
- l}~l-

OE'bE.LlHHEHHblt=i 
HHCTHTYT 
St.Ll EPH bJ X 

YfCCnE.LJ.OBAHHYi 

Lly6Ha 

I 

P2 · 4065 

t 

~ B.C.BaparneifKoB, K.K.ry~HMa, B.,LJ;.ToHeea 
:1: -:1: I • ·:a: s 
ow 

!# CXEMA PAClJETA BHY1'Pl1H,D;EPHbiX KACKA,n;OB 
::1: I ... .... 
A. • .... ... 
~ :s:: 
A. 

! 
! • lA 
~ 
~ 1968 



P2 · 4065 

B.C.BapameHKOB, K.K.ryAMMa, B .~ . ToHees 

CXEMA PACIJETA BHYTP~H~EPHbiX KACKMOB 



E apaweuKOB B.C ., fyAMM a K,K,, Toueea B.ll. P2- 4065 

CxeMa pac'IE\T a auyTpMRAepH bi X KacKaaoa 

ll a HO OITl!C8Hl!e ITpOrpaMMbl p8C'IE\T8 K8CK£lllHblX B38l!MOileliCTBl!l\ 'I8CTl!U 

c aTOMHbiMM RllpaMM B o6rracTM sueprMli oT uecKorrhKMx aec>~TKOB M sa ao 
T"' 30 r sa. Y'ITeHa llll¢4lY3HOCTh Rllepuol\ rpaHMUbi; rrpl! Bbl'IHCITeHMSIX TO'IHO 

BbiiTOITHSIIOT CSI 38KOHbi cox paHeHMSI sueprMM -M Mrrynhca , 

OpenpHHT 06beAHH8HHOrO HHCTHTYTa HA8pH~X HCC~8AOBaHH~ . 

,ll,y6Ha, 1968. 

Barashenkov V. S ., Gudima K . K . , Tonee v V .D . P2- 406 5 

The Scheme of Cal c ulati on of Intranuclear Cascades 

The program i s described o f the calculation of the cascade inte ­
ractions of p arti c l es w ith atom nuclei in the energy region from seve­
ral tens of MeV up to T::Jo GeV. The diffusness of the nucleus boun­
dary i s taken into account; while calculating , the laws of the energy 
and momentum conservati on a r e observed. 

Preprint. Joint Institute for Nuclear Research. 
Dubna, 1968 



KacKartHaSI MOAellh B3BHMOrteiiCTBHSI 6hiCTpbiX 'IBCTHU c · SIAPBMH a ocT a-

TO'IHO XOpOlliO 3apeKOMeHAOBana ce6SI B lliHpOKOM 9HepreTH'IeCKOM HHTepBane -

/1-3/ 
OT HeCKOIIhKHX aecSITKOB MaB BIInOTb AO KOCMH'IeCKHX aHeprHii • OrtHa-

/4/ 
KO C TeX IIOp, KBK 6hin BhiiiOnHeH rrepBbiH pBC'IeT BHyTpHSIAepHoro K8CK8Ll8 

caMa KaCKBAHaSI MOAellh rrpeTeprrena 3HB'IHTenbHbie H3MeHeHHSI. CoBepmeHCT-

BOBaHHe MOAenH wno no paanH'IHhiM HarrpaBneHHSIM: yny'lmanacb SIAepHaSI Mo­

/5-7/ 
rtellh (y'leT LlH~~Y3HOCTH SIAepHOH IIIIOTHOCTH H IIOTeHUHana SIApa , y'leT 

/9-11/) 
a -KII8CTepH38UHH B SIApaX , y TO'IHSIIIHCb HCIIOnb3yeMbie IIpH paC'Ie -

TaX xapaKTepHCTHKH 9IIeMeHTBpHbiX B3BHMOAeii:CTBHH { OC06eHHO aeynpy-

/8,12-14/ /15,16 / 
rHX ) , 6bJn8 3H8'1HTenbHO yCOBepmeHCTBOB8H8 MeTOLlHKB paC'IeTa , 

Y'ITeHa CneUH~HKa B3BHMOAeHCTBHH B o6naCTH CBepXBhlCOKHX 9HeprHH - B 

~ /3,17 I 
'IBCTHOCTB, MHOrO'IBCTH'IHhle B38HMOAeHCTBHSI • 

Bee 9TO 3HB'IHTenbHO ycnoJKHHno cxeMy Bhi'IHCneHHH. CoaaaHHe coOTBeT-

CTBYJOlliHX rrporpaMM paC'IeTa CTano rteiiOM BeCbMB TpyrtoeMKHM, Tpe6yJOWHM 

MHOrOMeCSI'IHOH pa60Thl. 

qT06hl o6ner'IHTb COCTaBneHHe TBKBX rrporpaMM, Mhl UpHBeneM LlOCTa-

TO'IHO llOLlp06HOe OllHCaHBe CXeMbi paC'IeTa BHyTpHSinepHbiX KBCKBLlOB C no-

MOllibJO MeTona MoaTe-Kapno. Mbi He 6yaeM ceii'lac y'IHTbiBaTb MHoro'laCTH'I-

Hhle B3aBMOAeii:CTBHSI BHyTpH SIApa, KOTOphle cymecTBeHHO BnHSIJOT HB peayiib-

TaThl pac'leTdB B o6nacTH aseprHH T>> 10 faa (nonpo6aee o6 aTOM eM. B 

CT8'l'bSIX 13•171 ) 0 ll09TOMY H3naraeM8Sl HBJKe CXeMa paC'IeTOB llpHMeHHMB JJBllib 

LliiSI ycKOpBTeiibHhlX 9HeprHH 0 He npeBbllli8JOWBX HeCKOJJbKHX neCSITKOB faa. 

3Ta cxeMa pac'leTOB 6hlna orrpo6oaaaa B aameii: na6opaTopaa sa 6onbmOM 

'IBCne pa3IIB'IHhlX CIIy'laeB H OK838II8Cb BecbM8 a¢¢eKTHBHOH LlBJKe llpB BC-
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• 

nonb30B8HIHI Cp8BHHTenbHO He6onblliHX Bbl'IHCnHTenbHbiX M8lliHH ( 4- 8 Tb!CSN 

cnoB naMHTH H BDeMH oneoamm == 0.1 MCeK) . 

