCTO'!HHKOB (MDII) B G~-npn6JIH.lKCHHH [ 4,5 ]. B npor­

paMMe KJIAP A 0AH0rpynnOBble 33A8'lH pemalOTCX AJl.!1 KJia­

CTepHOH reoMeTpHH no MOAH<tmu.HpoBaHHOH nporpaMMC 

TTPAKTMHEK [6, 7), B nporpaMMe PAIJ.M,I - MCT0AOM 

TPaJl.HU.llOHH0H roM0reHH3aJJ,HH [8 ] no MOAHcj,HU.HPOBaHHOH 

nporpaMMe IIPAKTWHEIJ.-3<1> [9 J, 
B nporpaMMe WIMS-D4 KJiacrepHaR 51qeiiKa 

pacC'!HTl>IBaJJac& no 0DU.HRM PIJ, PERSEUS, DSN. no 

om:~H.IIM PIJ MHororpynnoBax KHHeTH11ecKa11 3a,1J.a11a pewa­

e-rc.11 HanpxMyIO MCTO,ll.OM BepoxTHOCTeii nepBblX CTOJlKH0-

BeHHH {MBTIC) AJI51 KJiacTepHoii reoMe-rpHH {CM, pHCyHoK), 

no onu.HH PERSEUS - ynpoll\eHHhIM MBTTC, no omi.tt11 

DSN - pa3HOBH,qHOCThJO MeToAa AHCKpeTHblx OPAMHaT 

(MJJ,O) B SN-npu6JIH)KCHHH. B noCJieAHHX ABYX on11,HS1X 

K0JibU.CBble 30Hbl C TOilJIHBHblMH 6noKaMH roMo­

reHH3HpylOTCR no COCT3BY [3 ]. 

Pe3yJibT3Thl pac'leTOB (Ta6JI. 1) M3JIOrpynnoBblX KOH­

CT3HT .!14CHKH C pa3HOJI CTeneHb!O T04H0CTH cornacyJOTCSI 

MC::>KAY co6olt OTMeTHM A0CTaT0'!H0 xopowee cornacHe 

(- I% B cpe,ll.HHX no Sl'leHKe AByrpynnOBblX cetteHHSIX) C 

pe3yJibTaTaMH Gt-npH6nmr<eHH51 MITil .QaHHhlX pac1-1eTa 

WIMS-D4 

DSN* 
PU PERSEUS* 

S4 Sg 

1,2925 1,2967 I ,2978 1,3029 
(-0,35) (-0,03) (0,05) (0,45) 

0,004826 0,004608 0,004643 0,004750 
(3,7) (-1 0) (-0,2) (2,1) 

0,001290 0,001296 0,001290 0,001258 
(-0,1) (0,4) (-0,1) (-2,6} 

0,007067 0,006700 0,006757 0,006926 

(4,3) (-1,1} (-0,3) (2,2) 

0,0007565 0,0007786 0,0007740 0,0007586 
(-2 I) (0,7) (0,1) (-1,9) 

0,005878 0,005729 0,005729 0,005687 
(3,2) (-0,6) (-0,6) (-0,1) 

41 3 5,2 2 

n pH Me 'ta H H g: I. n CKOOl(:l.X npHoe.!leHo OTJIWUle (%) OT pe3yJlbT8TOll oi-npH6mt)KCHHR nporpnMMhl KJIAPA. 2 - t - npeMA pac•teTa 

1CJ1aCTcp1101f A'le'1KH Ha 31lM 3C- l 05S. 

O Pac•1eT MeTO,!IOM r0MOreHH3llUHlt KJ1aCTep11or1 1l'tet'."1KH. 



cnoco6oM roMoreHH3aUHH, KOTOpble nonytJeHbl MTITT B 

G1- 11 G
3
-npH6mD1<eH1111 (PAUH5I), M.D,O B s 

4
- n s8-

npu6nmKeHHRX (DSN). ECTb H 60J1bWHe pa3JIH'IH.ll (cp. 
-6 
v LI' nonytJeHHhle no nporpaMMe P AUJ.-15!) , HO OHH, KaK 

npaBHJIO, CJia6o BJIHSIJOT Ha TO'lHOCTb paC'leTa koo. 

Ha6mo.11.aIOTcS1 AOCTaTO'lHO OOJihwue pa:.umtJHll 

peay.11bTaToe pactieTa S14eihrn:, no.11yqeHHhle no penepuoii 

oou;HH PIJ H onu;HH PERSEUS, OT ,u;aHHhlX ,u;pyrHx npor­

paMM. HanoMHHM, 'lTO npH pactieTe no onu;HH PERSEUS 
AeJieHHe 30H Ha IlOJ:130Hhl Bhl6HpaJIOCb H3 YCJIOBHSI, 'IT06bl 

onTH'leCK8SI TOJIIIJ,HHa Il0J:130Hhl B RH)KHeH rpynne, r,11.e 

Lrot - MaKCHMaJibHoe, 6b1Jla ~ 1. Tipu pacqe-re no onu,n11 

PU e1,1noJIHS1JIHCb cne,u;yiom,11e ycnoeust. Bo-nepehlx, 
BBO.D;HJiaCb AOCTaTO\JHO MeJIKaSI ceTKa AJ]SI pacqera BepoSIT­

HOCTeH CTOJIKHOBeHH.ll 0:laJihHei'tmee .11.pooneune ceTKH ue 

H3MeHSIJIO KOHe\JHblX pe3yJibT8TOB paC\JeTOB). Bo-eropb!X, 

yeeJIH\JHBaJIOCb ,11.eJleHHe 30H Ha Il0A30Hhl, H3\JHH85l CAO­
BOJlbHO rpyooro (CM, T86Jl, fI.3, pa36HeHHe KJI. 1) H 3a­

K8H'!HBaSI, K8K HaM Ka3anOCb, AOBOJlbHO OO.!J.po0HhlM 

(paa6ueuHe KJI. 2). B o6eHX ODU.HSIX CHCTeMbl anre6-

paH\JeCKHX ypasueHHH OTHOCHTeJlbHO cpe.11.HHX no no,u;ao­

H8M OOTOKOB ueihpOHOB HTepHposaJIHCb AO yCJIOBHSI 

max i<1><11-l)f<J>(11) - 11 < e rne e = 10-4 
z,g tg ' " · ;;g 

OCO6EHHOCTb PACqETA .llqEEK 
no onum1M PIJ H PERSEUS 

Aua;rua pe3yJihT8TOB pacqeTa KJiacTepuoii si'leHKH no 

onu.HSIM PIJ" PERSEUS no1<a3a11, 'iTO s 3THX onu,HS1x Bbl-

T a 6 n .,. ~ a 2. KOIICT8HTbl KJlaetepHoii 11qeihat 

I<JlAPA 

KoHCT8HTi! 
01 

3 
KJI. 1 xn. 2 

koo 1,2971 
1,3025 1,2925 
(-0,4) (- 0,35) 

~ 0,004654 
0,005057 0,004826 

a (8,8) (3,7) 

-5 0,001291 
0,001292 0,001290 

Ia (0,1) (-0, 11 

vl:T 0,006775 
0,007446 0,007067 

'/ (9,9) (4,3) 

1•l:6 0,0007731 
0,0007601 0,000756 

f (-1,7) (-2,1) 

!s T ._ 6 0,005693 
0,005831 0,005878 

(2,4) (3,2) 

/, MHII 5,2 6,5 41 

IlOJIHSleTCSI o6mHJ'.i 6anaHc HeHTpoHOB .D;JISI seen Sl'ieHK11 H 

.ll.JISI scex rpynn, Ho HeT 6anaHca HCHTPOHOB BHYTPH xa)KJ:loi-i 
rpynnhl, T.e. He BblnOJIHSleTCSI, HaOpHMep, AJISI scei't Sl4eHKH 

H Ka~OH rpynnhl g paeeHCTBO 

NZ _ NZ NG 

i',I~~vz = I I 1:;g._g'4>;vz-
z = I z = lg' = I 

- Xz NG -
- l:;iI>;vz + kg L vl:jg,<l>;. vz ' 

oog' = I 
(1) 

r.ne z - HOMep 30Hbl ( l ~ z :S NZ); g - HOMep rpynnhl 

(l s g ~ NG). Tax, pa36anauc Me~y ABYMR M8Kporpyn­

naMH (B 1-IO MaKporpynny BOIIIJJH IlSITb rpynn, BO 2-JO -
OCTaBWHecSI 15 rpynn) AJJSI pa36HeHHSI KJI. l (Ta6JI. TT.3) 
COCTaBHJI 7 % , AJ]SI pa36HeHHSI KJI. 2 - 11 % . 

HanH'rne rpynnoeoro paa6anauca CBHAeTeithCTByeT o 

TOM, 'lTO pewenHe TpaHCnopTHOI'O ypaeHCHHSI, HeCMOTp51 

Ha BblflOJlHeHJte KPHTep1ui CXO.!lHMOCTH HTepau,HH, see e111e 
D,aJieKo OT TOlfHOro. B nporpaMMe WIMS-D4 TaKoit 

KPHTepHH - £, paBHhlH 10-4, 3Ha11ett11e KOToporo, Ha nep­
BblH B3r'JISIJ:I, K8>KeTCSI MaJIOH BeJIHlfHHOH. TioCJie yMeHb-

meHHSI e• AO 10-6 pe3yJibT3Tbl paC\JeTOB no OillJ,HSIM PU H 

PERSEUS CTaJIH 6m1)Ke x pe3yJJhTaTaM D,pyr1-1x nporpaMM 
(Ta6n. 2): D,JI.ll onu,1-111 PERSEUS OTJIH•rne OT pe3yJihTaToB 

.11.pymx nporpaMM cra,no MeHbwe I % , .ll,JISI om.vrn PIJ OHO 

• B npOrpaMMe WIMS-D4 ec-n, npocw>i cnoco6 onpe11,encmrn, 110• 
CTaT0IIHO nH 3H3llem1e napaMerpa l HnH ero 11eo6xo,nHMO yMelll,WHTt,. 

)lnA 3T0l'O 11811,0 cpaeHHTb pe:iyn1>TaTbl ne'laTH 13-ro H 14-ro cel'MCIITOU 
nporpaMMbl. ECJIH pD.311H'IHC k .. HJU1 11,nyxrpynn0DblX Cpe/1,IIHX no A•ICHKC 

CCl(CHHH aac He YA0BJICTBOpAeT, Tpe6yerc11 yMefll,IUHTb 3tla'le1me £ . 

WIMS-D4 

PU 
PERSEUS 

KJI, 1 KJI, 2 l{Jl. 3 

1,3089 1,3010 1,300 1.2927 
(0,9) (0,4) (0,2) (0,3) 

0,005012 0,004752 0 .004708 0,004629 

(7 .7) (2,2) (1,2) (- 0,51 

0,001297 0,001298 0,001299 0,001293 

(0,51 (0,5) (0,6) (0,2) 

0,007371 0,006941 0,006872 0,006736 
(8,8) (2,4) (1,5) (-0,6) 

0,0007713 0,0007732 0,0007741 0,0007786 
(0,2) (0,0) (0,1) (0,7) 

0,005725 0 ,005738 0,005737 0,005726 
(0,6) (0,8) (0,8) (0,61 

15 so 111 3,5 

n p H M e 4 a H 11 e. Jln" ICJ[, 1 H 2 £ - 0,0001. B OCTanbHblX cny4a11x £ D 0,000001. 
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BCe em;e OCTaJIOCb ,!J,OCTaTO'-IHO OOJlbillHM (~ 2% s cpe,!J,BHX 

no S11.1emce Tennosblx ce1.1euusix). TaK KaK om~HSI PIJ ,1J,ae-r 

peoepm.H pe3yJibTaT, TO 3TO pa3JIH'-IHC HeOOHJITHO. 
AHaJIH3 noJiy'leHHl,IX pe3yJibTaTOB paC11eTa KJiaCTep­

HOH SlllCHKH pa3Jllfll:HblMH MeTO,!J,aMH DO pa3JIH'IIHl,IM npor­
paMM3M DOK33bIBaeT, 'ITO B03MO::iKR1,1 CJICA)'JOID;He 
HCTO'IHHKH 3TOro pa3JUfllJUI: a) oum6KH B OIII(HH PIJ; 6) 

BJIIDIHHe npH6JIH.KeHIIH (a oou,HH PIJ - .D.eTaJll>HOCTb 
pa36HeHHS1 aoH aa noii;aoe1,1; s on1l,HS1X DSN K PERSEUS, 
a oporpaMMe PA~R.SI - BJIHSIHHe roMoreHH3a1l,HH D aoMep 
npH6JrnJKeHHS1 MeTO.D.a; s rrporpaMMe KJIAP A - e;rnsieee 

eoMepa ~-npHMHJKeHHSI). By.D.eM HCCJie,!J,osaTb so3Mo,r;­

Hble HCTO'-IHIIKH pa3JIH'IIH.II pe3yJibT3TOB no nopSl,!l,Ky. 

CPABHEHHE PE3YJibTATOB PAC'IETA .11qEAKH 
no OITUHH PU H no IlPOrPAMME WERTER 

.lI.Jisi rrposepKH ope,!J,DOJIO:)KeHHJI o6 OWH6Ke a OIIU:HH 
PIJ 6b1Jla npHBJie'-ll!Ha nporpaMMa WERTER [10 ], ucnoJ1b-
3y10m;aJ1 rrp51MOH MBilC [l l] ,!J,JISI paclleTa KJJacrepeou 
Sl'l:eHKH H pemarom;ax 33,!J,aqy C BHeillHHM HCTO'-IHHKOM HeH­

TpOHOB. HanOMHHM, 'QTO no OD1l,HH PJJ paC'-IHTb1B3eTCSI KJia­
CTepHaSI 3a,1J,a11a Ha onpeA,eJICHHe k,,.. Tax xax see pa3JIH'IMSI 

pe3yJibTaToe (CM. Ta6JI. 2) 6WIK s Teruiosou o6Jiacni HeH­
TpoHos, MO,!J,e.llbHasi 33,!J,alla <l>opMyJIHpoeairach CJICA)'JOm;HM 
00pa30M. 

BblJia sbl6paea 12-aoeaa.11: KJJ.aCTepeaS1 S111eiixa (CM. 
PHCYHOK C '-leThlpbMSI DO,!J,30HaMH B rpa<pHTe). PaClleThl Bbl­
DOJIHSL/IHCb B 14 rpynnax (1,0 M3B - 4 3B - rpaHHU:bI 
nepsou rpynm,1, rpaHHU.bl oCTaJibHblX rpynn npuae,1J,eH1,1 s 

Ta6n. Il.1) ua onpeii;eJieeHe k,,. no onn,HH PIJ. 3aTeM no 

<pOpMyJie 

S% - "t'% ~% 
g - "-s g .- I~ g• (2) 

rAe l:s g ._ 1 - celleHHe yeo.n.a H3 nepeo:i{ rpynm,r e rpynny 

T a 6 n 11 Ll a 3. XapaKTepHcnnrH 30H uacrepHoli 1111eliiut 

1 Mnn. KJIAPA, G3 
HoMep JOHbt MaTep11an 

-T 
ra,z 

- y 

vl:J,z 

I Zr 0,006641 -

2 H20 0,01380 -

3 H20 0,01506 -

4 Zr 0,007398 -

5 C 0,0002542 -

6 U02, 1-A p!I,A 0,1816 0 ,3079 

7 U02, 1-A PIIA 0,1964 0,3338 

g, Bbl'IHC.llSIJlHCb HCTO'-IHHKH TCnJIOBblX HeihpoHOB ,!l,JISI Ka'1C­

}lOll 30Hl,I z H rpyllill,I g. ,[(anee pac\JeT BhlnOJitUUICSI no npor­
paMMe WERTER s 13 rpynnax c Bbl'IHCJieHHhlMH 
HCTO'IBHKaMH HCHTpoHOB (2) H c CCllCHHSIMH nornom;eHIDI, 
pacceSIHHj{, ,!J,e.lICHKSl H rpyonOBblX nepeXO,!J,OB, B3SITbIMH H3 

• nporpaMMhl WIMS-D4. Pe3yJibT3Tbl pac<1e-ro11, nonyqea­

HJ,lC no STHM ABYM nporpaMMaM, C xopomeu TO'!HOCTblO 
COBDaJIH KaK B Cpe]lHHX no Sl'ICAKe H rpynnaM ceqeHHSIX 

I~ H vl::j (norpelllHOCTb ~ 0,05%), TaK H B cpe.n.nux no 

3HCPl'HH 30HHblX no-roKax H CC'-ICHHilX (norpeWHOCTb 
~ 0,4%). 

3aMeTHM, llTO a paC11eTax no nporpaMMe WERTER H 
ODU.HH PIJ ,!J,JJSI Bbl'IMCJICHHSI BepoSITHOCTCH HCDOJI&30BaJiaCb 
AOCTaTO'IHO MCJIKaSI cerKa ( ~ 4000 y3nos) ' a HTC­

pa~HOHHLlii paCIJeT rpynnOBblX nOTOKOB BblDOJIHSIJIC.11 
npHMCpHO ,!J,O OAHH3KOBOH OTHOCHTCJibHOH norpeWHOCTH 

(e !::: 10- 6) •. Ha BHCIDHefl rpaHHu:e B U:l{JIHHAPH30Baeeou 
SlllCH.Ke B o6eHx nporpaMMaX HCnOJlh30Banoc& OIi.HO H TO 
xe yCJIOBHe H30Tp0DHOro OTP3,KCHffj{. 

TaKHM o6pa30M, MO:llCHO CllHTaTb, llTO pesyJI&TaTbl 
pa6oT],l 6noxoe nporpaMM PIJ H WER TER, OTBeTCTBCHHhlX 

3a paClleT sepoSITHOCTCH H cpeit;HHX no 30HaM rpynnOBblX 
DOTOKOB HCHTpoHOB, xopowo cornacytoTCSI Me:)l{,!J,y COOOH H 
Hawe npeA,no.noX<eHHe O HaJIHllHH OUIH6KH B OD~HH PIJ Ma­
JIOBCpoSITHO. 

AETAJibHOECPABHEHHE 
PE3YJlbTATOB PAC'IETA Oill.J.HH PU 

H IlPOrPAMMbl KJIAPA 

Tiepe~eM K CJICAYIOID;eMy B03MO,tr;HOMY HCT01-IHHKY 

OTJIH\llf.11 pe3yJI&TaTOB pacllCTa KJiaCTepHOH SI'ICHKH no 

• B nporpaMMC WERTER Ha KR)l(AOM r.nepllllHOHHOM ware 
npoHJBO,QHTC!il npocrpaHCTBeHllall HOPMHpo&Ka, KOTOpnR BJ1e•1eT Bbtn0/1 • 

11eH11e paaeHCTBa (I) ( CM., 11nnpuMep, ( 12]). 

MBITC, WIMS-D4, PU, KJJ. 2 

~z 
T 

IT 
a,z vr; .z i· 

T 

0.1229 
0.006274 0,122S 

-
CS,3) (0,3) 

0,1312 
0,01368 0,1296 -
(-0,8) (-1,2) 

0,1839 
0,01496 0,11U3 

-
(-0,7) (-1,4) 

0,2350 
0,007331 0,2302 

-
(-0,9) (-2,1) 

0,2929 
0,0002529 0,2862 

-
(-0,5) (-2,3) 

0,1163 
0,1823 0,3091 0,1163 
(0,4) (0,4) (0.0) 

0,1504 
0,1971 0,3354 0,1501 
(0,3) (0.5) (0,0) 

n pH Me 'I a H He. B CKOOKax npHBC.,QCHO OTnH'IHe pe3yni.TaTOB (%) OT ;IIBHHblX, nOJIY'ICffHl,U( MTIIT B G5-np116nr.tlKemm. 



0nI.\HH PIJ OT pe3yJibT3TOB .11.pymx nporpaMM: K .ll.eTaJib­

HOCTH pa36HeHHR 30H Ha D0.ll.30Hbl B Onl.\HH PU. ,ll..nR T0l'O 

llT06bl 3Ha.lIH3 pa36HeHHR 6blJI 1.1,e.n.eHanpaBJieH, npHBeneM 

cpasHeHHe pe3ym,TaT0B pac'leTa RllCHKH no 0illl,HH PIJ H 

no nporpaMMe KJIAP A (Ta6JI. 3). OTMCTHM, '!TO so Bcex 

30Hax, KpoMe u;eHTPaJibHOH UHPKOHHesoii u rpa<t,HTOBoii, 

pa3JlHIIHe peayJJ&TaTOB ~ 1 % , 

Pa3JJHlfHe l:~ B u.eHTpa.n&H0H UHPK0HHesoii aoHe Ha 

5,3% cesiaaHo c TeM, \fTO B nporpaMMe KJIAPA e n:eHT­

pan&eoii 30He H B Tpy6e HaX0AHTCR OAHH H TOT JKe MaTepuan 

Tpy61,1, e nporpaMMe WIMS-D4 - ABa pa3JIHIIHblX Ma­

TepHaJia. KpoMe T0l'O, 3TO pa3JIH'lHe BHOCHT MaJihlH BKJJaA 

B cpaBHHeaeMble KOHCT3HThl R'lfeeK (CM. Ta6n. 1). 

CosepmeHHO no-itpyroMy BJIIDIIOT pa3JIHIIHR pac'leT0B 

11 rpacpHTOBOH 30He Ha HHTerpaJibHhie xapaKTepHCTHKH KJia­

CTepH0H stlleiixu:. Tax, no onpe.u:e.neHHIO 

~LK
0
_~v-

~ "" .. 
~T ;:; .._8t_=---

a ~~v 
k z z 

(3) 

gz 

OCHOBHOH BKJJal{ B lJHCJIHTeJJb <t,opMyJibl (3) BH0CSIT 

TOJl.lIHBHble 30Hbl, r.11.e Ha116onhwee nornow.eHue, a e 3Ha­

MeHaTeJJb - Il0T0K rpaq)HTOBOH 30Hbl. Il03TOMY, K3K noxa-

3hlBalOT 0IJ,eHKH 2%-Hoe paam11.JHe B };~ H vLj onn:u:u PIJ 

OT naHHhlx nporpaMMbl KJIAPA (CM. Ta6n. 2, paa6ueuue 

KJI. 2) o6yCJIOBJieHO B OCHOBH0M 33HH)KeHHeM Ha 2 % D0TOKa 

e rpacpuTOeou 30He. 

B om-'"" PIJ ucno.n&aoeatt MBIIC [3 ]. B 3T0M Me-ron,e, 

HCilOJib3YJO~M npu:6muceHHe "nnOCKHX" DOTOKOB, OCH0B­

HOH nyTI, YTOllHeHHSI paclJeTa cpen,HHX II0TOKOB CBSl33H C 

6onee MeJIKHM pa36HeHHeM 30H Ha DOJ:{30Hbl. O6bllJHO pexo­

MeHJ:lyJOT [3) pa36l1B3Tb 30Hbl Ha D0A30Hbl C OIITH'l.eCKOH 

TOJIW,HHOH npHMepH0 B 0.11.HY .llJ'IHHY CB000.11.HOl'O npo6era. 

B KJiaCTepnoii: Sl'leHKe c pa36neuueM KJI.2 (Ta6n. IT. 3) 

0IITlfl{eCKasi TOJJUUtHa II0.ll.30H COCTaBJIReT MeHbWe 

nOJioe11Hbl .llJ'IltHbl ceo6onHoro npo6era e HH)KHeH rpynne, 

rAe Ha»6on&uree Ltor Ka3a.JIOCb, 'ITO Taxoro pa36HeHHSI .11.0-

CTaT0'l.H0. Ilo-BH.IJ.HMOMY, 3T0 He TaK. 

CPABHEHHE PE3YJll,TATOB PAC'IETA 
UlUIHHJJ,PH'IECKOA 1111EAKH, 

BbJnOJIHEHHO£'O no OITI.I.HSIM PIJ H PERSEUS 

,ll..n.si HCCJie.Q0B3HHSI pa36HeHHSI 30H Ha DOA30Hbl B 

onn:HH PIJ 6btna Bb16paHa tfeT1>1peX30HHaSl l(HJlHHJ:IPH'leC­

K3R SltleuKa, H see cpaeHeHHSI npOBOAHJJHCb C pe3yJibT3TaMH 

paclleTa no onu.nu DSN, 'l.TOObl HCKJIIO'lHTb norpemHOCTH 

OT MeTo.11.a roMoreHH3au,11u, ucnoJJ&3yeMoro on~11eif DSN 

npu pac'l.eTe KJJaCTepttbIX .s11.JeeK. CoCTae enyTpH xaHaJJa 
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T a 6 J1 H LI a 4. KOHCTBHT1ol I.\HJIHHJJ.PH'leclCOK ll'ICHKH 

DSN PU 
l<oHCTaHTa 824 UI U2 

Ir.co 1,2913 
1,2952 1,2921 

(0.3) (0,1) 

fl 0,003685 
0,003778 0,003704 

a (2,5) (0,5) 

-6 0,0009824 
0,0009827 0,000982S 

l:a (0,0) (0,0) 

vl:T 0,005353 
0,005S09 0,005386 

I (2,9) (0,4) 

vl:J 0,0004709 
0,0004685 0,0004706 

(-0,5) (0,0) 

l;S T ... 6 0,004935 
0,004939 0,004939 

(0.0) (0,0) 

f, MHH 114 26 79 

n p H M e q a II ll e. B CK06Knx npHBCAeHO OTnl,lllHC ( % ) OT peaynL­

T8TOB DSN B S24-np116nmKCHHH, 

3KBHsaJieHTHOH U.HJIHH.D.PHllecxoH silfeHKH 6bUI HeCK0JJbKO 

H3MeHeH no cpaeHeHH)O C paccMa:pHeaeMOH KJlaCTepHOH 

SllleHKOH: 0TH0Wen11e IlOTOK0B HeHTpoH0B KaHaJJa K 

rpaqntTOBOH 30He OCTaBaJIOCb TeM )Ke, tfT0 H B KJI3CTepH0H 

.!ltfeiix:e. 

PaC\JeTbl UHJIHH.D.PHlleCKOH S1tfeHKH no om..vrn DSN Bhl­

noJJHSIJIHCb B S24-npH6JIWKeHHH (Ta6JJ. 4), no 0DU,HH 

PIJ - AJJSI ABYX pa36HeHHH l(HJJHH.!1.PHtfecKHX 30H (Ta6n. 

IT.4). BHJ\HO, tfT0 e UWlHHJ:IPH'l.eCKOH si11euxe U,1, KOTopasi 

npHMepHO COOTBeTCTeyeT pa36ueHHIO KJiaCTepHOH .iJ'leHKH 

KJI. 2 (Ta6n. IT. 3), 0TJIHtfHe ~~ H v~; OT pe3yJibT3T0B 

S24-npu6nIDKeHHSI COCT3BJIS!eT 2 - 3 % (CM. Ta6n. 4) . .lJ,aJJb­

Heumee .11.po6JieHHe 30H (CM. Ta6Jl. Il.4, U:2) yMeHblllaeT 

3TOOTJIHlfHeA0 0,5% (CM. Ta6JJ. 4). 60.nee.n;eTaJJbHOe.11.po6-

Jiem1e, lleM U,2, npaKTH'leCKH He MeHSleT pe3yJJbT3TOB pac­

tfeTa. 

.11.AJlbHEA:WHE PAC'IETbl KJIACTEPHOA: Sl'IERKH 
no OilU.HBM PIJ H PERSEUS 

B pe3yJJ&TaTe 6onee l{eTaJJbHOl'O pa36HeHHSI rpa­

(pHTOBOH 30Hbl OK0JIO UHPKOHHeBOH Tpy6bl (CM. Ta6n. 

Il.3, pa36HeHHe KJI. 3), pa3JIHllHe f~ n vl;J, nony­

tfeauoe no onn:HH PIJ H no nporpaMMe KJIAPA, 

yMeHbmHJIOCb ll,0 1,2 - 1,5% (CM. Ta6JI. 2, pa36HeHHe 

KJI. 3). IlpH 9T0M B onu.HH PIJ eme, n0-BHJ:IHM0My, He 

.lJ.OCTUI'liYTO npeAeJibH0e 3HalleHHe (CM. paetieT 

U.HJIHftAPHlleCKOH RllenxH) . 0.~HaKo ~aJJhHenwee 



yse.JIH\feHHe \fHCJJa ITOA30H ;qe.naeT paC\feT CJIKIDKOM Tpy­

,AoeMKHM. 

B nporpa.MMe WIMS-D4 ecrb B03MOX<HOCT& npK pac­

'l:eTe KJJaCTepHbIX lltJ:eeK B KJJaCTepHoR \laCTH 3an;a\lH 

ucnoJib30BaT& onu,010 PIJ, a B U,HJJHH.APHtJ:eCKOH 11acru -

om:,1ut0 PERSEUS. TJ;1xall B03MOJKHOCTh acnon1,3osaem1 

onu,Hu PIJ + PERSEUS no3B?JISleT npu TOH xe TO'IHOCTH 

pac'leTa .ZI.ByxrpynnOBblX KOHCTaHT ll'ICHKH, 'ITO H B 001.1,HH 

PIJ, cyw,eCTBCHHO COKpaTHTb BpeMSl pac11e-ra seen st'l:eHKH. 

Tax, no onu.uu PIJ + PERSEUS pac11e-r KJI. 3 (CM. Ta6n. 

2) C 10-30HHblM pa36HeHHeM rpaq>HTOBOU 30Hbl yMeH&waeT 

speM51 c11e-ra B 2 paJa. 

3AKJIJOqEHHE 

B A3HHOH pa6oTe BblilOJJHCHO cpaBHCHHe HCKOTOpbIX 

nporpaMM no TOllHOCTH pacllera ll,ByxrpynnoBNX KOHCTaHT 

KJiacrepHOH sc11eiiKH P6MK, npH 3TOM onTHMH3aU,Hlt npor­

paMM no BpeMeHH pactfera 51\f:CHKK HC npOBOAHJIOCb. Ilpu 

3THX cpasHeHHS!X 61,um BhlllBJICHhl HCDOHSITHhle pa3JIH\f:H51 

pesym,TaTOB pactJ:eTa AByxrpynnoBhlX KOHCTaHT KJiaCTep­

HOU 51'Ieiixu no onu,HHM PERSEUS H PIJ, HCDOJJ&3yt0w,u1>1 

MBITC, OT aHaJioru11Hblx ;qaHHblX, noJiytfeHHblX no ;qpyruM 

nporpaMMaM. 1'1cCJJe;qosaHHIO 3THX OTJlffl(KH H IlOCBSIW,CHa 

,!1.aHHast pa6oTa. 

B pe3yJtbTIITC OWIH BblllBJICHbl OCOOeHHOCTH paC'l:eTa 

KJiacrepHhlX lltfeeK THna PBMK no onu,mtM PERSEUS u 

PIJ. Bo-nepe.hlx, AJtiI nosblrueHnsc TO'IHOCTH paC'IeTa .11,syx­

rpynnoshlx KOHCTaHT ll'!CeK HCOOXOJJ;HMO Il08hlW3Tb TO'I.­

HOCTb paC'leTa Kp1tTepm1 CXO.D,HMOCTH HTepaU.HOHHOI'O npo­

u.ecca e. Bo-eTOphlx, npu pactfeTe no onu,HH PIJ .AJill nony­

tfeem1 penepeoro pac11eTa Tpe6yeTc11 MeJIKoe pa36ueHHe 

30H Ha Il0,!l.30Hbl Bil.llOTb AO OilTH'IeCKOH TOJl~HHhl B 0, 1 

TaM, rll,e 3Ha14HTeJteH rpa,zi;HeHT IlOTOKa HeiiTpOHOB. 

B pe3yJI&TaTe cpaBHeHHH paCCMOTpeHHhlX nporpaMM 

pacqeTa MaJiorpynnoahlx xapaKTep11CTuK KJiacrepttou 

ll1teHKH THna PBMK BhlllCHeHo, 'ITO npeAeJibHble atta'!eHHll 

3THx xapaKTepucrHK gqeex corJiacyIOTcll Me)KJl.y co6ou s 

npe.zi;enax ~ 1 % . 

B 3aKJJJ014eHHe Bhlpaxaio 6naro.zi;apHOCTb H.11. Jla­

JieTHHy H .SLB. IlleBe.neey 3a u;eetthle 33Metfattull H noJie3-

Hhle coBeTbl, a TaKxc:e E.A. foMHHY 3a mo6e3HO npe.a.ocraa­

neHHYIO B03MO)KHOCTb paCllf:Ta no nporpaMMe WERTER. 

IlPHJI O )KEJrnE 

T a 6 n H q a 11.l. 311epreTHqec1tHe rpa1111qw rpynn 

HoMep 
rpaHHUbl rpynn, 3B 

HoMep I'paHHl.\bl rpynn, 

rpynflbl rpynn1,1 3B 

I 107-9118 11 0,280 - 0,250 

2 9118 - 5530 12 0,250 - 0,220 

3 5S30 - 906, 13 13 0,220 - 0,140 

4 906, 898 - 9,877 14 0,140 - 0,080 

s 9,877 - 4,000 15 0,080 - 0,058 

6 4,000 - 1,020 16 0,0S8 - 0,042 

7 1,020- 0,625 17 0,042 - 0,030 

8 0,625 - 0,3S0 18 0,030 - 0.020 

9 0,350 - 0,300 19 0,020 - 0,010 

10 0,300 - 0,280 20 0,010 - 0,000 

T a 6 JI H u. a n.2. Ko11ueHTJ)8IOlll M8TCPHSJIOB 

HoMep .slAepHBII MOT-
Cocrae 30111,1 

IIOCTb,X 1024 CM - l 30Hbl 

Zr 0,042835 

1 IlpHpo,QHblH Hr 0,00000731 

Nb* 0,0004876 

2 
H (Mo,Qenb HeJIKHHB [3] > 0,0668 

0 0,0334 

Bu 0,0200323 

3 Su 0,0004087 

0 0,040364 

Zr 0,0420874 

4 np»poAHbli"1 Hr 0,00000731 

Nb• 0,001219 

C 0,08382 
5 

Nb* 0,000067056 

• B 6,1611»0TeKe nporpaMMLI WlMS-D4 ueT 3TOt'O :,neMet1Tn, no3TOMY 

OH J.IMHTHp0BllJICll 3KBJ.t88neHTHblM Kon,14eCTBOM nornonne1111 C lnKOIIOM 

nornoll.\eH11ll "1/v": r!1v(2200 Mic) - r~b(2200 Mic>. 



Ta 6 n H LI a n.3. P836HeHHe uacrepHOH A'leiilU[ Ha IJOA3()HW 

06o3Ha- HOMeD 30Hbl 

11e11He IIa~MeTJ)1>1 1 2 3 4 5 6 7 
114Ciurn 

Zr H20 HzO uo2 H20 UO2 HzO ir C 

qHCJIO hOA301! l I I I 1 1 1 I s 

Kn. 1 PBAHYC, CM 0 ,75 0 ,9 2,3 0,68 3,78 0,68 4,0 4,4 
4,4 + 2,0·n (I s n s 4); 

14,11 

Yr0J1, 1>8.11 - - - - - - - - -
tfHCJIO h0A30H 1 I 6 8 6 8 1 1 1,0 

Kn.2 Pa,IIH)'C, CM 0,15 0,9 '1 
0,4; 

r2 
0,4; 

4,0 4,4 
4,4 + 1.0 · n (1 s 11 s 9); 

0,68 0,68 14, 11 

YI'OJI, PllA - - - "'1 - '1'1- - - -
'IHCJIO no.1130H 1 l 6 8 6 8 2 1 17 

4,4 + 0,3 · n ( I :s n s S); 

Kn. 3 PIIAffYC, CM 0,75 0,9 '1 
0,4; 

'2 
0,4; 3,89; 

4,4 
5,9 + 0,4·(n-S) (5 s 1t s 8); 

0,68 0,68 4,0 7,1 +0,S·(11-8)(8sns 12); 

14, 11 

Yr0J1, pa,11 - - - '1'1 - ¥>1 - - -
n n pH Me 11 a H He. r 1 ... o,9+0,233·n(l s ns 6); r2 .. 2,3+0,246 ·11(! s n s 6); y,1 -0,785+ 1,57(2 -1)(1 s ns8). 

T a 6 JI H LI a Il.4. Pa36HenHe ~IIJIHffJIPH<iCCltOii ll'leiiu Ha QOJl30HW 

06o3Ha'lCHHC 1111eAKH IlapaMeTJ) l 

U02 + H20 + Zr 

'IHCJJO no)130H 8 

Ul PMHYC, CM '1; 

3,78 

'lm:no no)l.1()H 10 

P8)1HyC, CM '2; 

3,78 
ll2 

n p H M e 11 a H H e. r 1 ""O,S • n (1 s n s 7); r2 = 0,4 · n (1 s n s 9). 
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(I s n s 10) 

2 I 20 
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OB30P HEKOTOPbIX 3APYBE)KHblX METO)I,OB If IIPOrPAMM 

TPEXMEPHbIX PAC~TOB HE0:TPOHHO-ll>lf3IfqECKHX XAPAKTEPHCTHK 

11,U:EPHbIX PEAKTOPOB. 

Y3JIOBbIE METO,U:bl 

)I,.M. IleTpyHHH 

AaH o630p aapy6e:>KHblX Bbl'IHCJlHTenbHblX nporpaMM IV[ll TpexMepHhlX pactJeTOB HeihpOHHO-<PH3HlJeCKHX xapaKrepllCTHK llj!,epHblX peauopos. ne­
peHOC HeHTp0HOB B 60nbWHHCTBe H3 HHJC 0nHCbillllercll B JI.H<l><!>Y3HOHHOM ManorpynnOBOM npH6JmlKeHHH. Peam130BaHHble H uporpaMMax peweHHR HW.YTC9 
C n0M0I.I.\blO Y3JlOBblX (HO;laJJbllblX) MeTOJI.OB Ha pej!,KOK npoCTpaHCTBeHIIOi°I cen,e. 

