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Ha c,mxpocpasorpoHe Jia6oparop1n'I a1-1coKHX ::JHeprnl omrn a aarycre 

1970 r. 6un ocymecraneH pemnM ycKopeHHH .n;elT0H0B .n;o nunyn1ca 

II r3wc111. Hoaun pelll:HM pa6oru ycxopHrenn orxpuBaeT oqeHb HHTe

pecuue nepcneKTHDU HCIT01lb30BaHHR lW.K JJ,YqKOB penRTHDHCTCKHX .n;en

TOHOB, TaK H nyqKon MOuo:meprernqec1rnx uenrpouon,nonyqaewx Ha 

oceone peaKl.lHM CTpl!ITHIIra. KpoMe Toro ,3TOT HOBl:ll pelll:HM ycKopeHHH 

CO)teplll:HT qpesnuqalHO MHTepecuyro B03MOlitH0CTb, HMeromyro npHMOe OTHO

memie K npo6neMaTHKe uaCTOH!!lel KOmpepelll.lHH - 8O3MOlll:HOCTb pennTH

BHCTCKOro YCKOpeHHH i!HorosapH,ltHblX H0II0B. 06cyl!C,ltemie nepcneKTHBl:l 

nonyqeHHR H HCIT0nb30BaHHH nyqKQB pe1IHTHBHCTCKHX M!{0rosapH.n;HUX 

H0H0B Ji C0CTaB1IH0T TeMy M0ero )t0Kna.n;a. 

YcKopeHHe .1tenT0II0B Ha YCit0pHTene Jia6opaT0pHH BblC0KHX 3Hep

rnn OHHM 6uno )t0CTHfHJT0 6naro.1tapH CHHlll:8HHlD B .n;na pasa CK0p0CTU 

.n;eilTouoa ua BX0.n;e n.iueilHoro ycxopnTenH (HmKexropa) no cpanHemrn 

co CKOpOCTblD ITp0TOHOB Ji npOBe)teHHJD ycxopeHHR D pelJCHM0 CHHXpoqia-

3 oTpoHa B .n;na nana: anaqane Ha BTOpon xpaTH0CTH, a nocne .lt0CTH

JKeHHH npe.n;en1uon qacT0TU ycxopHromen cHcTeMH 6un c.1tenau nepexo.n; 

Ha nepByro xpaTHOCTh. Ilpe.n;noJKeHHe ocymecTBHTb raxon pelll:HM pa6oTu 

YCKOpHTe1IH 61rno c.n;e11aHO Ee3HOfHX, 3HHOBbeBUM, KasaHCitHM, MHxan-

110Blrn, Mop030M Ji IlaD110Bh!M/2/ 

TIOCK01IbKY H.n;pa .n;enTepHH o6na.n;aroT OTHOllleHHeM 3apH)ta K Macce 

rrpHMepuo TeM lll:e caMUM, qTo Ji H)tpa C O)tHHaKOBl,IM qJ,IC}IOM IIP0TOHOB 

H uenTpoHoB,T0 no11yqeuuun peJKHM pa6oTu cucTeM ycxopHrena npHro.n;eu 

M )t11H ycxopeun~ nerKHX n.1tep. 
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Jc,;opemie tJaCT1111, OUJ!a,1J;a!OI1111X 3ap.H,li01,I, ClOJihllll!U 8.I(lllll!L{LI, B rrpm1-

1111rre ,11;aeT noa1.10;rnocTh rroJiytJaTI> 3Hepr11ro ycKopHew,rx qacx1111 (rrpu 

O)iJ1HaKOBUX rrapaMeTpax ycKop11TeJIS1) Cl6Jibmyro, tJeM 3Hepr11S1 rrpOTO-

HOB, D IJl1CJIO pa3 paBHOe KpaTHOCTl1 3apSl.n;a. Hallp11Mep, Ha J.y6HeH

CKOM CHHXpOc{la.30TpOHe MOJJCHO IlOJIYtJHTh Sl,llpa reJil1SI C :)Hepr11elt 

20 ran, a Sl.n;pa KaJihUHSI C aHepr11en 200 raB. EcTeCTneHHO, IJTO 

aHepr11S1, npHXO,l(SllljaSICSI Ha O,lil1H HYKJIOH, npw aTOM 6y.n;eT BO BCeX 

cJiytJaSIX COCTaBJISITh 5 ran. 3TO COOTBeTCTnyeT OTHOllleHl1!0 CKOp0CTl1 

Sl,liep K CKO p0CTl1 CBeTa /J =. o, 98, T .e. Cylljecrnel!HO peJIJITl1nl1CTCIW• 

MY CJiytJaIO. 

OCHOBHaSI npodJieMa B l1CilOJih30Ballllll peaJil130BaHHOI'O peinrna 

c1111xporpa3orp0Ha ,l(JISI peJISIT11B11CTCKOro ycKopeHl1JI Sl,11;ep 3aKJIIOtJaeTC.fl 

B C03,l(amm )iOCTaTOtJHO 11HTeHCHBHNX 11CTOl'.JHl1KOB IlOJIHOCThIO 110HH30-

BaHHUX aTOMOB. IlOJIHa.fl 110Hl13aUHSI aTOMOB Heoc:lxo.n;11Ma ,l(Jl.fl npeo.n;o-

JieHHR TPY.IlHOCTei1, CnSl3aHHblX C noxepmm JCKOpSleMUX tJaCT11U np11 

COJ,liapeHl1SIX C aTOMa.MH OCTaTOl'.JHOro ra.3a. B yCKOpHTeJihHOn Cl1CTeMe. 

lloxepSI :MeKTpOHa MeHSleT 3apSl.n; YCKOpSleMon tJaCTHUN, B pe3JJihTaTe 

tJero Olla Bllila,I\aeT 113 pelKl1Ma YCKOpeHl1SI. 

