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IlepcneKTHBbl " npo6JICMbl HCDOJlb30BaHHH B peaKTopax 

JierKOBO,LJ;HOro TCDJIOHOCHTeJIH CBepxKpHTHIJCCKOro ,LJ;aBJJCHHH 

,LJ;JIH DOBblIDCHHH 3<l><l>eKTHBHOCTH H,LJ;epuoro TODJIHBHOro QHKJia 

11.H. AneKceeB, 10.M. CeM11e11KoB, A.A. CeooB, C.A. Cy66om1m, A.B. qu6uwteB, 
PHU: "KypqaToBeKHM HHeTHTyr", 123182, MoeKBa, rrrr. KypqaTOsa, 1 

Iloeryrmrra B pe,uaKu:i,1ro 17.07.2009 r. 

ITpoBO.lJ.HTC.11 aml.flH3 TeH,ll.eHUHH pa3BHTH.II 3neKTponpOH3BO,ll..llll(ero ceKTopa 3HepreTHKH PocCHH H MHpa 
s HacTo.11mee speM.11 11 B 6n11)1(aHweM 6y.n.ymeM. ConocrnsmnoTc.11 TeH.n.eHUHH poem ueH Ha pecypcb1 opraHH­
lfecKoro 11 .11.n.epHoro Tonn11sa, np11MeH.11eMoro .n.n.11 npo1nso.n.crna 3neKTp03Heprn11. BbmonH.11eTc.11 aHarr113 
KOHKypeHTocnoco6HoCTH npo11Jso.n.crna 3neKTp03Heprn11 Ha A3C no cpasHeHHIO c T3C Ha yrne 11 ra3e. Pac­
CMaTp11saeTc.11 3cpcpe1'.'THBHOCTb OTKpbITOro H pa3HblX sap11aHTOB 3aMKttyTOro .11.n.epHoro TOnnHBHOro UHJ<Jla 
(JITI.U. Onpe.n.e11.1110TC.II Tpe6osaHHJI K nerKOBO,ll.HblM peaKTopaM (JIBP) B cueHapHH .!l.HHaMw:JHO pa3BHBalO­
LUeHC.II aTOMHOH 3HepreTHKH (A3) PocCHH. ITpHBO.lJ.}ITC.11 pe3ynbTaTbl aHamna 3cpcpeKTHBHOCTH T0nmrno11c­
nonb30BaHH.11 .n.n.11 pa3nHlfHbLX sap11aHTOB KopnycHblX JlBP co csepxKpHTHlfeCl(J,11\111 napaMeTPaMH TennOHO­
CHTen.11. ITepelfHCfl.lllOTC.11 npe11Mymecrna H npo6neMbl peaKTOpOB C B0.!l.OH csepxKpHTHlfeCKOro .n.asneHlrn 
(CK,lJJ 

K 111ol/e6ble CJZ06a: ycTaHosneHHa.11 MOLUHOCTb ueHbl Ha opraHHlfeCKOe TOnnHBO, ueHbl Ha npHpO.!l.Hb[H 
ypaH, ce6ecTOHMOCTb 3neKTp03HeprnH, nerKOBO,ll.Hble peaKTOpbl, .11.n.epHblH TonnHBHblH UHKJI, TennoHOCHTenb 
csepXKpHTHlfecKoro .n.asneHH.11. 

Prospective and Problems of Application of Light Water Supercritical Coolant in Reactors for Up­
grading Efficiency of the Nuclear Fuel Cycle. P.N. Alekseev, Yu.M. Semcltenkov, A.A. Sedov, S.A. Sub­
botin, A. V. Cltibinyaev, RRC "Kurchatov Institute", 1, Kurchatov Sq., Moscow, 123182. An analysis of cur­
rent and near future trends of electroproducing sector development of Russia's and World's energies is pre­
sented in this paper. Tendencies of prices growth for fossil and nuclear fuel used in electro generation at FFPP 
and NPP are compared. It is analyzed a competitive ability of electricity production at NPP comparatively 
with coal and gas power plants. Efficiency of open and a few variants of closed nuclear fuel cycles are consid­
ered. Number of requirements to light water reactors for scenario of dynamically development of the Russia's 
nuclear power is listed. Results of analysis of fuel consumption efficiency for a few variants of vessel-type 
reactors with light water supercritical coolant are given. Benefits and problems of SCW reactors are reviewed. 

Key Words: Available Capacity, Fossil Fuel Prices, Nature Uranium Prices, Electricity Prime Cost, Light 
Water Reactors, Nuclear Fuel Cycle, Supercritical Coolant. 

1. MeCTO A3C B KOHKypeH(lUU pa3HblX BeTeeu 
:rnepronpou3eo.a.cTea e Poccuu u Mope 

CTpaTerlUI pa:3BHT1UI npOH3BO,lleTBa 3JieKT­

p03HeprnH B Poee1rn 6a:3HpyeTeSI Ha eoxpaHe­

HHH JIH,D,HPYJOlllHX Il03HUHH ra:30BblX H yrorrb­

HblX T3C, a TaK)Ke Ha yBeJIHqeHIIB ,uonH A3C 

B o6meM 6arraHee MOlllHOeTeH [ 1] (pHe. 1) 1. 
)];oJISI T3C, Herronh3YJOll.l,HX ra30BhIM 

3HeprottoeHTeJih, 110-□pe)l(HeMy 3Ha4HTeJibHO 
npeBbIIIJaeT see oeTaJibHbie eoeTaBJIHIOIUHe 

3JieKTporrpOH3B0,llCTBa B PoeeHH. 3am:l)KeHHbie 

no CpaBHeHHIO e MHpOBhIMH BH)'TpeHm:le u.e­
Hbl Ha ra:3 HH)Ke u.eH Ha yr0Jib a 1,5 pa:3a, qTO 

1 Puc. 1 ... 3, 5 ... 8, 10 ... 17 no,\1eu1eHbl 1-1a 
4eemHoii BK11aOKe 

TOpM03HT y Hae pa:3BHTHe yrOJlbHOro eeKTOpa 
3JieKTpOI1pOH3BO,lleTBa. O,uHaKo rrporH03 ,D,O 

2020 r. IlOKa:3bIBaeT, 4TO eHTYaJ.lHSI e eOOTHO­

llleHHeM u.eH ra:3-yrom, H3MeHHTCH Ha npHMO 
rrpOTHBOTI0JI0)KHYJO [2] (pHC. 2), qTQ 6y,ueT 

eTHMyrr11poBaTb pa:3BHTHe MOIUHOeTeH yrorrb­

HbIX T3C. 

U:eHbl Ha ra:30Bblli 3HeproHoeHTeJib 6y.l.lyr 

He)'KJIOHHO paeTH, qTo eBH3aHo e He'-leprraHH­

eM ,uerueBoro raJoBoro pecypea (pHe. 3). 
CttH)Kemrn ,uasrreHHH ra:3a B 3KerrnyaTHpye­

MhIX eKBa)KHHaX I10Tpe6yeT rrpHBneqeHIDI H0-

BbIX ,uoporoeTOHll.l,HX Texttononrn: H 3Heprope­

eypeoB ,D,JISI OTKaqKH ra:3a. KpoMe Toro, rroTpe-

6yroTeSI rrp0Be,D,em1e reorroropa:3Be.UKH H oeBo­
eHHe HOBbIX eeBepHblX MeeTopo)l(,lleHHH, 'ITO 

TaIOKe np1rne,D,eT K 3CKaJiaUHH u.eHbl Ha fa:3. 
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PoccIDI ffi3JUleTCH BTopoi1 cTpaHoi1 s MHpe 

no pa:rne.n.aHHbIM 3anacaM yrmr [3] (p11c. 4). 
TeM He Mettee e)Kero.n.HaR .uo6hI'la yr1rn B Ha­

mew cTpaHe B 10 pa3 HH)Ke, 'leM B K1uae [ 4]. 

B 90-x IT. rrpornnoro CTOJieTHR s MHpe (KpOMe 

KHTaR) cymecTB0BaJia TeH,l],eHU:lUI Ha CHH)Ke­

HHe .n.06bJ1Ui yrnR. O.n.HaKO B K0HUe 90-x, K0-

r.n.a ueHbl Ha raJ CTaJIH CTPeMHTeJibH0 pacnI, 

B03p0.UHJIC11 MHTepec :mepronp0H3B0,ll,filUMX 

KOMilaHKH K yrmo 11. .uo6bl'-la yrnH BH0Bb CTaJia 

Il0BbllllaTbCR. 

.,; "' ~ .,; 

~ If 'I I I u l ! I i i ' i J"' ~ ~ Pt " J ~ l ! ! ,! 
~ 

;,. 

a. l 
PHC. 4. ,UoKa3aHHbJe 3anacb1 yrmr (Mnp.n. T) no 
CTpaHaM no COCTO.!IHHIO Ha KOHeu 2004 r . 

Ha cerO,ll,HRIIIHHJf ,ueHh MMp0Bbie ueHbl Ha 

raJOBblli :rneproH0CHTeJib B 2,5 . . . 3 pa3a Bbl­

we, 'leM Ha yr0Jib [3]. 3TO o6'bHCHReT rrpeBa­

JIHpyiomyro Ha,U 0CTaJibHhlMH ,ll,0JUO yroJibHbIX 

T 3C B o6meM MMp0B0M 3JieKTP0IIp0H3B0,ll,CT­

Be (puc. 5), B03paCTalOlll)'lO c 41 % B 2005 r. 

.n.o 47 % B 2030 r. [5]. ,[(onR )Ke A3C B MHpo­

BOM npOH3B0,ll,CTBe :meKTPR'leCTBa 0CTaHeTCR 

npHMepH0 Ha 0,ll,H0M u TOM )Ke yp0BHe l O . .. 12 

%, HeCM0TPR Ha DOJiyropHbIH npupocT HX 

MOlllHOCTeH. 

IIocne 1998 r. s PoccHH TaK)Ke, xorn H 

MeHbllIHMH TeMTiaMH 'leM B MHpe, HaMeTRJiaCb 

TeH,UeHUHR K pocTy .uo6bJqlf yrnR [ 4 , 6] (puc.6, 

7). CornaCHO reHepanbHOH cxeMe pa3BHTHj{ 

pOCCHHCKOro 3HepreTH4eCKoro pbIHKa ~e B 

6JIR)KaHIIIeM 6y.uymeM ,ll,0JI)KHbl npOH30HTH 

cymeCTBeHRoe pa3BHTHe yroJibHbIX M0lllH0C­
TeH H yseJIHt1em-re ,ll,0ID[ yrm1. B T0IIJIHBH0M 

6anattce Ha 10 % K 2015 r. u 14 % K 2020 r. 

Ilpu 3T0M .U0JIR yronbHbIX T3C noBhICHTCR c 

25 ,ll,0 35 % [7). 

XapaKTepHOH oco6eHHOCTbIO CTPYKTYPbI 

ce6ecTOHMOCTH 3JieKTp03HeprHH Ha opraH11-

qecIrnx T0ilJIHBax HBJIHeTCR 60JiblllaR T0ilJIHB­

HaR C0CTaBJIRIOlllaR (ra6rr. 1): OT 55 . . . 65 % Ha 

yroJibHblX T3C ,ll,0 75 .. . 85 % Ha raJ0BblX u 

raJoMaJYfHbIX T3C [8]. C .n.pyroii crnpoHbI, 

TeTIJI0BM 3HepreTHKa pa6oraeT B 0TKpbIT0M 

T0IIJIHBH0M URKJie - 3,ll,eCb He cymecTByer 

B03M0)KH0CTR, KaK B .5ITIJ,, norryqaTb BTOpM'l­

H0e T0ilJIHB0 npH C)KHTaHHH nepBH'IH0fO. IIo-

3T0MY 0CHOBHblM CTHMYJI0M yseJIR'leHHR 3KO­

H0MH'lH0CTH 3TRX CTaHQHH CTaH0BHTCR CHH­

)KeHHe pacxo.n.a T0IIJIHBa Ha l KBr-qac rrpoH3-

se.n.eHHOH 3HeprHH, 'lT0 03Ha'laeT C00TBeTCT­

B)'lOl.llee II0BbIDieHHe KIT,[( CTaHI.{HH. 

Cero,n:HH B PoccMH 60JibDIHHCTBO rrapo­

Typ6HHHhlX T3C, pa6oTaIOIIIHX Ha yrne np11 

,ll,0KpHTH'leCKHX .n.aBJieHIDIX. rrapa 130 .. . 160 aT, 

HMeeT KIT,[( CTaHUHH Ha yp0BHe 30 .. . 32 %, a 

y.uerrhHbIH pacxo.n. TOI1JIHBa 380 .. .400 ryr/ 
KBT-'lac. IIapoTyp6HHHbie T3C, pa6ora10mHe 

Ha raJe npH .[(0KpHTH'leCKHX .ZlaBJieHHHX napa, 

HMeIOT 6onee BbICOKHH KIT,[( CTaHU:HH Ha 

yp0BHe 38 . .. 40 %, a y,neJibHblH pacxo.u T0II-

JIHBa 330 .. . 340 ryr / KBT-'laC . 

CrpeMJieHHe CHH3HTb y.ueJibHblli pacxo.n. 

T0ilJIHBa Ha T3C II0CTOHHH0 CTHMYJIHpyeT 

pa3pa6oTKY TeXHOJIOrHH 11 TeIIJI0BbIX cxeM 

,ZlJIR II0BbIIlleHHH KIT,[( CTaHUHH. TaK, npH 

np11MeHemrn: raJoBoro 3HeproH0CHTeJIR qpe3-

Bbl'laiiHo 3K0HQMHq]Il,IM 0Ka3aJICR 6HHapHbIH 

raJonapOBOH UHKJI, K0TOpbIH HCII0Jib3yeT Ten­

JI0TY raJ0B aa BhIXnone ITY .l.{JIH reHepauHH 

napa, nocTynaromero Ha naposyro Typ6HHy. 

,[(aHHM cxeMa He T0JibK0 II03B0JIReT .Z.{0CTH-

T 6 a JI n n a 1 C 6 TPYKTYPa ce eCT0HMOCTH :rneKToonp0H3B0)].CTBa B PocCHH, % 

3aTpaTbl 
3neKTponpOH3B0.IJ..!IUlHe CTaHUHH 

A3C T3C (yronb) T3C (Ma3YT, ra3) r3C 

TonnHBO 35,2 65,0 75,0 -
AMopTH3au11.11 44,5 18,2 I 0,2 82,3 
3apa60THa.!I nnaTa H OT4HCJleHH.!I Ha CTpaxosaHHe 7,3 6,0 5,0 5,0 
BcnoMoraTeJlbHbJe MaTepHanbl + TeKylllHH peMOHT 7,4 5,3 5,3 4,9 
TTpo4He 3aTpaTbl (o6mecTaHUHOHHble paCXO)J.bl) 5,6 5,5 4,5 7,8 
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ran, BblCOKOro KIT)]. CTaHIJ,11H (47 .. .48 % na­
)Ke npH JlOKpHTH'-leCKHX naaneHHHX napa Ha 

BXO)le B napoByl:O Typ611Hy) HO 11 3Hat.JHTeJ1b­
HO ynpOCTl1Tb H ynerneBHTb TeXHOJ1Or11YeC­

Kyl:Q CXeM)' nony-yeHHH :meKTpO3Heprm1. 

YrOJlbHbie CTaHUHH CTaJJH pa3BHBaTbCH no 
nyrH KapHOTH3aUHH napoTyp6HHHOro UHKJJa 

PesKJrna H nosbnueHHH napaMeTPOB napa 
(nasneHHH H TeMnepaTypbI OCHOBBOro H npo­

Me)KyrOl.JHblX neperpeaoa). Ha pnc. 8 npen­
CTaBJJeHa L{HarpaMMa nOBblI.lieHHH Kn)]. eapo­

neHCKHX yronhHbIX CTaHUHH c CK)]. Typ6HHa­

MH no Mepe OCBOeHHH HOBbIX TeXHOJJOrHH, 

KOHCTpYJ(UHOHHblX MaTep11aJJOB 11 fIOBbIIlleHHH 

napaMeTpOB napOBblX neperpeBOB [9]. KaK 
BH)lHO H3 npHBe)leHHOH .z::i:11arpaMMb1, Kn)]. 
yroJ1bHbIX CTaHUHH B nepcneKTHBe nepeceqeT 

py6e)K 50 %. 

KpoMe Toro, B nocneLJ;Hee speMH npo1no­
rneJ1 TeXHOJIOrHYeCKHH npopbIB B fIOBblI.liemrn 

3cpcpeKTHBHOCTH 3JieKTporrpOH3BO,llCTBa npH 

C)f(HraHHH yr1rn 3a CYeT COBMeIIJ,eHHH npouec­

ca IGCC (Integrated Gasification Combined 
Cycle) ra3H<pHKaUHH ynrn c 6HHapHbIM raJo­
napOBbIM UHKJJOM H apHMeHeHHH TeXHOJJOfHH 

PFBC (Pressurized Fluidized Bed Combusti­

on) cpmOHJlH3ailHH yrOJibHOH TiblJJH fIOJl .uaB-

11em-1eM B raJH<p.HKaTOpax. 
I1caom,3osaHHe CK)]. TYP6HHbI B 611Hap­

HOM raJonapOBOM IIHKJ1e (,ua)Ke npH He Ot.JeHb 

BblCOKHX rrapaMeTpax rrapa: 250 6ap., 540 . °C) 

naeT KIT)]. TaKOH. rn6pH.UHOH CTaHl..{HH Ha 
ypOBHe 51 ... 52 %, a KpOMe TOro n03BOJJHeT Ha 
25 % CHH3HTb Bb16pocbI CO2 H Ha 95 ... 99 % 
coKpaTHTh BhI6poch1 0KHCJ10B a3oTa NOx H ce­
phI SOx [9]. IlpH 3TOM pacxo,u yrJUI Ha TaKHX 

T3C CHH)KaeTCH .n;o 230 ... 240 ryr/KBT-1-1ac 11, 
KaK BH,llHO 113 npHBe,UeHHOH HH)Ke Ta6JJ. 2, 
y.n;eJJbHaH CTOHMOCTb yroJ1bHOro TODJlHBa CTa­
HOBl1TCH a 2, 1. .. 2,8 pa3a HJ,[)l(e TOITJIHBHOH co­
CTaBJIHIOIUeH raJOBhIX T3C H .ua)Ke HH)Ke 

yJleJihHOH CTOHMOCTH HJlepHoro TOilJ1HBa, npH­
MeH.sreMoro Ha A3C. 

U:eHhl Ha opraHHYeCKHe 3HeproHOCHTeJIH 

.UOBOJlbH0 HeCTa611J1hHhl H 3aBHC.sJT OT KOH'b­

l:OHKTypbI pbIHKa H TeH,UeHUHH B MHpOBOH 
3KOHOMHKe. O.uttaKo u,eHOBOH rpeH.n;, B3.sJThIH 
no JlOCTaTOlfHO ,u11HTeJ1hHOMY rrepHOJlY speMe­
HH, IlOKa3bIBaeT rrpHMepHO 6,2 %-HbIM e)Ke­
fO,llHbIH IIpHpOCT ueHhI Ha ra3 [10] (pHC. 9) 11 
4,5 %-HhIH npHpOCT ueHhl Ha yronh [ L 1] (p11c. 
I 0), HCnOJib3yeMhrn ,UJ]H npOI13B0.UCTBa 3JieKT­
pO3Hepnrn. IlpH TaKOM COOTHOllieHHH TeHL{eH­

IIHH poem ueH pa3phm Me)K,lly uettaMH Ha raJ 
11 yronh 6y,ueT see spewi: HapacraTb H, KaK 

IIOKa3hIBaeT nporno3 [ 12], K 2025 r. y,ueJJbHa.sJ 
ueHa (.UOJIJ]/f )].)K) Ha ra3 6yLJ;eT npHMepHO a 
3 ... 3,5 pa3a Bhillle ueHI,1 Ha yro11h. 

CoxpaHeHHl:O )laHHOH TeH,UeHl.{lfJ,f B 61111-

)KaHllleM 6y.n.YllleM 6y.n.eT cnoco6crnosaTh 

T a 6 JI " u a 2. CpaBHeHHe CT0HM0CTHblX nOKcl3aTeJleH ,U.JUI pa3HblX THn0B 3JletrrpOCTaHUHH (B 6cl3HCHOM 

pe)l{HMe), pacc'-IHTaHHblX pa3HbrMH opraHH3au11S1M11: I - EIA, 2 - MINJFI, 3 - University Essen, 4 - ECN f3l 
OpraHH3au111-1, np0B0,UHBUme oueHKH 

TioKcl3aTeJJb 1 2 
.., 
.) 4 I 2 3 4 1 2 4 

YroJJbHbre T3C Tiapora3osb1e T3C A3C 

K03cpq>HUHeHT ,UHCK0HTHpo-
8 8 10 9 8 8 10 9 8 8 9 

BaHHll, % 
KTI.[{, % 36,7 43,5 38,6 45,4 53 57,1 55 58,5 32,8 36,1 33 
10,uosaH npo.uom1rnTeJ1b-

7 446 8 000 7 500 7 500 7 446 8 000 7 500 7 500 7 446 7 500 7 500 
H0CTb pa60Tbl, '-lac 

y ,ueJlbHbLe KanHTaJJbHble 

BJJ0)l{eHHH, .uonn/KBT ycrn- I 300 I 750 I 025 I 500 500 658 525 675 2 000 2 079 2 312 
HOBJleHH011 M0W.H0CTH 

CpoK cJ1y)K6b1 neT 40 35 35 30 40 25 25 20 40 60 40 
CpoK CTp.-M0HT. pa6oT, Mee 48 36 36 - 24 26 24 - 60 78 -

UeHa Tonn11sa, ,uonnhyr 54 50 4 75,6 50,4 159 148 149 126 - 58 -
Ce6ecTOHMOCTb 3J1hHeprn11, 

I 0-3 ,UOJlWKBT-'-laC 
42 43,9 42,5 43,7 41 44 7 43 8 48 7 67 38 51,2 
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PHc. 9. JJ:HHaMHKa ueH Ha raJ (a JlOJTn/r.LJ:,K cnesa 
H JlOJTJT/M3 cnpasa) c MapTII 2002 no MapT 2009 r. 
(nyHKTHpOM noKaJaHa JTHHHJI TpeH}la) 

3Ha'IHTeill>H0 6om,mee HCTOilleHHe ra30B0r0 

pecypca no cpaBHeHHIO c yronhHhIM. TaKHM 

o6pa30M, B 6mDKaiinrne 20 ... 30 neT A3 npH­

JJ.eTcR K0HKypHp0BaTb He T0JibK0 C ra30BOH, 

HO H Ha611pa10ruei1 o6opOTbl yrOJibHOH :)Hep­

reTHKOH. IlpHtieM, eCJIH 30 .. .40 JieT Ha3a.l]. 

.R:JJ.epHa.R: oim11J1 HMena cymecTBeHHble npeH­

Mynlecrna nepe.n yronhHOH no yJJ.eJihHhIM 3a­

TpaTaM Ha T0ilJIHB0 11 0TCYTCTBHIO BbI6pocoB 

CO2, NOx H SOx, Tenepb nocne cymecTBeH­

HhIX TeXRonon,rqecKHX MOJJ.epHH3aUHH yronh­

Hble T3C onepe)KaIOT A3C npaKTH1IecKH no 

BCeM C0CTaBmrIOIUHM ce6eCTOHMOCTH 3JleKT­

p03HeprHH H CTaH0BHTCJI 3HatIHTeJibH0 6onee 

npHBJieKaTeJibHbIMH J].JIR HHBeCT0pOB H3-3a B 

1,5 pa3a 6onee HH3KHX KarnnaJibHhIX 3aTpaT H 

B 1,5 ... 2 pa3a MeHbllIHX cp0K0B CTp0HTeJib­

CTBa CTaHUHH (Ta6JI. 2). O6pa3HO r0B0pH, 

" yronhHhIH napoBo3" YM'la.JICH BnepeJJ., a 

" R,nepHbIH 6p0Henoe3,u" HHKaK He M0)KeT pa-

30rHaThCH H3-3a co6CTBeHHOH TH)KeCTH. 

JJ:eiiCTBHTeJII,HO, 0CHOBH0e JJ.0CTH)KeHHe 

A3 Ha cero.l].HHIIIHHH J].eHh - 3T0 npH6JIH3H­

TeJ1bH0 5 %-Hoe BbIT0paHHe npH 5 %-HOH no 

u235 
3arpY3Ke T0nJIHBa B peaKT0p B 0TKpblTOM 

.5ITU:. IlpH 3TOM B cnyqae 0,2 %-Haro C0JJ.ep-
235 

)KaHHH u B 0TBa.JibH0M ypaHe II0CJie npo-

uecca o6oraruettHR JJ.JIH .neneHHR 0JJ.Horo Kr 

HJJ.ep B peaKT0pe Heo6xo,nHMO n0JiyqHTb 180 
Kr npHp0,UH0ro ypaHa B BH,Ue HCX0J].H0ro Cbl­

pbR - ypaHOBOH CM0JIKH U 3Os. TaKHM o6pa-

30M, KM 11cno111,30BaHHR RJJ.epHoro ropIO'le­

ro Ha A3C Ha cero,nHHIIIHHH J].eHh cocTaBJrneT 
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~ 0,5 ... 0.6 %, '-ITO MeHhIIJe Kll.D: npHMeHeHHH 
XB0p0CTa ,Ullil npHT0T0BJTeHIDI ropJll'leH IIHIUH 
nepso6bITHblMH JllO,UbMH. OCTaJibHbie 99 ,5 % 

TH)KeJibIX aTOMOB (T.a.), KOTop1,1e noTeHIIHa.Jib­

H0 M0rYT yqacrnoBaTb B npouecce 3Hepronpo­

H3B0JJ.CTBa, 'laCTH'IH0 Jie)KaT Ha CKJia.l].aX 0T­

Ba.JibH0f0 ypaHa, a qacTbIO B xparuurnmax 

O.5IT (oTpa6oTaHHOro RJJ.epHoro TOIIJIHBa). 

TaKoe TOIIJ1HBOHCIIOJ1h30BHHe 3KOHOMH­

qecKH np11eMJ1eMo B 3noxy 6ypHoro poem 

MOIUHOCTeH A3C, K0rJ].a ueHa Ha npHpOJJ.HbIH 

ypaH (B BHJ].e U3Os) 6hrna Ha yp0BHe 10 ... 30 
JJ.Onn!Kr. O,nHaKo, Ha ceroJJ.HHrnIDm JJ.eHh B 

MHpe ueHa Ha ypaH nepernna py6e)K l 00 
J].OJllliKr, a ueHa pa3,neJIHTeJII,HOH pa60Tbl npe­

BbICHJia 130 ... 160 JJ.Onn/EPP [13]. KaK BHJJ.H0 

113 pHC. 11, B TeqeHHe J].JlllTeJibH0ro BpeMeHH 

(1988-2004 rr.) ueHa Ha ypaH 61,ma JJ.OCTa­

TO'IH0 CTa6HJibHOH 11 He npeBbillla.Jia 20 J].OJin/ 

cpyttT ( 45 JJ.OJrn/Kr) [ 14]. C HHBapH 2003 r. ue­

Hhl Ha ypaH HatiaJIH paCTH co cpeJ].HeroJ].OBhIM 

TpeH,U0M 27 %. IlporH03bI pa3HbIX aHa.JIHTH­

K0B, npe,ncTaBJieHHbie Ha pHC. 12, oueHHBaIOT 

n0BbimeHHe ueHbI ypaHa K 2012 r. JJ.O 

90 ... 212 ,UOJIJI/cp)'HT (190 .. .435 J].OJin/Kr) [15] . 
EbICTpblli pOCT ueH Ha ypaH, TaK)Ke KaK H 

Ha npHpOJJ.Hl,lli ra3, CBH3aH C HC'lepnaHHeM pe­

cypcoB J].erneBoro yprurn CTOHMOCTblO MeHee 

80 J].OJIJl/Kr. Ha pHC. 13 npe,nCTaBJieHa J].Har­

paMMa JJ.0KaJaHHhIX pecypcoB ypaHa no ueHe 

80 ... 130 J].OJIJI/ Kr B pa3HbIX CTpaHax MHpa 

[16]. 
Ha npHMepe PocCHH M0)KH0 npo.1].eM0HCT­

p11poBaTb, HaCKOJibKO 6bICTpO HC'lepnaeM 3TOT 

pecypc. CornacHo JJ.aHHhIM [16] Ha A3C B MH­

pe cei-i-.iac BBeJ].eH0 3 70 fBT ycTaH0BJleHHbIX 

MOIUHOCTeH, K0T0pbie B C0B0KynH0CTH II0-

Tpe6JIHIOT 65 000 T ypaHa B ro.1].. PocCHH B Ha­

CT0HIUee BpeMR CHa6)KaeT T0ilJIHB0M Ka)KJ].blH 

rnecTOH peaKT0p B MHpe [I 7], T.e. n0CTaBmleT 

Ha pbIH0K II0pH,UKa 10 . .. 11 Tb!C. T ypaHa B 

ro.1].. JierKO n0J].C'IHTaTb, 'ITO npH pecypce 0T­

H0CHTeJibH0 J].erneBoro ypaHa B l 80 TbIC. T 

(p11c. 13) H TaK0M e)Kero,n:HoM pacxo.l].e era 

XBaTHT Bcero JIHlll_b Ha 18 ... 19 JieT. CornacHO 

JJ.aHHhIM [ 18] Pocc1,rn pacnonaraeT pecypcoM 

540 TbIC. T, HO c yqeT0M 6onee JJ.0pororo ypa­

Ha (no uette OT 80 JJ.O 300 JJ.Onn/Kr). 

Erue 6onee HHTeHCHBH0 T0IIJIHB0 Ha phi­

HOK II0CTaBJIHIOT CTpaHbl c 66m,rnHM 'leM y 

PocCHH, ypaH0BbIM pecypC0M - Ka3aXCTaH (B 



T a 6 JI H u a 3. np11MepHble np1,me.11.eHHble CT0HM0CT H 0CH0BHblX Tex.ttonorni-1 B 0TKpbl-

TOM TonmlBH0M UHKne PWR 5ITLJ, U P 0.51T 10·3 I B H B c peu11KJ10M H ll 113 , .uonn K T- '-taC 

CocTasm110LU11e UHKna 

nonyYeHHe CblpbH U,Os 
K0Hsepc11H U3O 8 s UF6 
O6orameHHe 

<I>a6p11KaU11H HH3Koo6oraw.eHHOro ypaHa 

<I>a6p11KaUHH cMewaHHoro MOX Tonn11sa 

l( ()J.1~4HaSI 48CTh IILIK.TTa 

CyMMapHaH CT0HM0CTb 

1,5 p3.3a) 11 ABcTpaJIIDI (B 2,2 p3.3a). TaKMM o6-

pa30M, II0BbIUieH11e ueH Ha ypaH He1136e:>KHO, 

TaK KaK ueHOBOH p0CT CJl}')KI1T npaKTJ1qeCKH 

e,rnrncTBeHHOH o6paTHOH CBH3bIO, c.uep)K11Ba-

10mei1 HcqepnaHHe pecypca. 

B rn6n. 3 npe.ucrnBneHa CTPYKTYPa rnrr­

JIHBHOH cocrnBmnomeu 3JieKTP03Hepnrn B 

0TKpbIT0M 5ITU: peaKTopa PWR [ 19] rrpH 

cne,uyI-OIUHX ueHax: npHpO,UHbIH ypaH - 68 
.uonn/Kr U30s, K0HBepcasi: - 6,8 .uonn/Kr U, 
o6orameHHe - 130 .uonn/EPP, cpa6pttKaum1 

rrepB0H 3arpY3KH - 225 .uonn/Kr, neperpY3KM -

200 .uonn/Kr, TpaHCII0pTlip0BKa 05IT - 36 
.uonn/Kr, y.uaJieHHe 05IT - 275 .uonn/Kr. 

flpOCTaSI oueHKa Ha 0CH0Be }laHHblX rn6n. 

3 II0K3.3hIBaeT, qTo rrpH II0BbIIIJeHHI1 3a TpH ro­

.ua ueHbI yprurn )10 yp0BHH 200 .. .400 JJ;OJIJII Kr 

CblpbeBaH C0CTaBJIHJOIUaSI B ueHe Ha T0IIJIHB0 B 

0TKpbIT0M 5ITU: B03paeTeT C00TBeTCTBeHH0 B 

3 ... 6 p3.3. flp11 3TOM }la)Ke B OTC)'TCTBI1e poem 

ueH Ha o6orameHae y.uefilHaH ueHa Torrn11Ba 

Il0BbICHTCH B 2,3 . . .4 pa3a, T0IInHBHaH C0CTaB­

nHJOIUM ueHbI Ha 3JieKTP03Hepr1110 Ha A3C -

Jl0 48 ... 63 %, a )'BeJIHqeIDie caMOH ueHbl M0-

)KeT 0K3.3aTbC51 B WHp0K0M .u11ana30He 18 ... 65 
%. U:eHbl )Ke Ha yrom, rrpH 3T0M II0BbICHTeH B 

cpeimeM T0llbK0 Ha 12 .. . 14 %. flpH TaK0M eo-

0TH0IIIeHHI1 poem ueH A3C CTaH)'T npoHrpbI­

BaTb a KOHKypeHTHOH 6opb6e e T3C Ha r3.3e r1 

yrne }')Ke qepe3 6ITJ-l)KaHUIHe HeCK0JibK0 neT. 

TaKMM o6p3.30M H caMH A3C, H Beeb 5ITU: 

H)')K}laI-OTCH B cepbe3HOH M0.UepmnaUHH, qTo-

6bI cymecTBeHH0 Il0BbJCHTb KIT.D: T0IInHB0HC­

Il0fil30BaHHSI H BepH)'Tb KOHKypeHTOCIIOC06-

H0CTb A3 B CTp0!O C TerrnOBOH 3Hepr eTHK0H 

Ha ra3e H yrne. flOBbIIllemi:e 3K0H0MJiiqH0eTH 

A3C .uon:>KHo HJlTH no II)'TH eHH)KeHHH Kan11-

TaJihHbIX 3aTpaT, noBbIIIJeHIDI KIT)], H ynyqUie­

HHH HeHTpOHH0fO 6aJiattea B peaKT0pax. 5ITU: 

OTKpblTblH UHKJl Peu11Kn 

5,9 4,075 
0,75 0, 175 

3,325 2,575 

1.1 0,85 
- 0,825 

0175 1.975 
10,975 10,475 

)Ke .UOJI)KeH M0}lepH113Hp0BaTbCH no Il)'TH )'Be­

JIHqeHIDI Jl0JIH peUHKJIHpOBaHIDI T0IIJIHBa, qTo 

6y.ueT HMeTh ene}lCTBHeM C00TBeTCTB)'IOIUee 

CHH)KeHHe pacxo.ua rrpHp0}lH0f0 ypaHa H K0-

m,1qecTBa 3axopamrnaeMhIX BP AO (BhICOKO­

pa.u11oaKTliBHhIX 0TX0Jl0B ). 

2. Heo6XO,!J,HMOCTb JaMblKaHHH 

TOilJIHBHoro D,HKJia 

D3.3Hp)'SICb Ha ]laHHbIX. [19] (rn6n. 3), 
M0:>KH0 oueHRTh, B KaKOH CTerremI C poeTOM 

uem,1 Ha rrpHpOJlHhlli ypaH peUHKJI OTPa6oTaH­

H0ro T0IIJIHBa CTaH0BliTCSI 3K0H0MHqecKH 

rrp1rnneKaTefilHbIM. TaK, rrpH II0BbillleHJ.Ul 

uem,I ypaHa Jl0 ypoBHSI 200 .. .400 }lOJlJI/ Kr 

(np11 ern6HJihHOH ueHe o6oramemrn) ueHa 

Ha peUHKJIHp0BaHH0e T0IIJIHB0 CTaHeT Ha 

22 .. . 25 % MeHbllle ueHbl Tonmrna B 0T­

KpbITOM UHKJie . I1pH pocTe ueH Ha 06ora­

mem1e 3K0H0MHH OT peUHKJIHp0BaHHH eme 

6onee yBe11aq11TcSI. 

B 0TKpbITOM TOIIJIIIBH0M UHKJie y.uenbHbIH 

pacxon np11po.uHoro ypaHa orrpenensi:eTcH 

KIT)], A3C (11A3c), 0TH0llleHHeM npoueHTa 

p3.3nenliBUIHXCSI: SI:,llep ( a) K rrpoueHTY 06ora-
2r 

ll.{eHHSI T0TTITHBa (x), eonep)KaHJ:teM u ::, B 0T-

BaJie (y), eo.uep)KaHHeM U235 
B npHpO.D.H0M 

ypatte (co) H npH X >> y rrpaKTHqeCKH He 3aBH­

CHT OT eaMoro o6orall.{eHIDI Tornnrna: 

0,365 (x - y ) 0,384 l 
g =--------:::::---

GJ llAX(a/x) /1, 05 ( C0 - y )x T]AX(a/x) ( C0 - y ) 

T T.a./fBT-roJl 3<p. 

Ha p11e. 14 rrpHBe}leHa 3aBHeHMOCTb gl,, 

OT a/x H 11 A3C rrpH x = 5 %, y = 0,2 % B OTKpbI­

T0M 5ITU:. BH.llHO, 'ITO Kn,[J, A3C M0)KeT noc­

TaT0'-lH0 eaJibH0 BJIHSITb Ha paexo}l nplip0)lH0-

r o ypaHa. Tar<, )'BeJiw:reHHe Kll.D: c 31 JJ;O 43 % 
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cmrn<aeT pacxo.n rrpHpo,nHoro ypaHa aa 28 % 
rrpH 0,llHOM H TOM )Ke a/x. O,llHaKo, ecJIB rrpH 

IIOBbIIIIeHHH KIT,[( A3C yxy,nmaeTc& Heih­

poHm,rii 6anaHC B aKTHBHOH 30He H a/x CHH­

)KaeTCH, TO pacxo.n; ypaHa MO)l(eT He TOJlhKO He 

YMeHI:,illHThCH, HO ,n,a)l(e H B03pacni:. 
B ornH'llie oT pacxoJJ.a np11poJJ.HOro ypaHa 

pacxoJJ. Tomnrna >Jepe3 A3C B omKpbzn10.111 u 

3wtKHymo.M 5ITU: orrpe,nemi:eTcH rrpoueHTOM a 
BhITOpeslllliX T.a. B peaKTOpe H Re 3aBHCHT OT 

OTHOllleHH& a/x (pHc. 15): 

g = 0,384 , T T.a./rBT-fO)]. 3cp. 
A3C TjA3Ca 

B OTKpbITOM UHKne xpamrnH1Ua O5IT 3a­

rronH&lOTC& co CKOpOCTI,lO, onpe,LJ.en&eMOH 

pacxo,noM TOITJJHBa qepe3 A3C. Ilo3TOMY B 

rrocne,LJ.Hee speM& s MHpe IIOHBHnacr, TeR,neH­

UH& IIOBhIUieHHH BhITOpaHID!. TOITJIBBa B JIBP B 

uenHX 3KOHOMHH Ha xpaRemrn O5IT. 

B 3aMKHyTOM 5ITU: (35ITU:) BMecTO xpa­
HeHHH scero O5IT Re06XO)].HMO xpaHHTb TOJJb­

KO He6onhll1Yl0 ero qacTb (BP AO), ocTaIOUJy­

roc& rrocne nepepa6oTKH TOIIJIHBa. CoBpeMeR­

Hhie BO,llHhie MeTOL{bl rrepepa6oTKH TOIIJIHBa 

rrpHBOJl&T K o6pa30BaHHlO 60JJbIIIOfO KO.Jllille­

CTBa :>KHJJ.KHX PAO, qTo ,nenaeT perrpoueccHHr 

H 3axopoHeHJ1e nepepa6oTaHHhIX oTXo,nos 

eUie )].OCTaTOqffO .n;oporHMH. IT03TOMY B 3TOH 

qacTH 5ITU Heo6xo,n11Ma cMeHa TexHonorwi:e­

CKoro ITOKOJleHHH, 'IT06hI B IIOJJHOH CTeIIellli 

)].OCTH111:, rrpeHMYUJeCTB 35ITU: s COKparueIDrn 

06-heMoB 3axopaHHBaeMhIX BPAO H CHH3HTh 

n0Tep11 rnrrmma npH ero rrepepa6oTKe. 

3aMbI.KaHHe TOIIJIHBHoro UHKJJa rrpHHUH­
IlllaJJbHO Cffil3HT pacxo,LJ. npHpO,llHOro ypaHa H 

MHHRMH3HpyeT 3aBHCHMOCTh A3 OT 6h1cTpo 

U235 11cqeprraeMoro pecypca , II03BOJJH& B rrep-
crreKTHBe nepeHTH Ha 6onee, qeM s l 00 pa3, 

~ U23s IT e rrpeBOCXO)].HUIHH pecypc . pH BKJllOq -

HHH Th232 B 35ITU: pecypc HJJ.epttoro TonnHBa 

MO)l{eT 6bITh eUie Y.llBOeH [20]. 
Ha pHc. 16 rrpHBe,neHhI ouemrn [21] no 

3HeproeMKOCTH pa3HhIX sapHaHTOB U-Pu rnn­

JIHBHhIX UHKJJOB. BHJJ.HO, 'ITO 3aMbIKaH.He TOII­

JIHBHoro lU'IKJla MO)l(eT B pa3h1 H ,lla)Ke Ha no­

p&,llKH IlOBhICHTb 3cpcpeKTHBHOCTh TOIIJ1HBOHC­

IIOJih30BaHIDI. npH BBe,neHHH B 3.5ITU: nerKO­
B0,llHhIX peaKTOpOB C BhICOKHM K03cpcpauHeH­

TOM KOHBepc.lili TOIIJIHBa (Advanced L WR) H 
6hICTpbIX peaKTOpOB-Hapa6oT'IHKOB 1n6hITO'I­

HOfO IIJIYTOHHH (LMFBR ) . 
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0.UIIaKO, )];JUI npHHlU'IIlHaJJhHOro ITOBbUIIe­
HIDI KOHKypeHTOCIIOC06HOCTH A3 KaK OTpac­

JIH 3aMKHYThTH TOilJIHBHbIH IIJiKJI JlOJI)l(eH 
6hITh C03,llaH Ha HOBOM TeXHOJIOrH'IeCKOM 

yposHe, o6ecne'IHBa& JJ.HCTaHI.U10HRh1e onepa­
UHH C BhlCOKOQ)OHOBhIMH pa,nHoaKTHBHbIMH 

MaTepHanaMH H cymecTBeHHO CHH)l{a& 061,e­

Mhl PAO npH nepepa6oTKe OJIT. 

Mo,nepHH3aUH& JITU: TaK)l{e conpH)l{eHa c 

He06XO,l],HMOCThIO o6HOBJiemrn peaKTOpHoro 

rrapKa ycosepllleHCTBOBaHHbIMH JIBP C BhICO­

KHM K03cpq>HUHeHTOM KOHBepcHH TOIIJIHBa 

(CR= 0,85 . . . 1,0) H BBO,llOM fihICTphIX peaKTO­

pOB-Hapa6oT'IHKOB Pu C ,llOCTaTO'IH0 60JlhlIDIM 

K03cpcp11u11eHTOM BOCIIpOH3B0,llCTBa TOIIJIHBa 

(BR= 1,4 . .. 1,6). 

3. MecTo 111rnosa~nouur,1x JIBP 
B cTpy1c-rype paJsnsaro~eiicH A3 XXI seKa 

EcJIH paccMaTpirnaTh A3 KaK orpacnr,, 

cnoco6Hyro s 6y.n.YUJeM KOMIIeHCHpOBaTh .n.e­

q>HUHT 3JieKTpOIIpOH3B0)].CTBa B PoCCHH, TO 

~e K 2030 r. ycTaHOBJleHHbie MOIUHOCTH 

A3C )].OJl)KH_hl COCTaBJUITh s CYMMe 90 rBT, a 
K 2050 r. - 170 fBT. TaKHe Macuua6h1 A3 

onpe,n,eJIHIOTC& BHyTpeHHHMH norpe6HOCT&MH 

PoccHH no HapamHBaHHIO 3JieKrporettepalU'IH 
H o6meif 3a,uaqei1: ynyqmemrn Kaqecrna )KH3-

HH B PocCHH .no ypOBH&, xorn 61,1 npHMepHO 

pasHoro cpe,llHeesponeMCKOMY-
Ha OCHOBe CHCTeMHoro aHaJJH3a B03M0)K­

HhIX BapHaHTOB pa3BHTHH A3, OTJIH'IaIOIUHXC.SI 

THIIaMH peaKTopos, CTpYKTYPOH TOIIJIHBHoro 
UHKJia H )].OCTynHhIMH pecypcaMH (HHTer­

paJibHOe 11 ro,nosoe norpe6rreHHH ypaHa, pa3-
,ueJIHTeJJbHhie pa60ThI, MOIUHOCTH 3aBO,llOB no 

nepepa6oTKe OJIT H rrpo113so.n.crny rnnmrna, 

xpaHHJIHIUa OJIT, o6pameHHe c PAO, MalllH­

HocrpoHTerrhHa& 6a3a, 06ecne"IeH11e Ka,npa­

MH), s [22) npe,UJJO)KeH OCHOBHOH sapHaHT 

CTpaTerHH pa3BHTHH A3, o6ecrre'lliBaIOIUHH 
,llOCTH)l{eHHe IIOCTaBJieHHbIX uerreH H pellleHHe 

npFiop11TeTHhIX 3a,uaq (pHC. 17). 
.D:aHHa& KOHl.l,eIJUH.S! pa3BHTHH A3 OCHO­

BbIBaeTC& Ha IIOCTa,llHHHOM BBO)].e B CTpYKTYPY 

A3 HHHosau1rnHHhIX JIBP (BB3P-M, BB3P­

S) 11 6b1cTphIX peaKrnpos-6pH.n;epos (EP-S) c 

Hapa6oTKOH 113fih1TO'IHoro nrryroHHH .no 
270 . . . 300 Krl rBT s ro)].. 

CornacHO 3TOH CTpaTerHH MO,nepHH3a[{HH 
BB3P BHaqane 11,ueT no nyr11 noBhIUiemrn BE.I-



ropam,rn TOmnrna (no 60 . .. 65 fBT·cyrlT) H 
rrepexona Ha IUITHKpaTHhle rreperp)'3KH Ton­
mrna. )];aJJhHeihuee nponB11)Kem,1e HarrpaBJie­
HHji 883P ocymecTBmieTCji c opHeHTHpOM Ha 
pa3pa60TKY K 2020 r. npoeKTOB peaKTOpa 
CYITEP-BB3P co cpe.UHHM 3a apeMH pa6oThI 
A3C paCXO.D.OM npHpO)lHOro ypatta Ha ypoBHe 
150 TlfBT Bron (BB3P-M) 11 naJJee BB3P-S, 
06nana10mero B03MO)KHOCThlO pa60Thl B CHC­
TeMe A3 C 3aMKHyrhIM TOTIJlHBHOM UHKJIOM C 
caMoo6ecneqeHHeM TOTIJTHBOM H o6ecne4HBa-
1omero cmuKeHHe cpe.uHero 3a BpeMH pa6oThI 
A3C pacxona npHpo.nttoro ypaHa no 130 
TlfBT Bran. 

4. IIepcneKTHBbl u rrpo6JJeMhl HCDOJ1b-

3OB3HHH JIBP C CK)]. TenJJOHOCHTeJJeM 

JlJJH DOBblWeHHH J<t,<t,eKTHBHOCTH .SITQ 

K ttaqaJJy 60-x rr. rrponrnoro BeKa cTaJJo 
oqeBJ1llfilIM, 4TO HeCMOTPJl Ha xoponu1e )KC­

n11yaTaUHOHHhie KaqeCTBa KOMMepqecKHX 

JIBP, Ha,Ue)KHOCTh H 6e30IIaCHOCTh 3THX ycTa­

HOBOK, OHH He Moryr o6ecrre4HTh IIOTpe6HOC­

TH 6b1CTPO pa3BHBaIOmei1cH A3. Oco3HaB 3TH 
rrepBhie pe3yJihTaThl pa3BHTHJl A3, HaH6onee 

TeXHOJIOrHl!eCKH pa3BHThie CTPaHhl MHpa 

(ClllA, Pocc11J£, AHrnHJ£, <l>Pr <l>paHUHR) 
rrpe,unpHHHJIH IIOIThlTKH co3naHHH peaKTOpOB-

6pH)lepOB, crroco6HhIX HCTIOJlh3OBaTh noTeH­

UHaJI H30Tona U238 .um o6ecrreqeHJ1Jl 6hlcTPoi1 
Hapa6oTKH rrnyroHHeBoro TOTIJTHBa. )];nH pe­
memrn JTOH rrpo6JieMhI rrpennpliHHT Macw­
Ta6HhIH HHOKP no nBYM peaKTopHhIM BeT­
BHM: HaTPHeBoH 11 BO.D.HHOH. 

B BO,llJlHOM HarrpaBnemrn ITOJlBHJICH ue­

JlhIH crreKTP KoHuerrTyaJJhHhIX npoeKTOB 6h1c­
TPhIX peaKTOpOB C rrapOBhIM TeflJIOHOCHTeJieM 

H B0.[{0H CK)];. IIapaMeTphl BO,llJlHOro TeIIJlO­

HOCHTeJIJl .D.OJI>KHhl MHHHMH3HpOBaTh norJIO­

meHHe 11 JaMe.uneHHe HeHTPOHOB B aKTHBHOH 
3OHe, l!TO rrpHBeJJO K He06XO.D.HMOCTH npHMe­

HeHHH TeCHhIX TOflJlHBHhIX pemeTOK, a 3TO B 

CBOIO oqepe.uh o6ycJJOBHJ10 BhICOKHH ypoBeHh 

TeMITepaTyp TeIIJIOHOCHTemI (600 ... 650 °C) H 

KOHCTPYKUHOHHhlX MaTepHaJJOB (700 ... 750 
°C) B aKTHBHhlX 3OHaX. 

K 70-80-M ro,naM BOnHHOe HarrpaBJJeHHe 
c03.uamrn. peaKTopoB-6p11.uepoB ycTymrno Ha­
TpHeBoMy, B KOTOpOM y.nanoch H l1OJ1Y4l1Th 

tta.une>KaIUHH cneKTP HeHTPOROB, H o6ocHo-

BaTh noCTtt>Kemrn np11eMneMoro KB, H ·pa3pa-
6oTaTh BhICOKOTeMIIepaTypRbie KOHCTPYKUH­
OHHhTe MaTepHaJih[ a TaK)Ke TeXHOJIOfHIO Ten­
JlOHOCHTeJIJl, 06ecne1I1rna10myio COBMeCTHMO­
CTh KOHCTPYKUHOHHhlX MaTepHaJIOB C HaTpHe­
BhIM TerrnOHOCHTeJJeM .IJ.O 710 °C B HOMHHane 
H .no 850 °C B aaapHHHhIX pe>KHMax. 

B rrocnenHHe l O neT B0306HOBHJICJ£ HHTe­
pec K JIBP c CK)]; TerrnoHOCHTeneM. B Me)K­
.D.YHapo.uHoti nporpaMMe G-4 rrepe.u JTHMH pe­
aKTopaMH BhI.D.BHraIOTCJl cne.D,yIOIUHe ueJJH: 
noCT11>KeH11e BhICOKoro KIT)]; Marrnana A3C, 
3Hal!HTeJihHOe CHH)KeHHe y.uenhHhIX Kaillf­
TaJJhHhIX JaTPaT Ha coopy)KeH11e A3C H cy­
mecTBeHHoe coKpameR11e cpoKoB cTpmneJlh­
crna. Tpe6oBaHHe 3cpcpeKTHBHOfO TOI1JTHB011C­
IIOJlh30BaHHH CTaJIO yxo,nHTh Ha BTOpOH rrmra. 

B HacToHmee apeMH B pH,ue CTPaH 11,ueT 
HHP no 1nyqeHHIO BOIIpOCOB Terr11oq:nrnlKH 
CK)]; cpnIOH,UOB, COBMeCTHMOCTH rrepcrreKTHB­
HhIX KOHCTPYKUI10HHhIX MaTep11anoB c CK)]; 
TeIIJlOHOCHTeJJeM, BO,llHO-XI1MH4eCKOro pe)K}l­
Ma, HeHTPOHHo-Terrnorn,upaBJJlf"lecKOH ycrnti­
q11BOCTH, pamrnu:HOHHOH 6e3orracHOCTH, pa­
,UHOJIH3a H ,Up. 

KaK HM CTpaHHO, BOIIpOCaM 3cpcpeKTHBHO­
CTH TOIIJIHBHhIX UHKJIOB peaKTOpOB CK)]; y,ne­
JIHeTCH 3Ha1IHTeJihHO MeHbllie BRHMaHHH. A 
TeM He MeHee BOrrpoc TOflJJHBOHCilOJih30BaHHH 
HBJIHeTCji OCHOBHbIM C T01IKH 3peHHR 3cpcpeK­
THBHOCTH naHHoro nma peaKTOpOB B CHCTeMe 
A3. 

HeoneMJJeMbIM CBOHCTBOM Bcex peaKTO­
poB C BO.lJ.fillhIM CK)]; TeTIJJOHOCHTeJieM cny­
)KHT BhICOKOe ,uaBneHHe pafioqefi cpe.UhI (24 
MIIa 11 BhIWe ), a TaK)Ke BhICOKaH arpeccHB­
HOCTh .uaHH0ro TeITJIOHOCHTeJIH ( oco6eHHO 
npH TeMnepaTypax Bbillle 500 °C) no OTHowe­
HHIO K H3BeCTHbIM KOHCTPYKUHOHHhlM MaTe­

pHaJJaM. O6a 3THX HenpHRTHhIX MOMeHTa o6y­
CJiaBJIHBaIOT BhICOKyIO nomo KOHCTPYKIJ.HOH­
HhIX JneMeHTOB B TBC peaKTopa .UM o6ecne­
qeHmi .D.OCTaT01rnoro ypOBHH np04HOCTH H Ha­
.ue)KHOCTH pa60Thl KacceT BO Bee BpeMR TOil­
JlHBHOH KaMIIaHHH (.uo 30 000 qacoB). 

B Kat.JeCTBe OCHOBHhIX KaH.D,H,UaTHhIX KOH­
CTPYKUHOHHhIX MaTepHaJJOB .UM aKTHBHhIX 
JOH CK)]; peaKTopoB cei1:qac paccMaTp1rna10T­
cH aycTeHHTHhJe CTaJIH H BhICOKOHHKeJJeBbie 

cnnaBhl. 8 3THX MaTepHanax ,llOJlJl xpoMa KO­
ne6JieTC5f B npe,nenax 9 ... 1 7 %, a noAA HHKeJJjl 
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- 14 ... 70 %, KOTOpbie B OTJJH.trne OT lUIPK0HIDI 

.IIBIDUOTCSI ,llOCTaToqHo CHJlhHblMH nornOTHTe­

nnm HeHrpOHOB. IlpuqeM B TeTIJIOBOH H pe-

30HaHCHOH qacrnx HeHTpOHHOro cneK-rpa OHM 

3HatJHTeJJhHO 3cpcpeKTHBHeH rrornomaIOT BeHT­

pOHhI, qeM B 6hICTpOH. CoqeTaHHe BhICOKOH 

,llOilH KOHCTpYJ(UHOHHbIX MaTepHaJJOB B CK,l1; 

peaKTopax H 6onhlllOro ceqeHH.sr nornomeHH.sr 

B HHX npHBO,llHT K yxy,urneHHIO HeHTpOHHOro 

6anaHca B aKTHBHOH 30He. 

<l>narManaMH pa3pa6oTOK CK,z::i: peaKTopoB 

B MHpe ceaqac SIBlliUOTCSI aMepHKaHCKHH npo­

eKT SCWR (INEEL, [23]) H eBponeHCKHH 

npoeKT HPLWR (AREVA, [24]). O6a npoeK­

Ta OCHOBbIBaIOTCSI na o6ecnetieHHH TeIIJJOBOfO 

crreKrpa HeHTpOHOB B aKTHBHOH 30He. ,l1;n.sr 

o6ecnelJeHHSI 3aMe,uneHH.sr HeHTpOHOB ,llO Ten­

IlOBOH o6naCTH B TBC 3THX peaKTOpOB HMe­

IOTCSI cneUHaJJbHhie KaHaJJhJ, rrpOH,llSI qepe3 KO­

TOpbie, Bo,ua co Bxo,ua peaKTopa nocTynaeT B 

TB3JlhHhlli Il)"'IOK. ,lJ;on.sr KOHCTpYKUHOHHhIX 

MaTepHaJJOB B aKTHBHOH 30He ,uocniraeT 

24 ... 25 %. 
OueHKH HeHTpOHHO-QJH3HlJeCKHX xapaKTe­

pHCTHK H TOililHBHhIX UHKilOB 3THX peaKTOpOB 

[25, 26] IJOKa3anH, qTQ B OTKphITOM TOnilHB­

HOM UHKne Hap.sr,uy c )KenaeMOH BeJ1HqJ1HOH 

BhITOpaHHSI 55 . .. 65 MBT·cyT/Kr T.a. npH 5 %­
HOM o6orameHHH TOnJlHBa no U

235
, peM.bHO 

,llOCTH)KHMOe BhITOpaHHe He rrpeBbJillaeT 

29 ... 31 MBT·cyT/Kr T.a. IlpH 3TOM pacxo,u 

npHpO,llHOro ypaHa ,llOCTHraeT 240 T T.a.lfBT­

ro,u(3cp ). 

IlocMorpeB Ha pHC. 14, HeTpy,llHO y6e­

,llHTbCSI no COOTHOilleHHIO BhITOpeBillHX T.a. K 

3arp~eHHhIM, qro TaKOH )Ke pacxo.u np11po.u­

Horo ypaHa MO)KeT 6bJTh ,llOCTHfHyT a OTKpbl­

TOM TOfllliiBHOM UHKne Knaccw-1ecKoro PWR 

HnH BB3P np11 KII,l1; A3C Ha ypoaHe 28 %, 
HarrpHMep, a BB3P-440. Ho ,uaaneHHe Tenno­

HOCHTem1 B BB3P-440 a 2 pa3a HIDKe, 1.JeM 

,uaBneHHe B CK,l1; peaKTopax nma SCWR HJJH 

HPL WR, a TeMnepaTyphI 06ono~1eK TB3JJOB 

HIDKe Ha 300 . .. 350 °C. 
Ilocne TaKoro HeCJJO)KHOro aHaJJH3a CTa­

HOBHTC.sr O'IeBH,llHO, 'ITO ,lla)Ke npH BbIHrphIIIIe 

B KaITHTailbHOH COCTaBJJSIIOlll.eH CTOHMOCTH 

3neKTp03Heprn11 Ha A3C c TerrnoBhIMH CK,lJ; 

peaKTopaMH OHH He ,llaJOT 1:IHKaKHX npeHMy­

mecTB 5ITU:, T.e. CHCTeMe A3 a ueJJOM. 

. B pa6oTe [27] H3)"'IailHCb BapliaHThI 3aMe­

Hbl TonnHaa B SCWR c UO2 Ha cMernaHHhIH 

OKCH.ll PuO2-ThO2, a TaK)Ke Ha cMemaHHhIH 

rH,llpH.ll nnyTOHH.sr C TOpHeM 10 % PuH2-90 % 
ThH2. Pe3yn1:,TaThI pacqeToB noKa3aJJH - npo­

cTa.sr 3aMeHa UO2 Ha PuO2-ThO2 He ,uaeT BhI­

HrphllUa B TOIIIlHBOHCnOilb30BaHHH. fH.llPH.ll­

HaSI )Ke KOMII03HUH.sr B coqeTaHHH C yaeJillqe­

HHeM Illara TOIIJIHBHOH pellleTKH yaeJJH4HJJa 

BbITOpaHHe a 1,8 pa3a IIpH coxpaHeIDIH MaCChl 
r-

U .,, B aKTHBHOH 30He. O,uHaKo, B pa6oTe He 

cpaBHHBanc.sr 3cpcpeKT OT npHMeHeHH.sr IlilyTO­

HHH-TOpHeBhIX rH,llpH,llHhIX KOMII03HUHH B 

SCWR11PWR. 

OnbIT aMepHKaHCKoro peaKTopa L WBR 

[28] nOKa3an 'ITO Ha ,llOKpHTH'IeCKHX ,uaBne­

HIDlX H He3K30TH'IeCKHX TOnJJHBHbIX KOMII03H­

UH.IIX UO2-ThO2 MO:>KHO ,llOCTH% BbICOKHX 

IIOKa3aTeJJeH TOIIJIHBOHCnOJJb30BaHH.sr C K03QJ­

Q)HUHeHTOM KOHBepCHH 0,9. KpoMe TOfO cne­

,uyeT IIO,ll"l!epKHyTh, qTO IIpHMeHeHHe rH,llpH­

,llOB IIpH BhICOKHX TeMIIepaTypax BeCbMa npo-

6neMaTH4HO, TaK KaK OHM HMeIOT CKilOHHOCTh 

K TepMHlJeCKOMY pa3JJO)KeHHIO H BbI,lleJJeHHIO 

fa3006pa3HOro BO,llOpo,ua. 

HaHIIY"lJillHe IIOKa3aTemI TOIIJIHBOHCnOJJb-

30BaHH.sr MOryT 6bITh ,ll0CTHrHyTbI B CK,z::i: pe­

aKTopax, pa6oTaIOlll.HX a 6b1c-rpoM crreKrpe 

HeHTpOHOB. TaK, B .HITOHCKOM npoeKTe 0,llHO­

KOHTypHoro peaKTopa SCFR [27] c 6b1crpo­

pe30HaHcHbIM crreKrp0M HeHrpOHOB y,naeTCSI B 

3aMI<HyT0M T0IIJIHBH0M UHKJJe o6ecneqHTb ca­

MOo6ecneqeHHe peaKT0pa IIJJyT0HHeBhIM TOIT­

JJHBOM, npHMeH.sr.sr MOX T0IIJJHB0 c co,uep)Ka­

HHeM 11 , 7 % ,neJJSlll.J.HXCSI aT0M0B B aKTHBHOH 

30He, IJO TpH pa,uHanbHhIX H aKCHaJJbHbIX 

6naHKeTHbIX CJJ0eB H3 ,neHTepH,lla OTBaJJhHOfO 

ypaHa. ,l1;ocTHraeMoe BhrropaHHe - 41 MBT 

CyT/Kr. 

Ilepexo.u C O,llH0KOHTypHOH cxeMbI peaK­

TOpHOH ycTaHOBKH Ha .llByx.K0HTYPHYIO no3B0-

llileT HMeTb BI KOHType TennOH0CHTeJJb C TeM­

nepaTypoH Bxo,na B peaKTOp, c 3arracoM npe­

Bhrma10mei{ TO'IKY nceB,uocpa3oBoro nepexo­

.ua, T.e. IIO CyTH TennoHOCHTeJJb, .srBn.srIOlll.HHCSI 

napoM CK,l1;. TaK, B aKTHBHOH 30He peaKrnpa 

IICK,l1;-600 [29] cpe,umul IlJJ0THOCTb TeIIJJOHO­

CHTen.sr He npeBhillJaeT 140 Kr/ M
3
. 

JifoIIOilh3y.sr IIpH 3T0M KOHCTpYJ(UHIO TBC, 

aHanorH'IHYJO KaK B peaKTopax nma EH, y,ua­

eTc.sr o6ecneqj,{Tb B aKTHBHOH 30He cneKTp 



HeihpOHOB, 6JIB3KHH K cneKTPY peaKTOpOB TH­

na EH. IIp11 3TOM, np11Memrn: MOX rnnmrno s 

aKTHBHOH 30He co cpeJlHHM 06oramem1eM 17 
% rro nnyroHHJO ( 11 ,5 % no nemrm11McJI aTo­

MaM ), TopueBbie H 60KOBbie 6naHKeTbl C OKCH­

JlOM OTBanbHOro ypaHa, MO:>KHO JlOCTHqb cpen­

Hero BbITOpaHIDI TOITJJHBa B aKTHBHOM 30He Ha 

ypostte 65 MBrcyr/Kr. Hapa6oTKa rrnyroHIUI 

B aKTHBHOH 30He H 6naHKeTax B TaKOM sapH­

aHTe peaKTopa naeT B03MO:>KHOCTb ocymecT­
BHTh pe:>KHM caMoo6ecneqeHH5I TOIIJJHBOM s 

3aMKHyrOM TOIIJJHBHOM UHI<Jie. 

3aKJJIOl.feHHe 

lfa nposeneHHoro s naHHOH pa6oTe atta­

n113a MO)KHO cnenaTh cnenyrom11e BhIBOJlhI. 

1) TennosM JHepreTHKa 3a nocne,nHHe 

15 . .. 20 neT cosepnrnna TexttonornqecKJIB pbI­

BOK no nyrH ynyqweHM TOilnMBOl1Cnom,30Ba­

HH5I Ha raJOBhIX H yronhHhIX T3C. KIILI. nyq­

llIHX 113 3THX CTaHI..J;IIB Y:>Ke npeBbilllaJOT 50 %. 
Ha yronbm,rx T3C nocne cosMemeHIDI 611-

Hapttoro raJorraposoro UHKna, raJHqJHKaUHH 

yrm H qJHJJbTpa1um OTPa60TaHHbIX 30JJ rrpHH­

UHilHaJibHO ysenHq11nc.ll KIILI. CTaHUJIB (.no 

4 7 .. .48 % ), Ha 25 % CHH3HJJHCb BbI6pocbI yr­

neKHCJJOTbI H Ha 95 % OKHCJJOB a30Ta H cepbI. 
y ,neJJbHM CTOHMOCTb yrn.ll CTana B HeKOTOpbIX 

cnyqMx ,na)Ke HH)Ke, qeM Ha A3C. 

2) Tett,neHJ . .{HH pa3BHTH.ll 3HepreTHKH B 
MHpe H Pocc1111 rroKa3hIBaJOT, qTo B 6nl{)Kaif­

rneM 6ynymeM (.no 2030 r .) npHpOCT MOlllHOC­

TeM 6y,neT npOHCXOJlHTb B OCHOBHOM 3a cqeT 

raJOBhIX H yrom,HhIX T3C, npHqeM .nonJI 

yronhHhTX s o6meM JHeprenrqecKoM 6anattce 

6y):{eT HeYKflOHHO paCTH. TaKHM o6pa30M, A3 
rrpH,neTC5I see TJI)KeJJee Jl0Ka3bIBaTb CBOJO KOH­

KypeHTOCilOC06HOCTb. 

3) IIp11 coxpamrromei1:cJI TeH,nettu1111 poem 

ueffbl Ha IIpHponHhlH ypaH Y:>Ke qepe3 He­

CKOJJhKO neT CTaHeT peHTa6em.HbIM peumrn 

ypaHa 11 nnyromrn s JIBP. OnttaKo, HMeJOIUH­

ecJI TeXHOJJOfHH no nepepa60TKe TOnJJHBa 11 

KOMIIaKT11posatt1110 BP AO eme He s nonHOH 

Mepe peanH3YJOT npe11Mymecrna 3.51TIJ:. He-

06xo.zu1M TeXHOJJOfl1Y.eCKHH npopbIB B cosep­

weHCTBOBamrn penpouecc1,rnra Tonn11sa H 06-

pameHHJI c BPAO. 

4) B XXI BeKe Il01-ta.II06HTC5l He TOJJhKO 

pa3pa60TKa HOBbIX TeXHOJJOfHH nepepa60TKH 

TOilJIHBa, HO H no;rnoe 06HOBJJeH11e peaKTOp­

HOro rrapKa. OT JIBP noTpe6yeTC5I nOCTeneH­
HOe CHH)KeH11e pacxo,na rrp11po,nttoro ypatta c 

nanbHeHllIHM rrepexonoM Ha 3.51Tll, snnoTh no 
nocTH)KeHM pe)Kl{Ma caM006ecneqeHJ1JJ. 3THX 

peaKTOpOB TOilJJHBOM B ypaH-nnyrOHHeBOM 
2r 

UHKne c uenhIO nepexona c pecypca U :i Ha 

pecypc U238. B nanhHeHllleM JIBP non:>KHhI 

OCBOHTb H ypaH-TOplieBblli UHKJJ C uenbIO B0-

sneqeHIDI s A3 Top11esoro pecypca. 

5) PeaKTOphr c CK)]; TennOHOCHTeneM MO­

ryr paccMaTPHBaThC5I KaK onuM HHHOBaUHOH­

HhlX JIBP. OnHaKo, nnR o6ecneqeHIDl np11eM­

neMo:i1: 3cpcpeKTHBHOCTH TOilJJHBOHCilOJJb30Ba­

HH5I w oco6eHHO ):{OCTJ{)KeHH5I pe)KHMa caMo­

o6ecneqeHIDI peaKTopa TOnnHBOM tteo6xo):{H­

MO co3naTb B aKTHBHOH 30He nocTaTOqHo )Ke­

CTKHH cneKTP HeHTPOHOB, qrn TPe6yeT coqe­

TaHH.ll HH3KOH IlJJOTHOCTH TeIIJJOHOCHTem B 

peaKTope H TeCHOH TOIUUIBHOH pellleTKH B 

TBC. Eonee scero nnR 3TOH uenw no,uxonwT 

nsyxKOHTypHM .513Y c rrapOBbIM CK.lI, Tenno­

HOCHTeneM B I KOHType. 
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Y)];K 621.039 
OCHOBHble npHHUIIUbl MCT0Aa nosepXH0CTllblX rapM0HHK. IlJ10CK3H reoMeTpHH 

A.A. Koaamuuuu, 
PHU, "Kyp•rnTOBCKHH HHCTHTYT', 123182, MocKBa, nn. KyptJ.aTOBa, 1 

IlocTyITHJJa B pe,naKUHIO 20.05 .2009 r. 

Tipe.ncTaBJleHO onHca1rne OCHOBHblX npHHl..{HnOB, Ha KOTOpblX 6a.3HpyeTCH MeTo.n noBepxHOCTHblX rap­
MOHHK (MTir). Ha npHMepe O.UHOMepHOH 3a_na'-1H nOKa3aHbl xapaKTepHble '-lepTbl MeTO.na H anropHTMbl no­

CTpOeHHH KOHe'-lHO-pa3HOCTHblX ypaBHeHHH. Ll,eJlb pa60Tbl - nony1rnpH3aUHH Mnr B cpe.ne cnel.{Ha.JIHCTOB. 
K 111011eBble C.'1080: ypaBHeHHe nepeHoca, noBepXHOCTHble rapMOHHKH, peaKrop. 

Basic Principles of the Surface Harmonics Method. Flat Geometry. A.A. Kovalishi11, RRC "Kurcha­
tov Institute ", 1, Kw·chatov Sq., Moscow, 123182. Main principles underlying the surface harmonics method 
(SHM) are described. In frame of one-dimensional problem there are demonstrated the specific features of the 
method and algorithms of finite-difference equations construction. The aim of this work is the popularization 
of SHM among specialists. 

Key Words: Transport Equation, Surface Harmonics, Reactor. 

Bse.ueuue 

MeTO.ll nosepXHOCTHbIX rapMOHHK pa3pa-

60TaH notJ.TH 40 JJeT Ha:Ja,n rrpocpeccopoM H.H. 
JlarreTHHhIM coBMeCTHO c A .B . EJJbWHHhIM H 

pa3BHBaeTCH C Tex rrop HM ero COTPY.llHHKaMH 

11 yqeHHKaMH [l.. .5]. IlpeHMymecTBa MeTO,na 

npH3HaHhI ttayqHhIM coo6ruecTBOM, Mllf 11c­

IIOJJb3yeTc51 B HeKOTOpbIX nporpaMMaX pacqe­

Ta peaKrnpoB [6 ... 9], o,nHaKo nrnpoKoro pac­

rrpocTPaHeHHH He rronyqHJJ. CBH3aHo :no, Ha 

MOH B3rJI.H,ll, C TeM, qTo H3JJO)KeHHe OCHOB H 

rrpHHUHTIOB Mllr BbIIIOJJHeHO B ,nyxe 50-x ro­

.llOB H TPe6yeT ,nn.s1 ycBoeHIDI MaTepttarra 1ny­

qeaH51 6om,woro 061,eMa .llOilOJJHHTeJJbHOH 

mnepaTypbl H, Boo6rue roBOpH 60JJbllIOro 

KOJJ11qecTBa speMeHH. B ,naHHOH pa6oTe c.ne­

natta IIOIThITKa 6onee ./lOCTyrrHoro H3JJO)KeHH51 

OCH OB MTTf, '-!TO, IlO MHeHHI-0 aBTOpa, ./lOIDKHO 

ITOMO'-lh cneumurncTaM OCBOHTh )TOT MeTO./l H 

B KOHe'-IHOM HTOre npHBeCTH K 6onee nrnpOKO­

MY ero npHMeHeIDU:O. 

Mllf HMeeT MHO)KeCTBO npeHMymecTB, 

He 6y,neM 3./leCh HX Bee nepe'IBCllilTb, OCTaB­

JJHH qHTaTeJJIO onpe,neJIBTb HX caMOCTOHTeJJb­

HO, TeM 6onee, 'ITO npeHMyIUeCTBa, KaK rrpa­

BHJJO, orrpe.ueJJHI-OTCH IlOTPe6HOCT51MH pewe­

HH.sl KOHKpeTHOH 3a,lla'-IH. YKa)KeM JJHWb rJJaB­

HOe, Ha Haw B3rJJ51.ll CBOHCTBO MeTO,lla - no­

CJJe,UoBaTeJJbHOe YTO'-IHeHHe pemeHIUI C yBe­

JJH'-1.eHHeM HOMepa npH6JJH)KeHH.sl. 

no CYTH Mllf - 3To Mern.u nocTpoeHH.sl 

KOHe'-!HO-pa3HOCTHhIX ypaBHeHHH H3 ypaBHe-

HH.sl nepeHoca. IlonyqeHHble KOHeqHo-pa3HO­

CTHhie ypaBHeHJUI .uaJOT peweHHe, KOTOpoe 

rrp116JJH)KaeT pell!eHHe HCXO,llHOro ypaBHeHIDI 

nepeHoca c mo6oi1: aanepe.n 3a,llaHHOH Tocrno­

CThl-0. T 04.HOCTb ypaBHeHHH Mrrr 3aBHCHT OT 

HOMepa rrp116JJH)KeHIDI . B )TOM CMhICJJe Mrrr 

MO)KeT paccMaTPHBaTbCH C .zwyx CTOpOH: 

- BO-rrepBhIX, 3TO O,llHH 113 MHO)KeCTBa MeTO­

,llOB pell!emrn ypaBHeHHH nepeHoca .nm 06nac­

Te11 C 3a,llaHHhlMH rpaHH'-I.HblMH ycJIOBIDIMH; B 

)TOM CMhICJie no CBOHM <PYHKnHOHaJihHhlM 

B03MO)KHOCDlM OH CTOHT B 0.llHOM pH.UY C Me­

TO,llaMH BepO.slTHOCTeH nepBbIX CTOJIKHOBeHHH 

(BllC), xapaKTepHCTHK ,llHCKpeTHhIX Op,llHHaT 

11 T.Jl.; 
- B0-BTOpbIX, Mllf II03BOJIHeT IIOJJY4.HTb KO­

HeqHO-pa3HOCTHhie ypaBHeHH51 ,llJIH peaKTOpa, 

He rrp116eraH K npu6JIJ1)KeHHHM, rrpHBO.ll511UHM 

K TPY.llHOKOHTPOJIH:pyeMhIM rrorpeWHOCTHM; B 

3TOM CBOeM KaqecTBe OH CTOHT B O,llHOM PH.llY 

C MeTO,llOM roMoreRH3aUHH KaK aJibTepHaTHBa 

nocne.uHeMy; Ha.no OTMeTHTb, 'ITO Mrrr He 

51BJI.sleTCH e,UHHCTBeHHOH am,TepHaTHBOH, 

3,lleCh MO)KHO YKa3aTb TaK)Ke BO MHOfOM 11.neo­

JIOrH'-!eCKH CXO)KHe MeTO.ll 11CTOqHJ1KOB- CTOKOB 

<l>ei1H6epra - farraauHa u Mern.u E.n. Koqy­

poBa. 

