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06I.QaH xapaKTepHCTHKa )J;HCCepTaQHH 

• AKTyaJibHOCTb TeMLI. Pa:JBHTHIO 4JopMaJIH3Ma .zm» ormcaHH» 

KOJIJieKTHBHOrO H,ZJ;epHoro )J;BHiKeHHH 60JibliiOH aMIIJIHT)')J;~I IIOCBHill,eHO 

60JibliiOe quCJIO pa60T. ,[(aHHbiH 4JopMaJIH3M IIpHMeHHeTCH ,zuui 
OIIHCaHHH peaKUHH · CJIHHHH», KB<i.JH,ZJ;eJieHHH, MHOrOHYKJIOHHbiX rrepe,ZJ;aq 

c T»iKeJibiMH noHaMH H. ,ZJ;eJieHH» ».nep. B TaKnx rrpoueccax Han6oJiee 

cylll,eCTBeHHbiMH cqnTaiOTCH JIHliib HeKOTOpbie KOJIJieKTHBHbie 

(MaKpOCKOIIHqecKHe) CTeiieHH CBOfiO,IJ;bi, KOTOpbie Bbi6HpaiOTCH HCXOM 

H3 IIOYpe6HOCTeH HHTeprrpeTaUHH 3KCIIepHMeHTaJibHbiX ,IJ;aHHbiX. 

Hau6oJiee · qacTo ucrrOJIL3yeMLIMH KOJIJieKTHBHbiMH • Koop.nnHaTaMH 

HBJIHIOTCH MeiKUeHYpOBOe paCCTOHHHe HJIH OTHOCHTeJibHOe YMHHeHHe 

CHCTeMbi, rrapaMeYp rneiiKH, .ne!lJopMaUHH B3aHMO,IJ;eHCTBYIOill,HX H,ll;ep, 

MaCCOBaH H 3apH,li;OBaH aCHMMeYpHH. ,[(HHaMHqecKHM ypaBHeHHeM ,ll;JIH 

KOJIJieKTHBHbiX KOOp,ll;HHaT HBJIHeTCH . CTOXaCTHqeCKOe ypaBHeHHe 

JlaHiKeBeHa HJIH !lJH3HqecKH 3KBHBaJieHTHO~ • eMy ,ll;H4J!lJy3HOHHOe 

ypaaHeHne <I>oKKepa-IlnaHKa M» IPYHKUHH pacrrpe.neneHH» 

KOJIJieKTHBHbiX KOOp,ll;HHaT . H COIIpHiKeHHbiX HM . HMIIYJibCOB. .. ,[(JIH 

perneHHH 3THX ypaBHeHHH He06XO,ll;HMO 
0 

3HaHHe YpaHCIIOpTHbiX 

K03!lJ4JuuneHTOB: IIOTeHUHaJibHOH ::mepruu, MaCCOBbiX rrapaMeYpOB, 

K034J!lJuuneHTOB · YpeHHH H · ,ll;H4J4Jy3HH. IlpH paCCMOYpeHHH. KOHKpeTHbiX 

H,IJ;epHbiX IIpOUeCCOB CTOXaCTHqecKHe ypaBHeHHH · H YpaHCIIOpTHbie 

K034J!lJuuneHTbi' OIIpe,IJ;eJIHIOTCH B OCHOBHOM B paMKaX 

!lJeHOMeHOJIQrHqecKHX IIO,li;XO,ll;OB. 

XOTH MHOrHe CBOHCTBa · H,ll;epHbiX 
0 

peaKUHH HMeiOT KBaHTOBYIO 

IIpHpO,ll;y, BO MHOrux·uccJie,IJ;OBaHHHX Ha OCHOBe YpaHCIIOpTHbiX MO,IJ;eJieH 

KBaHTOBbie CTaTHCTHqecKHe 3!lJ4JeKTbi UrHOpnpyiOTCH H HCIIOJib3YeTCH 

KJiaCCHqecKOe. OIIHCaHHe, B KOTOpOM K03!lJ!lJnUHeHTbl YpeHUH H 

,ll;H4J4Jy3HH CB»3aHbi qepe3 KJiaccuqecKOe !lJJiyKryaUHOHHO-

,li;HCCHIIaUHOHHOe cooTHorneHne. PaccMoYpeHne 3azyxaHH» u 

!lJJIYKTYauuii a KOJIJieKTHBHoii KBaHToaoii cncTeMe a ocHoBHOM 

orpaHuquaaeTc» MapKOBCKHM · rrpttnerroM (MrnoaeHHa~ · ,nuccurraun», 

rayccoacKne .neJibTa-Kopp~H!ftill~MlhrlmCTWA)I'kauuu) · u rrpe.neJioM 
•·.L\epH1IX nccnenosannil 

L_BHB nvt cr_:n~l cA 



cna6oii CB.SI3H HJIH BbiCOKHX TeMnepazyp. HenoK.aJibHOCTb · JlHCCHnaUHH 

o6biqHO He npHHHMaeTC.Sl BO BHHMaHHe npH OITHCaHHH peaKUHH C 

T.SimeJibiMH HouaMH H )leneuH.SI. To eCTb cqHTaeTc.SI, qTo 3TH npoueccbi 

.SIBJI.SIIOTC.Sl . MapKOBCKHMH: BpeM.SI peJiaKCaUHH O)].HoqaCTHqHOH 

ITO)lCHCTeMbl 3aMeTHO MeHbllle XapaKTepHOrO BpeMeHH KOJIJieKTHBHOrO 

)lBHmeHH.SI. J103TOMY KOJIHqecTBeHHbie OUeHKH B.Sl3KOCTH, B qacTHOCTH 

O)lHOTeJibHOH, B paMKaX HeMapKOBCKOH MO)leJIH. • MOryT cymecTBeHHO .,. 
OTJIHqaTbC.Sl OT TeX, KOTOpbie ITOJiyqeubi B npe)lnOJIOjl{eHHH MapKOBCKOrO 

xapaKTepa )lHHaMHKH peaKUHH. 

