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YlIK 530.1 M-16 

KPHTMt.IECKHH 3AP5I1I B KBAHTOBOti 8JIEKTPOllHHAMHKE: 
llpenplIlIT HT3c1> 21-00/ 

B.C.llonoB - M., 2000-52 c. 

B KBaHTOBOi 3JIeKTpO,lUlHaMHKe CBePXCRJIbHhIX KYJlOHOBCKIDC IIOJIeH cymeCTBeHHbIMH 
napaMeTpaMR JlBJlKlOTCi[ Kpl1ITIiItleCKD 3apSl)]; JU{pa Zcr 11I Kpl1ITl1Il:IeCKOe paCCTOflUIe Her B 
CRCTeMe ,UByX CTaJIKl1I.BaIOrrnrxCSI TSI)I(eJIhIX Sl.n;ep, npR .nOCTl1I2KemUI KOTOphIX OCBOBHOi ypo-
BeHb 3JIeKTpoHHoro cneKTpa onYCKaeTC2 .no rpaHIII{hI HlDKHero KOUTl1IHYYMa, UOCJIe qero (T.e. 
npR Z > Zcr, RJIH R < Rcr ) CTaHOBHTCSI B03MOJKHhIM cnoHTaHHoe pOJK,l(eHl'Ie n03RTpOHOB .H3 
BaK)'YMa. PaccMoTpeHbI pa3JIHl.IHhIe Me'1'O,l(hI paC'IeTa Zcr H Rcr , 3aBJIC.HMOCTb 3THX Be1IH'HlH 
OT 3KpaHRpOBKR llOJIi[ H,1l;pa 3JIeKTpOHHoH 060JIOQKOH: aTOMa, OT BHeliuero MarHHTHoro BOJIR, 
OT MaCChI R CImHa l:IaCnIUhI, 11I T.)];. 06CY2K,l(aJOTC.lI MeTO.D: 3lj>q>eKT:RBHoro nOTeHUHaJIa .n;JIJI 
ypaBHeHl1ISI llHpaKa, npl1IMeUeUHe MeTO,ZJ;a BKB K KyJIOHOBCKOMy noJIIO npH Z > 137, a TaK2Ke 
K.nByx-qacTHl:fHOMY ypaBHeHlIIO CaJIllJiITepa ,llJIjJ CHCTeMbI KBapK-aHTHKBapK. OillJCaHbI aexo
TOphIe TeXHH"tJeCKl1Ie .D:eTaJIH BhIl.Il'IcneHD KpHTl1I'IeCKoro paCCTO&HHJl Rcr B peJlJITHBl1ICTCKOH 
3a.n;a"tJe ,UByX xyJIOHOBCKHX neHTpoB. 

Critical charge in quantum electrodynamics. 

V.S.Popov 

The essential parameters in Quantum Electrodynamics of strong Coulomb fields are the 
critical charge of the nucleus Zcr and the critical distance Rcr between two colliding heavy 
nuclei. At Z = Zer, or at R = Rcr the electron ground state reaches the boundary of 
the lower continuum and the spontaneous production of positrons from vacuum becomes 
possible. We discuss different methods for calculation of Zcr and Rcr , the dependence of 
these quantities on the screening of the nuclear charge Z by an atomic shell, on the external 
magnetic field, on the mass and spin of the particle, etc. The effective potential nethod for 
the Dirac equation and application of the WKB method to the Coulomb field at Z > 137 
and to the two-particle Salpeter equation for the quark-antiquark system are also discussed. 
Some technical details of the calculation of the critical distance Rcr in the relativistic two 
Coulomb centres problem are described. 
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IIOCB.lII.IJ;aeTCH naMHTU 

ApKa,llIlH EeHeJlHKTOBllqa MHr,lla.rra 

H MHxaHJIa CaMyHJIOBHqa MapHHOBa 

"3'1'0 6hIJIO BpeM1l, HylK,llaBmeeCH B rliraHTax 

II rrOpOJlHBmee rUraHTOB, rHraHTOB yqeHOCTH' 

,llyxa H xapaKTepa •.. " 

/ <t> .3HreJIbC, Dua.ltex;mux;a npupOabl/ 

"MoryqllH II rpOMa,llHhIH, ,llaJIeK aCTpaJIbHhIH JIa,ll ... " 

/(j>OJIbKJIOp/ 

1. BBe,lleBBe 

KBaHTOBaJI 3JIeKTp0,llIlHaMIiKa (K31I) HBJUIeTCH cero.rrHg 06merrpll3HaHHoH 

TeoplleH, orrllCbIBaIOm:eH B3aIlMO,lleHCTBHe 3JIeKTpOHOB (rr03HTpoHOB) C q>OTO

HaMH. OHa .rraeT nOJIHOe KBaHTOBOMeXaHHqeCKOe orrHcaHlIe JII06hIX npou;eCCOB 

C 3THMH qaCTlluaMH, n03BOJI1l1l nOJIyqaTb BhIpalKeHII.lI, cB060.rrHble 0'1' pacxo

AHMOCTeH, B JII060M (B npHHUHne) nopH.rrKe TeopHH B03MymeHMH. 

TpH,llu;aTb JIeT TOMy Ha3a)l B03HMK IIHTepec K rrpe.rrCKa3aHHHM K31I ,llml 

CBepXCHJIbHhIX ~YJIOHOBCKHXnOJIeH, B TOM qHCJIe K 3(j>(j>eKTy cnOHTaHHoro PO

:JK,LleHMH n03MTpOHOB 113 BaKYyMa, CM. HarrpHMep [1-30], 0630PhI [7,31-37] H 

MOHorpact>HH [38,39]. Oc06eHHocTbIO ,uaHHoro rrpouecca gBJIgeTCg TO, "t:lTO OH 

He CBH3aH C qaCTOTOH H3MeHemUI 3JIeKTpHqeCKOrO nOJI.lI II MO)KeT npollcxo

.rrHTb IIpH CKOJIb yro.rrHO Me.rrJIeHHOM (a.rrlla6aTHqeCKOM) B03paCTaHMH 3ap.lI.rra 

g,ll;pa Z > Zcr, qeM B rrpHHU;Hne OTJIH"t:laeTCg 0'1' Bcex ,llpyrIDC, paHee H3BeCT

HhIX, MexaHH3MoB 06pa30BaHHH rr03MTpOHOB. KpOMe Toro, ero BepmITHOCTb 



2
 

Henh3JI pacCqHTaTb no TeopHH B03MyrI.lemdi 1 II He06xo.n;HM aHaJIH3 TOqHhlX 

pemeHHH ypaBHeHHJI lIHpaKa BO BHeWHeM none. 
IIocTaHoBKa 3a.n;aqH npHHa,ZlJIeJKHT IToMepaHqyKY H CMOpO.n;HHCKOMy [40], 

KOTophIe e~e B 1945 r. pacCMOTpeJIH 3HepreTHlfecKHft cneKTp 3JIeKTpOHa B 

KyJIOHOBCKOM nOJIe C yqeTOM KOHeqHOrO p3,ZlHyca lI.n;pa H nOJlyqHJIH nepBYIO 

oueHKy ,ZlJIJI Zero O,ZlHaKO 3aTeM B TeqeHHe ,ZlOJIroro BpeMeHH 3TOT Bonpoc He 

HCCJIe,ZlOBaJICJl. 

IToCJIe 1969-70 r.r. B03HHK nOTOK TeOpeTI!ftleCKHX pa6oT, nOCBJllIl;eHHbIX 

3TOH H po.n;CTBeHHbIM eft np06JIeMaM. BhlJIH .n;eTaJIbHO HCCJ1e.n;OBaHhI pa3JIHq

HhIe acneKThI cnoHTaHHoro pOlK,ll;eHHJI n03HTpOHOB 2 KaK ,ZlJIJl H30JIHpOBaHHoro 

CBepXTlIEeJIOrO jlJIpa, TaK H npH C6JIH2KeHHH ,ll;Byx TJDKeJIhIX H,Z:lep C CYMMap

HbIM 3apK,nOM Zu = Zl + Z2 > Zcr, HanpHMep, JI,Zlep ypaHa. BeCbMa CBoe

06Pa3HhIM OKa3aJIOCb TeopeTIPleCKoe onHcaHue CTpyKTypbI BaKJYMHoii 3JIeK

TpOHHOH 060JIOl.JKH CBepXKpHTHqeCKOrO (Z > Zcr) aTOMa [7,15-17,37]. 3TOT 

Kpyr BonpOCOB nO,D;po6HO paccMoTpeH B 0630Pax: [7,31-39], K KOTOphIM Mbl H 

OTChIJIaeM qHTaTeJIeH. 

I(eJIb ,naHHOH CTaThH 60JIee orpaHIPleHHaJI - H3JlO)KHTh H o6cynHTb pa3

JIHqHLIe MeTo,nhI paCl.JeTa KpHTH"tJ:eCKoro 3apg,na JI,npa Zer 11 KpHTHtJeCKoro 

paccToKHHK Rcr npH CTOJIKHOBeHHH ,ZlBYX TIDKeJIblX K,Z:lep, a TaJOKe HeKOTophIe 

ypaBHeHIUI .rVIK 3HeprHH ypoBHeii 3JIeKTpoHHoro cneKTpa B 06JIacTH Z ~ Zero 
3TH BeJlHl.JHHhI KBJIjJlOTCg OCHOBHhIMH epH3H"tJ:eCKHMH napaMeTpaMH 3a,natJH 

H 4>HrypHpyroT BO Bcex ypaBHeHIUX, OTHOCJIJ.UHXCjJ K TeopHH cnOHTaBHoro 

pO)J()l;eHHJI n03HTpOHOB. BMeCTe C TeM, B H3BeCTHhIX MHe 0630Pax .n;aHHhIe 

BonpOChI 06CY2K,ZlaIOTCJI MeBee nO,D;po6HO, T.IeM XOTeJIOCb 6hI. 

lIaJIee, KaK npaBHJIO, n= c = m = 1 (m - Macca 3JIeKTpOHa), pacCTOJIHHjJ 

1I3MepJlIOTCK B e.u;HHHU;ax n/mc = 386.2 <PM, E - 3HeprHjJ ypOBHJI B e,nHHHUax 

mc2, Q' = e2/nC = 1/137 H ( = Za.. B e MhI BKJIlOqaeM 3HeprlUO nOKOK, 

TaK 'ITO E = 1 COOTBeTcTByeT nOKOil1IleMycK CB06o,nHOMy 3JIeKTpoHy (T .e. 

rpaHHue BepXHero KOHTHHYYMa pemeHHH: ypaBHeHH5I llHpaKa), a £ = -1 
rpaHlfI~e HH)KHero KOHTHHyyMa, KOTOpOH OTBeqaeT 3HeprHJI CBJI3H 2mc2 • 

3Ta pa60Ta IIOCBilIllaeTCK naMJITH ApKa,ZlHJI BeHe,LlHKToBH"tJa MHr,Z:la.na 

(1911-1991) If MHXaHJIa CaMYllJIOBHqa MapHHoBa (1939-2000). 06cY2K,Zle

1Bepo$lTllOCTL cnOHTaJlHOro p0lK,AeOH5I n03BTp0BOB BMeeT ueaUaJISTII'IeCKOe (no napaMeTpY ( = Z Q!) 
nOpOl'OBOe nOBe,neHBe ups Z --t Zcr, CM. RJilJKe <l>opMyny (37). 

2A TaKlKe conyTCTBylODlse npo.uecchl - TaKHe, xu B:LlBYJK,[[eBHoe o6pa3oBaJUle .u03I11TPOBOB (CBJl3aBHoe 

C OTJlJi[qRoi: OT oyn51 qacTOTOH B3UeBeHH'I meKTpB1:feCxoro DOJI5I DpB c6n:IDII:.emIB AAep), napHaJl KOHBepcHlI 

npa KyJlOUOBCKOM. B036YE.neHBB CTaJI:KBBalOUlBXCli g,o,ep, 06pa3oBaHlle d-3JleKTpOHoB H T.,U., Y'leT KOTOpl>lX 

ue06xOJlHM llpH nOCT&UOBXe 3xcneplDleUTa. no BeeN 3TBM BOnpocaM MhI OTCWIaeM x pa60TaM [7,l0,21,25,39J 
II lIHTHpOBaBBOii B mIX nHTepaType. 
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HHe C ApKa,l(HeM BeHe,llHKTOBH"lJeM (AB, KaK MbI 06hI"lJHO Ha3hIBaJIH ero Me)J()l;y 

C060K) Pa3JlH1JHhIX acneKTOB KBaHTOBOH 3JIeKTpO,llHHaMHKH CHJIbHhIX noneH, 

paDRO KaK If 60JIee lliHpOKoro Kpyra epH3H"lJeCKIIX (,lla H He TOJIhKO epH3H"lJe

CKHX) BonpOCOB, Bcer,n;a 6bIJIO "lJPe3BhI"lJaHHO HHTepeCHbIM H noyqHTeJIhHbIM 

,l(JIH aBTOpa. BCnOMHHaJI npOIlIJIOe, Mory BhI,IIeJIHTh HeKOTOphIe xapaKTepHbIe 

qepTbI Toro o6pa3a AB, KOTOphIii COXpaBHJICjJ B MoeK naMs.lTH. 3TO, BO

rrepBhIX, ero CTpeMJIeHHe Bcer.1la nOHHTL pe3YJlhTaT CJIO~HhIX BblqHCJIeHlfR 

"Ha naJIhUax", T.e. H3 npOCThIX epH3lfqeCKlfX C006paJKeHHH HJIH Ha no,n;xO,lljJ

meR .1lJIH 3TOro MO.1leJlIf. BG-BTOphIX, JII060Bh AB K KBa3HKJIaCClfKe, KOTOpyIO 

OH 3HaJI ,n;OCKOHaJIhHO If yMeJI npHMeHHTh K CnO.lKHhIM <pH3HqeCKHM 3a,n;aqaM 

(B 3TOH CBH3H .1l0CTaTOQHO YKa3aTL, HanpHMep, Ha ero 3aMeqaTeJIhHYlO KHHry 

[41]). TpeThe - 9TO ,n;eMOKpaTHtIHOCTh AS: OH O,llHHaKOBO o6cy2K,lJ;aJI HaYQ

HbIe np06JIeMhI H co cTy.neHTOM, H C aKa,lleMHKOM, aero HeCOrJIaCHe C HHOH 

TOQKO:~ 3peHHg, BhIpaJKaBIDeeCH nopoH B ,n;OCTaTOQHO pe3KoH epopMe, He ne

pexo.n;lfJlO B nJIOCKOCTh JIHqHhIX OTHOllieHHH (3HalO 9TO no ce6e). HaKoHeu, 

ero HayqHaJI CMeJIOCTh - TaK, HanpHMep, AB He n060SIJICJI nOHTH Ha Hapyllie

HHe npHHUHIIa IIayJIH ,llJIJI 3JIeKTpOHOB, onycTHBlliHXCB B HH.lKHHH KOHTHHyyM 

[3D}, H .nOBOJIhHO ,llOJIro If ynopHo OTCTaHBaJI CBOIO TOQKY 3peHIUI, HeCMOTpH 

Ha KpHTHKy MHorux COBeTCKHX TeopeTHKOB3• BOT, nO~aJIYH, Te oc06eHHG

CTH HayQHOrO CTHJIjJ: AB, KOTophIe npOH3BeJIH Ha MeHB HRH60nee CHJIhHOe 

BneQaTJIeHHe. HHCKOJILKO He y,n;HBJIIOCb, eCJIH y .npyrHx COBpeMeHHHKOB AB 
9TOT cnHCOK 6y.n;eT COBceM HHOH - Be,n;h OH 6bIJI CTOJIh JlpKOH H MHororpaHHOH 

JIHQHOCThIO, QTO MO.lKHO cpaBHHTh ero (B MoeM npe,llCTRBJIeHHH) C TBopIlaMH 

3rrOXH B03pO:JK.IJ:eHHlI, TaKlfMH, KaK lbKHpOJIaMO Kap.n:aHo HJIH BeHBeHyTo 

qeJIJIHHH ... 

MHe XOTeJIOCh 6hI eme BcnOMHHTb o6cy.lK,n;eHHe Borrpoca 0 n03HTpOHHhIX 

ypOBHjJ:X, KOTopbIe MOrJIH 6hI C pOCTOM Z B03HHKaTL H3 HH2KHerO KOHTHHy

YMR. lIeJIo 6hIJIO B 1970 r., H B 3TOM 06cyX,lleHHH y"IJRCTBOBaJIH AE, 5lE (51KoB 

BOPlfCOBH"IJ 3eJIb.n;oBHQ) H aBTOp 3THX CTpOK. B TO BpeMs.I AI> TBep.n;o BepHJI B 

cyr.u;eCTBOBRHHe TaKlfX COCTOHHHH, a MbI C 5IKOBoM BopnCOBHQeM BeCbMa co

MHeBaJIlICb B 3TOM H B03PalKaJIH eMY. HalliH B03paJKeHHJI pa3.n;paJKaJIH AB, 

06cY2K.1leHHe CTaJIO TeMnepaMeHTHhIM H IIOIDJlO "B Pa3HOC". HaKoHeu, 5IKoB 

EOPHCOBHQ CKa3aJI: "Ka.n;JI! ThI 3a6hIJI npo npHHUHn IIayJIH" - Ha TJTO no

CJIe.nOBaJIa MrHOBeHHaH H 6ypHaH peaKUHjJ AB, H Bce 3aKOHQHJIOCh CJIOBRMH 

5IKoBa BOPHCOBHQa: "lIaaaH, Ka,lljI, CerO,l(HjJ KOHl:IHM Ha 3TOM - HO He ,n;yMaH, 

II02KaJIyHcTa, 'ITO SI He MOl' 6bI OTBeTHTh Te6e .n;OCTOHHO H B TOM 2KeCTHJIe. 

3Kone'lHO, B ,llaHHOM CJIyqae AB omo6anclI, no 3TOT npBMep xopomooJIJIIOCTpllpyeT xapaxTepnylO ;iv.I1I 

Hero qepry - OTCYTCTBliIe npeKJIouenBli ne~, Ka.3aJIOCb 6b1, ae3b16JIeMblMliI aBTOpBTeTaMB. 
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IIpoCTO npHcyTcTBHe BJIRuHMHpa CTenaHOBHqa MeHa HeCKOJIbKO CTeCHaeT". 

BClI 3TR cueHa H ceiqac CTOHT y MeHSl nepe,zJ; rJIa3aMH, HO BXO,IJ;HTb B ,IJ;aJIb

HeHillHe IIo,np06HOCTH He 6epycb - .nJUI 3Toro Hy.2KHO .npyroe nepo, .npyrHe 

JIHTepaTypHhIe cnoc06HOCTH. lIaHHbtH 3nH30n HameJI H3BeCTHoe OTpaJKeHHe 

B HameH C 5I.E.3eJIblIOBHqeM CTaTLe [7]. 
C MHII1eH MapHHOBhIM MeHlI CB.JI3hIBaJIa .llpY1K6a H r0.llhI cOBMecTHoH pa

60ThI, pe3YJIbTaThI KOTOpOH (B qaCTH, OTHociuueHcR K TeopHH cnOHTaHHoro 

pO)l()J;eHHS: n03HTpoHOB) HCnOJIL30BaHhI B .r:taHHoH CTaTbe, oc06eHHo B pa3,D,eJIe 

3. MHma 6hIJ1 II1HpOKO 06Pa30BaHHhIM fllH3HKOM C rJIy60KHM 3HaHHeM COBpe

MeHHOH MaTeMaTHKH H apKO BhIpa2KeHHhIM ne.narorUqeCKHM TaJIaHTOM. MHe, 

HarrpHMep, HallOJIro 3anOMHHJIHCb 6JIecTHI.UHe no epopMe H npeBOCXO,L{HhIe no 

CO,L{ep)J(aHHIO JIeKUJiUI 06 HCKJIlOqHTeJlhHhIX rpynrrax JIH, OKTaHHoHax K3HJIH 

If qHCJIax rpaccMRHa, KOTophIe MHwa npO'9:HTaJI .llna COTPY.lIHHKOB HT3<p 
BCKope IIOCJIe TOro, KaK 3TH (B TO BpeMll - nOQTH HeH3BeCTHhle epH3HKaM, 

Aa.2Ke TeopeTHKaM) MaTeMaTHqeCKHe KOHCTpyKllHH CT8J1H yIIoTpe6JUIThCS: B 

TeopHH 3JIeMeHTapHhIX qaCTHU. 

