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HccJie.n;o:aa!Ilie CTPYKTYPH · aTOMHHX .FI,D;ep paccemrn:eM a.n;ponoB c 

aHep!'Rell Bhlllle 0,1 raB B HaCTOmitee BpeMH HBJIHeTCH aKTya.JI&HOll 3a,n;a

t1efi ~li3mtli BHCOKIDC aHeprHH. 

3Ha~TeJIE,Hl,lll 06'!>eM filI~pMaIJ;ID1 0 pa.n;eycax li 3JieKTpoMarHHTI-I!1X 

~OPMqiaKTOpax .FI,IJ;ep 6UJI IlOJIY'IeH paHee llPH BblCOitliX 3HeprliHX B aJieRTPO

MarHHTHHX nponeccax pacceHHHH .FI,IJ;p8MII 3apIDKeHHL!X JienTOHOE. CHJIE,HOe 

B38.ru.lo.n;encTBlie CYllleCTBeHHO li3MeHJieT xapaRTep pacceHHHJI, 'ITO ll03BO

JIJieT pacctIIITIIBaTI, Ha llOJIY'Iemrn HOBOll RH~pMaIJ;IDi O CTpOCHlilI .FI,D;ep.B 

tiac~HOCTli, pacceH!Ilie a.n;poHOB C BllCOKOM nepe.n;atieH RMny.m,ca H.r(I)Y, J"Ili-

60 ero llO.D;CTPYKTypaM, '.n;o.JDKHO 6h!TI, '!yBCTBHTeJIE,HO K ROppeJIHI.(lm HyRJIO

HOB .FI,D;pa li Bh!COKOm.my.m,cHI,JM KOMllOHeHT8M .FI,D;epHHX BOJIHOBUX qiyIIK!~M. 

3TH CP.YH.n;ru.leHTa.JI&HUe .n;JIH .FI,D;epHOll qm3mm npo6JieMU MOryT H3Y'IaTI>CH B 

3KCnepHMeHTax Ha npoTOHHHX nytIKax c1,mxpOD;mtJIOTPOHOB. 

P~epHpyeMM .n;HccepT~H IlOCBmiteHa 3Kcnepm.1eHT8.JI&HOl',iy liCCJie.n;o

BaHli!O pacceHHHH Ha3a.n; Jiel'RRMli .FI,ll;paMl'I npoTOHOB C MaKC11MUJil':,HQll 3Hep

rHeH, .n;ocTynHOfi Ha cmu:ponmtJIOTpolfe O!tlfiV.. Onncamme n .n;HccepTa~11 

3KCnepHMeHTll li MeTO.D;HtieCIU1e pa3pa60TRU BllilOJIHeHU COBMeCTHO C l,: .M. 
EyTcJIOBUM, B.II.,lL'KeJienonUM, r .E.Kocapenw.1, O.B.CantieHRO H Ji.M.CopoKo • 

.I(HccepT~ cocTOliT H3 tieTupex rJiaB. B nepnofi rJiaBe KpaTRO 06-

CYJK.D:aIDTCH ony6JIHKOBaHHHe aRcnepmv1eHTa.JI&H11e .n;aHHue no ynpyrm11y 0. KBa-

3HynpyroMY pacceH!IliIO npoToHOB cpe.n;Hruc :meprHH (0, 1-1, 0 ran) 11 cy-

111ecTJlYIOOllie TeopeTHtiecKHe no.n;xo.n;u R mrrepnpeTa~H. Tamoc .n;aHHHX. 3.n;ecI> 

l!te 06cy-i.1t.D;aeTCH li BR6op 3KcnepHMeHTOB, OnliCaIIHllX B .n;HccepTUl;lIH. 

HmpopM~H O CTpoe!Ilili .FI,D;pa MOlKeT 6UTI, IlOJIY'leiia B OllllTax C npo

TOHru.lH, ecJIH li3BCCT0H MeXaHli3M IDC B3aHMo.n;eficTBliH C H.D;PaMli, l/texallli3M 

ynpyroro pacceHHHH Ha Ma.JII,Je yrJIU MO:itHO CtIHTaTI, BUHCHeIIHUM - TUKOe 

pacceHHlie xopomo OilliCllBaeTCH Teopliet MHOrOKPUTHOro .n:mI;paKIJ;MOHHOrO 

pacceHH1m. 0.n;HaKo HMemrn o6Jia.CTI> 60.'Ibl!IIDC rrJioB paccemum H, B tiacT

HOCTH, pacceHHHe Ha3a.n; npHBJieKaeT oco1oe BHHMamrn. YJKe np,1 :meprirn 
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670 M:rn B paccemum Ha3a.rt nepe.z:tamer.mfi m.my.m,c q. .z:tOCTlll'ae~. 3Ha

tielllill nopJI,!(Ka IO <fM-1, 'ITO 3aMeTHO npeBRmaeT MaRCllMaJII,HHe 3Hati:e

HIDI 'l, , IIPH KOTOPIDC liCCJie.rtoilan:ocL paccemme SJieKTpoHOB H.IUJ8MH. B 

IIPHHrume, ynpyroe paccemme npOTOHOB Ha3~ npH TaROil SHeprmI MO

~eT ,ItaTL CBe,IteHH.II O ,IteTaJIRX JUJ;epHott CTPYKTypH C JIHHeHHI:iMH pa3Mepa

Mli ~ O, 1 <fM. lfaYlieHHe pd - pacceJimm noKa3HBaeT, tJ:TO HHTepnpeTa

UIDI OII!lTOB IIO paccemrmo Ha.6om,nme yrJIH ynpoill8.eTC.II .ItJIH yrJIOB,6Jm3-

KIDC K I80°. 

3ttcnepHMeHTaJII,HO ynpyroe paccemme IIPOTOHOB smpa.MH,6oJiee T.II

~eJIHMH tJ:eM .rteiiTOH, npaKTH'!eCKli He ,rnytJ:eHO. TaR, pacceHHHe Ha 4He 

HCCJie,ItOBaJIOC!, BO BCeM ,ItRaII8.30He yrJIOB 0 OT o0 .ItO Iso0 
JmlI]!, npH 

Tp < I4 7 MsB. IIpn 6oJiee BHCOKIDC SHeprnmc H3MepeHHH IIpOBO,ItRJmC!, Jm1I1E, 

.It0 e :::::- 60°. Eme 6oJiee orpaHHtJ:eHa HHtpOPManIDI O paccemmH JUU)OM 3ire. 