,IJ;aHHbie HCCJie)lOBaHH.Sl ITOCB.SilUeHbl pa3BHTHIO HOBbiX TeOpeTHqeCKHX 

ITO)lXO)lOB K OITHCaHHIO MeXaHH3Ma .SI)lepHbiX peaKUHH npH HH3KHX 

JHeprH.SIX, yqHTbiBaiOIUHX HX KBaHTOBYIO )lHCCHITaTHBHYIO 

HeMapKOBCKyiO npHpO.lly, TaKHX KaK 3aXBaT, CJIH.SlftHe, KBa3H)leJieHHe, 

)leJieHHe .SI)lep. B OCHOBe HaiiierO <)>opMaJIH3Ma JiemHT TeOpH.SI OTKpblTblX 

KBaHTOBblX CHCTeM. McXO)l.Sl H3 )laHHOH TeopHH, CTpOHTC.Sl KBaHTOBbiH 

<)>JiyKT}'aUHOHHO-)lHCCHITaTHBHblH (JlH<)><)>y3HOHHbiH) ITO)lXO)l, B paMKaX 

KOToporo B03MOmuo JleTaJibHoe onHcauHe paccMaTpHBaeMbiX npoueccos. 

J10CJie)lHHe 3KCnepHMeHTaJibHbie )laHHbie ITO }{)lepHbiM peaKUH.SIM npH 

HH3KHX 3HeprH.SIX, uanpHMep, no rny60KO no)l6apbepHOMy CJIH.SIHHIO, 

o6uapymHBaiOT HOBbie TeH)leHUHH, He yKJia)lbiBaiOIUHeC.SI B 

cymecTsyromHe Tpa)lHUHOHHbie no)lXOJlbi. B CB.SI3H c JTHM C03)laHHe 

HOBbiX TeOpeTHqeCKHX . MO)leJieH, uap.SIJlY C COBepiiieHCTBOBaHHeM 

cymecTBYIOIUHX, paCIIIHpeHHeM rpaHHU . HX npHMeHHMOCTH .SIBJI.SleTC.Sl 

samuoii 3a)laqeif <)>H3HKH aToMuoro . .SI.llpa. ,IJ;ame B paMKax 

KJiaCCHqeCKOrO OITHCaHH.Sl npaBHJibHblH yqeT oco6eHHOCTeH .SI)lepHblX 

peaKUHH MOmeT cymeCTBeHHO ynyqiiiHTb COrJiaCHe TeOpHH C 

3KcnepHMeHTaJibHbiMH )laHHblMH. 

· · Bamuoii coCTaBJI.SIIOIUeii paccMaTpHBaeMbiX npoueccos .SIBJI.SieTC.SI 

npo6neMa npeo)loJieHH.SI noTeHUHaJibuoro 6apbepa, KaK npH Juepm.SIX 

__ B=b=::Illle 6_aJ'_J)~pa, TaK H npH no)l6apbepHblX 3HeprH.SIX. ,IJ;aHHa.SI npo6JieMa 

cneuli<)>ifqua He TOJibKO )lJI.Sl .SI)lepHOH, HO H )lJI.Sl aTOMHOH <)>H3HKH. TaKHe 

.SIBJieHH.SI, ··KaK )leJieHHe B036y)K)leHHblX aTOMHblX .SI)lep, )lHCCOUHaUH.Sl 

MoJieKYn c TeopeTHqecKoii 1-oqKH 3peim.SI· iiJ?~.llcTaBJI.SIIOT co6oii pacna)l 
'-'• 
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B036ym)leHHOH CHCTeMbi, KOTOpa.SI,, nepBO!I~qaJibHO . HaXO)l.SICb B 

KBa3HCTaUHOHapHOM ( MeTaCTa6HJibHOM) COCT<?.SIHHH, npeO)lOJieBaeT 

noTeHUHaJibHbiH 6apbep 6naro)lap.SI . TenJIOBbiM . <)>JiyKT}'aUH.SIM. 

I1o)l6apbepubie npoueccbi HrpaiOT samuyro . ponb,. uanpHMep, s TaKHX 

npoueccax, KaK 3axsaT uaneTaromero .SI.llpa .SIJlpOM-MHIIIeHbiO, CJIH.SIHHe 

T.SimeJibiX Houos H cnouTauuoe · )leJieuHe aTOMHbiX .SI)lep. KsauTOBbiH 

<)>JiyKT}'aUHOHHO-)lHCCHITaTHBHbiH (JlH<)><)>y3HOHHbiH) ITO)lXO)l IT03BOJI.SleT 

KOppeKTHO OITHCaTb TaKHe npoueCCbi. 

UeJibiO . pa6oTbi .SIBJI.SieTC.SI pa3pa6oTKa . <)>opMaJIH3Ma. )lJI.SI 

TeopeTHqeCKOrO OITHCaHH.Sl KonneKTHBuoro . .H)lepuoro JlBHmeuH.SI 

60JiblllOH aMITJIHT}'Jlbl B paMKaX KBaHTOBOro . <)>JiyKT}'aUHOHHO-

)lHCCHnaTHBHOrO nO)lXO)la H OITHCaHHe u·a ero OCHOBe 

3KCnepHMeHTaJibHbiX )laHHbiX no .SI)lepHbiM peaKUH.SIM 3aXBaTa, CJIH.SIHH.Sl 

H )leJieHH.Sl. 

Hay~IHaSI HOBU3H3 U npaJITuqecKaSI UCHHOCTb. 

• B paMKaX MHKpOCKOnHqecKOrO KBaHTOBOrO )lH<)><)>y3HOHHOrO 

ITO)lXO)la HCCJie)lOBaHbl npOHHUaeMOCTb noTeHUHaJibHOrO 

6apbepa,_ a TaKme. KBa3HCTaUHOuapua.SI cKopocTb Tennosoro 

pacna)la MeTaCTa6HJibHOrO COCTO.SIHH.Sl B CJI~ae JIHHeHHOH CB.Sl3H 

no HMnyJibCY H KOOp.llHHaTe Me)K)ly KOJIJieKTHBHOH H BHyTpeHHeH 

nO)lCHCTeMaMH: J1oJiyqeHHbie .aHaJIHTHqeCKHe .<)>OpMyJibl MOryT 

6biTb · HCnOJib30BaHbl , )lJI}I OITHCaHH.SI <)>nyKT}'aUHOHHO

)lHCCHITaTHBHOH )lHHaMHKH .SI.IJ.epHbiX peaKUHH 3aXBaTa, CJIH.SIHH.SI, 

KBa3H)leJieHH.SI, MHOrOuy!}JIOHHblX nepe)laq H )leJieHH.Sl. · 

• PaccMaTpHBaeMbiH no)lXOJl ycneiiiuo HcnoJib30Bau )lJI_.SI H3yqeuH.SI 

npouecca 3axsaTa uaneTaiOmero .SI.llpa .SIJlpOM-MHIIIeHbiO npH 

3HeprH.SIX 6oM6ap)lHpOBKH OKOJIO H HHme KYJIOHOBCKOrO 6apbepa. 

