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.< .1. BBE~EHJfE 

l(enL Ha_CTOJlll~eH pa60TLI - cpaBHHTL C 3KCnepHMeHTOM 
pe3ynLTa TLI .:~pocToB: MOAenu HMnynl:icHoro : npu6nu:>KeHHH 
,D;llH Ce'leHHH o6pa30BaHHH BLICOK03HepreTH'IeCKHX .llHOHOB 
npH CTOllKHOBeHHH ycKopeHHLIX ,D;eHTOHOB C .H,D;paMH: /1, 2/. 
MLI npHHHMaeM npocTeB:uiHe 'npe,D;nono:>Ke~HH. o ,MexaHH3Me 
peaK~HH 

d . + H,D;pO -+ TT + • ••• /1/ 

1/. llHOHLI o6pa3yiOTCH B /1/,B pe~yJxLTaTe 6HHapHOrO 
· CTOllKHOBeHHH HYKllOHOB. ,D;eilTOHa H. H,D;pa-:MHWeHH. 2/. Cl>ep
~HeBCKOe ABH:>Keuue' uyK.1Iouou u H,D;pax xunHeTcH npuquuoB: · 
o6pa30BaHHH UIH>HOJ{ C. 3HeprHeH BLIIiiE~ .KHHe'MaTH'IeCK<iro 
npe,D;ena, KoTopLiii no~yqaeTcH, ecmijxpeue6pe'IL 34>4leKTa-

. MH CBH3H HyKnOHOB B.MOMeHT coy,D;ape~HH. • . . . . 
Ocuouuoii HHTepecyro~uii uac· uonpoc - J.'do:>KeT nu uanu-

~: . . .. , ·. - . . . ' .. . :::.' ;· . 
'IHe BLICOKHX , KOMllOHeHT B · H'MnynLC_H.OM . pacnpe,D;eneHHH 

.HYKllOHOB, . cl~H3aHHLIX a· H,D;pax·, Ka'leCTBeHHO 06'LHCHHTL 
ua6nro,D;aeMLIH BLIXOA "no,D;noporoBLix" nuouou, T .e. nuo:Hou 
C 3HeprHe'H, .3Ha'IHTenLHO npeBLIWaiO~eii KHHeTHqecKyiO 
3HeprHIO, KOTOpaH npHXO,IJ,HTCH Ha HYKllOH B COCTa~e ,D;eHTO-
ua. 

Hawu npe,D;nono:>KeHHH o MexaHH3Me peaK~HH /1/ no 
Cy~eCTBy.,TaKHe :>Ke, KaKHe 6Li.1IH HCll0llL30BaHLI B pa6oTe. 
,l:(opliJa.Ha H ,D;p: \ /3/ · ,D;llH auanH3_a_. pea.KUHH o6pa30BaHHH . 
aHTHllpOTOHOB 

p ~ Cri -+ p + ... , ./2/ 

3:· 

..... -~: 
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Kor.na 3Heprmi na.naro~ax npoTOHOB cy~ecnieHHO MeHbWe 
nopor~ o6pa3oBaHHH . pp -napbi Ha cao6o,nHoM HYKJIOHe. 
"3neMeHTapHbiii" aKT Heynpyroro HYKJIOH-HYKJIOHHoro B3a
HMo,neiicTBHH HJyqeH Jiyqwe .I:{JIH HHKJII03HBHOrO o6pa30BaHHH 
nHOHOB no . cpaBHeHHIO _ C o6pa3oBaHHeM aHTHHYKJIOHOB. ::lTO 
06CTO.HTeJibCTBO n03BOJIHeT npoaeCTH 6onee ,neTaJibHYIQ, 
KpHTHqecKylb npoaepKy MO,neJIH. lf>epMHeBCKOro .ziBif)K(;!HHH 
npH paCCMOTpeHHH peaKIJ;HH THna /1/. 

0TMElTHM, qTQ HHKJII03HBHbie peaKIJ;HH Ha .H,npax pac
·cMaTpHBaJIHCb paHee /eM., HanpHMep, /4/ / B ocHOBHOM 
c ToqKa JpeHHH yqeTa 34>4>eKTOB' MHo-ro:KpaTHoro aiaaMo
.neiicTBHH qaCTH:U B -H,npe H npH 3HeprHHX BTOpHqHbiX qacTH:U~ 
~Aocia ToqHo y,naneHiihix· OT · KHHeMa Taqe cKoii · rpaHH:Ubi cnein
pa, Kor,tia lf>ep.M:HeacKHM ,nalimeHHeM HyKnoH·oa a n.npe :Mo)I(Ho 
IipeHe6peqb~ OT.i:mt!inenbHbie oco6eHHOCTH Hawero no.nxo.na 
onpe.nenHIOTCH TeM, qTo Mbi 6y,neM paccMa Tpaaa Tb · peaK:u;:Hro 
/1/ np~ TaKax KHHeMaTaqec:Kax ycnoaanx, Kor.na lf>epMH~ 
eBCKOe .I:{BH:>KeHHe MO:>KeT HrpaTb onpe,neJI.HIO~yiO . pOJib·. 

. OrpaHaqaaan · caoro Ja,naqY. BbiHCHeHaeM KaqecTBeHHoii 
CTOpOHbl. BOnpoca, Mbl He 6y,neM yqHTbiBaTb .nonpaBKH, 
BHOCHMbie 3lf>lf>eKTaMH MHOrOKpaTHOrO B3aHMO,neHCTBHH qaC-, . 
TH:U B .H,npe, a yKa:>KeM B ·3aKJIIOqHTeJibHOM paJ,nene JIHWb 
TeH,neHIJ;HIO H3MeHeHHH nonyqaeMbiX peJyJibTaTOB npH cci
OTBeTCTBYIOIUeM HX yqeTe. 