CetJ:eHHe paccemmJI Ha3a.rt JUU)aMH reJIHH .ItO npoBe.rtemra HacTOHlJleil pa6o-
. ' 

TH He 6wro li3BeCTHO ,Ital!te no IIOPJW<Y BeJmtmHH. IIpHHUHIIHaJII,HHe BOII-

pocH, B03HHKa.ntllRe npli HCCJie,ItOBaHlili ynpyroro pacceHHHH 6HCTPIDC npo

TOHOB .fI.IU)aMH, MOryT 6HTL pemeHl:l, B nepl3yJJ OtJ:epe.I(I,, B OIIllTax c HaH-

6oJiee H3Y1ieHJil:lMR - Jiertrafu!mMH H,ItpaMH. B HaCTOHl!leil pa6oTe 61:lJIO npe.z:t

IIPHHHTO H3MCpeHHe ,ItRqqiepeHnzaJII,HIDC cetJ:eHmi pacceHHHH IIPOTOHOB C 

Tp-665 M3B H,Iij)&m 3ire, 4He H 6u Ha yroJI, 6Jm3KHH K rno0, .ItJIH Bll

.lICHeHHH OCHOBHllX oco6eHHOCTeft TaROro pacce.FIHIDI. PaccemIHe npoTOHOB 

TaruIMH Si,lij)aMH RHTepeCHO li D .z:tpyrOM acneKTe. M3BeCTHO~ tJ:TO nmpoKd 

Kpyr HBJieHID!: JUJ;epHOH ~H3HKH Yl{8.3HDaeT Ha cnoco6HOCTL HyKJIOHOB o6-

pa30BHBaT!, B CJIOltHWC .fI.IUl8X ,n;mraMH'!ecmi:e accornranzH pa3JIH'IIIOrO TH-

-.. na (K.nacTepu). KBa3Hynpyroe paccemme 6HcTpmc npoTOHOB 'l'aKHMH ac-

conz~ HBJIHeTO.II np.RMHM npoHBJI8HHeM KJJBCTepHOft CTPYKTYPH JUJ;ep. 

Ilportecc Bm'JIH.ZtHT KaK IIOtJ:TH ynpyroe BH6HBaHH8 JiertralmHx H,D;ep d • 
3ir, 3ire :e: T.,t. :e:3 6oJiee CJIOJtHHX. Onpe.z:teJieHHHe 38KJDJ'l8HHH o KJiacTep-

HOA CTpyitType .fI.IU)a MOXHO C,IteJiaTL,TOJILRO 3HWI xapaKTepncTmt:e: "sJie- I: 
4 
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MeHTapHoro" pacceHHM Ha cB06o.ItHmc .fI.IUJ8X d , 3i-I, 3He, 4He, 6Li • 
B IIJIOCKOBOJIHOBOM mmym,cHOM npH6JIH7.{eHHH .IU!@Jepemumm,uoe ceqem1e 

KBa3eynpyroro BH6HBaHM KJiacTepoB rrponoprwoIIam,Ho .rtlir{rpepennzam,

HOMY ceqeHmo paccemrn.lI Ha CBOOO,ItHOM KJiaCTepe H sqxpeKTliDHOMy qnc.ny 

KJiacTepoB n JUJ;Pe-MilllleHH/1-J/. a@ieKTHBHoe qncJio rrpe.z:tcTaBJIHeT co-

6on xapaRTepHCTHKy CTpy!{TypR JUJ;pa ll He .ItO.JllKHO 3UBHCeTL OT ycJIOBHH 

BH6HBaHli.lI KJiaCTepa. 0,1:{iiartO ycJIOBll.lI rrpHMeHliMOCTH IIJIOCI:OBOJIHOBOro 

m.mym,cHoro rrpn6mmeHmr yxy.z:tma.IOTCJI rrpH YMeHLmeHHH sHeprmI rcUK rra

.rtaromero IIPOTOHa, TaK H BH6HBaeMoro KJiaCTepa. Ilpu 3HeprMX Tp> 

I60 MsB H3BeCTHu J1H11II, pa60Tl:l/4 /, B KOTopmc BH6HBaeMHe H3 Jierttmc 

JUJ;ep of.. - KJiaCT8pH c :rneprHeH 10-20 M3B Ha6JIIO,Ita.JIHC!, ITO.It yrJIOM 

75-80°. RBa3HyIIpyroe BH6HBaHHe . .rteilTOHOB_ no.rt M8..7lllr.lll yr.JiaMII Ha6JID

,Ita.TIOC!, paHee B pa6oTel251. Ha6JIID,zteHHe KBa3HyIIpyroro BH6HB'.1HHH 

RJiaCTepoB, 6oJiee CJIOJKHHX tJeM ,neiiTOH, B ycJIOBUJIX nepe,natJ:H HM HM

rrym,ca ~ 10 ql,1-1, JIDHJIOC!, 6u rrpoBepKOH OC!IOBH!lX npe,ncTaBJieHmi o 

KJiaCTepHoii CTP;yKType Jierrcmc H,D;ep. TI03TOMy B HacTO.IIIll8H pa6oTe 6H

Jia rrocTaBJieHa 38,l.tatJa ;rnMepeHH.II KBasuyrrpyroro BH61rnaHn.1I 3He H 4He 

li3 JierKHX JUJ;ep no.n M8..JIHM yrJIOM K rrpOTOHHOMy IJYliI{Y, Itor.na BH6HBae

MHe JUJ;pa reJIHJI HMeIDT 3HeprHID B COTHH M3B. 

Bo BTOPOH rJiaBe -~HCcepTa!.(HH OIJHCHBaeTC.II IIOCTaHOBKa li MeTO.ItH

Ka 3KcrrepHMeHTOB. IlpOTOHHHH IIytJ:OK CHHXpo!.(HKJIOTpoHa Olliill C 3HeprH

en 665 M3B (l)OKycHpona.TICH Ha r.mmeHL, liI CHCTeI.'!Oii KOJIJmMaTOPOB BH.Ite

JmJmC!, ti:acTHIU,I, BHneTaJOt!!He H3 MHmeHH ITO.It yrJIOM 5,4° B RHTepBaJie 

± 0,05°. 