J1onyqeuo XOpOIIIee OnHCaHHe HMeiOIUHXC.Sl 3KCnepHMeHTaJibHblX 

ceqeHHH 3aXBaTa B .. peaKUH.SIX CO c<)>epH9eCKHMH H 

)le<)>opMHposauHbiMH .SIJlpaMH. , !JoKa3auo, q.fo sue o6nacm 

)leHCTBH.Sl .SI)lepHbiX CHJI-H .SI)lepuoro TpeHH.Sl na)leHHe BeJIHqHHbl 

ceqeuH.SI no)l6apbepuoro 3axsaTa uane~(:liOmero , .SI)lpa .SI.llpOM

MHIIIeHbiO C yMeHbiiieHHeM 3HeprHH fioM6ap)lHpOBKH 
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3aMe,ZUUieTC}I. IJpe.l(JIO:>KeHbl peaKQUU J(JI}I 3KCnepUMeHTaJibHOH 

nposepKu 3Toro npe,D;CKa3aHU}I. BnepBI>Ie uccne,IJ;osaua 

' U30TonuqecKM 3aBUCUMOCTb ·ceqeHU}I 3axsaTa " cpe,D;HeKBa,D;paTuquoro yrnosoro MOMenTa cuCTeMbl :Ha npuMepe 

peaKUUH · C pa3Jiit:quoii MaCCOBOH aCUMMeTpUeH; lhyqeua pOJib 

cTaTuqecKoii ,D;e<IJopMauuu }I,D;pa-MuiiieHu ·, HJIU uarreTaiOIUero 

· }I,D;pa; a TaK:>Ke Kauarra ueiiTpOHHoii nepe,D;aqu B npouecce 3axBaTa .. 
B }l,ll;pO-}I,D;epHOM CTOJIKHOBeuuu. Mccne,IJ;oBaHbi nonyqeHHI>Ie 

napuuarrbHI>Ie ceqeuu}l 3axBaTa B cpaBHeHUU c 
3KCnepHMeHTaJibHbiMU ,IJ;aHHbiMU. 

IIonyqeHbl HOBbie npu6nu:>KeHHI>Ie auarruTuqecKue <iJopMyJII>I J(JI}I 

KBa3UCTaQUOHapHOH CKOpOCTU ,IJ;eJieHU}I B036y)K,ll;eHHbiX 

aTOMHbiX }I,D;ep ·(o6o6meHHI>Ie <iJopMyJibl Kpa'Mepca) B cnyqae 

ucnoJII>30BaHU}I MHKpOKauouuqecKoro aucaM6JI}I. Onpe,D;eneua 

TOqHOCTb <IJopMyJI KpaMepca KaK B CJiyqae MUKpOKaHOHUqeCKOrO, 

TaK u KauouuqecKoro aucaM6neii. 

·· AnpooaynH paooTLI. Pe3yJII>TaTbl, npe,D;cTaBJieHHble B ,IJ;uccepTauuu, 

.tioKJia,IJ;I>Iaarrucb u·o6Cy)K,ll;aJIUCb ua uayqHbiX ceMuuapax B Jla6opaTOpuu 

TeopeTuqecKoii <IJu3uKu MM. H.H. Eoron106osa 06T:.e,IJ;uneuuoro 

UHCTUryTa }l,ll;epHbiX UCCJie,IJ;OBaHUH {,lzy6Ha), a TaK:>Ke npe,D;CTaBJI}IJIUCb U 

,ll;OKJia,IJ;biBaJIUCb Ha Me)K,ll;yHapo,D;HbiX KOH<iJepeHQU}IX "Fusion 2011" 
(Cau-Marro, <l>paHQU}I, 2011), "Rutherford Centennial Conference on 

Nuclear Physics 20 l1" (MauqeCTep, BenuKo6puTaHU}I, 2011 ), "5I,npo 

201 J?' (Capos, 2011); ' 

UyoJiu..:aynn. ITo MaTepHarraM ,IJ;HccepTauuH ony6nHKOBaHo 7 pa6oT. 
't 

06'beM ' W CTPYK!YP3 llHCCepTayun. )J;uccepTaQH}I COCTOUT U3 

_ sse~!!_~.-~~!>Ipex rnas, · 3aKJIIOqeulfj{' H npuno:>KeHU}I o6muM o6T:.eMoM 
··- 123 ·'ciJ>aHHtibi: 0 BKniDtlrui . 55 • · pHC)'HKOB H · .. cnUCOK .. UHTUpOBaHHOH 

iiuTeparypbl U3 205 HaH:MeHOBaHUH. 
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Co,D;ep*aune. paooTLI 

Bo ooeneunn. o6cy)K,ll;aeTC}I aKTYaJibHOCTb pa6oTI>I u MOTHBaUU}I 

npOBO,ll;UMbiX HCCJie,IJ;OBaHUH, ',IJ;aeTC}I KpaTKUH 0630p ·no TeMe 

,IJ;uccepTauuu. 

