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1. B B e n e H H e 

B nocnenHHe ronhI saMeTHO ycHmrncsr HHTepec K HccnenosaHHIO spa

maTenbHoro nBH)KeHHsr B aTOMHhIX srnpax. 3To CBsrsaHo, npe)Kne 'acero, c yc

ne1I1HhIM pa3BHTH0M MHKpOCKonHqeCKHX MeTonoB 0IlHC8HHSI BpameHHSI srnep, 

/1/ 
Haqano KOTOphrM nono)KHnH paooThI Tayneca H BanaTHHa • HenaBHO ohm 

npenno)KeH uenhI:fi psrn pasnHqHhrx MHKpocKonHqecKHX nonxonos ( c:M., HanpH-

/2-6/ 
Mep, ) • XapaKTepHhIM nnsr BCex 9THX paoOT smnsreTCSI TO, qTo B 

OTnHqHe OT paccMOTpeHHSI C IlOMOmbIO KP9HKHHr-Monem1 BpamaTenbHhie 

COCTOSIHHSI srnep paccMaTpHB8IOTCSI B HHX, Hapsrny .c KoneoaTenbHhIMH, KaK 

BHy:rpeHHHe B030y)KneHHSI CHCT0Mhl, OobrqHo B aJlHaoaTlfqecKOM npenene 

nnsr BpamaTelibHO:fi nonOCbl Ha OCHOBHOM COCTOSIHHH qeTHo-qeTHOf'O srnpa 

nonyqaIOT MOM0HT HHepUHH Kp9HKHHr-MonenH. HeCMOTpSI Ha OOliblllHe Tpyn

HOCTH Bbl'lHCflHTenbHOI'O xapaKTepa MHKpOCKOIIH'ieCKHe IIOl].XOl].bl C TO'iKH 

3peHH~ TeopHH HM0IOT npeHMymeCTBa no cpaBHeHHIO C 'KP9HKHHf'-MO)l0libIO, 

TaK KaK He TpeoyIOT onpeneneHHSI necfiopMaUHH H opHeHTaUHH srnpa, ·shIJle~ • 

neHHSI KOlilI0KTHBHOf'O yrnosoro MOM0HTa BpameHHSI H T.,Q. 

C · npyro:fi CTOpOHhI, B nocnenHH0 ronhr ycnewHo pa3BHBaIOTCSI 9KCne

PHM0HT8libHhl0 HCCnenosaHHSI CTpyKTYPhI aTOMHhlX srnep C nOMO!IlbIO ·peaK

UH:fi C ne:fiTpOHaMH, anbcfia.;.qacTHU8MH, TSI)KenbIMH HOH8MH H T.n. PeaKUHH . 

C anbcfia-qacTHUaMH H ocooeHHO C TSI)KenhIMH HOHaMH Il03BOnSIIOT H3yqaTb· 
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smepHbie C0CT0SIHHSI C Bb!C0KHMH CIIHHaMH H, B 'IaCTH0CTH, npocne)KHBaTb 

BpamaTenbHbie non0Cbl AO C~HHOB I " 20. llenbifi PM HHTepeCHblX HCcneA0-

/7 8/ /9/ 
BaHHll HeAaBH0 6bm rrpoBeAeH <P. CTHBeHCOM H Ap. ' . ' x. PHAe H AP• 

/10/ . r. BHHTepoM H Jlp. H T.Jl. B 3THX 3KCIIepHMeHTax Ha6moAaIIHCb Bpama-

TenbHhle C0CT0SIHHSI B HetJeTHbIX smpax JlO CIIHHa I . = 37 /2, rrpH'IeM BO MHO-

I'HX cnytJaSIX BpamaTenbHbJe rronoCbl HaCTOnhKO CHnbHO ·HcKa)KeHbl Hea)lHa6aTH- . ·i 

'! 

tJeCKHMH sqiqieKTaMH, 'ITO HX 3HepreTHKY HeB03M0)KH0 o6bSICHHTb B paMKaX . \. 

qieHOMeHonoI'H'IeCKHX MO)lenefi. B CBSI3H C 3THM B03HHKaeT Heo6XOJlHMOCTb 

B C03JlaHHH HeaJlHa6aTH'IeCKHX MO)lenefi, T0'IHO Y'IHTbIBaIOIUHX CBSI3b Bpame

HHSI C llPYI'HMH BHJlaMH JlBH)KeHHll B aTOMHblX SIJlpax. 

B HaCTOSIIUefi pa6oTe Jl8H o63op OCHOBHblX qieHOMeHonoI'H'IeCKHX H 

rronyMHKpOCKOIIH'IeCKHX MOJleIIeii:, OIIHCbIBaIOlllHX BpamaTenbHOe JlBH)KeHHe B 

HetJeTHblX. aTOMHblX SIApax. Oco6oe BHHM8HHe yJlensieTCSI ytJeTy Hea)lHa6aTH

'IeCKHX sqiqieKTOB CBSI3H BHyTpeHH~I'O H BpamaTenbHOI'O ABH)KeHnfi • .UaH KOH

KpeTHblli aHanH3 CHnbHO HCKa)KeHHbIX BpamaTenhHbIX nonoc Ha ypOBHSIX 110-

• : 161 163 
nO)KHTenbHOH tJeTHOCTH B SIApax. Er H . Er. 

2. <PeHOMeHOIIOI'HtJeCKOe OIIHCaHHe BpameHHSI. 

A;rna6aTHtJecKoe rrpH6nH)Ke.HHe 

B OC_HOBe qieHOMeHonOI'HtJeCKOI'O OIIHCaHHSI B paIUaTeIIbHOI'O JlBH)KeHHSI 

/11/ 
SIJlep ne)KHT cxeMa cno)KeHHSI MOMeHTOB, rrpeJlnO)KeHH8SI BopoM (pHc.l) • 

TTonHhlli yrnOBOli MOMeHT. f o6pa3yeTCSI H3 MOMeHTa KonneKTHBHOI'O Bpa-... 
meHHSI R (HanpaBIIeHHOI'O rreprreHJlHKynsipHO OCII CHMMeTplIH SIApa Z' 

B 8KCII8IlbHO-CHMMeTpH'IHbJX SIApax) H MOMeHT8 j 
... 

, CBSI38HHOI'O C JlBII-

)KeHHeM OT)lenbHbIX qaCTIIU. B CXeMe CHilbHOii CBSI3H JlBH)KeHHe qaCTHllbl 

8JlHa6aTH'IeCKH cneJlyeT 38 H3MeHeHHeM OpHeHTaUHH IIOIISI, CBSI38HHOe coc

TOSIHHe K8)KA0I'O HYKIIOHa xapaKTepH3yeTCSI npoeKUHeii K MOMeHTa KOIIH

tJeCTBa ABH)KeHHSI Ha OCb CHMMeTpHH, KOTopaSI C'IHTaeTCSI KOHCT8HTOli BHyT-
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PHc.1. CxeMa CIIO)KeHHSI MOMeHTOB B➔ He'IeTHb!X aTOMHbIX SIJlpax. I - non-

Hblli yrnoBoii MOMeHT SIJlpa, R - KOIIIIeKTHBHblli MOMeHT Bpamemrn 

'IeTHOI'O OCTOBa, j - BHyTpeHHHii YI'II0BOli MOMeRT 'I8CTHUhl ( IIIIH 

HeCKOilbKHX 'I8CTHU). z, - OCb CHMMeTplIH sinpa, z,, - na6opaTop

H8SI KOOpJlHHa Ta. 

peHHer-o JlBH)KeHHSI,·ITpH 3THX rrpeJlIIOII0)KeHHSIX 38A8'I8 0 BpameHHH HetJeT-

; 
Hb!X smep CBOAHTCSI K OIIHC8HHIO J:lBH)KeHHSI OAHOli ( HIIH HecKOIIhKHX) Hecrra- . 

peHHOii: 'I8CTHllbl B none poTaTopa ( 'IeTH0-'IeTHOI'O OCTOB8) • Bpama TeIIhHbie 

cepnn MOI'yT 6b!Th IIOCTpoeHbl Ha pa3IIH'IHb!X 0JlHO'I8CTH'IHb!X YPOBHSIX cpe)l

Hero IIOIISI ll xapaKTepn3yIOTCSI cnenyIOIUHMH KOHCT8HT8MH: IIOIIHblM yrnOBbIM 

MOMeHTOM 

unefi K 

, era npoeKuneii: M Ha na6opaTopHy10 ocr:, Z " n npoeK-

Ha OCb CHMMerpnn siapa z, 
MO)KHO 381IHC8Th B BHJ:{e 

J{=H +H 
rot oar + Hl 

I'Jle 

H 
rot 

t2 ... =zr[ I 2 -21 z 

+T+V, 

2 

z+jz], 
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, TTpn 3TOM I'aMHilhTOHHaH SIJ:lpa 