)];aHHaH CTaTh51 - nepBaK 113 3a,nYMaHHOro 

UHKJia MeTo,nwqecKHX pa6oT, ITOCBKllleHHbIX 

Mllf. 3,necb Ha OCHOBe ypaBHeHHH ,llJl51 IlJIOC­

KOfO peaKTOpa ,neMOHCTPHP)'lOTCH OCHOBHbie 

npHHU,Hilbl IlOCTPOeHHK KOHeqHo-pa3IIOCTHhIX 

ypaBHeHHH. TTpw 3TOM, '-IT06h1 1136e)KaTb 113-
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JIHU1Hero ycnm1rnemrn, Mhl C03HaTeJihHO rro­

IllJIB Ha HeKOTopb1e ynpomemui: 11 npeHe6per­

m1. MaTel\1aTI1'-IeCKOH CTporocTblO H3JlO)l{eHH.sl., 

OCTaBJIIDI. 3a paMKaMH HeKOTOpbie Ba)l{Hble 

MOMeHThl. Te )Ke, Koro HHTepecyeT MaTeMa­

TW!eCKHH cTpornif Bhmon ypastteHHH MTTr, 
MOrYT ttaifTH ero s op11r11HaJihHhIX pa6ornx 

[l.. .5]. 

1. IlpoCTeiimee Koneqno-pa3nocrnoe 
ypasneu11e Jl1t(J>(J>yJ1111 

,L(JI.sI. npHMepa Ha1rneM C 0,[{HOMepHOH on­

Horpyrrnosow 3a,naq11 s nHQHpy:nwuttoM np11-

6JIH)l{eHHH. PacCMOTpHM 0,[{HOMepHbIH peaK­

TOp, COCTO.sl.1IIBH H3 roMoreHHhlX JllfeeK pa3Me­

pOM h. Ka)l{.[{as:r .s:rt:JdiKa xapaKTep113yeTc.si. cso­

HM Ha6opoM KOHCTaHT D,, La,, VJLJi, i - HH,neKc 

.H'leHKH. ,L(JI.sI. TaKOro peaKTOpa H)')KHO peillHTb 

,n11cpcpY3HOHHoe ypasttem1e BHna 

oD(x) o<J) -:E (x)<J)+ v:E , (x)<J) =0. (1) 
ox ox " K-,q, 

qT06b1 peIIIHTb :no ypasHeHHe, Heo6xo­

,nHMO CBeCTH ero K KOHe<rnO-pa3HOCTHOMY 

attanory. B CaMOM npocTei1:rneM c11yqae no­

cTynHM cnenyiom:HM o6pa3oM. 

l) Ilpe,ncrnsmreM perneHHe s i-H .si.qewKe s 

BH,ne p.si.na Tei1:11opa OTHOCHTeJibHO ueHTPa 

JllfeH.K.H 

<l>,(x) = <l>,(0)+ o<l>, (O) x + O(h2
). 

ax (2) 

2) .llinerpHpyeM ypasueu11e (l) s rrpene-

11ax o,nttow .si.t:JeHKH OT - h/2 .no h/2, 11cnoJih3y.si. 

npH 3TOM Bb1pa)l{em,1e (2). Tor,na 

D, (o<J)(h/ 2) o<J)(- 11/ 2) ] -r <J) co)+ 
h ox ox UI I 

1 
+- v:E Ji <J),(0) + O(h

2
) = 0. 

K-,q, 
(3) 

3) Tenepb H~HO BblpaJHTh npOH380,UHbie 

Ha rpatt11ue qepe3 3Hat.IeHH.si. <l> s coce,nHHx 

.s:rqeifKax, ,UJI.sl. qero BOCil0Jlb3yeMCH OTIHTh )Ke 

p.si.,noM Teftnopa, HO paJJIO)l{em,e nposen eM Ha 

rpaHHue .si.qeeK i 11 i + I: 

( ) 
of, h 2 1 h 2 <J) 0 =J, --- +0(h ) =J,--J-+0(h ) · ' ' ax 2 ' D, 1 2 ' 
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<J) (0) = J, + of.+1 !:_ + 0(h2) = 
1+1 1+1 OX 2 . 

J, 1 J h 0(/ ,) J = D of, . = 1+1 +- 1+1 - + ,- • I I '.:\x 
D1+1 2 a 

(4) 

3,necb f, - TIOTOK Ha rpaHHUe co CTOpOHbT 

.si.lleHKH i. Tenepb socnonh3yeMc.si. TeM, '-ITO Ha 

rpaHHUe Me)l{,ny coce,nHHMH .si.1-1ei1:KaMH TOKH J 
11 ITOTOKH f CJieBa 11 cnpasa ,[{0Jl)l(Hhl 6b!Tb pas­

Hhl. Torna, BbfllllTM ypaBHeHH.si. (4) npyr H3 

,npyra, ITOJlyqHM Bbipa)l{eHHH ,[{Jl.sI. TOKOB 

J = 2 1 ( <J) 1+J - <J) I ) + 0(/i) = 
I h 1/D, +I/ D,+I 

= 1 2D1+1 D1 ( <1)1+1 -<J), ) + 0(h). ( 4a) 
h D,+I +D, 

Ilo,ncTaBHM Tenepb Bbipa)l{eHHe llJI.sI. TOKOB 

s ypaBHeHHe (3) 11 nonyqHM KJiaCCR'IeCKOe KO­

HelJHO-paJHOCTHOe ypasHeHHe ,[{Jl.sl. ITJIOCKOro 

peaKTopa 

1 ~ 2D,D1 ( ) - , LJ --- <J)J -<J), -:Ea, <J), + 
1z- j=i±I D, + DJ 

I 
+-v:E Ji<J), + 0(1) = 0. (5) 

K-,q, 

3TO ypaBHeHHe MO)l(HO IlOJlyqHTh pa3Hbl­

MH cnoco6aMH, Heo6.si.3aTeJihHO BBO,lIHTh paJ­

JlO)l(eHHe B p.si.n Tei1:11opa, MO)l(HO, HanpHMep, 

HCllOJihJOBaTb MeTO,[{ KOHe':IHhIX 3JieMeHTOB 

J{JIJ,i pa3JIH'IHhle 6anaHCHhie COOTHOllleHHH. Ho 

npH TaKOM BhIBone ITOJIY1:JaeTCH ouem<a TO'I­

HOCTI{ 0(1) 3TOro ypaBHeHIDi' HHTepeCHO, ':ITO, 

npHMett.si..si. TOT )Ke nonxon n n.si. peaKTopa, co­

cTo.si.mero H3 0,[{HHaKOBbIX 5ft.J:eeK, TO':IHOCTb 

ypastteIDUl 6y,neT O(h
2
). OueHKa TO'IBOCTH 

ypaBHeHH.si. rosopHT O TOM, 'ITO HY)KHO HC­

IlOJlh30BaTh 01:IeHh ManeHhKHH Illar ceTKH, 

1:IT06hI C IIOMOlllblO ypaBHeHH.si. (5) ITOJlyqHTh 

perneHHe H'CXOllHOH 3anal[Ji ( 1 ). ManeHbKI1M 

mar TaK)l{e 03HalfaeT 6oJibWYJO paJMepHOCTb 

CHCTeMbiypaBHeHHH. 

}l;anhttei1:wee YTOt:JHeH11e Mone1111 B03MO)l{­

HO, ecJIH npHMeHHM B pa3JIO)KeHHH ( 4) 60Jih­

U1ee KOJIHt.IeCTBO qneHOB. B 3TOM cnyqae npH­

,neM K KJiaccw-1eCKHM HOllaJihHbIM MeTon aM . 

TO'IHOCTh ypaBHeHHH npH 3TOM ysenwrn:Tc.si., 

HO see paBHO norpelllHOCTb OCTaHeTCH KOHel[­

HOH, T.e. ,nns:r nonyqeHH.si. perneHH.si. ypasHemui: 

(l) C 3a,naHHOH TO'-IHOCThlO H~HO HCITOJib30-

BaTh KaKOH-TO Illar c eTKH, KOT0phn1, Boo6me 

rosop.si. , 3aBHCHT OT caMoH 3an a1:111. EcnH cpytt-



KUl1JI <l> Mem1eTCH cna6o, TO M0)KH0 np11Me­
HHTh 6om,L110H mar, HanpHMep, .amr 3a.aaq, B 
K0TOpbix ct> = canst, cpopMyna (5) 6y,ueT na­
aaTh T0qHoe perneH11e. A qTo ,ueJiaTb, eCJil1 
HqewKa 11MeeT BHYTpeHHIOIO CTPYKTYPY 11 aae­
,ueHMe MeJIKoro rnara conpH)KeRo c Herrpeo.uo­
Jil1MhIMl1 TPY.llHOCTHMl1? 

2. OcHOBhI Milr 

OKa.3bIBaeTCH, M0)KH0 TI0Jiyql1Th aHanor 
ypaBHeHl1H (5), KOTOpbIH 6y,ueT .aaaaTb TQqHoe 
pernem1e ypaBHeH11H (1) .umi: 3a,uaHH0ro wara 
cenrn. PerneH11e ypaBHeHirn (1) .UJIH HtJeHKl1 i 
HMeeT BH.ll 

- -
<1>1 (x) = CI.Iexp ( a 1x )+ CI,2exp (-aIx ) , (6) 

- L"' -VLf I Kxp 
r.lle aI - . 

D1 

KoHCTaHThI C ,.2 orrpe,uenHIOTCH 113 ycno­

B11H HenpepbIBH0CTl1 T0K0B 11 II0T0K0B Ha rpa­
H11Uax C0Ce.llH11X HqeeK. 3aMeTl1M, '-ITO perne­
Hl1e (6) TO'IH0e. C11MMerp113yeM Bbipa)KeH11e 
(6) TaK, 'IT06b1 OHO co,uep)KaJI0 qeTHYJO H He­
qernyio cj:>yHKI.U,111 K00p,ll11HaT 0TH0CMTeJibH0 
ueHTpa H'-IeHKH, Tor.ua 

- -
<l>1(x ) = CI.1exp(aIx )+ CI.2exp(-aIx ) = 
= C1, 1ch ( a 1x) + c,.2sh ( a

1
x ). (7) 

OcHOBHaH CYTh Mrrr 3aKJIIOtJaeTCH B 3TOM 
cpOpMYJie. Jl:anbllle IIOH,lleT HeK0TOpoe .ll0CTa­
T0qHQ 60JibillOe K0JIMtJeCTB0 HY.llHhlX ap11cj:>Me­
n1qecKJ1X ,uei1CTBHH H o603HaqeHMH OT K0T0-
pbIX, K C0)KaJieHIDO, Hm<y,ua He ,ueTbCH. 

1) B1,1pa)KeHMe .UJJH TO Ka, BmeKa10Ufe20 B 

Rl./eiiry, M noToKa Ha rpaHMUe i-H jiqeHKH HMe­
eT BM.ll ( + 0TH0Cl1TCH K npaBOH rpaRMUe, a - K 

neaoii) 

<l>, ( ± h/2) = CI_Ich ( aIh/2)±CI_2sh ( a
1
hl2) ; 

j
1
(±hl2) = D

1 
a<1>I (±h/2)/ax = 

= DIaICI_Ish(a,h /2)±D,a,c ,.,ch(aIh /2) . (8) 

2) BBe.lleM 3aMeHy nepeMeHHhIX, HCTI0Jib-
3YH .UJIH 3Toro 06b1'IHhie .UJIH MITT o6o3Ha'le­
HHH 

DIa,C,,Ish ( aIh/2) = 8/1, DIaIC,.Ich ( aIh/2) = 1;' .(8a) 

YpaaHeHirn (8) B 3THX nepeMeHHhIX 6y.UYT 
11MeTb BH.ll 

<1>1 (± h 12) = cpI81I± 'l'/I'; ) 1 
(± h /2) = 81, ± 1;, (9) 

r ,ue 

_ 1 ch(a1h/2) _ I h( h/2) cp - ---'-__;_ - --ct a 1 DIaI sh(aIh/2) DIaI ' ' 

'l' = 1 sh(a,h/2) =-1-th(a h/2). (10) 1 
D ,a, ch(aIh/2) DIaI 

1 

3) Cno:>KHM BT0pbie H3 ypaBHeHHH (9) ,llJl_H 
pa.3HhIX rpattew H'leihrn. B 3TOM cJiyqae noJiy­
'-IMM aHanor 6anaHCHOfO ypaBHeHHH 

)
1 
(h/2) + )

1 
(-h/2) = 281

1
• (I 1) 

YMHO)KHM BTOpoe 113 ypaBHeHHM (9) Ha 'l', 11 

BhI'-ITeM 113 nepaoro, Tor.ua 

<l>,(± h/2)-'1'
1

)
1
(± h/2) = (cpI - 'l',)81,. (12) 

4) PacCMOTpHM rpaHMUY HIIeeK i 11 i + 1. 
Ha JTOH rpaID1ue .U0JI)KHhI BhlII0JIH_HThCH ycJio­
B11H paBCHCTBa TI0T0K0B CJJeBa R cnpaBa OT 
rpaH11UhI, a Tal()Ke TOK0B qepe3 rpamruy. 
Hy)KHO TI0MHl1Th 0 HanpaBJICHHH T0K0B, T.e. 
BTeKa10m1111 TOK B HIIewxy i paaeH BhITeKaIO­
meMy 113 HIIeHKH i + 1. Tor,ua 

11 (h/2) = - i ,+I ( -h/2) = j,<I>I (h/2) = <1>1+1 ( -h/2) = f. 

C yqeT0M 3Tl1X paBeHCTB ypaBHeHirn (12) 
,llJIH H'-ICCK i 11 i + 1 11 o6mew rpaHH 3aITHlllYTCH 
B BH.llC 

f - \Jf1i = (cp, - \j/1)811 ; 

f + \Jf1+1 ] = ( <p,+I - 'l'1+l )811+1 · (13) 

BhI'-ITeM nepaoe ypaBHeHMe 113 BToporo, Bhipa-
3HMj qepe3 nepeMeHHbie 81 J,f II0Jiyql1M 

] = ( <p1+I - 'l'1+I )8/1+1 - ( <pl - \j/, )8/1 . ( 14) 

\j/ 1+! + 'l' / 
3,uecb TOK qepe3 rpaHh Bhipa)KeH qepe3 

HCl13BCCTHbie BeJ111'll1HhI C0Ce.llHHX .si:t=IeeK. Ilo­
npo6yeM npeo6pa.3oaan, era TaK, '-IT061,1 6brno 
II0X0)KC Ha pa.3HOCTHhlH 3aKOH <l>HKa ( 4a) . .ll:JIH 
3T0ro BBeneM H0Bble nepeMeHHble 

- h 1 
<l>,= (cp,- \Jf

1
)8J

1
, D

1
= --. (15) 

2 \Jf 1 

Tor.ua Bhipa)KeHHe (14) 3arr11weTcH TaK )Ke, 
KaK 11 Bbipa)f(eH11e ( 4a): 

2 l ( - - ) J = ;- ;- <l>1+l- <1> 1 = 
h 1 D , + l D l+I 

= 1 2D1+1 D 1 ((1) - <I> ) 
- - I+! I . 

h D1+1+ D , 
(16) 

5) Tenepb 0CTaJI0Ch TOJibK0 TI0,llCTaBl1Th 
Bbipa)f(CHHe (16) ,llJIH T0K0B qepe3 rpaHH H"'leH­
Kl1 a aHaJI0f 6aJiaHCHOfO ypaBHCHHH ( 11 ), pa.3-
.llCJ111Th era Ha h H nonyql'.ITh K0HeqHo-pa.3H0-
CTH0e ypaBHeHHe Mrrr 
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I 2 D D (- - ) 2 I 2 - '_, <t>,-<I>, --81, =o. c11) 
1=1±1 h D +D h 

I I 

8b1pa111M B ypaBHeHIIH ( 17) Bemf'rnrry 81 
t.Jepe3 <D c BOnRott, Hcnonh3YSI .nnsi 3Toro nep­

soe H3 Bb1pa)KeHJ1M ( I 5), rnr.na 

3_8/ = 2 1 <t> = L <t> 
I I I I I , 
1 1<p,-\jl, 

( 18) 

- 2 1 
r.u" I-,= --- , 11 ypaBHeHHe (17) npHMeT 

h cp, -'I', 
B}tt.( o6b1'lllOro KOHe•rno-paJHOCTH0ro ypaBHe­

HHSI, HO C 1rnat.Je onpe.neneHHbIMH K03<p<pHUJ1-

eHTaMH, 

LI\ ~D ,~, (ci>1-<i>,)-i,4>,=U. 
1=,±1 1 D +D 

I I 

(19) 

Ko:>cpqnu.1,HeHTbl, BXO.ll,SIIUlle B ypaBHeHHe ( 19), 

Ha3bIBalOTCSI 3cpcpeKTHBHblMH cet.JeHHSIMH. 

Tipoue.nypa nonyqett11si ypaBHeHHtt Mnr 

npo1rncatta ,uocraTot.J:Ho no.npo6uo - :no cpop­

MynhJ c (6) no ( 19). 11rnro 14 cpopMyn. 3aMe­

THM, '-ITO ,um1 rronyqettmi: rpa.llHUHOHHOro 

ypaBHeHID! noHa,uo6HnOCb 6 cpopMyn ( C'-IHTaH 

(4a)). TaKl{M o6pa.30M, rrpoue,uypa rronyqemrn 

ypaBHem1tt Mllf Bcero B 2 c He6onblllHM pa.3a 

cnm1rnee, t.JeM nonyqe1me 061J1rnoro KOHe'-IHO­

pa3IIOCTHoro ypaBHeHHSI. K CO)l(a.JJeHHIO, CO­

B eM 6e3 cpopMyn IIOlliITb Milf HeB03MO)l(H0, 

llOCKOflbKY npI1HTH K KOHeCJHOMY pe3ynbTaTy 

MO)l(HO TOflbKO qepe3 HeKOTopyro nocne,uoBa­

TenbHOCTb XHTµO)'MHbIX, xorn 11 'IHCTO apH<p­
,"1 TH'-IeCKHX ,ueHCTBHH, caMOe cnO>KHOe 113 KO­

ropbIX - 3TO 3aMeHa nepeMeHHblX. 

3. 3aMe•taHHH MeTo 11'-1ec -oro ~apaKTepa 

,[{a.nee c,uenaeM HeCKOJibKO rrpe,usap11Tenh­

HbIX 3aMetJaHIIH OTHOCHTeJibH0 ,llaJibHeiimero 

li3flO)l(effi1SI. Mflf eCTb MeTO.ll pellleHHR ypaB­

HCHHSI rrepettoca s perneTKax peaKTopoB, r.ne, 

KaK H3BeCTHO peweHHe 3aBHCl1T OT yrJI0BblX H 

3HcpreTHtJeCKHX nepeMeHHbIX, 1neMeHTapHbi e 

.si:qei:fKH Mor n e.ucrnsnSITb co6oH reoMeT-

pH'-IeCKJi CflO)l(Hble no,uo6nacT11 
H 3U,llaq 

peweHJUI KOTOpOH pa.3pa6oTaH Mnr a, 
cnm1rnee, qeM o,u110MepHoe OJJ.Hor' rop 
.UHcpcpy3HOHHOe ypaBHeHHe .llJIJJ p PYnn 

ea1<Top 
CTOSII.Uero H3 roMorettHbIX .R.'leeK T a, 

· eM Ji 
11ee npH nonyqe11HH KOHe'IHo- e 

- PDH~ 
ypasHemm ,um1 6onee cnO)KHbIX 

cnyqaea 
nonh3YJOTCSI pOBHO Te )Ke npHeM bl, 'ITO 
Bbl WeCTOSIIUeM pa3,uene. O6paw,a10 

BRHM 
Ha nepexo,u OT cpopMynhI (7) K cpopMyne (I 

3,uecb M0)KH0 c.uenan, cne.uYIOruee 
)l(,llem1e· ecm1 

l) pelllem1e BHYTPH no,uo6nacrn MO)Ktto n 
CTaBHTb B BH,Ue C)'MMbl CHMMerpH'IHbIX (B 
llleM cnyqae 3TO ch) 11 aHTHCHMMeTp11 

(:no sh) 3JieMeHTapHbIX pellleHHH H 2) Ha 
m1uax noTpe6oBaTb ttenpepbIBHOcTH q 

(B HallleM cnyqae 3TO IIOTOK <t> HnH RYJJe 
□pOH3B0,UHaR) H I1e1.JeTHblX (:no TOK J 
nepBaR npoH3B0,UHM) MOMeHTOB perneHHJI 

' TO MO)KHO nonyqHTb ypasHeH11e KOHeqHo-
HOCTHOro BH,Ua (19). 

IlpHeMhI, C llOM0IUblO K0T0pbIX MO 

BblIIOflHHTb TaKOH nepexo.n, )].JISI Bcex 

CMOTpeHHbIX HH)l(e cnyqaeB aHanorH'-IHbl 

'-ITO np11se,ueHbl Bblllle Llllil LlHQ)qJY3IIOHH 

ypaBHemrn. IIepecppa.311.py.si: sen11Koro <I>e 
Ma Ha [ 1 OJ, MO)l(H0 CKa.3aTb, '-ITO cefi-qac Mhl 

XO,UHMCSI Ha seplllHHe ropbl, Kor.ua ycrnHO 

Hbl OCHOBHbie IIPHHUHllbl TeOpHH. ,[{am, 
noii,ueT cnycK c ropbI, Kor.na 6y.nyr np 
H.llTbC.H 061.UHe npHHUHIIbl K perneHHIO q 

HbIX 3a,ua q _ 

4. Ilp ,!le.ribHhlii nepexo,!l 
npu laJlbl pa3Mepax H'lellKII 

n o MOTµIIM, KaK Be,UeT ce6si KOHe'-lliO-P 

HOCTHOe ypaBHeHHe MTir rrpH pa3Mep 

SI'-IeiiKH, CTpeMSIIUHXCSI K ttynro. ,[{m:1 )TO 

ny)l(HQ npocne,uHTb, KaK MeIUIIOTC.SI K03<P<P 

UHeHTbl D H :E, BX0JISII.UHe B ypasttem1e (19): 

D = !!__l = h I ➔ h 1 
I 2 "'I 2 I I ( h ) 1,-,0 2 1 h = D, ; 

--t1 - a - - a 
D,a, 2 ' D,a, 2 ' 

- 2 1 2 1 2 l 
I- = - = - ---:---,-:-------,--~ ➔ ----= a2 D = :E . 

, h cp,- 'I', h _ l_cth (!!__ a,l __ l_ th(!!__a,)"_,0 17 _ 1_2_ , , 
D,a, 2 ) D,a, 2 D,a , ha, 
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oJ1J>30BaJJHCb cne.uyiow11e pa:3-

1, 
1: :p60JUl"tJeCKHX q:l)'HKl(HH B Hyne: 

fJf chX ~ l , thx = shx/chx ~ x, 
:<, x--¾O x-40 

o / shX ~ 1/x. 
:::: chX x--¾O 

o6pa30M, 3q:>q:>eKTHBHbie KOHCTaH­

r.f j[ I< rpa.UHUHOHHblM, a ypaBHeHHe 

1-fjl'fC oc-reu:meMy KOHe'-IHO-pa:3HOCTHO­

I< n~IO 3TOT q:>aKT Ot:JeHb y.uo6eH .um, 
e!-l'f• . 11 aBue1ndi H KOHTPOJI.R npoue,uyp1,1 
yp 

sI<U J(OJiCTaHT · 

5. reTeporeHHOCTb 

noToK CHMMeTpwrnoro pewemui 
<p-= 

I TOK CHMMeTpH4HOro p ewemu, 

KTypy. )];n.R nonyqeHH.R ypasHeHH.R MIIf H)l)K­

HO lJT06bI perneHHe B RlJeHKH npe,UCTaBJI.R:­

JIOCb B BH,Ue CYMMl>l CHMMeTPH'IlIOro OTHOCH­

TeJibHO ueHTPa H'leHKH pernemrn (attanor ch B 

Bbipa)KeHHH (7)) H aHTHCHMMeTpH'-IHOro pe­

rneHIDI (aHanor sh B Bbrpa)l(eHHH (7)). TaKoe 

rrp e,ucTaBJieHHe TO'-IHO B03MO)l(H0, eCJIH R'-leH­

Ka HMeeT CHMMeTPH'lHYJO BHYTpeHHlOIO CTPY­

KTypy. ,n:anee, CTaPTYH c Bbipa)KeHH.R: (9), no­

ny-qHM ypaBHeHIDI Toro )Ke s11,ua. IlocMOTPHM, 

KaK H3MeH.R:TCR K03q:lq:JHUHeHTbI B HOBOM ypaB­

HeHHH. 

<p - :no OTHOllieHHe IIOTOKa Ha rpaHHUe 

H'-leHK.H K TOKY .UJI.R: CHMMeTPH'-IHOH 3a,ua'-IFI: 

nOTOK CHMMeTplf'IHOro p eweHHll <I>_, ( h /2) ? 
q, . = = =-

/ TOK CHMMeTp114HOro peweHMll J, ( h /2) ? . 

aI< 80npoca OJHat:JaeT, t.J:To TO'-IHoro atta­

ec1<oro Bbip a,)KeHIDI B o6weM cnyqae 

o,ntta1<0 MO:>KHO npon11caT1, npoue.uypy 

eHHH <p. 0 ,uHa H3 B03MOJKHbIX n p oue.uyp 

lUM-
) Hy,KHO BbI,lleJIHTb CHMMeTPlf'-IHYJO 

peweHIDI, .llJlR '!era 3a,uaeM Ha rpaHHUax 

TOK cne,uyioruero s11.ua: 

J = l J = I 

- .. I.____ ______,f 

3,UeCb H ,uanee crpeJIKaM.H Il0Ka:3aRbI HanpaB­

JieHH.R: BTeKaHHH TOKOB. 

2) PernaeM 3a,uaqy ,llJIH Rt:JeKKH, npHt:JeM 

,llll.R: perneHHH MO)l(HO MCTIOJib30BaTb Te )Ke 

ypaBHeHIDI MIIf, 3am1caHHbie .llJIH roMoreH­

HbIX JOH BHYTPH Ht.J:eHKH. Pe3yn1,TaTOM perne­

HH.R: 6y,ueT IlOTOK Ha rpaHHue .R:t:JeMKH. 

3) .6epeM OTHOIUeHHe IlOTOKa K TOKY .H no­

nyqaeM <p. 
Iloxo)l(yro npoue.uypy MO)KHO npHBecn1 H 

,llll.R: "' - OTHOillemUI IIOTOKa Ha rpaHHUe RlJeH­

KH K TOKY .UJIH aHTHCHMMeTpH'IHOH 3a,uaq11: 

noTOK aHTHCl1MMeTp114HOro pernett11l! _ <I> a (h /2) _ sh (ha ./2) 1 
·----'-'

1 
--= --th (ha -/2) · 

TOK aHTHC11M11>1eTp114Horo peweHHll - J a ( h /2) - D;a;ch (ha; / 2) D;a; 1 
' 

reTepo reHHal! 'V . nOTOK aHntCHMMeTPlf'IHOro peweHl1l! <I> a ( h /2) ? 

TOK aHTl1C11M 1eTp114HOrO perneHHll = J a ( h /2) =? I 

3tta1< sonpoca TaK )Ke, KaK H paHee, 03Ha­

' '-ITO TO'-IHOro aHaJIHTH'·IeCKOro Bbipa)l(e­

HeT. Cne.uyroIU.He TPH ,ueHCTBMR ,uaJOT 

l{e,nyµy nonyqeHHR aHTHCHMMeTPHlJHOH 

~BJI.RI0rue11 .llrrR reTeporeHHOH .R:'-leHKH. 

) HJ')l(no Bbl,lleJIHTb aHTHCHMMeTPH'IHYJO 

peuiettIDI, JlJI.R: qero Ja}laeM TOK Ha rpa­
ax siq ~ 

e11KH cne.uyioruero BH.ua: 

J = l J =- 1 

- .. I.____-------' .. 

2) PernaeM Ja,uaqy AM R'leMKH, pe3yrr1,rn­

TOM 6y}leT IlOTOK Ha rpaHHUe R'JeHKH. 

3) .6epeM OTHOllieHHe IlOTOKa K TOKY 11 

nonyqaeM 'I'. 
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6.MuororpynnoBOCTb 

Cttosa paCCM0T))HM peaKT0p, COCTOSIIllHH 

H3 roMoreHHbIX Sl'-leeK, B ,ll,Byxrpynn0B0M npH-

6moKemrn, Torna s Ka)K}lOH Sl'-leHKe cnpasen­

JIHBa CHCTeMa ypaBHeHHH 

a2<I>1(x) _(L +Ll-+2)<l> (x)+ 
DI a 2 al I 

X 

+-l-VLn<l>1(x)+-l-VLn <l>ix) = O; (20) 
K-xp K -xp 

D a2<t> 2 (x) + LH2<l> (x)- L <l> (x) = 0. 
2 a 2 I o2 2 

X 

3necb HH}leKCbl 1 HJIH 2 C00TBeTCTBYJOT )Hep­

reT11qecKOH rpynne, HH}leKc JP-IeHKH onymeH. 

BseneM seKT0p rpynnosoro II0T0Ka 

<l>(x) = [ <l> I (x)]' Torna CHCTeMy ypasHeHHH 
<t> 2Cx) 

(20) M0)KH0 nepem1caTb s cnenyromeM s11ne: 

a2<1>(x)/ax2 - A<l>(x) = 0, (21) 

rne 

[ 

Loi + rl-+2 -VL fl/ K-xp - VLn I K-xp 1 
A= DI DI . 

- r1
-+

2 
/ D2 L o2 I D2 

MaTpHUa A pa3MepH0CTH 2 HMeeT }lBa co6cT­

BeHHbIX BeKTopa 11 C00TBeTCTBYJOillHe HM co6-
CTBeHHble qJiCJia. 3TO 03HaqaeT qTo .zvrn HHX 

}lQJl)KHbJ 6bITb BbIIlOJIHeHbI cnenyromHe ypas­

HeHIDI: 

Ae,= a/ e, , Ae,= a!e,, e,= [ :] e,= [ j l (22) 

Torna perueHHe ypasttemrn: (20) s Sl'-lei1Ke 
MO)KHO npe}lCTaBHTb B SH.lie 

<I> ( x) = [ e1ach(a1x) + e2bch( a 2x)] + 
+ [ e1csh( a 1x) + e2dsh( a 2x)], (23) 

rne a, b, c, d - '-leTb1pe KOHCTaHThI, KOTOpbre 

}lOmKHbJ 6hITb onpeneneHbl H3 ycJIOBIUI CIIIHB­

KH TOKOB H Il0TOKOB Ha rpaHHuax coce}lHHX 

Sl'-leeK. ilO}lCTaHOBKOH y6e)K}laeMCSI, 'ITO Bbl­

pa)l(em1e (23) ynosneTBopsieT ypasHemno (20) 
nnsi mo6b1x a, b, c, d. O6paTHM BHHMaHHe Ha 

TO, KaK crpynnHpOBaHbI cpyttKUHI1 B Bbipa)Ke­
HHH (23). CHoBa HMeeT MeCTO Bbl}leJieHHe 

CHMMeTpll'-IHOH 11 attTHCHMMeTpHtJHOH tJaCTei1: 
TaK, KaK )TO 6bIJIO s O}lHorpynnOBOM cnyqae. 

ITpHBe}leM Bbipa)KeHHe (23) K BHJlY ypasHeHHSI 

(7), rnrna 

18 

<l>(x)=ch(x)·C1 +sh(x)·C2 , (24) 

rne ch(x) = [ei'ch(a1x) e~ch(a2x)], C
1 
=[al, 

e1
2ch(a1x) e2ch(a2x) · b 

sh(x) = , - . 
[

e1
1
sh(a1x) e~sh(a2x)] C -[c] 

e~sh(a1x) eish(a2x) - d 

,ll,anbIIIe cnenyroT pOBHO Te )Ke apHcpMeTH­

tJeCKHe }leHCTBHSI, 'ITO H TIOCJie ypasHeHHSI (7) 
JlJISI o.ziHorpynnosoro cnyqasi:. Torna q> H 'I' 
6ynYT MaTpHUaMH pa3MepHOCTeH paBHbIX 

qJiCJIY rpyrrn. 3.ziecb MO)KHO YKa3aTb npoue.ziy­
py rronyqeHHSI 3THX MaTpHU. TaK )Ke, KaK H B 

omrnrpynnosoM crryqae, cnenyromHM rnaroM 
rrocne ypastteHHSI (24) (aHanor (7) JlJISI 0}lHO­

rpynnosoii 3a}la'-1H) 6yneT nonyqeHHe ypas­
HeHHH 

<I>,( ±h/2) = <p,61,± 'l'X, j,(±h/2) = 61,± I ;"; (25) 

MX aHanor - ypaBHeHHSI: (9) .lIJISI: cnyqasi O}lHOH 

rpynnbI, HO TaM, r]le paHbllle TOK H TIOTOK Ha 
rpaHHUe 6hIJIH O}lHHM llHCJIOM, ceH'-laC nony­

llHJICSI BeKTOp pa3MepHOCTH q],ICJia rpynn. 

ITycTb Terrepb BbillOJIHfilOTCSI CJie}lyroIUHe yc-

nom: 61, =[a 1: =[~l 
B COOTBeTCTBHH co BTOpbIM ypaBHeHHeM 

(25) :no o3ttaqaeT, tJTO Ha rpammax siqettKH 

3a.ziatt CHMMeT))H'-IHhIH e.zimnrqHbIH TOK s nep­

BOH rpynrre. B CO0TBeTCTBHH C nepBbIM ypas­
HeHHeM IIOTOK Ha rpaHHUe Sl'-leHK.H 6y.zieT pa­

seH rrepB0MY crnn6uy MaTpHUbl q>. TaKHM o6-

pa30M, .lIJISI nonyqeHHSI MaTpHUbl (J) MO)KHO 

npe}lJIO)KHTb cne.ziyromyro npouenypy, rrosTo­
psi10myro aHaJIOrH'Il!YI-0 }lJISI O}lHOH rpynIIbJ: 

1) Hj')KHO Bbl}leJIHTb CHMMeTpH'-IHYJO 
qacTh peweHHSI, nnsi '-lero 3anaeM Ha rpaHHuax 

Sl'-lettKH TOK cnenyromero BH}la: 
J =[ l , 0] J =[ l,0] 

-·I,----:._r 
2) pewaeM 3a.ziaqy JlJISI sitieHKH. Pe3ynhTa­

TOM 6yneT rpynnoBOH TIOTOK Ha rpaHHUe 

JitieHKH [<l>1(h/2),C1>2(h/2)] B COOTBeTCTBIDI C 

npHBe}leHHbTMH BbIIIIe coo6pa)l(eHHSIMH, a ITO­

nyqeHHbIH BeKTOp rpaHH'-IHOfO TIOTOKa 6yneT 
nepBbIM CTOJI6UOM MaTpHUbl q>. ,ll,nsi rronyqe­

HHSI BTOporo CTon6ua HY*HO peWHTb cnenyro­

mym 3ana1..Jy: 



J = [O, 1 J J = [O 1 J - ·1,-----r 
IloJJ)"-IeHHbLH B pe3yJJhTaTe pernemui: no­

TOK Ha rpaHJ-!Ile 6y.[leT BTOpbLM CTOJJ6UOM MaT­
PHU.bI (j). AHanorn,rnyro npoue.L1ypy H)l)KHO 
npo.[leJJaTb C aHTHCHMMeTPH'-IHblM TOKOM .[IJJ.H 
nonyqeHIDI MaTPHUbl '1'· 

7. CBepTirn B rpynnhI 

O6bT'IHO pacqeT .ii.qeeK npOH3B0.[\HTC.H B 
6oJJblllOM 'iHCJJe rpynn, a pacqeT peaKTopa B 
MaJJOM. B 3TOM pa3.[leJJe noKa:>KeM, KaK npoHC­
XO.[\HT rpynnOBa.H CBepTKa B Mflr. I1TaK, 
nycTb pac1-IeT R'ieHKH npOHCXO.[\HT a 4-x rpyn­
nax, Ha30BeM HX MeJJKHMH, a pacqeT peaKTopa 
B 2-x rpynnax, Ha30BeM HX KpynHbIMH. KaK 
o6bJtillO, nepBa.H rpyrrrra caMa.H 6bICTPM. IlpH 
3TOM HMeeTCR CJJe.[lyroll{ee pa36HeHHe no 

naM: 

KpynHM rpynna 
HoMepa MeJJKHX rpynn 

B COCTaBe K HOH 
1, 2 

2 3, 4 
B TepMHHOJJOnlH MIIr 3TO 03HaqaeT, 'ITO 

Ha rpaHHU.ax .irqeeK Heo6XO.UHMO ClllHBaTb TO­
KH H IIOTOKH B KpynHhIX rpynnax. qT06bI no­
CTaBHTh 3a.[la'iy, H)l)l<Hbl BHYTPHrpynnOBbie 
cneKTpbl TOKOB. ITpe,unOJJO:>KHM, qTo HMeeM 
HHq>OpMaumo O KaqecTBeHHOM IIOBe.[leHHH 
TOKOB BHyrpH KpynHbIX rpynn, IIOJJyqeHHyro, 
HanpHMep, H3 KaKOH-JIH6o BCIIOMOraTeJibHOH 
3a.[la'iH. TaKoe npe.[lnorro:>KeHHe 03Ha'iaeT, tJTO 
.[\JIR acex rpaHHU Me:>K.llY .!fl-lei-iKaMH 3aBHCH­

MOCTb TOKa J ,K Hei-iTPOHOB OT 3HeprnH E 

BHyrpH rpynnbI HMeeT BH.[\ 

J /: (£) = C,g jK (E). 

3.[leCb g - HH,lleKC Kpynuoi,i rpynIIbI; i -
HH.[\eKC rpaHHUbI Me)K,lly .H'ieHKaMH; j g(E) -
yttHBepca.rrbHM .[\JJJI Bcex rpaHHU, HOpMHpo­
Ba1-rnaJ1, BHYTPHrpyrmoBaH 3aBHCHMOCTb TOKa 
OT 3HeprHH. CnpaBe.[\JJHBOCTb TaKOro yrnep:>K­
.uemrn HeotJeBH.LIHa, H o6ocHOBaHHe 3Toro 
npe.[lnOJJO:>KeHIDI BhIXO.[\HT 3a paMKH HaCTOR­
IUeH pa60Tbl. 

TaKHM o6pa30M, nycTb H3BeCTHbl cne­
KTpbI TOKoB/ /, / , / TaKHe, qrn/ + / = 1, 
.3 + 4 1 ~ j j = ; 3.[leCb HH.[leKC OTHOCHTC.H K MeJJKOH 

rpynne. Ha rpaH1max .!fl-leeK Heo6xo.[IHMO rro­
Tpe6onaTb HenpepbIBHOCTb "KpynHhIX" TOKOB 

H IIOTOKOB" i =J 1 + J 1 J2 =J 2 + J 2 
<1)

1 = · I 2 ' 3 4 , 

= <t> ' + <t> ' <li = <I> 2 + <1>2 
I 2' 3 4 · 

3.[leCb Bepxmrn HH.[\eKC OTHOCHTCR K Kpyn­
HOH rpynne, a HIDKHHH - K MeJIKOH. B npHH­
mme 3THX ycrroBHi-i H pe3ynhTaTOB npe.UbI.LIY­
mero pa3.[leJia .[\OCTaTO'iHO, 'iT06bI IIOCTpOHTh 
ypaBHeHHJI Mill CaMOCTORTeJibHO, 0}].HaK0 
np1-rne.L1eM HH)l(e om1caHHe a.rrropHTMa rrnrry­
qeHHR MaTPHUhI (j), npe.[lrronara.ir, 'iTO H'iei-iKH 
MOry-T 6bITb reTeporeHHbIMH. 

1) H)l)KHO BhI.[\eJIHTh CHMMeTPH'iHyro 
qacTh pemeHHH, .LIM qero 3a.[laeM Ha rpaami;ax 
.!fl-leHKH TOK CJ1e.L1yromero BH.[\a: 

J = u· 1 ·2 o oJ J = u·' ·2 o oJ 
,J ' , ,----------, ,J ' ' 

-·I -r 
2) PernaeM 3a.[la'iy .LIJIR .H"'ieHKH. Pe3yJihTa­

T0M 6y.LleT rpynIIOBOH II0TOK Ha rpaHlil.{e 
.irqeihrn [Cl>i(h/2), Cl>2(h/2), Cl>3(h/2), Cl>4(h/2)J B 
C00TBeTCTBHH c npHBe.[leHHhlMH BhIIIIe coo6-
pa)l(eHH.HMH, a H3 rrorryqeHHoro seKTopa rpa­

HH'iHoro IIOTOKa rrepBblH crnn6eu MaTPHU.hl <p 
nony,rneTcR no crre.L1yromeMy npaa11rry: (j) = 
= [Cl>1(h/2) + <l>2(h/2), Cl>J(h/2) + <l>4(h/2)f. 

3) ,D;n.ir nonyqeHHR srnporo crnrr6ua H)l)K­
H0 peumTh cne.uyromyro 3a,naqy: 

J = [O, o,/,/J J = [O, o,/,/J 

-·I -r 
113 nonyqettHoro perneHIDI noTOKa Ha rpa­

HHU.e nonyqaeTCR BTOpOH CTOJJ6eu MarpHU.hI <p 

= [<l>i(h/2) + <l>2(h/2), Cl>J(h/2) + Cl>4(hl2)f. 
AHanornqHyro npoue;::i;ypy H)l)KHO npo;::i;e­

naTh C aHTHCHMMeTpH'iHhlM T0KOM ;::i;mi: norry­

qeHHR MaTpHUhl "'. 
ITonyqeHHoe a pe3yrrhrnTe perneHHe )!)Ke 

He 6y,neT ToqHhIM ,na)l(e ,nAA crryqa.ir roMoreH­
HhIX .irqeeK 11 .LIH<pq>Y3HOHHOro ypaaHeHJ,rn. O,n­
HaKO MO:>KHO CKa3aTh, 'ITO OCHOBHOH rrpHHUHII 
MIIr - nocne;::i;oaaTeJJhHoe y-TOtJHeH11e perne­
mrn c yaeJIH'ieHHeM HOMepa npH6JimKeHl{jl 
3;::i;ech co6rrro}J.eH. Ysen11qem1e HOMepa rrpH-
6n11:>Kem1H B .naHHOM cnyqae - 3TO yaerrH'ie­
HHe 1-rnc11a rpynrr. 
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8. Hean<l><l>YlHOHHOCTb 

PacCMOTfH1M Tenepb ITJlOCKMH peaKTOp, 

COCTOHll{HH, KaK H npe)K.n.e, H3 5JCJeeK 0.llHHa­

KOBOro pa3Mepa h. Bee H'-leHKH HMeI-OT c11M­

Me1'pH'IHYJO BHyrpeHHJOIO CTJ))'KTypy. ITocT­

pOHM KOHe'fH0-pa3HOCTHbJe ypaBHeHHJI Mf1f, 
11cxo.n.H 113 ypaBHemrn: nepeHoca a He 113 ypaB­

HeHH51 .n.11cpcpY3HH, KaK .n.o Cl1X rrop. 

.L(mi: OJ.lH03Halfl!oro onpe.n.eneHHH pewe­

Hl1H ypaBHeH11R nepeHoca B 5Jllei1Ke Heo6xo.n.11-

MO 3a.ll,aTb rpaHH'-IHbie ycJIOBHJI . H3BeCTHO, 

'-ITO rpaHH'-!Hble ycJIOBl1H B TaKOM cnyqae MO)K­

HO 3a.n.aTb .llBYMH: 3KBRBaJieHTHblMH cnoco6a­

MH. ITepBbIH - 3a.n.aTh yrnoBoe pacnpe,ueneH11e 

Ha rpaH11ue .ll,JIR IlOJIOBHHHOro 11HTepBana yr­
JIOB, HanpHMep, BTeKarom11x B o6JiaCTb HeH­

TpOHOB. 3TOT cnoco6 o6bI4HO np11MeIUieTCH B 

MeTo.n.ax BIIC, MeTo.n.e xapaKTep11cT11K, pa3-

JIB'-IHhIX MO,ll11(p11KaUHHX MeTO,lla ,llHCKpeTHbIX 

op.n.11HaT. B TaKOM cnyciae yrnoBoe pacnpe.n.e­

JieHHe BbITeKaI-OIUHX 113 o6JiaCTl1 HeH1'pOHOB 

6y.n.eT IIOJiyqeHO B pe3ynoTaTe peweHHJI. BTO­

pow cnoco6 - 3a.n.aTb Ha rpattHUax 06nacT11 

TOnhKO He4eTHbie (11JIH TOJlbKO 4eTHbie) MO­

MeHTbl yrnoaoro pacrrpe.n.eneH11R. B 3TOM cny­

qae pe3yJibTaTOM perneHHH: 3a.n.aq11 HBJlHIOTCR 

'-leTHble (n1160 HeqeTHble) MOMeHTbl yrJIOBOro 

pacrrpe,lleneH11H. Ey.n.eM 11crron1,3oaaTb BTOpow 

cnoco6. 

Ilo1'pe6yeM Ha rpamme 5JlleeK HerrpephIB­

HOCTb 2N nepBbIX MOMeHTOB pa3JIO)KeH11JI pe­

rneHHH no ccpepH4eCKHM rapMOHHKaM. IIycTb 

ak - K03Q)(p11UHeHTbl pa3JIO)KeHHJI perneHl1H Ha 

rpaH11ue no COOTBeTCTByI-OIUl1M ccpep11lleCKHM 

rapMOHHKaM, k = 0 . . . 2N - l. IiH,ueKc 5JlleHKH 

3.n.ecb H .n.anee orrymeH. 

Bae.n.eM cne.n.yiolilHe BeKTOphI, pa3.ll,eJIHB 

K03cpcp11u11eHThl C qeTHhfMH 11 He'-leTHhIMH HO­

MepaMH: 

J(±h/2) = 

a1(±h/2) 

a/±h/2) 
; <J>(±h/2) = 

ao(±lz/2) 

ai(±h/2) 

Tor.na H3 Toro, l.JTO CKa3aHO OTHOCl1TeJibHO 

rpaHH'lHhIX ycJIOBl1H 11 JlRHeHHOCTH ypaBHe­

HHH nepeHoca, cne.n.yeT, '-ITO I.JeTHhie K03cpcjm­

u11eHThI onpe.n.enRI-OTCH: qepe3 He'-!eTHble KaK 

<1> ( h /2) = AJ ( h /2) + BJ ( - h /2) ; 
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<1> ( -h /2) = BJ ( h /2) + AJ ( -h /2), (26) 

r.n.e A H B - Mal'pHUbl pa3MepHOCTl1 N. 8 3THX 

Bbipa)KeHHRX rrpHMeHHIOTCH: Bcero .ll,Be MaTpH­

UhI BMeCTO 4eTbipex. IlpOHCXO.ll,11T 3TO ITOTO­

MY, l.JTO npe.n.nonaraeTC5J BHyrpeHHR51 Cl1MMeT­

pHH H:CJeeK OTHOCl1TenhHO IlOBOpOTa Ha 180 
rpa.n.ycoB OTHOCl1TeJibHO ueHTpa. 

BBe,[.(eM HOBbie rrepeMeHHble, 11CIIOJlh3YH: 

.ll,JIH HHX ~e 3HaKOMbie o6o3Ha'-leHHJI 

61 = ( J ( h /2) + J ( -h /2)) I 2, 

r =(J(-h /2)-J(h /2))12. 

QqeBH,[.(HO, 'ITO 

J(±h/2)=61±1'. (27) 

Ilo.n.crnamrn 3TO Bh1pa)Kemrn B (26) .n.nH 

rpaHH'-IHhIX IIOTOKOB, IIOJiyqHM 3HaKOMOe co­

OTH01lleH11e 

<I>( ±h/2) = (A+ B ))I± (A-B)r= <p61 ± \j/r .(28) 

3.n.ech TaK)Ke Bse.n.eHhI o6bII.JHhie o6o3HaY:e­

Hl1H .llJlR Mal'pHU. YpaBHeHl1H (27) 11 (28) 11Me­

I-OT B11,[.( ypaBHeHl1H (9), a CJie.ll,OBaTeJlbHO, 

npHMeHJ151 Te )Ke npHeMbI 113 ycJIOBl1H CIIIl1BKl1 

MOMeHTOB Ha rpaH11uax coce.ll,Hl1X H'-!eeK, 

MO)KHO IlOJI)"IBTh KOHe<rn:o-pa3HOCTHble ypaB­

Hem,rn B11.ll,a (19). BXO)l5JIUHe B 3TH ypaBHemrn 

K03<pq>HU11eHThI 6ynyr MaTpHUaMH pa3MepHO­

CTH N. 
Y Ka)KeM Terrepb rrpoue.[.(ypy nonyqeH11H 

MaTpHU, KOTOpaH OKa3hIBaeTC5J 04eHb IIOXO)Ka 

Ha TY, KOTOpaH npHMeHJIJiaCb ,[.(JlH HaXO)K,[.(emrn 

MHOrorpyrrIIOBhIX MaTJ)HU. IlycTb JlnH om1ca­

HJ,15J yrJIOBOH 3aBl1C11MOCTH HCIIOJib3yI-OTCH no 

2 'leTHhIX 11 Hel.JeTHhIX MOMeHTOB, Tor.n.a N = 2. 
IlycTb Terrepb BbIIIOJIHHIOTCH cne.n.y1-0mHe yc-

JIOBHJI: 61 =[l]· r =[0]. 
I O > I 0 

B COOTBeTCTBHH C ypaBHeHHeM (27) 3TO 

03HaqaeT, '-ITO Ha rpaHHUaX 5JlleHKH 3a,uaH 

CHMMeTJ)l1"1HhIH no npocTJ)aHcrny e,[.(HHHCJHhIH 

TOK B nepBOH rpyrrne (a1 = 1, a3 = 0). B COOT­

BeTCTBHH c ypaBHeHl1eM (28) BeKTOp qeTHbIX 

MOMeHTOB pacrrpe.n.eneHHJI Ha rpaHHue 5Jl.JeHKH 

B TaKOH 3a,uacie 6y,ueT paBeH nepBOMY CTOJI6-

uy MaTJ)HUhl <p. TaKHM o6pa30M, ,[.(JIR IlOJl)"-Je­

HHH MaTJ)HUhI (j) MO)KHO npe.n.JIO)KHTb CJie,[.(yio­

lllyI-0 rrpoue.n.ypy. 

1) H~HO Bbl,UeJIHTh CMMMeTpwrnyio 

qacTh peweHHH, ,unH "lero 3a.n.aeM Ha rpaHM-

1..lax R'-leHKH TOK cne.n.yiomero BM,[.(a: 



J=[l,0] J=[l,0] 

-►I~ -_f 
2) PernaeM 3a,naqy ,n;rn }11-1eihrn. Pe3ym,rn­

TOM 6y.UYT K03q>qnn .. urnHThl ao H a2 .[(JUI' yrno­

BOro pa.3JIO)Kemrn, BeKTOp [<Di(h/2), <D2(h/2)] B 

COOTBeTCTBHH c rrpHBe,neHHhIMH BhIWe coo6-

pa)KeHH}IMH 6y,neT rrepBbIM CTOJI6UOM MarpH­

Uhl q>. ,[(llil rronyqemrn BToporo cTon6ua H~­

HO pellIHTh cne.nyioruy1-0 3a,naqy, B KOTOpOH 

HeHyJieBbIM OKa.3bIBaeTC}I ~e TOJlhKO BTOpOH 

HeqeTHhlli MOMeHT: 

J=[O,l] J = [O, l] 

-►~I ~-f 
IlonyqeHHhrii B pe3yn&TaTe pernemrn BeK­

TOp qeTHI,IX MOMeHTOB pacrrpe,neJieHJij{ Ha rpa­

m1ue 6y,neT BTOpbIM CTOJI6UOM MarpHUhl q>. 
AHaJIOfHtJHy'K) rrpoue.nypy H~HO rrpo,neJiaTb 

C aHTHCHMMeTp~Hl>IM TOKOM .llllil rronyqemrn 

MarpHUhl \jl. 

9.MaTpHULtpeaKUHH 

KaK rrpaBirno rrp11 perneHHH ypaBHemrn 

.llJI}I peaKrnpa He ~a 1mcpopMaUID1 o .ne­

TaJihHOH cpyttKUHH pacrrpe.nenemu1, a HHTepec­

Ha HeKOTOp~ IIOCJie,noBaTefilHOCTh q>yttKUHO­

HaJIOB OT perneHH}I: cpe.uHee no HqeHKe IlOfJIO­

rueHHe, cpe.nHee no HqeifKe .nenett11e 11 T.,n. Ta­

KHM o6pa.3oM, B o6meM cnyqae ypaBHeHH.H ne­

pettoca HHTepecyeMc.H HHTerpanaMH BH.lla 

-
1-f ff <D(r,Q,E°'p:,_v(r,Q, E'jiVdQdE = R_.., (29) 

V41t 411 VE 

r.ne <D - pemeH11e 3a,na1rn; Ly - ceqeH11e rrpo­

uecca y (y- rrornomett11e, .nenett11e 11 T.rr.); RH­

Terpan 6epeTC.H no TeJieCHOMY yrny, HHTepe­

cyiorueMy o6'beMy H 3HepreTwqecKOMY HHTep­

BaJiy. 

BepHeMC.H CHOBa K O.llHOrpynnoBOMy .llHq>­

<pY3HOHHOMY ypaBHeHHIO. Ilo,ncTaBHB Bbipa­

)KeHHe (7) .llJI.H perneHH}I B (29), rronyq11M 

1 M 

RY= H f <D(x)L.1 dx= 
-hn. 

1 1,n_ 
=C,.1 Hf L)'ch(xy)dx = rrC, _1• (30) 

-hn. 

3.necb yqTeHo qTo HHTerpan OT aHTHCHM­

MeTpHqffOH rrpo6HOH <pyttKUHH paBeH Hymo H 

HHTepecyioruHH Hae cpyHKUHOHaJI OKa.3aJIC}I 

3aBHCHIUHM TOJlbKO OT aMITJIHTY.llbI CHMMeT­

pH'IHOH rrpo6HOH q>yttKUHH. 3TOT )Ke pe3yJih­

TaT OKa3bIBaeTC}I cnpaBeJ.(JIHBhIM H s 6onee 

o6meM cnyqae, Kor.ua 11cnonh3y'K)TC.H ypasHe­

HHe rrepeHoca 11 6on&wee KOJI11qecTBo rpynn, 

H~HO TOJibKO, qT061,1 HqeHKa 61,ma CHMMeT­

p11qHa OTHOCHTeJibHO IlOBOpOTa BOKpyr reo­

MeTpHqeCKOro ueHTpa. 

B cnyqae HeCKOJlbKRX rpynrr ~- }IBJI~eTC}I 

MaTpHUeH pa3MepHOCTH, paBHOH 'IHCJIY rpynrr. 
B&1pa)Kett11e (30) MO)KHO rreperrncaTh B 6onee 

y.uo6HOM BH.lle, Kor.na CKOpOCTH peaKUHH Bhl­

pa)Kal-OTC}I He qepe3 KOHCTaHThl C, a cpa.3y qe­

pe3 HCKOMbie HeH3BeCTHhie. IlpHMeH}l}I ,UJUI 

3TOro (15) H (8a), nonyqHM 

1 
r>.C, 1 = r1, ( )81, = 

· D,a,sh a,h/2 

=[">· D h~ h/2) (cp, -'l',t]<I>,=J<.;p,· ,a,s a , 
Bhlpa)KeHHe, CTmnuee B KBa,npaTHbIX 

CK06Kax, Ha3bIBaeTC}I Ma-rp11ueif (paJMepHOCTH 

1 B .llaHHOM cnyqae) peaKUHH H TI03BOllileT rro­

JiyqHTh CKOpOCTH pa.3JIH11HhIX peaKUHH Herro­

cpe.ucTBeHHO qepe3 HeH3BeCTHbie, OTHOCH­

TeJibHO KOTOpbIX noc-rpoeHo ypaBHeHHe ( 19) . 

10. YCJIOBHO-KpHTffqecKaH Ja)J.a'la 

Oco6oe MecTo B npHJIO)Kemrnx 3aHHMaeT 

ycrrOBHO-KpHTH'leCK~ 3a,uaqa, Il03TOMY Heo6-

XO.LlHMO np11secn1 ypaBHeHHe (19) K BH.LlY 3a­
.ua1111 Ha co6CTBeHHOe 3HaqeHJ,ie. KaK BH)lHO, 

KJit, BXO.LlHT KaK rrapaMeTp B HCXO.LlHOe ypaBHe­
HHe (1) H, cne.uosaTeJlhHO, BKJIIOtJeHo B K03cp­
cp11u11eHThl ypaBHeHHH ( 19). 3Ty CB}l3b He­

TPY.llHO npocJie,llHTh, HCil0Jlh3Y}I rrpe,llbI.LlyruHe 

BhIKJia,UKH, OTMeTHM, tJTO, O'leBH.LlHO, TaK~ 
CB}l3h HeJIHHeHHa. 

"O6hl"IHOe" K34i BBO.LlHJIOCh 113 coo6pa)Ke­

HHH, Bhl3BaHHhIX Heo6xo,n;HMOCThl-O rrorryqe­

HH.H OCHOBHOH rapMOHHKH HeCTaUHOHapHoro 

ypasHeHH.H H3 3a.ua1rn Ha co6cTBeHHoe 3Haqe­

HHe. TaK)Ke npHHUHTIHaJihHO Ba)l<HO, qTo6bI 

nonyq11BIIIHHC}I B pe3yJI&TaTe onepaTop yc­

JIOBHO-KpHnP-1ecKoif 3a)laqH 6bIJI 3HaKoorrpe­

.ueJieHHhIM, qyo6bI MO)KHO 6bIJIO rrpHMeMTh 

CTaH,napTHhie HTepaUH0HHbie MeT0,llbI. BceM 

)THM ycnOBH}IM OTBe'-laeT 3a,llalJa, B KOTOpOH 
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orrepaTOp, oTBeqa10rr.urtl: 3a po)K.uemi:e HeHTpo­

HOB, 6hIJI 6hI BhIHeceH B rrpaB)'IO qaCTh. H.c­

I10Jlh3Y.H 3TH paCCY)K.lleHH51, pa3o6heM ypaBHe­

HHe (19) TaK, 4T06hI orrepaTOp p0)K,lleHH51 HeH­

TpOH0B CTOHJI crrpaBa. )],11.sr 3TOro rrpHMeHHM 

cooTBeTcTByromyro MaTPHUY peaKUHH 

1 2D D ( - - ) .I2 - ,_, <t>,-<t>, -
,=i±l h D +D 

I I 

- - - 1 - -
- C~:;, - R,.) <I>,= -- -R r<I>, . (31) 

K )Q) 
BBe,lleHHOe TaKHM o6pa30M co6CTBeHHOe 

3HaIJeH11e 06ecrre1IBBaeT H)')KHhie CBOHCTBa 

orrepaTopa H 6IDl3KO K "HaCT05ImeMy'' K 3ip 113 

ypaBHeHH51 (1 ). Ecn11 B 3a.uaqe K3<1> = 1, TO K 3<j) 

11 K )<I> COBila,llaIOT. IlpH pacqernx KpHTC6opoK 

H pa60Ta10m11x peaKT0pOB, KaK IIOKa3bIBaeT 

rrpaKTHKa pa3JJM41-ie Me)K,lly K 3<j) 11 K3iP He­

rrpHHUHITHaJJhHO, IlOCK0JlbKY Jle)KHT BHe rrpe­

,lleJIOB TPe6yeMOH TO'IHOCTH. )],n5I pactJeTOB 

CHJihHO 110,llKpHTif'leCKHX CHCTeM 3TO pa3ITTl-

4He MO)KeT CKa3aThCH H Tor.ua IIOCTYIJaIOT cne­

.llYJOI.IJ.liM o6pa3oM: IIocne peweHIDl ypaBHe-

HIDI (3 l) nonyqeHHoe K 3<j) HCilOJih3YJ0T B Ka­

qecTBe rrapaMeTPa .UJIH pacqeToB K03<pq>HUH­

eHTOB ypaBHeHH51 (31) H IlOBTOpHIOT rrpoue.uy­

py. B pe3yJihTaTe TaKHM o6pa30M opraHH30-

BaHHhIH HTepauttOHHhTH rrpouecc CXO,llHTCH K 

"ttaCTOHI.IJ.eMy" K )¢i, a caM OH I1011YtJHJI Ha3Ba­

Erne CBepXBHeIIIIDIX HTepaUHH. 

3a1rnroqenne 

0IIHCaHhl OCHOBHhie rrpHHUl1Ilhl, Ha KOTO­

pbIX 6a311pyeTCH MIIT. Ha rrpHMepe O,llHOMep­

HOH 3a,lla4H npe.ucrnBnem,1 xapaKTepHI,Ie qep­

ThI MeTO,lla H aJJrOpHTMbI IIOCTPOeHH51 KOHe4-

HO-pa3H0CTHhIX ypaBHeHHH. 3m pa6orn HO­

CHT 6orrhme rre.uaronrqecKHH xapaKTep 11 no 

3TOH rrpwrntte H3JI0)KeHHe IIOCTPOeHo Ha 

rrpHHUHTiaX OT 4aCTHOro K o6meMy. Xorn 113-

JllilllHHH npHMHTHBH3M H3JlO)KeHHH Bhl3BaJJ 

HapeKaHHH aBT0pOB MIJf, MHe BCe-TaKH Ka­

)KeTC51, '-!TO .uattHa.sr pa6orn 6y.ueT crroco6cTBo­

BaTh 11YtJllieMy IlOHHMaI-rnIO MIIT B cpe.ue 

cneuHaJJHCTOB H B KOHe4HOM HTOre BhI30BeT 

6orree urnpoKoe np11MeHem1e 3T0ro MeTo.ua. 

CTporoe MaTeMan1qecKoe H3J10)Kem,1e B aB­

TopcKOH HHTeprrpernum-1 Bcer.ua MO)KH0 HaHTH 

B COOTBeTCTBYJOI.IJ.HX pa6oTax, HeKOTOpbie H.3 

KOTOpbIX rrpHBe,lleHbl B CITHCKe mnepaTypbI. 
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Y)J;K 621.039 
Pac-ieTbl J(J>(J>eKTHBHOro KOJ(J>(J>ul(ueuTa JJ.H(J>(J>y3HH 

B -ieTHblX npu6JIHJKeHUHX MeTO,lJ.a nonepXHOCTHhlX nceB,lJ.OUCTOqffHKOB 

A.A. KoBOJluiuuH, H.H. JlaJ1emu11, 
PHU: "Kyp1:1aTOBCKHH HHCTHTyr", 123182, MocKBa, nn. Kyp1:1aTOBa, 1 

IlocTymrna B penaKUHIO 19.09.2009 r. 

Ilpe.ncrnsneHo 06ocH0BaH11e Toro, no4eM)' .D.JUI pac4eTa K03cpcpm-111eHTa .n11cpcpy:rn11 npe.nno4THTenbHeH 
npHMeH.SITb 4eTHble np116J1H)KeHH.SI MeTo.na nosepXHOCTHblX nceB.D.OHCTO4HHKOB (MIITil1). AHlU1HTH4eCKH no­
Ka38HO, 4TO .nn.si Go-np116nmKeHH.SI .D.OCTHraeTC.SI roMoreHHblH npe.nen B cny'-!ae CTpeMneHH.SI pa3MepoB .Sl4eHKH 
K eymo. 

l6110'-le6ble Cl/060: ypasHeHHe nepeHOCa, nosepxHOCTHble rapMOHHKH, K03<p<pHL.(HeHT .D.Hcpcpy3HH. 

The Effective Diffusion Coefficient Calculations by Even-Approximations of Surface Pseudo Source 
Method. A.A. Kovalisl,in, N.L Laletin, RRC "Kurchatov Institute ", 1, Kurchatov Sq. , Moscow, 123182. The 
background for using add approximations of surface pseudo source method for diffusion coefficient calcula­
tion is given. lt is analytically proved that for G0-approximation the homogenization limit is achieved in the 
case when the cell size approaches to zero. 

Key Words: Transport Equation, Surface Harmonics, Diffusion Coefficient. 

Bse.L{eHne 

Bonpoc O TOM, qTQ )Ke TaKOe K03<p<pHUH­

eHT .rm:cl>cl>y:mH HeHTpOHOB H, CaM0e Ba)KHOe, 

KaKHM o6pa.30M 3TY Heo6xo.rm:Myro .llJUl rrpaK­

TH1:leCKHX pacqeTOB BeJIH1:IHHY BhPIHCJUI.Th, He-

0.llH0KpaTHO pacKpbIBaJIC.SI pa.31IH1:IHhIMH aBTO­

paMH [1 ... 3]. TeM He MeHee B 3TOM Bonpoce 

He cymeCTByeT, Ha Harn B3fJUl.ll, .llOJI)f(H0H .SIC­

HOCTH. 3To CBH3aHO rrpe)f(.l{e BCero C TeM, KaK 

H B KaKHX ypaBHeHlU[X nom1rna 6bITb HCilOJih-

30BaHa BbJqHcJieHHM BeJIH1:IHHa. [(eJib HaCTO­

.SlllleH pa60Thl - yro11HeHHe anropHTMOB pac­

qeTOB, OTHOC.SllUHXC.SI K HaH6onee crropHOH 

qacTH rrpo6neMhI - pacqeTaM norrepetIHhIX K0-

3<p<pHUHeHTOB .llHCpq>Y3HH B pemeTKax peaK­

TOpOB. 

O6hI'IHO B ypaBHeHHSIX MaTeMaTHqecKOH 

q>H3HKH K03<p<pHUHeHT .llH<pq>Y3HH orrpenen.si­

eTC.SI KaK K03<p<pHUHeHT rrporropUI-lOHaJihHOCTH 

Me)f(Jly rpam,reHTOM IlOTOKa <DH TOKOM J HeH­

TpOHOB: 

J=-DV<D. (1) 
Ho B rrpaKTH1:1ecKHx pacqerax Bcerna HJIH 

IIO"ITH Bcerna Bhipa)l(eHHe ( 1) 3aMem1eTc.si cne­

.llYJOIUHM KOHe4HO-pa.3HOCTHhIM aHaJIOroM: 

Jx=D(<t>,-<P)lh, (2) 

rne h - mar Kotte1:1Ho-pa.3HOCTHOH ceTKH, KO­

TOphIH Bcerna Kotte'leH, 11 6onee Toro, jfqeih<a 

ceTKH, KaK rrpaBirno, HeroMorettHa.si. B 3TOM 

cnyqae K03<pq:>HUHeHT .llH4><pY3HH .llOJI)l(eH 

6hIT.b KaKHM-JIH6o o6pa30M ycpenHeH. 

Ko3g:><pHUHeHT JlH4>4>Y3HH, BXO.llfilUHH B 

Bbipa)l(eHID! BH.lla (2), Ha30BeM 3g:><peKTHBHhIM 

HJIH K03q:>q:>RUHeHTOM .llH<p4>Y3IDf jfqeHKH. Ha­

IlOMIDiM 3.lleCb, KaK KJiaCCH1:leCKa.SI TeOpIDI ro­

MOremnaUHH rrepeXO.llRT OT npe.llCTaBJieHHH 

(1) K (2). PacCMOTpHM .llJl.SI BhffiCHeHHJI cyrH 

rrpoue.llypbI Bhl1:IHCJieHH.SI 3<p<peKTHBHblX KOJcjJ­

cllHUHeHTOB .llH<p<pY3HH rrpOCTYJO OJlHOMepHyro 

perneTKY, C0CTOHIUYJO H3 reTeporeHHhIX SJ.qeeK 

(pHC. 1). 
PaCCMOTPHM 0.llHOMepHOe 0.llHOCKOpOCT­

HOe ypaBHeHHe nepeHoca 

µ dcp~x,µ) + L(x)cp(x,µ) =~ f Ls(x)cp(x,µ)dµ.(3) 
X 2 - I 

B cooTBeTCTBHH c TeopHeii roMoreHH3aUHH 

(CM., HarrpHMep, [ 4]) perueHHe Hil.(eM B BH.lle 

cpn (x, µ) = <l)~cp; (x, µ)+<I>;' <p: (x, µ). ( 4) 

h h - ~ 

' ~ ' 
, 

I 
I 

P11c. I . Pact.feTHa.si ceTKa ,wrn OJJ.HOMepHoro ypas­
HeH11.si 
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1 
3.uecb <t>~ 11 <i>;' - COOTBeTcTBeHHO cpe.mrne 

ITOTOK H rpa,n11eHT ITOTOKa no 51'-JeHKe n; 

cp': (x, µ) - CHMMeTp.wrnoe OTHOCHTeJJbHO QeH­

Tpa 51qeHKR pacrrpe,neneHHe C HOpMHpOBKOH 
I ff cp'; (x, µ)dµdx = I, o6bJtrno B KaqecTBe Hero 

I, -I 

BbICTynaeT perneHHe, rronyqeHHoe H3 3a,uaqH c 

6eCKOHeqHOH perneTKOH; cp~s(x,µ) - aHTHCHM­

MerpH'IHOe pacrrpe.neneHHe B 51qei1Ke, orrpe.ue­
mnomee rrpH rronyqemu1 cpe,uHero KOJ<pqrn­

l{HeHTa .nmp¢y:m11. 
ITo,ncTaBHM (4) s (3) H rrpoirnTerpHpyeM 

no dµ, 3aTeM no µdµ: 

:X (<t>~J_, (x) + <i>;'Jas(x)) + 

+l:
0

(x)(<D~<Ds(x)+<D~<D
35

(x)) = O; (5) 

:x (<D~f.. (x) + <1>;'/35 (x)) + 

+:E(x)(<D~J (x)+<D;'J
35

(x))=O. (6) 

3.uecb 

L
0 
(x) = 1:(x)- CLs (x); 

I I 

J_,(x) = f cp.,(x,µ)utµ; J 35 (x) = f cp3s(x,µ).idµ; 
-I - I 

I I 

<I>s(x)= f cps(x,µ)dµ; <Das(x)= f cpas(x,µ)dµ; 
-I - I 

I I 

l, (x)=3f cp5 (x,µ).i 2dµ ; /35 (x)=3f cp 35 (x,µ).i 2dµ. 
-I - I 

BeJJH'-iHHa ls Ha3BaHa s pa6oTe [5] JIOKaJih­
HhIM ypOBHeM HeHrpOHOB. ITpoHHTerpHpOBaB 
Terrepb ypasReH11e (5) no dx OT Xn-I/2 .uo Xn+112 

(J(x11+1n)-J(x11-112 )) + ~ a <D~h = 0, (7) 

IIOJiy"-IHM o6hI'-iHOe 6anaHCHOe ypaBHeHHe. 
ITpOHHTerpHpyeM Teneph ypaBHeHHe (6) 

ITO dx OT Xn-1/2 JlO X11+ 112: 

(l_'.'(x,,+112)-/;'(x,,_1 2))<!>~ + (l: (x11+112)-/:(x11-112))<D';+ 

I1epsa51 C)'MMa H rrepBhlli HHTerpan B 3TOM 

Bhipa)KeHJ-rn rrporra,ua!OT H3-3a CHMMeTpHH H B 

pe3yJ1hTaTe rronyqaeM 

(8) 

r,ne 

24 

-'•4t 1:(x )J~: (x )dx . 

J - r'·1'1 r11 = ·'·I l l J" J II ( )dx (9) tr hJ" , as= h as X · 
as Xn- 111 

.L(anhHeiimHii rnar B noJiyqeHHH KOHe1rno­
pa3HOCTHhIX ypaBHeHHH - 3TO rpe6osaHHe pa­
BeHCTBa TOKOB H IIOTOKOB Ha rpaHHU.aX coce.u­
HHX H'!eeK: 
<D"-1 (x )<D"-1 + <D11-1 ( )<!>11-1 = , 11-1/2 0 as X11-l/2 I 
- <DII(, )<DII <D" ( )<DII - J, . - , X11-l/2 0 - as X11-l/2 I - 11-112 • 

1 11-I ( )ihll-1 jll ( )<D-11 J 
as X11-l/2 'VI = as X11-l/2 I = 11-1/2 · (10) 

3aMeTHM, '-iTO I= <I> + 2<1>2, r.ne <I>2 - BTO­
poH JJe)l(aH,UpOBCKHH MOMeHT pacnpe.ueneHIDl. 
.[(AA rronyqemui: Bhipa)KeHH51 (2) Heo6xo,n11.Mo 
c,nenaTh eme ,nsa npe,nrrono)l(eHH51. IJepsoe -
rrpHMeHHM 06hJqHoe JlJI51 m1<pq:>Y3HOHHOH TeO­

plU[ .uorryrneHHe l(x) = <I>(x) H BTopoe - pa­

seHCTBO rrosepXHOCTHbIX H 061,eMHhIX BeJIH­
qi,rn: 

<I>~ (x±112) = <P'.:; J: (x±112) = J~. (11) 

Tor.ua H3 (8), (10) H (11) IIOJJ)"UlM 

J (x ) = 2(3L"-1 + 3L" )-1 (<P" - <1>11-1 )/h = 11-l/2 tr tr O 0 

= 2D11 D11_1 (<D~ -<D~-i), (l2) 
h(DII +D11_1) 

r,ne D = l/(31:tr)-
YpaBHeHH51 (12) H (7) .ua10T KOHetJHO-pa3-

HOCTHOe ypaBHeHHe .UH<p<py3HH OTHOCHTeJlhHO 

cpe,nHHX no >PieHKe IlOTOKOB. 3aMeTHM TaK)Ke, 
qTo npH c.uenaHHhIX npe,nnoJIO)l(eHH.51X TeopH51 
fOMOfeHH3a[lHH .uaeT O.UHO3Ha1rnyio cpopMyJiy 

(9) JlJ151 onpe,nenemrn K03cpcpm.1,11ettrn ,nHcpcpy-
3HH. 

1. Ilpe,ueJibHbie 3Ha1-teHHH 
.UJIH 3q>q>eKTHBHoro nonepe•rnoro 

K03q>q>11uue1na .nuq>q>yl11H 

Bxo}l511UHH B Bb1pa)l(ett11e (12) K03<p<pHllH­

eHT ,nmpcpY3HH o6paTHO rrporropQHOHaJJeH Ltr, 
ycpe]lHeHHOH IIO TOKOBOH COCTaBAAIOmeii aH­
THCHMMerpH'-iHOH cpyttKQHH. ITpe)K,Ue '-ieM ne­
peHTH K ,nanhHei1weMy paccMorpemuo · npo6-
neMhI, npHBe,UeM O.UHO npeo6pa30BaHHe, IlO3-
BOJ151IO!llee rrepeHTH OT HHTerpana B (9) K no­
BepXHOCTHhIM BeJJH'-iHHaM, 'ITO HaMHOfO y,no6-
Hee. 

PaccMOTPHM JlB)'MepHy!O MHOf03OHHyIO 

QHJIHHJlpW-recKyIO 51qei1Ky, B KOTOpOH perna-



z 
X 

P11c. 2. C11cTeMa Koop,n11HaT 

eTC.Sl aHTHCHMMeT{HP-IHaJI no OCH X 3a,na1:1a. 