ATOMHOe MpO Mbl 6yneM paCCM8TpHB8Tb K8K cl>epMH-f'83 HyKnOHOB, 38K­

nJO'IeHHblX B HnepHOM o6'beMe. PacnpeneneHHe nnoTHOCTH HYKnOHOB Bhr6epeM 

B BHAe 

p ( r ) 
flo 

( 1 ) • r- c 
1+ exp ( --\ 

" 
c onpeneneHHbiMH H3 onhiTa napaMeTpaMH a H c • 

LlnH yno5CTB8 Bbi'II!CneHHW 5yneM C'II!T8Th, 'ITO 5!llp0 pa3neneHO H8 HeC­

KOnhKO C<!Jepl!'c!eCKI!X 30H r J -l < r < r J , BHyTp!i K8>KAOi1 1!3 KOTOpbiX pacnpene­

neHHe MO>KHO paCCM8Tpi!B8Tb K8K OAHOpOAHOe : p ( r) "' p == const. Pacnpenene­
J 

Hl!e no HMnynhC8M HyKnOHOB BHyTpH K8>KAOH j -Oll 30Hbl ITpHHI!M8eTC5! Bbl-

PO>KAeHHhlM ~ePMHeBCKI!M C f'P8HH'IHOll 3HePf'HeH ~ePMH 

rne 

T F 
J 

198,5 ( p ) 2/3 
J , 

pj -COOTBeTCTBeHHO nnOTHOCTb Hei1Tp0HOB HnH npOTOHOB B 

(2) 

-oi1 30He. 

CyMMapHoe HMnynhCHoe pacnpeneneHHe , KOHe'IHO, 6yneT oTnH'IBThCH OT cl>ep -

MHeBCKoro pacnpeneneHH5! np11 HyneBoi1 TeMnepaType . 

06lli85! 5nOK-CXeM8 paC'IeTa, COOTBeTCTBYJOlli85! MOAenHpOB8HHIO "CYAh-

5bi" K8>KAOi1 5b!CTpOi1 'I8CTHUbl , CTOnKHYBlliellC5I C 5!ApOM, npHBeneHa Ha pHC,l. 

B 5noKe 1 y'IHTbiBaeTC5! H3MeHeHHe HMnynbca Ha'IanbHoi1 'IaCTHUbi, o5yc­

noaneHHoe BnH5IHHeM BHYTPH5!AepHoro noTeHUHana H acl>cl>eKTaMH npenoMneHH5! 

H oTpa>KeHH5!, B cnenyJOmeM 6noKe pa3brrpbrBaJOTC5! HMnynhc H H30CITHH ( npo­

TOH HnH Hei1TpoH) BHYTPH5!AepHOf'O HyKnOHa, C KOTOpb!M npOHCXOAHT B3811MO-

' 
AeiicTBHe - 3TO T HyKnOH Mbl 6yneM An 51 Kp8TKOCTH H83b!B8Tb .. napTHepoM" -

H no 38ll8HHOMY Ce'IeHHIO a (t) , rne t - OTHOCHTenhH85! 3Hepf'H5! H8'I8nh-

HOll 'I8CTHU bl H n apTHepa , Bbl'IHCn5JeTC5! TO'I J<8 B38HMOAellCTBH5!, 

EcnH 8T8 TO'IK8 OK83biB8eTC5! BHyTpH 5!Apa , TO C nOMOlllb!O Ce'IeHHH 

a (t) H a (t) onpenen5IeTC5! THn B38HMonei1cTBH5!: (ynpyroe HnH Heynpyroe ) 
el In 

( 5nOK 4) li no 38A8HHblM CpeAHHM yrnOBblM H HMnynhCHblM pacnpeneneHH5IM 

pO>KA8!0lllHXC5! 'I8CTHU p83blf'pb!B8!0TC5! HX 'IHCno, 8Hepf'Hll H yrnbJ BbineTa 

/14/ 
(6noK 5; nonpo6Hee eM. o6 aTOM pa5oTy ) . 

4 

EcnH 8HeprH5! BTOpH· 

ll8HH0ll "aHeprHH o5pe38HI 

H nenaeTC5! nepexon K cnE 

'18CTHU, 8HeprH5! KOTOpblX 

B 6noKe 8 H nanee nng HI 

xon K 6noKaM 9 H 2). 

B 6noKe 10 npoHcxo 

MOll cl>opMe (3aiTHCb H8 M< 

f'HCTOI'p8MM 0 Bhl'IHCneHHe 

PaccMoTpHM Tenepb 

KaK H3BeCTHO, B en) 

Bep05ITHOCTb ee B38HMOA 

rne A== 1/ a 
1 

p -cpenHHi1 c 

nonHOe Ce'IeHHe B38HMOAE 

'I8CTHUbl e pa3hrrpbiBae 

(3nech H Be3ne nanee 

H8 HHTepBane (0,1] ), 

B HallieM cnyqae CH 

ci>YHKUHeH panHyca r ,Hy 

OT OTHOCHTenbHOH 3HeprH 

pene neHHe TO'IKH B38HMOr 

H8 pellieHHH ypaBHeHH5! 

e 
J 

r ne A ( t , r ) = 1/ a 
1 

( t ) p ( 

c BHYTPH5InepHhlM npoToHo 

naA810lllliM OTHOCHTenbHOll 



ellbHhiX M8IIIHH ( 4-8 Tb!C5!'I 

; ~epMH-ra3 HYKliOHOB, 3aK­

OTHOCTH HyKllOHOB Bbi6epeM 

( 1 ) 

c . 

ITO HApO p83AelleHO H8 HeC­

)!( AOH H3 KOTOpbiX p a crrpeAe­

r) "' p = const. P acrrpeAene-
J 

· OH 30Hbl IlpHHHMae TCH Bbi-

<PePMH 

(2) 

illH IIpOTOHOB B -oli 30He. 

