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PaccMaTpHaaeTCSI BbiXO!l 6biCTpbiX npoToaoa npH nornomeHHH MJOo~roa 

H8 npHMepe S!!lp8 
16 0. npoUeCC HCCneAOB8nCSI B p8MK8X HMnynbCHOI"'O 
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Fast Proton Yield and Their Asymmetry in 
Nuclear 11-- Capture 

The fast proton yield in the 11--capture has been 
considered by the example of 16 0 nucleus. The process has 
been studied within the impulse approximation on a weak 
interaction using the traditional effective muon-nucleon 
F.amil toni an. 
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11ccneaosaHire 6htcrphiX qacrHu, BhineraJOIUHX npH no

rnomeHHH OTpliUarenbHbiX MIOOHOB SIJlpaMH, npellCTaBnSieT 

60nbiUOH HHTepec C TO'iKH 3pBHHSI 1i3Y'iBHiiSI KaK CaMoro 

cna6oro B3aHMOJlBHCTBHSI, TaK If MeXaHH3Ma paCCMaTpH

BaeMoro npouecca. 3a nocneaHee speMSI H3BBCTHhlH 

nporpecc 6hln ~OCTHrHyT B TeopeTH'iBCKOM / l-
5/ H 9KCne-

pHMBHTanbHOM 
6

•
7 1 

HccneaosaHHSIX HeHTpOHHoro KaHana 

peaKUHH, TO ecTb npoueccos BHila (ll-,vn). B To )I(B 

BpeMSI HMBIOTCSI BBCbMa CKYilHbiB JlaHHhie, K8C8101llHBCSI 

9MHCCHH 6hiCTpbiX 38pSI)I(BHHbiX 'iaCTiiU, B 'iaCTHOCTH, 

npOTOHOB, BbiXOil KOTOpb!X COCTaBnSieT 6onee 50% OT BCBX 

aapSI)I(BHHhiX 'iaCTiiU ! Bl . Ha ceroaHSIIUHHH aeHb npaKTH

'ieCKH OTCyTCTBYIOT CBBilBHHSI 0 MeXaHii3Me TaKOrO npo

uecca . EcTeCTBeHHbiM SIBnSieTCSI npeanono)l(eHHe o roM, 

'ITO B ynOMSIHYTb!X peaKUHSIX npeo6naaaJOT npOUBCCbl npSI

MOrO 3aXBaT8 MIOOHOB Ha HyKnOHHbiX aCCOUH8UHSIX B SIIlpB, 

a B cnyqae BbinBTa npOTOHOB - 3aXBaT Ha CKOppenlipO

B a HHOH nape npoTOHOB 19- 10( KoppeKTHbiH pac'i.eT KOHK

peTHoro npouecca B paMKax raKoro npeanonO)I(BHHSI or

cyTCTByeT. 

B HacroSIIUeH pa6ore paccMaTpHBaercSI npouecc (ll -,vp) 
B o6nacTH aHeprliH npoTOHOB 6onbrue 15 MaB. OcraHo

BHMCSI HBCKOnbKO noapo6HeH Ha npeanarae MOM MBXaHH3Me 

peaKUHH. EyaeM paccMaTpHBaTb npouecc SiaepHoro ll- -aa

xaara B paMKax HMnynbcHoro npH6nH)I(BHHSI no cna6oMY 

B3aHMOilBHCTBiil01 HCOOnb3YSI rpallHUHOHiibiH aqxpeKTHBHbiH 

MJOOH-HyKnoHHhiH raMHnbTOHHaH
1 11 t Opli HCCneaoaaHHH 

peaKUHH (/l-:, vn) H8Mii 6btn0 OTMB'iBHO / a, 5/, 'ITO B ll8HHOM 

noaxoae npH KoppeKTHOM BhiileneHHH ueHrpa Mace HyKnOH

HOH CHCTBMhl B HaqanbHOM H KOHB'iHOM COCTOSIHHSIX If 

HCnOnb30B8HiiH BOnHOBb!X lPYHKUHH, aHT1iCHMMBTpli30B81iHblX 
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IIO BCeM HyKnfa~aM, K8)KJlblll H3 SIJlepHbiX Ma TpH'IHhiX 
::meMeHTOB M , BXOllSilllHX B aMrrnHTYllY rrpouecca, MO)KeT 