Bee o603HaqeHH.Sl BXO.ll.Sl.IUHX B ypaBHeHHe Be­

J1H1UIH .llaHbl Ha pHC. 2. 3,uecb HCIIOJ1b30BaHa 

CHCTeMa KOOp.n;HHaT, o6bPIHa.si: ,llJ].Sl 60J1bilIHH­

CTBa yqe6HHKOB, HO OTJ1H'LJ:Ha.Sl OT CHCTeMbl, 

BhI6paHHOH B [ 6]: 
. 

0 
a<I>.s(r,a,!l) sin0sincp 

sm cos cp--=----+----x ar r 

X --=-------=---- + ( 
a<I> as (r' a, n) a<I> as (r' a, n) J 

acp aa 

+L{rJI>.s(r,a,!l)=:E.,-
1 f <I>.s(r,a, !l)d!l.(13) 

4n4n 
YMHO:>KHM ypaBHem1e (13) Ha TOK 

ix =(ex!l)=sin0cos(cp+a) B.LlOilh OCH X H 

rrpoHHTerpupyeM no 061>eMy u yrnoBoii nepe­

MeHHOtt: 
R 

Rlc(R) = f :E(r )Jx(r)rdr. (14) 
0 

3.L(ecb R - BHeIIIHHH pa.nuyc .lfllefurn:, 

((r) = 
n 2n 

= f da f sin0d0 f sin
2
0coscpcos( <p + a)<I> .. (r,a,0,<p)d<p 

2n O 0 

- ypoBeHb B UHilHH.llpHqecKOH reoMeTpHH, 

Jx(r) = 
n 2n 

= f da f sin0d0 f s in0cos( <p + a )<I> as (r, a, 0, <p )d<p 
2n O 0 

- TOK no OCH X. 
TaKHM o6pa.30M, .L(ml Bbl4HCJ1eHH.Sl K03cp­

qJHUHeHTa .LlHcpcpy3HH MO)KHO rrpe.D;JlO)l(HTb 

cJJe.Ll)'IOlllHH peuenT: 

1) s .Sl:4.eHKe pernaeTC.Sl aHTHCHMMeTpHqHaJI. no 

KaKOH-J1H6o KOMIIOHeHTe 3a.L(a4a; 

2) Ha BHernHeii rpamme WJettKM s1,rcrncJ1.S110Tc.si: 

/(R) u J(R), .LlaJJee, TaK KaK no onpe.L(eJJemno B 

aHTHCMMMeTpH1:1HOM 3a.L(aqe TOK MeH.HeTC51 

cna6o (no1:1TH KOHCTaHTa), .L(eJJaeTc51 npe.L(rro­

JIO)Kem1e J(R) = J; 
3) HCnOJ1b3Y51 (9) H ( 14), IIOJl)"lJ:MM Bblpa)l(eHHe 

.D;JI51 K03!p!pHUHeHTa .LlHqJ!pY3llli 

D=-RJ(R)/l(R), (15) 
Ky,na BXO.L(51T TOJlbKO rpaHHqHbre BeJIH'LJ:HHbl. 

,[(o CHX rrop He YTOqH.SlJ10Cb, KaKHMM CBOH­

CTBaMH ,llOJI)KHa o6Jia.L(an. aHTHCHMMeTpH'IHaJI 

<PYHKUH51, orrpe.Llemuoma.si: Bo Bceii rrpoue.Llype 

nonyqeHH.Sl 3Q.)!peKTHBHOro K03qJcjmo;HeHTa 

.LlH(pq>Y3llli. f OBOpHJIOCb JIHIIIb O ee CBOHCTBe 

aHTHCHMMeTpHH. ,[(AA Bbl.SlCHemuI :noro BOn­

poca paCCMOTpHM 6eCKOHeqHyro cpe.ny, co­

CTO.SllU)'IO H3 O,llHHaKOBbIX .LlByx30HHbIX HtieeK. 

B11,neJIHM B TaKOH cpe.L(e 3cpcpeKTHBH)'IO UH­

JIHH,npu1:1eCK)'IO .si:qem<y, COCTO.Sllll)'IO H3 30H, 

KOTOp11e xapaKTepH3)'IOTC51 ceqeHH.SIMM :E1 H 

:E2 H pa.L(HycaMH R1 H R2, (R1IR2)2 = p < 1. 
,[(AA npOCTOTbI IIOJIO:>KHM .llll.Sl o6eHX 30H 

:E = Ls, qTo B .L(aHHOM cnyqae He CTOJib Ba)KHO, 

HO IlOMO)l(eT H36e)KaTb .LlaJJbHeHIIIHX ycJIO)l(­

HeHHH. MIITYffTHBHO IIOIDITHO, qTo K03!pqJHUH­

eHT .llH(p!pY3HH TaKOH .srqeihrn .L(OJI)KeH JaBH­

ceTb OT ee pa.3Mepa. QqeBH.D;HO TaK)l(e, 4.TO 

npH CTpeMJieHHH pa.3MepoB HtieHKH K O .L(OJI)K­

Hbl BbillOJIH.sfTbC.Sl paBeHCTBa 

L = p:E, + (1- p):E2 ; 15 = I/(3L). (16) 

B1,1pa)KeHHe ( 16) - TaK Ha.3bIBaeMbIB ro­

MOreHHbIH rrpe.LleJJ, Kor.na ceqeHIDI ycpe.LlIDI­

IOTC51 no 061>eMaM 308. EcJIH pa.3Mepbl Wiem<H 

BeJIHKH, TO .llJI51 IlOJiyqeHH.sr aIITMCHMMeTpH.1:1-

HOH qJYHKUHH MO)KHO HCIIOJib30BaTh .D;Hipcpy-

3HOHHOe npH6JIH)l(eHHe, B 3TOM CJiyqae perna­

eTCR 3a.L(a1:1a 

~<I>~/(3I:1)=0, r5:R1; } 

~<I>~/(3I:2) = 0, R1 5, r 5, R2 • 

(17) 

BepXHHH HH,lleKC npH <I> B ,uaHHOM CJiyqae 

YKa.3nmaeT Ha HOMep JOHhI OT o;eHTpa .srqeilKH. 

TaK KaK H)')KHa aHTHCHMMeTpH'LJ:HaR 4lYHKII.H51, 

TO pernemre B nomrpH1rx Koop,uuHarnx HIIleM 

B BH.L(e 

<l>~(r,a) = Arcosa; <I>;.(r,a) = Brcosa + Ccosa/r. 

3.Llec1 a - aJHMYTaJJI,HhTH yroJI, B 3TOM cJJy­

qae 

- l-p((D2 -D1)/(D2 +D1)) 

D = D2 l + p ( ( D2 - D, ) I ( D2 + D, ) ) . 
(18)"' 
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<l:>opMyna ( 18) - '.3TO TaK H83hIBaeMT,IH 

.umpcpy:rnoHHbIH npe,uen. 3aMeniM, qTQ Bh1pa­

)KemIe, onpe.uem1eMoe ( 16), scer.ua MeHhLIIe 

m160 paBHO Bbipa)KeHJ.UO (18). EcTeCTBeHHO 

0)KM,UaTh, 4TO peanhHOe 3Ha4eHHe K03cpcp1ulH­

eHTa .u11cj)cpY3MM jf(JeHKM .UOJI)KHO Jie)KaTh Me)K­

.uy 3Tl1MH .UBYMSI npe.uenaMM M .UOCTHraTh Ka)K­

.uoro M3 mrx s csoeM npe.uenhHOM cnyqae. 

BnepBhie npe,ueJihHhie COOTHOllleHHR ,UJljf K0-

3cj)qrnuweHTa .UMq>QJY3HH nonyqeHhI, B11,UHMO, B 

[l]. 

2. Ilpenno'ITHTeJlbHOCTb HCU0Jlb30B3HHH 

'leTHbIX G,,-npn6JJH,Keuuu MIIIIH 

3aMeTHM, qTo HMeeTCR .ueno c HeCTaH,uap­

THOH 3a,uaqew B TOM CMbICJie, qTo 3,UeCh BpR.U 

JIH npHMeHHMO npe,unono)KeHHe o se,nymew 

pOJIH IIOTOKa, TaK KaK orrpe,uemuOlllHMH RB­

JI~TCR TOK H .upynIe HeqeTHhie MOMeHThI 

pewemrn. PaHee s pa6ornx [7 ... l O] noKaJaHo, 

':ITO npH peLIIeHHH aHTHCHMMeTpWIHOH 3a,Ua'IB 

MeTO,UOM ccpeplfl-IeCKHX rapMOHHK HeqeTHhie 

P 2n+1-npH6JIH)KeH1rn He .uaror rrpaBHJihHoro 

3HaqeHHSI K03Q)qJHlllieHTa .UHq>QJY3HH B cnyqae 

MaJihIX pa3Mepos jf(JeeK, T.e. fOMOreHHhIH rrpe­

,nen He .UOCTH:raeTCSI. 

)],Jijf ,UaJihHeHLIIero 113yqeHHS1 CBOHCTB aH­

THCI1MMeTpH'-IHOH cpyttKUHH Bh16epeM MTITIM 
[6], KOTOphIH HaH6onee y.uo6eH, llOCKOJihKY 

nonyqeHHI>Ie J,uech BemrqMHhI cornacyroTc.si: c 

YTO'llieHHbIMH KOHeqHo-pa3HOCTHhIMll ypaB­

HeHHRMH MeTo.na nosepXHOCTHbIX rapMOHHK 

[8]. 3TOT MeTO.U COCTOHT B cne.nyromeM. 

PacCMOTpHM HeKOTOpblH 061,eKT, COCTOR­

WHH H3 O,UHOpO.UHhIX 30H (rrnOCKHH, ccpepaqe­

CKMH, UHJIHH,llpHqecKHH CJIOH) C .llBYM.H rpa­

H11UaMH Yst H rs2 .Bh16epeM .usa Ha6opa cj)yttK­

UHH yrnos {un(Q)}, n = 1.. .N, H {wk(Q)}, k = 
= l .. . 2N; nepBhIH Ha6op cpYHKUHH orrpe,uenHT 

yrnosoe pacnpe.ueneHHe HCTO'-IHHKOB Ha rpa­

HHuax 30H, BTOpOH - MOMeHTbl pellleHHSI, KO­

TOphie 6y.uYT CLIIHBaTbc.si: Ha rpamn.{ax coce.u­

HHX 30H. 

PeLIIeHHe BHyTpH O.UHOpO,UROH 30Hhl 

Hll.{eTCSI B BH,Ue 

<!>(r,Q) = L G"(r,1-)f,Q)g_:'1+ L G"(r,2~r,Q)g:1

2 , 

II ll 

r.ne G"(r, 1c, 2>~r,Q)- nnoTHOCTh noToKa tteifT­

poHOB, C03,llaBaeMaj{ HCTQqJIMKOM Ha rpaHm:i:e 

rsi (rs2) (rrpH 3TOM yrnosa.si: 3aBl1CHMOCTb HC-
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T04RHKa onpenen.si:eTCSI cj)yttKUHeH u,,(Q)); g~I 

- MOll.{HOCTb COOTBeTCTByIOll.{ero nceB,llOHC­

TOlJHI-iKa. Bem14HHhI g:'1 orrpenem110TCSI H3 

ycJIOBHH HenpepbIBHOCTH Ha rpaHHI.{aX coce,n­

HHX 30H MOMeHTOB peLIIeHmI 

f <l>'(r-1, Q)w/Q)dQ = 
4n 

3,lleCh i - HH,UeKC 30Hhl. 

BhflfMCJieHHSI K03cpcpHUHeHTa ,n11cpcpY3HH 

paccMaTpHBaJIHCh B [ 11 ], HO 3,UeCh IIOKa)KeM, 

qro s paccMaTpHBaeMOH rrpo6neMe s1,rronHee 

HCTTOJlh30BaTb qeTHI,Ie npH6JIB)KeHJrn G211, a He 

npHMeHSleMT,Ie B pa6oTe [ 11] He4eTHhie rrp11-

6JIH)KeHHS1. 

)],ITH perneHIDI 3a,Ua4H H)')KHO BhI6paTh 

cp)'HKUHH {u11(Q)}11 {wk(Q)}. Ha6op cp)'HKUHH 

{ wk(Q)} onpe,ueJIHT, KaKHe MOMeHTbl peLIIe­

HIDl 6y.uyr HenpepbIBHhI BHyrpH jf(JeHKH, s 

TOM 'iHCJie 11 Ha nosepxHOCTHX pa3,uena cpe.n, 

a KaKHe MOfYT HCIIhIThIBaTh pa3phIB. EcTeCT­

BeHHo (B COOTBeTCTBHH c (15)) s KatJeCTBe He­

rrpephIBHhIX MOMeHTOB pernemrn BhI6paTh TOK 

no oc11 X H yposeHh B UHJIHH,upwiecKoH reo­

MeTpllll: 

} 11 = w, = sin8cos(cp + a); 

I= w2 = 3sin
2
8coscpcos(cp + a). (19) 

. qT06bI BhI6paTh cpyttKUIDI, onpe,ueJISl10ll.{He 

yrnosyro 3aBHCHMOCTh HCTO':IHHKa, npHBe,lleM 

cne.uyromHe paccY*JleHHSI. 

l13BeCTHO, 4TO eCJIH BHyTpH o6JiaCTH HMe­

eTCR pacnpe,ueJieHHe HeHTpOHOB <l>(r,Q), TO 

BHe o6nacm OHO MO)KeT 6hITh 3aMeHeHO Ha 

nosepxHOCTHbIH HCTO':IIDfK, pacnoJIO)KeHHbIH 

Ha rpaHHUe o6JiaCTH, BH,lla (Qn )<l> ( r:,, Q) . B 

3TOM cnyqae Ha6mo.uaTeJib, HaXO}lHII.{HHCR BHe 

o6naCTH, He CMO)KeT onpe,lleJIHTh, qeM BhI3Ba­

HO pernCTpMpyeMOe HM M3JiyqeHHe: noBepx­

HOCTHhIM MCT04HHKOM Ha rpaHHUe o6JiaCTH 

n1160 pacnpe,uenemrnM BHyTpH o6nacTH. 

06wrno ,UJISI peLIIeHHSI CHMMeTpH'-IHOH 3a­

,ua'-TM no11araJOT, 4TO no CTeneHH Ba)KHOCTH 

BKJia,ua yrJIOBbIX MOMeHTOB peLIIeHHe MO)KeT 

6hITb ynopR.UOlfeHO cne.uy10ll.{HM o6pa30M [ 4]: 
1 3 

<l>(r,Q)=-
4 

<l>0(r)+-(J(r)Q)+ .... 
n 4n 



0Tc10.ua cne.uyeT, 'ffO onpe.uemuomHM s pe­
rnemrn eCTh TIOTOK a cne.uosaTeJihHO, OCHOB­
HOM BKJia.ZJ. .ZJ.OJI)l{eH C03.ZJ.aBaTb nosepXHOCTHhlM 

HCTO'-IHHK ui(r.J=(fin)cl>(r,Q) = (Qni T.e. 

He'-!eTHhie OTHOCHTeJihHO Q yrJIOBhle MOMeH-
TbI. 

B cnyqae )Ke perneHHR aHTHCHMMeTpHtJ­
HOH 3a,Ua'-IH perneHHe IIO CTenem1 Ba)KHOCTH 
BKJia.ua yrnOBbIX MOMeHTOB .ll0Jl)KH0 6bITb 
ynopR,ZlO'-leHO cne.uyioIUHM o6pa30M: 

l 
<t>(r,n)=(exn)J_, + 4rc <l>o(r)+ .. . , r .ue ex-

OpT ocH OX, J_>: - x-KoMnoHeHTa TOKa. Tor.ua B 
Ka'-leCTBe OCHOBHOro nosepXHOCTHOro HCT0'-1-
HHKa, onpe.ueJIR10mero perneHHe, H)')KHO Bhl-
6paTb 

ui(Q) = (Qn)( exQ) = sin 20coscpcos( a+ cp), (20) 

T.e. tJeTHbie OTHOCHTeJibHO Q MOMeHTbl. 

BepHeMCH K .usyx30HHOH H'-leMKe. IIpe)K.ZJ.e 
scero HHTepecHo nose.ueIDfe K03<p<pHIJ:HeHTa 
.ZJ.H<p<pY3HH rrpH MaJibIX pa3Mepax, T.e. 6y.ueT 
JIH .llOCTHrHYT roMoreHHbIB rrpe.uen (16) s cny­
qae HCIIOJib3OBaHIDI tJeTHhIX JIH6o HetJeTHblX 

HCTOlJHHKOB. ,lI.JIR TaKoro aHaJIH3a HaH6onee 
y.uo6Ha cpyttKUHH rpHHa .ZJ.JIR cpe.u1,1 6e3 pacce­
RHHR, TaK KaK npH MaJibIX pa3Mepax CHCTeMbI 

OCHOBHOM BKJia.ZJ. 6y.llYT .uaBaTb nepsorrponeT­
Hble HeHTPOHhI. 

y .uo6CTBO pa60TbI C nepsonponeTHOH 
<p)'HKUHeH fpHHa B .uaHHOM cnyqae orrpe.uenH­
eTCR TaK)Ke H TeM, '-ITO B OTJlH'-IHe OT, HanpH­

Mep, (p)'HKUHH r pliHa .llJIR 6eCKOHe'-IHOM cpe­
.llhl 3.ZJ.eCh MO)KHO .ZJ.OCTaTO'-IHO npoCTO nony­

'IHTb 3Ha'-leHHR He06XO.llHMblX HHTerpanos B 
npe.uenhHOM cnyqae. ,lI.nH caMoro )Ke npe­

.uenhHOro cnyqaH, Kor.ua R2 ➔ 0, (R, IR2)2 = p , 
Lsl = LJ , Ls2 = L2, MO)l{HO nOJiyqHTb aHaJIHTH­
qecKoe perneHHe aHTHCHMMeTPH'-IHOH 3a,Ua'-IH. 
,lI.eMCTBI1TeJihHO, eCJIH R2 ➔ 0, cpe.uy MO)KHO 
paccMaTpHBaTh KaK roMoreHHyio H B 3TOM 

cnyqae: 

cpas(r,a,0,cp) = rcosa -cos( a + cp 't,ine/f , (21) 

r.ue L = pL1 + ( 1- p )L2 , a cne.uosaTeJibHO, no-

sepXHOCTHhie HCTO'IHHKH, KOTOphle MO)l{HO 
HCTIOJlh30BaTh, MOrYT 6hITh TOJibKO .ZJ.Byx BH­
.ZJ.OB: 

u,,cr (Q) = (Qn)(exQ) = sin 20coscpcos( a+ cp) 

'-leTHblli, 

UHe•ocr (Q) = (Qn)(exQ) = COSOCOS<pSin0 - He'-leT­

HhIM. 
lb (21) cne.uyeT, '-ITO B npe.uenbHOM cny­

qae R2 ➔ 0 MOIUHOCTH scex HCTO'-IHHKOB .upy­
rHX BH.ZJ.OB .ZJ.OJI)l{Hhl 6hITb paBHbI 0. 

PaccMOTPHM CHaqa11a cnyqaii '-leTHhIX MO-

MeHTOB HCTO'-IHHKOB H TaK Ha3hIBaeMoe Go -

npH6JIH)l{eHHe, Kor.ua Ha Ka)K.ZJ.OM nosepXHOC­
TH 3a.uaeTCR TOJibKO O.ZJ.HH HCTO'IHHK H CllIJ-IBa-
1-0TCH Ha nosepXHOCTRX pa3.uena TOJibKO .usa 
MOMeHTa perneHHR. THJih,Zla nOKa3bIBaeT, 'ITO B 
perneHHH He OT6pac1,maeTCR BKJia,Zl OT BTOphIX 
MOMeHTOB, HO OH 0,ZlH03Ha'-IHO CBH3aH C nep­
BOM cocrnsmnomeii perneHm1. B 3TOM cnyqae 
s Kaqecrne HCTO'-IHHI<a BhI6epeM (20), a s Ka­
tJeCTBe CllIHBaeMhIX Ha rpaHHI.{ax MOMeHTOB B 
COOTBeTCTBHH c (19) BhI6epeM TOK no OCH X H 
ypoBeHb .llJlR UHJIHH.llpH30BaHHOH R'leHKH: 

w1 = ix = cos(cp + a)sin0; 

w2 = / = 3sin20coscpcos(cp+a). 

HanOMHHM, '-ITO eCJIH Ha nosepxHOCTH rs 
3a,UaH HCTO'-IHHK BH,Zla u,,,(Q) , a Ha perHCTPH-

pyiomeii nosepXHOCTH r d Hy')KHO BhllJHCJIHTb 

MOMeHT OT (p)'HKUHH pacnpe.ueneHHH w,, (Q) , 

TO B 3TOM cnyqae MOMeHTbI rrepsonponeTHOH 
(p)'HKUHH rpHHa HMeIOT BH.ll 

4
" exp(-rlr - r D 

G;,,,(r,➔rd ) =f I ;

1 

d w,,(Q)u,,, (Q')dQ,(22) 
O nn 

r.ue Q' = Q'(Q),lr, -rdl = f(Q) , r - ce'-leHHe 

cpe,Ubl. ,lI.aJiee 6y.neM TaK)Ke HCnOJih30BaTh o6-
03HatJeHHH: (J - TOK, B 3TOM cnyqae Wn B (22) 
paBHO WJ H3 (19); G' - yposeHh, B 3TOM cnyqae 
Wn B (22) paBHO W2 H3 (19). 

BbI'IHCJIHM Heo6XO.llHMhie MOMeHTbI ,ZlJIH 
cnyqM, Kor.ua Rd > Rs H Rd➔ 0. CMhICJI npH­
se,ueHHhIX HH)Ke BeJIH'IHH ITOHRTeH H3 pHC. 3. 

½ arcsin1;½ 
G1 = 4 J sin0d0 f 

11

' dcp f [e ~:S- cos (a'+ cp') - e ~~~ cos (a.,+ cp")] cos( a+ cp )sin 20da = 
0 0 0 

½ arcsinR;{i, [ _ Dnc ..E..!£] [½ . l l arcsinR(n, ( R ]
2 

. 2 ] 
= 4TC I sin

3
0d0 I e sine -e sine dcp R~O 81tL Ism 

2
0d0 R, I 1- R: sm cpdcp = 
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= 2TT2 R,"i,E ( R, / R") (E(x) - 3JJJIHTITH'-!eCKHH HHTerpan BToporo po.u.a); 

½ arcsin¾, 211 [ '::./Re '::./.~< ] 

G1 = 12 f sin48d8 f dcp f e- sino cos (a'+ cp')-e ~ cos (a .. + cp .. ) cos(a + cp)coscpda = 
0 0 0 

11/ R,1/ 
/2 arcsm / R, [ ':J Rr ':J AC ] 

= 12n f sin 48d8 f e sine - e - sinO coscpdcp R~O = 
0 0 ' 

BbPIBCJIHM Heo6xo.n.HMbie MOMeHTbl .D.JI~ MoMeHTbl nepBonpoJieTHOH cpymcUIDI r pHHa 

CJiy"IM, Kor.ua Rd< Rs 11 Rs ➔ 0. CMl>ICJI npH- HMeIOT BHll 
Be,lleHHbIX HH)Ke Bemfl-1.HH TIOIDITeH H3 pHC. 4. 

G 1 = -4 f sin8d8 f dcp f .. da = 
'.½ '.½ 211 re-:::~ sin 

2
8cos(a' + cp')cos (a+ 7[ + cp) +J 

_JA, 
0 0 0 +e-sin°sin 28cos(a"'+cp")cos(a+cp) 

'.½ ½[ -~JR, - ~/A, } 47t2 
➔ - 4n f sin 38d8 f e sm8 + e sinO cp = - --; 

0 0 3 

½ ½f, 211 le ~~; cos( a'+ cp')cos (a+ n + cp) cos ( cp +TT)+} 
G' =-12f sin48d8 dcpf "" a= ':J.,,. 

0 0 0 - .- 8 (" ") ( ) + e 5
'" cos a + cp cos a + cp coscp 

C TIOMOil{blO TIOJiyqeHHbIX Bblpa)KeH.HH llHYC ~1:JeHKH R2 ➔ 0 npH q>HKCH~OB8HHOM OT-
.D.JI~ nepBonponeTHOH cpyttKU.HH fpHHa Haii.n.eM HOllleHirn 061,eMOB p = (R1 IR2) . ,D;llil. 3T0fO 

Tenepb K03q>QHiUHeHT llHq><pY3HH .UByx3OHHOH 3am,weM ycJJOBlrn CIIII,[BKH ypOBIDI H TOKa Ha 
H'-!eHKH s npe,unorrm1<em-rn, 'ITO BHellIHHH pa- rpaHHuax JOH: 
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G/(R, ➔ R1 )g, = Gf (R, ➔ R, )g2 + Gf(R1 ➔ R, )g3 ; 

G{(R, ➔ R1 )g, = G~(R, ➔ R, )g2 + G~(R1 ➔ R, )g3 ; 

Gf(R, ➔ R1 )g1 + G}(R2 ➔ R2 )g3 = }; 
G~( R, ➔ R2 )gl + G~( R2 ➔ Rl )g3 = l; 

D =-R2J/! . 



cp 

P11c. 3. Bbl'-rncnett11e M0MeHT0B q>YHKUHH fpHHa 

nm1 nepsonponeTHbIX HeHTpOHOB, Rd > Rs: cp' = 
= arcsin(Rd sincp/R.,), cp,,. = 7t - arcsin(Rd sincp/Rs), 

I I If I a = a + cp - cp a = n + a + + cp + cp 18, = 

= Raeoscp - R_,cos cp' , /Ac= Raeoscp + R,cos cp' 

3.uec1, g1 - MOll.{HOCTI, HCTO'illHKa Ha IIO­

BepxHOCTH R l , .ueiiCTBYJOIUero B nepByio 30-

Hy; g2 - MOIJ.lHOCTb HCTO'-IHHKa Ha TIOBepXHo­

CTH R l, .ueifCTBYJOW.ero BO BTOpYJO 30Hy; g3 -

P11c. 4. Bbl'-IHCneHHe M0MeHT0B q>yHKl..{HH fpHHa 

Jl.flSI nepsonponeTHblX tteiiTpoHOB, Rs > ~: cp' = 
= 7t + arcsin(Rd5incp/R_,), cp,,. = 7t - arc­

sin(Rd5incp/R,) a' = 1t + a + cp - cp' , a,,. = a + 
,, I I I + cp - cp , BC= RsCOS cp - Raeoscp, !Ac = RsCOS cp + 

+ R,,.coscp 

MOIIJ.HOCTh HCTO'-IHHKa Ha IIOBepXHOCTH R2, 
.ueikTByiomero BO BTOpVll'\ 3oHy· G T°K (ypoaeH•) -

J ,._ ' HOMCp 'JOHbl 

(noBepXHOCTh HCTO'-lHHKa ➔ IIOBepXHOCTh .ue­

TeKTopa). Torna 

D = R G1 (R2 ➔ R2) - G1 (R1 ➔ R2)u . 
2 G~{R2 ➔ R2)- G~(R, ➔ R2)u' 

u = G1 (R2 ➔ R,)G: (R, ➔ R1) - G; (R2 ➔ Ri)G( (R1 ➔ R,) = 

G1 (R, ➔ R,)G: (R1 ➔ R1)-G; (R, ➔ R,)G( (R, ➔ R1) 

= (-4/ 3)4L1R1 -4"L2R1 (-4/3) = 2 (L2 - L1). ⇒ 
[2R1L2E(1)]4L1R1 -2"L2R1{-4/ 3) R,4 0 L2 ' 

D =-R
2 

(-4/3)-2L2R2E (R, / R2 )(2(L2 -L1 )/ L2 ) = 
4L2 R2-2(R, / R2 )R1L2{2(L2 -"L,)/Li) R, 4 0 

T.e . nonyqeH HCKOMhIH roMoreHHhrli npe.uen .. 

.D,m1 He'IeTHhIX np116JTmKeHHH B CHJIY (21) 
B naHHOH KOHKpeTHoR 3anaqe .Uilll Mo.11.em1po­

BaHHH OKp)')KeHIDI MO)J(HO HCTIOJlh30BaTh 

TOJihKO O,UHH He'-leTHhIH HCTO'IHHK Ha BHelll­

Heii rpaHHue HYieHKH. l13BeCTHO, 'ITO B 3TOM 

CJTyqae (TaK Ha3hIBaeMoe G1-npH6JimKeHHe) 

roMoreHHblH npe.uen He ,uocTHraeTc.sr. B c11ny 

(21) MOll.{HOCTH Bcex .upyrnx HCTO'IHHKOB rrpH 

R2 ➔ 0 JJ,OmKHhI 61,1Tb paBHhI 0. Bo3MO)KHO, 

O.UHaKO, npHMeIDUJ aeqeTHble npH6Jlli)KeHH.sr 

BhIIlle Gn, .uo6HThC.sl' rrpaBHJlbHhIX pe3yJibTaTOB 

3a C'IeT nocTaHOBKH rpaHH'lHhIX ycJIOBHH Ha 

BHeurneH rpaHHIJ,e .srqetiKH . .D,eRCTBHTefilHO, B 

JTOM cnyqae H)')KHO Ha BHeurneii rpamru:e no­

MHMO TOKa 3aJJ.aBaTb .UOIIOJIHHTeJlhHhle yrno­

Bhie MOMeHTbI ('ITO npoTHBope'-IHT (21)) 11 HC­

IIOJlb30BaTb K03cpcpHUHeHThl rrepe.u IDIMH KaK 

no.uroHO'IHbie napaMeTPhI. B JTOM cnyqae Ka­

)KJlhIH pa3 Heo6xo.uHMo pemaTh 3a,uaqy Ha on­

pe.ueneH11e yrnoBoro pacrrpe.uen eHIDI Ha 

BHernHeii rpaHm:1;e, T.e. T aKoH IIYTh OKa3hIBa­

eTc.sr 6onee TPY.UOeMKHM H HcKyccrneHHbIM. 

"llT061,1 pellIHTh 3a,uaqy .UJIH Bcex 3HaqeRHR 

R2, T.e. npo,ueMOHCTPHP<>BaTh, 'ITO 3cpcpeKTHB­

HhIH K03cpcpHIJ.HeHT ,llHcpcpY3HH ,UOCTHraeT 

npe,ueJihHhIX 3HaqeHHR KaK .[{JUI MaJibIX, TaK H 

60JihIIIHX pa3MepoB, HCIIOJih3yeM (p)'HKUHJO 
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rp1rna LI.JI.SI 6ecKoHe'lHOH cpeLJ:bI. Heo6xomt:- nHKa B cpe.ne c ceqeHHHMH Ls H L, Rd- pam-ryc 
Mble MOMeHTbl BbITJI5l,[(5lT CJie,[()'lOlltHM o6pa- noBepxHOCTH ,[(eTeKTOpa. 
30M. II yen, Rs - pa.nHyc noBepXHOCTH HCTO'l- flp11 Rs< Rd : 

G1=2_LR n[f
1 
2(1-c )2v

3
li(LR,./v )Ki(LRd/v) dv-f

1 
( l-v

2 ~ l1(LR)v )K1 (LRd/ v) riv]+ F' (v )· 
4 ·' 

0 
N(0, v) 

0 
N(l, v) as 

O 
' 

c=l; 

C :;t: l; 

c=l; 

7t 

2 ' 
c=I; 

F~(vo) = 3 (t-c)2v~Ki(r.Rjv0 X1/r.R)v0 )+ li('E.Rd/ vo)) 
--"£R,1t------~------~, C :;t 1. 

4 N(O,v0 ) 

3.nech ln(x) - <pyttKUHH EecceJij{, Kn(x) -
<pyttKUHH MaK-.UoHaJihLJ:a, c = L/'L, vo -

( c l t ---- --
v2 -1 v2 2 ' 

KOpeHh ypaBHeHIDl-0 ln _ o_ = 1 ; CV (V +l) 
2 V0 - 1 

n =0, V > l; 

N(n,v) = ( (1+: 1 ~:~ )J+ (":)' }, n=0, V ~I; 

v( - 1 )", 

flpH Rs = Rd H V ---+ 0 HCTIOJih3)'lOTC5l CJie­
LJ:)'lOutHe aCHMTITOTH'leCKHe COOTHOllleHH5l ,[(Jl5l 
<pyttKUl1H Eeccen5i: [12]: 

30 

n :;t:0. 

I,,(x) ➔✓ 1 · expx,K,,(x) ➔ /rr·exp(-x). 
x-10 2nx x-10 Vh 



Tor.ua, y"-IHThIBM, qrn IN(n, v)I - v rrp11 

v - 0, .UJUI BXO.Zl.sIIIlHX B HHTerpaJibl KOMTIJJeK­

COB llOJly"IHM cne.uymmee aCHMllTOTH'-IeCKOe 

BblpffiKeHHe C TO"IHOCTbIO .uo 3HaKa: 

I 11 (RI,/v)K111 (RI,/v) v 1 1 

IN (k, v )I -~ 2R"I, IN(k, v )I .,=:o 2R"I,' 

Vn,m,k, 
OTKy.ua cne.uyeT, '-ITO Bee HHTerpaJibl CYIUeCT­

ByIOT. 

Ha p11c. 5 (3-R cmp. 4een11-1ou BKJtaOKu) 
rrpe.ucTaBJJeHa 3aBHCifMOCTh K03<pq>HUHeHTa 

.UH<pq>Y3HH .UByx30HHOH .sI'-leHKH OT OllTH'-Ie­

CKOH TOJJlllHHhI "I,1R 1 + "I,2(R2 - R 1) . flapaMeT­

p1,1 .si:qeHKH cne.uymIUHe: "I,1 = 0,01, "I,2 = 0,78, 
p = 5/11. 

Ko3cpq>HUHeHT .UH<pq>Y3HH Bh:rrrn:CJJ.sIJJC.sI B 

.usyx rrpH6JJH)KeHH.sIX MI1IU1 ( Go H G 2) c rrpH­

MeHeHHeM cpyttKUHH fpHHa .um1 6ecKOHe'IHOH 

cpe,Zlbl. B cnyqae G2 HCilOJJb30BaJIHCh 2 HC­

TOqHHKa: 

qi= ( e.,n Xnn ), q2 = (exn Xnn )-(nn )2cosa 

H Ha rpaHHUaX 30H TPe6oBaJiaCb HenpepbIB­

HOCTh yrJJOBhIX MOMeHTOB: 

J,, = ( fin ~os a, J, = ( fiT )ina, 

le = ( !lex X fin i I = ( fin )2 cosa, 

r.ue n H T - COOTBeTCTBeHHO HOpMaJihHhlli H 

TaHreRUHaJibHblli OpTbl K llOBepXHOCTH 30Hhl. 

MO)KHO tta6JJIO,ZlaTb, "ITO s COOTBeTCTBHH c Te­

opeTHqecKHMH npe.UCKa3aHHHMH K03<pq>HUH­

eHT .UH<pq>Y3HH nJJaBHO MeH.sieTCH OT roMoreH­

HOfO npe.uena .uo .UH<pcpy3HOHHOro. OTMeTHM, 

'-ITO 3TH pe3yJJhTaTbl nonyqeHI,I B HH3UIHX 

np116nmKeHHHX MIIIIl1. 

ITpe.ucrnsneH KpaTKHH ofoop onpe.uene­

HHH K03<pq>HUHeHTa .UH<pq>Y3HH .UJJH reTepo­

reHHOH cpe,Zlbl. flpHBe,ZleHO o60CHOBaHHe To­

ro, noqeMy .UJJH pacqeTa K03cpqmUHeHTa .ZlH<p­

cpy:31111 npe.urroqTHTeJibHeH rrpHMeH.sITb qeTHbie 

npH6JilDKeHHH MI1Ill1. AHaJIHTHqecKM ITOKa-

3a.JIO, qTo .UJI.sI Go-IIpH6JJmKeHHH .UOCTHraeTC.sI 

fOMOreHHhIH rrpe.uen B cnyqae CTpeMJJeHHH 

pa3Mepos HqeHKH K HYJIIO. Ha rrpHMepe npoc­

Tei1:mei1 .usyx30HHOH H'-IeHKH noKaJaHo, KaK 

MeH.sieTC.sl K03<pq>HIUieHT .UH<pq>Y3HM B 3aBHCH­

MOCTH OT pa3Mepa H'-IeHKH. IlonyqeHbl cpopMy­

JlhI MOMeHTOB cpyHKUHH f pH Ha ,ZlJI.sI pacqeTOB 

aHTHCl1MMeTp11qHOH npo6HOH <pyttKU:HH. .n:a-

Hhl peKOMeH.uauHH, YTOlfH.sIIOIUHe aJifOPHTMhl 

paclfeTOB, OTHOC.sIIUHXC.sI K HaH6onee crropHOH 

qacTH npo6neMbI - pacqeTaM norrepewhrx K0-

3cpcp11u11eHTOB .ZlH<pq>Y3HH B perneTKax peaK­

TOpOB. 
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-Y~K 621.039 
MoJ.J:eJIHp0B3HHe B33HMOJ.J:eHCTBHH 3JJeKTpOHOB H U03HTpOHOB C Be~eCTBOM 

B nporpaMMe MCU-PD 

A. C. KyRaKoB, 

PHU " KypqaTOBCKKH HHCTHTyr", 123182, MocKsa, rrn. KyptJaTOsa, l 
IlocTyn11na B pe.naKUHIO 10.06.2009 r. 

B npHK113.llHOM naKeTe nporpaMM MCU MeTo.n MoHTe-Kapno 1-1cnonb3YeTCjj .nnjj peweHHjj ypaaHeHHH 
nepeHoca HeHTpOHOB, cpoTOHOB, :rneKTpoHos H no3HTpOHOB. TTaKeT HMeeT Mo.nynbHYIO CTPYKTYPY, H Ka)l()J,ajj 
pa6ottajj sepCHjj cpopMHpyeTCjj H3 MOJJ,yneH H no,nMo,nyneH B 3aBHCHMOCTH OT pewaeMOH 3aJJ,attH. B paMKaX 
,naHHOH cTaTbH on1-1caHbl no,nMo.nynb 6ET A Mo.nen1-1posaHHjj B3aHMO,neHCTBHjj :rneKTpOHOB H no3HTPOHOB c 
sew,ecTBOM H no,nMo,nynb 6Er reHepaUHH <pOTOHOB B JneKTPOHHblX H n03HTPOHHbrx peaKl..{Hj!X C sew,eCTBOM, 
sxo.njjw.He s cocrnBHOH cpH3HttecKHH Mo.nynb CO<l>l13M nporpaMMbI MCU-PD. ,lJ;aHa KpaTKM xapaKTepH­
CTHKa 61-16n1-10TeKH KOHCTaHT, sxo.njjw,eH s 6aJy ,naHHbIX MCUDBS0 H no.u.nep)KHBafOllJ,eH pa6ory nporpaM­
MbI MCU-PD. 

Kn10'leeble cJloea: MeTOJJ. MoHTe-Kapno, np1-1KJ1a.D,HOH naKeT nporpaMM MCU, Mo.nen1-1poaaH1-1e B3aHMO­
.nei:fcTBHJI JneKTpOHOB 1-1 nm,npoHos, 6aJa .naHHbIX MCUDBS0. 

Simulation of Electron and Positron Interactions with Matter in MCU-PD Code. A.S. Kulakov, RRC 
"Kurchatov Institute", 1, Kurchatov Sq., Moscow, 123182. Monte Carlo method is used in MCU code for 
simulation of neutrons, photons electrons and positrons transport. The code is consisting of modules. A cur­
rent version of the code consists of set of modules which depends on current task. Two modules BETA and 
BEG are considered. BETA simulate interactions of electrons and positrons with matter. BEG generates pho­
tons by electron and positron reactions with matter. These modules are included in complex physical module 
SOFIZM of MCU-PD code. Short specification of MCUDBS0 data base is also considered. This data base is 
used for the calculations by MCU code. 

Key Words: Monte Carlo Method, MCU Code, Simulation of Electron and Positron Interactions, 
MCUDBS0 Data Base. 

BseueKHe 

~aJlhHeiimee pa:3BHTHe H cosepIUeHCTB0-

BaHHe MeT0,D.0B pactJeTa Hei-iTpOHHO- cpH3HtJec­

KHX xapaKTepHCTHK H.nepHhIX peaKT0p0B H 

B03pocurne B03M0)KHOCTH BhllJHCm{TeJihHhIX 

MalllHH no3B0lliUOT rrpHMeH.HTh MeT0.ll MoHTe­

Kapno [l] B Ka'IeCTBe HHCTp)'MeHTa ,D.JUI. rrpo­

se.neHH.H npeUIBH0HHhIX pactJeT0B, B PH.Ile 

cny1-rnes pacqeT0B HIDKeHepHoro yp0BHH H 

.llJUI. perneHHii caMocornacosaHH0ro rrepeHoca 

pa:3JIWllihIX BH.ll0B H3JI}'lJemrn:. XaprucrepHhIM 

rrpHMep0M II0CJie.llHero M0)KeT CJij')KHTh 3a,n.a­

qa M0,n.e.rmpoBaHJUI. q>OTOH- 3JieKTpOH-II03HT­

poHH0ro nepeHoca B ,n.aT'lliKax np.HMOH 3apH.U­

KH CHCTeMbI BHyrpHpeaKT0pHoro K0HTP0JIH. 

.LJ:nH nporpaMMhI MCU-PD [2 .. . 6] ceMeH­

CTBa MCU pa:3pa6oTaHhI rro.nMo.uynh EET A 
.UJIH on11caHH.H B3aHMO,AeHCTBI-Ul 3JieKTp0HOB H 

II03HTP0H0B C semecTB0M H II0.UM0.llj'Jlh 6Ef 
.nm1. npoueccos reHepau1rn BT0pHtJHhIX qacTHU 
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B 3JieKTP0HHhIX H II03HTP0HHhIX peaKUJ-rnX. 

O6a TI0.llM0.UYllil. BX0WI.T B COCTaBHOH !pH3HlJe­

CKHH M0.UYJTh CO<l>H3M. Ilo.nMo,n.ynu npe.nHa-

3HatJeHhI ,D.Jl.H onpe.ueneH.IDI 3JJeKTP0HHhIX H 

Il03HTP0HHhIX nonei1 B 3JleMeHTax aKTHBHhlX 

30H .H,n.epHhIX peaKTOp0B npH perneHHH 3a,ua1J, 

CBH3aHHhIX C pactJeT0M ,llaT'lliK0B npHMOH 3a­

p.H.UKH CHCTeMhI BH)'TPHpeaKT0pHoro K0HTP0-

Jl.H 11 pa.u11au110HHoro Harpesa MaTep11anos, a 

TaK)Ke onpe,ueneHHJI ,ll030BhIX xapaKTepHCTHK 

3JieKTp0HHoro 11 no3HTPOHHoro 113nyqeHHH. 

B no.uMo,uyne EETA [6] Mo.n.em1pyioTc.s1. 

TaK.He np0lleCChI B3aHMO,D.eHCTBHJI 3JieKrp0H0B 

H II03HTP0H0B C aemecTB0M, KaK ynpyroe pac­

ce.HHHe 3JieKTP0H0B H Il03HTp0HOB Ha .H,llpax 

cpe,n.hI, Heynpyroe paccemrne 3JieKTP0H0B 11 

II03HTp0H0B Ha CBJl3aHHhIX aT0MHhIX 3JleKTP0-

Hax C 110Hl13au11eii 11 B036y')K.lleHHeM aT0M0B, 

Heynpyroe B3al1MO.UeJ1CTBl1e :meKTP0H0B 11 II0-

3HTP0H0B C Kj'JI0H0BCKHM noneM JI.Uep H aTOM­

HhIX 3JieKTP0H0B C 11cnycKaHHeM T0pM03H0ro 



113Jiyqemrn H. 8HHI1TH.IDUUUI Il03HTJ)0H0B Ha 

:meKTpoHax. Pa6orn II0.1lM0.Uym1 rro.u.uep)KHBa­

eTc.si: fo16JIHOTeKOH .si:.uepHI>IX .U8HHbIX B TI0T0-

11e1IH0M rrpe.ucrnsneHHH 3HepreTH1leCKOH 38-

BHCHM0CTH ce11eHHH IIpH C01leT8HHH aHaJIKTH­

qecKoro H 6K6JIKOTe1lHOro OITHC8HHH ce11eHHH 

B38HMO.UeikTBK.sI. 

B II0.UM0.Uyne Kcnon1,3yeTc.si: MeT0.U KaTa­

c-rpocpH11ecKHx CTOJIKROBeHKH [7 ... 9], B KOTO­

poM BCe CT0JIKH0BeHIDI .uen.si:TC.sl Ha .use rpyn­

Tibl: K8T8CTJ)OqlH'leCKKe, T.e. conp0B0)K)laIO­

umec.si: 3Ha1lKTeJibHOH noTepeii: 3HepnnI HJIH 

H3MeHeHHeM HanpasneHH.si: .UBH)KeHH.sI, H HeKa­

T8CTJ)Oq>H1leCIGfe, B K0T0pbrx Il0Tep.si: 3Hepnrn 

H H3MeHeHHe yrna pacce.si:HH.si: MaJibI. 

llpH HeKaT8CTJ)Oq>H'leCKHX CTOJIKH0BeHH­

.si:x yron pacce.si:HH.si: H nepe.uaHHa.si: 3Hepra.si: pa-

31,1rpbmaroTc.si: He nocne Ka)K)loro npo6era 11. 
.uo CT0JIKH0BeHH.sI, a nocne K0He'lH0ro pac­

CT0.sIHIDI s (s 2: 20 11.) s C0OTBeTCTBHH c pac­

npe.ueneHH.sIMH., xapaKTepH.3yIOIUHMH MHoro­

KpaTHoe pacce.sIHHe (pacnpe.ueneHH.si: ;Mon1,e­

pa, f oy.ucMH.Ta - Caytt.uepcoHa, fiaH.uay, 

.6nyttKa - Jieti3eraHTa) [10 ... 17]. llpH 3TOM 

rrpe.usapKTeJIT,H0 3a,1laIOTC.sI MaKCH.MaJibH0 B03-

MO)l(Hblli yron 0KaT pacce.sIHH..sI H Il0Tep.snrna.si: 

3Heprn.si: WKaT, HH)Ke K0T0pbIX (npH 0 < 0KaT H 

w < WKaT) CT0JIKH0BeHH.sI rpynrrHpYJOTC.sI H 

M0.UeJIHPYJOTC.sI MeT0.U0M MH0roKpaTHbIX 

CTOJIKH0BeHHH, a BbIIlle (0 > 0KaT H W > WKaT) 
Mo.uenHpyroTc.si: no cxeMe HH.UHBH.UYaJibHhIX 

CTOJIKHOBeIDIB. 

.LJ:aHHbIH MeT0.U B 0TJIH'lHe OT 'lHCTOro 

Mern.ua HH.UHBH.UYaJibHbIX CTOJIKHOBemdi 

(EP AHJJ: [ 18]) HJIH MH0roKpaTHbIX CT0JIKHO­

BeHHH (ETRAN [19], EGS4 [20], MCNP5 

[21]) coqerneT B ce6e 3K0HOMH1lH0CTb, TO'l­

H0CTb, KoppeKTHblH yqeT napaMeTpOB BT0-

pH1IHbIX 'laCTHU H rH6KOCTb 38 C'leT B03M0)K­

HOCTH B8pbHp0B8HH.sI rrapaMeTJ)OB M0,r:{eJIHpo­

Bamrn. llpH HyneBbIX 3H8'leH1UIX napaMeTJ)0B 

0KaT H WKaT M0,1leJIHp0B8HHe npOHCXO.UHT IIO 

cxeMe HH.UHBH.UYaJibHbIX CTOJIKROBeHHH. I1o­

.uo6HblH rro.uxo.u peanH30BaH B rrporpaMMe 

PENELOPE [22]. 
Tio.uMo.uynh EEf [6] Mo.uenHpyeT po)K.ue­

HHe BTOpH'IHblX q>OTOHOB H :rneKTJ)0H0B B 

3JieKTJ)OHHblX H II03HTpOHHblX peaKUH.sIX H .sIB­

m1eTC.sI C0B0KynH0CTbl-0 rro.unporpaMM, MO.Ue­

JIHp)'l-OIUHX napaMeTpbI BTOpH4HbIX '-18CTMU. 

1. B33HMO~eHCTBHe3neKTpOHOB 

H Il03HTp OHOB C semecTBOM 

TipH npoxo)K)lemrn 11epe3 seruecTBo 3JieK­

Tp0HbI H HX 8HTH1l8CTHUbl Il03HTJ)OHbI HCIIbI­

TbIB8IOT :meKTJ)OM8fHHTHbie B38HM0,1leHCTBH.sI 

C aTOMHl,IMH 3JieKTpOH8MK H .si:.upaMH. Jfa Bcex 

B03MQ)KHblX BH.UOB B38HM0,1leHCTBIDl IIpHMe­

HHTeJII,HO K peaKTOpHbIM 3a,1la'l8M .um1 3Hepre­

TH'leCKOH o6nacTH OT 0 .1l0 20 M3B s1,1.uen.si:­

JOTC.si: cne.uyroru11.e peaKI:1;1m: 

• ynpyrHe B38HMO.UeHCTBH.sl 3JieKTpOH0B H 

Il03HTJ)0H0B C KYJl0H0BCKHM II0JieM .sI.r:{ep; 

• HeynpyrHe B38HMO.UeHCTBH.sI :meKTp0H0B H 

Il03HTJ)0H0B CO CB.sI38HHbIMH aT0MHbIMH 

3JleKTJ)0H8MH C HOHH3auHeH H B036y)K)le­

HHeM aT0M0B; 

• Heynpyr11e B3aHM0,1leHCTBIDl 3JleKTJ)0H0B H 

II03HTJ)0HOB C KYJI0H0BCKHM IlOJieM x.uep H 

aTOMHblX 3JieKTJ)OH0B C HCIIYCKaHHeM TOp­

M03HOro HJnyqemrn; 

• 8HHKTHJIHUHH II03KTJ)OH0B Ha 3JieKTPOH8X. 

)].11cpcpepeHm,ran1,Hoe ce11eHHe pacceHHID1 

3JleKTPOHOB HJIH IT03HTJ)OH0B Ha aT0Max B 3Jle­

MeHT TenecHoro yrna dQ OK0JIO Hanpasnemrn 

(8, q>) co CKOpOCTblO v s KYJIOHOBCKOM none 
x.upa C 38pH.UOM Ze IIpH O.UHOKp8THOM ynpyroM 

pacceHHHH 0IIHCbIBaeTC.sI: peJIRTHBHCTCKOH 

cpopMynoii Pe3epcpop.ua [23] 

dcrP -[ z~ ]
2

[ 1-p
2

] 1 (l) 
dQ - mec2 ~ 4sin4 (8/2)' 

r.ue crp - cetieHHe pacce.si::Hm1 Pe3epcpop.1la, p = 
= vie, C - CK0pOCTb CBeTa B B8KYYMe, me -
Macca rroKoR 3JieKTPOHa. 

lfa ( 1) cne.uyeT, 'ITO Bep0RTH0CTb Kyno­

H0BCK0ro pacceHHH.sI: 38pH)KeHHOH 1l8CTHUbl Ha 

yron 8 B03pacTaeT IIpH YMeHbllJeHHH yrna 8 
pacce.si::HH.si:. B cs.si::3H c 3THM 3apIDKeHHa.si: qac­

THUa, .UBH)Kyiua.si::c.si: B IIJIOTHOH cpe.ue, .U0Jl)KH8 

HCill,lTbIB8Tb Ha CBOeM IIYTH 60JibllJOe K0llif­

'leCTB0 IIOCJie,1l0B8TeJibHhIX aKTOB ynpyroro 

pacce.si::ttH.sI Ha MaJihie yrn1,1 C MaJIOH IIOTepeii: 

3Hepnrn. 3TOT npouecc Ha3hrnaeTCR MHoro­

KpaTmIM KynoH0BCKHM paccexHHeM. BepmIT­

uocTh ynpyroro pacce.si::mrn B03pacTaeT c 

YMeHbllleHHeM 3HeprHH 3JleKTpOHOB HJIH II0-

3HTPOHOB. 

CooTHOllleHHe cetieHHH pacce.si::ttIDr no3HT­

poHoB H 3JieKTpOHOB MeHbllle e.UHHHUhI IIpH 

O}lHH8KOBbIX 3HeprHH H yrne pacce.si:mur. OHO 
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)'MeHbUiaeTcH c )'Benw-iemi:eM yrna 0 pacceH­

Hilll H 3ap.sma Z pacceHaa10mero aeruecTBa. B 

HepenJITHBHCTCKOH o6nacrn (P < 1) ce'-leHHJI 

n03HTpOHOB H 3neKTpOHOB paBH.hl [24]. 
IlpH pacce51HHH 3neKTJ)OHOB 60JiblllHX 

3Heprni1 (£ > 5 M3B) Ha MaJibie H 6onbUIHe 

yrnbl Ha'-IHHaeT rrp051BJIJ!TbC51 3cp<peKT 3KpaHH­

poaaHH51 51:}lpa BHeillHHMH aTOMHbIMH 3neKT­

poHaMH, KOTOpbIH npHBOJlHT K )'Mem,UieHHIO 

ceqeHHH pacceHHHH, oco6eHHO B cnyqae Ma­

mrx yrnoa 0 pacceHHilll. BnH51HHe 3KpaHHpo­

BaHHH )'MeHI,UiaeTC51 C )'BenH'-leHHeM 3HeprHH 

£ 3neKTJ)OHOB H )'MeHbllleHHeM 3apHJla Z .smep 

npH }laHHOM yrne 0 pacce51HHJI [24]. 
BnHJIHHe KOHe'-IHOCTH pa3MepOB 51:}lpa CKa-

3bIBaeTC51 npH pacceHHHH 3neKTJ)OHOB 6onb­

IliHX 3HeprHH E Ha 6onbUIHe yrm.1 0. TaK KaK 

npH pacceHHHH Ha 6onbIIUle yrm1 0 rrpHuenb­

HblH rrapaMeTp HMeeT MaJIOe 3HaqeHHe, TO 

3neKTpOH 83aHMO}leikTByeT TO.IThKO C '-laCTbIO 

3ap.sma 51:}lpa. IlpH 3TOM yron 0 OTKJIOHeHH51 

Mem,me, qeM B KynoHOBCKOM none TO'-le'-IHoro 

3apHJla [24]. 
Yrrpyroe pacce51HHe HenoJIJ1pH30BaHHbIX 

3neKTJ)OHOB H II03HTJ)OHOB Ha H30nHpOBaHHOM 

IIOKOHIUeMCH HeHTJ)aJibHOM aToMe C aTOMHbIM 

HOMepOM Z paccMaTJ)HBaeTCH a npH6mDKeHHH 

6ecKOHe'-IHOH MaCCbl (- 3 600 Zme), npH KOTO­

pOM COCTOIDIHe aTOMa-MHUieHH He H3MeHHeT­

CH a pe3ynbTaTe B3aHMOJleHCTBllil. PacceHHHe 

xapaKTepH3yeTC51 OTKJIOHeHHeM TJ)aeKTOpHH 

Hanern10rueii qacTHUbl OT nepBOHaqaJIJ,HOH Ha 

noJIJ1pHbIH 0 H aJHMYTaJibHbIH q> yrfilr. TaK 

KaK paccMaTJ)HBaIOTC51 HeIIOJIJIPH30BaHHbie 

qacTHUbl TO OTKJIOHeHHe aKCHaJibHO CHMMeT­

pH'-IHO OTHOCHTenbHO nepBOHa'-laJibHOro Ha­

npaBneHH51 JlBH)KeHH51 BO acex BH}lax B3aHMO­

}leHCTBHH. 

B paMKax MO}lenH CTaTWieCKOro IIOJIJI [23, 
25] B IIIHpOKOM }lHaIIaJOHe 3HeprH.H ( OT - 102 

JlO - 108 
3B) JlH<pcpepeHUHaJibHOe Ce'-leHHe yn­

pyroro pacceHHHH 3neKTJ)OHOB H II03HTJ)OHOB 

nonyqaeTcR H3 perneHHR BOJIHoaoro ypaBHe­

HHH ,lJ:HpaKa }lnH .llBH)KeHHJI LJaCTHUbI B 3Kpa­

HHpoBaHHOM ueHTpaJibHOM none .smpa. ,lJ:Hcj)­

cpepeHUHaJibHOe Ce'-leHHe ynpyroro pacceHHHH 

3neKTpOHa H II03HTJ)OHa C KHHeTHLJeCKOH 

3Heprnei1 E a 3neMeHT TenecHoro yrna dQ 
OKono HanpasneHH.51 (0, cp) HMeeT BHJl [25] 

dcry0 /dQ = l/(8)1
2 

+lg(8)j2, (2) 
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r}le /(0) H g(0) - npRMM 11 o6paTHM KOM­

nneKCHbie aMTIJIHTYJlbl pacceRHHbIX BOJIH. 

.ll:HcpcpepeHuHam,Hbie ceqeHH.51 B npeJlCTa­

sneHHH napUHaJibHbIX BOJIH (2) TOLJHO yqHTbI­

BalOT CilHHOBbie H npyrHe perrRTHBHCTCKHe 

3cpcpeKTbl H 3cpcpeKTbl OT KOHe'-IHOCTH pa3Me­

pos RJlep. 

3neKTJ)OHbl H II03HTJ)OHbI TaIOKe HCIIbITbl­

BaIOT HeynpyrHe CTOJIKHOBeHH.51, rrpH KOTOpbIX 

OHH TepHIOT 3HeprH10. IlpH 3TOM Heo6XO}lHMO 

yqHTbIBaTb KOnJieKTHBHbIH xapaKTep B3aHMO­

}leHCTBH.51 c aeruecTBOM. Mo}le.!Th B3aHMo}leH­

CTBM 3neKTJ)OHOB H II03HTJ)OHOB C TBep}lblMH 

TerraMH npH HeynpyrHx B3aHMO}leikTBH51X 6a-

3HpyeTC51 Ha npe}lCTasneHHH O JlByx CHCTe­

Max: HOHOB, BHYTJ)eHHHe o6oJIO'-IKH KOTOpbIX 

He H3MeHH10TC51 no cpaBHeHHlO C o6onolfKaMH 

CB060JlHOro aTOMa, H 3JieKTJ)OHHOro raJa, o6-

pa3yeMoro H3 BaJieHTHbIX 3JieKTJ)OHOB [23]. B 

3JieKTpOHHOM raJe HOpMaJibHbIX MeTaJIJIOB O}l­

HOqacTHLJHbie H KOJIJieKTHBHbie B036~eHH.51 

3JieKTJ)OHOB pa3}leJI5110TC.Sl H OIIHCbIBalOTC51 B 

paMKaX JlH3JieKTJ)lflleCKOH TeopHH. 

Pacce.HHHe 3JieKTJ)OHOB H II03HTJ)OHOB 

npOHCXOJlHT H 3a C'-leT HeynpyrHX CTOnKHOBe­

HHH c aTOMHbIMH 3JieKTJ)OHaMH. EcJIH 3HeprM 

E HaJieTalOIUeH qacTHI.{bl 60Jibllle 3HeprHH 

CBH3H 3neKTJ)OHa B aTOMe, TO }laHHOe B3aHMO­

neiicTBHe C'-IHTaeTCH CTOnKHOBem1eM JlByx 

CB060}lHbIX qaCTHU [24]. 
BepOHTHOCTb pacce51HHH 3JieKTJ)OHOB Ha 

3neKTJ)OHax MHoro MeHbrne, qeM Ha .smpax, 

TaK KaK ceqeHHe paccemM 3JieKTpoHoB Ha 

3neKTJ)oHax nponopUHOHaJibHO Z, TOr}la KaK 

ceLJeHHe pacceHHH.51 Ha Hnpax nporropuHo­

HaJibHO 22
. OTHOIIIeHH.e BepOHTHOCTeH pac­

Ce51HHJI 3neKTJ)OHOB H II03HTJ)OHOB Bcer}la 

60Jibllle e}lHHHI.{bI [23, 24]. 
OcHOBHbIM MexaHH3MOM 3HepreTH-qecKHX 

IIOTepb 3JieKTJ)OHOB H II03HTJ)OHOB npH £ < ~ 
0,5 M3B cn~aT tteynpyrHe B3aHMOJlei1cTBH.51 

co CBH3aHHbIMH aTOMHbIMH 3neKTJ)OHaMH, npH 

KOTOpbIX TepHeMM qacn1ueii 3HeprH.H pacxo­

eyeTCH Ha B036~eHHe H HOHH3al.{HIO aTO­

MOB. 3HeprHIO, TepReMYIO Ha HOHH3aIJ;HIO H 

B036~eHHe, MO)KHO C'-IHTaTb noKaJibHO rro­

rnorueHHOH OKOJIO TJ)aeKTOpHH qacTHUbI. IlpH 

rrepexo}le B OCHOBHOe COCTOHHHe rrpOHCXOJlHT 

3MHCCHH )KeCTKoro peHTreHOBCKOrO H3nyqe­

HHH rum Q)Ke-3JieKTpOHOB [24]. 



11oHH3aUHOHHbie IlOTepH 3JleKTPOHOB 3a­

BHC.sIT OT IlJlOTHOCTH HOHH3HpyeMoro BemecT­

Ba H c11a60 3aBHC..sIT OT z. OHH )'MeHbIIJaIOTC.sI C 

pOCTOM KHHeTHqecKOM 3HeprHH E, ,UOCTHTaIOT 

MHHHM)'Ma npH E ;::::: 2mec2 
H 3aTeM Me,rrneHHO 

pacTyr c 3Heprnew KaK lnE. 11pH El(mec2
) ~ 

.:., 0, l OTHOCHTeJibHM pa3HOCTb IlOTepb :mep­

rHH Ha HOHH3aUIDO y 3JieKTPOHOB H rro3HTPO­

HOB He npeBbIIIIaeT 10 %. C yBe.JIHlleHHeM E 
pa3JiffqHe )'MeHbIIIaeTC.sI (24] . 

Heynpyroe pacce..sIHHe 3ap.sI)l{eHHOM qac­

THUhl onpe,rreJI..sieTc.sI noTepeii 3Hepnrn W 11 

3Heprnew Q OT,rraqH. B 6opHOBCKOM rrp116JIH­

)KeHJrn Q H W onpe,rreMIOTC..sI qepe3 MOITlHOCTb 

o6o6meHHOro aTOMHOro OCUHJIJI..sITopa 

(MOO). MOO pacmerrn.sieTc..si Ha BKJia,rr1,1 OT 

pa3mPIHbIX aTOMHbIX 3JieKTPOHHbIX o6oJioqeK. 

K~M aTOMHM o6oJioqKa k xapaKTep113yeT­

C.sI KOJIHqecTBOM Zk 3JieKTPOHOB Ha 060JIO'iKe 

H 3HeprHeH Uk HOHH3aUHH. B (26] rrpe,rrJIO)l{e­

HO Mo,rreJIHpoBaTb MOO K8)1<JlOM 3JieKTpOHHOH 

o6oJIO'iKH KaK e}lHHH'llibIH 8-0CUHJIJI..sITOp. 

MOO Bcero arnMa cocTOHT H3 .llByx cJiarae­

MbIX. 

11epBoe cJiaraeMoe npencTaBrr.sieT pe3o­

HaHCHble }laJibHHe B3aHMO}leHCTBH..sI rrpH Ma­

JibIX Q, KOTOpbie OITHCbIB8IOTC.sI e}lHHHqffbIM 

pe3oHaHCOM rrpH Wk. BTopoe CJiaraeMoe cooT­

BeTcTByeT 6JIH3KHM B38HMO}leHCTBH.sIM npH 

6oJiblliHX Q, Korna 3JieKTPOHbl-MHmeHH CB0-

60.llHbl H IlOKO.sITC.sI (Q = W). C)'MMHpOBaHHe 

ITO k npOBOJlHTC.sI no BCeM CB.sI3aHHbIM 3JieKT­

pOHHbIM o60JIO'IKaM (H o6JiaCTH IIpOBO,UHMO­

CTH B cJiy1rne rrpOBO,UHHKOB ), a napUHaJibHa.sI 

MOillHOCTb fi OCUHJIJI.sITOpa OTO)l(}leCTBJI..sieTC.sI C 

KOJIJ,fqeCTBOM JJieKTPOHOB Ha k-ii 060JI01IKe, 

T.e. fi = Zk. 11pe.llilOJiaraeTC.sI, qTo BbIIIOJIH.sieT­

C.sI COOTHOIIIeHHe [27, 28] 

Lh InW* =Zlnl, (3) 
k 

rne I - cpe.llH.sI.sI 3Heprn.si B036~neHH.sI. 

MoneJib Ha ocHoBe MOO - rrpH6JlH)l{eH­

Ha.sI H rrpHMeH.sieTC.sI JllI..sI OITHCaHH.sI B38HMO­

]leHCTBirn qacTHU H 3MHCCliH 8-3rreKTPOHOB 

TOJibKO C BHeIIJHHX 060JI01IeK aTOMOB, IIO­

CKOJibKY npouecc1>1 HOHH3aUHH BHYTPeHHHX 

06orro1IeK HMeIOT MaJIYIO Bepo.sITHOCTb H MO­

ryr OilHCbIBaTbC.sI OT]leJibHO. BHeIIJHHMH C'IH­

TaIOTC..sI 3JieKTPOHHbJe o60JIO'iKH, OTJlH'IHbJe OT 

K-, L- 11 M-o6orroqeK 11m1 c ('1· < 200 3B, rne 

('1- 3Hepnur HOHH38UHH o60J104KH j. 

,lJ;Ba)KJlbI nmpcpepeHUHaJibHbie ceqemrn no 

Q H W HeyrrpyrHx CTOJIKHOBeHHH 3JieKTPOHOB 

H II03HTPOHOB, rroJiyqeHHhie rro MonerrH MOO, 

rrpencTaBJI.SI.IOTC.sI B BH]le CYMMbI crraraeMbIX, 

OilHCbIB8IOIUHX BKJia,UbI OT ,UaJibHHX H 6JIH3KHX 

B38HMO,rreikTBHH [24], 

d 2a d 2a d 2a d 2a 
HY _ J1.npo.11 + Jl,non + 6n • ( 4) 

dWdQ dWdQ dWdQ dWdQ 

,l(arrbHHe B38HMO}leifCTBH.sI Y.llOBJieTBOp.sI­

IOT cooTHOIIJeHHro W < H; ecrra W > H, B3aH­

MO.lleHCTBHe Ha3bIBaeTC.sI 6JIH3KHM; H ;::::: 
::::: 104. .. 105 

3B. 11pH 6JIH3KHX B38HMO}leHCTBH­

.sIX, B OTJIH'IH.e OT }laJibHHX, )"illTbIB8IOTC.sI 

KBaHTOBOMexaHH'IeCKHe 3q><peKTbI. BKJia,UbI OT 

JlaJihHHX B3aHMOJleHCTBKH .rremnc..s1 Ha rrpo­

.llOJibHbie H rrorrepe'IHbie. Ilpa rrorrepe'IHbIX 

}laJibHHX B38HMO]leHCTBH.SI.X rrpeHe6peraeTC..sI 

H3MeHeHHeM yrrra HaJieTaIOIUeH qacTHUbl. 

nJIH3KHe B38HMO}leHCTBH..sI 3JieKTPOHa co 

CB060}lHbIM ITOKO..sIIIIHMC..sI 3JieKTPOHOM B paM­

Kax 6opHOBCKOro npH6JIIDKeHH.sI OIIHCbIBaIOT­

C.sI cpopMyrrott Merrrrepa [29]. B KOHe'IHOM co­

CTO..sIHHH rroJiyqaIOTC.sI .[lBa Hepa3JIH'IBMbIX CB0-

60.llHbIX JJieKTPOHa. EoJiee 6hICTPhIH H3 HHX 

paccMaTPirnaeTc.sr KaK nepBWIHbIH, a BTopoii 

KaK 8-JJieKTPOH. MaKCHMaJibHM pa3perneHHa.sI 

rrepe,l:la'Ia 3Hepnrn: B 6JIH3KHX CT0JIKHOBeHH.sJ.X 

Wmax = E/2. 
EmnKHe B3aHMO.[leiicTBH.sJ. rro3HTPOHa co 

CB060}lHbIM ITOKOHIIIHMC.sl 3JleKTPOHOM B paM­

Kax 6opHOBCKOfO npH6JIH)l{eHHJI OITHCbIBaIOT­

C.sl cpopMYJIOH Ea6a [30]. MaKCHMaJibHM no­

Tep.si 3HeprHH rrpH CT0JlKHOBeHHID<. Il03HTPO­

HOB c 3Heprnei1: E: W max = E. 
l1oHH3aUH.sI BHYTPeHHHX 3JieKTPOHHbIX K-, 

L- H M-06orro1IeK c fh > 200 3B paccMaTPHBa­

eTC.sI K8K He3aBHCHMblli rrpouecc, He BJIH.SI.IO­

IUHH Ha COCTOHHHe Harrernromeii qacTHUbl. 

11penrronaraeTC.sI, 4TO npH HeynpyrHX B38HMO­

,l:leHCTBH.SI.X HaJieTaIOII.(a.sI 'I8CTHUa Bbl3bIBaeT 

TOJibKO 11crrycKaH11e 3JieKTPOHa 0T,l:l8lJH (8-

3JieKTpOHa), a aTOM-MHIIJeHb C'IHTaeTC.sI HeB03-

6~}leHHbIM. 11crroJib3YIOTC.sI IIOJIHbie Ce'IeHH..sI 

HOHH3arurn, orry6JIHKOB8HHbie B -[31] Ha OCHO­

BaHHH <poT03JieKTPH1IeCKHX ceqeHHii, rrony-

4eHHbIX 113 cpaiiJIOB EPDL [32]. 
11pH 3HeprH.six E > ~ 0,5 M3B 3JieKTPOHOB 

H IT03HTPOHOB H8'IHHaJOT rrpO.sIBJI.sITbC.SI. H yBe­

JIH'IHBaIOTC..sI C pOCTOM E pa,UHaUHOHHbie TIOTe­

pH 3HeprnH. 8 pe3yJibT8Te CTOJIKHOBeHlrn C 

35 



AAPOM semecrna :rneKTJ)OH HJIH TT03HTJ)OH OT­

KJIOHReTCK OT rrepBoHaqaJibHOrO HarrpaBJieHIDI 

)lBmKeHHSI H TOpM03HTCR 3a cqeT :rneKTJ)OMar­

HHTHOro H3JI)"-leHHR B none H)lpa. B OTJIH'llle 

OT HOHH3aUHOHHbIX llOTepb, KOTOpbie npo­

rropUHOHaJibHhl z, pa)lHal.l,HOHHble llOTepH 

rrponopUHOHaJihHbl Z . floTepH Ha H3JI)"-leHHe 

np11 E '.S mec2 
cna6o 3as11cRT OT :meprm1, a 

rrp11 E >> mec2 
6h1crpo pacTyr c Y13e1rnqeH11eM 

3HeprnH. flpH 60JiblllliX 3Hepnrnx 3JieKTp0Hhl 

H ll03HTpOHbl TepHIOT :meprHIO B OCHOBHOM 3a 

cqeT H3nyqeHHH. 

3cpcpeKT TOpMO)l(eHHR :rneKTJ)OHOB H ll03H­

TJ)OHOB rrpOHCXO)lHT H B none 3neKTJ)OHOB. 

HHTeHCHBHOCTh TOpM03HOrO H3JI)"-leHHR B rro­

Jie 3JieKrpOHOB B Z pa3 Memme, qeM B none 

R)lep. )],JIR yqeTa BKJia,n:a TOpM03HOro H3JI)"-le­

HHH B none 3neKTJ)OHOB B Bblpa)l(eHHH ceqe­

HHR TOpM03HOrO li3JI)"-leHHR Z2 
3aMeHReTCR Ha 

Z(Z + TJ) [24], me rrapaMerp T] orneqaeT 3a 

B03HHKHOBeHHe TOpM03HOro l13JI)"-leHHH B rro­

ne aTOMHhIX 3JieKTJ)OHOB. 

CrreKTP TOpM03HOro H3JI)"-leHHR Henpe­

pbIBHblli. MaKCHMaJlbHOe 3HaqeHHe 3HeprHH 

KBaHTa TOpM03HOro H3JI)"-lemrn paBHO HaqaJih­

HOH KHIIeTH"'leCKOH 3Hepnrn E = hvmax Harre­

TaIOIUero 3neKrpOHa HJIH ll03HTJ)OHa. 

flpH MaJlbIX 3Hepnrnx HarreTalOlUHX 3JieK­

TpOHOB ceqeHHH pa)lHaUHOHHhIX llOTepb He 3a­

BHCRT OT 3HeprHH 3JieKTJ)OHOB H cpe.n:HHe pa­

)lHaUHOHHbie IlOTepH llOCTORHHbI. IlpH 60Jlh­

m11x 3HeprHRX ceqemre pa)lHaUHOHHhIX rro­

Tepi, pacTeT KaK lnE, a dE/dx ~ ElnE, ecm1 He 

)"-IHTbJBaTb 3KpaHHpOBaHIDI [24], KOTopoe 

npORBJIHeTCR B )'MeHbIIIemm: sepORTHOCTH HC­

rrycKaHHJI KBaHTOB MaJIOH 3Hepnm ITO cpaB­

HeHHlO C BepOHTHOCTblO HcrrycKaHHH KBaHTOB 

6on1,rnoi1: :mepnrn. 

IlpH BbICOKHX 3HeprnRX pa3JII1"'ll1e ceqe­

HHM TOpM03HOro H3JI)"-leHHH )lJIH 3JieKTpOHOB 

H TI03HTJ)OHOB Marro. B o6naCTH HH3KHX :mep­

rHM ceqeHHe TOpM03HOro H3Jiyqemrn ll03HTJ)O­

Ha MeHhIIIe, 'IeM 3JieKTJ)OHa [24] . 
)],HcpcpepeHUHaJlbHOe ceqeHHe TOpM03HOro 

H3JI)"-leHJrn OTTHCbIBaeTCH rrony3MilHpffqeCKOH 

cpopMYJIOH EeTe - raii:rnepa c yqernM 3Kpam1-

posaHHH, BbIBe)leHHOM s paMKax 6opHOBCKoro 

rrpH6JIH)KeIIIrn [33, 34]. 06ruerrpHHHTO Bbipa­

)l(aTb ero s BH,n:e [23] 
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r.n:e Wy - 3HeprHR HcrrycKaeMoro cpoTotta; K = 
= Wyf E - rrpHse.n:ettHaR 3Hepnrn cpoToHa, rrpH­

HHMa10maH 3Haqemrn OT 0 )lO 1; q>YffKUHR x(Z, 
E, K) - rpa)lyHpOBaHHOe .n:HcpcpepeHUHaJibHOe 

ceqea11e TOpM03HOro H3n)"-leHHH. 

B [35, 36] CO)lep)l(aTCH Ta6nHUbI )lliq>cpe­

peHUHaJibHhIX ceqemrn: )lJIR scex 3neMeHTOB 

(Z = 1 - 99) C 3HeprHRMH 3JieKTJ)OHOB OT 1 
K3B .n:o 10 r3B, r.n:e oT,n:enhHO 3arn6ynHposa­

HhI .n:11cp41epeHI.{liaJlhHbie ceqeHHR 3MHCCHR B 

3KpaHHpoBaHHbIX TTOJIRX R)lep H aTOMHhlX 

3JieKTJ)OHOB H IlOJIHbie )lHq>cpepeHI~HaJlhHbJe 

ceqeHHR. 3neKrpoH-H)lepHoe .l{lfqJq>epeHUH­

aJibHoe Ce'-leHHe TOpM03HOro H3JiyqeHHR Bbl­

'-IHCnHJIOCb KOM6Irnau:11eu: aHaJIHTHqeCKOM Bbl­

COK03HepreTH"'leCKOH TeopHH C pe3yJibTaTaMH 

napUHaJlbHO-BOnHOBbIX BI,JqHCJieHHH [3 7] 
3MHCCIDI TOpM03HOro H3nyqeHHR Ha 3KpaHH­

pOBaHHbIX aTOMHbIX llOJIRX rrpH 3HeprHRX 

> 2 M3B. )],mpcpepeHu11arrbHOe ceqeHHe )lnR 

3JieKTJ)OH-3JieKrpOHHOro TOpM03HOro H3Jiyqe­

HHR nonyqetto no TeOpHH Xayra [38] B KOM-

611:Hau1111 C 3KpaHHPYIQIUeH norrpaBKOH, KOTO­

paR co.n:ep)l(HT HeKorepeHTHbie cpyHI<UHH pac­

cewHR XapTpH - <I>oKa. 

