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/1-3/ 

KaK llOK83biB810T nocneAHHe pa60Tbl , BbiBO/lbl 1 OCHOBBHHble Ha 

npeACTaaneHHH 0 ¢aKTOpH38UHH KOS~HUHeHTa aCHMMeTpHH HeHTpOHOB OTHo-

CHTenbHo cnuaa ~ -Meaoaa B nponecce 

( 1 ) 

OKaaanHCb HeBepHbiMH. Bonee TOro, BbiSICHHnOCb 1 'ITO SHepreTH'IeCKHH ClleKTp 

Ill 
H acuMMeTpHH cunbHO aaBHCSIT OT SlllepHbiX cpaKTopoB • B 'laCTHOCTH, 

y'leT B3aHMOlleHCTBHSI B KOHe'IHOM COCTOSIHHH Me)KJJ.Y BbineTeBIIIHM HeHTpO

HOM H SlllPOM-OCT8TKOM B peaKUHH ( 1) llpHBO.IJ.HT K CyiUeCTBeHHbiM H3Me-

HeHHSIM XapaKTepa 38BHCHMOCTH OT SHeprHH yKa3aHHblX xapaKTepHCTHK. 

3TH H3MeHeHHSI ll0CT8TO'IHO BenHKH H B Bb!COKOSHepreTH'IeCKOH o6naCTH, 

K KOTOpOH llpHBne'leHO oco6oe BHHMBHHe TeOpeTHKOB H 3KCnepHMeHT8TOpOB. 

B CBSI3H C STHM B03HHKaeT Heo6XOllHMOCTb nocneJJ.OBaTenbHOrO aHanuaa 

npouecca, B KOTOpOM 6binH 6bi llpHHSITbl BO BHHMaHHe SlllepHb!e cpaKTOpbi1 

onymeHHbie B npeJJ.hillYIUeM paccMoTpeHHH. B 'laCTHOCTH, KaK noKa3biBaeT 

Ollb!T cpoTOSIJJ.epHbiX peaKUHH, TBKHM cpaKTOpOM MoryT 6biTb KOpOTKOAeHCT-

BYIOIUHe KOppenHUHH HyKnOHOB B lnt..pe, KOTOpbie CyiUeCTBeHHO H3MeHSIIOT 

ITOBeLteHHe OilHO'JaCTH'IHbiX BOnHOBUX cpyHKUHH npH Mam,JX paCCTOSIHHSIX Me)!{-

.IJ.Y 'laCTHU8MH 1 38MeTHO yaenH'IHBBSI BeC BbiCOKO'I8CTOTHbJX KOMllOHeHT B 

HMnynbcHoM pacnpeneneHHH HyKnoHOB. Ha Ba)I{HOCTb nono6Horo uccneaoaa-
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/4/ , 
HHH yKaabmanocb eme B pa6oTe , I'Jle· OTMe'!anocb, 'ITO B npouecce ( y. p ), 

KHHeMa THKa KOToporo 6nHaKa K KHHeMa THKe npouecca ( 11 -, n, v ) IIpH JlO-

CTaTO'lHO 60nblllHX SHepi'HSIX HeHTpOHOB, MO*eT IIpOH30HTH KOMIIeHC8UHSI 

BnHHHHSI KOpOTKOJleHCTBYIDillHX KOppenHUHH H B38HMOJleHCTBHSI B KOHe'lHOM 

COCTOSIHHH. 

11MeHHO TaKOMY HCCneJlOB8HHID H IIOCBSI:IlleHa HaCTOHillaSI pa6oTa • B HeH 

H3y'laiDTCSI XapaKTepHCTHKH HeHTpOHHOI'O KaHana OT SI:JlepHOI'O J.L--G8XB8Ta Ha 

rrpHMepe peaKUHH 

- 4H 3H J1 + e-> +n+v. (2) 