( 1 ) 

( 1 a) 



'fi2 
H =--[Ij +Ij•l, 

(16) 

cor 2 5 + - - + 

H 1 ii2 [. . . . ] (1B) 
=--JJ +J J. 

l 2 25 + - - + 

3JleCb 
5 -MoMeHT IIHepUIIII SIJlpa OTHOCHTellbHO OCH, nepneHAIIKyns:rpHOH OCH 

CIIMMeTpIIII, I z , I ± II j z , j t - KOMilOHeHThl onepaTOpOB nonuoro 

II V - COOTBeTCTBeHHO KII-
II BHyTpenHero MOMeHTOB COOTBeTCTBeHHO, T 
HeTIIqecKaSI SHeprIISI II noTeHUIIan cpeJlHero nons:r (Bo BHyTpeHHeH CIICTeMe 

KOOpAIIHaT) JlllSI Hecnape~HOH qacTIIUhl (qacTIIU), IlpllqeM cpeJlHee none cqlI-

TaeTCSI aKC1IanhHO-C1IMMeTp1IqHblM, ff rot OillICbIBaeT BpameHIIe SIApa K8K 

uenoro, ff cor - B381IMOJleHCTBIIe BHyTpeHHero II Bp_amaTenhHOI'_O_ JlBII)KeHIIH 

(B381IMOJleHCTBIIe KopIIOlllICa), HJ ~ onepaTop ueHTpo6e)Kl{0I'O B381IMOAeH-
. ', , . .. . 

CTBHSI Me)KJlY HecnapeHHhlMH HYKllOHaMH, KOTopoe o6hJqHO He yq1ITb1B8eTCSI. 

B . a]lIIa6aT1IqecK0M np1I6llII)KeH1III scpcpeKTbl B381IMOAeHCTBIISI Kop1IOll1ICa 

cqlIT810TCSI MallhIMII II CII~MeTplI30BaHHaSI BOnHOB8SI cp°yHKillISI 38Il1ICb1BaeTCSI 

B BIIJle 

IIMK >= y _ 2[+1 
1611 2 

I+i-1/2 I 
~- - X + (-1) g) - _ X l , 

MK K M,-K -K 
(2) 

I 

rJle ~MK - cpyHKUIISI BIII'Hepa, 
X K - BOllHOBbie cpyHKUIIII BHyTpeHHero JlBH-

)KeHHSI xi• TipeHe6peras:r 'B38HMOJleHCTBIIeM Kopuonuca II Hi , nonyqnM 

npocToe Bbipa)KeHIIe JlllSI BpamaTenhHOH ceplIII Ha BHyTpeHHeM o.nnoqaCTIIq-

HOM COCTOSIHHII C npoeKUIIeH MOMeHTa K B BIIJle. 

xi 1121 
OnpeJleneHIIe X-K II Bb16op cpas cooTBeTCTBYIOT pa6oTe KepMaHa • 
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1 
L 
·I 

: ii 
'_1 - l 

,1 
,i 
1\ 

t 2 2 lb O (I K) =.....--- I l(I +0-K l. 
2 5 

I =K,K+l, K+2 , ..• 
(3) 

B cnyqae K = 1 /2 BKnaJl H 00, B SHeprIIIO B03HIIKaeT y)Ke B nepB0M no-

. /11 12/ 
PSIJlKe II cpopMyna AllSI_BpamaTenbHOII 9HepI'HII IlplIHIIMaeT BIIJl ' 

i? 1+1/2 
&(IK)=-{I(I;.l)-K2 +8 /(-1) (l\l/2)a I, 

2 5 K,I 2 
(4) 

I'Jle napaMeTp pa3BSI3bIBaHus:r a .. onpeJleneH KaK MaTpuqHhIH sneMeHT one-

paTopa j _ 

e 
a = (-1) < X _ 

1
;) j _ I X 

1
;

2 
> · (5) 

t2 
II a PaccMaTpHBas:r 2}""" 

IIOMO!IlblO cpopMyn (3) u (4) 

KaK napaMeTpb1, MO)KHO xopolllo OillICbIB8Tb C 

l{lf)K8Hllllle BpamaTenhHbie YPOBHII HeqeTHbIX 

s:r.nep. O.nHaKO C B03pacTaHIIeM CIIHHB BpamaTenbHoro- COCTOSIHIISI HapylllaeT

CSI a.n1Ia6aTII'fHOCTb BHyTpeHHero LlBII)KeHHSI II B03HIIKaeT ueo6XOLllIMOCTb B 

npnBneqemm LlOITOnHIITenbHblX rrapaMeTpOB .nns:r OIIHC8HIISI cneKTpOB. 

<PII3U'feCKIIX llplI'flIH, llplIBOASillllIX K OTKnOHeHIIIO OT 38KOHa l(I+ 1) BO 

BpamaTenbHbIX cneKTpax, Ll~BOllbHO MHOI'O, II IIX IICcne.noBaHUIO B nocne.nHue 

I'OLlbl 0binO IlOCBSillleHO 6onbllJOe KOnII'feCTBO pa6oT. HasoaeM HaII6onee B8)K

Hbie npnqIIHbl. C yBem1'feHueM qacTOTbl BpameHUSI B03HUKaeT UeHTpo6e)KHOe 

paCTSI)KeHIISI s:rapa, npHBOLlSilllee K yBenw1eHlflO aecpopMaunu II MOMeHTa IIHep

UIIII. 3TOT scpcpeKT o6ycnoammaeT nonpaBO'fHb!H qneH B Bb1pa)KeHUH ans:r 9Hep-

ruu, KOTOpbIH IIporropu1Imraneu I2(1+1) 2 
• OueHKa nonpaaoqnoro qneHa 

. 1111 
ohrna .naHa BopoM 
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B )lanhHei1:rueM psrJlOM aBTOpOB 6hma pa3BilTa qieHOMeHOnOI'Il'I8CK8H 

/13/ 
MO)lenh, Y'IIlTb!BaJOlllaH ueHTp06e:Hrnoe paCTSI)K8Hile smpa • Bb1pa)K8Hil8 

)lnH aHepI'Ilil BpamaTenhHblX COCTOSIHilH B 8TOH MO)lenn OKaaanocb IlJl8HTil'I-
. /14/ . 
Hb!M nony'IaeMOMY B MO)lenn Xappnca ( Kp8HKilHI'-MO)lenh, Y'IIlTbIBaJ0-

/15-20/ · 
man nonpaBKil Bb1crueI'o nopsrJlKa). B pnJle pa6oT aqiqieKThI ueHTpo-

6e)KHOI'O pacTSI)KeHilSl IlHTepnpeTnpoBanilCh KaK o6ycnoBneHHb!8 CBSI3b!O. Bpama

TenhHOI'O )lBil)K8HilSl C f3 - II y -Kone6aHilSIMil. AHanoI'Il'IHaSI nonpaBKa K 

cneKTpy B03HilKaeT ua-aa B3ailMO)l8HCTBHH M8)KJlY napHb!Mil KOppenstUilSIMil 

Il BpameHil8M, 8TO B3ailMO)leHCTBil8 CHCTeMaTil'IeCKil yMeHbmaeT Benil'IHHY 

aHepreTn'IeCKOfi menn 1!J. B nnpax npn yBerin'IeHnn 'IaCTOTbI BpameHilSI ( aH-
/19-24/ 

THCIIapttBaTenhHblll aqiqieKT B3ailMO)l8HCTBHSI Kopuonnca ) • lfucneH-

Hbie paC'I8Tbl IIOKaaann, 'ITO aqiqieKTbl B3aHMO)l8HCTBHSl M8)KJlY ·cnapHB8HileM 

Il BpameHil8M B 'IeTHO-'IeTHblX smpax o6hl'IHO 6onee cymeCTB8HHbl, 'IeM aqi

qieKTbl ueHTpo6exrnOI'O paCTSI)K8HilSI. 