~-

2. 3KCIIEPHMEHTAJibHhiE J(AHHhiE 

B pa6oTax /1,2/ 6biJI H3MepeH BbiXO,n nHOHOB B peaKIJ;HH 

d + Cu - rr + .... , /3/ 

Kor,na perHCTpHpyeMhiH niwH HMeeT 3Hepr:H"ro 60JibWe nono
BHHbi KHHeTaqecKoii 3Hepraa na,naro~ero .neiiToHa. 

· A6conroTHaH HOpMapoaKa Bbixo.na peaK:u;Ha /3/ 6blna 
. BblllOJIHeHa no ceqeHHHM o6pa30BaHHH .nHOHOB npOTOHaM:U: .. 
npH O,I:{HHaKOBbiX HMnyJibCaX ,neHTOHOB H UpOTOHOB: 

4 

'1 

., 

.i 

.. 
1 

2 -d a d 2 . 
__ a ___ (d· + Cu-+ TT + ••• r = 7J (p+Cu-+rr-+··•V4/ 

dOdp .. 
dO dp rr . 1T 

r.ne 7J - ~KcnepaMeH_TanbHO HJMepneMaH aenaqaHa. 
. ... B ma6A. 1 npa:Be,neHbi 3KcnepaMeinanhHble JHaqeHHH 

-. 7J. :nnH pa3nHq:HbiX 3HeprHH ,neHT<lHOB H nHOHOB B na6opa TOp
HOH. CHCTeMe. ,IJ;nH npoaepKH ranoTe3bl Ma·cwTa6HOH HHBa
pHaHTHOCTH ceqeHHii MHO)KeCTBeHHoro o6paJoaa:Han qacTH:U 
06bJqHO BBO,I:{HT B paCCMOTpeHHe HOpMHPOBaHHYIO cneKTpanb
HYIO nnoTHOCTb ·o,nHoqacTaqHoro pacnpe.neneHHH qaci'a:u; 

B HHKlli03HBHOH peai<UHH: 

p(x,pc,s) 
l 

E c 

p 2 a 
c tot 

·· d 2 a 
(~+b->c+ ••• ), /5/ 

dOc dp c 

c c c( c) . 
r.ne X =pI I I p max , p 11 p l - npo.npn~Ha.H /nonepeqHaH/ 
COCTaBJIHIOllJ;aH HMnyJibCa qacTH:Ubl "c " B CHCTeMe UeHTpa 

' . . . . . 
MaCe, p max - ~aKCHMaJibHOe 3HaqeHHe, ,nonycKaeMOe KH-
HeMaTHKOH, s· - _KBa,npaT :mepran B c.:u;:M., atot- nonHoe 
ceqeHHe B3aHMO,neHCTBHH CTaJIKHBaiO~HXCH qacTHIJ;. · 3Kcne.; 

. pHMeHTaJibHble ,naHHbie no'"peaKIJ;HH ./3/ COBMeCTHMbl C ra
IIOTe 30H 06 YHHBepcaJibHOM MaCWTa6HO-HHBapHaHTHOM IIO
ae,neHHH ceqeHHH HHK~IOJHBHoro . rrpo:u;ecca /3/ _/5/, T .e. 
CBH,neT:llbCTBYIOT 0 TOM, _qTO OTIIOWe~H~_If>YHKIJ;HH p(x,p1 =0,s) 
,nnH ,neHTOHOB H npOTOHOB npH O,I:{HHaKOBbiX 3HaqeHHHX Macw
Ta6~0H rrepeMeimoii xd HBJIHeTCH ~OC~_()HIIHOH BeJIHqHHOH 
H B rrpe,nenax 3KCnepHMeHTaJibHbiX · OWH6oK-·He 3aBHCHT 

OT X H s: 

a(xd)=7J 

PNN(xp,pl =<>) 

p (x p - {)) 
NN d' l-

. 3. MOJ(EJib 

I· = o ,o6±o.oo7 
xj0-,6. /6/. 

B cooTBeTcTBHH c npe,nrrono)KeHHHMH o MexaHHJMe 
peaK:UHH, rrepeqacneHHbiMH B paJ,nene I~ JanaweM lf>opMYJIY 

;cs . 
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,l(nH Ce'feHHH npol.(eCca /3/ _B na6opaTOpHOH CHCTeMe KOop

,l(HHaT B BH,l(e 

d 2u- · 
--- ( d + Cu ... ~- + ... ) 
dOdp <>:---

d 2a 
= f[ R

1 
~ 

N=p,n dildp 

/1/ 

- ... 2 3 
(Nd+CU->IT-+ ••• )]I'P(p') I d p', 

r,l(e CHMBOn N d· yKa3LIBaeT 'na TO, 'ITO- COOTBeTCTBYIOII.(He 

HyKnOHhl HaXO,l(HTCH. BHe "llOBepXHOCTH Mace", T. e. 