)],11cpcpepeHUHaJlhHOe ceqeHHe )lJIR ll03HT­

poHOB nonyqaeTCR )'MHO)l(eHHeM 3JieKrpOHHO­

ro )lH<pcpepeHUHaJihHOro ceqeHHH Ha MHO)KH­

TeJih F(Z, E): 
da<+> /dW = F(Z E)da<-> /dW (6) 

Top ' TOP • 

MHo)l(HTeJlh F(Z, E) paseH OTHOIIIeHHIO rnp­

M03HhIX H3JiyqeHHH TI03HTJ)OHOB H 3JieKTpo­

HOB H BbPlHCJieH B [39, 40]. 
fI03HTJ)OHbI HCllbITbIBaIOT e)lHHCTBeHHYIQ 

peaKUHIO rrornomeHHH - aHHHTHJIRUHIO Ha 

3JieKTpOHax, B pe3yJibTaTe KOTOpOH po)K)laIOT­

CR q>OTOHhl. HaH6onee BepORTHa .n:syxcpoTOH­

HaR aHHITTHJIRUH». 

CeLJ:eHHe aHIDffHnRUHH II03HTJ)OHOB B rro­

JieTe COCTaBJIReT :::::: 10 % OT llOJIHOro ceqeHHR 

aHHHrHJI}IUIDl, rrpH 3TOM HcnycKaeMbie q>OTO­

Hbl HMeIOT pa3JIWIHYIO 3HeprHIO. 0CTaJlbHbie 

:::::: 90 % npoueccos - aHHlffHJIRIIHR CB06o,nHbIX 

ll03HTJ)OHOB Ha cso6o,n:HhlX 3JieKTpOHax B no­

KOe. B 3TOM cnyqae cq11TaeTc», '-ITO 3Hepnrn y 

06011x Q)OTOHOB O)lHHaKOBaR. BepOHTHOCTb 

aHHHI'HJI»UHH na.naeT C Y13eJI11qeHHeM KHHeTH­

qecKOH 3HeprnH [24]. 



.[(mp<pepeHI~mUJhHOe ceqemrn .llByx<poTOH­

HOH aHIIHrHJUII..IJ:IH B CHCTeMe ueHTpa Mace no-

3HTp0Ha H 3JieKTpoHa nonyqeH0 raHTJiepOM 

[ 41]. B [20] .uaHHoe .UH<p<pepeHUHMhHOe ceqe­

HHe npeo6pa30BaHO K CHCTeMe K00p.UHHaT, B 

KOTopoii 3JieKTpoH noK0HTC.si:. Tor.ua 

2. Mo.z.eJIHpOB3HHe 833HMOAeHCTBHH 

JJieKTpOHOB H Il03HTpOHOB C sew:ecTBOM 

B n0AM0AyJie EETA 

dcr.H - nr} [s(r) + S(l - r)J (7) ds - ( y + 1 )( y2 - 1) ~ ~ ' 

CxeMarn:qecKoe npe.ucrnBJieHHe npouecca 

M0,UeJIHp0BaHIDI B3aHMO.UeiiCTBH.sl 3JieKTp0H0B 

H II03HTp0H0B co cpe.uoii rrpe,UCTaBJieHo Ha 

pHC. 1. Ha cxeMe He OTpa)KeHbl JI0rH'leCKHe 

CBH3H Me)K,Uy M0.UYJI.si:MH H Me)K,Uy Il0.UM0.UY­

JIHMH C0CTaBH0fO <pH3If'IeCKOro M0.UYJUI CO­

<l> Ii3M, B C0CTaB K0T0poro BX0,UHT Il0.UM0-

.UYJib 6ET A. 

r.ue S(s) = -~y+ 1)2 +(y2 +4y+ 1)/s-1/s2
; 

y = 1 + E/(meC ) - Il0JIHrul 3HeprH.si: ll03HTp0Ha 

B e.rm.HHUax era 3Hepnrn Il0K0H; S = E;'" /(E + 
+ mec2

); E;·· - HcnycKaeMbIH q>OTOH C MHHH­

MMhHOH 3HeprReH. 

Ilocne TOro, KaK M0.UyJieM TpaeKTOpHH 

Bbipa6aTbIBaeTCJI KOMaH.ua 0 npoBe,UeHHH 06-

Ynpyroe 

B3aHM0.neiicTBHe 

JfoHH3aI.IHll 

H B036)')1(.nettHe 

aT0M0B 

Bxo.nttbte napaMeTpbI: 

cl>aJOBbte K0op.ni1ttaTbl 

TeKy111ero 3JieKTpotta 

(n031npotta) 

Onpe.nenettHe 3neMettTa, 

C K0T0pblM np0H30WJI0 

B3aHMO,UeHCTBHe 

Po3btrpbtW yrna x 
MH0roKpaTH0ro pacceirHHll 

H C00TBeTCTBYIOllleH noTepH 

3HeprnH IV 

Po3btrp1,1w THna 

B3aHMO.UeHCTBHll 

Heynpyrne 

B3aHMO.UeHCTBHll 

TopMOJKettHe 

C HcnycKaHHeM 

H3Jiy'leHHll 

AHHHrHJillUHll 

n03HTµOHa 

l•foHHJaUHll 

BHYTpeHHHX 

o6ono'leK 

BblXO.UHble napaMeTpbt: H0Mep 3JieMeHTa, nm peaKUHH, 

cl>aJOBble K00p,UJ,tHaTbl BT0pH'lHblX 'laCTHU, ynpaBJilllOlllHe nepeMeHHble 

P11c. I. Ynpo~ettttasi cxeMa Mo.nen11posatt11si s3a11Mo.neikrn11ii 
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pa6oTKH TPeTbero HJIH qeTBepToro THrra qac­

THU ( :rneKTPOHOB HJJM IT03HTpOHOB), co.n.ep)l(a­

IUHXCH B 6aHKe '-1acn1n, ycTaHaBmrnaIOTCH 

3Haqemrn yrrpaBJIHIOIUHX napaMeTpOB, no KO­

TOpbIM Mo.n.ym1 aporpaMMhl HaCTpaHBaIOTCH 

Ha MO.lleITHpoBaHHe nepettoca 3neKTpOHOB H 

IT03HTpOHOB. Ilocne BbJ6opKM H3 6aHKa "qac­

THll Q)a30BbIX KOOp,ll,HHaT oqepe.n.ttoro 3ITeKT­

poHa HITH Il03HTPOHa, TaK)l(e KaK H IlOCITe Ka)l(­

.n.oro aKTa B3aHMO)],eHCTBIDl, DpOH3B0.llHTCH 

nposepKa 3HatJeHHH ero 3HeprHH. Ecm1 OKa3hl­

BaeTcH, qTo 3Hepnrn MeHbIIIe 3a)],aHHOro IIOJlb-

30BaTeITeM HeKoToporo 3Haqemrn 3Hepnrn: o6-

pe3aHIDI Enorn, TO MO.llerrHposaHHe nepeHoca 

3asepI1IaeTCH H npOH3B0)],HTCH Bbl60pKa Q)a30-

BhlX KOOp,ll,HHaT cne)],yIOIUero 3JleKTpOHa HJIH 

no3HTPOHa. 

IlpH Ha.JllPIHH npH3HaKa pacqeTa MeTO)],OM 

HH)],HBH)],YaJJbHbIX coy.D;apemrn oape.D;enHeTCH 

)],JJHHa cso6o.D;Horo npo6era, rrpoxo)],HMaH 

3JieKTpOHOM HJJH no3HTPOHOM 6e3 CTOJIKHOBe­

HMH, 

- -
S = f XPo(x)dx =Lnon f xexp(-L00nx)dx = L~!n 

0 0 

H no Heii .D;enaeTCH BbIBO)], o rrepeceqeHHH rpa­

HHilbI )],aHHOro MaTepHana, BbIBeTe '-!aCTHUhl 

3a rpaHH.Uhl CHCTeMhl HITH aKTe B3aHMO)],eHCT­

BH51. EcnM co6bITHe TpaKTyeTCH KaK CTOJIKHO­

BeHHe ( B3aHMO)],eHCTBHe ), TO IlO)],nporpaMMa­

MM IIO.l(MOJlYJIH onpe,D;em1eTCH 3JieMeHT, C KO­

TOphlM B3aHMO)],eHcTByeT 3ITeKTpOH HJJH Il03H­

TpOH. 

IlpH cMeI1IaHHoH cxeMe [42, 43] pacqeTa 

MeTO)],OM KaTaCTpOQ)HlJeCKHX coy.D;apeHHH .llllH 

yqern MHOroKpaTHoro pacceHHHH Ha ware s 
pa3blrpbIBaeTC51 )],OilOJlHHTefilHM TO~a t Ha 

OTPe3Ke [O, S ], B KOTOpOH lJaCTHUa HCIIl,ITbIBa­

eT MHOroKpaTHOe (cna6oe) B3aHMO,UeHCTBHe, 

TepHeT 3Hepnuo w H pacce11saeTcH Ha yron x B 

COOTBeTCTBHH C pacnpe.D;eneHHHMM yrITa pac­

CeHHIDl H noTepb 3HeprHH npH MHOroKpaTHblX 

B3aHMO)],eHCTBJUIX Ha ware s (pHC. 2). ,[l,anee 

no apOXQ)l()],eHHH paCCTOHHHH s - t pa3blrpbI­

BaeTCH THn peaKUHH npH KaTaCTpoqrnqecKOM 

B3aHMO)],eHCTBHH M3 )],HCKpeTHbIX BepOHTHOC­

TeH. IlpH '.HOM, eCJTH TpaeKTOpHH lJaCTHUbI ne­

peceKaeT rpaHHUY npH npo6ere Ha OTPe3Ke [O, 
t], TO Ha rpaHHue MaTep1-1ana TpaeKTOpIDl oc­

TaHaBmrnaeTCH H MO,lleITHpOBaHHe B HOBOM 

MaTepnane HalfHHaeTCH co cna6oro B3aHMO­

.ueiicTBH.H. 
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PHc. 2. Mo.ue11HpOBaHHe cyMMapHoro 3cpcpeKTa 

MH0r0KpaTHbIX ( cna6bIX) B3aHMO.l].eHCTBHH Me)KJJ.y 

.UBYMj( nocne.uoBaTen bHblMH KaTaCTj>OQ)H4eCKHMH 

CT0JIKH0BeHHHMH 

EcnH TpaeKTopHH qacnru,bI nepeceKaeT 

rpam1uy npH npo6ere Ha OTpe3Ke [ t, s], TO Ha 

rpaHHUe MaTepnana TpaeKTOpHH OCTaHaBITHBa­

eTCH, a MOJleITHpOBaHHe B HOBOM MaTep11ane 

onHTb Ha'lKHaeTCJI co CITa6oro B3aHMO,UeMCT­

BIDI. Ha 3TOM ypOBHe IlO)],IIporpaMMbI IIO)],MO­

)],YJIH EET A o6ecnelfflsaeTCH pactJeT noITHoro 

cetJeHHH B3aHMO)],eMCTBIDI :Enon = 11Anon = 
= N(cryn + crtty + crTOp + crHoH (+ cratt)) 3JJeKTpoHa 

HJIH II03HTpOHa 3a,uaHHOH 3HeprnH co cpe.uoii, 

r)],e Anon - ITOITHM ,llITHHa CB060JlHOrO rrpo6era 

3JleKTpOHOB HITH Il03HTpOHOB, N - aTOMHM 

KOHUeHTPaUHH semecTBa, cryn - ceqem1e yrr­

pyroro B3aHMO,UeHCTBIDl 3JleKTpOHOB HJIH no-

3HTpOHOB, crHy - CelJeHHe Heyrrpyroro B3aHMO­

)],eHCTBHH 3ITeKTpOHOB HJIH Il03HTpOHOB, crTOp -
ceqeHHe TOpM03HOro H3JiyqeHHH 3JieKTpOHOB 

HJIH no3HTpOHOB, (JIIOH - CelfeHHe HOHH3aUHH 

BttyrpeHHHX o60JJOlJeK 3JleKTpOHOB MITH no3H­

TPOHOB, cratt - cetJeHHe aHHHrHITHUHH no3HT­

poHOB. 

B npoue.D;ypax onpe.ueITeHHH :rneMeHTa, c 

KOTOpbIM npOHCXO.UHT B3aHMO,UeHCTBHe 3ITeK­

TPOHa HJIH Il03HTpOHa, H p03blrpblllla nma 

H,uepHOH peaKUHH HCilOJlb3yeTCH HHQ)OpMaUHH 

06 3HepreTWieCKOM 3aBHCKMOCTH CelJeHHH 

H.UepHbIX peaKUHH, co.nep)KaIUMC.H B pa6otJeH 

6H6mrnTeKe. E116nHOTeKa 3a)],alJH C03,UaeTC51 

np11 nepsoM 3anycKe nporpaMMbI, ecn11 cpe.D;H 

yrrpaBJJHIOIUHX napaMeTpOB pactJeTHOro BapH­

aHTa HMeeTCH YKa3aHHe Ha npose.D;eHHe pacqe­

TOB C MO,UeJIHpOBaHHeM aepeHOCa 3ITeKTPOHOB 

H II03HTpOHOB. B 3TOM CITyqae npH o6pa6oTKe 

HCXO.UHbIX JlaHHbIX pactJeTHOro BapHaHTa Ha 

OCHOBe HHQ)OpMaUHH, co.uep)l(aJUeHCH s 6a3e 

H,ueptto-cpH3H'IeCKHX KOHCTaHT MCUDB50, 
cpopMHpyeTCH pa6oqM 6H6ITHOTeKa, CO,D;ep)l(a­

[UM .UaHHble )],ITH HYKJJH)],OB, KOTOpbie BCTJ)e­

qalQTCH BO BXO.UHOM IlOTOKe K Q)H3HlJeCKOM)' 

MO.UYITIO. 

2.1. MHOlOKpanlllble ClllOJIKll06eHUJI 

B no.uMo,uyne EET A HCITOITh3yIOTCH qe­

Tbipe napaMeTpa MO.UeIT11poBaHHH, 3a,nasae-



Mbie nom,3osaTeJ1eM 11 onpe.uemnoume xapaK­
Tep MHOroKpaTHbIX crnnKHoseHirn: CCMI, 
CCM2, CCM3 H CCM4 (CCM - Condensed 
Collision Model). CCMI onpe.ueAAeT cpe.UITTIH 
yron pacce5rnmr npH HeKaTacTpocpWiecrrnx 
(MHOroKpaTHbIX) B3aHMO.UeHCTBH.SIX H noporo­
Boe 3Ha'-leHHe yrna 0KaT, CCM2 - MaKCHMaJJb­
H)'IO .UOJIIO 3HeprnH, TepmomyrocH npH Heyn­
pyrHx B3aHMO.UeHCTBHHX 3a O.llHH rnar. CCM3 
H CCM4 onpe.uemnoT MaKCHMafilH)'IO y.uenh­
H)'IO noTepFO 3Hepnrn 3a ctJeT Heynpyroro 
pacceHHM WHv H TOpM03HOro H3nyqemrn 
WTOP· B cnyqae, ecJJH )l.JUi )laHHoro MaTepHana 
3a.uaHbI 3HatJemrn CCM I = CCM2 = CCM3 = 

= CCM4 = 0, TO MO)len11posaH11e )leTaJJH3Hpy­
eTCH, T.e. npOHCXO.llHT IIO cxeMe HH.Z:Ufl3HJlY­
aJJbHbIX B3aHMO.Uei1CTBHH. 

B Ka'-leCTBe <PYHKUHH pacrrpe)leJJeHHH yr­
JJa x pacceHHHH B rrpouecce MHoroKpaTHoro 
CTOJJKHOBeHHH IlOCJJe rrpo6era s npHMeHHeTCH 
pacrrpe)lenem1e F(x, s) roy.llcMHTa - Caytt­
)lepcoHa [ 14, 15], s KOTOpOM MO)KHO HCfIOJib-
30BaTb mo6oe Bblpa)Kem,1e )lJJH ceqeHHH O)lHO­
KpaTHOro pacce51HHR 11 rrpHMeHHTh era )l.JUi 
JJF06hrx yrrros pacceHHHH [44]. B KaqecTBe 
q>YHKUHH pacnpe)leJJeHHH IlOTepb 3HeprHH W B 
rrpouecce MHOroKpaTHOro CTOJJKHOBeHHH IIOC­
rre rrpo6era s 11cnOJ1h3yeTcH pacnpe.lleJJeHHe 
P(w, s) 6nyttKa - J1ei1:3eraHra [I 7]. B IIO.llMO­
.llYJJe pean113osaH arrropRTM MO.UeJIBposamrn, 
OTIHCaHHblH B [42, 43]. 

2.2. Mooem,pOBQHUe 63QU.MOOeucmBUJl 
:Jne«mpo,wB u n0Jumpo110B B Atemooe 

Kamacmpo<ftu11ec«ux BJauAwoeucmButi 
Ynpy20e pacceRHue. ,[(nH pact.J:eTa cet.J:eHHH 

ynpyroro pacceHHHH MeTO.llOM KarncrpocpHY:e­
cKHx coy.llapeHHH npHMeHHeTCH rrporpaMMa 
ELSEPA [ 45], mo6e3HO npe.llOCTasneHHM ee 
asrnpaMH H sKJIFOqeHHM B ITO.llMO.llYJih 6ET A. 
Ilo ReH paCC'IHTbIBaFOTCH .UHcpcpepeHUHaJibHbie 
(2), IlOJJHbie H TpaHcnopTHble Ce'-leHHH (.llBa 
nepBbIX MOMeHTa), He06XO)lHMbie )lJIH MO)le­
JJHposaHHH MHOroKpaTHbIX pacceHHHH: 

cr,0 = f ( da)" / dQ ):tQ = 2rr j (If (0)1
2 

+ lg (0)1
2 

)sin 0d0, 
0 

cr vn.l = f (I - cos 0)(dcr yn / dQ 'µQ, 

cry0 _2 = ¾ J (I -cos~e)(dcrv0 /d.Q }In. 
11onHpROe OTKJIOHeHHe µ = ( l - cos0)/2 s 

K3)K)l0M HH)lHBH.llYaJJbHOM CTOJJKHOBem-rn re-

HepHpyeTCH no .llliq>cpepe~HaJibHbIM ceqeHH­
HM H3 633hI )laHHbIX ELSEP A c 11cnorrh30Ba­
HHeM HHTeprromrrnlOHHOH cxeMbI H3 [ 46]. 

A3HMYTaJJbHblli . yron cp .UJJH 3JJeKrpOHa HJIH 
TI03Hrp01-Ja reHepHpyeTCH H3 paBHOMepttoro 

pacnpe)leJJeHHH cp = 21t~, r)le ~ - cnyqaiiHoe 
':IHCJIO, paBHOMepHO pacrrpe)leJJeHHOe Ha OT­
pe3Ke [O, 1]. 

IlapUHaJibHO-BOJIHOBbie .llHc}>cpepeHllllaJib­
Hble ceqem,rn npHMeHHIOTCH H )lJIH rrpoue.llypbl 
CMernaHHOro MO)leJIHpOB3HHH, B KOTOpOH Ka­
Tacrpocp11qecKHe coy.uapeHHH c µ > µKaT pa-
3birpbIBaJOTCH HH)lHBH.llYaJibHO. 3Ha':leHM µ 
CBe)leHbI B Ta6JIHUbl B 33BHCHMOCTH OT nora­

pHcpMa 3HeprnH. ,[(1rn nonyqemrn 3HaqeHHH µ 
113 Ta6JJHUbl HCilOJlb3YeTCH MeTO.ll HHTepno.JUi­
UHH C BeCaMH q>ym<UHH pacnpe.lleJJeHM IIJJOT­
HOCTH sepoHTHOCTH (<l>IIB) .llAA E, 11 E;+I c 
npHMeHeHHeM MeTo.ua o6paTHOH qJ)'Hl<UHH 
[47]. 

Heynpy20e pacceRHue. 11pH MO)leJJHposa­

HIDI HeynpyrHX B3aHMO)lei1CTBHH MeTO)J,OM Ka­
TacrpOq>H'-leCKHX coy.ll,apeHHH Ha OCHOBe )lBa­
)K)lbl .ll,HcpcpepeHUHaJJbHOro ce':leHHH ( 4) pac­
C1JHTbIBaeTCH IIOJIHOe Ce'-leHHe HeyrrpyrHX 
B3aHMO)lei1:cTBHH 

(J . = ll'r dcrHY dW = "r(7 d 2crKY dQ}w = 
H) O dW O Q- dW dQ 

_ J (J 11.npo.1 (J 11.non (J 6J, W - -~-+--+--"'m"(d d d } 
0 dW dW dW ' 

r)le Q-, Q+ - COOTBeTCTBeHHO MHHHMaJibHM H 
MaKCHMaJJbHaH )J,OIIyCTHMbie 3Hepnrn OT.ll,a'-IH, 
3a.llaHHbie ypaBHeHI--IeM 

Q 
_ ,~(--+--,-)2--2- 4_ 2 

t -\J cp_cp +m ec m ,c' 
I p H p - HMilYJJbC COOTBeTCTBeHHO .llO H rro-

cne pacceHHHH; dcr HY / dW - .ump<pepeHUHaJib­

Hoe ce'-leHHe 3HepreTH'-leCKHX fIOTepb, 110380-
rrmomee Bbl'lliCJJHTb IlOTeptt 3HeprHH W H 
yron 0 pacceHHIDI C HCfIOJib3083HHeM aHaJIH­
THqecKHX MeTO)J,08. 

PaccMarpHBaeTC.H CMernaHHOe MO)J,eJIHpO­
BaHHe, rrptt KOTOpOM MO)J,eJJHpYJOTCH TOJibKO 
TH)KeJJbJe CTOJIKHOBeHHH C IIOTepeH 3HeprHH 

6oJJbUiei1:, t.J:eM 3Ha':leHHe WH> . Ha rrepBOM 3Ta­
rre MO)lenttpOBaHHH BbJ6HpaeTCR 3KTHBHblli oc­
U,HJIJJHTOp, )lJJH KOTOporo Heo6XO.llHMO 3HaTb 
orpaHHqeHHOe CHH3Y Wi1y IIOJIHOe ceqem1e 
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w""'-, da 
cr(WHY)= J ~W=crnpoa(W,,y )+ 

W"' 

+crnonCW.'Y )+cr6n (WHY )= I,ak(W,iy ) 
k 

KaK BKJia)l CTk(w;1y) Ka)K)lOro OCUHJIJIHTOpa. AK­
THBHhIH OCUHJIJIHTOp Bbifo1paeTCH H3 )lHCKpeT­

HbIX BepouHocTeH Pk = crk(W.1y)lcr(WHy). C 

)'BeJIH1ieHHeM 3Ha1ieHHH W11y OCUHITmTOpbl C 

wk < WHy YCTPaHHIOTCH H3 C)'MMhl. 

3HaqeHHH W 11 Q (HITH cos0) IIOJiyqaIOTCR 

H3 COOTBeTCTByK>IIIero m1cpcpepeHUHaJ1bHOro 

ceqeHml. IlpH 6JIH3KHX CTOITKHOBeHHHX Q = w 
H yron pacceHHHH nonyqaeTcx Henocpe.ucT­

BeHHo H3 3HepreTH1ieCKHX IlOTepb. 

> WTOp) IDDKHJUI rpaHHUa npH HHTerpHpOBa­

HHH .umpcj)epettumuu,Horo ce'LleHHR 3MHCCHH 

TOpM03HOro I13Jl)'''IeHHR (5) BhI6HpaeTCR 60J1b­

we H)'M H3-3a pacXO)lHMOCTH npH MaJlbIX 

3Hepnurx <pOTOHOB (HHcppaKpaCHM KaTaCTPO­

cpa). CooTBeTCTByK>IUee IIOJlHOe Ce'LleHHe 

£ da Z 2 1 I . 
(JTOp(E, wrop) = f d(;/ dW = A2 f --;_x(Z,E,K)dK, 

II top I-' <top 

r.ue Krnp = WTOp/ E. 
JJ:m CeTKH no KHHen-1.qecKHM 3HeprHHM E; 

BeITH1illlia nerKO Bhl'LlHCITReTCR no Ta6ynHpO­

BaHHbIM .ZlH<pcpepeHUHaJlbHblM ceqeHHHM C 

npHMeHeHHeM mrneirnoii HHTepnO.JNUIDI no K. 

)];M II03HTPOHOB .uaHHoe COOTHOIIIeHHe )'MHO­

)KaeTCH Ha cpaKTop F(Z, E). 
B no.uMo.uyne EET A Cq],ITbIBaIOTcx rpa­

.ZlYHPOBaHHbie .UH<pcpepeHUHaJlbHhle Ce'LleHHH 

TOpM03HOro H3JI)"LleHHH 113 cpaHJlOB 6a3bI .uaH­

HhIX H Ky6H'LleCKOH CIIJiaHH-HHTep11onxu11eW 

3KCTPanOJ1HUHeii 110 lnE rOTOBHTCH Ta6rr11ua 

.um norapH<pMH'LleCKOH ceTKH B 200 3Ha1ieHHH 

3Heprni1 H pa3fa1eHHH no K B 32 TOlJKH, KOTO­

pM xpaHHTCH B IlaMHTH. 3Ta 3HepreTH'leCKaH 

B .ZlaJlhHHX B3aHMo.uei-fcTBHHX c k-M oc­

UHnnuopoM w = wk, a wk H3BeCTHO H3 (3). 
BKITa)lb] rrorrepe'IHbIX H npO.UOJihHb]X B3aHMO­

)leHCTBHH B orpaHH1ieHHoe ceqeHHe onpe.uenH­

IOT OTHOCHTeJlbHhle BepORTHOCTH 3THX BH.UOB 

B3aHMo.ueifcTBHH. IlpH .ZlaJlhHHX rronepe'IHbIX 

B3aHMO)leHCTBHHX yrnosoro OTKJIOHeHHH qac­

THUbl HeT (cos0 = 1). IlpH )laJlbHHX npO.UOJlb­

HbIX B3aHMO)leHCTBHHX CJI)"LlaHHM BbI6opKa 
H3 <l>ITB 3HeprHH Q OT)la'IH BhIIIOJIHHeTCH Me- ceTKa OXBaTI,IBaeT Beeb )lHaIIa30H 3Hepnm:, 

TO.UOM o6paTHblX <PYHKUHH. paccMaTpHBaeMblH npu: MO)lerrHpOBaHHH, H 

C Hai-f.ueHHblMH IlOTepHMH 3HeprHH w H Il03BOmeT 6bICTPO JIHHeirno HHTepllOJ1Hpo-

3HeprID1 Q 0T.uaq11 110MpHbrn yron 0 paccex- saTb rpa.u)'HposaHHhie .zmcpcpepeHUHanbHbie 

ffffj{ BbNHCmeTCH H3 COOTHOllleHHj{ ceqeHHH IIO 11epeMeHHOH lnE. Iloapo6Ho arrro-

cos 0 = E(E + 2m,c 2
) + (E -W)(E -W + 2m,c 2 )-Q(Q + 2m,c 2

) pHTM on11caH B [6]. 
2 'E(E + 2m c2)(E-W)(E-W + 2m c 2) · JfoHU3G1JU5l eHympeHHUX 

'\J , • o6onolleK. IlonyqeHHe saKaH-

Mo.uenHpoBaHHe 6JIH3KHX B3aHMO)leHCT- CHH Ha BH)'TPeHHHX o6oJI01iKax MO)leITHpyeTCR 

BHH 3JieKTPOHOB H no3HTPOHOB pa3nH'LlaeTcR. 

.LJ:M o6eHX qaCTHU npHMeHReTCR MeTO)l HCK­

JllO'LleHHR C npo6HhIMH 3HaqemurMH H3 BCilO­

MOraTeJibHOro pacnpe.ueneHHH. .LJ:anee arrro­

pHTM npO)lOJl)KaeTCR C HCIIOJlh30BaHHeM MeTO­

.ua HCKJlIQqeHHH .UJIH nonyqeHHR H3 <l>ITB 3Ha­

qeHHj{ K = W/E. Ilocne nonyqeHHR 3HepreTH­

qecKHX IlOTepb w = KE nonRpHbIH yron e pac­

ceHHHR onpe.ueMeTCH H3 COOTHOIIIeHHR 

28 _ E-W E+2m,c2 

cos - ' . 
E E-W+2m,c 

A3HMYTaJlhHhIH yron cp .um pacceHHHoro 

3JieKTpoHa HJIH II03HTPOHa rettepHpyeTCR H3 

pasHOMepttoro pacnpe.ueneHHR cp = 2n~. Ilo.u­

po6Ho anropHTM onHCaH a [6]. 
Top.M03Hoe U3llYl./eHue. IlpH Mo.uenHpoBa­

HHH cnyqaeB 3MHCCHH TOpM03HOro H3JiyqeHHR 

MeTO)lOM KaTaCTPOcpHqeCKHX coy.uapeHHH ( w 
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TO'LlHO B BH)le OT)leJlbHOH peaKQHH HOHH3aQHH . 

PaccMaTPHBaeTcR npouecc, Kor.ua 3JieKTPOH 

HJIH no3HTPOH c 3HeprHeif E B3aHMo.uei1crnyeT 

c i-i1 BH)'TpeHHeH K-, L- HJIH M-o6onoqKoif 

aToMa 3JleMeHTa Z H HOHH3HpyeT ee npH yc­

JlOBHH, 'ITO .um .uaHHOH o60JIO'IKH BblIIOJIHR­

eTCH HepaseHCTBO ~ > 200 3B. <l>ITB i-H HO­

HH3HpoBaHHOH 060J101iKH MO)KHO rrpe.UCTaBHTb 

B BH)le )lHCKpeTHOH cnyqaHHOH Be.JIH'lHHbl 

p , = CT11011,;(Z, E)/cruo11(Z, E), r.ue 0'11011,;(Z, E) -
ceqeHHe HOHH3ar.nrn i-H o60JIO'l{KH H CTuouCZ, E) 

nOJlHOe aTOMHOe ceqem1e HOHH3aUHH 

cr~1!!1 ( E) = L, cr~,!~,;( ~' Z) . 

BepOHTHOCTH HOHH3aUHH BH)'TPeHHHX 

o6onoqeK onpe.uenHIOTCR H3 COOTBeTCTB)'IO­

lllHX napu11anbHhIX ceqeHHH o6onoqeK. EcnH 

HOHH3aUHR npoHCXO)lHT Ha BH)'TPeHHHX K-, L-



H M-o6onoqKax, KHHeTWiecKaH :mepnrn H Ha­

rrpaBJieH11e rroneTa HaneTaIOll.lero 3JieKTpoHa 

J,[JIJ,f Il03HTpOHa He H3MeHHIOTCH; OCTaTO'lllhIH 

aTOM c BaKaHCHeH Ha o6onoqKe BilOCJie,UCTBHH 

nepexo,uHT B OCHOBHOe COCTOHHHe, HCIIYCKM 

peHTreHOBCKHe KBaHTbl 11 O)Ke-3JieKTpOHbl. 

AHl-tu2l/JlRl,/UR no3wnpoHo6. IlpH Mo.uem1-

poBaHHH peaKUHH .UByx¢oTOHHOH aHHHfHJIH­

UHH IlOJIHOe ceYeHHe HMeeT CJie.UyiolllHH BH,U: 

dcr nr1 

1/1 ---2!!. d(, " X 
crOH= f d(, (y+lXy-1) 

;;,,.
0 x{(i +4y+ l)ln[ y+(y2-1/1]-(3+y)(y2-1/1 } . 

3. MoAeJiuposauue noAMOAyJieM EEr 
npou.eccos reuepao.un BTOpH'IHblX qacTHU 
B :meKTpOHHblX H Il03HTpOHHblX peaKD,HHX 

<DOTOHbl KaK BTOpHqHbIH HCTOqHHK H3JIY-

1:JeIDUI B03H.HKaIOT IIpH 3MHCCHH TOpM03HOro 

H3JlyYeHlrn 3JieK1J)OHOB J,[JIH II03H1J)OHOB, aH­

HHfHJUIUHM Il03HTpOHOB H B npouecce HOHH3a­

UHH BHyrpeHHHX o60JI01:JeK 3JieKTpOHaMH HJIH 

II03HTpOHaMH IIpH penaKcauHH B036~eH­

HbIX aTOMOB. BTOpWIBhie 3JieKTpOHbl B03HH­

KaIOT B peaKUHH Heynpyroro pacce.srnHH 3JieK­

TpOHOB HJIH II03HTpOHOB (8-3JieKTpOHbI) H TaK­

)Ke B npouecce HOHH3aUHH BHYlJ)eHHHX 060-

JIO'leK 3JieKTpOHaMH Hml II03HTpOHaMH IIpH 

peJiaKCauIDI B036)')1(.UeHR.bIX aTOMOB. 

3.MuccuR 8-3JleKmpoHo6. B Mo,ueJIH MOO 

Ka)K,llblH OCUliJIJIHTOp COOTBeTcTByeT o6onoq­

Ke C fi 3JleKTpOHaMH H :meprneH Uk 110HH3a­

UHH. Tiocne KaTacrpo¢w-iecKoro CTOJIKHOBe­

HIDI C 3JleKTpOHOM Ha BHYlJ)eirneH o6onoYKe 

nepBHYHbIH 3JleKTpOH HJIH Il03HTpOH HMeeT 

KHHeTWJeCKYIO 3HeprnIO E - W, 8-3neKrpOH 

HcrrycKaeTCH c KHHeTHYeCKOH 3Hepr11.eit EeT = 
= W - U; H OCTaTOYHbIH HOH OCTaeTCH B B03-

6~eHHOM COCTOHHHH c BaKaHCHeH Ha i-H 
o6onoYKe, KOTOpM COOTBeTCTByeT 3Heprm,1 U; 
B036)')1(.uemrn. 3Ta 3HeprHH CHHMaeTCX 3MHC­

CHeH )KeCTKOfO peHTreHOBCKOro H3JiyYeHJrn 

HJIH O)Ke-3JieKTpOHOB. 

Bo H36e)KaHHe .llBOHHOro IlO.llCYeTa CYHTa­

eTCH, qTo 3HeprHH U; B036y)K.lleHirn OCTaTOY­

HOro HOHa BbJ,UenHeTC}l Tyr )Ke. Ecm1 HOHll3a­

UHH IIpOliCXO.llHT Ha BHeurneii o60JIOYKe HJIH B 

o6naCTH rrpoBO,llHMOCTH, TO Hat.Jam.HM 3Hep­

nrn 8-3JieKrpoHa rrp11.paBH1-rnaeTC}l W, a ¢nyo­

pecueHTHOe 113JiyYeHHe He MO,uem1pyeTCH, YTO 

3KBHBaJieHTHO yttocy 8-3JleKTpOHOM 3Hepnrn 

B036y)K.lleHH}l aToMa-MMIIIeHH. 

)J,nH nonyYeHmI Haqan1,Horo HanpaBneHH}l 

8-:rneKTpOHa npe,urrnnaraeTCH, YTO 3JieKTpOH­

MHllieHI, nepBOHal:JaJibHO IlOKOHTCX, T.e. IIO­

JI}lpHbIH yroJI 8eT 3MHCCHH COBna.uaeT C yrnoM 

0' OT.UaYH, H BbIIIOJIHHeTCH COOTHOIIIeHHe 

cos28 = -----'--'-I-'__ 1 + • w2/r-t2 ( Q(Q + 2m c2) _ W2 ]2 
BT Q(Q + 2m,c2

) 2W(E + m,c2
) 

B CJiyYae 6JIH3KHX B3aHMO,neiiCTBHH (Q = W) 
,uaHHOe Bbipa)KeHHe ynpomaeTCH .uo COOTHO-

w E+2m c2 

rneHH}l cos 0 = " , . A3HMyraJib-
BT E W +2m.c 

HbIH yron 3MHCCHH paBeH (j)eT = 1r + <p, r.ue <p -
a3HMYTaJihHhIH yron nepBlf'rnoro 3JieKTpoHa. 

HeCMOTpH Ha TO, qTO aTOMHbie 3JleKTpOHbl 

.llBH)KYTCH H yrnoBoe pacnpe.uenemt:e Hcnyc­

KaeMbIX 8-3JieKTpOHOB ynmpHeTCH, npHMeH}l­

eMM MO,lleJlb npaBHJlbHO OIIHCbIBaeT cpe.llRee 

Ha'IaJibHOe HarrpaBneHiie 8-3JieKTpOHOB. IlpH 

3TOM HanpaBneHHH .llBIDKeHH}l 8-3JleKrpOHOB 

crmrnumaIOTCH nocne.uyioIUHMH ynpyrHMH H 

HeynpyrnMH B3aHMO,D,eHCTBHHMH IIOCJie KO­

pOTKOH .llilllHbl rrpo6era. 

Po3bl2pblUl 3H.ep2uu mop.M03H.b1X ¢omo­

H.06. <DTIB .unH np1-rne,D,eHHOH 3HeprHH K = 
= Wy!E TOpM03HOfO ¢oTOHa HMeeT BH,D, 

p(E,K) = K-'x(Z,W
1
,K)0(K- KT•P)e(l-K), 

r,D,e KTop = Wrnp/E H x(Z,~,K) Bbl'IHCJI.ITTOTCH 

JIHHeHHOH HHTepIIOJI.SIUHeH no ln£ H K 113 xpa­

HHmeHCH B rraMXTH Ta6JIHUbl. TaKHM o6pa30M, 

x(Z,~,K) paccMaTpHBaeTCH KaK KYCO'-IHO-Jlli-

He.ITTIM ¢YHKUHX K . .D:nH IlOJIYl:JeHHH K H3 <DilB 

c 3HeprHei1 E; Ha 3a,naHHOH ceTKe HHTeprroJlli­

poBaHHoe rpa.UYHPOBaHHoe .D.R¢¢epeHI.lHaJih­

Hoe ceqemle Bbipa)KaeTCH KycoYHo-JIHHeHHOH 

¢YHKUHeH OT K H BBO.UHTCH KYMYMTHBHM 

¢YHKUHX pacnpe.ueneHHH, KOTOpaH ,2],Jl}l Kycoq­

HO-JlHHeHHOH X,(Z,Wy,K) Bbf'IHCJIHeTCH TOYHO. 

AnropHTM p03birpbIIIIa 061,e,umUieT MeTO.llbl 

o6paTHOH ¢YHKUIDI 11 HCKJlIOYeHHH. 

.Il:JIH IIOJlyYemrn 3Ha1:Jemrn K H3 Ta6JIHUbl 

HCilOJib3yeTCH MeTO.ll HHTepno.JUitiIIB C BecaMH 

<DTIB .UJIH E; H E;+1• B ,naHHOM cnYl:Jae Heo6-

xo,D,MM TOJlbKO p03birpbIIII K H3 rn6ynHpOBaH­

HOH ¢TIB, T.e. ,unH 3HeprHH Ha ceTKe £;. Eo­

nee IIO,D,po6Ho anropHTM OIIHCaH s [6]. 
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Y21weoe pacnpeoefleHue ucnycKae.MblX 
mopM03HblX (jJomo,.we. HanpaBnemrn Hcrryc­
KaeMoro TOpM03Horo cpoToHa onpeJJ.em1eT-c.H 

IlOAApHbIM 0y H a3HMYTa.JlhHhIM (py yrnaMH. 
,[(mi H30TPOI1HhIX cpeJJ. JJ.HcpcpepeHI(J1a.JlhHOe 
ceqeHHe TOpMO3HOrO H3nyqeHH.H He3aBHCHMO 

OT <py H Bhipa)l(aeTCR cpopMyno.H 

d2aTOp - z2 1 cz E ) cz E , 0 ) ----'----, -x , ,K p , ,K,COS r , 
dWydcos0y B- WY 

rJJ.e p(Z, E, K, cos0) - <l>IIB JJ.llil cos0. 
lfHcneHHbie 3HaqeHHR cpopM-qJYHKUHH 

p(Z, E, K, cos0y) rronyqeHhI s rrapIIHaJlhHO­
BOJlHOBOM rrpH6J1H)l(eHJ-rn [23, 48] JJ,JlR CJie­

JJ.YJOIUHX orropHbIX TO'IeK: Z = 2, 8, 13, 47, 79, 
92; E = 1, 5, 10, 50, 100, 500 K3B HK= O; 0,6; 
0,8; 0,95. B rroJJ.MOJJ.yJie EETA rrpHMeHReTcR 
rrapaMeTPH3aIIHR, II03BOllillOIUa.sJ: rronyqaTh 
cnyqaiiHoe 3Ha1IeHHe cos0y npocThIM crroco-
6oM. ,[(llil II03HTPOHOB rrpeJJ,IIOJiaraeTCR, 1ITO 
cpopM-qJ)'HICTlliH Te )Ke, 1ITO H y 3JleKTPOHOB. 

YrnoBoe pacrrpeJJ,eJieHHe cpoTOHOB rnp­
MO3Horo H3J1yqemu1 OIIHCbIBaeTCR Ha OCHOBe 

IlOJ1Y3MI1HpH1IeCKHX aHaJIHTH'IeCKHX cpopMyJI, 
rroJiyqeHHhIX KHpKITaTPHKOM H BHJJ,eMaHHOM 

[49], MO.[(HqJHilHpOBamII,IX CTeTX3MOM [50]. 
<l>opM-qlYHKIIHH B MOJJ.Hq>HIIHpOBaHHOM 

JJ.HIIOJlbHOM IIpH6JIH)l(eHJrn B CHCTeMe KOOpJJ.H­
HaT, rJJ.e HaneTaIOIIIHH 3JleKTPOH HJIH no3HT­
poH IIOKOHTC.sl, HMelOT BH,ll [50] 

p(cos0') = 3( A(l + cos2 0: )/2 + (1 - A)(l - cos
2 
0:) )14, 

r,ne A E [0, l]. 
.L{llil p03hirpbIIIIa cnyqaHHOro 3Ha1IeHH.H 

cos0: HCITOJih3yeTCR anrOpHTM, KOM6HHHpy­

lOIIIHH JJ,Ba MeTOJJ,a HCKJIIOqeHH.H. (Ilo,u-po6Hee 
CM. B [6]). Ilocne 3TOro npeo6pa3oBaHHeM J1o-

cos0' + p' 
peHIIa cos 0 = , y , IIpOH3BOJJ,HTC.sl: ne-

y 1 + P cos0r 

pexo,n B CHCTeMy KOOp,llHHaT, r,ne HaJleTaIO­

IUHH 3JleKTpoH HJIH rro3HTPOH JJ.BIDKeTC.H. 
I'eHepa4uJ1. ucnycKaeMblX (jJomoHoe npu 

aHHU2URH.4uu no3umpoHoB. B pe3yJ1hTaTe aH­
HHrHmm:HH HcrrycKalOTCR JJ,Ba qJOTOHa C :mep­
nrnMH 

E;'" = l:,(E + 2m,c 2
) , E; .. , =(1 -l;)(E+2m,c2

) 

B HarrpaBJleHH.sl:X, 3a,llaHHhIX ypaBHeHHJfMH 

cos0;'" = (y2 
- 1f'

2 
(y + 1-1/1;), 

cos0; .. , =(y 2 - 1f'2 (y+I - t/(l -i;)) 
H a3HMYTaJihHhIMH yrnaMR cp;in H cp;ax 
= rnmm + 

't' y 1t. 
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AnropHTM MO,nemrpoBaHHR reHepauaa 

q>OTOHOB IIpH amrnrmrnum1 II03IIT)JOHOB H3J10-

)l(eH B pa6oTe [20]. 
PeflaKca4UH. 6036y:JK:oeHJlblX amOM06. 

B036~,neHHb1e HOHi>! C BaKaHCHeH Ha BHYT­

peHHeH 060J10'1Ke B03BpamaIOTCR B CBOe oc­

HOBHOe COCTORHHe rrocpeJJ.CTBOM nenO'IKH pa­

,llHOaKTHBHhIX H Hepa,n1rnaKTHBHbIX nepexo­

,llOB. IlpH pa.rmoaKTHBHOM rrepexo.n.e BaKaHCH.H 

3arroJIHReTCR 3JleKTPOHOM c Hap~ou o6o­

JI01IKH H H3nyqaeTCR peHTreHOBCKHH KBaHT C 

xapaKTepHCTH1IeCKOH 3Heprneu. IlpH Hepa­

.[(HOaKTHBHOM rrepexo.u-e BaKaHCIDI 3aIIOJIH.sr:eT­

C.H BHellIHHM 3J1eKTPOHOM, a I136bITOK 3HeprHH 

BhICB06o)l(JJ.aeTCR rrocpe)J,CTBOM 3MHCCHH 

3neKTPOHa c 6onee ,llaJlhHeu o6onotfKH (O)l(e-

3JleKTPOHhI). 

Ka)l(JJ.hIH Hepa,nHoaKTHBHhIH rrepexoJJ. re­

HepapyeT JJ,OIIOJIIDJTem,Hyio BaKaHCHIO, KOTO­

paR B CBOIO oqepeJJ,b MHrpHpyeT B CTOpOHY 

MeHee CBR3aHHbrx o6onoqeK. 06pa3oBaHHe 

BaKaHCHH Ha BHYTPeHmrx 06ono1IKax H HX rro­

cne.u-yioruee BO3BpameHHe B OCHOBHOe COCTO­

RHHe MOJJ,enHpYJOTCR ,neTaJlbHO, TaK KaK HC­

rrycKaeMbie BhICOKO3HepreTH1IeCKHe peHTre­

HOBCKHe KBaHThI 11/ HJlH 3J1eKTPOHhl MOI'YT ne­

peHOCHTh 3Heprnl0 Ha 60J1hIIIBe paCCTORHH.H 

OT B036~,neHHOro HOHa. 

B no.n.Mo,u-yne EEf Mo,neJIHpyeTcR 11cnyc­

KaHHe xapaKTepHCTH1IeCKOro H3nyqeHH.H H 

Q)l(e-3JleKTPOHOB, KOTOpbie 8O3HHKalOT B pe-

3YJihTaTe po)l(JJ.eHlUI BaKaHcHH Ha K-, L- H M-
06ono1IKax npH cpoTo3cpcpeKTe, HeKorepeHT­

HOM pacceRHHH H 3neKTPOHHOH HJIH II03HT­

poHHOH HOHH3au;HH. PenaKcaIIH.H 3THX saKaH­

CHH OTCJJe)l(HBaeTCH JJ.O Tex nop, TIOKa 3arron­

H.sr:TCR K-, L- H M-06ono1IKH, T.e. rroKa saKaH­

CHH He MHrpHpYJOT Ha N- H 6onee y,naneHHbie 

o6onoqKH. 

.L{n.sr yrrporuemrn onHcaHHR rrpoueccos 

HOHH3aIIHH BHellIHHX 060J101IeK rrpHHHMaeTCR, 

'ITO, Kor,na npo11cxo.rmT HOHHJaUH.H M-ii MITH 

6onee y,naneHHhIX 06ono1IeK, HOH 11crrycKaeT 

BTOpH1IHbIH 8-3J1eKTPOH C KHHeTH1IeCKOH 3Hep­

raeu Em paBHOH 3HeprHH, rrepe,naHHOH rrep­

BH1IHOH qacTHIIeii: 

• rrpH HeKorepeHTHOM pacceHHHH q>OTOHOB 

E = E - E' nep , 

• rrpH qJOT03JJeKTPHqecKOM 3cpQ)eKTe 

E =E nep , 



• np11 110Hl13aU11H 3JleKTJ)0HaMH (no3HTJ)OHa­

M11) £n,p = W (BC51 3Hepnrn B036)')K}].eHl151 

110Ha )'H0Cl1TC51 HcrrycKaeMbIM 311eKTp0H0M 

11 cpnyopecueHTHOe H3Jlj"IeHHe He Mo.n.emi:­

pyeTc51). 

B cnyqae H0IDI3aum-r BHYTPeHHHX i-x 

o6onotJeK (K-, L- H M-o6onotJKH) C'lllTaeTCR, 

tJT0 3JieKTJ)0H 11crrycKaeTC51 C KHHeT11tJeCKOH 

3Heprnei-i EaT = Enep - Ui, r.n.e ui - 3HeprHR 

H0Hl13aUIDt B036)')K.ll.eHHOH o60J10tJKH, 11 aT0M­

MHllieHb 0CTaeTCR c BaKaHCl1eH Ha 06011otJKe i. 
IlpHH11MaIOTC51 BO BHHMaH11e T0JibK0 xapaKTe­

pHCTHtJeCK0e H311j"IeHHe H O:>Ke-3JieKTpOHbI, 

HcrrymeHHhie Ha rrepBbIX CTamurx rrpouecca 

pe11aKcau1rn. ,lJ,aHHOe 1-1311yqeHHe 1130TJ)0IIH0. 

l1crro11h3YIQTC51 cne.n.yromHe o6o3HatJemur 

}].1151 0IIHCaHH>I B03M0:>KHbIX rrepexo.n.oa: 

- c H3Jlj"IeHHeM: SO - SI (311eKTJ)OH c Sl 060-

notJKH 3aHHMaeT aaKaHcmo Ha o6onotJKe SO; 
0CTaeTC51 .llhlpKa Ha Sl o60J10tJKe ). ,[J.aHHbIB 

pa.n.11oaKTHBHhIB rrepexo.n. 1Ip011CX0}].HT y 3Jle­

MeHTOB C z > 18 H C 3arro11HeHHOH M-060-

lIOtJKOH; 

- 6e3 113nyqemur: SO - Sl - S2 (3neKTJ)OH c Sl 
o6oJJOtJKH 3aHl1MaeT BaKaHC11IO B o60J10tJKe so 
11 BbICB060)K}].aeMa51 3Hepr1151 Yff 0CHTC51 3JleKT­

p0H0M 113 S2 06011otJK.H; 3T0T rrpouecc ocrna­

mIeT .n.Be aaKaHc111-1 Ha Sl 11 S2 o6onotJKax). 

Ilepexo.n.hl 6e3 1-1311yqeHHR T11na LI - LJ -
Xq, KOTOpbie npHBO.llHT K rrepexo.n.y 3JleKTJ)OHa 

Me:>K.n.y .llBYM51 L-no.n.06011otJKaMH n HcnycKa­

HHIO 3neK-rpotta c BHeurneH o6onotJKH Xq, HB­

JJRIOTCR L-nepexo.n.aMH KocTepa - Kpomrra. 

l1ttcpopMau1rn, IT0}].rOT0BlieHHM }].1151 Ka:>K­

.n.oro 311eMeHTa, C0CT0HT 113 Ta6n11a,, co.n.ep:>Ka­

I.U11X B03M0:>KHbie nepeX0}].bl, BepmrrH0CTH rre­

pexo.n.oa H 3HeprnH Hcrryr.ueHHbIX xapaKTep11c­

THtJeCKHX H3Jlj"IeHl1H HJIH 3JleKTJ)0H0B }].JUI 110-

HH3Hp0BaHHhIX aT0M0B C em,i:HCTBeHHOH aa­

Ka1-1c11ei1 Ha K-, L- H M-06011otJKax. Bepo51THO­

crn nepexo.n.oa rro11yqeHhI H3 LLNL Evalu­

ated Atomic Data Library [ 51]. 

3Hepr11H xapaKTepHCTl1tJeCKHX H311j"IeHHH 

np11 rrepexo;wx c 113nyqemfeM H 3KC□ep11MeH­

TaJJhHbie 3HatJeHl151 .ll1111H B0JlH xapaKTepH:CTH­

qecKoro 113Jlj"IeHHR 6epYTCR 113 [52]. 3Heprn51 

BTOpH'rnoro 11crryr.ueHH0ro 311eKTpoHa rrp11 rre­

pexo.ue 6e3 113nyqeHH51 SO - Sl - S2 6epeTC51 

paBHOH EaT = Uso - Us1 - Usi, r.ue Us, - 3Hep­

rmI CB51311 3JleKTJ)0Ha 0601101.JKH s, B HeHT­

panbH0M aTOMe. 3Hepnrn HcnycKaH11R nony-

tJaIOTC51 B rrpe.urro11o)Kemrn, tJT0 HaJIH'-IHe aa­

KaHcHii He BH0Cl1T 113MeHeHl1H B 3Heprmo HO­

Hl13au;1111 B036)')K.ll.eHHbIX 311eKTJ)0HHblX 060-

lI0t.J:eK. 

4. CTpyirrypa DO.llMO.llYJieii 

CTPYKTypa rro.n.Mo.n.yneH orrpe.n.eJI>IeTCR 

apX11TeKTypOH COCTaBHOro <pH3HtJeCKOro MO­

.llYJl51 CO<I>H3M. O6MeH H:Hq>OpMaro,t:eH ocy­

r.uecrnrr51eTC51 qepe3 cpopMarrhHhie napaMeTpbI 

cneuHarrH311poaaHHoro Ha6opa rro.unporpaMM­

HHTepcpeiicoB. B CB513H C 3THM B CTJ)YKType 

no.n.Mo.n.yneii npHCYTCTBYIOT no.n.rrporpaMMbI 

po3hirpbIUia THna rrpouecca, onpe.n.eneHH>I xa­

paKTep11cT11K rrpO.llYKTOB peaKUHH H MaKpoc­

KOITl1qecKHX cetJeHHH H .n.pyrHe. 

Ilo.uMo.n.yrrH cocT051T H3 .n.ayx qacTeH, B 

Ka)K}].OH H3 KOTOpbIX co.n.ep:>KaTCR no.nnpor­

paMMbl, 06ecnetJHsaror.u11e pa6oTy nporpaM­

MhI Ha CTa}].HHX: 

• II0.llfOT0BKH H o6pa60TKH 11CX0,l{HblX ,naH­

HbIX ( cqHTblBaHl1e HH<pOpMaU11H 06 1130-

T0TIH0M C0CTaBe, nepeK0.llHp0BKa 11MeH 

1130T0IT0B no BHYTpeHHeH Ta6JJHUe HMeH, 

Il0,ll.fOT0BKa pa6otJHX 6116J1HOTeK K0HCTaHT 

nepettoca q>OTOHOB ); 

• Mo.uerrHp0BaH.IDI B3al1MO.D;eHCTBH>I tJaCTl1ll, 

C Ber.uecTB0M (p03blrpblllI q>H3HtJeCKOro 

npouecca B3al1MO}].eHCTBH>I qacTHUhI C Be­

mecTB0M H reHepauHR BbI6opO'IHbIX 3Ha­

qeHHH 113 3aK0H0B pacrrpe,neneHHH q>H311-

qecKHX BeJJH'lllH). 

Ilo.D.□porpaMMhI, BX0.ll51I.U11e B rrepa1,1ii 

pa3.n.en, nporpaMMH0 CB513aHbl C .D.pyrHMH M0-

.n.yrnIMH nporpaMMbI T0JlbK0 qepe3 BHellIHl1e 

HOCHTeJIH HHq>OpMaUHH. Pe3yJ1bTaTOM HX pa-

60TbI 51BJ151eTCH pa6otJa>I 6116JJH0TeKa pactJeT­

H0ro sapHaHTa. Ilo.n.nporpaMMbI BT0poro pa3-

.n.ena ttarr11cam,1 a paMKax -rpe6oaaHHH, cq>op­

Myn11poaaHHbIX .lllI>I IIO.llnporpaMM COCTaBH0-

ro q>H311tJeCKoro M0.D.yM. 

5. EH6mt0TeKH ELECDATA, POSIDATA e 

SHELLDAT A onucamrn B3aHMO.lleHCTBHH 

3JieKTpOHOB H II03HTpOH08 C eemecTBOM H 

OIIlfC3HHH po)KJJ.eH11H BTOpH'-lHblX '-l3CTHU: 

)].Jill IlO.ll.MO.D.YJieH EETA H EEr 

EaHK .uaHHhIX MCUDB50, no.ll.llep:>KHBaIO­

I.UHH pa6oTy nporpaMMhI MCU, BK111011:aeT B 

ce651 HeCK0JihK0 pa3,ll.eJ10B (fo16JIHOTeK), Ka:>K-
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)].bIH H3 K0T0pbIX C0)].ep:>KHT ceqemrn H )].pyrne 
K0HCTaHTbl B3aHMO)],eHCTBHH HeihpOHOB, cpo­
T0H0B, 3JieKTP0H0B H n03HTp0H0B co cpe)].OH B 
onpe.uerreHHOH 3HepreT111IecKoH o6rracTH 11 
npHMeHHeTCJI pa3HbIMH Il0)].M0.UYJIHMH C0CTaB­
Horo QJH3wrecKoro M0)].YJIH nporpaMMhI MCU. 
KoHCTaHTbl, 0ilHCbIBaIOIUHe B3aHMO,lleHCTBHe 
3JieKTP0H0B H Il0311Tp0H0B C semecTB0M B 
no.uMo.uyrre EET A, npe)].cTasrreHbI 6H6JIHOTe­
KaMH ELECDATA 11 POSIDATA. 

oH6JIHOTeKH ELECDATA H POSIDATA 
C0)].ep)KaT )].aHHbie no 3HepreTH'IeCKOH 3aBH­
CHM0CTH cetJeHHH B3aHMo.uei1cTBirn 3rreKTP0-
HOB H TI03HTP0H0B C semecTB0M B TI0T0'IetJ­
H0M npe,llCTaBJieHHH B 3HepreTH'IeCKOH 06-
rraCTH OT 100 3B )].O 100 M3B. 

E116rruoTeKa cetJeHHH B3aHMO)].eHCTBH51 
3JieKTP0H0B 3anHCaHa B no,ll.llHpeKT0plrn C 
HMeHeM ELECDA TA. B TI0JJ.lJ.HpeKTOpHH co­
)].ep)KaTCJI 99 cpai-irros c HMeHaMH eeldZZ.ele, 
99 q:iai-irros c HMeHaMH brZZ.ele H 99 cpaRJIOB c 
HMeHaMH siZZ.ele, r.ue CHMB0JI zz C00TBeTCT­
syeT aTOMH0MY H0Mepy 3JieMeHTa zz = 
= 01-99. 

<I>aii:JibI eeldZZ.ele co.uep)KaT norrHhie ce­
tJeHH51 CTyn, nepBbie H BT0pbie TPaHcnopTHbJe 
cetJeH.IDI cryn.t, cryn,2 ynpyroro pacce51HH51 3JieK­
TP0H0B HeHTPaJibHbIMH aTOMaMH c Z = 01 - 99 
B HHTepsane 3Heprni-i OT 50 3B .no 100 M3B, a 
TaK)Ke .uucpcpepeHUHaJihHhie cetJeHHH dcrynldµ 
)].JI51 yrrra pacceHHHH B )].Haria30He [O, 7t). .ll:aH­
Hbie BbRHCJieHbI no nporpaMMe ELSEP A [ 45]. 

<I>ai-im,1 brZZ.ele co.uep)KaT oTrpa.uYJ1po­
saHHbie aT0MHbie cetJeHHH T0pM03H0ro H3JIY-
1IeHH51 3JieKTp0H0B 11 no3HTP0HOB (B IIIKanax 
no cneKTPaM 3HepreTITTeCKHX noTepb) H II0JI­
HbJe CYMMapHbie pa)].JiaI.J,H0HHbie cetJeHHH 
3JieKTP0H0B )].JI51 cenrn no KHHeTITTeCKHM 
3HeprIDIM £ 3JieKTP0Ha H npuse,ueHHbIM 3Hep­
rH51M WIE cpoToHa. CeTKH Bb16paH.b1 TaKHM o6-
pa3oM, 'IT06bI HCn0Jib30BaTb log-log HHTepno­
JIHUHIO Ky6HtJeCKHMH cnnattHaMH no ln£ 11 m1-
HeHHyIO 11HTepnoJIHu,mo no WIE (32 T0tJ.KH no 
npHBe)].eHHbIM 3HeprnHM q>OTOHa). KpaTKOe 
on11cairne MeT0)].0B, npHMeH51eMbIX )].JIH Bbl-
1IHCJieHH51 6a3bl )].aHHbIX, H np11se.n.eHHaH Ta6-
JIHI.J,a )].aHbl s [39]. 

<l>aHJihI siZZ.ele co.uep)KaT HHTerpanbHbie 
cetJeHHH H0HH3aui,rn BIIyrpeHHHX K-, L- 11 M-
06orro1IeK 3JieKTP0HaMH C KHHenflieCKHMH 
3HeprnHMH s HHTepsane oT 100 3B .uo I f1B. 
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3Tl1 cetJeH1151 0I.J,eHHBamtCb c noM0ll.lbIO onTl1-
LJeCK0H M0)].eJil1 C HCil0Jlb30BaHHeM qJOT03JleK­
Tpw-1ecKHX cetJeHl1H [32, 53, 54], paCC'Il1TaH­
HbIX .113 QJaHJIOB phZZ.gam. 

E116JIHOTeKa ceLJeHHH s3aHMO)].eHCTBH51 
Il03HTP0H0B 3arIHCaHa B n0J]JJ.HpeKT0pHH C 
HMeHeM POSIDA TA. B no,ll.llHpeKTop:irn co­
.uep)KaTCJI 99 cpaiinos c 1rnettaMH peldZZ.pos 11 
99 cpaHJlOB c 11MeHaMH siZZ.pos, r.ue CHMB0JI 
zz C00TBeTcTByeT aT0MH0MY H0Mepy 3JleMeH­
rnZZ=01 - 99. 

<I>afurb1 peldZZ.pos co.uep)KaT nonHhie ce­
'-!eHHJI cr)n, nepBbie 11 BT0pbie TPaHCnopTHbie 
cetJeHH51 cryn,1, cryn,2 ynpyroro pacce51Hl151 no3H­
TP0H0B HeHTPaJibHblMH aT0MaMH c Z = 01 - 99 
B HHTepsane 3Heprni-i OT 50 3B .no 100 M3B, a 
TaJOKe .u11cpq:iepeHUHaJII,Hhie cetJeHIDI dcrynldµ 

.UJI51 yrrra pacce51HH51 B .u11.anaJ0He [0, rr]. .ll:aH­
m1e BbI'-!HcneHbI ao nporpaMMe ELSEPA [ 45]. 

<I>ai-iJIM siZZ.pos co.uep)KaT HHTerpanbHbie 
cetJeHIDI H0HH3au,11:11 BHYTPeHHHX K-, L- H M-
060110'-!eK no3HTP0HaMH C KHHeTH'-leCKHMH 
3HeprH51MH B HHTepsane OT 100 3B )].0 1 [3B . 

3TH ce'-leHHJI o.a;eHHBaJIHCb c Il0MOll.lblO onTH­
LJeCKOH M0)].ellil C np11MeHeHI1eM QJOT03JieKT­
p111IeCKHX cetJeHHH [32, 53, 54], pacClJ.H.TaH­
HblX 113 cpaii:nos phZZ.gam. 

OcTaJibRaH 1!.HCJieRHaH HH<pOpMaU:1151 (na­
paMeTpbl aHaJlllTH'-!ecKoro yrnosoro pacnpe­
.uerremuI T0pM03HbIX <pOTOHOB, norryqeHHble 
no.uroHKOH no.u 6eH1IMapKOBCKHe 3TaJI0HHI,Ie 
q>OpMbI s napu;HaJibH0-B0JIH0B0M npH6JIH)Ke­
HHH s [ 48]) xpaID!TCH BO BHYTPeHHeH 6a3e 
.uaHHbIX ao,uM0.llYJI51 EET A. 

ilHTerpanbHbie H )].Hq>qJepeHUHaJibHbie ce­
lJeHIDI Heynpyr11.x B3aHM0)].eHCTBHH 3JJeKTp0-
H0B H Il03HTP0H0B H aHHHrHJIH.a;HH n03HTP0-
H0B Henocpe)].CTBeHH0 ou:eHHBaIOTC51 no aHa­
JIHTH'IeCKHM )].Hq>qJepeHU:HaJibHblM CetJeHHHM. 
B pacqernx 11CnOJJ1,3yIOTCH T0JlhK0 celJeHHJI )].0 

H~HOH sepxHeH 3HeprnH. 
oH6rr110TeKa SHELLDAT A co.uep)K11T 

,uaHHbie 06 aToMax, B3HThie 113 LLNL Evalu­
ated Atomic Data Library [ 51]. Ka)K)].M CTP0-
Ka s q:iai-tne relaxdata.dan orr11cbIBaeT aTOMHbIH 
nepexo.u. IlepetJ.HCJieHbl BeJIHtJHHI,J aT0MHbIX 
H0MepoB 3JieMeHT0B, 'IHCJJeHHbie o603Ha"le­
HHH aKTHBHbIX 3JJeKTp0HI-lbIX 060JI01IeK, sepo­
HTH0CTH rrepexo.ua u 3Hepr1111 11cnycKaeMoro 
peHTreHoBcKoro 113JIY4emrn HJJH Q)Ke-3rreKT­
poHoB [6]. 



3aKJIIO'ICHHe 

IIpencTaBJieHhI cBenemrn, KacaJOm11ecR 
orrncaHHJI OCHOB qm3RKH B3aHMo.n:eikTBHR 
JJieKTp0H0B H Il03HTP0H0B co cpenoif, MeTo­
L{OB MOL{eJIHpoBamrn HX B3aHMOL{eikTBHR C Be­

mecTBOM, peaJIH3osaHHbIX s no.n:Mo.n:yJie EE­
T A cocTaBHoro cj:>11311qecKoro Mo.n:yJIR CO­
C!>l13M nporpaMMbI MCU-PD, 11 K0HCTaHTHO­
ro 06ecneqemu1 .n:JIR peweHHR 3a.n:aq B3aHMO­

.n:eikTBHR JJieKTP0HOB H Il03HTPOHOB C Beme­
CTBOM. TaIOKe OllHCaH IIOL{MOLlYJlh £Er, rrpe.n:­
Ha:maqeHHhIB .n:AA Mo.n:eIDfposaHHH 3JieKTPOH­
Ho-cpoTOHHbIX KaCKaL{0B B npol_\ecce B3aHMO­
L{eHCTBHR qacTHU C semecTBOM. 

IIo.n:MOLlYJIH EET A H EEr HCilOJih3YJOTC51 
B nporpaMMe MCU-PD, naJOmei-i B03MO)K­
HOCTh npOBOL{HTh MOL{eJIHpOBaHHe npoueccoB 

rrepeHOCa HeHTpOHOB, q:>OTOHOB, 3JieKTPOHOB H 

II03HTPOHOB aHaJIOrOBhIMH H HeaHaJIOfOBhIMH 
(BeCOBhIMH) MeTOL{aMH MoHTe-KapJIO Ha oc­
HOBe oueHeHHhIX R,nepHhIX L{aHHhIX B CHCTe­
Max C TPeXMepHOH reoMeTpHe.H. 

IIp11Meaea11e rronMonyne.i1 EETA 11 EEr B 
cocTaBe rrporpaMMhI MCU-PD rro3BOJIHT npo­
BO.D:HTh B3aHM0CBR3aHHble pac'-ieTbI nepeHoca 
ue.HrpOHOB, q>OTOHOB, 3JieKTpOH0B H II03HTPO­
HOB L{AA OIIHCaHHR q>H3H'-ieCKHX npoueccos B 
.n:aT'-iHKax npRMOH 3apj[J:lKH BHyTpHpeaKTOpHO­
ro K0HTPOJI.R peaKTOpos nma BB3P H np., 60-
nee T0'IHO oueHHBaTb pa.n:HaUH0HHOe JHepro­
BhJ.n:eJieHHe B JJieMeHTax KOHCTPYKUHH 6e3 11c­
noJih30BaHHR np116mn1<eHI151 KERMA-cj:JaKTo­
pos. 

Pa6orn BhmorrHeHa np11 noL{Llep)KKe OAO 
"TB3JI". 
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KyllaT-WB AHopeu Cep2ee6U'I, C. H. c., meJI.: (499) 
196-9 2-79, e-mai I: novik@adis. vver. kiae. ru 

BonpOCbl aTOMHOH HayKH H TeXH.H.KH. 
Cep. <l>H3HKa .S1.1J.epHbIX peah.--ropoa, 20 l 0, Bhm. I , 

C. 32-47. 

Y,LJ:K 621.039 
PacqeT ueiiTpouuo-<J>n3nqecKnx xapaKTepncTHK aKTHBHOH J0Hhl BB3P-1000 
MeT0.LJ:0M MouTe-KapJIO no nporpaMMe MCU-PD, cpanHeHne c pe3yJJbTaTaMH 

pacqeT0B no nporpaMMe liHTIP-7 A u 3KCnepHMCHTaJJbHblMH ,LJ;aHHblMH 

B.I'. jfe.MeHmbeB, /(. C. OlleUHUK, 

P~ "Kyp1:1aTOBCKHH HHcnuyr", 123182, MocKBa, rrn. KypqaToBa, I 
TiocTyrrnna B pe.D.aKIJ;MIO 28.07.2009 r. 

Ilp11MeHett11e MeTO.lla MoHTe-Kapno JlJlSI M0.1J.en11posamu1 nepettoca HeiiTpottos s .S1.1J.epHbIX peaKTopax 
HaCYHTb1BaeT 6onee 50 JleT. PocT npOH3SO)].HTeJ1bHOCTH KOMllhlOTepos H pa.3pa60TKa see 6onee cosepweHHblX 
anropHTMOS, nporpaMMHOro H KOHCTaHTHOro o6ecneYeHHSl pacYeTOS l103SOJ1SIIOT pewaTb see 6onee CJ10)K.Hb[e 
3a)laYH, BKJllOYaSI TPeXMepHble pacYeTbl l10J1HOMaCWTa6HhlX aKTl1SHbIX 30H. IlpHSO.ll,SlTCSl KpaTKHe om1caH1,f.SI 
nonHoMaCllITa6Hoi1 TpeXMepHOH M0.1J.eJ111 aKTHSHOH 30HbI BB3P-1000, anropHTMOs 11 MeTO.IJ.OS, pean113osaH­
HhIX s nporpaMMax MCU-PD 11 EiHITP-7 A, 11 cpasHeH11e nonyYeHHbIX no HHM pe3yJ1bTaTos pacYe-ros, a TaK­
)f(e cpasHeHHe HX C 3KCnep11MeHTOM. 

K111o'le6b1e c.'IOBa: nporpaMMa MCU-PD, MeTO./l MoHTe-Kapno, BB3P- l 000, EHTIP-7 A. 

Monte Carlo Calculation of Neutron Characteristics of VVER-1000 Core by MCU-PD Code and 
Comparison of the Results with BIPR-7A Code and Experimental Data. V.G. Dement'ev, D.S. O/eynik, 
RRC "Kurchatov Institute ", 1, Kurchatov Sq. , Moscow, 123182. Application of a Monte Carlo method for 
simulating of neutron transport in nuclear reactors has more than fifty years of history. Fast progress of com­
puter power and development of more and more perfect algorithms codes and nuclear data bases allow solv­
ing more challenging problems, including three-dimensional calculations of full-scale reactor cores. Concise 
description of developed full-scale model of VVER-1000 core, annotation of algorithms and methods for the 
MCU-PD and BIPR-7A codes and results comparison between themselves and with experimental data are 
presented in this paper. 

Key Words: MCU-PD Code, Monte Carlo Method, YVER-1000, Bf PR-7 A. 
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Bee,lleHHe 

B 6Jrn)KaHI.IIeM 6y.n;ymeM rrpe.n;rronaraeTc.si:. 

unrpoKoe wcnonh30Bamie nporpaMMbI MCU­
PD [ l] (PHIJ; "KypqaTOBCKHH HHCTlffYT"), KO­
Topa.si:. peamnyeT MeTO]l MoHTe-Kapno, .n:n.si:. 

pacqeTOB HeihpOHHO-q>H3HqecKHX xapaKTepH­

CTHK aKTIIBHOH 30Hhl peaKTOpHOH ycTaHOBKH 

BB3P-1200 B paMKax rrpoeKTa A3C-2006. 
,lJ;n.si:. :noro He06XO.D;JfMO BepH<pHUHpOBaTI, 
rrporpaMMy H rrpoBepHTh ee Ha]le)KHOCTh Ha 

npH_Mepax pacqern peanbHhIX rroJIHoMacrnrn6-
HhIX 30H peaKTOpHI>IX ycTaHOBOK THIIa BB3P 

H B cpaBHemm C 3KCIIepHMeHTOM. 

B xo.n;e BepmpHKal.{HH rrporpaMMbI MCU­
PD pa3pa6ornHa 110JJH0MacrnTa6HM TPexMep­
HM Mo.n;enh BB3P-1000 1-ro 6noKa Bonro­
.n;oHCKOH A3C (2]. TexHHIIecKHe xapaKTepH­
CTHKH MO]leJlH (reoMeTPHqecKHe pa3Mepbl 
cf>parMeHTOB peaKTopa, MaTepHaJlhH.hlH COCTaB 
:a .n:p.) OCHOBaHbl Ha rrpoeKTHhIX .n;aHHI>IX H 

]laHHhIX 110 IJYCKOBhlM 3KCrrepHMeHTaM 3TOro 

6noKa (3]. 51.BHO OIIHChIBa.JIHCb TaKHe ]leTanH, 
KaK IJOJlOCTH B TOIIJlHBHhIX Ta6JieTKax, KaHaJibI 

B Bhrropo.n;Ke, BbICOTHM CTPYKTYPa rrorno­
ma10ruHX CTep)l(HeH. CHCTeMbI yrrpaBJleHH.si:. H 

3alllHThl. 

Ha ocHOBe 3TOH MO]leITH rro rrporpaMMe 
MCU-PD pacc1IHTaHhI 20 KpHTHqecKHx H 

IlO]lKpHTJiqecKHX COCTO~HH BB3P-1000 Ha 

MHIDIMaJlbHO KOHTPOITHpyeMOM ypOBHe MOIU­

HOCTH, ]lOCTHrHYThIX BO Bpe~ cf>H3HqecKoro 

rrycKa 1-ro 6noKa Bonro.n;oHCKOH A3C. K 
3THM pacqeTaM IIpHBJieKanacb H3BeCTHM HH­

)KeHeptta.si: rrporpaMMa Ell1P-7A [4] c cyme­
CTBeHHO ynpomeHHOH MO]leJiblO 11epeHOCa 

eeiiTPOHOB. 
ITo .O:BYM nporpaMMaM nonyqeHbI pacrrpe­

.n:enemrn 3HeproBhI]leneHH.sI B TeilJIOBhI.n;en.si:­
IOillHX c6opKax (TBC) aKTHBHOH 30HhI peaK­
Topa H BhICOTHOe pacnpe.n;eneHHe 3HeproBhI­

.n:eneHH.sI OT]leJlbHO B3.sIThIX TBC. 3TH pacqeTbI 

IIOTPe6oBa.JIH MO]lenHpOBaHH.si: OKOJlO MHJlJlH­
ap.n;a HCTOpHH. HeH.TPOHOB ]lll.sI Ka)K]lOro co­
CTOfilIH.sI, qTo OKa3anOCb B03MO)l(HhlM 6naro­

.n:ap.si: a.n;arrTauHH rrporpaMMbI MCU-PD K BhI­
nonHeHHIO BbJqJicJieHHH C rrpHMeHeHHeM co­

BpeMeHHOH MHOronpoueccopHOH. Bhfl-IHCJIH­
TeJibHOH TeXHHKH [ 5]. 
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1. Kpan,:oe onucaHHe 
rrporpaMM MCU-PD u EHIIP-7 A 

l) ITporpaMMa MCU-PD npe.n;Ha3Ha1IeHa 
.n:n.si: pemeHH.si: attanoroBhIMH 11 aeaHanoroBhI­
MH (BeCOBhIMH) MeTO]laMH MoHTe-Kapno He-· 
O]lHOpO.n;tthIX ypaBHeHHH rrepeuoca HeHTpo­
HOB, cpOTOHOB, 3JleKTPOHOB H 1103HTPOHOB B 
3a]laHHOH CHCTeMe C )"IeTOM H3MeHeHH.sI HYK­
JIH]lHOro cocTaBa ee MaTepHanoB B rrpouecce 
o6JIY1IeIDUI. ,lJ;n.si: HeHTPOHOB 11porpaMMa pe­
rnaeT H O]lHOpO]lHOe ypaBHeHHe (3a,n;aq11 0 
KpHTHqttOCTH CHCTeM, pa3MHO)KalOIUHX HeH­
TPOHbI). 

