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1. ·BBE,[(EHHE 

3KenepHMeHTaJ1bHOe H TeopeTHqeeKoe HeeJie,L\OBaHHe.He-

ynpyrHX aJaH;MO,L\eHeTBHH BbieOK03HeprH'-IHbiX qaeTHI\ e Jier-

KHMH .H.n;pa'M:·H HMeeT 60JibWOe Hay'-UIOe H ITpHKJia,IJ;HOe 3Hal.Je ~ 
HHe. ,ll;o HaeTO.Huiero BpeMeHH He Bbi.HeHeHa pOJib BHYT,PHH,L\ep;··. 

HbiX KOppeJI.Hl\HH HYKJIOHOB B ·pa3JIH'-IHbiX · .H,L\epHbiX npone~eax, · 
He,L\OeTa:TO'-IHO. pa3pa6oTaHbi BOITpOebi,MeXaHHJMa peaKI\HH •. 

_B n) :>Ke a~eMH B· noeJie,L\HHe ro,L\bi :B eB.HJH e npo6neMoii .. · 

,L\JIHTeJibHbiX i<oeMifqeeKHX noneToB noHBHJiaeb ripaKTHl.JeeKa.H 

Heo6xo,L\HMoeTh H<:_no~bJoBaHH.H aeeii ey.MMbi eae~~r}fii .• o . 
.H,L\epHbiX BJaHMO,L\eHeTBH.HX qaeTHI\ BbieOKHX 3HeprHH • . 

. •. 

C . .TO'-IKH JpeHH.H eymeeTBYIOII\HX npe,L\eTaBJieHHH 0 Mexa
HH3Me· .H,L\e.pHbiX B3aHMO):\eijeTBHH··qaeTHI\ BbieOKHX 3HeprHH, 

HeXO.L\H HJ HJBeeTHbiX eeqeHHH N-N- paeee.HHHH H HYKJIOH

HOH ITJIOTHOeTH. H,L\epnoii MaTepHH, MO:>KHo O:>KH,L\aT~, '-ITO npH 

npOXO:>K,L\eHHH HYKJIOHOB 60JibWOH 3HeprHH qepe3 JierKoe.H,L\pO 

na,L\aroma.R· qaeTHna <npeTeprieaaeT Manoe .'-IHeJio /npa.KTH'-Ie·-. 

eKH OKOJIO O,L\Horo/ coy,L\apeHHH e HYKJioHaMH .H.n;pa. O,L\naKo 

:>Kene pHMeH!anbHhie ,L\aHHbie noKaJbiBaiO!, '-ITO B no,L\o6nhiX 

BJaHMO,L\eHeTBH.HX B03HHKaeT eJIO:>KHbiH MaeeOBbiH. eneKTp 

qaeTHti-npo.L\yKTOB: e Toii HJI_H HHOH aepoHTHOeTbiO o6paJy

IOTe.H Bee 113BeeTHbie eTa6HJibHbie·H.HeeTa.6HJibHbie H30TOITbL. 

H.L\ep .n·erqe_ . .H.zq)a-MHwenH; 3n> M:o:>Kno nonHTh;· . .im6o··~pe.L\~. 
nomi.ra.H KJiaC.:TepHyiO npHpO.L\Y BbieOKqB036y~eHHbiX. CO·· 

eToHnHif, . aoJHHKaromHx :B. TaKux BJan:Mo,L\eiieTBH.Hx,.; JIH6o 

,L\OITyeTHB B03MO.:>KHOCTb ITpHMbiX BJaHMO,L\eHeTBHH ITa,L\aiOme~ 
qaeTHI\bi e aee_onHHpoaaHHhiMH HYKJIOHHbiMH-rpynnaMH B H.n;pe·. 

JioJihwoe lJUCJ1opa6oT /eM., nanpHMep, 6n6JIHorpaclmro B o6-

Jope /2/j ITOCBHineHO. BbJHCHeHHIO BOITpoea' 0 :MexaHH3Me 

o()paJOBaHHH·· eJIO:>KHbiJI; lJdCTHI\ npH pacmenJieHHH • JierKHX 



H.D,ep npoToHaMH BhiCOKHX 3HeprniL B PH.D.e pa6or /~-7 I 6brno 
noKa3auo, l.J:TO 3KcrrepnMeuTaJibHhie .D,aHHLie no o6pa3oBaHHIO 
a -l.J:aCTHI.( B HeynpyrHX B3aHMO.D,eHCTBHHX BbiCOK03HeprHl.J:HbiX 

l.J:aCTHI.( C JierKHMH H.D,paMH MO)KHO Ofi'bHCHHTb, eCJIH yl.J:eCTb 
B.· pacl.J:eTaX KaCKa.D,HOrO npOI.(eCCa B03MO)KHOCTb npHMbiX 
KBa3HynpyrHX pacceHHHH na.ztaiOII.(HX l.J:aCTHI.( Ha BHyTpHH.D,ep
HbiX a -KJiaCTeJ>rl· llO.D,06HbiH aHaJIH3, B OCHOBHOM, npoao
.D,HJICH )J,JIH H.D,ep. C, )J,JIH KOTOpbiX fihiJIO Haii:)J,euo, l.J:T 0 OKOJIO 
20-3Qo/o npOXO)K.D,eHHH qepe3 H.D,po rrpoTOHOB c 3Heprneii: 
660 M3B uyJKFio CBH3aTb c pacceHuHeM nx ua a -no.D,CTPYK
Typax. 

IlpHMoe no.D,TBep)K.D,eune rnnoTe 3bi o KBa3nyrrpyroM pac
Ce HHHH na.D,aiOII.(HX l.J:aCTHI.( Ha BHYTPHH.D,epHbiX . JIYKJIOHHbiX 
accounaunHx rronyqeuo rrpn 3KcnepnMeuTaJibHOM H3yl.J:eunn. 
peaKI.(HH THna (p,pd} ,(p,pa)_: H (a,2a/?-10fa TaK)Ke 
npH H3yl.J:eHHH BbiC0}\03HepreTHl.J:eCKHX yl.J:aCTKOB CneKTpOB 
BTOPHl.J:HbiX l.J:aCTHI.( 2H , 3 H , 3He, 4He, HcnycKaeMbiX 110.D, 
He 60JibiiiHMli yrnaMH K uanpaBJieHHID na.D,aiO~HX npOTOHOB 
npH B3aHMO.D,eHCTBHH C JierKHMH H.D,PaMH / 11 - 14/. . 