6yAeT OTl!Hqa TbCH OT ~ep-

ype . 

U8H MOAellHpOBaHHIO "cyAb­

HApOM , rrpHBeAeHa Ha pHc.l. 

I Ha q a llbHOH qaCTHUhl, o6yc-

li 9~~eKT8Mli rrpellOMlleHHH 

H HMilYllbC H H30CilHH (rrpo­

ropb!M IlpOHCXOAHT B3811MO-

~ H83hlB8Tb "rrapTHepoM" -

: aTellbHaH 9HeprHH Haqanb-

·8liMOAeHCTBHH. 

3 1 TO C IlOMOlUblO ceqeHHH 

~ H: ( yrrpyroe HliH Heyrrpyroe) 

Illy llbCHhl M pacrrpeAelleHH HM 

1 9HeprH II H yrllbi BbilleTa 

ECllli 9HeprHR BTOpliqHOH (pOAHBIIIeliCR) qaCTHUhl MeHbiiie HeKOTOpoli 38-

ABHHOH "9HeprHH o6pe38HHR " , TO 9Ta qacTHUa CqHTaeTCR IlOI'llOIIIeHHOH RApOM 

H AenaeTCR rrepeXOA K ClleAyJOIIIeli BTOpHqHOH qacTHUe j rrapaMeTpbl BTOpHqHbiX 

qaCTHU, 9HeprHR KOTOpbiX rrpeBOCXOAHT "9HeprHJO o6pe38HHR" 1 38Il0MHH810TC R 

B 6llOKe 8 H Aallee AllR HHX rrooqepeAHO IlOBTOpReTCR pacqeT K8CK8A8 (nepe­

XOA K 6llOK8M 9 H 2). 

B 6noKe 10 rrpOHCXOAHT cyMMHpOBaHHe pe3yllbTaTOB pacqeTa B Tpe6ye-

Moli ~OpMe (38IlHCb H8 M8I'HHTHYIO lleHTY pe3yllbT8TOB pacqeTa, COCT8BlleHHe 

rHCTOrpaMM, BblqHClleHHe CpeAHHX 3HaqeHHH H T.A.). 

PaccMoTpHM Terrepb 6onee rroApo6Ho OTAellbHhie 6noKH cxeMhi pRe . I. 

KaK H3BeCTHO, B cnyqae , KOI'A8 qacTHUa ABH*eTCH B OAHOpOAHOH CpeAe, 

BepORTHOCTb ee B38HMOAeHCTBHR B HHTepsane OT p AO p + d e P8BH8 

e d PI A , (3) 

rAe A= 1/ a 1 p -cpeAHHii cao6oAHhiH rrpo6er qaCTHUhi AO B3aHMOAelicTBHH, a 
1

-

rronHoe ceqeHHe B38HMOAei'icTBHH, p -nnoTHOCTb. B sToM cnyqae rrpo6er 

qaCTHUhl p p a 3hlrphlB8eTCH OAHHM cnyqaliHhlM qHCllOM e 

(4) 

(3AeCb H Be3Ae A8llee 

Ha HHTepaane [0,1] ). 

e - cnyqaifHOe qHCllO, paBHOMepHO pacrrpeAelleHHOe 

B HaiiieM cnyqae CHTyauHH 6onee cno*HaR: rrnoTHOCTb p HBllHeTCR 

~YHKUHeH paAHyca r ,HyKllOHhl B RApe ABH*YTCR, a ceqeHHe at 38BHCHT 

OT OTHOCHTellbHOH 9HeprHH li OT THil8 CT8llKHB810IIIHXCH qaCTHU. Do9TOMY Oll­

peAelleHHe TQqKH B38HMOAeHCTBHH 6hiCTpOH qaCTHUhl BHyTpH HApa OCHOB8HO 

H8 peiiieHHH ypaBHeHHH 

p 
I 

dP 
A(t,r) 

=- Pn .; 15) 

rAe A(t,r) =lla
1 

(t )p(r), a a 1 (t) - nonHoe ceqeHHe B3aHMOAelicTBHH 

C BHyTpHHAepHhlM IlpOTOHOM HliH HeliTpOHOM, H8XOAHIIIHMCH B TQqKe H o6-

li8A810IIIHM OTHOCHTellbHOH 9HePrHeli 

5 



iln51 pe w e HH 51 y p aBH e HH51 HHTe rpan 3 8MeH51e T C51 CYM M OH 

p N 

r . .. df -+ }: . .. 6. s = -In ~ 
1 ( 6) 

0 ! = 1 

rue BenH 'IHHB ~ s
1 

n o n a ra e T C51 p aBHO H H e KOTOpOH 'IBC TH C p e uHero CB060UHO­

ro npo6era B T OM 30He, B KOT OPOM HaXOUHTC51 'IBC THUa : 

At 
!'ls 1 = --; k > l 

k -

VI HUeKC j OTpa>KaeT TOT tjJaKT , 'ITO IIpH UBli>KeHHH "'BC THllb l BUOllb Tpae KTC>­

pHH cny'IBMHbiM o6pa30M H3MeH.ffiOT C51 KBK H30CIIHH, TBK H 8 H epi'H51 n a pTHepa. 

Y.ucn o k CB5138HO CO C T eneHb!O TO'IHOC T H , KOTOp y !O :>Kena r enbHO IIOliY'IHTb 

npu 38MeHe HHTerpana CYMMOH (6 ). 

