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Oom,aH xapaKTepHCTHKa ,a:HccepTaQHH 

AKTyaJJbHOCTb TeMhI. Pa3BHTHI-O cpopMaJIH3Ma ,nn51 orr11caHH5I 

KOJIJieKTHBHOro 51,nepHoro ,[(B1DI<eHI:I51 6oJihIIIOH aMIIJIHTY,II,hl IIOCB51IJJ,eHO 

60JibIIIOe t:IHCJIO pa6oT. ,l{aHHhIH cpopMaJII13M rrpHMeH5IeTC51 ,[(JI51 

OIII:ICaHH51 peaKUHM CJIH5IHH51, KBa3H,II,enemrn, MHOfOHYKJIOHHbIX rrepe,naq 

c T5I)KeJihIMH HOHaMH H. ,z:i;eJieHH.SI 51,Uep. B TaKHX rrpoueccax HaM6onee 

cymecTBeHHhIMH cq1uaI-OTC}l JIHIIIb HeKOTOpbie KOJIJieKTHBHhie 

(MaKpOCKOflifqecKHe) CTerreHH cso6o,n:bI, KOTOpbie Bbifoi:paI-OTC51 HCXO,II,51 

113 IIOTpe6HOCTeH HHTeprrpeTauim 3KCrrep11MeHTaJihHbIX ,II,aHHbIX. 

Ha116onee t:IaCTO HCIIOJio3yeMhIMH KOJIJieKTHBHhIMH KOOp,n1rnaTaMH 

51BJI51I-OTC51 Me)KUeHTpOBOe pacCT051HHe HJIH OTHOCHTeJihHOe Y.D:JIHHeHHe 

CHCTeMbI, rrapaMe'Tp rneHKH, .uecpopMaumr B3aHMO,II,eMCTBYIOIJJ,HX 51,II,ep, 

MaCCOBa51 I1 3ap.sr,II,OBa51 aCHMMeTpH.SI. ,D;1rnaM11qeCKHM ypaBHeHHeM ,Il;JI.SI 

KOJIJieKTHBHhIX KOOp,IIJ1HaT 

J1am1<eseHa 11n11 tj:n1311-qecKH 

ypasHeHH:e <l>oKKepa-TIJiaHKa 

5IBJIHeTC51 CTOXaCTH:qecKoe ypaBHeHH:e 

3KBHBaJieHTHOe eMy ,[(Hcpcpy3HOHHOe 

,IJ;JI51 cpyHKUHH pacrrpe.n;eneHH51 

KOJIJieKTHBHbIX KOOp,II,HHaT H corrp51)KeHHbIX HM HMIIYJibCOB. ,D;n.sr 

peIIIemrn 3THX ypaBHeHHH Heo6XO,Il;HMO 3HaHHe TpaHCIIOpTHbIX 

K03cpcpnu11eHTOB: IlOTeHUHaJibHOH 3Hepnm, MaCCOBbIX rrapaMeTpOB, 

I<03cpcpHUMeHTOB TpeHH51 H AHcpcpy3MH. IlpH paCCMO'TpeHHH I<OHKpeTHhIX 

51,I!;epHbIX rrpoueccoB CTOXaCTMqecKMe ypaBHeHH51 H TpaHCIIOpTHbie 

K03cpcp11u11eHThl orrpe,II,eJI51I-OTC5I B OCHOBHOM B paMKaX 

cpeHOMeHOJIOrHqecKHX ITO,II,XO,II,OB. 

Xorn MHOrHe CBOHCTBa 51,I!;epHbIX peaKUHM HMeIOT KBaHTOBYI-0 

rrpnpo.IJ;y, BO MHOI'HX HCCJie,nosamrnx Ha OCHOBe TpaHcrropTHbIX MO,II,eneii 

KBaHTOBbie CTaTHCTMt:IeCKHe 3cpcper<Tbl HrHop11pyIOTC5I H HCIIOJih3YCTC51 

KJiaCCHt:IeCKOe OilHCaHHe, B KOTOpOM K03cpcpHUHeHTbl Tpemrn I1 

,I!;Mcpcpy3HH CBH3aHhl qepe3 KJiacc11qecKoe cpnyKryaUHOHHO-

,IIJ1CCHITaUHOHHOe COOTHOIIIeHHe. PacCMOTpeHHe 3aryxaHH5I H 

cprryKTyau11ti B KOJIJieKTHBHOM KBaHTOBOM CHCTeMe B OCHOBHOM 

orpaHnqnsaeTC}l MapKOBCKHM rrpe,I(eJIOM (MrHOBeHHa51 ,IJ;HCCHITaUH51, 

rayccOBCKHe ,neJibTa-KOppenHpoBaHHbie cpnyKTyau1111) H rrpe,IJ;eJIOM 
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CJia6oli CB5I3H mm BDICOKHX TeMrrepaTyp. HeJIOKaJibHOCTb .LJ:HCCHIIaIUU:I 

06b11IH0 He ITp1rnttMaeTC5I BO BHHMam1e rrpH om:1camrn peaKUHM c 

T5I)KeJihIMH HOHaMH H .n.eneHH5I. To eCTh cqttTaeTc5I, qTo 3TH ITpouecchI 

5IBJI5IlOTC5I MapKOBCKHMH: BpeM5I peJiaKCaUHH o,n:HoqacTHqHoM 

ITO)l.CHCTeMbl 3aMeTHO MeHbllle xapaKTepHoro BpeMem1 KOJIJieKTHBHOfO 

)l.BH:>Kemrn. Ilo3TOMY KOJIJiiqecTBeHHbie oueHKH B5I3KOCTH, B qacTHOCTH 

O.LJ:HOTeJibHOM, B paMKax HeMapKOBCKOM MO)l.emr MOryT cyrn;ecTBeHHO 

OTJIHtfaTbC5I OT Tex, KOTOpbie rroJiyqeHbl B ITpe)l.ITOJlO:>Kemrn MapKOBCKOro 

xapaKTepa .LJ:HHaMHKH peaKUHH. 