. 2 2 -+ 2 ( . 1 ,2 2 )2 , 2 1 2 
p d = E - p :: _2m - v p · + m -:p 'F m , /B/ 

H r.l(e Md::: 2m , m - Macca HyKnoHa, p' - HMnynLc BHyT

peHHero .l(BH~eHHH HyKnOHOB B ,l(eHTOHe, W(p') - aonHosas 

~YHKI.(HH ,l(eHTOHa B HMnynLCHOM npe,l(CTaBneHHH B CHCTeMe 

noKoH ,l(eHTOHa, R 1 - KHHeM~lTH'feCKHH ~aKTop, KOTOPLIH 

Y'fHTLIBaeT nepeonpe.l(eneHHe nnoTHOCTH noToKa ·qepe3 KH

HeMaTH'fec~He nepeMeHHLie HyKnoHa C ~-HMnynLCOM p d • 

3aMeTHM,'fTO~OpMyna/8/npe,l(CTaBnHeTC060H3KBHBaneHT 
penHTHBHCTCKHX Bhipa~eHHH, COOTBeTCTBYIOII.(HX ~eHHMaHoB
CKHM ,l(HarpaMMaM Ha puc. 1. 

d ·d 0 , 

Cu~Xtu 
X 

Puc. 1. C/Jer1HMaH08CKUe ouazpaMMbl UMnyAbCH020 npu-
6AUJK:eHUJl. JlUHUU, 0603Ha'leHHble CUM80AQMU d , p (n) , 
IT ' Cu • X, cooriieemcmeyrom oeumoHy, npomoHy /Her1mpoHy/, 
TIUOHY, JIOPY Meou u HepezucmpupyeMOU ·cucmeMe aopcmoe 
8 KOHe'IHOM COCmOJIHUU. 

.• 
·7 
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113- 3.a OTCYTCTBHH penHTHBHCTCKOH TeopHH CBH3aHHbiX 

COCTOHHHH Hyi<nOHOB Mbl. BbiHY:>K~eHbl 6binH. ~eHCTBOBaTb . 

cne~yiOIQHM o6pa3oM.. CoxpaHHH penHTHBHCTCKYIO KHHe- · 

MaTHKY H HOpMHPOBKY COCTOHHHH, Mbl B TO :>Ke BpeMH 

HCIIOnLJyeM HepenHTHBHCTCKYIO BOnHOBYIO liJyHKUHIO ~eHTOHa, 
KOTOpaH, 110 IIpe~IIOnO:>KeHHIO, 34J4JeKTHBHO OIIHCbiBaeT rrpo

H3Be~eHHe ~ayx KoaapnaHTHLIX liJai<Topoa - IPYHKD;HH pac

rrpocTpaHeHHH BHpTyanLHOro HYI<nOHa H dnp -aepwHHbiHa 

liJeHHMaHOBCKHX ~HarpaMMaX /puc. Jj. 3aBHCHMOCTb 3Hep

rHH H HMIIynLCa BHpTyanbHbiX Hyi<nOHOB /p d H n d l!a pUC;]/ 

B na6opaTOpHOH CHCTeMe OT HMIIynLCa BHyTpeHHero ~BH

:>KeHHH p' Mbl orrpe~enHeM C IIOMOID;biO rrpeo6pa30BaHHH Jlo
peHna: 

E( -'.,) Ed (2 _,, 2 2 , ·e) 
p "" -- m - y p =t- m + p cos , /9/ · 2m · 

.... .· 
r,rt,e 0 - yron Me:>K~YHMIIynhCOM p' H HarrpaaneHHeM CI<OpO-

CTH ~eiiToHa . B na6opaTOpHOH CHCTeMe, r~e 

~ =~~~ 
d E -::. • 

d 

MLI He IIpHBO~HM 3~eCh HBHOrO Bbipa:>KeHHH ~nH p H3- 3a 

ero rpoM03~I<OCTH. 

0CHOBHhie Heonpe~eneHHOCTH pac'IeTa CBH3aHbl C npo~ 

6neMoif 3KCTpanonHUHH Ce'IeHHH B npaBOH 'IaCTH 4JopMynhi 

/1 I no "Macce" BHpTyanLHoro Hyi<noHa I< liJHJH'IeCKOMY 

3Ha'IeHHIO · p ~ -> m 2 • 

lloMHMO I<HHeMaTH'Ieci<oro liJai<Topa R 1 a /7 I, KOTOPLIH: 

B na6opaTOpHOH CHCTeMe HMeeT BH~ 

R == l 

2lp l 

I ild I 
/10/ 

Mbl Y'IHTbiBaeM JaBHCHMOCTb ce'IeHHH OT HM~ynLCOB BHYT

peHHero ~BH:>KeHHH HYI<noHoB B ~eiiToHe, npe~nonaraH, 'ITO 

xapai<Tep ;4JyHI<D;HOHanhHOH JaBHCHMOCTH Ce'IeHHH_ OT. KHHe

MaTH'IeCKHX rrepeMeHHLIX rrepe~aH.Horo HMrrynLca H Macw

Ta6iioH: nepeMeHHOH X = p 17

16
· /p 17 He MeHHeTCH, H Bee . . m~ 

34J4Jei<Tbl "yxo~a" Hyi<nOHa "MaCCOBOH 060nO'IKH" CBO~HTCH 

8 

• 

j· 

~ 

I< y'IeTy JaBHCHMOCTH 3THX rrepeMeHHLIX oT p '. 3aancn

MOCTL p ~~x OT _lp' I HeTpy~Ho HaiiTH c IIOMOID;biO 4JopMyn 

/9/, /10/ H JaKOHOB coxpaHeHHH :meprnn-nMrrynLca. Ha-

KOHeu;, M~I BBO~HM B ~ 2a (Nd+Cu-+1T~ •• c.)o6peJaiOID;HH liJai<n)p. 