Baa1IMOJl8HCTBH8 Kopttonuca 06b1'IHO Y'IIlThIBaeTCSI no TeOpilil B03MY

meHilSI, 'ITO SIBnsteTCSI onpaB)laHHhlM, ecntt B crreKTpe HeT JlBYX 6ntt3KO pac-
. _ /25/ 

rronO)KeHHblX 0JlHO'I8CTil'IHblX ypOBHeil O)lHOfi 'IeTHOCTil C /!J.K = 1 • Cuc-

TeMaTil'IeCKHH aHanna aqiqieKTOB B38IlMOJlei1:cTBilSI Kopnonnca B paMKaX Teo-
- . /26 27 / 

pn11 B03MymeH1111 6hm Jl8H B pa6oTaX Eopa H MoTTenhCOHa ' , OHil 

noKaaann, 'ITO BO BTOpOM rropSIAKe Teopn11 B03MymeHHSI BKnaJl H , MO)KeT cor 

6bITh CBE!JleH K Il3MeH0HRJO acpqieKTIIBHOI'O MOMeHTa IlHepmrn, Y 'I8T II cor 

B Bb!ClllilX rropsrnKaX IIpHBO)lHT K IIOSIBneHil!O crreUilqJil'I8CKilX 3HaKOrrepeMeHHblX 

HK (l+K)! 
qneHOB Tnrra (-1) - A 2K 

0-K)! 
B <jiopMyne· )lnsr BpamaTellhHbIX aHepI'Ilfi 

(A 2 K M0)K8T paccMaTpilBaThCH KaK rrapaMeTp) • KpoMe TOI'O, B 'I8TBepTOM 

nopsmKe Teopilil B03MYlll0HilSl B38Il,MO)l8HCTBil8 Kopno~nca )laeT rrorrpaBKY K 
. 2 2 

aHepI'Ilil, rrporropunoHanhHYJO I (l+l) Il T,Jl, TaKilM o6paaoM,· cncTeMaTn-

qeCKilH y'IeT B3ailMO)l8llCTBilSI BHyTpeHH8I'O Il BpamaTenhHOI'O )lBil)K8HilH no 

Teopilil B03MYlll8HilH IlpilBO)lilT K C'neJlyJOllleMy psmy )lnH BpamaTenhHb!X aHep

I'Hfr:. 
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&(I, K)=A[ I(I+l)-K
2

] + B [ I(I +1)- K 2
] 

2 
+ 

2 3 
+C[I(I+l)-K] + ... + 

I+K (l+I( )! 2 
+(-1) -1 A +B (l(I+l)-K J+ ••• J. 

(1-K) ! 2K 2K 

(6) 

B uacTonmee BpeMsr <pop Myna ( 6) mnpoKo ncrrom,ayeTcsr. Jlnn aHannaa Ha6-

nJO)laeMbIX BpamaTenbHbIX. rronoc B He'IeTHb!X )l8!p0pM11pOBaHHblX 'stJlpax. T11-

Illl'IHble aKcnepnMeHTanhHbie 3Ha'IeHnn napaMeTpoB A , B , A
2

K Il B 
2

K 

rrpHBe)leHbl )lnSI HeKOTOpb!X SIJ:(ep B Ta6n. L ITpHMeHilMOCTh cpopMynbI (6) 

Ta6Jmua I 

8MITHpHqecKHe 8HaqeHHH napaMeTpOB B @opMy~e 
WIH BpaIItaTeJII>HhlX 3HeprliM ./ 

fl'APO Kr.[NnzA] 

I67Tt11 r;2+ (4II) 

I59Tg 3 ;2+ [4II] 

161011 s;2+·[642J 

I83Re. s12+ [402] 

235U 712- l743J 

I77H¼ 9/2+ 1624] 

A 
[ICSB] 

IO~B 
[R3B] 

I2,5 -8 

rr,6 ·-s,s 
5,5 25 

16,6 -12 

5,I I 

8,82 I2,7 

9 

.IO~A2K 
[KSB] 

IO~B2K 
[KSB) 

-9100 32 

6,7 

0,7 

3,5 

3,2•Io-5 



npOJleMOHCTpnpyeM Ha npnMepe BpamaTeli~,Hoii: nonoCbl Ha OJlHOtJ:aCTH'lHOM 

+ 167 /10/ 
COCTOSIHHH 1 /2 [ 411 ] B SIJlpe T,n •. 06Hapy)l{eHbl BpamaTenbHbJe 

COCTOSIHHSI 8TOll nonOChl JlO cnnHa I = 23/2. Ha pnc. 2a n 26 noKa3aHhl 

(lb (I +1)- ff, (l)] /2( I+l) n 8(1)=.!{ff(I+2)-2ff<l)+·ff<1-2)1 &HepreTHtJ:eCKHe pa3HOCTH 8 . 
KaK ¢yHKUHH cnnaa • qeTKO BHJlHO, 'ITO BCSI BpamaTenbHaSI nonoca pa3Jle

nsieTCSI Ha n0Jlrpynnh1 cocTOSIHnii: c l-l/2s2n n I-l/2"'2n+l ( n - uenb1e 

'lHCna)' Ka)l{]laSI H3 KOTOpb!X MO)l{eT 6b!Tb OnHCaHa CBOHM Ha6opoM napaMeT

poB. TaKoe pacmenneHne o6ycnoBneHo a¢¢eKTaMH asanMoJleii:CTBHSI Kopno

nnca. B uenoM xopouiee onncaHne &Toii: BpamaTenbHOii: nonocb1 MO*HO nony-

'lHTb, Hcnoribsysi tJ:eTbipe · napaMeTpa ( A , B , A 1 H B 1 ) • 0TMeTHM, 

'ITO pasnntJ:ne 8 (I) . ]lnSI tJ:eTHblX H He'leTHblX 3Ha'leHHll 1-1/2 (pnc. 26) 

He 38BHCHT OT Benn'lHHbl napaMeTpa pa3BSI3b!B8HHSI (a ""At / A) , a uennKOM 

o6ycnoBneHo BKna]lOM llcor B Bb!ClllHX nopSIJlKaX Teopnn B03MymeHHSI. B 

tJ:eTHO-'leTHb!X SIJlpax OKasanoCb B03MO)l{Hb!M npnMeHSITb pSIJl Teopnn B03MY-

meHHH no CTeneHSIM 1(1+1) JlnSI onncaHHSI BpamaTenbHb!X COCTOHHHll JlO 

cnnHa I "' 8-10. C pOCTOM cnnHa CXOJlHMOCTb PHJla OblCTpO YXYJllll8eTCH 

/28/ 
( cM., HanpnMep, o6sop ) • B HetJ:e_THb!X HJlpax nonpaBO'!Hhie tJ:neHbl c na--paMeTpaMH B Ii C 06bl'lHO. OK83b!B8IOTCSI He OtJ:eHb cymeCTBeHHblMH no 

cpaBHeHHIO C nonpaBK8MH OT B38HMO]leii:CTBHH Kopnonnca, oco6eHHO BO Bpa

maTellbHb!X. IIOlIOCaX c K=l/2, 3/2 n .5/2. TToaToMy B Tex cnytJ:asix, KOrJla 

B38HMOJlellCTBHe Kopnonnca MO)l{f!O C'!HT8Tb cna6b!M; PSIJl TeopHH B03Myme

HHSI (6) XOpOlllO OIIHCb!BaeT BpamaTem,Hbi0 COCTOSIHHSI Jl8)1{0 C 6onblllHMH. 

/10 29 30 31/ 
3HatJ:eHHSIMH CIIHHa ( CM., HanpHMep, 1 1 1 

) • 

3. Heaµna6aTntJ:ecKHe Moµenu 

0JlH8KO, KOr]la B03MymeHne, BHOCHMOe B38HMOJl0llCTBH0M Kopnonnca, 

CTaHOBHTCH CHJibHb!M, PHJl (6) OK83b!B80TCSI HeIIpHM0HHMblM JlnSI OIIHCaHHSI 

Jl8)1{0 HH)l{aHIIIHX BpamaTenbHblX COCTOSIHHii:. KnaCCH'l0CKHM rrp11MepoM CTano 
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smpo Gd I HccneA0BaHHro K0T0p0P0 IlOCBRIUeHo oonbmoe K0nHqecTB0 pa

0OT (cM., HallpHMep, 
/32/ 

). Bee BpamaTenbHbie non0Cbl Ha YP0BHSIX no-

nmKHTenbHOH qeTHOCTH B STOM RApe HMeroT CHnbHO HapymeHHbie nocneAO

BaTenbHOCTH CilHHOB. AHanOPHqHbie aHOManbHbie cneKTpbl o6Hapy)l{eHbl He

/8 9/ 
AaBHO B uenoM PRAe HeqeTHbIX H30TOil0B SPOHR ' • PHc. 3a H 36, Ha 

KOTOpb!X noKa3aHO IlOBeAeHHe SHepPeTHqecKHX pa3HOCTeil BO BpamaTenbHOH 
+ . 163 /9/ 

nonoce Ha YPOBHe 5/2 [ 642] B RApe Er , AeMOHCTpHpyroT HellpHMe-

HHMOCTb TeOpHH B03MyIUeHHR ( cpaBHH C pHC. 2). x~·paKTepHbIM Ang Bpama

TenbHblX nonoc B ynOMRHYTbIX RApax RBnReTCR pacmenneHHe HX Ha PpynnbI 

COCTORHHH c 1-1/2 .. 2n H 1-1/2 =2n + 1 Ka)l{AaR H3 KOTOpblX MO)l{eT 

0b!Tb 0ilHCaHa PR!IOM ( 6) C HCilOnb30BaHHeM Tpex HnH qeTblpex napaMeT

poB, OAHaKO Haoopb! napaMeTpOB, xapaKTep'H3YIDIUijX IlOAPpynnhI, OKa3bIBaroT

CR c·HnbHO paanHqaroIUHMHCR ( HanpHMep, napaMeTpbl pa3BR3bIBaHHR HMeroT 

IlpOTHBononO)l{Hbie 3HaKH) •. 