,lJ;aHHbie 11CCJie)l.OBaHH5I IlOCB5IW:eHbI pa3BHTHIO HOBbIX TeopeTHt.ieCKHX 

ITO)l.XO)l.OB K OIIHCaHHIO MexaHH3Ma 5I,D;epHbIX peaKD;HM ITPH HH3KHX 

3HeprH5IX, yt.iHTbIBaIOW:HX HX KBaHTOBYIO ,JJ;HCCHIIaTHBHYIO 

HeMapKOBCKYIO rrpHpo)l.y, TaKHX KaK 3aXBaT, CJ1H5IHHe, KBa3H)l.eJ1em1e, 

,JJ;eJleHHe 5I,D;ep. B OCHOBe Ramero cpopMaJIH3Ma Jle)f(HT TeOpH5I OTKpbITbIX 

KBaHTOBbIX CHCTeM. llcxo.n..a 113 .ZJ,aHHOM TeopHH, crpOHTC5I KBaHTOBbIM 

cpnyKTyaUHOHHO-)l.HCCimaTYIBHbIM (.ZJ.Hcpcpy3HOHHbIH) IlO.ZJ,XO.ZJ,, B paMKax 

KOToporo B03MO:/KHO )l.eTaJJbHOe OITHCaHHe paccMaTpHBaeMbIX rrpoueccoB. 

IlocJJe.ZJ,mfe 3KCIIepttMeHTaJibHbie .ZJ,aHHbie ITO .a.n:epHbIM peaKUH5IM rrpH 

HH3KHX 3Heprm1x, HaITpHMep, ITO rny6oKO ITO,JJ;6api:,epHOMY CJIHHHHIO, 

o6Hapy:/KHBalOT HOBbie TeH)l.eHUHH, He YKJia,JJ;bIBaIOrn;HeC5I B 

cyrn;ecTByIOll.l,He rpa.n:HUHOHHbie ITO.D;XO.ZJ.bI. B CB5I311 c 3THM C03)l.aHHe 

HOBbIX Teopen1t.ieCKHX MO)l.eJieH, Hap5I.D;Y c COBepllleHCTBOBaHHeM 

cyll.l,eCTBYIOll.l,HX, pacnmpeHHeM rpaHHU HX ITpHMeHHMOCTH 5IBJI5IeTC5I 

Ba)KHOH 3a,JJ;aqeif cpH3HKH aTOMHOfO .a,n:pa. ,l.l;a:/I<e B paMKax 

KJlaCCHt.iecKoro OITHCaHHH rrpaBHJibHbIH yqeT oco6eHHOCTeH 5I,n:epHbIX 

peaKuttH: Mo:>KeT cyrn;ecTBeHHO yJJyqllIHTb cornacHe TeopHH c 

3KCITepHMeHTaJibHbIMH )l.aHHbIMH. 

Ba:/Irnoii cocTaBJIHIOrn;eH. paccMarpHBaeMhIX ITpoueccoa 5IBn.aeTC5I 

ITpo6neMa ITpeo.n:orreHH» noTeHUHaJibHoro 6apbepa, KaK ITPH 3HeprHHX 

Bbillle 6apoepa, TaK H np11 rro.n.6apoepHbIX 3Hepnrnx. ,l.l;aHHa5I ITpo6JJeMa 

crreu;HcpH'lIHa He TOJibKO .D,JI5I 5I.D,epHOM, HO H ,JJ;JI5I aTOMHOH cp113HKH. TaKHe 

5IBJieHmI, KaK ,JJ;eJieHHe B036y:/K)l.eHHbIX aTOMHbIX 5I.D,ep, ,ll;HCCOLI;Hauirn 

MOJJeKyJJ c TeopeT11qecKoif ToqKH 3peHH5I ITpe,ll.cTaBJIHIOT co6oi1 pacITa.ZJ. 
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B036y)J(,n;eHHOH ClICTeMhl, KOTOpa51, rrepBonaqaJihHO HaXO.Ll.51Ch B 

KBa3MCTaU:MOHapHOM (MeTaCTa6HJihHOM) COCT051HMM, rrpeo.n:oneBaeT 

noTeHU:HaJihHhIH 6apr,ep 6naro.n:ap51 TeIIJIOBhIM qmyKTyaU:H51M. 

11o.n;6apbepHhie npou:ecCbI HrpaIOT Ba)J(HYIO pOJih, HarrpnMep, B TaKMX 

rrpou:eccax, KaK 3axBaT HaJiern10mero 51,n;pa 51.n;poM-MnrueHhIO, cmrnnne 

T51)J(eJibIX HOHOB ff cnoHTaHHOe .n;eneHMe aTOMHbIX 51,D,ep. KBaHTOBhIH 

cpnyKryaU:MOHHO-):(HCCHITaTH:BHhIH (.LJ.ttcp<Py3MOHHhIH) rro,n:xo,n: no3BOJI51eT 

KOppeKTHO OIIMC3Tb TaKrre rrpou:eccbl. 

UeJibIO pa6oTbI 7IBJI51eTc51 pa3pa6oTKa cpopMMH3Ma .n:m1 

TeopeTMqecKoro om1camrn KOJIJieKTMBHOro 51,n:epHoro .LJ.BmKeHM51 

6oJihillOH aMmmTy,n:11 B paMKax KBaHTOBOfO <PnyKTyau:noHHO-

.Ll.MCCMIIaTITBHOro rro.n;xo.n:a OIIMCam:re ero OCHOBe 

3KcnepHMeHTaJIJiHhIX ,n:aHHhIX no 51,Ll.epHI>IM peaKU:H51M 3aXBaTa, CJIM51HH51 

11 .n:eneHM51. 

HayqHasi HOBH3Ha u npaKTnqecKasi ueHHOCTb. 