B ·. nepooii rJiaoe U3. MUKpOCKonul!eCKoro raMHJibTOHuaua ·. nonuoii 

CUCTeMbl · aHaJIHTUqecKU nonyqeua · U peiiieHa CUCTeMa HeJIUHeHHbiX 

KBaHTOBbiX UHTerpo-,D;u<IJ<IJepeHQUaJibHbiX · ypaBHeHUH JlaH:>KeBeHa ,ll;JI}I 

nepesepuyToro · ocuuJIJI}ITopa B npe,D;ene_ o6meii CB}I3U . Me)K,ll;y 

KOJIJieKTUBHOH·U BHyTpeHHeH nO,IJ;CUCTeMaMH. IJOKa3aHO; qTo ypaBHeHUH 

ABH:>KeHU}I J(Jij! KOJIJieKTHBHoii no,IJ;cucTeMI>I YAOBJieTBopHIOT KBaHTOBI>IM 

<iJnyKTYaQUOHHO-,IJ;UCCHnaTUBHbiM COOTHOIIIeHU}IM U COOTHOIIIeHUIO 

Heonpe,D;eJieHHOCTU. 113 HeMapKOBCKUX ypaBHeHUH, JlaH:>KeBeHa 

nonyqeHbi JIOKaJibHbie no speMeuu ypasueHH}I J(JI}I nepsoro u BToporo 

MOMeHTOB, HO c·TpaHCnOpTHbiMH K03<lJ<IJuuueHTaMU, 3aBUC}IJ:UUMU }IBHO 

OT BpeMeHU. 

Ilo,D;po6uo uccne,IJ;oBaH cnyqaii nuueiiuoii CB}I3U no HMnyni>cy u 

KOOp,D;HHaTe Me:>K,IJ;Y KOJIJieKTHBHOH U BHyTpeHHeii nO,IJ;CUCTeMaMU . 

IIonyqeni>I acuMnTOTHKH TpaHcnopTHbiX · Ko3<lJ<IJuuueuToB u. paccMoTpeH 

MapKOBCKUH npe,D;eJI. 

Bo · BTOpou rJiaoe, · ucnOJII>3Y}I pa3BUTbiH B nepBOH rJiaBe 

MUKpOCKOnlfqecKUH no,IJ;XO,IJ; J(JI}I · onucaHU}I ,IJ;UHaMUKH OTKpbiTbiX 

KBaHTOBbiX CHCTeM, paccqHTaHa npOHUQaeMOCTb (BepO}ITHOCTb 

npoxo:>K,IJ;eHU}I) napa6onuqecKoro 6apbepa. Haii,IJ;eHHM B cnyqae 

JIUHeHHOH .CB}I3U no UMnyJII>CY Me)K,ll;y KOJIJieKTUBHOH H BHyTpeHHeH 

nO,IJ;CUCTeMaMU npOHHQaeMOCTb cpaBHUBaJiaCb CO cnyqaeM JIUHeHHOH 

CBH3H no Koop,D;uHaTe. TaK:>Ke · paccMoTpeHa . npouuuaeMOCTI>, B cnyqae, 

KOr,IJ;a UMeeT MeCTO O,ll;HOBpeMeHHO KaK JIUHeifHa}l CB}I3b no UMnyJII>Cy, 
. . 

TaK U no KOOp,D;UHaTe. l13yqeHbl 3aBUCHMOCTU · npOHUQaeMOCTU 6apbepa 

OT BpeMeHH, 3HepruH, TeM,nepa'I)'pbi, CUJibl CB}I3U Me)K,ll;y KOJIJieKTUBHOH 

U BHyTpeHHeif no,IJ;C.UCTeMaMU·;:)J;Jlj{ no,IJ;6apbepHbiX 3Heprn_ii · 06HapY:>KeH 

poeT npouuuaeMOCTH npu ysenHqeuuH K03<iJ<IJHUHeHTa Tpe~J{j{. 
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PacqeThi noKa3hiBaiOT, qTo c · 3aTYXaHHeM KBaHTOBhle 3<)?<)?eKThi 

paczyT. 3TH 3<)?<)?eKThl MOryT 6hiTh .ZJ;OCTaTOqHO CHJihHhiMH npH HH3KHX 

TeMnepazypax. IIonyqeHHhie pe3yJihTaThi no.n;TsepiK.l{aiOT, qm 

KBaHTOBwi: npHpo.n:a nepexo.n:a qepe3 '6apbep ·,n:OJiiKHa 6biTh yqTeHa npH 

pacqeTe ceqeHHH 3aXBaTa B H.ZJ;pO-H.ZJ;epHOM CTOJIKHOBeHHH. 

B paMKaX HCnOJih3yeMoro no,n:xo,i{a paCCMOrpeHa KBa3HCTaUHOHapHM 

. CKOpOCTh TenJIOBOrO. · pacna,n:a: : MeTaCTafiHJihHOrO COCTOHHHH. 
"' 

HccJie.ZJ;OBaHa ee 3aBHCHMOCTh OT K03<)?<)?HUHCHTa rpeHHH KaK B CJiyqae 

JIHHeHHOH CBH3H no HMnyJihcy, TaK H B CJiyqae JIHHeHHOH CBH3H no 

. KOOp.ZJ;HHaTe MeiK.ZJ;y KOJIJieKTHBHOH H BHyrpeHHeH nO.ZJ;CHCTeMaMH. 

IIoKa3aHo, qTo .n;aHHaH 3aBHCHMOCTh HBJIHeTcH cpaBHHTeJihHO · cna6oii, 

KOr,n:a HMCeTCH O.ZJ;HOBpeMeHHO CBH3h no HMnyJihCY H KOOp.ZJ;HHaTe MeiK,n:y 

no,n:CHCTeMaMH. fl 

B TpCTbCH rJiaBe Ha OCHOBe BhiiiienpHBe,n:eHHOrO <)?opMaJIH3Ma 

H3yqeH npouecc 3axsaTa aaneTaiOmero H.n;pa H.n;poM-MHIIIeHhiO npH 

3HepmHX 6oM6ap,n:HpOBKH OKOJIO H HHiKe KYJIOHOBCKOrO 6apbepa. 

PacCMOTJ)eHa 3BOJIIOUHH .ZJ;BOHHOH H,n:epHOH CHCTeMbl no KOJIJieKTHBHOH 

KOOp.ZJ;HHaTe OTHOCHTeJihHOro paCCTOHHHH. Haii,n:eHa <)?opMyJia .ZJ;JIH 

napUHaJihHOH BepOHTHOCTH 3aXBaTa, onpe,n:eJIHIOIUeH nOJIHOe ceqeHHe 

3a:)maTa (ceqeHHe o6pa30BaHHH .ZJ;BOHHOH H.n;epHOH CHCTeMbl). 