HeaAHaoaTHqeCKHe s¢qieKTbl OT B3aHMOAeHCTBHR KopHOnHCa HaHoonee 

B8)1{H0 yqHTb!BaTb ToqHo B ABYX cnyqagx: 

a) KOPAa BpamaTenbHhie nonochl CTpORTCR Ha ABYX 9HepPeTnqeCKH 

6nH3KHX OAHoqacTHqHblX COCTORHHRX OAHOH qeTHOCTH H C I). K =l'; 

6) npn qiopMHpOBaHHH BpamaTenbHbIX nonoc Ha OAHoqacTHqHblX COCTOR-. 
HHRX ( He O0R3aTenbHO 9HepPeTnqecKH 6nH3KHX), npHHaAne)l{aIUnx. OAHOH 

cqiepHqeCKOH IlOAO0OnOqKe C 6onblliHM j (HanpHMep, Ha COCTORHHRX H3 IlOA-

o6onoqeK i 1s/2 h . ) 
11/2 • J u/2 If AP, , 

B STHX cnyqagx MO)l{HO yqecTb B3aHMOAeilcTBHe KopHonHca, HCIIOnh-

3yg MeTOA, pa3BHTblH 
/25/ 

KepMaHOM nepBOHaqanbHO AnR B38HMO-

aeil:CTBHR ABYX ypOBHeil. B AanbHeil:meM MeTOA ohm o6o6meH Ha cnyqafi 

B3aHMOAeHCTBHR HeCKOnbKHX BpaIUaTenbHbIX nonoc H npHCUocooneH )lng 

H3BneqeHHR "sKcnepHMeHTanbHbIX" CBe)leHHH O MaTpHqf!bIX sneMeHTaX. B3aH

MO/leHCTBHSI KopHonnca, napaMeTpe pa3BR3bIBaHHR, sqiqieKTHBHblX MOMeHTax 

HHepUHH H T.Jl, TmrnqHaR cxeMa pemeHHR, IlOKa3aHHaR Ha pHC, 4, 3aKnro-

13 
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. Ett Au. A13 . . . 

A.u E.u. A 2.3 • 
. 

• • . . . 

• . . . . £ J'Lfl, 

(i) t/· { /l £,~ =- f.K +rj ·I(l+1J-,K + 

T+ffL J 
+ SK, -11,_ (-1.) a( I+ 1/i) 

A,j = -f;,, Vc1-K}(r + K +1/ x 

(i) I . ( 0 ' r (U U ) <JK, J+ J-K > ◊K~K+i K K'+l¼lk· 

Pnc.4, CxeMa y'IeTa aaanMoi:ieiicTBIISI Kop1Ionnca a MeTone KepMaHa. 

'IaeTC5I B )llI8I'01Ian1I38UIIII MaTplIUbl B381IM0)leHCTBII5I Kop1Ion1Ica nyTeM 

non6opa 0/lH0'IaCTII'IHblX 9HepI'IIH E K , 3HaqeHIIH napaMeTpa pa3B5I3b!B8HII5I 

a , scpcpeKTIIBHor-o M0MeHTa ·1IHepmrn II MaTplI'IHhIX sneMeHT0B <x I j Ix > 
K' + K 

T8KIIM o6pa30M, 'IT06b! rrony'IIITh xoporuee cor-nac1Ie C 9KClleplIMeHTanbHbl-

. /32-34/ 
MII 9HepI'1I5IMII, IIHTeHCIIBH0CT5IMll II T,Jl. (cM., HanpnMep, pa60Tbl ' ). 

KoHCTaHTbl cnapnBaTenbH0I'0 B38llMO)leHCTBll5I ~ ll ,\ o6bI'IHO non61Ipa

IOTC5I ll3 C0Ce/lHIIX qeTHblX 51/lep II C'IUT8IOTC5I Il0CT05IHHb!MII. TaKOH aHanna 

3KCileplIMeHTanbHbIX llaHIIblX II0K83bIBaeT, 'ITO cyruecTBYIOIUlle 0)lH0'IaCTII'IHbie 

16 

l 

M0/lenlI (Monenh H1InhCCOHa IInlI cxeMa CaKCOHa-Bynca) npe)lCK83b!BaIOT 

cnnruKoM 6onhrune 3Ha'IeHnH MaTp1I'IHb1X sneMeHT0B <x , jj Ix > Me*llY 
K + K 

C0CT05IHII5IMII II3 0/lH0H ccpepn'IeCKOH nono6ono'IKII (npnMepHO B )lBa paaa 

I 
6onhlll1Ie) no cpaBHeHHIO C u 9KCnepnMeHTanhHblMllu. lln5I MaTpll'IHbIX sne-

MeHT0B Me)l()ly C0CT0SIHII5IMH II3 paann'IHb!X nono6onoqeK KapTHHa o6paT-

/35/ 
Hasr , O'JeBH/lHblM He)l0CTaTK0M TaK0I'0 aHannaa 5IBn5IeTC5I er-o He0)lH03-

Ha'IH0CTh B Bb16ope napaMeTp0B II 38BIICIIM0CTh OT 'IIICna CMelll1IBaeMblX 

cocToHHnii, TeM He Me11ee o6bI'IHO nony'Ia10T yn·oaneTaopnTenhHoe cor-nacne 

paC'IeT0B C 9KcneplIMeHTanbHblMII )l8IIHblMII, X0T5I ll ueHoii BBe)leHH5I 3Ha'III

TenbJI0I'0 'IIICna rrapaMeTpoa. 

B nocne/lHIIe I'0ll~l 'He0)lH0KpaTH0 nenannch Il0ilblTKII Hea)l1Ia6aT1I'IeCKO

I'0 onncaHII5I BpamaTenhH0I'0 )lB1I)KeHII5I B He'IeTHblX 5I)lpax B paan1I'IHI,IX 

M0)lenHx. f1 epBbie Il0ilb!TKll nocnenoaaTenhH0i! cpopl\1yn1IpOBKII 38)l8'III Hea)l1Ia-

6a TII'IeCK0I'0 0IIIICa!mH B036yM)leHIIH B He'IeTHblX aT0MHblX 5I)lpax C y'IeT0M 

B3alIM0)leHCTBll5I 0)lH0'I8CTII'IH0I'0, BpamaTenh~OI'O II Kone6aTenhHOI'O llBII

)l(eHIIH 6hmlI npennplIH5ITbl B paMKax M0)len1I naBb!)lOBa (cM,, HanpnMep, 06-

/17 / . 
30p B MOHOI'pacplIII llaBhl)lOBa ) • OnHaKO BBII)ly 6onblllllX Tpy )lH0CTeII 

Bbl'IIICnlITenhH0I'0 xapaKTepa K0HKpeTHbie pacqeTbl llp0B0)l!InlICh C IICIT0nb30-

B8HIIeM p5I/l8 ynpoIUeHHH II TOnbKO )ln5I COCT05IHIIH B o6ono'IKe N =4 ( CM,, 

/36/ 
Hanp1IMep, ). Han6onee cymecTBeHHblM He)l0CT8TK0M T8K0I'0 110/lX0)la 

5IBn5IeTC5I Hey'IeT napHbIX KoppenHUllil ll B38llMO)leHCTBllH KBa3H'IaCTllU, a 

cnenoaaTenhH0, aanpeT CMelllllBaHII5I 'IaCTII'IH0-.Ub!p0'IHblX C0CT05IHIIH. UenhlH 

P5Ill npo6neM B03HllKaeT TaK)Ke npri aanonHeHllll nonyqaeMOH CXeMbl C0CT05I

Hllii, T,K. noaepXH0CTh <PepMII B 5IBH0M Bll)le He BB0)lllTC5I B aana'Iy. 

