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OBID;AH XAP AKTEPHCTHKA P ABOTbl 

AKTYaJlblIOCTb TeMbl. Aµ;na6aTn'lecKaJI Moµ;ellb .11µ:pa, npeµ;noJKeHHaJI EopoM n MoT

Te:IbCOHOM II .IIBll.llIO!llaJIC.11 npeµ;cTaBl!TeneM <peHOMeHOlIOrU'IeCKOro HanpaBneHIIJI, Cbll'pana 

6oJiblllYIO ponb npn 1rayqemm cBoiicTB µ;e<popMnpoBaHHblX JIµ;ep. CornaCHo aTo:it Moµ;eim 

HU:3Kl!e B0□6ylKµ;eHHble COCTOlIHlllI 'leTHO-'leTHblX µ;eq>OpMIIpOBaHHblX JIµ;ep CBIDJaHbl C Bpa-

111eHlleM axcnalibHO-ClIMMeTplI'lHOrO .11µ:pa KaK D;enoro. PlIµ; µ;pyrnx, 6onee BbICOKO_JielKa

lllIIX B0□6y~µ;eHHbIX COCTO.IIHIIH TpaxTyroTClI KaK KOJie6am1.11 .11p;epHOll noBepXHOCTII. Taxa.11 

npoCTaJI <peHOMeHOJIOrII'leCKaJI TpaKTOBK'a nooBOmma onucaTb 60llblllOe 'lIIClIO 3Kcnepu

MeHTaJibHbIX <paKTOB, OTHOCJI!lllIXCll K µ;e<popMIIpOBaHHbIM .1111paM lI npe~cx'aaaTb p.1111 HO

BbIX CBOI!CTB 3TIIX .111\ep. 

IJ:porpec_c 3KcnepIIMeHTaJibHOI! .111\epHOll q>Ir:JIIKII, CBIDJaHHblll C COBepllleHCTBOBamteM 

ycxopuTellbHOll TexHllKII II MeTO;l;OB 11eTeKTlipOB8lllllI, MOµ;epHH□aD;lleii: o6pa60TKlI nOJiy

'laeMbIX 1\aHHbIX; o6ycnoBllll nOJIBlleHIIe Ka'leCTBe~O HOBOH 3KCnepIIMeHTaJibHOH llH(pOpMa

D;llII, Kacaro111eiiCJI Hlr:JKOCnlIHOBOH lI BbICOKOCnl!HOBOH 'laCTll cneKTpa, :ineKTpOMarHl!THbIX 

cBOHCTB KopoTKOlKHBY!lllIX cocTO.IIHIIH ll 11= no {3 - pacna11Y. 

IloCJieµ;HUe 11aHHble 3KCnepuMeHTOB "leTKO JKaDbIBalOT Ha Hamt~e· OTKlIOHeHl!.11 OT npa

Bllll a11ua6aTII'leCKOll Teopuu. Cy111ecTBeHHble OTKlIOHeHl!.11 OT npaBllll a11ua6aTU'leCKoii: Te

op1m Ha6lII011aIOTC.II B cneKTpe 3He~rri pOTaD;l!OHHblX nonoc B006ylK~eHHb!X COCTO.IIHlill 

II BeTBJieHIIll 3lieKTpOMarHl!THblX nepexo110B MelKµ;y COCTO.IIHll.llMlI pOTaIJ;l!OHHbIX nonoc. 

IIpe11cxaaaHIIJI aµ;~a6aTn'leCKOH TeOplIU Hepeµ;KO OTJIH'laJOTCJI Ha COTHll npoD;eHTOB lllill 

µ;alKe Ha nop.11µ:KII Be.'Ilr'mHbl OT µ;aHHblX 3KCnepIIMeHTa. 0TII OTKlIOHeHIIJI, KaK npaBlllIO, 

He no11µ;a10Tc.11 onu.caHil!O B HlilKaiiillHX nop.11µ;Kax TeOpl!II B00My111em no napaMeTpaM 

KOpllOJIUCOBOH CB.ll:3II nonoc. 

IIHTepec K lICCJieµ;oBaHil!O CBOHCTB µ;eq>OpMnpOBaHHbIX .1111ep oco6eHHO noBbIClllIC.11 B 

noCJieµ;Hlle roµ;hl B CBIDJll c OTKpbITHeM HOBOH KOJIJieKTHBHoii: H□OBeKTOpHoii MarHl!THOH 

µ;unOllbHOH MO,lbl. II□MepeHHble □Ha"leHIIJI 3Hepruii B0□6ylKµ;eHHblX COCTO.IIHIIH TaKIIX MOµ; 

CBU/:leTellbCTByroT O TOM, 'ITO OHII pacnoJIOlKeHbl He O"leHb BbICOKO B cneKTpe Boo6ylKµ;e

HlIII II Y"leT CMelllHBaHIIJI COCTOlIHim lI□ OBeKTOpHbIX MarHl!THblX MO,I C HlI□ KOJielKa!llllMII 

COCTOlIHll.llMU MOlKeT npIIBeCTll K cy111ecTBeHHbIM Heaµ;ua6aTII'lHOCT.IIM 3JieKTpOMarHIIT

HblX xapaKTepnCTllK COCTO.IIHHll HlI□ KOJielKa!llllX nonoc. 

0TKlIOHeHll.ll OT aµ;ua6aTll'leCKOH Teop1m npn 60llblllIIX cmmax 1216 onpeµ;elilIIOTC.11, B 

Otn,t1in:i.:.~A1 t~ryY t 

rut'!!fi~lX ecc .,~i:.i.:aariD 
5iti6JU10TS{A ... ,,, .. - ' .. --



0CH0BH0M, Bb!CTpruma.HueM BHyTpemmx yrn0BhIX M0MeHT0B KBa3ll'IaCTWIHOll llpllp0)J;bl. B 

o6nacTu yMepeHHhIX cmmoB om1cam1e Heaµ;11a6aT1I'IeCKllX a<f><peKTOB BOOM0JKH0 B paMKax 

MOµ;eneii, B K0T0phIX paccMaTpllBaeTCJI CMennmam1e COCTommii, l!MeIO~IIX OTHOCl!Te11l,HO 

He6onhwyro aHepr11IO B?36yJKµ;emrn. Y'leT CBJI:JII KomieKTl!BHhIX nonoc B paMKax noµ;o6-

HbIX IIIO)J;e11eii npOBO)J;ll11Cll IIIHOrJIMII aBTOpaMII. Oµ;HaKo, )J;OCTaT0'IH0 ll0lIHOe II a;.eKBaTHOe 

JIMeIO~IIMCll B HaCTO.JI~ee BpeMll 3KCnep11MeHTaJlbHhIIII )J;aHHbllll pacCMOTpem1e npo6:re111bl 

B ony6~1KOBaHHoi1 µ;pyrnMII aBTOpa!lm mtTepaType OTCYTCTByeT. 

B aToii CB.JI:Ju aKTyam.HbIM .JIBnJieTC.JI llOIICK q>eH0111eHonor11-qecK11X u 11mKpocKomt,'IecKIIX 

noµ;xop;oB, CIIOC06HhIX OmtCaTb cneKTpallbHhie II pacnaµ;Hble xapaKTepllCTllKU COCTOlIHIIll 

JIµ;ep_ B wupoKoM µ;uananoHe aHepruu soo6yJKµ;emrn 11 yrnoBoro M0MeHTa. 

QeJJblO pa60'l'bl llBlllleTCll panpa6oTKa !lleTO;:\OB II 111oµ;eneii .JIµ;ep, npeµ;HanHa'leHHhIX 
':; ,· ' ; 

µ;nJI 11:Jy-qeHIIJI Ha IIX OCHOBe Heaµ;ua6aTll'IHOCTU rrpOlIBnlIIO~eiiC.JI B_ 3Heprirnx II aneKTpo-

MarHl!THblX xapaKTepllCTllKax BO:J6yJKµ;eHHhIX COCTOJIHllil 'leTHO-'leTHblX µ;eq>opMnpoBaH-

HhIX .JIµ;ep, nposeµ;eHue c11cTe111aTU'lecKoe uccnep;OBaHUe ~ rrocneµ;osaTenhHaJI Teope~11'le

CKaJI IIHTepnpeT~ 3KCIIep11MeHTaJlbHO Ha6nroµ;aeMhIX CBOllCTB Hll:JKoneJK~llX COCTOJI

Hllll 11 ~an= CTPYKTypb! B011HOBblX <PYHK~ spa~aTe11b~X ypoBH~ii, BhI.lICHeHue ponu 

COCTOJIHllll Ml-pe:JOHaHCa B :Jaµ;a'le CMeWUBaHlUI COCTOJ!Hl!Ii: C panHhIMU BHyTpeHHllMII 
' ., ' 

KOH~ryp~II II npeµ;cKanaHllJI BO:JMOJKHoro npo.JIBnemm Ml-soo6yJKµ;emrn B paµ;11oey-

Km111ax µ;eq>opMUpOBaHHOH o6nac!If; 

Har1Hall HOBHOHa H npaK'l'H'leCKall QeHHOC'l'b pa60'l'bl. 
. .-, ' "'' J 

B µ;nccepTau;rul _ CO:J)'.l;aH, o6ocHOBaH II nposepeH Ha llpaKTif'IeCKIIX :Jap;a'lax PlIA Me-

TO)J;OB II Moµ;eneii, npeµ;Ha:JHa'leHHhIX p;llll onncamrn csoiicTB ocHOBHoii II Boo6yJKµ;eHHhIX 
' . 

COCTOJIHllll II0110lKIITe11l,HOll U 0Tp~aTe11bHOH 'leTHOCTeii 'leTHO-'leTHhIX µ;eq>op11111poBaH-

HhIX lljl;ep. Ilpoµ;e1110HCTpllpOBaHhI npeµ;cKanaTe11bHble BOOMOJKHOCTII MeTO)J;OB 11 111oµ;eneii. 

-Panpa6oTaHa q>eHoMeHonorwi:ecKaJI Moµ;e11h, paccMaTp11BaIO~aJI Kop11onuc0Bo c111ewn

Bam1e poT~UOHHb!X IIOlI0C II IIO:JBOJIJIIO~aJI OmtCaTb cneKTp 8Hepr11ii II ;meKTpoMarHIITHhie 

xapaKTep11cT11K11 HJmKOJie.lKa~ux cocTo.Jim1ii, 11cno11b:JyJ1 0µ;11HaKOBbre )J;JIJI Bcex CMew11sa-

10~1;xc.JI aµ;11a6aTl!'IecKIIX nonoc OCHOBHhie-napaMeTpbI ( MoMeHT I1Heprr1111 n BHYT~~HHl!ll 

KBaµ;pyrronbHbra III0!lleHT ). 

-BaJKHhI!II BKJiaµ;o111 B Teopl!IO llp;pa lIBJIJleTC.JI 11111KpOCKOlllf'IeCK0e OllUCaHlle Heaµ;11a-

6aTll'lHOCTII E2-rrepexoµ;oB ~eJKµ;y COCTOJIHllllMII Bpa~aTe11bHbIX llOJIOC, Bhill01!HeHHOe ~ 
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pa.'\1Kax RP A c Tff"!HhIIII Bblp;enem1e111 µ;yxoBhIX np11Meceii, BbI:JBaHHbIX Hapywem1eM poTa

rr110HHoii 11HBap11aHTHOCTII fa.'\!UJibTOHIIaHa. 

