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Y.IQ{ 621.039 
AnropHTMbl pac'leTa KOMUOHeHT TpaHcnopTHOro TeH30pa 

s o6o6ll(eHHOM MeTO}le BepOSITHOCTeii nepBblX CTOJIKHOBeHHH 

M.H. I'ype6U'I, MA. KMyzu11, A.B. llpRHU'IIIUK06, O.B. TellbK06CKaR, /(.A. llJKapo6CKuii, 

PHU: "Kyp4aTOBCKHH HHCTmyr" , 123182, MocKsa, nn. Kyp4aTOsa, l 
Tiocryrrnna B pe.n.aKUHIO 17.12.2008 r. 

MeTO.n. BepollTHOCTeH nepBblX CTOnKHOBeHHH (BnC) .n.onycKaeT 06061UeHHe nyTeM BBe.11.emu1 B Ka)l(JJ.OH JOHe He­
CKOnbKHX yrnoBblX MO.II.. B pa6oTe npe!IJIO)l(eHbl anropHTMbl pac4eTa KOMnOHeHT COOTBeTCTBYI-OIUero TeHJopa nepBbIX 
CTOnKHOBeHHH. 3TH anropHTMbl He npeBOCX0.11.llT no Bbl4HCnHTenbHOH CJIO)l(HOCTH anropHTM pac4eTa MaTpm.J.hl B Tpa­
.11.HUHOHHOM MeTO,ue Bnc H TalOKe ,uonycKal-OT paC4eT CHCTeMbl, onHcaHHOH cpe,ucTBaMH KOM6HHaTOpHOH reoMeTpKH. 
npH pacqeTe TpeXMepHOH CHCTeMbl 4HCneHHO 6epyrcll HHTerpanbl KpaTHOCTH 4, !IJ]ll ,usyMepHOH reoMeTpHH - 2. reo­
MeTpJ,fl-feCKHe B03MO)l(H0CTH o6ecne4HBal-OTCll npHMeHeHHeM CTaH,uapTHOrO !IJ]ll MeTo,ua MOHTe-Kapno reoMeTpW!eCKO­
ro Mo,uyn.ll. 

J(J11o'leBb1e CJ1oea: o6o6meHHe MeTo,ua BTIC, TeHJOp BTIC, reoMeTpWJecKirn Mo,uynb, KOM6HHaTopHall reoMeTpH.ll. 

Algorithms to Calculate Components of the Transport Tensor in the Generalized First Collision Probability 
Method. M.l. Gurevich, M.A. Kalugin, A.V. Pryanichnikov, O.V. Tel'kovskaya, D.A. Shkarovsky. RRC Kl, Kur­
chatov sq. , I, Moscow, I 23182. The First Collision Probability method (FCP) supposes generalization by means of intro­
duction of several angular modes into each zone. This article suggests algorithms to calculate components of the corre­
sponding first collisions tensor. These algorithms do not surpass FCP method' s traditional matrix calculation algorithm in 
complexity of computing and also allow calculation of a system described by means of combinatory geometry. Order 4 
integrals for three-dimensional systems and order 2 integrals in two-dimensional geometry are calculated. Geometrical 
possibilities are provided by means of the geometrical module of the standard Monte-Carlo method. 

Key words: Generalized FCP Method, FCP Tenzor, Geometrical Module, Combinatory Geometry. 

Bse.n.enue 

MeT0.1l BTIC ycneurno npHMeWleTCR B pac4e­

rnx R.1lepHo-:mepreTH4eCKHX ycTaHoBoK, npeHMy­

mecTBeHHO )J.Jl.ll pac4eTa ll'!eeK R,D.epHbIX peaKTO­

poB [ l). HaH6onee HJBeCTHa nporpaMMa WIMS 
pac4ern MeT0.1lOM BTIC [2). KpoMe TOro 3TOT Me­

T0.1l HcnoJJbJyeTC.ll s nporpaMMax TBC-M [3], 

HELIOS [4, 5] H .n.pyrnx. 

MeT0.1lOM BTIC pewaeTcR crnuHottapHoe KH­

HeTH>tecKoe ypaBHemte OTHOCHTeJJbHO c(r, .Q, E) -
nJJOTHOCTH CTOJJKHOBeHHH tteihpOHOB: 

c = I:,T q; q = Sc + Ge + Q, 
r.n.e C - nJJOTHOCTb CTOJIKHOBeHHH, Sc - nJJOTHOCTb 

pacceHHJ.UI, Ge - nJJOTHOCTb reHepaUHH Hem-po­

HOB .n.eneHHR, Q - BHeWHHH HCTO'fIDIK, a q - COBO­

KYOHblH HCT04HHK. CHMBonaMH T, S HG o6oJHa-

4eHbt COOTBeTCTBYIOI.UHe onepaTOpbl. 

B MeTo.n.e BTIC npe.n.nonaraeTcH, 4TO see 

cj)yHKUHH He 33BHCRT OT HanpaBJJeHJ.UI .Q H noCTO­

.llHHbl Ha KOHe4HOM 4HCJJe npocTpaHCTBeHHblX o6-

nacTeH-30H. TipHMeH.lllOTC.ll rpynnosoe onHcattHe 

3aBHC11MOCTH OT 3HeprHH H TpaHcnopTHOe npH-

6nIDKeHHe. TaKoe cy)!(eHJ.1e KJJacca .n.onycTHMblX 

cj)yHKUHH eCTb OCHOBHOe orpaHH9eID!e MeTO,D.a. 

B MeTo.n.e BTIC onepaTOp T np.l!Moro nepetto­

ca npe.ucTaBJJ.lleTC.ll MaTpHuei1, pac4eT KOTOpOH -

0.!lHa H3 rnaBHblX 3a,D.a4 peam!33UHH MeTO.!l!l, 3a­

BHC.llll.la.ll OT CJIO)!(HOCTH HCnOJJb3yeMblX reoMeT­

pHH. B tta4ane 80-x ro.n.os npornnoro seKa B pa6o-

Te [6] npe.n.no)l(eH anropHTM pac4ern MaTpHUbI 

BTIC ,D.JJ.ll KOM6HttaTOpHbIX reoMeTpHH c noMOI.UblO 

reOMeTpH'-tecKoro M0.1lYJJ.ll nporpaMM pac4eTa ne­

peHoca MeTO.!lOM MottTe-Kapno. A.rrropHTM peam1-

3osaH Ha OCHOBe reoMeTpH4eCKHX MO.uyJieH npo­

rpaMMbl MCU [7] H ycosepwettcrnosaH B [8, 9]. 
B 3TO )!(e speMR p.ll.!l aBTOpOB yT04HHJIH MeT0.1l 

BTIC nyTeM pacwHpeHJ,fjJ .n.onycntMoro KJJacca 

cj)yHKUHH [ I 0, 11]. B npe.uenax K3)1(,D.OH 30Hbl BB0-

.1lHTIHCb npe,D.CTaBJJeHH.ll cj)yHKUHH JlHHeHHblMH 

KOM6HHaUJ,fjJMH yrnoBblX HJIH npocTpaHCTBeHHhJX 

rapMOHHK. TipH 3TOM B03HHKalOT TPY.1lHOCTH y1.teTa 

c11MMeTpHH cHCTeMbl. B 06b11.tHOM MeT0.1le BTIC 

HX He B03HHKaeT H3-3a He3aBHCHMOCTH .n.onycTH­

MblX cpyttKUHH OT yrna H npocTpaHCTBeHHblX KO­

op,D.HHaT B npe.uenax JOHbl. 

1. O601ua'1eHHH H 0CH0BHble 4>opMyJ1bl 

B pa6oTe paccMaTpHsaeTC.ll MO,D.eJJHpOBaHHe 

CB060.1lHOfO noneTa 4aCTHU OT T09KH po)l(.!leHJ.UI 

HJIH pacceRHH.ll .!lO CTOJlKHOBeHJ,fjJ, n03TOMY 3Hep­

rH.ll 1.tacTHU nocTO.llHHa so scex cpopMynax. B CHJJY 

3TOro 3aBHCHMOCTb Ce4eHHH OT 3HeprnH no.n.paJy­

MeBaeTCR, HO HBHO He YKa3bIBaeTC.ll. To4Ka cj)aJO­

BOro npOCTpaHCTBa (r, .Q, E) JanHCbIBaeTCR KaK (r, 
.Q), r.n.e r - noJJO)!(eHHe 4aCTHUbI, .Q - Hanpasne­

HHe noneTa, a E - 3Heprm1. B cTaTbe C4HTaeTcH, 

lfTO s npocTpaHCTBe Bbt6patta CHCTeMa KOOp.1lHHaT 
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1-1 mo6rui TO'-!Ka npocTpaHCTBa OTO)K)J.eCTBmleTCll c 

ee pa.neyc-seKTopoM. ,[J;a.nee 6yKBbI r , h, k , B03-

MO)KHO C HH,UeKCaMH, o603Hal.falOT 3Tl1 pa.neyc­

BeKTOpbI. 

TaK )Ke, KaK s [3], C'-IHTaeTCll, '-!TO BCll CliCTe­

Ma pa36ITTa Ha HenepeceKaiow.1-1ecJ1 o6nacTH, Ha-

3bIBaeMbie 30HaM11 (TO'-!Hee, nepecel.feHHll .nonyc­

KaIOTCll .D.JISI rpaH1-1u,). CHMBOJiaMH a 11 B 6y.nYT 

o603HatJaTbCll HOMepa 30H, a CHMBOJIOM Z13 - l.faCTb 

30HbI c HOMepoM B, npHHa.D.Jie)l(aw.all KOHTeliHepy. 

PaccMaTpHBaIOTCll He TOJlbKO orpaHH'-leHHbie CHC­

TeMbI, HO H nOJIHll'-lemrn, no.n KOTOpblMH nOHHMa­

lOTC.11 CHCTeMbl, CHMMerpH'lHbie OTHOCHTeJlbHO 

HeKOTOpOH peweTKH C,UBHrOB. <l>yH,naMeHTaJibHaJI 

o6nacTb OTHOCHTeJibHO 3TOH. peweTKH Ha3bIBaeTCll 

KOHTettHepoM 11 o6o3Ha'-laeTcll 6yKsoi1 C. 
Tio.n Xa nOHJ-IMaeTCll xapaKTepHCTHtJeCKall 

cpyHKU,Hll 30Hbl C HOMepoM a, T .e. Xa( r) = 1, eCJIH r 
Jie)l(HT B a-11 30He, H Xa(r) = 0 B np0THBHOM cny-

1.fae. Tio.n H(!>.) noHHMaeTcll npoeKUHll o6nacTH C 
Ha nJJocKocTb, nepneH.D.HKynllpeyio n 11 pacnono­

)l(eHeyio TaK, '-!TO BCll o6naCTb C Jle)KHT s TOM no­

JJYfipOcTpaHCTBe, Ky,na HanpaBJieH BeKTOp n. C'-IH­

TaeTC.11, '-!TO nJJOCKOCTb H(!>.) 3a,naHa O,UH03Ha'-IHO, 

HanpHMep, OHa KaCaeTCj{ onHCaHHOH ccpepbl. CHM­

BOIi h o6hI'-IHO o603Ha'laeT TO'IKY Ha nJJOCKOCTH 

H(!>.), db noHHMaeTC$1 KaK 3neMeHT nJJOll{a,UH. 

AHaJIOrH'lHO no.n dr nOHHMaeTC$1 3JieMeHT o6beMa, 

a no.n d!>. - 3JieMeHT TenecHoro yrna. 

B ,nanbHelirneM KOHTeliHep scer.na npe.nnona­

raeTcll BblnyKJiblM, n03T0MY OKa3bIBalOTC$1 OCMblC­

neHHblMH cne.nyiow.11e onpe.neneH11.11. 

Tipe,ncTaBHM IIYl.f B s11.ne {r + !>.t}, r.ne t > 0 -
napaMeTp. EcnH JIYl.f HMeeT ttenycToe nepecel.fe­

HHe C BHyrpeHH0CTblO KOHTeliHepa, TO t+(r, Q) 
eCTb paccTOllHHe .no TO'-IKH BbIXO,na r+ = r + ill+, 

Ecn11 K TOMY )Ke r ne)l(HT BHe BHyrpeHHOCTH KOH­

TeHHepa, B03MO)KH0 Ha rpaHHU,e, TO /_(r, Q) 03Ha­

l.faeT paCCTOHHHe .no TO'-IKH Bxo.na r - = r - Qt_. 

,[J;nll JII06bIX .nsyx TO"leK r1 H r2 '-1epe3 cpyHK­

UHIO T(r1, r2) o603Ha'laeTC$1 e,UHHHU,a, .neJieHHaJI Ha 

3KCnoHeHry OT onTH'-leCKoro paCCTOllHH.11 Me)l(,Uy 

HHMli, T.e. 

T(r,,r,) =(exp[cr(r,+Ot)dt, (I) 

r.ne D = I r1 - r 21 ecTb reoMerpH"leCKoe paccT0$1-

HHe Me)l(,Uy TO'lKaMH r1 H r2; Q - e,nHHH'lHblH 

seKTop 113 r1 B r2, T.e. n = (r1 - r2YD; cr(r) - non­

Hoe MaKpOCKOnH'-leCKOe Ce'-leHHe s TO'lKe r, o6o-

3Hal.feHHOe crpO'-lHOH 6yKBOH, lJT06bl He nyraTb co 

3HaKOM cyMMbl. 

B ,na.nbHeifrneM 6y.nyr 11cnoJJb30BaTbC$1 cpyHK­

UHH 1laJl(h, !>.), r.ne hEH(Q), onpe.neneHHble cne­

.D.yIOW.HM o6pa30M: 

1la11 (b,!>.)= 1 I T(h +nt,h + ns )x a (h + ns )xp (b + ru )dtds. (2) 
'- s 

}fa CHMMerpH'-IHOCTH cpyHKLl,HH T nOJIYl.fHM 

nerKo nposep$1eMoe paBeHCTBO 

f llap (b,!!)dh = f TJJla (p(h),-!!)dh, r.ne 

H(n) H(-n) 

p(h) - npoeKUHll H(Q) Ha H(-Q). TaKHM o6pa30M, 

MaTpHUa r = ( f ap) CHMMerpJ,11,{Ha, r.o.e 3JieMeHTbl 

MaTpHUhl r onpe.neneHbl KaK 

f 0 p =(4nf f f llap(h,!!)dbd!!. 
{l H(n) 

JierKO BH,UeTb, '-!TO H3BeCTHaj{ cpopMyna ,D.Jlj! 

BTIC B 3THX TepMHHax 3am-1chrnae-rcj{ KaK [1] 

pall = CJ ll f ap / Va , r .ne CJ13 - noJIHOe MaKpOCKOilHlfe­

CKOe cel.feHHe B 30He HOMep B. 
CHMBOJIOM Q(r, Q) o6o3Hal.faeTc$1 o6o6w.eH­

HhlH HCT0'IHHK, T.e. COB0KYnHOCTh BHernHero HC­

TO"IHHKa, reHepau,111-1 ,neneHHll H paccellHHll B T0"l­

Ke (r, Q). AHa.nOrHlfHO c(r, Q) - nJIOTHOCTb 

CTOJIKHOBeHHH, a <l>(r, Q) - noTOK. 8 3THX TepMH­

Hax nJIOTHOCTh CTOJIKHOBeHHll 3anHCh1BaeTCH KaK 

[1] 

4 

c(r,!!)=cr(r)<t>(r,!!), <t>(r,!!)= 
-

= f T(r,r-!!t)Q(r-!!t)dt. 
0 

2. TpexMepHble ct,opMyJILI o6~ero BH)J.a 

)).JIB 6eCKOUe'IHblX DOJIHH'leeK 

(3) 

O603HalfHM qepe3 'VI (/ = 0, 1, 2, ... ) HeKOTO­

pblH Ha6op nonapHO opTOrOHaJihHblX cpyHKUHH Ha 

e,UHHH'-IHOH ccpepe, HOpMHpOBaHHhlX paseHCTBOM 

f ( 'I', )2 
d!! = 4n . Tipe.nnoJIO)l(HM, 'ITO HCTO'-IHHK 

{l 

npe.ncTaBJieH pa3JIO)l(eHHeM 

Q(r,n)= Iqaµ "'µ (n)xJr ). 
a ,µ 

Ih cpopMyn (2) 11 (3) HeTpy.ntto nony'IHTh, '-!TO 

B 30He f3 HHTerpan nJIOTHOCTH CTOJIKHOBeHHH no 

o6beMY 30Hbl paBeH 



• 

ell ( Q) = f c ( r , Q) dr = 
Zp 

= (JJl L f llcrp (h,Q) L qcr11'l'/Q )dh = 
Cl H(O.) 11 

= all f Lllcrp (h,Q)'l'/n)qllµdh. 
H(O) ll,µ 

OpToroHanbHO cnpoeKrnpyeM cpyHKl.(11!0 c(r, 

Q) Ha K0HeY.H0MepHoe no)].npocTpaHCTB0, HaTHHY-

T0e Ha 6a:mc '1'1-X)l- TTp11 3T0M 11'1' 1- 11
2 = 4rr , a 

J~l = Vil , r)].e Vil - o6beM 30Hbl ~- TT011yY.11M 

np116m1)f{em1e c(r, Q), npe)].cTasneHHoe cpopMy­

noi:t L Cpi '1' 1.Xp, r)].e 
l.,Jl 

c!Jj. =-
1- f cp (n)'V) (n)dQ. TaKl1M o6pa.30M, 

471: ~ !l 

CJ 
C - ll"'H q Jl). - -V, L.J crJlµ). aµ , 

ll a,µ-

(4) 

r)],e K0Mn0HeHTbl Hapµ). TeH30pa H onpe)],enS110TCS1 

COOTHOWCHHeM 

,-------------------------------~ 

H aJlµ). =-
1 f f 'l'i!!)'i'A(n)iillJl(h,Q)dhdQ. 

4rr n H(n ) 

(5 

2.1. Coon11ww.enW1. Me:>1Coy K0Mn01-1enma.Mu 
men3opa. KoMnoHeHTbl TeH3opa H o6na)],aIOT cne­

.ll.YIOLU11Ml1 Cl1MMeTpH.!!MH: 

Harr)..µ = Hapµ;. ; ( 6) 
Hap>.µ= Hr,o;..µ, (6a) 

eCJTH \j/µ 11 \j/).. - o6e t:feTHble cpyttKL(l1H OT Q 1111H 

o6e Het:feTHb1e; 

(66) 

ecn11 O.ll.Ha 113 \j/ 4.eTHaSI, a .ll.pyraS1 HeY.eTHa.11. 

B cnyqae c11cTeMbl, 3aH11Maiomei1 see npo­

CTpaHCTBO, KOMnOHCHTbl TeH30pa Y.ll.0BJTeTBOp.!!lOT 

paseHCTBaM, aHanorl1l{HblM paBeHCTBY C)],HHHL(e 

cyMMbl Plj no HH)],eKcy j s 06h1Y.HOM BTTC. 

TTo)].CTaBHB s cpopMyny (5) Bblpa)f{CHHe (2), 
n0JTYt:f11M cne)],YJOLUCC paseHCTBO: 

'· -
4rrHaJlµ). = f f 'l'/n)'l',.(n)f f T(y,x)xa(x)xly)dtdsdhdQ , 

n H(n ) ,_ s 

r)],e x = h + Qs, y = h + fit. 3aMeHa nepeMeHHbrx HHTerp11posaH1111. )],aeT 

-
4rrHaJlµ). =ff 'l'µ{n)'l'/n)f T(Qt,O)xlx+Qt)dtdQdx. 

z. n o 

IlpocyMM11pyeM 3TO pasettcrno no Htt)],eKcy ~ 

c secaM11 crp. Tor)],a nocne nepetteceHH11. cyMMHpo­

BaHJ,1.11 Ha caMbIH BeyTpeHHHH ypoBCHb BeyTpCH­

HH:H HHTerpan 6yAeT 11MeTb cne)],y10mee 3Ha4ett11e: 

f T(Qt + x,x) Lp crpxp(x + Qt)dt = 
0 

- -
= f T(Qt + x, x)cr(Qt + x, x)dt = -f dT(fit + x, x) = 1. 

0 0 

no)],CTaHOBKa B npe)],bl)],YLUYJO <pOPMYJTY )],Jl.11 K0M­

noHeHT TeH30pa )],aCT, Y4HTbl8a.!I HOpMHpOBKY H 

opTOroHanbHOCTb cpy HKL(l1H 'l'a, 

Lil crJlHaJlµ). = 

= ( 4rrf1 ff 'I'/ Q )'I' .. ( Q }:lndx = V/)µ>., (7) 
z. n 

r)],e 8ap eCTb CHMB0Jl KpoHeKepa, paBHblH C)],11Hl1L(e 

npH a= ~ 11 HYnlO npH pa.3Hb[X 11H.ll.CKcax. CHMBOJT 

Va o6o3HaY.aeT o6beM 06nacT11 Za. 

2.2. CoomuoULeHWI. Me:>1Coy KOMnoHeHmOMu 
npu CUMMempuu cucmeMbl. KoMnOHeHThl TeH3opa 

H B C11MMeTp114HOH CHCTeMe cs.113attbI .ll.py r c .ll.PY· 

roM )],On0JTHHTenhHblMl1 COOTHOWeHHJI.MH. npe.n­

noJlO)l(J,IM, 4TO paCC4HTbl8aeMa11. Cl1CTeMa HMeeT 

0)],HOP0.ll.ttyfO CHMMeTpHIO, T.e. cymecrnyeT opT0-

roHanbHOe npeo6pa.3osaHHe U TaKoe, 4TO mo6a11. 

<PYHKL(l1ll f, o n11Cb1BaIOLUa.!I CHCTeMy, o6na)],aeT 

csottcTBOM ./(Ur) = ./(r) )],Jl.11 nI06ott T04KH r. B 

3T0M cny4ae BbmOnHSICTCll paseHCTBO 

llap (h,Q)= Ttall (Uh, UQ). 
B cpopMYne (5) c.nenaeM 3aMetty Q Ha UQ. 

ITonyY.11M Bblpa)f{eHHe 

H a/liu- = -
1 f f 'Vµ(Un)'V;_(Un)11a/l(b,UQ)dhdQ. 

41t !l H(U!l) 

3aMeHHB h Ha Uh, nonyY11M uenOYKY pasettcTB 

5 
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r 

Haf,µ).. = -
1 f f 'l'µ(un )'l'~(un)riajl(Uh, un p11tdn = 

41tnH(n) 

=-
1 f f 'l'µ{U!!)'lfi.(U!!)riap{h,!!Jl'hdfi= 

4n nH(n) 

=_If 'lfiV!!) 'l'i.(U!!) f Tlap(h, !! Jl'hd!!. 
4n n H(n) 

EcJU1 npoc-rpattCTBO, HanlHyroe Ha BbI6paH­

HbIH Ha6op yrnoBbIX rapMOHHK, HHBapliaHTHO OT­

HOCHTeJibHO npeo6pa.30BaHH.II u H cyru.ecTByeT 

KBaJJ.paTHaJI. MaTpHua A = ( a; ), ,ll,Jl.11 KOTOpOH Bbl-

noJIH.lleTC.11 ycnOBHe 'I'µ (Un)= L a;'I' ..( n), r.ne 

" 
1( - HOMep rapMOHHKH, TO HMeeT MeCTO paBeHCTBO 

Hapµ).= LLa1:a;Hap,_., . (8) 
K V 

3. ,U:syMepub1e cl>opMyJibl AJIH noJ1HH11eeK 

Ilo.n .nsyMepHOH n0HHMaeTC.11 CHCTeMa, 0,D.HO­

po,D.HaJI. no OCH Z (pHC. 1 ). Ilo.n KOHTeHHepoM .nsy­

MepHOH CHCTeMbl 6y.neT nOHHMaTbC.11 HeKOT0pa.11 

<trnrypa K Ha IUIOCKOCTH OXY. 
EH B TpexMepHOM npoc-rpaHCTBe MO)l(HO no­

CTaBHTb B COOTBeTCTBHe 3aMKHyrylO o6naCTb 

{(x,y,z):~(x,y)~z~[~(x,y)+I]}, r.ne ~, 

soo6ru.e rosop.11, mo6aJ1. cpyttKUIDI, a (x, y) ne)l(HT B 

K. Ilo.no6Ha.11 cpyttKUH.11 TaK)l(e onpe.nem,er -rpex­

MepHbie nepece'leHH.11 KOHTeHHepa C 30HaMH 

{ ( x, y, z) : ( x, y )=Za, ~ ( x, y) ~ z ~ [ ~ ( x, y) + 1 ]} . 

B ,D.eHCTBHTeJibHOCTH HeT tty)l(.D.bl paccMaTpHBaTb 

npOH3B0JlbHbie <pyHKUHH /;, ,D.OCTaT01-rno orpaHH­

'IHTbC.11 JIHHeHHbIMH. Ba)l(HO TO, 'ITO npH HHTerpH­

posaHHH ,ll,Jl.11 noJI)'l{eHH.11 KOMnOHeHTbl Hof,).µ M0)l(­

H0 JJ,JHI KIDKJJ,oro n Bbl6HpaTb CB0IO <PYHKUHIO t 
Ha116onee ecTecTBetttta n11Hei1tta.11 cpyttKUH.11 sH,D.a 

z 

n 

y 

PHc. I. Tipoee.neHHe nyqei,i JlJHI .llB)'MepHoH CHCTeMbt 

6 

~(x,y) = ( x.n., + yO.Y )n)( n; + O.! )+ const. 

IlpH TaKOM Bbl6ope cpyHKUHH ~ ( x, y) BeKTop .Q 

OKa.3b1BaeTc.11 napanneneH eepxtteMy 11 HH)l(HeMy 

OCHOBaHH.IIM TpeXMepHoro KOHTeHHepa, a nepece­

'leHHe nnocKOCTei1 octtoeaHHH c OXY nepneH.D.H­

Kyn.11pHo Q (pHC. 2). 
O603Ha'IHM qepe3 l(Q) np.11My10 B IUI0CKO­

cn, OXY, nepneH.D.HKyn.11ptty10 n 11 pacnono)l(eH­

ttyIO TaK, '-ITO BC.II o6naCTb K Jie)l(HT e TTOJIYIUIOC­

KOCTH, ey.na ttanpasneH eeKTop (n.,, n y, 0). Ha 

p11c. 2 np.11Ma.11 L(Q) npoxo.n11T qepe3 TOl!KY h H ee 

HanpasneHHe 3a.naerc.11 seKTopoM m. Tor.na MO)l(H0 

no.no6paTb KOHCTaHry a cpopMyne ,D.JI.11 ~ TaK, '-ITO 

nJIOCKOCTb, co.nep)l(aUJ.aJI. np.11My10 L(Q) H BeKTOp 

fi, COBnaJ].aeT C HIDKHHM OCH0BaHHeM KOHTeKHepa 

(pHC. 2). 
Ha pHC. 3 TT0Ka3aH0 ce'lettHe CHCTeMbl nnoc­

K0CTblO, npoxo.n.11ru.eii qepe3 T0'-IKY h, seKTop n 11 

ttanpasneHHe OZ. 11tnerp11posatt11e no H(Q) ceo­

.D.HTC.11 K HHTerpHp0BaHHIO no nonoce B IUI0CK0CTH, 

npoxo.n.111.uei1 qepe3 L(Q) 11 nepneH.D.HKyn.11pttoH n. 
KaK BH,D.HO H3 pHC. 3, WHpHHa 3TOH noJIOCbl 

eCTb sin0, r,D.e 0 - nOJI.llpHbIH yron, T.e. 

.n., =sin0cos<p, Q Y =sin0sin<p, Q= =cos0. 
I-fa 0,D.HOp0,D.H0CTH no BblCOTe cne.nyeT, 'ITO HHTe­

rpan 3aBHCHT JIHWb OT npoeKUHH TOl!KH nOJIOCbl 

Ha L(Q). TaKHM o6pa30M, 

f Tlapdb = sin 0 f Tlapdp, p E L ( Q) . (9) 
H(n ) L(n ) 

Ilp11 3TOM e cpopM)'ne ,ll,Jl.11 cp,._ no.n o6beMOM Vp 
nottHMaeTc.11 IUI0UJ.aJJ.b npoeKQHH Zp Ha OXY. B 

,D.aJibHeiiweM JI106a.11 cpyHKUH.11 'I'µ HMeeT BH,D. 

X 

PJ.IC. 2. Tipoee.nelU!e Jl)"-le/:i .ll)UI .aeyMepHOH CHCTeM1,1, 

OCHOBaHIUI KOHTeAHepa napan.neJTbHbl n 



P11c. 3. ITpoee.ueH11e Jly"leli .llJUI .ueyMepHoi1 c11cTeMb1, 
BH.U c6oKy 

'-Vµ(Q) = '-V/0,cp) = '-Vµa(0)'-Vµi <p). (IO) 

AHaJ1HTH1!eCKoe B3»nte HHTerpanos npespa­

maeT TJ(h, fl) s cyMMhl cne.n:yiomHM o6pa30M. 

Ilp11 a = B, k = I 11 ak = b1 nOJ1Y'-1aeTc» Bb1pa­

)Kem1e ( Ga ) -
2 

( Ga (ak - ak-l )-1 + exp(--rk)). 

0603Ha4HM nony'-!eHHble Bblpa)KeHJ,!jJ 4epe3 

B CJ1Y4ae JJ.ByMepHOH CHCTeMbl cosepweHHO 

»CHO (p11c. 2), '-!TO 4HCJ10 HHJJ,eKCOB k H / B cyMMe 

3aBHCMT OT Ha'-!aJlbHOH TOl..fKH nyl..fa p , ropH30H­

TaJlbHOro HanpasneHHR, 3aJJ,aHHOro yrnoM q:,, HO He 

3aBHCHT OT 0. Eonee Toro, H3 pHCYHKa BH.UHO, '-!TO 

eCJlH o6o3Hal..fHTb 4epe3 Gk, b,, T./k, T.k, T./ semt411Hbl 

npH 3TOM npstMa» L(fl) = L(0, q:,) OOJlHOCTblO on­

peJJ,eJleHa 3Hal..feHHeM q:, (p11c. 2). 
)J:syMepHble CHCTeMbl HHBapHaHTHbl He TOJlb­

KO OTHOCHTenbHO C,llBHra no OCH oz, HO H OTHO­

CHTeJlbHO oTpa)l(eHJ,!jJ OT nnocKoCTH OXY, no3TO­

MY ttanpasneHHe (0, cp) 3KBHBaJleHTHO Hanpasne­

HHIO (n - 0 , cp), cne.uosaTeJTbHO, see cpyttKI..\HH no­

TOKa l..faCTHL( l..feTHbl OTHOCHTeJlbHO COS0. 

4. YMeHbWeHHe KpaTHOCTH UHTerpaJIOB 

ITepece'-!eH11e 11y,--ia {h + Qt}, / ~ t_ , c JottaMH 

06pa3yeT .usa Ha6opa oTpe3Kos: 

• (ao, a1), (a2, a3) ... (am ,,a,,,) )] ,JUI Zan C; 
• (bo, bi), (b2,b3) .. . (b,,_,,b,,) .UJlll 30Hbl B. 

Mo)KHO C'-IHTaTb, '-!TO oTpe3KH .llJl» KIDK.D.OH 30Hbl 

ynopn.uo'-lettb1: a2k-1 < a2k; b2k , < b2k .unn 11106 b1x k. 
EcnH 1-rn.ueKcb1 a 11 B cosna.uaioT, TO nepsbtH Ha-

6op eCTb '-!aCTb BTOporo. 

5ICHO, '-!TO HHTerpan B onpeJJ,eJ1eH11H cpyHKL(HH 

lla~ MO)l(eT 6b1Tb pa36HT Ha cyMMY HHTerpano s, B 

KOTOpblX HHTerp11posaHHe no S seJJ,eTC» no OYpe3-

KY (ak, ak+i ), a HHTerpHposaHHe no t - B npeJJ.eJiax 

oYpe3Ka (b ,,b1+1), np114eM, ecn11 ak+1 S b,, '-ITO B 

CJTY4ae (l t ~ scer.ua BblTTOJlHReTC», TO HHTerpHpO­

BaHHe not seJJ,eTCll no sceMY OTpe3KY (b ,,b1+1)-
Y'-IHTb1Basi, '-!TO B KIDK)].OH 30He MaKpOCKOTTl1-

l..feCKOe ce'-leHHe TTOCTO»HHO, 3TH HHTerpaJlbl MOryT 

6b1Tb B3Hbl aHaJlHTH'-!eCKM ([ 1 ], [2] HJlH [3]). TaK 

)Ke, KaK 8 [) ] , onpeJJ.eJlMM T.k/ KaK OITTH'-!eCKHH nyrb 

OT TO'-IKH Gk )],0 TO'-IKH b1 I, T.k - OnTH4eCKl1H nyrb 

OT ak , .uo ak 11. -r;- onTH4eCKHH TTYTh OT b,_1 JJ.O b1. 

TorJJ.a npH ak S b1_1 nony'-IHM .llJlll l..fneHa cyM­

Mbl Bblpa)KeHHe 

( )
- 1( exp(- -rk1)- exp(--rk, - -rk)- ) 

Ga G~ , , . 
-exp(- -rk, - -r, ) + exp(--rk, - -rk - -r, ) 

gki(p, 0, q:, ) , npH 3TOM nOJlO)l(HM gkl = 0 ,llJlSI CJTY4aS1 

b, s Gk+ J· 

,Unsi TpexMepHoro cnyl..fa» nony4aeTc» Bb1pa­

)KeH11e 

.llJlll 0 = 1fi2 H HeKOTOpblX 3Hal..feHHH p 11 q:,, TO .llJl ll 

Tex )Ke 3Hal..femti1 p, q:, H nio6oro 0 cooTseTcrny io­

IUHe seJTHl..fHHbl 6yJJ.yr paBHbl: a/sine, b/sin0, 

T.1/sin0, T./ sin0, T./ sin0. TorJJ,a KOMnoHeHTa TeH3o­

pa HMeeT cneJJ.ylOIUHH BH)],: 

5. <l>opMyJJbl AJJH «t,yuKu.nii Jlemau.npa 
,nJJH .nsyMepuoro cJJy'laH 

TaK KaK .uanee 6yJJ.YT 11cnonb30BaTbCll ccj>ep11J 

YeCKHe cj>y HKL(HH Jle)l(aHJJ,pa, TO MO)l(HO CJJ,eJlaTb 

cneny,ow.He 3aMeYaHHst. <DyHKI..\HH \j/ µ<p Moryr 

6hITb m160 cos(mq:,), m160 sin(mq:,), m160 I. <l>yHK-
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UHH '1'118, paccMaTJ>HBaeMbie KaK cpyHIGJ.IUi cos0, 
m160 YeTHbie, 1rn60 HeYeTHbie. CornacHo 3aMeYa­
HHIO B KOHUe npe.nb1eymero pa3.nena, pa3JIO)l(emt:e 
se.neTC.H Jil1illb no YeTHblM cbvHKUH.HM. KaK y)l(e 

HanOMHHM onpe.neneHH.H [ 12], Heo6XO.ll11Mble 
.llJIJI ,llaJibHeHlUero 113JIO)l(eHHJI. )];nJ! JJJ06oi-t napbl 
0 'S m SJ onpe.neneH np11coe.D:irneHHbIH nonHHOM 

Jle)l(aH,llpa P/' ( x) . 

IlpH m = j 
P;"' (x) = 2j(2j -1) ... (j + l)r 1 (1- x2 

)
112

. 

Ilp11 m + l = j 
P/'(x) = 2}(2}-1) ... (j + I)r1 x(l-x2)u-•>12

. 

IlpH m < j 11MeeTCJ1 peKYppeHTHaJI cpopMYJia 

P"' = ((2j+l)x~m -(j+m)~":_1)/ 

;+1 /(J-m+l). 

Ilp11 YeTHOM m P/'(x) ecTb MHoro4-JieH cTe-

6bIJIO B11.llHO, BCe BeJJl14-HHbl gkl YeTHbl no cos0, T.e. 

.llJI.H KOMnoHeHT TeH3opa gd .. n/2 - 8) = gki(_n/2 + 8). 
HHTerpan MO)l(eT 6blTb 3aill!CaH KaK 

(12) 

neHH j , npH HeYeTHOM m ~m /~ eCTb MHO­

roYJieH cTeneHH j - l . TipH YeTHOH cyMMe m + j 
cpyHKUH.H P/' (x) qeTHaJI ( see CTeneHH X YeTHbJe ), 

npH HeYeTHOH CYMMe m + j cpyHKUH.H ~m ( X) He­

lleTHaJI. Cne.nosaTeJibHO, .llJIJI .llByMepHblX CHCTeM 
,llOCTaTO'IHO paccMarp11BaTb JIHillb MHOfO'IJleHbl C 
t.JeTHOH cyMMOH m + j. 

OpToroHanbttOif c11cTeMoif cpyHKUHH oT q>, 'I' c 
npHHJITOH paHee HOpMHpOBKOH, a HMeHHO, HHTe­
rpan KBa.D.parn cpyttKUHH no ccpepe ecTb 4n, cny-

)l(HT CHCTeMa <pyttKUHH 'I'; (0, q:>) (0 ~J. 
-j ~ m ~j), onpe.neneHHaJI cneJlYIOIJ.lHM o6pa3oM: 

\(I~= ..J2J + 1 · P/(cos0) = K~~
0
(cos0)\(l~(q:>),m=O; 

\(1~1 =( 2(2} ~ l)(j + m) !Jo,s ~-m (cos 0) cos(mq:>) = K;' ~ -m (cos 0)'1'; ( q:>), m < O; 
(J-m)! 

\j/;1 = ( 
2(2} ~ l)(j - m) 'Jo,s ~m (cos 0)sin(mq:>) = K;' ~m (cos 0)\jJ; ( q:>), m > 0, 

(1+m)! 

r.ne K; = K;"' ; 'I'; ( q:>) = cos( mq:>) np11 m 'S O; 

'l';(q:>) = sin(mq:>) np11 m > 0. 

l:l.eTHOCTb HID! Het.JeTHOCTb 3TOH CHCTeMbl 
cpyHKUHH OTHOCHTeJibHO cos0 COBna,zJ.aeT c '-leTHO­
CTblO HJIH HelleTHOCTblO cyMMbl m + j. 

IlpH <pHKCHpOBaHHOM 0 JJI06aJI BeJIH'-IHHa gkJ 
npe.ncTaBJ)j{eT mmei-lttyJO KOM611Haumo Bbtpa)Ke­
HHH o.nHoro 113 rpex s11.nos: exp(- t /s in0), s/sin0 
HJJH l , np11"'-leM t, s 11 Ko3cpcp11u11eHTbt JJHHei-lHoi-1 
KOM61rnaUHH He 3aBHC.slT OT 0. 

Y .no6Ho c.nenaTh cneeyJOIJ.lee npeo6pa3oBaHHe 
q>OpMYJI .llJIJI npHCOe,llHHeHHblX nOJIHHOMOB ne-

)l(aH,llpa, Onpe.neJIHM cpyHKUHH A; 11 s; 
( m ;?: 0, k ;?: 0) paseHcTBaM11 

A; ( sin 0) = P,,~~2k ( cos 0); 

B; (sin0)cos0 = P,,;~ik+i (cos0) , (15) 

r.ne 8 JJe)l(HT B oTpe3Ke [O, n]. 

8 

,[{anee 1m.neKc ).. TeH3opa 6y.neT 3aMeHeH Ha 
napy HH,lleKCOB j 11 m, a HH,lleKC µ - Ha napy i H n. 
To, 'ITO pa3JIO)Kem,1e Be,lleTCJI JIHillb no '-leTHbIM 
cpyHKUHJIM, .naeT HettyJieBOH K03cpcp111.1.11eHT JIHlllb 
npH '-leTHblX i + n, T.e . .llOCTaTO'IHO paccMarpHBaTb 
TOJlbKO l{eTHbJej + m Hi+ n. <l>OpMYJia (12) 6y.neT 
HMeTb BH.ll 

(14) 

Bblpa)KeHH.sr .llJIJI Pn:' 11 pn~+I B 3THX o603Ha­

YeHHJIX .na.zzyT COOTBeTCTBeHHO 

,1m ( • S)-((2m%! ] • "'S. 
L'{) Sill - ( m ) sm ' 2 m! 

B m ( . 0) - ((2m +%)' ] . me 
0 sm - ( ) Sill . 2m 1 m. 

06a 3TH Bblpa)KeHH.H eCTb MHOro1rneHbl OT sin8. 

PeKyppettTHaJI cpopMYna np11 j = m + 2k + 1 

.naeT paseHCTBO, onpe.neJ)j{JOIJ.lee AZ~1 , 

0 



+ 

I 

0 

"' (. 
8
)_ (2m+4k+3)(1-sin28)B;'(sin8)-(2m+2k+l)A;'(sin8) 

Ak+I Sin - ----------~----------"----. 
2k+2 

TTp11 j = m + 2k + 2 nony<rnM 

B
m ( . 

8
) = (2m + 4k + 5)A;~1 (sin 8)- (2m + 2k + 2)B;' (sin 8) 

k+i s1n . 
2k+3 

TaKHM o6pa30M, BCe cpyHKUHH A;' H B;' eCTb 

MHoro4neHbI oT sin0. ~anee B 3TOM no.upa3,n.ene 

sin0 6y.ueT 0603Ha4aTbC.sl 6yKBOH y. 

O6be.D.HH.sl.sl Bblpa)KeHH.sl .!J.n.sl ,4/;' H B;' C pe-

KyppeHTHblMH cpopMynaMH .un.si AZ~1 11 BZ~1 , no­

ny4HM, '-!TO A;' (y) H B;' (y) HMelOT BH.D. npoH3-

Be.ueHH.sl y"' Ha MHOro4neH CTeneHH 2k, COCTO.sllUHH 

nHWb 113 4eTHbIX CTeneHeH, T.e. 

a moo = (2m !)/ (2"' m !) = (2m -1) !/ (2"'-1 (m -1) !) ; 

bmoo = (2m + 1) !/ (2"' m !) = (2m + l)amoo 

k 

A"'( ) "'""' Jv k y = y L.Jamk\,y- ; 
. v=O 

k 

B"' ( ) m""' b 2v 
k Y = Y L.J mkvY · 

v=O 

PeKyppeHTHbJe cpopMynbI .un.si MHOro'-lneHOB 

npeo6pa3yIOTC.si s cne.uyiomHe paseHcTBa, onpe­

.uen.s1101UHe K03cp<pHUHeHTbl MH0ro4neHOB: 

am,k+l,O = ( (2m + 4k + 3)b.,ko -(2m + 2k + l)amko )/ (2k + 2) ; 

am,k+l,v = ( (2m + 4k + 3)(bmkv -bmkv-1 )-(2m + 2k + l)amkv )/(2k + 2)' 0 < V ~ k 

am,k+l,k+I = -(2m + 4k + 3 )bmkk /(2k + 2); 

bm,k+l,v = ( (2m + 4k + 5)am,k+I,v -(2m + 2k + 2)bmkv )/(2k + 3), 0 < V ~ k; 

bm,k+l,k+l = (2m + 4k + 5)am,k+1,k+l/(2k + 3) (16) 

3TH cpOpM)'nbl n03BOn.slIOT HanHCaTb 3neMeH­

rnpHbie nporpaMMbl reHepauHH sse.ueHHblX MHO­

ro4neHOB. OTMeTHM, '-ITO 411cna b.,1cv 11cnonb3)'10T­

c.!l nHWb .un.si pac4eTa senH4HH am,k+l,v . KaK y)Ke 

YKa3aHO, He06XO.D.HMO HHTerp11posaTb TOnbKO Ta­

KHe npOH3Be.ueHH.sl np11coe.u11HeHHblX MHOr04ne­

HOB Jle)KaH.upa, .un.si KOTOpblX 111 + j H n + i 4eTHbl, 

.un.si OCTanbHblX KOM6HHaUHH HH.D.eKCOB 4neHbl 

TeH30pa ttyneBble, T.e. Heo6XO.D.HMO HHTerp11po-

Am ,1n 
BaTb TOnbKO npOH3Be.D.eHH.sl BH.D.a k ''-6 . 

PaccMOTpHM KOM61mau1111 3THX O.D.H04neHOB, 

Am ,111 
C0CTaBn.sllOlUHX npOH3Be.ueHH.sl k -''-6 , C pa3nH4-

HbIMH cnaraeMblMH g1c, H 803bMeM COOTBeTCTB)'lO­

lUHe HHTerpanbl: 

n /2 f (sin20sin "8 )exp(-. / sin0)d0 = Kiv+/•); 
0 

n /2 n/2 f (sin20 sin "8 / sin 8)d0 = f sin v+led8 = K.iv+iCO); 
0 0 

n /2 n /2 f sin2 0sinv0d0= f sin"+2 8d8=Kiv+iO). 
0 0 

3TH HHTerpanb1 npe.ucrnsn.siIOT co6oi1 cpyHK­

UHIO bHKnH, .un.si Bbl'-IHCneHH.sl KOTOpOH npH n10-

60M v ~ 0 ecTb xopowa.si nporpaMMa. 

OueHHM Tenepb '-IHCno HettyneBblX K0MflO­

HeHT TeH3opa. TTp11 pa3nO)KeHHH no np11coe.u11-

HeHHbIM nonHHOMaM Jle)KaH.D.pa o6bI4HO paccMaT­

pHBalOT Bee nomtHOMbl, CTeneHb KOTOpblX He npe­

BbIWaeT HeKOTopy10, 3apaHee onpe.ueneHHYlO KOH­

CTaHTY, KOTopyIO o6o3Ha4HM J, np114eM cTeneHH 

K0CHttyca 11 CHttyca C'-IHTalOTC.sl y 06e11x cpyHKUHH 

e.D.HHHUeH. TaKHM o6pa30M, nony4HM HepaBeHCT­

Ba O $ I m I $ j $ J, 0 $ I n I $ i $ J . 
Bcero HMeeTc.si I + 3 + ... + (2.J + I)= (J + 1)

2 

nap HH,D.eKCOB (m,J) 1111H (n, i). }:b 3THX nap I + 2 
+ 3 + ... + (J + I) = (J + l)(J + 2)/2 HMelOT t.JeTHble 

cyMMbl m + ) , a J(J + 1)/2 - He4eTHbJe, n03TOMY 

coorneTCTBYIOlUHe HM <PYHKUHH He BXO.D..s!T B pa3-

no)KeHHe. TaKHM o6pa30M, Ka)K.!J.OH cp11Kc11posatt­

HOH nape ca, 13) " npOCTPaHCTBeHHblX" HH.D.eKCOB 

COOTBeTCTBYIOT (J + I )2(J + 2)214 HeHyneBble KOM­

noHeHTbl TeH3opa H. ~a)Ke ecnH orpam1411TbC.s1 

TpeTbHM nop.!1,D.KOM pa3nO)KeHJ-rn, nonyqaIOTC.sl 100 
HeHyneBbIX 4neHOB, '-!TO npH 6onbWOM KOn114eCT­

se reoMeTpH4eCKHX 30H MO)KeT np11BeCTJ,! K or­

poMHblM o6beMaM Bbl4HCneHHH. 

JlerKO BH.D.eTb, 4TO MaKCHManbHa.sl CTeneHb 

MHOr04neHa (no CHHycaM H KOCHHycaM) BCTpe4a­

eTC.sl np11j = J 1-1 He 3aBHCHT OT f/1. Cne.uosaTenbH0, 

noTpe6yIOTc.si Ta6nHUbI cpyHKUHH 611KnH no Ki2,J+3 

BKnl04HTenbHO. C .upyroH CTOpOHbl, paccMaTpHBa.sl 

TOnbKO CTapwHe CTeneHH, nerKO ycMOTpeTb, 4TO 
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Ha"IHHasl OT Ki3 nomui.o6HTcsr see cpyHKUHH 6e3 

nponycKOB, T.e. scero noHaJJ,o6HTcsr 2/ + l Ta61rnu 

cpyHKUHH nHKJlH. O;lHaKo, TaK KaK OHH 6Y.llYT pac­

C'lHTaHbI 3apaHee, HX 'lHCJlO He Bbl3bIBaeT 3aTpyJl­

HeHHH. 

3aKmo11eeue 

MeTOJl BTIC xopowo ce6sr 3apeK0MeH)lOBaJ1 

)lJl.sl pac"leTa CHCTeM C nO"ITH H30TpOnHblMH. nOTO­

KaMH.. OJlHa H.3 ero caMblX npH.BJleKaTeJlbHblX qepT 

3aKJ1101.JaeTCsr B B03M0)KHOCTH HCTTOJlb30BaTh reo­

MeTpHIO CHCTeMbl npaKTH"leCKH 6e3 ynpomeHHH. 

C JlpyroH CTOpOHbl, psr)lOM aBTOpOB [ l 0, 11] noKa-

3aHO )lJisr cneUHaJlbHblX reoMeTpHH, 4TO orpaHH-

1.JeHHe Ha H30TpOnHOCTb nOTOKa MO)KeT 6b1Tb 1.Jac­

TH"IHO npeo)lOJleHO BBe)leHI-feM pa3JlO)KeHHsr no 

yrny. 
B pe3yJibTaTe npose)leHHoro B HacTosrmei-1 

pa6oTe HCCJle)lOBaHHsr nOKa3aHO, "!TO pa3JlO)KeHHe 

nOTOKa no yrnOBblM rapMOHHKaM MO)KHO peanH-

30BaTb COBMeCTHO C KOMfornaTOpHOH reoMerpHeH, 

npH'leM nonyqa10m11ecsr Bbl1.JHcmneJ1bHb1e MeTo­

JlhI He CJlO)l<Hee, 4eM )lJlsr TPaJJ.HUHOHHOro MeTO)la 

BITC. TipeJlJIO)KeHhI 06m11e cpopMynb1 )lnsr yrnoso­

ro pa3JlO)KeHH.st, a TaIOKe cpopMYJlbl )lJlsr Tpex B03-

MO)KHblX Ha6opoB rapM0HHK C npOH3B0JlbHblM HX 

4HCJ10M B Ka)K)l0M Ha6ope. B pe3yJibTaTe B03HHKa­

eT OCHOBa )lJlsr nporpaMMHOH peanmau.1-111 HOB0ro 

MeTO)la paC4eTa n0T0KOB HeHTp0HOB B aKTIIBHblX 

30Hax, 6onee TO'lH0ro 1.JeM BTIC. 
,lJ;attttasr pa6oTa BbmonHetta npH noJl)lep)KKe 

OAO "KottuepH "3tteproaToM". 
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Y,IU( 621.039 
Pa3pa60TKa KOHe"IHO-pa3HOCTHhlX ypaBHCHHH, 

OTIHCblB310lllHX JlHCnepCHIO ueiiTpOHHblX IlOTOKOB B peaKTope 

H.H. J/(IJlemu11, A.A. KoaOJ1u1uu11, 
PHU, " Kyp4aTOBCKHH HHcrn,yr", 123182, MocKBa, nn. Kyp4aTosa, 1 

ITocrynHna B pe.naKUHIO 05.12.2008 r. 

O6cy>l<neHhl pa31Hf'-1Hble HCTO'-IHHKH HeonpeneneHHOCTH pac'-leTHblX <pyHKUHOHaJJOB: MeTOllH'-leCKOH, KOHCTaHTH0H 
H TeXHOJJOrH"!eCKOH. KpaTKO npencrnsJJeHbl OCHOBbl TPeX MeTOllHK, HC0OJlbJyeMblX llJl.11 pac'-!eTa Heonpe)leJleHH0CT11. 

f{;,,Ol/€(Jb/e CRO(Ja: peaKTOp, llHCnepCH)I, HeonpeneneHHOCTH. 

The Development of Finite-Difference Equations for Dispersion of Neutron Flux in a Reactor. N.1. Laletin, 
A.A. Kovalishin. RRC Kl, Kurchatov Sq., 1, Moscow, 123182. The different sources of the uncertainties of calculation 
functionals have been discussed. There are presented briefly basic principles of three methods, which were used for un­

certainties calculation. 
Key words: Reactor, Dispersion, Uncertainties. 

Bse.neuue 

3Ta pa6oTa BbITIOJJHeHa s 2001 r. [I], HO He 

6btna ony6JIHKOBaHa B OTKpblTblX H3,D.aHH.IIX. Y6e­

,ll.HBWHCb, 4TO noJiy4eHHble pe3yJJbTaTbl .IIBJI.IIIOTC.11 

no-npe:>1<HeMy aKryaJibHblMH, nocne HeKOTOpblX 

He60JibWHX KOppeKTHpOBOK npe.ncTaBJJ.lleM ee B 

BH,ll.e CTaTbH, B KOTOpOH o6cy)f()l.eHbl pa3JJH4Hble 

HCT04HHKH Heonpe,neneHHOCTH pac4eTHblX cpyHK­

UHOHaJIOB: MeTO,ll.H4eCKOH, KOHCTaHTHOH H TeXHO­

JIOrH4eCKOH. Y4eT ,nsyx nocne.n.IDlx c.ny)!(_HT ue­

JiblO HaWHX HCCJie.n.osaHHH. 

BbITIOJIHeH o63op pa3JIH4HbfX TIOJJ.XO,ll.OB, KO­

TOpble pa36HTbl Ha TJ)H rpynnbl. K nepBOH OTHO­

C.IITC.11 tteMHOf04HCJieHHble pa60Tbl, r,ne HHTepec 

cocpe.n.oTa4HBaJIC.II Ha sepO.IITHOCTHbIX acneKTax 

npo6JieMbl ( CJI~aHHOe 4HCJIO BTOpH4HbIX HeH­

TJ)OHOB .n.enettIDI., B 4aCTHOCTH). IToJiy"leHbl ypas­

HeHl-1.11 JJ.JI.11 MaTeMaTJ.i4eCKHX O)l<H,D.aHHH H Jl.l,tcnep­

Cl111 nOTOKOB, .uoseneHHbie no peanbHblX npHMe­

HeHHH, HO TOJlbKO JJ.JI.11 3a,naq C MaJJbIM 4HCJIOM 

HeHTpOHOB (aHaJJH3 H3MepeHHH, wyMbl H T.JJ..). 

)ln.11 TOH 3a.ZJ.a4],{, KOTOpa.11 nOCTaBJJeHa B pacCMaT­

p1-rnaeMOH pa6oTe, noJibJa TaKoro no.n.xo.n.a He 

npocMaTpHsae-rc.11 . Bo BTopo11 rpynne pa6oT 06-

cy)f()l.anHCb sonpoCbl nepeHoca tteHTpOHOB B CTO­

xaCTH4eCKHX cpe.nax H IT04TH see CBOJJ.HJIOCb K 

pa3pa6oTKe anropHTMOB pac4eTOB 3cpq>eKTHBHblX 

xapaKTepHCTHK cpe.n. Pac4eT JJ.HCnepcHH nOTOKOB 

He 3aTparHsanc.11. B TJ)eTbei:i rpynne pa6oT npH­

MeH.11Jic.11 BHJJ. TeopHH MaJibIX B03MYW.eHHH (TMB) 

- HCITOJlb30BaHHe K03cpq>HUHeHTOB 4YBCTBHTeJib­

HOCTH. ITIIIOCbl H MHHYCbl no.uxo.na paCCMOTJ)eHbl 

B pa6oTe. 

B pe3yJJbTaTe aHaJJH3a pa3pa60TaHbl MeTO,ll.bl 

11 KO.Ubl JJ.JI.11 pac4eTOB MaTeMaTH4eCKHX O)l<H.UaHHH 

J,f CTaH,UapTOB OTKJIOHeHHH peaKTOpHblX cpyHKUHO­

HaJJOB, K03cpq>HUHeHTa pa3MHO)Kemt.ll H JIOKaJJbHO­

ro 3Heprosb1,uenettH.11. 

KpaTKO npe}lCTaBJieHbl OCHOBbl HCITOJlb3ye­

MbIX Tpex MeTO,UHK. ITepsa.11 - 3TO KOHe4HO­

pa3HOCTHble ypaBHeHIDI Jl.JISI MaTeMaTH4eCKHX 

Q)!(_H,D.aHHH H CTaH,uapTOB OTKJIOHeHHH seJJJ,fl-!HH. 

BTopa.11 - 3TO MeTO.UHKa, OCHOBaHHa.11 Ha np.llMOM 

CTaTHCTH4eCKOM MOJJ.eJIHposaHHH CHCTeMbl, Kor.ua 

CJiy4aHHblM o6pa30M pa3blfpbIBalOTC.II xapaKTep11-

CTHKH CHCTeMbl 11 o6w.ee perneHHe nony4aeTC.II 

nyTeM ycpe.utteHH.11' peweHHH JJ.JI.11 pa3IIH4HbfX pea­

JI113aUHH. H TJ)eTb.11 - 3TO np11MeHeH11e TMB JJ.JIH 

nony4eHH51 CMew.eHHH H CTaH,uapTOB OTKJIOHeHHH 

BeJIH411H. 8 3aKJII04eHHe npHBOJJ..IITCH HanpasJie­

HH.11 Jl.JlH ,UaJJbHei:iwei:i pa60Tbl. 

BonpOCbl .UOCTaTOLIHOfO 3HepronpoH3B0.UCTBa 

6bIJIH H OCTatOTC.11 KJU04eBblMH JJ.JI.11 pa3BHTIDI. 11 

cyw.ecTBOBat-111.11 4eJIOBe4eCTBa. 8 nocJie,D.HHe fO,Ubl 

3aMeTHblH BKJia,U B npOH3B0,UCTBO 3HeprnH, no 

KpaHHeH Mepe B npOH3B0,ll.CTBO 3JleKTpH4eCTBa, 

.uaeT .11.uepHa.11 31-1epre-r11Ka. PeweH11e sonpocos o 

npase Ha cyw.ecrnosamie .11.n.epHOH 3 HepreTHKM, o 

TOM, s KaKOM paHOHe H s KaKOM o6beMe OHa 

.uomrrna pa3BHBaTbC.II , -rpe6yeT Y4eTa MHOrHX <paK­

TOpOB. Cpe.n.11 HHX He nocne.n.Hee MeCTO 3aHHMaIOT 

HCTIOJib30BaHHe H cosepweHCTBOBaHHe pac4eTHO­

ro HHCTpyMeHTa JJ.JI.11 aHaJJH3a nporH03HpOBaHH51 

sepoHTHOCTH B03HHKI-IOBeHIDI asapHHHblX CHrya­

UHH H npoTeKaHH.11 HX, eCJJH HX He y.uanocb npe­

.n.ornpaTHTb. 

Oco6oe 3Ha4eH11e TaKoro HHCTpyMeHTa JJ.JI.11 

.11.uepHOH 3HepreTHKH o6ycJIOBJieHO TeM, 4TO B OT­

JJH4He OT .upyrnx 3HeproTeXHOJJOrHH B~Hei:iwee 

3Ha4eHHe np11 nporno3e yw.ep6a OT asapHH cs.113a­

HO C npe,uCKa3aHHeM B03MO)!(_HOCTH B03I-IHKHOBe­

HH51 caMblX TH)KeJiblX asapHH, sepO.IITHOCTb KOTO­

pblX seCbMa Mana, HO yw.ep6 OT HHX KaTacTpO<pH-

4eH. )ln.11 .n.pyrnx 3HeproTeXHOJIOrHH OCHOBHOH 

yw.ep6 CBH3aH C 6onee 4aCTblMH, HO MeHee KaTa­

CTpOQ)H4HblMH asapH.IIMH. 8 pe3yJibTaTe npOrt-103 
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yw.ep6a OT HHX 6a.3HpyeTCH B 3Ha'-IHTeJlbHOH CTe­

neHH Ha attaJIH3e onh1Ta 3KcneyaTamm cyw.ecT­

sy10w.11x ycTaH0B0K. ~H H,nepHOH 3HepreTHIUI 

TaKOH nyTb npaKTH'{eCKH HenpHeMJieM: cyw.ecT­

B0BaHHe H cosepweHCTB0BaHHe paC'-leTH0ro HHCT­

pyMeHTa ,nnH nporn03a nose,neHHH ycTaH0B0K np11 

3KCnnyaTaUHH H B asapHHHbfX c1-1ryau11srx HCKJIIO­

'-IHTeJibH0 BIDKHbl. 

Cocmmmue :>K:e maK020 uHcmpy.111euma e 11a­
cm0Ru1ee epeMR HUKGK 11eJ1bJJ1 Cl/umamb yooeJ1e­
meopumeJ1bHblM. Ha'-lue,11, cKa:»ceM, c 11eonpeoe­
J1e1111ocmu CGMOU eeflUl/UHbl, KomopGfl ucnOJlbJY­
emcR e eep0Rm11ocm110.111 GHQJ/UJe, - pucKoM. flo 
xopow.e.MY, CJle006QJ/O 6bl YKG3Gn1b 603MO:»cHOe 
yoopO:»cGIIUe Cl110U.MOCl11U eOUHui/bl 3JleK111p0311ep-
2UU, C6fl3GHHOe C eepoRmHOC/111/blMU aeapURMU. 
3 mo 11pe1ebll/GUHO cJ10:»c110 coeJ1amb u noKa ue 
6U0110, l/l1106bl Kmo-uu6yob maKue npuKUOKU oe­
JIQJ/. Ho '-lmo6b1 noJ1y11amb y6eoumeJ1bHbte ap2y­
.Me11mb1 1a wiu npomue npu cpaeueuuu 311ep20-
mex110J102uu u omoenbHblX npoeKmoe, npuoemcR 
uomu no maKoMy nymu. IlpUMeHJU!Mble menepb 
eOUHUt{bl pUCKG (1/aeapuu peaKmop-200) 6eCbMG 
11eonpeoeJ1eHHbl. K mo.111y :»ce, KOK 111a10m cnet{ua­
J1ucmb1, UMe10UJue onbtm pac'-lemoe aeapuu11b1x 
cumyat{UU, 311a11ue npocmo20 Mame.111amu<tecK020 
o:»cuoauUR mR.:»ceflou aeapuu (a UMeuuo maKoe 
npUMepHblU CMblCJl npueoOUMblX <tucefl pucKa) Ma­
JIO 11mo oaem, nocKOJlbhY pacnpeoeJ1e11ue eepoRm­
uocmu, no OU{yz4e11URM, '-1pe36bt<tauuo w.upoKo. 
TaKGfl w.upoma (oucnepcUR) 11u2oe uaoe:»cHO ue 
Ot{eHUBQJ/GCb. Ilpuxoowiocb moflbKO Cllbtw.amb o 
nonblmKax OtfeHumb cocmaeflfl10U{y10 oucnepcuu, 
C6fl3GHHY10 C men.Jl02UOpOOUHa«ul/eCKUMU pac'-le­
ma.,i1.u, HO OHO, Oy.111aemCfl, He CGMGfl 2JlG6HGfl. /J,flfl 
OtfeHOK pacnpeoeJ1eHUR pucKa mpe6yemcfl u11cm­
py.111e11m Ot{eHOK pacnpeOeJleHUU peaKmOpHblX XG­
paKmepucmuK. 

Mbl Kpumul/eCKU OmHOCUMCfl K ymeep:>K:OeHU­
JIM, l/ll10 MO:>ICHO o6oumu mpyOHOCn1b Ot{eHKU puc­
KG, eCJ1u npocmo ucKJ110'lUmb mR:»ceJZbte aeapuu 
(30eCb UMe10ll1Cfl 6 6UOy peaKmOpbl C 6Hympe1me 
npucYUfeu 6e10nacHocmb10 ). Ha ca.MOM oeJZe, 
l/mo6b1 ymeep:»eoamb, '-Imo maKue aeapuu ucKJ110-
'-leHb1, uaoo ece-maKu UMemb xomR 6b1 npUMepuoe 
npeOCll1G6JZeHUe O pacnpeOeJZeHUU pUCKG 0/lfl ma­
KUX aeapuu. IlpeonoflO:>ICU,W, 'lmO maKGfl npUKUOKG 
oaem ln(r) = I 2 ± 2 u pacnpeoeJ1e11ue npeonOJ/020-
emcfl f/02GpU</JMUl/eCKU HOpMQJ/bHblM. To20a, OeU­
cmeumeflbHO, X60Cln pacnpeOeJleHWI Oaem ]0"

8 U 
maKue afwpuu MO:»eHO He paccMampueamb. Ho 
npuKuo1-..y ln(r) ece :»ee uaoo BblnOJ/HUmb. 

,UoJIIO HCHTpOHHO-q>H3H'-leCKOH '-!aCTH 3TOf0 

paCLJeTHOfO HHCTpyMeHTa TPY.UH0 nepeoueHITTb 

[2]. Hei:fTPOHHO-<pH3H'-ICCKHe pact.JeTbl H.nepHbfX 

peaKT0pOB scer.na 6blJIH Ba)f(Hbl 11 ceH'-laC noCTO-

12 

HHHO cosepweHCTBYIOTCH. Ho KaK 6b! OHH He 6b1-

JIH TO'-!Hbl, scer.na OCTattyrCH HCTOlfHHIUI Heonpe­

.neneHH0CTH pact.JeTHb(X xapaKTepHCTHK, H n03TO­

MY TPe6yeTCH HMeTb npe,ncTasneHHe o seJIH'-IHHe 

Heonpe.neneHHOCTeH 3THX xapaKTepHCTHK. 11MeH­

HO )],JlH noJIY4eH1-Ul 3T0f0 npencTaBJieHHH BblnOJI­

HHJIHCb H Bbin0JIHHIOTCH 3KCnepHMeHTbl Ha CTeH­

.nax H H3MepeHHJJ Ha pa60Ta10w.1-1x peaKTopax. 

3ToT .noporow cnoco6 onHaKo He noJIHOCTblO 

ynosJieTBOpHeT noTpe6HOCTH HCCJie,nosaTeJieH .na­

)Ke BO speMeHa 3KCnJI)'aTaQHH Ii Ype3BbllfaHHO Ma­

no ,naeT ,nJIH oueHKH Kop11nopos HeonpeneneHHO­

cTeH npH aHaJIH3e asapHHHhIX c11ryau1-1w. ITo3TOMY 

)KeJiaTeJibH0 pa.3BHBaTh pact.JeTm1i-t HHCTPYMeHT 

,QJIH CTOJI)'lfeHHJl 3THX KOpH,nopoB. 

~H HeHTpOHHO-Q)H3H'-leCKOro pacl-!eTa M0)KHO 

BbI,neJIHTb TPH Ba)l(HeHWHX HCT0'-IHl{Ka Heonpene­

JieHHOCTeH paClfeTHblX xapaKTepHCTHK. ITepBblH 

CBH3aH C HeT0'-IHOCTblO npHMeHJleMOH MaTeMaTH­

lfeCKOH MO,neJIH, Ha.30BeM ero MeTO,nH'-leCKOH no­

rpewHOCTblO. BTopoH CBH3aH C Heonpe,neJieHH0-

CTblO 3HaHHH H,nepHblX MHKp0KOHCTaHT - 3T0 KOH­

CTaHTHaH cocTaBJIHIOllJ.aH. H, HaKoHeu, TPeTHH 

o6ycJIOBJieH HeT0'-IHOCTbJO 3HaHl{H ttyKJIH)],H0ro 

C0CTaBa peaKTOpHOH aKTl{BHOH 30Hbl. 3Ta HeT0'-1-

H0CTb cyw.ecTByeT C CaM0ro Hat.Jana coop~eHHH 

peaKTopa H3-3a TeXH0JI0rH'-leCIUIX norpeWHOCTeH 

H H3MeHJJeTCH BO BpeMH pa60Tbl peaKTopa B pe-

3YJib TaTe BblropaHl{H, TeMneparypHblX H3MeHeHHH 

11 T.n. Ha.3oBeM 3TY cocTaBJIHIOW.YIO TeXHonornLJe­

cKow. 

OueHKa Ka)K)],OH H3 3THX C0CTaBJIHIOW.HX Tpe-

6yeT pa.3nw-rnoro no.nxo,na. B npe.nnaraeMOH pa-

6oTe npennonaraeTCH pa.3BHBaTb pac'-ICTHble HHCT­

pyMeHTbl ,nJIH scex Ha.3BaHHblX C0CTaBJIHIOlll,HX 

HeonpeneneHHOCTeH pact.JeTHblX xapaKTepHCTHK. 

C.nenaeM HeK0TOpbre 3aMeYaHl{H no noso.D,y Tpex 

yn0MHHyThlX HCTO'-IHHK0B HeTO'-IHOCTeH pac'-!eT­

HbIX Q)YHKUHOHaJIOB. 

0THOCHTCJlbHO MeTO)],H'-leCKOH COCTaBAAIOW.CH 

HeTOlfHOCTeH pac'-!eTHblX Q)yttKUHOHaJIOB 3aMeTHM, 

LJT0 B 3TOM cny1-1ae He CT0HT sonpoc 06 oueHKe HX 

)],HCnepCHH, a TOJlbK0 O CMew.emrn 3Hat.JeHHH. 

,UeHCTBHTCJlbHO, OWH6Ka npw yseJIH'-ICHHH H0Mepa 

np116JIJ,l)KCH_l{H nanaeT l{Jll1 MOH0T0HH0, HJIH 3TO 

naneHHe MO)KCT 6b(Tb c.nenaHO M0H0T0HHblM, 

crpynn11posas no ,nBa cocenHwe no H0Mepy np11-

6JIH)KeHHH. ITOJI)'lfCHHe cpopMyJibl ,QJIH oueHIUI na­

)],eHHH OWH6KH C p0CT0M npH6JimKeHl{H qpe3Bbl­

lfaHHO CJI0)KH0. 3-Iy 3anaqy M0)KHO rnnoTeTH'-le­

CKH n0CTaBHTb, eCJIH npH pac'-leTe HCn0Jib3YCTCH 

nocJie)],OBaTeJibHblH no.uxo.n, KaKHM HBJIHIOTCH Me­

TO)],bl nosepXH0CTHblX nceB)],0HCTOlfHHK0B ,QJIH 

paC'-!eTa xapaKTepHCTHK H'-leeK H nosepXHOCTHblX 

rapMOHHK (MTlr) ,nJij[ pacYeTa xapaKTepHCTHK 

KaCCeT Ii 30Hbl ueJIHKOM. ,Ua)f(e B 3T0M cnyt.Jae 3a-
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.naYa nonyYeHHH cpopMynb1 .nn.si ocTaTO'-!HOro Yne­
Ha, no.no6Horo, HanpHMep , nony4aeMOMY npH 

pa:3flO)l{eHHH npOH3BOJlbHOH cpyHKUHH no n onHOH 

CHCTeMe H3BeCTHblX cpy HKUHH, BeCbMa Tpy.nHa H 

Ha .naHHOM :nane pa60Tbl He CTaBHTC.11. )],n.si 6onb­

WHHCTBa )Ke HCOOJlb3yeMblX .nnsi peanbHblX peaK­

TOpHblX 3a,na4 no.nxo.noB, KOTOpb1e n ocne.noBa­

TeJlbHblMH He HBJlSIIOTCSI H BKJllO'-!alOT n o xo.ny 

pac'-!eTOB TPY.llHO o ueHHBaeMble npH6nH)KeHJ,ISI 

nma roMoremnauHH .siYeeK H KacceT, 3a_na4y Ka­

yecrneHHOH oueHKH CMell.leHHSI paC'-leTHblX cpyHK­

UHOHaJlOB 3a C'-!eT MeTO./lH'-!eCKOH HeTO'-IHOCTH He­

B03MO)KH0 Jla)Ke npe.ncTaBHTb. 

OTHOCHTeJlbHO COCTaBJl.lllOll.leH HeTO'-IHOCTH 

pac'-!eTHblX cpyHKUHOHaJlOB, CBH3aHHOH C HeT0'-1-

HblM 3HaHHeM MHKpOKOHCTaHT, yMeCTHO nocTa­

BHTb BonpOCbl KaK O CMell.leHHH cpyHKUHOHaJlOB, 

TaK H O ./lHCnepCHSIX. TTepBblH BOnpoc .llOCTaTO'-!HO 

HHTeHCHBHO 06cy)l{,UanCS1, HO .no ./lHCnepCHH .neno 

He ./lOXO.llHJlO. B KpaTKOM ofoope pa60T yYTb HIDKe 

ynOMHHeM HeKOTOpble xapaKTepHble pa60Tbl, no­

CBHll.leHHble 3TOH npo6neMe. CneuHq>HKa COCTaB­

JlHJOUleH, CBH3aHHOH C MHKpOKOHCTaHTaMH, 3a­

KJll04aeTCSI B TOM, '-!TO 3.lleCb H./leT pe4b He O Bepo­

HTHOCTHOH npHpo.ne Toro HJlH J,IHOfO ce'-leHH.11 

npouecca, a o He.nocTaTO'-IHOH TO'-IHOCTH ero, H3-

BneKaeMoro H3 3KCnepHMeHTOB. 8 pe3yJlbTaTe OT­

KJlOHeHI-UI KaKOfO-JlH60 Ce'-!eHHH, HanpHMep, no­

rJlOll.leHH.11 HeHTpOHOB ypaHOM, 6y.nYT o.nirnaKO­

BblMH B pa311H'-!HblX MeCTax peaKTOpHOH 30Hbl. 3-ro 

o6CTOHTeJlbCTBO, 0611er'-!a10ll.lee BO MHOrHX cny'-!a­

HX peweHHe 3a,na'-!H, cne;zyeT Y4HTbJBaTb H npH 

o6ll.leM paCCMOTpeHHH. 

B OTJlH'-!He OT npe.nb1.nyll.leH cocTaBJ1S110ll.la.11, 

CBH3aHHa.ll C HeTO'-IHOCTblO 3HaHI-UI ttyKJlH.ll.HOro 

COCTaBa (TeXHOJlOrH'-!eCKa.ll COCTaBJlSIIOll.laH), oue­

HHBanacb JlHWb cnoco6oM cpaBHeHHSI OT.lleJlbHblX 

paC4eTHblX T04eK C COOTBeTCTBYIOlllHMH 3KCnepH­

MeHTaJlbHblMH HJlH nony'-!eHHblMH C noMOlllblO 

paC'-!eTOB 3Ha'-!eHHSIMH. TTOH.l!THO, '-!TO TaKOH no.n­

xo.n .naeT TOJlbKO npHMepHoe npe.ncrnBne1rne o 

BeJlH'-IHHe 3TOH COCTaBJlHIOll.leH. OTHOCHTeJlbHO 

./lHCnepCHH, KaK npaBHJlO, HeJlb3SI HH'-!ero CKa3aTb. 

TaKOBO COCTOSIHHe .nen C npaKTH'-!eCKOH oueH­

KOH Heonpe.neneHHOCTH paC'-leTHblX cpyHKUHOHa­

JlOB. TTpe.ncTaBHM Tenepb KpaTKHH ofoop Teopern­

'-!eCKHX pa6oT, HMelOll.lHX OTHOWeHHe K paccMaT­

pHBaeMOH npo6neMe. 

1. KpaTKnii o63op pa6oT, nocBHLQenuMx 
nepenocy HJJIY'leHHSI C ylfeTOM CTOXaCTHlfHOCTH 

cpe.u " BepoHTHOCTHOU npupO.lll,I 
MHKponpo~eccon 

OrpOMHOe KOJlH'-!eCTBO pa6oT, nOCBHll.leHHblX 

yKa3aHHOH B JaronoBKe npo6neMe, pa3.nenHM Ha 

TPH THna pa6oT: 

- B KOTOpblX Y4HTbJBaeTCSI BepOSITHOCTHaSI npH­

po.na npoueccoB; 

- no onpe.neneHHIO 3cpcpeKTHBHblX xapaKTepHCTHK 

CTOXaCTH'-!eCKHX cpe.n; 

- HcnOJlb3YIOlllHX TeOpHIO B03Myll.leHHH (K03cp­

q>HUHeHTbl 4YBCTBHTeJlbHOCTH) ,UnSI oueHKH BJlHSI­

IIHSI HeK0TOpblX cpaKTOpOB, KaK npaBHJl0, HeT0'-1-

HOCTeH MHKpOKOHCTaHT Ha BenH'-IHHY peaKT0 pHblX 

xapaKTepHCTHK. 

I) B nepBOM pa3.nene ynoMHHeM HHTepecHb1e 

pa60Tb1 Jl. TTana [3] H ero nocne.noBaTenei1. Jl. 
nan, CKpynyne3HO paccMaTpHBaSI HCTOpHlO npo­

XO)l{,UeHHSI HeHTJ)OHOB, n ony4Hn ypaBHeHHe .nn.si 

npOH3BO.!J.Hll.leH cpyHKUHH pacnpe.nenemtsi BepOSIT­

HOCHI HeHTpOHOB, H3 KOTOpOH n o11y4aeTCH KaK 

ypaBHeHHe EonbuMaHa ,UJ1.ll cpe.nHeH HeHTpOHHOH 

nnOTHOCTH, TaK H ypaBHeHH.11 6onee Bb!COKHX MO­

MeHTOB, B '-!aCTH0CTH, .!J.HCnepCH11 pacnpe.neneHH.11. 

yf3 3THX ypaBHeHHH nony4eH p.si.n none3Hb!X pe-

3YJlbTaTOB, KaCaJOUlHXCSI HeHTpOHHblX wyMOB, 

cpnyKryauHH BblX0,ll.a HeHTpOHOB B HMnynbCHblX 

peaKTOpax, aHanH3a pH.na 3KCnepHMeHTOB no H3-

MepeHHIO BpeMeHH )l{H3HH MrHOBeHHblX Heihpo­

H0B. O.nHaKO ,UnSI CHCTeM c 6onbWOH nnoTHOCTblO 

HeihpOHOB 3Ta BepOHTHOCTHa.11 COCTaBnHJOlllaSI 

noTOKOB CTaHOBHTCSI, KaK npaBHJl0, ManocylJ.leCT­

BeHHOH, H .nn.si npo6neM npOXO)l{,UeHH.11 HeHTJ)OHOB 

B CTOXaCTH4eCKHX cpe.nax ypaBHeHHSI nana He 

noMoraioT. 

C .npyroi1 CTOpOHbl ,UJlSI nonY4eHHH CXO.ll.Hb!X 

ypaBHeHHH no.n0WJlH HCnaHCKHe HCCJ1e.noBaTeJ1H B 

pa6oTe [4]. Ha4HHa.ll c ypaBHeHHH KonMoropoBa 

(master equation), OHH nonyYHJlH ypaBHeHHe 

0OJlbUMaHa H ypaBHeHHe ,UJlSI BT0pblX M0MeHT0B 

pacnpe.neneHHSI . HHKaKHX npHMeHeHHH B ynOM.ll­

HYTOH pa6oTe OHH He .neMOHCTpHpOBaJlH', H C T0'-1-

KH 3peHJ,UI peweHH.11 npo6neMbl nepeHOCa B CTO­

xacTH'-!eCKHX cpe.nax 3TH y p aBHeHHH npe.ncTaBnA­

IOTCH TO)l{e Manoo6elJ.laJOmHMH. 

2) Brnpa.si rpynna pa6oT, B KOTOpblX pac­

cMaTpH'BaJJHCb 3a.na4H nepeHOCa HeHTJ)0H0B B CTO­

xacTH4eCKHX cpe.nax C ueJlblO nony4eHHSI TeX HJlH 

HHblX 3cpcpeKTHBHblX xapaKTepHCTHK 3THX cpe.n, 

04eHb BeJlHKa. CToxaCTH4HOCTb B 3TOM KOIITeKCTe 

nOHHMaeTC.11 .nocTaTO'-IHO ycnOBHO, TaK paccMaT­

pHBaeTCSI cpe.na co cnyqai1Ho pacnpe.neneHHblMH 

OT.lleJlbHblMH TenaMH, HO sepOS!THOCTH Tex HJlH 

HHblX npoueccoB xapaKTepH3YIOTCSI cpe.nHHMH 

BeJ1H4HHaMH: MHKpOCe'-!eHHSIMH nornoll.lellH.11 H 

.neneHHSI, 411CnaMH MrHOBeHHblX H 3ana3.llbIBaJO­

lllHX HeHTpOHOB H T . .n. 8 TaKOH n0CTaHOBKe BO­

npoca HCXO.llHblM SIBJlSleTCSI ypasHeHHe 0OJlbUMa­

Ha. B psi.ne CTapbIX pa6oT CaMO npe.nnOJlO)Ke~rne 0 

cny4aHHO pacnpe.neneHHblX B <pOHOBOH cpe.ne OT­

.nenbHblX BKJllOYeHHHX HCnonb30BaJ10Cb KaK npHeM 

.nn.si o6ner'-!eHHSI Bbl 4HCJleHHSI 3cpcpeKTHBllbIX xa-

13 



paKTepHCTHK cpe.u BnonHe ynopR.ll0YeHHblX, TaKHX 

KaK peweTKa cTep)lrnei:i ypaHa B 3aMe.un11Tene, Ha­

np11Mep. TaK, c noM0W.blO :noro npHeMa nonyYe­

HbI BblpIDKeHH.s! .11.n.si 3cpcpeKTHBHOro K03Q)Q)HUHeH­

Ta .nmpcpy3HH B cpe.11.ax C nycTOTaMH [5] H B o6w.ei:i 

reTeporeHHOH cpe.11.e [6]. 
6onee o6w.ee paccMOTPeH1-1e peweHH.si npo-

6neMbI nonyl.feHH.s! 3cp<peKTHBHbfX xapaKTepHCTHK 

.11.n.si CTOXaCTHYeCKHX cpe.11. BbtnOnHeHO B 6onbWOH 

cepm-1 pa6oT A.B. CTenaHoBa [7]. B 3Tl1X pa6ornx 

paCCMaTp11BanOCb ypaBHeHHe nepeHOCa 

A\jl(x) = 0 , r.11.e A - onepaTOp, .11.eHCTBYIOW.HH Ha 

cpyHKUHIO 'lf(x) C COB0KynHOCTblO nepeMeHHblX. 

J,fa onepaTopa BbI.D.en.sieTc.si cpnyJCTYHPY!Ol.l(a.si l.faCTb 

A(x) = B(x) - µ(x), r.11.e B(x) = < A(x) >, 
< µ(x) > = 0. YronKOBble CK06KH 03Hatfa!OT Bbl-

4HCnem,e cpe.11.Hero no attcaM6mo Heo.11.Hopo.llHbIX 

cpe.11.. Baomnc.11 .11.anee cj>yHKUHH fp1rna 

A(x)G(x I y) = -o(x- y), 

B(x)Go(x I y) = -o(x- y). 

}13 npHBe)].eHHblX BbIWe COOTHOWeHHH nony-
4aeTC.s!, 4T0 

G(x I y) = G0 (x I y)-f G0(x I x')µ(x')G(x' I y)dx'. 

Tiocne p.11.11.a npeo6pa3oBaHHH 11 npH6nH)l(eHHH 

BblBO.llHnOCb ypaBHeHHe, C ITOMOW.b!O K0TOporo 

y.11.aaanoch nonY4HTb tteKOTOpb1e none3Hbie pe-

3YJThTaTbI, HanpHMep, 

B(x) < G(x I y) > = -o(x- y)-

-I < µ(x)G 0(x I x')µ(x') >< G(x I y) > dx'. 

K CO)l(aneHHIO, MHOroro n0JTY4HTb C TaKHM ypaB­

Hem,eM He y.11.aeTC.s! B CHny CJTO)KHOCTH BblYHCJTe­

HJ.UI cpyHKUHH fpHHa )].fl.II npaKTHl.feCKJ,f HHTepec­

HhrX 3a_nal.f. 

OYeHb CXO)].Hble ypaBHeHJUI nonyl.fanHCh e pa-

6oTax J.B. Keller [8], H3y4aBwero npoxo)l(Jl.eHHe 

BOJIH B CTOXaCTHl.feCKHX cpe.uax. TionbITKa npHMe­

HHTb TaKOH no.uxo.u K nepettocy HeHTPOHOB B atta­

JTOrH'-IHhIX cpe.11.ax npe.11.npHH.IITa B pa6oTe M.M.R. 
Williams [9]. Cttoea np11 ttecoMHeHHOH npHBJTeKa­

TeJTbHOCTH pa6oT nyTb K peweHHIO npaKTHYeCKHX 

3a.ua4 coeepweHHO He .siceH. 

B nocJTe)].HHe rO.llbl n0.IIBHn0Cb 60JTbUJOe KO­

JTHl.feCTBO pa6oT, nOCB.IIW.eHHblX pa3nHYHblM ac­

neKTaM nepettoca J,f3JIY4eHH.s! B CT0XaCTHl.feCKHX 

cpe.11.ax. ,n:ocTaT04HO no.11.po6HhIH ofoop 3THX pa-

6or co.uep)l(HTC.11 B craTbe G.S. Pomraning [10]. 
Eonee no.11.po6Hoe paccMOTpeHHe 3TOH npo6neMbl 

co.11.ep)l(HTC.11 a ero )Ke KHHre [ 11]. HecMoTp.si Ha 

60JibllJOe Hayl.fHOe 3HatfeHHe ynOM.slttyTblX pa6oT, 

Kacat0w.Hxc.si pa3HhIX 3a_na4 nepeHoca, B03MO)l(­

HOCTb np.11Moro HCTTOJlb30BaHJ.UI HX JJ.n.s! peweHH.11 

nocTaBJieHHOH 3a.lla'll! C03)].aHH.II pacYeTHOro HH­

CTPYMeHTa MR oueHKH Heonpe.11.eneHHOCTeH (HH-
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Tepecy!OW.HX peaKTOpW.HKOB) cj>yHKUHOHanOB He 

npOCMaTpHsaeTC.11. 

3) TpeTb.si rpynna pa6oT [12, 13] 0THOCHTC.11 K 

HCITOJ1b30Bamuo cpaKTH4eCKH HeKOH cpopMbl Teo­

PHH B03Myw.eHHH, a HMeHHO, K npHMeHeHHIO Tex­

HHKH K03cpcp11u.11eHTOB lfYBCTBHTeJibH0CTH. Tipe.11.­

IT0JIO)KHM, 4TO C )].0CTaT04HOH TOYHOCTblO MO)l(HO 

npe.D.CTaBHTb JII060H peaKTOpHblH cj>yHKUHOHaJI B 

cJK 
BH)].e K(y) = K(ro)+ L -dy,' r.11.e y - BeKT0p, 

i ay, 
KOMnOHeHTaMJ,f KOTOporo MOryT 6bJTh pa3JTH4Hhle 

BeJTH4HHbl - MHKpocel.feHH.11, ITJIOTH0CTh ttyKJIH.!l0B, 

TeMneparypbl Bew.ecTB Ii T.JJ..; c)K.Jc)y; - cj>yttKUHO­

HanhHhle np0H3B0)].Hhle; ay, - MaJible H3MeHeHH.11 

napaMeTPOB. 

Pacc1-mTaB 411CJTeHHO senH4HHbl c)K.Jc)y,, T.e. 

BblITOJIHHB ceplilO napHblX pacYeTOB, r.11.e B 0.llH0M 

pacl.feTe onpe.11.em1eTc.11 K(y), a BO BTopoM K(y, y, + 
+ c}y;), r.ue ay, .!l0Jl)KHa 6h!Tb ManOH, HO He CJIHUJ­

K0M, 4T06bl He n0Tep.11Tb T04H0CTb npH Bhll.fHCJie­

HHH pa3HOCTH .11.syx 6JIH3KHX sem·P-IHH, oueHH­

BaJIHCh B03M0)f(Hhle Heonpe.11.eneHHOCTH K03cpcp11-

u.11eHTa pa3MHO)l(eHI-UI, CB.113aHHbJe C HeTOl.fH0CT.11-

MH 0CH0BHblX MHKpOK0HCTaHT (.11.eneHHe J,f norno­

w.eHHe TonnHaa, pacce.11HHe 3aMeJJ.n11Ten.11 11 T . .n.). 
}13 :noro npoCTOro 113JIO)KeHID! BH)].HM, O)].Ha­

K0, 4T0 KOJTHl.feCTBO napaM~OB He JJ.0JI)KHO 6bITh 

6onbWHM, TaK KaK nepe6op nap pacl.feT0B 3aTPY.ll­

HHTeneH. TeM 6onee TTOJJ.X0JJ. CTaH0BHTC.11 YTOMH­

TeJieH, eCJTH IT0CTaBHTh 3a.11.aqy Yl.feTa Koppemn~HH 

pa3JIJ,fl{HbfX napaMeTPOB, T.e. BOBJie'-lb B pactfeT 

cpyHKUHOHanhHble np0113B0)].Hhle THna d2 K/cJ2y,1' 
,n:11cnepc1111 cj>yHKUHOHanOB npH TaK0M IT0)].X0)].e 

(6e3 KOppen..11u11i1) M0ryT 6b!Th nonyl.feHbl, KaK 

BH,UH0 H3 cpOpMyJibl 

[K(y)-K(y, )J'=~( ~ J<r. -y.)'=~(~ )'a,,, 
X0T.s! e ony6JIHKOBaHHblX pa6orax TaKHX oueHOK 

He npHX0JJ.Hn0Ch BH,UeTb. 

bOJlbWHHCTBO pa6oT 3T0ro HanpaeJieHH..11 no­

CB.lllUeH0 npo6neMe BJIH.IIHH..11 HeT04H0CTH 3HaHHll 

0CHOBHblX MHKp0K0HCTaHT Ha xapaKTepHCTHKH 

6blCTphlX peaKT0p0B. 3To n0H..IITH0, eCJIH Y4eCTh, 

4TO .D.JI.11 no.uxo.11.a BIDKHa arpernpoaaHH0CTb napa­

MeTpoB, 4T0 npome ecero .11.ocTHl.fb MS! MaJIOH aK­

THBHOH 30Hbl C ,U0CTaT04H0 YCTOH4HBhlM pacnpe­

.11.eneHHeM M0lUH0CTJ,f ( ecTeCTBeHH0, He B aBapHH­

HhlX cHryaum1x). OcHOBHOH 3a.D.a'fei1 sisnsinocb He 

nony'feHHe KOHKpeTH0ro 4HCJia .!lJISI onpe.ueneHHO­

ro C0CTOllHH.s! TOH J,fflJ,f HHOH ycTaH0BKH, a onpe.11.e­

JieHHe "YTO eCTb YTO" JJ.n.s! KJiacca peaKT0pOB, no-

3B0Jllll01.l(ee ycTaHOBHTb npHOpHTeTbl, ttanp11Mep, 

B YT04HeHHH BeJTH4HH MHKpOK0HCTaHT. AHano­

rHYHa.si uenh CTaBHJiacb H B pa6orax [ 13, 14 ], r.11.e 
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paccMaTpHBaJlHCb '-laCTHble 3a)la4H J)jUI TenJJOBblX 

peaKTOpOB. Bee ynOMl!Hyrb1e pa60Tbl HeCOMHeHHO 

HHTepeCHbl H noJJe3Hbl, HO 3)leCb nocTaBneHa Jlpy­

fal! uenb: nocTpOHTb KOHe'-IHO-pa3HOCTHble ypaB­

HeHHll )lJlll onHCaHHll HeHTpOHHOro nOJlll, aHaJlO­

fH'-!Hble HCnOJlb3yeMblM B HaCTOllll(ee speMll, HO B 

OTJlH'-IHe OT HHX 3TH ypaBHeHHJI )lOJDKHbl )laBaTb 

HH<pOpMaUHIO C TaKHMH )Ke )leTaJlbHOCTblO H He­

onpe.ueneliHOCTblO peaKTOpHblX BeJlH'-IHH. 

2. Kpynuo-ceTO'IHble KOHe'IHO-pa3HOCTHble 

peaKTop11ble ypasnenuH .UJIH onucanuH noJIH 
neiiTponoB c y'-leTOM ueonpe,uene1111ocTu 

xapaKTepHCTHK KO,UOB 

CoorneTCTBYfOUH!e ypaBHeHHll nonbJTaeMCll 

TIOCTpOHTb Ha OCHOBe ypaBHeHHH Mnr, B OCHOBe 

KOTOpblX Jle)KaT )].Be CHCTeMbl HCXO)lHblX ypaBHe­

HHH. ITepBall CHCTeMa CBll3bJBaeT xapaKTepHCTHKH 

noJJ.o6nacTeH (HOJl), BTopa.si - pa3J1H'-1Hb1e xapaK­

TepHCTHKH 0)].HOH HO)lbl, T.e. cpaKTH'-leCKH onpeJJ.e­

JllleT MaTpHUbl OTKJIHKOB. ITonaral!, '-ITO 3TH MaT­

pHUbl OTKJIHKOB KaK-TO onpe)leJleHbl, TO'-!Hee, MO­

ryr 6b(Tb onpeJJ.eJleHbl HX BepO.llTHOCTHble pacnpe­

J].eJieHHJJ, nonpo6yeM TIOJI)"-IHTb ypaBHeHHll CBll3H 

HO)].. 

BcnOMHHM, '-ITO 3TH ypaBHeHHll nonyt.JalOTCll 

H3 ycnOBHll Hepa3pb1BHOCTH pacnpe.ueneHHJJ HeH­

TpOHOB. IT03TOMY OHH BblrJlll)].llT O)lHHaKOBO KaK B 

cn)"-lae, KOrJJ.a 3TO pacnpe.uenettHe - onpeJJ.eneH­

Hall cpyHKUHll, TaK H B CJl)"-lae, KOr)].a 3TO pacnpe­

.ueneHHe npeJJ.CTaBnlleT co6oi1 HeKyio sepol!THOCT­

H)'IO cpyttKUHIO. Tio3TOMY B npHHUHne Ha 3TOM 

3Tane He TeplleTCll sepOllTHOCTHal! COCTaBJllllOl.l(all 

)lHCnepCHH, HanpHMep, CBll3aHHall C BepOllTHOCT­

HblM xapaKTepoM MHKponpoueccoB, XOTll OCHOB­

HOH HHTepec npeJ].CTaBJllleT "cToxacTHl.JeCKal!" co­

CTaBJllllOl.l(al!, CBll3aHHal! C Heonpe)leJleHHOCTblO 

xapaKTepHCTHK HO)]. BBHJlY HeTO'-IHOro 3HaHHll HYK­

JlH)].HOro COCTaBa BeJlHl.JHH MHKpocet.JeHHH. TaKal! 

noTepll sepOllTHOCTHOH COCTaBJllllOl.l(eH npOHCXO­

)lHT, KOr)la Ha'-IHHatOT paCCMOTpeHHe 3a)].a4H C 

ypaBHeHHJJ bOJlbUMaHa, KOTOpoe y)Ke onpeJJ.eJllleT 

MaTeMaTH'-leCKOe O)KH)laHHe nonll B K8)K)l0H T04Ke. 

3anHWeM Hal.JaJlbHOe ypastteHHe s CHMBOJlH-

t.JeCKOM BH)le (L +I)( <I>+ <p) = S + s . 3.necb s one­

paTopax H HeH3BeCTHblX Bb()leJleHbl COCTaBJllll0-

1.l(He: onpe)leJleHHble L, <I>, s H sepOllTHOCTHO 

<pJ1YKTYHPYt01.1rne I, cp, s. ITpH 3TOM npe.nnonaraeT­

Cll, '-ITO Bhl)leJleHHe npOHCXO)lHT TaK, '-ITO JlJlll 

cpe,llHHX BeJlH'-IHH cnpaBe)lJlHBbl COOTHOWeHHll 

< <p > = 0, < s > = 0. KaK 6y.neT BHJlHO, npH no­

CTpoeHHH HTepaUHOHHOro npouecca H3 3THX co­

OTHOllleHHH nocne.uyeT < I > = 0. 
CMblCJl BblTIHCaHHblX BeJlH'-IHH TaKOB: 

<I> - BeKTOp aMTIJlHTYJl rpynnOBblX nosepxHOCT­

HhlX rapMOHHK, KOMTIOHeHTa KOTOporo eCTb <I>g.n, 
r.ne g - HH)leKC rpynnbl H n - HOMep nosepXH0CT-

HOH rapMOHHKH", L = A + " B - KOHe'-IHO-,, ,L.J IJ 

pa3HOCTHblH onepaTop, CBll3bLBal01.l(HH coce)lHHe 

HO)lbl; A11 H By - MaTpHUbl C onpe.neneHHblMH 

KOMTIOHeHTaMH, cyMMHp0BaHHe ocymecTBJllleTCll 

no HO)laMj, HMelOI.I.J.HM C HO)lOH i 061.1.J.ytO rpattHu.y; 

cp- cpnyKTyp11py101.1.J.all cocTaBn.llt01.1.J.all pewettHll; 

I= a ,, + L by - KOHe4HO-pa3HOCTHblH onepaTop c 

<pJJYKTYPHPYI01.l\HMH KOMnOHeHTaMH; S H s -
cpe.D,Hllll H <pJ1YKTYHPY101.1.J.a.ll KOMnoHeHTbl HCTO'I­

HHKa B paCCMaTpHBaeMOH HO)le. 

Pa3)leJlHM ypaBHeHHe Ha )lBe t.JaCTH. O.ntta 

CBll3bJBaeT OTHOCHTeJlbHO Me)lJleHH0 MeHJJlOll.{HeC.ll 

sem1'-IHHb1 L<I> + lcp = S, smpal! - 6bICTpo ocu11-

J1Hpy10m11e l<I> + Lcp = s. 
TaKaJJ npoue;iypa cosna.uaeT c TOH, 'ITO HC­

nonb3yeTCll B pa6oTax [7, 8], H C TeM, '-ITO Ha3bJBa­

eTCll "crn8)KHBaHHeM" s pa6ornx [8, 9]. B OTJlH'-IHe 

OT Ha3BaHHblX pa6oT He 6y)leM 3aTIHCbJBaTb TPY)l­

HO paccl.JHTbJBaeMbJe o6paTHble onepaTOpbl 11 

cpyHKUHH rp,rna, a 3an11weM cne)ly10my10 HTepa­

UHOHHYIO npoue;iypy, O)lHOBpeMeHHO npHMeHllll 

npoue;iypy ycpe.ntteHHll H nony'-lall 

L<I>* + < l<p >1-'= S, < 12><1>k-i + L < l<p >1 =< Is >. 

BTopoe ypaBHeHHe 6epeTCll TaKHM, TaK KaK npH 

ycpe)lHeHHH cne.nyeT TpHBHaJlbHOe <I>= 0. 
11cnoJJb30BaHo TaK)Ke npe.nnono)KeHHe o ne­

pecTaHOBO'-IHOCTH onepaTopoB, KOTOpoe s o6meM 

BH)le HecnpaBe)lJlHBO. Ho eCJlH ero npHHJJTb, TO B 

TaKOM np116nm1<emm CHCTeMa ypaBHeHHH 3aMK­

Hyra H pe1.11em1e nocne.D,oBaTeJlbHO ypaBHeHHH .nn.si 

(J> H < lcp > TI03B0rn!eT n0Jl)"-IHTb CMell{eHHe MaTe­

MaTH'-leCKOro Q)KH)laHHJJ )lJlll pacnpe)leIIeHHll HeH­

Tp0HOB, Bbl3BaHH0e yt.JeT0M cjlnyKryaUHH xapaKTe­

pHCTHK HO)lOB. K8)K)loe H3 3THX ypasHeHHH )lJlll (J> 

H < lcp > HMeeT o6bl'IHblH BHJl, aHanornt.JHblH c11c ­

TeMe ypaBHeHHH JlJlll 3a,na411 6e3 cjlnyKryau1111 xa­

paKTepHCTHK. 

.ll:eHCTBHTeJibHO, X0Tll onepaTop < 12 > BKJII0-

4aeT He T0JibKO )lHCnepCHH xapaKTepHCTHK pac­

CMaTpi-rnaeMoro HO)la H KOppeIIl!UHOHHbJe cpyHK­

UHH .nsyx 6JIH)KaHWHX KOJieu HO)l, )].eHCTByeT 3T0T 

onepaTop Ha H3BeCTHble H3 npe)lblJlY1.l\HX HTepa ­

UHH 3Ha4eHHll (J>k-l H, CJle)l0BaTeJibH0, CJlaraeMOe B 

3T0M K0HTeKCTe HrpaeT pOIIb H3BeCTHOro HCT0'-1-

HHKa. 3TO CJJaraeMoe HMeeT CJie)lylOI.I.J.HH BH)l'. 