CHCTeMa COCTOHT H3 KOHeqfforo 'IllCJia 
reoMeTpHqecKHX 30H, orpaHH'IeHHhIX IlJIOCKO­
CT.sIMH HJIH IJOBepXHOCT.sI.MH BTOporo rrop.si:.n;Ka, 
rrapaMeTPbI KOTOpbIX 3a]laIOTC.sI. IIOilh30BaTe­
JleM. Ka)K.!l:M 30Ha 3aIIOJIHeHa MaTepHanOM, 
KOTOpbIB orrpe.n;en.si:.eTC.sI. TeMnepaTypoii; CIIHC­
KOM HYKJIH]lOB, co.n;ep)KalllHXC.sI B HeM; .si:.n;ep­
HOH KOHI.{eHTpan:ueii HYKJIH]lOB. 

r eoMeTPttqecKHH Mo.n;ym, Mo.n;enHpyeT 
TPeXMepHhie c11cTeMb1 c rrpOH3BOfilHOH reo­
MeTPHeH, Hcnom,3y.si:. KOM611HaTopHhIH no.n;­
xo.n:, OCHOBaHHbIH Ha OI1Hcamrn CJIO)KHhlX 
rrpOCTPaHCTBeHHbIX cf>opM (30Hhl) KOMfoma­
UH.sIMH rrpoCThIX Ten HJIH IlOBepXHOCTeH C IIO­
MOillhlO TeopeTHKO-MHO)KeCTBeHHbIX orrepa­
UHH rrepeceqeHIDl, ]lorrorrHeHH.sI :u o6oe.n;IIBe­
HH.si:. Ha 6a3e HeKOTOporo Ha6opa THIIOB Ten­
rrpHMHTHBOB. )],n.si: o6ecneqeHIDl 3cf>cf>eKTHBHO­
CTH cqeTa BCe Tena orpaHHqemI IlJlOCKOCT.sI.MH 
MITH IlOBepxHOCT.sIMH BToporo 11op.si:..n;Ka. B03-
MO)KHQ 3a,n;aID1:e ceTeH H perneToK, IIOJI)"Iae­
MhIX pa3MHO)KeHHeM HeKOTOpbIX HCXO]lHhIX 
3JleMeHTOB, 3a]laHHbIX C IlOMOillhlO KOM6HHa­
TOpHKH. 

ITpH OIIHCaHHH 30H MeTO]lOM KOMforna­
TOpHOH reoMeTPHH Bee HX rpamu.u,1 cocTo.si:.T 
H3 KYCKOB IlJlOCKOCTeH mm KBa.n;paTHqHhlX 
rroBepxHocTeii, rro3TOMY rrpH Ha.JilllIIDI .n:ern­
neii C 6onee CJIO)l(HblMH rpam1qHhIMH IIOBepx­
HOCT.sI.MH HX Heo6XO.[J,HMO annpOKCHMHpoBaTb 
60filllIHM 'IllCJlOM 30H. 

B rrporpaMMe peanH30BaH MeTO]l BhlpOB­
HeHHbIX ceqemrn, cHHMaIOmIIB 3TO orpaHHIIe­
HHe 11 01111CbIBaIOIUHH, HarrpHMep, BHHTOBhie 
CTPYKTYPhI TB3nOB HeKOTOphIX THIJOB peaKTO­
poB HnH o6pa3yiolUHec.si:. B npol{ecce 3Kc1rnya­
TaUHH HJm6b1 TBC BB3P-1000. CrreIJ,HaJlb-



HbIH anropHTM yq:HTbJBaeT 3cpcpeKTbI .D.BOHHOH 

reTeporeHHOeTH Kor.n.a TB3Jlhl eonep)l(aT .n.e­
e.srTKH Tbie.sfl:I MHKpOTB3JlOB. 

Bee rpaHWitthle ycnosmr .uen.srTCH 1-rn ,uBa 
KJiaeca, 0To6pa)KaI011IHe c11MMeTµID1 1-1 cpH3I1-
t.JecKHe CBOHCTBa eHCTeMbl. B rrporpaMMe 
MO)l(HO 3a.n,aTb CJie,UyIOWHe CHMMeTpirn: 3ep­

KaJJhHa.sI, llOBOpOTHa.sI, C.D.BHrOBa.sr (TPaHeJI.sIQH­
OHHa.sr). MO)l(HO rrpHMeIDITb ene.n,yIOIQHe cpH-
3Ht.JeeKHe rpaHH'-IHhie ycJIOBIDI: yret.JKa, T .e. 

i;i:epHa.sr rrornomaroma.sr rroBepxttoeTb; 6enoe 
OTµa)KeHHe; rpaHJ1lIHbie yeJIOBH.sI, eOOTBeTCT­
ByIOillHe Ja,ll.aqe c yret.JKOH, Ja,ll.aHHOH 6aKJIHH­
roM. KpoMe ycJIOBHH yret.JKR H OTµa)l(eIDUJ: ,ll.O­

rryeKaeTe.sr HX KOM6HHaUJUI. 
KoHeTaHTHoe o6eeneqeHHe nporpaMMhr 

cocTaBm1eT 6aHK naHHbIX MCUDB50, eocrn­
.sIIllHH 113 Ha6opa paJnenoB, KOTOpbie MOryr 
HCllOJlb30BaTbe.sr B pacqeTax pa3HbIMH llO,l(MO­
.D.YmlMH eocTaBHOro q:)H3Ht.JeeKoro Monyn.sr. 

EaHK MCUDB50 eo.n.ep)l(HT HHcpopMaumo .n.m1 
375-TH HYKJIH,l(OB. 

<l>H3Ht.JeeKHH MO.ll.YJlb Yt.JHTbIBaeT 3cpcpeK­

TbI HenpepbIBHOro H3MeHeHR.sl 3HeprRH qaeTH­

ql,I rrpR CTOJIKHOBemux, a TaK)Ke HerrpepbIB­
HyIO H CTyneHlJaTyIO 3aBHCHMOeTH Cet.JeHJill OT 
3HeprHH. lbnKe orrHeornaroTc.sr HeK0Top1,1e 
oeo6eHHOeTH MO,l(eJIHpOBaHIDI TOJlbKO HeHT­
pOHHblX B3aHMoneikTBHH. 

IlpH reHepaQHH HeHTµOHOB neneHH.sl .n.o­
rryeKaeTc.sr rrpHMeHeHHe cneKTµa .n.erreHH.sr 
MrHOBeHHhIX H 3ailaJ,l(bIBaIOillHX HeHTµOHOB. 

B 6o1cTµOH :mepreTHt.JeeKOH 0611aen1 Yt.JHTbI­
BaeTe.sr aHHJOTµona.sr ynpyroro paece.sIHH.sI B 
eHeTeMe ueHTpa Mace, HMeeTe.sr BO3MO)KHOCTb 

npOBO,LlHTb MonerrHpOBaHHe HeynpyrHx eTOJJ­
KHOBeHHH e yqeTOM JaKOHOB, co.n.ep)l(aIIJHXe.sr 

B cpai:inax OQeHeHHbIX .srnepHhIX .n.aHHbIX. 

B 0611aen1 HepaJperneHHbIX pe3OHaHeOB 

cet.JeHIDI Bbit.JHeJJ.sll-OTC.sl no nonrpynIIOBbIM na­
paMeTµaM HJJH C HCilOJJb3OBaHlteM f-cpaKTOpOB 

bOH,ll.apeHKO, B 06m1x erryqa.srx e yqeTOM TeM­

nepaTypHOH JaBHCHMOeTH npHMeIDleMhIX rra­
paMeTpOB. 

B o6naeTH pa3perneHHblX pe3OHaHCOB ,LlO­
nyeKaIOTe.sr rpynnosoe, no.n.rpynrrosoe 11 no­
Toqeqaoe npeneTaBneHH.sI cet.JeHHH. Cet.JeHa.sr 
Ha116011ee Ba)KHhIX HYKJJH.D.OB OIIBehIBaIOTe.sr 
HenpepbIBHOH cpyttKUHeH., TaK KaK rrpH MO.D.e­
rr11poBaHHH .n.n.sr Ka)K,UOro 3Hat.JeHH.sl 3HeprRH 

HeHTµOHa OHH Bblt.JHeJI.srIOTe.sr no pe3OHaHeHbIM 

rrapaMeTpaM. TaKa.sr exeMa rro3BOmJeT npoBo­
.UHTb pact.JeThl Henoepe,UCTBeHHO C HCIIOJlb30-
BaHHeM .n.aHHhIX IIO pe3oHaHeHbIM rrapaMeT­

paM 6e3 npe.n.sapHTeJ1bHOH IIO.D.fOTOBKH Ta6-
JJHU cet.JeHHH H O.QeHHBan, TeMITepaTypHbie 
3cpcpeKThI qepe3 aHaJIHTHt.JeeKHe 3aBHCHMOCTH 
ceqeHHH OT TeMIIepaTypb1. 

Mo.n.enHpOBaHHe eTOJIKHOBeHHH s o6rrae­
TH TepMaJIH3aQHH npOBO,l(HTC.sl JJH60 B MHOro­
rpynnoBOM TµaHenopTHOM npa6moKeHHH, JJH-
60 no MO,l(eJIH HenpepbIBHOrO H3MeHeHIDI 
3HeprnH e yqeTOM KOppeJ1JII.lHH Me)K):ly H3Me­
HeHH.sIMH :meprHH 11 yrna npH pacee.sIHHH. B 
o6omc erryqa.srx yqHTbIBaIOTCH XHMWieCKHe 
CB.sl3H, TeITJJOBOe ,l(BH)Kemrn .sr,uep H KOrepeHT­

Hhie 3cpcpeKTbI .n.n.sr ynpyroro paeee..sr:HH.sr. Ce­
qeHIDJ paece.srHIDJ JaMe.n.mnenef.i: paec'IHThIBa­
IOTe.sr .UJI.sI Ka)K):lOH H~HOH TeMIIepaTypbl no 
(pOHOHHbIM erreKTµaM, conep)KallIHMC.sl B co­
OTBeTCTByIOilleM paJ,uerre 6aHKa MCUDB50 . 

PerHCTµHpyIOTe.sr 3cpcpeKTHBHhIH K03(p(pH­

a;HeHT pa3MHO)l(eHH.sr Hdi:TpOHOB, paenpe.n.ene­
HHe 3HeproBornenelilfj{ no TBC H OT,l(eJlhHl>IM 
TB3JJaM, 3cpcpeKTHBHa.sI norr.sr 3aITaJ,l(l,JBaIOillHX 
HeHTpOHOB H .n.pyr11e (pyttKQHOHaJlbl IlOTOKa 

HeHTpottoB. IlporpaMMa MCU-PD II03BOJUieT 
BbIIIOJIHHTh pact.JeTbI Ha MHoronpoueccopHhlX 
KOMIIhIOTepax [5]. 

PacnapanrrerrHBaH11e nporpaMMhI MCU­
PD OCY11IeCTBJ1eHO Ha 6aJe nporpaMMHOro HH­
Tepcpeifea MPI (Message Passing Interface) [6] 
- Ha116onee pacnpoeTµaHeHHoro eTaHnapTa 
KHTepcpeii:ea o6MeHa .n.aHHl>IMH B napannerr1,­
HOM rrporpaMMHpOBaHHH. PeaJJH3aQHH 6I16m1-
0TeKH MPI cymeeTByIOT nn..sr: 6om,rnoro '-IHCJia 
KOMnbIOTepm,IX nrranpopM. IlpH pa6oTe B pe­
)KHMe MHOronpoueeeopHbIX Bbit.JHerreHHH rrpo­
rpaMMa npHMeIDieT .um1 paeqern see nocTyn­
HbJe eif npoueccop1,1. O6ma.sr cxeMa pact.JeTa 
rrpH 3TOM OCTaeTC.sl TaKOH )Ke, KaK H rrpH pac­
'"leTe Ha onHoM npoueeeope. 

2) llporpaMMa 6MIIP-7 A npenttaJHat.J:eHa 
,LlJlH pact.JeTOB napaMerpoB KpHTlilJHOCTH, 3cp­
cpeKTOB H K03<p<pHQHeHTOB peaKTHBHOeTH, 
.UHcpcpepeHQHaJJl>HhlX H HHTerpam,Hl>IX 3cpcpeK­

THBHOeTeM opraHOB perynHpOBaHH.sI, rpeXMep­
HbIX pacnpe.ueneHHH MOWHOCTH B aKTHBHbIX 
30Hax BB3P-440 H BB3P-1000, pact.J:eTHoro 
Mo.n.errHpoBaHH.sr rrpoueecos Borropamrn H rre­
perpy3oK TOIIJ11rna, 11epexo,uH1>1x rrpoueceos 
Ha Xe-135 H Sm-149. 
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B nporpaMMe HCITOJlh3YeTC.sl .[{Byxrpynno­

B0e .umpcpY3HOHHOe np116mrn<eI-IBe. CHCTeMa 
ypaBHeHHH 6anaHCa HeHTpOHOB pernaeTC.sl Ha 
pe,llKOH TPeXMepHOH reKcaroHa.JibHOH B rrnaHe 
CeTKe, Y3Jlbl KOTOpOH COBrra,naroT C ueHTpaMH 

TBC. B ypaBHeIDrn 6anaHca Hei1TP0H0B 3cp­
cpeKTHBHO npHMeH.si:IOTC.sl 7 Y3JI0B s nonepeq­
H0M ceqemrn TBC (B ueHTpe H no yrnaM). 
Y':I.eT nepeTe':I.eK TeIIJI0BhIX HeHTPOHOB BhlTI0JI­
H.si:eTc.si: B rrpH6JIIDKeHHH .UByx rronyrrpo­
CTPaHCTB. PacqeT K03cpqnu.1.HeHTOB peaKTHB­

HOCTH H .upyrHx rrapaMeTpOB TO'le'IBOH KHHe­

THKH rrpOH3BO.UHTC.sl Ha OCHOBe Teop1rn B03My­

rueHH.si: B o,uHorpynrrosoM npH6mn1<emrn. 
IlporpaMMa HCil0Jib3yeT 6H6JIBOTeKH K0-

3cpcpmmeHTOB aIITipOKCHMaUHH MHOronapa­

MeTPHqecKHX 3aBHCHMOCTeH ,nByxrpyrrnoBhIX 
HeHTPOHHbIX ceqeHHH, K03<pcplil.UfeHTOB .ump­
cpy:mH TBC H HX rrp0H3B0,UHbIX, no.uroTOB­
JieHHbie no nporpaMMe TBC-M [7]. 

IlpHH.si:TO cqHTaTb, 'ITO He MeHee 95 % pe-
3YJibTaT0B pacqeTa, nonyqeHHhIX no rrpo­
rpaMMe ElfIIP-7 A, HMeIOT norpelllH0CTh He 
6oJiee 12 %. 

IlporpaMMa BbIBepeHa H HMeeT JIHUeH3HIO 

PocTexHa.u3opa PoccHH Ha npHMeHeHHe .un.si: 
npoBe,neHH.si: npoeKTHblX H 3KcnnyaTailHOHHbIX 

cpH3wiecKHX pacqeT0B BB3P. 

2. TecTOBLre pac1JeTLI 

2.1. Onuca,me pacttenuwii. .Mo<Jeflu. B xo­
.ue BepHcpHKaUHH H B3aHMHOH npoBepKH npo­
rpaMM MCU-PD H ElfTIP-7 A pa3pa6ornHa 
IIOJIHOMaCrnTa6Ha.si: TpeXMepHa.si: M0,UeJib 
BB3P-l 000 1-ro 6JioKa Bonro.uoacKoi1: A3C 
[2]. 

AKTHBHa.si: 30Ha C0CT0HT H3 reKCar0HaJib­
HhIX TBC pa3JIH':I.Horo THna, 0TJIH':I.aIOIUHXC.si: 
MaTepHanbHbIM C0CTaB0M T0nJIHBa, li 0Kp)')Ke­
Ha 0Tpa)l{aTeJieM, B C0CTaB KOTOporo BXO,U.slT, 
HaqmJa.si: OT a;eHTpa: BO.U.si:HOH 3a30p (1 MM OT 
KOHTypa TBC), CTaJibHa.sl BhITOpO.n;Ka C 3arron­
HeHHblMH BO.UOH UHilllH.UpK'IeCKHMH KaHana­
MH, rnaxTa peaKTopa, so.ua, Kopnyc peaKTopa. 

TBC cocTOHT H3 331-H reKcaroHanhHOH 
H'!eHKH. Ila reoMeTPHH H KOH<pHrypauHH Ma­
TepHanoB pa3JIH'laIOT qeTbipe THna H'!eeK: C 
0KHCHbTM T0IIJIHBOM pa3HOro o6orameHH.sl no 
H30Tony U -235 (1,6, 2,4, 3,3 H 3,7 % seco­
Bhix), ueHTPa.JihHa.si: TPY6Ka/HanpaBJI.si:IOlllHH 
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KaHan, KaHaJibl C BhITOpaIOl[(HM rrornOTHTeJieM 
H rrornomaioruHM 3JieMeHTOM, KOTOpbIH MO­
)l{eT nepeMeruaTbC.sl no BepnlKaJIH. IlpH BBO,Ue 
B TBC BbITOpaIOIUHX nornOTHTeJieH HJIH IIO­
rnoma10ruHX 3JieMeHTOB rrpOHCXO.UHT BhITec­
BeHHe BO,llbl H3 HarrpaBJI.si:IOIUHX KaHa.JIOB aK­
THBHOH 30Hbl. 

KaHaJibl C norJioruaIOl[(HMH 3JieMeHTaMH B 
onpe,ueJieHHbIX TBC, BXO.U.lllllHX B opraHhI pe­
ryJIHpoBaHH.si: CHCTeMbl ynpaBneHH.sl H 3aIUHTbl 
(OP CY3), o6pa3YlQT rpyrrm1 o6IllHM '!HcnoM 
10. ITono)KeHHe rpyrrm1 3a,uaeTc.si: npoueHTOM 
ee H3BJieqeHH.si: (oT O .no 100 %) H3 aKTHBHOH 
30Hb1. 

2.2. Pe3yflbmambl pacl/emoe. ITo rrpo­
rpaMMaM MCU-PD H El1TIP-7A paccqHTaHbI 
20 KpHTWieCKHX H TIO.UKPHTWieCKHX COCTO.sl­
HHH TPeXMepHOH TIOJIHOMaCllITa6HOH MO,UeJIH 
aKTHBHOH 3om1 BB3P- l 000 1-ro 6noKa BoJI­
ro,uoHCKOH A3C npH pa3JIH'lHhIX pacnoJIO)Ke­
HH.si:x OP CY3 (rn6n. 1). 

IlpH rrpose,ueHHH pacqeT0B BbI6paHHbIX 
cocTO.si:HHH aKTHBHOH 30HhI no nporpaMMe 
MCU-PD Hcnonh30BamtCh crre.nyroIUHe napa­
MeTPhI MO.UeJIHpoBaHH.si:: 

• HeHTpOHbl HyJieBoro IIOKOJieHH.si: pacnpe­
.uemmHCb paBHOMepHO no ofrI,eMy, 3aH.si:­
TOMY TOnJIHBOM B aKTHBHOH 30He; 

• qHcrro HeHTPOHOB B noKoneHHH M = 
= 3 000; 

• 'IHCJIO nOKOJiemrn:, o6be,UHHeHHhlX B ce­
pHIO .urr.si: KOppeKTHOH oueHKH CTaTHCTHqe­
CKOH norpelllH0CTH, NEAT = 400; 

• 'lHCJI0 npoMo,uenHp0BaHHbIX IlOKOJieHHH 
34 000, H3 HHX 400 OT6pornem,1, T.e. 'IHC­
JIO aKTHBHhIX nOKOJieHHH 33 600, a 'IHCJIO 
npoMo,nen11poBaHHhIX aKTHBHbIX HCTOpHH 
1,008 MHJIJIBap,uoB. 
B pacqernx no rrporpaMMe MCU-PD npH­

MeH.si:Jiac1, MO.UeJih omicaIDUI scero peaKTopa 
6e3 Ha.JIH'IH.sl CHMMeTPHH B HCXO.UHhIX ,uaH­
HhIX. f JlaBHOe npeHMymeCTBO TaKOH MO,UeJIH 
3aKJIIO':IaeTC.sl B B03MQ)KHQCTH npoBe,UeHH.sl 
oueHKH .UOCTOBepHOCTH CTaTHCTWieCKOH no­
rpemHOCTH Bbl'IHCJieHHblX 3Ha'!eHHH cpyttKUH­
OHaJIOB. 3m oueHKa rronyqaeTc.si: H3 aHanH3a 
OTKJIOHeHH.sl pe3yJihTaTOB .UJI.sl CHMMeTPH'lH0 
pacnono)l{eHHhIX TBC, KOTopoe .UOJI)KIJO co­
rnacoBhIBaThCSJ C BeJIH1IHHOH CTaTHCTWieCKOH 
norpellIH0CTH. 
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Pttc. 2. ,UttHaM11Ka 113MeHeHJ,IJl COOTHOillel·HIJl pocc1,1HCKl1X ueH 
Ha ra3 (rony6oH UBeT) 11 yronb (6opAOBbIH UBeT) 

Tnn10n Kllowatthours 

20 

10 

0 
2005 2010 2015 2020 2025 2030 

Ar,6,Na111~'X~ 
600 

500 

400 

300 

200 

100 

1981 1985 1989 1993 1997 2001 2005 2009 2012 
WrJI.~ 

• Me,Q98...e • y~ llr,qprtxoe 3~on,ptl08 
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cTBa (nporno3 AO 2030 r.) 



P11c. 7. npornoJ JI06bf'l11 yrJU1 (MJIH. T) s Poccm1 
.uo 2020 r. 
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P11c. 8. Ilyn1 nosb1weHH$1 KIT.U T3C c CK.U Kornar.111, pa60-
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P11c. 11. l.J,eHa Ha ypaH (.nonn/<jJyHT U30 8) c $1II BapJI 1970 r. no 
JIHBapb 2006 r. 
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no ue11e .no 130 .nonn CIIJA /Kr U30 8 
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PHc. 14. YnenbHblH pacxon npHpOJlHOro ypaHa B 38BIIC11MOCTH 

OT ornoweH.IUI alx 11 KTI,A A3C np11 x = 5 %, y = 0 2 % s 
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P11c. 15. YneJlbllbl11 pacxon TOlUJ.11.B8 B peaKTope B 38BHC11MOCTl1 

OT BbrropaH11S1 a 11 KTI,[{ A3C npH x = 5 %, y = 0,2 % 
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PHc. 5. Tipe,ucTasJ1em1e pc3yJJbTaTos pacLtCTa 13 SimWorT 3D V iewer: I - :mepros1,1,uencm1c s TcnJJ0H0C11Tenc 13 cpem-,eM ceLtCHHH aKT11s11oi130flbJ 11 cpemrne BbJC0TH0e :>n eproBbl.!1CJJe1me o 

TenJ10H0CHTe11e; 2 - '.:1Hepr0Bbl .1J,eJJem1e B cpe,u11cM CCLfeHMH 3KTIIBH0H '.30Hbl 11 CJ)C,!lHee BblC0TH0e :meproBbl,!lCJJem,c; 3 - nn0TII0CTb TCflJl0II0CHTCJll! 8 cpe,UHCM CC'leHHH aKTHBHOH 30Hbl H 

cpe.uttee BblC0TH0e pacnpe.ueneHHC IUIOTH0CTli ; 4 - M3MeHeHHe 80 speMel-fM MaKCl1M3Jlbll0H TCMncpa-rypbl T0llJU!Ba (sepXHRl! KpHBal!), Tef1JJ0I-I0Cl1TeJJl! 11 CTeHlm KaHarra (1111')Kl-ll1e Kp11Bble) 
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T 6 a JI Hu a 1 n apaMeTpbl COCTOSIHHJI -ro 

N2 co- N2 peryn. 
Tiono)KeHHe 

N2 rpyrrnbl 

CTOSIHJ,lj{ rpynnbI 
peryn. Ha HKB•J 

rovnnb1, % 
2 10 82 -
7 10 64 9 
8 10 55 8 
9 10 63 7 
10 10 61 6 
11 10 70 4 
12 10 58 2 
13 10 56 I 
15 10 25 -
17 9 70 10 
20 9 26 10 
21 8 66 9, 10 
Al 10 80 -
A2 - - I. .. I 0 

A3 - - 1. .. 10, KpOMe 

TBC N2 17 
A4 10 80 -
AS - - 1 . .. 10 

A6 - - J. .. 10, KpOMe 

TBC N2 38 
A7 10 62 -

AS - - 1 . . . 10 
*) HKB - HH)KHHH KOH1.1,eao11 BbIKnl04aTenb 

KaK noKaJano cpaBHeHHe Ha npHMepe 

pacnpeneneHH51 JHeproB1,1neneHH51 B TBC aK­

THBHOH 3OHbI, Bee pe3yJibTaTbI Jie)KaT B npene­

nax TPeX CTaTHCTH".leCKHX OTKJIOHeHHii (3 cr) 
OT COOTBeTCTB)'IOillHX 3HatieHHH cpenuero BbI-

6opO'IHOfO 3HeprOBbI)lenemrn B CHMMeTPHlIHO 

pacnonmKeHHhIX TBC. OKono 65,8 % pe3yn1,­

TaT0B OTKJIOIDUOTC51 He 6onee qeM Ha OJlHY cr H 

Meuee 0,1 % - 6onee qeM Ha Ha 2 cr. Pe3yn1,­

TaTbI noro cpaBHemui: nonrnepJlHJJH rrpaBHJlb­

HOCTh pacqeTa CTaTHCTH'leCKOH norpeIIIHOCTH 

no nporpaMMe MCU-PD. 

B pe3yn1,TaTe npoBeneHHhIX pactieTOB nm1 

Ka)l(JlOro Bap11aurn nonyqeHhI 3eaqeeH51 J<p­

q>eKTHBHoro K03q>!pHUHeHTa pa.3MHO)KeHH51 

HeHTPOHOB, pacnpenenemrn JHeprOBhIJlerreHIDI 

no TBC aKTHBHOH 30HhI H BhICOTHOro pac­

npenerreHIDI 3HeproBhIJleJieHH51 OT)leJlbHO B351-

ThIX TBC. Ilo BhICOTe aKTHBHM 30Ha paBH0-

Mepuo pa.36HBanacb Ha 42 O.llHHaKOBbIX no 

06beMy CJIO51. 

B rn6rr. 2 npHBOJl5(TC51 pe3yJJhTaThI pacqe­

TOB 3q>q>eKTHBHOro KOJq>q:>HUHeHTa pa.3MHO)Ke­

HH51 HeHTpOHOB, norryqeHHbie no nporpaMMaM 

6 noKa BB3P 1000 B - onro)].OHCKOH 

P, I1nbTHOCTb 
KottueHTpa1.1,ID1 

T, °C 
Kr/cM

3 
B0)].bl, r / cM

3 6opHOH 

KHCnOTbl, r /Kr 

278,5 161 ,0 0,77974 ·7,39 
271 , 1 159,7 0,76716 6,90 
279,3 157,2 0,76547 6,76 
279,7 158,5 0,76492 7,26 
279,5 157,7 0,76517 6,90 
279,8 157,8 0,76463 7,10 
279 3 157,2 0,76547 7, 10 
279,3 158,0 0,76558 7,31 
279,2 158,7 0,76587 7,23 
279,2 158,5 0,76584 7,14 
279,2 157,2 0,76565 6,77 
279,8 158,2 0,76469 6,60 
278,2 158,2 0,76764 7,39 
278,2 158,2 0,76764 7,39 

278,2 158,2 0,76764 7,39 

279,3 158,5 0,76566 7,39 
279,3 158,5 0,76566 7,39 

279,3 158,5 0,76566 7,39 

279,3 161,0 0,76602 7,39 
279,3 161 ,0 0,76602 7,39 

MCU-PD H E11IIP-7A. CrnTHCTITTecKa.51 no­

rpeIIIHOCTh (onuo CTaHJlapTHOe OTKJIOHeHHe) B 

oueuKe 3cpqieKTHBHOrO K03q>q>HUHeHTa pa.3-

MHO)KeHH51 ueifTPOHOB no nporpaMMe MCU­

PD :::::: 0 003 %. Pe3yJihTaThI pacqeTOB K3 <1>, no­

rryqeHHhre no nporpaMMaM MCU-PD H 

El1IIP-7 A, JleMOHCTPHP)'IOT xopowee corrra­

CHe Me)l(JlY co6oif (paJJIJitrne COCTaBJI.51eT Me­

Hee 0,15 %). 
B rn6n. 3 npHBenem1 3Ha1.JeHH51 Jq>q>eK­

THBHOCTH c6poca aBapHHHOH 3alllHThI (A3), 
norryqeHHhie pac1.JeTHhIM nyreM no nporpaM­
MaM MCU-PD H El1IIP-7 A, a TaIOKe paJJI.Hq­

Hhie 3KCrrepHMeHTaJlbHbie oueHKH, B Ka'leCTBe 

KOT0pbIX ,l(aHbI 3Ha'leHIDI, 3aq>HKCHpOBaHHbie 

Henocpe.llCTBeHHO B 3KCrrepHMeHTe C IlOMO­

IIlhlO peaKTHMerpa [8] H rrorry-qeHHhie nyreM 
o6pa6oTKH IIOKa.3aHHH BHepeaKTOpHbIX HOHH-

3aUHOHHhIX KaMep no crreuHanhHOH MeTO.l(IiKe 

[9] .llJl51 ycTpatteHIDI npocrpaHCTBeHHbIX Jcl>-

q>eKTOB. . 
O6a BH.[{a 3KCnepHMeHTaJJhHhlX oueHOK 

COJlep)KaT norpeIIIHOCTH. 3KcnepHMeHTaJib­

Hbie 3uaqemrn B KonoHKe "PeaKTHMeTP" He 
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Ta 6 JI Hu a 2. 3cbcbeKTHBHbIH K03cbcbm . .lHeHT Pa.3MH0)f(eH HSI ·HeHTp OH0B 
N<i C0CT0SIHH.SI MCU-PD .6HITP-7 A OTJ<JlOHeHHe ·i, % 

2 1,0025 1,0039 -0,15 
7 1,0019 1,0030 - 0,11 
8 1,0022 1,0030 -0,08 
9 1,0026 1,0032 -0,06 
10 1,0017 l,0024 -0,07 
I 1 1,0028 1,0030 -0,02 
12 1,0026 1,0026 0,00 
13 1.0023 1,0034 -0,11 
15 1,0028 1,0036 -0,08 
17 I 0031 1,0034 -0,03 
20 1,0025 1,0025 0,00 
21 1,0014 1,0016 -0,02 
Al 1,0025 1,0040 -0,14 
A2 0,9391 0,9398 -0,07 
A3 0,9551 0,9545 0,06 
A4 1,0026 1,0039 -0,13 
AS 0,9389 0,9394 -0,06 
A6 0,9517 0,9515 0,02 
A7 1,0020 1,0032 -0,12 
A8 0,9387 0,9395 -0,08 

*) 0TKJlOHeHHe B oueHKax KJ<j> paCC4HTblBaJIOCb KaK pa.3HHUa pe3yJibTaTOB 
MCU-PD H .6HIIP-7 A, orneceHHaSI Ha pe3yJibTaT, nonytteHHbIH no MCU-PD 

Ta6 JI HU a 3. 31 llcbeKTHBHOCTb c6poca A3 C ytteT0M Ha4aJibH0fO COCTOSIH HSI,% 
N2 COCTO- PactteT 3KcnepHMeHT 

SIHH.SI MCU-PD .6HI1P-7 A PeaKTHMeTp MeTo.rtHKa·i 
A2 6,74 6,80 6,38 ± 0,38 7,5 ± 0,7 
A3 4,96 5,16 5,76 ± 0,35 5,8 ± 0,5 
AS 6,77 6,84 6,32 ± 0,38 7,5 ± 0,7 
A6 5,34 5,49 5,85 ± 0,35 6,2 ± 0,6 
A8 6,72 6,76 6,39 6,7 ± 0,5 

*) pe3yJibTaTbI nonytteHbI C0TPY.rtHHKOM PHU, "KypttaTOBCKHH HHCTHiyr" l.J:b1raHOBbIM C.B. 

)"-illTbIBalOT BITIUIHHe napaMeT{)OB 3aml3,llbIBa­

IOll.lHX HeHT{)OHOB H rrpOCTJ)aHCTBeHHhIX 3cp­
cpeKTOB, a TaIOKe KaqeCTBO H3MepeHIDI TOKOB 

HOHH3aUHOHHhIX KaMep, KOTOpoe CKa3hlBaeTC.SI 

H Ha TOqJIOCTH pe3yJibTaTOB B KOJIOHKe "Me­

TO,llHKa". 

Pac1:1eTHhie ,llaHHhie, nonyqeHm,ie no npo­
rpaMMaM, xoporno cornacyIOTCH Me)KJlY co6oi1 

(B rrpe,llenax - 3 %), TOr.na KaK pa3nwrne c 
3KCnepHMeHTailbHbIMH ,llaHHblMH, CKoppeKTH­

poBaHHbIMH C yqeTOM rrpocTpaHCTBeHHbIX 3cp­
cpeKTOB, .llOCTHraeT 15 %. 3TO o6ycnaBJIHBa­
eTC11 BJHUlHHeM YKa3aHHbIX Bblllie rrorpeurnoc­

TeM Ha oueHKY 3KcnepHMeHTanbHhIX ,llaHHbIX. 
Pa3JIH'IBH B pacrrpe.neneHHH 3HeproBhlJle­

neHH.SI rro TBC aKTHBHOM 30HhT Me)KJlY npor­

paMMaMH MCU-PD H EHTIP-7 A paBHhr - l 1 
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% ,llJI.SI KpHTJ1qeCKHX H IIO.UKPH':leCKHX COCTO.SI­
HHH co BceMH rrorp~eHHhIMH OP CY3. ,[{aH­
Hoe OTKJIOHeHHe He BbIXO.llHT 3a rrpe,lleJihI CYM­
Mbl rrorpeilIHOCTeM, 3a.SIBJieHHblX pa3pa60T':IH­
KaMH rrporpaMM MCU-PD H Bl1IIP-7 A. 

,n:n.SI IlO,llKpHTHqeCKHX COCTO.SIHHH C 3aCT­
p.SIBllleH rpynrro11 OP CY3 (cocTOHirn.si: A3, 
A6) pa3IIH1me MHOro 6oJihllle. B .naHHOM Ba­
pHaHTe B :meproHarrp.SI)KeHHhIX TBC pe3yn1,­
TaThI pac1:1ern no nporpaMMe Bl1IIP-7 A .uocrn­
ToqHo xoporno cornacy10Tc.SI c rronyqeHHhIMH 
no nporpaMMe MCU-PD, a B ManoHarrp.si:)KeH­
HhIX TBC, r.ue :rneproB1>1.ueneHHe B .uec.SITKH 
pa3 MeHbllle cpenHero, pa3JIH':IH.SI B pe3yJibTa­

Tax ,llOCTHraIOT - 40 %, '-ITO 1'pe6yeT .llOilOJIHH­
TeJibHOro aHanH3a npH'-IHH TaKoro 60JibIIIOro 
paCX0)K}leHH11. 



Pe3yJJbTaTbI cpaBHemrn llOKacceTHOro 

pacnpe,D,eneHIDI. :meproBhI,L1,enemu1 c yqeTOM 

ero BbICOTHOH 3aBHCHMOCTH no nporpaMMaM 

MCU-PD H :611TIP-7A npase,LJ,eHbI B rn6n. 4 . 

Eonee 90 % pe3yJibTaTOB OTKJJOHHIOTCR JJ.pyr 

oT .Apyra He 6onee, qeM Ha 10 %. O.AHaKo cy­

mecTByeT He60JlbillOe '-IHCJJO 3HatJeHHH ci>YHK­

UHOHaJJOB, .llllil KOTOpbIX OTKJJOHemrn Me)K,ll,y 

nporpaMMaMH npeBbilllaIOT 20 % H OTMeqa­

lOTCH B rpaHH'IHbIX CJJO.IDC. aKTHBHOH 30Hbl. 

3To 061>.HCHReTCR B nepBYJO O'lepe,D,b HCnOJJb-

3yeMhIMH B EMTIP-7 A KpaeBbIMH ycJJOBIDIMH, 

KOTOpbie Bbl'IHCJUIIOTCR npe,L{BapHTeJJbHO no 

MeJJKOCeTO'-IHbIM nporpaMMaM, H KOHCTfilIT­

HbIM 06ecneqem1eM 3TOH rrporpaMMbI. 

T a 6 JI u u a 4. Pe3yJibTaTbt cpasHeHHst noKacceT­
Horo pacnpe.neneHHst :meprosbt,neneHHst c y4eToM 
ero BblCOTHOH 3aBHCHMOCTH, nonyYeHHble no npo­
rpaM HHH) MaM MCU-PD H EMTIP-7A (6 720 3HaYe 

11.HTepsan ,[{onst pe3yJibTaTOB, % 
.no I% 17,2 

OT I ,no 3 % 25,3 
OT 3 ,llO 5 % 21 ,4 

OT 5 )lO 10 % 26,7 
OT 10 ,no 20 % 7,1 
60JibWe 20 % 2,3 

Ha pHC. 1 nOKa3aHO xapaKTepHoe BbICOT­

HOe pacnpeneneIDie 3HeproBbI,llenemrn B TBC, 

Ha KOTOpYJO norpy?KeHHhie OP CY3 OKaJbI­

BaIOT npeHe6pe)K_HMO Manoe BJJJ,{gHHe. Jlerno 

3aMeTHTb, ':ITO 3HeprOBbI,LJ,eJJeHHe Ha rpaHHUe 

aKTHBHOH 30Hbl no BbICOTe, nonyqeHHOe no 

.llBYM nporpaMMaM, HMeeT HaH60JJbillee 0TH0-

CHTeJJhHOe OTKJJOHeHHe JJ.pyr OT .upyra. 

.5IpKHM rrpHMepoM HepaBHOMepHOCTH Bbl­

COTHoro pacnpe,D,eJJeHHH 3HeprOBbI,L{eJJeHIDI 

CJJy?KaT pe3yJJbTaThI B TBC C HenoJJHOCTblO 

norpy?KeHHOH rpynnow OP CY3. Ha pHc. 2 
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P11c. I. Pacnpe,neneHHe cKopocn1 peaKUHH ,nene­
HHst s TBC N!! 96 no BblCOTe a""THBHOH 30Hbl .llJlst 
COCTOSIHHSI N!! 2 
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P11c. 2. Pacnpe,nenem-1e CKopocT11 peaKl.(1111 .nene­
HHst s TBC N!! I 12 no BblCOTe aKTHBHOH 30Hbt .llJlSI 
COCTOSIHHSI N!! 15 

H3o6pli)KeHo BbICOTHOe pacnpeneneHHe B TBC 

c norpy?KeHHOH Ha 75 % 10-H rpynrroii ,ll,llil 

COCT0HHHR N2 15. TiepBblH He3Ha'IHTeJibHbill 

nepena.L{ a pacnpe.Aenemrn 3HeprOBbIJ:{eJJemrn 

no BbICOTe Ha ypOBHe - 140 CM OT Hii3a aK­

THBHOH 3OHbl BbI3BaH nOHBJJeHHeM THTaHaTa 

,llHCIIpO3HR, y KOTOporo MaKpOCKOIHl'leCKOe 

cetJeHHe nornomeHHR B Tennosoii o6nacTH 

MeHhille, qeM y Kap6H.Aa 6opa. BrnpoH pocT 

3HeprOBbI,LJ,eJieHHH no BbICOTe Ha ypOBHe - 110 

CM BbI3BaH TeM, 'ITO B 3TOM MeCTe 3aKaH'IBBa­

eTCH nornoma10II.{IDi 3JJeMeHT. 

3a1rnrolfeHue 

Pa3pa6oTaHa nOJIHOMaCIIITa6HaR TpeXMep­

HaR MO,lleJih BB3P-1000 1-ro 6noKa Borrro­

.AOHCKOH A3C, TeXHH1IeCKHe xapaKTepHCTHKH 

KOTOpOH (reOMeTpH'leCKHe pa3Mepbl cppar­

MeHT0B peaKTopa, MaTepHaJlbHbIH COCTaB H 

,D,p.) 0CHOBaHbl Ha rrpoeKTHblX ,llaHHbIX H ,LJ,aH­

HbIX no nyCKOBbIM 3KCIIepHMeHTaM 3Toro 
6noKa. 

Ha OCHOBe pa3pa6oTaHHOH MO,LJ,eJJH npo­

Be,LJ,eHbl pac'leTbI 20-TH KpHTH'leCKHX H no,LJ,­

KpHTH'leCKHX COCTORHHH no nporpaMMaM 

MCU-PD H E11IIP-7A, 'ITO OKa3aJJOCb 803-

MO)K_HblM 6naronapR HCnOJTh30BaHHIO cospe­

MeHHOH MHOrorrpou,eccopHOH Bbl'IHCJJHTeJib­

HOH TeXHHKH. Pe3yJihTaThI pactJeToB neMOHCT­

pHpYJOT xopoU1ee cornacHe Me)l(n y co6oH. 

PaJrrwrne a K'.}<I> COCTaBMeT MeHee 0 ,15 % . 
Ou:eHKH 3cpcpeKTHBHOCTH c6poca A3, no­

nyqeHHbie no rrporpaMMaM, xoporno cornacy­

IOTCR Me)K,ll,y co6oii (a npenenax - 3 %), TOr.L{a 

KaK pa3JIH1IHe C 3KCnepHMeHTaJJbHbIMH .ZlaH­

HblMH, CKOppeKTHposaHHbIMH C yqeTOM rrpo­

CTpaHCTBeHHbIX 3cpcpeKTOB, .uocmraeT 15 %. 
3 To o6ycnaBJIHBaeTCR BJIHRHHeM norpeillHOC­

TeH 3KCnepHMeJTTaJJbHblX oueH0K. 
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Pa3pa6oTaHHa}l -rpexMepmUI IT0JIH0MaC­

UITa6HaH Mo.uenh BB3P-l 000 1-ro 6noKa 
Bonro,uoHCKOH A3C 11 nony"-leHHhie pe3ylihrn­

ThI M0rYT 6b!Th HCTI0Jih30BaHhl npH sepaqmKa­
UHH cospeMeHHhIX HH)KeRepHhIX H perrepHhlX 

nporpaMM, rrpe.UHa3Ha'!eHHhIX .UJUI o60CHOBa­

HHH 6e3orraCHOCTH peaKT0p0B nma BB3P H 

pa3pa60TaHHhIX pa3JIH'lHhIMH rrpe.urrpIDITIDIMH 

o-rpacJIB. 
IlporpaMMa MCU-PD2006 c03,uaeTc.s1 rrpH 

no.llllep)l(Ke KonuepHa OAO "TB3JI". Ilpe.u­

crnsneHHhie pe3yJihTaThI nony"-leHhI s xo.ue 

Bhlil0JIHeHIDI pa6oT no rrpoeKTY A3C-2006. 

ABTOphl CTaThH IIpHH0C.sIT 6naro.uapHOCTh 

C.C. f op0,UK0BY 3a Il0M0IUh B 3a,uamrn HC­

X0,llHhIX .uaHHhIX rrporpaMMhI MCU-PD. 
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Y,n:K 621.039.546 
HccJie,n:oBaHHe HeK0T0pbIX Mo,n:eJieH H npH6JIHJKeHHH, npHMeHHeMbIX npH 

pac11eTe TBC BbIC0K0TeMneparypHoro ra3ooxJiaJK,n:aeMoro peaKTopa rT-MTP 

B.<l>. Eoapuno6, ll.A. <l>0Mu11e11Ko, 
PHU: "Kyp1IaTOBCKHH HHCTH.Tyr", 123182, MocKsa, TIJJ. Kyp'IaTOBa, 1 

IlOCTYJIHila B pe.uaKUHIO 15.06.2009 r. 

On11caHbl OCHOBHb(e HeHTpOHHO-Q)113114eCKl1e MOJJ.en11, pa3pa6oTaHHble B Or,neneHHH nepcneKTHBHblX 
S1,nepHO-JHepreT11tJecK11x c11cTeM (OIUl3C) l15IP PHU, "Kyp4aTOBCKHH 11Hcrnry-r" s KaLfecTBe npoeKTHbIX 
Mo.neneii ,nn.ll. pacLfeTa xapaKTepHCTHK 6n04HblX TBC BblCOKOTeMneparypHoro raJOOXJlIDKJJ.aeMoro peaKTOpa 
IT-MrP, a 11MeHHO, Mo,nen11 pacLfeTa s&iropaHH.ll. Tonn11sa 11 H30Tonos Bb1ropa10mero nornoTHTen.ll., pactJeTa 
TBC B Q)HKCHposaHHblX TOLfKaX no Bblropamuo C no)].roTOBKOH HeHTpOHHblX KOHCTaHT B 3a,naHHOM LfHCne 
JHepreTHLfeCKHX rpynn ,nn.ll. nonHOMacwrn6Horo pactJeTa peaKTopa. Ilpe,nno)KeHa Mo,nenbHa.ll. 3a,na4a ,nn.ll. 
113y4em,u1 paCLfeTHblX npH6nmKeHHH. Pe3ynbTaTOM 3TOro H3y4eHl1.ll. crnna pa3pa6oTaHHa.ll. n03TanHa.ll. MeTO­
JJ.HKa no.nroTOBKH rpynnoBbIX roMoreHHbtX ceLfeHHH TBC H ee 1,1acTeH, BHe.npeHHa.ll. s npaKTHKY npoeKTHbIX 
pacLfeToB IT-MrP. 

K11101Je<Jb1e cRoea: IT-MrP, TBC, Hei1TpOHHO-QlH3H4eCKa.ll. MOJJ.enb, WIMS-D. 

Investigation of Some Models and Approximations Applied at Calculation of Fuel Assemblies of 
High Temperature Gas Cooled Reactor GT-MHR. V.F. Boyarinov, P.A. Fomicltenko, RRC "Kurchatov 
Institute ", 1, Kurchatov Sq. , Moscow, 123182. Main neutron-physical models applied in Division of Ad­
vanced Nuclear Power Systems of RRC "Kurchatov Institute" as design models for calculation of fuel as­
sembly characteristics of High Temperature Gas Cooled Reactor GT-MHR have been described, namely, 
models for calculation of fuel burn up, depletion of burnable poison isotopes, fuel assemblies for fixed values 
of burn up with preparing the neutron constants in given number of energy groups for full-scale reactor cal­
culation. Model task for study of some calculationaJ approximations has been proposed. Result of this study 
is step-by-step model for preparing the group homogeneous cross sections of fuel assembly and its parts 
which have been applied in practice of design calculations of GT-MHR. 

Key Words: GT-MHR, Fuel Assembly, Neutron-Physical Model, WIMS-D. 

Bue.uenue 

B TetJeHHe 10 JJeT B OIUI3C IUIP PH[( 
"Kyp'iaTOBCKHH HHCTHTyr" npoB0,Il.HTC.H HeHT­
pOHHO-<j:>H.3H'IeCKHe pactJeThI pa3JIB1IHhIX Ba­
pHaHT0B M0.IlYJlhH0f0 reJJHeBoro peaKT0pa C 
raJOBOH Typ6HHOH (fT-MfP). B pe3yJlhTaTe 
ananH3a npaKTHKH rrpoBe)leHH.H Hei1:TPOHHO­
<j:>H3H.qecKHX pacqeToB B o6ocHOBaHHe rrpoeK­
Ta fT-Mf p C HCII0J1h30BaHHeM nporpaMM 
WIMS-D4 [l] 11 JAR [2] K 2002 r . pa3pa6orn­
Ha crreUHa.JlhHa.H pactJ:eTHM MeT0,IlHKa, rrpHMe­
H.HeMa.H B HaCT0.Hruee BpeM.H B Ka'!eCTBe rrpo­
eKTHOH. IlepBa.H rrporpaMMa HCII0J1h3yeTC.SI 
)lJJ.H II0,Ilf0T0BKH roMoreHHhlX MaKpocetJ:eHHH 
TBC H ee qacTei1:, a BTOpa.H - perneHH.H TPex­
MepHoro rpynnosoro ypasHeHH.H .IlH<p<j:>Y3HH. 

Ha :nane pa3pa6oTKH K0HUeTITYa.JlhH0f0 
rrpoeKTa fT-MfP npHMeHHnHCh CJJe)lyIOIUHe 
II0)lX0)lhI: II0,Ilf0T0BKa roMoreHH3Hp0BaHRhlX 
HeHTPOHHhIX MaKpoK0HCTaHT .UJI.SI TBC HJIH ee 

-------------' 
qacTeH s 13-rpyrrnOBOM npH6JJmKeHHH H HC­
II0J1h30BaIIBe rneCTH rrp0CTPaHCTBeHHhIX T0-
tfeK Ha TBC rrpH perneHHH .IlH<p<pY3HOHHoro 
ypasHeHH.SI Ha :narre rroJIHoMaCUITa6Horo pac­
qern peaKTopa. B )laHHOH: pa6oTe c rrpHMeHe­
HHeM H0)laJJhHhIX B03MO)KHOCTeH MeT0)la no­
sepXH0CTHhlX rapM0HHK (Mill') [3, 4] H K0M­
IIJJeKca nporpaMM SUHAM-W-2D [5, 6], pea­
JJH3YJOIUero pacqeThI no MIIr, Ha npe)lJJ0-
)KeHHoii Mo.uenhHOH 3a.uaqe npose)leHa rrpo­
sepKa 3THX rrpH6J1mKeHHH, a TaIOKe H3yqeRhI 
0CH0BHhie <j:>H3HtJ:ecKHe M0)leJJH, npHMeH.He­
Mbie ,IlJl.SI TI0)lT0TOBKH roMoreHHhIX MaKpoce­
qeHHH TBC .H ee qacTei1:. 

C HcnoJJh30BaHmiM rrporpaMMfil WIMS­
D4 pa3pa6onrna II03Tanmui: MeTO,IlKI<a .UAA 
TI0,UT0T0BKH 3THX ceqeHHH. OCHOBHhie IlOJl0-
)l(emuI MeT0.IlHKH, no.upo6tto ormcaHHhie B 
CTan,e, 0K0HqaTeJlhH0 c<J:>opMHpOBa.JlHCh B 
2002 r. B ,Ila.JU,He:ihneM :na n03TarI.Ha.H MeTO­
.UHKa C0BeprneHCTB0BaJJaCb H M0,IlepHH3Hp0Ba-
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JJaCb, HO OCHOBHbie :nanbl coxpaHHJIJ1Cb. Bee 

KOHKpeTHbie HCCJJe.D,oBaHJ-UI H paC'-leTbl B Ha­

CTOfil.LJ,eH pa6oTe npoBe.D,eHbI JJ,JJ5l rrnyrOHHeBO­

ro TOIIJJHBa 11 3p6HeBoro Bhrropa10mero no­

rJJOTHTeJJ5l. 

1. IIo:nanHaJI MeTO.L(HKa .L(JIH IlO.L(fOTOBKH 

roMoreHHbIX MaKpoce'-leHnii TBC 
rT-MTP u ee 1.J.aCTeii 

IIporpaMMa WIMS-D4 npHMem1eTc.s1 B 

OIUI3C H5IP JJ.JJ.sI no.D,roTOBKH roMoreHHhIX 

MaKpoce'-leHirn TBC fT-MfP H ee qacTeH. 

CJJe.D.yIOlUHe JJ,Ba orpaHH'-lemui: He JJ,aIOT 11C­

IIOJJb30BaTh nporpaMM)' WIMS-D4 Herrocpe.D.­

cTBeHHO (3a OJJ,11H 3anycK nporpaMMbI) ,llJJ5l 

pacqeTa 3Tl1X ceqem:lH. Bo-nepBhIX, reoMeT­

pH.sI TBC fT-MfP ,uoBOJihHO cJJo)KHa.sJ .D,JJ.sI 

npe,ucTaBJJeHH.sI B pacqeTHOH MOJJ,eJJl1, 11, 80-

BTOpbIX, B nporpaMMe WIMS-D4 cymecTByIOT 

np11HIJ,m:m:aJihHbie orpam-1'-leHH.sI, CB.sI3aHHhie C 

OJJ.HOBpeMeHHhIM yqeTOM pe30HaHCHOH 6JJO­

K11pOBKH pe3oHaHCHhIX 1130TOilOB TOIIJJl1Ba H 

BbITOpa10mero IIOrJJOTl1TeJI.sI (Er), ecm1 OIDf 

rrpocTpaHCTBeHHO pa3.D,eJJeHbI, T.e. HaXOJJ,.sITC.sI 

B pa3HhIX 30Hax TBC. qT06hI 06oiiT11 3TH or­

paH11'-leHH.sI, pa3pa6ornHa II03TaIIHa.sI MeTOJJ,11-

Ka pacqern roMoreHHhIX ce'-leHHH TBC. 

CJJe.D,yeT OTMeTHTh, '-ITO ecrr11 B Ka'-leCTBe 

Bhrropa10mero IIOrJJOTHTeJJ.sI npHMeH.sieTC.sI Ma­

TepHaJJ, He CO.D,ep)Kall{H.H pe30HaHCHhIX H30TO­

IIOB, TO 3Ta II03TaTIHa.sI MeTOJJ,MKa TaIOKe npH­

ro.D,Ha, HO M0)KHO liCil0Jib30BaTb 11 6oJJee npo­

CThie MeT0JJ,11Kl1. 

1.1. MoOeJlb pac11ema 6b120panuR monJ1u6a 
Ha 3TOM 3Tane pacqern B TBC BhIJJ,eJJ.s1eT­

c.s1 TpexMepHa.sI reKcaroHaJJhHa.sI B nJJaHe .sl'-leH­

Ka TOIIJIHBH0ro K0MIIaKTa c rnaroM 1,9 CM. B 

Ka'-leCTBe MOJJ,eJIJ1 3TOH .sl'-leHKH Bb1611paeTC.sI 

6eCKOHe'IBa.sI no BhICOTe KJiaCTepHa.sI .sl'-leHKa 

T0IIJIHBHOro KOMIIaKTa C 3KBHBaJJeHTHOH B 

IIJJaHe UHJIBH,llpH'-leCKOH rpaH11ueii C N U11-

JJHH.D,pH'-1eCKl1M11 T0IIJJHBHhTMH CTep)KH5lMH C 

qeTbipexcJJOHHOH o6oJJO'-lKOH:. )]:H:aMerp TOII­

JJHBHhIX CTep)l<HeH BhI6HpaeTC.sI 113 ycJJOBH.sI 

coxpaHeIDf5l cpe.D,HeH xop.D.hI B TOIIJJHBe. 3aTeM 

3T0T JJ,I,faMerp HeMHoro yseJJH'-IHBaeTC.sI, '-IT0-

61,1 IIOJJyqHTh 6JJH)Kaihuee ueJJoe '-ll1CJJO CTep­

)l(HeH npH ycJJOBl1H coxpaHeHH.sI 06beMa TOII­

JJH:Ba B TOIIJJl1BHOM KOMIIaKTe. qeTb1peXCJJOH­

Ha.sI o6oJJO'-IKa "ttaMa3bIBaeTC5l" CJJOH 3a CJJOeM 
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Ha TOIIJJHBHhie CTep)l(Hl1 TaIOKe C ycJJOBHeM 

coxpaHeHl15l HX o6beMOB B TOIIJJHBHOM KOM­

naKTe. 

B npHHUHne '-leThipexcJJOHHa.sI 060JJO'-lKa 

6e3 IIOTep11 TO'-IHOCTH MO)KeT 6hITb 06be.D,11He­

Ha B OJJ,HH CJJOH, HO H3Ha'-laJihHO 11 B pacqeTax, 

np11BeJ].eHHhIX B JJ,aHHOH pa6oTe, 11CIIOJih30Ba­

JJaCb '-leTb1pexcJJoi1Ha.si o6oJJ0'-1Ka. IIocTpoeH­

Ha.sI KJiaCTepHa.sI 51qei1:Ka HMeeT OJJ,HH ueHT­

paJJbHhIH CTep)KeHh H TPl1 KOJJhUa TOIIJJHBHhIX 

CTep)KHeH. BHeUJHl1H pa.D.Hyc TOIIJIHBttoro 

KOMIIaKTa paBeH R1 = 0,625 CM. BHelllH515l 30Ha 

KJiacTepHOH 5I'-leHKl1 T0IIJJHBHOro KOMIIaKTa 

COCTOl1T H3 rpaqrnrn 6rroKa (TBC) C IIJJOTHO­

CThlO y = 1,73 r/cM
3 

H ero BHernHHH pa.D,Hyc 

paseH R
2 

= 0,99757 CM. Pacrn11peHHa.sI KJiac-

Teptta.sI 51qeifKa TOIIJJHBHOro KOMTiaKTa 11MeeT 

JJ,Be JJ,OIIOJJHl1TeJJbHble 30Hhl (p11c. 1 ) . 

IlepBa.si JJ.OIIOJJHHTeJJbHa5l 30Ha R
3 

cocTOHT 

113 OJJ.HOpOJJ.HOH CMec11 renH.sI, BhITOpa10mero 

nornoT11Ten.s1 11 JJ.OIIOJJHl1TeJJbHOro rpaqmTa 

TBC, np11xo.D,5llUeroc51 Ha OJJ.11H TOIIJJHBHhIH 

KOMIIaKT, a BTOpa.sI R4 - H3 rpaqrnTa BHernttero 

H BHyrpettHero orp~aTeJJeti. 

TpaHCIIOpTHblli pacqeT TaKOH pacrnHpeH­

HOH KJJacTepHOH .s1qeifKH rrpoBOJJ.MTC.sI c rroMo­

lUhIO nporpaMMhI WIMS-D4 B 43-x 3HepreTH­

qecKHx rpynnax C MaKCl1MaJJbHO BO3MO)KHbIM 

JJ,eJJeHHeM 3HepreTH'-leCKOH llIKaJJhI B OKpecT­

HOCTl1 pe3oHaHca 
240

Pu ( ~ 1 3B). 3m pacrn11-

peHHa5l KJiaCTepHa.sI .sI'-leHKa TOIIJJHBHOro KOM­

naKTa npHMeH5leTc.sI JJ.JJ5I pacqeTa Bhrropamrn 

Tonmrna, HO He JJ.JJ.sI pacqeTa BhrropaHH.sI H30-

TOIIOB Bhrropa10ruero IIOrJJOTl1TeJJ5l, XOT.sl H30-

TOilhl BhITOparoruero norJJOTHTeJJ.sI TO)Ke rop.sIT, 

HO C pe30HaHCHhIMH Ce'-leHH5IMl1, COOTBeTCT­

B)'IOIUHMH 6ecKOHe'-lHOMY pa36aBrremuo. 

... _____ _ 

I 
I 

I 

38 CTCp)KHCII C 

4-cnoiiHOii 06oi10'1KOH 

fpacjmT TonmrnHoro 

KOMnaKTa 

fpacj>JIT 6JlOKa 

r0Morem1an cMecb 

remrn, ob1ropai01uero 
nornOTIITeJUI II 

11onomnrre11bttoro 
rpacj>ma 6110Ka 

~ rpacj>HT oHyrpeHuero 11 
.,. , " · I suewuero OTµIDKaTeneii 

PHc. I. PacwHpeHHaH KJ1acTepHaJ1 Jl'leHKa Tornrns­
Horo KOMnaKTa 



-
1.2. Mooe.rib pac'l.ema 6btzopanu11. 113011101106 

6 blZOpa,o ut, ezo llOlll O Ill UIIU!JlJI. 

Ha 3TOM 3Tarre pacqern CTPOl1TCR Mot1;eJJb 

cynepxqeihrn (p11c. 2) llJlK pacqern BbiropaH11x 

H30TOilOB Bh1Topa10mero rrornonneJJH . .511.feif­

Ka KOMilaKTa C BbirOpaIOIQHM rrorJJOTl1TeJJeM 

pacnoJJaraeTcx B ueHTPe cynepH'IeHKl1 . KoM­

rraKT C BbITOpaIOll{.liM rrornOTHTeJieM (RI = 
0,625 cM) noMemaeTcx B ueHTpe nocnet1;Hett 

xqeii:K11. B t1;aHHOH pa6oTe paccMaTPirnaeTcx 

roMoreHHax MOtl;eJlb KOMITaKTa C BbirOpaI-O­

IUl1M nornOTHTeJieM T.e. BhiropaI-OIU11R no­

fJlOTHTem, 11 rpacjrnT MaTPHUbl KOMITaKTa C 

ITJIOTHOCTbI-0 y = 1,7 r/cM
3 

roMoreHHO nepeMe­

IllaHbl BHyrpH l];aHHOfO KOMilaKTa. IlpH pacqe­

TaX 3TOT KOMilaKT .n,eJJHJJCR Ha 4 ITO.D,30Hbl. 

BHelllIUUI 30Ha R2 Rl.fe.HKl1 KOMnaKTa c BhITO­

paIOlllHM nornOTHTeJieM COCTOHT 113 rpaqmrn 

6JJOKa. 

3aTeM onpet1;eJ1ReTCR 'lfHCJJO Kl.feeK TOIT­

JJHBHOrO KOMilaKTa, Rl.feeK C KaHanOM llnR re­

JIHR H KOJlHt{eCTBO llOITOJlHHTeJibHOro rpaqrnTa 

B TBC, npHXOllHIUHXCR Ha o.n,Hy xqeii:Ky c 

KOMIIaKTOM BblTOparomero ITOrJJOTHTeJIR. Bee 

3TH MaTepHanbI pacrronararoTcR B cnet1;yromei1: 

30He cynepH'IeHKH C BHeIJJHHM pat1;11ycoM R3. 
Bee rnnnHBHhie cTep)KHH c 061,e.n,HHeHHoH 

o60JI0l{l{0H HBHO pacnOJIO)KeHbl B <pOHOBOM 

MaTep11ane 3TOH 30Hhl, COCTOHUJ.eH H3 rOMO­

reHHOH CMeCH reJIHR H rpa<pHTa. Ilocnel];HIDI 

30Ha cynepH'IeHKH C BHelllHHM pat1;HyCOM R4 
COCTOHT 113 rpa<pHTa BHeillHero H BHyrpeHHero 

OTP~aTenei1. 

TpaHcnopTHhIH pac'I.J.eT TaKOH cynep.si:qeif­

KH npOBOllHTCR C IlOMOlllblO nporpaMMbl 

WIMS-D4 B 51-if 3HepreTH'lecKHx rpynnax c 

.21,0ilOJIHHTefilHbIM MaKCHMaJibHO B03M0)1(HblM 

CMeCb rem1~ 11 
rpa<jll1TaTBC 

548 TonnHBHbIX 

CTCplKHCH 

C 061,e1111HeHHOH 

',, rpa4>11T 6 noKa 

' ' ' ' 

.,' ,, 
, 

I , 

\ 
\ 
I 
I 
I 
I 
I 

I 
I 

I 

P1-1c. 2. Cynepsi4ei-1Ka wrn pacyern Bb1ropaHHS1 

H30Tonos Bh1ropa1ow_ero nornonnensi 

l];eJieHHeM 3HepreTH'.JeCKOH IJJKaJibl B OKpecT­

HOCTH pe3oHattca 
167Er ( ~ 0,5 3B). Iloc.TpoeH-· 

HM TaKHM o6pa30M cynepH'IeHKa HCITOJII,3yeT­

CR llnR pactJ.eTa BblTOpaHHR H30TOilOB Bhiro­

paJOmero nornoTHTenx, HO He llnR pacqeTa 

BbirOpaHID! TOilmlBa, XOTH 1130TOITbl TOITJIHBa 

TaIOKe BhiropaI-OT, HO C pe30HaHCHbIMH ceqe­

HIDIMH, COOTBeTCTBYIOillHMH 6eCKOHe'lHOMY 

pro6aBJieHHIO. 

1.3. Mooe.rib pac'l.ema 

zpy,t1106bIX zo.1110ze11.1tblX ce'l.euuii TBC 
6 qJUKCUp06QllllblX mO'I.Kax no 6blZOpa1LUIO 

Ha 3TOM 3Tane pacqeTa CTPOHTCR MO,D.eJib 

TBC llJIR ee pactJ.eTa B OT,D.eJII,HbIX <pHKCHpO­

BaHHblX TO'lKax no BbiropaHHIO. BHa'lane KJia­

CTepHax xqeii:Ka TOilJIHBHoro KOMilaKTa 3aMe­

HKeTCH UHJJHHllPHtJ.ecKoif H'leHKOH TOHJIHBHO­

ro KOMilaKTa C ueHTPaJihHbIM TOIIJIHBHbIM 

cTep)l(ReM c 061>et1;.HIIeHHOH o6ono'Il<OH H Ton­

JIHBHhIM KOJibUOM C 061,el);HHeHHOH o6onotJ.­

KOH, IIpHcoe,uHHeHBOH K BHyrpeBHeif H BHern­

Heif CTOpOHaM TOITJIHBHoro KOJibna. 

PacIIOJIO)KeHHe H TOJIIUHHa TOilJIHBHOro 

KOJibUa BbI6HpaI-OTCR OTJJ,efilHO J],JIK Ka)K,D.OfO 

3Ha'leHHH BbITOpaHHH H3 ycJIOBHR paBeHCTBa 

k.o 3THX JJ.Byx H'leeK. 1130TOilHl,lli COCTaB TOn­

JJHBa B UHJIHHJJ.pH'leCKOH R'I.J.eH:Ke 6epeTCR OJ],H­

HaKOBbIM B ueHTPaJII,HOM TOIIJIHBHOM CTep)l(He 

H TOIIJIHBHOM KOJlb.I.le H paBHblM H30TOilHOMY 

COCTaBy, ycpe.n,HeHHOMY IIO BCeM TOIIJIHBHbIM 

CTep)KHRM KJiaCTepHOH RtJeHKH TOilJIHBHOro 

KOMilaKTa. 

B pac'leTHOH Mo.n,enH TBC BhI6paHHbie 

UHJIHH.n,p11qecKI1e TOITJlHBHbie KOMilaKTbl IlO­

MemaI-OTCR Ha MeCTO KJiaCTepHbIX TOilJlHBHbIX 

KOMIIaKTOB, a caMa TBC 6epeTCR c UHJIHH.n,­

p11qecKoif BHelllHeH rpaHHUeH . .lJ:nR Ka)K,D.Oro 

3Haqemrn BbITOpaHHH pe30HaHCBI,Je ceqeHl1H 

Bcex pe30HaHCHblX H30TOil0B 6epyrcR H3BHe: 

• pe3oHaHCHbie ceqeHHR H30TOilOB, pacno­

JIO)KeHHbIX B TOilJIHBe, 6epyrcR H3 pac'I.J.eTa 

pacurnpeHHOH KJiacTepHOH HtJeHKH TOil­

JIHBHOrO KOMilaKTa, ycpe,D.HeHHbie no BCeM 

TOIIJ111BfillM CTep)KHHM; 

• H30TOilHblli COCTaB H pe30HaHCHbie ceqe­

mrn: H30TonoB Bhrroparomero nornonnenR 

6epyrcR H3 pacqern cynepH'I.J.ettKH, ycpe.n,­

HeHHbie ITO BCeM 30HaM BbITOpa10mero no­

rJIOTHTeAA. 
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TpattcnopTHblli pactJeT TaKOH MO)lem1 
TBC npoBO.llHTC5l no onuHH PU-PERSEUS 
nporpaMM.hI WIMS-D4 c npHMettemreM 51-
rpynrroBoro npH6nIDKeHH5l, H ero pe3yJJhTaThI 
HCilOJJb3YJOTC5l )lJJ5l rrplITOTOBJJeHml Manorpyrr­
IlOBbIX roMoreHHhIX cetJeHHH TBC HJJH ee t.iac­
TeH. Crrea:HanhHbJe pacqeTHbie Hccne)loBaHH5l 
B )laJJbHeHIIJeM 110Ka3aJIB, qTO )lJJ5l KOppeKTHO­
ro qiopMHpoBaHH5l crreKTpa HeHTpoHoB B TBC 
He06XO)lHMO yqeCTh rpaqJHT OTpIDKaTeJJ5l. 

Cne)lyeT TaIOKe OTMeTHTh, qTo rrpOCTpaH­
CTBeHHa51 MO)leJJb, rrpHMeH5leMa51 Ha 3TOM 3Ta-
11e, B )laJJbHemueM 6e3 IlOTepH TO'IHOCTH yn­
pomeHa H rrp116nmKeHa K MO,lleJJH, HCITOJJb3y­
eMOH Ha BTOpOM 3Tane. 

2. Pac'leTHOe HCCJJe.LJ,OBaHHe 

.LJ,ByMepuoii MO.LJ,eJJbHOH Ja.LJ,a~m 

2.1. /JBy.MepuaJl MOOeJlbHaJl 3aoatta 
B KatJeCTBe 061,eKTa HCCJJe)lOBclIDl51 BbI6-

paH .llBYMepHblli ceKTop CHMMeTpHH peaKTopa 
fT-MfP c KOJJbUeBoH aKTHBHOH 30HOH, rrpe.u­
crnBneHHhIH Ha pHC. 3 H COCT05llllHH H3 2-x 
THTIOB reKcarottanhHhIX 6noKOB - TBC H rpa­
qJHTOBhIX 6noKOB OTpa)KaTeJJeH. 

EnoK rrepBoro nma - CTaH,napTHa51 TBC 
fT-MfP c KOMITaKTaMH Bhrropa10mero rrorno­
THTeJJ5l H 6e3 oTBepcTH5l .UJJ51 cTep:>KIUI CY3 
(pHC. 4). bJJOK BTOporo THTia - 3TO rpaqJI1TO­
Bblli 6noK 6e3 OTBepCTH5l )lJJ5l KOHTpOITbHOro 
CTep)KH5l. Pa)lHaJJbHblli 3a30p Me)l(.ny 6noKaMH 
0,25 CM, a TeMTiepaTypa BCex MaTepHaJJOB paB­
Ha 1 200 K. Bee HCCJJe)lOBaHH51 rrpOBO.[(HJJHCb 
.[(JJ5l BapHaHTa aKTHBHOH 30Hbl C rrnyroHHeBblM 
TOIIJJHBOM M 3pforeBhIM BbiropalOlllHM rrorno­
THTeJJeM. 

2.2. 51-zpynno6bte cneKmpbl 11etm1po1106 
OJIR pac11ema zoMozeHHblX ce11e11uii TBC 

CrreKTpbI HeHTpOHOB, C IlOMOlllblO KOTO­
pbIX 51-rpynrrOBbie ceqeHH5l MaTepHanOB B 
Mo,nem1 TBC cBepTbIBaIOTC5l B rpynnoBbie ce-

PHc. 3. nsyMepHblH ceKTop CHMMeTpHH rT-MrP 

(30°) 
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tJeHH5l C MeHbIIlHM q11CJIOM rpynrr, )lOJJ)KHbl 
yqHn,maTh rpaqi11T ( OTpa)l(aTeJJb ), pacnono­
)KeHHhIH BHe aKTHBHOH JOHhI, a TaK)Ke 3Haqe­
HHe k3qi pacctIBTbIBaeMoro o6oeKTa. Kor.ua 
pacct.IHThIBaeTC.ll pa6oTaIOIUHH peaKTop, B006-
me roBOp51, k,qi = 1. ,[(AA. paccMaTpHBaeMOH 
.[(BYMepHOH MO)leJJbHOH 3a)laq11 3TO He TaK. 

IlycTb Re - BHeIIlHHH pa,nHyc .[(OITOJJHH­
TeJJbHOrO rpaqiHTOBoro cno.sr BOKpyr TBC, 
YtJHTbIBaIOmHH rpaqi,n OTpa)l(aTeAA. ,[(AA qJHK­
CHpoBaHHOro 3HaqeHH51 Re nocne pacqeTa pac­
rn11peHHOM MO)leJJH TBC no OIIUHH "Pin-cell" 
nporpaMMhl WIMS IIOJJ)"IHM 51-rpyrmoBble 
ceqemrn Bcex MaTep11anoB. ,[(anee c HCIIOJTh30-
BaHHeM 3THX ceqeHHM no nporpaMMe WIMS 
pernaIOTC.ll cne.nyrom11e TPH 3a,naq11: 
1) 51-rpynnoBoH pact.IeT reTeporeHHOH pac­

IIlHpeHHOH Mo,neITH TBC Ha koo, pe3yrrhTaTOM 
KOToporo 5lBJJ.lleTC5l 51-rpynnoBOH cneKTP ro­
MoreHH3HpOBaHHOH TBC (6e3 BHeurnero rpa­
qmrn) (cneKTP N!! l); 
2) 51-rpynnoBOH pact.IeT 6ecKoHetJHoH roMo­
reHHOH cpe)lbl c 51-rpynnOBhIMH ceq~HHRMH, 

nonyqeHHhIMH B 3a,natie N!! 1, - pact.IeT Ha k~; 
pe3YJlhTaT - 51-rpynrroBOH cneKTP N!! 2; 
3) 51-rpymIOBOH pacqeT roMoreHHOH cpe,n;hl c 
51-rpynrrOBblMH cetJeHH51MH, rronyqeHHbIMH B 
3a,naqe N!! 1, H KpHTH"!eCKHM (k,qi = 1) 6aKJJHH­
roM; pe3ynhTaT - 51-rpynrroBOH cneKTp N!! 3. 