-Ilpe;i;noJKeH HOBblll ycoBepweHCTBeHHhiit BapllaHT µ;ByxpoTopHoii 111oµ;em1, rµ;e y-qeT 

BHyTpeHHIIX COCTOJIHIIII npoTOHHOil II HeitTpOHHOll ll0)J;CI!C,Telll np1men K rrpe;i;cKa:JaHIIIO 

cy~eCTB0BaHlllI B006yJKµ;emri1 "r11raHTCKOro yrnosoro pe:JOHaHca" (fYP) Hal]; COCTO.lIHll

Jilllll, l!MeIO~lllllU panHhie BHyTpeHHIIe KOHq>IIryparr1m • .IJ:amn,ri1 BapllaHT 11!0;:lefill pa:JBIIT 

C IICll01lb:JOBaHJie:.-1 q>opM~~ra <l>ew6axa panµ;eneHillI npocTpaHCTBa COCTOlIHlli! Ha µ;Ba 

noµ;npocTpaHCTBa II B TaKoii cxe111e nony"leHhI :JaMKHYTb!e q>opMynhI jl;JIJI npuBeµ;eHHhIX se

poJITHOCTeii aneKTpoMarHIITHhIX nepexop;oB. lI:Jy-qeH cneKTP CIICTelllhI II IIOKa:JaHO, 'ITO. B 

lljl;pax C 6011bWIIM ll:J6b!TKOM HeIITpOHOB a<f><peKTbl CB.JI:JII Bpa~eHillI a;.pa KaK rre..'Ioro II OT

HOCl!Te:IbHhie nepeMe~eHIIJI Hel!TpOHHOll II npoTOHHOH KOMllOHeHT npllBOjl;.JIT K C1111bHhIIII 

nepeHop11111pOBKaM IIIOMeHTa 1meprrm1 lljl;pa, a TaKJKe MarHllTHhIX MOMeHTOB COCTOJIHIIl! 

pa:JHblX IIOJIOC. 

-Ilpeµ;noJKeH op11rimam.Hh!i1 MeToµ; onpeµ;eneHillI 1110.MeHra uHeprrIIn ocToBa II Bb!CTpo

eHHoro yrnosoro MOMeHTa no )J;aHHblM O cneKTpe 3Hepr1111 COCTOJIHIIH OTp~aTe11bHOH 'leT

HOCTII, ·11cKaJKeHHOM. B:JaJIMOp;eiicTBIIeM Kopuomica. 

-BnepBble 11:J 8KCrrep11MeHTaJlbHblX )J;aHHb!X O BepOJITHOCTll )J;IIll011bHhIX 3JieKTp11'leCKllX 

rrepexoµ;oB onpeµ;eneHhI aMIIIIpll_'lecKue :JHa'leHIUI M.a. onepaTopa Topouµ;am.Horo MOMeHTa, 

renep1Ipy10~ero p;IInoJibHble ;- rrepexop;bl. Bb!nonHeH pac'leT )J;JIJI aHepreTU'lecKoii B:JBe

weHnoii CYllllllbl c11n El-nepexoµ;oB u orreHeH Bimaµ; B npas11na CYMM _oT Topmrp;allbHoro 

MOMeHTa. 

Hcnonb:Jyelllhie B µ;nccepTaIIIIII 111oµ;enu II MeTO)J;bl OTKpb!lIII BOOMOlKHOCTb rrocneµ;oBa

Te11bHOrO y'leTa aq>q>eKTOB CMeWIIBaHUJI poTaIIIIOHHhIX llOJIOC B 'leTHO-'leTHhIX µ;eq>opMU

poBaHHhIX llp;pax, 'ITO B 'laCTHOCTII, IIOOBommo: 1) onncaTb aHOMaJibHhie llOBejl;eHIUI Ben11-

'IIIH npIIBeµ;eHHhIX Bepo.JITHOCTeii E0, El, E2, E3 11 Ml- nepexo;:10B, a TaKJKe 9R ~q>aKTOpa 

c pOCTOM llOJIHOro CmtHa lljl;pa; 2) rrpejJ;CKa:JaTb PllA HOBhIX xapaKTepllCTIIK B006yJKµ;eH

Hb!X COCTO.lIHUll llp;pa; 3) llOJIY'lIITb ne T011bKO KOfilt'leCTBeHHYIO IIHq>OpMarrllIO O .JIBJieHilJIX, 

paccMaTpUBaeMb!X B "Tpaµ;nrr110HHb!X" MOjl;eJI.JIX, HO ll npep;lIOJKUTb IIOIICK HOBhIX .JIB11em1ii, 

KOTOpble KaK npaBllJI0 ycKOllb:JaIOT OT BHIIMaHIIJI B coBpeMeHHhIX MO)J;e11JIX, B 'laCTHOCTII, 

onpeµ;eJIIITb BKnaµ; µ;uno11bnoro Toponµ;am.Horo MOMeHTa BM.a. El-nepexoµ;a. 

Anpo6aQHJ[ )l;HCCeJ)'l'aQHH. ProyJibTaTbl, npeµ;CTaBllllelllhI_e B µ;11ccepT~lll, Heoµ;-
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HOKpaTHO µ;oxnaµ;uaam1cb n o6cylKµ;anncb Ha ceM1rnapax Jia6opaTop1m TeopeT1!'IecKoi1 

<pl!3IlKll n Jia6opaTopm1 aµ;epHbIX npo6neM 06'beµ;1rneHHoro nHCTIITyTa JIµ;epHhlX ncc;1e

µ;0BaH11ii:, lfacTnTyTa aµ;epHoii: q,1m11Ku AH PYo, lIHcTnTyTa JIµ;epHbIX 11ccne;i;0Ba.Hmi Ha

I:lllOHMbHoii: AH Yxpal!Hhl, Hay'IHo-nccneµ;oaaTenbcKoro IIHCTl!TyTa q,no11xn CaHKT- Ile

Tep6yprcKoro yinraepcnTeTa, <I>Ir.3nKo-:mepreTll'IecKoro IIHCTl!TyTa PAH (r.06mrncx), a 

TaKlKe Ha Km,mTeTax no cTpyxType aµ;pa np11 Y'IHOM CoaeTe OIUUI no q,nonxe HHOKIIX 

:meprnii, Ha X-acecorooHoii: wxone no aµ;epHoii: q,no1me (TawxeHT,XyMcaH,1983r.), Ha III

MelKµ;y~apoµ;Hoii: wxone no Hµ;epHoii q,nonKe (KneB, 1992r. ), MelKµ;yHapoµ;Hoii KOH<pepem~mi 

no .Hµ;epHon: CTPJKType I! JIµ;epHb!M peaK~M np11 Hl!OKl!X I! npoMelKyTO'IHhlX :meprll.!IX 

(,ll;y6Ha, 1992r.), MelKµ;yHapoµ;Hoii: KOH<pepCHllllll no 1!36paHHb!M BonpocaM CTPYKTYPLI 

JIµ;pa (,!];y6Ha, 1994r.), 33-44 MelKµ;yHapoµ;Hb!X coBeI1.1aH1IJIX no JIµ;epHoii cneKTpocxornm 

I! CTpyxType aToMHoro aµ;pa, Ha TeMaTll'ICCKOM ceMl!Hape "JIµ;epHaJI µ;nHaMl!Ka B Hl!3KO

;mepreTll'IeCKl!X npo11eccax" (HaMaHraH, 1986r. ). 

Ily6JIHKa:t1HH. Ilo peoynbTaTaM µ;nccepTa~rn ony6lil!KOBa.Ha 21 pa6oTa, Cill!COK KO

TOphlX npllllaraeTC.!I B KOHI:le aBTope<pepaTa. 

CTpyKTypa H o6'beM pa60Tbl. ,l];HccepTaIII!.!! COCTOl!T I!O B~eHl!JI, nJITll rnaB, 

OaKlIIO'IeHl!JI, o6wnM 06'beMOM 305 CTpa.Hlll:I, coµ;eplKl!T 67 pncyHKOB n 56 Ta6mm;. Cm!COK 

lil!TepaTypb! BKlIIO'IaeT 276 6n6nnorpa<pl!'IeCKllX Hal!MeHOBaHI!II. 

CO)];EP)KAHHE P ABOThl 

Bo ooeµ;eHHH ;J;a.HO xpaTKOe o6cylKµ;CHlle npo6neM, CBJIOaHHhlX C onncaH11eM Hl!OKO

llelKall.ll!X COCTOJIHIII! 'IeTHO-'IeTHhlX µ;eq,opMl!pOBaHHhlX .!lµ;ep, B KOTOphlX Ha6lIIOµ;aIOTCJI 

Cl!llbHhle OTKlIOHeHl!JI OT npaBIL'l aµ;na6aTl!'Iecxoii: Teopun a cneKTpe aHeprnn: I! aneKTpOMa

rHl!THb!X nepexoµ;ax. <I>opMJllllpyeTCJI UCllb ll o6'beKTbl 11ccneµ;0Ba.Hllll, KpaTKO HOllaraeTC.!! 

coµ;eplKamie µ;nccepTa111m. 

B nepooii: rJiaoe µ;uccepTa11uu noy'IeHhl caon:cTBa cocTOJIHllll nonolKHTCllbHoii: 'IeT

HOCTll 'ICTHO-'IeTHhlX µ;eq,opMI!pOB1\HHb!X JIµ;ep. Ilpeµ;nolKeHa <peHOMCHOlIOrll'IeCKaJI MO

µ;enb, B KOTopoii: paCCMaTplIBaeTC.!! KOplIOllllCOBO CMeWIIBaHHC COCTOJIHI!II OCHOBHOll (gr), 

fl (K"=O+)-, 1 (K"=2+)- n K" =1 + -nonoc. 

laMI!llbTOHHaH JIµ;pa l!MeeT cneµ;yIOII.IIIH Buµ;: 

HK,K' = Hint - Wrot(I) * (jx)K,K'±l + !{rotOK,K', (1) 
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H,nt = L WKbtbK,, (2) 
K 

r;i;e WK - ro:rOBHaJI aHeprl!JI Bpall.11\TC:rbHOJi no::rochl: b} II bK - (pOHOHHhle onepaTopb!, 

KOTOpb!e xapaxTepnoyroTC.!! KBaHTOBbr:1,1 'Il!ClIOll h - npoeK~rei1 yr:roBoro MOl!CHTa Ha OCb 

Cl!M~!eTpl!ll JI;i;pa; (j r )K,K• - ~!aTpll'IHhlI! a:reMeHT, Olll!C~aIOil.lllll KOpl!Olil!COBO c:--1ew1rna

HHe Bpall.laTe:rbHhlX no:roc. 

8Hepn!.!! BpaI1.1aIOI1.1eroca OCTOBa E,01(Ifonpe;i;e:rJieTcJI, IICIIOlibOY.!! napaMeTpl!OaIIIIIO 

Xappnca: 

1 2 3 4 
E,ot(I) = :/ou,',01(1) + 4J1w,0.(I), (3) 

rµ;e Jo II J1 - l!HepunoHHbIC uapaMeTpb! OCTOBa, KOTOpb!e onpeµ;eJIJIIOTCJI 11cno:rbOyJI aHep

ruro OCHOBHOII no:rOCbl. Ilpn aTOM ;J;lIJI yr:roBoii 'IaCTOThl Wrot(I) MOlKHO Haill!CaTb c.1e;i;y10-

Il.lYIO q,opMyny: 

l
f [ Jo 

3 (f)l½l¼ lf [ Jo)J (f) 2]½)¼ 
• W,ot(I) = 2J1 + CJJ + 2J1 . + '!,J1 - CJ! + 2J1 

·(4) 

rµ;e i =JI(!+ l). 

B paMKax Moµ;em! nony'IeHhl 06w11e Bb!palKeHll.!I µ;nH npl!BC;J;CHHb!X BCpOJITHOCTCII KBa,1py

noJibHhlX, MOHOnOJIHb!X aneKTPII'ICCKllX II µ;unoJibHhlX MarHIITHb!X nepexoµ;oB C Y'ICT0:'-1 CMe

WIIBaHl!JI KoMnoHeHT c paoHhlMll BHYTPCHHm,m Boo6yJK;i;em1m.111. IloKaoaHo, 'ITO npncyT

CTBne K" = 1 ~ KOMnOHCHTOB B BOJIHOBb!X <pyHI,Ull.!!X B1!6paI11!0HHb!X COCTOJIHl!Il npl!BO;J;llT 

K Ml-nepexoµ;aM llO HIIX Ha COCTOJIHl!JI OCHOBHOH no:rocu. 

