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S u m m a r y 

The Monte-Carlo model is worked out to 
describe the development of meson-nucleon 
shower in many-component fissiable matter 
induced by high-energy deuteron beam. Cal
culations are based on the cascade-evapora
tion model for inelastic particle-nucleus 
collisions including the evaporation-fission 
competition for excited nuclei. The calcula
tion results agree well with the experimen
tal data presently available. 

As the primary deuteron energy grows 
from 0.3 to 2 GeV, the thermal-energy 
release and neutron yield on the target 
increase in magnitude more than by one 
order. At the energies of T=0.3 and 1.0 GeV 
the number of neutrons produced by deuteron 
beam in uranium target is 1.5 and 1.3 times, 
respectively, higher than in the case of the 
proton beam of the same energy and intensity •. 
However, in both cases the neutron yield 
turns out to be practically equal to each 
other at T ~ 2 GeV. · 

Passing from primary proton to deuteron 
the thermal energy release increases as well 
as neutron yield. 
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3cl>cl>eKTHBHOCTb 3JieKTp0.11:.Z:{epHOro MeTo,n;a IIOJIY'leHH.11 

3HeprHH H HaKOIIJieHH.11 ueHHhlX H30TOIIOB BeCLMa KPHTH'IHO 

3aBHCHT OT cpe.n;Hero 'IHCJia iieiiTpoHOB, o6pa3YJOIUHXC.H Ha 

O,Il;HH nepBH'IHblH IIPOTOH B BellleCTBe MHilleHH. 3TO 'IHCJIO. 

MO)KHO yBeJIH'IHTb, . ecJIH BMeCTO IIPOTOHOB HCIIOJlb30BaTb 

IIY'IOK ,n;eiiTpOHOB, Ka)K,Il;hlH H3 KOTOpbIX Hap.H,D;y C npoTOHOM, 

Tep.HIOIUHM 3Ha'IHTeJILHYJO qaCTb CBOeii 3HeprHH Ha HOHH3a-

UHOHHLie npoueccw, co,n;epmHT TaKme BbICOK03HepreTH'leCKHH 

HeiiTpOH. 
. . 

Cne,n;yeT oma,n;aTL, 'ITO ,n;eiiTpOHHblH IIY'IOK 6y,n;eT HMeTb 

HaH60JibWHe npeHMYIIleCTBa npa· HeKOTOpoii "OIITHMaJll,HOH 

3HeprHH", . IIOCKOJILKY IIPH HH3KHX ~HeprH.HX, r,n;e IIO'ITH 

BC.II KHHeTH'leCKa.H 3HeprH.H npOTOHOB 3aTpa'IHBaeTC.H Ha 

HOHH3aUHIO, Mana 3<l>q.>eKTHBHOCTb caMoro 3JleKTPO.H,D;epHoro 

MeTo,n;a, a npH BhlCOKHX 3HeprH.HX HOHH3aUHOHHble IIOTepa 

,n;eiiTpOHHOro H npoTOHHOro IIY'JKOB npaKTH'leCKH O,D;HHaKOBhl. 

CpaBHeHHe Me30H-HYKJIOHHhlX JIHBHeii, o6pa3YJOIUHXC.H 

B ,n;eJI.HIQeHC.H cpe,n;e 110,Il; ,n;eiiCTBHeM BhlCOK03HepreTH'leCKHX 

npoTOHOB H ,n;eiiTpOHOB, B HaCTO.Hlllee BpeM.H MO:>KHO BbIIIOJI

HHTb JIHillb TeopeTH'leCKH, IIOCKOJILKY 3KCIIepHM~HTam». Ha.II 
· · /1 2/ · 

HHcl>opMaUH.H KpaiiHe He3Ha'IHTeJILHa. B pa6oTaX , ,Il;Jl.11 

pac'leTa B3aHMO,n;eiiCTBH.H IIY'IKa npOTOHOB . C BellleCTBOM 

HC.IIOJlb30BaJia.Cb CT a THCTH'leCKa.H MOHTe- KapJIOBCKa.H MO,D;eJII, 

pa3BHTH.H JIHBH.H. AHanorH"iHyro Mo,n;en1, Mhl nocTpOHJIH Te11ep1, 

H ,D;Jl.11 CJIY'la.H ,n;eii:TpOHHOrO IIY'IKa. PacCMOTpeHHIO 3TOH 

MO,D;eJIH H IIOCB.HIQeHa ,n;aHHa.H CTaTb.11. 