B onuTax no yrrpyroMy paccemimo 

-------

p +3ire ~ p + 3ire (1) ; p + 4He - p + 4He (2) 

perHCTPHPOBaJmC!, BHJieTa.IOmHe ITO.It 3THM yrJIOM JUJ;pa OT,ztatm 3ire H 4He. 

CooTBeTCTBYJOllllIB yro.TI pacceJIHHJI B c.u.0:. paBeH rrp:11 3TOM I69°. Yrr

pyroe pacceJIHHe :u.n;eHTHcpHl.(HpoBaJIOCL no JmHHH B 3HepreTH'!eCKOM CIIeK-
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Tpe .imep OT.ztarrn:. KHHeMaTH"!ec1rn:e xapaKTepIICTmtII paccemnm rrp:0: Bbl-

6paHHOM yr Jie perHcTPanmt .imep OT.ztatra ITpne.zteHbl B Ta6mm;e I. IlocJie 

Ta6dilllliL!.. 

itI{po- =I'HII v!Mnym,c ~e.ztame- do ( o) 
Mmnem. OT- .IU{pa OT- mmym,c dJ2.. 169 CIJ,H , 

.zta'III' 
~a'1;ii' q., \PM-1 MaB SBC c~/cTeo. 

3He 529 I803 8,8 (8,8±2,3)· 10-31 

4He 4?0 !923 9,5 (1,1±0,3)• 10-31 

6 Li 3?4 2080 10,4 ~ 2,5 • 10-34 

OTKJIOHemm B MarHRTHOM ITOJie .impa saxBaTJ,IBaJIJ,ICb WCRYCHPYJlilDM KaHa

JIOM, COCTOJJmllM ll3? MarHIITHb!X KBaJU)YITOJIE,Hb!X TPIIIIJieToB. Ha BIDCO,Ite 

Kafia.Jia pasMell!eH!il CUIIBTHJIJillIUIOHHble CtieT'llmR. CHI'Ha.JI!l C lWX ITOCTyrra

lOT Ha BXO,Itbl ::meKTPOHHb!X CXeM, KOTOpb!e II,IteHTll(p:IIIJ,HpYIOT .impa ITO Bpe

MeHII ITpoJieTa t ITP' y.ztem,Hb!M ITOTep.aM :3Hepnm JI , ITOJIHO~ ITOTepe 

aHepr:im E :0: ITpo6ery R. 
OcHOBHa.Jl'. TPY.ItHOCTb 3KCITepIIMeHTOB COCTO:IIT.B Heo6XO,It:IIMOCTII pe

rRCTpIIponan ITpoueccH, li,eylllHe c BeCbMa MaJIDMH cetiemrnMH ( < 10-30 

cM2/cTep) Ha qJOHe 3HatIRTeJIE,HO 6oJiee IIHTeHCHBIIHX ITpoueccoB (Heynpy

roe paccemme C paSBaJIOM .impa, Bbl6IIBaHIIe .zteiiTOHOB :II T.,It.). B 3TIIX 

ycJIOBIIRX He06XO,ItllMO odecITetJHTb ,ItOCTaTO'IHO 6om,mott TeJieCHb!H yroJI 

perIIcTpaD,HR II Ha.zteJltHYIO II,IteHTRWmtanm:> Bu.n;eJIHeMb!X .imep. HcITom,som

HIIe MarHIITHoro WCKyCIIPYIDil!ero KaHana,6/ IT03BOJIW!O.BHHeCTR OCHOBHYJO 

tiacu perRCTPIIpylOllleii arrITapaTypbl B 6eccpoHoBOe ITOMerrteHIIe 6ea cyrrtecT

BeHHoro yr,,em.memm a@eKTIIBHoro TeJiecHoro yrJ'IJ3. perncTpanmi. 0.IUio

BpeMeHHb!H 0T6op ITO H0CI{OJIE,KRM ITapaMeTpaM o6ecITetIRJI YBepeHHOe Bbl,Ite

JieHJ.Ie .imep 3He c aHeprIIeii 530 MaB II 4He c aHeprneii 4?0 MaB. HaII6o

Jiee CJIOJKHb!M E II,IteHTIIcpmtaIJ,HR .imep OT,ItatIII RBJIWIOCb paa.zteJieHHe tiac-

TIIU c O,ItRHaKOBb!M OTHOmeHIIeM A;'z. , TUR KaK ITPH o,ItRHaKoBOM _aHa-

tieHHII P3cp = P/~ OHR HMeIOT paBHble BpeMeHa ITpoJieTa H paa.zteJieHIIe 

BOSM~o Jiillilb ITO dE , E II R. • HcITom,aoBaHIIe, ITO KpaiiHeii Mepe, 
d){ 

6 

,ItByx ll3 3TIIX ITapaMeTpOB IT03BOJIHJIO BJ,I,Ite.lIHTb 4He ITPM OTHOmemm 

·HHTeHCIIBHOCTeii d ;4He ::::::-104 • 

IlpII HsMepeHHII p 6Li pacceJIHHJI 

p+'ti-;,. p+ 
6
Li C3> 

OJKII,ItaeMaJI cKopocTb ctieTa .imep OT,ItatJII 6 Li He npeBumaJia O.IUioro OT-

CtJeTa B qac. B aTOM cJiytJae KpoMe OT6opa ITO P ajl' tITP' R 

0.IU!OBPeMeHHO 3arrHClffi8JIHCb aMilJIHTy,Itbl mmy.%COB B Tpex 

CtieTtJRKax. JlmI YB0JIHtieHHJI Ha,JJ;eJ!tHOCTH pel'HCTpaIJ,HH pe,ItKHX co6UTHH 

ll ,ItliCKPHMID!aIJ,HH qJOHa TpeKII.tiaCTHU (JloTorIJa<!iHPOBaJIHCb B II30TpolllioA 

paap.lU{HO:il KaMepe C aJieKTp()HHOOITTH"!eCKHM YCHJiem1eM .fIPKOCTII ll306-

p~eHR.fI, ycTaHoBJieHHOH M0JK.DY ITepBblM II DTOpb!M C'l€T'IRIWMH TeJieCKO

na. KaMepa Taxoro Tmm 6WJa Bnepwe pea;msoBaHa B pn6oTax~• 7 / 

II rrpm.ieH.fIJiaCb paHee B a1tcnepm.1eHTax Ha c1mxpoIU1KJI0Tpom/ 8- 101. 
Y CTpaH0HIIe ,ItRCTOpCHH ll306~emrn: B 3./IeRTpOHHOOilTIItJeCROM rrpeo6pa-