IlpoBeµ;eHhl 'IIICJieHHbie pac'IeTbl µ;JIJI aµ;ep 232Th, t64,t66.t68,t~oEr, 1s6,1ss .. 160.162.164Dy n 

156Gd. OnncaHhl aHeprnu HIIOKOJielKall.lllX cocToam1ii: noJiolKl!TeJibHOi1 'ICTHOCTI!. B 6aou

CHble cocToHHil.!I raMl!llbTOHl!aHa Moµ;emi 6blmI BKJIIO'ICHbl µ;:rJI 160·162Dy no Tpll, ;i;nJI 164Dy 

ceMb u µ;nJI.156Gd µ;ecJITb K"=l+ nonoc, KOTOpb!e IIOBecTHhl xro aKcnepnMeHTa. Ilpn aT011 

µ;nJI BCex CMew11BaIOI1.1l!CCJI aµ;na6aTl!'ICCKl!X nonoc IICl!Ollb:JYIOTC.!! O;J;I!HaKOBble napaMeTpb! 

ocToBa. B TaKOI! cxeMe 6onbw11e, 'ICM y ocHoBHoi1 nonocbl, a<p<peKTIIBHble MOMCHThl 1mep-_ 

UIIII /3- II I -IIOJIOC o6'bHCHeHhl 6oJiee l!HTCHCIIBHb!M CMCWl!BaHIICM 0TIIX no:roc C K" =1 + 

noJIOCaMll, no cpaBHCHl!IO C µ;pyrnMII nolIOCaMll. 

BLl'IIICJICHbl BepOJITHOCTI! E2-nepexoµ;oB !IO /3 - II I - a116pnu110HHb!X IlOllOC Ha ypoBHI! 
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OCHOBH01·1 IlO."IOCbI, a TaKlKe nepeXO;::tbI MelK;::tY COCTOl!Hllll:1.111 KalK;::toi'1 II;) no:roc: 

B(E2 I ,. J ,.) { /5 Q [,Ir ,I, Ciro 'I;"' 1 11 rl, ClrKn ] + 
; ,,\, -+ ,A, = V u;;;:e O t;.'Kr,K/PKr,l,, l,0;20 + 7 '1/-'Kn,K/PKn,K, l,K:_;20 

[ 

( )Kn . rJ, m · 1J/! , . ] } 2 . 
,./2, r/! . 'I;"' - ffinn l/. Kn,K, Clro_ . . + .,r,_ . 'I;"' nn · nn,Kr C'lrn•. 

',.nr,KrL.. ✓ < l,n.;2-Kn 1/.nr,n,L, ✓l+' l,0;2nn 
n 1 + UKn,O n VKn,O 

(5) 

B <pop:,,1y:re ( 5) Qo . BHyTpeHHl!ll KBa)lpyno:rbHbliI MO:l.IeHT ll;::tpa, t/,{, ,K • 3.\,!Il:IIITY;J;bI 

c:i.1ew1rnaH1UI 6a::mcHhIX cocTOl!Hmt u mK =< Otlm(E2)IK+ > · BHyTpeHmre M.a. MelK;i;y 

OCHOBHOII II BO::J6y;K;::teHHbI:.III COCTOHHl!ll:,,111 I(" = Q+, 2+ 11 1 +. 

B Ta6:i.l ;::taHbI BbI'Il!C:teHHble :JHa•1emUI OTHowem1i'1 np1rne;i;eHHbIX BepoHTHOCTeii: E2-

nepexo;::tOB 113 "( -IlO:IOCbl ;:I:IH 
160

•162•164Dy, KOTOpb!e cpaBHl!BaJOTCH C axcnep11MeHTa.'!bHb!Mll 

:JHa'IeHl!IDUI R1i?\ a TaKlKe co :JHa'IeHIIH:l.111 RfK 'Bbl'IIIC:IeHHb!MI! no aµ;11a6aT1I'Iecxoi1 Te

opm1. Ha.1I60:ree ClI:IbHble OTK:IOHeHUH OT npa.BU!la Arra.rn Ha6mo;i;a.roTCll )l!IH OTHOWeHllll 

RrK 11:J COCTOHHl!i'! /3 -IlO!IOCbI. tho 06'bl!CHHeTCH TeM, 'ITO /3 ·COCTOlIHIUI OKa.:Jb!Ba.IOTClI 

MeHee Ko;meKTIIBHbIMII,. 'IeM -y -COCTOlIHllll, 11 MaJia.l! 7- KOMilOHeHTa B BO!IHOBbIX <pyHK!jlllIX 

/3 -no;xocbl npHBO;J;llT K cy111eCTBeHHb!M OTK;IOHeHIUIM OT aµ;11a6aTI1'IeCKOll Teopm1. Mo

;::te:tb Ka'IeCTBeHHO II Ka.'lll'!eCTBeHHO OIIl!Cb!Ba.eT Bee axcnepmdeHTaJibHO lI:JBeCTHble :JHa'Ie• 

HIil! R}i<n. paccMaTpl!BaeMbIX lI;J;ep. Hea.µ;11a.6aTI1'IHOCTb, npo.llB.'llIIO!lla.l!C.ll B OTHOWeHJUIX 

E2-nepexo;i;oB RrK II;) BH6pa.wmHHb!X no:::ioc, 06'blICHeHa. cMeWJIBaHIIeM COCTOllHl!ll HIID· 

xo:re111a1111ix nonoc tiepen K" =1 + no:rocaMI!. B 1raOTona.x Er Y)laJIOCb onucaTh, axcnepH

MeHTD.:rhHO ll:JBeCTHbie OTHOWeHIIlI R1K, O;J;HIIM Ha6op0ll,! napaMeTpOB B MYllbTIIIlOlibHOM 

onepa. Tope illllI BC ex II:JOTOnOB. 

Bbl'Il!C:IeHbI np1rne;i;eHHble BepolITHOCTll Ml-nepexOjlOB JI:) /3. l! "(. norroc. 8xcnepl!MeH

Ta.'lbHO o6bl'IHO l!CClie;::tyIOTC.ll Koa<p<plIIJl!eHTbl CMeCI! MY:IbTIIIIOJieii 8(E2/Ml) 11 IIMeeTClI 

;::tOCT3TO'IHO 6oraTbii'I a_xcnep11MeHT8.."IbHblll Ma.Tep11a.'1 KaK no B(~2)-<paKTOpa.M, TaK II no 

B(Ml )-<paxTopaM ;i;;rn nepexo;i;oB un cocTOllHIIii: -y -norrocbl B 11e<popMupoBa.HHbIX lI/lpa.x 

pe;i:xoneMe!lbHoii 06rra.CTI1, narrpe111eHHhIH B a.µ;ua6a.Tl!'IecxoM npu6m1lKemm no •mcny K. 

Bh!•mc:ieHHble :JHa'IeHl!ll 8 xa'IeCTBeHHO cor:iacyroTclI c axcnep1weHTOM. Iloxa.nbIBa.eTc11, 

'ITO nHa'Iemrn xoa<p<plllJlteHTOB cMewuBaHIIH 8(E2/Ml) illlll nepexoµ;oB ll:J cocToJ1H11ii: -y -

norrocbr 11MeIOT oTpl!IJaTeIThHhlH nHa.K )l!Ill JI:JoTonoB 164•166•168•
170

Er, 
162•164Dy II norrmKII· 

Te!lhHb!i'! :JHa.K ;::till! 160Dy. C pocTOM yrrroBoro MOMeHTa KOa<plpl!IJUCHT O yMeHbWaeTCJI no 

a.6co:IIOTHOi'I BC:Ill'IIIHC. 

6 

I 

2 

3 

4 

5 

6 

2 

I I 
I 

0 2 

2 4 

2 4 

4 6 

Ta6nHua 1 

OTH0WeHHJI npHaeneHHUX Bepol!THOCTefi E2-nepexonoa 

B(E2;I7 -tilgr)/B(E2;I7 -tizgr) 

16oDy 162Dy 164Dy 
AJIAfA 

z 3KCil. Teop. 3KCil. Teop. 3KCil. Teop 

0.58(6) 0.59 0.56(2) 0.58 0.55(3) 0.55 0.7 

1.5 (2) 1.64 1. 61 (7) 1.58 1. 35 (15) 1.33 2.5 

0.22(4) 0.23 0 .20 (l) 0.21 0.30(4) 0.19 0.34 

0.83(14) 0.93 0.92(6) 0.87 0.5 0.69 1. 75 

4 6 0.17(5) o.15 0.16(3) 0.13 0.22(2) 0.10 0.27 

4 2 

IrrK 
)J 

o·o 
z 

2·0 
z 

4•0 
z 

6•o 
z 

8·o 
z 

10·0 
z 

o·o 
3 

2·0 
3 

4•0 
3 

6·o 
3 

8•o 
3 

10·0 
3 

0 .06 (l) 0.08 0 .07 (l) 0.08 0.11(1) 0.08 0.05 

E 
YP 

K3B 

1049 

1258 

1298 

1540 

1848 

2220 

1168 

1258 

1462 

1766 

2134 

2523 

Ta6nHua 2 

XapaKTepHCTHKH E0-nepexonoa Mexny 

B036yxneHHUMH C0CT0JIHHJIMH 
156

Gd 

X
1 

(E0/E2) 
B(E2) x 10· 4 

E ez6z 
7 

K3B 3KCil. Teop. anHa6. Teop. anHa6. 

1049 0.23(1) 0.23 0.23 144 144 

1168 0.19(5) 0.240 0.762 130 41 

1010 0.20(4) 0.091 0.838 277 37 

956 0 .18 (8) 0.071 0.855 318 37 

883 0.05-0.08 0.065 0.862 331 36 

804 0.06(3) 0.061 0.865 335 36 

1168 0.031(13) 0.031 0.031 169 169 

1169 0.017(9) 0.096 0.105 45 48 

1174 0.036(4) 0.057 0.115 60 44 

1181 - 0.040 0.117 71 43 

1169 - 0.033 0.118 77 43 

1107 - 0.028 0.119 81 43 
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lfoY'J'.eHhI CBOHCTBa MOHonollbHhIX cocTO.!IHIIIi B 156Gd. Oco6eHHbIH nHTepec Bhl:JbIBaeT 

llCClI~OBaHnennMeHeHJI.1InapaMeTpaPac:,,iycceHaX1x = B(E0;IKt-> IKt)/B(E2;IKt-+ 

IKt) co cnnHoM I µ;irn nepexoµ;oB Me;.Kµ;y cocTo.!!HlrnMII poTaunoHHhIX norroc. B Ta6:r.2 

npeµ;cTaBrreHhI BhI'lllCJieHHbie B paMKax Moµ;e:rn nHa'leHl!JI X1x(EO/E2) , KOTOpble cpaBHu

BaIOTCJI C 0KCnep1IMeHTaJibHbIMll :JHa'leHIIJIMll II onpeµ;erreHHbTh!II B aµ;ua6aTl!'leCKOM np11-

6lillJKeHI1ll, B KOTopoM B(EO) JIBlIJieTcJI nocTOJIHHoii BemI'll!Hoii. CMenumaH11e COCTOJIHllII 

norroJKIITellbHoii 'ITHocTu np11Bop;l!T K YMeHbll!emuo B(EO) co cmrnoM I u K yBem1qemuo 

:JHa'lemrn B(E2), 'ITO npl!ooµ;uT K yMeHbllleHIIIO napaMeTpa PacMycceHa X1x(EO/E2). 