K CO)Kaneunro, rronhiTKH .D.OKa3a Tb npHMbiMH 3Kcne pnMeu
TaJibHbiMH ua6mO.D,eHHHMH, <iTo cyJ..QeCTBeHHaH l.J:aCTb HH3K0-
3HepreTHl.J:eCKHX a - qacTHU I E · s: 30 M3BI a pacJ..Qei:rne-a· .. 
HHHX nerKHx H.D,ep o6ycnoaneua KBa3nyrrpyrHM Bbi6naauneM 
nx· H3 H.D,ep, ue yaeuqanncb ·ycrrex·oM. MeTO.D. rronyqenHH 
CITeKTpOB a -qacTHI.( BblfiHBaHHH nyTeM 'Bbll.J:HTaHHH pacnpe
)J,~JieHHH d2aa/ dEdQ npH 8 Aa6.90°+o . H3 pacrrpe.D,eJieHHH 
d aj dE d Q. . 110.D, yrnoM.@ Aa 6. =90°- o, H CIT OJib3 oBaHHbiH B 
pa6oTax/15' 16/ ueJib3H npH3HaTb onpaa.D,aHHbiM. linaro.D,apH 
HMITYJibCHOMY pacnpe.D,eJieHHIO a -KJiaCTepoB B H.D,paX H 3tP-

' . 
tl>e.KTy nepepacceHHHH B .KOHel.J:HOM COCTOHHHH., HeCOMHeHHo, 
l.J:TO npH yrnax @ Aa6.> 90 ° TaK)Ke HMeeTCH BKJia.D, a -qaCTHI.( 
Bhi6HBaHHH, ecnn ocymecTBJIHeTcH KBa3Hynpyroe pacceHHHe 
na.D,aiOII.(HX l.J:aCTHU ua KnacTepax. KpoMe Toro, rronyqaeMoe 
pa3nHtJHe :B .D.BYX .D.H<P<i>epeuunaJibHhiX ceqeunHx co.D,ep)l(nT 
HeKOHTpOnHpye MYIO pa3HHI.(y B tPOHOBbiX pacnpe.D,eJie HHHX ITO)J, 
.D,BYMH yrnaMH @ Aa 6. · . . . 

B onncbmaeMoii HH)Ke pa6oTe c_IienbiOBbiHcu_eHHHBonpo
ca o 'poJIH nyKnouuoro accounnpoBaHHH rrpn B3aHMO.D,eii:cTBHH 
npOTOHOB 0011biiiOH 3Hepr.HH C nerKHMH H.D,paMH npoBe.D,eHO 
3KcnepnMenTanbuoe n_ccne.D,oaauife rrpoueccoB o6pa3oBaHHH 

4• 

. 

.· 

t 
,j 

I 
·ilo 

;I 
li 
'I 

f' 
l 
I! 
'·I 

'I 

. I 

.1 
i: 

I 
•, 
1• 

l 

I 
. .1 

H30Ton(:m 2H , 3 H , 3He, 4He. B peaKI.(HHX p+ 12C ·npH 
3Heprlm npoTOHOB 660 M3B. lf3yl.J:eHHe KHHeMaTiil.J:eCKHX 
xapaKTe PHCTHK BT OpHl.J:HbiX . l.J:aCTHI.( BbiiTOJIHeHO B. o6nacTH 
2'78 M3B/HYKAOH~ KOTOpag OXBaTbiBaeT'cyJ..QeCTBeHHyiO.D,OJIIO 
nonuoro ceqeuiiH nx o6pa3oBaHHHBnpe.D,nonaraeMbiXnpHMbiX 
peaKUHHX ua KJiacTepax. 

II . METO,l(HKA. 3KCIIEP/fMEHTA 

Ha BLIBe.D,eHHoM nyqKe npoTouoB CHlfXPOUHKJioTpoua JIJIII · 
OHJIH··pacno]IaranacL·~HcTaH:unouuo-yripaBnHeMaH BaKYYM·:. 
HaH KaMepa, B l.(eHTpe'KOTOpOH HaXO)J,HJiaCL TOHKaH MlflUeHb. 
H3 rro:n::HcTnpona 11 ;23 MZ/cM 2 I. PerncTpai.(HH lfiicTHU, 
o6pa30BaHHLIX ITpH B3aHMO.D,eHCTBHH nytiKa llpOTOHOB C H.D,paMH 
MHIIIeHH, H.D,eHTHtPHKai.(HJI HX 3apH.D,a H MaCChi H. H3MepeHH'e 
3HeprHii: 11pOH3BO.D,iiJIHCL C .ITOMOII.(LIO TeJieCKOITa H3. Tpex 
ITOJiyiTpOBO.D,HHKOBLIX KpeMHHeBLIX ·.D,eTeKTOpOB: . .D,eTeKTOpa 
dE/ dx TOJIII.(HHoii 23, 40 HJIH120MKM,AeTeK'iopa E .Ton
II.(HHoii . 800 HJIH 2000 MKM H .D,eTekTopa aHTHCOBITa.D,eHHH 
TOJIII.(HHOH 500 ·M,KM. . . 

OcuoBuoii: qacTLIO 3neKTpouuoii: H3MepnTenLuoii: cxeMLI 
HBITHeTCH UHtPPOBOe Bbll.J:HCJIHTeJibHOe. YCTpOHCTBO,duHcaHHOe 
B pa6oTe·II7(BLICOKHH YPOBeHL tPOHa npn pa6oTe Ha nyl.J:Ke. . . . ; ' . . ., . --~· - . . 