Ha Mn 6bma C)lenaHa Il0llblTKa onnca Th B38IIM0)leHCTBlle 0llH0'I8CTll'IH0-

I'0 ll apamaTenhH0I'0 ABllMeHHH B paMKaX MO)lll!pllllllPOBaHHOH M0)lenn Kep-

u /37-39/ 
MaHa C y'IeT0M napHb!X K0ppenHUllll • faMUnhTOHllaH 38)l8'Ill BbI6npan-

C5I B Blllle 

17 



H .,ff +H 
lntr rot 

+H 
cor +H l • (7) 

PAe . H lntr - OITHCbIBaeT BHyTpeHHee ABH:IKeHne CHCTeMhl H He 3aBHCHT OT 

crrnHa,. a OCTanbHbie qneHhl orrpeAeneHbl Bb!pa)KeHHRMH (la)-(la). floCKOnb-

KY Hi He aaBHCHT OT crrnHa, OH MO)KeT 5b!Tb BKn10qeH B H lntr • O5oa-

HaqnM co5CTBeHHhie BOnHOBbie cjJyHKUHH BHyTpeHHeii: qacTH PaMnnbTOHHaHa 

qepea )( VK I rrpeArronapag 8KCHanbHO-CHMMeTpnqHyIO cjJopMy RApa n, cne

AOBaTenbHO, coxpaHeHne npoeKUHH YPlIOBOPO MOMElHTa K Ha 0Cb CHMMeT-

pHH. t{epe3 V o503HaqnM Ha5op OCTanbHhIX KBaHTOBbIX qncen. H oor 

·CMeIIIHBaeT COCTORHHR C paannqHbIMH 

P8MHnbTOHHaHa (7) HIUeM B BHAe 

I 
! IM>= ~ C I IMvK >, 

!.IK VK 

K I IT03TOMY co5CTBeHHbie cjJyHKUHH 

(8) 

PAe c:K - aMnnnTYAhI cMelllnaaHnR, a IIM.vK> - cnMMeTpttaoaaHHhJe aon

HOBh1e cjJyHKUHH, orrpeaeneHHhie Bbipa:arnnneM (2). y cnoane H0pMHpOBKH AnR 

aMnnnTyA aannllleTCR cneAyIDIUHM o5paaoM: . 

I 2 
I ( C ) =L 

VK VK (9) 

O5o3Haqag co5CTBeHHhie 3HaqeHHR BHyTpeHHeii: qacTH Pa1,mnbT0HHaHa (7) 

qepea &vK , nonyqnM cneAy10mee Bbipa)KeHne ang nonnoii: aHepPnn RApa B 

C0CTORHHH IIM > 

& (I) :s 
VK 

I 
I 
VK 

( C . ) 
VK 

I 2 

(C VK) & VK 

2 2 

1/ 
+ ~ 

K ] + < I M I H cor 

18 

[ I (I + 1 ) 

( 10) 

I IM > 

I 

{ .~ . 
I 

j 

i 
:~ 

TaKHM o5pa3oM, rrpH yqeTe HeaAtta5aTHqHOCTH BHyTpeHHePo ABH)KeHHR HeB03-

MO)KH0 TOqHo pa3AennTb rronHyIO 3HepPHIO Ha BHyTpeHHIOIO H BpamaTenbHy10. 

OTMeTHM1 qTQ B T8KOM ITOAXOAe Mb! HPHOpHpyeM 3qJqJeKThl HeaKCHanbHOCTH
1 

cqnTaR nx ManhIMH. ,.Ung MaTpnqHCJPO aneMeHTa < IM I II I IM > 
cor B o5meM 

cnyqae MO)KHO nonyqHTb cneay10mee Bb1pa)KeHne: 

t 2 
I I 

<IM I II I IM >= - --,--- I I C C 
cor 2:1 VK v'K' VK v'K' 

A 
l/K,v'K' 

(I) • ( 11) 

PAe 

A , m =vO-KHI+K+o °K',K+1 
VK,V K • <xvK ljlx,,> 

- vK 

1+1/2 e 
+(-1) (l+l/2)8K ,1/28K,,l/2 (-1) <xvKlj )xv,-K,>, 

I 
AMnnHTYAhI C vK HaX0AHnHCb MHHHMH38UHeii:-~nepPHH <';;(I) 

( 12) 

ang Ka)KllOPO 
. /38-39/ 

3HaqeHHR cnnHa. B pa5oTax yqHThIBanHCb TOnbKO napHbie Koppeng-

UHH BO BHyTpeHHeM ABH)KeHHH. O5b1qHo AnR Hll)K8llIIIHX 0AH0qacTnqHbIX B03-

- . /40/ 
5y)KAeHHH MO)KH0 npeHe5peqb CBR3bl0 C {3- H y- BH5paUHRMH • Ta-

KHM o5pa30M, BHyTpeHHee ABH)KeHne 0ilHChIBaeTCR P8MHnbT0HH8HOM 

" II =H +,-i, 
lntr s.p. 

II =I(i -A)[a+a 
s.p. .S B B S 

~ + A2 
,-i =A(r+r)+-, 

G 

r ,,,Ia a= 
s>o s s 

+a; a,,, ] , 
s s 

19 

(13) 

(14) 

(15) 



B KOTOpOM napHoe B38HMOAefiCTBHe 38MeHRnOCb napHbIM noTeHUHanoM C 

ycnOBHeM caMOCOrnacoBaHHR 

1:J,. ,,,_ G < r+ > = - G < r > . 
(16) 

B ( 14) '" - OAHO'laCTH'IHbJe ypoBHH cpeAHero nong, .\ -XHMilOTeHUHan 

CHCTeMbI, onpeAengeMbifi H3 ycnOBHR coxpaHeHHR '18CTHU B cpeAHeM, a : 

H as - onepaTOpbI pO)KA9HHR H yHH'ITO)KeHHR tJaCTHllbI B cocTORHHH Is> 

'(coCTORHHe 1: > conpg)KeHO c HHM no BpeMeHH). G - KOHCTaHTa cnapH

BaTenbHOJ"O B38HMOAefiCTBHR, a /:J,. - napaMeTp 3H.epreTH'l9CKOfi menH, on

peAengeMbifi ycnOBHeM (16). 11cnonb3YR K8HOHH'leCKOe ( u, V) -npeo6pa30Ba-

/41 i 
HHe Boromo6oBa , IlpHBeAeM H1ntr K BHAY 

Hlntr =U +H11+ 8 20 • 

U =2 I ( l -A ) 

" 
... 

1111 = I [ ( ( 
B ... 

v2 
8 

...:,\ )( 

-2/:J,. I u 
s 

V 
s s 

/:J,. 2 

+ -+.\N, 
G 

2 
u -v

2 
) +2 /:J,. u V ] B 

s B s s " 

H 
20 

I[2(E -.\)u V -/:J,.(u 2 -v 2 )](A+ +A ). 
s s s s s s s " 

( 17) 

( 17a) 

( 176) 

( 17a) 

OnepaTopb1 B s H As 

TO)K9HHR KB83H'l8CTHU: 

onpeAenmoTCg 'Iepe3 onepaTOpb! p0)KA9HHR H YHII'I-

+ + 
B,. = a ·s a 8 + a r;;: 

.A" =a,. a ii' 

a ,. 
s 

Onpegengg BaKyyMHOe COCTORHHe 10 > 

20 

ypaBHeHHRMH 

' l 
. \~ 

' ' 

~-.. '{ ~ ._ i 
: i 

' 

l 
' ! 
f\ 

:I 
! 

',i._ 

a IO> =a ,. IO >=0, " . " 

6yAeM OilHCbIB8Tb HH)K8fiWHe B036y)KA9HHR He'leTHOfi CHCTeMbl K8K OAHOKBa-

3H'l8CTH'IHbJe : 

X E!a+ jO>. 
VK VK 

B 3TOM npn6nH)K9HHH. 

& = U+E 
VK VK 

E "" V /:J,. 
2 2 

+ ( ( -,\ ) . 
VK VK 

CooTuoweHHR Me)KAY 

BapHaUHOHHbIM MeTOAOM) : 

fl 2 2 

u,v H /:J,. 

(" -,\ 
2 U V =-- u -v =----..... E s 

. " " Es 

J13 ( 16) nony'IHM ypaaueuHe Ang menn:: 

l,,. I ..L. 
G s E 

s 

( 18) 

(19) 

(20) 

nonytJHM H3 ycnoBHR H20 =0 (nn:60 

(21) 

(22) 

B 3TOM peweun:n: npeue6peraeTCR <fiaKTH'leCKH 3aBHCHM0CTbIO menn: .. /:J,. 

OT cnn:ua I • K0T0pag B qeTH0-'leTHb!X Mpax IlpHBOAHT K nonpaBO'IHOMY 

qneuy B 3Hepl"HH, nponopun:ouanbHOMY i2 (I +1)
2 

• OAH8KO B He'leTHbIX RApax 

38BHCHM0CTb /:J,. OT I . cymeCTBeHH0 ocna6nReTCR B38HMOAefiCTBHeM Ko-
./42 / . • . •' · 5 

pn:onuca · • B ganhuen:weM l\1bI · npn:Be::teM o6ocuoBaHn:e 3Toro npn: nn:)Ke-
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HHS!, TaKHM o5pa30M, SHepr'eTH'IeCKHH cneKTp CHCTeMbl onpeaenSieTCSI Bb!

/38/ 
pa:lKeHHeM 

& (I).., u + I (C I 
VK VK 

)2 E 
VK 

t 2 

+ 27 g(I}, (23) 

Pile 

g(l),d(l+l) - I ( C 1 
)
2 K2 + 

VK VK 

1+1/2 (24) 
+ (-1) CI+l/2)a (I). 