BTopan rnaaa nocBJimeHa Ml!KpocKonll'lecKoMy uccrreµ;oBaHIIIO E2-nepexoµ;oB, rµ;e 

Y'll!TbIBaIOTCJI KaK KOlllleKT!!BHhie, TaK n HeKOlllleKTIIBHbie COCTOJIHlI.II c P = 1 +. MaTpll'l

Hbie 0lleMeHTbI KOplIOlIIICOBa B:JallMOp;eiicTBIIJI n MaTpll'lHbie arreMeHThl, omICbIBaIOmue E2-

nepexop;bI MeJKµ;y OCHOBHbIM 11 HepoT~OHHhIMll B006yJKµ;eHHbIMll COCTOJIHllJIMll, onpeµ;e

JIJIIOTCJI nn Teopun. He Y'lllTbIBaIOTCJI cMell!11BaH11e cocTOJIHl!II /3- norrochI, nocKOllhKY 0TO 

Tpe6yeT Cllllll!KOM rpoMO:Jl];KllX paC'leTOB. 

raMllllhTOHllaH BHyTpeHHero p;BlIJKeHUJI H;n1 ( CM.q>op.(l)) pacc:,,mTpl!BaeTCJI KaK cyMMa 

Hint= H,p + Hpair + Hqq, (6) 

rµ;e H,p - op;HO'lacTll'IHhIII raMUJihTOHUaH, BKlIIO'la10mnii noTeHunarr Byµ;ca - CaKcoHa KaK 

cyMMbI cq,epn'leCKOI! II KBap;pynoJibHOI! 'laCTe1i: 

H,p = v~l(r) + viVl(r )120( 0, ¢,) (7) 

Hpair - MOHOllOllbHOe cnap11BaHl!e ll Hqq- ItnOCKaJIJipHoe U ltnOBeKTOpHoe KBaµ;pynoJibHbie 

BnanMoµ;ei'1cTB11JI 

Hqq = -~ L L [,-~2µ) + TT',-\2">] Qit Qt~ 
µ=1,2 TT1 

(8) 

c KBaµ;pynoJihHhlMll onepaTopaMn Q~t HcCJieµ;oBaHne npoBop;l!rrocb lllIJI JIµ;pa 166Er. Pac

'leTbI BKlIIO'laIOT OI\HO'laCTU'IHhIII cneKTP oT IIHa noTeHunarra 110 +5 MaB. IIapaMeTpbI 

napHoro B:JaIIMOllel!CTBllJI Bbl6upamICb TaK, 'IT06b! norry'll!Th 0KCnepUMeHTaJihHhie nap

Hble 0Hepnm. XapaKTepncTIIKll 1 - Bn6p~oHHoro K"=2+ n 30 K"=l+ cocTOfilIIIII (Bee 

1 + cocTOJIHIIJI c 0HepnI.1IMU Boo6yJK11eH1IJIMU µ;o 5 MaB) 6billn pacc'll!TaHbI B paMKax RPA, 

llCilOllb:JYJI lI:JOCKaJIJipHoe u U:JOBeKTOpHoe KBa11pynOJibHble B:Jal!Moµ;eiicTBIIJI c >.µ =22 11 

8 
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21. Be:rll'll!Ha ,-52 noµ;611pa.'.ICJI TaK, 'IT06bl on11caTb 0KCnep11MeHTa.'.lbHYJO 0HeprIIIO Hl!JKall

ll!Cro cocToJIHIIJI c K' =2+. BoccTaHoB:reHlle poTaunoHHbIII IIHBapuaHTHocTII Be;teT TO:JhKO 

K >.11 =21 ocTaTo'IHhThty roammµ;ei'1cTBIIIO c paµ;11a.'.lbHoii naB11cn?.10CThIO A,(r) = l-1\~l(r). 

KoHcTaHTY ltnOCKa.'.IJipHoro B:Jam.mµ;e11CTBIIJI ,-51 no;t611pa.'.111 TaK, 'IT06bI pell!eH!le ceKy

:IJipHoro ypaBHeHl!JI µ;:rJI It COCTOHHIII! 6bI:JO paBHO iiy:r10. Tor;i;a ltnOCKa.'.IJipHOe ll ll:JO

BeKTOpHoe B:JallMO;\el!CTBIIJI CTaHOBJITCH He CBH:JaHHbl:\lll ll KOHCTaHTY nnoBeKTOpHoro 

Baam.mµ;e11CTBIIH MO:.+.HO q>llKCIIpoBaTb, 'IT06bl BocnpmmBeCTII 0Hepr1110 ltnOBeKTOpHoro 

KBa;tpyno.'.lbHOro prooHa.HCa. B 0TOM c.'.l)"'lae MbI 11:-.1eeM ,-:" = .:...1.5,-~"-

l\Ia TplI'IHhlll 0ae11eHT Kop11om1c0Ba Bnam,mµ;eiicTBIIJI l!MeeT C.'.IC;\)"IOlllllll BIi;\ 

+ •+, IQ •+, .._.-- •+ ( )(;21v +621v) < 1. Li Ogr >=< 21vJ >= £_, J.,q, uq, l'q, - Vq, uq, ~-q,q, 'q,q, (9) 
q1~q2 

µ;;rn CBJI:Jll Me:.+.µ;y OCHOBHOll 11 -1 + no:roca1111 II 

< 2~u+11t >=< IQ22d+Qf1.I > = L jtq, ( uq, uq, + t'q1 t'q,) * 
q1~q2 

.._.-- ( /,221 t,21v + 1,221 :,22v) (1 + 6 . . ) 
L.., 'l;q1q31:lq1q3 'ti'.q3q21,'.q3q1 h1+h2,l (10) 
q3 

11= CBJI311 MeJKAY I n It norrocaMll. B (9) u (10) Y'IIITbIBaIOTCJI KaK 6ooOHHhie, TaK n 

q,epMIIOHHbie 'laCTII onepaTopaj+; j:q' - O):IHO'laCTll'!Hb!e MaTplr'!Hbie 0lleMeHTbl ;J;:IJI 0Toro 

onepaTopa; uq II Vq - Kooqxl>11u11eHTbI npeo6panoBaHIIJI Boro:uo6oBa, i;tq, 11 ¢tq, - npm.raa 

II o6paTHaJI &',,InllllT)")l;bI AB)'XKBa:Jll'!aCTll'IHOII KOMllOHCHTbI q1 q3 O):IHOq>OHOHHoro COCTOJI

HIIH g. MaTp11ua Kopuom1ca pam,1epaM11 32x32 6birra ;:111aroHa.'.l1moBaHa. 

JierKO Bll):IIIT, 'ITO xopoll!O ll3BeCTHOe ycrroBue BOCCTaHOB:JeH!IJI poTaulloHHOl! l!HBa

pl!aHTHOCTll < ltlI+I >=< IQ21 .I+I >= 0, BO BHJTpeHHeii cllcTeMe MOlKHO Ham1caTh 

< 1tu+1 >=< IQ21.j+1 >= 0, TaK Ka.K B 0TOM c:ry•me p
0

a60TaeT TO:JbKO BH)"TpCHHJIJI 

'IaCTb onepaTopa IlOJIHOro MOMeHTa I. B cor,'.laCl!ll C 0Tll:\I BbIBO;J;O:\I, BbipalKeHIIC (9) ;1:iH 

MaTpll'IHOro 0lleMeHTa Kop11om1ca llMeeT op;11HaKOBbill Blip; C )"ClIOBI!eM opToromt.'.lbHOCTII 

BOlIHOBOl! q,yHKUllll RPA no OTHOll!eHIIIO K µ;yxoBOMY COCTOJIHIIIO. 8To BC;\eT K C:Jt';lCTBIIIO: 

eCJiu B BbI'll!ClleHIIJIX RPA poTaunoHHaa IIHBapnaHTHOCTh coxpaHJICTCJI KoppeKTHo, T<> Ko

p11om1c0Bo B3aJ1Moµ;ei'1cTB11e MClKIIY ocHOBHOll II It no:roca1m ;i;o:i:.+.Ho 6bITh TO'IHo paBHo 

HYJIIO. Ilo3TOMy B paMKax 3Toro np116m1lKeH11JI It no:rocbI CBH:JaHbI c n<>MO!llhIO Kop110-

m1c0Boro B:JallMOAeiicTBIIJI TOllbKO C ,- norrocoi'1. OcHOBHru! norroca He CBH:JaHa C IIP)TIIMII 

norrocaMu. 
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Ha p11c.l IlOKa::JaIIa Koppe.:rnuna MClK.:IY Ko.:r.:reKTlIBHbI:.,m 1; COCTOllHI!llMlI ll MaTplI'I

Hbl:l.lll 3.:re:.,1eHTaMII Kopnomrca, no.:ry'ICHHbl:l.lll Ito q>op:.,ry.:re (10). Bo.:ree KOJI.:ICKTlIBHb!C 

1 + COCTOllHI!ll lI!.IC!OT 60.:u,wne ~raTplI'IHb!C a.'.ICMCHTbl, CBll::Jb!BaIOIUilC C I - no;mcoi'i. B 

Ca:I.IOM ,1e.:re, cor.:racHO (10), cnapl!BaIIIIC Il!.ICCT MCCTO TO:U.KO Tor;i;a, Kor,1a 1 + - 11 -; - Bll-

6pau110HHOC COCTOlIHilll co;i;eplKaT 11,ICHTll'!Hb!C KBa::Jll'IaCTl!Uhl B CBOlIX CTp}'KTypax. Cne

,1yeT OTMCTl!Th, 'ITO ::JHaKII np1me;i;eHHb!X E2- MaTpll'IHblX a.:re:.,1eHTOB < o;rllM(E2)lllt > 

JIB.:IlI!OTClI B OCHOBHOM no.:rolKlITC.:IbHh!MlI II MaTplI'IHblC a.:reMCHTbl KoplIO.:IlICOBa B::JalIMO-

;i;encTBlill < 2t [j + I 1 t > OTpnnaTC.:IhHbl~m ( CM. pnc .1). cho O::JHa'!aCT, 'ITO BKlla;i;hr co-

CTOllHl!ll 1; B :.,raTpll'IHble a.:IC!.ICHTbl E2-nepexo;i;oB CTaHOBlITClI KorepeHTHbl:.,m. cho ycn

mmaeT Hea;i;11a6aTlI'IHOCTh E2- nepexo:toB, Bbl::JBaHHYIO B::Jal!MOJCIICTBlICM C 1; COCTOlIHlI

lI~lll. Bb!'II!C.:ICHbl ::JHa'ICHIIll np1me;i;eHHb!X E2-MaTplI'IHb!X aneMCHTOB B MlIKpOCKOilll'ICCKOM 

npn6:mJKCHl!lf. Pe::iy.:IhTaTbl MlIKpOCKOilll'ICCKilX Bbl'II!ClICHIIll 6.:rll::JKII K a;a;na6aTlI'ICCKlIM 

::JHa'IeHl!lIM MaTpll'IHb!X 3.:ICMCHTOB, ::Ja llCK.:rIO'ICHIICM ;a;:r.11 L, --> (I - 2)gr, 'ITO ll no;i;

TBCplK;i;aeT 3KCnepl!MCHT. B c:ry'Iae I-, --> (I - 2)gr ll::J pe::iylihTaTOB Bbl'IIICITCHlllI MOlKHO 

JBll;J;CTh c:ra6blll HaMCK Ha r:ry6oKnH MIIHIIMJM, KOTOpbII! llMCCT MCCTO B aKcnepl!MCHTalih

HblX )l;aIIHb!X. TaKUM o6pa::ioM, MllKpOCKOillI'ICCKOC npn6:rnlKCHI!e, npe;a;CTaB.,'.ICHHOe :J,ICCh, 

He no;a;xo;i;HT ;a;= omrcaHltll Hea;a;na6aTI!'ICCKoro UOBC;J;CHI!ll [-, --> (I - 2)9 r nepexo;a;oB, XOT.!I 

;i;:r.11 ;a;pynrx nepexo;i;oB IlOITJ'IaCTCJI pa."'lyMHoe cor.:iacl!C. 8To IlO,ITBep,K,1aeT Bb!BO,I, 'ITO 

,1:I.!I Ka'ICCTBCHHOrO Olll!CaHllll )IOlllKHO 6b!Th J'ITCHO, )1O11O.:IhHllTC.:IhHO, KOpllOJIIICOBO B::Ja

llMO,ICllCTBllC COCTO.!IHUH f3 - llOITOCbl. Ilpn aTOM ycIIJIUBaeTC.!I KOpl!OJil!COBO CMCWl!BailllC 

paccMaTpl!BaeMb!X COCTOllHllH, KOTOpoe rrpllBO)l;llT K YlIJ'IWCHlllO onucaHl!.!I Hea,1na6aT11: 

'ICCKoro llOBC)ICHll.!I E2- nepexo,1OB. 