Ilp06JieMa C03.D;aHHSI 11CTOIJHl1KOn IlOJIHOCTh!O HOHll30BaHHUX aTOMOB 

pemaJiac1 n omni n JiadopaTopww r .M.<I>Jiepona. Ha1160Jiee coOTneT

crny10I11HM ueJISIM ycKopeHHSI SI,liepB C11Hxpoc{la.30TPOHe SIBJISieTC.fl 11CTOIJHl1~ 

npe,llJIOl!CeHHU!-1 E • .U.JtoHUO.M M ero COTpy,1iHl1Ka1rn. OrrncaHMe 3TOI'O 11CTOIJ• 

Hl1Ka CO,lieplKMTCSI B .D;OKJia,lie E.)l.)IoHua, BKJI!OtJeHHO.M B n11orpaMMy 

Ham en KOHqiepeHu1111.r. H. ·PJl.eptrn, 6y,l(ytJJ1 yll!:e n TetrnHMe L!IIOr11x 

Jie~ 3HTY311aCTOM llOJiytJeHHSI nytJKOB peJISITHBl1CTCKl1X Sl,llep,oKa3aJI 

Jia6oparop1111 BllCOKMX 3Hepr11n MaKCHMaJibHOe CO)iel,1cTB11e,nepe,liaB 

!/ 

I 
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aT11 nepcneKTMBHUe pa3pac:lOTK11 113 cBoen Jia6opaTOp11M D JID3. 

0lJCH1 Bal!CHU:M MOMeHTOM ,l(}ISI nonytJeHl1SI nytJKOB penSITl1nHCTCKl1X 

SI,llep Ha CHHXpOc{la.30TpOHe JIB3 SIBJISleTC.fl C03,llaHwe 3tpqi8KTHBH0li CHC

TeMIJ Me,l(JICHHOI'O BblBO,lia ycKopeHH11X qacT11U. 

B Ha.CTOSII!18C npeMSI TaKaSI CHCTeMa IlOJJHOCThlO npOMO,llCJIHpOBaHa 

11 tJaCTl1tJH0 113I'OTOBJieHa. CorJiaCHO CYll!CCTBY!Oll!CMY npoeKTy,oHa 

)iOJ!llCHa ()l,ITh C.IlaHa B HaJia.n;Ky B KOlll~e 3Toro ro,lla. 

TaKHM o6pa30M, B Jia6opaTopm1 BhlCOKHX aHeprwn 011.ffl1 C03,11;aHLI 

BCe HeOClXO,liHMble npe,linOCl,l}IKJ,f ,l(JISI noJiytJCHl1SI B TetJeHHe 6JIHlmlill!HX 

I+I,5 JieT nytJKOB peJISITl1Bl1CTCKHX MHOro3apSl,liH11X 110HOB C OlKJ1,llaeMOf 

11HTCHCHBHOCTh!O 107 tJaCTHU B 11MflYJihCe. 

IIonytJeHHe nytJKOB penSITl1Bl1CTCK11X 11.n;ep OTKpl,rnaeT COBepmem!O 

HOB118 B03MOlKHOCTl1 B 11.n;epHon ¢H311Ke 11 B ¢H3HKe BUCOKl1X auepr11n. 

CTO}IKHOneHl1SI CJIOl!tJll,IX Cl1CTeM, 06JI~a!OlllHX CKOpOCTSIMl1,6nH3-

Kl1Ml1 K CKOpOCTjl cneTa ,He 113ytJeHN. <l>aKTJ1tJeCKH petJh 11,n:eT O C03.D;a

HHl1 HOBOi'l 06JiaCTH - peJISITl1BHCTCKOff Sl.n;epHon ¢wamrn, KOTOpon ellje 

npe,n:CTOHT C03,llaTb cno11 fl0HSITl1SI H MCTO,l(N. OcranmeecSI ,l(O rrOJiytJe

HHSI nytJKOn npeMSI He06XO,lil1MO 11CilOJih30BaTh .D;JIH pa3pa60TKl1 nepno

oqepe,n:HUX OKCnep11MeHTOB, KOTOpNe no He06XO,liHMOCTl1 )iOJilJCHl,I HMeTh 

MaCWTadu 3KCnepHMeHTOn ¢J13MKl1 aJieMeHTapHLIX tJaCTHU, T.e. BKJIIO

tJaTh 60Rbll!l1e oorHHTU, 60Jihll!Me radapMTN perHCTPHPY!Oll!Cn annapa

Typu, MHOro aneKTpl:lHl1KH, BflO.nHe noaMOllCHO 11CilOJih30naHl1e ny3IJph

KOnux H 11CKpOBUX KaMep. 

PenRT11nl1CTCKHe Sl~pa Ha6JID,liaJil1Ch flOK_a TOJihKO n KOCMl1tJeCK11X 
. . 

JiytJax, 0,l(HaKO TaKOe H3ytJeHl1e CO,liepX11T MHOrO Heonpe,lieneHHOCTen. 

J{poMe Toro, 11HTCHCHnHOCTl1 IlOTOKOn Sl,liep n KOCMJ1tJeCKl1X JiytJaX 

OtJeHh HM3KM, a cnocodu Ha6JID,lleHHSI MaJI03ippCKTJ1nHU, 
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lalt:e npouecc npoxolK.l{eHHR qepea BemecTBO peJIRTHBHCTCKHX MHoro

aapR,llHhlX qacTHU, o6yCJIOBJierrnun aTOMHhlMR CTOJIKHOBeHHRMH ,cymecx

BeHHO HylK,l{aeTCR B H3yqeHHH. Ee3 ,lleTaJibHoro HCCRe,llOBaHHR npouec

COB aTOMHOro CTOJIKHOBeHHfl peJIHTHBHCTCKHX a1ep TPY.llHO paccqnru

BaTb Ha npeUH3HOHHhle H3MepeHHfl flBJieHHtl H,llepHhlX B3aHMO,lleilCTBHtl. 

llayqeHHe npoxolK.l{eHHfl MHOroaapa,llHhlX qacTHU BhlCOKHX 3Heprnn 

qepea BemecTBO npe,llcTaBJIHeT narepec c roqxn apeHHR npoBepKH 

cymecTBYIOmHx npe,llCTaBJieHHll O COCTaBe KOCMJ'J:qecxoro H3JiyqeHHfl. 