. ITpOTOHOB· CHHXpOI.(HKJIOTpOHa H Mana.a BpeMeHHaH paCTJI)KKa 
nyqKa I= 160 MKceK/, BLI3BaJIH lleo6xo.D,HMOCTL H3Me.lieunii 
ao axo.D.HOM ycTpoiicTae, a KoTopoM 6LrnH BBe~eHLr; GLr.cTpaH 
cxeMa COBI1a.D,eHHH H aHTHCOBITa.D,eHHH 12r = .70 HCeKIHcxe:-. 

. . . .·- ~ ' - '·- ; . . ,. ~ ' 

Ma H3MepeHHH MepTBOrO BpeMeHH.· .. 
MoHHTopupoaauue iioToKa npoTouoa npoH3Bo.D,imocL c no:-: 

. MOII.(biO Tpex3IieKTpO.D,Hoii HOHH3ai.(HOHHOH KaM~pLr,iumoJIH~H:: 
·.HOi aprOHOM H OTKa.im6poaaHHOH nopeaKI.(H.HM 12C(p,~) IIc H 

27 AI ( p , 3pn) 24 Na • Heo.D,uoKpa iuaH i<ann6poaKa uoHH3a-
I.(HOHHOH: KaMepLI B npouecce rrpoBe.D,eHHH :iKcnepHMeHTaJILHLix . 
H3MepeHHH noKa3ana,. l.J:TO a6COJIIOTHLIH ITOTOK npoTOHOBOITpe-
.D,eiTHJICJI C norpeiiiHOCTLIO MeHLIIIe 10o/o. . . . 

. )(nH onp.e.D,eJieHHB··· a6cOJIIOTHLIX Cel.J:eHHii: o6pa30BclHHJI 
uccne.D,yeM&rx qacTH·u B peaKUiuix 6i.r.no npoae.D,eilo H3MepeHHe 
TeJieCHLIX yrJIOB perHCTpai.(HH l.J:aCTHI.(H3 ITpOTH)I(eHHOH MHWe
HH pafiol.J:HM TeJie CKOITOM C ITOMOII.(biO ~ ··-HCTOl.J:HHKa, aKTHB-

5 
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HOCTh KOTOporo 6hiJia H3BeCTHa C TOqHOCThlO nyqrne 1~o H 
KOH$HrypaUHH KOToporo no~o6~a $opMe ceqenHH nyqKa ua 
MHIIIeHH. )J;nH nyqKa ~HaMeTpOM 20 MM H3MepeHHhiH i'ene CHhiH 
yron COCTaBHHH 1,99 • 10-3 CP·H COXpaHHnCH noCTOHHHhiM 
B npe~enax 1~o npHnOBOpOTe TenecKonaOTHOCH.TeJ]hHOMHIIIe· 
HH OT 20 ~0 160° 

III. 3~CIIEJ?HMEHTAJibHbiE PE3YJibTATbi 

Hcnonh3oaauuoe BhJqucnuTenhHOe ycTpoiicTBO no3aonHno 
n"onyqaTh Henocpe~cTBeHHO a 3KcnepHMeHTe pacnpe~ehenHe 
3aperHCTpHpOBaHHhiX qacTHU no MaCCaM H 3apH~aM, KOTOphie 
npH npHHHTOM MeTo~e H~eHTHWHKaUHH xapaKTepH3YIOTCH 
aenuqHHOH f(M,Z)=(E +0,5~E) •74 ~E. r~e ~E.H E-ae
nHqHHhi 3HeprHH, OCTaBnHeMhiX qaCTHUeHB~eTeKTopax dE/dx 
H E. )J;nH HHHIOCTpauHH HMeBIIIeroCH B 3KCnepHMeH"J;e 
pa3perneHHH no M H Z. ua puc. 1 noKa3aHo pacnpe~enenHe 

. . 12 
H30TOnOB BO~Opo~a, renHH H HHTHH B peaKUHHX p + C npH 
ua6nro~eHHH no~ yrnoM ®1106 ... 90°, n~nyqeHHoec. noMOIUhiO 
TeneCKOna npH TOniUHHe ~eTeKTOpa dE/dx 40 MKM. BH~H
MaH H3 pHCYHKa OTHOCHTeHhHaH BepOHTHOCTh o6pa30BaHHH 
pa3nHqHhiX H30TOnOB COOTBeTCTByeT cne~yiOIUHM 3HepreTH
qecKHM HHTepaanaM qacTHU: 4-11 M3B ~nH 1 H ; 5-14 M3B 
~nH 2 H .·, 6-17 M3B ~nH 3 H , 7-33 M3B ~mi 3 

He, 
8-33 M3B ~nH 4He H 16-36 M3B ~nH 6 U H 

7U. 
BhiqficnHTenhHOe ycTpoiicTBO noJaonHno npoH3BO~HTh 

MacrnTa6uoe npeo6pa3 oaaHHe IIIKanhi Mace npH HJyqenHH 
. TeX HHH HHhiX H30TOnOB• qaCTHU·npO~YKTOB. )J;nH npHMepa 
ua puc. 2 .noKa3aHo pacnpe~eneHHe no f(M) ~nH H30Tonoa 
BO~Opo~a, KOTOpOe HCnOHh30BaHOCh npH H3MepeHHH KHHeMa· 
THqecKHi xapaKTepHcTHK 2 H H . 3 H. · · · · · 

Ha~e:a<H:aH H~eHTH$HKaUHH BTOPHqHhiX qacTHU a peaKUHHX 
p+ 12c ~ana ao.JMO:a<HoCTh npoaecTJi HJMepeHHH-.1:\H~epeH-_ 
uHanhHhiX 3HepreTHqecKHX cneKTpoa H yrnoBhiX pacnpe~e
nenHii H30TOnOB 2 H , 3H, 3 He, 4He npH HeynpyroM B3aHMO
~eiicTBHH npoTOHOB c 3HeprHeii 660 M3B c H.npaMH yrnepo
~a. Ha· puc. 3-6 npHae~eH pH~ H3MepeHHhiX pacnpe~eneHHii 
d2a/dEdQ npH pa3HHqHhlX yrnax @/IQ6.)J;nH y~o6CTBa 

paCCMOTpeHHH 06IUHX xapaKTepHCTHK ~H!ptJepeHUHaHhHhlX 
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Hu"wp •a•a•a 
Puc. 1. Pacnpeoe11enue U3omonoa eooopooa, zeAu.R u Aumu.R 
npu a3auMooeiicmeuu npomonoa c 3Hepzueii 660 M3B c .Ro
paMu Y211epo~a. ®1106; .. 90°. 