• B paMI<ax MHKpocKorrttqecKoro KBaHTosoro ,z:i::acpcpy3110HHoro 

rro.n:xoAa HCCJie,n;oBaHhI npomni;aeMOCTb noTeHU:HaJibHOro 

6apoepa, a TaK)!<e KBa3HCTaU:MOHapHa51 CKOpOCTh TenJIOBOfO 

pacnaAa MeTaCTa6HJihHOf0 COCT051HH51 B cnyqae JIHHeHHOH CB513il 

no HMnynr,cy H KOopmrnaTe Me)J(,n:y KOJIJieKTHBHOH H BHyrpeHHeH: 

no.n:cHcreMaMH. ITonyqeHHhie aHaJIHT11qecKrre cpopMynr,1 MoryT 

6oITh HCnOJih30BaHhI .LJ.JI51 orrrrcaHH51 cpnyKTyaU:HOHHO

.D;HCCiiilaTrrBHOH ,D,HHaMHKH 51,n;epHbIX peaKU:HH 3aXBaTa, CJIH51HH51, 

KBa3ll.l(eJieHH51, MHOfOHYKJIOHHbIX rrepe,n:aq H .n:eneHH51. 

• PaccMaTpI1BaeMbIH IIO,lJ,XO,l], ycrreruno HCIIOJib30BaH ,n;JI51 H3y~IeHM51 

rrpou:ecca 3aXBaTa nanernIOrn;ero 51.LJ.pa 51,n,poM-MHIIIeHhIO rrp11 

3HeprlI51X 60M6ap.n:11pOBKH OKOJIO H HH)Ke KYJIOHOBCKOro 6apoepa. 

ITonyqeno xopoIIIee OITHCaHHe HMeIOrn;HXC51 3KCnepHMeHTaJibHbIX 

ceqem:IH 3aXBaTa B peaKI..J;H51X co ccpeprrqecKHMM H 

,n,e<PopMnpoBaHHhIMH 51.ZJ:paMH. IToKa3aHo, qrn BHe o6nacTH 

.n:ettCTBH51 51,lJ,epHbIX CHJI H 51.ZJ:epHoro TpeHIT51 rra.n:eHHe BeJinqHHhI 

ceqeHH51 no,n:6apr,epHoro 3axsarn Hanern10w;ero 51,D,pa 51.n;poM

MHllleHI>IO c yMeHhIIIemieM 3HeprHH 6oM6ap.n:HpOBKH 
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3aMe,z:vrneTc5I. flpe,n;no:>KeHbI peaKIJJ1H .n:mr 3KcrrepttMeHTaJibHOH 

rrpoBepKH 3Toro rrpe,n;cKa3aHH51. BrrepBbie ttccne,n;oBaHa 

38BHCHMOCTb ceqemrn 3axBaTa 

cpe,n;HeKaa,n;panrqHoro yrnoBoro MOMeHTa cttcTeMbI _Ha rrpttMepe 

peaKIJJ1H c pa3JJHqHoil MaccosoH: aCHMMeTptteil. lbyqeHa pOJib 

CTaTHqecKOH .n;ecpopMaumr 51,Il;pa-MHIIleHH HJIH HaJieTaIOru;ero 

51,n;pa, a TaK)Ke KaHana HettT}JOHHOH rrepe,n;aqtt s npouecce 3axBarn 

B 51.z:i:po-51,n:epHOM cTOJIKHoBeHHH. Hccne,n:osaHI>I rronyqeHHI>Ie 

rrapu.11anbHI>Ie 3axBaTa B cpaBHeHHH c 
3KcrrepHMeHTaJibHbIMH ,n:aHHblMH. 

• flonyqeHbl HOBbie rrptt6JimKeHHbie aHaJIHTHqecKHe cpopMyJibI )];1151 

KB83HCTaUHOHapHOll CKOpOCTH ,neneHH51 B036y)K)];eHHbIX 

aTOMHbIX 51,nep ( o6o6ru;eHHbie cpopMyJII>I KpaMepca) s cnyqae 

ttcrroJib3osaHH5I MHKpoKaHOHHqecKoro aHcaM6JI51. Orrpe,n:eneHa 

TQqHQCTb cpopMyJI KpaMepca KaK s cnyqae MHKpOI<aHOHHqecKoro, 

TaK 11 KaHOHHqecKoro aHcaM6neH:. 

Anpo6aum1 pa60Tb1. Pe3yJihTaTbI, rrpe,ncrnsneHHhie B ,n;ttccepTaU:HH, 

)];OKJia,UhIBaJIHCb H o6cy)K,ll;aJIHCb Ha HayqHbIX ceMHHapax s J1a6opaTOpHH 

TeopeTttqecKoH: cptt3HKH HM. H.H. Eoron106osa 06oe,n;ttHeHHoro 

HHCTHTYTa 5I,UepHhIX HCCJie,n:osaHHH (,ll;y6Ha), a TaK)Ke rrpe,n;cTaSJ151JIHCb H 

)];OKJia,UhIBaJIHCb Ha Me)l<,UyHapo,n;HbIX KOHcpepeHUH51X "Fusion 2011" 
(CaH-Mano, <PpaHU:H5I, 2011), "Rutherford Centennial Conference on 

Nuclear Physics 2011" (MaHqecTep, BenttKo6pttTaHH51, 2011 ), "5I,n;po 

2011" (Capos, 2011 ). 

IlyoJJHKaUHH. flo MaTepttaJiaM ,n11cceprnumr orry6nttKosaHo 7 pa6oT. 

06beM If CTpyH:Typa )J,IICCepTaUHH. ,ll;ttcceprnu1rn COCTOHT H3 

BBe,n:eHH5I, qeTbipex mas, 3aKJIIOqeHH51 H npI11IO)KeHH51 o6ru;HM o6'beMOM 

123 CT}J8HHUbI, BKJIIQqa51 55 pttcyHKOB H CIIHCOK UHTHposaHHOM 

JIHTepaTypbl H3 205 HaHMeHosaHHH. 
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Co)lepmaHue pa6oThI 

Bo BBe)leHHH o6cy:>K,n;aeTC5I aKzyaJihHOCTb pa60Tbl H MOTHBaU:H5I 

rrpOBO,Il;HMbIX HCCJie,n;oBaHHH, ,n;aeTC5I KpaTKHH o63op no TeMe 

,Il;HCCeprnu:HH. 