!IOCIWJibKY HOHM3l:lpy10maR cnoco6HOCTb fl,llep 3aBHCHT OT HX CKOpOCTH 

n aapH,lla, a o6a 3Tl:I napaMerpa ,llJIH qacxnu KOcMMqecxoro naJiyqe

HHR H0H3BeCTHhl, TO pR,ll BHBO,llOB O COCTaBe KOCMnqecxoro H3JiyqeHMfl, 

HMe10mnx 6OJibmoe 3HaqeHHe ,llJifl IlOHHM8.HHfl ero npOHCXOlt:,lleHHR,MOlt:eT 

6UTb IlO,llBeprHyT H3MeHeHMHM B pe3yJibTaTe npocTellmHX OTihlTOB no 

H3yqeHHIO npOXOlK,l{eHHR qepe3 BemecTBO peJIRTHBHCTCKHX fl,llep C 3a,llaH

HHMH napaMeTpaMH(ci., •• HanpHMep, 131). HecoMHeHHO ,:nM OTihlTU ,llOJilKHhl 

6UTb B qncJie nepBooqepe,llnux • 

FOJibmon Ml!Tepec npe,llCTaBJifleT HCCJie,llOOOHHe qncTO KY JIOHOD

CKMX CTOJIKHOBeHHtl H,llep. IlpH CTOJIKHOBeHHH peJIHTHBMCTCKHX R,llep 

C 60JibffiHM z B03HHKaDT orpOMHhle 3JieKTpHqecKHe TIOJIR, )lJIR KOTO

pux xape.KTepHhl lAHOrOcpOTOHHUe npoueccu ,H MHOrO<pOTOHHOe KYJIOHOB

CKOe pacceHHHe npn llaJihlX yrJiax, RBJia10meeca xopomen MO,lleJibIO )lJIR 

HCCJie,llOBaHHfl MHOroqacrv.qHUX 06MeHOD. Oco6ut! HHTepec npe,llCTaB

JIHlOT npoueccu B3aHMO,lleilCTBHR q>OTOH-<pOTOH C HCilYCKaHJrnM, HanpH

Mep, 3JieKTpOHHOt! HJIH MIOOHHOt! napu. OueHKa ceqeHHR oOpa30BaHHfl 

naphl 3JieKTpOHOB IIPH CTOJIKHOBeHHlf y JibTpapeJIRTHBHCTCKHX sapR-

., %eHHI:IX qacTHI,I HMeeT BH,ll/4/ 

1. I Ji Jv(~y)3 
6'~.j=' l.li1t m/ ) . 
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3.l(eCb t= ! m - .r. opeHU- qJa.KTOp OTHOCHTeJibHOro ,llBHlt:eHHfl 
rr•1, 2, 

CTaJIKHBanmnxca qacTHU ±1. H ~ - KpaTHOCTH 3apR,llOB, 

J.. - nocroaaaa.R roaxon crpyx:ypH, Me , '1f 1 , h1 L -uac 
3JieKTpOHa If Ma.CCU CTaJIKHBaDmHXCfl qacTHU. 3Ta oueHKa ,ll8.6T oqeab 

60Jibmy10 Bennqnay ceqeana. PeaJibHaR BeJIHqHHa ceqeHHR 6y,ller saa

qHrenbHO ueabme aa cqex BJIHµHHR cpopuqiaxropoB H.Itep. Ilpnqeu npeo, 

Jia)(a10mHM npoueccou 6y.lleT npouecc,anaJiorHqHut! neynpyroMY cTOJIK• 

HOBeHHIO 3JieKTpOH-fl,llpO ,llJifl o6onx fl,llep. XoTfl npouecc .llBYX<pOTOH

HOro CTOJIKHOB0HHR, CKOpee Bcero,Oy,lleT nsyqea Ha BCTpeqaux nyqx1 

TeAI He lleHee HCCJie.D;OllaHHe sroro npouecca B CTOJIKHOBeHHRX pena

THBHCTCKHX R,llep MOlt:eT ,llaTb oqeHb ueHHYlO ,llOTIOJIHHT8JibHYIO HH<p0p

M8.I,IHIO. 

Cpe,llH nepBooqepe,llHhlX sxcnepHMeHTOB ocoOoe BHHMaHHe ,llOJil!CHO 

3aHHTb Hsyqeane CTOJIKHOBeHHll R,llep C 60JibfilHMH nepe,llaqaMH HMITYJib• 

ca. lisyqeHHe s<p<peKTOB, CBRSaHHHX c 60JibmHMR nepe,llaqaMH HMIIYJib

COB npH c.TOJIKHOB8HHH nenTOHOB C a,llpOHaMH HJIH a,llpOHOB C a,llpOHa

Lrn, npHBJieKaei' B TIOCJie)(HHe i'O,llhl BCe 60Jib!llee BHHMaHHe. B pesyJib• 

Ta.Te MHOroqncJieHHUX HCCJI8,llOBaHHt! 6flJIH 06Hapylt:eHfl oqeHb HHTepec

HHe 38.KOHOMepHOCTH,HOCHmne yHHBepcaJibHflt! xapaxrep. Cpe,llH 3THX 

38.KOHOMepHOCTet! oco6oe 3HaqeHHe HMeer Ma.ClllTa6HaR HHB8.pHaHT

HOCTb,ITO-BH.l(HMOMY, OTpam10maR oqeHb o6mne H BalKHHe CBOt!CTBa 

a,llpOHHOt! MaTepHH. 