PaccMaTpHsaeTCH snuHHHe Ha rrpouecc KopoTKOJlelicTBYIDillHX HyKnoH-

HyKnOHHbiX KoppenHUHH. OpH aToM y'lHTbiBaeTCH saaHMOJlelicTBHe s KoHe'l-

HOM COCTOSIHHH. 0TMeTHM 1 'ITO OCHOBHOe BHHMaHI!.e Mbl 06pamaeM Ha TeH-

)leHUHID 1!.3MeHeHHSI XapaKTepHCTHK rrpouecca. 

nng IIOny'leHHSI JlH~~peHUHanbHOH sepOS!:THOCTH rrpouecca (1) BOCIIOnb

/3/ 
ayeMCg pe3ynbTaTaMH pa60Tbl • 0KOH'laTenbHOe Bb!pa*eHHe HMeeT BHJl 

2 
_...::.J_W_ =C .EJ/2 f (E) 

J E JO. [ J + f( E) ] 

3 3 

I I A
1
(E)+ I B

1
(E)Cos01. 

I =1 I= I 
(3) 

I'Jle E- SHepi'HSI OTHOCHTenhHOI'O IJ.BH*eHHSI HeHTpOHa H S!:Jlpa-OCTaT.Ka, ( -

HeKOTOpbiH He 38BHCSI:IllHH OT E MHO*HTenb1 0. - HarrpaBneHHe HMIIynbca 

p OTHOCI!.TenbHOI'O JlBH*eHHSI HeHTpOHa 1!. SI:Jlpa-OCT8TKa 1 (J - yron Me*AY 

-> 
BeKTOpOM p H CIII!.HOM 3aXBaTbiBaeMOI'O J1 -Me30Ha 1 

£- E 
M 

- J, 

4 



r 

( 
( Mbi o6oaHa'IaeM 'lepea M( p) Macey 'IaCTRUbt p ), A.(E) u B.(E) ( i = 

I I 

= 1,2 13) - HeKUe 6unnHeHHbie KOM6UHaUUU HJlepHbiX MaTpU'IHbiX aneMeHTOB. 

A 1(E) u B 1(E) JlaiDT aKnaJl HepenHTnBRCTCKRX 'IneHOB a~eKTRBHoro ra-

MRJlbTOHnaHa IL- -aaxaara, A i E) u 8 i E)- BKnaJl penHTRBMCTCKMx 'Ine-

HOB (nponopuuoHanbHbiX P/M(H)), a B AiE) u BiEJ co6paHbi nepe

KpecTHbie 'IneHbi. 3HepreTu'IeCKU:ii crreKTP :: , acuMMeTpus a (E) u 

c~opocTb IL -aaxaara W onpeJlensiDTCH cneJlyiDIURM o6paaoM: 

JW 
---=fJ n 

JE 

JW 3 3 . E max JW 
---, a(E)= !.· B.(E)I!. A .(E),W=fJE--. (4) 
JE JO . I= I ' i= I I 0 JE 

. /1 3/ 
KaK yMe yKa3biBanocb ' , aenR'IUHbi JW 

.JE " a (f) f!e COBITaJlalOT C 

3HepreTn'IecKUM cneKTpoM u acnMMeTpMeii yrnoaoro pacnpeJleneHUH He:ii

rpoHoa, HO JlnH Ka'IeCTBeHHOI'O aHanuaa MOMHO, Ha HaJll B3I'nHJl, orpaHU'II!Tb-

CH paC'IeTOM TaKMX B HeKOTOpOM CMbiCne OTHOCHTenbHbiX XapaKTepUCTUK. 

fiJlepHbie BOnHOBbie cpyHKUUU C y'IeTOM KOpOTKOJleiirTBYIDIUIIX HyKnOH

/6/ 
nyKnOHHbiX Koppensuui!, cneJlyH llMacrpoay ·, aanHCbiBaeM a BHJle 

A 
'Pc (l,2, ... ,A)=H c .IJI(J,2; ... ,A). ll F(r

1
; ), 

1<; 
(5) 

rae H c - HOpMupoao'IHaH KOHCTaHTa, 'I' 0,2, ... , A} - HeKoppenupoaaHHaH 

BonHOBaH ljlyHKUHH, a cpyHKURH F ( r) o6naJlaiDT cneJlyiOIURM CBOHCTBoM: 

lim F( r) = 0 • nycTb F ( r) 
r->0 

vl-cp(r) TOI'Jla cpopManbH? MOMHO .. 