NON-SOVIET 30 NEUTRON CALCULATION METHODS RELATING TO PERFORMANCES OF NUCLEAR REACTORS. NODAL METHODS 
(REVUE). D.M. PETRUNIN. The survey of 3D nfu1ron methods and related codes for nuclear reactors is presented. The neutron transport Is represented 
by the rew group diffusion approximation. The solutions are based on the coarse-mesh approach with mathematical trealmenl by nodal methods. 

B .z:(aHHOM o63ope pacCMaTpHBaIOTCSI TaK Ha3hlBaeMhle 

pe,qKoceTOlfHh!e nparpaMMhl paetrera peaKTopa B 

AH<pcpy3HOHHOM npH6JlH)KeHHH. 

TepMHH "pe,t1KOCeT011Hble" 03HattaeT, qTO pa3Mepmara 

paC'leTHOit CeTKH, Ha KOTOPYIO pa36HT ooo.eM peaKTOpa, 

3H81fHTe.JlbHO npeBOCXOJ:tHT xapaKTCpHble pa3MCpb1 KOH­

KpeTHOH (pH3HtJ:eCKOH 33A3'IH, Hanp0Mep AJIHHY AH4>¢Y3HH 

TeDJIOBhTX HeHTpOHOB HJIH reoMeTpHqCCKHe pa3MCpb1 reTe­

poreHHOH crpyKTYPhl TellJIOBhfAeJunoIIJ,eH c6opKH, H 

Bbl6HpaeTCSI HCXOA.SI H3 BblllHCJIHTeJibHhlX B03MO)KHOCTeH H 

u,e.n:eH pac11eTOB. 

Pe,t1KOCeTO'IHble nporpaMMhl, K3K npaBHJIO, 003B0Jl.SIIOT 

pacC'IHTblBaTh HCCKOJlbKO COCTOSIHHH H TCM CaMhlM 

HMHTHPOBaTb pa60Ty peaKTOpa; T8KHC nporpaMMbl Ha3bl­

B3IOTC5l nporpaMMaMH-HMHTaTopaMH. 

B TO BpCM.SI, KOrAa peJJ;KOCCTO'IHblC MCTO)],bl TOJlbKO 

H3'1HH8JIH BHeJ:(p51TbCSI B paCl!eTbl ueihpOHHO-q)H3H'ICCKHX 

xapaKTepHCTHK peaKTOpOB, C'IHTaJIOCb, 1ff0 OHH He CMOryT 

3aMeHHTb MeJIKOCeTOlfHble KOHe1IHO-pa3HOCTHhIC MeTOAbl 

HH no TO'IHOCTH, HH no .ll,CT3JIH33U.HH noJiy11aeMblX xapaK­

TepHCTHK, H HX BblrQJ:{8 B~eJiaCb JJHIITh B 6hlCTPOTe ClfeTa 

H J:{CWCBH3He DOJiytJ:eHHhlX pe3yJihT8TOB. Pa3BHTlie TeopHH 

3THX MeT0,1:(0B npHl!e.nO, 0.11,HaKO, K TOMY, 1.fTO B HaCTOSim;ee 

epeMSI C IIOMOill;bIO PeJl.KOCeTO'l:HhIX nporpaMM MQ)KHO noJ1y-

11aTb A0CT3TO'IHO TO'IHble H )],CT3.Jili3Hp0B3HHble xapaK­

TepHCTHKH peaKTOPOB. 

CymecreyIOT HeCKOJlbKO yCTaHOBHBIUHXCSI Tl-100B 

pe,n;KOCeTO'!HhlX MeTOll;OB: 

1) Y3JJOBOH (no,n;aJlbHblH) Mero,n;, B KOTOpOM CB.!13H 

Me;>K.z:(y cpeJ:{HHMH no Y3JIY (H0.11,e) ITOTOKaMl-1 Heii:TpOHOB yc­

TaHaBJIHBaIOTCSI 11epe3 TOKH HCliTpOHOB Ha rpaHSIX CMe:iKHb!X 

Y3JIOB Ha OCHOBe HHTerpaJibHOro 6aJiaHca HCHTPOHOB, a 
MaTpHl.l;bl nepeHOCa H nornom;eHHSJ Ha3b!BaIOTCSJ "Ko-

3(p!pHU,HeHT3MH CB.11311 y3nouoro MCTO,[l.a"; 

2) MeTO)], KOHe'IHblX 3JICMeHTOB, B KOTOPOM IlOTOK HCH­

TpOHOB BHYTPH 3JleMeHTapHOH .Sl'ieHKH annpOKCHMHpyeTCSI 

llOJIHHOMOM C K0:3<pq>Hn;HeHTaMH, .!IBJISIIOill;HMHCSI Helt3BC­

CTHblMH; 

3) KOHel!HO-pa3HOCTHblC MeTO,IJ;bl, B KOTOpbIX AHcj)cpe­

peHl\HaJibHblH orreparop annpOKCHMHpyeTCSI KOHe'IHO-pa3-

HOCTHOli q>opMynou: C Y\ICTOM BblCOKHX '-UleHOB pa3JJO­

)KeHHSI; 

4) MeTO,ll. CHHTe3a OOTOKa HeiiTpOHOB, B KOTOpOM 

pemeHHe npe.11,CTaBJI.!ICTCSI B BHJJ;e JIHHCHHOli cyrrepIT03HUHH 

OTHOCHTeJlbHO MaJioro 'IHCJia rrpo6HblX <PYHKU.Hli. 

B ,[l.aHHOM o63ope paccMaTpHBaIOTCSI nporpaMMbl, B KO­

TOpblX peaJIH30BaH nepBbIH MeTOA. 

B pa6oTax Barnepa H Ke6Ke (1 ), a TaK;>Ke )I,opHirnra 

[2) A3eTCSI OOOCHOBaHHe Y3JIOBblM, HJIH HOA3JlbHhlM, MC­

TO.z:(3M. 

ilpH BblB0.11,C Y3JJOBhIX ypaBHeHHH CTporoe 

HHTerpHp0B3HHe rrpOH3B0.D,HTC.II TOJlbKO B rronepelfHOM Ha­

npaBJieHHH, H npocrpaHCTBeHHble ,!1.Hcpcpy3HOHHhlC HJIH 
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TpaHCUOl)THble ypaBHeHHSI CBO),;jiTCil JC CHCTeMe OAHOMep­

HhlX ypaBHCHHH THna ypaBHCHHH AHCKpeTHWC OPAHBaT C 

npocrpaHCTBCHHblMH H yrJIOBhlMH saBHCHMOCTSIMH UOTOKOB 

H HCTO'IHHJCOB. B saBHCHMOCTH OT annpoKCHMa~HH, npHHSI­

TblX B OTHOWCHHH OAHOMepHblX pacnpea;eneHHH BHYTPH ya­

JI3 H yrJJOBhlX UOTOKOB Ha ero rpaH.llX, DOJ1y11a10TCSI 

pa3JIH'1Hble eapna~n MCTOAa. TaK, e [ l ] 1UieH nonepet1Hoe 

yTe'IJCH annpoKCHMHpyercSI llOJlHHOMOM BTOporo nopga;xa. 

CxeMa nony11HJia uaasaHHe y3Jlonoro npocrpancrsennoro 

Mero.i,;a (NEM). 

B pa60Te rpnHMaHa, CMHTa n reapn [3 J onncaaa Ma­

TeMaTH11eocasi pea.lIH3a~IUI npOCTeHDieH Y3JJOBOH CXCMhl 

NEM. no 3TOH MeTOAHKe uanucana nporpaMMa 

QUAN DRY AJISI pemeHIUI TpexMepHoA AByxrpynnosou sa­

Aa•rn B npSIMOyroJibHOM npocrpaHCTBe. BOJ1ee AeTaJJbHOe 

oocy~eHHe a.JJropHTMa QUANDRY A3eTCSI HIDKe npu 

OnHcaHHH ee npaKTH'ICCJCOJ'O HCilOJlb30BaHHSI B JCa11eCTBe 

MOAY ng BH'IHCJJHTeJibHoro JCOMIIJleKca TIT AN. 

IIIo6epoM, CHMCOM H feHpH [ 4) np~o:ll<:eHl.r ABC cxe­

Mhl Wfll nony'ICHHSI H pactfeT8 K03¢ct>HQHCHTOB CBSl311 Me)f(;­

AY y3JlaMH (HOJJ;aMH). no nepsoa cxeMe OKH paCC'IHThlBa­

lOTCSI C HCDOJlb30B3HHCM 3H8JIHTB'ICCKOJ'O MeTOJ,;a pemelDUI 

HHTerpnposaHHeM ncxop;H1,1X ypaeHeunfl no Y3JIY, no .zi;py­

roH - annpoKCHMHpyJOTCSI DOJIHHOMaMH. IlepBa.SI cxeMa 

IlOJIY'IHJJa Ha3B3HHe aHaJIHTH'lleCKOJ'O Y3JIOBOl'O MCTOAa 

(ANM), a BTopa.sr aHa.JJOrH'IHa MeTOAY NEM. 06a MCTOAa 

aanporpaMMHp0B3Hbl AJISI AByxrpynnoBOH 33.zi;a'IH H npo­

nepeHbl cpaBHCHHCM pesyJibTaTOB pac'leTOB XHilSl~ero ner­

KOBOJ];HOrQ peaJCTopa C pe3yJibT3T3MH paC'leTOB Ha MCJIKOU 

CCTJCC. 

B noCJ1e;c;y10~eu pa60Te [S] IIIo6ep MOAepHnsupoeaJI 

MeTOA NEM (TOJibJCO B JVl(P<t>ysnoHHOM npn6JJH)l(eHHH) All.SI 

pac1.1era ,ic~xOMeTaJIJIH'ICCKHX peaKTopos-6p~epoe ea 

fo.rcrp1,1x Heihpoeax. MoAHcllnxa~HJI B OCHOBHOM Hanpae­

JJeea Ha BKJIIO'leHHe B MCTOA npoH3BOJibHOro 'IHCJJa 3Hep­

reTH'ICCKHX rpynn HeihpoHOB, npocrpaHCTBeHH8.51 CeTKa 

OCTaBJleHa npSIMOyroJibHOH. 

l3anbTepc H O;c;eJIJI (6] B AODOJIHeHHe K BhlWeCKa3aH­

HOMY HCDOJib30B8JIH JIHHCHHble annpoKCHM3ll,HH .IJ.JI.SI 

HCTO'IHHKOB H .IJ..}UI Y3110Bb1X nOTOKOB Ha rpaHSIX H nony1mJJH 

TaK H83HBaeMylO JIHHeiiHO-JJHHCHHYlO Y3JJOBYlO cxeMy 

LLNODAL. 0AHaxo, xax yxa3aHO B [2 ], CJJO)KHOCTb <pop­

MYJI B03poCJJa 3Ha'IHTeJJbHO, a CJie.n:osaTeJibHO, B03pOCJJH 

Bhl'IHCJIHTCJlbHble TPYAHOCTH H MCTO.O: IlOTepu npHBJICKa­

TCJlbHOCTb. 

JloypeHCOM n .D;opHHHI'OM (7 J npHH.RTbl ann-

p0KCHM8UHH lfCTO\JHHKOB IlOJlHHOMaMH Jlexc:aHJJ;pa, a y3-
JlOBhlX nOTOXOB Ha rpaHitX ysna - KOHCTaHTaMH. B pe3yJib­
TaTe DOJly'leHa cxeMa AHCKpeTHOl'O Y3110BOro Tpaecnop-r­
HOro MeTOAa (DNTM). 

TTpnMeHCHHe MeTon.a DNTM JC pemeHHIO TpexMepeoro 
ypaeHeHHSI BonbUMaHa onHcaHo EaApylaMasoM n Uoer­
neHrOM [8 J. 0HH npHBOAJIT pe3yJibT3Tbl 'IHCJICHHOro HCCJie­
AOBaHHR TO'ISOCTH pemeHHSI B 3aBHCHMOCTH OT pa3Mepoe 
TpexMepHhlX Y3JIOB AJij[ P33JIH'IHblX THROB arm­

poKCHMa~HH: 

- KOHCT3HTa .IJ.JISI DOTOKa Ha rpaHH Y3Jia H JIHHHJI ~Ba 

'IIJICHa pa3JJ0'9CCHHSI) AJIB BHYTPCHHHX DOTOKOB; 

- KOHCT3HTa W!SI noroKa Ha rpaHH y3Jla H KBaA­

paTHqHaR 33BHCHMOCTb (TpH lLJieHa pa3JIO:iKeHHR) .IJ..}UI 

BHYTPHY3JIOBblX IlOTOKOB; 
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- JIHHeHHO-JIHHeHHa.11 AJlll nOTOxoe ea rpaHH H BHYTPH 

y3Jla (no ABa lLJICHa pa3JIO,KCHHSI). 

neseu: u .U,oroi;c [9 I npHWUIH 3xcnoHeHUHaJihHY10 an­

npoKCHMau,u10 AJU1 HCTOqHHKOB BHyTpeHHHX IlOTOKOB HCH­

Tp0HOB H nonepe'IHl,IX yTe11ex C ~eJU,IO ynpoCTHTb COOTHO­

meHIUI, CBJl3b1B8l011Ufe Me~y COOOH q>opMbI HCTOllHHKOB 

u nOTOKOB, a Tax;w;e 'IT06bl 6oJiee roqHo H 61,1crpo eocn­

poH3BOAHTh 3KCDOHCHUH8.llbHhle pacnpen.e.neHHJI DOTOKOB B 

onpCACJICHHhlX KJiaccax sa.zi;a'I. Hx cxeMa nonyqID1a ea­

aeaHHe 3KCnOHeH~Ha.JJbHOI"O Y3JIOBOro TpaHCilOPTHOro Me­

TOAa (ENTM). 

B pa60Te Y JIJIO, .D;opHHHra H .U,oroi;ca [IO J 
npoH3BOAHTCR cpaBHeBHe llHCJieHHHX pe3yJJbT3TOB, nOJiy­

'ICHHl,IX no Mer0AHKaM DNTM n ENTM. Ha~eHo, 11ro 
Y3JIOBl,IC MeTOAbl n03BOJISIIOT MHOroxpaTHO YBeJIHllHTb TO'I­

HOCTb pac11era no cpaBHCHHIO C MeJJKOCCTOlfHblM pemeHneM, 

HO MaJIO pa3JJH'l3IOTCH Me,K;D;y COOOH no TO'IHOCTH H epeMeHH 

c11e-ra. 

B [11] JloypeHC aHaJJH3HpyeT B03MOJKHOCTH HCil0nb-

30B8HK.SI TeopHH B03MY~CHHH AJIJI aHaJIH3a H3MeHCHHH 

peaKTHIIHOCTH npH MaJIHX B03My~eHHJIX CBOHCTB 

aKTHBHHX 30H peaxropa. TipoaHaJIH3Hp0B3Hbl TPYAHOCTH 

paC'leTOB conpsnKeHHblX <IJyHKU,HH, o6yCJIOBJJCHHble oco-

6eHHOCTSIMH npHH51ThlX DpeADOJIO:KCHHH H MeTOAOB BblBOAa 

Y3JlOBblX ypaBHeHHH, DOJIY'ICHbl M8T!'H'IHble Bblpa)KCHHSI 

AJI.SI paCIJCTOB conpll)KCHHhlX IlOTOKOB. TipHMCHeHHC MeTo­

AOB TeopHH B03My~eHHl{ Ilp0ACMOHCTPHp0B3HO Ha npHMepe 

Mero;c;a DNTM HCDOJJ&soeaeueM TpexMepHOH nporpaMMbl 

DIF3D .IJ.JISI pac'lera nyCTOTHhlX 3¢ct>eKToB peaXTHBHOCTH 

HaTpHCBblX peaKTOpoB. 

JloypeHC H .U,opHHHr [ 12 ) ucnonb30BMH MeTOAbl 

¢YHXUHH rpnea AJISI ODHCaHHSI OAHOMepHblX oneparopos 

ynon.a aeiiTpoHOB c l{eJJblO nOJJy'IHTb 6oJiee TO'IHhle K0-

3¢ct>H~neuT1,1 CBSl3H B TpeXMepHblX Y3JlOBblX MeTO,A3X. nnsi 
3TOro OHH sanucaJIH Y3JIOBble ypaBHeHHSI B 'IJICH8X cpe.ll;HHX 

napl{HaJibHhlX TOKOB Ha rpaHSIX Y3JIOB. B pe3yJibTaTe 3a,AatJa 

6b1Jla CBeJ];eHa K CHCTCMe O.IJ.HOMepHblX ypaBHeHHH BHYTPH 

K8)1C.QOro y3Jla. TioCJie TeX )KC npoueAYP BblBOAa, llTO H B 

MeTOAe NEM, H npnMeHeHHH MeTo.n:a B3eeweHHblX OCTaT­

KOB BHyTpH Ka,K,Aoro y3Jla noJiy'leHbl ;D;OilOJIHHTeJibHhlC co­

OTHOWeHHSI MeX<JJ;y napUH3JlbHblMH TOKaMH Ha rpaHSIX H 

noroKaMH BHYTPH ysna. Cxet.1a nony~Wia aaaeaHHe ysno­

eoro MCTO.n:a c HCrIOJJh30BaHHeM ¢yHxu.uii fpHHa (NGFM), 

pea.JJH30BaHa B B~e Bbl'IHCJIHTCllbHOH IlOJJ.nporpaMMbl (6e3 

Ha3B3HHSI) H onpo6osaHa peweHHCM penepHblX sa,n:aq [ 13) 
AJI51 peaKTopa c so;c;oii no.A A8BJJeHHeM (A3C "Bn6nnc") H 

)K~KOMeTaJIJIH'leCKOro peaKTOpa. CxeMa oKasanacb JJ.OCTa­

TO'IHO rpoM03.ll;JCOH A}l.51 Bbl'IHcnCHHH H, o6ecne\lHB ynyq­

meHHe TOllHOCTH pe3yJ11>TaTOB paClleTOB, BblHrpb1W3 BO Bpe­

MCHH npaKTH'leCXH He ,AaJJa. 

B [14 J npo;c;eMOHcrpupoeaHo, l{TO K T3KHM ,KC cxeMaM 

MO)KHO npHUTH C HCDOJib30B3HHCM AH<t><i>Y3HOHHOro 

npu6JJnX<eHHJI u noJJyqHTb cxeMy y3noeoro ,nHcKpeTuo­

opAHH8THOro MeTOAa (NDOM) . 

<I>mnep H <l>HHHCMaHH [IS] T8KHM >Ke nyTeM no­

JIY'IHJIH ysnOBOH MeTOA peweHHSI AH¢qiy3HOHHblX rpynno­

BhlX ypaBHCHHH, 'ITO H B [I, 2 ], C TOH JIHWb pa3HHU.CH, 

llTO OHH annpoKCHMHpoeanH 'IJleH nonepe'IHOH paCTelfKH 

Me~y TpeMsi coceJJ;HHMH ysnaMH napa6oJJoti u J1n11 onpe­

.D.eJieHHSI K03Q)q)HU.HeHTOB CBSl3H HCDOJlb30BaJIH napu.uaJib-
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Hhle T0KH BMeCT0 n0JJHblX TOK0B. B pe3yJI&TaTe noJty'leHa 
Tax Ha31,rnaeMa5l H0.IJ:aJI&Ha5l HHTerpan&Ha5l cxeMa (NIM). 

IlpeHMy~eCTBO cxeMbl COCT0HT B OTCJTCTBHH Heo6-

X0AHMOCTH 3aAaBaTh Ha'laJI&Hoe npn6nn,icetme pacnpe,qe­

JICHHSI tteihp0HOB, a K03<Wmu.neHTbl napa6onhl MO:IKHO 

onpe.l{eJISITb pa3HhlMH nyTJIMH: JIHOO C HCil0Jlb30BaHHeM yc­

JIOBHSl coxpaHeHH5l HHTerpa.noe OT yTe'IKH no COCCAHHM J3-

JlaM, JIH6o H3 npe,11.nOJioxettnSI, 'ITO cpyHKU.HSI nonepe'IHOH 

JTe'IKH (paCTe'IKH) COCTaBJieHa H3 KYC0'IH0-rna.n;xnx 

DOJIHHOMOB, YAOBJleTB0psno~HX yCJJOBHlO HenpepblBH0CTH. 

flo MeT0.lJ:HKe <I>timepa H l'.I>HHHeMaHHa C0CTaBJieHa 
nporpaMMa ABCBOX, pema10~a51 )(eyx- H TpexMepHhle 

.IJ;ByxrpynnOBhle,11.mpcpyaHOHHhle ypaeHeHHSI B npSIM0yroJib­

HOH reoMeTpHH. TO'IHOCTb H 3<p¢eKTHBHOCTb MeTo.n;a npo­
.IJ;eM0HCTpupoeaHa pemeuneM penepHhlX aa,11.a'I [13] ,zvur 
3HepreTH'leCKOro peaKTOpa C B0,AOH no.i. .l{aBJieHHeM. 

IlporpaMMa ABCBOX 0THOCHTCll K KJ1accy nporpaMM­
HMHTaTOpoB H M0)Ke'J' 6b1Tb HCilOJib30BaHa xaK HeihpOHHO­

q>H31f'leCKHH M0,11.ynh e 6on&mnx xoMilJlexcax nporpaMM. B 
'13CTHOCTH, npe.D;yCMOTpei'lo, \ITO 0Ha M0JKeT 6blTb noCTaB­

neHa Ha 3BM c napa.nJJeJibtto pa6oTa10m.HMH u.eHTpaJib­

HbJMH npou.eccopaMH. 

B pa6oTe .II:HJib6epa H Jl&lOHCa [16] HCil0Jlb30BaHbl 

eapuau,HOHHhle Il0.D;XOAhl AJUI BblBO.D;a Y3JIOBblX MeTO.D;0B 

pemeHHSI .o;nq><pya110HHblX H TpattcnopTHblX ABJMepHblX 33-

.1{3'1. Iloxaaano, KaK OHH MOryT 6b1Tb pacnpocrpaHeHhl Ha 

TpexMepHIJIH cny11aii:. 

B 6oJiee noa.D;HeH pa&rre Ea.D;pyaaMaHa (17] npeAJia­
raeTcsr cxeMa HOB0ro HO.IJ:aJibH0-3KBHBaJJeHTHOl'O KOHe4HO­
pa3HOCTHOl'O MeToJJ.a (NEFD) n .l{eMOHCTpnpye-rcS1, 'iTO 

M0XH0 .D;OCTH'lb ABJKpaTliOH 3KOHOMHH onepa'l'HBHOH nar.unn 

3BM H AecSITHKpaTHoro ycxopeH1U1 citeTa no cpaeneHHIO c 

M~OM DNTM. AsTop B03Bparu;aerc11 x ncnom,aoeaHHJO 

KJiaCCH'lecKOH cxeMH KOHe'IHO-pa3HOCTHOro MeTOAa 
pemeHHSI ,l.lHq><pepeHll,Hll.T.IbHhl.X ypastteHUH • .II:JJsr 3TOl'O OH 

nepecpopMyJIHpyeT Y3JIOBYIO 3a,l{a'Lfy TaK, 4T06hl B nepeyIO 
0'lepe,nh RaXOAHJJHCb cpe,nnne no yanaM IlOT0KH H C HX 

HCilOJib30BaHHeM paCC'lHTblBaJIHCb 3Ha'leHHSI YTC4eK HCH­

Tp0H0B no xaHaJiaM, TO eCTb ce0AHT MaTpHt1Hyto crpyxTypy 

ypaeHeHHH K aJire6paH'leCKOH CTpyxType, ynpom;aSI an­

ropHTM peIDCHHH. 

Attanor11llnasi n,nesi xoM61rnau,un yMoeoro Me-ro,na c 
K0HC4HO-pa3HOCTHblM pe,nxoceT04HblM paCCM0TpeHa 

CMHTOM, 1'.I>epWiaHKOM H E,neHHycoM [18 ], npemrnra­

lOCD;HMH MOACPHH3npooaTh MeTOJJ. NEM. B OTJIH'IHe OT Me­

TOAa NEM, e K0TOpoM naxo.D;stT xo3<Pq>HU.HeHTbl CBR3H, 

HHTerpnpy11 ypasHeRHSI B3BemeHHblX OCT3TKOB no MeTOAY 

MaTplillHLIX xapaKTepHCTHK, npe,tV1araeTCSI C)J,eJJaTb np51-

Mble Bbl'IHCJieHHSI TOK0B Ha rpaHSIX Y3JIOB. 3Ta npou,e)J,ypa 
npoB0.lJ:HTCSI 6e3 HTepau,HH H Il03BOJl5leT H36e)l(aTb HC0OJib-

30BaHHSI MeTO.IJ;a MaTpH'IHbIX xapaxTepnCTHK. J,1Tepau;m1 

rrepeneceHhl e npou,ecc naxoX.IJ;eHHSI xo::><f,q>Hu;HeHTOB 

CB513H, 4T0 Il03B0JISleT HTepnpoeaTb ypaeHeHHSI 

KJiaCCH'leCKHM KOHellH0-pa3HOCTHblM MeTOAOM, T. e. 0Il51Tb 

,ice aa.n;a11a ceo,nHTCSI x a.nre6paHllecxoii: crpyxType. ITpe,n­

naraeMblH MeTo.a, nMeeT CJieAy10m;1te npenMyru;ecT.ea: 

- HTepHpyeMble ypaeneHH5l HMCIOT npoCTylO KOHe\l­

HO-pa3HOCTHYIO crpyxTypy; 

- K03<P<l>Hll,HeHTbl pa3pb1BH0CTH, B03HHK3JOW,He 

BCJJe.n;CTBHe npn6JIH)l(eHHH TeopHH l'OM0reHH33ll,IUf, HY)l(Hbl 

JIHWb npH paC'leTe K03<P¢Hll,HeHTOB CBSl3H nocne Toro, K0r­

Aa HTepaU,HH C0IIIJIHCb, T .e. OHH He HCilOJib3YIOTC5l BHYTPH 

HTepaQHH. 

IlOCJie.l{Hee o6ecne1.rnJIO cym:eCTBCHHYJO 3K0HOMHJO 

naMHTH 3 BM no cpasnenHJO co eceMH Y3JIOBhIMH MeTo,naMH. 
Ilo MeT0AHKe cOCTaeneHa nporpaMMa QPANDA, 

pemaiom.a.sr TpexMepHhle ,neyxrpynnosble AHq><pysnOHHhJe 

ypaeHCHHSI. flporpaMMa C0CTaBJieHa TaKHM o6pa30M, llT06bl 

Jierxo H 6hlcrpo aaMeHSITb TpexMepnyIO ,u.eyxrpynnosyto 

JJ.Hq><py3nonHy10 nporpaMMY QUANDRY e caCTeMe npor­

paMM SIMULA TE. 
Bb!CTpaSI CXOAHM0CTb HTepaU,HH B nporpaMMe 

QPANDA npo.D;eMoncrpnpoeatta pac11eT0M 3HepreTn'lecxo­

ro peaKTopa c BOAOH no.a. ,u.aeJJeHHeM [13 ] . 
B 0TJJHllHe OT npe.a.no,iceHHH Jloypenca n .II:opHHnra 

[7] Poxaq [19] np11MeHHJI IlOJIHHOMbl Jle;it<aH.D;pa AJISI an­
npoKCHM3Il,HH noToxa HeiiTponoe B cxeMe DNTM; ucrron&-

3YeTCSI pa3JIO)KeHHe enJIOTh ~o t1eTBeJ)Toro nopsmKa. Ko-
3<P<l>uuHeHThl pa3JIO)l(eHHSl Hll.lYTCS[ MeTOA0M B3BeweHHblX 

OCTaTKOB, B TO BpCMS[ KaK MHHHMH33U.lfSI ocyw,eCTBJISleTCSI 

no Mero~y HanMeH&IIIHX xea,npaToB. Amr .n;eyMepHoii Ma­

norpynnoeoii: 3aA3"-H cxeMa pemeHHsr oxa3anac& eec&Ma 

KOMil3KTHOH. TTposepxa rrporp3MMbl BhlITOJIHeHa paC'!e­

TaMH penepHOH aa,na4H )J,J(Sl peaKTOpa C 80,l.lOH TIOA Jl.3B­

JieHHCM (13 ]. 
B K3'ieCTse npHMepa 1tCilOJlb30BaHHSI Y3JIOBblX TpaHc­

nopTHblX MeT0.ll,OB THna NEM [l, 2] )J,JJSI npaKTHlleCKHX 

pac<J:eTOB MO:lKH0 npHBeCTH pa6oTy [20 ), e KOTOpOH MCT0)J, 

NEM M0AepHH3ttpyercst 6naro.o;apsr HCD0Jih30BaHHIO nony­
Toparpynnosoro n pH6nu,iceHH5l, noseonsr101.qero ynpoCTHTh 

C0OTllOIIleHH51 MeX.IJ;y IlOT0KaMH HeHTp0HOB coCeJJ.HHX Y3JI0B 
H no,1y<tHTh npocroe Bblpa)KeHHe Jl.JISI KOaqxj)Hll,HeHTOB 

CBSl3H. B 4aCTH0CTH, B K34CCTBe 0AH0ro H3 npeJJ.ITOJIO)KCHHH 

npHH51Ta JIHHeHHa5l 3aBHCHMOCTh noJJyToparpynnoeoro xa­

paKTepHCTH'leCKOro K0MnneKC3 OT BbtropaHHSI, cnpa­

BCAJIHBaSI AJISI peaKTOpoB C BO.II.OH ITO)). .[J,3BJJCHHCM . 
.II:OCTHl'HYTO BblCOK0e 6blCTpO)J,eHCTBHe nporpaMMhl, neo6-

XO.!J,HM0e J:VJSI onTHMH3aU,H0HHblX pacllCTOB TODJIHBHblX 33-

rpy30K. 
B pa6oTax fp11.rrca, UaH, KasnMH H fettpn (21, 22] 

Jl.3Ha q>HJIOCO(pHSI C03.IJ:3HHSI TpexMepH0H HeHTPOHHO-Ten­
JIOrHAPaBJnf'ICCKOH nporpaMM&t TIT AN, npe,nttaaHalfCHHOH 
)J,JISI HMHTa~HH CTall,H0HapHblX H nepexOAHhlX pe)KHM0B B 

JJerK0B0.IJ:HblX peaKTOpax C YllCTOM He T0J!bK0 HeHTpOHHO­
q>H31flleCKHX, HO TaK)l(C Tennorm~paeJIH4eCKHX npou.eccoe. 

llporpaMMa TITAN npell.CTaensier co6011 K0MDJieKc 

COBMecTH0 pa60Ta10ll1HX TpexMepHblX nporpaMM 

QUANDRY [3) n THERMIT, nepeasi: H3 KOTOphtX 

paCC'IHTblBaeT HeihpOHHO-q>H3HlfeCKHC xapaKTepHCTHKH 

aKTHBHhlX 30H, a BTOpa51 - TCilJJ0rHJJ;paBJJHlleCKHe. 

flpHHUHIT HX pa60Tbl OCHOBaH Ha MH0rDKpaTH0M o6pa­

IQeHHH .ll.PYr K JJ.pyry .n.o noJ1y11enHH ycroH•rneoro cowe.11.­
IDCfOCH pewenHst. Pewettue o Bb16ope 3THX nporpaMM o6oc­
H0BhIBaeTCst TeM, llTO B pesyJihTaTe 3H3JIH3a 33 H3BCCTHblX 

nporpaMM (B pa6oTe fprtrrca H ,np. 3TH AeT3JIH npHBe,neHhJ) 

D0K333H3 B03M0)KH0CTb Jl.0CTHI.Jh HaH60JJbWeH .D;e­

T3JIH3aU.HH npcicrpaHCTBCHHblX pacnpe,u.eJieHH ii B paMKax 
nocraBJICHHhlX u.e.neu H Bbl4HCJ1HTCJlhHb!X B03M0:)KHOCTdi. 

llporpaMMa TITAN OTH0CHTCsi K KJJaccy pe.D;KOCeT0I.J­
HhlX Y3JJOBhlX nporpaMM H SIBJISleTCSI nporpaMMOH-HMllTa-
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TOpoM, D03BOJUUI aHaJlH3HposaTb noCJJeACTBH51 ecex 

npe.zi;e~HMblX B .nel'KOBO.D;Hl,lX peaKTOpax nepeXOAHblX npo-

1.1eccoe, B TOM lJHCJJe C pa3roHOM peaxTopa ua MI'HOBeHHl,lX 

HeKTpoHax, C TO'IKH 3peHHSI coxpaHHOCTH 3KTHBHOH 30Hbl, 

060.notteK TOnJIHBa, xopnyca peaKTOpa H KOHTeHHMeHTa. 

TTpH TaKOH nOCTaHOBKe 38Aa1rn paC'leTbl BliropaHH.SI 

TOnJIHBa ue BKJUO'leHhl B nporpaMMY. AHaJJH3 nepeXO,!J;HblX 

npou.eccos AJUI .nio6oro MOMeHTa paOOTbl peaxTopa o6ec­
ne111rnaerc.S1 aa.n.auueM uaoTonuoro cocraea TOIUiuea e 

HCXOAHblX A3HHblX. 

Ham11rne npocrpaHCTBeHHhlX pacnpe.zi;e.n:eHHH c AOCTa­

TOIIHhlM COBMeCTHblM y'leTOM HeihpoHHblX H Ten­

JlOrHJJ;paBJIH'ieCKHX xapaxTepHCTHK OTKpbUIO B03MO)Kff0CTH 

AJI.SI H3yljeHH.SI npoCTpaHCTBeHHblX MexaHH3MOB o6paTHblX 

CB.Sl3eii:. B pa6oTe ,ZJ;eTaJlbHO paccMOTpeua Q)H3HKa Me­

xaHH3MOB o6paTHblX CBSl3eK. 

TTporpaMMa QUANDRY pewaer .n.syxrpynnoe1,1e 

AHQ><PY3HOHHble ypasHeHH.SI B npxMoyronhHOH TpeXMepHOH 

reoMeTPHH yanOBblM (HOllaJlbHblM) Me'FOAOM, B KO'r0p0M 

lLJleH nonepeqHOH yTe'IKH HeHTpDHOB B K03¢¢HU.HeHTax 

CB.Sl3H MeX<JJ;y yanaMH annpOKCHMHpoeaH xea.n.paTH'IHblM 

nOJJHHOMOM B HanpaBJieHHH paccMaTpHeaeMOH OCH H KOH­

CTaHT3MH B OCTaJJJ,HblX uanpaeneHHSIX, Ko3<Jxtiuu.ueHThl 

DOJIHHOMOB onpe.a.eJI.SIJOTCSI H3 YCJIOBHSI HOpMHpoBOK 

Q>YHKU.HH paaJio:>KeHHSI TaKHM o6paaoM, 'ITOObl HHTerpa.n 

OT nonepeljHOH yTe'iKH B Tplt COCe]lHHX yana paBHMCSI cpeA­

HeH nonepe11HoH yTe11xe n3 paccMaTpueaeMoro yaJia. noc­
neAHee oceo6oi:r;HJJo pac'ler•rnxa OT no.11;roHKH napaMerpos 

CBSl3H B npou.ecce paC'l{eT3. 

CHCTeMa ypaeueHHH npe.a.craeneHa e M3TPH'IHOH q,op­

Me B B~e KJiaCCH'leCKOH 3M3t4H Ha co6CTeeHHble 3Ha'leHHSI 

11 pewaeTCSI HTepaQHOHHO C p33AeJieHHeM HTepaQHH Ha TPH 

ypoemI: 

- euewnHe HTepalJ,HH, HJJH HTepaU,HH HCTOllHHKa, yc­

xopsieMble no MeTo,11y BHJJaHAa; 

- 06pa11-1enHe MaTpHl.1, BO BHeWHHX HTepa1.1,m1x; 

- BHyTpeHHHe HTepalJ,HH HJIH HTepau.Irn OOTOKOB HeH-

Tp0HOB, ycxopsieMHe no MeTO.ll.Y 1Ie61,1weea c nepeMeHHblM 

penaKcaU,HOHHblM napaMeTpOM. 

Ilo cowei:r;WHMCSI IlOTOKaM ueihpOHOB nepeC'l{HTblBa­

lOTCst yTe'llKH, ou;euuaaercsi uoeoe co6creenuoe 3Ha'lleHue, 

H 3a.a.a11a B03Bpaw.aeTCSI. K BHCWHHM HTepau.HstM. AeTOpbI 

yKa3aJIH, 'ITO H31IJJIH B03MO:iKHblM orpaHJ.t'l{HTbCSI OAHOH 

BHewueii: H OAHOH BHyTpeHHeH HTepaU:HSIMH nonepeMeHHO, 

ecn11 YAa'IHO M3KCHMH3HpoBaTb cpe.D;HIOIO CKOpOCTb 

CXO.!l,HMOCTH. 