30DaTeJie ,ItOCTHI'aJIOCb B KaMepe, YCTaHOBJieHHOii Ha RaJiaJie, MeTO,ItOM 

. MHoroKpaTHOM rpoKycupoBKII 3JieRTPOHOB B C£1JlhHOM MarHIITI!OM ITOJI/111. 
Ilapa.MeTpbl OT6op~. HCITOJII,30BaHHble n OT,IteJ!bHHX cepHRX HamIIX 

II3Mepe1m:i1, ITp:0:Be.zteHbl B Ta6JIHue 2. 3.ztecb JKe .ztM cpaBHemm yxasa

Hbl ITapaMeTpbl OT6opa B TllIIIt'¾llllX pa1oTax no Bb!6HBaHl1ID 6ucTpIDC ,IteH-

TOHOD. 1'a6.1mu<L2 

! 3KcnepHMeHT IlapaMeTpu OT6opa I -
A.. tno d'JGJ( · 

K 
Budmiamre (JI.C~Al!rzp 
Bb!6IInaHIIe_ {JI.C.ru-.r11pen 
Bb!6HBaHIIe ( R.7suttt11 e 

7 
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B TpeTI>efi r.mrne orrncmiaeTc.fI IIaMepemrn ,JUiqxilepemnram,Horo 

cetJemrn yrrpyroro p3He, p4He n p6Li pacceruoo/13- 151• B onuTax c 

reJrneM liCnOJJI,30Ba.ffi1CI, raaOB!le MIDileHH. J(Jm Ra.Jm6pomrn: IIIRaJlll TORa 

OTRJIOH.fIIOIQero MarHnTa ll3Mep.fIJIC.fI BllXO,n: ,n:eHTOHOB ll3 peaitruru 

p + p ~ d + n+, C4) 

n.n::vn1en Ha JI,n:pax BO,n:opo.n:a B ~eHT:wlliOH MIDileHH, Harro.lilI.fieMOH BO,n:O

po,n:oM. CpaBHeHHe BllXO.n:a JI,n:ep OT,n:atJH 3He n 4He c B!lXO.D:OM .n:eilTOHOB 

na peam.urn (4), cetJeHne ROTopofi naMepeHo ,J12/, rroaBoJI.fieT onpe,n:e

JIHTI> cetJeHHe (I) H (2) (cM.Ta6;rnny 1). YitaaaHHue B Ta6Jrnue 1 

ornn6RH cetJeHHH BRJilO'laJOT cTaTHCTH'leCKyro Heorrpe,n:eJieHHOCTl> M CllCTe

MaTH'leCKHe ornu6RH aRcnepmieHTa. 

Ilpu H3Mepemm pacce.fIHHJI Ha 6 Li ucrrOJJI,30BaJiacI> MmneHI> us 

ru,n:pu.n:a Jil'ITH.fI. ,UJI.fI Ka.Jm6poBOR perIIcTpupoBa.JracI> ,n:efiTOHH H3 peaK

rurn (4), ll,Izylll8W Ha .fI,I(pax BO,n:opo,n:a B TOH JKe MHllieHH. XOT.fI y,n:aJIOCI> 

npo,n;BHHyTI>cJI B 06mcT1> MaJI!lX cetJeHHi1 Ha TPH ·rropJI,n:Ra mme cetJeHHJI 

p4He pacceJIHH.fI naaa.n:, axcrrepm,leHTaJ!I,HO 6wra oueHeHa JililllI, BepxH.fI.fI 

rpamm;a npouecca (3) Ha ypOBHe 10-34cM2/cTep. 

TIOJIYtJ6HHH6 3RCnepHMeHTaJ!I,HHe pe3yJII,TaTH CJie.n:yeT pacueHRBaTI, 

JIHrnI, KaK rrepBue rnarn B uayqeHHn yrrpyroro pacce.fIHli.fI Hasa,n: npoTo

HOB B!lCOROH 3HeprnH .fI.D:PaMH, 60Jiee T.filKeJIRMH, tJeM .n:efiTOH. OHR MO

ryT C}IyJKllTI, OTrrpaBHOH TOtJROH .D:JI.fI nJiaHllpOBaHH.fI 6oJiee .n:eTaJII,HHX 3RC

nepHMeHTOB, TaK RaR npaKTH'leCRli noRaaaua B03MOJKHOCTI, H3MepeHJI.fI 

Ha COBpeMeHH!lX CllHXporuraJioTpOHax yrJIOBllX pacnpe,n:eJieHHH B npouec

cax (I),(2) .D:JI.fI npoTOHOB C 3HeprHefi .n:o 700 MaB BO BCeM ,n::irana-

30He yrJIOB. CJie.n:yeT no.n;tJepKHyTI, Tpy,n:HOCTI> rro,n:oOH!lX 3KcnepHMeHTOB, 

CB.fI3aHHyro C MaJIOCTI,IO cetJeHHH - B npone,n:eHH!lX paHee 3KCrrepHMeHTax 

no yrrpyroMy pacce.fIHmo npoTOHOB (Tu < 1 raB) H3MepeHHHe cetJeH_H.fI_. 

cocTaBJlfIJOT He MeHee 10-29 c~/cTe~. ttccJie.n:oBaHHe pacce.fIHH.fI H~aa,n: 

YJKe Ha JI,Itpe c A=6 oKaauBaeTc.fI, B JIYtJllieM CJIYtJae, Ha rpaHa aKcne-
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PIIM6HTaJII,IIHX B03MOJKHOCTeif. OueHKa Bepxnew rpaHHU!l cetJellH.fI pacceJI

HlI.fI Haaa.n: npoToHoB (Tf670 Man) .fI.ItPOM I 2c na yporurn 3.ro-33crt2/ 
CTep, noJIYtJeHHa.fI B(IG , no-BII,I(llMO!.,:Y, HaxO,n:HTC.fI ,n:a,zeKO OT .riel1cTBII

TeJII,HOH B6JIH'lllH!l cetJeHHJI. 