aanucaTh: 

... ' .·;· ;; c .• .. .. . . , J A 

'Pc (l,2, ... ,A}=H .IJI(l,2, ... ,A).ll--!. </>(r .J+ 
... . . ·• · . 2 · 1< j ~I 

I. )6) 

· Or;}aHM'III:VICH llUlllb nepBbiMH JlBYMH 'IJ]eHaMH B cpurypHbiX CK06Kax BbipaMe

HHH ( 6), 'ITO, KaK 06bi'IHO I'OBOpHT1 COOTaeTCTByeT. y'IeTy nHJllb napHb!X 

KOPf.·ensuu:ii. B TaKOM npu6nHMeHun 
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A 
'H c .. [ 1- .<'I' (1,2, ... , AJ:I I. 

t<i 

A. . -l -l 
'!'(r )J'I'(1,2, ... ,Ab] =0-8). 

lj 

KoppenSillHH uomKHbi YllOBneTaOp.HTb HeKOMY ycnoaHIO ManocTH, M&I 6yueM 

C'IHTaTb KOppenSillHH ManbiMH B TOM CMbiCne, 'ITO BenH'IHHa 8 LlOn:lKHa 

6&ITb Mana no cpaaHeHBIO c ellHHHUeA, Bonee no11po6aoe o6cy*LJ.eHHe pHLJ.a 

BOnpOCOB, CBSI3aHHbiX C Ll*aCTpOBCKHMH KOppen.HUH.I'IMH, H, B 'laCTHOCTH, 06-

/7-8/ 
Cy)I(Ll9HHe KpHT9pBH ManOCTH TaKHX KOppenSillHA MO)I(HO HaiTH B pa6oTaX • 

Mbl HCnonh30BanH KOppenBpOBaHHbie BOnHOBbie cjlyHKUHH Tuna (6)', B 

KOTOpbiX Y'ITeHbi nHWb napHbie KOppenSillHH, Lln~ paC'IeTa HLJ.epHbiX MaTpH'I

HbiX 9neMeHTOB npouecca (2). B xa'leCTBe aeKoppenupoaaaH&IX aonuoablx 

cjlyHKUBA HLJ.ep 
4He H 

3H 6&InH B3HTbl nonHOCTblO CHMMeTpH'IHbie $ -

COCTOHHHH1 LlalODlH91 KaK H3B9CTH01 OCHOBHOit BKnaLJ. B HCTHHHble BOnHOBbie 

cjlyuxuun. PanuanhHaH aaBHCHMOCTb uexoppenupoaaHHbiX cjlyHKUHA a~16paaa 

rayccOHLlanhHOA: 

4 
cH 4He ) • H ( 4He ) • exp I -a I. ( r~ - -;, ) 2 I , 

l.<t 

J J ~ ~ 2 
~ ( H ) • H ( 3H ) • eq I - P I. ( r 1 - r 1 ) I ' 

1.< I 

rue H( 4He1 B H( 3H) - sopMBPOBO'IBble KOBCTaBT&I. KoppensrTopbl _,( r) 

T8KX<e B3HTbl B BBLle rayCCOHLl: ¢{ r )-.expl-yr l) • napaM8Tpbl a H y 6b14B 

/8/ 
onpeueneH&I B pa6oTe , rae ux saa'leBBSI noao6paHbl Tax, 'IT06bl nony-

'IHnoc& yaoaneTBOpHTenhHOe ODHCSHBe 9KCD8pBMeBT8nhHbiX LJ.SHBbiX no 38-

PHLI.OBOM)' cjlopMcjlaKTOpy HLJ.pa 
4He (no 3Ha'leHHI KB8llp8T8 nepeaaBHoro BM-

nynhCa 2 0 1-2 ) • B BOBBOBOA cjlyHKUBB 1'pHTB51 Mbl HCDonh30Ballll TO X<e 

4 
asa'leaae y , 'ITO B B aonuoaoA cjlyHKUBH HLJ.pa He •. a napaMeTp P 
B351nH T8KBM1 'IT06bl C KOppenHpOBaHHOI cjlyHKUBel DOny'IBTb npaBHnhBbli 