HeCTalJ,MOHapH1>1e ueilTpOHHble ypaeHeHHSI pewa!OTCSI 

amlJIOrH'l{HO nOCJie eee.11.eHHR a M3TPHU.hl 'l.llenoe-npeAme­

creeHHHKOB 33IT33Ah1B3IOW,HX HCHTp0HOB, 

TTporpaMMa THERMIT pewaeT ypaeneHMSI coxpa­

HeHHst 3HepmH, M3CCbI H MOMeHTOB KOJIH'leCTB ABH)KeHJUI 

LIBYX(p33HO}f )ICH.!1,KOCTH B TpexMepHOM npSIMOYTOJlbHOM 

npOCTpanCTee c Y4eTOM Macco- H 3Heproo6Mena Me)ICJ:IY 

q>a33MH, a T3K)Ke C pacnpe.a.e.n:eHHblMH COill)OTHBJleHHS!MH 

B np116JIH)f<CHHH MO.AeJIH nopHCTOro TeJia. ITporpaMMa 003-

BOJTS!eT paCC'llHTblBUTb TaKHe c.nO:iKHl>le SIBJICHHH, KaK ecre­

CTBCHH3SI UHpKymIu.ust, onpOK~blB3HHe U.HPKYJISllJ,liH, 

pa3l!eJieHHe cpa3 B HepaBHOBCCHhIX COCTO.!IHIUIX H KPll3HCbl 

TCITJJOOT,llal.llt, TepMO,!J;HH3MHl.leCKHe 33BHCHMOCTH CBOHCTB, 

K.IK OObl'llHO, 33A3HbI 3MilHpHllecKHMH KOppeJISJU.HOHHl>IMH 
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¢opMyJJaMH. PeweHue HllJ,eTCSI KOHe'llHO-pa3HOCTHbIM ,ITe­

paU,HOHHblM MeTOAOM, a.a.anTHP0B3HHblM K Y3JIOBOMY 

peweHHIO HeHTpoHHOH '13CTII 33Aal{H, C S!BHO-HeSIBHblM 

npe.11.craeneHHeM ILJleHOB B ff3'1{3Jie H KOHu.e K3X<JJ;Of0 epe­

MeHHOro wara. 

lfaeecruaH 6e.n:brniicxast TpexMepuax o.a.Horpynnoaasi 

nporpaMMa TRILUX, pewa10w,asc aa.n.aqy y3JIOBhlM MeTO­

AOM, MOAepHH3HpyeTC.ll HHCCeHOM B [23 ). TTporpaMMa 

n~ua3Ha11eua TOJibKO AJJSI pac'l{eTOa peaKTopoe c OOhl'llHOH 

xunsim.eii: eo.n;oH. Ko3q>q>uu.11enThl CBR3H Me:>KLIY y3.naMH H 

napu.HaJJbHhle TOKH aa rpanstx Bbipa)KeHhl 4epe3 eeposiT­

HOCTH CTOJIKHOBeHHH HeiiTpoua, 'ITC onpe;t1eJIHJIO COOTBeT­

CTBYIOlll.Hlf BH.D; ILJleHa paCTe'llKH HeHTp0HOB H3 Y3JIOB H BH.ll. 

6a.naHCHblX ypaBHCHHH. YcoeepweHCTBOB3HHe MOJ:r;eJJH 

npOU3Be,ZJ;eHO 3a CljeT Bblpa:>KeHHS! AOJIH yTeKaIOW.HX HCHT­

poHOB 'l{epe3 napu,H3JibHbie TOKH; MOJJ.H(pHUHpoeaHHaSI 

nporpaMMa na3eana TRILUX-SUPER. 

Tipo,11omtcaeTCSI aH3JIH3 npuMeHHMOCTH pe;t1KOCeT04-

Hl>IX HOAaJibHhlX MeTO.ll.0B AJTSI paC4eTOB HeHTpoHHO­

q)H3H'l{eCKUX xapaxTepucnIx aKTHBHblX 30H peaxTOpOB Ha 

61,1crp1,1x HeHTponax. B [24 ] u3y'l{aeTcsi B03MO,KHOCTb 

npuMeHeHHSI pa3JIH'IHblX HHTepnOJISIUHOHHhlX napaMeTpoB 

AJJ.SI annpoKCHMaUHH IlOTOKOB HeKTpoHOB B pa3Hb1X 43CTSIX 

peaKTOpa, a HMeHHO: B TOilJJHBe, 30He eocnpoH301l,CTBa, 

peryJISITOpax H BbITeCHHTeJISIX pery;rnpylOW.HX CTep)l<HeH. 

Pac'leT HHTepnOJISIU,HOHHblX napaMerpoB OCHOB3H Ha cox­

paHeHHH 'IHCJJa ueirr.poHoB, OTpatl(eHHblX OT rpaHHU. 30H. 

Cpaeuenue pe3yJibT3Toa pac<1eroe no npeAJIO)KeHHOMY Me­

TOAY C MeJIKOCeT04HblMH pacqeTaMH nOK333JIO xopowee 

omtcanue HeHTpOHHhlX pacnpe.a.eneHH11 AaJKe s aoHe aocn­

poH3BOACTBa, B KOTOpOH 3HeproBblJJ.eJieHHe HH3KO. 

Ba)KHblM MOMeHTOM npHMeHeHIHI Y3JIOBhlX MeTOAOB 

SIBJUleTCS! TIOAfOTOBKa KOHCTaHT. TTocKOJlbKY IIJ3r xpynHOH 

ceTKH OObl'IHO paeeu pa3MepaM TOn.nHenoi:i c6opxn, a noc­

JieAHstsi, xax npaeruto, HMeeT CHJlhHO reTeporennyto crpyx­

TYPY. 6blJIO npe.a.110JKeHO I'OTOBHTb B Ka '!eCTBe KOHCTaHT 

"roMoreHH3UpoB3HHble napaMeTpbl" H ITOJib3083TbCS! Jl.JISI 

3TOfO "TeopeMOH 3KBHB3JICHTHOCTU" (25 ]. B COOTBeTCTBHH 

C HCH DOCTOSIHHhlC no Y3JIY rpynnOBble napaMeTpbl 

no.n.6HpaJOTCSI ,IIJISI re-reporeHHOH 3aAa'IH TaKHM o6pa30M, 

4TOObl npH6JI>t)KeHHhlH yaJ!oeoH MeTOA eocnpo113een TOtJHO 

ece Cpe,IIHHe rpynnOeble llOTOKH, cxopoCTH peaKU,HH H 

CpelJ.HHe napu.uaJibHble TOKH Ha rpaHSIX B Ka:iKAOM Y3JJe. B 
[25 J paCCMOTpeHbl HeCKOJlbKO MOAH(pHK3U.HH TCopeMbl 

3KBHBaJieHTHOCTH. 

TeopeMa 3KBHBaJJCHTHOCTH t103B0JJHJJa T3KX<e paapa-

6oTaTb .ll.OCTaTOlJHO crporne MeTO.ll.hl BOCCTaHOBJieHHSI npo­

CTpaHCTBeHHl:,lX pacnpe.n.eneHHH noTOKOB HeihpOHOB no y3-

naM. 3TH MeTOAhl OCHOB3HbI Ha HCil0Jlb30B3HHH TeopeMbl 

BJIO:>KeHHSI HJIH MeTOAa MOJl.YJISIU.HH H IT03B0JIS!IOT noJiy 4aTb 

npaKTH4eCKH HenpepblBHble reTeporeHHl>Ie peweHHX Ha 

ecex rpaHsix Tennoe1Mensi10w,11x c6opox. 

t'iHTepeCHl>IH cnoco6 BOCCT3HOBJleHHSl IlOTOKOB HeHT­

poHOB H pacnpe,ZJ;enenuu TOKOB pa3pa6oTaH Ke6xe H Xe-r­
U.e.llbTOM e [26 ]. 0HH npe,qJIO)KltJIH HHTepnOJISIU.HOHHYJO 

cxeMy, OCHOB3HHYJO Ha CHCTeMe cneu:riaJibHO paCClJHTaH­

HblX 6a30BblX cpyHKU,HH H AOTIOJIHHTeJlbHO IlOAnpaBJJSleMyro 

e6JIH3H rpaHHIJ, H3-33 OTKJIOHeHHSI cnexTpa OKOJIO HHX OT 

ero 3H3'1CHHSI B u,eHTpaJll>HOH qaCTH TOruJHBHOH c6opKlt . 

Ha npHMepax pemeHHst penepn1,1x 3aAa'I [13 l npo.a.e-



MOHCTpHpoBaHbl BOCCTaHOBJICHHe pacnpe.QCJICHJdi IIOTOKOB 

6b1CTpb1X H TerIJIOBl>lX HeihpOHOB no .zi;naroHaJIH TOWIHBHOH 

c6opKH' a T3K)l(e OmH6KH npu p3Cl{eT3X IIPewJO,KCHHhlM H 

CT3pb1MH MeTO,QaMH. }13 conoCTaBJieHHR Bff.zi;HO, 'ITO TOlf­

HOCTh BOCCTaHOBJlCHHhlX pac11pe.r1en:eHHH BO3POCJia IIO'ITH 

ea nop.sr.a.oK. 

BOCCTaHOBJICHHIO ,QCTaJibHOI'O (B ,QaHHOM CJiy11ae IlOT­

B3JlhHOro) pacnpe.QeJieHJUI DOJIR 3HeproBhl,QCJieHHR no TCII­

JlOBhl,QeJHllOW.RM c6opKaM IlOCJIC pe,QKOCeTOlfHblX paC'leTOB 

IlOCBRID.eHa pa6oTa HHcceHa [27 ]. IIpHMeeeH MCT0.11; MO­
AYJIRU:HH H cynepn03HU:HH, B KOTOpoM BOCCTaHOBnem,e 
npoH3BO,t:IHTCR C HCDOJih3OB3HHCM npe.QBapHTeJibHbIX pac­

lleTOB pacnpe,ll,eJieHHH no c6opKaM. IIo.zi;qepKttyTa poJih co­
OTBCTCTBytom.ett HOPMHpoBKH pacnpe.n;eJieHHH 3HeproBbU(e­
JieHHH H IIOCJle,Qytom;eii MO.QYJIRU:HH. PaC'leTbl BLIIlOJJHeHbl 
tJ}IR xu1rnm.ero peaxTopa c 001,11rnou BO.QOH no nporpaMMe 
TRILUX. 
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3KCilEPHMEHTAilhHhlE HCCnEaOBAHH~ 

YJlK 621.039.51 

H3MEPEHHE HECTAIJ;I10HAPHhlX CilEKTPOB 
HERTPOHOB H y-KBAHTOB YTEqKl,f H3 PAMHO)KAIOID;Ett CBOPKH 

B HAHOCEKYH,U:HOR OBilACTH 

r .M . Be;,r::yHOB, O .A. EJIOBCKHH, E.C. MaTycea11'1, H.B. MeAB~eB 

OnHcaua MeTOJlHKa HJMepeHHA BpeMeHHOli 3BOJlt0UHH cneKTpoB ueliTpoHOB H y-KB8HT0B B cpene C HCn OJl&JOeaHHeM KllJlllq>opHHeeot'i KBMepbl n 

Ka'leCTBe CT8THCTH'leCKOl'O HMnyJJbCHOl'O HelirpoHHOl'O HCTO'IHHKa. B Ka'teCTee ;11eteKTOpa HCflOJlb30BaJ!Ctl CU.HHTHJIJISIJ..IHOHHblli CTHJ11,6e110Bblft cneKTpoMeTp. 

npe,aCTaeJJeHbl pe3yJU,T8Tbl H3MepeHHli HeCT8J..lltOH8PHblX cneKTpoB uelitpouoe It y-KBBHTOB yre'IKH H3 pa3MHOJKaJOU(eA Manora6apmuor, KPIITCOOPKH DO 

epeMCHH0M HHTepllllJle 0 - 500 HC B J11tana30ue 3Hepnnt 0,4 - 6 M3B. 

THE MEASUREMENT OF TIME-DEPENDENT LEAKAGE NEUTRON AND y-RAYS SPECT'RA FROM MULTIPLYING ASSEMBLY FOR 
NANOSECOND REGION. G.M. BEZHUNOV, O.A. ELOVSKI, E.S. MATUSEVICH, I.V. MEDVEDEV. The measurement technique of lime-dependent 
neutron and y-rays spectra In medium wllh nanosecond resolution Is described. Cauromlum chamber as statistical pulse neutron sourse and stilben scintillator 
as a spectrometer were used. Presented resul1ll of the measurements or lime-dependent leakage neutron and y-rays spectra rrom small-size critical assembly 
cover 0 - 500 ns time interval after neutron pulse and 0,4 - 6 MeV energy range. 

BBE,llEHHE 

3xcnep11MeHTaJlbHOe 113Y'leHHe BpeMll33BHC11MblX 

cnexTpoB He1hpOHHOro 11 y-H3JIY'ieHHll B pa3.11H'IHblX Cl1CTe­

Max np~CTaBJilleT HHTepec C T0lfKl1 3peHl1ll npoeepxH pac­

'!CTHblX MeTO.ZJ;OB 11 MO.ZJ;e.neH, a T3K)Ke onp~e.neHHll noJieH 

113nyqeuu.11 11MnyJJbCHblX peaxTopos [l ]. 
ABTOpbl [1] npHB0.ZJ;SIT pe3yJI&TaTbl H3MepeHl1H cnex­

TpoB H BblX0AOB y-n3Jly'ieHHll HMnynbCHhlX peaKTOpoB, Bbl­

DOJIHeHHblX MeTOA0M (n, y)-coenaneHHH H C HCDOJlb30-

B3HHeM HMnyJJbCH0I'O HeHTpoHHOro reHeparopa. H3Me­

pM11Cb cnexTpbl HMDYJibCH0I'O H CT3TH'lecxoro K0MilOHCHTa 

y-H3JIY'leHHil peaKT0pa. noxa3aHO, 'IT0 MeT0A (n, y)­

coenaneHHH npeJJ;nO'ITHTeJibHee HCD0Jlb30B8Hl1ll HMTIYJibC­

HOro HeHTPOHHOI'O reHepaTopa A.llil 6blCTpb1X peaxTopoe c 

M8JlhlM OCTaT0'IHhlM 113JIYlfeHHeM. 

OAuaxo Mero.o; (n, n)- HJIH (n, y)-coenaACHHH Tax,xe 

11MeeT npH[ll1011aJlbHble orpaHH'leHHSI. Ero 3<lxt>eKTHBHOCTb 

yMeHbW3eTCll C KB8JJ;paTH'IHOH 33BHCHM0CTbIO OT MrH0BeH­

HOH nonxpHTH'IHOCTH peaxTopa, a epeMeHHoe pa3peweeue 

orpaHHtfeH0 BeJIH'll1HOH ~ 10-1 c BCJTC;D;CTBl1e K0He'IH0CTl1 

epeMeHH npoJieTa HeHTP0H0B .n;o neTeKTopa H Jl,JI11TeJlbHOCTH 

u,enoqex ne.neuuu e peaxTope. 

3Ha'IHTeJlbHO YJIY'IWl1Tb epeMeHH0e pa3pemeHHe ~o 

~ 10-9 c) 6e3 c~eCTBeHH0ro YCJTO)KHeHHll annapaTypH0H 

'13CTH 3KcnepnMeHTa 003B0JiileT npHMeHeHHe MeT0JJ;HKH ua 

0CH0Be CT3THCTH'lecxoro HMDYJibCH0ro 11CT0'IHHKa Heihpo­

HOB. B Ka'leCTee TaKOl'O HCT0'lHHKa y.n;o6Ho HCilOJlb30B3Tb 

MHHH3TIOPHYIO KaMepy .ZJ;eJieHHJI CO CJI0eM 252Cf Ha 0.0:H0M 

113 3JleKTponoe, K0TOpall CJJY)Kl1T xax .ZJ;Jlll onpeAe.neHHSI 

OTAeJlbHblX HHTerpanbHblX napaMerpoa peaKT0PHl>IX 

CHCTeM [2, 3 ), Ta K 11 AJISI H3y'leHl1SI HeCTa[ll10H3pHbIX cnex­

TpoB H3Jiy'leHHll B cpene npu BBe.n;eHHH ueitTpoHHOro 
nMnyn&ea. Pauee [4, 5] npencraBJIHJIHCb pe3yn&TaTbl 

11CCJJe,A0BaHHil HeCT31..\H0HapHhlX cneKTP0B HeHTpoH0B 11 y­
KBaHT0B yTe'IKl1 H3 Hepa3MH0:)K3JOm,11x cpeA B HaHoceKyH­

.D;HOH o6JiaCTH C 11CDOJib30BaHHeM xa.n11<J,opHuenoit KaMepbl. 

B .A3HH0H pa6oTe npHBOA51TCSI pe3yJibT3Tbl aHa­

JIOrH'•IH0l'O 113y'leHHII HeCTaUH0HapHblX cnexTp0B HeHTpo­

H0B 11 y-KB3HTOB YTel!KH 113 pa3MHOJKaIOm,eH CHCTeMbl B 

HaHOCeKyH.n;H0M AHana30He npu pa3HblX Il0.!l;KpHTH'IH0CTilX. 
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METO,llHKA IlPOBE~EHH~ H3MEPEHHR 

BJIOK-CXeMa H3MepHTeJlbHOH Cl1CTeMhl np11seneHa Ha 

p11c. I. reoMeTpH51 H3Mepel:lHH CJieAyJOm,asi: KpHTl1'1CCKaSI 

c6opxa [6) c oTpa:llCaTe.neM 113 Hep:lKase10°-'eu CTaJIH 

ronntHHOH 118 MM o6m,eH BhlCOTOH 450 MM pa3Mem,eHa a 

ueHTpe 6oxca 6x6x;7 M. B ueHTP c6opK11 noMem,aJTacb xa­

Mepa i:t11aMerpoM 18 MM H AJIH~oit 50 MM co CJJoeM 252Cf 
11HTeHCHBHOCTbIO 3 · 104 JJ;e.n./c. CUHHTK1UISII..\HOHHblH cneK­

TpoMe-rp C KpHCTa.nJI0M CTHJIWCHa pa3Mem,aJICSI 3a 0Tpa­

)K3TeJJeM Ha BblC0Te u.eHTpa 3KTHBHOH 30Hbl c6opKH Ha pac­

CTO.IIHHl1 290 MM OT u,eHTpa. 

+500 B 

All'TluakUI 

~ 
0TJ)lMlttnl> 

P11c. I . bJJOK•CXeMa H3Mepelllill HeCTaU)IOHapHblX cneKTp0D 11et1rpo11on H 

)'· KB8HTOB: , _ K8Mepa )leJTCHHII co cnoeM 252cr: 2 - 6blCTPblfl TOKODLlii 

npep;yCHJJHTeJlb; 3 - AHCKpHMHHarop-q>opMHpoBaTeJJb c epcMCIIIIOii 

npHBR3KOH K ROCTOllHHOH AOJ!e q>poHTa; 4 - JIHHHll 3a;11ep>KKH; 5 -
npeo6pa3088TCJJb "epeMR - 8MMltyYJla"; 6 - 6b1CTpblil ycHJmTe.nb 

HMnyJJbC0B; 7 - Kl)ltCT8JIJI CTHJJbtieHll; 8 - ¢QT03JleKTPOIIHblii 

YMHO>KltTCJJb; 9 - cxeMa KOMneHCBU.HH Heflrpouoe; IO - AHCKpH­

MHHaTOp; 11 - re11epatop HMDYJlbCOB; 12- npeo6pn30B8Te.JlbllMMflT)'Jlbl 

B U.H(J)poaoli KOll; 13 - 6.nOK 380HCH MH0l'OMepnoro M8CCl1B3 B naMATb 

IIHllJIH3aTOpa; 14 - cneKTpoMCTp1t11ecK1tfi yCKJJHTCJJh; 15 - J)Hller111bJC 

BOpoTa ; 16 - MIIOl'OKaHll./lbHbd't 8118.JIH38TOP 

Hapsr.n;y c 6noKaMH 6hlCTpoH anexTpoHHKH BEKTOP 
HCnOJib30B8JlHCb cne.u;y10°-'11e 6noKu: TTY - 6hlCTpb1u T0-

KOBblH npe.n;ycHJIHTeJI&, )lTTC nucxp11M11HaTop­

<J,opM11posaTeJib C npHBSl3KOH K nOCT051HH0H A0JIC <J>poHTa 

nMnyJJhCa, TIBA - npeo6pa3oeaTeJ1b "speMsi-aMnJT11Ty Aa " , 

peaJIH3YIOW.HH crap-r- cronuhlu pe)KHM per11crpa11.111t spe­

MeHHhlX HHTepeanoe Me~y 11MDYJihcaMH mtK0CeKYHAH0fO 

.u;nana3oHa. 

Toxonl>IH HMnynbC OT pemcrpau.1111 AeJieHnsi si,Apa 



252Cf B KaMepe yOUIHBaeTCSI H non.aercsi: Ha .D;HCKplfMHHa­

rop-¢opMHpOBaTeJib. OpoJ_)M~poBaH.HblB CHrHan .D;JIHTeJlb­

HOCTblO 6 HC 3ll,!{ep)KKBaeTCSL H CJIY~JT CHrHaJIOM "cron" 

.D;JUI ITBA. Cnrna.,raM "CTapr" CJIY)KHT ccpopMHpoBaHHhlH 

no aHaJJOrH'IHOH .a.eno•nc~ HMnym,c c .l(HHOlJ.3 ¢>3Y, 

B03HHKaIOIOHH npn pemCTpau.nH Cll,HHTHJIJISlTOpoM y-KBaH­

Ta HJIH HeHTpoHa. 0.D;HOBpeMeHHO c .i:i;pyroro ll.HHO.!J.a ¢>3Y 

rro.n;aeTCSl HMITYJibC Ha crreKTp0MeTpHl!eCKHH ycll/JHTeJlb 

BYC • .II,nst ll.HCKPHMHHau,uu ?-KBaHToB HJJK COOTBeTCTBeHHO 

HeihpoHOB ncnOJJb3yeTcSl 11,eno'!Ka BpyKca [7 ). KpoMe To­

ro, ,!:(JIil yBeJIH"ICHIUI CTeneHH nogaBJICHIDl y-n3ny"leHHSl npn 

H3MepeHHH Hei'.iTpOHHblX cneKTpoB BBe,AeHa BpeMeHHaSI ce­

neKll,HSl HMnynbCOB C npHMeHeHHeM cxeMbl COBITa.D;eHHli 

cnmanos c 11,eno"IKH BpyKca u c JJ,IlC, a TaK:it<e 

CQHHTHJJJISlTOp OKpy:lKan:C!l CJioeM CBHHU,a TOJIIOKHOH 6 MM. 

B pe3yn&TaTe BO BCCM n3yqaeMOM 3HepreTHtfecKOM K Bpe­

MeHHOM n.narra30He H3MepeHHH sxnan. OT perncrpau,HH y­

H3JJy"leHHSl B nonylfaeMble HeHTpoHHble cneKTpbI OKa3aJICSI 

HecymecraeHHblM (MeHee 1 % .D;JIR T ~ l M3B n MeHee 5 % 
ll.JISl 0,4 :SE!: 1 M::>B). Tip11 H3Mepemm cneKTpoB y-Kaau­

TOB BKJJa.D; OT perHCTpau,HH HeHTpOHOB He rrpeBb!Wan BO 

eceM 11.1-1ana3oHe 0,5%. Cm'Han co cxeMhl coanan.eHHH, 

cpopMHpyeMblH reaepaTopoM, ynpaBJUIJ] BXOll.OM MHOroMep­

HOro aHanH3aropa Ha 6a3e YH0-4096. Ha Oll.HH H3 npe­

o6pa3oBaTeneH aMrt11HTYll.hl cnrnaJia B xon. BTIA nocrynaeT 

JJHHCHHblH cnrnan c ¢>3Y, Ha BTopoil - cnrean c TIBA, 

onpe.n;eJJSIIOIIJ,HH BpCMCHHOH HHTCpsan MC)Kll.y .11.e.neHHeM B 

KaMepe H pemcrpauneu HCHTpoHa (y-KBaHTa) 11.eTeKTOpoM. 

ITaMSITb aRaJIH3aTopa pa36HTa Ha 16 ITJIOCKOCTCH no 256 
KaHaJIOB. 3anHCb a orrpen.eneHHYIO nnOCKOCTb onpen.ensiCT­

CSI KOJJ.OM BpeMeHH, a 3amtCb no K8HclJraM - KOJJ.OM 

aMnJIHTY.ll.hl HMnym,ca c <l>3Y. B pe3yJihTaTe en.nHH'IHoro 

3aMepa nonyttaIOTcsi: 8MIIJ1HTYJJ.Hble pacnpeAeneHHSI 

HMTIYJibCOB err perHCTpall,HH H3Jiy"leHHSI Bb16paH11oro THna 

ll.JISl I 6 BpeMeHHblX HHTepBaJIOB, WHpHHa KOTOpbIX 3a11.ae-rcsi 

cncreMoii flBA-BITA. 

JJ,m1TeJJbHOCTb speMeHRblX nnOCKOCTCH COCTaBn.llJla B 

11.aHHhlX H3MepeHH!lX 11, 7 ± 0,2 HC. IlpHBR3Ka K MOMCHTY 

J1CJTeHm1 a KaMepe ocy11.1ecrruuinac& no nuxy MrHOBeHHblX 

y-KBaHTOB .D;C.IICHHR 
252Cf npH pa3MeIQemrn KaMepbl H 11.e­

TeKTOpa B B03.D;yxe. PeaJIH3YCMoe npn 3TOM BpeMCHHOe pa3-

peweHHe, onpe11.em1eMoe no IDHPHHe perncrpHpyeMoro y -

rrnKa MfHOBeHHblX KBaHTOB ll.eJICHHSI 252Cf Ha IIOJIYBblCOTe, 

COCTaBJISleT 3 H 4 HC npH noporax perHCTpaIJ,HH no :MCKT­

poHaM OTAatfH 150 H 20 K3B COOTBCTCTBCHHO. BoJiee IlOA­

po6Ho pa6oTa npHBCll.CHHOH CXCMbl om1caHa B [ 4 ]. 
BocCTaHOBJieHHe cneKTpoB H3Jiy"leHHSI rrpoBOll.HJIOCb 

lJ.ll!l Ka)K,ll;OK BpeMeHHOJ1 IIJlOCXOCTU no H3BeCTHOi{ MCTOlJ.HKe 

crna.lKHBa101IJ,ero ,Auq>q>epeHII.HPOBaHH51. ITpu H3MepeHHH 

HCHTpoHHblX cneKTpoB HCOOJih30BaJIC51 KpHCTaJJ./1 CTHJJb6e­

Ha ¢ 40xl0 MM, .lJ.JISI y-KB3HTOB - ¢ 40x40 MM. 

CpaBHHM 3<1>¢eKTHBHOCTb paccMaTpnaaeMOH Me­

TOlJ.HKH C MCTOlJ.HKOH (n, n)- HJIH (n, y) - cosnan.eHHH. ABTo­

paMH [ l ] npHBen.eHO Bblpa:lKeHHe lJ.llSI CKOpOCTH xop­

pe.nHpOBaHHhlX (n, y)-COBna.D;eHHH OTC'leTOB y-cneKTPOMeT­

pa H HeHTp0HHOro AeTCKTOpa AJISI KpHTHtfeCKOl'O peaKTOpa: 

D 
c)IJ(OP = F·en·e)l·/3~' (1) 

r.n.e F - cxopoCTh .n.e.neHHH e peaKTope, 1 / c-, E. e - -vh_ 
II' )I -"¼' 

(pCKTHJIHOCTH HCHTpoHHOro H y-AeTeKropos C:OOTBCTCTBCH-

HO, 1/,u;e.n:.; D = v(v- l)/v2 - K03q>q]Hl.(HCHT JJ,aifBeHa 

(D"" 0,8 ll.Jlll 235U), v - C~Hee 'IHCJio HCHTpoHoe Ha 

11.e.rreHHe B peaxTOpe; /33(p - 3cp<pCKTHBHaSI A~JUI 3ana3Abl-

BalOIQHX uei°ITpOHOB. 

AHaJJOI'HllHYIO 38BHCHMOCTb noJJy'IHM AJU{ CJiy'laSI 

UCilOJih30B3HHSI KaJm¢opHHCBOH xaMepbl B xaqecrae 

CTaTHCTH'!CCKOro HMilYJlbCHOI'O HCTOlJ.liHKa. IlyCTb B KaMepe 

CKopoci&.u;eneHHH Q, 1/c, 3q)<pCKTHBHOCTb HX perucrpau.HH 

E.. Tor,D;a CKOpOCTb KOppenHpoBaHHblX COBnageHHH OTC"ICTOB 

y-cnexTpOMeTpa C OTC"ICT3MH ll.eJICHHH B KaMepe 

- 252cr ,p+ 
C' = Q·e·?i--·~•- 0 ·e (2) 

)IKOp l-'311> V (,p+) y' 

_zsicr 
V - cpen.uee tfHCJIO MrHOBeHHblX HCHTpoHOB Ha .z:1e-

JICHHC 
252Cf; 1/Jti /(1/J+) - OTHOWCHHC U.CHHOCTH HCUTpo-

HOB AeJJCHHSI 
252

Cf B MeCTe ycraHOBKH KaMepbl K cpe.n.HeH 
I " .:... " IJ,CHHOCTH HeHTpOHOB JJ.CJICHH!f no Ovt>CMY aKTHBHOH 30Hbl; 

I/ /33¢, - xapaKTCpH3YeT YMHO.llCCHHe Ha MrHOBeHHblX HeH-

TpOH8X B OKOJIOKpHTHtrCCKOH CHCTeMe. 

l1pH ycraHOBKC KaMepbl B Il,CHTP aKTHBHOM 30Hbl 

BeJIHtfHH3 fti / (1/1+} 06bl'IHO HCCKOJlhKO 60JibWe e.D;llHHLl,bI 

( ~ 1,2 + 1,5). 0lleB}1JJ.HO, BblpalKeHHe 

Q 1//3 - 252cr;- +; + • 3<j) ·v V ·'I/Jo (tp ) 3KBHB3JICHTHO CKOpoCTH 11.e-

JICHHH B peaKTope f B BblpalKCHHH (I) . .lloCTHX<l1MOe 3Ha­

"ICHHe E.Y = 10-5 it11.en .. 
06bl'IHO 3cp<peKTHBHOCTb pcrncrpau,Hl1 AeJJeHHI( B 

KaJJHqJOpHHeBOH KaMepe 6,lH3Ka K e,qHHHL(e (t: ),) 0, 98). To-

r,qa rrpH Q = 10
5 II.en.I c C' Y Kop "" 3 · 10

2 l / c. B&1pa)KeH11e 

(I) 11,aeT npH F = 108 1J.eJI./c 11 e = 10-5 1/.nen. C "" 
II y KOp 

""'2· 102
1/c. 

TaKHM o6pa30M, B paCCMOTpCHHbIX ycJJOBHSIX HCnOJJb-

3083HHC MCTOll.HKH Ha OCHOBC K3JIHCPOPHHCBOl1 KaMepbl 

MOII.IHOCTblO 105 JJ.CJI./ C npaKTHl.lCCIOI 3KBHBaJleHTHO C 

TO'IKH 3peHHSI CTaTHCTHKH M3MepeHHIO MeTOAOM (n, y)-coe-

naJJ,eHHH npH CKOPOCTH 11.eneHHH B peaKTope I 08 ACJJ./C. 

B TO ,KC speMSl C poCTOM IIOJJ.KPHTHl.lHOCTH c6opKH 3Q)­

cpeKTHBHOCTb MeTOAa (n, y)-coenaACHHH YMCHbWaeTCSI C 

xea11,paTH'IHOH 33BHCHMOCTblO OT YMHO)KCHH.st MrHOBeHHhl X 

HeHTpoHOB, ror11,a KaK HCilOJlb30B3HHe KanmpopHHeeoif Ka­

Mepbl npHBO.D;HT K JIHHCHHOMY YMCHblllCHHIO 3¢­
q>eKTHBHOCTH H3MepeHHH C yMeHbWCHHCM YMHOlKCHIUl. B 

3TOM CJiy'lae H3MepeHHSI MO)KHO yc11eWHO npOBOJJ.ltTb H Ha 

Hepa3MHO:it<aIOJJJ.HX CHCTeMax [5 ). 

PE3Y.llbTATbl 113MEPEHHM 

CneKTpbl per11cTpHpyeMblX AeTCKTOpOM HeHTpOHOB 

yTCllKH H3 H3y11aeMOl1 c6opKH npH pa3JJH4Hb1X speMettax 

OT MOMCHTa HCHTp0HHOro m,mynhca H rrp11 ABYX 

OOlJ.KPHTH'IJfOCT51X Cl1CTCMbl np,rne.QeHbl Ha p11c. 2. B1111,Ho, 

11ro e .D;Hana3oHe H3MepeHHi-i (E ~ 0,4 M3B) y)Ke l!Cpe3 

~ 100 HC cneKTp He»TpoHOR npaKTHl/CCKH ncpeCT::tCT 
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3asuce-r& OT t u 6nn30K K crao.uoHapHoMy. Ilpu t ~ 100 
HC OTJIH'IHC OT crauuoHapHoro cneKTpa Bbl3B3HO BJIWDIMCM 

33MeJV]CHHSI HeihpoHOB H Bpe111eHeM HX npone-ra ;u;o nona­

n;aHml II ,1:1ereKTOp. 

AHa.nol'lf1.IHblC 3aBHCHMOCTH CllCKTpoll y-H3JIY'ICHB~H3 

TOH ,ice c6opKH npn HMnyJibCHOM BBe,QCHDH 6blCTpblX eeii:­

TpoHOB npe,1:1craBJieHJ,l na pHC. 3. HasBaHHOe H3JlY'ICHHe 

cpopMHpyeTCSI B OCHOBROM B peayJI&TaTe ~e.neHHH ypaHa B 

aKTHBROH 30He H HeynpyrHMH paccellHHSIMH HCHTpoHOB Ha 

ypaHe u CTa.lTH. Ha6mo;u;aeMble IlHKH s pacnpe.o;eJieHHH 

11>,.(E) npH E = 0,85 H 1,43 MaB o6ycnoaneebl peaKO.HllMH 

(n, n'y) Ha :lKeJie3e H xpoMe COOTBeTCTBeHHO. Y)Ke 11epe3 

- 20 HC cneKTp y-u3Jly'ICHH51 npaKTffllCCKH He 33BHCHT OT 

BpCMCHH H MH30K K CT31.(HOHapHOMJ, XOTSI DOCJICll,HHH HC­

CKOJJl>KO 6oJJee xeCTKHH BCJie.o;crsue 6onee xr.ecrKoro cneK­

Tpa sana31l,h1Ba!OJ.QCI"O H3JIY'ICHWI (8 ). 

3aeHCHMOCTI, CKOpoCTH perncrpau.uu HCHTJJOHOB u y­
KBaHTOB OT BpeMCHH (o;D;HOMCPHblH pex<HM H3Mepelll!H), 

K3K OK33aJJOCb, HOCHT O;D;H03KCOOHCHU,HaJlbHblH xapaKTep 

npH t > 100 HC u BMOTb AO cnaAa Ha 2 nopAAKa COBnall,aeT 

.lt/ISI OOOHX THROB H3JlyqeHHSI, 'llTO 6blJlo OTMe'leHO u aeTO­

paM.H (1 ]. 
Ms111epeHHblK crao,HoHapHblH cnex.Tp y-u3Jly'lenusi 

4'op111upyeTCSI KaK BKJia.11:0111 HeihpoHHblX peaKU,HH ea ~pax 

3JICMeHTOB c6opKH, TaK H H3Jiy11eHUCM HaKOilHBillHXC51 npo­

AYKTOB pacnan;a ypana. IlOCJieAHHii KOMnoaeHT onpe;u;eJIKII­

csi H3MepeHHCM CDCKTpa y-KBaHTOB yTeqJCu H3 c6opKH 6ea 

HCTO'IHHKa HeHTpoHOB nOCJie .IVIHTeJibHOH Bl,lJ]_CpJICKH H 

Bhl'IHTaJICSI, K3K q>oH. B U,eJIOM BKJlall, H3JJY'ICHHSI npo;u;yx­

TOB pacna;u;a 6blJJ HeBeJIHK, OAHaKo npu E ... 2,6 M3B, xor;u;a 

Ha6mo;u;ancsi cym,eCTBeHHblH nHK e <l>,.(E), OH 6hlJI onpe,Qe-

JISIIOJ.QHM. 

HeH"rpOHHblC H y-cneKTPhl HOpMHp0BaJIHCb Ha OJ:IHH 

HeitTpoH HCTO'IHHKa, 'llTO cpaBHHTeJlbHO HeCJIO)KHO Jl.OCTHra­

eTCSI npu HCDOJib30B3HHH Ha3BaHHOA MeTO.QHKH H3MepeHHH. 

'.)ro D03BOJIXCT cpaBHHBSTb C P3C'leT3MH He TOJJbKO cneKTPhl 

H3JIY'ICHJUl, HO H a6cOJIIOTHhlH BblXO.Q. 

BblBO.U,bl 

1. PacCMOTpCHH351 MeTO.QHK3 Hap~ C B03MOXHOCTblO 

H3MepeHHH aecrau.noHapHhlX cneKTp0B HeHTJJOHOB Hy­

KBaHTOB B HaHOCeKyHAHOH o6JJaCTH Ha Hepa3MHOXalOJ.QHX 

CHCTeMax D03B0JllleT npoBO.QHTb aHaJIOnf'IHblC lf3MepeHHst 

" H3 6hlCTpblX peaJ<TOPHlilX c6opx.ax. 

2. IlpuMeHeHne CTaTHCTH'ICCKOI'O HMITYJibCHOl'O 

HCTOllHHKa eeitTpoHOB - Ka.1m4'opnHeBOH KaMepbl Il03BO­

JJSICT npH He3HaqnTeJibHOM YCJIOJICHCHHH CXCMbl 113McpeHHH 

DOJJY'IHTb cyID,eCTBCHHO 6onee BhlCOKOC BpeMeHHOe paape­

meane (e,qHHHll,hl HaHOCeKyHD;) B cpaBHCHHH C MeTO.QHKOH 

(n, r)-, (n, n)~coena.11:eHHH. B r.ny6ox.o no.nx.puTn'llecKHX 

CHCTeMax ee npHMCHeHHe .11:aeT cyIUeCTBeHHhlH BblHrphlW B 

3<1>¢eKTHBHOCTH ea6opa HH4'opMall,HH. 