CpanHeHue rroJIYtJeHHmc aHatJemm c ,n:aHH!lMH npn 6oJiee mrn1rnx 

aHeprlI.fIX o6Hapyr,rnBaeT 6HcTpoe na.n:emrn ce1reumr ynpyroro paccenmL'I 

Haaa,n: c pocTOM aHeprmi:, npHtJeM 3TO na,n;emrn rrpoucxo.n::11T TeM r5ucTpee, 

tJeM 60.JJI,IIIe MaccoBoe tJIICJIO JI,n:pa-M:11IIIeHI1 (cM.puc.1). 

<I>IIaH'leCKM npHtJHHa Ha6mo,n:aer-mx aanIICHMOCTei1 npoaHaJPA3nporn:ina 

Ha 'OCHOBe qJJiyKTyaUHOHHOJ;'O MexaHll3Ma, npe,n;JIOJKeIIHoro r/17 /. Ha pnc. 

1 aarnTpHXOBaIIH!le o6JiaCTlI noKa3!lBa!OT pe3yJJI,T1lThl pacqeTa no <}OpMyJie: 

~~A ( rt I 80") = r(A). :~pN ( ~,., I Bo•). \v;i (RA) (5) 
AJ do . 

H3 pa6oTH(I8). dj{ B (5) oaHatJaeT .n:H®iepeHUHaJibHoe cetJemrn yn-

pyroro npOTOH-HJI{JIOHHOrO pacce.fIHll.fI B CHCTeMe OTCTieTa, r,n;e HMITyJlli

Cbl cTaJIKHBaI0!11HXC.fI HYKJIDHOB paBHH PA• n: PA• /A; Y<A) - ROacirii.runenT, 

aaBHC.fill!IDi OT CTeneHH ROrepeHTHOCTH pacceJIIHI.fI HaJI6TillOI11eii tiaCT!IUbl 

HYRJIOHaMH JI,n:Pa M aaRmotieHHHH B npe~emx A ~ J(A) ~ A2 , a 

w c RA) ;:: s 1 ~ r d t < s) ,, v .. 
o6osIIatiaeT Bepo.fITHOCTI, HaHTll Hyl{JIOHll JI,n;pa B 06'.beMe ¼ C i1aaMe:port. 

n -R z -~ < R JI,n:pa. 

XapaKTepHM aaBHCHMOCTI> ceTieHHR pacce.fIHHJI m1aa.11 OT ::mepruu m1Jie

TaJO!llHX IIPOTOHOB 
JL 3A-3 _u_,u_ (I80o) ~ T - -z- (7) 

d.12. pA p 
B03HmmeT npu EbltIHCJiemm no rpopMyJiaM (5) 11 (6) B npen;Jiozemrn o 

cJia6m~ H3M6H6HHH BOJil!OflH qiym,unu HCCJie,n:oBaHHblX .fI,Itep B saBncm.10-

CTH OT B8Jfil'Iilllbl O:= ~ ;/- , (r,ne D_ - paccTO.fIHil:8 OT ueIITpa T.fI-r ,~, , J, 
~eCTH JI,n:pa AO i -ro HYKJIOHa) B HHTepBaJie 3HatieHUM p =0-0,54M-1• 

ConocmTu1e1rne aKcnepHMeHTaJII,HHX .n:aHHHX c np,rne_l(eHHUMU oueH

KBMH IIORa3I1Ba6T, TITO (!)JIJ'RTyruniOHHilii MeXaHH3M nepe,n:a<rn 60.JJI,JIJoro 
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Puc.I - Ynpyroe paccemmc 6ucTprnc npoTOHOB 11a3a,n Ha JUU)aX 

d , 3He, 4He, 6L;. Toqrm: 0 - pd - paccemme; Li -
p3He - pacccmme;IJ-p'1~e;~-P 61,i - paccemrne. ce,1e1rne pac-

ceHHM npn Tp=665 ifan, 0103Ha'IeHHhle TOqI<aMU ~ 2, • 4 II 

nepxHHH rprurnua ♦ 2 nsMepeHh! n HacTOHl!(efi pa6oTe. E11:1m10-

rpaqm.fI ,npyrnx ll3Mepemn1 rrpnne,neHa n115/. JlyHRTilpHM .1Ill:-

mrn COOTBBTCTByeT nepXHeil pactJeTHOll rpamme ceqe1rn.11 .Ji}I.II 
6 l. L npM oueHKe pa,nMyca IJlJIJRTyan,roHHoro cJKaTll:.II no ,naH-
HhlM p4He - pacceJIHru:r. lllTpmc-nyHRTllpl-laH Rpll:BaH - pesyJII,
TaT BWillcJieHnn/20/ ·no Mo,neJITI no;:ocnaTa .Ji}I.II p4He-pacceJIHIDI. 

IO 

I -
I 

J 
'~ 
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HMnyJII,ca ,-,rerRnM H.llPOM npannJII,HO oTIMcunaeT ne.mrqirny M :rnepreTirqec

Ryro sanncMMOCTI, ceqeHM pacceJIHMJI Hasa,n n J4llanasm1e TP ~ O,I-I 

rsn ,n.JIH cTa6IDII,HUX H,llep OT ~eiiiToHa ,no 6ti . 
PaccMoTpeHHID1 MeXaHll3M pacce.lIHMJI He JIBJIHeTCJI e;umcTneHHO 

B03MOJKHhlM. He llCRJIIOqeHo, qTO onpe,neJieHHyro pOJII, B pacce.lIHIIItI Has:ci.rc 

nrpaeT no;:ocnaT rpynn Hyr{JIOHOB, aHMornqm,lii IIOJ:O{BaTy ueHTpoHa B 

pd-pacce.1IHM/I9/. 

Pac'IeT rrpocTei1llllIX o6MeHHHX ,nnarpaMM mmom1en B noc1re,lU{ee npe

MH B pad0Te12o1. llCIIOJII,3yJI .n:aHHh!e O BOJIHOBOii ipyHHUMll 4He II3 om.