B TpeTbeH rJiaBe Bhil!CH.!IIOTClI ¢1ra11'Iecxne rrp11'IIIHhI, rrpUBo,1.11wue K cMew1maH11IO 

HIJ::JKo.:relKawnx nonoc c rro.:iocoi'1, 1IMe10we1r KBaHTOBble xapaKTepncTHKrr K"=l+ n, B 'Ia

CTHOCTn, CMCWUBaHl!IO llO.:IOCbl OCHOBHoro COCTOlIHl!lI C ypoBHJIMll Hll:JKOITClKaIUl!X BO::J-

6ylK;J;CHHb!X KOJIITCKTIIBHb!X rronoc. B paMKax RPA ocHOBHM rro,-:roca He CBH:JaIIa c gpy

ru!.m no:rocaMII, HO IIOClIC)IHIIC aKcrrepl!MCHT&'.IhHh!C ,laIIHble rro 9R-<f>aKTOpaM COCTO.!IHIIH 

OCHOBHOII poTanllOHHOH no:rocbl YKa::Jb!BaIOT Ha Ha..'UI'IlIC OTKJIOHCHIIlI OT a;a;IIa6aTll'ICCKOH 

Teopm1. 

Ilo,1po6Ho aIIa..'II!:JllpyeTClI :,;a.MI!llhTOHllaH ABYXPOTOpHOII .MO)l;CJIU, B KOTopoi'i .11gpo 

npe;i;CTaBITHCTCll KaK ,IBa aE:CllaJihHb!X poTaTopa (rrpoTOHHb!H ll HCHTpOHHb!ll), KOTOpb!e 
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MoryT COBeplllaTb Kone6aTeJil,Hbie µ;BmKeHIDI, :ir.JMeHlUOI111Ie IIX OTHOCIITellbHYIO opueHTa

nuro. C'IIITaeTcx, 'ITO KaJKµ;ax lr.:3 noµ;cucTeM o6naµ;aeT CBOIICTBaM11, Tllllll'Iffi>n,nI µ;lllI aK

CIIallbHbIX xµ;ep. Y'IeT BHyTpeHHIIX COCTOlIHlrii KaJKµ;oii Ir.:3 noµ;cllCTeM npllBO)];IIT K BOOMO)I(- . 

HOCTll nocTpOeHl!lI B006ylKµ;eHIIll ryp Haµ; COCTOllHlliIM:ll, IIMeIOlllllMII pa::iHbie BHyTpeH

Hlle KOHq>Urypannu • .Hµ;epHbie COCTOl!Hllll xapaKTeplI3YIQTCll Tpe:i.rn KBaHTOBbIMII 'IIIC;m:,m, 

JIMeIOllllIMlI CMbICJI npoexnuii yrrroaoro MOMeHTa Ha ocb c1IMMeTp1m llµ;pa: npoexnun BHy

TpeHHero yrrroooro MOMeHTa (k), yrrroooro MOMeHTa, o6ycJIOBJieHHOrO OTHOCllTellbHbIMII 

xorre6aHill!Mll poTaTopoB (11:), n noJIHoro yrrroaoro MOMeHTa (K = lk =F 11:1), a TaKlKe 'III

CJIOM r3rroa (n) no nepeMeHHon 8, onpeµ;elllIIOllleii aMn,mTyµy xorre6aHnii: poTaTopoa. 

rµ;e 

raMJIJibTOHllaH .!Ip;pa 0alll!CbIBaeM B Bllp;e 

H = Ho,o + Ho,1 + T', 

Ho,o =¾(A~+ A~) (12 
+ s2

) + V(8) + Hint, 

Ho,1 =~(A~ - A~) (IS), 

(11) 

(12) 

(13) 

rµ;e V( 8 ) - IIOTeHI~aJI B3aJIMOµ;enCTBIDI MelKµ;y poTaTOpaMll II nepeMeHHax 8 paBHa yrrry 

cMellleH11n llX 113 norrolKeHl!lI paaHoaec11JI u A? (A?= 1/(2J;), rµ;e J; - MOMeHT IIHepnm1 i-11 

noµ;cncTeMbI). 

Haii:µ;ena peanu3an1rn npoexnuii Ha BHyTpeHH11e ocn onepaTopa norrHoro yrrroaoro MO

MeHTa (I= Ip +In) ll onepaTopa "MOMeHTa OTHOCl!TellbHOro p;BlllKeHllll ,i;ayx poTaTopoa" 

(S= Ip +In ) µ;lllI crry'Iax, xorµ;a npoexnruI BHyTpeHHero yrrroaoro MOMeHTa Ha OCb cuM

MeTpn11 OTllll'IHa OT nym1. 

Onpeµ;eJI.!IeTCJI Ha6op 6a::JIICHbIX COCTOlIHllII. BbI'IllCJieHbI MaTpll'IHbie aneMeHTbI BCex 

onepaTopoa, qlllryp11pyIOI111!X B raMllllbTOHllaHe Moµ;erru llµ;pa. Ilpoaoµ;IITbClI aHaJIIl3 CBJI311 

pa::JHbIX TnnoB KOJilleKTllBHoro µ;Bl!lKeHIDI. Kax oµ;nH IID BalKHb!X peoyllbTaTOB IIOKa::JbIBa

eTCll, 'ITO CMellll!BaHlle COCTOlIHllll c·AK=l onpeµ;emreTcJI M.a._ onepaTopa (13), llMeIOlllllM 

TY lKe 3aBIIClIMOCTb OT KBaHTOBbIX 'IUcerr I II K, 'ITO n B M.a. xopnorrncoaoro B3aI1Moµ;e11-

cTBIIJI (cM. ¢op. (1)). 

IloKa::JbIBaIOTClI, 'ITO B JIµ;pax C 60Jibllll!M :ir.J6bITKOM Hel!TpOHOB aqiq,eKTbI CBll3ll Bpa

I11eH1IlI JIµ;pa KaK nerroro II OTHOCUTellbHbie nepeMeI11eHIIl1 HeiiTpOHHOll II npOTOHHOll KOM

noHeHT np1moµ;JIT K CI!llbHOll nepeHOpMI!pOBKe MOMeHTa I!Hepnmi llp;pa. Y'IT CBlI31l 0TIIX 

12 

TIIIIOB p;Bl!lKemrn ocyllleCTBJieH no Teopm1 B03MYI11eH11i1 11 "ncnpaa;rneT'' BbipaJKeHne ;t."IJI 

MOMeHTa 1mepnmr no;ioc, nocTpoeHHbIX Ha BHyTpeHHIIX <PYHKnllllX. B c;iyqae k=O MOMeHT 

1rnepnmr JIµ;pa OKa::JbIBaeTCJI paBHblM cy:,.r:i.re :l.!OMeHTOB 1IHepn1m·npoTOHOB II HeilTpOHOB. 

:MoMCHTbI 1rnepmm no;ioc C kc/0 OKa::JbIBaeTCJI 60:ibWll:l.Ill, 'le:i.r :l.!OMeHT 1mepmm OCHOBHOII 

IlOJIOCbI 'IeTHO-'ICTHOro Hµ;pa (k=O). 

'IacTb raMII;'!bTOHl!aHa (11), He BK.'IIO'IeHHa.H a onepaTop Ho.o, IICilO:U,."30BaHHoro µ;aJI 

nocTpOCHlllI 6a::JI!CHbIX qJ)"HKn11i1, IIMCCT HC;J;l!arOHa."IbHbie MaTpll'IHble OllCMCHTbI, CBlI3bl

BaI011.111e KalKµ;oe 113 6a::i11CHbIX cocTOHHIIII 1/.• (I:.IkKt.:n) c 6ecKoHe'IHbI:l.I •mrao:i.r µ;pyrux co

CTOHHIIH nc/n'. CocTOllHIIll, KOTOpbie MoryT cMeI1111BaTbcJI, xopowo pa::iµ;eaeHbI no aHeprm1, 

TaK 'ITO ponb KalKµ;oro 113 HIIX HeBCllllKa, oµ;HaKo )];.'Ill nocaeµ;oBaTe.'lbH0ro y'IeTa aqiqieK

TOB cMewnsaHl!ll Heo6xoµ;m.10 npocyMMuposaTb aqiqieKTbI, CBll3aHHhle c BJillllHIICM :i.rnorux 

BblC0K0llCJKalllllX COCTOllHIIII. -Y1106HbIM MCT0p;Oll,I µ;;ill j~IeTa BblCOKO:"IelKalllllX COCTOllHllll 

lIBlllleTcJI MeT0):I npoeKnnoHHbIX onepaTopos <I>ew6axa, ;i:eaJI11.111x npocTpaHCTBO cocToll

HIIII Ha 11se qacnx. 

Bse)'.ICM onepaTop· p , npoeKnirpyIOI111III Ha npocTpaHCTB0 IIHTepecy1011.11rx Hae C0CTOll

HIIll ( gr-, /3- II'"(- IIOJioc). Bee 0CT8."IbHbIC COCTOlIHIIJI, KOT0pble C'IIiTae:i.1 pacno:iolKeHHbl:l.nI 

)'.IOCTaTO'IHO BblCOK0 no·aHepr1m, BKlllO'ICHbI B Q- IIp0CTpaHCTBO . 

.Jl:rrll npoeKTl!p0BaHHOro ra:i.11mbT0HIIaHa HalllllllCM 

Hpp = Ho,o + PoT'Po (14) 

B (14) BKlllO'ICHbl: ff o,o , lIBJllIIOlllI!IICJI )'.ll!arOHallbHblM IIO 6a::JIICHbI!'.I B0;'!H0BbI!'.I q>j"H

KnlllIM tf>(O) II 'IaCTb onepaTopa T' , Olll!CbIBaIOUICro CMeWl!BaHIIe COCTOllHIIII IlOJI0C B p 

npocTpaHcTse (gr-, /3 - 11 'Y - norroc ). 

.II:= raMllllbTOHl!aHa Hpq , CMCW1!B8IOU1ero C0CTOllHlllI p C jl)OBHllMII no;ioc, BK;'!IO

'ICHHbIMII B Q , 11:l.lCCM 

Hpq = PH0 •1Q + PT'Q = H~p (15) 

HaKoHen, npoexn1110 raMl!nbTOHuaHa B Q-npocTpaHCTBo 3am1chisae:i.1 B snµ;e 

Hqq = Hg_0 
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Ilo;mrur BO:IHOBruI q>yHKUIUI orrpe;xe:i.HeTC.11 KaK cyi.,1Ma 

IV = Pw + Qw = <I> + X 

Bo:IHOBruI q>yHKUIIJl <I> B l,,IO;Ie:IbHOM npocTpaHCTBe l!MeeT Bll;I 

q,lK = '°' ,J.,TK q,lK 
~ rt I ' 

r;xe ,t,fK - aJ.,fil:IIITY;J;bI ci.,1en111BaHIIJI COCTO.HHIIIJ IK, BK:llO'IeHHbIX BP. 

(16) 

(17) 

Bo:iHoBrur q>YHKUIIJI <I> y;xoB.1eTBop.11eT ypaBHeHl!IO H<I>=E<I> • ,U:iir MaTpII'IHhIX a:ie11eH

TOB H 1n1eei.,1 BbipaJKeHue 

H,,, = (HpP).,, + L(HPQ )ij E ~ Ej (HQP)ji' 

J 

(18) 

r;:i;e j o6rnma'!aeT KBaHTOBbie 'IIIC:Ia 6a:JllCHbIX q>YHKUIIII, BK:IIO'IeHHbIX B Q - npocTpaHCTBO 

(;tOIIO:IHI!Te:IbHbie no OTHOIIIeHIIIO K I II M). 

B TaKOH cxei.,1e noJIY'l,eHbI aqiq>eKTIIBHbIII ra.\4II:IbTOHllaH, q>opMJJibI iJ;:IlI rrpIIBejl;eHHbIX 

BepO.!!THOCTeII aJieKTpoMarHIITHbIX nepexo;i;oB I! gn - q>aKTopa KO:IJieKTIIBHbIX COCTOHHillI. 