3. J,13 pe3yJI&TaTOB H3MepeHHH CJIC.l()'eT, qro B ,ll;Hana-

30He ::>HeprnH E ~ 0,4 M3B np» BBeAenuu 11111nyn&ea ueii­

Tpottoe B Ma.nora6apHTHYJO 61,1crpy10 pa3MHO)KaJOIUYIO 

COOPKY paCCMOTpeHHOI'O THna HeCTaU,HOHapHble cneKTpbl 

HCHTpoHHOI'O H y-H3JIY'ICHH51 yxce npH t ~ l 00 HC 6JIH3KH 

K CT31J,HOHapHblM. 
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Y,llK 621.039.6 

BJIHSIHHE PA3MEPOB HCTOqHHK.A HA IIOrPEIDHOCTb 113MEPEHIIX 
<l>YHKQIDI IlPOIIYCKAHlUI 14•M3B HERTPOHOB 

C<l>EPWIECKOR OBOJIO~OR 

C.A. KoHaxoB, ,ll.lO. qysHJIHH 

HeTO'le'IHOCTh If Heu.etlTJ)8JlbHOCTh HCTO'IHHKa uelhpoHOB B 3KCnep1tMeirrax ua Clj,epH'lecKHX o&»i0'1KU MO}KeT npHBeCTH K 3Ha'IHTeJTl>HOMY l!KJlallY 
8 nOrpcWHOCTJ, H3MCpeHHII HHTerpa.llbHbLX BCJIH'IHH HCCJIC.ll)'eMoA c6opKH. B pa6oTe npHBCACHbl paC"ICTlfblC 01.\eHKH BeJIH'IHHbl norpewHOCTH OT HCTO'IC'IHOCTH 
H HCI.\CHTl)aJl&HOCTH HCTO'lHHKI!. Ha npHMepe CBHHU.Ol!OA ccjlepH'leCKOH o&»iO'iKH. 

INFLUENCE OF THE 14 MeV NEUTRON SOURCE SIZE ON THE ERROR OF TRANSMISSION FUNCTION IN THE SPHERE SHELL. 
S.A. KONAKOV, D.Yu. CHUVILIN. Unpoint and uncentral source of neutrons In the sphere chell experimenlS may lead to considerable contribution In 
the error of measurement integral velues of research assemblage. In this article produce the calculation value of error from the unpolnt and uncentral source 
of neutrons as an exemple lead sphere chell. 

II PH npouepKe TO'IJHOCTH sm.ep111,1x ,D;aHHhlX MaTepHaJI0B 

6.naBKeTOB TepMosm.epHhIX peaxropoB mHpoKoe pacnpOCT­

paHeHHe nOJiyttHJIH H3MepeHHB IlOTOK0B H cnexTpoB HeH­

TJ)OH0B yTettXH H3 c¢epHtJeCKHX 000.IIO'leX C [(eHTpaJibHblM 

HCTO'lllHX0M 14 M3B tteiiTpoH0B [l - 5 ]. Jl;Ill rettepau,Hu 

HeHTpoHOB CHHTe3a HCD0Jib3yl()TCB HH3K0B0JibTHhle yc­

xopHTeJIH 'l:8CTHD;. XapaxTepH1>1:e .D;HaMeTpbl ,AHCKOBblX 

HCTO'IHHKOB, xax npaBHJI0, He npeBlilW3lOT 25 - 30 MM. 

CoorttomeHWI pa3Mepoa HCT0lJHHKa H cq,epu•JeCKOH ooo· 
JI0'IKH B 0T.D;eJlbHblX CJiy•rnRX .D;OCTHraIOT 3Ha'leHHH 0, l H 

OOJiee. 

lifaBecTHO, llTO HeTO'le'l:HOCTb HJIH Heo,eHTpa.llbHOCTb 

HCTO'lHHKa npHB0.D;BT K yBCJIH'l:eHHIO npo6era 14-M3B Heil· 

Tp0H0B B HCC1Je,1:1yeM0M aew,ecrue. BhmOJIHeHHble ou,eHKH 

3¢q>eKTa HeT0tJe'l:HOCTH (HanpHMep, [6 ]) Il0Ka3blB3IOT, 'ITO 

OH He npeBblIIlaeT eeCK0JlbKHX .11;eCSITlilX .D;0JieH npou,ettTa 

Mll TaKHX HHTerpaJibHblX napaMeTpoB, KaK Q)YHKU.Hll npo· 

nyCKaHHll. Ilpu norpemHOCTH H3MepeHHH - 10% M0:lKH0 

npene6pe'l:b pa3MepaMH HCT0'l:HHKa. O,AHaKO B HaCT0.5UIJ.ee 

BpeMB npea;H3H0HHble 3KCnepuMeHTbl Bblil0JlHSIIOTCSI C nor• 

pemHOCTbJO 3 - 5%. KO~a He Y'l:HTblBaTb 3Q)(peKT HeT0-

tJetlHOCTH HCTO'l:HHKa Hei1onyCTHM0. HeCMOTpSI Ha 3T0, BO 

MH0I'HX CJIY'l:3SIX 3KCnepaMeHTaJlbHble pe3yJlhTaThl 

CP3BHHB8IOTCB C 0.D;H0MepHblM paClleTOM, B KOT0poM 

HCTO'lHHK 3a.11;aercll xax TO'le'IHblH u H30Tponu1,1it. B ,1:1attuoii 

pa6oTe IIPHBe,AeHbl pe3yJibT3Tbl paClleT0B, Il03B0JISIIOIIJ,He 

0DTHMH3HpoBaTh reoMeTpHtteCKHe napaMeTpbl HCTO'lHHKa 

HeiiTpoHoB H c¢epa'leCKoii OOOJIO'IKH. 

PacclfHTaeM BeJIHtJHHY npo6era neiiTponoe e ccpepuqe­

CJCoii o6wJoqxe npH CMCIIl,CHHH T0tte'IH0I'O HCT0'IHHKa H3 

ee reoMerpH'leCK0I'O U,CHTpa. 

l1CIIOJJb3YB 0003Ha'leHHSI, npHBe.D,eHHlile Ha puc. 1, 
33nemeM MR npo6era l cneeyiow,ee Bblpa,teenHe: 

l ='VRi - '½sin2., 
1-VR~ - h2sin2.,: (l) 

r.11;e Rl' R 2 - eHyTpenHHii u BHeIDHHii pa,1:1uychl cq,epu11e­

CKoii OOOJIO'l:KH; h - cMem;enue HCT0lfHHKa; " - a3uMy­

TaJI&Hhlii yl'0./1. 

58 

CpCAHHH npo6er neiiTpOH0B B o6ono11xe paaen 

icv'Ri - k:zsin26 -VRr - h2sin2")sin,:,d,:, 

l=-0---------,=---------= JI 

Jsin,:,d6 
0 

1-~ 
R2{l + ~[ln(l + k2 - ln(l - "2)]} -

2 = _________ 2 ________ _ 

l - kl 
-R1 {l + 2k[ln(l + k1)- ln(l - k1))} 

1 

2 (3) 

P11c. 1. CxeMa netiTpoHHO-(pH3H'lCCKOro :JKcnepHMeHTa »a ccjlepHIICCKHX 
o6o11ot1Kax H3 pa3/IH'IHl>LX M8TepHIU10B 

r,1:1e k1 = h/R1; k2 = h/R2• 

Ycpe.D;HSIR l no noaepxHOCTH ,llHCKa pa.a.uycoM r 1-1cr' Haii• 

.a.eM cpe.11,HHH npooer HCHTpoHOB B ccpepe OT uenTpaJibH0l"O 

HeT0'l'.e'IH0I'O HCTO'l:HHK8: 

7HCT 2.7r 
f lds J l·h·dh J d~ 

1 _s"cr _ o o 
s-Tifi- :Jl•t2. 

S HCT 
HCT 

(4) 

(npe,1:1noJiaraeTCB, '!:TO HCT0'IHHK HMeeT Il0CTOllHHYIO 

noaepxnoc-rnyio DJJOTHOCTb H3Jiy'leHHS1) • vlHTerpa.n B 3TOH 

q>OpMyJie onpe,D;eJUUICSI 'l:HCJICHH0. IlJIOIIJ,8,llb HCTO'IHHKa 

pas6HBaJ13Cb Ha lO paBHblX no IlJI0IIJ,a,AH K0Jlbll,CBblX 30H, 

r,1:1e cpyHKUHB I rrpHHHManacb IIOCTOSIHHOH H HHTerpaJI 3a· 

MeHSIJJCSI cyMMOH 



_ 10_ 

f ids = L l1.ds; . 
SKCT i=l 

(5) 

Pe3yJlhTaTlll pacqeros npe.u;craBJieHl,I ea puc. 2 H 3. ~ 
ro11e11HOI'O seu,eHTpaJn,HOI'O HCTO'IIHHKa Ha PHC. 2 DOKa3aHO 
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PKC. 2. 3aBHCKMOCTb CpeAJtero npo6era H 4>YHX14HH nponycKaHHll 

Heih-poHOB KCTO'IHKKa OT CMe111em<11 TO'IC'IHOl"O HCTO'IHHXR h H J)83Mepoa 

c<J,epH'leca:oA OOOJIO'IKH: I - h - l CM; 2 - l ,S CM; 3 - 2 CM 

OTHOCHTCJJbHOC OTKJIOBeBHe cpeAffero npo6era l OT reo­
MeTpH11ecxoii TOJIIIU{Bhl cq,epu11ecKou: ooonolfiCH Lo e 

3aBHCHMOCTH OT CMCW:CHIDI h H COOTHOillCHH51 J)aAHYCOB 
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Rt; R l = 3 CM 

PHc. 3. 3UHCKMocn. c;pe.tlHCl'O npooera H 4>YHKltHH nponycx&HHII 

Heih-poHOB HCTO'lltHXa 01' J)83MCJ)OB HCTO'IHHKII r HCT H pa3Mepoe 

ccpepH'lecoKA OOOJIO'IICH: 1 - r HCT = 1 CM; 2 - 1,S CM; 3 - 2 CM 

R2/ R1 (npKHnO, 11ro R1 = 3 CM). TaM Jl(;C noKa3aea 

3aBHCHMOCTb OTHOCBTCJibHOI'O H3MCHeHH.II Bepo51THOCTH 
H36e,rcaTb ueynpyroro B3aHMOACHCTBH51, BhlttHCJieHHa51 
AJl.11 14-M3B eeiiTpoeos s cs~osoii c<t>epuqecxoif o6o­

no'IKe (l;rnb = 0,0825 CM-1). Ha pee. 3 npHBeACHhl aHa­

JIOI'H'lllhle AaHHble ,WU{ o.eeTpaJibHOI'O Hero'le'IHOI'O 

HCTO<ulBICcl B aasHCHMOCTH OT ero PMHyca r Hcr· 

B.JllUIBHe CMew:emur TO'le'lHOI'O HCT0'1HHK3 Ha 

BeJlllllHIIY cpy~ nponycxaHH.11 B aaeeCHMOCTH OT paa­
MepoB OOOJIO'ICK COCTaB./llleT 0, 7 - 3 % . J1.rui o.eeTpaJibHOT'O 
~CJCOBOl'O HCT01JJIHICa 3TOT sq>cpeKT HecJ<:OJibKO MeHhme H 
cocraB.ru1er 0,4 - 1,6%. TaxHM o6pa3oM, BepxHHe 3ea-
11eRHJ1 yxa3aHHHx AH3naaoe0B COH3MepHMhl C norpeDIHO­
CTbIO BSMepeBHH. 

,ll,JIH BHCCeHHJI KOppeKTHOH nonpaBJCH B 3KCnepHMeH­
Tam.HHe peayJibTaTbl :ea HeTO'le'IHOCTb HJlH CMer:qeHHe 
HCTOttHHKa eeo6xo~o 3H8Tb Re TOJII,KO ero reo­
MCTpe11eCKHC napaMerpY, HO H pacnpell,eJieHHe IIJIOTHOCTH 
HeHTJ)OHHOI'O H3JIY'{eHH9:. IlOCJie,inlil9: BClmlfflHa 3aBHCHT B 
TOM 'IHcne HOT TeXHOJIOl'INecJCHX xapaKTCPHCTHK MHIDeHH, 
TPYAHO noMaIOJIOlXC51 KOHTpomo. Ilpoc-remDHM cnoco6oM 
pemeHH51 DpowICMbl HeTO'le'IHocrH HCTO'IHHKa JIBJUleTC51 
ORTHMH3aD;HJI ero pa3Mepos. B xa11ecTBe peKOMelfAalJ.l[B 
MO,KHO npeA,110,l(;HTb KOJJJIHMHJ)OBaHHe ny'll<a AeiiTOHOB. 
Kax CJJe,tzyeT H3 nonyqeHHhlX pe3yJlhTaTOB, npH p3AHYce 
nCT011HHKa 0,5 CM a e1i16paHJUi1x paaMepax ccpepe'leCKHX 
o6ono11eK OIDHOKa B <l>YHKD;HH nponycKaHH.51 He npesblCHT 
o, 1 - 0, 15%, 11TO BDOJIHe npHeMJieMO Aaxe ZVU1 
npea;H3HOHH.b1X H3MepeHJI.ii. 
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BbIHOC IlPO,II.YKTOB ,IJ.EJIEHIDI 
H3 TOilJIBBHOrO PACTBOPA PEAKTOPA "API'YC" 

C.B. Jlo6o~a. H.B. IlerpyHHH, B.E. XsOCTHOHOB, jB.E. qapH1Col 

npeJJ.craaneHbl pe3YJlbTaTbl 3KCTTepHMCHT8JlbHOl'O onpe.11eJieHtu1 "Koo4>q,HU,HCHTOB BWHOC8" npo.rzyKTOB .QeJICIUtll H3 paCTDOpa ypa11HJ1-cyJ1bQ)aT& 

nya1,1pt.KIMH P8.AHOJIITTWICCK01'0 l1l38 npH pa6oTe pe&KTOpa "Apryc" H8 crai.Ho11ap110M ypoeue MOti.HOCTH. AHanHJ ITQCJICJl.CTBIIH M8KCKM8Jlt.HOH MtnOTern11e­

CKOA aaapKH peaKTOpa "Apryc", npo&e,IICHllblH C HCfi0Jll,3()BaHHCM nony'ICHHblX pe3YJlbTilTOB, fi0Kll3bl&aCT, 'ITO OH& xapaKTepH3ye-rCII ICBIC CHT)'lll.lllll 

JIOK8Jlt.HOl'O 381'pll3HCHHII fiJ)Off3BO,IICTBCHHblX n0Me1.11,e111-d{ pe&KTOpuoro IC0Mll/lCKC8, 

REMOV ALOF FISSION PRODUCTS FROM THE FUEL SOLUTION OF THE FLUID FUEL REACTOR" APrYC". S.V. LOBO DA, N.V. PETRUNlN, 
V.E. KHVOSTIONOV, V.E. CHARNKO. The experimental results are presented on determlnatlon of the "removal coefflclenlS" of fmlon products from 
lhe uranydsulphate solution by the radlolylie gas bubbles during operation of the homogeneons reactor "Apryc" at the stationary power level. The analysis 
of !he cOBB!quences of the maximum hypothetical accident to the reactor "Apryc" made on the basis of the results obtained shows that this accident is 
characterlz:ed as a situation of local contamination of the working areas of the reactor complex. · 

,lJ;Jist pemeHH.!I 3M3'1H MaCCOB0ro npHMeHeHIDI. ~ep­

H0-4'u3uqeacux MeT0~OB 3Hamt3a H X0HTp0JUI C npHMe­

HeHKeM ~ep111,1x peaKTopos B MA3 HM. H.B. KypqaroBa 

paapa6oraH, coa~aH H Hccne.zi;osae cneu;naJJH3HpoBaHHhlii 

pacTBopH&H peaxrop "Apryc" [l - 3 ). Oco6oe BHHMaHHe 

npH ero coan;aHHH H 3XCWJyaTau;HH yn;e.1u1eTCR BODpocaM 

6e3onaceOCTH, B TOM 'IHCJIC CB.1133HHOH C Ha.JIH11HCM B OObe­
Me xopnyca peaKropa ean; aepKaJI0M paCTsopa 

pa.a.eoaxTHBHhlX npo~KT0B AeJICHliSI. Ba:xc.aefm:Ia.11 Mepa 

paAJ{31.l;HOHHOH 6eaonaCHOCTH - HCKJnoqeHHe YTC'IKH 

pa~HOOXTHBHblX HyXJI~0B H3 3XTHBHOH 30Hhl. 3TO o6ec­

ne11HBae-rcsr repMeTH'IHOCTb10 Kopnyca peaxTopa, a Tax:iKe 

IlOCTOSIHHhlM Il0MCp)KaHHCM /l.3BJJeHIDI II xopnyce HH)Ke aT­

MOC<JlepHoro; IJ.03HMeTpH'leCKHM X0HTpoJJeM aa rep­

Me'rH'IHOCTblO KOpnyca; PMH0MeTPHllecxHM K0HTpoJJeM H 

aHaJIH30M npo6 B03,izyXa B pe3KT0PHhlX noMemeHHBX; B03-

MO,t::HOCTblO nepeKatfKH ra30B03.zzynIHOH CMecH, co.a.ep:iKa­

w.eif pan;H0HYXJJH~hl, H3 xopnyca peaKT0pa B cneu;HaJibHYIO 

CMXOCTh. O,o;HaKO see 3TO ew.e HC ,o;aeT IlOJJH0H rapaHTHH 

HCB03MO:llCHOCTH Bhl6poca paAH03XTHBHJ,IX npon;yKT0B n;e­
.llCHWl H3 KOpnyca peaKTOpa, TaK K3K B03HHXH0BeHHe 

Taxnx cH-ryau,uu ae HCXJIIO'ICH0 KaK npH mo6oii: 

~OCTH:llCHMOH B HaCTOSIID,ee BpCMSI H3D;C)l(HOCTH o6opyn;o­

B3HHSI, T3K H 33 C'leT BHCIDHHX npH'IHH. KpoMe roro, 

'iHCJICHH3.II 0l.l;eHICa HaD;eX<H0CTH OOOPYA0B3HH.SI HC CBSl33H3 

co spoieHeM B03HHXHOBeHBSI asapHHHOH CHTyau;HH. 

A;IR ou.eaxH pa~Hau;uoHHOH o6cTaeoBxu npu Bhl6poce 

Op0/l.YKT0B AeJICHHSI H3 xopnyca paCTB0pHOl"O peaKropa 

"Apryc" (2] c u;e.11h10 paapaoorKH DJiaHa cneu.nanhHlilX Me­

ponpu.11THii H co;maemI eeo6xo,u;HMI,lX cacreM, o6ecne'iHBa­

io~ux 6e3onaCHyio 3KCII.11Yarau.u10 Taxoro JC.11acca peaKro­

pos, 6blJIH npen;npHH.IIThl 3KCnepHMCHT3.llbHhle HCCJle.D;0-

B3HHSI BlilHC>Ca Dpo,izyXTOB AeJICHHSI H3 TODJIHBHOro peax­

T0pa. l1CCJICJ:IOBaJIC11 KOJIH'ICCTBCHH.bl.H H xaqecrseHHhlH co­

eras CMecH npon;yxros ,o;e.neHHSI HM sepxanoM pacrsopa e 

Kopnyce peaKropa, a Tax:.1C.e ee pa.u;uau;HoHHhle xapax­

TepHCTHKH ea P33Hhle M0MeHTbl BpeMeHH. 

CoepeMeHH&e npe,ll;CTaBneHHH 06 yre11xe npon;yx.ros 

/l.e.lICHHSI H3 ~epHoro T0il.llHBa pa3JJ;CJUIIOT TCMnepaTypH0-

38BHCHMble H TCMnepa-rypH0-He3aBHCHMl,le KOMilOHeHThl 

[4, 5). B nepeoM c.ny11ae yTeqxa npoAyxros .a.eneHHsi: 

33BHCHT OT XHMH'lCCKHX CBOHCTB o6pa30Baemerocsi: 3.lle­

MeHTa, 4'H3HlCO-XHMHlfecKHX CBOHCTB TOil.llHBa, ee.ml'IHHbl 

H CBOACTB ero nosepXH0CTH H K0H~eHTpau;HH 
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PMffOHyx.n~a B eeM. ,!J;aHHhlB MexaBH3M npoSIB.IISleTC.11, 

HanpHMep, B TBep~OM TOD.JIHBe B o6naCTH TeMnepaTyp Bbl­

me 1000°C. OTHoceTenhHcUI yreqxa npoAyKTOB n.eneHusi: B 

3TOM c.nyqae HMeer 3KCD0HeHU,HaJlbH)'IO 3aBHCHMOCTb OT 

TeMnepaTyp111. Pacreop ypaHHJla-cym,<l;>aTa B eo.u;e, TCMne­

paTypa icoroporo npH pa6oTe peaxropa "Apryc" Ha Mom;­

HOCTH He npeBhlmaer TeMnepaTypbl ero XHneHHSI [2 ], SrB.IISl­

eTCSI AID! npo,zi;yxros n;eneHH.ll CHJlbH0 pa36asneHHhIM pac­

TBOpoM 3JICXTpo.llHTa. ,llJlil ,zi;aHHblX paCTBOpoB K0-

3$t)uuueHT AH<P<t>Y3HH pacrsopeHHJ,IX 3JleMeHT0B HMeeT 

33BHCHMOCTb OT TeMDepaTyphl, [6 ], 3Ha'leHHll K0-

3$pH~HeHTOB .ll;H(jxpy3HH ueopraHH11ecxnx sem;ecrs, pac­

TBopeHHblX B BOAe, B AHaDaSOHe pa6oqux TeMnepaTyp pac-

TB0pa peaKropa "Apryc" He npes1,1maer 1,5· 10-s CM2/c 

(6 ). Pacc'lHTaHHl,le C HCIIO.llhSOBaHHCM 3T0H BCJJH'IHHI,( 3H3-

'ICHHJI OTHOCHTC/lbHOft: YTC'IKH np0AYKT0B Ae.JICHHSI H3 pac­

TB0pa 33 ClfeT TeMnepaTypH0-3aBHCHMOii .AH<txl>Y3HH HMCIOT 

33BHCHMOCTb ~ 1/,/lj H He 33BHCSIT 11BH0 OT M0W:HOCTH 

(,li - xoecraHTa pacnaAa pa;i;HoHyx.nHJJ;a). On.Haxo nony-

11:aeMhle B 3KCnepHMeHT3X ,!l3HHhle IlOK833JJH 33BHCHM0CTb 

3KTHBHOCTH npo,zi;yKTOB Ae.lICHIDI B OOI>eMe H3A pacrsopoM 

OT MO~HOCTH npu HCHjMCBHOA TCMnepaType pacrsopa, a 

TaK:ce OTJlH'IHC B HeCKO.JlbK0 pa3 3R3'leHIIB OTHOCHTe.llbHOH 

yre'IKH pa,ZXHOHYKJIHJI.OB OT paC'leTJlhl?' o~eH0K. BhlJl c,o;e.naH 

BhlBOA, 'lT0 B TOD.IIHBHOM pac-rsope OTHOCHTC/lbH3.II YTC'IKa 

aa C1(eT TCMneparypH0-38BHCHMOH ~H<txl>Y3HH He HrpaeT 

onpe.u;erunom;eii po.nu. 

Te.MDepaTypao-ee3aBHCHMhlH K0MD0HCHT yTe'lKH xa­

paKTepeayercSI 8XT0M .l];eJieHH.!I, npoHCX0A.lllll,HM B npeJJ.e.JiaX 

JVIHHH npooera OCKOJllCa AeJICHHSI OT noBepXHOCTH TOilJIHBa. 

B 3TOM C.1Iy11ae yreqxa ocym;eCTB.n.lleTCSI 33 C'leT MCXaHH3Ma 

OTJJ;a'IH, a Ml'H0BCHHaSI cxopocn, BbJACJJCHH.11 npon.yKTOB .u;e­

JlCBHSI ue aaBHCHT OT Q>H3HKO-XHMHqecxHx CBOHCTB 

pa.zxHOHYKnHAa, a 38BHCHT OT BHXOA3 ero Ha .D;CJICHHC, 

cBoAcre oxpy:.::aio~eit cp~1>1, AJIHHhl npooera ocxOJixa a 

HCH, OT COCTOSIHIDI BHCmHeii nosepXHOCTH TODJIHBa. ,!J;JUI 

aKTHBH0H 30Hhl peaKTOpa "Apryc" OTHOCHTe.JlbHaSI yTe11xa 

3a C'le'r KHBeTH'lecKoro 3q>q>CKT3, paCC'IHTaHHalil no Me-

T0,o;HKe (4 ], ou;eHHBaeTC.11 BeJIH'IHHOH 2· 10-s. 
HssecrHo (7 ], qro npH AC.IICHHH sr~ep ypaea e T0DJIBBC 

o6pa3yIOTCSI H uaxarumsa10Tc11 aTOMhl raaoo6pa3HblX npo­

eyKTOB n;eneHIDl B KO.IIHtfeCTBe, 3XBHBaJJeHTH0M 25 CM
3 {NI5I 

H0pMaJII,Jllil ycnoellii) sa 1 MBT.cyr. Ha pHc. I npuse.u;eHhl 
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PHC, L 3UHCKMOCTI, paCTIIOpHMOCTH a aop,e 6naropo~ f'UOB H Ao)UI 

or TCNJieparypw OIAHHWe Allll HOpM&JlhHblX yCJIOBHA (61): I - ICpH!lTOH; 
2 - xceHOH; 3 - AO,D; 

20 - I 00°C paCTBopHMocn. RBepnn,uc: rasou n BOAe ae Me­

Bee 20 CM3 / JI. HcxOASI BS 9TH.X AaJIHl,lJ{, MoXBo 6JiJio 

O~aTb, 'ITO DpH paoore paCTBopBOIO peaKTOpa B8 MO~­

HOCTH BecKOJihlCO ;QCCSITKOB ICBJIOB8TT AJIJ1 KaMllaBHH 10 JleT 

P8AJl3XTHBHhlC 6.naropo)Oll,le 1'33hl, Dp0A)'KTl,I ,ll;CJICBHSI, He 

,ll;OCTHnl}'T npCAena paCTBopHMOCTB. Hc1CJ11011c;meM MO:iteeT 

SIBHTLCSI JIHJill, nOCTOmeo H3K3DJIHB8JOII~ik,r ~o-

3KTHBBHH 85Kr c nepuo.u;oM nwiypaco~a 10. 71 JieT. 

TeM ee Meuee ODLITRHe ,Aamme CBffACTCJibCTBYJOT o 

H3JIHllHH B OOl>CMe Batt paCTBOpoM paw!03KTHBIUIIX 6.naro­

po~ rasoB B KOJIH11CCTBe, 3&alffl1'CJJJ,HO DPCBhlII13JO~eM 

BX KBBeTllllCCKHii Bb1X0,II; C nosepXBOCTH pacTBopa. CJICAO­

B3TeJil,RO, AJU[ HHTCpDpeT3[QIB sxcnepBMCHTaJil,Hl,lX 

pe3ym,TaTOB Reo6XOAJlM0 yqHTJ,1113Tb HHhle cl>aKTOPlil, 

BJllUIIOID;HC ea cl>oPMBJ)OBaRHe CMecH Dpo~KTOB ACJieJDUI 

R~ paCTBOpoM. 

Paoora peaKTopa "Apryc" Ha MOID;HOCTH conpoBO.llC,Aa­

eTC!I npou.eccoM pa,11;HOJIBTH11eocoro KHnellWl. Ilpou.ecc 

po:llC,ll;eBHSI H B~eJieHIUI H3 paCTBopa ypaBHJJ-cyJlbipclTa 

nysHpbKOB P8AJIOJIHTH'lecKoro rasa npe TeMDepa-rype pac­

Bopa HB:llCC TCMIIepa-ryphl ero KHUCHHJI M0'1CBO DJ)CACT3BHTb 

u CJICAYJO~eM BH,l{e: po:llC,IJ;eHHe naponoro nyaHpbKa B.D;OJib 

Tpexa OCKOJDCa ACIICRIUI, ero 6HCTpoe ocnmaHHe H KOH­

ACHcaD,IUI napa, KMJiaDC nyshlpbK3 B npeBpa~eBBe Bra-

30BlilH nys111pex, TCMUepa-rypa Koroporo pauea reMDepa­

rype OKPY:lKaIO~eii CPCAl,I (8, 9 ]. .lJ.am,eeAmaJI CYAb03 

nysi.p1,xa, ero pocr C DOCJJCAYJ(>IQHM BblXO,AOM H3 paCTBopa 

HJIH ec11eseoBeHHe, onpe,Aeruren:si ,ll;H<l><l>ysaeii rasa 11epe3 

DOBCpXROCTb ny31,1pbX8. HaopaBJieBBe ,11;H4><t>y3HB 3aBHCHT 

OT XORIJ.CHTpaIJ,HH paCTBOpeHBoro rasa B OKPY.lltalO~ei 

'kHAl(OCTH. MmKHO DPCADOJIOJICBTb, IITO aTOMH raaoo6pa3-

BWC DJ)OAYJCTOB ACJieBlfil, non3,11;ag B oy3HPbKH 

J)aAROJIRTilqecKOJ'O rasa 33 C'leT upou.ecca AHq)q>y3HH, Bl,I­

HOCflCK 33TCM 83 paCTBOpa. Ilpe paCTBOpeHHH ny31i1pbK3 

pa,IJ;HOJIHTHqeacoro raaa aroMH ra3oo6paslllllX npoJO'KTOB 

ACllCHH9 pon~aIOT o6paTHO B paCTBop H BX KOlD~eHTpaIUU[ 

B HeM )'BeJIHllBBaCTCSI". 

YsCJIK11eHHe BHXo.u;a o~KTOB ,11;eJieHH.!l es paCTBopa 

C J)OCTOM MO~OCTB B paMKaX 3TOA: MOAenH OOb.!ICIUleTCSI 
K3IC }'BeJIHIICHHCM WIOTHOCTBACJieHHH, T.C. qeHTpoM o6pa-

30BaHBJI oy3HpbKOB napa, TaK B }'BCJIH"IICHBCM BblXO~ero 

na paCTBOpa KOJIBllecTBa pa,o;HOJIBTBlfecKoro rasa. 
06pa3YJO~eCSI OCKOJllCB ACIICIUUI: MO:llCHO P83ACIIHTb 

ea rpynm,i no BX cpasHKo-XHMB11ecKHM CBOHCTBaM. Koe­
AeBCHpYJOm;HCCSI 3JJCMCHTJ,1 B 3JICMCHTI,1, KOTOplilC C03Aa10T 

paCTBOpHMHe HJIB eepaCTBOpHMl,le COCAHBCHIUI B paCTBOpe, 

ee CMOl')'T DOKHHYTb paCTBOp. HexoH,11;eBCHPYJOID;HCCK 3Jie­

MCHTlil y,u;ep~JOTCK B paCTBope B KOJIH'ICCTBe. ODPCAC­

JUICMOM 33KOBOM respa, a B CO'lCTaBHH O cyID;CQ'9YJOlllHM 

npo~eccoM BliXo.u;a P8AJIOJIBTH'lecK01'0 rasa BHBOCRTCSI B 

OObeM H~ paCTBOJ)OM. 

COCTaB CMeca upo.D;YICTOB ACIICHBJI B om.eMe ean: pac­

TBOJ>OM onp=eJUICTCSI H DOCTO.IIHHNMH pacnaaa 

pa,ll;HO~OB. HanpHMep, TC H3 HBX, y xoropHX nepaon 

nOJiypa~a MBOl'O MeHbme BpCMCBH Bb1X0,11;3 ny3HpbK8 

J)MBOJIBTHlfCCXOro ra3a H3 paCTBopa, BC 6y,ll;}'T npHC)'TCT­

B0B3Tb B OOheMC B<l,IJ; paCTBOpoM. To :JICC OTBOCHTCSI H K 

DP0JO'kT3M ax pacna,ii;a. Tax:HM o6pasoM, npoQecc 

!pOpMllpoB8H11ll CMecH Dp0AYJCTOB ACJICHHJI B OObCMC H3A 

paCTBOpoM DPCACTall.JUICTC.ll CJICAYJO~ o6pa30M, 3a C'ICT 

1CHHCTH11ecxoro 3ql(j>eKTa s 001>eM ea.ii; paCTBopoM nwrCTaJOT 

OCKOJIKB ACJICRHJI, BC C03A310m;ae Ha CBOCM Il}'TH 

XHMB'lecKBX COCAHHemtii B paCTBope. lb RHX TaM OCTaIOrC!l 

BCKOH,ll;CBCHPYJOIIOICC9 3JJCMCHTlil. ◊CTaJibHl>IC, ICOH­

ACBCHpy.!ICb, yXOA.IIT u pacrsop. 3a C'ICT BHBoca nyaHpb­

XaMH pa,11;.HOJIHTH11ecKoro rasa e 001,eM aan: paCTBopoM nona­

,ll;alOT HClCOH,ll;CBCHPYJOonlCCSI 3JICMCHTlil. Ilpo.izytcTlil pacoa­

A3 HCXOH,ll;CHCHpy10m;axCj( PMHOffYkJIHAOB MOryT KOB­

ACHCHp0B3TbCSI H yXO,IJ;HTI, B paCTBop. OcHosHID,f (paKTOp0M 

B ipopMHpoBaBRH CMCCH npo~KTOB .t{CJICHWI 113A paCTBOpoN 

JllUUleTCSI HX BYHOC ny31,1p1,KaMB ~OJIHTHlfecKOl'O 1'333. 

0CKOJIKH ACJieHHSI, nepHOA DOJIYpacoan:a XO'l'OPHX MROl'O 

Mem.me BpeMCHH BhlXO.t{a ny31,1pbKOB pa,o;HOJIBTHllCCKOI'O 

rasa es paCTBopa, ue nona,u;aIOT sa ero npe,A~. IlpCAJio­

)KCRH3.ll MOACJII, cl>opMHJ)OBaHH.11 CMCCB 6HJia DOJIO.lltCHa B 

OCHOBY pac11eTa 8KTHBHOCTH CMeCH opo,u;yKTOB ~eJieHH.51 B 

OObCMC B8A paCTBOJ)OM. 

CucreMa .l{HcW>epeHU,HaJibHhlX ypaeueRHAAJIJ1 paC11eTa 

8KTHBBOCTR npo.D;yKTOB ACJICHWI ~CDOIIKH pacmu~a MaCCO­

BOI'O 'IHCJia A 3aDHCHB3Jl3Cb B COOTBCTCTBHH C DPCACT8B­

JieHHeM ~eno11ex pacnan:a a AByxypoesenoM BJIAC [10] 
(pee. 2): . 

dAl 
dt = + ).lgl --t.Al' 

dA. 
d/ = l~; X't41 + lp(i - 2, z)A1--2 + 

+lti(i-l,z)A1-1, (1) 

dAJ . 
dt = ).ft1-X'J1 + a(j- 3• J)Ap + 

+ J.p(j- 2, J)AJ-2 + lp(j - 1, J)A/-1 

C ea11aJibHhlMH yCJIOBHSIMH 

A1(t = 0) = A01, 

Af..t = O) = Aor (2) 
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PHC. 2. "CT8HA8pn!&ll" u;enO'IX8 P8JlH08KTH8HblX npeep&ll{eHHA npo~ICTOB Ae.nCHHII MIICCOBOl'O QKCJ!ll A, npeACT8aJJCHHU B .11eyxypoeueBOM lllfAC: a -
HOMep xoocM,KIJ;KCHTa BCTBJICHHll; '· j - nopll,!U(Olll,IC HOMepa H}'KJl~OB 

Hcrol£HHK OCKOJIKOB ;:,;e.n:ellIDI aa.n;aerc.51 BO BpeMeHH 

gi = 0, t ~ t', 

Ki= Wp', 0 s t < t' (3) 

(t' - BpeM51 paOOJ'l,[ peaKTOpa Ha M0DJ;HOCTH). 3.IlCCb A; -

aKTHBHOCTb HyKJIH,ll.a i, i - ue'leruoe B u.eno'IKe pacna;:,;a 

OCKOJlK0B .D;eJJeHHR Macconoro 'IHCJia A; A1 - aKTHBHOCTb 

H)TKJIHAa j, j - lleTHoe; A1 - nOCTo.11HHast pacna;:,;a; g1 -

HCT0'IHHK OCKOJIK0B AeJleHH.B; W; - He3SBHCHMblH BI,iX0A 

Ha AeJJeHHe; y - M0IIJ,HOCTb peaKT0pa, AeJI./ c; a - K0-

s4>ct,Hu,HeHT BeTBJieHHSI. 

PemeHHe caCTeM&1 (1) HMeett.11 B n~e 

i 
Ai(t) = L W(i, k)e-A'l, 

k•O 
(4) 

r;:,;e .t0 = O; W(i, k) - KOs4>ct,HII,HeHThl, onpe.n,eJlilJOTCSI no 

peKyppeKTH.hlM COOTH0meHHRM THna 

,t. 
W(i, k) = :;r

1 
~Xk {a(i- 2, i)W(i- 2, k) + 

+a(i-1, i)W(i-1, k)}. (S) 

AxTHBHOCTb Dp0AYKTOB AeJieHHJI B OObeMe HaA paCT­

B0poM onpeAeJIMaCb xaK pa3HOCTb o6m;eii aKTHBHOCTH npo­

AYKTOB ACJJeHH51 B Koprryce peaKTOpa H aKTHBHOCTH npo­

AJICTOB ii;e.neHH51 B TODJIHBHOM paCTnope. )L,ul 3TOI'O B Ma­

TeMaT.BlleCKYIO MO.z(eJn, paC'leTa BBOAHJlllCb K0-

s4>cl,au,HeHTlil /31 a/J, onpe.n,e.n,i:eM.Lle xaK OTuomeHHe 'IHCJJa 

Jlll:ep uyICJI~a. npoii;yKTa ;l:leJieHHSI, BblHOCHMhlX H3 paCT­

B0pa B e.Amnnzy speMeHH, K l{HCJJY ~ep roro :lKe uylC./IHAa, 

npoAJKTa ii;e.neum1, uaxoii;.IIIIl;eMyCR B paCTBope B ii;aHHlilii: 

M0MeHT npeMeHH. Ko3<fxl>m:i;HeHT /31 xapaKTepH3yer BlllHOC 

pa.n;H0HYICJIJmOB BO BpeMR pa60Tbl peaxTopa Ha M0ID,HOCTH, 

KOs4>ct,m:i;HeHT P - D0CJle OCTaHOBa peaKT0pa. Tor;:,;a A; pas-

HO 

(6) 

npH paclleTe ot5iqeii axTHBHOCTR HYICJI~a s o6beMe peaK­

Topa; 
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A;= A.;+ .81 
npH pacqere aKTHBHOCTH uy~a BO npeMR pa6oTH peaK­

ropa aa M0ID,HOCTBi 

nOCJie OCTaeosa peaKropa. 