R2 , y'IHTbiBaroiD;HH H:iMeHeHHe t . c yaennqeHHeM cTerreHH 
. mrn 

BHpTyanbHOCTH Hyi<nOHa 

R 2 = exp l B [ t . { p 
2 

, M 2 
) - t ( m 2 ; M 2 ) ] } ; 

. · mm N min /11/ 

r~e t min - MHHH~anLHoe 3Ha'IeHne · x<aa~paTa rrepe~aHHoro 
4-n.MrrynLca rrpn o6pa3oBaHHH a~poHHoro KnacTepa c HH

aapnaHTHOH MaccoH: M B HeyrrpyroM NN -aJaHMO~eH:craHH 
C 3a~aHHOH 3Heprneii CTanKHBaiOIQHXCH Hyi<nOHOB. 3Ha'IeHHH . 

rrapaMeTpoa B H M B /11/ 6LmH BLI6paHhi paBHhiMH B = 
= 10 T3B - 2 

H M = 2 T3B. 0TMeTiiM, 'ITO BH~ 4JopMynLI · 

/11/ H 3Ha'IeHHH rrapaMeTpOB COOTBeTCTBYIOT Ka'I.eCTBeH

HhiM qepTaM MO~enH ~HliJpaKD;HOHHOH liJparMeHTaUHH B TeOpHH 

HHI<niOJHBHLIX peai<u;HH: I CM., HarrpnMep', /6/ I. · 
PerHCTpHpy~MbiH IIHOH HBnHeTCH IlpO~YKTOM 4JparMeH

TaUHH HaneTaiOIQero Hyi<noHa H rro3TOMY ~anee Mbl 6y~eM. 

npHHHMaTh KaK IlpH6nH:>KeHHO crrpaae~nH~Oe COOTHOWeHHe 

3apH~OBOH CHMMeTpHH . 

2 2 
da · _ da + 
-.-{nd+Cu-+" + ••• ) = ---{pd +.Cu ... " + ••• ). 1121 dlldp . dlldp .. 

cPepMHeBCI<Oe ~BH:>KeHHe Hyi<nOHOB B ~eHTOHe OIIpe~enHeTCH 
BOnHOBOH lPYHKD;HeH ~eHTOHa B HMIIynLCHOM rrpe~CTaBneHHH. 

llpH paC'IeTaX .Mhl HCIIOnb30BanH ~Ba BapnaiiTa BOnHOBbiX 

liJYHKUHii: c OTTanKHBaiOIQHM "KopoM" /7/ J:i 6e3. Hero /8/ 
I HBHLIH BH~ lPYHKD;HH rrpnae~eH a llpnno:>KeHHH 1/ ... Ce'IeHne . + . 
HHI<ni03HBHOrO o6pa30BaHHH 1T- -Me30HOB IlpOTOHaMH Ha 

H~pe Me~H B IIpHHD;HIIe MO:>KeT 6biTb B3HTO H3 3KCIIepHMeH

Ta. llOCI<OnbKY ~aHHbie HMeiOTCH nHWb B orpaHH'IeHHOH o6-

naCTH 3Ha'IeHHH rrepeMeHHOH · x, r~e 34J4Jei<Tbl 4JepMHeB"' 

CI<OrO ~BH:>KeHHH Hyi<nOHOB B H~pe-MHweiiH HecyJtieCTBeHHhl,' 

Mbl rrpoBenH TaK:>Ke Bbi'IHCneHHH C ~BYMH rrpocTeHWHMH 

BapHaHTaMH ~nH cliYHKD;HH HMIIYJxbCHOro' pacrrpe~eneHHH HyK-. . . ' . 

nOHOB B TH:>KenoM H~pe: 

9 

. 1 
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const, 

W(p) = (a) . 0 ·. 

I"Pl < P. 
- F 

0,26 T3B/c 

(S) l'P d (p~~ 12 IPI > PF. 

<llyHKUHH W(p) HOpMHpoaaHa ycnoaHeM 

f a3p wqn = 1, 

/13/ 

/14/ 

OTI<y,D;a MO:>KeT 6hiTh HaH,D;eHO 3HaqeHHe I<OHCTaHThl B /13/ 

,Il;JIH CJiyqaeB /ai H /6/. 

. . Bbipa:>KeHHe /13a/ COOTBeTCTByeT MO,D;eJIH BblpO:>K,D;eH

HOro. tlJepMH-r,a3a, /r,D;e P F - rpaHHqHhiH HMnyJihC tlJepMH

ctiJepbi/. 

, ITo coapeMeHHhiMnpe,D;cTaaneHHHM, pacnpe,D;eJieHHe Hyi<

JIOHOB .. B H,D;pe npH 60JihWHX HMnyJibCaX BHyTpeHHero ,Il;BH:>Ke

HHH onpe,D;eJIHeTCH napHOH I<OppeJIHUHeH HYI<JIOHOB Ha MaJibiX 

paccTOHHHHX. BapHaHT /6/· B /13/ cooTBeTCTByeT npe,D;

nono:»<eHHW, qTo HMITYJihCHOe pacnpe,D;eJieHHe Hyi<JIOHOB B 

"I<Ba3H,D;eHTOHe. " /T. e. CKOppeJIHpOBaHHOH nape: HYKJIO

HOB, HaXO,Il;H~HXCH Ha MaJibiX paCCTOHHHHX ,D;pyr OT ,Il;llyra/ 

COBITa,D;aeT C pacnpe,D;eJieHHeM B CB060,D;HOM ,D;eHTOHe. 

<llyHI<UHH W (p) 6Lma HCITOJih30BaHa ,D;JIH BhiqHcJieHHH 

OTHOWeHHH 

2 -> f d a ( d + N (p) 
..... 3 

-> 1T - + ••• ) w (p) d p 
., = 

f d 2a ( p + N qn -+ "- + ... ) w (p) d 3p· 
/15/ 

. npH 3HeprHHX ,D;eiiTOHOB H HYI<JIOHOB, yKa3aHHhiX B ma6A.l.. 
CeqeiiHe dN-a.3aHM.O,D;eiicTBHH _B qHcJIHTene/15/ npe,D;cTaa-. 