I!oKa:JaHO, 'ITO ,cMeIIIIIBaHI!.11 no 'IIICJIY K. npl!BOIJ;.IIT K no.HBJieHI!IO MarHI!THbIX AI!IlOJibHbIX 

nepexo;:i;oB BHYTPII noJioc c KIO. IloKa::iaHo, 'ITO po:ib MarHIITHhlX nepexo;i;oB yBeJIII'!ll

BaeTc.11 c yBeJIII'IeHIIeM K. Bepo.HTHOCTII Ml-nepexojl;oB BHYTPII poTaunoHH011 noJiocbl 

(KIO), TaKJKe MeJK;i:y cocTO.HHll.HMII poTauuoHHbi:x rrorroc onpe,1emi10Tc.11 oµ:HnM napaMe

TpoM, :JHa'!eHue KOToporo MOJKHO q>UKCI!poBaTb I!:J aKcnepnireHTa µ:mi B(Ml;1+1-+ o+o). 

IIpoBO;J;.IITC.11 pac'!eTbl jl;JI.11 lIDOTonoB 164•
166

•
168Er. IfaJ'IaeTClI B.'IlllIHII~ COCTOlIHllll rYP 

Ha CBOHCTBa HIIDKOJieJKaillIIX ypoBHeIJ. OrrncaHbI cneKTpbl aHeprI!II KOJIJieKTIIBHbIX COCT~

lIHIIIJ llOJIOlKIITeJihHOll '!eTHOCTII. I!oKa:JbIBaIOTC.11, 'ITO BbI'IllCJieHHble ::iHa'!eHIIJI B(E2) B 

paMKax Hawei"1 MO;J;eJIU lIJ'IWC cor:iacyIOTC.11 C aKcnepIIMeHTOM 'ICM il;pyrile TeOpIIII. 

<l>axJiaH;lepoM C. II AP· He,1aBHO aKcnepm,,1eHT&"IbHO 6bIJIII orrpejJ;eJieHhI :JHa'!eHIIlI Ma

TplI'IHbIX arreMeHTOB E2- nepexo;i;oB MeJK;i:y cocTOHHIIHMH noJIOJKIITeJibHOII "ITHOCTII B 
166

Er, 

r;i:e M.a. < (I - 2).,IIE2IIIgr > IL\4eeT HeMOHOTOHHYIO :JaBIICIIMOCTh oT ymoBOro MOMCHTa 

I. TaKoe n0Be,1em1e M.a. y;xa'IHO OIIHCb!BaeT jl;aHHruI 1,,!0;J:e:Ib ( CM. pIIc.2). ,Upyrue Pa:JJIII'I

Hbie "Tpa,IIlllUOHHbie" MO)'.leJII! II B TOM 'IIICJIC MO)'.leJib, paccMaTpl!BaIOillruI Kopi!OJIIICOBO 

cMew1mam1e cocTO.HHm"i norroc 'Iepen .6.K=l { rrr. I II II ), He om1cb!BaIOT aTo irBJiemie. 

BbI'IllCJI.IIJil!Cb KOO<pq>IIUIICHTbI CMCIIIIIBaHil.11 MJJibTimoJieII 8. Hrumy'Irnee Bocnpo11:J

Be;i:em1e 8 IlOlIJ'!IllIOCb npu B(Ml;OOg, -+ 1+1) = 0.8 µ'Jv iJ;mI 
164

Er II =1.75 µ'f,; iJ;lI.11 
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PHC.2. CilHHOBaH 3aBHCHMOCTb 3KCnepHMeHTaJibHHX H BHqHcJieHHHX 

3HaqeHHil: h"➔ (I-2)gr MaTpHqHHX 3JleMeHTOB B 
166

Er. 

ITpHBe,lleHH BHqHcJieHHHe 3HaqeHHH M. 3. B paMKaX CJie,llyKll!IHX 

MO,lleJieil:: MO,lleJib CHMMeTpHqHoro ' poTaTopa ( sym)' MO,lleJib 

aCHMMeTpHqHoro poTaTopa ·(10.0 H 12.7, BHqHcJieHHHe co 

3HaqeHHHMH ,=10° H 12.1° COOTBeTCTBeHHO), poTaUHOHHO

BH6pauHOHHaH MO,lleJib ( rvm)' MO,lleJib B3aHMO,lleil:CTBYKlIIIHX 

6030HOB (iba) H ,llByxpoTOpHaH MO,lleJib (TRM). 
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166•
168Er npn qumcupoBaIIHOM oHa'leHmI w1 =3 :t-faB. BbI'lncnemui no MBB2 ):IJIJI 168Er 

):la:t<>T B(Ml)=l.5 µ'j... SKcnepnMeHT ):IJIH 168Er ,1aeT B(Ml)=l.5 µh u w1=3.4 MaB. SKcne

pIIMeHTbl ( e, e ') II JI):lepHo-peoOHaIICHaH cpmoopecL1eHL1Illl ):llIJI cyMMbl nepexO):IOB I:B(Ml )l 

(E~4 MaB) B 168Er ):la:r<>T 2.5± 0.21 µh u 2.20±0.16 µh, cooTBeTCTBeHHo. Om1 Bcer,1a 

6onbwe, 'leM Hawn oneHKn B(Ml;0o+---> 1+1) =1.75 µh, TaK KaK Mb! o;i;ecb He 0L1emmn 

nepexoµ;bl II0 COCTOlIHUJI rYP, IlOCTpOeHHbIX Haµ; /3- n 7- Bn6pal\IIOHHblX COCTOJIHilll Ha 

OCHOBHOe COCTOJIHlie. Ho lIX BKJiaµ;bl B Bbl'll!CJieHIIHX KoacpcpneHTOB CMecn MYlibTIIDOlieII [j 

Y'IIITb!Ba:tOTCH. 

B 'leTBepTOH rmllle npeµ;naraeTCJI opunIHaJibHb!II MeToµ; onpe;i;enemrn Moi,,reHTa 

IIHepl\IllI OCTOBa lI B~CTpoeHHoro yrnoBoro MOMeHTa ix , OllilCblBaIOIIIIIX cneKTpbl Bpa

maTelibHbIX nonoc, lICKaJKeHHb!X BtlaIIMoµ;enCTBIIeM KopnOlIIICa. ScpcpeKTbl KOpIIOJlllCOBa 

BOaIIMogenCTBIIH yµ;o6Ho noy'laTb B TepMIIHaX Bb!CTpoeHHoro yrnoBoro MOMeHTa i .. KaK 

npeµ;JIOJKeHO BopoM lI MoTTeJibCOHOM. 11 T06bl oneHl!Tb ix , HYlKHO. ::JHaTb oaBl!CIIMOCTb 

noITHoro yrnoBoro MOMeHTa cocTOJHirn I OT 'laCTOTbl BpameHIIJI w,01 • EcmI mrnecTHbl 

)J;aIIHble COOTHOllleHlU!·µ;JIH BOOMyIIIeHHOil I!Ol10Cbl I,n(wrot) II µ;JIH BpamaromerocJI OCTOBa 

Icore(Wrot), MOJKHO HaIITII ix 

i.(wrot) = I.n(wrot)..:.. Icore(Wrot) (19) 

,Il;JIH onpe;i;eneHIIH 4>YHKL\IllI I,JJ(Wrot) B ypaBHemm (19) IICilOJibOYIOTCJI :JHeprilll COCTOJI

Hllll BOOMyIIIeHHoii nonocbl. IlpJIMOro nyTll µ;~ HaxoJKµ;emur cpyHKL\llll Ic0 ,,(w,0 ,) He cy

mecTByeT. ,Il;nJI Bbl'IIIClieHIUI ;)TUX cpyHKnn:n 6blJill npeµ;noJKeHbl paom!'IHble 3Mllilpl!'le

CKIIe npol\e)J;ypbl C l!CllOlib0OBaIIlleM aHeprnu COCTOHHlIH OCHOBHOli IlOlIOCbl. BoOMOlKHble 

CllllbHble BOOMymeHlU! COCTOJIHllll OTPIIL\aTellbHOll 'leTHOCTil uo-oa KOplIOJlllCOBblX Cllll µ;e

Jla:tOT TaKOll noµ;xoµ; CJIIIlllKOM Heoµ;HOOHa'IHblM µ;alKe npu HIIOKIIX crnrnax, 'ITO lIBJIJICTCJI 

cepbOHblM Heµ;ocTaTKOM TeopnII. MeToµ;, npeµ;nmKeHHblll µ;aHHoii rnaBe, ocHOBaH Ha 'III-

Clie~OM llHTerpupoBaHim ypaBHCHIIH 

. - - . dwrot(i) 
WeJJ(l) = Wrot(l) - (Jx )v di , (20) 

r,1e aKcnepnMeHTalibHblC 0Ha'leHIIJI :JHepreTU'leCKIIX l!HTepBalIOB MeJKµ;y COCTOJIHIIJIMll no

lIOCbl w,n(I)=(E(I+l)-E(I-1))/2 Bb!palKa:roTcJI KaK HCKOTOpb!e cpyHKL\l!II yrnoBOll 'lacTOTbl 

BpameHIUI ocToBa w,01 (1) u BblCTpoeHHoro yrnoBoro MOMeHTa i • . Hawe onpeµ;eneHue ix JIB

JIHeTCJI Moµ;elibHO oaBlIClIMblM, O)J;HaKO, IlO0BOJIJieT llOJIY'llITb TO'IHble COOTHOllleHllll MelK):IY 
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napaMeTpa."m fal,,lll:JbTOHl!aHa II BblCTpoeHHbl1I )T:JOBblM MOMeHTO!.I: 

( .) ?{(• ') , , (• ) ' , (•) I ' } 
Jr v = -- J+ 0.1 l,'.'v.o1.'v.l + J+ 1.2 t'.',,1 li-',,2 + J+ 2,3 li'v,21.',,3 , (21) 

r;1e (j+ )K,K• - 11.:J. KOpl!OlIIICOBa B:JalD,IO;\CliCTBIIH, i!·v,K -~111:JIITY;\b! c11e11111BaHI1JI OKTy

llOlibHblX no;mc. 

Koacpcplll\UCHTbl i/•,.K onpe;te:JJIIOTCJI IlPII, ;tuaroHa.'III0amm ra~!ILTuTOHilaHa (1), B KO

TopoM Y'IIITbmaeTcJI n1ew1mam1e cocTOlIH1111 oKT)'TIO:JbHblX no:ioc. Ilap~IeTpb! (j+ )K,K' 

onpe;i;e:iJiroTca 110 Hrumy•1wero cor:iacmi BbI'l!Ic:ieHHb!X 0Ha'leH1111 aHepr1111 c axcnepuixeH

ToM. Haxog11TCll pe111em1e µ;mpcpepeHL1Ila.ThHOfO ypaBHeHlrn (20), KOTOpoe C0OTBeTCTByeT 

lII!HeHHOfr 0aBIICIIMOCTII M0MCHTa l!HCpl\1111 Jcore = j /u-'rot(I) OT )T:JOBOII 'laCTOTbl Bpame

HIIJI OCT0Ba Wrot(l). 

IlpoL1eµ;ypa 6blJia IICll0:Jb00BaHa )llIJI onpe;i;enemrn CBOIICTB OCTOBa, COOTBCTCTB)"IOIIIero 

cneKTPY COCTOJIHllll 0Tp1rnaTe:JbHOil 'ITH0CTII Jigep 230•
232Th II 236

•
238U 110 aKTIIHil;J;HOll 06-

nacTII. OnucaHbl aKcnepuMeHTa.'!bHble µ;aHHble, xacaromuecJI K :JHepruu Boo~1ymeHH011 o

nonocbl n TaKJKe K" = 1-, 2- IlOJIOC, KOlilieKTIIBH0CTb KOT0pblX xopowo ycTaHOB:JeHa. 