cneKTpOB H30TOnOB BO~Opo~a H renHH 3KCnepHMeHTaHhHhie 
~aHHhle Ha 3THX pHCYHKax· noKa3aHhl 6e30THOCHTenhHO K 
a6coniOTHhiM ceqe_HHHM~ ,D;n}! H3MepeHHoro HHTepaan~ 3Hep-. 
ruii <IaCTHU xapaKTepHhi cne~yromue oco6eHHOCTH ~u~epeu
uuanhHhiX cneKTpOB: 3KCnOHeHuiianhHhiH xapaKTep $yHKUHH 
d2af dE dQ ~nH BCex _H3y<IeHHhiX H30TOnoa; "CMHr<IeHHe" 

cneKTPOB no~ ~aHHhiM yrnoM npH nepexo.zie OT 2 H K ~H H K 
4 He- . . nan 6one e "»<e CTKIJe ". cne KT phi · npu -3-Heprnn .· 

E:S 2 M3B/nyKAon ,HMemr $par:Mein-~I ~H ; coana.rieHue · 
$opMhl cneKTpOB ~nH 3 H 11 3 He.. . . . . . 
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Puc. 2. PacnpeoeAeHUe U30monoe eooopooa e peaKijUJIX 
P+ r2c, 8 _ 90o. · 

Aa6. 
2 3 3 .. 4 •. 

YrnOBbie pacnpe.neneHHJI H30TOllOB a H, He· ' He· 
npHBe,IJ;eHhi Ha pUC. 7 ,IJ;llJI HeCKOllbKHX HHTepBallOB 3ileprHH. 
OuiH6KH B onpe.nene.HHH a6comoTin.IX BenH.mH da/ dn - o:Kono 
150/o. XapaKTepHoii oco6eHHOCThiO Bcex yrnoBhix 'pacnpe.rie~ 
neHHH JIBnJieTCJI HanHqHe MaKCHMyMa B o6naCTH ® =50~70°, 
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YMeHLIIIeHHe. )::{HqxpepeHiumnLHLIX ce.'{eHHiL da/ dQ · ,a 
.o6na.CTH yrnoB. @ ~~6.<601:1 . fiLIJIO. llO,IJ;BeprHyT.O MHOrOKpaT
Hoii npoi:sepKe iipH noBTOPHLIX He3aBHCHMLix H3MepeHHsx·· · 
H HBllHCTCH TBep,!l;O ycTaHOBllCIDILIM cPaKTOM. K CO:>K.allCHHIO, 
B HaCT011Il~ee BPCM.Il. HCllb3H HH'Iero CKa3aTL 0 llOBC,!l;CHHH 
da j d n ,IJ;nH H3oTon(n{ BO,IJ;~po,IJ;a H renHH B o6nacTH 8 JJa6. .-;." "'' 
<30°.H3MepeHHH B ::JTOH o6naCTH 6LIJIH CHnLHO 3aTpy ,!l;HC-Hhl 

mbperpy3KOH TenecK_~na $oHOBLIMH,'IaCTHD;aMH. 
HHTerpHpoaallHe. yrnoBLIX pacnpe,IJ;eneHHii ,IJ;ano cne,IJ;yro

ll.lHC BCllH'IHHLI ·ce'leHHH o6p~30BaHHH H30TOllOB BO,IJ;Opo,IJ;a 
H renHH: 

'"t 

a 4He.(E=8 + ~3M3B) =l<X>M6 

a 3 (E .;,7.;. 33 M3B,)=43 :M6 
He .·· · 

a . .(E=6 + 33M3B)=51 M6 
3He 

a~ (E=6 

u3 (E=6 
H 

17 M.JB)=20 A16 · 

33 M3~)=31 M6 

~>-

a
2 

(E ,;, 5. + · l4M.JB)=49 M6 
H 

~ :~ 

.;,· 

H3aecTHoe H3 nHTepa~;pLI.ce'leHHe o6pa3oBaHH11 H3~To-
noB 3H . B .peaKD;HHX .p + 12C llpH :meprHH npOTOHOB 
660 M3B COCTaBn11CT BCllH'IHHY OKOJIO 11 M6 118( 'ITO C.MLHO . 
oTnHt~aeTC11 oT ceqeHH11, nonyqemiOr·o B · Haiiieii · pa6oTe·: 

lf3MepeHHLIC BCllH'IHHLI CC'ICHHH MO:>K.HO cpaBHHTb C pe-
• 3YllLTaTaMH onpe,IJ;eneHH.ft: cpe,IJ;Hero 'IHCn~20,IJ;HO- .H ,IJ;Byx-

3ap11,!1;HLIX ,'laCTHU. B paCll.lenneHH11X H,IJ;ep C npoTOHaMH· : .. 
c -3HeprHeii 660 M3B. llpHMOe H3MepeJiHe 'IHcna 'laCTHU: npH 

HeynpyrOM ina·HMO,IJ;eHCTBHH fiLICTpLIX npOTOHOB C ·11.zipaMH 
/no~yqaeMoe npH Hcnon_L3oaaimH TpeKoBoro MeToAa/ B co
'leTaHHH C He3aBHCHMLIM·H3MepeHHeM llOllHOrO Ce'leHH11 He;. 
ynpyroro B3aHMO,IJ;eiicTBH11 ,IJ;aeT HaH6onee Ha,IJ;e:>K.ii&Ie a6co

.iiiOTHLie CC'ICHHH o6pa30BaHH11 BTOPH'IHLIX 'laCTHU. ITo ~aHHLIM. · 

14 
... 

.:,. 

4' 

paOOTLI/4/ cpe,IJ;Hee 'IH~JIO ):(BYX3apH,!l;HLIX 'laCTHU: H8. O,!l;HO 
a3aHMo~eiicrBH_e B.peaKn:usx ~+ 12c paBHo 1,31 llpH 3Ha:. 