JIH~TCH COrJI8:CHO MO,D;eJIH HMITYJibCHOrO npH6JIH:>KeHHH B BH,D;e , 

CYMMhl ceqeHHH HYI<JIOH:-H)'I<JIOIIHOro B3aHMO,D;eHCTBHH aHa~ 
JIOrHqJIQ Bbipa,KeHHIO /7/ •. 
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4. PE3YJihTAThl 

Pe3yJILTaThl HaiiiHx pacqeToB cyMMHpoaaHhl B ma6A. 1 
H npe,D;cTaaneHhl Ha ·puc. 2. 

d
2
a 

~JIH onpe,D;eJieHHH·c~qeHHH - (p+p->7T+ ... )H tPYHI<-
df! d . ·. • . 

. p1T •' 

UHH p (X , p J), I<OTOpbie CBH3aHbl Me:>K,D;y C060H COOTHOWeHHeM 

/5/, Mhl HCITOJib30BaJIH,,3I<CnepHMeHTaJibHbie ,D;aHHhie no 06-

pa30BaHHW ITHOHO~ B pp -B3aHMO,D;eHCTBHHX npH HMITYJibCaX 

npoTOHOB 12,5/9/;18,5 /10/;19,2 /11/ H 30 T3Bjcll'2/,aTai<:>Ke 
· HH3I<03HepteTaqeci<He ,D;aHHhle npa 3,7 T3B/ci31,B IIpHJIO)Ke

~HH 2 npHBe,D;eHa HCITOJih30BaHHaH HaMH -3MHHpHqeci<aH tiJop

MyJia ,D;JIH tPYHI<UH_H p ( x, p 1 = 0) • Ha puc. 3 3aBHCHMOCTh 

;p=p ( x) ·noi<a3aHa rpatlJHqeci<H ,D;JIH ,D;Byx· cnyqaea, · I<or,D;a 

!c UeJibW 3MITHpHqeci<OH ITO,IJ;rOHI<H napaMeTpOB HCnOJib30Ba

JJHCh BhiCOI<03HepreTHqeci<He /9 -12/ /cnnowmiH KPHBaH/ 

H HH3I<03HepreTHqecJ<He ,D;aHHbie /13/ /nyHI<THpHaH I<pHBa11/: 

d2~ . . 
qT06hi nonyqHTh ceqeHHe (n+p->77::+ ••• ) a c~eCTBeH-

df! a n . . 
HOH ,Il;JIH ~ac 06JiaCTH X-> 1, Mhl HCITOJib30BaJIH COOTHOWeHHe 

3apH,D;OBOH CHMMeTpHH THna /12/ H npH6JIH:>KeHHYW 3MnHpH

qeci<yW tlJopMyny 
: ~~ 

d2 a ( p + p ->7T + + ... ) __ ..;_ 

2 ·. -
d · a (p + p -+ 1T + ... ) 

I ;; 0,74 eip(2734x), 
X> 0.5 . . • /16/ 

I<OTOpaH cornacyeTCH C· ,D;aHHhiMH pa60Thl /ll Z 
CpaaHeHHe 3I<cnepH:MeHTan:bHLix 3Ha-.ieHHii 11 ~~en c pa3-

JIHqHbiMH BapHaHTaMH- yqeTa tiJepMHeBCI<OrO ,Il;BH:>KeHHH Hyi<

JIOHOB B ,D;eHTOHe H H,D;pe. Me,D;H CO,D;ep:>KHTCH B ma6A. 1. Co

ITOCTaBJieHHe 3HaqeHHH 1[ l . H 1[ 2 . B 5 H 6 I<OJIOHI<aX 3TOH 

Ta6JIHUhl noKa3biBaeT, 'ITO .·HaJIHqHe KOpOTI<O,D;eHCTByiDIUHX 

I<OppeJIHUHH HYI<JIOHOB I<B8.3H,D;eHTOHHOrO THna B H,D;pe -·MHWeHH 

HecylliecTBeHHO. ·. HanHqHe· TBep,D;oro ·"I<opa" a·· aoimoa'oii 

tPYHI<UHH ._ ,D;eHTOHa yaeJIHqHBaeT BhiXO,Il; "no,D;noporOBhiX" nHO

HOB Ha 30-5.0tfo /cp. 3HaqeHHH 1[ 1 H 11g'B 5 H 7 I<OJIOHI<aX/. 

II 
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Puc. 2. Cpa8HeHue 3KCnepuMeHma/lb11blX 3Ha'leHuii a( X d) 

c pac'lemoM. To'IKU - 3KcnepuMenmaAbHble OaHHble/21. 
BepxHRJl Kpu8aJl coom8emcm8yeiiz" 80AH08oii fPYHKliUU Oeii
mona C "KOpOM ", HUJICHJlJl - 6e3 "Kopa" /UMny/lbC Oeiimo-
1108 10 FaBle/. 