TOD no pacce.lIHlilO aJieHTPOHOB IIPll BUCORUX 3HaqeHMRX q,, , MOlKHO no.Jiy

qnTI, cor;racIIe C 3RCIIepMMeHTaJII,HhJM 3HaqeHYieM, noJiyieHHhlM B ,ItlICCC])

TaUMOHHOll pa6oTe. 0,lU{03HD.'IHOe BHJICHeH:rn MexamrnMa pacceJIHJIJI 110.33.14 

Tpe6yeT ,naJibHeiiimero HaROnJieHM 3RCIIepMMeHTaJII,HOH mrrf,opMaumr. 

B qeTnepToiii rJiaBe OilMCHBalOTCJI 3RcnepMMeHTU no RBU3llyrlpyroMy 

nhl6IInaHlIJO 6h!CTpux H,llep 3He M 4He(14 •21 •22) Ms 6 L; , 9Ee, 12c, 

160. B1,16m~amrn ,q,nep re.1Ill:JI Ha6JIIO,na;roci, non TeM :Ke yrJI0111 5,4°m6.c., 

qTO ll B onHTax no ynp3TOMy pacceruuno. ttsyqaJrnCI, Y,IaCTRll cneRTPOB 

,q,nep re.'Ilm n6.1Ill:3II sHaqemrn MMIIyJibca ,q,nep oT,n:a,rn rrpn yrrpyroM pac

ceJIHnn Ha 3ne II 4He, T.e. n nHTepBaJie p3He = 1550-2000 Man/c .n 

p4He = 1700-2!00 Man/c. 

XapaitTepHoll oco6em1ocTI,JO na6JIIO,naeMoro B'l1rrnamm 6h!CTPllX H,llep 

remrn JIBJIHeTcJI snaqMTeJibHOe rrpen!llilemrn n1;xo,na 3ne na,n nuxo,noM 4He: 

d
d~. (TsHe > 480 Man)~(1,8±0,3)•I0-30 A•ct~/cTcp., 

_;,Jle,l 

~~11o4(T4He > 430 Man)=(6,2±0,9)·I0-32 A•c~/cTep. 

B ony6.mrnonaHHux pattee II3Mepe1mmc nuxo,na reJrnJI c aHeprneil: THe = 
I0-30 Man npll nsaMMo,neil:CTBlllI 6ucTpUX llPOTOHOB c ;rernm.m JI,npaMH 

Ha6JIIO,naJIOCI, o6paTHOe COOTHOIIIeH.ne nuxo,na 3He, 4ne123/. 3To 06'I,JIC

HJI8TCJI pas;mqneM MeXaHH3Ma ncnycHaHilJI reJIIl.lI c pasHHMll arreprIDIMn: 

ec;m 3MZCCilJI reJill:JI C Ma.JruMR 3HeprHRMil, B OCHOBHOM, o6yc~oBJieHa 
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ncrrapemreM irn no3dyi~eHHoro ,impa, ncrryc1mmrn re.mm c aHeprHeii B 

COTHI1 Man BU3BaHO rrpm,IUM B3filiMO.rteiiCTBHeM HaJieTmomero rrpoToHa C 

ruracTepaMH. IlpH BllClHB/lHlfil 4He B03MOJKHl1 CJie~Kl!l!lle rrpouecc11 B3aJ-lMO

.n:e:icTBJ1JI C I(JIUCTepaM.11: 

p + [ 4He] ~ p+4He (8) ; p + [ 3n] ➔ rr + 4He (11); 

p + f 3nej - rr+ + 4He (9) ; p + [3H] -;. ¥ + 4He (12); 

p + [3H] ➔ n°+ 4He (10) ; p + [4H] ➔ IT + 4He (13) ; 

P + [6lJ - 3He+ 4He (14). 

IT.Im, HaCimo.rtaeMuii B crreKTpax 4He, pacnoJioJKeH npn suaqeHHH HM-

nym,ca, KHHeMaTnqecKH COOTBeTCTByIDI11ero peaKu;H.!IM (8) H (13). EcJIH 

rrpe.rtIIOJIOJKHTI,, qTo Bepo.R:THOCTI, BUCiHBaHH.ll Ta.KOH KOMilaKTHOii rpynIIU 

HYKJIOHOB, KaK (4He] , rrpeBl:llllaeT BepO.!ITHOCTI, BHCiHB/lHH.!I KJiacTepa 

THIIa { 4H] , MOlitHO OTHeCTH BIDCO.Il 4He c ::mepr.11eii OKOJIO 4 70 MaB, B 

OCHOBHOM, K KBa3HyrrpyroMy pacce.R:Hmo o<-accounaUH.R:MH B .impax. 

B CJIYqae 3He .IlOIIyCTHMH CJie~e ".rtByx1IaCTHIIHHe" peaKUHH: 

p + [ 3He] -,,. p + 3He (15); p + [d] -,,. rr0 + 3He (18); 

p+ [3Hj ~ rr+ 3He (16); P+[2rtJ~rr-+ 3He (19) 

p + [2P] ~ rr++ 3He (17); p + fd] ➔ 't + 3tte (20); 

p + [4He] ➔ d + 3He (21), 

a TaID.te (14). }(nneMaTnqecK.11 B odJiacTI, aHcpr.110: 3He, 6.JIHsKyro K 530 

MaB, norr/1)\aroT TOJII,KO peaKUHH (15), (16). PeaKUH.R: (2I), 3He H3 KO

Topoii HMeeT HMnym,c 1860 MaB/c, MOJKeT .rtaBaTI, BKJia.Il B oCiJiacTH 530 

MaB He 6oJiee 20:1. 

1131,;epeHHUe yqaCTHH cneHTpa ITOCJie BI,ITIHTaHH.ll qioHa (2-'.15%) ll 

BBe.rteHll.fI p,ima nonpaBOR, KaJK.IlM !13 HOTOPIDC ne npemmiaeT 20%, no

Ka3h!BaJOT, B:TO HBa3H'Jnpyroe paccemrne rrpOTOHOB Ha 3- I1 4-HYKJIOH-

Hh!X accounau;mrx B 6 L j H 9Be .I\OBOJII,HO tieTKO npo.fIBJI.fleTc.ff B cneHT-

pax re.mm. Pa3Mh!BaHHe nHKa npH YBeJIH'leHHH MaCCOBOI:O q1rnJia ,impa

MHmeHR MOJKeT ClHTI, CB.ll3aHO C YBeJIH'leHHeM BRJIU.rta COCTO.!IHIIB C BUC0-
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KHM ypoBHeM B036y:'.t,I(eHH.ff OCTaTOqHoro Jl.Ilpa, a TaKJKe nepepacce.R:HHeM 

tiaCTHU B HatiaJII,HOM ll.KOHe'!HOM COCTO.!IHIIBX. 