. 'ICHHH qHeynp. = 227+12 ,!'16 19~ 3TO ,IJ;aeT fiOJIHO~ ceq_eHHe .· 

. o6pa3oBaHHH ,IJ;Byx3apH,!l;HLIX qaCTHn 296 M6;· EcJIH, .cornacHo· · 
npHBC,!l;CIDIOMY B pa6oTe / 4 / 3HepreTH"'CCKUMY . cneKTpy ,
onpe,neJIHT.L ce'leHHe ABYX3ap11,!1;HLIX . qacTHU: -~nH · o6nacTH 
~HeprJtii ~ 8 ·M3B, ·TO llOJIYlfi!M a. /E ~ 8 M3B/,;, '151 'M6. 
Do _H~WJIM H3MepeHHHM, !7.3He+ 4He /E~ 8_ M.J_B/ ~ 
= '149 · ':M6. nocKun.LKY !da:ccoaoe- pa<?npe,neneHHe ~3oTon<?B 
BO,!J;Opop;a H .reJIHJI Morno H3Mep11TLC11 BJJ;aHHOM 3KCnepHMeH
Te OJJ;HOBpeMCHHO, TO.()THOCHTenL;HaHBepOHTHOCTb o6pa30Ba
Hils · pa3mx · H3oT.unoa' JIBnHeTCR Ha,IJ;e:>K.Ho onpe,nen11eMoii 
BCJIH'IHHOiL_KaK no~qeHOB3KcnepHMCHTe, a3H /a 3He npH 
-E ~6 M3B .paBHO 0,6~ ... Jlro6onLITHO OTMCTHTL, ;_'ITO IipH 
.BlaHMO,IJ;eiicTBHH npo_ToHo~B c 3HeprHeii 660 M3Bc s.D;Pa_Mll 

He (,>THOIIICH11C CC'ICHHH o?pa30BaHHH a3 /u3 ·• ~-· =. 
=0 61;20/ . · ... · -- . · H He. _46 · ' . ., 

.·. 
IV 1 OECY)J(,4EHHE PE3YJibTATOB 

OnHcaHHe . MHoroqacTH'IHLIX peaKn;Hii. npH HeynpyroM 
B3aHMO,!l;CHCTBHH a,IJ;pOHOB ,BLICOKOH :meprHH ,C neri<HMH H,IJ;·

paMH' MO)KeT 6LITL npoBe..zieHO B paMKaX KaCKaJUIOH MO,IJ;i:mH 
B CO'IeTaHHH c .MO,IJ;eni.w nocne,IzyiOll.lCro pacna.n;a BOl6y)l(,!l;e·ii-

. HLIX cocTOHHHi ocTaTO'IHLIX ~,IJ;ep. . · . · . 

TaKoe Mo.u;enLHoe paccMoTpeHHe, :HeH36e)I(Hoe npH ,OT;. 

CyTCTBHH CTpOrOH TCOpHH, o6na,IJ;a.eT onpe,IJ;eneHHOH .IJ;Cli
IH>CTl.IO: OHO fl03BOn11eT··"npOCJIC,IJ;HTb 34>cl>~KTLI IIf.KJIOHHOrO 
aC.CO~HHpOBaHHR H OTHOCHTellLHYIOPOllb )>a3UH'IHLIX MCXaHH3-
MOB o6pa30BaHHH BTOpHtrnl.Ix 'laCTHn;. EoneeToro., conocra:IJ-
neHHe llO,IJ;06Hbi.X paC'ICTOB.C 3KCllepHMCHTaJII.HLIMH ,IJ;aHHhlMH 

. . ' . . 

Mo:>K.eT .,!l;aTL on;eHJcy. pa3nH~Lix napaMeTpoB., KOTopLie· xa
~aKTepH3Y10T cocTOHHHe KJiacrepoB s x,ZJ;pax. llo:nu:Mycpaa-
HCHHC llOfiY'ICHHLIX ,!l;aiDILIX -c pe3yJILTaTaMH MO;J;CllLHLIX pac
'ICTOB npe.n;cTaBnJieT .6onLIIIOH -HHTepec. HaH6onee ..n;e-fan&Hl.Iii: 
aHanH3_.BHyTpHs,IJ;epHLix KacKaAOB c yqe'fOM N-a -paccexHHii 
B nerKHX H.u;ilax BLillOJIHCH KHaCTOBll.lCMY BpeMeHH B pa6oTaX 
liapameHI<oBa H A6.u;iuioaa 17 •21 1~ TaK KaK B .3THx pa6oTax 
_p~cqeTLI npoBe.zteHLI ,!J;J111 HCCKOllbKHX _BapHaHTOB MO,IJ;e~ :npH 

~::. 
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6ti'.iiLlUOM :aa'pLHlH1Ba1iHii.napa:MeTpciB'H'C ny•m.Ieii: CTaTHCTHT-Je.:::-. 
ci<oH: '"TotniocTt.Kt;· 'leM ·rr'ono6HLie )Ke. ·pacqeTLI:.B pa6oTax 
Ko-M6a 13(; · iKnaH·oaa H ·ct>e;io'To:Ba / 4/ H -.rpa.z~urraii:Ha /~I.; To 
s·nanLHeii:we:M M:i.I Hcn'onL3yeM:rt'HrnL·naHHLiel7 •_21l ... -~ · ·" ·:,-.,, 
• ~-~. llonyqeilH:t.Ie. ii Iiaweii: pa6oTe ·pe·3ynLTaT:t.I· no-ceqeHH.HM 
o6pa30BaHH.H H3'01'0llOB•BOAOpb.I(8.~H renH.H·TI03BOll.HIOT cnenaTL 
ilM66p: :MeJK.I(y'·-'nayM.H B03MO)I(}IhiMH··Mo·.nen.HMH 'pacnana ·'Boa.-
6y~eirHLIX o·ctaTO'IHhiX .H.I(ep,,; : . ·.·-; ·•·' ·.· ;' · . :. . ";' '! 
.. ''-'KaK'1llOKa·3hiBaiO:i' pac.'leTLI'/.2 l(.:MO,I(enL.MHO:i':O'IaCTHiiHOI'O 
pacnana ,IJ;aeT'ropa3;to 6onee'BLICo~oe OTHoweHHe aepo.HTHoc
Te·H:' ·o6J)a·3o8alui.H 'H3oTonoa· •3 He'H · 4t1e, ·qeM Monen:& •Hcnape
irn.H / 3Hef4·He .. =·o,33 'H··O,l3:.cooT:8eTcTBeHHo/, H6onee 
6nii3KHe 'Bepo.HTHo'c'FH ·o6pa3oSaHH.H 3 H H 3He,.irro•.ny'IIIIe 
cooTae·i'cTayet- 3i<cnep'H:Mea1-y:'. Aila.JiorH'IHLIH <aLiaon 6Lin 
C,I(eJla1l paHee Ita 'O'CHOBaHHIFC{laBHeHH.H '3KCnepHMeHTallhHhiX 
nali:Hi.Ix -no ceq'eHH;HM·•o6pa'3'6aa·IiH.H~ -Li.,·~. 7.Li.·; 7;.Be Ha 1 ~c c 
pacqeToM' a pa6ol-ax /22,23/ ... · .•. , 