Bb!'IIICJieHUJI Il00BOlilIIOT CpaBHIITb M0MeHT l!HepIUIII OCTOBa Jcore C l\IOMeHTOM l!HCpl\llll 

IlO:JOCbl OCHOBHOro COCTOJIHIIJI J gr II C acpcpeKTIIBHblM M0!>!eHTOM l!Hepl\lll! Boo:.1ymeHH01i 

K" = o- nonocbl, onpe;i;eneHH~11 KaK J~JJ = i/w,n(I): Mm.1eHT 11HepL11m ocToBa oKaob!Ba

eTcJI 0Ha'mTeJibH0 MeHbllle, 'leM J~JJ· HMeJI B BllilY, 'ITO "-'eJJ(l) ~ Wc0 .,(I -ix), oa11e•1aeM, 

'ITO np11 6oJibllll!X 0Ha'leHl!JIX I, Korµ;a ix npu6m1JKaeTCJI K CB0eMy npe;1e1IbHOMY 0Ha'le

HlIIO, Kpl!Bble J~// II J~.;;.. CTaH0BJITCJI npaKTl!'leCKII napa.'!Jie:JbHbI.MII. Ilp11 Ma."Ib!X cmrnax 

ix y6b!BaeT µ;o Hj"lIJI, oµ;Haxo, Kop11om1C0BO CMelllUBaHue cymecTBeHHO yBeml"IIIBaeT acpcpeK

TilBHblll MOI\ICHT l!Hepl\1111. TaKlll\l o6paool\l, Ha Kpl!BOII J~JJ Il0l!BlllICTCll 6orree ll:Jll 1leHee 

'ITKllll Ml!HIIMYI\I npn HeKOTopoM KOHC'!H0M 0Ha'leHm! "-'rot, KOTOpb!ii M0lKH0 pacntaTpll

BaTb KaK lipKoe npoJIBJICHlle BblCTpa11BaH11JI B116paL11IOHHoro yr:10Boro M0MeHTa. Pa;J:Jl!'ll!e 

J~;,. II Jg, M0lKHO paccMaTp1maTb KaK pa::JJil!'!lle Il0:IJipl!0aIUIOHHblX acpcpeKTOB B pa."JHblX 

JIµ;epHb!X cocTOJIHUJIX. Hanpm.1ep, poTal\ll0HHoe CMe11111BaH11e c µ;p)-r111m no:1oca1m l\IO

lKeT oKaoaTbCJI paoHblM µ;nJI cocTOJIHllI! OCHOBHoii II OKTYII0libHblX no:1oc II oTpa:Jl!TbCJI Ha 

BCJill'll!He MOMeHTa IIHCpl\llll np11 MaJib!X crn!Hax. 

CocTOJIHl!e JI,ipa yµ;o6Ho xapaKTepnooBaTb BblCTpoeHHblM yrJIOBblM l\!01ICHTOM }r, onpe

µ;erreHHblM ypaBHeHl!CM (21) n Bbl'!IIC,'!llCl\lblM BMeCTe c u-'rot(I) npn pewemm ypaBHCHIIJI 
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(20). Ha p11c.3 noKaaa.Hhl OIIeHKII if- ;:i:rn x;:iep 232Th 11 236•238U. BhlcTpa11aaH11e y,i,;e 

naMeTHO a COCTOJIHIIJIX c I~ 9h. 

Ha pnc. 3 ;ta.Rh! TaK,i,;e OHa'leHIIil ix' 1mli.,e'leHHble 1m aKcnep11:,1eHTa."1bHhlX J'.laHHhlX Ha. 

ocHoBe npone;:iyphl BeHrTccoHa- <I>payeH;i;opqia. cha npone;i;ypa onpe;i;e:rneT BhlCTpoeH

Hhlll JTlIOBOII :,.mMeHT no OTHoweHnIO K ocToay, coOTBeTCTBYIOWe..'-1Y ocHOBH011 no:roce, 11 

Oill!ChlBae:,.mi.ry aKCTpono:rxn11eii lil!HellHOll 'laCTII J;, /· Ilpn TaKOM onpe;:ie:reHIIII OCTOBa, 

]x MOJKeT BK:rIO'laTb BhlCTpOeHHble yri!OBble MOMeHThl, CBJl3a.IIHble C ;i;pyrIIMII cTeneHJl!.11{ 

CB06o;i;hl. CpaBHeH11e paCC'll!TaHHhlX nHa'leHllll ix co 3Ha'ICHIIJIMII ix nonBOJIJleT oneHIITb 

po:rb Tex CTeneHell CB06o;:tbl ll;:tpa, KOTOpble He BKlIIO'leHbl JIBHO B ra..\.lllilbTOHllaH Mo;i;em1. 

B 06:raCTII 60i!bWIIX CilllHOB Ha6:JIO;:taIOTCJI ~:ree 11:Ill MeHee llpKO Bblpa,t;eHHOe yaem1-

'1eH11e ix no cpaBHeHIIIO C ix, CBU;:teTeJibCTBYIOWee O BhlCTpanBa.IIIIll yrl!OBblX MOMeHTOB 

KBa:ll!'lacnl'IHOII rrp11po;µ.i. 

Bhl'l11c:rnm1cb OTHoweHIIJI BepoJITHOCTefr E2-nepexo;i;oB R1K nn cocTOJIH111i: OKTyno:ib

HhlX norroc. Ha p11c.4 noKaaaHa naaucl!MOCTb R1K OT cmrna I ;:till! 230Th c paaHhlMll nHa

'leHllllID! napaMeTpa Z =< Otlm(El)ll- > / < Otlm(El)IO- >. 

B llllTOH rnaae ;:inccepT~ npo;i;o:i,i,;eHo 1my'leH11e CBOIICTB cocTOJIHmi: oTpnna

TerrbHoii 'leTHOCTn. Mo;:teJib, npe;i;cTa1meHHall B nepB011 rnaBe, ncnorrhnoBa.Ha Allll on11caH1rn 

aKcnepnMeHTa.'IbHhlX ;:taHHblX 06 OTHOWeH!IJ!X BepOllTHOCTell AllnOlibHblX aneKTPll'IeCKIIX 

nepexo;i;oB 1m OKTyTIOJibHhlX cocTOllHIIH B JI;tpax 220
•
226Ra, 164

•
166Er u 156Gd. 

IloKaaaBaeTcJI, 'ITO AeTa.'IbHOe 110y'leHue CMeWIIBa.IIIIJI H1mKoJie)Kaw1ix norroc nonBo

lIJleT He TOJibKO nOlIY'!IITb KOllll'leCTBeHHJIO llHq>OpManmo O Jlll.'IeH1tJ1X, paccMaTplIBaeMblX 

B "TpaAUUIIOHHblX" MOAe:rllX .11;i;pa, HO ll npeA:JO)KllTb noncK "HOBblX" J!BJieHnii. TaKIIM .llBl!J!

eTCJ! ;J;Bll,KeH11e, reHepnpyIOwee Topo11;:ta.'IbHhlll MOMeHT .llApa: aTO ABl!,KeHne He CB.llnaHo C 

nnMeHeH11eM o&beMa ll q>opMbl ll;:tpa, o;:tHaKo, npucyTCTBlle TOpou;i;a.'IbHhlX TOKOB IIOMeH.lleT 

peaKlll!IO cucTe:,,w Ha aneKTpo1.1arHIITHOe noile. B 'lacTHOCTll, AIIIIOlibHhlll Topon;:taJibHblll 

TOK ;i;aeT BKna;t BM.a. El-nepexoAa. 

BHyTpeHHl!e MaTpl!'lHhle a:reMeHTbI onepaTopa, reHepnpyIOwero ;rxmol!bHhle 7 • nepe

xo;thl, napaMeTp110ye1.1 cne;i;yIOWIIM o6pa..'3oM: 

< K-lmv!O;, >=< K-ldvlO;, > +E.,. < K-ltvlO;, >, (22) 

r;i;e E.,.- aHepruJI 7- KBaHTa, 11nrry'laeMoro B nepexo;te. Truran napa1.1eTp1manllll Y'll!Th!BaeT 
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E1-

I 

coa:,.1ecTHOe B:Il!Jllil!C :lllIIO:IbHOro a:reKTPII''!eCKOro ( d) ll ,IIIIIO:IbHOro TOpo11;ia."IbHOro ( t) 

.MOMeHTOB. 

Bb!'IIIC:rem,1 :i:1mo:rbHble a:reKT!HI'IecKne nepexo:tbl ll:J oKTyno:rbHhlX 110:roc. Ilapa:,.reTphl 

di, 11 tK 011pe;i;e:rJI:r11cb 11:J HaJ1:ry'Iwero cor:racnJI 11p1rne;i;eHH~1x :,.mTpll'IHblX a:re:,.1eHTOB (22) 

;i;:rJI nepexo;i;oa J- -> (I± lj+ c aKrnepmreHTmI. Ha pnc.5(a.6) 11p11ae:i;eHbl cpaaHeHirn 

3KC11epu:,.reHTa."IbHb!X I! TeopeTll'IeCKllX :JHa'!eHIIII ~<peKTIIBHOrO ;J;IIIIO:IbHOro :,.io:,.teHTa: 

Qf = 
4,. 1 + • 

3 I+ l/2 '.f l/2 < (I '.f 1)09,llm(El)llll\ - >, (23) 

BepTnKa."IbHhle :r11H1111 c TO'IKa:,.m - proy:rbTaThl aKc11epn:,.1eHTa. IlITpl!XOBaJI :rllHIIJI - Tpa

;11111110HHoe 011ncam1e c y'IeTo:,.1 Kopno:rncoaa O1ewnaamrn cocToJIHm
0

1 ( Kor;1a HeT ;:i;1mo:rb

·Horo Topo11;ia."IbHoro :,.io:,.1eHTa tK=0; do=0.003 ¢11: d1=-0.15 ¢11). Cn:rowHM :IIIHIIJI • 

01111camie, p;o11ycKa10U1ee IIHTep<pepeHl!IIIO :lllll0:IbHhlX 3::teKTpll'IeCK0t'0 II T0po11;:i;a."IbHoro 

I 

Mo:,.1eHTOB, npll o;i;Hoape:,.1eHHm1 y'IeTe Kopuo:r11coaa c:,.1ew11aamrn ( do=-0.049 ¢:,.1: d1 =0.313 

<pM; to=-0.214 <pM/MaB; t1 =0.063 ¢:,.1/).foB). 

KaK B11,:\H0 113 pnc.5, 3KC11ep11MeHTa."IbHhle p;aHHhle 0 aepOHTHOCTII :111110:IbHhlX nepexo

)l;0B y;:1aeTCJ'l Ka'IeCTBeHHO BOC11p01I:JBeCTII, ;.onycTIIB O,IHOBpeMeHHO Cll::tbHOe c:i.1ew11aam1e 

COCTOJ'IHIIII C pa3Hb!Mll :JHa'!eHIIJ'IMII 'IIIC:rn K II ;.ecTpyKTIIBHYIO IIHTep<pepeH!IIIIO BK:ra;ioa 

OT nepaoro 11 BToporo cnaraeMhlX B <popMy:ie (21). Ha;io oT:,.reTIITb, 'ITO B Hawe:,.1 c:iy'Iae 

r1eT T0ponga."IbHOro MOMCHTa B nepe..··m:i:ax 110:JBO:JJ'leT yMeHbWIITb rrapaMeTp cpe:tHOKBa

:ipaTll'IHOro oTK11oHeHirn x2 a Hgpe 226Ra 6onee '!eM Ha 30%. 