HaH6onLwyro aenHqHHY · HMeiOT pacqeTHbie 3HaqeHHH TJ 4 
8 KOITOHKa/, KOr,ll;a ,ll;ITJI 3MIIHpHqeCKOH IIO,ll;rOHKH BbiXO,ll;a 

IIHOHOB B HYKITOH- HYKITOHHbiX B3aHMO,ll;eHCTBHJIX HCIIOITb-

3YIOTCH HH3K03HepreTH'lieCKHe ,ll;aHHbie rrpH 3~7 F3Bjc/I3/.. 
Ho ,ll;a)l(e B 3TOM cnyqae pe3ynLTaTbi MO,ll;enLHoro pacqeTa 

UpH6ITH3HTeiTbHO Ha : IIOpH,!J;OK MeHbWe 3KCIIepHM:eHTaiTbHbiX 

3HaqeHHH TJ ~mcrr: /4 KOITOHKa/ •. liT06bi IIO,ll;'liepKHYTb Ka

qeCTBeHHOe OTITH'liHe IIpe,!J;CKa3aHHH MO,ll;eiTH HMIIYITbCHOrO 

11pH6ITH)I(eHHJI OT B03MO)I(HOrO MaCWTa6HO-HHBapHaHTHoro 

IIOBe,ll;eHHJI Ce'lieHHJI "KYMYJIHTHBHoro" /2/ o6pa30BaHHJI 

12 

10"' '"""' ·-. 

~(x.p{o) 

10-J 

iO"' 

·. 
' . 

' ' 

P=L._ dl(J" ( 
a;.r p: d5ldp r+r 4

lii:) 

10"1 

Cl't Q5 06 01 .-o.a 
X 

0.9 t 

Puc. 3. Hn8apuanmHblii 8biXOO nuoHo83 CnAo'WifaR KPU8aR 
coom8emcmeyem fPYHK'LIUU p( x, PJ.. = 0), 3aoanHoii 8 Ilpu/zo
JICeHuu 2~ IlyHKmUpHaJl· KPU8aJl oaem 8biXOO nU01108 8 peaK:. 
lJUU p+p ... rr+ ••• npu 3,7 F3B/c /12/.To<tKu coom8emcm8yrom 
3Ha'leHUJlM ~ COZ/laCHO /2/: 

2 · d a 
p - ( d + c - ) [ . -1 -dO . u-+ "· + ••• x a(x )•p •a (pCu)] 

8KCII. .dp d 17 tot . • 

DHOHOB B JI,!J;epHbiX peaK~HJIX, _Mbl DpHBO,ll;HM Ha puc. 2 XO,ll; 

pacqeTHoii KpHBoii H cpaaHeHHe c 3KcnepHMeHTOM. HH)I(HJIH 

· KPHBaH COOTBeTCTByeT
1 

ijcnoJIL30BaHHID BOJIHOBOH ~YHKUHH 
,ll;eHTOHa 6e3 "Kopa" t 71, a aepxHHH - c "KopoM'' -~si.H3 . 

pHCYHKa BH,ll;HO,. 'liTO aenH'liHHa a ( x), Bbi'liHcneHHaH cornacHo 

13 



'. 
I 

• 
paCCMa TpHBaeMOH MO,nen~, npHMepHO Ha ,IJ;Ba nopH,D;Ka MeHLWe 

3KCnepHMeHTaJILHLIX 3Ha'leHHH H CHJILHO na,naeT C pOCTOM 

X,. TOr,na KaK 3KCnepHMeHTaJILHLie 3Ha'leHHH· a( x) llpH-. 

6nH3HTeJILHO. llOCTOHHHLI. 

IIony'leHHLie pe3ynLTaTLI no3BOJIHIOT c.nenaTL BLIBO,n, 

'ITO MO,neJIL HMllYJILCHOrO npH6JIH>KeHHH MO>KeT, no-BH,IJ;HMO

My, npeTeH,IJ;OBaTL Ha OllHCaHHe 3KCnepHMeHTa JIHWL B o6-

naCTH xd:; 0,5. B o6nacTH xd > 0,65 oHa .naeT pe3YJI?

TaTLI, 6onee 'leM Ha llOpH,D;OK OTJIH'IaiO~HeCH OT 3Kcnepu

MeHTaJILHLIX ,naHHLIX /1,2/. 

5. 3AKJIIOtJBHHB 

MLI He cTaBHJIH nepe.n co6oii .3a,naqy no.npo6Horo pac

cMoTpeHHH 3ti>ti>eKTOB, CBH3aHHLIX C npOXO>K,IJ;eHHeM na,naiO~HX 
H o6pa3yiO~HXCH qacTH.Q qepe3 H,D;epHyiO "cpe,ny", XOTH, 

KaK H3BeCTHO, OHH OKa3LIBaiOT BeCLMa cy~eCTBeHHOe BJIHH

HHe Ha Ha6niO,naeMLie xapaKTepHCTHKH cneKTpOB BTOpHq

HLIX 'laCTH.Q. Y'IHTLIBaH, 'ITO llpH BLI'IHCJieHHH OTHOWt!HHH 

·ceqeHHH o6pa30BaHHH llHOHOB npOTOHaMH H ,neiiTOHaMH, Ha 

O,I(HOM H TOM >Ke H,I(pe llpOHCXO,I(HT 'laCTH'IHaH KOMlleHCa.QHH 

BJIHHHHH norno~eHHH 'laCTH.Q B H,I(epHOM Be~eCTBe, MLI 

nonaraeM, 'ITO 6onee T<l'I~LIH yqeT BCeX 3THX 34><l>eKTOB He 

CMO>KeT H3MeHHTL OCHOBHOrO BLIBO,I(a HaCTOH~eH pa60TLI 

0 TOM, 'ITO ti>epMHeBCK~e ,I(BH>K~HHe HYKJIOHOB B H,I(pax He 

06'LHCHHeT Ha6JIIO,I(aeMLIX XapaKTepHCTHK HHKJII03HBHOrO o6-

pa30BaHHH BLICOK03HepreTH'IeCKHX llHOHOB, . HBJIHIO~HXCH 

npOAYKTOM $parMeHTa.QHH HApa ."KaK .u;enoro" /1 • 2/. lionee 

Toro,yqeT BTOpH'IHLIX B3aHMO,I(eHCTBHH H norno~eHHH 'laCTH.Q 

B H,I(pe MO>KeT, CKOpee, TOJILKO yMeHLWHTL BLI'IHCJieHHYIO 

HaMH BeJIH'IHHy 71 Teop. . npH TeX >Ke CaMLIX npe,I(OOJIO>Ke

HHHX 0 MeXaHH3Me peaK.QHH, llOCKOJILKY Ce'leHHe dN-B3aHMO

AeiicTBHH 6onLwe. ce'leHHH NN - B3aHMo,neiiCTBHH / cne,I(oBa

TeJILHO, H K03ti>ti>H.QHeHT n~rno~eHHH ,I(eHTOHOB 60JILWe/ 
. ·t \ • . ' 