,lJ;JI.H OIIHCaHH.11 Heynpyr11x ,n;eiiTpoH- .11,n;epHbIX CTOJIKHOBe

HHH Mhl HCIIOJlb30BaJIH KacKa,D;HO-HCIIapHTeJll,HYJO MO,D;eJib, 

no,n;po6Ho OIIHCaHHYJO B MOHOrpacl>:e:a/3 /. Pac'leT B3aHMO

,n;eiicTBH.H ,n;eiiTpOHa C .11,D;POM B 3TOM cnyqae CBO,Il;HTC.HK pac-
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11eTy COBOKYilHOCTB )J;BYX KaCKa,AOB, nopo:>K,AeHHLIX B JI,Ape

MHIIIeHB HyKnoHaMB HaneTaIOlllero ,AeiiTpoHa. B o6nacTB 

3HeprBii T < 1 I'3B 3TB KaCKa,ALI C xopoweii TO'IHOCTLIO 

MO)l(JIO C'IBTaTL He3aBBCBMLIMB; o.nuaxo, ecnu T > 1 I'3B, 
TO cne,AyeT yxce · npBHBMaTL BO BHBMaHBe B3MeHeHHe nnoT

HOCTB .'IBCna HyKnOHOB BHYTPB JI,Apa·MBWeHB no Mepe pa3-

BHTBJI B HeM nBBHJI KaCKa)J;HLix 11acren / 4/. 

Pacnpe,AeneHBe HyKnOHOB B JI,Ape-MBWeHB onBCLIBanocL 

cpyHxnueii Caxcoua- By,Aca c napaMeTpaMH, onpe,AeneHHLIMH 

B onwTax no pacceJIHHIO 3neKTPOHOB. 

IIpB pac11eTe pacna,Aa B036yxc,AeHHLIX JI,Aep, OCTaIOllUIXCJI 

nocne KaCKa)J;HOH CTa)J;BH B3aBMO)J;eiicTBBJI, MLI Y'lnH KOH· 

KypeHU:BIO nponeccoa ucnapeHHJI H ,AeneHHJI. 3Ta 11acTL 

pac11eTOB swnonueHa MeTO)J;OM, onucaHHW B pa6on/5/. ,D;nJI 

BLI'IHcneHBJI BepOJITHOCTH o6pa30BaHBJI OCKOJIKOB C onpe

)J;eneHHLIMH 3Ha'leHBJIMH Maccosoro 11ucna, 3apJI.Aa B 3HeprHH 

B036yxc,AeHHJI MLI npHMeHHnH CTaTHCTH'leCKYIO TeOpHIO <l>oH

ra / 3 ,6/, nepeXO)J; B036y:>K,AeHHLIX OCKOnKOB )J;eneHHJI B oc

HOBHOe COCTOJIHBe paccMa TPHBancJI Ha OCHOBe MO)J;enH Hcna

peHHJI. TaKoii nO)J;XO)J; n03BOnHn xopowo onHcaTL OCHOBHLie 

11epTL1 B3aHMO)J;eHCTBHH npOTOHOB C TJDICenLIMH JI)J;paMH / 7 / H, 

KaK DH.AHO H3 Ta6nunLI 1, )J;aeT xopowee cornacHe c H3BecT

HLIMH 3KcnepHMeHTanLHLIMH )J;aHHLIMH TaIOKe H )J;nJI )J;eiiTpOH· 

JI,AepHLIX B3aHMO)J;eiiCTBHii. 

IIoCKOnLKY 3KC:nepHMeHTanLHLIX' )J;aHHLIX O ce11eHHJIX 

)J;eiiTpOH· JI)J;epHLIX B3aHMO)J;eiiCTLIHii ceii11ac H3BeCTHO KpaiiHe 

Mano / 3 /, ce'leHHe HeynpyrHX B3aHMO)J;eiiCTBHH ain MLI 

paCC'IHTanH C nOMOlllLIO MO)J;enH BHYTPHJI)J;epHLIX KaCKa,AOB. 

IIony11eHHLie TaKHM o6pa30M 3Ha'leHHJI ,An.II .11,Aep CBHHU:a H 

ypaHa npHBe)J;eHLI Ha puc. 1; TaM )Ke HaHeceHLI H3BeCTHLie 

3KCnepHMeHTanLHLie TO'IKH. B 0611lHX 11epTaX ce'leHHe )J;eiiT

poH- .11,Aepuoro B3aHMO)J;eiiCTBH.II nOBTOp.11e·r 3HepreTH'leCI<YIO 

3aBHCHMOCTL_ Ce'leHH.11 HeynpyrHx HyicnoH- .II)J;epHLIX B3aHMO • 

.AeiicTBHii H npH T ;:::: 1 I'3B CTaHOBHTC.11 npaKTH'lecI<H no

CTO.IIHHLIM. 

qTo 1<acaeTc.11 ce11eHH.11 ynpyroro B3aHMOJJ;eiic'i'BH.II ,AeiiT

pouoa c .11,ApaMH, TO npH6nH)KeHHO C'IHTanocL a ef = ain , H 

ero ynpyroe pacce.lIHHe .IIBn.lleTC.11 'IHCTO )J;HcppaI<nHOHHLIM 

/TeHeBLIM/. 