6hiTb rrpeJlCTasnea B BHJle: 
(a) - ->-> (a) 

M = const I ..; A <'I' (1 ,2, ... ,A-1) 'I' (p,r )If A I x 
JrM r l/2£ 

x'I'J·M· (1,2, ... ,A)>+(A-1)-JA<'I'J M (1,2, •.. ,A-l)x (1) 
1 1 r r 

x'l'112 ( (p,r) lh:~ 1 1'1'J.M· (1,2, ..• ,A)> I, 
l l 

rJle 'I' J .M.(1,2, ... , A) - BHyTpeHHSISI sonaosaSI cpyHKUHSI 
l l 

H8'I8ITbHOI'O SIJlpa (A,~ CO CTIHHOM ) 1 H IIpOeKUHeR ero 

M 1 ; 'I' J M (1,2, .• ,A-1)- BHyTpeHHSISI sonaosaSI cpyHKUH51 
r r 

51Jlpa-OCT8TKa (A-1, Z-1) CO CTIHHOM) r H DpOeKUHeti: ero 

Mr ; '1'1/2£ (p ... , f) - <PJHKUHSI BhineTmomero Heti:Tpoaa, 

HMeiOlllei'O HMTiynbC hp OTHOCHTra1hHO f~pa-OCT8TK8 H 
rrpoeKUHIO CTIHHa£. OnepaTOpbi fA H hA-l (a= 1,2,3,4) 
BBeJleHhi B pa6oTe151,uaaeKc CHH3Y y onepaTopa yKa3hiBaeT, 

Ha nepeMeHHhie K8KOR qaCTHUhl OH ]leHCTByeT. f1epBblll 

'IneH B ( 1) Ha3bJBaiOT DpSIMbiM, BTOpOR - 06MeHHbiM. 

Mo)KHO rrposecTH HeKoTopyiO napannenh Me)KllY npHMhiM 

H 06MeHHbiM qneHaMH, B03HHKaiOlllHMH DpH paCCMOTpeHHH 

Sl.[{epHbiX MaTpH'IHbiX 3neMeHTOB ( 1), a 3Ha'IHT ,H 8MTinHTY

]laMH npouecca H TIOITIOCHbiMH JlHarpaMM8MH ( p H C • 1 ) • 
f1epBOH JlHarpaMMe COOTBeTCTByeT Dp51MOR qneH, BTOpOH -

o6MeHHhiR. TioJlqepKHeM, 'ITO yKa3aHHaSI aaanorHSI HOCHT 

B H3BeCTHOM CMbiCne HnniOCTpaTHBHhiH xapaKTep. 06hi'I

HO B paC'IeTaX rrpeHe6peraiOT 06MeHHhiMH qneHaMH B MaT-

B 6 /3,5/ 6 pH'IHhiX 3neMeHTax. pa oTax HaMH hinH pac-

p 

' 

1) 
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n ,n y 1// (A-1,2-1) 
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p HC. 1 
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CMOTpeHbl 3cp¢eKThl, CBSI3aHHhie C HX y'IeTOM B IIpouecce 
( !l-,vn). Ha pH c. 2 H 3 npRBe.[{eHhi peaynhTaThi pac'IeTa 

3HepreTH'IeCKHX cneKTpOB dW/dE H aCHMMeTpHH yrnOBOI'O 
pacnpeJleneHHSI a(E) HeiiTpOHOB B peaKUHH t.t-(l6Q, vn) 15N. 
Buaao, 'ITO yqeT o6MeHHhiX qneaos cymecTBeHHO cKa3hi

saeTCSI Ha paCCMaTpHBaeMhiX XapaKTepHCTHKaX HeRTpOHOB. 