Bee TPH 3a)laq11 .naior pa3Hbie 51-rpynrro­
Bhie crreKTphI roMoreHH3HpoBaHHOH TBC (6e3 
BHellJHero rpaqi11rn). PHC. 5 ... 7 ,neMOHCTpHpy­
lOT 3TH crreKTpbI, HOpMHpOBaHHbJe Ha e,nHHH-
1.:(y (1rn1erpan HeHTpOHHoro crre1<Tpa no 3Hep­
rHH paBeH emrn11ue), C pa3JJH"IHbJM 3HaqeHHeM 

C!) 51LJel1Ka TonmmHoro 
KOMnaKra 

@ .51LJel1Ka Bb1ropmowero 
nornOTIITCJlll 

@ .51LJei1Ka C KaHaJJOM 
11n11 He 

O rpaqnrr 

PHc. 4. CeKTop CHMMeTpHH TBC (90°) 



-
Cne1rrp .N'~ 1 

0.5 

I I 

0,4 ----L-----L-----
1 

I 

I I I 

0.3 -----L--
1 

---L-----L-----
1 I 

I 

0.2 
__ L _____ L ____ _ 
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0,1 

0 -+-r-mTTTrt---r-rnrn-nl--,-,-,TMT,t--r-,-..,.,:;:~~~,.,.,i 

0,001 0.01 0, 1 10 100 

PHc. 5. CneKTp Hei1TpOHOB B roMoreHH3HposaH­

HOH TBC npH paclfeTe 3anaL1H N2 I: • - ~ = Rmc; 
♦ -~= 21,0 CM;+-~= 25,0 CM 

CneJCTpbl 1'foX2 1. 2. 3 
0,2 ------ - -- -- ---------------- --

! I 

0, 16 

0,12 

0 08 

0,04 

I I ___ L _____ L ____ _ 

I 

I 
I I 

L _____ L _____ I 

I 

' 

I 

____ L _____ I 

I 

0 -!----,------,-,--~l-~~~~~,.,.....l-~~~..1-~1..,.,.,.,...,.1 

0,001 0,01 0,1 10 JOO 

PHc. 6. Hei1TpOHHb1e cneKTpb1 B TBC c ~ = Rmc. 
♦ - cneKTp N!! I; + - cnet<Tp N!! 2; • - cneKTp N!! 3 

TOJIIllHHbI ,nonOJIHHTeJibHOro rpaqmTOBOro 
CJIO.sI ( C pa.3HbIM 3HaqeHHeM Re)-

l-h aHaJIH3a JTHX pHCYJIKOB MO)l(HO c,ne­
JiaTh cne.nyK>lllHe BbIBOJlbI: 
• cneICTphI ttdiTpOHOB B 3a,naqe }fa 3 cna6o 

3aBHC.HT OT TOJllllHHbI .llOIIOJIHHTeJibHOro 
rpaq:mTOBoro cnoR BoKpyr TBC; 

• HeHTpOHHbie cneICTpbI B 3a,naqax N2.N"!1. 2 11 
3 6JIH3KM; 

• cneICTp HeifrpoHOB N2 1 CHJibHO OTJIHqaeT­
CR OT crreKTpoB N2N2 2 H 3 11 JTO OTJIHqJ,Ie 
TeM 3HaqHTeJibHeH, qeM 60Jibille TOJIU(HHa 

Cnetnpb1 .N'!!N~ I. 2. 3 
0.5 -----------------------------

1 I I I 

0,4 

0.3 

0.2 

0.1 

0 -l--~......:..,...l-~~..1---~~l--=::::::t~-........I 

0,001 0,01 0,1 10 100 

PHc. 7. Hei1TpOHHbie cnet<Tpbl B TBC c ~ = 
= 25,0 cM: ♦ - cneKTp N!! I; + - cneKTp N2 2; • -
cneKTp N2 3 

.uonOJIHHTeJibHOrO rpaq>HTOBOro CJIOR BOK­
pyr TBC. 

2.3. Y11em zpaq,uma ompa:»eame.n.a 
npu noozomosKe Koncmanm ORR TBC 
B o6ll.(eM cnyqae 3HaqeHHe BHenrnero pa­

JlHyca Re .nononmueilhHoro cno.si: rpaq>HTa BO­
Kpyr TBC 6)'lleT pa.3HbIM .UM KIDK,llOH TBC. 
Bh16op pa.3JIHqm,JX 3HaqeHHH Re .zlJijl KIDK.UOH 
TBC - ,noBOJihHO rpoMO3JlKa.sI H BpM JIB on­
paB.uaHHa.si: rrpou:e,nypa H3-3a rrpHCYTCTBffj{ 
,npyrHx, He MeHee cephe3HbIX pacqeTHbIX rrpH-
6JIH)l(eHHH. B pa.3pa6oTaHHOH MeTO,nHKe rrpe,n­
JiaraeTCR BbI6paTb OJlHO 3HaqeHHe Re JlJijJ Bcex 
TBC aKTHBHOH 3OHhI, KoTopoe ,nacT HeKoTo­
pbIH ycpe,nHeHHblH cneKTP B aKTHBHOH 3OHe. 

Tipe,nnaraeTCR CJie,AyIOlllHH KpHTepHH JlM 
Bb16opa 3HaqeHllil Re- Bb1611pa10TCR ,nBa HaH-
6onee 6JIH3KHX pacqern: 

• rrepBbIH pacqeT - 3TO 51-rpynnoBOH pac­

qeT Ha koo reTeporeHHOH TBC c ,nononHH­
TenbHhIM CJIOeM rpaq>HTa; 

• BTOpOH pacqeT - 3TO 51-rpynrrOBOH pacqeT 
JlByMepHoro ceKTopa CHMMeTpHH fT-MfP, 
cocTO.silllero 113 ,nByx THnOB TBC H npe,n­
cTaBJieHHOro Ha pHc. 3. 51-rpynnoBbie ce­
qeHHR roMoreHH3HpoBaHHOH TBC 6epYTCR 
113 nepeoro pacqeTa. 

51-rpynnoBhie ceqeHHj{ rpacp11Ta B o6oHx pac­
qeTax 6epYTCR OJlHHaKOBbIMH. 

63 



BTopoi-i pacqeT npOBO,llHTC.H C IlOMOIUbIO 

MITf C TpeM.H npo6HhlMH MaTpm.J,aMH Ha Ka)l( ­

.ll}'IO TBC, npH 3TOM □pH pact.JeTe npo6HhIX 

MaTpHU TBC npHMemrnacb ceTKa c 331-H 

npocTpaHCTBeHHOH TO'-IKOH Ha Ka)l(.uyIO TBC. 

O603Ha'lllM kt KaK OTHOU1eH11e peaKI..J;HH 

,neneHHH H nornomeHHH B TBC B 3a,llat.Je NQ i. 
Bb16op 3HaqeHH.H Re npOBO,llHTCH H3 ycnOBHH 

paseHcTBa 3HaqeHHH ko B pacqernx NQNQ 1 H 2. 
Ha pHC. 8 IlOKa3aHO, '-ITO TOJlbKO kt B 3a,llat.Je 

NQ 1 MO)KeT 6hITb paBHO ko .llBYMepHOfO ceK­

TOpa CHMMeTpH.H MO,lleJlbHOH 3a.aa,rn npH on­

pe,neJieHHOM 3Hat.JeHH.H Re, a H.MeHHO, IIpH Re= 
= 22, 1 CM. Yt.JH.TbIBa.H, I.ITO pacqeT N2 2 c lUe­

CTblO IIp06HhIMH. MaTPl-f:I..J;aMH ,llJIH TaKoro 061,­

eKTa MO)KeT yseJIH'-IH.Tb ko ,llO 0,3 %, IlOJlyt.JH.M 

3Hal.feHHe Re = 22,24 CM. 

2.4. llpocmpaHClll6eUHaR OUCKpemUJQl(U.Jl 

)J;JIH H3yt.JeHH.H BJIH.HHIDI npocTpaHCTBeH­

HOH .UHCKpeTH3aUH.H. npoBe,neHbI TPH TH.na 

51-rpynnOBblX pact.JeTOB .llBYMepHOH MO,lleJIH. 

IT-MfP. B pacqeTe nepsoro nma npoBO,llHJI­

c.H ,llH.q>q>Y3HOHHbIH pact.JeT C O,llHOH npocTpaH­

CTBeHHOH TO'-IKOH Ha TBC c roMoreHHhIMH. ce­

qeHJUI.MH. 

B pacqeTax BToporo H TPeTbero TH.Ila pac­

t.JeTbI npOBO,llMJIHCb C IlOMOIUblO MITf B ,llBa 

1.3 

1,28 

1.26 

1.24 

1.22 

1.2 

1.18 

1.16 

1.14 

~ 
-------------------- ---- ---

1 I I I 

I I I I 1 

---- : _· --: ----: ----: -- -- : --- .. 't 
I I I I I / I 
I I I I I • I -- --r----r----r----r- --/ ----, 
I I I I " I I 
I I I t / I t 

____ L ____ L ____ L ____ L ~ - -L---- ' 
I I t / I I 

! I I " I I I 

I I I / I I I 

-·-·;· ... ~::::}::::F::::F::::, 
- - - - ~ - - - - r - / _ "_ ~ - - - - ~ - - - - ~ - - - - : 

" I I I I * I I I I 

- - - - L_ - -.p- .. _ ~ - - - - ~ - - - - ~ - - - - ~ - - - - : 
I " I I I 

~ l I l I l 
--- r l -- --1 ----1 ---- 1 ----, ----1 

/ 1 I I I I l 
.: __ I I t I I I 

-- &=~-.. •-=--=----~----~---4 
: : : : : Re. CM : 

1.12 -t----r--t-.---t--.--+---.-t--.---t--r---t 

19 20 21 22 23 24 25 

PHc. 8. k0 B TBC H .n.syMepttoM ceKTOpe IT-MfP: 
+- 3a.n.a4a N!! I; x - 3a.n.a4a N!! 2; ♦ - 3a.n.a'-rn N!! 3; 
• - ~ByMepHbIH ceKTop CHMMeTpHH IT-MfP 

3Tarra: cttaqana paccqH.ThIBaJIHCb MHororpyn­

noBbie npo6Hble MaTpHI..J;bl ,llJI.H Bcex TH.TIOB 

6JIOKOB, a 3aTeM MCilOJib30BaJIC.H MI1f KaK HO­

,LJ,aJibHbIH MeTO,LJ, perneHH..H .UHq>q>Y3HOHHOro 

ypaBHeHH.H. B pact.JeTe BToporo THna Ka)K,lla.H 

TBC pa3,LJ,emmacb Ha 7 1UecnIyroJlbHHKOB, a B 

pact.JeTe TpeTbero TH.Ila - Ha 331 rneCTHyrOJib­

HHK. Bee pacqeThI rrpHMeH.HJlH 51-rpynrroBbie 

crreKTpbI 11:3 3a.aa'lll N2 1. B rn6n. l npe.ncrnB­

neHbI 3Hat.JeHH.H k34i, a B Ta6rr . 2 - 3Hat.JeHH..H 

Ta 6 Jllfll.3 1 3 k Ha4emrn ' -xh B 51 -rpynnoBbIX pac4eTax ~ByMepHoro ceKTopa IT-MrP 
qHcno T04eK Ha TBC npH Re 
pac4eTe npo6HbIX MaTpHU 21,0 CM 25,0 CM 

I 1,0976 (- 2,5)° 1,0984 (- 2,5). 
7 l , L248(-0, I) 1,1255 (-0,1) 

331 I , 1260 I , 1266 
• TTpoueHrnoe OTKnOHeHHe OT 3Ha4eHH5! B pac4eTe 3-ro TH□a (33 I T04Ka Ha TBC) 

Ta6n uua 2 p eaKUH5! .n.eneHH.JI B TBC 51 B -rovnnoBbIX pac4eTax .n.syMepHoro ceKTopa IT-MfP 

HoMep TBC 1 T04Ka Ha TBC 7 T04eK Ha TBC 331 T04Ka Ha TBC 

------Re 21 ,00 25,00 21 ,00 25,00 21 ,00 25,00 

I 2,58. 2,s1· 0, 12· 0, 12· 1,0436 1,0438 
2 4,10 4,08 0,32 0,32 0,8946 0,8949 
3 - 5,17 - 5, 15 - 0,41 - 0,41 1,2307 1,2302 
4 11,80 11 ,70 0,75 0,75 0,8333 0,8340 
5 - 8,81 - 8,79 - 0,50 - 0,50 1,0097 1,0092 
6 - 6,17 -6, 15 -0,47 -0,46 1,2377 1,2372 
7 11,90 11 ,80 0,74 0,74 0,8550 0,8556 
8 - 2,94 - 2,93 - 0, 1 I - 0, 11 0,9543 0,9541 
9 11 ,80 11 ,80 0,74 0,74 0,8610 0,8616 
10 - 2,60 - 2,60 - 0,10 - 0,10 0,9797 0,9796 

MaKC. OTKnOHeHHe 11 ,90 11 ,80 0,75 0,75 - -. 
TTpoueHTHOe OTKnOHeHHe OT 3Ha4eHH5! B pac4eTe 3-ro THna (33 I T04Ka Ha TBC) 
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cKOpOCTH peaKUJfH .uenemui: ,D;llil Bcex paCCL[H­
TaHHl>IX crryqaeB. 

BH.L{HO, 'ITO pacqeT c 7 ToqKaMH Ha TBC 

npH pacqeTe npo6HbIX MaTpHU .uaeT .UOCTaTO'I­
HyID .um, npoeKTHbIX pacqeTOB TO'ffiOCTb: OT­
KJJOHeHHe OT pacqeTa c 331-H TOl.J:KaMH Ha 

TBC He npeBbirnaeT 0, 1 % B k3<1> H 0,8 % B pe­
aKUHH .ueneHH5I. 

2.5. H3y'lenuH 6l1UHHUH 

11uCJ1a :mepzemu11ecKux zpynn 
,ll;llil H3y"IeHH5I BJIBHHH.51 'IHCJia :mepreTH­

qecKHX rpynn Ha pe3yfilTaTbl IIOJIHOMaCIIITa6-

Hl,IX pacqeTOB rrpOBO.UHJIHCb pacqeTbl .UBYMep­
HOI'O ceKTopa rT-MrP C MaKCHMafilHOH rrpo­
CTpaHCTBeHHOH .UHCKpeTH3aUHeH (331 TO'IKa 
Ha TBC IIpH pacqeTe rrpo6HbIX MaTpH:U) c HC­
IIOfil30BaHHeM 2-x, 13-TH H 51-ro rpyrrnOBOro 
np116nmKeHHH. B Ta6JI. 3 H 4 rrpe.n;cTaBJieHbl 
npo:ueHTHbie OTJJH'IH5I 3HaqeHHH COOTBeTCT­
BeHHO k)<p H CKOpOCTH peaKUHH .ueneHH5I, pac­
CtJ.HTaIIHbIX B 2-x H 13-TH rpynnax, OT 3HaLie­
HHH, paccqHTaHHbIX B 51-rpyrrnOBOM npH-
6JIH)l(eHHH. 

T a 6 JI n n a 3. ITpoueHTHbre OTJTHLJHsr k,<1>, 
paCC'-IHTaHHble B 2-x 11 13-TH rpynnax, OT 

3Ha'-1em1H, paCC'-IITTaHHblX B 51-rpynnoBOM 
6 npH nIDKeHHH 

1facno pac'-leT- Re 
HblX rpynn 21 ,0 CM 25,0 CM 

2 0,07 7,09 
13 - 0,12 0,39 

BH.n;Ho, qTO pacqeT c .UBYM5J 3Heprenr­
qecKHMH rpynnaMH .uaeT 60JiblllHe OTKJJOHe­
HH5I OT 51-rpynnOBbIX pacqernB: .uo 7 % B k)<j> 
11 .uo 17 ,5 % B CKOpOCTH peaKIJ;HH ,n:eneHIDI. B 
TO )Ke BpeM5I pacqeT C 13-IO 3Heprenr11eCKHMH 
rpynrraMH .n,aeT ,ll,OCTaTO'IHYIO .Ullil rrpoeKTHbIX 
pacLieTOB TO'IHOCTb: OTJJH'lli5I OT 51-rpynno­
BbIX pac11eTOB He rrpeBbIIIJaIOT 0,4 % B k)<j> H 

0, 7 % B CKOpOCTH peaKUHH .n:eneHH.sI. 

2.6. Ou,e11Ka mo11uoc,nu 13-zpynno6b1X 
pac11emo6 c 7-10 mol/Ka.Jttu na TBC 

Ha 3Tane KOHD.enTyaJihHoro npoeKTHpo­
BaHHH rT-MrP B Kaqecrne npoeKTHblX no,n:­
xo,n:oB HCTIOJJI,30Ba.JIHCb 13-rpynnoBbie KOHeq­
HO-pa3HOCTHbie paC'IeTbl ITO rrporpaMMe JAR C 
6-IO T011KaMH (.si:qefu<aMH TpeyrofilHOH cpop­
MI,I) Ha TBC mm 6noK orpa)KaTellil. 13-rpyn­
IIOBbie pacqeTbl c 7-IO TO'lKaMH (7 rnecTH­

yrOJJbHHKOB) Ha TBC, BbITIOJIH.si:eMbie c rroMo­
lllbIO MIIT no KOMTIJieKcy SUHAM-W [6], 
OllHCaHbl B rrpe,ll,bI.llYIUHX pa3,uenax H O':leHb 
6JIH3KH K rrpoeKTHbIM pacqeTaM. 

B Ta6JI. 5 rrpe,uCTaBJiefilI rrpoueHTHbie OT­
JJH1IIDI k)<p H CKOpOCTJ,J peaKUHH .n,eJieHHR B 

TBC (oF), pacetrnTaIIHbie B 13-T.H rpyrrnax c 

7-ro TO'IKaMH (rnecTHyronbHHKaMH) ea TBC, 
OT COOTBeTCTBYfOlll.HX 3HaqeH.HH, paccq.HTaH­
HbIX c rrpHMeHeHHeM 51-rpynrroBoro rrpH6JJ.H­
)l{eHH.sI H 331-H T01leK (rueCTHyrOJibHHKOB) Ha 
TBC. BH,n:Ho, qTo 3TH OTJIH1IIDI .Ullil TaKoro 
061,eKTa He apeBblIIIaIOT 0,3 % B k)<j> H 1,5 % B 
cKopocTH peaKUmr ,n:enemui: B TBC. 

Ta 6 JI u n a 4. ITpoueHTHb1e OTJTH'-IHH cKopocTH peaKUHH ,ueneHHH, pacc'-IHTaHHb1e a TBC 
B 2-x H 13-T H6nIDKemu1 [,t rovnnax, OT 3Ha'-!eHHH, paCC'-IHT8HHblX B 51-rovnnOBOM no 

HoMep TBC 2 rpynnbr 13 rpynn 

~ c 
21 ,00 25,00 21 ,00 25,00 

1 3,02 2,80 0,03 -0,03 
2 4,29 4,08 - 0,01 - 0,06 
3 - 6,91 -6,66 -0,22 - 0,18 
4 16,50 15,70 0,62 0,44 
5 - 13,60 - 13,00 - 0,61 - 0,44 
6 -6,62 - 6,28 - 0,01 0,02 
7 17,30 16,50 0,67 0,49 
8 - 4,99 -4,73 - 0,27 - 0,18 
9 17,50 16,70 0,70 0,51 
10 - 4,42 - 4,21 - 0,25 - 0, 15 

MaKc. OTKn. 17,50 16,70 0,70 0,49 
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Ta 6 JJ u u a 5. TTpou,eHTHbie OTJJH'-IH.ff k,q, 
11 cKopocTH peaKU,HH ,D.enemrn B TBC (8F), 
paCC'-IHTaHHble B 13-TH rpynnax C 7-10 
TO'-!KaM 11 Ha TBC, OT cooTBeTcTByt0w,11x 
3Ha'-!eHHH, paCC'-IHTaHHblX C HCnOJlb30Ba­
HH 5 331 T C eM 1-H rovnn 11 -ii TO'-!eK Ha B 

~c 21 ,00 25,00 

8k)(j), % 0,03 -0,03 

HoMep TBC 8F,% 

1 0,18 0, 11 

2 0,34 0,28 

3 -0,67 - 0,61 

4 1,47 l,26 

5 - 1,19 - 1,01 

6 -0,53 -0,47 

7 1,51 1,30 

8 -0,40 - 0,3 l 

9 1,54 1,32 

10 -0,37 -0,27 

MaKc. OTKJl. 1,54 1,32 

3. PacqeT BblropaHHH TOilJJHBa 

Mo.uerrh pacqeTa BbIT0paHHH T0TIITHBa 

ornmcaHa B pa.3,uene 1.1, r.ue 113yqeHo BITHHHHe 

yqern rpaqrnrn oTpa)KaTemI H rrpHcyrcTBHH 

Bhrroparomero nomoTHTemi: Ha BhrropaH11e 

H30TOnos Tonmma. IlpHMeHHITHCh TPH pac­

<IeTHhie Mo,uerr11. KomjmrypaUHH, npe,ucTa­

BneHHaH Ha pHC. 1, HCII0ITh30Banacb B KaqecT­

Be ocHOBHOH Mo,ueITH. B Mo,uen11 NQ 1 gqeiiKa 

orpam-1'-IHBanacb BHemHHM pa,uHycoM R3, rrp11 

3TOM BbITOpaIOmHH nomon1Tellh He }"IHThI­

BaITCH B TpeTheH (oT uenTpa) 30He. Mo,uenh NQ 
2 OTITH'-laeTCH OT M0,uenH NQ 1 .uo6aBneHHeM 

qerneproH 30HhI (BHelllHHH pa,uHyc R4), yq11-

Thma10meii rpacpHT 0Tpa)KaTerrH. Mo.uenh NQ 3 
0Trr11qaeTCH OT MO,Uem1 NQ 2 yqeT0M BbITO­

pa10mero nomoTHTenH B TpeTbeH 30He. 

B Kaqecrne .ueM0HCTpauIDI Ha pHC. 9 H 10 
npe,ucTaBneHbl KpHBbie H3MeHeHHH H,UepHhIX 

IIITOTHOCTeH H3OTOITOB 
240Pu H 

24 1Pu B 3THX 

Tpex pacqeTHhIX MO,UeITHX BhirOpaHHH. BH.UHO, 

'-ITO yqeT KaK rpa<pHTa orpa)KaTenH, TaK H Bhl­

ropa10mero nornoTHTenH cyruecTBeHH0 BITIDl­

eT Ha H3MeHeHHe H,UepHbIX rrnOTHOCTeH 113O-
240p 241 T0ilOB u H Pu B npouecce BbrropaHIDI 

Tonmrna. 
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P11c. 9. MJMetteHH.ff .ff,D.epttoi1 n110THOCTH 240Pu: • -
6e3 yyern Bb1ropat0mero nornoTHTem, 11 rpacp11Ta 

oTpruKaTeJJ.ff; + - 6e3 yYeTa Bb1ropat0mero norno­

THTeJJ.ff H C yl.feTOM rpacpHTa OTpIDKaTeJJ.ff; ♦ - C 
yYeTOM Bblropat0mero nornOTHTeJl.ff H rpacpHTa 
OTpa)f(aTeJl.ff 
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P11c. 10. l13MeHeHH.ff .R.D.epHoi-1 n110THOCTH 241 Pu: 

• - 6e3 yYeTa Bb1ropat0mero nornoTHTeJJ.ff H rpa­
cp11rn OTpruKaTen.ff; + - 6e3 yyern Bbtropat0mero 
nornOTHTeJl.ff H C yYeTOM rpacjrnTa OTpruKaTeJJ.ff; 

♦ - c yl.feToM Bb1ropruow,ero nornoTHTeJJ.ff 11 rpa­
cp11Ta OTpruKaTeJl.ff 

3aKJIJO'leHHe 

Omicam,1 ocHOBHhie HeHTpoHHo-cp11311-

qecKHe Mo,ue1rn, np11MeH.11eMb1e B OIUI3C 
l15lP B Kal.JeCTBe npoeKTHblX MO,lleJieH Ha 3Ta­

rre pacqeTOB TBC fT-MrP, a HMeHHo, ,unH 



pacqeTOB Bbiropamu1 TOllJIBBa H H30TOilOB Bhl­

ropa101.Uero nornoTHTeJUI, .llllil pacqeTa TBC 

rrpH QHIKCHpoBaHHbIX 3HaqeHID!X BhlTOpaHHH. 

Bee MO)leJIH peaJIH30BaHbl C HCIJOJih30BaHHeM 

nporpaMMhI WIMS-D4. 
Ilpe.ll.JIO)KeHa MO}leJihHa.H Ja}laqa }].JUI Hc­

cne.ll.OBamrn pacqen-IhIX rrpH6JIB)KeHHH. Jfay­

tfeHhI cne.n.yiomHe BOilpOCbI: 

• Bh16op 51-rpynnoBoro cneKTpa HeifTpo­

HOB, npHMem1eMoro ,l].JUI IIO}lrOTOBKH Ma­

norpynnOBhIX ceqeHHH TBC 11 ee qacTeif · 

• BJIHHHHe )"-IeTa rpac}nua OTpa)KaTeJIH, qHc­

na 3HepreTH'-leCKHX rpynn H npocrpaHCT­

BeHHOH }lHCKpeTH3aUIDI Ha pacqeT HeHT­

pOHHO-<pH3WleCKHX xapaKTepHCTHK fT­

MfP H BhITOpam1e H30TOilOB TOilJIHBa. 

Cne}lyioI.UHe OCHOBHbie BhIBO}lhI cne.llyioT 

H3 BhffiOJIHeHHOro HCCJie}lOBaHHH: 

• rrpH Bh16ope 51-rpynnoBoro cIJeKTpa Heif­

TpoHOB B TBC, HcnoJih3yeMoro }].JIH no}l­

roTOBKH roMoreHHhIX ce'-leHHH TBC H ee 

qacTeH, He06XO}lHMO yqHTbJBaTb rpacpHT 

BHyrpeHHero H BHeurnero orpa)KaTeneif; 

• rrpH pacqeTax 061,eKTa TaKoro THna, KaK B 

npe}lJIO)KeHHOH MO)leJibHOH 3a)lat.Je ( OTcyr­

CTBHe nornomaJOIUHX CTep)KHeH, 0}].HHaKO­

BM RaqanbHaH KOMIT03HUIDI }].JUI BCex TOil­

JIHBHhIX KOMilaKTOB ), 13-rpynnOBbie pac­

t.JeThl c 6 TO'-IKaMl! Ha TBC, rrpHMeIDleMbie 

B Ka'-leCTBe rrpoeKTHbIX pac'-leTOB, HMeIOT 

}lOCTaTOqHyio }],JUI npaKTHKH TO'-lHOCTh: 

OTJIBq11e OT 51-rpynrroBoro pacqeTa c 

3 31-if ToqKaMH Ha TBC He npeBhrrnaeT 

0,3 % B k)cjJ H 1,5 % B CKOpOCTH peaKUHH 

}leJieffHj[ B TBC; 

• JlByxrpynnOBbie pacqeTbI, HCilOJih30BaH­

HbJe B KaqecTBe npoeKTHhlX Ha paHHeM 

3Tane H3)"-leHHH, HenpHeMJieMbI: OWH6Ka B 

CKOpOCTH peaKUHH }leJieHHH }lOCTHraeT 20 

%; B cnyqae 6onhrueif reTeporeHHOCTH KaK 

BHyrpH TBC (npHcyrcTB11e cTep)KHeH rro­

rnoTHTeJrn, reTeporeHHoe Ja}lam1e BhITO­

pa1omero rrornorn:TeJIH H Jlp.), TaK H BHyr­

pH paccqHThmaeMoro 061>eI<Ta (pa3m,1e 

TBC), 3TH owH6KH Moryr B03pacTH; 

• yqeT KaK rpacj:nna OTpa)KaTeAA, TaK H BhI­

ropaFOI.Uero llOfJIOTHTem:I cymecTBeHHO 

BJIJUleT Ha BhlTOpaHHe TOIIJIIIBHhIX H30TO­

IlOB. 

Pe3YJibTaThl pa60Thl }lOJIO)KeHbI Ha KOH­

cpepeHI.(HH M&C-2003 [7]. 
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Y,LJ;K 621.039 
PacqeTHhlH auaJUl3 34>4>eKTHBHOCTH pa60Tbl 

ycTpoucTBa JIOKaJIHJau:uu pacnJiaBa ,/1.JIH BB3P-1200 

IO.A. 3aonapea, J(. <I>. I{ypuKoa, B.JI. Ko63apb, A.M. BolltteK, H.II. Kuce.riea, 
PHU " KypqaTOBCKHH 1rncnnyr", 123182, MocKBa, rr11. Kypqarnsa, 1, 

B.<l>. Cmpzmcoa, A.C. <l>uflunnoa, E.B. MouceeHKO, 
H.EPA3 PAH, 113191, MocKBa, .6. TyrrhcKM yn., 52 

ITocTymrna B pe,nal<I{HIO 02.11.2009 r. 

Tip1,rne11eHo KpaTKoe om1caHHe pac'-leTHoro Ko.u.a fE<l>ECT-YJIP H npe11crnsneHbJ pe3ynbTaTb1 pac'-leTH0-
ro aHaJJH3a nose.u.eHHR KopeyMa B ycTpoiicTBe JJ0KaJJH3aUHH pacnnaBa (Y JIP) .u.nsi BB3P- I 200 (npoeKT A3C-
2006). PaccMaTpHBalOTCSI <pH3HKO-XHMH'-leCKHe H TennocpH3H'-leCKHe npouecCbl BO BpeMsi cpopMHpoBaHHSI H 
oxn3)t(JleHID! 6accei1:Ha KopeyMa B YJIP B cnyt.Jae npoTeKaHHR TS1)1(eJ1blX aBap1-1i1: Ha A3C-2006 c peaKTopHoH 
ycTaHOBKOH (PY) BB3P- l 200. Onpe11enettbl ocH0BHble napaMeTpbl KopeyMa, BKJIIO'-laSI ero KOMnoHeHTHblH 
cocTaB, CTPYKTYPY, H3MeHettHe BO BpeMeHH TeMneparypb1, nnoTH0CTH, arperaTttoro cocT0RHHSI. OuetteH MH­
HHMaJJbHblH Janae .D.O KpH3HCa TenJJ00T.D.a'-111 Ha Hapy)KHOH CTeHKe YJIP. 

/(;11o'leeb1e cJ1oea: JanpoeKTHasi aBapHS!, ycTpoiicTBO JJ0KaJJl13aUHH pacnnaBa, K0.D. fE<l>ECT-YJIP, K0pH­
YM, )KepTBeHHblH MaTepHaII, <pH3HKO-XHMH'-leCKOe B3aHMO.D.eHCTBHe, TennocpH3H'-leCKl1e npouecCbl, paC'-leTHblH 
aHaJJH3. 

Numerical Investigation of Corium Behaviour in Core Catcher for VVER-1200. Yu.A. Zvonarev, 
D.F. Tsurikov, V.L. Kobzar', A.M. Volchek, N.P. Kiselev, RRC "Kurchatov Institute ", 1, Kurchatov Sq., 
Moscow, 123182, V.F. Striz/wv, A.S. Filippov, E. V. Moiseenko, NSI RAS, 52, B. Tul'skaya St. , Moscow, 
113191. A brief description of the HEFEST-ULR calculating code and results of numerical investigation of 
corium behaviour in a core catcher for WER-1200 (NPP-2006 project) are given. Physical-chemical and 
thermalphysic processes during corium pool formation and cooling in the core catcher are examined in case of 
severe accidents on the NPP-2006 with WER-1200. The main corium parameters including its composition, 
structure, temperature evolution, density, and aggregative state are defined. A minimal margin for critical heat 
flux on the external surface of the core catcher is estimated. 

Key Words: Beyond Design Basis Accident, Core Catcher Code HEFEST-ULR, Corium, Sacrificial Ma­
terial, Physicochemical Interaction, Thermal Physic Processes, Analytical Calculation. 

Bee.r.enue 

B rrpoeKTe A3C-2006 B KaqecTBe o,nHoro 

113 TeXHHqecKHX cpe,llCTB, crreu11aJibH0 rrpe,ny­

CM0TpeHHbIX ,llllil yrrpaBJJeHIDl 3arrpoeKTHbIMH 

aBapH51MH (3ITA) H o6pa3YJOillHX qeTBepTbIH 

ypoBeHb rny6oKO 3IlleJIOHHpOBaHHOH 3am11Tbl, 

CJly')KHT y JIP. Otto rrpe,ZI,Ha3Ha'!eH0 ,llml 

}'MeHbIIIeHIDl ,no 6e3orracHoro ypoBH51 pa,llHa­

UH0HHhIX nocrre,ncTBHH T51)KeJibIX aBap11ii, B 

K0T0pbIX rrpH ,llJJHTeJibH0M ocyrneHHH aKTHB­

HOH 30Hhl rrpH HH3K0M )laBJJeHHH B J K0HType 

npo11cxo,llHT ee pa3pyrneHHe c nocrre.nyIOmHM 

rrpon11aBneHHeM Kopnyca peaKTopa. IToBhIIIIe­

H.H.e 6e3onaCHOCTH ,ll0CTHraeTC.sI 3a C'IeT npe­

,ll0TBpameHH51 BbIX0,lla )KH,llKHX H TBep)J.bIX pa­

,llH0aKTHBHhIX MaTepHarroB 3a npe,nerrhr YJIP, 
'-leM o6ecrreq_HBaeTC51 HCKJIIO'!eHHe II0Bpe)K,lle­

HH51 CHCTeMbI repMeTH'IH0ro orpa)K,lleHH51 30-

HbI 110KarrH3amrn aBapHii. 
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UellilMH ynpaBneHH51 3ITA Ha nane Bhrxo­

)J,a pacrrJiaBa aKTHBHOH 30HbI 3a npe,lleJJhl K0p­

nyca peaKT0pa B IlOMemeHH_51 3all.lHTHOH 060-

JI0~H .SIBJI5IIOTC51 Jl0Ka.JIB3aUIDI TBep,llbIX H pac­

nJiaBJieHHhIX MaTepHaJJ0B aKTHBHOH 30HbI, 

BHYTPHK0prrycHbIX ycTpOliCTB H K0pnyca pe­

aKT0pa B npe,nerrax rro,llpeaKT0pHoro noMeme­

HH51 6eTOHHOH rnaXTbl H CHH)KeHHe ,ll0 npHeM­

JJeMoro yp0BH51 B03,lleHCTBIDl BhIIIIe,llmero H3 

Koprryca pacnnaBa Ha K0HCTpYKUHH 3all.lHTHOH 

060JI0qJ(H. 

OcHOBRblMH q>yttl<I{H51MH, BbIIl0ITHeHHe 

KOT0pbIX 06ecneq11BaeT pa6oTOCilOC06HOCTb 

Y JIP, CJI)')KaT cne,nyiomHe: 

- npHeM H pa3MemeHHe B CB0eM BHyrpeHHeM 

o6'beMe )KH,llKHX H TBep,llblX K0MTI0HeHT0B K0-

PH}'Ma, cpparMeHTOB aKTHBHOH 30HhI H K0HCT­

PYKUH0HHhIX MaTepHarr0B peaKTOpa; 



- ycTOHtfHBa.H nepeJJ,aqa Tenna OT KOPHYMa K 

oXJHDl<)laIOIUeH BOJJ,e H rapaHTHpOBaHHOe ox­

JIIDK.D.eHHe pacnnaBa KopHyMa· 

- npe.D.ornpawem1e BbIXOJJ.a KopH}'Ma 3a yc­

TaHOBneHHbie rpaHHUbl 30Hb1 JIOKa.JIH3auHH; 

- 06ecne1:1eHHe IlOJJ.KPHTH'iHOCTH KOpH}'Ma B 

6eTOHHOH rnaxTe; 

- MHHHMH3aumr BbIBOCa paJJ,HOaKTHBHblX Be­

wecTB B npocTpaHCTBO repMeTwrno:ii o6onoq­

KH; 

- MHHHMH3a.QHR. BblXOJJ,a BOJJ.OpOJJ,a. 

IlpH pa3pa6oTKe Y J1P JJ.m A3C-2006 pea­

JIH30BaH 3BOJIIOUHOHHbIH IlOJJ,XOJJ. C onopoii Ha 

y')Ke HMeIOIUHeC.H pa3pa60TKH C rrpHMeHeHHeM 

pattee anpo6HpOBaHHbIX HayqHo-TeXHH1:leCKHX 

perneHHH npoeKTOB YJIP JJ.JI.H A3C "T.HHb­

BaHb" H "KyJJ,aHKynaM", B qaCTHOCTH: 

- BbJ6op B Kaqecrne 6a30BOro KOHCTpYKTOP­

CKOrO pemeHIDI cyxoro BOJJ.OOX.Jla>KJJ,aeMoro 

THrml B IlOJJ.peaKTopHOM npOCTpaHCTBe; 

- HCIIOJlb30Bamrn ">KepTBeHHbIX" MaTepHaJIOB 

()KM) H3 CMeCH OKCHJJ,OB )KeJie3a H aJIIOMHHH.H 

()KM rrpeJJ.HaJHa'ieH .umI CHH)KeHH.H 3HTaJib­

IlHH IIJIOTHOCTH TeMnepaTyp JIHKBH.Uyca H co­

JIH.Uyca pacnnaBa KOpH}'Ma, nocTynHBillero B 

YJIP, 11 nocne B3aHMOJJ.eHCTBllil c KOpH}'MOM 

06pa3yeT MHOroKOMIIOHeHTHyIO CMeCb C HO­

BbIMH QJH3H'ieCKHMH CBOHCTBaMH); 

- npHMeHeHHe .llByxcnOHHOro KOpnyca y JIP 
.umr npeJJ.ornpameHmr ero pa3pyrneHH.H no.[{ 

.ueiiCTBHeM TepMH'ieCKHX Hanp.H)l(eHHH; 

- HCil0Jlb30BaHHe OKCH.Ua ra.uonHHH.H B COCTa­

Be )KM .un.H 06ecne1:1eHH.H no.uKpHTH1:IHOCTH 

pacnnaBa. 

YKaJaHHble o6CTO.HTeJibCTBa npe.uocTaBH­

JIH B03M0)KH0CTb npHMeH.HTb pe3yJibTaTbI pa­

Hee npoBe.ueHHoro pac1:1eTH0-3KcnepHMeH­

TaJibHoro o6ocHOBaHH.H TeXHH1:leCKHX perne­

HHH no npoeKTaM YJIP .un.H A3C "T.HHbBaHb" 

B KHrne H "Ky.uaHKynaM" B YIH.UHH JJ,n.sr npe.u­

Bap11TeJibHoro o6ocHoBaHH.H pa60Tocnoco6-

HocTH YJIP .llJJ.H A3C-2006. L(pyrHM Ba)KlibIM 

o6cTO.HTeJlbcTBOM npH pa3pa6oTKe Y JlP .un.H 

A3C-2006 .HBJl.8.JJOCb ycJIOBHe MaKCHMaJibHOH 

CTeneHH y1rnq>H1<au1111 o6opy.uoBamrn Y JIP 

.llJI.H HososopoHe)l(CKOH A3C-2 H J1eHHHrpaJJ,­

cKoi1 A3C-2. KoHCTPYKUH.H yttHcpHUHpoBaH-

Horo YJ1P .UJI.H A3C-2006 cxeMaTH'ieCKH 

npe,ucTaBJieHa Ha pHc. 1. 
BMeCTe C TeM }'HH(pHKaUM npoeKTa, a 

TaK)Ke H3MeHeHirn B npoeKTe YJIP, CB.H3aHHbie 

c H3MeHemi:eM aKTHBHOH 30HbJ PY A3C-2006 

H HCilOJlb3OBaI-rneM .UOilOJIHHTeJibHbIX naCCHB­

HbIX CHCTeM 6e3onacHOCTH, npHBeJIH K Heo6-

X0JJ.HMOCTH peBH3HH paHee pa3pa6oTaHHbIX 

.UJI.H A3C "T.H:HbBaHb" H "Ky.uaHKynaM" HC­

X0.llHbIX .uaHHhIX no napaMe-rpaM pacnnasa, . 

nocTyna10mero B Y JIP. B nepsyio 01:1epe.D.b 

3T0 OTHOCHTC.H K He06XO.UHMOCTH yqeTa H3Me­

HeHH.H 3HeprOBbI,UeneHH.H., ysenw:reHH.8. MaCCbl 

H TeMnepaTypbI pacrrnasa, H3MeHeHH.H JJ.HHa­

MHKH ero IlOCTynneHH.H B YJIP . .lI,n.sr yqera Ha-

3BaHHbIX o6CTO.HTeJibCTB npHMeH.HJIC.H yHHcpH­

UHpOBaHHbIH nepe1:1eHb liCXO,llHbIX .UaHHbIX, 

pa3pa60TaHHbIH Ha 0CH0Be aHaJIH3a npoTeKa­

Hllil T.H)KeJibIX aBapHH Ha HBA3C-2 H JIA3C-

2. 
IlpH pac1:1eTHOM attan113e pa6oTOcnoco6-

H0CTH YJIP -rpe6yeTC.H o60CHOBaTb BblilOJIHe­

HHe HM CBOHX nepe'llfCJieHHbIX Bblllle cpym<-

1.(HH H B nepsyro oqepe.ub rrpHeM B CBOeM 

BHYTpeHHeM 06'beMe )l(HJJ.KHX H TBepJJ.bIX KOM­

Il0HeHTOB KOpliyMa H H.X rapaHTHpOBaHHOe 

0XJla)K,Uemrn. B TO )Ke BpeM.H HeJib3.H He OTMe­

THTb, 1:ITO HCilOJlb3OBaHHM paHee MeTOJJ.HKa 

oueHKH TennoBoro pe)l(HMa Y JIP, ocHOBaHHM 

Ha TOY:e1:IHOM OIIH:CaHHH rrpOCTpaHCTBeHHO 

pacrrpe,neJJeHHbIX napaMeTpOB, M0)l(eT TOJThKO 

oqem, rpy6o yqeCTb 3cpcpeKTbl HeO.llHOPO.UHO­

CTH pacrrpe.ueneHH.H: MaCCbI, TeMnepaTypbl H 

T.Il., KOTOpbie HMeIOT nepBOCTerreHHYIO Ba)l(­

HOCTb )].Jl.8. rronyqeHH.H KOJIH1:lecTBeHHbIX pe-

3YJibTaT0B. 3To oco6eHHO cywecTBeHHO npH 

aHanH3e co6hITHH Ha cTa,uHH JanonHeHH.H: YJIP 

pacrrnaBOM, ero BTOpH1:1Horo pa3orpeBa, pac­

cJJoemrn 11 B3aHMO)].eHCTBH.H: c )KM_ 

B CB.H3H C 3THM .um aHaJIH3a IlOBe.ueHH.H 

KopH}'Ma B YJIP .umr A3C-2006 pa3pa6oTaH 

cneuI-rn.Jrn3Hp0BaHHbm: KO)]. fE<l>ECT-Y JIP B 

2-MepHOH oceCHMMeTpWIBOH Il0CTaHOBKe co 

"cKB03HO.i1" MeTO.UHKOH pac1:1ern, 6aJHPYIO­

wei1c.H Ha TI0JIH0M Ha6ope MaTeMaTH1:leCKHX 

MO,I.J.eJJeH scex OCHOBHbIX cpH3HlfeCKHX npo­

ueccoB B Y JIP. Ko.u C03,UaH IlYTeM MO.UHcpHKa­

l.(HH H pa3BHTIDI M0.UYJJ.H rE<l> ECT [ 1] T.H)Ke­

JJOaBapHHHOro Ko.ua COKP AT, npe.UHaJHa­

qeHHoro JJ.m 0lliiCaHH.H noseJJ,eHH.H: pacnnasa 

Ha JJ,HHIUe peaKTopa ITYTeM BKJII-O'ieHHJI B Hero 
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PHc. I. KoHcTpy~1u1 YJIP: I - Kopnyc; 2 - nm1rn HIDKHllll; 3 - cpepMa-KoHconb; 4 - TexHonornqecKHH KO­
p11,nop; 5 - KOpnyc YJIP C onopaMH; 6- 6eTOHHlUI waxrn; 7 - HanoJTHHTeJTb (6JTOK l); 8 - HanoJTHHTeJlb 
(6110K 2); 9 - HanoJTHHTeJTb (6JIOK 3); 10 - HanoJTHHTeJTb (6110K 4); 11 - HanoJTHHTeJTb (6110K 5); 12 -TenJIOBall 
3aw.11Ta cpnattu.a KOpnyca; 13 - nnoma,nKa o6cJiy)l<HBaHHll; 14 - BeHTHJTHU.HOHHblH KOpH,nop 

pH,na ,llOilOJIHHTeJibHhIX MaTeMaTHqecKHX MO­

.uenei-i cpH3HKO-XHMH'IeCKOrO B3aHMO,lleHCTBHj{ 

KOMIIOHeHTOB pacruiaBa H )KM, ra3OBbl,lleJie­

HHH, rpaHH1-IHOro OXJia)I(,neHHH H .up. 

2. KpaTKOe onucaHHe OCHOBHLIX MO)leJieu 

KO)la rE<l>ECT-YJIP 

IIo.upo6Hoe onHcaHHe Mo.ue11ei-i nose.ue­

HHj{ pacrrnaBa, peaJJH3OBaHHhIX B MO,llyJie rE­
<I> ECT, np1rne.ueHo B [l]. HIDKe J:{aeTCH on11ca­

HHe TOJlhKO .llOIIO.JIHHTeJibHO pa3pa6oTaHHhrx 

.un,11 fE<I>ECT-YJIP MaTeMaT11qecKHX Mo.ue­

nei1:, CBH3aHlil,IX C cpH3HKO-XHMWieCKHM B3aH-' 

MO,lleikTBHeM KOMITOHeHTOB KOpH)'Ma H )KM_ 
BHYTPeHHHH o6beM Kopnyca Y JIP 3anon­

HeH )KM Ha OCHOBe OKCH,llOB )I(eJie3a H amo­

MHHIDI, KOTOpbIH npe,llHa3Ha':l:eH ,ll]Ij{ J:{OOKHC­

JJeHIUi KopH)'Ma, era pa36asneHHH B l..(eJlj{X 

yMeHbllleHHH IlJlOTHOCTH o6beMHOro 3Hepro-
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BbI,lleJieHHH H yseJlH':l:eHIDI nosepXHOCTH Ten­

Jl006MeHa pacnnasa c KopnycoM Y JIP, oxJia)I(­

.uaeMbIM CHapy)I(H BO,llOH. <l>H3HKO-XHMHqec­

KOe B3aHMO,lleHCTBHe KOMIIOHeHTOB pacnmrna 

c )KM Ha1J1rnaeTc5I npH orrpe.ue11eHHoi-i TeMIIe­

paType B ycJIOBIUIX KOHTaKTa .llByx MaTepHa­

JlOB H BKmoqaeT B ce6H: pa3orpes, IlJlas11eHHe, 

paCTBopeHHe, pa3JIO)I(eHHe, XHMH'JeCKHe peaK-

1..(HH KOMIIOHeHTOB )KM Fl. pacrrnaBa. 

XHMFl.lJeCKHe peaKu;HH s YJIP MOryr 6hITb 

no.ueneHbI Ha ,llBe rpyrrm1: rrpoHCXO,llHIUHe He­

rrocpe,llCTBeHHO Ha cppoHTe rrnaBneHHj{ H npo­

HCXO.UHnrne B o6beMe pacrrnasa npH cMernHBa­

mrn npO.llYKTOB peaKu;HH H He npopearnpoBaB­

wero )KM c Maccoi-i KOpHyMa. B pa3pa6ornH­

HOH MO,lleilli 3TH peaKl..(HH paccMarpHBaIOTC5I 

TIO OT,lleJlbHOCTH, npH '.HOM rrepBaH rpyrrna pe­

aKUHH OKa3bIBaeT BJIIDIBH.e Ha COCTOHHHe Ma­

noro o6beMa Ha cppoHTe nnasneHHH, a BTopa5I 

- Ha Beeb 6acceifa pacnnasa. 



IlpH pa:3pa6oTKe Mo,uem1 c.uenaHI,I cne.uy­

roruHe rrpe,uIIono)l(emrn: 

- TeTIJIOBOH IIOTOK, IIO.UBO)lHMhIH K rroBepx­

HOCTH )KM, onpe.uemieTC.SI KaK TeIIJIOM, BbI,lle­

,WllOlllHMC.SI B peaKIUIOHHOM CJIOe BO <ppOHTe 

nnrurneHH.SI, TaK H Terrnoo6MeHoM npH CB0-

60.n;aou KOHBeKUHH. IlapaMeTpaMH, 3a]laIOIUH­

MH BeJIH-riHHY IlOTOKa, CJI~aT pa:3HHUa TeMne­

paTyp B peaKUHOHHOM CJIOe H xapaKTepHM 

TeMnepaTypa IlOBepXHOCTH; 

- TerIJIOBOH IIOTOK OTBO]lHTC.SI OT peaKUHOH­

aoro CJIO.SI BO <ppOHTe IlJiaBJieHIDI K o6oeMy 

pacIIJlaBa B npouecce CB060]lHO-KOHBeKTHB­

HOrO Terrnoo6MeHa. HHTeHCHBHOCTb IlOCJie]l­

Hero orrpe.L(eJI.SieTc.SI pa:3HOCThIO TeMIIepaTyp 

peaKUHOHHoro cno.SI H o6oeMa pacnnaBa, a 

TaK)l(e opHeHTal.{HeH IlOBepXHOCTH )KM; 
- Maccoo6MeH peaKUHOHHoro CJIO.SI BO <ppOH­

Te nnaBJieHHR C )KM H pacmrnBOM COCTOHT B 

IIpHTOKe OKCH.UOB )l(eJie3a H HeOKHCJieHHOro 

Fe H3 6noKa )KM B peaKUHOHHhIH cnoif, B no­

cTyIrneHHH B Hero Zr H KOMIIOHeHTOB CTaJIH 

(Cr, Ni, Fe) H3 pacnnaBa KOPHYMa. lb peaK­

UHHOHHoro cno.SI B pacIIJiaB KOPHYMa nocTy­

naIOT npO.zryKThl XHMH'IeCKOH peaKmm H He­

npopearnpoBaBllllle KOMIIOHeHTbl )KM ( OKCH.L( 

aJilOMHHH.SI, H36hITOK )l(epTBeHHOH CTaJIH HJIH 

OKCH]la )l(eJie3a). B cnyqae CTpaTH<pHUHpOBaH­

HOro pacrrnaBa OHH pacnpe]lemnoTc.SI B cooT­

BeTCTByIOIUHe CJ10H. 

Bo <ppOHTe TIJiaBJieHH.SI )KM MOryT npH­

CyTCTBOBaTb CJie]lyIOlllHe XHMJ,JtleCKH aKTHB­

Hbie BemecTBa: B TBep.llOH <pa:3e - Fe, Fe2O 3, 

H2O (B COCTaBe 6eTOHa )KM), B paCIIJiaBe -

Zr, Fe, Cr, Ni. 3TH BemecTBa BCTynaIOT B pe­

aKUmo C pa:3HOH HHTeHCHBHOCThIO, B 11aCTHO­

CTH, rrpH o.nttoBpeMeHHOH peaKUHH Zr H Fe c 

KHCJ10pO.llOM BKJia.U )l(eJ1e3a B XHMH11eCKOe Te­

IlJIOBbI]leJieHHe COCTaBJIReT OKOJIO 4 %, T.e. 

IlpH HaJIWIHH UHPKOHIUI BKJia]l )l(eJ1e3a OKa:3bl­

BaeTC.SI npeHe6pe)l(HMO Man. B CB.Sl3H C 3THM 

peaKUHH BO cppOHTe nrrasrreHHR MO)l(HO pa:3]le­

JIHTb Ha 11eTbipe rpynnhl B COOTBeTCTBHH C Te­

IlJIOTOH H CKOpOCTbJO HX npoTeKaIDIB. 

B nepByIO rpynrry BXOJl.SIT HaH6onee 6h1-

CTpo rrpoTeKaIOIUHe peaKI.{HH OKHCJleHH.SI UHp­
KOHH.11: 

Zr + 2 H2O = ZrO2 + 2 H2 + Q, ( 1) 
r}le Q - Terrno, BhI.llemnomeec.11 B xo]le peaK­
uirn; 

Fe2O3 + 1,5 Zr = 2 Fe+ 1,5 ZrO2 + Q. (2) 

3TH peaKUHH rypoHCXO,n.llT B rrepByIO O"le­

pe,nh H .L(JlflCH .llO HC"lepnaI-mH peareHTOB B 30-

He peaKUHH. Ilocrre 3aseprneHHR 3THX peaK­

UHH npH HaJIH11HH peareHTOB apOXO.U.SIT aHaJTO­

fH11Hhie peaKUHH oKHcneHIUI Cr H Ni, sxo.n.SI­

lllHX B COCTaB Hep)l(aBeIOmdi CTaJIH, COCTaB­

JIRJOW:He BTOpyIO rpyrrny: 

Cr+ 1,5 H2O = 0,5 Cr2O3 + 1,5 H2 + Q; (3) 
Ni+H2O=NiO+H2+Q; (4) 

Fe2O3 + 2 Cr= 2 Fe+ Cr2O3 + Q; (5) 
Fe2O3 +Ni= 2 FeO + NiO + Q. (6) 

EcJIH no 3aBeprneHHH peaKI.{HH BTOpOH 

rpynnhI OCTaeTCH Fe2O3, OH 6y]leT pa:3naraTb­

C.II no.u ]leHCTBHeM TeMnepaTypbl, 3Ta peaKUHR 

npe.llCTaBJIReT co6oi-i TpeThIO rpynrry: 

Fe2O3 = 2 FeO + 0,5 02 - Q. (7) 
BhI]lemlBD.IHHC.11 B pe3yJihTaTe 3TOH peaK­

UHH KHCJIOpO.ll H OCTaBIIIa.SIC.11 OT IIpe)lhI.llYIUHX 

peaKUHH BO)la OKHCmflOT )l(eJie3o, CO]lep)l(a­

meec.11 B pacnnaBe H )KM. 3TH peaKIUIH co­

CTaBJIRIOT qeTBepTyIO rpynny: 

Fe+ 0,5 0 2 = FeO + Q; 
Fe+ H 2O = FeO + H 2 + Q. 

Ilocne 3aBeprneHHH peaKUHH Ha 

(8) 
(9) 

<ppOHTe 

nnasneHH.11 H rrepe.L( cMeIJJHBaHHeM npOJly:KTOB 

peaKUHH C BaHHOH pacIIJiaBa MO]leJIHpyIOTC.11 

aHanorn:11Hh1e peaKUHH, npoXO.llfilllHe B o6oe­

Me. 3.uech MOryT npoXO)lHTh peaKUHH (1), (3), 
( 4 ), (8), (9), a TaIOKe peaKUHR 3aMerueamr )l(e­

ne3a UHpKOHHeM B FeO 

2 FeO +Zr= 2 Fe+ ZrO2 + Q (10) 
H peaKUHH OKHCJTeHHR MeTaJTJIOB KHCJIOPO.llOM: 

Zr + 0 2 = ZrO2 + Q; ( 11) 
4 Cr+ 3 02 = 2 Cr2O3 + Q; (12) 

2 Ni+ 02 = 2 NiO + Q; (13) 
Fe+ 0 2 = 2 FeO + Q. (14) 

B roMoreHHOM pacnrraBe MOryT npoxo­

JlHTh BCe 3TH peaKUHH npH HaJTH11HH pearHpy­

lOIIlHX BeIUeCTB. B cnyqae CTpanlq>Hl-lHpOBaH­

HOfO paCIIJiaBa B03MO)l(Hble peaKUHJI 3aBHC.SIT 

OT B3aHMHOro paCIIOJIO)l(eHH.11 CJIOeB H o6nac­

TM, B KOTOpOH npoHCXO]lHJIO pa3pyrneHHe 

)KM, TaK KaK OKCH]lHblli CJIOH rrpaKTH"leCKH 

He coaep)l(HT XHMJPieCKH aKTHBHhIX BemeCTB, 

B cnyqae crpaTH<pm:u-1posaHHoro pacrrnaBa pe­

aKUHH npOXO.L(.SIT B OCHOBHOM s o6oeMe Me­

Tanm1qecKOfO CJIO.SI. 

Ko.u r E<l> ECT-Y JIP co.uep)l(HT TaK)l(e MO­

]leJIH reaepaUMH HeKOH,lleHCHpyeMbIX Ta:308: 

KHCJIOPO.lla - B pe3yJ1hTaTe BOCCTaHOBJieHHR 

reMaTHTa l1 BO)lOpO)la - B pe3yJibTaTe ]lerH]l-
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parnu1n1 co.uep)KalllHXCH B 6eToHe coemrne­

HHH KaJihUHH H nocneJzyIOUlero OKHCJieHHH 

MeTaJIJIHqeCKHX KOMTTOHeHTOB KOpH)'Ma Bhl,lle­

JIHBlllHMCH BO.UHHhIM napoM. IIonHoe OIIHCa­

HHe Mo.n;enew Ko.n;a fE<l> ECT-Y JIP H3JIO)Ketto 

B [2]. 

3. BepmpHK3QHH MO,Ue.Jleii KO,Ua 

rE<I>ECT-Y JIP 

,[(nH BepHcpHKal.{HH MO.n;enew Ko.n;a fE­

<l>ECT-Y JIP npHMeHHJIHCh aHaJIHTHqecKHe 

TeCThI, Kpocc-BepHQ)HKal.{HJI C nOMOlllhlO KO­

.llOB ynyqllleHHOH oueHKH H Henocpe.n;crneHHO 

3KCnepHMeHTaJihHble .llaHHbie, qTo II03BOJ1HJ10 

sepHQ)HUHpOBaTh MO,D;eJJH, OIIHCbIBalOIJ.lHe BCe 

HaH6onee Ba)KHbie TennocpH3WiecKHe H cpH3H­

KO-XHMHqecKHe rrpoueCChI, npoTeKaromHe B 

npouecce J10KaJIH3al.{HH H OXJla)K,D;eHHH KOpH­

)'Ma B y JIP. IIepeqem, BepHQ)HUHpyeMbIX MO­

.n;enew H HCIIOJ11,30BaHHhlli BepHQ)HKaUHOHHhlH 

6a3HC npIIBe,D;eHhl B Ta6nHue, a pe3yJihTaThI 

BepHcpHI<aUHH Ko.n;a fE<l>ECT-YJIP- B [2]. 

4. U:cxo,UHble .U3HHble 

JJ;JIH npose,ueHHH pactJeTOB 

II pH aHaJIH3e npoTeKalOlllHX B Y JIP npo­

uecCOB Mo.n;enHpyeTcH qacTh KOHCTPYKUHH 

Y JIP, BKnroqaromaH B ce6H Koprryc Y JIP H see 

IIHTb 6noKOB HaIIOJ1HHTem1. PacqeT ocymecTB­

mi:eTCH Ha ceTKe KOHeqm,ix ·3JieMeHTOB, COCT0-

.!11.UeH H3 11 600 3J1eMeHTOB H 11 798 Y3J10BbIX 

ToqeK. CeTKa IIOKpbrnaeT rrpocrpaHCTBeHHyIO 

o6naCTh, orpaHHqemryro BHeillHeH noBepxHo­

CThIO KOprryca YJIP. 
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TecT: aHan11T114eCKOe erneH11e 3a_na411 CTe aHa 
TecT: 3a_na4a o pa.n11au11OHHOM Tennoo6MeHe .nsyx 
BJIO)f(eHHbIX U11Jll1H.Q OB 
TecT: HeCTaU11OHapHaSI TeMneparypa CTep)KIUI C rpa­
Hl14HbIM CJIOBl1eM 3-ro o.na 

Kpocc- sep11cp11Kau11si: 411CJieHHbIH CFD-pac4eT 3a­
.na411 r11.n o.n11HaM11K11 
3Kcnep11MeHTbI nporpaMMbI PACITJIAB c cone­
BbIM11 acnnasaM11 - 11Ml1TaTO aMl1 KO 11 Ma 3 
KpynHOMacwTa6Hbie 11HTerpanbHbie 3KCnep11MeHTbl 
n or aMMbI PACITJIAB ce 1111 A W-200 4 

DJIOKH HaIIOJJHHTellil y J1P MO,UenHpyIOTCH 

KaK KOHCTPYKUHH, COCTOHUlHe H3 HeCKOJlbKHX 

MaTepHaJIOB, TaKHX KaK CTaJih, )KM, 6eTOH. 

BHyTpH o6nacTH, 3aHHMaeMOH 3arpY3KOH, 

HMelOTCH B03.UyrnHhie nycTOThl. PacnoJJO)Ke­

HHe 3neMeHTOB KOHCTPYKUIDI B pacqeTHOH 

MO,D;eJIH MaKCHMaJihHO COOTBeTCTByeT peanb­

HOH KOHcpHrypaUHH 3arpY3KH YJIP. 11MeIOIUH­

ecH OTKJJOHeHml pacqeTHOH KOHcjrnrypau1111 OT 

peaJihHOH CBH3aHbl rnaBHhIM o6pa30M C .llByx­

MepHOCThIO ( oceCHMMerpHqHOCThIO) pacqeT­

HOH MO,n;enH H HeB03MO)KHOCTbIO orpa3HTb B 

nonHOH Mepe pacnono:>KeHHe rrnacTHH )KM B 

6noKax HanoJIHHTellil, .n;nH qero B o6meM cny­

qae Heo6xo,n;HMO rpeXMepHoe rrpe.n;cTasnemre. 

Pacnpe.n;eneHHe )KM B pacqernoii Mo.n;eJIH 

3a,n;aHo B COOTBeTCTBHH co cpe,n;HHMH aKCH­

aJihHhIM H. pa,n;HaJibHbJM pacrrpe.n;eneHJrnMH 

MaCChl BO BHyTpeHHeM 061,eMe Kopnyca. IIpH 

3TOM MaTepHanhr pacrronaraJJHcb Ha pacqeT­

HOH CeTKe TaKHM o6pa30M, qTo6bI nnoma.n.h 

IlOBepXHOCTH pa3,n;ena Me)K,n;y HtieHKaMH, 3a­

IIOJIHeHHbIMH. )KM, H. rrycTOTaMH B 3arpY3Ke 

6hrna 6nH3Ka K peaJibHOH. 

B HCXO,D;HhIX .n;aHHhIX 3a,n;aroTCH napaMeT­

pbl KOpH)'Ma, IIOCTynaromero B y J1P B xo.n;e 

TH)KeJJOH aBapHH. KOHKpeTHbie 3HaqeHHH 3THX 

napaMeTpOB 3aBHCHT OT oco6eHHOCTeH cueHa­

pHH TH)Kenow asapHH. IIpH 3TOM HMeIOT 3Ha­

qeHHe KaK oco6eHHOCTH 3Hepro6noKa, npttMe­

HHTefilHO K KOTOpOMY paCCMarpHBaeTCH nmo­

TeTWieCKaH aBapHH, TaK H Ha6op HCXO.llHhIX 

co6bITHH asapHH. 

CueHap1m .n;nH pacqeTHoro aHaJIH3a BhI-

6HpanHch no cne.n;yromHM KpHTepHHM: 

TeMneparypa np11rpaH114HbIX o6nacTeH B yc­
nos11six Tennoo6MeHa 113n 4eH11eM c r aHwu 

TennooT.na4a OT ropsi4ero MeTanna K so.ne 

KoHseKTl1BHaSI Tennonepe_na4a B cTpaT11cp11u11-
posaHHOM pacnnase 

KoHBeKTl1BHblH Tennoo6MeH B ycnOB11SIX cpop­
Ml1 OBaHl1SI KO Kl1 Ha OXJIIDKJ].aeMOH CTeHKe 
)];11HaM11Ka cpopM11posaH11si 6acceHHa pacnnasa 
B Ha 



- MaI<CHMaJibHaSI MOIUHOCTh OCTaTOl.JllbIX Terr­

JIOBbI,Uerrem-111; 

- MaKCHMaJibHa.SI TeMTiepaTypa ITOCTyna10rue­

ro pacrrrraBa; 
- MKHKMaJibHM CTerreHI, OKHCJieHKSI KOpKy­

Ma, TaK KaK 60JiblllOe KOJIHt.JeCTBO HeOKHCJieH­

HOfO u11pKOHID1 B cocTaBe KOPHYMa o6ecrret.JH­

BaeT 3Hat.J11rerrbHOe :meprosbmerreHKe rrpH ero 
}lOOKHCJieHHH B YJIP. 

Ha OCHOBe ,naHHbIX KpHTepHeB BbI6paHhl 

crre.nyK>rrme TpH 6a:3oBbrx cueHapllil Jlllil aHa­

JIH3a: 

- 60JihlliruI Te% ,[(y85Q C OTKa:30M aI<THBHOH 

qacTH CA03 Ha JIA3C-2, 
- MaJla.SI. Te% ,[(y70 C OTKa:30M aKTHBHOH qac­

TH CA03 Ha JIA3C-2, 
- 60JiblliruI Tel.Jh ,[(y850 C OTKa:30M aKTHBHOH 

qacTH CA03 Ha HBA3C-2. 
Pe3yJI.bTaTbI pacqeTHOro aHaJIH3a BhI6paH­

HbIX ca:eHapHeB C IIOMOIUhIO TIDKerroasapHH-

a) 

MeTaM 

r) 

6) 

.n) 

Horo Ko,na COKPAT rrpwse,nem,1 s [6]. Ilorry­

qeHHhie ,ll,aHHhie no napaMeTpaM pacrrrrasa, 

rrocTyrra10mero s YJIP H3 pa:3pYllleHHoro Kop­

rryca peaKTopa, HCIIOJih3)'IOTC.SI B Kat.Jecrne 

rpaHHqHbIX ycrrOBHH rrpH Mo,neJIHpOBaHHH n_o­

se,neHKSI pacnrrasa B YJIP. B HCXOJlHbIX Jl~­

HbIX 3a)],aIOTC.SI MaCCbl KOMilOHeHTOB KOPHYMa 

( OKCH,na ypaHa, OKCH,na UHpKOHmI, UHpKOHIDI, 

CTaJIH), nocTyrraIOIUHX B YJIP, H cpe,ll,IDUI TeM­

rrepaTypa nocTyna10mero pacrrrrasa. 

5. Pe3yJJhT3Tbl 3H3JJH33 OOBe)leHHH 

KOpHyMa B Y JIP 

Pe3yJibTaTbI MOJleJrn:pOBamuJ IIOBe,neHH.SI 

KOPHYMa B YJIP s xo.ue asap1-111 c 6oJihIIIOH 

Te%IO ,[(y850 Ha J1A3C-2 rrpHBe,ueHbI Ha pHC. 

2 ... 6. ,[(aHHI,IH cueHapHH xapaKTepH3yeTC.SI OT­

HOCHTeJihHO paHHHM IIpHXO,UOM pacrrrrasa B 

YJIP (2 qaca 5 MHHYT nocne Haqana asapmi:) 

, B) 

e) 

P11c. 2. )],11HaM.HKa <popM11poBaH11.11 6accetitta pacnnasa B YJIP np11 asap1111 c 6oJibWOH Te'-lbIO ,lzy850 Ha JIA-
3C-2: a) 4 MHHyrbl OT MOMeHTa nocrynJJeHH.11 pacnJJaBa s YJIP - roMoreHHbIH pacnJJaB; 6) nocrynHJIO 65 T 
CTaJJH: BBepxy - JJerKHe OKCHJlbl, BHH3Y - MeTaJIJJbl; B) HOpMaJJbHOe paccnoem1e: BBepxy - MeTaJJJlbl, BHH3y-
0KCHJJ.bl; r) HHBepCHOe paccJJOeH11e: BBepxy - OKCHJ.J.bl, BHH3Y - MeTaJJJlbl; JJ.) <ppOHT 6accei1Ha pacnnasa JJ.OC­
Ti-tr BHewHeH CTeHKH YJIP; e) pacTTJJaB H8LfaJI 3aCTbl8aTb 
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M, cne.uosaTeJibHO, 60JibIIIOH MOIUH0CTblO oc­

TaTOqHbIX TerrJIOBbl,lleJieHMH (- 28 MBT), a 
TaK)Ke BbICOKOH TeMTiepaTypoti np11xo.u5ITUero 

KOPMYMa (- 2 800 K) 11 HH3KOH CTerreHblO ero 
OKMCJieHI-UI (- 25 %). B TeqeHMe rrepBbIX 6-TM 
MMHyr rrocTyrraIOIUMH s Y JIP pacrrnas co.uep­
)KHT TOJlhKO MeTa.JIJIH'-leCKyI-0 cpa3y KOpHy'Ma. 
B :HOT rrepwo.u 67 T IlOCTyrnmmei-i: 8 YJIP CTa­
JIM B3aMMO,D.eHCTByI-OT C )KM, BbI3bIBM ero 

qacTM'-IHoe pacnnasneHMe. 
He3a,D.OJiro .uo Ha'-lana IlOCTyrrnemuI OK­

CH.UHOM <pa3bl KOPMYMa rrpoMCX0.UHT paccnoe­
HHe 6accei-i:Ha pacrrnasa c BbIXO.UOM nerKHX 
OKCMJlOB (Zr02, Ali03, FeO) B sepxHHH cnoii. 
BcKope nocne nocTynnemUI s Y J1P nepBbIX 
rropuHH 0KCH,UHoro K0PHYMa, co.uep)Kamero 
U02, TIDKeJIM OKCMJlRM <pa3a orrycKaeTCH 8 

HH)KHIOIO qacTb 6accei1Ra pacrrnasa. )J:anee 
rrpOHCXOJlHT HaCbIII.lem1e OKCM.UHOM <pa3bl KO­

PHYMa 11erKM.MJ1 OKCH.D,aMH, IIJJOTHOCTb ee 
y'MeHbIUaeTCH, BCJie,D.CTBHe qero Ha 40-ti MM­
uyTe npouecca HacTynaeT HHBepcIDI 6acceHHa 
pacrrnasa H ero OKCHJlHM cpa3a rrepeMemaeTcH 
BBepx. HaCbilUeHHe nerKHMM OKCH)J.aMH npH­

B0.UHT K rrouIDKemuo TeMTiepaTypbr rrnasne­
HHH OKCH)J.HOro pacrrnasa )J.0 Bemt:~bI 
1 900 ... 2 000 K. 

1Iepe3 2 qaca IIOCJie uaqana IIOCTyrrJieHHH 

KOpHy'Ma B YJIP rrp0HCXO)J.HT rrporrJJaBJieHHe 
suyrpeHHeii cTeHKH Koprryca YJIP 11 KepaMH­
qecKoro HaII0JIHHTeJIJf B Me)KCTeHH0M rrp0CT­
paHCTBe )J.BOHHOro KOpnyca 8 ero LI.HJIHH)J.pM­

'-leCKOH qacTH. BHernHHH cTeHKa Koprryca npM 
:HOM He IIJlaBHTCH. TeMrrepaTypa ee BHyrpeH­

HeH IIOBepXH0CTH He npeBbIIllaeT 1 350 K. B 
paifoHe KOHH'-leCKOro )J.IDIIUa Koprryca y JIP 
<ppOHT pacrrnasa II0'-ITH BIIJIOTHyI-0 np116JIH)Ka­
eTCH K BHeurnei-i: CTeHKe KOprryca, HO He )J.OC­
TMraeT ee BHyrpeHHeii rrosepxHOCTH. K KOHUY 
rrepsbIX CYTOK rrpouecca pacrrpocrpaHeHMe 
cppoHTa 6accei-i:Ha pacnnasa s pa.D.Ha.JibHOM Ha­
rrpasneHHH rrpeKpamaeTCH. Haq11HaeTCH 3a­
CTbIBaH11e OKCH)J.HOH Q_)a3bl KOpHy'Ma. Ha BHYT­

peHHeH IIOBepXHOCTH BHeillHeH CTeHKH Koprry­

ca o6pa3yeTCH KOpKa H3 3aCTbIBillHX OKCH)J.0B. 
,[J:HHaMHKa cpopMHpOBaHHJf 6acce:ti:Ha pacrrnasa 
rrpe.n.crnsneHa ua pHc. 2. 

Ha pHc. 3 npwse.ueHbI ocpe.uHeHHbie TeM­
nepaTypbI KOpHy'Ma. HaH6onee BbICOKHX 3Ha­
'-leHHH TeMrrepaTypbI )J.OCTHraIOT B TeqeHHe 
rrepsbrx 3-x qacos nocne Hal.Jana nocTyrrneHHH 
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P1-1c. 3. Cpe,ruurn TeMneparypa KOpHyMa s YJIP 
npH asapHH c 60JTbWOH Te%IO ,lzy850 Ha JIA3C-2 

K0pHy'Ma. 3TO CBH3aHo C TeM, qTo B 3TOT rre­
pHOJl OTCYTCTByeT BO)J..SIHOe OXJia)K,lleHHe sepx­
HeH nosepXHOCTH 6acceHHa pacnnasa - H3 
KOHCepBaTHBHbIX rrpe,IUIOJIO)KeHHH rrpHHRTO, 
qTo so.n.a no.uaercH Ha pacrrnas TOJibKO qepe3 3 
qaca B pe3yJibTaTe cpa6aTbIBaHIDI rraCCHBHbIX 
3aTBopos. KpoMe Toro, TeMnepaTypa pacrrna­
sa ysenH'-IHBaeTcH H3-3a BbI.UeJIHIOIUerocH Ten­
na 3K30TepMM'-1eCKOH peaKUHH OKHCJieHIDI Me­
Ta.JIJIHqecKoro UHpKOHIDI KHCJIOPO.D.OM reMaTH­
Ta. Cpe)J.HJfJf TeMnepaTypa 0KCHJlHOro CJIOH 
KOpHy'Ma IIO,ll;HHMaeTCH B 3TOT rrepHOJl )J.0 

2 400 K. Ilocne Haqana no.ua'-IH BOJlbI Ha Ko­
PHYM TeMnepaTypa ero Ha'-IHHaeT .uocTaToqHo 
6bICTPO CHH)KaTbCH H CTa6HJIH3HpyeTCH Ha 
3Ha'-lemrnx 2 150 K JlJIJf OKCH.D.Horo H 2 000 K 
.llJIJf MeTa.JIJIH'-lecKoro cnoes pacnnasa. Ha'-IH­
HaeTcH Me,llneHHoe ocTbIBaH11e pacnnasa. 

CoOTHOIJJeHHe OTBO)J.HMhlX OT pacrrnasa 
TeilJIOBbIX IlOTOKOB IIOKa3aR0 Ha pHC. 4. B Ha­
'-la.JibHblli nepHO.ll speMeHH (.llo .n.syx qacos) 
OCHOBHOH COCTaBJIJflOIUeH II0JIHOro TeIIJIOB0ro 

Tennoeoi:i noTOK, MBT 
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/ 

noTOKH Tenna, OTIIO,!IHMb1e OT pacnnaea: 
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Pwc. 4. noToKH Tenna, OTBOJJ.HMb1e OT pacnnasa 
np11 asap1111 c 6onbwow Te'-lb!O ,lzy850 Ha JIA3C-2 
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noTOKa, OTBO,UHMOro OT pacnnasa, HBmreTCR 
TeIIJJOOTBO.ll H3JiyqeHHeM C 3epKana pacrrnasa 
Ha yposHe npHMepHo 8 MBT. qepe3 2 qaca 
aocne Haqana noCTynneHHR pacnnasa s Y JIP 
OTBO.llHMbIH TIOTOK )'BeJIHY:HBaeTCR .uo 16 MBT 
3a cqeT TeTIJJOC'beMa C 60KOBOH CTeHK.H Kopny­
ca YJIP. I1p11 rro,uaqe BO.Uhl csepxy Ha 3epKano 
pacrrnasa HMeeT MeCTO BCTIJleCK TeTIJIOOTBO,ll,a 
OT Y JIP .n.o 43 MBT. 3aTeM TeTIJJOBbie TIOTOKH 
CHJ-l)I(aJOTCR H CTa6HJ]J{3HpYJOTCR. 

l13MeHeHHe XHMH-Y:eCKOro COCTaBa OKCH,ll,­

HOH qJa3bI KOPHYMa B nepHOA speMeHH OT 
paccnoemrn pacnnasa ;:io crn6HJJH3a[lHH co­
cTasa KOpH}'Ma IIOKa3aHO Ha pHC. 5. L(o no­
CTynJieHHR B YJIP OKCHAa ypaHa OKCH,ll,Hb.lli 
CJJOH COCTOHT TOJJbKO H3 rrenrnx OKCHAOB. 
BcKope nocne nocTynnemrn U02 ero Macco­
BaR AOJIR B OKCHAHOH qJa3e IIO,UHHMaeTCR .n.o 
56 %. 3aTeM pa36asneHHe pacnnasa OKCH,ll,aMH 
)I(eJie3a H aJJIOMHHIDr 06ecneqJ1saeT CHH)KeHHe 
KOH[leHrpauHH U02 B OKCH.lJ.HOH qJa3e KOpHy­
Ma AO 40 % no Macce. Co.n.ep)I(aHHe Zr02 B 
OKCH,lJ.HOM crroe CHH)I(aeTCR c 46 AO 13 %. )],H­
HaMHKa pacxo.ua reMan1Ta B XHMHqecK.HX pe­
aKUmrx B3aHMo,ueiicTBHR pacnnasa c )KM 
npe,uCTaBJleHa Ha pHC. 6. 