< 12> <l>k-1=< a2 ><l>k-1+ "[<ab > + < b a >]<l>H+ 
/ / f I ,.L..J I 1) IJ J J 

I 

+LL< bi/I ><l>:-I . 
I I 
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OcTasmu1 Ha 6y.nyw.ee o6cy)l()].emie npH6m1-

)l(eHHH, CB513aHHOro C npHtUITHeM npe.unono)l(eHHJI 

0 nepecTaHOBOYHOCTH onepaTopoB, H npe.!1,nO)l(e­

HHH no npeo.uoneHHIO TaKoro npe.unono)l(eHHH, 

nepei1.ueM K 3a.!l,aYe Ha co6cTBeHHOe 3Ha"leH11e. 

Oco6eHHblX 3aTpy.uHeHHH 3.!l,eCb He B03HHKaeT. 

TToTpe6yeTcsi TOnbKO ew.e cnoi1 11Tepau1111 no 11c­

TOYHHKy. 3an11weM B 3TOM cnyyae CHCTeMy ypaB-

HeHHH 
L<fl"·k + < lq> > n,k - 1 = S"-1; } 

< 12> <fl" k-1 + L < lq> >"-' =< Is >"-11 
• 

CMbICn HH.!l,eKCOB nOHHTeH. 

C11cTeMa ypasHeHHH 3an11catta c yYeTOM Toro 

)Ke npe.unono)l(eHHJI o nepecTaHOBOYHOCTH onepa­

TopoB L 11 I 11 Tor.ua OKa3bIBaeTcH 3aMKHYTOH, TaK 

KaK KOMnJleKC, xorn H BKnlOYaeT xapaKTep11CTl1KH 

pa3Jl11'-lHblX HO.!l, HO OH O.!l,HHaKOB B nepBOM H BTO­

poM ypaBHeHHJIX. 003TOMY 3aTTHCaHHM CHCTeMa 

pewaeTC.11 .!l,OCTaTOYHO npOCTO 11 .uaeT KaK cpe.!l,Hl1e 

nOTOKH, TaK 11 co6CTBeHHOe 3HaYeHHe, yYl1Tbl­

Ba10w.ee cpnyKTYaUH11 xapaKTep11CTHK HO.!l,OB. 

3. Kpynuo-ceToqubJe KOHC'IHO-pa3HOCTHbJe 

ypaBHCHUSI JlJlSI JJ,UCOepCUH U KOBapnaUHH 

HCHTpOHHblX OOTOKOB 

.[(.nsi nocTpoeHH51 ypaBHeHHH .!l,n51 .!l,HCnepcHH 11 

KOBapHaUHH HCTTOnh3yeM Te )Ke 11CXO.!l,Hble ypaB­

HeHHH, KOTOpble BblTTl1CaHhl B npeJ].hl.!lYW.eM pa3-

nene. B03bMeM, HanpHMep, ypaBHeHH.!I 

L<fl + l<p - S = 0, l<fl + L<p - s = 0 
H B03Be.!l,eM HX B KBaJ].paT 

(L<fl + l<p - S)2 = 0, (lei> + L<p - s )2 = 0. 
Tiony"ll1M KOHeYHO-pa3HOCTHb(e ypaBHCHH.11, B 

KOTOpblX B KaYeCTBe HeH3BeCTHblX npeJJ.CTattyT 

sem-i"IHHbl Jl.HCnepCHH < q>: > ' KOppen.!IUHH < </>,</>; > 

H, KpOMe Toro, Benl1Yl1Hbl BH)],a < a,<p, >,< a,(/);>, 

< b,<p, >, < b,<pk >, r)].e 11HJ].eKcj cooTBeTCTByeT HO­

.D.aM, 6nH)l(HHM K tto.ny i , a HHJJ.eKc k cooTBeTcTBy­

eT HO.D.aM cneJJ.y10w.ero KOJlbUa. Ilpo6neMa 3aKn10-

"laeTcsi B TOM, "ITO HeH3BeCTHhlX OKa3bIBaeTC.!I 

6on&we, "ICM 3an11caHHbIX ypasHeHHH. He.uoc­

Ta10w.11e ypaBHeHH51 HeCnO)KHO nonyYHTb, HO npH 

3TOM B03HHKalOT CB.11311 see C 6onbWHM KOn11YeCT­

BOM HO)]. . 

.[(.n.11 pa3yMHOro COKpaweHH.11 CHCTeMbl ypaB­

HeHHH Tpe6yeTC51 HCnonh30BaHHe KaK ycnOBl1H, 

ecTecTBeHHO B03HHKalOW.HX npH paCCMOTpeHHH 

KOHKpeTHblX 3a,Ua"I, TaK H npHeMneMblX np116n11-

)l(CHHH. TaK, .un.11 yYeTa TeXHonornYecK11x Heonpe­

.ueneHHOCTei1 ecTeCTBeHHO y"leCTb KOpOTKHC .!l,nH­

Hbl Koppen.11u11i1, a MH y"leTa Heonpe.ueneHHOCTei1 

3HaHH51 MHKpOKOHCTaHT, KOrJ].a KoppeJl.!IUliH OXBa­

TbIBalOT BCIO 30HY, MO)l(HO orpaHHYl1Tb KOnHYeCT­

BO ypaBHeHHH, np116n11)1(eHHO oueHl1B .unHtty KOp­

pen.!IUHH H BHCC.11 ee B CHCTeMy ypaBHeHHH. Oon y­

YHB H pew11B TaKHe ypaBHCHH.11, MO)l(HO o ueHHTb 

16 

He TOnhKO J].11cnepc11H 3HeprOBhlJJ.eneHHH, HO H 

J].HcnepCHIO K03<p<pHUHeHTa pa3MHO)l(CHH51, no­

CKOnhKY B ypaBHCHl1.!I BXO.D..!IT senHYHHhl, H3 KOTO­

pblX MO)KHO nony•rnTh Heo6xo.!l,HMYIO J].HcnepCHIO. 

4. KoJJ. MIIT'-,L(HC JJ.JIH pacqen sepoHTHOCT­

HblX xapaKTCpUCTHK ueihpOHHblX DOTOKOB 

.[(.n.11 norryyemrn pac"leTHhIX 3HaYeH11i1 Heon­

peJ].eneHHOcTeH pa3nHYHblX cpyHKUHOHanOB pa3pa-

6oTaH KO)]. C pa60YHM Ha3BaHl1eM 

SHM_ DISPERSTON. B nepBy!Q oyepe,uh Ha .n.aH­

HOM 3TaTTe pa6oT KO.D. npe.n.Ha3HaYeH .!l,n51 OTpa6oT­

KH MeTO.!l,HK H TeXHOnorHH onepaTHBHOro nonyYe-

1-11151 Heonpe.n.eneHHOCTeH peaKTOpHblX cpyHKU110-

HanOB. 

TpyJJ.HOCTb 3a.!l,a"IH 3aKnl04aeTC.!I B OTCYfCT­

BHH KpHTepHeB, KOTOpblC n03B0Jl51nH 6bl CYJJ.HTb 0 

TOYHOCTH pa3mr4HblX np116nH)l(CHHH H O .uonyc­

THMOCTH npe.unono)l(eHHH caMoro o6w.ero xapaK-

Tepa, TaK KaK B HaCTO.!IW.ee BpeM.11 KO.D. 

SHM DISPERSION TTO-BH.D.HMOMY nepBblH H 

e.n.1rncTBeHHblH cneu11anH3HpOBaHHhlH nporpaMM­

HhlH npo.uyKT TaKoro ypoBH.11. B 3TOH CB.!13H co­

"ITeHo He06XO.D.HMblM npe.n.ycMOTpeTb OTTUHIO 

ST ATTSTIC M.11 nony4eHH.!I npeu1-131101-1HbIX pe-

3ynbTaTOB CMew.eHHH, JJ.HCnepcHH, MaTeMaTH4e­

CKHX Q)l(_H)J,aHHH H 3Ha4eHHH .D.OBep11TenbHblX Be­

pO.!!THOCTCH. 3-ra onum1 CJIY)l(HT .!l,n.11 sepH<pHKa­

UHH 6onee onepaTHBHblX MCTOJJ.HK. 

BTopa.11 onu11.11 TSD, peanH30BaHHa.!I K Ha­

cTo.11w.eMy MOMeHry, OCHOBaHa Ha HCTTOnh30BaHHH 

TMB. 3To 6orree onepaTHBHhIH HHCTpyMeHT, KO­

TOphrH n03BOn.!leT nonyYaTb .D.HCnepCHH HaH6onee 

Ba)KttblX QlYHKUHOHanOB. XoT.11 OCTalOTCJI TTOJ].03-

peHH.!I, '-!TO TMB pa6oTaeT He so scex 11HTepe­

cy10w.1-1x Hae cny'-!a.11x. 

0111,(Wl STATISTIC Ko.ua SHM_ DISPERSTON 

CJIY)l(HT npeUH3HOHHblM B HeKOTOpOM CMbICne HH­

CTpyMeHTOM .nn.11 paclleTa Heonpe.n.eneHHOCTH "' 

OCHOBaHa Ha CTaTHCTl14eCKOM HHTerp1-1poBaHHl1 

o6paTttoro onepaTOpa. 

PaccMOTpHM B KaYeCTBe o6beKTa 11ccneJ].OBa­

HHJI Kaccery peaKTopa. fpynnoBhie MaKpoceYeHHJI 

npe.n.crnBn.!IIOTC.11 B BH.D.C 

L,kg = < L;k,< + s:,K o :E'.,g + s~lg o L~kg , < 1) 

r.ue < L,ki> - cpe.uHee ce4ett11e; i - 1-11-1.n.eKc npo­

uecca: .n.errett11e, nornow.eHHe, nepeBOA 113 rpynnhI 

B rpynny, reHepau11.11 H T.Jl.. ; k - HHJ].eKC .!IYei-fKH; 

g - HHJJ.CKC rpynnh1; 0 :E:,g - Heonpe.n.eneHOCTb 8B11-

JJ.Y HCTOYHOro 3HaHH51 MHKpOKOHCTaHT; l - HH)l,eKC 

nma .!!4dfKH; 0 L:g - HeonpeJ].eneHOCTb BBHJJ.Y He­

TO•rnoro 3HaHH51 KOHUeHTpaUHH CMeCH, pa3MepoB 

TB3n a H ero 3neMeHTOB, TOTTnHBHOro CTep)l(I-151, 

6 J:U ~ 
0 OJT04KH 11 T.JJ..; '-,11g - CnY'-!aHHble senHYHHbl, 

pacnpe.neneHHbie no KaK0My-n1-160 3aKotty Ha HH­

Tepsane (- 1, I]. 
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Ecn11 s oeHose Heonpe,!leneHHOeTeH ee4eHl1H 

pa.3HOro Tl1na Jie)Kl1T o.nHa 11 Ta )Ke np11411Ha, TO 

KoppeJI.SIU110HHOe eooTHOWett11e BBO,!l11Te.SI eJie-

.!lYIOllll1M o6pa.3oM: ~
1 = ~', , , ,,Ile i 11 i' - 11H,!leKeb1 
ug I lg 

.nsyx Koppen11pyiom11x npoueeeos. 

.D:anee paceMaTp11saeTe.S1 eTaTl1eTH4eeKHH na­

KeT 113 N eoeTO.SIHHH, .nn.si Ka)K,!loro n ~ N eoeTo.si­

HH.SI e nOMOLUblO reHepaTOpa eny4aHHblX 411een 

Ka)K,!lOH eTOxaeTH4eeKOH nepeMeHHOH ~ (11H.lleKebJ 

onymeHb1) np11esawsaeTC.S1 esoe 3Ha4eH11e. Tioene 

3TOro 11cnOJib3yeTe.si MOJzyJib SHM_ASSEMBLER 

.!lJl.SI peweH11.S1 3a,na411 s KaeeeTe e onpe.neneHHbJMH 

napaMeTpaMH. TaKHM o6pa.30M, ,!lJI.SI Bbl4HCJieHH.SI 

,!l11enepe11H npaKTH4eeKl1 npOBO.llHTe.SI 4HeJieHHblH 

3Kenep11MeHT, attanor114HbIH pae4ery MoHTe­

Kapno .!lJl.SI tteliTpOHHO-q)l13114eeKOH 4acT11 peaK­

TOpHoro pae4eTa. 

Heo6XO,!lHMble eTaTHeT114eeK11e BeJIH411Hbl 

HaXO.ll11M ycpe,!lHeHHeM no seeM eoeTO.SIHl-1.SIM na­

KeTa. l1yeTb F - I-IHTepeeylOLUHH Hae cpyHKUHOHaJI, 

TOr,!la MaTeMaTH4eeKoe O)l<H.llaHHe 3TOH BeJil1411Hbl 
I ,., 

6y.neT M(F) = - L F;, . .D:11enepe11.si 3Toro cpyHK­
N n=I 

u11ottana cr= t(F;,-M(F)//N. 

3Ha4eHl1.SI .nosepHTeJibHblX sepO.SITHOeTeH ,!lJI.SI 

.nosep11TeJibHbIX HHTepsanos (0, cr), (0, 2cr), (0, 

3cr) pasHbl ~ = N,/ N. 3,!lecb i = I ... 3, N; - 4Heno 

3Ha4eHHH Fn 113 naKeTa, nonaBWHX B eOOTBeTeT­

BYIOLUHH i-li .nosep11TeJibHbIH HHTepsan. Q4es11.n­

HO, 4TO npH yseJIH4eHHH 4HeJia eoeTO.SIHHH B na­

KeTe, T.e. C poeTOM N, HHTepeeyiouu-1e BeJil1411Hbl 

yeTpeM.SITe.SI K eBOHM HeTHHHblM 3Ha4eHl1.SIM. 

OTMeTHM, 4TO 11enOJib3yeMblH .llJl.SI pae4eTa 

OT,!leJibH0ro eoeTO.SIHH.SI SHM _ASSEMBLER, eo3-

,!laHHblH pattee, n03BOJI.SleT pa60TaTb KaK C reKea­

roHaJibHOH, TaK H e KBa,npaTHOH peweTKaMH .Sl4e­

eK, npHMeH.SI.SI Heperyn.sipttylO eeTKY TaM, ,,Ile 3T0 

Heo6XO,!l11MO. 3-ro IT03B0Jl.SleT 11enOJib30BaTb KO,!l 

SHM_DISPERSION .!lJlH 6onee w11p0Koro KJiaeca 

3a,na4, Hanp11Mep, .!lJl.SI oueHKH Heonpe,!leneHHO­

eTeH, Bbl3BaHHblX HapyweHHeM peryn.sipttoeTH 

peweTKH s npoueeee pa6oTbJ KaeeeTbJ. 

TeM He Mettee Ha ,naHHOM 3Tane pa6oTbJ on­

u11.si ST A TISTIC paeeMaTp11saeTe.S1 npe)K,!le seero 

KaK HHeTpyMeHT ,!lJI.SI nony4eHH.SI KpHTep11es, no 

KOTOpblM MO)KHO ey,nHTb O npaBHJlbHOeTH npe,!l­

JlO)KeHHblX 6onee onepaTHBHblX MeT0,!lOB nony4e­

Hl1.SI Heo6XO.lll1MblX sepO.SITHOeTHblX xapaKTep1-1-

en1K. 

OmruR TSD n03son.sieT nony4aTb HeK0TopbIe 

HHTepeeyiom1-1e pe3ynbTaTbI, 11enonb3YH TMB. 

XoT.S1 11Me10Te.S1 oeHosaHH.SI nonaraTb, 4TO TMB He 

,!laeT B03M0)1(HOeTH nony4HTb see 11HTepeeyJOLUHe 

xapaKTepHeTHKH, TeM He Mettee B HeKOT0pblX eny-

4a.SIX TaKOH MOLUHblH H onepaTl18HblH HHeTpyMeHT 

MO)KeT OKa3aTbe.SI noJie3HblM. OeTaeTell TaIOKe OT­

KpblTblM sonpoe o rpaH11uax np11MeH11MoeT11 TMB 

Ha ,!laHH0M KJiaeee 3a,nalf, KOTOpblH ,!l0JI)l(eH 6b1Tb 

HCCJie,!lOBaH. TTp11se,!leM 3,!leeb cpopMyny ,!lJI.SI no­

JiylfeHHll 3Ha4eHl1ll ,nHenepe111-1 K3<{xj, e noM0LUblO 

TMB. 

flyeTb 11MeeTell HeB03MyLUeHHall 3a,na4a, on­

pe.nen.sieMall ee4eHl1.SIMl1 < L,kg >, ,!lJlll KOTOpOH 113-

BeCTHbl npllMOe H eonpll)KeHHOe peweHHll. TaK)Ke 

paeeMOTpHM MHO)KeeTB0 B03MyLUeHHblX 3a,na4 C 

ee4eHl1.SIMH, onpe,!leJieHHblMH no cpopMyJie ( J ) . 

Heo6xO,!lHMO nony4HTb ,!lHenepeHIO seJIHlfHHbl 

K3<{xtl, yepe.nHeHH)'JO no seeM napaMeTpaM ~ (11tt­

.neKCbI onymeHbJ): 

cr2 = _!__ f ( k0 - k(I;) )2 ~' k0 = M ( k) . 
QQ 

3,!leeb I; - e0B0KYTIHOeTb seex napaMeTpos, onpe­

.neJI.SIIOLUHX eToxaeTHlfeeKoe H3Mettem1e ee4eHHH; 

Q - o6naeTb H3MeHeHl1.SI BeJil1lfl1Hbl I;; ko - eo6eT­

seHH0e 3Ha4eH11e tteso3MYLUeHHOH 3a,!lalf11. 

3an11weM B03MyLUeHHOe ypasttett1-1e .!lJl.SI seero 

MHO)Keerna B03MyLUeHHbIX onepaTopos, onpe.ne­

neHHbIX cpopMyJIOH (I): 

Lq>+oup- _!__ Kq> -(o_!_)Kq>-_!__OK<p -(o!)oKcp = 0.(2) 
k

0 
k k0 k 

Ypasttem1e .!lJl.SI tteso3MYLUeHHOH 

3a,!lalfl1 6y.D,eT 11MeTb B11.!l 

L. . _ _!__ K+ • = 0 
<po k q>o · 

0 

eonp.si)KeHHOH 

(3) 

3.neeb <p - pewett11e B03Mymettttoli 3a,!la41-1, cp0 11 

<p~ - peweHHll eooTBeTeTBeHHO np.SIMOH 11 eonpH­

)KeHHOH HeB03MyLUeHHblX 3a,na4. 

YMHO)Kl1M ypasttett11e (2) Ha cp;, ypasttett1-1e 

( J) Ha cp, Bbl4TeM 0.llHO 113 Apyroro, npOHHTerpH­

pyeM no seeM nepeMeHHbIM H, oT6poCHB l.JJlem,1 

BToporo nop.Sl,!lKa MaJIOeTH, ITOJIY4HM 

of=\ cp~ (oL + ¼ 0K)cp0 ) /( cp~Kcp0 ). 

HenOJib3Y.SI ManoeTu napaMeTpa 8(1/k), HMeeM 

k = ko + k: o( 1/ k); TO,,na Bblpa)KeH11e ,!lJI.SI ,!lHenep-

CHH 3an1-1weTel1 B BH)],e 

cr' =( ,k: ) I Jf ~;(0L-_!__0K]cp0 )

2

~. (4) 
cpoKcpo Q n \ ko 

3-ro 11 eCTb HeKOMOe Bblpa)KeHHe )],JI.SI )],HenepCHl-i 

K3<1><1>· HHTerpan, BXO.D.HLUHH s ( 4), 6epeTe.S1 attanH­

TH4eeK11. TaK, ttanp11Mep, s eny4ae pasttoMepttoro 

paenpe.D,eneHHll ~ 11enOJib3YIOTe.SI cpopMyJibl 
I I 

f ~:d~, = 2/3, f ~,d~, = 0. 
-I -I 

5IBHblH BH.ll ITO)],blHTerpaJibHOro Bblpa)KeHl1ll 

.llJl.SI reKcaroHaJibHOH reOMeTpHH 6y,!leT 
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r,LJ,e L;; - ce4em1e yso,LJ,a 113 rpynnh1; qsf = "\' bLg'-+gi:cn~'<J> + X "\' W Lf _J:C f ,<J> .. CMblCJI 1,nmeKC0B TOT >Ke 
k.g L.J 11 '":>.1 n.g' g L.J f n.g ...,,,g n.R ' ' 

g'=I K'=I 

4T0 H BbIWe. 

MooeJlbHble 30001/U. B Ka'leCTBe 06beKTOB HC­

cne,LJ,0BaHHSI Bbl6paHbl KacceTbl cyw.ecTBylOW.HX 

BB3P- I 000, BB3P-440 11 nepcneKTHBH0ro peaK­

rnpa oPECT-300 (A3 l ). Cpe.Ll.HHe 3Ha'leHHSI cet.fe­

HHH Sl'leeK < L,kg > no.JT)"-leHbI no nporpaMMe SVL. 
IlpOBO,ll,HJIHCb pact.feTbl CMew.eHHSI H ,ll,HCnepCHH 

K,<Jxi,, pacnpe,LJ,eneHHSI ,LJ,Hcnepc1111 11 CMew.eH1-rn 

:meprOBbl,ll,eJieHHH. 

IlycTb 8 L:,g - MaKCHManbHO 803MO>KHOe 0T-

KJIOHeHHe ce4eH1-rn OT cpe,LJ,Hero 11 8 L:,g I< L,kg > = 
0 ,0 I; ~:,

8 
- cny'laHHbie senH4HHbI, pacnpe,L1,eneH­

Hb1e paBHOMepHO Ha HHTepsane (-1, I). 
,nnSI Ka>K,LJ,OH KacceThI ccpopMyn11posattb1 cne­

.Ll.YIOW.He 3a,LJ,a'lH. 

Turn 3a.Ua'lH I. L,kg = < L,kg > + ~:,g 8 L:,g ,ll,JISI 

scex ce'leHHH: nornow.eHHH, ,LJ,eneHHSI, rettepau1111 

H T.,ll,.; O.LJ.HHaKOBb(H 3aKOH H3MeHeHHjf ,LJ,nSI Sl'leeK 

O,ll,HOro THna. Mo,LJ,e1111posatt11e HeT0'lHOro 3HaHHSI 

rpynnOBblX Ce4eHHH. 

Turn 3a,uacrn 2. CBOH 33KOH pacnpe,LJ,eneHHSI 

,LJ,nSI Ka>K,LJ,OH H4eHKH. Mo,LJ,en11posaH11e HeToqttoro 

3HaHHjf KOHUeHTpaUHH MaTepHanOB. 

LlnH 3a,uaq11 3. To >Ke, lfTO 11 .Ll.JIH 3a,LJ,a'lH I , HO 

BBe,LJ,eHa KOppem!UHH Me>K,LJ,y rpynnOBblMH ce'le­

HHSIMH reHepau1111 H nornow.ettffjf, TaK 4TO l1X OT­

HOWeHHe OCTaeTCSI noCTOSIHHblM. Mo,LJ,en11posaHHe 

HeT04HOrO 3HaHHSI rpynnOBblX ce'leHHH npH yc­

TaK KaK BO scex paCCMOTpeHHblX 3a,LJ,a'laX KacceTbl 

,ll,0CTaT04HO O,ll,H0pO,ll,Hble, TO H3MeHeHHe Cet.feHHH 

npHBO,llHT K ManOMY H3MeHeHHIO cpopMbl nOJISI, a 

K03!p!pHUHeHT pa3MHO>KeHHH MeHHeTCH 3aMeTH0. 

Hao6opoT, B 3a,LJ,a'le 2 BH.Ll.HM Manoe H3MeHe­

HHe O ,LJ,nH K)q)q> H 3Ha'IHTeJibHOe ,llJISI 3HeprOBbl,LJ,e­

neHHH. Ilo ycnoBHSIM 3a,LJ,a'IH csoiicTsa siqeeK 

HMelOT 3aMeTHble HeKoppenHp0B3HHhle cpnyKrya­

UHH, KOTOpble, O,LJ,HaKo, npHBO,ll,SIT K npeHe6pe>KH­

MOMY 113MeHeHHIO K03!p!pHUHeHTa pa3MHO}KeHHH. 

Pe3ynbTaTbl paC4eTOB MaTeMaTH'leCKHX O>KH­

,LJ,aHHH, CMew.eHHH H CTaH,ll,apTOB OTKJIOHeHHH ,LJ,nH 

K)q)cj, npe,LJ,cTasneHbI s rn6n. l.. .4. O6o3Ha'lemrn B 

rn6n11uax: 

K_ - co6cTBeHHOe 3Ha'leH11e, nony'leHH0e ,LJ,nH 

cpe.llHHX COCTaBOB; errK_- CMew.eHHe K-, %; 
< K_> - ycpe,LJ,HeHHoe no sceM cny4aHHbIM sen11-

'lHHaM co6cTBeHHOe 3Ha'1eH11e; cr - CTaH,ll,apT OT-

KJIOHemrn, % , cr = t [ ( ( K_) - K~ r / N ]- I 00; 

p I - .Ll.OBepHTeJibHaSI sepOS!THOCTb ,LJ,n.11 HHTepsana 

(0, cr); P2 - .Ll.OBepHTeJlbHaSI sepO.IITHOCTb ,LJ,n.11 HH­

Tepsana (0, 2cr); P3 - ,ll,OBepHTeJibHaSI sepO.IITHOCTb 

,LJ,nSI HHTepsana (0, 3cr). 

Pe3yJibTaTbl pacnpe,LJ,eneHHSI CMew.eHHH H 

CTaH.uapTOB ,LJ,n.11 3HeprOBbl.LJ,eneHHH nOKa3aHbl Ha 

pHC. l.. .6. HopMHpOBKa Bb16paHa TaK, 'ITO cpe,ll,­

ttee 3HeprOBbI.Ll.enett11e no KacceTe paBH0 e.n11tt11ue. 
JIOBl-m, qTo B Ce'leHHSI BBe,LJ,ettbl Koppe­

JISIUHH ,ll,JUI ,ll,OCTH}KeHHH cornacffjf C 

HHTerpanbHblMH 3KcnepHMeHTaMH. 

T a 6 JI H u a 1. Pe3YJlbT3Tbl pac'!eTa KacceTbI BB3P- l 000 

LlnH 3a,ua'l11 4. KoM61rnauffjf 3a,LJ,a'l 

3 H 2, HeTO'lHOe 3HaHHe cet.feHHH H 

KOHUeHTPaUHH c Koppenm,111ei1 Me>K,LJ,y 

rpynnOBblMH ce'leHHSIMH reHepaUHH 11 

nornow.eHHSI. 

oonee 11n11 MeHee ,LJ,eTanbHbIH aHa­

n113 pe3yJibTaTOB OTJI0}KHM Ha speMH, 

KOr,LJ,a 6y,LJ,yT HCnOJib30BaHbl peanH­

CTH'IHble HCXO,ll,Hbte .uaHHbJe . Cei-14aC 

}Ke o6paTHM BHHMaeHHe Ha 3Ha'lH­

TeJibHble cr ,LJ,nSI K)<j)cj, H Manble cr ,ll,JIH 

3Heprosh1,LJ,eneHHH s 3a,LJ,a4e I. B 3TOH 

3a,Ua4e ,LJ,nSI scex ce'leHHH: nornow.e­

HHH, ,LJ,eJieHHH , reHepaUHH 11 T.,ll,. 0.llH­

HaKOBblH 33KOH H3MeHeHHR ,LJ,nSI H'leeK 

o.uHoro THna. Mo,LJ,en11posaH11e HeT0'l­

Horo 3HaHHH rpynnOBblX cet.feHHH. 
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N2 K_ errK.., % < K_> cr, % Pl P2 
I 1,37767 -0,002 1,37765 0,92 0,67 0,96 
2 1,37767 -0,006 1,37758 0,007 0,57 1,00 
3 1,37767 -0,005 1,377598 0,17 0,66 0,96 
4 1,37767 -0,003 1,377625 0,17 0,65 0,96 

Ta 6 JI 11 u a 2. PeJYJlbTaTbt oac'leTa KacceTbJ BB 3 P-440 
N2 K_ errK_, % < K_> cr, % Pl P2 
I 1,17326 -0,0 14 1,17309 0,85 0,65 0,97 
2 1,17326 -0,00 16 I , 17324 0,002 0,52 1,00 
3 1, 17326 -0,009 1, 17315 0.14 0,65 0,97 
4 1.17326 -0,007 1,17317 0,14 0,65 0,97 

Ta 6 JI 11 u a 3. PeJYJlhTaTbl pac'leTa KacceTbt EPECT-300{A3 I) 
No K_ errK_, % < K_> cr, % Pl P2 
I 1,16736 -0,006 1,167295 0,50 0,67 0,96 
2 I , 16736 -0,0005 I , 167366 0,014 0,68 0,95 
3 1, 16736 -0,003 1,167324 0, 11 0,67 0,96 
4 1,16736 0,0003 1,167363 0, 11 0,67 0,96 

P3 
1,0 
1,0 
1,0 
1,0 

P3 
1,0 
1,0 
1,0 
1,0 

P3 
1,0 
1,0 
1,0 
1,0 
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T a 6 JI II u a 4. Pe3VJ!bTaTbl coaBHeHI-UI CTaH.napTOB K 

® cm 
Cll! 
cm 

I 127!o.< I 

N2 
BB3P-I 000 

I 0,92 
2 0,006 
3 0,17 
4 0,17 

-Problem .. 1 
-Problem .. 2 
-Problem,. 3 
-Problem .. 4 

cr, %, STATICTIC 
BB3P-440 13PECT-300 

0,85 0,50 
0,002 0,014 
0, 14 0,11 
0, 14 0,11 

s !,di, nonytJeHHbIX no onu1uiM STAT! TIC 11 TS D 
cr, %, TSD 

BB3P-I000 BB3P-440 13PECT-300 
0,93 0,85 0,49 

0,002 0,001 0,014 
0,17 0, 14 0,11 
0,17 0,14 0, 11 

P11c. I. Pacnpe.neneH11e cMe111eH11l! ornoc11TeJJbHOro :rnepr0BbI.!leJJemui B KacceTe BB3P- I 000 
.!lJUI pa.311(,flJHblX 3a.natJ. CeKTOp CHMMeTpHH 60° 

3aMeTl1M, '-IT0 paC'-leTbl np0B0.L{HJ!HCb AJUI KacceT 

ueJll1K0M, 0,L{HaK0 Ha p11cyHKaX npe,ncTaBJleHbl 

Jl l1Wb C00TBeTCTBYIOW.11e ceKTopa Cl1MMeTp1111. 

O6o3Ha'-leHHjl Ha p11cyHKax: CMew.eH11e :mep­

roab1,neJ1eHl1jl B i-i-1 jll.feHKe ( 1 - w,0 /< w, >)· I 00 %, 
0 . ~ ~ 

r .ne w, - 3Ha'-1eH11e 3Hepr0Bbl,L{eJleHl1ll B 1-11 l!'-leHKe, 

nolly'-leHH0e .L{Jlll cpe,nHl1X C0CTaBoB; < w, > -
ycpe,nHeHH0e no BCeM CJly'-laHHblM BeJll1'-111HaM 

3Ha'-leH11e 3HeproBb1,neJ1eH11l! B i-i-1 ll'-leHKe; er -

CTaH,napT 0TKJl0Hemrn, %. 

3aK.ruotJeuue 

HapaaHe c KpaTKl1M o63opoM pa6oT, r.ne pac­

CMaTp11BaJI11cb pa3llWIHble acneKTbl BJll1l!H11ll He­

T0'-IH0CTl1 3HaHHll 11CX0.L{HblX napaMeTP0B cpe,nbl 

Ha BeJIH'-IHHbl HeHTpOHHO-Q)H311'-leCKl1X xapaKTep11-

CTl1K, 113Jl0)KeH K0p0TK0 nYTb Ha116onee npHBJleKa­

TeJlbH0ro peweHl1ll npo6JieMbl. XoTeJlOCb 6bt no­

CTaBl1Tb 3a,na'-ly Bb!BeCTH HeHTpOHHO-Q)11311'-leCKl1H 

pac'-!eT Ha HOBblH )Tan, Ha K0T0p0M paC'-leT .L{0Jl­

)KeH .naBaTb pe3yJibTaT C oueHKOH ero CTaH,napTa 

0TKJl0HeHl1ll. TaK)Ke KaK pe3yJlbTaT cj)yH.UaMeH­

TaJibH0ro Q)11311'-leCKOfO 3KCnep11MeHTa He M0)KeT 

6b1Tb np11Hn 6e3 yKa3aHM npe,neJloB norpeurno­

CTH, TaK 11 HeHTpOHHO-Q)113H'-leCKOMY pac'-lery pe­

aKT0p0B nopa BblX0A11Tb Ha aHaJIOrH'-IHblH ypo­

BeHb. 3a.na'-la Henp0CTal!. Pac'-leTOM xapaKTep11-

CTl1K peaKT0p0B 3aH11MaeTCll 60JibWOe K0JlH'-leCTB0 

HCCJie,noBaTeJieH - 0AHH 3aH11Ma10TCll ycoBepweH­

CTB0BaHHeM pac'-leT0B jl'-!eeK, .npyrne - KaCCeT, 

TpeTbH - 30Hbl ueJlHK0M 11 T . .ll. AHaJIOrH'-IHble pa-

60Tbl CJle.n.yeT Bbtn0JIHl1Tb 11 Ha H0B0M 3Tane pa3-

BHTl1ll HeHTpOHHO-Q)11311'-leCKl1X pact.ieT0B. 
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® 573 
Cl25 
$9 

I 12"1.x:M. I 

-Prob! em .. 1 
-Problem., 2 
-Problem"' 3 
-Problem,.4 

PHC. 2. Pacnpe.nenettHe cnrn.napra 0TKJJ0HeHHll B % OTH0CHTeJlbH0f0 3HeproBbl.UeJJeHHll 
s Kaccere BB3P- l 000 Ml! pa:mH'IHbIX Jana<t. CeKrop CHMMerpHH 60° 

® (Ill 

a:6 

I ~22 .... I 

-•1 
-•2 ~.,,,3 -·· 

PHC. 3. Pacnpe.neneHHe CMemeHHll 0TH0CHTeJlbH0ro 
JHeprosb1.neneHHll a Kaccere BB3P-440 .!Lilli pa3nH'I­
H1>1x Jana<t. CeKTop CHMMerp1rn 30° 

I 
-00030 Problem t 1 0 0015 

0 00S7 Ptobt.m t2 .Q 0 16<4 

00030 Ptoblem U 00018 

..0 002 1 P,oblem M 0000• 
0 0030 -0 0001 
0 0057 0 0001 
0 0030 -0 0001 
-0 0021 00203 

00000 0 0028 00020 
00000 0 OHIJ -0 0027 
00000 00027 0 0022 
0.0000 001 11 .Q 0063 

00032 00030 -00001 00028 

00060 -0 0107 00008 00081 
00032 00030 -00001 00027 
-0 0022 00045 00115 coo,, 

.ooooe -0 0022 0 0021 -0 0040 -0 0026 
0013& 0 00• 9 0 0035 -00101 00000 
-0 0007 -00022 0 0021 -00039 -0 0026 
-00110 -00033 00132 00153 -00013 

0.0000 00000 -0 0003 0 00◄1 00032 -0 0002 
0.0000 0002 1 0008& 0 0013 .()0002 00128 
0 ,0000 .() 000< -0 0004 0004 1 00032 -0 0001 
00000 -0 O<MS -0 0 105 00124 0 0008 -0 0009 

I 
00000 0 .0000 -0 0003 -0 002, 00031 -00012 00021 
0 ,0000 00000 -0 009!1 00193 00073 -0 0070 -0 0011 
0 ,0000 00000 -00009 -00021 0 0031 .o 0014 0 0022 
00000 00000 0 0011 00020 0 0052 00013 0 0032 

PHC. 5. PacnpeneneHHe CTaH.napra OTKJJ0HeHHl! 0THOCH­
TeJlbH0ro Jttepr0Bb1.neneHHll B Kaccere EPECT-300 Ml! 
paJJJH'lflblX Ja.na'I. CeKTOp CHMMerp1rn 45° 

20 

®
_., 
-•2 
-•3 -·· 

I =- 1 

PHC. 4. Pacrrpe.neneHHe craH.napra 0TKJJ0HeHHl! s % 0T­
H0CHTeJlbH0ro 3HeproBbl.D,eJJeHHll B KacceTe BB3P-440 
.nJill paJJIH'IHblX 3a_na'I. CeKTop CHMMerpHH 30° 

oooe, Problem., ~ 
0 5747 Problem#2 0 5747 
00060 Problem '3 0 0000 
0 5796 Probi.m_. 0 5796 

0 0054 0 0053 
0 5753 o 5n1 
00053 0 0053 
0 5895 0 5756 

00000 0 00<1 000<8 
00000 0 5749 0 5827 
0.0000 0 00<1 0 0048 
o- 0 5808 0 58 13 

0 0034 00033 00028 0 0051 
0 5748 0 5788 0 5787 0 5727 
0 0033 00033 00028 0 0050 
05718 0 5791 0 5715 0 5803 

0 0081 000<0 00020 000<8 0 00<5 
0 5728 05784 0 5750 0.5771 05708 
0 0080 00040 00020 000<7 00045 
0 5149 0 5724 05759 0 51!118 0 5758 

00000 0 0137 00057 000•2 0 00◄2 00037 
0.0000 0 5737 0 5757 0 5770 0 5778 05770 
00000 0 0137 00057 0 00<2 000◄2 0 0037 
00000 0 se,2 0 5812 0 5754 0 5780 0 5837 

I 
00000 00000 0 0157 00070 0 0034 00028 00043 
00000 0.0000 O 581'1 0 5763 0 5787 0 5703 0 58 29 
00000 0 .0000 0 01S7 0 0009 0003< 00028 000<3 
00000 00000 05753 0 5783 0 5848 0 5750 0 5785 

PHC. 6. PacnpeneneRHe CMe!UeIDtl! s % 0TH0CHTeJJbH0ro 
JHeprosb1.neneHHll s KacceTe EPECT-300 Ml! paJJJH'I­
HbIX Jana'!. CeKTop CHMMeTpKH 45° 
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working codes which are built from these modules. The practical problems are mentioned for which these working codes 
are used. 
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1. MeTO~ sepOHTHOCTeU nepBblX CTOJIKHOBCHHU 

MeTO)]. sepOJI.THOCTeH nepBblX CTOnKHOBeHHH 

(BTTC) [ 1] srnn.sieTc.st O.LJ.HHM H3 MeTO}lOB noBbl­
weHHOH T04HOCTH, KOTOpblH 11cnonbJyeTC.s! )])1.s! 

peweHHll HHTerpanbHOro TPaHcnopTHOfO ypaBHe­
HH.s! nepettoca HeHTpOHOB B MHOrorpynnoBOM 
npe.n.cTaBneHHH. 11.LJ.e.st MeTO)J,a COCTOHT s TOM, '-!TO 
ecnH )].Jlll Ka)f()J.OH 3HepreTw-1ec1<011 rpynnh1 H3-
secTHbI B11C B 30He j .LJ.n.st HeHTPOHOB, pO.LJ.HBWHX-
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C.ll HJlH HCnblT3BWHX npe,!lblllYW.ee pacce.llHHe B 

JOHe i, TO .UaJJbHewwee Haxo)K,!leHHe npocTpaHcT­
seHHoro pacnpe.ueneHH.!1 HeHTpOHOB B CHCTeMe 

CBO,!lHTC.ll K peweHHIO HHTerpaJJbHOro ypasHeHH.ll 

nepeHoca Hei:!TpOHOB, npe.ucTaBJljleMoro B BHlle 

CHCTeMbl JlHHeHHblX HeO,!lHOpO.UHblX ypaBHeHHH. 

.[(n.si peweHHSI TaKHX CHCTeM ypasHeHHH pa3pa6o­

T3Hbl cospeMeHHble 6bICTpo.uewcTBylOW.He aJJro­

pHTMbl, pewa10mHe, oco6eHHO npH HCnOJlb30Ba­

HHH Ha MHOronpoueccopHblX KOMnbtOTepax, 3a.ua-

4H C 4HCJ10M HeH3BeCTHblX IO 000 H 6onee 3a pa-

3YMHble speMeHa. B np1-1611m1<eHHH nJIOCKHX no­

TOKOB H H30TpOnHOCTH HCT04HHKOB H pacce.llHHSI 

BITC onpe.ue11S110TCS1 no c11eny1omew cpopMYne [I]: 
- L,j f f I e-,(,.r) 
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nonHoe MaKpOCKOnHYeCKOe ceYeHHe B 30HeJ, CM ; 

t(r, r') - onTH4eCKHH nyTb Me)l(JlY T04K3MH r' H 

r. 
OCHOBH3.ll 3a,!l34a MeTo.ua 33KJll043eTCSI B Bbl-

4HCJleHHH caMHX BTTC . .[(nSI O.!lHOMepHOH U.HJIHH­

JlPHYecKoii reOMeTpHH Tpa,!lHU.HOHH0 npHMeHSleT­

CSI OllH3 H3 pa3HOBH,!lHOCTeH MeTO.Ua KapllBHKa, 

snepsb1e ony6nHKOBaHHoro B Tpy.uax 2-w Me)l(JlY­

Hapo.uHow KOH<pepeHU.HH no MHpHOMY HCnOJib30-

B3HHIO aTOMHOH :meprm1 [2]. .[(nSI KOJlhUeBbIX 30H 

TaKOH CHCTeMbl B npe.u.noJlO)l(eHHH a3HMyra.,IbHOH 

o.uHopo.n.HoCTH H H30Tp0nHOCTH pacceSIHH.ll BTTC 

onpeJlemnoTCSI no KBa.uparypHbJM cpopMynaM. 

,naHHblH MeTO.!l pa3BHT H peaJJHJOBaH B TaK.HX H3-

BeCTHblX nporpaMMax, KaK WIMS (3), HELIOS 

(4), TBC-M (5) H .up. 

OTMeTHM, 4TO llJlSI yYeTa aHH30Tpomrn pac­

ceSIHHSI B nepe4HCJleHHblX nporpaMMax npHMeH.ll­

eTCSI -rpaHcnopTH0e npH6JlIDKettHe. B 3THX npo­

rpaMMax BITC BbIYHCJ1S110TCS1 B 3JleMeHTapHbIX 

S1Yei11<ax pa31lH4HOH cpopMbI: Ksa.upaTHOH, re1<ca­

roHaJJbHOH, np.siMoyronbHOH. OcHOBHoe npe11My­

w.ecTBO JlaHHOro MeTO,!la COCTOHT B TOM, 4TO llJlSI 

npocTbIX o.uHoMepHbJX 11 JlByMepHbIX S1Yee1< BTTC 

onpe.u.e11S110TCSI 04eHb 6bICTJ)O. O4eBH,!lHblH He.u.oc­

TaTOK MeTOJla - orpaHH4eHHSI no reOMeTpHH, a 

Tal()l(e np116J1H)l(eHHe a3HMyTaJlbHOH 0,!lHOpOJlHO­

CTH nOTOKa HeHTpOHOB B 30He. 

B pa6oTe [ 6) npellJlO)l(eH opHrHHaJJbHbIH aJJ­

ropHTM BbIYHcneHHSI BTTC s npoHJBOJlbHOH .usy- H 

TpexMepHOH reOMeTpHH. OcHOBHble HJleH aJJro­

pHTMa TaKOBbl. Bo-nepBbIX, llJlSI Bbl4HCJleHHSI MHO­

roMepHblX HHTerpaJJOB HCnOJlb3YIOTCSI cneu.HaJJh­
Hble ceTKH c oco6o paBHOMepHblM pacnpeJleJleHH­

eM T04eK B MHOf0MepHOM npocTpaHCTBe (7' 8]. 
Bo-BTOpblX, llJlSI Bbl4HCJleHHSI apryMeHTa n0,!lblH­

TerpaJJbHOH cpyHKUHH B CJlO)KHblX reOMeTpH.llX 
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MO)KHO npHMeHSITb reOMeTpH4eCKHe M0llYJlH H3 

COCTaBa mo6oi1 nporpaMMbl, peaJJH3YIOW.eH MeTOll 
MoHTe-Kapno. l1fasecTHb1 HeCKOJlbKO TaKHX ceroK, 

HanpHMep, ceTKH XeMMepc111-1-Xo11TOHa [7] H H.M. 

Kopo6osa [9] H JIHt-nocne.uosaTenbHOCTH vl.M. 
Co6011S1 [ 1 O]. 11cnon b30BaHHe TaKHX ceT0K npHBo­

.UHT K norpeWHOCTH KBa.uparypHbrX cpopMyn Bbl-

4HCJleHHSI HHTerpanos nop.si.uKa I /NI
·£ (rne E -

CKOJlb yrO,!lHO MaJlOe 4HCJ10, N - K0JlH4eCTBO Y3-

Jl0B CeTKH) llJlSI WHpOKOro KJlacca <pyHKUHH. 

,naHHblH MeTO.!l peanHJOBaH B nporpaMMe 

BETTC [ 11 ] , sowe.uwew B nepsyJO sepcHJO naKeTa 

npHKlla,!lHblX nporpaMM ITEPCT [ 12], s KOTOp0M c 

npHMeHeHHeM BTTC, BbIYHcneHHbIX s nporpaMMe 

BEITC, pernaeTcSI TpaHcnopTHOe ypasHeHHe nepe­

Hoca Hew-rpoHOB s Tennosow 0611acT11 3Heprnit B 

nporpaMMe HcnonbJYeTCSI 40-rpynnosa.si 6116Jrno­

Te1<a TEITKOH [13), co.u.ep)Kaw.aSI rpynnosb1e ce­

YeHHSI B3aHMO,!leHCTBHSI HeHTpOHOB C Sl,!lpaMH cpe­

.!lbl, a Tal()l(e eyneBble H nepBble MOMeHTbl M3TpHU 

pacceSIHHSI OCHOBHblX KpHCTaJJJlH4eCKHX 3aMellJlH­

TeJleH . .[(nS1 <popM11posaHHS1 611611110TeKH TEITKOH 

np11MeH.ll11acb nporpaMMa TERMAC [ 13). MoJlep­

HH3HposaHHbIH naKeT ITEPCT c nporpaMMOH 

BEITC 11 6116111-10TeKow TEITKOH, a Tal()l(e Mo.uy-

1111 nOJlfOTOBKH MaKpoceYeHHH H3 nporpaMMbl 

TERMAC .u.o CHX nop 11cnonb3YJOTCSI B xopowo 

HJBecrnow nporpaMMe CATI<l>l1P [14). 

B pa6ornx [ 15, I 6] llJl.ll .l!YeeK H nOJJH.!IYeeK 

npellJl0)l(eHa MOJlepHH3aUH.ll aJJropHTMa BEITC, 

KOTOpaSI n03BOJJHJia aBTOMaTH4eCKH o6ecne4HBaTb 

coxpaHeHHe HHTerpaJJbHblX 6anaHCHblX COOTHO­

UieHHH. 

EcTecTBeHHbIM pa3BHTHeM MeT0.na BITC llJlSI 

Y'{eTa aHH30TpOnHH pacceSIHHSI CJl~HT HCnOJlb30-

BaHHe PN""np116J1H)KeHH.ll. B pa6oTax [17, I 8) pac­

CMaTp11saeTcS1 npo6neMa peweHH.ll TpattcnopTHoro 

ypastteHH.!1 MeTOJlOM BTIC s JJHHeHHO­

aHH30TpOnHOM npH6JlH)l(eHHH, a B pa6oTe [ 17) - B 

npOH3BOJlbHOH .nsyMepHOH reOMeTpHH. 8 3T0M 

CJJyt-Iae ceYeHHe pacce.l!HHSI H yrnoBOH noTOK 

HMelOT .usa yrnOBblX MOMeHTa B pa31lO)KeHHH -

eynesoi-t 11 nepBbIH yrnosb1e MOMeHTbl. B pa6oTe 

[ 18] 3an11caHo o6w.ee TpaHcnoprnoe ypasHeHHe s 

R2, reoMeTpHH 11 paccMOTpeHo ero peweHHe Tal()l(e 

B JJHHeHHO-aHH30TponHOM npH6JJH)l(eHHH np11Me­

HHTeJ1bH0 K 6eCKOHe4HOH no BblCOTe U.HJIHHJlpH­

YeCKOH c11cTeMe. B pa6ore [ 19] pa3pa6oTaHbI Me­

T0.!lbI pacYeTa BITC s JlHHeHH0-aHH30TpOnHOM 

np1-16JJH)l(eHHH c m.rnei1HOH annpOKCHMau.HeH no­

TOKa B 30He. 

B nocne)J.HHe HeCKOJJbKO JleT npOBO.!l.l!TCSI pa-

60Tbl no C03JlaHHIO Hosoro naKern MCUFCP npH­

KJla.!lHbIX nporpaMM, 8O3MO)f(HOCTH KOTOpblX J,I 

onHCbIBalOTCSI s HaCT0SIW.eH pa6oTe. B pa6oTe [20] 



Bbl80,lll1TC.SI 061.Uee TpaHcnopTHOe ypaBHeHl1.SI ne­
peHoca Hei:hpoHOB B p ,._,..np116JI11)1(eH1111, 3an11caH­
Hoe ,nn.SI K03cpcp11u11eHToB pa3JIO)KeH11.S1 yrnosoro 
nOTOKa HeHrpOHOB no ccj>epH'-ICCKl1M rapMOHHKaM. 
Ko3cpcp11u11eHTaMl1 B rpaHcnopTHOM ypaBHeHl111 
.SIBJI.SIIOTC.SI TaK Ha3bl8aeMble " aHl130TponHbte" [ 17] 
111111 "npoeKU110HHbte" [21] sepO.SITHOCTl1. ,[.vi.SI Bbl-
4HCJieHH.SI 3Tl1X K03cpcp11u11eHTOB B P,r 
np116JI11)KeH1111 B np0113BOJlbHOH .nsy- 11 TpeXMep­
HOH re0Merp1111 pa3pa6oTaHbl HOBbte anrop11TMbl 
[22]. KpoMe TOro, OHl1 HCnOJJb3YIOTC.SI ,llJI.SI Bbl411C­
JJeHl1.SI HanpasneHHblX K03cpcp11u11eHTOB .n11cpcpy31111 
MeTO,llOM yre'-IKl1 oeHya [21] C Y'-leTOM yrnOBblX 
KOppeJI.SIU11H Me)K,lly npo6eraMl1 HeHTpOHOB [20]. 

2. KoncTanTnoe o6ecne'fenue naKeTa MCUFCP 

KoHcTaHTHOe 06ecne'-leH11e naKeTa MCUFCP 
cocTaBJJ.SleT 6aHK .S1,nepHbtX ,naHHbtX FCPDA T, co­
.nep)KaLUHH 11Hcj>opMaumo ,nn.S1 282-x 1130Tonos. B 
Hero BXO,ll.SIT TOJlbKO Te 611611110TeKl1 6aHKa 
DLC/MCUDAT-2.2 [23], KOTOpbte co,nep)l(aT ce­

'-leH11.S1 B rpynnosoM npe.ncrnsneH1111: 6HA6/MCU 
[24], TECTKOH, ABBNL [25], BURN [26]. KpoMe 
Toro, norpe6oBanocb c03,naTb HOBbte cneu11an11311-
posaHHbte 611611110TeKH, co,nep)Ka1.U11e M11Kpoce'-1e­
H11.S1 B MHOrorpynnOBOM npe,nCTaBJieH1111: 

- ELSM - yrn0Bb1e MOMeHTbI (/ = 0, 1, ... ,5) ce'-1e­
H11.S1 pacce.S1H11J1 ynpyr11x nepexo.nos s 3n11Ten110-

BOH 0611aCTl1 3HeprHH, HOpM11pOBaHHble Ha noJJHOe 
ce'-1eH11e pacce.S1H11J1 B rpynne; 

- ELSMT - yrnoBbie MOMeHTbt (/ = 0, 1, ... ,5) ce­

'-leH11.S1 pacce.S1H11.S1 ynpyrnx nepexonos B Ten11osoi1 
0611aCTl1 3HeprHH, HOpM11poBaHHble Ha noJJHOe 
cel.feHHe pacce.S1Hl1.S1 B rpynne; 

- FSP - rpyrrnoBbie cneKTpb1 .aeneHH.SI aKT11Ho11-
.nos BO scei-1 06nacT11 3Heprn11; 
- GRC - rpynnosbte M11Kpoce'-1eH11.S1 s pe3oHaHc­
HOH 0611acn1 3HeprnH, paCC411TaHHble MeTO.llOM 
MoHTe-Kapno. 

MaTp11Ubt ynpyroro pacce.S1H11.S1 6116n110TeK 
ELSM 11 ELSMT pacc'-l11Tb1Ban11cb MeTo,noM MoH­
Te-Kapno C np11MeHeH11eM aBTOHOMHOro 3anycKa 
cerMeHTa PHEAN 113 cocrnsHoro cp11311yecKoro 
MO.llYJIJI CO<l>H3M naKeTa nporpaMM MCU-4 
[23]. ,[.vi.SI Ka)f(JI.OH 3n11Tennosoi:t 3HeprernYeCKOH 
rpynnb1 reHep11posan11cb 3HeprH.S1 11 Hanpasn.S110-
LU11e KOC11Hycb1 noneTa 4aCTl1Ubr nocne ynpyroro 
pacce.SIHl1.SI. B 3aBl1Cl1MOCTl1 OT 3HepreT11'-1eCKOH 
o6nacTH, K KOTOpoi-1 np11Ha,nne)K11T naHHa.SI rpynna, 
Bbl3b1BMl1Cb COOTBeTCTBYIOLU11e no.11Mony1111 cj>11-
311'-leCKOro MO.UYJI.SI MCU-4: B 6brcrpoi1 0611acT11 
3Heprnii [20 M3B ... I 00 K3B] - <I>APHOH, s 3n11-
TennoBOH 0611acT11 [100 K3B ... l 3B] - <DMM-

6PO3H, B Tennosoi1 o6nacTH [1 ... 0 3B] - <l>l1M­
TO3H. 

Ha'-lanbHa.SI 3Heprn.S1 Hei1Tpotta pa3btrpbrna­
nacb no CTaH.UapTH0MY cneKTpy, np11HJ1TOMY B 
CHCTeMe KOHCTaHT EHA6, a 11MeHHO, a nepBbtX 
Tpex 3HepreT11'-1ecK11x rpynnax - cneKTp neneHH.SI, 
B OCTMbHblX rpynnax BnJIOTb no I 3B - cneKTp 
<l>epM11. 8 TenJIOBblX rpynnax, KaK 3TO npHH.SITO B 
nporpaMMe TERMAC, HCnOJib30BaJIC.SI cneKTp, 
onpeneJI.SICMblH cj>yHKU11eH <l>epM11, KOTOpal! 06ec­
ney1,rnaeT HenpepblBHbIH nepexon OT cneKTpa 
MaKcsenna K cneKTpy <I>epM11 6e3 pa3pbrna nep­
aoi:t npoH3BO.llHOH no 3Hepnrn . .[(anee onpene11.S1-
eTcll H0Mep 3HepreTl1'-ICCKOH rpynnbl, 8 K0TopylO 
nonanaeT 3Heprnll HCHTpoHa, - s 3n11Tennosoi1 
o6nacTH npHMeHl!eTC.SI rpynnosoe pa3611eHHe c11c­
TeMbI K0HCTaHT 6HAE, a s TenJIOBOH - 6H6JIHOTeK 
TEITKOH. 

611611110TeKa FSP conep)Kl1T cneKTpb1 nenem-u, 
.llCJllllUHXCJI 1130T0n0B. 3ttepreTl1YeCKa.SI 3aBHCl1-
MOCTb cneKTpa on11Cb1BaeTC.SI aHaJIHTH'-leCKOH 

cpopMynoii (cneKTp Yana [24]). PacYeT cneKTpoB 
neneHH.SI npOBO.ll11JlC.SI C 11Cn0Jib30BaHHeM CTaH­
napTHOH nonnporpaMMbl '-IHCJieHH0ro l1HTerp11po­
BaHHJ1 c aBTOMaTH'-leCKHM BbJ6opoM waroB. 

611611110TeKa GRC conep)l(J,fT rpynnoBble MHK­
poce'-leH11ll B pe3oHaHCHOH 0611acn1 3Heprn11, pac­
C'-l11TaHHbte MeTOJlOM MoHTe-Kapno, 11 cny)KHT 
en11HCTBeHHblM npo6neMHO-Op11eHT11pOBaHHblM 

paJnenoM B 6aHKe naHHbtx FCPDA T. rpynnosbre 
Ce4eHl1ll 1130TOnOB paCCYl1TbIBalOTC.SI no nporpaM­
Me MCU-REA/1 B xapaKTepHOH ,nnJI narrnoro pe­
aKTopa re0Merp1111 TBC. B 611611110TeKe rpynno­
Bbie Ce'-leHl1.SI npencTaBJieHbl B B11.lle Ta6JIHU B 3a­
B11Cl1MOCTl1 OT nOJIO)KeHl1ll TB3Jla B c6opKe, TeMne­
parypbt TOnn11Ba, nJJOTHOCTl1 TennoH0Cl1Tem1 11 
KOHUeHTpau.1111 1130TOna (Bblropamrn). 8 HaCT0ll­
LUee BpeM.SI CO3,naHa npOMblWJieHHall Bepc11J1 6116-

Jil10TeK11 GRC, co.nep)l(aLUei-1 ce'-1eH11.S1 pe3oHaHc­
HbIX ttyKJil1.llOB, BXO.ll.SII.Ul1X B MaTep11anbJ npaKTl1-
'-leCKl1 Bcex cyLUeCTBYIOLUHX Ha cerO.llH.SIWHl1H 
neHb THnos .S1'-1eeK PEMK, a TaK)Ke n11110THaJ1 sep­
c11.S1 611611110TeK11 ,nnll BB3P. MeTO.lll1Ka nonroTOB­
Kl1 6116m10TeK11 ,nn.S1 PEMK 113JlO)KeHa B [27]. 

H3JIO)KeHHbJe nO.UXO.llbl nonroTOBKH naHHblX B 
611611110TeKax ELSM, ELSMT, FSP H GRC 06ec­
ne'-l11aa10T MOl{eJI11 on11caHl1.SI B3aHMO.lleHCTBl1.SI 

HeHTpOHOB C ll.UpaMH cpel{bl, CXOl{HblC C npHMe­
HJleMblMl1 B nporpaMMe MCU-REA/ I , 11cKJI10Ya.S1 
KOHCTaHTttylO COCTaBJI.SIIO[UylO norpewH0CTl1 no 
cpasHeH1110 c MCU-REA/ I. 3To OKaJbrnaeTc.SI no­
ne3HblM npH ouettKe sKJiana np1161111)Kett11.S1 nno­
CK11x noTOKOB B norpeWH0CTb pacYeTa, KOTOpblH 
3aBl1CHT OT neTan113aUHH pa3611eHHll CHCTeMbl Ha 
perncTpau110HHble 30Hbl. 
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3. IIaKeT npnKJ1a.!lH1>1x nporpaMM MCUFCP 

OonHbIH Ha6op Mo.nynei1 H nporpaMMHbIX 
e.n11HHU naKeTa MCUFCP npHBe.neH s Ta6Jl . O I 
Op,rnO)KeHHH. Mo.nynb - 3TO COBOKynHOCTb no.n­

nporpaMM, HMelOI.I..\HX cpyHIG.l.110HaJlbHOe Ha.3Ha4e­
HHe H HHTepcpeAc, KOTOpble onpe.neneHbl apXHTeK­
rypoH naKeTa. Bcero 11MelOTCH 8 THnOB Mo.nynei1: 
- MOOyllb ynpaaneHUR opraHH3yeT COBMeCTttylO 

pa6ory scex Mo.nynei:i; 
- KOHCfl1QHfl1HblU MOOy.llb Bblpa6aTbIBaeT Heo6xo­

.!lHMble rpynnOBble cetteHHJI B3aHMO.!leHCTBHH tteH­

TpOHOB C H.npaMH cpe.nb1; 
- 2eoMempu'lecKuu MOOYllb Bbl'-IHCJJHeT apryMeHT 

nO.!lblHTerpaJJbHOH q>yHKU.HH - onTHl.JeCKHH nyTb B 

30tte; 
- M00Yllb pac'lema eepORll1HOCmeu Bbl4HCJISleT 
BOC, "attH30TPOnHb1e" sepoHTHOCTH; 
- mpm1cnopmHblU Mooynb pewae-r TpattcnopTHoe 
ypasHeHHe nepettoca tteHTpottoB MeTO.!lOM BTTC; 
- MOOYllb qJUHaJlbHou o6pa6omKu no3BOJIHeT pac­
cttHTbIBaTb lllHpOKHH Ha6op cpyH~HOHaJlOB HeH­

TpOHHOfO nOTOKa; 
- MOOYllb ucmO'lf/UK06 paCC4HTbIBaeT pacnpe.ne­

JleHHe HeihpOHOB 11CT04Hi-1Ka B TenJJOBOH o6naCTH 

3Heprni1; 
- MOOYllb 06opyooea11UR BKJll04aeT nporpaMMbl, 

KOTOpbie MOryT 3aBl1CeTb OT T11na KOM0blOTepa H 
onepaUHOHHOH Cl1CTeMbI, TaK11e, KaK nporpaMMbl 

.naT411Ka BpeMeHH H .naThI, BBO.na-BblBO.!la, 6ec­

cpopMaTHOro BBO.na. 
I-fa Mo.nynei1 naKeToB MCUFCP H nporpaMM 

BURNUP-4 [26] co6HpaFOTCH cneU.HaJJH311poBaH­

Hb1e pa6o4He nporpaMMbl MCU-FCP/1 11 MCU­
FCP/2. OaKeT nporpaMM BURNUP-4 no3BOJIHeT 
paCC411TbIBaTb 113MeHeHHe KaK 1130TOnHoro COCTa­

sa MaTepnanoB peaKTopa B npou.ecce KaMnamrn, 
TaK 11 pa.nHaU.110HHblX xapaKTepHCTl1K OTpa6oTaB­
wero H.nepHoro TOnJ111Ba B 3aBl1Cl1MOCTl1 OT Bpe­

MeHJ-1 BbI.!lep)KKH. 

MCU-FCP/ 1 - nporpaMMa pacqern Hei1TpOH­

HO-q>H311tieCKHX xapaKTep11CTHK (H<l>X) B npouec­
ce KaMmrn1111 B Htiei1Kax 11 non11Htiei1Kax PEMK B 

.nsy- 11 TpexMepHoH reoMeTp1111 [28]. AH1130Tpo­
mu1 pacceHHHJI YlIHTbIBaeTCSI B TPaHcnopTHOM 
np116JIH)l(eH1111. TTporpaMMa npollJJla npoue,Aypy 
sep11q>11Kau.1111 [29, 30] 11 B HaCTOSll.l..\ee BpeMH HC­
nOJib3yeTCH JJ.JIH no.nroTOBKH 11 yrottHemrn 6i-16-
Jll10TeK MaJJOrpyrrnOBblX KOHCTaHT JJ.JIH peaKTop­
HblX KO.!lOB HeHTpOHHO-q>l1311'IeCKOro paCl[eTa 
PEMK B Hl1KH3T 11 BHIB1A3C. 

MCU-FCP/2 - nporpaMMa pactte-ra H<l>X B 
npou.ecce KaMnaHHH B sittei1Kax 11 KacceTax BB3P 
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B .!lBY- H TPexMepHOH reoMeTPHl1 [20]. ,[Lnsi .nsy­
MepHOH reoMeTp1111 aHl130TpOITl1H pacceSIHl1JI ytt11-
Tb1BaeTCH B P,V""np116Jrn)KeHl1H .no p 5 BKJll04HTeJlb­
HO. JI:aHHble pa604He nporpaMMbl np11MeHS1IOTCSI 
BMecTe c 6aHKOM .naHHbIX FCPDA T, KOTOpbIH co­
.nep)l(11T 6116J1HOTeKH cetteHHH B MHOrorpynnOBOM 
npe.ncTaBJiett1111. 

KpoMe Toro, MO.!lYJib BEOC pacttern sepoHT­
HOCTeH 11 TPaHcnopTHbIH MO.!lYilb ITEPCT BKJJIO­
'-leHbl B nporpaMMY TBC-M [5] B KattecTBe aJJb­
TepttaTHBHhIX MOAyJieH .!lJIJI pactteTa npocTpaHCT­
BeHHOfO pacnpe.neneHl1SI HeHTPOHOB B KacceTax 
BB3P. 3T11 Mo.nyn11 TaK)Ke Hcnonh3YfOTCH .nnsi 
pa.3pa6oTKl1 nporpaMMbI TBC-KBA,n:PO cneK­
TpanbHoro pactte-ra peaKTopos PWR 11 BWR. B 
HaCTOSll.l..\ee BpeMH Be):lyrCH pa60Tbl no TeCT11pOBa­
Hl1IO 11 sepHq>HKau.1111 nporpaMMbI MCU-FCP/2, 
Mo.zzynei1 BEOC H TTEPCT npHMeHHTeJJbHO K pac­
tteTaM H<l>X B Kaccernx BB3P. IlnattHpye-rcH, ttTO 
nporpaMMa MCU-FCP/2, MO.!lYJIH BETIC 11 
OEPCT B cocTaBe nporpaMM TBC-M 11 TBC­
KBAWO 6yt1:yr np11MeHHTbCH JJ.JIH no.nroTOBKH H 
yrottHeHHSI MaJJOrpynnOBblX KOHCTaHT, HC0OJlb-
3yeMbIX B HIDKeHepHblX nporpaMMax pactteTa aK­
THBHbIX 30H BB3P-1000. 

H11)Ke .naHO cpyHKU.110HaJlbHOe onHcam1e npo­
rpaMM MCU-FCP/1 11 MCU-FCP/2. OporpaMMa 
MCU-FCP/2 ornHttaeTCH OT MCU-FCP/1 TeM, '-ITO 
B HeH aHl130TpOnl1H pacceHHttSI Y411TbIBaeTCSI B P,.,­
npH6JJH)KeHHM .no Ps BKJ1J04HTeJibHO. 

B nporpaMMax MCU-FCP pernaeTcH 11HTe­
rpanbttoe TPaHcnopTHOe ypaBHeHHe BO BCeH 06-
nacrn 3tteprni1 ttei1TpOHOB MeTO.!lOM BOC 11 pac­
ctt11TbIBa10TCS1 q>yH~l10HaJibl noTOKa HeihpOHOB B 
reoMeTpHtteCKH CJIO)KHblX .!lBY- H TPeXMepHblX 
q>parMeHTaX aKTl1BHbIX 30H SI.ZlepHblX peaKropoB. 
HcTottHl1KOM cny)KaT ttei1TpOHhI .neneHHSI, Hei1-
TPOHhI, JaMeJJ.JIHBWHecSI BHYTPl1 HtteHKH 113 .npyrHx 
rpynn, H HeHTpOHbI, BJJeTaFOll.ll1e B CHCTeMy C ee 
BHeumei:i rpaHl1Ubl. Ope.nnonaraeTCSI, 4TO noTOK 
BJleTaFOI.I..\HX HeHTpOHOB Ha rpaHHu.e 1130TponeH. 
TpattcnopTHoe ypastteH11e pewae-rcH B np116JJJ,f)Ke­
Hl1H " nnOCKHX", T.e. nOCTOSIHHbIX no o6beMaM pe­
rncTpaU.110HHblX 30H noTOKOB HeHTpOHOB. AHH30-
Tpon11S1 pacceHHl1SI Y411TbIBaeTCH JIH60 B TpaHC­
nopTHOM npH6J111)Kett1111 (nporpaMMa MCU­
FCP/ 1), n1160 B PN""np116JIH)l(eHH11 (nporpaMMa 
MCU-FCP/2). 

Ha rpam1ue Cl1CTeMbl CTaBHTCH O.!lHO H3 Tpex 
rpaH11ttHb1x ycnoBHH: BblJleTa, TPaHCJ1Hu1111, OTPa­
)KeHl1H . .lJ:nJI TpexMepHbIX CHCTeM OTPa)KeH11e MO­
)KeT 6bITb TOJibKO 3epKaJJbHblM C aJJb6e.no a = I . 
rpaHH4Hble ycJJOBl1H Ha BepJmeM 11 HIDK.HeM TOp­
uax 11 6oKOBOH nosepxHOCTl1 3a)lalOTCH He3aBl1CH­
MO. ,[vlH .nsyMepHbIX CHCTeM OTpa)KeH11e MO)KeT 
6b1Tb KaK 3epKaJJbHblM C aJJb6e.no a = I, TaK H Ma­
TOBblM: O $ a$ I. 
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IlporpaMMbl pa60Ta10T no c11e)ly10l.lleli cxeMe: 

pact.JeT MaKpOCKOnH4eCKHX cet.JeHHH MaTep1-taJIOB; 
BbI4HCJieHHe BTTC JlJISI perncTpau1-10HHb1x 3ott; 
pacYeT HCT04HHKOB; peweHHe TpaHcnopTHOro 
ypaBHeHHSI; perncTpaUHSI cpyHKUHOHaJlOB. 

.[(Im pacYeTa BflC HcnOJib3yeTcsi MOJlYJih 
BETIC [11]. KpoMe Toro, s nporpaMMe np11Mettsi­
eTcS1 HOBbIH MOJlYJib BETIC-2 c ynyt.JweHHbIMH 
aJJropHTMaMH [ 15, 16], n03BOJISISI npoBO)lHTb pac­
YeTbl 8I1C B CJlO)KHblX TpexMepHblX reoMeTpHSIX. 
MOJlYJJb BETIC-2 JlOpa6oTaH JlJJSI 11cnonb3osaHHSI 
ero )lJlSI pact.JeTa " aHH30TpOnHblX" sepOSITHOCTeH B 
)lByMepHOH reoMeTpHH. 

TpattcnopTHOe ypasttemte, B KOTOpOM aHH30-
TpOnHSI paccesiHHSI Yt.JHTbJBaeTCSI B P11-
npH6JlmKeHHH, pewaeTCSI c npHMeHeHJ-leM npo­
rpaMMHblX Moeynei-1TIEPCT-611 TIEPCT-T s :m11-
Tennosoi-l H TenJIOBOH o6naCTSIX 3Heprni1, C00T­
BeTCTBeHH0. Heo6XO)lf,IMO 0TMeTHTb, '-!TO )l8)Ke 
JlJISI P1-npr16nmKeHHS1 s JlByMepttoi-1 reoMeTpHH 
pa3MepHOCTb CHCTeMbl JlHHeHHblX ypasHeHHH yse­
Jl),ft.JJ,fBaeTCSI B TPH pa3a no cpastteHHIO c P0-

npH6mv1<eHHeM. B cnyt.Jae, K0r)la pa3MepH0CTb 
3a)l8t.J(,I npeBbIWaeT 103

, aJJropHTM rayccoBCK0rO 
J,fCKJIIO'-!eHHSI, HCnOJib30BaHHblH B nporpaMMe 
TIE PCT [ 12], Tpe6yeT ot.JeHb 60JibWHX BbT'-IHCJJH­
TeJlbHbIX pecypcos. Tio:noMy .UJISI peweHH.SI CHC­
TeM JlHHeHHblX ypaBHeHHH 6oJibWOH pa3MepHOCTH 
(103 

••• 104
) B MOJlYJJH TIEPCT-E H IlEPCT-T 

BKJIIOt.JeH cospeMeHHblH anropHTM GMRES [31]. 
0rJJH'-IHTeJlbHOH oco6eHHOCTblO o6eHX npo­

rpaMM MCU-FCP .SIBJisieTcsi B03M0)KH0CTb pact.JeTa 
HanpasJieHHblX K03Q)Q)HUHeHTOB )lHq>q>y3HH MeTO­
.UOM YTet.JKH Eettya KaK c yYeTOM, TaK 11 6e3 yt.JeTa 
yrnOBblX KOppeJJ.SIUHH Me)KJlY npo6eraMH HeHTpO­
Ha [21]. ,[LJ1S1 :noro HcnoJJb3YIOTCSI " aHH30TPOn­
Hb1e" sepOSITHOCTH, Bbl'-IHCJlSleMble Mo.uyneM 
BEITC-2. 

4. Pe3yJibTaTbl sepmlmKauus 
nporpaMMbl MCU-FCP/1 

B 3TOM pa3.UeJie J,f3JIO)KeHbl pe3yJlbTaTbl sepH­
cpHK8UHH nporpaMMbI MCU-FCP/ 1 npHMeHHTeJib­
H0 K HeHTpOHHO-q>H3Ht.JeCKHM pact.JeTaM Slt.JeeK H 
nom1.S1YeeK PEMK-1000 B .usy- H TPexMepttoii 
reoMeTpHSIX [29, 30]. Bep11q>HK8UHSI. nporpaMMbl 
MCU-FCP/ 1 octtosaHa Ha cpasttemrn c npeUH3H­
OHHOH arrecTOBaHHOH nporpaMMOH MCU-REA/ 1 
[32]. 

KpoMe TOro, .LlJlSI sepHcpHK8UHH anropHTMOB 
pact.JeTa K03q>cpHUHeHTOB Jll1Q)Q)Y3HH Manorpynno­
Bble K0HCTaHTb1, nonyYeHHb1e no MCU-FCP/ 1 .LlJlSI 
siYeHKH PEMK-1000 c ypaH-3p61-1esoM TOnJJHB0M 
2,8 %, cpaBHHBaJlHCb C K0HCTaHT8Ml1 no npo­
rpaMMe WIMS [3]. Ko3cpcp11u1-1eHTbl JlHq>cpy3HH no 

o6eHM nporpaMMaM Bbl4HCJI.SIJIHCb MeT0.U0M YTe'-1-
KH oeHya 6e3 yYeTa yrnosoi-1 K0ppeJISIUHH Me)K.Lly 
npo6eraMH HeHTpOHa. 0rJJH'-!He B K03Q)Q)HUHeHTaX 
.u11cpcpy3HH He npeBblWaeT 2 %. 

Ouett11saeMM T0YH0CTb nporpaMMbl MCU­
FCP/ 1 no cpasHeH1110 c MCU-RENI cne.uy10l.llaS1. . 

Pac'-lem cocmoH11uu c 3aoa1111brn U3omon11b1M 
cocmaeo.11: 
• 0,3 % )lJISI Kerr .usyMepttblX SIYeeK PEMK c TOn-
JlHBHblM KaHaJJ0M; 
• 0,6 % .UJISI Kerr .usyMepttblX nOJJHSllfeeK PEMK c 
TOCTJlHBHblM J,f HeTOnJlHBHblM KaHanaMH; 
• 0,5 % .LlJlSI Kerr TpexMepHblX SIYeeK H noJJHSlt.Je-
eK PoMK; 
• 5 % s 3q>q>eKTe .[l;onnepa; 
• IO % s 3q>cpeKTe o6e3BO)l(HBaHHSI; 
• 8 % B 3Hat.JeHHSIX OTHOCHTeJibHOro 3HeproBbl­
.uenemu1 B OT.UeJlbHblX perncTpaUH0HHbIX 30H8X 
.S1Ye11KH PEMK. 

Pac'-lem Bb12opamlJl: 
• 1,3 % )lJlSI Kerr npH rny6HHax BbirOpamtSI OT 0 
.uo 15 MBT"CYTI Kr; 
• 2,3 % .LlJlSI Kerr npH rny6Httax BblropaHl-rn OT 15 
.uo 60 MsT·cYTI Kr; 
• 3 % B 3H84eHHSIX OTHOCHTCJlbHbIX CKOpOCTCH 
peaKUHH nornomettHSI 11 rettepaUHH Ha H30Tonax 
}3su 23su 239p 240P . 

' ' u, u, 
• 5 °lo B CO,Uep)KaHHH H30TOnOB 

235
U H 

239
Pu npH 

rny6Httax BbtropaHJ-rn .uo 60 MsrcYTIKr. 
Ilo pe3yJlhTaTaM BepH<pHKal.{HH MO)l(HO 38-

KJII04HTh, YTO nporpaMMa MCU-FCP/ 1 c 61-1611110-
TeKoii KOHCTaHT FCPDA T MO)l(eT 6bITb OTtteceHa K 
KJiaccy nporpaMM nOBblWCHHOH T04HOCTH )lJISI 
pact.JeTa H<l>X Slt.JeeK H noJ1HS1.YeeK PEMK B npo­
uecce KaMnattHH. 

3aKJIIO'ICHHe 

On11caH naKeT MCUFCP npHKJia.UHbIX npo­
rpaMM, B KOTOpOM )lJI.SI peweHHSI TpattcnopTHOro 
ypastteHHSI nepettoca HeHTPOHOB HCnOJlb3yeTCSI 
MeTO.Ll BilC B npoH3BOJibHOH .usy- H TpexMepttoli 
reOMCTpHSIX. 113 Mo.uyneli naKeTa co6Hpa!OTCSI 
c11e.uy10l.llHe pa6ot.JHe nporpaMMbt: 
- nporpaMMa MCU-FCP/1 JlJISI pact.JeTa H<l>X B 
sit.Jelixax H no11HS1.lfeiiKax PEMK, aHH30TPOnH.SI 
pacce.SIHHSI Yt.JHTblBaeTC.SI B TpaHcnopTH0M np11-
6J1f.t)Kettm1; 
- nporpaMMa MCU-FCP/2 .unsi pact.JeTa H<l>X B 

sit.Jei1Kax H no11HS1.t.Je11Kax 883P, .unsi JlBYMepttblX 
reoMeTPHH aHH30TponHsi paccesittHsi yt.JHTbIBaeTcsi 
s P,v-npH6JIH)KeHHH .uo P5 BKJII04HTeJlbH0. 

,AattHbJe pa6ot.JHe nporpaMMbl npHMeHSIIOTCSI 
BMecTe c 6aHKOM .uai-iHhtX FCPDA T , co.uep)l(8l.llHM 
6I-t6JlHOTCKH Ce4CHHH B MHOrorpynnoBOM npe.u­
CTaBJieHHH. 
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MOJJ.Yllb BETTC pacye-ra sepollTHOCTeH H 

TpaHcnopTHblH MOJJ.Yllb TTEPCT, BXOJJ.llm11e s na­

KeT MCUFCP, BKJllO'-!eHbl s nporpaMMY TBC-M s 

Ka'-!eCTBe aJlbTepHaTHBHblX MOJJ.yJleH )J.Jlll pac'-!eTa 

npocTpaHCTBeHHOfO pacnpeJJ.eJleHHll HeHTpOHOB B 

Kacce-rax BB3P. 3TH MOJJ.YllH TaK)l(e 11cnoJ1b3Y10T­

cS1 JJ.Jlll pa3pa6oTKH nporpaMMbt TBC-KBAWO 

cneKTpanbHOro pacYeTa pearcropos PWR H BWR. 

nposm1meHHll 3KcnnyaTaU.HH PEMK H BB3P. 

AsTop Bblpa)f(aeT 611aroJJ.apHOCTb E.A. foMH­

HY 3a o6myJO nocTaHOBKY 3aJJ.aYH H none3Hbte 

MHOfO'-IHCJleHHbte o6c)')l(JJ.eHHSI H JJ.HCKYCCHH; 

M.11. fypeBH'-IY 3a BblCKa3aHHble HM u.eHHbte HJJ.eH 

H aKTHBHOe yYaCTHe s pa6oTe. TaK)l(e aBTOp Bbl­

pll)f(aeT np113HaTeJ1bHOCTb A.TT. )K11pHosy, 

A.B. TipHHH'-rHHKosy, H.M. Po)l(JJ.ecTBeHCKOMY 11 

M .C. lOJJ.KeBHlfY, 6e3 JJ.eS1TeJ1bHOro yl.faCTHH KOTo­

pbtX pa6oTa He Morna 6b!Tb Bbln0JlHeHa. KpoMe 

Toro, asTop 611aroJJ.apHT M.H. Po)l(JJ.ecTBettcKoro, 

B.E. ,[(py)KHHHHa H C.A. obl'·IKOBa 3a nocTOHHHoe 

BHHMaHHC K 3TOH pa6oTe H 3a HCnOJlb30BaHHC ee 

pe3yJlbTaTOB B CBOHX HCCJlC)J.OBaHHllX. 

Pean113au.11J1 MeToJJ.a BTTC HapHJJ.Y c MeTOJJ.OM 

MoHTe-Kapno s nporpaMMHOM KOMnneKce MCU 

Ha e)J.HHOH 6a3e S!JJ.epHblX )J.aHHblX n03BOJlHT C03-

)J.aTb oTeYecTBeHHYIO 3aMKHYTYlO CHCTeMY npeu.11-

3HOHHbtX KO)J.08 H KO)J.08 nOBblUJeHHOH TO'-IHOCTH 

)J.Jlj! pacYeTOB H nO)J.fOTOBKH HeHTPOHHO­

<pH3H'-!eCKHX KOHCTaHT, OpHeHTHpOBaHHYIO Ha pe­

UJeHHe 3a)J.a'-! o60CHOBaHHJI 6e3onacHOCTH H co-

JJ:aHHaJt pa6oTa BhmonHeHa npH noJJ.JJ.ep)KKe 

OAO "Kottu.epH "3HeproaToM". 

Ilpnno:iKeuue. CocTas naKeTa MCUFCP c 6aHKOM JJ.aHHbtX FCPDA T 

T 6 a n" u a ntM 0llVJlH H nporpaMMHble e,lU,!HHUbl naKeTa MCUFCP 

THn M0.LzyJlll TiporpaMMHM 
K0MMeHTapHH 

naKe-ra e.nHHHUa 

Y nparuuuo WHH CM4
1
' HcnoJJbJYIOTCll nonnporpaMMbI, BblJbIBaeMble Ha CTa,nHH no.nroT0BKH 

CO<I>H3M
1
' naHHblX. ,Uo6aeneHhl no.nnporpaMMbl-HHTepcj>eiicbI, B03BpaLUalOJ.UHe llJlll 

<I>l1MEPO3H I) Ka)l(.noro MaTepHana: cpe.nHHH K0CHH)'C yrna pacce,rnliJI, napaMeTp 

Mo<1>11rrr
1
' BLOCK yYeTa peJoHaHCHOH 6noKHpoeKH H T.n. ,[(JJ,r peJoHaHCHhIX HJ0T0-

PIN'' noe BblJbteaeTc,r nporpaMMa GRCSEC 

PB4 1
> TiporpaMMbl, peaJJHJYIQLUHe MeTo.n CYMMapH0f0 HJ0TOna 

KoHCTaHTHbtH PactJeT HCT0'IHHK0B HeffTPOHOB .neneHliJI C JanaHHblMH n0T0KaMH 3llHTen-
FISSPEC 

Jl0BblX H TenJJ0BblX HeHTP0HOB. 

Bbl'IHCJleHHe cetJeHHH peJ0HaHCHblX HJ0Tonoe B JaBHCHM0CTH OT K0HUeH-

GRCSEC TpaUHH HJ0T0na, TeMnepa-rypbl T0nJJHBa H nJJ0TH0CTH TenJJ0H0CHTeJISI no 
llaHHbtM 6i,16nH0TeKH GRC 

ELSMPRE no.nrOTOBKa MaTPHU paccellHliJI 

PactJeTa BETIC C-raHllapTHhtH Mo.nynb pactJeTa eepo,rrnocTeii 

eep0llTH0CTeli BETIC-2 MonyJJb paC'leTa eepOllTH0CTeH C YtJeT0M aHHJ0Tpomrn paccellHHll 

TpaHcnopTHbtH 
TIEPCT-6 PeweHne TpaHcnopTHoro ypaeHeHliJI e 3n11Tennoeow o6nacTH :meprnli 

TTEPCT-T Pewem1e TpaHcnoprnoro ypaeHeHliJI e Tennoeow o6nacrn 3Heprnw 

feoMeTplf'leCKHH NCG 1
> 

TipHMeHlllOTCll nonnporpaMMbl reoMeTpH'leCK0fO M0.!zyJlll, Bbl'IHCJUllOLUHe 
JHa'leHHe apryMeHTa no,nblHTerpaJJbH0H cbYHKUHH 

HcTO'IHHKa HCTETI PactJeT HCT0'IHHK0B 8 TenJJ0B0H 06J1aCTH 3HeDrHH 

FINREG Ilmr oactJeTa ebrrooaHHll BbIJbIBaeTc,r nporpaMMa BR2O 

BRID
1
' TiporoaMMbl, peaJJIBYJOLUHe MeTo.n CYMMapHoro HJ0T0ITa 

<l>HHaJJbHOH HcnoJlbJYfOTCll Te no.nnporpaMMbt Monyn,r BR2D, K0T0pbre Ha CTa,nHH 
o6pa60TKH BR2O1

> cj>HHaJJbHOH o6pa6oTKH 06ecnetJ11ea10T HHTepcpelic c M0JiyneM BURNUP4 
pacqe-ra BbtrooaHliJI 

BDOPK
1
' Cny)l(e6Hbte nporpaMMbt 

O6opynoeaHHll ENVIR
1
' TipHMeHlllOTCll no.nnporpaMMbl eeo.na!ebIBO,lla 

I) TiporpaMMHbte em1HHUbt HJ naKeTa nporpaMM MCU-4 
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T a 6 JJ H u a IT2. Cocrns 6aHKa .uaHHbtX FCPDA T 
6H6JJHOTeKa 3ttepreTHl.feCKal! o6JJaCTb 

6HA6/MCU'J £ < 10,5 M3B 

TETTKOH'1 £$ l 3B 
BURN'l 

ELSM E < 10,5 MJB 

ELSMT £ < I 38 

FSP E < 10,5 MJB 
GRC I 3B < £ < £Hp, r.ue £Hp- sepXHllll rpaHI-ma 06-

JJacnt Hepa3peweHHblX pe30HaHC0B 
I) , -6116n110TeK11 113 6aHKa .uaHHbtX DLC/MCUDA T 2.2 
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l{ucJJeHHOe MO)le.mq>OB3HHe pa)lH3l{HOHHhlX IIOJJeH OT ucroqHHKOB 

uonu1upyromero H3JlyqenHH BHYTPH 1aIUHTHOH o6oJJoqKu A3C rrpn asapuu 

M.A. KMyzuH, 
PHU "Kyp•-1aTOBCKHH HHCTHTYT" , 123182, MocKsa, n.11. Kyp4aToea, 1 

IIocrymma B peJJ,aKu.mo 23.12.2008 r. 

llpHBOllHTCll onHCaHHe KOMITJleKca nporpaMM, rrpHMeHlleMOfO llJlll •mcneHHOfO M011en11poeamui pa1111auHOHHblX 
nonei-t OT 11CTO'IHHKOB 110HH3Hp)'!Ow.ero H3Jl)"leHIDI BttyTPH JaIUHTHOH o60J104KH A3C npH aBap,rn. }fanaraeTCll MeTO­
JlHKa pac4eTa MOIUHOCTH ll03bl raMMa-113J1Y4eHHll OT pacnpe11eneHHOfO no npOCTPaHCTBY 11 :rneprHl1 HCT04HHKa. Pac4eT 
MOWHOCTl1 J].03bl pean113oeaH 11H)KeHepHblM MeTO)lOM TO'le4HOro ll)lpa C 11CITOJlb30BaHHeM cj>aKT0pOB HaKonneHHll. ,[vlll 
pac4eTa ttyKJ111.nttoro cocTaea OTPa60111ewero llllepHoro TOnnHBa (ORT) rrp11MeHJ1eTCll nporpaMMa MCU-REA c MOllY­

neM ORIMCU. 
K.n10'le6ble CJ/06G: pa1111au110HHall 6e3onacHOCTb, MOIUHOCTb ll03bl, MeTO,!l T04e4HOf0 llJlpa, pa1IHOHYKJ1H,!lbl, aBap11ll, 

TB3J1, llBYOKl1Cb ypaHa, BblropaH11e. 

Numerical Modeling of the Radiation Fields from the Ionizing Radiation Sources inside the Containment in 
Accident Condition. M.A. Kalugin. RRC Kl, Kurchatov Sq., I, Moscow, 123182. In the present work a code system is 
described which is used for the numerical modeling of the radiation fields from the ionizing radiation sources inside the 
containment in accident condition. A method of the gamma dose rate from the space and energy distributed sources cal­
culation is described. The dose rate is calculated by design point kernel method with use of the buildup factors. The code 

MCU-REA with the ORIMCU module is used for the burnup calculations. 
Key words: Radiation Safety, Dose Rate, Point Kernel Method, Accident, Fuel Element, Uranium Dioxide, Burnup. 

1. Ilocl'auoB1ca 3Maqn 

IlpH aeap11.llx Ha A3C c BB3P H3 aKTHBHOH 

30Hbl B CHCTeMy JlOKaJ1H3al..lHH anapHH MOryr Bbl­

XO)lHTb paJlHOH)'KJIHJlbl, c03,na10w.1-1e B 6oKcax 

CHCTeMbl J10KaJ1H3aU.HH nonR HOH113HpyIOW.HX H3-

ny4eHHH. Ilo.n BJll-UIHHeM 3THX noneH B npocTpatt­

crne 6oKCa npoHCXOJlllT pa.3JIH4Hble pa.uHaUHOHHO­

XHMH4eCK.He peaKUHH, KOTOpble BJll-UIIOT Ha noee­

,neH11e H30TOnOB HO}],a. AnR pacYeTa BeJ1H4-HHbl 

MOW.HOCTH .!l03bl raMMa-H3JJY4eHI-UI (cpoTOHHOro 
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H3Jly4eHHR) B 6oKcax, Heo6XO}],HMOH }],Jlll MO.!leJlH­

pOBaHHR paJJ,HaUHOHHO-XHMH4eCKHX peaKl].HH H 

nose.ueHHH moTonoe iio.ua, pa.3pa6ornHa mm:e­

HepHall nporpaMMa PKD [I]. 
IlporpaMMa PKD exo.uITT e nporpaMMHblH 

KOMn.JleKc ORIPKD, KOTOpblH no3BOJJHeT nposo­

JlITTb paC4eT HaKOnJleHHR paJlHOH)'KJIHJlOB B TOn­

JlHBe H,nepHblX peaKTOpOB B 3aBHCHMOCTH OT epe­

MeHH o6ny4eHI-UI, a TalOKe paJJ,HaU.HOHHbIX xapaK­

TepHCTHK (PX) O>IT B 3aBHCHMOCTH or epeMeHH 

Bbl)lep)l(KH H pa,n11au.110HHbIX noneH OT 3HepreTH-
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YeCK.HX 11CT04Hl1KOB BHyTp11 3aLUl1THOH o60JJ04Kl1 

A3C np11 asap1111. B )laHHOH pa6oTe np11se)leHo 

cpyHKUHOHaJJbHOe on11ca1-me nporpaMMHoro KOM­

nneKca ORJPKD, 113JJ0)KeHa MeTOJJ.HKa pacyern 

)l030BblX xapaKTep11CTl1K, npeJJ.CTasJJeHbl TaIOKe 

pe3yJJbTaTbI sep11cp11Kau1111 nporpaMMbI PKD, KO­

Toprui nposo)l11nacb nyreM cpasHeH11.R pe3yJJbTa­

T0B pacYeTa, nonyYeHHblX no HeH 11 JJ.pyr11M 113-

seCTHbIM nporpaMMaM [2]. 

2. CxeMa pac'leTa JJ.OlOBhIX xapa1nepucTnK 

TiporpaMMHblH K0MnJJeKc ORIPKD .RBJJ.ReTc.R 

pa3s11nreM nporpaMMbI MCU-REA [3] c MoeyneM 

ORIMCU [4], pewa10me11 3a)la411 onpe,!leJJeH11.R 

HYKJJl1)lHOro COCTaBa 8 TOflJI11Be .R,!lepHblX peaKTO­

pos 8 3a811Cl1M0CTl1 OT speMeH11 o6ny'-leHl1.R. )]ji.R 

pac4ern PX O5IT s 3as11c11MocT11 OT speMeHH Bbl­

.!lep)l(KH 11cnoJJblyeTC.R MOJJ.YJJb ORI4F. Tipo­

rpaMMHbIH KOMnneKc 11MeeT MO.!lYJJbHYIO CTPYKTY­
py C qrnKc11posaHHblMl1 l1HTepcpe11caM11. TioJJb30-

saTeJJIO npe,!lOCTaBJJ.ReTC.R B03MO)KHOCTb JJ1160 

ITOJJb30BaTbC.R CTaH)lapTHblMl1 6J,16n110TeKaM11, Jll1-
6o npOBO)ll1Tb yT04HeHHble pacYeTbl C np11MeHe­

m1eM HOBblX 6116n110TeK, )lJl.R C03)laHl1.R KOTOpblX 

11Me!OTC.R cneu11anbHble MOJzyJJ11. ,[vrn paC4eTa )l0-

30BblX xapaKTep11CTl1K 11CIT0Jlb3YeTC.R nporpaMMa 

PKD. 

B Ka4eCTBe pacYeTH0ro 6JJOKa 1130TOITHOH KH­

HeTl1Kl1 Ha O)lHOM speMeHH0M ware 8 MO)lymrx 

ORIMCU H ORI4F 11.cnoJJb3yeTc.R 113secTHa.R npo­

rpaMMa ORIGEN-S [5] 113 c11cTeMbI nporpaMM 

SCALE-4.3 [6]. TiporpaMMa ORIGEN-S s cocrnse 

MCU-REA 11cnoJJb3yeTc.R s PHU, "KypYaTOBCKl1H 

11HCT11Tyr", HaY11Ha.R c I 999 ro)la, nocne cornawe­

H11e c OKp11)l)KCKOH na6oparnp11ei:i (CWA) 06 

061,e)l11Hett1111 K0MnblOTepHbIX KO.!lOB MCU 11 

ORIGEN-S. TiporpaMMa MCU-REA c Mo)lyneM 

ORIMCU HMeeT arrecrnu110HHbIH nacnopT npo­

rpaMMHoro cpe,!lCTBa N!! 192 OT 03.03.2005. 

Tip11MeHem1e y)l(e cymecrny10w,e11 nporpaMMbI 

ORIGEN-S s KaYecrne MO.!lYJJ.R pacYeTa Bb1ropa­

H11.R 11 PX O51T no3B0JJHJJ0 co3)laTb Heo6xo)lHMb1e 

pa604He nporpaMMbl B KOpOTKl1e cpOKl1. O)].HaKO 

napanneJJbHO cneu11an11.cTb1 PHU, KH pa60Tan11 

Ha)l C03)laHl1.eM OTe4eCTBeHHoro MO.!lYJJ.R 

BURNUP, npeJJ.Ha3Ha4eHHoro .!lJJ.R pewett11.R Tex 

)Ke 3a)la4. MoJJ.yJJb BURNUP ttap.R,!ly c MO)lyJJeM 

ORIMCU, BXOJJ.HT s cocrns nporpaMMbl MCU­

REA s KaYecrne aJJbTepttaTHBHOro MO.!lYMI pacYe­

Ta Bb1ropatt11.R 11 PX O51T. 

TiporpaMMHbIH KOMnneKc ORIPKD pacYeTa 

)l0308blX xapaKTep11CTl1K COCT0l1T 113 CJJe)lylOLUHX 

nporpaMM: 

• MCU-REA c M0.!lyneM ORIMCU )lJJ.R pacYeTa 

113MeHeHH.R HYKJJl1.)lH0f0 C0CTaBa T0nJ111Ba B 

3aBl1CHMOCTH OT speMeHH 06JJyYeH11.R; 

• ORl4F 113 cocrnsa nporpaMMbl MCU-REA 

)J.Jl.R pacYeTa pa)l11.au110HHblX xapaKTep11CTHK 

O51T s 3as11c11MocT11 OT speMeHH BbI,!lep)l(KH. 

MO.!lYJJb OR14F 11cnoJJb3yeT 6116m10TeKy 

DECAY DAT A, co)lep)Kamy10 11HcpopMaumo 

o nocTO.RHHbIX pacna)la 1130Tonos; 

• PKD )J.Jl.R MaTeMaT11YecKoro MO)leJJ11.posaH11.R 

nepeHoca Q)OTOHOB MeT0)l0M T04e4HOfO .R,!lpa 

11 Bbl4HCJJeHH.R )l0308b!X xapaKTepHCTl1Kl1, 

np11MeH.R.R 6116m-10TeKy PHOTON DAT A , co­

JJ.ep)l(aLIJ,ylO 11H<pOpMaU11IO 0 ceYeHH.RX B3al1-

MO)leHCTBl1.R <pOTOHOB C semecTB0M 11 cpaKTO­

pax HaK0nJJeHH.R. 

CxeMa pac<1eTa )l030BbIX xapaKTepHCTHK no 

nporpaMMe PKD noKa3aHa tta p11cyttKe. PacYeTHoe 

MO)leJ111posaH11e pa)ll-taUHOHHblX H )l0308b(X xa­

paKTepHCTHK O51T nposo)lHTC.R s TPH :nana. 

Ha nepsoM :nane no nporpaMMe MCU-REA c 

M0.!lyJJeM ORIMCU Bbm0JJH.ReTc.R HeHTpOHHO­

cp113114ecK11j;j pacYeT: onpe,!leJJ.ReTc..R HYKJJH.!lHbJj;j 

COCTaB .R,!lepHoro T0nJJHBa 8 3a811Cl1M0CTl1 OT spe­

MeHH 06JJYl.!eHHH 11 pe)KHMa BblropaHl1.R. Ha Ka)K­

)lOM speMeHH0M ware Bbl3bl8aeTC.R MO.!zyJlb 

ORIMCU. TiporpaMMa ORIMCU M0)l(eT pa6oTaTb 

aBT0H0MHO, 11.CnOJJb3YH 3apaHee HaC4HTaHHYIO 

6116JJHOTeKy Ce4eHl1H, KOToprui Ha p11cyHKe o6o-

3Ha'-!eHa, KaK C/S DAT A. Pe3yJJbTaTbl pacYeTa -

K0HUeHTpau1111 p,(t0 511) HYKJJl{)l0B O51T s 3as11c11-

MOCTH OT speMeHH o6ny4eHHH noMeLUaJOTC.R B 

cpaHJJ CNPSUM. 

Ha BTOp0M 3Tane C np11MeHeH11eM nporpaMMbl 

ORl4F M0)len11pyeTCH npouecc paJJ.11oaKTHBHoro 

pacna)la HYKJJl1JJ.0B: paccY11Tb1Bat0TC.R PX O5IT s 

3aBHCHM0CTH OT speMeHH Bbl)lep)KKl1. l1cnOJJb3Y­

IOTCH )laHHble 0 HYKJJl1)J.H0M COCTase o6ny4eHHOfO 

.R,!lepttoro TOITJJl1Ba, nonyYeHHbJe B X0)le pacYeTOB 

Ha nepBOM 3Tane H HaX0)l.RLUHeC.R 8 cpa11ne 

INPSUM. Pe3yJJbTaTbl pacYeTa: H30TOITHbIH co­

cTas, aKTHBH0CTb 11 OCTaT04H0e 3HeprOBbl)leJJe­

Hl1e, pa)lHOT0KCH4H0CTb, cneKTpbl 11 HHTeHCHBH0-

~ 
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MCU-REA 
C MOllyJleM 

ORJMCU 

ORJ4F 
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<l>aiiJ1 
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<l>aiin 
INTEGRAL 
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CTl1 HeihpOHOB 11 cpoTOHOB B 3aBl1Cl1MOCTl1 OT spe­

MeHl1 Bbl.Uep)l(Kl1 noMelUalOTCll B cpaHJl 

INTEGRAL. 

Ha TpeTbeM 3Tane C np11MeHeH11eM .naHHblX 0 

cne1CTpax 11 11HTeHCl1BHOCTllX cpoTOHOB npOBO.lll1T­

Cll Mo.nen11posaH11e nepeHoca cpoTOHOB MeTo.noM 

TO<!e'!HOro ll.Upa 11 Bbl411CJllllOTCll .ll030Bble xapaK­

Tep11CTl1Kl1. Pac<!eTbl npoBO.llllTCll no nporpaMMe 

PKO c 11cnOJ1b30BaH11eM 6116mmTeK11 PHOTON 

DAT A. Pe3yJ1bTaTu1 pac<1e-ros 3anHc1>1sa10TCll B 

cpaHn RESDOSE. 