EcnH Teneph nepeti:TH K paccMoTpeHHIO peaKUHH C,-, vp) 
B paMKaX TeX )Ke 1IpH6ITH)KeHHR, 'ITO H paHee 13•5 , 

TO B ( 1 ) BOnHOB851 cpy HKUHSI 1JI J M 6y ]leT COOTBeTCTBO-
B8Th 51Jlpy (A-l,Z-2), a BOnHOBarSI ¢YHKUHSI 'l'tj~_f (p,f) -
OTIHChiBaTb BhineTeaumil npoToH. OnepaTOphi Cf) H h<x~l 
He H3MeH51TCSI, H DpSIMOR qneH B (1) o6paTHTCSI B Hynb 

ua-aa npasun oT6opa no naocrruHy. T aKHM o6paaoM, B 

paCCMaTpHBaeMOM IIOJlXOJle aMIInHTYJla npouecca (t.t -, vp) 

6yaeT uenHKOM o6ycnosneaa o6MeHHhiMH MaTpH'IHhiMH 

3ITeMeHTaMH. fpy6o I'OBOpSI, IIpH 3aXBaTe MIOOHa SI.[{pOM 

(A, Z), Mhi paccMaTpusaeM npSIMOR npouecc Ha BHpTyanb

Hoti: HyKnOHHOR aCCOUH8UfiH (A-1,Z-1), nepeBOJl51llleR ee 

B peanhHOe JlO'IepHee 51llpo(A-1,Z-2) (pHC. 4). 

2 ;r (160, vn)'sN 

~1\4..1 
"c:ll:::J 

pH C. 2. 3HepreTH'IeCKHR 

CTieKTp dW/dE H 8CHMMeTpHSI 

yrnoaoro pacrrpeaeneHHSI 

to' 
10° 

a(E) HeRTPOHOB B peaKUHSIX 
16 15 . 

t.t-( O,vn) N ~.s.) ( KpHBaSI 1) 
H t.t ~ ( 1ttl, v n) l N 
(3/2- , E = 6,33 M3B) 

fO
( KpHBaSI 2), nony'IeHHhie 

B HCKa)KeHHWX BOITHaX, HO 

6ea y'IeTa o6MeHHhlX qneaos 

B MaTpH'IHhiX 3neMeHTaX. 
fO-z o{r:+-----+---t---+-~1 

z 
0.2 

0 l!!ir // ' ,- I 
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01~' I 

a 16 J2 48 64 E,ftfeY 

(A-t,l-1) 

p l:f C • 3. 3HepreTI:fqeCKHM 

cneKTp dWidE l:f aCHMMeTpHSI 

yrnoBoro pacnpeaeneHHsr 

a(E) Heii~OHOB B peaK

UHSIX 11-( 1 O,vn) 15N(g.s.) 
(KpHBasr I) H 11-(11io,vn) 15N 
(3/2-, E = 6,33 MsB) 
( KpHBaSI 2), nonyqeHHbie 

B l:fCKa*eHHhlX BOnHaX 

l:f C yqeTOM 06MeHHhlX 

qneHOB B MaTpHqHhlX 

sneMeHTax. 

' ' ' 

(A- t, l - 2) 

\)'-" 