0.UHHM 113 HaH6onee Ba)l(HblX napaMerpOB 
npH o6octtosamrn pa6orncnoco6HocTH Y JIP 
crr~T senwnrna Tennosoro noToKa CHHMa­
eMoro so.n.oii c BHerrrneii nosepxHOCTH Kopny­
ca. MaKCHMaJihHbie 3Haqemrn Tem10soro no­
TOKa COTIOCTaBJieHbI C BeJIHY:HHaMH KpHTHqec­
Koro TeTIJIOBoro IlOTOKa ,lJ.JIR nosepXHOCTeH C 
COOTBeTCTBYJOIII.HM yrnoM HaKJJOHa, B3RTblMH 
H3 pa60Tbl [7]. MaKCHMaJibHOe 3HaqeHHe Ten­
JJOBOro IlOTOKa, 3aqmKCHpoBaHHOe B pacqeTe, 
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Pwc. 6. PacxoJJ. reMaTHTa s xHM11qecKHX peaKumrx 
npH asapHH c 60JihlllOH Te'lb!O ,lzy850 Ha JIA3C-2 

COCTaBJIReT 0,38 MBTIM2 H ,ll,OCTHraeTCR qepe3 
3,5 qaca nocrre Haqana nocTynJJeHHR pacnnasa 
B y JIP Ha BepTHKaJibHOH CTeHKe Ha BblCOTe 
2 M OT .UHHma KOpnyca. 3Ta BbICOTHaR OTMeT­
Ka HaXO.UHTCR s o6JiaCTH pacnOJIO)I(eHHR OK­
CH,lJ.HOro CJlOR KOpH}'Ma B UHJIHH.UpHtreCKOH 
qacTH Kopnyca YJIP. MliHHMaJibHhIH 3anac .n.o 
KpH3HCa TeTIJJOOT,ll,atrn Ha BHellIHdi: IIOBepXHO­

cnr Y JIP COCTaBJJReT - 3. 
CueHapHH asapHH c Manoif Te'Il,IO L(y70 

Ha JIA3C-2 H c 6orrhllIOH TeqhJO .D:y850 Ha 
HBA3C-2 xapaKTepH3YJOTCR 3Ha'lliTeJibHO 
6onee IT03.lJ.HHM npHXO,ll,OM paCIIJiaBa B y JIP 
(10 11 36 qacos IIOCJie HalfaJia asapHH, COOT­
BeTCTBeHHO ), CJie,L{CTBHeM qero HBJIReTC}T cy­
rueCTBeHHO MeHblllee OCTaTOqflOe :meprOBbI­
J].eJieHHe B KOPHYMe, qeM B paccMorpeHHOM 
BbIIlle cueHapHH. )],aHHoe o6CTO.R:TeJibCTBO 
npHBO,L{HT K eI.Qe MeHee HanpIDKeHHOMy TeII­
JIOBOMY pe:>KHMy pa60TbI YJIP B paCCMOrpeH­
HbIX cueHapHHX. 

3aMeTHa.R: reHepaUH.R: napa Haq11HaeTCH 
IIpHMepHO qepe3 2,5 qaca IIOCJie Haqana IIO­
CTyrrJJeHHR pacIIrrasa B YJIP, Kor.ua rrporpesa­
IOTC.R: OCHOBHaR Mace a )KM H CTeHKa y JIP. 
IIocne 110naY:H BO.Uhl Ha 3epKano pacnnasa 
CKOpOCTb reHepauHH rrapa pe3KO B03pacTaeT H 
JJ.OCTHraeT J].JIR cnyqM asapHH C 60JibIIIOH Te­
%f0 .D:y850 Ha JIA3C-2 MaKCHMaJibHOro 3Ha­
qeHHR 14 Krlc. IlpHMepHo qepe3 qac nocne 
:noro CKOpOCTb reHepaUHH B0,L{HHOro napa IIO­
CTeneHHO CHH)I(aeTC.R: H He npeBbIIllaeT 3Haqe­
HHR 6 Kr/C. 

IIoXO)Ka.R: KapTHHa Ha6n10.n;aeTC.R: H ,lJ.JIR 

npyr11x paccMorpeHHhIX cuettapHeB aBapHH. 
Ha puc. 7 npe.ucTasneHhI .uaHHhie IIO reeepa­
UHM napa J].JIR asapHH c MaJIOH Te'Il,fO )J;y70 Ha 
JIA3C-2. 
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P11c. 7. reHepau.11H napa np11 asap1111 c Manoi-I Te­
%10 ,lzy70 Ha JIA3C-2 

6. Pe1yJibTaTbl pac'leTOB 

o6pa30BaHHH BO,!lOpO)la B y JIP 

IlpaKTH'-IeCKH Bech nocTyrraJOIUHH B YJIP 
MeTaJJJJHqecKHH UHpKOHHH CBH3hIBaeTCH C KH­

cnopo.l(OM B peaKUIUf C reMaTHTOM 6e3 o6pa-
30BaHIDI B0.l(Opo.ua. Yq1ub1BaeTCR reHepaUHR 
B0.l(Opo.ua 3a cqeT OKHCJJeHIDI UHPKOHHH na­
poM, HaXO.l(IDUHMCH Ha,n TIOBepXHOCTbIO pac­
rrnaBa, OT Haqa.na nocTyrrneIDIH pacnnaBa B 
y JIP .no MOMeHTa HHBepcHH MeTaJJJJWieCKOH H 
OKCH.l(HOH <pa3 pacnnaBa, HO ero .l(OJIR B 06-
meM 6aJiauce HeBeJIHKa. OcHOBHOH BKJia,n B 
reHepau1110 Bo.nopo.ua BHOCHT peaKUHH OKHC­
JieHHj{ )KeJie3a npH B3aHMO.l(eikTBHH C BO.l(OH, 
BhrnapeHHOH H3 6eTOHa. B MO.l(eAAX KO.l(a rE­
<I> ECT-Y JIP yqHThmaeTCH TaK)Ke o6pa3oBaHHe 
Bo.nopo.na B pe3yJihTaTe pa3JIO)KeHIDI co.uep­
)KaIIJ.HXCR B BO.l(e rH.l(pa3HHa H aMMHaKa, a 
TaK)Ke pa.l(HOJIH3a H TepM11qecKOH }lHCCOUHa­
UHH BO.l(hl. 

BhITIOJIHeHHhie oueHI<H BhlXO.l(a BOJJ.Opo.ua 
,nAA CJiyqM aBapHH C 60JihII10H Te'ibIO JJ:y850 
Ha JIA3C-2 TIOKa3blBaIOT, qrn OCHOBHOH 
BKJia.l( B reHepaumo BO,nopo.na BHOCHT peaK­
UHR OKHCJieHIDI )KeJie3a npH B3aHMO,neHCTBHH 
C Bo,noii, BhmapeHHOH H3 6eTOHa (pHC. 8). Co­
rnaCHO pacqeTy OHa COCTaBAAeT 48 Kr. KoH­
cepBaTHBHbie oueHKH reHepaUHH BO,nopo.na H3 
Bcex .npyrmc HCTO'IHHKOB .l(OTIOJJHJfTeJibHO .na­
IOT eme 26,4 Kr BO,nopo.ua. 

TaKHM o6pa30M, TIOJIHOe KOJIJ1qeCTBO B0-
.nopo.na, o6pa3oBaBIIIerocH B Teqeffi!e 10 qa­
coB 113 Bcex B03MO)KH1,JX HCTO'llLHKOB, COCTaB­
AAeT 74,4 KT. IlpH 3TOM cne,nyeT OTMeTHTh, 
CJTO B 6onee ,nJJHTeJibHOH rrepcneKTHBe BhI,ne-
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P11c. 8. reHepau.11H so.n.opo.n.a B YJTP npH s3a11Mo­
.n.ei-lcTBHH pacnnasa c 6eTOHOM ,D.nH asapHH c 
6onbWOH Tel.fb!O ,lzy850 Ha JIA3C-2 

JieHHe BO,nopo.na MO)KeT npO.UOJI)KaTbCR, XOTR 
H CYIUeCTBeHHO Mettee HHTeHCHBHO (MeHI,rne 
0,7 KT/qac), 3a cqeT pa3JIO)KeHHR rn,npa3HHa H 
aMMHaKa. 

CuettapHH aBapHH c MaJJOH TeThIO JJ:y70 
Ha JIA3C-2 no cpasHeHHe c Te'ihIO JJ:y850 xa­
paKTepH3yeTCR Ha 10 qacoB 6onee n03,nHHM 
npmco,noM pacnnaBa B YJIP nocJie aaqa.na aBa­
pHH. 3TO npHBO,nHT K MeHblIIeMy OCTaTOqttO­
MY 3HeproBhl.[leneHHJO B KOPHYMe. O.uttaKo, 
Macca nepeMeCTHBlliefOCR B y JIP KOPHYMa B 
cueHapHH c Ma.JlOH Te'ibIO noqTH Ha 50 % 
60Jibllie, CJeM ,nJIH cueHapIDI C 60JibllIOH TeqhJO 
(~ 250 T), 11 CTerreHb OKHCJieHJrn KOPHYMa cy­
mecTBeHHO 6onee BhICOKM (75 % no cpaBHe­
HHIO c 25 % ,nAA JJ:y850). CpaBHHTeJII,Hblli 
aHaJJH3 pe3yJI.hTaTOB MO,neJIHpOBaHIDI .UByx 
YKa3aHHhIX cueHapHeB, rrpoBe,UeHHhlH B [8], 
noKaJhmaeT, qTo xpoHononrn H xapaKTep rrpo­
TeKaIOmHx npoueccoB no,no6Hb1 H pa3JIHqffR B 
pe3yJI1>TaTax pacqeTOB HeBeJJHKH. 

IIocTyrrJieHHe B YJIP 6oJiblliero KOJIHCJe­
cTBa pacnnaBa npHBO,nHT K 6oJihUieM)' npo­
rpeBy HH)KffeH CJaCTH Y JIP B TetJeHHe 6oJiee 
,nmfTeJibHOfO BpeMeHH. bOJibllIM ,nJIHTeJlhHO­
CTb npouecca nporpeBa Y JIP B cueHap1rn c 
Ma.JlOH TetJbIO JJ:y70 npHBO.UHT K reHepaUHH 
Bo,nopo,na B TetJeHHe 6oJibIIIero npoMe)KyrKa 
BpeMeHH, HO <paKTHtJeCKH rrpH TOH )Ke IlOJIHOH 
Bhl.[leJIHBrneifcH Macce ~ 50 Kr . 

B pa6oTe [8] BhlIIOJI.HeHO TaK)Ke MO,neJIH­
poBaHHe IlOBe,UeHHR Y JIP B xo.ne aBap1m C 
6oJihllIOH TetJbIO JJ:y850 Ha HBA3C-2. 3ToT 
cueHapHH OTJIH'-raeTc.sr CYIUeCTBeHHO 6oJiee 



no3.llHl1M pa.3pymeH11eM Koprryca peaKrnpa, 
qeM see cuettap1111, paccMo-rpeHHble .um1 JIA-
3C-2, Il03T0MY M0l.llHOCTb 0CTaT0'IH0r0 3Hep­
r0BbI,lleJieHJUI B .uaHHOM CJJyqae eme HH)l{e, 
qeM ,llJ151 asapHH C MaJIOH Te'IbfO .LJ:y70 Ha JIA-
3C-2. IlonyqeHHbie B pacqernx [8] 3HatJeHH51 
TeMnepaTyp Kop11yMa .llJJR 3Toro cuettap1151 B 
cpe,nHeM HH)l{e, tJeM .UJJ51 cueHap11eB, cMo.n.e­
mrpoBaHHbIX ,llJI.H JIA3C-2, rro3TOMY OCH0B­
Hble xapaKTepHCTHKH ra.3OBbI.LJ.eJJeHJUl, XOT51 H 

no.uo6Hl,I paCCM0TPeHHbIM, npe,llCTaBmlfOTCSI 
6onee ~KHMH. 3a CtJeT OKHCJJeHH51 MeTaJIJJOB 
napoM, BbI.LJ.eJJHBillHMC51 H3 6eToHa, o6pa.3yroT­
CS! ~ 44 Kr BO,llopo.ua, KaK II0Ka.3aHO Ha pHC. 9. 

B pe3yJibTaTe BbIIIOJIHeHHbIX C IIOMOll.lbfO 

K0,lla fE<I>ECT-YJIP pactJeTOB npoaHaJIH3H­
poBaHbI npouecCbl o6pa.30BaHHSI BO.LJ.Opo.ua B 
YJIP .UJJR TPex cueHap11eB TIDKeJibIX aBapHH Ha 
A3C-2006 (HBA3C-2 H JIA3C-2): c 6om,­
moi1: Te'Ibro ,[{y850 Ha JIA3C-2, c MaJIOH Te­
%10 .LJ:y70 Ha JIA3C-2, c 60JiblllOH Te%ro 
.LJ:y850 Ha HBA3C-2. 

AHaJIH3 pe3yJJbTaTOB pactJeTOB IIOKa.3aJl, 
qTO OCHOBHOH BKJJa,ll B reHepau1110 BO)lopo.n.a 
BHOCl1T peaKU1151 OKHCJJeHH51 2KeJie3a np11 B3al1-

MO,lleHCTBl1H c Bo,noi1:, BbmapeHHOH 113 6eToHa. 
MaKCl1MaJibHOe KOJJ11qecrno o6pa.3oBaBlllerorn 
H3 6ernHa Bo.uopo.ua (~ 50 Kr) nonyqeHo .UJJ.H. 
asap1rn c MaJIOH Te'IbIO .LJ:y70 Ha JIA3C-2. 
OueHKH reHepaUHH BO,llopo.n.a 113 Bcex .upyrnx 
HCTO'IHl1KOB }lOIIOJJHHTeJibHO .ua10T ell.le no­

pH.zrKa 25 Kr so.n.opo.ua. 
TaKHM o6pa.30M, ITOJIHOe KOJJHtJ.eCTBO B0-

.uopo.ua, o6pa.3yroll.leroc51 B Y JIP H3 Bcex B03-
Macca BOAOPOAa, Kr 

50 -------------------, 

40 

30 

20 

10 

BpeMR, 4ac 

0 20 40 60 

P11c. 9. reHepau.11S1 soJ.J.opoJ.J.a s YJTP np11 s3a11Mo­
n.eikrn1111 pacnnasa c 6eTOHOM )].JlSI asap1111 c 
6onbwoi1 Te4bl0 )zy850 Ha HBA3C-2 

MO)KHbIX 11CT04HHKOB np11 T51)KeJJbIX aBapH51X 
Ha A3C c BB3P-1200 .LJ.JT.H Bcex TPeX pac­
CMOTPeHI-ThIX C[{eHapHeB, He rrpeBbllllaeT 75 Kr. 

Crre.uyeT 0TMeTHTb 'ITO pac4eTHbIH aHa­
JJH3 3cpcpeKTHBHOCTH pa60Tbl y JIP BblIIOJIHeH 
B paMKax KOHCepBaTHBHoro no.zrxo.n.a c BbI6o­
poM .LJ.JJ51. aHaJIH3a, KaK ITOKa.3aHo B pa.3,lleJJe 4, 
Ha116onee TIDKeJibIX cueHap11eB aBapHH c Toq­
KH 3peHH51 o6ecnetJeH1151 JI0KaJlH3aUHH H ox­
JJa)K.LJ.eHH51 pacnnasa. B HaCTO.HUiee BpeMR Be­
.n.eTC.H. pa.3pa60TKa MO.llYM ,l],JIH BbillOJIHeHH51 
aHaJJH3a Heonpe.n.eneHHOCTH 11 qyscTBHTeJib­
HOCTH pe3yJJI,TaTOB pact.J:eTOB no KO.UY rE­
<I> ECT-y JIP K Heorrpe.ueneHHOCTHM BXO)lHbIX 
.uaHHbIX }lJI51 pacqeTa. 

3aKJllO'leHHe 

Pe3yJibTaTbl pacqeTH0ro aHaJJH3a IIOBe,lle­
H1151 KOpJ1YMa c noMOll.lhlO Ko,na fE<l>ECT­
y JIP IIOKa.3aJ111, 'ITO yttHqJHUHpOBaHHOe Y JIP 
.UM A3C-2006 (HBA3C-2, JIA3C-2) 3qJ<peK­
THBHO BbIIIOJIH.H.eT CBOH <pyttKUHH no npHeMY, 
y.uep)l{aHl1lO H ,llOJirOBpeMeHHOMY OXJia)K)le­
HHlO KOPHYMa. B 1IaCTHOCTH: 
- B pacqernx He 3acpHKCHpoBaHo 1rnaaneHHe 
Hapy-A<HoH cTeHKH Koprryca YJIP. MaKCH­
MaJJbHM TeMrrepaTypa BHYTPeHHeii noBepx­
HOCTH CTeHKH ,llJJ51. BCex paccMOTPeHHbIX cue­
HapHeB asapHH He rrpeBbllIIaeT 3Ha1IeHHR 
1 350 K. MHHHMaJibHbIH 3anac ,llO KpH3HCa 
TeTIJIO0T.n;aq11 Ha BHeurneH TIOBepxHOCTH Y JIP 

C0CTaBJrneT - 3; 
- CK0pOCTb reHepaUHH B0)l51.H0ro napa ,llOCTH­
raeT MaKCHMaJibHoro 3Hat.J:emu1 14 Krlc rrpH 
no.uaqe BO)lbI CBepxy Ha 3epKaJIO pacDJiasa, HO 
np11MepHo qepe3 1:1:ac nocne 3Toro cKopocTb 
reHepaUHH BO,llHHOro napa II0CTeneHHO CHH­
)l{aeTC51. 11 He rrpeBbilllaeT 3Haqemur 6 Krlc; 
- npaKTH'IeCKH Beeb rrocrynaIOll.lHH B y JIP 
MeTaJJJTH1IeCKl1H UHpKOHHH CB51.3bIBaeTC51. C KH­
CJI0pO.ll0M B peaKUHH C reMaTHT0M 6e3 o6pa-
30BaHH51. Bo.uopo.ua. OcHOBHOH BKJJa.D. B reHe­
pau1110 BO,D,0po.ua BHOCl1T peaKUH51. OKHCJieHHR 
)l(eJJe3a npH B3aHMO,lleHCTBHH C BO}lOH, BbIIIa­
peHHOH H3 6eTOHa. MaKCHMaJlbHOe KOJJH'IeCT-
80 BO,D,opo.zra, o6pa.3yromerocH B Y JIP 113 Bcex 
B03MO)l{HbIX HCTQqHHKOB IIpH T51.)KeJJblX aaa­
pH51X Ha A3C-2006 c BB3P-1200 ,IJ,JJ.H. Bcex 
TPeX paCCMOTpeHHblX cueHapHeB, He npeBbl­
waeT 75 Kr. 
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HttTenneirryan1>HaH 06ono11Ka Bbl1.JHCJIHTeJ11>Horo 061>eiaa 

u ee cneQuaJ11>ttoe nporpaMMHoe 06ecne11ettue 

B.<P. To«apeHKo, 
PHU "KypqaTOBCKHH HHCTHTyr", 123182, MocKBa, rrn. KypqaTOBa, 1, 

H.M. Ee.n11«oa, A.M. BapzuH, O.A. Bopouoaa, JO. <P. j(aH.UJWB, 
A.A. J(ey1m11, B.B. EadoKu.Moa, J(.B. KyRbH.eea, II. C. J/o6aH.oa, 

M. C. Ca.M1uynu11, F.II. CeA-teH.oa, P.M. IllazMuea, T.B. Ille.M11.Ku11a, 
P<I>5I1(-BHill13<I>, 607188, r. CapoB Hm1eeropo.D,CKOH o6n., np-T MHpa, 37 

IlocTynHJia s pe.D,aKUHlO 22.07.2009 r . 

B pa3pa60TaHHOH pacnpe.neneHHOH MHoronpou.eccopHoii Bbt'-IHCJlITTeJlbHOH c11cTeMe (PMBC) 6a:1osb1M 
3JleMeHTOM .S1BJ1.S1eTc.S1 Bhl411CJlHTeJlhHbtH o6beKT (BO), cocTO.SILU11H 113 11HTeJ1J1eKTyaJJbHOH 060J10'-IKl1 (HO) 11 
caMoro Ko.na 11J111 c11cTeMbt Ko.nos. HO 06ecne411saeT o6MeH .naHHhtMH Me)l(Jly BO, a TaK)Ke o6MeHHBaeTcsi 
.naHHhlMH C caMHM KO.[(OM. l13J10)KeHo OUHCaH11e OCHOBHblX cpyHKL(l1H, BbJnOJlHReMblX HO, H HX nporpaMM­
HOH pean113au.1111. 

Kmotte6ble C/I06G: pacnpe,neJleHHa.SI MHOronpoueccopHa.SI Bbl4HCJlHTeJlbHa.SI CHCTeMa, Bbl'-IHCJlHTeJJbHblH 
o6beKT, 11HTeJlJleKTyaJlbHa.SI o60Jl04Ka, nporpaMMHOe o6ecne'-!eHHe, nepCOHaJJbHblH KOM0blOTep, cynep-
3 BM. 

The Intellectual Cover of Computing Object and Its Special Software. V.F. Tokarenko, RRC "Kur­
chatov Institute ", 1, Kurchatov Sq., Moscow, 123182, IM. Belyakov, A.M. Vargin, O.A. Voronova, Yu.F. 
Danilov, A.A. Deulin, V. V. Evdokimov, D. V. Kul'neev, P.S. Lohanov, M.S. Samigulin, G.P. Semenov, 
R.M. Shagaliev, T.V. Shemyakina, RFNC-VNIIEF, 37, Mira Ave., Sarov, Nizhni Novgorod region, 607188. 
The computing object, consisting of intellectual environment (IE) and the code or system of codes is a base 
element of distributed multiprocessor computing system. IE provides data exchange between computing ob­
jects, and also exchanges the data with a code. The description of the basic functions of lE and their program 
realization are presented. 

Key Words: Distributed Multiprocessor Computing System, Computing Object, Intellectual Cover, Soft­
ware, Personal Computer, Super Computer. 
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B CTaThe [I] l(aHo 0ID1camre pa3pa6ornH­
JIOH TeXH0JI0nm C03)lamrn: CaM0HaCTpaHBaJO­

ll1ei1C51 CHCTeMhI pernemrn 3al(aq 51.llepHOH 

3HepreTHKH Ha PMBC c cynep-3BM, K0TOpaR 
Ha 6a3e cywecrnyiomero Bep11cpm.i:11poBaHHO­
ro rrp11KJ1a)lttoro nporpaMMHoro o6ecrreqeHH51 

(IlllO) pemaeT KaK nepBooqepeAHhre, TaK 11 
nepcrreKTHBHhie 3a)laqH 51.l:(epttow 3Hepren1KH 

Ha coBpeMeHHbIX PMBC c cynep-3BM. 

BHyrpH BO yrrpaBJieHHe MO K0)l0M pea­
JIH30BaHo no anropHTMY, npHBe,ueHH0MY Ha 
pHc. I. O6MeH ,uaHHhIMH Me)l(Jly BO opraHH-
30BaH II0 cxeMe pHC. 2. 3.n;ecb B CK06Kax )'Ka-
3aHbI HMeHa cpyttKUHH HO. p:am1.M KpaTKoe 
0IIHCam1e cpyttKIUiH, rrpRBe,ueHHhIX Ha cxeMax 
pHC. 1 H 2. 

Mm,z1ua.nu3a1,fUR coeouuemm 3aOa>.Ju u azeuma -
C++: int pss_init (unsigned int rank_appl, un­
signed int type_appl, const char *task_name); 

<DopTPaH: subroutine pss_init (rank_appl, type 
_appl, task_name, err, & len_task_name). 

B :now )Ke CTaThe H3JI0)KeHhI MeT0.llhl nol(­
roT0BKH K0.l:(0B )lJ151 BKJIJO'leHH51 HX B cpel(y 

PMBC H )laHo onHcrurne rrporpaMMHhIX 6110-

K0B, peaml.3)'IOIUHX TaK0e Il0)l­
KJIIOqeHHe. HacT051llla51 a rrocne­

A}'IOII.Uie rry6JIHKaUHH rrpecJie)ly­
IOT uenh H3JI0)KHTh B KpaTKOH 
cpopMe RHCTP)'KUIDI 110Jlb30BaTe­
JI51 3TOH c11cTeMh1. B l(aHHOH cm­

The H3JI0))(eHhr 3a)la'IH, pernaeMb1e 
rrporpaMMHhIM o6ecrreqeHHeM 

(TIO) HO BO, H ero CTPYKTypa. 
B pa3pa6oTaHHOH BepcHH BO 

HO BhIII0JIH51eT c11el(yiom11e 

cpym<UIDI: 

• orrpe}leIDieT T0'IKH CHHXp0HH-

3aUHH )lJIH o6MeHa HHcpOpMa­

UHeH Me)K)ly BO; 

• opraHH3yeT rronyqettHe 11 rre­

pe}laqy o6MeHHhIX <PYHKilHH 

K0}la; 

• BhIB0)lHT K0)l Ha oqepe.D.HyIO 

T0'Il<Y CHHXp0HH3aui,rn; 

Q 
I I1HHUHaJJH3a1.u-u1 MPI I 

T 

I 11HHUHaJIH3aUH.II 110 (pss_init) I 
• 

11HHUHaJJH3aU11.II Bbl'-111CJJHTeJJbH0ro K0)la (ttTeH11e BX0)lHOr0 
.113b1Ka, pactteT HattaJJbHblX )laHHblX, '-!TeHHe pa3pe3a) 

• 
nposepKa CHHXp0HH0CTH cjJH311'-!eCKOrO speMeHH (nepeJJ.aeTC.11" 
cjJH3HttecKoe speM.11 pa3pe3a) (pss_get_global_time_sinc_max) 

• 
l.I,HKJJ no T0'IKaM CHHXp0HHJaUI-!H 

.. 
C6op co scex npoueccopos 11HcpopMau111-t o cocTo»HHH 3a)latt11 

Ha fOJl0BH0H npoueccop: C03JJ.aHHH pa3pe3a, np0JJ.OmKeHHl1 
ctteTa, nporH03HpyeM0M speMeHH0M ware .. 

no11y1.JeHHe 1rncpopMau1111 o )laJJbHei1w11x .nei1ernm1x 
Ko.na (pss_get_mind) 

.. 
HeT ,na 

Kor.1attaa 3an11c11 pa3pe3a T 
• ynpaBIDieT K0)l0M B rno6anb­

HhIX T0'!Kax c1rnxpoHH3aUIDt: 

(3aIIHCh K0HTp0JibHhIX ToqeK 

}lJIJI rrpo)l0JI)KeHHJI pacqeTa H 

T . .D..); 

r 
I 

I 3anHcb pa3pe3a I 

• Bhl3hIBaeT C00TBeTCTB )'IOIURe 

K0HBepTOphI }lJI51 rrpeo6pa30-

BaHH51 HH<pOpMaURR K BHy-

TPeHHeMy BH.llY Ko,ua. 

nO, peaJIH3)'lOIUee rrepe'lll.C­

JieHHble cpyttKUHH, Ha3BaH0 areH­

TOM HO. AreHT pa3pa6ornH Ha 

6a3e nporpaMMHoro naKeTa PSS 

(Parallel Scalable Suit) [2, 3] H 

CJI~HT COCTaBHOH lJaCTbIO nO 

liHTe1111eKTYaJihHOH cpe,uhr pac­
rrpe,ueneHHOM 6H6JIHOTeKH IlllO 

[4]. 

I ... 
HeT ,na 

I 
KoMaH)la 0CTaH0Ba 

+ 
( OcTaHOB ) ... 

nonyt.1eH1-te 11HcpopMauH11 o cjJHJ11ttecKOM speMeHH c11eJJ,y1muei1 
T0'-IKH CHHXp0HHJaUHH (nepe]J.aeTC.11 HHTepsan cpH3HliecKoro 

speMeHH JJ.O CJJeJJ.yJOw.eii TO'-IKH CHHXp0HHJaUHH, 
T.e. speMeHH0H war) (pss_get_global_time_sinc) 

• I BbmOJJHeH11e o6MeHOB Me)l(.ny K0JJ.aMH 4epe3 vlO j 
• I PactteT Ja)lal.fl1 JJ.O c11e.ny10w.eif T0'IKH CHHXp0HH3aUHH I 
j 

I 3asepweHHe coemrneHHSI JaJ.J.attH c 1-10 (pss_finalize) I 
PHc. I. AnropHTM 1-10 ynpasneHH.11 KO.D.0M 
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C6op co Bcex npou,eccopoB HHq>OpMau,m,i 
no o6MeHHblM cj)yHKl..l,HRM 

-----1 0TCbJJlKa .n.aHHblX (pss_put_data) 

l.J,HKJJ npHeMa J:taHHbfX 

Ilp11eM .n.aHHhlX (pss_get_data_nonblock) 

PaccblJIKa Ha BCe npou,eccopbl HHQ)OpMaU,HH 
no o6MeHHblM Q)YHKUHRM 

P11c. 2. AnropHTM o6MeHa cpmw-i:eCKHMH .naHHhlMH Me)l(­
.ny BO 

3.uech 
rank_ appl - pattr rrapannenhHOro rrpHJIO)Ke­
HH.SI, a ecm1 rrpHJIO)Kem:1e rrocne.uosaTeJihHoe, 
TO 3TOT rrapaMeTP HrHOpHpyeTCJI; 
type_ appl - MO)KeT rrpHHHMaTh .usa 3Ha4eHIUI 
APPL_ SEQ H APPL_ MPI, ecnH rrpHJIO)KeHHe 
rrocne.uosaTeJihHOe Milli rrapanneJihHoe, cooT­
seTCTBeHHo; 
task_name - HMJI 3a,uacrn, KoTopaH rrposo,uHT 
HHHI.UfaJIB3aI.J;HIO. 

3aeepUlenue coeounemm 3ai)a'lu u azeHma HO -
C++: int pss_finalize (void); 
<l>opTpatt: subroutine pss _ finalize ( err). 

ITocne .uattttoro s1:,13osa see □ocne.uYIO­
IIlMe o6pameHHJI K 11106hIM API-cpyttKIJ;HJIM 
CIIeUHaJihHOro IlQ 110, B TOM 'lliCJie K pSS_ 
init ( ... ), 3arrpemetthI. 

<:/JyHKl/UU CUHXpOHU3Gt/UU cpu3ul/eCK020 epeMe/lU. 
.[J:1151 pa60Thl C q>l13H'!eCKHM BpeMeHeM pe­

aJIH3OBaHhI .use q>yttKIJ;HH onpe.LleneHIDI o6rue­
ro speMeHH: 
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• pss _get_global_ time _:sine, 

• pss _get_glo bal _time_ s
1

inc _max. 

TTonyqeHHe wara no speMeH11 .uo cne­

.llYIOilleH rno6aJihHOH TO'-IKH CHHXpOHH3a­

Ill111 -

C++: int pss_get_global_time_sinc (double 

wishful_gl_ time_ sine, double *pnext_gl_ 

time_ sine); 

<l>opTPaH: subroutine pss_get_global_time_ 

sync (wishful_gl_time_sync, & pnext_gl_ 

time_ sync). 

3.uech 

wishful_gl_time_sinc - )KeJiaeMhIH speMeH­

HOH mar rno6anbHOH CHHXpOHH3aI.J;HH 

(sxo,uHoH napaMeTP ); 

pnext_gl_time_sinc - war, nonyqeHHhIH 110 
cornacHo )KeJiaeMhIM waraM scex yqacT­

BYIOillHX npHJIO)KeHHH H KpHTepH51M, Ha KO­

TOphie CKOHq>HrypHpoBaHa 3a,[(aqa qepe3 

nacnopT 110 (BhIXO.LlHOH napaMeTP ). 

I1posepKa CHHXpOHH3aUHH speMeH pa3-

JIH1IHhIX npoueccos, rronyqeHHhIX npH c1111-

ThI.BaHHH pa3pe3a -

C++: int pss_get_global_time_sinc_max 

( double wishful_gl_ time_ sine, double 

*pnext_gl_ time_sinc); 

<l>opTPaH: subroutine pss _get_global_ time_ 

sync_max (wishful_gl_time_sync, & pnext_ 

gl _time_sync). 

3,uecb 

wishful_gl_time_sinc - MOMeHT q>H3WiecKoro 

speMeHH, KOTOpOM)' COOTBeTCTsyeT pa3pe3, 

3arrncaHHbIH KO.UOM (BXO.UHOH rrapaMeTP ); 

pnext_gl_time_sinc - MOMeHT q>H3H4ecKoro 

speMeHH, nonyqeHHhIH 110 HCXO.UJI 113 spe­

MeH, IIO,[(aHHhIX KO,[(aMH s 110 (BhIXO.LlHOH rra­

paMeTP )-

<l>yaKUIDI pss _get_global_time _sync_ max 

6epeT MaKCHMYM 113 speMeH, IIO.llaHHhIX BCeMH 

KO,[(aMH. Ec1111 xoni: 61:,1 y O.UHOfO KO.Lla yqacT­

HHKa pac'-leTa rronyqeHHOe OT 110 speMJI OT­

JlH':IaeTCJI OT co6CTBeHHOro BpeMeHH 60JihlIIe, 

qeM Ha .uorrycTHMYIO rrorpernHOCTh, TO KO.Ll 

.LlOJI)KeH OCTaHOBHTh pact:JeT cpe.ucrnaMH 110. 
Ecn11 .LlAA KO.Lla speMJI pa3pe3a HeaKTYaJihHO 

.UJIJI npose.ueHIDI pacqern, OH .UOJI)KeH nepe­

,uaTh s 110 OTPHUaTeJihHOe 1IHCJIO . 

I1ocne Bbl3OBa n106oi1: H3 3THX .LlByx cpym<­

UHH .LlaHHhJe, KOTOpbie IIOCbIJiaIOTCJI JJ.pyrHMH 



areHTaMH H 0TH0CHTCR K npe,llhI.llymei-i TQqKe 

cirnxpomnau11H, He 6y,uyr JanHchrnaThC51. B 
cTeK npHeMa o6cn)')KHBaIOmero areHTa HO. 
,UaHHM cpyttKI.lIDI 0TH0CHTC51. K KonneKTHBHhIM 

0nepaUH51.M. 

Ynpa<meHue pactJ.emo,11. 

llonyqem1e HHcpopMaUHH o nocne.uyIO­

wax ,ueHCTBHIDC K0,lla -

C++: int pss_get_mind (unsigned int wishful_ 

mind, unsigned int *pmind _resulting); 

<l>op-rpaH: subroutine pss __get_ mind ( wishful_ 

mind, pmind _resulting, err). 

.L{aHHM cpyttKI.llUl Bbrpa6aTbIBaeT HH<pop­

MaUHIO o nocne.UyIOII.lHX .uei-icTBmrx Ko.ua: Ja­

KpbITHe, coxpaHem1e H 3aKphrrHe, npo.uomKe­

HHe cqeTa, coxpaHeHHe H npo.uon)KeHHe cqe­

Ta. 3Ta cpyttKUH51. 0TH0CHTCH K K0nneKTHBHhlM 

onepaUH.SJM. 

3.uech 

wishful_ mind )l{enaeMbJe .uei-iCTBIDl H 803-

M0)KH0CTH; 

pmind _resulting - .uei-icTBHe, Bhipa6ornHHoe 

HO nyreM B3RTHR no6HTosoro norHqecKoro 

HJlli H3 BCex )KenaeMhlX K0.UaMH .uei-iCTBHH H 

npHMeHeHIDl oco6hIX npaBHJI, HanpHMep, -rpe-

6oBaHH51. Ha coxpaHeHHe pe3ynhTaT0B Ka)l(Jlhie 

-rpH qaca. 

Ha6op )l{enaeMhIX ,uei-iCTBHH H B03M0)1{H0-

CTeH 3a.uaeTcH qepe3 6HTOByIO MacKy, 3Haqe­

HIDl 6HTOB B KOTOpOH 3a.uaHhI B cpaiine 

macros_ constf.h (macros_ const.h): 

• PSS_Mind_BadCalcStatus= l - 011rn6Ka 

pac'ieTa (ABOCT), 

• PSS_Mind_NeedStop= 2 - -rpe6osattHe oc­

TaaoBa, 

• PSS Mind CanNotSave=4 - tteT B03M0)K­

Hocn1 coxpatteHIDJ pa3pe3a 

• PSS_Mind_NeedSave= 8 - ecTh no-rpe6tto­

CTh s coxpattemrn pa3pe3a 

• PSS Mind HaveNewData= 16 - ecTh ,uaH­

Hhie .llJlH o6MeHa Ha TeKymeH T0':lKe CHH­

Xp0HH3ailHH, 

• PSS_Mind_CanNotExchange= 32 HeT 

B03M0)KHQCTH o6Metta .uaHHhlMH Ha TeKy­

ll.leM T0'iKe CHHXp0HH3aUHH. 

lfro6bI K0.ll Mor C006IllHTb 110 CB0H )l{e­

naeMbie ,ueHCTBHH, He06XO.UHMO B Ka'ieCTBe 

napaMeTpa wishful_ mind no,uaTb uenoe 'iHC-

no, nonyqettttoe rryreM cnm1<eHHR napaMeTpos 

H3 npHse.ueHH0ro BhIWe CilHCKa. HanpHMep, 

6HTOBM MacKa pasHM PSS_Mind_NeedStop 

+ PSS_Mind_NeedSave, JaKaJbrnaeT coxpaHe­

HHe pa3pe3a H 0CTaH0B cqeTa. 

Bb/110.1/1/eHl/e 06.Mel/a cjJU3U'leC1'U.MU o6MeHHblJWU 

<jJy HKlfUJLHu tJ.epe3 HO. 
AnropHTM o6MeHa qrnJJ,fqeCKHMH .uaHHhI­

MH co.uep)KHT CJJe.UyIOll.lHe 0CH0BHbie IlyttKTbI: 

• nepe.uaqa scex HMeJOll.lHXCR <pH3H'IeCKHX 

.uaHHhIX qepe3 o6MeHHbie cpyttKilHH, 

• Q)KHJlaHHe 0K0HlJaHHH o6MeHa, 

• npHeM H3 BX0.UH0ro 6ycpepa Heo6XO.llHMhIX 

.UaHHhIX, 

• 0lJHCTKa BX0.llH0ro 6ycpepa. 

O'-IHCTKa 6ycpepa npHeMa .uaHHbIX s areH­

Te HO: 

C++: int pss_reset_transput_buffer(); 

<l>op-rpaH: subroutine pss _reset_ transput_ buf­

fer (err). 

,UaHHyIO cpyttKIIHIO Heo6XO.UHMO Bhl3hI­

BaTh nocne 3aseprneHIDJ o6Metta HH<pOpMaUH­

ei-i, 'iT06h1 H36e)l{aTh nonyqeHHH Ja.uaqeii cTa­

phIX .uaHHhIX, K0T0pbie npHcnaHhl Ha npe.uhJ­

.llyrllHX T0lJKax CHHXpOHH3al.lHH. 

O)l{H,llam1e JaBeprneHHR Bcex o6MeHos: 

C++: int pss_transfer_barrierQ; 

<l>opTpaH: subroutine pss _transfer_ barrier 

(err). 

BhI30B JlaHHOH <pyttKUHH npHB0.llHT K 

0)1(1,f,llaHHIO 3asepweHHH scex o6Mettos Me)l(Jly 

HO H CHHxpoHHJarurn scex Ko.nos s T0qKe 

Bbl30Ba ,llaHHOH <pym<UHH. 

llpHeM H nepe.uaqa .uaHHhIX: <pyHKUHH ne­

pe.nat.JH <pH3HlJeCKHX .uaHHl>IX RBJlRJOTCH 6no­

KHPYIOlllHMH THTia To1IKa-Toq1<a onepan;HHMH. 

He6noKHpyIOmM nepe.uaqa .nattHhIX -

C++: int pss_put_data (canst void *buf, int 

count, unsigned int type_ data, unsigned int 

physical_ type_ data, char *dest, unsigned int 

anchor _point, canst void *grid, int size _grid, 

unsigned int type_data_grid, err); 

<l>op-rpaH: subroutine pss_put_ data (buf, count, 

type_ data, & physical_ type_ data, dest, anchor 

_point, grid, & size_grid, type_ data_grid, err). 

3.necb 
buf - a.n,pec Hat.Jana 6ycpepa nepe.nasaeMbIX 

<pH3H1:leCKHX .n,aHHhIX, 
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count - K0J]}fqeCTB0 nepemrnaeMbrx JJ,aHHhlX, 
type_ data - nm rrepeJJ,aBaeMhIX JJ,aHHhIX, 
physical_type_data - cpH3HqecKHH CMhICJI JJ,aH­
HhIX, 

dest - HMR KJiacca rrpHeMHHKa JJ,aHHhIX, 
anchor _point - TOqKa npHBR3KH, 
grid - aJJ,pec 6ycpepa, rJJ,e xpaHHTCH ceTKa, 
size_grid - pa.3Mep ceTKH (B JJ,aHHOH peamna-
11,1111 J],QJI)KHQ 6hITh Il0J],aH0 3HatJeHHe, paBH0e 
count +l), 
type_ data _grid - THil JJ,aHHhIX B 6ycpepe ceTKH. 

IlpHeM coo6meHIDI c 6JIOKHpOBKOH -
C++: int pss_get_data_nonblock (void *buf, 
int count, unsigned int physical_type_data, un­
signed int anchor _point, unsigned int type_ 
data, canst void *grid, int size_grid, unsigned 
int type_data_grid, err); 
<DopTPaH: subroutine pss _get_ data_ nonblock 
(buf, count, type_data, & physical_type_data, 
anchor _point, grid, & size _grid, type_ data_ 
grid, err). 

B cnyqae OTCyrCTBlijl 3arrporneHHhIX JJ,aH­

HhIX BO BXOJ],HOM 6ycpepe B Kaqecrne pe3yJih­

TaTa pa60Thl cpyttKU"HH (err) 6yJJ,eT B03Bpame­
H0 3Ha11eHHe > 0, a B cnyqae 011rn6KH - < 0. 
CMbICJI rrapaMeTP0B D.aHHOH cpyttKIJ,HH TaKOH 
)Ke, KaK y cpyttKIJ,HH rrepena•rn JJ,aHHhIX. IlpH 

npHeMe coo6meHlijl He Ba)KeH KJiacc HCT01IHH­
Ka coo6memrn, TaK KaK 3anaqa TPe6yeT onpe­
JJ,eneHHhie cpH3H'IeCKHe naHHhie H e.H HeBa)KHO, 

KT0 HX rrpe,U0CTaBHJI. DJIOKHpOBKa rapaHTHpy­
eT, 'ITO IlOCJie B03BpaTa 113 cpyttKUHH Bee 3Jie­

MeHThI coo6meHlijl ~e 6y.uyr rrpHIDIThI H 
pacnono)KeHhI B 6ycpepe buf. Ha6op .uaHHhIX, 
D.0CTaBAAeMbIX BO BXOJ],HOH 6ycpep, 3aBHCHT OT 
nepeq1rn cpH3HY.eCKHX KJiaCCOB Kana, KOTOphIH 

3MBJieH B rracrropTe BO D.attHoro K0JJ,a. 
IIepe11eHh KOHCTaHT, nepe'UICllillOIUHX 

HD.eHTHq)HKaTOphl THIIOB q)H3H1leCKHX cpyttK-

11,HH, q)H3HtJeCKHX KJiaCCOB KOJJ.OB H THTIOB 

,uaHHhrx JJ.JIH nepe,ua'IB/npHeMa 6ycpepa H ceT­
KH, 3aJJ,aH B cpaiine macros_ constf.h (macros_ 
const.h JJ.AA C++ ). 

Om1caHHe THII0B nepeJJ,aBaeMhIX JJ.aHHhIX: 
pss _int, pss _ float, pss _ double, pss _ char. 

OilHCaHHe THII0B o6MeHHhlX cpymcu.m1.: 
- pss _ func _ statinfo _ chanelnum, 
- pss_func_total_power 
- pss _ func _ coolant_power, 
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- pss _ func _ coolant_temp, 
- pss _ func _ coolant_ density, 
- pss _ func _ fuel_power, 
- pss_func_fuel_temp, 
- pss _ func _fuel_ density, 
- pss _ func _graphite _power, 
- pss _ func _graphite_ temp, 
- pss_func_graphite_density. 

11.n;eHTHcpHKaTOphI KJiaCC0B K0JJ.0B: 
- pss _code_ neutronics, 
- pss _code_ thermo_ hydro_ dynamics. 

11,neHTHcpHKaTOphl IIpH3HaKa II0CJieJJ,OBa­
TeJihHOro HJIH rrapanneJihHoro rrpHJI0)KeHlijl: 
- APPL_ MPI - rrpHJI0)KeHHe rrapanneJihH0e 
(IIpoBe.n;eHa HHHUHaJIH3aUHa MPI (BhI3BaHa 
MPI_Init)), 
- APPL_ SEQ - npHJI0)KeHHe IIocrreJJ,oaa­

TeJihHOe. 

3aKJI101Jeuue 

110 pa.3pa6oTaHhI ,nnH K0A0B STEP AN H 
KOBRA [5], MCU [6], KORAT-3D [7], PA­
TEf [8], SimWort 3D [9]. IIyreM noJJ,KJI1011e­
HHH 3THX K0J],0B K C00TBeTCTBYIOIUHM 110 C03-
.n;aHhl BO, C Il0M0I.UhIO K0T0phIX BhIIl0JIHeHhl 
CBH3aHHbie pactJeThl HeHTPOHHO-cpH3HtJeCKHX 
H Tenrrorn.n;paaJIHtJecKHX rrpoueccoB B aKTHB­
HOH 30He PEMK [I]. Pe3yrrhTaThI pacY.eToB 
Il0Ka.3aJIH IIpHHUHIIHaJihHYIO B03M0)KH0CTh 
06'he,UHHeHIDI He3aBHCHMhlX KOLi.OB C IIOM0-
IUhIO 110 AJIH IIp0Be.n;eHHH CBR3aHHhlX pacqe­
T0B Ha PMBC c K0MIIhIOTepaMH pa.3HOro 
KJiacca H II0A YJipaBJieHHeM pa.3JIH'IHhIX 0IIe­
paUH0HHhIX CHCTeM. 
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KaK )')Ke OTMe'iaJlOCb B npe)J.bI)J.ymew CTa­
Tbe (c. 78-83), ueJlb )J.aHHbIX rry6m1Ka.UHH -
H3Jl0)KHTb B KpaTKOH cpopMe HHCTPYKI.nno 
IlO,llTOTOBKH KO)J.OB )J.Jl.ll BKJIIO'leHH.ll B cpei:i;y 
pacrrpei:i;eJleHHOH MHoronpoueccopttow Bb1-
tJHCJ1HTeJ1bHOH c11cTeMn1. B :now cTaTbe H3Jlo­
:>KettbI MeTO)J.bl C03)J.amrn: KOHBepTOpOB )J.Jl.ll 
rrepeBO)J.a CTatti:i;apTHbIX i:i;aHHbIX B cpopMaT 
KO)J.a H H3 cpopMaTa KO)J.a B CTaH)J.apTHbfH qlOp­
MaT. 

B pa3pa60TaHHOH TeXHOJlOrHH [ 1] )).JUI 

CO3)J.aHHR CHCTeMbI KOHBepTHpoBaHH.ll HHqlOp­

MaUHH peaJlH3OBaHbI CTaH)J.apTHbie BXO)J.Hble H 

BblXO)J.Hbie KOHBepTOpbI [2 .. .4], HO TaK)Ke oc­
TaBJleHa BO3MO)KHOCTb IlO)J.KJ110'leHH.ll cneuH­

aJlbHbIX KOHBepTOpOB )J.Jl.ll KO)J.OB. Bb16op H 3a­

rpy3Ka KOHBepTopoB rrpOH3BO)J..llTC.ll )J.HHaMH­

qecKH cpei:i;cTBaMH HHTeJlJleKTyaJlbHbIX o60Jl0-

qeK (HO) cornacHo HHqlOpMal{HH, YKa3aHHOH 
B 41awJ1e om1caTeJ1R Bbl'lHCJ1HTeJ1bHoro o6'heK­
Ta (BO). )],JUI Ka)K)loH 3arp)')KaeMOH Komm 
KOHBeprnpa cymecTByeT CBOH KOHqlHrypauH­

OHHbIH cpaiiJl, KOTOpbIH 3arp)')KaeTC.ll H o6pa-
6aTbI.BaeTC.ll cpei:i;cTBaMH HO, H coi:i;ep)Karua.s1.­
c.s1. B HeM HHcpopMal{HR rrepei:i;aeTC.ll B KOHBep­

TOp qepe3 cneUHaJlbHbie IIOJJ.IIporpaMMhI 110. 
Crntti:i;apTHbIH KOHBepTop peaJ1H30BaH TaK, 

'ITO OH He3aBHCHM OT apXHTeKTypbI H orrepa­

UHOHHOH CHCTeMbI H 06J1a.naeT JlerKOH rrepe­

HOCHMOCTbIO Ha pa3IlHlJHbie 3BM. IlpHHUH­
IIbl cpyttKUHOHHpOBaIDIJI KOHBepTOpOB H npH­

Mepbl HX peailH3aUHH )).JUI KOH.KpeTHbIX KO)J.OB 

npHBe)J.eHbI B pa6oTe [ 1]. B 3TOH CTaTbe 6yJJ.YT 
paCCMOTPeHbl TeXHOJlOrH.ll pa3pa60TKH KOH­

Beprnpa 11 ,CTPYKTYPa ero rrporpaMMeoro 
o6ecrreqemrn. 

Co1oanue KOnBepmopa Kooa. Ilpouecc 
CO3)J.aHHR KOHBepTopa KO)J.a pa3i:i;em1eTC.ll Ha 

)).Ba 3Tana. Ha rrepBOM CO3)J.aeTC.ll ¢aiiJl KOH­

cpirrypaUHH KOHBeprnpa; o6'beM HHcpopMaUHH, 
3a)J.aBaeMOH B ¢awJle KOHcpHrypaum1, OIIHCaH 

HH)Ke. Ko BTopoMy 3Tarry nOJlb30BaTem, rrp11c­
TyrraeT TOJlbKO B CJlyt-iae Heo6XO)J.HMOCTH cne­
umtm-iiecKOH o6pa6oTKH .naHHbIX, He rrpei:i;yc­
MOTPeHHoii B paMKax peailH3auHH CTaH)J.apT­

HOro KOHBepTopa. IlOJib30BaTeJib BHOCHT He­

o6XO)J.HMbie H3MeHeIDUl B OTKpbITbie KO.LI.bl 
IIOJlb30BaTeJihCKHX cpyttKUHH KOHBeprnpa li 

caMOCTO.sITeJihHO IIOJl)"laeT 06'beKTHhIH ¢aifo, 
TTYTb H HM.ll KOToporo YKa3bI.BaeT B orr11caTeJ1e 
BO. 
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<l>aHJl KOHcpHrypaUHH C03)J.aeTCH Ha 3TaIIe 
C03)J.aHH.ll KOHBepTopa KO)J.a H co.nep)KHT B ce-
6e He06XO.D.HMyIO HHcpopMaumo )J.JlH pa60Tbl 
KOHBepTopa, 06ecnet1HBa10ruero KOppeKTHbIH 
o6MeH HHcpOpMauHeH BHYTPH CHCTeMbI, CBH-
3bI.Ba10ruew HecKOJlhKo BO. B cpaiiJ1e KoHcpH­
rypauH11 coi:i;ep)KHTCR CJle)J.yIOIUa.sI HHqlOpMa­

UHR: 

• yqeTHa.sI HHcpopMaumi:; 

• OIIHCaHHH HeCTaH)J.apTHbIX cpH3ITTeCKHX 

pa3MepHOCTeH, HCIIOJlb3yeMbIX KO)J.OM, C YKa-

3aHHeM rrpHHUHIIa IIpHBe)J.eIDUl K CTaH)J.apT­

HhIM o6MeHHbl.M pa3MepHOCnlM; 

• OilHCaHHe o6MeHHbIX cpyttKUHH, KMeIOIUHX 
HeCTaH.D.apTHbie cpH3H'leCKHe pa3MepHOCTH; 

• Kaprn rrepecqern npHB.ll30K; 

• JIOJlh30BaTeJlbCKa.ll HHcpopMauHR. 
<l>aHJl 3aIIHCbI.BaeTCH B ¢opMaTe xml H 

rrpe)J.CTaBllileT CJle)lyIOIUyIO CTPYKTypy: 
<converter> 

Y'lem,wR uHrjJopMa14UR: 

• info 
• Name= "Codel converter" 
• Version= "1.1" 

• Comment = "KoHBepTop JJ.JlH Ko.na l" 
• Author= "HBaHoB H. P<l>5Il.J: BHJ1l13<l>" 
• Date = "2007.11.11" 

OnucaHUR HecmaHoapmHbZX rjJUJul/eCKUX 
pa3AtepHocmeu, UCIWllb3yeA-tblX KO0OM, C yKa-
3GHUeAt npueeoeHUR K cmaH0apmHbZM o6MeH­
HbUt pa3MepH0CmJlM. HucpopMaurui: 0 HeCTaH­
i:i;apTHbIX pa3Mepuocrn:x, HCIIOJih3yeMbIX B KO­
.ne (B CJlyqae, eCJlH HeKOTOpbie H3 CBOHCTB 
onymeHbl, K HHM npHMeH.ll."10TCH CJle)J.yIOIUHe 
3uaqeHH.ll no y-MOJl'iaHHIO: user="O" a="O" 
b=" l" c="O" d=" l" e=" l "; 3i:i;ecb □pHBe.ueHbI 
3Ha1:1eHH.ll rrapaMeTPOB IIOKa3aHHOH HH)Ke 
cpopMyJlbJ (1) rrepecqeTa pa3MepHOCTH): 
• user_ dimensionelity 

• user dim name="dimen l" user="O" a=" l" 
b="2" c="3" d="4" e="5" 

• user dim name="dimen2" a=" l" b="2" 
• user dim name="dimen3" user=" l" 
• user_ dim name="grid _ convert" d=" 100" 

- KJlIOLJeBoe HMR rrpaBHJla Jai:i;aeT rrpaBH­
Jio rrepecl.J:eTa BbICOTHbIX ceTOK. 

Onucamte o6MeHHblX rjJyHKLf.UU, UMe10t4ux 
HecmaHoapmHbLe rjJu1ur-,ecKue pa3MepHocmu: 



• user_ exchange_ functions 
• func name="Fuel:Temperature" dim= 

"dimen 1" 
• func name="Total:Power" dim="dimen3" 

3ape3epBHpoBaHO .UJIJI. ITOJlb30BaTeJibCKOrO 
cneUHallhHOro KOHBepTopa: 
• user data 
• file name="user additional info. txt" 

OnucaHue Kapmbl npueeoeHUR npU6fl30K K 

06u1eMy ¢op;11amy. 3HaqeHHe CBOHCTBa is_ 
full, ornHqHoe OT HYJIR, CBH,ZleTeJihCTByeT 0 
TOM lJTO m-06M npHHJI.TM TOqKa npHBH3KH 
KO.Ila .uom1rna 6hITh Haii:.ueHa B KapTe nepecqe­
Ta, B npOTHBHOM cnyqae HeHati.ueHHaR. TOlJKa 

He KOHBepTHpyeTCH H He Bbl3hIBaeT CHTyauim 

onrn6KH: 
• transfer_ map is_ full="0" 

IlpHBJl.3KH TOqKH K TO~e: 

• point local="00" global=" 1000" 
IlpHBH3KH BeKTopa K BeKTopy: 

• vector local_ a="0 l" local_b="l000" glo­
bal_a="00" global_b= '999" 

• transfer_ map 

flOJlb306Gl1leJlbCKClfl LIHqJOp,llal{UR. )],AA 
c03.uamrn caoero co6cTBeHHoro KOHBepTopa 
110Jlb30BaTemo Heo6XO.l(HMO BHeCTH H3MeHe­

HHJI. B no.unporpaMMbI HHHI..(HallH3al.(HH H Ja­

BepmeHIDI, npHae.ueHIDI cjnmrqecKHX pa3Mep­
HOCTei-i, nepecqeTa ToqeK npHBJl.3KH H HHTep­

IlOJIJI.I..(MH. 

)],nH o6MeHHOH q:>)'HKI..(HH, HeCTaH,ZlapTHM 
q:>H3H':leCKaR. pa3MepHOCTh KOTOpOH onpe.uene­

Ha B cpaune KOHcjrnrypaUIDI" KOHBepTOpa, npH­
Be.ueHHe q:>H3HlJeCKHX pa3MepHOCTeH Be,ZleTCJI. 

no cne.uyromeMy anropHTMy. 
1. EcnH none user HMeeT Hyneaoe JHaqeHHe, 
TO nepeclJeT npOH3B0}lHTCJI. IIO cj)opMyne 

Global_ Value= a+ b(c + dLocal_ Value)". (I) 

2. B npOTHBHOM cnyqae a JaBHCHMOCTH OT Ha­
npaaneHHJI. KOHBepTHpOBaHHH nepecqeT q:>H3H­

'IeCKOH pa3MepHOCTH npoH3B0.llHTCJI. B no.u­
nporpaMMax, nepenHcr,rnaeMhrx nonr,JoBaTe­
JJeM B cneuHanbHOM KOHBepTope H HMelOIUHX 

CJJe)J.yroIUHH HHTepcpeik: 
• int IOConv_LocalToGlobalValue (double 

*l;>uf, int count, unsigned int physical_ 
type_ data, unsigned int anchor _point), 

• int IOConv _ GlobalToLocalValue (double 
*buf, int count, unsigned int physical_ 
type_ data, unsigned int anchor _point), 

r.ue buf - a.upec HatJana 6ycpepa nepe.uaaae­
MhJX q:>H3WleCKHX ,Zla.HHhIX, count - KOJIHlJeCT­

BO nepeJJ.asaeMhIX JJ.aHHhIX, physical_ type_ 
data - QJHJHqeCKHH CMhlCJI ,I:{aHHbIX, an­
chor _point - TQqKa npHBH3KH. 

)],Jrn nepecqeTa TotJeK npHBR.3KH HJ no­
KanhHOH HYMepal.(HH K o6menpHHRTOH o6MeH­
HOH 11 o6parno B cpaii:ne KOHcj)HrypauHH KOH­
BepTopa Ja)J.aeTCJI. KapTa CBJl.3bIBaHHJI. OHa 

npeJJ.cTaaJIReT co6ou cnHcOK npoeKUHH .zzyra­
rra30HOB ToqeK B npHRHTOH B .uaHHOM KO,I:{e 
HYMepauHH Ha o6menpl1IDITYI-O o6MeHHYI-O 
CHCTeMy HYMepaUHH. 

Ecn11 npMIDIT npH3HaK, 'ITO KapTa R.BJIReT­
CH IlOJIHOH, TO TO'IKa, He HaH)J.eHHaH s Ta6JIHue 
rrepectJeTa, Bhl3hIBaeT onrn6oqHyro CHTYal.(HIO. 
Ta6nHua .nom1rna 3a.uaaaTh OJJ.HOJHaqHoe co­
OTBeTCTBHe B o60HX HanpaBJieHIDIX. nepecqe­

Ta. B npoTHBHOM cnyqae Ha :narre 3arpY3KH 
6y.ueT Bbl3BaHa Oll1H60lJHM CHTyaUHJI.. 

B cnyqae COJ.l{aHIDI crrel.(Hanbttoro KOH­
aepTOpa aBTOp MO)KeT nepemi:caTh cj))'HKUHH 
KOHBepTHpoBaHHJI.: 

• int IOConv LocalToGlobalAnchorPoint 
(unsigned int local_anchor _point, unsigned 
int global_ anchor _point, int is_ full_ map, 

IOConv_ MapTable *map_table), 
• int IOConv GlobalToLocalAnchorPoint 

(unsigned int local_ anchor _point, unsigned 
int global_ anchor _point, int is_ full_ map, 

IOConv_ MapTable *map_table), 
r.ne local_ anchor _point 11 global_ anchor _point 
- COOTBeTCTBeHHO JlOKallhHM 11 o6MeHHM 
TO'-IKH npHBH3KH, is_full_map - npH3HaK IlOJI­
HOTbl KapTbT nepectJeTa, IOConv_MapTable -
CilHCOK CTPYKTYP, OilHCbIBaIOIUHH Ta6JIHUY 

nepecqeTa. 
CTPYKTYPa IOConv _Map Table HMeeT 

cne.uyrom11li a11.u. 
struct IOConv _Map Table: 

• int is_ diapozon - rrpHJHaK JJ.HanaJoHa HJIH 
TO'-IKH; 

• unsigned int local_a - noKanbHoe JHa1Ie­
H11e· 

• unsigned int local_b - local_a ecn11 is_dia­
pozon =0; 

• unsigned int global_a - o6menpHH51.Toe 
o6MeHHOe JHa'-lem1e; 
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• unsigned int global_b - global_a ecm1 is_ 

diapozon = O; 
• void* next - cne.IIYJOIUHH 311eMeHT rn6Jrn­

UbI. 

Tiepe.u II0JI)"IeHJ-t:eM BeKTOpa o6MeHHOH 

q>y'HKUHH K0)I0M-II0nyqaTeneM BO BX0,[(HOM 

KOHBeprnpe rrpOI13BO.IDITCH HHTepnOJUil{liH q>H-

311qecKHX sen11qHH C ceTKH OTIIpaBHTenH Ha 

ceTKY nonyqaTenH. ABTop crreuHanbH0ro K0H­

sepTopa TaIOKe M0)KeT 0IDICaTb CB0IO II0.llllp0-

rpaMMY HHTeprromruHH cornacno cne.uyrorue­

MY 0llHCaHmo q>y'HKUHH: 
int IOConv _ Interpol Value 

(unsigned int physical_type_data, unsigned int 
anchor_point, canst double *source_buf, int 

source_ count, canst double *source _grid, int 

source_size_grid, unsigned int source_type_ 

data_grid, canst double *dest_buf, int dest 

count, canst double *dest_grid, int dest_size_ 

grid, unsigned int dest_ type_ data _grid), 

r.ne physical_ type_ data - q>H311qecKHH CMbICn 

.uaHHbIX; anchor_point - TO'-lKa npHBH3KM; 

source_buf, dest_buf - a.upec naqana 6ycpepa 
q>I13HqecKHX ,llaHHblX KO,[(a HCTQqHJ,JKa H no­

nyqaTerni:, cooTBeTCTBeHHo; source_ count, dest 
_ count - KoJ111qecTB0 nepe.uasaeMbIX )IaHHbIX; 

source _grid, source_ size _grid, dest_grid, dest_ 
size _grid - ceTKH ornpas11TeJU1 H nonyqaTenH 

H HX pa.3MepH0CTH; source_type_data_grid H 

dest_ type_ data _grid - THTT 11crronh3yeMbIX ce­

TOK KO,UaMH OT11paB11TeAA H IlOJiyqaTeJIH. 

Bb16op anropHTMa HHTepII0JIHUHH M0)KeT 
3a,llaBaTbCH OT,lleJibHO ,[(AA K8)1(.[{0H o6MeHHOH 

cpyttKI.J,HH qepe3 q>aHJI KOHq>HrypaUHH KOHBep­

TOpa . 

.D:m1 HOpManbHOro q>yttKUHOHHpOBaHHH 

K0HBeprnpa pa.3pa60TaHI,I II0,llIIporpaMMhl 

HHHUliaJIH3aUHH H 3aBeprnemur pa60Tbl KOH­

Beprnpa. ABrnp CIIeUHaJibH0ro K0HBeprnpa 

TaIOKe HMeeT B03MO)KHQCTb rrepenHCaTb ,llaH­

Hl>Ie II0,llIIporpaMMhl cornacH0 co6cTBeHHblM 

H)')K,UaM. 

11HHilHaJrn3aUIDJ K0HBeprnpa: 

int IOConv _Init (IOConv _ Info* info, char* 

user_ config_ file). 

11HHUHMH3aU.HH pa60TbI K0HBeprnpa npo­

HCX0)Il1T nocne 3arpy3KH 11 06pa60TK11 q>ailna 

KOHq>Hryp,m11H, II0CTp0eHHH Ta6n11u HeCTaH­

.napTHblX BeJIJ,fqHH H KapTbl nepecqeTa T0qeK 

np11BH3KH. B aprYMeHTe user_ config_ file ne­

pe.uaeTCH IIYTb K q>aifny IIOJib30BaTeJibCKHX 
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.naHRbIX B cnyqae cneu.HanhH0ro K0HBepTopa 
int IOConv _Finalize (void). 

3aseprneH11e pa60Tbl K0HBepTopa H 0CB0-
60)1(,UeHHe HCII0Jlb3yeMOH naMHTl1. Bee nocne­

.nyrom11e o6parueHIDI K K0HBeprnpy, B TOM 
q11cne K IOConv _ Init ( ... ), 3anperueHbI. 

Pea.nu3at(Ull cucme.11tbl K01t6epmupo6a-

11ua. CHCTeMa K0HBepTHp0BaHHH o6MeRHbIX 

q>yttKUHH, cpe.ncrna .UHHaM11qecKoro no,nKJUO­

qemrn K0HBepT0p0B, rrp0T0THII K0HBepTopa 
II0Jlb30BaTeAA HBJIHIOTCH COCTaBROH qacTblO 

HHTenneKTYMbHOH cpe,llhl pacnpe.ueneHHOH 
6116JIHOTeKM TITIQ H HaXO,llHTCH B )lHpeKT0pHH 

converter, 0IIHCaHHe KOIOpOH rrpHBe,lleH0 B 

pa6oTe [5]. 3.necb )Ke .naeTCH KpaTK0e 0llHCa­

HHe 0CH0BHhIX nporpaMMHI,IX 6JIOKOB 3TOH 

)lHpeKT0pHH: 

• ioconv.h co.uep)KHT 061,HBneHHe CJI)')Ke6-

HbIX CTPYKTYP, Heo6xo,nHMhIX .nnH xpaHeHIDI 
.naHHbIX 6a.30BOro K0HBepTopa, 3arp)')KaeMbIX 

113 xml-cpaifna KOH<pHrypaUHH; 

• ioconv _proto.h co.nep)KHT ofrbHBnemrn. HH­

Tepcpeifcos API-q>yttKllHH 6aJosoro 11 noJib30-

saTeJihCKoro K0HBepTopoB, a TaIOKe HeK0T0-
pbIX CJI)')Ke6HbTX q>yttKIJ.HH 6a.30BOro K0HBep­

Topa; 

• ioconv _ base.c - 6aJOBaH qacTh K0HBepTo­

pa, BKJIJOqaIOIUM q>yttKUHH: 
- HHHUHMH3al.{ID[ H 3aBeprneHHH pa60Tbl, 

- npeo6pa.30BaHHH q>H3J,fqeCKMX BeJIHqKH, 

- HHTepII0JUil{IDI q>H3J,fqeCKMX senwrn.H Ha 

ceTKY nonyqaTeAA; 

• 10conv _ user.c - rrpoTOTHil Il0Jib30BaTenb­
cKoi1 qacTH KOHBepTopa, B K0T0p0M co.nep­

)KaTC5.l o6bHBJieHHH q>yttKUHH 110Jlb30BaTeM, 

C00TBeTCTBYJOIU11X q>y'HK[(IDIM 6a.30BOro K0H­

seprnpa; 

• ioconv _ config.c peanmyeT aHMH3 xml­

cpailna KOH<pHrypau.1111 11 HHHUHMl13ar{HIO 
K0HBepTopa HaqanbHbIMH ,naHHhIMI1, a TaK)Ke 

BbITI0JIHHeT aHaJIH3 <py'HKUHH 6a.30BOro K0H­

sepTopa 11 ero CJI)')Ke6HbIX cpyttKUHH. Pean11-

3au11H <pyttKUHH 110Jlb30BaTeJlhCK0ro K0HBep­

T0pa ocyruecTBJUleTcH 6noKOM ioconv _ user.c, 

.nocTyrrHbIM )lJIH cso6o.nHoro pe,naKTHp0BaHHH 

110Jib30BaTeneM; 

• ioconvif.h co.nep)l(11T onHcaHHe HHTepcpeif­

ca .n11HaM11qecKoro K0HBepTopa 11 areHTa 110. 

11Hiepq>ei1c peanH30BaH B BH,ne Tpex cTp}'K­

Typ: co6crneHHo HHTepcpeifca K0HBeprnpa, 



J,1FITepcpei1coa npeo6pa3oaamu1 rno6a.iu,HbIX 

3Ha1.JeHI-IH B n0Ka.JlhHbie H n0Ka.JlbHhIX 3Haqe-

11HH B rno6aJJbHhie. B HHTepcpeticax rrpeo6pa-

3oBamrn co,aep»<aTC.H yi<aJaTen11 Ha cpyttKU1111, 

K0T0pbte 6yayr CBSl3aHbl C (p)'HKUHHMH K0H­

BepTopa noJih30BaTemi:; 

• ioconv _ load.c pea.J1113yeT naa Mernaa a11-

HaMH1.JecKoii 3arpy3KH K0HBepTopa H CBH3bIBa­

H}Ie HHTepcpetica C n0Jib30BaTeJibCKHMH (p}'HK­

UHHMH K0HBepTopa. Om,rn MeTon Bblil0JIHHeT 

3arpY3KY o6'heKTHOro K0,Aa K0HBepTopa, a 

BTOpOH ocymecTBJI~eT era BhirpYJKY C 0CB0-

60)1(,lleHHeM JaHHMaeM'hIX pecypcoa. 

3aKJUO'leHHe 

Oco6eHHOCThlO peaJJH3aUJ,UI K0HBepTopa 

HBJIHeTCSI TO, 1.JT0 0Ha He HMeeT 3aBMCMMOCTeH 

OT apXMTeKTypbI H orrepal\M0HHOH CHCTeMbl 

ueneaoii 3BM. PaJpa6oTaHbI K0HBeprnpbI llAA 

K0ll0B PATEr[6], KORAT-3D [7], STEPAN H 

KOBRA [8]. PeaJIH30BaHO rro,aKJIJOt.JeHMe 

K0HBeprnpoB K HO 3THX K0ll0B 

IlpH 11Cl10Jlb30BaHHl1 K0HBepT0p0B npoBe­

,aeHhl TeCT0Bbie CBH3aHHhJe pact.JeTbl C Y4aCTH­

eM rrporpaMM KORAT-3D, PATEr, STEPAN, 

KOBRA 11 SimWort 3D [9]. Ha 3THX Tecrax 

Bblil0JIHeHbl 0TJia,AKa H TeCTHp0BaHHe Bcex 

<iiYHKUHH CHCTeMbI K0HBepn1poaaH11H. Pe-

3YJibTaTbl npoaeneHHhIX pact.JeT0B noKaJa.JlH 

K0ppeKTH0CTb pa60Tbl H Il0llTBep,AHJIH nocTa­

TO'lHYJO (p)'HKUHOHaJihHOCTb Il0JIY4eHHOH pa3-

pa60TKH. 
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lIC PEIIIIO no,/J, ynpanneuHeM onepau.Houuoii cpe,IJ,hI Windows 
H MeTO,/J,bl OTJia,IJ,KH KOMUJieKCHhlX 3a,IJ,al.J Ha 3MYJIHTopax 

B. <I>. ToKapeuKo, 
PHU: "Kyp•-rnTOBCKHH HHCTHTyr", 123182, MocKBa, rm. KypqarnBa, 1 

H.M. 6eJ1RK06, A.M. Bapzuu, O.A. BopouoBa, 10. <I>. J(auuJl06, 
A.A. J(eylluu, B.B. E600KU.M06, J(.B. Kyllbuee6, ll.C. Jlo6a1to6, 

M.C. Ca.JHu2yJ1u11, I'.ll. CeMeHo6, P.M. mazMueB, T.B. me.1uRK1ma, 
P<1>5IU:-BH11113<1>, 607188, r. CapoB HmKeropo,ucKoH o6n., np-T MHpa, 37, 

B.A. J(a1tUll06, 
OAO "CHHHII", 123060 MocKBa, yn. PacnneTHHa, 5 

IlocTymrna B pe.uaKUHJO 22.07.2009 r. 

J,faJJo)l(eHbl om1cam-1e HHTeJJJJeKTYaJJbHOH cpellbl (HC) pacnpeneneHHOH 6H6JJHOTeKH npHKJJa)l.ttoro 
nporpaMMHoro o6ecne4eHHll (PEnTIO) llJlll KOMr1bIOTepos c onepaUHOHHOH cpenoH (OC) Windows H Tex­
HOJJOfIDI 3MYJJllUHH Bbl4HCJJHTeJJbHOH cpe)l.bl cynep-3BM Ha nepCOHaJJbHblX KOM[lblOTepax. 

Kn,,o'leBble C/IOBa: MHOfOr1poueccopHble Bbl4HCJJHTeJJbHble CHCTeMbl, cynep-3BM, Bbl4HCJJHTeJJbHblH 
o6beKT, nporpaMMHble KOMnJJeKCbl, HHTeJJJleKTYaJJbHall cpena, pacnpeneneHHall 6H6JJHOTeKa npHKJJaDHOfO 
nporpaMMHoro o6ecne4eHHll. 

The Distributed Library of the Applied Software and Its Intellectual Environment under Win­
dows and Methods of Debugging of Complex Tasks on Emulators. V.F. Tokarenko, RRC "Kurchatov 
Institute ", 1, Kurchatov Sq., Moscow, 123182, I.M. Belyakov, A.M. Vargin, O.A. Voronova, Yu.F. Dani­
lov, A.A. Deu/in, V. V. Evdokimov, D. V. Kul'neev, P.S. Lobanov, M.S. Samigulin, G.P. Semenov, R.M. 
Shagaliev, T. V. Shemyakina, RFNC-VNIIEF, 37, Mira Ave., Sarov, Nizhni Novgorod region, 607188, V.A. 
Danilov, JSC "SNl/P ", 5, Rasp/etina St., Moscow, 123060. The description of the intellectual environment 
of the applied software distributed library for computers under Windows and technology of emulation of the 
computing environment of the super computer on the personal computers are presented. 

Key Words: Multiprocessor Computing Systems, Super Computer, Computing Object, Code Com­
plexes, Intellectual Environment, Distributed Library of Applied Software. 

Pa.3pa6oTaHa BepCHH TeXHOJIOrHH .UJIH 
rrpoBe.ueHHH CBH3aHHhIX pacY:eToB B MC 
PEIIIIO no.u ynpaBneHHeM OC Windows 
[ 1... 7). 3Ta Bepcilll TaIOKe TI03BOmieT 3MYJIH­
poBaTb OC cynep-3BM no.u Windows H TeM 
caMbJM BbITIOJIHHTb OTJia,UOY:Hbie pa60TbI C K0-
.uaMH Ha nepcoHam,HhIX KOMilMOTepax npe)K­
.ue, Y:eM CTaBHTh ux Ha cynep-3BM. B KaY:ecT­
Be npoBepKH pa60TOCITOC06HOCTH H .UJIH OT­
Jia,UKH .uaHHOH TeXHOJIOrHH npoBe.ueHO no.u­
KJJJOY:emfe K MC PETIIIO Windows-npHno­
)KeHIDl SimWorT 3D Viewer [8], Kornpoe 
npOBO.UHT ,UllliaMH':leCKYJO BH3YaJIH3aUHJO pac­
Y:eTOB. 