2. KpBTB'qecKHH 3apJl,n; JI,llpa 

IIHcKpeTHbtH cneKTp ypoBHeH 3HeprHH 3JIeKTpOHa, L\BH:J.KymeroC.JI B KyJIO

HOBCKOM nOJIe .Rllpa, pacIIOJIO.2KeH B HHTepBaJIe -1 ::; E < 1. 3a.r:taqa .ll0

nycKaeT aHaJIHTn:qeCKOe peII1eHHe B cJIyqae TOqeqHOrO 3apll,na, apH 3TOM 

3HeprHH ypoBHeif onpe.ueJIRIOTcs: H3BecTHoH epOpMyJIOH TOHKOH CTpyKTypbI 

30MMep4>eJIblla [42]. HanpHMep, 3HeprHS: OCHOBHoro TepMa 1S1/ 2 B KYJlOHOB

CKOM nOJIe V (r) = -(/r paBHa 

eo(O = oJl - (~, 0 < (= Za < 1 . (1) 

KPHBaJI Is - ypOBHSl o6pbIBaeTC.JI IIpH Z = a-I = 137 H eo = 0, He .a:oft.ng 

.nO rpaHHQ"hI HH2KHero KOHTHHyyMa. AHaJIOrHqHO, .n;JIll (Bhlp02K)leHHhIX no 

3HeprHH) COCToaHHH nSl/2 H npl/2 apn: ( -7 1 

2No = vin - 2n + 2, (la) 

r.n;e n = 1,2,3, ... - ~JIaBHOe KBaHTOBoe qHCJIO. <l>opM8J1hHOe aHaJIHTH"lJe

CKoe npOllOJIXeHHe Cn(() HR 06JIaCTb Z > 137 npHBollHT K MHHMhIM 3Haqe

HHS:M 3HepnrH H K KOMIIJIe~CHhIM BOJIHOBhIM 4>yHKD;HllM, "tJTO C epu3H"tJecKoH 

TO~KII 3peHHjJ: npe.ncTaBJlSleTCH HeY,D,OBJIeTBOplfTeJIbHbIM4. ITPllqHHY nOHBJIe

4TeM Be MCBee, TaKaJI B09MOJKHOCTb TaKlICe paccMaTpHBaJIaCb B nUTepaType [43,44]. llpD ~TOM KOMIIJIeKC

BOCTL B03BHKa.eT U9-3& T01'O, 'ITO HlUCJlaJIbIBaeTClI rpaHD'IBOe ycnonue DornomeSDll DpH r -t O. 
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HR.K 3TOH TpynHOCTR JIerXO npOCJIe.zlUTh C nOMOIUhlO MeTO.na 3q>q>eKTHBHOrO 

IIOTeHllHaJIa [4,7,18]. 
llJI.K npOCTOThI orpaHH~HMCg CHa~a.rra cq>epHQeCKH-CHMMeTpHq}lhIM 

CJIyqaeM, Y = V (r) .lIocJIe pa3,ll;eJIeHHll IIepeMeHHblX ypaBHeHHe lIHpaKa B 

UeHTpaJIbHOM nOJIe CBOnHTC.K K CHCTeMe ,ll;Hq>q>epeHD;HaJIbHhIX ypaBHeHlui .nJUI 

panHMbHhIX BOJIHOBhIX q>yHKD;HH g(r) H f(r). lIo.ncTaHoBKa 

W = 1 +£- V(r), (2) 

rone 9 OTBe~aeT BepXHeH KOMnOHeHTe ,nHpaKoBcKoro 6HcnHHopa [45], npeo6pa

3yeT 3TH ypaBHeHH.K K BRAY, aHaJIOI'lI'IHOMy ypaBHeHHIO Illpe.nHHrepa, HO 

TOJIbKO C 3q>q>eKTHBHOH 3HeprHeH E H 3q>q>eKTHBHhIM nOTeHllHaJIOM U: 

U(1') = £Y _ !:.y2 + 1'i:(K + 1) + Y" + ~(Y')2 _ KY' -(3) 
2 2r2 4W 8 W 2rW 

3,nech KBaHToBoe 'IRCJIO K = =t=(j + 1/2) ,nml COCTOSlHHH C j = I ± 1/2, j 
nOJIHhIH MoMeHT KOJIHl:IeCTBa .nBlOKeHHlI 3JIeKTpOHa, I - Op6HTaJIbHhIH MOMeHT 

(,ll;JI.K BepXHeiI KOMnOHeHThI g). OTMeTHM, qTO 3~q>eKTHBHnrn nOTeHllHaJI U 
3aBHCHT OT MOMeHTa j H 3HeprHH ypOBH.K c H HMeeT cym:eCTBeHHO pa3HhIH 

BH,D; npH £, 6JIH3KHX K +1 H -1. B c.rryqae KyJIOHOBCKoro IIOJI.K TOqeqHOrO mpa 

j(j+l~-(2 
2r + ..., T-+O 

U(r) = (4) 
{ _~+ ~_(2+a + 

r 2r2 ••• , T -+ 00 

(a = 1'i: npH E; > -1, a = -1/4 IlpH E = -1). 
lIJIH ,Z:(OCTaTOqHO 60JIhIIIHX 3Ha~eHHH 3apH.n;a Z B 3q>4>eKTHBHoM nOTeH

2llHaJIe Ha MaJIhIX paCCTO.KHHHX B03HHKaeT cHHryJIapHOe nplITiuKeHHe ex r- , 

KOTopoe npHBOnHT K H3BecTHoMY H3 KBaHTOBOH MexaHHKU "na.n;eHHIO Ha 

ueHTp" [46-49]. 'tlTo6hI IIOKa3aTb 3TO, pacCMOTpHM npo6HylO q>yHKUHIO, OT

JIHqHYIO OT HyJI.K TOJIbKO B 06JIaCTH 0 < T < roo lIo COOTHomeHHIO Heonpe.ne

JIeHHOCTeH reiheH6epra (p2) . T5 ~ 1/4, OTKY.na CJIeonyeT OlleHKa 

(H) = ~(P2) + (U) ~ (j + 1/2)2 - (2 + O(~), npE: TO «: Ii/me = 1 . 
2 2T5 TO 

IIpH ( > j + 1/2 cneKTp 3q>4>eKTHBHoro raMHJIhTOHHaHa H He OrpaHUqeH 

CHH3Y, T.K. (H) -+ -00 np" TO -+ O. TaKaJI CHTyallH.K B KJIaCCHqeCKOH 
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MeXaHHKe OTBe~IaeT na,ZJ;eHHIO tIacTHUhI Ha neHTp CHJI, a B CJIy'tJae ypaBHe

HIU: llHpaKa - llOJIBJIeHHIO KOMllJIeKCHbIX "c06CTBeHHhIX 3Ha-qeHHlI" en, ~TO 

(KaK BHAHO H3 BblpaJKemu'i (1) H (la)) KaJ( pa3 H npOHCXO,llHT rrpH q,OpMaJIb

HOM rrp0,llOJIXeHHH 3HepreTHtIeCKOrO cneKTpa ypoBHeH ,llJIJI 3JIeKTpOHa B nOJIe 

TOqeQHOrO 3apJI,ZJ;a Ha 06JIaCTh ( > 1. 
113 CKa3aHHOrO ilCHO, qTO rrOJIBJIeHHe cHHryJIgpHOCTH B q,OpMyJIax ,llJIg 

En (() npH ( = 1 CBjl3aHO C HAeaJIH3aUHeH TOqeQHoro 3apil,na. TaKoe rrpH

6JIHJKeHHe, HMelOIllee xopomyIO roqHOCTh B 06JIacTH JIerKHX JI,llep, npH ( > 1 
CTaHOBHTCJI HerrpHro,nHblM ,llJIJI COCTOjlHHH C j = 1/2, a ,ZJ;JIJI COCTOjlHHH C MO

MeHTOM j - npH ( > j + 1/2. YpaBHeHHe il.upaKa UpH CTOJIh 60JIblliHX Z 
HYXHO pemaTh C rrOTeHD:HaJIOM, 06pe3aHHhIM Ha MaJIhIX paCCTOllHHjlX, T.e. C 

yqeTOM KoHe'tiHhIX pa3MepOB jI,ZJ;pa: 

l' > TN
V(1') = { -(/1', (5) 

-f;f(r~)' 0 < l' < 1'N 

(BH,ll o6pe3aIOlUeH epyHKUHH f (1'/ TN) onpe.neJIXeTCjI pacnpeAeJIeHHeM 3JIeK

TpH'tIeCKoro 3apjlJla no 06'beMy R,ZJ;pa). 

IIepBbIMH 3aMeTHJIH 3TO IIoMepaHqyK H CMOpO.llHHCKIIH [40]. BBe,lljl B pac

CMOTpeHHe KOHe-qHhIe pa3MephI jlllpa, OHH rrOKa3aJ1H, qTO pemeHHe ypaImeHHg 

LIHpaKa cymecTByeT BO BceH 06JIaCTH OT Z = 0, c = 1 AO Z = Zcr, C = -1, 
H rrpH6JIHlKeHHO On;eHHJIH BeJIH~HHY KpHTHqeCKOrO 3apjl.lla il,ZJ;pa Zcr (o,ZJ;HaKo 

HX oueHKa OKa3aJIaCh 3aBhImeHHoH). BOJIee TO'lHhIe 3HatIeHHjI ZCT nOJIyQRJIH 

BepHep H YHJIep [50], BOpOHKOB H KonecHHKoB [51]. TIPH 3TOM, O,llHaKO, He 

6blJIO ,llocTHrHyTo nOJIHOH jlCHOCTH B nOHHMaHHH Toro, qTO )Ke npoHcXo,llHT 

rrpH Z > Zer. B TeqeHHe qeTBepTH BeKa 3Ta np06JIeMa He npHBJIeKaJIa K ce6e 

oco60ro BHHMaHHil. 

C,llBHr npOH30meJ1 B 1969-70 r.r., KOrJla Bonpoc 0 KpMTH'lJeCKOM 3apjl,Ile 

JI.lIpa II 0 <pH3HqeCKHX JIBJIemUX npH Z > Zcr CTaJI JleTaJIbHO HCCJIe.llOBaTbCS. 

IIpelK,Ile Bcero 6hIJIO·BbIqHCneHO TOQHOe 3HaQeHHe Zcr ,u;JIjI cq>eplPlecKoro H.llpa. 

3TH 3Ha~IeHHjI 6hIJIH nOJIyqeHhI He3aBHCHMO ,llByMjI pa3HhIMH MeTo.naMH. IIH

nep H rpeHHep [2] onpe,lleJIjlJIH 3HeprHIO ypoBHeH nyTeM qHCJIeHHoro pemeHHlI 

ypaBHeHIIJI LIHpaKa H HaXO.D;HJIH Zcr KaK TOqKY nepeCeQeHHjI KpHBOI1: ypOBHlI 

co (() C rpaHHueH HH.iKHero KOHTHHyyMa (npH 3TOM 3apJI,Il jI,llpa C'tlHTaJIClI 

paBHoMepHo pacnpe.n:eJIeHHhIM no 06'heMy mapa C pa,ZJ;HycoM TN = ToA1/3, 

rJJ,e TO = 1.2 <l>M, a 3aBRCRMOCTh aTOMHoro HOMepa A OT 3apH.lla JIJJ,pa Z 
annpOKClIMHpOBaJIacb q,OpMyJ1ol1:: A =63.6 + 1.30 Z + 0.00733Z2 , nOJIy

qeHHOH H3 CneUHaJIhHoro paCCMOTpeHHJI JJ;JIjI 06JIaCTH CBepXTjI:JKeJIhIX jI.n;ep, 
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100 < Z < 250). 
B pa60Te [3] 6hIJlO 3aMe'tleHO, 'tITO pemeHuj{ ypaBHeHHJI llupaKa CHJlbHO 

ynpow;alOTcil npn t = -1, B cnny qero MO.JKHO nOJly'lHThypaBHeHHe Heno

cpe~cTBeHHo ~Jlil Zer: 

(6)
 

r.n;e z = V8(crTN, v = 2V(!r - 1',2, (er = Zera, Kill(z) - ~YHK~lIil MaK

.n;OHaJIb.lla C MHHMbIM HH~eKCOM H ~ = ~ (( , If,) - Jlorapn<pMH'tIeCKaJI npOH3

BO.n;HasI BHyTpeHHeH BOJlHOBOn 4lYHK~nH Ha KpaIO x.npa 5. IIpn 'lnCJIeHHOM 

peweHHH ypaBHeHHil (6) 6bIJIO npHHilTO TN = ToA 1/3, TO = 1.1<!J, A = 2.6Z 
(KaK ,llJl.l 06hPIHbIX TJI)KeJIhIX il.n;ep) H paccMoTpeHhI 2 MO.n:eJIH o6pe3aHH.I: 

I. f(x) == 1 } 
npM 0 < x = r/rN < 1, 

II. f(x) = (3 - x2)/2 
H3 KOTOphIX BTopail Mo.n;eJIh OTBe'llaeT nOCTOJlHHOH 06'heMHOH nJIOTHOCTH 3JIeK

TpH'leCKOrO 3apj{,na B j{,npe. Pe3YJIhTaThI paClJeTa .llJIil Mo.n;eJUI II TaKOBhI (.n;JIj{ 

HeCKOJIhKHX HR2KHHX YPoBHeH): 

Zcr = 169(181/2), 18.5(2p1/2), 230(281/2), .... (7) 

(CM. TaIOKe pRc.l) H COrJIaCYIOTCj{ co 3HaqeHHHMH Zcr H3 pa60ThI [2]. 
HaCKOJIhKO qYBCTBHTeJIhHa BeJlH'lHHa Zer K .n:eTaJIhHOMY BImY pacnpe.n:e

JIeHIU1 il.n;epHoH UJIOTHOCTH B CBepXTil)KeJIbIX il.ll.Pax? Ha 3TOT Bonpoc MO)KHO 

OTBeTHTh, cpaBHHBaJI 3Ha'tleHlfil Zcr 11.JIJI. Mo.n;eJIeH o6pe3aHHil I II II: MOneJlb 

I COOTBeTcTByeT KOHueHTpanHH Bcero 3apil,n;a aa nOBepxnocTll jI.n;pa, B TO 

BpeM.I KaK MO.lleJIh II OTBeqaeT paBHOMepHOH 06'heMHOH nJIOTHOCTH 3JIeKTpH

TlecKoro 3apH.lla If HBJIileTCH 11.0CTaTOtIHO peaJIHCTRtIeCKOn. TIPH nepexo.n;e OT 

Mo.n:eJIH I K II 3HaqeHHe 3JIeKTpOCTaTH'tIeCKOrO nOTeHIJ;IlaJIa B ueHTpe K.ll.pa 

YBeJIH'lHBaeTCH B 1,5 pa3a H COCTaBJIJleT V(O) = 1, 5(/rN ~ 70 mc
2 =35 M3B. 

CooTBeTcTBYIOIUIiIe 3HaQeHRSl (cr = 1,271 (I) IiI 1,243 (II) npR TN = 10 <l>M; 

Pa3HOCTh Zcr .n;JIjI Mo.n;eJIe« I 11: II COCTaBJIJleT Bcero 3,8 e.n;HHHUbI. OTcIO.n;a 

YlKe jlCHO, 'ITO 60JIee MeJIKHe H3MeHeHHH (Y'leT nH4P4PY3HOCTH KpasI g.npa, era 

HecepepwlHocTH, H3MeHeH1Ie COOTHOlIIeHHSI Mffi:K,lJ;y A 11 Z B CBepXTiI)KeJIbIX 

smpax, H T .n.) UpHBO.n;JIT K BeCbMa MaJIhIM H3MeHeHHJlM Zcr Ha BeJUrtIHHy ~ 1 
(oueHKa 3THX 3<p<peKToB npOB011.HJIaCh B pa60Tax [13,18,25]).J{lTaK, B KaqeCTBe 

53ua'leBHe { OTHOCIiTC$l K BepXHeii XOMIlOHeHTe PaJtHMhHOii BOJIHOBOB 4lYHKtIHH G = rg(r), cM.(A.2) B 

llpRJIO:lKetmH A. OTHOCIiTeJIbHO ~YBKnHH Kjv eM. uQllP06Hee B IIpRnolKeBHB B. 
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KpMTHQeCKoro 3apKlIa ZC'I" lIJIK ronoro jInpa (He oKpy.LKeHHOrO 3JleKTpOHHOH 

060JIOQKOH) MO)KHO npHHjlTb 3Ha-qeHHjI (7). 

, .uo cnx nop AAPO. CqHTaJIOCh rOJlhIM, T .e. nOJIHOCTbIO JIHmeHHhIM cBoeR 

3JIeKTpOHHOH 060JIO'riKH. ECJUI OHO oKpy.LKeHO 060JIOQKOH, TO 3JIeKTpOHhI 060

JlO'riKH qaCTb BpeMeHH npoBOnKT B6JIH3H Kllpa, 3KpaHHpyK ero 3apg,Z:(. 3TO 

npHBollHT K 3.p.peKTHBHoMy YMeHbmeHHIO Z H COOTBeTCTBeHHo YBeJlH'riHBaeT 

3HaQeHHe Zero Ol(eHKa 3Toro 3.p.peKTa oco6eHHO BaJKHa B CBg3H C noCTaHOB

KOH onhITOB no CnOHTaHHoMy pOJK,JJ;eHHIO n03HTpoHOB B CTOJlKHOBeHlIXX TjI

)KeJIhIX Kllep. B caMOM .n:eJIe, cyMMapHbIH 3apjl,Z:( jI.n;ep Zl + Z2 JIHllIb Ha 15-20 

enHHHll M02KeT npeBhICHTb KpHTHQeCKHH 3apKn Zcr ~ 170, BhPIHCJIeHHhIH 6e3 

y-qeTa 3KpaHHpOBKH. ll03TOMY B03paCTaHHe Zcr ~aJKe Ha 10 ellHHHll qpe3

BbPlaHHO 3aTpY~HHJIO 6hI rrOCTaHOBKy orrhITa C H3BeCTHbIMH B HaCTOKmee 

BpeMjI TJ.DKeJIhIMH KlIpaMH. 

BBH1lY CJI02KHOCTH paCqeTa Zcr B 3alla-qe llByx ueHTpOB, 6hIJIa paCMOTpeHa 

Mo,n;eJIbHaJI 3a,Z:(aqa 0 c.pepHQeCKOM Kllpe. llJIOTHOCTb 3JleKTpOHHoro 06JIaKa 

6panacb no ypaBHeHHIO TOMaca-<I>epMH [52]. XOTK npH Z = Zcr CKOpOCTb 

3J1eKTpOHOB K -060JIOQKH v ~ C, ollHaKO OCHOBHaJI qaCTb 3JIeKTpOHoB Haxo

,D;HTCjI Ha paCCTOjlHH.HX T ~ 137Z-1/ 3 » 1 OT jIllpa, qTO orrpaB,Z:(hIBaeT HC

n0J1b30BaHHe HepeJIjITHBHCTCKOH Mo,neJlH TOMaca-<I>epMH. lImI YBeJIHQeHHjI 

KpHTHqeCKoro 3apKlla npH YQeTe 3KpaHHpOBaHHK B CJIyqae HeHTpa.rrbHoro 

aTOMa nOJlyqeHO: B pa60Te [11] tJ.Zer = 1.5, a B [19] tJ.Zcr = 1.2 (pHc.2). 

He60JIblIIOe pa3JIHQHe Me.LK,ny 3THMH qHCJIaMH CB5I3aaO, nOBH,D;HMOMy, C TeM, 

qTO 6hIJUI npHHXThI pa3HhIe .pOPMhI pacnpeneJIeHIHI 3JIeKTpHQeCKOrO 3apK,na 

BHyTpH gnpa. B [11] npoBe,neH TaIOKe 60JIee TOQHhIH yqeT 3Kpam.rpoBKH Ha 

OCHOBe peJIjlTHBHCTcKoro ypaBHeHHK XapTpH-<I>oKa-CJl3Tepa (CM. [12]) H no

JIyqeHo 3HaqeHHe Zcr = 173. CyMMHpyK Pa3JIHQHhIe nonpaBKH, nonyqaeM, 

qTO rrpH nepexone OT MO~eJIH 06pe3aHHX II K KllPY C lIH.p.pY3HhIM KpaeM, OKpy

.JKeHHhIM 3JIeKTpOHHOH 060JlO'riKO:R C N = Z, npHBe,n;eHHbIe B (7) 3HaQeHHK Zcr 
B03paCTaIOT npHMepHO Ha 3 ± 1 ellHHHllhI (CM.Ta6n. 1). 

MO)KHO HCCJICllOBaTb TaJOKe 3aBHCHMOCTb Zcr OT CTeIleHH HOHH3an;HH 3JIeK

TpOHHOH 060nOQKH q = (Z - N)/Z, r.ne N - nOJlHOe qHCnO ~JIeKTpOHoB B 060

JIO'riKe (.nJU HeHTpaJIbHoro aTOMa q = 0, ,nnK ronoro jJ1lpa q = l).C y-qeTOM 

3.p.peKTa 3KpaHHpoBKH caMocornaCOBaHHhIH nOTeHUHaJI .llJlK 3JIeKTpOHa paneH 

~(r) = -(~f(T/TN) + Z~N)e2 npH 0 < r < TN, ~(T) = -(~<p(x) + Z~N)e'2 
B 06naCTH TN < T < ro If ~(r) = -(Z - N)e2/r npM T > TO; 3~eCb <p(x) 
pemeHHe ypaBHeH1UI TOMaca-<I>epMH lIJlK HOHa, x = (128Z/91r2 ) 1/3r / aB = 
= O.0425(1/3T H TO - panHyc nOnOXHTeJIbHOrO HOHa B Mo,neJIH TOMaca-<I>epMH 

[52], npHQeM ro -4 00 rrpH q = 0 (TO» TN)' 
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H3MeHeHlIe Zcr MO)KHO HaRTH no TeopHU B03Mym;eHltK [18]: 

(8) 

r.ue Per = 'l/J+"p - n310THOCTb 3JIeKTpOHHoro o631aKa B KpHTHlIecKoH TOqKe, a 

/3 - HaKJIOH ypOBHj1 (cM.HH)Ke (12)). IIo.n;cTaB31SISI CIO.ua <5V = vq(r) - lfo(r) 
Ii YlIHThIBaJI, liTO OCHOBHOH BKJIa.;:J; B IlHTerpa..'1 BROCHT 06JlaCTh r ,-..; r K « r a 

(rK - pa,n;uyc K - 060JIOllKH, ra - Cpe.n;HHH pa.n;Hyc aTOMa), nonyqaeM [53J 

(9)
 

llOnpaBKa LlZcr(O) AJIJI HeiiTpaJIbHOrO aTOMa HaxO.D;HJIaCh 'tJHCJIeHHhIM perne

HHeM ypaBHeHHJI lllipaKa C 3HeprHen c = -1 H nOTeHIlHaJIOM lfo(r) = 
= -(r-1<po(x), q = O. Pe3YJIbTaTLI paClIeTa npHBe.n;eHhI B Ta6JI.l, rpaqmK 

¢'YHKUHH F(q) - Ha pHc.3. KaK BH,llHO H3 pucyHKa, rrpH q ;S 0.5 3Ta ¢,YHKUH.K 

MeH.KeTC.K MaJIO: Tax, F(0.5) = 0.907 (3HaqeHHH q ~ 0.5 OTBellaIOT KBa3H

MOJIeKyJIe (Zl, Z2, e), B03HHKRIOmeu npH CTOJIKHOBeHHIi 1'03101'0 H.n;pa C Hei!