B nepBOM r JiaBe H3 MHKpOCKOfIHqecKoro raMHJihTOHHaHa TIOJIHOH 

CHCTeMbl aHaJIHTHqecKH rronyqeHa H perneHa CHCTeMa HeJIH:HeHHbIX 

KBaHTOBbIX HHTerpo-.nmpcpepeHU:HaJibHbIX ypaBHeHHH J1amKeBeHa ,IJ;JI5I 

nepeBepHyTOro OCUHJIJI5ITopa B npe,n;ene o6ru;ei1 CB5I3H Me:>K,n;y 

KOJIJieKTHBHOM l1 BHyTpeHHeH TIO,Il;CHCTeMaMH. I1oKa3aHO, qTo ypaBHeHH5I 

,Il;BH:>KeHH5I ,ll;Jl5I KOJIJieKTHBHOH no,n;CHCTeMbl y,n;oBJieTBOp5IIOT KBaHTOBhIM 

cpnyKTyaU:HOHHO·,l.(HCCHIIaTHBHbIM COOTHOllleHH5IM H COOTHOIIIemIIO 

Heonpe,n;eneHHOCTH. Ifa HeMapKOBCKHX ypaBHeHHH JiamKeBeHa 

nonyqeHhI JIOKaJibHhie no BpeMeHH ypaBHeHH5I ,n:JI5I nepBoro H BToporo 

MOMeHTOB, HO c TPaHcrropTHbIMH K03cpcpHU:HeHTaMH, 3aBHC5Illl;HMH 5IBHO 

OT BpeMeHH. 

I1o,n:po6Ho HCCJie,IJ;OBaH cnyqaii JIHHeHHOH CB5I3H no HMTIYJihCY H 

KOOp,Il;HHaTe Me:>K,IJ;Y KOJIJieKTHBHOM H BHYTPeHHeM no,n:CHCTeMaMH. 

ITorryqeHhI acHMilTOTHKH rpaHcnopTHbIX K03cpcpHUHeHTOB H paccMorpeH 

MapKOBCKHH npe.r:i:en. 

Bo BTOp(JR rJiaBe, HCnOJib3Y5I pa3BHThIH B nepBOH rnaBe 

MHKpOCKOnHqecKHH no,n:xo,n: .D:JI5I on11caHH5I ,Il;HHaMHKH OTKphIThIX 

KBaHTOBbIX CHCTeM, paccqHTaHa npoHHii;aeMOCTh (Bep05ITHOCTh 

rrpoxo:>K,n:eHm1) rrapa601111qecKoro 6apbepa. Haii,n:eHHa5I B cnyqae 

mrneMHOM CBH3H TIO HMTIYJibCY Me:>K,n:y KOJIJieKTHBHOH H BHyTpeHHeM 

no,n:CHCTeMaMH npOHHU:aeMOCTh cpaBHHBaJiaCh co cnyqaeM JIHHeMHOM 

CB5I3H no KoopmrnaTe. TaK:>Ke paccMoTpeHa rrpom1uaeMoCTh B cnyqae, 

Kor.na HMeeT MeCTO OJJ:HOBpeMeHHO KaK JIHHei1Ha5I CB5I3b no HMnyJihcy, 

TaK H no KOOp,IJ;HHaTe . .I-fayqeHhI 3aBHCHMOCTH rrpom1uaeMOCTH 6aphepa 

OT BpeMeHH, 3Hepnar, TeMrrepazyphI, CHJihl CB5I3M Me:>K,n:y KOJIJieKTHBHOll 

H BHyrpeHHeii TIO,ll;CHCTeMaMM. ,ll;JIJI no,n:6apoepHbIX ::meprn:ii o6Hapy:>KeH 

pocT npoHmi;aeMOCTH npH yBeJmqeHHH K03cpcpHU:HeHTa rpeHHJI. 
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PacqeTI>I rr0Ka3brna10T, qTo c 3aryxaHHeM KBaHTOBI>Ie 3cpcpeKTI>I 

pacryT. 3rn: 3cpcpeKTbI MoryT 6oITb )J,OCTaTQqHo CHJibHOIMH ITPH HI13KHX 

TeMITepaTypax. IlorryqeHHI>Ie pe3yrrI>TaTI>I ITo.n;rnep)K,D,aIOT, qTQ 

KBaHTOBa51 ITpHpo.na rrepexo.na qepe3 6ap1ep .n:om1ma 611n yqTeHa ITPH 

pacqeTe ceqeHH5I 3aXBaTa B 51)J,p0-51)J,epHOM CTOJIKHOBeHHH. 

B paMKaX HCI10Jib3YeMoro ITO)J,XO)J,a paccMOTPeHa KBa3HCTaU:HOHapHmI 

CKOpOCTb TeITJIOBOro pacITa)J,ai MeTacTa6IIJibHOro COCT051Hirn. 

Hccne.n;oBaHa ee 3aBHCIIMOCTb OT K03cpcpIIIJ,HeHTa TpeHH51 KaK B cnyqae 

JIHHeHHOM CB5I3H ITO HMITYJJI>cy, TaK I1 B cnyqae JJHHeHHOH CB513H ITO 

Koop,D,HHaTe Me)K.n;y KOJJJJeKTHBHOH 11 BHYTPeHHeil rro,n:c11cTeMaMH. 

IloKa3aHO, qTO ,naHHaJI 3aBHCHMOCTb 5IBJI5IeTC.sI cpaBHI1TeJJbHO cna6oH:, 

Kor,n:a HMeeTC5I OJJ,HOBpeMeHHO CB513b ITO I1Mrryn1cy I1 KOOp,D;HHaTe Me)KJ:i:Y 

IlO)J,CHCTeMaMH. 