H, KpOMe TOrO, BKJia,I( o6pa30BaHHH llHOHOB OT BTOpH'IHLIX 

aKTOB B3aHMO,I(eHCTBHJ! 'laCTH.Q B H,I(pe 60JILWe )J;JIH peaK.QHH, 

BLI3BaHHOH npOTOHaMH, 'leM ,IJ;JIH · ,I(eHTOH- H,I(epHOH peaK.QHH 

npH O,I(HHaKOBLIX Ha'laJILHLIX 3HeprHHX na,naiO~HX 'laCTH.Q. 

' B 3aKJIIO'IeHHe MLI XOTeJIH 6LI OTMeTHTL OC06yro Ba>K

HOCTL .,I(eTaJILHOrO H3y'leHHH ''KYMYJIHTHBHOrO" ./2/ o6pa-. . 

14 

30BaHHH . llHOHOB B ,neiiTOH-HYKJIOHHLIX B3aHMO,neiiCTBHHX. 

.l(eiiToH BBnHeTcH npocTeiiWHM H Hau6onee xopowo H3yireH

HLIM H,npoM. TeopeTH'IeCKHii aHaJIH3 Nd -B3aHMO,I(eiicTBHii 
---, 

HaMHOrO npo~e H3-3~ OTCYTCTBHH CJIO>KHLIX npo.QeCCOB 

B3aHMO,IJ;eHCTBHH BT_OpH'IHLIX 'laCTH.Q B TH>KeJILIX H,npax. 

KpoMe Toro, ,I(JIH 3TOH .QeJIH MO>KHO HCllOJIL30BaTL B3aHMo

,I(eHCTBHe npOTOHOB C ,neiiTOHHOH MHWeHLIO B WHpOKOM HH

TepBane Ha'laJILHLIX 3HeprHii na,I(aiO~HX llpOTOHOB. · 3a,naqa 

CBO,I(HTCH K H3MepeHHIO BLIXO,I(a llHOHOB B HanpaBJieHHH 

Ha3aA B na6opaTopHoii cucTeMe 

p + d ... " I e = tsot . .. , /17/ 

I . 
KOr,I(a HMDYJILC perHCTpHpyeMLIX llHOHOB cy~eCTBeHHO npe-

BLIWaeT KHHeMaTH'IeCKYIO rpaHH.Qy, ,I(OCTH>KHMYIO B peaK.QHH 

CTOJIKHOBeHHH CO CB060,I(HLIM HYKJIOHOM 

p+p-+rrl + ••• 
.. 0=180° /18/ 

B Ka'leCTBe npHMepa Ha puc. 4: npHBe,I(eHLI O>KH,naeMLie 

KPHBLie BLIXO,I(a rr- B peaK.QHH /17/ npil HMnynLce _na,I(aiO~Hx 
npoTOHOB 10 F3B/c. CnnowHaH KpimaH cooTBeTCTByeT 

npe):(nono>KeHHIO o nocTOHHCTBe /eM. <l>opMyny/6/ I oTHo;

weHHH a(x) HHBapHaHTHbiX ti>YHK.QHH .O,I(HO'IaCTH'IHbiX pac

npe,I({lJieHHH nHOHOB B NN- H Nd -B3aHMOAeiicTBHHX npH 

O~HHaKOBLIX 3Hlt.feHHHX MaCWTa6HOH nepeMeH,HOH X • IlyHK

THpHaH KPHBaH npe,ncTaBnHeT pac'leT tno MOAenu HMnyni.c- · 

Horo npHGJIH>KeHHH C y'leTOM tl>epMHeBCKOro'i,nBH>KeHHH HyK

JIOHOB B AeiiToHe. 113 puc. 4 BHAHO, · •iTo. a o6nacTH p
17

:;: 

:; 0,4 F3B/c, r.ne X "'0,5 H peaK.QHH /17/ MO>KeT HTTH · 

Ha KBa3HcBo6oAHOM _HyKnoHe, Mo.neni. HMnynLcHoro- npH-

6nH>KeHHH ,naeT BKna.n, cpaBHHMLIH C BKJia,IJ;OM ."KYMYJIH

THBHOro'' MexaHH3Ma •. 113- 3a 6LICTporo y6LIBaHHR BKJia,I(a 

tl>epMHeBc_K()rO MexaHH3Ma c pocTOM p
17 

(xd} B 3Kcne-

pHMeliTe )J;OJI>KHO Ha6JIIO,IlaTLCH pe3Koe H3MeHeHHe BeJIH'IHHLI 

ce'leHHH HHKJII03HBHoii peaK.QHH /17 I B paiioHe x d ::: 0,5. 

ABTOpbi BLipa>Karo'i' 6naro.napHOCTL A.M. Ean,nHHY H 

B.C.CTaBHHCKOMy· · 3a. nocTOHHHYIO no.n.nep~KY> BHHMaHHe 

K pa6oTe H llOJie3HLie· JlHCKYCCHH. 