3aii;a11ei 3KcnepHMCHTaJIJ,HhlX HCCJle.lJ.OBaHHH RBJIR­

JIOCb onpe.n,e.neHHe 3HalleHHH KOsq>(pHU,HeHTOB /31 H /J. 3ea-

11eHHR KOs4>ct,Hu,HeHTOB BblHoca /31 H /J onpe.AeJI5LIIHCb pac­

'leTH0-3KCnepuMeHTa.llbHhlM MeT0lJ;0M nyTeM cpanHeHml 

'IHCJia OT'lerol B cpoTODHKax annapaTypeoro pacnpe.Ae­

JieHHJI y-H3Jly'leHH51 DJ)O.D;yKTOB .D;eJICHWl Ni Sl<Cn C 

paCC'IHTaHHl,lMH 3Ha1l'.eHH51MH Ni pec11· 11cnOJJb3Y51 Me­

TOlJ;HKY perpeCCH0HH0I'O aHa.JIH3a [11 ], B paMKax MH0J'O­

cpaKTOpHoro 3KCnepHMeHTa DM)''laJUI 3HatleHWI nap KO­

s4>ct,HII,HeHTOB /31 H .8, yii;oBJieTBopsnom;Hx yCJI0BHIO 

Ni 3iccn = Ni pac11• Coa;:,;amu,m naKer pac11eTHblX npo­

rpaMM D03B0JIJleT paCC'IHTlilB8Tb 8KTHBH0CTb IIP0JJ:YKTOB 

Ji;e/leHH51, BXOA.smntX B 32 u.enO'IKH pacna.n;a, 

A= 82 + 97; A= 129 + 144. 
OCHOBHOH OObeM 3KCnepHMeHTaJlbHhlX HCCJleA0BaHHH 

6W1 npone,i:i:ee Ha ii;eikTByioiqeM B HA.3 HM. H.B. Kypqa­

rona peaKTope "Apryc". Cep1U1 M0)];CJJ&Hl:ilX 3KcoepHMeeToB 

npono.u;HJiaCb C ~CilOJib30BaHHeM 3KCnepHMeHTa.JibHblX aM­

ny.n, HanOJIHeHHHX paCTBopoM ypaHHJI-cym,¢aTa, 3Ha-

11eHHR Kos4>ct,m:i;HeHTOB /J onpeJJ:eJI.IIJIHCb B 3KCnepHMeHTax 

Ha HMII}'JlbCHOM paCTBopB0M peaKTOpe THDa 1111H. 
O6opyii;onaBHe 3KCUepHMeHTa BICJIJOt[a.110: Kopnyc 

peaKTOpa, CHCTeMY npo6ooroopa, Tpacc1,1 )];OCTaBKH npo6 H 

aanopH}'IO apMazypy CHCTeMH npo6ocrr6opa, ii;oaHMeTpH'le­

CKyIO, pa,D;H0MeTpH11ecxy10 H cneKTPOMeTPHllCCKYIO anna­

parypy. CuCTeMa npooooroopa 6wa CKOHCTpyHpoBHa c 
YlleT0M TpeooBaHHA pa;:,;HaU,HOHHOA H ot5IqenpOMHDI./leHHOA 

6e3onaCHOCTH, a TaJOKe npaBWJ 0Tt5opa npot5 (12, 13 ]. B 
CHCTeMe HMe.JlHCl, CbeMHhle )"13CTKH Tpacc JJ:0CT3BKH, 

naKeTiiil 33p030JibHl>IX H B~X <j>WibTJ>OB, eMK0CTM 

ll:,IUI oroopa npo6 ra30B0H <pa3lil. Ilpoohl H3 8H3JIH3 

crroHpaJIBCb DOCJie DPIIH)'ll:HTeJil>HOH npoKa'IKH ra30B03-



AYWHOH CMeCH nepeoro KOHTypa 11epe3 :meMeHTiil CHCTeMlJI 

npo6ooT6opa, ncKJUOllaJIOCb noeropuoe non3,11;aHHe raaa, 

npomeAmero 'lfepe3 cnCTeMy npo6ooT6opa, Ha q>WlbTphl 

CHCTeMbl. 

KoMIIJJeKC H3MepHTeJlbH0H annaparyphl COCT0M H3 

cneKTJ)OMeTpH11eCKHX npH6opoe, pa,tnf0MeTpBlleCKHX ycra­

H0B0K H npn6opoe A03HMeTpBlleCK0ro KOHTJ)OJUI. Ilony­

npoB0)l;HBK0Bhle Ge(Ll) cneKTJ)OMeTphl ncaOJib30BaJIHCb 

)l;JUI HCCJieA0BaHmr y-H3Jl)"leHHSI npo6 q>HJU,Tp0MaTepnaJia 

n raaa •• IT.ml H3MepeHH51 a-, {J- ff y-aKTHBHOCTH npo6 

HCD0Jlb30BaJIHCb p3,11;H0MeTpH11ecKne ycranOBJCH, co6pau­

Hhle ea 6a3e CTa~al)THHX 6JJOKOB .u;erexTHpoeaHHSI 

Bll6C3-l "Bops," . KoHTJ)OJlb pa6orocnoco6eocra n onpe­

.u;eneHHe 3q>¢eKTHBHOCTH pemcrpao;HH yCTaHOB0K npo­

B0AHJIC51 C HCDOJlb30BaHBeM 3TaJIOHHhlX HCTO'IIHHKOB. 

~eHTH¢HK3U,ml p3,11;H0aKTHBHhlX HyKJIH.D;0B B npooax npo­

B0AHJiaCb no annapaTypHblM pacaJ)eJJ;eJieHHSIM y-H3JIY­

lleHH51. Onpe.n;eJISUIOCb H3.JIH'IHe COB0KynHOCTH IIHKOB D0JJ­

H0ro D0rJJ01I1eHHS1, IDJKOB CYMM H IlHK0B BhlJleTa y-KB3HTOB, 

npHCYIIIHX 0AH0MY HYKJtHJty. IlepHOAbl nOJ1ypacn3,11;a ycra­

HaBJIHBaJIHCb no H3MeHeHHIO HHTeHCHBHOCTH <t,oronHXOB, 

npe};{eapnTeJibHO npoeepeHHlilX Ha MYJJbTHil.lleTROCTb • .lljJSI 

aHaJIH3a HCD0JU,30BaJJHCb 3HepreTHllecKa51 KaJin6poeKa, 

A3HHhle paaeeceHHblX BO epeMeHH H3MepeHHH H xapaK­

TepnCTHKH annapaTyp1,1. 

AHarrn3 pe3yJJbT3T0B nepBblX 3KcnepeMeHTOB Il0Ka-

3aJJ, 'IT0 Ha pa3JIH'IHble M0MeHTbl epeMeHH nOCJie npo6o­

oroopa B annapaTypHblX pacnpeAeJJ:eHH51X y-H3JJY'leHH.II 

npo6 npHCyTCTyeT 15 - 17 ua.u;exrno ~eRTHq>HQHpyeMblX 

IlHK0B Il0JIH0ro norJI0!IleHH.11 y-KBaHTOB TOJlhK0 np0AYKTOB 

AeJJeanJI, a nMeHHo, pa,n:noaKTHBHblX 6naropo.n;Hb1X raaoe 

H p3,11;nono.u;oe. fl pH 3T0M AJI.11 OOJlbWHHCTBa H3MepeHHH 

p;naaa30H 3Hepre-rfflleCKOA: WK0JJJ,1 cneKTJ)OMeTpn11ecK0H 

annpaTyp1,1 6hlJI )l;OCTaro11en e npe.11.enax AO 2 M3B c ypoe­

eeM KBaHToeaHnJI I K3B. B npooax 6blJIH ~emu<t>uuupoea­

Hhl 131mxe, 133mxe, 133Xe, 135xe, 85mKr, 85Kr, 

1311, 1321, 1331, 1351, 

AxTHBHOCTb pa.n:uoaKTHBHblX 6Jiaropo,n:HhlX raaoe Ha 

s - 6 nop.ll)l;K0B npeeblmaeT 3KTHBHOCTb pa.11.noH0.D;0B H 

o6yCJIOBJIHBaeT aKTHBHOCTb CMecH DJ)OAYKTOB .11.eneHHSI HM 

pac-reopoM. AxTHBHOCTb p3,11;HOHO.!J.OB ea D0PMOK MCHbWe 

BeJJH'IHHhl, COOTBeTCTBy10m;eii KHHeTJllleCK0MY BblX0AY 

np0AYKTOB .11.eneHHH c noeepXHOCTH paCTB0pa. 3Ha'!eHHe 

0TH0CHTeJJhH0ro BblHoca P3AH0H0.!J.0B, MeHhmee BeJIH'lHHhl 

KHHeTH'!eCK0I'O BblX0)l;a, M0X:eT OO'bSICH.IITbC.11 ABYM51 cpax­

ropaMH. Bo-nepe1:i1x, cym;ecreyeT eepoi!THOCTb o6pa3o­

aaeuH XHMH'IICCKHX C0C.D;HHeHHH H0JJ.3 B pacreope, Ha 'ITO 

yKa3bUlaeTC.11, eanpHMep, e [14 ). .LLn.11 npoeepKH 3TOro 

Il0JJ0::tCCRH51 R3MH 6WJ IlJ)OBCACH aMnyJthHhlH 3KCnepHMeHT. 

Pac-reap ypaeHJJ-cym,q>aTa noMelllaJIH e QHJIH~pH1Iecxy10 

aMIIyny C BttyTpeHHHMH pa3MepaMn: )VIHH0H 10 CM, 

AHaMeTpoM 2 CM. AMnyna c pacreopoM OOJIY'llaJiac& 11 u.ee­

TPaJibH0M Ka Hane peaKT0pa "Apryc" . <I>1110eHC HeHTJ)OH0B 

6hlJI AOCT3TO'lleH )l;JISI Bbl,AeJJCHH51 pll)l;H0JIHTH'IecKoro raaa. 

IlOCJie OOJIYllCHH51 OObeM aMDyJllll e3,11; pacreopoM MHoro-

KpaTH0 OTKa'IHBaJICSI )l;0 )1;3BJieHHSI, C0OTBeTcrsy~ero .11.ae­

JieHHJO aapos BQAH. M3MepMOCb y-H3Jiy'lleHHe Mep 1311 
B pac-reope 11.0 H aOCJie YAaJieHHH raaa H3 ofu.eMa HM pac­

TB0J)OM. IlOJIYlleHlll,le 11.aHHHe Il0K33aJIH, 'IT0 B npe.11.enax 

norpeDIHOCTH 3KCnepuMeHTa 1,5%, p = 0,95, 3KTHBHOCTb 

13I I a aMDyJie noc.ne MH0roxpaTeoro 0TKa11HBaHHS1 ofu.eMa 

H3,II; paCTB0J)OM He H3MeHWJ3Cb. 

Bo-erop1,1x, TOT (j>aKT, 'ITO 3Ha11eeHe 0TH0CHTeJihB0ro 

BblHoca pa)'.l:HOH0,ll;0B MeHbme BX KHHeTH'lecK0I"O BhlX0JJ;a C 

noeepxHOCTH paCTBopa, OO'bSICH.!leTCSI MeTO)l;HlleCKHMH 

TPYAHOCT.IIMH oueBKB KHHCTH'llecxoro BblX0Aa npo.n;yKTOB 

AeJICHWI C D0.D;BH"-HOH rpallHIJ.bl pa3)1;ena :iKH.D;KOCTb-ra3, K0-

TOJ)rul peaJIH3yeTCJt B npoqecce p3,11;HOJIHTH'leCK0ro KHneHWI 

paCTBOpa OpH paoore peaKTOpa Ha M0IQHOCTH. 

B Ta6Jinqe npHBe)l;CHhl peayJibT3Tbl npoee.11.eHHblX 3KC­

nepHMCHTOB, a HMCHH0, 3JieMCHTHblH cocrae CMecK opo­

AYKTOB )l;eJICHHil, H.AeHTHq>Hil,HpoeaHHblX B OOO>eMe HM pac­

TB0poM, A,1151 KOTOpblX 6wm onpe.u;eneHbl K0-

3(j>q)HIJ,HeHThl BblHoca /31 B .u;uanaaoee M0lllH0CTH peaKTOpa 

0,4 - 12,9 KBT, /J = 0 H3 [15]. 

3H11'leHH11 11:oa<l>(!>Htt11e1n011 BblHOCa P1 ,IIJUI HeKcnup1,ix npoAYJ(TOB Ae­

JTeHllll, 1/c · ICBr 

Mo111Hocr& neaKTona. xBT 
HylCJIH)l I I 0,43 4,3 12,9 

1311• 2,3 •10-5 4,2· 10-5 6,S·I0- 5 

1331• 7,0·10-s - 3,9•10-s 

133xe 6,0-10- s 2,6 · 10- s 9,3•10-5 

13Sxe 2,l · 10-5 2,6 •10-5 6,1 · I0- 5 

85Kr 1,0-10-5 - -
CpeJ1Hee aua-

P-0,95 -5 
'leHHe 

P1 = (5.0 ± l,5)·10 

• KoJq><pHll,HeHTbl BblHOC8 )I.Jill pa)IHOHO.rlOB COOTBeTCTBylOT RKTHBHO­

CT!IM, JUl 5 nOp!l,AKOB MCHblllHM 8JITHBHOCTeA pa,llHOOKTHBHhlX llJlaropo.11-

HblX l'B30B. 

HH B 0)l;HOM H3MepeHHH Ha q>HJibTpax He 6WIO o6Ha-

py)l{eH0 a-aKTHBHOCTH, 'ITO CBH].\eTeJibCTBOBaJI0 o6 

0TCYTCTBUK BblHoca AeJISIW.erocsi MaTepHaJia. 

Onpe.11.eneHHblH e sKcnepHMeHTe ea6op paAH0-

aKTHBHlilX npo,.n:yKTOB AeJleHH51 B C0BOKynH0CTH C nony11eH­

HblMH 3Ha11eHH.IIMH KO~Hil,HeHTOB HX BhlH0Ca H3 pacr­

eopa HCilO.lll,30BaJIC51 npH o~eHKe M3KCHM3JlbH0J"O 

rnnOTeTH'leCKOro e1,16poca p3,11;H0aKTHBH0CTK H3 xopnyca 

peaxropa H :xapatcTepa B03M0)l{H0ro 3apaxeHHSI. 

BhlJI npoee.l(eH aHaJIH3 U .u;ae npol'H03 IlOTCHUU3JlbHOH 

onacH0CTH nOCJie aaeepmeeHsi: pa60Thl peaxTopa ea 

H0MHHaJlbHOM ypoeHe MOl.l\H0CTH H BCilblIDKH 3HepI"OBbl.D;C­

JieHHH, M3KCKMaJihH0e 3H3'1CHHe 3Heprnu KOTOpoii ~51 

peaKT0pa He npeBblW3eT 2 Mll.X<, K0pnyc peaKTopa DOTepM 

repMeTH'IHOCTb H npon3ome.n 0TKa3 B pa6oTe JI0KaJIH3YIO· 

1I1eH paAHoaKTHBHOCTb CHCTeMbl. IlOA 3THM no.11.paayMeea­

erc.11, 'ITO ece Ilp0Jl.YKTI,1 AeJICHHSI, HaX0)l;ll!IIHCCSI B K0pnyce 
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peaKTOpa H~ paCTBopoM, R0fia,11;3IOT qepe3 OOpa:30• 

BaBIDHCCSI B pe3yJlbTaTe nmOTeTlfllCCKOH aBapHH Ae<l>CKTlil 

B K0pnyce 33 ero npe.z{eJJlll, a ~H03KTHBHliii paCTBop 
paSJIHBaerc.11 Ha n<>W{0JI B BHJJ.e WIOCK0ro HCTOIIHHKa K0-

HC'UiliX pa3.Mepoe. BWIJe.z{WHe 33 npe.n:e.rm xopnyca peax­
ropa npo,eyKTlil .n:e.neHIDI ttepe3 pa6oTa10m,y10 cneo,­

seHTHJJilll;HIO noD3A3JOT B aT.Moc¢epy. B c;cyqae OTKJIIO'ICH­

H0li cneu:eeHTHJ:UIIJ)IH 3KTHBHOCTL JI0JCaJIH3YCTCK B peax­

T0pB0M OTCCKe, pacnpocrpaHS19CL no R0MCIIl;CHHSIM peaK­
T0puoro K0MRJICKca qepe3 OTICJIIO'ICHH)'IO cneu.seHTHJISI­

~. HCMOTHOCTH OTKaTRJ,IX ~epeA, xa6eJihHhle TpaCCbl. 

0rHOCHTe.1lbHl,IH BlilHOC Ilp()AYKTOB .n:e.rieBHSI npH 

BCDl,DIIKe 3Heproe~eJICHHSI onpe.z{eJISIJIC.11 no aHaJJ0l'H'IH0H 

MCTOAffKC B 3KCnepHMeHTax Ha HMIIYJlbCHOM pacreopH0M 

peaKTope mna MHH { 15 ]. Am• pa,u;HoaKTHBHlil 6J1aropo.n:­

BhlX ra30B OH paeeH 0, 7 ± 0,2; WUl ~HOAHOAOB 

(5 ± l)· 10-6 (15]. 
PatJeT npe.n;e.n:&H0 .n:onyCTHM0l'O Blil6poca llp()B0AHJIC.11 

COrJiaCH0 MCTOAH'!CCKHM yKa3aHH1™ {I 6' 17] C H3BecTHl,lMH 

.n:ononHeHHSIMH .,!VI.II peaJlbHOH CXCMbl pa3MemeHHSI peaKTO­

pa "Apryc". On.eHxa mnOTeTH11ecxoro e1,16poca Benach c 
yqeroM COCT3B3 B K0JlH'!ecTBa npo.n.yKTOB .n;eJieHHSI B OObeMe 

ua,u; pacreopoM, onpe.n;eneeRblX B 3KcnepKMeHTe. Pe:3yJlb­

Tan,;r paCtJeTa OOKa3blBaJOT, IJT0 MaKCHM3JlbH351 
I'HilOTeTH'lecxasi 3B3PHSI peaKT0pa "Apryc" xapaKTCpH3y­

CTCSI K3K CHTY31J,H51 JI0ICaJJhH0l'O 33rpS13HCHH51 JIHIDh 

npoH3B0ll;CTBeHHblX noMeDJ,eHHH peaKT0pHoro K0MDJlexca. 

MaKCHMaJILHOe 3H3tJCHHe OTH0WCH}Ul 3KTHBHOCTH, 

Bl,l6pachUJ3CMOH B npH3CMHblH CJIOH aTMOC4leplil npH 

M3KCKM3JihHOH J'HDOTeTHIJCCK0H aeapHH, K npe.n;CJI&H0 .n:o­

nyCTHM0MY 3HatJCHHIO He npeBlilDlaCT 1, 'ITO 03Ha'laeT He­

npeewneHHe npe,1:1e.n:&H0 .I(onycrHM0H .n;03hl o6Jiy11eHHS1 

orpaHHIICHHOH l{aCTH HaCCJICHHSI (0,5 63p). 

IlpH B03HHKH0BCHHH HerepMeTJPlHOCTH B xopnyce 

peaKT0pa npo.QyKThl .I(eJieHHSI nocrynalOT B aTMoc¢epy B 
KOJIH'leCTBe, onpe.n:e.nxeM0M M3CWT300M HerepMe­

TH'IHOCTH, AHHaMHK0H ee pa3BHTHll H M0MeHT0M BpeMeHe 

ee o6pa3oBaHHJl. JJ.ns, H3Ae:iKHOH HJJ.eHTH¢Hxa~HH CMCCH 

npo.I(yKT0B AeJICHHSI paCTB0pHoro peaxTopa CJie.I(yCT 

peracrpHJ)OB3Tb y-H3JIY'ICHHe CMCCH pa.n;HoaKTHBHIJIX 6Jia­

I'O()OAHhUC ra30B. Jil3MeHeHile BO BpeMeHH cneKTpa y-H3Jly­

'leHH51 AaeT B03M0JKHOCTh npoB0AHTb pemcrpa~HJO B 

pa3JIHllHhlX 3HepreTH11eCKHX .I(Hana30H3X. TaK, npH 

OOJlhlllHX nepep1aax e paoore peaKTopa aKTHBHOCTh ra30-

BOH ¢a31,1 o6yCJioeneea pMK0HYKJIHA3MH 133Xe H 85Kr 
C 3Hepmeii OCH0BHLIX JIHHHH y-H3Jly'!CHHSI 90 H 514 K3B 

COOTBeTCTBeHHO. B 3TOT nepH0JI: pemcrpau;HJO CJlC.I(yeT npo­
BO.I{HTh B 3THX 3HepreTH'lCCKHX HHTepBa.nax. B nepH0.I( C 

M0MeHTa 0K0H'laHHSI pa6oThl peaKTOpa 7 cyT - 1 Mee~ 
aKTHBHOCTh o6yCJIOBJieHa npHCYTCTBHeM e CMeCH 

pa.QH0H)'KJJH.A0B 133Xe, 133mxe, 131mxe. Haa6oJlee npe.n:­

D0tfTHTeJlhffhl AJI5l peracrpall,HH B .n;aHH0M BPCMCHH0M 

HHTepBaJie :3HeprerH'l!CCKHe .I(HanaaoHI,[ 90, 160, 233 K9B. 

s nepH0.I( 1 - 7 cy-r. nOCJie OCTaH0Ba peaKT0P3 aKTHBHOCTb 

CMCCH B OCH0BH0M o6yCJIOBJleHa 133Xe, 135Xe, SSmKr. I.J;e­

necooopa3HO B 3TOT nepK0A pernCTpHpoBaTh )'·H3JIY'leHHe 

B AB3D330H3X 90, 160, 250, 605 H 150 K9B. 

,ll,JISJ Ha,u;e.lKHOH H.n;eHTa<t,mcaD,UH e1,1xo.n:sm,eH B aT.Moc­

(j)epy CMecH Dp().I(yKTOB .n:en:eHHSI peruc-rpall,HJO y-H3Jly-
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'ICHH5l CJle.I(yeT npoB0.D;HTb 0.I(H0BpeMeHH0 B Bhl6p3HHblX 

3HepreTHIICCKHX ll;Hana30H3X, OTCJieXHB3SI <l>oPMY annapa­
TypHoro y-cnexTpa. COOTBeTCTBYIOIIJ,He nopora o,1:1Hoepe­

MeHH0ro cpa6aTJDaHIOI annapaTyphl s BN6p3HHLIX AJUI 
pemc-rpao.HH 9HepreTH'leCIµfX HHTepBaJJ3X paCC'IHTLlBatOT­

CSI C YtJeT0M M0MeHTa H A.JlHTeJlhBOCTH H3MepeHHH, M0m;­
BOCTH H KaMJraHHH peaxropa, DOJl)"ICHHLIX B 9KcnepHMeHTe 

3Ha'ICHHH K03Ct,4,HU;HCHTOB BhlRoca H q>yHK.IJ)IH OTKJJKKa 

COOTBeTCTBYIO~eA annapazyp1,1. 
HcnOJih30B3HHe <t,H.lll,TJ)OB B CHCTeMe ra30BhlX TpaKT0B 

paCTB0pH0l'O peaxropa npHBe.z{eT I( uaI<aDJIHBaHHIO Ha HHX 

TaK ;,,;e, KaK H Ha CTCHKax I'a30BhlX TpaKTOB, 

~HOHYJC]lff,J:10B, npo.QyKTOB pacnall;a ~HoaKTHBHhlX 6J1a­

ropo.I(HhlX I'a30B. 
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51.LJ.EPHA.sl 3HEPfETlfKA 

Y .UK 621.039 

K BOilPOCY Oli ATOMH0:0 3HEPrETlfKE B CTPAHE 

IA.II. CHpoTKHH I 
Oticy>K,IUICTC!I MCCT0 !l;QCpHOH :meprernKH B 0011.lCH crpyKT)'pe 3HepronOTpe6neHH!I. AH8JIH3HpyeTC!I OOOCH0118HHOCTb KPHTHKH pa3BIITHSI S1Aep11m1 

3Hepremu,. PaCCM8Tj)HBalOTC!I nynt n0BblWeHH!l 6e30nacHOCTH A3C, HX 3KOJIOMt'ICCKBA nepcneKTMBHOCTb no cpaeHCHHIO C JIPYl'HMH cnoco6aMH nony'ICHIISI 
3neic:rpo:meprn11. 

ON THE NUCLEAR POWER IN USSR.JA.P. SIROTKJN!. They are analysed 1he place of nuclear power In gene~I st~cture of_powe~ supply, 
reasonablllty of critics of nuclear power development, the approaches 10 improve the safety or NPP, their ecologlcal prospecttves m comparison with other 
means or electricity supply. 

,lln11 ny6JIHKH noBTOpeHHC 03H8'18eT ;Q0KB38Te.nbCTBO. 

A. (/)paHC 

Kuacrpoq>a Ha lfepHOOWibCKOH A3C oxa3aJiacb CTOJlb 

Orp0MHOH, 'ITO npHsena K npHHSlTHIO 'llpe3BbltJaHHblX Mep. 

6bl.JIH npHBJietJeHbl K pa6crre JIIOAH H opraHH3aU,HH, paHee 

HenocpeAcrsenHo He 3aHHMasmHec.11 peaKTOpaMH PBMK, 

ycraHOBJleHHblMH Ha lfepHOOblJlbCKOH A3C. 3To no3BOJIHJIO 

OTKa33TbC.II OT npHHSlTblX YCJIOBHOCTCH H DOJJ;X0.11;08' 6e3 

Ol'Jlst.ll;KH Ha npe)KHlfe peweHH.11 ou,eHHTb CHTya~HIO, 

BCKpblT), HeAOCTaTKH. B IlpaBHTeJibCTBeHHYIO KOMHCCHIO no 

pacc.nei:10BaHHJO npH'IHH H JlHKBHAaU.HH nOCJieACTBHH 

asapnH 6Win npHBne11emi1 xpynneumue Hay11Hble CHJtbl. B 
pe3yJI&T3TC 6blJIH npHHSITbl MCpbl K3K no JIHKBHJJ;al.\HH noc­

JICJJ;CTBHH asapnH, TaK " no llOBblWeHHIO 6e3onacHOCTlf 

peaKTopoB. K pa6oTe KOMHCCHH Obi.Tiff llOAKJJIO'ICKbl MHO­

J'OljHCJICHHble pa6otJee rpynn1,1 cneu,uanecros pasnoro 

npo<t>HJJ.11, B TOM 'IHCJle H HenocpeJJ,CTBeHHO 33HHMaBWHXC.II 

aTOMHOA: 3HeprentKOH. l1x pa6oTa H pa6oTa TblCSl'lf caMO­

OTBep,t<eHHblX HCnOJIHHTe.neii, a Tax,ice JJ,OOpocOBCCTHble H 

HCKpeHHHC YCH.IIHSl MHOrHX npeJJ,npH.IITHH npaKTH4CCKH 

seen CTpaHbl no3BOJIHJIH CJJ,eJiaTb see B03MO.llCHOe H HeB03-

MQ)KHOe JI.JUI CKOpeiimeH JIHKBHA3U.HH TIOCJICJJ;CTBHH asapHH. 

B TTpaunTeJibCTBeHHYJO KOMHCCHJO, B 'laCTHOCTH, OblJI 

npuene'lleH aKaJJ;eMHK B.A. Jleracos. Eon&wa.ll 3PYJJ.HU.H.si, 

pa6oTocnoco6noCTb no3BOJJHJIH eMy 6111crpo BORTH B Kypc 

JJ,eJia, aKTHBHO' yqaCTBOBaTb B paOOTe KOMHCCHH, paCCMOT­

peHHH Bepcuu aeapHH, B npHHSITHJI peweHHH no 

JIHKBHJJ.au,en ee nOCJieJJ;CTBHH. TTpn 3TOM OH scer.11;a Y'fHTbl­

Ban pe3yJlbTaTbl JJ,CSITCJibHOCTH paOO'IHX rpynn H KOMHCCHH, 

C03JJ;aHHblX npH IlpaBHTeJibCTBeHHOH KOMHCCHH. 

Kax neps1,1u 3aMeCTHTeJib ,1:1epeKTopa l1A3 HM. 11.B. 
Kyp'laTOsa, B:A. Jleracos noHHMan cuoio OTBeTCTBCHHOCT& 

3a npoucweJJ,mee H npHHHMaJJ 3KTHBHOe ytJaCTHe B Bhl.llC­

HCHHH npH'lfHH H u1,16ope nyTeu JIHKBHAau.nu auapuu. 

ff 3 qucna pyxouoAHTe.neif l1A3 aKTHBHoe JIH'IHoe 

y11acrue B JIHKBHJJ;all,HH DOCJieJJ;CTBHH .aeapeu npHHHMaJIH 

axa.QeMHK E.B. BeJiexos n 1.JJien-xoppecnoHJJ;eHT AH CCCP 

B . .LI.. IlnchMenn1,nl. 

Ho H B 3TOH cnTyau,un OTCYTCTBHe onblTa (u i:1a~ 6or, 

•no6bl noJJ;OOHblH onblT HHKOl'JJ.a OOJihme He np1uoJJ,HJICS1), 

HeOOXOJJ,HMOCTb npHHHMaTb Cl)011Hhle, HOOTJIO,t(Hhle Mepbl 

HHOl'.Qa npHBOJJ.HJia IC He.JJY'IIWHM peweHHSIM (HanpHMep, 3a-

6paChlBaHHe s asapHHHblH peaKTOP CBHH~a c BeproJICTOB). 

Taxne peweHH.SI npHHHMaJIHCb HCCMOTPll Ha np~ynpe,ic-
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JJ,CHH.ll H Bospa:,,;eHHlil HeKOTOpblX cnell,HaJIHCTOB, HO paHr 

HJIH aBTOpHTCT B03pa:iKaBWHX OK33b1BaJIC5! HHOl'JJ.a nei:10-

CTaTO'IHblM Ha ypoBHe npeJJ;naraBWHX rrpHHHMaeMhltt 

eapHaHT. Bnpo'lleM, 3TY CHTyau,HJO B TCX YCJIOBHSIX CJJe.D;yeT 

paCCMaTpHBaTb xaK eCTeCTBeHHYJO, TaK KaK TPYJJ.HO 

O:lKHJJ,3Tb e.ll;HHOI'O MHCHH.11 npH y'laCTHH OOJibWOI'O KOJHl4C­

CTB3 cneu,HaJIHCTOB, BblHy.ll(JJ.eHHblX A3B3Th CKOpbie 3KC­

neP'J'Hble O~CHKH, DOCKOJihKY Ha "nopMaJihHble" HCCJieJJ,O­

BaHHll s CJIO:iKHBWHXCSI yCJIOBH.IIX He 6hUIO epeMCHH. IlpeJJ,­

BapHTeJlbHO npoeeCTH TaKHe "3KcnepHMCHTb1" He 6bIJIO 

speMeHH H B03MO,KHOCTH, .n;a H HHKTO He npeJJ,noJiara.n, '!TO 

no.Q.o6noe ·Mo:iKCT nona.11;o6HTbCS1. 

Ilepexo.11;11 K o6cy)KJJ.eHHIO B ne'faTH rrepcrteKTHB 

pa3BHTH5! 3TOMHOH 3HCpreTHKH, CJICJJ,yer OTMeTHTb 

DpoTHBOpetJHBOCTb npHBOJJ;HMblX ny6JJH~HCT3MH BbICKa3bl­

BaHHH B.A. Jleracosa no 3TOMY BOnpocy (CM. HanpHMep, 

craT&H A. AJJ;aMOBH'la, Hos1,1ii 1,rnp, 1988, No 9 H B. fy-

6apesa, llpaeAa, 17.10.88 r.). ECTh '13CTHhle coo6w;euu11, 

T.e. MblCJIH, BblCKa3aHHble AaHHOMY asropy H OCTaBWHeCst 

JIHWb Bero naMSITH. A CCTb AOKyMeHTaJibHO 3a<l>nKCHp0B8H­

Hble B3rJI1!,Abl B.A. Jieracosa H Apyrux xpynueuwux y'leHhlX 

OTHOCHTC/JhHO 3TOMHOH 3HepreTHKH H ee pa3BHTHSI, Bbipa­

XCCHHLie, HanpHMCP, B JJ,OKJiaJJ;e COBeTCKOH JJ;CJierau,HH B Be­

He Ha xoH<t>epenu,HH MAfAT3 B ceHTst6pe 1986 r., c Ko­

TOpblM B.A. Jleracon BhlCTynHJI xax rnasa JJ,enerau,11u. 3AeC& 

B.A. JieracoBblM 6Wio cKa3aHo: "EyJJ.yw.ee MHpouoii 3Ko­

HOMHKH HeB03MO:lKHO npeACTaBHTb 6e3 st.11;epaoi1 3HCp­

rerHKH, Orxa3 OT J!AepH.blX 3HeproHCTOlfHHKOB HenpeMeHHO 

YBCJIH'IHJI 6blJI pHCK 3a6oneB3HHH AJl.11 JIIO.D;CH, noTeplO BOA 

H JICCOB H3-3a HenpepblBHOI'O nocryDJieHHSI B 6eoc¢>epy 

BPCAHhlX XHMHtJeCKHX eew;eCTB ..• " 

B 3TOH CBSl3H, .D;a6bl ncKJIJO'lfHT& KOH'blOHKTYPHble TOJ1-

xonaHH.11 Il03Hll,HH JIJOJJ,CH, yweAIIIHX H3 :iKH3HH, OCTaeTC51. 

no)Ke.naTh, 'ITOObl He o61,1rpb1BaJIHCb ux 4aCTHble coc6-

~eeH.11. B3rJISI.ttbl Ha pa3BlfTHC aTOMHOH 3HepreTHKH MO>KeT 

BblCK33aT& xa~LIH. Ba,t<uo, 11To61,1 n03HUHll 6bIJia apry­

MeHTHposaua. 

Tenepb o st.11;epHOH auepreTHKe H ee nepcneKTHBax B 

Haweu crpaHe. TiepBbl.M H CCTeCTBCHHblM noc.ne qepH0-

6bl.JlbCKOH asapHH 6b!JIO MHeHHC 3aKpb1Tb see peaKTOPhl. 

,lI,eHCTBHTe.rI&Ho, no4eMy 61,1 He npuKphlT& BCfO .IIAepttyio 

3HepreTHKY B naweif crpaue H B MHpe? .AasaiiTe nonpo6yeM 

C " " pacCMOTperb 31'0T DJTb. HatJaJia C HaWHX BHyTpeHHlfX 

003Hll,HH. 

Ceii11ac Ha A9C crpaHLI s1,1pa6aTbl.BaeTcst 11 % :MeK-



Tp03Hepnnt. HasepHO, 3KOHOMHKa CTpaHhl M0)l(eT 

nepe,t<HTb CHH:iKeHHe 3JICKTp0Bhlpa6oTKH Ha 11 % ' 0AHaKo, 

9TO BCe .lKe om,yTHMO, nOCKOnbKY npHBe,neT K yMeH&WeHHIO 

Bblpa6oTKH npoM'blWJICHHOCTblO APYniX "npo.u;yKTOB" H, 

eCTeCTBCHH0, K CHmKeHRIO H (ie3 roro He BblCOKOro )l(H3HeH­

HOro ypoBHSI. Ha Tex paitoHax, K0T0pble Henocpe.u;CTBeHHO 

nHTalOTC51 aTOMHOH 3HepmeH, ocranoeKa A3C cKa)KeTCsi 

CHJibHee H3-3a He,nOCTaTO'l'.HOH nponycKHOU cnoco6HOCTH 

3JieKTpH'l'.eCKHX CeTeu. Ilepe.u;aqa 3Hepmu B 3TH paHOHN 

Bbl30BeT Tpy.u;HOCTH. 3AeCh yMeCTHO BCilOMHHTh O HOBblX 

3Heproc6eperal0ll(HX TeXHOJIOl'HSIX, 0 KOTOpblX cosepmeHH0 

npaBWibHO roeop51T Hamu ny6;nu.1,HETbl. ,D,a, TaKHe TeXHO­

JI0l'HH HMO pa3pa6aTUBaT& H BHeApSITb HCKJIJO'l'.HTeJibH0 

tihlCTpo (6eroM!) u no Mepe HX BHen,peHHSI COOTBeTCTBeHHO 

yMeHhWaTb Bblpa6oTKY 3JieKTp()3HCPl'HH, paCXOA 3Hepro­

pecypcos. Ho 3T0 AeJJ0 HCCK0poe, npeii;CTaBJISleTCSI, •no Ha 

3T0 H3M n0Tpe6yerc51 He MCHee AecSITltJICTHSI. A AO 

3TOl'O - pacxo.u;osaTb 320 r ycnoBHOro T0DJIHBa H3 1 KBT.'I 

3JieKTpoaHeprua. KcraTH, Ha A3C Hameii CTpaHhl s roii: 

npoH3B0AHTCSI 185 MJIPA KBT.11'., 'ITO 3KOHOMHT 60 MJIH T 

YCJlOBHOro T0MHBa. Boooll(e roeopSI, CHH)KaTb Bb!paooTXy 

aneKTpo::mepnm npH ee HeXB3TKe HC)l{eJJaTeJibHO, TeM 60-
nee, 'ITO cpaeHeHHe xapaKTepHCTHK aTOMHhlX 3JJeKTP0-

CT3HU.HH C TenJI0BblMH noKa3blBaeT, <!TO npH npoeKTHblX 

pe.lKHMax pa6oTbl A3C OHH 0Ka3blBalOTCSI ,ll.OCT3T0'IHO 3KO­

Jl0rH'ICCKH 11'.HCTbIMH H 3K0HOMH'IHblMH. 