TPa.JIhHLIM aTOMOM, nOCKOJIhXY 06bPIHO Zl R:l Z2). TaKHM 06pa30M, nOnpaBKa 

Ha 3xpaHHpoBKy- B HOHe co CTeneHblO HOHH3aUHH q "" 0.5 nOqTH Ta xe, liTO H 

B neHTpaJIbHOM aTOMe. 3TO JIerXO nOH.JITb: C pOCTOM CTeneHH HOHH3aIlRH q 
3JIeKTpOHHaJI 060JIOqKa nO,l'J;)KHMaeTCJI K .K,llPY, "tlTO qaCTH'!HO KOMneHcnpyeT 

YMeHbweHHe 3KpaHHpyromero 3apJl.n;a 060JIO'tJKH, paBHoro (1 - q)Z. C .n;py

rOH CTOpOHhI, npH rrepexo.Qe K rOJIOMy JI.npy (q -+ 1) npOHcxoD;HT 6bIcTpoe 

YMeHhmeHlIe rronpaBKD ~Zcr, nOCKOJIbKY F(q) ex: (1 - q)1/3 -t O. 
B paCQeTax [53] yqliTbIBaJIaCh TaK)f(e 3KpaHHpoBKa 3apana x,l'J;pa BaxyMHOH 

060JIOQKOH cnepxKpHTHlIecKoro aTOMa (KOTopyIO " HanJTHBaeT" Ha ce6H .K.n;po 

C Z > Zcr nOCJIe HcrrycKauHH n03HTpOHOB [26,54]), a TaK)f(e ,llH<p<PY3HOCTb 

KpaJI JI.npa. OKoH'tJaTeJIbHLIe pe3YJIhTaThl npHBe.1IeHhI B Ta6JIHue 1. 
HHTepecHo nOCMOTpeTb, KaKHM 06pa30M yqeT KOHeqHhIX pa3MepOB H.D;pa 

yCTpamleT oc06eHHOCTb 3HeprHn £0 ( () upn ( = Z a = 1. llonycTHM, 

liTO pa.nnyc 06pe3aHHJI rN CKOJlh yro,Uao MaJI IIO CpaIJHeHHIO C KOMnTOB

CKOM D;JlIiHOM BOJIHbI 3JIeKTpOHa. B (HeCK031hKO aKa.n;eMHQeCKoM) rrpe.n;eJIe 

A = In(1/rN) » 1 .QJUI 3HeprHlI Is - ypOBHlI MO)KHO nOJIyqHTh BeChMa 

Haf'JUAliyIO epoPMY3IY [5,7] 

co«() = , cth A" , = /1 - (2. (10) 

B 06JIacTH Z < 137 ¢,YHKUHJI cth A, = 1+exp(-2A,)+ ... 3KcnOHeHD;HaJIbHO 

6hICTpO cTpeMHTcH K e,llllHHue, Ii rrpH 1 - ( :::;P A-2 3HeprllB co«() COBlIa,llaeT 

C BbIpaJKeHlIeM (1) ,llmr TOqeQHOrO 3apJlAa (H npaKTHQeCKH He 38.BHCHT OT 
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cnoco6a 06pe3aHHK KyJIOHOBCKOrO nOTeHUHaJIa BHyTpH Knpa). C .upyroH CTO

pOHbI, npH TN > 0 TO~Ka ( =1 Y)Ke He HBJUl.eTCH OC060H TO~KOH JJ;JIH «pyHKUHH 

€o((), H <popMyJIa (10) npo.ZJ:OJIJKaeTCH B 06JIaCTh Z > 137: 

co = i ctg Ai, i =)(2 - 1 (lOa) 

BhlpaxeHlUI (10) H (lOa) 06pa.3ylOT e,nHHYlO aHa.TIHTHT.JecKYIO q>yHKUHIO, KO

TOpaJI B OKpeCTHOCTH TO~KH ( = 1 pa3JIaraeTC.sI B CXO,nJIIllHHCj[ pjl.ZJ: no UeJIbIM 

CTeneHJIM 1 - (: 

€o(() = ~ {l + f 22n B2n ,A2n (1_ (2}"} , (106)
A n=1 (2n). 

r.ZJ:e B 2n - T.JHCna BePHYJIJIH (B2 = 1/6, B4 == -1/30, ... , B2n /(2n)! ~ 
2(-1)n-1 .(21l")-2n npH n -+ 00). BbIpaxeHHe (lOa) HMeeT nOJIloc 6 npH 

i = 7[/A, OTKY.Ila CJIe.ZJ:yeT aCHMnTOTH~eCKaJI q>opMyJIa 

7[2 

(er = 1 + 2A2 + O(A-3
), A ~ 1 (11) 

1'13 Hee BallHo, ~TO (cr, KaK «PYHKIJ;HjI pa.ZJ:Hyca 06pe3aHHK TN, HMeeT oc06eH

HOCTh rrpH TN -+ O. TI03TOMy KOHeT.JHbIe pa3MephI jJ:.ZJ:pa HeJIb3JI ytIeCTb no Te

OpHH B03MymeHHH, ecnH Z > 137. B 3TOM HarmI.nHO npOKBJIjJ:eTCK "na.ZJ:eHHe 

Ha ueHTp" ,llJIH ypaBHeHlU nHpaKa C TOtIetIHbIM KyJIOHOBCKHM llOTeHUHaJIOM. 

B npe.ZJ:eJle HyJIeBoro pa.ZJ:Hyca (TN = 0) KpHBaJI l.<;-YPOBHjJ: .ZJ:OXO.uHT .uo 

c = 0 npH ( = 1, H .ua.TIee KpyTO 06phIBaeTCJI (rrpoH3BO,llHaJI deo/d( = -00). 
8TO nOKa3hIBaeT, T.JTO npH6JIHiKeHHe HYJIeBoro pa.uHyca B .ZJ:aHHoH 3a.uaT.Je He

npHMeHHMO. C .ZJ:pyroH CTOpOHbI, eCJIH TN > 0, TO fO(() cnOKOHHO nepeceKaeT 

JIHHHIO £ = 0, He HMejJ 3neCb HHKaKHX oc06eHHOCTeH, H npH ( = (cr BXO,D;HT B 

HHiKHHH KOHTHHyyM C KOHetIUhIM HaKJIOHOM 13: 

j3 = - ~~ !c:::(",.= jv(r)Pcrd3T, Per = 1f>5(T) k=(crl (12) 

(CM.pHCA), npHT.JeM 3.ueCb MbI 3anHCaJlH nOTeHIlHaJI B BHne V(r) -(v(r), 
npe.unOJIaraJI, T.JTO <pyHKIJ;HH V, Onpe.llemIIOI.IJ;aJI «pOpMy nOTeHUHana, yJKe He 

3aBHCHT OT ( ('tITO .ZJ:JIK (5) BbIllOJIHJIeTCK C xopomeH TO'tlUOCTbIO, nOCKOJIbKY 

3aBHCHMOCTb TN OC (1/3 ,D;ODOJIbHO cJIa6aJI). TIapaMeTp 13 onpe.lleJ1JIeT noporo

Doe nOBe.ZJ:eHHe BepOjiTHOCTH cnOHTaHHoro pO:>K,neHHK Il03HTPOHOB [4,7J. 
6Ha caMOM ~e, pa3yMeeTClI, 9TOT DOJIIOC - 4lllKTHBBbli II YCTp3HlIeTCll upu 6o.nee TOqHOM perneUHIl 

3aJl3'lH, KOTOpoe nOKa3b1Ba.eT, "ITO B6Jmsu KpHTII'IeCKOi TO'lKH RMeeTCli CPaBHRTeJJJ:,HO Y3KaJI 06.nacTb 

(cr - ( ..... A-3 « (c,. - I, B KOTOpoi ~op:Myna (lOa) Y.lKe RenpRMeBIIM3. COOTBeTCTBYIOwee Bhlp3)KeHBe,WIS 

3BeprBH ypoBHll MO)KHO HaRTH B pa60Te [5]. . 
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BLInD HCCJle.n;oBaHbI TaIOKe CBoHcTBa aTOMHhIX COCTOjlHHH npH Z > 137. 
IIpHBe,n;eM .popMyny ,D;JUI cpe,D;HerO pa.nKyca OCHOBHoro COCTOSIHHg Hero ,n;HC

nepCHH. ITPH Z < 137 .nml TOqeqHOrO gnpa HMeeM (CM. ¢lOPMYJIhl (B.2) H 

(B.9) B ITpHJIOiKeHHH B): 

r;-;;; (r)
(r) = (1 + 2V 1 - (2)/2(, ~r = (1 +2~1/2' (13) 

a ,D;mI COCTOJlHHH C K, = -1 (T.e. nSl/2) Ha KpaIO HH2KHero KOHTHHyyMa [3] 

(r) = (4(~ - 3)(1 + O.3(;r) , e= -1 (14) 
2(cr(2(;' + 3) 

(cM.Ta6J1.1). IIJISI npOH3BOJIbHOH ~HepnnI ypOBHg, 0 > £ > -1, BhIproKe

Hue ,IIJU (r) CHJIbHO YCJIO)KHgeTCSI [3]. QHcneHHhlH paCqeT nOKa3bIBaeT, qTO 

cpe,n;HHH pa.nHyc OCHOBHoro COCTOgHHjI MOHOTOHHO yMeHhwaeTcSI C pOCTOM (, 

CM.pHC.5 B [3] (nplNeM 3TO YMeHhmeHHe oco6eHHO 3aMeTHO npH B03pacTaHHH 

3apazla OT Z = 137 .0;0 Zcr - cpaBHHTe COOTBeTcTByIOIUHe qHCJla .lIng (r) H3 

Ta6JI.1), a OTHOCHTeJlbHaJI JlHcnepCHSI Ar/{r} - Hao6opoT, B03pacTaeT. IIpH

Be,n;eM TaJOKe ~OPMYny ,D;JIK M&rHHTHoro MOMeHTa 3JIeKTpOHa B CBg3aHHOM 

S-COCTOj[HHH [6] 

Per == p«( = (cr) = 2(4(;" - 3)/3(2(;r + 3), K, = -1 (15) 

B qacTHOCTJI, Per -t 2/15 = 0.133 IIpH (cr -t 1, a ,l(JlSI (cr = 1.245 (OCHOBHOH 

ypoBeHh Is) J.Lcr = 0.35 ~ 1/3 MarHeToHa Bopa. 

YpaBHeHHK (13)-(15) MOX{HO o606mHTh H Ha ,n;pyrMe COCTOHHlUJ ,D;HCKpeT

Horo cneKTpa- cM.IIpHJIoxeHHe C, B qaCTHOCTH, $OpMyJIy (C.13). B Ta6J1. 1 
npHBe,n;eHhI TaJOKe 3HaqeHHH napaMeTpa p =w,jWI, xapaKTepH3YIOmero OT

HOCHTeJIhHbIH Bec HIUKHeft M BcpxHeH KOMnOHeHThI ,n;HpaKOBCKoro 6HcnHHopa 

(cM.(C.3)). IIoCKOJIbKY 3HaqeHHg p J'V 1, TO CBB3aHHOe COCTOBHHe 3JleKTpOHa 

Ha KpalO HHX{Hero KOHTHHyyMa .RBJIKeTCK nOJ1HOCThIO pemlTHBHCTCKHM (KO

HeqHO, 3TOro H cne,n;OBaJIO OX{JtI.D:aTh). 

YpaBHeHHK (6), (14) H (15) HMeIOT CTOJIb npocToH BH,n; 6JIaro,n;apJI TOMy, 

QTO B CJ1YQae KyJIOHOBCKoro nong VCr) = -(/r pemeHHa ypaBHeHHB IIupaKa 

C 3HeprHeii e = -1, y6hIBalOmue Ha 6eCKOHeqHOCTH, BbIp~alOTcjJ B jJBHOM 

Bwxe Qepe3 ~YHKUUIO MaK,UoHaJIb!la: 

G(r) == rg{r) = I<iv(Z), .F(r) == r fer) = (-1 (rGI + /'i,G) = 

= (-1 [K,KiV(Z) + ~zK~v(z)] (16) 
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(C TOqHOCTbIO JIO HOpMHpOBKH). 3JIecb Z == 23/2«(t·)1/2, v = 2«(2 _ ,,2)1/2, 

( >1 " I, paJIHaJIbHhIe BOJIHOBhIe <lJyHKIUUI g(r) H f(r) COOTBeTcTByIOT onpe

JIeJIeHHIO B [45], a ycnoBlie HOpMHpOBKH HMeeT BHJI J(G2 + F2)dr = 1 (B 
o 

npe,neJIe r N -+ 0 HOpMHpOBOtlHhIH MH02KHTeJIb M02KHO BhltIHCJIHTb B HBHOM 

BH,ne [4,21]). H3 (16) BhITeKaeT, l:ITO npH r -+ 00 

G(r) ~ Cl r- 1
/ 
4exp(-J8(crr ), F(r) ~ c2rl/4exp(-V8(crr), (17) 

npHqeM CI/C2 = -j(;r/2. TaKHM o6pa30M, 9JIeKTpOHHhIH ypoBeHb, ony

cTHBmHMcH .lIO rpaHHUbI HH)KHero KOHTHHYYMa, OCTaeTCH JIOKaJIH30BaHHbIM 

(cpaBHHTe, oJIHaKO, c [1]). IIpH 9TOM Ha 60JIbIIIHX paCCTOHHHJlX OT HJIpa 

F/G <X v'(crr » 1, a nJIOTHOCTb 3JIeKTpOHHoro 06JIaKa 3aTyxaeT 3KcnOHeH

UHaJIhHO: 

Pcr(r) = (G2(r)+F2(r))/41rr 2 ~ const·r-3/2exp(-C3V(crr), r -t 00, (17a) 

C QHCJIeHHO 60JIbIIIHM K09~~MUHeHToMC3 = 25/ 2 = 5.657. 
CymecTBeHHoe yrrpomeHHe 4>opMyn (14)-(16) no cpaBHeHHIO C 06ru;HM 

cny"IaeM E =1= -1 CBH3aJlO, B03MO.JKHO, C KaKOU-TO .lIOnOJIHHTeJIbHOH CHMMe

TpHeH ypaBHeHHJI nHpaKa .lIJIH KYJIOHOBCKoro non.g. B 3TOH CBH31f OTMeTHM, 

"tITO rpynna "CKPbITOH" CHMMeTpHH aTOMa BO.lIOpo,na (OTKPhlTaJI B HepeJIHTH

BHCTCKOM CJIyqae <l>oKOM [55] H EaprMaHoM [56], CM. TaKlKe pa60ThI [57-62]) 
6h1JIa paccMoTpeHa JIJIH peJI.HTHBHCTCKOH KYJIOHOBCKOH 3a.lIaQH B [63-65]. IIpH 

3TOM, O.lIHaKO, cJlyqaii COCTOHHHH C 9HeprHeH E = -1, Jle)Ka.I.UHX Ha KpalO 

HHlKHero KOHTHHyyMa, CneUBaJIbHO He H3yqanCJI. 

3. KpBTB~ecKoepaCCTOjfBBe ,ztnjf CTaJIKHBaIOII:(Bxca 2,ztep 

5IJIep C 3apHJIOM Z '" Zcr > 170 B npHpOJIe HeT, 11 nepcneKTHBhI HX CHHTe3a 

B HacTO.B:I.Qee BpeMH COBepmeHHO He.B:CHhI 7. OJIHaKO, KaK 3aMeTHJIH repWTeHH 

H 3eJIb.lIOBHQ [1], CBepXKpHTH"IeCKHe 9JleKTpH"leCKHe rrOJlJl 06pa3yK>TCH (Ha KO

pOTKoe BpeMH) npH C6JIHlKeHHH .lIByx 06bIQHbIX TH)I{eJIbIX MOHOB (HanpHMep, 

JIByx rOJIbIX R..rrep ypaHa C cyMMapHhIM 3apH,l],OM Zu = Zl + Z2 = 184 > Zcr) 
Ha paccToHHHe R < Rcr. TaKoH ~KcnepHMeHT BnOJIHe peaneH, H eMy OT

BeqaeT 3aJIaqa .ZJ;BYX n;eHTpOB JImI ypaBHeHHJI lIHpaKa.. IIoCKOJIbKY JI.ZJ;pa .ZJ;BH

2KyTca C HepeJUTHBHCTCKOH CKOpOCTbK> (VN/C ~ 1/20), a K-3JIeKTpOH UpH 

Z a ~ 1 - cyry60 peJIHTHBHCTCKlur, TO BhI"lHCJIeHHe 3HeprMH :meKTpOHHbIX 

TepMOB MOlKHO npOBOJIHTh B a,nHa6aTHQeCKOM npH6JIHlKeHIDI. 3apH.ZJ; KaJKJIoro 

7CM. B 3TOH CB1I3H 3a.Me'IaHHe B KOfme pa.3.nena 8. 
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Ii3 CTaJIKHBaIOI.IlHXCg JI.nep MeHhllIf> 137, BCJIe,IJ;CTBHe qero yqeT KOHeqHI:ilX pa3

MepOB anpa M01KHO BhInOJIHIiTb no TeopIiIi B03MymeHHH [18,23}. OCBOBHYJO 

Tpy.nHOCTb npenCTaBJIgeT pemeHHe ypaBHeHli2: llupaKa nJl2: ,lJ;Byx TOqeqULIX. 

3apa,n;OB, nOKOJllllHXCg Ha paCCTOjlHli1i R .npyr OT .npyra: 

V(r) = _(ZlCl' + Z2G:), Tl.2 =1 r ± R/2 I, (18) 
Tl r2 

rne Tl,2 - paccTO.llHHe MroKJlY 3JIeKTpOHOM Ii O,llHHM li3 g,uep. 3Ta 3a,lJ;aqa 

3HaqHTeJThHO CJ1o:amee, -qeM onHcaHHoe BhIwe peweHHe ypaBHeHH2: llHpaKa 

,1J.ml c$epHqeCKOrO g.npa. 

YpaBHeHHe illpe,llHHrepa C nOTeHUHaJIOM (18) XOpOIliO 113yqeHO (CM., Ha

npHMep, [66]) H HMeeT MHOrOqHCJleHHhle npHMeHeHHJI B TeopHH MoneKyJI, 

epH3HKe p.-KaTaJIH3a H .n;p. B 3TOM cJIyqae nepeMeHHhIe B BepeJIgTHBHCT

CKOM ypaBBeHlIH illpe.nHHrepa pa3JIeJDIIOTCg B 3JlJIUnTHQeCKHX8 Koop.n;HHaTax 

€,1],<p: 

c = Tl + T2 - 1 ~ 1] 5: 1, o~ <p ~ 27r,
I, R' 

H OHO CBOnHTCg K .D;ByM 06hIKHOBeHHbIM .n;HepepepeHUHaJIbHhlM ypaBHeHH:lIM. 

IIpH nepeXO.D;e K pemITHBHCTCKOH 3a.naQe .D:BYX KyJlOHOBCKHX ueHTpOB MhI 

CTaJlKHBaeMCK C JIOnOJ1HHTeJIhHhIMH Tpy.n;HOCTJIMH: 

1) nepeMeHHhle He pa3,1J.eJUIIOTC.II HH B onHOH H3 H3BeCTHhIX opTOrOHaJIbHhIX 

CHCTeM KOO,1J.UHaT; 

2) B6JIH3H Ka:>K,UorO H3 g,D;ep y BOJIHOBOH $YHKUHH B03HHKaeT cHHryJIJIpHOCTb 
2 oc 1/r , CBg3aHHM C qJIeHOM -!V 2 B 3.pepeKTHBHoM nOTeHUHaJIe;
 

3) HMeeTCJI 3HaQHTeJIbHOe CUHH-Op6HTaJIbHOe B3aHMO,lleHCTBHe, B CHJIy qero
 

BepXHjUI II HH2KH.IISI KOMnOHeHThI BOJIHOBOH ~YHKUIIH npH Z Q' '"'"' 1 - o,n;Horo
 

nOpg,llKa.
 

KBa.npllpoBaHHe ypaBHeHHSI LlHpaKa C c = -1 npHBO,llHT K CHCTeMe ypaB

HeHHM: 

D..t/Ji + UlltPl + U12tP2 = 0, D..'l/J2 + U21 tPl + U22tP2 = 0, (19) 

rne Uij(r) 3aBHC.IIT OT Tt Ii T2, a TaIQKe OT napaMeTpOB R H (, cM.[22]. IIo

CJIe OT,lleneHHg MHMYTaJIbHOrO yrJIa 'P nOJIyqaeTCH CHCTeMa ypaBHeHHH B 

qaCTHhIX npOH3BO.D;HbIX BToporo nOpH,llKa Ha nJIOCKOCTH. Henocpe.ucTBeHHoe 

npl2lMeUeHHe K HeB CTaH,llapTHhIX pa3HocTHhIX MeTOnOB pemeHHJI xpaeBhIX 

8CM.[48]. B MaTeMaTH'JecKoR JIHTepaType [47,66] OIDl 'lame H43blBaIOTCB BLlTlIBYTbIMll c4JePOlJJllL1.lbBhlMl'I 

:KOOpmmaTaMH. 
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3a.)J;aQ ,nJUI ypaBHeUHH 3JIJIHIITH'leCKOrO THna 3aTpy.n;HHTeJIbHO H3-3a HaJIH'llUI 

cHHryJHlpHOCTeH. BeJIH~HHa Rcr B~HCmIJIacb .n;ByMB cnoc06aMH: MeTo.uOM 

PHTlla [14,26,27] H MeTo.n;OM KaHTOpOBH~a9, cM.[22,23]. 06a MeTo.ua HCnOJIb

3YlOT BapHaUHoHHhIH npHHIlHII. B MeTo.n;e PHTUa. ,p-«pyHKUHH npe.n;CTaBmleTCS 

B BR,ne KOHe'lHOM CyMMhI: 'l/J = En Cn'Pn, r.ue {rpn} - «pHKCHpOBaHHaB CHCTeMa 

6a3HCHhIX <pyHKUHM, a en - BapbHpyeMhIe KOHCTaHThI. B MeTo,ne KaHTopo

BH'la'l/J = En dn(Y)'Pn(x) , r,ne dn -tPliKCHpoBaHHbIe !PYHKUHH nepeMeHHOH y, a 

'Pn - BapbHpyeMbIe !PYHKUHH OT x. ITo,nCTaHOBKa 'l/J - !PYHKUHH B KBa,llpaTllq

HbIi <pyHKUHOHaJI, onpe,lleJISIOUJ;HH 3HeprHlo, npHBo,ZJ;HT K 6HJIHHeRHOH q>opMe 

no K03<P<PHUHeHTaM en ( B MeTo,ne PHTua) HJIH K <pyHKUHOHaJIy, 6HmmeHHoMy 

no IPn - B MeTo,ZJ;e KaHTOpOBH~a. 