IS 
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Pu'c; 4. BblXOO nuoHOB noo YZAOM 180 ° B peaKijUU 
p/10 TaB/c/+d-:->77+••• .CnAOUlHUJI KPUBUJI- .OJICUOaeMbiU 

BbiXOO cozAacHo /5/ npu a=0,06, nyHi<mupHaJI - pac<Jem 
a MooeAu uMny;llbCHozo npu6AuJtCeHUJI 

( [ d a -] = M6H/cp. /TaBle/, [ p J =TaB/c. . 
d!ldp - 17 

IIPHJIO)J(EHHE 1 

CTaH~apTHaH I}JopMa aonHoBoii_I}JyHKIJ;HH~eiiToHa B KOop

~HHaTHOM rrpe~CTaBneHHH .H~eeT, BH~ 

~ u(rl M w(rl M 
'l'd(r). = r · y 101 + r, y121·' 

r~e YfLS - 06hi'IHbie CIIHH-yrnOBbie I}JyHKIJ;HH /CM.,-HaiipH
Mep, /14/ /. MLI Hcrronh30BanH aonHOBYIO I}JyHKIJ;HIO 6e3 

_:_16 

TBepf(OrO "Kopa", KOTOpaH IIpHBO~HTCH B -pa,6oTe. MaK-
rH ;a/: · 

4 
uCr) · ·.-ar, . ~. r 

N ( e + l:. c. e J· ) 
. '- j::: 1 J . ' 

5' 
w(r) = p· N(arh (iar) + l: c'.· (E.'-r) h2(i ~ r) ,-. . . 2 . J J l 

J=l 

. r~e h 2 ( ix) - c;I}JepHqecKaH IPYHKIJ;HH XaHKenH 

xh
2

(ix) = e-x0+3/x. + 3/x 2), 

a = 0,2338 I}J ·-1 . -1/2 . 
N = 0,8896 I}J. , p = 0,0269 . 

3Ha'leHHH C. H E • CBe):\eHbl B cne~yiOIIJ;YIO Ta6nHn;y; 
J. J 

j E. /a c. E :-.../a ·c: 
J J J J 

1 5,733 -0,63608 .4,833 :-20,34 
2 - 12,844 -6,615 10,447 -36,60 
3 17,331 +15,2162 14,506 .. -123,02 . 
4 19,643 :-8,9651. . 16,?68 +305,11 
5 - - 21,154 ,• ' -126,16. 

··"! 

ITapaMeTpH3an;HH aonHoaoii.I}JyHKIJ;HH.~eiiToHa, KOTopaH co
OTBeTCTByeT :Mo~HI}JHn;HpoaaHHOMY noTeHn;Hany XaMa~hi
,lJ;)KOHCOHa C TBep,L\blM "KopoM", IIpHBe~eHa B pa6oTe /7/: 

· () -ar ( -o(r.:..r) 
8 

. :-(j-1) /Lr 
u r = e l - e c ) ·l: c . e 

j = 1 . J 

-ar 6 
w(r) = e . (l + 3/ar + :3/a2r2) (1- e-p(r-rc) ) l: d -:-<i-1)/Lr 

, . . . e ' 
j =1 J . 

. 17 . 
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· r.ne u{r) ·:w(r) ·= 0 npli . 
' · · - r ~ r c = 0,485 4J, 

P. = 0, 7082 41-l, a = 0,231 T 41-l , 8 .= 5,4 Ill-~ p = 3,6 Ill - 1
, 

c
1

= 0,88515, c 2 =- 0,0?080, _c3= -0,86471,c4=0,05132, 
c

5 
= - 0,65931, c 6 =-1.0,462, c 7 = 26,243, c 8 = -16,124, / 

dl= 0,02339, d 2 = -Q,05448, d3=0,01663, d4= 0,03774, 
~5.= -Q,Oll39, d6= -0,01580. , -l/2 
'liHCJieHHbie 3Ha'leHHH c. H d. ,naiOTCH B e,nHHH:UaX <I> • 

J - J . 

HPHJIO)f(EHHE 2 

3KcnepuMeHTanhHhie ,naHHhie 19 -I 2/ annpoKcHMHpoaa
JIHCb 4JyHK:UHeii 

r.ne 

p(x,pl) ~ F{x) exp[ a
6

{-pl +p
1

x-plx
2
)],. 

. F(x) 
exp {-a 

2 
x) as 

= a {l- x) • 
1. x-a3 l +exp(--) 

a4 

AHanH3 no MeTo,ny MaKCHManLHoro npaa,nono,no6HH .nnH 
x > ·o ,5 .nan cne,nyl(nnue 3Ha'leHHH napaMeTpoa I x 2: 150, 
91 TO'IKa/: 

.. 
a 1 = 0,92.±0,3 
82=3,9.±0,9 
a3 = 0,65 .±·0,03 
a4 = 0,083 .± 0,005 
as= 0,69.±0,17 
a6 = 6,12 .± 0,0~. 

3KcnepHMeHTani..Hble ,naHHbie /l 3/ annpOKCHMHpOBanHCb 
4JyHK:UHeii: 

· a · · 2 2 
p(x,p )=a (l-x) 3 eXJJ(-a x) exp(a

4
(-pl+p

1
x-plx ):) l. 1 2 . 

18 

.··~ 
~JIH X 

2,., 14 /20 T?'leK/ nony::unoch cne.nyroiUee 3Ha'leHHe 
napaMeTpoa: 

a 1 = 0,81 .± 0,26 
a 2 = 0,8 .± 0,3 
a 3 = 2,2.± 0,35 
a 4 = 6,12 /4JHKCHpOBaHHhiH nap"aMeTp/. 
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