B TpeThCM rnaee Ha OCHOBe BbIIIIerrpHBe)J:eHHOro cjJopMaJIH3Ma 

113yqeH rrpoIJ,ecc 3axsarn HanernIOUJ,ero .siapa .sI,npoM-MHIIIeHI>IO ITPH 

3HeprHJIX 6oM6apaHpoBKH oKoJio H HmKe KYJIOHOBCKoro 6apbepa. 

PacCMOTpeHa 3BOJJIOU:I15I )J:BOHHOH 51,D,epHOH CHCTeMbl no KOJIJieKTHBHOH 

KOOp)J:HHaTe OTHOCHTeJibHOro paccT051HH5I. Ha:HaeHa cjJopMyJia )J,JI5I 

ITapu:HaJibHOM sep05ITHOCTH 3aXBaTa, orrpeaemIIOIIJ,eH IIOJJHOe ceqeHHe 

3axBaTa ( ceqeHHe o6pa30BaHH51 )J,BOHHOM JI)J,epHOM CHCTeMbI ). 

C yqeToM sep051THOCTH 3axsaTa paccq11TaHbI ceqeHHH 3axsarn, 

cpe,n:HeKsaapaTHqHbie yrnoBbie MOMeHTbI COCTaBHOH CHCTeMbI, 

acTpocpH3HqecKHe S-cpaKTopr,1, norap11cjJMHqecK11e rrpoH3BOJJ.Hbie L, a 

TaK)Ke pacnpeaeneHHJI 6apr,epos D )J,JJ51 pa3JJHtIHbIX peaKIJ,Hli. IlonyqeHo 

xopoIIIee OITHCaHife HMeIOIIJ,HXC51 3KCITepHMeHTaJibHbIX .n;aHHbIX KaK )J,JI51 

Ha,n:6apr,epHbIX, TaK 11 rro,n:6apoepHI>IX 3HeprnH: .nm1 peaKU:HM co 

ccjJep11qecKHMH I1 .n:ecjJopMHpOBaHHbIMH 5I)J,paMH. Ilpe,n:cKa3aHO 

yMeHbIIIeHHe CKOpOCTH ITa)J,eHH5I ceqeHH51 3axsaTa rrpH no,n;6apoepHbIX 

3HeprH.sIX H3-3a I13MeHeHirn pe)KHMa B3aHMO)J,eHCTBI15I CTaJIKI1BaIOIIJ,HXC5I 

51,n:ep, TaK KaK rrpH 3THX 3Hepnrnx CHCTeMa OKa3bIBaeTC51 BHe 30Hbl 

,n:eHCTBI151 51)J,epHblX CHJI I1 51,n:epHoro Tpemrn. ,IJ;aHHOe ll3MeHeHHe pe)KHMa 

B3aHMO)J,eHCTBH5I OTpa)KaeTC51 TaK)Ke Ha cpeaHeI<Baapan1qHQM yrnoBOM 

MOMeHTe ( J 2 )' JiorapHcjJMHqecKOH rrpOI13BO)J:HOH L ll 
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acrpocpH3HqecKoM S-cpaKrope. B 3aBHCHMOCTH cpe,ll,HeKBa,ll,parHqHoro 

yrnoBoro MOMeHTa H S-cpaKTopa OT Ec.m. B03HHKaeT MHHHMyM. TaKoe 

IIOBe,ll,eHHe ( J 2 ) ,ll,OJDKHO rrpHBO)J;HTh K ysem1qemno aHH30TpOIIHH 

yrnoBoro pacrrpe,z:i;eneHH5I rrpo,ll,yKTOB ;:i:eneHH5I H KBa3H;:i:eneHH5I. 
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PHc. 1. 3aBHCHMOCTH pac-qernb1x 
(crnIOIIIHhie KpHBbre) ceqeHmI 3axsarn (a) 
H cpe~HeKBa~paTH'IHoro yrnosoro 
MOMeHTa CHCTeMbI nocne 3aXBaTa ( 6) OT 

Ec.m. ~ml peaKQHH 16 0+ 208 Pb B 

cpaBHeHHH c 3KcnepHMeHTallbHbIMH 
~aHHbIMH, IlOKa3aHHbIMH 3Ha'IKaMH. 
CTPenKoli o6o3HaqeHa senH'IHHa 
KynoHOBCKOro 6apbepa. 
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PHc.2. To :lh:e, qTQ H Ha pHc.1, TOllbKO 

~JUI peaKQHH 22 Ne + 208 Pb • 

qT06bI HCKJJIQqHTh H3 paCCMOTpeHH5I 3cpcpeKThI, CB5I3aHHhie c 

;:i:ecpopMaU:HeH H opHeHTaIIHei1: B3aHMO,neH:cTBy10r.u;nx 5I,ll,ep, B rrepByIO 

oqepe,ll,h 6oIJJH H3yqeHhI cne;:i:yIOI.IIHe peaKIIHH co ccpepHqecKHMH 5I;:i:paMH: 

4He, 160, 368, 4sca, so Ti + zosPb, 209 Bi H 22Ne +2o8Pb (pHc. 1 H 2). 

7 



103 

102 

:i:: 101 
~ 10° 

~B ~~:: 

C:! 
~J\ 
N -, 
v 

10·3 

10"' 
10"5 

35 

30 

25 

20 

15 

10 

5 
60 65 

-- IGQ+200pb 

• - - • ieO+ 20.1Pb 

.. ,. ... ia0+200Pb 

-·-···- 160+ 19-0pb 
(a) 

70 75 80 85 90 95 100 

Ec.m.' MaB 

Pttc. 3. 3aBMCMMOCTM pac<JeTHhIX 

ce<IeHMH 3axsaTa (a) M 

cpe.D.HeKsa,D,parn<IHhIX yrnoBbIX 

MOMeHTOB CHCTeMhl ITOCJie 3aXBaTa (6) OT 

Ec.m . .[IJUI COOTBeTCTBYIOil\MX peaKQMH B 

cpaBHeHMH c 3KCrrepHMCHTaJibHb!MM 

,D,aHHhIMM. TeMHhIMH CHMBOJiaM11 

ITOKa3aHbl 3KCrrepHMCHTaJibHbJe ,I(aHHbJe 

,D,JI5I peaKQHH 16 0 + 208 Pb, CBeTnhIMH -

.flJIH 16 O + 204 Pb • 
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Pttc. 4. PacqeTHhie 3Ha<IeHM5I 

norapmpMH<IeCKOH rrpOM3BO,I(HOH L (a), 
acTPocpM3MqecKoro S-cpaKTopa c 

110 = ri(Ec.m. =Vb) (6), r.r1e 11 
rrapaMeTP 30MMepcjJeJib.D.a, M 

pacrrpe.D.eJieHM5I 6apbepos 

D = d 2 (Ec.m.cr cap)! dE;,m. (e) ,I(JI5I 

cooTBCTCTBYIOil\IIX peaKUHH. TeMHhIMM 

CMMBOJiaMII 

3KCrrepHMCHTaJibHbie 

peaKUHH 16 0 + 208 Pb, 

16 0 +204pb. 