ll3yqea11e RBJl0HHt! 60JibWHX. nepe,llaq HMTIYJib(a HMeeT H 6OJlbfilOe 

npHKJia)(HOe saaqeHHe:: BO-nepBhlX, B03HHKaeT BOnpoc O B03MOlltHOCTH 

TIOJiyqeHHH BTOpnqHI,IX MeSOHHflX nyqJ(OB C SHeprHet!, 3HaqnreJibHO 

npeBhlmanmen HOMHHaJibHYD 3HeprHIO YCKOpHTeJia, HanpHMep,no~yqe

HHe Me30HHflX nyqKOB C SHeprHe« B HeCKOJlbKO ,ll8CRTKOB fsB, npH 

ycr.opeHHH MHOrosapR,llHhlX HOHOB Ha ~yOHeHCKOM CHHXpOcpa30TpOHe, 
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paCClJl1TaHHOM Ha yc1-::op11TeJie · llpOTOHOD .JtO :mepr1111 IU I':rn; DO-DTO

pux, 60Jih111ue nepc.ztatJ11 UJJ.IiYJihca .11.l(pau or.n;atJ11 uoryT npuDeCTU K 

CTOJIKHOBelrn.RM T.fllKeJILJX R.ztep .l(pyr C .ztpyroM, lJTO .ztaCT D03UOl!:HOCTh 

IlOJIJlJCHU.11 Tpa11cypaHODblX :)JleMeHTOD ( B03MOlKHOCTh, 11eo.n;HOKpaTHO 

no.n;4epKUBaB11JaRC.fl r.H.<PJIOJJODb!M). 06hllJHO Ha BOnpoc O B03MOlK

HOCTU nepe,nalJH 60JiblllOi1 3Hepr11u COCTaDllbJM .ll)lpOM npOTOIIY (11anpu

Mep, CD060.I(HOMY 11 IIOKORlllCMYC.11 npOTOHy) OTDelJaIOT OTpuuaTeJibHO. 

Bhl.l(Bl1ra10rcn coo6palKeH11R O 11 1JblXJIOCTl1 11 upa, 0 MaJIOM nep0.11THOCTl1 

KOIIUCHTpaun11 3Hepr11u rpynnu HYKJIOHOD Ha 0,ll;l!OM HYKJIOHe. ll03paEe-

1111.fl 1111or.zta qiopMyJIU[)YIO'ICSl u 6oJiee Henocpe.l(C TBeHHO - HHKOMY Clllfi !IC 

y.n;aBaJIOCb llOJIYlJl1Tb nylJKl1 lJaCTHU BhICOKl1X 3Heprnn npu coy.n;ape-

111111 MaKpOCKOill1lJeCKl1X TeJI. JTl1 D03pall!'.emrn, o.n;naKo, He .IIBJI.fl!OTCR 

cepbe3HhIMU. CTOJIKIIOBeHl1.fl MaKpOCKOlll1lJeCKl1X TeJI o6yCJIOBJieHhl 

3JieKTpOMarHl1THbJMU B3al1MO,ll;e.0cTBl1.lll111, ,)(JI.fl KOTOpUX xapaKTepHO 

CYllleCTBeHHOe npeo6Jia.na1111e o.n;uocpOTOHHhlX o6Mel!OB 11 CJiado.n CB.11311 

MCE.l(Y OT.l(eJihllblMl1 3JieMeHTaMl1 CTaJIKl1Dalllll11XC.fl od'I>eKTOD. CTaTHCTH

lJeCKHe coodpal!Cel!n.11 0 llaJIOM nepORTHOCTH KOHUe!!Tpaum-1 3HCpnm 

OTHOC.IITC.11 K paBI!OBecmrn npoueccaM 11 He nMeDT OTHOllleHnR K .neJiy • 

EoJiee cepb03Hhle B03pa:i:Cl!V..fl OCHOBaHIJ Ha y6eli(.!{el!Hl1 o 11en36eJlCHOi 

CYlllCCTDClll!OM pOJIH cpopMcpaKTOpOB CTaJIKHBaIDlllUXCR lJaCTUU. 3TH 

D03pal!!:Cl!H.fl MOl!(JIO ccpOpMJ JIHpOBaTb CJie,nyIOllll1M 06pa30M: 

H3BeCTHo, lJTO ,nncpcpepe11uuaJihHOe cetJeH11e ynpyroro pacce.11Hu.11 

npOTOHOB Ha .11,l(pax 3KCITOHeuuHaJihl!O 3aBHCHT OT KBa,npaTa lJeTUpex

MepHoro nepe.l(aBaeuoro HMilYJibca: :: .--.... e~ 
..(,, 

...... K.. ' r,l(e I?_ - PMHYC .11.n;pa 
I 

.3,l(eCb p 11 p - lJeTUpeXMepHUe 11MIIYJihCIJ H 

llp11lJeM a-
t :: (P- P'J"-

•llpOTOHa .n;o 11 IJOCJie CTOJIKHOBel!H.11 • Il enc Te Me KOOp.l(HHaT, r.ne 

L 

~ 
! 

I 

\ 

1 !'.l 

l 
.I 

··~ 

npOTOI! .ItO CTOJIKHODemrn noKOl1JIC.fl ' -I: =-2 k-1.1'. :i.I(ec1, 111. -Mace 

npOTOHa, T- KHHeTnlJecKa.11 3Hepru.11, IlOJiylJeHila.11 npOTOIIOM Il pe3yJih

TaTe CTOJIKIIODClll1.fl • 1l3 np1rne.n;eH110fl cpOpMyJihl IlOJiytJaeTC.fl; lJTO ne

pOnTHOCTb nepe.n;alJl1 ·:mcpr11n -v 1 f3B 6y.l(eT COCTc'..BJI!!Tb e -40 • 

B np11De.zteHHOM pa.ccylil:,ltemrn petJb H.l(eT, o~HaKo, 06 ynpyrou 

CTOJIKHOBeHl1H n COOTBeTCTBeHHO 06 ynpyroM cpOpMq:,aKTOpe. 