3. AJJropnTMbl nporpaMMbl ORIGEN-S 

TiporpaMMa ORIGEN-S pewaeT 3a.na<1H HJMe­

HeHHll H30TOnHoro COCTaBa B 6eCKOHe4HOH O.UHO­

po.nHOH cpe.ne C Y<ieTOM pa.nHoaKTHBHblX npespa­

weHl1H K H30Tonoa, r.ne K = 1 697. l13MeHeHHe 

H30TOnHoro COCTasa Ha BpeMeHHOM 11HTepaane (t,,, 
l,,-1) OnHCb!BaeTCll TP3.llHI.J.HOHHOH CHCTeMOH 

o6blKHOBeHHblX .UHcpcpepeHUHaJlbHblX ypaBHeHl-tH 

nepaoro nopll.nKa .llJlll seKTopa N(t) KOHUeHTpa1..u-1H 

HYKJlH.llOB, pa3MepHOCTb KOTOporo pasHa K: 
dN(t)/ dt = AN(I) + Q, (I) 

r.ne Q - MOlUHOCTb BHewHero 11CT04HHKa ttyKJlH­

.nos (BeKTop pa3MepHOCTH K); A - KBa.npaTHal! 

MaTPHUa ll.nepHblX npespawemtH ttyKJ111.nos, He 

33BHClllU3ll OT speMeHH. 

3a.naH BeKTop N(tn) - Ha<!aJJbHOe ycJJOBHe .llJlll 

ypasHeHl1ll H3MeHeHHll KOHUeHTpaUHH Ha HHTep­

BaJJe BpeMeHH (In, t,, 1), Tpe6yeTCll Bbl'-IHCJlITTb 

seKTop N{t,, 1). 

B MaTp11ue A npespaweHHH Ka)l(JlbtH 3neMeHT 

Gy eCTb CKOpOCTb o6pa30BaHHll ttyKJlH.Ua C HOMe­

poM i 113 ttyKJ111.Ua C HOMepoM j. 3neMeHTbl MaTp11-

Ubl onpe.neJllllOTCll 0.llH11M 113 cne.ny10lUl1X COOT­

HOUleHl1H: ay = f y')..1; ay = f,p1; a,,=')..,+ cr,<D. 

8 3Tl1X COOTHOWeHHllX \ - nOCTOllHHal! pac­

na.na ll.Upaj; cr1 - cpe.nHee o.nHorpynnosoe ce<!eH11e 

nOJlHOro nornoweHHll HeHTpOHOB llJJ.POM j; <I> -
noToK Hew-rpoHos; ly,f,1 - .non11 <111cna ll.Uep T11naj, 

npespawa10w11xcll s pe3ynbTaTe pa.n11oaKT11sHoro 

pacna.na HJJl1 nornoweH11ll HeHTpoHa s ll.llpO i. 
TiapaMe-rp fycr1 s o6weM cny<1ae BKJ110<1aeT s 

ce6l! 06paJOBaH11e npOJlYKTOB tt.eneHl1ll H J1106b1x 

AO<!epHHX npo.nyKTOB nl06oro T11na HeHTpOHHblX 

peaKU11H. TiocTORHHbte pacnatt.a 11 sen11<111Hb1 ly 
Bbl411CJllllOTCll no .naHHblM 113 6116n110TeK11 KOH­

CTaHT pa.nHaU110HHOro pacnatt.a nporpaMMbl 

ORJGEN-S. BeJJH'-IHHbl cr1, f,1, Bb1<111cnll10TCR npo­

rpaMMOH C HCnOJJb30BaHHeM tt.aHHblX O HeihpOH­

HblX ce<1eHl1llX 11 Bb!XOJJ,ax npoJJ.yKTOB .neneHl1ll, 

co.nep)l(alUl1XCll s 6H6JlHOTeKe HeHTpOHHblX KOH­

CTaHT nporpaMMbl ORJGEN-S. nH6JlHOTeKH 

ORJGEN-S, a TaK)l(e MeTOtt.11Ka nony<1eH11ll o.nHo­

rpynnosb1x ce<1eH11H on11caHbl s pa6oTe [5]. 
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TiporpaMMa ORIGEN-S pa6orneT no cne­

A)'l01Uei1 cxeMe: Bbl'-IHCJllllOTCll O.UHOrpynnOBble 

ce<1eHHll scex 1130TOnOB H see 3JJeMeHTbl MaTJ)HUbl 

A, pewaeTCll ypasHeHHe (I) .nnll KOHUeHTpauHw Ha 

Ja.naHHOM speMeHH0M 11HTepsane. Pac<1eT o.nHo­

rpynnosbtX ce<1eHl1H npOBOAITTCll C npHMetteHHeM 

.naHHblX H3 6H6JlHOTeKH KOHCTaHT C Y<leTOM 11X 

cneKTpaJJbHOH 3asHCl1MOCT11 [S]. 
Tiocne Bbt<1HcneHHll ce<1eH11w nporpaMMa 

ORIGEN-S pacc<1HTb1BaeT no1rnyio MaTpmzy ne­

pexo.nos (1 697xl 697) 3JleMeHTOB c Y4eTOM ceMH 

THnOB B03MO)l(HblX peaKUHH .llJlll Ka)l(JlOro ttyKJlH­

tt.a. MaTpHua 3anHCb1BaeTCll B MaCCHB B C)l(aTOM 

BH.Ue 6e3 ttyJleBblX 3JleMeHTOB (<!HCJJO HettyneBblX 

3neMeHTOB ~ 7 500). TTo.npo6Hoe onHcaHHe anro­

pHTMa C)l(aTHll co.nep)l(HTCll s [5]. 
CHCTeMa .UHcpcpepettUHaJlbHblX ypaBHeHHH (I) 

.llJlll pac<1eTa H3MeHeHHll H30TOnHoro COCTaBa B 

30Hax npOH3B0.UHTCll np116J1H)l(eHHblM, HO seCbMa 

TO<!HblM ( oco6eHHO npH HCnOJJb3083HHH KOMnblO­

Tepos C 60JlbWOH pa3pll.llHOCTblO) MeTO.D.OM [5). 

4. AJJropHTMbl nporpaMMbl PKD 

B nporpaMMe PKO pac<1eT M0lUHOCTH .U03bl 

npoBO.UHTCll MeTO.D.OM TO'-le'-IHOro ll.Upa. no cpas­

HeHHIO C MeTO.UaMH AHCKpeTHblX opJJ,HHaT H MoH­

Te-Kapno MeTOJI, T0<1e<1ttoro llJJ,pa llBJllleTCll HaH­

MeHee TO<!HblM, HO 11 HaH6onee 6blCTJ)OJJ,eHCT­

BYlOlUHM . 

.D:attHblH MeTOA OCHOBaH Ha pac<1ere noTOKa 

HepaccellHHblX <1aCTHU nyTeM onpett.eneHHll .llJlHH 

o-rpe3KOB B MaTepHanax, KOTOpble npOJleTeJla <1ac­

THua B HanpasneHHH OT TO'-IKH HCTO'-IHHKa AO T0'-1-

KH, r.ne onpeJJ,enl!eTcll JJ.03a. BKJJa.n OT paccellHHblX 

cpoTOHOB onpeJJ,eJJlleTCll nocpe.nCTBOM cpaKTOpOB 

HaKOnJleHH.ll , KOTOpb1e npe.ncTaBJllllOT co6oi1 OT­

HOWeHHe nOJlHOH MOlUHOCTH JJ,03bl K MOI.UHOCTH 

.ll03bl OT Hepaccel!HHblX Q)OTOHOB. lfro6b1 nony­

'-IITTb nonttylO MOlUHOCTb .0.03bl OT pacnpeJJ,eJleHHO­

ro HCTO'-IHHKa, tteo6XOJl,HMO npOHHTerpHpOBaTb 

MOI.UHOCTH Jl,03 OT TO<!e<!HOro MOHOXpOMaTH<!eCKO­

ro 11CT04HHKa no 3ttepreTH<!eCKOMY cneKTpy H 

06beMy HCTO'-IHHKa. 

4.1. MOUJHOCl11b 003bl om mo'le'IIIOZO UC/1101/HUKG. 

TiycTb HMeeTCll TO<!e<!Hb!H H30-rponttb(H HCTO<!HHK 

S (cpornH/c) cpoTOHOB C 3Hepntei1 E. MeTOJI, TO­

<!e'-IHOro ll.Upa COCT0HT B TOM, <!TO nJlOTHOCTb no­

TOKa <D(r) raMMa-113ny<1eHHll B eJJ,HHHUaX cpo­

TOHl( cM2·c) Ha pacCTOllHHH r OT HCTO'-IHHKa MO)l(HO 

Bbl411CJ1ITTb CJlett.ylOlUHM o6pa30M: 

<I>(r) = (SI( 4nr2))Bexp(- µmrnr), (2) 
rJJ,e µ mlH = Lit, + LK + Ln - JlHHeHHblH K03cpcpHUH­

eHT ocna6neHm1 raMMa-HJJ1y<1ett11ll s sewecTse, 
-I ~ 

CM ' -'-<I> - nOJlHOe MaKp0CKOnH<1eCKOe Ce<!eHHe 



<pOT03cp<peKTa, CM-1; I:. - CTOJIHOe MaKpOCKOCTHYe­
CKOe Ce'-!eHHe KOMCTTOHOBCKOro pacceirnm1 CM•I. 

Ln - nonttoe MaKpocKonw-1ecKoe ceYettHe o6pa.3o~ 

BaHHll 3neKTpOHHO-CT03HTpOHHblX nap, CM
01

; B -
cpaKTOp HaKonneHHll. 

<DaKTOpbl BJ HaKonneHHll .llJTll 3HepreTHYeCKOH 

rpynnbl j BbllJHCnlllOTCll B nporpaMMe C HCnOnb30-

BaHHeM GP-MeTOna (geometrical progression 

approximation) [7] H onpenenlllOTCll cne.ny10IUHM 

o6pa.30M: 

B(X. E) = 1 + (b - l)(k' - 1)/(k- I), k -:t 1; 

B(X. E) = 1 + ( b - I )%, k = 1 ; 

k(X) = cX' + d [(tanh(X/Xk- 2)- tanh(-2)] /(1 -

- tanh(-2)), rne X - paccTOllHHe OT HCTOYHHKa no 

JleTeKTopa B .LVTHHax cso60JlHOro npo6era; b - se­

n HlJHHa cpaKTOpa HaKonnemu1 ]lnll OJlHOro CB0-

60JlHOro npo6era; k - onpenenlleT ysen11lJett11e 

Jl03bl npH npOXO)l(JleHHH nyTH X. 
IlapaMeTPbl a, b, C, d H xk l[BnlllOTCll Ta6nttY­

HblMH 3Ha'-leHHllMH H co.nep)KaTCll B CTaHJlapTe 

ANST/ANS-6.4.3 B 3aBHCHMocrn OT HOMepa 3Hep­

reTHYecKow rpynnbl J, j = 1,25 ]lnll pa3llHYHblX 

MaTepHanOB [8]. 
IlpHMeHeHHe cpaKTOpOB HaKonnemtll, Bbl'-IHC­

neHHblX ]lnll 6eCKOHelJHOH cpe]lbl B 3a]laYe C KO­

HelJHbIMH reoMeTPHYeCKHMH pa.3MepaMH, llBnlleTCll 

np116nH)KeH11eM. TaK, no3a Ha BHewHei-f nosepx­

HOCTH 30HbI 6yneT nepeoueHeHa, TaK KaK npenno­

naraeTcll, 4TO OTPa)Ka10mHw MaTepHan pacnono­

)KeH 3a rpattHI..(eH 30Hbl, Torna KaK B nei-fCTBHTenb­

HOCTH ero TaM HeT. OJlHaKO H3-3a Toro, lJTO pac­

CellHHe <pOTOHOB npOHCXOJlHT npeHMymecTBeHHO 

snepen, OWH6Ka o6bI'IHO COCTaBnlleT BenHlJHtty He 

6onee HeCKOnbKHX npoueHTOB 11 TOnbKO s HeKOTO­

pblX HeTHCTHYHblX CnY\.JallX MO)KeT JlOCTHraTb 

20 ... 30 %. 
,[\pyroi-f HCTOYHHK HeonpeneneHHOCTH COCTOHT 

B HCnOnb30BaHHH cpaKTOpOB HaKonnemrn .llJTll o.n­

HOro MaTep11ana B cnyyae MHOrocnOHHOH 3a[UHTbl 

HnH 3a[UHTbl H3 roMoreHHOH CMeCH HeCKOnbKHX 

MaTepHanOB. 

CymecTByeT ttecKonhKO np116nm1<eHHH. HaH-

6onee pacnpOCTPaHeHHOe 3aKnJ04aeTCll B TOM, YTO 

Mll MHorocnoi-fttoi-f CTPYKTYPhI, B KOTopoi-f BHew­

HHH cnow HMeeT TOn[UHHY 6onbwe, YeM 2 ... 3 
]lnHHbl CB060JlHOro npo6era, HCITOnb3YeTCll cpaK­

TOp HaKonneHHll Jlnll MaTep11ana nocnenHero cnoll, 

HO MHHa cso6onttoro npo6era _noJl)KHa onpene­

nllTbCll C Y'leTOM pa.3nHl!HbIX MaTepHanOB: 

K 

B = Bm(X), X = L,(µ_,
11

.._
1
d);, 

k• I 

rne Bm(X) - <paKTop HaKonneHHll ]lnll MaTepHana m 
nocnenHei-f nepeceYeHttow 30HbI. ,r:\nll Ha116onee 

8a)f{HblX cnyyaeB cpaKTOpbl HaKonneHHll Jlnll MH0-

rocnOHHblX 3a[UHT MOryT 6bITb BbJqHcJleHbl 3apa­

Hee c npHMetteHHeM MeTona MoHTe-Kapno. 

OnpenenHB nnOTHOCTb noTOKa raMMa-

H3ny4eHHll <D(r), MO)l(HO HaHTH MOTHOCTb ITOTOKa 

3HeprHH raMMa-113nylJeHHll B e]lHHHUax 

M3B/(cM2·c) Ha paCCTOllHHH r OT HCTOYHHKa: 

l(r) = E<D(r), (3) 
rne E-3Heprnll <pOTOHOB B e.nHHHuax M3B/cpoToH. 

Tio onpeneneHHJO MOIUHOCTb nornomettttow 

Jl03bI B enHttHuax M38/(c·r) onpenenlleTCll KaK 

np0H3Be.neHHe nnOTHOCTH nOTOKa l(r) 3HeprnH 

raMMa-H3nyYeHHll H K03<pcpH1 . .(HeHTa µ,H HCTHHHO­

ro nornomeHHll 3HeprnH q>OTOHOB B BeUJ,eCTBe, 

KOTOpblH onpenenlleTCll cneeyJOIUHM o6pa30M: 

µ '.lH = µ - I:., rne µ = µnHH / p - MaCCOBbIH K03q>cpH­

UHeHT ocna6neHHll raMMa-113nY\.JeHHll s semecTse 
2 , 

CM /r; p - cpH3HYeCKM CTJlOTHOCTb MaTepHana 
r / cM3

• ' 

MacCOBblH K03cp<pHUHeHT HCTHHHOro norno­

meHHll 3HeprnH <pOTOHOB B semecTBe HHor.na Ha-

3bIBaJOT K03q>cp11u11eHTOM 3neKTP0HHOro npeo6pa-

30BaHHll, H3Mepl!eMblM B e]lHHHUaX CM2/ r. Torna 

]lnll MOIUHOCTH nornomeHHOH Jl03bl B e]lHHHUaX 

pan/Yac nerKO CTOllY\.JHTb cpopMyny 

Pabs=5,767·10·
5
µ,.J(r). (4) 

IlOJlCTaBnllll cpopMynbl (2), (3) a (4) nonylJHM 

Bblpa)KeH11e ]lnll nornomeHHOH Jl03bl Ha paCCT0ll­

HHH r OT HCTQl!HlfKa (B e]lHHHUax pan/4aC) 

Pabs = Kabs(S/( 4nr2))Bexp(-µnHHr), 

rne Kabs = 5,767· 10"
5 
Eµ'.lH - nepeBOJlHOH K03cpcpH­

UHeHT nOTOKa raMMa-H3.JT)'YeHHll B M0IUHOCTb no­

rnomeHHOH Jl03bJ. 

4.2. Moup-1ocmb 003bl om pacnpeOelle1-11-1020 uc­
mO'II-IUKa. TTycTb HMeeTCll HCT0'-IHHK <pOTOHOB 

S( r ', £), cpoTOHlc, pacnpeneneHHbIH s o6beMe V'. 
Torna, cpeJlHllll no o6beMY V MOIUHOCTb norno­

mettttoi-f Jl03bI onpenelllleTCll cneeyJOmei-f cpopMy­

noii: 

P.bs.,. = f dEf drf dr'K.b,S(r',E)B(µ_,
11
. (E) I r-r'J E)x 

E I' V' 

xexp(-µ,,,. (E) Ir- r' I). 
MomHOCTb Jl03bl B neTeKTope, pacnono)KeHHOM B 

TOYKe r, naeTcll cpopMynoii 



B 3THX cpopMynax HCIT0J1b3YIOTCSI CJ1e,D.y10mHe 

o6o3Ha'-leHHSI: V' - o6beM, r,D.e pacnpe,D.eneH HC­

T0'-IHHK; V - 06beM, r,D.e np0B0.ll,HTCSI paC'-leT cpe.D.­

HeH M0l.l.(H0CTH .ll,03bJ; r- pa.D.HYC-BeKTOp T0'-IKH B 

06beMe V, B KOTOpOH paCC'-IHTbJBaeTCSI M0l.l.(H0CTb 

.ll.03bJ; r' - pa,D.eyc-BeKTop T0'-IKH B o6beMe V', B 

KOTopoH pacnpe.11.eneH HCT0'-IHHK; µn"'' - JlHHeH­

HhtH K03Q)q>HUHeHT ocna6J1eHJ,U1 raMMa-H3JlyqeHHSI 

B semecrne, CM-
1
; Kabs - nepeBOJJ.HOH K03q>q>HUH­

eHT n0T0Ka B M0l.l.(H0CTb .ll,03bJ; B - cj>aKTop HaKon­

JleHHSI. 

Ecn11 pewaTb 3a,D.alJ)' B MHororpynnoB0M 

npe.11.cTaBJleHHH, TO J.1CT0l{HHK 3a.ll,aeTCSI B BH.ll,e: ~. 

j = I. .. NG, r.D.e NG - '-IHcno 3HepreTHlJeCKHX 

rpynn. TTapaMeTphl K, B H µ TalOKe 3a.ll,a10TCS1 B 

MHororpynn0B0M npe.11.cTaBneHHH. Tor,D.a cyM­

MapHaSJ M0l.l.(H0CTb .ll,03bl paBHa cyMMe BKJla,D.08 B 

M0l.l.(H0CTb JJ.03bl OT q>OTOHOB 3HepreTHlfeCK0H 

rpynnbt j. 11HTerpHposaHHe no o6beMaM V H V' 
ocymecTBJ1S1eTcS1 MeT0JJ.0M MoHTe-Kapno. 

TTapaMeTpbl BabSJ, µ1, µ,11J .ll.JlSJ pa3JJJ.1lJHhtx Ma­

TepHan0B npHBe,D.eHbI B CTaHJJ.apTe ANSI/ ANS-

6.4.3 [8] 11 co.11.ep)f(aTCSI B 6116mmTeKe PHOTON 

DAT A (pHCYHOK). napaMeTp KabsJ npl1Be.ll,eH B 

CTaHJJ.apTe ANSl/ ANS-6.1.1-1991 [9]. 

5. Onucan11e nporpaMMbl PKD 

I1pe.ll,nOJ10)KHM, lJTO J.13 aKTHBHOH 30Hbl H I 

K0H-rypa BB3P B 3a.ll,aHHbtH M0MeHT speMeHH no­

c11e Hal{ana asapHH B 3amHTH)'lO o6onotJKY A3C 

BblX0)J.HT HeK0Topoe K0JlHlJeCTB0 pa.ll,H0ttyKJlJ.1)].08 

(aKTHHOH.ll,08 H npo.ll,yKT0B ,D.eJleHHSI}. 8 pe3yJlbTa­

Te B fa30BOH cpa3e, Ha nosepXH0CTSIX 3aUlHTHOH 

o6ono'-IKH A3C 11 B B0JJ.e Ha nony noMemeHHH 

np0HCX0.ll,HT HaKonneHJ.1e pa.llH0HYKJJH.ll,0B, cny­

)f(amHX HCT0lJHHK0M H0HH3HpYfOmero H3JlylfeHHSI 

(y-H3J1y'-leID1,11). Heo6xo.ll,HMo oueHHTh pa,D.HaUH-

0HHYIO o6CTaHOBKY s noMemeHHSIX, HaX0.ll,Sll.l.(HXCSI 

BHYTPH 3amHTHOH o6ono'-IKH A3C. 

TTporpaMMa PKO no3BomteT no H3BeCTHhJM 

3HalJeHl-tSIM Mace Kll)K.ll,0f0 H3 BbJWe.ll,WHX H3 I K0H­

rypa pa,D.H0ttyKJlH.ll,08 H HX Mace B 803.D.yxe, Ha no­

sepXH0CTSIX H B B0.D.e Ha nony noMemeHHH onpe­

.ll,emtTb M0l.l.(H0CTb nornomeHHOH )J.03bl y­

H3J1YlJeHJ,U1, pa.n/tJaC, B cne,D.ylOIUHX o6naCTSIX npo­

CTPaHCTBa Kll)K.lJ.oro H3 noMemeHHH 3al.l.(HTHOH 

o6ono'-IKH A3C: no ra3osoi1 cpa3e, s B0.D.e H Ha 

nosepxHocrnx noMemeHHH. 

CHcTeMa noKanHJaUHH asapHH, s KOTopoif M0-

.ll,enHpy!OTCst npoueccb1 nepeHoca H npeo6pa3osa­

HHst aKTHHOH)J.08 H np0JJ.YKT0B .11.eneHHSI paccMaT­

pHBaeTCSI KaK Ha6op 0T,D.eJlbHblX o6beMOB (HJlH 

paclJeTHblX Sl'-leeK), CBSl3aHHblX Me)f()J.y co6oi1 no­

T0KaMH naporaJOBOH cpe.D.bt H B0JJ.bl. Ka)K)J.aH 

st'-leHKa npe,D.cTasnsteT co6oi1 npsiMoyronbHbJH na-
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pannenen11ne)J. o6beMOM v,,, CM
3
, C KBa.ll,paTHblM 

ocHosaHHeM nnomaJJ.blO S11, cM
2

. Ha nony pac'-leT­

HOH SllfeHKH M0)f(eT npHCYTCTB0BaTb cnoH B0.ll.ht 

(KOTOpblH o6btlJHO Ha3bJBaeTCSI 80)].0H npHS!MKa 

HJlH npoCT0 BO)J.OH) o6beMOM w,., CM
3

. CooTBeTCT­

BeHH0 B 3aBHCHM0CTH OT HaJJH'-IHSI (W,, * 0) HJlH 

0TCYTCTBHSI (W,, = 0) 80)].bl Ha nony Sl'-leHKH o6beM 

ra30B0H q>a3hl H nnoma.D.b nosepXH0CTH, conp11Ka­

ca1omei1csi c ra30BOH q>a3oi1, MeHSJIOTcsi. TaKHM 

o6pa30M, .si'-leHKa n xapaKTep113yeTc.si TpeM.si reo­

MeTpHtJeCKHMH napaMeTpaMH: 

- o6beMOM sitJeHKH V,,, cM
3 

( V,, * O); 
- nnomaJJ.blO KBa,D.paTH0ro ocHosaHH.SJ sitJeHKH S,,, 

CM
2 (S,, -:IO); 

- o6beMOM 80.ll,bl Ha nony .SllJeHKH w,,, CM3 
( w,, i- 0 

HJlH = 0). 

6. Hcxo.unMe .uaeeb1e ,!lJIH nporpaMMbl PKD 

TTepe.D. HatJanoM pa6oTbJ nporpaMMhl PKD 

)J.QJl)f(eH 6b1Tb npoBe,D.eH pacl{eT HaKon11eHHSI H30-

T0n0B B T0nJJHBe peaKTopa no nporpaMMe MCU­

REA c MOJJ.yneM ORIMCU. H.JoTonHbtH cocrns 

Tonn11sa, cpe.D.HHH no aKTIIBHOH 30He peaKTopa, B 

3aBHCHM0CTH OT BpeMeHH o6nyqeHHSI 3anHCb1Ba­

eTCSI B <f>ai1n INPSUM. B cocTase naKeTa npo­

rpaMMbI PKO HMeeTcsi 3apaHee HactJHTaHHbtH 

cpaifn INPSUM, KOTOpbIH co.D.ep)f(HT H30TOnHbtH 

C0CTaB T0nJJHBa B 3aBHCHM0CTl1 OT BpeMelrn o6ny­

'-leHH,II, xapaKTepHbIH .ll.JlSI cTaH.D.apTHOH 3arpY3KH 

aKTHBHOH J0Hbl 8B3P-1000. 

.[(aHHble 0 C0,D.ep)f(aHHH HYKJJH.ll,08 no.ll, 060-

JlO'-IKOH H B TenJl0H0CHTene )J.0Jl)l(Hbf co.11.ep)f(aTbCSI 

B <f>aHJJax INPSMOD, INPSCLD. B c11ytJae 0TCYT­

CTBHSI HHcj>OpMaUHH 0 HaKonneHHH H30T0n0B no.11. 

o60J10'-IKOH H B TenJl0H0CHTeJle M0)f(HQ HCn0Jlb30-

BaTb K03q>q>HUHeHTbl BblX0,D.a H30T0n0B H3 T0nJJH­

sa no,D. o60J10'-IKY H B TenJJ0H0CHTeJlb, K0T0pble 

3a,D.a!OTC.SI B cj>ai1ne HCX0.l{HblX .11.aHHblX KapTOH 

DFRC-DFTen, DF0 6, DFTon· TTpH 3T0M, eCJlH DFTcn < 
0, DF o6 < 0 , TO ,D.aHHb1e 06 HJ0Tonax no.11. o6onolf­

KOH H B TennoH0CHTene 6epYTCSI HJ cpai1110B 

INPSMOD, INPSCLD. EcnH DFTCn > 0, DF05 > 0, 

ClJHTaeTCSI, lJT0 3a.ll,aHbl K03q>q>HUHeHTbl BblX0,D.a. 

MoMeHT speMeHH NTIM 06nY4eHHS1, c K0T0-

poro HatJanacb asapHst, 11 speM.si TIMED Bbl.D.ep)f(­

KH B CYTKax TalOKe YKa3b1BalOTCSI B cj>aiine HCX0)J.­

HblX )J.aHHblX. 

B cpaAne INPSUM co,D.ep)f(aTc.si K0HUeHTPaUHH ~· ( P,, H30T0n0B B T0MHBe B e,D.HHHUax rpaMM· 

arnM)IBASIS. TipH pacqernx no MCU-REA 
BASIS npHHHMaeTc.si paBHblM 0JJ.H0MY JJHTPY U02. 

1130TOnHblH C0CTaB B Sl'-leHKax, KOTOpblH npHMe­

JUleTC.SI .ll.JlSI pac'-leTa cneKTpos raMMa-113ny'-leHJ,U1, 

paCClJHTbJBaeTCSI no q>OpMyne p;:';(t) = p::;"C,"°, r.11.e 



• 
C"" = (k"'"(t)DF + ko6(t)DF + k"'"(t)DF )R"" I I -n:n I o6 I TOn I • 

3,lleCb HCnOJib3YIOTCH cne,lly10w;He o603Ha4e­

HHH: t - MOMeHT speMem1 nocne Ha4ana asapm-1; i 

- HH,lleKC H30TOna; / - HH,lleKC :rneMeHTa; k,Ten (t) -
K03cpCj>Hu.HeHT BbIXO,lla H3 TennoHOCHTeJIH B 3a­

lUHTHYIO o6ono4KY A3C 3neMeHTa /, T.e. secos~ 

,llOJill 3JieMeHTa /, BbIWe,llwero H3 TennoHOCHTen» B 

3all.(HTHYIO 06ono4xy A3C K MOMeHry speMeHH t; 
k,°6 

(t) - K03cpcjmuHeHT BbIXO.lla 3JieMeHTa / H3 no,ll 

o6ono4KH TB3Jia B 3alUHTttylO o6ono4KY A3C; 

k,Ton (t) - K03cp<pHUHeHT Bbl XO,lla 3JieMeHTa / H3 

TonnHsa s 3alUHTttylO o6ono4KY A3C; R;'° - se­

cosan ,llOJill 3JieMeHTa / B H'l.feHKe n B COCTOHHHH CX 

OT cyMMapHOfO KOJIH4eCTBa 3JieMeHTa /, BbJWe,ll­

wero B 3alUHTttylO o6on04KY A3C; a - HH.lleKc 

COCTOHHHSI XHMH4eCKOfO 3JieMeHTa (H30TOna), on­

pe,lleJI»lOlUHH, s KaKOH o6naCTH npocTpaHCTBa 

H4eHKH HaXOJJ.HTCH ,llaHHbIH 3JieMeHT: CX = g - 3Jie­

MeHT HaXOJJ.HTCll B fa30BOH cpa3e B o6beMe V,,,g; a 
= s - 3JieMeHT HaxOJJ.HTCH Ha nosepXHOCTH S11,g; a 
= w - 3JieMeHT HaxO.[J.HTCH B BOJJ.e (B o6beMe W,,). 

K03cp<pHUHeHTbl BblXO,D.a 3JieMeHTa / H BeCOBble 

JJ.OJIH 3TOfO 3JieMeHTa B ll4ettKe n nony'l.falOTCH H3 

p aCCMOTpeHJ.ijj pa3JIH4HblX cueHapHeB pa3BHTJ.ijj 

asap HH. 

TiporpaMMa PKD pa6oTaeT B JJ.Ba 3Tana. Ha 

nepBOM npOBO,llHTCll paC4eT PX B TennoHOCHTeJie, 

nOJJ. o6oJI04KOH H B TOnJlHBe B MOMeHT speMeHH t. 
Pac4eT npOBO.llHTC» no nporpaMMe OR14F. Ha 

BTOpOM 3Tane no Hatt,lleHHblM cneKTpaM raMMa­

H3ny'l.feHHll MeTOJJ.OM T04e4H0f0 »JJ.pa npOBOJJ.HTCll 

pac4eT MOlUHOCTeH JJ.03. 

Pe3ynhTaTOM pa60Tb1 nporpaMMbI PKD »BJI»-

IOTC» cne,llylOLUHe BeJIH4HHbl: P,,g (t) - MOLUHOCTb 

.ll03bl B ll4eHKe n, cpe.llH»ll no o6beMy V11,g, 

pa.,n/4ac; Pn., (t) - MOll.lHOCTb .ll03bI B »4ei1Ke n, 

cpe,D.HJIH no nosepXHOCTH S11,g, pa.n/4ac; P,,w (t) -

MOlUHOCTb .ll03bl B H4ei1Ke n, cpe,llHJIH no o6beMy 

W,,, pa.nf4ac. 

7. BeputJ,uKa1'HH nporpaMMbl PKD 

B OT4eTe [2] npe,llCTaBJieHbl pe3yJibTaTbl Be­

pH<pHKaU.J-IH nporpaMMbI PKD, npe.llHa3Ha4eHHOH 

~H HH)f(eHepHblX pac4eTOB MOLUHOCTeH .ll03 B no­

MelUeHJ.ij!X 3alUHTHOH o6on04KH A3C npH asapH­

»x A3C c BB3P. 

BepH<pHKaUHH npoBO.llHJiaCb nyTeM cpaBHeHHH 

pe3yJibTaTOB pac4eTOB: 

• cneKTpa <pOTOHOB OT aKTHHOH,llOB H OCKOJJKOB 

JJ.eneHHJI Bb1ropeswero Tonmrna KacceTbI 

BB3P- I 000 c pe3ynbTaTaMH pac4eTOB H3 

"CnpaB04HHKa pa,llHaUHOHHbIX xapaKTepH­

CTHK" [10]; 
• MOLUHOCTeH JJ.03 B ,lleTeKTOpax co 3Ha4eHHHMH, 

nony4eHHblMH no aMepHKaHCKOH nporpaMMe 

QADS, BXO.ll»w:ei-1 s cHCTeMY SCALE4.3; 

• cpe.[J.HHX MOlUHOCTeH JJ.03 no 30HaM H4eHKH co 

3Ha4eHHHMH, nony4eHHbIMH no KOJJ.y QADS H 

npeUH3HOHHbIM nporpaMMaM MCU-REA/ 2.0 

[11] H MCNP [12]. 

0TKJIOHeHHe cyMMapHOH HHTeHCHBHOCTH 

raMMa-H3Jiy4eHHH OT .[J.aHHblX pa6oTbI [ I OJ co­

CTaBJI»eT 1,4 %, 'ffO BnonHe Y.llOBJieTBOpHTeJibHO. 

Pe3ynhTaTb1 pac4ern JJ.03, nonyt.teHHbie no HH)Ke­

HepHbIM nporpaMMaM PKD H QADS, cornacy10T­

c» Me)K,,lly co6oi1 C T04HOCTblO JJ.O HeCKOJlbKHX 

npoueHTOB. 

no pe3yJibTaTaM cpaBHeHHH PKD C npeUH3H­

OHHblMH nporpaMMaMH MCU-REA/2 H MCNP 

MO)KHO CJJ.enaTb BbIBO.ll, 4TO pacxo)K.lleHHe OOJIHOH 

nornow;eHHOH .ll03bl MO)KeT COCTaBJIHTb: B 803.lJ.YXe 

- 30 %, B BO,D.e - 25 %, Ha nosepxHOCTH 3alllHTHOH 

o6ono4KH A3C - 25 %. 
.[{JI» HH)KeHepHOfO paC4eTa MOlUHOCTH JJ.03bl B 

6oKcax CHCTeMbl JIOKaJJH3aUHH npHBe,llCHHble T04-

HOCTH nporpaMMbl PKD SIBJIHIOTCH B0OJIHe YJJ.OB­

JICTBOpHTeJibHblMH. 

3aKJIIO'ICHHe 

Co3JJ.aH KOMnneKC nporpaMM 4HCJICHHOfO MO­

,lleJIHpOBaHHH pa,llHaU.HOHHbIX nonei-1 OT 3Hepren1-

4CCKHX HCT04HHKOB BttyTpH 3alUHTHOH o6oJJOl.fKH 

A3C np11 asapHH . .[{JI» pac4eTa MOlUHOCTH JJ.03bl 

HC0OJlb3yeTCH HH)KCHepHblH MeTOJJ. T04e4HOfO H.ll­

pa. 3HaHHe BCJJH4H_Hb) MOlUHOCTH .ll03bl raMMa­

H3Jiy4eHJ.ijj B 6oKcax CHCTeMbl JIOKaJIH3aUHH asa­

pHH He06XOJJ.HMO JJ.JIH MO,llen11poBaHHH pa,llHaUH­

OHHO-XHMH4eCKHX peaKU.HH H TTOBC.llCHJ.ijj 1130TO­

noB HOJJ.a. 
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IlporpaMMa TREND B0CCTaH0BJleHHH ce11eHHH HeHTpOHHblX peaKL{HU. 

H pac11eTa ,!l0nJ1ep0BCK0fO ynmpeHHH B 06J1aCTH paJpemeHHblX pe30HaHC0B 

H.ff. qu,.,ynuu, A.C. KynaKoB, 
PHU. "Kyp4aTOBCKHi1 HHCTHryT", 123 182, MocKBa, nn. Kyp4aTosa, l 

TTocrymtna B pe.naKUHIO 06.10.2008 r. 

PaJpa6oTaHa nporpaMMa TREND, npe.llHa3Ha4eHH!lll .11m1 eoccTaHOBJJeHH.11 HeHTPOHHblX ce4eHHi1 B 0611acTH pa3-
peweHHblX pe30HaHCOB no .uaHHbIM Me)l(.UyHapo.uHbIX 6Ii6JJHOTeK oueHeHHblX .11.uepHblX .uaHHblX C HCnOJJb30BaHHeM Me­
TO.llOB Peiixa - Mypa, AL1.11epa - AMepa H EpeiiTa - 8Hrnepa, a TalOKe pac4eTa .uonnepoecKoro ywHpeHH.11 nOJJ}"leHHbIX 
ce'!eHHH B KJJacc114ecKOM npH6JJH)KeHHH. OporpaMMa TREND HHTerpHpoeaHa B KOMnJJeKCHhlH KO.ll MCU peaKTopHoro 
pac4eTa no Mern.uy MoHTe-Kap110. C nOMOIUblO nporpaMM TREND H MCU npoeeneHa oueHKa naHHbIX 6aHKa POC­
<I>OH,D. no H30TOnaM ypaHa H nnyTOHH.11 B cpaBHeHHH c naHHbIMH Me)l(JiyHapo.uHoro 6aHKa ICSBEP. 

K111o'leable C/loao: HeiiTPOHHbie ce'!eHH.11, pa3peweHHhie pe30HaHCbI, MeTO.llbI Petixa - Mypa, AL1.11epa - AL1.11epa, 
6pei1Ta - BHrHepa, .uonnepoecKoe ywHpeHHe, KOMITbtOTepH!lll nporpaMMa TREND, MCU, 6H6JJHOTeKH oueHeHHbIX 
.11.uepHbIX naHHbIX, POC<I>OH,D.. 

The TREND Code for Neutron Cross-Section Analysis and Doppler Broadening Calculation in the Resolved 
Resonance Region. N.L. Chichulin, A.S. Kulakov. RRC Kl, Kurchotov Sq., / , Moscow, 123182. The TREND code for 
neutron cross-sections analysis in the resolved resonance region based on the evaluated nuclear data libraries was devel­
oped. The theoretical cross sections in TREND are generated using the Reich - Moore, Adler - Adler and Breit - Wigner 
formalisms. The Doppler broadening is calculated using the FG model. TREND is incorporated into the MCU Monte­
Carlo complex code. The evaluation of ROS FOND data for U and Pu isotopes in comparison with ICSBEP international 
bank data was performed. 

K ey words: Resolved Resonances, Neutron Cross-Sections, Reich - Moore, Adler - Adler and Breit - Wigner For­
malisms, Doppler Broadening, TREND, MCU, ROSFOND. 

Bse.11.euue 

BoccrnHosneHHe ce4eHHH HeHTPOHHblX peaK­
UHH no .11.aHHbIM Me)l(.IJ.yHapO.D.HbIX cpaHJlOB o~e­
HeHHbIX H.D.epHbIX t1.aHHbIX (<DOJI,Z:O rnna ENDF/B 
[I], JEFF [2], JENDL [3], BROND [4] H T.n. -
sa)KHaJI 3a_na4a npH npose.11.eHHH peaKTOpHblX pac-
4eTOB. TaK, ll.Jl.11 o6naCTH pa:3peweHHbIX pe30H3H-
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COB cymecTsyeT HeCKOJ!bKO OCHOBHblX MeTO.D.OB 
(T.H. "cpopMaJJH3MOB") H COOTBeTCTBYIOLUHX HM 

Ha6opOB pe30H3HCHblX napaMeTpOB, C nOMOLUblO 
KOTOpb1x a <DOJl.Ll: napaMe-rp1-13yioTc.11 ce4eHH.II 
HeirrpOHHblX peaKUHH B 33BHCHMOCTH OT 3Hepnrn 
Hei1TpOHOB, - 3TO cpopMaJJH3Mbl 6pei1Ta - BHrHe­
pa, At1.nep - A.nnepa H PeHxa - Mypa . .[J,JJ.11 .11.enH­
m1-1xc.11 H30TOnOB B HaCTO.IILUee BpeM.11 HMeHHO no-



• 
cne.nHHH no.nxo.n non~Hn Ha116onbwee pacnpo­

CTpaHeHHe. TatoKe .nn.si HCnOnb30BaHH.si B npaKTH­

l{CCKHX paCl{CTax He06XO.llHMO nonyl{aTb HCH­

TpOHHblC CC'{CHH.11 npH HeHynesoH TeMneparype, 

T.e. npOBO.llHTb paCl{eT .nonnepOBCKOro yw11peHH.sl. 

TiporpaMMa TREND, pa3pa6oTaHHa.si s oT.ne­

ne MCU PHU, "Kypl{aTOBCKHH HHCTH'fYT" .nn.si 

npHMCHCHH.11 B COCTaBe nporpaMMHOro KOMnneKca 

MCU peaKTOpHoro pacl{eTa, npe.nHaJHal{eHa .nn.si 

peweHH.11 o6eHx yKa3aHHblX 3a.Qal{. TipH JTOM MO­

ryr 6b1Tb HCnOnb30BaHbl see TpH MCTO.lla napa­

MeTpH3aUHH HCHTpOHHbrx cel{eHHH. Pacl{eT .non­

neposcKoro ywHpeHH.11 npOH3B0.llHTC.sl KJlaCCHl{e­

CKHM (HeK.BaHTOBbtM) MCTO.llOM. 

1. IIporpaMMa TREND 

] . I . MooeJlb Peuxa - Mypa H3 Tpex B03MO)K­

HblX MeTO.llOB npe.ncTasn.sieT HaH60nbWHH HHTe­

pec. HanoMHHM ero CYTb. 

MeTo.n Pe11xa - Mypa (opHrHHaJlbHa.si pa6oTa 

[5]) npe.nCTasn.sieT co6011 ycel{eHHe o6mero R­
MaTpHl{HOro MeTO.na (6 ... 8), s KOTOpOM Bbl.QeneHbl 

TpH KaHa.na peaKl..(HH: .nsa KaHa.na .neneHH.11 (/1 Hj2.) 

H 0.llHH HCHTpOHHblH KaHa.n (n). TaKHM o6pa30M, 

npH HyneBOH (B KCflbBHHax) TeMneparype CC'{CHH.11 

npe.ncTaBn.s!JOTC.11 B .IIBHOM BH.ne cne.nyJOmHMH 

cpopMynaMH: 

, • .!. 
21t /\H I ~ /., W 

a=(E,T=0)=-2 LL L g;Re(l -U
11

) 

k , 0 •+-w v-,, 
cyMMapHoe CCl{CHHe; 

- CCl{CHHe .neneHH.si; 

- cel{eHHe ynpyroro pacce.siHH.si ; 

ac(E,T = 0) = a,_(£, T = 0)-a 
1
(£,T = 0)-

-a,,(E,T = 0) 

- CCl{CHHe pa.nHaUHOHHOro 3aXBaTa. 

3.necb npHH.s!Tbl cne.nyJOmHe o6o3Hal{eHHJI: 

u.b =e 
2
'•

1 [2(R 1)nb -o,.,, J -
JneMeHT MaTpHUbl U CTOnKHOBCHHH; 

R =o - s =o _!_ ~ fr::-~ 
•~ nh nb nb 

2 
LJ I 

''£-£--r 
r 2 yr 

j NRS fr. T 
S = --"' '\Jl nr '\Jl hr - JneMeHT 

nh LJ · 
2 r • I E -E-.!..r 

r 2 yr 

S-MaTpHUbl (see MaTpHUbl HMeJOT p83MepHOCTb 

[3 x3]); n, b - HOMepa Ka1-1anos OT I .no 3: nepBblH 

- HeHTpOHHbIH Kattan (n), BTopoif - nepBbIH .nenH­

TenbHblH Ka Han (/1 ), TpeTHH - BTopoii .nenHTenb­

HblH KaHa.n (fl). TIOJTOMY MaTpHl{HblC JneMCHTbl 

o6o3Hal{aJOTC.si cne.nyJOmHM o6paJOM: 

u'v - U''-' U''' - u'v = U'" - U'<.1 
11 = ,111 ' 12 - 21 - n/1 - /

1
11' 

U lv U l,J - UI<./ Ul<./ n-. 
13 = 31 = 11/2 = /211 H T . .n.; q,, - C)].BHr 't'a-

3bl pacce.111-111.11; / = I .. . NLS - KBaHTOBOe l{Hcno OT­

HOCHTenbHOro op6HTa.nbHOro MOMCHTa CHCTeMbl 

.nsyx l{aCTHU " HeHTpOH-MHWCHb"; NLS - l{Hcno 

Yl{HTblBaeMblX npH paCl{CTe MOMeHTOB /, C'IHTblBa-

1 
eTC.11 H3 <DOJl)l;; / - CnHH .si.npa-MHWCHH, - - CnHH 

2 

tteiiTpotta; s -/1 - ~ I· { 1 + ½ )- <aa,rroaoe 4HCJIO 

cyMMap1-1oro CnHHa CHCTCMbl "11eHTpOH- MHWeHb", 

01-1 )KC cn111-1 KaHa.na peaKl..(HH; r = I .. . NRS - HOMep 

pe301-1a1-1ca no nop.si.nKy; NRS - o6mee l{HCno pe30-

Ha1-1cos .nn.si .naHHOro / , Cl{HTblBaeTC.11 H3 <I>O~; 

J = I - s ... (! + s )- KBaHTOBoe •rncno nonHoro 

yrnosoro MOMeHTa (01-1 )KC cnHH pe301-1a1-1ca), BeK­

TOpHOH cyMMbl MOMeHTa I H cyMMapHoro cnHHa s; 

21 +I 
g j = ----- cnHHOBOH CTaTHCTHl{CCKHH cpaK-

2(2/ + 1) 
Top; k - MOJlYflb BOflHOBoro BCKTOpa k B CHCTeMe 

UCHTpa Mace CHCTeMbl "HeHTpOH-MHWeHb"; E -
JHeprH.si HCHTpOHa B na6opaTOpHOH CHCTeMe OT­

Cl{eTa, r.ne MHWCHb B HCXO.llHOM COCTO.IIHH_H n OKO­

HTC.si ; £, - pe30HaHCHa.si JHeprn.si (MO)KeT 6b1Tb OT-

p1u,1aTenbHOH, C'IHTblBaeTC.11 H3 <DO~); rn, - 1-1e­

non1-1a.si HCHTpOHHa.si WHpHHa r -ro pe3oHaHca, pac-

- ~ ) P,(E) 
Cl{HTblBaeTC.11 no cpopMyne rn, - r l1, ~E,I ~1. 

P,~E,11 
TYT r,,, ~E, I) - Henon1-1a.si w11pHHa pe3oHaHca r 

npH pe30HaHCHOH JHeprHH, Cl{HTblBaeTCH H3 <I>0-

51)1;; P, - cj>aKTOp npOHHUaeMOCTH; r / 1,, r /2r -

HenonHble .nenHTCflbHble WHpHHbl pe3oHaHCOB, 

Cl{HTbIBaJOTC.11 H3 <I>OJl)l;; f,n/, - CHMBOn KpoHeKe­

pa. 

1.2. JJ.01uepoec1..oe yu,upe11ue. PaccMOTpHM 

CHryaUHIO, B KOTOpOH HCHTpOII, HMeJOmHH Macey 

m H CKOpOCTb V , HaJleTaeT Ha .si.apo H30TOna -

MHWeHb MaCCOH M (pHC. I), .llBH)I() ll{y!OC.11 co CKO­

pOCTblO U, HanpasneHHOH no.a yrnoM 0 K V 11 on­

pe.aen.sieMoii TeMneparypoii o6paJua. CKopocTb 
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Puc. I . CxeMa cTOnKHOBeHl1ll ttefl-rpotta c llJlpOM 

HeHTJ)OHa B MOMeHT CTOJlKHOBeHHSI Hanpaene11a no 

ueHTPY ~mweHH. 
B 3TOH c1-1Tyau1-11-1 3Heprnsi Hei:iTpoHa 

E" = mV2 /2 , 3Heprnsi si.npa E, = MU
2 /2 . 3Hep­

rnsi, nepe.nattHall ttei:1-rpOHOM llJJ.PY npH CTOJlKHO­

eeHHH, paeHa 6£ = ~L(V - U)2 /2. 0Ha HJ].eT Ha H3-

MeHeHHe BHYTPeHHeH c-rpyKTypb1 si.npa, Ha ero ne­
pexo.n B npoMe)l(YT04HOe KB83HCT8UH0118pHOe co­

CTOSIHHe. 
Ilepexo.n OT HenOJ].BH)l(HOfO si.npa (npH U = 0) 

K ,neH)KyllleMycsi (U > 0) 03HalfaeT nepexo.n OT 
cpe,nb1 c ttyneeoi:1 TeMneparypoi:1 K cpe.ne c Te~me­
parypoi:1 T, He paeHOH Hymo. TaKHM o6pa3oM, 
MrHOBeHHOe MHKpocelfeHHe peaKUHH npH HeHyne­
BOH TeMneparype cpe,nbl 6y.neT paBHO 

cr(V, T * 0) = cr(V - U, T = 0) . 3m "wcTHHHoe" 

MHKpocelfeHHe e,nHHHlfHOfO B3aHMOJ].eHCTBHSI "ll.n­
po-11ei:1TpOH" npw Hettyneeoi:1 -reMneparype cpe,nb1. 

B peanbHOCTH ll,nep eelUeCTBa e 06pa3ue 
OlfeHb MHOrO, H HX CKOpOCTb Heo.n1rnaKOBa HH no 
ttanpaBJ1eHH10, HH no eenHlfHHe, JJ.rut(e ecmt TeM­
neparypa cpeJJ.bl nOCTOSIHHa. TT03TOMY BMeCTO 
"HCTHHHOro" MHKpocelfeHHll a 11eo6XOJ].l-iMO pac­
CM8TJ)HB3Tb ycpe,nHeHHOe no CKOpOCTSIM si.nep 
MHKpoce4em1e, T.H. "MaKpOCKOnHlfeCKOe MHKpO­
celfeHHe" . TTycTb CKOpOCTH si.nep pacnpe.neneHbl C 

nnoTHOCTblO eeposiTHOCTH P(U) . B 3TOM cny4ae 

CKOpOCTb peaKUHH npH npoxo)l(Jl.eHHH o-rpe3K8 
BelUeCTBa 6ecKOHe4HO MaJJOH JJ)IHHbl 6y.lleT paeHa 

dcr = IV - Ujcr~V - Ui, T = 0 '1(r ff P(V), r.ne n -

KOHUeH-rpauHll si.nep, a dP(V) - eepollTHOCTb To­

ro, lfTO cKopocTb si.npa U E [ U ± dU] . J1HTerpH­

PYll no eceM B03M0)1(Hb1M CKOpOCTSIM si.npa, J].JlSI 
3cpq>eKTHBHOfO MHKpoce11eHHSI nonylfHM 

a,..(E,T) = ~ J1v - uja(IV - uj ,T = o)P(U)dU. 

JTOT -rpexMepHblH HHTerpan MO)l(HO ceeCTH K 
OJ].HOMepHOMY cne.nyK)lllHM npOCTblM cnoco6oM 
[8]. 0603H34HM OTHOCHTeJlbHYJO CKOpOCTb HeH-

TJ)OHa H Sl.llpa KaK V, = V - U. 

Tor.na U = V - V,, dU = dV, 1-1 

a,<1></E,T) = ~Jv,a(E, ,T=O)P(V-V, )dV, , r.ne 

E, = mV,2 /2 - OTHOCHTeJlbHall 3Heprnsi ttei:1-rpoHa. 

4allle ecero pacnpe.neneHHe cKopocTeH si.nep e 
BelUeCTBe onHCblB8IOT C noMOlllblO pacnpe.neneHHll 

( / )
J/2 -ot \ V 11 

MaKceenna, T.e. P(V - V, ) = a n e • , r.ne 

a= M /(2kT), k - nocTOSIHHasi 60J1bUMaHa. Tor.na 

C ylfeTOM H30-rpOnHOCTH npoc-rpaHcTBa (npH Ha­
JlHlfHH BHewHero 3JleKTpH4eCKOrO HJlH MarHHTHO­
ro nonsi 3TO e o6UleM cny4ae He TaK) nonylfHM 

a"',.(E,T) =- ~ Jf V,a(E, ,T = O)x t ( )'"2-•I 
V 1t O I 

Xe •<•·'-i;' 21l ;µ) 21tV2dV dµ., 
' ' 

r.ne V = lvl, V, = IV,j , µ=cos0 . 
BHYTPeHHHH HHTerpan BbllfHCJllleTCSI npocTo: 

t I I 

J -•<•' ,1;.'- 211 ,µ)d ( o(I - 1•,1' -o(l"+1; 1') e µ=--- e -e . 
_, 2avi,: 
8 pe3yJ1bTaTe nonylfHM KOHelfttylO cpopMyny J].JlSI 
celfeHHll 

a (£ T)=- - J I (a)''· -
,.. · v2 n 

0
V,2a(E,,T=0)x 

x( e •<•·'- 1·,'1 -e •<•·'• i·,'1 )d~. 
81-1,nHO, 4TO no,nblHTerpanbHaSI cpyHKUHSI eCTb 

npo113ee.nettHe celfeHHll Ha eecoey10 cpyttKUHIO 

p(V,,V): 

l ( )1/
2 
-a,..(E,T)=vi ; Ip(V, ,V)a{E, ,T=0)dV, = 

=-1 (~)1/2 In vi n , 
.. 

r.ne In= f p(V, ,V)cr(E,,T = 0 fiV,, 
0 

p(V, , V) = V,2 ( e •<1·'-1·,'1 - e-•<•·' ••:> ) = 

p(V,, V) - rna.nKall cpyttKUHSI c OJJ.HHM MaK­

CHMYMOM. 3KcnoHeHTa onpe.nensieT ee 6blCTpoe 
cna.naHHe npH (V ± V,) ➔ +oo , B CBSl3H c lfeM npH 

HHTerpwpoeaHHH MO)l(HO nepeHTH OT Hyneeoro H 
6ecKOHe4HOro npe.nenoe K HeKOTOpblM KOHelfHblM 
npe.nenaM. TaKHM xapaKTepHbIM npe,llenoM JI.Jljl 

-Q,t' cpyHKUHH BH,na e MO)l(eT cny)KHTb, ttanpHMep, 

xrp = 4/ ✓a (npeJ].JlO)l(eHO e [8]), nocKOJlbKY 

e-cu:0, = e ' 16 
:: IO 7 

- y)l(e JJ.OCTaTOlfHO MaJJM J].JlSI 
lfHCJleHHOfO HHTerpHpOBaHHSI eeJJHlfHHa. 

Tor.na JI.JlSI cpyttKUHH Pt H p2 cooTBeTCTBeHHO 

jv, -VI< 4/✓a. => (v -4/ ✓a)< v, < (v +4/✓a.) 
H {V, +V)<4/✓a. =>0<V,<(4/✓a.-V). 
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TaK KaK V > 0 , TO Jurn cyMMapHoli BecoBoi-1 

cpyHKUHH p nony<IHM cneeylOlllHe npe.u.enbl HHTer­

pHpOBaHHll: 

(v-4/✓a) < Vr < (v +4/✓a), ecm1 (v-4/✓a) > O;l 
(I) 

0<Vr < (v+4/✓a), ecm1 (v - 4/✓a)<o. 
HeTpy.U.HO nOCYHTaTh, YTO ,u11ana.30H :meprnH 

Hei-lTpoHa, cooTBeTcTBylOlllHH .n.11ana30Hy ero CKO­

pocTH, paBeH 

m ( 4 )
2 

m ( 4 )
2 

8m V Li£ = 2 V + ✓a - 2 V - ✓a = ✓a • (2) 

EcnH ( V -4/ ✓a)< 0, TO OH MeHbWe (2). 

0rMCTHM JI.JUI cnpaBKH, YTO BTOpal! COCTaB-

nlllOlllall BCCOBOH cpyHKUHH 

P (V V)=Vi e -•<"'••·;> =V2e-~r{2!' • •:') 
2 r' r r na.n.aCT c 

poCTOM :meprnH HaneTalOmero HCHTJ)OHa H pacTeT 

C pOCTOM TCMneparypbl cpCJJ.bl. B "peaKTOpHOM" 

.u.11ana.JOHC TCMneparyp OT 300 .u.o 3 000 K cpyHK­

UHll P2 npeHe6pe)KHMO Mana y)Ke np11 :meprn11 

HCHTpOHa 2: 0, I 3B, nmToMy s .u.11ana.J0He HHTer­

p11poBaHHll ( l) BbinOnHllCTCll np116m1)KCHHOC pa­

BCHCTBO p(i;:_,V):::: V,2e-•W' -•;.'>. 

C TOYKH 3pCHHll YHCJICHHOro HHTerp11posaHHll 

secosrui cpyHKUIDI p(V,, V) .u.ocrnTOYHO rna.n.Ka.sI 11 

He Tpe6yeT cnHWKOM no.u.po6Horo pa36HeHHll 

.u.11ana.30Ha HHTerpHpOBaHHll. 8 OTHOWCHHH )KC 

ceYeHHll peaKUHH a(E,, T = 0) B o6meM CJIY'lae 

3TOro CKa.3aTb HCnb3ll. 3aBHCHMOCTb CC4CHHll OT 

CKOpOCTH HCHTpOHa cno)l(Ha H HMCCT llpKO Bblpa­

)KCHHblH pe30HaHCHbIH xapaKTep, a npOH3BOJJ.Ha.si B 

HCcne.u.yeMOM .u.11ana.J0He MO)KCT 
CJ,, 6apH 

JJ.OCTHraTb OYCHb 6onbWHX senHYHH. 200 

TTpH 3TOM B LU-iana.30He HHTerpHpo-
180 

BaHHll MOryT 0Ka.3aTbCll OJJ.HH HnH 

140 

HCCKOnbKO pe30HaHCOB. TaKHM 06- 160 

pa.30M, nOJJ.b[HTerpanbHruI cpyHKUIDI 

HMCeT cnO)KH)'IO cpopM)' c 6bICTJ)O­

MCHlllOlllCHCll npOH3BOJJ.HOH. CTpHMep 
120 

3aBHCHMOCTH CCYCHHll nornomeHHll 

H nOJJ.bIHTerpanbHOH cpyHKUHH OT 

CKOpOCTH HCHTJ)OHa JJ.nll 
239

Pu npH 

TeMneparype T = 300 K 11 3HeprnH 

HCHTpOHa En = l 000 38 .u.aH Ha 

pHC. 2. 

ryp OT 300 .u.o 3 000 K HaH6onee 3cpcpeKTHBHbIM 

no COOTHOWCHHlO "TOYHOCTblspeMll" OKa3bIBaeTCl! 

MCTOJJ. Tpanel(HH. 

Heo6XOJJ.HMO OTMCTHTb, YTO pac4eT CJJ.HHHY­

HOfO Heyw11peHHOfO CCYCHHll no cpopMyne Pei-txa 

- Mypa .u.onor s ornHYHe OT MeTo.n.os A.u.nepa -

A.u.nepa 11 6peHTa - B11rnepa. TTo3TOMY Bbl'rncne­

HHe yw11peHHbIX CCYCHHH •-rncneHHblM HHTerpH­

posaHHCM C npl!MbIM paCYeTOM HeywHpCHHbIX 

ceYeHHH no cpopMynaM PeHxa - Mypa OKaJbIBaCT­

cl! YpC3BbIYaHHO pecypcoeMKHM, lffO npHBOJJ.HT K 

xapaKTepHbIM speMeHaM CYCTa Ha TpH-4CTbipe 

nopl!JJ.Ka 66nbWHM, 4CM npH HCnOnb30BaHHH 

cpopM)'n A.u.nepa - Aunepa 11 6peiirn - B11rnepa. 

3TOT cpaKT .u.enaeT npllMOH anropHTM paC4CTOB 

npaKTHYCCKH 6ecnone3HhlM. 

B nporpaMMe TREND np11MeHeHa cne.n.yJ0-

11.lall cxeMa ycKopeH11.si. B Ka4eCTBe nepsoro wara 

JJ.nll scex H30TOnOB Ha BCeM .u.11anaJOHe 3HeprHH 

HeHTJ)OHa (oT 10-5 
3B .u.o sepxHeii rpaHHUhl 0611ac­

TH pa.3peweHHblX pe30HaHCOB) npe.u.sapHTenbHO 

paCC4HTblBalOTCll HCXOJJ.Hble (Heyw11peHHble) ce­

YeHHll scex peaKL(HH. fipH 3TOM pa.36HBKa .u.11ana-

30Ha 3HeprnH no TOYKaM npoBOJJ.HTCll TaKHM o6pa-

30M, 4T06bl pa3HHL(a Ce4eHHH Ha .u.syx coce.n.HHX 

TOttKax He npeBblWana IO %. fIOJIY'!CHHbIH TaKHM 

o6pa.30M HHTepnon.sIU110HHblH MaCCl18 3aITHCbIBa­

eTCll B cneuHanbttylO npoMC)KYTOYHYJO 6J.16n110Te­

KY cpaHJIOB, KOTOpbie co.u.ep)KaT BCIO Heo6xo.u.11-

M)'IO HH(pOpMaUHJO JJ.nll paCYCTa CC4CHHH. THnH4-

HOe '1HCno HHTepnonllUHOHHblX TOYeK COCTaBJillCT 

JJ.nll pa3HblX H30TOnOB OT 50 000 JJ.O 8 500 000. 
fipH pacYeTe ywHpCHHblX Ce4CHHH (T.e. npH 

YHcneHHOM HHTerpttpoBamrn) nporpaMMa TREND 

CKattHBaCT 113 npoMe)KYTOYHOH 6116nHOTCKH HH­

pcr,, 6apn•cM/c 
2,5E+14 

I r\ - ce'le1111e norno111em1J1 

I \ - nO.IU,IHTCrpMbHaJI <j})IHKUHll -
2,0E+l4 

I \ 
I \ 

1.5E+l4 

I \ 
I \ 

l ,OE+l4 

I \ 
J \ 

5,0E+13 

TaKOH BHJJ. no.n.htHTerpanbHOH 

cpyHKUHH npHBOJJ.HT K Heuenecoo6-

pa3HOCTH HCnOnb30BaHHll HHTepno­

nlll(HOHHbIX cxeM YHCJICHHOro HH-

100 

80 

60 

40 

20 

J ~ ~ 
0 O,OE+OO 

3,960E+07 3,962E+07 3,964E+07 3,966E+07 3,968E+07 3,970E+07 3,972E+07 

v,, CMIC 

Terp11poBaHHll BblCOKHX nopll.U.KOB. PHC. 2. 3aBHC11MOCTb CelfeHH.R nornomeHIUI H nO)lblHTerpa.nbHOH QJYHKUHH 

PacYCTbl nOJJ.TBCp)KJl.alOT 3TO H noKa- OT CKOpOCTH HeHTPOHa llJlll 239Pu npH TeMneparype 300 K H :rneprHH HCH-

3blBalOT, 4TO B .u.11ana30He TeMnepa- TPOHa 1000 3B 
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TepnOJUIUHOHHble .uaHHble 11 BMeCTO npl!MOro pac-

4eTa no cpopMynaM Peiha - Mypa npo113so.u11T 

11HTepnOJJl!U11]0 Me>K..!J.y .!lBYMR T04KaMH, 4TO 3a­

MeTHO 61,fCTpee. 3cpcpeKTl1BHOCTb no.uo6HOH cxe­

M bl 04eHb Cl1JlbHO 3aB11Cl1T OT npHMeHl!eMoro aJJ­

ropHTMa HaxO>K,.!J.eHl1l! tty)KHOH napbl T04eK B 11H­

TepnOJJl!UHOHHOH ceTKe no :meprHH, eCJJl1 411CJJO 

HHTepnOJJRU110HHblX T04eK BeJJl1KO. B nporpaMMe 

TREND s1,16paH anrop11TM .ueneH11l! HHTepnonl!­

UHOHHOH WKa.Jll,I nononaM. 3TO npaKTH4eCKl1 on­

T11Ma.JlbHblH ruiropHTM, ero npe11Myw.ecTBO B TOM, 

4TO CKOpOCTb nOHCKa cna6o 3aBl1CHT OT MecTa 

T04KH B HHTepnOJJl!UHOHHOM MaCCHBe. 3aMepbl 

nOKa.3aJlH, 4TO no cpaBHeHHIO C npl!MblM pac'-!eTOM 

CKOpOCTI, C4eTa yseJJH4HJ1ac1, Ha Tp11 nopl!,!lKa H 

npH6JlH3HJJaCb K CKOpOCTH npH HCnOJJE,30BaHHH 

MeTo.uos A.unepa - A.1J.J1epa 11 npei1rn - B1-1rHepa. 
1.3. Cpa(me11ue c npo2pGMMoii NJOY. CpaB­

HeHHe pe3yn1,TaTOB pac'-!eTa cel.femu1 .ueneHHR 
239Pu no nporpaMMaM NJOY 11 TREND .!lJll! TeM­

neparyp1,I 300 K .11,aeT cpe.utteKsa.11,paTHl.fecKoe 

pa.3JJH4He Ha .u1-1ana.30He :meprn11 Hei1TpoHa I 0·
5 
.•. 

2 500 38 (26 000 pac'-!eTHblX TOl.feK) OKOJlO 0,5 %. 
MaKCHMaJJbHOe pa.3JJHl.fHe COCTaBJJl!eT OKOJ10 IO % 
npH MaJlblX BeJlHl.fHHax ce4eHHH. 

TiporpaMMa TREND Han11caHa Ha »3bIKe For­

tran s cpe.11,e Visual Studio 11 noJJHOCTblO nepeHo­

CHMa Ha .11,pyrne nnaTcpopMbl. B HacTOl!W.ee speWi 

nporpaMMa TREND BHe.upeHa B KO.II, MCU. 

2. Bepu«t,uKaUHH J{aHHblX 6auKa POC«l>OH)::t; 
DO HJ0T0OaM u " Pu B cpaeueHHH C J{aHHblMU 

MeiKJlyuapo.11,uorn 6amca ICSBEP 

c npuMeueuueM nporpaMM TREND u MCU 

B nporpaMMax PocHayKH HMelOTCl! pa.3.11,en1,1 

no cpyH.11,aMeHTaJlbHblM npo6JJeMaM 3HepreTHKH H, 

B l.faCTHOCTH, no npo6neMaM HCnOJ11,30BaHHR 

H.11,epHOH 3Heprn1-1. B paM1<ax 3THX nporpaMM C03-

J{aeTc» pOCCHHCKHH 6aHK oueHeHHblX l!.11,epHblX 

.11,aHHbIX POCcI>OH,[( [9], KOTOpbIH 6y.11,eT co.uep­

)KaTb J{aHHbJe )J.Jll! scex cyw.ecTBeHHblX ttyKJlH.11,0B. 

Tipose.ueH nepBblH 3Tan TeCTHpOBaHHl! 3THX 

.uaHHblX no pe3yJJbTaTaM HHTerpaJJbHblX Kp11TH4e­

CKHX 3KCnepHMeHTOB, OT06paHHblX Me)K.[lyHapo.u­

HOH rpynnoii 3KcnepHMeHTOB NEA/OECD H no­

MeIUeHHblX B c6opHHK ICSBEP [ I OJ. 
no nporpaMMe MCU-5 cJ{eJJaHa npe.11,sap1-1-

Ten1,Hall nposepKa Kal.feCTBa .11,aHHbIX 6aHKa POC­

<DOH,[( no HyKJ11-1.uaM ypaHa {234
U, 

235
U, 

238
U) 1-1 

TTJJYTOHHR Ha OCHOBe cpaBHeHHl! pacl.feTOB 3cpcpeK­

THBHOro K03(p(pHUHeHTa K,qi pa.3MHO)KeHHR HeH­

TpOHOB C H3MepeHHblM11 .uaHHblMH, co.uep)Kall(H­

MHCl! B 6aHKe ICSBEP. 
TiporpaMMa MCU-5 l!BJJl!eTc» pa.3BHTHeM aT­

TecTOBaHHOH pa1-1ee nporpaMMbl MCU-REA/1 .!J.Jll! 
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pac4eTOB BB3P 11 npe.UHa.3Ha4eHa .11,Jll! pewemrn 

O,!lHOpO.llHblX (Ha KpHTH'-IHOCTb) H He0.11,HOpOJJ.HblX 

( C 3a,!laHHblM HCT04Hl1KOM) ypaBHeHl1H nepeHoca 

Hei1TpOHOB MeTO.!lOM MoHTe-Kapno c 11cnon1,Jo­

sa1-11-1eM pa.3I111l.fHblX 6116JJHOTeK oueHeHHblX ».uep­

HblX .uaHHb(X. 0Ha TT03BOJU!eT pewaTb 3a.ll,a4H .UJJR 

c11cTeM c npoH3BOJJbHOH TPeXMepHOH reoMeTp11e11 

H C yl.feTOM 113MeHeHHl! 1130TOnHoro COCTaBa B 

3HepreTH4eCKOH o6JJaCTH OT I 0·
5 

3B .11,0 20 M3B C 

TOYHOCTblO, JlHMHTHpyeMOH TOJlbKO T04HOCTblO 

npHMeHl!eMOH KOHCTaHTHOH 6a.3bl. 

B .uaHHOH pa6oTe 1-1cnon1,3osaHa cne.11,yiow.al! 

cxeMa nposepKH Ka4eCTBa l!.11,epHblX .uaHHblX 6116-

JlHOTeKH POC<DOH,[(. CHa4ruia nposo.n11TCl! pac-

4eT Ha KpHTHYHOCTb 3KCnep11MeHTOB 113 ICSBEP 

no Tpa.11,1-1u1-10HHbtM 61-16n1-10TeKaM MCU, nocne 

Yero npoBO,llHJlCl! BTOpOH pac4eT C KOHCTaHTaMH 

,!leJJl!ll(HXCl! ttyKJlH.11,0B, B3l!TblMl1 113 6H6JJHOTeKH 

POCcI>OH,[(. Tip11 3TOM KOHCTaHTbl 1-1e.uenl!W.11XCl! 

MaTep1-1ruios 6pru11-1c1, HJ 6116n110TeK MCU. TaK11M 

o6pa.30M .11,Jll! Ka)K.[lOH H3 KOHcp11rypau1111 paCC4H­

TblBaJlHCb .11,Ba Bap11aHTa: 
I) pac'-!eT ,nnl! scex ttyKJ111.11,os no WTaTHOH 6116-

JJHOTeKe MCUDB50 nporpaMMhI, co6paHHOH HJ 

Mo.nyneii naKeTa MCU-5; 

2) )J.JlR ttyKJ111.ll,OB 234U, 
235U 11 

238U: B .11,11ana.30He 

3HeprnH OT 4,65 K3B .no 20 M3B - noTo4e4HOe 

npe.11,cTaBJ1eH11e ce4eHHH HJ 61-16nH0TeK11 POC­

<DOH,[(, nony4e1-1ttoe c noMOW.bJO nporpaMMbl 

NJOY; B .uwana.3oHe OT 10·5 
3B .11,0 4 ,65 K3B - pac­

l.feT ce4eH1111 no Mo.nenH Peiha - Mypa no ,naH­

HhlM 61-16nH0TeK11 POC<DOH,[(. 

Tiony4eHHble pe3yJJbTaTbl npHBe.11,eHbl B Ta6Jl. 

1 ... 3. TaM )Ke np1-1se.11,eHbl pe3yJJbTaTbI pac4eTOB, 

co.11,ep)KaBWHXCR B on11caHHRX 6eH4MapK-

3KCnepHMeHTOB npH 11x c,na4e B 6aHK ICSBEP. 

2.1. llpoeepKa Kat/ecmea Ko11cma11m u3omo­
noe ypa1-1a 6u6J1uomeKu POC({)OH/{ npu.,we11u­
meJ1b110 K pact/ema.M peaKmopoe muna BB3P. 
TiposepKa Ka4eCTBa KOHCTaHT nposo,n11J1ac1, C HC­

nOJlb30BaHHeM ,naHHblX 3KCnep11MeHTOB [ 11], Bbl­

noJJHeHHblX Ha cTe1-1.11,e " TI" (PHU "Kyp4aTOBCKHH 

11HCTHTYT") C 11.ueHTH(pl1KaUHOHHblM HOMepOM B 

LEU-COMP-THERM-061 11 Ha cTeH.11,e ZR-6 

(UHcI>H, ny.nanewT) C H.[leHTH(pHKaUHOHHblM HO­

MepOM LEU-COMP-THERM-015. 

KoHcTpyKUHl! cTe1-1.na " TI" .!J.Jll! npose,neHHR 

,!laHHblX 3KCnep11MeHTOB npe.11,cTaBJJRJla co6oi1 reK­

carOHaJlbHble ( C waroM 1,27 CM) peweTKl1 TB3Jl0B 

H3 U02 TOnJJHBa B nerKOH BO,!le, B03MyIUeHHble 

6opHblMH, racpHHeBblMl1, .[lHCnp03HeBblMH norno­

maJOlUHMH CTep)KH.l!MH HJlH BO)J.l!HblMH nOJlOCTRMH 

c aJJIOMHHHeBblMH TPY6KaMH-BblTeCHHTeJll!MH HJ111 

6e3 HHX. B 3KCnepHMeHTaX 11CCJJe,!lOBaJlHCb 3cp­

cpeKTl1BHOCTb pa.3JJl14HbIX nornoT11Tene11 1-1ei1TPO-

• 
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• 
HOB (B4C, Dy2 TiO5, Hf) H H3MeHeHHe pa.3MHO­

)l(alOW.HX CBOHCTB aKTHBHOH 30Hbl npH CHH)l(eHHH 

nJIOTHOCTH 3aMe.ll,JIHTem1 nyTeM BbITeCHeHH.sI BOJl.bl 

aJIIOMHHHeBhlMH Tpy6KaMH. IlpH 3TOM cyw.ecT­

BeHHO H3MeH.sIJIC.sI cneKTp HeHTpOHOB (TaK KaK 

npHMeH.sIJIHCb pe30HaHCHbie nornOTHTeJIH HeHTpO­

HOB, H3MeH.sIJiaCb .ll,OJl.sI BO.ll,bl B 30He), 1-!TO Ba)l(HO 

.ll,Jl.sI npoBepKH npaBHJlbHOCTH ceLJeHHH .ll,eJI.sIW.HXC.sI 

HYKJIH.ll.OB B pe3oHaHCHOH o6nacTH. MaccoBoe 

06oraw.eH11e TOnJIHBa no 
235

U paBH.sIJiocb 4,4 %. 
Bcero cpaBHHBaJIHCh IO 3Kcnep11MeHTOB. 

qHCJIO TB3JIOB B 3KCnepHMeHTaX C nepsoro no 

BOCbMOH pasHO 762. KaprnrpaMMbl 3arpy3KH 6hI­

JIH .ll,Byx THnos: c nornOTHTeJI.sIMH s 3-M 11 6-M p.sI­

.ll,ax. 3KcnepHMeHTbl 9 11 10 MO.ll,eJIHpOBaJIH CHH­

)l(eHHe nJIOTHOCTH TenJIOHOCHTeJI.sI B Me)l(KacceT­

HOM 3a.30pe 6acceHHa BbI.ll,ep)l(KH o6nyYeHHOro 

TOnJIHBa. CHH)l(eHHe nJIOTHOCTH TenJIOHOCHTeJI.sI 

MO.ll,eJIHpOBaJIOCb ycTaHOBKOH nycn,IX aJIIOMHHHe­

BbIX Tpy6oK. B 3THX 3KCnepHMeHTax KOHUeHTpa­

U.H.sI 6opHOH KHCJlOThl COCTaBJl.sIJia 0 ,50 r/JI s sapH­

aHTe C Tpy6KaMH H 0 ,5 l r /JI B sap1-1aHTe 6e3 Bhl­

TeCHHTeJieH 80.ll,hl. AKTHBHa.sI 30Ha BKJIIO'-laJI.a B 

ce6.sI 1 309 TB3JIOB 11 342 0OJlhle Tpy6KH, KOTOpbie 

ycTaHaBJIHBaJIHCh B Y3Jiax perympHOH TpeyroJih­

HOH peweTKH c waroM, paBHhlM 12,7 ± 0,02 MM. 

3cp<peKTHBHaH TTJIOTHOCTh 3aMe.ll,JIHTeJI.sI B 3a.30pe, 

HMHTHpyiow.eM Me)l(KaCCeTHOe npocTpaHCTBO C 

Y'YeTOM scex ycTaHOBJieHHhIX Tpy6oK, COCTaBJIHJia 

0 ,45 r /n. KoHcTpyKLI.HH 11 MaTepHaJihHhlH cocTaB 

TB3JIOB 6bIJIH Te )Ke, '-!TO 1-1 B npe.ll,hl.ll,yW.eH rpynne 

3KCnepHMeHTOB. 3Kcnep1-1MeHThl BhinOmUIJIHCh 

np11 TeMneparype 18 °C. 

3HaYeH1-1e K'3<J> y 6eHLJMapK-MO.ll,eJIH so scex 10 

sapHaHTaX B npeHe6pe)l(eHHH npHMeC.sIMH pa3JIH4-

HhIX 3JieMeHTOB B TOnJIHBe H .ll,OnyCKaMH B pa.3Me­

pax KOHCTPYKUHOHHhIX 3JieMeHTOB COCTaBHJIO 

1,0005 ± 0,0023 . B Ta6n. I .ll,aeTc.sI cpasHeHHe pe-

3YJihTaTOB paC'-!eTOB 3THX KpHTH'-leCKHX 3KCnepH­

MeHTOB no nporpaMMe MCU-5 c H3MepeHHbIMH 

.ll,aHHhlMH H pac'-!eTaMH no .ll,pyrnM nporpaMMaM. 

CTaTHCTH'-!eCKa.sI norpewHOCTh scex pe3yJibTaTOB 

He npesbIwaeT 0 , I % H npe.ll,cTasJieHa s sep:xtteH 

CTpOKe Ta6JIHUhl. 

113 cpasHeHHH pe3yJibTaTOB CJie.ll,yeT, '-!TO pac­

'-!eThl , BbinOJIHeHHble no TpaJJ.HUHOHHhIM KOHCTaH­

TaM MCU 11 KOHCTaHTaM 6aHKa POC<l>OH.[(, xo­

powo cornacy10TCH Me)l(.ll,)' co6oii 11 c 3KcnepH­

MeHTaJihHhIMH .ll,aHHhlMH. 

OTMeTHM, '-!TO B pac'-leTaX '-!eTblpex sap1-1aHTOB 

C raq>HHeBbIMH nornoTHTeJI.HMH HMeeTC.sI CHCTeMa­

TH'-!eCKOe npeBhillleHHe K')(j> Ha 0,2 %. 3rn pa.3JIH­

'-!He conocTaBHMO C 3KcnepHMeHTaJibHOH norpew­

HOCThlO H3MepeHH.sI K')(j>, HO see )Ke KOHCTaHThl 

MCU-5 6JIH)l(e K ::1Kcnep1-1MeHTaJI.hHbIM .ll,aHHhIM. B 

o60HX pac'-!eTaX HCnOJih3YIOTC.sI O.ll,HH 1-1 Te )Ke ce­

'-!eHH.sI raq>HH.sI, 003TOMY pa.3JIH'-!He KpOeTC.sI B ce­

'-!eHH.sIX H30TO0OB ypaHa. KaK nOKa.3aJIO cpaBHeHHe 

CKOpOCTeH peaKU.HH, .ll,Jl.sI 
234

U OHH npaKTH'-!eCKH 

0.ll,HHaKOBbl. 113 CKOpOCTeH 
235

U H 
238

U HaH60Jih­

Wee pa.3JI.H'-!He .ll,aeT 6onee BblCOKOe '-IHCJIO BTO­

pH'-IHbIX HeihpOHOB .ll,Jl.sI 
235U B KOHCTaHTax POC­

<l>OH.[(. KoHe'-IHO, TaKoe 06b.sicHeH11e Tpe6yeT 60-

nee .ll.eTaJihHOro o6octtosaHH.sI. 

.[(anee npe.ll,cTasneHbl pe3ynhTaTh1 ou.eHKH 

.ll,aHHbIX 6116JIHOTeKH POC<l>OH.[( .ll,Jljj 
235

U no 

nporpaMMe MCU .ll,Jl.sI ::1Kcnep11MeHTOB Ha c6opKe 

ZR-6, pa.3Mew.eHHbIX s '-!eTsepTOM TOMe 6aHKa 

ICSBEP [ 12]. C6opKa ZR-6 npe.L1,cTaBJ1.sIJia co6oi1 

UHJIHH.ll,pH'teCKHH 6aK H3 Hep)l(aBeIOw.eH CTaJIH, 

3anonHeHHblH BO.ll.OH, c OTKphITOH sepxHeH '-!a­

CTblO. TB3Jlbl, npHMeH.sieMble B H3MepeHH.sIX, 11.ll,eH­

TH'-IHhl TB3JiaM BB3P, HO yKopoYeHbI .ll.O 125 CM. 

AKTHBHbie 30Hhl KpHTC60pKH co6HpaJIHCh H3 

CnJIOllIHOH (s OCHOBrutHH) H .ll.Byx nepcpop11posaH-

e Ta6JJ "ua I. ;paBHHTeJJbHble oe3VJlbT3Tbl oacYeT0B 3KCne0HMeHT0B Ha CTeH.ne "TT" 

8b!COT3 3aJIHBa MCU-5 (MCUDB50) MCU-5 (RUSFOND) 
KENO (238 rp. 

BapHaHT TTornonneJJb B0.!lbl Ht<.p, CM K~, ± 0,0007 K~, ± 0,0007 
ENDF/B-V) 
K-wt., ± 0,0009 

I 8 4C 96,60 0,9996 1,0008 0,9974 

2 8 4C 96,27 0,9987 0,9997 0,9948 
.., ., Hf,00 91 ,99 1,0006 1,0028 0,9972 

4 Hf,oo 90,48 0,9997 1,0021 0,9980 

5 Hftube 80,30 1,0036 1,0049 1,0002 

6 Hftube 77,66 1,0007 1,0026 0,9986 

7 Dy2O3-TiO2 77,32 1,0012 1,0014 0,9965 

8 Dy2O3-TiO2 75,41 1,0012 1,0014 0,9961 

9 Al BbJTecHHTeJJb 45,22 1,0010 1,0017 0,9997 

10 6e3 BbJTeCHHTeJUI 80,88 0,9954 0,9960 0,9951 
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HblX (sepxHeH H HH)l(Hei:i) JJ.HCTaHUH0HHpyJOmHx 

nJlHT, H3f0T0BneHHblX H3 Hep>Kaseiomei:i CTaJlH, B 

0TBepCTBHSI K0T0pbtX BCTaBn.!lnHCb TB3nbl H no­

rnomaiomHe 3neMeHTbt (n3nbt). B pa3HbIX 3Kcne­

pHMeHTax HCn0nb30BaJlHCb H np0Me~04Hbte 

JlHCTaHUl10HHpy1omHe nnHTbl, pacnono)l(eH11e H 

MaTepHan K0T0pblX H3MeHSlnHCb 8 3aBHCHM0CTl1 OT 

xapaKTepa 3KCnepHMeHT0B. 

Bo scex 3KcnepHMeHTax 3aMenn11TeneM cny­
)l(Hna nH6o 4HCTrur BOD.a, n1160 BO.nHbtH pacrnop 

6opHOH KHCJ10TbI pa3JJl14HOH K0HUeHTpau11H. B 

TeMneparypHblX 3KCnepHMeHTax 3aMe.llJ1HTeJlb Ha­

rpesancll BO BHewHeM 6aKe H 3aTeM 3aJlHBaJ1Cll 80 

BttyrpeHHIOIO eMK0CTb. MaKCHMaJlbHru! pa6o4all 

TeMneparypa, Jl0CTH)l(HMrur s c6opKe ZR-6M, co­

CTaBmrna 130 °C npH naBneHHH 0,36 MTia. Ton­
m11Ha 0Tpa)l(aTeJlll CHl13Y 11 c6ory OT at<THBH0H 

30Hbl 6b1Jla Q}H3H4eCKH 6eCKOHe4HOH. KpHTH-Y­

H0CTb JJ.0CTHranacb H3MeHeHHeM yp0BHll B0Jlbl B 

aKTHBHOH 30He. 

8 xone 3KCnepHMeHT0B HCCnenosaH0 0K0Jl0 

300 pa3JlH4HblX KOHQ)HrypaUHH aKTHBHblX 30H, 

K0T0pble M0)l(H0 pa3)].eJ1HTb Ha )].Ba nma: perynllp­

Hble H 803MYl.l.(eHHble peweTKH. PerynllpHble pe­

weTKH co611panHCb H3 TB3n0B C 0)].HHaK0BblM 060-

rameHHeM. B B03MymeHHbtX peweTKax no onpe­

)].eneHHblM npaBHnaM HeK0T0pble TB3nbl n1160 y)].a­

JlllJIHCb, J1H60 3aMeHSIJ1HCb 03JlaMH. 

IlpH oueHKe Ka4eCTBa 6116n110TeKH POC­

<I>OH,[l .llJlll H30T000B ypaHa 
234

U, 
235

U, 
238

U Bbl-

6paHbl 2 KOHq>HrypaUHH c6opKH ZR-6: N!! 243/243 

(pacYeTHbtH sapHaHT LCT15_243) H N!! 1244/244 

(pac4eTHblH sapHaHT LCT15_I244). 

B Ta6Jl. 2 npe)].CTasneHbl pe3yJlbTaTbl wecTH 

pac4eT0B no nporpaMMe MCU-5, a TalOKe pe3ynb­

TaTb1 H3 sepHQJHKaUHOHHOro 0T4eTa N!! 32/ 1-316-

97 "IlposepKa Ka4eCTBa nporpaMMbt MCU­

RFFI/ A no pe3yJJbTaTaM cpaBHeHHll naHHbtX pac-

4eToB 11 3KcnepHMeHT0B Ha c6opKe ZR-6 np11Me­

HHTeJ1bH0 K peaKropaM THna BB3P" (1997 r.). 

CTaTHCTH4eCKru! norpeWH0CTb scex pe3yJlbTaT0B 

He npesbtwaeT 0, I % H npencTasneHa s BepxHeH 

CTp0Ke -ra6nHUbl. 811)].HO, 4T0 paC4eTbt no MCU-5 

c K0HCTaHTaMH MCUDB50 H POC<I>OH,[la Haxo­

.LlllTCll 8 xopoweM cornac11H C 3KCnepHMeHTaMH. 

2.2. llpoeep,w KO'lecmea KOHcmaHm OllJl U:JO­
monoe n.nymonUJI 6u6J1uomeKu POC<POH;J c no­
.MOU/b/0 npo2paHMbl MCU-5 no oa1111bl.tt M e:JK:oy-

Hapoo,wzo 6aHKa Kpumu'leCKUX 3Kcnepu,1wenmoe 
ICSBEP. ,[lanee pacc~10TPeHbl 3KcnepHMeHTbl 113 

nepBoro T0Ma 6aHKa ICSBEP [ 13], HMeiomHe pac-

4eTHYIO o6nacTb ccpep114ecKoH reoMeTpHH. AK­

THBHaSI 30Ha npeJJ.cTaBJ1S1eT co6oi:i ccpepy, 3anon­

HeHttyI0 B0JJ.HblM pacTBopoM HHTPaTH0ro nnyro­

HHeBoro T0nJlHBa. OHa HMeeT T0HKYIO o6on04KY 

H3 Hep)f(aBelOmei:i CTaJlH H nerKOB0.LlHblH orpa)l(a­

Tenb. 

BHeWHHH pa3Mep pacTBopa 15,34 CM, CTIUlb­

HOH o6on04KH 15,4 7 CM, 80.LlSIH0ro 0Tpa)l(aTenSI 

45,47 CM np11 TeMneparype 27 °C. B 3TOH cepHH 

oueHeHbl 7 3KCnepHMeHT0B. Pac4eTHru! reoMeTpHSI 

He MeH.srnacb, a H3MeHSIJ10Cb C00TH0WeHHe Pu, 

NO3 11 H 2O, a TalOKe npHMecH )l(eJJe3a. KpHTH4e­

CKoe C0CT0SIHHe )].0CTHran0Cb noJJ.60pOM C00TH0-

weHHSI 3THX K0Mn0HeHT. 3KcnepHMeHTaJlbHblH 

K03q:>q:>HUHeHT pa3MH0)l(eHI-UI K-,qi JJ.aHH0H 6eH-

4MapK-M0JJ.eJ1H so scex 3KcnepHMeHTaX oueHeH 

KaK 1,0000 ± 0,0047. MaccoBaSI nonS1 H30Tona 
239

Pu s nnYT0HHH cocrnsnS1na 96,88 %, a 
240

Pu -

3,12 %. 
J,fa Ta6Jl. 3 BHJJ.H0, 4T0 pac4eTbl no nporpaM­

MaM MONK6B c K0HCTaHTaMH UKNDL [13], 

APOLLO c K0HCTaHTaMH MORET Ill [13], MCU­

RFFI/A c K0HCTaHTaMH MCUDAT-1.0 [14] 11 

MCU-REA c K0HCTaHTaMH MCUDAT-2. l [14] c 

Y4eT0M 3Kcnep11MeHTanbH0H H pac4eTHOH no­

rpewHocTeH OTH0CHTeJlbH0 Hen.noxo cornacyJOTCll 

c 3KCnep11MeHTaMH. TalOKe xopowo cornacyioTCSI 

c 3KcnepHMeHTaMH H pac4eTbt no MCU-5 c K0H­

CTaHTaM11 MCUDBS0. A BOT pact.teTbl 1996 r. no 

nporpaMMe MCNP c K0HCTaHTaMH ENDF/8-V 

HMelOT CHCTeMaTH4eCK0e npeBbtllleHHe K-,qi Han 

3KCnepHMeHTaJlbHblM 3Ha4eHHeM 0K0Jl0 ( %. TTo­

X0)l(ee CHCTeMaTH4eCKOe 0TKJl0HeHHe HMelOT H 

pac4eTbr, BbmonHeHHbre no MCU-5 c K0HCTaHTa­

MH POC<I>OH,[la. CTaTHCTH4ecKrur norpewH0CTb 

scex pe3ynbTaTos He npesbtwaeT 0, 1 % H npeJJ.­

crnsneHa s sepxHei:i cTpoKe rn6n11ub1. 

B ICSBEP [ 13] npHB0.LlllTCll TalOKe H caMbJe 

n03.LlHHe paC4eTbl (rn6n. 4), Bbtn0JlHeHHbte no 

MCNP-5 nocne pa3JJH4HbtX KoppeKUHH ll)].epHblX 

JJ.aHHblX. HoBble pe3ynbTaTbl ropa3.Ll0 ny4we co­

rnacylOTCSI C 3KCnepHMeHT0M. npaBJJ.a, pac4eTbt 

npI-rneJJ.eHbl nl1Wb )].nll Tpex H3 CeMH 3KCnepHMeH­

T0B. 

Ta6nnua 2. CpaBHHTeJll,Hble pe3yJlbT3Tbl pac4eT0B 3KCnepHMeHT0B Ha C 0pKe -6 ZR 6 
KoH<jJHrypauHll KENO ( 16 rp., KENO (27 rp., MCU-5, MCUDB50 MCU-5, RUSFOND 

c6opKH Hansen Roach) ENDF/8-IV), K...t, K-,d,, ± 0,0006, 2008 K.>d>, ± 0,0006, 2008 
LCTl5 243 0,9951 0,9921 1,0015 1,0015 

LCTl5 1244 0,9944 0,9910 0,9979 1,0000 
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C Ta6J1" ua 3. ;paBHHTeJibHhle oe3YJlbTaTbl pac'!eTOB 3KCnepHMeHTOB HJ 6 attKa ICSBEP 
MCNP MONK6B APOLLO MCU-RFFI/A, MCU-REA, MCU-5 MCU-5 

N2 ENDF/8-V (UKNDL) MORET fll MCUDAT-1.0 MCUDAT-2.1 MCUDB50 RUSFOND 
+ 0,0010, 1996 + 0,0015, 1996 + 0,0010, 1996 +0,00 12, 1999 + 0,0010, 1999 + 0,00 I 0, 2008 + 0,00 I 0, 2008 

I 1,0126 1,0024 0,9992 

2 1,0095 1,0008 0,9988 

3 1,0 105 1,0032 0,9981 

4 l,0117 1,0048 1,0000 

5 1,0119 1,0044 1,0023 

6 1,0108 1,0035 1,0002 

7 1,0128 1,0032 1,0020 

Ta6J1 II ua 4. PeJyJibTaTbl paC'leTOB 3KCnepHMeTOB 
H3 6 !CS MCNP aHKa BEP no KO.UY 

N2 
Kl<j,, 3KcnepH- MCNP5 MCNP5 

MeHT (ENDF/B-VI.8) (ENDF/8-Vll) 

I 1,0000 ± 0,0047 1,0020 ± 0,0002 1,0028 ± 0,0002 

2 1,0000 ± 0,0047 1,0030 ± 0,0002 1,0040 ± 0,0002 

3 1,0000 ± 0,0047 1,0018 ± 0,0002 1,0034 ± 0,0002 

113 aHaJ1H3a pe3yn&TaTOB paC4eTOB 3KCnepH­

MeHTOB C nJIYTOHHeBblM TOnJl.HBOM no pa3JIH4Hb!M 

nporpaMMaM H pa3Hh!M 6a3aM si,nepHblX ,naHHblX 

cne.nyeT, 4TO KOHCTaHThl ENDF/B-V H POC­

<DOH,D.a ,naJOT OTKJIOHettHe OT 3KcnepHMeHTa no­

psi,nxa 1 % B cTopotty 3aB&IUJettllil Ky.p, Pac4eThl no 

MCU-5 c KOHCTaHTaMH MCUDBS0 ttaxo,nsiTcsi B 

xopoUJeM cornaCHH C 3KCnepHMeHTaMH. 

Eonee no.npo6Hoe cpa1meHHe noKa3hlBae-r, 

4TO CKOpOCTH peaKI..1HH nornomeHHSI H .nenemrn Ha 
240

P u, a TaJOKe npOH3Be,UeHHSI l{HCJla BTOpH4HblX 

HeHTpOHOB Ha CKOpOCTb .neneHHSI npH6JlH3HTeJlbHO 

O.D.HHaKOBbI KaK B MCUDBS0, TaK H B POC<l>OH­

,D.e, a Bee pa3nH4He B K03<pq>HI.lHeHTe pa3MHO)Ke­

HHSI HeHTPOHOB o6bSICHSleTCSI pa3nH4HeM KOHCTaHT 

,nnsi 
239Pu. TTp114eM tta116onbUJHH BKJ1a.n. B 3TO pa3-

nH4He .n.aIOT 6onee BbICOKHe 3Ha4eHI-UI 4HCJia BTO­

p114HblX HeHTPOHOB, a Ha BT0pOM MeCTe no BKJia,ny 

- 6onee BblC0KHe 3Ha4eHllil ce4eHllil ,neneHllil. 

TaKHM o6pa30M, cymecTByeT Heo6XO.ll.l-lMOCTb 

B ,nonoJIHHTeJlbHOM aHaJ1I-13e si,nepHblX ,naHHblX 

61-16nH0TeKH POC©OH.D. .nnsi H30Tona 239Pu. 

3aKJiro'leeue 

B pa6oTe onHCaHbl anropHTMbl, peanH30BaH­

Hble B nporpaMMe TREND, npe,nHa3Ha4eHHOH .D.JUI 

BOCCTaHOBneHllil Ce4eHHH HeHTPOHHblX peaKLl,HH B 

o6naCTH pa3peweHHblX pe30HaHCOB no 6H6JlHOTe­

KaM ou.eHeHHblX si.n.epHblX .n.aHHblX no MeTO)].aM 

Epe11rn - BHrnepa, A.nnepa - A,nnepa 11 PeHXa -

Mypa, a TaJOKe pac4ern .n.onneposcKoro yw1-1peHllil 

nony4eHHblX Ce4eHHH. 

1,0007 0,9998 0,9987 1,0090 

1,0014 1,0000 0,9993 1,0103 

l ,0006 0,9976 0,9993 1,0086 

1,0013 1,0022 1,0010 1,0114 

l,0038 1,0057 1,0050 1,0136 

1,0024 1,000 I 0,9998 1,0094 

1,0043 1,0037 1,0018 1,0117 

TTpHBe.n.eHbl nepBbie pe3ynbTaTbl cpaBHeHllil 

pac4eTOB no MCU-5 c Hcnonb30BaHHeM npo­

rpaMMbI TREND c ,naHHblMH ou.eHeHHbIX 3Kcne­

pHMeHTOB. ITonyqeHo, 4TO CTaTHCTH4eCKaSI no­
rpelllHOCTb Bcex pe3ynhTaTOB He npeBblllJaeT 

0, 1 %. Pac4eTbt no MCU-5 c KOHCTaHTaMH 

MCUDBS0 .nnsi HYKJlH.D.OB 
234

U, 235U, 238U H KOH­
CTaHTaMH POC<DOH,!l;a ttaxo,nucsi B xoporneM 

cornaCHH C 3KCnepHMeHTaMH. 

J,fa aHaJIH3a cpaBHeHllil pe3~JlbTaTOB paC4eTOB 
3KCnepHMeHTOB ,nnsi ttyKJIH.D.OB 

39
Pu, 

240Pu no pa3-

JIH4HhIM nporpaMMaM H pa3Hb!M 6a3aM si,nepHblX 

,naHHblX cne.n;yeT, 4TO KOHCTaHTbl ENDF/B-V 11 

POC<DOH,D.a HMeJOT OTKJIOHeHHe OT 3KcnepHMeH­
Ta OKOJlO 1 % B CTOpotty 3aBbillleHIDI Ky.p, Pac4eTbl 

no MCU-5 c KOHCTaHTaMH MCUDBS0 HaXO.lJ.SITCSI 

B xopoweM cornaCHH C 3KCnepHMeHTaMH. O.n.HaKO 

)KeJlaTeJlbHO eme pa3 npoBeCTH ou.eHKY si.n.epHblX 

,naHHbtX POC©OH,D.a ,nnR H30Tona 
239

Pu. 

Pa6orn no oueHKe ,nattHbtX 6aHKa POC<DOH.D. 

BbmonHeHa no rocy.n.apcTBeHHOMY KOHTpaKry N2 
02.516.11 .6113 OT 08.08.2007 r . ©e.n.epanbHOfO 

AreHTCTBa no HayKe H HHHOBaLl,HSIM. 
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BoccTaHOBJieuue JIOKaJibHblX uenTpOHHO-'i>HlHl.feCKHX 'i>YHKU.HOH3JIOB 

B MeTo.ue nosepXHOCTHblX rapMOHHK 

B. <I>. E0Rpu110B, B.A. HeBuuuu,a, 
PHU "KypYaTOBCKHH 11HCTH1YJ'", 123182, MocKsa, nn. Kypyarnsa, I 

ITocrymrna s pe.uaKUHIO 17.11.2008 r. 

flonyyeHbl , peamnoBaHbl B nporpaMMe SUHAM H BepHcj>HUHpoBaHbl cj>opMyJJbl D.nll BOCCTaHOBJJeHHJI JJOKaJJb­
Hhrx HelrrpoHHO-cpH31-NeCKHX cj>yHKUHOHaJJOB npH Tpex:nanHOM pac'ieTe D.ByMepHOH 30Hbl BB3P- l 000 MeTOD,OM 
nosepXHOCTHblX rapMOHHK (MfIT"). 

K1110'1eBble CJIOBa: BOCCTaHOBJJeHHe JIOKaJlbHblX cj>yHKUJiOHaJIOB, MeTOD. nosepxHOCTHblX rapMOHHK, nporpaMMa 
SUHAM, BB3P-I000. 

Reconstruction of the Local Neutron-Physical Functionals in Surface Harmonics Method. V.F. Boyarinov, 
V.A. Nevinitsa. RRC Kl, Kurcharov Sq., 1, Moscow, 123182. Formulas for reconstruction of the local neutron­
physical functionals in three-stage 2D calculation of VVER-1000 core by surface harmonics method are derived, 
realized in SU HAM code and verified. 

Key words: Reconstructions of Local Functionals, Surface Harmonics Method, SUHAM-U Code, VVER-1000. 