YCJIOBHe MHHHMYMa 3HeprHH ,naeT cHcTeMy JIHHeHHbIX aJIre6paH~eCKHX 

ypaBHeHHH (B nepBoM MeTO,lle) HJIH cHcTeMy 06bIKHoBeHHblX ,UHlPq>epeHUHaJIb

HbIX ypaBHeHHH ,ZlmI «PYHKllHH t.pn (x) BO BTOpOM cJIy'lae. liJIB nOJIyqeHHB Xo

pomeR TOqHOCTH BapHaUHOHHhIX paC'leTOB BaJKeH npaBHJlbHhIH BhI60p nepe

MeHHbIX x H y H <pyHKUHH dn (y), a B MeTO,lle PHTlla-y,Zla~HbIHBhI60p CHCTeMbI 

6a3HCHbIX $YHKIJ;HH IPn' 
B pa60Tax [22,23] npHMeHJIeTCS CJIe,nYlOIUlul IIO,nXO,n. ITYCTb P = 

= VX2 + y2, z, t.p -llHJIHH,npHQeCKHe Koop,ZJ;HHaThI. ECJIH 3apB.llhI JI,nep O.llHHa

KOBbI, Zl = Z2 = .Zu/2, TO BOnHOBaJI !PYHKUHJl OCHOBHOro TepMa CHMMe

TpHqHaOTHOCHTeJIbHO HHBepCHH B nJIOCKOCTH Z = O. KpOMe Toro, .umIOCHOB

Horo TepMa IIpoeKUHH nOJIHoro MoMeHTa KBa3HMOJIeKYJIbI Jz = A + Sz = 1/2, 

a npOeKUHJI Op6HTaJIbHOrO MOMeHTa A paBHa 0 ,nJIB 'l/Jl H 1 ,llJIJI 'lj;2. BhI,llemUI 

KHHeMaTHqeCKHe MH01KHTeJIM, KOMnOHeHTbI cIIMHopa 'lj; M02KHO npe,llcTaBHTb 

B BH,lle 

'l/Jl(r) = Xl(P, z); 'l/J2(r) = ~~ei'PX2(p, z), (20) 

r.ne Xl H X2 -BeIUeCTBeHHbIe q>YHKllHH, ~eTHbIe no z. BMeCTO P H Z BBe.neM 

Tenepb HOBbIe nepeMeHHbIe x = x(p, z), y = yep, Z) TaKHM 06pa30M, 'lTo6hI 

cHHryJlSpHOCTH ypaBHeHHR (19) 6hIJIH pacnOJIOLKeHhI B TO'lKax x = °H 00 

H He 3aBHCeJIH OT y. llJIJI 3TOro ,nOCTaTO'lHO, 'lTo6hI x -+ 0, Kor,na rl -+ 0 
HJIH r2 -+ 0, H X -) 00 npM rl,2 -) 00. BbI60p nepeMeHHOH y He OqeHb 

cymecTBeHeH: Heo6xo,ZlHMO JIHmb, 'tlTo6hI epyHKUHH X II Y 6hIJIH He3aBHCMMhI. 

IIcnoJIb30BaJ1HCb CJIe,nYIOIUlie nepeMeHHhIe: 

9.H,qel[ CBe.n:eBRII ypaBHeBBlI B qaCTHhlX npOII3BQl:lHhlX K CHCTeMe 06hIKHOBeHHblX .ltH<p~epeHllHaJIf,RLlX 
ypaufleBRH llpBHa,D;ne.llillT JLB.KaHTOpOBII'lY. B MORorpa<PHH [67J paccMOTpeHbI pemeltHli ypaBU€HIDl ITyac
CORa H 6HrapMOHHl:lecKOro ypaBReB.HlI B pa3JlH'IllliIX 06JyacTSlX :a:a UJIOCKOCTH II nOKa.3aHO, "ITO 3TOT MeTQll;, 

KaK nplUllIJIO, 6h1cTpee CXOJlHTCll H 'IO'IHee BapHaIumBHoro MeTOJI8. PJilTIl8.. 
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2 2 _ T1 T2 _ fJ2 _ (T1 - T2)2 (21) 
X = ~ - fJ - 4R2' y - ~2 - fJ2 - 4TlT2 

o6nacTh H3MeHemUI KOTOpLIX Ba nJIOCKOCTH (x, y) - ~TO KpllBOmIHeH:HLIH Tpe

yroJIhHRK (x-1 - 1)8(1 - x) < Y < x-I, rrpH"tJeM V(r) = -2(R-l .j(1 + y)/X, 
(, = Zua . IIpo6Hble .pyHKUHH npenCTaBJISIJrnCh B BRne 

m n k 1 
Xl = L <t?k(X) yk-l, X2 = 1: ipm+k(X) Y - • (22) 

k=l k=l 
MHHHMH3amnI .pyHKU;UOHaJIa 3HeprHU npliBoJJ:HT K CHCTeMe N = m +n ypaB

HeHRM 

d(d'P) Td<t? (23)- p- + Rip - Qip - R - = 0,
dx dx dx 

'PN 

r.n:e P, Q, R - MaTplU.J;hI (N x N), 3aBHcgmHe OT x. Bee K09.pepMUHeHThI 

Pij, Qij(X) H Rij(x) BhIpa.)KalOTCSI '1epe3 3neMeHTapHhIe q.YHKU1UI; HanpHMep, 

IIpI'l i = j = 1 

~ ~- 1+ l+r v 1 + x -y1-x-ln1+ 1-r' O<x::;l
 
Pll (x) = X •
 

{ v'T+X -In[ (1 + v'T+X)/Vi], 
<l>yHKUHR Pij , Qij H Rij HenpephIBHhI B To"tJKe x = 1 BMeCTe C nepBhIMH npo

H3BonHhIMHIOj HX BbIQHCJIeHHe yno6Ho npoBonHTb C rrOMOmhlO peKyppeHTHbIX 

CooTHoIlIeHHu [22]. fpaHH'lHhIe yCJJOBHJI .llJIJI epyHKIIHR <t?i(X) rrpH X ~ 0,00 
BblTeKalOT ll3 Tpe60BaHHJI CXOnHMOCTH HOpMhI 'ljHpyHKD;HH. 

KpaeBaJI 3a.n;a~Ia (23) HMeeT pemeHue JIUmb npH onpe.ne.n:eHHhIX R = 
:::Rcr(Z). <l>ynKU;HH i.pk(X) HMelOT cTeneHHylO oco6eHHocTh npH x ~ 0 n cy

mecTBeHHylO oco6eHHocTh rrpM x .-+ 00, xapaKTep KOTOpLIX I'I pa3JIO}KeHllSI 

B6ml3H OC06hIX TO'IJeK Henocpe.n;cTBeHHo CJIe.LlyroT H3 (23). BBO,rUI MaTpHUY 

"JIOrapH~MHqeCKlfXrrpoH3Bo.n;HhIX" 

N 

y =11 Yij(x) II, cp~ = L Yij <Pj, (24) 
j=1 

lOnpH"msa DOJmJIeRDli Pa3JIl1lQUHX BHpaJKeB.Bii ,WIll I(O~RIPIleHTOB Pij(r) H T.~. npJ!l Z < 1 II Z > 1 
COCTOUT B TOM, '{TO B TO'Ue e =1 MeHlIeTC~ TODOJIOrHJI UOBCpXBOcrei: .:z;({, '7) = C: UpR C > 1 ORB O.l\BOCBII3HbI, 

a npR 0 < c < 1 - llBYXCB23RbI. 
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rrpe06pa3yeM ClfCTeMY (23) K MaTpIPIHoMy ypaBHeHIUO PlIKKaTH 

y' = A - BY _ y 2 , (25) 

r.ue 

A = p-l(Q - RI 
), B = P-l(R - RT + PI), (25a) 

KOTopoe Ii peWaJIOCb 'tIlICJIeHHO MeTOD;OM PYHre-KYTTa Ha HHTepBaJIax 

(XO, Xl) H (Xoo ,Xt), 'tITO onpe.u;eJIHeT MaTpHUhI 1'O(XI) H Yoo(XI)' YCJlOBHe 

HerrpepbIBHOCTH <Pi(X) H<p~(x) rrplf X = Xl rrpHBOllHT K CliCTeMe OIlHOPO,n:H.bIX 

ypaBHeHlIH: {1'O(Xl) - Yoo(Xd}<P(Xl) = 0, KOTOpasr HMeeT HeHyJIeBOe pemeHlfe 

npH yCJIomIH 

(26) 

OTClO,na 11 onpe.n;eJIHeTCB: Rcr rrpli 3a,n;aHHOM 3apB:lle (. ECTeCTBeHHO BhI6paTb 

TO'lJ:Ky CUIHBaHU.B: Xl = 1; rrpH tIHCneHHOM CqeTe ypaBHeHmI (25) y,no6Ha rro,n

CTaHOBKa t = x-1/ 4 , 0 < t $ 1. BhI60pHaqaJlbHhIX TOqeK lIHTerpHpOBaHHB: 
4(xo = to = 0.07, Xoo = to ~ 4 . 104) o6ecrre'tlHBaeT BLltIHCJIeHlIe Rcr() C 

OIllH6KOH He 60nee 0.15%. 

BbI60p rrpo6HLIX 4>YHKUlIH B BI1,n:e (22) Ha30BeM (m, n)-rrpH6JIHlKeHHeM. C 
pOCTOM m HJIH n KJlaCC npo6HhIX 4>YHKUHH pacIllHpB:eTCH H TO'tlHOCTb (m, n)
rrpH6JIIDKeHHB: yJly'lJ:IlIaeTCH, 'tITO BHD;HO H3 Ta6JI.2. PaCqeThI 6hIJIH rrpOBeJ(eHhI 

D;JIjI (m,n) = (1,0),(2,0),(2,1) H (4,3). Pe3YJlbTaThIll ,IVIB: B:.uep C 3apB:,nOM 

Z = 90 -:- 100 UpHBe.ueHhI B Ta6JI.3. LfT06hI oueHHTb TO'lJ:HOCTb p83JUltIHhIX 

BhI'lJ:HCJIHTeJIbHhIX MeTOllOB, paCCMOTpHM .IIollpo6Hee CJIy'lJ:au Z = 92 (B:llpa 

ypaHa), CM.Ta6JI. 2. llOMHMO (m, n) - npU6JIH)KeHHH, 311eCb npHBOllHTCB: elUe 

HeCKOJIbKO T.IlIceJI: 3HaqeHHJI R cr , rrOJIyqeHHbIe [14] MeTo,n:OM PHTua lIB MO

HOrrOJIbHOM npH6JIH)KeHHH (CM. TalOKe pRc.5); 3HaqeHlIe Rcr , rrOJIY':lellHoe [9) 

MeTo,n:OM ClliHBaHHjI acHMnToTlIK - CM. HH1Ke qJOpMyJIy (32). lh Ta6JIHUhI 

2 BlIllHO, 'ITO C pOCTOM nOpJI.D;Ka rrpH6nH.lKeHlI.B: (m, n) COOTBeTcTByIOI1Ul:e 

3HaqeHlIH Rcr MOHOTOHHO B03paCTaIOT (H3 BapHaUHoHHoro rrpllHUHna cne.nyeT 

[8,18], 'ITO TOqHOe Rcr MOJl(eT JIHIDb rrpeBhIwaTb pe3YJIbTaT JIIo6oro (m, n) 
npH6mDKeHHB: ). 

11K CO:lKaJleHBIO, B [22J 6b1JIa ,ltOnymea3 6J1re6paK'feCKalI OIDH6KA rrpw BhPIRCJIeHn K~BnHeHTOBQI3 H 

Q23 B ypaBHeRBllX (2,1)-upnMUlKeHllll (<tTl!. 'weHhl BblMUPaJOT HA Man:bIX II 50nbIDUX pacCTOllHll$lX OT H,nep 

l!. He CKa3hlBaIOTCR aa rnaBHhDC 1JneHAX COOTBeTCTBYIOmllX acBMD'IUTlIK t/;(r), IIO:JTOMY C Tpy.l{OM nOMalOTCli 

KDIITpomo). 3Tll. Onnl:6Ka. npHBeJI3 K 3aBbImeumo 3Ha.'feHUR Rcr B (2,1)-rrpz6.1lu:lKeHlIlJ H3 ::::1 20% (eM. B 

:rroii: B CB1l3H [23,24]). O,ltBaKO, OHa He 3aTparHBaeT (I,O)H (2,0) npH6.1lHlKemrii, .l{.IIll KOTOphIX pe3YJIbTaTbI 

pa6O'.1'H [22] lie MeSRIOTCli. 
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PacCMOTPlfM Tenepb MeTO.lI PHTua. B 3THX pacqeTax HCIIOJlb30BaJIacb 

CHCTeMa 6a3HCHhIX tPYHKnHH XUJIJIepaaca 

(27) 

IIpHBO,D;KID;aJI K 6bICTpOH CXO.lIHMOCTll B HepeJlJlTUBIlCTCKOH 3anaTJe JIByx u;eH

TpOB. O,UHaKO, 3TH q>yHKUHH KOHeQHhI B6JIH3lf jJ.lIep (e ~ 1, TJ ~ ±1), B 

TO BpeM.H KaK TOllaoe pemeHHe peJHITHBHCTCKOH 3a,nallH JIByx n;eHTpOB lfMeeT 

311eCL KYJIOHOBCKyIO cHHryJUlpHOCTb: 

(28) 

(B HepeJ1.HTHBHCTCKOM npe,neJIe 9Ta cHHrymlpHocTL HCTJe3aeT). HaJlHqHe CHH

ryJIKpHOCTH yxy.zxmaeT CXO.zxHMOCTh pa:)JIO~eHUJI no 6a3Hcy {1jJ::is}' B MeTo,ne 

KaHTOpOBHTJa 3Ta TPY,UHOCTh OTCyTcTByeT, T.K. q>yHKD;HU If'k(X) aBTOMaTH

'leCKU HMelOT Hy.IKHyIO oc06eHHOCTh rrpH x = e _",2 ~ 0, 'lTO 06ecne

"tfHBaeTCjI caMHMH ypaBHeHHKMH (23) RnH (25). 3THM, nOBU,UHMOMy, 06'1>

.HCHHeTCjJ TOT q,aKT, qTO 3HatIeHlfe ReT .n;JIJI Z = 92, nOJIyqeHHOe B MeTo.ne 

PHTua co 100 np06Hl:iIMH q>yHKUlfJIMH, 6J1HJKO K pe3yJILTaTy IIpHMIDKeHHK 

(1,0) Bcero C OJIHOH q,yHKuueil <PI (X) . 
M02KHO paCCTJHTaTb TaK:lKe BOJIHOByIO q,yHKUHIO 9JIeKTpOHa B "KPHTHqe

CKOH TO'lKe" ( = (cr H CBK3aHHhle C Heii BeJlHqHHhI [23]. Ha pHc.6 IIOKa3aHa 

IIJIOTHOCTh PeTer) = 1jJ+1/J ,UJUl ls<T-COCTOSIHHK KBa3HMOJIeKYJIbI U + U npu 

R = Rer• B6J1H3H Ka2K,ll;OrO jI.zxpa, a TaIOKe Ha 60JIbWHX paCCTOKHIHIX OT anep 

OHa cq.epHtIeCKH CHMMeTpRllHa: 

2(0"-1)A 2 
o ri , ri~O (i=1,2) 

PeTer) ~ (29)
{ 
A~ r-3/ 2exp(-v"32 (r), r ~ 00 

r.n;e (J' = J1 - (2/4. ACHMllTOTHtIeCKHe K03<pqun~HeHTbI Ao H Aoo 6bIJIH pac

C'IUTaHhI B [23}. B Ta6JI.3 MhI npHBOJIHM 3Ha'IeHHe K03<1><PHUHeHTa Aoo , onpe

,UeJIJlIOmerO BepOJlTHOCTL nepucPeplfTJeCKHX nponeccoB (HanpHMep, BepOJlT

HOCTh HOHH3aIlHH aTOMa B CHJlbHOM 9JIeKTpH'IeCKOM nOJIe). 

B6JlH3H rpaHHUhI E = -1 3HeprHJI ypOBHjJ 

(30) 

IIapaMeTp HaKJIOHa {3, onpe.n;eJI.HIOllurii noporoBoe noBe,neHlfe Ce'leHlIjI cnOH

TaHHOl'O pO~eHHjI n03IITpOHOB [4], MO)KeT 6bITh BhI~HCJIeH no q,opMyJIe 
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(30a)f3 = Hdl~t"r /,p+ (:1 + :J,pefr, ,p = (~) 
H npHBO,ll;HTCJI B Ta6JI.3. lIJIJI JI,ll;ep B ypaHoBoil 06JIaCTH 3HaqeHHJI f3 npaKTH

qeCKH JUIHeHHo 3aBHCHT OT Z (pHc.7). IIapaMeTp 

p = f X+Xd3r / f <p+<pd3r, (31) 

xapaKTepH3yroIUHH BeJIH'tuIHY peJUITHBHCTCKI.fX 3q>q.eKToB nml CBH3aHHoro 

3JIeKTpOHa, TaIOKe rrpHBeneH B Ta6JI. 3. Xo,n; HI.f)KHHX 3JIeKTpOHHhIX. Tep

MOB B peJIKTHBHCTCKOH 3a,ll;a'tJ:e UeHTpOB nOKa3aH Ha pRc.8. 

HaKOHeu OTMeTHM, qTO B [9J AaHa npH6mnKeHHaJI aHaTIHTH'tJ:eCKasI q.Op
12MyJIa

R,,(() =C l 
. exp { ~[ arg r(l + 2ig) - arc etl1-f:g ] }, (32) 

UOJIy'tIeHHasI ,ll;JI.H 3ana~UI nByx neHTpOB B ypaBHeHHH ,UnpaKa MeTOnOM 

CIIlHBaHHJI aCHMIITOTHK. 3TOT MeTO,ll; 06h1'tJ:HO XOpOIIIO pa60TaeT AJISI MeJI

KHX ypoBHeH, B 'tJeM HeTpYAHo y6enHTbcH, B T.:IaCTHOCTH, Ha npHMepe 3aAa'tJ:H 

o .llByx 8-SIMax Ha .pHKcHpoBaHHoM paCCTOHHHH R npyr OT npyra (rrpocTea

liaJI Mo.n;eJIb ,ZJ:Byxn;eHTpoBoH 3ana'tJH nJU ypaBHeHIHI IDpelIHHrepa). ITo3TOMY 

eCTeCTBeHHO rrpHMeHHTh ero H K paccMaTpHBaeMOlI rrp06JIeMe, nOCKOJIbKY 

3,Z:(eCh 3lPlPeKTHBHaR 3HeprHjJ E =(£2 - 1)2 = O. 
B (32) MhI 0603Ha'tJ:HJIH 

9 = ')(2 - 1, g' = ,)4 - (2, (= (ZI + Z2)/137 

H arg r(z) - Ta BeTBh 3TOH (MHoro3Ha'tJ:HoH) q>YHKIJ;HH, ,ll;JISI KOTopon 

g-larg r(1 + 2ig) = -2C + 0(g2) IIpH 9 -+ 0, C = 0.5772 - KOHCTaHTa 

3nJIepa. 3Ta npocTasI 4>opMyna KaqeCTBeHHO nepeuaeT 3aBHCHMOCTb KpH

TH'tJecKoropaCCTO.sIHH.sI OT (. IlpH 9 -+ 0 OHa COTJIacyeTcH C aCHMllToTHKOH 

(11) H., KaK BH,ll;nO H3 Ta6n.2 H 3, UpH Zu ;S 200 HMeeT uorpeiliHocTh ""-' 10% 
(oJJ;HaKO C .ll8JlhHeilliRM pOCTOM Zu ee TO'tJ:HOCTb YXY.llIlIaeTCJI 13). YUHBH

TeJIbHO, 'tJ:TO (32) C npoueHTHoH TOtlHOCTbIO cOBnaAaeT co 3HaqeHH5IMH Rcn 

12npu ee DOJIy'leBHH HCD0Hb3yeTCx YCJIOBHe ManOR HaJIKpHTH'IHOCTB: 6 = (Zt +Z2-Zcr )/Zcr «: 1 (MaJIhlR 

napaMeTp 0 = 0.07 OpH CTOJIKHOBeHIIH U + U, a JIJUI CHCTeMbI U + Ct 0 Rf 0.1). 
13npH' ~ 2 XpHBas: Rcr{(), oope,lleJIJleMaH ypaBHeHHeM (32), HMeeT oc06eHHocTh H o6pblBaeTC.lI B TO'fXe 

Rcr = 0.931... FlO 270 <l>M (cp. C pRC. 1 B [9]), 'ITO CBJl3aJ10 C opH6JI11lKeHBeM 'TOlfelfHhIX j(JIep. IIpH 3TOM 

YCJIOBHe MaJIoi B8Jt1<PUTHlfHOCTIl YlKe uapymaeTCII: 6 == 2t:e-;.1 - 1""" 1. 
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BhIqHCJIeHHhIMH C yqeTOM KOHeqHhIX pa3MepOB gnep (CM.Ta6JI. 3) 1 H IIOTOMy 

OHa BIIOJIHe MO)l{eT 6hITL lICnOJIL30BaHa nmr 6hlCTpOR oueHKH Rer• 

lInH CJlyqa.sr CKaJUpHhIX qacTHIJ; aHaJIOrlPIHOe IIpH6JIIDKeHHe IIOJIyqeHO B 

pa60Te (8], rne 6hIJI TaK2Ke Cq,OpMyJIHpOBaH BapHaIJ;HoHHhIiI npHHUHn .n;JIg 

BhIQHCJ1eHHH Rer• TaM JKe ,f(aHa aHaJIOrH'tfHaH epopMyJIa nJIH Zero B CJIyqae 

o,n:Horo cepepH'tfeCKOrO g.npa: 

rN = 2~er exp{~[ arg f(1 + 2ig) - arc ctg( -~)]}, (33) 

rne 9 = V(tr - 1, a ~ - (6). eeTa )l{e BeJIHqHHa, qTO II B CpaBHeHHe 

lJHCJIeHHbIM paCqeTOM nOKa3hIBaeT1 'tfTO B 06JlacTH r N rv 10 <PM ::na <}>opMyJla 

,naCT 3HaqCHHH (er AmI CBepXTg)KeJIOro JI.npa C IIpOn;CHTHOH TOqHOCTLlO. 