HanJiytJmnn KOHTpapryMeHT - noJiytJeHne nytJKOB tJacTttU Ha 

conpeMeHHh!X peJISJTl1Bl1CTCKl1X YCK0p11TeJI.RX npn CTOJIKHOBeHHl1 npOTO

HOB c nporoHaMn. CetJeHne ynpyroro paccemrnn TI- MC30Ha Ha HYKJIOHC 

TOlite 11MeeT BH,ll;: .g- ,v e. a,-{;- , H ecJil1 du ML! paCClJ¥1Thl

BaJil1 o6pa30Ba1!11e BTOpi14HIJX IlYlJKOB ~ Me30HOB KaK nu6nBaH11e 

npOTOHOM L!e30Ha H3 Me30HHOro o6JiaKa .l(pyroro npOTOHa, TO Mb! 

npe.l(cKa3ann dbl nepxHnA npe.n;eJI ~Jin 3Heprnn nTopHl!HhlX nytJKOB n 

pano11e HeCKOJ!l,KHX r::in, KOTOpun HeB03MOlKHO npeB30i!Tn JIJ06LlM 

yDeJint-!eHl1el! 3Hepr1111 nepBlltfHblX npOTOHOB. IToJiytieHHLle Ha cepnyxoB

CKOM ycKOpHTeJie/5/ BIJXO~bl BTOpHl!HhIX IlYlJKOB 3aB11C.IIT TOJibKO OT 

OTHonieHn.11 {P1/ fi}, r)(e Pi - 11MrryJI1c BTOp11411oi! tJacTnULJ, a 

Pr - HMTiyn,c Ha~eTaIOlllero IlpOTOHa,11 lll1KaKoro nepxHero npe.n;eJia 

no :mepr1111 )(JI.fl BTOp11lJHIJX lJaCT11U He 06Hapyl!!:eHo. B lJaCTIIOCTH, 

noJiylJeHIJ IIYllKH ~- MeSOHOB C 3HeprneR 50 11 ,nalite 60 f3B Ha 

ycxop11TeJie npoTOHOB c 3Heprnen 70 ran. BeJinlJHHhl nepe~anae1llix 

11MI1YJibCOB 11 3HeprHR np11 TaKHX CTOJIKHODeH11.IIX B COTHH pa3 npeBhl

ll!BIDT odpaTHYID BeJil1lJl1HY ¢opMqiaKTOpa. XOTH Teop11.11 o6pa30BaHH.11 BTO

Pl1lJHhlX IlYlJKOB qlaKTl1lJeCKl1 OTCYTCTByeT, B fiOCJie.1411ne ro,nu Il0.fIBHJil1Cb 

OtieHb HHTepeCHble coodpaliteHH.11 0 rJiydOKOHeynpyrnx 'CTOJIKIIOBelll1SJX lJUC• 

T11u.Oco6oe Sl!alJeHne B 3TOi! CB.RSM npnodpeTaeT H~e.11 M.A.MapKOBa/6/o 

TOM, tJTO npn 60Jihm11x nepe.l(aBaeiwx nMIIyJibcax 11 60Jibm11x aHeprnnx 

npoueccu Heynpyroro pacce.11a11n JICilTOHOB Ha a~poHax ,noJixHu necTn 
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ce6SI KaK npH pacceaHl'll'l Ha roqeqHott-qacTHUe. HHaqe roBopa, 

HeCMOTpSI Ha oqeHL pe3KOe y6h!BaHl'le C pOCTOM nepeAaBaeuoro 

HMnynLCa ~OpMqia.KTOpa ynpyroro pacceSIHHSI, B Heynpyrl'IX CTOnKHO

B8Hl'ISIX B03MOXHhl 6onLllll'le nepeAaql'l HMJIYnLCOB. 3Ta l'IA8SI Hamna 

MaTeMaTHqeCK08 Bllpa.JB:8Hl'le B IlpHMeHeHl'IH MaClllTa6HOtt l'IHBapHaHT

HOCTl'l A.H.TaBXenHA38 l'l erocoTpyAHHKaMH 171 l'l nonyqHna 

6neCTSI~ee IlOATBepx.n;eHHe B 3KCnepHM8HTaX Ha 3neKTpOHHhlX YCKO

pHTenax. 

B pa6ore aBropa /Bl 6una BhlCKa3aHa ntnore3a o Tou, qTo 

cner.Tphl BTOpl'lquux '1El.CTHU Bh!COKHX 3Heprmt npl'l CTOJIKHOBeHHH 

penSITl'IBl'ICTCKl'IX M8P onpeAeRSIDTCR noKanLHhlMH CBOl1CTBaMH 

a,n;pOHHOtt MaTepHH, a He reoMeTpHqecKl'IMH xapaKTepHCTHKa:i.rn 

cranKHBaID~HXCR o6~eKTOB. IlpHqeu 3TH cneKTphl AORXHhl onHCh!BaTLCR 

TOR xe YHHBepcanLHOll ~YHKUl'lel1, qTo l'l cneKTphl BTOpl'lqHhlX qaCTHU, 

B03Hl'lltall~X, Hallpl'IMep, npH CTOnKHOBeHl'll'l npoTOHOB •. 

3TO npeAnonoxeHl'le COOTBeTCTByeT a.BTOMOAenLHOMY xapaKTepy 

noBeAemrn pemeHl'lll HeKOTOphlX 3a.,n;a.q rHAPOAHHaMl'IKH (3a,n;aqa CHRL

Horo ToqeqHoro B3ph!Ba) H 03HaqaeT, qTo npH uacmTa6HOM npeo6pa-

30BaHHl'l BceX mmynLCOB BHAa f :-+ r P qiopMqia.KTOphl, APYrHe 

Ma.TpHqHhle 3neMeHThl l'l ceqeHHR npeo6pa3YDTCSI KaK OAHOPOAHhle 

WHKUHH COOTBeTCTBYD~en pasuepHOCTH. EcrecTBeHHO, qTo MacmTa6-

HaSI HHBapHaHTHOCTL BhlnOnHR8TCSI Teu.nyqme, 118M 6onLme KBaAPaThl 

4-m.mynLCOB no cpaBH8HHI! C KBa,n;paTrull'l Mace, yqaCTBYD~l'IX B 

npouecce B381'1MOA8llCTBHSI qaCTHU. 