,D;nJI onucaHB.11 yrnoaoro pacnpe,Aeneuu.11 ynpyroro pac-
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PHc. 1. CeqeHHe Heynpyroro B3aHMOAeHCTBHJI AeHTPOHOB 
C .IIApaMH CBHHD;a H ypaHa. YKa3aH1>1 3KcnepHMeHTaJlhHbie 
ToqKH H3 pa60Tbl /9/ 

I 
\ 
\' 

ce.11HHJ1 AeHTPOHOB d a I dO Mbl HCilOHb30BanH <I>eHoMe-

HOHorHqecxoe Bblpa:>KeHHe H3 pa6oTbl /IO/. 
CHeAyeT OTMeTHTb, qTo AH.II AaJlhHeHwero yToqHeHHJI 

MOAeHH Ba:>KHO noHyqHTb 3KcnepHMeHTailhHYJO HH<l>opMau;mo 

o ceqeHHJIX ain H a ef • 
IloTepH 3HeprHH 3ap.11:>KeHHbIMH qacTHD;aMH Ha HOHH3au;mo 

paccqHTbIBaHHCb no H3BeCTHOH <l>opMyHe IDTepHXaHMepa/11 •1 ~/ 

IIpoTOHbl, 3aMeAHJ1BWHec.11 AO ::rneprHa Trp ~ 15 M3B H 

HMeBWHe oqeHb M8.HbIH HOHH3aD;HOHHbIH npo6er, CqHTanHCb. 

"ocTaHOBHBIIIHMHCJI" /BbI6bIBIIIHMH H3 Me 30H-HYKHOHHoro 

HHBH.11/, H HX KHHeTHqecxa.11 3HeprHJI BKmoqaHacb B Tenno

BbIAeHeHHe * BeHHqHHa Trp AH.II APYrHx 3ap.11:>KeHHbIX 

qacTHU: noHaraHacb paBHOH T rp mi / mp , qTo .11Bn.11eTc.11 

CHeACTBHeM COOTHOWeHHJI Me>KAY HOHH3aD;HOHHbIMH npo6era -

MH npoToHa H qaeTHU:bl e Maeeoa mi • 

IIpeAn<>naraHoeb, qTo Bee 11 + -Me30Hbl e 3HeprHeH T;; 

TrpnpeTepneBaIOT paenaA, a 11- -Me30Hbl norHOID;aIOTCJI JIA

paMH, eHJITHe B036y)KAeHHJI KOTOpbIX paeeMaTpHBaeTCJI no 

xaeKaAHO-HenapHTeHLHoii MOAeHH. Bee 11± -H 11° -Me3oHLI 

c paenaAHbIMH npo6eraMH, MeHbWHMH .IIAepHoro, TaK:>Ke 

cqHTaHHeb paenaBWHMHeJI. 

OcTaHbHbie AeTaHH MOAeHH Te :>Ke, qTO H B pa6oTaX 12 •13t 
Ha puc. 2 ep~BHHBaIOTeJI paeqeTHOe H 3KenepnMeHTani.

HOe qHeHa HeHTpOHOB1, BbIHeTaIOID;HX H3 TOHeToii eBHHU:OBOH 

MHWeHH. TeopH.11 H OnbIT xopowo eorHaeyroTe.11, OAttaKO AH.II 

3TOro OKa3aHOeb He06XOAffMbIM AOeTaToqHo TOqHo npoMo

AeHHpoBaTb yeHOBHJI 3KenepHMeHTa: yqeeTb pa36poe 3Hep

rHH nyqxa AeHTpOHOB, npoeTpaHeTBeHHYJO pa3Ma3KY 3Toro 

nyqxa H T ,A, Ha puc. 2 noKa3aHbl TaK:>Ke paeqeTHble AaHHble 

AH.II nyqKa npoTOHOB; BbIXOA HeHTPOHOB B 3TOM eHyqae 

HeeKOHbKO MeHbWe, XOTJI pa3HffqHe HeBeHHKO •. 