3necb BBeneHo o5o5meHHoe onpeaenemie napaMeTpa pa3BSI3bIB8HHsi: 

I+ 1/2 t 2 -1 

(-1) 0+1/2)a(I)~ (-) <IMIH I IM>. (25) 
2j cor 

Hcnonb3YSI BOnHOBbie cpyHKUHH ( 18)' nonytrnM ansi M8TpH'IHbIX sJieMeHTOB. 

THIIa < x I j I x , , > Bbipa:lKeHHe 
V K - V K 

< 1 · I >- M · X K J X 'K' - K 'K' J K 'K' V - V V ,V V , V (26) 

r'Jle 

M , , ~. u u , ;I" V V , , 
V K , V K vK V K VK V K 

a j VK,v'K, " - OJlHO'IaCTH'IHbie MaTpH'IHbie sneMeHTbl onepaTopa j _ 

M OMeHT HHepUHH fl MO)KHO nH5o Bbl'IHCJIHTb, HCIIOJib3YSI KPSHKHHr'-

Monenb, nH5o napaMeTpH3OBaTb c uenbJO ynpomeHHSI perneHHH 3anatJH, 'ITO 

H aenanocb HaMH, KpoMe TOr'o, menb ti To:lKe paccMaTpHBanacb KaK 

napaMeTp, BenH'IHHa KOTOpOr'O He 05SI3aTenbHO non:lKHa COBIIanaTb co 3Ha-

22 

'IeHneM B cocenHeM 'IeTHO-'IeTHOM sinpe. 8To pa3nH'IHe MO:lKeT BO3HHKHYTb 

H3-3a scpcjJeKTa 5nOKHpOBKH B HetJeTHOM SIJlpe If B3aHMOJleiiCTBHSI KopHOnHca. 

' 
Mo:lKHO O)KHJlaTb, 'ITO B o5nacTH penKo3eMenbHblX Mep HaH5onee 

CHnbHbie scjJcpeKTbl B38HMOJleHCTBHSI KopHoirnca 5ynyT HMeTb MeCTO B Tex 

Hnpax, B KOTOpb!X npOSIBnSIJOTCSI YPOBHH ccpepH'IeCKOii nono5onO'IKH i 1a/2 ' 

T,e. B HJlpax c 'IHCnOM HeiiTpOHOB N = 89-97. K HaCTOSIIUeMy BpeMeHH 

HaH5onee CHnhHb!e aHOManHH BO BpamaTenbHb!X CIIeKTpax o5Hapy:lKeHbl HMeH

HO B sinpax STOH o5naCTH, 

B pac'IeTaX HaMH HCnonb30Banacb OJlHO'I8CTII'IHaSI cxeMa ypOBHeil: B 

/45/ • 
noTeHUHane CaKCOHa-Bynca ' Y'IHTbIBanoch CMelllHBaHHe COCTOSIHHH non-

o5ono'IKH i 
13

;
2 

c K = 1/2 -9 /2 • KpoMe TOPo, ytJHThrnanoch ~N .. 2 - B3aH-

. ~ + + 
MoneiicTBHe nap cocTOHHHii { 1/2 [400), 1/2 [66 OJ l H I 3/2 [402], 3/2+[65lll, 

. ~6/ 
o5Hapy:lKeHHOe B H3OTonax sp5HSI B npSIMblX peaKUHSIX • 

HaH5onee xapaKTepHoii tJepToii nonytJaeMbIX BpamaTenbHbIX nonoc srn

nSieTCH pacmennenue HX Ha PpynnhI ypoBHeii c 1-1 /2 =2n H 1-1 /2 .. 2 n + 1 

( U - uenhie 'IHCna), KOTOpbie snepr'eTH'IeCKl(~JlBHHYTbl npyr' OTHOCHTenb-

161 
HO npyr'a, Tnnn'IHaSI KapTHHa C/:{Bllr'a noKa3aHa Ha pnc. 5 nnsi Mpa Er. 

+ 
Bo3HHKHOBeHne CJlBllr'a B OCHOBHOM o5SI38HO npHCyTCTBIIJO COCTOHHHSI 1/2 [ffi0], 

llMeJOIUer'O 5onblllOe 3Ha'IeHne OJlHO'I8CTll'IHOr'O napaMeTpa pa3BSI3bIB8HllSI 

a = 6 ,22 B ncnonb3yeMoii CXeMe). H3-3a CJlBllr'a OTnenbHbie BeTBll Bpa

IUaTenbHOii nonoCbl MOr'yT 3acenSITbCH B peaKUllSIX He3aBHCHMO, a r'8MMa

nepexonhI Me:lKJlY HllMll MOr'yT OK838TbCSI nn5o 3anpeIUeHHhiMll ll3-38 5onb

lllOH pa3HOCTll cnHHOB, nH5o cna5bJMH, 

CMelllHBaHii:e COCTOSIHHH OKa3bJBaeTCSI IICKnJO'IHTeJibHO cnnhHbIM, npaK

Tll'IeCKH nnH 5onblllllHCTBa ypOBHeii HH onHa KOMnoHeHTa BOJIHOBOH cpyHKUllH 
. + 

no BenH'IHHe He npeBb!lllaeT 50% HOpMbl, BKJI8Jlbl KOMnoHeHT 5/2 [642] 
+ 

ll 1/2 [ 660] nnsi BpamaTenbHhIX nonoc B 
161 Er 163 

n Er no-

Ka3aHbI Ha pHC, 6,7. TaM :lKe npHBeneHhl ll r'pacpllKll 3Ha'IeHHil: a(I) nnsi 

pa3JIH'IHbIX COCTOSIHHH. XapaKTepHO pa3nH'Ille 3H8KOB a ( J ) nnsi pacmen-

23 
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I-1/2=2n+1 
("I 
A 

L_ 

5/2 9/2 13/2 17/2 21/2 ·2s/2 29/2 I 
7/2 II/2 IS/2 19/2 23/2 27/2 

PHc.7. To )Ke, 'ITO .H Ha pre· 6, 

BaHhI napaMeTph1: h / 2 j 

!Ill! 
11.n!il !i!IJ.pa Er 
= 15 KSB, !!,. eff 

. B pacqeTax Hcnom,so

= 0,23 MsB. 

26 

. \I 
neHHhlX no11.rpynn. OTMeTHM, 'ITO ecnH a (I) cna6o saBHCHT OT CilHHa, TO 

Ka)KIJ.a!il no11.rpynna Mo~eT 6b1Th onucaHa KnaccuqecKoil. cpopMynoil. THna ( 4) 

npu HCilOIIb30BaHHli 6onhlllHX 3Ha'IeHHH napaMeTpa pa3BSI3b!BaHH!il ( a .. : 10). 

Tiepeil.11.eM K_ aHanusy sa~HCHMOCTH pesynbTaTOB OT napaMeTpOB ( !!,. ' 

t 2 
/2 s ' 11.ecpopMaUHH f3 H •mcna CMe_lllHBa~Mh!X ypOBHeil.). OTMeTHM, 

'ITO ecnu CMelllHBalOTC!il TOnbKO ABa unu TPH ypoBH!il, TO BCe pesynhTaTbl 

cunhHO 3aBHC!ilT OT napaMeTpOB cxeMhl, C yBenH'IeHIIeM 'IHCna BSaHM0-

11.eil.CTBy10mux ypOBHeil. 8Ta saBHCHMOCTb pe3KO ocna6nsreTC!ilo TipaKTH'IeCKH 

HeT He06XOAHMOCTH Y'IHTb!BaTb B3aHMOAeil.CTBHe 6onee 'IeM ceMH ypoBHeil.. 

PesynhTaThl npu 8TOM cna6o MeHsrioTCSI npu He6onblllHX H3MeHeHHSIX f3 
u sHa'IeHH!il BpamaTenhHOI'~ napaMeTpa t 2 

/ 2 S , Han6onee Ba)KHhIM pe-

synhTaToM pacqeTOB srBn!ileTC!il To, 'ITO ecnu ucnon~soBa'I'b 3Ha'IeHue L'1 0 

11.n!il coce11.Hero qeTHO-'IeTHOI'O sr11.pa, TO HHKSKHMH H3MeHeHHSIMH ii 2 /2 s H 

f3 HeB03M0)KH0 IJ.06HTbC!il cornaCH!il pac'IeTOB C 8KCnepHMeHTOM, TnnH'IHasr 

3aBHCHMOCTb OT. !!,. noKa3aHa Ha pHC, 8. Tipu 60IIblllHX 3Ha'IeHHSIX !!,. Bpa-

maTenbHaf! nonoca OKa3hIBaeTC!il cnHIIIKOM C)KaTOH. BHH3Y, Cornacue C 8K

cnepHMeHTOM MO)KHO nony'IHTb UeHOH CHnbHOH nepeHOpMHPOBKH ( B 2-2 ,5 pa-

16 t 163 /39/ 
sa) BenH'IHHhI menu. PesynhTaThI pac'IeTOB cneKTpoB !i!Aep Er H Er 

npuBel].eHbl Ha pHC, 9 u 10, OTMeTHM, 'ITO HCnonbSOBaHHhie B pacqeTax 

3Ha'IeHH!il t 2 
/2fj npaKTH'IeCKH COBilaAa!OT C H3BneKaeMb!Mll HS Bpama-

TenbHb!X nonoc Ha OCHOBHb!X C0CTOSIHHSIX cocel].HHX 'IeTHO-'IeTHb!X SIAep 

162 164 +2 d /29/ 
Er H Er ( h /2 J = 17 H 15,2 KSB cooTBeTCTBeHHO ). 