IIocJIenHgg CTpOKa Ta6JI.2 COOTBeTcTByeT MOHOnOJIbHOMY npH6JIH.JKeHHIO, 

T.e. 3aMeHe nOTeHIlHaJIa (18) em HyJIeBOH cq>epHqeCKOii rapMoHHKoit: 

V(r) --+ Vo(r) = 2-.1 V(rn) dOn
4n 

ilnlI 3a,n:aQH ,llByx UeHTpOB (TN = 0, Zl = Z2) HMeeM: Vo(r) = -2(/R npH 

o < r < R/2, Vo(r) = -(/r npH r > R/2. C yqeTOM KOHeqHOrO pa.nHyca 

H,nep B Zl 1= Z2 BhIpaJKeHBe ,nJIJI vo(r) CTaHOBHTCS .nOBOJIbHO rpOM03AKHM 

(cM.(29) B pa60Te [25]), o.n;HaKO BBHl(y cq,epHQeCKOH CHMMeTpHH 3Toro rro

TeHllHaJIa QHCJIeHHOe pemeHHe ypaBHeHHS nHpaKa He rrpe.n;CTaBJI.HeT 3aTpy.n;

Hemril. KaK BH,n:HO H3 Ta6Jl.2, ,nJIH JI,nep H3 ypaHOBm1: 06JIaCTH TOQHOCTb MO

HOnOJIhHOrO npH6JIH)I{eHHjJ rv 15%, qTO COBceM He nJIOXO (Ol(HaKO OHa Bce 2Ke 

nCCKOJIbKO xy.IKe, qeM TOqHOCTL aCHMnTOTHKH (32)). 3THM OnpaBl(hIBaeTCH 

HCrrOJIb30BaHHe MOHOnOJIbHOrO npH6JIH.JKeHHH .n;mI pa3JIHqHhIX paCqeTOB [25], 

CBjI3aHHhIX C rrpoueCCOM CTOJIKHOBeHMJI ,n:Byx TjDKeJIhIX jI.n;ep. ITOJIyqeHHhIe 

TaKHM rryTeM [25] 3HaqeHHjI KpHTHqeCKOrO pacCTOHHH.H IIpHBe.n;eHhI Ha plfc.5 

KaK ,nJIH rOJIbIX .a.nep, TaK If rrpH HaJIHqHH 3neKTpoHHOH 060JIOqKH, co.n;ep

2Ka.r.uen 30 H 100 3JIeKTpoHoB. 

no CHX nop MhI paccMaTpHBaJIH OCHOBHoit TepM KBa3HMOneKYJIhI 1sO". llJI.a 

cne.uyIOlIlero TepMa 2Pl/20" 3HaqeHHe Rer ~ 18 <l>M (B MOHOnOJIbHOM rrpH6JIH

2KeHHH [25] rrpH Zl = Z2 = 92), qTO 6JIlf3KO K cyMMe pa,D;uycoB g,n:ep ypaHa. 

IIpH 3TOM Y2Ke 3aMeTHa Ae<}>opMallHJI o.n;Horo g.n;pa KyJIOHOBCKHM nOJIeM ,npy

rom, H Boo6me 3anaqa CTaHOBHTca l(OCTaTOQHO "rpH3HoH". 

4. MeTo..Q; 3e1JelJeKTJlIBHOrO nOTeHQBaJIa 

lImI KaqeCTBeHHoro aHaJIH3a cHTyaUHlf, B03HHKaIOmeH nplf rrpH6JIH)I{eHHH 

.n;HcKpeTHoro ypOBHg K HH2KHeMY KOHTHHyyMy, nOJIe3eH MeTO,n: 3epepeKTHBHoro 
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nOTeHUHaJIa [7,18]. OR COCTOHT B 3aMeHe ypaBHeHIUI llHpaKa 60JIee npliBbIQ

HbIM ypaBHeHHeM IDpe,D;HHrepa C ~tPeKTHBHbIMR 3Heprliei E H nOTeHUHaJIOM 

U. B 06meM CJIyqae CBJI3b MffiK,D;y U Ii HCXO,ll;HhIM nOTeHIJ;HaJIOM V, BXO,D;.KI.qHM 

HenOCpe,D;CTBeHHO B ypaBHeHHe ilRpaKa, ,D;OCTaTOqHO CJI02KHa. BbIpa,)KeHH5I 

yrrpoW;aIOTC.sI Ha KpaIO HH2KHero KOHTHHYyMa, nOCKOnbKY 3,D;eCb E = 0, T.e. 

MhI HMeeM ,D;e.n:O C COCTOKHHJIMH C HYJIeBOH (34l4leKTHBHOn) 3HeprHei1. IIpH 

3TOM (3) npHHHMaeT BH,D; 

1 2 ",2 + '" 1 / KV 1 2 ( )
U(r) = -2V - V +2;2+4v - 2r +gV, 

r,D;e tPYHKIUU: v(r) = -V'IV 3aBHCHT JIHmb OT tPOPMbI HCXO,D;Horo nOTeHI(HaJIa 

V (r). PacCMOTpHM HeCKOJlbKO npllMepOB. 

llmI CTeneHHbIX nOTeHUHaJIOB npHTK)KeHHJI, 

V(r) = -g r- ll 
npH 0 < r < 00 (v > 0), (35) 

HMeeM: v(r) = vir H, C y'tJeToM nOnpaBKH JIaarepa 1/8r2 (yJIyqmaIOIUeii TOq

HOCTh KBa3I1KJIaCCHqeCKOrO npH6JIIDKeHHB Ha MaJIbIX paCCTOJIHHJlX [41,68]), 

g2 9 ( 1 - V)2 1U(r)=--+-+ "'+-- -- (35a).
2r 211 rV 2 2r2 

TaK, B CJlyqae KYJlOHOBCKoro nOJIJI 

( (2 _ ",2 
U(r) = - - (3,ll;eCh 9 = (, v = 1). (36)

r 2r2 

TaKHM o6pa30M, npH c, 6nH3KHX K -1 , 34>tPeKTHBHhIH nOTeHI(HaJI CO,D;ep)KHT 

WHpOKRH KYJlOHOBCKHH 6apbep (CM.pHC.9), 6JIaro.n:apg KOTOpOMY 3JIeKTpOHHoe 

COCTOKHHe He ,D;eJIOKaJIH3yeTca: npliJ c -+ -1, T.e. BOJIHOBaJI epyHKI(IUI6bICTpO 

y6bIBaeT Ha 6eCKOHe--IHOCTH. HanpHMep, B KpHTHqeCKOH TOqKe Z = Zcr BbI

nOJlBa:eTCJI (17). 3TO CYIUeCTBeHHO OTJlHQaeT ,D;aHHyIO 3allaqy OT THnHlffiOH 

HepeJljITHBHCTCKOi cHTyaUHH, KOr,D;a 1f;(r) rv e-).r H >. = J2mcb -+ 0 npH 

Cb -+ 0 (3,D;eCb Cb - 3HeprHjI CBjl3H, T.e. paCCTOHHHe ypOBHSI OT rpaHHu;bI 

CnJlOmHoro cneKTpa). 

HaJIHqHe KYJIOHOBCKoro 6apbepa B U(r) CKa3hIBaeTCJI Ha BCex qePTax 94»

tPeKTa cnOHTaHHoro pO~.lleHHH n03HTpOHOB. IIpH Z > Zcr ypoBeHb Is HC

qe3aeT 1I3 ,D;HCKpeTHoro cneKTpa II yxO,D;HT B HIDKHHH KOHTllHyyM 14. ITo
CKOJIbKY c < -1, TO 9ep4leKTHBHaJI 9Hepnu E > 0 H nOjlBJlJIeTCJl B03MOE,

14fOBOP51 TO'UIee, DQlIIOC S-M3TpIlIU>l C poCTOM Z '1epe3 JIeBblii Pa3pe3 -00 < E < -1 YXO/lHT sa. BTe>

poi aCT, r.ne OB npeBpamaeTC5I B 6peiiT-BHI'aepoBCKBii DMJOC, COOTBeTCTBYlOmHH KBa3BCTaIDIOnapBoMY 

COC'rollHHlO [69]. 
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HOCTb pacna.na ypOBHK rryTeM npOCaqHBaHHKQepe3 nOTeUD;HaJIbHhIH 6apbep 

(pHc.9). IIpoHHIJ;aeMocTb 6apbepa B 3.:pcpeKTHBHOM rrOTeHD;HaJIe Onpe,ll;eJHleT 

BepOXTHOCTb ,(k) CnOHTaHHoro pmK.neHH.SI n03HTpOHa. Ha nopore k «: 1, rue 

k = J6~ - 1 - HMnyJIbC BhIJIeTaIOmero rr03HTpOHa, HMeeM [3,7] 

'Y IX exp{-2,,( [ ,;'1 + k2/k - ";1 - (-2 ]} "" exp ( -b ~ z:""zJ (37) 

(C TOqHOCTbIO no npe.u3KcnoHeHThI), rne b = 2rrJ(cr/2/3 - qHCJIeHHhIH MHO

2KHTeJIb nOp.SI,ll;Ka e,ll;HHHD;blj TaK, b = 1,73 .nJI.SI MOD;eJIH I IIpH (cr = 1,25. 

lIJI.SI rrpOH3BOJIbHOrO v < 2 3q>q>eKTHBHblH rrOTeHIJ;HaJI (35a) COnep2KHT 

6apbep, npOHIUlaeMOCTb KOToporo 3KnOHeHIJ;HaJIbHO Mana. liCnOJIb3y.SI MeTOD: 

BKBI5, ,ll;JI.SI rrOTeHIJ;HaJIOB co CTerreHHbIM "XBOCTOM" (35) nOJIyqaeM [70] 

V'l/Jo(r) ex: [ U(r) t1/4eXp {- j J2U(r')dr'} ex: r / 
4exp( - 2~ T 2;V), l' --t 00, 

(38) 

(39) 

B qaCTHOCTH, B cnyqae KYJlOHOBCKoro nOTeHIJ;HaJIa v = 1, 9 = ( H 

,(k) ex: exp( -21r(/k). . 
ECJIH 2Ke v > 2, TO npOHliIllaeMOCTb onpe.ueJI.SIeTC.SI Y2Ke UeHTpo6e2KHhIM 

6apbepOM, n03TOMY Ha nopore ,(k) ex: kL , rne L - OD;HH H3 Op6HTaJIbHhIX 

MOMeHTOB 1 HJIliI [I. LIJIK KOpOTKO.neHcTByIOmmc rrOTeHUHaJIOB C 3KcnOHeH

D;HaJIbHhIM "XBOCTOM" 

V(r) = -g r- lIexp( -J-lr) npH r -t cx:>, (40) 

H3 (34) HMeeM (6 = -1) 

U(r)=~ 2 (v-2K.)J-l O(~) r-tcx:>, (41)
SJ-l + 4r + r 2 ' 

n03ToMY 'l/Jo(r) ex: exp(-J-lr/2). TaKHM o6pa30M, H B 3TOM CJIyqae COCTO.SIHHe, 

onYCTHBlIIeeC.SI no rpaHHUbI HH2KHerO KOHTHHyyMa, OCTaeTC.SI JIOKaJIH30BaH

HbIM. 

15YCJIOBBe npHMeHBMOCTH KBa3HKnaccHKH [41,48] 3.QeCb BbillMHeHO: 1,:(I/p(r)) lX vg- 1/'lr-(2-v1/2 « 1 
IIpH r -t 00, eCJIU v < 2. 
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IIcnOJIb30BaHHe 3<p(j>eKTHBHOrO nOTeHUHaJIa OKa.38JIOCh BeChMa nOJIe3HbIM 

TaJOKe .z:r;JIj[ «pH3HtIeCKOH HHTepnpeTaUHH 3JIeKTpOHHhIX COCTOgHHH, OnyCTHB

IIIHXCil npH Z > Zcr B HH)KHHH KOHTHHyyM [7]. 
HaKoHell, c.neJIaeM 3aMetIaHHe 0 qacTHUax C BbIClllHMH CnHHaMH, 8 > 1/2. 

B pa60Tax [71,72] paCCMaTpHBaJIHCb pemeHIUI ypaBHeHHJI IIpoKa (8 = 1) 
B KYJIOHOBCKOM none TOqetIHoro 3apg.z:r;a H 6hIJIO nOKa3aHO, qTO npH JII060M 

( > 0 B03HHKaeT "na,neHHe Ha UeHTP". llnJl IIOTeHUHaJIOB IIpHTj[)KeHHjI 

V(r) = -gr-n(n > 0) 3«p«peKTHBHhIH nOTeHUHaJI (34) .z:r;JIg COCTOgHHH C nOJI

HhlM MOMeHTOM j HMeeT BH.z:r; 

U(r) = -gn"fj(j + 1)/rn+2 + ..., r -+ 0, (42) 

n03TOMY "na,neBHe Ha ueHTp" HMeeT MeCTO npll CKOJIb yro.z:r;HO CJIa60H CTe

neHHOH oco6eHHOCTM V (r) B HyJIe [3]. IIOrpaHl-PIHhIM Me)KJ(y perymlpHhIMH 

H CJ2lHrYJIjIpHhlMH IIOTeHUHaJIaMH ,llJU ypaBHeHH.H ITpoKa gBJIjIeTCj[ 

V(r) = -g In-
1 + ..., r -+ 0, (43)
r 

KOr,lla 

U(r) = -g"fj(j + 1)/r2 + ... (44) 

IIpH 3HaqeHHgX g < geT = (j + 1/2)2/"fj(j + 1) 3TOT nOTeHllHaJI perYJI.HpeH 

H Be Tpe6yeT 06pe3aHH.H npH r < ro, a 3aTeM C pOCTOM KOHCTaHTbl CBjI3H 

g > geT CTaHOBMTCJI cHHryJUpHhIM (&HaJIOrHqHO KyJIOHOBCKOMy nOTeHllHaJIY 

.z:r;JU ypaBHeHHU LIHpaKa H KJIeHHa-rOpn;OHa-<POKa). 

5. MeTO,lt BKB Up. Z > 137 

ITpe,nCTaBJIjIeT HHTepec IIpHMeHeHHe KBa3HKJIaCCHKH K CHJIbHOMY KyJIOHOB

CKOMy nOJIIO. IIepBaJI nonhITKa B 3TOM HanpaBlIeHHH npHHan;ne::>KHT Kpau

HOBy [73], O.QHaKO B 3TOH pa60Te MeTO.n; BKB HcnOJIb30BaJICSI He TOJIbKO B 

06JIacTH KyJIOHOBCKoro nOJISI r > r N, HO 1'1 BHyTpH H.lIpa, r.n;e TO"tJBOCTh ero 

HeBhICOKa. TIocne.n;OBaTeJIbHOe npHMeHeHHe MeTo.n;a BKE K pen.HTHBHCTCKOH 

KynoHoBcKon 3a,naQe .naBO B [74], r.n;e HCnOJIb3yeTcJI CIIIHBaHHe KBa3HKJlacclf

qeCKOH BOJIHOBOH «PYHKllHH C BHyTpeHHHM (0 < r < rN) pemeHHeM ypaBHeHHjI 

LIHpaxa. IIpaKTHtIecKH Y.1l06Hee HaxO,nHTh He (CT IIpH 3a.n;aHHOM pa.nHyce SI.lIpa 

rN, a 06paTHyIO $YHKUHIO: 
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y - th y = 2";Q~ _ 1<2 {(n, + 21: 3)11" - arc ctg(..;(~(,_ 1<2)}' (45) 

r.Qe ~ - JIOraplHpMHqeCKaJI npOH3BO.QHaJl BHyTpeHHeir BOJIHOBOH 4lyHKIJ;HIr Ha 

KpalO K,llpa, cM.pHc.14. 3Ta cpopMyJIa y,l106Ha ,llmI paCqeTOB, 06JIa,llaeT TOq

HOCThlO '" 1% B 06JIaCTH pa,nHycoB rN r..J 10 <l>M H rrpaBHJIbHO rrepe,llaeT 

3aBIrCHMOCTb Zcr OT MO,lleJIH o6pe3aHHH KyJIOHOBCKoro nOTeHOFIa.rra BHyTpFI 

5I.npa, KaK BH,llHO H3 pHC. 1. IIpH ~TOM C pOCTOM T'N (HJIH (cr) TOqHOCTb 

ee TOJIbKO ynyqmaeTC5I, CM.(AA). llJIH CJIe.nYK)lllero ypoBHH 281/2 TOqHaJI H 

KBa3HKJIaCCHqeCKaJI KpHBbIe Y2Ke HeOTJIHqHMbI B rrpe,lleJIax TOqHOCTH ~Toro 

pHcyHKa. 

3JIeKTpOHHoe COCTOjIHHe Ha KpalO HH2KHerO KOHTHHyyMa OCTaeTC5I JIOKaJIH

30BaHHbIM - CM. BbIme (17),(29). IIo~ToMY ,llHCKpeTHbIH ypoBeHb rrpH 

Z ~ Zcr He "CTeJIeTCjI" K rpaHHIJ;e E == -1, a BXOJJ;HT B HH2KHHH KOHTHHYYM 

C KOHeqHbIM HaKJIOHOM f3: 

d() = -1 + f3«(cr - () + ... (46) 

3HaqeHHe f3 rrpeJJ;CTaBJI5IeT onpe,lleJIeHHbIH HHTepec ,llJIjI TeopHH [4,7]. KaK 
BH.QHO H3 pHcA H 7, MeTO,ll BKB onpe,llemreT HaKJIOH f3 C y,lJ;OBJIeTBOpHTeJIbHOH 

TOqHOCTblO. 

KBa3HKJIaCcHKY M02KHO rrpHMeHHTb H K peJIHTHBHCTCKOH 3a,llaqe ,llBYX ueH

TpOB. QTChIJIaJl 3a nO,llp06HOCTjIMH K pa60TaM [75-77]' B KOTOphIX ,neTaJIbHO 

pa3BHT MeTO,ll BKB ,llJIH COCTOHHHH C E ~ -1 B ypaBHeHHH llHpaKa, rrpHBeneM 

3.n;eCb ypaBHeHHe, onpe,lleJIjIIOlUee 3HeprHIO 3JIeKTpOHHhIX TepMOB KBMHMOJIe

KYJIjIPHOH CHCTeMbI (ZI, Z2, e-) B6JIH3H rpaHHObI KOHTHHyyMa E = -1: 

R cr [ ( 1 - 2K) ( ] )If = 1 - 1 + -4(2 1 + E) ¢(x , (47) 

r,lJ;e 

2 5 (1 + e)2] [ ( 12K) ]-2X = (1 - p2) [e - 1 + (K - 4") (2 . 1 - 1 + ~(2 (1 + c) ,(47a) 

<j>(x) = exp {2~[(1 +.;x) In(1 + v'X)- (1- v'X)ln(l- y'X)] - I}, x > 0, 
¢(x) = (1 - x)I/2exp{ (arc tgv'=X/..r:x) - I}, x < 0 
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H ( = (Zl + Z2)/137, P = IKI/(, 0 < p < 1, npHqeM x = (1- p2)(c2 -1) + ... 
npH E ~ -1. CornacHo(47), 3HeprHjI TepMa € 3aBJilCHT OT OTHOIlIeHHjI R/Rcr 
(lITO jJBJIBeTCjI CJ1e,llCTBHeM ycnoBluI l'N « (r) « r K, KOTOpOe BhInOJIHjJeTCjI 

npH "MaJIOH Ha,llKpHTHqHOCTU" , T .e. npH Zu - Zer « Zer (3,neCh r K - pa,llHYC 

!(-060JIOQKU). lIpn 3TOM CaMO 3HaQeHHe Rer paclIuThIBaeTCJI OT,lleJIhHO, Ha

npUMep, C nOMOIUbIO BapUaJJ;HOHHOrO MeTO,lla (Pa3,lleJI 3). B HTore nonyqaeM 

KpHBhIe pHc.IO (cpaBHHTe C pHc.8). 