BI,ITIHCJieHHe cneHTpa 4He H3 peaKu;Hll 

p + 6Li ➔ P + 
4?e + d (22) 

no nomocHofi .I\HarpaMMe KBa3Hynpyroro pacce.R:Hlf.il Ha d. - RJiacTepe Me

TO.I\OM, aH8.JIOrH'IHHM pacqezy1241, noKasmiaeT, qTo EH.It Hadmo.n:aeuoro 

cneKTpa HC npOTHBopeq.rT npe):\nOJIOJKeHlno O .IlOMHHHpyromeii pomr 3TOii J(l1-

arpaMMu. 0.ItHartO np11 Hcnom,soBaHHOM aKcnepr1rr.enTam,HoM pa3pememrn 

( f =6%) H3MepeHHUe yqacTKH cneKTPOB HeRpiiTHIIHll I{ .rteTaJim,1 pacqeTa. 

Ji!HTerpHpOBaH11e .l(BOMHoro .I\H,J:q;epeuuiia..m,noro ceqemm Bu611BaIIIL'I 

re.mm no 3Heprllll THe B OClJiaCTll KBa3Hynpyroro DUdl1BaHll.fI II03BOJI.ffeT 
do 

cpaBHHTI, ceqeHH.ll KBaauyrrpyroro Bl:JCJHBaHll.fI ( d...12.. )rrnyp c ceqeH;,1m,m 

yrrpyroro pacce.R:Hu.ff (1) u (2) (Ta6JIHu;a? H pHc.2). 

'l'a6im:~ 
' 
(~) 

do do . ( dl> 
H.ru>o ( dJ211,.J) HBYf 

( d.Ll.11,'t )HBYP' 
dJl-11,i) Irnyp 

-MH- d.Jlue3 KBYP, 
mem, cJ?/cTep (Jia6.c) ( ~ ) ;;sHe cr//cTep (Jia6.c) (cti )p4He d./2. p 

6~j (1,26±0,23) ro-29 2,9±0,? (3,6+0,?) ro-31 0,8±0,2 

9Be (I,?5+0,38) 10-29 4,I±l,I (5 4+1 2)10-31 1,2±0,3 
- 29 , - • 1 

12c iC4,2 ±0,6) ro- ~ (9,6±2) ~ crn,2±3,0) ro-3 ,{ (1,0±0,9 

mo t(6,6±I,O) ro-29 ~ (15,3±3,2, ; 
; 

TaKOe cpaBHemie IIO):\TEep,K.n:aeT npe.n;rrOJIOi!WHlie O TOM, 'ITO OCHOBHUM r:.e

xaHH3MOM. re!Iepaun0: 6HCTPUX ,imep remrn R HCCJie):\OBaHHOH oCi.JiaCTH .fIB

.lI.fleTC.ll RBa3Hyrrpyroe paccemme npoTOHOB 3- H 4-HYKJIOHHEilMH accouna

UH.lIMll C rrepe.rtaqeft HM HMIIyJII,·ca 1 Z. 9 qr,1-I, npHB:eM :,rJxper~THBHUe qz:c

Jia TaKHX accounau;nii 6JIH3Hll H paCC'UfTUII!!1,lM D paM1cax oeio.JJ:oqeq;-ioiI MO

.rte.mr SirJJeKTHBEIJM qncJiaM accounaunit THrra d , 3He, 4Het2,4". 
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P1rn.2 - A. )lt!{f1J,epeaunam,Hue ceqemm RBl13Hynpyroro paccerunm np~ 
To11on d TP = 665 M:rn B peamm:mc A (p,NX )Ha ;rernmc smpax 
H ynpyroro pX ~ pX pacceruum npH 60.111,mmc nepe~aqax HM
nym,ca HyRJIOHltl,IM accouuauwiiA x. ToqR8MH C HH,neRCBMII I,2, 
3 o6oaHaqeHH cooTneTc',fBeHHO ceqemm pe_artwm, r.ne - I. 
X = J , ,11aHHHe paeloxi/251, 2,X '" 3He; J.X =;,= 

4tte -
,11aHHHe Hacron~en paelotu; 9 - ceqenHn cnoeloiHoro 
paccenHHn; f - nepxHnn rpami~a KBaanynpyroro 
pacceirnm1. 

B. OTHomemm (nx) ceqe1rntt RBaauynpyroro paccemnm A(p,NX) 
K ceqeHHRM cno6o.IJ;Horo paccemum pX ~ pX no TeM ~e 3Kc
nepm11eHTa.111,llliM ,naHHUM. To~.e: X COOTBeTCTByX)T peaym,TaTaM 
pacqeTOB 3@leRTHBHUX qHceJI d , 3He u 4He accoUHaIJ;IDl: 
■ _(2), □- (3). 

I4 

OcHoBHUe pesy.111,TaTu CBO,wITCR R CJie.IIYJOOleMY: 

I •. lfaMepeHH .IJ;HqqiepeHUHam,Hue ceqerura ynpyroro p3He, p4He -

pacce.!IHIDI H noJiylleHa nepxrum rpaHHUa ceqeHHR p6L; -paccemrHR Ha 

yro~ !69° c,n. (TP =665 Man). 

2. YcTaHOBJieHa own.HM samwIDJI~CTI:> ceqeH:il:R paccemIHR ua::ia.n 

KaR OT aHep!'lm HaJieTa.JODtmC npoTOHOB, TaR li OT Macconoro qliCJia R.n

pa-MllilleIDI. 