' ... 
3Kcne pHMeHTanLHLie naHHLte, npHaeneHHLie BLiwe, no3-

BOTI.HIOT TaKiiCe C,I(e·naTb Bbi60p MeiK.I(Y pa3TIH'IHLIM~ BapHaHTa
MH pac'leTa Kac'Ka~Horo' npoueccl:l B- g;zwe: 12 c; 

'· ".llpH :noM· .I(ll.H •cpaBHeHH.H 'C '3KCnepHMeHTOM ·HaH6onee 
'llO,I(XO,I(.HII.(HM OKa3blBaeTC11 ·aapHaHT:.tMO,IJ;enH C yqeTOM c-H3Me,
'ileHH11' HYKJIOHHOH nnoTiiOCTH B 1Inpe:n npou.ecce pa3BHTHJI 
I<a:cKa.I(Horo npouecca. TonLKO'TIPH y'-ieTe'yMeHLWeHH11 nnoT<
HOCTH HYKTIOHOB a .Hnpe paccqHTaHHoe yrnoaoe pacnpenene~-

. HHe .I(ll11 BLI6HTbiX •B KaCKa,I(HOM np()l(ecce a··-qacTHI.( HMeeT 
. xapaKTepHbiH \MaKCHMYM' :B o6naCTH''®:Iza6:·< 90°. Ha PHC. 8 
ii··9 noKa·3aHbi '3KCIIepHMeHTanLHLie H :pacqeTHhle pacnpene
neltHH do/dO· 'H do/dE'·. H30TOllOBt·~He, 4He B.--.pe.Kal(HJLX 
p+: l~G .. • · · .· ·· ····'J ~ ... :. '" · , ,., ., ·,, ... ·' ;.'. : [, . _ :·. ..·:. .•: .: 

•_:'' '-,IJ;mi ;CpaBHeim.H. ··c '3KCne·pHMeHTOM HCITOllb30BaHbl. CJie.-
. ,IJ;YIOII.(He'' Ba pHaHTbll.flPQCTf.aHCTBeHH 0,1" 0 pacnpe:,IJ.ene HH.H a ·
KnacTepOB ·a :11npe. 2,c/~ .. :, _ , · .. :• ; .;· .. < ... .· .· .. , ,. ·.: ... · , ~ . 
·· .. _, :aapHaliT ·A: ;'!{HCJIO. a·-.·Kna_cTepOB 1,.03, pacnpeneneHHblOC 

no -c!~JepaqecKHM• c'no.HM, ·0 . ..::-t;l4f .. .-.O~l · ,. 1,14 ~- 2,93 £,-..(),1-H 
! 2,93 +. 4;~3 f - ,; 0,83 . ·; ." . .. . ;_;. ; .,.f'i; ·~· .... - : . ,• ... 

· .. · · Ba.pHaHT: F : ,qacno :.a .;.,KnacTep.oB·:l;76, pac!J.peneneHHLIX 
.no c!IJepH'IeCKHM CTIO.HM 0 +'l;-f4f"·-7 0.2 ... , 1,14 + .2,93£~1,0 H 
:· 2,93-:- 4,-53,£ ., -'-0;56; .; ! . , .• · c' .' :' :.-··· ; !; ~, .;.~ ·' . , •.. ' 

·'il6 

qTO He OTMe'laJIOCh paHee TipH H3yqeHHH HeyripyrHX B3aHMO
,I(eHCTBHH npOTOiiOB BblCOKHX 3HeprHH C nerKHMH .H,IJ,paMH/4,5/ 
HpH ·3TOM MaKCHMYM B yrno:BoM pacnpeneneHHH 3He H 4He 
cnaHraeTC.H B o6nacTL MeHLWHx yrnoa npH yaenH'IeHHH Hx · 
3HeprHH. 
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IIonyqemihie B pacqeTax cpe.rume qncna "KacKa.lJ;llhiX" n"pac
rra,IJ.HhiX" a -qaCTHU COOTBeTCTBellliO paBHhi: 

. BapHaHT A-trKaci.=0,16, iipacn;= 0,37 
BapHaHT F ~ ii KacK. :.:0,38, ii pacn.i=·0,32. * 

Cpe,IJ.Hee qncno a -qacTHU Ha o,IJ.Ho Heyrrpyroe BJan:Mo,IJ.eii:cT
BHe, rronyqeHHOe B HaiiiHX 3KCnepHMeHTaX, MO)l(eT 6hiTh 
onpe,IJ.eneHo HJ o:rHowemi.H ~- .... 166 .· = 0,73 , qTo 
6nH3KO K BapnaHTY F. u Heynp. · 227 