B JIHTepaType paccMaTpHBaJIaCh [29,78] B03MO~HOCTh cymecTBOBaHHjI 

CBepX3apjIlKeHHhIX jJ,llep C Z :» Zcr (ecTecTBeHHo, cTa6HJ1bHOCTh TaKHX jJ,llep 

M02KeT 06eCrrelJUTb TOJIbKO KaKOH-TO HOBhIH MeXaHH3M, HanpllMep, B03HHK

HOBeHHe 1['--KOH,lleHcaTa [28]). 0603Ha'tIHM qepe3 n" II N qHCJIO ,llHCKpeTHhIX 

ypoBHeu C ,llaHHhIM KBaHTOBhIM lIliICJ10M K, onycTHBIIIHXCJI B HIDKHHH KOHTH

HyyM, H noJIHoe qHCJIO TaKHX ypoBHeH, a Ne - 'tIUCJIO ::meKTpOHOB B BaKYYMHOH 

060JIOlIKe CBepXKpHTHqeCKOrO aTOMa (KOTOpag o6pa3yeTcSI B6JIH3H i1,llpa IIocne 

BhIJIeTa n03HTpOHOB). Tor,lla N = Ln,o Ne = L(2j + 1)n", II B KBMHKJIaC

" " CHQeCKOM rrpU6JIBJKeHHH 

N = -2
1 7(V2 + 2V)+ r dr, Ne = ~-l{(V2 + 2V)+}3/2 r2dr, (48) 

o 31[' 0 

r,lle f+(r) = fer), eCJIH fer) 2 0, H f+(r) = 0, eCJIH f(r) < O. OTCIO,lla B 

CJIyqae nOTeHItHaJIa (5) npH ( :» 1 IIoJlyqaeM 

1 2( ( 4 3( (N = -2 ( In- + C4), N e = - ( In- + c:», (49)
rN 31[' ~ 

r,lle C4 H Cs - KOHCTaHTbI rropil.llKa e.rlHHHItbI, 3aBHCgIUHe OT $OpMhI 06pe3aHHjI 

(TaK, C4 = -0.90, C5 = -1.38 B cJIyqae Mo.n;eJlH II [79]). PHc.II, B3jIThIH H3 

pafiOThI [79], rroKa3hIBaeT, lITO KBMHKJIaCCHqeCKOe npH6JIHJKeHHe gBJIjIeTCB 

,llOCTaTOqHO TOqHhIM y)Ke rrpH cpaBHHTenbHO He60JIhIIIHX 3HalIeHHSIX (" ;(; 2. 
113 (48) HanpallIHBaeTCg eCTeCTBeHHoe npe,llnOJIO~eHHe,lITO p(r) = 

= {V2 + 2V)3/2/31['2 - 3TO JIOKaJIbHM nJIOTHOCTb 3JIeKTpOHHoro 06JIaKa B 

BaKYYMHOH 060JIOQKe CBepXKpUTHlJeCKOrO aTOMa , 'tITO MOlKeT 6hITb CTporo 

060CHOBaHO [39,54]. 3TO n03BOJljleT HaIlHCaTb peJljITHBHCTCKoe ypaBHeHHe 

TOMaca-ct>epMH [26,54], perneHHe KOToporo orrpe,lleJHleT CBOHCTBa 3JleKTpOH

HOH 060JIOQKH aTOMa npH Z :» 137 : 

~V = -41Te2 [3~2 (V2 + 2V)3/2 - np(r)] , (50) 

r,lle np - llJIOTHOCTb npOTOHOB B TaKOM CBepXJI,llpe. 
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MhI He oYlIeM BlIaBaThCH B .llaJIhHeHIIIee o6cy.JK,lJ.eHHe 3THX BonpOCOB, OT

ChIJIaJI K nepetIHCJIeHHhIM BhIllie pa60TaM H K MOHorpaqnuM [38,39,78]. HameR 

ueJIbIO 3.lleCh 6hIJIO JIHIIIh npo.ueMOHCTpHpOBaTh 3t!lt!leKTHBHoCTb MeT0.lla BKE 

lIJISI CBepXCHJIhHhIX KYJIOHOBCKHX lIOJIeH. 

OTMeTHM eme, 'tITO MeTO.n; BKE MO:lKHO npHMeHHTb II K .llByX'tlacTH'tIHhIM 

peJUlTHBHCTCKHM BOJIHOBhIM ypaBHeHIIHM, B TOM qHCJIe K ypaBHeHHIO CaJIIIH

Tepa .llJIH CIICTeMhI KBapK-aHTHKBapK: 

(51) 

rue p = -i\7, ml,2 - MacChI KBapKOB (cnHHaMH KOTOphIX 3,neCh IIpeHe

6peraeTCH), a Mn - MaCChI Me30HOB. B CJIyqae nOTeHUHaJIa KOHepaii:HMeHTa 

V(r) = Ul' (u - HaTjDKeHlle CTpyHhI Me.JK,lJ.Y q II q) KBa3HKJIaCCHqeCKHH cneKTp 

MacC Me30HOB COBna.naeT, C npoueHTHOH TOqHOCThIO, co cneKTpOM, lIOJIyqeH

HhIM rrpH qHCneHHOM peIlIeHHH ypaBHeHHH CaJIlIliTepa - B oco6eHHOCTH .uJIH 

COCTOSIHHH C 1 fV 1, BKJIlOqaJI H HaHHH3I1Iee COCTO>IHHe, n r = I = O. IIo.npo6Hee 

CM. Ta6JI. 4 (nJIj[ CJIyqaJI ml = m2 = 0) II IIpHJlo)KeHHe D. 

6. Zcr ~JI.sI ,lJ;pyrllX qaCTBQ 

YpaBHeHHe KJIeHHa-rOp,noHa-<I>oKa (Kr<l>, CM.HH:iKe (58)) B CJlyqae K)'JIO

HOBCKoro lIOJIjJ HMeeT peIlIeHHe, y6hIBalOI.I.lee Ha 6eCKOHeqHOCTH: 

Xl(r) = const· Wp ,iv/2(X), - 1 ~ c < 1, (52) 

cue x = 2Ar, 

A =~, J.L =(c/A, iv/2 = J(l + 1/2)2 - (2 (53) 

H Wjl,JC - <PYHKUHjJ YHTTeKepa. 3HeprHH OCHOBHoro ypOBHjJ B nOJIe TOqe"lIHoro 

3apH.lla paBHa 

1 
(~ 2' (54) 

Cp. C (1). COCTOJIHHjJ C Op6HTaJIhHhIM MOMeHTOM 1 HClIhIThIBalOT Terreph 

"naneHHe Ha UeHTp" rrpH ( > 1+ 1/2. B npenene £ ~ -1, KOr.lla A ~ 0, 
J.l ~ -00 Ii J.lX ~ -2(1', epYHKUlHI YHTTeKepa ynpomaeTCH: 
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YpaBHeHHe .llJIJI onpe,neneHHJI (cr M02KHO 3anHCaTb B e,nHHOH 4>OpMe nnlI 

060HX cmmoB S = 0 H 1/2: 

zK~v(z)/Ki/l(Z) = 2(s+{) -1, (56) 

r,ne, KaK 11 B (6), z = ~. ITpu 3TOM ,llJUI OCHOBHOro COCTOBHUB B 060HX 

cnyqaJIX 11 = 2J(,~ - (8 + 1/2)2. 
TIPH ycnoBH1I TN < l/m .u;JUI Mo,neJIH 06pe3aHHJl I HMeeM, KaK II paHbme, 

~ = (, etg(,. Y'tIHThIBaJI, O,UHaKO, qTO ,nni: nUOHOB mTN > 1, ypaBHeHHe 

Kr<l> BO BHyTpeHHen: o6nacTH T < TN Hy)l(HO pewaTh TOqHO. B npocTeimeM 

CJIyqae (l = 0, Mo,neJIh 06pe3aHHB I) 

{ = f3 ctg{J, f3 = J«( - 2TN)' (57) 

YpaBBeHlle (56) pelianOCb Ha 3BM [3]. XOTB B ,naHHOM cny'tlae .n;mI TOqeq

Horo 3apB,na Zcr = 1/2a = 68.5, HO Y2Ke npn TN '" O.In/me 3HaqeHHe ZCT 
rrpeBhIIlIaeT 137, CM.pHCA B [3]. GUCJIeHHhIH pacqeT ,lIJUI nHOHOB (n/rn1r c = 
= 1.41 <l>M) ,naeT [80] Z~) ~ 3300, qTO BblXO,nHT ,naneKO 3a npeneJIhI H3BeCT

HbIX cero.n;HB JI,Ilep. 

B cnyqae MlOOHa (n/mpc = 1.874» cHTya.u;:HJI aHaJIOrHqna. PemeHHe ypaB

HeHHlI (6) ,nano [69] (,cr = 16.7, HJIH Z~) ~ 2300 AnB MO.lleJIH II U ZJ~) ~ 3700 
B c~ae MO.lleJIH I. TaKHM 06pa30M, UpH TN »l/m qHCJleHHOe 3HaqeHHe Zcr 
CHJIbHO 3aBHCHT OT MO,neJIH. Ha B03MO)KHOCTb cymecTBOBaHHJI CBepX3apK

)KeHHhIX g,nep C Z '" 1373/ 2 Heo,nHoKpaTHo YKa3bIBaJI .MHr,IlaJI [29]; TeopHB, 

OllHaKo, He ,naeT DnOJIHe onpe.u;eneHHhIX YKa3aHHH 06 HX nJIOTHOCTH H COOT

HoweHHH Me:JK.D;y A H Z. IIpHMeM, qTO TN = ToA 1/3, r,ne TO = 1.28 <l>M, 

A/Z = 2.6 e, npUqeM 6, e- cBo6o,nHbIe napaMeTpbI (,nJIK 06hIqHhIX Jlnep 

8 = f. = 1). 3HaqeHHe ZJ:) CYllleCTBeHHO 3aBHCHT OT napaMeTpa ~ = 8e/3 , 

CM. pHc.12. CJIe.n:yeT eme OTMeTHTb, qTO npHBeneHHhIe Ha 3TOM pHcyHKe 

3HaqeBHK Zcr By)KBO paccMaTpHBaTh TOJIhKO KaK nepBoe npH6JIH.EeHUe, no

CKOJIbKY B paCqeTe He yqHTblBanacb 3KpaHHpoBKa nOTeHOHaJIa (5) 3neKTpOH

HOH 060JIOqKOil, KOTopylO "HaTJlrllBaeT" Ha ce6B rOJIoe H,npO H3 naKyyMa no

CJIe cnOHTaHHOro p02K,lleHIU n03HTpOHOB 11 BhIJIeTa HX Ha 6eCKOHeqHOcTb. C 

yqeTOM 3tPtPeKTa 3KpaHHpOBKH 3HaqeHHJl ZCT eme 60nee B03pacTalOT. 

TaKHM 06pa30M, TPY.llHO paCCqHThIBaTn Ha ocyru;eCTBJIeHHe TaxOH cHTya

UHH., Korna MIOOHHhIe BJIH nHOHHhIe ypOBHH MOrJIH 6bI nOCTHt.Ib rpaHHI.J.hl 

c = -mc2, 3a HCKJIIO~eHHeM rHnOTeTH~eCKHXCBepX3apJDKeHHhlX .HJIep. 

OTHOCHTeJThHO cnyqaJI BeKTopHhIX Me30HOB (s = 1) CM.BhIme 3aMeqaHHe B 

KOHne pa3.n;eJIa 4. 
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t -
! 
.1"', 

7. Pa3BOe 

3.ueCb MhI paccMoTpUM HeCKOJIbKO ,ll,onOJIHHTeJILHbIX BonpOCOB, npH

MbIKalOlURX K CO.l(ep1KaHHlO pa3,UeJ10B 2-6. 
1. KaK BU,UHO H3 (4), ,UJIJI COCTOJlHHH 9JIeKTpOHa C £ ~ -1 If ( > j + 1/2 

B03HHKaeT 3tj)tj)eKTlfBHoe npHTJI)1{eHHe <X 1/r 2 Ha MaJlLIX paccToSIHIUIX (,llJIjJ 

To"tJ.e"tJ.Horo 3apH.ua OHO npHBOn;UT K "na.lleHHIO Ha :u;eHTp" (46-49]). 3TO 

npuTsDKeHHe j{nmleTCH '1:BCTO peJUITHBHCTCKHM ~~eKTOM H CBH3aHO C TeM, 

'liTO KYJIOHOBCKOe B3aHMO,ll,eHCTBHe 3JIeKTpOHa C j{,ZJ;pOM BBO,llHTCj{ MHHHMaJIL

HbIM 06pa30M, KaK BpeMeHHaJI KOMnOHeHTR 4-nOTeHUHana AIJ(x), 3TO BHAHO 

y)J{e Ha npHMepe ypaBHeHHH Kr<l> nJIj{ 6eCCnlIHOBOH -qaCTHUbI, KOTOpOe no

JIyqaeTCjJ H3 COOTHOIlIeHHjJ p2 =- £2 - m 2 nyTeM 3aMeHhI PIJ -7 PJJ - eAIJ' 
B03HHKalOmee npa 3ToMypaBHeHHe 

~cp + [(£ - V)2 - m 2]cp = 0 (58) 

no tj)opMe TO)K,ll,eCTBeHHO ypaBHeHBlO IIIpen;HHrepa, eCJIH nOJI01KHTb 

E = (£2 - m 2)/2m, U = ~ V - ~V2. (59) 
m 2m 

CnaraeMoe -2~ V 2 
,ZJ;OMHHHpyeT Ha MaJIhIX pacCTOJlH1UIX, rne IV(r)1 ~ 00, 

III npUBO,llHT K npHTj{)KeHHIO He3aBHCHMO OT 3HaKa V(r). llJIjJ cnBHa s = 1/2 
BUn; 3<p<peKTHBHoro nOTeHItHaJIa YCJI01KHSleTCjJ, HO Ka'tJeCTBeHHO He MeHJleTCJI: 

B BhIpalKeHHH ,ll,JIH U(r) nOJlBJUlIOTCJI ,llOnOJIHHTeJIbHhIe '1:JIeHbl, 06H3aHHbIe 

cnHHy qaCTH:U;bI H cnHH-Op6HTa.JlbHOMy B3aHMo.neikTBHlO. 

2. ECJUI 6bI B IlpHpO.l(e cymecTBOBaJIH JIerKHe (c MacCOH IlopSI.llKa me) 
3apJI3.eHHbIe CKaJI.sIpHbIe 6030HbI, TO (nOCKOJIbKY J]JIJI HHX Zcr = 68.5 npM 

r N = 0) 6bIJ1H 6bI nerKO Ha6JIIO,qaeMhI 3q)(peKTbI, CB.sI3aHHhIe C npH6nH1KeHHeM 

,qI1CKpeTHoro ypOBHH K I'paHUue c = -mc2. O,nHaKO ,1l,JDI nHOHa li/m1rc = 
= 1.41 <l>M H m 1r rN » 1, a B 3TOH 06JIaCTH, KaK nOKa3aHO B npe.n:bI.nym;eM 

p8.3,ll,eJIe, Zcr HaMHoro rrpeBocXo.1lHT 137. 
CpanIDlTeJIbHO Be60JIbmOe (no CpaBHeHHlO co CJIyqaeM TOqe'tlBoro 3apaua) 

B03pOCTaHHe Zcr OT Z~) = 137 ,llJIjJ 3JIeKTpOHOB CBjJ3aHO C TeM, '1:TO ,llJIjI HHX 

merN '" 0.03 ~ 1. 
3. CywecTByeT XapaKTepHOe pa3JIIPIHe B IlOBe.ueHHH ypoBHeH 3HeprHH E C 

pOCTOM I'JIy6HHbI nOTeHUHaJlbHOH jIMbI ,l(JIjJ 603080B II <fJepMHoHoB, BIIepBhIe 

06HapY2KeHHOe B pa60Te illH<p<pa, CHaH.1lepa H BaHH6epra [81] Ha npHMepe s
COCTOHHHH B rrpBMoyrOJIbHOH BMe V(r) = -g O(ro - r) ,ZJ;1H1 ypaBHeHHB Kr<l>. 
A HMeaHO, B 3TOM CJlyqae 3aBHCHMOCTb E OT KOHCTaHTbI CBSI3H 9 He HBJUleTCJI 

MOHOTOHHOH, a HMeeT 3aI':u6, KOTOphIH B cnyqae IDHpOKOH }lMbI pacnOJI02KeH 
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B6JUi31I £ = -1. TIPR HeKOTOpOM 9 = ger CJIHBalOTCH ,D;Ba ypOBHg (H,D;ymne, 

COOTBeTCTBeHHO l OT rpaHHU HerrpephIBHoro cneKTpa £ = 1 H £ = -1), no

CJIe qefO B03HHKaIOT COCTOHHHH C KBaJJ;paTH"tJHO HHTerPHPyeMoH BonHOBOH 

.pyHKun:eH, HO C KOMITJIeKCHOH 3HeprHei'i, "ITO npOTHBOpe"IHT yHHTapHOCTH. 

3TO 03HaQaeT, qTO nplI 9 >"gcrO.o;HOqaCTHqHhIH faMMJIhTOHHaH Krct> Y2Ke He 

jIBJIH€TCJI caMoconpjJ,~e:B:HhIMonepaTopOM H TepgeT <fln3H"tJeCKHH CMhIcn. 

~H3H"IeCKaJI HHTepnpeT~Hg3TOro .peHOMeHa 6hIJIa .1laHa MHr.o;an:oM [28]: 
npH g '" geT npOHCXO,lJ;HT BHpTyaJIbHOe pO)K,IJ;eHHe nap 3apHE.eHHhlX qaCTHU

a~TH"tJacTHl{ H B03HHKaeT CHJIbHaJI nOJIHplf3aIlHH BaKYyMa, KOTOpaJI 3KpaHH

tpyeT 3aTpaBO"tJHbIH 3ap2:,n 9 H He n03BOJI2:eT eMy ,nOCTlfqb 3HaQeHHX ger

TaKHM 06pa30M, B 6030HHOM CJIy"tJae rrpR g r...- geT TeOplUI rrpRHIllUIHaJIbHO 
.o;OIDKHa 6hITb MHOrOqaCTIf"tlHOH (B TO BpeMX KaK B cnyqae 3JIeKTpOHOB, BCJIe.n


CTBlfe nplfHl{HIIa TIayJIH, rrocne McrrycKaHHSl n03HTpOHOB npH Z > ZCT ~ 170
 
HMeIOTCH JIHllib .nBe BaKaHCHIf Ha K - 060JIOqKe, n03TOMY IIOJIgpH3aulUI BaKY


yMa .naeT MaJIhIH 3<fl4JeKT rv Q' H He MOE.eT npenHTCTBOBaTh onycKaHHIO cne

.o;yIOlllHX ypoBHeH 3JIeKTpOHHoro cneKTpa B HIDKHHH KOHTRHyyM [7]).
 

llaJIhHeiImee pa3BlfTHe 3THX co06pa2KeHHH npHBeno A.B.MHf,lJ;aJIa c co

1'py.o;HHKaMH K C03~aHHIO Teoplflf nlfOHHOH KOH,neHcal{HH B Sl.n;epHoH MaTepHH 

[78] H npe.o;CKa3aHHIO pjl.lla KpaCHBbIX 3q>q>eKToB. K C02KaneHlfIO, BnJIOTh .n;o 

HaCTOXI.IJ;erO BpeMeHH He nony"tJeHO 3KcnepHMeHTaJIbHhIX YKa3aHHH Ha cyme

CTBOBaHHe 1'r-KOH.o;eHcaTa B THXeJIhIX ~pax. 

4. Bonpoc 0 xapaKTepe ,nBH2KeHHX ypoBHeH B6JIIII3H rpaHHIJ;hI £ = -1 
npe.o;CTaBJIHeT onpe.aeJIeHHylO Tpy.o;HOCTb, "tJTO CBH3aHO C aHaJIH30M peme

filii! ,nOCTaTo"tJHO CnO)KHbIX ypaBHeHHH. IIoMHMo [5,7,81], 3TOT Bonpoc pac

cMaTplIBaJICH B pH.n;e pa60T [82-88], npH"tleM apR 3TOM ,nonycKaJUICh H OlliH6KH 

[84,85]. Ha.u60nee yn06HhIM cnoc060M Hccne.nOBaHHjI .n;aHHoro Bonpoca jIBJIH

eTCH peJIHTIIBHCTCKoe o606m;eHHe pa3JIO)J{eHMX 3q>lPeKTHBHoro pa.llMyca .llJIjJ 

COCTOXHHH C 3HeprHeH, 6JIH3KOH K rpaHlfI(e Hlf2KHerO KOHTHHyyMa [88]. TaKOH 

aHaJIlf3 nOKMbIBaeT [69,88], "tlTO .llnjI ypaBHeHHX lIlfpaKa HeT "no3HTpoHHhIX 

ypoBHeH" , "KoTophIe B03HHKaJIIf 6hI 113 HMxHero KOHTMHyyMa If MMeJIH npo

1I3BO.nHyIO d£jd( > O. B TO 2Ke BpeMX ,lJ;JIH ypaBHeHIIX KPt> TaKHe ypOBHIf 

HMelOTCiI [81]. B cnyqae KOpOTKO.lleHcTBylOI.IJ;ero nOTeH~HaJIa IIpHTH~eHHH 

V(r) = -gv(r) npH HeKOTopOM 9 = geT H 3HeprHH £ > -1 npOlfcxo,nMT 

CJI1UHHe (" CTO~KHOBeHlIe") .o;Byx pemeHHH, OTBeqaroI.IJ;HX CB2:3aHHbIM COCTo

KHHjIM CKamlpHOH -qaCTHUhI If aHTMqaCTHIlhI, a np~ 9 > geT nOXBJIXIOTCX KOM

TIJIeKCHhIe nOJIIOCa S-MaTpHIJ;bl Ha lPH3H"tJeCKOM JIHCTe ("t.lTO HeB03M01KHO, H60 

npOTHBope"tJIIT. yCJIOBHIO yHHTapHOCTH). 3aMeqaTeJIhHbIM CBOHCTBOM ypaB

:HeHHJI llHpaKa jlBJIXeTCSl TO, qTO B HeM TaKOH TpynHocTH He B03HlfKaeT, no
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3TOMy O.llHOQaCTHqHOe ypaBHeHHe nHpaKa COXpaHBeT, B H3BeCTHOH Mepe, CBOB 

CMhICJI H B 3aKpHTHQeCKOH o6nacTH g > ger [7] (O,IJ;HOqaCTHqHhIH raMHJIbTO

BHaH OCTaeTca: caMoconpa:xeHHhIM onepaTopOM). 