BosHHKaeT Bonpoc o peanbH0CTH TaKoil. cunhHoil. nepeHopMHPOBKU. llnsi 

Bb!SICHeHHSI ponu pasnu'!Hh!X 8<pcpeKTOB B yMeHbllleHUU menu nony'IUM ypaB-

HeHue 11.nsi menu, SaBUC!ilmeil. OT CilHHa, MUHUMH3aUHeil. SHepruH {f; (I) no 

!!,. 11.nsi Ka)KIJ.OI'O 3Ha'IeHUSI cnuHa, CoxpaHSISI UHBapriaHTHb!MH COOTHOllleHUSI 

(20) H (21), a T8K)Ke Y'IHThI BaSI ycnoBne caMocornacoBaHHSI ( 16), nonyquM 

1!3 Tpe6oBaHHSI a&co =o 
~ 

ypaBHeHue 11.nsi menu B BUIJ.e 
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+ C\I ...... 
H 
N 

+1\1 
....... 
r,.. 
H 

+ + C\J N .............. 
"" 0\ 1-1 

I'!. 
H 

I 
·1 \i 
f 
! 

\ 

1. 

2 

G 

-ii2 

I l 

" E (I) .. 
_a_c~ 
~l'l.2 j (I) 

I 2 l -) -~---

I (CvK EvK 
VK 

]. (27) 

BTOpOH tffieH a npanoH qaCTH (27) o6ycnonneH a$$eKTOM 6noKHPO~KH, 

nsaHMO)leiicTnne Kopuonuca .naeT nonpanKy - X ..!. a g (I) , a naauMo-
2 ~ · l'l a l'l t2 

0 > a ~ 
.neHCTBHe Me:lK.ny npameHHeM H cnapHB8HHeM - nonpaBKY g --, 

~2 at'l 2 

/22,23/ B • 
xopomo H3BeCTHyIO B "IeTHO-"IeTHblX smpax • 3aHMO,!leHCTBHe Me:lK.!lY 

BpaIUeHHeM H cnapHB8HH~M MO:lKHO Y"IHTb!B8Th no Teop1rn BO3MyIUeHHSI • .(lnSI 

9TOI'O npe.nnono:lKHM, "ITO HaM H3BeCTHO pe111eHne fi 0 rrpu6nu:lKeHHOI'o 

ypaBHeHHSI 

~ .. I l . -I (CI 
G 5 E (ii 

0
) V K - V K 

" 

) 2 --1 
E ( l'l ) 

VK o 

- t.2 ..!.. ~J.Q_ I . 
2~ !'lo al',. f'l..,/:;.c 

Tor.na, pe111aSI ypaaHeHne (27) a nepnoM nopSIJlKe rro g (I) 

paMeHne .nnSI menu l'l ( I ) : 

1 t2 g (I) -
t'l(l),.,f'lo[l+2 S(f'lo) j2 

a ti I, 
at'l l'l=n 

C 

}, 

r.ne 

S(l'lo)=l l'l: 
s 

E,. ( !'le )a 

3 

-~(Cl/ _!'le • 
VK VK E (/',. )3 

VK o 

H .nnSI aliepI'HH: 

- 29 

(28) 

I nony"IHM Bbl-

(29) 



I6¾:r 

(energies 1n Kev). 

27/2+~ 

29/
2
+ I5.37.8 .. ~ ____ _,,,. 

+ III9 
2.3/2 ---•-- III6 

25/2..,,. IOI9 • .3 IOI5 

2I/2+ 594.2 572 --
I9/2+~ -- 649 

259 I5/2+~- JI.3 ----

I.3/2+ 78.I 72 II/2+ ~-- --1.QZ -
9/2+ 0 0 112+~ 

I'ff Exp. Theo. i" Exp. Theo. 

I-I/2=2n I-I/2•2n+I 

712
+ I8I2 

2I/2+~ 

.3/2+. I26.3 

I7/2+~ 

I/2+~ 

I.3/2+~ 

5/2+ ~ 9/2+ ~ 

5/2+___!L_ 

i" Other levels(theo.) 

let 
Puc.9. CpaBHeHHe TeopeTH':leCKHX pac':leTOB B Er , BbmonaeaHI,IX npH 

t 2 /2 j = 17 KSB H ll eff = 0,37 MsB, c SKCnepHMeHTanbHblMH AaH

HbIMH 191. Y':ITeHO CMSWHBaHHe CSMJI ypOBHeii:. B nocneAHHX JlBYX 

KOnOHKax npHBeJleH pSIJl npeJlCKa3aHHblX Teopueii: Hlf3KOne)l<:all!HX ypoB

Heii:, HMSIOIIlHX OOnbWHe KOMilOHeHTbl COCTOSIHHH 112+[660] H 5/2+[642]. 

30 

1 
\ 

29/-2-:-

25/2+ 

2!/2+ 

I7/2+ 

IJ/2+ 

9/2+ 
5/2-l· 
-II 

I 

163 Er 

(energies in KeV) 

I6I4.J I592 27/2+ I6J5 
-- .. 

III7.5 ........ I076 2312+ I095.0 I092 

709.J 672 + 66700 664 
------I9/2 -----

J95.6 J75 -- I~/2+ J4J.O J48 

I78.0 I74 I40 + I29~7 
II/2 --

50-5 56 
7/2+ 22. 5 -- 0 28 

0 

,r 
Exp. Theo. Expo Theo. I 

I-!/2=2n I-!/2=2n+! 
163 

PHc.10. CpaBHeHne TeopeTH'lSCKHX paC'leTOB JlnSI Er , BblllOnHeHHbIX npn 

t 2 /2j = 15 KSB H ll elf = 0,23 MsB, c SKCnepHMeHTanbHbIMH AaH

HbIMH /9/. 

31 



I 2 ) &(l)=U(~0 )+I (CvK) EvKC/'ti.o + 
VK 

t2 
+-

2.1 
g(,l) +B g2(1)+ ••• , 

0 

(30) 

., 
l'lle 

B "' -
0 

~[ff~ ]2 
8S(~) .1

2 iJ/'ti. '~=~ . 
o C 

TaKHM o6pa30M, BpamaTenbHbJfl CIIeKTp B He"leT.HOM Slllpe MO)KeT CHnbHO 

OTKnOHSITbCSI OT rrocneaoBaTenbHOCTH, OIIHCbIBaeMOfl ¢opMynofl: THIIa (3). 

PHc,11 HnmocTpHpyeT paamt"!He Me)KllY I(I+l) H g(-1) B H30TOIIaX ap6HSI. 

3aMeTHM, 'ITO B TeX cny"!asix, KOl'lla g (I) < 0 t B38HMOlleflcTBHe Me)KllY 

BpaIIIeHHeM H crrapHB8HHeM, KaK cneAyeT H3 ¢opMyn1,1 (29)' 6ylleT IIpHBO-

llHTb K yBenH'leHHIO ~enH ( 110 cpaBHeHHIO C /'ti. ) 1 a He K yMeHbIIIeHHIO, 
. 0 . 

KaK B "leTHO-"leTHbIX Sillpax. Boo6me rrorrpaBKa B ~ OT 3TOl'O B38HMOlleH-

CTBHSI B He"leTHbIX Slllpax 6ylleT 3H8"IHTenbHOH nHIIIb IlpH O"leHb Bb!COKHX 

3Ha"leHHSIX CIIHHa. 