Bee,llenue 

B Mnr [I ... SJ B Kal!eCTBe HeH3BeCTHblX se­
JJH'-IHH B KOHel!HO-pa.3HOCTHblX ypasHeHHllX Bbl­
crynalOT rpynnOBble seKTOpbl, CBll33HHble C TeM 

HJIH HHbIM JaKOHOM BTeKaHH.11 HeHTPOHOB a .11'-leHKY 
l!epe3 ee rpaHHtzy. BeKTop cpe.UHHX no .11'-!eH.Ke 
rpynnOBblX noTOKOB, TalOKe K3K H seKTOpbl cpe.u­
HHX no 30HaM ll'leeK rpynnOBblX noTOKOB He BXO­
,U.s!T B KOHe'-I_HO-pa.3HOCTHble ypasHeHHJI B Kal!eCTBe 

HeH3BeCTHblX seKTopos. 8 pe3yJJbTaTe ycnmKHll­
eTCll npoue.uypa Haxo)K)].eHH.11 seKTopos rpynno­

BbIX peaKUHH, B TOM l!HCJie H cpe,UHHX no .s!lleHKe, 
H cpe,UHHX no 30HaM lll!eH.KH rpynnOBblX noTOKOB. 
B cnyyae, ecJJH pacl!eT nposo.u11Tc.11 s TPH :nana -

.11'-!eHKa-TBC-peaKTop, TO pacYeT seKTopos rpyn­
noBhlX peaKUHH eme 6onee ycJJO)l(HlleTCll. 
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Ha nepBOM :nane npoBO.UllTCll rpynnOBble 
paCl!eTbl .s!l!eeK C pa.3Hb1MH rpaHHl!HblMH ycJJOBHll­
MH H Ha HX OCHOBe rOTOBJITCll 3cpcj>eKTHBHble 
rpynnOBble xapaKTepHCTHKH .s!l!eeK. Ha BTOpOM 
3rnne nposo,UJITCll rpynnosb1e pac4eTbl TBC c 
pa.3Hb1MH rpaHHl!HblMH ycJJOBH.s!MH H Ha HX OCHOBe 
rOTOB.s!TCJI 3cpcpeKTHBHble rpynnOBble xapaKTepH­
CTHKH TBC. ITp1-1 3TOM BHyrpH TBC pewalOTCll 
rpynnOBhle KOHe4HO-pa.3HOCTHble ypasHeHHll 
Mnr C TpeMJI npo6HblMH MaTpHUaMH. Ha TPeTbeM 
3Tane npOBO,UHTC.s! peweHHe rpynnOBblX KpynHO­
ceT04HblX KOHel!HO-pa.3HOCT!'fblX ypaBHeHHH MOf 
C TpeMl!-WeCTblO npo6HblMH MaTPHUaMH. npH 
3TOM Heo6XO.UHMO paCCl!HTblBaTb 1-L.XpaHHTb M8T­
pHUbl peaKUHH JI.JUI KaK lllleeK, TaK 1-1 TBC, npHlleM 
3TO Heo6XO,UHMO ,UeJJaTb .Ll)lll KIDK,Uoro THna peaK­
UHH. 

• 

a 



Bo3MO)f(eH H HeCKOJlbKO .11.pyroii nyTb BOCCTa­

HOBJiemrn JIOKaJlbHblX cpyHKU.HOHaJ!OB. 8 3TOM 

CJiy'-lae paCC'-IHTbIBalOTCll TOJlbKO MaTpHI . .(bl peaK­

UHH .ll.Jlll cpe.11.Hero noTOKa H BOCCTaHaBJIHBalOTCll 

TOJlbKO cpe.11.HHe no 30HaM l!'-leeK H no ll'-leHKaM 

noTOKH. IlpH 3TOM .ll.JlSI pac'-leTa J1106h1x .11.pyrHX 

cpyHKUHHaJ!OB Heo6XO.!lHMO Ha 3Tane no.11.roTOBKH 

rpynnOBblX Ce'-leHHH 3anOMHHTb rpynnOBble Ce'-le­

HHll KaK no H30TOnaM, TaK H MaTepHaJJaM. HMeHHO 

3TOT nYTb HcnoJib3YeTcll B nporpaMMe SUHAM-U 

[6, 7] J,f O0HCaH B 3TOH CTaTbe, '-ITO cymecTBeHHO 

yMeHbWaeT KOJIH'-leCTBO 3anOMHHaeMOH H nepe.11.a­

saeMOH H3 3Tana B 3Tan HH<pOpMaUHJ-f. 

1. cJ>opMyJJbl .!lJlH BOCCTaHOBJJCHHH 

JJOKaJJbHblX ct,ynKQHOHaJJOB npu TpexJTaDHOM 

pac'leTe .11.eyMepuoro CJJOH BB3P 

lfraK, nycTb .11.syMepHbIH cJIOH peaKTOpa 

BB3P- l 000 paCC'-IHTblBaeTCll c noMOlllblO MIIr s 

3 3Tana, npe.11.noJiarall, 4TO npH nepexo.11.e OT 3Tana 

K 3Tany 4HCJIO paC4eTHblX rpynn He MeHJleTCJI. 

O6o3Ha4HM BeKTOpbl H MaTJ)HUbl, OTHOCJlll.lHeCJI K 

Jl4eHKe, HIDKHHM HH.!leKCOM c, BeKTOpbl H MaTpH­

U.bl, OTHOCJlll.lHecl! K TBC, HIDKHHM HH.!leKCOM FA 
(fuel assembly), a OTHOCJ1UU1eCJ1 KO sceMY pacc•rn­

TbIBaeMoMy o6beKTY HH)KHHM HH.!leKCOM R. 
IIpe.ucrnBHM rpynnosyio cpyHKU.HIO pacnpe­

.11.eJieHHJI HeHTpOHOB B .!lByMepHOH aKTHBHOH 30He 

Jl.!lepttoro peaKTopa B B11.!le cynepno3HU.HH npo6-

HblX MaTpHU B TBC 
1 N 

<I> N (w) = ~ ~ cp<n) (w)l(n) (I) 
R L L FA,, FA,,' 

1=0 n=O 

r.11.e (j)(n) (w) - npo6Hble MaTnHUbl .ll.Jlll TBC, i -FA., .. t' 

HOMep TBC, ! FA - KOJIH1.Jecrno TBC, n - HOMep 

npo6ttoi1: MaTpHUbI B TBC, (NFA +I) - KOJIH4ecrno 

npo6HhIX MaTJ)HU. B KIDKJJ.OH TBC, w= {r,!l}, 

J ~~., - BeKTop HeH3BeCTHblX rpynnOBblX aMOJIH­

TY.!l-
fpynnoBble npo6Hble MaTpHUbI B TBC npe.11.­

CTaBJIJ110TCJ1 B BH.!le cynepn03HUHH npo6Hb!X MaT­

pHU B J14eHKax 

K N' 

<p~~ 1(w)= 11<p~/,(w)l~~/>, (2) 
.t-:::1 n'acO 

r.11.e (j)~~:_,, (w) - npo6Hble MaTpHUbl B Jl4eHKax, Kc -

KOJIH4ecrno Jl'-leeK B Ka)l(JlOH TBC, n' - HOMep 

npo6uoi1 MaTJ)HUbl B SI4eHKe, ( N; + I) - KOJIH4ecT-

BO npo6HblX MaTpHU B KIDKJ].OH l!4eHKe, •t •. 7.1· -

rpynnoBOH BeKTOp HeH3BeCTHblX aMOJIHTY.!l .ll.Jlll 

npo6HoH MaTpHUbl c HOMepoM n' B J14eHKe k. 
B pe3yJibTaTe rpynnosoi:i seKTop pacnpe.11.e­

JieH1u1 HeihpOHOB B aKTHBHOH 30He peaKTOpa 

npe.!lCTaBJU!eTCJI B BH.!le 

(3) 

r.11.e 1<n.•> = (1<•.•> 1<n.•'> i<•-•> ) 
c.k,I c,lc l,I' c,k.,,2 ' ••• , c,k,1,G ' 

3an11weM Bblpa)f(eHHe (3) B BH.!le 

<I>Z(w)=f f <I>:.,k (w) , (4) 
1.::0 k =l 

r.11.e 

- rpynnOBall cpyHKLJ.H.ll pacnpe.11.eJieHHJI HeHTJ)OHOB 

B J14ei:iKe k B TBC i. 3Ha4eHHSI 3JieMeHTOB MaTp11u. 

( ";_:·, noJiy'-lalOTCSI B npouecce pac4eTa MaTpHU. 

q>'.~_, (w) , a 3Ha4eHH.ll 3JieMeHTOB seKTopos I~),; -
B npouecce KpynHo-ceTO'-IHoro pac'-leTa. 

PaccMoTpHM cpopMyJihI .ll.Jl.ll rpynnosoro seK­

Topa peaKUHH B l!l!eHKe, orpaHH4HBa.l!Cb TOJlbKO 

CHMMeTpH'-IHblMH no o6beMy Jl4eHKH peaKI.{IDIMH 

( CHMMeTJ)H4HOCTb 03Hal!aeT He3aBHCHMOCTb OT 

a3HMYTaJlbHOro yrna - yrna Me~y BeKTOpOM p H 

OCblO X), np11 3TOM n' = 0. YMHO)f(HM Ka)l(JlbJH 

rpynnosoH 3JieMeHT seKTopa <I>Z,t(w) Ha rpynno-

soe ceqeu11e T11na "x" - r; (r) 11 npo11HTerp11py­

eM pe3yJibTaT no {r,!!}. 8 pe3yJibTaTe BeKTOp 

peaKLJ.HH THna x B J1qei1:Ke k B TBC i MO)f(HO 3an11-

caTb B B11.!le 

(6) 
n=O 

r.11.e Ve - o6beM .11.syMepHOH ll'ieHKH, 

(lt,., t. = ~ f drE! (r)( <p~'i,, (r) t ., (7) 
C Jlc 

(j) (O) (r)=-1 fdo,,. (O) (r,n). (8) 
c.k,I 

4 
"'"'I' c,k,, 

1t4-

BeKTOp ·~~;.:~- MO)f(eT 6b!Tb Bblpa)f(eH qepe3 

rpynnOBOH BeKTop cJ>~:!,,,g' ypOBHeH HeHTJ)OHOB [8] 

B Jl'-leHKax. l1MeHHO nocne.11.HHe BeKTOpbl JIBJlSIIOT­

Cll HeH3BeCTHblMH, Kor.11.a paCCt{HTbIBalOTCJI npo6-

Hble BeKTopbI q,~~-18.(w) B TBC: 

(9) 

r.11.e ac - .ll.JlHHa O.!lHOH rpaHH'iHOH CTOpOHbI .11.sy­

MepHOH siqei:iKH, Af - '-IHCJlO rpaHH4HbIX CTOpOH 

siqeHKH, I:c,k,I - MaTpHua 3<pcpeKTHBHbIX ce4eHHH B 

l!'-leHKe (cM., HanpHMep, [4, 5]). 3anHWeM Bbipa­

)f(eHHe (9) B MaTpHt{HOH cpopMe, T.e. 

(10) 

IIo.11.CTaHOBKa ( I 0) s BblpIDKeHHe (6) .11.aer 
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N 

F' - VF-'' I: ~ <1>1•> 1<•l t., - c c J. ., c-k, L c.•.• FAI' 
n 0 

rJJ.e 

(F'' ) . = _I J dr"f.i (r)(•n<0
> (r)) . . ( 12) 

c.k,1 U n X 'Yc.4.1 U 

< I~ 

3JJ.eCb TT" - nepHMeTJ) R'¾eHKH. TiepenHweM ( 11) 

B BHJ].e 

F' =VF'' ~ <1>1"1 JI•> A.I ,.. c.t, 2.., c!., FA , ' 
(13) 

n=O 

rJJ.e 
(14) 

To4HO TaKHe MaTJ)HUbl F:;, Jl.)lR R'¾eeK pac­

C4HTb1Ba10TCR B MOJJ.ylle PAU.J,U! [9, 10) nporpaM­
Mbl SUHAM-U. nycrb (N,.A + I) = 6, T.e. HcnOJlb-
3YIOTCR 6 npo6HblX MaTJ)HU Jl.)lR K3)KJJ.OH TBC. He-

H3BeCTHble seKTOpbl I~'.;,, MOryT 6b!Tb Bblp3)KeHbl 

- x <'> x <2> 4epe3 rpyrrnosb1e seKTopbt - u , , FA.,, FA ,, H 

X~], [ 11 ]. MMeHHO noc11e)l.HHe seKTOpbl RBJlJIIOTCR 

HeH3BeCTHblMH B KpynHO-CeTO4HblX ypasHeHHRX 
MIIT C weCTblO npo6Hb1MH MaTJ)HUaMH Ha K3)1(­
JJ.YIO TBC. B cooTBeTCTBHl1 c [ 11] MO)KHO 3an11-

caTb 

1(0) = ~ I: <I> . 
FA ., MS FA.I FA.,' 

FA 

(IS) 

<l>opMY11a Jl.)lR 11HTerpa.J1bHoro no o6beMy Bbt­
JJ.e11eHHOH JOH bl / ( V zone.I) R4eHKl1 k rpynnosoro 
seKTopa peaKUHH x a TBC i HMeeT BHJJ. 

V' 
F' =~F' (19) 

k.1.I V' c.k.1./ • 

< 

TTpH JTOM seKTop F;t,., pacc4HTbtBaeTcR no cpop­

My11e ( 18), a HHTerpa.J1b1 s cpopMynax (7) 11 ( 12) 
6epYTCR no o6beMy 3OHbl: 

(F;.,,, ),,. = ~ J dr"f.! (r)(q,~
0
1,(r)),i, (20) 

C 1,-,.I 
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r)l.e v,"A - 06beM JJ.ByMepHOH TBC, s,."A - J].J111Ha 
OJJ.HOH 6oKosoi:i cTopOHbl JJ.ByMepHoi:i TBC. 

Ma-rp11ub1 I:fA., , I:~~. (i = I , 3) c11y,KaT 

cpyHKUHOHaJ1aM11 npo6HblX Ma-rp11u Jl.)lR TBC H 11x 
KOM611Hau1111 cpopM11py10T KOJq>q>11u11eHTb1 Kpyn­
Ho-ceTO4HblX ypasHeHl1H Mnr. Cneu11aJ1bHble 

cpopMyJlbl nony'¾alOTCR Jl.)lR ·~~I' I~~. B BHJ].e 

fA • O fA., I M, 2 fA., ) fA.•' (J 6) 111 > = A .. <l> . - A~{I) - A"X12
> + A .. X{J) '} 

1<2> A .. ,lh A"X(I) A"X12> A .. X{J) 
fA I : 4"Vl·A.,- < l·A.1- 6 fA.1 + 7 FA.,' 

3JJ.eCb A: -pa311H4Hble KOHe4HO-p33HOCTHbie 

onepaTopbl: 

" 2 M 
A0At = Mh L,H,, (A" - A t)cosa,; 

l•I 

,, 2 M 
A,A, = Mh I,H,, (A1, - A t)cosa,cos(2a,); ,., 

,, 2 M • 

A 2At = Mh 6'H,1 (A 1, - A1 )cosa,sm(2a,); 

2 M 

A;At = Mh I,H,. (A" + A , )cosa,cos(3a,); ,., 

A;At = ~ tH,JA,, - A t)sina,sin(2a,); 

2 M 

A;A, = Mh fi'H,.(A 1, +A.)sina,cos(3a,). 

( I 7) 

TioJJ.CTaHOBKa ( I 5), ( I 6) B Bblp3)KeHHe ( 13) 
.ll,aeT OKOH'¾aTeJlbHOe Bblp3)KeHHe Jl.)ljl 11HTerpaJ1b­
HOro no o6beMy R4eHKl1 rpynnosoro seKTopa pe-
aKJ.J.11H x a Rl¾ei:iKe k 11 s TBC 

(18) 

(F;;,,),,. =f J dr"f.! (r)(q,~0L(r )),,. . (21) 
' ·~~, 

):LnR Tpex, 4eTblpex 11 nRTH npo6HblX MaTJ)HU 

Ha K3)KJJ.)'l0 TBC cpopMy11a ( 18) npHMeT B11.ll. (22), 

(23) 11 (24), COOTBeTCTBeHHO, 

l~cJ)(O) I: . cJ) + ] 
F' = VF"' MS . ,t, fA.1 fA.I 

k.1 c c,.t,, f-..C..1 , 

+ <l>(l) ,, (2) ,, 
c.t., Ao (J) fA.• + cJ) ,.t ,A • (I) FA., 

(22) 

J 
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AHMOrH'-IHhte cpopMyJ1h1 M0ryT 6htTh 3anHca- '-IHCJ10 TBC (N = I ... 28), rnn TBC: rnn = l AJ1.S1 
Hht JJ.Jl.SI cpyHKUHOHMOB, ycpeJJ.HeHHhIX no o6beMy UOX TBC H rnn = 2 AJ1.S1 MOX TBC, '-IHCJla BHH3Y 
.si'-leHKH HJlH 30Hht .Sl'-leHKH. CJ1eJJ.yeT 0TMeTHTh, '-ITO 03Ha4alOT seJ1wrney Bhtropamur s MBT/Kr. 6onee 
BblproKeHH.SI ( 18), (22) ... (24) HMelOT MeCTO )].Jl.SI JJ,eTMbHa.SI HHQ)OpMaumr 06 3T0M 6eH4MapKe, 
CHMMerpH4HhIX no o6beMy .sitJeHKH (HnH 30Hht BKJ1104a.si KOHQ)HrypauHH TBC 11 H30TOnHhtH co-
.sitJeHKH) H AJl.SI Tpex npo6HblX MaTµHU ,ll,Jl.SI KroK)].OH CTaB JJ.Jl.SI scex MaTepHanos, npHB0)].IITC.SI s pa6oTe 
.Sl4eHKH H OT Tpex JJ.0 weCTH npo6HhlX MaTpHU JJ.Jl.SI [ 12]. 3)].eCb paccMaTpHsaeTC.SI TOJlbK0 C0CT0.SIHHe I 
KroKJJ.OH TBC. 6e3 nornowaiow,Hx cTep)f<HeH. Pe3ynhTaTaMH 6eH-

2. Bepu4>uKaQHSI 4>opMyJ1 BOCCTaHOBJleHHSI 

JlOKaJlbHblX cl>YHKQHOHaJIOB 

BepHQ)HKaum1 noJ1y'-leHHh1x cpopMyJ1 nposo­
JJ.HJ1ach Ha pac4ernx Me)KJ];yHap0JJ.H0ro 6eH4MapKa 
JJ.Jl.SI JJ.ByMepH0H aKTHBHOH 30Hht BB3P-I 000 c 
MOX T0nJ1HB0M [ 12]. Mo.n,eJ1h 6eH4MapKa cocTo­
HT H3 nOJ1HOMaCWTa6HOH JJ.ByMepH0H aKTHBHOH 
30Hht BB3P- l 000 c reTeporeHHOH 30 % MOX 
3arpy3KOH T0ilJlHBa. AKTHBHa.SI 30Ha C0CT0HT H3 
cse)f(HX 11 Bhtropesw11x TBC cneJJ.yJOlUHX THnos: 
UOX TBC c U-Gd CTep)f(H.SIMH Bhtropaiowero no­
rnornTen.S1 11 npocp11n11posaHHhte MOX TBC c U­
Gd cTep)KWIMH Bhiropaiow,ero nornoT11Ten.S1. Pac­

CMaTp11saioTcsi JJ.BaJJ.UaTb soceMh TBC s 60° yrne 
C CHMMeTpHeH nepeHoca. CHcTeMa 6eCKOHe4Ha no 
BblC0Te 11 11MeeT rpaHH'-IH0e ycnoBHe BaKyyMa Ha 
6oKOBOH nosepxH0CTH. 

KoHcpHrypaUH.SI 30Hbl n0Ka3aHa Ha pHC. I, rJJ,e 
HCn0Jlb3YIOTC.SI CJleJJ.YJOlUHe o603Ha4eHH.SI: N -

0 Assembly \\ith 
absorber rod 
insenod 

O
l'OX 
assembly 
T)pe I 

P11c. I. KoHcjH1rypau11.S1 aKTttBHoi1 JOHbl 883P c 30 % 
3arpyJKOH MOX Toru111sa 

4MapKa .SIBJlSIIOTC.SI ~ 30Hbl, ycpeJJ.HeHHble no 
TBC cKopocrn peaKUHH .n,eneH"'-.SI AJlSI 28-MH TBC 
H ycpeJJ,HeHHble no T0ilJlHBHblM CTep)f(H.SIM CKopo­
CTH peaKUHH .n.eneHH.SI BttyTpH TBC N2.N'!! 3, 21 11 
27. 

Ta6n. I npe.n,crnsn.sieT 3Ha4eHH.SI kJ<P<I> 30HhI, 
pacc4HTaHHbte no nporpaMMe SUHAM-U c pa3-
JlH4HhtM 4HCJJ0M npo6HhtX MaTpm( Ha TBC (SUH-
1, I= 3 ... 6), 11 cpasHeHHe c MCNP H MCU MoH­
Te-Kapno pactJeTaMH. BHJJ.HO, 4T0 3Ha4eHHe k'.l<j,<j) s 
pac'-leTe SUH-6 ne)f(l!T Me)f(,ll,y 3Ha4eHJ,t.SIMH, pac­
C411TaHHhtMH no nporpaMMaM MCNP 11 MCU. 

T a 6 J1 H u a 1. 3Ha4eHl1.SI A -,d,d> aKTHBHOH 30Hbl 
SUH-3 SUH-4 SUH-5 SUH-6 MCNP MCU 
1,03906 1,03803 1,03717 1,03661 
0,13•) 0,03·> - o,os·> - 0, 1 J°l 1,03770 1,03341 
o.ss··> 0,45 .. ) 0,36 .. ) 0,31 '*) . ) 0 ' } 0 OTJ111411e s ¼ OT MCNP pacYeTa, 0T1111411e B ¼ OT 

MCU pacYeTa. 

Ta6n. 2 npeJJ.CTaBJl.SleT ycpeJlHeHHbte no TBC 
cKopocTH peaKUl.fH JJ.eneHH.SI JJ.J1S1 28-MH TBC s 
pactJernx SUH-I 11 ornH4H.SI OT cooTBeTcTsyiow,11x 
3Ha4eHHH s pactJeTax SUH-I OT 3Ha4eH11H, pac­
C4HTaHHhIX no nporpaMMaM MCNP H MCU. Cne­
JJ.YIOWHe o6o3Ha4eHH.SI HCn0Jlh3YIOTC.SI B Ta6Jl. 2: 
F - ycpeJJ.HeHHasi no TBC cKopocTh peaKUHH JJ,e­

neHHsi; oF,_,J = I 00(1 - F, I ~UH-I) , 3JJ,eCb L = 

= {MCNP, MCU}, I= 3 ... 6. 
PHC. 2 n0Ka3bl8aeT 0TJlHl{J,t.SI ycpeJJ,HeHHblX no 

TBC cKopocTei1 peaKUHH JJ,eJ1eH11J1 JJ.JlH 28-MH TBC 
s pac4e-rax SUH-6 OT 3Ha4eHHH, paCC'-IHTaHHhIX 
no nporpaMMaM MCNP H MCU. (,fa rn6n. 2 H pHc. 
2 BH)].H0: 

• Ha6J110)].aeTC.SI CX0JJ,HM0CTb pe3yJlhTaT0B B pac-
4eTax SUH-I K cooTBeTCTBYJOlUHM 3Ha4eH11-
.S1M, pacc'-IHTaHHhIM no nporpaMMaM MCNP 11 
MCU; 
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Ta 6 J1 11 u a 2. CpaeHe1111e ycpe11HeHHbIX no TBC cKopocTeli peaKUHH 1leneH1u1 
B pac'leTax SUH I MCNP MCU - C 3Ha'leHIUIMH, paCC'IIITaHHblMH no nporpaMMaM Ii 

CKOpOCTb 
oFMCNPI; oFMcU.I, % N lleneHIHI 

SUH-6 SUH-3 SUH-4 SUH-5 SUH-6 
I 0,778 - 17,3;-16, I 0,3; 1,7 6,7; 8,2 1,8; 3,3 
2 0.934 - l5,9; -15,2 - l ,3; --0,4 2 ,5; 3,4 0,6; 1,5 
3 1,226 - 12,0;-11 ,9 1,2; 1,3 4, 1; 4,2 0,0; 0,1 
4 1,091 - 13,9;-13,7 --0,8; --0,5 0,4 ; 0,6 --0,8; --0,5 
5 0,932 - 14,5;-13,8 -4,0;-3,3 --0,2; 0,5 --0,9; --0, I 
6 0,994 - 12,5; - 12,0 --0,8: --0,3 1,0; 1.5 0,0; 0,5 
7 1, 183 - 7,6;-7,9 0,8; 0,6 3,1 ; 2,8 0,3; 0,0 
8 0,999 - 8,8; - 8,6 - 2, l ;-1,9 0,0; 0,2 0,0; 0,2 
9 1,297 -6,0;-6,2 0,6: 0,4 1,7; 1,5 0, I; --0,2 
IO 0,916 - 10,5;-I0,3 - 3,7; - 3,5 --0,8; --0,5 --0,7;--0,4 
11 0,86 - 8, I;-7,9 - 3,2; - 3,0 0, 1; 0,3 --0,5; --0,2 
12 1,004 -3,6: - 3,5 --0,5 ; --0,4 -1.0; --0,9 --0,5; --0,4 
13 1,384 - l ,5;-1,8 --0,4 ; --0,6 - I,0;-1,3 --0,4; --0,6 
14 1,354 - 1,6; - l,8 --0,7; --0,8 - l , l ;-1,2 --0,5; --0, 7 
15 0,973 - 3,5; - 3,8 - 2,1;-2,4 --0,7; - I ,0 --0,4; --0,7 
16 1,147 3,6; 2,7 - 1,6: - 2,5 - 2,6;-3,4 - l , l; - 2,0 
17 1,201 11,2; 11, I 4,4; 4,3 --0,2; --0,2 0,0; --0, I 
18 I , 137 2,3; 1,7 --0,4;-I,0 - 3,0;-3,6 - 1, 1: - 1,7 
19 1,321 5,1; 4,5 I, I; 0,6 - l , l ; - 1,6 0,2; - 0,4 
20 1,08 1,6; 1,4 -4, l ; -4,4 - 3, l ;-3,4 - l,5; - 1,7 
21 I, 162 I 0,7; 11 , I 0,8; 1,1 --0,4; --0, I --0,3; 0, I 
22 0,559 4,1 ; 4,2 -4,l ;-3,9 - 2, I; - 1,9 - 1,2; - l ,1 
23 0,36 12,3; 12,9 - 3,8;-3,3 - 3,8; - 3,3 - I ,6;-1,1 
24 0,888 22,9; 22,9 3,9; 3,9 1,4; 1,4 2,3; 2,3 
25 1,014 22,4: 22,6 7,9; 8,2 2.7; 3,0 3,2 ; 3,4 
26 0,843 18,0 : 17,7 3,5; 3,3 1,5 ; 1,2 2,7; 2,4 
27 0,822 2 1,6; 21,7 4,8; 5,0 1,0; I ,I 1,9; 2,0 
28 0,347 11 ,6; 12,3 - 2,0;-I,4 - 3,7;-3, I - l ,7;-1,1 

Max·i 22,9; 22,9 7,9; 8,2 6,7: 8,2 3,2; 3,4 
RMs·i 12,0; 11 ,9 3,0; 2 ,9 2,4; 2,6 1,3; 1,4 

" ) CooTBeTCTBeHHO MaKCHMaJlbHble no Mo.uymo H cpe1lHeKBallpan1'1eCKHe 
OTKJIOHeHHJI 

• ornwrne ycpeJJ.HeHHbIX no TBC cKopocTeH 

peaK1..t1,n1 JJ.eneHH» B pacl!eTax SUH-6 OT cooT­

BeTCTBYIOll.lHX 3Hal!eHHH, paCCL!HTaHJlblX no 
nporpaMMaM MCNP H MCU, He npesb1waeT 

3,5 %. 
Ta6n. 3 nOKa3blBaeT cpaBHHTeJlbHble pacl!eTbl 

ycpeJJ.HeHHblX no TOITJlHBHblM CTep)KHllM CKOpo­

CTeH peaKUHH .n.enemu1 sey-rpH TBC N!!N2 3, 21 H 

% 

-
io
1

1
~ •• ~~ ! ~-• , • • o • • • , • , • , , · • • ~ • \rn~~ _ l,OC •o,17 1J'1ll'i11- ~-ti 

0 

~ ---_ -

- 2,0 +--------------=---=-------'-l 
- 3.0 -'-------------------' 

1 4 7 10 13 16 19 22 25 28 

HoMep TBC 

P1-1c. 2. OrnH'lHH ycpe11HeHHblX no TBC CKopocTeH pe­
aKU.HH 11eneHHll e pac'leTax SUH-6 OT 3Ha'leHHH, pac­
C'IHTaHHbIX no nporpaMMaM MCNP (pllll I - □) 11 MCU 
(pllll 2 - ■) 
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27, a HMeHHO, MaKCHMaJlbHble no MOJJ.YJJIO H cpeJJ.­

HeKsaJJ.paTHL!eCKHe OTKnOHeHHll B %: 

(Max I 8FMcNP,1 I H RMS(8FMcNP,1), I = SUH-3 ... 
... SUH-6). CpasHeHHe npoBOJJ.HJlOCb TOJlbKO c 
MCNP pe3yJ1bTaTaMH. 

1·13 Ta6n. 3 BHJJ.Hbl: 

• CXOJJ.HMOCTb pe3ynbTaTOB B pacl!eTax SUH-I K 

COOTBeTCTBYIOUlHM 3Hal!eHHllM, paCC411TaH­

HblM no nporpaMMe MCNP; 

• J].Jlll pacl!eTOB SUH-6 Max I oFMCNP. SUH-61 He 

npeBbtWaeT 4,7 %, a RMS(8FMcNP, suH-6) - 1,6 
% JJ.Jlll scex paccMOTpeHHbJX TBC. 

CneeyeT OTMeTl1Tb, l{TO cymecrnyeT Ol!eHb 60Jlb­

WOH rpaJJ.HeHT ycpeJJ.HeHHblX no TOITJlHBHblM 

CTep)KHllM CKOpOCTeH peaKUHH J].eJleHHll BHyrpH 

TBC N2 27: OT 0,45 .n.o 1,58, no3TOMY 3TO Ol!eHb 
Tll)l(eJlblH TeCT. 

PHC. 3 nOKa3bIBaeT OTKnOHeHl1ll ycpeJJ.HeHHblX 

no TOnJ111BHblM CTep)l(HllM CKOpOCTeH peaKUHH 

JJ.eneHH» BHYTPH TBC N2 27 e pacl!ernx SUH-6 OT 

• 



• 

T a 6 JI II u. a 3. CpaBHHTeJlbHbie pac4eTbl ycpe.uHeH­
HblX no TOnJJHBHblM CTep)l(H/IM CKOpOCTeH peaKUHH 
.ueneHH/1 BHYTDH TBC.Ni.Ni ~ 21 27 °A Q Q .>, H , 0 

Bem1l:f11Ha 
TBC TBC TBC 
NQ 3 NQ 21 NQ 27 

Max I 8F MCNP suH-3I 6,1 11,8 11 ,4 

RMS(8FMCNP SUH-3) 1,8 3,5 4,7 

Max I oFMCNP SUH-4I 5, 1 6,3 12,0 

RMS(OFi,.trNP SUH-4) 1,5 1,9 3,4 

Max I 8F1v1cNP suH-s I 4,6 5,3 7,8 

RMS(8FMrNP SITH-5) 1,3 1,8 2,6 

Max I 8FMcNP suH-6I 4,2 4,4 4,7 

RMS(8FMCNP SUH-6) 1,2 I , I 1,6 

% 

JII-J -~c_••-~ _d_fi_~-"- j-
-5,0 

HoMep crep>KHR p,nR TBC N2 27 

e Bb16paHHOM HanpaeneHMM 

P11c. 3. 0TJJH411/I ycpe.uHeHHblX no TOnJJHBHblM CTep)l(­
IDIM cKopoCTeH peaKUHH .uenemrn BH)'TpH TBC NQ 27 B 
pactJeTax SUH-6 OT 3Ha4eHHH, pacctJHTaHHbIX no rrpo­
rpaMMaM MCNP (pRJJ. I - □) 11 MCU (pR.U 2 - ■) 11.JlR 

11.HaroHaJJbHOro HanpaeneHHR OT HH)l(Hero neeoro 

CTep)l(Hl! (yrna) K BepxHeMy npaBOMY CTep)l(HlO (yrny) 

3tta11ett11H, pacc1111TaHHblX no nporpaMMaM MCNP 

11 MCU .nm1 .n11arottaJibHOro ttanpasnettHll OT 

HIDKHero nesoro cTep)KH.ll (yrna) K sepXHeMY npa­

BOMY cTep)f(HJO (yrny). Cpe.nH 3THX cTep)f(tteH tta­

XO.UllTC.si CTep)f(HH C MaKCHMaJibHbIMH OTKJIOHe­

HHl!MH. 

3aKJJto'lenne 

TTonyl.feHbl, peaJIH30BaHbl B nporpaMMe 

SUHAM H sepmfmu,11posaHbl QJOPMYJ1b1 .nn.si soc­

cTattosneHHll JIOKaJJbHbIX HeHTpOHHO-QJH3Hl.feCKHX 

QJYHKU,HOHaJIOB npH TpeX3TanHOM pac11ere .nsy­

MepHOH aKTHBHOH 30Hbl BB3P C noMOlUblO Mnr. 
,[LJlll sepHQJl.fKaU,HH HCnOJib30BaH Me)f()lyttapo.nHbIH 

6ett11MapK .nm, .UBYMepHoi1 aKTHBHOH 30Hhl BB3P-
1000. TT0KaJaHb1: 

• cxo.nHMOCTb pe3yJibTaTOB B pac11eTax SUH-I K 

COOTBeTCTBYJOlUHM 3Hal.feHH.s!M B pacl.feTe 

SUH-6; 

• cxo.n11MOCTb pe3yllbTaToB B pac11eTax SUH-I K 

COOTBeTCTByJOllJ,HM 3Ha4eHH.s!M, paCCl.fHTaH­

HblM no nporpaMMaM MCNP 11 MCU .nn.si 

cpyttKLI.HOHaJIOB KaK no TBC, TaK H no Ton­

JIHBHhIM CTep)KH.SIM; 

• TOJibKO pac11eTbl SUH-6 .naJOT .nocTaT04HYJO 

TOl.fHOCTb no cpasHeHHIO C pacl.feTaMH no 

MottTe-Kapno .nn.SI QJYHKU.HOHaJIOB KaK no 

TBC, TaK 11 no TonnHBHblM cTep)f(HllM; 

• OTJlHl.fH.SI pac11era SUH-6 OT pacYeToB no 

MoHTe-Kapno .llJlll ycpe.ntteHHhlX no TBC 
CKOpOcTeH peaKU,HH .neneHH.SI He npeBb[WalOT 

3,4 % s Max I 8F1.. suI➔-6 I H 1,4 % B RMS(8F1., 

SUH-6); 

• ornHl.fHll pac4era SUH-6 OT pac11eros no 

MoHTe-Kapno .nn.si ycpe.nttettttblX no TOITJIHB­

Hb!M CTep)l(HllM CKOpOCTeH peaKU,1111 .neneHHll 

tte npesb111Ja10T 4, 7 % B Max I 8F1,, SUH-6 I 11 1,6 

% B RMS(8F, .. SUH-6), 

Pe3yJibTaTbl pa60Tbl .UOJIO)f(eHbl Ha KOHQJe­

peHU,1111 M&C-2007 [ 13). 
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Y ,[(K 621.039.546 
KoMnJJeKc nporpaMM SUHAM-2D LtJJH peme11HH LtByMepHLIX 11eilTpo11Ho-ct>11J11<1ecKHX Ja1ta'I 

B al-."TIIBHOH JOHe HLtepHblX peaKTOpOB 

B. (/). b0Rpll1106, 

PHU "KypYaTOBCKHH l1Hcrniyr", 123182, MocKaa, nn. KypYaTOaa, I 
TToc-ryn1-1na a pe.D,aKUHIO 04.12.2008 r. 

B pa6oTe om1caHbl B03MO>KHOCTH KOMnneKca SUHAM-2D, peaJ1H30BaHHble ypasHeHIUI H rrposelleHHall Ha'laJlbHall 

sepHcj>HKaUHSI. 
K?IO'Je6ble c.1000: KOMruteKC nporpaMM SUHAM-2O, MeTOll nosepXHOCTHblX rapMOHHK, ypasHemte nepeHoca 

Hel-iTPOHOB, sepHcj>HKaUHll. 

Code System SUHAM-2D for Solving the Two-Dimensional Neutron-Physical Problems in Nuclear Reactor 
Core. V.F. Boyarinov. RRC Kl, Kurchatov Sq., l , Moscow, 123182. Capabilities of code system SUHAM-2D, equa­

tions realized and initial verification implemented have been described. 
Key words: Code System SUHAM-2D, Surface Harmonics Method, Neutron Transport Equation, Verification. 

Bse,1J,euue 

PeweHHC ypaBHCHHll nepeHoca HCHTf)OHOB BO 

BCCM o6beMe aKTHBHOH 30Hbl coapeMCHHblX ll.!1,Cp­

HblX peaKTOpOB .!l,IDKC Ha coapeMCHHblX KOMnblO­

Tepax llBJUICTCll .!1,0CTaTO'-!HO TJI)l(CnOH 38,lJ,alfeH. 

TipH 3TOM npl!Mble .D.eTCpMHHHCTH'-!CCKHC MeTO.!l,bl 

peweHHll ypaBHCHHll nepeHoca HCHTf)OHOB, TaKHC 

KaK MeTO.U xapaKTepHCTHK, s,.,. MCT0.!1, H .!1,pyrne B 

npHHUHne C TaKOH 3a.D,alfeH cnpaBnlllOTCll, HO n1-160 

C BCCbMa 3Ha'-!HTCnbHblMH Bbl'-!HCnHTCnbHblMH 3a­

i-paTaMH, n1-160 C .uononHHTCnbHblMH np1-16nH)Ke­

HHllMH, HanpHMep, C HC.D,OCTaTO'-!HblM .!l,nll nony'-!e­

HHll HC06XO.!l,HMOH TO'-!HOCTH pa36HCHHCM. 
J1.H)KeHepHbte nO.!l,XO.!l,bl, KaK npaBHnO, OCHO­

BblBalOTCll Ha TOM HnH HHOM MCXaHH3MC npo­

ci-paHCTBCHHOH roMoreHH3aUHH H .D,anbHCHWCM 

pewemrn .!1,HQ)Q}YJHOHHOfO ypaaHeHHll, B TOM '-!HC­

ne H C npHBnC'-!CHHCM HO.!l,anbHblX MCT0.!1,08. TTpH 

)TOM Bbl'-!HCnHTCnbHbte 3aTpaTbl anonHe Y.!l.OBne­

TBOpHTenbHbl, O.!l,HaKO TO'-!HOCTb paclfeTa HC.!l,OCTa­

TO'-!Ha. nocne.D,Hee, KOHC'-IHO, He OTHOCHTCll K TCM 

nporpaMMaM, KOTOpbte HMelOT no.D,rOHO'-!HblC na­

paMeTpbl .!l)lll paClfeTa onpe.D,eneHHblX COCTOJIHHH 

KOHKpCTHOro annapaTa, OCHOBaHHblC Ha 6onee 
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TO'-!HblX pac'-!eTax, Ha CTaUHOHapHblX JKCnepHMeH­

TaX Ha c6opKaX H CTaUHOHapHblX H3MepeHH51X Ha 

peaKTopax. 
Hapll.!1.Y c BbtweynoMJIHYTblMH nonxo.D.aMH 

pa3BHBalOTCll MO.!l,CnH, CO'-!CT310lUHe B ce6e npe­

HMYlllCCTBa .!1,CTepMHHHCTJ,flfCCKHX " HH)KCHCpHblX 

MCTO.D.OB. B 3THX no.D.XO.D.ax ypaaHeHHe nepeHoca 

HeHi-pOHOB pewaeTCll a tte6onbWHX o6beMax (B 

lllfCHKax, TBC), np11YeM '-!Hcno TaKHX peweHHH 

(npo6HblX peweHHH) cywecTBCHHO 6onbwe C.!l,H­

HHUbl H OTnH'-!alOTCll 3TH peweHHll .D.pyr OT .D.pyra 

rpaHH'-!HblMH ycnOBHllMH. PeweHHe B K8)1(.!l,0M 

o6beMe npe.!1,CTaBnlleTCll a BH.!l,C nHHCHHOH KOM6H­

HaUHH npo6HblX peweHHH C npOH3BOnbHblMH K0-

3Q)Q}HUHCHTaMH. 3aTeM MOMCIITbl o6wero pewe­

HHJI B JTHX o6beMaX np11paBHHBalOTCll Ha rpaHH­

uax Me)K.!l,y JTHMH o6beMaMH. B pe3ynbTaTe nony­

'-!alOTCll KOHC'-!HO-pa.3HOCTHblC ypaBHCHHll .!l,nll KO­

JQ)Q)HUHeHTOB npH npo6HblX pewe11HllX B JTHX 

o6beMaX. rnaBHOe B JTHX nO.!l,XO.!l,aX - HMCTb .!1,0C­

TaTO'-!HOC KOnH'-!CCTBO TaKHX peweHHH B K8)1(.!l,0M 

o6beMe H '-!T06bt K8)1(.!l,Oe TaKoe peweHHC 6btn0 

.!l,CHCTBHTCnbHO peweHHCM ypaBHCHHll nepeHoca 

HCHTf)OHOB. 



O.n.HHM H3 HaH6onee nocne.n.0BaTeJ1bHh1X no.n.­

xo.n.oB TaKoro THna CJlY)l(HT MeTOJJ. noBepXHOCT­

HblX rapMOHHK (Mflr) [1... 5], KOTOpbIH pa3pa6a­

TblBaeTC.ll B PHIJ; "Kyp4aTOBCKHH HHCTHTYT" y)l(e 

6onee 30 neT. 

B PHU KH c 1995 r. pa3pa6aTbIBaeTc.si KOM­

nneKc nporpaMM SUHAM [6 ... 8] BHalfane B CB.ll3-

Ke c nporpaMMOH WIMS-SH [9] (KoMnneKc SU­

HAM-W [8]), a 3aTeM B CB.ll3Ke c nporpaMMOH 

UNK [10] (KoMnneKc SUHAM-U [11, 12]). Tip11 

3TOM Mo.n.ynH nporpaMM WIMS-SH 11 UNK npH­
MewuoTc.ll JJ.Jl.ll no.n.roTOBKH rpynnOBbIX CelfeHHH 

H30TOnOB H MaTepHallOB. Mo.n.ynH nporpaMMbl 

WTMS-SH KpoMe 3rnro HCnOJlb3YJOTc.si M.ll no.n.­

roTOBKH 3cpcpeKTHBHbIX celfeHHH .ll4eeK JJ.Jl!' JJ.By­

MepHbIX KOHe4HO-pa3HOCTHblX ypaBHeHHH Mnr. 
Mo.n.ynH nporpaMMbI SUHAM npHMeH.HJOTc.si JJ.Jl.ll 

peweHH.ll MHororpynnoBoro ypaBHeHH.ll nepeHoca 

HeHTpOHOB BO BCeM o6beMe aKTHBHOH 30Hbl peaK­

TOpa C nOMOlUblO Mnr. 
B .n.aHHOH CTaTbe np1-rne.n.eHbl om,caHHe KOM­

nneKca nporpaMM SUHAM-2D, peanH30BaHHbIX B 

KOMnJleKce ypaBHeHHH, H Ha4aJlbHa.ll BepHcpHKa­

UH.ll KOMnneKca SUHAM-U-2D. 

1. KoMnJJeKc nporpaMM SUHAM-2D 

KoMnneKc nporpaMM SUHAM B cs.si3Ke c 

nporpaMMOH WIMS-SH pa3pa6oTaH B PHU KM c 

1995 no 2003 rr. TiporpaMMa WIMS-SH 11cnonb-

3osanacb JJ.Jl.ll no.n.roTOBKH rpynnOBbIX 3cpcpeKnrn­

HbIX xapaKTepHCTHK .lllfeeK JJ.Jl.ll ypaBHeHHH KaK 

MeTOJJ.a roMoreHH3aUHH, TaK H Mnr. TiporpaMMa 

WTMS-SH npHMeH.HeT B Kal!ecTBe 6H6m1.0TeKH 

.llJJ.epHblX .n.aHHblX 6116J1HOTeKy nporpaMMbl 

WIMS-D [13]. B 2003 r. .n.anhHeifwee pa3BHnte 

KOMnJieKca SUHAM-W 6hrno 3aMopo)l(eHo. K 
3TOMY MOMeHry KOMnneKc SUHAM-2D Mor pe­

waTb JJ.OBOJlbHO WHpOKHH Kpyr JJ.BYMepHbIX CTa­

UHOHapHblX HeihpoHHO-cpH3H4eCKHX 3aJJ.a4 B aK­

THBHOH 30He .si.n.epHblX peaKTOpOB C KBa.n.paTHOH H 

TpeyrOJlbHOH peWeTKaMH. Tiepe4HCJ1HM OCHOBHbie 

B03MO)l(HOCTH KOMnJleKca no peweHHIO JJ.ByMep­

HblX KOHe4HO-pa3HOCTHblX ypaBHeHHH Mflr. 

• PeweHHe ypaBHeHHH Tpa.n.HUHOHHOro MeTOJJ.a 

roMoreHH3aUHH (ypaBHeHHH JJ.HcpcpY3HH) C HY­
JleBbIMH TOKaMH Ha Ka)l(JJ.OH BHewHeH rpaHH 

paCC4HTbIBaeMoro o6beKTa B Ka)l(JJ.OH 3Hepre­

TH4eCKOH rpynne (pac'-leT Ha onpe.n.eneHHe 

k...). 
• PeweHHe ypaBHeHHH Tpa.n.HUHOHHOro MeTo.n.a 

roMoreHH3aUHH C HyneBblMH noTOKaMH Ha 

Ka)l(JJ.OH BHeWHeH rpaHH paCC'-IHTbIBaeMOro 

o6beKTa B Ka)l(JJ.OH 3HepreTH'-leCKOH rpynne 

(pac'-leT Ha onpe.n.eneHHe k3<P<I>)-

• PeweHHe ypaBHeHHH TpaJJ.J{UHOHHOro MeTo.n.a 

roMoreHH3aum1 c 3aJJ.aHHbLMH anb6e.n.o Ha Ka­
)l(JJ.OH BHewHeH rpaHH paCClfHTbIBaeMoro o6b­

eKTa B Ka)l(JJ.OH 3Hepren1'-leCKOH rpynne (pac­

lfeT Ha onpe.n.eneHHe k3<P<I>)-
• PeweHJ-1e ypaBHeHHH TpaJJ.HUHOHHOro MeTo.n.a 

roMoreHH3aUl111 B KBa.n.paTHOH peilleTKe C ne­

pHOJJ.H'-leCKHMH rpaHH'-IHblMH ycnOBH.llMH 

(pac'-leT Ha onpe.n.eneHJ-1e k3<P<I>)-
• PeweHHe ypasHeHHH TPa.n.m.J.HOHHoro MeTo.n.a 

roMoreHH3aum1 C 3aJJ.aHHblMH rpynnOBblMH 

TOKaMH Ha Ka)l(JJ.OH BHewHeH rpaHH paCC'-IH­

TbIBaeMoro o6beKTa (aMnJlHryJJ.bl TOKOB Ha 

pa3HblX rpaH.HX MOryT 6b1Tb pa311H'-IHblMH). 

• PeweHHe conpH)l(eHHbIX ypaBHeHHH TPaJJ.HUH­

OHHoro MeTo.n.a roMoreHH3aUHH ( conp.si)l(eH­

HbIX ypaBHeHHH JJ.Hq>cpy3HH) C ttyneBblMH TO­

KaMH Ha Ka)l(JJ.OH BHewHeH rpaHH paCC'-IHTbl­

BaeMoro o6beKTa B Ka)l(JJ.OH 3HepreTH4eCKOH 

rpynne (pac'-leT Ha onpe.n.eneHHe k_)_ 
• PeweHHe ypaBHeHHH MflT C pa3HblM 4HCJ10M 

npo6HbIX cpyHKUHH ( OT 3 JJ.O 8 JJ.Jl.ll KBa.n.paTHOH 

peweTKH 11 OT 3 .n.o 6 JJ.Jl.ll TPeyronbHOH peilleT­
KH) C ttyneBblMH TOKaMH Ha Ka)l(JJ.OH BHeillHeH 

rpaHH paCC'-IHTbrBaeMoro o6beKTa B Ka)l(JJ.OH 

3HepreTH'-leCKOH rpynne (pac'-leT Ha onpe.n.e­

neHHe k...). 
• PeweHHe ypaBHeHHH Mnr c pa3HbIM 4HCJ10M 

npo6Hb!X cpyHKUHH c HyneBblMH noTOKaMH Ha 

Ka)l(JJ.OH BHewHeH rpaHH paCClfHTbIBaeMoro 

o6beKTa B Ka)l(JJ.OH 3HepreTH4eCKOH rpynne 

(pac'-leT Ha onpeJJ.eneHHe k3<P<I>)-
• PeweHHe ypaBHeHHH Mnr C pa3HblM 4HCJ10M 

npo6HblX cpyHKUHH C 3aJJ.aHHblMH 8Jlb6e.n.o Ha 
Ka)l(JJ.OH BHewHeH rpaHH paCC'-IHTb!BaeMoro 

o6beKTa B Ka)l(JJ.OH 3HepreTH4eCKOH rpynne 

(pac'-leT Ha onpe.ueneHHe k3<1><1>)-

• PeilleHHe ypaBHeHHH Mflr C pa3HblM 4HCJ10M 

npo6HbIX cpyHKUHH s KBa.n.paTHOH peweTKe c 

nepHO)lH'-leCKHMH rpaHH'-IHblMH ycnOBH.llMH 

(pac'-leT Ha onpe.n.eneH11e k,q,<1>)-
• PeweH11e ypasHeHHH Mnr c TpeM.si npo6Hbl­

MH cpyHKUH.llMH C 3a,naHHblMH rpynnOBblMH 

TOKaMH Ha Ka)l(JJ.OH BHewHeH rpaHH paCC'-IH­

TbIBaeMoro 06beKTa (aMITJlHry,Ubl TOKOB Ha 

pa3HblX rpaH.HX MOryT 6bJTb pa3JlH'-IHblMH). 

• PeweH11e conpH)KeHHbIX ypaBHeHHH MTir c 

TpeM.ll npo6HbIMH cpyHKUH.llMH c HyneBblMH 

TOKaMH Ha Ka)l(JJ.OH BHewHeH rpaHH paCClfH­

TbIBaeMoro o6beKTa B Ka)l(JJ.OH 3HepreTH4e­

CKOH rpynne (pac'-leT Ha onpe,neneHHe k...). 
• Tio.nroTOBKa Tpa.nHUHOHHblX rpynnOBblX xa­

paKTepHCTHK TBC (nonH.ll'-leeK) Ha ocHose 
Tpa.nHUHOHHbIX xapaKTepHCTHK .ll'-leeK np11 HC­

nOJlb30BaHHH peweHH.ll Tpa.n.HUH0HHbIX ypaB-
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HeHl1H MeTO,Ua roMoreH113au1111 C HyneBblMl1 
TOKaM11 Ha BHewHeii rpaH11ue TBC. 

• TTo,nroTOBKa Tpa.UHI.J.HOHHblX rpynnOBblX xa­
paKTep11CTl1K TBC (non11S14eeK) Ha ocHose 
3cp<peKTl1BHblX MTTf-xapaKTepHCTHK Sl4eeK 
np11 11cnOJ1b30BaHl111 peweHl1SI ypaBHeHHH 
MTTr C TpeMSI np06HblMH <pyHKU11SIMl1 C ttyne­
BblMH TOKaM11 Ha BttewHeii rpaH11ue T8C. 

• Tio,nroTOBKa 3cpcpeKTl1BHblX rpynnOBblX Milr­
xapaKTepHCTHK T8C (non11S14eeK) Ha ocHose 
Tpa,U11U110HHblX xapaKTep11CTHK Sl4eeK ,UJlSI 
KpynHO-CeT04HblX ypaBHeHl1H Milf C pa3HblM 
411CJ10M npo6HblX cpyHKU11H. TTpH 3TOM npH­
MeHSIIOTCSI pewemu1 ypaBHeHHH Tpa,n11u110H­
HOro MeTo,na roMoreH113au1111 C pa3JlH4HblMl1 
rpaHH4HblMl1 ycnOBHHMl1. 

• Ilo,nroTOBKa 3cp<peKTHBHblX rpynnoBblX MITT­
xapaKTep11cT11K T8C (nomrn4eeK) Ha ocHoBe 
3cp<peKTHBHblX Mfif-xapaKTepHCTHK H4eeK 
,UJlSI KpynHO-CeT04HblX ypaBHeHl1H MTir C 
pa3Hb1M YHCJlOM npo6HblX cpyHKJ.J.11H. IlpH 
3TOM HCnOJlb3YIOTCSI peweHHSI ypaBHeHHSI 
Milf C TpeMSI np06HblMH cpyHKU11SIMl1 C pa3-
Jll1'-IHblMl1 rpaHH4HblMH ycnOBHHMl1. 
OrMeTHM ew.e pa3, 4TO nporpaMMa WlMS-SH 

npHMeHSleT B Ka4eCTBe 6116n110TeKH Sl,UepHblX ,naH­
HblX 6116n110TeKy nporpaMMbI WlMS-D [ 13]. no 
MHeHHIO aBTOpa CTaTbH, 3TOT cpaKT CJlj')Kl1T oc­
HOBHblM orpamr-1eH11eM ,UJlH ,nanbHeiiwero pa3B11-
THSI KOMnneKca SUHAM-W, nocKOJlbKY TPe6yeT 
3Ha411TeJlbHblX yc11J1HH ,UJlSI aBTOMaTl13aUH11 KaK 
npoue,nypbl pa3BHTHSI 11 nononHeHHSI 3TOH 6116-
Jll10TeKH, TaK 11 scero KOMnneKca uen11KoM. Cne­
.nye-r OTMeTl1Tb, 4TO asTOpb1 KOMnneKca SYS [14 ], 
KOTOpbIH TalOKe 11cnoJ1b3YeT nporpaMMY WIMS­
SH, nown11 11MeHHO no 3TOMY rryn1 11 ,nocT11rn11 B 
3TOM HanpaBJleHl111 3aMeTHblX ycnexoB. 

B TO )Ke caMoe speMSI (K 2003 r.) cyw.ecTBo­
san nporpaMMHblH KOMnneKc UNK, 06na,nas11rni1 
cne,nyJOW.11Ml1 04eHb ueHHblMl1 oco6eHHOCTSIMH: 
- cospeMeHHaH M11KporpynnosaH (nopH,nKa 7 000 
rpynn) 6116n110TeKa ce4eHl1H, OCHOBaHHaSI Ha 

cpaiinax S1,nepHblX ,naHHbIX ENDF-B, JEFF, 
JENDL; 
- aBTOMaTH311pOBaHHaSI 11 sep11cp11u11posaHHaH 
npoue.nypa nononHeHHSI 6116n110TeK11; 
- cyw.ecTBOBaH11e BbI,UeJleHHOro MOJJ,YJlH ,UJlSI pe­
rneHHSI rpyrrnosoro ypastteH11S1 nepeHoca Hei1Tpo­
HOB. 

fiocne,nHee CBOHCTBO ,nasano np11HU11011aJlb­
HYIO B03MO)l(H0CTb ,UJlH JaMeHbl cyweCTBYfOW.ero B 
KOMnneKce UNK Mo,nynll pewemtll rpynnosoro 
ypasHeHHSI nepeHoca HeiiTPOHOB Ha n106oi1 ,npy­
roii MO,U)'Jlb, BbinOJlHSIIOUl,HH TY )Ke caMylO cpyHK­
UHIO, HanpHMep, Ha Mo,nynh, 11cnOJ1b3YIOlll.11H 
MTTf ,nnll peweHHSI rpynnosoro ypasHeH11S1 nepe-
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ttoca HeHTpOHOB, c coxpattett11eM .npyrnx cnoco6-
Hocrei1 KOMnneKca UNK. TTo3TOMY np11HS1TO pe­
weHHe ,nanbHeiiwee pa3s11T11e KOMn11eKca SU­
HAM nposo,n11Tb B CBSl3Ke c MOJ.lYJ1S1MH KOMnneK­
ca UNK. 

PaJpa6oTKa nporpaMMHoro KOMnneKca SU­
HAM-U-2D nposo,n11nacb cne.ny10W.HM o6pa3oM: 
• 113 nporpaMMbl WlMS-SH Bb1pe3aHbl Mo,nyn11, 

CBSl3aHHble C pac4eTOM npo6HblX cpyHKUHH B 
S14ei-1Kax; 

• KOMnneKc SUHAM, nocTpoeHHblH KaK e,n11HaS1 
nporpaMMa, crpyKrypHo nepepa6ornH, a pe-
3YJlbTaTe Yero 0OSIBl1Jl11Cb OT,UeJlbHble Mo.nyn11, 
CBSl3aHHble C pac4eTOM npo6HblX cpyHKU11H B 
TBC 11 c peweHHeM KaK KOHe4HO-pa3HOCTHbIX 
ypaBHeHl1H Mnr BHYTPH TBC H He60JlbWl1X 
c6opoK c OJ.lHOH T04KOH Ha SIYeHKY, TaK H 
KpynHO-CeTOl{HblX ypaBHeHHH Milf C 0,UHOH 
TOl{KOH Ha TBC; 

• pa3Jll14Hble nYTH pacYeTa nocTpoeHbl C noMO­
lll.blO cpaHllOB rnna .bat, np11 3TOM B03MO)l(eH 
pacl{eT KaK scero peaKTopa, HaYHHaH OT no.n­
roTOBKH rpynnOBblX Cel{eHHH MaTep11anos 11 

KOHl{aH peweH11eM KOHel{H0-pa3HOCTHblX 
ypaBHeHHH BO BCeM o6beMe peaKTopa c no­
MOUlblO e,nHHOro cpaiina THna .bat, TaK 11 K3)1(­
.noro 3Tana no oT,nenbHOMY cpaiiny T11na .bat. 
ITocne.nHee oco6eHHO y.no6Ho Ha 3Tane orna,n­
KH, a TalOKe ,UJlH nOHCKa pa3JlHl{HblX ow1160K B 
3a,naHl111 Hal{aJlbHblX .naHHblX, 4TO Ol{eHh cy­
w.ecTBeHHO ,UJlSI pacl{eTa 60JlbWHX o6beKTOB. 

2. Iiu6;rnoTeKa KOMnJieKca SUHAM-U-2D 

B KOMnneKce SUHAM-U-2D a Kal{ecTBe 6116-
JlHOTeKH Cel{eHl1H 11CnOJlb3yeTCSI fo16J1HOTeKa KOM­
nneKca UNK [1 0], KOTOpall creHep11posatta 113 
cpa11nos oueHeHHblX S1,nepHblX ,naHHblX (ENDF/B­
Vl, JENDL-3 .2 11 JEFF-2.2). 

E116n110TeKa Sl,ll.epHblX ,naHHblX KOMnneKca 
UNK no cel{eHHSIM B3a11Mo.ne11cTBHS1 HeHTpOHOB c 
ttyKJ1H.UaM11 creHep1-1posaHa 113 cpaiinos oueHeHHblX 
S1,nepHblX ,naHHbIX ENDF/B-VI 11 co.nep)l(11T ,naH­
Hbie 6onee l{eM .nm1 300 1130Tonos, BKJllOl{aH npo­
.UYKTbl .neneHHH . .l1/lJ! HeKOTOpblX H30TOnOB HMe­

lOTCSI .nonOJlHHTeJlbHble sapHaHTbl 6116n110TeK 
S1,nepHblX ,naHHblX, nonyYeHHblX 113 cpaiinos JEFF-
2.2 11 JENDL-3.2. 3rn no3BOJ1HeT ouett11saTb pac­
l{eTttylO norpewHOCTb, o6ycnosneHHYIO Heonpe­
,neneHHOCTblO Sl,UepHblX .naHHblX. OcHOBHaH 6116-
JlHOTeKa nporpaMMbl co,nep)l(HT 89-rpynnOBble 
Cel{eHl1SI (24 rpynnbl B o6naCTH 3aMe,UJleHHH OT 
14,5 M 38 .no 2, 15·38 11 65 TennOBblX rpynn). 

Oco6eHHOCTblO nporpaMMbl UNK HBJ1S1eTCS1 
,neTanbHbIH pacl{eT cneKTPa HeHTPOHOB a pe30-
HattcH0H o6nacrn 3Heprni1 (2, 15 38 ... 2, 15 K3B). 
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3To .nocnirae-rcsi npose.nemteM pacLJe-ros s 6onh­

woM l.{11CJie :mepreT111.JeCKl1X rpynn ( 0K0JI0 7 000). 
B 3TOH 06nacT11 3Heprnii np11MeH.HeTcsi MeJIKa.H 

HepaBH0MepHa.H 3HepreTMLJecKall CeTKa, cryll(a.!0-

LUallC.H B6Jil1311 pe3oHaHC0B pa3HblX 1130T0n0B 11 

6onee urnpoKasi s npoMe)l(YTKax Me)l(Jl.y H11M11. 

,[vl.H paCLJeT0B C MeJIKOH 3HepreTl1LJeCKOH CeTKOH 

6116JIHOTeKa pe30HaHCHblX 1130T0n0B .D.000JIHeHa 

rpynn0BblMl1 ceLJeHl1JIMl1 B MeJIK0rpynnoBOM pa3-

611eH1111, TaK)l(e nonyLJeHHblMl1 113 q>aHJIOB 

ENDF/B. PacLJeTbI c MeJIK0H 3Hepre-r111.JeCKOH ce-r­

KOH He Tpe6yJOT 11Cn0Jib30BaHl1ll TeopeMbl 3KBl1Ba­

JieHTH0CTl1 .D.JIJI 6JIOK11pOBKl1 pe30HaHCH0ro no­

fJI0ll(eHl1.H, 003B0Jlll}OT y1.JeCTb ero npocTpaHCT­

BeHttylO 6JIOK11pOBKY B npe.nenax TB3Jia, aKKypaT­

H0 paCCLJHTbIBaTb B3aHMH)'IO 6JIOKHpOBKY pe3o­

HaHC0B pa3ll114HblX 1130T0n0B. 

1eHepau11.H 6116n110TeLJHoro q>aiina ocyLUecrn­

JI.HJiacb c noM0LUbJO nporpaMMbI NJOY 11 cneu11-

aJibHO pa3pa60TaHHOro .D.JI.H 3Tl1X ueneH Bbll.{11CJil1-

TeJibH0ro M0.D.YJI.H. 0TMeTl1M, LJT0 npoue.nypa re­

Hepau1111 6116n110TeLJHblX q>aHJIOB .D.JI.H scex pa3.D.e­

JI0B 00JIH0CTblO aBT0MaTl1311p0BaHa. TTOJIHOTa 

6116mwTeK11 K0MnneKca UNK onpe.nensie-rc.H 

rnaBHblM o6pa30M nOJIHOTOH C00TBeTCTBYJOLUeH 

11HQ>OpM8U1111 B cospeMeHHblX 6116JI110TeKax oue­

HeHHblX .H.D.epHblX .naHHblX. 

3. MeTO,!l;bl H aJJropHTMLI, HCROJIL3YCMLIC 

s KOMRJICKCC SUHAM-2D 

B K0MnJieKce nporpaMM SUHAM-2D s CBll3-

Ke KaK c K0MnJieKcoM WIMS-SH, TaK 11 c K0M­

nneKC0M UNK, .D.Jill peweH11J1 Mttororpynnosoro 

ypaBHeHl1ll nepeH0Ca HeHTpOHOB np11MeHS1eTC.H 

MIIT [1.. .5]. 

Kpam,we onucaHue A1III'. B MnT rpynnosa.H 

Q>YHKU11.H pacnpe.neneHID! HeHTpOHOB B aKTl1BHOH 

30He .H.D.epHoro peaKTopa npe.ncTaBJI.HeTC.H s s11.ne 

cynepn0311U1111 npo6HblX MaTp11u 
I N 

(l)N (w) = L L<lt>(w)I:"> . (I) 
l=I n=O 

3.D.eCb (j):•> cw) - npo6Hble MaTp11Ubl, Onl1Cb1Ba10-

ll(l1e pacnpe.neneH11e HeHTpOHOB B i-H .HLJeHKe, seK­

T0pbI I ~n) - He113seCTHb1e rpynnosbie aMnJil1TY.D.bI, 

n - H0Mep npo6HOH MaTpl1Ubl, (N + 1) - o6ll(ee 

LJHCJI0 npo6HblX MaTpl1U s Ka)l(Jl.OH llLJeHKe, 

w={r,n}. 

Ka)l(Jl.b!H BeKTop q>~) ( w) Ka)l(Jl.OH npo6HOH 

MaTp11UbI q> ~n) ( w) llBJI.HeTC.H pewem1eM rpynno­

soro ypastteHHll nepettoca HeHTpOHOB BHYTPl1 

llLJeHKH C HeK0T0pblMH HeTp11BHaJibHblM11 rpaHl11.{­

HblMH ycJI0BHllMl1. ,[vlJ! pacLJeTa BeKTopa 

<p ~;' (w) (g= I .. . G) HCn0Jib3YJOTCll CJie.D.yJOll(l1e 

rpattHLJHbie ycnos11J1: BTeKaJOLUHH B .HLJeHKY B 

rpynne g TOK HeHTpOHOB pacnpe.neneH no sttew­

HeH rpaHHUe KaK cpyHKUIDI ~ (r,) KOOp.D.HHaT 11 

.D.Jill Ka)l(Jl.OH rpynnbl g' ":f. g 3T0T TOK paBeH H)'JIIO 

B Ka)l(Jl.OH T0LJKe BHeWHeH rpaHHUbl. <l>yHKUH11 

wt (r,) npe.ncTaBJI.HIOTCll B BH.D.e 

J cos(la.)} 
~(r,)=PP(p)lsin(/a.)' (2) 

-1 $ p 
1 

$ I, 0 $ rs$ Ma; 

21t 
a =-(J-1). 

i M 

(3) 

3.necb Pp(p) - noJIHH0MbI ne)l(att.npa, M -
411CJI0 6oKOBblX rpaHeH .HLJeHKl1, a - .D.JIHHa 6oKo­

BOH rpaHH .HLJeHKH,j - H0Mep 6oKOBOH rpaHH, a j -

yron Me)l(Jl.y H0pMaJiblO, nocTp0eHHOH 113 ueHTpa 

.HLJeHKH Haj-JO 6oKoByJO rpaHb llLJeHKH, 11 ocbJO X. 
EoKOBble rpaH11 .HLJeHKl1 npottyMepoBaHbl npOTl1B 

LJaCOBOH CTpeJIKl1, 60KOBOH rpaHblO no.n nepBblM 

HOMep0M CJTy)KHT npaBall rpaHb. ,[vlJI .HLJeHKl1 C 

reKcarottaJibHOH BHewtteH rpatt11ueii nepsb1e 

wecTb cpyHKU11H w. (r,) HMelOT CJie.D.YJOll(HH B11.D.: 

W0 (r,)=l, J.t;(r,)=cosa.J, W2 (r,)=sina.,,} 

~(r,) = cos(2a.), Wir,) = sin(2a.), ( 4) 

~ ( r,) = cos(3a.). 

,[vlJ! .HLJeHKl1 c KBa.D:paTHOH BHewHeH rpaH11uei1 

nepBble 8 K00p.D.HHaTHblX cpyHKU11H HMelOT BHJ], 

1¥;,(r,)=1, J.t;(r,)=cosa.
1

, W2 (r,) =sina.,, 

J-V;(r,) = cos(2a.), w. (r,) = ~(p), 

~(r,) = ~(p)cosa.
1

, 

W6 (r,) = ~(p)sina.J, W1 (r,) = ~(p )cos(2a.). 

(5) 

Ha p11c. I cxeMaTHLJeCKH npe,D;cTaBJieHo BTe­

Katt11e 11HTerpaJibHblX no Q T0K0B, C00TBeTCT­

BYJOll(ee nepBblM 4-M K0OpJJ,11HaTHblM cpyHKU11.HM, 

P1-1c. I. CxeMa BTeKaHliJI T0K0B, C00TBeTCTBYIOIUall nep­

BblM 4-M K00pJl!iHaTHblM <j>yHKUHJIM, llJill ll'-leHKli c 

KBanpaTHOH rpaHHUeH 
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PHC. 2. CxeMa BTCKaHI-UI T0K0B, C00TBCTCTBYIOlllru! nep­
BblM 6-rn K00p.111rnaTHblM <PYHKUIUIM, JUUi Sl4eHKH C 
rcKcaroHaJtbH0A rpam,uel-\ 

.D,JISI Sl4ei:iKH C KBa.npaTHOH rpaHHU.CH, a Ha p11c. 2 -
n epBbIM 6-TH KOOp.D.HHaTHblM Q>YHKU.HHM, .D,JISI 

H4CHKH c r eKcaroHanbHOH rpaHHUeH. 

TiocKOnbKY peanbHOe 4HCno npo6HblX Q>YHK­

UHH orpaHH4CHO, npH no,ncTaHOBKe HCKOMOfO pe­

WCIIHSI B rpynnosoe ypaBHCHHe nepeHOCa HCHTpO­

HOB B03HHKaeT HCBSl3Ka. MHHHMH3aUI-UI ) TOH He­

BSl3KH ,naeT CHCTeMy KOHC4HO-pa3HOCTHblX ypaB­

HCHHH Mnr. KonH4CCTBO H 811.ll KOHC4HO­

pa3HOCTHblX ypaBHCHHH 3aBHCSIT OT KOnH4CCTBa 

peaJlbHO HCnOnb3YCMblX npo6HblX MaTpHU. CHC­

TeMa KOHC'{H0-pa3HOCTHbIX ypaBHCHHH MOf .D,JISI 

TpeyronbHOH peweTKH c 6-IO npo6HblMH MaTPH­

uaMH Ha H4eHKY HMeeT BH.ll 

Ao<l>k - l:t <l>1e +8io) = 0; 

A x<1> + 1:Ct>x<1> + 5<1> = o· 
I le le le le ' 

A x<2> + 1:Ct>x<2> +8<2i = o· 
2 le k k le ' 

A x<3l - 1:<3> x<3> + 5<3> = o· 
3 le le le le ' 

5 CO) - - A'x<1>- A' x<2> + A' x<3>-
1c - lie 2le 3k' 

5<1> = - A'<I> + A' x<2> - A' x<3>. 
le I le 4 le 5 le ' 

5<2> = - A' <I> + A' x<•> - A' x<3>. k 2k 4 k 6k' 

s<3> - A ' <1> - A' x<•> - A' x<3
> 

k-1k 8k 91e 

(6) 

r.ne A • A' - pa3Hble BH.llbl KOHC'{H0-pa3HOCTHOf0 

onepaTo pa; <I>, , xf> - HCH3BCCTHbte BCKTOpbt, 

CBJl3aHHble C pa311H'{HblM 3aKOHOM BTeKaHHSI HeH­

TpOHOB (c aMnnHry.naMH npH npo6HblX MaTp11uax). 

HeH3BCCTHbte seKTOpbt KOHC4HO-pa3HOCTHblX 

ypaBHCHHH CBJl3aHbl C rpynnOBblMH aMnnHry,naMH 

npH npo6HblX MaTPHUax. <t>opMynbt .D,JISI HHX HMe­

lOT BH.ll 

(7) 
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3.necb (j)~'> =-
1-f dr,W,(r, )(j)~

1
>(r, ) , 

N, ,, 

(l)~' (r)= f d!l(l)~\r,n) , N, = f w;2
(r, )dr,. 

Ko3 Q>Q>HUHCHTbl KOHC4HO-pa3HOCTHblX ypaB­

HCHHH HMCIOT BHJl 

l: = MS, ( (0) _ <1> )-1. 
I J' (j), (j)I • 

' 
l:(11 = l:(l) = MS, (•"(I) - '"(l) )-1 · 

, , 2V, T l T l , 
(8) 

1:{l) = MS, ('"(I) _ ,,,<51) I 
I V T l· Tt • 

' 
r.ne Sc- nnoma,nb 60KOBOH rpaHH Sl4CHKH, Ve -

o6beM s,:'{eHKH. 

<t>opMyn bl .D,JISI KOHC'{H0-pa3HOCTHblX onepa­

TOpOB HMCIOT BH.ll 

4 I/ 

A. A, =--1 LH,. (A,.- A, ); 
Mh •• I 

4 I/ 

A
1
A1 = --2 

LH,, (A"- A 1)cos
1 (2a,); 

Mh ,., 
4 I/ 

A2 A, = Mh
1 
LH,, (A1,- A , )sin

2
(2a.); 

l•I 

4 I/ 

A ,A, =--
1 

LH,1 (A1
,+ A,)cos

1 (3a.); 
Mh ,., 

I 4 I/ 

A1A1 = ,,,h1 LH,,(A,.- A, )cos(2a.); 
/ Ill, 1• 1 

r .ne 

(9) 

H ,, = 2D/, (DJ, + D, r'D,;l 

o. = ~(q,~'' ) '. (10) 
2 

C 11cTeMa KOHC4HO-pa3HOCTHblX ypaBHCHHH 

MOf .D,JISI KBa,npaTHOH peweTKH C 8-IO npo6HblMH 

MaTPHUaMH Ha ll4CHKY HMeeT BH.ll 

.. 



rJJ,e 

Ao<I>, - I:, <I>, + s ~O) = O; 

A0x:11 + I::'>xt + s:11 = o; 
A,x:'> + 1::'>x:2> + s:21 = o; 
A,X~6> +1::1>x~11 +s:11 = O; 

Aox:·1 + 1::·1x:•1 + s:•l = O; 

A.x:H - 1::.,1x:.,, + s:.,, = o; 
A,x:'' - 1:~•1x:•1 + s~•> = o; 
A xm - 1:<'>xPI + s(7) = o· 

l t I t J: ' 

s:01 = - A;x~11 - A:x:•1 
- A;x:'1; 

s:11 = -A;<1>1 - A:x:•1 + A;x:'1; 

s:21 = -A;(<1>1 - x:11
) ; 

s:11 = -A;(<1>, + x:11
) ; 

S1' 1 = - A'X1' 1 - A'X(l) - A'X111
. t It J t 1 4' - - -s:.,, = -A;x:•1 - A;x:'1 + A;x:1>; 

s<6) = - A'(x<•l - x0 >)· 
t ' ' ' ' 

s111 = - A'(X1
'
1 + x1

.,
1

) k 1 .I. t > 

A,, A ' - pa.3JJH4Hble BJUbI 

pa.3HOCTHo r o o nepaTopa; 

<I>, = (q,:°l - q,:11 )1:01 ; 

x:,, = (q,:11 - q,!)))1:11; 

x:•1 = ii>~; 1:.,1; 

x:'1 = ii>~.,: 1:•1
; 

MS I: = - -' (,,.,coi _,,.,<'>) 1. 
• V, T t T • ' 

( 11) 

KOHe4HO-

( 12) 

( 13) 

( 14) 

m<5> =..!.. J d r•r.151 (r ) · 
't" l'.A: J 't" J. s ' 

a r, 

,,.,<t) = _2._ f dr W (r ) ,rom ( r ) ' r, - i-11 r p aHb 
T A 2a t 6 , T t s , 

r:,,.r, 

1!4eHKH; B cj>opMynax ~reHa CHMMeTp H4HOCTb 

H4eeK OTHOCHTeJlbHO n o s op OTa Ha 90°. 

<l>opMyJJbl )],JUI KOHe4 HO-pa.3HOCTHblX o n e pa­

TOp OB HMelOT BIU 

' 4 I/ 

A, A, = Mh' LH,, (A,. - A, )cosa,; ,., 
4 I/ 

A;A, =--, IH,. (A, - A,)sina,; 
Mh ,, 

I 4 I/ 

A,A, = Mh' LH,, (A,, - A, )cos(2a,)cosa,; .. , 

( 15) 

(16) 

( 17) 

53 



--

- ' 4 I/ -

A ,A k = Mh2 ~H;,(A1,+ Ak)cos(2a,); 

- , 4 .\/ - . 
A,A, = Mh2 L,H,, (A1,-A,)cosa,; ,., 
- 4 ,\/ -
A;A, = Mh' L,H,, (A,. -A,)sina,; ,., 
- , 4 .I/ -

A, A, = Mh' L,H;,(A1,-A,)cos(2a,)cosa,; 
/•I 

- , 4 I/_ 

A,A, = Mh' LH,/A1,- A, )cos(2a.)sina,; ,., 
~ f 4 I/ ~ 
A6A, = Mh' L,H,, (A11+A, )cosa,; ,_, 
~, 4 I/ ~ 
A,A, = Mh2 L,H,,(A 1,+ A,)sina,; ,_, 
~ 

1 
4 II -

A,A, = Mh2 L,H,, (A"+A,)cos(2a,)cosa,; ,., 

- h o, =-Cq,~'lr'. 
2 

(18) 

(19) 

B KOMYllleKce npo2paMM SUHAM-U-2D pea­
llU306GHbl CJleOy10U(.Ue KOHe'IHO-pC13HOCmHble ypa6-
HeHZlJI. WJI': 
- )lJISI K.Ba,npaTHOH perneTKH peaJJH3OBaHbl KOHe4-

HO-pa3HOCTHbie ypaBHeHHSI MITf C TPeMR, t.:fe­

TblpbMll, CeMblO 11 BOCeMblO npo6HblMH MaTPH.Ua­

MH Ha KaJK.IzylO ll4emcy. KoHe"IHO-pa3HOCTHbie 

ypaBHeHH.SI c ruJTblO npoCTPaHCTBeHHblMH npo6-

HbIMH MaTpH.LI.aMH Ha Ka.)K)zylO llt.:feHKY He npe.n.­

CTaBJlSIIOT npaKTHl.leCKoro HHTepeca, TaK KaK OHH 

nO3BOJlSIIOT TOJlbKO paCC"IHTaTb BeKTOpbl X~2
), 

X ()) X('> , , • 4epe3 y)f(e paCC"IHTaHHbie BeKTOpbl (J>, , 

X ~I> , a o6paTHOro BJlHllHIDI BeKTOpbl x<2
> X(J) 

k ' k ' 

x~•> Ha BeKTOpbl <J>, , X~I) He OKa3bIBalOT; 

- JJ.Jlll TPeyroJ1bHOH perneTKH peanH3OBaHbI KOHet.:f­

HO-pa3HOCTHbie ypaBHeHHll Mnr C TPeMll, 4e­

TbipbMll, nllTblO H rneCTblO npo6HbJMH. MaTpHUaMH 

Ha KaJK.AYlO Hl.feHKy. 

PeanU3o6aHHble 2paHU'IHble ycllOBUR. ,n;-rn 
06e1-1x perneTOK pean11.3oBaHbl cne.ay10rn.1-1e rpa­

HH"IHbJe ycnOBHll: H)'JleBbIX rpynnOBblX TIOTOKOB H 

TOKOB, 3a.n.aHHbIX rpynnOBblX nOTOKOB H TOKOB. 

Pac'lem npo6HblX :Mampul,{ e R'leiiKe. KaK y)f(e 

OTMe4aJJOCb Bbl We, Ka)f(JJ.bIH BeKTOp (j) :;> ( W) Ka-

)l(JJ.OH npo6HOH MaTPHUbI q>'.n) ( w) SIBJllleTCll pe-

54 

rneHHeM rpynnoBoro ypaBHeHH.ll nepeHoca tteli­

TpOHOB BH)'TPH llt.:feHKH C HeKOTOpbIMH HeTpHBH­

aJJbHblMH rpaHH4HbIMH ycnOBHSIMH. ,[(Jlll paC4eTa 

BeKTOpa (j):;>(w) (g = l...G) HCnOJJb3YIOTCll cne­

.ll)'IOLUHe rpaHH"IHble ycnoBH.ll: BTeKalOLUH.H B 

lll.leKKY B rpynne g TOK HeHTpOHOB pacnpe.n.eneH 

no BHernHeH rpaHHUe KaK qiyHKUHSI wk (r.) KOOp-

JJ.HHaT H Jl.Jlll Ka)f(JJ.OH rpynnhl g' -:t g 3TOT TOK 

paBeH H)'JIJ-0 B K8)1(JJ.OH TO"!Ke BHernHeH rpaHHUbl. 

B HaCTOllLUee BpeMll pacl.feT npo6HbIX MaTPHU 

HMeHHO KaK peweHHH rpynnoBoro ypaBHeHHll ne­

pettoca HeHTpOHOB Jl.Jlll peaJlbHOH (HeroMoreHH3H­

pOB8HHOH) reoMeTPHH llt.:feHKH (Mttoro30HHbl H UH­

JJHHJJ.p) 8O3MO)f(eH TOJlbKO )lJISI nepBblX TPeX npo6-

HbIX MaTpHU, a HMeHHO, 

cp '.o> (w), q,'.1\w), q, '.2> (w) . 

,[(Jlll pac4eTa ttyneBOH npo6Hol1 MaTpHUhI <p<01 

np11MeH.11eTcll MOJJ.YJlh PAJ..UUI [15, 9]. B npo­

rpaMMe PAJ.U151 JJ.Jlll perneHHll rpynnoBoro ypaB­

HeHHll nepeHOCa HeHTpOHOB HCnOJlb3YeTCSI G3-
npH6JJH)f(eH11e MeTOJJ.a noBepXHOCTHbIX nceBJJ.OHC­

TO"IHHKOB. ,[(Jlll pact.Jera nepBOH 11 BTOpOH npo6-

HblX MaTPHU <p<I> , <p<2> np11Mett.11eTc.11 Mo.zi.ym, 

DIC-PN [16). B nporpaMMe DJC-PN JJ.Jlll peweHHll 

rpynnoBoro ypaBtteHIDI nepettoca HeHTpOHOB HC­

nonh3yeTcll Pi-npw6JJH)f(eHHe MeTOJJ.a cqiepw-1e­

CKHX rapMOHHK. 

Pac'lem npo6HblX Mampul,{ 6 2eKca20HanbHOU 
TBC BB3P-JOOO. B Kat.:feCTBe HCXOJJ.HOH 

HHqJOpMaUHH npHMellil.lOTCll 3qJqJeKTHBHbie Mnr­
xapaKTepHCTHKH llt.JeeK, BH)'TPH KaCCeTbl pewaerc.11 

rpynnoBoe KOHet.JHO-pa3HOCTHOe ypaBHeHHe Mnr, 
npH 3TOM npH pac4eTe npo6HbIX BeKTopoB 

(/) ( <pg r,il) B KacceTe pewaeTcll rpynnoBoe KOHet.J-

HO-pa3HOCTHoe ypaBHeHHe MIIT c TPeMll npo6-

HblMH MaTPHUaMH C pa3HbIMH rpaHH"IHbIMH ycno­

BHllMH. B 0 3MO)f(eH pact.JeT OT 3-x JJ.O 6-TH npo6HbIX 

MaTpH.LI. TBC. 

BoccmaH06JleHUe JlOKaJlbHblX (jJyHKl,(UOHaJl06. 
B MIIr rpynnoBall qiyHKUHll pacnpe.zi.eneHHll Hei:i­

TpoHOB B aKTHBHOH 3OHe llJJ.epHoro peaKTopa 

npeJJ.CTaBJllleTCSI B BHJJ.e ( 1 ). lh ( 1) BH,UHO, 1.JTO ec­

JIH KOHet.JHO-pa3HOCTHbie ypaBHeHHSI peweHbl H 

Bee aMnJ1HTYJJ.bl npw npo6HbIX MaTPwuax onpe.n.e­

neHbI, TO HeT npHHUHnHaJlbHblX TPYJJ.HOCTeH on­

pe.n.eJlHTh J1t06oi1 qiyttKU.HOHaJl. TeM He Mettee cy­

mecTByIOT HeKOTOpbie oco6eHHOCTH. 

B Mfil B Ka"leCTBe HeH3BeCTHblX BeJlH"IHH B 

KOHe"IHO-pa3HOCTHblX ypaBHeHH.llX BbIcrynat0T 

rpynnOBbie BeKTOpbl, CBll3aHHbie C TeM HJIH HHbIM 

3aKOHOM BTeKaHHll HeHTpOHOB B .!lt.:feHKY "1epe3 ee 

--

a 



-

-

rpamuzy. BeKTOp epe.llH11X no 114e11Ke rpynnOSblX 
nOTOKOS He SXOJJ.11T S KOHe4HO-pa3HOeTHhie ypas­
Hemrn S Ka4eeTse Hel13SeeTHOro seKTopa 11 He Ha­

XO.ll11Te11 s pe3ynhTaTe pewett1111 KOHe•rno­

pa3HOeTHblX ypasHeHl1H. BeKTOpbl rpynnOSblX 

peaKl(11H, S TOM 411ene 11 epe.ll.Hl1X no 114eHKe rpyn­

nOSblX noTOKOS, paee411TbIBaJOTe11 e nOMOUlblO 

3apattee no.uroTosneHHblX MaTp11u peaKl(l1H. 

H11)1Ce nepe411eneHbl 0CH061/ble 603M0:>ICH0Cn1U 

(nymu pac'lema) K0Mll/leKca SUHAM-U-2D np11 

perneHHl1 rpynnosoro .usyMepHoro ypasHeH1111 

nepeHoea HeHTpOHOS. 0rMeT11M, 4TO He see S03-

M0)KHOern KOMrureKea SUHAM-W-2D (SUHAM-

2.5) ~e pean113osaHbI s KOMnneKee SUHAM-U-
2D. 

• Ll:syuTanHbIH pae4eT TBC, e6opoK e KSa,ll­

paTHOH peweTKOH. PeweH11e rpynnosoro 

ypasHeHl1SI nepeHoca nposo.u11Te11 npH nOMO­

lllH MITT C pa3HblM 411enoM npo6HblX MaTp11Ll 
OT 3-x JJ.O 8-H e rpaHH4HblM11 ycnoSH11MH tty­

nesb[X TOKos {pac4eT Ha onpe.ueneHHe k...) HnH 

noToKos {pac4eT Ha onpe.uenettHe k3<jxp) Ha Ka­
)ICJJ.OH SHewHeH rpaHH pace4HTblSaeMoro o6b­

eKTa s K8)1CJJ.OH :mepreT114eeKoi1 rpynne. 

• Ll:syunmHhIH pac4eT TBC, c6opoK c Tpe­

yronbHOH peweTKOH. PeweHHe rpynnosoro 

ypaBHeHHSI nepeHoca c noMOlllblO MITT e pa3-

HhIM 4HCnOM npo6HblX M8TpHLl OT 3-x .no 6-H C 

rpaHH4HblMH yenOSHSIMH HynesbJX TOKOS 

(pac4eT Ha onpe.n.eneHHe k_) mm noToKos 

(pac4eT Ha onpe.n.eneH11e ~) Ha K8)1CJJ.OH 
SHeWHeH rpaHH paCC4HTb[SaeMoro o6beKTa s 

K8)1CJJ.OH 3HepreTH4eCKOH rpynne. 

• TTo.uroTOSKa Tpa.ll.Hl(HOHHblX rpynn0SblX xa­

paKTepHCTHK TBC (nonH114eeK) Ha ocHose 

3q>q>eKTHSHblX MITr-xapaKTepHCTHK Sl4eeK 

npH Henonb30SaHHH peweHH.SI ypasHeHHH 

MIIT C TpeM.R npo6Hb1MH MaTpHUaMH C ttyne­
SblMH TOKaM11 Ha BHewHei-1 rpaHm~e TBC. 

• TTo,nroTOSKa 3cpcpeKTHSHblX rpynnoSblX Mrrr­
xapaKTepHeTHK TBC (nonH114eeK) Ha ocHose 

Tpa,llHLlHOHHblX xapaKTep11CTHK Sl4eeK .unsi 
KpynHOeeT04HblX ypasHeHHH MITf C pa3HbIM 
LfHenoM npo6HhIX M3TpHl(. 

• Ilo,nroTOSKa 3cpcpeKTHSHblX rpynnOSbIX Milf­
xapaKTepHeTHK TBC (non11114eeK) Ha oettose 

3cpcpeKTHSHbTX MITT-xapaKTep11CTHK .R4eeK 

.unsi KpynHo-ceT04HhIX ypasHeH11H MITT e 

pa3HblM 411CnOM npo6HbIX MaTp11u. 

4. Bepucj,uacannH KOMnneacca SUHAM-U-2D 

Bep11cp11Kau110HHble pae4eTbl no KOMfUleKey 

SUHAM-W-2D npe.ncrnsneHbl s pa6oTax [6 ... 8, 

17 ... 20]. HJ,f)Ke npe,ncrnsneHbI nepsbIe sep11cp11Ka­

u110HHbIe pac4eTbl no K0MIUleKey SUHAM-U-2D. 

4. I. Bbz6op 'IUCJ/a u 2paHUlf 3Hep2emu11ecKux 

2pynn. B paMKaX sepHq>HKal(HH KOMnneKca npo­

rpaMM SUHAM-U-2D npose.ueH Bb16op onrn­
MaJlbHOro 411cna 3HepreTJ1l.leeK11x rpynn D.JTSI pac-

4eTa aKTHBHOH 30Hbl BB3P-1000 c MOX 3arpy3-

KOH. 8b16op np0B0JJ.11ncsi Ha npHMepe pae4eTa 

TBC U42G6 11 P39G8 [11, 12] eooTBeTCTBeHHO co 

cse)ICHM ypaHosbIM 11 MOX Torur11soM. 

TiocKOJTbKY rpynnosb1e KOHCTaHTbI D.JT.R SU­
HAM-U-2D roTOB.S1Te11 Mo,nyn11M11 nporpaMMbI 

UNK, 3a 3TaJlOH B311T MHKporpynnosoi1 pac4eT no 

UNK. HcnoJTh30Banacb cne.uyiomasi npoue.uypa 

no.uroTOBKl1 rpynnOSblX ee4eHl1H MarepHanos. 

CHa4ana .un.11 K8)1CJJ.OH 114ei1KH pacC4HTbIBaeMOH 

KacceTbl npoBO.llHTCSI MHKporpynnoBOH ( ~ 7 000 

rpynn) pae4eT .R4eHKH Ha k_ HJTH pac4eT B 89-TH 

MaKporpynnax. 3aTeM see ce4eHH11 csepTbIBaJOTc11 

B MeHbWee 4HeJTO rpynn C BeCOM nony4eHHblX 

TIOTOKOS. 8 ,naHHOM 11ccne.uosaHHH .un11 ycKopeHH11 

pa60Tbl B Ka4eCTBe 3TaJ10Ha np11MeH11ne11 paC4eT 
no nporpaMMe UNK s 89-rn rpynnax. 

ITposepeHO OKOJTO COTHH sapHaHTOS rpynno­

BOfO pa36HeHHJI, npH 3TOM 4HCJTO rpynn BapbHpO­

BaJlOeb OT 3 .no 30. B pe3yJibTaTe Bb16paHo 12-

rpynnosoe pa36HeHHe c 5-io rpynnaMH B HHTep­

sane 2, 15 38 ... 10 M3B 11 7-io rpynnaMH B HHTep­
sane 0 ... 2,15 38 (Ta6n. 1). 

Ta6n "u a 1 11 fo1em1e Toroaoe rpynnoaoe Pa:3 
HoMep BepXHJU1 rpatt1-1ua 
rDVITilbl rpymTbl, 38 

I 10 000 000 
2 46 500 
3 46 50 
4 10,0 
5 4,65 
6 2, 15 
7 1,4839 
8 1, 124 1 
9 0,8142 
10 0,1837 
11 0,14707 
12 0,09974 

CpaBHeHHe nposOJJ.HJIOCb no cne.uy10m11M na­
paMeTpaM: 

• k.,,, .114eeK H TBC; 

• 

• 

MaKCHMaJlbHOe no M0JJ.YJTIO OTKn0HeHHe 110-

KaJlbHOro 3HeprosbI.ueneHH11 (peaKUHH .ne11e­
H1111) s TB3JTax, He co.nep)l(alllHX H30Tom,I Gd; 

MaKCHMaJlbHOe no MOJJ.YJTIO OTKn0HeHHe JTO­
KaJlbHOro 3HeprOSbI)].eneHHSI S TB3raX (TB3Jlax, 

co.uep)f(amHX 1130TOnbI Gd); 
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Ta 6 JI Hu a 2. CpaaHeHHe pac'-leTOB no UNK (89 rpynn) H SUHAM-U-2D (12 rovnn) 

TBC k_, UNK k.. , SUHAM ok.. ,% MaxloE,1 B TB3JJ3X MaxloE;I AVG, % RMS, % MAE, % 
(6eJ Gd), % B TB3rax, % 

U42G6 1,251597 1,250106 - 0,12 
P39G8 1,158832 I , 156944 - 0,16 

• A VG (average pin power percent error) -
cpe.o.Hee no MO.UYJIIO OTKJIOHem1e JlOKaJibHOro 
3HeproBbIJJ.eJieHHSI no BCeM TB3JlaM; 

• RMS (root mean square of the power percent 
error distribution) - cpe.o.HeKsa.o.parnl!ecKoe 
OTKJlOHeHHe JlOKaJibHOro 3HeprOBbIJJ.eJleHHSI no 
BCeM TB3JlaM; 

• MAE (mean absolute pin power percent error) 
- cpe.o.Hee no MO.UYJllO OTKJIOHem1e JlOKaJibHO­
ro 3Heprosb1.o.e11eH11J1 no eceM TB3JlaM c secoM 
JlOKaJibHOro 3HeproBhI.UeJleHHSI. 
<l>opMynhI .!I.JlSI A VG, RMS 11 MAE np11se,n:e­

HhI HIDKe [2}]: 
1 N 

AVG= - I,le.l, (20) 
N • • I 

I ' 
RMS= ,.; Ile:!, (21) 

vN .. , 

MAE = tle .. lP./(Np ... ,) · (22) 

3.o.ecb N - cyMMapHoe 4Hcno TB3JlOB H TB3ros; 
en - paCC4HTaHHoe npoueHTHOe OTJ<JlOHem1e .!I.JlSI 
n-ro CTep)KHSI OT 3Ha4eHHSI, npHHSITOro 3a 3TaJIOH­
Hoe; Pn - JlOKaJibHOe 3HeproBbIJJ.eJ1eH11e. Mepa 
T04HOCTH A VG .o.aeT npocryJO cpe.O.HIOIO no MO­
,n:y11t0 npoueHTHyJO norpeWHOCTb JlOKaJibHOro 
3Hepro0b1,n:e11eHHS1. Mepa T04HOCTH RMS np11-
csa110aeT 6011bw1111 sec 6011hwe11 nOKaJihHOH no­
rpewHoCTH H .o.aeT 11y4wy10 oueHKY pacnpe)lene­
HHJI norpeUIHOCTH. Mepa T04HOCTl1 MAE B3BeUIH­
saeT norpeUJHOCTh c secoM JIOKaJihHOro 3Hepro-

1,21 
1,59 

0,09 0,41 0,48 0,41 
1,14 0,44 0,58 0,42 

BbI)leJieHHSI, TeM caMbIM np11csa11BaS1 norpeUIHOCTH 
B MeCTaX C 66JiblllHM 3HeprOBbI)leJ1em1eM 60Jib­
Ull1H sec. 3T11 Tpl1 Mepbl T04HOCTH pacl!eTa O)lHO­
speMetrno 11cnOJ1b30BaJIHCb B pa6ore [21] KaK 
KOJIJleKTHBHble Mepbl npoueHTHOH OWH6KH (col­
lective percent error measures). Pe3yJihTaThI cpas­
HeH11l! npe)lCTaBJleHbl 8 Ta6Jl. 2. 

B Ta611. 3 npe,n:CTaBJleHbl cpaBHl1TeJibHbie pe-

3YJibTaTbl pacl!eTOB k_ UHJ111H.D:pH4eCKHX Sll!eeK, 113 
KOTOpbIX cocTOSIT paccl!HTaHHbie TBC (6yKsa G s 
o603Ha4eHJ-UIX Sll!eeK H3 [ 12] 03Ha4aeT, 4TO 8 TOn­
JlHBe npHCYTCTByeT Gd). 

4 .2. CpaeHeHue c pac'lema.Mu no Memooy 
MoHme-Kapllo. Bb16paHHoe rpynnosoe pa36HeHHe 
npoTeCT11posaHo Ha pacl!eTax Tex )Ke TBC H ll4eeK 
OYTeM cpasHeH11J1 c pacl!eTaMH MeTO.UOM Mom-e­
Kapno no nporpaMMaM RECOL [22] 11 MCNP 
[23], npe.o.CTaBJleHHbIMH s [24]. 

T 6 a JI HU a 3. k.. UHJJHHJJ.DHl.feCKHX l!'-leeK 
UNK, 89 PA~llil, 12 

R'-leHKa rpynn, IBO- rpynn, JOO-
ok..,% TJ)OITHOe o-rpa- TJ)OITHOe OT-

)l(eHHe oa)l(eHHe 
U-42 1,299202 1,300373 0,09 
U-37 1,271271 1,272407 0,09 

U-33G 0,301562 0,302162 0,20 
Pu-39 1,217956 1,220218 0,19 
Pu-29 1,192813 1,195079 0,19 
Pu-26 1, 183214 1, 185456 0, 19 
U-36G 0,336951 0,337511 0,17 

Ta 6 JI H u a 4. CpaaHeHHe pac1.JeToe no SUHAM-U-2D 
H nooroaMMaM, HCITOJJbJYJOJUHM MeTOJJ. MOHTe-KapJJo 

TBC U42G6 P39G8 
k.., SU HAM, 12 1,254797 1,159544 

rovnn 
ok_, % OT RECOL 0, 10 - 0,16 
ok.., % OT MCNP 0,30 - 0,29 

MaxloE,1 e l!'-leHKax 0,89 0,91 
6e3 Gd, % OT MCNP 
MaxloE,I B l!'-leHKax 0,87 0,62 
c Gd, % OT MCNP 
A VG, % OT MCNP 0,21 0,34 
RMS, % OT MCNP 0,28 0,40 
MAE, % OT MCNP 0,20 0,33 

RECOL 1,2536 + 0,0012. 1,1614 + 0,0012' 
MCNP 1,2511 + 0,0006' 1,1629 ± 0,0006' 

') flpHBeJ].eHbl 3 JJ.OBepHTeJJbHblX HHTepeana. 
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--
,Lvu1 KoppeKTHoro cpasHeHHll 12-rpynnosbre 

cetJeH1-u1 r0Tos111111cb 113 paclJeTOB lllJeeK no UNK s 
MHKporpynnax (~7 000 MHKporpynn). IlpH 3TOM 

MHKporpynnosoe npe,ncTasJ1eH11e cetJeHHH np11-
Mem111ocb Aflll scex H30Tonos U H Pu, a TalOKe Aflll 
H30Tonos 155Gd H 157Gd. Pe3yJ1bTaTb1 cpasHeHHH 
paclJeTOB T8C npe,ncTas11ettb1 s Ta611. 4. CpasHe­
HHe c RECOL no JlOKaJlbHOMY :meprosb1,ne11eHHIO 
He nposo,nHJ10Cb, nocKOJlbKY s RECOL 11cno11bJO­

sanacb ,upynur HOpMHpOBKa. fu Ta6Jl. 4 BH,UHO, 
lJTO ornHlJHll s pe3y11bTaTax pactJe-ra no SUHAM-
2D OT pe3yJlbTaTOB, pacclJHTaHHblX no nporpaM­
MaM RECOL H MCNP-4C, npHMepHo TaKHe )l(e, 

lJTO H aHanOrHlJHble OTJlHlJHll B Ta611. 2. 
B Ta611. 5 npe,ucTaBJleHbl pe3yJlbTaTbl cpasHe­

HHll paclJeTOB k_ lllJeeK no paclJeTHOMY Mo.ny11t0 
SUHAM-CELL (no,uMo,uynh PAJ..0-UI) KOMnneKca 
SUHAM-2D H nporpaMMe RECOL. Pe3y11bTaTbl 

cpasHeHHH, npe,ucTas11eHHb1e s Ta611. 4 H 5, no.n­
rnep)l(,lla!OT npaBHJlbHOCTb Bbl6opa lJHCJla 11 rpa­
HHU 3HepreTHlJeCKHX rpynn. 