I10Ka3aHbl 

,I(aHHbie ,I(JI5I 

CBeTJih!MM - ,I(JI5I 

lfocne.n;oBaHa H30TOIIHqecKa5I 3aB.HCMMOCTb ceqeHM5I 3aXBaTa M 

cpe,n;HeKBa,n;pan-1qHoro yrnosoro MOMeHTa COCTaBHOH CHCTeMbI Ha 

rrpHMepe cne.n;y10m:11x peaKUHii: 4He, J60,36S, 4sca + 196,200,204,2ospb (p.Hc. 

3 M 4). 06ttapy)l(eHo, qTo yseJIMqem1e qficJia HeiiTpoHOB B Pb 

crroco6cTBYeT rrpoueccy 3axsarn. H3oTorr.HqecKa5I 3aBHCMMOCTb 

cpaBHMTeJibHO cna6aH B peaKUM5IX c 4 He H 16 0, TaK KaK 51.n;po-.H,n;epHbIH 

ITOTeHUHaJI CJia6o 3aBMCMT OT MaCCOBOro qHcJia 51.D;pa MHilleHH .IJ;J15I 
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CHJibHO acHMMeTJ'H"l!HbIX peaKu;1:1H:. B peaKn;m1x c 36 S 1:1 48 Ca 

H30Ton1:1qecKru1 3aBH:CHMOCTb OKa3bIBaeTcH 6oJiee CMJibHOH. HaKJIOH 

3aBHCHMOCTH ceqeHMH 3axBaTa OT Ec.m. npH rny6oKo no)J;6apbepHbIX 

3HeprHHX He qyscTBHTeJieH K q1:1cJiy HeHTpOHOB CHCTeMl>I. 
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PHc. 5. 3aBHCHMOCTH pac'leTH&IX ce'lemrn: 

3axBaTa (a) H cpe,D;Hero yrnosoro 

MOMeHTa CHCTeMbl nocrre 3axBaTa (6) OT 

Ec.m. )];JUI peaKQHH 160 + 152Sm. Pac'leThl 

c YlJ:eTOM CTaTH'leCKOH ,D;e<J.>opMaQHH .11,D;ep 

H306pIDR:eH&l CilJIOIIIH&IMH I<pHB&IMH, 6e3 

y'leTa urrpHXOBLIMH. CHMBOJiaMH 

IlOKa3aHbl 3KCnepHMeHTaJibHLie ,!l;aHHLie. 

CTpeJIKOH o6o3Ha'leHa senH'IHHa 

KYJIOHOBCKoro 6ap1>epa B cnyqae 

c<J.:iepH'IeCKHX .11,!l;ep. 
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PHc. 6. 3asHCHMOCTH pac'!eTHhlX 

napQHaJil>HbIX ce'leHHH 3axBaTa OT J 
npH <l.>HKCHpOBaHHhlX E c.m. )];JI.II peaKQHH 

160 + 152 Sm. Pac'leT&I c y'leTOM 

CTaTH'leCKOH ,!l;e<J.:iopMaQHH .11,!l;ep 

H306pIDKeH&I CilJIOIIIH&IMH KpHBbIMH, 

6e3 y'leTa - urrpHXOB&IMH. CHMBOJiaMH 

IlOKa3aHbl 

,D;a.HHl>Ie. 

3KcnepHMeHTaJI&Hble 

160 + 1s2sm, 

ssNi + 64Ni, 



64 Ni +100Mo 113yqeHa pOJib .n:ecpopMa:UHH 51,n:pa-MHllieHH Milum 

Han:eTa10mero 51,n:pa, a TaK/Ke KaHaJia Hei1TpoHHOH nepe,n:aq11 B npo:uecce 

3aXBaTa B 51,n:po-51,n:epHOM CTOJIKHOBeHim. PaccqHTaHbI TIOJIHbie (prrc. 5) I1 

rrap:u;Han:bHbie (pHC. 6) ceqeHH51 3aXBaTa H cpe,n:HHe yrnoBbie MOMeHTbl 

CHCTeMbI rrocne 3aXBaTa B cpaBHeHHH c 3KCrrepHMeHTruibHbIMH ,n:aHHbIMH. 

IToKa3auo, qTo 3KcnepnMeHTaJibHO Ha6JI10,n:aeMoe yseJIHqeHne 

no,n:6ap1epHoro ceqeHH51 3axsarn H cooTBeTcTBy10mee H3MeHeHHe 

yrnosoro MOMeHTa B 3TI1X peaK:UH51X CB513aHbI c 3cpcpeKTOM 

KBa,n:pynOJibHOH ,n:ecpopMa:urre:H CTaJIKMBaIOIUHXC51 51,n:ep. ,Il;JI51 peaK:UHH 
64 Ni +100Mo yqeT 3c}:>c}:>eKTa ,n:ByxHeihpoHHOH rrepe,n:aqH cna6o BJIH51eT 

Ha IIOJIHOe H nap:UHaJibHOe ceqeHH51. 3TO CB513aHO c TeM, qTQ rrpo:uecc 

rrepe,n:aq11 npaKTHqecKH He BbI3bIBaeT H3MeHeHHe KyrrouoscKoro 6apbepa. 