TaKHM o6pa30M, 3H8'1HTenbHOl'O yMeHbIIIeHHSI menH MO)KHO Q)KHll8Tb 

TOnbKO H3-3a a¢¢eKTOB 6nOKHpOBKH H B38HMOlleHCTBIISI Kop1rnnHca. Bmrny 
I 

38BHCHMOCTH ~o OT CIIHHa ("lepea aMIInHTYllbl CVK H g(I) ) MO)KeT 

MeHSITbCSI H 3Hepl'HSI U( /'ti. o> • 8To H3MeHeHHe He Y"IHTbIBanocb HaMH B 

paC"!eTax, a a¢¢eKTHBHO CBOllHnOCb K H3MeHeHHIO EV K • Bo3MO)KHO, 'ITO 

IIpH y"leTe H3MeHeHHSI U ( ~ ) 
C 

He IIOTpe6yeTCSI CHnbHOH rrepeHOPMHpOBKH 

~ 

.norronHHTenbHhre a¢¢eKTbl MOl'yT B03HHKHYTb rrpH y"leTe ueHTpo6e)KH0-

ro B3aHMO)leHCTBHSI II l "laCTHU Ha CMeIIIHBaeMbJX YPOBHSIX. 8To B38HMO

lleHCTBHe IlpHBelleT K TpeXKB83H"l8CTH"!HblM IIpHMeCSIM BO BHyTpeHHHX BOn

HOBbIX ¢Y~KUHSIX (18), a cneaoBaTenbHo, K rrepeHOpMHpOBKe MaTpH'lHhIX 

32 

240 

200 

\ 
I60 

.I20 

,I 
80 

\ 
40 

o~ 

r 
-L:-0 

I I 

3 
2 

PHc,11. 

9 (I) = I(I + 1) 
..{ 

+ (- 1. )1+ 2 (I 

L (CI)2 K 2 + 
K. /(. 

:,I 
+ 2. ) Ct (I) 

-- //'.... ",J/ I6I 
Er 

-~-~---"'-/ 

I I I I I I I 

5 .1_ .2, II !3 15 I? I9 2I 23 .f2. 27 29 
2 2 2 2 2 2 2 2 2 2 2 2 

161 
CpaBHHTenbHOe IIOBelleHHe ¢YHKUHH g (I) HI(I+ 1) B Sillpax Er 
- t6a 3 , (I) · 
Ii Er • Ha"!eHHSI g COOTBeTCTBYIOT ypOBHSIM, IIOKa3aH-

Hb!M Ha PHC, 9 II 10 •. flyHKTHpHaSI KpnBaSI IIOK83bJBaeT ycpeAHeH

Hoe IIOBE:llelme g{I) , HMe10meH MHHHMYM rrpH I = 13/2. 
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sneMeHTOB B38HMO.[l0HCTBHSI KopHonnca. I1cnonb3YSI cpopManH3M;' pa3BHThlll· 

/47/ 
B pa6oTax 'MO)KHO rpy6o scpcpeKT nepeHOpMHpOBKH CB0CTH K cpaKTopy 

R J npH <IM I H IIM> cor , HM0!01U0MY Blf.it: 

1- Sc IS 
R =----

l 1 + S IS (31) 
C 

r.ite S - BKna.it B38HM0ll0HCTBYIOIUHX YPOBH0ll B MOM0HT HHepUHH Sl.clpa. 
0 • 

Y'IeT STOro cpaKTOpa MO)KHO 38M0HHTb YM0Hblll0HHeM BpamaTenbHOro napa-

MeTpa, BXOASIIUero B YK838HHhlll MaTpH'IHhlll sneMeHT, 'ITO H nenanocb, Ha-

ffl/ ~2 
npHMep, B pa6oTe Xbopca H np. • Bh16npaeMhiil: lfMH napaMeTp h / 2S 
npH H 00 r COOTB0TCTByeT R. j "' o, 75. y M0Hblll0HH0 !!,. B HalllHX pactteTax 

B 3H8tJHTenhHOll CTeneHH SKBlrnaneHTHO nepeHOpMHpOBKe MaTpH'IHhlX sneMeH-

TOB ff cor llpH CM0lllHB8HHH tJaCTHtJHO-llblpOtJHhlX COCTOSIHHH. 

B nocnennHe ronhI 6hmo npoBeneHO MHoro HCCneJ:(OBaHHH, llOCBSIIU0HHhlX 

MHKPO,CKOllH'I0CKOMY omrcaHHIO napaMeTpOB cpeHOMeHonoratJeCKHX cpopMyn 

nnsi BpaIUaTenbHhlX SHeprHil:. ITapaMeTp A o6hltJHO CBSl3h!B8!0T C scpcpeKTHB-

HhlM MOMeHTOM H.Hepumr j (A" .. t.2 /2 j ) , BenHtJHHa KOTOporo Bbl'IHCnSieTCSI 

B KpSHKHHr-MonenH unu MO.[lH!plfK8UHSIX, 'ytJHThlB8!01UlfX napHb!0 KOppensi-

/43,44/ 
mm ( CM,, HanpuMep, ) • neTanbHhie ttncne1rnh10 pacqeThI 6~mn npo-

/48/ 
B0J:(0Hbl He.itaBHO ITpHopoM H .itp. , MHKpOCKOnHtJ0CKHe pactteThl napa-

MeTpa H08.[1Ha6a:TH'IHOCTH B Ha, OCHOBe MO.itenH SI.itpa C napHhlMH H KB8J:(py-

n H .... ·, /18-20 22-24/ onb h!MH B38HMOJ:(011CTBHSIMl:I npOBOJ:(l:lnHCb K8K B tJeTJl'.O-'leTHhIX 1 

. /42/ 
TaK, H B HetJeTHhlX Sl.itpax • B 6onblllHHCTBe 1:13 ynOMSIHYThIX pa6oT 

BaauMoneil:cTBne BHyTpeuuero 1:1 BpamaTenhuoro llBl:l)K0HHil: Y'll:!Thrnanocb no 

TeOpHH B03MYIU0HHH paano)KeHHeM B psi.it no I(J +l) , nnsi nony'IeHHSI xopo

lllero carnaCHSI Bhl'IHCneHHhlX 3HatJeHHll napaMeTpoB B C SKcnepHMeHTaru,

Hh!MH (a Tex cnyqagx, KOr.ita psin (6) 6bICTpo CXOJ:(HTCS!), KaK npaBHno, ue-

o6xoJ:(HMo ytJHThIBaT:& aaBHClfMOCTh .1 · OT '18CTOThl Bpamemrn, S cpcpeKThl 

paCTSl)K0HHSI Sl.itpa npH BpameHHH, 38BHCHMOCTb XHMllOT0HUHana OT '18CTOTbl 

BpameHHSI H T.n. 0TM0THM xapaKTepay10 oco6eHHOCTh: B. 'I0TH0-'10THhlX SI.it-
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pax napaMeTp B BCerna OTpnuaTenhHhlll (sTO npHBOllliT K C)K8THJ? Bpa-

maTenhHOll nonocbi)' B H0'I0THhlX Sl.[lpax 3HaK y 8 pa3nH'IHhlll .itnSI. pas-

nntiHhIX BpamaTenhHhIX nonoc. TaKoe paannttne o6ycnoBneao B3aHMO.iteil:cT

BHeM HetJeTHOll 118CTHUhl C BpaIUaTenbHhlM llBH)K0HHeM. 3cpcpeKThl SToro 

B38HMOA0HCTBHSI H8H5onee 38M0THhl, Korm:i He'IeTHaSI 'I8CTHU8 38HHMaeT 

ypoBeHh, npHHanne)KaIUHH ccpepntiecKoil: nono6onottKe c-60IIhlllHM j • TaK, 

.itnSI BCeX BpaIUaTenhHhlX, nonoc Ha 0.[lHO'IaCTH'IHhlX ypoBHSIX H3 no.ito6onotiKH 

. B O 142/ 
I / SKCnepm,AeHTanhHhie 3Ha'IeHHSI > 

13 2 

4. 3aKn10tieHne 

B pa6oTe naH KpaTKHH o6aop PSI.cl.a COBpeMeHHhlX cpeHOMeHonorH'IeCKHX 

Ii nonyMHKJ)OCK~nH'IeCKHX ( T.e. HCnonb3YIOIUHX cpHnococpH!O KpSHKHHr-Mo.itenH) 

nonxonoB K onHC8HHIO BpaIUaTenbHoro· llBH)K0HHSI B He'IeTHhlX aTOMHh!X Sl.[l

pax. HaM K8)K0TCSI, 'ITO npOBOllSIIUH0CSI B HaCTOSIJ!lee BpeMSI SKCnepHMeHThl . _.,.., 
no o6uapy)K0HHIO u nnHHHhlXV BpamaTenbHhlX nonoe: B stnepHhlX peaKUHSIX 

Tpe6y10T coanaHHSI Hea.itHa6aTH'l0CKOH MO.itenH, Y'IHTh!B8IOIUeil: B paBHOH CTe

nenn B38HM0.[l0HCTBHe 0.[lHO'IaCTH'IHOro, BpamaTenhHOro Ii Kone6aTenbHOro 

llBli)K0Jllill, 

ABTOpbl Bh!p8)K8JOT 6naro.itapnocTb 3. BoxnaUKH 38 MHOrO'IHCneHHhie 

o6cy)KneHHSI BOnpocoB, 38TpOHyThlX B pa6oTe. 
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