p HC. 4 

6 

l 

} 

0TMeTHM HeKOTOpbie TpyJiHOCTH 06IUef'O XapaKTepa, 

B03HHKalOIUHe B TaKOM noaxoae. Bo-nepBbiX, Mhi He yqH

TbmaeM apyf'HX B03MO*HbiX MeXaHH3MOB npouecca, TaKHX1 

HanpHMep, aHanOI'OM KOTOpbiX B HeKOTOpOM CMbiCne SIBnSI

eTCSI TpeyronbHaSI aHarpaMMa H T.a. I1x BKnaa MO)KeT 

OKa38TbCSI TOI'O )Ke nopSiaKa, qTo H BKnaa paCCMaTpHBae

MOI'O MeXaHH3Ma. 80-BTOpbiX1 CBSI3aHHbie COCTOSIHHSI 

HyKnOHOB H COCTOSIHHSI HenpepbiBHOI'O cneKTpa OnHCbiBa

IOTCSI 06biqHo !lJyHKUHSIMH pa3nHqHbiX !lJeHOMeHOnOf'HqeCKHX 

noTeHUHanoB. 3ro MO)KeT npHBeCTH K HeKOTOpOM norpew

HOCTH B OUeHKe BKnaaa MeXaHH3M8, o6ycnoBneHHOI'O 

o6MeHHhiMH MaTpHqHhiMH sneMeHTaMH. TaKHM o6pa3oM, 

pe3ynbTaThi, nonyqeHHbie B paccMarpHBaeMoM noaxoae, 

YOCSIT KaqeCTBeHHhlM xapaKTep. 

KoHKpeTHhlii pacqeT npouecca npoBeae&Ha npHMepe 

3aXB8T8 nonsrpH30B8HHb!X MIOOHOB srapoM 0: 

16 15 
11 + 0-> C+p+v. (2) 

16 
0cHOBHOe COCTOSIHHe srapa 0 paCCMaTpHBanOCb K8K aBa)K-

11 I + a hi M8f'l:fqecKOe, BOnHOBhle !lJyHKUHH OCHOBHOI'O {J = 1 2 ) 
l:f B036y)KaeHHOI'O ( j 11 =512l COC TOSIHHM srapa 

15 C HMe!OT 
/12/ 

CTpyKTypy THna aBe qacTHUhi - oaHa abipKa • Bee Bon-
HOBble !lJyHKUHH CBSI3aHHbiX COCTOSIHHM HyKnOHOB B3SITbl 

B o6onoqeqHoii MoaenH c ocuHnnsrropHbiM noreHUHanoM, 

npHqeM SIBnSIIOTCSI "xopOWHMH
11 

no UeHTpy M8CC, TO eCTb 

ueHTp Mace HaXOAHTCsr crporo B IS -cocToSIHHH. 83aHMo

aeficTBHe B KOHeqHOM COCTOSIHI:fl:f Me*aY npOTOHOM H 

srapoM-ocraTKoM yqHTbiBanocb nocpeacTBOM ycreaHeH

Horo no o6nacrH sraep onTHqecKoro noTeHUHana I 31 c no

BepxHoCTHhiM H o6'heMHhiM nornomeHHeM, coaep*amero 

8HepreTI:fqeCKYIO 38BHCHMOCTb. nocKOnbKY HaC HHTepeCylOT 

nHWb BhlCOK08HepreTHqeCKHe npOTOHhl, KynoHOBCKOe B3aH

MOaefiCTBHe B KOHeqHOM COCTOSIHHH He yqHTbiBanOCb. EbinH 

paCcqHTBHhi sHeprer~:~qecKHii cneKTp npoTOHOB dW I dE H 

aCHMMeTpHSI HX yrnOBOI'O pacnpeaeneHHSI a(E) OTHOCH

TenbHO HanpaBneHHSI CnHHa 38XB8ThiBaeMOI'O MIOOHa, rae 

E - 8Hepi'HSI OTHOCHTenbHOI'O aBH)KeHHSI npOTOHa H srnpa

OCTaTKa. Pe3ynbTaThi pacqeTOB npeacTaBneHbi na pH c. 5. 
0TMeTHM cneaylOIUHe !lJaKTbio 
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PH c. 5. PeaynhTHPYIOUIHe 8HepreTHqecKHil: ciTeKTP dW/dE 
H acHMMeTpH51 yrnoaoro paciTpeneneHH51 a(E) ITpOTOHOB, 

ITpOCyMMHpOB8HHhie ITO paCCMOTpeHHhiM COCT051HH51M 

51Apa 
15 C. 