AnropH T M Bbl"'HCne HH51 TO'IKH B3BH~O.QeMCTBH 51 51CeH H3 puc . 2, a T B K >Ke 

113 puc . 3,4 , rue 6onee IIOUp06HO paCWH!ppOBbi BBIOTC51 HeKOT Opble 6 n OKH puc . 2 . 

nocne roro KaK Bbi'IucneH s -nyT h qacT H U hi no cneuyJOmeil 30Hhi ( T . e . 

paCCT051HHe BUOllb HanpaBneHJHI UBHlKeHl151 'IBCTHUbl OT TO'IKH , rue 8TB 'WC T HUB 

o6pa3osanacb umt sowna B 51upo, no rpaHHUhi cneuyiOmeil 30Hbi), 8TOT rry T h 

pa36HBBeTC51 H<l HHTepBanhl f. S I • iln51 :aroro npelKue scero pa3hirpbiBaeTC51 

napTHep, 6naronap51 "'eMy CTBHOBHTC51 H3BeC T HhlM, KBKOe 3HB'IeHHe cnenyeT 

Bbi6paTh nnSJ ce'-teHH51 ~ t ( t) , onpenen51JOlUero cpenHHH rrpo6er A 
1 

u 

BenH'IHHY f:. S • • 

- I 
l::cnu 6biCTpOi1 'IBCT HUeH , llBHlKyWefiCSJ BIIYT PH 51Upa , 51BnSJeTC 51 Me30H, T O 

norronHHTe nbHO npoHCXO!l51T rrpouecCbi rrornomeHH51 Me30Ha n a p oii eyKn o H o B ; 

B 3 T OM Cny "'ae BMeC T O Ce'-leHHSl a t ( t) cneny e T HCII Onb3 0BB Tb CY MMY 

a= a (t) +a (T) 
t d r 

rue a d (T ) - n on Hoe c e"!eHHe norn oweH H 51 Me3oHa neiirponoM 

'le C KB51 3HeprlHI M e 3 0 HB B na6opaTOpHO ~I C HCT eMe KOOpA HHBT) . 

(7) 

T - KHHeT H -

B cny'-lae , K orna Bbi 'IHcn enuoe 3Ha'le !!.ue 1\ s , n e ucq e prrbJBa eT • cny-

'lail u o r o npo6er a· (4) OT T O'IKII r + /l.s 
I 

P na6 

~ na6 
HB XOUitTC SI HOBbiH n p o6er 

/'). S 
2 

( IIpH 3TOM nn51 orrpeneneHH 51 Ce 'IeHH H a t HnH a C HOBB pa3bl i'pbl­

BBeTC 51 rrapTHep } H T . A . UO TeX IIO~ IIOKB He ynosn e T BOpHTC 51 ypaBH e HHe (6) 

6 

HnH '18CTH U 8 He BblHAeT H3 

C T0 51H He ~S , TO ocywe CTI 

H OBOe S ( IIpH 3 T OM Bbl"'l 

neHHOe atl>tl>eKTBMH rrp e nOM1 

OuHoBpeMe HHO c Bbl'll 

nen51eTC 51 rrap T Hep , C KOTO 

TO'lKe. 3 T HM IIa pTHepOM SU 

IIpH Bbi 'IHCne HH51X npo6erOB 

H a pHc . 5 npencTasn en 

B KOHe'IHOM COCT0 51HHH , K 

ynpyroe p a cce51HHe c rrepe: 

MepHbiX nyKnouos. KHHeMl 

oHa nonnoCTh!O orrpe nen51eT• 

T eMe ueuT pa Mac e (} 
1 

H 

MBCCb l '1 8 CTHU OCT8 10TC51 HE 

rueii C T8nKHB8 10lliHXC 51 "'BCT 

xapa KTepHCTHK H H8 XOU51TC 51 

T pH'Ie CKOI'O 3 8 pMa Q = e 

'IB CTH U hl H 'l8C T HUW-II8pTHE 

B cny'lae peaKUH II rr o J 

M O 3H8T b HMIIynhCH oe paCIIJ 

HCXOA HT nor n oweHHe M e30U 

'ITO M e 3oH scerna nornom 

CYMMe HMIIY llhCOB COCTaBn S 

J:JM1Q'£!!!,COp eee'f'6BIHH6HU!X f 

HOCTb rrornoweHHR M e 30HOB 

T051HHH onpenen51eTCR 'IHc nc 

- 6 - na6 
noHOB p f}f H p n2 

naoopaTOpHOH C HCTeMe KOOI 

nepexon B cucTe My ueHTpa 1 

lliYIO CKOpOCTb OTHOCH T e nhHO 

x) 
n ocn enaee ft. S 1 Bhl6 upaeT 

TO'IHhiM nnSI K a>Knoro KOHJCpeT£ 



;g CYMMOH 

In ~ 
f (6) 

'I8C TH CpeUHe!'O CB060UHO-

'18CTHUbl BUOJib Tpa e KTQ­

' TaK H 3Hep!'HSI napTHepa. 

lYIO meJiaTeJibHO ITOJiy"'HTb 

51 SICe H H3 pHC.2, a T aK)I<:e 

51 HeKOTOphie 6JIOKH pHC.2. 

uo cneuyiOmeii 30Hbi ( T.e. 

J T TO"'KH , I'Ue 3 Ta 'I ~ CTHUB 

=IY IOlileH 30Hbl ), 3TOT ITYTb 

,;Kne scero pa3b l!'phiBaercH 

KaKoe 3Ha"!eHH e cneuyeT 

o cpeuHHH rrpo6er A 
1 

H 

HUpa , SIBJISieTCSI Me30H, T O 

Me3oHa napoi!. HYKJIOHos ; 

::!T liCITOJlb30B8 Tb CYMMY 

(7) 

neiiTpOHOM T - KHHeTH-

KOOpUHH8T ). 