T a 6 J1 11 u a 5. k.. ll'leeK 
PAL(IDI, 12 

RECOL, 
.sJ4ei1KH 

rpynn, o-rpa-
3epKaJJbH0e &k.. ,% )Kett He, 611 H3-

Koe K 3epK. 
0TJ)3)KeHHe 

U-42 1,306135 1,3068 - 0,05 
U-37 1,278655 1,2780 0,05 

U-33G 0,303142 0,3028 0,11 

Pu-39 1,224417 1,2242 0,02 
Pu-29 1,200702 1,2001 0,05 
Pu-26 1,191472 1,1914 0,01 
U-36G 0,338602 0,3385 0,03 

3aKmoqenne 

ITp11se,ueHo on11caH11e nporpaMMHOro K0M­
nneKca SUHAM-2D, npe,nHaJHalJeHHoro Aflll pac­

lJeTa HeHTpOHHO-cpH3HlJeCKHX xapaKTepHCTHK B 
aKTHBHOH 30He ll,UepHblX peaKTopos C TpeyroJlb­
HOH H KBa.npaTHOH peweTKaMH 6110KOB. 

OcHOBHble B03M0)1(H0CTH (nyTH paClJeTa) 
KOMnneKca SUHAM-U-2D s CBll3Ke c Mo,nynllMH 

nporpaMMbl UNK c11e,!),yt0w11e. 

• ,nsyx3TanHbl H pactJeT TBC, c6opoK c Ksa.n­
paTHOH peweTKOH. PeweHHe rpynnosoro 

ypasHeHHJI nepeHOCa npOBO,UHTCll llpH nOMO­
LUH MTTf' C pa3Hb1M lJHCJlOM npo6HblX MaTpHU 
OT 3-x ,UO 8-H C rpaHHlJHblMH yc110BHllMH ey­
JleBblX TOKOB (paclJeT Ha onpe,ueneHHe k_) HJlH 
noTOKOB (paclJeT Ha onpe,ueneHHe ~) Ha Ka­
)l(,ll.OH BHeWHeH rpaHH paCC4HTblBaeMOro o6b­
eKTa s Ka)l(,ll.OH 3ttepreTHlJCCKOH rpynne. 

• ,nsyx3TanHblH paclJeT TBC, c6opoK c Tpe­
yro11bHOH peweTKOH. To )l(e, c pa3Hb1M lJHC­

JlOM npo6HblX MaTpHU OT 3-x ,UO 6-H. 

• TTo,uroTOBKa Tpa.UHUHOHHblX rpynnOBblX xa­

paKTepHCTHK T8C (noJ1HJ1lJeeK) Ha ocHose 

3cpcpeKTHBHblX MTir-xapaKTepHCTHK lllJCCK 

npH HCnOJlb30BaHHH peweHHll ypasHeHHH 

Mnr c TpeMll npo6HblMH MaTpHUaMH c eyne­

BblMH TOKaMH Ha sttewHeH rpaHHUe T8C. 

• ITo,nroTOBKa 3cpcpeKTHBHblX rpynnoshrx MTTf'­

xapaKTepHCTHK T8C (noJIHlllJeeK) Ha ocHose 

Tpa,UHUHOHHblX xapaKTepHCTHK lllJeeK Aflll 

KpynHoceTOlJHblX ypasHeHHH MJir C pa3HblM 

lJHCJlOM npo6HblX MaTpHU. 

• To )l(e, Ha OCHOBe 3cpcj>eKTHBHblX MTTr­

xapaKTepHCTHK lllJeeK. 

TTpose,ueH Bb16op rpynnosoro pa3611em1J1 Aflll 

peweHHll ypaBHeHHll nepettoca B aKTHBHOH 30He 

883P- I 000 c MOX 3arpy3KOH. 8b16paHo 12-

rpynnosoe pa36HeHHe c 5-IO rpynnaMH s HHTep­

sane 2, 15 38 ... IO M38 11 7-IO rpynnaMH B HHTep­

sane 0 ... 2,15 38. 
TTpose,ueHa HalJaJlbHall sepHcj>HKau,rn KOM­

nneKca SUHAM-U-2D Ha pactJeTax TBC 11 lllJeeK 

883P- I 000 nYTeM cpasHeHHJI c paclJeTaMH MeTO­

,uoM MoHTe-Kap110 no nporpaMMaM RECOL 11 

MCNP. I1011ytJeHHble pe3y11bTaTbl cpasttettHJ1: 

- MaKCHMaJlbHOe orn11411e s k_ lllJeeK pastto 0, I %; 
- MaKCHMaJlbHhre ornHlJHll s le_ T8C paBHbl: OT 

nporpaMMbr RECOL - 0,2 %, OT nporpaMMbI 

MCNP - 0,3 %; 
- MaKCHMaJlbHOe OTJlHlJHe B CKOpOCTH .neneHHll 

Af!Jl o6eHX nporpaMM pasHo 0,9 %; 
- cpe,uHeKsa.upaTHlJeCKOe OTJlHlJHe B CKOpOCTH 

.neneHHll pasHo: OT nporpaMMbl RECOL - 0,3 % 11 

OT nporpaMMbl MCNP - 0,4 %. 
8epH<pHKaUHll noKaJana cnoco6HOCTb KOM­

nneKca SUHAM-U-2D pacclJHTbIBaTb T8C 11 

ll'-leHKH 8B3P- l 000 c .n.ocTaTOtfH0H Aflll npaKTHKH 

TOlJHOCTblO. TeM He MeHee Tpe6yeTCll ,uonOJIHH­

TCJlbHall sepHcjlHKaUHll. 
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Y.L(K 621.039.546 
BepmJ>HK3U:HH K0MnJieKca nporpaMM SUHAM-2D Ha 6eH'IM3pK-pacqeTax 

TBC BB3P-1000 c ypaH0BhIM H MOX T0nJIHBOM 

B. <I>. EoRpUH06, 

PHU "KypYaTOBCKHH I1HCTHTYT", 123182, MocKsa, nn. Kyp4aTOsa, I 
flocrynHJia s pe,!laKUHJO 16.12.2008 r. 

flpose,lleHa eepmpHKatu,UI KOMnneKca SUHAM-2O Ha 6eH'IMapK-pacYeTax 16-rn cocTORHHH YeTbipex TBC BB3P­
l 000 c ypaHOBbIM H MOX TOnnHBOM. 

K111o'leBble CJ/OBa: KOMnneKc nporpaMM SUHAM-2O, sepHcpHKaUHR, 6eHtJMapK-pactJeTbI, TBC BB3P-I 000. 

Verification of Code System SUHAM-2D by the Benchmark Calculations of the VVER-1000 Fuel Assemblies 
with Uranium and MOX Fuel. V.F. Boyarinov. RRC KI. Kurchatov Sq., / , Moscow, I 23 /82. Verification of code sys­
tem SUHAM-2O by the benchmark calculations of the 16 states of 4 VVER-1000 fuel assemblies with uranium and 
MOX fuel was carried out. 

Key words: Code System SUHAM-2O, Verification, Benchmark Calculations, VVER-l000 Fuel Assemblies. 

Bse.neuue 

BapmlHT KOMnneKca nporpaMM SUHAM-2D 

[I, 2) B CBSl3Ke c MO.!lYJISIMH KOMnneKca UNK [3] 
(SUHAM-U-2D [2, 4)) pa3pa6aTbrnaeTcsi )])ISi pe­

weHH.ll .!lByMepHblX HeHTpOHHO-qJH3H'-leCKHX 3a,!la4 

B .!lByMepHOH aKTHBHOH 30He .ll,!lepHbIX peaKTopos 

C TpeyrOJibHOH 11 KBa,!lpaTHOH peWeTKaMH. flp11 

3TOM MO,!lyJIH' nporpaMMbl lJNK H'CITOJlb3YlOTCSI 
)])ISi ITO,!lfOTOBKH' rpynnOBblX CelfeHH'H H30TOITOB H 

MaTepm1JJos. Mo,!lynu nporpaMMbI SUHAM npu­

MeH.l!JOTCSI )])ISi peweH11J1 MHororpynnosoro ypas­

HeHH.ll nepettoca HeHTpOHOB B aKTHBHOH 30He pe­

aKTopa MeTO,!lOM nosepXHOCTHbIX rapMOHHK 
(Mllr) [5 ... 9]. 

Milf - 3TO MeTO,!l peweHl1JI ypaBHeHHR nepe­

HOCa HeHTpOHOB BO BCeM o6beMe aKTHBHOH 30Hbl 

si.nepttoro peaKTopa, 06na.nat0mH11 npe11MYmecT­

saM11 ,neTepMHHHCTH4eCKHX (TO'-IHOCTb paCYeTa) H 

HIDKettepHbIX (Bbl'lHCJIHTeJibHble 3aTpaTb1) MeTO­

,!lOB. B pa60Tax [2, 4] npHBe,!leHo on11cam1e nep­

soro sap11attrn KOMnneKca SUHAM-U-2D, npose­

.D.eHbI BbI6op 411CJia H' rpaHHU 3HepreTH4eCKHX 

rpynn, a Ta10Ke Ha'-laJibHa.ll sepHqJHKaUH.ll . ,UaHHaSI 

pa6oTa nocsS1metta .!laJlbHe11we11 sepmjmKau1111 

KOMnneKca SUHAM-U-2D Ha 6eH4MapK-pac4eTax 

TBC BB3P- l 000 c ypaHOBblM 11 MOX TonnHBOM. 

1. Onncauue pac11eTHblX 6eH'IMapKOB .!lJIH TBC 
BB3P-1000 c ypauoBblM HJIH MOX TonJIHB0M 

B pa6oTe [IO] ,!laHo no,!lpo6ttoe on11catt11e 

6ett4MapKOB )])ISi TBC BB3P- l 000 c ypaHOBbIM 

HJIH MOX Tonn11soM. flp11se.D.eM 3,!lecb KpaTKoe 

OnHcaHHe 3THX 6eH4MapKOB. PaccMaTpHBalOTCSI 4 

sapwaHTa TBC c: UO2 TOITJlHBOM, MOX Tonn11-

BOM, UO2 TonnHBOM H 12-IO Gd TB3raMH, MOX 

TonnwsoM H 12-IO Gd TB3raMH. 

feKcaroHaJ1bHaS1 B nnatte TBC cocTOlifT H3 

ueHTpaJlbHOH Tpy6bl, 312-TH TOITJlHBHhlX CTep)l(­

HeH 11 18-TH HanpaBJISIIOmHx Tpy6oK, CO.D.ep)l(aW.HX 

3aMe)])IHTenb HJlH nornoma10w.11e cTep)l(HH. TBC 

N!! I CO.D.ep)l(HT CTep)l(HH C ypaHOBblM TOnJIHBOM 

o6oraw.eHHeM no 
235

U, paBHhIM 3,7 %, a TBC N2 2 

- MOX Tonn11so c o6oraw.eHHeM no .nem1W.HMCS1 

H30TOITaM Pu, paBHblM 4,2, 3,0 H 2,0 %. B sapHaH­

TaX TBC N2N2 3 H 4 .D.OnonHHTenhHo onpe.nenettbl 

12 CTep)!CHeH c ypaH-fa,!lOJIHHHeBbIM TOITJIHBOM. 

TiapaMeTpbl pacc'-IHTaHHblX cocTO.l!HHH TBC 

npe,!lcTasneHbl B Ta6n. 1. War TpeyroJibHOH pe­

weTKH s TBC - 1,275 CM, pa3Mep TBC no.n KJIJ0'-1 

- 23,6 CM. Eonee ,!leTaJlhttylO HHqJOpMaUHJO O 6eH-

4MapKax, BKJIIO'-la.ll KapTorpaMMbI TBC, HaHMeHo­

saHHSI MaTepHaJIOB H KOHUeHTpau1m H'30TOITOB ,!lJISI 

Ka)l(.!loro MaTepwaJia, a TalOKe reoMeTpH4eCKHe 

napaMeTpbl llYeeK, MO)l(HO nocMOTpeTb s (IO]. 

2. Onncanne pac'leToB no K0MnJieKcy 
SUHAM-2D 

B pac'-lernx no KOMnneKcy SUHAM-2D MHK­

porpynnosaSI CTpyKrypa celfeHHH ( ~ 7 000 MHKpo­

rpynn) HCnOJib30BaJiaCb )])Ill CJie.IJ.YIOW.HX H30TO­
nos: 23sU, 23sU, 239Pu, 240Pu, 24 1Pu, 1ssGd, 1s1Gd 11 

Zr(ecT.). MHKporpynnosal! 6116n110TeKa cel.feHHH 

)])ISi OCHOBHbIX H30TOITOB npHroTOBJieHa Ha OCHOBe 

qlaHJIOB ll.D.epHblX .11.aHHblX B-645 [ 11]. ,Um1 Tex 

H30Tonos, KOTOpblX HeT B qiai1nax ,!laHHblX B-645, 

np11MeHeHbl ,!laHHbie H3 MHKporpynnosau 6116Jrno­

TeK11 celfeHHH KOMnneKca UNK [3]. 

,UononH11TeJibHbIH cnoi1 3aMeJ].JIHTeJill s TBC 

YYHTblBaJICSI ,!l06asJieHJ.ieM BHewttero CJIOll BO,!lll­

HblX l!lfeeK C yMeHbWeHHOH nnOTHOCTblO 80.!lbl (c 

coxpaHeHHeM o6beMa BO,!lb1). 
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T 6 a I TT JJHU3. apaMeTpbl C0CT0llHIHI 

C0CT0llHHe 
TeMneparypa TeMnepa-rypa He-
Torurnea, K T00JlHBHblX 30H, K 

S1 I 027 575 
S3 800 575 
S4 575 575 
S5 473 473 
S6 300 300 
S7 I 500 575 
S8 2 000 575 
SI0 l 027 575 
Sil 800 575 
SI2 575 575 
SI3 473 473 
SI4 300 300 
SIS I 500 575 
SI6 2 000 575 

SAi I 027 575 
SA2 I 027 575 

12-rpynnOBbie Ce4eHHSI roTOBHJlHCb )],JlSI scex 
yYaCTBYIOlllHX B paC4eTaX MaTepHaJIOB, npH 3TOM 
Ce4eHHSI )],JlSI 30Hbl BHewHero 3aMe)],JlHTeJ1ll .ll,Jlll 
scex l1'1eeK 6blJ1H pa3Hble. ITpH nOMOLI.lH Mnr pe­
WaJlOCb I2-rpynnosoe ypasHeHHe nepeHoca HeH­
TpOHOB s TBC c rpaHH4HbIM ycnosHeM Hynes1,Ix 
TOKOB B Ka.>K.D,OH rpynne Ha Ka.>K.D,OH BHeurneH rpa­
HH TBC. O6masi cxeMa pac4eTa no KOMnneKcy 
SUHAM-2D npe.ncrnsneHa Ha pHcyHKe. 

8 Ka4eCTBe pe3yJ1bTaTOB paC4eTa HCnOJ1b30-

BaJ1HCb 3Ha4eHHe k_ TBC H pacnpe.neneHHe no 
TBC 3Hepros1,I.neneHHSI (peaKUHH .neneH»si) s TB3-
nax, HOpMHposattttoe Ha cpe.nttee 3Hepros1,I.nene­
HHe B TB3Jle, paBHOe e.D,HHHUe. CpaBHeHHe C pac-
4eTaMH no .npyrnM nporpaMMaM npOBO.ll,HJlOCb no 
cne.ny10mHM cj>yHKU110HaJlaM: 

• k_ TBC; 
• MaKCl1MaJlbHOe no MO.D,YJllO OTKJ10HeH11e JlO­

KaJlbH0ro 3Hepros1,I,nenemuI (peaKUl11'1 .nene­
H11si) B TB3nax, He co.nep)l(am11x 1130Ton1,I Gd; 

• MaKCl1MaJlbHOe no MO.UYJIIO OTKJ10HeH11e JlO­
KaJlbHOfO 3HeproBbI.D.eneHl1ll B TB3rax (s 
TB3nax, co.nep)l(amHX 1130Ton1,I Gd); 

• A VG (average pin power percent error) -
cpe.n.Hee no 1\10)],YJllO OTKJ10HeH11e JlOKaJlbHOfO 
3HeprOBbIJ],eJ1eHl1ll no BCeM TB3JlaM; 

f1.nOTHOCTb KoHUCHTp3UHll 6opa Han11'11-1e 
33MCJJ,JlHTeJ1ll, r/cM3 e eo.ne, ppm norn0THTCJlll 

0,7235 600 HeT 
0,7235 600 HeT 
0,7235 600 HCT 
0,875 600 HeT 
1,0033 600 HeT 
0,7235 600 HeT 
0,200 600 HeT 

0,7235 0 HeT 
0,7235 0 HeT 
0,7235 0 HeT 
0,875 0 HeT 
1,0033 0 HeT 
0,7235 0 HeT 
0,200 0 HeT 
0,7235 600 84C (ecT.) 
0,7235 600 B4C (o6or.) 

• RMS (root mean square of the power percent 
error distribution) - cpe,nHeKsa.n.parn4ecKoe 
OTKJIOHeH11e JlOKaJlbHOro 3HeprOBbI.D.eJ1eHHll no 
BCeM TB3JlaM; 

• MAE (mean absolute power percent error) -
cpe.n.Hee no MOJJ.YJllO OTKJ10HeH11e JlOKaJlbHOro 
3HeprOBbI.D.eneHl1SI no BCeM TB3JlaM C BeCOM 
JlOKaJlbHOro 3HeprOBbI,LleneHHSI. 

<l>opMyJibI )])lll AVG, RMS H MAE HMelOT BHJJ. 
I N 

AVG =-rle.l, (I) 
N n• I 

RMS= ;.;.; f,le:I, (2) 
vN n• I 

MAE= tie.IP. /<Np,_8 ). (3) 

3.necb N - cyMMapHoe 4HCJ10 TB3J10B 11 TB3ros; e,, -
paCC411TaHHOe npoueHTHOe OTKJ10HeH11e )],Jlll n-ro 
CTep)l(Hll OT 3Hal.feHH.ll, npHHllT0ro 3a 3TaJ10HHoe; 
p,, - JlOKaJlbHOe 3HeproBbI.D.eJ1eH11e. Mepa TO'IHO­
CTH A VG .n.aeT cpe,ntt1010 no Mo,nyn10 npoueHTHYIO 
norpewHOCTb JlOKaJlbHOro 3HeprOBbIJ],eneHl1ll. Me­
pa T04HOCTl1 RMS np11csa11saeT 6on1,w11i1 sec 
60J1bWeH JlOKaJlbHOH norpeWHOCTl1 11 .naeT nytJ­
wy10 oueHKY pacnpe.neneHHll norpewttocTH. Mepa 
T04H0CTl1 MAE B3Bew11saeT norpewHOCTb C Be­

MuKporpynnOBall 61-16nHOTeKa PaClfeTbl lllfeeK B MHKporpynnax; 

COM JlOKaJlbHOro 3HeproBbI)],e­
JleHHll, TeM CaMblM np11csaH­
BaSI norpewHOCTH 60J1bWHH 
sec s MecTax c 66n1,w11M 
3HeproBbJ.neneHHeM. 3T11 TPl1 
Mepbl T04HOCTl1 pac4eTa o.n­
HOBpeMeHHO npHMeHl!JlHCb B 
pa6ore [ 12] KaK KOJlJleKTHB­
Hbie Mepbl npoueHTHOH ow116-
Kl1 (collective percent error 
measures). 

(- 7 000 rpynn) - no.nroT0BKa 12-rpynnOBblX 
MaxpocelfeH11-ii ecex MaTep1-1anoe 

i 
PeweHHe rpynnoeoro ypasHeHHll 

nepeH0Ca HeHTp0H0B 
B paCClfHTbIBaeM0M 06beKTe C n0M0IUblO Mnr 

O61Uall cxeMa pacqera no xoMnneKcy SUHAM-2D 
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P11cyHKl1 K CTaTbe B.TI. rap1rna H )lp. 
"Oue11eHHble 6eITTMapK 3KcnepHMeHTbl Ha KpHTH'-IeCKHX c6opr<ax, 

M0)lemrpy!Oll.ll1X oco6eHHOCT11 BTfP Ha cTeH)le ACTPA" 

P11c. 1. O6urnH BH)l Kp1IT11'iecKoro cTe11)la ACTPA 

P11c. 2. <DoTOrpacpm1 KpHrn'ieCKOH c6opK11 c KOJJbJ.1eso11 aK­
Tl1BHOH 30ttoi1: 1 - rpacjmTOBbIH EO c sepxHHMJ,f KpbUJJ­
KaM11; 2 - KOJlbl.leBall aKTHBHa» Jotta; 3 - BO H3 

rpacjmTOBbtX 6noKos; 4 - Kattan )lJJll perym1py1-0mero 
cTep)l{ttJI KO7; 5 - cTep)l(eHb A34 

P11cyHKH K CTaThe B.<D. Em1pHHOBa 11 )lp. 
"PacYeTHO-JKcnep11MeHTaJ1bHbie 11ccne)loaamU1 Ha Kp11T11YeCK0M cTeH)le ACTPA 

no npocjm1rnpoaa111110 nondi JtteproBbI)lenemrn a M0)lYJTbH0M BTrP 
c KOnbuesoi1 aKT11s11oii 30Hoii" 
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<l>orn1 pacp1111 K MaTepuany 

"XV illKoJrn-ceMHHap no npo6neMa!\I cp11·mK11 peaKTopos " B onra-2008" 



3. C p aBHeHJ1e co CCblJIO'IHblMU peJyJibTaTaMU 

B pa6oTe [ 1 O] np11se.u.eHbr pe3ynbT8TbI paclfe­
TOB on11caHHbIX BbtWe 6eHl!MapKOB no nporpaM­

MaM APOLLO-2 [13], TVS-M [14], MCU-REA 
[15], CONKEMO [16], CASMO-4 [17], KENO 

[18] 11 MCNP [19] (ccbrnOl!Hbre nporpaMMbt), np11 
3TOM 4 113 3Tl1X nporpaMM JJ.nll peweHl1ll ypasHe­

Hl1ll nepeHoca 11cnoJ1b3YJOT MeTOJJ. MoHTe-Kapno. 
TaM )Ke np11se.u.eHb1 KpaTKoe on11cam1e 3THX npo­

r paMM, np11MeHJ1eMbIX <paHJJOB JJ.8HHbIX 11 6116n110-
TeK, a TaJOKe CT8THCTl1l!eCKl1e norpewHOCTH J].nll 

pacl!eTOB no MeTo.u.y MoHTe-Kapno. 
CpasHeHHe co CCblnOl!HblMl1 nporpaMM8Ml1 

nposo.u.11nocb no cne.u.yJOillHM <l>YHKUHOHanaM: k_ 
TBC, noKanbHOe 3HeprosbtJJ.eneHHe s TBC, 3cp­
cpeKTbt peaKTl1BHOCTl1, seca nornoTHTenei1 113 84C 

c ecTeCTBeHHbtM 11 o6orawettHbIM 6opoM, seca U­
Gd cTep)l(HeH. CpasHeH11e nposo.u.11nocb co Jttal!e­

HHllMl1 K8K no K8)1(Jl.OH CCblJlO'IHOH nporpaMMe, 
T8K H co cpeJJ.Hl1M11 no CCblnOl!HblM nporpaMM8M. 

B Ta6n. 2 npe.u.cTasnettht: 

• 3Hal!eH11J1 k_ TBC, pacclf11TaHHbre no npo­
rpaMMe SUHAM-2D; 

• cpe.u.tt11e JHal!eHHll k_ TBC no sceM cchrnOlf­

HblM nporpaMM8M (JJ.Jlll KOTOpblX ecTb u11cp­
pb1 ) ; 

• JJ.nll K8)1(Jl.oro sap11attTa TBC 11 scex coCTOll­

Hl1H np11se.nettb1 orn11•nu1 s % k.. TBC, pac­

Clfl1TaHHoro no SUHAM-2D, OT pacl!eTa no 
K8)1(Jl.OH 113 CCblJlOl!HbIX nporpaMM, a TaJOKe 

OTJ111l!l1e B % OT cpe,nHero 3H8lfeHl1ll no 3Tl1M 
nporpaMMaM; 

• .u.onOJJHHTeJlbHO B 3TOH Ta6nm.1,e np11se.u.eHbl 

BeJJl1lfl1Hbl s H D, cpopMyJJbl JJ.nll KOTOpbIX .u.a­
Hbl HH)l(e: 

S = _!_ f ok<n> 
N n= I oo , 

(4) 

D = _l_ I(ok:n>)2 ' 
✓N n= I 

(5) 

r.u.e ok:n) - OTJlHl!He B % k_ TBC, paCClfl1T8HHOro 

no SUHAM-2D, OT 3Hal!ett11ll, paccl!HTaHttoro no 

paCCM8Tp11saeMOH nporpaMMe; N - l!HCJJO COCTOll­
HHH, no KOTOpblM eCTb UH<PPbl JJ.nll .U.8HHOH npo­
rpaMMbl. 

,[Lnll Tex cocTOllHl1H TBC, JJ.nll KOTOpbrX B [IO] 
np11se.neHo pacnpe.u.ene1111e 3Heprosbr,nenettHll, s 
Ta6n. 3, 4 JJ.8Hbl 3H8l!eHHll KOJJJJeKTl18HblX Mep 
T0lj}f0CTl1 (OTJ111l!Hll 3HalfeHl1H JlOKMbHOfO 3Hep­
f0Bbl,neneHl1ll, pacclfHTaHHbJX no SUHAM-2D, OT 

3Hal!eH11H, paCCl!HT8HHbJX no K8)1(Jl.OH CCblJlO'IHOH 
nporpaMMe, JJ.JJll KOTopoi1 np11se.u.etto pacnpe.u.ene­
HHe 3HeproBbt.U.eJJeHl1ll, a TaK)l(e OT cpe,nHHX 3Ha­
lfeH11H JlOKMbHOfO 3HeproBbJJJ.eJJeHl1ll no 3Tl1M 
nporpaMMaM). 

B Ta6n. 5 JJ.nll scex TBC H Tex cocTOllHHH 

TBC, JJ.Jlll KOTOpbtX s [ 1 O] .u.atto pacnpe.u.enettHe 

3HeprOBbJJJ.eJJeHHll, npr-me.u.ellbl 3HalfeHHll M8KCl1-

MMbHblX no BCeM TB3Jl8M OTJlJ,flfHH 3HeprOBblJ].e­

JJeHl1H, paCClfl1T8HHblX no CCblJlO'IHblM nporpaM­

MaM (!!,., B %). 3ttal!em,e !!,. .u.aeT oueHKY pa36poca 

pacl!eTa 3HeproBbl.U.eJJeHHll no CCblJlOl!HblM npo­

rpaMMaM. 

3<!>cpeKTbl peaKTl1BHOCTH paCCl!HTblBMHCb no 

cpopMyne 

R = lOOk_(S,)-k_(S,). 
k_ (S, )k_ (S

1
) 

(6) 

B Ta6n. 6 npHse.u.ettbl 3<l><l>eKTbl peaKTHBHOCTH, 

pacc'IHTaHHbte no SUHAM-2D, a TaK)l(e OTJJHl!Hll 

B % 3Tl1X 3cpcpeKTOB peaKTHBHOCTH OT 3Ha'-leHHH, 

paCC'IHTaHHblX no CCblJlOl!HblM nporpaMMaM, H OT 

cpe.U.HHX 3Hal!eHHH no CCblnOl!HblM nporpaMMaM. 

B rn6n. 7 .nattbr seca U-Gd cTep:arnei1 (Af/k, 
%), paccl!HTaHHbJe no SUHAM-2D, JJ.nll TBC c 

ypattOBbIM 11 MOX TOnJJHBOM, a TaK)l(e oTJJHl!Hll 

3THX secos CTep)l(HeH B % OT 3Ha'leHHH, paCCl!H­

T8HHblX no CCblJlO'IHbJM nporpaMMaM, H OT cpe.u.­

HHX 3HalfeHl1H no CCb!JlOl!HblM nporpaMMaM. 

O6o6weHHble pe3yJJbT8Tbl cpastteHHH npe.U.CTaB­

JJeHbl B Ta6JJ. 8. 

4. CpaBneuue C pe3yJibT3T3MU paC'ICTOB 

no KOMaJieKcy SUHAM-W-2D 

B pa6oTe [20] .U.8Hbl pe3yJJbTaTbl pacl!eTOB OT­

.u.enhHblX cocTOl!HHH pacclf11TaHHbIX TBC no KOM­

nneKcy nporpaMM SUHAM-W-2D (KoMnneKc 

SUHAM - WIMS-SH) [21, 1, 2]. TTp11 3TOM pac­

l!eTur ll'leeK npOBOJJ.HJlHCb B 27-MH 3HepreTHl!e­

CKHX rpynnax, a pewemte K0He4H0-pa3H0CTHblX 

ypaBHeHHH Mnr - B .u.syx H lfeTbrpex rpynnax. 

TTocKOJJbKY SUHAM-U-2D ornw-1aeTCJ1 OT SU­

HAM-W-2D rnaBHbIM o6pa30M npHBll3KOH K .u.py­

roi1 6H6JJHOTeKe KOHCTaHT, HHTepecHO cpaBHHTb 

pe3yJJbTaTbl paCl.feTOB no 3THM .U.BYM K0MnJJeKCaM. 

B ra6n. 9 JJ.nll Ka)l(,noro sap11attra TBC 11 Tex 

COCTOllHl1H, JJ.nll KOTOpblX HMelOTCll pe3yJJbT8Tbl 

pac4era no SUHAM-W-2D, np11se.u.ettb1 3tta1-1ett11ll 

k_ TBC, pacc1-111TaHHb1e no 3THM .u.syM nporpaM­

MaM, a TaK)l(e OTJJHl!Hll s % k_ TBC, paccLJHTaH­

HblX no SUHAM-W-2D, OT 3Ha'le1111i1 no SU­

HAM-U-2D. vh Ta6JJ. 9 BHJJ.HO, '-!TO npaKTH'-leCKH 

see 3Hal.feHHll k.. TBC, pacc1-111TaHHb1e no SU­

HAM-W-2D, MeHbwe Tex )Ke 3Ha'leH11H, pacc1-111-

TaHHbtX no SUHAM-U-2D, - OT O .u.o 0,6 %, '-!TO 

BnOJJHe 06bllCl-!lleTCll pa311b1MH 6116JJHOTeKaM11 

KOHCT8HT. 
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Ta 6 J1 Hu a 2. CpaeHeHHe JHalfeHHH k_, D3CC4HT3HHblX no nporpaMMe SUHAM-2D H CCblJIOlfHblM rrporpaMMaM 

TBC COCTOIIHHe S2 S3 S4 S5 S6 S7 S8 SI0 SI I Sl2 Sl3 

k.., SUHAM 1,2894 1,2964 1,3044 1,3203 1,3288 1,2768 1,0039 1,3611 1,3686 1,3771 1,4109 

k.., cpe.nHee no 
1,2897 1,2986 1,3057 1,3226 1,3291 1,2785 1,0026 1,3613 1,3706 1,3779 1,4137 

CCblJI. JH3lf. 
1 

Ok.. OT nporp. % 

APOLLO-2 -0,35 -0,38 -0,42 -0,46 - 0,49 -0,30 0,53 -0,26 -0,30 -0,33 -0,35 

TYS-M 0,28 0,29 0,31 0,30 0,35 0,25 0,20 0,24 0,24 0,26 0,24 

MCU-REA 0,23 - 0,17 - 0,21 - 0,31 - - 0,26 -
CONKEMO -0,39 -0,41 -0,44 -0,35 -0,21 -0,36 0,52 -0,37 -0,39 -0,41 -0,47 

CASMO-4 0,40 - 0, 12 - 0,34 - -0,55 0,48 - - -
KENO -0, 13 - -0,21 - -0, 17 - -0,05 0,01 - - -

MCNP -0,19 - -0,22 - - 0,20 - -0,02 -0,16 - - -

OT cpe.nHero -0,02 -0,17 - 0,10 -0, 17 - 0,02 -0, 14 0, 13 -0,01 - 0,15 -0,05 -0,20 

k.., SUHAM 1,247 1,2553 1,2648 1,2988 1,3236 1,2319 0,9419 1,2842 1,293 1,3029 1,3503 

k.., cpe.nHee no 1,2470 1,2557 1,2648 1,2990 1,3233 1,2319 0,9391 1,2845 l,2933 1,3019 1,3509 
CCblJI. 3H3lf . 

2 
Ok.. OT nporp. % 

APOLLO-2 -0,09 -0,15 -0,20 - 0,31 -0,44 -0,02 1,28 -0,02 -0,07 -0,13 -0,20 

TVS-M -0,25 -0,24 -0,21 0,02 0,28 -0,32 -0,76 -0,38 -0,35 -0,31 -0,13 

MCU-REA 0,35 - 0,50 - 0,46 - 0,04 - - 0,44 -
CONKEMO 0,33 0,30 0,29 0,25 0,30 0,35 0,38 0,35 0,34 0,32 0,19 

CASMO-4 -0,42 - -0,45 - -0,37 - 0,32 -0,37 - - -
KENO 0,14 - 0,09 - 0 ,09 - 0,41 0,23 - - -

MCNP -0,06 - -0,01 - -0,14 - 0,41 0,05 - - -
OT cpe.nHero 0,00 -0,03 0,00 -0,01 0,02 0,00 0,29 - 0,02 -0,03 0,08 -0,04 

Sl4 S l5 Sl6 SAi SA2 s D 

1,4359 1,3477 1,0156 1,0037 0,9324 - -

1,4372 1,3494 1,0115 1,0053 0,9364 - -

- 0,34 - 0,22 0,57 - - -0,22 0,39 

0,29 0,20 0,20 -0,19 -0,38 0, 19 0.27 

0,00 - - -0,16 -0,33 0, 10 0,25 

-0,21 -0,36 0,45 -0,08 -0, 13 -0,22 0,37 

- - - - 0,27 -0,84 -0,05 0,48 

- - - -0,08 0,00 -0, 11 0, 13 

- - - -0, 18 0,00 -0, 16 0,17 

-0,09 - 0, 13 0,41 -0,16 -0,42 -0,08 0, 19 

1,3919 1,2684 0,9478 1,247 1,2553 - -

1,3956 1,2684 0,9447 1,2470 1,2557 - -

-0,27 0,06 1,33 - - 0,05 0,53 

0, 14 -0,45 -0,75 0,06 -0,14 -0,24 0,36 

- - - 0,63 0,47 0,42 0,45 

0,33 0,39 0,45 1,02 0,70 0,39 0,44 

- - - -0,67 -0,98 -0,42 0,56 

- - - 0,59 0,48 0,34 0,37 

- - - 0,43 0,33 0, 17 0,28 

0,06 0,00 0,33 0,34 0,14 0,07 0, 15 
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TBC CocTOHHHe S2 

k_, SUHAM 1, 1804 

k_, cpenHee no 1,1784 
CCbtn. JHa'-l. 

3 ok... OT nporp. 

APOLLO-2 0,00 

TVS-M 0,25 

MCU-REA 0,40 

CONKEMO 0, 15 

KENO 0, 18 

MCNP 0,QJ 

OT cpenHero 0, 17 

k_, SUHAM 1,1920 

k_, cpenttee no 1,1901 
CCbln. JHa'-l. 

4 ok_ OT nporp. 

APOLLO-2 0,02 

TVS-M -0,24 

MCU-REA 0,36 

CONKEMO 0,63 

KENO 0,20 

MCNP -0,02 

OT cpenHero 0,16 

S3 

1,1867 

1, 1853 

-0,05 

0,26 

-

0,14 

-

-
0,12 

I, 1998 

I, 1984 

-0,03 

-0,22 

-

0,62 

-

-

0,12 

S4 S5 S6 S7 S8 

1,1939 1,2 127 1,2296 1, 169 0,9393 

1,1918 1,2116 1,2291 1,1672 0,9360 

-0,09 -0,03 -0,04 0,07 0,44 

0,28 0, 17 0,12 0,22 0,27 

0,42 - 0,26 - 0,6 1 

0,11 0, 14 0,06 0, 17 0, 12 

- - -0,01 - -

- - -0,14 - -
0,18 0,09 0,04 0,15 0,36 

1,2085 1,2385 1,2607 1,178 1 0,9127 

1,2060 1,2370 1,2589 1, 1762 0,9102 

-0,10 - 0,11 -0,19 0,09 1,1 1 

-0.21 -0,02 0,17 -0,27 -0,89 

0,55 - 0,39 - 0,33 

0,60 0,51 0,55 0,67 0,57 

- - 0,08 - -

- - -0,13 - -

0,21 0,12 0,14 0,16 0,27 

1 
S I0 Sil S l2 Sl3 Sl4 Sl5 Sl6 SAi SA2 s D 

1,2399 1,2466 1,2543 1,2892 1,3223 1,2278 0,9488 0,9424 0,8777 - -

1,2384 1,2445 1,2512 1,2874 1,3212 1,2254 0,9460 0,9414 - - -

% 

0, 10 0,05 0,02 0,12 0,16 0,15 0,48 - - 0, 10 0, 19 

0,23 0,23 0,25 0,12 0,04 0,19 0,27 -0,08 - 0,19 0,2 1 

- - 0,5 1 - - - - 0,08 - 0,38 0,42 

0,24 0,23 0,22 0,18 0,06 0,24 0,14 0,33 - 0,17 0,18 

0,10 - - - - - - 0,15 - 0, 10 0,13 

-0,06 - - - - - - 0,06 - -0,03 0,08 

0,12 0, 17 0,25 0,14 0,09 0,20 0,30 0,11 - 0,15 0,18 

1,2258 1,2345 1,2437 1,2859 1,3236 1,2117 0,9 181 0,9928 0,9206 - -

1,2246 1,2330 1,2413 1,2841 1,3208 1,2101 0,9153 0,9876 0,9186 - -

% 

0,06 0,05 -0,01 0,02 0,01 0,17 1,15 - - 0,16 0,43 

-0,39 -0,33 -0,30 -0,15 0,03 -0,39 -0,90 0,06 - -0,27 0.40 

- - 0,46 - - - - 0,65 - 0,46 0,47 

0,60 0,64 0,64 0,55 0,6 1 0,64 0,69 1,01 - 0,64 0,64 

0 ,19 - - - - - - 0,50 0,16 0,23 0,27 

0,02 - - - - - - 0,42 0,28 0,12 0,24 

0,09 0,12 0,20 0,14 0,21 0,13 0.31 0,53 0,22 0,20 0,22 
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00 

Ta 6 - - - -· -- - - -- - ----·--- -- ----- -- -3. K, - .... - . - - - r - r - -- - r - - - - - ~ -- 1 - · · - ··-· · ······ · - -- ·····. - -l ·• TBCN2N2 I, 2 SUHAM-2D, % 
CocTO.RHHe S2 SA i SA2 

Bap. 
8eJJH4HHa 

TBC Maxl6£1 AVG RMS MAE Maxl6£1 AVG RMS MAE MaxloEI AVG 
OT nporpaMMbl 

TVS-M 0,43 0,08 0, II 0,08 1,54 0,54 0,67 0,49 1,72 0,62 
MCU-REA 1, 14 0,36 0,46 0,35 2,47 0,79 1,00 0,88 3,54 0,96 

I CONKEMO 0,46 0,16 0,19 0,16 1,7 1 0,49 0,63 0,49 2,46 0,84 
CASMO 0,33 0,12 0, 15 0, 12 1,34 0,29 0,4 1 0,30 2,04 0,43 

MCNP 0,98 0,39 0,46 0,39 9,45 0,80 1,52 0,79 - -
OT cpenHero 0,40 0,15 0,18 0, 15 1,98 0,32 0,49 0,35 2, 16 0,39 

TVS-M 1,06 0,34 0,39 0,33 1,07 0,29 0,38 0,29 1,33 0,36 
MCU-REA 2,35 0,60 0,78 0,59 4,70 1,28 1,56 1,33 5,93 1,76 

2 CONKEMO 1,65 0,33 0,43 0,33 3,63 1,08 1,36 1,03 4,04 1,34 
CASMO 1,34 0,43 0,50 0,42 2, 10 0,45 0,59 0,46 2,67 0,5 1 
MCNP 2,00 0,58 0,76 0,57 4,46 1,26 1,60 1,23 3,57 1,47 

OT cpenHero 1,21 0,36 0,44 0,35 3,2 1 0,73 0,94 0,73 3,52 0,94 

.. - .... -- · - - - - - - ---·-· -·· - -- ----- - · ··-r""-· . - ---- - . -- .-- - -- - - - ---.-- ---------- - ---- - --r-· ·-··. --- - - - - ·-- -- - , . --- ··-··· ·-· --·- - - - . . - -- - -- ' . -4. K, TBCN2N2 3, 4 SUHAM-20 °· 
CoCTO.RH11e S2 SA i 

Bap. 
Bemt411Ha Maxl6£1 e .R4e1l- Maxl6£1 e .R4e1l- Maxl6£1 e .R4e1l- Max16£1 e .R4e1l-TBC AVG RMS MAE AVG 

OT nporpaMMbl Kax 6e3 Gd Kax c Gd Kax 6eJ Gd Kax c Gd 

TVS-M 0,52 2,68 0,27 0,55 0,20 1,89 2,69 0,66 
MCU-REA 2,47 3,50 0,85 1,07 0,77 3,22 2,00 0,83 

3 CONKEMO 0,96 0,12 0,27 0,34 0,28 2,32 1,05 0,71 

MCNP 1,65 1,48 0,49 0,62 0,48 2,66 1,34 0,90 
OT cpenHero 0,74 I , 10 0,32 0,40 0,30 2,18 1,04 0,50 

TVS-M 0,92 5, 11 0,56 1,08 0,43 1,04 4,50 0,47 
MCU-REA 3,20 0,99 0,93 1, 16 0,9 1 4,68 0,59 1, 10 

4 CONKEMO 1,95 5,47 0,63 1, 18 0,49 3,60 6,82 1,26 
MCN P 2, 15 2,96 0,69 0,92 0,63 4,00 3, 16 1,46 

OT cpenHero 1,67 3,49 0,56 0,88 0,47 3,35 3,65 0,99 

RMS MAE 

0,76 0,56 
1,26 1,10 
1,04 0,80 
0,64 0,44 

- -
0,60 0,44 

0,46 0,36 
2,08 1,81 
1,74 1,26 
0,69 0,53 
1,80 1,39 
1,20 0,92 

RMS MAE 

0,86 0,56 
1, 12 0,86 
0,89 0,71 
1,05 0,89 
0,66 0,53 

0,94 0,37 
1,46 1, 12 
1,78 1, 11 
1,84 1,38 
1,29 0,91 

-~-~ 



Ta 6 JI H u a 5. 3Hat.Jelfl,IJI MaKCHMaJlbHblX no BCeM TB)JlaM OTnHlJHH 3Heproa~1.ue-
JJeHHH, pacctJHTaHHblX no CCblJIO'IHblM nporpaMMaM, B % M 

Bap. 
CocTOSIHHe nporpaMMbl 

!J. B TB)JJax !J. B TB)-
TBC 6eJ Gd,% rax,% 

S2 
TVS-M, MCU-REA, 

1,40(1) -
CONKEMO, CASMO, MCNP 

I SA i 
TVS-M, MCU-REA, 

9,65(30) -
CONKEMO, CASMO, MCNP 

SA2 
TVS-M, MCU-REA, 

3,24(20) -
CONKEMO, CASMO 

S2 
TVS-M, MCU-REA, 

2,80(2) -
CONKEMO, CASMO. MCNP 

2 SAi 
TVS-M, MCU-REA, 

3,77(12) -CONKEMO, CASMO, MCNP 

SA2 
TVS-M, MCU-REA, 

4,68(9) -CONKEMO, CASMO, MCNP 

S2 
TVS-M, MCU-REA, 

2,86(4) 4,98 
3 

CONKEMO, MCNP 

SAi 
TVS-M, MCU-REA, 

3,80(20) 4,03 CONKEMO, MCNP 

S2 
TVS-M, MCU-REA, 

4,09(2) 4,62 
4 CONKEMO, MCNP 

SAi 
TVS-M, MCU-REA, 

3,74(26, 27) 6,22 
CONKEMO, MCNP 

B CK06Kax np11ae.ueH HOMep TB)Jla (HyMepaulflO CM. B (10]), B KOTOpOM 
.uocn1raeTCSI )TO OTJlll'Ule. 

4. AuaJJH3 pelyJJbTaTOB cpaeneHHH 

CpasHeHHe nposeneHo c pelynhTaTaMH pac-

1.1eTos no ceMH nporpaMMaM KaK pOCCHHCKHM, TaK 

H 3apy6e)KHbIM, KOTOpbie HCnOnh30BanHCb B KaYe­

CTBe CChlJl04HhIX pe3ynhTaTOB [ I OJ. KpoMe :noro 

BbIOOnHeHO cpasHeHHe C paC4eTaMH no KOMnneK­

cy nporpaMM SUHAM-W-2D [I, 2], ocHoBaHHhl­

MH Ha KOHCTaHTHOH 6aJe nporpaMMhl WIMS H 

npHBe,!leHHblMH s pa6oTe [20). 

CpasHeHHe co CCblJ104HblMH nporpaMMaMH 

npoBO)],HnOCb no cnenyt0ll{HM cj>yHKUHOHanaM: k_ 
TBC, noKaJJhHOe :meproshI.llenettHe s TBC, 3cp­

cj>eKThI peaKTHBHOCTH, seca nornOTHTenei1 H3 84C 

c ecTeCTBeHHblM H o6orameHHblM 6opoM, seca U­
Gd cTep)KHeH. CpaBHeHHe nposonHnoch KaK co 

3HaqeHHSIMH no Ka)K,!lOH CCbUI04HOH nporpaMMe, 

TaK H co cpe,D,HHM no CCblJ104HblM nporpaMMaM 

3Ha4eHHeM. K CO)KaJJeHHIO, n04TH y scex CCblJIOY­

HbIX nporpaMM HMetOTCSI "sb16pOCbI" ,D,nSI Toro HJIH 

HHOro <PYHKUHOHaJJa - 6onhWOe OTKnOHeHHe OT 

cpenHero JHa1.1eHHJ1. HanpHMep: 

• APOLLO: k_ s sapHaHTax J/2S8, J/2Sl 6, 

V4S8, V4Sl 6; 

• TVS-M: k.,, s sapHaHTaX J/2S8, J/2S16, V4S8, 
V4S16; 

• MCU: 3cj)cj)eKT .D:onnepa B sap11aHTaX J/2 H V4 
c C8 = 600 ppm; 

• CONKEMO: k_ B sapHaHTaX J/2SA l , J/2SA2, 

V4SAI; 

• CASMO: le_ s sapHaHTax VlSA2, J/2SA2, 

V4SA2; 
• MCNP: Maxl8£1 s sapHaHTe VlSA I. 

OporpaMMa KENO He HMeeT TaKHX Bh16po­

cos. Ecm1 oT6pocITTb Bb16poc B 18£,1 B O,D,HOH T04-

Ke s sapHaHTe VI SA I .!lnJI nporpaMMbl MCNP, 

KOTOpblH, no-BH,!lHMOMY, SIBJISleTCSI npoCTO one-

4aTKOH, TO 11 MCNP He 6yneT HMeTb TaKHX Bhl-

6pocos. K co)KaneHHtO, no nporpaMMaM KENO H 

MCNP noclfHTaHo 01.1eHb Mano sapHaHTOB. B pe-

3ynhTaTe, 113 CCbtn04HblX nporpaMM He y,!laeTCSI 

Bb16paTb HH 0,/lHOH, KOTopytO MO>KHO 6blJ10 6hI 

HCTTOJlb30BaTb B Ka4CCTBC 3TanOHHOH no 6onb­

WHHCTBY BapHaHTOB paC4eTa H paCC'fHTaHHblM 

<PYHKUHOHanaM. 
PaJ6poc JHaYeHHH paccYHTaHHhIX cpyttKUHO­

HaJJOB no CCblJI04HblM nporpaMMaM ,!lOCTaTOYHO 

senHK. CTo3TOMY no nposeneHHhIM pac1.1eTaM no 

KOMnJJeKcy SUHAM-U-2D H cpaaHeHHSIM c pe­

JynhTaTaMH no CCb!JI04HblM nporpaMMaM HCJlb3SI 

HanpS1Myt0 cy.llHTh o TO'fHOCTH pac1.1eTa no SU­

HAM-U-2D. Ha116onee nonHyt0 H KoppeKTHYtO 

HHcj)OpMaUHIO O TO'fHOCTH paC4eTa no KOMOJICKCY 

SUHAM-U-2D nnsi scex pacc1.1HTaHHh1x cj)yHK­
UHOHanos MO)KHO nonyqHTb TOJlbKO H3 cpasHeHHSI 

co cpe,!lHHMH 3Ha4eHHJIMH <PYHKUHOHanOB no 

CCblJIOYHblM nporpaMMaM. J,fraK, B pe3ynhTaTe 
cpaBHCHHH MO)KHO cnenaTb cne,D,ytOll{He BblBO,!lbl. 

- BonbWHHCTBO 3Hal.fCHHH paccqi-rraHHblX cpyHK­

UHOHaJJOB HaXO.llHTC» B npenenax pa36poca 3Hal.fe­

HHH no CCblJ104HblM nporpaMMaM. 
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Bap. 

I 

Bap. 

2 

Bap. 

3 

- - ~ r -

S/S, 
SUHAM 

6 OT nporp. 
APOLLO-2 

TYS-M 
MCU 

CONKEMO 
CASMO 
KENO 
MCNP 

OT epe.nttero 
SUHAM 

6 OT nporp. 
APOLLO-2 

TVS-M 
MCU 

CONKEMO 
CASMO 
KENO 
MCNP 

OT epe.nttero 
SUHAM 

6 OT nporp. 
APOLLO-2 

TYS-M 
MCU 

CONKEMO 
KENO 
MCNP 

OT epe.nttero 

- --- "T" -

Bee 6opa B so.ne, % 

Tm= T., = T = m 

575 K 473 K 300 K 
Sl2/S4 Sl3/S5 S l4/S6 
-4,05 -4,86 - 5,61 

1,95 2,06 2,47 
- 1,11 - 1,20 - 1, 19 
1,53 - -
0,85 - 1,35 0,23 

- - -
- - -
- - -

0,79 --0, 19 0,48 
-2,31 -2,94 - 3,71 

2,48 3, 11 3,92 
-3,29 -3,45 -2,97 
-2,47 - -
0,72 - 1,78 0,25 

- - -
- - -
- - -

--0,69 -0,78 0,32 
-4,03 -4,89 - 5,70 

2,37 2,37 2,73 
- 0,90 - 1,15 - 1,19 
1,34 - -
2,11 0,48 --0, 15 

- - -
- - -

1,21 0,54 0,44 

r - - - -

3<jl<jleKT .Qonnepa, % 

Cn= 600 com CH= 0 ppm 
T = m T., = T = m T = m T = m T., = 

800 K I 027 K I 500 K 800 K I 027 K I 500 K 
S4/S3 S4/S2 S4/S7 S12/SI I Sl2/S10 Sl2/Sl5 
- 0,47 -0,89 - 1,66 --0,45 -0,85 -1,58 

% 
- 5,12 -5,53 - 5,12 - 3,90 -4,76 -4,33 
3,28 2,14 2,41 3,14 2,06 2,68 
- -4,83 - - - -

- 3,95 - 3,67 - 3,06 - 3,73 - 2,85 - 1,89 
- - 19,34 - - - -
- - 5,93 - - - -
- - 2,83 - - - -

- 2,07 --6, 15 - 2,03 - 1,60 - 1,94 - 1,26 
-0,60 - 1,13 - 2,11 --0,59 - 1,12 -2,09 

% 
- 5,61 -7,03 --6,06 - 7,29 - 6,82 --6,43 
4,86 3,36 4,66 4,90 5,20 5,67 
- 11,00 - - - -

- 2,64 -3,33 - 2,70 - 3,58 -2,74 -2,95 
- - 1,34 - - - -
- - 2,96 - - - -
- 4,17 - - - -

- 1,32 0,25 - 1,57 - 2,25 -1,70 -1,50 
-0,51 -0,96 -1,78 -0,49 -0,93 - 1,72 

% 
- 7,60 - 7,89 - 7,08 - 5,30 --6,47 --6,48 
1,64 1,91 2,53 2,59 1,75 2,43 
- - - - - -

-4,12 -3,24 - 2,51 - 1,51 - 1,50 - 1,11 
- - - - - -
- - - - - -

- 3,51 - 2,00 - 2,51 - 1,51 - 2, 19 - 1,86 

noJJHblH Bee 3cpcpeKT 
TeMnepaT) DHblH 3cpcpeKT nornoT11Tene/:i K)6eJB0)1(11BaHI1ll 

Cn= 600 oom C11= O ppm 84C CH, ppm 
Tm= T = T.,= Tm= m HaTyp. O6oraw.. 600 0 473 K 575 K 473 K 575 K 

S6/S5 S6/S4 S14/Sl3 S14/S12 S2/SAI S2/SA2 S2/S8 S 10/S16 
-0,48 - 1,41 - 1,23 -2,97 - 22,08 -29,69 -22,06 -24,99 

-4,65 -3,43 1,10 --0,01 - - -3,49 -2,95 
8,26 2,27 2,34 0,3 1 1,87 2, 17 0,08 -0,08 
- 2, 13 - - 1,53 1,82 -0,60 -

29,52 14,22 18,17 5,47 -0,99 --0,54 -3,58 - 2,8 1 
- 12,97 - - 2,68 4,24 4,06 -

- 2,05 - - -0, 10 - -0,24 -
- 1,67 - - 0, 16 - -0,56 -

9,3 1 4,22 6,67 1,86 0,84 1,89 -0,66 -1 ,96 
- 1,44 - 3,5 1 -2,2 1 -4,91 - 16,76 - 24,51 -25,98 - 27,64 

--6,41 -4,86 - 2,06 -1 ,85 - - - 5,20 -4,86 
16,09 11,92 9,57 7,39 - 1,51 -0,21 2,39 1,83 

- - 1,29 - - - 1,91 -0,86 0,92 -
2,33 0,09 4,40 --0,05 -4, 10 - 1,85 --0,55 -0,69 

- 2,21 - - 1,90 2,89 -2,57 -
- -0,19 - - -2,65 - 1,61 - 1,23 -
- -2,82 - - -2,71 - 1,57 -1 ,83 -

3, 19 0,49 3,75 1,68 - 1,86 -0,56 - 1,2 1 - 1,32 
- 1,13 - 2,43 - 1,94 -4,10 - 21 40 - 29,22 -2 1,75 -24,74 

-0,58 2,18 1,66 2,76 - - -2, 14 - 1,65 
-3,95 - 5,01 -2,92 - 3,98 1,45 - - 0,30 --0,42 

- - 5,38 - - 1,16 - - 1,43 -
-5,55 - 1,94 -4,82 - 3,07 --0,99 - 0,02 0,22 

- - - - --0,02 - - -
- - - - -0,16 - - -

- 3,41 - 2,63 -2, 10 - 1,52 0,28 - -0,97 -0,62 

____ _:__=--:.-===~~======---=----==-==========:e::a.--=-====--===~==----=•j 



... ..., .... __ .. __________ . .. 

3qiq>eKT ,ll;onJJepa 
noJJHblH Bee 3cp41eKT 

Bee 6opa e eone TeMnepaTy DHblH 3chcheKT nornontTeJJei1 I06e3BO:>I018aH11H 

6 6 
, 

CH = 600 ppm CH= 0 ppm CH= 600 ppm CH= 0 ppm 8 4C CH, ppm 

T,,, = Tm = T,,, = Tm= T,,,= T,,, = T,,,= Tm = T,,,= T,. = T,,, = T,,, = Tm= 
HaTyp. O6oraw. 600 0 

575 K 473 K 300 K 800 K I 027 K I 500 K 800 K I 027 K I 500 K 473 K 575 K 473 K 575 K 

S,IS, Sl2/S4 SI 3/S5 S l4/S6 S4/S3 S4/S2 S4/S7 Sl2/SI I Sl2/SI0 S12/S15 S6/S5 S6/S4 Sl4/Sl3 S14/S12 IS2/SA I S2/SA2 IS2/S8 SI0/S16 

Bap. SUHAM - 2,34 -2,98 - 3,77 ---0,60 - 1, 15 - 2,14 ---0,60 - 1, 17 -2,12 - 1,42 - 3,43 -2,22 --4,85 - 16,83 -24,73 -25,67 -27,34 

o OT nooro. % 

APOLLO-2 3, 17 3,34 4,42 - 7,69 - 7,63 - 6,76 -o,37 - 3,76 -o,46 - 3,93 -2, 11 ---0,22 0,28 - - --4,46 --4,23 

TVS-M -2,82 -3,05 - 2,85 1,70 2,27 2,66 3,31 6,74 4,09 11 ,95 9,81 6,49 5,75 - 1,51 - 3, 10 2,48 

MCU - 3,62 - - - 15,70 - - - - - --4,03 - - - 2,02 - ---0,22 -
4 CONKEMO 0,95 0,55 0,52 -3,22 -2,93 - 2,94 - 0,13 2,99 ---0,77 1,56 - 1,83 1,61 - 1, 15 - 2,76 - ---0,34 ---0,97 

KENO - - - - - - - - - - - - - -1 ,91 2,80 - -

MCNP - - - - - - - - - - - - - - 2,53 1,53 - -

oT epenHero -0,66 0,21 0,61 - 3,22 1, 14 - 2,50 - 1,23 1,80 - 1,24 2,78 0,18 2,55 1,54 - 2, 15 2,16 ---0 ,55 - 0,99 

Ta 6 n II u a 7. Beea U-Gd eTep)lrnei1 (l:lklk, %) llJIH TBC e vPaHOBblM 11 MUX TOnJJHBOM 
TBC CoeTOHHHe S2 S3 S4 S5 S6 S7 S8 SI0 SI I Sl2 Sl3 Sl4 SIS Sl6 SAi SA2 

SUHAM - 8,45 -8,46 -8,47 - 8,15 - 7,47 - 8,44 -o,43 - 8,90 - 8,9 1 - 8,92 - 8,63 - 7,91 - 8,90 -o,58 -o,11 -

CpenHee - 8,69 - 8,72 - 8,72 - 8,39 - 7,58 - 8,70 -o,40 - 9,11 - 9,20 - 9,19 - 8,93 - 8,07 - 9, 19 -o,47 -o,34 -

o OT nporp. % 

I, 3 
APOLLO-2 -3,61 -3,40 -3,41 --4,57 -5,38 -3,73 1,34 -3,63 -3,42 - 3,39 --4,69 - 5,48 - 3,72 1,35 - -

TVS-M 0,28 0,26 0,37 1,49 2,97 0,27 -1 ,00 0,05 0,16 0,19 1,36 3,01 0, 19 -1 ,09 - 1,49 -

MCU-REA - 1,82 -2,63 ---0,59 --4, 10 - 2,44 - 3,67 -

CONKEMO -5,44 -5,56 - 5,56 - 5,35 -3,30 -5,35 6,36 -5,87 -5,97 -o,03 -o,45 -3,05 - 5,76 4,74 - 5,90 -

KENO -3,28 - - - - 2,03 - - ---0,95 - - - - - - -3,36 -
MCNP -2,27 - - - ---0, 73 - - - 0,95 - - - - - - -3,67 -

OT epenHero - 2,72 -2,96 -2,85 -2,90 - 1,58 - 2,99 2,14 - 2,32 - 3,14 - 3,14 - 3,37 - 1,97 -3, 16 1,61 -3,64 -

SUHAM --4,4 1 --4,42 --4,45 --4,64 --4,75 --4,37 -3, 10 --4,55 --4,52 --4,54 --4,77 --4,91 --4,47 -3,13 - 3,74 -3,61 

CpenHee --4,50 --4,56 --4,56 --4,77 --4,80 --4,52 -3,14 --4,59 --4,66 --4,66 --4,94 -5,05 --4,60 -3,11 - 3,73 - 3,44 

o OT noorp. % 

APOLLO-2 -2,20 -2,40 -2, 17 -3,88 --4,77 -2,52 5,45 - 1,57 -2,49 -2,50 --4,04 - 5,09 -2,40 5,51 - -
2,4 TVS-M ---0,21 ---0,20 0,25 0,93 2,42 ---0,97 4,38 0,17 ---0,34 ---0,14 0,41 2,02 -1 ,10 4,80 0,07 -

MCU-REA ---0,21 - - 1,08 - 1,54 - - 8,28 - - - 0,36 - - - - ---0,4 7 -

CONKEMO -o, 16 -o,33 - 6,09 - 5,06 --4,57 - 6,48 - 5,48 --4,86 - 5,94 -o,51 -o,67 - 5,09 - 5,09 - 7,02 0,07 -

KENO - 1,33 - - - 0,26 - - 0,83 - - - - - - 2,25 9,46 

MCNP - 1,11 - - - ---0,37 - - 0,61 - - - - - - 0,07 1,18 

-..J 
OTePenHero - 1,91 - 3,04 -2,33 - 2,74 - 1,00 -3,38 - 1,35 - 1,01 -2,98 - 2,44 - 3,52 - 2,83 - 2,89 0,76 0,39 5,16 



T a 6 J1 II L( a 8. O6o6weHHble pe3yJ1bTaTbl epaBHeHHH 

MaKe. ornwrne 
MHH. (e y'leToM MaKe. OTJlM'lHe OT MHH. OTJlH'!Me OT 

Ben H'l M tta/3<j><j>e KT OT eeex eeblJlO'l-
3HaKa) OTJlH'fl,le OT 3Ha'leHMA,yepentteH- 3Ha'leHMH, yepen-

HblX 3Ha'leHMH, o/o 
eeex eeblJIO'lHblX HblX no eebIJlO'lHblM HeHHbIX no eeb!JlO'l-

3Ha'leHMH, % 3Ha'leHM.!IM, o/o Hb!M 3Ha'leHW!M, o/o 
ok_ TBC 1,3 - 1,0 0,5 -0,4 
Maxi oEJ 6,8 0,3 - -
RMsi oEJ 2, 1 0,1 - -

Bee 6opa B eone 4,4 -3,6 1,2 -0,8 
3cbcbeKT ,D:onnepa 15,7 - 19,3 1,8 -6,2 

ITonHbtH TeMnepa'fYpHb1H JcbdieKT 29,5 -6,4 9,3 -3,4 
Bee nornoTMTen.11 H3 B4C 4,2 -4,1 2,2 - 2,2 
Bee eTepi1rnei1 M3 U-Gd 9,5 - 8,3 5,2 - 3,6 

Ta 6 J1 11 u a 9. 3tta'!eHH.!l k_ LlJl.!l eeex eapHaHTOB TBC, paee1.1HTaHHb1e no SUHAM-U 
MSUHAM-W 

Bap. TBC COCTO.!IHHe 
S2 

SUHAM-W, 2 rpynnhI 1,2858 
I SUHAM-W, 4 rpynnbl 1,2852 

SUHAM-U, 12 mvnn 1,2894 
SUHAM-W, 2 rpynnbI 1,2458 

2 SUHAM-W, 4 rpynnbI 1,2422 
SUHAM-U 1,2470 
SUHAM-W, 2 rpynnhI I, 1732 

3 SUHAM-W, 4 rpynnbI 1,1731 
SUHAM-U 1,1804 
SUHAM-W, 2 fPYTITibl 1,1914 

4 SUHAM-W, 4 rovnnb1 1,1878 
SUHAM-U 1, 1920 

- P3.36poc oTmflrnH 3HatteHH.H k_ KOJie6neTc.!l OT 

0,08 o/o JJJI.!l KaCCeTbl N!! 3 COCTO.!IHH..!l Sl 3 Jl.O 2,05 
% JJJI.!1 KacceThI N2 2 cocTO.!IHt,UI S16. 

- Ha1-1.6onhw11w p3.36poc orn11tt11w 3HatteHH.H k.x, 
Ha6mo.naeTC.!l Jl.Jl.!1 COCTO.!IHH.H C MaJleHbKOH nJ10T­

HOCTblO BOJl.bl: S8 1-1. SI 6. 

- Ha1-1.6onhwHe orn11ttt,U1 3HatteH11H k. Ha6moJl,a­

lOTC.!l: Jl.Jl.!l TBC N2 I - OT 3Hattett11.!l, paccttITTaHHO­

ro no nporpaMMe CASMO JJJI.!1 cocTO.!lHH..!l SA2 (-
0 ,84 %); JJJI.!1 TBC N2 2 - OT 3HaY:eHHH, paccttH.­
TaHHhIX no nporpaMMe APOLLO JJJI.!1 cocTO.!IHHH 

S8 (1,28 %) 11 S16 (1,33 %), HOT 3ttattettH..!l, pac­

C'-IHTattttoro no nporpaMMe CONK.EMO JJJI.!l co­

CTO.!IHl1.!1 SA 1 ( 1,02 % ); JJJI.ll TBC .N'!! 4 - OT 3Hatte­

HH.H, paccttHTaHHbIX no nporpaMMe APOLLO JJJI.!l 
cocTO.!IHHH S8 (1 ,11 %) H Sl6 (1,15 %), 11 OT 3Ha­

Y:ettH.ll, pacctt11TaHttoro no nporpaMMe 

CONK.EMO )JJISI COCTO.!IHl1JI SA1 (1,01 %) 
- Or111-1.tt11e pactteTa k_ OT cpe,nHero 3Ha'-leHH.!l no 

CCblJI04HbIM nporpaMMaM KOJie6JieTC.!l OT 0,01 % 
)JJlll TBC N!! I COCTOj[H}UI SI 0 "' TBC N!! 2 COCTO.!l­

HH..!l SI 0 Jl.0 0,53 % )JJlll TBC N!! 4 COCTO.!lHHR SA 1. 
TTp11 3TOM MaKCl1MaJlbHOe no BCeM sap11attTaM 

TBC 3HatteHHe cpe.ntteKBaJJ.paTHY:ecKoro OTKJIO­

HeHt,Ui k,,, OT cpeJJ.ttero 3HatteH11.!l He npesb1waeT 

0,22%. 
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S4 S6 S2 S4 S6 
k_ ok_, % OT SUHAM-U 

1,3021 - -0,28 -0,18 -
1,3016 - -0,33 -0,21 -
1,3044 - - - -
1,2649 - -0,10 0,01 -
1,2616 - -0,38 -0,25 -
1,2648 - - - -

- 1,2294 -0,61 - -0,02 
- 1,2297 -0,62 - 0,01 
- 1,2296 - - -
- 1,2607 -0,05 - 0,00 
- 1,2594 -0,35 - -0,10 
- 1,2607 - - -

- Or1111~11e B JIOKaJlbHblX 3HeproBbIJl,eJieHl1.!IX KO­

ne6JieTC.!l OT BeJIH4HHbl, 6JIH3KOH K O %, Jl.0 fl04TH 

7 %, npH 3TOM HaH60JibWl1e OTJIH.4IDI Ha6mo.na­

lOTC.!l )JJl.ll COCTO.!IHHH C nornoTHTeJI.!IMH. 

- Ornw-111.li B RMS He npeBbIWalOT 2 %, a JJJI.!1 

COCTO.!IHJ1H 6e3 nornOTHTeJieH B OCHOBHOM He npe­

BblWalOT I %. 
- 0rJIH'-IHe BeCOB 6opa a BOJl.e, pacCY:HTaHHblX no 

SUHAM-U, OT cchrnotiHhlX nporpaMM Kone6neTC.!l 

OT -3,6 Jl.0 4,4 %. TTpH 3TOM Ha1160JibWHe OTJIHY:H.!l 

tta6JIIOJl.alOTCll JJJI.ll TBC c MOX TOnJIHBOM 

(aapHaHTbl N!!N!! 2 11 4). 3aMeTHa Tett.neHUH.!l 

yaeJIH4eHl1.!l OTJ111'-IHH C yMeHbWeH11eM 

TeMneparyphI 3aMeJJJIHTeJI.!l. P3.36poc OTJIH.4HH 

Me)l(Jl.Y 3HaY:eHH.!IMH no CCblJIOY:HbIM nporpaMMaM 

KOJie6JieTC.!l OT 3 Jl.0 7,3 o/o. 
- 0rJIH'-IHe secoB 6opa s BOJl,e, paCCY:HTaHHblX no 

SUHAM-U, OT cpeJJ.ttero 3HattettH.!l no ccbrn0'-1-

HhIM nporpaMMaM KOJie6JieTC.!l OT -0,8 Jl.0 1,2 %. 
- OTJIH4He 3cpcpeKTa ~onJ1epa, paCC4HTaHHOro no 

SUHAM-U, OT 3Ha4ett11H no CChlJI04HhIM npo­

rpaMMaM Kone6JieTC.!l s Jl.OCTaTO'-IHO WHpOKH.X 

npeJJ.eJiax (oT-19 .no 16 %). 
- AHOMaJlbHO 60JibWl1e OTKJIOHeHH.!1 B 3cp<peKTe 

~onnepa Ha6n10.na10Tc.!l OT nporpaMMhl CASMO 

JJJI.!l TBC N2 I np11 H3MeHeH1111 TeMneparyphI 3a-



Me,LlJIHTeJrn OT 575 .no I 027 K H OT nporpaMMbl 
MCU ,LlJISI TBC N!!.N2 2 H 4 npH TOM )Ke H3MeHeHHH 

TeMneparypbl 3aMe)Jl)HTeJrn. 

- ()TJ1HlfHe 3cj)cpeKTa ,non11epa, pacclfHTaHHoro no 

SUHAM-U, OT cpe.nHero 3HalfeHHSI no CCblJlOlf­

HblM nporpaMMaM KOne6JleTCSI OT -6,2 .no 1,8 %. 
- OTnHYHe nonHoro TeMneparypHoro 3cj}cj>eKTa, 

paccYHTaHHoro no SUHAM-U, OT 3HalfeHHH no 

CCb)JlOlfHblM nporpaMMaM Kone6neTCSI OT -6,4 .no 

29,5 %, npH 3TOM )J/ISI BapHaHTOB C CB= 600 ppm 

OTJlHlfHSI 3aMeTHO 66nbWHe. 

- AHOMaJlbHO 6onbWHe OTKJlOHeHHSI s nonHOM 

TeMneparypHOM 3cpcpeKTe Ha6mo.nat0TCS1 OT npo­

rpaMMbl CONK.EMO MS! TBC N2 I npH HJMeHe­

HHH TeMneparypbl 3aMe)l.nHTensi OT 575 .no 473 K 
KaK )Jl)SI C8 = 600 ppm (29,5 %), TaK H )Jl)SI CB= 
0 ppm (18,2 %). 
- OTnHYHe nonHoro TeMneparypHoro 3cpcpeKTa, 

paccYHTaHHoro no SUHAM-U, OT cpe.nHero 3Ha­

YeHIUI no CCblJ104HblM nporpaMMaM KOne6neTCSI OT 

-3,4 .no 9,3 %. 
- OTnHYHe secos nornoTHTeneH H3 B4C, pacclfH-

TaHHbIX no SUHAM-U, OT 3HalfeHHH no CCblJlOlf­

HbJM nporpaMMaM Kone6neTcsi B npe.nenax OT -4, I 
.no 4,2 %. 
- HaH60JlbWHe OTKJlOHeHHSI B secax nornoTHTe­

neH H3 84C Ha6nt0.nat0Tcsi OT nporpaMMbl 

CASMO )Jl)SI TBC N2 I )Jllsi nornornTensi c 060-

rameHHbJM 6opoM (4,2 %) H OT nporpaMMbl 

CONKEMO )Jl)SI TBC N2 2 .nnsi nornornTensi c 

ecTeCTBeHHblM 6opoM (-4, I %). 
- OTnHYHe secos nornoTHTenew H3 B 4C, pacclfH­

TaHHbJX no SUHAM-U, OT cpe.nHero 3HalfeHIUI no 

CCb)JlOlfHblM nporpaMMaM Kone6neTCSI OT -2,2 .no 

2,2 %. 
- Ornwrne 3cpcpeKTa o6e3B0)KHBaHHSI, paCClfH­

TaHHOro no SUHAM-U, OT 3HalfeHHH no CCblJlOlf­

HbIM nporpaMMaM Kone6neTcsi B npe.nenax OT -5,2 

.no4,1 %. 
- OTnHlfHe 3cpcpeKTa o6e3B0)KHBaHHSI, paCClfHTaH­

HOro no SUHAM-U, OT cpe.nHero 3HalfeHIUI no 

CCblJlOlfHblM nporpaMMaM KOne6neTCSI OT -2,0 .no 

-0,6%. 

- OTnHYHe secos U-Gd cTep)KHew, pacclfHTaHHbIX 

no SUHAM-U, OT JHalfeHHH no ccblJlOlfHbIX npo­

rpaMMaM Kone6neTcsi B npe.nenax OT - 8,3 .no 

9,5 %. 
- HaH60J1bWHe OTKJ10Hett11si secos U-Gd cTep)K­

HeH tta6nt0.na10Tcsi OT nporpaMMbl KENO )Jl)SI 

TBC N2 I )Jl)SI cocTOSIHHSI SA2 (9,5 %) H OT npo­

rpaMMbl MCU )Jl)SI cocTOSIHIUI S8 (8,3 %). 
- OTnHYHe secos U-Gd CTep)KHew, pacclfHTaHHbIX 

no SUHAM-U, OT cpe.nHero 3Ha1..JeH1U1 no ccb1-

no1..Jttb1M nporpaMMaM Kone6neTcS1 OT -3,6 .no 

5,2%. 

CpastteH11e c pac1..1eTaMH no KOMnneKcy SU­

HAM-W noKa3ano, YTO paccL111Tatt11bIe no SU­

HAM-W 3HalfeHHSI k_ B ocH0B110M MeHhwe, 1..1eM 

Te )Ke 3HalfeHHSI, pacc1..1HTaHHb1e no SUHAM-U, -

OT O .no 0,6 %, 1..JTO BnonHe o6bSICHSleTCSI pa3HblMH 

6H6JlHOTeKaMH KOHCTaHT. IlpH 3TOM HaH60JlbWHe 

OTJIHlfHSI tta6nt0.na10Tcsi .nnsi TBC N2 3 c ypaHOBblM 

TOnJIHBOM H U-Gd TB3raMH. ,nnsi ocTanbHblX TBC 

3TH OTJlHlflUI 3aMeTHO MeHbWe. 

3aKJ11oqem1e 

Ilpose.neHa sepHq>HKaUHSI KOMnneKca SU­

HAM-U-2D Ha 6eH'-IMapK-pacYcrax TBC BB3P-

1000 co cse)KHM ypaHOBbJM H MOX TonnHBOM. 

CpaBHHBaJlHCb pe3yJibTaTbl pac1..JeTOB no 7 npo­

rpaMMaM KaK pOCCHHCKHM, TaK H 3apy6e)l(Hb1M, 

KOTOpble HCnOJlb30BaJ1HCb B Ka'-leCTBe CCblJIO'-IHblX 

pe3yJlbTaTOB. KpoMe 3Toro, BbJnOJIHeHO cpaBHe­

HHe c pe3ynhTaTaMH pac1..1cros no KOMnneKcy SU­

HAM-W-2D, ocHoBaHHbJX Ha KOHCTaHTHOH 6aJe 

nporpaMMbl WIMS. 

CpastteHHe co CCblJIOlfHblMH nporpaMMaMH 

npOBO,LJ.HJIOCb no CJieJzyJOW.HM cpyHKUHOHaJlaM: k_ 
TBC, noKanbttOe 3HeproBbJ.LJ.eneHHe B TBC, 3cp­

cpeKTbl peaKTHBHOCTH, seca nornOTHTeJleH H3 84C 

c ecTeCTBeHHblM H o6oraw.eHHblM 6opoM, seca U­

Gd cTep)KHew. CpasHeHHe BbmonHsi11ocb KaK co 

3Ha1..JeHHSIMH no Kcl.)l(JlOH CCblJIOlfHOH nporpaMMe, 

TaK H co cpe,LJ.HHM no CCblJ104HblM nporpaMMaM 

3Ha1..JeHHeM. OcHOBHOH BblBO.LJ. pe3yJibTaTOB cpas­

HeHHSI - 6onbWHHCTBO 3Ha'-!eHHH paCClfHTaHHbTX 

cpyHKUHOHaJlOB HaXOJ].HTCSI s npe.nenax pa36poca 

3Ha'-!eHHH no CCblJlOlfHblM nporpaMMaM. 

Ilo pe3ynbTaTaM cpaBHeHHSI co cpe)l.HHMH 

3Ha1..JeHHSIMH paCCl.JHTaHHblX cpyHKUHOHaJlOB no 

CCblJlOlfHblM nporpaMMaM MO)KHO c.nenaTb cne­

Jl.YIOlllYIO npe.nsapHTellbHYIO oueHKY TOlfHOCTH 

pacycra no KOMnneKcy SUHAM-U-2D paccYH­

TaHHbIX cpyttKUHOHaJlOB: 

• k_ siyeeK - 0,2 % (cM. [2, 4]); 

• k_ TBC - 0,5 %; 

• 

• 
• 
• 
• 
• 

cpe.nHeKsa.npaTHlfeCKOe OTKJlOHeHHe peaKUHH 

.neneHHSI B TB3JlaX - 1,2 % ,LJ.JISI BapHaHTOB 6e3 

6opHbIX nornow.a10mHx cTep)1<HeH H 2, I % 
)J/ISI sap11aHTOB C 6opHblMH nornow,alOll.lHM 11 

CTep)KHSIMH; 

sec pacrnopettttoro 6opa - 1,2 %; 
,nonnep 3cpcpeKT - 6,2 %; 
OOJIHblH TeMneparypHblH 3cpcpeKT- 9,3 %; 

sec KOHTPOllbHbIX cTep)KHeH 113 84C - 2,2 %; 
sec U-Gd cTep)KtteH - 5,2 % . 
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Ou.eneHHble 6eH'IMapK )KcnepuMellTbl Ha KpHTHlfeCKHX c6opKax, 
M0)le.rrnpywmux oco6e111-1ocTu BTrP ua cTeH)le ACTPA 

B.ll. rap1111, A.E. r11y1t11<08, E.C. I'11yu11<08, E.A. I'O,UIIH, M.H. I'ype8U'I, A.A. 3wwu, 
T.B. Ko.mwuueu., H.E. Kyxap1<1111, B.A. Ho6b111u,ea, B.H. Hocoa, J(.H. llo1U11<oa, 
H.H. llouo.uapea-Cme1111oii, O.H. C.uup11oa, O.B. Te11b1<oac1<{UI, E.H. C/yw,ea, 

PHU " Kyp4aTOBCKHH HHcrniyr" , 123182, MocKBa, n11. Kyp4aTOsa, I 
Tiocryn1111a s pe.naKUHIO 28.01.2009 r. 

)].aeTCH no.npo6ttoe om1catt11e KOHCTpYKUHl1 cTeH.na ACTPA 11 KpHnrttecK11x c6opoK, KOTOpb1e Mo.11e1111p)'IQT oco-
6eHHOCTl1 (p11311Kl1 BblCOKOTe~rneparypHbIX peaKTOpOB MO.!lYJlbHOro nma (BTr P-M) C rpacjrnTOBblMl1 3aMe.11J111TeJ1eM 11 
oTpa)l(aTeJl.!IMH np11 11CnOJlb3OBaHlll1 M11KpOTOnJlHBa (MT) C MHOfOCJJOHHblMl1 KepaMH4eCK11Ml1 noKpbITl1.!IMl1. ITpHB0.11.!IT­
CH reoMeTpH"4eCKHe pa3Mepb1 OCIIOBHblX JJJeMeHTOB 11 o6nacTei1 KpHTl1lfeCKHX c6opoK, .naHHble no COCTaey npHMeHiie­
MblX MaTep11anoe 11 pe3yJJbTaTbl 3KCnep11MeHTOB .!lJlH pa3JJl1'1HblX KOHcjJ11rypau1111 KpHTH•leCKHX c6opoK. Ha OCHOBe 113-
JJO)l(eHHOro MaTep11ana pa3pa60TaHa no.npo6Ha.H paclfeTHa.!I 6eHlfMapK MO.!leJlb, YlfHTblBaJOwaii oco6eHHOCTl1 crpyKrypbl 
11 COCTaBa paCCMOTpeHHblX KOH<p11rypau11i1 KpHTl1'1eCKl1X c6opoK. TionylfeHHble .naHHble npe.nHaJHalfeHbl .!lJlH pa6oT no 
eep11cjJ11Kau1111 HeHTpOHHO-(p11311lfeCKHX nporpaMM, HCnOJJb3yeMblX B paclfeTax BblCOKOTeMneparypHblX peaKTOpOB C re­
JJl1eBblM TenJlOHOCHTeJJeM (BTr P). 

K710'le6ble C/1060: Kp11TlllfCCKlle c6opK11, BblCOKOTe~meparypHblH peaKTop rT-MrP, M11KpOTOnJ111BO, KOJlbUeBa.H aK­
Tl1BHaH JOHa, rpa<p11TOBb1H 3aMe.11J111TeJ1b, rpacjl11TOBblH orpa)l(aTeJlb, BTrP. 

Evaluated Benchmark Experiments in Critical Assemblies Modeling HTGR Peculiarities at the ASTRA Fa­
cility. V.P. Garin, A.E. Glushkov, E.S. Glushkov, E.A. Gomin, M.I. Gurevich, A.A. Zimin, G.V. Kompaniets, 
N.E. Kuk.harkin, V.A. Lobyntsev, V.I. Nosov, D.N. Polyakov, N.N. Ponomarev-Stepnoi, O.N. Smirnov, 
O.V. Tel'kovskaya, E.I. Chunyaev. RRC Kl, Kurchatov Sq. , / , Moscow, I 23182. The design of the ASTRA facility and 
critical assemblies simulating physics peculiarities of modular type high-temperature reactors (HTGR-M) using graphite 
moderator and reflectors and fuel particles with multilayer ceramic coatings is described in detail. Dimensions of main 
critical assembly components and regions, data on composition of materials used and results of experiments in various 
assembly configurations are presented. A detailed computational benchmark model taking into account peculiarities of 
the structure and composition of the studied critical assembly configurations was developed from the presented data. The 
data obtained are intended for activities on verification of neutronics codes used for HTGR calculations. 

Key words: Critical Assemblies, GT-MHR High-Temperature Reactor, Coated Fuel Particles, Annular Core, Graph­
ite Moderator, Gra hite Reflector, HTGR. 

Bee,neuue 

B 6y.nyw.eM c11e.nyeT O)KH.!laTb pacw11peH11e 

npHMeHeHl1SI si.nepHOH 3HeprH11 .ll)lSI np011380.!J.CTBa 

He TOJlbK0 3JleKTp03HeprnH, HO H BblC0KOTeMnepa­

rypHoro Ten11a .IJ.JlSI pa.311119HblX TeXHOJ10rwrnCKl1X 

ue11elt BTr p SIBJISIIOTCSI 0.llHl1M 113 y.ua4HblX pewe­

Hl1H, KOTOpoe y.nos11ernopsieT 3Tl1M Tpe6osaHl1SIM 

[I. . .4]. TexHonornJ1 .!1)1.!I .naHHOH K0Huenu1111 oc­

HOBbIBaeTcsi Ha MHOroJleTHeM onbITe npoeKT11po­

BaH11S1, pa:3pa60TKH 11 3KCnnyaTau1111 BbJCOKOTeM­

neparypHblX peaKTOpOB B Haweii CTpaHe 11 3a py-

6e)l(OM [2 . .. 5). 
B HacTOsiw.ee speMsi s M11pe se.nYTcsi pa3pa-

60TK11 BTr P-M C ra.JOBOH ryp611HOH, TaKHX KaK 

IT-MfP c np113MarnYeCKHMl1 TBC (CWA, Poc­

c11si , <l>paHu11.11, 51noH11si) [4] 11 PBMR c waposb1M11 

T0n.fll18HblMH 3JleMeHTaM11 (T3 ) (JOAP) [5]. 3m 

peaKTOpbl HMelOT oco6eHHOCTl1, BJ111SII01..1.111e Ha HX 

HeHTpOHHO-q>l13114eCKHe xapaKTepHCTl1Kl1 [6]: HC­

nOJ1b30BaH11e TOn.nHBa B s11.ne 4aCTHU C MHOro­

CJlOHHblM noKpbITl1eM, pa3Me1..1.1eHHblX B rpaq>HTO­

BOH MaTp11ue TB:moe; BblCOKHe TeMneparypbl Ma-

Tep11anos aKTl1BH0H 30Hbl H OTpIDKaTe11ei1; 60J1b­

woe OTH0WeH11e BblC0Tbl aKTHBHOH 30Hbl K ee 

.u11aMeTpy (HID = 1,5 . .. 3); K0JlbUeBa.si aKTl1BHaSI 

30Ha 11 .Up. 

Ba)lrnoe 3Ha4eH11e .1J.J1S1 sep11cp11Kaui,m npo­

rpaMM pacYeTa HeHTpOHHO-q>H3H4eCKHX xapaKTe­

p11CTl1K peaKTOpOB HMelOT 3Kcnep11MeHThl Ha Kp11-

Tl14eCKl1X c6opKax.. B PHU, " KypYaTOBCKl1H 11H­

cT11iyr" HMeeTcsi Kp11T11YecK11H cTeH.n ACTPA 

[ 6 ... I I], Ha KOT0pOM npOBO.!J.SITC.!I JKCnepHMeHTbl 

no cp11311Ke BTrP. CpasHeH11e np11se.neHHb1x e 

Ta6J1. I q>l1311YeCKHX napaMeTpOB fT-MrP 11 KpH­

TH4eCKHX c6opOK nOKa.JblBaeT npe.ncTaBl1TeJ1b­

HOCTb J Kcnep11MeHTOB Ha cTett.ne ACTP A. 

1. 06~ee onucau11e cTeni.a ACTPA 

O6umi1 BH.ll Kp11THYecKoro cTeH.na ACTPA 

npe.ncrnsneH Ha p11c. I (nepeaJ1 cmpauu4a i1eem­
uoii 6KJWOKu). Hecyw.ei1 KOHCTPYKUHeH Kp11Tl14e­

CKOH c6opK11 cTeH.na ACTPA CJl)')KHT UHJ111H.D.pH-

4eCKl1H K0pnyc C .IJ.Hl11..1.1eM, 113fOTOBJ1eHHblH" 113 He­

p)l(a8e10w.ei1 cTan11. BHYTPl1 cTanbHOro Kopnyca 
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XapaKTepttCTHKH OueHKa 
OcHOBHhle KOMnOHeHThl H HX napaMeTpbl 

rT-MrP KpHTHYeCKall c6opKa cTeHiia ACTPA BapHaHTht 
rnrnrnea U(Pu)* 

AKTHBHaJI 30Ha Konhueeal! KOJJbUeBaJI + (+) 
OTHOWeHHe BhlCOThl K TOJILl.lHHe 3KTHBHOH 

8,5 8,7 + (+) 30Hhl Hn ffn 
OTHOWeHtte BhlCOThl K J].HaMeTpy aKTHBHOH 

1,7 1,8 +(+) 30Hhl Ha, /DHao.n 
OTHOWeHHe TOJILl.lHHhl K J].HaMeTpy aKTHBHOH 

0,20 0,22 + (+) 30Hhl TJD., 
OrnoweHtte .n.ttaMeTPa peryn11pyt0mero 

0,03 0,04 + (+) cTep)l(HJI K .n.HaMeTPY aKTHBHOH JOHht di/D83 

3aMeJl.]lttTeJJb aKTHBHOH 30Hhl fpacpHT fpacpHT + (+) 
3aMe.D.JlttTeJJh OTpa)l(aTenei:1 (60, BO, HTO, 

rpacp11T rpacp11T + (+) BTO) 

MaTep11an nornornTeJJJI pery1rnpyt0m11x 
Kap611.n. ecTeCTBeHHoro 6opa Kap611.n. ecTecTBeHHoro 6opa + (+) CTep)l(HeH 

PacnoJJO)l(eHtte peryn11pyt01.1.lHX CTep)l(Hei:1 60, aKTHBHaJI JOHa 11 BO 60, aKTHBHall 30Ha 11 BO + (+) 

Tonntteo OKCHJ]. ypaHa, OKCHJ]. nnyTOHHJI OKCHJ]. ypaHa, OKCHJ]. nnyTOHHJI 
+ (+) 06orameH11e 14 % 6e3 paJ6ae11TenJ1 06orameH11e 20 % 6e3 paJ6ae11TeJJJ1 

MT KepH .D.HaMeTPOM KepH J].ttaMeTpOM KepH .n.ttaMeTPOM KepH .n.11aMeTPOM 
+ (+) 500 MKM 200 MKM 500 MKM 200 MKM 

N/N, ** e aKTHBHOH JOHe 7 900 7 200 7 800 3 600 ... 7 800 + (+) 
CTpyKTypa aKTttBHOH JOHhJ OpHJMarnyecKtte T3 Wapoeb1e T3 OpH3M3TH'feCKHe T3 (+)*** 

T11nT3 KoMnaKThl c MT Wapoeb1e TB3JJhl c MT KoMnaKThl c MT (+)*** 
noKpblTHe MT TRISO TRISO + (+) 
MaTPHUa T3 rpacp11T fpacpHT + (+) 

* 3Kcnep11MeHTh1 c nnyTOHHeBhlM TonJJHBOM Ha cTeH.n.e ACTPA 6y.n.yT npoeo.n.HThCll no Mepe 11JroToeneHHJ1 KOMnaKToe H TBC fT-MfP. 
** N/Nr - OTHOWeH11e KOJJH'feCTBa JIJJ.ep rpacp.HTa K cpe.n.HeMy no KaMnaHH11 KOJIH'leCTBy .n.eJJJILl.lHXCJI llJJ.ep B aKTHBHOH 30He. 
*** HeHTPOHHO-cjJl13H'feCKHe xapaKTepHCTHKH peaKTopa H c6opKH onpe.n.eJJJIIOTCJI B OCHOBHOM OTHOWeHHeM N/ Nr B 3KTHBHOH 30He, npH 3TOM cpopMa T3 
(wapOBbie HJJH npH3MaTtt'feCKHe) HecymecTBeHHa. 



c6opKH Ha ero .ll.HIHUe YCTaHOBJlellbl rpaq>HTOBbte 

6oKOBOH (BHCWHHH) (60) 11 HH)KHHH TOpUeBOH 

(HTO) oTpIDKaTenH TaK, '-!TO B cpe.nHeH YacTH 

BHY'fPH Kopnyca 06pa3yeTCSI nOJlOCTb, npe.nHa3Ha­

yeHllall .ll.Jlll MOIITIDKa B 11ei1 U.HJlHH.ll.pH4eCKOH H.JlH 

KOJlbUeBOH aKTHBHOH 30llbl. 

,Lvlll KOHq>HrypaUHH, OUCHHBaeMblX B .naHHOM 

c11y4ae, npHMe11S1eTCll KOJlbU,eBall aKTHBHal! 30Ha, 

no3TOMY B ueHTpaJJbHOH 4aCTH nOJlOCTH pacnona­

raeTCll BHyrpeHHHH oTpa)KaTenb (BO). npocTpa11-

CTBO Me)K.Ll.y 60, HTO H BO 3ano11HS1eTCS1 .no pa3-

ttoro y pOBHll no BblCOTe wapOBblMH T3, o6pa3yll 

KOJlbUeBy10 aKTHBHYIO 30Hy. npocTpaHCTBO, tie 

3aHllTOe 3JlCMCHTaMH c6opKH (nOJlOCTH, KaHaJJbl H 

T . .n.), 3anoJ1HCHO 803.ll.yxOM. 

Ha p11c. 2 (nepeaR c111pau11z1a z1ee11111oi1 <JK/lao-

1-u) npHBC.D.eHa cpoTOrpaq>Hll KpHT1'14CCKOH c6opKH 

C KOJlbUeBOH aKTHBHOH 30110H, a Ha pHC. 3 - none­

pe4HOe CC4CHHe )TOH c6opKH. Ha pHC. 4 noKa3aHa 

cxeMa pa3Met1.1eHHll 3KCnepHMCHTaJlbHblX KaHaJJOB 

no ceYeHHIO aKTHBHOH 30Hbl H BO. 

,Lvlll .ll.OCTH)KeHHll KpHTH4eCKOro COCTOSII-IHSI 

c6opKH 11cnoJ1b3Y10TcS1 KO - pery1111py1011.111i1 

cTep)KeHb KOS H cTep)KeHb py4Horo pery1111posa­

HHS1 (PP). Ha cTeH.ne ACTPA .D.Jlll onpe.neneHHll 

KpHTHlteCKOf0 COCTOSIHHSI H H3MeHeHHll peaKTHB­

H0CTH npHMCHlleTCll H3MepHTCJlbHblH np116op 

flMP. B KaYecrne sxo.n1-1oi1 HHq>OpMaUHH 3T0 ycT­

poi1crno HCn0Jlb3yeT TOK OT .ll.BYX HOHH3aUHOHHblX 

KaMep, pacn0Jl0)KeHHblX s 60. 
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P1-1c. 3. CxeMa nonepe<1Horo cetteHHll KpHTHYeCKOH 

c6opKl1 C KOJlbUCBOH aKTIIBHOH 30HOH: I - 3KcnepH­

MCHTaJlbHbte K3HaJlbl ; 2 - l(aHaJlbl C pa3MClUCHHCM HCH­

TpOHHblX naT411K0B; 3 - HCHTp0HHbte C4eTlfHKH; 4 -
HOHH3aUHOHHbte KaMepbt ; 5 - HeihpOHHblH HCT04HHK; 

6 - Hnc2; 7 - Hnc I ; KO I ... K07 - K0MneHC11pyiom11e 

opraHbl pery1rnpoeaH11S1; A3 I ... A38 - opraHbt A3; PP -

OpraH PP; 33TCMHCHHblC o6JJaCTH B 60 - rpacj>HTOBbte 

6JJOKH C npo6KaMl1 

D, 

12 

11 

10 

9 

8 

7 

6 

5 
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P11c. 4. CxeMa nonepe4HOro CC4CliHll 3KTHBHOH 30Hbl H 

80 C pa3MClUCHl1CM 3KCnepHMCHTanbHblX KaHaJT0B no 

ce<1eH11t0 c6opK11 CTeH.na ACTPA: I - aKrneHall J0Ha; 

2 - rpacj>HTOBbltt 60; 3 - rpacj>HTOBblH BO; 4 - 3Kcne­

p11MeHTaJ1bHbte KaHaJlbl .llJlll pa3MClUCHWI .llCTCKT0pos; 

5 - 3KCnep11MeHTaJlbHblC K3HaJlbl .llJlll pa3MClUCHIUI npo­

cj>11J11-1pyt01Ul1X n3 HJJH .D.CTeKTopoe; 6 - KaHanbl 6e3 

npo60K B 6JJOKax BO; 7 - K3HaJlbl .llJlll pa3MCLUCHl1ll 

nC: 8 - KaHan .llJlll paJMCLUCHllll CTCp>KHll K06; pa3Me­

pbt np11se.neHbl B MM 

2. On11cau11e 0CH0BHblX JJieMeHT0B 

KpllTH'leCKUX c6opoK 

2.1. AKm11<J11GR 3ona. KoJJbUeBall aKTHBHall 30-

Ha KpHTH4eCKHX c6opoK npe.ncTaBJ1S111a co6oi1 

cToxacTHYecKyio 3acbmKy 113 wapoBblX T3, 3a­

nonHlll011.1HX nonocTb Me)K.Ll.y 60, HTO H BO. B 

npouecce 3arpy3KH TB3JlaMH aKTHBHOH 30Hbl npo­

H3B0,IJ.1'1Jl0Cb H3MepeHHe BblC0Tbl wap0BOH 3aCbln­

KH. BblCOTa onpe.nenl!JlaCb KaK paCCT0RHHe OT 

sepx11ci1 rpat-tHUbl rpa~JHTOBblX 6noKOB HTO .11.0 

sepxHeH rpaHHUbl waposoi1 3acbmKH. B Ta6n. 2 
npHBO,IJ.llTCll pe3yJlbTaTbl H3MepeHHH BblCOTbl H 

CTaTHCTH4eCKOH o6pa60TKH .D.Jlll paCCMaTpHBae­

MblX nllTH KOHq>HrypaUHH KpHTH4eCKOH c6opKH. 

A"'THBHal! 30Ha npe.D.CTaBJllleT co6oi1 K0JlbUe­

BOH B0CbMHrpa111111K, orpaHH4eHllblH Bl·ryrpeHHHM 

B0CbMHrpaHHHK0M (rpaHHUa C BO) H BHeWHHM 

BOCbMHrpaHHHK0M C 8-IO Bblpe3aMH B BH.D.e nony-

0Kpy)l(HOCTeH (rpaHHU.a c 60), KaK n0Ka3aHO Ha 

pHC. 4. 
B npouecce 3arpy3KH Ka)K.LI.0H KOHq>11rypaum1 

c6opKH npOB0.!1.HJlHCb H3MepeHHR pacCTOl!HHH T, H 

T2 Me)K.Ll.y npoT11B0J1e)Kat1.1HMH rpaHllMH BO H 60 
(pHC. 4). B Ta6n. 3 npHse.n.eHbl pe3yJlbTaTbl CTaTH­

CTH4eCKoro aHaJJH3a H3MepeHHH T1 H T2• 
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T a 6 J1 11 u a 2. 8bICOTa He wapOBOH JaCblnKH, OTC'IHTb!BaeMrui OT eepxHeH 

noeepXHOCTM Bb!CTYOOB HTO 

Kottqrnrypaum1 
MaKCH-

TTapaMeTp 5 MaJlbHble 
I 2 3 4 

(c BTO)' 
3HalfeHHSI 

Hc,cM 179,36 21 4,14 291,59 320,05 421,58 -

ci(Hc), CM
2 0,286 0,282 0,228 0,164 0,0367 0,286 

o(Hc), CM 0,53 0,53 0,48 0,41 0,19 0,53 

•BTO - m rnapoeb1x rpa<!>11TOBbIX :rneMeHTOB (f3). 8b1c0Ta rnapoeoH 3acbrn1<1-1 

aKTHBHOH 30Hbl COCTaBJlSIJla 320,05 CM. 

T 6 a J1 HU a 3 p ~ 6 6 e3ynbTaTbl CTaTHCTH'!eCKOH O ,pa OTKH H3Mepemrn 1H 2 

TiapaMeTP 
K0Hclmrypau11sr Y cpe.uHeH1t!'1e 

1 2 3 4 5 3Ha'leHHSI 

Ti, CM 37,99 38,0l 38,01 38,03 38,0l 38,01 
ri(T,), CM

2 0,0106 0,0 105 0,0155 0,0221 0,0591 -

o(T1), cM 0,10 0,10 0,12 0,15 0,24 -
T2, CM 36,11 36,15 36,36 36,26 36,25 36,23 
ci(T2), CM

2 0,0009 0,0018 0,0157 0,0296 0,0671 -

o(T2), cM 0,03 0,04 0, 13 0,17 0,26 -
qHCJlO T3/r3 .. 16 897 20 287 27 671 30 432 30 432/9 512 -

T,. T2- He3aBHCHMble cny'laHHble BeJlH'IHHbl tuUI pa3JlH'!HhlX KOH<!mrypaUHH . 

.. r3 3arpyJKanHCb B Ka'!eCTBe BTO B KOH<!>HrypaUHH 5. 

J-13 Ta6JI. 3 CJie)].yeT, l.fTO ycpe)].HeHHble 3Hat.te­

HH51 paBHbI: T1 = 38,01 CM H T2 = 36,23 CM. Hc­
nOJib3YSI MaKCHMaJlbHb!e ou.eHKH )].JISI CTaHJJ.apTHblX 

OTKJIOHeHHH cr(T,) H cr(T2) H3 Ta6JI. 3, HMeeM 

cr(T1) = 0,24 cM H cr(T2) = 0 ,26 CM. 

Hapy)l(HaSI rpaHHU.a nonepet.tHoro cet.temu, 

aKTMBHOH 30Hhl HMeeT cpopMY BOCbMeyroJibHHKa C 

.n11aMeTpaJibHbIMH pa3MepaMH D1 H D2 c JJ.06asne­

Hl1eM Ha Ka)l(JJ.OH H3 l.feTblpex CTOpOH BOCbMH­

yrOJ!bHHKa JJ.Byx nonyoKpy)l(HOCTeH )].HaMeTpOM 

11 ,4 CM, pa3Mepbl BttyrpeHHeH rpaHHU.bl aKTHBHOH 

JOH.bl d1 H d2 (pHc. 4). Ha octtose CTaTHCrnt.tecKoro 

aHaJIH3a noJiy'ieHbl cpeJJ.HHe 3Hat.teHHSI H 3KcnepH­

MeHTaJibHble craHJJ.apTHb1e OTKJIOHeHHSI JJ.JISI d1 11 d2 

(ra6n. 4). 