B ma6A. 2 npH pa3HnqHbIX 3Heprn.11x epaBHHBaIOTe.11 

HaH60Hee Ba:>KHbie epeAHHe xapaKTepHeTHKH B3aHMOAeHeTBHH 

* Bb16op rpaHHqHoa 3HeprHH Trp = 15 M3B 1rnH.11eTe.11 
AOBOHbHO yeHOBHbIM H orrpeAeJIJleTeJI HHWb Tpe6oBaHHeM 
MaHOeTH HOHH3aD;HOHHOro npo6era; BapbHPOBaHHe BenHqHHbl 
Trp B6HH3H yxa3aHHOro 3HaqeHHJI eHa6o eKa3bIBaeTeJI 
Ha pe3yHLTaTax pll.eqeTa. 
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T A B JI U II A II . 
Cpe)ODl'.8 xapaKTepllCTHKH B38HIIO,Jt81CTBHII ny,DtOB ,JtelTpoBOB II upo-
TOHOB C 6JIOROM B8 eCT8CTBeHHOI CM8CH ypaH8 (B pac118T8 HB. O,IUIH 

nepmAB],11 ,1telTpoB K1lH npoTOH). 

cl - •,1te1Tpomu,re "xal,)8R'rel)KCTHIG1, 

df P - 0THOllleHHe •,1telTpoHHHX• H "npoTOHHHX" xapaKTepaCTJDt. 

lapaRTepH- T = 0,3 raB T = 0,66 raB T = I raB T = 2I'8B 
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PHC. 2. Cpe,IJ;Hee qHCJI0 HeiiTpOHOB, BbUieTaIOIIUIX H3 IUIJIHH,IJ;
pHqecKOH MHWeHH ,IJ;HaMeTp0M 10 H,IJ;JIHHo:ii6O CM/B pacqeTe 
Ha 0,IJ;HH nepaHqHbIH ,IJ;e:iiTpoH/. Kpy)KKH - pe3yJibTaT pacqe
T0B, Tpeyr0JibHHKH - 3KCIIepHMeHT~JlbHble ,IJ;aHHble H3 pa-
60Tbl /14/. IlyHKTHPOM II0Ka3aH0 qHCJI0 HeHTPOHOB, BblJieTaro
~HX H3 CBHHUOBOH MHWeHH, ecJIH BMeCT0 ,IJ;e:iiTpOHOB HCII0Jib-
30BaTb' nyqoK npoT0H0B TOH )Ke 3HeprHH T. 
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.neiiTpOHHOro u npoT0HHoro nyqKoB c oqeHb 6oJibllIHM /npaK
THqec_KH 6eCKOHeqHbIM/ 6JIOKOM ecTeCTBeHHoro ypaHa *. 
B Ta6nu:u;e npuBe,neHbl: N in - noJIHoe qucno Heynpyrux 
B3auMo,neiicTBHii, N r - qucno .neneHuii J1,nep 238u u 235u , 
N8 H N 5 - qucno pa,nHa:u;H0HHbIX 3axBaT0B g,npaMH 
2 38 U u 235 U , N - nonHhlH Bblxo.n aeiiTpoaop, v 8 H v 5 -

qucno aKT0B .neneHHJI Jl,nep 238 U H Z35 U , v - II0JIH0e 
qucno .neneHHii, Q - TennoBi.meneaue.B 6noKe. OT,neJibHO 
yKa3aHbl .naHHble .I{JIJI "6bICTpbIX qacTH:U" - HeiiTpOHOB ucna
peHHJI c :rneprHJIMH T < 10,5 M3B. 

3aMeHa nyqKa npoT0H0B .neiiTpoHaMH npHB0,nHT K 3Ha
quTeJibH0MY yaenuqeHHIO qucna 6blCTpbIX qacTHD; H,C00TBeT
CTBeHH0, K yBeJiuqeHHIO BCeX ,npyrux xapaKTepHCTHK. O,nHaKO 
C poCT0M :meprHH npeuMymecTB0 .neiiTpOHHOrO nyqKa IIOCTe
neHH0 yTpaquBaeTCJI. ,ll;JIJI Il0BblllleHHJI 34>q,eKTHBHOCTH 3JieKT
poH,nepHoro MeTo,na HaH6onee nepcneKTHBHottnpe.ncTaBJIJ1-
eTCJ1 o6nacTb T = 0,7 - 1 I'3B. 