, ne HC'I e pnbiBaeT 'cny-

lWLll!TCSI HOBbiH npo6er 

lfJIII 0 CHOB8 pa3hl!'pbl­

l e T BOpHTCH ypaBHeHHe (6) 

x) 
HJIH 'laCTHUa H e BbiHUeT H3 HJlpa EcnH KaKoe- To !'!. s , HC'IepnbiBaeT pac-

CTOHHHe ,s 

HOBOe S 

, TO ocymeCT BJIHeTCH nepeXOU B CJieUyiDWYID 30Hy H HaXOUHTCH 

(npH 3TO M Bbi 'IHCJIHeTCSI H3MeHeHHe HMITYJlbCa 'laCTHUbi, o6yCJIOB-

JieHHOe 3¢qleKTaMH npeJIOMJieHHSI H OTpa)l{eHHSI ; CM . pHC.4 ) • 

0UHOBpeMeHHO C Bbl'IHCJieHHeM KOOpUHHaT TO'IKH B3aHMOUeHCTBHSI Orrpe­

UeJISieTCSI napTHep, C K OTOpbiM B3aHMOUeHCTByeT 6 biCTpaSI "'aCTHUa B 3 TOH 

TO'IKe . 3 THM napTHepOM SIBJIHeTCH llOCJieUHHH H3 napTHepoB, p83bii'paBWHXCSI 

llpH BbiqHCJieHHSIX rrpo6eroB /'!,. S 1 

Ha pHc . 5 rrpeucTaBJieHa 6noK- cxeMa saaHMoueiicTBHSI c UBYMH qacTHUaMH 

B KOHe'IHOM COCTOSIHHH . K 3TOMY KaHany OTHOCSITCSI ynpyroe pacCeSIHHe HJIH 

ynpyroe pacceSIHHe c nepeaapHJlKOH H nornomeHHe Me30HOB rpyrmoli BHYTPH­

HJlepHbiX HYKJIOHOB . KHHeMaTHKa uayxqacTH'IHbiX peaKUH H npocTa, nocKOJlbKY 

OHa ITOJIHOCTbiD onpeueJISieTCSI 3aUaHHeM yrJIOB BbiJleTa OUHOH "!aC THUhl B CHC-

TeMe ueHTpa Mace (} 
1 

H cp 
1 

, Mar·caMH 'laCTHU ( npH ynpyroM paCCeHHHH 

MaCChi 'laCTHU OCTBIOTCSI HeH3MeHHhiMH: m 
0 
= m 

1 
, m = m 

2 
) 11 ITOJIHOH 3Hep-

!'HeH CTaJIKHBaiDWHXCSI 'laCTHU B CHCTeMe UeHTpa MaCe E • Bee OCTaJibHbi e 

xapaKTepHCTHKH HaXOUSITCH H3 3aKOHOB COXpaHeHHSI 3Hep!'HH , HMITyJibCa H 3 JieK-

T PH'IecKoro aapHJla , rue eo H e -aapSIU HaJie TaromeH. 

'laC T HUhl H 'laCTHUbl-napTHepa COOTBeTCTBeHHO. 

B cny-qae peaKUHH nornomemtSI UJISI Bhi'IHCJieHHSI aHeprHH E He06XOUH-

MO 3HaTb IIMITyJibCHOe pacnpeueneHHe HyKJIOHHhlX aCCOUHaUII H , Ha KOTOpb!X npo­

HCXOU HT llOI'JlOWeHHe Me30HOB. B rrepBOM rrpH6JIH)KeHHH MO)I{HO npeUITOJIO)I{HTb, 

'ITO Me30H BCerua ITOI'JIOWaeTCSI napOH HYKJIOHOB, HMllYJibC KOTOpO H paBeH 

CYMMe HMllyJlbCOB COCTaBJiffiOIIIHX HYKJIOHOB, U.Uilof'Jihe-KOTOpu:lt paaeH cy MMe 

p na6. 
AC 

p na6. + 
nl 

P na6 •• B epoSIT­
rr2 

HOCTb ITOI'JIOIIIeHBSI Me30HOB rrapOH HyKJIOHOB B orrpeueJieHHOM 3apSIUOBOM COC­

TOSIHHH onpeueJISieTCSI 'IHCJIOM B03M0)1{1-lbiX nap UaHHOI'O THITa. J1 MrryJibChl HyK-

- 6 - na6 
JIOHOB p :a H p n2 Bbi6Hp8IDTCSI H3 cpepMHeBCKOI'O pacnpeueneHHSI B 

Jl800paTOpHOH CHCTeMe KOOpUHHBT. B C OOTBe TCTBHH C 3THM CHa"'aJia uenaeTCSI 

nepeXOU B CHCTeMy UeHTpa MaCC 'HaJieTaromaSJ 'laCTHU8 + aCCOUHaUHSI!' , H MeiO-

- - na6 -na6 na6 na6 
IIIYIO CKOpOCTb OTHOCHTeJibHO Jia6opaTOpHOH. CHCTeMbl V =( p + p )/(E + E ) 

ll AC 0 AC 

x) 
nocnensee {!,. S t Bhi6Hp8eTCSI T8KHM o6pa30M, 'IT06bl paneHCTBO ( 6 ) 6btnO 

TO"'H biM an<~ Ka>Knoro KOHlCpeTsoro npo6era. 
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a 3aTeM B 3TOH CHCTeMe UeHTpa MaCC HaXOLlSITCSI yrnbl BbineTa HyKnOHOB 

rrocne rrornomeHHSI HMH Me3oHa. Yrnoaoe pacrrpeneneHHe 3THX HyKnOHOB B 

CHCTeMe UeHTpa MaCC MO>KHO C'IHTaTb H30TpOITHbiM: 

t:os 01 = 1 - 2 e . ¢=217/:' . . 
LlnH yrnOBbiX pacrrpenenenHti yrrpyro pacceSIHHbiX 'laCTHU ( c rrepe3ap51Ll­

Koti HnH 6e3 nee) HCrronb3oaanHCb 3KCrrepHMeHTanhHbie HHTerpanbHbie pacrrpe-

neneHH5l , npeJJ.CTaBneHHbie B BHLle <jlyHKUHH COS(}= f ( ( ) • Lln5! ¢YHKUHH 

f(t) yao6HO HCITOnb30BaTb ITOnHHOMH8nbHYID 8ITilpOKCHM8UHID (rronpo6Hee 06 
/ 

3TOM CM , B pa6oTe 1 141 ). 

Pac'leT 'IHCna qacTHU, po>KnaromHXC5l B HeyrrpyrHx B3aHMoneil:CTB11SIX c 

TpeMSI 11 60nbWI1M 'IHCnOM '18CTHU B KOHe'IHOM COCTOSIHHH , 

N +N .. N + N + n 17, 17+N .. 17+N+n17 (n > 1) (8) 

11 orrpeneneHHe BenH'IHHbi HX HMrrynhCOB p 1 =I p 11 ITOSICHS!eTCSI na pHc.6. 