,[visi ycpeJJ.HeHHbIX no cnosiM 3Hat.teHHH d 1 11 d2 

nonyt.teHbI d1 = 99,54 CM, d2 = I 05,73 CM 11 cne­

JJ.yi<)W.He MaKCHMaJlbHb!e CTaHJJ.apTHble OTKJIOHe­

HH51: cr(d1) = 0,04 CM 11 cr(d2) = 0,06 CM. ITorpew-

HOCTb u.11cpposoi1 H3MepwreJibHOH pyneTKH DMB5 

plus pastta ± 0, 1 CM. 3To 03Ha4aeT, 4TO cTaHJJ.apT­

HaSI Heonpe)].eJieHHOCTb <JoMB5 COCTaBJUleT 0, 11-J) 

= 0,06 CM. 

CyMMapHble CTaHJJ.apTHble HeonpeJJ.eJieHHOCTH 

cr(d) pa3Mepos d1 H d2, nonyt-,eHHbie KaK Kopettb 

KBaJJ.paTHblH 113 cyMMbl JJ.11cnepcHH o~~ms H cr2(d1) 

HJIH cr2(d2), npaKTH'ieCKH OJJ.11HaKOBbl H cocrasrui­

lOT 0,08 CM. BenHt.tHHbl D, (i = I, 2) H cratt.napr­

Hb1e OTKJIOHeHHSI (J (D,) HaXO)].HJlHCb C yt.teTOM co-

OTHOWeHHSI D, = D, = d, + 21'; . nonyt.teHbl 

CJieJJ.yIOW.11e ou.eHKH: D, = 175,56 CM, Di= 178, 19 

CM, cr(D1) = 0,49 cM, cr(D2) = 0,53 cM. 

2.2. 3KcnepUMeHmGJlbHble KQHGJlbl u HeU­

mpOHHble oeme1w10pbl. PacnOJIO)l(eHHe KaHaJIOB 

)].JISI HeHTpOHHblX )].eTeKTopos nOKa3aHO Ha pwc. 3 

H 4. B aKTHBHOH 30He 11MelOTCSI wecTb 3KCnepH­

MeHTaJlbHblX KaHaJIOB )].Jl51 aKTHBal..(HOHHb!X JJ.eTeK-

Ta 6 J1 HU a 4 p ~ 6 6 e3YJlbTaTbl CTaTHCTH'!eCKOH O ,pa OTKH H3MepeHHM 1H 2 

TTapaMeTP 
HoMep CJlOSI Y cpe.uHeHHbie 

rpa1 lHTOBblX 6JJOKOB BO 
oueHKH 

Cnoti 1 Cnoil 2 Cnoti 3 
pe3yJJbTaTbl 

d,, CM 99,570 99,510 99,540 99,540 
o2(d1) , cM

2 5,42· l 0-4 16,81 · 10·4 13,00· 10-4 -

o(d1) , cM 0,023 0,041 0,036 -
di, CM 105,680 105,770 105,730 105,730 

ri(d2), CM
2 2,92· 10"3 3,75· 10"3 0,65·10·J -

o(d2), cM 0,054 0,061 0,026 -
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T0p0B, K0T0pble npe,u.CTaBJUIIOT co6oH Tpy6K11 113 

aJ(IOM11Hl1eBoro cnnasa A.lJ: Hapy)l(HbIM .u.11aMeT­

poM 1,2 CM 11 Tomu11HOH CTeHKl1 0, I CM. B aKT11s­

HOH 30He s6n11311 rpaH11Ubl C 60 pacnOJlO)l(eHbl 8 
KaHaJIOB ,!J.Jlll pa3MeIJ.J.eHl1SI aKT11sau110HHblX ,u.eTeK­

T0pOB B 811,!J.e Tpy6oK 113 aJJIOMl1Hl1eBoro cnnasa 

A.ll:3 I C Hapy)l(Hb(M .u.11aMeTpOM 1,8 CM 11 TOJlIJ.J.11-

HOH cTeHKl1 0, I CM . 

.lJ:nSI pa3MeIJ.J.elll1ll nornoIJ.J.aJOmero CTep)KHSI 

(TIC) KO6 B aKTl1BHOH 30He npe,u.ycMOTpeH seprn­

KaJJbHbIH KaHan B 811,!J.e Tpy6bI 113 aJJIOMl1Hl1eBoro 

cnnasa AB Hapy)l(HbIM ,u.11aMeTpOM I 0,5 CM 11 Ton­

IJ.J.11HOH cTeHKl1 0,25 CM. KpenneH11e 3TOH Tpy6b1 s 

HH)l(HeH YaCTl1 aKTl1BHOH 30Hbl ocymeCTBJll!eTCll C 

noM0lllblO nerKoH onopHoH KoHcTpyKu1111 113 

aJ110M11H11esoro cnnasa AMr2, ycTaHosneHHOH Ha 

sepxHeH nosepxHocrn HTO. Pa3MeIJ.J.eH11e .u.pyrnx 

,u.eTeKTopos (110H113au110HHbie KaMepbI KHK-56 11 

tte.HTp0HHbJe CYeTYl1Kl1 CHM- I I) B 60 noKa3aHo 

Ha p11c. 3. 

2.3. Tpa</Jumo6b1e EO, HTO u BO. 60 cocTo-

11T 113 rpacjmTOBbIX KOJlOHH, Ha611paeMblX 113 OT­

.u.enbHbIX rpacj>11TOBbIX 6nOKOB. BbICOTa 0T,U.eJlbl-!0-

ro 6noKa M0)KeT 6bJTb 60,00 ± 0,05 CM 11Jll1 40,00 

± 0,05 CM. OCTaJlbHbJe pa3Mepbl nOKa3aHbl Ha p11c. 

5. 60 C0CT0l1T 113 .u.syx 30H no BblCOTe: HH)f(HeH 

60 I BbJCOTOH 40 CM, KOTOpal! He 11MeeT KaHan0B s 

rpacj>l1TOBblX 6noKaX (s KaHanbI BCTaBJleHbl rpacj>11-

T0Bbie npo6K11), 11 sepxHeH 30Hbl 002 BbJC0TOH 

420 CM. B 3TOH' 30He B YaCTl1 K0JlOHH HeT rpacj>11-

TOBblX npo6oK, a s YaCTl1 KOJlOHH OHH ycTaHOBJle­

Hbl. KonOHHbl 6JlOKOB 60, KaHanbI KOTOpbIX 3a­

nonHeHbl rpacj>11TOBblMl1 npo6KaM11, Ha p11c. 3 Bbl­

.u.eneHbl TeMHblM useTOM. 4.aCTb KaHanOB 60 6e3 

npo6oK 11cnOJ1b3yeTcll ,u.nSI pa3MemeH11S1 TIC pery­

n11posaH11S1 11 asap11HHOH 3am11Tb1 (A3), HeH'TpOH­

HbIX CYeTYl1KOB, 110Hl13aUl10HHblX KaMep H HCTOY­

HHKa HeHTpOHOB. B YaCTl1 rpacj>HTOBblX 6JlOKOB 

npe,u.ycMOTpeHbl sepT11KaJlbHbie JKCnep11MeHTaJlb­

Hbie KaHanb1-na3bl ceYeHl1eM 3,0x I ,5 CM (p11c. 3). 

Tiepe.u. 3arpy3KOH wapOBbIX T3 s c6opKy 

npose,u.eHbl KOHTpOJlbHbie 113MepeHl1ll BblCOTbl H2 
60 ,!J.O Hl1)1(1Iero CJlOll rpacj>11TOBblX 6noKOB. B pe-

3YJlbTaTe CTaTHCTHYeCKOH o6pa60TKl1 [12 ... 14] 

nonyYeHbl 3HaYeH11ll BbICOTbl H 2 11 CTaH,u.apTHoro 
- - -

0TKJ10HeH11SI crA(H2 ): H2 = 420 CM 11 crA(H2 ) = 
0,06 CM. TaKHM o6pa3oM, nomiaSI BblCOTa H60 = 
= H 2 + h = 420 CM + 40 CM = 460 CM. 

rpacj>HTOBbie 6noKl1 nep11cj>epHHl-!blX KOJlOHH 

60 npown11 MexaH11YecKy10 o6pa6oTKY .lJ.JlSI cj>op­

MHposaHHSI BHeWHeH nosepXHOCTl1 60 s BH,U.e 

Kpyrosoro u11n11Hnpa c ,u.11aMeTpOM 380,00 ± 0,05 

CM (pHC. 3). rpacj>11TOBbie 6nOKl1, pacnono)KeHHble 

Ha sttyrpe1-11-1ei1 rpam1ue 60, pa3pe3aHbI no ,u.11a-

.. 2 
0 190 .. ·0 

0114'°23 

, o 
250 , . 

PHC. 5. KOHCTPYKTHBHall cxeMa rpacjJHTOBblX 6nOKOB, 

I1cnonbJyeMbIx lUlll 60, BO H HTO; pa3MepbI naHbl s 

MM 

ro1-1an11 11 He conep)Kan11 npo6oK. HTO cocT0HT 113 

O,!J.HOro CJlOll rpacj>11TOBbIX 6nOKOB, T8Kl1X )Ke KaK 

6nOKl1 HH)l(Hero CJlOll 60 I. 
BO c6opoK BbmonHeH 113 Tex )Ke rpacj>HTOBbIX 

6noKOB, YTO 11 60. OH npe,u.cTaBJllleT co6oi1 BOCb­

M11rpaHH)'IO npH3MY, OCb KOTOpOH C0Bna,u.aeT C 

OCblO c6opK11 (p11c. 2 . .. 4). l.JeTbipe nep11cj>ep11HHbie 

K0Jl0HHbl BO COCTOSIT 113 rpacj>11TOBblX 6nOKOB, 

K0TOpble Mexatt11•1eCKl1 o6pa6oTaHbl C TeM, YT06bI 

nonepeYHoe ceYem1e BO HMeno cj>opMy BOCbMH­

yronbH11Ka . .lJ:nSI 3TOro 6nOKH H BCTaBJleHHble B 

1-111x npo6K11 pa3pe3an11Cb no ,u.11aro1-1an11. 
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Bee 6110K11 BO, HTO 11 60 113roTos11eHb1 113 
peaKTOpHoro rpacjJHTa P6MK BblCOKOH '-IHCTOTbl 
[ 11 , 15, 16). flo pe3yJlbTaTaM CTaTHCTH'-leCKOH o6-
pa60TKH nacnopTHblX .uaHHblX nJlOTHOCTb rpacjJHTa 

BMeCTe c npHMeCllMH COCTa.BHJla 1,698 ± 0,002( I cr) 
r/cM3

. Cpe.UHllll nJJOTHOCTb rpacjmTa .!lJlll KIDK)J.OfO 
OTpa)l(aTeJlll C yY.eTOM npHMeCeH 11 TeXHOJ10rH'-le­
CKl1X 3a30pOB Me)l(Jly 6110KaM11 OTpa)l(aTeJleH co­

CTaBJllleT: Yef60 = 1,666 ± 0,002( 1 cr) r/cM3; Yerao = 

= l ,668 ± 0,002(lcr) r /cM
3
; Yen-ITO ::::: 1,679 ± 

0,002(1cr) r/cM3
• flp11Mec11 B rpacp11Te Y'-111TbIBalOT­

Cll C noMOW.blO 6opHoro 3KBl1BaJleHTa H C0CTaB­
JllllOT 1,0 ppm 6opa ecTecTBeHHoro no Macce. 

ITepBblH (H11)KHH_H) pll.!l rpacp11TOBblX 6JlOKOB 
BO nocrnsneH Ha onopHYfO KOHCTpYKU11IO, KOTO­
pa» pacnonaraeTc» Ha sepxHeH nosepxH0CTl1 BbI­
crynos rpacp11TOBbIX 6110Kos HTO. KoHcTpyKT11B­
HaR cxeMa onopHoH KOHCTpyKu1111 BO, Bbmon­
HeHHOH 113 a1110M11H11esoro cnnasa AMr2, noKa3a­
Ha Ha p11c. 6. 

Bb1c0Ta BO, OTCY.11TbIBaeMa» OT sepxHeH no­
sepxHOCTl1 Jll1CTa onopHOH KOHCTPYKU1111, paBHa 

420,00 ± 0,08( I cr) CM. ):Lil» pa3MemeHl1ll aKTl1Ba­
U110HHblX .neTeKTOpOB B '-laCTl1 rpacp11TOBblX 6110-
KOB BO npe.uycMoTpeHbI sepTHKaJlbHbie 3Kcnep11-
MeHTaJ1bHbie KaHaJJbI ce'-leH11eM 3,0xl ,5 CM. B Ka­
)l(JlOM 113 nep11cpep11HHblX rpacp11TOBblX 6110KOB BO 
npocsepneHbI no .usa sepT11KaJlbHhIX ornepcTHR 
.u11aMeTpOM 1,6 CM .!lJlll pa3Mew.eHl1ll .UeTeKTOpOB 
HJ111 npocpm111py10w.11x nornow.a10w.HX 311eMeHTOB 
(p11c. 4). 

1000 

/~~0 0 
•· 0 \ 0 

~t§}r,0 0 
00 

0 '·0° 

8 

P11c. 6. KoHc-rpyKT11BHaJ1 cxeMa onopHOH KOHCTPYKUHH 
BO; pa3Mepbt naHbI a MM 
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KpoMe 3Tl1X KaHaJJOB s BO 11MeeTc» o.n11H 
sepT11KaJlbHbIH KaHaJI C nonepe'-IHbIM ceY.eHl1eM B 

cpopMe KBa.npaTa c pa3MepaMl1 ( 11 ,0 ± 0, 1 

CM)X(ll ,0 ± 0, 1 CM), npe.UHa3HaY.eHHbIH .!lJlll pa3-
Mew.eHH51 nc KO7 (p11c. 3 11 4). 

2.4. BTO ycTaHOBJleH HaJJ. aKT11BHOH 30HOH 
TOJlbKO .UJTll c6opK11 KOHcp11rypau1111 5. Me)l(Jly wa­
pOBOH 3aCbinKOH aKTl1BHOH 30Hbl BblCOTOH 320,05 
CM 11 BTO pacnonaranc» 1111cT 113 a1110M11tt11esoro 

cn11asa A.[(l TOJlW.HHOH 0,20 ± 0,0 I CM. BTO 
npe.UCTaBJllleT co6oH CTOXaCTl1'-leCKYIO 3aCbtnKy 
wapOBblX 3JleMeHTOB, 113fOTOBJleHHbIX 113 peaK­
TOpttoro rpacp11Ta BbICOKOH '-111CTOTbl. Hapy)l(HblH 
.u11aMeTp waposoro f3 cocrnsn»eT 6,00-.t. CM, r.ue 

.uorrycK .t. = 0,03 CM, T.e. dn = 5,985 ± 0,002( I cr) 
CM. TI.noTHOCTb rpacp11Ta waposoro r3 c y'-leTOM 

np11Meceii Yr3 = 1,681 ± 0,007( 1 cr) r /cM
3

• Ilp11Mec11 
s rpaq>11Te YY.11TbIBalOTCll c nOMOW.blO 6opHoro 
3KBl1BaJJeHTa 11 C0CTaBJTlllOT 1,0 ppm 6opa ecTeCT­
BeHHOrO no Macce. 

B BTO 11Me10TCll 6 sepTl1KaJlbHbIX KaHaJIOB, 
pacnOJlO)l(eHHblX no .u11aMeTpy, .!lJlll aKT11sau110H­
HblX .neTeKTOpOB, 8 KaHaJJOB no nep11q>ep1111 .!lJlll 
aKTl1BaU110HHbIX .neTeKTOpOB 11 I Kattan .!lJlll 
CTep)l(Hll KO6, KOTOpble llBJllllOTCll npO.!lOJl)l(eH11eM 
COOTBeTCTBYfOW.HX KaHaJIOB aKTl1BHOH 30Hbl (p11c. 

3 11 4). Tonw.11tta BTO cocTaBJTjleT 101,33 ± 
0,45( I cr) cM, Ko1111Y.ecTso r3 s BTO - 9 512 rnT. 
(Ta6Jl. 2 11 3). 

2.5. lllapoeble T:J aKmueHou 30Hbl cocTOllT 113 
rpacp11TOBOH MaTp11Ubl 11 TO0Jll1BHblX '-!aCTl1U 113 
.!ll10KC11.Ua ypaHa C MHOfOCJl0HHblMl1 noKpb1Tl151Ml1, 
paBHOMepHO pacnpe.neneHHbIX B ueHTpallbHOH 
4aCTl1 MaTp11Ubl (TOnJ111-8HOM cep.ne4Hl1Ke - TC) 
[11 , 14). Hapy)l(HbIH .u11aMeTp waposoro T3 no 
KOHCTPYKTOpCKOH .!lOKYMeHTaUHH COCTa.BJTlleT 
6,00-.t. CM, r.ue JlOrryCK !),. = 0,03 CM. ):Lil» BbI60pK11 
113 20 wapOBblX T3 npoBe}leHbl nosep04Hble 113-
MepeHl1ll HX Hapy)l(HOro Jll1aMeTpa . .[(HaMeTp Ka)l(­
}lOro T3 H3Mepll11Cll B Tpex pa3HblX .u11aMeTpaJJb­
HblX HanpasneHHllX (scero 60 3aMepos). B pe3y11b­
TaTe CTaTl1CTl14eCKoro aHaJJH3a 3Tl1X 113MepeHHH 

- -
nonyY.eHbl oueHKH d n = 5,985 CM 11 cr( d n ) = 
=0,002 CM . 

.[(11aMeTp TC no KOHcTpyKTopcKoH .noKyMeH­

Tau1111 paBeH dTc = 5,00 ± 0,05 CM, a CTaHJ],apTHajf 

HeOnpeJ],eJleHHOCTb CJTc .!l11aMeTpa paBHa 0,05/-J?, = 
= 0,03 CM. TaKHM o6pa30M, Hap~HbIH .u11aMeTp 

waposoro T3 cocrnsn»eT dn = 5,985 ± 0,002(lcr) 

CM, .n11aMeTp TC paseH dTc = 5,00 ± 0,03(1 cr) CM. 
C y'-leTOM pe3yJlbTaTOB CTaTHCTl14eCKOH o6-

pa60TKl1 nacnopTHbIX .nattttblX naprnii T3 11 MT 

nonyYeHa oueHKa BeJ111'-111Hbl nJl0THOCTH Ye rpaq>H-



> 
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Ta ,nnll wapoBoro T3. TTonyi-1eHHaJ1 B pe3ym,TaTe 

cpe,nHllll nnoTHOCTb rpacpHTOBOH MaTpHUbf TC H 

rpacj)HTOBOro noKpblTl1ll T3 COCTaBnlleT 1,885 ± 
0,003( I er) r /cM\ TTpHMeCH B rpaq>HTe Y4HTblBalOT­

CR C nOMOIUblO 6opHoro 3KBHBaJleHTa H COCTaB­

nl!IOT 1,0 ppm 6opa ecTecTBeHHOro no Macce. 

TonJ!HBHble 4aCTHUbl C nOKpblTHl!MH, Haxo­

.UlllllHeCll BHYfpH TC, HMelOT ccpepH4eCKYIO cpop­

MY H COCTOH H3 ccpepH4eCKOro KepHa H3 .UHOKCH­

.na ypaHa H 0Kpy)f(a101UHX ero YeTbIpex ccpep114e­

CKHX cnoes noKpblTHH. ,[J;HaMeTp KepHa 113 .n110K­

c11.na ypaHa cocTaBnl!eT 511 ± 5( I er) MKM, a cpe.n­

Hllll nnOTHOCTb .UHOKCH.na ypaHa B MaTep11aJ1e Kep­

Ha - I 0 ,27 ± 0, 10( 1 er) r /cM
3

. 

1130TOnHblH COCTaB ypaHa B MaTepHaJie Kep­

HOB B nacnoprnx 3aso.na-H3fOTOBHTenll npHBO.UHT­

Cll TOJlbKO no 
235U. TT03TOMY npoBe,nellbl KOH­

TpOJlbHble H3MepeHHJ! H30TOnHoro COCTaBa ypaHa 

c 11cnOJ1b30BaHHeM wecTH o6pa3UOB MT [6, 7, 11]. 

3Kcnep11MeHTbl nposo.nHnHcb B PHU "KypYaTOB­

CKHH HHCTHTyr" C nOMOIUblO Macc-cneKTpOMeTpa 

MH-120 IT. B Ta6n. 5 npe.n.crnsneHbl ycpe.nHe1-1-

HbIe 3Ha4eHHll KOHue11TpaUHH 1130TOnOB ypaHa 

3THX o6pa3UOB. 

1130TOnHblH COCTaB ypaHa C yYeTOM .n.pyrnx 

H30TOnOB norryYeH Ha OCHOBaHHH nacnopTHOro 
,3su o6orameHHj! ypaHa no - , co.nep)f(aHHe KOTopo-

ro 20,91 % sec., nepeC4eTOM KOHUeHTpaUHH .npy-

(234u 2J6u 23su) 6 5 rHX H30TOTTOB , , , HCXO.Ull 113 Ta Jl. . 

H30TOTTHblH COCTaB ypaHa, norryYeHHblH Ha OCHO­

BaHHH nacnopTHblX .naHHblX H Macc­

cneKTpOMeTpH4eCKl1X H3MepeHHH, npHBO.UHTCll B 

Ta6n. 6. 

HH)f(e nepe411cneHbl xapaKTepHCTHKH crroes 

noKpblTHH TOnJlHBHblX 4aCTHU B nOpll.nKe OT BHYT­

peHHero K Hapy)KHOMy: cnoH I - n11poyrnepo.n 

(PyC) TOJllUHHOH 94 ± 7( I er) MKM, nnOTHOCTblO 

1,01 ± 0,0l(ler) r /cM3; cnoH 2 - PyC TOJllUHHOH 72 

± 4( I er) MKM, nnOTHOCTblO 1,95 ± 0,03( 1 er) r /cM3; 

CJlOH 3 - Kap6H.D. KpeMHHll (SiC) TOJllUHHOH 51 ± 
± I ( I er) MKM, nJlOTHOCTblO 3,26 ± 0,03( 1 er) r/cM3; 

CJlOH 4 - PyC TOJllUHHOH 57 ± 1 ( I er) MKM, nnOTHO­

CTblO 1,89 ± 0,03( I cr) r/cM3
. 

B rn6n. 7 np11se.neHbl pe3ynbTaTbl CTaTHCTl1-

4eCKOH o6pa60TKH nacnopTHblX .n.aHHblX no co­

.n.ep)f(aHHIO He11Tp0Honorno1Ua101UHX npHMecew s 

MT {KepH + YeTbIpe cnol! n0Kpb1rn11) [ I l... 14]. 

T a 6 n II u a 7. Collep)KaHHe HeH"TPOHO­
nornowaiournx np1-1Meceli e MT 
(Kep + -) H 'leTb!pe CJIO!I IlOKPblTHH 

3neMeHT Mace.% 

Fe 0, 144 
Cr 0,0 15 
Ni 0,008 
B 3,2-10·5 

Li 3,0·\0"5 

V 0,003 
w 0,003 
Co 0,001 
Cd 3,0·10"5 

Hf 0,003 
Zr 0,01 
Mn 0,0012 

Ta 6 J1 11 U a 5. l130TOnHblH COCT38 ypatta no pe3yJJbTaTaM CTaTHCTH'leCKOH 
6 MT o6pa60TKH Macc-cneKTPOMeTPH'!eCKl1X HCnblT3Hl1H O )P33UOB 

l,,13oTon, i 234u mu 2J6u m u 
ATOM Hal! Macca, A, 234,0409 235,0439 236,0456 238,0508 

% aT. (no }laHHblM 
H3MepeH11i1 Ha Mace- 0,198 21,01 0, 162 78,63 

cneKTpoMeTpe) 

% eec. (no11Y4ettb1 
0, 195 20,801 0,161 78,843 

I1CX0llll H3 % aT.) 

cr('U)', % eec. 0,003 0,050 0,003 0,050 

• CTaHll3pTHble OTKJIOHeHHll cr('U), xapaKTepH3YIOUll1e Heonpelle.neHHOCTb 
eeJllf411Hbl KOHUeHTPaUHH H30TOnOB ypaHa, ouemrnan1-1Cb KaK KOpeHb KBan­
paTHblH 1-13 CYMMbl llHCnepc11i1 pe3yJJbT3TOB l-13MepeHIIH H30TOilHOro cocrnea 
ypaHa 1-1 llI1Cnepc1111 o6pa6oTKH Macc-cneKTPOB (TO'lHOCTb Macc-cneKTpOMeTPa). 

T a 6 J1 11 u a 6. J,13oTOnHblH COCTae ypatta no nacnopTHblM llaHHblM 11 
pe3yJJbTaTaM CTaTHCTH'leCKOH o6pa60TKH Macc-cneKTJ)OMe'fJ)ll'leCKHX 

6 MT HCnblTaHHH weCTH O )pa3UOB 

l130TOn 234u mu 236u nsu 

% eec. ± lcr 0, 197 ± 0,003 20,91 ± 0,03 0, 162 ± 0,003 
78,731 

(6anattc) 
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cmepJICUU. I1cnOJib3yeMble B 

3Kcnep11MeHTax Ha c6opKax 
cTeHJI.a ACTPA cTep)l(Hl1 KO, 
A3 11 HeInsneKaeMb1e IIC 

(HTTC) 11MeIOT OJI.tty 11 TY )Ke 

KOHCTPYKU11IO (p11c. 7). CTep­
)l(eHb COCTOHT 113 JI.Byx yacTeH, 

coeJI,11HeHHblX Me)l{Jl.y co6oH 

wapH11pH0 11 pacn0JI0)KeHHblX 

sepTHKaJibHO OJI.Ha HaJI, .u.py­
roH. O6e Yacn, cTep)l(H.!I co­

,uep)l(aT KJI8CTep, COCT0.!11.J..lHH 

H3 15 CTaJibHblX Tpy6oK Ha­

PY>KHblM JI,HaMerpoM 1,250 ± 

0,005 CM H TOJI1.Ul1HOH CTeHKl1 

0, 120 ± 0,002 CM. 3TH Tpy6KH 

3anOJIHeHbl Kap6HJI.OM ecTeCT­

BeHHOro 6opa c 0JIOTHOCTblO 

1,56 r /cM3. OHH paBHOMepH0 

pacnpe.u.eneHbI no oKpy>KHo­

CTH Jl.118MeTpOM 7,600 ± 
± 0,005 CM. BbICOTa Ka)l{Jl,Oro 

CTep>KH.!I" 387,50 ± 0,01 CM. 
CTep>KHH KO 11 A3 MOryT ne­

peMel.J..laTbc.11 B CBOHX Kattanax 

EO, aKTHBHOH 30HbI 11 BO 

(p11c. 3). CTep>KHH HIIC He 

HMeIOT npHBOJI.a, n03TOMY Ka­

)l{Jl.blH H3 .usyx HIIC n1160 OT­

cyrcTsyeT, JIH60 0OJIHOCTblO 

norpy>KeH B csoi:1 Kattan BO. 

P11c. 7. CxeMa M0.Uem1 TTC; p83Mepbl .UaHbI B MM 

MaTepHanOM Tpy6oK 11 KOHCTPYKQHOHHbIX 

3JieMeHTOB CTep>KHeH CJIY>KHT Hep>KaBelOl.l..l8H 

cTanb MapKH 12X18HI0T (fOCT 5632-72). 

IlJIOTHOCTb 3TOH CTaJIH - 7 ,90 ± 0,01 ( I cr) r / cM3
. 

XHMHYeCKHH COCTaB CTaJIH B % BeCOBbIX: Fe -

68,38, C - 0, 12, Si - 0,8, Mn - 2, Cr - 18, Ni -

10, Ti - 0, 7 . Tpy6KH 3anonHeHbl Kap611,noM ecTe­

crneHHoro 6opa (B4C). CpeJI.HH.H nnoTHOCTb 3a­

CbinKH Kap6HJl.a 6opa pasHa 1,56 ± 0,0l(lcr) r /cM3
. 

IlpoBe)leHbl KOHTPOJibHbJe HC0blTaHH.!I H30TOnHoro 

COCTaBa ecTeCTBeHHOro 6opa. I13MepeHHH npOBO­
Jl.HJIHCb c noMOIIlblO Macc-cneKTpOMeTpa MH-
1201 T. l130TOOHblH COCTaB ecTeCTBeHHOro 6opa: 

'
0B - 19,7 ± 0, l(lcr) aT.%; 

11
B - 80,3 ± 0, l(lcr) 

aT.%, 4TO COOTBeTCTBYeT H30TOilHOMY BeCOBOMY 

cocTasy 6opa: ' 08 - 18,242 ± 0, 100( I cr) sec.%, 
11 B 

- 81 ,758±0, I00(lcr) sec.% . 

CTep>KeHb PP npe.ucrnsn.11eT co6011 ,usoi:itty10 

Tpy6y 113 an10M11H11esoro cnnasa AB, 4b.H nnoT­

HOCTb BMecTe c npHMeCHMH pas Ha 2,700 ± 

0,006(lcr) r /cM3
. Cocrns cnnasa .uaH s rn6n. 8. 

Bttyrp11 PP HaxOJl.HTC.H B03Jl.yx. HapY>KHbIH JI.Ha­

MeTp BHewHeH Tpy6h1 COCTaBJIHeT 9,00 ± 0,02 CM 
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npH TOJII.J..lHHe CTeHKH 0,250 ± 0,002 CM, a BttyT­

peHHeH Tpy6bl - 7,50 ± 0,02 CM npH TOH )Ke TOJI­

ll.ll1He CTeHKH. BblCOTa CTep)KH.!1 pp paBHa 

388,5 ± 0,05 CM. 

2.7. KoucmpyKl,fUOUHble Mamepuanbl e 3Kcne­
pUMeumax. X11M11YeCKHH cocTaB KOHCTPYKUHOH­

HblX MaTep11anOB KpHTl14eCKHX c6opoK CTeH.ua 
ACTPA Ha ocHose aJIIOMHHHeBblX cnnasos AB 

' 
A,[(, A,[(3 I, AMr2 c nnornoCTblO 2, 70 ± 0,01 r /cM3 

npHBe,UeH B Ta6JI. 8. ,[(aHHble 83.!!Tbl 113 CTaH)lapT0B 

rocT. 
IlpHHHMaeTCH, 'ITO npocrpaHCTBO, He 3aHHT0e 

3JieMeHTaMH c6opK11 (T.e. n0JI0CTH, KaHaJibl H ,up.), 

3anonHeH0 cyxHM B03Jl.YX0M np11 H0pMaJibHblX 

ycJI0BH.!IX (npH 20 °C 11 760 MM pT. CT.). IlnoT­

H0CT3b B03,!l;yxa npHHHMaeTC.!I paBHOH J ,205· 10"
3 

r /cM . CocTaB B03,Uyxa np11 H0pMaJibHbIX ycJI0BH­

.!IX B % BeCOBbfX: N 2 - 75,5; 0 2 - 23, 158; Ar -

1,292; CO2 - 0,05. 

2 .8. Ko11ipu2ypa11uu 6e11'I.MapK 3KcnepUMe11-
moe. B CTaTbe npHB0,U.!ITC.!I 051Tb KOHqmrypa1111H 
c6opoK, KOTOpbre 11Me10T 0.UHH 11 Te >Ke 60 HTO 11 

' 

if 



Ta 6 JI II u a 8. X11M11lfeCKltii COCTaB KOHCTpyKUIIOHHblX MaTep11a.JlOB Ha OCHOBe aJJIOMl1HHeBblX Cl1Jl3B08 
6 ACTPA J]JlR KPIITl1lfeCKl1X C OPOK CTeH.na 

KoHc-rpyKu110H- MapKa c11JJaBa I 
ItblH :rneMeHT rocT Cu Mg 

MaTep11an 
cTep)l(HH PP; AB(1340)/ 0,5 0,9 
KaHaJJ llJIR 4784-74 
cTeP)KHH KO6 
6 -rpy6o K .!)JUI 

aKn1BaUIIOHHblX AJJ:(I O I 5)/ 0,1 0,1 
,neTeKTOpOB B 4784-74 
a1n110Hoii JoHe 
8 KaHaJJOB Ha 

A,n:3I(I3I0)/ 
rpaHHUe all.'THBHOH 0,1 0,9 

30Hbl 11 60 
4784-74 

OcHoaaH11e BO 
(onopHaii 11J111Ta AM r2( 1520)/ 0,1 2,8 
Me>K.ny aepxoM HTO 4784-74 
H Hl130M BO) 
Pa311.e1111TeJ1bHbI i1 

AJJ:1(1013)/ 
Jll,ICT Me)l(,ny aKTHB- 0,05 0,05 

4784-74 
HOH 30HOH 11 BTO 

BO 11 0JJ.HHaKosoe nonepe4Hoe ce4eHHe aKTHBHOH 
30Hbl. K0Hq>11rypau1rn OTJIH4alOTCH KOJll14eCTBOM 
T3, BblCOTOH aKTHBHOH 30Hbl, HaJJH4HeM HJIH OT­
CyTCTB11eM BTO 11 non0>1<eH11eM nc (KO, PP, 
HTTC), pacnono)l(eHHblX BHyrp11 c6opKH. 

B Ta6n. 9 np11seneHo noJJO)l(eHHe TTC no 
BblCOTe KaHaJJOB, a s Ta6n. IO nalOTC5! OCH0BHble 
napaMeTpbl KpHTl14eCKHX c6opoK. 

TeMneparypa B noMew.eH1111 c KpHTH4eCKOH 
c6opKoH CTeHna ACTPA H3Mepiinacb c noMOW.blO 
CTaHnapTHOro TepMOMeTpa J.1TB-1, pacnOJIO)l(eH­
HOro OKOJIO sepxHeH 4aCTH Kp11TH4eCKOH c6opK11. 

TTornow.a10w.11e CTep)l(HH KO, A3 11 PP MOryT 
nepeMew.aTbC5! B CBOHX KaHanax B oceBOM Ha­
npasneHHl1. Tiono)l(eHHe cTep)l(H5! onpenem1eTc» 
paCCT05!1➔HeM Z no sepTHKaJJH OT Hl1)1(Hero Topua 
cTep)l(ml no HI-OKHeH nosepxHOCTH 60 11 HTO. Ha 
sany npHsona 11Me10TC» BKB H HH)l(HHH KoHuesoi:i 
BblKJJI04aTeJJb (HKB), 06ecne411sa10w.11e ocTaHOB­
KY J).BHraTenii npH JJ.OCT11)1(eHHl1 CTep)l(HeM MaKCH­
MaJJbHOro sepxHero ZsKB HJIH MHHHMaJJbHOro 
Hm1rnero ZHJ<o nono)l(emrn. ,nn» mo6oro cTep)l(H» 

T a 6 JI II u a 10. OcHOBHbJe napaMCTPbl HCCJIC.!lOBaHHblX KOH< 

Te~rneparypa T 
,lJ.aeneHue P, 

OTHOClfTeJlb-
B nOMCWCHHH, 

105 Pa 
Ha/I BJlalK-

oc HOCTb, % 

I 21,5 + 0,2 1,005 ± 0,002 45,0 ± 0,5 
2 21,0 ± 0,2 1,008 ± 0,002 49,0 ± 0,5 

3 19,5 ± 0,2 1,0 I 6 ± 0,002 47,0 ± 0,5 

4 19,5+0,2 1,00 I + 0,002 45,0 ± 0,5 
5 20,0 + 0,2 1,0 16 + 0,002 56,0 ± 0,5 

::>neMeHTbl, % BeCOBbie 

Mn Zn Fe Si Ti Cr Al 

0,35 0,2 0,5 1,2 0,15 0,025 96,175 

0.1 0.1 0,5 0,5 0,15 0 98,45 

0,1 0,2 0,5 0,7 0,15 0 97,35 

0,6 0,2 0,4 0,4 0,1 0 95,4 

0,025 0,1 0,3 0,3 0,15 0 99,025 

Ta 6 JI II u a 9. ITono>KeH11e nc no BblCOTe KaHaJJOB 

ITOJIO,KeHHe ITC no BblCOTe z' KaHaJJa, CM 

HITCI HITC2 pp KOS 

I i i 178,8 ± 0,1 i 
2 j, i 160,5±0, 1 i 
3 j, j, 225, I± 0, 1 i 
4 j, j, i 184,6 ± 0, I 
5 j, j, i 93,0 ± 0,1 

·z - pacCTOHHHe no BblCOTe KaHaJJa OT HJ.t)l(HeH no­
aepXHOCTJ.t 60 J.{JIH HTO no HH)l(Hero Topua cTep)l(HH; 
j, - CTep)l(eHb BBe,!leH, i - CTep)!(eHb nOJIHOCTblO Bb!Be­
.neH (HITC I , HJlC2) HJIH HaX0.AITTCH Ha aepxHeM KOH­
ueaoM BbIKJIJOlfaTene (BKB) (PP, KOS). Bee cTep)l(HH 
A3 11 ace ocTaJJhHhJe cTep,KHH KO Haxo.AHTcii Ha 8KB. 
3Ha'ICHHH Z llJIH Ka>K,noro CTCp)l(H.ll CM. B Ta6Jl. I I . 

Z MO>KeT HaXOJ].11TbC5! B HHTepsane ZHJ<s ~ Z ~ 
ZsKB· PaccTO»HH» ZHKs JJ.Jl» cTep,1rnei:i B nono)l(e­
HHH HKB ornH4alOTcsr npyr oT npyra (To )Ke OT-

rnrypau11i1 KpHTHlfCCKHX c6opoK 

Tonw,rna 
Ko1111lfe-

HJMepeHHcUI BblCOTa 
BTO ± lcr, 

CTBO T3 
wapoBOH JaCbinKH, 

CM H',± lcr, cM 

0 16 897 179,36 + 0,53 
0 20 287 214,14±0,53 

0 27 67 1 291,59 ± 0,48 

0 30 432 320,05 + 0,41 
101,33 ± 0,45 30 432 421,58 ± 0,19 

-H,. H3MepiieTCR OT BepxHeH rpaHHUbl KOJlbUCBblX BblCrynoB rpa<jHITOBbJX 6JIOKOB HTO, IIMCIOWHX BblCOTY 1,4 CM. 
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Ta 6 JI H U a 11. PacCTOllHHll OT HHlKHHX TOpUOB OC JI.O HKlKHeH ITOBepXHOCTH 

EO H HTO s nonolKemU1x HKB 11 8KB 

CToJIOlKemte nc 
KOi KO2 K03 

ZHKB, CM 49,2 43,8 45,6 
ZsKB, CM 404,8 402,8 391,2 

Xon CTeplKHll 
355,6 359,0 345,6 

ZsKB - ZHKB, CM 

H0CHTCSI H K paCCTOSIHHSIM ZaKs)- ,l.vlsi CTep)!<HeH 
KO " PP 3TH paccT0JIHHll npHse.n.eHbI s Ta6n. 11. 

CTep)l(HH A3 npH npose.n.eHHH 3KcnepHMeH­
TOB scer.n.a Haxo.n.S1TCS1 s noJio)l(eHHH 8KB. Ycpe.n.­
HeHHoe no CTep)l(HSIM A3 3Hat.JeHHe ZsKB paBHO 
400 CM. Ha BHeUJHeH nosepXHOCTH K3)1(Jl.Oro 113 
cTep)KHeH KOI. .. KO3, KO5 ... KO7 H PP HMeeTCJI 
JIHHeHKa c MHJJJIHMeTposoH WKaJJOH. I1011o)l(ett11e 
CTep)l(HJI no BbJCOTe onpe.n.en.11eTCJI 8H3YaJJbHO no 
3TOH WKaJJe. PacCTOSIHHe Z onpe.n.enlleTCJI Ha oc­
HOBaHHH noKa3aHHll L WKaJJbI no cpopMyne: Z = L+ 
+ s, r.n.e .wrn KO1.. .KO3, KOS H PP s = 40,8 CM, 
.ll.Jlll KO6 s = 45,6 CM 11 .ll.Jlll KO7 s = 42,6 CM. 

CTep)l(HH HTTC He HMelOT 3J1eKTponp11so.n.a, 
n03TOMY OHH MOryT 6bITb HJIH nOJIHOCTblO norpy­
)KeHbl, HJIH noJIHOCTblO H38Jlet.JeHbl H3 KaHana. ,l.vlll 
1-illC, norpy)KeHttoro s Kattan, paccTO.!lHHe OT 
HH)l(Hero Topua fUlC .n.o HIDKHeH nosepXHOCTH 
HTO cocrasnl!eT Zttnc= 42,6 CM. 

3. CTaTHCTuqeCKaH oneuKa 

)KCnepHMCHTaJlbHblX }laHHblX 

B Ta6n. 12 0606meHb1 BXO.ll.Hble napaMeTpbl 
.ll.Jlll oueHOK Heonpe.n.eneHHOCTeH KpHTH4eCKHX 
KOH<pHrypaQHH [11 . .. 14]. Heonpe.n.eneHHOCTH 
3KCnepHMeHTaJJbHbIX napaMeTpOB no.n.pa3.n.em110T­
C.!l Ha THnbt A H B. Heonpe.n.eneHHOCTH THna A 
oueHHBaJOTCJI nyTeM CTaTHCTHt.JeCKoro aHaJJH3a 
pe3yJibTaTOB MHOrOKpaTHbJX H3MepeHKH 3KCnepH­
MeHTaJJbHblX napaMeTpOB. Heonpe.n.eneHHOCTH 
THna B oueHHBaJOTC.!l 8 npe.n.noJIO)KeHKH, 4TO na­
paMeTp 11MeeT n1160 paBHOMepttoe (pasttosepo.!lT­
HOe) pacnpe.n.eneHHe s npe.n.enax o6nacTH csoero 
H3MeHeHHJI, JIH6o HOpMaJJbHOe pacnpe.ueneHHe 
OTHOCHTeJibHO HOMHHaJlbHOro 3Hal.feH_H_.!l. BJIH_.!lHHe 
Heonpe.ueneHHOCTH pa3JIH4HblX napaMeTPOB KpH­

THt.JeCKOH c6opKH Ha kerr oueHHsanocb Ha octtose 
3KCnepHMeHTOB 11 pact.JeTOB. 

3.1. HeonpeoeJ1e1mocmu U3MepeHuii Ha Kpu­

mu'leCKOU c6opKe cmeHoa ACTPA. KpHTH11ecKoe 
COCTOJIHHe, 3q>q>eKTHBHOCTb CTep)l(HeH H HX Heon­

pe.ueneHHOCTH H3Mepl!IOTCJI B e.u1rn11uax 13eff· 3Ha-
11ett11e 3q>q>eKTHBHOH .uom1 3ana3.llbIBaJOll{HX tteH­
TPOHOB nonyt.JeHo pact.JeTaMH no KO.ll.Y MCU 11 
OKa3aJJOCb paBHblM l3err= 0,0072 ± 0,0002( I cr). 
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nc 
KO4 KOS KO6 KO7 pp 

42,7 50,5 50,3 59,6 53,0 
398,7 402,6 395,1 395,0 403,5 

356,0 352, 1 344,8 335,4 350,5 

Ha ocHose noK83aHHH np1-16opa Il11P nony11e­

tta Ol{eHKa BeJIH4HHbl OTKJIOHeHHSI 6p (norpewHo­
CTH), xapaKTep113y10maJ1 KpHTHl.feCKOe COCTO.!lHHe 
c6opKH: 6p = ± 0,000313.rr- Crntt.n.aprnal! tteonpe­

.ueneHHOCTb O'crit .ll.Jlll ± 1 CJ COCT88HT 0,0003l30trf"'-P 
= 0,000213.fT. 3Ha4eHHe 3q>q>eKTHBHOH .ll.OJIH 3ana3-
.ll.b1BaJOm11x HeITTpOHOB paBHO 13.rr= 0,0072, no-
3TOMY O'crit B e.llHHHU.ax pe8KTH_BHOCTH - npette6-
pe)l(HM0 MaJJaJI BeJIH4HHa. 

MaKCHMaJJbHaSI tteonpe.LJ.eJieHHOCTb 3KCnepH­
MeHTaJJbHOro 3Ha4eHHll keff BKJIJ04aeT s ce6,i tte­
onpe.ueneHHOCTH KpHTH'leCKoro COCTOllHHJI ( O'crit = 
0,000213.rr), KpHTH'leCKOro noJIO)KeHHJ! CTep)l(Hjl 
pp ( O'pp = 0,000713.rr) " KpHTH'leCKOro noJIQ)l(eHJ{.!l 
CTep)l{HJ! KOS ( O'Kos = 0,009913err ). TaKHM o6pa-
30M, Heonpe.ueneHHOCTb 3KCnep11MeHTaJJhHOro 
onpe.ueneHHll k.rr 8 KpHTH'leCKOM COCTOJIHHH co­
CTaBJllleT 

±Men<.) cr) = ± .Jcr~nl + cr!p + cr!o5 . ~ <ff= 

=±.Jo, 00022 + o, 00012 + o, 00992 
. o, 0012 = 

=± 0,00007. 

3.2. O1,feHKU 6JIWIHWI Heonpe0eJleHHOCmeu na­
paA,tempoe KpUmu'lec1<ou c6op1<u Ha keff- OueHKH 
tteonpe.n.eneHH0CTeH k.rr nposo.uHJIHCb no npo­
rpaMMaM WIMS [17) H MCU [18 ... 21). 

81111S1tt11e tteonpe.n.eneHHOCTH K3)1(Jl.oro napa­
MeTpa Ha kerr oueHHBaJlOCb cne.n.yJOll{HM o6pa30M. 
IlpoBO.ll.HJICJI paC'leT kerr np11 H0MHHaJlbHbIX 3Ha4e­
HHJIX scex napaMeTpos. 3aTeM nocne.n.osaTeJibHO 
MeHllJICJI 0.llHH 113 BX0.ll.HbIX napaMeTp0B Ha oue­

HeHHble 3Hal.feHHJI Heonpe.n.eneHH0CTH ( + ] CJ H -

) cr) H IT0J1)'4aJJHCb .usa B03MyIUeHHbIX 3Ha4eHHJI 

kem H keff2· ,l.vlll Bbl'IHCJleHH_ll Mem H M eff2 HCITOJlb-

308aJ1HCb CO0THoweHHJ!: M .m = (kem 

keffO)/(kemkeffO) H Meff2 = (keff2 - k0rro)/(keff2keff0). 
no nporpaMMe WIMS [17) pacc'IHTbIBanocb 

BJIHJIHHe tta kerr cne.n.yJOIUHX tteonpe.LJ.eJieHHocrei:l: 
np11Mecei:l s rpaq>HTOBOH MaTpm.te T3 11 rpaq>11Te 
OTp3)1{aTeJieH; nJIOTHOCTeH rpaq>HTOBOH MaTpHU.bl 
T3 11 waposbtx f3 s BTO; pa3Mepa waposbtX T3; 
nJI0THOCTH rpaq>HTa OTp3)1{aTeJieH; pa3Mepos aK­
THBHOH 30HbI H OTP3)1{aTeneH; tteonpe.LJ.eneHttocTeH 
napaMeTpOB perynHpyJOmKX CTep:>KHeH H .n.p. ,[(n,i 
onpe.LJ.eJieHHjl 4HCT0Tbl peaKT0pHoro rpaq>HTa HC-



Ta 6 JIIIU3 12 l1 TOfOBble Heonpe.neneHHOCTl,f l,fCXO.llHblX napaMeTDOB H oueHKH k efT 

3Ha'-leHHe BapuaU1,tll E.n11HHUbl 
Heorrpe.ne-

napaMeTµ neHHOCTb napaMeTµa napaMeTpa (± I cr) l,fJMepeHHll 
6aJOBOH MO.lleJJH B k0rr (±lcr) 

IleyCTOPOHHHe rrapaMeTpbl 

Onpe.neneH11e Kpl,fTH'-leCKOro COCTOllHHll 1,0000 + 0,0003 L'.p/13,rr nM· 

O6orawett11e MT no 2j)U 20,91 + 0,03 %sec. 235U ±0,0001 

Pacnoe.neneHHe Kepttoe MT oaeHoMepHoe CJJV'13WHOe TTM 

.D,11aMeTp Keptta MT 511 +5 MKM ±0,0001 

TTnoTHOCTb UO2 Keptta MT 10,27 ±0,10 r/CM 3 ±0,0002 

Macca ypatta B T3 2,440 ± 0,002 r ±0,0001 

TonlUHHa cnoll SiC e MT 57 ± I MKM ±0,0003 

TTnornocTb cnoll SiC B MT 3,26 + 0,03 r/cM 3 +0,0002 

L{HaMeTp T3 5,985 ± 0,002 CM +0,0004 

L{HaMeTp TC T3 5,00 + 0,03 CM +0,0004 

TillOTHOCTb rpacp11TOBOH MaTµHUbl T3 1,885 ± 0,003 r/CM 3 +0,0004 

KottueHTµ3U11ll _ j
4U 0, 197 ± 0,003 % Bee. 234U TIM 

KottueHTµ3Ul,fll lJ~u 0,162 ± 0,003 % Bee. 2'
6U TIM 

K03cpcpHu1,teHT yrraKOBKH T3 0,60618 + 0,0016 - nM 

BHeWHHH .n11aMeTp f3 5,985 + 0,002 CM +0,0001 

TTJIOTHOCTb f 3 1,681 ± 0,007 r/CM 3 +0,0004 

K03cpcpHUHeHT ynaKOBKH f3 B BTO 0,60149 + 0,0030 - +0,0004 

TTonepeLJHble pa3Mepbl aKTHBHOH 30Hbl (D1) 175,56 ± 0,49 CM ±0,0004 

HBTO (D2) 178,19 ±0,53 CM +0,0018 

BblCOTa wapoBOH 33CblnKH H, ± 0,53 CM +0,0006 

Tommrna BTO 101 ,33 + 0,45 CM TIM 

TTonepe'-!Hble pa3Mepbl aKTHBHOW 30Hhl (d1) 99,54 ± 0,08 CM ±0,0003 

HBO (d2) 105,73 ± 0,08 CM 

BblCOTa BO 420,00 + 0,08 CM +0,0004 

Jl11cT H3 aJIIOMHHHeBOfO cn11aea AMr2 (TOJllllHHa) 0,40 ± 0,01 CM ±0,0004 

B OCH0B3HHH BO (nJlOTHOCTb) 2,7 ± 0,006 r/cM , 

Ton1I111Ha HTO 40,00 ±0,03 CM ±0,0004 

Bttewtt11H .nHaMeTp 60 380,00 + 0,03 CM TIM 

BblCOTa EO 460,00 + 0,09 CM +0,0004 

3cpcpeKTHBHall n11ornoCTb BO 1,668 ± 0,002 r/cM 3 TIM 

3cpcpeKTHBHall nJJ0TH0CTb 60 1,666 + 0,002 r/cM 3 ±0,0002 

3cpcpeKTHBHall nnoTHOCTb HTO 1,679 ± 0,002 r/cM 3 +0,0004 

Co.nep)l(attHe npHMecefl B rpacj>HTe T3 EopHb1w 
± 0,1 

ppm eec. eCTe-
±0,0024 

H OTP3)1(3TeJJeW 3KBHBaJTeHT 1,0 CTBeHHOro 6opa 

)],HaMeTP Kap611.na 6opa B TPY6Kax, 
BKJIIOLJeHHblX B KJJaCTep, .llJ!ll CTep)l(HeH 1,010 ± 0,003 CM ITM 

KO, A3 H HTIC 
TOJJll.lHHa CTeHKH Tµy6oK e KJJaCTepax 0,120 ± 0,001 CM TIM 
.llJ!jj CTeD)l(HeW KO, A3 H Hnc 
IIHaMeTµ pacnono)l(eHHll ueHTpoe Tpy-
60K C Kap6H.!l0M 6opa B KJJaCTepe .llJ!ll 7,600 ± 0,005 CM ±0,0001 

cTeD)l(HeH KO, A3 H HTTC 
Bb1C0Ta cTep)l(Hew KO, A3 11 HITC 387,5 + 0, I CM +0,0004 

ITJJOTHOCTb Hep,1<aee10ll.leH CTaJIH .llJ!ll 7,900 ± 0,006 r/cM 3 TIM 
CTep)l(Hew KO, A3 11 HTTC 
TTnoTHOCTb Kap611.na 6opa .llJ!ll CTep)I(- 1,56 ± 0,01 r/cM3 TIM 
Hei1 KO, A3 H HITC 
O6ora1I1eH11e no 10B .llJ!ll cTep)l(tteH KO, 18,242 ± 0, 100 % eec. TIM 
A3 H HnC 
TeMneparypa 19,5 .. . 21 ,5 +0,5 oc TIM 
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3tta4CHHC Bap11au1-U1 E.llHHHUhl 
Heonpe.lle-

TTapaMerp neHHOCTb napaMerpa 
napaMeTpa (± I cr) HJMepeHHJI 

6aJOBOH MO.llem1 e k.rr(± lcr) 

HeonpeJleneHHOCTb, CBl!JaHHall co CMemeHHCM H ynpomeHHMH MO.llenH 

HanHlfHe HeHTPOHHbIX .lleTeKTopoe 0, 1540 ± 0,0013 fipN/:/P,rr ±0,0001 

TTpHMec11 e KOMnoHeHrnx MT flp11Meceli HeT 
HOMHHanbHble 

±0,0002 -
JHalfeHHll npKMecei-1 

3KcnepHMeHTanbHble KaHanbl 11 Kpen-
JICHHe rpy6bl KaHana Jln)I CTep)l{Hll KO6 OTCYTCTBYIOT TTp11cyTcTey10T - ±0,0001 

113 anlOMHHHCBblX cnnaeoe 
OKpy)l{eHHe KpHTKlfCCKOH c6opKH OTcyTcTByeT TT p11cyTcTByeT - ±0,0009 

TTonHall tteonpeJlenettHOCTb 

Heonpe.lleneHHOCTb 

TTM - npette6pe)l{HMO Mano. 

nonb30BaJlCH HeHTpOHHO-<pH3H4eCKHH MeTO.ll 113-

MepeHHll .D,Jll1Hbl .llH<pcpy31111 TenJlOBblX HeHTpOHOB 

B rpacpHTOBblX np113MaX. 

C noMOLUblO TaKHX H3MepeHHH onpenensteTcst 

TaK Ha3bJBaeMblH <pH3114eCKHH HHJJ.eKC j rpacp11Ta, 

paBHbIH cpenHeM)' no 3HeprnH MHKpOCKOnH4e­

CKOMY ce4eHl110 nornomeHllil ( c Y4eTOM np11Me­

ceti) B Ml1JlJlH6apHax, xapaKTepH3YfOLUHH Ka4eCTBO 

rpa<pHTa no OTHOWeHHIO K nornoma!OLUHM HeH­

TpOHbl npHMeCllM. rro 3THM 113MepeHHllM onpene­

JlHeTCH 6opHblH 3KBHBaJleHT np11Mecei1. ,[(;Ill rpa­

<pHTa 3Ha4eHHe 6opHoro 3KBHBaJleHTa np11MeCeH 

COCTaBJilleT 1,0 ± 0, I ppm Mace. ecTeCTBeHHOfO 

6opa. 

ITo nporpaMMe MCU MeTO.llOM MoHTe-Kapno 

paCC411TbIBaJ10Cb BJil1SIHHe Ha keff CJle.ll)'JOLUHX He­

onpe.neneHHOCTeti: np11Mecej;j B rpa<pHTOBOH MaT­

p11ue [3 BTO; nnornocrn rpacp11TOBOH MaTpHUbI 

[3 BTO (npH nOCTOSIHHbIX pa3Mepax [3); pa3Me­

p0B r3 BTO; pa3Mepoe BTO; np11Mecei1 B rpacp11-

Te HTO; nnoTHOCTH rpacp11rn HTO (np11 nocTOJIH­

HbIX pa3Mepax HTO); pa3Mepoe HTO np11 coxpa­

HeHHH nOJlHOH MaCCbl MaTepHaJJOB B HeM; napa­

MeTpOB M11Kp0TB3Jl0B (np11MeceH BO ecex KOMnO­

HeHTax MT, 06orai.ueH11S1 
235

U , .n11aMeTPa KepHa, 

nJIOTHOCTl1 U02 KepHa, MaCCbl ypaHa B T3, TOJl-

1.UHHbl cnoH SiC, nnoTHOCT11 cnoll SiC). 3T11 oueH­

K11 npoBO.llHJlHCb C noMOLUblO paC4eTOB M11KpOS14e­

eK 11 Sl4eHKH rnapoeoro T3. 
B Ta6Jl. 12 npHBO.llllTCH HOMHHaJlbHbie 3Ha4e­

HHSI napaMeTpoe, eap11au1111 HCXO./lHblX napaMeT­

poe 11 COOTBeTCTBYfOJ..UHe HeonpeneneHHOCTl1 B 

k.n{l cr). B HH)l(HeH 4acT11 rn6n11ub1 np11eo.n11Tcll 

nOJlHall Heonpe.neneHHOCTb, paCC411TaHHall KaK 

KBa.npaTHblH KOpeHb 113 cyMMbl KBanpaTOB Heon­

peneneHHOCTeH OT.lleJlbHblX napaMeTpOB. KaK CJle­

.llyeT 113 rn6n. 12, nonHaH oueHeHHall Heonpe.ne-
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±0,0036 

JleHHOCTb e k.H( I cr) COCTaBJlHeT npHMepHO ± 0,36 

%. Heo6xo.nHMO OTMeTHTb, 4TO OCHOBHOH BKJla.ll B 

:ny Heonpe.neneHHOCTb BHOCHT HeonpeneneHHOCTb 

co.nep)l(aH1111 np11Mecei1 e rpacp11Te OTPa)l(aTeneti 

(EO, HTO, BO, BTO). TaKoH 3Ha4HTeJlbHblH 

BKJla.ll B Heonpe.neJieHHOCTb kerr, BHOCHMblH no­

fJlOLUa!OLU11M11 HeHTPOHbl np11MeCHMl1 B rpa<pHTe, 

xapaKTepeH .D,Jlll ecex pa3MHO)l(aJOLUHX CHCTeM Ha 

TenJJOBbIX HeihpoHax C rpa<pl1TOBblM 3aMe.llJil1Te­

JleM. 

4. Pac1.JeTna11 6en•1MapK MO.Lle.rJh 
KpHTH'leCKOH c6opKH 

4.1. Ynpou1eHW1, npuHR.mbte e MOOenu. B 6eH-

4MapK Mo.nen11 Ka)l(.llOH 113 nllTH KOHcp11rypau11ti 

c.nenaH Pll.ll ynpomeHHH (6, 7, 11]. B 6eH4MapK 

MO.lleJlb He BKJll04alOTCJI: np11MeCH B KepHax 11 no­

KpbITHSIX TOnJ111BHblX 4acT11u; OKp~eH11e c6opK11 

(Kopnyc 113 Hep)l(aBe10meti CTaJlH, onopHaJI KOHCT­

PYKUHJI, CTeHbI noMeLUeHHJI 11 .np.); eepxmre 4aCTH 

CTep)KHeH KO, A3, PP 11 11x np11eo,nb1, eepxm1e 

KOHUbl Tpy6 KaHaJJOB 11 .npyrne ecnoMoraTeJlbHbie 

KOHCTpyKU1111, KOTOpble HaXOAJITCSI BbIWe ITJlOCKO­

CTl1 eepxHeH rnpueBOH noeepXHOCTH 60; 3KCne­

pHMeHTaJlbHble KaHaJlbl 113 aJllOM11Hl1eBblX cnnaBOB 

B 60 11 aKTHBHOH 30He, a TalOKe KpenJieH11e Tpy6bl 

.D.JlR cTep)KHll K06 e aKTl1BHOH 30He; HeHTpOHHbie 

.naT411Kl1 C Ka6eJISIM11 B KaHanax 60 (HeHYpOHHbie 

C4eT4HKl1 H HOHl13aU110HHble KaMepbI). 

KpoMe Toro, e Mo.nenH wapoeb1e T3 npe.n­

cTaeneHbI B 011.ne perynllpHOH peweTK11; BblCOTa 

BTO e KOHcp11rypauH11 5 HeMHOro yMeHbllieHa no 

cpaBHeHHIO C HarypHblM 3Ha4:eHHeM 11 np11Hl1Ma­

JiaCb paettoti 98,35 cM; onopHast KOHCTPYKUHJI BO 

H eepxHllJI 4aCTb HTO, pacnono)l(eHHaR HH)l(e aK­

THBHOH 30Hbl H onopHOH KOHCTPYKUHH BO, yn-



pomeHbl. KaK noKa3aJil1 oueHKl1, BJ111llH11e Bcex 
JTHX ynpomeHHH Ha 3HaYeHHe kerr 0KaJanocb npe-
1-1e6pe)KHMO MaJlblM. 

4.2. Clleu1e11ue keff 6e11'LwapK .HoOe.7u 0111110-
cumeflbllO :::,"c11epuwe11ma. B 6e1-1YMapK MO.lleJlb He 
BKJlJOYeH Pll.ll <PaKTopoB, BJ1HllHl1e KOTOpbIX Ha keff 

1-1ai1.neHO H3 pacYeTOB H 3KCnepHMeHTOB B B11.lle 
cMeUleHHll, K KOTOpbIM OTHOCllTCll c11e.ny1om1-1e: 

I) npHMeCH B Kep1-1ax H noKpbITHllX TOnJlHB­
HbIX YaCTHU, HaJIHYHe KOTOpbIX npHB0.llHT K 3ql­
cj>eKTY peaKTHBHocrn !:,.k1 = - 0,0007; 

2) OKp)')KeHHe c6opKH (Kopnyc H3 Hep)Ka­
seJOUleH CTaJIH, onopHaJI KOHCTPYKUHll, CTeHbl no­
MellleHHll 11 .np.), HaJIHYHe KOTOporo .naeT CMeme­
Hl1e peaKTl1BHOCTH !:,.k2 = + 0,0028; 

3) sepxH11e YaCTH cTep)l(Hei:t KO, A3, PP H 11x 
npHB0JJ.bl, Bepx1-11-1e KOHUbl rpy6 KaHaJI0B 11 JJ.pyrne 
scnOMOraTeJlbHble KOHCTPYKUHH, pacnOJlO)KeHHble 
BbIWe fiJlOCKOCTH sepxHeH Topuesoi1 nosepXH0CTH 
.60 11 ,!],aJOUll1e npe1-1e6pe)Kl1MO MaJlblH 3qJqJeKT pe­
aKTl1BHOCTH (Af3 = 0,0000); 

4) 3KCnep11MeHTaJ1bHble KaHaJlbl 113 aJ1JOMl1-
Hl1eBblX cnnasos B 60 11 aKTl1BHOH 30He, a TaK)Ke 
Kpen11eH11e rpy6b1 ,!1,Jlll cTep)l(Hll KO6 s aKTHBHOH 
30He, JJ.aJ01U11e CMeme1-111e peaKTl1BHOCTH /:,.k4 = -
0,0006; 

5) HeHrpOHHble ,!1,aT\.fHKH c Ka6eJ1llMH s KaHa­
nax 60 (HeHTpOHHble C\.feTYHKH J,f HOHH3aUHOHHbJe 
KaMepbl), J].al01UHe CMemeHHe peaKTHBHOCTH 
!:,.ks = - 0,001 I 1. 

Bee nepe411CJ1eHHble BbIWe cj>aKTopbl He 
BKJlJOYeHbl s 6eHYMapK MOJ].eJlb H s OKOHYaTeJlb­
HblX 6ett\.fMapK MOJ].eJlllX YYHTblBaJlOCb nOJlHOe 
cMemeH11e 
t,.kbias = -(t,.k, + t,.k2 + !:,.k3 + /:,.k4 + !:,.ks) = - 0,0004. 

4.3. Pm,wepbl MoOeJ/u. Mo.nenb BO, BbJCOTa 
KOTOporo pasHa 460 CM. 60 no BblCOTe COCTOHT H3 
,!1,Byx 30H: 30Ha 1 - HH)l(Hllll \.faCTb 60 BblCOTOH 40 
CM, He HMe1omasi KaHanOB B rpacj>HTOBblX 6110Kax 

(KaHaJlbl 3anonHeHbl rpacj>HTOM); 30Ha 2 - BepXHllll 
YaCTb 60 BblCOTOH 420 CM, s KOT0poi:t s YaCTH KO­
Jl0HH HMeJOTCll 3ano11HeHHble B03.llyx0M KaHaJibl 
JJ.HaMeTpOM I 1,41 15 CM ( OTCYfCTBYIOT rpaqJHTO­
Bbie npo6KH), a B Yacnt KOJlOHH 3TH KaHaJibl OT­
cyrcTBylOT (CM. pHC. 8 1-1 9). 

Ksa.npaTHbIH war pa3MemeHJ.1j! Ka1-1anos JJ.Ha­
MerpoM 11 ,4115 CM s 60 paBeH 25 CM. B KaHane 
MOryr HaXOJ].11TbCll rpacj>HT, B03.ll.YX HJlH TTC. Pac­
nOJl0)KeHHe KaHaJl0B noKa3aHO Ha pHC. 9. Hapy)K­
HbIH ,!1,HaMeTp 60 paseH 380 CM. ITonepeYHbJe 
paJMepbI BHyrpeH1-1ei:t rpamU.J.bI 60, 11Meiomei:t 
cj>opMy BOCbMHyroJlbHHKa, paBHbl D, = 175,56 CM, 
D2 = 178, 19 CM, npHYeM H3 \.feTblpex CTOpOH BOCb­
M1-fYr0JlbHHKa Bbl\.fHTalOTCll no ,!1,Be nonyoKpy)KHO-

cm ,!1,HaMeTpoM 11 ,41 15 CM (scero 8 nonyoKpy)K­
HOCTei:t) (pHc. 9). 

Mo.nenb HTO. BepxHj!ll nosepxHOCTb HTO 
npHHSITa nJl0CKOH. ITpHpame1-1He BblC0Tbl rpacj>HTa, 
MO.ne111-1py10mee rpacj>l1TOBbie BblCTYnbl, COCTaBJlll­
eT 0,406 CM, J,f 3TO 3HaYeHHe npH6asneHO K BbICO­
Te rpaqJHTOBbIX 6J10KOB ( 40 CM). TaKHM o6pa30M, 
nOJ1Yt.fe1-11-1asi BbJCOTa MOJJ.eJ1H HTO cocTasnsieT 
40,406 CM (pHC. 8). flonepeYHbie pa3Mepbl ttapy)K­
HOH rpaHHUbl, HMeJOmei:t cj>opMy B0CbMHYr0JlbHH­
Ka, cocTaBJllllOT D, = 175,56 CM, D2 = 178, 19 CM 
(pHC. 9). 

Mo.nenb onopHOH KOHc:rpyKUHH BO. Heno­
cpe.ncrne1-1Ho tta,!1, HTO pacnono)KeH 1-fJ,f)KHHH cnoi:t 
onop1-1oi:t KottcrpyKUHH, MOJJ.e111-1pyeMbIH KaK B03-
.llYWHbJH 3a3op. HaJJ. 3a3opoM pacnono)KeH J1HCT H3 
an10MHHHesoro cnnasa AMr2 TOJllUHHOH 0,446 
CM, HMe10m1-1ii TaKYJO )Ke cj>opMy, KaK BO s none­
peYHOM ceYeHHH, c pa3MepaMH d1 = 99,54 CM, d2 = 
105, 73 CM (pHC. 8 11 9). TOJllllHHa B03.llYWHOrO 
3a3opa Me)K.lly HTO H JlHCTOM 1-13 an10MHH11esoro 
cnnasa COCTaBJllleT 0,948 CM. 

Mo.nenb BO. KsaJJ.paTHbJH war pa3MemeHHll 
Ka1-1anos ,!1,HaMeTpOM I 1,4115 CM B BO paseH 25 
CM. PacnOJlO)KeHHe KaHaJI0B nOKaJatto Ha pHC. 9. 
BO pacnonaraeTcsi no OCH c6opKH Ha onopHoi:t 
KOHCTPYKUH11 (pHc. 8). ITonepe'-IHbie pa3Mepbl no 
Hapy)KHOH rpaHHue BO, HMe10mei:t cj>opMy socb­
MHyronbHHKa, cocTasnsi10T d1 = 99,54 CM, d2 = 
l 05, 73 CM, a BbICOTa BO s MO.lleJIH - 418,2 CM. 
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PHC. 8. C xeMa npO.UOJlbHOro ce<JeHl1ll MOD.eJrn Kp11n1-

<JeCKOH c6opK11: I - KOJlbUeBall aKTIIBHall 30Ha C wapo­

BblMH T3; 2 - HTO; 3, 4 - onop1-1asi KOHCTpyKUHJI BO 
(3 - HltlKBJlll <JaCTb - B03.UYX, 4 - BepXHJlll lfaCTb -

aJJIOMHHHeBblH cnnae AMr2); 5 - 60; 6 - pru.uenHTeJlb ­

pblH JlHCT HJ aJJIOMHHMeBoro cnnasa ALJ:I (TOJlbKO B 

KOHcjrnrypau1111 5, B OCTanbHblX KOHcjrnrypaUHllX 3aMe­

HlleTCll B03D.yxoM); 7 - BTO (TOJlbKO e Ko1-1cjrnrypau~111 

5, B OCTaJlbHblX KOHcjJl,lrypauHllX 3aMeHlleTCll 803.11.Y­

XOM); 8 - BO 
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PHC. 9. CxeMa nonepeYHOro cel.feHIUI MO,nem1 KpHTH­
l.feCKOH c6opKH: KO I. .. KO7 - KaHa.nb1 .llJlll pery­
JTHpyioumx cTep)trneil KO I ... KO7; PP - Kattan .llJl_ll 
cTeplKHll PP; A3 l... A38 - KaHa.nb1 llJTSI cTeplKHeH 
A31...A38; HTICI , HTIC2 - KaHa.nh1 .llJ1_ll ycTaHOBKH 
cTeplKHeil HTTCI H HTIC2 

Mo.ne11b wapOBbIX T3, HMelOW.HX Hap)')KHhIH 

.u.11aMe-rp 5,985 CM. T3 cocTOHT 113 waposoro TC 

.u.11aMeTPOM 5,0 CM H rpacjmTOBOH 0601104KH B 

cpopMe ccpepH4eCKOro CJTOSI TOJTI.UHHOH 0,4925 CM, 

noKpbIBalOI.Uero TC cttapy>KH (p11c. 10). TC co­

CTOHT H3 roMoreHH311pOBaHHOH MaTPHI.{bl, B KOTO­

poH pacno11ara10TCS1 wapOBbie KepHbI H3 U02 .u.11a­

MeTpoM 0,0511 CM. Bcero B TC Ka)l()loro T3 tta­

xo.u.11TCS1 3 866,3 TOnmIBHbIX KepHOB, pacnpe.ne­

JTeHHblX CJTy4aHHblM o6pa.30M. 

B pac4eTax KpHTWieCKHX c6opoK cTett.u.a AC­

T PA c 1-1cno11b3osam1eM MeTo,na MoHTe-Kap110 no 

nporpaMMe MCU noKpbITIDI MHKpo4aCTHU roMo­

reHH3HpOBaJTHCb C rpacp11TOBOH MaTPHUeH cep,ne'-1-

HHKOB wapOBblX T3, B TO BpeMSI KaK KepHbl Y4H­

TbIBaJTl1Cb 6e3 roMoreH113aum1. ,a1u1 Y'-leTa KepHOB 

pa.3pa6onrna 11 peaJTH3osaHa B nporpaMMe MCU 

2 

P11c.lO. Monenh wapoeoro T3: l - wapoeoH TC; 2 -
rpa(jHITOBaSI o6oJTOl.fKa 
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cneUHaJThHaSI pac4eTHaSI MeTO.U.HKa [21]. CornaCHO 

3TOH MeTO.llHKe np11 6JTY)l(.ll;amrn tteihpotta a TC 

T3 np11MeHS1IOTCSI .nee CHCTeMbl KOOp.lll,fHaT. 

B nepeoii on11cbrnaeTcS1 611y)l(JJ;am1e Hei1Tpotta 

a TC a ue110M, a so BTopoii c11cTeMe - B KepHe. 

Tip11 611y)l(JJ;aHHH HeHTPOHa a nepsoii c11creMe KO­

op.u.11HaT rpacp11TOBaS1 MaTpHua C KepHaMH Y'-IHTbl­

BaeTCSI 3cpcpeKTHBHO KaK O,llHOpO,llHaSI cpe.u.a C 3cp­

cpeKTHBHbIM MaKpOCKOTil14eCKHM Ce4eHHeM Scom = 
= Sm,+ S, r11.e S,111 - no11Hoe ce'-leHHe roMorettH3H­

poeaHHOH rpacpHTOBOH MaTpHUbI cep.ne4HHKa T3; 

S = mr.d1!4; d - .u.irnMeTP Keptta B CM; n - 4HCJTO 

KepHOB B o,nHoM cM
3 

cep.ne4HHKa T3. Ornowem1e 

Sm/Scom eCTb eepOSITHOCTb CTOJTKHOBeHI-UI HeHTpo­

Ha c SIJI.paMH MarepHaJTa MaTpHUbl, a S/Scom - se­

p0SITHOCTb nona,naHHSI Hei1TpoHa B KepH. 

TipH ocymecrn11eHHH co6bITHR nona.uaHIDI 

tteHTPOHa B KepH pa.3bffpbrnaeTcii T04Ka ero sxo.na 

Ha ccpep11'-!eCKOH noeepXHOCTH KepHa. Tioc11e no­

na,naHHSI HeHTpOHa B KepH MO,lleJTHp0BaHHe HeH­

TpOHHOH TpaeKTopHH BttyTPH KepHa npoHCXO,llHT 

CTaH.napTHbIM .n11ii MeTo,na MoHTe-Kap110 cnoco-

6oM. Ec1111 HeHTpoH noKH.UaeT Keptt H so3spaw.a­

eTcS1 B 3cpcpeKTHBttylO 0.llHOpO,llH)'lO cpe.ny, npo­

uecc TIOBT0pSleTCSI. 3TOT MeTO.ll Y'-leTa TOnJTHBHbIX 

YaCTHU no11y'-l11JT Ha.3BaHHe CORN. B OCTaJTbHhrx 

0611acrnx MOD.eJTH KpHTl14eCKOH c6opKH 11CnOJTb3Y· 

eTCSI 06w.enp11HS1TaSI .llJTSI MOHTe-Kapno MeTOD.HKa 

6JTY)l(.ll;aHHSI HeHTPOHOB. 

.nnSI no.nrnep)l(JJ;eHH_ll B03MO)f(HOCTH npHMeHe­

HHR MeTo,na CORN .llJTSI Mo.ne11HposaH11S1. Ton111-1s­

HhIX '-1.aCTHll B T3 aKTHBHOH 30Hbl KpHTH'-leCKHX 

c6opoK nposeLl,eHbI cpaBHHTeJTbHbie pac'-!eTbI He­

CKOJTbKHX eap11aHTOB wapOBbIX Sl'-leeK aKTHBHOH 

30Hbl. PacCMOTpeHbl cne.uymw.He MOLl,eJ111 Ll,Jl_ll yYe­

Ta MT: MO.UeJTb 1 - C HCnOJTb30BaHHeM MeTO.llHKH 

CORN; Mo.nenb 2 (npSIMOH pac'-1.eT no MCU) - B 

TC pa.3Mema10TCS1. see KepHbI no Ky6H4eCKOH o6b­

eMHo-uettTpHposaHHOH peweTKe, TIOKpbITI-UI TOn­

JTHBHb[X 4acT11u roMoreHH3Hpy10TcS1 a MaTPHUe 

TC T3; MOJJ.eJTb 3 (npSIMOH pac'-leT no MCU) - a 

TC pa.3MeW.aJOTCSI TOnJTHBHbie YaCTHUhl C OLl,HHM 

3cpcpeKTHBHbIM CJTOeM noKpbITI-UI (3q>q>eKTl1BHOe 

noKpblTHe TOTIJTHBHOH '-laCTl1Ubl npeLl,CTaBJTSleT co-

6011 O,llHH CJTOH cyMMapHOH TOJTW.HHbl C roMoreHl1-

3HpOBaHHbJM COCTaBOM BCex noKpblTHH); MO.UeJTb 4 
(npiiMOH pac4eT no MCU) - a TC pa.3Mew.a10TcS1 

TOTIJTl1BHbie '-laCTl1l.lbl co BCeMH '-leTblpbMSI noKpbl­

Tl1SIMH. 

Tipose.neHHb1e pacYeTbI 3THX SIYeeK no MCU 

nOKa.3aJTH, 4TO 3Ha4eHl1SI. k.rr Ll,Jl_ll scex sapHaHTOB B 

npe.nenax norpewttoCTH pacYeTa (± cr = 0,0003) 
cosna.na10T Me)l(JJ;y co6oi1. 3-ro o6ocHOBbrnaeT 

npaMeHemIe MeTo.na CORN B pac'-1.eTax Mo.ne11e11 

KpHTH'-leCKHX c6opoK cTett.na ACTP A. 
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Monenh aKTHBHOH 30HbI. Hapy,1rnasi 6oKoBasi 

rpaHHUa aKTHBHOH 30Hbl (pHC. 8 H 9) HMeeT cf>op­

MY BOChMHyronbHHKa c pa3MepaMH D1 = 175,56 CM 

11 Di= 178, 19 CM c .no6aBnemteM Ha l{eTbipex CTO­

poHax BOCbMHyroJlbHHKa JJ.BYX nonyoKpy)KIIOCTeH 

,nHaMeTpOM 11,4115 CM (Bcero 8 nonyoKpy)KHO­

cTeH). 8ttyTpeHHSlll rpaHHUa MOJJ,eJlH aKTHBHOH 

30Hbl HMeeT q>OpMy BOCbMl-fYfOJlbHHKa C pa.3Mepa­

MH d 1 = 99,54 CM H d2 = 105,73 CM. 8b1corn aKrnB­

HOH 30Hbl Ml! Ka)l{JlOH MOJJ,eJlH KOHqJHrypaUHH i 
(HcM,), OTCl{HThrnaeMrui OT MOJJ.eJtbHOH BepxHeH 

rpaHKUhI HTO, H KOJlHl{eCTBO T3 B KOJtbUeBOH 

aKTHBHOH 30He (ND,) yKa.JaHbJ B rn6n. 13. 

AKTHBHru! 30Ha (wapoBaJI 3acbJnKa) COCTOHT 

H3 wapOBhJX T3 JJ.HaMeTPOM 5,985 CM. T3 B Mo.ne­

nH pa.3Mew_alOTCll BHYTPH aKTHBHOH 30Hbl no pe­

rynllpHOH TpexMepHOH peweTKe C 3a,naHHbIM KO­

J(p(pHl.J.HeHTOM ynaKOBKH T3. ,[vill nOCTPOeHHll 

peweTKH C HY)KHblM 3Hal{eHHeM K03qJqJHUHeHTa 

ynaKOBKH (7, I 0, 11] CHal{,UJa CTPOHnacb peweTKa 

C MaKCHMa.rJbHbJM K03qJqJHUHeHTOM ynaKOBKH Jo, 
(Jo = 0, 7405), a 3aTeM OHa TpaHC(pOp1',1HpOBa.rJaCb B 

peweTKY C Tpe6yeMblM K03(pqJHUHeHTOM ynaKOB­

KH. ,[vill nocTpOeHHll peweTKH C MaKCHMaJlbHblM 

K03(pqJHUHeHTOM ynaKOBKH B nnOCKOCTH XY pa.3-

Mew.aeTCll CJlOH wapoB B BHJJ,e KBa.npaTHOH pe­

WeTKH C waroM, paBHblM JJ,HaMeTpy wapa. 

C11e.ny10W.HH cnoi1 no BhlCOTe nonyl{aeTc.11. 

CMew.eHHeM npeJJ.blJJ.YW.ero CJlOll no OCSIM X H y Ha 

nonoBHHY ,nHaM~a wapa H 3aTeM no ocH Z .no 

o6ecnel{eHHll KacaHHll c npeJJ.btJJ.YW.HM cnoeM. B 

Kal{ecTBe l!l{eHKH TPeXMepHOH peweTKH npHHHMa­

eTcl! npl!MoyronbHbIH napannenemme.n c OJJ.HHa­

KOBbJMH pa.3MepaMH no OC.11.M ropH30HTa.rJbHOH 

nnocKocrn XY (a0 = d, r.D.e d - .D.HaMeTp T3) H 

BbJCOTOH ho = d ✓2 no ocH Z. B ueHTPe 3Toro na­

pannenenHne.na pa.3Mew.aeTCSl wapoBoi1 T3, a c 

u.eHTPaMH B Ka)l{JlOM H3 BOCbMH yrnoB BHYTPH na­

pan11e11enHne.na pa.3Mew.eHbJ no 1/ 8 wapoBoro T3. 

TaKHM o6pa.30M, BttyTpH l!l{eHKH pacno11ara10TCS1 2 

wapoBbIX T3. 

,[vill nonyl{eHHll peweTKH C MeHbWHM K03cp­

<PHU.HeHTOM f ynaKOBKH, KaK B peanbHOH CTOXac­

THl{eCKOH 3aCbJnKe aKTHBHOH 30Hbl, war a KBa)].­

paTHOH peweTKH H BblCOTa b l!YeHKH yBeJlHYHBa­

lOTCl!. KoJq><pHUHeHT ynaKOBKH T3 Ml! MO.D.eJtH 

aKTHBHOH 30Hbl Ka)K)].OH KOH<pHrypaUHH i c6opKH 

HaxO)].HTCSl, HCXO)].Sl H3 3aJJ,aHHblX pa.3MepoB aKTHB­

HOH 30Hbl H 3a,naHHOro KOJlHl{eCTBa wapOBblX T3. 

3Hal{eHHll K03qJ<pHU.HeHTa ynaKOBKH wapOBbIX 

T3 B aKTHBHOH 30He H pSl.D.a .npyrnx napaMeTPOB 

Ml! MOJJ,eJlH paccMaTpHBaeMbIX KOHcpHrypaUHH 

npl1BOJJ.SlTCSl B rn6n. I 3. 

Ta 6 JI JI u a 13. Pe3ynbTaTbl pac'-leTa KO)cj>cjrnuHeHTOB 

vnaKOBKH wapOBblX T3 B aKTl1BHOl1 30He 

KoHcj>H-
HcM,. CM Nn, f, a, lb, rypau11Sl 

I 180,354 16 897 0,59914 6,3671 /9,2428 
2 215,134 20 287 0,60304 6,3671 /9, 1831 
3 292,584 27 671 0,60480 6,3671 /9, 1563 
4 32 1,044 30 432 0,60618 6,3671/9, 1355 
5 321,044 30 432 0,60618 6,3671/9, 1355 

B Ta611. 13 npHBe,neHbl 3Hal{eHHll napaMeTpOB 

a, 11 b, l!l{eHKl1, KOTOpb1e 06ecnel{11Ba10T Tpe6ye­

Mbie 3Hal{eHl1ll f,., np11 3TOM BbJn0JlHl!IOTCll Tpe6o­

BaHHll a, ~ ao , b, ~ b0. ,[vill ynpow.eHHll Mo,nenH 

npHHl1MaeTCll nOCTOSlHHblH war a, = 6,3671 CM 

Me)K)].y ueHTpaMH T3 B rop1130HTaJlbHOH nnOCKO­

CTl1 Ml! Bcex 5 KOHcp11rypaU.HH. 81111.siH11e 3Toro 

ynpow.eH11S1 npe.nBap11TeJ1bH0 11ccne,n0Batto pacl{e­

TaM11 MSl cJtyl{aeB, Kor.na a, 11 b, OJJ,HOBpeMeHHO 

113MeHl!JlHCb B o,nHoH H TOH )Ke nponopu.H11. CpaB­

HeH11e pe3yJlbTaTOB nOKa.3aJlO, '{TO 3TO B1111.s!HHe He 

npeBOCXOJJ.11T CTaTl1CTl1l{eCKYIO Heonpe.neneHHOCTb 

Mern.na MoHTe-Kap110. 

Mone11b BTO, cocTollw.ero B KOHcp11rypau1111 

5 113 wapOBbIX f3 .n11aMeTpOM 5,985 CM. Me)K)].y 

aKmBHOH 30HOH H BTO pacno11o)l(eH JtHCT 113 

anlOMHHHeBoro cnnaBa A.JJ:l. TTonepel{HOe cel{e­

H11e wapoBOH 3acbmKH BTO coBna,naeT c TaKOBbIM 

Ml! aKTHBHOH 30Hbl 11 11MeeT TaK11e )Ke pa3Mepbl: 

Hap~HaJI rpaH11u.a JlHCTa 113 aJllOMl1HHeBoro 

cnnaBa A.JJ:I 11MeeT cpopMy BOCbM11yrOJ1bHl1Ka C 

pa.3MepaM11 Di = 175,56 CM, D2 = 178, 19 CM, BttyT­

peHHl!Sl rpaH11u.a - c pa3MepaMH d 1 = 99,54 CM, d2 = 
I OS, 73 CM. Ha JTOM 1111cTe TOJ1W.11HOH 0,2 CM pac­

nono)KeH BTO, cocTOllW.11H 113 wapoBbIX f3. Ko-

3cpcp11u11eHT ynaKOBKH f3 B BTO paBeH !Brn = 
0,60149. 8b1corn BTO np11H11MaeTc.si paBHOH 

98,35 CM MSl nOJt)"¾eHH_Sl nOJlHOH BblCOTbl 460 CM. 

Monenb cTep)l(Hei1 KO, A3 11 HTIC, HMe10w.11x 

OJJ.11HaKOBbie pa.3Mepbl (p11c. 7). TTonHrui BbICOTa 

Ka)l{Jloro ITC cocrnBJtlleT 387,5 CM. Ka)l{JlbIH 

CTep)l(eHb COCTOHT H3 JJ.Byx ceKU.1111 no BblCOTe 

(H11)1(Hei1 11 BepxHeH). HH_)KHSlll l{aCTb Ka)l(,noro 

CTep)l(Hl! (onopHoe OCHOBaHHe) npe,nCTaBJlSleT co-

6oi1 KOJlbUeBOH u111111H.np H3 Hep)KaBe10w.ei1 CTanH 

I 2X 18H I OT BbtCOTOH 3,0 CM, Hapy)KHhlM .n11aMeT­

poM 9,0 CM 11 BHYTPeHHHM JJ,HaM~OM 6,2 CM. 

K BepXHeH noBepXHOCTH KOJlbUeBoro U.MHH­

.npa npHMbtKaeT HIDKHHH KJtacTep 113 I 5 BepT11-

KaJ1bHO pacnOJlO)KeHHblX TPY60K, H3fOTOBJleHHblX 

113 Hep)KaBe10w.ei1 cTanH l 2X 18H I OT. 8b1c0Ta 

Ka)l{JlOH Tpy6Kl1 189,5 CM, Hapy)KHblH .n11aMeTp 

1,25 CM, TOJlW.HHa CTeHKH 0, 120 CM. Ka)l{Jlal! 

Tpy6Ka HMeeT BepXHIOIO H HH)KHIOIO npo6KH H3 

Hep)KaBe10w.ei1 CTa.rJH I 2X 18H I OT BhtCOTOH 1,0 CM 

H JJ.HaMeTpOM 1,010 CM. BHYTpeHHee npocTpaHcT-
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BO Ka)f(J:lOH Tpy6KH Me)l(lzy npo6KaMH, 3aHHMa!O­
w.ee Bbtcory 187,S CM, 3ano1rneHo Kap6i-1.noM ecTe­
cTBeHHoro 6opa. Tpy6KH paBHOMepHo pacnpe.ne­
neHbl no OKp)')KHOCTH ,!J.HaMeTpOM 7,6 CM, ueHTp 
KOTOpOH ne>KHT Ha OCH CTep)KH.11 ( OKpy>KHOCTb 
npOXO,!J.HT Yepe3 OCH Tpy6oK). Csepxy K Tpy6KaM 
npHMblKa!OT .nsa cnnOWHblX .!J.HCKa ,!J.HaMeTPOM 9,0 
CM H cyMMapHOH BblCOTOH 2,5 CM, H3rOTOBneHHbie 
113 Hep>KaBe10w.eii cTanH 12X 18H I OT. 

BepxHHH KnaCTep TPY60K nc npHMbtKaeT K 
sepxHeMY Topuy onopHoro OCHOBaHH.11. 3ToT Kna­
cTep, COCTO.IIW.HH 113 Is Tpy6oK, 11.neHTHl.feH HH>K­
HeMy KnacTepy. K sepxHeMy TOpl.(y sepxHero Kna­
cTepa ITC npHMb!KaeT KpblWKa 113 Hep)KaBelOW.eH 
cTanH 12X 18H I OT Hapy>KHbtM .n11aMeTpOM 9,0 CM, 
BHYTPeHHHM .n11aMeTPOM 6,2 CM, o6w.eii BblCOTOH 
3,0 CM 11 c .!J.OHblWKOM ssepxy TOflW.HHOH 0,7 CM, 
KaK nOKa3aHO Ha pHC. 7. 

Monenb cTep>KH.11 PP, BbmonHeHHOro 113 
anlOMHHHesoro cnnasa AB o6w.eii BbtCOTOH 388,S 
CM. Mo.nenb CTep>KH.11 PP cocTOHT H3 .nsyx YaCTeH 
no BblCOTe (HH)KH.11.11 J,f sepXH.11.11 ceKl.(HH). HJ,f>KH.11.11 
YaCTb CTep>KH.11 pp npe.nCTasn.11eT co6oH KOflbl.(e­
BOH l.(HnHH.!J.P (onopHoe ocHosaH11e) 113 anlOMH­
HHesoro cnnasa AB BblCOTOH 4,6 CM, Hapy>KHbJM 
,!J.HaMeTpOM 9,0 CM "' BttyTPeHHHM ,!J.HaMeTpOM 7,0 
CM. 

K KOnbl.(esoMy l.(HflHH.!J.PY npHMbtKalOT .nse 
KOaKCJ,iMbHbte TPY6bt BblCOTOH 186,9 CM 113 anro­
MHHJ,feBoro cnnasa AB. Hapy>KHblH .n11aMeTP 
BHewHeH TPY6bt cocrasn.11eT 9,0 CM np"' Tonw.11He 
cTeHKH 0,25 CM, BHyrpeHHeH TPY6bt - 7 ,5 CM npH 
TOH >Ke Tonw.11He cTeHKJ,1. Csepxy K 3THM KOHl.(eH­
TpHYeCKHM TPY6aM npJ,fMblKalOT .nsa KOflbl.(eBblX 
.n11cKa J,13 anlOMHHHesoro cnnasa AB Hapy>KHblM 
.D.HaMeTpOM 9,0 CM, cyMMapHOH BblCOTOH 5,8 CM 11 
BHyrpeHHHM ,!J.HaMeTpOM 5,4 CM. Csepxy K KOflb-
1..(eBblM .!J.HCKaM npHMblKalOT .nse KOaKCJ,fanbHble 
Tpy6b1 sepxHeH yacTH cTep>KH.11 PP, 113roTosneH­
Hb1e 113 an10M11tt11eeoro cnnaea AB. 3T11 TPY6bt 
J,1Me10T Bb1cory 185,8 CM 11 TaK0H )Ke ,!J.J,faMeTP 11 
TOflW.Htty CTeHOK, KaK HH)KHHe Tpy6bl. 

Mo.nenb KaHanOB JI.JI.II nc. KaHan .!J.JJ.11 CTep>K­
HR KO6 npe.ncnrnnReT co6oii TPY6Y m an10MH­
H11eeoro cnnasa AB, pacnono>KeHHYIO B TonnHB­
HOH 30He, KaK noKa3atto Ha p11c. 9. Hapy>KHbtH 
.n11aMeTp TPY6b1 10,5 CM, Tonm11Ha CTeHKH 0,25 
CM. BbtCOTa Tpy6bt B Mo.nen11 COCTaBn.11eT 419,594 
CM .!J.Jl.11 scex KOHcjmrypa1.J.J,1H c6opKH. Ocb Tpy6b1 

pacnono>KeHa B nnocKOCTJ,f, npoxo.n.11w.eii Yepe3 
ocb KaHana cTep>KH.11 KO2 11 l.(eHTpanbttylO ocb BO. 
PaccTO.IIHHe Me>K.D.y OCblO Tpy6bl 1-1 6oKOBOH no­
BepxH0CTblO 60 pasHo 12,S CM. HIDKHJ,fH KOHel.( 
Tpy6bl H3XO,!J.HTC.II Ha ypoBHe sepxHeH nosepXHO­
CTH HTO (Ha paccTORHHH 40,406 CM OT HIDKHeH 
nosepxHocrn HTO). · 

KaHan .!J.Jl.11 cTep>KH.11 KO7, pacnono)KeHHblH s 
rpacp11Te BO, B nonepeYH0M ce4eHHH npe.ncrnsn.11-
eT co6oH KBa.npaT pa3MepoM 11 Ha I I CM (p11c. 9). 

OcTanbHbte KaHanbt .!J.JJ.11 nc (KOl ... KOS "' 
A31. .. A38) pacnono)l(eHbl B EO, H HX pacnono­
>KeHHe noKa3aHO Ha pHC. 9. KaHanbl HMelOT ,!J.J,fa­
MeTp 11 ,41 IS CM "' BbICOTY 420 CM, J,fX HJ,f)KHJ,fe 
KOHL(bl pacnono)l(eHbl Ha paCCTO.IIHHH 40 CM OT 
HH>KHeH nosepXHOCTH EO. 

TTono>KeHJ,fe nornow.a10w.11x cTep)l(HeH HTIC 1, 
HTTC2, PP 11 KOS no BblCOTe Mo.nemt .!J.JJ.11 pa3HbIX 
KOHcpttrypau.HH c6opKH np11se.neHO B Ta6n. 14. 

T a 6 J1 n u a 14. Tiono)l(eHtte cTep)l(Heii HTIC I, 
HTIC2, PP 1-1 KOS 

KoH<j)H- flOJJO)l(eHHe no BblCOTe z' K3HaJJ3, CM 
rypau1-1.11 HTICl" HTIC2" pp KOS 

I i i 178,8 402,6 

2 42,6 i 160,5 402,6 

3 42,6 42,6 225, 1 402,6 

4 42,6 42,6 403,5 184,6 

5 42,6 42,6 403,5 93,0 

z - paCCTO.IIHHe no BblCOTe OT HH)l(Hero Topua rpa<j)H­
TOBOro OTP3)1(3TeJJll (HH)l(Heii nosepxHocrn 60 1-1 HTO) 
.!10 HH)l(Hero TOpUa flC, 
"j - CTep)l(eHb OTCYTCTByeT (nOJIHOCTbl-0 H3BJle'leH 1-13 
c6opKH) 

Bee CTep>KHH A3 tt KO 3a HCKnlOYeHHeM KOS 
Hax0JUITCH B KpaHHHX eepX.HHX. nonmKetnUIX. Pac­
CTO.IIHJ,f.11 no sepTHKanJ,f OT HIDKHeH nosepxH0CTH 
rpacp1nosoro 0Tp3)1(3Ten.11 .no HIDKHero T0pl.(a scex 
cTep)l(HeH A3 11 cTep)l(HeH KO, KpoMe KOS, .!J.Jl.11 
scex n.llTH KOHcpHrypal.(HH c6opKH npHBe,!J.eHbl s 
rn6n. 15. 

4.4. /1,aHHble no MamepuQJla.M. Op"' pacYeTe 
aTOMHblX nnOTHOCTeH MaTepJ,fan0B npHMeH.llfl0Cb 
4J,!Cno Asora.npo NA = 0,60221·1024 M0nb-1. 

T 6 a J1 HU 3 15 fl OJIO)l(eHHe CTep)l(He A KO( KpOMe KOS) H CTep)l<He H A3 
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KoH<j)H- TToJJO)l(eHHe no BblCOTe Z K3HaJJa, CM 

rypaUHll KOi KO2 KO3 KO4 KOS KO6 KO7 

1 ... 5 404,8 402,8 391,2 398,7 402,6 395,1 395,0 

Z - paCCTOJlHHe no BblCOTe OT HH)l(Hero Topua rpa<j)HTOBOro OTP3)1(3TeJll! 
(Htt)l(Heii nosepxHocrn 60 1-1 HTO) .no HH)l(Hero Topua nc 

A31. .. 8 

400,0 
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flnoTH0CTb S03D,yxa cocrnsmIeT 1,205 r/n 

( 1,205· 10·3 r /cM3
). ATOMHble llilOTHOCTH, HCnOJlb-

3yeMble )lJlll S03A)'Xa S 3a.30pax, non0CTSIX H KaHa­

nax KpHTH4eCK0H c6opK11, np11se11.eHbl s Ta6n. 16. 

OHH pacClfHTblBaJlHCb Ha OCHOSaHHH C0CTasa S03-

.Ayxa npH HOpMaJJbHblX ycnoSHSIX S seC0SblX %: N2 

- 75,5; 02 - 23,158; Ar - 1,292; CO2 - 0,05 [22]. 

Ta 6 JI u u a 16. AT0MHble ruJ0TH0CTH 
soJ.ayxa s KaHa.nax H nonocnIx 

3ne- AT0MHaH AT0MHaH nn0TH0CTb, 
MeHT Macca, A aTOM/(6apH'CM) 

0 15,9994 1,0520-10·5 

N 14,0067 3,9115·10· 

C 12,01 I 8,2442·10" 

Ar 39,948 2,3469· IO-

fpad>HT 60. MaTepHan 60 - rpaq>HT c nllOT­

H0CTblO 1,666 r /cM
3

• B 3TOH nnOTH0CTH Y4TCHbl 

3a.30pbI Me)l(Jl.y rpaq>HTOBblMH 6noKaMH H npHMCCH 

(6opHblH 3KSHBaJlCHT - Beer 1,0 ppm sec.). ATOM­

Hble nnoTHOCTH rpaqrnrn EO .n.aHbt e rn6n. 17. 

Ta 6 JI w u a 17. AT0MH_ble ruJ0TH0CTH 
rpaqmrn 60 

l130T0n 
AT0MH3H AT0MHaH ruJ0TH0CTb, 
Macca, A aToM/(6apH·CM) 

12c 12,01 I 8,3530· I 0·2 

108 10,0129 I ,8279· I 0·3 

118 11 ,0093 7 ,4506· I 0·3 

fpad>HT HTO. MaTepHan HTO - rpaq>HT c 

nnoTH0CTblO 1,679 r/cM3
, s KOTOp0H Y4TeHbl 3a.30-

pbl Me)l(Jl.y rpaq>HTOSblMH 6noKaMH H npHMeCH 

(6opttblH 3KSHSaJJeHT - Beer 1,0 ppm sec.). ATOM­

Hble nnoTH0CTH HTO 11.aHbl s Ta6n. 18. 

Ta 6 JI" u a 18. AT0MHble nnoTH0CTH HTO 

l130TOn 
ATOMHaH ATOMH3H nn0TH0CTb, 
Macca, A aToM/(6apH'CM) 

12c 12,01 I 8,4182·10-2 

108 10,0129 1,8421·10·8 

118 11 ,0093 7,5087·10"8 

fpad>HT BO. MaTepHan BO - rpaq>HT c nnoT­

H0CTbJO 1,668 r/cM3
, s KOTOpOH Y4TeHbl 3a.30pbI 

Me)KJJ.y rpaq>HTOSblMH 6noKaMH H npHMeCH (6op­

Hb1H 3KSHSaJJeHT - Beer 1,0 ppm sec.). AT0MHbte 

nnoTHOCTl1 BO 11.aHbl s rn6n . 19. 

Ta 6 JI" u a 19. AT0MHbre nnornocTH BO 

l130TOTI 
ATOMH3H AT0MHaJI 0Jl0TH0CTb, 
Macca, A aTOM/(6apH'CM) 

12c 12,011 8,3630· I 0·2 

108 10,0129 1,8301 · 10·8 

Ilg 11 ,0093 7,4596·10·8 

OnopHall K0HCTPVKUHll BO H3roTosneHa 113 

aJJJOMHHHesoro cnnasa AMr2 nnoTHOCTbJO 2,700 

r /cM3. ATOMHbJe nnoTHOCTH onopHOH KOHCTPYK­
U.HH BO 11.aHbl s rn6n. 20. 