B peaK:UHH 58 Ni + 64 Ni .n:syxHeihpoHHa51 rrepe.na-qa npHBO.J:i:MT K 

yseJinqeHHIO .necpopMaIJJIH JierKoro 51,n:pa H, COOTBeTCTBeHHO, K 

yMeHbllieHHIO BbICOTbl KYJIOHOBCKoro 6ap1epa, qTo B CBOIO oqepe.z:i:1 

yc11mrnaeT 3axBaT. B peaK:UH51X 28 Si + 94• 1°0Mo Ha6rr10.naeTC5I 

npOTHBOTIQJIQ)KHa51 Kapnrna. 

B qeTBepToii n1ase B paMKax .z:i:mpcpy3HOHHoro no.z:i:xo.n:a paccMOTpeH 

rrpou;ecc .n:eJieHH51 so36yJK,n:eHH11x arnMHbIX 51.z:i:ep. ITonyqeHhI 

rrpH6JimKeHHbie aHamu11qecKHe cpopMyJibI .[(JI51 KBa3HCTal.lJ10HapHOH 

cKopocTH .neJieHH51 ( o6o6meHHhie cpopMyrr11 KpaMepca) B cnyqae 

HCTIOJib30BaHH51 MHKpoKaHoHnqecKoro aHcaM6JI51. ITyTeM cpaBHeHH51 

pe3yJibTaTOB aHaJIHTHqecKHX BbipaJKeHHH H q11cJieHHOro pacqeTa c 

HCTIOJib30BaHHeM )J.Hcpcpy3110HHOro ypaBHeHH51 CMonyxoscKoro 

orrpe.n.eJieHa ToquocTD cpopMyJI KpaMepca B UIHpOKOM .ri;11ana30He 

OTHOIIIeHH51 BbICOTbI 6ap1epa )J,eJieHH51 BI K TeMnepaType r;, 
KBa3HCTaIJ;HOHapHoro COCT051HH51 KaK B cnyqae MHKpOKaHOHHqecKoro, 

TaK 11 KaHoHnqecKoro aHCaM6neH: (p11c. 7). Ha:H.neHo, qTo ToqHOCTb 

HHTerpaJibHOH cpopMyJibl KpaMepca COCTaBmieT 2%, qTQ cymecTBeHHO 

BbIUie, qeM y ofa1qHoH cpopMyJibI, nonyqaeMOH H3 HHTerpaJibHOH npH 

HCIIOJib30BaHHI1 KBa,n:paTHqHoro npH6JIHJKeHH51 H 6ecKOHe-crn11x 

npe.z:i;eJioB HHTerp11posaHH5I. PacqeT11 npoBO)J.HJIHCb )J.JI51 Tpex H)J.ep c 

pa3JIHqHQH BbICOTOH 6ap1epa ,n:eJieHH51 H .[(JIHHOH cnycKa OT ce)J,JIOBOH 
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TOl.J:KH .n;o TQqI<H pa3pbIBa. IloI<a3aHo, qTo HCTIOJib30BaHHe 

KaHOHHllecr<oro aHcaM6m1 .n;mr npo:u;ecca .n;eneHHH orrpaB,n;aHo TOJihKO B 

CJiyt.J:ae, Kor.n;a aTOMHOe H,D;po HaXO)J;HTCH B CHJI:OHO B036yiK.n;eHHOM 

COCTOHHHH. 

Pnc. 7. B 3aBHCHMOCTH OT rrapaMe'Ipa e = B1 IT,, rroKa3aHbI OTHOCHTeJI&H&Ie 

OTKJIOHeHm1 q1D = (R1 -RD) I R1 ( V) H q0D = (R0 -RD) I R0 (T), paCC"mTaHH&Ie .n:m1 

CJI)"laeB KaHOHH'leCKoro (KA) (a-8) H MHKpOKaHOHH'leCKOro (MKA) (z-e) aHCaM6Jie:ii, H 

OTHOllieHHe KBa3HCTaJJ;HOHapHbIX CKOpOCTeH .n:enemu1 (:J!C-U). Pac'leT&I c,n:eJiaH&I c 

HCIIOJI&30BaHHeM F-noTeHQHana (aHaJIHTH'lec1<aa: annpoI<CHMaQH» noTeHQHana c 

KOHe'IH&IM pa,n:HycoM B3aHMop;eiicTBHH) ,ll;JIH 232 U (cnesa), 214Ra (B cepe,n:HHe) H 

208Pb (cnpasa). RDs H RDrc - I<Ba3HCTaJJ;HOHapH&Ie ,n:HHaMH'lecme CKopocrn:, 

pacc'IHTaHH&Ie B cnyqrurx MKA H KA cooTBeTCTBeHHO. R1 , R0 - KBa3HC~HOHapH&Ie 

' CI<OpOCTH, paCC'IHTaHH&Ie no HHTerpan&HOH <J.:>opMyne H lPOPMYJie B cnyqae 

CBepx3aTYXaHHH COOTBeTCTBeHHO, RD - KBa3HCTaQHOHapHa»: ,!l;HHaMH'leCI<M CKOpOCT&. 

B 3a1mroqeuuu cyMMMPYIDTCH pe3yJI1>TaT1>1, B1>1.n;BHraeM1>1e Ha 3aIIJ;HTY. 
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B npuJiomeuuu ,z:i;aIOTC.sI HBHI>Ie Bbipa)Kemrn AJI.sI 3tPtPeKTHBHOM 

TeMnepaTypbI H aCHMIITOTHlleCKHX ,[(HCnepCI-IM KOJIJieKTHBHbIX 

KOOp.D;HHaT. 