C yqeTOM BepOHTHOCTH 3aXBaTa · paccqJITaHbl . ceqeHHH 3aXBaTa, 

cpe,n:HeKBa,n:paTJiqHhie yrnOBbie MOMeHThl COCTaBHOH · CHCTeMbl, 

acrpo<)?H3uqecKHe S-<)?aKTophi, norapu<)?MJiqecKue npoH3BO.D:Hhie L, a 

TaKiKe pacnpe.n:eneHHH 6apbepos D .n;nH pa3JIJiqHhiX peaKUHH. IIonyqeHo 

XOpOIIIee OnHCaHHe HMCIOIUHXCH 3KCnepHMeHTaJihHhiX ,n:aHHhiX KaK .ZJ;JIH 

Ha,n:6apbepHbiX, TaK H no,n:6aphepHbiX 3Hepmii .ZJ;JIH peaKUHH CO 

· c<)?epJiqecKHMH u .n:e<)?opMuposaHHhiMH H.n;paMH. IIpe.n;cKaJaHo 

y~eHh!lleHHe CKOpOCTH na,n:eHHH ceqeHHH 3aXBaTa npH no,n:6apbepHbiX 

3Hepru~?' H3:3a J:13MeHeHHH peiKHMa B3aHMO.ZJ;eHCTBHH CTaJIKHBaiOIUHXCH 

___ _!l~~p,_ !~~~-Ka_K ~npH ·3THX 3HeprHHX CHCTeMa OKa3hiBaeTCH·· BHe 30Hhl 

--·.n;eHCTBHH H,n:epHblX CHJI H H,n:epHOrO rpeHHH. ,L(aHHOe H3MeHeHHe peiKHMa 

B3aHMO.ZJ;eHCTBHH orpaiKaeTCH TaKiKe Ha cpe,n:HeKBa.n;paTHqHOM yrJIOBOM 

MOMCHTe . ( J 2
), JIOrapH<)?MJiqeCKOH npOH3BO.ZJ;HOH L H 

/ 

6 

.. 

acrpO<pu3uqecKoM S-<)?aKTope. B 3aBHCHMOCTH . cpe,n:HeKsa.n:paTuqHoro 

yrJIOBOrO MOMCHTa H S-<)?aKTopa OT Ec.m. B03HHKaeT MHHHMyM. TaKoe 

nose,n:eHHe ( J 2
) .zioJiiKHO npHBO.ZJ;HTh K , yseJiuqeHHIO aHH301pOnHH 

yrnosoro pacnpe.n:eneHHH npo.n;yKToB .n;enef!HH, HKBa3H,n:eJieHHH. 

PHc. 1. 3asHCHMOCTH- pac'ieTHLIX 

(cnnolliHbie IqmsLie) ceqemrn 3axBaTa (a) 
If cpe~HeKBaApaTH'iHOfO yrJIOBOfO 

MOMeHni CHCTeMhl llOCJie 3axBaTa (6) OT 

Ec.m. MH peaKUHH 
16 0+

208
Pb B 

cpaBHeHHH C 3KCnepHMeHTa.rJhHhiMH 

~aHHhiMH, llOKa3aHHhiMH 3Ha'IKaMH. 

CTpeJIKOH o6o3Ha'ieHa aeJIH'IHHa 

KYJIOHOBCKoro 6apbepa. 

103 c:' I ' ~·' 10
1 

• • ' • q 

~ 10'1 
~ 

' ;'! 10"' 

48 

40 

!:! 32 
~I\ 

~ 24 
v 

22Ne+208Pb 

v. =89.2M38 

(6) 

80 90 '100 110 120 ' 130 

E ,MaB c:.m. 

PHc.2. To )l(e, 'ITO H Ha pHc.l, TOJILKO 

MH peaKIIHH 
22 N e -1- 208 

Pb • 

lJTOfihi HCKJIIOqHTh H3 paCCM01pCHHH 3<)?<)?eKThl, CBH3aHHbie C 

,n:e<)?opMaUH,<?H H opHeHTaUH~H B3aHMO.ZJ;CHCTBYIOIUHX H,n:ep, B nepsyiO 

oqepe_rih 6hiJIH H3yqe~Hhl ~Jie.eyiOIUHC pe~l(UHH C_O,_c<l>epHqecKH~_H_ ~.D:p(lMH: 
4He, t6o,. 36S, 4sca, soTi + 2osPb, 209Bi H 22Ne+208pb-(fnic. 1 H: 2). 
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.s 

35 

30 

.·St 25 

·~ 20 v 
.15 

10 

5_ 
60 

-- '
00+201Pb 

•• - - '
00+ 204Pb 

....... •e0+200Pb 

--- '
50+1911Pb 

(a) 

.J:}-pt.;-..~1 
~?}}!;:' 