Y11cno po>KnaromHXC5l qacTHU (Hx MHO>KeCTBeHHOCTb) aBTOMaTH'IeCKH orr­

penenReTC5l 'IHCnOM Bbi60pOK 113 3KCITepHMeHT8nbHOI'O HMITynbCHOI'O CITeKTpa, 

COBMeCTHMhlX C 3aKOHOM COXpaHeHHSI 3H8pl'HH , 3aKOHhl COXpaHeHH5l 3Hepi'HH-

HMITynbC8 Y'IHTbiBaiDTCSI TO'IHO, a He CpeJJ.He-CT8Tl!CTH'IeCKH, KaK 3TO aena-

• ( / 14 / nocb no CHX rrop. rronpo6nee CM, pa6oTy ). 

P03bii'pbiW BenH'IHHbi HMrrynbCOB pOLlHBWHXC5l 'laC THU p 
1 

ITpOH3BOLlHn-

CSI ITO 3KCITepHMeHT 8nbHbiM HHTerpanbHblM pacrrpeaeneHH5IM B CHCTeMe U eHTpa 

M8CC, Bblpa>KeHHblM qepe3 ITOnHHOMbl OT cnyqail:HOI'O 'IHCna /; : p i = f P ( /;) 

TaKOH ITOLlXOLl 3Ha'IHTenbHO COKDamaeT BPeM5l Bbi60pKH H cymeCTBeHHO 3KO­

HOMHT M811JHHHYID IT8MS!Tb ( ITOLlp06Hee CHOB8 CM, pa6oTy /!4/). VI Mlly nbC 

rrocnenneil: qacTHUbi orrpenenSieTCSI 3aKOH OM coxpaHeHH5l. 

TaK KaK CBOMCTB8 B38HMOLleHC TBHH C TpeMSI 'laCTHU8MH B KOHe'IHOM 

COCT05IHHH 

c n > 1 

(n = 1) 3Ha'IHTenbHO OTnH'I8IDTCSI OT CBOHC TB B38HMOLleHCTBHH 

, 3TH LlB8 TH ITa B3aHMOJJ.eAC T BHH paCCMaTpHBaiDTC5l OTJJ.enbHO. TipH 

Bb!COKHX 3Hepi'H5IX , 6onbme H8CKOnbKHX f 3B 1 Tpexq ac TH'IHbie B3aHMOLleHCT-

BH5l Ll8IDT HH'ITO>KHWA BKnaa 11 HX MO>KHO He Y'IHTWBaTb, 

Yrnbi BbtneTa pOLlHBWHXC5l Me3oHOB orrpenen5IIDTCSI He3aBHCHMbiM po3bir-

pbiW e M ITO 3KCrrepHM8HTanbHhiM yrnOBblM pacrrpeaeneHH5IM, LlnS! 3 TOI'O CHOB8 

8 

HCITOnb3YIDTCSI HHTerpanb. 

OT Cny'iaAHOI'O 'iHCna: Cl 

CSI '18CTHU ¢HKCHpyiDTC5l yq 

OcaoBHbie 3Tarrhi pacqeTa 

KaK H B cny'iae orrp, 

'IHTenbHO ITOBbiW88TC5l 38 

Tiony'IP.HHhiA Ha6op E 

TanbHbiM pacrrpeneneHHS!t 

HyKnOHOB p.!. • 3To T! 

BenH'IHH H, K8K ITOK83anH 

yqeCTb KOppenSIUHH Me>Kn 

3ap S!LlOBhie pacrrpen 

paCC'iHT8Tb HCITOnh3YSI 11: 

TpeX'i8CTH'iHhlX K8H8nOB 

MHOI'O'i8CTH'IHblX peaKUHl 

HHe 38P5ILlOB B cpeJJ.HeM: 

n "+ 

TI 0Llp06Hbie pacqeTbl 

¢eKTHBHOCTb OITHC8HHOI'O 

SILlepHbiX KaCKBLlOB. Pe3) 

p8CCM0Tp8HHOH o6naCTH 

60nhllJHX 3Hepi'HSIX He06X 

TH'IHblX B38HMOLleACTBHA 

HCITOnb30Banacb penSITHB 

Pe3ynbTaTw pacqe~ 

M8I'HHTHYID neHTY, 'ITO J 

caMbiX pa3nH'IHbiX xapar 

1. B.C.Bapal11eHKOB, B. 

I/JH3H'l., ~ 322, 232 



5I yrnhi ehlneTa HyKnOHOe 

~AeneHHe 9 THX HyKnOHOB e 

Hh!X 'I8CTHU ( C rrepeaap51.0.-

·Hhie HHTerpanbHhie pacrrpe­

= f ( (" ) , flng <!JyHKUHH 

IOKCHM8UHIO ( IIOAp06Hee 06 

:pyrHX e38HMO.UeHCTBH51X C 

•CTOSIHHH, 

> 1) 
(8) 

1 1 Il051CH51eTC51 Ha pHC . 6, 

HOCTb) aeTOM8TH'IeCKH OII­

:>f'O HMnynbCHOf'O CIIeKTpa, 

WHhi coxpaaeHHSI aaeprHH-

~CTH:'IeCKH, KaK 9TO aena-

'I8CTHU p
1 

IIpOH3BO.UHn-

~neHH:SIM B CHCTeMe U eH Tpa 

oro '!Hcna f : P 
1 

= f P (.; ) 

OpKH l1 cyruecTeeHHO 9KO-

pa6oTy !14/). 11Mnynbc 

aHeHHSI , 

5I 'l8CTHU8MH e KOHe 'lHOM 

CeOHCTe e3aHMOAeHCTeHH 

3TpHB8IOTC 51 OTAenbHO, npH 

,JBaTb. 