Ha 38IUHTY BblllBHraroTCSI CJie.Llyrowue pe3yJibT8ThI: 

• Pa3pa6oTaH MeTo,D; pacqeTa 11pom1u:aeMoCTH 110TeHu;HanbHoro 

6apbepa H KBa3HCTaU:HOHapHOM CKOpOCTH Tel1JIOBoro pacrra,D;a 

MeTaCTa6HJibHOro COCTO.sIHH.sI Ha OCHOBe MHKpOCK011lfqecKoro 

KBaHTOBoro .z:i;mpqiy3HOHHoro rro,D;Xo.z:i;a. MeTo,D; Hc11onb3yeTC.sI KaK 

B cnyqae TOJibKO JIHHeMHOM CB.sl3H no HM11YJibCY Me)K,ll;y 

KOnneKTHBHOH H BHyrpeHHeM 110,[(CHCTeMaMH, TaK H B 6onee 

o6rn;eM cnyqae JIHHeMHOM CB.sI3H no HMl1YJibCY H KOOp,D;HHaTe. 

IlpH 110.z:i;6apbepHbIX 3Heprn.sIX 11pe,D;CKa3aH pocT 11pom1u:aeMOCTH 

c ,[(HCCHnau:HeM. IlOKa3aHo, tJTO 3aBHCHMOCTb 

KBa3HCTaU:HOHapHOM CKOpOCTH TeTIJIOBOro pac11a,D;a OT 

K03tPtPHU:HeHTa rpeHH.sI .sIBJI.sieTC.sI cpaBHHTeJibHO cna6o:H: 11pH 

HanHtJHH CB.sI3H no HMl1YJibCY H KOOp,D;HHaTe Me:>K,z:i;y 

KOJIJieKTHBHOH H BHY'rpeHHeM 110,D;CHCTeMaMH. 

• PaccMaT}JHBaeMbIM 110,roc.o.z:i; Hc11onb30BaH .z:i;n.si: H3yqeHH.sI 11pou:ecca 

3aXBaTa HaneTa10mero H,D;pa 51,D;pOM-MHIIIeHbIO 11pH 3HeprH.sIX 

6oM6ap,D;HpOBKH OKOJIO H HH:>Ke KYJIOHOBCKOro 6apbepa. 

IlonyqeHa aHanHTHtJecKa.sI <PopMyna ,z:i;n.sI 11apu;HanbHOM 

aepo.sITHOCTH 3axaaTa, 011pe.z:i;en.sI10me:H: cetJeHHe o6pa3oBaHH.sI 

,[(BOMHOH .si:.z:i;epHOH CHCTeMbI. PaccqHTaHbI IIOJIHbie H 

napu;HanbHbie cetJeHH.sI 3axaaTa, cpe,D;HHe ( J) H 

cpe,D;HeKaa.z:i;paTHlJHbie ( J 2 ) yrnOBbie MOMeHTbI o6pa30BaHHOM 

.z:i;aoiiHOM .si:.z:i;epHo:H: CHCTeMbI, aCT}JOtPH3HqecKHe S-<PaKTOphI, 

norapHtPMHtieCKHe npoH3BO,[(Hbie L, a TaK:>Ke pacnpe.z:i;eneHH.sI 

6apbepoa ,nn.si: pa3JIHl!HhIX peaKU:HH. Hccne.z:i;oBaHbI 3tPVeKThI 

CTaTHqecKOH .ne<t>opMaIJ;HH B3aHMO,D;eHCTBYIOIUHX 51,[(ep, nepe,naqH 

HeMrpOHOB Me)K.ny .sr,npaMH Ha ceqeHHe 3axaaTa H H30TOIIHtJeCKa.sI 

3aBHCHMOCTb ceqeHH.sI 3aXBaTa. IlonytJeHHbie pe3yJibTaTbI ,[(JI.sI 

peaKU:HM co c<t>epHqecKHMH H .ne<t>opMHpOBaHHbIMH .si:,npaMH 
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HaXO,Z:VITC51 B xopomeM cornacHH c HMelOIIJ;HMHC5I 

3KCnepHMeHTaJibHbIMM ,n:aHHbIMH. 

• Ilpe,D;CKa3aHO yMeHbIIIeHMe CKOpOCTM na,neHH51 ceqeHM5I 3axBaTa 

np11 no.n:6apr:,epHbIX 3HeprH5IX M3-3a H3MeHeHHR pe)KMMa 

B3aMMO,l(eHCTBM51 cnlJIKMBalOIIJ;HXC5I .H,n:ep BCJie,n:CTBHe Toro, qTQ 

BHeIIIHRH ToqKa TIOBopoTa HaXO,l(MTC5I BHe o6JiaCTM ,n:eHCTBMH 

51,l(epHoro B3aMMO.D;eHCTBM51. ,[(aHHOe H3MeHeHMe pe)KMMa 

B3aHMO,D;eHCTBM51 npHBO,l(HT K B03HMKHOBeHMIO 3KCTpeMaJibHbIX 

ToqeK B 3aBHCHMocrnx S-, L-<l>aKTopoa M ( J 2 ) OT 3Hepnm 

CTOJIKHOBeHH5I. 

• IlonyqeHbl HOBbie npH6JIM)KeHHbie aHaJIHTMlieCKHe <l>opMyJibI ,l(JI51 

KBa3HCTaIJ;MOHapHOH CKOpOCTH ,n:eJieHMH ( o6o6m;eHHbie <l>opMyJibl 

KpaMepca) B cnyqae Hcnonr:,3oaamrn MMKpOKaHOHHqecKoro 

aHCaM6JI5I. IlyTeM cpaBHemrn pe3yJibTaTOB aHaJIMTMqecKHX 

Bblpa)KeHHH M qHCJieHHDIX pacqeTOB c HCilOJlb30BaHHeM 

.n:11<l><l>Y3MOHHOro ypaBHeHH5I onpe,n:eJieHa ToqHOCTb <l>opMyJI 

KpaMepca B nrnpOKOM ,l(Halla30He OTHOIIIeHHH BblCOTI:.I 6apr:,epa 

,n:eJieHH5I K TeMnepaType B KBa3HCTaIJ;HOHapHOM COCT05IHHH KaK B 

cJiyqae MHKpOKaHOHHqecKoro, TaK M KaHOHMqecKoro OllHCaHHH 

npou;ecca .n;eneHH51. 
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