BKpaTU.C o6 3KOH0MH'IHOCTH. B 1987 r. ce6eCTOHMOCTb 

3JleKTJ)03Heprnu COCTaBHJia, Kon. Ha KBT.'I•: Ha TellJI0-

3JieKTpoCTaHU,HSIX - 0,965; Ha A3C - 1,00; Ha f3C -
0,15. 0 f3C norosopHM B K0HU.e CT3TbH. 1·13 Cp3BHeHHR 

A3C u T3C »H.l(H0, lfT0 3JJCKTpo3eeprm1, e1,1pa6aT1,1eaeMa11 

Ha A3C, npHMepHo Ha 3,6 % ,ll.0polKe, 'leM Ha T3C. 3To 

M0::KH0 OObRCHHTb nOCT0SIHHblM poc:TOM u.ee Ha CTp()HTeJib­

CTB0 H o6opy.u;oeaHHe, T.e. HHcilnstu,Hen (a OOJihl.lIHHCTBO 

T3C nOCTpoeHbl paH&we, no 6onee HH3KHM u,eHaM, 11eM 

A3C) H HH3KOH CT0HMOCThlO ceH'lac opraHH'lecKoro 

ronJIHea. C yqeroM KOJJH'leCTea eblpa6aTbleaeMoii Ha A3C 

3JieKTp03HeprHH (11 %1 3T0 yeeJIH'IHBaCT ce6eCTOHMOCTb 

BceA: Bhlpa6aTblB3eMOH B CTpaHe 3JieKTp03HepruH Ha 0, 4 % . 
Ecnn conocraemi:T& "Hoeble" coepeMeHHhle T3C c coepe­

MeHHblMH A3C, ro A3C oKa)KyTcsi 6oJiee aKoHoMH'lecKH 

BhlJ'O,ll.HblMH, 'leM T3C. Ce6eCTOHMOCTb 3JieKTpo3HepmH Ha 

HHx B HaureH crpaHe noJJy'laeTCR Ha 5 - lO % MeHblDCH. 

Yt1HTblBaR HX "3KOJIOl'H4HOCTb", eepHee, MeH&WyJO 

"3THOJIOl'lf<IHOCTb" (3TH0JIOl'HSI - HayKa 0 npH'IHHax 6o­

Jie3HeH). 0 tfeM 6yAeT CKa3aHO .u;a.nee, M0}KHO Il0HSITb, no'-!e­

MY B pa3BHTblX CTpaHaX 3ana.u;a (Kp0MC Aecrp1m) 3T0MH3SI 

3HepreTHKa nony'l'.HJI3 Taxoe pa3BHTHe. 3TO TIOJ:iTBep,KAa­

eTCSI AaHHblMH (Ha 1 SIHBapSI 1988 I'.) T30JIHU,bl. J,fa Hee 

BHAHO, '!TO o 3aKpblTHH A3C e MHpe, oco6eHHO s Eepone, 

He M0)KCT 6b1Tb pe'-IH. 

Ilepeii.u;eM Tenepb K caMOMY "ropR'leMy" B H3CT0»lllee 

speM.11 sonpocy - BJIHSIHHIO Ha 3KOJIOl'HIO, "3KO­

JI0l"H'IHOCTH" A3C e cpasHeHJm c T3C. 

PaccMoTpuM cRatiaJia npoexTm,1e pelKHMhl pa6oThl 

A3C. qTO Ta Koe npoeKTHblH pe)KHM? 3To ue TOJJ&KO pelKHM 

H0pMaJI&HOH 6e3a»apniiHOH pa6oThl, HO H aeapuitHble coc-

• 3KOHOMH4CCKoe 3Ha<teHHe HMeeT He ce6eCTOHMOCTb, a CTOHMOCTb, 

BKJII04DIOLl.\3H HOpMnnlBHYIO npH6blJlb HO ano>KeHHblt'l KnmmUI. KpoMe 

roro, npH H3WHX Henpae,utbHbl)( ueHax npHBO,IIHMblC aDTOpoM cpaeueH>UI 

3KOHOMH'lll0CTH MllJJO 3Ha'laT • .Anll<e ec.n11 6bJ HCnOJJb30Bll.110Cb CTOIIMOCTb 

(npuMellam1e pe~nKu>m). 

T0RHHSI, Ha 0CH0B3HHH 3H3JIH33 C0B0KYilHOCTH KOTOpblX 

pa3pa6aT1>1BalOTCR CHCTCMhl o6ecne'l'.eHHR 6e3onaCHOCTI{ 

A3C. Cero,ll.Hsi nepeqeuh 3THX COCTORHHH co.u;eplKHT 6onee 

50 HCXOJ:iHblX COOblTHH, B TOM 'lHCJIC HapyweHml pa60Thl 

CHCTeMbl peryJIHp()B3HHSI: H o6opyn,oaaHHSI, pa3pNBbl Tpy-

6onpoBOAOB, aeapHH npH pa6oTe C TOnJIHB0M, npotiHe 

aeapHH (noxr.apbl, 33T0MCHKSI). Ilpn 3T0M BblD0JIJf.SIIOTCSI 

Tpe6o»aHHll .. O6m;n.x IlOJIO}KeHHH o6ecne11eHHSI 6e3onac­

HOCTH aT0MHYX CTaHu.uii" H "IlpaBHJJ si.u;epH0H 6e3onac­

HOCTH 3TOMHblX 3JieKTpocTaHI.J;HH", T.e. nepcoHa.JI CTaHLJ;lrn 

He nonyttaeT A030BhlX uarpy30K (06ny11eu0u) 60Jiee 5 (i3p­
OHonom<1ecKHX 3KBHBaJJeHTOB peHTreHa B f(),ll. (5 63p = 0,05 
3s), a A030Basi Harpyaxa Ha HaceJieHHe np1tMhlKa10IQe11 K 

A3C TeppHTOPHH He npes1,1waeT ycrauosneHHblX 

"CaHHTapHblMH npaBHJl3MH" 20 MHJIJIH63p B l'OA. 

XapaKTepHCTHKB ClllA ¢lpaH- E3C B CCCP 

UHA MH 

MOU\HOCTb A3C. 
MJIH KBT 98,4 52,I 99,9 295 34,6 

•t;1c.no 6.noK011 106 53 119 416 46 

npoH380,ICTBO 3JJCK-

TJ)03llepmH 3a l'OA, 

MJJPA KBT.ll: 

ecero 2700 380 1650 10 320 1660 
11a A3C 480 270 530 1650 185 
,IOJJSI A3C, % 18 70 32 16 11 

n p H M C 'I 8 H H e. PaC'ICTbl BbJnOJIHCHbl D lifllCTHT)'TC 311epro 

CXHHKH; ,11nHHblC OKpyr11CHbl. 

TT pH o6hlt1Hhlx pe:>t<KMax pa60Tbl A3C, ae npuaoJI.51IQHX 

K yeenH'leHH0MY BblX0AY aKTHBHOCTH, A030Ba.st Harpy3Ka 

H3MH0ro HH)Ke A0nyCTHMOH. TaK, l'OAOBaSI Harpy3Ka Ha Ha­

ceneHHe r . CHetiKyca (B0JJH3H I1rnamrncKou A3C) He npe­

BhtWaeT l MHJUIH03p B OOA nptt eCTeCT»eHHOM q>OHe 100 -
120 MH.IIJIH63p, paBH0M cpen,HeMHpOBOlt J:i03e. Mo>1rno 

0TMeTHTh, 'IT0 eCTh paiiOHbl, rJI.e ,ll.03a ecreCTBeHH0I'O cpoHa 

e 3 - 6 pa3 a1,1we, HanpHMep, KoMK ACCP, wTaT Kepana 

B I1fmHH. ,D,o30B3SI Harpy3Ka Ha HaCeJICHHe 33 C'leT BbI6po­

C0B T3C Ta KOH ,ice M0IQHOCTH e l 0 - 70 pa3 B&rwe ( I ). 
l,[ X0TSI B OOOKX CJIY'13SIX Bb16paChlBaeMble aKTHBH0CTH 

HH3KH (KaK npa»HJJo, un:JKe ecrecrseHeoro q,oaa), OT T3C, 

pa6oTaJOIQCH Ha yrne, 0HH BblWe, OT p36oTalOIQeH Ha 

ra3e - npaMepHo TaKHe ,tee. 

3aTO Bb16pocbl cepHHCT'blX, 330THCTbIX, yrnep0,t\HblX co­

e.u;HHeHHH T3C Ha MHOro nopsi.u;xou npesb1W3IOT Bb16pocb1 

nono6u&1x coe.t1HHeHHH Ha A3C. B 3TOM OTHOWeHHH 

3TH0JI0rH\feCKall onaCH0CTh T3C AJlll HaceJTeHHll BO MHOl'O 
paa s&1we. HanoMHHM, 4T0 T3C M0IQH0CT&IO l MJIH KBT 

B TC'leHHe ro,lla npH Bblpa60TKe 7 MJIPA KBT.11 nOTpe6yeTCSI 

2,3 MJIH T yrnsi. rlpH 3T0M 6yAeT CO}K}KCH0 6, 1 MJIH T KHCJI0-

POAa, o6pa3oeaHo 250 TbIC. T OKHCJI0B cepbl, a3oTa H APYrHX 

He Meeee epeAHblX Bell(eCTB. To CCTb aT0MH3SI 3Hepre-rHKa, 

Bblpa6aTblB3ll 185 MJJP.ll. KBT.11 B ro.u;, 3K0HOMHT 60 MJIH T 
yr.nll, 160 MJIH T KHCJI0po,ll.a H He Bblpa6aTh1B3eT 6,6 MJIH T 

0KHCJlOB cepbl, a30Ta. Heo6XOAHMO ll0HHM3Tb H pa31>SICHllTb 

npo6neMy onaCHOCTH pa,ll.Hau,nn H conoCTaBJISITb ee C 

.u;pymMH onaCHblMH MR 3A0P0BbSI H )KH3HH 'le.Jl0BeKa cpaK­

TOpaMH. YI, KaK npeACT3BmreTCSI, Ha,ll.0 Ha'IHHaTb, npH'l'.CM 

AaBH0, C ycTpaHeHHSI HJIH YMCHbWCHHSI BJIHSIHHSI npe,ncrae­
JlSIJOlllHX HaH60JibWYJO onacH0CTb SIBJICHHH. ITo3TOMY, 
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HanpnMep, OAHOH na u;eJieH nepsoro aapy6e,1CHoro BH3HTa 

Tipoo~eHTa CIIIA .n. Byma B KaHMY SIBJJ51JlOCh o6cy)K­

Jl,eH1t.e B03MOli!CHOCTH yMeHI,meHHJI "KHCJJOTHhlX" ll;O:lK,i:{eH. 

KoHe'IHO, aTOMHaJI 3HepreTHKa HMeeT CBOH - H He 

Ma.m,1e - MHHYChl. Bo-neps1,1x, MeH&mnii KTI.II. Tep­

MOllHHaMH11ecKoro U.HKJJa H3-33 OOJJee HH3KHX napaMeTpoB 

TeUJIOHOCHTeJJsi, 11eM Ha T3C. 3ro npnBOJl,HT K OOJJbmeMy 

npHMepHO Ha 15% copocy Te[Llla B OKpy.lKaJOm;yJO CpeAy 

(BMecro 60% Ha T3C 70% Ha A3C•). Ho 3TO OTHOCHTCR 

K cospeMeHHHM T3C. Y 6oJJee crap1,1x T'.3C KllJl HH.lKe 

40 % , a c y'leTOM 11 %-eoii AOJIH A'.3C s o6beMe 311eKTpo-

3HeprentKH 31'3 BeJIH'IHHa yMeHbW3eTCSI .1{0 1,5%. ECJJH 

}Ke y11ecn,, 'ITO BCJl 311eKTpo3HepreTHKa n0Tpe6m1e-i: 

npHMepHo 25% 3Hepropecypcos, a c6poc TeIIJJa s 0Kpy:1ea­

iom;y10 Cpe.ll,y B MeTaJI./Jypnrn H TeilJlcxpHKaU.HH, Ha Jl,OJJIO 

KOTOphlx npHXOJ],HTCll npHMepHO 70% nOTpe6JJeHHSI scex 

3HepropecypcoB, 3Ha'IHTe11bHO OOJJhme, TO TaKoA HeJ],OCTa­

TOK A3C B 3KOJJOrH'lecKOM OTHOWCHHH CJJeJ;lyeT TOJJbXO 

HMeT& B B~y. a He paccMaTpHBaTb KaK OCHOBHOH. 

Bo-srophlx, OCHOBHIIIM HeJ:IOCT3TKOM A'.3C HJJReTcsi: 

H3KOIIJJeHne OOJlhWHX KOJJH'ICCTB pa.l{HOaKTHBHhlX npo):lyK­

TOB, Heo6xoii:nMOCT& nepepaOOTICH H aaxopcmeHHSI, sepHee, 

xpaHeHHB OTpaOOTaHHoro TOITJIHBa. Bonpoc xpaHeHHB Bhl­

COK03KTHBHOro .51.llepeoro TOilJJHBa B03HHXaeT He nOCJie Bbl­

rpy3KH ero H3 peaxropa, a Ha'IHHaJI C peaKTOpa. Y"'e B 

peaKTOpe, B npou;ecce ero pa6cm,1 TOITJIHBO CT3HOBHTCB Bb(­

COKORKTHBHhlM. 3Ta 'laCTb sonpoca - "xpaHCHHe Bh1COKO­

aKTHBH000 TOILIIHBa" - Ha cero.ll,HJIWHHA llCHb not1TH pewe­

Ha. Ha A3C ocym;ecrBJJsiercsi: KOHTpoJJb repMeTH'IHOCTH 

o6ono11eK .llllCpHoro TOMHea - Tell.llOBhlACJJHIOm;Hx Me­

M.e~Toe (TB3JIOB). 8 CJ1yt1ae nOTepH repMeTH'IHOCTH TB3Jla 

n..11e.11.onycrHMOH YTe'IKH PMHOaKTHBHOCTH peaKTOP ocra­

naBJ1HBaeTC11, nospe.llC'AeHHl>IH TB3Jl H3BJJeKaeTC.51, 38MeHll­

eTCII Ha HOBl>IH H paoora peaKTOpa B0300HOBJIBeTCH, T,e. 

peaKTOp paoorae-r Ha repMeTH'llHl,IX TB3JJ3X, D03TOMY Bhl­

tJpocw aKTHBHOCTH e 0Kpy.l1Ca10nzy10 cpe.Qy ua A3C MaJJhl, 

o 11eM rosopHJIOCb ewme. HerepMeTH'llHlllH TB3JJ npH H3B11e-

11eHHH H3 peaKTOpa noMem;aeTCSI xpaewrnm;e, rii:e OH y}Ke 

He o6Jiy11aercsi HeihpoHaMH, TeIIJJOBl,lAe11eHHe B HCM coc­

T3BJISleT ll:OJIH npou;euTa, TeMneparypa eoii:1,1 xpaHHJIH~a 

He npeBblW3CT 50 - 60°C, OOP830B8HHe HOBIIIX npo.QyKTOB 

ii:e.neHHR He npoHCXOAHT, BblXOJl, PMH03KTHBHOCTH H3 3TOC'O 

TB3Jia }'MeHbmaeTCR npaKTH'leCKH 110 HY11H H npo.ll,OJI)KaeT 

KOHTpoJIHpoBBTbCJI. BY.t1e.1:u1eMaR pan,eoaKTHBHOCTb YMCHb­

maercg 3a c11CT BhlAep,.;xu, '13CTh ee norno~ae-rc11 

cl>HJlbTpaMH, OCTaTOK pa363BJillCTCH AO 6eaonaCHhlX KOH­

u;eHTpau,uA. Ilo'leMy sce-TaKH He11b3R C'IHTaTb, 'ITO peaK­

TOpHaSI '13CTb HCICJIIO'laeT He.QODYCTHMYIO HJIH Jl,a.lKe K3Ta­

CTJXXPH'ICCKYIO yyeqxy pAAnoaKTHBHOCTH? IloToMy 11To 

HeJih3K IlOJIHOCTblO HCKJIIO'IHTb sepoKTHOCTH xpynHOH 

n,usepcnn, B3phlea. XOTsi: ocym;ecTBHTb Kpynny10 n,neepcn10 

Ha peaKrope TPYAHO (MemaeT MHOI"OMCTp0B3SI 6HOJJOrHtlC­

CKaK 38IQ,HTa peaKTOpa), a nOCJJell;CTBHSI MeJIKHX AHBepcHH 

DJ)e.!zyCMOTpeHbl npoeKTOM, HOO T3KHe J:IHBepcHH 3KBHB3-

JJeHTHli[ pa3phlB3M Tpy6, OTKa3aM 3JleMeHTOB o6opy.D:o­

B3HHH, TeM He MeHee Jl,HBepcHH H3,ll;O yt1HT1>1BaTb npH 

opraaHaau;un oxpau1,1, 

• hp npKBOJ1HT ab16pocb1 re11JJa npH paem,ax ncrrpe6.neHHKX TeOJ1a. 
IlpH paBHblX Bblpa6oncax 3JICltTJ)03HeprnK Bb16J)()Cbl pa3.JIH'18IOTCll B 1,5 
p11311 (~IMC'l8HKe peJ1BX1.1KK), 
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IlpH 3TOM HMO HMCTb B BHJ!:Y' 'ITO ua ,llHBepCHIO MOlKeT 

DOHTH TOJlbKO "conpeMeHHblH repocrpaT". rocy.QapCTBeH­

HblH "TeppopH3M", HaBepHoe, HeB03MO)KeH, nOCKMbKY 4e­

JJOBe'ICCTBO y6e.t:1HJIOCb Ha HaweM net1aJibHOM OnlilTe s rno-

6a.n&HOC'fH nOCJJeACTBHH noAOOHOH KaTaCTpocPhl. 

Hauoonee ocrpa.si u noxa ue peineHHa.si npo6.neMa 

aTOMHOil: 3HeprernKH - ii:onrocpoquoe "sexosoe" xpa­

HeHne pa.tl.H0aKTHBHblX OTXOJl,OB. Cero,ll;HSI 3TOT nonpoc 

pemaeTCSI BCeMH pa3BHTblMH· crpaH8MH, C03,l:laIOTC.51 

DJ)OH3B0,ll.CTBa no nepepaOOTKe o6Jiy'leHHOC'O TOIIJJHBa, 

COPTHp0BKe OTXOAOB no creneHH aKTHBHOCTH, nOBTOpHOMY 

HCilOJJb30BaHHIO .llllCPHOJ'O TOIIJJHBa, HO OCHOBHOH eon­

poc - xpaHCHHC HJIH aaxopoHeHHC yX<e He HYX<HblX 

paAH03KTHBHblX H30TOilOB - DOKa He peweu. C'IHTaeTCK, 

llTO HaHOOJiee UOJl,X0.11,Sllll;HM MCCTOM HX xpaHCHH51 JIBJISIIOTCSI 

COJICBble maXTbl, COJJ.slHble ruJaCTbl, XOTSI B03MO.lKHl:l H wax­

Tbl B rpaHHTHhlX nopo.t:1ax. KoHC'IHO, OilblTR "eeKOBOro" 

xpaneHHJJ pa.l{H03KTHBHhlX OTXOAOB HeT, H 31'0 nopoli!C,11.aeT 

Hacym;HyJO npo6.neMy, KOTopyio Jl,OJI,itHa pemHT& H pemHT 

MHpoBH HayKa. Y;,r;e ceH'lac co3Jl,aHh1 aasoii:hl no nepepa-

6oTJce OTpa6oTaHHOro ToJJJIHBa, ynaKOBKeOTXOll;Oll, HX xpa­

ueHHIO, HO HaKODJJeHHblH OilblT noKa .51BHO HeJIOCTaTOt1eH. 

B CBSl3H C 3THM sepHeMCSI K eonpocy 06 aTOMHOH 3Hep­

reTHKe B uaweu CTpaHe. Tipe.ll,nOJJO:llCHM, "Mhl" ee aaKpblJIH, 

HO KpoMe peaKTOpoB aTOMHblX 3JieKTPOCT8HU,HH B Boopy­

.llCeHHhlX MOpcKHX CHJiax H Ha JJCJl,OKOJlhHOM t:pJIOTe 3Kcruiy-

3THPYIOTC9 TP3HCDOJ)THble .llllCPHble 3HCpreTH'leCKHe ycra­

HOBKH. IlpH 3TOM cyMMapHaJI MOIIl;HOCTb 3THX peaKTOpoB 

COCTaBJJReT OKOJJO TPeTH MOIIJ,HOCTH cym,eCTBYIOlllHX peaK­

TOJ)OB ea A3C. 

IloKa, IC COXaJJeHHIO, He MO::teeT H.l{TH pet1b O 3axpb1THH 

3THX peaKTOpoB, a DOCeMy BOnpocbl nepepaOOTKH, xpa­

HCHHSI oTpaOOTaHHoro ~epeoro TOWJHBa coxpaH.1110TC.51, H 

3TOT aonpoc see paBHO JJ;OJJ::ICCH 6b1Th npHHll;HDH3JlbHO 

pemeH. 8 3TOM nnaue "3axp1:1.THe" aTOMHOH 3HepreTHKH 

He CHHMaeT HMelO~HXCSI npo6.neM. 

ECJIH nocMOTpCT& ua npHBCJl,l!HHYIO pa Hee Ta6;IHu;y, 

TO MOIIl;HOCTb 3ana.o;HoesponeikKHX A'.3C no11TH s 3 paaa 

npeBOCXOll;HT MOIIl;HOCTb HaWHX. Bo CTOJlbKO :)Ke pa3 

6on&mHil: BKJJaii: n onacHOCTb BHOCSIT ""l}';,1rne" A3C, 
HanpnMep, B CJ1y11ae K3KHX-JIH60 11pe3Bhl43HHblX o6CTOSI­

TeJJbCTB. A DOCKOJlbKY s1,16pacb1BaeMaJ1 aKTHBHOCTb He 3Ha­

e-r eau;HOHaJibHblX rpaHHU. H pacnp0CTpan.siercS1 Ha TblCJJ'IH 

KHJIOMeTp0B, TO Mbl see OK83b!BaeMCSI "noii: OJJ;HHM HeOOM", 

AOJJ:lKHbl 3Heprn'IHO pewaTb sonpOChl KOHCepsau.uu 

aKTHBHOCTH, H B 3TOM COUOCT3BJICHHH aaxpblTHe "uaweii" 

3TOMHOH 3HepreTHKH He npeJJ;CT8BJUleTCll pemeHHeM, cy­

meCTBCHHO YBeJIH'IHBaIOIIJ,HM 3KOJJOl'H'iecxy10, a TeM 6onee 

3THOJJom11ecxy10 6eaonacHOCTh uamero Hapo.ll,a. 

CoKpblTHe .n;pyrax 3KOJJOI'HllCCKHX H 3THOJJOrH'leCKHX 

npo6JieM, axo;eHTHpoBaHHe BHHM3HHSI Ha tlaCTHbIX eonpo­

cax npHBOJl,IIT K OOJJee ropeCTHblM noCJI~CTBHSIM .D;JISI Ha­

poAa, 

IlpH OOJiee WHJ)OKOM paCCMOTPCHHH OKa3b1B3CTCJJ, 'ITO 

aeTOMOOH.ltb JIBJIKeTCK em;e onacuee .l{JJH 11enoee11ecrna, 11eM 

3HepreTHKa, a TCM 6onee ~epuasi:. 8 CBOeM HCCJICJl,0B3HHH 

"KaKoil: 6e3onacHoCTH CJJe.ll,YeT AOOHBaT&CSI OT .sl3C" Jl,OK­

Top Texuu1.1ecxHx HayK .SI.B. IIIesenes noxaaan, 'ITO asTo­

MOOHJJh SIBJISleTCSI H8CTOSIID,HM llYAOBHllleM .!VISI 'leJJOBe'le-



CTBa. "3a npen,CT0Sll.l~He DOJIBeKa, 3T0 'IY.IJ.0BHIQe nory611T 

e Haweft: crpaHe MHJLJIH0Hhl' nio.D;elf, eorn TeXHHKa 6e3onac­

HOCTH B aBTO.D;0po:>KHOM ,D;e.ne He ycoeepweHCTeyerc:si 

pa.zvtKa.JlbH0. 3a ro )Ke epeMSl OT nocneJ:J;CTBHH aeapHH Ha 

qepHOOblJlbCKoif A3C nom6Her, 3aoonee paKOM, no 

Kp3HHHM ou,eHKaM OT 4 ,11.0 25 ThlCiltt H3WHX rpa.lK,11.aH. Me)K­
JJ..Y TeM o6w;ecreeettoe coaHaHHe, cnpaee.D;nHBO 

eocnpHHHMaSI 1:JepHOOWlbCKYIO aeapHIO KaK Hapo,11.HylOTpa­

remno, e ynop He BH.D;HT no6011w;a Ha ,11.oporax ••• EcnH JJIOJ:J;H 

0CTaHyTC.11 c.nenhl'MH B ceoeM C0CTpaJJ..aHHH, paccMaTpHB3SI 

B YBeJJH'UITeJJbHOe CTelUIO ThlCSltIH H e yMeHbWH­

TeJJbH0e - MHJIJIH0Hbl, TO npH.D;eTC.11 B C3M0M JJ..eJJe OTKa-

33TbCSI OT S1AepHoi1: 3HeprerHKH". K 3T0MY M0X<H0 ,11.o6aeHTh, 

'ITO K Henocp~CTeeHH0 nom5a10w;HM Ha .D;oporax cne.D;yeT 

npHDJJIOCOBaTb Tex, KTO nom6Her OT paK0BblX aa6one­

B~HHH, Bbl3B3HHblX BblXJI0DHblMH raaaMH H paapyweHHeM 

030HHOro CJI0B. KaK noxaaanH Hccne,11.oeaHHSI HACA CllIA 

(cM. "ApryMeHThl' H q,aKTbl", I 989, No 2), ecero JJHWb O.D;Ha 

M0Jiexyna ra3a, HCD0Jib3YCM0ro B KOH.qHU,HOHepax CaJI0H0B 

3BTOMOOHJleH, M0)KeT pa3pyWHTb ACCSITKH TblCSII.{ M0JieKyJt 

030Ha, norno1.1.1.a10w;ero Bpe,11.0HOCH1>1e YJJbTpacpHOJICTOBblC 

ny'IH. Ha nnaHere eCTb MCCTa, ~e CJtoA oaoHa yMeHhWHJJCSI 

Ha 3 % , a BeJJ..b ero coKpaw;eHne Ha 1 % Bhl:Jbleaer e)Kero.11.­

HhlH poCT paKOBblX aa6oneeaHHH KOX<H Ha 6 % . y Hae 

"K c11aCTh10" noKa TaKHX a~TOMOOHJiefl ee AeJJalOT, HO ee.D;b 

803.!zyWHblH 01ceaH He 3Haer H3U,H0H4'1bHblX rpaHHU.. KpoMe 

Toro, coeJJ..HHeHHSl XJJopa, q>Topa H ymepo.ll,a M0ryT nona­

.ll.aTb B 3TMOCcj)epy He T0JJbK0 H3 3BTOMOOHJlbHhtX 

K0tt.qHu,Houepoe. KcraTH, xoT.11 Ha A0JJI0 aeTOMOOHJlhHOro 

TpaHcnopTa DPHXO.D;HTCSI npHMepHO 5% OOTpe6nS1eMblX 

SHepropecypcoe, B ropo.11ax BKJ13A BblXJJOilHblX ra30B B 3a­

rpS13HeHne B03,llyxa MO:)l(eT .D;OCTHr3Tb 80% (B 33BHCHM0CTH 

OT noro,11HhlX yCJioBHH}. TaK, s MexHKO, HMet0w,eM 3 MJIH 

aeT0Mo6HJ1en:, 3HMou 1988 - 89 r. H3-3a noehlweHHOH aa­

ra3oeaHHOCTH B03.D;yxa 0blJIO onac:Ho HaXO.D;HTbCSI B ropo,11e 

H .D;ersiM Ha Mecsru. 0hl'JIH npoJJ;neHbl KaHHKYJibl. 

Ma CKaaaHHoro CJte,11.yeT, 'IT0 asTOMOOHJJb AJISI '4eJJo­

ee'leCTea npe.ll,CT3BJISleT 0.IIHY H3 Han6oJibWlfX onaCHOCTeH 

B OTH0llleHHH BJIHSIHHSl Ha 3.D;0poebe H )l(H3Hb JIIOAeH If "3e­

JieHble" HMelOT He MeHbWee npaeo BblCTynaTb B 33lll,HTY 

11e11ose'leCTea OT aBTOMOOHJisi, 'leM OT aTOMHOH ::mepreTHKH. 

0AH3KO ::rroro no11eMy-To He AeJiaeTCSI, ;moo noT0My, '4T0 

CHTyau,HSI HeH3BCCTHa, JJHOO ::rro HeBblJ'O.D;H0 (a BApyr 

nptt.qeTCSI pacCTaTbCSI C co6CTBeHHhtM 3BTOM06HJieM)' JIHOO 

6ecnoJJe3HO. XoTSI B HanpaBJJeHHH coeepweHCTB0BaHHSI ae­

TOMOOHJISl H ,11,opm1ettoro AeJia MO,KHO 6b1Jlo 6u nony'IHTb 

OOJlblllHC :3KOJI0rH'IeCKHe H 3THOJJOrH'IeCKHe 3¢cpeKTbl. 

Bo ecex CT3TbSIX no :3K0JIOrHH, If B '13CTH0CTH, no :3K0-

JIOrHH 3TOMHOH 3Hepra11, a,11.pecosaHHhl:X W.HpoKOH o6w;e­

CTBCHHOCTH, 00.1133TeJlbHO HeOOXO,IIHMO HHcj)opMHpoB3Tb 

Hace.nenHe 0 HC.D;OCT3TKaX aTOMHOH 3HepmH, HO He OJJ..HO­

OOKO, a cpaBHHB3Tb C He.D;OCT3TK3MH H npeHMyw;eCTB3Mlf 

npymx HCTO'IHHKOB 3HCpntH. IlpH 3TOM HY)l(HO 6paTb 

HCTOIIHHKH, o6ecnelJHB3l0lll,He nony'leHHC 3HepraH B Tpe-

6yeMhlX KOJIH'leCTeax, a He "3K30TH'ICCKHe" B03M0)l(HOCTH 

C M3Jlb1M cyMMapHblM BKJI3.ll,OM B TOIIJIHBHblH 6a.naHC. J1 
TOT, HecoMHeHHO, 0TPHU.3TCJlbHbiH BKna.n. B 3K0JI0rHIO, KO-

TOpblH ,11.aeT SHepreTHKa, HYX<HO paccMaTpllB3Tb Ha cpc>He 

ecero TexHoreHHoro MHpa, Ha cpcme ero BJIHS1Hm1 Ha 

npupo,11y. 

TI pH 3T0M Ha.D;0 BCeMH CHJI3MH CTpeMHTbCSI nOBblW3Tb 

KYJI&Typy ucnonb30BaH11S1 ceoux pecypcoe. McnoJib3oeaTh 

He TOJJ&Ko pecypc1,1, neX<aw;ue no.D; pyKoi-i, e 11aCTH0CTH 

3HepreTHtICCKHe, HO CTpeMHTbCSI BOBJieKaTb B03MO,KHhle 

pecypc1,1, oco6eHRO "eocnOJIRSICMble" - COJIHI.te, ee-rep, 

npHJtHBbl - K0HC'IHO, Y'lfHTb1B3SI B03M0X<HOCTH 3K0HOMHKH. 

K CO,KaJJCHHIO, Ta HJIH HH3SI OTP3CJib TCXHHKH ecer.D;a oKa-

3hl'B3CT OTPHIUlTeJJhH0e Aeiicreue Ha 0Kpyxr;a10lll,y10 cpe.ll,y, 

H H3A0 yMerb B3BCCHTb, conOCTaBHTb sxonOl'HlJHOCTb C B03-

MO.lKH0CT.IIMH 3KOHOMHKH. )KeJtaHHSl ,II0JIX<Hbl COOTBeTCTBO­

B3Tb B03MO)KHOCTSIM. B aaBHCHMOCTH OT 3T0ro H CJieJJ..ye-r 

pa3BHB3Tb HJIH coxpam;aTb TO HJllf lfHOe npOH3B0ACTBO. 

HanpHMep, Aecrpnsr - e.D;HHCTBCHHasr crpaHa H3 3ana.D;­

ttoeeponeucKux, r,11.e He sxcnnyaTHpyeTcSl HH O.IIHH 3Hep­

reTH'leCKHK peaKTOp. Ee SHepreTHKa opHeHTHpoeaHa Ha 

HCITOJlb30B3HHe Hawero ra3a. OHa HMeeT B03MOX<HOCTb 

noxyrraTb ero. Mbi T3KOH B03MOX<H0CTH He HMeeM, .D;OJI)KHbl 

caMH ,11.o6&1eaT& ero. A ,11o61,111a 06xo.D;HTC11 ece .11opo)Ke. Ta K, 

CTOHMOCTb oceoeHHSI 5lM5yprcxoro MeCTOpo.lK,11.eHHSI 

ou.eHHBaeTCSI B 35 MJIP.I:' py6. BoT 3.ll,CCb CTOHT ITO.llYM3Tb: 

Hano H)JH He Haii.o OCBaHBaTb .5rM6yprcKoe MCCTOpo~eHJ,te, 

M0X<CT 6b1Tb, CTOHT OCT3BHTb r,11.e-Hu6y.D;b B He,11pax I.ITO-T0 

JJ;nSI H3WHX TIOT0MK0B. 

B03upaw;asic& K 3HepreTHKe Hallleii crpaH1>1, cne,11ye,­

OTMeTHTb, 'ITO Ha 3JieKTpo3HepreTHKY Mbl TP3THM npnMep­

HO 25 % ecex SHepropecypcoe, OCT3JJhHhle, npHMepHo a pae­

Hhlx .ll0JISIX, Ha TeDJJOCHa6X<eHHe " MeTaJJJiyprHIO. B n.naHe 

3Heproc6epelKeHHSI OOJibWHe ycHJHISI JJ..OJl)KHbl 6bJTb 

npe)lnpHHSITbl B 3THX OTP3CJJSIX. 

1:Jro KacaCTCSI raii.posneKTpoCTaHU.HH, TO Ha cero,llHSI 

0HH .D;alOT y H3C :3JleKTpo3HepmlO C caMOH HH3KOH ce6e­

CT0HM0CThlO - 0,15 K0n. 33 KBT.lf, T.e. npHMepH0 B 6 pa3 

HHtKe, 11eM Ha T3C 11 A3C. • O,nHaKo npH :3TOM He y1J11Tb1-

eaeTcS1 CT0HM0CTb 3CMJTH, H3bIMaeMOH H3 o6opOTa. ,ilOJISI 

r3C B npoH3BOJJ..CTBe :3JlCKTpo:3HeprHH He BeJIHK3. 

HanpHMep, Bee BOJIX<CKHe r3C npoH3BO.ll,SIT B ro,11, MCHCe 

2 % ::ineKTpo3HeprnH (3,3 MJIP.11 KBT. 11), a ece r3C crpa­

Hbl - MeHee 10%. B TO )KC BpCM51, XOTSI OHH He A3IOT 

HHK3KHX e1:>16pocoe, 0AH3KO HX BJIHSIHHC Ha 3KOJIOrHIO He 

0K33b1Baercsr HyneBblM. Bo3bMeM Te )Ke eonll<CK11e r3C. 

IToxa3aHo {2 ], 'ITO TOJI&Ko IIJIOII~a,11b co6cTaeHHO eo.n.o-

xpaHHJIHin COCT3BJISleT 6000 KM2, a6COJIIOTHblC IIOTCPH 

JeMJJH B 6acceifHe Bonrn COCT38Jl.SIIOT 3,5 - 4,8 MJIH rn 

(35 - 48 TblC:. KM2}. ECJJH 5paTb CTOHMOCTb 1 ra 3CMJIH no 

MHHHM3.1IbHOH ueHe 1000 py6 .• TO y6b1TKH 3a ClfeT noTepH 

TOJibK0 3CMeJJb C0CTaBSIT 3,5 - 4,8 MJIP.ll py6. IlpH 3T0M 

HC YlIHTb1B3IOTCSI Il0TepH 3a CllCT coxpaw_CHHll pb16ttoro CTa­

,lla. Do3TOMY eo3HHKaIOT MblCJJH o nHKBHii,au.1111 cyw_ecrsy­

lOutHx B0JIX<CKHX r3C, ycTpoHCTBe BblC0K0HanpSDKCHHblX 

r3C, 3aHHMaJOm:Hx ropa3JJ..O MeH&WHe n1101.1.1.an11. B :3Toit 

CBSl3H MO.lKH0 ua6paTbCSI CMCJIOCTH H np~JlO,KHTb paccM0T­

perb BMecro r3C coopy)KeHHe A3C, TeM 6011ee, '!TO nee 

BOJJX<CKHe r3C MO)KeT 3aMeHJITb 0.11,Ha aTOMHaSI CT3HU,HSI 

M0lll,HOCThlO 5 MJIH KBT (nSITb MOKOB no l MJIH KBT) H 

• CM. npHMC'IRHHe Ha CTp.67. 
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pellb HAeT o 6y.nymeM, o 6y,nymnx A3C. flnomMh, Tpe-

6yeMa.11 AJiil Taxo:if A3C, cocrasHT 40 - SO KM2 npn 

Tpe6yeMOH rumm;a.t(H npy.na-OXJI3'AHTe.JISI S - 1 KM2 Ha 1 
.MJIH KBT HJIH em;e MCHbWe npH HCDOJib30B8Hlrn rpMHPCH. 