KaK BH.IJ.HO HJ pncyHi<oB, pacqeThi npaBHnhHO oTpa)l(aiOT 
H ciJopMy 3HepreTnqecKoro cneKTpa H xapaKTep yrnoBoro 
pacnpe,IJ.eneHHH 4 He, noKaJhiBaH · onpe,IJ.enHIOI.l.\ee BnHHHHe 
Ilp.HMhiX B3aHMO,IJ.eHCTBHH na,IJ.aiOI.l.\HX npoT(>HOB H KaCKa.lJ;llhiX 
nyKnOHOB c a -no,IJ.CTPYKTypaMH B H,IJ.pe· 12 C HaciJopMHpoBa-. 
HHe .. KHHeMaTHqeCKHX xapaKTepHCTHK Ha6niO,IJ.aeMhlX a -qac

THU • 
Cne.!jYeT JaMeTHTh, qTo pacqeThi, npoBe,IJ.eHHhie B pa-

6oTe 12I, He ,IJ.aigT Bcex· ~eo6xo,IJ.HMhiX, ,IJ.aHHhiX, · KOTOphie 
HY)l(Hhi ,IJ.n.H cpaBHeHHH c. nonyqeHHoii 3Kcne pHMeHTanhHOH 
HHciJopMauneii. YrnoBhie pacnpe,IJ.eneHHH B JToii pa6oTe no
nyqeHhi c 6onhWHM HHTepBanOM no yrny 130° I, H MO)l(HO 
llHWh rOBOpHTh, qTo MaKCHMYM B yrnOBOM pacnpe,IJ.eneHHH 
HaXO,II.HTCH B HH:repBane yrnoB 60-90°. KpoMe Toro, HeT 
no,IJ.po6HhiX yrnoBhiX pacnpe,IJ.eneHHii ,IJ.nH paJmiqHhiX 3Hepre- · 
TnqecKHX ,IJ.HanaJoHoB 4He .Ilpe,IJ.cTaBneHHoe yrnoBoe pac
npe,IJ.eneHHe ,IJ.nH ,IJ.HanaJoHa 3Heprnii a -qacTHU 6onhwe 
32 M 3B, c TaKHM )l(e .HHTe pBanOM no yrny, yKa3hiBaeT TaK)l(e 
Ha MaKCHMYM B HHTepBane 60-90 ° ~ lfJ 3KCnepHMeHTanhHhiX 
peJynhTaTOB MO:>KHO C,IJ.enaTh BhiBO,II. 0 nepe,II.BH)l(eHHH MaKCH
MyMa yrnOBOrO pacnpe,IJ.eneHHH B CTOpOHY MeHhlliHX yrnoB 
C yBennqeHHeM 3HeprHH perHCTpHpyeMhiX a -qacTHU. 

lfJ B03MO:>KHhiX BapHaHTOB npOCTpaHCTBeHHoro pacnpe,IJ.e-' 
neHH.H a -KnaCTepo·B no H.IJ.PY 12 C, ,IJ.nH KOTOphiX B pa6o
Te/2l/ 6hmH npoBe,IJ.eHhi pacqeThi, npe,IJ.noqTnTenhHee oKaJLI
BaeTcH BapHaHT, B KOTOpQ.M a -KnaCTephl 6onee paBHOMepHO 
pacnpe,IJ.eneHhi no o6'heMy H,IJ.pa IBapnaHT F I. 3ToT BhiBO.IJ. 
He COBna,IJ.aeT C.BhlBO,II.OM, KOTOphiH C,IJ.enanH aBTOphl pacqe
TOB /7,21/ Ha ocHoBa.HHH cpaB~eHH.H pacqeTHhix ,IJ.aHHhiX c 

* linaro-,IJ.apHM npociJ. B.C.IiapaweHKoBa Ja o6cy)l(,II.eHHe. 
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3KcnepHMeHTanbHbiMH pa6oTbi 1_41. KaK OTMe'Ianocl.- Bbiiiie, 
3KcnepHMeHTanbHbie ,IJ;aHHbie, nony'IeHHbie c noMOIQbiO MeTo,IJ;a 
JI,IJ;epHbiX . 3MynbCHH, He ~aiOT B03MO)KHOCTH onv.e,IJ;enHTb KH- !_ 
HeMaTH'IeCKHe xapaKTepHCTHKH OT,IJ;enbHbiX HffOTOTIOB BTOpH'I_:I 
HbiX qacTHU. OTcyTCTBHe ,IJ;HCKpHMHHaUHH He OT 4 He B pa- f, • 

6oTe / 4 / ysenH'IHnO ,IJ;OniO BbiCOK03HeprH'IHbiX a -qaCTHU · 

/6onee 500/o_ oT 4 He npH E > 20 M3B cocTaBnJIIOT H3oTonbi 
3 He I, a TPY ,IJ;HOCT b H,IJ;eHTH<ilHKaUHH · -Kop OTKonpo6e)KHbiX; 

H30TOUOB-·Li npHBena K yBenH'IeHHIO Ce'IeHHJI ,IJ;Byx3apJI,Il;HbiX · 

'IaCTHU npH HeGonbiiiHX yrnax ® Aa6. . 
Tai<HM o6pa3oM, o6IQHe xapaKTepHCTHKH o6pa30BaHHJI 

H30TOna 4 He MOryT 6biTb JiOHJITbl B paMKax·Kaci<a,IJ;HOH MO.;. 

,IJ;enH c · y'IeToM KBa3HCBo6o,Il;HbiX N- a B3aHMO,IJ;eiicTBHH. 