ECJlH nOTeHItlUlJI V(r) 06Jla,n;aeT KYJIOHOBCKHM "XBOCTOM" npH r -t 00, 

TO H3-3a HaJIHQHJI 6apbepa B U(r) CBJl3aHHOe COCTOHHHe OCTaeTCa: JIOKaJIH

30BaHHhIM .llroKe npH t = -1, (= (er (CM.BhIIIIe, HanpllMep (17)). TIo3TOMY 

Bce ypOBHH lUICKpeTHoro cneKTpa BXO,IJ;HT B HH2KHHH KOHTHHyyM C KOHeqHhIM 

HaKJIOHHOM dt/d( = -{3 < 0 (KaK .D:JIH cmiHa s = 1/2, TaK H npH S = 0 [4]). 
TeM He MeHee, npHHUHnUaJIbHOe pa3JIHQn:e Me2K.n:y 6030HHhIM H epepMHOHHhIM 

CJIyqagMH OCTaeTCs.I: nonIOC S-MaTpHD;bI, COOTBeTcTBylOlllHH npH Z < Zcr 
CBH3aHHOMy COCTOJlHHIO, YX0.llHT upn Z > Zer B KOMnJIeKcHylO nJIOCKOCTb Ha 

to J cPH 3nQeCKHH JIHCT, eCJIH Cn:HH 8 =0, H Ha HecPH3H"tIeCKHH - eCJIH S = 1/2. 
TaKMM o6pa30M, CTaTIICTHKa qaCTIlU cyw;cTBeHHo CKa3hIBaeTCH Ha RHaJIH

THtIeCKHX CBoCTBax O.llHOqaCTHtIHOH S-MaTpH.QhI B6JIH3B rpaHHllhI HH.2KHerO 

KOHTHHyyMa. 

5. 0 BJIHJlHHH MarHHTHoro nOJlB Ha Zero B CHJlbHOM MarHHTHOM nOJIC, .llJIJI 

KOToporo JIapMOpOBCKIIH paJJ;Hyc 3JIeKTpOHa 1= Jnc/eB = JBo/B (B eJJ;l'I

HH.Qax 1i / rnc) MeHhme cpeJJ;Hero paJJ;Hyca OCHOBHoro COCTOjIHHB (r), ~neKTpOH
Hoe 06JIaKO npliDKHMaeTCjI K .a:.npy (B HanpaBJIeHHH, nOnepeqHOM K nOJIlO B) 
H CTaHoBHTCH "cHrapoo6pa3HhIM" [89-91]. IIo3ToMY 3JIeKTpOH 3$q,eKTHBHo 

HcnhITbIBaeT 60Jlee CHJIhHOe npHTK.2KeHHe K .s:.npy, "{eM B OTCyTcTBHe BHew

Hero MarHHTHoro nOJUI, B CHJlY 'tJero BeJIH'tJHHa Zcr YMeHbwaeTCB. YCJIOBHe 

l ~ (r) 03HaqaeT, qTO B ~ Bo = m 2c3 /en = 4.41 . 1013rc (KpHTH'tJeCKoe, 
16HJIH illBHHrepOBCKoe [92] nOJIe , XapaKTepHOe .n:ml K3li). 

3Ta 3a.naQa nO,IJ;po6HO paccMoTpeHa B pa60Te [94]. limI "cJIa6oro" Mar

HHTHoro nOJIJI YMeHbweHHe Zer MO.}KHO HaHTH no TeopHH B03MymeHHH: 

5n2 
J.L B 2 

(cr(B) = (cr(O) - 6[ln(1/rN )]3 . B + O((B/Bo) ), (60)
o 

r.ne f.t - MarHHTHbIH MOMeHT (15). OTCIO,IJ;a CJIe.nyeT, 'tJTO ll:a2Ke npn B '" 
0.1 Bo '"" 5 . 1012 rc H3MeHeHHe t:.Zcr < 1. 

lIJIK 60nee CWlbHblX nOJleH 3HaqeHne Zcr(B) Haxo,nHTC.s: 113 nOJlyqeHHhIX 

B [94] ypaBHeHHH. IIpHBe.neM HeKOTopble QUCJIa, OTHOCgnUIeCg K OCHOBHOMy 

COCTOllHHIO: Zcr ~ 165 npu B = Bo; Zer = 96(B = 100Bo); Zcr = 92, H,D;pO 

ypaHa - npH 3TOM Tpe6yeTc.s: B = 133Bo ~ 5,5 . 1015 rc; Zer = 41 npn 

B = 2,4· 104Bo ~ 1018 rc. CJIe.nYIOIIJ;HH ypoBeHb 3J1eKTpoHHoro cneKTpa 

160'lellHrolO, 'ITO TaKBe noJU/. MoryT BCTpe'lanCJI. muDb B BeChMa 3KC"I'peMaJIbHh1X YCJIOBJUlX (uanpBMep, 
BHYTPB nyJIbcapoB [93]). 
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,llOCTUraeT rpaHUUhI c = -1 nplI B '" 1.5.1016 rc, eCJIH Zcr = 92, H T.,ll. 

TaKHM 06pa30M, npH HaJIUqllH CHJIbHOrO MarHHTHoro nOJIg .D;OCTHiKeHHe 

rpaHH~hl HHiKHero KOHTHHyyMa npOHcxo,nUT y~e npH Z < 170 - HanpHMep, 

B c~ae ronoro H,npa ypaHa IInH ,ZJ;aJKe ,llnH erne 60JIee nerKHX H.D;ep. IIpH

Be.n;eHHhIe BbIwe OIJ;eHKH nOKa3LIBaIOT, O,llHaKO, qTO ,nJIH 3Toro Tpe6yIOTcH 

MarHHTHhIe IIOJIH B ~ Bo. 3aMeTHM, liTO MaKCHMaJIbHhIe MarHHTHhIe nOJIjI, 

,llOCTurHyThle K HaCTOHUleMY BpeMeHH B JIa6opaTopHH, Ha meCTb IIOPjIJJ:KOB 

MeHbme, -qeM Bo [95,96]. 
6. PJI.IlOM aBTOpOB paCCMaTpHBaJIHCh Mo,nH¢lHKaUHH K311 Iii HX BJIHH

HHe Ha 3.p.peKT cnOHTaHHoro p02K,lleHH.H n03HTpoHOB17 • B qaCTHOCTH, pac

CMaTpHBaJICH [100] HeJIHHeihlhI.H: narpaHlKHaH THna BopHa-HHq.enblIa [101]. 
1IJIJI CJIyqa.R 3JIeKTpOCT3THKH OH IIpHBO.D;HT K nJIOTHOCTH 3HeprHH 

(61)
 

rJJ:e n H Eo - napaMeTphI TeopHH: Tax, MaKCBeJIJIOBCKOH 3JIeKTpo.n;HHaMHKe 

OTBelIaeT n = 1 (HJI~ Eo -t 00), TeopHH DopHa-HH.peJIblIa- n = 1/2, TeopUH 

HmpeJIb,na-rOq.MaHa (102] - npe.n;eJIbHhIH cny-qaii n = O. 
0603Ha~lHM qepe3 EB TO 3HaqeHHe napaMeTpa Eo, KOTopoe nOJIyqaeTCJI 

H3 yCJIOBHH [101], qTO Bcg Macca 3JIeKTpOHa HMeeT 3JleKTpOMarHHTHoe npo

HCX02Kll;eHHe. Tor,na BB = 1,2.1018 B/CM ,UJUI n = 1/2; IIpH 3TOM Zcr =214 
lIJIjI ls-ypoBHg [103], lITO, eCTeCTBeHHO, 3aKPhIJIO 6hI B03MO)KHOCTb Ha6nIO,Ue

HHJI 3epepeKTa CnOHTaHHoro pmK,neHHjI e+ B onhITax C H3BeCTHhIMH TH2KeJIhIMH 

jI,UpaMH. OJJ:HaKO TaKaJI BeJIH-qHHa Eo UpOTHBOpetIHT 3KcnepHMeHTaJIbHhIM 

.IlaHHhIM no aTOMHhIM ypOBH.sIM. IInJl Toro, qTo6hI He BCTynHTb B npOTlfBOpe

tIHe C xopomo H3MepeHHhIMH pa3HOCTjlMH 3HeprHH B cneKTpax aTOMOB Pb82 

Fm 100
1'1 , HylKHO IIPHHJlTb [104], liTO Eo > 140EB 104 Eo '" 2.1020 B/CM.I'V 

IIpH 3TOM 3HaqeHHe Zcr Mo~eT B03paCTH He Gonee, qeM Ha 2 e,UJiJ:HH~hI. 

MbI He 6Y.lleM paCCMaTpHBaTb JJ:pyrHe MO.IlHq.HK~HH K3II, TaK2Ke 06cy

.JK,llaBWHeCH B JIHTepaType B CBH3H C 3<P¢leKTOM CIIOHTaHHoro p02K,lleHIU no

3HTpOHOB. 

7. B pa60Te [1] BrrepBhIe, nOBH,UHMOMY, 6hIJIO oTMetteHO, tITO cHTya~Hj{ 

C Z > Zcr M02KeT 6hITb peaJUI30BaHa npH CTOJIKHOBeHHH .D;Byx 06hItIHbIX 

(.n;Rl(pHTHQeCKHX) K.n;ep, cyMMapHhIH 3apHJJ: KOTOpbIX npeBhIwaeT Zer. 3TO 

npocToe, HO BroKHoe 3aMeqaHHe CTHMyJlHpOBaJIO ,UaJIbHeHillHe HCCJIe.noBaHH.sI 

17B B3CTOSlllI,ee BpeMli npenCKlI3a.BIDl K3n HaxQ,lUlTCJI B 38MCQaTeJIbHOM cornacllB c 3KcnepBMeHTOM: B 

peKop.o;HOM CJI)"I&e aUOMaJILBOro ManmTHoro MOMeBTa aneXTpOHa TO'UiOCTb JlOCTHraeT 1O-l2 [97-99]. B 
:nOB: CB1I3li1 06cYlKllaeMLIC BD::lKe MOlIHtl!liIKaUBH K3n lIpe.acTaBJllllOTCll MeBee liIBTepeCH.bIMB, qeM paHee. 
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B 3TOH 06JIaCTII, KOTOphIe npllBeJIH B KOHne KOHUOB K nOCTaHOBKe COOTBeT

CTBYJOI.ImX 3KcnepHMeHTOB (CM. CJle.n;yIOllJ,HH pa3.ueJI). BMeCTe C TeM, B [1] 
6bIJIa .uonymeHa olliH6Ka, Ha KOTopon CJIellyeT OCTaHOBHTI:>C2:. 

COrJIaCHO [1], "nJIOTHOCTI:> 3apJLna o.n;Horo TOJIbKO 3JIeKTpOHa. .uenOKaJIH

3yeTC2: IIplf Z -+ Zcr". O,llBaKO B [1] He 6hIJI yttTeH IIpe1l3KcnOHeHUHaJIh

Hbril MHO./KHTeJIh B aCHMIITOTHKe KYJIOHOBCKOH BOJIHOBOH <pyHKIJ;HH ?jJ(r) ex: 
rPexp(-Ar), 062:3aHHbIil KynOHOBcKOMy 6apbepy B 3«p4>eKTHBHOM nOTeHIJ;HaJIe 

(36). ITocKOJIbKy P = (£/A -+ -00 H A = v'1- £2 -+ 0 npu £ -+ -1, 
TO IIpe.n;3KcnOHeHTa r tl KOMneHcllpyeT Bce 60JIee Me.n;JIeHHOe y6hIBaHHe 3Kcno

HeHTh! exp( -Ar) IIpH r -+ 00, Kor,lla ypoBeHb npH6JUDKaeTC2: K rpaRHue HI'DK

Hero KOHTHHyyMa (8 OTJIIPIHe OT HepemlTHBHcTCKOro cnytIaa: E -+ 1, KOr,lla 

KYJIOHOBCKoe B3aHMo.ueHcTBRe 3JleKTpOHa C 2:.npOM, Hao6opoT, YBenHlIHBaeT 

(r) no cpaBHeHHIO co cnyqaeM KOpoTKo,UeHcTByIOl.IlerO nOTeHnHaJIa). TaKHM 

o6pa30M, CBJl3aHHOe COCTOgHHe Ha Kparo HIUKHero KOHTHHyyMa OCTaeTCJI 

JIOKaJIH30BaHRhIM - He TonbKO ,UJI.sI 3neKTpoHoB [3], HO H B CJIy'lIae CKaJUIp

HbIX Me30HOB [4J. IIo3ToMY HeT oCHoBaHHH O.IKH.naTh, 'lITO IIomrpH3auHoHHhID: 

3apj(.ll BaxyyMa CHJIbHO B03pa.cTaeT H ,UeJIOKaJIH3yeTCj( npH Z -+ Zcr (B cnY'lIae 

q>epMHOHOB, Kor.na .neHcTByeT npHHIJ;HII ITayJIliI [7]), qTO nOJIHOCTLIO nO.llTBep

iK.n;aeTCg H BhIIlOJIHeHHbIMH B ,UaJIhHeHilieM "tIHCJ1eHHhIMH paCqeTaMH [105,106) 
nOJUlpM3a.QHH BaxyyMa H Bbl3BaHHhIX eIO C,D;BHroB ypoBHeH e- If p-B TjI.lKenhIX 

aTOMax, BnJIOTh ,UO Z = 137 (H .n;8.)J(e .no Z = 170 ~ Zcr)' 
C llpyroif CTOpOHbI, B 6030HHOM cnyqae, Kor.ua npHHIJ;HII IIayJIH He .uen

cTByeT, npR Z ~ Zcr, ,lleiicTBlfTeJThHO, npOHCXO,D;HT pe3Koe B03pacTaHHe no

JIJlpH3anHH BaKYyMa, npHBO,ll2:111ee K 06pa30BaHHIO KOH,D;eHCaTa [28]. 

8. OUTHMBCTD:lJeCKOe 3aKJlIOlJeBHe 

"A 'lITO TaKoe onTHMH3M ? - CnpOCHJI KaKaM60. 

YBht, - CKa3aJ1 KaH,llH,ll, - 3TO CTpaCTb yTBep.lK.z:taTb, 

'lITO Bce XOpOlllO, Kor.o;a B .o;eHCTBHTeJIhHOCTH 

Bce O'lIeHb nJIOXO" • 

/BOJIbTep, KaHaUa, UAU OnmUMU3M/ 

B 3aKJIIO"tleHHe KOCHeMC.s: (COBceM KpaTKO) CJIO)'KHBmeHCJI Ha CerO,D;Hg 3KC

nepHMeHTaJIbHOH CHTY~HH. 

3KcnepHMeHThI no Ua6JIIOlleHHIO CnOHTaHHoro H BhIHY.lK,D;eHHoro po.E,lle

HHjJ n03HTpOHOB B CTOJIKHOBeHHgX Tg2KeJIbIX g,llep (c 3HeprHeH, 6J1H3KOH K 
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18BhICOTe KYnOHOBCKOrO 6apLepa ) npOBO)];HJlUCL Ha yCKopHTeJle TjDKeJ1bIX HO

HOB UNILAC B GSI (llapMWTa,IlT, repMaHH.SI), Ha KOTOpOM 6LIJ1U nonyqeHhI 

nyqKU HOHOB Pb n U C 3Heprneil OT 3 )];0 6 M3B/HYKJlOH. B nepBbIX Ee 

3KcnepHMeHTax [107,108], npOBO)];UBIllUXCjJ elUe B )];OKpHTHQeCKOH 06JIaCTE. 

(Zl+Z2 < Zcr), 6hIJIO 06Hapy2KeHO BhIHy~eHHoe06pa30BaHHe e+, 06X3a.HHOe 

6hICTpO MeHjJIOmeMYCg BO BpeMeHU KYJIOHOBcKoMy nOJIlo CTaJIKHBaIO~CjJ 

.SI,lJ;ep (B JIHTepaType HCnOJIL3YIOTCg TaK2Ke TepMHHht: KBa3uaToMHbIe, HJIU 

HH~IlHpoBaHHhlen03HTpoHbI). 06pa3YIOTcj[ U TaK Ha3blBaeMhIe "MepHbIe" 

rr03HTpoHhI, npOUCXO,lU:IIlBe OT BHYTpeHHei napHoi KOHBepCHH npH KYJIO

HOBCKOM B036Y2KJleHUU j[,lJ;ep (npH nepexo,llax C 3HeprHeH, 60JILWei 2mec). 
BhI-qHCJIeHUe BepoaTHocTeu 3TUX npoueCCOB Tpe6yeT ,llOBOJIhHO rpOM03,ZJ;KHX 

"tJHCJIeHHhIX pacqeTOB [25]. Ha6JIIOnaBlliHeC.SI 3HepreTHQeCKHe cneKTphl e+ co

rJIaCYlOTCj[ C TeopeTH-qeCKHMU paCqeTaMH 3THX .JJ:Byx npoueCCOB. 

OC06hIH HHTepec BhI3BaJ'IH co06m;eHHJI [109-111] )];Byx 3KcnepHMeHTaJIb

HbIX rpynn ("EPOS" B "ORANGE", no Ha3BaHHXM HCnOJIL3yeMbIX HMB 

MarHHTHhIX cneKTpoMeTpoB) 0 Ha6JIIO,lleHHIf, nOMHMO npe,llCKa3hIBaeMoro Te

opHeH HenpephIBHoro cneKTpa n03HTpOHOB, HeCKOJIhKllX cpaBHHTeJIhHO Y3KUX 

(c mHpHHou;5 40 K3B) n03HTpoHHhIX nHKOB, "liTO XBHJIOCL nOJIHOH HeOXH,naH

HOCTLIO ,nJIa 3KcnepHMeHTaTopOB Ii nOJIy-qHJlO Ha3BaHUe "llapMWTa,lJ;TCKoro 

31PIPeKTa". B JIaJIhHeUmeM 3TH pe3YJlLTaTl:a1 HeOnHOKpaTHO npOBepJlJIHCh 

H neTa.TlH3HPOBaJIHCb, npHQeM no,D; llJlOma..o:blO HaH60JIee 3aMeTHbIX nHKOB 

(Ee+ r::::: 255 H 340 K3B) 6bIJIH 3aperHcTpHpoBaHbI .n;ecaTKH C06hITliH - CM., 

HarrpHMep, pHc.13. BnOCJIe,D;CTBHH Y3KHe llHKH Ha6JIIOJlaJIHCL TaIOKe H B cneK

Tpe 3JIeKTpOHOB, pernCTpHpOBaBIIIHXC.SI B coBnaneHHH C n03HTpOHaMH, H no 

cyMMapHoH 3HeprHH E e++Ee-, "liTO rrpenCTaBJlJlJIOCb COBceM yLKe 3araJlOQHhIM 

(CM. pa60ThI [112-114] U .n;a.TlbHeiilliUe CChIJIKU B o630pe [115]). 

ECTeCTBeHHO, liTO 3TH Heo6bIQHbIe .SIBJIeHH.SI BhI3BaJIH )KRBOH HHTepec y 
TeopeTUKOB. B nepHOJI 1985-92 rr. nOJlBHJ1HCb .JJ:eCJlTKH TeOpeTHqeCKUX pa

60T, B KOTOpLIX .amI 06'h.SICHeHH.2 " llapMIllTa,UTCKoro 31P-PeKTa" npennara.TlHCb 

caMbIe pa3Hoo6pa3HbIe, nopOH nOBOJIbHO 3K30TH~.J:eCKHe rHllOTe3hl: pacna,a 

HOBOH 'tJaCTHUhI (aKCHOH [116,117])j COCTaBHbIe npOT.22KeHHhIe 'tJacTHUhlj Mar

HHTHhIe KBa3HCB.SI3aHHhIe COCTOmHJI CHCTeMhI e+e- [118]; HOBaJI 4>a3a B BaKY

yMe K3n [119]j o6pa30BaHHe npH CTOJIKHOBeHHH TX2KeJIhIX HOHOB KBa3HMO

JIeKYJIhI, B KOTOpOH HJlpa HaxOJljITCJI Ha paCCTo.srHHH R < Rcr B TeqeHHe Bpe

MeHH T ::;p. Rcr/v "" 10-21 c [120,121]; 3axBaT H OXna)J(JleHHe n03HTpoHOB B 

pacmHp1IIomeMCjJ OTKpbITOM pe30HaTope Me)K,D,y L(BYMjI KYJIOHOBCKHMH ueH

TpaMR [122]; He06hI~HhIe pemeHHX .uByx~aCTH'IHhIXpeJIjJTHBHCTCKHX BOJIHO

18BblCOTa 6aphepa EB =(Z~)2 /rNl IIJIH EB/A == (. Z/A· (h/mcrN}mc2 .... 6 M3B/HYKJIOH. 
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BbIX ypaBHeHHR [123,124] (CM., O,llHaKO, [125]) II T.,ll., nepe'tlHCJI1lTb KOTophIe 

ll3JIee HeneJIeco06pa3Ho. HH OllHa 113 3THX nonhITOK He ,D;aJIa, OAHaKO, ,D;OCTa

TO'tlHO nOJlHOrO H y6e,D;UTeJlhHoro onHcaHIUI Bcen cOBoKynHocTH Ha6mollaB

IllHXCR B GSI RBJIeHHH:. 

B llaJIbHeHmeM KpHTlflleclGriI aHaJIH3 3THX ('tJpe3BhIqaHHO TPYAHhIX) 3KC

nepllMeHTOB II HOBbIe 3KcnepHMeHThI co 3HaQHTeJIbHO 60Jlbmen CTRTHCTIIKOH 

IIOKa3aJIH, 'tlTO "Y3KHe JIHHHH" B cneKTpe e+ II e- lIBJl1lIOTCB 0lllH6KOH 3Kcne

pHMeHTa, qTO rrpH3HanH H caMH aBTophI H3 GSI [126,127]. TaKHM 06pa30M, 

Heo6xolXHMOCTb "HOBOH $H3H:rrn:" .umI 06'bjICHeHII$I 3TIIX SlBJIeHIIH He nOTpe

60BaJIRCb, KaK 3TO He pa3 yxe CJIyqanOCb B HCTOpliH HayKH. 