.B qacTHOCTH, ceqemrn o6pa30BaHHSI 6h!CTphlX M830HOB noA 

yrnou, paBHhlM o0 no OTHOllleHHD . K na,n;ar:,~euy nyqKy, B006~e 

roBopa, 3aBHCHT or ABYX nepeueHHhlX ·P1 H oT Pr • 

IO 

Ecnl'l BB8CTl'l BMeCTO 3Tl'IX nepeMeHHhlX ABe APYrHe 

-/- =- ( PJ. /Pr) u. i = V Pf +P}' ~ To 6e3 pa3MepHuit MaTpl'lqHull 3neMeHT 

S - !.!aTPHUlJ, cornacHO Macmra6Hott l'IIIBBapl'laHTHOCTH, 3aBl'ICHT 

TOJILKO or X H He 3aBHCHT OT 'Z • IlcXoASI 1'13 3THX coo6-

pa.xeHHi1, cneAJeT OXl'IAaTh, qro cneKTphl BTOpl'lqHh!X qaCTHU npH 

CTOJIKHOBeHl'IH pe~SITHBHCTCKHX SIAep 6YAYT onl'ICl:lBaTLCR WHKUl'lett f {PJ. /&), H3yqanmet!ca Ha cepnyxoBCKOM ycKOpHrene. 

Macmra6HaSI HHBapl'laHTHOCTL 61:lJla TaKXe nonyqeHa Ha OCHOBe 

npHMeHeHl'ISI napTOHHOt! MOAeJIH K Heynpyrouy pacceRHl'ID 3118KTPOHOB 

Ha npoTOHaX. CornacHO 3TOtt MOAenH,HyKnOH BeAeT ce6SI KaK COBO

KynHOCTL TOqeqHhlX qaCTl'IU - napTOHOB, KOTOpue B3aHMOAettcTBYDT 

C qacTHUet! - MHllleHLD (HanpHMep, 3neKTPOHOM) HeKorepeHTHhlM 

o6pa3oM. ~po c 6onLmHM ycnexou MOllCHO paccuaTp:irnaTb KaK "nap

TOHHhll1 ra3", 1'160 BpeMSI XH3Hl'l BHPTYanLHOro COCTOSIHHR MPa B . 
BHAe COBOKynHOCTl'l CB060AHhlX HyKnOHOB 3Haql'ITenLHO 6onLme BpeMeHl'l 

lltl'l3HH HYKnOH8 KaK COBOKYilHOCTH napTOHOB. A HMeHHO, OTHOlll8Hl'le npe

MeHH cronKHOllemrn., K 3Tl'IM BpeMeHaM cnyJirnT napaMeTpOM ManOCTH, 

onpeAenSID~HM npl'IM8Hl'IMOCTL l'IMnynLCHOro npH6nHXeHl'ISI HJll'l napTOH-

HOl1 MOA8nl'l. BMecTe C TeM H3 npHBeAeHHOrO paccyllt,!(eHHSI Bh!TeKaeT, 

4TO BepOSITHOCTL nepeAa41'1 6onLWHX HMnynLCOB onpeAenSieTCSI Beponr

HOCTLD 06Hapyl!WTL B MP8 naproH, Hecy~t! 6onLlllYD qaCTL l'IMnynL

ca Bcero SIApa, KOTOpaa HeH3B8CTHa. Ta.KHM o6pa30M, napTOHHaSI 

MOAeJib A8MOHCTpHpyeT npl'IM8Hl'IMOCTb Macm'.ta6Ho'n l'IHBapHaHTHOCTl'l 

K CTOJIKHOBeHl'ISIM penSITHBl'ICTKl'IX SJAep, OAHaKO OHa He AaeT Hl'IKaKl'IX 

yKa3aHHtl QTHOCHTeJILHO qHcnOBl:lX 3Ha'18Hl'ltl nepOSITHOCTl'l nepeAa'1H 

60JILllll'IX l'IMnYJibCOB. 

B oueHKY a6COJIDTHOl1 BeJIHql'IHhl ceqeHl'ISI AOJlllCHa BXOAl'ITL 

3HeprHSI CBSI31'1 HJIH BepOSITHOCTL HaXOX)teHl'ISI rpynnh! HYKJIOHOB B 

o6naCTH A8l1CTBl'ISI MHOroqacTl'lqHuX 06MeHOB. TpoRHl:le CTOJIKHOB8HHSI 
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tJaCTl'lI{, KaK H3BeCTHO, Bl,ltJJ,1CJISIDTCSI C no.t.!Ol!lbKl BBe.n:emrn aepoSIT-

. C Y7T llJ) HOCTH: [J == n!J 3 - 0611apylKemu1 rpeThen qac-

THUbl n OC!JiaCTH pacceSIHHSI nepnoll 1,1 BTopon tJaCTHU. 3.n:ecb 

~ - nJIOTIIOCTI, tJaCTHU copTa 3, R. - pa.i(HYC Tponnoro 

n3a1,1uo.n:encTBJ,1J1. ECJIH paccMaTpHBaTb CTOJIKHOBeHHe peJISI!l,lBHCT-

KHX Sl)(ep KaK pe3yJibTaT MHOrOtJaCTH'lJHOrO CTOJIKHOBeHHSI (~epHHll 

KYMY JIS{Tl,lBHHll 3qxpeKT), TO BepostTHOC Tb nona,I(a.HHSI IV - HYKJIO-

HOBB 06JiaCTI, MHOrotJaCTH'lJHOro B3aHMO,n;ellcTBHSI MOlKHO oueHHTb 

KaK npo1,13ne.n:emre BepoSITHOCTell { "l~;"IJ} 3 
,nJISI Kallt.n;oro 

1,13 HYKJIOHOB P N;:;; A- ,v • 3,nec1, A - nom1oe tJHCJIO 

HYKJIOHOB HaJieTaIOl!lero S!Apa. ]Jist 6oJiee Il!llBHJibHOrO no,n;ctJeTa 

nepoSITHOcTell P,.1 neo6Xo,l{l,1MO yqecn q1,1cJio KOM6Hnau1dt, 

KOTOpblM rpyrma H3 # - HYKJIOHOB MOllteT C!HTI, o6pa30BaHa 1,13 

A HyKJIOHOB SI.npa: A ! 
_..:...:..----

. v] ll!{A-fll)! 