KcraTH, DO'ITH CTOJlbKO ,ice BO.t(HOH DOBCPXHOCTH Tpe6yercsi: 

"AJISI T3C.• 

ECJJu coopy,iceHue A3C BMCCTO BOJI.lKCKHx f3C s .naH­

eoe BPCMSI Ka;iicercsi: DO'ITH cyMacmeCTBHeM, TO 3TO TOJJbKO 

6naro.napsi: HCOObCKTHBHOCTH, o.nHOCTOpoHHOCTH H ucxa­

:.tCHHOCTH HHclx>pMalJ,HH 00 aTOMHblX 3JJeKTJ)OCT8HIJ;HSIX, 

KOTopaSI B HaCTO.SIIIJ;ee BpeMSI npenO.t(HOCHTCSI o6meCTBCH­

HOCTH. Bo-nepBhlX, Ha 3THX 8TOMHhlX CT8HQH.llX 6y.t(yT yc­

T8HOBJICHbl HOBhle, 6onee 6esonaCHhle peaKTOphl, BO-BTO­

pNx, 6esonaCHOCTb 3KCDJiyaTHpyJOm;IIXC9 peaxropoe MHO­

I'OKpaTHO yse.nntfeHa, B-TpeTbHX, a6cOJ110THo 6esonacm,1x 

ycraHOBOK He cymecrByeT. t{ro 6y.a:e-r, eCJIH B30pB8Tb 

IIJIOTHtty BOJUKCKOH f3C, ceA'laC CK338Tb HHKTO HC CMOllCCT, 

HO IlOCJJC.t(CTBH.ll H3BCPHSIK3 TO.lKC 0YAYT xaTaCT­

po¢H'leCKHMH. 

ECJIH paccyX,D;CHH.ll O JJHKBH,ll;31J,HH BOJI;iKCKHX r3C 38 

C'leT pa3BHTH.ll 3Heproc6eperaJOW,HX TCXHOJIOJ'HH HJIH 38-

MCHe HX Ha HOBhle A3C ceA11ac xaxcyTc.11 npe~espeMeH­

HhlMH, TO paCCMOTpeeue coopyxceHH11 A3C BMCCTO xacxaDa 

f3C ea pexe KaTyHb aa A.nTae HJIH BMCCTO TypyxaHcxoii 

f'3C e CH6HpH npe.ncra&m1e-rcg tteo6xo,n:HMHM. flpH 3TOM 

HCOOXO.t(HMO paccM3TpHB3Tb coxpaHCHHC 3CMCJib OT saron­

JJCHHSI, B03MOJKHOCTH HCDOJlb30B8HHSI HCDP, coxpaHCHHC 

naH.t(mactrra. 

Paccy;itC,D;CHHSI O CTOHMOCTH B .t(CH&rax Ha CCI'O,ll;HSI H3.t(O 

BCCTH C YlleTOM K3K 3THX ¢aKTOpoB, T3K H cpoxoe 

crponTe.JlbCTBa (Casi:Ho-lIIyweHcxaSI r3C He ,nocrpoeHa n 

YllK 621.039 

CCI'OAHSI, XOT.ll ee CTp0HTCJlbCTBO H81fa.JJOCb 15o.riee 25 JleT 

H33M), 

PacCMOTpeHHC COCTOSIHHJl AeJI B CTpane C 9JICKTp03HCp­

reTHKOH H MHpclBOI'O ODbITa IlOK831:ilB3eT, 'ITO HaM H3.l).0 

33HHM8TbC9 3TOMHOH 3HepreTHKOH, B rrepBylO O'ICpC.t(b -

paspaOOTKOK peaKTOpoB H A3C HOBO['(} THIIa, DOBNWeHHOH 

oe:ionaCHOCTH, sonpocaMH saxopoHeHH.11 OTpaOOTaHHOro 

Sl,ll;epnoro TOMHB3, HCDOJib3Y51 H8KOI1JleHHblH (H oco6CHHO 

ne'laJibHNH) 00:&IT. flpH aHaJJH3e pa3BHTH51 MeKTpoaHep­

reTHKH crpaHY cne.nyer paccMaTpHB3Tb K3K 8./IbTepH3THBY 

.Zl:PYrHM s~aM HCTO'lHHKOB aroMHYIO 3Hepre-rnKy H TaM, 

[lie 3TO BYI'O.t(HO, HCDOJib30BaTh ee. KoHC\IHO, HMCJKHOCTb, 

6esonaCHOCTb aTOMHOH aHeprerHKH B 3H8'1HTeJlbHOH Mepe 

0DpCIJCJl51CTCSI KYJibTypou npoeKTHpoB8HH51, npoH3B0.t(CTBa, 

3KCnJiyaTalJ,HH, T.e. oomeii KYJibTypoH oomeCTBa. A AJI.11 TO­

ro 'ITOObl o6m,ecrsy He HaBS13hlBaJJHCb O.t(HOOOKO, KOH'blOH­

KTYPHO CTpaXH no O,ll;HHM BonpocaM H ycnoKOCHHOCTb no 

.n;pyrnM, HCOOX0.!1.HMO ero IlOCTOSIHHO H ooo,eKT-!:fBHO 

HH(f)opMHpoBaTb. 3To 51BJI51CTCSI nepeocreneHHblM .l).OJI['C}M 

H3YKH. 
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OB OUEHKE 3<I><I>EKT0BHOCTH 3HEPrETH({ECKHX PEAKTOPOB 

A.IT. Py.i:.uK 

AHaJJM311pyeTCll :,q,q>eKTIIBHOCTL 11cno111,3088HHA 51/tepuoro TOnnHea B :meprerw1ecuoc peaKTopax. YTBeplK1taeTCll, '!TO np11 COCTaBJleHHH 3KO• 
HOMH'leCXKX xapaKTepHCTHK J{OJllKHbl IICOOJlb3QB8TLCII TOJlbKO KOHU.CIITpal.\lUI H}'ICJlll;IIOB B H8'18Jle II KOHi.ie o6ny'ICHllll. 

ON THE POWER REACTOR EFFICIENCY ESTIMATION. A.P. RUDIK. The efficiency Is analised of nuclear fuel using in power reactorn. There 
is declared, that only inlllal and final nuclides concentrations are to be considered in composing of economic characteristics. 

Konb xOTHTe, 'ITOOb1 eac 
YKyCHJIII B pyt::y, 
P113bllll,KTC 11\Y'lblQ naCTL, 
Cy11LTe pyt::y a myKy. 

( A.11epw,a11cicue Hapoi}Hble C'IUmaJIKU) 

3¢cpeKTHBHOCTb 3HeprCTH'ICCKHX peaKTopos ou,eHHBa­

eTCSI Ha 6a3e 3KOHOMHlleCKHX noKa3aTeJICH. 0,n:HHM H3 
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TaKHX DOK833TeJICH llBJillCTCSI 3KOHOMH'lHOCTb HCITOJib30-

B8HH51 S1,D;epeoro TODJIHBa. Ho .t(JISI nOJJy11ennll nOJJ.OOHoro 

nOKa3aTenll HCOOXOAHMO 3H8Tb 6anaHC 3HeprnH H Bem;ecraa 

npH pa6ore peaKTOpa ~ HMeHHO 3TO .naeT B03MO:lKHOCTh 

COCTaBHTb OTHOCHTe./IbHblC xapaKTepHCTHKH, KOTOpb!M 

MO)KHO npH,D;3Tb 3KOHOMH'ICCKHH CMblCJI. ,ll;aHHBSI CT8Tb51 H 

nocssi:meHa aHaJIH3Y no,D;OOH:&1X xapaxTepucrux. On;HaKo 



npe.lK.Qe 1JeM nepex0AHTb K cyTH .o;ena, Heo6xo.n1-1MocAeJiaTb 

ABa npe.a.eapHTC/IbHblX 3aMe'!aHHR. Bo-nepeblX, 3HaJIH3 

3K0H0MH'feCKHX xapaxTepHCTHK 3Hepre-r1111ecxux peaKTO­

poe HMeeT Teep,no ycraH0BlfBIDYIOCll Tpa.o;uu,mo ff Ma­

JleHWHe OTCTynJTeHH51 OT 3TOH - SIBH0 ycrapeemeii -

TpaJJ;HUHH Bb13blBalOT 11JlOCTH0e conponfBJleHJte ee CT0-

poHHHK0B (HMeHHO 31'0 H HMeJJ B BHAY aBT0p, pemHBWHHCSI 

Ha Jl0Mem;enHe B HallaJie CTaTbH 3nurpa<t>a), Bo-BTOpblX, 

no,n'!epKHCM JlHWHHH pa3, 'IT0 B AaHHOH CTaTbe pe'lb H,neT 

T0JibK0 o6 9K0H0MH'leCKHX xapaKTCPHCTHKax, CBSl3aHHblX 

C HCnOJib30BaHHeM 51.D;epHoro T0nJIHBa: npooJieMbl 3aTpaT 

Ha crpoHTCJibCTBo A3C, ee 3KCnJ1yaTau.H10 u T0MY no.n;o6Hoe 

He 3aTparnealO'l'c.s1. 

CTaTH'lecKne H AHHaMH'leCKHe xapaKTepHCTHXH 

peaxropa. no CB0eMy $H3HlleCKOMY CMHCJIY peaKT0P xa­

paxTepH3yeTC51 JJ;BYM.sl npHHLl,HilHaJlbH0 pa3J1H'IHblMH noxa-

3aTeJIRMH CT3TH'leCKHMH H AHHaMHtJeCKHMH, 

CT3TH'IJCCKHC xa paKTepHCTHKH Il03B0JISIIOT 0ll,CHHTb H paOO­

TY peaKTopa 33 xaKOH-TO npoMe;t.yTOK epeMeHH - AJISI 31'0-

ro Ha,ll.O cpaBHHTb K0HUCHTP3UHH HYKJJH,ll.OB B H3llaJlbH0M 

H X0HC'!H0M COCT0Sl:HHSIX 3T0ro npoMeJKyTxa. Bonpoc 0 TOM, 

xaxue HMCHH0 HYKJJH.lJ.hl cpaBHJIB3lOTCSI, pewaeTCSI B 

3aBHCHM0CTH OT Toro, C K3KOH T0'iH0CTbro JKeJJaTeJibH0 no­

ny'lHTb OTBeT - JJ;JlSl a6coJIIOTHO TO'lH0ro 0TBCT3 H3,n0 

cpaBHHB3Tb K0HLl,eHTpauuH ecex npHCYTCTBYIOl.l.\HX 

HYKJJH,ll.0B. 

Ilpff npoeKTHblX pa60'I'aX npHX0AHTCll cpaBHHB3Tb 

He peanbHblC K0HUeHTpau,HH HYKJJHA0B, a pac11eTHble. 

TOH\(OCTb npofineMbl 33KJlJOtfaeTC.II B TOM, 'IT0 celleHHSI 

B33HM0,ll.eHCTBHSI HeHTPOHOB C HYKJJHA3MH 33BHCSIT OT 

3HepraH HeHTpoHOB. BnepBhle 33MKHYTY'° CHCTeMy ypae­

HCHHH, onHCblBalOlllHX H3MeHCHHe KOHU,eHTp3U,HH 

HYKJTHA0B B peaKT0pe C Y'ICT0M cneKTpa HCHTpOHOB, npe.o;­

JI0JKHJJH aeT0pbl pa6oT1,1 [ t ]. XapaKTepHoii oco6eHHOCTbJO 

no,no6HOH HCJJHHeftHOH no KOHU.eHTP3UHSIM CHCTeMbl ypae­

HeHHH SIBJISleTCSI TO, 'ITO B3aHMO,neHCTBHe HeHTP0HOB C 

HYKJJH.ll.3MH 0OHChlBaeTCSI T0JibK0 ABYMSI 00CT0Sl:HHblMff: 

TenJI0BblM Ce'lfeHHeM ff pe30H3HCHblM HHTerpaJI0M. To, 'iT0 

nOAOOHblX nOCT0SIHHblX TOJibKO J:IBe A,/JSI K3.)K,QOT'O HYKJIH,na; 

0K33b1B3eTC.II llpe3Bblll3HHO 83JKH0: 3TO ,naCT B03M0)KH0CTb 

0.QH03H3'1H0 BBeCTH B Ka'leCTee napaMCTpa T0JlbK0 M0lll­

HOCTb peaKTopa (31'0 CBSl33H0 C TeM, 'ITO llJJ0TH0CTb O0TOXa 

"pe30H3HCHblX
11 

HeHTpOHOB nponopUH0HaJJbHa MOl.l.\H0CTH 

peaKTopa - ecnn 61,1 o6naCTb 3HeprnH pa36ffeanac& He Ha 

AB3 HHTepeana, a Ha OOJiblllee llHCJl0, TO npffWJIOCb 6bl 

Y'iHTh1B3Tb ,nenpeccmo Jl0T0Ka HCHTp0H0B B npou.ecce 3a­

MCA,/JeHKll, tfTO BHCCJI0 61,1 e HCX0J:IHYlO CffCTeMy ypasHeHKH 

A0D0JIHHTCJlbHYlO aHaJIHTHlleCKH He BblpaJKaeMyro 

HCJIHHCHHOCTb), 

D,nHaMHtfeCKHe xapaKTepHCTHXH orrpeAeJUllOT B ,ll.3H­

HblH M0MeHT H3MeHeHHSI COCTOSIHHSI paOOTa10mero peaKT0-

pa. D,HH3MH'ICCKHC xapaKTepHCTHKH CBOAllTCSI K CK0pocT51M 

H3MCHeHHSI xoHu,eHTpauni1 HYKJTH.ll.0B. Ilo3ToMy AJJsr Hx 

nony11eHHst o6st3ate.11&Ho 3HaHHe M0lllH0CTH peaKTopa. Kpo­

Me roro, xaK " ,QJlSl OIIPCACJICHHSI paClleTHblM rryTeM K0H­

u,eHT-pau,HH HyKJIH,n0B, HeooxO,nHMO 3H3HHe CelleHHH 

B33HMOJJ.eHCTBHSI HeHTpoHOB C HYKJTHA3MH B cneKTpe neli­

Tp0H0B B naHH0M peaKTOpe. Bnepeble nO,ll.06Haff npo6JieMa 

6b1Jla pewena s [2 ]; s HaCT0Sl:l.l.\ee epeMll HaH60Jiee YHHBep­

C3JibHOH nporpaMM0H paClleTa CetfeH~H SIBJISleTCSI [3 ], a AJISI 

U,HJIHHJJ.PHlleCKOH reoMeTpHH - nporpaMMa [4 ]. 
A6co.1110THble H O'l'HOC}tTCJibHblC xapaKTepHCTHKH 

peaxropa. KoH1.1,enTpau,11H HYKJTHJJ.0B RBJIRJOTCst a6coJIJOT­

HhlMH xapaKTCpHCTHK3MH peaKTOpa: B a6comoTHblX 

CAHHHIJ,3X (HanpHMep, KHJIOT'p3MM3X) YKa3blB3eTCSI, 

CK0JI&xo co.z,;epJKHTCR .ll.3HHoro HYKJJHAa e eJJ.HHHU.e 06-heMa 

peaKT0pa. A6comOTHble xapaKTepHCTHKH Heo6xo)J.HMhl AJISI 

onpeneJJeHH.11 YCJIOBHH KPHTH'!H0CTH peaKT0pa. OJJ.H3KOAJill 

3K0H0MHtfeCK0I'O 3HaJIH3a rrpHX0,ll.HTCR BB0.ll,HTb 0TH0-

CHTeJibHblC xapaKTepHCTHKH - BeJJ.b JICSI 3K0H0MHKa no cy­

mecrsy H CB0AHTCSI K 0THOCHTeJlbH0MY conocraenenmo 

pa3JIH'-!HblX xapaKTepHCTHK. TTpH BBeneHHH 0TH0CHTCJib­

Hh!X xapaKTepHCTHK HY)l(Ha orrpe11.eneHHaS1 aKKypaTHOCTb 

B pacCMO'I'peHHH pa60Tbl peaKTopa 33 HCKOTOpblH npoMe­

>KYTOK BpeMeHH. 

IlyCTb peaKT0p pa60Tan B TelfeHHC epeMeHH T. O003-

Ha'IHM llepe3 xlt) K0HU.eHTpau,HIO HYKJIHAa i e MoMeHT Bpe-

MeHu t. ECJIH Mbl X0THM onpene.nHTb 3ctx1>CKTHBHOCTb pa6o­

Tbl peaKT0pa 33 BpeMSI T 0THOCHTeJibH0 HYKJlHJJ,a i, TO Mbl 

,ll.0JU<Hbl COCTaBHTb pa3H0CTb X;(O) - X;(t). 3TO SIBJISleTCSI 

a6coJiroTHOH xapaKTCPHCTHKOH. D,nsr 3K0H0Mli4eCK0fO 

3HaJIH3a - Ha 3T0M eonpoce Mhl OCTaH0BHMCSI ffH)Ke -

HY)KHa 0TH0CHTeJlbH351 xapaxTepHCTHK3, HanpliMCp OTH0-

weHRe H3MeHeHffSI K0HU,eHTpaU,Hl{ HYKJIHA3 i K H3MeHeHHIO 

KoHu,eHTpau,HH HYKJIIUla k: 

x;(O) - x,.(T) 
.1..-iT) = x,t(O) - x,t(T) · 

Ec;rn H3BCCTHbl H343JibHble ff K0He'IHble K0HU,CHTpaU.HH 

HYKJJH.ll.0B i u k, To HHK3KHX npo6JieM c onpe,nenentteM 

BC/Iff'IHHbl flik He B03HHKaeT. vlHalle o!5CTOl1.T AeJI0, xor.z.a 

BeJiff'IHHa zs.ik 33,AaHa B K3.lK,QblH M0MeHT BpeMeHH KaK 0TH0-

IlleHHe CKOpoCTefi H3MeHeHHll K0HU.eHTp3L1,HH HYKJIHA0B i 
n k: 

CnpawffBaeTCst, KaK e 3T0M CJty'-lae 11epc3 ZS.;k(t) onpeAeJiliTb 

fl;iT)? OKa3blBaeTCSI, 'IT0 HeT CTporoH MHTerpaJibH0H 

CBSl3H MeJK,ll.y lS.;_t{t) H fli_t(T) - 31'0 TpHBl13JlbH0, HO He 

ecerAa Y'!RTblBaeTCSI na:>Ke e Y'te6HOH JIHTepaType. 

T 
Pa3JIHlfffe B Aik(T) R (I /T)JlS.ilit)dt. O4eBliJJ.HO, 4T0 

0 

eeJIH'IHHa 6.;iT) no.ny'-!aCTCll nyTeM He33BHCHM0T'O 

HHTerpHpoBaHHSI 'IHCJIHTeJISI H 3HaMeHaTeJISI BeJIH4HHbl 

zs.ik(t) H ]\eJJeHHSI nepeoro 113 nony'-!eHHblX HHTerpaJI0B Ha 

BTOpoH: 

T 

J(dx/dt)dt 
0 

6.;k(T) = T 

J(dx/dt)dt 
0 

'.:ho rrpaeHJI0 0TH0CHTCSI KO eCeM Bblpa)l(eHHSIM, npe,lJ.CTaB­

JlSllOIUHM O'I'HOWeHHe CKOpOCTeH peaKU,HH. B '-13CTHOCTH, OHO 

cnpaae.a;JIHB0 H .l(JISI Ko3cf>¢mu,11eHTa pa3MH0)KeHHSI (5] B 

TOM CJIY43C, K0r,113 pe'ib HJJ,eT 0 npocrpaHCTBeHH0 He0AH0-
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Jl(lLIHhlX CHCTeMax. KoHC'IHO, npH 3TOM HHTerpHpoBattue 

H.lreT He no speMCHH, a no IlpocTpaHCTBeHHOH KOOP.11.HHaTe. 

3aMeTHM, 'ITO 3THM 6e3yCJIOBHhlM npaBHJJOM HHor.a.a npe­

He6perat0T. TaK, e Y"e6HoM noco6uu [6] np11 onpe.a.CJieHHH 

cpe.a.uero 3Ha11eHm[ K03<f>q>Hu;HeHTa pa3MHO.x<eHHSI no Bbl­

COTe (q>opMyJia (13.3.2)) ycpe.a.HJleTCSI Herrocpe.a.CTBeHHO 

KOa¢cpuu11eHT pa3MHO,KeHHSI, a He ero 'IHCJIHTe.Jlb H 3Ha­

MCHaTCJib HC38BHCHMO. TaK .JKe He rrpoBOLIHTCSI npaBILJibHO­

ro ycpe.D;HeHH.11'. K03¢¢,uuueHTa pa3MHOJKeHHJI B (7 ]. 
CnpamaeaeTCSI, BCJIHK8 JIH,B03HHXalODJ,8SI rrpu TaKOM "yn­

pow,eHHOM" ycpe.a.HeHHH OmH6Ka? 

B ooDJ,eM CJiy11ae JierKo yCTanoBHTh, llTO npu MaJJhlX 

T pa3HH(la Me:llC.Z(y TO'lHblM H "ynpoDJ,eHHblM" ycpe.D;He-

HHSIMH nopJ{LIKa T2 , T.e. He OlfeHb BCJIHKa, eCJIH 'lHCJIHTCJib 

H 3HaMeHaTe.n& - cna6o MeH:1110w,uecx WYHKllHH. ,U.risr 

HJIJlIOCTpau;uu npuee.D;eM npocreiimuit npuMep, xor.a.a 

'IHCJIHTeJib H JHaMeHaTeJlb B liik(t) JIHHeHHbl no t. Tiycrb 

Tor;a;a 

I + at 
21iit) = 1 + bt' 

1 + aT/2 (a - b)T/2 
11ik(T) = 1 + bT/2 = l + I + bT/2 ' 

1 T a b-a 
T f liiit)dt = -b + - 2 - In (I + bT). 

o b T 

aanpHMep, np1-1 
T 

a= -1/T, b = 1/T, 1/T J A.k(t)dt = 
0 I 

= 0,386, T.e. omu6Ka OT HenpaBHJJbHOro ycpe.n;HeHHSI s .a.aH­

HOM npHMepe COCT8BJJ'.IICT 16 % . 
C.D:eJiaHHOe 3aMe•IaHHe O npaBHJJbHOM ycpe;o;HeHHH KO­

aqxpm.1,HCHTa pa3MHOJICCHH!l OTHOCHTC!l He TOJlhKO K ycpe.a.­

HCHHIO no npocTpaHCTBY' HO H K ycpe;u;HCHHIO no BPCMCHH. 

TaK e [6] noJibJYIOTCSI "ynpoDJ,eHHhlM" cnocoooM ycpe;o;­

HeHH.11'., npuMeHHMOCTb KOTOporo COMHHTeJibHa (CM. qx,p­

MYJIY (13.4.40) HJ [6 ]). KCTaTH, C COX<aJICHHCM 38MeTHM, 

'ITO HeKoppeKTHOe ycpe.a.neHHe no BpeMeHH xapaKTepHCTHK 

3HepreTH'ICCKHX peaKTOpoB mupoKO HCIIOJih3YeTCSI B pac­

'leTHhlX HCCJieJ).0B3HHSIX. Tax, uenpaBHJJbHO ycpe;o;usi:eTCSI 

KB (CM. ;u;aJiee) B [8 ]. 
Konqem_\Hfl K03(p(pHUHCHTa BOCnpOH3BO;o;CTBa. Tipu 

ou.emce 3$PeKTHBHOCTH paOOThl peaKTopoe mupoKO HC­

UOJlb3YeTCSI IIOHSITHe K03$PHIJ;HeHTa BOCIIp0H3B0.II.CTBa 

(KB). l<JiaccHqecxoe onpe.a.eJiettee KB, npHeO~Moe e 

yt1e6HOM noco6Hu [9 ], CJ1e;o;y10DJ,ee: "Tio;u; KB noHHMaIOT 

OTHOWeHHe CKOpoCTH po,KAeHH.51 HOBOI'O rop!O'ICI'O K CKO­

JX)CTH e&1ropauusr CTaporo rop10<tero." Cornacno onpe;o;e­

neumo KB llBJill'.eTC51 OTHOCHTeJibHOH ,n;HnaMH'leCKOH xapax­

TepnCTHKOH, T.e. ero cpe.a.Hee 3Ha<teHHe 38 HeKbropblH 

nepuo.a. pa6oT1,1 peaKTopa ue Moxe-r 6h1Th onpe.a.eJieuo 

npHMHTHBHblM HHTerpupoeaaueM. Ilo'leMy ,Ke 6h1Jla BBe­

.a.eHa Taxa:11 "uepa6oTalODJ,a51" xapaKTepHCTHKa? LI:eJio B 

TOM, 'ITO Ha Ha'laJibHOM 3Tane pa3BHTHSI aTOMHOH 3Hep­

reTHKH rJiy6uaa BhlropaHHSI J{LlepHoro TOIIJlHBa 6hlJla 

HH'iTOJICHOH H npH 3TOM npaKTH\lecKH He MeHRJIHCb 

qJH3Htf:CCKHe CBOHCTBa peaKTOpa B Te'leHHe pa6oTbl. TI03-

TOMY KB 6h1Jlo nOCTo.11'.HHOH BeJIHlfHHOii H npo6neMH c ero 

ycpe;u;HeHHCM He B03HHKaJIO. B H3CTOSIDJ,ee epeM.51 npn 
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OOJlhWHX BblropaHHSIX J{Llepeoro roplO<tero KJiaCCH'leCKH 

onpeAeJieHHOe IlOH!lTHe KB IIOJIHOCThlO nepeCT3JlO HrpaTh 

xaKYJO-JIHOO POJJb e ~epeoif 3HepreruKe. BMeCTO 3TOro 
IIOHSITHH HCilOJib3YeTCSI KOM6HHaUHSI CTaTHtteCKHX xapax­

TCpHCTHK B H8'1aJie H KOHUe pa60Tbl peaKropa: OTHOllleHue 

KOHU.CHTpauuii JI.eJISIDJ,HXCSI HYKJIH.D;OB B KOHll,e K KOHqeH­

TpaU.HSIM ;o;eJisrDJ,uxc.11'. HYKJJH.!1:0B e H3'iaJie. Coxpausrsr crapoe 

onpe;o;e.n:eHHe AJISI KB, crpaHHO 6hlJIO 6bl Ha3h1B8Tb 3TO OTHO­

meHHe Taxxe KB - uayttHall TepMHHOJtorrui: He nOJie AJISI 

BBe.D;eHHJI OMOHHMOB. 

KCTaTH 3aMeTHM, 'ITO yJKe ;QaBHO aBTOphl KHHm [10 l 
noHHMaJJH 6ecDJIOAHOCTb KJiaccuqecKH onpe,n;CJieuuoro KB 

H nHCaJIH B CB.513H C 3THM: "Ilpe;o;CTaBJICHHOC onpeAerreune 

xo3<fxt>HD.HeHTa eocnpoHJBOJI.CTBa (ILJIH Ko3¢!1,uu.neHTa 

KOHBepcHH) HOCHT .11.0BOJibHO npoH3B0JlbHblH xapaKTep, H 

npH usy<1eHHH 3KOHOMHKK TOllJIHBHhlX U.HKJIOB xe.naTeJibHO 

3H8Tb AeHCTBHTCJihHhle KOHUCHTpall,HK .11.CJISl~HXCSI HJOTO­

DOB B orpaooraemeM peaKTOPHOM TOl'.lJIHBe". K 3TOMY cnpa­

BCA,IIHBOMY 38KJJIO'ICHHIO OCTaeTCSI JIHWb .a.o6aBHTb, 'ITO, 

BBO.ll;fl TaKHe DOH51THR, xax KJiaCCH'ICCKHH KB, HCCJie,noua­

TeJIK C8MH CC011'. OOMaHhlBalOT, TaK K8K npu BhlqffCJICHHH 

COOTBeTCTBYIODJ,HX BeJIH'lHH see paBHO IlOJibJYIOTC.51 KOH­

ueHTpaUHSIMH' AeJllllIVfXC.11 H30TOilOB. 

EcTeCTBCHHbl'.e xapaicTepHCTHKH TOIIJIHBHblX UHKJIOB. 

Ilpu pa6oTe J{LlepHoro peaKTOpa Heo6xo,nuMO onpe;o;enuT& 

M3MeHCHHe COCTaea TOl'.lJIMBa B pe3yJI&TaTe o6JJy'leHH.51 B 

peaKTOpe JI.O ero H3BJIC'ICHH'.II, 3Ta Heo6xo.11.HMOCTh He 

38BHCHT OT pexKMa pa60Thl peaKTopa, 6yAb TO pellCHM pa6o­

Thl KaMnaHHSl'.MH, KOrAa neperpyxaeTCl[ see TOilJIHBO (HJIH 

ero cyw;ecr11enttasr qacr&) e peaxTope e u.enoM, HJIH pa6oTa 

B peXHMe uenpepblBHhlX neperpyJOK. B KOHe'l:HOM Cttere B 

peaKTop noMew,aercsr TBC u MJBJieKae-rcsr noCJie OO}ly­

'leHHR - KOHLteHTpauuu B 3TOH HJBJJeKaeMoii TBC u HHTe­

pecHbl. 
Hau6o.nee DOCJl'.eAOB8TeJlbHO eCTeCTBeHHhie xapax­

TepKCTHKH TOIIJIHBHl,IX UHKJIOB BBC,l{eHbl s [11] - 6y.n.eM 

CJIC;D;OBaTb 3TOH paoore, HO Y'ITCM, 'ITO BBOAHMble B 3TOH 
paoore BeJIH\lHHbl OTHOCSITCSI K peaKTOpy-pa3MHO)ICHTeJIIO. 

Ilepeoe, Ha 'ITO o6paTHM BHHManue - BB0.11.HMbie xapaK­

Tep1-1CTI-IKH U,HKJia 38BHCSIT TOJibKO OT Hatf:aJibHblX H KOHe'l­

HhlX KOHU:CHTP3UHH. Ilo3TOMY HHK3KHX eonpOCOB O THne 
ycpe.D;HeHHH no BpeMCHH He B03HHKaeT. B [11] BBO,ll.l[TCSI 

ABC OCHOBHhlX xapaKTepHCTHKH: BG - breeding gain u 

. BR - breeding ratio (e JIHTepaType, OTHOCS1w;ei1cS1 K xa­

paKTepncrnKaM TOllJIHBHhlX U.HKJIOB, npHHSITO o603H8113Th 

BBO.ll;HMble xapaKTepHCTKKH nepBblMH 6yxeaMH ux IlOJIHhlX 

eaJBaHuH). Ilo.n; BG nonuMae-rcH OTHomeHue 

BG = xf.T) - xf.O) 
'IHCJIO YHH'ITO}KCHHhlX .D;eJISIDJ,HXCSI g;u;ep' 

a noA BR 

BR = I+ BG= 

= 'l:HCJIO o6pa30B3BWHXCSI Ae.TISIUJ;HXCSI SIAep 

llHCJIO YHH'l:TO,KCHHblX ,IJ.CJIHlll;I-IXCSI g;u;ep 

Bxo.a.srw;aSI B 3HaMeHaTeJib 3THX <POPMYJI BeJIH'lKHa "ql-lCJIO 

YHH'ITO;lltCHHhlX AeJlll'.ID;HXCSI'. .11'.;D;ep" He 011eHb y.a.o6Ha: AJISI 

ee onpe.D;eJICHHll'. JJHOO ea.a.o 3H8Tb Ha'l:aJlbHble H KOHellHble 

KOHU.CHTpau;HH BCex J{Llep, B KOTOphle MOryT npu YHH'ITO­

,KCHHH nepexO;D;HTh ,ll.eJISlDJ,HCCSI .11'.;D;pa (3ACCb Ha.D;O Y'IHTbl-



eaTb H .11.CJICHHC - o6pa30BaHHC npo.11.yKTOB ,IJ,CJICHHSI, H 

pa.11.uaL1,HOHHblll JaxeaT, H pacna,IJ,}. KpoMe Toro, H 

q>H3H4eCKHH CMblCJI "4ucna YHH4TOJKeHHblX ,IJ,CJISIUJ,HXCSI 

sutep" He CJIHWKOM npo3pa4eH: BC.!J.b B 4HCJI0 3THX Sl.11.CP 

BX0,ASIT H Te, KOT0pble o6pa30BaJJHCb npH pa6oTe peaKT0pa 

H n03TOMY He BX0.!J.SIT B 6anaHC MCJK.QY H343JibHblMH H K0-

HC'IHblMH KOJIH'ICCTB3MH .11.emrUJ,erocsi Be11.1ecrea. 0rMCTHM 

I{ e11.1e 0,llH0 OOCTOSITeJJbCTBO, KOTOpoe npucyTCTeyeT BO ecex 

6anaHC0BblX xapaKTCPHCTHKax, 8110,AHMblX ,llJISI ou,eHKH 

3KOHOMH'ICCKOH s¢<l>eKTHBHOCTH 3HepreTH'ICCKHX peaKT0-

poe: eo ecex 3THX xapaKTepHCT1tKax paccMaTpHeaeTcst cyM­

Ma ecex ne.nsiw;nxcsr HYKJiff.11.0B. O,nHaKo oqeeff.11.H0, 'IT0 na,i,;e 

C T0'IKH 3peHHSI p33MH0,K3IOUJ,HX CBOHCTB p33JIHl!HblC HJO­

T0m,1 OTJIH'13IOTCSI ,npyr OT npyra (He roeopsr y:>Ke 0 TeXH0-

JI0rHtfCCKHX oco6eHHOCTSIX HX HCITOJ1b30B3HHH}. Ho ocra­

B3RCb B paMKax T0JlbK0 q>H3HlfeCKHX IlOHSITHH, C 3THM HC­

,llOCT3TK0M cnpaBHTbCR HeB03M0)KH0. 

XapaKTepHCTHKH 3HepreTHlfecKHX peaxTopoe-Hepa3-

MHO.llCHTeneK • .ll,nsi cyw;ecreytOII.\HX B HaCT0SIII.\ee epeMsr 

aHepreTH'ICCKHX peaKTopoe-HepaJMHm1u1Te.JJeii y .11.o6Ho 

HCilOJlb30B3Tb HCCKOJlbK0 HHble xapaKTepHCTHKH, 11eM yKa-

33H0 paHee. IlpH 3TOM HaAO HCXO,IUITb H3 ABYX coo6pa­

)KCHHH. Bo-nepBblX, 3TH xapaKTCpHCTHKH ,IJ,0Jl;ll(Hbl 61,1Tb no­

CT3T0tfHO npoCTbl H y.11.06Hbl B ynOTpe6neHHH. BO-BTOpblX, 

0HH nomKHbl 0Tpa,icaTb rocno,11.CTBYIOII.\YIO B H8CT0S!lll,Ce Bpe­

Msr e MHpe TCH,JJ.eHCI.HIO K pecypcoc6cpe,iceHHIO. 

.neiiCTBHTe.llbHO [ 12 ], 6yKBa.JlbH0 no BCCM Il0K333TeJISIM 

(Heq>Tb, raJ, ;lKC./lC3H3SI py.aa, CTaJlb ff T.n.) npoH3B0,ll,CTB0 

e CCCP 33 nOCJie,aHHe 16 ner 6ypHO pOCJIO H JHalfHTCJlbH0 

npeeJowno npou3eo,acTeo e CIIJA (me, Hao6opoT, Ja :rroT 

;l!CC nepH0,A np0H3B0.!lCTB0 HCCKOJlbK0 CHHJHJIOCb). Tio:noMy 

0•1eHb OCTpo CT0IIT eonpoc 0 pecypcoc6epeJKCHIIH. 

TTpHMCHHTe.llbHO K Sl.11.epHOH 3HeprerHKe 3T0 03H3'13eT 3K0-

H0MHIO ,llCJISIW.HXCSI HYKJIHA0B (HMCHHO .11.eJlHII.\HXCSI 

HYKJIHA0B, a He np11po,1J,H0J'O ypaHa: npH o6nylfeHIIH B 3Hep-

reTHllCCKHX peaKT0pax 
238U npaKTHllCCKH He pacxo.11.yeTcsr 

K B L(3JibHCHWCM M0)KeT HCTI0Jlb30B3TbCSI K3K Sl,AepHoe 

T0ilJIHBO B peaKTOpax Ha 6b1CTpb1X HCHTP0H3X). 

Ilo3TOMY OCH0BHblM noKaJaTeJieM HBJJHeTCSI K0JllfllCC­

TB0 AeJISIW.HXCSI HYKJJH.!10B B HatJane H KOHU.e Ll,KKJia. B 3TOM 

cneu,11cj>11Ka H.11.CpHblX peaKTOpoe, npH pa60Te K0T0pblX 

o6pa3ylOTCSI H0Bble Ae.nsrm11ecsi HYKJJH,llbl. Cne.11.oeaTCJJbHO, 

83;>KCH He pacxo.11. ACJISl[UHXC.11 H)'KJIIIA0B (,nnsr onpe.o.enCHltSI 

KOTOporo Tpe6yJOTCsr AOCT3TO'IHO HCTpHBff<LJlbHblC pac11e­

Tbl), a HMeHH0 H3MCHCHlfe IJHCJJa llCJIHW.HXCR HYKJJH.!10B 33 

U,HKJI. C 3KOHOMHllCCKOH TOllKlf 3peHH.II 3T0 K3MCHCHHC, 

SIBJl!UOW.eCCSI MS! coepeMCHHblX 3Heprerlf'ICCKHX peaKT0p0B 

ITOJIO,KHTe.llbHOH BCJIH'IHHOH. ec.,JH 6paTb pa3HOCTb MeJK.Qy 

'IHCJIOM ACJIRII.\HXCR HYKJJH.IJ.0B B H3'13JIC H K0HU,e U.HKJJa, 

xapaKTepH3YeT 33Tpan,1 Ha npOH3B0,llCTB0. 3aMeTl1M, llT0 

npHHSIT0 HC pa3,lleJISITb copTa ACJIHW.HXCSI HYKJilf.!l0B, a 6p3Tb 

npocT0 cyMMy. 3To, K0HC'IH0, HCA0CT3T0K coapeMCHH0ro 

npC.!J.CT3BJICHHH, HO H36e,icaTb ero M0,i<;H0 61,1110 61,1 TOJlbK0 

Ha nynu:JlO,KHbJX - H He0.llH03H3l!HblX - 3KOH0MH'ICCKHX 

"cneKyJUIU.HH" 0'IHOCHTCJibH0 B33HMHOH U.eHHOCTH 

pa3JIH'IHblX copT0B ,AeJISILLlHXCII' HYKJIH.1108. 