1. AcHMMeTpH51 yrnoaoro paciTpeneneHH51 ITpOTOHOB a(E) 
oKaaanacb ornHqHoil: oT HynB. 

2. AcHMMeTpHB ITpOTOHOB a(E) HeaenHKa ITO a6coniOTHoil: 

BenHqHHe H ITpOTHBOITOnO)KH8 ITO 3i18KY 8CHMMeTpHH 6hiCT

pbiX Heil:TpOHOB/5 /. 3roro MO)KHO 6hinO 0)KHJl8Tb 1 T8K K8K 

ITpOTOH, 38XB8THBIIIHll MIOOH, OCT88TC51 B AOqepHeM Mpe. 

3. PenBTHBHCTCKHe qneHhi a«tJ«tJeKTHBHoro MIOOH-HyK-

noHHoro raMHnbTOHHaHa ( qneHhi, ITpoiTopUHOHanbHhie p/m 

8 

rae p- HMITynhc HyKnoHa a BApe, m- ero Macca) naiOT 

He60nbiiiOll BKnaA B aCHMMeTpHIO 6hiCTpbiX ITpOTOHOB 1 TOr

A8 K8K 8CHMMeTpH51 6hiCTpb!X Heil:TpOHOB CyUieCTBeHHO 

oiTpenengeTCH 8THMH qneHaMH. 

4. BhiXOA 6hiCTpbiX ITpoTOHOB yMeHhiiiaercg c pocTOM 

HX 8HeprHil: MeAneHHeil:, qeM 8TO HMeeT MeCTO B cnyqae 

Heil:TpOHOB, ITpHqeM M8KCHMYM CITeKTpa ITpOTOHOB CMeUieH 

a o6nacrb 6onee BbiCOKHX 8HeprHil: (- 15 MsB), qeM MaK

CHMYM CITeKTpa "ITpHMhiX" Heil:rpOHOB, qTo cornacyeTC51 

C 8KCITepHM8HTOM. 

5. n onHhlll BKnan ITpOTOHOB c 8HeprHell 6onbiiie 15 MsB 

cocraanBeT -90 c -
1

, T.e. 0,1% or ITOnHoil: cKopocTH aa

xaa ra MIOOHOB a K Hcnopone ( 1.10 5 c -
1 ) • Cor nacHo 

8KCITepHMeHTanbHbiM A8HHhiM, 81'8 aenHqHH8 COCTaBn51eT 

0,9% ang BApa 
28 Si. Mo)KHO O)KHJlaTb, qro nng Mpa 16 0 

oRa 6yneT - 0,5%. 
6. B paMKax paccMaTpHaaeMoro ITonxona oqeHb ITnoXHM 

OK83hiBaeTC51 ITpH6nH)KeHHe, He ITpHHHM8IOUiee BO BHHM8HHe 

B38HMOAellCTBHe B KOHeqHOM COCT051HHH Me)KAY ITpOTOHOM 

H 51ApOM-OCT8TKOM. 3TO o6ycnoaneHO TeM, qro HeOpToro

HanbHOCTb CB5138HHhiX COCT051HHll HyKnOHOB H COCT051HHll 

HeiTpephiBHoro ciTeKrpa, ITonyqeHHhiX 6ea yqera aaaHMO

aeil:craHB B KOHeqHOM COCT051HHH, BHOCHT ropa3AO 6onbiiiYIO 

ITorpeiiiHOCTb a peaynbTaT, qeM aHanorHqHaB Heoproro

HanbHOCTb ITpH pacqeTe B HCK8)KeHHhiX BOnHaX. 

YqeT M8X8HH3Ma, CB5138HHOrO C ITOrnomeHHeM MIOOHOB 

Ha ABYX CKOppenHpOB8HHhiX ITpOTOHaX, ITpHBeAeT K yaenH

qeHHIO Bh!XOA8 6hiCTpb!X ITpOTOHOB1 H COrnaCHe C 8KCITepH

MeHTOM ynyqiiiHTC51. 

Aarophl 6naronapHhl P.A.3paM)KBHY aa BHHMaHHe 

K pa6oTe H IToneaHhle o6cy)KJleHH51. 
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