P,; = 1-[1-A-'J 7 
(I) 

vTKy.n;a DH.n;Ho, 'lJTO BepOS!THOCTI, ytJaCTHSI B CTOJIKHOBeHHH BCeX 

HYKJIOHOB SI.npa npH C!OJII,IIIHX A HHtJTolKHo MaJia, BMecTe c reu 

.D:JISI .D:OBOJII,HO C!OJII,WHX rpynn HYKJIOHOB noJiyqaeTCSI BilOJIHe pa3YMHaSI 

BeJIH'lJHHa. 

TaKHM o6pa3 011, MS! ouen OK SI.l{epaoro KYMY JIJITl,1BH oro 3cfxpeKTa 

Ml,! npHHHMaeM CJie.n;yDJizyD MO,neJib. 

CneKTp BTOpH'llHHX tJaCTHU ,naeTCst roll xe cauon YHHBepCaJII,HOtt 

qiyHKUMell / (!i/4), KOTopolt omw1rnaercS1 Buxo.n: BTopHtJHUX 

tJaCTHU npH HYKJIOH-HYKJIOHHUX B3alfMO,n;encTBHSIX. 

AC!COJIDTHaSI lite HOpMHpOBKa cneKTpa (0Taomen1,1e BHXOAOB tJacTHU 

OT CTOJIKHOBeHHS! rpynm,1 1,13 # HYKJI.OHOB K BUXOAJ OT npOTOHOB 

npH paBHUX KHHeTH'lleCKHX 3HeprHSIX) oueHHBaeTCSI no nop~KY BeJIH-

.i.~ 

4HHu qJoptryJioil (I). CneKTP nropwnmx qacr1,1u npH 3TOM .n;omKeH 

HM en 6oJiee 11JI11 ueHe e n1,1paJKeHm,1li cry nenqar1,1n xapaKTe p np11 

nepexo.n:e OT Mel!I,WHX # K 60Jibllll1M. HanpH!.!ep, ,n;JISI .n;eliTOHOB 

nepexo,n OT (P.P1. )<: o.s- K {P.PL v) >o.s- (ue 
J. m4.t L Ma~ 

B. ..,ax - MaKCl!MaJibHOe 3HatJeHMe HMIIYJibCa BTOpl1tJHUX qacnn~ 

pa3pemeHHOro !p;l.30BUM 061,eMOM) 03HatJaeT H3MCHe1111e HOpMHpOBKH 

( 'lo)!, . P, 
cneKrpa na MHOJmTeJib: Rel ~ ~.l)J H 1,1suene1rne l Ma)( 

B ,l\Ba pa3a npu coxpaneHHH ya1,1BepCaJibHOll 3_aBHCHMOCTH / ( 1 /~ "14t). 

Harepecno OTMeTHTb, tJTO MO,nen1,, B KOTopon CTOJIKHOBeHue .n:eilTOH

SIAPO paccMaTpHBaeTCst KaK CTOJIKHOBe~He CBSl3aHHOro npoTOHa C 

SI.D:POM ,.n:aer cneKTPH BTOpH4HblX tJaCTHU,3aMeTHO OTJIHtJ8.BJUU1XCS! OT 

cneKTpOB qacn1u, KOTOpble noJiytJaDTCS! OT 60M6ap,n;HpOBKl1 CB060,4-

' HlilMH npOTOHaMH. B CJzytJae cnpaBe,11;Jil,1BOCTH 3TOtt MO,n;eJiu, CBO,l\SI-

111ellCSI K ytJeTy "qiepmrencKoro ,11;Dllll!:eHHSI 11
, cneKTp BTOPHllHUX tJacn1u 

OTpalKaeT He TOJibKO ymrnepCaJibHYD SaBHCHMOCTI, jl { f 1. ) , HO 
. <f Pa. ....,~ic.. 

J,1 CJiOlKHblll cneKTp BHpTYaJibHblX npoTOHOB B HaJieT8.IOl!leM H.n;pe. 

B Cl,1JJY 60JII,lll0ll KOMITaKTHOCTH SI.n;pa 1-1 l , corJiaCIIO 

uamell MO.n;e1m,.uolltHO paCC'lJl,lTJiB~Tb Ha noJiytzeHHe 

• 
c HMITYJibCOM P-1. , 6JIH3KHM K Bepxaen rpa1111~e 

BTOpHtJHUX qacrnu 

~ 1>t 4 ,c. ,1l;JISI 

H.n;pa, KaK ueJioro,c HHTeHCHBHOCTbD Bcero Jil,lllll, B I o2 
pa3 MeHbllle ., 

4eM npH C oy.n;apeHHU npOTOHOB, HMeR>l!IHX TY lite KHHer11qecKyD 31!eprttv, 

tJTO H sr.npa 1-1 ey ' a BeposrTHOCTb nepe.n;atrn BTOpHtJHOil qacTHUe 

311eprHH Tpex HYKJIOHOB 1,13 SI.npa H l cocTaBHT 2()%. 

TaKHM o6pasoM, corJiacno HamHM oueaxaM,06aapyJKea11e ncpe,n;aq11 

:rneprHH rpynn1,1 IIYKJIOHOB OAHOll tJaCTl,l~e, 11anpHMep, m1ony, npe,n;cTaB

JISieT co6oll Bl!OJIHe peaJihHYD 38,l(atJY, HMellUlYD 60Jibll!Oe npaKTH4eC

KOe 3HatJeHHe, H60 ueHOD CHHl!tel{l,1JI HHTeHCl,lBIIOCTH MOllCHO 3Hfi'lJl,1TeJib

HO ITO,l{HS!Tb 3HeprHD BTOpH'llHUX nytJKOB tJaCTHU ,nellCTDYDl!IHX ycKop11-

TeJiei1. 