Tenepb cne.11.yer onpe.11.enHTb, IJTO npoH3B0AHTCSI B 

peJyJlbTaTe pa6oT1,1 3HepreTHlleCKHX peaKTopoe. B nepey10 

0'lepeAb - 3TO 3Hepnu1. YAo6Ho tJHCJleHH0 Bbipa)KaTb o6pa-

3y10uzyJOC11 3Heprnio (Tennoey10!) B KonH11ecree o6pa3-

eaewHxc11 ITPDAYKT0B LleJICHHll (HX K0Ht.1,eHTpau,1110 6y,neM 

0003H3'13Tb KaK Il.D,). Tor,Aa M0,KH0 oxapaKTCpH30B3Tb 

pa6oTy 3HCprCTH4:CCK0r0 peaKTopa 0TH0WCHHeM E -

"yAe.nbHOu ::>Hepr11eii"• (13 ): 

e = ITL(/ [x5(0) - I xf-T) ], 
I 

me cyMMHpoBaHHe B I npOH3B0AHTCsr no BCeM npHCYTCT­

/ 
BYIOIQHM AeJI.IIW.HMCR KYKJIH.ll.3M 1 T.C. 235U, 239Pu lf 

241 Pu, B K0HU,e U:HKJla. 

Ho KpoMe 3Hepnrn e peaKTopax o6paJyJOTc11 

p33JIH'IHble H0Bble HYKJIH.!lbl. Tio3TOMY pa3yMH0 BBCCn! 

T3K;l!Ce xapaKTCpHCTHKY, onpeACJI.SUOW.YJO HX o6pa30BaHHe. 

ECJIH petfb K,lleT o6 o6pa30B3HHH HYKJIHA3 i, TO nono6H8SI 

xapaKTepHCTHKa HMeeT Blf.11. 

!:,.if;:; X;(T)/ (x5(0) - ; x/_11 ]. 

L(.1u1 Toro 'ITOObl Il0JIHOCTblO 0U.CHHTb 3¢cpeKTHBHOCTb 

pa6oThl peaKT0pa, cnenyeT ee.nH'IHHbl e 11 t,.i/ CJJ0)KlfTb c 

HCK0T0pblMH BeCaMH, onpe.11.e.nsrCMbIMH H3 3K0H0MH'ICCKHX 

coo6paJKeHHH • 

Cpcn11 Hoe1,1x HYKJ1H,Aoe, o6pa3y10w,11xcll e ::mep­

rent4eCKHX SIA~PHblX peaKT0pax, 0,IJ,HHMH H3 HaH6onee ItCH­

HblX Sl'.BJISIIOTCSI .11.eJISIW.HCC.II H30TOITbl nnyTOHHsr: 239Pu 

n 241 Pu. COOTee-rcray10wasr HX cyMMC eeJIH4HHa !:,.Pu paeHa 

AruCD ,,. [x9(T) + x1 (T) )/ (x5(0) - 7 xj.1') ]. 

Onpene.neHHble npnee.o.eHHblMH BblWe Bblpa;l!CCHHRMH xa­

paKTepHCTHKH E H !:,.Pu He A3IOT B03MO,KH0CTH BbllfHCJIHTb 

HX npH t = 0. B 3TOM cny4ae H3.tl0 n0Jlb30BaTbCSI cj>opMy­

JiaMH, no;ry11eHH1>1MH nyTCM npenenbH0ro nepcxo.11.a: 

dsl cis 
e(O) = I - GgXg(O)/ [o~x5(0) ]; 

OgXg(0)/[a5x5(0)] 
Apu(O) - I - 0'3X3(0)/la5x5(0) ]' 

f.lJ.C a= O'T + yf - 3CP¢CKTMBHblC CCtJCHHR. 

B KalfeCTBe HJIJIIOCTpaLl,HH npHBC,[lCM 3HatfCHH.II £ 11 

!:,.Pu wrn HCK0T0pblX eapH3HT0B BB3P. ITpHBCACHHbIC 

U,Hq>pbl nonylfCHbl nyTeM pactJCTOB Ha OCH0BC MCT0D.HKH, 

H3.110'9CCHHOH B (14 ). KoHUCHTpau,1-1sr npoayKT0B JleJICHIISI 

nn HOpMHp0BaHa Ha Kr/T, £ - Ha :meprlll0 .!lCJICHHII. 

Tipttee.aeHHble B Ta6JJHUe .aaHHblC yKa3blBalOT Ha CJICJlylO­

w.ee. C YMCHbWCHHCM nepeoHa4aJlbH0ro o6oraweHIHt 

$ 311MCTHM, •no anepDhlC CBll3b MClKJlY tlJMCIICIIIICM 'IHCJlll llCJl~lllllXCSI 

11y1UlttJlOB H BbllleJIAIOIUC►ICA I) :lllcprent'ICCKIIX peaKTOpnx :mcpmci, 6u11a 
paccr-10rpe11a B 16] : 8AC/1Cllllblit TIIM ~Y/\CJll,lll.1i1 pacxoa TOIUHll~l n II 

-1 
Tcp,omax E pa 11e11 ,; . 
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BB3P-J 000 (oooraw,eutte 4,4 % ) 

IT.LI, 0,00 4,97 12,4 17,4 24,9 29,8 34,8 37,3 44,8 

e 1,47 1,44 1,48 1,50 l,SS 1,58 1,62 1,64 1,71 

6Pu 0,82 0,59 0,49 0,45 0,39 0,36 0,33 0,32 0,27 

BB3P-440 (oooraw.eutte 3,6%) 

M 0,00 6,28 12,6 18,8 25,l 29,8 34,S 37,7 

e 1,69 1,37 1,75 1,79 1,87 1,93 2,00 2,05 

6Pu 1,10 0,76 0,67 0,58 0,52 0,49 0,46 0,43 

BB3P-440 (o6ora11.1eu11e 2,4%) 

M 0,00 3,09 6,20 9,39 12,4 15,S 18,6 21,7 

E 2,23 2,19 2,19 2,20 2,25 2,31 2,38 2,46 

6Pu 1,74 1,27 1,08 0,97 0,88 0,82 0,74 0,72 

BB3P-440 (o6orar.u.euue 1,6%) 

M 0,00 3,10 6,20 9,27 12,3 

e 3,92 3,20 3,27 3,31 3,42 

6Pu 3,76 2,09 1,83 1,54 1,39 

TODJIHBa paCTyT KaK e, TaK a ~Pu' C yse.nffljeHHeM Bbll'O­

paHHSI E paCTe-r, a LiPu nazi;aeT. Ilo3TOMY, CCJIH C3KOHOMH'le­

CKOH TO'IKH 3peHHSI seca, C KOTOphlMH BXO.ll;SIT e H Liru JI 

OKOH'laTeJlbHhlH 3KOHOMH'ICCKHH aHaJIH3, Q/IH3KH, TO 

B031fffKaeT ODTHMH33U.HOHH3SI 3aAa'la O Bhl6ope HaH.1Iy11men 

r.ny6HHhl BblropaHH51 TOruIHBa. 

B BHAe KOMMeHTapHJI K Ta6nau,e CJlfAYeT Ao6aBHTb em;e 

.!1;B3 3aMe'laHHSI. Bo-nepBHX, paccMorpeHHe pa3JIH'IHbIX 

o6oram;eHHu HCXOAHOro TOIIJJHBa AJl5I BB3P HMeer CMblCJI, 

u6o TOllJIHBO C MCHblDHM o6oram;eHHeM HCDOJl&3yeTCH npH 

BhlBOAC peaKTOpa B CT3ll,HOHapHNH pe,KHM, Bo-BTOpblx, NIH 

HCHCKymeHHOro B pac11e-rax 'IHT3Te.JISI MO;KeT DOKa3aT&eJI, 

'ITO CJICAOBaJIO 61>1 npHBOAHTb .!J.3HHhlC TOJibKO npH WTaTHOM 

BhlropaHHH. 0AHaKO DO.!J.OOHa.ll TO'IKa 3peHHSI ue onpaB.u.aHa: 

npH cep&e3HOM 3HaJIH3e JII06oii npo6neMbl OK33lilB3eTCSI 

KpaHHe none3HHM HMCTb A3HHhlC 00 H3MeHeHHH CBOHCTB 

npou.ecca npH OTKJIOHeHH51X OT WTaTHl,IX DOK33aTeJieK -

HMeHHO 31'0 H D03BOJISleT HaMe'l3Tb nyTH NJSI 

Q>OpCHp0B3HHSI npou.ecca. 

3alCJIIO'IHTCJibHble 38Me'lfaHHSI. vl3JIOllCeHHble coo6-

pallCeHHSI D03BOJUUOT c<PopM)'JlHp0B3Th CJleAyiom;ee Bhl-

B0.!J.hl. Bo-nepBhlX, MaTepHaJlbR],le napaMeTplll, cny-

:iteam;ne 6a30H .ll.JIJI 3KOHOMH'ICCKOH ou.eHKH 34>-
cpeKTHBHOCTH 3HepreTH'leCKHX peaKTOpoB, AOJJ;KHbl Bbl­

pa:,i,::aTbCSI TOJlbKO 11epe3 KOHU.CHTpaU,HH HYKJlff.!1;0B B 

Ha'lane H KOHUe npou.ecca (npH 3TOM B&lAMHBWaSICSI 

3HCprHS1 onpe.t:1eJlS1eTCSI KOHLJ;eHTpau.ueii: TI)l). 3ro yTBep­

:ite.a.CHHe He 33BHCHT OT pe:lK.HMa paOOThl peaKTOpa - scerAa 

peayJI&TaT MO)KHO CBeCTH K KOHL(eHTpau.uSIM B OAHHO'IHhlX 

TBC. 

Bo-sTop1,1x, HrpaamuH 6o.1Thmy10 poni, Ha ua-

t1an&HOM 3Tane pa3BHTHSI aTOMHOH 3HeprerHKH KB 

KaK XJ;HHaMH'ICCKaSI xapaKTepHCTHKa B HaCTOSim;ee 
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BpeMjl yTpa•msaCT CBOJO 3Ha'IHMOCTb. * 
B-TpeTbHX, Hau6oJiee u.e.necoo6pa3Hh!MH xapaK-

TepucrmcaMH SIBJl11JOTCSI YAeJJbR3JI 3HeprHS1 ff OTHOCHTeJib­
HOe o6pa30BaHHe HOBhlX HYKJiffAOB, HOpMHpoBaHHoe Ha 

H3MCHeHHC t[HCJla AeJJSIIQHXCSI HYKJlffAOB. 

PacCMOTpCHHhlC s ,AaHHOH pa60Te BOnpoc1,1 KpailHe 

npocrhl, a nOJiy11aeMhle OTBCThl TpHBKaJlbHhl. Tio3TOMY .r1a­
:,r;e B03KHKaeT HeKO'TOpaSI HeyuepeHHOCTb a u.enecoo6pa3-

HOCTH nyrunncaD,HH. OAHaKO DOJIHl,IH CpaJlaW B 3THX BOD­

pocax, u.ap~A B JraTeparype, KaK y11e6HOH, TaK H 'IHCTO 

Bayqeoii, no~epKHBaCT DOJlC3HOCTb npei:i;CTaBJieHHOH 

ny6JJHK3u,HH. MoJICHO, JCOHC'LHO, a6CTpaKTH0-4'op­

MaJIHCTffljCClCH R3.ll.CJITbCj[, t[TQ 'IHTaTe.Jlb H caM cyMeeT 

pa3o6paTbCS1 BO BCeX nepe'-IHCJleHHHX Bonpocax, He npH6e­
raSI K JIHTepaType, HO see llCC A3HHaSI CTaTbSI OKa:)KCTC·SI XJ;JJSI 

Hero DOJIC3HhlM flOACnopbeM. 

Cnuco~ ~HTepaTyp~ 

1. Ho¢<t>e B.JI., OxyH& Jl.6. 0 a1,1ropaHHH rop10qero 
s J1Aepu1,1x peaxropax. - ATOMHasi: 3HepmSI, 1956, T. I, 
BblD, 1, C. 80. 

2. BorAaHoBa T.,Il., KpoRpoA A.C., <l>HJ1JJep <I>.M. 0 
pacnpCAeJJCHHH IIJJOTHOCTH HeHTpOHOB B xpyrJIOM cepOM 

crep)l(ee: TipenpHHT HT3<I>, N 129. - M., 1963. 
3. Askew J.R., F<!yers F.J., Kemshell P.B. A General 

Description of the Lattice Code WIMS. - J . Brit. Nucl. 
Energy Soc., 1968, Oct., p. 564. 

4. BypMuCTpos A • .51., Koqypou B .n. IlpocrpaucraeH­

uo-3Hepreru11ecxoe pacnpe.ll;eJJCHHe HenTpottoB B 

UHJIHffAPHllecxoH 11lleuxe peaxropa (nporpaMMa TRIFON): 
IlpenpHHT HT3<I> N 107. - M ., 1978. 

S. PoMatteHKO B .C ., KpaJOmKHH A.B. Pac11eTH&1e 

HCCJICAOBaHHSI q>Haa11ecxmc xapaKTepaCTHK PBMK e nepe­

XOAHOM nepHO.!J.C. - ATOMHaSI 3Hepm11, 1982, T. 53, Bhln. 
6, c. 367. 

6. I'aJlaHHH A.,Il. BsCAenue B TeopHIO BACPHhlx peaK­

ropou Ha TenJIOBl,IX HeiiTpoHaX. - M.: 3HeproaTOMH3A3T. 
1984. 

7. MHxaH.110B B.M., MhlpU.blMoea JI.A. Pac'leT Bblro­

pa10m;ero norJIOTHTCJIJI B UHJilUfApHlleCKOH Slt.fertxe TCnJIO­

BfilAeJISIJOm;eii c6opKH peaKTopa TBP-M: TTpenpHHT HT3<I> 

N 63. - M., 198S. 
8. JiesuHa H.K., CffAopeHKO B.A. HexoTopble HeiiT­

JX)HHo-cpH3H'lecxHe acneKTl,l YJIYLIWCHHSI HCDOJlb30B3HHSI 

TODJIH'Ba B BOAOOXJia;)K.!J.aeMhlX 3HeprCTH'ICCKHX TCrIJIOBblX 

peaKropax BB3P a PBMK. - ATOMHasr :mepmsr, 1986, T. 
60, BblD, 4, C. 243. 

9. <l>eHH6epr C.M., IIIHXos C.6., TpoSIHCKHii B.B. 
TeopIDI .l[.lJ.epHlllX peaKTOpOB. T. I. 3JieMeHTapHaH TeOplH! 

peaxTopos. - M.: ATOMH3AaT, 1978. 
10. BeJIJI n., rnecCTOH C. TeopHSI .l[.lJ.epHhlX peaKTO­

pou/Tiep. c aern. TioA peA, B.H. APT3MKHHa. - M.: 
ATOMH3A3T, 1974. 

• 3TOT npol.(ecc ue MO".)IT 3aMe,IIJUITb u nOnblTKH [ 1 SJ MOAM(pHL(Hpo­

B8Tb nOHIITHC KB, np'HHIIB 38 Hero OTHOWCHHC 'IHCJla 00j)830B3BWHXCII 

,!lCJllllJ.lltlCCII IIAep 38 IICIO KaMfi8H'HIO K 'IHCJJy YHH'ITQ)KCHlll>IX (Be,!lb OOpn• 
30BaBWMeCR lleJlll1UHeC11 11,11pa BLll'OpBJOT) - IICer,na ocraeTCll cnpa • 
Be/1,JlMBblM }'TBepllC)lem1e, <f>HrypHpy10~ee B nepDOM nynKTC 311KJJIO'IHTeJIL­

Hb!X 38Me'l8HHH, 



11. Wyckoff H.L., Greebler P. Definitions of Breeding 

Ratio and Doubling Time. - Nucl. Techn. 1974, vol. 21, 
p. 158. 

12. JleMemeB M. He aa c11er npHpo.Qhl. - MocxoBcxHe 

B0BOCTH, 1988, N 7. 
13. 3apHQKasi T.C. HAP· YAeJlbmt.11 3Hepnu1, Bl,l,IJ.eJI.11-

eMa.11 B 3HeprerH11ecxwc peaxropax: TTpenpHHT MT3<I> 

N 51. - M., 1986. 
14. KpyrnoB A.K., PyAHK A.TI. PeaKTopHoe npoH3B0A­

CTeo ~oaKTHBH1,1x HYKJlffA0B. - M.: 3aeproaTOMH3AaT, 

1985. 
15. Kearop B.M., Kpa10mKHH A.B., PoMaHeHKO B.C. 

OQeHKa K03$1>HUHeHTa BOCIIP0H3B0ACTBa B pemeTKax nma 
PBMK. - B KH. : Heii:TpoHH0-Q>H3Hl(eCKHe npo6.neMbl Boc­
npoHaeo.qCTBa TOllJIHBa e 51Aepuoii aaeprerHKe: Tea. AOKJJ. 

S-ro Bceco10aHoro ceMHHapa no rrpo6neMaM q>H3HKH peaK­
ropoB. -M.: ~HMMaroMHH¢opM, 1987, c. 15. 

C T8ThSI nocrynHJla B peA11KltHIO 

20 anpe.nll 1989 r. 

Bonpocbl BTOMHOA HBYKH H TeXHHKl1. Cep. 
<l>K3HK8 11J1epH1,Ut pc8KTOpoB, 1990, Bbm. I, c. 70 - 75. 



CO.l(EP)KAHHE 

TEOPHSI H PACqET .Sl,!J.EPHhlX PEAKTOPOB 

Cmy.M6yp 3.A. Meron xoMnettcHpoBaHHl:ix eoaMy­
meHHK A,11.11 pacqe-roe KPHTH4HOCTU H ODTHMH3aUHH 
peaxTopoe ....................................................................... 3 
Bopom&m14eo M.C/J., CepetuH C.A. fIOCJieAOBaTe.n&Hoe 
rpynnOBOe 0DHC3HHe K03¢<l>HUHeHTOB peaKTHBHOCTH 
npH JIHHeHH0H qx>pMyJIHpoBKe rpynn0Bl:iX K0HCT3HT ••••••. 9 
Xpo.MOG B.B., Ko.MJl.l!O o.r., I'lle6oG B.E. IlpHMeHeHHe 
npnHUHna MaKCHMyMa A,11.11 3H3JIH3a OilTHMaJibH:blX 
pe:iteHMOB OOJiy'ieHHSI TO[IJJHBa HCCJieA0BaTeJibCKHX 
peaKT0poB ........................ ............................................. 16 
AKuMyUJKUll C.B., Kollypoe E.JJ. 3<1>¢exTHBHNe pe30-
HaHc&r ypaHa-238 .......................................................... 20 

nPOrPAMMbl" KOMnnEKCbl flPOrPAMM 

Jla.J1.emu11 H.H., CyJ1maHoe H.B., EosipuHoe B.C/J., Bou-
moae14,cuu C.B. KoMWJeKc nporpaMM WIMS-SU ............ 26 
MopoauHoe A.H. KoM6HHaTopHb1H reoMe-rpH'leCKHH 
Mo.n;yJJb COMBIN AJISI Mo.n;eimpoBaHmi: TpaexTopHH 
Hei\TpoH0B npu pactLeTe peaxTOpoB MeTOA0M MoH-
Te-Kapno ...................................................................... 33 
Ko11011oaC.JJ., Te6uH B.B. TecrupoeaHuenaxeTa npor-­
paMM CAil<I>I,IP (eepcusi 1.4) AJISI pacqe-ra peweTox 
nepcnexTHBHl:iX peaKTopoe THna BB3P ......................... 37 
CyJ1ma11oa H.B. CpaeHeHue HeKOTOphlx nporpaMM pac-
4eTa xapaKTepuCTuK 514eex smepH!:ix peaxropoe ........... 42 
nempyHUH ,O,.M. O63op HeKOTOpblX 3apy6e:iteHblX Me­
TO.D:OB H nporpaMM TpexMepm,1x pac'leTOB ue"ihpOHHO­
q>H3H4eCKHX xapaxTepHCTHK R,ZlepHbIX peaxTOpoB. Ya-
JI0BblC MCTO.D:bl ....................... ............. ..... .... ••••••·•· ......... 49 

3KCflEPHMEHTAJibHblE IIICCJIE.D:OBAHIIISl 

Ee>A.·y11oa I'.M., E.11oac,cuii O.A., Mamyceau,, E.C., Meo­
ae<Jeo H.B. R3MCpCHHe HeCTaU,HOHapHbIX cneKTpOB 
HCHTpOHOB H y-KBaHTOB YTC'IKH H3 pa3MHO:lKalOr.neH 
c6opKR B HaHOCCKYHAHOH o6nacrH ................................ 54 
Ko11a,coa C.A., Cfymuiuu ,0,.10. BJIHSIHue pa3Mepoe 
HCTO'IHHKa Ha norpcwHOCTb H3MepeHHSI cpyHKUHH 
nponycKaHHSI 14-MoB HeHTp0H0B cq>epHqecxoit o6o-
JI04K0H .......................................................................... 58 
JlooorJa C.B., llem11y11w1 H.B., Xoacmtio1wo B.E., 
l'tap11K0B.E.] BhrHoc npo.n;yKToene.neHHSI ll3TOTTJIHBHoro 
p~1creopa pcaxTopa "Apryc:· ........... ........... ........... ......... 60 

HAEPHASI 3HEPrETHKA 

jcupomKUlt A.llj K eonpocy 06 UTOMHOH :mepreTHKC e 
CTpilHC ........................... ................................ ............... 66 
PyiJwc A.IT. 06 oueHKC :icpcpCKTHBHOCTH 3Hep-
rCTll4CCKHX pcaKTOpoe .. ............ ..... ............................... 70 

76 

CONTENTS 

NUCLEAR REACTORS THEORY AND CALCULATIONS 

E.A. Stumbur. A compensated perturbations method for 
criticality calculations and reactor optimizatin ................. 3 

Vorotyntsev M.F., Seriogin A.S. Consistent group 
description of the reactivity worth by using linear-
weighting worth cross-sections ......... ............................... 9 
Khromov V. Y., Komlev O.G., Glebov V.B. Application 
of Maximum Principle for Analysis of Optimal Regimes 
of Research Reactor Fuel Burning ................................. I 6 

Akimushkin S. V., Kochu.rov B.P. Effective resonances 
of uranium-238 ............................................................. 20 

CODES AND CODE COMPLEXES 

Laletin N .I. Syltanov N. V., Boyarinov V.F., Voylovetsky 
S. V. WIMS-SU code complex ........................................ 26 
Mordvinov A.N. The combinatorial geometric module 
COMBIN for neutron tracks modeling in reactor 
calculations by Monte-Carlo method ............................. 33 

Kononov S .L., Tehin V. V. The validation of the code 
SAPFIR (version 1.4) for the calculations of the 
advanced light water reactors lattices ........................ .... 37 
Sultanov N. V. A comparison of some codes for the 
calculation of cell characteristics in nuclear reactors ••..• .42 
Petrunin D.M. Non-soviet 3D neutron calculation 
methods relating to performances of nuclear reactors. 
Nodal methods (Revue) ................................................. 49 

EXPERIMENTAL INVESTIGATIONS 

Bezhunov G.M., Elovski O.A. , Matusevich E.S., 
Medvedev I. V. The measurement of time-dependent 
leakage neutron and y- rays spectra from mulliplying 
assembly for nanosecond region ................................... 54 
Konak.ov S.A., Chuvilin D. Yu. Influence of the 14 MeV 
neutron source size on the error of transmission function 
in the sphere shell ......................................................... 58 

Lohoda S. V., Petrunin N. V., Khvostionov V.E., 
jCharnko V.Ej Removal of fission products from the fuel 
solution of the fluid fuel reactor "Apryc'." ...................... 60 

NUCLEAR ENERGY 

!Sirotkin A.PJ On the nuclear power in USSR ................ 66 

Rudik A.P. On the power reactor efficiency 
estimation ................. ..................................................... 70 



BOnPOCbl ATOMHOA: HAYKH H TEXHHKM 

C e p H 5! : <l>HaHKa .ll.IJ.epm,1x peaKTopos 
BhmycK 1 

OTBeTCTBeHHhlH 3a a1,mycK C.M. 3ap11u,K11ti 

Pe.naKTOpb! O.B. Ea3aH0Ba, C.A. Pyu,Ka.11 
TexHHlleCKHH peJJ.aKTOp H.A. MaJlbK0Ba 

Koppt:I\TOP r.A. MaTBeesa 

IloJJ.nucaHo B nellaTh 20.05.9C. <J>opMaT 60x90/8 
O¢ceTHaSI nellaTb. YCJI. ne:'L JI. 9,5. Yt.1.-H3JJ.. JI. 9,5+0,5 mur. 

Tupa;,ic 360 3K3. 11HJJ.eKC 3646. 14 CTaTeH. 3aK33 371 

OTne'laTaHo a .vl:HCTHTyTe aToMHOH 3Hepnrn HM. 11.B. Kyp'laTOBa 
123182, MocKsa, nJI. AKa,neMttKa KypllaToBa 



B1,myCKH "<l>H3HKa H MeTOJU,1 paclfeTa Sl,11.epBJ,(X peaKTOpoB" 
no,I{I'OTaBJJHBaJOTCsr liHCTHTYTOM aroMHoit 3Hepmu HM. H.B. Kyp11aTOBa 
e paHee BLlxO,nHJJH B cocrane cepHH "<l>H3HXa 
H TeXHHI<a Sl,11.epllldX peaKTOpoB ". ,ll,aHHl,Dl s1,mycx .QBa.Q~TI, U.IITliH. 

PeA3KQHOHHaJI KOJJJJerHJI cepHH: 

A.IO. rarapHHcxuu: (rn. pe.a,aKTop), B.,ll,. ropsi11eHxo, C.M. 3apnu,KHH (3aM. rJJaaaoro pe,naKTOpa), 
B.'1>. Konecos, T .TI. '1>e,11.ocee11a (OTB. cexpe-rap11), .sl.B. Illesenee. 

B BliIIYCXax "(l)u3uxa H MeTO.QH pac11e-ra S1,11.epHlilx peaKropoB" nyWIBKyJOTCsMaTepuruu,rno cne.a.yt0~M sonpocaM: 
- Teopu H Meroni,1 pacqera Sl,11.epHblX peaKTOpoB, 6.n:aHKCTOB TepMOS1,11.epu1,1x peaKTOpoB, pa,nHaIJ,HOHHOH 33ID,HThl, 

nepeHoca H3JI)"ICHHH; 
- npo6neMhl o6ecnetiellllJI pac11ern1,1x H 3KCnepHMeHTaJJbHLlX BCCJle,11.OBaHHH nporpaMMaMH A}UI '3BM; ODHC3BHSI H 

3HBOTaU,HH nporpaMM, KOMDJJeKCOB H CHCTeM nporpaMM; 
- paClfeTHLle HCCJle,11.OB8HHSI no (pH3HKe S1,11.epe1,1x peaxiropoB, 6JJaHKeTOB TepMOSl,ll.epHlilX peaxropos, pa,neaIJ,HOHHOH 

3aID,HTlil, nepeuoca H3JIYlfeHHH; pac<1eTHhle HCCJJe,11.OB3HHSl OT,11.eJil,ffl,IX acneKTOB pa3BHTHSl S[,11.epHOH 3HepreTHKH; 
- 3KCDepHMeHTaJJl,Hble MeTOALl H 3KCnepHMeHTaJJbHhle HCCJJe,noBaHHSI DO (pH3HKe g,nepHl,IX peaKTOpoB H B nepe'IHCJJeH­

HWC CMe,KHblX o6.nac-rsix; 
- MaTeMaTH'leCKHe npooJJeMbl TeOpHH nepeuoca H TeOpHH peaxropoB. 
MaTepHaJJl>l WUI ony6JJHKOBaHHJ[ cne,nyer eanpaBJJSITb B MHCTHT)'T aroMBoH 3Hepmu HM. H.B. Kyp'larosa na HMSI 

rJJaBHOro pe.a.aKTOpa cepHH. 

Materials related to the topics described below are published in issues "Nuclear Reactor Physics and Calculational 
Methods": 

- theory and calculational methods for nuclear reactors, fusion reactor blankets, radiation shielding and radiation 
transport; 

- codes for calculational and experimental investigations; descriptions and abstracts of codes, code complexes and 
systems; 

- calcu1ational analysis of reactor, blanket and shielding performances and radiation transport; caculational analysis 
of some nuclear energy development aspects; 

- experimental methods and experimental analysis in field of nuclear reactor physics and other above mentioned 
items; 

- mathematical problems of transport and nuclear reactor theory. 

© MHCTHTYT aTOMHoii: 3Hepmn HM. H.B. KypqaToaa, 1990 



T E O P H .sl H P A C 11 E T .sl JI, E P H bl X P E A K T O P O B 

YAK 621.039.51 

METO,D; KOMTIEHCHPOBAHHl>IX B03MYIIJ.EHH0 
)I:Jl.sl PACIJETOB KPHTIAHOCTH H OilTHMH3AIJ;HH PEAKTOPOB 

3.A. CryM6yp 

Ilpell,IIOJ!(eHa MO,1111cj>mca1.11u1 TeopKK B03Mj'llleH1tft, nOCTpoeHHlill HI OCHOBe KOHL1,enL1,KH 1COs4icl>KL1,KeHTOB K KHTerpa.nos pe:IKTHBHOCTH. Taxoll cnoco6 
nOJBOruleT pacunqlltTb paMKH npKMeHemnl TeOpKK B p83JIH'lllb!X paC'leTax cj>H3K'lecKKX xapaKTepHCTMK peaKTOpoB. 

A COMPENSATED PERTURBATIONS METHOD FOR CRITICAUIY CALCUI.ATIONS AND REACTOR OPTIMIZATION. E.A. STUMBUR. 
Perturbation theory modification by means of lhe conception of reacllvl1y coefficients and Integrals Is proposed. This way extended frameworks of theory 
to various reactor physics calculations. 

BBE)(EHHE 

Me-roA KOMDeBCHpoaaHHhlx B03~eHHii (MKB) 

SIBJUleTCSI MeTOA0M onpeAe.JieHHSI KPHTHllecKHX napaMerpoB 
cepHH aapHaHTOB peaxropos Ha OCH0Be MHIIHM3JlbH0H 

HHq>opMaUHH O CBOHCTBaX HeKOTOporo "6asosoro" :eapHaH­
Ta. MKB CTpoHTCSI ucxoAll H3 o6w;ero HHTef'PaJlbBOro co­
onmmeauSI CBSl3b1B3IOIJJ;ero ll0TOKH H n;eHHOCTH HeHTPOHOB 
B peaKTOpe C rpaAl,leBTaMH M8KpocKOillflleCKHX ce'lleHHH Ha 

6a3e KHHeTnlleCKoro ypaeeeHHSI nepeuoca. 3ro noasom1er 

yc:raHOBHTb CB513b Me,KJcy K094><t:nm,HeHTaMH peaKTHBHOCTH 

MaTepHanos CTPYKTYPhl peaKTopa aa rpaeHn;ax OTJ:le.JibHl>IX 
30H H HHTerpanaMH peaKTHBHOCTH no OObeMaM T3KHX 30H. 
OTCIOJ:13 B03HHKaeT B03MOXHOCTh Cl{gTHSI Ol'paHH\lemm Ha 
neH3MeHHOCTb Hapy:xmoii rpamm,1,1 peaxropa (ooblllHOe yc­
JIOBHe TeopHH B03MytD.eHHH [1 - 3 ]) • a T3K)Ke DOCTpoeHH51 
Bapnau;H0HHOI"O COOTHOmeHHSI Me~y pa3MepaMH OTAe.Jib­
HblX 30H H HX COCTaBaMH npn coxpaHeHHH YCJJOBH51 

KpHTHllHOCTH CHCTeMbl. Ha OCHOBe nepBblX ny6JIHK3U,HH no 
MKB [ 4, 5] y)Ke 6blJIH rrOJJylleH1>1 ueKOTOphle npaKTH'lleCKHe 

pe3yJibT3Tbl no IIP0I'H03HpoeaHHJO KPHTJflleCKHX napaMeT­
pos B A0CTaro11uo nmpoK0M .I1Hanaaoee crpyKTYPHblX H3Me­
HeHBii peaKropos (cM. [ 6, 7 J H BAHT aa 1977 - 1988 m). 
Tauce 6bIJJa noKa3aHa B03M0:iKHOCTb Ha 0CHose HP 
(pacc\lHTaHHNX B AH<i><PY3HOHHOM npH6JimKeHHH) .IIOCTa­
T0\IH0 T0'IHO HaXOJJ.HTb 3HalleHHll KP Ha rp8HHD;aX 30H (rAe 
3To npu6mnicem1e HeKoppeKTH0) [8 ]. B ceere 3THX pe3yJib­
Taros npeJJ.CT3BJISleTCH IlOJie3HhIM 6onee CHCTeMaTH'YHO 

npeJJ.CTaBHTb ocnoe1,1 u s03MO)KHOCTB cnoco6a MKB, 'leM 

3TO 6blllO CAeJI8H0 paHbWC. 

I. K03<I>Cl>HLU1EHTbl H HHTErPAJlbl PEAKTHBHOCTl1• 

<l>yHKD;HSI pacnpe,qe.neHH51 Il.llOTH0CTH HCHTpOHH0ro IIOT0Ka 

<p(r, E, Q) H conpsi:)KeHHasi: <f>ye1CU,HS1 <p+(r, E, Q) ("ueH­

HOCTb"} B XPHTH'ICCKOM peaKTope Il0A'lHHCHbl 

KHHeTHlleCKHM ypaeeeHHSIM nepeaoca 

Q'il<p = iv,; -Q'il<p+ = i+I{)+ (1) 

npu CJle,tcylOID;HX rpaHH11HL1X YCJI0BWlX Ha BHemeeii (HeBO­

I'H)'TOH) noaepXHOC'rH rs= 

• Bc!O.ny no.11 r " Q nOIIKMBIOTCR &eKTOpbl '? " '5,KpoMe cj>opMyJJ 
(33). (34), (36) - (39). 

'l'(r5, E,Q) = 0 npu (Qn) < O; 

rp+(,s, E,Q) = 0 npH(Qn) > 0. 
(2) 

OnepaTopeoe e1,1pa)KeHue I<p MO)KH0 npeACT3BHTb (1, 2, 
5] B <f>opMe 

Lp e J dE' f dQ' 4~ X (E, E'fV'T.j.r,E')<p(r, E', Q') + 

+ J dE' J dQ'l:s (r; E', Q' -+ E, Q)<p(r, E', Q') -

- l:i(r, E)<p(r, E,Q). (3) 

3,Aecb npH1urr H30TpOilHblH cneKTP eeihpoHOB JJ.eJICHHSI X' 
a B .ts OObCJJ.BHCBhI see Bff.Ilbl paccesi:HH5l: ynpyroe, eeyn-

pyroe, (n, 2n) H AP· 

CorJlaCHO TOOpHH M8JlblX B03Myw,eHHii [ l, 2, 5 J BHe­

ceHHe H3MeHeHHlf B MaKpoCK0IIH'leCKKe ce\leHHR d fxv'T.11, 

d [l:s ], d [l:t] npnee,Aer K H3MeHeHmo k
3
¢: 

o(l/k~ =) I dV fdE f dQip+{J dE'fdQ'cpx 
Fye 

x(dfxvl:1J + d[l:s]) - o[:E1]<p}, (4) 

rAe Va - o61.eM, B K0TOpoM ceqemrn MeHSIIOTCSI. 

Kax HOpMHpy10ma11 BeJIH\lHHa B (4) BXOAHT J F -

HHTerpam.easa u,eHH0CTb eenTpoHoe .n,eneHlfSI (ll;Hll - no 

yCTaHOBRBmeijcsi: Tep.MHHOJIOl'HH pa6on,r [ 3 ]) BO sceM 001,e­

Me peaxTOpa: 

J F = I dVf dEfdQ<p+(r, E, Q)fdE'x 
VP 

xfdQ',:vIJ.r, E', )<p(r, E', Q') = 11,Hll. (5) 

3AeCb VP - DOJJHblH OOO>eM pea1<TOpa. 

"Manocrh" B03M~euuii, eoo6w,e rosopsi:, M0'1<e-r 

IlOHHMaTbCSI KaK B CMblCJie MaJJ0CTlf H3MCHCHHK celleHHH 
lo [l: JI « l:, TaK H B CMb!CJJe 3aMeTHblX H3MCHCHHH ce­

\leHHH, Hos BecbMa ManoM o6beMe: V
8 
= ~V«VP.B 'lac-

THOCTH, MOJKHO Ilpe,!J.CT3BHTb CJiy\laH, Kor.a.a 06J1aCTb 803-

Myw,eHHH, 0XBaTh1Ba10mall orpeCTH0CTb HCKOTOpOH TO'!KH 

r, ycrpeMJisi:eTCSI K HYJIJO: c5 V(r) ... 0' a H3MeHCHHSI MaKpo­
celleHHH COCT8BJISIJOT 

(6) 

3 
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