'1 T06b! ou;eHIITb BKJiag B npamma cy:,.1:,.i OT Be:Jll'Il!Hhl M.3. Topon:i;a."IbHOro i.10:,.1eHTa, 

II0JIY,IeHH0ro Ha:,.u1, Mhl Bh!IIOJIHll:Jll pac'!eT 3HepreTII'IeCKII B:JBeWeHHOII cyM11hl Cll."I TaKIIX 

rrepexop;oa: 

S = I)E, - Eo)I < ilTd0 > 12 = 1 < 0l[T;[H, T;]]I0 >. (24) 

rp;e T, - orrepaTop )l;IIIIO:JbHOro T0p01!;:\a1lbH0ro !-,I0:,.1eHTa 

T; = _e_ t [xtI>;:.P;:. - 2P(2)x;:. )2
) • 

l0mc •=I K K 
(25) 

OTMeTIIM, 'ITO ll:J-na Ha."lll'IIIJ'l onepaTopoB IIMIIY:JbCa a onpe;ie:iemm TOpon:i:a."lbH0ro 

MOMeHTa rro11y'IeHHaJI Oll;CHKa He J'IBJIJieTCll :,.m;i;e:rbHO·Hf':JaI!IICIIMOii. B Hawe:,.1 pac'IeTe cpe-

)l;Hee rro11e 6h!110 a1111p0KCIIMllpoaaHo II0TCHD;l!anoM rapl!OHll'IeCKoro 0Cl!ll::t::tJIT0pa 

H = L [:;2 + m;t x;2] 
i ...,m -

(26) 
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226 Ra. 
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Ha;:i;o OTMeTIITb, 'ITO B npaBJma cyMM 

S = [~ P'f.. + mwJrJA½] Zr~Aiµi 
6m 2 

(27) 

OCHOBHYIO BK::ia;:i; ;:i;aeT IIOTeHI,IIa.'IbHM qacTb ra.\£II/IbTOHIIaHa (25). BKJraµ; OT Kl!HeTII'Ie

CKOro qrreHa rm,IlllibTOHIIaHa (25) a S COCTlIB.'IJ!eT 3%. 

Bb!'IIIC/IeHHOe :ma•1em1e npaau::ia Cj'M:l.-1 µ;l!JI 226Ra 0Ka:Jarroc1, paBHb!M S=0.07 e2 q>M2 /MaB. 

BK::ia;:i; B npaaima cyMM OT Topou;:,;a.'IbHoro MoueHTa ( 41=0.214 e q>M/MaB ), onpe;:i;en:eH

Horo Ha.\£.II, COCTaBJIJieT OKOlIO 13%. T.e. norry<IeHHOe :JHa'IeHue S He npOTIIBOpe'Il!T q>e

H01IeHO/IOrII'IeCKOMY :JHa'Iemno tK. Ilpo;.erraHHb!II aHa.'III:J µ;aeT ocHOBaHne norraraTb, 'ITO 

Toponµ;a.'IbHaJI CTeneHb CB06o;:,;bl IIrpaeT BalKHJIO p01Ib B q>opMIIpOBaHllII COCTOJIHIIll OT

pm:~aTe/IbHOll 'ITHOCTII. 

B oaKJIIO"leHHH cyMMIIpOBaHbl OCHOBHble Pe:JYJibTaTbl µ;uccepTaqim 

,ll;JIJ[ O~HTbl. Bbll];BHraIOTCJ[ cneµ;yIO~He OCHOBHble peoyJibTaTbl, nony"leH

Hble B µ;HccepTa~HH: 

1. ,I(mi 1my'IeHIIJI o6wupaoro MaTepIIarra no OTK/IOHeHIIJIM CBOHCTB COCTO!lHim no

/IOlKIITeJibHOll II OTpn~aTe/IbHOll 'ITHOCTeii B "ITHO-'ITHbL"'C µ;eq>opwrpoBaHHhIX JIµ;pax OT 

:JaKoHoMepHocTeii aµ;ua6aTn'IecKoii Teop1m npeµ;rraraeTcJI q>eaoMeHorrorll'IeCKaJI Moµ;eJib, B 

KOTopoii paccMaTpIIBaeTCJI KOplIOlIIICOBO B:JaIIMoµ;eiicTBIIe MeJKµ;y COCTOJIHIIJill,lll. Hll:JKOlie

JKall.lIIX nonoc. B "laCTHOCTII npoµ;eMOHCTpllpOBaHa BO:JMOJKHOCTb nccneµ;oBaHIIJI aq>q>eKTOB 

CMeWIIBaHIIJI C lICilOlib:JOBaHIIeM Ol];lIHaKOBb!X napaMeTpOB OCTOBa µ;mi BCex CMeWllBaIO

ll.lIIXCJI aµ;na6aTII'IeCKIIX IIOlIOC. 

2. Ilorry'IeHbl 06U11Ie Bb!palKeHIIJI l];lIJI npIIBe;:J;HHb!X BepOJITHOCTei'r KBaµ;pynOJibHb!X, 

l];llIIOJibHb!X II MOHOilOJibHb!X arreKTpll'IeCKIIJC, a TaKJKe )J;llIIOJibHb!X MarHIITHb!X nepexoµ;oB 

c Y'ITOM CMeWIIBaHIIJI KOMilOHeHT c pa:3Hb!Mll BHyTpeHHIIMII BO:J6yJKµ;eHIIJIMII. IloKa:JaHO, 

'ITO npucyTCTBIIe K .. = 1 + KOMIIOHeHTOB a BOlIHOBb!X q>yHK~JIX B1t6p~IIOHHb!X COCTOJI

Hilll npUBOµ;IIT K Ml- nepexoµ;au = HIIX Ha cocTOJIHIIJI OCHOBHoii norrocbl. IloKa:JaHo, 'ITO 

Ol];HIIM aa6opoM napaMeTpOB B BbipaJKeHIIJIX MOJKHO OIIIICb!BaTb Bee m:rneCTHble aKcnepu

MeHTMbHble l];aHHble 06 aneKTpoMarHIITHb!X nepexoµ;ax. 

3. IlpoBeµ;ea MltKpocKomMeCKIIii aaarr1m B paMKa."'C RPA c TO'IHb!M Bbl;:,;erreaneM µ;yxo

Bb!X npIIMeceii, BbIDBaHHb!X aapyweaneM poT~oHHoii IIHBapnaaTHOCTll ThMnrrbTOHIIaaa. 

Ilpoµ;eMOHCTpIIpOBaHa KOppemi~IIJI MeJKµ;y KOlilieKTllBHOCTbIO 1 + COCTOJIHIIll II IIX Kopito-
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mICOBblM B::38lIMOµ;eiicTBlleM C ,- nonocoi1. Bnaroµ;apJI aTOMY a¢¢eKTY 1 + COCTOlIHlllI Im 

o6naCTII "HOJKHll'IHblX" MO)]; ::JaMeTHO BilllJlIOT Ha Heaµ;na6aTll'IeCKlle a¢q>eKTbl B E2- ne-

pexoµ;ax. 

4. PanBIITa µ;ByxpoTOpHaJI MO)];ellb Hµ;pa C TeM, 'IT06b! onncaTb HapJIµ;y C Bon6y;Kµ;e

Hll.lIMll TIIna rnraHTCKoro yrnoBoro prooHaHca TaKJKe II BHJTpeHHile Boa6y,Kµ;emrn npo

TOHHoii ll HeRTpOHHoir noµ;clICTeM. Y'IeT BHyTpeHHllX COCTOlIHllil KaJKµ;oi1 11'3 IIO,ICIICTe11 

npllBeJI K BO::lMOlKH0CTlI IlOCTpoeHil.lI Boo6yJK,1em1i1 rYP Haµ; COCTOlIHIIJIMII, IIMeIOlllllMII 

pa::3Hh!e BHyTpeHHne K0Hq>I1ryparrm1: IloKa::JaHo, 'ITO cMe1mrnam1e cocTOJIH11i1 c AK=l 

onpeµ;enJieTcJI· M.a. onepaTopa S = Ip - In, nMeIOlllllM TY JKe naancnMoCTb oT KBaHTo

BblX 'Il!cerr I n K, 'ITO II B M.a. Kop110m1c0Boro roammµ;e1rc-ra1rn. 

5. ,l];ByxpoTOpHaJI Moµ;eJib JI,lpa ycoBepweHCTBOBaHa llCilOllbtJOBaHiieM ¢opMallll3Ma 

<Pell!fiaxa pan~eJieHIIJI IlpOCTpaHCTBa COCTOJIHllll Ha ~Ba noµ;iJpocTpaHCTBa ( p II Q ) C Il0-

Clle)];JIOllllIM npoerrnpoBaHIIeM BOlIH0Bb!X qiyHKIIlIR Ha npocTpaHCTBO Hll:3KOJielKalllIIX norroc 

(P- npocTpaHCTBO ). B TaKOll cxeMe norry'IeHbl 13aMKHJTbie qiopMJJib! )'.IJilI a<pq>eKTIIBHOro 

raMilllbTOHIIaHa II )];JIJI npnBeµ;eHHhIX BepoJITHOCTeii aneKTp0MarHIITHhIX E2- II Ml- nepe

XO)];OB. Ifo HaIIJIY'Irirero aocrrpOimaeµ;eHIIJI Koa<p<pHIIIIeHTOB 8_ Hll□KoneJKalllIIX ypoaHeir orre

HeHl>I ::JHa'IeHllJI B(Ml) = 1+ cocToJIHIIii, 0KanaB1II1IecJI paBHblMII B(M1;009 r..:.,: 1+1) =0.8 

µ'j.,' ,1rrJI 164Er II =l.75 µ'fv µ;rrJI 166•168Er, npn qiuKcupoaaHHOM □Ha•reHHII w1= 3 MaB. 

6.' ·IIpe,1rraraeTCJI opnrruianbHblll MeTO,I oitpe,1eneHllJI M0MeHTa llHeprrrnr OCTOBa II BhI

CTpoeHHOro yrnoaoro MOMeHTa no µ;aHHbIM O cneKTpe aHepnm COCTOlIHIIll OTplIIIaTellb

HOII 'IeTHOCTII, IICKaJKeHHOM B□aIIMo,1ei1cTBlleM Kopl!OJIIICa. MeTO,I ocHoBaH Ha 'IIICJI~H

HOM IIHTerpnpoaamm ypaaHeHllJl CBJitlb!BaIOlllero yrrroByIO 'IaCTOTY Bpa111eHllJI c yrrroBb!M 

MOMeHTOM B ycnOBllJIX BbICTp8l!BaHIIJI BHyTpeHHero yrrroaoro MOMeHTa, B KOTopoM aKcne

puMeHTaJibHble □Ha'IeHllJI aHepreTII'IeCKIIX llHTepBalI0B MeJKµ;y COCT0JIHIIJIMll IlOJIOCb! Bb!

pa,KaIOTClI KaK HeKOTOpb!e qiyHKIIlllI yrrroaoii 'IaCTOTb! apa111eHilJl OCTOBa II BhICTpoeHHOro 

yrnoBoro MoMeHTa: 

7. l!ccrreµ;oBaHbl Heaµ;:nafiaTll'IHOCTll )];llilOJibHbIX :meKTpl!'IeCKIIX nepexoµ;oB, IICilOJib

::lJJI napru.reTpllt3aIIIIIO )'.IJIJI BHJTpeHHero MaTpll'IHoro arreMeHTa onepaTopa, reHep11pyro-

111ero )];IlIIOJibHh!e ,- nepexO)'.lbl II J'Il!Tb!Baro111yro COBMeCTHOe BJIIIJIHIIe )];llIIOJlbHOro :meK

TplI'IeCKoro II )];IIIlOJibHOrO TOpOlI,lallbHOro MOMeHTOB JIµ;pa. IloKa::JaHO, 'ITO B JIµ;pe 226Ra 

aKcnep11MeHTaJibHble µ;aHHb!e O aepOJITHOCTII )];IIIlOllbHblX nepexO/l0B JllaeTCJI Ka'IeCTBeHHO 
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aoc·npo11□BeCTII, ;i;onycTIIB 0)];H0Bpe11eHH0 Cl!:IbH0e c11e1IIl!BaHI1e COCTOJIHIIil C pa.,Hh!!\111 

13Ha'IeHlllL'lll K II ;i;eK0HCTPYKTIIBH}"K) IIHTepqiepeHIIIIIO BK:iaµ;oB OT ;\llIIO:IbH0ro II T0pon

:ra..,bH0ro c:iarae1Ib!X B MY:IbTllII0:IbH0!\l orrepaTope. 

8. OrreHeH BK:ia;i; B npaan:ia c;p111 S OT ae:in•mHhI M,a. TopOiqa..,bHoro M0!\leHTa. 

rro.,y'IeHHoro a~mnp11'IecKn11 rryTe:.i II nmm□aHo, 'ITO □Ha'IeHne S He npoTIIBOpe'InT qie

Ho11eHo:iorw1ecK011y □Ha'IeHIIIO !\I.a. Topon;ta.."IbHoro 11011eHTa. 
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