JT C51 He38Bl1Cl1Mb!M p03hlf'­

neHH51M, fln51 8 TOf'O CHOBa 

HCIIOnb3YIOTC51 HHTerpanbHhie pacrrpe.ueneHHSI, ebipa)KeHHhie 'Iepe3 nonHHOMhl 

OT Cny'IJaltHOf'O 'IHCna: COS e 1 = f e ( .; ) Yrnhi ehineTa .ueyx OCTaelliHX­

C51 'i8CTHU <fJHKCHpyiOTCSl y'ieTOM 3aKOHOe COXpaHeHHSl 9HeprHH H HMIIynhcJ'1,3, 14/, 

0CHOBHhie aTaiihl pac'ieTa YK838Hhl H8 PHC.7, 

KaK H B cny'Iae onpe.ueneHHSl HMIIynhcoe p
1 

'IHTenbHO IIOebilllaeTCSl 38 C'IeT ebiAeneHHSI TpeX.'I8CTH'IHOf'O K aHana, 

nony'I~HHhiH Ha6op BeKTOpOB Pt AOn)KeH y.uoeneTeop51Tb 9KCrrepHMeH-

TanbHhiM pacrrpe.ueneHHSIM no eenH'IHHe rrorrepe'IJHhiX HMrrynbcoe Meaoaoe H 

HyKnOHOe p _j. , 3TO Tpe6oeaHHe 9KeHeaneHTHO OT6paKOeKe pa3 bif'paHHhiX 

eenH'IHH H, KaK IIOKa3anH CpaeHHTenbHhle paC'IeTbl ( CM, /14/), II03eOn51eT 

y'IeCTb K0ppen51UHH Me)KAY p0)1<AaiOlliHMHC51 'IaCTHUaMH . 

3ap51.UOehie pacrrpe.ueneHHSI 'IaCTHU e TpeX'I8CTH'IHhlX peaKUHSIX MO)KHO 

paCC'IHT8Tb HCIIOnb3Y51 H3eeCTHbie aKCnepHMeHTanbHbie Ce'IeHHSI pa3nH'IHhiX 

Tpex'!aCTH'IHhiX KaHanoe ( CM , CeOAKY T8KHX AaHHhiX e o6aope 
1181

), iln51 

MHoro'iaCTH'IHhiX peaKUHH ( n > 1) xopolliHH peaynbTaTa .uaeT pacrrpe .uene-

no.upo6Hble pac'!eThi, ehiiiOnHeHHhie e HallleH na6op8TOpHH, IIOKa3anH a<fJ­

<jJeKTHeHOCTb OIIHC8HHOf'O ehillle MeTOll8 MOHTe -KapnoeCKH:X paC'IeToe eHyTpH-

51AepHhiX KacKa.uoe. Peay nbTaThi pac'IeToe xopowo cornacyiOTCSI so sceti: 

paCCMOTpeHHOH o6naCTH OT HeCKOnbKHX .ueCSITKOB Mae llO 20-30 rae. (DpH 

60nhillHX aHepf'HSIX He06XOAHMO y )Ke OT.UenbHO Y'lHThJeaTb eKnaA M HOf'O'laC­

TH:'IHhiX eaaHMO.UeiicTeHH c HyKnof!aMH 51.Upa /3/). DpH ece x ebi'!HcneHHSIX 

HCIIOnb30eanaCb pen51THeHCTCK851 TpexMepH851 KHHeMaTHK8, 

PeaynbTBThi pac'!eTa Ka)K.uoro OT.Uenhaoro KacKaAa aanHChieanHCb aa 

Maf'HHTHYIO neHTy, 'ITO II03eOn51nO e nocneACTeHH H3Y'I8Tb pacrrpe.ueneHHSI 

C8MhiX pa3nH'IHhiX XapaKTepHCTHK H KOppen51UHH Me)KJ:ty HHMH , 

n H T e p a T y p a 

1. B.C.BapameHKOB, B.M. ManbLieB, B.Jl. ToHeeB, J1.3B, AH CCCP, cep. 

cjJH.3H"l,, !}Jb 322, 232 (J966), 
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BXOA 8biX 
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WAllAnD HO&OrO 

~ NACWAAA 12 I 
8bi4Wtn£HUE XAP-W Hem 8CE IUICNRAbl 1 

HA4AnbHOW LUICTUijbl g \. UC4£PnAHbl ? 
CllEA'JtOU4AR 

~ 
~ACTUU,A 

2 
OOPEAE/\EHUE TO~WW 

r- 63AUM0AFUC16"'A 
U 8bloOP OAPTHEPA 

10 11 
ga 

3 HEJm ga 
6110~ ""' 1 'fACTU~~ BbiWllR OAM~Tb 

\. LH Q,QPA ~ OGPII60TWU 1-1 n~cr~ ? Pfl'l 11bT AlOt!. \.. 

Hem PAC~ETA 

4 
OOPEJl"'IFHU£ TUnA I" 

B?,AUMOJlEUCTSUA \. 

5 8 
OOP£AE11EHUf )'AP-\l ~ROOM\o!HA\-IUE 

'---
STDPU4Hb1X &fACTUU, HOBbllC ~Acntu, 

I HBm 

6 7 
Nl¥n 

nPUHt.~Un flAYIIU 
f) a 

1 3Hf'PrUA 4RCTUU BbiiDf 
ga 

~ 
6b10DnHA£TCSl ? 1 ~HEPrUU 06PE3RWWA? 

~ 

PHc.l. 0 6waSI cxeMa pactteTa aeyTpnsw.epHoro KBCKaJla. 
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8b14UCnEHI.IE U~MtHEHL-1~ 
t.~MnYnbCA 4RCTt.f 4bl pM& 
OPU O~PfXQAE J,t3 lOHbl 

~ B ~OHY j' 

~-fj-1 

Pnc.3. Bbt'IHCneHHe nyTH '18CTHUbi flO cneayKmleA 30J-ILI . r -TO<tJ:Ka, B KOTo­

p~(i o6paaoaanacb (nnn sowna s QJlpo) paccMaTouaaeMaR qa cTuua ; 
p - ee HMnyllbc; Cos B = (r p na6 )/ , p na6 

{ 

+ 1 , cos 8 :::_ 0 { r 1_ 1 , cos B > 0 
/J• ; R J = 

-l,cosB <O r 1 , cosg<O 

13 



~ 

..,. 