BepcuR umneJI.JleKmyMbllOii 06ollO'lKU 
(HO) Ona OC Windows. IlporpaMMHoe o6ec­
neqettHe (TIO) .umi: OC Windows peanH30BaHo 
Ha H3hIKe C++. KoMMyttHKaUHOHHaH t:JaCTh 
110 rrpe,ucTaBmreT co6oii Ha6op areHTOB, Ka­
)KJlbIH H3 KOTOpbIX B3aHMO,UeikrnyeT co CBO-
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HM pacY:eTHhlM KO,UOM H nepecbmaeT ,uaHHhle 
.upyrHM areHTaM. B COOTBeTCTBHH C rnaBHhIM 
Tpe60Bam1eM K 110 Ko,ua pa.3pa6oTaH API 
(Application Program Interface) norrh30BaTeJIH 
.UJIH B3aHMo.uei1cTBHH areHTa HO H cY:eTHoro 
npHJIO)Kemrn. B .uaHHOH BepcHH API IIOJib30-
BaTeJIH peaJIH30BaHbl B03MO)KHOCTH: 
1) o6ecne<JeHHH rno6aJihHbIX TOY:eK CHHXpo­
HH3aD.HH .UJIH o6MeHa HHcpopMao.HeH Me)l(Jly 
CY:eTHblMH npHJIO)KeHHHMH; 
2) ynpaBJiemrn KO,UOM B rno6aJibHbIX TQqKax 
CHHXpOHH3aUHH (3aBeprneHHe, coxpaIIeHHe H 
3aBeprneHHe, npo.uon)KeHHe cY:eTa, coxpaHe­
HHe pe3yJihTaTOB M npO.UOJI)KeHHe CY:eTa); 
3) nonyqeHHH H nepe,uaY:H o6MeHHhIX cpyttK­
UHH KO,Ua. 

TaIOKe peanH30BaHbI CTaH,UapTHbJe KOH­
BepTOpbl, Bbl30B KOTOphlX npeo6pa3yeT HH­
cpopMa-UHIO K BHyrpeHHeMy BH.UY Ct:JeTHOro 
KO.Ua HJIH K o6meMy BH.UY .UJI.ll nepe,ua'-UI. .uaH­
HbIX Me)l(.uy areHTaMH. 



AreHT 110 HBJU!eTC.R. KOHCOilhHbIM npirno­
)l(eHHeM. Om1cam1e ero KOMaH,llHOH CTpOKH 
np1me,ueHo HH)Ke: 

pss_agent.exe [-v] [-c conffile] [-x path 
x:ml data] [--ioconv] 
-v - 3a,uaeT ypoBeHb orna,uKH (Konw-1ecTBo He­
o6xo,uHMOH orna,uo•rnoH m1cpopMa1.u111, 11eo6-
x:o,uHMOM ,llJI.R. pa3pa60T':IHKOB areHTa 110, KO­
TOpaH 6y,ueT 3an11cana B cpai1n Be,ueHH.R. "no­
roB"); 
-c conffile - Ja.uaeT KORcp11rypauHoHHhrn 
cj)aHJI. EcJIH ,llaHHblM Kll!0'-1.0M cpaHJI KORcp11ry­

pau11H He onpe,ueneH, TO no YMOJI':IaHHIO 6y­
)leT HCITOilb30BaTbC.R. cpaHJJ C Ha3BaH11eM aio. 
conf B TeKyru,eM KaTaJIOre; 
-x path xml data - onpe,ue1rneT nyTh, rae pac­
noJIO)l(ellhI nacnopTa 11 om-1caTen11 Ja)laT.J c 
KOT0pb1Ml1 ,llOJI)KeH pa60TaTb areHT. IIo yi10n­
qamno - nanKa xml _ data B TeKyru,eM KaTaJIO­
re; 
--ioconv - f0B0p11T O Heo6XO,lll1MOCTH np11Me­
Hemur KOHBepTopoB np11 nepe.llaY.e )laHHbIX. 

AreHT HO HBJIHeTCH TpexnoTO':IHbIM MPI­
np11JIO)KeH~eM. OcHOBHOH IlOTOK (cpyttKU11H 
main ()) npoBO.llHT 11H11uu~3aumo areHrn: 
':ITem1e KOHcpurypau110HHoro <paHJia, 3arpY3Ka 
.llaHHbIX o cBoeH 3a)la•rn. ,[(anee JanycKaeTcH 
nu6o llOTOK, o6cJiy)IUIBaIOIUHH coe)lHHeHne 
areurn HO c 3a.uaqej:j: a npo113BO.ll.R.lllHH .llaJih­
HeHwyro nepecbrnKy )laHHhIX n1160 noToK, 11c­
llOJIH.R.IOllll1H pOJib IJJJJI03a (gateway) Me)KJIY 
areHTaM11, pacnoJIO:>KeHHbIM11 Ha pa3HblX Ma­
lllliHax. 3arrycK TOro HJIH HHOfO ITOT0Ka onpe­
.ne1rneTCH KOHgrnrypau1-10HHbIM cpaHJIOM areH­
Ta HO. 

IIp11Mep KOHqrnrypaUHOHHOfO cpattna 6e3 
ll1Jll03a: 

kora t3d O nl 
mcu n2 

B nepBOM CTon6ue 3an11Cb1Ba!OTC.R. Ha3Ba­
HHH 3a,uaLJ, BO BTOpOM - H0Mepa npoueccopOB, 
Ha KOTOpbIX OHH fiy,uyr BbIIlOJIHHTbC.R., B 
TPeTbeM - IJa3BaHMe X0CTOB, Ha KOTOpbIX 6y­
.llyT 3arrymem,1 3aaa1:I11. 

IIp11Mep KOH<pHrypau110HHOro <paHna co 
llllli030M (3anycKaeTC.R. KaK KJIHeHT): 

mcu O n2 
gateway I host name::5002 
Ha3Haqem1e CTOJJ6UOB TaKOe :>Ke, KaK 11 B 

npe)lb],ll)'Ill,eM np11Mepe, HO Ha3BaH11e BTOpOH 
3a,uaq11 OITHCaHO KaK gateway. 3TO KaK pa3 11 
fOBOpHT O TOM, qTo OHa 6y)leT 3arryru,eHa KaK 
WJil03. B TPeTbeM cTOn6ue orrpe)leJI.R.eTC.R. (3a­
ITHCbIBaeTC.R.) HH<pOpMaUH.R., Heo6XO,lll1Ma.R. .llJI.R. 
CBH3H llIJI1030B Me)K,uy co6oi1. IIepBoe 3Ha':Ie­
HHe ,llO .llBOeT0':111.R. - 3TO HMj). XOCTa, Ha KOTO­
poM JarrymeH ,upyroH lllJII03, )laJJee - ero IP­
anpec 11 TPeTbe - nopT. YKa3aH11e 11MeH11 11 IP­
a,upeca tteo6.R.3aTeJibHO - .llllil coe)l11HeH11H .llOC­
TaTO'-lHO O)lHOro H3 Hl1X. Cne,uyeT o6paTHTb 
BHI1MaH11e Ha TO, '-I.TO, eCJIH HMJI XOCTa 11Jll1 ero 
IP-a.llpec He YKa3aHbI, wn103 JarrycKaeTcH KaK 
cepBep: 

ckora t3d O n2 
gateway l : :5002 

IIocne 3anycKa npe,D.bl.ll)'Ill,11X 2-x 3any -
KaeTCH ITOT0K, 06cn~11BaIOIUHH npHeM MPI­
coo6memri1 OT .llpyrHx areHTOB. O6ruM cxe rn 
3arryru,eHHbIX areHTOB HO 6e3 llIJI1030B rrpe.n­
CTaBneHa Ha p11c. 1. 

Ha p11c. 2 rroKa3aHa 06ma51 cxeMa 3any­
meHHhIX areHT0B HO co lllilI03aMH. AreHT HO 
nma 111n103 He o6CJIY)l(HBaeT KaKoif-m160 pac­
'-!eTHhIH KO)l, B ero 3a,uaqy BX0,llHT JIHlllb 110-

nyqemre ,uaHHhIX no MPI mm TCP H B cnyqae 
Heo6XO,llHMOCTH rrepeCbIJIKa HX ,uam,rne, HC­
IIOilb3Y.R. TCP HJIH MPI, coorneTcTBeHH0. 

Oepe.u.a':la ,uaHHbIX Me)l(.lly KO)lOM pa LJeTa 
11 areHTOM. 110 OC)'I.UeCTBilHeTC51' rrocpe.ucTBOM 

,-----------------------------------------------------------------------------------, 
: MO : 
I I 
I I 
I I 

: ~---- MPI ------ MPI ------ : I I 

: PSS_agent l4---.< PSS_agent . . . . . . . . . . . . . . .. PSS_agenl : 
I ---- --~- ~---.,-- I I I 

1 ________ ------------------------- -----------------------------------------------I 
PIPE PIPE PIPE 

3ana'-la N 

P11c. I . CxeMa 3anyll(eHHb1x areHT0B HO 6e3 w11103os 
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I --------------------------------------------7 -------------------------------------------- I 

: 110 : 110 : 
I I I 
I I I 

I ---- ---- I ---- I : MPI : MPI~: 
I G I G I : PSS _agent .. ateway , ateway . . . .. PSS_ agent : 
I ---.--- ------- I ----- I : _ ------- -----------------------------------~CP/IP---------------------------~PiPE: . 

PIPE 

P11c. 2. CxeMa 3anyw.eHHbIX areHTOB HO co UIJll03aMH 

HMeHoBaHHhIX KaHa.rrOB (PIPE). ,n1rn rrepe,naqH 

)laHHhIX Me)K)ly areHTaMH HO rrpHMelUleTcH 

TexHonornH MPI (cTaH)lapT MPI 1.1). Ilepe­

)laqa )laHHhIX Me)Ky lllJII03aMH ocyruecTBAAeT­

CH rrocpe)lCTB0M COKeTOB no npoTOKOJIY 

TCP/IP. 

IPC HO. Cpe)lH MHO)KecTBa pa3JIHl{HhIX 

cpe)lCTB Me)KrrpoueccHoro B3aHMO)leHCTB~ 

)lJIH o6MeHa )laHHhIMH Me)KJlY areHT0M HO 11 

HCII0JIHHMOI'O rrocne,noBaTeJihH0f0 HJIH Mac­

Tep-rrponecca rrapa.rrneJihHoro rrp11no)KeHHJ1 

BhI6paHhI H.MeHOBaHHhie KaHaJihl. PIPE rro.n.­

X0)lHT )lJIH pellleHHH II0CTaBJieHHhlX 3a)lal{ rre­

pe)lal{H ,naHHhrx, HBJIIDICh IIpH 3T0M nerKHM H 

y.n.o6HI,IM B o6pameHHH cpe)lCTB0M. 

HMeHOBaHHbie KaHaJihl o6na)laIOT pH,D.OM 

npeHMyruecTB II0 cpaBHeHHIO C JlPYrHMH 

cpe.n.cTBaMH Me)KrrpoueccHoro B3aHMo,neif cT­

BHH B paMKax II0CTaBJieHHhIX rpe6oBaIDIH K 

CBOHCTBaM CHCTeMhI, o6ecrreqHBM B3aHM0-

.n.eHCTBHe aepo,nCTBeHHhIX rrpoueccoB ee rpe-

6yH pea.rr113an1111 MexaHH3Ma KOHTp0JIH )lOCTy-

AreHT HO 

write_ data _pipe_ canal 
read_ data _pipe_ canal +-
write_ msg_pipe _ canal 
read_ msg_pipe _ canal 

• 

rra K o6IIIHM pecypcaM. HMeHOBaHHhie KaHaJihl 

II03B0llillOT co CTOpOHhl pa3pa6oPIHKOB ITO 

HO peaJIH30BaTb IIOLl./lep)KKy BhIIIOJIHeH~ B 

paMKax 3a)la4H KaK 32, TaK H 64-pa3pH.lI,HhIX 

np1,rno)KeHHH. 

B OC Windows HMeHoBaHHhie KaHaJihI 

MOfYT pa60TaTh B ,D.ByttanpaBJieHHOM pe)KHMe, 

CJie)l0BaTeJihH0, )lJIH 0TrrpaBKH H npHeMa )laH­

HhIX )lOCTaT0l{H0 HCII0Jih30BaTb T0JihK0 0.lJ,HH 

Kattan, ycrnHOBJieHHhIH B pe)KHM 6aifTOB. Ho 

TaK KaK 3a,naqa 11 areHT HO JlOJI)KHhI o6MeHH­

BaThCH 11 CJI~e6HOH HHcpOpMan11eif )lJIH opra­

HH3aUHH K0HTPOJIH Ha.n. rrpHeMoMlrrepe.n.al{eH 

)laHHhIX, CHHXp0HH3aIJ;HH H IIp0l{HX ueneif, He­

o6xo.l1,HMO co3,nam-1e erue 0)lHoro KaHa.rra JlJIH 

o6MeHa cepBHCHOH HHcpopMau;HeH, KOTOphIH 

ycrnHaBJIHBaeTcH B pe)KHM coo6rueHllli. Ta­

KHM o6pa30M, crpyKTypy CBH3H Me)K)ly areH­

T0M HO H 3a,naqei,r M0)KH0 npe,ncTaBHTh cxe­

MOH, 1no6pa)KeHHOH Ha pHC. 3 
Ilpe)lCTaBJieHHhie Ha pHC. 3 cpyttKUHH 06-

MeHa )laHHhlMH 11 cepBHCHhIMH coo6rueHIDIMH 

(write_ data _pipe_ canal, read_ data _pipe_ canal, 

3a,ua'-la 

write _data _pipe_ canal 

r+ read_ data _pipe_ canal 
write_ msg_pipe _ canal 
read_ msg_pipe _ canal 

• npouecc 
--------------- --------------- ~-------- -------

.\pipe\task_name.io.p Rnpo 

y PrPE DATA ~ 
I P[PE SERV I 
I I 
.\pipe\task _ name.mio.p 

P11c . 3. Cll)yKrypa CB513eH Me)K.LJ.Y areHTOM HO 11 1,1cnoJ1H51eMbJM KO.LI.OM 
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write_ msg_pipe _ canal, read_ msg_pipe_ canal) 

.si:BJifilOTC.H o6epTKaMH Win API-¢y1naim1 '-ITe­

HW3anHcH B cpattJihI ReadFile H WriteFile. 

OHH HamtcaHbI .llllil y,Ao6cTBa pa6oThI c PIPE 

u norwrncKoro pa3,Aenemrn KaHanoa Ha Katta­

JihI nepe,Aa1rn nattHhlX 11 cepa11cnhIX coo6me­

H11H. 

JI106oe B3al1MO,AeH:CTBHe areHTa 110 H HC­

noJIH.HeMoro KO,Aa (rron)"IeH11e cne.A)'l01Uett 

rno6anhHOH TO'-IKH c1rnxpoH113au1111, orrpe.Ae­

neHHe ,AanbHeHllJHX ,AeHCTBHH H ,Ap.) CBO,AHTCR 

K npouenypaM nepe,AaqH H rrpHeMa ,AaHHbIX. 

OmnueM npHHU11n 3THX npoue.Ayp B TO'-IKe 

cHHXpomnau1rn. qepe3 cepBHCHhIH Kattan 

PIPE_ SER V 3a,Aa'-la coo6ruaeT areHTY HO o 

xapaKTepe CBOHX ,AeHCTBHH, a HMeHHO, '-ITO 

oHa XO'-leT: nepenan, HJIH IlOJI)"IHTb ,AaHHhie. 

OT.AeJibHbIB noToK areHTa HO, npo1IllTaB no­

)KeJiaHH.H 3a,Aa'-IH H B 3aBHCl1MOCTH OT Hl1X, HJIH 

npHHHMaeT OT Hee ,AaHHhle, '-ll1Ta.sI KaHan 

PIPE_ DAT A, HJIH nocne KOHBepTau1111 .AaH­

HhIX H3 o6mero B11,Aa K B11llY 3a,Aa'-IH nepe,AaeT 

11x ei1:, 3an11c1,rnaR B Kattan PIPE_ DAT A, ecnH 

TaKOBbie HMelOTC.H. 

Cne,AyeT OTMeTHTh, '-ITO, eCJIH 3a,Aa'-la rpe-

6yeT ,AaHHhie, KOTOpbie eme He .llOCTaBJieHbI, 

areHT HO qepe3 cepBHCHbIH KaHan PIPE_ 

SERV coo6maeT npHJIO)KeHMIO o HeB03MO)K­

HOCTH 3aaepII1HTh orrepauH10, '-ITO npHB0,Al1T K 

6JIOKHpOBKe HCilOJIIDieMOfO KO,Aa. OJIOKHpOBKa 

CHHMaeTC.H npH nocTynneHHH B cepBHCHblH 

Kattan PIPE_SERV coo6meHHR o ttan11'-1H11 

,AaHHblX, ,Aanee 3anaqa np0H3B0,AHT qTeHHe 

.llaHHbIX 113 KaHana PIPE_ DAT A. TeM caMbIM 

MO)KeT B03Hl1KH)'Th He)KeJiaTeJibHa.sI 6JIOKH­

pOBKa B3aHMO,AeHCTByI01UHX KOMilOHeHTOB 

061UeH CHCTeMhI ITpI1 HCnOJib30BaHHH 6JIOKH­

PYI01UHX T11na rnqKa-TO'-IKa API-cpyttKUHH 

pss_put_data ( .. . ) 11 pss_get_data ( . .. ). 

qT06bI H36e)KaTb ,naHHOH CHTyaUHH, He-

06XO,AHMO cHa'-lana rrepe,AaTb ace cp113WiecKHe 

.llaHHble H JIHIIlb flOT0M npHCTynHTb K npl-teMy. 

AreHT-wm-03 HO 

TCP/IP HO. Ilepe,Aa'-la ,AaHHbIX Me)K.lly 

arenTar.rn-wJII03aMH ocymecTBJI.HeTcH c npH­

MeHe1meM C0KeT0B no ceTeBOMY npOTOK0Jiy 
TCP /IP. ,n:aHHblH npoTOKOJI no.A.Aep)KHBaeTcH 

MHOrHMH C0BpeMeHHbIMH onepauHOHHbfMH 

ClfCTeMaMH, '-ITO .nenaeT era HCITOJih30BaHHe 

ymrnepcanbHhlM H 3cpcpeKTHBHhlM. OH pean11-

1yeT CB.H3b C ycTaHOBJieHHeM coe,AHHeHlUI, 

o6ecne'-IHBa.sI Ha,Ae)KHyIO 6e3olll116oqHYIO ne­

pena'-ly ,AaHHbIX. 

CoKeTbI M0rj'T pa6oTaTh a .llByttanpaBJieH­

HOM pe)KHMe, Il03T0MY nm1 nepe,Aa'-IH ,AaHHhIX 

11 cepBHCHbIX coo6meH.IDi no onpe,neneHHOMY 

npoToKony c03naeTcH O.AHO coe,n11HeH11e. Ho 

,AJIH eme 60JibllleH rapaHTH.H rrpaBHJihH0CTH H 

Ha,Ae)KHOCTH nepe,AaBaeMbIX ,AaHHhIX C03,L{aeT­

C.H erue 0.llHO coe.llHHeHHe, npHMeH.HeMoe .UJIH 
nepeCblJIKH cepBHCHI,JX coo6meHHH flO.llTBep­

)1(,AeHHH. O6ma.si: crpyKTypa CB.H3H Me)l(Jly 

IllJil03aMH npe,ACTaBJieHa Ha pHC. 4. 
JI106oe B3aHMO,nettCTB11e areHTa HO H HC­

flOJIHReMoro K0,Aa (nOJI)"-leHHe CJie,AyIOlUett 

rno6anbHOH T0'Il<H CI-IHXpOHH3aUHH, onpe,Ae­

JieHHe nan1HeH1llliX neikTBHH H ,Ap.) CBO.llHTCH 

K npoue.llypaM nepe,na'-IH 11 npHeMa nattHhIX. 

OmuueM npHHUHIT 3THX npoue.uyp B T0'-IKe 

CHHXp0HH3aUHH. qepe3 OCHOBH0e coe,nHHeHHe 

o.nHH H3 IllJII030B coo6maeT .npyroMy o xapaK­

Tepe CBOHX neHCTBllli, a HMeHHo, 1.fTO OH xo­

'-leT: nepe,naTb HJIH n0JI)"IHTh .naHHbie. 

OTnenhHbIH rroToK areHTa-rum03a MO, 
npo'-IHTaB flO)l(eJiaHHH .npyroro areHTa-ll1JII03a 
H B 3aBHCHMOCTH OT HHX, HJIH npHHHMaeT OT 

Hero ,naHHb1e, HJIH nepe,AaeT eMy '-lepe3 ocHoB­

HOH Kattan. Ilocne Ka)K,AOro nOJI)"Iemrn coo6-

meHHH HJIH ,naHHhIX no BT0p0MY coenHHeHHlO 

OTIIpaBJIReTC.H yae,noMJiem1e 06 HX IT0JI)"-le­

HHH. AreHT-IllJil03, .ll0)K,AaBllIHCb nonrnep)l(JJ;e­

HHR, npO.llOJI)KaeT CBOIO pa6oTy. IlpH ero OT­

Cj'TCTBHH HeK0T0poe BpeMH no npHXone yae­

.llOMJieHH.H .npyroro co6bITHH HJIH yae,noMJie­
Hirn, OTJII1'-rnoro OT O)KHnaeMoro, areHT-IllJII03 

OTMet.iaeT nanH'-IHe ourn6KH B "nor-cpaifne" 

1-e OCHOBHOe coeni-tHeHHe 
A reHT-wnl-03 I10 

write data to socket ~ write data to socket - -- -
read - data - from - socket 2 -e coen 11ttett11e read data from socket - -
write_ msg_to_socket nonTeep)l(n eHHH write_ msg_to _ socket 

read _ msg_ from - socket 
~ - read_ msg_ from _ socket 

P11c. 4. CTpyKrypa cssnei:i Me)K.ny WJ110JaM11 
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.n,m, II0HCKa IlpH'U:IHbI H ,lJ,a.JlbHetirnero ee ycT­
paHeHlUI H 3aBepmaeT CB0K> pa6oTy. 

MPI HO. ,l],m1 peamnauHH MPI qacTH 
areHTa B1>16paH naKeT mpich 1.2.2. I1p1rne.n,eM 
CIIHCOK MPI-cpyttKUKH, Ha K0TOpbIX 0CH0BaHo 
B3aHMO,lJ,eHCTBHe areHT0B 110: 
1) int MPI_Barrier (MPI_Comm comm)· 
2) int MPI_Allreduce (void *sbuf, void *rbuf, 
int count, MPI_ Datatype datatype, MPI_ Op 
op, MPI_ Comm comm); 
3) int MPI_Send (void *buf, int count, MPI_ 
Datatype datatype, int <lest, int msgtag, MPI _ 

Comm comm); 
4) int MPI_Get_count (MPI_Status *status, 
MPI Datatype datatype, int*count); 
5) int MPI_Recv (void *buf, int count, MPI_ 
Datatype datatype, int source, int msgtag, 
MPI_Comm comm, MPI_Status *status); 
6) int MPI_lprobe (int source, int msgtag, 
MPI_Comm comm, int *flag, MPI_Status * 

status). 
ITepBM <PYHKUIDI HCil0Jib3yeTC.H ,lJ,Jl.H CHH­

xpomi3auHH pa6oThI areHT0B. Bee areHThI MO 
BbIX0,lJ,.slT Ha 6ap1,ep B .n,Byx cnyqa.srx - Il0CJie 
ycrnH0BKH K0HTaKTa co cBoei1: 3a.n,atJeH H B 
rno6a.JibHbIX T0t{Kax CHHXpomnaUHH. TaIOKe 
MPI _ Barrier ( ... ) Bhl3hrnaeTC.H B APl-cpyttKUHH 
pss_initialize ( ... ), ecJIH :ny <pyHKUHK> BhI3hI-
BaeT napan11eJThH0e npHJI0)l(eHHe. 

Brnpiui <pyHKUH.sl rrpHMelUleTC.H ,lJ,11.H Bbl­
tJHCJieHIDI rno6a.JibH.hIX T0tJeK CHHXp0HH3aUHH. 
TaK KaK ,lJ,aHHyK> cpymcumo Bbl3bIBaeT II0TOK 
o6cJI~HBaI-OIUHH coemrnem,:e areHTa 110 c 
3a.n,aqe11, TO Ha BpeM.H ee BblII0JIHeHJU[ Il0T0K, 
3aHHMaI-OIUHHC.H nplieM0M MPI-coo6mem111, 
,lJ,0JI)l(eH 6bITh 0CTaH0BJieH ,lJ,11.H KOppeKTHOH 
pa60TbI CHCTeMbI. 

I1oc11e.n,yroII{He TPH cpyHKUHH HCil0Jib3Y­
K>TC.H Henocpe.n,crneHH0 .n,JI.H nepecbIJIKH H 
rrpHeMa .n,aHHhIX Me)l(.lJ.y areHTaMH. OrrwrneM 
:ny rrpoue.n,ypy. IlpH nonyqeHHH .n,aHHbIX 
areHT0M 110 OT CBOeH 3a.n,atJH np0HCX0,lJ,HT ITT( 

K0HBepTHpoBaHHe K CTaH.n,apTH0MY BH.ll.Y H 
MrH0BeHHM nepeCbIJIKa nonyqaTeJI.HM - BhI-
30B MPI_Send ( ... ). Bee areHTbI MO co.n,ep­
)l(aT noT0K, o6cn~aIOIUHH npHeM MPI­
coo6memtii. B 3TOM Il0T0Ke, B UHKJie, Bhl3bI­
BaeTC.H rnecTa.H cpyttKUH.si: MPI_Iprobe (MPI_ 
ANY_SOURCE, MPI_ANY_TAG, ... ). 
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ITpH o6ttap~eHHH npHXo.n,a coo6ruemrn 
npoBep.sieTC.H, co.n,ep)l(HT JIH OHO CJI~e6HyK> 
1rncpopMaUHI-O HJIH .n,aHHbie TaIOKe npoBep.HeT­
c.H HCT0lffiHK coo6meHH.sl, 1IT06hl He TI0JIYtJHTb 
'-:l~yK> HH!pOpMaUHK>. EcJIH npHWJIH .n,aHHbie, 
TO nonyqaeM HH<pOpMaUHI-0 0 K0JIHtJeCTBe 
.n,aHHhTX - BbI30B MPI Get count ( ... ), s1,1.n,e­
m1eM 6ycpep 11 Bhl3bIBaeM MPI_Recv ( ... ), 
.n,aHHbie xpalUITC.sl .no BOCTPe6oBaHI-f.H 3a.n,aqej;j: 
HJIH .no Tex nop, Il0Ka HCilOJIH.HeMbIH K0,lJ, He 
noTPe6yeT 0lJI,fCTHTb cTeK rrp11eMa. Ec1111 )Ke 
np11w11a CJI~e6HM HH<pOpMaUIDI, TO BblII0JI­
H.slK>TC.H Heo6xo.n,HMbie .n,eHCTBlrn no 3aKpbl­
THIO, coxpaHeHHIO H .n,p. 

I'enepamop ynpaBJIRIOU(UX KOMam) u 
oamtblX. OcHOBHOe Ha3HatJeHHe .n,aHHOH K0M­
Il0HeHTbl - reHepauH.H noc11e.n.0BaTeJibH0CTH 
cpym<UHH WPSS _ API, KOTop1,1e OTPa6aTbIBa­
I-OTc.si: yrrpaB11.si:K>ruei1: nporpaMMoH. f eHepauHR 
K0MaH.n, H ,lJ,aHHbIX np0H3B0,lJ,HTC.H KaK Ha 0CH0-
Be C03,lJ,aHHbIX II0Jib30BaTeJieM cpaHJIOB cueHa­
ptteB, TaK 11 rrp11 BBo.n,e K0MaH.lJ. B cpe.n,e GUI. 
IlpH 3T0M Il0JTh30BaTeJIIO npe.n,0CTaBJI.si:K>TC.R: 
y.n,06m,1e cpe.n,crna .n,11.si: aBT0MaTH3aUH.Ii no.n,­
roTOBKH cpaHJIOB cueHapHeB. Ilpe.n,ycMOTPeHa 
npoue.n,ypa .n,JI.H npoBepKH K0ppeKTH0CTH 3a.n,a­
HID1 cueHap11eB. ,l],aHH1>1e .n.rr.si: pacqeTH0ro Ko.n,a 
cpopMHpyK>TC.H B "po.n,HOM" ,lJ,Jl.H Hero cpopMa­
Te. TaKHM o6pa30M, M0)l(HQ rrpoMo.n,eJIHp0BaTb 
pa6oTy 11106011 3a.n,aq11 C KOTOpOH ,lJ,QJI)l(eH 
6hITh "cB.H3aH" Ko.n, 0TJiruKHBaeMoro BO. 

llacnopm BO. ,l],JI.H KruK.n,oro BO, BKJIIO­
qaeMoro B CHCTeMy, pa3pa6oTtJHKaMH CHCTe­
Mbl 1111n pa3pa6oTqHKoM .n,aHHoro BO no.n.ro­
TaBmrnaeTc.H nacnopT BO, KOTOpbIH xapaKTe­
pn3yeT .n,aHHhIH BO. KaK npaBHJI0, nacnopT 
BO roT0BHTC.H o.n,HH pa3 n .HBJI.HeTc.H HeH3MeH­
HhlM .n,rr.si: Bcex 3a.n,aq, HCTI0Jib3yK>IUHX .n,aHHhIH 
BO. B TeKyruei1 peanHJaUHH B nacnopTe BO 
YKaJbIBaIOTC.H c11e.n,yrom11e napaMeTPhl: 

• yHHKaJibH0e HM.H, no.n. K0T0pbIM OH H,lJ,eH­
TH(pHUHpyeTC.H B CHCTeMe; 

• KJiacc cpH3Ht{eCKOro K0.n,a; 
• napanne111>HhIH HJIH noc11e.n,0BaTeJihHhIH 

K0.n,; 
• BepCIU[ .n,aHH0ro Ko.n.a; 

• napaMeTPhI, onpe.n,emuomne 0611acT1> np11-
MeHHM0CTH .n,a1-rnoro K0.n,a. 



--
)l;aHHbie nacnoprn BO HcnoJ1b3)'IOTC.sJ MO 

cMCTeMhl np11 ee HIDIUHaJ1H3aUHH. llacrropT 

ITO.UfOTaBJlHBaeTC.sI s cpopMaTe xml J1H6o c no­
MOlUblO rpaqm'iecKoro npHJlO)KeHJrn GenPass­
port, JIH6o B o6bll{HOM TeKCTOBOM peJ:{aKTOpe. 

llp11Mep TaKoro nacnoprn ,u11.s1 nporpaM­
MbI KORA T [9]: 

passport 
• task_ name korat3d _ v3 _ 2 /task_ name 
• mode parallel /mode 
• version3.2 /version 
• range_min 100 /range_min 
• range_rnax 200 /range_max 
• task classes 
• class_name Neutron /class_name 
• task_ classes /passport 

EcnH )Ke co3,uaeTCH nacnopT .UM Il1JIJ03a, 
TO Hy'"'A<HO yi<a3aTb HM}! 3a.naq11 KaK gateway H 

OilHCaTb KJlaCCbI 3a,ua'i, KOTOpbie HaXO,UHTC.sJ 

Ha ,upyroM KOHUe coe,UHHeHH.sJ. 

llp11Mep nacnoprn ,un.s1 WJIJ03a: 
passport 

• task_narne gateway /task_name 
• task classes amount = "l" 
• class_name Neutronics /class_name 
• /task_ classes /passport 

Onucame.nb BO 011.R oamwii 1aoa11u. 
,lJ,aHHbJe nacnopTa .sJBJUllOTC.sJ, KaK rrpaBHJIO, 
HeH3MeHHbIMH. ,lJ,aHHbie ,UJI.sJ KOHKpeTHOfO 

pac'ieTa MOfYT H3MeH.sJTbCH B 3aBHCHMOCTH OT 
nma 3a,Ua'iH, B KOTOpOH npHMeHHeTC.sJ ,uaHHblli 
swrnc1111TeJibHhIH Ko,u (BO). llo3TOMY napa­
MeTpbI on11camrn BO ,unH KOHKpeTttoro 3a,ua­
HHH MOfYT BbJ,UeJIUbC.sJ B OT,UeJibHbIH cpaH11 
JIH6o 6bITb COCTaBHOH qaCTblO nacnoprn. 

ct>aHJ1 on11caTem1 BO no,urorns1msaeTc.s1 
TaK )Ke, KaK 11 nacnopT, B cpopMaTe xml JIH6o c 
TTOMOIUbIO rpacjmqecKoro npHJIO)KeID1J1 Gen­
Describ, JIH6o B 061,JqHOM TeKcTOBOM pe,uaK­
Tope. ,lJ,aHHhJe OilHCaTeJI.sJ BO HCilOJlh3YIQTC.sJ 

HO CHCTeMbl np11 ee HHHUHaJIH3aQHH ,un.s1 yc­
TaHOBKH Tpe6yeMbIX CBH3eH (KaHaJlOB) C .upy­
riiMH BO ,uaHHOH 3a,ua'IH. 

Hii)Ke ,uaeTc.sJ npHMep cpaiina orrncaTeAA 
BO ,un.s1 nporpaMMbI KORAT [9]: 

describe task 
• task name korat3d _ v3 _ 2 /task_ name 
resource 
• exec /path_to_exe/korat3dm /exec 

- - ----- - ------------, 

• numproc 20 /numproc 
• memory 8GB /memory 
• /resource 
• initial time_sink 0.4 /initial_time sink 
contacts 
• class physical_ class 1 /class 
• class phy ical_class2 /class 
• /contacts 
Inbox 
• Size l GB /size 
• Data TEPLO 1 /data 
• Converter standard /converter 
• conv_file /path_to_file/korat_inl.xml /co-

nv file 
• /inbox 
Inbox 
• Size 0.5GB /size 
• Data TEPLO2 /data 
• Converter standard /converter 
• conv_file /path_to_file/korat_in2.xml /co-

nv file 
• /inbox 
Outbox 
• Data Pressure /data 
• Converter standard /converter 
• conv file /path_ to_ file/korat_ outl.xml / 

conv file 
• /outbox 
• /describe task 

llpH C03,UaHHM OIIHCaTeJIH ,UJUI IlJJJI03a 

H~HO HM}! 3a,Ua'IH IlOMeHJITh Ha gateway H 

OilHCaTb KJlaCCbl 3a,Ua'i, C KOTOpblMH OH ,UOJJ­

)KeH ycTattasmrnaTh coe,uHHeHHH. 
llpHMep on11caTe11J1 ,UM Il1JJJ03a: 

task 
• task_name gateway /task_name 
• contacts amount="2" 
• class Neutronics /class 
• class Therrnohydrodynamics /class 
• /contacts 
• /task 

WPSS APJ. Ko,u1,1 o6MeHHBaJOTC.sJ HH­
cpopMau11ei1: co CBOHM areHTOM MO, HCITOJ!h-
3YH crreu11aJ1bHO pa3pa6ornHHhie API-cpyttK­
QMH . .D:nJI KOppeKTHOH pa60Tbl CHCTeMbI onpe­
,ue11eH cne,uyioiu11i1 nop.s1:.noK Bhl30B0B API­
cpyttKUHH B TOqJ(ax CHHXp0HH3au1n1: 
pss _get_ mind () - orrpe,ueJJHeM nose,ueHHe KO­
,ua pss _put_ data ( . .. ) - nepe,uaqa .naHHhIX, 
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pss_get_data ( .. . ) - npHeM, pss_get_gl_time_ 

sine ( .. . ) - onpe.uem1eM cne.uyrow:yro rno-
6anhHYJO ToqKy c1rnxpomnaUHH, reset_ trans­

put_ buffer ( ... ) - c6poc 6ycpepa. 
HmKe rrpe,D.cTaBJieHO OIIHCaHlie Bbl30808 

.uaHHbIX QJYHKUHH Ha rrpHMepe H3hIKa C. ,[l;nH 
H3hIKa FORTRAN pea.r.rn:3osam1 wrapper 

( o6epTKH) ,D.JIH 3THX cpyHKI{HH, ocyrueCTBJUllO­
W:He HX Bbl308 H3 rrporpaMM, Ham1caHHblX Ha 

H3bIKe FORTRAN. 
<Py11.K4uu u11.u4uQJ1UJa4uu -
int pss _ init (unsigned int rank_ appl, un­

signed int type_appl, canst char *task_name) 

liHHUHaJTH3aUIUI coe,llHHeIDUi 3a.uaq11 H 

areHTa: rank_ appl - pattr rraparn1eJibHOro 
rrpHJJO)Kemur; ecnH rrpmlO)KeHHe rrncne.uosa­

TeJihHoe, 3TOT rrapaMeTP HrHOpHpyeTcH; 
type_ appl - MO)KeT rrpHHHMaTb .usa 3HaqeHHH 
APPL_ SEQ H APPL_ MPI, ecnH rrpHilO)KeHHe 

nocne.uoBaTenbHoe HJTH rrapanneJTbHoe, cooT­
BeTcTseHHo; task_name - HMH 3a.uaqH, KOTO­

PM rrpoBO,llHT HHHUHaJIH3aUHIO. 

int pss_finalize (void) 
3aseprneHHe coe,uHHeHHH 3a,uaqH H areHTa 

110. Bee rrocne.uyrow:He o6pamemrn: K mo6hIM 

API-cpyttKitHHM crreuHanbHOro ITO 110, B TOM 
•rncne K pss_init ( .. . ), 3anpemeHhI. 

<PyHK4uu nepeoa'IU cj)uJUl/eCKUX OaH.H.blX -
HBJJHIOTCH 6JJOKHPYJOW:HMH THila TOtJKa-TotIKa 

orrepa-UHHMH 
int pss _put_ data ( canst void *buf, int 

count, unsigned int type_ data, unsigned int 
physical_type_data, char *dest, unsigned int 

anchor_point, canst void *grid, int size_grid, 
unsigned int type_ data _grid) 

.DJJOKHPYJOW:M rrepe.uaqa ,D.aHHbIX: buf -
a.upec HatJana 6ycpepa rrepe.uasaeMbIX cpH3HtJe­
CKI{X .uaHHhIX; count - KOJTHtJeCTBO rrepe.ua­
saeMbIX .uaHHhix; type_ data - THIT rrepe.uasae­

MhIX .uaHHbIX' physical_type_data - cpH3HtJec­
KHH CMbICJl ,D.aHHbIX; <lest - HMH KJiacca rrpH­
eMHHKa ,llaHHbIX; anchor _point - TQqKa IIpH­

BH3KH; grid - a.upec 6ycpepa, r.ue xpaHHTC.H 
ceTKa; size_grid - pa3Mep ceTKH; type_ data_ 
grid - nm .uaHHbIX s 6yq:iepe ceTKH. 

.DJJOKHpOBKa rapaHTHpyeT KOppeKTHOCTb 
IIOBTOpHOro IIpHMeHeHH.H BCex napaMeTPOB 
IIOCJTe 803BpaTa H3 qJyHKUHH. 3TO 03HatJaeT 
'ITO rrocne B03BpaTa H3 ,D.aHHOH q:>yHKUHH 

MO)KHQ HCIJOJlb30BaTb mo6bie npHCYTCTBYJO­
w:11e s BhI3ose QJYHKUHH rrepeMeHHbie 6e3 orra­
ceHH.H 11cnopn1Tb rrepe.uaBaeMoe coo6w:eH11e. 

94 

int pss_get_data (void *buf, int count, un­

signed int physical_ type_ data, unsigned int 
anchor _point, unsigned int type_ data, canst 

void *grid, int size _grid, unsigned int type_ 
data_grid) 

IlpHeM coo6w:eHH.H c 6JTOKHpOBKOH. 

CMbICJl rrapaMeTPOB .uaHHOH qJyHKUHH TaKOH 

)Ke, KaK y cpyttKUHH rrepe,D.atJH ,uaHHbIX. IlpH 

rrpHeMe coo6w:eHH.H He sa)KeH KJiacc HCTO':IHH­

Ka coo6w:eHH.H, TaK KaK 3a.uaqa TPe6yeT orrpe­
.ueneHHhie QJH3HY:eCKHe ,D.aHHbie H e# HeBa)KHO, 

KTO HX ,llOCTaBHJl . .DJlOKHpOBKa rapaHnrpyeT, 

'ITO nocne B03BpaTa H3 cpyHKUHH see 3JTeMeH­

TbI coo6meHHH ~e 6y.D.YT rrpHH.HTbI H pacrro­

no)KeHbI B 6ycpepe buf. 

<PyH.Kl,fUU CUHXpOH.UJa4uu -
int pss_get_global_time_sinc (double wishful 

_gl_time_sinc, double *pnext_gl_time_sinc) 

,[J;aHHM cpym<UHH Il03BOJIHeT ITOJiyqHTb 

cne.uyrow:yro rno6aJibHYJO TOtJKY CHHXpOHH3a­
[J.HH: wishful_ gl_time_sinc - )KenaeMbrli: spe­

MeHHOH mar rno6aJibHOH CHHXpOHH3aui-rn, 

pnext_gl_ time_sinc - mar, rronyqeHHbIH 110 
IIYTeM B3.HTH.H MaKCHMYMa H3 scex )KenaeMhlx. 

Ilocne BbI30Ba 3TOH QJYHKUHH .uaHHbie, KOTO­
pb1e IIOCbIJlaIOTC.H .upyrHMH areHTaMH H OTHO­

CHTC.H K rrpe,D.bI,D.yw:e:i1 TO'lKe CHHXpOHH3aUHH, 

He 6y.D.YT 3aIIHCbIBaTbC.H B CTeK npHeMa 06-

CJl~HBaIOw:ero areHTa 110. ,[l;aHHM QJYHKUH.H 
OTHOCHTC.H K KOnneKTHBHbIM orrepauHHM. 

<Py11.K4uu ynpaeflemm -
int pss_get_mind (unsigned int wisb­

ful_mind, unsigned int *pmind_ resulting) 

,[l;aHHM qJym<IlHH Bbipa6aTbmaeT HHcpop­
MaUHIO O IIOCJJe,D.YIQlllHX ,D.eHCTBHHX KO,D.a - 3a­

KpbITHe, coxpaHeHHe H 3aKpbITHe, rrpO,D.OJl)Ke­
HHe ctJeTa, coxpaHem1e H rrpo.uon)KeHHe cqe­

Ta: wishful_rnind - )KeJTaeMoe .ueRCTBHe, 

pmind _resulting - .ueRCTBHe, rronyqeHHOe 110 
IIYTeM B3HTH.H MlflIBMYMa H3 scex )KenaeMbrx 

11 IIp11MeHeHH.H oco6hIX npaBHJI, HanpHMep, 

TPe6osaHHH Ha coxpaHeHHe pe3yJihTaTos Ka)K­

.llhie TPH qaca. 3ra QJYHKUH.H OTHOCHTC.H K KOJl­

JTeKTHBHblM onepaUHHM. 

<l>yHKUH.H OlJHCTKH CTeKa IIpHeMa ,D.aHHhIX 

s areHTe 110: int reset_ transput_ buffer(). ,[l;aH­

HYJO qJyHKUHIO Heo6xo,D.HMO BbI3bIBaTb nocn e 

3aBeprneHH.H o6MeHa HHq:>OpMauHeH, Y:T06hI 

H36e)KaTh rronyqeHH.H 3a.uaqe:i1 cTaphrx .uatt­
HhIX, KOTOpbie np11cnaHbl Ha rrpe,D.bl.l{ynlHX 

TOtJKaX CHHXpOHH3au1m. 



Ilpozpa.t1u1a SimWorT 3D Viewer u ee 
,11miezpau.ua c HO. Texttonorm, SimPorT TM 

[8] o6na.uaeT IIrnpoKHM tta6opoM nporpaMM, 
06ecnelfHBa10m11x npaKTHqecKH see msecT­
JU,Ie cnoco6bI Blf3Ya.JIB3aUHH. pe3yJJbTaT0B M0-

,uenHpOBaHH.sr: H .uaHHblX 0 M0,lleJIH. O.UHOH H3 
ramx nporpaMM HBillleTc.sr: nporpaMMa .llilll 

npocMOTpa TpexMepHbIX MaCCHB0B - Sim­
WorT 3D Viewer, cnermanhH0 pa3pa6oTaHHaH 

.un.sr: ,llHHaMWieCK0ro np0CMOTpa pe3yn1, TaT0B 

TPeXMepeoro Mo.uen11posamrn eeifrpoHHO-KH­
HeTWieCKHX H Tennor11.upasnw1ecKHX npouec­
cos B aKTHBHOH 30He peaKT0pa. 

IlporpaMMa SimWorT 3D Viewer no3so­

nHeT np0CMaTJ)HBaTb .llBYMepHble MaCCHBbl B 
BH,lle KaK -rpexMepHbIX nosepXHOCTeH, TaK H 
IIJJ0CKHX KapTorpaMM, a TaIOKe cpe3bl no CJI0-
HM HJJH cpe.uHee 3HaqeHHe no BCeM CJJ0HM, co­
xpaHHH HCTOpHIO M0,lleIDlp0Bamrn ,llJI.sr: 0CH0B­
HbIX qJH3HqecKHX BeJillqHH H B0CIIp0H3BO,llR 
Bil0CJJe,llCTBHH X0,ll pac11eTa. 

IlporpaMMa SimWorT 3D Viewer orn6pa­
)l(aeT cpe.uHee pacnpe.ueneHHe cpH3H11ecKHX se­
JJH'IHH no BbIC0Te aKTHBHOH 30Hl>I H HX 3Ha11e­
HH.sr: .un.sr: 0T,lleJJT>H0 BhI6paHHbIX KaHanOB. Kpo­
Me Toro, B nporpaMMy SimWorT 3D Viewer 
BKJIIoqeHbl rpacpHKH 3aBHCHM0CTH OT speMeHH 

,llllil 0CH0BHbIX qJH3J1l:leCKHX BeJJH'IHH aKTHB­
HOH 30Hbl C B03M0)KH0CTblO BbI6opa 0T,lleJlb­
HbIX KaHMOB. 

IlporpaMMa SimWorT 3D Viewer npe.u­
Ha3Ha11eHa B nepBYJO oqepe,llb .un.sr: KOHTJ)0illl 

3a pe3ynhTaTaM11 pac11ern so speMR pac11ern a 
pe)l(HMe online. 

11cnonh30BaHHe rrporpaMMbI Sim WorT 
3D Viewer Ha .uattH0M 3Tane TaK)l(e HMeno 

uenblO o-rpa60TaTb TeXH0JJ0fHlO HHTerpauirn 
BHellIHHX rpacp11qecKHX rrporpaMM C 110. B 
nacTo.sr:mee speMR pa3pa6ornHo MHoro rpaqrn­
qecKHX rrporpaMM .llilll npOCTJ)aHCTBeHH0ro 
orn6pa)KeHHR -rpexMepHbIX pacnpe.ueneHHH 

HeHTJ)OHHO-qJH3H'leCKHX H TennorH.upaBJJWie­
CKHX BeJJH'I.HH aKTHBHOH 30Hbl peaKT0pa, npo­
I'paMM .un.sr: OT06pa)KeHHK pa60TbJ ynpaBJLIIIO­

unrx CTep)KHeH, .uaT<rnK0B, He fOB0pK ~e 06 
06bJ11HbIX 3D rpacpHKax HJJH rpacpHKOB OT spe­
MeHH. qaCTb 3THX rrporpaMM HMeeT OTKpblTbIH 
liHTepcpeiic HJIH ,ll0CTynHble HCX0,llHbie K0,llbl. 

Do3TOMY 3TH nporpaMMhI M0)l(H0 HHTerp11po-

BaTh C 110, B CBR3H C qeM HMeeT CMbICJJ pa3-

pa60TaTb Heo6XO,llHMbie 6J.16JJHOTeKH H HHTep­

cpdi:c .un.sr: nerKOH HHTerpaUHH 3THX nporpaMM 

C 110 6e3 HapyrneHHR HX pa6oTOcrroco6HOCTH. 
Jf1-m1e2pal,/UR SimWorT 3D Viewer c HO. 

11HTenneKTyanhHaH o6onotn<a 06ecneq11saeT 
o6MeH HHQ)OpMauHeH Me)l(Jly pacqeTHbIMH 
rrpHJJO)l{eHHJIMH KaK rrepe.n;aqy .n;aHHbIX, TaK H 

rronyqeHHe. COOTBeTCTBeHHo, B03HHKaeT B03-

MO)l{HQCTb IIO,llKJJIO'leHHH K 110 rpacp1111ecKI1X 

rrpHJJO)l{eHHH, KOTOpbie TOJJbKO rronyqalOT 

,llfillHhle H OT06pa)l(aIOT HX s pa3JIWCHOH cpop­

Me . .D;illl no.uKJJ1011eHH.sr: TaKHX nporpaMM K MO 
Heo6XO,llHMO Bblll0JIHHTb TaKOH )l(e Ha6op one­
paUHH, 'ITO H .D,illl pacqeTHhIX npHJJO)l(eHHH, a 
HMeHHO: 

• opraHH30BaTb ynpaBillllOIUHH anropHTM 

IlO,llKJJIOqaeMOH nporpaMMbl cornacHO npHH.sl­

TbIM .uorosopeHHOCT.sr:M; 

• OTTHCaTb nepeqem, HCilOJJb3yeMbIX o6MeH­

HbIX <pyttKUHH H HX pa3MepHOCTeH, KapTO­

rpaMMy nepeso.ua ToqeK npHB.sr:3KH K cTaH­

.uapTHhIM TOtn<aM rrpHBR3KH B q>ailne KOH<pH­

rypaUHH KOHBepTopa. 

fpacp11qecKI1e npHJJO)l(eHH.sr: B OTJIHqHe OT 

pacqeTHbIX HMelOT CB0H oco6eHHOCTH. Ha­
npHMep, 3TH nporpaMMbI He TaK TPe6osa­
TeJJbHhI K norryqaeMbIM ,.QaHHblM (11TO ,.QalOT, TO 

11 BbJBO,.Q.sr:T), HeT -rpe6osaHHH K 0CTaHOBKe 
pacqeTa. OHH He BJIH.sr:JOT Ha XO.LI pac11eTa, HX 
M0)l(HO 0TKpbITb HeorpaHHqeHH0e K0JIHqecTB0 
11 T.Jl. Opramnau11.sr: pa6oThI rrporpaMMT>I Sim 
WorT 3D Viewer c MO Ha .n;aHH0M 3Tane KaK 
pa3 11 HMena ueJJbIO BbI.sr:BHTb oco6eHHOCTH Ta­
KHX nporpaMM 11 o-rpa6oTaTb TeXH0JJ0rHIO HX 
HHTerpauHH c 110. 

SimWorT 3D Viewer .sr:sn.sr:eTc.sr: Windows­

npHJJO)l(eHHeM, C IlOM0IUbIO KOTOporo pema­
JJHCb .ZJ;0il0JIHHTeJJbHbie 3a,lla'IH 0TJJa,llKH: 

• 6116n110TeKH PSS_API, pa6ornromeil a 
cpe.n;e MS Windows; 

• pa6oThI areHTa MO, pa6ora10mero B cpe.ue 
MS Windows; 

• sepcHH 6H6n110TeKH MPI WMPI .un.sr: OC 
Windows; 

• COBMeCTHOH pa60TbI npHJJO)KeHHH, pa6o­
TalOIUHX B pa3HbIX onepaUHOHHbIX CHCTeMax. 

Moouc/JuKat/UR. a112opumMa npo2pa.MMbl 

Sim WorT 3D Viewer. qT061>1 opraHH30BaTb 
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pa6oTy rrporpaMMbI SimWorT 3D Viewer c 

HO, B Hee BHeceHbI cne.D,yrouure H3MeHemUI: 

• ]lo6aBneaa 6116n110TeKa PSS _API, Bepcmr 

MS Windows; 

• C03]laH JlOIIOJIHHTeJJbHbIH. M0JlYJib pss _ 

connection.cpp, B KOTOpbrn BbIBe.D,eHbl Bee HH­

TepcpeH.CHbie rrporpaMMbl (HHHUHtlJIJ13aUH.SI co­

e.D,HHemur c areHT0M HO, 0K0H 1IaHHe pa6oThI, 

cpyttKUHR rrorryqeHIDI .D,aHHbIX OT areHTa HO); 

• opraHH30BaH ]lOITOJIHHTeJibHblli IT0TOK, HC­

IlOJlb3yeMblH. npH npHeMe ]laHHbIX OT areHTa 

HO, qTo6hI norryqeHHe ]laHHbIX OT areHTa 110 
He MeIIIaJI0 orn6pa)KeHHJO rpacpHKOB. C TQqKH 

3peHHJI rrporpaMMHp0BaHHH 3T0 aHaJIOrHqH0 

HaIIBCaHmo nporpaMMbI-KJJHeHTa B npoTOKO­

Jie TCP/IP, B KOTopoii. noToK co3.D,aeTcH .n.m 
B3aHMO]leH.CTBHJI KJJHeHTa C cepBepoM; 

• rrporpaMMa Ha .D,aHHOM 3Tane T0JlbK0 no­

nyqaeT ]laHHbie H BbIB0JlHT TO, 1IT0 JlalOT. Co­

OTBeTCTBeHH0, HeT TPe6oBaHHH. 0CTaH0BKH 

pacqeTa, ecJIB murn1,1e HeKoppeKTH.hI, 11 T.Jl. 

IIo:noMY np11MeHHeTCH T0JJhK0 cpnar PSS_ 

Mind_HaveNewData; 

• B nporpaMMe Il0]lJlep)KJ1BaIOTCH ,llBa pe)KH­

Ma pa60Tbl: aBTOH0MHbIH H pacqeTH.blli. B as­

TOH0MH0M pe:lKHMe ]laHHbie reHepHpYJOTCR 

cneUHaJibHbIMH q>YHKUHRMH. ABTOHOMHblli 

pe)KHM HCil0Jlb3YeTCH ,llJIH orna.n.KH rpacplfl'le­

CKHX nporpaMM. B pac'-!eTHOM pe)KHMe .D,aH­

Hbie nonyqaIOTCH OT areHTa HO. 

PaCCMOTpHM cxeMaTHq.HO, KaKHe H3MeHe­

HHJI B TeKcTax BHeceHbI B nporpaMMY Sim­

WorT 3D Viewer. B rnaBHOH q:>YHKUIDI Win­

dows-npHJJO)KeHJur C03JlaH noToK GetDataTh­

readFun JlJJH oprae113aumr nonyqeHHJI ]laHHbIX 

OT areHTa HO H HHHUHaJIH311poBaHo coe]lHHe­

HHe Windows-npHJJO)KeHHR H areHTa 110: 
int WINAPI WinMain () 

{ liHHUHaJIH3aUHH, C03.D,aHHe OCH0BHoro 0KHa. 

Co3.D,aHHe II0T0Ka ,llJJR rronyqeHHJI ]laHH.bIX OT 

areHTaHO. 

Create Tread (NULL, 0, (LPTHREAD _ ST­

ART_ ROUTINE)GetData ThreadFun, NULL, 

0, &RDID) 

HHHUHaJIH3aUHR coe.D,HHeHHR Windows-np11-

JJ0)KeHHH H areaTa HO, o6H3aTeJJbHO BKJJIOqa­

eT cpyttKUHIO pss_init(). 

InitConnection()} 

96 

IIoTOKOBaH cpyttKUHH GetDataThreadFun() 

opraHH3yeTCH B BH.D,e 6ecKOHe1.JHoro UHKJJa, B 

KOTOpbIH Bbl3bIBaeTCH cpyttKUHH no nonyqe­

HHIO .D,aHHbIX GetDataFromAgent() H rrocne­

JlYJOIUeMy orn6pa)KeHHIO nonyqeHHblX .D,aH­

HbIX B rpacj:>HqecKoH cpopMe DisplayData() 

(3aMeTHM, '-ITO BO BpeMH nonyqemur .D,aHHhIX 

OT areHTa 110 Ha rpacj:>HKax M0rYT orn6pa­

)KaTbCH paHee rrorryqeHHhre naHHbre): 

int WINAPI GetDataThreadFun() 

{ while( I) { GetAndDisplayData(); 

Sleep(50); }} 

void GetAndDisplayData() 

{IIonyqeHHe ]laHHbIX OT areHTa HO 

GetDataFromAgent(); 

B1IBO.ll ]laHHbIX 

DisplayData();} 

PaCCMOTPHM cpyttKUHIO IT0JJyqeHHH ]laH­

HbIX OT areHTa HO. B 0TJ111q11e OT pacqeTHbIX 

3a}laq: 

• nporpaMMa SimWorT 3D Viewer He BhI­

,naeT coo6meHHH 06 0II1J16Kax pacqern, 

TPe6oBaHHH ocrnHOBa 11 npoqee, T0JJhK0 

coo6meHHe - ecTb naHH11e .nnH o6MeHa 

(cpnar PSS_Mind_HaveNewData); 

• pac'-IeTa HeT, 3Ha'-IHT, HeT BpeMeHH CHH­

xp0HH3auHH, IlHIIIeM MHHHMaJibHoe; 

• Ha ]laHHOM 3Tane nporpaMMa SimWorT 

3D Viewer T0JibK0 rronyqaeT naHHbie, no-

3T0MY nporrycKaeM ciJYHKUmo rrepe.naqJ,I 

naHHbIX pss _put_ data() H cpa3y nmueM 

pss _transfer_ barrier(). 

void GetDataFromAgent() 

{ Bb1pa6aT1maeT HHcpopMaumo o nocrre.nyro­

IUHX ]leHCTBHRX K0.D,a, a HMeHH0, eCTb ]laHHbie 

.D,JJR o6MeHa B TeKyme:li T0qKe CHHXpomna­

UHH, cpnar PSS_Mind_HaveNewData. 

unsigned int SyncMask I= PSS_Mind_Have 

NewData; 

pss_get_mind (SyncMask, &SyncMask Re­

sult) ; 

CHHXpOHH3aUHH speMeHH npouecca, TaK KaK 

csoero BpeMeHH aeT, TO muueM 0 

pss_get_global_time_sync (/ *MyStep*/0, & 

CurSyncStep ) ; 

if ( (SyncMaskResult & PSS_ Mind_ Have­

NewData) && !(SyncMaskResult & PSS 

Mind_CanNotExchange)) 



{ O)f(H,llam1e 3aseprneHIDt scex o6MeHOB Me)f(­

Jly MO 
pss_transfer_barrier (); 

11onyqem1e .uaHHbIX OT areHTa MO c HCITOJib-

3osaHHeM ~)'HKUHH 

pss _get_ data_ nonblock(); 

Q'lliCTKa cTeKa rrpHeMa .uaHHbIX s areHTe MO 

pss_reset_transput_buffer (); } } 

Ilacnopm u KOHBepmop. IlporpaMMa oTo-

6pa)f(aeT TO qTo .llaIOT, IT03TOMY HMeeT rrpo­

CTOH KOHBepTop, BbIBO.llHT .naHHbJe B TOH pa3-

MepHOCTH, KOTopyro .ua10T pact.JeTHbie KO.Ubl. B 

rrporpaMMe OTCYTCTByJOT ormcamui: HeCTaH­

.uapTHbIX ~H3Ht.JeCKHX pa3MepHOCTeit HH)f(e 

npHse.neH nacrropT rrporpaMMbI: 

passport 

• task name 3D SimWorT Viewer task 

name 

• mode seq /mode 

• version 1.0 test /version 

• range_ min -100 / range_ min 

• range_ max 100 /range_ max 

• task classes amount="2" 

• class name Neutronics /class name - -
• class_name Thermohydrodynamics /class_ 

name 

• / task classes 

• /passport 

SimWorT 3D Viewer oTo6pa:ll<:aeT n106b1e 

MaCCHBbI pa3MepHOCTH He 6onee 56x56, rro-

3TOMy KapTa rrpHBH3KH He CBH3aHa C KaKHM­

JIH6o pact.JeTHhIM KO,llOM, a HMeeT TOJibKO 

CIIJIOlllHOe IIOCTp01rnoe 3anOJIHeHHe MaCCHBa. 

TaKM KapTa yrrpomaeT ITOJI)"Iem1e .naHHbIX OT 

areHTa MO. 

IlpUMep npUAteHeHUfl Sim WorT 3D Viewer 

.llJIH OT06pa)KeHH5l pact.JeTHOH HH~OpMfillHH 

Ko.nos KORAT [9] H PATEf [10], rro.urorns­

neHHhIX ,llnJI B3aHMO,lleHCTBHH Me)f(.uy co6oii 

nocpe,ncrnoM MO. 3arrycK H pact.JeT Ko.nos 

rrpOH3BO.llHJIHCb Ha y.uaneHHOM Unix-MarnHHe. 

Bee He06XO.llHMbie .naHHbie rrocpe,llCTBOM 

lIIJTI030BOro MeXaHH3Ma nepe,n;asaJIHCb areHTY 

Ha Windows-Manrnue, K0T0pbIH s3aHMo.n;eiicT­

Bosan Henocpe.ncTBeHHO c SimWorT 3D 

Viewer. TaKHM o6pa30M, nonyqeHa B03MO)f(­

HocTb BI13YaJibHO ua6mo.naTb 3a XO,D;0M pact.Je­

Ta, KaK ITOKa3aHO Ha pHC. 5 ( 4-fl cmp. i,eemHOU 

610/.aoKU). 

3aKJIJO'leHne 

PeanH3oBaHHM sepcHH MC P.6ITIIO .nnH 
Windows He TOJihKO rro3BOJIHJia npoB0,llHTh 

rrpe,llBap11TeJibHyJO orna,uKy npH no,n;KJTIOqe­

HHH Ko,uos K MC P.6IIIIO, HO u .uana B03MO)l(­

HOCTh nposecTH COBMeCTHbie pacqeTbl c pa6o­

TOM rrpHJIO)l(eHHM IIO.ll yrrpaBJieHlleM pa3.)llfq­

HhIX OC. 

IlpH TeCTHposamm npose.uem.1 pacqeTbI 

TeCTOBbIX 3a.uaq C HCII0Jih30BaHHeM o6be,l{H­

HeHHbIX K0,U0B KORAT-3D [9] H PATEr [10], 
a TaK)l(e STEPAN H KOBRA [11] cosMeCTHO 

C nporpaMMOM ,UHHaMH'ieCKOM BH3YaJIH3fillHH 

SimWorT 3D Viewer. 
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IlpaBHJia 0<1>opMJ1eHHH cTaTeii 

IlpH no.uroT0BKe eTaThH B e6opHHK aBTOp )J.0Jl)KeH PYK0B0)J.eTB0BaTheH· eTaH.UapT0M 

"OplITHHanbl aBTopeKHe H TeKeT0Bhie 113.UaTeJlbeKH.e" (OCT 29.115 - 88). K aBT0peKHM 

opHnrnanaM, rrepe,naBaeMhIM ,nnH 113.UaHHH, npe,n:1,.srnmnoTeH ene.nyiom11e Tpe6oBaHIDI: 

1. 3K3eMnm1p CTaThH )l0IDKeH 6hITh nepBbIM, 0TneqaTaH Ha O,UHOM CT0p0He JlHeTa <pOpMaTa A4 
mpml>TOM .N2 12 qepe3 2 HHTepeaJJa. CTaTb.sI .U0Jl)KHa 6hITb eoeTaBJleHa B cne.nyiomeM nopH)lKe: 

1rn.ueKe YJJ:K; 3arnaeue; HHHLJ;HaJlbl H (J>aMHJlHH aeTopoe; MeCT0 pa60Tbl Ka~oro aBT0pa C 

Il0l.fT0BblM a)lpeC0Mj aHH0TaIJ.HH (He 60J1ee 10 CTpOK); KJIIO'leBble CJl0Ba Bee 

BhIIIIerrepeq_11cneHH0e Ha pyccK0M H aHrJIHHCKOM H3h1Kax; TeKeT; CITHC0K JIBTepaTypb1; Ta6JlHLJ;hI; 

pI1Cy'HKH; no,n;pHey'HOqHbie II0.D;IIHeH (Ha 0T,UeJl.bHOM JlHeTe ). 

2. CTaTbH ,UOJl)KHa TaK)Ke npe.uocTaBJl.llTheH o6H3aTeJlbHO 8 BH)le 3JICKTpOHHOH eepCHH 

o6bilfHbIM mpu(J>TOM .N!! 12 Times New Roman, Me~yCTpO'lfHbIH HHTepBaJJ - O)lHHapHblH, B 

pe,naKT0pe Word 97 HJlH 6onee II03,UHHX BepeHH. TeKCT He <popMaTHpyeTeH, B KaqecTBe HMemr 

<paHna HeII0Jlh3yeTeH <I>MO rrepB0f0 aBTopa CTaThH. KaBbll.fKJf B TeKeTe CTaBRTe.si: rrpu aurJIHHCKOH 

pacKJia)lKe KJiaBHaTypbI (" .• "). 

3. Co.uep)KaHHe CTaThH )J.0Jl)KH0 6bITh KpaTKHM H qeTKHM. JilcKJIIOqaIOTCH o6ume pace~eHH.ll, 

I13BeeTHhie II0JlO)KeHHH. He .uorryeKaeTCH .uy6n11poBaHHe MaTepHana B TeKeTe, Ta6nm~ax, 

ll0.UpHey'HoqHbIX Ha.UIIHC.llX. Heo6XO.D;HMO co6n10.uaTh e)J.HH006pa3He B HaIIHcaHHH TepMHH0B, 

HaHMeH0BaHHH <pHJHqeeKHX BenHqJrn H e)J.HHHU I13MepeHHR, ycn0BHhlX o6o3HaqeHHH, eoKpameHH.H, 

eHMBOJlOB. HaHMeHOBaHH.ll H o603HaqeHHR e)lHHHU <pHJHqeeKHX Ben11q11H Heo6XO)J.HMO npHB0.UHTh B 

cHcTeMe CM. 
Heo6xo,n;HMO o6pamaTh BHHMaHHe Ha nanucanue nponHCHhlX u CTp0'lfHbIX 6yKB: pyccKHe u 

rpeqecKHe 6yKBbl (a, P, 'Y, <p u T,.!l,) Ha6npalOTCH npHM0, a JiaTHHCKHe (x, y, z, w n T,.!l,) -

KypcHB0M. Te )Ke Tµe6oBaHHH B o603Haqemrnx H~HO eo6n10,n;aTb npH Harrneamrn HH.[l.eKe0B H 

eTerreHeH B <pOpMYnax. O603Ha'lfeHHH MaTpHU H BeKTop0B ua6upaIOTCH noJiy)KffpHblM 

lllpH(J>TOM npHM0. <I>opMyJI.bl, BKJlIOqeHH.bie B TeKCT, cne.nyeT Ha6HpaTh 6e3 y'BemrqeHHH HHTepBana 

Me)K)ly CTµ0KaMH, HanpHMep bid, exp(xle). 
4. Ta6nHUhl HYMepyroTeH, Ka,amaH Ta6JIHLJ;a )l0JI,KHa HMCTb 3ar0JI0B0K. CoKpameHIDI B 

rpa<pax Ta6.rrm.i:hI He .uorryeKaIOTeH. B TeKeTe He06XO)J.HMbl ceblJlKH Ha Bee Ta6JlHUhI. Ka,amaH 

Ta6JI11IJ,a neqaTaeTCH Ha 0T,!leJibH0M JIHCTe, a 8 3JICt.."Tp0HH0M BH)le npe)lCTaBJIHCTCH B 

0T,!leJibH0M (J>aiiJie. 

5. <I>opMyJibl H 6j'KBeHHbie o603HaqeHHR Benwnrn ,UOJl)KH.bJ 6hITh pa3MeqeHhl I1 epa3y 

paeurn<ppoBaHbl. <I>opMyJl.bI HYMepyroTe.si: apa6CKHMH UH<ppaMH, H0Mep CTaBHTe.si: c npaBOH eT0p0HhI 

JlHeTa B KpyrnbIX eK06Kax. HyMepoeaTb CJie,uyeT T0JlbK0 Te (J>opMyJibl H ypaBHCHHH, Ha 

K0T0pble eCTb CCbIJJKa 8 nocJie)ly1omeM HJJI0JICeHHH . <I>opMyJlhl BblIIOJlHHIOTeH B pe,naKT0pax 

I I 
Equation 3.0 11n11 MathType np11 HeB03M0)KH0CTH Ha6opa Ha KnaBHaType (x,~,y;,,F,J x,- H T . .u.). 

0 y 

Ilo.neTµOqffble H Ha,neTpoqHbie HH,UeKCbl BB0,URTC.ll C KJlaBHaTypbl (x3, KM
2 

H T . .u.), rpeqeeKHe 6)'KBbl 

BeTaBJlJIIOTe.si: qepe3 MeHIO BcmaeKa ~ CUMBOfl . 

6. B TeKeTe CTaTbH pHCyttOK o6H3aTenbHO npe.UCTaBJlReTeR Ha OT.D;eJlbH0M Jll1CTe <pOpMaTa He 

6onee A4. Ha pHeyttKax .uorrycKaeTC.ll MHHHMaJihHOe 4Heno o603Ha4eHHH - KpaTKHe umppOBbie (no 

nopH.UKY H0MepoB eneBa HanpaBo HJlH no qaeoBOH eTµeJIKe) HJIH. 6)'KBeHH.bie o603HaqeHHH. Bee 

IIOHeHeHIDI BbIH0CJITCR B no,npHeyttoqHbie II0.UIIHeH. Ha o6opoTe Ka)K)J.Of0 pHeym<a j'Ka3bIBaIOTCH 

<paMHJIHH aBT0p0B, Ha3BaHHe CTaThH, H0Mep p11eyttKa, o603Ha4eHH.ll Bepxa I1 HH3a. BEJYfpemme 

Ha,!lllHCH Ha pHCYHKax Ha6Hpa10TCH mpH(J>TOM N!! 11. Bmny Ka)K)J.0fO pHey'HKa )l0Jl)KHbl 6bITh 
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np1rne,nem,1 ero HOMep H noApHcyHoqHaH no.[(nHcL mpml>ToM .N"!! 11. IlpH Ha.J1111.urn HeCKOJibKHX 

pa31IH'IBbIX rpaqnrKOB Ha O,D,HOM pHC)'HKe Ka)l(,L{blH H3 HHX o603HaqaeTCSI pyccKHMH 6YKBaMH a), 6), 

B) H T.,D,. H pacurncppOBbJBaeTCSI. 

B KOMilhJOTepHOM BH,[(e pucyHKH npe,aCTaBJJHIOTCH B OT.[(eJJLHhlX <l>aiiJJax, BbIIIOJIHeHHbie B 

rpacp11qecKHX pe,naKTopax Paint, PhotoShop, Core/Draw B qepHo-6enoM UBeTe (cpoTorpaqrnH B 

pacTpOBOM cpopMaTe tif, dpi-300) . PHCym<H B Word He BCTaBJIHTb KpOMe cnyqaeB, KOr,D,a pHC)'HOK 

HJHaqa.J11>Ho BblilOJIHeH B Word. 

7. CcbIJIKH Ha JIHTepaTypy B TeKCTe ,D,alOTC.sl ITO nopsr,nKy apa6CKHMH UHq>paMH B KBa.npaTHbIX 

CK06KaX. CnHCOK JJHTepaTyphl COCTaBJJHeTCH B TOH iKe nocJJe,[(OBaTeJJhHOCTH, B KOTOpOH 

npHBO.[(HTCH CCblJIKH ua JJHTeparypy. <l>aMHmm 11 HHHI.UlaJibI aBTOpOB Ha6HpaIOTCSI TIOJiy>KHpHI>IM 

KypCHBOM. 

8. CnHCOK JIHTepaTypbl cne.nyeT ocpopMllilTb s COOTBeTCTBHH c rocy.napcTBeHHbIM CTaH,D,apTOM 

"6J-16JIHOrpacpH'ieCKa.sI CCbIJIKa" ([OCT P 7.0.5-2008), B qacTHOCTH, Heo6xo,nHMO YKaJaTb : 

a) AJISI )KYPHa.JlbHbIX CTaTeH - cpaMHJIHH H HHHUHa.Jlbl aBTOpOB (He MeHee Tpex nepBbIX), 

HaJBaHHe CTaTbH, HaJBaHI-i:e )KypHana (6e3 KaBhJqeK), ro.n, TOM, BblilYCK, HOMep, CTpaHHUhI; 

6) ,D,JI.sI KHHr - cpaMHJIHH H HHHUHaJibI aBTOpOB, IIOJIHOe Ha3BaHHe KHlirH, MeCTO H3,D,aIDUI, 

H3,D,aTeJihCTBO (6e3 KaBblqeK), ro.n H3AaHHH; 

B) .nm1 aBTOpecpepaTOB ,D,Hcceprnu1,ri1: - cpaMHJIHlO H HHHUHaJibl aBTopa, Ha3BaHHe aBTOpecpepaTa 

,D,HCCepTaUHH, Ha COHCKaHHe KaKOH yqeHOH CTeneHH HaITHCaHa ,D,HCCepnm;1,u1, MeCTO H ro.[( 3filUHTbI; 

r) ,D,JISI rrpenpHHTOB - cpaMHJIHH H HHHUHaJibl aBTOpOB, Ha3BaHHe rrperrpHHTa, HaHMeHoBaHHe 

H3,D,aIOrueH opraHH3aUHH, IIIHcpp H HOMep, MeCTO H ro.n H3,namui:; 

.n) ,D,JISI naTeHTOB - cpaMHJIHH H HHHUHaJibl aBTOpOB, Ha3BaHHe rraTeHTa, CTpaHy, HOMep H KJiacc 

naTeHTa, ,D,aTy H ro,u 3aSIBJieHHJI H ony6JIHKOBaHIDI naTeHTa; 

e) ,D,JI.sl QTqeTOB - cpaMHJIHH H HHHUHaJibI aBTOpOB, HaJBaHHe OTqeTa, HHBeHTapHblH N!!,. 
HaHMeHoBaHHe opraHH3auHH, ro.n BbIIIYCKa; 

)K) llJJH :meKTpOHHblX HCTOCfHHKOB - ITOJJHblH )JJeKTpOHHblH aupec (BKJJI01·taH uaTy 

o6pameHHH K HCToquuKy), IlO3BOJIHIOIUHH o6paTHTbCH K ny6JIHKaUIUI. 

9. B KOHUe TeKCTa YKaJbmaeTCH KOHTaKTHa.sI HHq>OpMaUH.sl 06 aBTOpax CTaTbH: cpaMHJIH.sI, HMJI H 

QTqecTBO (noJIHOCTblO), ,D,OJI)KHOCTb, TenecpoH, e-mail H no )KeJiaHHlO aBTOpa - ,D,OMaIIIHHH IIOl!TOBbIH 

a.npec. 
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YTo•uJeHHaH umbopMaunH JlJUI lfHTaTeJ1eu 

nayl:IH0-Texnuqec1wro c6opHHKa 

"Borrpochl aTOMHOH uayKH H TeXHHKH. CepnH: «l>HJUKa HD,epHblX peaKTOpos"! 

Pe.uK01111enur c6opH11Ka "BAHT. Cep. <l>11311Ka mxepHbrx peaKrnpoB" 1rncpopMHpyeT aBTO­

poB 11 1il1TaTeneii c6opmnrn 06 opramnauIDI Il0)].illlCKH Ha "BAHT. Cep. <l>H3HKa x.uepm,rx pe­

aKTopoB". ITo.urrncm,ie HHJleKChI OAO AreHTCTBO "PocrreqaTb": 66675 co II rronyro.ll~ 2007 

r. B KaTaJI0re "Ifa.uaHmI opraH0B Hayqtto-TeXH111ieCK0H 11HcpOpMaqi.rn" 11 32067 c 2010 r. B Ka­

TaJiore 'TaJeTbl. )Kypnanb1". 

HanoMHHaeM, 1iTO "BAHT. Cep. <l>l13HKa mxepHhlX peaKTOpoB" no-npe)l(HeMy 113)].aeTCX B 

TPeX BhIITYCKax: <l>1nm<a 11 MeT0JlhI pacqeTa mxepHbIX peaKT0p0B, ,lJ),rnaMHKa 11 6e30TiaCHOCTh 

x.uepHbIX 3HepreTH1ieCKl1X ycTaH0B0K 11 I1MITYJihCHbie peaKT0pbl 11 np0CThie KpliTlPleCKHe 

c6opKH. 
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