Ta 6 J1 11 u a 20. AT0MHble ruJ0TH0CTH 
onopH0H K0HCTpYKUHH BO 

3ne- ATOMHaH AT0MH3ll ruJ0TH0CTb, 
MeHT Macca, A aTOM/(6aptt·cM) 

Al 26,9815 5,7490·!0·2 

Cu 63,546 2,5587·!0·5 

Mg 24,305 1,8732·10·3 

Mn 54,938 l ,7758·10-4 

Zn 65,39 4,973I · I 0·5 

Fe 55,847 1, 1646· !04 

Si 28,0855 2,3157·104 

Ti 47,88 3,3959· 10-5 

MaTep11an KepHa. IlnoTHOCTb Keptta 113 U02 c 

y4eTOM np11Mecei1 cocrnsnl!eT I 0,27 r /cM3
. ITnoT­

HOCTb 'Y uo,o Keptta 113 U02 6e3 Y4eTa np11Meceii 

paCC4HTbl8aJJaCb no q>opMyne 

'Ylo,o =ru0, (1-(~C,)/100} 

r.ne C, - co)lep)Kam,Ie np11Mec11 e MaTep11ane Kep­

Ha s % sec. (nonHoe co11.ep)KaH11e npHMecei-1. co­
crnBnlleT 0, 188292 % Mace.). 3Ta q>opMyna 11.aeT 

llilOTHOCTb U02 6e3 np11Mecei-1 y uo, 0 = 10,25066 

r /cM3
• Pe3yJlbTaTbl pac4eTOS aTOMHOH nnOTHOCTl1 

MaTep11ana Keptta np11se11.eHbl s rn6n. 21 . 

Ta 6 JI II u a 21. ATOMHble nn0TH0CTH KepHa 

l130TOO 
AT0MHaH AT0MHall nJJ0TH0CTb, 
Macca, A aTOM/(6aptt·cM) 

234U (0, 197 % sec.) 234,0409 4,5789· I 0·5 

235U (20,91 % sec.) 235,0439 4,8394· I 0·3 

236U (0,162 % sec.) 236,0456 3,7334·10"5 

238U (78,731 % 
238,0508 1,7991 · 10"2 

sec.) 
160 15,9994 4,5828·10"2 
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Marp1-1ua TC H 060JJOYKH T3. Bee norno­

ll.l810ll.l11e tteihpottbI np11Mec1-1 s MaTJ)11ue TC 11 
o6oJJOYKe T3 Y'-fHTbl88lOTCll np11 IT0M0ll.lH npHMe­
CH ecTeCTBeHH0ro 6opa c K0HUeHTpauHeH 1,0 ppm 
sec. (6opHbIH 3Ks1-1sanettT). Y.HcJJo Kepttos s TC 
cocTasJJlleT Nk = 3 866,3, as o.nttoM cM3 TC -
nk = 59,072. 

rpa<pHT o6oJJ04KH, 0Kpy')KaIOll.leA TC, ttMeeT 
ITJJ0TH0CTb 1,885 r /cM3, s KOTOpoA YYTeHbl npHMe­

CH (6opHbIH 3KSHsaneHT - 1,0 ppm sec. B ecr)­

ATOMHble TIJJ0TH0CTH rpa<pHTOSOH o60JJ04KH T3 
np11se.ueHbI s rn6JJ. 22. 

Ta 6 J1 nu a 22. ATOMHble TTJJ0TH0CTH 
rpa<!>HTOBOH 060110'1KH T3 

l130TOTT 
ATOMH3ll ATOMH3ll TTJJ0TH0CTb, 
Macca, A aToMl(6apwcM) 

,2c 12,01 I 9,4510·10'2 

108 10,0129 2,0681-1 o-s 
" B 11 ,0093 8,4300-1 o-s 

Bee CJTOH TI0KpblTHll T0TIJTHBHblX 48CTHU ro­
MOreHl13HpOS8Hbl C rpa<pl1TOSOH M8TJ)Hl\eH no 
o6beMy TC. Kepttbl cnyYaHHO pacnpe.ueneHbI s 
TC C coxpatteHHeM TI0JJH0ro HX K0JlHYeCTSa, pas­
HOro Nk = 3 866,3. ATOMHbie TIJJOTHOCTH 3<p<peK­
THSHOH MaTpHUbl TC s pacYeTe tta nonHbIA o6beM 
TC np1,rne,neHbl B Ta6rr. 23. 

Ta 6 JI " u a 23. ATOMHbie TTJJ0TH0CTH 3<p<peKTHBHOH 
M3TPHUbl TC A 6 TC B paC'leTe Ha TT0JJH.bl 0 beM 

1130- ATOMH8ji ATOMH3ji TTJJ0TH0CTb, 
Ton Macca, A aTOMl (6apH·CM) 

Mone11b J<p<peKTHBHoi-l MaT))Hllhl TC- roMoreHl13H-
poBaHHall CMeCb MaTep11ana M3T))Hllbl (c 6opHhlM 
JKBHBaJJeHT0M 1,0 ppm sec. Beer) 11 noKpblTHA MT 
B npene11ax no11ttoro o6beMa cepneYHHKa 

C 12,01 I 9,35)7•)0-l 

Si 28,0855 3,7007· I0..q 
IUB 10,0129 1,9922· Io-• 
11B 11 ,0093 8,1203· 10·• 

TTOKpblTHll T0TIJJHSHblX '-18CTl1U. TTapaMeTp.bl 
noKpblTHH TOTIJ111SHblX 48CTHU: cnoA 1 (6ycpep­
Hb1H) H3 PyC TOJlll.lHHOH 94 MKM, TIJl0THOCTb C 

YYeTOM npHMeceA y, = 1,01 r /cM3 (nnOTHOCTb 6e3 

np11Meceli Y10 = 1,0081 r /cM3); CJJOH 2 (nJJOTHblH) 
113 PyC TOJJll.lHHOH 72 MKM, nnoTH0CTb c y,-ieToM 

np11Mece11 Y2 = 1,95 r /cM
3 

(nJJOTHOCTb 6e3 npHMe­
ceA y20 = 1,94633 r /cM3); CJJOH 3 (nnornb1») H3 SiC 

TOJJll.ll1HOH 51 MKM, TIJl0TH0CTb c Y'-feTOM npHMe­
ceA y3 = 3,26 r /cM

3 
(nJJornocTb 6e3 npHMeceli YJo = 

= 3,25386 r /cM3); CJJOH 4 (nJJOTHblH) 1-13 PyC TOJJ­
lllHHOH 57 MKM, TIJlOTHOCTb C y'-leT0M npHMeceA Y4 
= 1,89 r /cM

3 
(nJJOTHOCTb 6e3 npHMeceA Y4o = 
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1,88644 r/cM
3
) [23]. TTpHMeCH s KepHaX 1-1 HX no­

KpblTI-UIX S MO,neJJH He YYHTblBaJTHCb. Pe3yJ1bT8Tbl 
npHB0.UllTCll s Ta6JJ. 24. 

Ta 6 JJ Hu a 24. ATOMHble TTJl0TH0CTH MaTepHaJJ0B 
noKpblTIUI MT 

MaTe-
l130TOTT 

ATOMHall ATOMHM TTJJ0TH0CTb, 
PHaJJ Macca, A aTOM/(6apH·CM) 

C11011 I (6y<pepttb1A), PyC nnoTH0CTbIO 1,008 I r/cM3 

6e3 npHMecei-l 

j = I C 12,01 I 5,0544· I 0·2 

C11011 2, PyC nJT0TH0CTblO 1,94633 r /cM3 6e3 npHMe-
ceA 

)=2 C 12,01 I 9,7585·10'2 

C110A 3, SiC nnornocTbIO 3,25386 r/cM3 6e3 npHMe-
ceii 

C 12,01 I 4,8810-10·2 

) = 3 
Si 28,0855 4,8870·J0·2 

C110A 4 , PyC nnornocTbIO 1,88644 r/cM3 6e3 rrp11Me-
ceA 

) = 4 C 12,01 I 9,4583· 10·2 

PaJ11en11TeJJbHbIH n1-1cT, pacnoJT0)KeHHbIH Me­

)1(.ll.y aKTHSHOH 30HOH 11 BTO, Mo.nen1-1pyeTCll 
TOJJbK0 s KOH<pHrypaUHH 5 (rn6JJ. 2). OH 113r0TOS­

JJeH H3 aJTJOMHHHesoro cnnasa A.[(1 C TIJlOTHOCTblO 
2,7 r /cM

3
• ATOMHble TIJTOTHOCTH .U8Hbl B Ta6JJ. 25. 

Ta 6 JJ H u a 25. AT0MHbJe nJT0TH0CTH 
DaJJiemneJJbH0ro Jll1CTa 

311e- ATOMHall AT0MHall TTJI0TH0CTb, 
MeHT Macca, A aToM/(6apH'CM) 

Al 26,9815 5,9675·10'2 

Cu 63,546 1,2794-10·5 

Mg 24,305 3,3449·!0'5 

Mn 54,938 7,3991 · 10-6 

Zn 65,39 2,4866· I 0·5 

Fe 55,847 8, 7344· I 0·5 

Si 28,0855 l ,7368·J0·4 

Ti 47,88 5,0939· I 0·5 

fpaq>HTOSbre 3JJeMeHTbr BTO, Mo.nenHpyeMo­
ro TOJJ.bK0 s KOHTHrypaUHH 5. r3 HMelOT TIJT0T­
H0CTb 1,681 r/cM , s KOTOpOH YYTeHbl npHMec11 
(6opHblH 3Ks11saneHT - 1,0 ppm sec. Becr), ATOM­
Hbie TIJJ0THOCTl1 f3 .ll.8Hbl S Ta6JJ. 26. 

CTep)KeHb PP 11 Tpy6a KattaJJa .D.JTll nepeMell.le­
Hl1ll' CTep)KHll KO6 SblTIOJJHeHbl 1-13 aJTIOMHHHesoro 
CTIJJasa AB. TTJJOTHOCT.b CnJJasa SMecTe C npHMe­
CllMl1 2,7 r/cM

3
. ATOMHble TIJI0THOCTH MaTepHana 

CTep)KHJI PP H TPY6b1 KaHana .D.JJll nepeMell.leHHJI 
cTep)KHll KO6 .uaHbI s Ta6n. 27. 
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Ta 6 J1 11 u a 26. AT0MHbie nnoTH0CTH f3 8TO 

J,13oTOn 
AT0MHaJI ATOMHa/1 nJJ0TH0CTb, 
Macca, A aTOM/ 6a H"CM 

12c 12,01 I 8,4282·10"2 

108 10,0129 1,8443·10"8 

"8 11 ,0093 7,5177·10"8 

Ta 6 J1 u u a 27. ATOMHble nnoTH0CTH 
Te )KHJI pp 11 C 6bl KaHana CTe )KW! KO6 

3ne- AT0MHall AT0MH3ll ITn0TH0CTb, 
MeHT Macca, A aTOM/ 6a H"CM 

Al 26,98 15 5,7957•10·2 

Cu 63,546 1,2794·10"4 

Mg 24,305 6,0209· I 0-4 

Mn 54,938 1.0359· I 0-4 

Zn 65,39 4,9731·10"5 

Fe 55,847 1,4557 104 

Si 28,0855 6,9472 10-4 

Ti 47,88 5,0939 10"5 

Cr 51,996 7,8 178 10"6 

CTep)KHH KO, A3 11 HOC. B KaYecrne norno­
THTeJlll cTep,1rnei:i KO, A3 11 HTIC 11cnOJ1b3YeTCll 
Kap611~ 6opa 8 4C, HMelOlllHH nJlOTHOCTb 1,56 
r /cM3

• KoHCTPYKUHOHHbie 3JleMeHTbI cTep)l(Hll H3-
roTOBJ1eHbI H3 Hep)K,lBelOllleH cTanH I 2X 18H 1 OT c 
nJlOTHOCTblO 7,9 r/cM3

• ATOMHbie nJl0THOCTH Ma­
TepHaJJOB nornolllalOlllHX cTep)l{Hei:i KO, A3 H 
HIIC ,naHbt B Ta6J1. 28 11 29. 

Ta 6 J1 Hu a 28. ATOMHble nn0TH0Cnt Kap-
6 11Jla 60 a B CTe )KH/IX KO, A3 11 Hnc 

l·fao AToMHall ATOMHcUI nnoTH0CTb, 
Ton Macca, A arnM/ 6a H"CM 

C 12,011 I , 7000· I 0·2 

108 10,0 129 1,3396· 10"2 

"8 11 ,0093 5,4603·10"2 

Ta 6 Jl Hu a 29. ArnMHble nnoTH0Crn ttep)l(a-
e101uei1 CT3Jll1 B CTe B )l(HllX KO, A3 11 HTTC 
3ne- ATOMH3JI ATOMH3ll nJJ0TH0CTb, 
MeHT Macca, A aToMl(6a H"CM 

Fe 55,847 5,8251 · l 0·2 

Cr 51,996 1,6469· l 0-2 

Ni 58,69 8,1061 ·10"3 

Ti 47,88 6,9553· l 0-4 

Mn 54,938 1,73 19·10"3 

Si 28,0855 1,3551·10"3 

C 12,011 4,7531·104 

... 

4.5. ,[(a11Hb1e no me.wnepamype. H3MepeHHbie 
3H34emtll TeMnepaT)'pbl np110e,neHbl B Ta6Jl. I 0. 
,lvrn scex o6nacTeH KpHTH4eCKHX c6opoK npHWITO 
3Ha4eHHe T = 300 K. 

4.6. 3Kcnepw1eH111af/bHb1e JHal./eHUR k,rr OJIR 
6e111./MGpK MOOeJ1u. MaKCHMaJlbHaR Heonpe,neneH­
HOCTb 3KCnepHMeHTaJlbHOro 3Ha4eHHJI k.rr BKJll0-
4aeT B ce6R Heonpe,neJleHH0CTH KpHTH4eCKOr0 

COCT0llHHJI (<Jent = 0,0002P.rr), 3cpcpeKTHBHOCTH 
CTep)l(HJI PP ( <Jpp = 0,0007Pcrr) H 3cpcpeKTHBHOCTH 

CTep)l{Hll KOS ( <JKos = 0,0099Perr). 
3Ha4eHHe 3cpcpeKTHBHOH ,!lOJlH 3ana3,!lbIBalO­

lllHX HeHTpOHOB nonyYeH0 C n0M0lllblO paC4eTOB 
no Ko,uy MCU (c yl.feTOM Heonpe,neJieHHOCTH ,naH­
HbIX O HeHTpOHHblX cel.feHHllX) H 0Ka3aJ10Cb paB­

HbIM Perr = 0,0072 ± 0,0002( I cr). TaKHM o6pa30M, 
Heonpe,neJJeHHOCTb onpe,neJJeHHll kcrr B KpHTH4e­
CK0M COCTOllHHH COCT3BJ1JleT 

± M.n<_ I cr) = ± .Ja~"' + a!P + a!0, · ~ df = ± 0,00007. 

CJJe,!lOBaTeJlbHO, CTaH,napTHM Heonpe,neneH­
HOCTb kerr np11 3KCnepHMeHTaJlbHOM onpe,neJJeHHH 
KpHTH4eCKOro C0CTOllHHll c6opKH JIBJllleTCJI MaJlOH 

BeJJH4HHOH (±0,00007( I cr)) H 3KCnepHMeHTaJlbHbie 

3Ha4eHHll keff C0CTaBJllllOT 1,0000 ± 0,00007( I cr). 
TaKHM o6pa30M, 3Ha4eHwe keff ,!lJ1JI 6eH4MapK 

MO,!leJlH ,!lJlll Ka)l(,!lOH KOHcpHrypaUHH KpHTH4eCKHX 
c6opoK c yYeT0M Heonpe,ueneHHOCTeH, YKa3aHHhIX 

e Ta6n. 12, COCTaBHT keff = 1,0000 ± 0,0036( I cr). 

3Ha4eHHll kcrr, nOJ1Yl.feHHbie npw HCTTOJ1b30B3-
HHH ynpollleHHOH Mo,nen11 H Ko.na MCU-REA I 
MeT0,!la MOHTe-Kapno C HenpepbIBHblMH no 3Hep­
rHH ttei:iTpOHHbIMH .naHHbIMH DLC/MCUDAT-2.2, 
npHBe,!leHbl B rn6n. 30. Pe3yJlbTilTbl pacLJeT0B .na­
lOT 3H34eHHll kerr B cpe,nHeM Ha 0,32 % HH)Ke, l.feM 
3Ha4eHHR kerr .!lJlll 6eHl.fMapK Mo,nen11. Tpett,n, BbI­
p3)KeHHbIH B B03pacTaHHH kcrr np11 yeeJ1H4eHHH 
BblCOTbl 3KTHBHOH 30Hbl, npe,nnOJlO)KHTeJlbHO CBll-
3aH C M0,!leJJHp0BaHHeM pacnpe,neneHHll wap0BblX 
T3 npw noMOlllH perynllpHOH peweTKH T3. Bn11J1-
HHe np116J1H)KeHHoro yYeTa eepXHei:i 11 HH)l{Hei:i 

T a 6 J1 " u a 30. Pe3yJJbTaTbl pacYeT0B 
no MCU-REA I c np11MeHeH11eM 6116n11-
0TeK11 ceYett11i1 DLC/MCUDAT-2.2 

N2 KOHci>H- 3tta4em1S1 k.rr 
rypau1111 

I 0,9912 ± 0,0005(1a) 

2 0,9936 ± 0,0005(10) 

3 0,9977 ± 0,0005( Io) 

4 0,9989 ± 0,0005( 1 o) 

5 1,0006 ± 0,0005(1a) 
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rpaHHU aKTHBHOH 3OHhl yMeHbUJaeTCll npH yseJm­

YeHHH BblCOTbl aKTHBHOH 3OHbl , 4TO CKOpee scero 

npHBOJJ.HT K Ha6JIIOJ].aeMOMY Tpett.ny. 

MaKCHMaJlbHOe OTJIH4He Ha6JIIOJ].aeTCll JJ.Jlll 

K0Hqrnrypau1111 I , rJJ.e pe3ynhTaT pacYeTa mm:e tta 

0,84 %, OJ].HaKO 3TO 3Ha4eHHe HaxOJ].HTCll B npeJJ.e­

nax 3cr 3KCnepHMeHTaJlbHOH HeonpeJJ.eJieHHOCTH. 

3aK.ruoqeuue 

TTpeJJ.CTaBJieHhl pe3yJibTaTbl BblnOJIHeHHOH 

pa60Tbl no oueHKe 6eH4MapK 3KCnepHMeHTOB, 

npoBeJ].eHHblX Ha KpHTH4eCKHX c6opKax CTeHJ].a 

ACTPA, no MOJJ.en11pOBamuo Hei1TpoHHo-cj>11311-

4ecK11x oco6ettHOCTei1 BTfP-M c rpacj>11TOBblMH 

3aMeJJ.nHTeJieM 11 OTpa_)l(aTeJillMH C HCnOJib3OBaHH­

eM MT C MHOrOCJIOHHhlMH KepaMH4eCKHMH no­

KpblTHllMH. 

JJ:atto noJJ.po6ttoe on11caH11e cTeHJJ.a ACTPA 11 

OCHOBHblX cj>parMeHTOB KpHTH4eCKHX c6opoK 

(KOJlbUeBOH aKTHBHOH 3OHbl, rpacj>HTOBblX OTPa­

)l(aTeJieH, wapOBbIX TB3JIOB, MT c noKpbITHllMH, 

perym1pyt01UHX flC, 3KCnepHMeHTaJlbHhlX KaHa­

JIOB H JJ.p.), HX reoMerpH4eCKHX pa3Mepos H COCTa­

BOB MaTepHaJlOB. 

JJ:aHhl pe3yJibTaThl 3KCnepHMeHTOB JJ.nll pa3-

JIH4HblX KOHcj>11rypau1111 KpITTH4eCKHX c6opoK H 

npoBeJ].eHhl CTaTHCTJ1l-leCKHe ou,eHKH Heonpe.ne­

JieHHOCTeH HCXOJJ.HblX xapaKTepHCTHK c6opoK 11 ux 
napu.11anbHOro BJIHHHIDI Ha HeonpeJ].eJieHHOCTb 

KpHTJ1l-leCKHX napaMeTpOB. 

Pa3pa6oTaHa cj>H311'-!ecKaH: Mo,neJib 11ccne.no­

saHHbIX KOHcj>Hrypau,1111 KpHTH4eCKOH c6opKH. 

Ha11J].eHa o6maH: HeonpeJJ.eJieHHOCTb 3cjlcj>eKTHBHO­

ro K03cj>cj>11u11eHTa pa3MHO)l(eHHll HeHTpOHOB pac­

YeTHOH 6eH~MapK MO.lleJIH J].nll OllTH paCCMOTpeH­

HbIX 3KCnepHMeHTaJlbHblX KOHcj>11rypau1111 KpHTH­

YeCKHX c6opoK, s k effCOCTaBJIH:IOLIJ,all ±0,36(lcr) %. 
Ha octtose npe_uno)l(eHHOH cj>113114ecKoJ:i MO­

.nen11 KpHTH4eCKHX c6opoK peanH3OBaHa KOMnblO­

TepHall MO.lleJib np11MeH11TeJibHO K pa3pa6oTaHHOH 

B PH~ "KypYaTOBCKHH HHCTmyr" nporpaMMe 

MCU MoHTe-Kapno, no KOTopoi1 npose.nettbl pac­

YeTbl. Pe3yJibTaTbl paC4eTOB (rn611. 30) JJ.a!OT 3Ha-

4eHHH: k err B cpe.ntteM Ha 0,32 % H11)1(e, YeM 3Kcne­

p11MeHTaJlbHbIe, '-!TO HaXOJJ.HTCll B npeJJ.enax npH­

eMJieMOH Heonpe,ueneHHOCTH JJ.nll 6eH4MapK 3 KC­

nepHMeHTOB. 

nony'-!eHHhle .naHHble npe.nHa3Ha4eHbl JJ.nll 

Bep11cj>11Kau.1111 npoeKTHblX HeHTPOHHO-cj>H3H4eC­

KHX nporpaMM, 11cnonb3yeMbIX s pacYeTax BTf"P. 
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PacqeTHO-JKcnepHMeHTaJihHhie HCCJie,uonaHHH ua KpHTHqecKOM cTeu.ae ACTPA 

no npo<f>HJIHpOBaHHIO IlOJieH JHeproBbl,lleJieHHH B MO.llYJibHOM BTrP 

c KOJJhl{enou aKTHBHOH JOHOH 

B.<1>. Eonpuuo6, B.ll. I'apuH, E.C. I'nytuK06, A.A. 3u.-ttuu, I'.B. K0Mna11ue1<, 
B.A. He6u11u1<a, /(.H. llonn«o6, A. C. llouo,uape6, H.H. llo110Atape6-Cmen11ou, 

O.H. c,wp1106, ll.A. <l>OA1U'leHKO, E.H. l/yw1e6, 
PHU, "KypYaTOBCKHH 11HCTHTYT", 123182, MocKBa, nn. KypYaToBa, I, 

E.B. Mapo6a, 10.ll. Cyxape6, 
OAO "OK6M A<l>Pl1KAHTOB", 603074, r. HH)KHHH HoBropo.n, EypHaKOBCKHH npoe3.D., 15 

nocrymrna B pe.naKUHJO 06. 11 .2008 r. 

TTpe,ncTaBJleHbl pe3yJJbTaTbl pac4eTHO-3KcnepMMeHTaJlbHblX MCCJJe,noeaHMH no npOQll1JJMpoeamno npoCTpaHCTBeH­
HOfO pacnpeneneHMll CKOpOCTM peaKUHH neneHID! 235U B KpHTM4eCKOH c6opKe C KOJlbUeBOH aKTHBHOH 3OHOH npM nOMO­
lllH nornowatOlllHX npOQ)HJIMPYIOlllMX )JleMeHTOB (TITI3), eee,neHHblX BO BttyTpeHHHH rpa<j>HTOBblH OTPalKaTeJlb. Pac­
'-leTHblH aHaJJM3 BbinOJJHllJICll C noMOIUM nporpaMM, npenttaJHa'-!eHHblX .llJJ.!I npoeKTHblX pac'-leTOB peaKTOpa TMna BTfP. 

K.HJO'le8ble CJI08a: CKOpOCTH peaKUMH neneHMll, BblCOKOTeMnepaTypHblH fa30Bb!M peaKTOp, KpMTH'-leCKMH CTeH.ll 
ACTPA, ettyrpeHHHH oTpalKaTeJJb. 

Experimental and Computational Study of Profiling Power Density Distribution in Modular HTGR with An­
nular Core, Made on ASTRA Critical Facility. V.F. Boyarinov, V.P. Garin, E.S. Glushkov, A.A. Zimin, 
G.V. Kompaniets, V.A. Nevinitsa, D.N. Polyakov, A.S. Ponomarev, N.N. Ponomarev-Stepnoi, O.N. Smirnov, 
P.A. Fomichenko, E.f. Chunyaev, RRC Kl, Kurchatov Sq., !, Moscow, 123182. E.V. Marova, Yu.P. Sukharev, Joint 
Stock Company "Afrikantov 0KB Mechanical Enginnering", Burnakovsky proezd, 15, Nizhny Novgorod, 603074. 
Paper presents the results of experimental and computational study on spatial distribution of 235U fission rate in critical 
assembly with annular core and poison profiling elements, placed into inner reflector (made of graphite) at the boundary 
with core. Computational analysis of experimental data, presented in paper, is fulfilled with application of design codes, 
involved in HTGR design calculations. 

Key words: Fission Reactions Rates, High Temperature Gas Cooled Reactor, ASTRA Critical Facility, Inner Reflec­
tor. 

Bsei:.euue 

B HaCT0llW,ee speMll B MHpe se.nyrcH pa:1pa-

60TKl1 BTrP M0.D.YJJbH0ro rnna (BTrP-M) C ra:10-

BOH ryp611Ho11, TaKl1X KaK PBMR c wap0BblMH 

T0nJJHBHblMH :meMeHTaM11 (!OAP) [l] 11 IT-MrP c 

np113MarnYecK11M11 TBC (CllIA, PoccHH, <l>paH­

u11R, 51noH11ll) [2] . PeaKTopbr TaKoro rnna 06na­

.D.at0T npHHLU1n11aJJbHblMl1 npe11Myw,eCTBaM11 no 

6e3onacHOCTl1, CBR3aHHblM11 C 0TCyrCTBl1eM nnaB­

JJeHHll aKTHBHOH 30Hbl np11 aBap11HX C noTepeH 

TenJJ0H0Cl1Tenll. 

Hanwrne KOnbU.eBOH aKTl1BH0H 30Hbl B yno­

MllH)'TblX npoeKTaX peaKT0p0B o6ycJJOBJll1BaeT 

BblC0K)'lO HepaBH0MepHOCTb pacnpe.ueneHHll 3Hep­

roBbJ)leneHHR B aKTl1BHOH 30He C HaJJl1'-111eM MaK­

Cl1MYM0B Ha rpaH11u.ax aKTHBH0H 30Hbl C BHyrpeH­

Hl1M 11 60KOBblM rpacjmTOBblMl1 0Tpcl)f(aTeJll!Ml1. 

B npoeKTHbIX 11ccne.n.0BaH11llx BTfP B03MO)K­

HO pacCM0TpeH11e CJ1e.D.y10w,11x KOHU.enu.1111 BblpaB­

Hl1BaHl1ll 3Hepr0Bbl,UeneHl1ll: 

- pa3Mew,eHHeM BO BHYTPeHHeM 0Tpcl)f(aTeJJe "n­
)KeJlbIX" nornomruou..r.HX cTep)l{HeH (6 ... 7 P,q,q,) [3]; 
- pa:1Meu..r.ett11eM IlTI3 Ha rpaH11ue aKTl1BHOH 30Hbl 

H 0Tpcl)f(aTeJJll; 
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- npocp11n11posaH11eM o6orameHHH 11 co.nep)l(aHilll 

Bbir0pa10w,ero nornoT11TeJU1 Bttewttero cnoll TBC, 

np11J1e)Kaw,11x K oTpcl)f(aTeJJllM. 

Pac'-leTH0-3KCnep11MeHTaJJbHOe 11CCJJe,D.0BaHHe 

B03M0)1(HQCTl1 BbrpaBHl1BaHl1ll noneH 3Hepr0Bbl,D.e­

neHHJI npH n0M0l.l..\11 pa3MeLLJ.eHl1ll BO BHyrpeHHeM 

OTpcl)KaTene opraH0B CY3, 06na.na10w,11X 60J1b­

w11M secoM, BbmonHeHo B PHU "KypYaTOBCKHH 

11HCT11TYT" Ha KpHTHt.iecKoM cTett.ne "ACTPA" [3]. 
HaCTORW,aH pa6oTa ll BJJlleTCll npO.D.0JJ)KeH11eM 

11CCJJe,D.OBaHl1H no BblpaBmrnaHHIO noneH 3Hepro­

Bbl,D.eneHJ,UI B aKT11s1-1011 30He peaKTopa T11na BTrP 

c KOJJbU.eBoi1 aKT11BHOH 30HOH. B HeH npe.ncrnsne­

Hbl pe3yJTbTaTbl pact.ieTH0-3KCnep11MeHTaJJbHblX 

1-1ccne.uoBaH1111 Ha Kp11T11YecKoM cTeH.ue "ACTPA" 

no BblpaBHl1BaH11IO noneH 3HeproBbl,lleJieHl1R np11 

noMOW,11 pa3MeW,eHHH He o6JJa,D.alOW,11X 6oJJbWl1M 

BeC0M 0Il3 BO BHyrpeHHeM 0TpaJKaTeJJe Ha rpa-

1-IHU.e C aKTl1BHOH 301-1011. 

1. 3KcnepHMCHTbl no BblpaBHUB3HIU0 

DOJieH )Heprosbli:.eJieHHH 

B npoBe,D.eHHblX 3KCnep11MeHTaX aKTl1BHaR 

30Ha KpHT11'-leCKOH c6opKH npe,D.CTaBJll!Jla co6oi1 



J(0JihUeByJO 3aChinKY wap0BblX TOnJIHBHblX :me­

MeHTOB Ha OCHOBe ,ll,HOKCH)J.a ypaHa (pHC. I). TI pH 

Tal<OH KOMnOHOBKe rpaq>HTOBblH OTpa)f{aTeJib pac­

nonaraeTCR KaK BttyrpH, TaK H CHapy)l<H aKTHBHOH 

30Hbl. 

J1CCJie,ll,OBaHHe BJIHRHHR 003, pa3MemeHHhlX 

80 sttyrpeHHeM 0TPa)f{aTene, Ha xapaKTep pa,ll,H­

aJibHOH HepaBHOMepHOCTH pacnpe,ll,eJieHHR CKOpo­

CTCH peaKUHH )J,eJieHHR 
235U npOBO)J.HJIOCb no:nan­

HO. Ha nepBOM 3Tane B npocTpaHCTBO Me)KJl.y 

BHeWHHM H BttyrpeHHHM OTpa)f{aTeJIRMH 3arpy)Ka­

JIOCb KOJIH'{CCTBO wapOBblX TB3JIOB, JJ.OCTaTO'{H0e 

,wrn ,ll,OCTH)KCHH$1 KpHTH'{eCKOro COCTO.!IHH.!I C MH­

HHMa.IlbHblM 3anaCOM peaKTHBHOCTH. 8 3TOM co­

CTO.!IHHH npose)J.eHbl 113MepeHH$1 CKOpOCTCH peaK­

UHH )J.eJleHHR 
235U no BblCOTe H paJJ.eycy c6opKH 

(no ttanpaBneHHJO 8, CM. pHc. I). 
,[{II.si o6ecne'{eHH$1 6e3onacHOCTH npH ,ll,anb­

Heiiweii ,ll,OCTPOHKe c6opKH BbmOJIHeHbl H3Mepe­

HH.!I 3cpq>eKTHBHOCTH opraHOB perynHpOBaHHSI H 

onpe,ll,eJleHHe HX rpa,ll,yHpOBOlfHblX xapaKTepH­

CTHK. 8 XO,ll,e )J.aJlbHeHWHX 3KCnepHMeHTOB BO 

BttyrpeHHeM OTpa)KaTeJie Ha rpaHHUC C aKTHBHOH 

30HOH nonaptto ycrnHaBJIHBa.IlHCb TTTI3 (Bcero 8), 
JJ.06aBJUU10Cb He06XO,ll,HMOe )J.JISI ,ll,OCTH)KeHHSI KpH­

TH'{HOCTH KOJIH'{eCTBO wapOBblX T0nJIHBHblX 3Jie­

MCHTOB, nocJie '{ero H3MepeHHSI noBTOp.!IJTHCb. B 

nocJie)J.HeH 3KCnepHMeHTaJibHOH KOH<pHrypaum1 

yCTaHOBJleH BepXHHH OTPa)f{aTeJib H KpoMe pa3-

MeweHHblX BO BttyrpeHHeM OTpa)f{aTeJie 003 BO 

A32 

KO 1 

A31 

A3 3 

KO 5 

3 800 
D, (1 750) 

d, (1000) 

BHeWHHH oTpcUKaTeJib BBe,ll,eHbt opraHb1 CY3 KO3 

(nOJIHOCTbto) H KOS ('{aCTH'{HO). TI03HUHH opra­

H0B CY3 nOK33aHbl Ha pHc. I. 

2. PacqeTHble HCCJJe.Z.OBaHHH 

Pac'{eTHblH aHa.IlH3 3KCnepHMCHTOB no H3Me­

peHHJO pacnpeJJ.eJieHHH cKopocTeH peaKUHH ,ll,ene­

HHR npOBOJJ.HJICSI npH nOMOUlH HH)KCHepHblX npo­

rpaMMHblX cpeJJ.CTB JAR [4, 5) (MOJJ.Hq>HUHpoBaH­

HOH M.!1 pac'{eTa TennoBbtX peaKTopoB) H WTMS-

04 [ 6 ... 8], npHMCH.!leMblX B npoeKTHblX paC'{eTax 

peaKTOpOB nma BTfP-M. 

Pac'{eTbl no nporpaMMe JAR npoBO.ll.HJIHCb B 

13-rpynnOBOM np116JIH)KCHHH npH HCnOJTb30BaHHH 

MaKpO- 11 MHKpOCKOnH'{CCKHX (M.!1 paC'{CTa pac­

npeJJ.eJieHHH CKOpOCTeH peaKUHH) K0HCTaHT, nO,ll,­

roT0BJieHHblX np11 noMow.11 nporpaMMbt WJMS-

04. TipH no)J.rOTOBKC KOHCTaHT MR o6JiaCTH 3Hep­

rHH HH)Ke 4 3B y'{HTbrnanacb TepMan113au11R Heii­

TpoHOB. War paC'{CTHOH CeTKH B nJiaHe paBeH 2,5 
CM, '{TO COOTBeTCTBOBaJlO I 00 TOlJKaM Ha rpaq>H­

TOBblH 6JIOK 0Tpa)KaTeJI.!I pa3MepoM 25x25 CM. AK­

CHaJlbHOe pa36HeHHe pac'{eTHOH CCTKH 6bIJIO He­

paBHOMepHblM. 

B XOJJ.e nO,ll,fOTOBKH 13-rpynnOBbIX MaKpo­

CKOnH'{eCKHX KOHCTaHT )J.JI.!I pa3JTH'{HblX 3JieMeH­

TOB KOMCTOHOBKH KpHTH'{eCKOH c6opKH oco6oe 

BHHMaHHe o6pawanocb Ha y'{eT npocTpCJIOB HCH­

TpOHOB s rpa<pHTOBblX 6JIOKax c aKCHa.IlbHblM Ka-

KO 2 

A34 

KO 7 

pp 1 

A3 5 

K03 

Bbl,lleneHHOe 
A

3 6 
HanpaeneHMe 

~ 

l..\MnMHAPM4eCKMe 
nonble KaHanbl BO 

K04 

A3 7 

a 6 B r A e )K 3 M K n M H O n 

P11c. I. CxeMa nonepe•1ttoro ce1.JeHwI Kp1-1T11-..iecKoii c6opK11 c KOJibueeoii aKTHBHOH JOHOH Ha cTeH.ue ACTPA: 
KO I ... K07 - KOMneHc11pyiourne opraHhI peryn11poeaH1-u1 ; A3 I ... A38 - opraHbl aeap1111HOH JalUHTbt; PP - opraH py'I­
Horo peryn11poeaH11SI; 3aWTPl1XOBaHHble o6nacrn B 60KOBOM OTpa)l(aTeJie - rpacjJHTOBble 6JIOKl1 6e3 OTBepcntH 
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HaJlOM UHJIHHAPH'-leCKOH cpopMbl, B KaHanax )].Jill 

opraHOB CY3, s KaHanax c sse,neHHbIMH opraHaMH 

CY3, B 3acbmKe wapOBblX TOnJJHBHblX H rpacjiHTO­

BblX (B sepxHeM OTP8)1(8TeJie) ::rneMeHTOB. 

B pacYernx no nporpaMMe JAR np11MeH.S1JIHCb 

,nsa Ha6opa K03cji<pHL.lHeHTOB ,n11cpcpy31111. flepBbIH 

Ha6op K03<p<pHUHeHTOB AHq><py3HH, npe,nH83Ha­

lf8BWHHCSI )].JISI yyern YTe'IKH HeHTPOHOB B pa,nH­

aJlbHOM HanpaBJICHI-UI, TTOAfOTOBJieH npH noMOW,H 

nporpaMMbl WIMS-D4 crnH,napTHbIM o6p83oM, 

T.e. CTYTeM ycpe.nHeHHSI no 30HaM 3KB11saneHTHOH 

Sll.feHKH TpaHcnopTHOro CelfeHHSI C BeCOBblMH cpaK­

TOpaMH nJJOTHOCTH noTOKa HeihpOHOB 11 o6beMOB 

30H. ,npyroi1 Ha6op K03<pq>HUHeHTOB AH<p<py3HH, 

npe,nH83HaYasw11i1cS1 AJISI yYeTa YTCYKH Hei1Tpo­

HOB B 8KCl18JlbHOM HanpasJieHHH (Yepe3 l..([,fJIHHA­

pHYeCKHH KaHan s 6JIOKax rpa<pHTOBOro OTpa)f(a­

TeJISI H B KaHanax opraHoB CY3), no,nroTOBJieH 

npH noMOW:H onUHH ARIADNE nporpaMMbl 

WIMS-D4. 

P83JIHlfHe Me)KJ].y pa,nHaJibHblMH (nonepeY­

HblMH) H aKCHaJlbHblMH (npo,nOJibHblMH) K03<p<pH­

UHeHTaMH AH<p<py3HH YYHTblBaJlOCb B nporpaMMe 

JAR npH peweHHH KOHelfHO-p83HOCTHOro ypaBHe­

Hllil AH<p<py3HH HeHTpOHOB. 

B HacTosiw,ei-1 pa6oTe H3 ceMH 3Kcnep11MeH­

TaJJbHbtX KOH<pHrypau11i1 paccMaTpHB8IOTCSI Tptt 

Ha1-16onee xapaKTepHbJe KOH<pHrypau11H KpHrnYe­

cKoro cTeH.na ACTPA. 

1) Kon¢u2ypa1,fUR I A. Bo BttyTpeHHeM OTPa)f(a­

Tene TITI3 HeT. flpocTpaHCTBO Me)KJ].y BHYT­

peHHHM H 60KOBblM OTpa)f(aTeJI.SIMH 3anOJIHeHO 

wapOBblMH TB3Jl8MH.. 

2) Kon¢u2ypaifUR 5A. Bo BttyTpeHHeM OTpa)f(a­

TeJie ycTaHOBJieHbl 8 TITI3. _nn51 coxpaHeHIDI 

KpHTHlfHOCTH yseJIHlfeHa BblCOTa 38CbinKH 

wapOBblX TB3JIOB. 

3) Konq1u2ypal,{UR 7A. Bo BttyTpeHHeM OTPa)f(a­

Tene ycTaHoBneHbl 8 ITTI3. Bo BHewHeM oT­

pa.)KaTene BBe,neHbl oprattbt CY3: K03 nonHo­

CTblO, KOS HanonoBMHY (p11c. 1 ). Bb1corn wa­

posoi-1 3acbmKH eme p83 yBeJIHYeHa, ycrnHoB­

neH BepXHHH OTpa)f(aTeJib 113 wapOBblX rpacjiH­

TOBblX 3JieMeHTOB. 

Ht-OKe (s Ta6JI. 1 ... 3) npHBO)].SITCSI pe3yJibTaTbl 

paclfeTHOrO aHaJIH38 3KCnepHMCHTOB no H3Mepe­

HHIO pa,nHaJlbHblX pacnpe,neJieHHH CKOpOCTeH pe-
v ~3su aKU11H .neneHHSI - , a caMH pacnpe,neJieHHSI CKO-

pocTeH peaKUHH ,neJieHHSI nOK83aHbl Ha pHC. 2 .. . 5 

(nep 6Wl u BmopaR cmpanul,{bt tf6emuou 6KJWOKu). 

flpH aHaJIH3e OTKJIOHeHHH 3KCnepHMeHT8JlbHble 

(3) H paclfeTHbte (P) 3HalfeHHSI HOpMHposaHbl Ha 

cpe,nttee 3HalfeH11e. 
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T a 6 JI " u a I. CKopocTH peaKUHH .ueneHHll 
ypaHa-235 s BbI,!leJJeHHOM pa,!lHaJJbHOM Hanpa­
BJJeHHH (pHC. I) H3MepeHHH (OTHOCHTeJJbHhle 
e,!lHHHUbl) B KOHqrnrvoaum1 I A 
R', CM 3 p (P-3)/3 , % 

! oOKOBOH' OTp3)1(3TeJJb! 

50 0,418 0,433 3,6 

75 0,787 0,769 - 2 ,3 

100 0,734 0,733 -0, 1 

!AKTHBH3H 30Ha! 

108,5 0,687 0,669 - 2,6 

118,5 0,708 0,678 -4, 1 

128,5 0,794 0,769 - 3,2 

! BHyTpeHHHH OTpa)l(aTeJib! 
-

139 0,928 1,002 8,0 

147,3 1,120 1,2 13 8,3 

155,6 1,357 1,338 -1 ,4 

164 1,392 1,427 2,5 

172,3 1,531 1,462 -4,5 

180,5 1,440 1,478 2,6 

197,3 1,512 1,469 -2,8 

205,6 1,464 1,449 - 1,0 

214 1,421 1,394 - 1,9 

222,3 1,268 1,294 2,0 

230,6 1,241 1,152 - 7,2 

!AKTHBHaH 30Ha! 

246,5 0,758 0,761 0.4 

256,5 0,684 0,670 - 2, 1 

266,5 0,660 0,660 -0, 1 

paCCTOHHHe OT Hapy)l(HOH noeepxHOCTH 
6oKosoro OTpa)l(aTeJIH (cnesa) 

3aKJIIO'Ienne 

B xo,ne pacYeTH0-3KCnepHMeHTaJibHOro HC­

CJie)].OB8HHSI Ha KpHT11YecKoM cTeH,ne ACTPA no­

K83atto, '-ITO 3cp<peKT Bblp8BHl1B8HHSI nonei-1 3Hep­

f0Bbt)].eJieHHSI ( CKOpOCTeH ,neneHl1JI ypaHa-235) s 

KOJibUeBOH 8KTl1BHOH 30He MOAYJibHOfO peaKTOpa 

nma BTf P B onpe,neneHHOH cTeneH11 ,nocT11raeTc.S1 

npH ycTaHOBKe [lf13 BO BHYTpeHHeM OTpa)l{aTeJie 

Ha rpaH11ue c aKTHBHOH 30HOH (KoHcp11rypauHJ1 5A 

Ha pHC. 5). 

AHan113 pacxo)KJ].eH11H pe3yJibTaTOB pacl.feTa H 

3KCnep11MeHTa nOK83blB8eT, lfTO M8KCl1MaJibHble 

OTKJIOHeHl1SI paCClfl1T8HHblX 3HalfeHHH CKOpOCTeH 

peaKUHH .neneHl1SI OT 3KCnep11MeHTaJibHblX 3Halfe­

Hl1H He npeBblllialOT 5 ... 7 % 38 11CKJIIOlfeHHeM 

AByx TOlfeK BO BHYTpeHHeM OTpa.)KaTeJie B cnyYae 

KOH<p11rypauH11 I A, r.ne BeJIMlfHHbt OTKJIOHeHHH 

AOCTHf8IOT 8 % . flpH 3TOM seJil1lfl1H8 pacxo)KJ].e­

Hl1H He npeBbll.llaeT 7 % )].a)f(e B TOM cnyYae (KOH­

cp11rypau11si 7 A), Kor.na s Henocpe,ncrneHHOH 6n11-

30CTl1 OT MeCT npose,neHHll 113MepeH11H (p11c. I) 

'Ill 
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T a 6 JI II u a 2. CKopocn1 peaKUrnf neneH1ut 
ypaHa-235 e BbilleJJeHHOM paJmaJJbHOM Hanpa­
BJleHJ-rn (pHC. I) HJMepemdl ( OTHOCHTeJlbHbie 
en1-1H1uo,1) e KOHdrnrvoau1-11-1 5A 
R·, CM 3 p (P-3)/3, % 

!EiOKOBOH OTpa)KaTeJJb! 

50 0,522 0,507 -2,8 

75 0,834 0,874 4,8 

100 0,790 0,800 1,3 

! AKTHBHa.SI 30Ha! 

108,5 0,705 0,708 0,4 

118,5 0,706 0,684 -3, 1 

128,5 0,761 0,733 -3,8 

!BHyrpeHHHH orpa)KaTeJJb! 

139 0,931 0,918 -1,4 

147,3 1,124 1,1 08 - 1,4 

155,6 1,197 1,247 4,2 

164 1,357 1,362 0,4 

172,3 1,395 1,417 1,6 

180,5 1,441 1,443 0,1 

189 1,438 1,451 1,0 

197,3 1,433 1,434 0,1 

205,6 1,424 1,402 - 1,5 

214 1,271 1,325 4,3 

222,3 1,245 1,201 -3,5 

230,6 1,087 1,054 -3,0 

!AKTHBH3.SI 30Ha! 

246,5 0,769 0,730 - 5,1 

256,5 0,703 0,681 -3,3 

266,5 0,740 0,703 -5,0 . 
pacCTO.SIHHe OT Hapy)KHOH noeepXHOCTH 

6oKoeoro o-rpa)KaTeJJH (cneea) 

sse.nett opraH pery1rnposamuI KO3 , 06na.na10lll1-ttt 

.nocTaTO'-IHO 6011blllHM secoM (6011ee 3 Pl<jxj>)-
C yqeTOM Toro, '-!TO norpelllHOCTb 3KCnep11-

MeHTa He npeBbllllaJia semt'-IHHY 5 %, CJie.nyeT OT­

MeTl1Tb, '-iTO pe3yJTbTaTbl pac'-leTa HeJHa'-IHTeJihHO 

npeBbilllalOT 3KCnep11MeHTaJibttylO norpelllHOCTb. 

O6cy)l(JleH11e pe3yJihTaTOB pac4eTH0-

3Kcnep11MeHTaJihHhIX HCCJTe)J.OBaHHH. no npocp11JI11-

poBaH1110 nonei1 3tteprOBbI)J.eJieHHjj B MOJJ.YJTbHOM 

peaKTope T11na BTr P c KOJThl\eBott aKTHBttoi1 Jo­

Hott COCTO.SIJT0Cb B paMKax xv ceMHttapa no npo-

611eMaM qJ113HKl1 peaKTOpOB, oprattl130BaHHOrO 

MH<I>H [9). 

CnHCOK JIHTeparypbl 

I. Mulder E.J. Pebble Bed Reactor with Equalized Core 
Power Distribution Inherently Safe and Simple, 
Forschungszentrum Jtilich, JOL-3632, Jan. 1999. 
2. KiriusJ,i11 A.I., Po11omarev-Stepnoi N.N., Glushkov 
E.S. et al. Project of the GT-MHR high-temperature 

fs 

T a 6 JI II u a 3. CKopocrn peaKUHH neneHHH 
ypaHa-235 e BbilleJleHHOM panHaJJbHOM Hanpa­
BJleHHH (pHC. I) H3MepeHHH ( OTHOCHTeJlbHble 
en1-1H111..U>1) e K0Hdrnrvoau1-11-1 7 A 

R',cM 3 p (P-3)/3, % 

!EiOKOBOH 0Tp3)KaTeJJh! 

50 0,589 0,590 0, I 

75 0,943 1,008 6,9 

100 0,893 0,914 2,3 

!AKTHBHa.SI 30Ha! 

108,5 0,790 0,804 1,8 

118,5 0,755 0,770 2,0 

128,5 0,825 0,817 -1,0 
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PHU "Kyp4aTOBCKHH HHCTHTYf", I 23182, MocKsa, m1. KypttaTosa, I 

ITocrymma s pe.naKUHIO 06.11.2008 r. 

l13JTO)KeHO pac4eTHO-aHaJTHTH4eCKOe o60CHOBaHHe B03MO)KHOCTH npose.ueHHll HeHTpOHHO-cj>H3H4eCKHX 3KCnepH­
MeHTOB npH nOBblWeHHbIX TeMneparypax Ha KpHTH4eCKOH c6opKe C KOJlbUeBO~ aKTHBHOH 30HOH (a.3.), MO.UeJTHp)'IOIUeli 
Ha cTeH.ue ACTP A cptt3wiecKHe oco6eHHocnt peaKTopa BTr P-M. 81,16paHbI nporpaMMHhie pac4ern1,1e KO.!lbI H on11caHa 
pac4eTHall MO.UeJTb c6opKH. C.n:eJTaH aHaJIH3 pe3yJlbTaTOB Hei1TpOHHO-cj>H31-fl-!eCKHX pac4eTOB. 

Kl110'1e6ble CJ/06a: rpacj>HTOBall KpHTH4eCKall c6opKa, KOJlbUeBall aKTHBHaJI 30Ha, rnapOBbie TOTIJll1BHbie 3JleMeHTbl, 
MHKpOTOTIJTHBO, cj>H31-fl-!eCKall MO.UeJTb, amUIH3 pe3yJ11,TaTOB pact.teTa. 

Investigation of Possibility of Performing Experiments at Modernized ASTRA Critical Facility with Heating. 
N.N. Ponomarev-Stepnoi, E.S. Glushkov, A.E. Glushkov, G.V. Kompaniets, N.E. Kukharkin, V.l. Nosov, 
O.N. Smirnov, V.F. Boyarinov, A.L. Balanin, V.A. Nevinitsa, A.A. Sedov, A.S. Subbotin, P.A. Fomichenko. RRC 
KI, Kurchatov Sq., 1, Moscow, 123182. Computational and analytical substantiation for possibility of performing neu­
tronics experiments at high temperatures in the annular core critical assembly simulating physics peculiarities of HTGR­
M reactor at the ASTRA facility is presented. Computer codes are selected for calculations, and the computational phys­
ics model of the assembly is described. Analysis of results of the neutronics calculations is performed. 

Key words: Graphite Critical Assembly, Annular Core, Spherical Fuel Elements, Coated Particles, Physical Model, 
Calculation Results Analysis. 

Bse.ueu11e 

Bbl CO KOTeM neparyp H bl e fa.300XJUl)l(JJ_aeM bl e 
peaKTopbI (BTfP) Mo..uyn1,Horo THna, a.3. KOTOpbIX 
COCTOl1T 113 rpaq>HTOBblX TB3J10B, o6na.uaioT no­
BbJWeHHOH 6e3onaCHOCTblO H l!BJllllOTCll nepcneK-
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THBHblMH J].Jlll t.teTsepTOfO TIOKOJleHH51 51.UepHblX 

3HepreTH4eCKHX CTaHUHH [I, 2]. H"cnOJlb30BaHHe 
B 3THX peaKTOpax rpaq>HTOBOfO 3aMe.UJIHTeJ151, 
MHKpOTOTIJUt.Ba C MHOfOCJlOHHblM noKpblTHeM, 
.u11cneprnpoBaHHOfO B rpacjJHTOBYIO MaTpHtzy TB3-
na, 11 HHepTHOfO TeTIJJOHOCHTCJlll (remtll) TI03B0Jl51-



eT noJJ)"-IHTb BblC0KYIO TeMneparypy TenJJ0H0CH­

TeJl.A ( npHMepH0 800 ... 900 °C) npH BblC0KOH Ha­

.ne>KH0CTH H 6e3onacHOCTH peaKTopoB 3T0ro THna. 

B Tel.feHHe MHornx JleT s Pocc1111 pa3pa6aTbt-

8a.n1-1cb npoeKTht peaKTopHblX ycTaH0B0K c BTfP 

pa3JJH4H0ro Ha3H84eHH.A .ll)l.11 WHp0K0ro )lHana30-

Ha MOW.HOCTeH, a Ta10Ke npoBOJlHJJHCh HHP H 

OKP s 3TOM HanpasneHHH. B HacT011w.ee speMl! 

seJleTCll pa3pa6oTKa npoeKTa MOJlYJJhHOro BTfP­

M C reJJHeBblM TenJJ0HOCHTeJJeM H npl!MhlM fa30-

ryp6HHHhlM UHKJ!OM npeo6pa30BaHHll TenJJOBOH 

:meprHH B 3JleKTpH4eCTBO. flpHMeHeHHe B 3TOM 

peaKTope KOJlhUeBOH a.3. H BHyrpeHHero rpacj)HTO­

soro OTp8)KaTeJll! npHBO)lHT K HeHTpOHHO­

cj)H3H4eCKHM oco6eHHOCTllM, KOTOpble He06XO)lH­

MO Y'IHThl88Tb npH ero pa3pa6oTKe. 

,[{nl! HCCJ1e)l0Bamu1 HeihpOHHOH cj)H3HKH 

BTf P pa3pa6oTaHbt H nocrpoeHht KpHTH4eCKHe 

CTeH)lhl (ACTPA, rPor 11 np.) [3 ... 6]. B PHI.J; 

"Kyp4aTOBCKl1H 11HcT11ryr" Ha KpHTH4ecKHx c6op­

Kax c KOJJhuesoi1 a.3. cTeHna ACTPA nposeneHa 

cep11l! 3KCnepHMeHTOB C wapOBhlMl1 TB3JlaMl1 npH 

KOMHaTHOH TeMneparype [ 4, 6]. 3TH 11CCJle)lOBa­

HHJI 003BOJ!HJ111 H3Y'111Th MHOr11e oco6eHHOCTH 

cj)H3HKH BTr P-M, a TalOKe sepHcj)HUHpOBaTb COOT­

BeTCTBYJOW.He pac4eTHbie MeTO)lhl H nporpaMMhl. 

OnHaKo H3MeHeHHe HeHTpOHHO-cj)H3114ecKHX xa­

paKTep11cTHK Kp11TH4eCKHX c6opoK np11 nOBhl­

weHHhrx TeMneparypax 3KCnepHMeHTaJJhHO He HC­

CJle)lOBaJJOCh. 

B naHHOH pa6oTe npencTaBJJeHbl OCHOBHble 

pe3yJJhTaTbl KOMnJJeKCHoro paC4eTHO-aHaJJHTH-

4eCKOro 11CCJle)l0BaHHll B o6ocHOBaHHe B03MO)K­

H0CTH nposeneHHll Ha cTeHne ACTPA Hei1TpOHHO­

cp113114ecKHX 3KCnepHMeHTOB npH Harpese KpHTH-

1.feCKHX c6opoK C KOJlbUeBOH a.3. Bb16paHbl cospe­

MeHHbie nporpaMMHbie KO.Uhl, .uaHo on11caH11e pac-

4eTHOH cj)113114ecKoi1 MOJleJJH H cnenaH aHan113 no­

JJ)"-leHHbIX pe3yJJhTaTOB Bhl4HCJleHHH. 

1. KpaTKaJI xapaKTepncTuKa 

HCD0Jlb3YeMblX pac'leTHblX K0A0B 

PeaKTopbI BTr P-M c KOnbuesoi1 a.3. xapaK­

Teptt3YJOTCll CJle)lylOW.HMH OCH0BHbIMH oco6eHHO­

CT.AMH, KOTOpb1e Heo6xo.u.HMO )"-IHTbIBaTh npH Bbl-

6ope nporpaMMHhIX KO)J.08 H 6a30BOH cj)H3H4eCKOH 

MO)J.eJJH )J.Jlll pacl.feTHbIX HCCJle)J.OBaHHH [3]: 
- HaJJH4He TOnJJHBa B BH)le 4aCTHU C MHOfOCJ!OH­

Hb(M noKpbITl1eM, pa3Mew.eHHhIX B rpacj)HTOBOH 

MaTp11ue wapOBhlX TB3J!OB [7], npHBO)J.HT K Heo6-

XO)J.11MOCTH yt.ieTa 3cpcpeKTa .ll.BOHHOH reTeporeH­

HOCTl1 pa3Mew.eHH.A T0nJJl1Ba B a.3. 11 nposepKH 

Hei1TpOHHO-cj)H3114eCKl1X pacl.feTOB no pe3yJlbTaTaM 

11HTerpaJJbHhIX 3KCnepHMeHTOB C np11MeHeHHeM 

TB3JJOB 3Toro T11na; 

- 3Hat.fHTeJlbHa.A pa.n11aJJbHa.A HepaBHOMepH0CTb 

3Hepropacnpe.u.eneHl1JI 11 HaJJHt.fl1e MaKCHMYMOB Ha 

rpaHHUax a.3. c BHyrpeHHHM (BO) H 6oKOBhtM 

(60) rpacpHTOBhlMH OTpa>KaTeJll!MH; 

- 60JlblllOe 0THOllleHHe BhICOThl a.3. K ee )J.HaMerpy 

(HID= 1,5 ... 3) 06ycnasn11saeT t.iyBCTBHTeJJhHOCTh 

BblCOTHOro 3Hepropacnpe,ll.eneHHll K nOJ10)KeH1-tlO 

peryn11pyiow.11x cTep)Kttei1; 

- BhlCOKaJI TeMneparypa MaTep11ana a.3. H OTpa>Ka­

TeJJei1.; 

- 3aBHCl1MOCTh peaKTl1BHOCTH H 3cpq>eKTl1BHOCTH 

opraHOB peryJ111poBaHHll OT TeMneparypht HMeeT 

Ba>KHOe 3Ha4eHHe npH H3y4eHl1H ll.ll.epHOH 6e30-

naCHOCTH peaKrnpos nma BTfP-M; 

- HaJJHYHe coce)J.HHX 30H C CHJlhHO OTJ!HYa10w.ei1.c.A 

nopHCTOCTblO. 

Ha Kp11rn4ecK11x c6opKax cTeHna ACTPA 

MO)J.eJJHPYJOTCll npaKTHYeCKH Te )Ke q>H3H4eCKHe 

oco6eHHocTH BTf P-M, no3TOMY np11 npoBe)J.eHHH 

pacl.feTHO-aHaJJHTH<ieCKOrO HCCne.uosaHHll )J.8HHbIX 

c6opOK HCnOJlh3YIOTCll pacl.feTHhie KO)J.hl, KOTOpble 

np11MeHl!IOTCll np11 npoeKTHpOBaHHl1 MO.ll.YJlhHblX 

BhlCOK0TeMneparypHblX peaKTopoB C KOJlbUeBOH 

a.3.: 

- K0MnJJeKc npeUH3HOHHbIX nporpaMM MCU, B 

OCHOBe KOTOpblX Jle)KHT HCnOJlh30BaHHe MeTo.na 

MoHTe-Kapno [8 ... 11]; 
- HH)l(eHepHhlH Hei1.TpoHHo-cp1-13114ecK11i-l KO.ll. JAR 

[ 6, 12] C no.n.roTOBKOH rpynnOBblX KOHCTaHT no 

nporpaMMe WIMS-O4 [13]; 
- rpexMepHbIH. KO.ll. FM-30 [14] )J.Jlll TennocpH3H4e­

CKHX paCYeT0B o6beKTOB c pa3HOH nopHCTOCTblO. 

2. O6maH xapaacrepHCTHKa KpHTH'leCKOH 

c6opKH c K0Jlb .. eBoii a.J. 

Ha p1-1c. I np11se.n.eH 06w.1-1ii BH.U. KpHTH4ecKoi1 

c6opKH Ha cTeH.ne ACTPA c KOJJhUeBOH a.3., MO­

.nen1-1pyiow.ei1 HeHTpOHHO-cpH3H4eCKHe oco6eHHO­

CTH pa3pa6aTblBaeMoro a paMKax Me)l(JzyHapO.LJ.HO­

ro npoeKTa peaKTopa BTfP-M. 

B pe3yJJhTaTe npose.u.eHHoro pac4eTHO-aHanH­

TH4ecKoro HCCJle)lOBaHHl! npHHJIT sapHaHT Harpe­

Ba c6opK11 Ha cTeH.u.e ACTPA c noM0W.hlO o.u.Horo 

TepM03J1eKTp11l.!ecKoro HarpesaTenll, pacnoJJO)KeH­

Horo no OCH KpHTHYeCKOH c6opKH. Ha pHC. 2 H 3 
(emopGR cmpaHu11a i,eemHou 6KflGOKu) np1-1se.neHhI 

cxeMbl nonepe4H0f0 11 npO.LJ.0JlbH0fO cel.!eHl1H 

c6opKH C TenJJOBOH H30JlllUHeH, KOT0pal! pacno­

JlO)KeHa Me)K.ll.y Hapy)KHOH nosepXHOCThlO a.3. H 

conpIDKeHHhIMH nosepXHOCTl!MH 60 H BO, HIDK­

Hero (HTO) H sepxHero (BTO) TopueshIX oTpa­

)KaTenei1. 

2.1 . llapG.Mempbl 0CH0611b/X 3;ieji1eHmoe c6op­
KU. WapOBbie TOnJJHBHble 3JleMeHThl (TB3Jlbl) 

npe.u.cTaBJJl!IOT co6oi1 rpacpHTosyio MaTpHey, a 

IO 1 



PHc. I . O6uudl BH!l KpHTH'•leCK0H c6opKH c K0nbueeow 
a.3., MO!lenHpyiowew peaKT0p BTr P-M npH K0MttaTHow 
TeMneparype: I rpacjJ11T0Bbltt 60 C aepXHHMH Kpb!W· 
Kru.rn; 2 - K0nbueeaJI a.3.; 3 - BO HJ rpacjJuT0BblX 6no­
Koa; 4 - Kattan Mll nornowaiowero cTep)l(Hll KO?; 5 -
nornowat01UHH cTep)l(ettb 

u.eHTJ)aJlbHOH '-!aCTH KOTOpOH paBHOMepHO pac­

npe.neneHbl TOnJ111Bllbte '-!aCTHU.bl. Hapy)l(llblH 

,llHaMeTp TB3Jla paBeH 6 CM, ,nHaMeTp TOnJJHBHOro 

cep,nelfHHKa - 5 CM. B TOnJJHBHOM cep,ne'-!HHKe 

Ka)l(,llOro TBJJJa co.nep)l(HTCSI 2,44 r ypaHa s BH,ne 

pacnpe.neneHHblX B rpaqrnTOBOH MaTPHUe lfaCTHU. 

MHKpOTOnJJHBa ,llHaMeTpOM 1 059 MKM. qaCTHU.bl 

MHKpOTOnJJHBa C noKpblTHSIMH HMelOT ccpepH'-!e­

CKYIO cpopMy H COCTOSIT 1-13 Kep11a ,nHaMeTPOM 511 
MKM H3 .UHOKCH,lla ypaHa C nJJOTHOCTblO 10,27 
r/cM3 1-1 0Kpy)l(a10w.1-1x ero lfeTbtpex cnoes noKpbt­

THH [7]. TiepBblH 6ycpepHblH CJIOH noKpbITHSI TOJI­

W.HHOH 94 MKM - n1-1poyrnepo.n c nJJOTHOCTblO 

1 01 r / cM
3
; BTopoH nJJOTHblH cnoH TOJJW.HHOH 72 

' ' MKM - m1poyrnepo.n C nJJOTHOCTblO 1,95 r / cM ; 

TPeTHH cnoi1 Tonw.1-111oi1 51 MKM - Kap61-1.n KpeM­

HHSI C nJJOTHOCTblO 3,26 r/cM
3
; '-!eTBepTblH BHeW­

HHH nnoTHblH cnoi1 TOJJW.HHOH 57 MKM - n1-1poyr­

nepo.n C nJJOTHOCTblO 1,89 r / c1,i. 

WapOBbie rpacpHTOBble JJleMeHTbl ,llHaMeTpOM 

6 CM H3rOTOBJ1eHbl 1-13 BblCOKO'-!HCTOrO peaJ<TopHO­

ro rpacpHTa nyreM MexaHHYeCKOH o6pa6oTKH rpa­

<pHTOBbtX 6noKOB P6MK. Waposbte rpacj>HTOBbie 

:meMeHTbI 1-1cnonb3YIOTCSI B 3acbmKe BTO. 60 11a­

p~HbtM ,llHaM~M 380 CM 11 BblCOTOH 460 CM 

COCT011T 113 6JJOKOB BblCOKOYl1CTOro peaKTop11oro 

rpacp11Ta C pa3MepaMl1 25x25 CM B ceYeHHH. Bbl­

COTa 6nOKOB 60 COCTaBJlSleT 60 CM 3a l1CKJ110YeH11-

eM Hl1)1(Hero CJJOSI, BblCOTa KOTOporo pasHa 40 CM; 

BbICOTa scex 6noKOB HTO - 40 CM. B Ka)l(,llOM 

rpacp11TOBOM 6noKe 11MeeTCSI KaHaJl ,llHaMeTpOM 

11,4 CM, pacnOJJO)l(ellHblH no sepT11KaJlbHOH OCH 

6noKa, KOTOpblH MO)l(eT 3anoJ1HSITbCSI npo6KOH 1-13 

BblCOKOYHCTOro peaKTOpHoro rpacj>11Ta Toro )Ke 

.n11aMeTpa. fpacpHTOBble npo6Kl1 ycTaHOBJleHbl B 

yacT1-1 KaHanos 60, a TalOl<e so scex KaHanax l lTO 

1-1 Hl1)1(Hero CJJOSI 60. 
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Ha KpHTHYeCKHX c6opKax cTeH,lla ACTPA 

HMelOTCSI Tp11 rpynnbt peryn11py10w.11x norno­

w.aiow.1-1x CTep)l(HeH B C00TBeTCTBHH C HX 

cpyHKU.110HaJlbHblM Ha3HalfeHHeM: rpynna KOMneH­

c11py10W.HX cTep)l(HeH (8 KC), o,nHH cTep)l(eHb 

pyYHoro peryn1-1posaH11S1 (PP) 1-1 rpynna cTep)l(HeH 

asap11HHOH 3aW.HTbl (9 A3). Ka)l(,llblH H3 norno­

w.a10w.1-1x CTep)l(HeH BblnOJJHeH B BHJJ.e KJJacTepa, 

COCTOSIW.ero 113 15 CTaJlbHblX TPY60K Hap~HblM 

,llHaMeTPOM 1,25 CM 11 TOJJW.11ll0H CTeHKl1 0, 12 CM. 

Tpy6KH 3anonHeHbl Kap6H,llOM ecTeCTBeHHOro 60-

pa C nnOTHOCTblO 1,56 r /cM
3 

H paBHOMepHO pac­

npe.neneHbl no OKPY)l(HOCTH ,llHaMeTpOM 7 ,6 CM. 

MaTep11an Tpy6oK - Hep)l(aBelOW.a.11 CTaJlb MapKH 

12X 18H 1 OT. Ha cTeH,ne ACTPA np11MeHS1eTcsi 

TaK)l(e cTep)l(eHb PP, npe,ncTaBJJSIIOW.HH co6oi1 

.Ll.BOHlfYIO Tpy6y 1-13 aJllOMHHl1eBoro cnnasa. 

2.2. PaouaJ1b11oe pacnpeoeJ1e11ue me,imepamy­
pbl npu 11a2peee c6opKu. AHanH3 pe3ynbTaTOB Te­

nnocp1131-14ecKHX paCYeTOB n0Ka3aJ1, '-!TO pa.n11anb­

HOe pacnpe.neneHHe TeMneparyp s c6opKe HMeeT 

HepaBHOMepHblH xapaKTep KaK no a.3., TaK 11 no 

BO H 60. np1-1 3TOM Ha xapa"-"TeP H3MeHeHHSI TeM­

neparypHoro non.11 sn11si10T cne.nyt0w.11e cpaKTOpb1: 

MOW.HOCTb 3JleKTpOHarpesaTensi , TennocpH3HYe­

CKHe CBOHCTBa H30J1SIU.HH H yYHTbIBaeMbte npou.ec­

Cbl nepe,naYH Tenna s c6opKe. Ha p11c. 4 npHBO­

,llHTCSI pacnpe.neneH11e Te~meparypb1 no pa.n11ycy 

Kp11Tl1YeCKOH c6opK11 c u.eHTPaJlbHblM HarpesaTe­

neM 11 TenJJOBOH l-130JJSIU.HeH ,llJlSI O,llHOro 1-13 pac­

CMOTPeHHblX sapHaHTOB. 

3. PaClfCTllblC HCHTpouuo-clntJHlfCCKIIC MOJlCJIH 

i.:puT11'1ecicou c6opicu CTCH)la ACTP A 
np11 uarpeBe 

3 .1. Pac'-lenmaJl ,uooe.'lb npu ucnoRbJ0ea11uu 
npo2pai1.J11b1 MCU. Hei1TpoHHO-cpH3HYecK1-1e pac-

1.feTbl KpHTH'-!eCKOH c60pKJ,t C HarpeBOM npOBO,llH­

JlHCb no nporpaMMe MCU c np1-1MeHeH1-1eM .nsy­

MepHoH R-Z Mo,nen1-1, s KOTopoi:i 6btna B03MO)l(-

TeMnepa-rypa, T 
600 ------ -----------, 
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400 
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PHc. 4. PacnpeJ1eneHHe TeMneparypb1 T °C no pallHycy 
KpHTHYeCKOH c6opKH (B ueHTJ)anbH0M ce'leHHH) 



tt0CTb ytteTa HarpesaTem1, TenJl0B0H 1130JUll..ll111 11 

sap11au1111 TaKl1X BXO.llHblX napaMeTpOB, K8K p83-

Mepbl 11 COCTaB 8.3., TenJlOBOH 1130JlSll..ll111, 0TJ)8)!(8-

TeJTeH, no11o)!(eH11S1 pery1111py10l.lll1X cTep)!(HeH, 

3H8'-leHHH TeMnepaTypbl B p8311H4HblX 0611aCTS1X 

peaKTopa H np. 
B ynpol.lleHHOH pactteTHOH MonenH rpaHHl..lbl 

30H nonepe4H0f0 Ce'-leHHSI HCXO.llHOH c6opKH (pHC. 

2) 3aMeHSIJlHCb OKp~HOCTSIMH C coxpaHeHHeM se­

JTH'lHH nJTOl.ll8.lleH nonepettHblX cetteHHH COOTBeT­

CTBYIOlllHX 30H. C yqeTOM xapaKTepa H3MeHeHHSI 

pa.llHaJTbHoro pacnpeneneHHSI TeMneparypbI a.3. 

p836HB8Jl8Cb Ha nse K08KCH8JlbHble 0611aCTH TaK, 

'!TO nJ101.ll8.llH cetteHHH o6eHX 48CTeH 30Hbl paBHbl. 

fpaHH'll-lble p8.lll-fYChl 'l8CTeH a.3. COCTaBJTSIIOT 

37,318, 65,657 H 85,024 CM. B ynpOl.lleHHOH MO­

nenH a.3. roMoreHH3HpOBaJT8Ch 38 HCKJTIO'leHHeM 

KepHOB MHKpOTOnmrna, yttHTbIBaeMblX Henocpen­
CTBeHHO s MCU c HcnOJTb30BaHHeM cneUHaJTbHO 

p83pa6oTaHHOH nonnporpaMMbl KORN (1 l]. EO 

pa36HBaJTCSI Ha TPH K08KCHaJTbHble 0611acTH 60 I , 
EO2, 603: B EO 1 HaxonsiTcsi CTep)KHeBbie KaHan bl, 

602 COCTOHT H3 6JTOKOB C npo6KaMH, B EO3 pac­

nonaraioTCSI K8HaJTbl .llJlSI HeHTpOHHblX naTlJHKOB H 

HOHH381..lHOHHhlX KaMep. 

Ha p1-1c. 5 (mpembR cmpaHUlfO tf<Jemuou 
<JKflaiJKu) npHseneHa cxeMa nonepettHoro cettemu1, 

npHHSIT8Sl B ynpol.lleHHOH pactteTHOH MO.lleJTH KpH­

THtteCKOH c6opKH co cnenyJOl.llHMH reOMeTpH'le­

CKHMH p83MepaMH: Rao= 37,318 CM - pa,nHyc BO, 

Ra.,.= 85,024 CM - BHeWHHH P8.llHYC a.3., R = 190 

CM - BHeWHHH p8.lll-fYC 60, Ha 3 = 300 CM - BblCOTa 

a.3., Hmo = 40 CM - Bbrcorn HTO, H60 = 460 CM -

BblCOTa 60 (6e3 ytteTa TenJlOH30JlSll..lHH). 

3.2. Pac'lemHOR MOOellb npu ucnOllb30<Jauuu 

npo2p0Aumo20 KOMnJ/eKca JAR + WIMS-D4. Opi,i 

nposeneHHH pactteTOB no nporpaMMe JAR .llJlSI 

onHC8HHSI MO.lleJTH B ropH30HT8JlbHOM cetteHHH 

npHMeHeHa KB8.llp8TH8Sl peweTKa C MaJTblM waroM 
4, 17 CM, '!TO COOTBeTCTByeT 36-Tl1 pac'-leTHblM 

Sl'-leHKaM Ha CT8H.ll8pTHblH rpacpHTOBblH 6110K 

c6opKH ACTPA, KOTOphlH HMeeT p83Mep 25x25 

CM. KapTOrpaMMa paCC'-IHTblB8eMOH c6opKH npH­

seneHa Ha p11c. 6 (mpembll cmpaHui1a Zf6enmou 

6KJI00KU). 

ITpH pac'-!eTax no nporpaMMe JAR 0611acTb 
H3MeHeHl1Sl 3HeprHH HeHTJ)OHOB p836HB8Jl8Cb Ha 

13 rpynn (sepXHSISI rpaHHl..la 13-ii rpynnb1 pasHa 

0,058 38). fpynnOBble MaKpOCKOTIH'leCKHe KOH­

CT8HTbl nonroTOsneHhl no nporpaMMe WTMS-D4 

.ll.JlSI 0611acrn TeMTieparyp OT 3 00 no 900 K. ,Ansi 
0611acrn 3Heprni1 HH)!(e 4 38 (5 ... 13 rpynnb1) Y'-IH­

TbIBanacb TepMaJTH381..lHSI HeHTpOHOB. 
P83JTH'-!He Me)!(Jl)' p8.llH8JlbHblMH (nonepe'-1-

HblMH) H 8KCH8JlbHblMH (npO.llOJlbHblMH) K03cpcpH-

UHeHTaMH .llHcpcpy3HH Y'-IHTblBaJTOCh B Mo.n.epHH3H­
pOB8HHOH nporpaMMe JAR npH peweHHH KOHe'-I­

HO-p83HOCTHOro ypasHeHHSI m1cpcpY3HH HeHTpo­

HOB. ,Ansi scex 3JTeMeHTOB KOMTIOHOBKH KpHTH'-le­
CKOH c6opKH, HMelOl.llHX noJTOCTb s aKCHaJTbHOM 

HanpasneHHH, nonroTosneHo no nsa Ha6opa rpyn­

nos&1x K03cpcpHUHeHTOB .llHcpcpY3HH. O.ll11H 113 

Ha6opos pacctJHT8H CTaHJJ,apTHblM o6p830M npH 

noMOl.llH nporpaMMbl WTMS-D4, T.e. rryreM yc­
penHeHHSI no 30HaM 3KBHBaJTeHTHOH Sl'-leHKH 

TpattcnopTHOro cetteHHSI C BeCOBblM11 cpaKTopaM11 
nJTOTHOCTH noTOKOB tteHTJ)OHOB H 06beMOB 30H. 

,[(pyroH Ha6op K03cpcp11uHeHTOB .llHcpcpy311H pac­

C'-IHTblBaJTCSI npH noMOl.lll1 onu1111 ARIADNE npo­

rpaMMbl WIMS-D 11 npe.llH83Ha'!ancsi HCKJTJO'-IH­

TeJTbHO .llJl~ ytteTa 8HH30TpOnHl1 yre'-IKH HeHTpO­
HOB B 8KCl18JlbHblX HanpaaneHHSIX. 

4. AuaJJH3 pe3yJJbTaTOB ueiiTpOHHO­

cj,HJH'leCKHX pac'leTOB 

4.1. Bm,muue menJ1o<Jou U30JlJllfUU u 3JleKmpo­
ua2pe6amellJl Ha peaKmu<J11ocmb c6opKu. B npo­
uecce nposeneHHoro HccnenosaH~ paccMa-rp11sa-
1111cb p8311H'-1Hble MaTepHaJTbl TenJlOBOH 1130JlSll..lHH: 
KHpTI11411 p83HblX MapoK H3 waMoTa; KapTOH Ten­

Jl01130Jllll..lHOHHblH MYJTJJHTOKpeMHe3eMHCThlH 
KTM Ha ocHose AliO3 + SiO2; orneynopHbie Ten­
JTOH30JTlll.lHOHHble 6JTOKl1 EKB, 113fOTOBJleHHbJe 113 

orneynopHoro sonoKHa Ha ocHose AliO3 + SiO2; 
MYJTJTl1TOKpeMHe3eMl1CTblH pyn0HHblH BOHJIOK 
MK.PB, H3rOTOBJTeHHhlH H3 omeynopHoro sonoK­

Ha Ha ocHose AliO3 + SiO2 11 np. 

Ha .ll8HHOH CT8Jll1H 11cc11enosaHHSI B Ka'-leCTBe 
MaTep11ana TenJJ0l130JlSll..ll1H Bb16paH waMOTHblH 

KHpnH'-1 lllJl-0,4, n0CK0JTbKY 3T0T M8Tep11an 0THO­

Cl1TeJTbHO cna6o nornOl.ll8eT HeHTpOHbl, 0611a,naeT 

MaJTOH Tennonp0BO.llHOCTblO H npHeMJTeMOH .ll.JlSI 

M0HT8)f(a npo'-IH0CTblO. B C00TBeTCTBHH C nac­

nopTHblMH naHHblMH npHHSlT CJle.llylOl.llHH HCXO.D.­

HblH cocrns waMoTa (% no Macce): SiO2 - 55 ; 

A)iO3 - 40; CaO - 2; MgO - 1,5; Fe2O3 - 1,5. B 
pe3yJTbTaTe nposeneHHoro x11MH'-!ecKoro aHaJTH3a 

s PHU, "KH " o6Hap~eHbr nononHHTeJTbH0 cne­

.llYIOl.llHe HCHTJ)0H0nornOl.ll8IOl.llHe npHMec11 (% no 

Macce): Ti - 0,65; B - 0,0034; Cd < 0,0002; Sm < 

0,0005; Gd< 0,0005; Eu< 0,0002; Mn < 0,016; Li 
< 0,003. 

O.llHHM H3 B8)1(HblX sonpOCOB SIBJTSleTCSI OQeH­

Ka BJTHSIHHSI Ha peaKTHBHOCTb KpHT11'leCKOH c6op­

KH HaJTH'·IHSI TenJJOBOH H30Jllll..lHl1 H 3JTeKTp0Harpe-

88TeJTSI. OueHOttHhle pac'-!eTbr npoBO.ll.HJTHCh no R-Z 
M0.lleJT11 KpHTH'-leCKOH c6opKH. BeJTH'-IHHa peaK­

THBH0CTH p paCC411TblBaJT8Cb no c11eny101.lleMy co­

OTHOWeHHIO: 
{I) 

103 



T a 6 JI " u a 1. PacqeTHbie oueHKM no BJHUIHMJO Ha peaKTMBHOCTb c6opKM 

TOJUUHHbl J,! COCTaBa TeruIOBOH M30JillUJ,!l,I (waMOT WJI-0 4) , 

BapM- Cocrns 

3HT TenJJOBOH li30J!Jll.lJ,!J,! 

I IlacnopTHble ,!13HHble 

2 Ilacnoprnble naHHble 

3 
IlacnopTHbie naHHhie 

+ npMMeCb B 

4 
IlacnopTHbie naHHbie 

+ see npHMec11 

r.D.e k - 3cpcpeKrnBHbIH K03cpcp11u11eHT p33MHO)!(e­

HH.SI )lJlll HCXO.l(HOro COCTOSIHl1.SI, kaap - )])I.SI pac­

CMaTp11saeMOrO sap11aHTa. 

flpH p33MemeHl111 B c6opKy TenJJOl130JI.SIU11l1 

113 waM0Ta WJI-0,4 B npeJlyCMOTPeHHbtH )])]SI 3TO­

ro 3330p C B03JJ.YWHOH aTMOCcpepoH pacYeTH3SI se­

JIH'-IHHa 113MeHeHH.SI peaKTl1BHOCTl1 COCT3B11Jla p = 
- 1,47 % (cocTaB waMOTa- nacnopTHbie )laHHbie). 

3ToT 3cpcpeKT o6ycnosneH 3aMeTHhIM nornmueIDt­

eM HeHTpOHOB B M3Tep11ane TeTIJJ01130JI.SIUHH no 

cpaBHemuo c YTe'-lKOH HeHTPOH0B t.Iepe3 333op 11 

nornow.eHHeM HeHTpOH0B B B03,nyxe. 

flpH p33Mew.eHHl1 B c6opKe C TenJJOl130JIKU11-

ei1 JJJeKrpoHarpesaTenSI, pacnoJIO)!(eHHOro no 

ueHTpanbHOH oc11 BO B npe.nenax BbtCOTbI a.3., 

pactJ.eTHa.SI seJJH'-ll1Ha H3MeHeHl1.SI peaKTHBHOCTH 

cocTas11na p = - 1,39 %. B pactJ.eTHOH Mo.nenH Ha­

rpesaTenh npe.ncrnsn.11n co6oi1 nonhlH UHJJHH.UP H3 

Hep)!(ase10w.ei1 cTan11 l 2X 18H 1 OT Hap~HblM 

.n11aMeTPOM 8 CM H TOJIW.HHOH CTeHKl1 0,5 CM, 

BffYTPH KOTOporo HaX0)].HJICSI CTaJibHOH CTep)!(eHb 

)lHaMeTp0M 3,4 CM. 

Hccne.nosancSI TatoKe sonpoc BJJHSIHH.SI TOJJ­

W.HHhI H COCTaBa TeTIJJOH30JISIUHH Ha peaKTHBHOCTb 

c6opK11. B Ta6n. 1 np11se.neHhI pe3yJJhTaTbI npose­

.neHHhIX sapHaHTHbIX pact.IeTOB no nporpaMMe 

MCU. 
KaK BH.UHO 113 .natttthlX Ta6n. I , np11 yseJJH'-le­

HHH TOJIW.11Hbl TeTIJJOH30JISIUHH Ha ] CM H3MeHeHHe 

peaKTHBHOCTl1 COCTaBJJ.SleT p = - 1,42 % , T.e. pe­

aKTl1BHOCTb c6opKH seCbM3 tJ.YBCTB
0

HTeJ1bHa K 

TOJIW.HHe TenJJOH30JISIUHH, B CB.11311 C '-leM tteo6xo­

.U11MO CTporo pernaMeHTHpOBaTb TOJIW.11tty Tenno­

BOH H30JI.SIU11H. 

YtJ.eT scex )lOTIOJIHHTeJlbHO o6Hap~eHHblX s 

XHMH'•leCKOM aHaJil13e HeHTpOHOnornow.a10w.HX 

npHMeceH B waMOTe TenJJOl130JISIUHll npHB0.UHT K 

H3MeHeHHIO peaKTHBHOCTH Ha p = - 2,36 %. Ta­

KHM o6p330M, .n3)!(e He6onhwoe co.nep)l{aH11e np11-

Mecel1 s waMOTe, KOTOpbte HMelOT 6onhWOe ce'-le­

HHe nornmueH11S1, .naeT cyw.ecTBeHHoe yMeHhwe­

HHe peaKTHBHOCTH c6opKH npH nocTaH0BKe s Hee 

.naHHOro MaTep11ana TeTIJJOH30JI.SIUHH . 8 CBSl3H C 

ToJJ W.MHa Tenno- PeaKTHBHOCTb 

BOH H30JlllU11H, CM p, % 

5 -

6 - 1,42 

5 - 1,11 

5 - 2,36 

3THM np11 onpe.neneHHH co.nep)!(aHH.ll .nononHH­

TeJJbHbIX HeHTpOH0nornoma10w.11x npHMeceH B 

MaTep11anax Tenno113onS1u1111 tteo6xon11Mo ysen11-

'-lHTh TO'-lHOCTb na6opaTOpHbIX XHMH'-leCKHX aHa­

JIH30B, a TalOKe HCnOJJb30BaTb cneu11anhttbte He­

p33pywa10w.11e MeTO.Ubl HeihpOHHO-q>H3H'-leCKOro 

B3BeWHBaHHSI o6p33UOB HCCJJe.D.yeMblX MaTep11a­

JIOB TeTIJJOH30JI.SIUH11. 

4.2. 3cjHjJeKl11U6HOCn1b n02JlOU{G10U{UX 

c mep:JK:Heu. flo.n 3cpcpeKTHBHOCTbJO nornoma10me­

ro CTep)!(H.SI (rpynnhI CTep)l<HeH) TIOHHMaeTCSI H3-

MeHeHHe peaKTHBHOCTH c6opKH npH norpy)!(eH!-111 

CTep)!(H.ll HJIH rpynnhl CTep)K_HeH B COOTBeTCTBYJO­

w.11e KaHaJibl 60 (60 I). floCKOJlbKY TeMneparyp­

ttoe none np1-1 ttarpese c6opKH HMeeT cymecrneH­

HO ttepaBHOMepHblH xapaKTep, npH npose.neHl111 

HeHTPOHHO-<pl13H'-leCKHX pacYeT0B 11cnOJib30BaHO 

pacnpe.D.eneHHe TeMneparyp no 30HaM c6opK11, 

nonyYeHHOe B TennocpH3HtJ.eCKHX pac'-lernx 

(Ta6n. 2). 

Ta 6 JI Hu a 2. Pacnpe.!leJJeHHe TeMneparyphI 

no 30H3M KPHTli'leCKOH C 6 OPKH no11 ee Haroese 

TeMneoaTYoa, K 

3otta KOMH3TH3SI TeMrreparypa 

KpHTli'leCKOi:I c6opK11 TeMm~parypa, rrp11 Harpese, 

T o T 

3neKTpoHarpesaTeJJb 300 900 

BO 300 873 

A .3. I 300 773 

A .3. 2 300 723 

TennOM30JlllUHSI 300 548 
(waMOT) 

BTO 300 500 

60 I 300 373 

60 2 300 333 

603 300 313 

HTO 300 300 



T a 6 n " u a 3. PeJynbTaThl pac'!eTa 3<p¢eKTHBHocrn nornomaiouuix CTep)tCHett 
11T npH K0MH3TH0 0 H n0BblWeHH0i:! T TeMnepaTYPax c60PKH 

3cbcbeKTHBHOCTb CTe )lKHeH P, % 
Bapw- TionolKettwe CTeplKHeli TeMnepa,ypa T0 TeMnepa,ypa T 
3HTn s c6opKe 

fpynna O.llHH fpynna 
CTeDlKHeH CTeplKeHb 

. 
CTeDlKHeR 

I Bee CTeplKHH "'3BJie'!eHbI - - -
2 3 creplKIDI norpYlKeHb1 -5,35 - 1,78 -6,39 

3 6 c-replKHeH norpylKeHbl - 10,96 - 1,82 -13,09 

4 15 CTeplKHeH norpylKeHl,t -22,68 -1,51 -26,98 

5 18 CTeplKHeH norpYlKem,I -26,22 - 1,46 -
-Cpe.llIDIJI 3<p<peKTHBHOCTb 0.llH0ro CTeplKHll B rpynne CTeplKHeH. 

Pac'!eT 3cpq>eKTHBHOCTH nornomaJOlUHX 

cTep)K_HeH s KpHTH'!eCKOH c6opKe npOBO,D.HJlCll KaK 

npH KOMHaTHOH TeMneparype To, TaK H pa311H'!­

HblX 3Ha4eHI-UIX TeMneparypbl T no 30HaM Mo,nenH 

KpHTH'!eCKOH c6opKH. B Ta6n. 3 np1rne,neHbl pac­

C'!HTaHHble 3Ha'!eHI-UI 3cpq>eKTHBHOCTH CTep)K_l-{eH 

npH KOMHaTHOH TeMneparype H B ropll4eM co­

CTOl!HHH c6opKH. BeJlH4HHa 3q>q>eKTHBHOCTH p 

CTep)K_HeH ouemmanacb no COOTHOWeHHIO (I), r,ne 

B ,naHHOM cnyqae k - Jq>q>eKTHBHbIH KOJq>q>HllHeHT 

pa3MHO)l(eHJ-fll c6opKH C H3BJle'!eHHblMH CTep)l(Hl!­

MH, a k.ap - c sse,neHHOH B c6opKy rpynnoH CTep)l(­

Hei%. 
vb paC4eTHblX ,nattHbJX, npHse,neHHblX B Ta6n. 

3, cne;zyeT, 4TO cpe,D.Hllll 3cpq>eKTHBHOCTb 0,D.HOfO 

CTep)K_HJI yMeHbwaeTCll npH 60JlbWOM '¾HCJle no­

rpy)l(aeMblX CTep)l(HeH B c6opKy, '!TO CBll3aHO C 

l!BJleHHeM HHTepcj>epeHUHH nornomaJOlUHX 

CTep)K_HeH (K03q>q>HllHeHT HHTepcpepeHUHH MeHb­

we e,D.HHHllhl). PaC4eT 3q>q>eKTHBHOCTH CTep)K_HeH 

B pa3orpeTOH c6opKe noKaJan, '!TO 3q>q>CKTHB­

HOCTb COOTBeTCTBYIOlUHX rpynn nornOlUa!OlUHX 

CTep)K_HeH ysenH4HBaeTCll npHMepHO Ha 20 % no 

cpaBHeHHIO C HX 3cpcpeKTHBHOCTbJO npH KOMHaT­

HOH TeMneparype (To = 300 K). 

4.3. TeMnepamypHble 3<jJcpeKll1bl peaKll1U6HO­
cmu. no.n TeMneparypHblM 3q>q>eKTOM nOHHMaeT­

Cl! H3MeHeHHe peaKTHBHOCTH npH Harpese BCeH 

c6opKH HnH ee cpparMeHTos: a.3. , BO, 60 HnH OT­

.nenbHhlX HX 4aCTeH. Ha pHC. 7 npHBe,D.eHbl pac­

C4HTaHHbJe no nporpaMMe MCU 3asr1CHMOCTH pe­

aKTHBHOCTH p OT TeMneparypbl T npH paBHOMep­

HOM pa30rpese scej:j c6opKH HJlH OT,D.eJlbHblX ee 

cpparMeHTOB. Pac'!eTbl npOBO,D.HJlHCb ,D.Jlll c6opKH 

np11 113sne4eHHH scex I 8-rn nornoma10m11x 

CTep)l(ttei:i HJ KaHanos 60. OueHKa peaKTHBHOCTH 

npo113so.nwnacb no cooTHoweHHIO PT = (kT -
kT

0
)/(kTkT

0
) , r.ne kT

0 
- Jq>q>eKTHBHbIH KOJq>q>HllHCHT 

PaJMHO)l(eHHll HCHTpOHOB c6opKH npH KOMHaTHOH 

TeMneparype, kT - np11 3a,naHHOH TeMneparype T 
scej:j c6opKH HJlH OT,D.eJlbHbIX ee cpparMeHTOB. yfa 
aHaJIH3a np11se,neHHblX Ha pHC. 7 3aBHCHMOCTeH 

cne,nyeT, '!TO TeMneparypHble 3cpq>eKTbl peaKTHB­

HOCTH ,nnll BO H 60 xapaKTep11Jy10TCll He6onb­

WHMH nOJlO)K_HTCJlbHblMH BCJlH4HHaMH, KOTOpbie 

cymecTBCHHO MCHbWe a6COJllOTHblX 3Ha4eHHH OT­

pr1uaTeJ1bHOro TeMneparypHoro Jq>q>eKTa a.3. 

Tipose,neHbl pac4eTbl 3q>q>eKTOB peaKTHBHO­

CTH npH paBHOMepttOM pa3orpese TOJlbK0 BttyT­

peHHCH H BHewHeH 4acTei1 a.3. (a.3. I H a.3. 2, co­

OTBeTCTBeHHO). Yb aHaJlH3a nonyqeHHblX 3aBHCH­

MOCTeH Ha pHC. 8 cne.nyeT, 4TO TeMneparypHble 

3cpq>eKTbl peaKTHBHOCTH HMelOT OTJ)HUaTeJlhHble 

3Ha'!CHHll npH pa3orpese KaK a.3. I, TaK H a.3. 2. 
Op11 JTOM sKna,n s TeMneparypHblH Jq>q>eKT peaK­

THBHOCTH OT paJorpesa a.3. I 6onhwe no a6co­

J110THOH senH'!HHe, '!eM BKJla,D. a.3. 2. 

p,, % 

2 

1 

0 

-1 2 

-2 
4 

-3 

- 4 

-5 

-6 3 

-7 

-8 
T,K 

-9 
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P11c. 7. TeMneparypHbIH Jcj><peKT peaKTHBH0CTH Pr np11 
paBH0MepH0M Harpese pa3nH'!HblX cj>parMeHTOB KpITTH­
'!eCK0R c6opKH c msnetteHHblMH nornowaiouu-rMH 
CTeplKHllMH: I - pa3orpes TOnbK0 60; 2 - pa3orpes 
T0nbK0 BO; 3 - pa3orpes T0nl,K0 a.3.; 4 - paBH0Mep­
HblH pa3orpes scex cj>parMeHT0B c6opKH 
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P11c. 8. TeMnepa-rypHbIH 3q>cj>eKT peaKTHBHocrn Pr npH 
pa:30rpeee a.3. H ee '-laCTett ,um1 KpHTH'-lCCK0H c6opKH C 
H3Bne'-leHHblMH nornowalOIJ.lHMH CTep)l(HJIMl1: I - pae­
HOMepHh!H pa3orpee TOnbK0 BHYTPeHHett '-lacrn a.3. 
(a.3. I); 2 - paBHOMepHhlH pa3orpee T0flbK0 BHeWHeH 
'-lacrn a.3. (a.3.2); 3 - paettoMepHbIH pa3orpee ecei:I a.3. 

C noMOl.l..lblO nporpaMMHoro KOMnneKca JAR­
WIMS/D4 paccirnTaHbl 3cpcpeKTbl peaKTl1BH0CTH 
npH nocne.n.osaTeJibHOM pa:30rpese c6opK11, pe-
3YJibTIITbl pac4eTOs np11se.n.eHbl B Ta6n. 4. Bee no­
rnoll.la10ll.l11e CTep)KHl1 np11 )TOM Bb!Be,D.eHbl 113 

c6opKH. Pac4eTbl nOKa3aJll1 Bb!COKYIO 4YBCTBl1-
TeJlbH0CTb 3cpcpeKTa peaKTl1BHOCTl1 K pacnpe.n.ene­
Hl1l0 TeMneparypbl rpacp11Ta BO BHewHeM OTpa)Ka­
TeJle. ITp11 pa3orpese rpacp11TOBblX 6JIOKOB, np11-

Mb!Kal01.J..ll1X K TeTIJlOB0H 1130Jll!U1111 a.3., TeMnepa­
TYPHblH 3cpcpeKT peaKTHBHocrn 11MeeT nOJIO)Kl1-
TeJlbHbIH 3H8K 11 B nl!Tb pa3 60JlbWe, 4eM np11 pa-

30rpese CJie.n.yioll.lero 3a Hl1M pll.n.a rpacp11TOBblX 
6JIOKOB. Bb1weyKa38HHble o6CTOl!TeJlbCTBa 11Me!OT 
Ba)KH0e 3Ha4ett11e np11 Bb16ope MecTopacnoJio)Ke­
Hl1ll .n.aT411KOB 113MepeHl1ll TeMneparypbl B 3Tl1X 

cpparMeHTax Kp11Tl14eCKOH c6opK11. 
Pe3yJlbTaTbl pac4eT0B no oueHKe 8Jll1l!H}UI He­

paBHOMepH0CTl1 pa3orpesa a.3. Ha sen11411tty 3cp­

cpeKTa peaKTl1BHOCTH np11Be.n.eHbl s Ta6n. 5. Pac­
CM0TpeHbl Tp11 Bap11aHTa pacnpe.n.eneHl1ll TeMnepa­
TYPbl np11 Harpese c6opKH. B nepsoM cny4ae pac­
C411TblBaJICll 3cpcpeKT 113MeHeHl1.s! peaKTl1BHOCTl1 

npH o.n.Hopo.n.ttoM ttarpese a.3 . .n.o 500 °C. B .n.syx 
.n.pyr11x sap11aHTax 3a,n.aHo cryneH4aToe pacnpe­
.n.eneH11e TeMneparypbl no BbICOTe a.3. 11 ee pa.n.ey­
cy TaKl1M o6pa30M, 4T06bl cpe.D.H.s!ll TeMneparypa 
no a.3. 6b1na TaK)Ke pastta 500 °C. Bo scex pac­
CMOTpeHHbIX sap11aHTax B 11CXO.D.HOM COCTOllHHl1 
BO Harpesa.nc.si .n.o 600°C. KaK 811.D.HO 113 np11se­
.n.eHHblX B rn6n. 5 pe3yJlbTaTOB pac4eTa, y4eT He­

paBH0MepH0CTl1 pa3orpesa a.3. B npocTpaHCTBeH­
H0H HeihpOHHO-cp113114eCKOH MO,D.eJlJ1 KpHTl14e­
CK0H c6opK11 He np11B0.D.HT K cyl.J..leCTBeHHOMY 113-
MeHeHHlO paCC411TaHHOH BeJlH4HHbl H3MeHeHHll 

peaKTHBHOCTl1 np11 Harpese c6opK11. 
Ha p11c. 9 (mpembR. cmpaHUlfG l{Bemuoii 

8K.IIGOKU) TIOKa3aHO BJlH.s!Hl1e pa3orpesa c6opK11 Ha 
xapaKTep pacnpe.n.enett11ll nnoTHOCTH noToKa Ten­

noBbIX HeHTpOHOB. 