CpeLJ.HeKBSllpSTH'IHbiii pallHYC TpHTH51. 838BMOll9iiCTBHe B KOHe'IHOM COCT051HHB 

6blno y'ITeuo nocpeacTBOM onTH'Iecxoro noTeauaana, aaineuuoro a pa6o-

6 
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/9/ /3/ ; 
KaK y>Ke OTMeqanoCb , UCIIOnb3Y.H STO B38UMOJleHCTBHe, Mbl Te 

cymecTseuuo rrepeoueuusaeM rrornomeuue B paiioHe MaKCUMyMa crreKTpa, TaK 

"'TO 3Ha"'eHHe CKOpOCTU Jl- -3aXB8Ta B peaKUUU (2) IIOny"'UTC.H 38HH>KeHHbiM. 

3To o6cTO.HTenhGTBO, onHaKo, He .HBn.HeTc.H, Ha Haw sarn.Hil, cymecTseHHbiM 

IIpU Bbi.HCHeHUU BnU.HHH.H KOpOTKOJleHCTByiOmUX HyKnOH-HyKnOHHbiX KOppen.H-

uuii Ha rrpouecc. 

Mbi pacc"'uTanu suepreTuqecKuii crreKTp u acuMMeTpuiO yrnosoro pac

rrpeneneHU.H, orrpeneneHHbie B paseHcTsax (3). PeaynbTaT pac"'eTa sHepre

TH"'eCKoro CIIeKTpa IIpUBeJleH Ha puc. 1 (KpUBa.H 1). nn.H cpaBHeHH.H Ha 

STOM >Ke pucyHKe rrpuseneH SHepreTU"'eCKUH CIIeKTp, paCC"'UTaHHbiH 6ea 

yqeTa KOppen.HUUH, HO C BOnHOBbiMU tiJyHKUH.HMU, KOTOpbie Jl810T Te >Ke CpeJl

HeKB8Jlp8TU"'Hbie panuyCbl .Hilep 4He U 3H , "'TO U KoppemipOBaHHbie son

HOBble <iJyHKUUH STHX .Hilep (KpUBa.H 2) • BUilHO, 'ITO yqeT KOppen.HUUH 3aMeT-

HO U3MeH.HeT numb XBOCT CIIeKTpa. 3Toro MO>KHO 6bJn0 O>KHilBTh, TaK K8K 

IIpU 60nbWUX SHeprU.HX OTHOCUTenbHOrO llBU>KeHU.H Hei!TpOHa U TpHTH.H OCHOB

HOH BKnBil B BepO.HTHOCTb IIpOUecca ll8IOT CKOpOCTHbJe "'neHbl 9<P<lleKTUBHOrO 

/1,3/ 
raMHnhTOHUaHa Jl- -aaxsaTa , a MaTpU"'Hbie sneMeHThi 3THX qneHOB 

CUnbHO 38BHC.HT OT BUlla UMIIYnbCHOro pacrrpeneneHJHI HyKnOHOB B .H/lpe. 

lJ.n.H BenU"'UHbi CKOpOCTU W Jl- -aaxsaTa rrony'leHO C y"'eTOM KOppen.HUIIH 

-1 -1 
H 6ea y"'eTa COOTBeTCTBeHHO 165 CeK U 193 CeK • 

Ha puc. 2 rrpuseneu peaynbTaT pac"'eTa acHMMeTpHH yrnosoro pac

rrpeneneHH.H ( KpUBB.H 1 ) • nn.H cpaBHeHU.H, KBK H B rrpellhlllYmeM cnyqae, 

3/leCb >Ke naeTC.H KpUBa.H, p8CC"'UT8HHa.H 6ea y"'eTa KOppen.HUUH (KpHBB.H 2). 