J.J 



HeodXO.IlHMO llO)tqepKHYTb, qxo BepXHRR rpa.HH!.(a BOSMOlKHOil 

3Hepr.11.11 llHOHa )tOBOJibHO C.11JibHO orpaimqeHa KHHeMaTHKOil peaK!.(H.11 

Pih-tQ..,<:: (Ex-mr)/(i t (Ex-P:r)/IV1JI). 
3.1tecb Er h1::c P:r 

J ' 

- 3Heprna, 11acca u HMIIYJibC Hanem10men 

P.2, ~ ,_J, qaCT.11!.(hl fv1 ii - Mace a 11.11meHH. Ilpu ::c r"x 

f! ~ P, · 11. -tn-xlPx}/(i + m}/(t~ME)) 
1 ma.JC I L.:. / 

oTKY.Ila BH.ltHO, qxo ox11orueHHe /1. ma.~ /Px oqenb CHJibHO sanuc.11T 

ox oxuorueHHSI Mace h1. I/MI[ . ::lxo os11aqaeT, q:ro nepeMeHuaa 

X =- P1. /P-1. ,....,4 x Me)tJiel!IIO <1>CX0,1t.t1TCR K CBOeMy aCHMllTOTHqecKOMY 

snaqeHHJO P-J. / Pr , KO ropoe BXO.I{HT n y11.11nepcanbHYJO sanu-

c.11Mocn .nuaqe ronopn, nonpaBK.11 R Macmxaelnotl .t1Hnap1mHTHOcT.11 Ha Mac cu 

qacTl1!.( n cdJiaCT.11 3Hepr.11ii peJI.RTMBHCTCI:l'!X R,Itep, ROTOprie Cly,1tyT .IlOCTHr

HYThl B dJIMJKal1mee npeMR, CYill6CTBOHH11. ( 3TH1! sa111eqamrnM .fl Od.R3aH 

Tl.G.CTB.BMHCKOMy). 

Ilepe,ltaqa dOJibWOH 3Hepr.111'! R.ltPY OT)taqH npe,ltCTaBMeT codon 

npodJieMy,B HeKOTOpOM CM11CJie npoTHBOllOJIOlKHYJO paCCMOTpeHHOtl. 

EcTeCTBeHHO, qTO .IlJIR 3TOro rrpouecca B03MOlKHU ,ltpyrue MeXaHH3Mll. 

llanp.t1Mep, 3IJaqHT€JibHUil .11HTepec npe,ltCTaBJIReT MeXaH.113M B03H.11KHO

B€H.11R ClOJibW.11X 3Hepr.11n TRlKOJI11X ¢parMeHTOB, oelyCJIOBJieHH11H nepe

CTpollxon R,ltpa B pe3yJibTaTe BUdl1BaJt.11R HS Hero "Tpy~KH" IIYKJIOHO~. 

IlonyqeHHe peJISITHBHCTCKHX R,ltep HMeeT oqeHb xopowy10 nepcneKTHDY 

)lJIR ~fCCJie,ItOBaHHR He TOJibKO RBJIOHHll ¢par.1.1eHTal.(HH, HO H .I{JIR od11a

pylKeHHR qpesnuqallHO KOpOTKOlKHBYmHx .1130TOllOB. ECJIH npHMeHHTb K 

3a,ltaqe oelnapylKeHl!R KOpOTKOlln1DYillHX 11 3K30THqecKHX11 R,ltep MOTO.Ilhl, 

npHMeHRJlJmHecn K ¢H3HKe BUCOKHX 3lleprnn ( Hanp.t1Mep, KaMepnyn 

., Ur 

( 

. MeTO)tHity), TO OTKpUDaJOTCJI nepcneKTHBU OdHapyxeHHSI COCTOSIHHil 

C BpeMeHeM lJCH3Hl1 BllJIOTb .l{O BpeMeH "JI,ltepnoro .l{D.11lKeIIHJI 11 ro-23ceK. 

Hsyqemie ynpyroro 11 rJiydoKo neynpyrcro nsaRMo.D;eitcTBHJI peJIH

T11n.11crcxux JI,ltep ll03BO~HT ITO.l{DeprHyTb npoBepKe PH.Il MO.l{eJieil, 

.11Cll0Jlb3YOM1!X D Teop.11.11 3JieMeHTap11ux qaCT.11!.(, HdO H,ltpO MOlKeT 

CJIYJKl!Tb peaJI.t1CTHq11on 11KBapKOBOil" MO.IlOJlbllJ peJI.fITHBHCTCKoro 

ITpOTRJKOHHOrO odieKTa, 0 KOTOpOM MU MHOroe SHaeM, XOTR JI,[ 

B HepeJI.fITHBHCTCKOM npe,1tene. 

Ynpyroe pacceJIHHe peJI.fIT11BHCTCKl1X SI,ltep B HanpaBJI€Hl111 

Ha3a.1( ll03BOJil1T HCCJ!O.IlOBaTb MHOrodapHOHHI,Ie oelMeH!,I B pem1T11-

BHCTCKOH OelJiaCTH. 

MOlJCHO YKasaTb 11 PR.Il .l(pyrHX 3q$?KTOB, HCCJI€.l(OBaHHe KOTopux 

.l{aCT COBepweHHO HOBUe nocTaHOBKH .IlJI.fI Tpa.!{111.UfOHHUX npoelneM 

H.l(epHOH ¢11311Kl1 .11 ¢li3.11K.11 3JieMeHTapHUX qacTH!.(. 

0.l(HaKO ClOJibillHHCTBO HX, TaK lKe xax .11 HSJIOlKOHHUe BW!le~ 

' HYlK.l(allJTCJI B CloJiee )teTaJII,HOM KQ;rnqec:raeHHOM aHa.1rnse. 

OTKp1,rnawmaJICR nepcneKTHBa nonyqeHHJI nyqxoB peJISITHBHCTCKHX 

n.n;ep npe,1tcTaBJIJI€TCSI MHe qepsm.1qaJtuo saMa1Itll1BOll H OT HMeHH 

COTPY.IlHHKOB RaelopaTOpHH BUCOKHX 3HeprHtt OH.HM SI oelpamaDCb K 

yqacTHHKaM KOH¢epeH!.(HH C npHrJiameHHeM npHHJITb yqacTHe Bee 

peaJIH3a!lHH. 

l~J 
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