T a 6 J1 H u a 4. YfaMeHeHHe peaKTHBH0CTH c60DKH OOH ee pa3orpeee 

llp, %Wk 

CocT0llHHe 

TTpHpawett11e 
Pe3ymrnpyio111aJ1 

peaKTIIBH0CTb 

Bee 30Hbl npH KOMHaTHOH TeMnepaType - -
(HCXO.!IHOe COCT0$1HHe) 

HarpeT BO {600 °C) 0,50 0,50 

HarpeTbl BO 11 a.3. (600 °C) - 7,82 - 7,32 

HarpeTbl a.3. HBO (600 °C), HTO H BTO ( JOO °C) 0,03 - 7,29 

HarpeTbl a.3. HBO {600 °C), HTO, BTO, 60 (100 °C) 1,79 - 5,50 

HarpeTbl a.3. H BO (600 °C), HTO, BTO, 60 
( cpe.!1H$1ll '-laCTb H nepHcj>epHll, ) QQ °C), 60 (6nOKH 0,74 - 4,76 

rpaqrnrn, OPHMblKalOlllHe K Tenn0H30fl$1UHH, 200 °C) 
HarpeTbl a.3. 11 BO (600 °C), HTO, BTO, EO (nepHcj>e-
pHll, J QQ °C), 60 (6nOKH rpaq>HTa, npHMblK3IOIJ.lHC K · 0,15 - 4,61 

TennomonllUHH, a TaK)l(e cepemrna, 200 °C) 
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Ta 6 J1 H u a 5. Bll11llHHe y<teTil HepaBHOMepHOCTH pa:30rpesa a.3. 
Ha HJMeHeHHe peaKTHBHOCTH c6opKH npH ee pa3orpese 

6.p, %Mlk 

CocTOHHHe 
PeJyJJbrnpyiomaH 

peaKTHBHOCTb 

HarpeT BO (600 °C) -

HarpeTbI BO (600 °C) H a.J. (500 °C - cpeJlHHH), aK-
- 4,82 

CHaJlbHaH HeOJlHOpOJlHOCTb, HTO, BTO, 60 ( 100 °C) 

HarpeTb1 BO (600 °C) H a.J. (500 °C - paBHOMeptto), 
- 4,82 HTO, BTO, 60 (100 °C) 

HarpeTbl BO (600 °C) 1-1 a.3. (500 °C - cpeJlHJUI), pa-
- 4,61 JlHaJlbHaH HeOJlHOpOJlH0CTb, HTO, BTO, 60 ( 100 °C) 

B Ta6n. 6 np1,rne.neHh1 pe3yJ1hTaTbl pacYeTa no 

nporpaMMe MCU TeMneparypHoro 3cpcpeKTa peaK­

THBHOCTH npH Harpese c6opKH c HepaBHOMepHblM 

pacnpe.neneHHeM TeMneparyp (rn6n. 2) np11 pa3-

HOM TTOJlO)f(eHHH nornomaJOIJ.{HX CTep)f(HeH. KaK 

BH.llHO 113 npHBe.neHHblX .naHHblX, TeMneparypHblH 

3cpcpeKT peaKTHBHOCTH npH norpy)f(eHHH rpynn 

CTep)f(HeH s c6opKy OCTaeTCSI OTpHUaTeJlbHblM no 

3HaKy H cymecTBeHHO BO3pacTaeT no a6COJ1IOTHOH 

BeJlH'-IHHe C yseJIH'-leHHeM KOJlH'-leCTBa norpy)f(eH­

HblX CTep)trnei:i. 3-roT 3cpcpeKT CBll3aH C yseJlH'-le­

HHeM no a6COJ1IOTHOMY 3Ha'-leHHIO 3cpcpeKTHBHOCTH 

rpynn CTep)f(Hei:i npH Harpese c6opKH. 

Eonbwoi:i no a6conJOTHOH senHYHHe OTPHUa­

TenbHblH TeMneparypHblH 3cpq>eKT npHBO,D.HT K H3-

6blTKY peaKTHBHOCTH s Ha'-laJlbHOM XOJlO,llHOM co­

CTOSIHHH c6opKH. CTep)f(HH KC npe.nHaJHaYaJOTCSI 

.n.nsi KOMneHcau1111 TeMneparypHoro 3cpq>eKTa pe-

aKTHBHOCTH ( OKOJIO IO % ), a TaK)f(e o6ecneyemu, 

no.n.KpHTH'-IHOCTH c6opKH (OKOJlO 2 %) 11 npose.ne­

HHJI HeifrpOHHO-cpH3H'-teCKHX 3KCnepHMeHTOB. 

BoJMO)f(HOCTb o6ecneYeHHSI COOTBeTCTByJO­

mero Janaca peaKTHBHOCTH .nnsi npose.neHHSI 3a­

nnaH11posaHHh1X 3Kcnep11MeHTOB npH Harpese 

c6opKH MO)l(HO ocyrn.eCTBHTb c noMOIJ.{blO BapHa-

1.(HH BblCOTbl a.3. B Ta6J1. 7 np11se.neHbl pe3yJ1hTa­

Tbl npose.neHHblX paC'-leTOB npH H3MeHeHHH BblCO­

Tb( a.3. YMeHbWeHHe BblCOTbl B paC'-leTax npOHC­

XO.llHJlO CHMMeTPH'-IHO OTHOCHTeJlbHO cepe,D.HHbl 

a.3. npH O,llHOBpeMeHHOM COOTBeTCTByJOIJ.{eM yse­

JlH'-leHHH TOJllJ.{HH BTO H HTO. 

3aKJIIO'-ICHHe 

l13J10)f(eHbl pe3yJ1bTaTbl pac'-!eTHO-aHaJlHTH­

'-leCKOro 3H3J1H3a B o6ocHOBaHHe Heo6xo,nHMOCTH 

T a 6 J1 H u a 6. 3aBHCHMOCTb TeMneparypHoro 3Q><peKTa peaKTHBHOCTlf c6op1rn 
OT KOJIH'-leCTBa norpY)l(eHHblX nornomalOIUHX CTep)l(HeH 

TioJJO)l(eHHe TeMneparypHbIW 3cpcpeKT 
TTpHMe<taHHe 

cTep)(<Heli B c6opKe peaKTHBHOCTH PT, % 

Bee CTep)l(HH HJBJle'-leHbl - 5,0 

3 CTep)((HJI norp~eHbl -6,0 HepaBHOMepHoe none 

6 CTep)((HeH norpy)l(eHbl 
pacnpeJ1eneHHH TeMne-

-7,1 parypbl (TI16JI. 2) 

15 CTep)((HeH norpy)((eHbl - 9,2 

T 6 a J1 HU 3 7 11 6 3MeHeHHe peaKTKBHOCTH C OPKH npI1 BapHaUHH BblCOTbl a. 3. 

HoMep aa- BbICOTa a.3. BapHaUHll BblCO- PeaKTHBHOCTb 
p11aHTI1 n c6opKH H.,, CM Tbl 6.fl a.1, CM (k,, - k 1)/(k,,k 1), % 

l 300 0 0 

2 280 - 20 - 0,7 

3 250 - 50 - 2,0 
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11 803MO:>KHOCTl1 nposeii:eHHll 3KCnep11MeHTa.IlbHblX 

~lCCJleti:oBaHHH C HarpeBOM ti:O BblCOKHX TeMnepa­

TYP Ha Kp11Tw-1ecKoii c6opKe cTeHti:a ACTPA, Mo­

ii:en11py10mei1 cp113111.iecK11e oco6eHHOCTl1 peaKTopa 

T11na BTfP-M. 8b16paH sap11aHT pacnono:>KeH11ll 

3JleKTpOHarpesaTeJJSI no ueHTpa.IlbHOH OCH c6opKH 

11 Tennosoii 1130JJJIUl111 Me:>Kti:y Hapy:>KHOH nosepx­

HOCTblO a.3. 11 conpJ1:>KeHHblMl1 nosepxHOCTllMl1 

rnpueBblX 11 60KOBOro O'rprot<aTeJleH. TTOKa3aHO, 

YT0 np11 pa3Mell(eH1111 3THX 3neMeHTOB KOHCTPYK­

u.1111 peaKTHBH0CTb Kp11Tl14.eCKOH c6opK11 cymecT­

BeHHO yMeHbWaeTCJI 11 3aBHCHT OT coii:ep)KaHHll 

Hei1Tp0Honornowa10m11x np11Mecei1 s 11cnonh3ye­

MblX MaTep11anax ti:JJJI 3neKTp01-iarpesaTeJ1J1 11 Ten­

nosoii 1130JJllUHH. 

B pe3yJJhTaTe nposeti:eHHbJX pacYeToB nony­

Y.eHo, YTO ti:JJJI paccMaTp11saeMoii c6opK11 cyMMap­

HbJH TeMneparypHblH 3cpcpeKT OTPHUaTeJJbHblH, 

TeMneparypttbIe 3cpcpeKTbl BO 11 £0 HMelOT nono­

)1(11TeJJhHblH 3HaK 11 no a6coJJIOTHOH seJJl1411He 

MeHbllle TeMneparypHoro 3cpcpeKTa a.3. ITOKa3aHO, 

'--ITO TeMneparypHoe none npH Harpese c6opK11 

HMeeT cymecTBeHHO ttepaBHOMepHblH xapaKTep 

113MeHeHHll. ITo3TOMY .n.aT411K11 113Mepett11J1 TeMne­

parypbI Heo6xo.n.11Mo pacnoJJO)KHTb s BO, so 

BttyTpeHHeii 11 BHewHeii YaCTllX a.3. 11 s TPeX KoaK­

c11anbHbJX o6naCTllX 60 c6opK11. 

TeMneparypHblH 3cpcpeKT c6opK11 3as11c11T OT 

xapaKTepa pacnpe.n.eneHHJI TeMneparypb1 no c6op­

Ke 11 KOJIHYeCTBa norpy)KeHHblX nornoll(al0ll.(11X 

CTep)l(HeH, 3cpcpeKTl1BHOCTh KOTOpblX np11 Harpese 

c6opK11 yseJ111Y11BaeTCll no a6coJJIOTHOH senHYHHe. 

ITpH norpy)KeHHH cTep)l(HeH B ropll4)'IO c6opKy 

TeMneparypHblH 3cpcpeKT peaKTHBHOCTH cywecT­

BeHHO B03pacTaeT no a6COJllOTHOH BeJll14HHe. 

ITp11 nnaHHpOBaHHH H nposeii:eHHH 3KCnepHMeH­

TOB Ha KpHT11YeCKOH c6opKe cTeH.n.a ACTPA oco-

6oe BHHMaHHe He06XO.D.HMO y.n.enHTb 113MepeHHlO 

TeMneparypHbTX noneii, Kp11T11'--lecK11x napaMeTpos 

c6opK11 11 3cpcpeKTHBHOCTl1 nornoll.(310ll.(11X CTep)K­

HeH. 

ABTOpbl BeCbMa np113HaTeJlbHbl HayYHOMY co­

TPY.D.HHKY P.n. fleTpyweHKO 33 nOM0Ulb npH no.n.­

roTOBKe 11 ocpopMJleHHH ii:aHHOH pa60Tbl. 
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Y,l(K 621.039.4 
KonuenUHH npHMeReHHH perenepHp0B3HHOro ypana )lJIH IlOBhlllleHHH Jall(HIUeHHOCTH 

JKCDOpTHhlX DOCT3BOK TOilJIHBa JierKOBO)lHhlX peaKTOpOB 

ll.H. AlleKceea, E.A. Haauoa, B.A. Heauuuu,a, 
H.H . llo110Mapea-Cmen11oii, A.H. Py.111111111,ea, B.M. llf.lltenea, 

PHU "Kyp'-laTOBCK.HH ttHcrnryr", 123182, MocKsa, nn. Kyp'-laTosa, I, 
B.J(. liopuceBU'I., A.IO. O,tupuoB, r.A. Cylla6epuoJe, 

MH<DH (Hau11ottanbHbtH H.D.epHbIH yHttsepcHTeT), 115409, MocKsa, Kaw1-1pcKoe wocce, 3 L 
TTocryn11na s pe,D.aKUHIO 29.08.2008 r. 

CTaTbll nocBl!IUeHa HccnenoeaHHlO B03MO)l(H0CTH CHH)l(eHHJI pHCKa pacnpOCTPaHeHHJI .ueJJJIIUHXCJI MaTepHanOB ny­
TeM nOBblWeHHII 3aIUHIUeHHOCTH CBe)l(efO TOnnHBa nerKOBOLlHblX peaKTOpOB OT HepernaMeHTHposaHHOro HCnOJlb30Ba­
HMII B CJIYl.fae BblXO)la CTPaH.b1-nony'-laTeJIJ1 nOCTaBOK H3 pe)l(H.Ma rapaHTHH MA[ AT3. TTOKa3aHO, '!TO npHMeHeHHe pe­
reHepwposaHHoro ypaHa )lJIII H3fOTOBJJeHHJI 3KCnopTHOro TOnJJHBa 3aTPYLlHHeT nepeKJIIO'!eHMe .si.uepHoro MaTepHana HJ 
TBC 6naronap11 HaflH'IHIO H30Tona 232U, co.uep)l(aHHe KOTOporo nOBblWaeTCII npH nonhlTKe o6oraTHTb ypaH, H3BJle'leH­
HblH 113 CBe)l(ero TOnnHBa. 8 CO'!eTaHHH C orpaHH'-lem,eM )lOCryna K TeXHOJIOrHIIM pa3.UeJieHHJI HJOTOnOB nyTeM C03)la­
HHJI Me)l()lyHapOLlH.blX ueHrpOB no o6oraIUeHHIO ypatia '.)Ta TeXHl.fC(eCKaJI Mepa MO)l(eT cymecTBeHHO CHH3HTb pHCK pac­
npOCTPaHeHHJI, CBll3aHHblH C 3KCnOpTHblMH nOCTaBKaMH TOnflJ-IBa HJ HHJK006orameHHOro ypaHa (HOY). [lony'leHa 
oueHKa MaKcH.ManbHoro ypoBH.sI 3arp.113HeHHJI nepeKJJJOCJaeMoro .siL1epHoro MaTepHana HJornnoM 

232
U JlJ[.JI JaL1aHHoro 

H30TOITHOro COCTaBa HCXO)lHOro TOnflHBa. TTpeLlJIO)l(eHa KOHuenuHJI )laflhHeHWHX HCCJie.UOBaHHH Jall.lHll.leHHOCTH 3KC­
nopTHblX nOCTaBOK TBC nerKOBO.!lHblX peaKTOpOB C pereHepaTOM ypaHa. 

KJ,,ol/eBble CJIOBa: H11JK006oraIUeHH.blH ypaH, ueHTPHcjJyra, pereHepaT, pHCK pacnpOCTPaHeHHJI. 

Concept of Application of Recycled Uranium to Increase the Security of Export Deliveries of Light Water 
Reactors Fuel. P.N. Alekseev, E.A. Ivanov, V.A. Nevinitsa, N.N. Ponomarev-Stepnoy, A.N. Rumyantsev, 
V.M. Shmelev, RRC Kl, Kurchatov Sq., I, Moscow, 123182. V.D. Borisevich, A.Yu. Smirnov, G.A. Sulaberidze, ME­
Phi (National Nuclear Research University), Kashirskoe shosse, 31, Moscow, I 15409. A possibility to reduce a prolifera­
tion risk by increase of protection of fresh light water reactors fuel from unauthorized use in case of the IAEA safeguards 
breakdown by a country-fuel recipient is discussed. It is shown that implementation of recycled uranium makes it possi­
ble to create fuel with intrinsic self-protection properties against diversion a nuclear material from assemblies due to 
presence of the 232U isotope, which content increases rapidly in an effort to enrich uranium taken from fresh fuel up to a 
weapon grade of 235U. In combination with restriction on access to isotope separation technologies by creation of interna­
tional centers for uranium enrichment, this technical mode can bring down essentially the proliferation risk connected to 
export deliveries of LEU fuel. The evaluation of the maximum level of the pollution nuclear material, withdrawn from 
nuclear fuel, with the 232U isotope for the given isotope composition of the initial fuel is obtained. The concept of further 
research the security of export deliveries of the assemblies for light water reactors with recycled uranium is suggested. 

Key words: Low Enriched Uranium, Centrifuge, Recycled Uranium, Proliferation Risk. 

CospeMeHHOe COCTOSIHHe R,D.epHOH 3HepreTH­

KH (51.3) xapaKTepH3YeTCSI nepexo,D.OM OT CTarHa-

1..\HH K WHpOKOMacwTa6HOMY pa3BHTHIO. CornacHO 

nporno3aM s 6mt)KaHwtte ,D.eCRTHJleTHR npott30H­

.D.eT cyw.ecTBeHHblH pOCT MOW.HOCTeH KaK B crpa­

Hax c He6onbWOH ,D.OneH 51.3 s TOnnHBHO­

:mepreTHYeCKOM 6anaHce crpaHbl, TaK H s Hb!He 

HeR,D.epttbtX crpaHax. TTptt 3TOM npe,D.nonaraeTCH, 

'-!TO pocT MOW.HOCTeH 51.3 s HeH,D.epHblX crpaHax 

6y,D.eT npOHCX0)].HTb 3a CL(eT crpOHTenbCTBa THno­

BblX ycosepweHCTBOBaHHblX 3Hepro6nOKOB 883P, 

PWR, BWR, pa3pa6oTaHHbIX s PoccHH, CTpaHax 

Espocoio3a, 5JnoHHH H ClllA. O)l{H,D.aeTCR TatoKe 

wttpOKOMaCWTa6Hoe CTpOHTenbCTBO peaKTOpOB 

Manoi1 H cpe.D.HeH MOW.HOCTH (ACMM) [I , 2), KO­

rnpb1e (KaK H 6noKH 6onbWOH MOW.HOCTH) 6y.D.yr B 

3Ha•rnTenbHOH CTeneHH o6ecneYHBaTbCSI TonnH-
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BOM 3a C'-leT 3KCnOpTHblX nocTaBOK (HnH nocTaB­

nRTbCSI y)l{e 3arpy)l{eHHblMH T0nJlHBOM ). 

CerO)].lli!WHee C0CTOSIHHe R,D.epHblX TeXHOno­

rHH KOpeHHblM o6pa30M OTnH'-laeTCSI OT cyw.ecT­

BOBaswero 30 .. .40 ne-r tta3a.D., KOr,D.a o6oraw.eHtte 

ypatta npoBO)].HJIOCb B OCHOBHOM C wcnonb30BaHH­

eM 3HeproJaTpaTHOH fa30,D.Hcpcpy3HOHHOH TeXHO­

nOrHH. B 3THX ycnoBHSIX HaH6onee 3cpcpeKTHBHblM 

nyreM co3,D.aHHR apceHana R,D.epHblX 6oenpHnacos 

RBnRnOCb C03)].aHHe HH.D.YCTpHH .D.06bl'rn ypaHa, 

ero o6ny'-leHHR, pa,D.HOXHMH'-leCKOH nepepa60TKH H 

Bbt,D.eneHHJI nITYTOHHSI. 3arpaTbl, CBH3aHHble C C03-

,D.aHHeM no.D.o6HoH HH.D.ycrp111-1, Morno no3sonHTb 

ce6e )laneKO He BCSIKOe rocy,D.apCTBO, H orpaHH4e­

HHJI Ha pacnpocTpaHeHHe 3HaHHH, TeXHOflOrHH H 

o6opy.D.OBaHHR, Heo6XO)].HMblX MR C03,D.aHHH npo-

11380)].CTBa R,D.epHblX 6oeronoBOK, cny)l{ttflH B on­

pe,D.eneHHOH CTeneHH ecTeCTBeHHblM 6apbepOM Ha 

nyrH pacnpocrpaHeHHR SJ.D.epttoro opy)l(l,I_R. 

ftl 



K HaCT0HLLJeMy speMem1 c1-11ya1.u-rn HJMem1-

11acb paJ:lHKaJlbHblM o6pa.JOM. Pa.JBHTHe u.ettTpo-

6e)KHOH TeXH0Jl0rHH pa.3):leJJeHHH H30T0D0B npH­

seno K T0MY, '-!TO npou.ecc o6oraLLJeHHH ypatta 

CTaJl cyLLJeCTBeHH0 MeHee :mepro3aTpaTHblM H 60-

nee 3q>q>eKTHBHblM. HapHJ:lY c 3THM LlPYrHM cepb­

eJHbIM H3MeHeHHeM HBJJHeTCH HaJIH'-llie xopowo 

pa.3B11TOH CHCTeMbl ):l06bl'-111, np0H3B0):lCTBa H no­

rpe6neHHH ypatta, '-!TO c):lenano ero nerKo):locryn­

HblM. BMeCTe C TeM B CBH311 C 0K0H'-laH11eM "xo­

JlOJ:lH0H BOHHbl" H npol.(eCC0M pa.30p)')KeH11H Ha 

pblHKe ):leJIHLLJHXCH MaTep11anos M0ryT n0HBHTbCH 

6onee ttesocTpe6osaHHb1e s ccpepe npo11JB0J:lCTBa 

opy)KIDI MaTepHaJibl. TeM He Mettee Il0):lXO):lbl, Ja­

Jl0)f(eHHble B 0CH0BY cospeMeHH0ro pe)f(l1Ma He­

pacnpocTpaHeHHH, B 3Ha'-!HTeJlbHOH CTeneHH onH­

pa!OTCH Ha BblB0J:lb[ 06 onacH0CTH H):lepHb[X MaTe­

pHan0B H TeXHOJlOrHH, C):leJlaHHb[e Ha Ha'-!aJibH0M 

nane pa.3BHTIDI aT0MH0H 3HepereTHKH, T.e. 0HH He 

~HTbIBalOT cospeMeHH0ro C0CT0HHHH HJ:lepHblX 

TeXHOJlOrHH. 

1. Hosb1ii D0JlX0Jl K oueeKe 
pucKoB eepacupocTpaueuuH 

TTpose):leHHbie s PHU, " Kyp'-laTOBCKHH HHCTH­

TYT" HCCJle):l0BfillIDI 3TOH npo6neMbl n0Ka.JbIBalOT 

[3], '-!TO C y'-leTOM B03M0)KHOCTeH TeppopHCTH'-le­

CKHX rpynn onaCH0CTh pa.3JIH'-1Hb!X HJ].epHhlX Ma­

TCpHa.JI0B H TCXHOJlOrHH C T0'-IKH 3peHH.11 pHCKa 

CKpblTH0ro C03J].aHID! HJ:lepHoro opy)KJ,fa J:l0Jl)KHa 

01.(emrnaTbCH no KpHTepHHM, 0TJIH',IHblM OT o6bl'-I­

H0 HCn0JlbJyeMblX npH ou.ettKe 3q>q>eKTHBHOCTH 

Mep ttepacnpocTpaHemu1. 

,lvia ou.eHKH pHCKa pacnp0CTpaHeHHH np11Me­

HeH KBaHTHJlbHblH MeT0J:l ou.eH0K tteonpe):leneHH0-

CTeH [ 4]. TTpeJJ.nonaranocb, '-ITO s Ka'-!ecrne HCX0JJ.­

HhlX MaTepHaJI0B B TeXHOJJOrH'-!eCKOH u.en0'-!Ke J).Jljl 

H3roTOBJ1CHHH HJJ.epHblX B3pblBHblX ycTpOHCTB 

(5IBY) M0ryT 6b1Tb HCn0J1b30BaHbl TaK11e MaTe­

pHaJihl, KaK HOY, BbICOKoo6oraLLJeHHbIH ypatt 

(BOY) opy)f(ettttoro Ka'-leCTBa, 3HepreTH'-!eCKHH 

DJlYTOHHH Pu(e) HJ oTpa6oTattHoro Tonnwsa HJ:lep­

HblX peaKTopos aT0MHblX CTaHl.(HH H opy)KCHHblH 

n11YTom1i1 Pu(w). nonaran~cb, '-!TO pttcK pacnpo­

CTPattettH.11 M0)KeT 6h1Tb ou.etteH KaK cpyHKLI.llH 

cneeyt0LLJHX 6e3pa.3MepHbIX napaMerpos, xapaKTe­

p113y10LLJHX 0CH0BHblC K0Mil0HeHTbl B03M0)f(H0ro 

cu.eHapHH pacnpocTPaHeHIDi a):lepttoro TeppopH3-

Ma, CBH3aHH0ro C ):leHTeJlbH0CTblO npecrynHblX 

rpynnHpOB0K: 

- ):lJlHTeJJhH0CTb T nepH0):la C03J].aHHH HCKOToporo 

apceHana H):lepHb[X B3pbIBHblX ycrpOHCTB (5IBY); 

ysenw~eHHe LlJlHTeJlbH0CTH nepHOJ].a Be):leT K CHH­

)f(CHHIO pHCKa; 

- CTOHM0CTb F COJ):laHH.11 apceHana, BKJJJO'-la.11 BJIO­

)f(CHHH BO see KOMilOHeHTbl TCXHOJJOrH'-!eCKOH 

l.(en0'-IKH no C0J):laHHJO 5IBY H3 HCX0J].H0ro MaTe­

pHana, B TOM '-IHCJle CT0HM0CTb HCXOJJ.HOro MaTe­

pHana; yseJJH'-!eHHe CTOHM0CTH C03J].aHID! apceHa­

na BCJ].CT K CHJ,f)KeHHIO pHCKa; 

- CJIO)KHOCTb C ttay'-IH0-TeXHH'-1.eCKHX Ja)].a'-1, pe­

waeMblX npH C0JJ:laHHH apcetta.na; yseJil{T{eHHe 

CJ10)KH0CTH BeJ].eT K CHIDKeHHJO pHCKa; 

- CKpblTHOCTb S C03):laHID! apceHana; yseJJH'-leHHe 

CKpblTHOCTH Be):leT K yseJJH'-ICHHIO pHCKa; 

- TCXH0JI0rH'-!eCKaH 6eJonaCHOCTb D pa6oT no 

C03J].aHHIO apcettana; yBeJIH'-leHHe 6eJonaCHOCTH 

Be):leT K yBemt'-!eHHJO pHCKa; 

- J:lOCTYilHOCTb A HCXO):lH0ro MaTepttana; yBeJIH­

'-!eHHe J].OcrynHOCTH BeJ].eT K yseJIH'-!eHHIO pHCKa. 

3a CJ].HHHLl)' npH ou.eHKe YKa.JfillHblX K0MnO­

HeHTOB npHHHMaJIHCb 3Ha'-!eHH.II, xapaKTepHblC 

npH npHMeHeHHH BOY B Ka'-!eCTBe HCXOJ:lH0ro Ma­

Tepttana LlJl.11 H3roT0BJ1eHHH 0TH0C11TeJ1bHO He-

60JlhWOro apcettana 5JBY. 

B HCX0J].HblX onpeJ].eJJeHHHX pHCK pacnpo­

CTPaHeHH.11, Bh!pa)f(eHHblH '-!epe3 6e3pa.3MepHblC 

napaMeTpbl, onpe):lCJlHeTCH Bb!pa)f(eHHCM [3] 
R=S xDxA/(TxFxC). (I) 

B Ta6n. I npHBeJ].eHbl J].Hana.J0Hbl 803M0)l{HblX 

3Ha'-!eHHH 6e3pa3MepHblX napaMeTp0B, ou.eHK11 HX 

MaTeMaTH'-!eCKHX Q)f(HJ].aHHH H oueHKa pHCKa R 
pacnpocTpaHeHHH, onpe):leJlHCMaH C00TH01.11eHHeM 

(I). 
3tta'-!CHHH HH)l{HHX H sepXHHX rpaHHU B03-

M0)KHblX 3Ha'-!eHHH 6e3pa3MepHblX napaMeTPOB 

nonY4eHbl B pe3yJ1hTaTe ycpe):lHeHH.11 3KcnepTHhlX 

T a 6 JI " u a 1. 3Ha1Iemu1 napa.Merpos, xapaKTepH3yioumx KOMnOHeHTbl BOJMOlKHOro cuettap11J1 
pacnpocTPaHeHHll 1111epttoro TennomnMa H )HCK pacnpocTPaHeHH.11 

l1CX01IHhlH Tl-72 Fl-Fl Cl-C2 SI-S2 Dl-D2 Al-A2 Ro5-R95 
MaTePHaJl To Fo Co So Do Ao Ro 

HOY 1,5 ... 3 2 ... 5 1,5 ... 3 10 ... 50 0,5 ... 1 10 ... I 00 8,6 ... 164 
2, 1 3,1 2,1 22 0,7 31 49 

BOY I I 1 I I I 1 

Pu(e) 
3 ... 10 4 ... 10 2 ... 6 0,2 ... 0,9 0,2 ... 0,9 0, I. .. 5 0,00014 ... 0,0123 

5,5 6,3 3,5 0,42 0,42 0,7 0,0025 

Pu(w) 
1,5 .. .4 I. .. 5 2 .. .4 0,2 ... 0,9 0,5 ... 0,9 0, I. .. 0,5 0,00039 ... 0,0045 

2,4 2,2 2,8 0,42 0,67 0,22 0,0016 

I I I 



oueHOK. 3Ha4eHHJI pHCKa R npHBe,!leHbl C YKa3aHH­

eM sepxHei-1 H HWKHei-1 rpaHHU 90 %-ro .nosepH­

TeJJbHOro 11HTepsana OWH6K11 onpe.neneHHSI pFICKa 

(KBaHTHJJei-1 Ro5 H R95) 11 3Ha4eH11si MaTeMaT114e­

cKoro O)l<H,!laHl1SI p11CKa Ro. 
KaK cne.nyeT 113 .u.aHHblX Ta6JJ. 1, np11 11cnOJ1b-

30BaHl111 B Ka4eCTBe 11CXOJI.HblX MaTepHaJJOB :mep­

reTH4eCKOro HJ111 opy)l(eHHOro nJJyTOHl1SI 3Ha4e­

HHSI p11cKa Ro CTaTHCTH4eCKl1 Hepa311H4HMbl - He­

CMOTpS! Ha HeKOTOpbte pa311Hlfl1SI B MaTeMaT114e­

CKHX O)!<H.U.aHl1SIX p11cKa, o6a s11.na nJJYTOHHSI 

npe,nCTaBJlSIIOT npaKT114eCKH OJJ.11HaKOBbIH pHCK, 

noCKOJlbKY 90 %-e .u.osepHTeJlbHble HHTepBaJJbl 

ow1160K B onpe.neneHl1H p11CKa nepeKpbIBaJOTCSI. 

O.u.HaKO pHCK OT np11MeHeHHS1 nJJYTOHHSI MHOro 

MeHbWe p11CKa, 803H11KaJOI.I.lero npH HCnOJJb30Ba­

Hl111 ypaHa. 

B TO )Ke speMSI Ha116011bw11ii p11cK pacnpo­

CTPaHeH11S1 SIJJ.epHoro opy)!(HSI 803Hl1KaeT npH 

npHMetteHHH HOY B KaYecTBe 11cxo.u.Horo MaTe­

p1-1ana 11 11cnOJ1b30Bamrn cospeMeHHbIX TeXHOJ!O­

rHH 1130TOnHoro o6orameHHSI (ueHTpHQ>Y*HOH 

TeXHOJ!OrH11). PewalOI.I.lHMH <paKTOpaM11, onpe.ne­

JlS!IOI.I.ll1M11 3Ha4eHHe 3Toro p11CKa, SIBJ!SIIOTCSI 0)1(),1-

.u.aeMaJI 60JJbWaJI CKpbITHOCTb C03JJ.aHl1SI apcettana 

(S) H .u.ocrynHOCTb HCXO,!lHOro MaTep11ana (A) .na­

)Ke npH OTHOCHTeJJbHO 60JlbWHX Q>HHaHCOBbIX 3a­

-rparnx (F). Cne.u.yeT OTMeTHTb, 'lTO HeCMOTpS! Ha 

60JJbWHe Heonpe.u.eneHHOCTH B .u.11ana30HaX 3Ha-

4eHHH napaMe-rpos, xapaKTepH3YIOI.I.lHX KOMno­

HeHTbI cueHap11S1 pacnpocTPaHemu,, nonY'leHHbte 

3Ha4eHHSI p11cKa Ro .!lJ!S! HOY 11 BOY cTaTHCT11Ye­

CKH pa311114HMbI. PHCK .!lJlJI BOY HaXO.U.HTCSI BHe 

90 %-ro .u.osep11TeJ1bHOro 11HTepsana OWH6KH 

onpe.u.eneH11S1 p11cKa .!lJ!SI HOY. 
TTpHse,neHHhte B rn6n. I oueHKH no3BOJJSIIOT 

c.u.enaTb BblBO.!l O TOM, 4TO .!lJljj CHH)KeHl1JI pHCKa 

pacnpocTpaHeHHSI JJ.OJ!JKHbl 6bITb pa3pa6oTaHbl 11 

BHeJJ.peHbl opraHH3aUHOHHbie 11 TeXHH4eCKHe Me­

pbl, TeXHOJ!OrH4eCKHe 6apbepbl Ha ~H HeCaHK­

UHOHHpOBaHHOro pacnpoCTpaHeHl1SI SIJJ.epHbIX JJ.e­

J!SII.I.ll1XCSI MaTepHaJJOB, KOTOpbte o6ecne411BalOT 

3al.l.lHTY S!JJ.epHbIX MaTep11anos Ha yposHe p11CKa 

.ll.OCrynHOCTl1 JIJJ.epHblX MaTepHaJJOB H3 HCT04HH­

KOB ecTeCTBeHHOfO np011CXO)l(Jl.eHl1SI. 

2. Hosble Mepbl npOTHB 
uecauKunouuposamrnro pacnpocTpanennH 

OJJ.HOH H3 TaKHX Mep CJJY)KHT C03JJ.aHHe Me)l(­

JJ.YHapoJJ.HblX ueHTpOB SIJJ.epHoro TonmIBHOro UHK­

na, orpaHH4HBalOI.I.lHX JJ.OCryn K TeXHOJ!OrHSIM 

06orameHHS1, np11 3TOM nonh30BaTeJJIO npeJJ.nona­

raeTCSI nocTaBJJSITb SIJJ.epHbIH MaTep11an (HOY), 
KOTOpbIH OJJ.HaKO SIBJJSleTC.11 cymecTBeHHO 6onee 

YJJ.06Hb1M CTapTOBbIM MaTep11anOM .!lJ!SI nepeKJJI0-

4eHHSI, YeM np11pOJJ.HblH ypaH. KaK cne.n,yeT 113 

JJ.aHHblX Ta6JJ. 2, MHHHMaJJbHble 3aTpaTbl (xapaK­

Tep1nyeMble yJJ.eJJbHblM noTOKOM HJJ.eaJJbHOro Kac­

KaJJ.a [5, 6]) Ha o6orameHHe np11po.nttoro ypaHa JJ.O 

90 % no 1130TOny 
235U np11MepHO B Tp11 pa3a Bbl­

we, YeM aHanor114Hbte 3aTf.aTbI Ha 06oramett11e 

ypaHa, coJJ.ep)l(amero 4 % 
23 U. 

Pe3yJJbTaTbl paC4eTOB, np11BC.ll.CHHble B Ta6JJ. 

2, cs11.u.eTeJ1bCTBY10T o TOM, 4TO HOY (4 %) no 

csoei-1 np11BJleKaTeJlbHOCTl1 K He3aJIBJJeHHOMY ne­

peKJJI04eHl1IO JlHWb He3Ha411TeJlbHO ycrynaeT 

T a 6 J1 H u a 2. napaMeTpbl 11.neanbHblX KaCKa.U0B C K0HUeHrpamteA 1130T0na 235U B n0T0Ke 
235 oT6opa (90 %) np11 paJnwtHbIX C0CTasax 11CX0.UH0H CMec11 H K0HUeHTpaUHllX u B 0TBane 

Y.uenbHbIH pacxo.u CyMMapHb1A y.nenbHbIH Y .uenbHrut pa- Co.nep>KaHHe 
l1cxo,nHb1H MaTep11an nHTaffiUI K3CKa.na, n0T0K B KaCKa.ne, . 6oTa p33.uene- 235U B n0TOKe 

(npOHCXO>K.UeHHe ypatta) F/P (fL)/P HHS!, EPP 0TBana, % 

OpHpO.UHbIH ypaH 218, 11 4,589·103 196,87 0,3 

YpaH c o6orall.leHHeM 4 % 
(HJfOTOBJleH HJ npHpo.u- 24,45 1,549-103 66,45 0,3 

Horo ypatta) 
YpaH c 06oramett11eM 20 
% (HJfOTOBneH 113 npH- 4,55 0,436· 103 18,69 0,3 

P0.llH0ro ypaHa) 
YpaH c o6orameHHeM 20 
% (HJfOTOBneH 113 npH- 4,68 0,342-103 14,65 1 

P0.llH0ro ypaHa) 
Y paH c 06orame1rneM 20 
% (HJfOTOBJleH HJ npH- 5,38 0,240· 103 10,27 4 

P0.UH0ro ypaHa) 

B Ta6n. 2 11cnonbJ0BaHbl CJ1e.Uyt0lUHe 060JHaqeH11J1: F, p - noT0Kl1 C00TBeTCTBeHH0 nHTaHl1JI 11 OT6opa B K3CKa.ue; l -
noT0K Ha sxo.ue s p33.UeJ1HTenbttylO cryneHb. B pac'-leTax K03<p<pHU11eHT p33.ueneHHjj crynemt np11HJ1T paBHbIM 1,8 [8]. 
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10 20 30 s 

PHC. I. Pacnpe.neneHHe nOTOKa no cryneHHM H.!leaJlbHO­
ro KaCKa.na (nOTOK nHTaHHH - reKcacpTop11.n ypaHa C 
HaqaJJbHblM o6orameHHeM 4% no HJOTony 235U, s -
qffCJJO cryneHei-l) 

ypaHy C 06oraw.em1eM 20 % (HanOMHHM, lfTO ypaH 

c o6oraw.eHHeM csb1we 20 % MAr A T3 OTHOCHT K 

MaTep11anaM npllMOrO HCnOJlb30BaHHJ1). 

J.,fa p11c. I BH.!lHO, lfTO 3HalfHTeJJbHaJI lfaCTb pa-

60Tbl pa:3.!leJJeHHJI cosepwaeTCJI Ha nepBblX BOCb­

MH cryneHJIX B o6e.D.HHTeJJbHOH lfacn1 KaCKa.na 

(noTOK nHTaHHJI - reKcacjnop1-1.n. ypaHa c o6oraw.e­

HHeM 4 % no HJOTony mu no.n.at0T Ha 9-10 cry­
neHb KaCKa.n.a). TTpH .D.OCTaTOlfHOM KOJJHlfeCTBe 

HOY noTeHUHaJibHbIH nponHq>epaTop MO)l(eT cy­

mecTBeHHO CHHJHTb 3aTPaTbl pa60Tbl o6oraw.e­

HHJI, nOBblCHB co.n.ep)l(aHHe 
235U 8 OTBaJie H, cne­

)l0BaTeJJbH0, yseJJH'-IHB pacxo.n MaTep11ana. 

BbmOJJHeHHble oueHKH CBH,!J.eTeJJbCTB)'lOT O 

TOM, lfTO npH.n.attHe cse)l(eMy, co.n.ep)l(aw.eMy HOY 

T0nJJHBY CBOHCTB, o6ecnelfHBalOW.HX .non0JJHJ,f­

TeJJbHble 6apbepbl Jalll,HTbl Ha nyTH HaKOnJleHHJI 

opy)l(eHHblX JI.D.epHblX MaTepHaJI0B, MO)l(eT pac­

CMaTpHBaTbCJI B HaCTOJIIUHH MOMeHT KaK Ba)l(HblH 

3JJeMeHT CHH)l(eHHJI pHCKa pacnpOCTpaHeHHJI npH 

JKCn0pTHblX noCTaBKax T0nmrna. BMeCTe C TeM, 

KaK OTMelfeHo B npoeKTe 11HTTPO [7], nosb1weHHe 

conpoTHBJJJ1eMocT11 513 pacnpocTPaHemno si.n.ep­

Horo opy)l(HJI He .D.OJJ)l(HO npHB0.!lHTb K yxy.n.we­

HHIO 3KcnnyaTaUHOHHblX KalfeCTB, lfTO HaKJla.D.bl­

BaeT orpaHHlfeHHJI Ha sse.nett11e a si.nepttoe Ton11H­

so npHMeceii, JaTPYAHSIIOll.lHX ero np11MeHeHHe 

.!lJJH HaKonneHHJI op~eHHblX si.n.epHblX MaTepHa­
JIOB. 

OJJ,HHM HJ BOJM0)l(Hb!X nyTeH nOBb!WeHHJI Ja-

11.IHll.leHHOCTH MO)l(eT CTaTb npHMeHeHHe pereHe­

PHposaHHOro ypaHa [9, IO], KOTOpb1i1 KpoMe TPa­

.1l.HU.HOHHoro .ll.JJJI HHJKoo6orameHHOro TOnJJHBa 

Ha6opa HJOTOnOB 
234U, mU H 238U CO.D.ep)l(HT HJO­

TOnb1 
232U H 

236U. 5J.n.pa 
232U HBJJSIIOTCH pO.D.OHa­

'taJJbHHKaMH .ll.JJHHHOH uenolfKH pacna.nos, B KOTO-
p ~ 208 0 11 np1-1cyrcrnyeT Tl, 11Met0W.HH BbICOK03H?-

re1w1ecKoe y-HJJJylfeHHe [ I I]. 51.npa HJOTona 23 U 
YXYAlllatOT HeHTPOHHO-cjmJHlfecKHe csoiicrna 

llJJ.epHoro TOnJJHBa, nOCKOJJbKY npHBHOCHT B Hero 

.n.onOJTHlffeJJbHOe nornow.eHHe Heih-pOHOB. HanH-
232u 236 

lfHe HJoTonos H U a HOY cny)l(ITT HH.ll.HBH-

Jl.YMbHhIM H.D.eHTHq>HKaTOpOM Ka)l(JJ.OH KOHKpeT­

HOH napnm TOnJJHBa, lfTO npH HaJIHlfHH BHewHero 

M0HHTOpHHra o6ecnelfHBaeT BbfnOJJHem,e npHH­

UHna coxpaHeHHJI JHaHHH O ll.D.epHOM MaTepHane H 

nOJBOJIJleT KOHTpOnHpOBaTb see ero nepeMew.eHHJI 

BnJJOTb .no JarpY3KH B peaKTop. 

C .n.pyroi1 CTOpOHbl, B 0TJJHlfHe OT CBe>Kero 

TOOJIHBa nerKOBO.D.HblX peaKTopoB, c.n.enaHHOfO HJ 

npHpo.nttoro ypaHa, aHaJI0rHlfHOe TOnJJHBO, HJrO­

TOBJJeHHOe HJ pereHepaTa, MO)l(eT OKa3aTbCSI ro­

pa:3.D.O Mettee y.no6Hb!M MaTepHaJJOM .ll.JJS! nepe­

KJIIOlfeHHJI, nOCKOJJbKY HaJIHlfHe HJOTOna 
232U 6y­

.neT OCJJO)l(HHTb pa.nHaUHOHHYIO o6cTaHOBKy, a 
236u - rh HaJJHlfHe yxy.n.waTb HeHTPOHHO-'t'HJH'-leCKHe 

xapaKTepHCTHKH nepeKJ1t0lfaeMoro MaTepHana. 

KpoMe Toro, npH a-pacna.ne 
232U 6y.n.eT o6paJo­

BbIBaTbCJI 
228Th, q>TOpH.D. KOTOporo HBJJHeTCH Hene­

TYlfHM coeJJ,HHeHHeM [ 12], HHJKOJJerylfHe H Hene­

TY'-!He HHJWHe q>TOPH.!lbl HJOT0nOB ypatta, aTOMbl 

cso6o.n.ttoro q>Topa [ 13 ], no3TOMY npH nepe­

KJIIOlfeHHH BOJHHKHyr TaK>Ke npo6neMbl C 0T.D.ene­

HHeM .ll.OlfepHHX npOJJ.YKTOB. 

HJJJO)l(HM C)'lll.HOCTb npe.nnaraeMoro no.nxo.n.a 

Ha np11Mepe ueHTpHcpy)l(HOro 06oraw.eHHJ1 pere­

HepHposaHHOro ypaHa c HalfaJJbHblM o6oraw.eHH-
235u eM no HJOTOny , 3KBHBaJJeHTHblM 4 % (Macco-

BblX), C ylfeTOM KOMneHCal..(HH 
236U .n.onoJJHHTeJJb­

HblM .n.oo6oraw.eHHeM no HJOTony mu [9]. B pac­

lfeTax npHHSITbl cne.n.YIOW.He HCXO.!lHble KOHUeH­

TpauHH KOMnOHeHTOB B nopll,!J.Ke BOJpaCTaHHJI HX 

aTOMHblX Mace: c, (232U) - 1,38· l 0·1
, C2 {234U) -

0,043, C3 (235U) - 4,139, C4 (236U) - 0,463 , C5 

(238U) - 95,355 [9] . npeJJ,nonaraJJOCb, lfTO K MO­

Mettry o6oraw.eHHH 6b!JI Bbl,!J.eJJeH lfHCTblH ypaH 

6eJ TOpHH, TaJJJJHH, BHCMyra 11 .n.pynrx npHMeceii, 

HaKannHsat0w.HxcJ1 a npouecce ero xpaHeHHJ1. 

TTpH npose.neHHOM HCCJJeJJ,OBaHHH paCClfHTblBaJICSI 

KBaJHHJJ.eaJJbHblH KaCKa.D., CJJ~alll,HH B cnylfae 

pa:3.n.eneHHH MHOfOKOMnoHeHTHOH HJOTOnHOH 

CMeCH aHaJJOfOM H.!leaJibHOro KaCKa,!J.a, HCnOJJb­

JyeMoro B TeopHH pa:3.n.eneHHJI 6HttapHOH HJOTOn­

HOH CMeCH [ 14 ... 18). 

HecMeWHBaHHe B paCCMOTpeHHOM KaCKa.n.e 

o6ecnelfH8aJJOCb no OTHOCHTeJJbHOH KOHUeHTPa-

UHH C3 /C5 .ll.Jlll KOMnoHeHTOB 
235UF6 H 

238UF6, 

K03cpcpHUHeHT pa3JJ,eJJeHHJI K0T0pblX TaK>Ke ngHHJIT 

paBHblM 1,8 [8]. KOHUeHTpaU.HH HJOTona 5U B 

noToKax oroopa H ornana HJ KacKa,!J.a Ja.nasanHcb 

paBHblMH 90 H 0,3 %, COOTBeTCTBeHHO. B peJyJJb­

TaTe onpe.n.eneHbl BeJJHlfHHbl OTHOCHTeJJbHOrO 

cyMMapHOro nOTOKa 8 KaCKa.ne 

(L,L) I P = 1,571 · 101 
H y.n.enbHOro pacxo.n.a nHTa-

HHH F/ P = 23,6. 
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Ha p11c. 2 ... 6 npe.llCTilBJleHbl pe3yJlbTaTbl pac-

4eTOB pacnpe)leJleHl1H KOHUeH-rpau11H KOMnOHeH­

TOB 1130TOnHOH CMeCl1 no cryneHllM KaCKa)la. KaK 

811.llHO 113 npe)lCTaBJJeHHblX 3aBl1Cl1MOCTeH, C poc­

TOM KOHUeHTpau1111 uenesoro 113OTOna 
235U O)lHO­

speMeHHO npO11CXO)ll1T 06orameH11e CMeCl1 113OTO­

naMl1 232U 11 234U. np11 3TOM KOHUeHTpaU11ll 113O-
n• 

Tona ---u pacTeT 6011ee 4eM Ha JI.Ba nopl!JJ.Ka, O3-

11a4all, 4TO B npOJlYKTe o6oraLUCHl1ll 6yJJ,yT HaKan­

Jll1BaTbCll npO.llYKTbl pa)ll1O3KTl1BHOro pacna)la 

232U, 06JlaJJ,310lUl1C BblCOKO3HepreTl14eCKHM y-

113JlY4CHHeM. 

~ (s) 1 

0 10 20 30 s 

P11c. 2. Pacnpe.neneHHe KOHUeH-rpaUHH KOMnOHeHTa 
235UF 6 no .nmme KacKa.na 

1 .....-----.,------.-----"""T""--, 

C?(s)-10
2 

0 10 

P11c. 3. Pacnpe.neneHHe 
234UF6 no .nn11He KacKa.na 

20 30 s 

KOHUettTpaUHH KOMnoHeHTa 

3 .....-----,-----~----....-----, 
C1(s)-107 

0 10 20 30 s 

P11c. 4. Pacnpe.neneHHe KOHUeH-rpaUHH KOMnoHeHTa 
232UF6 no .nn11He KacKa.na 

114 

Cs(S) 

0 10 20 30 s 

PHC. 5. Pacnpe.neneHHe KOHUettTpaUHH KOMnOHeHTa 
238UF6 no .nn11He KaCKa.na 

0 10 20 30 
s 

P11c. 6. Pacnpe.neneHHe KOHUeH-rpaUHH KOMnoHeHTa 
236UF6 no .nn1me KacKa.na 

nony4CHHblC pacnpeJJ.CJlCHl1ll KOHUeHTpau11H 

113OTOnOB ypaHa no cryneHllM KaCKaJJ.a nO3BOJ111Jll1 

OUCHl1Tb MOLUHOCTb )l03bl 11OHl1311pyiomero 113JlY-

4eH11ll OT o6pa3ua 113 MCTaJlJ1114CCKOfO ypaHa MaC­

COH 5 Kr np11 pa3MeLUCHl111 ero Ha paCCTOllHl111 OJJ,­

HOfO MeTpa OT onepaTopa B OTCyTCTBl1C cneu11-

aJlbHblX 33LUl1THblX cpeJJ.CTB. )J.nll np11Mepa npeJJ,­

nonaranocb, 4TO MaTep11an .llO nposeJJ,eHl1ll c Hl1M 

onepau11H Bbl)lep>K11BaJlCll B xpaHl1Jl11LUe OJJ,11H ro)l. 

B 3TOM cny4ae B o6paJuax HaKann11sa10TCll npo­

.llYKTbl pacna)la, llBJllllOLUHeCll 11CTO4HHK3M11 cpo­

TOHOB BblCOKl1X J Hepr11H. 

PaccMOTµeHbl CJlCJlYIOLUHC sap11aHTbl M3Hl1-

nyn11poBaHl1JI C o6orameHHblM ypaHOM : 

I) ypatt c 06orameH11eM 4 % no 113oTony 
235

U, no­

ny4eH.HblH 113 np11pOJlHOrO ypaHa; 

2) ypaH c 06orameH11e111 90 % no 113OTony 
235

U, 
nony4eHHblH 113 np11pO.llHOro ypaHa; 

3) ypatt C 3KBl1BaJleHTHblM o6orameHHCM 4 % no 
'3SLJ ~ 113OTOny - , nOJ1Y4CHHblH 113 pereHepHpOB3HHO-

ro ypaHa, C Y4eTOM KOMneHcau1111 nornOLUCHl1ll 

HCITTpOHOB 113OTOnOM 
236U JJ.006orameHl1CM no 

113OTOny 
235LJ [9); 



T a 6 JI It u a 3. MOLUHOCTb .U03bl (pOTOHOB Ha paccT0.SIHHH I M OT o6p33U3 

6 ,!UJ.SI 0 orameHHoro voaHa, nonv'leHHoro 11-3 np11po.nHoro c1,1pb.S1 H pereHeoaTa 

11CTO'IHHK ypaHa CTpHpO.UHblH PereHepaT 

)P3H 

O6oraweHHe, % 4 90 4 90 
Momtt0CTb .U03bl H3nycieHH.SI, MK3Bl 'laC 0,034 0,044 0,113 19,7 

OTHOWeHHe nony'laeM0H onepaT0p0M M0WH0CTH ll03bl K I 1,3 3,3 579,4 
M0WH0CTH .U03bl OT 0PHP0.UH0ro ypaHa C o6oraweHHeM 4 % 

4) ypaH c o6oraw.eHHeM 90 % no H3oTony 
235U, 

nony'-leHHblH H3 pereHepHpOB3HHOro ypaHa 

(nyHICT 3). 
PaCC'-IHTaHHbte .WU! npe.ncTaBJleHHblX sapHaH­

TOB MOW.HOCTH JJ,03bl H3JlY'-feHHJI npe.ncTaBJleHbl B 

Ta6n. 3. 
O'-!eBH.LlHO, '-!TO cyw.ecTBeHHOe yseJJH'-leHHe 

MOW.H0CTH Jl,03bl H3Jly4eHH.SI B cny4ae HCnOJlb30-

BaHHJI pereHepaTa CBSl3aH0 C npHCYTCTBHeM B HeM 
232U H .no4epHHX npo.nyKToB ero pacna.na. Kon11-

4ecTBO 
232U npH o6orall{eHHH H30TOna 

235U TaIOKe 

B03paCTaeT, 1-ITO npHBOJl,HT K pocry MOll{HOCTH .no-

3bl .nm, BblCOK006orameHHOro pereHepaTa. TTpH 

3TOM, ecTeCTBeHHO, CHH)f(aJOTC.SI 6e3onaCHOCTb 

pa60Tbl nepcoHana H B03MO)KHOCTb CKpblTHOfO 

BbtnOJlHeHHll pa6oT c l!JJ,epHblM MaTepHaJJOM npH 

H3roToBJJeHHH 5fBY, onHCbIBaeMbte <paKTopaMH D 
H S B cpopMyne (I). 

TTpHBe,u.eHHbte B Ta6Jl . 3 3Ha4eHHll MOll{H0-

CTeH Jl,03bl <pOTOHOB npH 90 % o6orameHHH no 

H30Tony 
235U onpe.neJll!IOTCll )f(eCTKHM TPe6oBaHH­

eM Ha co.n.ep)f(aHHe H30Tona 
232U npH npoH3BOACT­

ee cse)Kero TonnHsa (< 2-10·7 
% .S1Aep) H JJ,3)f(e npH 

He3Ha4HTeJlbHOM yseJIH'!eHHH co.nep)l(3HHll 3T0f0 

H30Tona AJlll 06ecne'-!eHHJ1 3all{HTbl OT pacnpo­

CTpaHem1S1 MOW.HOCTb Jl,03bl B o6oraw.aeMOM npo­

A)'l<Te 6y.n.eT B03paCTaTb MH0roKpaTH0. B H3CTO.Sl­

w.ee BpeMl! .n.onycTHMaSI MOll{HOCTb .Ll03bl H3Jly4e­

HHll Ha paccT0llHHH I M OT H3roTosneHHOH TBC c 

MOX TonnHBOM npH Hcnonb30BaHHH nony­

AHCTattUHOHHOH TeXHOJlOfHH Ha npOH3BOJl,CTBe 

TOnJJHBa AJlll A3C B r. Cenna<pHJJA (BenHK06pH­

TaHHll) COCTaBJJl!eT 0.6 fop/4ac (T.e. 6 M3B/ 4aC) 

[19), '-!TO 6onee '-leM B 300 pa3 npeBbtwaeT MOW.­

HOCTb Jl,03bl B paCCMOTPeHHOM BblWe npHMepe. 

3To 03Ha'-!aeT, '-!TO YHH<pHKaUH.SI Tpe6osaHHH 

K .n.onycTHMOH MOll{HOCTH Jl,03bl HOHH3HPYJOLUHX 

H3JTy4eHHH OT cse)l(HX TBC c ypaHOBblM H MOX 

T00JJHBOM cymecTBeHHO yseJlH'-IHT co.n.ep)l(aHHe 
232 u B CBe)l(eM HH3KOo6orameHHOM TOnJIHBe, '!TO 

aBT0MaTH'-leCKH o6ecne4HT B03HHKHOBeHHe pa­

AHaUHOHHOro 6apbepa npH nonbJTKe npHMeHHTb 

Boy AJl.SI H3fOTOBJleHHJI JIBY nYTeM HC0OJJb30Ba­

HH11 ero KaK cbtpbll .n.n11 npOH3BOACTBa BOY, npH­

'leM 8 AaHHOM cny4ae B03HHKHOBeHHe pa.n.HaUH­

OH1-toro 6apbepa llBHTCll cne.nCTBHeM .neHCTBHH 

caMoro nponHcpepaTopa. KoHKpernal! BbJCOTa 3a­

ll{HTHoro 6aeepa 6y,neT 3aBHCeTb OT Ha'-laJlbHOfO 

K0JlH'!eCTBa 
32U B HOY. 

PacCMOTpHM Tenepb Jl,HHaMHKY H3MetteHHll 

OTHOCHTeJlbHOH KOHUeHTpaUHH H30TOna 
236U. KaK 

cne.nyeT H3 3aBHCHMOCTH, npHBeJJ,eHHOi:i Ha pHC. 5, 
npH o6oraw.eHHH HCXOJl,HOro MaTepHana no H30-

235u 
Tony 8Ha4ane np0HCXOJl,HT OJl,HOBpeMeHHOe 

o6oramettHe TaIOKe H no H30Tony 
236U, KOTopoe 

3aTeM cMeHl!eTCll ero BbIBe.nettHeM H3 o6oramae­

Moro npo.nyKTa. 3To 03Ha4aeT, '-!TO npoMe)f(YTO'I­

HbJe npo.nyKTbl o6orameHHJI CMeCH c 4 %-M Ha­

'-laJlbHblM o6orameHHeM no H3oTony 
235U, co.nep­

)f(amei:i pereHepaT, 6y.a.YT TaIOKe Hey.no6HbI AJJ.SI 

nepeKJJJO'!eHH.SI C uenb!O npHMeHeHH.SI B 5fBY. 

3To CBOHCTBO MO)l(HO nonbtTaTbCll HCITOJJb30-

BaTb AJl.SI H3f0TOBJleHH.SI TOnJIHBa AJlll aKTHBHblX 

30H peaKTopoB MaJJOH MOW.HOCTH, npeJJ,Ha3Ha4eH­

HblX AJlll pa60Tbl B y.naneHHblX paHOHaX H o6na­

.naJOll{HX fTOBblWeHHblM o6oraw.eHHeM (IO ... 20 
%), '-!TO .nenaeT HX TonnHBO eme 6onee npHsneKa­

TenhttbJM MaTepHaJJOM AJlll nepeKJJJO'-leHHJI, '-!eM 

TOnJIHB0 nerK0BO.LlHblX peaKTopoB 60JJbUJOH MOUl­

HOCTH . .[(onoJJHHTeJlbHOe napa3HTHOe nornow.ettHe 
~ 236u 6 HeHTP0HOB, npHBHOCHMOe ' M0)l(eT blTb B 

HeKOTOpOH CTeneHH CKOMneHCHp083H0 n0BbJWe­

HHeM )l(eCTKOCTH cneKTpa. 

OTMeTHM TaIOKe, '-!TO K HaCTO.Slll{eMy BpeMeHH 

noTeHUHaJl caM033111.Hll{eHH0CTH TOnJIHBa, H3f0-

TOBJleHHOro C npHMeHeHHeM pereHepHp0B3HHOf0 

ypaHa, B ITOJJHOH Mepe He HCCJJeJJ,OBaH. n o Hawe­

MY MHeHHIO, UHKJl HCCJJeJJ,oBaHHH caM033111.Hll{eH­

HOCTH l!JJ.epHoro TOnnHBa H3 pereHepaTa ypaHa 

JJ.0JJ)KeH BKJJJO'-laTb B ce6l! cne.nyJOmHe pa60Tu1: 

• oueHKY y poBHll pa,nHOaKTHBHOf0 3arp.S13HeHHll 

o6oraTHTeJJbHOro o6opy.nosaHHll npH o6ora­

meHHH .no 90 % ypaHa, nony'-le HHoro H3 co­

.nep)f(aw.ero pereHepaT l!JJ.epHoro TOnJJHBa, c 

Y4eTOM cpaKTopa BpeMeHH; 

• cpaBHHTeJlbHblH aHaJJH3 npHBJJeKaTeJJbHOCTH 

MaTepHaJJ0B, nOJlY'!eHHblX nepeKJJIO'-leHHeM H3 

wTaTHOH TBC co cBe)l(HM y pattoM 11 TBC tta 

ocHose peretteparn ypaHa; 

• nporno3HbJe oueHKH 06-1,eMos nepepa6oTKH 

TOITJlHBa H o6beMOB HaKonneHHll pereHepHp0-

B3HH0fO ypaHa; 
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• 

• 

aHamn orpam1YeH11H Ha KOflHYeCTBO H30Tona 
232U C yYeTOM TexHonornYeCKOH uenO'-IKJ.1 

npoH3BOJJ.CTBa Tonn11sa, HeonpeneneHHOCTeH 

H30TOnHoro COCTaBa 11 TPaHcnopTHO­

TeXHOflOrHYeCKHX onepau11i1 Ha A3C; 
onpenenett11e YfOBHll nonycTHMoro conep)Ka­

HHll H30TOnOB 34U H 236U B nepcneKTHBHblX 

TOnJlHBHblX UHKJlax nerKOBOJ].HblX peaKTopoB 

H ACMM c TO'-IKl1 3peHHll co6moneH11ll npo­

eKTHblX npenenos 11 attanH3 Heonpe.neneHH0-

CTeH. 

KpoMe Toro, aBTOpbl C'-IHTalOT, YT0 Heo6xom1-

MO nonseprttyTb peBl13HH cymecrny10m11e MOJ].eJ111 

J].flll aHan113a paii.11au110HHOH o6cTaHOBKl1 np11 o6-

pameHl111 c perettep11posaHHb1M Ton1111soM np11 ero 

nepepa6oTKe. B ttaCTOlllUeH pa6oTe He paccMaT­

p11sanacb MOlUHOCTb .ll03bl, C03,l].aBaeMOH KacceTOH 

C TOnn11BOM, co.n.ep)KalUl1M pereHepaT, no TOH np11-

'-IHHe, YTO scer.n.a MO)KHO HaihH cpaBHl1TenbHO 

ttenoporne cpe.n.crna 3am11TbI OT 113ny'-leH11J1 Ha 

A3C 11 np11 TpaHcnopT11pOBKe TOnnHBa. J1HaJI c11-

ryau11J1 c nepepa6oTKOH Tonn11sa. 

Ecm1 paccMaTPHBalOTCll wTaTHall nepepa6oTKa 

11 3aTeM 113roTosneH11e TBC 11 TB3nos .n.nll A3C, TO 

B 3TOM cny'-lae MO)KHO 1136eraTb He TOflbKO KOH­

TaKTa C pan11oaKTl1BHblM MaTep11anoM, HO 11 np11-

MeHl1Tb pa:m11YHble sap11aHTbl .D.HCTaHU110HHOro 

o6pamettl1ll C TOnnHBOM. O}].HaKO 3TO sepHO J111Wb 

.n.o HeKOT0pbrx npeJJ.enos, ttanp11Mep, B cnY'-lae 
ttewTaTHOH c11ryau1111 pa.n.11auHOHHall o6cTaHOBKa 

Ha np0113BOJJ.CTBe JJ.Omtrna 003B0fll1Tb Henocpe.n.cT­

BeHHOe BMewaTenbCTBO, T.e. pa6ory B 3allll1THblX 

KOMnneKTaX, HO pyKaMl1 . ,D,pyrHMH cnoBaMH Ma­

Tep11an co WTaTHblM ypoBHeM o6orameHl1ll JJ.On­

)KeH 06ecneY11BaTb yMepeHttylO MOlUHOCTb .D.03bl 

np11 o6pameHl111 C Hl1M. 

Oco6b1e ycnOB11ll HanaralOTCll Ha MaTep11an C 

TOYKH 3peHl1ll HeCaHKUl10H11pOBaHHOro JJ.Ocryna. 

3.n.ecb O cpeJJ.CTBax 3alllITTbl rosop11Tb He npHXO­

JJ.11TCll 11 npoBOJ].11MblH attan113 .D.Ofl)l(eH BKJlIO'-laTb B 

ce6l! pacYeT JJ.03bl B HeK0TOpblX MO.D.enbHblX ycno­
B11llX pa60Tbl BpYl.fHYIO. 

C Yl.feTOM Toro, YTO B HaCTOlllUee speMll nap­

Tl1ll TBC, 113roT0BneHHblX H3 perettepaTa ypatta, 

ycnewHo 11cnonh3YeTCll s 3arpy3Ke II 6noKa Ka­

n11H11HCKOH A3C 11 KpoMe Toro ecTb onblT 3KC­

nnyaTau1111 attanOrl1YHOro TO0flHBa Ha KonbCKOH 

A3C (s peaKTope BB3P-440) [9], cne.n.yeT 0TMe­

Tl1Tb, YTO y)Ke cymecTByeT ycneWHblH O0blT 

o60CHOBaHHll TOnJlHBa 113 perettepaTa ypaHa J].nll 

11cnonb30BaHl1ll B nerKOB0JJ.HblX peaKTopax. 

3aKJJJO'lenue 

PaccMOTPeH cueHap11li BblXOJJ.a cTpaHbl-

nony YaTen ll ll.D.epHoro TonnHBa 113 pe)K11Ma rapaH-
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rnii MAf A T3 11 npe.n.no)KeH cJ>11311yecKJ.1H np11tt­

u11n C03J].aHl1ll TOnmrna nerKOBOJJ.HblX peaKTOpOB C 

BHYTpeHHe-np11cymei1 conpOTHBn lleMOCTblO no 

0THOWeHl1IO K nepeKJUOYeHl1IO l!J].epttoro MaTe­

p11ana s 518Y. 
IToKaJaHo, '-ITO 11cxo.n.Holi TOYKOH .D.nll c03.n.a­

HHll TaKoro Tonmrna llBnlleTCll np11MeHett11e pere­

Hep11posaHttoro ypatta .D.flll 113roTOBneHl1ll TOnnHBa 

nerK0B0JJ.HblX peaKTopoB J].nll 3KCnoprn B CTpattbl­

nonyYaTem1, YTO JaTpyJJ.ttlleT nepeKJ110Yett11e 

llJJ.epttoro MaTep11ana H3 TBC 6naroJJ.apll HanH'-111!0 
232u H30TOna , C0JJ.ep)Katt11e KOTOporo 0OBblWaeTCll 

np11 nonblTKe o6oraTl1Tb ypaH, 113Bne'-leHHblH 113 

CBe)Kero T0nmrna. B COYeTaHHl1 C orpatt11'-leH11eM 

JJ.OCryna K TeXHOfl0rHllM pa3JJ.eneHl1ll H30TOnOB 

nYTeM C03JJ.aH11ll Me)KJJ.yHapOJJ.HblX ueHTPOB no 

o6orameHHIO ypatta 3Ta TeXHl1YeCKall Mepa MO)KeT 

cymecTBeHHO CHl1311Tb p11CK pacnpOCTPaHeHHJI, 

CBll3aHHblH C 3KCnopTHblMH nocTaBKaMH TOnnHBa 

113 HOY. 

TTony'-leHa oueHKa ypoBHll 3arpll3HeHHll neEe­

KJ110'-laeMoro ll.nepHoro MaTep11ana 1130TonoM 
2 2U 

J].nll 3a}J.aHHOro H30TOnHoro C0CTaBa HCXOJJ.HOro 

Tonn11sa. TTpe.n.no)KeHa KoHuenuHR 11ccne.nosatt11i1 

3am11meHH0CTH 3KcnopTHblX nocrnsoK TBC ner­

K0BO.llHbIX peaKTopoB C pereHepaTOM ypaHa. 
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xv llIKOJia-ceMHHap no npo6JieMaM <l>HJHKH peaKTOpoB "BoJira-2008" 

XV CeM11Hap "Bonra-2008", nposo.11.11sw11i1c.sr 

B cpopMaTe lliKOJlbl-CeMHHapa H nocs.srmeHHblH 

aKTyaJlbHblM npo6neMaM pa3BHTHH .sr.11.epHOH 3Hep­

reTHKH (3cpcpeKTHBHOCTb, 6e3onaCHOCTb, Hepac­

npocTpaHeHHe), COCTOHJICH 2-6 ceHT.sr6p»: 2008 r. 

Ha 633e OT.ll.blXa MH<l>H " Bonra" 

CeMHHap opraHl130BaH B COOTBeTCTBHH C pac­

nop.sr)KeHHeM PeKTOpa MJ1<l>H np11 no.!Ulep)l(Ke 

51.D.epHoro O6mecrna Pocc1111 11 Kom.1,eptta "3Hep­

roaToM". OcHOBHblM opraHH3aTopoM ceMHHapa 

BblCT)'nHna Kacpe.upa N!! 5 Teopen1'cleCKOH H 3KCne­

pHMeHTaJlbHOH <pH311Kl1 .sr.uepHblX peaKTOpOB 

MH<l>H. 

B CeM11Hape npHH»:Jrn y4acT11e 6onee 70 

cnel(HaJ111CTOB, npe.ucTaBJJHBWHX Hay'c!Hble 1.1,eHTPbl 

11 npe.unpHHTl1H OTpacn.11 11 BblCWHe y4e6Hble 3ase­

,ueHHH, roTOBHlU.He Ka.Zlpbl .D.nJ! ».11.epHOH 3HepreTl1-

KH (KoHuepH "3HeproaToM", PHU, " Kyp4aTOB­

CKHH 11HCTHT)'T", fHU. P<!}-cf>3H HM. A.H. Jleii­

nyttcKoro, HMKH3T, HHTH HM. A.IT. AneKcaH.11.­

posa, H6PA3 PAH, BHMMAM, <l>fYTI "CI16 

ATOM3HepronpoeKT", OK6M, MHcf>H, OMA T3). 

B paMKaX CeM11Hapa pa6oTana MOJIO,Ue)l(HaJI ceK-

1.1,11.sr. B OTKpblTl1H 11 pa6oTe ceM11Hapa npHHHJIH 

y4acn1e aKa.aeMHK PAH TioHoMapes-CTenHOH 

H.H., npopeKTop MHcf>H Kpt04KOB 3.<!)., nepBbIH 

3aMeCTHTeJJb feHepanbHoro HHcneKTopa Kottuep­

Ha "3HeproaToM" 3oHOB H.B. 

B paMKax neKl.l,110HHOrO 1.1,HKJ!a 3acnywaHbl 

neKu1111 H.H. TiottoMapesa-CTenttoro "AToMHa.sr 

3HepreTHKa 11 80.ll.OPO.llHa»: 3KOHOMHKa", B.cf>. ~H-

6yJJbCKOro "3HepreTl1Ka 11 3Hepro3cp<peKTHB­

HOCTb", H .B. 3ottosa "Poc3HeproaToM cero.UHJI 11 

3asTPa", E .cf>. Ce11e3ttesa "06 oueHKe nose.ueHHH 

peaKTOpa B nepeXO.llHblX pe)KHMax". Tipe.11.cTaBH­

TeJ111 KoHu,eptta "3tteproaToM" H.B. 3ottos .11 B.B. 

Kott.11.aKOB 06p11COBaJll1 COCTOHHHe 11 3a.l].a4H KOM­

nneKTaU,11H 3Kcnnyarnu,110Httoro nepcottana .n.n.sr 

,uei-icrnyt01UHX 11 cTpo.srm11xc.sr A3C. 

B OprKOMHTeT ceM11Hapa nocryn11n11 80 .11.0K-

11a.11.os no c11e.uyl01Ul1M OCHOBHblM HanpasneHHHM: 

- HaY4HOe conpOBO)K)J,eHHe 3KcnnyaTaUH11 .sr.11.ep­

HblX peaKTOpOB, 6e3onacHOCTb .11.eHCTB)'IOlUHX 

A3C; 

- <pH311KO-TeXHH4eCKl1e npo6neMbl TOnJJl18HblX 

U,HKJJOB H HepacnpocTpatteID1e .sr.uepHbIX MaTep11a­

nos; 

- HOBa.sr TeXHOJIOrH4eCKa.sr nnaT<pOpMa .sr.uepHOH 

3HepreTl1Kl1 - 11HHOBal.(110HHblH nyrb pa3811THH. 

K Ha4any pa6oTbI ceM11Hapa 113.11.aH c6opH11K 

Te311COB .ll.OKJ!a)J,OB. I-b 80-TH .ll.OKJ!a.l].OB 21 npe.u­

CTaBJJeH Ha MOJIO.Zle)KH)'lO ceKLI,HlO. Ha 3acenaHHHX 

ceKu,1111 3acnywaHo 6onee 50-TH noKJJanos. 
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OprKOMHTeT ceM11Hapa OTMe'claeT, 4TO p».Zl 

HOBblX pa3pa60TOK, npe.ucTaBJJeHHblX B ,UOKJJaJJ,ax, 

HenocpeJJ,CTBeHHO OTHOCl1TCH K nOBblUieHHlO Ka'cle­

CTBa 3Kcnnyarnu1111 11 3cpcpeKTl1BHOCTl1 A3C. 

ITpeJJ,CTaBJJeHbl pe3)'JlbTaTbl HOBblX op11rHHaJlbHblX 

pa3pa60TOK, CBH3aHHblX C pa3B11Tl1eM TOnJJHBHbJX 

U,11KJ10B, HOBblMl1 11JJ,eHMl1 B npo6neMe Hepacnpo­

CTpaHeHHH, HOBblMl1 KOHuenu11.srM11 .srnepHblX peaK­

TOpOB. OTMe4aeTCH aKTl1BHOe y4acT11e B pa6oTe 

lliKOJlbl-CeM11Hapa MOJIO.ZlblX cneu,11an11CTOB, TIOKa-

3asw11x rny6oKoe noH11MaH11e cospeMeHHhIX cp11-

311KO-Textt114eCKHX npo6neM .srnepHOH 3HepreTl1KH. 

Oco6o cne.uyeT OTMeTHTb pa3pa60TKH, BbinOJIHeH­

Hble y4eHblMl1 11 MOJIO.llblMl1 cneu,11an11cTaM11 BblC­

weH WKOJJbL 

CeM11Hap nponeMOHCTp11pOBaJ1 JJ,OCTaT04HO 

BbICOKHH noTeHu11an BY3oscKOH ttayK11 B perue­

HHH aKryaJlbHblX Ha)''c!H0-TeXHH4eCKl1X npo6neM 

0Tpac1111 11 pa3pa6oTKe nepcneKTl1BHbIX ttanpasne­

HHH 11cc11enosaHHH. B CBH311 C 3Tl1M y4aCTHHKH 

ceM11Hapa 06pamat0T BHHMaH11e pyKosoncrna Po­

caToMa 1-1 <l>e.ll.epanbttoro areHTCTBa no o6pa3osa­

HHIO Ha Heo6XO.lll1MOCTb no11cKa opraH113aU,HOH­

HblX cpopM 11HTerpau,1111 BY3oscKOH 11 oTpacnesoi1: 

HayKH C uenb!O 6011ee 3cp<peKTHBHOro 11CTIOJlb30-

BaHHH n0Tettu11ana KaK BY3os, TaK H ttay4HbJX 

HHCTHT)'TOB 0Tpac1111. 

KpoMe 3TOro, yqaCTID1Kl1 ceMHHapa Bblp3)Ka­

lOT rny60KYJO 03a6o4eHHOCTb npo611eMOH BOC­

np0113B0.llCTBa ttay4Ho-neJJ,arorH4eCKl1X Kanpos, 

K0TOpa.sr MO)KeT B 3Ha411TeJTbHOH CTeneHH nocTa­

BHTb non sonpoc pean113au1110 aM611u1103HbIX nna­

H0B PocaTOMa no pa3811Tl1IO aTOMHOH 3HepreTl1Kl1 

( cpe.ll.Hl1H B03pacT npenonasarenbcKoro cocrnsa 

pacTeT TeMnaMH, onepe)Ka!OlUl1Ml1 TeMn pa3B11Tl1H 

aTOMHOH 3Heprern_K11). 

8bl3blBalOT 03a6o'cleHHOCTb TaK)Ke HaU,eJJeH­

HOCTb PocaTOMa Ii no.use.a0MCTBeHHblX eMy opra­

Hl13al.(11H Ha pewett1-1e npo611eM cero.UHJIWHero .ll.HJI 

11 cpaKTl1'cleCKOe OTC)'TCTBHe Hay4HblX 11CCJie.U0Ba­

Hl1H, HanpaBJieHHblX Ha CTPaTerH4eCKOe pa3811THe 

».uepHblX 3HepreTl14eCKl1X TeXHOJIOrHH HOBOro 

n0K0JieHl1H. 

Y4aCTHl1Kl1 WKOJibJ-CeM11Hapa OTMe4aJOT ne­

JIOBOH, KOHCTPYKTl1BHbJH, .ll.06po)KeJiaTeJibHblH 

xapaKTep Jl,11CK)'CCJ,fH, BbJCOKl1H ypoBeHb opraH11-

3au1111 CeMHHapa. Y4aCTHHKH OTMe4alOT, 4TO no 

cymecrny .uaHHblH ceMHHap HBJJHeTCH OJl,HHM 113 

HaH6onee npencTaB11TeJ1bHblX Hay4HblX cpopyMOB 

no w11pOK0MY Kpyry npo6neM <pl13HKl1 peaKTOp0B, 

B KOTOp0M npHHHMalOT y4acn1e Hay4Hble 11 3KC­

nnyaT11pyl01Ul1e opraH113aUM11 OTpacm1, opraH113a­

u1111 PocHayK11, BbrcwHe y 'cle6Hb1e 3ase.ueH11.sr, ro-



-roa.siuu1e Ka,npb1 )lJ].ff .si.nepHOH :mepren1K11, Mono­

,n&ie yqeHble, cry,neHTbl H acnHpaHTbl. 

OrnwrnTeJlbHOH oco6eHHOCTblO ,naHHOfO ce­

Ml•iHapa .ffBJl.ffeTC.ff nOJlHOUeHHOe yqacTHe Ha'IH-

1-1a10ll.{HX y'leHblX B o6cy)l(J].eHHH Hay'IHblX npo-

6neM HapaBHe c yqeHblMH crnpumx nOKOJleHHH. 

KaK nOKa.JbIBaeT MHOroneTH.ff.ff npaKTHKa, 3TOT 

no.nxo.n, peanH3y10mH11 KoHuenu.1110 o6y'leHH.si 

MeTO.LJ.OM "rny6oKOfO norpy)KeHH.s!" , .ffBJl.ffeTC.ff cy­

meCTBeHHO 6onee 3cpcpeKTHBHblM, tteM opraHH3a­

UH.ff OT)J.eJlbHblX MOJlO,ne)KHblX KOHcpepeHUHH,' B 

pa6oTe KOTOpblX yqeHble crnpwero nOKOJleHH.ff 

npaKTHtteCKH He yqaCTB)'K)T (3a HCKnlOtteHHeM 

BBO.LJ.HOro 3ace.naH11.si). C 3TOH TO'IKH 3peHH.si 3Ha­

tteHHe lliKOJlbl-CeMHHapa no npo6neMaM cpH3HKH 

peaKTOpOB TPY.D.HO nepeoueHHTb, oco6eHHO s CB.ff-

3H c npoxo.n.simei1 HHTerpau11e11 BY3os B HauHo­

HMbHblH .H,o.ep1-1&111 YmrnepcHTeT. 

Opramt3aTOpbl lliKOJlbl-CeMHHapa no 803-

MO)KHOCTH )"lJlH npe)lJ]O)KeHH.ff H ITO)KeJlaHH.ff yqa­

CTHHKOB, BblCKa.JaHHbie Ha npe.LJ.bl.LJ.YmHX ceCCH.ffX . 

.DblJI opraHH30BaH KYJlb'fYpHblH .nocyr, BKnlO'laB­

UJHH seqep n033HH, paCCKa.Jbl O nyreweCTBH.ffX, 

Tennoxo.ney10 nporynKy no Bonre, cnopTHBH&1e 

MeponpH.s!TH.ff. Y'laCTHHKH c 6naro.napHOCTblO OT­

Me'la!OT Tenn&IH np11eM, OKa.JaHHbIH pyKoBo­

.LJ.CTBOM 11 nepcoHMOM 6a.Jbl OT.LJ.bIXa "Bonra" . 

B xo.ne pa6oT&I CeM11ttapa, o6meii .n11ceycc111:1 

H no.nse.neHH.ff HTOfOB yttaCTHHKaMH BbJCKa.JaHbl 

cne.D.)'K)mHe no)KenattH.si 11 npe)lJ]O)Kett11.si: 

- o.no6pHTb .ne.siTen&HOCTb MM<l>H 11 Kacpe.np&1 

TeopeTH'leCKOH 11 3Kcnep11MettTan&HOH cpH3HKH 

.si,nepHbIX peaKTOpOB no opraHH3aUHH cep1,rn 

lliKon-ceMHHapos no npo6neMaM cpH3HKH peaKTO­

pos; 
- coxpaHHTb lliKony-ceMHHap KaK nOCTO.ffHHblH 

Hay<iHbIH cpopyM H npOCHTb PYKOB0.LJ.CTB0 MI1<I>I1 
npHH.s!Tb COOTBeTCTB)'K)LUee pemeH11e; 

- npo.nomKHTb H pacumpHTb npaKTHKY aKTHBHOf0 

np11BJ1e'1eHH.s1 TBOp'leCKOH MOJl0)J.e)KH K yqaCTHJO B 

pa6oTe CeMHHapos; 

- o.no6pHTb 0ITblT C04eTaHHJI Hay'IHblX )J.OKna)J.08 

H ofoopHblX neKUHH B cpopMaTe lliKOJlbl­

CeMHHapa. PeKOMeH.nosaTb BKnlOtteHHe Te3HCOB 

neKUHH a c6opHHKH TJ>Y.D.OB CeMHHapa; 
- C03)1.aTb I1HTepHeT-CaHT CeMHHapa .nn.si npeJJ,Ba­

pHTeJlbHOro cpopMHposaHH.ff TeMaTHKH 6yJJ.yLUHX 

CeM11ttapos, c6opa H peueH3HposaHH.ll JJ.OKna.LJ.OB; 

- C03,ll,aTb 3KCnepTHblH COBeT no peueH3Hposa­

HHlQ .D.OKna)J.0B. CTposeCTH opraHH3aUHOHHYlO pa-

6ory no BKn!OtteHHIO c6optt11Ka ,noKna.nos CeMH-

Hapa B nepe'leHb peueH3HpyeMbIX 113)1.aHHH, yr­
sep)l(J].eHHb!X BAK; 

- o6paTHTb BH11MaH11e pyKoso.ncTsa focKopnopa­

u.1111 "PocaToM" 11 Ko1-1uep1-1a "3HeproaToM" Ha To, 

4TO B cospeMeHHblX ycJlOBH.llX pa.3BHTH.ff .siJJ,epHOH 

3HepreTHKH 3Ha'IHTeJlbHbte HayttHbie CHJlbl cne­

UHMHCTOB, s TOM 'IHCJle BbITIYCKHHKOB BY3os, 

Hanpasnettbt Ha peweHHe npo6neM ttayqHoro co­

nposo)l(J].eHI-rn 3KcnnyaTauHH A3C, co3.naHHe H 

pa.3BHTHe COOTBeTCTBy10me11 MeTO,[lH4eCKOH 6a.3bl, 

11ccne.nosaHHe TOTTJlHBHblX UHKnOB H 6e3onacHO­

CTH 513Y. TTpocHTb pyKoso,ncTso YKa.JaHHbIX op­

raHH3aUHH H3bICKaTb cpopMbl H cpe.ncrna )lJ].ff no.n­

.nep)l(KH TaKHX HanpasneHHH; 

- B CB.!1311 C HOBblMH 3a,nattaMH, CTO.ffLUHMH nepe.n 

BbJCWeH WKOJlOH no no.nroTOBKe cneu11anHCTOB H 

pa3BHTHIO Hay'IHbIX HCCJle,nosaHHH B HHTepecax 

OTpacnH, B TOM 4HCJle B ycnOBH.ffX cpopMHpOBaHH.ll 

Hau110Hanbttoro .H,o.epHoro YmrnepCHTeTa, npo­

CHTb pyKOB0.[lCTBO BblCWeH WKOJlbl 11 OTJ)aCJlH 

paCCM0TpeTb sonpoc O BOCC03,[laHHH Ha 6a.3e 

MM<l>I1 ITpo6neMHOH cpH3HKo-:meprernqecKOH 11 

OTpacneBblX na6opaTOpHH c COOTBeTCTB)'K)ll.{HM 

cpHHaHCOBbIM o6ecnetteHHeM. Bocco3,naHHble 

cTpyKrypb1 MOfJlH 61,1 CJlY)l(I,ffb 6a.3oH )lJ].si HHTe­

rpau1111 oTpacnesoi1 11 BY3oscKoH ttayKH, a TaK)l(e 

)lJ].ff cpopMHposaHH.ff pe3epsa Ha)"iHbtX 11 ne.naro­

rnttecKHX Ka)J.pOB BbICOKOH KBMHcp11Kau1111; 

- np0CHTb pyKOBO.D.CTBO MJ1<f>I1 H PHIJ: "KI1" 
paCCMOTpeTb sonpoc O B03MO)l(HOCTH opraHH3a­

UHH Ha 6a.Je MI1<I>I1 TeMaTH4eCKHX neTHHX WKOJl 

no aKryMbHblM npo6neMaM .si.nepHOH 3HepreTHKH . 

ITpe)lJ]O)l(HTb opraHH30BaTb nepsy!O JleTHlOIO 

WKOJlY no cpH3HKe peaKTopoB B 2009 r. no TeMe 

" ,U11HaMHKa H 6e3onacHOCTb .si.nepHblX peaKTopos"; 

peKOMett,nosaTb OprKOMHTery lliKOJlbl-

ceMHHapa BblHTH C npe)lJ]O)KeHHeM K pe,naKl.(H.llM 

nep110,n11tteCKHX orpacneBblX Ha)"iHblX H3.[laHHH 0 

ny6n11KaUHH H36paHHblX MaTep11anoB CeMHHapa C 

cooTseTcrny10mei1 peK0MeH.nau11ei1 OprKOMHTeTa; 

- peKOMeH,nosaTb OprKOMHTery no.nroTOBHTb 

ofoopH)'K) CTaTblO )lJ]ji nepHO.[lH'leCKHX 113,[laHHH 

no HToraM CeMHHapa. 

OprKOMHTeT lliKOJlbt-CeMHHapa 6naro.napHT 

neKTopos H yqacTHHKOB 3a co.nep)l(aTeJlbHbie neK­
UHH H ,ll.OKnaJJ.bl H o6pamaeTC.ff K PYKOBO,[lCTBy op­

raHH3aUHH, npHH.ffBWHX yttaCTHe B CeMHttape, 

H3blCKaTb B03M0)KHOCTb noompeHH.ff MOJlOJJ.blX 

cneuHanHCT0B, npe,ncTaBHBWHX Ha CeMHHape 

CBOH pa.3pa60TKH. 
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YToqueHHble npaBHJia 04>opMJieHHH cTaTeii 

TTpH nO,ll.fOTOBKe eTaTbH a e6opHHK aBTOp ,D.OJDKeH pyKOBO,ll.eTBOBaTbell eTaH,D.apTOM " OpHrHHaJlbl aBTOp­

eKHe H TeKeTOBhie H3,D.aTeJJbeKHe" (OCT 29.115 - 88). K asTopeKHM opHrnHaJTaM, nepe,D.asaeMbIM ,LI.Jill H3,D.a­

HWI, npe,D.bllSJllllOTell eJJe,!1.)10UlHe Tpe6osaHID1: 

1. 3K3eMnJJllp eTaThH ,ll.OJDKeH 6h1Tb nepBblM, OTneLJaTaH Ha 0.ll.HOH eTopoHe JJHeTa q>opMaTa A4 rnpHq>­

TOM N2 12 qepe3 2 HHTepsana. CTaTbll .nom1rna 6b1Tb eoernsneHa B ene.D.y10meM nopll,D.Ke: HH,ll.eKe y ,IU(; 3a­

rnas1-1e; HHHU.HaJTbl H q>aMHJJHH asTopos; MeeTO pa60Tbl Ka)KJ].Oro asTopa e IlO'-ITOSblM a.npeeoM; aHHOTaU.IDI 

(He 6onee 10 eTpoK); KJIIO"leSbJe enosa - see SbJlllenepeLJHeJJeHHOe Ha pyeeKOM H aHnrniieKOM ll3b[Kax; TeKeT; 

enHeOK JIHTeparypbl; pHeymrn; no,D.pHeyHO'-IHble no,D.nHeH (Ha OT,UeJJbHOM JJHeTe). 

2. CTaTbll ,D.OJJ)l{Ha TaIOKe npe,D.OeTaSJJl!Tbell o6ll3aTeJJbHO s SH,D.e :meKTpOHHOH sepeHH o6bl'-IHblM rnpHq>­

TOM N2 12 Times New Roman, Me)l(,Ll.)'eTpO'-IHbIH HHTepsan - O.D.HHapHbltt, B pe,D.aKTOpe Word 97 HJJH 6onee 

no3,D.HHX sepeHi1. TeKeT He q>opMarnpyeTell, s KaLJeeTBe HMeHH q>aiina 11enoJJh3yeTell <l>HO nepsoro asrnpa 

eTaTbH. KasbllfKH s TeKeTe eTaBl!Tell npH aHrJJHHeKOH paeKJJa,D.Ke KJJaBHarypbl (" .. "). 

3. Co,D.ep)l(am1e CTaTbH ,D.OJl)KHO 6b!Tb KpaTKHM 11 '-leTKl1M. HeKJJIO'-laJOTCll 06m11e paeey)l(,Ll.eHWJ, H3SeeT­

Hble TIOJJO)l(eHID!. He ,D.OnyeKaeTell .D.y6n11poBaHHe MaTep11ana s TeKeTe, Ta6JJHU.ax, no,D.p11eyHO'-IHbIX Ha,D.□11-

el!X. Heo6xo,nHMO eo6JJIO,D.aTb e,D.HHOo6pa3He s Han11eaH1111 TepMHHOB, HaHMeHOSaHHH q>H3HLJeeKHX seJJl1'lIDI 

H e,nHHHU. H3MepeHIDI, yenosHhrx o603HaLJeHl1H, eoKpameHHH, eHMBOJIOB. HaHMeHOSaHHR H o603Ha'!eHHJI 

e,D.HHHU. q>H3H'!eeKHX BeJJH'IHH He06XO):lHMO npHSO,UHTb s eHeTeMe CH. 

Heo6xo,D.HMO o6pam.aTb SHHMaHHe Ha HanHeaHHe nponHeHblX H eTpO'-IHblX 6yKB: pyeeKHe 11 rpeqeeKHe 

6)'KBhl (a, ~. y, <pH T.J:l.) Ha611pa10Tell npRMO, a JJaTHHeKHe (x, y, z, w H T.,n.) - KypeHSOM. Te )l(e TPe6osaHID! s 

o603HaLJeHHllX tty)l(HO eo6JJIO,D.aTb np11 Han11eaHHH HH,UeKeos H eTeneHeH B q>OpM)'JJax. O603HalfeHIDI MaTpHU. 

11 seKTopos Ha611pa10Tel1 nOJJY)KHpHhIM wpmpTOM npRMO. <l>opM)'JJbl, BKJIIOlfeHHble B TeKeT, CJJe):lyeT Ha611-

paTh 6e3 yseJJHlfeHID! HHTepsana Me)l(,LI.)' eTpoKaMH, HanpHMep bid, exp(.x/e). 

4. Ta6JJHU.bl ttyMep)'lOTCll, Ka)K)lall Ta6nm~a ,D.OJl)KHa HMeTb 3arOJJOSOK. CoKpameHHll B rpaq>ax Ta6JJHU.bl 

He ,D.onycKaJOTeR. B TeKeTe He06XO,D.HMbl eeblJIKH Ha see Ta6JJHQhl. Ta6JJHQhl nelfaTalOTCll s o6meM TeKere 

noene nepsoi1 CehlJIKH. 

5. <l>opM)'JJbl 11 6yKBeHHble o603HalfeHl1ll seJJITTHH .ll.OJl)l(Hbl 6b1Tb pa3MelfeHhl H epa3y paew11cpposaHhl. 

<l>opM)'JJbl ttyMep)10TCll apa6CKHMl1 u.11qipaM11, HOMep CTaBHTeR C npasott eTOpOHbl JJHeTa B Kpyrnb!X eK06Kax. 

HyMeposaTb CJJe,D.yeT TOJlbKO Te cpopMYJJbl 11 ypasHeHHll, Ha KOTOpbIe eCTb eeb!JJKa B nocJJe,D.ylOilleM H3JIO)l(e­

HHH. <l>opMyJJbl SblnOJIHlllOTCR B pe,ll,aKTopax Equation 3.0 HJll1 MathType npH HeS03MO)l{HOeTH Ha6opa Ha 

I ] 
KJJaSHarype ( x; ,y;, ✓x, f x,- H T.J:l,). TTOACTPO'IHble 11 Ha,D.CTpOl!HbJe 11H):leKebI BBO)l.j{TCll e KJJaBHaTypbl (x3, 

0 y 

KM2 H T.,ll..), rpe'!eeKHe 6yKBbl SCTaBJJRIOTCll '1epe3 MeHIO Bcma6KO ➔ CUM60Jl. 

6. B TeKeTe eTaTbH p11eyHOK o6snaTeJJbHO npe,ll.eTaSJJlleTell Ha 0T,ll.eJJhHOM JJl1eTe cpopMaTa He 6onee A4. 
Ha p11eyHKaX ,D.onyeKaeTell MHHHMaJlbHOe '-IHCJIO o603HalfeHHH - KpaTKHe u.11q>pOBble (no nopR.ll.KY HOMepoB 

CJJeBa Hanpaso 11Jll1 no qaeOBOH eTpenKe) 11Jll1 6yKseHHhJe o603Ha'leHJ.UI. Bee nolleHeHl1ll BblHOellTCll B no.np11-

eyHOlfHble no,ll.nHCl1. Ha o6opoTe Ka)KJ].Oro p11eyttKa YKa3h(BalOTCR q>aMHJJl111 aBT0pos, Ha3BaHHe eTaTbl1, HO­

Mep p1-1eyHKa, o6o3HalfeHHll sepxa 11 Hl13a. BttyrpeHHHe tta.un11e11 Ha p11cyHKax Ha61-1pa10Tcll wpHq>TOM N2 l 0. 
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Btt113Y Ka~oro p11cyHKa .nomKHbl 6b1Tb np1,rne,neHbt ero HOMep H no,npHcyH04Hasi no.11.nHCb wpHQ)TOM N2 10. 
flp11 HaJIH4Hl1 HeCKOJlbKl1X pa3JlH'-IHblX rpacjrnKOB Ha 0.QHOM p11C)'HKe K~blH H3 HHX o603Ha4aeTC.s! pyccKH­

Ml1 6YKBaMH a), 6), B) 11 T . .Q. 11 pacw11cppOBh1BaeTC.s!. 

B KOMnbIOTepHOM BH.Qe p11cyHKl1 npe,nCTaBJlJIIOTC.s! B OT.QeJlbHblX cpaHJlax, BblnOJlHeHHble B rpa<pH'!eCKHX 

pe.naKrnpax Paint, PhotoShop, Core/Draw a 4epHo-6enoM UBeTe (cpornrpaqim1 a pacTpOBOM cpopMaTe ti/. dpi-
300). P11cyHK11 s Word He BCTaBJlJITb KpoMe cny4aes, Kor.na p11cyttoK 113Ha4aJibHO BbmonHeH a Word. 

7. CCblJlKH Ha JlHTeparypy B TeKCTe )J.a!OTCJI no nopJ1,nKy apa6CKHMH UH<ppaMH B K.Ba)J.paTHblX CK06KaX. 

Cnl1COK JlHTeparypbl COCTaBJlJleTCJI B TOH )Ke 0OCJle)J.OBaTeJlbHOCTH, B KOTOpOH npHB0)J.JITC.s! CCb!JlKH Ha JlHTe­

paTYPY· <l>aM11n1111 11 HHHUHaJibl aarnpoa tta611pa10TcJ1 nony)lrnpttbJM Kypc11soM. 

8. CnHCOK Jll1Teparypbl cne.nyeT ocpopMJlJITb B COOTBeTCTBHl1 C rocy.napcTBeHHblM cTaH,napT0M " 6116J1HO­

rpacp114eCKaJI ccb111Ka" (fOCT P 7.0.5-2008), B 4acTHOCTH, tteo6xo,n11Mo YKa3aTh: 

a) )J.JlJI )l(YPHMbHblX CTaTeH - cpaMl1JlHH H HHHUHaJlbl aBTOp0B (He MeHee Tpex nepBblX), Ha3BaH11e CTaT bl1, 

Ha3BaHHe ~PHaJia (6e3 KaBbt4eK), ro.11., TOM, BbmycK, HOMep, CTPaHHUbI; 

6) )J.JlJI KHl1r - <paMl1JlH11 H HHHL{HaJlbl aBTOpOB, n0JlHOe Ha3BaHHe KHl-trH, MeCTO 113.QaHHJI, 113,!1.aTeJlbCTBO 

(6e3 KaBbI4eK), ro.n 113,namrn; 

B) )J.JlJI asrnpecpepaTOB .n11ccepTaUHH - cpaMHJlHIO H MHHUHaJlbl asrnpa, Ha3BaHHe aBTOpecpeparn .QHc cep­

Tau1111, Ha COHCKaHHe KaKOH Y4eHOH CTeneH11 Han11caHa .n11ccepTal{H.ll, MeCTO 11 ro.n 3alJ..lMTbl ; 

r) )J.JlSI npenpHHTOB - <paMHJlHH H 11H11U11aJlbl aBT0pOB, Ha3sam1e npenpHHTa, Ha11MeHOBaH11e 113,naiomei:1 

opraHl13al{HH, WH<pp 11 HOMep, MeCT0 11 ro.n H3)).aH11J1; 

.n) )J.JlJI naTeHTOB - cpaMHJlMH J,I HHHUHaJlbl aBTOpOB, Ha3BaHHe naTeHTa, CTPaHy, HOMep J,I KJlacc naTeHTa, 

,nary J,I ro.n 3aJIBJleHHSI 11 ony6nHKOBaHHJI naTeHTa; 

e) )J.JlJI OT4eTOB - cpaMHJ11111 H HH11UHaJlbl aBTOpOB, Ha3BaHHe OT4eTa, HHBeHTapHblH N2, HaHMeHOBaHHe 

opraHH3al{HH, ro.n BblnycKa; 

)I() )J.JlJI 3JleKTpOHHhlX HCT04Hl1KOB - OOJlHblH 3JleKTPOHHblH a.npec (BKJ1I04aJI .nary o6pameHH.s! K HCT04-

HHKY), 003BOJlSIIOIJ..lHH o6paTHTbC.s! K ny6n11Kal{HH. 

9. B KOHUe TeKCTa YKa3btBaeTCSI KOHTaKTHaR HH<pOpMaUHSI O scex aBTopax CTaTbH: cpaMHJlHSI , HMJI 11 OT-

4eCTBO (nOJlHOCTblO), )J.OJl)KHOCTb, TeJle<pOH, e-mail 11 no )l(eJlaHl1l0 aBTopa - ,noMaWHHH n04TOBblH a)J,pec. 
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BmtMaHHJO 'IHTaTeJieu 

H3Y'IH0-TeXHH'leCK0ro c6opHHK3 

"Bonpocbl aTOMHOH uayKH H TeXHHKH. CepHH: <l>HJHKa H.11,epHblX peaKTopos"! 

Pe,nK0JJJJenrn c6opHHKa " BAHT. Cepm1: <l>HJHKa .H,nepHbJX peaKTopos" HHQJOpMHpyeT as­

Topos H qJ,fTaTeneii c6opHHKa 06 opraHHJaUHH co II nonyro,llH$1 2007 r. no,nnHCKH Ha "BART. 

CepH.H: <DHJHKa .H,uepHbIX peaKTopos". C6opHHK BKJIIO'leH s KaTaJior "l,iJ,uaHIDI opraHOB Ha­

~Ho-TeXHH'leCKOH HHQ)OpMau1rn" OAO AreHTCTB0 "Pocae'laTb" (HH.UeKC 66675, ITO,llITHCHa.H 

uetta 200 py6. 3a 0.UHH JKJeMnnHp). 

HanoMHttaeM, 'IT0 " BAHT. CepH.H: <l>HJHKa H,uepHbIX peaKTopos" no-npe)l<HeMy HJ,uaeTc.H 

B rpex BbrnycKax.: <l>HJHKa H MeT0,llbl pacqera .H,uepHblX peaKTopoB, )],HHaMHKa H 6e3onaCHOCTb 

H,UepHblX :mepreTHlJeCKHX ycTaH0B0K H 1-iMITYJJhCHbie peaKT0pbl H npocTbie KpHTH'leCKHe 

c6opKH. 

IlpH3bIBaeM JaHHTepecosaHHblX cneUHaJIHCT0B no.u.uep)KaTb aKTKBHOH ITO,UITHCKOH 

c6opHHK "BAHT. CepHH: <l>HJm<a .H,uepttbIX peaKTopos". 

BOIIPOChl ATOMHOH HAYKH H TEXH.HKH 

C e p H si: <l>H3HK3 sinepHblX peaKTopoB 

BbmycK 2 

OraeTCTBeHHblH Ja Bb1nycK C.M. 3ap11uK11A 
(Ten ./q>aKc: ( 499) 196-71-98, e-mail: zaritsky@adis.vver.kiae.ru) 

Pe,naKTOp B.B. n11e.J1IIH 

(Ten./q>aKc: (499) 196-99-44, e-mail: pchelin@adis.vver.kiae.ru) 

nonnHca110 s ne'laT1, 1.03.09. <t>opMaT 70x I 08/16 
ne'laTb o<j>cerna.R. Yen. ne'I. n. 15.S. Y'I.-HJll. n. 17.S. THpIDK 250. H1U1eKc 3646. 12 CTaTell. 3aKaJ 20 

Orne'!aTa110 B PoCCHHCKO\I 11ay<IIIOM ue11Tpe '·Kyp'laTOBCKHII HIICTHTYT
0
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