BnU.HHUe KOppen.HUHH cymeCTBeHHO IIpO.HBn.HeTC.H npu SHeprU.HX OTHOCHTenb

Horo llBU>KeHU.H ueiiTpoHa H TpuTu.H, 6onhwux 45 Mss. OnuaKo BUll aaBHCH

MOCTH aCUMMeTpUH OT 9HeprUH KB"'eCTBeHHO Mano MeH.HeTC.H. (Y"'eT B38HMD

JleHCTBU.H B KOHe"JHOM COCTO.HHUU, HaiipUMep, JlaeT Ka"'eCTBeHHO HOBbiH a<fl

<iJeKT B IIOBeJleHHH BCUMMeTpUH ITO CpaBHeHHIO C nnOCKOBOnHOBbiM npu6nH>Ke

HHeM 
11

•
31

). 0TMeTHM, "'TO y"'eT KOpOTKOJleHCTBYIOmHX HyKnOH-HyKnOHHbiX 
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KOppenSII.lHH npHBOJlHT K HeKOTOpOH KOMnef\(;8UHH BnHSIHHSI B38HMOJleHCTBIISI 

B KOHe'IHOM COCTOSIHHH H8 8CHMMeTpHIO, Pe3ynbT8Tbi paC'IeT8 CneKTpa H 

8CHMMeTpHH, Y'IHTbiB810!llHe HyKnOH-HyKnOHHbie KOppenSIUHH TOnbKO nH!llb B 

BOnHoBoH. <iJyHKUHH Ha'lanbHOro SIJlpa ( 
4 He) ( KpHBaSI 3 Ha pHc, 1 H 2), 

npaKTH'IeCKH He OTnH'I810TCSI OT pe3ynhT8T8 nepBOH8'18nbHOrO pac'leTa, KOr

Jl8 BOnHOB8SI <iJyHKUHSI TpHTHSI T8K*e 6panaCb KOppenHpOB8HHOH, 3TO 06CTOSI-

y'leTOM KOppenSIUHH TOnbKO nH!llb B BOnHOBOH <iJYHKUHH H8'18nbHOrO S!llpa, 

Y'leT KOpOTKOJleiicTBYIOlllHX HyKnOH-HyKnoHHbiX KoppenSIUHII npHBO:liiT 

K H3MeHeHHIO nnOTHOCTH pacnpeJleneHHSI Be!lleCTBa B S!Jlpe no cpaBHeHHIO C 

HeKoppenHpOB8HHbiM nOJlXOJlOM, B CBSI3H C 8THM B03HHKaeT BOnpoc, HaC-

KOnbKO 'IYBCTBHTenhHbl cneKTp If 8CHMMeTpHS! K npOCTeH!llHM 1!3MeHeHHSIM 

nnOTHOCTH pacnpeJleneHHSI Be!lleCTBa, o6ycnoBneHHbiM B8pH8UHSI~IH CpeJlHe

KB8Jlp8TH'IHOrO p8JlHYC8 S!Jlpa B H8'18nbHOM COCTOSIHHH (6e3 y'leTa KOppenSI

UHH), Pe3ynhTaThi TaKoro pac'leTa npHBeJleHbl Ha pHc. 3 u 4, YBenH'IeHHe 

cpeJlHeKB8Jlp8TH'IHOrO paJlHyCa S!Jlpa npHBOJlHT K yMeHb!lleHHIO IInOTHOCTII B 

ueHTpe, y'leT KoppenSIUHH (no Kpaii.Heii Mepe B 
4He ) Bne'leT 3a co6on 

/8/ 
TOT *e pe3ynbT8T , nocKOnbKY 8CHMMeTpHS! o6ycnoBneHa B OCHOBHOM 

"CKOpOCTHbiMH" 'lneHaMH s<iJ<iJeKTHBHOrO raMHnbTOHH8H8 ~ -38XBaTa, MaT

pH'IHbie sneMeHTbl KOTOpb!X npH 6onblllHX SHeprHSIX OTHOCHTenhHOrO JlBH*e-

HHSI HeHTpOH8 H S!Jlpa-OCT8TK8 CHnbHO 38BHCSIT OT nnOTHOCTH H8'18nbHOrO 

S!Jlpa npH ManhiX pacCTOSIHHSIX, TO nOHSITHO, 'ITO BJHHIHHSI yBenH'IeHHSI cpell-