"0 
s 

" )>1 
(') 

(') ;, )C )4 
~ = .. I!) 

..;: ~ : 3: 
~ . ~ 
=· '0- 1: 
~ ~ .:' ~ 

" I!) "' .. .. Q ~ ~ 

j·A~ !OHA Hem E'A+I • Ej + Tl~'- TA 
1 

• 
1 nOtllEAH~~? E·.,•E~ 

~~~~--~----------~ 

AI\~ HYWnOHA 

AJ\Q Me30"1A 

gd 

EJ+I • El-£ -li' 
EJ., = Ea -Vrr 

AI\~ ~'JWilO~A 

AJ\'i1 ME)O._,A 
sLn8a 

11- --11----t - :: 

s~n 8j•• 
R

IIAI 

J+l 

pj~' 

ffi 

P11c , 4, Bbr'IIICilBHIIe rr3MeHeHrHI l1Mny nbca 'laCTIIU br p npH nepexoae ee 113 

OLIHOJ;\ 30Hbl B apyryiO , E J -3H9pl"ll R '18CTHUbl B j - 0~ 30He ( OTC'III -

TblB89MBR OT aHa noTe HallallbHOI! RMbi); T; -rpaHII'IHaR 3Hepl"1151 

¢lepMII, Onpeae.rJ519M851 rj> OpMylloil (2); Jf - 3H9pl"HR CBR3ll HYKI10fl8 B 

51Lipe ; V 1T -l"lly611H8 OOT9 HllH81lbHOil RM bl LlllR M9301!8, n OK 8 38T91lb npe-

ll0M.'I9HII51 npH nepexoa e 113 J - on e (j + 1) - y10 3ony paeeH oTaow e -

HHIO COOTB9TCTBY!OWIIX Yl"llOB LIBH ~< 9HH51 '18CTHUbi: 

a• sin B 
1 

/ sin 8 J+!, cos B
1 

=( r
1 

p 1186 
) / (r 

1 
pna6J 

anR M930HOB OOT9HllU81lbH851 51M8 nllOXO H3B9CTHB, npowe BC9!"0 

C'IHTBTb ee OLIIIH8KOBO!-l Ll/151 BC 9 X 30H ( • V 1T ) • 

:::1 -f% 0 
0 ,ZJ~:::J f: x:., 
msg~~ 

~:::Jv-:z:o"' moc:oor;p::::t 
c,t ~.,. ..., m 
O:::::liuax;:z: 
X.Q~ l: 
l:I_S' I PW!:m 

·-

.z: r:P n ~: -, 
l:l S:::::lo<CI 
""'"'-<~U' 
-4.f:~~::.!! 
x:_~,_.o.., 
J: .... cox:~ 
»' or:POcr 
+ :s "0 t:P e 
:b ~ ~~ ...... 
":::.:r- '"'ut 
~ m ::I:J- : ,., 

~ 

=3 ; 

li-< ,.,.= 
~~ =a-, fO 
,..ID . ..., 

'2 
33 "' .. 
Ill "' ..,::;, 



I 
<!> I 
C.(!) 
t: 3 
,Jl ~ 
1:; -
(]) f. 
f. 0 

~ X 
' "' (]) 

"' !!) 
0 "' t:: n. 

0 

'"' Cl> 
0 

"' 
(]) 

3 
0 
n. 
t: 

~ 
YnPYroe 9d 

PACCEQHME?t---

Hetn 

t 
PD~bJrPbiW ~APQAO& 

H"1\tllOHO!> emltecn. lit MX 
lfnYJtbtOS ~m, p112 6 llA&. 
CWCt ~OPAWHAT . nEPfXDA 
8 t.~M. ., HAllET AI-D IJ(AR 
IIAtTU4A + RCCOl4WAL\IH~" 

I 

e,• Q-ez 
e1! i- en 

PO~blfPbiW 
Yf/1 A PACCEQHU~ 

cosQt:f(~) 

nEPEXOA 6 A~&. 

eaun. WOOPAUHAT 

PHc.S. CxeMa psc'teTa aaauMoacHcTnsft c llBY.,.HI 'lBCTRUBMH n KouequoM cocTo-
stHHH. E 1 B E 2 - nonnbw 3Hepru a ayYnoHoa nocne B3aHMOJleHcT-

nuH, 9 l H 0 1 - yrJU.,I HX BblneTa. ( CHCTPM8 UeHTp8 MSCC ). /; -

cnyqaHaoe qucno (n Ka~llOM 6noKe csoe) . 
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::; 

Hem 
\6) 

2 Pm < ~ Pt '? I • • 
L 

Puc.6 . Onpe.ueneHae qncna PO*!lBK>WHXCSI "tB CTnu n " eenul{.HHbl ux HMnynb-

cos pi • .QnSJ 11Y1.Jll19f'O nOHHM8HHSl CX9Mbl CM . pa60Ty / 14 / • 

PO'?>blfPbiW YrADB gtl ... 1'\42 ...... 

~ t =3 } cos9t= ~9 (1), 'ft•2rrl' {i:n+2~ P~.es~~ Pt 1--

L'= ?. 
J.lem 

1 l.1tL+i 1 
I 

ga Hem 

0nPEAEA£~HIE Hem 
R< l~l(aB\? 

ga Hem-
t1<R~ Fi? cos 91 ,'f1 , cos91 ,'f2 

., Y\=i ~ 

gaf 
L.-.......j ~CAOSUE HA p ... ga OfPEXOA S /\AS. 

Hem BbtnO/lH~ETC~ ( CMCT . ~OOP.llUHAT 
\.. . 

Puc .7. Pac<-£eT yrnos Bhtn eTa B T Oplll{HbiX l.J aCnTu . 6 onee nonpo6Ho o6cyJi\.ae­
HHe aa Ho a pa6oTe 11 41. 
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