~~,11 
.., .. , 

~~~.,., 
o.;· 

..,:,_,?;;· 
r,.,., 

.:1? (6) 

65 70 75 80 85 90 95 100 

E•.m.' M3B 

Pile. 3. 3aBIICIIMOcm pacqeTHhiX 

9eqeHI1H 3axsam (a) II 

cpe,nHeKBlUI.pamqHhiX yrnoBhiX 

MOMeHTOB CIICTeMbl DOCJie 3axBanl (6) OT 

Ec.m. ,uJIH COOTBeTCTBYIOmHX peaKU:IIH B 

cpaBHeHIIII C 3KCnepHMeHTaJihHhiMII 

,naHHhiMII. TeMHhiMII CIIMBOJiaMII 

DOKa3aHbi 3KCnepi1MeHTaJihHbie ,naHHbie 

,uJI$1 peaKIJ;IIII 
16

0 + 
208

Pb, CBeTJihiMII -

,uJI$1 160+204pb. 

~-
..; 

(a) 

I 
.a 
::E 

.. -..s10° 
<1 
~ 10"

1 

f I I I I I I I I I I ~··· ~ 600 ~'-~ , .. , I I I •'''1 

~ 400 

:1200 
Q 

0[ {•.;,o·,,f!l, I ~ 

64 68 72 76 
E•.m.' M3B 

80 84 

Pile. 4. PacqeTHhie 3HaqeHHH 

norapii<l>MIIqecKoii npOI13BO.UHOH L (a), 
ac:Tpo<l>I13IIqecKoro S-<l>aKTopa · c 

l1 o = TJ(E •. m. ,;, Vb) ( 6), r,ue l1 
napaMeTp 3oMMep<l>enL,na, II 

pacnpe,ueneHHH 6apLepos 

D =d2 (Ec.m.cr cap )1 dE;m, (B) ,uJI$1 

cooTBe-rCTByromnx peaKUIIH. TeMHhiMII 

CIIMBOJiaMII 

3KCnepi1MeHTaJibHbie 

peaKU:IIII 
16

0 + 
208

Pb, 

160+204pb. 

DOKa3aHbl 

,UaHHhie ,uJIH 

CBeTJihiMII - ,uJI$1 

· Hccne,ZJ,oBaHa H30TOnlfqecKWI 3aBHCHMOCTb ceqeHH.H 3axsaTa H 

cpe,ZJ,HeKBa,ZJ,paTlfqHoro yrJIOBOrO MOMeHTa COCTaBHOH CHCTeMbl Ha 

DpHMepe CJie.ZJ.YIOIIJ.HX peaKU,HH: 4He, 160, 368, 48 Ca + 196• 200• 2~· 208Pb {pHc. 

3 H 4). 06Hap)')KeHo, qm ysenHqeHHe qHcna HeiiTpoHoB s Po 
::-j:noco6c-isye-f. ,. ~npou,eccy· --·3axsaTa:·-c · H3oTonHqecKWI · · ·3aBHCHMOCTI>

cpasHHTeJII>Ho. cna6ru~'speaKu,H.Hx c 4He H 16 0, TaK KaK .H.ZJ.pO-.H.ZJ.epHI>Iii 

noTeHu,Han cna6o 3aBHCHT oT Maccosoro qlfcna .H.ZJ.pa MmneHH .ZJ.JI.H 

8 

1\ 

1 

t:\ 
\( 

CHJibHO acHMMeTpHqHI>IX peaKu,Hii. B peaKU,H.HX . c 36 S · H ~8 Ca 

H30TOnHqecKWI 3aBHCHMOCTb OKa3biBaeTc.H 6onee CHJII>Hoii. -. HaKJioH 

3aBHCHMOCTH ceqeHH.H 3axsaTa OT Ec.m. npH rny6oKo no,ZJ,6apoepHbiX 

:meprH.HX He qyBCTBHTeJieH K qlfCJIY HeHTPOHOB CHCTeMbl . 

103 

1
<r k" 1R-

1
1_,_ I I 

% 10' '=: ' 'l 

~ 10° 
- 10'1 

tJ~ 10-2 
10-3 
10~ 

10-5 Vb=59.0M3B 
30r,4,,; ''''I I• I I 1,,· I I •I• ,,,,,,.,·] 
25 ' I 

1\ 20 ..., 
v 15 

10 

5 
I . I I ' 1 I I I I I I I ' '7'. I 

45 50 -- -

Ec.,;_,M3B 

Pile. 5. · 3asiiCIIMOCTII pacqeTHLIX ceqeHIIH 

3axsaTa (a) II cpe,nHero . yrnosoro 

MOMeHTa CIICTeMhi DOCJie JaxBaTa (6) OT 

Ec.m. ,uJIH peaKIJ;IIII 
16

0 + 
152Sm. PacqeTbl. 

c J'IeTOM cmmqecKoii .ne<l>opMaUIIII Hi:tep · 

Il306piDKeHbi CDJIOWHhiMII KpiiBhiMII,' 6e3 

yqem - lllTpiiXOBhiMII. CIIMBOJiaMII 

DOKa3aHbi .3KCnepiiMeHTaJihHbie ,UaHHble. 

CTPeJIKOH o6o3Haqena seniiqiiHa 

KYJIOHOBCKoro 6apLepa B cnyqae 

c<t>epiiqecKHX ~~P· 

.s 
::E 
c;-
u.} 
:~ 

:r 
~ 
c;-

-~ 
u.t 
) 

14 ~(a} 
12 
10 
8 
6 
4 
2 

.s 0.16 
::E 
c:; 0.12 

·e tu"o.os 
:--50.04 
b 

0.00 
0 

160+152Sm 

5 10 15 20 25 30 35 40 
J 

Pile. · 6. 3asnciiMOCTII · ' pacqeTHhiX 

napu;IIaJihHhiX ceqeHIIH 3axsam oT J 
npii <l>IIKCIIpOBaHHhiX E c.m. ,uJIH peaKIJ;HII 

160 + 
152Sm. Pac~eTLI c yqeroM 

CTamqecKoii .ue<l>opMaU:IIII 
1 

•• · H,uep 

Il306piDKeHbi . CnJIOWHhiMII KpiiBhiMII, 

6e3 yqem - lllTpHXOBhiMII. CIIMBOJiaMII 

DOKa3aHbi 3KCnepi1MeHTaJihHble 

,uaHHhie. 

... ' ....... ,'"CC -- ··- ., .... , ... ~--16 .••. 112 . ••·• '16 '""152 ·• 
Ha npHMepe peaKU.HH 0 + Cd, 0 + Sm, ·160' + 184w; 

64N·:. 64N· ... 19F 4-'11sLu, 2ssi + 94Mo, 2ssi + 1ooMo, ssN'i + 64Ni, 
• c. 1 + I, 