TpY,llHO CKa3aTb, Kor.zJ;a 6y.ueT (II 6y.ueT JIM) rrp0.lIOJl2KeH IIapMlliTa.,o;TCKHH 

3KcnepHMeHT H npOBe.n;eHO .ueTaJIbHOe CpaBHeHHe TeopHH CIIOHTaHHOrO P02K,1le

HHB n03lfTpOHOB C onhITOM, qTO 03HaqaJIO 6hI rrpOBepKY K3ll H ypaBHeHHa 

llHpaKR He B Tpa..llHnHOHHOM HanpaBJIeHHH CBepXBhICOKHX 3HeprHH H MaJIhIX 

paCCTOJIHHH, HO B HOBOH 06JIacTH CBepXCHJIbHbIX BHelliHHX nOJIen. 3KcrrepH
19

MeHTbI 3TH CJI02KHhI H .noporOCTO$IIUH, a ceHcaIUIOHHbIX OTKPhITHH 3.n;eCh, 

nO)l{aJIyH, O)l{H.n;aTb Y2Ke He npHxo.uHTCR. BMeCTe C TeM, HX rrpOBe.neHHe He 

Tpe6yeT pa~mpHTeJ1bHOH .n;JI$I n;eJIOH CTpaHhI IIOCTpOBKH HOBbIX rHraHTCKHX 

yCKopHTeJleH - 3HeprHH, He06xo.nHMaJI .lIJIH C6JIlIXeHIUl ,IJ;Byx JI.uep ypaHa Ha 

KpHTHqeCKOe paCCTORHHe ReT ~ 35 ct>M, COCTaBJIgeT 5-6 M3B/HyKJIOH, "ITO 

!laBHO .uOCTHrHyTO Ha cymecTBYIOIUHX B MHpe yCKopHTemIX TREeJIhIX 'HOHOB. 

KpOMe TOro, 'HMeeTCR 60Jl1:>Ill0H nporpecc B nOJlyqeH'H'H rryqKOB qaCTHqHO H 

.na2Ke nOJIHOCTbIO 060ApaHHLIX nI)I{eJIhIX HOHOB (HanoMHHM [7,38,39], "ITO .lIJIJI 

CnOHTaHHoro pO)J(JleH'H$I II03HTpOHOB He06xo.llHMO, qT06hI B HHEHHH KOHTH

HyyM OnyCTHJICSI "rOJIbIH", T.e He3anOJIHeHHbIH K-YPOBeHb20). Bce 3TO no

3BOJUIeT CMOTpeTb Ha 6Y.z:QTmee 3KCnepHMeHTaJIbHbIX HCCJIe.n;OBaHH.H B .uaHHOH 

06JIacTH 4JH3HKH C OCTOpmKHLIM OIITHMH3MOM (HO, BnpOqeM, 30CJIyJKHBaeT 

BHHMaHH1l TaIOKe H npHBe.n;eHHOe BhIllle MHeHHe BOJlhTepa). 

CHTYa.I1'H$I M02KeT cymecTBeHHO H3MeHHTbC1l, eCJIH KOr.ua-JIH60 6y.nyT OT
2KphIThI g.n;pa c Z ~ 1373/ , KOTopble, KRK YKa3hIBaeT Teop:l'nI [26,54J, .uOJDKHLI 

I90CBOBBall Tpy,ltBOCTb COCTOBT B BLIJIeJIeuHll BBTepecyIOmero Rac npollecca Cpe,!lB .IlPyrBx, ReB:roe1KUO 

npoJlICXO.zumIKX SMeeTe C B8M, KaK TO: BhlByX<LteBHoe polKj{eHfle e+, 06p1l30B8.BBe BX B JUIePBhlX npolleecax, II 

T.,lt. KpoMe TOI'O, CaM'O CeqeRHe CDOBTaHROro po1K,l.teHBlI D03BTpoBOB 9KcnOReRIJ;Klt,1lbHO MaJIO aa nopore E-t 
Eth = 2(Ze)2 / ~r [4,7,21] (BClIe.D;CTBB6 KyJIOBOBCKOro 6apbepa B (36), KOTOpHB 06ecne'lBBa.eT B nOKaJlJI3amnO 

3JIeETPOllHoro COCTOlIBltli C 3BeprBeii E ::; -1 B BB.lKHeM KOHTBRyyMe). Bnpo'l:eM. upB 9BeprlUlX E ;::: 2Et h 

3KCllOHeHIlOaJIbHaSl MaJIOCTb Ce'leHBB Y1Ke He BMeeT MeeTa [21]. 
20CnOBTalllloe p01KlleuBe n03BTpOBoB B03MOlKBO Be TOJII>EO apR CTOJIKBOBeHBK nByx roJIhlX (c He3aJTOJI

BeHBLIMB K-06o.rrO'lKlLMH) j(JIep c Z.. > Zcr, BO H B TOM CJJY'Iae, Korna JIBID& QWIO 83 lI.ltep (Zt) lIBJnleTCB 

I'01lhIM, a y BTOporo (Z2) K - MeKTPOBN np8CYTCTBYlOT (BanpnMep, HeilTpanbHhIH aTOM ~pa-MlImemr),.· 

TIp" 3TOM Ue06XQIlBMhIM YCJIOB8eM KBmIeTCJl ZI ~ Z2, 'ITO CJIe.D;yeT B3 CpaBBeUBli MoneKynJlpHhlx TepMOB 

CBCTeMbl (ZI. Z2. e) Ra Mam.lX B 60JIbmRX paccTomlUX Me1K.ltY H.ztPaMB [20,21]. 
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6bITb oKpy.JKeHhI MOI..QHOH BaKyyMHOH o60nO'IXOH (COCTOXI..QeH II3 3JIeKTpOHOB, 

onycTHBillHXCX C pOCTOM Z n HH2KHHH KOHTHHyyM). Ha B03MO)KHOCTb cYIUe

CTBOBaHUX TaKDX CBepX-X.D;ep (c A > 103 H N = Z) HeO.D;HoKpaTHo YKa3hIBaJI 

Murnan [29,78,128-131]. Hx CTa6HJIbHOCTb 06eCne'IHBaJIaCb 6hI TeM, 'ITO 

3apX.D; npOTOHOB 3KpaHlIpyeTcil 1r--KOH.lleHCaTOM H pacrrpeneJIeHHhIMII BHY

TpH X.llpa 3JIeKTpOHaMH: 

"For Z > Zc ~ (137)3/2 stable nuclei should exist. At a sufficient value of 

Z - Zc such nuclei should be stable with respect to fission" [29]. 

"For highly charged nuclei, fission instability is most important. Fission 

stability is possible only if the Coulomb energy is considerably suppressed. 

This means that the 7r- charge should be of the order of Z. As we have shown, 

Z1r ~ Z at Ze3 
rv 1. Thus the considerable suppression of the Coulomb energy 

at Ze3 
rv 1 can lead to the stability of supercharged nuclei" [130]. 

" AHaJI1I3 nOKa3aJI, 'ITO cymecTBYIOT ,D;Be B03M02KHhIe 06JIaCTH yCTOHqHBO

CTH aHOMaJIbHbIX x,D;ep: CBepxnJIOTHbIX (Z ~ N, Z ;5 102) II CBepXTjDKenhIX 

(Z ~ N, Z ~ 103), npH 3TOM 3JIeKTpIIQeCKHH 3apll.D; 6apHoHoB nO'lTH nOJI

HOCTbIO cKoMrreHCIIpOBaH 1r-KOHneHcaToM II 3JIeKTpoHaMH ... B npe,lleJIbHOM 

cJIyqae Z ~ l/e3 ~ 1600 BHyTpeHHoCTb CBepXT1DKeJIoro xnpa npe,llCTaBJUleT 

C060H 3JIeKTpOHeHTpaJIbHyIO nna3MY H3 6apHoHoB, 7r-KoH,lleHCaTHhIX Me30HOB, 

3JIeKTpOHOB H OTpHnaTeJIbHbIX MIOOHOB. llJIjI TaKHX jI,D;ep HeT OrpaHHQe

HUH cBepxy Ha A, ](I B npUHIJ;lIne MoryT cYIlIecTBoBaTb JI.Ilpa-3Be3nbI" ([78], 
cTp.278). 

TaKoBbI OCHOBHhIe BbIBO.D;hI U3 3THX pa60T OTHOCHTeJIbHO B03MOJKHOCTlf 

cymecTBOBaHHJI B npupo.ne CBepX3apX)KeHHbIX jI,D;ep. KOHe'lHO, Hano HMeTb 

BBa,lly, "l:£TO COBpeMeHHaJI TeOpHJI JInpa- 3TO He He6eCHaJI MexaHHKa: .naJKe 3a

KOH B3aHMoneHCTBHJI MeLK,D;y,D;nyMB HyKJIOHaMH B nycTOTe OKOHQaTeJlbHO elIJ;e 

He yCTaHOBJIeH, TeM 60nee HeB03M01KHO TOQHOe (ab initio) peweHHe ypaBHe

HHX IDpe.llHHrepa .nJIlI TX)KeJIorox.npa. TIo3TOMY Ha.ne.JKHOCTb TeOpeTHqeCKOH 

3KCTparrOJUnHH 01.' H3BeCTHbIX jI,D;ep B naJIeKyJO 06JIaCTb Z ~ 1373/ 2 He CTOHT 

nepeoneHHBaTb21. .H MbI 3aIWH~llfM Harne 06cy)K,lJ;eHlIe CJlOBaMU: "3TO Bhl 

xopomo CKa3aJIU, HO Ha.no B03.D;eJIbIBaTh Harn ca.n" [133]. 
B· 3aKJIIO~eHlie HeJIb3X He yrroMmyTb 0 nOCJIe.nHeM peKOpnHOM ,D;OCTH2Ke

HIIK B .naHHoH o6nacTH - OTKphITIiH 3JIeMeHTOB C Z=114 H 116. He.llaBHO B 

21 B :nOH CBll3H 3aMeTHM CJIe,ztyIOmee. COrJI8CHO upoBelIeRHLlM B [28,29] onelfKaM, lIJlpa 6nH3KH K TO'lKe 

1r-Kox,neacaTRoH HeyCTOHllBBOCTH H B03MO:lKBO cymecTBoB3HBe UHOBHOro KOH,lleHcaTa B o6hl'111h1X TJI.lKeJIhlX 

Sl,Qpax. O,nBaKO, ~Tan.bBLlii aRaJIB3 3KCnepllMeB:Tan:hHhIX .l{aHBLIX (oTCYTCTDBe Y,ZlBOeBBSI ypoBHei: 0+ H 0- B 
xopomo H3y'IeUHOM CDeKTpe R,D;pa 208Pb, BepOITHOCTH OJ(HOHYKJIOHHOro 3aXBaTa Me,llJIeUHhlX ImOHOB JUWaMB, 

B ,np.) nOK83aJI, 'ITO KOB,lleBcaTa B 1I3BeCTIILIX $l,lIpax BeT [78,131}. B Bac:roJlIItee BpeMll aapHaIlBOHHLle 

pac'leTLI [132] YKa3L1BalOT Ha TO, 'ITO ,,"-KOBJleHC&T, B03MOJKRO, HMeeTCI BHyTpH ueiiTpOBlIblX 3Be311 {lIpU 
llJIO'IHOCTXX p'" (Ui -;- 2)po, r,ne Po P:1 0.15 HYKJ10H/<I>~ - HOpMaJIbHallHnepHall WIOTHOCTh). 
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OH5IH (lly6Ha) Ha yCKopUTeJIe TJDKeJILIX BOHOB Y-400 B pe3YJIhTaTe 6oM6ap

~HPOBKH nyQKOM HOBOB ~Ca5+ IIJIYTOHHeBOH MHmeHH 6hIJIH CHHTe3HpOBaHhI 

TpH H30TOIIa 114-ro 3JIeMeHTa (TunH'tIHaJI peaKQHJI: 48Ca + 244Pu -+ 292114* 

-+ 289114 + 3n, u ,..., 1 II6), a B caMoe nOCJIe.n;Hee BpeMjlnonyqeH H 116-H 

3JleMeHT (peaKUHJI 48Ca + 248Cm -+ 296116* -+ 292116 + 4n), CM. pa60ThI 

[134,136]. TpaHcypaHOBhIe JI~pa C 60JILillHM H36LITKOM HeHTpoHoB, CHHTe

3HpoBaHHLIe B 3Tmc 3KcnepHMeHTax (Bcem nOKa lITO Ha6JIIO,D;aJIOCh 7 TaKHX 

H.n;ep) , EHByT cpaBHHTeJlhHO .o;onro H nocne uenOqKH 3-4 IIOCJIe.n;OBaTeJIhHhIX 

Q'-pacna.l10B, C 3HeprHei Q'-qaCTHU nopH~Ka 10 M3B II BpeMeHaMII )KU3HH OT 

HeCKOJIbKHX ceKYH~ ,D;O ~eCJITKOB MHHyT, HCIIhITLIBaIOT CnOHTaHHOe ,ll;eJIeHHe. 

B TOM 2Ke 1999 r. nOHBHJIOCb co06meHHe [137] 0 TOM, lITO Ha 88-,D;IOHMOBOM 

:QHKJIOTpOae na6opaTopHH HM.JIoypeHca (BepKJIH, CllA) nony'tleH 118-bur 

3JleMeHT (peaKUHH 86 Kr+ 208Pb -+ 294118 -+293 118+n; 3TH pe3yJILTaTbI B 

HaCTOJIluee BpeMK npOBepHIOTCH). 

3TH 3aMeqaTeJIhHhIe (H 4JaHTacTHQeCKH TpynHLIe, C perHCTpaIlHeH H,D;ep

HhIX C06hITHH C CeqeHHJIMH nOpjI.ZJ;Ka 1 n6=10-36 CM2) 3KcnepHMeHTbI OT

KphIBaIOT nYTh K HCCJIenOBaHIUO nauRO yEe npe.n;CKa3hIBaeMOro TeOpeTHKaMH 

"OCTpOBa CTa6HJIhHOCTH" CBepXTJDKeJIhIX 3JIeMeHTOB B6JIH3H nBa2KnhI MarH

-qeCKoro H.n;pa CZ = 114 II N = 184 (HenauHo OTKphIThIe jI,D;paJIexaT, nOBHLJ;H

MOMy, Ha oTporax 3Toro oCTpoBa). TeM caMLIM, eCTeCTBeHHO, nOBhIIllaeTCH 

HHTepec TaJOKe H K 3$$eKTaM K3Ll npR Z > 137. 

9. Bnaro,llapaOCTH 

CQHTaIO CBOHM npHJITHLIM ,llOnroM no6JIarO~apHTL c.C.repmTeHHa, 

E.M.KapHaKOBa, B.ll.Mypa II JLB.OKyHJI, npocMoTpeBIUHx CTaTbIO B pyKO

nUCR, 3a pJI,D; ueHHbIX COBeTOB R 3aMeQaHHH, IO.I.l.0raHecjJHa 3a o6cy)K)leHUe 

np06JIeMhI CBepXTJl2KeJIhIX 3JIeMeHTOB, ll.H.BocKpectmcKoro iI :J.E. Canep

mTeRHa 3a YXa33.HRe Ha pa60TbI [129-132], B.H.JIHcHHa uC.r.l103.llHlIKOB3. 

33. npOBe.n;eHHe QUCJIeHHhIX pacqeTOB, CB.SI3aHHbIX C ,D;aHHOB pa60TOH, a TalOKe .., 

M.H.MapKHHY 3a HeH3MeHHYIO nOMolUb npH oq,opMJIeHIIII pyKonucH. 
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llo.n;nBCB K pBCyBKaM 

PBC.1.	 KpHTHQeCKBii 3apK,n K,npa ((er = Zcr/137) ,D;JI.K 181/2 n 2S1/ 2 

ypoBHeH (pa.n;uyC xnpa r N - B e,lJ;HHHUax Ii/ mc=386 cI>M). 
Mo.n;eJul 06pe3a.HHiI I II II COOTBeTcTBylOT paBHOMepHoMy 

pacnpe.neJIeHIUO 3JIeKTpHQeCKoro 3apJI.n;a no nOBepXBOCTH B 

no 06'beM}' X.llpa. TIPH 3TOM ,D;Jlll K8JK.lloii napbl6JIH3KHX KpH

B~ BepXHXH KpHBaiI COOTBeTCTByeT qHCneHHoMy paCqeTy 

[3], a HH)KHj£JI - KBa3HKJIaccHqeCKOH 4JopMyne (45). 

PBc.2.	 BJIIHIHUe 3xprompoBaHJU Ha KpHTHQeCXHH 3apJl,Il SUlpa [19). 
K pHBaJI 1 OTBeqaeT HeHTpa.n:bHOMY aToMy (c yqeTOM 3KpaHlI

pOBKB KYJIOHOBCKOro flOJIK R.npa 3JIeKTpOHROH 060JIOtIKOH), 

KpBBaJI 2 - rOJIOMy arxpy. illTpmcoBaJI JIHHBR - 3aBHCHMOCTb 

rN = ro A 1/ 3 C ro = 1.2 $M II A = 2.5Z, TO'lKaM nepece

'leHHX KOTOpOii' C KpHBhIMH 1 :0: 2 COOTBeTcTByIOT 3HaQeHB.B. 

(cr = 1.247 H 1.238. 

PBc.3.	 rpaqlHK epyHKUHB F(q) B (9), q = (Z - N)/Z - CTeneHb 

HOH:H3aIlUH 3JIeKTpOHHOH 060JIOtIKH CBepXT1DKenoro aTOMa. 

PHc.4.	 HaKJIOH OCHOBHOro ypO:BHJI f3 npH BXO)K)l;eHHH ero B mDKHHH 

KOHTHHyyM: CnJIOlliHbIe KpHBhIe - 'lHCJIeHBhIH paCqeT [3,4]' 
nyHKTHpHaiI KpHBaJI - KBa3HKJIOCCH'leCKOe npH6n:mKeHHe [74] 
,lVUI MO,D;eJIH 06pe38JUIj{ 1. 

PRe.5.	 KpHTHQeCKOe paCCTOJlHHe Rer (<f>M) .llJIX OCHOBHoro TepMa 

IsO" COrJIacHo [25}. 0603RaQeHHJI: - - - ,D;ns ronhIX JI,nep c 
rN = 0, -- TO lKe c ytIeTOM KOReqHhIX p33MepOB JI.llep, 

_._. - 30 3JIeKTpOHOB II ..•.••. 100 3JIeKTpOHoB B &TOMHOH OOOJIOQKe. 

PBc.6.	 IIJIOTHOCTb 3JIeKTpOHHoro 06JIaKa Per ,UJIJI OCHOBROI'D TepMa 

lsu npn Zt = Z2 = 92, cM.[23]. 3HaQCHIUI Per Ha coce.nRHX 

JIHHIUIX OTJIHQaJOTCH Ha MHO.JKHTeJIb 101/5 ~ 1.58. TIoJIoJKe

HHe g.u;ep 0603HaQeHO 6yxnoil Z. 
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PRC.7.	 HaKJIOH ypoBHg f3 .lIng 3a,na'tlli .uByX n;eHTpoB B 3aBHCHMOCTH 

OT 3apg.aa HOHa Z: KpHBas 1 - 'tIHCJIeHHh1:H paCqeT no $op

MyJIe (30a) , KpHBaJI 2 - npH6mnKeHHe BKB, .popMyJIa (A.7). 

Pu:c.8.	 3Heprlili HIi)l{HHX ()JIeKTpOHHbIX TepMoB KBa.3liMOJIeKYJIhI 

(Zl, Z2, e) .uJIH Pb+Pb, Pb+U, U+U 11 U+Cj,Zu = Zl+Z2· 

PlIc.9.	 HCXO,nHhIH rrOTeHUHaJI V (r ) H 3.p.peKTHBHblH nOTeHUHaJI 

U(T) .lIml peJUITHBlICTCKOH KYJIOHOBCKOH 3a,n,a-qH rrpH Z :::::::: Zcr 
HIS:::::::: -1. 3.ueCb r ± - TOqKH nOBopOTa, 1·0 = (2 - /\,2) / ( 

To-qKa MaKcHMyMa 3.p.peKTIIBHOrO nOTeHURaJIa. 

PRe.IO.	 3HeprHH OCHOBHoro TepMa B 3a,naqe .uByx u;eHTpOB. Y KpH

B:bIX. YKa3aHhI 3HaqeHIUl cyMMapHoro 3apg.ua g.aep Zu = 

Zl + Z2· 

PRc.lt.	 qHCJIO ypoBHeH N, onYCTlfBIIHIXCH B HH2KfUlH KOHTHHyyM, 

B 3aBHCMOCT1I OT <: = Z/137 (.lInH nOTeHU1HlJIa (5)). CTy

neH"tlaTaa JIOMaRast - "tlHCneHHoe peIIIeHMe ypaBHeHlIH LIlipaK3 

[79], KpHBaJI Q - rro KBa3HKJIaccli'tleCKoi"i q>opMyJIe (49). 

PRc.12.	 KpHTHqeCKIUI 3apg.u Hnpa .una MlOOHa [69](MO.uCJIH 06
pe3aHMg I H II). 3aMeTHM, 'liTO .amI 06hIQHhIX TJDKenhIX jUlep 

napaMeTp ~ = 1. 

PBc.l3.	 3HepreTH'tIeCKHH cneKTp n03IiTpOHOB, 06pa3yIOIIlHXC.a B 

CTOJIKHOBeHHgX U + C f (Zu = 190). Ha q>oHe CilJIOIlIHOrO 

cneKTpa e+ BH,neH Y3KHH nHK UpH 3FJeprHH :::::::: 340 K3B [109). 

PBc.14.	 JIorapM.pMHQeCKaJI rrpoH3Bo.aHM ~ B 3aBHCHMOCTH OT ( = 
Z/137 (B crryqae cq,epHG:ecKoro anpa). KpliBhIe 1 II 3 OTHO

CHTCH K ypOBHgM 81/2 H Pl/2,3/'2 B Mo.aeJIH I, KpHBhle 2,4 a 5 
K ypOBHHM 81/2,P3/2 M Pl/2 B Mo.ueJIIi II. 

PRc.15.	 ITapaMeTp p H3 (C.3) .ami OCHOBHoro ypOBHH UpH c = -l. 
K pHBM 1 OTHOCHTCg K 3a,naqe .uByx ueHTpoB C 3apH,naMH 

Z/2, KpHBaJI 2 - K c$epH'tIecKoMy a.upy C 3apg.uoM Z. 
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