BenuquHa TennoaL1,neneHHH B 6noKe ypaHa npu nepexo.ne 
K .neiiTpOHHOMY nyqKy TalOKe 3aMeTH0 yaenuquBaeTCH, XOTH 
H He B TaKoii cTeneHH, KaK BL1xo.n HeiiTpOHOB N . Bo3pac
TaHHe Q o6ycnoBJieHo yaenuqeHHeM qucna .neneHHii /6O
-7O0/o Tenna Bb1,nem1eTcH B aKTax ,neneHHH npu TS. 10,5 M3B/. 
)l;nH 6onee nerKHX MHllleHeii, r.ne OCHOBHOH BKJia,n a Tenno
BbI,neneHHe 'npoHCXO.D;HT OT HOHH3aUHOHHbIX npo:u;eccoB, BeJIH
quHa Q .D;JIH .neiiTpOHHoro H npoT0HHOro nyqKOB pa3JIHqa
eTCH 3HaquTeJibHO MeHbllle; HaIIpHMep, .I{JIH CBHHUOBOH MHllle -
HH BenuquHa Q 0Ka3bIBaeTCH npaKTHqecKH He3aBHCHme:ii OT 
THIIa nepauqHhlX qacTHD;. 3TO X0POlllO BH.I{H0 H3 puc. 3, 
r)le .nmi: ABYX MHllleHeii npHBe . .neHbl pe3yJihTaThI HalllHX pac
qeT0B H XOP0lllO cornacyromuecH C HHMH TeopeTHqeCKHe 
,naHHhie-KoneMaHa/15/; B OTJIHqHe OT ma611. 2, Q .I{JIH npoTo
H0B npH T = 2 I'3B HeCKOJihK0 MeHhllle, qeM .I{JIH ,neiiTpOHOB, 
qTo o6yc_noaneHo ai.meToM He:ii:TpoHoB H3 6noKa, pa3MephI 
KOToporo B .naHH0M cnyqae cpaBHHTeJibH0 HeBeJIHKH. 

YMeHbllleHue <>THOllleHHH N / Q HBJI.HeTCH BIDKHhIM 
npenMymeCTB0M .neiiTpOHHOro nyqKa. 

,D;naMeTp UHJIHH,npnqecKoro 6noKa 120 CM, ero .nnnHa 
90 CM. IlyqoK nepanqHhIX qacTHU nona.naeT B Y3KYIO oceayro 
menb .nnHHo:ii -26 CM • 
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PHc. 3. Benuq~Ha TennoBbl,neneHHH /B pacqeTe Ha 0.nHY 
nepauqHyIO qacTHUY /. CnnOWHble H IlYHKTHpHble KpHBble -
Halli pacqeT .I{JIH ypaHOBOH H CBHHUOBOH MHllleHeii .I{HaMeTpOM 
10 u .I{JIHHOH 60 CM. /B nocne.nHeM cnyqae .naHHble .I{JIH 
np0TOH0B H .neiiTpOHOB YKJia,nbIBaIOTC.H Ha O.nHY KpHBYID,{. 
KpeCTHKaMH HaHeceHbl TeopeTHqecKHe ,naHHble KoneMaHa 7 5/ 
.D;JIJI nyqKa np0T0HOB. 

Ha puc. 4 cpaBHHBaIOTCH pacnpe,neneHHH IIJI0THOCTH 
He:ii:TpOHOB, o6pa3yIOJUHXC.H B CBHHUOBO:ii H ypaHOBOH MHllleHHX 
no.n .neiiCTBHeM _ nyqKoB .neiiTpOHOB H npOT0H0B pa3JIHqHhlX 
3Hepruii. B cnyqae .neiiTpOHHoro ny~a HeiiTpoHbipacnpe,ne
neHhl C 6onee Y3KHM MaKCHMYMOM H HX qucno Me,nneHHee 
yMeHhlllaeTcH c p0CTOM paccT0HHH.H z, qTo o6ycJIOBJieHo 
MeHhlllHM H,nepHblM npo6eroM .neiiTpOHOB H .I{OBOJibH0 3Haqu
TeJibHbIM BKJia.D;0M B Heynpyrne CT0JIKHOBeHHH IIPH 60JihlllHX 
z He:ii:TpOHOB, o6pa3oBaBlllHXC.H B pe:l~H.HX CTPHIIIIHHra. 

AHanoruqHblii au.n HMeeT pacnpe.neneHHe TennOBh1.n;ene
HHH B MHllleHH. 

II 
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UHnHH.IJ;PH'leCKHX MHWeHeii c .n;HaMeTpOM 10 H ,IJ;nHHOH 60 CM, 
o6nyqaeMblX npOTOHaMH /nyHKTHp/ H .n;eiiTpoHaMH / cnnow
Hble rHCTOrpaMMbl/. YKa3aHbl :.rneprirn. nepBH'IHblX '18.CTHD; 
/ B M3B ax/. 3Ha'leHH11 W(z) .n;aHbl B pacqeTe Ha o.n;Hy 
nepBll'IHYIO qaCTHUY-
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