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64 Ni +100Mo IJ3yqeHa pOJib .ne!l>opMai .. UfH H,D;pa~MUIIIeHU U/UJIU 

HaJI_eTmomero H,npa, a TaiOKe KaHana HeihpoHHoii nepe,naqu B npou.ecce 

3aXBaTa B H,D;pO-H,D;epHOM CTOJIKHOBeHUU. PaccquTaHbl llOJIHbie (puc. 5) U 

mipu.uanbHbie (puc. 6) ceqeHUH -3axsaTa · u cpe,nHue yrnoBbie MOMeHTbi 

CUCTeMbl llOCJie 3aX~aTa B cpaBHeHUU C 3KCnepuMeHTaJibHbiMU ,naHHbiMU. 

IloKaJaHo, qTo 3KcnepuMeHTaJibHO _ Ha6mo.naeMoe .. -_ ysenuqeHue 

no,n6apbepHOrO ceqeHmi _ 3aXBaTa U COOTBeTCTBY.IOIUee U3MeHeHUe 
J 

yrJIOBOrO MOMeHTa B 3TUX peaKU.UHX CBH3aHbl C 3!l>cpeKTOM 

l<sa.npynoJibHoii .ne!l>opMau.ueii. CTaJIKUBawmuxcH H,nep. ,[J;nH peaKu.uu 
64 Ni +100Mo yqeT 3<P!l>eKTa- .nsyxHeiiTPOHHoii nepe,naqu cna6o BJIUHeT 

Ha llOJIHOe U napU.UaJibHOe ceqeHUH. 3TO CBH3aHO C TeM, q~o npou.ecc 

nepe,naqu npaKTuqecKu He Bhl3biBaeT U3MeHeHue eynoHOBCKoro 6apbepa. 

B peaKu.uu 58 Ni + 64Ni .nsyxHeHTPOHHM n_epe,n;aqa npuso.nln K 

ysenuqeHUIO ,ne<t>opMaU.UU JierKOro H,D;pa U, COOTBeTCTBeHHO, K 

yMeHbiiieHUIO BbiCOTbi KYJIOHOBCKoro 6apbepa, qTo B cso10 oqepe,nb 

ycunusaeT 3axsaT. B peaKU.UHX 2~Si + 94' 100Mo Ha6nw.naeTCH 

npOTUBOllOJIO)J(HaH KapTUHa. 

B qeTsepToii rJiaoe B paMKax .nu<P<PY3UOHHoro no.nxo.na paccMOTPeH 

npo~ecc .neneHuH B036y)J(,neHHbiX aTOMHbiX H,nep. IIonyqeHbi 

npu6JIU)J(eHHbie _ aHaJIU}'UqecKUe !l>opMyJibl ,[{JIH · KBa3UCTaU.UOHapHOH 

cKopocTu .neneHUH (o6o6meHHbie <PopMyJibi KpaMepca) B cnyqae 

UCllOJib30BaHUH MUKpOKaHOHUqeCKOrO aHCaM6JIH. fiyTeM cpaBHeHU» 
- T' 

pe3yJibTaTOB aHaJIUTuqeCKUX _ Bbipa)J(eHHH' U tJUCJieHHOro pacqeTa C 

ucnOJib30BaHueM .nu<P<PY3UOHHoro ypasHeHUH CMonyxoscKoro 

on'pe,D;eJieHa TOqHOCTb !l>opMyJI KpaMepca B IIIUpOKOM ,n~anaJOHe 
' ~, . • i. ·.: ' _, ' . • 

OTHOIIIeHUH BbiCOTbl 6apbepa ,neJieHUH -- ·B1 K TeMneparype 1', 
KBa3UCTaU.UOHapHOrO COCTOHHUH KaK B cnyqae MUKpOKaHOHuqeCKOrO, 

TaK u' KaHoHuqecKoro aHcaM6neii (puc. 7). Haii,neHo, qTO ToqaocTb 

UHTerpaJibHOH !l>opMyJibl KpaMepca COCTaBJIHeT 2%, qTo cymecrseHHO 

Bbiiiie,_ qeM. y OfiblqHOH !l>opMyJibi, nonyqaeMOH U3 UHTerpaJibHOH npu 

- ---- H:cno.rib36aaiiull ----~ isa.npaTuqHoro iipli6iili51<eHil.» u 6ecK(meqHbix 

npe.nenos ·uaTerpuposaHUH. PacqeTbi nposo.nu~ucb M» TPeX ~.nep c 

pa3JIUqHoii BbiCOTOH 6apbepa ,neJieHUH U ,D;JIUHOH cnycKa OT ce,D;JIOBOH 

10 

ToqKu ,no· TOtJKU·- pa3pbiBa. - • fiOKa3aHO, ; qTo :· 'UCllOJib30BaHUe 

KaHoHuqecKoro · aitcaM6JIH- M» npouecca ·.neneHu.SI onpas.naHo: TOJihKo a 

CJiyqae, KOr,na aTOMHOe H,D;pO . HaxO,[{UTCH B CHJibHO -B036y)J(.[{eHiiOM 

COCTOHHUU. 

l{!j 

1.0 . . ... -: . -. 

~0.8~- '" ~17.-,,,r:. V. v._ 17. 
.._ V. ' v\1. . \7. "1! 0.6 \ \ . . . \7\1 
0:: 0.4 ' .• "\, \, ' \\ 

u ~ ' \. \. v ~ 0
·
0o 2 4 6 8 10 12 2 4 6 8 10 12 14 2 4 6 8 10 12 14 

e e e· 
-. 

PHc. 7. B 3aBHCHMOCTH OT napaMe-rpa e = B1 1T. noKa3aHbi ornocHTenhHbie 

OTKnOHeHIDI q10 = (R1 - R0 )/ R1' ( V) H q00 = (R0 -R0 )/ R
0 

(T), paccqHniHHbie .1WI 

cnyqaeaKaHoHHqecKoro (KA) (a~e) H MHKpOKaHOHHqecKoro (MKA)'(z-e) aHcw6neii, H 
ornoweHHe KBa3HCTauHoHapHbiX ciopoCTeii .AeneniDI (;){C-u). PacqeTbi c,AenaHbi c 
Hcnonh30BaHHeM F-noreHUHana (aHanHrnqecKM annpoKCHMaumi noreHUHana c 

KOHe~~biM pa.zUtyCOM B33HMO,AeHCTBHH) ,lWI 
232 U (cnesa), 214Ra (B cepe,AHHe) H 

208
Pb · (cnpaaa). Ros H Rorc ...:.. KBa3HCTaUHo~apHhie .Aii~aMHqecKHe cKopocrn, 

paccqHTaHHLI~ a'cnyqMx MKA H KA cooTBeTCTBelmo . . R
1

, R
0 