HeKBaJlpaTH'IHOrO P81lHYC8 S!Jlpa H y'leTa KOpOTKOJleHCTByiO!llHX KOppenSIUHH 

.I!pOSIBnHJOTCSI HeCKOnbKO noXO*HM o6pa30M, To }Ke C8MOe MO*HO CK838Tb 

o XBOCTe sHepreTH'IeCKoro cneKTpa ( E ,>50 MsB}. 

B 3aKnJO'IeHHe eme pa3 OTMeTHM, 'ITO, KaK cneJlyeT H3 nony'leHHbiX 

pe3ynhT8TOB, KOpOTKOJleHCTByiO!llHe HyKnOH-HyKnOHHbie KOppenSIUHH 3aMeTHO 

BnHHIOT Ha SHepreTH'IeCKUH CneKTp H 8CHMMeTpH10 yrnOBOro pacnpeJleneHHSI 

npH Jl0CT8TO'IHO 60nhlllHX SHeprHHX OTHOCHTenbHOrO JlBH*eHUSI HeHTpOH8 H 

8 
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SIJJ,pa-OC1'8TK8 1 XOT'Sl K8'I€CTB€HHbiX H3MeHefmil B XO/l€ 8CHMM€TpHH 

He B03HHK8eT. 

Oony'IeHHbl€ peaynbT8Tbi eme pa3 IIOJlTBepM/l810T 1 'ITO YK838HHbi€ Xa

paKTep!iCT!iK!i O'I€Hb 'IYBCTBHT'enbHbl K JleTanSIM CT'pyKTypbi HllepHOll C!iCTe

Mbl 1 li JlnSI IIOHHM8HHSI BC€£'0 SIBneHHSI He06XO/lliMO Bb!SIB!il'b 91'Y 38BHCHMOCT'b 

ITO B03MOMHOCTH B ll0CT8TO'IHO IIOnHOll Mepe. 

ABTOpLr rronh3YIOTCSI rrpHSIT'Hoil B03MOMHOCT'biO rro6narollapHTh A.H. HBo

XI!Ha 38 IIOI\!Olllb IIpH IIpOBepKe 8HanHT'H'I€CKHX BbipaMeHHll JlnSI M81'p!i'IHb!X 

9neMeHTOB, 
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60 £,HtJV 0 ,, 

PHc. 1. 3HepreTH'leCKHH cneKTp. 1 - yqTeHhi KopoTKOJleiicTBYIOIUHe HyKnoH

HyKnOHHLie KOppenSIUHH B sonHOBbiX cpyHKUHSIX Sl)lep 
4 He H J H i 2 - KOp

penSIUHH onymeHI>Ii 3 - KOppenSIUHH yqTeHbl TOllbKO B BOnHOBOH cpyHKUHH S!Jl-

pa 4 He • 
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-0.4 
0 60 E,HPV 

PHc. 2. AcHMMeTpHH yrnoaoro pacnpelleneHHH. 1 - y'ITeH&I xopoTKOlleAcT
BYIOIIlHe HyKnoH-HyKnOHHble xoppen.HilHH B aonHOBbiX ciJyHKUHHX Slllep 4 He H 

3 
H : 2 - xoppen.HilHH onymeH&I; 3 - xoppenHUHH y'ITeH&I Ton&xo B aon

HoaoA cWHKUHH Slllpa 4 He . 
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Puc. 3. 3aBHCHMOCTb 3Heprern'leCKoro crreKrp.a :or paAHyca ·gApa "He·. 
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0 
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-0.11 
0 60 E.,Mev 

PHc. 4. 3asHCHMOCTb acHMMeTpHH yrnosoro pacnpe11eneHHsr or paJlHyca 
Slllpa 4He. 
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