KaK BHAHO H3 3I<cnepHMeHTanbHbiX ,IJ;aHHbiX, 6onbiiiYIO .nonro 
cpe,nH -CnO)KHbiX llpO,IJ;YKTOB MHOroqaCTH'IHbiX ·peaKUHH npH 

B3aHMO,IJ;eHCTBHH npOTOHOB C JI,Iij)aMH 12 C COCTaBnJIIOT TaKHe 

H30TOUbi, I<aK 2H , - 3 H , 3 He, KHHeMaTH'Ieci<He xapaKTe

PHCTHKH KOTOpbiX 6nH3KH K xapai<TepHCTHKaM 4 He. Il03TOMY 
ecTeCTBeHHO UbiTaTbCJI 06'bJICHHTb H o6pa30BaHHe 2H ; 3H , 
3

HeB paMI<aX TeX )Ke npe,IJ;CTaBneHHH; IlpH 3TOM, B .OTnHqHe 

OT cnyqaJI o6pa30BaHHJI 4 He, KOr,IJ;a Mbl MO)KeM npeHe6pe'Ib, 

UO-:Bif,Il;HMOMY, BKna,IJ;OM OT Heynpyroro B3aHMO,IJ;eHCTBHJI 

Ua,IJ;aiOll{HX UpOTOHOB C 6onee TJI)KeJlbiMH KnaCTepaMH /TaKH
MH, I<aK 5·Li , 5He .· H T .n./, 6naro,IJ;apJI 6onbiiioii npHBe,IJ;eH- · 

Hoii IIIHpHHe KnacTepoa 4 He, npH o6pa30BaHHH 2 H ; 3H, 3He 

He06XO,Il;HMO Y'IHTbiBaTb He TOnbKO KBa3Hynpyroe pacceJIHHe 
Ha I<nacTepax 2 il, 3H H3He, HO HHeynpyroeB3aHMO,IJ;eiicT

BHe na,IJ;aiO~HX. H KaCKa,IJ;HbiX HYI<nOHOB c KnaCTepaMH 4 He' 
npHBO,Il;JIIQee K TeM )Ke UpO,Il;YKTaM. _ - . 

B pa6oTe /24/ 6bmo c,IJ;enauo · npe.iulono)KeHHe, 'ITo o6pa·-

3oBaHHe TaKHX npO,IJ;YKTOB; i<aK. 3 H H 3He /a TaK)Ke o6pa-
30BaHHe ,.Me,IJ;n-eHHbiX 1H H 2H I npH B3aHMO,IJ;eiicTBHH npo.;. 

TOHOB C JI,IJ;paMH 16 0 npOHCXO,Il;HT. rnaBHbiM o6pa30M 6naro

,IJ;apJI O,IJ;HOKpaTHbiM H~ynpyrH¥ coy,IJ;aEeH~JIM na.naro~x npo,;. 
TOHOB C : a -nQ,IJ;CTPYKTypaMH JI,Il;pa 60. C 3TOH rHnoTe3oii 

xopomo cornacyeTcJI OTMe'IeHHoe Bbiiiie coBna,IJ;eHHea~ I u3He 
B peaKUHJIX Ha JI,Iij)ax 4 He H 12c. O,nHai<o cyiQecTBYIDIUHe 

3KCnepHMeHTanbHbie ,Il;OKa3aTen?CTBallpJIMOrOKBa-3H,npyro
ro. Bb16HBaHHJI 3He, 3 H H 2 H H3 , nerKHX JI,IJ;ep/B-l4 He. no-

3BOJiJIIOT npHHJITb ,IJ;aHIIYIO rHnoTe 3Y. 
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Heo6xo;:ui:MO OTMeTHTb, 'ITO nony'IeHHbie B HaCTOJIIQeii 
pa6oTe' 3aBHCHMOCTH dcr /d!l ,IJ;nJI 2H -, .3H H, 3 He TaK)Ke 
npoTH aope'laT npe,IJ;nono)KeHHro, 'ITO ux · o6pa3 oaaHHe CBJ13aHo 

_ B OCHOBHOM C HeynpyrHM inaHMO,IJ;eHCTBHeM C. a -I<nacTepa

Mn. Kai< H·JaecTuo H3 3I<cnepHMeu1-oa, B I<oTopbiX HCCJie,IJ;o

·aanocb yrnoaoe pacnpe,IJ;eneHHe ocTaTO'IHbiXJI,IJ;epBpeai<uiiJix 

(p, 2 p) H (p, p n) npH BbiCOKHX 3HeprHJIX, pacnpe,IJ;ene-
HHH d a I d!l xoTH H o6na,IJ;aiOT Hei<OTOpbiM MaKCHMYMOM 

B o6naCTH yrnoB ® /lQ 6. = 40- 60 °, O,Il;HaKO 3TO yBenH'IeHHe 
ce qeHHJI He 3Ha'IHTenbHO H ropa3,IJ;O MeHbiiie TOrO, 'ITO Mbl 

Ha6nro,IJ;aeM B 3KCnepHMeHTe ,IJ;nJI 2H , 3 H , 3 He. Ilo-BH,IJ;H
MOMY, MaKCHMYM B pacnpe,IJ;eneHHH, da /d!l. ,IJ;nH 3THX BTO

pH'IHbiX 'IaCTH'U CBJI3aH rnaBHhiM o6pa30M C KBaJHynpyrHM 

pacce HHHe M: Ilo3TOMY 6onee norH'IHOH JIBnJieTcH MO,IJ;enh 
I<aci<a,IJ;Horo npouecca, B 'Ko-y:opoii Y'IHThiBaiOTCH ynpyrue H 

ueynpyrue B3aHMO,IJ;eiicTBHH na,IJ;aiOIQHX qacTHU c HYKnOHaMH 
H pa3nH'IHhiMH I<nacTepaMH B H,Iij)e H He06XO,Il;HMO npoBe,IJ;eHHe 

. I 

COOTBeTCTBYIOIUHX pacqeTOB. 
.ABTOphi 6naro,IJ;apHT qneua-I<oppecnoH,IJ;eHTa AH. CCCP 

B .II.,ll;)Kenen oila Ja npe,IJ;ocTaBne HHYIO B03MO)KHOCT h npoBeCTH 
3I<cnepu:Meiu ua · CHHxpouiii<noTpoue JUIII, · npo$eccopa 

H.A.IleiXlmnoBa 3a UOCTOHHHhiH HHTepec K pa6oTe, a TaK)Ke 

I<aH,IJ;H,IJ;aTa <lJH3HI<o-MaTeMaTH'IecKHx uayK B.B.AB,IJ;eii'IHKoBa 
3a yqacTHe B 06Cy)K,Il;eHHH pe3ynhTaTOB, C.C.ronoBa'Ia H 

T .JI. Me,IJ;Be,IJ;eBy - .Ja yqacTHe B no,IJ;rOTOBKe H npoBe,IJ;eHHH 

H3MepeHHH. 
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