.:... ~a3nCTaUHOHapHbie 
cKopocn:t', pacc<IHnmHhle ~o 'lmrerpanbHolt · cpopMYJie u cpop~yn~ a cnyqae 

caepx3azyxaHHH cooTB~eHl{o.-R0 - KBa3HCTal.{HoHapHM .AHHaMHqecKM cKopoCTb. 
-:- ---- -;:-·.-

B 3aKmoqeuuu cyM~mpywi'cH pe3yJihTaTbi; Bbi,nsuraeMbie,Ha3amury. 
. ' 
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B . npuJIO:)Keuuu .n;aiOTC.H .HBHhie Bhipa>KeHH.H .AJI.H 34>4>eKTHBHOH 

TeMnepaT)'pbl H aCHMnTOTH'IeCKHX }J;HCnepCHH KOJIJieKTHBHhiX 

KOOp.D;HHaT. 

Ha Jamury Bbill.BHraroTCH CJiep.yromue pe3yJibT3Tbi: 

• Pa3pa6oTaH MeTo.n; pacqeTa. npoHiiluieMOCTH · noTeHUHaJihHoro 

fiapbepa H KBa3HCTaUHOHapHO~ CKOpOCTH TenJIOB~O pacna.n;a 

MeTaCTafiHJihHOrO COCTO.HHH.H Ha OCHOBe MHKpOCKOnH'IeCKOrO 

KBaHTOBOro .AH<i><i>Y3HOHHOrO no.n;xo.n;a. MeTO.A HCnOJih3yeTC.H KaK 

B CJiyqae TOJihKO JIHHeHHOH CB.H3H no HMnyJihCY Me>K.n;y 

KOJIJieKTHBHOH H BHyrpeHHeif · nO}J;CHCTeMaMH, TaK H B fionee 

o6meM CJiyqae JIHHeHHOH CB.H3H no HMnyJihCY H KOOp.D;HHaTe. 

IlpH no.n;6apbepHhiX 3Hepm.Hx npe.n;cKa3aH -poet npoHuuaeMOCTH 

c }J;HCCHnauHeH. IloKa3aHo, 'ITO 3aBHCHMOCTb 

KBa3HCTaUHOHapHOH CKOpOCTH 

K03<i><I>HUHeHTa rpeHH.H .HBJI.HeTC.H 

HaJIH'IHH CB.H3H no HMnyJihCY 

Tennosoro pacna.n;a oT 

cpaBHHTeJihHO CJiafioif npH 

H KOOp.D;HHaTe Me>K.n;y 

KOJIJieKTHBHOH H BHyrpeHHeif nO}J;CHCTeMaMH. 

• PaccMarpusaeMhiH no.n;xo.n; HcnoJih30BaH .AJI.H H3yqeHH.H npouecca 

3axsaTa HaJieTaiOmero .H.n;pa .H.n;poM-MHIIIeHhiO npu 3Hepm.Hx 

fioMfiap.n;HpOBKH OKOJIO H HH>Ke KYJIOHOBCKOrO fiapbepa. 

IloJiyqeHa aHaJIHTH'IeCKa.H <t>opMyJia ,WI.H napUHaJihHOH 

sepo.HTHOCTH 3axsaTa, onpe.n;eJI.HIOI.Ueii ceqeHHe o6pa3osamm 

.n;soiiHoii .H.n;epHoii CHCTeMhi. Pacc'IHTaHhi noJIHhie :u 
napUHaJihHhie ceqeHH.H 3axsaTa, cpe.n;HHe (J) H 

cpe.n;HeKBa.n;paTH'IHbie ( J 2
) yrJIOBbie MOMeHTbi o6pa30BaHHOH 

.n;soH:iioH: . .H.n;epHoii cHcTeMhi, acrpo<i>ll:3H'IecKHe S-<PaKTophi, . . 

. norapH<i>MH'IeCKHe npoH3BO.AHhie L, a TaK>Ke pacnpe.n;eneHH.H 

6apbepos .z:vrn pa3JIH'IHhiX peaKUHH. Mccne.n;osaHhi . 3<l>peKThi 

---·-- . , __ C!~!Hc'leCKOH .n;e<i>opMaUHH B3aHMO.D;eHCTBYI01UHX .H}J;ep, nepe.n;aqH 

HeifrpOHOB Me>K.n;y .H.D;paMH Ha ceqeHHe 3aXBaTa H H30TOnH'IeCKa.H 

.. 3aBHCHMOCTb Ce'leHH.H 3axBaTa. IloJiy'leHHbie pe3yJihTaTbi }J;JI.H 

peaKUHH . CO c<t>epH'IeCKHMH H .n;e<i>opMHpOBaHHhiMH .H.n;paMH 
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HaXO}J;.HTC.H B xopoiiieM cornacHH C · HMeiOI_UHMHC.H 

3KCnepHMeHTaJihHbiMH .n;aHHhiMH. 

• Ilpe.n;CKa3aHO yMeHbiiieHHe CKOpOCTH na.n;eHH.H Ce'leHH.H. 3axBaTa 

npH no.n;6apbepHhiX :mepm.Hx H3-3a H3MeHeHH.H pe>KHMa 

B3aHMO.D;eHCTBH.H CTaJIKHBaiOI.UHXC.H .H.n;ep ·BCJie.D;CTBHe TOrO, 'ITO 

BHeiiiH.H.H TO'IKa nOBOpOTa . HaXO}J;HTC.H BHe OfiJiaCTH .n;eifCTBH.H 

.H.D;epHOrO B3aHMO.D;eHCTBH.H. . .lJ:aHHOe · H3MeHeHHe ' pe>KHMa 

B3aHMO.D;eHCTBH.H npHBO}J;HT K B03HHKHOBeHHIO 3KcrpeMaJihHhiX 

TO'IeK B 3aBHCHMOCT.HX. S-~ L-<PaKTopos .H ( J 2
) · OT 3Hepnm 

CTOJIKHOBeHH.H. . 

• IloJiyqeHhi HOBbie npHfiJIH>KeHHhie aHaJIHTH'IeCKHe <t>opMyJihi }J;JI.H 

KBa3HCTaUHOHapH<)if CKOpOCTH .n;eJieHH.H ( ofiofimeHHbie <t>opMyJihi 

KpaMepca) a cnyqae Hcnonb3osaHH.H MHKpOKaHOHH'IecKoro 

aHCaMfiJI.H. IlyTeM cpaBHeHH.H pe3yJihTaTOB · aHaJIHTH'IeCKHX 

Bbipa>KeHHH H 'IHCJieHHhiX paC'IeTOB C HCnOJih30BaHHeM 

.AH<i><i>Y3HOHHOrO ypaBHeHH.H. onpe.n;eJieHa. TO'IHOCTh <t>opMyJI 
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