. 3. J{aHa xaqecTBeHHM ruITepnpeTaUHR aRcnepm1eHTOB no ynpyro

MY paccemrmo Hasa.n Ha OCHOBe qµIyRTyaUHOHHOro MeXaHH3Ma pacceRHHR. f 

IloRasaHo, qTo HsnecTHHe n HacTORl!lee BpeMR ,naHHue no aHepreTR'iec

KOH sanucm11ocTH ce-qemm pacce.!IHIDI Hasa.n npoTOHOB JUUla.MlI d , 3He, 
4He H 6 Li n ,n:HanasoHe Tp-;:-0,2-I,O raB He npoTHBope'iaT (}jJiyKTya

UHOHHOii MO.IJ;eJIH, 

4. 8Kcnepm11eHTaJII:>HO Ha6JI10,neHO KBa3Hynpyroe BU6HBaHHe Bnepe,n 

¾e c aHeprneR ~ 530 MaB H 4He c ::meprn~ii ~4 70 Man npoTOHBMII us 

Jiermrx R,nep 6 Li , 9Be, 12c, 160 n ycTaHoBJieHo, qTO Buxo.n R,nep re

.mm C aHeprReH )400 Man onpe,ne.IDieTCR II30TOilOM 3He. 

5. HB.H,neHU OTHomemm ·ceqemm RBasnynpyroro nu6HBaHIDI 6HcT

pux: R,nep ¾e, 4He ns 6Li H 9Be R ceqeHWlM cno6o,n:Horo ynpyroro 

paccemIHR, H3MepeHHHM B yCJIOBH.IDC 60JII,illOH nepe,na'iR HMnyJII,ca BH6H

Ba8MHM R,npoM. IloJiylleHHHe BeJIINHHH 6Jrn3KH R OTHOmeHHRM Maccoooro 

'iHCJia R,npa--MHllleHH K qnc.ny HyKJIOHOB B BH6HBaeMOH accoUHaUHR. 

6. PesyJII,TaTu OilHTOB no KBa3HynpyrOMY BHOHBaHHIO RaqecTBeHHO 

COBMeCTRMH C npe,ncTaBJieHH8M O TOM, qTo reHepaUHR HaH6oJiee BHCOI(0-

3HepreTR'iHHX R,nep re.mm no.n MaJThlMH yrJiaMH R npoToHHOMy ~ on

pe,ne.IDieTca .IlOJIIDCHlnl MeXaHH3MOM KBa3HynpyrOrO paccemIHR, a 3iMJeK-

TRBHUe qncJia 3- R 4-HyRJIOHiillX KJiaCTepoB, cnoco6HUX BOCllpmIID/laTI, 

RaR neJioe HMnyJII,C BITJIOT!, .no IO qM-I, c TO'IHOCTI:>!O .no qJaRTOpa ..... 2 

COBlla.IJ;aJOT C a@leRTPIBHHMII 'iHCJia.MH acCOUHanmi THna¾e, 4He, paccqn- 1 

I TaHHIDm B prui:Kax odonotieqHon Yo~eJIH. 
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7. Ha OCHOBalIHH paHee H3BeCTHllX 11 noJiy'leHHHX IlaMH ,naHH!lX Bll

Clta3aHO npe,nnoJIOJKeHlrn O TOI.~, 'ITO npH Bl16HB'3.lllili IIPOTOHaMH C ::meprH

ev. 670 1,laB 13Ilepe,n 6HCTPI-.IX rr,nep 3ne n 4He H3 6oJiee CJIOJWIDC BCC1>Ma 

cymec·rneHHa pOJI:E, npon;eccoB MeaoHoo6paaoBaHIDI Ha KJiaCTepru/
22

/. 

8. ~JUI npoBe.rr;eHlUi aKcnepllMeHTOB pa3pa60TaHa. M8TO,nllKa n,neHTH

•:mmwrn JI,nep 3iie, 4He I! 6 Li c ::mepr:aeil B HeCKOJI:E,KO coT MaB. 31tc

nepm.1eHTa1I1>HM ycTaHOBKa no3BOJISI8T BbUJ:8J!SIT1, npon;eccH ynpyroro H 

1rna311ynpyroro paccemilUi npoTOHOB JierKHMH .fl,ll;paMH, H.IzyllU!e c ,wtqxpe

;,eHU1!3..JII,HUMll ceqeHIDJMH ro-30 - ro-34 crl-/cTep Ha cpoHe COrryTCTBYJ!r

::inx HlITCHCliBHLIX npon;eccoB C ce'l8Hli.HMH BllJIOTI, ,no ro-25cr.i2 /cTep. 

r:iaTepml.7I, nOJIOllteHHIIB n OCHOBY ,wtcCePTawrn, ony6JIHitoBaH B pa

·:5oTax/l:J.,..l5 ,21 •22/ n ,noK.rra.wmaJic.fl HU cecmmx oT,neJiemm JI,nepuoi11iH-

3HRH Ammm.rna rraYR CCCP B r.~6He (1969) n r. Ta.JIJrnHe (1970), Ha 

i!ic;;;r;ym:ipo,ni!Oli IWH:pepem~rn no r1H3HRC BHCOKKX aHepr.lift .Ii CTPYRType 

.fl,ll;pU (ClliA, Ko.rryr.:1.li.fl, 1969) Ii Ha DTOPOM IIpo6JieMHOM cnt,moanyMe ITO 

cinaHRe H,,1pa (r.Honocn6HpcK, 1970). IAeTOmNecrme BonpocH, aaTpouy

THe B ,nHccepTarnrn, ony6JIHIWBaHH B pa6oTaxl.5-7, 10, 
11 

/ u ,nORJUl,ItHBa

.'illCI, Ha Conemamrn no ~op,,mponamm n~,nmoB aapmte:;mnc qacTHl\ BHCOKKX 

aneprnii (r.,llyOHa, 1967), HU KOHtpepeH!.{HH no :r.,1epHoft pam-maJICKTPOHV.

Ke (r.MOCRB.'l, 1964), Me:1t,IIJH8pO.JTJIUX ROmpepeIID;H.flX no npm:lopaM r'I;H3H

K!i BHCOKKX :3Hepr.1ii1 (r.)t·dHa, 1964), (CIIIA, oPyitxeiiI:eH, 1966) H MCllt

,!zy'B8)40MCTB8IIHOM cer.mHape no 3JICRTPOHHOOnTH'l8CI{IlM npeo6pa30BaTeJIRM, 

yC.liJiliTeJIRM cBeTa .Ii me npllMeHeHIDJ B Hayite H TCXHiIK8 (r.MocKBa,1970). 
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